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“The sophistication and diversity of these
metabolites points to the ingenuity and
flexibility of biosynthetic processes in Nature.”

William Fenical
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PROLOGUE

The number of thiopeptides reported to date is considerably large. More than one hundred
distinct structures are already known and it would be a complex task to show all of them in a
general introduction or wherever else they are mentioned. However, for the sake of rigor and
to satisfy the curiosity of readers, as scarce as they might be, it is desirable that as much
information as possible can be easily accessed. For this reason, towards the end of this thesis,
a section titled Encyclopaedia Thiopeptidum collects some of the most relevant information
and references regarding naturally occurring thiopeptides in an encyclopedic fashion. A section
of this kind is expected to provide an easy access to useful data and make the reading of this
work a more enriching experience.

As any other art or science, chemistry advances thanks to the work of predecessors and
their work can still be an inspiration for all of us. The illustrations that can be found at the
beginning of each section were made by three pioneers of the chemical science: Antoine
Lavoisier (1743—1794; all illustrations were drawn by her wife and assistant, Marie-Anne
Lavoisier), Henry Cavendish (1731-1810) and Antoni de Marti | Franqués (1750—1832).
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INTRODUCTION

1.1. Antibiotics

Since the discovery of the first antibiotics and their golden age in mid 20" century, there
has been a dramatic change in the way we face the development of new antimicrobials.™?, At
first, it seemed that the many classes of naturally occurring antibiotics could be sufficient to
fight against bacterial infections, whereas for the last few decades it was thought that semi-
synthetic modifications of those natural products would be enough to overcome pathogen
resistance. However, we are now facing a new age, where the discovery of novel scaffolds and
new modes of action is required to fight against the emergence of resistances and cross-
resistances that make previously treatable infections a new threat.

Most of the antibacterial scaffolds known to date were discovered from late 1930s to early
1960s. After that period, almost forty years followed without new bactericide architectures
appearing in the market. During those years, semi-synthetic modifications of the already
known compounds were used to fight antibacterial resistance. However, with the new century
a batch of new antibiotic scaffolds got closer to the clinic (Figure 1). These include
oxazolidinones (linezolid, 2000), lipopeptides (daptomycin, 2003) and mutilins (retapamulin,
2007). Parallelly, other types of antibiotics, such as lantibiotics® (NVB302) and thiopeptides®
(LFF571)° are under study and some of their members are already in clinical trials for the
treatment of human infections.

NN
Gly } Trp

retapamulin

NH,

o (0]
NH L HoN
;ITJL\ Me OH

LFF571 daptomycin

MsHN

Figure 1. Members of new classes of antibiotics. Abu = aminobutyric acid.



Among these new families of antibiotics, thiopeptides have gathered much attention due to
their potent in vitro activity against Gram-positive bacteria and their intriguing structures.
During the last two decades intensive investigations on known thiopeptides and the discovery
of new members of this class of antibiotics have centered the efforts of many research groups.

1.2. Thiopeptides

Thiopeptides, or thiazolyl peptides,* are a class of naturally occurring and highly modified
sulfur-rich peptides of ribosomal origin. They all share a series of common motifs that
differentiate them from other peptide-derived and/or azole-containing natural products. Their
most characteristic feature is the central nitrogen-containing six-membered ring, which can be
found in many different oxidation states. This central ring serves as scaffold to at least one
macrocycle and a tail, and both can be decorated with various dehydroamino acids and azoles,
such as thiazoles, oxazoles and thiazolines. Their impressive in vitro profile against Gram-
positive bacteria and their new mechanisms of action have gathered the attention of many
groups, both in academia and industry, as they pose an alternative to other antibiotics
presently facing resistance by old pathogens. To date, more than one hundred members of this
family of natural products have been identified; however, their huge molecular size and their
poor aqueous solubility have been a major drawback to introduce them into the clinic. This has
become their major limitation and has restricted their use to topic treatments, and so far only
for pet skin infections (thiostrepton, Panolog).

Given the different oxidation state the central ring of thiopeptides can be found in, they
have been classified into different series (Figure 2).* Thus, the a series presents a totally
reduced central piperidine, whereas the b series is oxidized further and contains a 1,2-
dehydropiperidine ring. Only one thiopeptide of the c series has been isolated to date and its
core moiety is somewhat unexpected, as it displays a piperidine ring fused with imidazoline. All
members of series a, b and ¢ have a second macrocycle which contains a quinaldic acid moiety.
The d series goes further on the oxidation state rank and shows a trisubstituted pyridine ring,
which is the landmark of this subgroup, the most numerous among thiopeptides. In a sense,
the e series is even more oxidized and is easily differentiated for the hydroxyl group in the
central pyridine, which is now tetrasubstituted. The e series also presents a very characteristic
second macrocycle appending from the main one and formed by a modified 3,4-
dimethylindolic acid moiety.
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Figure 2. Classification of thiopeptide antibiotics into different series. Their characteristic central six-
member ring is highlighted in bold.

1.2.1. Isolation and Structure Elucidation

Thiopeptides have been isolated from diverse sources; in 1948, the first known member of
the family, micrococcin, was isolated from a sample of Oxford’s sewage waters. Accounting for
the highly diverse origin of thiopeptides, micrococcin P1 was more recently isolated from a
completely different source, a French cheese.® However, more conventional samples, such as
soil ones are the main source of most thiopeptides. In fact, thiostrepton, the most famous

" including one from

member among them, has been isolated from different soil samples,
Hawaii in 1955, short after it was first discovered in 1954.”° Although a few more
thiopeptides were isolated during the following years, it was from 1980s, specially during the
1990s, that most of the known members were discovered. Nonetheless, many novel entities

have also been described during the last decade. Remarkably, the first thiopeptide antibiotics



isolated from a marine source were YM-266183 and YM-266184, discovered as late as 2003, in

' During the last few years some more thiopeptides have been isolated and

Japan.
characterized; these include the thiazomycins (2007)***, philipimycin (2008)', thiomuracins

(2009),"” TP-1161 (2010)*®* and baringolin (2012)* (Figure 3).
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Figure 3. Some of the most recently described thiopeptides.

Assignment of thiopeptide’s structure can be a very complex task, as exemplified by
thiostrepton, whose structure elucidation was originally faced by degradation studies and
structure determination of fragments.” However, the later use of X-ray diffraction was
essential to elucidate both connectivity and stereochemistry.” Although the development of
NMR spectroscopy techniques has permitted the elucidation of many thiopeptides’ structure,
a high degree of uncertainty remains until further evidence is provided. This was clearly the

23-25

case of micrococcin P1. Early studies on its constitution by hydrolysis of the natural extract

permitted the identification of most moieties present in micrococcin; however, there was no

26-28

clear evidence of its connectivity. Later on, NMR studies and synthesis of proposed

29-32
structures >3

of the natural compound resulted in better hypotheses for its constitution and
stereochemistry, although none of the synthesized products was identical to the natural one. It
was not until its total synthesis was achieved by Ciufolini in 2009, 51 years after its discovery,

that micrococcin P1 structure and stereochemistry were finally confirmed.*

The structure of most thiopeptides has been investigated by a combination of degradation,
mass spectrometry and NMR studies. The impossibility to obtain crystals for the vast majority
of them prompted the assignment of their structure without a clear evidence of their

stereochemistry. In spite of this limitation, in many cases their configuration has been

proposed by analogy with similar isolates,**** via amino acid analysis®*>® or via isotopic



39,40

labeling through feeding with labeled amino acids. In some cases, less conventional

techniques have been chosen. Such are the cases of promoinducin and thiotipin, where chiral-
TLC was used to determine the configuration of L-threonine from an acidic hydrolysate.***
Absolute configurations have also been reported after NMR spectroscopy studies and chiral

capillary electrophoresis.**

As exemplified by micrococcin P1, a synthetic approach to the problem can serve as the
ultimate confirmation for both connectivity and stereochemistry. This strategy also includes
the comparison of fragments with their synthetic counterparts; such was the case of
GE2270A." Synthesis of thiopeptides polyheterocyclic cores has been used to confirm the
structure of the corresponding degradation products, while at the same time it has also
permitted the development of the necessary synthetic methodology.*

1.2.2. Biosynthesis

The biosynthetic pathway of thiopeptides has been very elusive for a long time; however,
recent discoveries have put light on the synthesis of these highly modified peptides. Peptide-
based natural products can have two distinct origins depending on how its amino acids are
condensed together to form the parent peptides. These can be either synthesized on the
ribosome as product of mRNA translation or can be assembled by nonribosomal peptide
synthetases (NRPSs). Though most highly modified peptide-derived natural products are
synthesized by NRPSs, there was no evidence of such origin for thiopeptides. Surprisingly, very
recent discoveries by four different groups have demonstrated that thiopeptide’s parent pre-
peptide in ribosomally synthesized and thus, is genetically encoded."”*™*

Bio-informatics and genome mining have been essential for the identification of genes that
encode the precursor peptide and the enzymatic machinery necessary for its subsequent

17194655 The gene encoding the precursor peptide has been identified for many

tailoring.
thiopeptides and in all cases there is a perfect agreement with the expected amino acid
sequence. This precursor peptide is divided in two different regions, a structural peptide of 12
to 17 residues at the C-terminus, which contains the amino acids that will constitute the
thiopeptide itself, and a leading peptide of 34 to 55 residues at the N-terminus, which is
cleaved during the bio-synthetic process. In some cases, the C-terminal structural peptide
contains one or two extra residues that are cleaved during the tailoring to confer each

>%37 All necessary enzymes for pre-peptide tailoring

thiopeptide its characteristic C-terminus.
are encoded in genes surrounding that of the precursor peptide, forming a gene cluster (see
Figure 4 for an example on GE37468 gene cluster (get) and precursor peptide®®; in the gene
cluster, genes appear as arrows and are named systematically from A to M. Each gene (getX)

codes a gene product, a protein/enzyme (GetX)).



getB getF
getA getC getD getE | getG getH getl get] getK getL getM

. YcaO cyclodehydratase

Putative aza-Diels-Alderase - McbC dehydrogenase . Regulator/autoinducer Unknown function

- Dehydratase Efflux/host resistance . Structural gene

Other - Other posttranslational modifications

+1 +12
Precursor peptide: MGNNEEYFIDVNDLSIDVFDVVEQGGAVTALTADHGMPEVGASTNCFCYICCSCSSN
-42 -1

Figure 4. GE37468 biosynthetic gene cluster and its precursor peptide sequence, which is coded in the
structural gene. In the precursor peptide sequence, the structural peptide is numbered with positive
figures and the leading peptide with negative ones. Residues that appear in the mature thiopeptide are
underlined.

The role of most enzymes present in some thiopeptides gene clusters has been already
discovered. Similarity with known enzymes of the same function, gene deletions and
characterization of products that result from transformations with isolated enzymes, have
permitted to establish which transformations and in which order do these take place. *">*>>>%
 Apparently, oxazole, thiazole and thiazoline rings are formed first through cyclization,
dehydration and, if required, oxidation of Ser, Thr and Cys residues. In a second step, Ser and
Thr phosphorilation and elimination yields the corresponding dehydroalanine (Dha) and
dehydrobutyrine (Dhb) residues, respectively. Finally, intramolecular aza-Diels-Alder-like
cycloaddition between distant Dha residues occurs, followed by dehydration and, when
required, elimination to constitute the central six-membered ring. Further side-chain
modifications, such as oxidations, cyclizations, methylations and incorporation of indolic or
quinaldic acid moieties seem to occur in later stages of the bio-synthetic pathway (see Scheme

1 for an example on thiostrepton bio-synthesis®’).
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Scheme 1. Biosynthetic pathway of thiostrepton. LP = leading peptide. Enzymes involved in the
biosynthetic pathway (TsrX) are named according to their corresponding gene (tsrX) in thiostrepton’s
gene cluster (tsr).

Both quinaldic and indolic acid moieties found in a—c and e series thiopeptides are

synthesized from L-tryptophan and are part of the second macrocycle found in these

6% and enzyme function®’® experiments

59,61-63

compounds. This was first demonstrated by labeling
and more recently also using genetic engineering methods.

In the case of indolic acid formation, L-tryptophan undergoes a radical-mediated
rearrangement and Co migrates to position 2 of indole (Scheme 2). Subsequently, S-
adenosylmethionine-dependent 4-methylation of the aromatic scaffold after condensation

with the structural peptide yields an advanced intermediate of the mature thiopeptide.®*’*

[0}
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NosL 5 OH =NH
NH; ——— 2 " HN ~ OH
AN fragmentation H@‘ ¥ O recombination N o}
N H
H
NosN
COH — — A CO,H N —— " . nosiheptide
N condesatlon N
H

methylatlon

Scheme 2. Biosynthesis of indolic acid moietiy from L-tryptophan and incorporation into nosiheptide.
Enzymes involved in the biosynthetic pathway (NosX) are named according to their corresponding gene
(nosX) in nosiheptide’s gene cluster (nos).



Alternatively, quinaldic acid synthesis starts with S-adenosylmethionine-mediated

methylation of Trp (Scheme 3).%*%?

Deamination/oxidation steps follow and after ring opening,
recyclization yields the quinaldic acid moiety. This is then reduced, attached to the structural

peptide and epoxidized. Upon epoxide opening, the second macrocycle of thiostrepton is

formed.
o o (o]
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Scheme 3. Biosynthesis of quinaldic acid moietiy from L-tryptophan and incorporation into thiostrepton.

C-terminal tailoring is one of the last steps in thiopeptides maturation. In those cases where
a C-terminal amide is present, two distinct mechanisms have been described for their
formation (Scheme 4). Nosiheptide structural peptide contains an extra C-terminal Ser residue,

which is lost during tail maturation , giving rise to a C-terminal amide.”®

By contrast,
thiostrepton’s structural peptide does not contain any extra amino acids and its C-terminal Ser
residue can be methylated to form the corresponding ester. The C-terminal amide is formed by

deesterification and subsequent amidation using GIn as nitrogen donor. >

j\ NosA j\ e NosA j\ e NosA o

I oH _Nos oH _Nos oH _Nos

nosiheptide: \1 HJ\[O( ‘:\\ N/))\g 4»“\ ”/CLNO( T \)J\NHZ
H,0 o

Me)kCOZH
(e} (o} (e}
C
thiostrepton: \\)J\HJKH/OMG _TsB x,\)kHJ\WOH %» X*HJH(NHZ
(0] [¢] (o)
Gin Glu

Scheme 4. Proposed mechanisms for C-terminal amide formation during nosiheptide and thiostrepton
maturation.

1.2.3. Biological Activity

Thiopeptides are best regarded as antibacterial agents, however, their therapeutic
potential is surprisingly broad and have been found to posses anticarcinogenic,’*’®
antiplasmodial,”*®* immunosuppressive,® renin inhibitory,?® RNA polymerase inhibitory®” and
antifungal® activities. This wide variety of biological functions has resulted in a very prolific
literature outcome, positioning the macrocyclic scaffold of thiopeptides as a veritable

privileged structure.
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1.2.3.1. Antibacterial Activity

It is already well established that thiopeptides exert their antibacterial function via the
inhibition of ribosomal protein synthesis. However, this is the result of different mechanisms
of action that depend on macrocycle size. Thiopeptides exhibit macrocycles of three different
sizes, 26-, 29- and 35-membered rings, depending on the number of residues present.
Thiopeptides of 26-member macrocycles, such as that of micrococcin P1 and the siomycins
(Figure 5) are known to bind the GTPase-associated region of the ribosome/L11 protein
complex. By doing so, the thiopeptide blocks the binding region of elongation factor G (EF-G)
and does not allow translocation of the growing-peptide/tRNA complex in the ribosome to
occur.®°* On the contrary, those thiopeptides with a 29-membered ring, in the fashion of
GE37468A, bind to elongation factor Tu (EF-Tu), blocking its tRNA/amino acyl complex binding

92-94

site. By doing so, the complex cannot be delivered into the ribosome and peptide

elongation does not take place. Compounds with larger macrocycles, those with 35-membered
rings, maintain potent antibacterial activity; however, their molecular target still remains
unknown.
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Figure 5. Thiopeptides have macrocycles of different sizes that determine their mode of action.

Somewhat related to antibacterial activity is tipA gene promotion, which encodes two
thiostrepton-induced proteins (Tip), TipAL and TipAS.”> The latter, TipAS, serves as a
mechanism of defense for bacteria, since it sequesters and covalently binds a thiopeptide
molecule, which can no longer inhibit ribosomal protein synthesis. TipA promotion has been
used to identify thiopeptides in a high throughput screening program, which detected
transcription of the promoter of tipA (ptipA) and led to the discovery of geninthiocin (Figure

11



6)°® Other thiopeptides, such as thiotipin* and thioxamycin® were discovered thanks to its
tipA promoting activity. Interestingly, the 35-membered thiopeptide radamycin is completely
devoid of antibacterial activity, but is a very strong inducer of tipA gene expression (Figure 6).
Various tipA promoting thiopeptides are depicted in Figure 6, where very preserved regions,
associated with key interactions for binding with ribosome/L11 complex,” are highlighted.
Although those residues are different in radamycin, promothiocin B displays those same not
preserved residues in a smaller 26-membered macrocycle and retains potent antibacterial
activity. Apparently, tipA promotion activity is more dependent on the presence of a
dehydroalanine-containing tail close to the six-membered central scaffold.”

A10255G
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N~ Me
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Me
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berninamycin A promothiocin B

Figure 6. Thiopeptides with tipA promoting activity. A very preserved region, which has been shown to
interact with the ribosome/L11 complex, is highlighted (solid squares). Radamycin, devoid of
antibacterial activity, has a mutated sequence in the previously mentioned region (hashed squares).
Promothiocin B posses the same mutated residues, but maintains antibacterial activity, though in a 26-
membered macrocycle.
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1.2.3.2. Anticarcinogenic Activity

One of the biological properties of thiopeptides of major interest, apart from the
antibacterial one, is anticancer activity. In this regard, thiostrepton was found to selectively Kkill

1% such promising effect

cancer cells without showing any cytotoxicity against healthy tissues.
has been demonstrated to arise from selective inhibition of transcription factor forkhead box
M1 (FOXM1).”*’””® FOXM1 overexpression is associated with the development and
progression of cancer and its selective targeting is a huge achievement, since transcription
factors have been considered undruggable for a long time.'°**%?

During synthetic efforts of Nicolaou’s group, it was discovered that the central core of
thiostrepton retained both antibacterial and anticancer activity. Although antibacterial activity
was retained, potency decreased. However, the same central fragment displayed increased

potency against all cancer cell lines tested (Table 1).”?

Table 1. Thiostrepton fragment outperforms its parent compound against various cancer cell lines.

SM
=N
H OMe
NP
\s/ v \S/NHZ
N 7 Me
MeO‘é/ (\/N
o S‘t(Me
HoN'

OH
thiostrepton's central core

LCso (UM) 1Csp (M)
compound NCI-H460  HCT-116  SK-OV-3 MCEF-7 K-562 1A9 PTX10 A8 AD10
thiostrepton 1.5 1.6 2.8 3.8 1.7 0.96 1.1 0.9 91.0
central core 0.9 0.6 1.2 0.9 0.8 0.07 0.1 0.2 0.4

1.2.3.3. Antiplasmodial Activity

Many thiopeptides have been found to possess anti-malaria activity.””™ Although
Plasmodium falciparum parasite cell is eukaryote, thiopeptides target apicoplast protein
synthesis,’® which resembles that of prokaryotic organisms. Although it has been
demonstrated that thiostrepton binds to the apicoplast 23S rRNA,” thiopeptides of the d
series such as micrococcin P1 and amythiamicin A are much more potent inhibitors of P.
falciparum growth.*

Very recently, the use of thiostrepton semi-synthetic analogues has demonstrated that it
targets both the apicoplast ribosomes and the proteasome of P. falciparum.®* This dual mode
of action could make thiostrepton and similar thiopeptides less prone to resistance
development than single-target drugs.

1.2.3.4. Immunosuppressive Activity

A screening program in search of immunosuppressants identified siomycin as inhibitor of
antibody production by murine B-cells.*® Comparison with thiostrepton showed the superior
behavior of the structurally similar siomycin. Both thiopeptides are thought to possess a

13



different mechanism of action than that of FK506, a common immunosuppressant drug, and
would act directly on B-cells.

1.2.3.5. Renin inhibitory activity

Clyclothiazomycin is a very unique thiopeptide that does not possess a tail (Figure 7). In
fact, the azole-containing branch that would serve as tail is linked to the macrocycle, forming a
second ring, different from those found in thiopeptides of series a—c or e. However, due to its
central tri-substituted pyridine ring, it is still considered a member of the d series. Maybe
because of its peculiar structure, different activities have been found for it. The first one to be
described was human plasma renin inhibitory activity.® Renin is an enzyme associated with
hypertension,'® diabetes'® and Alzheimer’s disease’® and is a rate-limiting enzyme in a
cascade that starts with the cleavage of angiotensiogen and ends with the formation of
angiotensin Il. Because of this, renin is regarded as one of the most effective targets to treat

hypertension.
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Figure 7. Cyclothiazomycin and its more recently isolated analogues B1 and B2.

1.2.3.6. RNA Polymerase Inhibitory Activity

Thiopeptides with a very similar structure to cyclothioazomycin were recently isolated and
characterized and were named after the parent compound (Figure 7).* In particular,
cyclothiazomycin B1 was found to inhibit transcription by bacteriophage RNA polymerase.
Such result might serve to further understand transcription at the molecular level.

1.2.3.7. Antifungal Activity

Cyclothiazomycin B1 (Figure 7) also exhibits antifungal activity and inhibits the growth of
various filamentous fungi. It presumably does so by binding to chitin, causing cell wall
fragility.®

Saramycetin has also been described as an antifungal thiopeptide;’® however, it was not
fully characterized and might not fulfill the structural requirements to fall into this family of
natural products.

1.2.4. Conformation and Binding

The structure of thiopeptides has been studied using different techniques, which have also
been used to elucidate the active conformation and the key contacts required to exert their
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biological activity. Though thiopeptides are relatively large molecules with big macrocycles,
they possess many azoles, dehydroamino acids and amide bonds that confer the required

108

rigidity for efficient binding.” First conformational studies were performed by NMR and

provided solution structures of the promothiocins,'® nocathiacin I** and amythiamicin D.**° For

d™° which seems to favor the bioactive

amythiamicin D, an intramolecular H-bond was detecte
conformation. The same H-bond interaction can be observed between the equivalent positions
of active GE2270A and thiomuracin A analogues."'*'> NMR studies of the
thiostrepton/L11/rRNA complex® identified key contacts in the 26-membered ring of
thiostrepton that led to the design of small analogues that maintained their binding

capability.'**

X-ray analysis of the L11/rRNA complex and superimposition with optimized thiopeptide
structures have determined that compounds targeting this complex bind to a cleft between

90,91,114

the ribosome and L11 protein. This region, the so-called GTP associated center (GAC), is

also the binding site of elongation factor G (EF-G), which is responsible of translocation during
ribosomal protein synthesis.

>

complex formation
Figure 8. Proximity induced covalent capture. Mutated L11 protein has an external Cys residue in the

.

covalent capture

area where interaction with thiostrepton’s tail is expected. Tsr = thiostrepton.

Alternatively, mutation studies have been carried out to study the thiostrepton/L11/rRNA
ternary complex. Site-directed mutation of L11 to introduce a Cys residue in a suitable surface
position, permitted proximity induced covalent capture (PICC) experiments to be carried out
(Figure 8).2% In a PICC experiment, the newly introduced Cys should perform a 1,4-conjugated
addition to a Dha residue of the thiopeptide tail. These experiments suggested a slightly
different binding mode for thiostrepton, which would not sit right inside the cleft between L11
and the 23S rRNA, but closer to the ribosome surface. Further mutation studies of either L11
or 23S rRNA were in agreement with this alternative binding mode, demonstrating that
mutations on L11 did not avoid thiostrepton binding, whereas mutations on the ribosome
diminished affinity between the complex and the thiopeptide.™

1.2.5. Chemical Synthesis

The complex architectures and challenging structures of thiopeptides have gathered the
attention of many groups that have envisioned different strategies to accomplish their

syntheses.” Pioneering work by the groups of Kelly,"**™* Shin,** Moody,"***** Nicolaou,'****

32,33

Ciufolini and Bach™*'* developed different methodologies that led to the total synthesis of

various thiopeptides. However, most efforts have been devoted to the construction of the

116-119,126-133

central polyheterocyclic core, which have been synthesized by two well
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distinguished main strategies: modification of an existing pyridine and construction of the
central ring.

Modification of pyridine

Early efforts by the group of Kelly focused on the synthesis of different thiopeptide cores
(Scheme 5)."¢™° One of his landmark achievements was the synthesis of dimethyl
sulfomycinamate, a product of acidic methanolysis of sulfomycin.***
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Scheme 5. Kelly’s synthesis of dimethyl sulfomycinamate. Reagents and conditions: a) Br,, pyridine, rt,
77%; b) Mel, K,COs, acetone, reflux, overnight 88%; c) KMnQ,, 90 °C, 3 h; d) CICO,Me, Et;N, DMAP,
CH,Cl,, 0 °C to rt, 2 h, 65%; e) AlCl3;, CH,Cl,, reflux, 2 days, 93%; f) Tf,0, 2,6-lutidine, CH,Cl,, 0 °C, 5 min,
95%; g) PdCl,(PPhs),, 1,4-dioxane, 100 °C, overnight 97%; h) NBS, THF, H,0, rt 10 min, 95%; i) THF sealed
tube, 100 °C, 3 days, 65%; j) OsO,, NalO,, 1,4-dioxane, H,0, rt 3 h, 85%; k) A, Sn,Bus, Pd(PPhs;),Cl,,
Pd(PPhs),, LiCl, 1,4-dioxane, 100 °C, overnight, 35%.
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Scheme 6. Shin’s synthesis of GE2270A central core. Reagents and conditions: a) H,S, DMAP, Et;N,
pyridine, rt, 3 days, 90%; b) i. KHCO;, BrCH,COCO,Et, THF, 0 °C, then rt, overnight; ii. TFAA, pyridine, THF,
0 °C, 1 h, then rt, overnight, 53%; c) Tf,0, DMAP, pyridine, 0 °C, 1 h, then rt, overnight, 93%; d) ethyl
vinyl ether, Et;N, dppp, Pd(OAc),, toluene, reflux, overnight, 73%; e) NBS, THF, H,0, rt, 5 min; f) i. A,
KHCO3;, DME, 0 °C, 1 h, then rt, overnight; ii. TFAA, pyridine, 0 °C, 2 h, 63% (2 steps); g) 2 M HCl in THF, rt,
24 h; h) i. B, Et3N, toluene, rt, 15 min; ii. MnO,, toluene, rt, 12h, 41% (2 steps). dppp = 1,3-
bis(diphenylphosphino)propane; Pac = Phenacyl.
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Shin and co-workers developed their own strategies and synthesized many polyheterocyclic

135-142

cores and fragments. Most of their syntheses start from a pre-functionalized pyridine or

pyridone (Scheme 6).

The group of Bach described a very convergent approach to the core of GE2270A, which
started from 2,3,6-tribromopyridine and was fully based on cross-coupling reactions (Scheme
7). This work served for confirmation of the polyheterocyclic core stereochemistry and also
set the methodology for further synthesis of GE2270A™* and amythiamicins A and D.'*

a) BuLi, ZnCl, MeO,C

N
b) s \E\ ZnBr
/L\x\coza d) \ s>/
B Na s ) BnNH s B
¢) BnNH,
BT PdClL,(PPhy), \/\>\COZE1 DIBAL-H \/\>\CONHBn PdCIy(PPhs),
| — > Z | N [ = ‘ N - - - .
S
Br N Br X ~
Br N Br Br N Br

Me;Sn N S Ph
B (M s
\ g N)ﬁ/kom »CONHBn
S/\>\ c NHA = N
. )—CONHBn c |
7 N Pd(PPhs), N Sy N /7S Ph
| MeOZC\<\/ 1S _
NS S s N OAc
MeOZC\Q/ N "Br

\_s

NHAc
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Scheme 7. Bach’s synthesis of GE2270A’s central core. Reagents and conditions: a) Buli, ZnCl,, THF, ; b)

A, PdCl,(PPhs),, THF, 81% (2 steps); c) BnNH,, DiBAL-H, THF, CH,Cl,, 86%; d) B, PdCl,(PPhs),, THF, DMA,

78%; e) C, Pd(PPhs),, 1,4-dioxane, 80 °C, 61%.

More recently, the group of Hoarau optimized conditions for the cross-coupling of thiazoles
with pyridines using direct C-H activation on thiazole position 2*** and also formation of
pinacolboronic acid and in situ cross-coupling on thiazole position 4, which is limited to 2-
acylthiazoles.” Using both methodologies, the synthesis of ethyl tert-butylmicrococcinate was

achieved (Scheme 8).'*

d) NH,
tBuO,C e) Lawesson's
N\ reagent
A JS> s f) /[S Br
i —~
B Pd(OAc), \/\>\C02tBu b) Hy0,, TFAA &COztBu Et0,c~ N o
‘ Cy-JohnPhos A N c) POCly | X N B
Pz ‘ _ P2
EtO,C” 'N EtO,C” "N EtO0,C~ "N” Cl
Br- N (0]
Tyl
Me
S ¢

) &Ae o\ /O I\R/éle S/\>\
g)i. ei B-B E S < CO,tBu
e adieN e
S/\yco tBu Me” " 07 "Me s BeN o
| N SN 2 Pd,(dba), IKN\ N \N\>/<,
/[S N N/ o Cy-JohnPhos E0,c” N \ s P Me
Y .
Et0,C N>\<\/S ii. K3POy

ethyl tert-butylmicrococcinate

Scheme 8. Synthesis of ethyl tert-butylmicrococcinate using direct C-H activation and one-pot
borylation/cross-coupling of thiazoles. Reagents and conditions: a) A, Pd(OAc),, Cy-JohnPhos, Cs,COs,
DMF, 110 °C, 18 h, 74%; b) CO(NH,),, H,0,, TFAA, MeCN, 0 °C, 30 min; c) POCI;, toluene, DMF, rt, 6 h,
78% (2 steps); d) NH,OH, THF, rt, 82%; e) Lawesson’s reagent, toluene, 2 h, 76%; f) B, EtOH/THF (1:1),
65%; g) i. C, bispinacolatodiboron, Pd,(dba),, Cy-JohnPhos, KOAc, dioxane, 110 °C, 30 min; ii. K3PQ,,
dioxane, H,0, 110 °C, 12 h, 87%.

17



Construction of the central ring

One of the most beautiful contributions and the first one to rely on construction of the
pyridine ring was Ciufolini’s synthesis of micrococcin’s central polyheterocylic core (Scheme
9)."® With the required thiazole building blocks in hands, the pyridine ring is formed in two
steps in almost quantitative yield. This led to the synthesis of the Bycroft-Gowland structure of
micrococcin P1, which had been miss-assigned.*” It took ten more years to finally synthesize
the true structure of micrococcin P1 and confirm its stereochemistry.33 Using the same

strategy, thiocillin | has been recently synthesized.'*
TBSO TBSO / S
;:\L 2\( 2) Li,CO5 cat. Me N°
\
;\M ﬂ cou %% r = 1002&
TBSO

i ;(L
1]
}\% ﬁ lco Et

micrococcin P1 central core

Scheme 9. Ciufolini’s synthesis of the polyheterocyclic core of micrococcin P1. Reagents and conditions:
a) cat. Li,CO;, EtOAc, 92%; b) NH,OAc, EtOH then DDQ, toluene, 97%.

Bagley, first in the group of Moody, and co-workers also described their own syntheses of
thiopeptides’ cores constructing the pyridine ring with advanced thiazole-containing building
blocks. Using Bohlmann-Rahtz pyridine synthesis, various thiopeptide cores were obtained
(Scheme 10).7*>7%0 Also, a very early total synthesis of promothiocin A was achieved.”**

™S
s\ OSEM
a /L\N S/\>\/OSEM
o N s OSEM “\

Me.y N /=S Me nBuLi b)TBAF

) | A0 L o N /7S Me

OMe '—g N " “Me | > \\k
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SN EtO,C s Z N S Me
¢) NH,0Ac ] B STV \>,(// 1\
T TN N}/[S Me —————————————~ N g NTNYve

| < N/)\»‘kMe EtO,C NHBoc

NHBoc

Y

amythiamicins core

Scheme 10. Synthesis of amythiamicins pyridine cluster using Bohlmann-Rahtz pyridine formation.
Reagents and conditions: a) A, nBuli; H,0, 91%; b) TBAF, THF, rt, 1 h, 93%; c) NH,OAc, microwave, 120
°C (100 W), toluene, 30 min, 76%; d) B, EtOH, 60 °C; toluene, AcOH, 70 °C, 85% (93% ee). SEM = 2-
(trimethylsilyl)ethoxymethyl.

The first synthesis of a polyheterocyclic core from the a and b series was reported by the
group of Hashimoto. Their approach was based on formation of a substituted central 1-
pyrroline that underwent ring-expansion to form a piperidine ring (a series) that could be
selectively oxidized for form the corresponding 2,3,4,5-tetrahydropyridine (b series) (Scheme
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11)."* In further reports they described the synthesis of other fragments™***> of b series
thiopeptides and finally achieved the total synthesis of siomycin A."*%**’
\ OH CO,Et
s<
/_le pTol J/
SJ;I:l . Etozc\C?/Q\(;NjcozEt BELN b) TFA
HN Me
(0]
[e) NHBoc [e) NHBoc
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NH, e) (S)-Boc-Ala-OH = S

S

\X’/IL:/)\’;*‘ f\,\/j\ CIP, HOAt L ) tBUOCI Loy
g NN s/j\‘“ N "S(/fcoza s/ﬁ‘\ N S/J»COZEt

N
HN%} HN/§‘|
oz\o Me oz\o Me

a series core b series core

Scheme 11. Synthesis of a and b series central core by Hashimoto and co-workers. Reagents and
conditions: a) EtsN, THF, —25 °C, 71%; b) TFA, EtOH; c) NaBH;CN, AcOH, EtOH, 52% (2 steps); d) Boc,0,
DMAP, Et;N, THF, 0 °C, 84%; e) (S)-Boc-Ala-OH, CIP, HOAt, DIPEA, CH,Cl,, 93%; f) tBuOCI, THF, —78 °C,
then cat. DMAP, Et;N, 95%. CIP = 2-chloro-1,3-dimethylimidazolidium hexafluorophosphates.

Cycloadditions have also been used for the synthesis of various central fragments. Almost
simultaneously, the groups of Nicolaou™® and Moody**’ developed two different bio-inspired
strategies to obtain their target cores via an aza-Diels-Alder reaction. Nicolaou’s strategy was
based on the silver-promoted formation of an aza-diene from a precursor thiazolidine, which
would dimerize in a [4+2] cycloaddition (Scheme 12). The 2,3,4,5-tetrahydropyridine (b series)

thus obtained, could be oxidized to form the corresponding fully unsaturated d series core.

— — Me  Boc
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N N
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R0,c- S A b) DBU 4 AN
/ - /
S R, S Ro
Bocl\i fo) Bocl\j (0]
Me Me Me Me
thiostrepton core GE2270 core
(Ry = Et; R, = Me) (Ry=Me; Ry = H)

Scheme 12. Bio-inspired synthesis of b and d series polyheterocyclic cores. Reagents and conditions: a)
Ag,C0O;, BnNH,, DBU, pyridine, —15 °C, 1 h; then H,0/EtOAc (1:1), 1 h, 60%; b) DBU, EtOAc, reflux, 5 h,
50%.

19



Using this methodology various total synthesis were achieved, including the challenging
thiostrepton,**?***° put also GE2270A and GE2270T*® and various amythiamicins.’®* On the

other hand, Moody’s strategy relied on a previously formed aza-diene that could react with a

different dienophile, yielding the aromatized cycloaddition product (Scheme 13)."2%*¢?
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Scheme 13. Bio-mimetic aza-Diels-Alder synthesis of 1,2,3-trisubstituted pyridine cores. Reagents and
conditions: a) Et;0"PFs , CH,Cl,, 100%; b) A, CH,Cl,, then DBU, CHCl,, 63%; c) B, toluene, microwave, 120
°C, 33%.

Alternatively, Arndt designed another aza-Diels-Alder strategy that was not based on the
biosynthetic pathway, but used an alkyne and a protected a,p-unsaturated oxyme as starting
materials, gaving access to 3-hydroxypyridines, including the central core of nosiheptide
(Scheme 14)."*' Using this strategy, the main macrocycle of nosiheptide could be

. 163
synthesized.
MeO,C, MeO,C MeO,C
oTMS N £,0
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Scheme 14. Synthesis of nosiheptide’s core via an aza-Diels-Alder cycloaddition. Reagents and
conditions: a) toluene, 180 °C, 55%; b) Tf,0, Et;N, CH,Cl,, 0 °C; c) TIPSOTf, Et;N, CH,Cl,,0 °C, 79% (2
steps); d) NBS, THF/ H,0, 97%; (e) KHCO;, THF, —40 °C; (f) TFAA, 2,6-lutidine, —20 °C, 60% (2 steps).

Finally, one of the newest and most innovative contributions to the field is the synthesis of

cyclothiazomycin’s central core hydrolysate through a [2+242] ruthenium-catalyzed
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cyclotrimerization reaction (Scheme 15).™" This yielded a product identical to that previously

described by Bagley, thus confirming its identity.'*
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Scheme 15. Syntehsis of cyclothiazomycin central core hydrolysate via a [2+2+2] ruthenium-catalyzed
cycloaddition. Reagents and conditions: a) Cp*RuCl(COD), 1,2-dichloroethane, 60 °C, 82%; b) TBAF, THF,
rt, 97%; c) John’s reagent, acetone, 0 °C to rt; d) TFA, CH,Cl,, rt, 80% (2 steps). Cp* =
pentamethylcyclopentadienyl. TBAF = tetrabutylammonium fluoride.

Future advances in the obtention of substituted pyridines will surely facilitate the total
synthesis of thiopeptides that still pose a challenge, but most importantly, will give easy access
to fragments and analogues for the development of thiopeptide-based drugs with an improved
pharmacokinetic profile.

1.2.6. In the Market

To date, only two thiopeptides have hit the market, thiostrepton and nosiheotide. Although
both are exclusively devoted to veterinary use, their applications are very different. The lack of
thiopeptide formulations for human use stems from their low aqueous solubility, a limitation
that also restricts their use in animals.

Thiostrepton is used as one of the ingredient of an ointment for the treatment of cats and
dogs skin infections. This ointment always has the same formulation (nystatin, 100,000 units;
neomycin sulfate, 2.5 mg; thiostrepton, 2,500 units; triamcinolone acetonide, 1 mg) and is sold
by different companies with a variety of brand names: Animax (Dechra), Resortin (Hannah),
Panolog (Novartis), Dermalone (Vedco), etc.

Alternatively, nosiheptide, is used as an animal growth promoter. This application was first
described short after this thiopeptide was first isolated.'®® Nowadays, tons of pre-mixed animal
food with the antibiotic are produced and commercialized.

Given the bad pharmacokinetic profile of thiopeptides, various analogues have been
produced, mainly to improve their agueous solubility. LFF571 (Figure 1), developed by
Novartis, is a semi-synthetic analogue of GE2270A currently under clinical trials for the
treatment of skin infections in humans.>**%'%’

When considering the huge therapeutic potential of thiopeptides and the efforts carried
out by many research groups, it can be expected that their discoveries will lead to the
development of analogues suitable for the treatment of more threatening systemic infections.
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SYNTHETIC TARGET: BARINGOLIN

During their exploration of the marine potential as a source of therapeutic agents, the
Spanish pharmaceutical company Instituto Biomar discovered a new thiopeptide antibiotic
produced by Kocuria sp. MI-67-EC3-038 strain. It was isolated from Alicante’s coast and
displayed an excellent activity profile against Gram-positive bacteria." Using NMR spectroscopy
its structure was proposed, although originally, no stereochemistry was assigned (Scheme 1).

Continuing our collaboration with Instituto Biomar,”™ we started a synthetic program
devoted to the total synthesis of baringolin to confirm its structure, assign its stereochemistry
and produce analogues to assess its structure-activity relationship. In order to do so, a
retrosynthetic disconnection was envisioned where the thiopeptide was divided into five
fragments, its polyheterocyclic core, the pentapeptidic tail and three more fragments,
including two amino acid-derived azoles, to complete the macrocycle (Scheme 1). Although no
stereochemistry had been previously reported, the ribosomal origin of thiopeptides suggested
that all stereocenters could be introduced from the corresponding L-amino acids.
Dehydroalanine residues of the peptidic tail could be introduced from phenylselenocysteine
precursors.’

SePh SePh
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Scheme 1. Retrosynthetic analysis of baringolin.

Regarding the polyheterocyclic core, a strategy based on cross-coupling reactions on 2,6-
dichloronicotinic acid was proposed due to the suitable substitution pattern of this pyridine
derivative (Scheme 2). Formation of the oxazole and regioselective introduction of thiazoles
required investigation to achieve a modular and convergent strategy.
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Scheme 2. Retrosynthetic analysis of baringolin’s polyheterocyclic core.

Once a successful strategy is developed, it should facilitate the synthesis of analogues to
explore structure-activity relationships of baringolin.
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OBIJECTIVES

The main objective of the present thesis is to develop a robust and convergent
methodology for the total synthesis of the new thiopeptide antibiotic baringolin. However,
other objectives will follow once it has been achieved. The procedure must be flexible for the

preparation of analogues and derivatives. In order to trace a clear work plan that will
eventually lead to the reproduction of baringolin in the laboratory, its synthesis has been
divided in various objectives:

e Total synthesis of baringolin:

O

O

Synthesis of enantiomerically pure amino acid-derived azole building blocks. A
suitable strategy for the construction of a bithizole-pyrrolidine fragment amenable for
a cross-coupling approach must be developed. The synthesis of other amino acid-
derived azoles must also be addressed.

Synthesis of baringolin’s central polyheterocyclic core. The utility of 2,6-
dichloronicotinic acid as a suitably pre-functionalized scaffold for the synthesis of
2,3,6-trisubstituted pyridines will be.

Synthesis of pentapeptidic tail, assembling of fragments and final steps of
baringolin’s total synthesis. Phenylselenocysteine-containing pentapeptide building
block is a perfect candidate for solid phase peptide synthesis (SPPS). With a suitable
methodology for the synthesis of all building blocks, selection of protecting groups,
macrocyclization and oxidation to obtain dehydroalanine residues are the major
challenges.

o Synthesis of baringolin analogues and study of their structure-activity

relationship. With an efficient strategy for the synthesis of baringolin in hands,
analogues can be synthesized to assess the impact of the most characteristic moieties in

this thiopeptide structure. Substitution of thiazoline for thiazole and shortening of the
peptidic will be evaluated.

e Use of building blocks and methodology developed in baringolin’s total synthesis
for the construction of other thiazole-containing natural products. With a reliable
method for the obtention of amino acid-derived thiazoles in hands, the total synthesis of

other natural products that contain this moiety can be addressed.
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SYNTHESIS OF AN ENANTIOPURE BITHIAZOLE-PYRROLIDINE
BUILDING BLOCK

Highly efficient, multigram and enantiopure synthesis of 2-(2,4’-
bithiazol-2’-yl)pyrrolidine.
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Conspectus

The efforts towards the synthesis of a 4-bromobithiazole-pyrrolidine building block suitably
functionalized for its subsequent use in a cross-coupling-based strategy are described in this
chapter. Previously reported methods for the synthesis of similar chiral building blocks
required the use of a nitrile or a chiral sulfinylimine as precursors of a primary amine. Because
of this limitation, these methodologies could not be applied to our proline-derived scaffold
(Scheme 1).
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Scheme 1. Precedents of chiral amine bithiazole derivatives.

Our early attempts focused on a strategy based in the Hunsdiecker reaction. However, the
negative results obtained prompted us to move to an alternative approach. Hence, the central
ring of the bithiazole-pyrrolidine fragment could be formed using a modified 2-step Hantzsch
thiazole synthesis reaction starting from suitable building blocks. The product thus obtained
could be converted into the corresponding trimethyltin derivative for subsequent use in a Stille
cross-coupling reaction.
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Polyheterocyclic scaffolds containing thiazole rings are com-
mon features of numerous biologically active natural products.’
Chiral 2-(2,4'-bithiazole)amines fragments can be found attached
to the pyridine ring at the heterocyclic core of many thiopeptides
(Fig. 1).2° The syntheses of a handful of these interesting natural
antibiotics has been achieved using a range of different strate-
gies.?® Those based on cross-coupling reactions have the need of
pyridines and azoles properly functionalized as halides and/or
organometallic derivatives. To date, only primary amines substi-
tuted with a suitable halogenated 2,4'-bithiazole have been de-
scribed.* However, the methodology used so far cannot be
applied when cyclic amines are pursued.’ In this note we present
the synthesis of enantiopure (§)-2-(4-bromo-2,4'-bithiazol-2’-
yl)pyrrolidine (5)-1, which is easily converted into its trimethyltin
derivative (S)-2 for use in subsequent Stille cross-couplings
(Scheme 1).

In order to avoid any stereoselective steps, the use of starting
materials directly derived from the chiral pool and therefore avail-
able in Kg scale should be mandatory.® Thus, racemisation can be
avoided throughout the course of the synthesis.

During our investigations we found out that a 4-halo-2,4'-
bithiazole fragment could not be accessed if the strategy relied on
a key Hunsdiecker halodecarboxylation.”®# A more convergent
approach involving the construction of the middle ring of (5)-1,°
by means of a modified two-step Hantzsch thiazole synthesis'®

amythiamicin D

* Corresponding author. Tel.: +34 93 4037086, fax: +34 93 403 71 26.
E-mail address: mercedes.alvarez@irbbarcelona.org (M. Alvarez). Figure 1. Thiopeptides containing chiral bithiazole amine moieties.

0040-4039/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2011.07.128
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(S)-1 (>98% ee) (Sy2

Scheme 1. Synthesis of 2-(4-bromo-2,4’-bithiazol-2-yl)pyrrolidine (§)-1 and trimethyltin derivative (§)-2. Reagents and conditions: (a) (i) nBuLi, THF, —78 °C, (ii) N-
acetylmorpholine, —78 °C (67%); (b) Bry, HBr, AcOH, rt (80%); (c) (Boc )0, Hz0, 1,4-dioxane, rt (quant.); (d) Lawesson’s reagent, THF, rt (quant.); (e) (i) KHCOs, DME, 0 °C, (ii)
TFAA, 2,6-lutidine, DME, —20 °C (77%); (f) MesSnSnMes, [Pd(PPhs)y], toluene, 100 °C (89%).

between 3'" and (§)-4,'? afforded the optically pure product'? in 77%
yield (Scheme 1).}* Bromoketone 3 was obtained after consecutive
bromine/lithium exchange and acylation of 5'° and subsequent
bromination under acidic conditions of the resulting 2-acylthiazole.
Protection of prolylamide ((§)-6) with the Boc group'® and further
treatment with Lawesson’s reagent gave thioamide (§)-4 in
excellent yield. The reaction was satisfactorily scaled-up without
any loss of either optical purity or chemical yield and provided 6 g
of the desired biaryl (§)-1, which was subsequently converted into
trimethyltin derivative (S)-2 in high yield."”

In summary, an improved, convergent and high yield prepara-
tion of a 2-(2,4’-bithiazol-2'-yl)pyrrolidine fragment suitably func-
tionalized in its thiazole-4-position either as bromide ((§)-1) or tin
derivative ((S)-2) for use in cross-coupling reactions has been de-
scribed. The products have been obtained in multigram scale with-
out any loss of their optical integrity.

These building blocks will allow the preparation of those thio-
peptide central cores bearing such moieties and that could not be
accessed by previously reported methods. Further studies with
these structures and their use in total synthesis of natural products
are underway.
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SYNTHESIS OF AMINO ACID-DERIVED THIAZOLE
BUILDING BLOCKS

Conspectus

Synthesis of an L-Asn-derived thiazole was required for the synthesis of Baringolin. Such
fragments can be obtained in excellent enantiomeric excesses if a modified two-step Hantzsch
cyclization reaction is used. However, precedents in the literature reported the undesired
trifluoroacetylation of protected primary amino groups. Detrifluoroacetylation was also
reported, but the harsh conditions required limit the scope of substrates that can be used and
lengthen the synthesis.

CO,Et
L B ii. TFAA

o lutidine
KHCO3;

S [
o
H NJ\rNHBoc DME, O°C EtOZCj(\)\rNHBoc DME, -25°C EtO,C )\rNBoc
2
R

Previously reported work up:
- Concentration under
vacuum and purification.

Our work up: ii. TFAA
- Quenching before |utidine
purification avoids acetylation. DME, —25 °C

- Extra deprotection step:

/S NaOEt / EtOH
EtOZC/(\/)\r NHBoc
N
R

Modification of work-up conditions avoided the undesired side-reaction and saved the
extra step. Once the methodology was set up, L-Asn-derived thiazole was synthesized and
similar building blocks could be easily prepared.

Aeruginazole A, a thiazole-containing macrocyclic peptide with antibiotic properties
contains three of these building blocks, L-Asn-, L-Val- and D-Leu-derived thiazoles. Hence,
Aeruginazole A was an amenable target to exploit the facile production of such moieties.
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Aeruginazole A

The first total synthesis of Aeruginazole A, prepared via a convergent strategy that involved both solid-phase peptide synthesis and solution
phase chemistry and that enabled conservation of the stereochemistry of the intermediates, is reported.

Aeruginazole A is a macrocyclic dodecapeptide that was
recently isolated from the cyanobacterium Microcystis sp.
strain (IL-323) and that exhibits inhibitory activity, toward
Bacillus subtilis." Ttis an interesting example of the numer-
ous macrocyclic thiazole-containing compounds that have
been isolated from natural sources over the past few de-
cades and subsequently tested for biological activity, and
whose extremely varied structures have been the targets of
total syntheses.”

The diverse combination of structural motifs in Aerugi-
nazole A is interesting: its macrocycle comprises a penta-
peptide of L-amino acids (known as the northern region)
and a group of three thiazole moieties combined with a
D-Tyr residue (the southern region).
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The presence of L- and p-amino acids, and of amino
acid-derived moieties, in the compound is interesting, as is
their location: the L-amino acids are located in the western
and eastern regions only, whereas there are two consecutive
p-amino acids in the southern region. The stereochemistry
of the target molecule is therefore an important feature and
a critical synthetic challenge. Intrigued by its peculiar
structure and seeking to further explore its biological
activity, we decided to undertake the total synthesis of
Aeruginazole A.

Work began with the retrosynthetic analysis represented
in Figure 1: in addition to the northern pentapeptide 1,
tyrosine® 5 and the optically active thiazole-building blocks
2—4 were identified through disconnections of the south-
ern region of Aeruginazole A (Figure 1).

The planned route to the stereodefined thiazole build-
ing blocks 2—4 was to subject precursor thioamides to
Hantzsch thiazole synthesis. These precursors were readily
accessed from Boc-L-Asp(OBzl)-OH, Boc-L-Val-OH, and

(3) The absence of a protecting group on the Tyr phenol (for which a
Bu group is normally used) enabled use of Boc for temporary protection
of the a-amino function in the southern region, thereby facilitating the
synthesis.



Aeruginazole A

Figure 1. Structure of Aeruginazole A and retrosynthetic analysis.

Boc-p-Leu-OH. Commercially available N-protected ami-
no acids were converted into the corresponding primary
amides 6a—8a (Scheme 1) through activation and subse-
quent treatment with concentrated aqueous ammonia.

The Leu was activated for nucleophilic substitution
through transformation into the corresponding methyl
ester.” Unfortunately, this easy protocol gave poor vields
with Val and was incompatible with the benzyl ester group
of protected Asp. Alternatively, these residues were acti-
vated by treatment with 2,2,2-trichloroethyl chlorofor-
mate. Each of the amides 6a—8a was then converted into
its corresponding thioamide 6b—8b. respectively, using
Lawesson’s reagent (LR).

The three thioamides were then subjected to Hantzsch
thiazole syntheses, a critical point in the total synthesis,
given the need to preserve the stereochemical information
present in the thioamides themselves. First. classical con-
ditions for this reaction were tested: the thioamides were
treated with ethyl bromopyruvate and pyridine in refluxing
ethanol.® Optical purity was checked in the case of the
known compound Val-thiazole 9 (Scheme 1) by compar-
ison of its rotatory power with published data.”

However, racemization of Leu-thiazole 10 and Asp-
thiazole 11 was detected further in the synthetic sequence:

(4) Xu, Z.; DiCesare, J. C.: Baures, P. W. J. Comb. Chem. 2010, 12,
5
(5) Miiller, H. M.: Delgado, O.; Bach. T. Angew. Chem., Int. Ed.
2007, 46, 4771.

(6) Rzasa, R. M ; Kaller, M. R.; Liu, G.; Magal, E.; Nguyen, T. T.;
Osslund, T. D.; Powers, D.; Santora, V. J.; Viswanadhan, V. N.; Wang,
H.-L.: Xiong, X.; Zhonga, W.; Norman, M. H. Bioorg. Med. Chem.
2007, 15, 6574.

(7) Downing, S. V.; Aguilar, E.: Meyers. A. 1. J. Org. Chem. 1999, 64,
826.

(8) "HNMR spectra of compounds 13 and 14 were analyzed: singlets
falling in the region from 6 8.00 to 8.15 ppm., relative to the protons in
position 5 of each thiazole ring, were used as diagnostic signals.
Observation of a second set of these signals revealed that substrates of
low optical purity were coupled, thus forming mixtures of diastereo-
meric products.

Org. Lett., Vol. 13, No. 17, 2011

50

NMR spectra revealed formation of diastereomeric mix-
tures of products when 10 and 11 were converted into the
more advanced synthetic intermediates 13 and 14, respec-
tively (Scheme 3). each of which bears two stereocenters.®
Once a chiral HPLC analysis method for all three Hantzsch
synthesis products had been established, racemization was
definitively confirmed (see Experimental Procedures for
details, Supporting Information). Switching to Merritt and
Bagley’s protocol” (Scheme 1) for Hantzsch synthesis of
stereodefined thiazoles provided the building blocks 9—11
in 75—98% yields with conservation of optical purity (ee rang-
ing from 91 to 94%). It should be noted that special care had
to be paid to the dehydration step (Scheme 1, step 11). Lower-
than-expected ee’s were observed when the reaction tempera-
ture was increased before the dehydration was complete.

Scheme 1. Synthesis of Thiazole Moieties

e}
i) ethyl bromopyruvate /_2L0Et
KHCO3, DME, -25°C to rt 4 -
X-NHz iy TEAA 2 6-lutidine N
I DME, -25°C I
R™ "NHBoc R™ "NHBoc
6a,b: R=iPr 9
7a,b: R=iBu 10
8a,b: R =CH,COOBn 11
a:X=0 Lawesson's reagent
b:X=8 : THF

(9) Merritt, E. A; Bagley. M. C. Synthesis 2007, 22, 3535.

(10) The original paper described direct concentration of the reaction
mixtures with consequent trifluoroacetylation of Boc-protected amino
groups; an additional transformation was therefore required to remove
the trifluoroacetyl groups and provide access to the desired products.
This problem was solved by quenching excess TFAA with saturated
agueous NaHCOs, providing thiazoles 9—11 directly.
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Therefore, termination of the step at —25 °C had to be
carefully confirmed before the work up. Furthermore, the
previously published work-up procedures had to be
slightly modified to enable direct access to the desired com-
pounds.'®

Once the Hantzsch products 9—11 were obtained in
suitable optical purity, Asp-thiazole 11 was converted into
the desired building block 12 (Scheme 2).

Scheme 2. Synthesis of Asn-thiazole 12

Q o
J OBt byBOP, DIEA FgL OFt
S NH4HCO, It

68%
NHBoc NHBac
0™ "OR 0% “NH,
Mo BRI ] HapPaco3% 12

The benzyl ester protecting group was cleanly removed
by hydrogenolysis; the reaction was first attempted in
MeOH but, unexpectedly, partial conversion of the acid
to the corresponding methyl ester was observed (from trace
amounts up to 53%). This problem was solved by running
the reaction in /PrOH, which is more sterically hindered.
Acid 11a was then converted into the corresponding amide
12. The conditions for this transformation had to be ex-
tensively investigated, since the initially tested activation
strategies and NH; sources gave low yields. Actually,
activation as mixed anhydrides using either Boc,O'! or
2.2 2-trichloroethyl chloroformate and use of alternative
NH; sources (conc. aq. NH; or NH,Cl) never gave yields
superior to 55%. However, better yields (68%) were ob-
tained when benzotriazol-1-yloxytripyrrolidinophospho-
nium hexafluorophosphate (PyBOP)'? was used asactivat-
ing agent and ammonium bicarbonate was used as NH;
source.

The building blocks 9, 10, and 12 were then depro-
tected. The ethyl ester of 9 was hydrolyzed with 2 N LiOH
to give compound 3; the Boc-protecting groups from 12
and 10 were removed with 4 M HCI to afford their
corresponding hydrochloride salts 2-HCI and 4-HCI,
respectively (Scheme 3). At this stage, all of the building
blocks required for the southern peptide had been synthe-
sized; the preparation of northern peptide was therefore
addressed.

(11) (a) Pozdnev, V. F. Tetrahedron Letr. 1995, 36, 7115.(b) Ardd, A.;
Soengas, R. G.; M. Nieto, M. L; Jiménez, C.; Rodriguez, J. Org. Leti.
2008, /0. 2175. (c) Trotter, N. S.; Brimble, M. A.: Harris, P. W. R.;
Callis, D. J.; Sieg. F. Bicorg. Med. Chem. 2005, 13, 501.

(12) (a) Kahlon, D. K.; Lansdell, T. A.; Fisk, J. S.; Hupp. C. D.;
Friebe, T. L.: Hovde. S.; Jones, A. D.: Dyer, R. D.: Henry, R. W.: Tepe,
J.1.J. Med. Chem. 2009, 52, 1302.(b) Arienti, K. L.; Brunmark, A.; Axe,
F. U.; McClure, K.; Lee, A.; Blevitt, J.; Neff, D. K.; Huang, L.;
Crawford, S.; Pandit, C. R.; Lars Karlsson, L.; Breitenbucher, J. G.
J. Med. Chem. 2005, 48, 1873,
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Fmoc-protected pentapeptide 1 was smoothly syn-
thesized by solid-phase peptide synthesis (SPPS) on
2-chlorotritylchloride resin, first manually, through acti-
vation with diisopropyl carbodiimide and 1-hydroxyben-
zotriazole (HOBUt), then by adapting the procedure to
automated microwave-assisted synthesis using O-(ben-
zotriazol-1-yl)-N, N, N',N'-tetramethyluronium hexafluor-
ophosphate (HBTU) as coupling agent.

Since the building blocks 1—4 (Figure 1) had been
prepared, condensation of the individual synthetic inter-
mediates was then undertaken. The coupling pattern
(Scheme 3) was chosen according to the highest possible
degree of convergence: Asn-thiazole 2- HCl was coupled to
Boc-p-Tyr-OH. giving rise to building block 13 (91%
vield), whereas p-Leu-thiazole 4- HCI was condensed with
Val-thiazole 3 to form building block 14 (79% yield). Both
couplings proceeded uneventfully (3 h at 0 °C) through
activation by PyBOP.

The amine 15 was then coupled to the acid 16 to form
the tris-thiazole peptide 17. Interestingly, the yield of
this reaction was strongly dictated by the ratio of amine
to acid: whereas an excess (1.2 equiv) of acid 16 gave a
disappointingly low yield (58%), an excess (1.6 equiv) of
amine hydrochloride 15 allowed an increase the yield
to 92%. The Boc-protecting group was then removed
from compound 17 (Scheme 3) to afford the southern
peptide 18, which was directly coupled to northern
peptide 1. The protocol (PyBOP in THF) used in all
previous couplings was again tested but proved unsatis-
factory in this case (yields of roughly 10%). Observed
solubility issues, as well as a desire to minimize the
amount of N,N-diisopropylethylamine (DIEA) used. in
consideration of the presence of the Fmoc group, were
therefore addressed by switching to a different system,
N-(3-dimethylaminopropyl)- N -ethylcarbodiimide hydro-
chloride (EDCI)/HOBt in CH,Cl,/DMF, which gave a
gratifying yield of 79%. At this stage, the entire linear
skeleton of Aeruginazole A had been prepared and thia-
zole dodecapeptide 19 (Scheme 3) was ready for final
hydrolysis of its ethyl ester group, cleavage of its Fmoc
group and subsequent macrocyclization. Thus, compound
19 was treated with LiOH in THF/H,O in a one-pot
removal of the protecting groups on both ends of the
peptide to give the acid 20. Macrocyclization of crude 20
was then performed in high dilution conditions (2.5 mM in
DMF) by activation with PyBOP and HOAt, affording the
desired product in a 24% yield over the two steps of
deprotection and cyclization.

The spectroscopic data for this product fully agreed
with those for a sample of natural product, thereby
enabling confirmation of the structure proposed for
Aeruginazole A by Raveh and Carmeli.' In summary,
Aeruginazole A was obtained in an overall yield of
4.3% through a convergent synthesis combining solu-
tion- and solid-phase procedures. Special care was paid
to conserve the integrity of the stereocenters in the
intermediates, via strict control of Hantzsch thiazole
syntheses and through use of various peptide-coupling
reagents.
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Scheme 3. Total Synthesis of Aeruginazole A
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General Information

Flash chromatography was performed on Merck silica gel (60A 35-70 pum) as stationary
phase. Analytical thin layer chromatography was performed using aluminium-backed
plates coated with Merck Kieselgel 60 F,s4; compounds were visualized under a UV lamp
(254 nm) or by staining, using either a saturated solution of KMnQ, in acetone, or 6%
(w/v) vanillin in acidic ethanol (1% H,SO,). Melting points were determined in open
capillaries using a Biichi B-540 melting point device. 'H NMR and C NMR spectra
were recorded on a Varian Mercury 400 MHz spectrometer. Chemical shifts are quoted in
parts per million (ppm) relative to the solvent indicated for each case (as internal
standard). Multiplicity of each signal is designated by the following abbreviations: s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; and bs, broad singlet. HPLC-MS
analyses were performed on a Waters 2795 Separations Module equipped with a SunFire
Cis column (100 x 4.6 mm, 3.5 um particle size). Detection was performed using a
Waters 2487 Dual A Absorbance Detector and a Waters Micromass ZQ using
electrospray ionization (ESI). Acetonitrile (0.07% formic acid) and H>O (0.1% formic
acid) were used as mobile phases. High-resolution mass spectroscopy (HRMS) analyses
were performed on a LTQ-FT Ultra (Thermo Scientific) mass spectrometer using
nanoelectrospray ionization (nanoESI). IR spectra were recorded as thin film on a
Thermo Nicolet Nexus FT-IR spectrometer. Analytical HPLC was performed on a
Waters 2695 Separations Module equipped with a Waters XBridge C;s column (75 x 4.6
mm, 2.5 pm particle size) or a ChiralPak IA column (250 x 4.6 mm, 5 um particle size)
when determining ee values. Compounds were detected using a Waters 996 photodiode
array detector. Acetonitrile (0.036% TFA) and H,O (0.045% TFA) were used as mobile
phases.

Experimental Procedures

Compounds 6a' and 8a” were obtained following described procedures and with the same
yields as those reported.

Fmoc-peptide (1)
Ph Manual synthesis. The synthesis was
H \)C_)L H \/?L Lf done in a plastic syringe attached to a
N N O vacuum manifold to enable rapid
FmOCHN/\ﬂ/ H/WT : H removal of reagents and solvents. The
0 0 N OH 2-chlorotritylchloride resin (loading =
1.0 mmol/g; 100 mg) was swelled in CH,Cl, (3 x 5 mL), then acylated with a solution of
Fmoc-Phe-OH (0.1 mmol) and DIEA (0.15 mmol) in CH>Cl, (2 mL). The reaction

mixture was gently shaken for 1 h then an extra 3 mmol of DIPEA was added and
shaking was continued for 5 min. MeOH (0.08 mL) was then added in order to cap

! Merritt, E. A.; Bagley, M. C. Synthesis 2007, 22, 3535-3541.
2 Hughes, R. A.; Thompson, S. P.; Alcaraz, L.; Moody, C. J. J. Am. Chem. Soc. 2005,
127, 15644-15651.
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unreacted functional groups on the resin; the mixture was then shaken for 20 min. The
resin was filtered, and then washed with CH,Cl, and DMF (5 x 5 mL each). The N-
terminus was deprotected using 20% piperidine in DMF (5 mL x 5 min x 2, 5 mL x 10
min). The resin was then washed with CH,Cl, and DMF (5 x 5 mL each). Fmoc-AA-OH
(0.3 mmol), preactivated by vigorous shaking for 4 min in the presence of N.N’-
diisopropylcarbodiimide (0.3 mmol) and HOBt (0.3 mmol) in DMF (2 mL), was poured
onto the resin and the resulting mixture was gently shaken for 1 h. Deprotection and
coupling cycles were repeated with the appropriate amino acids to provide the
pentapeptide. The peptide was cleaved from the resin by treatment with 2% TFA in
CHCl; (10 mL) for 10 sec at rt followed by filtration and collection of the filtrate in
water (10 mL). The treatment was repeated three times. Solvents were removed in vacuo
and the crude peptide was precipitated with cold diethyl ether. The precipitate was
collected and washed twice with diethyl ether. Lyophilization yielded 68 mg (98% yield)
of the title compound as a white solid. The purity (96.3%) was determined by HPLC
(linear gradient: 50 to 100% acetonitrile in H,O over 8 min; flow rate = 1.0 mL/min; tg =
1.95 min).

Automated synthesis. 2-chlorotritylchloride resin (1 g) was manually acylated with
Fmoc-Phe-OH according to the previously described procedure, and then treated for
peptide elongation in a CEM Discover microwave peptide synthesizer. Peptide couplings
were performed in DMF with the appropriate Fmoc-amino acid (2 equiv), using HBTU (2
equiv) as coupling agent. The peptide chain was cleaved from the resin following the
procedure described above. Fmoc-peptide 1 (560 mg; 85% yield; 96% pure) was obtained
as a white solid. m.p 195 - 206 °C (decomp). 'H NMR (DMSO-de, 400 MHz) & 0.76 (d, J
= 6.7, 3H), 0.80 (d, J = 6.7, 3H), 1.94 (m, 1H), 2.90 (dd, J = 13.9 and 9.0 Hz, 1H), 3.03
(dd, J=13.9 and 5.4 Hz, 1H), 3.66 (d, J = 6.0 Hz, 2H), 3.74 (m, 4H), 4.22 (m, 2H), 4.28
(m, 2H), 4.40 (ddd, J = 9.0, 7.8 and 5.4 Hz, 1H), 7.18-7.27 (m, 5H), 7.33 (dd, J = 7.9 and
7.5 Hz, 2H), 7.41 (dd, J = 7.5 and 7.5 Hz, 2H), 7.56 (t, J = 5.9 Hz, 1H), 7.70-7.74 (m,
3H), 7.89 (d, J = 7.5 Hz, 2H), 8.08 (t, J = 5.8 Hz, 1H), 8.15 (t, /= 5.7 Hz, 1H), 8.29 (d, J
= 7.8 Hz, 1H). "C-NMR (DMSO-de, 400 MHz) & 17.8, 19.1, 30.7, 36.5, 41.8, 42.0, 43.5,
46.6, 53.5,57.2,65.7, 120.1 (2C), 125.2 (2C), 126.4, 127.1 (2C), 127.6 (2C), 128.1 (20),
129.1 (2C), 137.5, 140.7 (2C), 143.8 (20), 156.5, 168.4, 169.0, 169.5, 170.8, 172.7.
HRMS (m/z): caled for C35H3oNsOg [M+H]*: 658.2871; found: 658.2873.

(S)-N-tert-(Butoxycarbonyl)thiovalinamide (6b)
S Compound 6a (2.95 g, 13.6 mmol) was dissolved in dry THF (40
NHBoc mL) under Nz'. Lawesson"s reagent was added (3.26 g, 8.0§ mol)
HzN and the resulting suspension was stirred at rt for 4 h. At this point,
J:( more dry THF was added (10 mL) and the mixture was stirred at rt
for 1 h. The reaction was quenched with sat. ag. NaHCO; (100 mL)
and subsequently diluted with EtOAc (100 mL), and the resulting mixture was stirred at
rt for 1 h. The layers were separated and the organic layer was washed with sat. aq.
NaHCO; (100 mL) and brine (100 mL). The aqueous layers were combined and
subsequently extracted with EtOAc (50 mL). Combined organic layers were dried over
Na,S0,4, filtered, and concentrated in vacuo. Purification by flash column
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chromatography (hexane/EtOAc 70:30) yielded 2.97 g (94%)* of the title compound as a
pale yellow oil. Spectroscopic data were identical in all respects to those previously
reported.’ "H NMR (CDCls, 400 MHz): § 0.97 (m, 6H), 1.43 (s, 9H), 2.12 (bs, 1H), 4.17
(m, 1H), 5.10 (bs, 1H), 7.75 (bs, 1H), 8.13 (bs, 1H).

(R)-N-tert-(Butoxycarbonyl)leucinamide (7a)

o Boc-D-Leu-OH = H,O (3.84 g, 154 mmol) was dissolved in
J\/NHBoc CH,C1,/MeOH 3:1 (40 mL). The solution was cooled to 0 °C then
HN- TMSCHN; (2.0 M in hexane, 9.2 mL, 18.4 mmol), was added
d dropwise while stirring. Upon completion of the addition, the solution
Y turned pale yellow and stirring was continued at rt for 5 min. The
crude mixture was concentrated in vacuo. The residue was dissolved
in MeOH (20 mL), the resulting solution was cooled to 0 °C, and then treated with
concentrated aqueous NHj (15 mL). The mixture was stirred overnight and allowed to
gradually reach rt, then it was concentrated in vacuo and the residue was partitioned
between EtOAc (100 mL) and water (100 mL). The aqueous layer was further extracted
with EtOAc. Combined organic layers were washed with sat. aq. NaHCOs, water and
brine, then dried over Na,SOs, filtered and finally concentrated in vacuo. Purification by
flash column chromatography (hexane/EtOAc 90:10 to 40:60) yielded 2.94 g (83%) of
the title compound as a white solid. m. p. 147 — 149 °C. '"H NMR (CDCls, 400 MHz): &
0.93 (d, J=5.0 Hz, 3H), 0.94 (d, J = 5.1 Hz, 3H), 1.43 (s, 9H), 1.45-1.55 (m, 1H), 1.60-
1.76 (m, 2H), 4.15 (bs, 1H), 4.98 (bs, 1H), 5.71 (bs, 1H), 6.31 (bs, 1H). *C NMR
(CDCl3, 100 MHz): 6 22.1, 23.1, 24.9, 28.5 (3C), 41.3, 52.7, 80.3, 156.0, 175.4. FTIR
(neat) cm™: 3389, 2958, 1674, 1521, 1393, 1367, 1327, 1253, 1169, 1048, 1020, 665.

HRMS (m/z): calcd for C;;H3N,03, [M+H]": 231.1703; found: 231.1705.

(R)-N-tert-(Butoxycarbonyl)thioleucinamide (7b)

S Lawesson’s reagent (2.39 g, 5.91 mmol) was added to a solution of 7a
J\/NHBoc (2.18 g, 9.47 mmol) in dry THF (40 mL) under N, and the resulting
FN- % suspension was stirred at 1t for 4 h. The reaction was quenched with
\(_ sat. aq. NaHCO; and subsequently diluted with EtOAc; the resulting
mixture was stirred at rt for 1 h. The layers were separated and the
organic layer was washed with sat. aq. NaHCOs; and brine, dried over Na,SOy, filtered,
and concentrated in vacuo. Purification by flash column chromatography (hexane/EtOAc
70:30) yielded 2.30 g (quantitative yield) of the title compound as a white solid. m. p.
84.1 — 86.6 °C. 'H NMR (CDCls, 400 MHz): & 0.95 (m, 6H), 1.43 (s, 9H), 1.58-1.74 (m,
3H), 4.48 (m, 1H), 5.17 (bs, 1H), 7.62 (bs, 1H), 8.11 (bs, 1H). *C NMR (CDCls, 100
MHz): § 22.1, 23.1, 25.1, 28.5 (3C), 44.6, 58.2, 80.6, 156.1, 211.0. FTIR (neat) cm™:
3311, 3199, 2959, 1683, 1635, 1506, 1436, 1368, 1253, 1164, 1047, 1024, 875, 738.
HRMS (m/z): calcd for C;1Hx3N,0,S, [M+H]": 247.1475; found: 247.1475.

? In the previously published synthesis of compound 6a (performed in refluxing CH,Cl),
the reported yield was 62% (ref 1). However, for the work reported here, THF was used
instead of CH,Cl,, which enabled a lower reaction temperature (rt vs 40 °C) and shorter
reaction time (1 h vs overnight) and provided a better yield (94% vs 62%).
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(S)-benzyl 4-amino-3-(feri-Butoxycarbonylamino)-4-thioxobutanoate (8b)
To a suspension of 8a (6.25 g, 19.4 mmol) in dry THF (120 mL)

S
NHBo under N> was added Lawesson’s reagent (4.81 g, 11.9 mmol) and the
c . . . .
H,N resulting suspension was stirred at rt for 4 h. The reaction was
BnO quenched with sat. aq. NaHCOj; and the resulting mixture was stirred
5 at rt for 1 h, then diluted with water and EtOAc until two clear layers

were obtained. The layers were separated and the aqueous layer was
extracted with EtOAc. Combined organic layers were washed with brine, dried over
Na,S0O,4, filtered, and concentrated in vacuo. Purification by flash column
chromatography (hexane/EtOAc 70:30 to 60:40) yielded 6.34 g (97%) of the title
compound as a pale yellow powder. m. p. 75.6 — 82.1 °C. "H NMR (CDCl;, 400 MHz): §
1.44 (s, 9H), 2.91 (dd, J =16.9 and 6.5 Hz, 1H), 3.21 (dd, / = 16.9 and 4.9, 1H), 4.83 (bs,
1H), 5.13 (s, 2H), 5.77 (d, J = 8.6 Hz, 1H), 7.34 (m, 5H), 7.64 (br s, 1H), 8.02 (br s, 1H).
BC-NMR (CDCls, 100 MHz): & 28.4 (3C), 39.5, 55.6, 67.1, 80.9, 128.4 (2C), 128.6,
128.8 (2C), 135.4, 155.4, 171.6, 207.1. FTIR (neat) cm™: 3396, 2978, 2931, 1699, 1628,
1498, 1456, 1392, 1368, 1251, 1164, 1051, 737, 698. HRMS (m/z): calcd for
C16H23N204S, [M+H]"™: 339.1373; found: 339.1374.

Boc-Val-Thz (9)

S To a solution of 6b (2.60 g, 11.2 mmol) in dry DME (29 mL)
EtO T([ P NHBoc Uunder N> was added KHCO; (12.4 g, 124 mmol) in one portion
N/i and the resulting suspension was stirred at rt for 10 min, then
o cooled to -35 °C. Ethyl bromopyruvate (4.20 mL, 33.5 mmol)
was added dropwise and the mixture was stirred overnight and allowed to gradually reach
rt. The mixture was filtered through a short pad of Celite and the filtrate was concentrated
in vacuo. The residue was dissolved in dry DME (20 mL) under N, and the resulting
solution was cooled to -35 °C. A solution of 2,6-lutidine (11.9 mL, 102 mmol) and TFAA
(6.4 mL, 44 mmol) in dry DME (1 mL) was then added dropwise over a period of 40
min. The solution was stirred at -25 °C for 3 h, then quenched with sat. aq. NaHCOs. The
resulting mixture was extracted with Et;O and the organic layer was washed with sat. aq.
NaHCOs3, 0.01 N HCI, sat. aq. NaH;PO,4 and brine. The organic layer was dried over
NaySQy, filtered and concentrated in vacuo. Purification by flash column chromatography
(CH,Cly/hexane 50:50 to 100:0, followed by CH,CIL/EtOAc 97:3) yielded 3.19 g (87%)
of the title compound as an orange oil. e.e. 94% — Determined by HPLC on a ChiralPak
IA column (250 x 4.6 mm, 5 pm particle size) eluting with an isocratic mobile phase of
40% acetonitrile (0.036% TFA) and 60% H>O (0.045% TFA); flow rate = 1.0 mL/min; tg
(L-enantiomer) = 17.17 min, tg (R-enantiomer) = 18.67 min. 'H NMR (CDCls, 400
MHz): 8 0.89 (d, J = 6.9 Hz, 3H), 0.98 (d, J = 6.8 Hz, 3H), 1.38 (t, / = 7.1 Hz, 3H), 1.43
(s, 9H), 2.42 (m, 1H), 4.40 (q, /= 7.1 Hz, 2H), 4.88 (dd, 7 = 8.1 and 5.8 Hz, 1H), 5.29 (d,
J = 8.1 Hz, 1H), 8.06 (s, 1H). The spectroscopic data were identical in all respects to

those previously reported.’

Boc-Leu-Thz (10)
To a solution of 7b (1.84 g, 7.47 mmol) in dry DME (19 mL)

EtO \r( //\\/NHBoc under N, was added KHCO; (8.29 g, 82.8 mmol) in one

@] \I/
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portion. The resulting suspension was stirred at rt for 10 min, then cooled to -35 °C. Ethyl
bromopyruvate (2.80 mL, 22.3 mmol) was added dropwise and the mixture was stirred
overnight and allowed to gradually reach rt. The mixture was filtered through a short pad
of Celite and the filtrate was concentrated in vacuo. The residue was dissolved in dry
DME (13 mL) under N, and the solution was cooled to -35 °C. A solution of 2,6-lutidine
(7.90 mL, 67.8 mmol) and TFAA (4.25 mL, 30.1 mmol) in dry DME (0.5 mL) was then
added dropwise over 20 min. The solution was stirred at -25 °C for 3 h, then diluted with
Et;0 (80 mL) and washed with sat. aq. NaHCO; (2 x 80 mL), 1 N HCI (5 x 100 mL), sat.
aq. NaH,POy (3 x 40 mL) and brine (100 mL). Combined organic layers were dried over
Na,SO,, filtered and concentrated in vacuo. Purification by flash column chromatography
(CH,Cly/hexane 10:90 to 100:0, followed by CH,Cl/EtOAc 97:3) afforded 2.55 g
(quantitative yield) of the title compound a pale yellow powder. m. p. 87.2 - 95.4 °C. e.e.
91% - Determined by HPLC on a ChiralPak IA column (250 x 4.6 mm, 5 pm particle
size) eluting with an isocratic mobile phase of 40% acetonitrile (0.036% TFA) and 60%
H>O (0.045% TFA); flow rate = 1.0 mL/min; tg (L-enantiomer) = 29.97 min, tg (R-
enantiomer) = 31.43 min. "H NMR (CDCls, 400 MHz): § 0.95 (d, J = 2.6 Hz, 3H), 0.97
(d, J = 2.7 Hz, 3H), 1.38 (t, J = 7.1 Hz, 3H), 1.43 (s, 9H), 1.65-1.80 (m, 2H), 1.85-2.00
(m, 1H), 4.40 (q, J = 7.1 Hz, 2H), 4.95-5.10 (m, 1H), 5.10-5.20 (m, 1H), 8.05 (s, 1H). °C
NMR (CDCls, 100 MHz): 6 14.5, 21.9, 23.1, 25.1, 28.4 (3C), 44.6, 51.5, 61.5, 80.3,
127.0, 147.4, 155.2, 161.5, 174.6. FTIR (neat) cm™: 3354, 2959, 1716, 1520, 1368, 1248,
1210, 1170, 1096, 1022, 754. HRMS (m/z): calcd for C16H27N20,S, [M+H]": 343.1686;
found: 343.1687.

Boc-Asp(OBzl)-Thz (11)

s To a solution of 8b (3.88 g, 11.5 mmol) in dry DME (30 mL)
“/[ under N, was added KHCO; (12.8 g, 128 mmol) in one

EtO -~ NHBoc . . ; \ .
N portion. The resulting suspension was stirred at rt for 10 min,
o} OBn then cooled to -20 °C. Ethyl bromopyruvate (4.3 mL, 34.3
mmol) was added dropwise and the mixture was stirred at -20
°C for 24 h, then filtered through a short pad of Celite. The
filtrate was concentrated in vacuo, the residue was dissolved in dry DME (20 mL) under
N> and the resulting solution was cooled to -20 °C. A solution of TFAA (6.5 mL, 46.0
mmol) and 2,6-lutidine (12 mL, 103 mmol) in dry DME (10 mL) was then added
dropwise over 1 h. After 4 h of stirring at -20 °C, the reaction mixture was diluted with
EtOAc (300 mL) and quenched with sat. ag. NaH,PQ,. The organic layer was further
washed with sat. aq. NaH,PQ,, 0.01 N HCI, H,O and brine, and then dried over Na,SOy,
filtered and concentrated in vacuo. Purification by flash column chromatography
(hexane/EtOAc 95:5 to 80:20) yielded 3.74 g (75%) of the title compound as a yellow oil.
e.e. 91% — Determined by HPLC on a ChiralPak IA column (250 x 4.6 mm, 5 pm particle
size) eluting with an isocratic mobile phase of 45% acetonitrile (0.036% TFA) and 55%
H,O (0.045% TFA); flow rate = 1.0 mL/min; tg (L-enantiomer) = 25.07 min, tg (R-
enantiomer) = 29.96 min. "H NMR (CDCls, 400 MHz): & 1.38 (t, J = 7.1 Hz, 3H), 1.46 (s,
9H), 3.06 (dd, J = 16.8 and 5.1 Hz, 1H), 3.39 (dd, J = 16.8 and 4.2 Hz, 1H), 4.39 (q, J =
7.1 Hz, 2H), 5.08 (s, 2H), 5.38 (bs, 1H), 5.98 (d, J = 8.7 Hz, 1H), 7.31 (m, 5H), 8.06 (s,
1H). '*C NMR (CDCls, 100 MHz): & 14.5, 28.4 (3C), 38.7, 49.6, 61.5, 66.9, 80.7, 127.8,
128.3 (2C), 128.4, 128.7 (2C), 135.5, 147.4, 155.1, 161.3, 171.0, 173.1. FTIR (neat) cm™":

o
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3349, 2979, 2934, 1716, 1498, 1369, 1238, 1170, 1097, 1022, 753, 699. HRMS (m/z):
calcd for C;Hy7N,O6S, [M+H]™: 435.1584; found: 435.1594.

Boc-Asn-Thz (12)
s A suspension of 11 (2.02 g, 4.65 mmol) and Pd/C (10% wt,
EtO \N/[ P NHBoc 5_25 mg) in _iP10H (SQ mL) was saturated with H, and
N vigorously stirred overnight at rt. Then N, atmosphere was
o NHz restored and the mixture was filtered through a short pad of
0 Celite. The filtrate was concentrated in vacuo and the residual
iPrOH was removed by coevaporation, first with EtOAc, then
with CH,Cl,. The crude acid 11a (1.49 g, 93%) was obtained as a light yellow powder
which was used in the next step without further purification.
To a solution of the crude acid 11a (523 mg, 1.52 mmol) in dry 1,4-dioxane (15 mL)
under N, was added NH,HCO; (369 mg, 4.67 mmol) and the resulting suspension was
cooled in an ice-water bath. PyBOP (960 mg, 1.84 mmol) and DIPEA (1 mL, 5.84 mmol)
were then added. A thick precipitate formed, so dry DMF (5 mL) was added to facilitate
stirring. After 4 h of stirring at 0 °C, the reaction was quenched with 0.01 N HCI. The
mixture was extracted with EtOAc. Combined organic layers were washed with sat. aq.
NaHCOj; and brine, dried over Na,SOy, filtered and concentrated in vacuo. Purification
by flash column chromatography (EtOAc/hexane 90:10) yielded 354 mg (68%) of pure
amide 12 as a white powder. m.p. 149 - 152 °C. "H-NMR (CDCls, 400 MHz) &: 1.38 (t, J
=7.1 Hz, 3H), 1.46 (s, 9H), 2.86 (dd, J = 15.3 and 4.6 Hz, 1H), 3.27 (dd, /= 15.3 and 4.0
Hz, 1H), 4.38 (q, J = 7.1 Hz, 2H), 5.32 (m, 1H), 5.60 (bs, 1H), 6.05 (bs, 1H), 6.58 (d, J =
8.2 Hz, 1H), 8.07 (s, 1H). °C NMR (CDCls, 100 MHz): § 14.5, 28.5 (3C), 38.8, 50.2,
61.6, 80.5, 127.9, 147.1, 155.5, 161.5, 172.8, 174.4. FTIR (neat) cm’": 3405, 2980, 1669,
1506, 1368, 1238, 1167, 1907, 1050, 1021, 755. HRMS (m/z): calcd for C14H2oN305S,
[M+H]": 344.1275; found: 344.1275.

Asn-Thz-Tyr peptide (13)

/ s o To a solution of compound 12 (281 mg, 0.818

mmol) in 1,4-dioxane (8 mL) was added HCI (4 M

E10 7 ﬂJK_;/NHBOC in 1.4-dioxane, § mL, 32 mmol) and the resulting

O HoN = solution was stirred at rt for 1 h 15 min. The

5 \©\ mixture was diluted with PhMe (50 mL), then

OH concentrated in vacuo. Residual HCI and solvents

were removed by repeated coevaporation with Et,O. Digestion with Et;O and filtration
yielded 210 mg (92%) of the crude amine hydrochloride 2’ HCI as a light yellow powder.

A mixture of 2ZHCI (198 mg, 0.708) and Boc-L-Tyr-OH (218 mg, 0.775 mmol) in dry

THF (9 mL) under N, was cooled in an ice-water bath. To the stirring solution were

added DIPEA (480 uL, 2.80 mmol) and PyBOP (442 mg, 0.849 mmol). The suspension

was stirred at 0 °C for 3 h, and then diluted with EtOAc (50 mL) and washed with sat. aq.

NaH,PQy, sat. ag. NaHCOj; and brine. The organic layer was dried over Na,SQy, filtered

and concentrated in vacuo. Purification by flash column chromatography (CH,Cly/hexane

50:50 to 100:0 then CH,Cl,/MeOH 98:2 to 95:5) yielded 326 mg (91%) of the title

compound as a white powder. m. p. 187 — 191 °C. 'H NMR (CD;0D, 400 MHz): 5 1.38

(m, 12H), 2.80 (dd, /= 13.8 and 8.4 Hz, 1H), 2.91 (d, J=5.9 Hz, 2H), 3.00 (dd, J = 13.8
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and 6.0 Hz, 1H), 4.25 (dd, J = 8.4, 6.0 Hz, 1H), 437 (q, J=7.1 Hz, 2H), 5.58 (, ] = 5.9
Hz, 1H), 6.69 (d, J = 8.3 Hz, 2H), 7.05 (d, J = 8.3 Hz, 2H), 8.29 (s, 1H). °C NMR
(CDsOD, 100 MHz): 6 14.7, 28.8 (3C), 38.4, 39.8, 49.8, 58.1, 62.6, 80.6, 116.4 (20),
129.2, 129.7, 131.5, (2C), 147.8, 157.5, 157.8, 162.9, 174.0, 174.4, 174.7. FTIR (nujol)
cm'': 3338, 3054, 2475, 1652, 1263, 1168, 1101, 1045, 1021, 956, 896, 826, 743. HRMS
(m/7): caled for Co3HaN4O4S, [M+H]™: 507.1908; found: 507.1911.

Bis-thiazole peptide ethyl ester (14)
To a solution of 10 (2.52 g, 7.36 mmol) in 1,4-
A A dioxane (15 mL) was added HCI (4 M in 14-
Elor(N/)\;/NT(lT\( NHBoc dioxane, 20 mL, 80 mmol) in 5 mL portions
0 >0 over 2 h. After 30 min of additional stirring, the
Y reaction was concentrated in vacuo. Residual
HCI and 1,4-dioxane were removed by repeated
coevaporation with hexane, CH,Cl, and Et;0. Crude amine hydrochloride 4HCI (2.06 g,
quantitative yield) was obtained as a white powder and was used in the next step without
further purification.
To a solution of 9 (2.60 g, 7.92 mmol) in THF (26 mL) cooled in an ice-water bath was
added dropwise 2 N LiOH (17.2 mL, 34.4 mmol), the cooling bath was removed and the
mixture was stirred at rt for 5 h. The mixture was then transferred to a separatory funnel
and diluted with sat. aq. NaHCO3 (20 mL) and Et,O (20 mL). After vigorous shaking the
layers were separated and the organic layer was extracted with sat. aq. NaHCO;,
Combined aqueous layers were further washed with Et,O (20 mL). All Et,O layers were
discarded. The aqueous layer was acidified to pH ~ 2 with 2N HCI, and then extracted,
first with EtOAc, and then with CH,Cl,. Combined organic layers were dried over
NaySO,, filtered and concentrated in vacuo. The crude acid 3 (1.58 g, 66%) was obtained
as a white foam and was used in the next step without further purification. The
spectroscopic data were identical in all respects to those previously reported, ™ efics 2005
DIPEA (3.50 mL, 20.4 mmol) was added at 0 °C to a mixture of 4HCI (1.44 g, 5.16
mmol) and crude acid 3 (1.55 g, 5.16 mmol) in dry THF (40 mL) under N,. After 5 min
of stirring at 0 °C, the mixture was treated with PyBOP (3.08 g, 5.92 mmol) and then
stirred at 0 °C for 3 h. The reaction mixture was then quenched with sat. aq. NaHCO; (40
mL) and stirring was continued at 0 °C for 1 h. The mixture was then diluted with Et;O
(40 mL), EtOAc (40 mL) and water (80 mL). The layers were separated and the organic
layer was washed with sat. aq. NaHCOs, sat. aq. NaH,PO, and brine. The organic layer
was dried over NaxSQy, filtered and concentrated in vacuo. Purification by flash column
chromatography (hexane/EtOAc 95:5 slowly increasing to 60:40) yielded 2.13 g (79%) of
the title compound as a white powder. m. p. 54 — 57 °C. 'H NMR (CDCl;, 400 MHz): &
0.92 (d, J = 6.8 Hz, 3H), 0.95-1.03 (m, 9H), 1.39 (t, J = 7.1 Hz, 3H), 1.46 (s, 9H), 1.67-
1.75 (m, 1H), 1.95-2.10 (m, 1H), 2.12 (ddd, J; = 14.2, 10.3 and 6.0 Hz, 1H), 2.35 (m,
1H), 4.41 (q, J=7.1 Hz, 2H), 4.86 (m, 1H), 5.17 (d, J = 8.4 Hz, 1H), 5.56 (m, 1H), 7.77
(d, J = 8.8 Hz, 1H), 8.02 (s, 1H), 8.07 (s, 1H). >*C NMR (CDCls, 100 MHz): & 14.4, 17.4,
19.4,22.0, 23.0, 25.2, 28.4 (3C), 33.3, 43.8, 49.6, 58.1, 61.5, 80.3, 123.6, 127.3, 1474,
149.3, 155.5, 160.7, 161.4, 172.7, 173.2. FTIR (cm’)): 3324, 2962, 1714, 1666, 1537,
1486, 1367, 1238, 1210, 1170, 1096, 1019, 913, 874. HRMS (m/z): caled for
Co4H37N405S,, [M+H]™: 525.2200; found: 525.2203.
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Boc-southern peptide (17)
To a solution of 14
(1.08 g, 2.06 mmol) in
E‘Om/[ J\/N /)\/N\([ NHBoc THF (20 mL) cooled in
O HoN an ice-bath was added
2N LiOH (1.2 mL, 2.4
mmol). The resulting
solution was  stirred
HO overnight and allowed
to gradually reach rt. Three portions of 2 N LiOH (1.5 mL total, 3.0 mmol) were then
added at 6 h intervals; each of the additions was performed at 0 °C and stirring in between
additions was performed at rt. After a total reaction time of 48 h, the reaction was
quenched with sat. ag. NaH,PO4 (150 mL). The resulting mixture was extracted with
EtOAc/CH,Cl; (1:1). Combined organic layers were dried over Na,SQs, filtered and
concentrated in vacuo to give 996 mg (97%) of the crude acid 16 as a white powder.
Compound 13 (316 mg, 0.624 mmol) was dissolved in 1,4-dioxane-MeOH 2:1 (8 mL)
then treated with HCI (4M in 1,4-dioxane, 2 mL, 8 mmol). The resulting solution was
stirred at rt for 2 h, then diluted with PhMe (10 mL) and concentrated in vacuo. Residual
HCI and solvents were removed by sequential coevaporation with MeOH, CH,Cl,, and
Et,0 to give 261 mg (95%) of the crude amine hydrochloride 15 as a pale yellow powder.
The crude product was used in the next step without further purification.
The crude acid 16 (169 mg, 340 umol), the crude amine hydrochloride 15 (234 mg, 528
umol) and DIPEA (240 pL, 1.40 mmol) were dissolved in dry DMF/THF 2:1 (6 mL), and
the resulting solution was cooled in an ice-water bath. After 5 min of stirring at 0 °C, the
solution was treated with PyBOP (232 mg, 446 pmol), and then stirred at 0 °C for 3 h.
The mixture was then diluted with EtOAc/CH,Cl, (8:2) and washed with sat. aq.
NaH»POy, sat. aq. NaHCOj and brine. The organic layer was dried over Na,SQy, filtered,
and concentrated in vacuo. Purification by flash column chromatography (CH,Cl,/MeOH
96:4) yielded 276 mg (92%) of the title compound as a white powder. m. p. 126 — 131
°C. '"H NMR (CDCls, 400 MHz): & 0.90 (d, J = 6.8 Hz, 3H), 0.96 (d, J = 6.8 Hz, 3H),
0.99 (m, 6H), 1.29 (t, J = 7.1 Hz, 3H), 1.44 (s, 9H), 1.74 (m, 1H), 1.91 (m, 1H), 2.02 (m,
1H), 2.34 (m, 1H), 2.47 (bs, 1H), 2.61 (dd, J = 15.2 and 3.9 Hz, 1H), 2.98-3.18 (m, 3H),
4.29 (q, J =7.1 Hz, 2H), 4.86 (bs, 2H), 5.29 (d, J = 8.4 Hz, 1H), 5.48-5.53 (m, 2H), 6.32
(bs, 1H), 6.57 (bs, 1H), 6.68 (d, J = 7.8 Hz, 2H), 6.98 (d, J = 7.8 Hz, 2H), 7.75 (d, J = 8.2
Hz, 1H), 7.96 (m, 2H), 8.07 (m, 2H), 8.20 (d, J = 8.2 Hz, 1H). *C NMR (CDCl;, 100
MHz): § 14.4, 17.5, 19.5, 22.1, 23.1, 25.2, 28.5 (3C), 33.2, 38.3, 38.5, 43.9, 48.5, 49.7,
55.3, 58.3, 61.6, 80.6, 116.0 (2C), 123.9, 124.3, 127.4, 128.2, 130.5 (2C), 146.7, 149.1,
149.3, 155.7, 155.9, 161.0, 161.1, 161.5, 171.2, 172.6, 172.7, 172.9, 173.6. FTIR (nujol)
em™: 3303, 1651, 1234, 1166, 1097, 1015, 753, 665. HRMS (m/z): caled for
Ca40Hs3NgoS3, [M+H]": 885.3092; found: 885.3110.

Protected open-chain Aeruginazole A (19)
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To a stirring solution

H 9 H
NI N of 17 (261 mg,
FmocHN/\(n)’ H/\g/ f\ 0.295 mmol) in 1,4-
0™ "NH dioxane/THF 3:2 (5
s s Oﬁ_)\,Ph mlL) was slowly
H added HCl (4 M in
Eto\"/[r )K/N\“/[N/)\_/N%’ NH 1,4-dioxane, 2.7 mL,
0 HoN o > 0 10.8 mmol). After 3
Y h of stirring at rt, the
0 solution was treated
with PhMe (10 mL)
HO then the volatiles
were removed in vacuo. Residual HCl and solvents were removed by sequential
coevaporation with MeOH, CH,Cl, and Et;O. The crude amine hydrochloride 18 (246
mg, quantitative yield) was obtained as a pale yellow powder and was used in the next
step without further purification.

A solution of Fmoc-peptide 1 (131 mg, 223 umol), HOBtH,0 (39 mg, 255 umol) and
EDCI (43 mg, 224 pumol) in dry CH,Cl,/DMF 4:6 (3 mL) was stirred at rt for 4 min. In
another flask, a solution of 18 (140 mg, 170 pmol) and DIPEA (30 uL, 175 pumol) in dry
CH,Cl./DMF 8:2 (3 mL) was stirred at rt for 4 min. The solution of the amine was
poured into the solution of the activated Fmoc-peptide, and the resulting mixture was
stirred at rt for 5 h. The mixture was diluted with EtOAc (100 mL), and then quenched
with sat. aq. NaH,PO,4 (100 mL). The organic layer was washed with brine, and then
dried over Na,SQ,, filtered, and concentrated in vacuo. Purification by flash column
chromatography (CH,Cl,/MeOH 100:0 slowly increasing to 95:5) yielded 191 mg (79%)
of the title compound as a white powder. m. p. 177 — 185 °C. '"H NMR (DMSO-ds, 400
MHz): 6 0.72 (d, J = 6.8 Hz, 3H), 0.76 (d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.9 Hz, 3H), 0.89
(d, J=6.9 Hz, 3H), 0.92 (d, J = 6.5 Hz, 3H), 0.94 (d, J = 6.6 Hz, 3H), 1.29 (t, J = 7.1 Hz,
3H), 1.60-1.72 (m, 1H), 1.92 (m, 2H), 2.05 (m, 1H), 2.25-2.30 (m, 1H), 2.60-2.75 (m,
1H), 2.82 (dd, J = 14.1 and 9.8 Hz, 1H), 2.85-3.05 (m, 4H), 3.67 (d, J = 6.0 Hz, 2H), 3.75
(bs, 4H), 4.15-4.30 (m, 6H), 4.64-4.73 (m, 2H), 5.01 (dd, J = 8.4 and 6.6 Hz, 1H), 5.35
(m, 1H), 5.46 (bdd, 1H), 6.63 (d, J = 8.4 Hz, 2H), 6.98 (bs, 1H), 7.03 (d, J = 8.4 Hz, 2H),
7.13 (t, J =7.0 Hz, 1H), 7.15-7.25 (m, 4H), 7.33 (t, J = 7.2 Hz, 2H), 7.41 (t, J = 7.4 Hz,
2H), 7.47 (bs, 1H), 7.55 (t, J = 6.0 Hz, 1H), 7.71 (d, J = 7.4 Hz, 2H), 7.78 (d, J = 8.7 Hz,
1H), 7.89 (d, J = 7.3 Hz, 2H), 7.94 (d, J = 8.4 Hz, 1H), 8.06-8.10 (m, 1H), 8.12 (s, 1H),
8.12-8.20 (m, 2H), 8.22 (s, 1H), 8.40 (s, 1H), 8.48 (d, J = 8.6 Hz, 1H), 8.97 (d, J = 8.5
Hz, 1H), 9.09 (d, J = 8.0 Hz, 1H), 9.19 (bs, 1H). '*C NMR (DMSO-d,, 100 MHz): § 14.2,
17.8 (2C), 19.0, 19.3, 21.4, 22.9, 24.6, 30.5, 32.5, 37.0, 37.2, 39.1, 42.0 (2C), 42.1, 43.6,
46.6, 48.3, 49.5, 53.8, 54.2, 56.4, 57.7, 60.7, 65.8, 115.0 (2C), 120.1 (2C), 124.0, 124.5,
125.2 (20), 126.2, 127.0, 127.1 (2C), 127.6 (2C), 128.0 (2C), 129.1 (2C), 129.3, 130.2
(2C), 137.4, 140.7 (2C), 143.8 (2C), 145.5, 148.6, 148.8, 156.0, 156.5, 159.8, 160.6,
160.7, 168.7, 169.1, 169.6, 170.7, 170.7 (2C), 171.3, 172.7, 173.0, 174.2. FTIR (nujol)
cm™: 3404, 1652, 1539, 1234, 1170, 1102, 1023, 740, 665. HRMS (m/z): caled for

C70Hg:N13014S3, [M+H]™: 1424.5261; found: 1424.5250.
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Aeruginazole A

Ph To a solution of 19 (137 mg, 96.2

(0] 0 .

H H umol) in THF/H,O 4:1 (15 mL) cooled
HN\”/N\)LN/\H/N\;)LN 0 in an ice-water bath was added
0 0 H 9 AL H HN dropwise 2N LiOH (300 pL, 600
— < umol) over 15 min. The cold bath was
Ny S 0 s N‘e removed, the solution was stirred at rt
H ] H - for 4 h, and then the pH was lowered

N -~ N S T .
E H)]\_/ NT Y ﬁ/ to ~2 with 2N HCIL. The reaction
0P NH R O 4 o] mixture was concentrated in vacuo.
z Y Residual water was removed by

coevaporation with MeOH. The crude
deprotected product 20 (together with
NaCl) was obtained as a white powder
and was used in the next step without further purification.

A solution of crude compound 20 (96.2 umol), HOAt (85.3 mg, 0.627 mmol), DIPEA
(165 pL, 0.964 mmol) and PyBOP (301 mg, 0.578 mmol) in dry DMF (40 mL) was
cooled in an ice-water bath and stirred at rt for 60 h. The reaction was then quenched with
sat. aq. NaH,PO, and extracted with CH>Clo//PrOH. Combined organic layers were dried
over Na,SO,, filtered, and concentrated in vacuo. After purification by flash column
chromatography (CH,Cl,/MeOH 95:5 to 80:20), residual traces of HOAt were removed
by dissolving the mixture in CH,Cly/iPrOH 8:2 and washing with sat. aq. NaHCOs. The
organic layer was dried over Na,SOy, filtered, and concentrated in vacuo to yield 26.3 mg
(24% over two steps) of Aeruginazole A as a light yellow powder. m. p. 171 = 179 °C
(decomposes). 'H NMR (DMSO-de, 400 MHz):  0.58 (d, J = 6.6 Hz, 6H), 0.84 (d, J =
6.7 Hz, 3H), 0.85 (d, J = 6.7 Hz, 3H), 0.92 (d, J = 6.6 Hz, 6H), 1.60-2.18 (m, 5H), 2.69
(dd, J = 15.3 and 7.9 Hz, 1H), 2.72-3.10 (m, 5H), 3.63 (dd, J = 15.9 and 4.8 Hz, 1H),
3.70-3.95 (m, 5H), 4.07 (dd, J= 16.6 and 6.0 Hz, 1H), 4.57 (m, 1H), 4.77 (bdd, 1H),4.99
(dd, J = 8.4 and 6.1 Hz, 1H), 5.42 (bdd, 1H), 5.53 (bdd, 1H), 6.63 (d, J = 8.5 Hz, 2H),
7.03 (bs, 1H), 7.04 (d, J = 8.5 Hz, 2H), 7.09 (t, J = 7.1 Hz, 1H), 7.16 (dd, J = 7.1 and 7.1
Hz, 2H), 7.22 (d, J="7.1 Hz, 2H), 7.46 (d, J = 8.4 Hz, 1H), 7.48 (bs, 1H), 7.89 (d, /= 8.0
Hz, 1H), 7.92 (d, J = 8.8 Hz, 1H), 8.15 (s, 1H), 8.17 (s, 1H),8.19 (m, 1H), 8.24 (s, 1H),
8.24 (t, J = 6.0 Hz, 1H), 8.44 (m, 2H), 8.69 (d, J = 8.9 Hz, 1H), 9.06 (d, J = 7.9 Hz, 1H),
9.19 (s, 1H). °C NMR (DMSO-de, 100 MHz): 8 17.4, 17.7, 18.8, 19.2, 21.7, 22.8, 24.5,
29.9,33.1,37.0,37.2,40.0,41.2,42.4 (2C), 42.6, 48.1, 48.5, 53.5, 54.2,56.2, 58.2, 114.9
(20), 1244, 124.6, 124.7, 126.2, 126.9, 128.0 (2C), 129.0 (2C), 130.3 (2C), 137.5, 147.9,
148.5, 148.7, 156.0, 159.7, 160.0, 160.8, 169.1, 169.6, 169.7, 170.5 (2C), 170.8, 171.1,
171.3, 171.9, 172.7. FTIR (nujol) cm™: 3281, 1651, 1537, 1247, 1024, 665. HRMS (m/z):
caled for Cs3HesN13011S3, [M+H]™: 1156.4161; found: 1156.4187.
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"H-NMR and “C-NMR spectra

NMR spectra images are available in the Supporting Information in electronic format.
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SYNTHESIS OF AZOLE-SUBSTITUTED PYRIDINES

From 2,6-dichloronicotinic acid to thiopeptide cores.

Carboxylic Acid
manipulation — R,

COH Negishi x.\q\&\co

2 cross-couplin A R

| X P _Q | SN 2R3

-~ [EE— \ ;

X N Cl —_— N ¢ // N
Rﬂozcﬁ~ N ' \E\>—~R4

X=ClI S

OMe <]

Stille

Complete regiocontrol .
cross-coupling

[a,b,c,d] [a,b,e]
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Conspectus

When facing the synthesis of thiopeptide antibiotics, their polyheterocyclic core usually
poses the biggest synthetic challenge. In this chapter, the results of our investigations towards
a fully regioselective and modular approach strategy to obtain 2,3,6-azole-substituted
pyridines are addressed. Screening of cross-coupling methodologies and conditions on 2,6-
dichloropyridines failed in providing either good conversions or acceptable regioselectivities.
Stille and Negishi cross-coupling reactions using thiazole-4-carboxylates displayed opposite
regioselectivity, but equally disappointing conversions.

{BuO,C

N
Me a) T S>—8r b) tBUO,C.__N Me
o S Me \[ \>—ZnBr o/\g\
A\ Sn,Meg o s < CO,Me
COOMe N\
SN PdCl,(PPhg), < COOMe |\ N
| \ Pd(PPhs), ‘ A N Pd(PPh), N g
P -— - <
CI” °N = CO,tBu o N el tBUOC—( L
s/
undesired regioisomer ) Me3Sn desired regioisomer
(17% yield) \E )\ (3% yield)
BocN
Pd(PPh3),
Me

O/\g\COZMe
>/[S \> O/Q/H
BocN NBoc

total lack of regloselectlwty
(51% yield)

Selective nucleophilic aromatic substitution at position 6 of 2,6-dichloronicotinic acid with
methoxide provided a masked reactive site, an ideal substrate to achieve excellent yields in
subsequent cross-coupling reactions and avoid further regioselectivity problems. Using this
strategy, the central core of baringolin and five more analogues were obtained. Moreover,
baringolin core was prepared with different sets of protecting groups to assess their selective
deprotection.
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The scope of 2,6-dichloronicotinic acid as a precursor of
thiopeptide polyheterocylic cores has been extensively
studied in a cross-coupling-based approach. Differentiation
of the two chlorinated positions under SyAr conditions and
versatility of the carboxylic acid are key for the preparation
of 2,3,6-trisubstituted pyridines with complete regiocontrol.

With the present strategy, nine different azole-substituted
pyridines were synthesized. Studies towards the selective de-
protection of their functionalities resulted in a set of fully or-
thogonal protecting groups that permits the elongation of all
three pyridine substituents.

Introduction

Polyheterocyclic scaffolds containing thiazole and ox-
azole rings are common to numerous biologically active
natural products.!! such as thiopeptide antibiotics,/>3]
which have garnered much attention during the past few
years owing to their therapeutic utility and challenging syn-
thesis.[?>31 Thiopeptide antibiotics are classified according
to structure,”2l and those bearing a fully unsaturated 2,3.6-
trisubstituted pyridine outnumber those with different po-
Iyheterocyclic cores (Figure 1).

Over the past few decades, various research groups have
endeavored to synthesize the pyridine core of thiopeptides
by developing two general procedures: modification of pre-
functionalized pyridines, and late-stage construction of the
pyridine ring.?®! Current advances in cross-coupling meth-
odologies have enabled the facile preparation of aryl-substi-
tuted thiazoles.[¥ However, during our investigations
towards the total synthesis of baringolin,l®l we found that
more alternative cross-coupling methodologies and strate-
gies are in demand to broaden the scope of starting materi-
als and functionalities that can be used to assemble the po-
lyheterocyclic cores of thiopeptides with the double aim to
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Figure 1. Examples of thiopeptides containing a 2,3,6-trisubsti-
tuted pyridine core (highlighted in bold).

synthesize natural compounds as well as to develop ana-
logue programs for structure-activity relationship studies.
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2.6-Dichloronicotinic acid (1) has been widely used as
the starting material for the synthesis of many drugs.[l Pyr-
idine 1 already has the required substitution pattern, which
should permit the formation of the oxazole ring in its posi-
tion 3 and also serve for the subsequent cross-coupling re-
actions with the appropriate thiazole fragments in positions
2 and 6 (Scheme 1).

— N
HoLC~( T /\\ \>
HN

Scheme 1. Synthesis of baringolin’s polyheterocyclic core from 1.

The scope, limitations and applications of this strategy
to the synthesis of the tri-azole-substituted pyridine core
of thiopeptides are discussed in this paper. With the total
synthesis of thiopeptides in mind, special attention was paid
to the preparation of their central cores with a suitable set
of protecting groups, which permits the elongation of the
thiazole chains. This modular approach was applied for the
syntheses of several core analogues.

Results and Discussion

To study the required cross-coupling reactions on a suit-
able substrate, formation of the methyloxazole ring in posi-
tion 3 of pyridine 1 was carried out first, following a biomi-
metic strategy (Scheme 2). After condensation of 1 with
threonine methyl ester (H-Thr-OMe) to yield amide 2, a

=~ COOH
| e

clI” NT Tl
1
a) H-Thr-OMe
PyBOP
Me
OH
I = OJ&"COOMe
IYL === J/TL "
c” N el
c) Deoxo-Fluor 3
BrCCl, :
d) DMP ;
¥
Me. O Me
(0] I e) PPh; I3 O’\S_
~"N"cooMe T xp” ~COO0Me
ol N7 el B e
5

Scheme 2. Synthesis of oxazolylpyridine 5. Reagents and condi-
tions: (a) (L)-H-Thr-OMe, PyBOP, DIPEA, THF, 0°C, 5 h, 94%.
(b) Diethylaminosulfur trifluoride (DAST), K,CO; CH,Cl,,
~78 °C to 0 °C, 7 h, 61 %. (c) Deoxo-Fluor, BrCCl;, DBU, CH,Cl,,
0°C, 3.5h, 39%. (d)Dess—Martin periodinane, CH,Cl,, room
temp., 6 h, 87%. (e) PPhs, I, Et;N, CH,Cl,, 0 °C to room temp.,
16 h, 94%.
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two-step cyclization/oxidation approach was attemplted.
However, the resulting oxazoline 3 was never isolated as
a pure substance, but always in combination with varying
amounts of the starting material, pointing out the revers-
ibility of the cyclization. Hence, an alternative one-step
route by using deoxo-fluor and bromotrichloromethane was
taken into consideration.”l Despite the convenience of a
one-step procedure, the low yield obtained thereby moved
us to a third sequence based on a two-step oxidation/cycli-
zation formation of the oxazole. Oxidation of the Thr resi-
due to the corresponding methyl ketone 4 and cyclization
in the presence of triphenylphosphane and iodine rendered
the desired methyloxazole 5 in excellent overall yield.[®

With 5 in hand, introduction of a thiazol-2-yl substituent
was assessed first. Given the difficulty in preparing 2-stan-
nylthiazole-4-carboxylate reagents. alternatives to these
reagents have been found through the use of a one-pot
stannation-coupling protocols to obtain the desired cross-
coupling product.'® This methodology and its regioselec-
tivity was assessed by using bromothiazole 6 as coupling
partner and different distannanes (Scheme 3). After screen-
ing several variables, including the use of additives and dif-
ferent distannanes, the best conditions, as outlined in
Scheme 3. only yielded small amounts of product 7. NMR
and MS spectroscopic data correspond to structure 7; how-
ever with this data it was impossible to determine which
regioisomer had been obtained.

Me
CO,tBu
(8] 2
-\,N\g‘COOMe /—f\N
X + S
| Y
cl” N7 el Br
5 6
Me
Sn2M65 O/\S‘
PdCIy(PPh3), sy WI0Me
Pd(PPha),
o]

N
= CO,tBu
S \/>/

7

Scheme 3. One-pot stannation-coupling reaction between 5 and 6.
Reagents and conditions: Sn,Meg, PdCly(PPhs),, Pd(PPh;),, 1.4-
dioxane, 100 °C, 17%.

Despite the low yields obtained with the cross-coupling
procedure, 7 was further converted into derivative 8 to de-
termine the regioselectivity of the reaction. The NOE corre-
lation observed between the proton in position 5 of the pyr-
idine and the ortho protons of the phenyl substituent re-
vealed that the thiazole was linked to position 2 of the pyr-
idine (Scheme 4).

The next attempt focused on the use of thiazolezinc de-
rivative 9, which has been reported to selectively react with
3-substituted 2.6-dibromopyridines in position 6 under pal-
ladium(II) catalysis.*fl Very small conversions were ob-
tained with pyridine 5 and only when palladium(0) was
used (Scheme 5). 'H NMR spectroscopic analysisi!!l of the

Eur. J. Org. Chem. 0000, 0-0
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Me

O/\$\ B(OH),

. Y—COOMe

N +

i e

NN _co,tBu

Y e OCF4
7

\ Pd(PPh3),

F3CO

Scheme 4. Derivatization of 7. Reagents and conditions: 4-(CF;0)-
CgH4-B(OH),, Pd(PPh3)y, 2M NaHCO;, iPrOH, 90 °C MW,
20 min, 65%.

product obtained with this methodology showed a different
regioisomer (10) to the one obtained with the previous stann-
ation-coupling approach (see Supporting Information).

Although the desired isomer did form, the low conver-
sion and complex crude mixtures obtained with this ap-
proach did not allow reliable development of a robust meth-
odology. At this point, Stille cross-coupling with trimethyl-
tinbithiazole 11al'?l was attempted to evaluate whether
higher yields and selectivity could be achieved (Scheme 6).
However, although conversions were higher, no regioselec-
tivity was observed and only a 1:1 mixture of both possible
regioisomers was obtained.

Me

o
= CO,Me
i

Cl

N~ "Cl
5

COzMe

BocN\>

Me;Sn

Ao N

./Europm Journal

of Organic Chemistry
Me

0
BuOC N j\g\cozn/le
\[ S—2znBr + | S N
S P
9 Cl N™ ~Cl 5
Pd(PPhs), l Mo

o)
\/\g\COQMe
I\ N
{BuO,C NN
\<\,S

10

Scheme 5. Negishi cross-coupling between 9 and 5. Reagents and
conditions: Pd(PPh;),, DMA, 60 °C, 5d, 3%.

To overcome the previous regioselectivity problems, early
differentiation of the two alpha positions of 2.,6-dichlo-
ronicotinc acid (1) might be the answer. Nucleophilic aro-
matic substitution (SyAr) with in situ generated methoxide
gives 2-chloro-6-methoxynicotinic acid (12) in good yield
and regioselectivity.[6h]

Starting from 12, a general strategy to construct an azole
from a carboxylic acid moiety, in the same fashion as de-
scribed for the synthesis of 5, was envisioned. Next, cross
coupling at the chlorinated position and subsequent conver-
sion of the methoxy group into a triflate would render the
required leaving group for a final cross-coupling step
(Scheme 7). Such a sequential route would avoid any pos-
sible regioselectivity problems.

The cornerstone of this synthetic route was the Negishi
cross coupling between a triflate and a thiazolylzinc brom-

PPh3)4

BocN

11a

Cﬁ% ﬂ

NBoc

Scheme 6. Cross-coupling of 5 with bithiazole 11a. Rcagents and conditions: Pd(PPh;),, 1,4-dioxane, 80 °C, 5 h, 51 %.

~COH
I -

MeO” N7l
12
X
S
| N
AN
O™ NNy R,

X X
\\ Ry \\ R4
| s N | X N
e0” N7 i Z 5N
X=$§,0

Scheme 7. Synthetic route towards polyazole-substituted pyridines from nicotinic acid 12.
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Table 1. Cross-coupling of thiazolylzinc bromide 9 with triflate 13. Conditions: 9 (1.0 mmol, 2 equiv.), 13 (0.5 mmol, 1 equiv.), palladium

source (20 mol-%). ligand (40 mol-%0), DMA, 45 °C.

Pd source S
tBquC\[N\>_ . | R Ligand NW/O
ZnBr = ~ N
o tBuO,C
IS TIO” N DMA, 45 °C 2 ‘<\.-s
9 13 14
Entry Pd source Ligand Pd (mol-%) Time (h)  Yield™ (%)
1 PdCl,(PPhs). - 20 125 0
2 Pd(PPhs), = 1 17 12
3 Pd(PPhs), - 5 3 76
4 Pd(PPh;), - 10 3 84
5 Pd(PPhs), = 20 1.5 100
6 Pd(dba), PCys 20 24 20
F
F F
7 Pd(dba), 20 17 46
F PPhy
F
8 Pd(dba); Pr O iPr 20 17 33
iPr
9 Pd(dba), o O o 20 17 44
...,
10 Pd(dba), \ieG O OM: 20 17 67
1 Pd(dba); C] PCy2 20 17 63
12 Pd(dba), PPh; 20 1.5 80

[a] Yield determined by HPLC analysis of the reaction mixture.

ide. This last step was previously studied with compound 9
and pyridyl triflate 13 as model system (Table 1). Whereas
PdCl1,(PPhs), did not work (Table 1, Entry 1), the use of
increasing amounts of Pd(PPhj;), did give progressively
higher yields of 14 (Table 1, Entries 2-5). Because quantita-
tive conversion was only observed when 20 mol-% of
Pd(PPhs;), was used, other ligands were tested to find one
with a comparable outcome (Table 1, Entries 6-11). Inter-
estingly, triphenylphosphane (Table 1, Entry 12) performed
better than any of the other ligands (Table 1., Entries 6-11).

With a reliable methodology for cross coupling of
thiazolylzinc bromide 9 with pyridin-2-yl triflates in hand.
the construction of the desired fragments was addressed.
Starting from 2-chloro-6-methoxynicotinc acid (12) it was
easy to reproduce the construction of the oxazole ring by
using the carboxylic acid in the same two-step oxidation/
cyclization sequence to obtain 15a (Scheme 8). In parallel,
thiazolyl-pyridine 15b was prepared in excellent yield

4 WWW.eurjoc.org
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through classical conversion of acid 12 into the correspond-
ing thioamide, followed by Hantzsch thiazole formation
with ethyl bromepyruvate. Esterification of 12 with (tri-
methylsilyl)diazomethane gave 15¢. With these different
scaffolds 15a—15c the scope of the strategy was tested.
First, cross coupling between 4-trialkyltinthiazoles 11a—
11b and 2-chloro-6-methoxypyridines 15a-15¢ was evalu-
ated (Table 2). Moderate to excellent yields of methoxypyr-
idines 16aa—16¢ch were obtained depending on the partner
combination. The yields obtained with tributyltinthiazole
11b1'31 (Table 2, Entries 2, 4 and 6) were lower than those
obtained with trimethyltinbithiazole 11a (Table 2, Entries 1,
3 and 5). This discrimination caused either by the different
bulkiness of alkyltin groups or the different electronic na-
ture of the substituents in position 2 of the thiazole ring.
Nicotinate 15¢ (Table 2, Entries 5 and 6) performed slightly
better than the other pyridines, owing to the electro-with-
drawing effect of the carboxylate. The yields obtained with

Eur. J Org. Chem. 0000, 0-0
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PyBOP e) LR
b) DMP f) methyl g) TMSCHN
¢) PPhy 1, bromopyruvate
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Scheme 8. Derivatization of 2-chloro-6-methoxynicotinic acid (12).
Reagents and conditions: (a) H-Thr-OMe (1 equiv.), PyBOP
(1.2 equiv.), DIPEA (3.5 equiv.), THE 0°C, 5h, 82%. (b) Dess—
Martin periodinane (1.2 equiv.), CH,Cly, room temp., 7h, 86%.
(c) PPh; (2 equiv.), I; (2 equiv.), NEt; (4 equiv.), CH,Cl,, 0°C to
room temp., 15h, 85% (d) (i) SOCl, (10equiv.), reflux, 1 h;
(i) NH4OH, THF, 0 °C, 1 h, 96% (2 steps). () Lawesson’s Reagent
(LR: 1 equiv.), THF, 70°C, 2 h, 88%. (f) Methyl bromopyruvate
(2 equiv.), pyridine (1.5equiv.), EtOH, 80°C, 3.5h, quant.
(g) TMSCHN, (1.8 equiv.), CH,Cly/MeOH (1:1), 0°C to room
temp., 20 min, 74 %.

oxazolylpyridine 15a (Table 2, Entries | and 2) were higher
than those obtained with thiazolylpyridine 15b (Table 2,
Entries 3 and 4).

All methoxypyridines 16aa—16cb obtained were demeth-
ylated with HBr to yield the corresponding pyridones. This
treatment also caused acetal hydrolysis or fert-butyloxy-
carbonyl (Boc) removal. In the latter case further pyrrol-
idine protection was required. All pyridone analogues were
easily converted into corresponding triflates 17aa—17ch by
using triflic anhydride under 4-(dimethylamino)pyridine
(DMAP) catalysis.'l Lastly, palladium(0) catalyzed cross-
coupling of 17aa—17cb with thiazolezinc bromide 9 yielded
expected polyazolepyridines 18aa—18cb (Table 3). The pres-
ence of the methyl ketone (Table 3, Entries 2, 4 and 6) was
detrimental for the reaction outcome. For the synthesis of
baringolin’s core 18aa, the use of higher amounts of 9 ren-
dered the desired polyheterocycle in excellent yield (Table 3,
Entry 1).

After developing a useful strategy to synthesize azole-
substituted pyridines, the next goal was selective removal of
protecting groups to develop a reliable method for the total
synthesis of thiopeptides. Compound 18aa was the sub-
strate of choice because it was part of our studies towards
the total synthesis of baringolin.P¥ Our first attempts of
Boc deprotection in 18aa in the presence of a tert-butyl es-
ter yielded the desired amine in excellent yield when litera-
ture protocols were used.['s] However, scaling up of this re-
action resulted in reduced selectivities and therefore switch-
ing to alternative protecting groups patterns was required.

To circumvent the compatibility of protecting groups, the
ester at the thiazole ring was changed. To do so, ethyl ester
1909 was converted into isopropyl ester 20 (Scheme 9).
Both 19 and 20 could be used as precursors of organome-
tallic thiazol-2-yl nucleophiles and appropriately converted

Eur. J. Org. Chem. 0000, 0-0
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into corresponding zinc bromides 21 and 22, respectively,
for subsequent use in the final cross coupling with pyridyl
triflate 17aa to yield 23 and 24 (Scheme 10). All our
attempts to selectively deprotect the methyl ester in either
23 or 24 failed with trimethyltin hydroxide.l'®l In both cases,
mixtures of carboxylic acids were obtained even when equi-
molar amounts of reagent were used.

At this point, and given the previous bad results ob-
tained for the selective removal of the esters, the need for a
fully orthogonal pattern of protecting groups became evi-
dent. To this end. the polyheterocyclic core was synthesized
again with a benzyl ester on the oxazole and an ethyl ester
on the thiazole by using appropriately protected starting
materials, giving rise to 25.15]

Many attempts of benzyl ester hydrogenolysis of 25 with
varying amounts of palladium on charcoal at different tem-
peratures and increasing H, pressures only yielded traces
of the acid. Only when palladium black was used, higher
conversions were observed (Scheme 11). However, 100 wt.-
% of this reagent was required for quantitative conversion
to occur. Acid 26 was used in further transformations,
which yielded the expected products.’®! The use of palla-
dium black with a similar substrate has also been described
by Moody and co-workers,*4] however, no details of pre-
viously performed tests are provided.

Conclusions

In summary, studies towards the synthesis of various
azole-substituted pyridines have been carried out by using
2,6-dicholoronicotinic acid (1) and 2-chloro-6-methoxy-
nicotinic acid (12) as starting points. The best results were
obtained with 12 owing to the differentiated a-positions
and the higher reactivity of thiazolzinc bromides with pyr-
idyl triflates. With the present strategy, a series of polyazole-
substituted pyridines 18aa—18cb were synthesized, which
demonstrated the scope of the approach, which could also
be used for the construction of various thiopeptides ana-
logues (GE2270 A and T, thiomuracins, GE37468A, barin-
golin, etc.).’*171 This approach also permitted the synthesis
of the polyheterocyclic core of baringolin, which has been
synthesized with different combinations of protecting
groups. Subsequent compatibility studies have facilitated
the assessment of different chemistries. Finally, a set of or-
thogonal protecting groups was used to further modify bar-
ingolin’s core in a fully selective and reliable manner. This
combination of protecting groups could be useful for the
total syntheses of other thiopeptides containing a fully un-
saturated 2,3,6-trisubstituted pyridine core.

Experimental Section

See Supporting Information for general procedures.

(25,3R)-N-|(2,6-Dichloropyridin-3-yl)carbonyl|threonine Methyl
Ester (2): N,N-Diisopropylethylamine (DIPEA: 2.66mL,
15.51 mmol) and benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate (PyBOP; 2.65 g, 5.09 mmol) were added to a
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Table 2. Cross-coupling between pyridines 15a—15¢ and alkyltin thiazoles 11a and 11b. Conditions: Chloropyridine 15 (1 equiv.), alkyltin-

thiazole 11 (1.1 equiv.), Pd(PPh3), (10 mol-%0), 1.4-dioxane, 80 °C.

Me;,Sn\C )I)\

9,

BocN Pd(PPh), R
RS R 1,4—diox%:e | =3

L or T Meo” N NN e
MeO N Cl Bu,Sn N O/w 1 S\>’R

15ac \[ P © 16aa-cb

s Me
11b
Entry 15 11 Product Yield (%)%
Me

1 15a 11a 85
2 11b 53
3 15b 11a 56
4 11b 44
5 15¢ 11a 94
6 11b D

[a] Isolated yield.

solution of 2,6-dichloronicotinic acid (1: 850 mg, 4.43 mmol) and
H-L-Thr-OMe (751 mg, 4.43 mmol) in dry tetrahydrofuran (THF;
22 mL) at 0 °C under argon. The mixture was then stirred at this
temperature for 5 h. EtOAc and saturated aq. NaHCO; were added
to the mixture and part of the solvent was evaporated under re-
duced pressure. More EtOAc (100 mL) was added and the organic
layer was then washed with saturated aq. NaHCO; (50 mL) and

6 WWW.eurjoc.org
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saturated aq. NH4Cl (2 X 50 mL). The combined organic extracts
were dried (Na,S0,) and concentrated in vacuo. The crude product
was purified by silica flash column chromatography (hexanes/
EtOAc, 1:1) to yield the title compound as a pale solid (1.28 g,
94%), m.p. (EtOAc) 128-130 °C. [a]p = 20.6 (¢ = 0.50, CHCl). IR
(KBr): v = 3433, 3296, 3073, 2985, 2920, 1744, 1643, 1577,
844 em!. 'H NMR (400 MHz, CDClL): 6 = 1.35(d, J = 6.4 Hz. 3

Eur. J. Org. Chem. 0000, 0-0
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Table 3. Cross-coupling between pyridines 17aa—17cb and thiazole 9. Conditions: triflate 17 (1 equiv.), thiazolezinc bromide 9 (2 equiv.),

Pd(PPhs), (20 mol-%), DMA, 45 °C.

Pd(PPh3),
DMA s
¢
tBUGgC
17aa-cb 9 18aa-cb
Entry 17 Product Yield (%)™
Me
O
»;\g“COQMe
1 17aa N N s 37 (92)"’]
= /4
tBuO,C N =
e \Q\/S S>—’(;)\L>
18aa N
2 17ab 43
3 17ba 54
4 17bb 41
5 17ca 66
6 17¢cb 39

18cbh

[a] Isolated yield. [b] Triflate 17aa (1 equiv.), thiazolezinc bromide 9 (8 equiv.), Pd(PPhz)4 (20 mol-%), DMA, 45 °C.

H). 3.82 (s. 3 H). 4.50 (dq, J = 6.4 and 2.3 Hz, 1 H), 4.80 (dd. J =
8.6 and 2.3 Hz, | H), 7.39(d. J=8.0 Hz. | H), 8.12(d. J = 8.0 Hz,
I H) ppm. '*C NMR (100 MHz, CDCL): § = 20.5 (q), 53.1 (q).
58.2 (d), 68.1 (d), 123.7 (d), 129.5 (s), 142.3 (d), 146.8 (s), 152.3 (s),
164.5 (s), 171.0 (s) ppm. HRMS: calcd. for C;H3CILN,0,4 [M +
H] 307.0247: found 307.0247.

Methyl (.S)-2-(2,6-Dichloronicotamido)-3-oxobutanoate (4): Dess—
Martin periodinane (1.91 g, 4.50 mmol) was added to a solution of
pyridine 2 (1.15 g, 3.75 mmol) in dry CH,Cl, (125 mL). The mix-
ture was then stirred at room temp. under argon. After 7h the
reaction mixture was poured onto a mixture of saturated aq.

Eur. J. Org. Chem. 0000, 0-0
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75

NaHCO; (100 mL) and saturated aq. Na,S,0; (100 mL) and ex-
tracted with CH,Cl, (2 X 100 mL). The combined organic extracts
were dried (Na,SO,) and concentrated under reduced pressure. The
crude product was purified by silica flash column chromatography
(hexanes/EtOAc, 1:1) to yield the title compound as a white solid
(0.99 g, 87%). m.p. (EtOAc) 112-113 °C. [a]p = —0.3 (¢ = 1.01,
CHCly). IR (KBr): ¥ = 3290, 3072, 2958, 1740, 1721, 1642,
1578 em™!. 'H NMR (200 MHz, CDCls): 6 = 2.48 (s, 3 H). 3.89 (s,
3 H). 543 (d,/J=62Hz 1 H). 740 (d. /= 7.8 Hz, 1 H), 7.90 (d.
J = 62Hz, 1 H), 8.16 (d, J = 7.8 Hz, 1 H)ppm. *C NMR
(100 MHz, CDCl;): 6 = 28.2 (q), 53.9 (q), 64.1 (d), 123.7 (d), 128.4
(s), 142.7 (d), 147.1 (s), 152.7 (s), 163.3 (s), 166.1 (s), 197.5 (s) ppm.
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Scheme 9. Synthesis of bromothiazole 20 and preparation of or-
ganozine reagents 21 and 22. Reagents and conditions: (a) 19
(1 equiv.), LiOH (2 equiv.), THF/H,O (10:1), room temp., 18 h,
quant. (b) (i) Oxalyl chloride (2 equiv.), DMF (cat.); (ii) iPrOH/
CH,Cl, (10:1), 81%. (c)zinc dust, 1,2-dibromoethane, TMSCI,
DMA, room temp.

HRMS: caled. for CH,,CLN,O4 [M + H] 305.0090; found
305.0090.

Synthesis of 2,6-Dichloro-3-[4-(methoxycarbonyl)-5-methyloxazole-
2-yl|pyridine (5)

From Pyridine 2: Deoxo-Fluor 50% in THF (76 pL, 0.18 mmol)
was added to a stirring solution of pyridine 2 (50 mg, 0.16 mmol)
in dry CH,Cl, (1.4 mL) at 20 °C under N,. After 30 min, BrCCl;
(58 pL, 0.58 mmol) and 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU;
87 uL, 0.58 mmol) were added dropwise and then the mixture
stirred for 3.5 h at 0 °C. Saturated aq. NaHCO; (25 mL) was added
and the aqueous layer extracted with CH,Cl, (3 X 25 mL). The
combined organic extracts were dried (Na,S0,) and concentrated

CO,Bn

cO,

{

| =
SJ NG
<

A\
o)
N
N
S
EtO,C

H
Me
3
e
N
L Boc ]

Scheme 11. Hydrogenolysis of 25. Reagents and conditions: H,
(1 atm), Pd black (100 wt.-%), CH,CI./EtOH (1:1), room temp.,
4 h, quant.

N
|
|

26
under reduced pressure. The crude product was purified by silica

flash column chromatography (hex/EtOAc, 8:2) to yield the title
compound as a white solid (24 mg, 50%).

From Pyridine 4: A solution of pyridine 4 (0.97 g, 3.16 mmol) in
dry CH,Cly (38 mL) was added to a stirring solution of PPh;
(1.65g, 6.3l mmol) and I, (1.6 g, 6.3]1 mmol) in dry CH,Cl,
(58 mL) at 0 °C under an argon atmosphere. The resulting mixture
was allowed to reach room temp. and stirred for 16 h. The solvent
was removed under reduced pressure and the crude product puri-
fied by silica flash column chromatography (hexanes/EtOAc, 7:3)
to yield the title compound as a white solid (0.85 g, 94%), m.p.

COoMe
N
B Me
| (0]
10" N7 ,LNM b
e
N
17aa Boc
a) 21 a)22
Pd(PPha), Pd(PPhs).
CO,Me CO;Me
N
) Me 1Y Me
(0] o
N S S N S
= ¢ =4
. N&_D N : NJ\\_>
EtO,C N iPrO,C N
2 23 (79%) Boc” e 24 (85%) Boc”
{ Me3SnOH I Me3SnOH
: mixture
mixture of acids
of acids

Scheme 10. Negishi cross-couplings of 17aa. Reagents and conditions: (a) thiazolezinc bromide (8 equiv.), Pd(PPh3), (20 mol-%), DMA,

45°C,

8 WWW.eurjoc.org

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Eur. J. Org. Chem. 0000, 0-0

76



Job/Unit: 030877 /KAP1 Date: 22-08-13 10:17:20

From 2,6-Dichloronicotinic Acid to Thiopeptide Cores

Pages: 17

Eur|OC

(EtOAc) 135-136 °C. IR (KBr): ¥ = 3087, 2957, 1715, 1609, 1562,
1427, 1351 em™. 'H NMR (200 MHz, CDCLy): 6 = 2.75 (s, 3 H),
3.96 (s, 3 H). 7.39 (d, J = 82Hz | H), 836 (d. / = 82Hz, 1
H) ppm. *C NMR (100 MHz, CDCl;): § = 12.5 (q), 52.4 (q), 121.8
(s). 123.3 (d), 129.2 (s), 141.9 (d), 148.2 (s). 151.9 (s), 155.5 (s).
157.9 (s), 162.5 (s) ppm. HRMS: caled. for C;;HyCl,N,O5 [M +
H] 286.9985: found 286.9985.

2-[4-(tert-Butoxycarbonyl)thiazol-2-yl]-6-chloro-3-[4-(methoxycarb-
onyl)-5-methyloxazol-2-yl|pyridine (7): Hexamethyldistannane
(195 pL. 0.95 mmol) was added to a stirring solution of bromothi-
azole 6837 (166 mg, 0.63 mmol), dichloropyridine 5 (273 mg,
0.95 mmol), PdCl,(PPh;), (13 mg, 0.03 mmol) and Pd(PPh;),
(37 mg, 0.03 mmol) in dry 1.4-dioxane (7.6 mL) under N; in a
Schlenk tube. The tube was sealed with a glass stopper and the
mixture stirred at 100 °C. After 4 h the mixture was allowed to
reach room temp., filtered through a pad of Celite, washed with
EtOAc, dried (Na,SO,) and concentrated in vacuo. The resulting
crude was purified by silica flash column chromatography (hexane/
EtOAc, 7:3) to yield the title product as a pale solid (46 mg, 17%).
m.p. (EtOAc) 175-180 °C. IR (KBr): ¥ = 3111, 2978, 1707, 1620,
1437, 1352, 1163, 1102, 1007 cm™'. '"H NMR (400 MHz, CDCl,):
6 =1.52(s. 9 H), 2.67 (s, 3 H), 3.93 (s, 3 H), 7.46 (d. J = 8.0 Hz,
1 H), 8.05 (d, J = 8.0Hz, 1 H), 8.20 (s, | H) ppm. '3C NMR
(100 MHz, CDCl;): 0 = 12.3 (q). 28.2 (q). 52.1 (q), 82.1 (s), 120.2
(s). 124.8 (d). 128.7 (s), 130.0 (d), 141.0 (s), 142.3 (d), 150.1 (s).
152.6 (s), 156.8 (s), 157.7 (s). 160.4 (s), 162.9 (s), 165.4 (s) ppm.
HRMS: calcd. for C,yH,,CIN;05S [M + H] 436.0729: found
436.0727.

2-|4-(tert-Butoxycarbonyl)thiazol-2-yl]-3-[4-(methoxycarbonyl)-5-
methyloxazol-2-yl}J-6-[4-(trifluoromethoxy)phenyl|pyridine (8): A
solution of pyridine 7 (30 mg, 0.07 mmol), 4-(trifluoromethoxy)-
phenylboronic acid (17 mg, 0.08 mmol) and Pd(PPhs)4 (4 mg,
0.003 mmol) in /PrOH (0.35 mL) and NaHCO; (2 M, 0.1 mL) was
stirred at 90 °C for 20 min under microwave irradiation. The reac-
tion mixture was diluted with EtOAc, filtered through Celite, dried
(Na,;S0,) and concentrated in vacuo. Silica flash column
chromatography (hexane/EtOAc, 7:3) yielded the title compound
as a yellowish solid (25 mg, 65%). m.p. (EtOAc) 160-161°C. IR
(KBr): ¥ = 3123, 2974, 1724, 1699, 1254, 1169 cm~!. '"H NMR
(400 MHz, [Dglacetone): d = 1.52 (s, 9 H), 2.66 (s, 3 H)., 3.88 (s, 3
H). 7.55 (m, 2 H), 8.25(d, /=8.0Hz, 1 H). 8.27 (d, / =8.0Hz, 1
H). 8.42 (m, 2 H), 8.46 (s, | H) ppm. '*C NMR (100 MHz, [D¢]-
acetone): ¢ = 11.6 (q), 27.5 (q)., 51.1 (q), 81.2 (s). 120.3 (s), 121.0
(d), 121.5 (d), 128.7 (s), 129.3 (d), 130.3 (d), 136.3 (s), 141.4 (d),
148.9 (s), 149.8 (s), 150.8 (s). 156.6 (s), 157.2 (s), 157.3 (s), 160.2
(s), 162.7 (s). 167.2 (s) ppm. HRMS: calcd. for CysHa3F3N306S [M
+ H] 562.1254; found 562.1251.

General Procedure for the Preparation of (Thiazol-2-yl)zinc Brom-
ides: These reagents were prepared by using the method described
by Bach and co-workers.*l Dry N,N-dimethylacetamide (DMA)
and 1,2-dibromoethane (0.36 equiv.) were added to an oven-dried
flask charged with zinc dust (3.12 equiv.) under an inert atmo-
sphere. The mixture was heated with a heat gun until bubbling was
observed and then cooled to room temp. This procedure was re-
peated twice and then chlorotrimethylsilane (0.66 equiv.) was added
and the suspension stirred at room temp. After 5 min a solution of
the alkyl 2-bromothiazole-4-carboxylate (1.00 equiv.) in dry DMA
was added. After 30 min the suspension was allowed to settle for
at least 30 min. The reagent solution was freshly prepared before
each use.

|4-(tert-Butoxycarbonyl)thiazol-2-yl|zine Bromide (9): This reaction
was performed according to the general procedure for the prepara-
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tion of (thiazol-2-yl)zinc bromides by using zinc dust (920 mg,
14.00 mmol), 1,2-dibromoethane (140 pL, 1.60 mmol) and chloro-
trimethylsilane (380 pL, 3.00 mmol) in DMA (14.0 mL) and a solu-
tion of tert-butyl 2-bromothiazole-4-carboxylatel3™ (1.20 g.
4.50 mmol) in DMA (7.2 mL) This procedure gave a 0.21 M solu-
tion of the reagent.

|4-(Ethoxycarbonyl)thiazol-2-yl]zinc Bromide (21): This reaction
was performed according to the general procedure for the prepara-
tion of (thiazol-2-yl)zinc bromides by using zinc dust (4.04 g,
61.77 mmol), 1,2-dibromoethane (615 pL, 7.13 mmol) and chloro-
trimethylsilane (1.7 mL, 13.07 mmol) in DMA (62 mL) and a solu-
tion of ethyl 2-bromothiazole-4-carboxylate (19)1° (4.67 g,
19.80 mmol) in DMA (32 mL) This procedure gave a 0.21 M solu-
tion of the reagent.

|[4-(Isopropoxycarbonyl)thiazol-2-yl|zinc Bromide (22): This reaction
was performed according to the general procedure for the prepara-
tion of (thiazol-2-yl)zinc bromides by using zinc dust (734 mg,
11.23 mmol), 1,2-dibromoethane (112 pL, 1.30 mmol) and chloro-
trimethylsilane (300 pL, 2.38 mmol) in DMA (11.4 mL) and a solu-
tion of 20 (900 mg, 3.60 mmol) in DMA (5.7 mL) This procedure
gave a 0.21 M solution of the reagent.

6-[4-(tert-Butoxycarbonyl)thiazol-2-yl]-2-chloro-3-[4-(methoxycarb-
onyl)-5-methyloxazol-2-yl|pyridine (10): A solution of thiazole 9 in
dry DMA (0.21 M, 0.92 mL. 0.19 mmol) was slowly added to a
solution of pyridine 5 (50 mg, 0.17 mmol) and Pd(PPhs), (10 mg,
0.009 mmol) in dry DMA (0.5 mL) under nitrogen in a Schlenk
tube. The tube was sealed and the mixture stirred at 60 °C for 5 d.
The mixture was filtered through a pad of Celite, dried (MgSOy)
and concentrated in vacuo. The resulting crude product was puri-
fied by using a C18 chromatography column. A gradient of H,O
(0.1% TFA)/MeCN (0.1% TFA) from 8:2 to 1:9 yielded the prod-
uct as a white solid (2 mg, 3%). '"H NMR (400 MHz, CDCl,): § =
1.64 (s, 9 H), 2.77 (s, 3 H). 3.97 (s, 3H), 8.21 (s,  H), 8.36 (d. J =
8.0Hz, 1 H), 8.51 (d, J = 8.0Hz, | H) ppm. HRMS: caled. for
C1oH,5CIN;OsS [M + H] 436.0729; found 436.0738.

tert-Butyl 2-(Pyridin-2-yl)thiazole-4-carboxylate (14): A solution of
9 (0.21 M, 4.8 mL, 1.0 mmol, 2 equiv.) was added to a Schlenk tube
charged with the palladium species (20 mol-%) and the indicated
phosphane (40 mol-%) under a nitrogen atmosphere. The mixture
was pre-stirred at 45 °C and then treated with a solution of pyridin-
2-yl trifluromethanesulfonate (13;1'81 114 mg, 0.5 mmol, 1 equiv.) in
DMA (6 mL). The tube was sealed and the mixture stirred at 45 °C.
The reaction mixture was analyzed by HPLC to determine the con-
version of 13 to 14 according to previously prepared standards of
these two compounds. Pure 14 was obtained after running the reac-
tion with Pd(PPhj), (20 mol-%). The crude product was purified
by silica flash column chromatography (hexanes/EtOAc, 8:2) to
yield the title compound as a white solid (99 mg, 75 %), m.p. (Et;0)
89-93°C. IR (KBr): ¥ = 2978, 2931, 1726, 1161 cm™!. 'H NMR
(400 MHz, CDCl3): 6 = 1.64 (s, 9 H), 7.35 (ddd., J = 7.5, 4.8 and
1.2 Hz, 1 H), 7.82 (ddd, J = 8.0, 7.5 and 1.7 Hz, 1 H), 8.13 (s, |
H), 8.34 (d. J = 8.0 Hz, 1 H), 8.61 (dm. J = 4.8 Hz, | H) ppm. 13C
NMR (100 MHz, CDCly): 6 = 28.4 (q), 82.3 (s), 120.5 (d), 125.2
(d), 128.8 (d), 137.4 (d), 149.5 (d), 149.8 (s), 150.8 (s), 160.7 (s).
169.7 (s) ppm. HRMS: caled. for C3H;s0,N,S [M + H] 263.0849;
found 263.0852. The product obtained matched that described in
the literature.['¥]

Synthesis of 2-Chloro-6-methoxy-3-[4-(methoxycarbonyl)-5-meth-
yloxazol-2-yl|pyridine (15a):

(25,3 R)-N-|(2-Chloro-6-methoxypyridin-3-yl)carbonyl]threonine
Methyl Ester: DIPEA (3.2 mL, 18.66 mmol) and PyBOP (3.19 g,
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6.13 mmol) were added to a solution of 2-chloro-6-methoxynico-
tinic acid 121" (1.00 g, 5.33 mmol) and H-L-Thr-OMe (904 mg,
5.33 mmol) in dry THF (27 mL) at 0 °C under argon, and the mix-
ture was stirred for 5 h. EtOAc and saturated aq. NaHCO; were
then added to the mixture, which was partially concentrated under
reduced pressure. The resulting concentrate was poured onto satu-
rated aq. NaHCO; (100 mL) and extracted with EtOAc (3 X
100 mL). The combined organic extracts were washed with satu-
rated aq. NH4Cl (2 X 50 mL). dried (Na,SOy4) and then concen-
trated in vacuo. The crude product was purified by flash column
chromatography (hexanes/EtOAc, 4:6) to yield the title compound
as a white wax (1.33 g, 82%). [a]p = +20.9 (¢ = 1.00, CH,Cl,). IR
(KBr): v = 3411, 2978, 2954, 1745, 1645, 1599, 1479, 1353,
1310 em™. '"H NMR (400 MHz, CDCly): 6 = 1.28 (d, J = 6.4 Hz,
3 H)., 378 (s, 3 H), 3.96 (s. 3 H), 438 (qd. J = 6.4 and 3.2 Hz. 1
H), 4.64 (d,J =3.2Hz 1 H), 6.82 (d,J =84 Hz, 1 H), 7.88 (d, J
=84 Hz. 1 H) ppm. *C NMR (100 MHz, CDCls): 6 = 20.4 (q).
53.0 (q), 54.8 (q), 58.1 (d), 68.3 (d), 110.2 (d), 122.6 (s), 143.0 (d),
145.4 (s), 164.6 (s), 165.2 (s), 171.4 (s) ppm. HRMS: calcd. for
C,HsN,0sCl [M + H] 303.0784:; found 303.0742.

Methyl (5)-2-(2-Chloro-6-methoxynicotamido)-3-oxobutanoate:
Dess—Martin periodinane (2.50 g, 5.90 mmol) was added to a solu-
tion of (25,3R)-N-[(2-chloro-6-methoxypyridin-3-yl)carbonyl|thre-
onine methyl ester (1.48 g, 4.92 mmol) in dry CH,Cl, (80 mL). The
mixture was then stirred at room temp. under argon. After 7 h the
reaction mixture was poured onto a mixture of saturated aq.
NaHCO; (100 mL) and saturated aq. Na;S,05 (100 mL) and then
extracted with CH,Cl, (2 X 100 mL). The combined organic ex-
tracts were dried (Na>SQ,) and then concentrated under reduced
pressure. The crude product was purified by flash column
chromatography (hexanes/EtOAc, 7:3) to yield the title compound
as a white solid (1.27 g, 86%), m.p. (EtOAc) 92-96 °C. IR (KBr):
v = 3322, 2957, 1742, 1727, 1632, 1600, 1539, 1485, 1365, 1317,
1268 cm ™. "TH NMR (400 MHz, CDCls): 5 = 2.46 (s, 3 H), 3.87 (s,
3 H), 3.99 (s, 3 H), 542 (d, J = 5.8 Hz, | H), 6.75 (d, J = 8.4 Hz,
1 H), 8.02 (d, J=58Hz, | H), 8.14 (d, J = 8.4 Hz, 1 H) ppm. 1*C
NMR (100 MHz, CDCly): 6 = 28.2 (q). 53.7 (q). 54.8 (q), 64.2 (d),
110.2 (d), 121.5 (s), 143.1 (d). 145.8 (s), 164.1 (s), 164.8 (s), 166.5
(s), 198.1 (s) ppm. HRMS: calcd. for C,H;,CIN,0; [M + H]
301.0586; found 301.0585.

2-Chloro-6-methoxy-3-|4-(methoxycarbonyl)-5-methyloxazol-2-yl]-
pyridine (15a): A solution of methyl (5)-2-(2-chloro-6-methoxy-
nicotamido)-3-oxobutanecate (400 mg. 1.33 mmol) in dry CH,Cl,
(10 mL) was added to a stirring solution of PPh; (700 mg,
2.67 mmol) and I, (675 mg, 2.67 mmol) in dry CH,Cl; (17 mL) at
0 °C under argon. The resulting mixture was allowed to reach room
temp. and stirred for 15 h. The solvent was removed under reduced
pressure and the crude product was purified by silica flash column
chromatography (hexanes/EtOAc, 7:3) to yield the title compound
as a white solid (318 mg. 85%). m.p. (EtOAc) 131-133 °C. IR
(KBr): ¥ = 2990, 2957, 1716, 1618, 1603, 1473, 1354 cm~'. 'H
NMR (400 MHz, CDCl,): 6 = 2.73 (s, 3 H), 3.95 (s, 3 H). 4.01 (s,
3 H), 6.76 (d, J = 8.4 Hz, 1 H), 8.22 (d, J = 8.4 Hz, 1 H) ppm. 1*C
NMR (100 MHz, CDCl;): 6 = 12.4 (q), 52.3 (q), 54.7 (q), 109.9
(d), 115.6(s), 128.7 (s), 142.1 (d), 157.1 (s). 162.9 (s), 164.3 (s) ppm.
HRMS: caled. for C1,H;,CIN,O,4 [M + H] 283.0480; found
283.0479.

Synthesis of 2-Chloro-6-methoxy-3-[4-(methoxycarbonyl)thiazol-2-
yl|pyridine (15b):

2-Chloro-6-methoxynicotinamide: A mixture of 2-chloro-6-meth-
oxynicotinic acid 12" (1.00 g, 5.33 mmol) and thionyl chloride
(3.9 mL, 53.31 mmol) was heated at reflux temperatures under ni-
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trogen atmosphere for 5 h. After the mixture reached room temp.,
the excess thionyl chloride was removed under reduced pressure
and the residue was dissolved in toluene. The volatiles were evapo-
rated, more toluene was added and then the mixture was concen-
trated again. The resulting solid was dissolved in THF (10 mL) and
cooled to 0 °C in an ice bath. An aq. solution of NH3 (32%, 10 mL)
was added and the mixture was stirred for | h. The THF was evap-
orated under reduced pressure and saturated aq. NaHCO; (40 mL)
was added. The solution was extracted with CH,Cl, (3 X 50 mL),
and the combined organic extracts were dried (Na,SO,) and then
concentrated in vacuo. The crude product was purified by silica
flash column chromatography (CH,Cl,/MeOH, 98:2). The title
product was obtained as a white solid (863 mg, 96%). m.p.
(CH,Cly) 172-173 °C. TR (KBr): ¥ = 3350, 3179, 1656, 1598 cm™'.
"H NMR (400 MHz, CDCl;): 6 = 3.99 (s, 3 H), 6.14 (br. s, 1 H),
6.76 (d, J = 8.4Hz, 1 H), 6.82 (br.s, 1 H), 8.22 (d, J = 8.4 Hz, 1
H) ppm. *C NMR (100 MHz, CDCl;): § = 54.8 (q), 110.3 (d),
121.9 (s), 143.5 (d), 145.5 (s), 164.7 (s), 166.2 (s) ppm. HRMS:
caled. for C;HgCIN,O, [M + H] 187.0274; found 187.0262.

2-Chloro-6-methoxynicotinthioamide: A solution of 2-chloro-6-
methoxynicotinamide (794 mg, 4.26 mmol) and Lawesson’s reagent
(860 mg, 2.13 mmol) in dry THF (85 mL) was stirred at reflux tem-
peratures for 2 h and then allowed to reach room temp. The vola-
tiles were evaporated under reduced pressure and saturated aq.
NaHCO; (150 mL) was added. The aqueous layer was extracted
with CH,Cl; (3 X 100 mL), and the combined organic extracts were
dried (Na,SOy,), and then concentrated in vacuo. The crude prod-
uct was purified by silica flash column chromatography (CH,Cl,).
The title product was obtained as a pale solid (760 mg, 88 %), m.p.
(CH,Cl,) 158-161 °C. IR (KBr): ¥ = 3310, 3143, 1642, 1593, 1477,
1299 cm!. "H NMR (400 MHz, CDCl,): § = 3.98 (s, 3 H), 6.71 (d.,
J =84Hz 1 H), 7.52 (br. s, 1 H), 7.98 (br. s, 1 H), 8.22 (d, J =
8.4 Hz. 1 H) ppm. '3C NMR (100 MHz, CDCl,): 6 = 54.8 (q),
110.1 (d), 128.4 (s), 142.0 (s), 144.1 (d), 164.3 (s), 199.3 (s) ppm.
HRMS: caled. for C;HgCIN,OS [M + H] 203.0046; found
203.0036.

2-Chloro-6-methoxy-3-|4-(methoxycarbonyl)thiazol-2-yl]|pyridine
(15b): Methyl bromopyruvate (750 pL. 7.05 mmol), and pyridine
(430 puL, 5.28 mmol) were added to a solution of 2-chloro-6-meth-
oxy-nicotinthioamide (714 mg, 3.52 mmol) in dry EtOH under a
nitrogen atmosphere. The mixture was stirred at 80 °C for 3.5h
and then cooled down. Volatiles were evaporated under reduced
pressure, and the resulting crude product was purified by silica
flash column chromatography (CH,Cl,). The title product was ob-
tained as a white solid (1.03 g, quant.), m.p. (CH,Cl,) 156-159 °C.
IR (KBr): ¥ = 3120, 3021, 2955, 1749, 1600, 1351, 1268, 1218 cm .
'"H NMR (400 MHz, CDCl3): § = 3.98 (s, 3 H), 4.01 (s, 3 H), 6.81
(d, J = 88Hz, 1 H), 827 (s, 1 H), 8.62 (d, J =88 Hz, 1 H) ppm.
13C NMR (100 MHz, CDClLy): 6 = 52.7 (q), 54.7 (q), 110.5 (d).
121.3 (s), 128.5 (d), 142.3 (d), 146.0 (s), 146.6 (s), 162.1 (s), 163.1
(s), 164.0 (s) ppm. HRMS: caled. for C;;H,,CIN,O3S [M + H]
285.0107: found 285.0101.

Methyl 2-Chloro-6-methoxynicotinate (15¢): A solution of trimeth-
ylsilyldiazomethane (TMSCHN,) in diethyl ether (2.0 M, 2.2 mL,
4.32 mmol) was added to a stirring solution of 2-chloro-6-methoxy-
nicotinic acid 120 (450 mg. 2.40 mmol) in CH,Cl, (12 mL) and
MeOH (12 mL) at 0 °C. After 20 min the reaction was allowed to
reach room temp. and then stirred for another 20 min. Solvents
were removed under reduced pressure and the crude product was
purified by silica flash column chromatography (hexanes/EtOAc,
1:1). The title product was obtained as a white solid (359 mg, 74%),
m.p. (EtOAc) 59-62 °C. IR (KBr): ¥ = 3087, 3006, 2953, 1725,
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1594, 1480, 1248 cm™". "H NMR (400 MHz, CDCly): 3 = 3.91 (s.
3 H), 4.00 (s, 3 H), 6.70 (d. J = 8.8 Hz, 1 H), 8.13 (d, J = 8.8 Hz,
1 H) ppm. '*C NMR (100 MHz, CDCL;): 6 = 52.6 (q). 54.8 (q).
109.4 (d). 118.6 (s). 143.1 (d), 149.5 (s). 165.0 (s), 165.1 (s) ppm.
HRMS: caled. for CgHoNO,CI [M + H] 202.0271; found 202.0269.

General Procedure for the Stille Cross-Coupling: A Schlenk tube
was charged under argon with degassed dry l.4-dioxane, pyridine
15 (1 equiv.), Pd(PPh;); (10 mol-%) and organotin 11 (1.1 equiv.).
The tube was sealed and the mixture was stirred at 80 °C for 23 h,
except for the indicated reaction. After this time the mixture was
allowed to reach room temp., filtered through Celite with EtOAc,
dried (Na,SO,) and then concentrated in vacuo. The crude product
was purified by silica flash column chromatography.

(5)-2-{2"-| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4' -bithiazol-4-
y1}-6-methoxy-3-[4-(methoxycarbonyl)-5-methyloxazol-2-yl|pyridine
(16aa): The reaction was performed according to the general pro-
cedure for the Stille cross-coupling by using pyridine 15a (771 mg,
2.73 mmol), Pd(PPh3), (315 mg, 0.27 mmol) and organotin 11al'?l
(1.50 g, 3.00) in 1,4-dioxane (55 mL) for 30 h. The crude product
was purified by silica flash column chromatography (hexanes/
EtOAc, 7:3 to 1:1). The title product was obtained as a white wax
(1.35 g, 85%). [a]lp =—43.1 (¢ = 1.00, CH,CL,). IR (KBr): ¥ = 2952,
2928, 1734, 1700, 1385 cm . '"H NMR (400 MHz, CDCly): d =
1.30-1.54 (m, 9 H), 1.92-2.08 (m, 2 H). 2.20-2.44 (m. 2 H), 2.54
(s. 3 H), 3.38-3.70 (m, 2 H), 3.95 (s. 3 H), 4.07 (s. 3 H), 5.10-5.30
(m., 1 H), 679 (d, J =84Hz, 1 H), 739 (s, 1 H), 794 (d, J =
8.4 Hz, 1 H), 8.07 (s, 1 H) ppm. '*C NMR (100 MHz, CDCl,): &
= 12.1 (q), 23.4 and 24.1 (t), 28.5 (q), 32.9 and 34.3 (t), 46.8 and
47.1 (), 52.2 (q). 53.9 (q), 59.1 and 59.5 (d). 80.6 (s), 110.2 (d),
114.9 (d), 115.2 (s), 120.7 (d), 128.3 (s), 142.0 (d), 149.6 (s), 154.9
(s), 156.6 (s), 159.8 (s), 163.3 (s), 164.5 (s), 176.5 (s) ppm. HRMS:
caled. for C7H3006N5S, [M + H] 584.1632; found 584.1628.

6-Methoxy-3-|4-(methoxycarbonyl)-5-methyloxazol-2-yl]-2-|2-(2-
methyl-1,3-dioxolan-2-yl)thiazol-4-yl|pyridine (16ab): The reaction
was performed according to the general procedure for the Stille
cross-coupling by using pyridine 15a (100 mg, 0.35 mmol),
Pd(PPh;), (40 mg, 0.04 mmol) and organotin 11b*31 (174 mg,
0.38 mmol) in 1.4-dioxane (7 mL) for 47 h. The crude product was
purified by silica flash column chromatography (hexanes/EtOAc,
6:4). The title product was obtained as a white solid (77 mg, 53%),
m.p. (Et,0) 127-130 °C. IR (KBr): ¥ = 2991, 2952, 2893, 1732,
1716, 1615, 1470, 1386, 1326, 1197, 1104, 1022 cm™. '"H NMR
(400 MHz, CDCly): 6 = 1.61 (s, 3 H), 2.60 (s, 3 H), 3.92 (s, 3 H),
3.974.07 (m, 7 H), 6.77 (d. J = 8.6 Hz, 1 H), 7.93 (d, J = 8.6 Hz,
1 H), 7.97 (s, | H) ppm. 3C NMR (100 MHz, CDCl;): § = 12.2
(q), 24.8 (q), 52.0 (q), 53.9 (q), 65.6 (1), 107.0 (s), 110.1 (d), 115.1
(s), 120.6 (d), 128.2 (s), 141.8 (d). 149.7 (s), 154.8 (s), 156.8 (s).
159.3 (s), 163.3 (s), 164.4 (s), 172.2 (s) ppm. HRMS: calcd. for
CioH2006N5S [M + H] 418.1067; found 418.1065.

(85)-2-{2'-| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4' -bithiazol-4-
vI}-6-methoxy-3-|4-(methoxycarbonyl)thiazole-2-yl|pyridine (16ba):
The reaction was performed according to the general procedure for
the Stille cross-coupling by using pyridine 15b (142 mg,
0.50 mmol), Pd(PPhs), (58 mg, 0.05 mmol) and organotin 11al!?l
(275 mg, 0.55 mmol) in 1.4-dioxane (10 mL) for 23 h. The crude
product was purified by silica flash column chromatography (hex-
anes/EtOAc, 7:3). The title product was obtained as a white solid
(164 mg, 56%), m.p. (CH,Cl,) 87-91°C. [a]p = -73.8 (c = 1.00,
CH,Cl,). IR (KBr): ¥ = 3111, 2975, 1739, 1696, 1596, 1381 cm™.
'H NMR (400 MHz, CDCl3): 6 = 1.28-1.57 (m, 9 H), 1.91-2.04
(m, 2 H). 2.21-2.45 (m, 2 H), 3.39-3.68 (m, 2 H), 3.95 (s, 3 H),
4.05 (s, 3 H), 5.11-5.28 (m, 1 H), 6.83 (d, / = 8.4 Hz, 1 H), 742
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(s. 1 H). 7.88 (br. s, 1 H), 8.02 (d, J = 84Hz. 1 H). 8.24 (s, |
H) ppm. *C NMR (100 MHz, CDCly): 6 = 23.4 and 24.1 (t), 28.5
(q). 34.3 (1), 46.8 and 47.1 (1), 52.7 (q). 54.0 (q). 59.5 (d). 80.6 (s).
110.5 (d). 115.5 and 115.8 (d), 121.2 (d). 129.1 (d), 141.9 (d). 149.1
(s). 154.5 (s), 162.3 (s). 164.2 (s). 167.5 (s). 207.2 (s) ppm. HRMS:
caled. for CagHagN5OsS; [M + H] 586.1247; found 586.1243.

6-Methoxy-3-[4-(methoxycarbonyl)thiazol-2-yl]-2-|2-(2-methyl-1,3-
dioxolan-2-yl)thiazol-4-yl|pyridine (16bb): The reaction was per-
formed according to the general procedure for the Stille cross-cou-
pling by using pyridine 15b (100 mg, 0.35 mmol), Pd(PPh;),
(40 mg, 0.04 mmol) and organotin 11b*3 (177 mg, 0.38 mmol) in
1.4-dioxane (7 mL) for 47 h. The crude product was purified by
silica flash column chromatography (hexanes/EtOAc, 6:4). The title
product was obtained as a white solid (65 mg, 44%), m.p. (Et,0)
114-118 °C. IR (KBr): ¥ = 3112, 2990, 2952, 2895, 2854, 1736,
1722, 1596, 1209 cm™!. 'H NMR (400 MHz, CDCl;): 6 = 1.59 (s,
3 H). 3.93 (s, 3 H), 3.94-4.06 (m. 7 H), 6.80 (d, J = 8.6 Hz, 1 H),
7.84 (s, 1 H), 7.96 (d, J = 8.6Hz, 1 H), 8.22 (s, 1 H) ppm. 13C
NMR (100 MHz, CDCl,): 6 = 25.0 (q). 52.6 (q). 54.0 (q). 65.5 (t).
107.0 (s), 110.3 (d), 121.3 (d), 121.4 (s), 129.0 (d), 141.8 (d), 146.5
(s), 149.2 (s), 154.5 (s), 162.3 (s), 164.2 (s), 167.2 (s), 171.5 (s) ppm.
HRMS: caled. for CgH3OsN3S, [M + H] 420.0682: found
420.0684.

Methyl (5)-2-{2'-|N~(tert-Butoxycarbonyl)pyrrolidin-2-yl|-2,4’-bithi-
azol-4-yl}-6-methoxynicotinate (16¢ca): The reaction was performed
according to the general procedure for the Stille cross-coupling by
using pyridine 15¢ (100 mg. 0.50 mmol), Pd(PPhs), (58 mg,
0.05 mmol) and organotin 11al'?l (275 mg, 0.55 mmol) in 1.4-diox-
ane (10 mL) for 23 h. The crude product was purified by silica flash
column chromatography (hexanes/EtOAc, 8:2). The title product
was obtained as a white solid (237 mg, 94%), m.p. (CH,Cl,) 69—
73 °C. [a]lp = -39.5 (¢ = 0.50, CH,ClL,). IR (KBr): ¥ = 3119, 2976,
1730, 1698, 1594, 1386 cm™'. 'H NMR (400 MHz, CDCl3): § =
1.30-1.54 (m, 9 H), 1.92-2.10 (m. 2 H), 2.24-2.46 (m, 2 H), 3.40-
3.70 (m, 2 H). 3.79 (s. 3 H), 4.03 (s, 3 H), 5.12-5.32 (m, 1 H), 6.74
(d, J = 84 Hz, 1 H), 7.80-7.85 (m, 2 H), 7.99 (s, 1 H) ppm. *C
NMR (100 MHz, CDCl5): 6 = 23.5 and 24.2 (t), 28.5 (q), 32.9 and
34.3 (1), 46.8 and 47.2 (t). 52.4 and 52.6 (q). 53.9 (q). 59.2 and 59.6
(d). 80.6 (s), 110.0 (d), 113.6 (s), 115.4 (d), 119.7 (d), 119.9 (s).
121.2 (s), 139.8 (d), 142.8 (s). 148.8 (s), 155.1 (s), 164.2 (s) ppm.
HRMS: caled. for Cy3H,7N,05S; [M + H] 503.1417; found
503.1415.

Methyl 6-Methoxy-2-|2-(2-methyl-1,3-dioxolan-2-yl)thiazol-4-yl]-
nicotinate (16¢h): The reaction was performed according to the ge-
neral procedure for the Stille cross-coupling by using pyridine 15¢
(100 mg, 0.50 mmol), Pd(PPhs), (58 mg, 0.05 mmol) and organotin
1131 (253 mg, 0.55 mmol) in 1.4-dioxane (10 mL) for 17 h. The
crude product was purified by silica flash column chromatography
(hexanes/EtOAc, 8:2). The title product was obtained as a white
solid (96 mg, 57%), m.p. (Et;0) 95-99 °C. IR (KBr): ¥ = 2992,
2951, 2898, 1730, 1596, 1023 cm™. 'H NMR (400 MHz, CDCl,):
0 =1.85(s, 3 H). 3.83 (s, 3 H). 4.01 (s. 3 H), 4.054.12 (m. 4 H),
6.72 (d, J/ = 84Hz, 1 H), 7.80 (d, J = 84 Hz, 1 H), 7.93 (s, |
H) ppm. 3C NMR (100 MHz, CDCLy): § = 25.4 (q), 52.5 (q), 53.9
(q). 65.6 (t), 107.1 (s), 109.9 (d), 119.7 (d), 121.2 (s), 139.8 (d), 148.7
(s), 154.9 (s), 164.1 (s), 169.5 (s), 171.4 (s) ppm. HRMS: calcd. for
CsH705N,S [M + H] 337.0853; found 337.0854.

General Procedure for the Demethylation of Methoxypyridines: A
solution of the starting methoxypyridine in HBr in AcOH (33%)
was stirred at 90 °C under nitrogen for 30 min. The mixture was
allowed to reach room temp., poured onto saturated aq. NaHCO,,
extracted with CH,Cl, (X3), dried (NaSO,) and then concentrated
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in vacuo. If required the crude product was purified by silica flash
column chromatography.

General Procedure for Boc Protection of Bithiazolylpyrrolidines:
tert-Butyl dicarbonate (1 equiv.) and NEt;3 (2 equiv.) were added to
a flask charged with a solution of free bithiazolylpyrrolidine
(1 equiv.) in dry CH,Cl, at 0°C for 4 h under nitrogen. The re-
sulting mixture was stirred at 0 °C for the indicated time. The reac-
tion mixture was poured into brine, extracted with CH,Cl, (X3),
dried (Na250,) and then concentrated in vacuo. The crude product
was purified by silica flash column chromatography.

General Procedure for the Preparation of Pyridyl Triflates: 2,6-
Lutidine (1.4 equiv.) and trifluoromethanesulfonic anhydride
(1.2 equiv.) were added to a solution of the pyridone and DMAP
(20 mol-%) in dry CH,Cl, at 0 °C under a nitrogen atmosphere.
The mixture was stirred at 0 °C for 2.5h and then at room temp.
for 2 h. The mixture was diluted with CH,Cl,, washed with water
(X 2), dried (Na,SO,) and then concentrated in vacuo. The crude
product was purified by silica flash column chromatography.

Synthesis of (S5)-2-{2'-| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4'-
bithiazol-4-yl}-3-[-4-(methoxycarbonyl)-5-methyloxazol-2-yl]-6-
(trifluoromethylsulfonyloxy)pyridine (17aa):

(.5)-5-[4-(Methoxycarbonyl)-5-methyloxazol-2-y1]-6-]2' -(pyrrolidin-
2-yl)-2,4' -bithiazol-4-yl|pyridin-2(1 H)-one: The reaction was per-
formed according to the general procedure for the demethylation
of methoxypyridines by using 16aa (590 mg, 1.01 mmol). The title
compound was obtained as a yellowish solid (420 mg, 89%), m.p.
decomp. (CH,Cl,) 188 °C. [a]p = —64.3 (¢ = 1.00, CH,Cl,). IR
(KBr): ¥ = 3420, 3088, 2955, 2918, 2849, 1653 cm~!. 'H NMR
(400 MHz, CDCly): 6 = 1.80-1.96 (m, 2 H), 2.00-2.10 (m, 1 H),
2.29-2.40 (m, 1 H), 2.63 (s. 3 H), 3.07-3.21 (m, 2 H), 3.94 (s, 3 H),
4.62 (dd, J = 8.2 and 5.4 Hz, 1 H), 6.61 (dd, J = 9.6 Hz, 1 H), 7.86
(dd, J = 9.6 Hz, | H), 7.89 (s, 1 H), 8.37 (s, | H) ppm. *C NMR
(100 MHz, CDCl3): 0 = 12.2(q), 25.8 (1), 34.3 (1), 47.3 (1), 52.3 (q),
59.6 (d), 104.4 (s), 117.6 (d), 120.2 (d), 123.8 (d), 128.5 (s), 139.7
(s), 142.3 (d), 145.8 (s). 148.5 (s), 156.6 (s), 157.1 (s), 162.3 (s), 162.7
(s), 162.9 (s), 180.8 (s) ppm. HRMS: caled. for Cy HyNsO4S,[M +
H] 470.0957; found 470.0966.

(8)-6-{2'| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl|-2,4' -bithiazol-4-
y1}-5-|4-(methoxycarbonyl)-5-methyloxazol-2-yl|pyridin-2(1 H)-one:
The reaction was performed according to the general procedure
for the Boc protection of bithiazolylpyrrolidines by using (.5)-5-[4-
(methoxycarbonyl)-5-methyloxazol-2-yl]-6-[2"-(pyrrolidin-2-yl)-
2.4'-bithiazol-4-yl]pyridin-2(1 H)-one (500 mg, 1.06 mmol) in
CH,Cl, (21 mL). The crude product was purified by silica flash
column chromatography (hexanes/EtOAc, 2:8). The title product
was obtained as a yellowish solid (593 mg, 98%), m.p. (CH,Cl,)
143-147 °C. [¢]p = -59.5 (¢ = 1.00, CH,Cly). IR (KBr): ¥ = 3091,
2975, 1699, 1657, 1385, 1110 cm™". "H NMR (400 MHz, CDCls):
0 = 1.30-1.56 (m, 9 H), 1.93-2.10 (m., 2 H), 2.20-2.48 (m, 2 H),
2.66 (s, 3 H), 3.40-3.72 (m, 2 H), 3.96 (s, 3 H). 5.12-5.30 (m, 1 H),
6.62 (d, J=9.6Hz 1H), 7.86 (d. J = 9.6 Hz, 1 H), 7.94 (br. s, 1
H). 8.38-8.47 (m, 1 H), 10.92 (br. s, | H) ppm. '*C NMR
(100 MHz, CDCls): 0 = 12.2 (q), 23.5 and 24.2 (t), 28.5 (q), 33.0
and 34.3 (t), 46.8 and 47.2 (t), 52.3 (q), 59.1 and 59.5 (d), 80.7 (s),
104.5 (q), 117.0 (d), 120.2 (d), 124.0 (d). 128.5 (s), 139.6 (s), 142.3
(d), 145.9 (s), 148.1 (s), 154.4 and 154.9 (s), 156.6 (s), 157.0 (s),
162.4 (s), 162.7 (5). 176.9 (s) ppm. HRMS: caled. for C;6H2406NsS,
[M + H] 570.1476; found 570.1474.

(8)-2-{2'| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl|-2,4’ -bithiazol-4-
yl}-3-]-4-(methoxycarbonyl)-5-methyloxazol-2-yl]-6-(trifluorometh-
ylsulfonyloxy)pyridine (17aa): The reaction was performed accord-
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ing to the general procedure for the preparation of pyridyl triflates
by using (5)-6-{2'-[N-(tert-butoxycarbonyl)pyrrolidin-2-yl]-2.4'-bi-
thiazol-4-yl}-5-[4-(methoxycarbonyl)-5-methyloxazol-2-yl[pyridin-
2(1H)-one (568 mg. 1.03 mmol). trifluoromethanesulfonic anhy-
dride (207 pL, 1.23 mmol), 2.6-lutidine (168 pL, 1.44 mmol) and
DMAP (27 mg, 0.21 mmol) in CH,Cl, (10 mL). The crude product
was purified by silica flash column chromatography (hexanes/
EtOAc, 1:1). The title product was obtained as a white solid
(587 mg, 81%), m.p. (EtOAc) 77-81 °C. [a]p = —42.3 (¢ = 1.00,
CH,CL). IR (KBr): ¥ = 3118, 2976, 1699, 1426, 1388, 1212 cm™.
'H NMR (400 MHz, CDCl3): 6 = 1.25-1.55 (m. 9 H), 1.92-2.05
(m, 2 H), 2.20-2.46 (m, 2 H), 2.57 (s, 3 H), 3.38-3.70 (m, 2 H),
3.97 (s, 3 H), 5.10-5.30 (m, 1 H), 7.21 (d, J = 8.2 Hz, 1 H), 7.34
(br.s, 1 H), 8.18 (s, 1 H), 8.26 (d, J = 8.2 Hz, 1 H) ppm. 1*C NMR
(100 MHz, CDCl;): 6 = 12.1 (q), 23.5 and 24.2 (t), 28.5 and 28.7
(q), 32.9 and 34.2 (t), 46.8 and 47.1 (t), 52.4 (q), 59.2 and 59.5 (d),
80.6 (s), 113.2 (d), 115.1 and 115.5 (d), 118.9 (q). 121.8 (s), 123.2
(d), 128.7 (s), 144.9 (d). 148.8 (s), 151.1 (s). 152.6 (s), 155.9 (s),
157.3 (s), 157.7 (s), 162.4 (s), 162.9 (s), 176.8 (s) ppm. HRMS:
caled. for Co7H»7NsOgF3S5 [M + H] 702.0974; found 702.0988.

Synthesis of 2-(2-Acetylthiazol-4-yl)-3-]4-(methoxycarbonyl)-5-
methyloxazol-2-yl|-6-(trifluoromethylsulfonyloxy)pyridine (17ab):

6-(2-Acetylthiazol-4-yl)-5-|4-(methoxycarbonyl)-5-methyloxazol-2-yl-
|pyridine-2(1H)-one: The reaction was performed according to the
general procedure for the demethylation of methoxypyridines by
using 16ab (70 mg, 0.17 mmol). The crude product was purified by
silica flash column chromatography (CH,Cl,/MeOH, 96:4). The ti-
tle product was obtained as a pale solid (41 mg. 67%), m.p. (Et,0)
194-198 °C. IR (KBr): ¥ = 3083, 2921, 2851, 1719, 1674, 1441,
1112 em !, '"H NMR (400 MHz, CDCl,): = 2.62 (s, 3 H), 2.65 (s,
3 H), 3.93 (s, 3 H), 6.66 (d, J = 9.6 Hz, 1 H), 7.90 (d. J = 9.6 Hz,
1 H), 8.81 (s, | H), 12.04 (br. 5, | H) ppm. '*C NMR (100 MHz,
CDCl;): 6 = 12.2 (q). 26.1 (q), 52.3 (q). 106.0 (s), 120.6 (d), 128.5
(s). 130.0 (d), 139.6 (s). 142.5 (d), 147.5 (s). 156.6 (s), 157.0 (s),
162.6 (s), 163.4 (s), 166.5 (s), 191.2 (s) ppm. HRMS: calcd. for
CI6H1405N3S [M + H] 360.0649; found 360.0647.

2-(2-Acetylthiazol-4-yl)-3-|4-(methoxycarbonyl)-5-methyloxazol-2-
vl]-6-(trifluoromethylsulfonyloxy)pyridine (17ab): The reaction was
performed according to the general procedure for the preparation
of pyridyl triflates by using 6-(2-acetylthiazol-4-yl)-5-[4-(meth-
oxycarbonyl)-5-methyloxazol-2-yl]pyridine-2(1 H)-one (38 mg,
0.11 mmol), trifluoromethanesulfonic anhydride (22 pL.
0.13 mmol), 2,6-lutidine (17 pL, 0.15 mmol) and DMAP (2 mg,
0.02 mmol) in CH,Cl; (1.1 mL). The crude product was purified
by silica flash column chromatography (hexanes/EtOAc, 7:3). The
title product was obtained as a white solid (54 mg, quant.). 'H
NMR (400 MHz, CDCls): 6 = 2.38 (s, 3 H), 2.64 (s, 3 H), 3.96 (s,
3H),726(d, J=84Hz 1 H), 827 (d, J=84Hz 1 H), 848 (s,
1 H) ppm.

Synthesis of (5)-2-{2'-[ N-(tert-Butoxycarbonyl)pyrrolidin-2-yl|-2,4'-
bithiazol-4-yl}-3-[4-(methoxycarbonyl)thiazol-2-yl]-6-(trifluorometh-
vlsulfonyloxy)pyridine (17ba):

(5)-5-]4-(Methoxycarbonyl)thiazole-2-yl|-6-|2'-(pyrrolidin-2-yl)-2.4'-
bithiazol-4-yl|pyridin-2(1 H)-one: The reaction was performed ac-
cording to the general procedure for the demethylation of methoxy-
pyridines by using 16ba (149 mg, 0.25 mmol). The crude product
was purified by silica flash column chromatography (CH,Cl,/
MeOH, 95:5). The title product was obtained as a white solid
(80 mg, 68%), m.p. (CH,Cly) 119-123 °C. [a]p = -35.2 (¢ = 1.00,
CH,Cl,). IR (KBr): ¥ = 2920, 1732, 1652 cm~!. 'H NMR
(400 MHz, CDCl3): 6 = 1.80-1.96 (m. 2 H), 1.99-2.09 (m, 1 H),
2.27-2.39 (m, 1 H), 3.06-3.21 (m, 2 H), 3.99 (s, 3 H), 4.62 (dd, J
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=84 and 54Hz | H). 6.62 (d. J = 9.4 Hz, 1 H), 7.41 (s. 1 H),
7.66 (d, J = 9.4Hz, 1 H). 7.92 (s. 1 H), 8.31 (s, | H) ppm. 13C
NMR (100 MHz, CDCly): & = 25.8 (1), 34.3 (t), 47.2 (1), 52.9 (q).
59.6 (d). 110.6 (s). 117.8 (d), 120.3 (d). 122.8 (d). 129.8 (d). 139.1
(s). 1432 (d). 145.9 (s). 147.4 (s), 148.5 (s), 161.8 (s). 162.5 (s).
163.5 (s), 164.9 (s). 180.5 (s) ppm. HRMS: caled. for CogH,gO5NS;
[M + H] 472.0566: found 472.0564.

(5)-6-{2"-| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4’ -bithiazol-4-
yl}-5-|4-(methoxycarbonyl)thiazole-2-yl|pyridin-2(1H)-one: The re-
action was performed according to the general procedure for Boc
protection of bithiazolylpyrrolidines by using (.5)-5-[4-(meth-
oxycarbonyl)thiazole-2-yl]-6-[2'-(pyrrolidin-2-yl)-2,4’-bithiazol-4-
yl]pyridin-2(1 H)-one (75 mg, 0.16 mmol) in CH,Cl, (3 mL). The
crude product was purified by silica flash column chromatography
(CH,Cly/MeOH. 95:5). The title product was obtained as a pale
solid (91 mg, quant.), m.p. (CH>Cly) 118-122 °C. [a]p = -35.7 (¢ =
1.00, CH,Cly). IR (KBr): ¥ = 3094, 2975, 1732, 1695, 1656,
1388 cm~!. 'TH NMR (400 MHz, CDCl;): § = 1.32-1.53 (m, 9 H),
1.92-2.06 (m. 2 H), 2.20-2.46 (m, 2 H), 3.40-3.70 (m. 2 H), 3.99
(s. 3 H), 5.11-5.28 (m, 1 H), 6.62 (d, J = 9.4 Hz, 1 H), 7.44 (br. s.
1 H), 7.65 (d, J = 9.4 Hz, 1 H), 7.95 (br. s, 1 H), 8.32 (s, | H).
10.77 (br. s, | H) ppm. *C NMR (100 MHz, CDCl;): 6 = 23.5 and
24.2 (1), 28.5 (q). 33.0 and 34.3 (1), 46.8 and 47.2 (t), 52.9 (q). 59.2
and 59.5 (d), 80.7 (s). 110.5 (s), 117.2 and 117.5 (d), 120.3 (d), 123.0
(d), 129.9 (d), 139.0 (s), 143.3 (d), 145.9 (s). 147.4 (s), 148.1 (s).
161.8 (s). 162.4 (5), 164.8 (s), 176.9 (s) ppm. HRMS: calcd. for
CysH6NsO5S; [M + H] 572.1091; found 572.1093.

(5)-2-{2"-| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4' -bithiazol-4-
yl}-3-|4-(methoxycarbonyl)thiazol-2-yl]-6-(trifluoromethylsulfonyl-
oxy)pyridine (17ba): The reaction was performed according to the
general procedure for the preparation of pyridyl triflates by using
(8)-6-{2'-[N-(tert-butoxycarbonyl)pyrrolidin-2-yl]-2,4'-bithiazol-
4-y1}-5-[4-(methoxycarbonyl)thiazole-2-yl]pyridin-2(1 H)-one
(65 mg, 0.11 mmol), trifluoromethanesulfonic anhydride (22 pL,
0.13 mmol), 2,6-lutidine (18 pL, 0.15 mmol) and DMAP (3 mg,
0.02 mmol) in CH,Cl; (1.1 mL). The crude product was purified
by silica flash column chromatography (hexanes/EtOAc, 6:4). The
title product was obtained as a white solid (60 mg, 78%), m.p.
(EtOAc) 153157 °C. [a]p = —37.6 (¢ = 1.00, CH,Cl,). IR (KBr): ¥
= 2976, 1733, 1696, 1426, 1386, 1212 emt. 'H NMR (400 MHz,
CDCly): 6 = 1.30-1.52 (m, 9 H). 1.92-2.01 (m., 2 H), 2.19-2.43 (m,
2 H). 3.38-3.68 (m, 2 H), 3.97 (s, 3 H), 5.08-5.27 (m. | H), 7.23
(d. /=84Hz 1 H), 7.28 (s, 1 H), 8.08 (br. s, 1 H), 8.26 (d. J =
8.4 Hz, 1 H), 8.37 (br. s, | H) ppm. *C NMR (100 MHz, CDCl;):
6 =234 and 24.2 (t), 28.5 (q). 33.0 and 34.2 (1), 46.8 and 47.2 (1),
52.8 (q). 59.1 and 59.5 (d), 80.6 (s), 113.5 (d), 115.7 and 116.1 (d),
117.3 (s). 120.5 (s), 123.5 (d), 127.9 (s), 129.7 (d), 144.9 (d), 146.9
(s)., 150.5 (s), 152.5 (s), 155.6 (s). 162.0 (s), 165.2 (s). 176.6 (s) ppm.
HRMS: caled. for Cy6H,507NsF3S, [M + H] 704.0583; found
704.0593.

Synthesis of 2-(2-Acetylthiazol-4-yl)-3-|4-(methoxycarbonyl)thiazol-
2-ylJ-6-(trifluoromethylsulfonyloxy)pyridine (17bb):

6-(2-Acetylthiazol-4-yl)-5-[4-(methoxycarbonyl)thiazol-2-yl| pyrid-
ine-2(1 H)-one: The reaction was performed according to the gene-
ral procedure for the demethylation of methoxypyridines by using
16bb (111 mg, 0.26 mmol). The crude product was purified by silica
flash column chromatography (CH,Cl,/MeOH, 96:4). The title
product was obtained as a yellowish solid (68 mg, 72%), m.p.
(Et;0) 210-214 °C. IR (KBr): ¥ = 3093, 2921, 2850, 1731, 1660,
1239, 1214 em™. 'H NMR (400 MHz, CDCl3): § = 2.69 (s, 3 H),
3.98 (s, 3 H), 6.67 (d, J =9.2Hz, 1H), 7.70 (d. /= 9.2 Hz, 1 H),
8.02 (s, 1 H), 8.30 (s, 1 H), 11.20 (br. s, 1 H) ppm. '*C NMR
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(100 MHz, CDCls): 6 = 26.3 (q), 52.9 (q). 111.3 (s), 121.1 (d), 129.5
(d), 129.7 (d), 138.2 (s), 143.3 (d), 147.1 (s), 147.5 (s), 161.6 (s).
162.4 (s), 164.5 (s), 167.0 (s), 191.1 (s) ppm. HRMS: calcd. for
C5H,04N55; [M + H] 362.0264; found 362.0265.

2-(2-Acetylthiazol-4-yl)-3-[4-(methoxycarbonyl)thiazol-2-yl]-6-(tri-
fluoromethylsulfonyloxy)pyridine (17bb): The reaction was per-
formed according to the general procedure for the preparation of
pyridyl triflates by using 6-(2-acetylthiazol-4-yl)-5-[4-(meth-
oxycarbonyl)thiazol-2-yl|pyridine-2(1 H)-one (25 mg, 0.07 mmol),
trifluoromethanesulfonic anhydride (14 pL, 0.08 mmol), 2,6-luti-
dine (11 pL, 0.10 mmol) and DMAP (2 mg, 0.014 mmol) in
CH,Cl, (0.7 mL). The crude product was purified by silica flash
column chromatography (hexanes/EtOAc, 7:3). The title product
was obtained as a white solid (27 mg, 78%). 'H NMR (400 MHz,
CDCl;): 6 = 2.27 (s, 3 H), 3.97 (s, 3 H), 7.27 (d, J = 8.2 Hz, 1 H),
8.18 (d, J =8.2Hz, | H), 8.38 (s, | H), 8.43 (s, | H) ppm.

Synthesis of methyl (S5)-2-{2'-| N-(tert-butoxycarbonyl)pyrrolidin-2-
yl]-2,4’-bithiazol-4-y1}-6-(trifluoromethylsulfonyloxy)nicotinate
(17ca):

Methyl (5)-5-(methoxycarbonyl)-6-]2'-(pyrrolidin-2-yl)-2,4'-bi-
thiazol-4-yl|pyridin-2(1 H)-one: The reaction was performed accord-
ing to the general procedure for the demethylation of methoxypyr-
idines by using 16ca (225 mg, 0.45 mmol). The crude product was
purified by silica flash column chromatography (CH,Cl/MeOH,
95:5). The title product was obtained as a white solid (152 mg,
87%), m.p. (CH,Cl,) 84-88 °C. [a]p = -51.4 (¢ = 1.00, CH,Cl,).
IR (KBr): ¥ =2919, 1717, 1652 cm™!. "H NMR (400 MHz, CDCl3):
0 = 1.80-1.96 (m, 2 H), 1.99-2.10 (m, | H), 2.28-2.40 (m, 1 H),
3.07-3.21 (m, 2 H), 3.86 (s, 3 H), 4.63 (dd, J = 8.2 and 54 Hz, 1
H), 6.53(d, J =9.6Hz, 1 H), 7.94 (s, 1 H), 7.96 (d. J = 9.6 Hz, |
H), 8.55 (s, 1 H) ppm. 3C NMR (100 MHz, CDCl3): & = 25.8 (1),
34.3 (1), 47.2 (1), 52.5 (q). 59.6 (d), 108.4 (s), 117.5 (d), 119.3 (d).
125.4 (d), 142.5 (d), 142.9 (s), 145.6 (s), 148.5 (s), 162.4 (s), 162.7
(s), 166.0 (s), 180.6 (s) ppm. HRMS: caled. for C7;H ;03NS [M
+ H] 389.0737; found 389.0735.

Methyl (5)-6-{2'-| N-(terr-butoxycarbonyl)pyrrolidin-2-yl]-2.4' -bithi-
azol-4-yl}-5-(methoxycarbonyl)pyridin-2(1 H)-one: The reaction was
performed according to the general procedure for Boc protection of
bithiazolylpyrrolidines by using methyl (5)-5-(methoxycarbonyl)-6-
[2'«(pyrrolidin-2-yl)-2.4’-bithiazol-4-yl]pyridin-2(1 H)-one (140 mg,
0.36 mmol) in CH,Cl, (7.2 mL). The crude product was purified
by silica flash column chromatography (CH,Cl,/MeOH, 95:5). The
title product was obtained as a pale solid (170 mg, 97%), m.p.
(CH,Cly) 96-100 °C. [a]p = -55.7 (¢ = 1.00, CH,Cl,). IR (KBr): ¥
= 3088, 2975, 1699, 1653, 1386 cm~'. '"H NMR (400 MHz, CDCl;):
0 = 1.30-1.55 (m, 9 H), 1.92-2.07 (m, 2 H), 2.23-2.46 (m, 2 H),
3.41-3.71 (m, 2 H). 3.87 (s, 3 H), 5.12-5.29 (m, 1 H), 6.53 (d, J =
9.6 Hz, 1 H), 7.94-8.00 (m, 2 H), 8.58 (s, 1 H), 10.96 (br. s, 1
H) ppm. *C NMR (100 MHz, CDCl;): 6 = 23.5 and 24.2 (1), 28.5
(q). 33.0 and 34.3 (t), 46.8 and 47.2 (t), 52.6 (q). 59.1 and 59.5 (d),
80.7 (s), 108.4 (s), 116.9 and 117.3 (d), 119.3 (d), 125.7 (d), 140.6
(s), 142.5 (d), 142.8 (s), 145.6 (s), 148.1 (s), 154.3 (s), 162.6 (s).
166.0 (s), 176.9 (s) ppm. HRMS: calcd. for C5,H,5N,O5S, [M + H]
489.1261; found 489.1263.

Methyl (5)-2-{2'-| N-(terr-butoxycarbonyl)pyrrolidin-2-yl]-2.4' -bithi-
azol-4-yl}-6-(trifluoromethylsulfonyloxy)nicotinate (17ca): The reac-
tion was performed according to the general procedure for the
preparation of pyridyl triflates by using methyl (5)-6-{2'-[N-(tert-
butoxycarbonyl)pyrrolidin-2-yl]-2.4’-bithiazol-4-yl}-5-(methoxy-
carbonyl)pyridin-2(1 H)-one (137 mg, 0.28 mmol), trifluorometh-
anesulfonic anhydride (57 pL, 0.34 mmol), 2,6-lutidine (45 pL,
0.39 mmol) and DMAP (7 mg, 0.06 mmol) in CH,Cl, (2.8 mL).
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The crude product was purified by silica flash column chromatog-
raphy (hexanes/EtOAc, 7:3). The title product was obtained as a
white solid (103 mg, 59%), m.p. (EtOAc) 59-62 °C. [a]p = —48.1 (¢
=0.50, CH,Cl,). IR (KBr): ¥ = 2977, 1734, 1699, 1427, 1388, 1216,
1172 em™!. 'TH NMR (400 MHz, CDCl5): 6 = 1.28-1.56 (m, 9 H).
1.92-2.09 (m, 2 H), 2.22-2.46 (m, 2 H), 3.38-3.72 (m, 2 H), 3.88
(br. s, 3 H), 3.11-3.31 (m, 1 H), 7.15 (d. J = 8.2 Hz, 1 H). 7.82 (s,
1 H), 8.04 (d. J = 8.2Hz, 1 H), 8.12 (s. 1 H) ppm. *C NMR
(100 MHz, CDCls): 6 = 23.5 and 24.2 (t), 28.5 (q), 32.9 and 34.3
(1), 46.8 and 47.2 (t), 53.2 (q), 59.1 and 59.3 (d). 80.6 (s), 113.3 (d).
115.8 and 116.2 (d), 117.3 (s). 120.5 (s), 122.2 (d), 128.1 (s), 141.9
(d), 149.0 (s), 149.5 (s), 152.6 (s), 155.3 (s), 168.3 (s), 176.8 (s) ppm.
HRMS: caled. for Cy3H,,0,N,F3S; [M + H] 621.0754; found
621.0756.

Synthesis of Methyl 2-(2-A cetylthiazol-4-yl)-6-(trifluoromethylsulf-
onyloxy)nicotinate (17cb):

6-(2-Acetylthiazol-4-yl)-5-(methoxycarbonyl)pyridin-2(1 H)-one: The
reaction was performed according to the general procedure for the
demethylation of methoxypyridines by using 16¢b (89 mg,
0.26 mmol). The crude product was purified by silica flash column
chromatography (CH,Cl/MeOH, 98:2). The title product was ob-
tained as a white solid (49 mg, 64%), m.p. (Et,O) 184-188 °C. IR
(KBr): ¥ = 3440, 3094, 1710, 1687, 1298 cm!. 'H NMR (400 MHz,
CDCly): 6 =2.75 (s, 3 H), 3.83 (s, 3 H), 6.55 (d, / = 9.8 Hz, 1 H),
797 (d, J =9.8 Hz, 1 H). 8.66 (s, 1 H), 11.58 (br. s, 1 H) ppm. 1°C
NMR (100 MHz, CDCl3): 6 = 26.3 (q), 52.6 (q). 109.7 (s), 119.9
(d), 130.9 (d), 142.3 (d), 142.5 (s). 147.2 (s). 163.3 (s), 163.8 (s).
166.3 (s). 191.2 (s) ppm. HRMS: caled. for C,H;;O4N,S[M + H]
279.0434; found 279.0436.

Methyl 2-(2-Acetylthiazol-4-yl)-6-(trifluoromethylsulfonyloxy)-
nicotinate (17cb): The reaction was performed according to the ge-
neral procedure for the preparation of pyridyl triflates by using 6-
(2-acetylthiazol-4-yl)-5-(methoxycarbonyl)pyridin-2(1 H)-one
(45 mg. 0.15 mmol), trifluoromethanesulfonic anhydride (30 pL.
0.18 mmol), 2,6-lutidine (26 pL, 0.22 mmol) and DMAP (4 mg,
0.03 mmol) in CH,Cl, (1.5 mL). The crude product was purified
by silica flash column chromatography (hexanes/EtOAc, 7:3). The
title product was obtained as a white solid (61 mg, 99%). '"H NMR
(400 MHz, CDCl;): 6 = 2.71 (s, 3 H). 3.93 (s, 3 H), 7.21 (d. J =
8.0Hz, 1 H), 8.08 (d. 7= 8.0Hz | H), 8.42 (s, | H) ppm.

General Procedure for Negishi Cross-Coupling: A solution of 9 in
DMA (0.21 M, 2 equiv.) was added to a Schlenk tube charged with
[Pd(PPhs),] (20 mol-%) under nitrogen atmosphere. The mixture
was stirred at 45 °C and then treated with a solution of pyridine-
2-yl triflate (3; 1equiv.) in DMA. The tube was sealed and the
mixture was stirred at 45 °C for 18 h. After the indicated time the
solution was allowed to reach room temp., filtered through Celite,
washed with EtOAc, dried (Na,SO,) and concentrated in vacuo.
The crude product was purified by silica flash column chromatog-
raphy.

(.5)-2-{2'-| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4'-bithiazol-4-
y1}-6-|4-(tert-butoxycarbonyl)thiazol-2-yl]-3-|4-(methoxycarbonyl)-
5-methyloxazol-2-yl|pyridine (18aa): The reaction was performed
according to the general procedure for Negishi cross-coupling by
using 9 (27 mL, 5.70 mmol), Pd(PPh3), (164 mg, 0.14 mmol) and
17aa (500 mg, 0.71 mmol) in DMA (8.9 mL). The crude product
was purified by silica flash column chromatography (hexanes/
EtOAc, 6:4). The desired product was obtained as a yellowish solid
(481 mg, 92%). m.p. (EtOAc) 186-190 °C. [a]p = —40.9 (¢ = 1.00,
CH,Cl,). IR (KBr): v = 3088, 2976, 1698, 1390, 1165, 1110 cm™".
'H NMR (400 MHz, CDCly): 6 = 1.28-1.54 (m, 9 H), 1.65 (s, 9
H). 1.92-2.06 (m, 2 H), 2.21-2.46 (m, 2 H). 2.55 (s, 3 H), 3.38-3.70
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(m, 2 H), 3.97 (s, 3 H), 5.10-5.30 (m, | H), 7.36-7.43 (m, 1 H),
8.21-8.23 (m. 2 H), 8.25 (d, / = 8.0 Hz, | H), 8.38 (d, J = 8.0 Hz,
1 H) ppm. '*C NMR (100 MHz, CDCly): 6 = 12.1 (q), 23.5 (1),
28.4 (q). 28.5 (q), 32.9 and 34.3 (1). 46.8 and 47.1 (t), 52.3 (q), 59.5
(d), 80.6 (s), 82.5 (s), 115.0 and 115.3 (d), 118.7 (d), 121.5 (d), 122.6
(s), 128.6 (s), 129.6 (d), 132.3 and 132.4 (s), 140.9 (d), 150.2 (s),
151.2 (s), 151.5(s), 154.1 (s), 157.0 (s). 158.9 (s), 160.6 (s). 163.1 (s),
168.6 (s) ppm. HRMS: caled. for C34H37NO7S; [M + H] 737.1886:
found 737.1894.
2-(2-Acetylthiazol-4-yl)-6-|4-(tert-butoxycarbonyl)thiazol-2-yl]-3-[4-
(methoxycarbonyl)-5-methyloxazol-2-yl|pyridine (18ab): The reac-
tion was performed according to the general procedure for Negishi
cross-coupling by using 9 (1.0 mL, 0.22 mmol), Pd(PPh;), (25 mg,
0.022 mmol) and 17ab (54 mg, 0.11 mmol) in DMA (1.4 mL). The
crude product was purified by silica flash column chromatography
(hexanes/EtOAc, 7:3). The title product was obtained as a white
solid (25 mg, 43%), m.p. (Et,0) 178-182 °C. IR (KBr): ¥ = 3113,
2924, 2852, 1719, 1690, 1161 em!. '"H NMR (400 MHz, CDCls):
d = 1.65 (s, 9 H), 2.41 (s, 3 H), 2.62 (s, 3 H), 3.96 (s, 3 H), 8.22 (s,
1 H), 825 (d, J=8.0Hz | H), 842 (d, J = 8.0Hz, 1 H), 8.54 (s,
1 H) ppm. '*3C NMR (100 MHz, CDCL): 6 = 12.2 (q), 25.7 (q).
28.4 (q), 52.3 (q), 82.6 (s), 119.3 (d), 122.8 (s), 128.1 (d), 128.8 (s).
129.6 (d), 141.0 (d), 150.3 (s), 150.4 (s), 151.7 (s), 155.2 (s), 157.0
(s), 158.4 (s), 160.5 (s). 162.8 (s), 166.3 (s), 168.2 (s), 191.4 (s) ppm.
HRMS: caled. for C4H;304N,S,> [M + H] 527.1054; found
527.1059.

(5)-2-{2"-| NV-(tert-Butoxycarbonyl)pyrrolidin-2-yl|-2,4'-bithiazol-4-
yl}-6-[4-(tert-butoxycarbonyl)thiazol-2-yl]-3-[4-(methoxycarbonyl)-
thiazole-2-yl|pyridine (18ba): The reaction was performed according
to the general procedure for Negishi cross-coupling by using 9
(0.8 mL, 0.16 mmol), Pd(PPh3), (19 mg. 0.016 mmol) and 17ba
(58 mg, 0.08 mmol) in DMA (1.0 mL). The crude product was
purified by silica flash column chromatography (hexanes/EtOAc,
6:4). The title product was obtained as a white solid (32 mg, 54%),
m.p. (Et;0) 110-114 °C. [a]p =-30.0 (¢ = 1.00, CH,Cl,). IR (KBr):
¥ = 2975, 1699, 1385, 1162 cm™!. 'H NMR (400 MHz, CDCLy): &
= 1.30-1.54 (m, 9 H), 1.65 (s. 9 H), 1.92-2.05 (m. 2 H), 2.21-2.45
(m, 2 H), 3.39-3.69 (m, 2 H), 3.97 (s, 3 H), 5.11-5.30 (m. 1 H),
7.44 (s, 1 H), 8.04 (br. s, 1 H), 8.20 (s, 1 H), 8.28-8.35 (m, 2 H),
8.41 (d, J = 8.4 Hz, 1 H) ppm. '*C NMR (100 MHz, CDCl;): 6 =
23.4 and 24.2 (t), 28.4 (q). 28.5 (q), 33.0 and 34.2 (1), 46.8 (1), 52.8
(q), 59.2 and 59.5 (d). 80.6 (s), 82.5 (s), 115.8 and 116.2 (d), 119.2
(d), 122.0 (d), 129.1 (d), 129.5 (d), 140.5 (d), 146.8 (s), 149.0 (s),
150.1 (s), 150.9 (s), 151.1 (s), 153.8 (s), 160.6 (s). 162.1 (s), 166.3
(s), 168.7 (s), 176.5 (s) ppm. HRMS: calcd. for C33H3sO6NgS, [M
+ H] 739.1495; found 739.1503.

2-(2-Acetylthiazol-4-y1)-6-|4-(tert-butoxycarbonyl)thiazol-2-yl}-3-
[4-(methoxycarbonyl)thiazol-2-yl|pyridine (18bb): The reaction was
performed according to the general procedure for Negishi cross-
coupling by using 9 (0.44 mL, 0.09 mmol), Pd(PPhs), (11 mg,
0.009 mmol) and 17bb (23 mg, 0.05 mmol) in DMA (0.6 mL). The
crude product was purified by silica flash column chromatography
(hexanes/EtOAc, 7:3). The title product was obtained as a white
solid (10 mg, 41%), m.p. (Et,O) 185-187 °C. IR (KBr): ¥ = 3111,
2928, 1724, 1690, 1213, 1161 em™!. 'H NMR (400 MHz, CDCls):
o= 1.65(s, 9 H), 2.33 (s, 3 H), 3.97 (s, 3 H), 8.19 (d, J = 8.2 Hz,
1 H), 8.21 (s, | H). 8.34 (s. 1 H). 8.43 (d. /= 8.2 Hz, 1 H), 8.46 (s,
1 H) ppm. 1*C NMR (100 MHz, CDCl,): 6 = 26.0 (q), 28.4 (q).
52.8 (q), 82.6 (s), 119.4 (d), 128.6 (d), 128.8 (s), 129.4 (d), 129.6
(d), 141.0 (d). 145.1 (s), 147.2 (s), 150.1 (s), 150.2 (s). 151.4 (s).
155.0 (s), 160.6 (s), 161.9 (s), 166.2 (s), 168.3 (s), 191.6 (s) ppm.
HRMS: caled. for Cy3H,;05N,S; [M + H] 529.0669; found
529.0676.
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Methyl (.S)-2-{2'-|N-(tert-Butoxycarbonyl)pyrrolidin-2-yl}-2,4' -bithi-
az0l-4-y1}-6-|4-(rert-butoxycarbonyl)thiazol-2-yl|nicotinate (18ca):
The reaction was performed according to the general procedure for
Negishi cross-coupling by using 9 (1.6 mL. 0.33 mmol), Pd(PPh;),
(38 mg, 0.03 mmol) and 17¢a (101 mg, 0.16 mmol) in DMA
(1.9mL). The crude product was purified by silica flash column
chromatography (hexanes/EtOAc, 6:4). The title product was ob-
tained as a white solid (69 mg, 66 %), m.p. (Et,0) 107-110 °C.
[alp = -38.3 (¢ = 1.00, CH,Cl,). IR (KBr): ¥ = 2975, 1732, 1699,
1385, 1162 cm™'. "H NMR (400 MHz, CDCl;): 6 = 1.30-1.56 (m,
9 H), 1.65 (s, 9 H), 1.92-2.11 (m, 2 H), 2.24-2.49 (m, 2 H), 3.41-
3.71 (m, 2 H), 3.89 (br. s, 3 H), 5.13-5.33 (m, 1 H). 7.86 (s, 1 H),
8.02 (d, J = 8.0 Hz, 1 H), 8.18-8.21 (m, 2 H), 8.32 (d. J = 8.0 Hz,
1 H) ppm. '3C NMR (100 MHz, CDCls): 6 = 23.5 and 24.2 (1),
28.4 (q), 28.5 (q), 33.0 and 34.3 (t), 46.8 (t), 53.0 (q), 59.2 and 59.6
(d), 80.6 (s), 82.5(s), 115.7 and 116.0 (d), 118.7 (d), 120.5 (d), 128.9
(s). 129.5 (d), 138.1 (d), 149.8 (s). 150.1 (s), 151.1 (s). 154.1 (s).
154.1 (s). 160.6 (s), 162.3 (s), 168.7 (s), 169.2 (s) ppm. HRMS:
caled. for C3oH3406NsS3 [M + H] 656.1666; found 656.1666.

Methyl 2-(2-Acetylthiazol-4-yl)-6-|4-(tert-butox ycarbonyl)thiazol-2-
yl]nicotinate (18ch): The reaction was performed according to the
general procedure for Negishi cross-coupling by using 9 (1.4 mL,
0.30 mmol), Pd(PPh;)4 (34 mg. 0.03 mmol) and 17¢b (61 mg,
0.15 mmol) in DMA (1.9 mL). The crude product was purified by
silica flash column chromatography (hexanes/EtOAc, 8:2). The title
product was obtained as a yellowish solid (26 mg, 39%), m.p.
(Et,0) 129-133 °C. IR (KBr): ¥ = 2977, 2929, 1730, 1690 cm™'. 'H
NMR (400 MHz, CDCl,): 6 = 1.65 (s, 9 H), 2.72 (s, 3 H), 3.92 (s,
3 H). 8.05 (d, / =82 Hz. 1 H), 8.20 (s, | H), 8.37(d, J = 8.2 Hz,
1 H), 8.50 (s, 1 H) ppm. '*C NMR (100 MHz, CDCl;): § = 26.1
(q). 28.4 (q), 52.8 (q), 82.6 (s). 119.2 (d), 127.2 (d), 128.7 (s), 129.6
(d), 138.5 (d), 149.1 (s), 150.2 (s). 151.4 (s), 155.2 (s). 160.5 (s),
166.5 (s), 168.3 (s), 168.6 (s), 191.5 (s) ppm. HRMS: calcd. for
CopH005N;3S; [M + H] 446.0839; found 446.0843.

Isopropyl 2-Bromothiazole-4-carboxylate (20): A solution of lithium
hydroxide (1.16 g, 27.62 mmol) in H,O (13 mL) was added to a
stirring solution of ethyl 2-bromothiazole-4-carboxylatel!% (3.26 g.
13.81 mmol) in THF (130 mL). The mixture was stirred at room
temp. for 18 h and then concentrated under vacuum before aqueous
HCI1 (2 M, 150 mL) was then added. The resulting mixture was ex-
tracted with EtOAc (3 X200 mL), dried (Na,S0,) and concen-
trated in vacuo. The resulting white solid was dissolved in dry
CH,Cl, (28 mL) and cooled in an ice/water bath. Oxalyl chloride
(2.3 mL, 27.68 mmol) and dimethylformamide (DMF:; 3 drops)
were added dropwise and the resulting mixture was stirred allowing
it to reach room temp. After | h all volatiles were evaporated under
reduced pressure. The residue was dissolved in /PrOH (100 mL)
and stirred for 2 h. Volatiles were evaporated and the crude product
purified by silica flash column chromatography (hexanes/EtOAc,
95:5). The title product was obtained as a white solid (2.80 g, 81 %),
m.p. (CH,Cly) 58-59 °C. IR (KBr): ¥ = 3084, 2975, 1713, 1431,
1226, 1111, 1015 em . '"H NMR (400 MHz, CDCl3): 6 = 1.38 (d,
J=6.2Hz 6 H), 5.27 (h, J = 6.2 Hz, 1 H), 8.08 (s, | H) ppm. '3C
NMR (100 MHz, CDCls): 6 = 21.8 (q), 69.6 (d). 130.5 (d), 136.6
(s), 147.7 (s), 159.7 (s) ppm. HRMS: caled. for C;HgBrNO,S [M +
H] 249.9531; found 249.9532.

(.5)-2-{2'-| N-(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4'-bithiazol-4-
yl}-6-]4-(ethoxycarbonyl)thiazol-2-yl|-3-|5-methyl-4-(methoxy-
carbonyl)oxazol-2-yl|pyridine (23): A solution of 21 in DMA
(0.21 M, 2.2 mL, 0.456 mmol) was added to a Schlenk tube charged
with 17aa (40 mg, 0.057 mmol) and Pd(PPh;), (13 mg,
0.011 mmol). The mixture was stirred at 45 °C. After 2h EtOAc
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(20 mL) the mixture was added and washed with H,O (2 X5 mL),
dried (Na,SO,) and concentrated in vacuo. The crude product was
purified by silica flash column chromatography (hexanes/EtOAc,
9:1 to 1:1). The desired product was obtained as a yellowish solid
(32 mg, 79%), m.p. (CH,Cl,) decomp. above 106 °C. [a]lp = —34.7
(¢ = 1.00, CH,Cl,). IR (KBr): ¥ = 3122, 2975, 2924, 1694, 1386,
1239, 1201, 1105 cm~!. "H NMR (400 MHz, CDCl3): § = 1.27-1.59
(m, 12 H), 1.91-2.07 (m, 2 H), 2.17-2.46 (m, 2 H), 2.53 (s, 3 H);
3.36-3.70 (m, 2 H). 3.96 (s, 3 H). 4.46 (q. / = 7.2 Hz, 2 H), 5.09-
5.29 (m, 1 H), 7.39 (br. s, 1 H), 8.20 (s, 1 H), 8.24 (d, J = 8.0 Hz,
1 H), 832 (s, 1 H), 837 (d, J = 8.0Hz, 1 H)ppm. *C NMR
(100 MHz, CDCly): ¢ = 12.2 (q), 14.7 (q). 23.6 and 24.3 (t), 28.6
and 28.8 (q), 33.1 and 34.4 (t), 46.9 and 47.3 (1), 52.4 (q), 59.3 and
59.6 (d). 62.0 (), 80.7 (s), 115.1 and 115.5 (d). 118.9 (d), 121.6 (d),
122.8 (s), 128.7 (s), 130.5 (d), 141.0 (d), 149.0 (s), 149.1 (s) 151.4
and 151.5 (s), 154.2 (s) and 154.4 (s), 157.1 (s). 159.0 (s), 161.6
(s): 162.1 (s), 163.2 (s), 169.1 (s), 176.7 (s) ppm. HRMS: caled. for
C3,H33Ng058; [M + HJ 709.1590; found 709.1567.

(5)-2-{2'-| N~(tert-Butoxycarbonyl)pyrrolidin-2-yl]-2,4’-bithiazol-4-
v1}-3-|5-methyl-4-(methoxycarbonyl)oxazol-2-yl]-6-]4-(iso-
propoxycarbonyl)thiazol-2-yl|pyridine (24): A solution of 22 in
DMA (0.21 M. 9.2 mL. 1.94 mmeol) was added to a Schlenk tube
charged with 17aa (170 mg, 0.24 mmol) and Pd(PPh;), (55 mg,
0.05 mmol). The mixture was stirred at 45 °C. After 16 h EtOAc
(50 mL) the mixture was added and washed with H,O (4 X 50 mL),
dried (Na,S0O,) and concentrated in vacuo. The crude product was
purified by silica flash column chromatography (hexanes/EtOAc,
7:3 to 6:4). The desired product was obtained as a pale solid
(148 mg, 85%), m.p. (CH,Cl,) decomp. above 130 °C. [a]p = -37.2
(¢ = 1.00, CH,Cl,). IR (KBr): ¥ = 3122, 2975, 1700, 1386, 1239,
1214, 1105 cm™. 'H NMR (400 MHz, CDCl3): § = 1.27-1.53 (m,
15 H), 1.89-2.03 (m, 2 H), 2.18-2.45 (m, 2 H), 2.53 (s, 3 H), 3.36—
3.68 (m. 2 H). 3.96 (s, 3 H), 5.10-5.36 (m. 2 H), 7.39 (br. s, 1 H),
8.20 (s, 1 H), 824 (d, J=8.0Hz 1 H), 828 (s. 1 H), 8.38 (d. J =
8.0 Hz, 1 H) ppm. *C NMR (100 MHz, CDCl,): § = 12.2 (q), 22.3
(q), 23.6 and 24.3 (t), 28.6 and 28.8 (q). 33.1 and 34.4 (t). 46.9 and
47.3 (t), 52.4 (q), 59.3 and 59.7 (d), 69.6 (d), 80.7 (s), 115.1 and
115.5 (d), 118.9 (d), 121.6 (d), 122.8 (s), 128.7 and 128.9 (s), 130.2
(d), 141.0 (d). 149.1 (s), 149.4 (s). 151.4 and 151.6 (s), 154.2 and
154.5 (s), 157.2 (s), 159.0 (s), 161.2 (s), 162.1 (s), 163.2 (s), 169.0 (s),
176.7 (s) ppm. HRMS: calcd. for C33H3507NgS; [M + H] 723.1735;
found 723.1724.

Supporting Information (see footnote on the first page of this arti-
cle): General procedures and NMR spectra of compounds 2, 4, 5,
7. 8,10, 14, 15a-15c¢, 16aa—16ch, 17aa—17ch, 18aa—18ch, 20, 23 and
24 as well as those of non-numbered intermediates.
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TOTAL SYNTHESIS OF BARINGOLIN: ASSEMBLING OF
FRAGMENTS AND FINAL STEPS

Total synthesis and stereochemical assignment of baringolin.
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Conspectus

In order to accomplish the total synthesis of baringolin, synthesis of the remaining building
blocks, condensation of the different fragments and final steps are required. All these are
described in this chapter. With bithiazole-pyrrolidine, Asn-thiazole and central core fragments
in hands, the only building blocks that must to be synthesized are the peptidic tail and Phe-
derived thiazoline.

The phenylselenocysteine (SecPh)-containing pentapeptide was obtained by means of solid
phase peptide synthesis (SPPS) using a Fmoc strategy. Amino acids used were both
proteinogenic (Fmoc-L-Pro-OH and Fmoc-L-Ala-OH) and synthetic (Fmoc-L-SecPh-OH). The use
of ChemMatrix/Rinkamide resin and OxymaPure as coupling additive, both developed in our
group, resulted in high yield and excellent purity of the product with a C-terminal amide. The
remaining fragment, Phe-derived thiazoline, was produced by cyclization of Phe-Cys(Trt)
dipeptide. Further saponification with Mes;SnOH was crucial to avoid epimerization of the
partially reduced azole.

It was of paramount importance to avoid palladium-labile protecting groups for
construction of the polyheterocyclic core, whose synthesis is based on palladium-catalyzed
reactions. Once the central fragment had been synthesized it could be elongated and different
protecting groups were introduced along with the new building blocks. It was key for an
efficient strategy to use three allyl-based protecting groups that could be removed at once
under palladium catalysis prior to macrocyclization. Final steps included a second
saponification with Me;SnOH, condensation with the pentapeptide and a final oxidation
followed by in situ elimination to produce the desired dehydroalanine (Dha) residues.

Comparison of both spectroscopic and biological data demonstrated that natural and
synthetic baringolin were identical, thus confirming its structure and stereocheminstry.
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Total Synthesis and Stereochemical Assignment of Baringolin*®*
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Thiopeptides are a family of naturally occurring, peptide- /—HOL Hn\j _)OL Hn 7
derived molecules with high sulfur content formed by a central =\ N I &/ N I THLNHZ
nitrogen-containing six-membered heterocycle decorated

with many azoles in a macrocyclic array."? These natural =N

products have drawn the attention of many research groups 8 N}_(\
mainly owing to their interesting antibiotic activities®®! and NP0 ’\
their challenging structures.”! One member of this family, =

thiostrepton, which is an ingredient of Panolog, has reached At

the market.
? - : ; . | Hz”‘{ s
Baringolin is a novel thiopeptide of the d series,'” and thus H

contains a central 2,3,6-trisubstituted pyridine (for structure

see Scheme 1). It was isolated by Biomar SA from fermenta- \©
tion of the marine-derived bacterium Kucuria sp M1-67-EC3-
038 strain of the Micrococcaceae family, found at the coast of
Alicante (southern Spain). Important antibacterial activity at U

nanomolar concentrations was found in several strains, such COQE'

as Staphylococcus aureus, Micrococcus luteus, Propionibacte- ern it

rium acnes, and Bacillus subtilis.”) The structure of baringolin H N/(n’ \)L —)L ’gr ‘)LNH
was established by spectroscopic methods.”! The macrocycle Me k/

in baringolin contains, in addition to three natural amino acids

(Tyr, Phe, and Asn), a pyridine, three thiazoles, a methylox-

azole ring, and also some motifs not present in other o M

thiopeptides at the same time, such as a thiazoline with an NH @

j

Baringolin

a-chiral center and a pyrrolidine motif derived from a Pro HN—( g:N
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Scheme 1. Retrosynthesis of baringolin. Boc = tert-butyloxycarbonyl,
Alloc =allyloxycarbonyl, Fmoc =9-fluorenylmethoxycarbonyl.

residue. A long peptidic tail is attached to the pyridine
through a fourth thiazole. This tail is a pentapeptide contain-

a sample of the natural product for comparison. ing three methylidenes resulting from dehydration of Ser.)
) Supporting information for this article is available on the WWW Surprisingly and to our knowledge, this is the longest tail
under http://dx.doi.org/10.1002/anie.201302372. reported to date for this family of antibiotics. Baringolin
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contains seven stereocenters, the configuration of which was
considered to be that of natural L-amino acids. A thorough
review of literature precedents shows that all thiopeptides of
which the stereochemistry has been confirmed to date are
made out of L-amino acids; this finding is consistent with their
ribosomal origin.!”!

The aim of this work was not only to synthesize this new
entity, but also to develop a synthetic strategy that would
fulfill our aspiration for an easy construction of closely related
new entities to evaluate the structure-activity relationships
(SAR) of this interesting family of antibiotics. Moreover, this
first synthesis should also serve as the ultimate confirmation
of the structure and stereochemical assignment of baringolin.
With this premise in mind, the total synthesis of baringolin
was designed using only commercially available L-amino
acids as the sole source of chirality to confirm if the previous
hypothesis was correct.

The retrosynthetic analysis started with the disconnection
of the peptidic tail (Scheme 1) to give two synthetic frag-
ments, macrocycle 1 and pentapeptide 2. In turn, macrocycle
1 could be obtained from trisubstituted pyridine 3 and
building blocks 4-6. The concourse of orthogonal protecting
groups was key to the success of the synthesis of these
complex molecules. This was clearly evidenced in the
structure of 3.

First of all, the synthesis of the central polyheterocyclic
core 3 was attempted. A cross-coupling-based strategy™* was
chosen, since it would offer a modular approach to the target
structure (Scheme 2). The synthetic approach was based on
the chemoselective derivatization of commercial 2,6-dichloro-
nicotinic acid (7a), which can be easily converted into 2-

CO,Et
SYN
- ZnBr
_ CO,Et pt
SN R
9 — N
| N 1 MezSn.__N )
= N, /8 \E M/
i \>—‘(\, COH g N ‘>
N0 S N ) 7a,R=Cl BocN
e BocN 7b, R= OMe 10
BnO,C Me OH
3 H:N Me
CO.Bn
8

Scheme 2. Retrosynthesis of pyridine building block 3.

chloro-6-methoxynicotinic acid (7b),”! which contains two
differentiated a-positions along with a carboxylic acid that
serves as a precursor of the methyloxazole motif.

The other building blocks for the construction of 3 were
benzyl-protected Thr 8, zinc thiazole 9,/ and bithiazole
pyrrolidine 10. The synthesis of the later has been recently
reported by us'"! and it was prepared as a suitable building
block for a cross-coupling-based strategy.

Transtormation of pyridine carboxylic acid 7b into
pyridine oxazole 11 (Scheme 3) was performed by condensa-

Angew. Chem. Int. Ed. 2013, 52, 7818 7821
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Scheme 3. Synthesis of pyridine building block 3. Reagents and
conditions: a) tBuOK, MeOH, 65 °C, 4 days, 85%; b) 8, PyBOP, DIPEA,
THF, 0°C, 3 h, 89%; c) Dess—Martin periodinane, CH,Cl,, RT, 6 h,
95%; d) PPh,, I,, NEt,, CH,Cl, 0°C to RT, 15 h, 78%; €) 10, [Pd-
(PPh;),], 1,4-dioxane, 80°C, 48 h, 88%; f) HBr, AcOH, RT, 28 h, 73%,;
g) (Boc),0, NEty, CH,Cl,, 0°C, 4 h, 94%; h) Tf,0, 2,6-lutidine, DMAP,
CH,Cl,, 0°C to RT, 3 h, 88%; i) 9, [Pd(PPh;).], DMA, 45°C, 1 h, quant.
PyBOP = (1H-benzotriazol-1-yloxy)tris (pyrrolidino) phosphonium hexa-
fluorophosphate, DIPEA =diisopropylethylamine, DMAP = 4-(dimethyl-
amino)pyridine, DMA = dimethylacetamide.

tion with Thr 8, followed by Dess—Martin oxidation of the side
chain into the corresponding methyl ketone and subsequent
cyclization to yield the desired biaryl 11.1% Stille cross-
coupling between chloropyridine 11 and enantiopure tri-
methyltin derivative 10 rendered methoxypyridine 12, which
could be converted into triflate 13 after acidolysis of the
methoxy group. Lastly, 13 was subjected to Negishi cross-
coupling conditions with thiazole zinc bromide 9 to render
quantitatively the desired central polyheterocyclic core 3,
which was suitably functionalized for subsequent orthogonal
deprotections.

Construction of the pentapeptide tail 2 was carried out by
solid-phase peptide synthesis (SPPS) using Fmoc chemistry
and Rinkamide ChemMatrix resin,!"* using L-alanine and L-
proline, as well as Fmoc-L-phenylselenocysteine!" as precur-
sor of dehydroalanine residues (Scheme 4). Condensation of
the different Fmoc-protected amino acids (Fmoc-AA-OH)
was carried out with N,N'-diisopropylcarbodiimide and
Oxyma Pure!™! as coupling agents. Deprotection before the
introduction of a new Fmoc-AA-OH was achieved with
piperidine. The final cleavage with trifluoroacetic acid (TFA)
afforded pentapeptide 2 with the free amine and a C-terminal
amide ready for condensation with the carboxylic acid of the
macrocycle in the last steps of the synthetic process.

Thiazole 4 was prepared by protecting-group manipula-
tion of a previously described synthon (see the Supporting
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Scheme 4. Synthesis of pentapeptide 2. Reagents and conditions: a) 1.
Fmoc-AA-OH, N,N'-diisopropylcarbodiimide, Oxyma Pure, DMF, RT,
1.5 h; 2. 20% piperidine in DMF, RT (4 treatments); b) 95% TFA in
CH,Cl,, RT (4 treatments), 89 %.

STr
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Scheme 5. Synthesis of thiazoline 5. Reagents and conditions:

a) HBTU, DIPEA, CH,Cl,, RT, 1 h, 94%; b) Ph,;PO, Tf,0, CH,Cl,,
—20°C, 2 h, 86%,; c) Me;SnOH, CH,Cl,, 60°C, 4 h. HBTU = O-(1H-
benzotriazoyl-1-yl)-N,N,N’,N'-tetramethyluronium hexafluorophos-
phate, Trt =trityl.

Information)."®! The last building block was the Phe-derived
thiazoline 5, the synthesis of which was addressed by
cyclization of the corresponding dipeptide 14 (Scheme 5).1""]
Both the condensation and the cyclization steps yielded
products 14 and 15 in excellent yields. Further saponification
of the methyl ester with trimethyltin hydroxide!"® afforded
acid 5 in an excellent diastereomeric ratio (d.r. 96:4).

Next, it was taken into consideration that the thiazoline
moiety is prone to epimerization under both basic and acidic
conditions, and its manipulation should be limited to as few
steps as possible. Deprotection of the carboxylic acid of 3 by
hydrogenolysis of the Bn ester was performed with excellent
conversion by using Pd black (Scheme 6).4") Acid 16 was
condensed with Asn-derived thiazole 4 to yield 17 by using
EDC and HOAt as coupling agents, which would become the
reagents of choice for further amide formations. Fmoc-Tyr-
OH 6 was introduced next after elimination of the Boc group
at the pyrrolidine ring in 17. Fmoc removal under standard
conditions and subsequent condensation with thiazoline §
rendered 19, the protected open form of the macrocycle. All
allyl-based protecting groups of 19 were simultaneously
removed by using catalytic [Pd(PPh;),] and the crude was
subjected to macrocyclization conditions in the absence of
base, yielding the desired product 1. Ethyl ester hydrolysis of
1 was carried out by using trimethyltin hydroxide to avoid
epimerization of the thiazoline moiety under more common
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Scheme 6. Total synthesis of baringolin. Reagents and conditions: a) H, (1 atm), Pd black, CH,Cl,/EtOH (1:1), RT, 4 h, quant.; b) 4, EDC, HOAt,
DIPEA, DMF, 0°C, 18 h, 82%; c) HCI, dioxane, RT, 7 h; d) 6, EDC, HOAt, DIPEA, DMF, 0°C, 7 h, 71% (2 steps); e) piperidine, CH,Cl,, RT, 3 h,
87%; f) 5, EDC, HOAt, DIPEA, DMF, 0°C, 3 h, 68% (2 steps); g) [Pd(PPhy).], PhSiH;, CH,Cl,, RT, 7 h; h) EDC, HOAt, DMF (1 mm), 0°C to RT,
21 h, 30% (2 steps); i) Me;SnOH, CICH,CH,Cl, 60°C, 19 h; j) 2, EDC, HOAt, DIPEA, DMF, 0°C, 3 h, 81% (2 steps); k) tBuOOH, CH,Cl,, RT,

12 h, 66%. EDC= N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride, HOAt = 1-hydroxy-7-azabenzotriazole.
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and drastic basic aqueous conditions."¥ Condensation of the
resulting acid with pentapeptide 2 yielded 20 in excellent
yield. Finally, oxidation with tert-butyl hydroperoxide and
insitu elimination of the resulting phenylselenide oxide
groups at room temperature rendered baringolin.

Coelution with a natural product sample of baringolin and
comparison of their NMR spectra showed that both com-
pounds are identical (see the Supporting Information).
Biological assessment against different strains of methicillin-
resistant S. aureus (MRSA) showed a minimum inhibitory
concentration (MIC) in the nanomolar range for both the
natural and synthetic compounds. These results confirm that
the structure of baringolin is based only on L-amino acids, as
other precedent thiopeptides are.

In conclusion, the total synthesis of baringolin was
achieved by a convergent strategy with a good overall vield.
The developed convergent synthetic procedure is especially
suitable for the preparation of baringolin analogues for SAR-
studies, which are currently ongoing. Furthermore, it could
also be applied to the preparation of other complex peptides
of the same family.
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1. General Information

Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were dried using
a PureSolv solvent purification system. All other solvents and reagents were
used as purchased without further purification. Flash column chromatography
was performed on SDS silica gel (60A 35-70 um) as stationary phase.
Analytical thin layer chromatography was performed using aluminium-backed
plates coated with Merck Kieselgel 60 F,s4; compounds were visualized under a
UV lamp (254 nm). Melting points were determined in a Buchi Melting Point
B540 apparatus in open capillaries. Reverse-phase analytical HPLC was
performed on a Waters Alliance separation module 2695 equipped with a
Waters XBridge C18 column (4.6x75 mm, 2.5 um) and a Waters 996 PDA with
a photodiode array detector, using MeCN (0.036% TFA) and H,0 (0.045% TFA)
as mobile phases. Polarimetry studies were performed on a Perkin—Elmer 241
or Jasco P-2000 polarimeter. IR spectra were recorded on a Thermo Nicolet
FT-IR Nexus spectrometer. '"H NMR and "*C NMR spectra were recorded on a
Varian Mercury 400 MHz or Bruker 600MHz spectrometer. Multiplicity of the
carbons was assigned with gHSQC experiments. Stardard abbreviations for off-
resonance decoupling were employed: (s) singlet, (d) doublet, (t) triplet, and (q)
quartet. The same abbreviations were also used for the multiplicity of signals in
'H NMR, plus: (m) multiplet, (dd) double doublet, (ddd) double doublet of
doublets, (dq) double quartet and (bs) broad singlet. Spectra were referenced to
appropriate residual solvent peaks (CDCIl;, DMSO-ds or pyridine-ds). High-
Resolution Mass Spectroscopy (HRMS) was performed on either a LTQ-FT

Ultra (Thermo Scientific) or an LCT-Premier (Waters) high resolution mass
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spectrometer by the Mass Spectrometry Service of the Institute for Research in
Biomedicine (IRB).

2. Experimental Procedures and Characterization

(2S,3R)-N-[(2-Chloro-6-methoxypyridin-3-yl)carbonyl]threonine benzyl
ester (S1). DIPEA (15.6 mL, 91.25 mmol) and pyBOP (13.56 g, 26.07 mmol)

OMe were added to a solution of 2-chloro-6-methoxynicotinic acid
& N (7b)" (4.89 g, 26.06 mmol) and L-threonine benzyl ester oxalate
S

cl salt (8.58 g, 28.68 mmol) in dry THF (130 mL) at O °C, and the
(0] NH

HO o e mixture was stirred for 3 h at the same temperature. EtOAc and
Me saturated aq. NaHCO3; were added to the mixture, which was
partially concentrated under reduced pressure. EtOAc (500 mL) was added and
then washed with saturated aq. NaHCO3; (250 mL), 1 M HCI (250 mL) and
saturated aq. NaCl (250 mL). The organic fraction was dried (Na,SO4) and then
concentrated in vacuo. The crude product was purified by flash column
chromatography (hexanes/EtOAc, 6:4 to 1:1 gradient) to vyield the title
compound as a colorless oil (8.82 g, 89%). [a]p +18.1 (c = 1.00, CHCl,). IR
(KBr) 3405, 2977, 1743, 1646, 1598, 1478, 1353, 1310, 1172, 1018, 906, 698
cm™'. "TH NMR (400 MHz, CDCl3) 8 1.30 (d, J = 6.4 Hz, 3H), 3.98 (s, 3 H), 4.47
(qd, J=6.4 and 2.4 Hz, 1 H), 4.84 (dd, J = 8.8 and 2.4 Hz, 1 H), 5.20 (d, J =
12.4 Hz, 1 H), 5.26 (d, J = 12.4 Hz, 1 H), 6.72 (d, J = 8.4 Hz, 1 H), 7.32-7.38
(m, 5 H), 8.05 (d, J = 8.4 Hz, 1 H) ppm. "*C NMR (100 MHz, CDCl5) & = 20.5
(9), 54.9 (q), 58.4 (d), 67.8 (t), 68.5 (d), 110.2 (d), 122.8 (s), 128.6 (d), 128.9 (d),
129.0 (d), 135.5 (s), 142.9 (d), 145.5 (s), 164.7 (s), 165.4 (s), 170.8 (s) ppm.
HRMS m/z calcd for C1gH200sN2Cl (M+H) 379.1055, found 379.1055.

Y. Hirokawa, . Fujiwara, K. Suzuki, H. Harada, T. Yoshikawa, N. Yoshida, S. Kato, J. Med.
Chem, 2003, 46, 702-715.
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Benzyl (S)-2-(2-chloro-6-methoxynicotamido)-3-oxobutanoate (S2). Dess-

OMe Martin periodinane (10.08 g, 23.76 mmol) was added to a solution
i N of 81 (7.50 g, 19.80 mmol) in dry CH,Cl, (283 mL). The mixture

“ was then stirred at rt under argon. After 6 h the reaction mixture
(6] NH

“co,en WS poured into a 1:1 mixture of saturated aq. NaHCO3; and

Me saturated ag. Na;S,03 (300 mL) and then extracted with CH,CI, (2
x 300 mL). The combined organic extracts were dried (Na;SO,4) and then
concentrated in vacuo. The crude product was purified by flash column
chromatography (hexanes/EtOAc, 7:3) to give the title compound as a colorless
oil (7.11 g, 95%). [a]po 0.0 (c = 2.00, CH,Cly). IR (KBr) 3396, 3033, 2955, 1753,
1728, 1655, 1599, 1476, 1353, 1312, 1268, 1054, 1018 cm™". "H NMR (400
MHz, CDCl3) 6 = 2.34 (s, 3 H), 3.99 (s, 3 H),5.24 (d, J=12.0,1H),5.32 (d, J =
12.0, 1 H), 5.44 (d, J=6.0, 1 H), 6.73 (d, J = 8.4 Hz, 1 H), 7.34-7.39 (m, 5 H),
8.01 (d, J = 6.0 Hz, 1 H), 8.11 (d, J = 8.4 Hz, 1 H) ppm. *C NMR (100 MHz,
CDCl3) 8 = 28.0 (q), 54.6 (q), 64.1 (d), 68.4 (t), 109.9 (d), 121.4 (s), 128.5 (d),
128.7 (d), 128.8 (d), 134.5 (s), 142.8 (d), 145.5 (s), 163.9 (s), 164.5 (s), 165.6
(s), 197.7 (s) ppm. HRMS m/z calcd for C4gH1gOsN2Cl (M+H) 377.0899, found
377.0899.

2-Chloro-6-methoxy-3-[4-(benzyloxycarbonyl)-5-methyloxazol-2-yl]pyridine
(11) NEt; (10.4 mL, 74.42 mmol) was added to a stirring solution

N of PPh; (9.76g, 37.21 mmol) and |, (9.41 g, 37.21 mmol) in dry

N o CH2CI, (300 mL) at 0 °C. Subsequently, a solution of S2 (7.01 g,
N0 18.60 mmol) in dry CHxCl, (70 mL) was added. The resulting

BnO,C  Me mixture was allowed to reach rt and stirred for 15 h. The solvent

OMe

was removed under reduced pressure and the crude product was purified by
flash column chromatography (hexanes/EtOAc, 8:3 to 6:4) to give the title
compound as a tan solid (5.18 g, 78%), mp (CHxCl,) 85-89 °C. IR (KBr) 2954,
1735, 1714, 1609, 1475, 1362, 1317, 1091, 108, 756, 698 cm™". "H NMR (400
MHz, CDCI3) 8 = 2.69 (s, 3 H), 4.00 (s, 3H), 540 (s, 2 H),6.75(d, J= 8.6 Hz, 1
H), 7.30-7.41 (m, 3 H), 7.43-7.49 (m, 2 H), 8.22 (d, J = 8.6 Hz, 1 H) ppm. *C
NMR (100 MHz, CDCI3) 6 = 12.4 (q), 54.5 (q), 66.6 (t), 109.7 (d), 115.4 (s),
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128.3 (d), 128.4 (d), 128.5 (s), 128.6 (d), 135.7 (s), 142.0 (d), 146.6 (s), 156.6
(s), 156.8 (s), 162.0 (s), 164.1 (s) ppm. HRMS m/z calcd for C4gH1504N2Cl
(M+H) 359.0793, found 359.0793.

(S)-2-[2’-(N-(tert-Butoxycarbonyl)pyrrolidin-2-yl)-2,4’-bithiazol-4-yl]-6-
methoxy-3-[4-(benzyloxycarbonyl)-5-methyloxazol-2-yl]pyridine (12). 11
(100 mg, 0.28 mmol), 10? (153 mg, 0.31 mmol) and
~ N Pd(PPh3)s (32 mg, 0.028 mmol) were added to a
f()\ J flask containing degassed 1,4-dioxane (5.6 mL) and
o’ the mixture was stirred at 80 °C for 48 h. The
reaction mixture was allowed to reach rt and then
concentrated in vacuo. The crude product was purified by flash column
chromatography (hexanes/EtOAc, 7:3) to yield the title product as a white solid
(163 mg, 88%), mp (Et,0) 65-68 °C. [a]p —42.0(c = 1.00, CHxCl,). IR (KBr)
3117, 2976, 2883, 1733, 1699, 1615, 1470, 1385, 1325, 1265, 1172, 1100,
1020, 829, 737, 697 cm™". '"H NMR (400 MHz, CDCl3) & = 1.27-1.55 (m, 9 H),
1.91-2.06 (m, 2 H), 2.18-2.45 (m, 2 H), 2.50 (s, 3 H), 3.38-3.70 (m, 2 H), 4.06
(s, 3 H),5.10-5.28 (m, 1 H), 5.41 (s, 2 H), 6.79 (d, J = 8.6 Hz, 1 H), 7.29-7.39
(m, 4 H), 7.44-7.48 (m, 2 H), 7.94 (d, J = 8.6 Hz, 1 H), 8.06 (s, 1 H) ppm. "*C
NMR (100 MHz, CDCl3) 6 = 12.0 (q), 23.2 (t), 28.2 and 28.5 (q), 34.0 (t), 46.6
(t), 53.7 (q), 59.3 (d), 66.5 (t), 80.3 (s), 109.9 (d), 114.7 (d), 120.4 (d), 128.2 (s),
128.3 (d), 128.4 (d), 128.6 (d), 135.9 (s), 141.7 (d), 149.4 (s), 154.6 (s), 159.5
(s), 162.4 (s), 164.2 (s) ppm. HRMS m/z calcd for Cs3H3406N5S, (M+H)

660.1945, found 660.1940.

ZX. Just-Baringo, P. Bruno, F. Albericio, M. Alvarez, Tetrahedron Lett. 2011, 52, 5435-5437.
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(S)-5-[4-(Benzyloxycarbonyl)-5-methyloxazol-2-yl]-6-[2’-(pyrrolidin-2-yl)-
2,4’-bithiazol-4-yl]pyridin-2(1H)-one (S3). 33% HBr in acetic acid (13.2 mL,
72.93 mmol) was added to a stirring solution of 12
| NH (4.01 g, 6.08 mmol) in acetic acid (235 mL). After 28

= N J S
\ ?’Q/)\ h of stirring at rt the mixture was concentrated in
N0

vacuo. The residue was partitioned between CH,Cl,

(400 mL) and saturated aq. NaHCOj3; (400 mL). Solid

Na,CO3 was added until pH = 8 was reached and the aq. layer was extracted

BnO,C  Me

with more CH,Cl, (2 x 400 mL). The combined organic fractions were dried
(Na2S0O4) and concentrated in vacuo. The crude product was purified by flash
column chromatography (CH,Cl,/MeOH, 98:2 to 94:6). The title compound was
obtained as a yellow solid (2.43 g, 73%), mp (CH2Cl;) 96-100 °C. [a]p —55.8 (c
= 1.00, CH.CI). IR (KBr) 3439, 3091, 2964, 2870, 1715, 1656, 1622, 1343,
1183, 1107 cm™". "H NMR (400 MHz, CDCls) & = 1.83-1.96 (m, 2 H), 2.02-2.11
(m, 1 H), 2.31-2.41 (m, 1 H), 2.65 (s, 3 H), 3.09-3.22 (m, 2 H), 4.65 (dd, J=8.2
and 5.4 Hz, 1 H), 5.40 (s, 2 H), 6.62 (d, J = 9.6 Hz, 1 H), 7.34-7.44 (m, 3 H),
7.45-7.50 (m, 2 H), 7.87 (d, J = 9.6 Hz, 1 H), 7.94 (s, 1 H), 8.66 (s, 1 H) ppm.
3C NMR (100 MHz, CDCl3) & = 12.1 (q), 25.5 (t), 34.0 (t), 46.9 (t), 59.4 (d), 66.7
(), 104.1 (s), 117.5 (d), 120.0 (d), 124.4 (d), 128.3 (d), 128.4 (d), 128.7 (d),
135.6 (s), 139.3 (s), 142.0 (d), 145.5 (s), 148.3 (s), 156.4 (s), 156.6 (s), 161.8
(s), 162.0 (s), 162.5 (s), 179.9 ppm. HRMS m/z calcd for Cy7H2404N5S, (M+H)
546.1264, found 546.1261.

(S)-6-[2’-(N-(tert-Butoxycarbonyl)pyrrolidin-2-yl)-2,4’-bithiazol-4-yl]-5-[4-
(benzyloxycarbonyl)-5-methyloxazol-2-yl]pyridin-2(1H)-one (S4). tert-Butyl
Q dicarbonate (565 pL, 2.46 mmol) and NEt; (685 pL,
| /NH s 4.92 mmol) were added to a flask charged with a
N0 \ ;f[)\J solution of the free S3 (1.34 g, 2.46 mmol) in dry
BnOLC — Vo Boc” CH.CI, (50 mL) at 0 °C and the mixture was stirred
for 4 h at the same temperature. The reaction was poured into brine, extracted
with CH2Cl, (3 x 100 mL), dried (Na2;SO4) and concentrated in vacuo. The crude

product was purified by flash column chromatography (CH,CIl,/MeOH, 98:2) to
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yield the title product as a yellowish solid (1.50 g, 94%), mp (CH2Cl,) 100-105
°C. [a]p =65.4 (c = 0.50, CHCl,). IR (KBr) 3090, 2975, 2881, 1698, 1657, 1390,
1174, 1108 cm™". "H NMR (400 MHz, CDCl3) § = 1.28-1.54 (m, 9 H), 1.92-2.08
(m, 2 H), 2.22-2.45 (m, 2 H), 2.65 (s, 3 H), 3.40-3.70 (m, 2 H), 5.11-5.29 (m, 1
H), 5.40 (s, 2 H), 6.62 (d, J =9.4 Hz, 1 H), 7.32-7.42 (m, 3 H), 7.43-7.48 (m, 2
H), 7.87 (d, J=9.4 Hz, 1 H), 7.94 (s, 1 H), 8.69 (m, 1 H), 10.78 (brs, 1 H) ppm.
3C NMR (100 MHz, CDCls) § = 12.1 (q), 23.3 and 23.9 (t), 28.3 and 28.4 (q),
32.7 and 34.0 (t), 46.6 and 46.9 (t), 59.0 and 59.3 (d), 66.7 (q), 80.5 (s), 104.1
(s), 116.7 and 117.1 (d), 120.0 (d), 124.4 (d), 128.3 (d), 128.4 (d), 128.7 (d),
135.6 (s), 139.3 (s), 142.0 (d), 145.6 (s), 147.9 (s), 154.1 (s), 156.4 (s), 156.7
(s), 161.8 (s), 162.0 (s), 176.7 (s) ppm. HRMS m/z calcd for C33H3,06N5S,
(M+H) 646.1789, found 646.1786.

(S)-2-[2’-(N-(tert-Butoxycarbonyl)pyrrolidin-2-yl)-2,4’-bithiazol-4-yl]-3-[4-

(benzyloxycarbonyl)-5-methyloxazol-2-yl]-6-(trifluoromethanesulfonyloxy)
pyridine (13). 2,6-lutidine (358 pL, 3.07 mmol) and trifluoromethanesulfonic
anhydride (443 ulL, 2.63 mmol) were added to a

i N s stirring solution of pyridone S4 (1.42 g, 2.20 mmol)
y \ S\>/<N\//\> and DMAP (54 mg, 0.44 mmol) in dry CHxCl, (22
N
Boc”

OTf
N
|
@)

N

=

sy mL) at 0 °C. After 2 h the mixture was allowed to

reach rt and was then stirred at this temperature for
2.5 h. The reaction mixture was diluted with CH,Cl, (150 mL), washed with H,O
(150 mL), dried (NaxSO4), and then concentrated in vacuo. The crude product
was purified by flash column chromatography (hexanes/EtOAc, 7:3) to yield the
title product as a white solid (1.50 g, 88%), mp (CH,Cl,) 60-63 °C. [a]p —=43.5 (C
= 1.00, CH.CIp). IR (KBr) 3117, 2976, 2883, 1734, 1699, 1425, 1389, 1213,
1175, 1100, 962, 888, 857, 813, 602 cm™". '"H NMR (400 MHz, CDCl3) & =
1.27-1.56 (m, 9 H), 1.93-2.02 (m, 2 H), 2.18-2.44 (m, 2 H), 2.53 (s, 3 H),
3.38-3.70 (m, 2 H), 5.08-5.27 (m, 1 H), 5.43 (s, 2 H), 7.19 (d, J = 8.3 Hz, 1 H),
7.29 (s, 1 H), 7.32-7.40 (m, 3 H), 7.44-7.49 (m, 2 H), 8.16 (s, 1 H), 8.25(d, J =
8.3 Hz, 1 H) ppm. ™C NMR (100 MHz, CDCl5) § = 12.0 (q), 23.2 and 23.9 (t),
28.3 and 28.4 (q), 32.6 and 34.0 (t), 46.6 and 46.9 (t), 58.9 and 59.3 (d), 66.7

99



(t), 80.4 (s), 113.0 (d), 114.9 (d), 117.0 (s), 120.2 (s), 121.6 (s), 122.9 (d), 128.4
(d), 128.6 (2d), 135.7 (s), 144.6 (d), 152.3 (s), 155.6 (s), 157.4 (s), 162.1 (s),
184.8 (s) ppm. HRMS m/z calcd for C33H31OgNsF3S; (M+H) 778.1281, found
778.1290.

4-(Ethoxycarbonyl)thiazol-2-yl zinc bromide (9). This reagent was prepared

\[:\>—Zn8r

under inert atmosphere were added dry N,N-dimethylacetamide (DMA) (62 mL)

EtO,C using the method described by Bach and coworkers.® To an

oven-dried flask charged with zinc dust (4.04 g, 61.77 mmol)

and 1,2-dibromoethane (615 uL, 7.13 mmol). The mixture was heated with a
heat gun until bubbling was observed and then allowed to cool down to rt. This
procedure was repeated twice and then chlorotrimethylsilane (1.7 mL, 13.07
mmol) was added and the suspension was stirred at rt. After 5 min a solution of
ethyl 2-bromothiazole-4-carboxylate (4.67 g, 19.80 mmol) in dry DMA (32 mL)
was added. After 30 min the suspension was allowed to settle for at least 30
min. This procedure gave a 0.21 M solution of the title compound. The reagent

solution was freshly prepared before use.

(S)-2-[2’-(N-(tert-Butoxycarbonyl)pyrrolidin-2-yl)-2,4’-bithiazol-4-yl]-6-[4-
(ethoxycarbonyl)thiazol-2-yl]-3-[4-(benzyloxycarbonyl)-5-methyloxazol-2-
yl]pyridine (3). A 0.21 M solution of 9 (89 mL, 18.64 mmol) in DMA was added

CO4Et to a flask charged with pyridyl triflate 13 (1.45 g,

SN 1.86 mmol) and Pd(PPhs), (430 mg, 0.37 mmol).

| :N N . The resulting mixture was stirred at 45 °C for 1 h.

\ \>’</ «_The reaction mixture was filtered through a pad of

N" 9 ook Celite 545 with the aid of CH,Cl,. The organic
BnO,C Me

solution was washed with H,O (2 x 250 mL), dried
(Na2S04), and concentrated in vacuo. Upon addition of EtOAc, a precipitate
was formed. After filtration under vacuum the title product was obtained as a tan
solid (1.46 g, quant.), mp (EtOAc) 214-218 °C. [a]p —38.9 (¢ = 1.00, CH,Cl,). IR

’0. Delgado, H. M. Miiller, T. Bach, Chemistry Eur. J. 2008, 14, 2322
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(KBr) 3114, 2976, 1732, 1702, 1385, 1211, 1109, 1078, 761, 703 cm™". "H NMR
(400 MHz, CDCl3) 86 = 1.27-1.58 (m, 12 H), 1.91-2.05 (m, 2 H), 2.20-2.44 (m, 2
H), 2.52 (s, 3 H), 3.39-3.69 (m, 2 H), 448 (q, J = 7.2 Hz, 2 H), 5.10-5.29 (m, 1
H), 5.43 (s, 2 H), 7.30-7.41 (m, 4 H), 7.45-7.50 (m, 2 H), 8.20 (s, 1 H), 8.26 (d,
J=8.0,1H), 833 (s, 1 H), 8.38 (d, J = 8.0 Hz, 1 H) ppm. *C NMR (100 MHz,
CDCI3) 6 =12.0 (q), 14.4 (q), 23.2 and 23.9 (t), 28.3 and 28.4 (q), 32.7 and 34.0
(), 46.6 and 46.9 (t), 58.9 and 59.3 (d), 61.2 (t), 66.6 (t), 80.3 (s), 114.8 and
115.1 (d), 118.5 (d), 121.2 (d), 122.6 (s), 128.3 (d), 128.4 (d), 128.5 (s), 128.6
(d), 130.2 (d), 132.0 and 132.1 (s), 135.8 (s), 140.6 (d), 148.6 (s), 151.1 (s),
153.8 (s), 156.8 (s), 158.6 (s), 161.3 (s), 162.2 (s), 168.8 (s), 175.4 (s), 176.3
(s) ppm. HRMS m/z calcd for C3gH3707NeS3 (M+H) 785.1880, found 785.1883.

Northern Peptide 2. The Rink-Amide Chem-Matrix resin (900 mg, loading =

PhSe 4 O 0 SeEh o 0.52 mmol/g;) was swellen in MeOH,
TFA-HQNHN%N%”%N%NHZ then in DMF and finally in CH2Cl,. Fmoc-
o ° sePh  geq(Ph)-OH' (655 mg, 1.4 mmol),
preactivated by vigorous shaking for 4 min with DIPCDI (240 pL, 1.54 mmol)
and Oxyma Pure (219 mg, 1.54 mmol) in DMF (10 mL), was poured onto the
resin and the resulting mixture was gently shaken for 1.5 h. The resin was then
washed with DMF and CH.Cl, (56 x 10 mL). The N-terminus was deprotected
using 20% piperidine in DMF (treatments of 2 x 1 min x 10 mL then 2 x 5 min x
10 mL). The resin was then washed with CH,Cl, and DMF (5 x 10 mL each).
Loading onto the resin (0.249 mmol/g, 48%) was determined through measuring

dibenzofulvene absorbance at 290 nm of cleavage solutions and washings.

Elongation of the peptide proceeded as follows. Fmoc-AA-OH (1.08 mmol), was
preactivated by vigorous shaking for 4 min in the presence of DIPCDI (184 uL,
1.19 mmol) and Oxyma Pure (169 mg, 1.19 mmol) in DMF (7 mL), and was
then poured onto the resin. The resulting mixture was gently shaken for 1 h.
Deprotection and coupling cycles were repeated with the appropriate amino

acids to provide the pentapeptide. The peptide was cleaved from the resin by

*N. M. Okeley, Y. Zhu, W. A. van der Donk, Org. Lett. 2000, 2, 3603-3606
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treatment with 95% TFA in CH,Cl, (4 x 20 min x 10 mL) at rt followed by
filtration and collection of the filtrate. Next, washing of the resin with CH,Cl, (6 x
10 mL) was performed. Most TFA was removed under vacuum and the resulting
concentrated solution was poured into cold Et,O. Centrifugation and pouring off
the solvent yielded the crude northern peptide as a white powder (196 mg, 89%
based on loading of the resin). Purity (100%) was determined by HPLC (linear
gradient: 0 to 100% acetonitrile in H,O over 8 min; flow rate = 1.0 mL/min; tr =
5.98 min). mp (EtOAc) 102-105 °C. [a]p = —130.2 (c = 1.00, CH,Cl). IR (neat):
3289, 3052, 1668, 1630, 1197, 1130 cm . '"H NMR (400 MHz, DMSO-ds): &
1.24 (d, J = 6.7 Hz, 3H), 1.76-1.98 (m, 3H), 1.98-2.12 (m, 1H), 3.05-3.15 (m,
2H), 3.15-3.35 (m, 4H), 3.52-3.62 (m, 2H), 4.07 (m, 1H), 4.26-4.44 (m, 3H),
4.46-4.60 (m, 1H), 7.20-7.37 (m, 9H), 7.42-7.57 (m, 6H), 8.15 (d, J = 8.0 Hz,
1H), 8.25 (d, J = 7.5 Hz, 1H), 8.39 (bs, 4H), 8.84 (7.6, 1H). *C NMR (100 MHz
DMSO-ds): 6 18.1(q), 25.4 (t), 28.1 (t), 29.5 (t), 29.7 (t), 29.9 (t), 47.5 (d), 47.8
(t), 52.6 (d), 53.8 (d), 54.1 (d), 60.8 (d), 127.7 (d), 127.8 (d), 128.2 (d), 129.9 (s),
130.2 (d), 130.9 (s), 131.1 (s), 132.4 (d), 132.7 (d), 132.9 (d), 167.2 (s), 170.8
(s), 170.9 (s), 172.4 (s), 172.6 (s) ppm. HRMS m/z calcd for C35H4305NsSes
(M+H) 867.0791, found 867.0793.

Alloc-L-Phe-L-Cys(Trt)-OMe (14). A solution of H-Cys(Trt)-OMe (5.37 g, 14.23
0 STt mmol) in dry CH,Cl, (40 mL) was added via cannula over
A"°°“N%H%(OM9 a solution of crude Alloc-L-Phe-OH (4.93 g, 19.78 mmol) in
en © dry CHClI, (40 mL) under N, atmosphere. HBTU (10.6 g,

27.95 mmol) was then added in one portion while stirring. Slow addition of
DIPEA (9.6 mL, 56.08 mol) followed. The reaction mixture was stirred at rt for 1
h, and was then diluted with ethyl acetate (200 mL) and washed with saturated
aqueous NaHCO3; (150 mL), H,O (150 mL), saturated aqueous NH4CI (2 x 150
mL), H,O again (150 mL) and finally brine (150 mL). The organic layer was
dried over Na,SO,, filtered and concentrated under reduced pressure.
Purification by flash column chromatography (hexanes/EtOAc 80:20 to 60:40)
yielded the title compound as a white solid (8.12 g, 94%), mp (EtOAc) 111-115
°C. [a]p = —2.99 (c = 0.92, CHxCly). IR (neat): 3314, 3059, 2918, 1744, 1725,
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1666, 1536, 1494, 1443, 1213, 1034, 743, 700 cm . '"H NMR (400 MHz,
CDCI3): 6 2.56 (dd, J = 12.5, 5.0 Hz, 1H), 2.64 (dd, J = 12.5, 5.8 Hz, 1H), 3.02
(dd, J=13.9, 7.1 Hz, 1H), 3.08 (dd, J = 13.9, 6.3 Hz, 1H), 3.69 (s, 3H), 4.37 (m,
1H), 4.44 (ddd, J = 7.6, 5.8, 5.0 Hz, 1H), 4.54 (d, J = 5.6 Hz, 2H), 5.16 — 5.32
(m, 3H), 5.79 — 5.95 (m, 1H), 6.11 (d, J = 7.6 Hz, 1H), 7.10 — 7.46 (m, 20H). "*C
NMR (100 MHz, CDClIs): 6 33.8 (t), 39.0 (t), 51.7 (d), 53.0 (q), 56.2 (d), 66.3 (t),
67.3 (d), 118.3 (t), 127.3 (d), 127.4 (d), 128.4 (d), 129.1 (d), 129.8 (d), 129.8 (d),
132.9 (s), 136.5 (s), 144.6 (s), 156.0 (s), 170.6 (s), 170.8 (s) ppm. HRMS m/z
calcd for C3sH3605N2NaS (M+Na) 631.2237, found 631.2239.

Methyl 2-((S)-1-(allyloxycarbonylamino)-2-phenylethyl)-(R)-4,5-dihydro-
thiazole-4-carboxylate (15). Tf,0 (1.56 mL, 9.27 mmol)

AuocHNJS\\H::Me was added dropwise over a cooled (ice-H,O bath) solution
/ of PPh30 (5.18 g, 18.59 mmol) in dry CH,Cl, (60 mL) under

N> atmosphere. Stirring was maintained at 0 °C for 15 min

Ph

and a white precipitated was formed. The mixture was then cooled down to —20
°C and a solution of 14 (3.77 g, 6.19 mmol) in dry CH>Cl, (60 mL) was added
over 30 min. The resulting mixture was stirred at —20 °C for 2 h, then the
reaction was quenched by the addition of saturated aqueous NaHCO3; (120
mL). The mixture was allowed to warm to rt while stirring. The layers were
separated and the aqueous layer was extracted with CH,Cl, (3 x 70 mL).
Combined organic layers were washed with brine (350 mL), dried over Na,SO,
and concentrated under reduced pressure. Purification of the crude product by
flash column chromatography (hexanes/EtOAc 90:10 to 60:40) yielded the title
compound as a white solid (1.86 g, 86%), mp (EtOAc) 53-55 °C. [a]p = -30.1 (c
= 0.04, CHCI5). IR (neat) 3315, 3026, 2949, 2924, 1726, 1232, 1047 cm ". 'H
NMR (400 MHz, CDCl3): 6 3.16 (dd, J = 13.6, 6.4 Hz, 1H), 3.30 (dd, J = 14.0,
6.0 Hz, 1H), 3.59 (dd, J = 11.2, 10.0 Hz, 1H), 3.69 (dd, J = 11.2, 8.8 Hz, 1H),
3.85 (s, 3H), 4.61-4.60 (m, 2H), 4.97-4.92 (m, 1H), 5.36-5.14 (m, 3H), 5.50 (d,
J = 7.6 Hz, 1H), 5.99-5.89 (m, 1H), 7.36-7.24 (m, 5H), *C NMR (100 MHz,
CDCl3): 6 35.8 (t), 40.4 (t), 53.0 (q), 54.7 (d), 66.1 (t), 78.1 (d), 118.0 (t), 127.2
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(d), 128.7 (d), 129.9 (d), 132.9 (d), 136.1 (s), 155.6 (s), 171.0 (s), 175.6 (s) ppm.
HRMS m/z calcd for C17H2104N2S1 (M+H) 349.1216, found 349.1217.

(S)-Phe-(4R)-Thiazoline-OH 5. Trimethyltin hydroxide (488 mg, 2.87 mg) was
SHOH added over a solution of 15 (500 mg, 1.44 mmol) in 1,2-

A"°CHN\._/L\N o dichloroethane (7.2 mL) charged into a Schlenck tube. The

P tube was sealed and the mixture stirred at 60 °C. After 4 h

the mixture was allowed to reach rt, diluted with CH,ClI, (100 mL), washed with
5% HCI (100 mL), dried (Na;SO4) and concentrated in vacuo. According to 'H
NMR analysis of the crude acid, it is obtained in approximately 50% purity
(contains trimethyltin residues). HPLC analysis (Waters XBridge C18 2.5 um 4.6
x 75 mm analytical column, flow rate 1 mL min~"; H,O (0.045% TFA) : MeCN
(0.036% TFA), 30% to 40% MeCN, 8 min (detected at 220 nm) showed a dr of

96:4. The crude product was used in further reactions.

(S)-allyl 2-(3-amino-1-(tert-butoxycarbonylamino)-3-oxopropyl)thiazole-4-
carboxylate (S5). NaHCO; (2.14 g, 25.57 mmol) was added in one portion over
_ /= a solution of Boc-Asn-Thz-OH® (1.12 g, 3.55 mmol) in

SMO

BocHNYL\N Y dry DMF (20 mL) and the resulting suspension was

PN~ stirred at rt for 10 min. Allyl bromide (6.5 mL, 74.58
O

mmol) was then added and the suspension was stirred
at rt for 20 h. The reaction mixture was diluted with EtOAc (200 mL) and H,0O
(200 mL) and the layers were separated. The organic layer was washed with
brine (3 x 100 mL) then dried over Na,SO,, filtered and concentrated.
Purification by flash column chromatography (EtOAc) yielded the title compound
as a white powder (1.04 g, 83%), mp (EtOAc) 146-153 °C (the compound
turned waxy above 98 °C). [a]p = —14.5 (c = 0.99, CHxCl,). IR (neat): 3341,
2978, 2928, 1712, 1672, 1485, 1367, 1211, 1166, 1097 cm™. "H-NMR (400
MHz, CDCls3): & 1.46 (s, 9H), 2.85 (dd, J = 4.5, 15.3 Hz, 1H), 3.27 (dd, J = 4.1,
15.3 Hz, 1H), 4.81 (d, J = 7.1 Hz, 1H), 5.24 — 5.45 (m, 3H), 5.65 (bs, 1H), 6.00

> P. Bruno, S. Pefia, X. Just-Baringo, F. Albericio, M. Alvarez, Org. Lett. 2011, 17, 4648-4651.
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(m, 1H), 6.16 (bs, 1H), 6.60 (d, J = 8.6 Hz, 1H), 8.09 (s, 1H). *C NMR (100
MHz, CDCls): & 28.3 (q), 38.6 (t), 50.0 (d), 65.9 (t), 80.4 (s), 118.9 (1), 128.1 (d),
131.8 (d), 146.6 (s), 155.3 (s), 160.9 (s), 172.7 (s), 174.4 (s). HRMS m/z calcd
for C15H2205N3S (M+H) 356.1275, found 356.1278.

(S)-allyl 2-(3-amino-1-(tert-butoxycarbonylamino)-3-oxopropyl)thiazole-4-
carboxylate hydrochloride (4). 4 N HCl in 1,4-dioxane
SMO\/: (19.4 mL, 77.40 mmol) was added to a stirring solution

“C"“ZNYL\N o of S5 (1.38 g, 3.87 mmol) in 1,4-dioxane (20 mL). The
H,oN 2
? Tcl)/ mixture was stirred at rt for 4 h. Toluene was added and

volatiles were evaporated under reduced pressure. The title compound was

obtained as a pale solid (1.15g, quant.). It was used without further purification.

Polyheterocyclic core carboxylic acid 16. Pd black (205 mg, 0.26 mmol) was

_foH added to a stirring solution of central fragment 3 (205
SN mg, 0.26 mmol) in CH,CIlo/EtOH (1:1, 14 mL). The
| SN resulting mixture was stirred under H; (1 bar) at rt for

Z N / S . . .
\ \>’C « 3.5 h. The mixture was filtered through a pad of Celite

o SN ) . : :

_ BocN 545 with the aid of CH,Cl,/MeOH (1:1) and then
HOC Me concentrated in vacuo. The crude product was
purified by flash column chromatography (CH.Cl,/iPrOH, 8:2) to obtain the title

compound as a pale solid (180 mg, quant.).
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Allyl ester 17. DIPEA (61 uL, 354 umol), EDC-HCI (37 mg, 195 umol) and

F<COzEt HOAt (27 mg, 195 pmol) were added to a
S __N

stirring  solution of polyheterocyclic core
é%/NK[ carboxylic acid 16 (123 mg, 177 pmol)) and
= N\>/</\/S ) ) )
A B N)\J thiazole hydrochloride 4 (50 mg, 195 umol) in
Oﬁme Boc” | dry DMF (1.6 mL) at 0 °C. Next, the reaction
NH mixture was allowed to reach rt and was stirred
HzN‘<““$:N for 18 h. The mixture was diluted with EtOAc (50
° S\/\gow mL), washed with saturated ag. NH4CI (25 mL),
saturated aq. NaHCO3; (25 mL) and H,O (2 x 25 mL), dried (Na;SO,4) and
concentrated in vacuo. The crude product was purified by flash column
chromatography (hexanes/EtOAc, 2:8) to yield the title product as a white solid
(135 mg, 82%), mp (CHClz) 133-135 °C. [a]p +53.3 (c = 1.00, CH.Cly). IR
(KBr) 3406, 2975, 2925, 1693, 1678, 1626, 1501, 1386, 1234, 1207, 763 cm™".
'H NMR (400 MHz, CDCl3) 8 = 1.23-1.51 (m, 12 H), 1.84-2.03 (m, 2 H),
2.12-2.43 (m, 2 H), 2.45-3.33 (m, 5 H), 3.36-3.64 (m, 2 H), 4.42 (q, J = 7.1 Hz,
2 H), 4.76 (d, J = 5.2 Hz, 2 H), 5.05-5.18 (m, 1 H), 5.22 (d, J = 6.0 Hz, 1 H),
533 (d, J =17.6 Hz, 1 H), 5.66-5.88 (m, 1 H), 5.89-6.02 (m, 1 H), 6.30-6.71
(m, 1 H), 7.34-7.45 (m, 1 H), 7.98-8.16 (m, 2 H), 8.20 (d, J = 8.2 Hz, 1 H), 8.27
(s, 1 H), 8.30 (d, J = 8.2 Hz, 1 H), 8.51-8.82 (m, 2 H) ppm. *C NMR (100 MHz,
CDCI3) 6 =11.6 and 11.8 (q), 14.3 (q), 23.2 and 23.8 (t), 28.2 and 28.4 (q), 33.1
and 33.9 (t), 38.0 and 38.6 (t), 46.6 and 47.1 (t), 47.5 and 47.9 (d), 59.2 (d),
61.6 (t), 65.8 (t), 80.3 and 80.6 (s), 114.7 and 115.0 (d), 118.6 (d), 118.7 and
118.8 (1), 121.2 and 121.6 (d), 122.6 (s), 128.0 (d), 128.4 and 128.5 (s), 129.7
(s), 130.2 (d), 131.8 (d), 131.9 (s), 132.0 and 132.1 (s), 139.6 and 140.3 (d),
146.5 (s), 148.5 (s), 149.3 (s), 150.7 and 151.1 (s), 153.8 (s), 154.2 and 154.8
(s), 156.7 and 157.6 (s), 160.8 (s), 161.3 (s), 161.6 (s), 168.7 (s), 171.9 and
172.3 (s), 172.9 and 173.6 (s), 176.0 and 176.2 (s) ppm. HRMS m/z calcd for
C41H4209NoS4 (M+H) 932.1983, found 932.1996.
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Tyrosine-coupled allyl ester 18. 4 M HCI in 1,4-dioxane (0.75 mL) was added

CO.Et over a stirring solution of allyl ester 17 (135 mg,
SN 145 umol) in 1,4-dioxane (0.75 mL) at rt and the

| \/N N . mixture was stirred for 6.5 h. The reaction
\ g%)\) mixture was concentrated under reduced

N pressure to obtain the hydrochloride of the Boc-
deprotected product (133 mg, quant.). DIPEA
H2N‘<““$tN (53 pL, 308 umol), EDC-HCI (32 mg, 169 pumol)
° S\%\(O\/\ o and HOAt (23 mg, 169 umol) were added to a
stirring solution of the Boc-deprotected product

hydrochloride (133 mg, 154 umol) and 6 (75 mg, 169 umol) in dry DMF (1.4 mL)
at 0 °C. The reaction mixture was then allowed to reach rt and was stirred for 7
h. The mixture was diluted with EtOAc (50 mL), washed with saturated aq.
NH4Cl (50 mL), saturated aq. NaHCO3 (2 x 50 mL) and H,O (50 mL), dried
(Na,SO4) and concentrated in vacuo. The crude product was purified by flash
column chromatography (CH2CI,/EtOAc, 1:1 to 7:3) to yield the title product as a
white solid (138 mg, 71%), mp (CH.Cl,;) 137-140 °C. [a]p +21.5 (c = 1.00,
CH.Cl,). IR (KBr) 3344, 3116, 2980, 1720, 1669, 1510, 1446, 1425, 1321, 1237,
1209, 1101, 1079, 1030, 759, 740 cm™". '"H NMR (400 MHz, CDCl3) & =
1.43-1.49 (m, 3 H), 1.94-2.32 (m, 4 H), 2.50-3.38 (m, 7 H), 3.39-3.85 (m, 2 H),
4.05-4.20 (m, 1 H), 4.22-4.57 (6 H), 4.68-4.84 (m, 3 H), 5.16-5.50 (m, 5 H),
5.58 (s, 1 H), 5.77-6.10 (m, 2 H), 6.23 (d, J = 8.4 Hz, 1 H), 6.56 (bs, 2 H),
6.65-6.92 (m, 2 H), 6.97-7.19 (m, 2 H), 7.23-7.47 (m, 5H), 7.49-7.60 (m, 2 H),
7.61-7.80 (m, 2 H), 8.05-8.10 (m, 1 H), 8.11-8.18 (m, 1 H), 8.24 (d, J = 8.2, 1
H), 8.30-8.34 (m, 1 H), 8.36 (d, J=8.2 Hz, 1 H), 8.65 (d, J = 8.4 Hz, 1 H) ppm.
3C NMR (100 MHz, CDCl3) & = 11.8 (q), 14.4 (q), 24.5 (t), 31.8 (t), 38.1 (t), 38.3
(), 47.0 (d), 47.4 (t), 47.7 (d), 53.9 (d), 58.7 (d), 61.6 (1), 65.9 (t), 67.1 (1), 68.7
(), 114.8 (d), 115.1 (d), 115.8 (d) 117.5 (t), 118.6 (d), 118.8 (t), 119.9 (d), 121.6
(d), 122.6 (s), 125.2 (d), 127.0 (d), 127.6 (d), 128.0 (s), 128.2 (d),130.2 (d),
130.4 (d), 131.8 (s), 133.2 (d), 139.8 (d), 141.2 (s), 143.8 (s), 146.5 (s), 148.6
(s), 148.9 (s), 150.9 (s), 151.1 (s), 153.9 (s), 154.2 (s), 155.9 (s), 157.0 (s),
157.4 (s), 157.6 (s), 157.7 (s), 160.8 (s), 161.3 (s), 161.3 (s); 161.7 (s), 168.7
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(s), 171.4 (s), 172.0 (s), 172.4 (s); 173.2 (s) ppm. HRMS m/z calcd for
C63H57011N1084 (M+H) 1257.3086, found 1257.3114.

Free amino tyrosine adduct (S6) Piperidine (275 uL, 2.75 mmol) was added to

CO,Et a stirring solution of 18 (138 mg, 0.11 mmol) in
SN CH.Cl, (0.54 mL) at rt during 3 h. Toluene was

| XN added and the mixture was then concentrated to

7 \NM)S\N dryness under reduced pressure. The crude

N" P o N\> product was purified by flash column
© L y Nj/ chromatography (CH,Clo/MeOH, 98:2 to 95:5).
HzN‘<““$:N The title product was obtained as a pale solid

© S%\WO\/\ o (101 mg, 87%), mp (CHxClz) 120-124 °C. [o]o
+58.3 (c = 1.00, CH,Cl,). IR (KBr) 3347, 3116,
2981, 2917, 2238, 1720, 1668, 1623, 1520, 1233, 1207 cm™". '"H NMR (400
MHz, CDCl3) 6 =1.43 (d, J=7.2 Hz, 3 H), 1.67-1.83 (m, 1 H), 1.99-2.31 (m, 3
H), 2.50-3.34 (m, 6 H), 3.35-3.84 (m, 3 H), 4.38-4.56 (m, 5 H), 4.75-4.82 (m, 2
H), 5.18-5.29 (m, 2 H), 5.30-5.40 (m, 2 H), 5.40-5.49 (m, 1H), 5.53 (bs, 1H),
5.71-5.87 (m, 1 H), 5.90-6.09 (m, 2 H), 6.32-6.47 (m, 1 H), 6.63 (bs, 1 H),
6.72-6.88 (m, 2 H), 7.00-7.13 (m, 2 H), 7.38-7.47 (m, 1 H), 8.02-8.08 (m, 1 H),
8.09-8.18 (m, 1 H), 8.18-8.27 (m, 1 H), 8.30 (s, 1 H), 8.31-8.37 (m, 1 H),
8.59-8.67 (m, 2 H) ppm. *C NMR (100 MHz, CDCls) & = 12.1 (q), 14.7 (q), 22.0
and 34.5 (t), 24.7 and 32.1 (t), 38.5 and 38.9 (1), 41.7 and 42.3 (t), 46.3 and
47.3 (t), 47.9 and 48.2 (d), 55.3 and 55.9 (d), 58.9 (d), 59.1 (d), 61.9 (t), 66.1
and 66.2 (t), 69.0 and 69.1 (t), 115.2 (d), 115.2 and 116.0 (d), 117.9 and 118.0
(t), 118.9 and 119.0 (d), 119.1 and 119.2 (1), 121.8 and 121.9 (d), 122.9 and
123.0 (s), 128.4 (d), 129.8 and 129.9 (s), 130.1 (s), 130.5 (d), 130.6 (d), 132.1
(s), 133.5 (d), 133.5 (d), 140.0 and 140.4 (d), 146.8 and 146.9 (s), 148.9 (s),
149.2 (s), 151.1 and 151.2 (s), 151.3 and 151.4 (s), 154.3 and 154.4 (s), 154.5
and 154.6 (s), 157.2 and 157.6 (s), 157.8 (s), 161.1 and 161.3 (s), 161.6 (s),
161.9 (s), 169.0 (s), 172.3 (s), 173.4 (s), 173.6 (s), 174.4 (s) ppm. HRMS m/z
calcd for C4gH4709N10S4 (M+H) 1035.2405, found 1035.2400.
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Peptide 19. DIPEA (18 uL, 0.10 mmol), EDC-HCI (20 mg, 0.10 mmol) and

_fOoH HOALt (14 mg, 0.10 mmol) were added to a

SN stirring solution of 5 (69 mg, 50% purity,

| \/N N . 0.10 mmol), and S6 (97 mg, 0.09 mmol) in

\ %)\ DMF at 0 °C. After 6 h, more EDC-HCI (10

N" P ° o Nj mg, 0.05 mmol) was added and the

© \H Me o mixture was then stirred for 2.5 h at the
HZN\\g &N r2t0\©\o same temperature. The mixture was
SWO STN/Q ﬁ diluted in EtOAc (40 mL), washed with 6%

/j © AllocHN” "/ HCI (40 mL), saturated aq. NaHCO3; (40

mL) and H,O (40 mL), dried (NaSO,4) and
concentrated in vacuo. The crude product was purified by flash column
chromatography (CH.CIl,/EtOAc, 2:8 to CH2Cl,/MeOH 95:5). The title product
was obtained as a pale solid (86 mg, 68%) mp (CH,Cl,) 127-131 °C. [o]p +37.0
(c = 1.00, CH.Clp). IR (KBr) 3427, 2924, 1717, 1652, 1509, 1425, 1237, 1024
cm™'. "H NMR (400 MHz, CDCl3) 8 = 1.45 (t, J = 7.2 Hz, 3 H), 2.00-2.34 (m, 4
H), 2.55-2.76 (m, 4 H), 2.80-3.89 (m, 9 H), 4.32-4.62 (m, 6 H), 4.74-4.87 (m, 3
H), 4.88-5.01 (m, 2H), 5.08-5.47 (m, 7 H), 5.50-5.60 (m, 2 H), 5.75-6.10 (3 H),
6.49 (bs, 1 H), 6.65-6.92 (m, 2 H), 7.00-7.33 (m, 8 H), 7.41-7.49 (m, 1 H),
8.05-8.12 (m, 1 H), 8.12-8.18 (m, 1 H), 8.20-8.30 (m, 1 H), 8.32-8.34 (m, 1 H),
8.35-8.41 (m, 1 H), 8.57 (d, J = 9.2 Hz, 1 H) ppm. ">*C NMR (100 MHz, CDCls) &
=11.8 (q), 14.4 (q), 24.5 (1), 31.9 (1), 36.0 (t), 37.5 (t), 38.4 (t), 39.3 (1), 47.4 (1),
47.7 (d), 52.2 (d), 54.7 (d), 58.8 (d), 61.6 (t), 65.9 (t), 65.9 (t), 68.7 (t), 78.4 (d),
114.7 (d), 115.1 (d); 117.5 (1), 117.9 (1), 118.7 (d), 118.8 (1), 121.5 (d), 122.7 (s),
127.1 (d), 128.2 (d), 128.6 (d), 129.3 (d), 129.4(d), 129.4 (s), 129.8 (s), 130.2
(d), 130.4 (d), 131.8 (s), 132.6 (d), 133.2 (d), 135.8 (s), 139.8 (d), 146.5 (s),
148.6 (s), 148.8 (s), 150.9 (s), 151.2 (s), 153.9 (s), 154.2 (s), 155.7 (s), 157.0
(s), 157.6 (s), 160.8 (s), 161.3 (s), 161.4 (s), 161.6 (s), 161.7 (s), 168.8 (s),
170.6 (s), 170.7 (s), 172.0 (s), 172.9 (s)176.3 (s) ppm. HRMS m/z calcd for
Cs4He3012N12S5 (M+H) 1351.3287, found 1351.3342.
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Macrocycle 1. A solution of Pd(PPhs)s (6 mg, 0.005 mmol) in CH2Cl; (3.3 mL)
CO2Et and phenylsilane (31 uL, 0.348 mmol) were

S N added over 19 (67 mg, 0.050 mmol) and the

mixture was stirred for 5 h at rt. More

%()\ Pd(PPh3)s (6 mg, 0.005 mmol) in CH.Cl,

) (3.3 mL) was added, and the the mixture

was stirred for 2 h and then dried under

HzNj( & Q reduced pressure. The crude was dissolved
in DMF (60 mL) and cooled to 0 °C.

\@ EDC-HCI (12 mg, 0.060 mmol) and HOAt (8

mg, 0.060 mmol) were added, the mixture

was allowed to reach rt and stirred for 21 h. The mixture was diluted with
CHxCl, (50 mL), washed with H,O (2 x 50 mL), dried (NaSOs3) and
concentrated in vacuo with the aid of toluene to remove DMF traces. The crude
product was purified by flash column chromatography (CH2Cl,/MeOH, 99:1 to
95:5). The title product was obtained as a pale solid (20 mg, 30%), mp (toluene)
103 °C (decomp.). [a]p —12.3 (c = 0.20, CH2Cl,). IR (neat) 2954, 2924, 2851,
1652, 1200, 1127, 1020 cm™". 'H NMR (600 MHz, DMSO-dg) & = 1.40 (t, J = 4.8
Hz, 3 H), 1.92-2.24 (m, 3 H), 2.25-2.34 (m, 1 H), 2.42-2.49 (m, 1 H) 2.69-2.76
(m, 4 H), 2.84-3.06 (m, 2 H) , 3.22-3.39 (m, 3 H), 3.61-3.70 (m, 1 H),
3.79-3.86 m, 2 H), 442 (q, J = 4.8 Hz, 2 H), 4.82-4.89 (m, 1 H), 4.91-5.02 (m,
2 H), 5.26-5.32 (m, 1 H), 5.34-5.40 (m, 1 H), 6.66 (d, J = 8.1 Hz, 2 H), 7.10 (d,
J=81Hz 2H),7.18-7.45(m,5H), 7.76 (s, 1 H), 7. 96 (s, 1 H), 8.34 (s, 1 H),
8.37 (d, J=84 Hz, 1H), 849 (d, J=84Hz, 1H),861(d,J=7.2Hz 1H),
8.76-8.84 (m, 3 H), 8.94 (d, J = 8.4 Hz, 1 H) ppm. "*C NMR (150 MHz, DMSO-
ds) 6 = 12.5 (q), 15.1 (q), 25.6 (1), 33.6 (t), 36.7 (t), 37.4 (t), 38.7 (t), 38.8 (1),
48.2 (t), 49.3 (d), 53.1 (d), 54.9 (d), 60.4 (d), 61.9 (t), 78.2 (d), 115.9 (d), 117 .4
(d), 119.5 (d), 123.2 (d), 123.8 (s), 124.8 (d), 127.5 (d), 129.1 (d), 130.0 (d),
130.5 (s), 131.4 (d), 133.2 (d), 138.1 (s), 141.3 (d), 148.6 (s), 150.2 (s), 151.5
(s), 152.4 (s), 153.5 (s), 153.9 (s), 154.6 (s), 156.7 (s), 156.9 (s), 158.6 (s),
158.8 (s), 159.0 (s), 161.7 (s), 163.2 (s), 168.4 (s), 170.1 (s), 170.8 (s), 172.4
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(s), 174.0 (s), 174.5 (s), 175.4 (s) ppm. HRMS m/z calcd for Cs4H4909N12S5
(M+H) 1169.2344, found 1169.2330.

Tris-selenocysteine macrocycle 20. Trimethyltin hydroxide (6 mg, 0.034
mmol) was added to a solution
SePh SePh of 1 (20 mg, 0.017 mmol) in

/_%k/([f %A%N%NH 1,2-dichloroethane (170 L)

“SePh and the reaction mixture was

@[)’f then stirred at 60 °C for 2 h.

N After this time, more trimethyltin

hydroxide (6 mg, 0.034 mmol)

i~ T{ & ¢ Q and 1,2-dichloroethane (50 ul)
were added. After 17 h the

mixture was diluted in CHCI,

(10 mL), washed with 6% HCI

(5 mL), dried (Na,SO3), and concentrated in vacuo.

EDC-HCI (4 mg, 19.3 umol), HOAt (3 mg, 19.3 umol) and DIPEA (3 puL, 19.3
umol) were added to a stirring solution of the crude and 2 (20 mg, 19.3 umol) in
DMF (0.35 mL) at 0 °C. After 3 h the mixture was diluted in CH,Cl, (15 mL),
washed with H,O (10 mL), dried (Na;SO3) and concentrated in vacuo with the
aid of toluene to remove DMF traces. The crude product was purified by flash
column chromatography (CH.Cl,/MeOH, 98:2 to 94:6). The title product was
obtained as a white solid (28 mg, 81%), mp (toluene) 115 °C (decomp.). [ap
-53.5 (c = 0.33, CH,Cl,). IR (neat) 2952, 2921, 2849, 1648, 1167, 1019 cm™".
Some NMR signals split into different peaks due to the coexistence of rotamers.
Only the major peaks are listed : 'H NMR (600 MHz, DMSO-dg) & = 1.20-1.32
(m, 5 H), 1.86-2.18 (m, 7 H), 2.24-2.51 (m, 2 H), 2.75 (s, 3 H), 2.79-3.07 (m, 3
H), 3.10-3.89 (m, 12 H), 4.30-4.54 (m, 3 H), 4.64 (t, J= 6.9 Hz, 1 H), 4.75-5.10
(m, 4 H), 5.25-5.51 (m, 2 H), 6.66 (d, J=7.8 Hz, 2 H), 7.11 (d, J = 7.8 Hz, 2 H),
7.18-7.42 (m, 14 H), 7.47-7.62 (m, 6 H), 7.76 (s, 1 H), 7.95 (s, 1 H), 8.14 (d, J
=84Hz 1H),823(d,J=7.2Hz 1H),835(s,1H),842(d, J=7.8 Hz, 1 H),
8.50-8.69 (m, 4 H), 8.84 (d, J = 7.2 Hz, 1 H) ppm. "*C NMR (150 MHz, DMSO-
ds) 6 = 12.5 (q), 17.9 (q), 25.4 (1), 25.6 (1), 29.4 (t), 29.7 (t), 29.9 (2t), 30.3 (1),
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33.5 (1), 37.1 (t), 37.4 (t), 39.1 (t), 47.7 (d), 47.8 (t), 48.2 (1), 49.3 (d), 53.2 (d),
53.7 (d), 53.8 (d), 54.2 (d), 54.9 (d), 60.4 (d), 61.0 (d), 78.2 (d), 115.9 (d), 117.4
(d), 119.5 (d), 123.2 (d), 123.7 (s), 124.8 (d), 127.5 (d), 127.6 (2d), 127.8 (d),
128.8 (d), 129.2 (2d), 130.1 (d), 130.2 (2d), 130.6 (s), 130.8 (s), 131.0 (s), 131.4
(d), 132.3 (s), 132.4 (d), 132.6 (d), 132.7 (d), 138.1 (s), 141.1 (d), 148.4 (s),
150.2 (s), 151.5 (s), 151.6 (s), 152.5 (s), 153.9 (s), 154.6 (s), 156.8 (s), 156.9
(s), 159.0 (s), 159.3 (s), 160.9 (s), 161.8 (s), 162.0 (s), 167.8 (s), 170.1 (s),
170.8 (s), 171.7 (s), 172.4 (2s), 172.8 (s), 174.0 (s), 174.6 (s), 175.4 (s) ppm.
HRMS m/z calcd for C7HasN1s013SsSes (M+H) 1987.2645, found 1987.2634.

Baringolin. 5.5 M tBuOOH in decane (51 puL, 0.28 mmol) was added to a stiring
solution of 20 (28 mg, 14.1

/_%J\ JRTNJL )L JKW 7&““2 pumol) in CHxCl, (4.7 mL) at 0

°C. After 5 min the mixture was

| /N N ?’[S allowed to reach rt and was then

NER | S N/)\Nj stirred for 1 h. A second portion

o e . of 5.5 M BuOOH in decane (51
HZN\\(:«..QN S;)LOQ pL, 0.28 mmol) was added.
o s\/\\wﬁ\i):N o After 2 hours more 55 M

¢ \@ tBuOOH in decane was added

(102 pL, 0.56 mmol). The
reaction mixture was stirred for a total of 12 h. After this time a mixture of
saturated ag. NaHCO3/NayS,03 (1:1, 6 mL) was added. The solution was
extracted with CH,Cl, (3 x 10 mL), dried (Na;SO4) and concentrated in vacuo.
The crude product was purified by flash column chromatography
(CH2Cl,/MeOH, 100:0 to 94:6). The title compound was obtained as a pale solid
(14 mg, 66%), mp (pyridine) 166 °C (decomp.). [a]p +23.4 (c = 0.13, CH,Cl,). IR
(KBr) 3308, 2930, 2847, 1675, 1194, 1130 cm™". "H NMR (600 MHz, pyridine-
ds) & = 1.34-1.41 (m, 1 H), 1.44 (d, J = 7.0 Hz, 3 H), 1.49-1.86 (m, 6 H),
2.02-2.12 (m, 2 H), 2.58 (s, 3 H), 2.83 (dd, J = 17.2, 2.9 Hz, 1 H), 3.00 (d, J =
4.4 Hz, 2 H), 3.20 (dd, J = 14.0, 3.9 Hz, 1 H), 3.43 (dd, J = 14.0, 5.7 Hz, 1 H),
3,48-3.55 (m, 3 H), 3.56-3.60 (m, 2 H), 3.63-3.71 (m, 1 H), 4.74-4.81 (m, 1 H),
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4.84-4.89 (m, 1 H), 5.00 (q, J = 7.0, 1 H), 5.05-5.10 (m, 1 H), 5.16-5.29 (m, 2
H), 5.46 (s, 1 H), 5.51 (s, 1 H), 5.66-5.72 (m, 1 H), 5.83 (s, 1 H), 5.96 (s, 1 H),
6.28 (s, 1 H), 6.51 (s, 1 H), 6.83-6.91 (m, 5 H), 6.93-7.02 (m, 3 H), 7.16 (d, J =
7.3Hz,2H),753(d,J=9.1Hz, 1 H), 7.72 (s, 1 H), 7.79 (s, 1 H), 7.97 (s, 1 H),
8.00-8.04 (m, 3 H), 8.36 (s, 1 H), 8.42 (s, 1 H), 8.56 (d, J = 6.5 Hz, 1 H), 8.66
(s, 1H), 8.83 (bs,1H),9.15(d, J=8.7 Hz, 1 H), 9.56 (d, J=7.1 Hz, 1 H), 9.60
(s, 1H),9.98(s, 1H),10.41 (s, 1 H) ppm. *C NMR (150 MHz, pyridine-ds) & =
11.8 (q), 17.3 (q), 25.3 (t), 25.5 (t), 28.7 (1), 34.3 (t), 36.2 (t), 36.8 (t), 38.3 (1),
39.9 (t), 47.4 (t), 48.1 (1), 48.5 (d), 49.2 (d), 52.3 (d), 54.1 (d), 61.3 (d), 61.9 (d),
78.8 (d), 103.2 (t), 103.8 (t), 104.9 (t), 115.8 (d), 116.8 (d), 118.6 (d), 123.1 (d),
123.4 (d), 125.7 (s), 127.2 (d), 127.9 (d), 128.7 (d), 130.2 (d), 131.0 (s), 131.6
(d), 135.1 (s), 135.7 (s), 136.9 (2s), 139.3 (d), 148.8 (s), 150.2 (s), 150.9 (s),
152.0 (s), 152.2 (s), 153.9 (s), 154.7 (s), 155.8 (s), 157.8 (s), 159.7 (s), 160.5
(s), 161.2 (s), 162.7 (s), 163.1 (s), 164.7 (s), 166.7 (s), 168.3 (s), 169.0 (s),
171.2 (s),171.5 (s), 172.6 (s), 172.7 (s), 173.2 (s), 174.7 (s), 175.1 (s) ppm.
HRMS m/z calcd for CgoHesO13N18Ss (M) 1514.3660, found 1514.3675.

3. NMR Spectra

NMR spectra images are available in the Supporting Information in electronic format.

4. NMR Spectra Comparison for Natural and Synthetic

baringolin.

Table S1. Comparison of 'H and '>C NMR chemical shifts of natural and

synthetic baringolin.

Natural Synthetic
Position 13 : = :
C (8) H () C (8) H (8)
Methyloxazole
2-C 155.9 155.8
4-C 130.9 131.0
5-C 153.9 153.9
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CoO 162.7 162.7

5-CHj,3 11.8 2.58 (s) 11.8 2.58 (s)

Asparagine

NH 9.16 (d, 8.5) 9.15 (d, 8.7)

oCHy 38.3 2.81(d, 17.2) 383 2.83(dd, 2.9, 17.2)
1.35 (m) 1.34-1.41 (m)

BCH 49.2 5.68 (m) 49.2 5.66-5.72 (m)

CO-NH, | 173.3 173.2

Thiazole (1)

2-C 175.2 175.1

4-C 150.2 150.2

5-CH 123.2 | 7.99 (s) 123.1 | 7.97 (s)

Cco 160.5 160.5

Phenylalanine

NH 8.56 (d, 6.6) 8.56 (d, 6.5)

oCH 541 5.08 (m) 54.1 5.05-5.10 (m)

8CH, 39.9 3.43 (dd, 5.1, 14.0) 39.9 3.43 (dd, 5.7, 14.0)
3.19 (dd, 4.0, 14.0) 3.20 (dd, 3.9, 14.0)

1-C 137.0 136.9

2,6-CH |[130.3 | 7.17 (d, 7.5) 130.2 | 7.16 (d, 7.3)

3,5-CH [ 128.7 | 7.02 (m) 128.7 | 6.93-7.02 (m)

4-CH 127.3 | 6.94 (m) 127.2 | 6.93-7.02 (m)

Thiazoline (2)

2-C 172.6 172.7

4-CH 78.8 4.87 (t, 10.0) 78.8 4.84-4.89 (m)

5-CH, 36.2 3.59 (d, 10.0) 36.2 3.56-3.60 (m)

Cco 169.1 169.0

Tyrosine

NH 7.53 (d, 9.1) 7.53 (d, 9.1)

aCH 52.3 5.22 (m) 52.3 5.16-5.29 (m)

BCH, 36.8 299 (d, 4.4) 36.8 3.00 (d, 4.4)

1-C 125.7 125.7

2,6-CH [ 131.7 [ 6.89 (m) 131.6 | 6.83-6.91 (m)

3,5-CH | 116.8 | 6.87 (m) 116.8 | 6.83-6.91 (m)

4-C-OH [ 157.9 [ 11.05 (s) 157.8 | 8.66 (s)°

Proline

aCH 62.0 > 61.9 5.16-5.29 (m)

BCH, 34.4 2.06 (m) 34.3 2.02-2.12 (m)
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1.62 (m) 1.49-1.86 (m)
1.80 (m)

yCH, 25.5 58 () 255 | 1.49-1.86 (m)

5CH, |475 |3.68(m) 474 |33

3.48-3.55 (m)

Thiazole (3)

2-C 174.8 174.7

4-C 148.8 148.8

5-CH 115.9 | 7.82(s) 115.8 | 7.79 (s)

Thiazole (4)

2-C 161.2 161.2

4-C 154.7 154.7

5-CH 123.6 | 8.02(s) 123.4 | 8.00-8.04 (m)

Pyridine

2-C 152.1 152.2

3-C 122.9 -

4-CH 139.4 | 8.04 (bs) 139.3 | 8.00-8.04 (m)

5-CH 118.9 | 8.04 (bs) 118.6 | 8.00-8.04 (m)

6-C 150.8 150.9

Thiazole (5)

2-C 168.4 168.3

4-C 152.0 152.0

5-CH 128.0 | 8.43(s) 127.9 | 8.42(s)

co 159.7 159.7

Dehydroalanine (1

NH 8.40 (s) 8.36 (s)

aC 135.2 135.1

5CH, 1033 6.92 (s) 1030 6.83-6.91 (m)
6.00 (s) 5.96 (s)

co 164.8 164.7

Alanine

NH 9.60 (s) 9.56 (d, 7.1)

CH 482 |[3.52 (m)° 485 |5.00(q, 7.0)

CHs 173 [ 1.44(d, 7.0) 173 | 1.44(d, 7.0)

co 172.7 172.6

Proline

aCH 613 |-° 61.3 |4.74-4.81 (m)

BCH, 28.8 |2.08(m) 28.7 |2.02-2.12 (m)




1.70 (m) 1.49-1.86 (m)
1.80 (m)
yCH, 253 25.3 1.49-1.86 (m)
1.56 (m)
3CH; 48.5 3.52 (m) 48.2 3.48-3.55 (m)
Cco 171.6 171.5
Dehydroalanine (3)
NH 10.02 (s) 9.98 (s)
aC 136.9 136.9
6.00 (s)° 6.28 (s)
BCH, 105.1 104.9
5.53 (s) 5.51 (s)
Cco 163.1 163.1
Dehydroalanine (4)
NH 9.60 (s) 9.60 (s)
aC 135.6 135.7
6.54 (s) 6.51 (s)
BCH> 103.9 103.8
5.87 (s) 5.83 (s)
CO-NH, | 166.7 166.7

The phenolic proton has the most different chemical shift due to its lability. ® Not listed

in the patent. © Not observed due to solvent overlap. ¢ Typing error in the patent.
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Conspectus

In this chapter, different strategies used to produce thiopeptide analogues are described.
The low success rate of thiopeptides to enter the clinic is mainly a consequence of their big
molecular size and their poor solubility. These drawbacks have been addressed by three
different strategies, chemical synthesis, semi-synthesis and mutasynthesis. These studies have
also provided insights into structure-activity relationships and biosynthetic pathways of
thiopeptides.

All three strategies used for the obtention of analogues are complementary. A semi-
synthetic approach is limited to the modification of the most reactive functionalities of the
natural product, while mutasynthesis can alter the backbone of thiopeptides, though it cannot
overcome the many restrictions of the enzymatic machinery. On the contrary, chemical
synthesis offers a greater freedom to design new molecules but is much more expensive and
time consuming. Due to the different modifications that can be performed depending on the
approach used, a multidisciplinary strategy has been proposed to achieve a grater molecular
diversity that can overcome the limitations of all three methods as stand-alone disciplines.
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Introduction

Thiazolyl peptides, or thiopeptides,'* are an ever-expanding family of antibiotics produced
by Gram-positive bacteria that have attracted the interest of many research groups thanks to
their outstanding biological profile, displaying nanomolar potencies for a variety of Gram-
positive bacterial strains, including methicillin-resistant Staphylococcus aureus (MRSA),
vancomycin-resistant enterococci (VRE), penicillin-resistant Streptococcus pneumonia (PRSP)
among others, along with other interesting properties such as antiplasmodial and
anticarcinogenic activities. The members of this family of natural products are easily spotted
thanks to their central azole-substituted nitrogen-containing six-membered ring. Other
characteristic features of these natural products are the presence of at least one macrocycle and a
tail of variable length, both decorated with highly modified amino acid residues, mainly
cyclised and/or dehydrated Cys, Ser and Thr units. The high potential of new modes of action of
thiopeptides has gathered the attention of many groups, which have carried out epic efforts
towards their total syntheses’® and the study of their structure, biological function and
biosynthetic origin.”' It is now well established that thiopeptides arise from the thorough
modification of a ribosomally synthesized linear pre-peptide by a variety of post-translational
modification enzymes, all of them encoded in the same gene cluster.

Thiopeptides have been found to inhibit the growth of Gram-positive bacteria through two
different modes of action, mainly depending in their macrocycle size. Thus, thiopeptides
possessing a 26-member macrocycle, such as thiostrepton,'' nocathiacin I'> or the thiocillins,"
disrupt the ribosome/L11 protein complex and do not permit the correct function of elongation
factor G (EF-G). On the other hand, those with a 29-member macrocycle, such as GE2270A'" or
the thiomuracins,"” bind to elongation factor Tu (EF-TU) and prevent the amino acyl//RNA
complex to be delivered to the ribosome. However, the mode of action of thiopeptides bearing
larger 35-member macrocycles such as those of TP-1161'° and berninamycin A'” is not yet
understood.
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Despite their impressive in vitro profile, poor pharmacokinetic properties, especially low
aqueous solubility, have limited their use as therapeutic agents, which to date has been restricted
to topical use and only for the treatment of animal infections.

Different Approaches to Thiopeptide Analogues

In order to overcome the physicochemical drawbacks of thiopeptides, different approaches
have been used to determine which structural features grant them their unique biological profile
and produce analogues of improved solubility that can retain both activity and potency. Three
main routes have been explored to achieve such a goal: chemical synthesis, biosynthetic
pathway engineering and semi-synthesis. Given the huge differences existing between all three
methods, the kinds of modifications that can be achieved is equally distinct and have served to
explore different areas of the chemical space. While engineering of the biosynthetic pathway
grants the alteration of the enzymatic machinery function to isolate non-mature products and
makes residue replacement possible, a semi-synthetic approach facilitates the introduction of
new fragments or degradation at the most reactive sites of the natural product. On the other
hand, chemical synthesis allows the introduction of modifications that are not possible when
relying on the in vivo production that the other two approaches are taking advantage of.
However, this strategy is the most tedious and time consuming one because of the large number
of steps it usually involves.

2.1. Chemical Synthesis

Huge synthetic efforts during the last decade have led to the total synthesis of many
thiopeptide antibiotics. Such epic achievements have implied the development of powerful
synthetic methodologies and strategies that are also amenable for the production of analogues.
These syntheses are inherently lengthy, costly and time-consuming and this has led to a limited
use of this approach. Nonetheless, insights into the activity of analogues otherwise impossible to
produce by alternative methods and the activity of fragments obtained as synthetic building
blocks have helped to determine key structure-activity relationships (SAR). If drug-like
compounds were required to obtain new medicines, chemical synthesis would appear as a
competitive option for the production of such small molecules.

Pioneering work by the group of Nicolaou permitted the first total synthesis of
thiostrepton.”® During their synthetic studies an analogue of the natural product lacking the
second macrocycle and bearing a central five-membered ring instead of the naturally occurring
six-membered one was produced, analogue 1 (Figure 1)."® This product lacked any significant
antibacterial activity, but highlighted the important role of the central six-membered ring as
scaffold. Further investigations on the central polyheterocyclic core revealed that fragment 2,
used for the total synthesis of thiostrepton retained some in vivo activity and could be the
starting point for the development of a low molecular weight antibacterial lead with improved
pharmacological profile." The in vitro ability of 2 to target the translational machinery was
assessed along with that of other building blocks such as 3 and 4 and many of their analogues
and stereoisomers. Central polyheterocycle 4 is a fully unsaturated version of the core fragment,
such as the one found in GE2270 A and T.*° Surprisingly, the in vitro results point to an

122



S
R
)\‘%\N N s
X NB . N‘\g
0C
Me)( 2
3 CO.R
R'=H;R?=Me; X=8
TT assay?: ~60% protection 3
BocN_ O
DBU 4 Mé Me
Ag,CO3 DBU EtOAc, A
pyridine, 12 °C 50% TT assay®: ~40% protection
— - NHR*
. S
S W
\\ CO,Et s\ Me Kfo Y COMe
N < CO,R? HN ‘ ]
/ i N MeO,C~ N |
EtOQC\C“\ \\\\\ N R%0,C \ N X .
NH, \1 S s :
\ s 2 SHN 2 (\N
: -
z (\N /
ZaN - y ; E—— s
/ S R .
S Me =
§ 2 H,N OH
3 BocN_ O " )
BocN_ O X R*=H TT assay®: ~100% protection
X Me Me MIC (S. aureus): 5.0 uM [0.2]
Me Me |

|
ﬁ%'\‘*{ﬁm o SM JH( W)LNH2

S s
NH2 < W/© . ’ .\\N X H
o NHAlloc N Me \ C N N \y Me
Me (\ Me  HN SN (\Ne H o) [
NH I S [¢] HO o) | Me o M
S OH H S o e
HO HO o <&a ‘ OH iy
OH HN s HN" 7O HN O
HN * 2
HN o A Me s o Y
NN Me‘\M ) Iy g '\/1 \
= O N e NS
H i \ 5 [¢] \H/N S Me™ YOH
HNie S Translation inhibition: 48% [98%] o . Me*
Me' Me Me
HO on

Thiostrepton

Figure 1. Relationship between different thiopeptides intermediates and analogues produced during total
syntheses and fragment screening. Compounds displaying in vivo or in vitro activity are highlighted in
green. Products that were found to interact only with molecular targets in in vitro assays are highlighted
in blue. Non-active molecules are highlighted in red. Activity and solubility values of the natural product
appear in brackets next to that of the analogue. “Inhibition of GFP synthesis using a transcription-
translation (TT) assay was carried out in the presence of thiostrepton.

alternative mode of action for the fragments other than inhibition of the translational
machinery.”’ Some of the tested compounds were also found to restore formation of the 70S
initiation complex (70SIC) in the presence of thiostrepton, indicating that those fragments might
be competing with the natural product even if they do not strongly bind to the ribosome.

Identification of the key contacts between thiostrepton and protein L11 binding domain of
the 23S ribosomal RNA, highlighted with stars in figure 1, led to the design and synthesis of a
library of analogues of the like of 5, bearing those moieties involved in such interactions.”
Although some of the compounds displayed some residual in vifro inhibition of protein
translation, they all failed to inhibit bacterial growth. This may stem from the increased
flexibility of the fragments outside of their original macrocyclic frame. However, the fragments
synthesized only included two out of the three interacting residues mentioned and the thiazoline
ring was substituted for a more robust thiazole. Such simplifications might have also caused the
decrease of in vitro inhibition and the lack of in vivo activity.
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2.2.Semi-Synthesis

The most widely used strategy for the synthesis of thiopeptide libraries of analogues has
been the chemical modification of the natural extract, or semi-synthesis. The relatively large
amounts of natural product than can be obtained using fermentation tanks provide enough
material for subsequent derivatization, characterization and screening. This approach is mainly
limited by the inherent reactivity of the thiopeptide that is used. Consequently, although very
selective methods have been developed, all modifications are necessarily carried out at the most
reactive sites of the substrate and result in products of a molecular weight comparable to that of
the extract. Nonetheless, the fewer chemical transformations required when compared to de
novo synthesis and the large amount of analogues that can be readily obtained, have granted
access to the most promising derivatives to date.

Nocathiacin I (Figure 2A) has been one of the most thoroughly modified thiopeptides and is
a perfect example of the different transformations than can be performed at distinct sites of the
thiopeptide scaffold. The vast majority of derivatives have been obtained through alteration of
the peptidic tail (Figure 3). When considering the configurational restrictions of the macrocycle,
a fact that supports its high specificity towards its biological target, the dehydroalanine (Dha)
residue present in the tail appears as a much more flexible moiety of enhanced reactivity. One of
the most common modifications is the Michael addition of nucleophiles to Dha,” leading to
amines® and thioethers,” being the latter amenable for further conversion into the
corresponding sulfones under mild oxidative conditions, which should increase their solubility
profile (Figure 3C).*® Alternatively, the Dha residue can be diastereoselectively hydrogenated to
obtain the corresponding Ala side chain, which can be further modified (Figure 3 A).”
Degradation of the tail has been broadly used as well and grants access to two different products
depending on the conditions that are used, leading to either the thiazole-4-carboxilic acid
derivative (nocathiacin acid), or the corresponding amide (nocathiacin IV).***’ Nocathiacin acid
can be left unmodified for solubility enhancement or can be further modified for subsequent

. . . 1
condensation with amines.’*’

Nocathiacin IV, has been used in one-pot N-alkylation/reductive
amination protocols to introduce long alkyl tails (Figure 3B).>> Such modifications have led to
the discovery of nocathiacins analogues with improved solubility and similar potencies to that

.. . . . . . . . 33
of nocathiacin I against various pathogens, including vancomycin resistant strains.

Other nocathiacin I modifications reported include the selective substitution of one of the
two most reactive hydroxyl groups of the molecule, 2-hydroxypyridine and N-hydroxyindole,
leading to regioselective alkylations and also formation of carbamates and phosphonates.’*
Mono-O-substitution or bis-O-substituted compounds with alkyl chains bearing a phosphoric
acid group in many cases maintained excellent in vitro and in vivo activities while improving
aqueous solubility (Figure 4A).** Such derivatives might be suitable pro-drugs of nocathiacin I
since phosphonooxymethyl ethers are known substrates of phosphatases, resulting in hydrolysis
and hence, the release of nocathiacin 1.*° Even if the development of thiopeptide pro-drugs
might appear as a very conservative strategy, it allows the potency to be retained, circumventing
the natural product’s lack of solubility. Similarly, regioselective substitution at one of the
threonine residues of QN3323A, and either oxyme formation or reductive amination at the

methyl ketone moiety produced derivatives of improved in vitro profile (Figure 4B).*"**
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Figure 2. Reactivity map of thiopeptides during semi-synthetic modifications: nocathiacin I (A); QN3323
A (B); thiomuracin A (C); GE2270 A (D); thiostrepton (E).

A series of different transformations were performed on thiomuracin A.** The presence of a
naturally occurring epoxide became an excellent playground for thorough derivatization of this
appendix and permitted the formation of the corresponding substituted proline residue. This
pyrrolidine ring bore methyl and hydroxyl groups, however, its substitution differed from than
of the naturally occurring residue present in Thiomuracin I and GE37468.*" Removal of the
tail was also carried out, resulting in even more robust and simplified products. One of them
maintained activity and displayed a generally increased potency in vitro, while in vivo
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performance had higher strain dependence (Figure 4C). Such simplified analogues were also
intended to facilitate further drug development.
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Figure 3. Examples of semi-synthetic modifications of thiopeptide tails. Macrocycle codes: nocathiacin
(NOC), GE2270A (GE2) and thiostrepton (TSR). PDs, (dose required to cure 50% of the animals
infected); MIC (minimum inhibitory concentration); cLogP (calculated partition coefficient between
octanol and water); Glsy (concentration of drug required for 50% growth inhibition); Kp (dissociation
constant). *Activity and solubility values of the natural product appear in brackets next to that of the
analogue. BLD (below limit of detection).

Along with the amythiamicins, GE2270 A, lacks any dehydroamino acids. However, it has
been one of the most thoroughly studied and derivatized thiopeptides by semi-synthetic
methods.*!
modification and degradation of its peculiar tail has been addressed in many reports and has
produced a large number of analogues (Figure 3D). Another reactive point of GE2270 A is the

42,43

Despite not having any Michael acceptors for the addition of nucleophiles,

phenylserine side chain, " which can be modified or even removed to convert it into a glycine
residue in the same fashion that this transformation can be performed in thiomuracin A.* Since
the macrocycle modifications did not provide any compounds of interest, most of the efforts
have focused on tail replacement.”* Acidic treatment of GE2270 A causes a rearrangement of
the tail and provides a thiazole-4-carboxylate that can be hydrolyzed under basic conditions to
yield the corresponding acid.* Using this moiety as a starting point, a myriad of transformations
became possible. The acid can be either condensed with amines or peptides or it can be reduced
to the alcohol, which can also be used in many different reactions (Figure 3D).* Although about
500 compounds were obtained in this manner, only a few retained activity while displaying
good solubility. Interestingly, all good performers shared a common motif, a carboxylic acid at
least five atoms apart from the thiazole ring.

More recently, outstanding results have been achieved by LaMarche ef al., who have based
their modifications on the substitution of the 4-aminothiazolyl analogue obtained after Curtius
rearrangement of tail-less GE2270 A (Figure 3E). Although the 4-aminothiazolyl analogue
could be further eroded to obtain the corresponding picolinamide derivative, it was devoid of
activity. ** The 4-aminothiazolyl moiety permitted the formation of an imidazole ring that was
used to substitute the original oxazoline. However, this and other imidazole-containing
analogues showed a poor in vitro behavior.’ Many other substituted 4-aminothiazolyl
analogues were also synthesized, leading to the discovery of the cyclohexanoic acid series
(Figure 3E),** which were linked to the thiazole through either an amide or a carbamate
linkage. In both cases, these compounds exhibited a carboxylic acid, which again was at least
five atoms apart from the thiazole moiety. These compounds displayed similar irn vitro potencies
to the parent natural compound, but their improved solubility made them amenable for in vivo
testing, resulting in an excellent profiling.” Further derivatization of the cyclohexanoic acid
series led to the discovery of LFF571, which incorporated an extra carboxylic acid-containing
alkyl chain at the carbamate moiety.”' This new analogue, the first one to enter clinical trials for
the treatment of human infections, showed an excellent behavior during in vivo testing>> and has
been demonstrated that it still targets elongation factor Tu.>?

These results demonstrate that a semi-synthetic approach is an excellent strategy for the
assessment of structure-activity relationships and high throughput screening of such big
molecules. The fact that only a few chemical transformations are required validates this method
for the obtention of highly complex molecules in relatively large amounts.
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Despite its more complex architecture, thiostrepton has been selectively modified at many
different regions of its structure using the unique moieties it possesses. Apart from the common
Dha residues, other fragments susceptible of modification are also present. During their
investigations on FOXM1>* transcription factor inhibition with thiostrepton, Balasubramanian
et al. prepared various surprising analogues.” First, ketal formation using the dihydroxylated Ile
residue was achieved, although it was stated that the transformation proved quite irreproducible.
However, one of the most surprising transformations reported is the cycloaddition of
Danishefsky’s diene with the double bond of the quinaldic acid moiety (Figure 2E). Unluckily
inhibitory activity of FOXM1 was completely lost after this modification. Another outstanding
modification is the selective degradation of the Dha tail reported by the group of Arndt, yielding
products with a single Dha or with no tail at all (Figure 3F), depending on reaction conditions.
Either thiostrepton or their mono-Dha analogues were amenable for selective Michael additions
with various thiols, leading to products that have been used for a variety of studies. These
include functionalization with a biotin tag to assesses the previously mentioned inhibition of
FOXMI1 (Figure 3G), SAR studies of thiostrepton analogues as antiplasmodial drugs,’’
derivatization with fluorescent probes to study their binding to the ribosome (Figure 3H)**** and
assessment of thiostrepton’s tail region impact on protein translation inhibition, including
Gram-negative bacteria translation machinery.”

Alternative modifications of thiostrepton include the selective oxidation of its thiazoline ring
to furnish the corresponding thiazole in high yield. This, along with the selective elimination of
a single Dha residue, gave access to a series of Michael addition products of improved
antiplasmodial efficiency.”” During the same study, solvolysis of the quinaldic acid-containing

] .
6061 Qelective

ring yielded a mono-macrocyclic analogue completely devoid of activity.
reduction of thiostrepton’s central dehydropiperidine ring into its fully saturated analogue was
also achieved with good conversions and displayed an increased affinity for the ribosome

(Figure 4D).%

Although the derivatization of thiostrepton has not been as extensive as that of other
thiopeptides, its higher diversity of reactive sites and its various biological activities have
resulted in more diverse results. The use of different tags and the ever-surprising imagination of
researchers have allowed to merge many fields using just a few thiostrepton analogues. This
demonstrates that thiopeptides are not only good candidates for the development of new drugs,
but can also serve as an excellent platform for chemical biology investigations.

2.3. In Vivo Production of Analogues

The structure of thiopeptides results from extensive modification of a ribosomally
synthesized pre-peptide, opposite to the more common peptide-derived natural products
produced by nonribosomal peptide synthetases (NRPS).® Its ribosomal origin implies that the
peptide sequence is genetically encoded, and in fact, the structural gene of many thiopeptides
has been found in the same gene cluster that encodes the enzymatic machinery necessary for
post-translational tailoring.”'® Mutation studies of both the pre-peptide and surrounding
enzyme-coding genes have offered insights into thiopeptide biosynthetic pathways,* structure-
activity relationships and enzymatic machinery tolerance for modifications.
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Although this approach has a great potential for the easy generation of analogues, some
inconveniences must be circumvented in order to efficiently produce sophisticated derivatives.
First, culture yields are affected after the introduction of even just one conservative residue
replacement mutation, requiring thorough optimization to achieve an efficient production.®
Moreover, many pre-peptide mutations are not accepted by the tailoring enzymes, resulting in a
huge area of the chemical space that cannot be studied by this method. Similarly, the use of non-
natural amino acids is also subjected to the preferences of this machinery and must compete
with the natural substrate during translation, leading to mixtures and even lower yields. Finally,
the use of knock-out (KO) mutants can provide non-mature analogues of great interest;
however, the sequential nature of the biosynthetic pathway does not allow performing most of
the transformations that should take place afterwards due to the lack of substrate recognition.
Therefore, only KO of the enzymes responsible for the latest transformations during the
maturation process will produce sufficiently mature analogues.

The groups of Walsh and Kelly have reported single residue-replacement mutation studies
on the pre-peptides of the thiocillins,’®” GE37468® and thiostrepton®™’ (Figure 5).
Characterization of products produced in this manner provides very valuable information, such
as whether the replacement is accepted by the tailoring enzymes and if it is not, at which step is
the residue vital for recognition. Production of such analogues requires fermentation in large
enough quantities of liquid media that can produce the necessary amounts of product for further
structure elucidation. Despite all the information that can be obtained, this process can be
tedious and is not amenable for the production of a large number of analogues. Walsh and
collaborators recently reported the use of codon randomization for similar investigations with
GE37468 pre-peptide mutants (Figure 5A),”" allowing the replacement of the selected residues
for all the other proteinogenic amino acids, thus demonstrating that this approximation results in
a much more rapid evaluation of the analogues produced by colonies in solid media. High
throughput MALDI-TOF analysis of colony samples led to the detection of 29 samples capable
of producing enough quantities of mature analogues. Liquid cultures of these colonies were
further analyzed and sequenced to identify their particular mutation. These colonies were found
to produce mixtures of compounds formed by the expected fully matured analogues and
partially or alternatively processed products. Remarkably, a Thr2Cys replacement resulted in
slightly improved in vitro potency and Thr2Ser maintained it. It is also notable that Ile§
tolerated many substitutions and in the case of Ile8Leu, products of varying oxidation level were
present. Some mutations of Asn3 were allowed; however, none of the products obtained was
active, pointing to the crucial role of this residue for binding to EF-Tu.

Modifications of the pre-peptide aiming at the obtention of thiocillin analogues of varying
macrocycle sizes were also studied in the Walsh’s group.” Two different strategies were used to
obtain such analogues. On one hand, deletion of Thr3 or the introduction of up to three extra
Gly residues between Thr3 and Thr4 gave rise to analogues of 23, 29, 32 and 35-atom
macrocycles. Although there are thiopeptides of different macrocycle sizes, 23 and 32-
membered rings are not found in any naturally occurring members of this family. On the other
hand, in order to produce alternative macrocycles, new Ser residues were incorporated to the
pre-peptide, either replacing an already existing amino acid or inserting it between two of those
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Figure 5. Production of analogues by pre-peptide mutagenesis, feeding with modified building blocks or
gene deletion: GE37469 (A), thiocillins (B), nosiheptide (C) and thiostrepton (D). Modifications that
produced active analogues are colored in green. Residue replacements that resulted in non-active mature
products are colored in black and those that did not produce the mature analogue or did not provide high
enough yields for testing are colored in red. A star highlights those mutations that resulted in altered
downstream processing. *Compounds used for feeding experiments are in boxes; activity values
correspond to mature analogues and the activity of the natural product appears in brackets.

found in the natural sequence. By doing so, once dehydration of Ser had occured, competition
between Dha residues took place and new compounds of different ring sizes or mixtures of them
were produced. All this series of analogues lacked antibiotic activity; however, these results
demonstrate that TclM, the enzyme responsible for the putative cycloaddition, is largely
promiscuous and could be used for the production of many analogues effective against targets
other than the ribosome or elongation factors.

Investigations on the role of different enzymes present in the thiopeptide gene clusters have
provided analogues during inactivation experiments. For example, the above mentioned TclM
can be inactivated by fcIM deletion to produce linear thiocillin precursors.” Inactivation of
enzymes involved in tail maturation has provided active macrocyclic analogues. These enzymes
act after cycloaddition, which leads to the obtention of very mature products containing most of
thiopeptide’s characteristic structural features. Thiostrepton terminal amide can be replaced for
its corresponding methyl ester or carboxylic acid through inactivation of TsrS or TsrT,
respectively (Figure 5D).”*"® Thiostrepton methyl ester was found to be one order of magnitude
more potent than the natural amide; however, its solubility was substantially reduced. On the
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other hand, thiostrepton acid profile was completely opposite and despite its improved
solubility, it displayed reduced in vitro potency.

The different existing pathways of amide formation in thiopeptide tails provide a chance for
the isolation of distinct intermediates other than those observed for thiostrepton. Such is the case
of nosiheptide, whose C-terminal amide is formed after cleavage of the last Dha residue of the
leading peptide by NosA. Fermentation of a nos4 KO yields nosiheptide with the extra Dha
amino acid, which was not detrimental for in vitro potency.”® Inhibition of the methyltransferase
NosN results in the production of an analogue displaying the same extended tail; however, in
this case, the second macrocycle of nosiheptide is not formed, demonstrating that NosN is
responsible for 4’-methylation of the indolic acid moiety, which is required for subsequent
cyclization.”” With these experiments, both the bio-synthetic pathway and the in vivo production
of analogues, can be explored synergistically.

Indolic and quinaldic acids are present in the second macrocycle of various thiopeptides.
During investigation on these moieties bio-synthesis, Liu and collaborators disclosed the role of
various enzymes accounting for the conversion of Trp into those fragments.”* ** Given that the
starting Trp residue is not present in the pre-peptide sequence and that it is incorporated into the
maturating thiopeptide after its own processing, feeding experiments with Trp derivatives are
possible. To date, analogues of indolic acid and quinaldic acid containing thiopeptides have
been obtained, both resulting from incorporation of the fluorinated precursor into the bio-
synthetic pathway. Feeding of S. actuosus cultures with 5-fluoro-DL-tryptophan resulted in
incorporation of the modified L-amino acid into Nosiheptide structure, giving rise to 5’-fluoro-
nosiheptide along with the natural product (Figure 5C).”® In order to obtain a 6’-fluorinated
thiostrepton analogue, a 6-flurinated quinaldic acid derivative was fed to a culture of mutated S.
laurentii lacking tsrT gene. TsrT is a methyltransferase required in the initial steps of Trp
conversion into quinaldic acid and, by using this strategy, competition of unmodified Trp was
completely avoided and only the desired 6’-fluoro-thiostrepton was obtained (Figure 5D).* In
both cases, fluorination resulted in increased in vitro potencies, highlighting the huge potential
of mutasynthetic methods.

Alternatively, modified thiopeptides can also be obtained from cultures of the wild-type
producing strain if the activity of enzymes is tuned by modification of different factors, such as
pH, metal ions and other additives. In this regard, in situ conversion of nocathiacin I into
nocathiacin acid can be achieved without relying on semi-synthetic methods."'

In spite of some of the highly modified products produced by in vivo methods, only
thiopeptides with very conservative alterations and still bearing their characteristic macrocycles,
have displayed interesting profiles. Actually, the enzymatic machinery devoted to thiopeptides
bio-synthesis cannot produce products much more different than those it has developed to work
with. Moreover, although residue replacement is possible thanks to the ribosomal origin of the
pre-peptide, to date it has limited the residues than can be introduced to the set of 20 naturally
occurring amino acids. Despite these limitations, the use of non-natural tryptophan or its
corresponding processed metabolites has permitted the introduction of altered moieties derived
from it, widening the chemical space that can be explored.
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3. Perspective

Most of the literature regarding the modification of thiopeptides is very recent and new
advances are expected to appear during the following years. Along with information gathered
from other approaches, further modification of the natural products may reveal more of the
features that grant thiopeptides their huge potencies and that could serve to improve them as
well as their solubility. However, the different disciplines to which this review is devoted might
not be able to produce the required diversity as standalone strategies. As previously stated, they
all have some limitations, including the kind of modifications that they allow. Although, in
principle, chemical synthesis should be able to provide any analogue that can be designed, the
lengthy and costly routes it requires do not make it feasible for neither preparation of libraries
nor large-scale production. Thus, a combination of all strategies should give rise to more
sophisticated analogues with the characteristic modifications of every approach introduced at
different stages (Figure 6).* First, a pre-peptide including both the structural and leading
peptides could be synthesized by chemical methods (Figure 6B), such as solid-phase peptide
synthesis (SPPS) for ease of preparation. At this point, many modifications can be included,

. ” - Pre-peptide
- ' . chemical
. u synthesis
I . . Bio-synthetic
maturation

Semi-synthetic
modifications

‘ Proteinogenic amino acid

Enzimatically modified non-proteinogenic amino acid

i Non-proteinogenic amino acid Semi-synthetic modification

u Enzimatically modified proteinogenic amino acid Semi-synthetic new fragment

Figure 6. Proposed sequence for the future production of highly modified thiopeptide analogues: Using
both proteinogenic and modified amino acids (A), altered synthetic pre-peptides could be produced (B).
In vivo maturation should provide thiopeptides with their characteristic structural features and other
modified building blocks could be introduced (C). Semi-synthetic derivatization of the isolated product
could introduce further modifications (D).
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such as amino acid replacement or the introduction of non-proteinogenic amino acidss,
otherwise forbidden due to the ribosomal origin of thiopeptides. Next, maturation of the peptide
by the enzymatic machinery of an adequate strain, which can be genetically engineered, would
perform its thorough tailoring to install the unique features of thiopeptides. Moreover, feeding
with modified indole would introduce more diversity (Figure 6C). After isolation, semi-
synthetic modifications could be made in order to perform further improvements, such as
attaching moieties for solubility enhancement (Figure 6D).

Developing new highly altered thiopeptides will require epic efforts if libraries of semi-
synthetically modified bio-engineered products have to be prepared. However, once a product of
interest has been identified as a candidate, fermentation of the mutant and its semi-synthetic
modifications should grant access to it in a fast and affordable manner. Genetic engineering and
chemical post-fermentation modifications appear as ideal partners for the discovery and
development of future thiopeptide-based drugs. Upcoming developments in all the areas herein
discussed will surely overcome many of the limitations they all possess and will provide us with
new compounds of increased sophistication.
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Conspectus

With a concise and modular strategy for the synthesis of baringolin in hands, it was now
possible to generate analogues with modifications at key regions. The two of the most
characteristic moieties of baringolin, its surprisingly long tail and the Phe-derived thiazoline
ring, were substituted to assess their structure-activity profile. Thiazoline was substituted by
its aromatic counterpart using the corresponding Phe-derived thiazole. Peptidic tail variants
were obtained using the same solid-phase strategy that had been previously used for
pentapeptidic tail synthesis. Various thiazole-4-carboxylic acid derivatives were also assessed
in the absence of a peptidic tail. Solid-phase synthesis of the original pentapeptidic tail capped
with a thiazole-4-carboxylate moiety also permitted to evaluate the antibacterial activity of
this appendix per se.

Testing of all analogues against various Gram-positive bacterial strains revealed the key
impact of thiazoline in broadening the activity profile of baringolin. By contrast, its tail did not
appear as a crucial moiety. Substitution of the pentapeptide for a trans-4-aminocyclohexanoic
acid moiety improved the antibacterial potency against most strains and overcame activity
restrictions of the thiazole series of analogues.

Remarkably, this is the first fully synthetic library of thiopeptide analogues ever reported.
This fact, combined with the good activity results obtained is an excellent evidence to validate
our synthetic strategy as a suitable one for the assessment of structure-activity relationships of
such complex molecules.

142



Dissecting the Structure of Thiopeptides: Assessment of
Thiazoline and Tail Moieties of Baringolin and Antibacterial
Activity Optimization.

Xavier Just—Baringo,l’2 Paolo Bruno,"? Cristina PitaIT,3 Jordi Vila,3 Fernando Albericio,
Mercedes Alvarez'>%*

! Institute for Research in Biomedicine, Barcelona Science Park-University of Barcelona, Baldiri Reixac
10, 08028 Barcelona, Spain.

2 CIBER-BBN, Networking Centre on Bioengineering Biomaterials and Nanomedicine, 08028 Barcelona,
Spain.

3 Center for International Health Research, CRESIB, Hospital Clinic, University of Barcelona, 08036
Barcelona, Spain.

* Department of Organic Chemistry, University of Barcelona, E-08028 Barcelona, Spain.
7 School of Chemistry, University of KwaZulu-Natal, 4001-Durban, South Africa.

% Laboratory of Organic Chemistry, Faculty of Pharmacy, University of Barcelona, 08028 Barcelona,
Spain.

KEYWORDS

Thiopeptides / Thiazoline / Thiazole / Antibiotics / Synthesis / Structure-Activity Relationships /
Solid-Phase Peptide Synthesis

ABSTRACT

Baringolin (1) analogues were prepared to evaluate the role of its characteristic thiazoline
ring and pentapeptidic tail. These modifications helped to define structure-activity relationships
for these regions. The thiazoline ring appeared as a crucial moiety to maintain a broad scope of
activities against different Gram positive bacteria strains. Further modifications were performed
to simplify the structure of the natural product and assess the role of its tail, resulting in an
enhanced in vitro performance. Analogue 2, with the thiazole-containing macrocycle and a 4-
aminocyclohexanoic acid moiety in place of the pentapeptidic tail, was identified as a much
more potent analogue, capable of overcoming the absence of the thiazoline ring and performing
extraordinarily well against all strains tested. This is the first library of thiopeptide analogues
produced by chemical synthesis alone, which demonstrates the robustness and convenience of
the synthetic strategy used.

INTRODUCTION

Antibiotic resistance to marketed drugs is an increasing concern in the clinic and requires the
development of new compounds that can overcome this phenomenon.' The discovery of new
molecules with new modes of action is key to avoid cross resistances. In this context,
thiopeptide antibiotics have arisen as promising candidates due to their good performing in in
vitro assays against various microorganisms. Despite the good activities reported, their lack of
aqueous solubility has limited their use to the treatment of skin infections, regardless of the
huge efforts carried out for the synthesis of more soluble analogues.*"*

The complex architecture of thiopeptides’ has prompted many groups to develop
sophisticated and robust synthetic strategies to achieve the total synthesis of many members of
this family of antibiotics.® However, these syntheses are inherently lengthy and time consuming
and have scarcely been applied to the synthesis of analogues, with most of the reports focused
on fragment and synthetic intermediates screening.”*”'® Thus, alternative approaches to the
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preparation of modified thiopeptides have been explored, all taking advantage of the
biosynthetic pathway that produces the parent natural products.'' On one hand, engineering of
the biosynthetic pathway has shown its potential for the obtention of analogues arising from
different kinds of modifications: residue replacement, enzyme knock out and feeding with non-
natural precursors.”> Replacement of putative Ile, which is oxidized to form 2-hydroxy-4-
methylpyrrolidine, in the parent peptide sequence of GE37468A (3)" with Pro, produced the
mutasynthetic analogue 4,'* which has a macrocycle identical to that of baringolin (1) (Figure
1). On the other hand, semi-synthesis permits chemical modification of the product at its most
reactive sites, giving rise to a wide variety of transformations, such as the conversion of
thiomuracin A (5)" into its derivative 6.'°
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Figure 1. Thiopeptide antibiotics of the d series (top) and analogues of diverse origin derived from them
(bottom). Baringolin analogue 2, reported herein, was produced by chemical synthesis alone; 4 was
produced by mutasynthesis; and 6 was obtained by semi-synthesis.

Despite the very limited presence of fully synthetic thiopeptide derivatives in the literature,
our recent studies on 1 total synthesis aimed at the development of a modular and convergent
strategy that should facilitate the preparation of its analogues.'” Our goal was to assess the role
of both the thiazoline ring and the pentapeptidic tail of 1. In order to do so, we first aimed at the
synthesis of a macrocycle analogue introducing a thiazole moiety in place of the naturally
occurring thiazoline. Secondly, shorter peptidic tails were to be introduced to assess their impact
in antibacterial activity. Once these modifications were performed, substitution of the peptidic
tail by other moieties should help us identify compounds of improved performance. Herein we
present the first library of thiopeptide analogues obtained solely by chemical synthesis.

RESULTS AND DISCUSSION

Substitution of the thiazoline moiety of the macrocycle in 1 for the corresponding thiazole
was regarded as a modification likely to introduce rigidity and stability to the macrocyclic
scaffold.'* Furthermore, this modification is more favorable from a synthetic point of view and
should also enhance the stability of the final compound. Such a modification was expected to
retain activity activity against S. aureus, since the thiomuracins display the same fully
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unsaturated thiazole on the equivalent position of their similar macrocycle."” In order to obtain
the desired analogue, a suitable building block was synthesized (Scheme 1). Phenylalaninamide
(7) was protected with the Alloc group, yielding 8, which was then converted into the
corresponding thiomaide 9 and subsequently transformed into the desired thiazole 10 by means
of a two-step Hantzsch cyclization. Ester hydrolysis produced carboxylic acid 11, a suitably
functionalized fragment for further condensation. The use of Alloc-protected fragment 11 will
facilitate the deprotection step prior to macrocyclization in subsequent stages of the synthesis.

X c) i. Ethyl bromopyruvate 3/\>\
H zN\)J\ a) Allyl chloroformate A”°°HN\,)J\NH2 i. TFAA, 2,6-lutidine  AllocHN \/k\ COR
~Ph ~Ph ~p

7

8:X=0 b) Lawasson's 10: R = Et & LioH
sa:x:s«i| reagent 1M:R= H:\

Scheme 1. Synthesis of phenylalanine-derived thiazole 11. Reagents and conditions: Allyl
chloroformate, NEt;, CH,Cl,, 0 °C, 2 h, 86%; b) Lawesson’s reagent, THF, rt, 4.5 h, 88%; c) i. ethyl
bromopyruvate, KHCO3;, DME, 0 °C, 2.5 h; ii. TFAA, 2,6-lutidine, DME, —20 °C, 2.5 h, 99% (95% ee);
d) LiOH, H,O/THF, rt, 15 h, 86%. DME = dimethoxyethane, TFAA = trifluoroacetic anhydride.

To evaluate the role of baringolin’s tail, the corresponding tri- and tetra- precursor peptides
were synthesized to be used in the preparation of analogues of various tail lengths. The
phenylselenocysteine-containing peptides, 12 and 13,'* were synthesized by solid phase peptide
synthesis (SPPS) on a Rinkamide/ChemMatrix resin'’ to obtain the corresponding C-terminal
amides using the same methodology described for the preparation of baringolin’s pentapeptide
precursor 14'7* (Scheme 2).

a) i. Fmoc-AA-OH

DIPCDI, OxymaPure SePh SePh SePh ePh
ii. piperidine b) TFA
HoN H
~-Q LR, JL . HszW \)L _)L
O We K/

O = Rinkamide/ChemMatrix resin

12,n=
13,n=
14n2

Scheme 2. Solid phase synthesis of tri-, tetra- and pentapeptide precursors, 12, 13 and 14,
respectively. Reagents and conditions: a) i. Fmoc-AA-OH, DIPCDI, OxymaPure, DMF, rt, 1.5 h; ii. 20%
pipepridine in DMF, 1t (4 treatments); b) 95% TFA in CH,Cl,, rt (4 treatments). Yields: 12 (quant.), 13
(quant.), 14 (89%). DIPCDI = N,N’-diisopropylcarbodiimide.

Preparation of the macrocycle-containing analogues started from 15, a common intermediate
to the total synthesis of baringolin, which could be condensed with either thiazole building
block 11 or the corresponding thiazoline 16' to furnish the protected macrocycle precursors 17
and 18, respectively (Scheme 3). Next, removal of all allyl-based protecting groups and
macrocyclization under diluted conditions (1 mM) rendered the desired macrocycles 19 and 20.
At this point, different conditions were required for hydrolysis of the ethyl ester of the two
macrocycles. While 19 was hydrolyzed under more conventional basic conditions to obtain
carboxylic acid 21, 20 contains a thiazoline ring and necessitated the use of trimethyltin
hydroxide to grant a mild and epimerization-free saponification to yield 22.*' With both 21 and
22 in hands, manipulation of the carboxylic acids was performed to introduce a series of
substituents. The amide of the thiazole-macrocycle analogue was also synthesized in an
analogous manner, giving rise to 23. Moreover, allyl trans-4-aminocyclohexanoate (24) was
also condensed with 21 to generate the corresponding cyclohexanoic acid derivative 2 after
deprotection. The cyclohexanoic acid moiety has been previously installed into other
thiopeptides through different linkers with satisfactory results.”” Peptides 12—14 were
condensed with acids 21 and 22 to obtain analogues 2529 and 1'” in order to assess the impact
of both thiazoline and thiazole rings, as well as the role of the different peptidic tails.
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Scheme 3. Synthesis of analogues 2, 19—21, 23 and 25-29. Reagents and conditions: a) 11 or 16, EDC,
HOAt, DIPEA, DMF, 0 °C to rt, 3 h, 85% (17), 68% (18); b) Pd(PPh;),, PhSiH;, CH,Cl,, 1t; ¢) EDC,
HOAt, DMF (1 mM), rt, 61% (19), 30% (20); d) Me;SnOH, CICH,CH,CI, 60 °C, 19 h; e) LiOH,
H,O/THF, rt, 17 h, 99% (21); f) 24, EDC, HOAt, DIPEA, DMF, 0 °C to rt, 5 h; g) Pd(PPh;),, PhSiH;,
CH,Cl, tt, 2 h, 39% (2 steps); h) NH,CO;, EDC, HOAt, DIPEA, DMF, 0 °C to rt, 28 h, 68%; 1) 12, 13 or
14, EDC, HOAt, DIPEA, DMF, 0 °C to rt; j) tBuOOH, CH,Cl,, rt, 39% (25, 2 steps), 63% (26, 3 steps),
33% (27, 2 steps), 55% (28, 3 steps), 50% (29, 2 steps), 53% (1, 3 steps).
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Scheme 4. Synthesis of peptidic tail analogue 31. Reagents and conditions: a) Fmoc-AA-OH, DIPCDI,
OxymaPure, DMF, rt, 1.5 h; 20% pipepridine in DMF, 1t (4 treatments); ii. fBuOOH, CH,Cl,, rt; b) 95%
TFA in CH,Cl,, 1t (4 treatments), 36% (2 steps); ¢) Fmoc-AA-OH, N,N’-diisopropylcarbodiimide,
OxymaPure, DMF, rt, 1.5 h; 20% pipepridine in DMF, rt (4 treatments); ii. 95% TFA in CH,Cl,, rt (4
treatments), 47%; d) tBuOOH, CH,Cl,, rt, 72%. DIPCDI = N,N’-diisopropylcarbodiimide.

Apart from the macrocyclic analogues, fragment 30, formed by baringolin’s pentapeptide
bearing a C-terminal 4-thiazolecarboxylic acid, was synthesized using the same solid phase
strategy described above (Scheme 4) in order to assess whether the peptidic tail possess
antibiotic activity in the absence of the macrocyclic scaffold. Two alternative approaches were
used for the obtention of 30, either an on-resin or an in-solution oxidation/elimination protocol.
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In both cases, the outcome was very similar, showing the robustness of the solid-phase
approach, and 30 was obtained in 34—36% overall yield.

Once all analogues had been synthesized, their antibacterial activity was evaluated in vitro
against different strains of Gram positive bacteria, Staphylococcus aureus, Propionibacterium
acnes, Bacillus subtilis and Micrococcus luteus. Baringolin (1) was active against all strains
(Table 1), displaying a good potency, while analogues with shorter tails, 26 and 28, performed
similarly to 1, indicating that the unusually long tail of baringolin is not essential for its activity.
Interestingly, analogues with the same peptidic tails of variable length, but incorporating a
thiazole ring in place of thiazoline, 25, 27 and 29, showed a reduced scope of activities and
overall only maintained the same potency levels against S. aureus, whereas activity against P.
acnes was clearly affected. Such results point out to the higher flexibility of the thiazoline ring,
which might facilitate accommodation of the compound to its biological target, presumably
elongation factor Tu (EF-Tu).” The presence of the thiazoline moiety in baringolin’s
macrocycle might have been selected towards its less saturated counterpart in order to maintain
a broader palette of activities. While ethyl esters 19 and 20 were devoid of any remarkable
activity, carboxylic acid 21 and amide 23 retained theirs against S. aureus. Such behavior was in
accordance with the results obtained for the thiazole-series analogues mentioned above.
Surprisingly, and to our delight, analogue 2 showed an improved profile when compared to
baringolin. Despite the presence of the thiazole ring in place of thiazoline, 2 remained active
towards all tested strains and showed higher potencies against S. aureus, P. acnes and B.
subtilis. These results point out to the key interactions of the newly introduced carboxylic
acid,>* which were able to overcome the presumably increased rigidity of the non-natural
macrocycle. Despite the higher solubility of 31 (Table 1), its poor biological profile reinforces
the hypothesis of the limited impact of the peptidic tail and the otherwise key role of the
macrocyclic scaffold to exert its antibacterial activity.

Table 1. Antibacterial activity and solubility of baringolin analogues.

b
Compound MIC" (hg/mL) S((I)Illl;l/)lllllli})]

S. aureus  P.acnes  B.subtilis M. luteus H,O PB0.1 M
Baringolin (1) 0.25 0.125 0.25 0.5 BLD¢ BLD®
26 0.25 0.125 0.25 0.5 BLD* BLD®
28 0.5 0.5 0.5 1 BLD® BLD®
25 0.5 4 8 2 BLD® BLD®
27 0.5 8 0.5 2 BLD® BLD®
29 0.5 8 1 2 BLD® BLD®
19 >8 4 >8 2 BLD® BLD®
20 >8 4 8 4 BLD® BLD®
21 2 2 8 >8 BLD® 0,023
23 1 8 8 >8 BLD® 0,007
2 0.03 0.06 0.03 0.5 BLD® 0,018
31 >8 8 >8 2 4.661 6.654

*MIC = minimum inhibitory concentration.
°Solubility was determined by measuring the concentration of a saturated solution of compounds.
‘BLD = below limit of detection.
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CONCLUSION

A robust and convergent strategy by a combination of solution and solid-phase modes has
facilitated the construction of the first fully synthetic library of thiopeptide analogues. The
modifications introduced have helped us identify the thiazoline moiety as responsible of the
broader activity profile of baringolin when compared to its less saturated analogue 29.
Moreover, the role of the tail region has also been evaluated, showing a very limited impact of
tail length in activity and potency. Using the thiazole-containing macrocycle analogue as a more
robust and accessible platform, frans-4-aminocyclohexanoic acid moiety was introduced to
furnish 2; this modification restored the activity profile and highly improved the potency of
baringolin towards most strains. The use of a fully synthetic approach such as the one presented
herein could be used to further assess the role of other regions of thiopeptides not easily
modified by alternative methods for the production of analogues.

EXPERIMENTAL SECTION

Synthesis and Characterization of Compounds. Synthetic procedures, characterization and
'H and "C NMR spectra of compounds are found in the Supporting Information. Purity of
tested compounds was assessed by HPLC to be >95%.

MIC Assays. MIC assays were performed using Staphylococcus aureus and Propionibacterium
acnes from our collection, isolated from clinical samples, Microccus luteus ATCC 9341 and
Bacillus subtilis ATCC 6633. Isolates were taken from the freezer and transferred at least twice
on supplemented Brucella agar for anaerobes and on sheep blood agar for aerobes to ensure
purity and good growth. Anaerobes were incubated for 48 h and aerobes for 24 h prior to
testing. Inocula were prepared by direct suspensions of cells into saline solution to achieve the
turbidity of the 0.5 McFarland standard. For facultative and aerobic bacteria (S.aureus,
B.subtilis and M.luteus) MIC was performed by microdilution method in Mueller Hinton broth
according to CLSI guideleness (M7-A9) (Clinical and Laboratory Standards Institute. 2012.
Methods for antimicrobial susceptibility testing of anaerobic bacteria; approved standard-eighth
edition. CLSI document M11-A8. CLSI, Wayne, PA.) incubated at 35°C for 24h. For anerobic
bacteria (P. acnes) MIC was performed in Brucella broth supplemented with hemin (5
mcg/mL), vitamin K1 (Imcg/mL) and lysed horse blood (5%) as described in CLSI-M11-A8
(Clinical and Laboratory Standards Institute. 2012. Methods for dilution antimicrobial
susceptibility testing of bacteria that grow aerobically. Approved standard, 8th ed. CLSI
document M7-A9. Clinical and Laboratory Standards Institute, Wayne, PA.) incubated at
anaerobic conditions, at 35°C for 24h.

Solubility Determination. An amount of approximately 1 mg of compound was weighted and a
known volume of the solvent was added to ensure a saturated solution would result. Vigorous
vortexing for 1 min and shaking for 48 h followed. After centrifugation at 10,000 rpm during 3

min, the supernatant was analyzed using a spectrophotometer at a reading wavelength of 304
nm.
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Supporting Information. Detailed synthetic procedures and compound characterization data.
This material is available free of charge via the Internet at http://pubs.acs.org.
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General Information

Tetrahydrofuran (THF) and N,N-dimethylformamide (DMF) were dried using a PureSolv
solvent purification system. All other solvents and reagents were used as purchased without
further purification. Flash column chromatography was performed on SDS silica gel (60A 35-70
um) as stationary phase. Analytical thin layer chromatography was performed using aluminium-
backed plates coated with Merck Kieselgel 60 F,s4; compounds were visualized under a UV
lamp (254 nm). Melting points were determined in a Buchi Melting Point B540 apparatus in
open capillaries. Reverse-phase analytical HPLC was performed on a Waters Alliance
separation module 2695 equipped with a Waters XBridge C18 column (4.6x75 mm, 2.5 um)
and a Waters 996 PDA with a photodiode array detector, using MeCN (0.036% TFA) and H,O
(0.045% TFA) as mobile phases for runs of 8 min. The enantiomeric excess (ee) was
determined by HPLC on the same separation module with a chiral stationary phase
CHIRALPAK IA 250 x 4.6 mm 5 um analytical column, flow rate 1 mL min' in 40 min runs.
Polarimetry studies were performed on a Perkin—Elmer 241 or Jasco P-2000 polarimeter. IR
spectra were recorded on a Thermo Nicolet FT-IR Nexus spectrometer. 'H NMR and °C NMR
spectra were recorded on a Varian Mercury 400 MHz or Bruker 600MHz spectrometer.
Multiplicity of the carbons was assigned with gHSQC experiments. Stardard abbreviations for
off-resonance decoupling were employed: (s) singlet, (d) doublet, (t) triplet, and (q) quartet. The
same abbreviations were also used for the multiplicity of signals in '"H NMR, plus: (m)
multiplet, (dd) double doublet, (ddd) double doublet of doublets, (dq) double quartet and (bs)
broad singlet. Spectra were referenced to appropriate residual solvent peaks (CDCl;, DMSO-dg,
acetone-ds or pyridine-ds). High-Resolution Mass Spectroscopy (HRMS) was performed on
either a LTQ-FT Ultra (Thermo Scientific) or an LCT-Premier (Waters) high resolution mass
spectrometer by the Mass Spectrometry Service of the Institute for Research in Biomedicine

(IRB).
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2. Experimental Procedures

(S) N-(allyloxycarbonyl)phenylalaninamide (8).

o
AIIocHN\E)J\NHZ
~Ph

Allyl chloroformate (1.2 mL, 10.96 mmol) was added slowly to a stirring suspension of
phenylalaninamide (7) hydrochloride (2.0 g, 9.97 mmol) in dry CH,Cl, (200 mL) cooled in an
ice bath. Next, NEt; (3.1 mL, 21.93 mmol) was added drop-wise. After stirring for 2 h at 0 °C,
the reaction mixture was poured over brine (200 mL), fractions were separated and the aqueous
layer extracted with CH,Cl, (2 x 100 mL). Combined organic fractions were dried (Na,SO,) and
concentrated in vacuo. The crude product was purified by silica flash column chromatography
(hexanes/EtOAc, 3:7). The title product was obtained as a white solid (2.13 g, 86%). The
product obtained in this manner was identical to the one described in the literature.' '"H NMR
(400 MHz, CDCl3) 6 = 3.06 (dd, J = 14.0, 6.8 Hz, 1 H), 3.12 (dd, J = 13.6, 6.8 Hz, 1 H),
4.38—4.48 (m, 1 H), 4.53—4.57 (m, 2 H), 5.21 (ddd, J =104, 2.8, 1.2 Hz, 1 H), 5.27 (ddd, J =
17.2, 2.8, 1.6 Hz, 1 H), 5.36 (bs, 1 H), 5.53 (bs, 1 H), 5.77 (bs, 1 H), 5.82-5.93 (m, 1 H),
7.20-7.28 (m, 3 H), 7.29-7.34 (m, 2 H) ppm. HRMS m/z calcd for C;3H;;03N, (M+H)
249.1234, found 249.1234.

(S) N-(allyloxycarbonyl)phenylalanine thioamide (9).

S
AIIocHN\)J\NH
H 2

~Ph

A solution of 8 (1.83 g, 7.37 mmol) and Lawesson’s reagent (1.49 g, 3.69 mmol) in dry THF
(10 mL) was stirred at rt. After 4.5 h saturated aq. NaHCO; (50 mL) was added to the reaction
vessel. After 1 h the reaction mixture was poured into saturated aq. NaHCO; (100 mL). Layers
were separated and the aquoeus phase was extracted with CH,Cl, (3 x 150 mL). Combined
organic fractions were dried (Na,SO,) and concentrated in vacuo. The crude product was
purified by silica flash column chromatography (hexanes/EtOAc, 1:1). The title product was
obtained as a colorless oil (1.71 g, 88%). [a]p +30.6 (¢ = 1.00, CH,Cl,). IR (film) 3302, 3206,
2943, 1700, 1623, 1502, 1438, 1152, 1041 cm™'. "H NMR (400 MHz, CDCl;) 8 = 3.12 (dd, J =
13.6, 8.2 Hz, 1 H), 3.21 (dd, J = 13.6, 8.2 Hz, 1 H), 4.50—4.56 (m, 2 H), 4.62—4.70 (m, 1 H),
5.21 (ddd, J=10.4, 2.8, 1.2 Hz, 1 H), 5.28 (ddd, J = 17.2, 2.8, 1.6 Hz, 1 H), 5.58 (bs, 1 H),
5.82-5.93 (m, 1 H), 7.14 (bs, 1 H), 7.22—7.38 (m, 6 H) ppm. *C NMR (100 MHz, CDCl;) § =

! North, M.; Pattenden, G. Tetrahedron, 1990, 46, 8267.
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42.2 (t), 61.6 (d), 66.4 (1), 118.3 (1), 127.4 (d), 128.9 (d), 129.6 (d), 132.5 (d), 136.5 (s), 156.2
(s) ppm. HRMS m/z calcd for C3H;,0,N,S (M+H) 265.1005, found 265.1018.

(S)-Ethyl 2-(1-(allyloxycarbonylamino)-2-phenylethyl)thiazole-4-carboxylate (10).

s
AllocHN VQ\/N\>‘002'3

~Ph

A mixture of 9 (1.41 g, 5.35 mmol) and KHCO; (5.9 g, 58.85 mmol) in dry DME (13.4 mL)
was stirred at rt. Ater 15 min the mixture was placed in an ice bath and ethyl bromopyruvate
(2.0 mL, 16.05 mmol) was added drop-wise and the resulting mixture was stirred at 0 °C. After
20 h the mixture was allowed to reach rt, filtered through celite and washed with Et,O. After
removing the volatiles the crude hydroxythiazoline was redissolved in dry DME (13.4 mL) and
cooled at —20 °C. A preformed mixture of trifluoroacetic anhydride (3.0 mL, 21.4 mmol) and
2,6-lutidine (5.6 mL, 48.15 mmol) was added drop-wise to the stirring solution. After 2.5 h the
mixture was diluted with CH,Cl, (250 mL), washed with 1 N HCI (250 mL) and saturated aq.
NaHCOs; (300 mL), dried (Na,SO,) and concentrated in vacuo. The crude product was purified
by silica flash column chromatography (hexanes/rBuOMe, 1:1). The title product was obtained
as a yellowish oil (1.91 g, 99%). 95% ee; H,O (0.045% TFA):MeCN (0.036% TFA), 50%
MeCN (tg = 10.30 min); detected at 254 nm. [a]p —15.4 (c = 1.00, CH,Cl,,. IR (KBr) 3327,
2982, 2933, 1715, 1237, 1212 cm™'. "H NMR (400 MHz, CDCl;) § = 1.42 (t, J = 7.6 Hz, 3 H),
334 (d,J=6.4Hz 2 H),444 (q,J=7.6 Hz,2 H), 454 (d,J=5.6 Hz,2 H), 5.19 (d, /= 10.4
Hz, 1 H), 5.26 (d, J = 16.8 Hz, 1 H), 5.30—5.38 (m, 1 H), 5.51 (bs, 1 H), 5.77-5.94 (m, 1 H),
7.07-7.12 (m, 2 H), 7.19-7.29 (m, 3 H), 8.04 (s, 1 H) ppm. °C NMR (100 MHz, CDCl;) & =
16.7 (q), 43.9 (1), 56.6 (d), 63.8 (), 68.3 (t), 120.2 (t), 129.5 (d), 129.6 (d), 131.0 (d), 131.7 (d),
134.8 (d), 138.3 (s), 149.7 (s), 157.8 (s), 163.6 (s)174.5 (s) ppm. HRMS m/z caled for
CisH,104N,S (M+H) 361.1217, found 361.1218.

(S)-2-(1-(Allyloxycarbonylamino)-2-phenylethyl)thiazole-4-carboxylic acid (11).

sx\
AllocHN \//%N CO-H

~Ph

Aqueous 2 N LiOH (5 mL, 10.18 mmol) was added to a stirring solution of 10 (1.84 g, 5.09
mmol) in THF (57 mL). The mixture was stirred at rt under air. After 15 h, EtOAc (250 mL)
and H,O (250 mL) were added and layers were separated. Starting material was recoverd from
the organic fraction (257 mg, 14%). Aq. 2N HCI was added to the aqueous layer until it reached
pH 2-3 and it was extracted with EtOAc (3 x 250 mL). The title product was obtained as a
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white solid (1.46 g, 86%). The crude product was used in following reactions without further

purification or characterization.
General method for solid-phase peptide synthesis.

The Rink-Amide Chem-Matrix resin (loading = 0.52 mmol/g;) was swellen in MeOH, then in
DMF and finally in CH,Cl,. Fmoc-AA-OH (3 equiv), preactivated by vigorous shaking for 4
min with DIPCDI (3.3 equiv) and Oxyma Pure (3.3 equiv) in DMF, was poured onto the resin
and the resulting mixture was gently shaken for 1 h. The resin was then washed with DMF and
CH,CI, (5 x each). The N-terminus was deprotected using 20% piperidine in DMF (treatments
of 2 x 1 min, then 2 x 5 min). The resin was then washed with CH,Cl, and DMF (5 x each).
Loading onto the resin (0.249 mmol/g, 48%) was determined through measuring dibenzofulvene

absorbance at 290 nm of cleavage solutions and washings.

Elongation of the peptide proceeded as follows; the number of equiv refers to the original
functionalization, not the loading. Fmoc-AA-OH (2.3 equiv), was preactivated by vigorous
shaking for 4 min in the presence of DIPCDI (2.5 equiv) and Oxyma Pure (2.5 equiv) in DMF,
and was then poured onto the resin. The resulting mixture was gently shaken for 1.5 h.
Deprotection and coupling cycles were repeated with the appropriate amino acids to provide the
desired peptide. It was cleaved from the resin by treatment with 95% TFA in CH,Cl, (4 x 20
min) at rt followed by filtration and collection of the filtrate. Next, washing of the resin with
CH,Cl, (x 6) was performed. Most TFA was removed under vacuum and the resulting
concentrated solution was poured into cold Et,O. Centrifugation and pouring off the solvent
yielded the desired peptideas TFA salt. Purity was determined by HPLC (linear gradient: 0 to
100% MeCN in H,O over 8 min; flow rate = 1.0 mL/min).

H-Sec(Ph)-Ala-Pro-NH, tripeptide 12.

SePh

H (6] (6]
TFA - HZNLWN\:)J\N—._)J\NHZ
O Me 4\/5

Prepared according to the general method for solid-phase peptide synthesis, starting from 1.0 g
of resin. The title product was obtained as a pale powder (131 mg, quant. based on calculated
loading of the resin). HPLC purity: 100%; H,O (0.045% TFA):MeCN (0.036% TFA), 0 to
100% MeCN (tg = 3.91 min); detected at 254 nm. mp (Et,O) decomposes above 125 °C. [a]p
—22.2 (¢ = 0.50, CH,CL,). IR (KBr) 1675, 1630, 1207, 1130 cm™". '"H NMR (400 MHz, DMSO-
d¢) 8=1.26 (d, J=7.2 Hz, 3 H), 1.78-2.11 (m, 4 H), 3.23-3.37 (m, 2 H), 3.55-3.64 (m, 2 H),
4.08-4.16 (m, 1 H), 4.25 (dd, J = 8.4, 3.6 Hz, 1 H), 447-4.58 (m, 1 H), 6.94 (bs, 2 H),
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7.29—-7.36 (m, 3 H), 7.51-7.57 (m, 2 H), 7.58-7.62 (m, 1 H), 8.51 (bs, 3 H), 8.85 (d, /= 7.6 Hz,
1 H) ppm. °C NMR (100 MHz, DMSO-d,) & = 18.1 (q), 25.3 (t), 28.1 (t), 30.3 (t), 47.5 (d), 47.6
(1), 52.7 (d), 60.5 (d), 128.2 (d), 130.0 (s), 130.2 (d), 132.9 (d), 167.3 (s), 170.4 (s), 174.4 (s)
ppm. HRMS m/z caled for C;HpsN,O3Se (M+H) 413.1086, found 413.1087

H-Sec(Ph)-Ala-Pro-Sec(Ph)-NH, tetrapeptide 13.

SePh SePh

h 0 o)
TFA - HZN/(”/N%NJ;U\N NH;
o me L " o

Prepared according to the general method for solid-phase peptide synthesis, starting from 1.0 g
of resin. The title product was obtained as a white powder (187 mg, quant. based on calculated
loading of the resin). HPLC purity: 100%; H,O (0.045% TFA):MeCN (0.036% TFA), 0 to
100% MeCN (tg = 5.21 min); detected at 254 nm. mp (Et,O) 87-90 °C. [a]p —26.8 (c = 1.00,
CH,CL,). IR (KBr) 1662, 1201, 1130cm™". "H NMR (400 MHz, DMSO-d¢) & = 1.28 (d, J = 7.2
Hz, 3 H), 1.78-2.15 (m, 4 H), 3.12-3.40 (m, 4 H), 3.50-3.69 (m, 2 H), 4.07-4.16 (m, 1 H),
4.27-4.35 (m, 1 H), 4.36—4.45 (m, 1 H), 4.52—4.63 (m, 1 H), 7.23-7.39 (m, 8 H), 7.49-7.59 (m,
4 H), 8.01-8.09 (m, 1 H), 8.51 (bs, 3 H), 8.90-8.97 (m, 1 H) ppm. C NMR (100 MHz,
DMSO-dg) 6 = 18.1 (q), 25.4 (1), 28.1 (t), 29.8 (t), 29.9 (1), 47.6 (d), 47.8 (1), 52.7 (d), 53.4 (d),
61.1 (d), 127.6 (d), 128.2 (d), 129.9 (s), 130.2 (d), 130.2 (d), 131.2 (s), 132.4 (d), 132.9 (d),
167.3 (s), 171.1 (s), 172.2 (s); 172.8 (s) ppm. HRMS m/z calcd for C,sH34N504Se, (M+H)
640.0936, found 640.0951.

Protected open macrocycle thiazole analogue (17).

S__N
B
% N S
{2
N TS N)\\>

o .
AllocHN™ ™
A

EDC-HCI (69 mg, 0.359 mmol), HOAt (49 mg, 0.359 mmol) and DIPEA (60 uL, 0.359 mmol)
were added to a solution of 15> (310 mg, 0.299 mmol) and 11 (119 mg, 0.359 mmol) in dry

2 Just-Baringo, X.; Bruno, P.; Ottesen, L. K.; Cafiedo, L. M.; Albericio, F.; Alvarez, M. Angew. Chem. Int. Ed.
2013, 52, 7818-7821.
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DMF (6 mL) cooled in an ice bath. The resulting solution was stirred at 0 °C for 2.5 h, then
allowed to reach rt and stirred for another 2 h. The reaction mixture was diluted with EtOAc
(150 mL), washed with saturated aq. NH,CI (100 mL), NaHCOj; (100 mL) and H,O (100 mL),
dried (Na,SO,) and concentrated in vacuo. The crude product was purified by silica flash
column chromatography (CH,Cl,/EtOAc, 2:8 to EtOAc). The title compound was obtained as a
white solid (343 mg, 85%), mp (EtOAc) 135-138 °C. [a]p 19.6 (c = 0.33, CH,Cl,). IR (KBr)
3440, 2922, 1719, 1643, 1510, 1424, 1239 cm . '"H NMR (400 MHz, CDCl;) 8 = 1.44 (t, J =
7.0 Hz, 3 H), 1.98-2.32 (m, 4 H), 2.36—2.60 (m, 3 H), 2.69-3.41 (m, 6 H), 3.46—4.06 (m, 2 H),
4.26—4.62 (m, 6 H), 4.72—4.84 (m, 2 H), 4.91-5.42 (m, 8 H), 5.43-5.50 (m, 1 H), 5.58 (bs, 1
H), 5.68—6.10 (m, 4 H), 6.62—6.94 (m, 2 H), 6.98—7.25 (m, 7 H), 7.41 (s, 1 H), 7.81 (bs, 1 H),
8.02—8.08 (m, 1 H), 8.11-8.15 (m, 1 H), 8.25 (d, /= 8.2 Hz, 1 H), 8.28-8.33 (m, 1 H), 8.37 (d,
J=8.2Hz, 1 H), 8.59-8.68 (m, 3 H) ppm. °C NMR (100 MHz, CDCl;) & = 12.0 (q), 14.7 (q),
24.8 (1), 32.2 (1), 37.5 (t), 38.9 (1), 40.6 (1), 47.8 (1), 48.1 (d), 53.1 (d), 54.2 (d), 59.2 (d), 62.0 (1),
66.2 (1), 66.2 (1), 69.0 (t), 115.2 (d), 115.4 (d), 117.8 (t), 118.3 (1), 119.0 (d), 119.2 (1), 121.8 (d),
123.0 (s), 124.1 (d), 127.2 (d), 128.5 (d), 128.9 (d), 129.7 (s), 129.9 (d), 130.2 (s), 130.6 (d),
130.6 (d), 130.8 (s), 132.1 (d), 132.9 (d), 133.6 (d), 136.6 (s), 140.3 (d), 146.8 (s), 149.0 (s),
149.1 (s), 149.3 (s), 149.6 (s), 151.3 (s), 151.4 (s), 154.1 (s), 154.3 (s), 154.6 (s), 155.9 (s),
157.5 (s), 157.9 (s), 161.2 (s), 161.6 (s), 161.8 (s), 161.9 (s), 162.1(s), 169.1 (s), 172.4 (s), 173.3
(s) ppm. HRMS m/z caled for Ce4Hg 012N ,Ss (M+H) 1349.3130, found 1349.3196.

Thiazole analogue ethyl ester (19).

A solution of Pd(PPhs), (64 mg, 0.055 mmol) in dry CH,Cl, (7 mL) was added to a stirring
solution of 17 (745 mg, 0.552 mmol) in dry CH,Cl, (30 mL). PhSiH; (340 uL, 2.760 mmol) was
subsequently added. The resulting mixture was stirred at rt. After 7 h more (PPh;), (32 mg,
0.028 mmol) in dry CH,Cl, (3.5 mL) was added and the reaction mixture stirred for another 2 h.
Upon consumption of all starting material, volatiles were evaporated under reduced pressure.
The flask was filled with N, and the crude dissolved in dry DMF (550 mL). Addition of
EDC-HCI (131 mg, 0.662 mmol) and HOAt (90 mg, 0.662 mmol) followed. After 3 days, more
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EDC-HCI (131 mg, 0.662 mmol) and HOAt (90 mg, 0.662 mmol) were added. After 3 more
days all starting material was consumed and the volume of DMF was reduced to approximately
100 mL under reduced pressure. H,O (250 mL) was added and the mixture extracted with
CH,Cl, (3 x 250 mL). Combined organics were dried (Na,SO,) and concentrated in vacuo. The
crude product was purified by silica flash column chromatography (CH,Cl,/MeOH, 98:2 to
95:5). The title product was obtained as a white solid (392 mg, 61%). HPLC: 30 to 80% MeCN
(tg = 7.70 min). mp (CH,Cl,) decomposes above 120 °C. [a]p +117.8 (¢ = 1.00, CH,Cl,). IR
(KBr) 3383, 3118, 2924, 2852, 1781, 1728, 1655, 1546, 1497, 1211, 1168 cm™'. "H NMR (400
MHz, CDCl;) 6 = 0.65 (d, J = 16.8, 1 H), 1.44 (t, J = 7.1 Hz, 3 H), 1.97-2.08 (m, 1 H),
2.10-2.22 (m, 1 H), 2.26-2.40 (m, 2 H), 2.45-2.58 (m, 1 H), 2.83 (s, 3 H), 3.09 (dd, J = 14.0,
4.8 Hz, 1 H), 3.18 (dd, J = 14.0, 3.0 Hz, 1 H), 3.35 (d, /= 5.2 Hz, 2 H), 3.95-4.05 (m, 2 H),
4.47(q,J=17.1 Hz, 2 H), 5.02-5.10 (m, 1 H), 5.29-5.44 (m, 3 H), 5.60 —=5.67 (m, 1 H), 6.60 (d,
J=8.4 Hz, 2 H), 6.82—6.97 (m, 4 H), 7.18-7.24 (m, 3 H), 7.57 (s, 1 H), 7.73 (d, /= 10.0 Hz, 1
H), 7.86 (s, 1 H), 7.93 (s, 1 H), 8.09 (s, 1 H), 8.27-8.33 (m, 2 H), 8.41 (d, /= 8.0 Hz, 1 H), 8.62
(d, J=17.2Hz, 1 H), 8.70 (d, J = 9.6 Hz, 1 H) ppm. C NMR (100 MHz, CDCl;) = 12.4 (q),
14.7 (q), 25.8 (t), 34.2 (1), 37.2 (t), 38.5 (1), 43.5 (1), 48.2 (d), 48.5 (t), 51.0 (d), 53.3 (d), 61.7
(d), 62.0 (1), 114.3 (d), 117.2 (d), 119.2 (d), 122.7 (d), 122.8 (d), 122.9 (s); 124.7 (d), 125.5 (s),
127.4 (d), 128.6 (d), 130.2 (d), 130.3 (s), 130.6 (d), 131.6 (d), 135.6 (s), 138.8 (d), 148.6 (s),
148.9 (s), 148.9 (s), 149.2 (s), 151.0 (s), 151.9 (s), 154.5 (s), 154.6 (s), 156.0 (s), 156.3 (s),
160.0 (s), 160.3 (s), 160.7 (s), 161.6 (s), 163.3 (s), 169.0 (s), 169.2 (s), 171.0 (s), 172.4 (s),
173.1 (s); 173.8 (s) ppm. HRMS m/z calcd for CssHy709N1,Ss (M+H) 1167.2187, found
1167.2190.

Thiazole analogue carboxylic acid (21).

@E%@\J

N
& s%* @
Aqueous 3 N LiOH (340 uL, 1.028 mmol) was added to a stirring solution of 19 (200 mg, 0.171

mmol) in THF (1.7 mL). The resulting mixture was stirred at rt under air. After 17 h the reaction

was diluted with THF/CH,Cl, (25 mL, 1:1) and 2 M HCI (25 mL) was added. Layers were
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separated and the aqueous phase was extracted with THF/CH,Cl, (2 x 25 mL, 1:1). Combined
organic fractions were dried (Na,SO,) and concentrated in vacuo. The title product was obtained
as a white solid (193 mg, 99%). HPLC: 50 to 100% MeCN (tg = 2.68 min). mp (CH,Cl,)
decomposes above 200 °C. [a]p +119.5 (¢ = 1.00, CH,Cl,/MeOH, 96:4). IR (KBr) 3385, 2917,
2847, 1649, 1549, 1489, 1425, 1201 cm™'. 'H NMR (400 MHz, pyridine-ds) & = 1.15-1.42 (m,
1 H), 1.66—2.28 (m, 5 H), 2.81 (s, 3 H), 3.17-3.85 (m, 6 H), 5.38-5.54 (m, 1 H), 5.63-5.73 (m,
1 H), 5.76-5.85 (m, 1 H), 5.88—6.07 (m, 1 H), 7.04—7.13 (m, 2 H), 7.15-7.22 (m, 5 H), 7.39 (d,
J=8.4Hz, 2 H), 7.64 (bs, 1 H), 7.98 (bs, 1 H), 8.04 (s, 1 H), 8.22 (s, 1 H), 8.28 (s, 1 H), 8.32
(d,J=8.0 Hz, 1 H), 8.37 (s, 1 H), 8.38—8.42 (m, 1 H), 8.52 (d, /= 8.0 Hz, 1 H), 8.76 (s, 1 H),
9.08 (d, J=7.2 Hz, 1 H), 9.46 (d, J= 8.4 Hz, 1 H) ppm. °C NMR (100 MHz, pyridine-ds) & =
11.9 (q), 25.2 (t), 33.6 (1), 37.7 (1), 39.0 (1), 43.5 (1), 48.0 (1), 49.5 (d), 52.2 (d), 53.6 (d), 61.3
(d), 115.6 (d), 116.6 (d), 118.9 (d), 122.9 (d), 123.0 (d), 124.8 (d), 126.4 (s), 127.3 (d), 128.7
(d), 130.2 (d), 131.0 (s), 131.5 (d), 136.7 (d), 139.3 (d), 149.3 (s), 149.3 (s), 151.3 (s), 151.6 (s),
152.2 (s), 154.0 (s), 154.9 (s), 156.0 (s), 158.1 (s), 160.1 (s), 160.5 (s), 161.3 (s), 162.8 (s),
164.0 (s), 168.4 (s), 169.2 (s), 171.7 (s), 173.1 (s), 175.0 (s), 175.1 (s) ppm. HRMS m/z calcd
for Cs5;Hy300N,Ss (M+H) 1139.1874, found 1139.1888.

Thiazole Amide Analogue (23).
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NH4HCO; (10 mg, 132.0 umol), EDC-HCI (10 mg, 52.7 umol), HOAt (7 mg, 52.7 umol) and
DIPEA (24 uL, 132.0 umol) were added to a stirring solution of 21 (50 mg, 43.9 umol) in dry
DMF (0.9 mL) cooled in an ice bath. The reaction mixture was allowed to reach rt. After 28 h,
CH,Cl, (25 mL) was added and the resulting solution was washed with saturated aq. NH,Cl (25
mL) and saturated aq. NaHCO; (25 mL), dried (Na,SO,) and concentrated in vacuo. The crude
product was purified by silica flash column chromatography (CH,Cl,/MeOH, 99:1 to 96:4). The
title product was obtained as a white solid (34 mg, 68%). HPLC: 50 to 100% MeCN (tg = 2.60
min). mp (CH,Cl,) decomposes above 180 °C. [a]p +114.4 (¢ = 1.00, CH,Cl,/MeOH, 96:4). IR
(KBr) 3385, 2917, 2847, 1649, 1534, 1489, 1419 cm . 'H NMR (400 MHz, DMSO-d¢) & =
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1.92-2.27 (m, 5 H), 2.39-2.51 (m, 1 H), 2.78 (s, 3 H), 2.82-2.97 (m, 2 H), 3.10-3.26 (m, 2 H),
3.71-3.92 (m, 2 H), 5.03-5.13 (m, 1 H), 5.30—5.42 (m, 2 H), 5.63-5.72 (m, 1 H), 6.68 (d, J =
8.4 Hz, 2 H), 6.83 (bs, 1 H), 7.12 (d, J = 8.4 Hz, 2 H), 7.17-7.38 (6 H), 7.74-7.81 (m, 2 H),
8.00 (d, /=9.2 Hz, 1 H), 8.10 (bs, 1 H), 8.13 (s, 1 H), 8.23 (s, 1 H), 8.37 (s, 1 H), 8.50 (d, J =
8.2 Hz, 1 H), 8.52 (s, 1 H), 8.56 (d, J= 8.2 Hz, 1 H), 8.70-8.80 (m, 2 H), 9.25 (s, 1 H) ppm. "°C
NMR (100 MHz, DMSO-d¢) 8 = 12.6 (q), 25.5 (t), 33.6 (t), 38.0 (1), 39.0 (t), 42.6 (1), 48.2 (1),
49.4 (d), 52. 7 (d), 53.4 (d), 60.4 (d), 116.1 (d), 117.2 (d), 119.6 (d); 123.2 (d), 123.3 (s), 124.5
(d), 125.8 (d), 127.4 (d), 127.7 (s), 128.3 (d), 129.2 (d), 130.4 (d), 131.3 (d), 137.4 (s), 140.9
(d), 148.5 (s), 149.8 (s), 151.8 (s), 152.1 (s), 152.7 (s), 154.0 (s), 154.6 (s), 156.6 (s), 157.0 (s),
160.0 (s), 161.1 (s), 161.7 (s), 162.0 (s), 163.0 (s), 167.6 (s), 170.3 (s), 171.2 (s), 172.6 (s),
174.5 (s), 175.3 (s) ppm. HRMS m/z caled for Cs,Hs4OsN13Ss (M+H) 1138.2034, found
1138.2043.

trans-Allyl-4-(tert-butoxycarbonylamino)cyclohexanoate (S1).

(0]

O)\O/\/
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Dry DMF (23 mL) was added to a flask charged with 4-trans-(tert-
butoxycarbonylamino)cyclohexanoic acid (1.00 g, 4.11 mmol) and NaHCO; (2.49 g, 29.59
mmol). The mixture was stirred at rt under inert atmosphere. After 10 min allyl bromide (7.5
mL, 86.31 mmol) was added and the mixture stirred for another 24 h at rt. The reaction mixture
was then diluted with EtOAc (250 mL), washed with H,O (250 mL) and brine (2 x 100 mL),
dried (Na,SO,) and concentrated in vacuo. The desired product was obtained as a colorless oil
(1.13 g, 97%). IR (film) 3378, 2976, 2936, 2862, 1733, 1713m 1519, 1173 cm™'. "H NMR (400
MHz, CDCl;) & = 1.05-1.17 (m, 2 H), 1.43 (s, 9 H), 1.47-1.63 (m, 2 H), 1.98-2.12 (m, 4 H),
2.25 (tt, J =12.0, 3.6 Hz, 1 H), 3.41 (bs, 1 H), 4.37 (bs, 1 H), 4.56 (dt, J= 5.6, 1.2 Hz, 2 H),
5.20-5.33 (m, 2 H), 5.84-5.96 (m, 1 H) ppm. °C NMR (100 MHz, CDCl;) = 28.2 (t), 28.8
(q), 32.9 (1), 42.8 (d), 49.3 (d), 65.3 (t), 79.6 (s), 118.4 (1), 132.6 (d), 155.5 (s), 175.4 (s) ppm.
HRMS m/z calcd for CsH,s0,N (M+H) 284.1856, found 2841858.

Allyl #rans-4-aminocyclohexanoate hydrochloride (24).

(o}

O)Lo/\/
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A solution of 4 M HCI in 1,4-dioxane (18 mL, 70.2 mmol) was added to a stirring solution of
S1 (996 mg, 3.51 mmol) in dry 1,4-dioxane (18 mL). After 4 h the reaction mixture was diluted
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with CH,Cl, and then concentrated in vacuo. The title product was obtained as a white solid
(747 mg, 97%). The crude product was used in following reactions without further purification

or characterization.

Thiazole Cyclohexanoic Acid Analogue (2).

24 (14 mg, 65.8 umol), EDC-HCI (10 mg, 52.7 umol), HOAt (7 mg, 52.7 umol) and DIPEA (12
pL, 65.8 umol) were added to a stirring solution of 21 (50 mg, 43.9 umol) in dry DMF (0.9 mL)
cooled in an ice bath. The reaction mixture was allowed to reach rt. After 5 h, CH,Cl, (25 mL)
was added and the resulting solution was washed with saturated aq. NH4Cl (25 mL) and
saturated ag. NaHCO; (25 mL), dried (Na,SO,4) and concentrated in vacuo. The crude product
was purified by silica flash column chromatography (CH,Cl,/MeOH, 98:2 to 96:4). The
condensation product was obtained as a white solid (36 mg, 63%). A solution of Pd(PPh;), (3
mg, 2.8 pumol) in dry CH,Cl, (1.9 mL) and PhSiH; (17 pL, 0.138 mmol) were added to a flask
charged with the condensation product (36 mg, 27.6 umol). The resulting solution was stirred at
rt for 2 h. Volatiles were removed under reduced pressure and the crude product purified by
preparative reverse-phase column (C18, 30% to 70% MeCN in H,0). The title product was
obtained as a white solid (21 mg, 39% for two steps). HPLC: 30 to 80% MeCN (tg = 6.26 min).
mp (CH,Cl,) decomposes above 140 °C. [a]p +92.7 (¢ = 1.00, CH,Cl,/MeOH, 96:4). IR (KBr)
3385, 2917, 2841, 1656, 1534, 1495, 1419, 1194 cm™'. 'H NMR (400 MHz, pyridine-ds) & =
1.18-2.05 (m, 8 H), 2.12-2.36 (m, 5 H), 2.42-2.52 (m, 1 H), 2.79 (s, 3 H), 3.19-3.62 (m, 5 H),
3.66—3.84 (m, 2 H), 4.33—4.46 (m, 1 H), 5.38-5.46 (m, 1 H), 5.63—5.72 (m, 1 H), 5.74-5.83 (m,
1 H), 5.98-6.06 (m, 1 H), 7.04—7.10 (m, 2 H), 7.16—7.22 (m, 5 H), 7.38 (d, J = 8.4 Hz, 2 H),
7.64 (bs, 1 H), 7.95-8.03 (m, 3 H), 8.21 (s, 1 H), 8.23-8.28 (m, 2 H), 8.36 (s, 1 H), 8.39 (d, /=
10.0 Hz, 1 H), 8.66 (s, 1 H), 8.71-8.76 (d, /= 8.8 Hz, 1 H), 9.08 (d, J = 6.8Hz, 1 H), 9.46 (d, J
= 8.8 Hz, 1 H) ppm. °C NMR (100 MHz, pyridine-ds) & = 11.8 (q), 25.2 (t); 28.9 (t), 32.4 (t),
33.7 (1), 37.7 (t); 39.1 (t), 43.2 (d), 43.5 (t), 48.0 (t), 48.6 (d), 49.5 (d), 52.2 (d), 53.6 (d), 61.3
(d), 115.6 (d), 116.6 (d), 118.7 (d), 122.9 (d), 123.0 (d), 124.8 (d), 126.4 (s), 127.0 (s), 127.3
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(d), 128.7 (d), 130.2 (d), 131.0 (s), 131.5 (d), 136.7 (d), 139.1 (d), 149.2 (), 149.4 (), 151.4 (s),
152.2 (s), 153.1 (s), 153.9 (s), 154.8 (s), 156.0 (), 158.1 (s), 160.1 (s), 160.5 (s), 160.6 (s),
161.3 (s), 162.8 (s), 168.0 (s), 169.2 (s), 171.7 (s), 173.1 (s), 175.1 (s), 175.1 (s), 177.8 (s) ppm.
HRMS m/z caled for CssHss010N15Ss (M+H) 1264.2715, found 1264.2741.

Thiazole Tripeptide Analogue (25).
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12 (25 mg, 0.047 mmol), EDC-HCI (9 mg, 0.047 mmol), HOAt (6 mg, 0.047 mmol) and
DIPEA (8 uL, 0.047 mmol) were added to a stirring solution of 21 (45 mg, 0.039 mmol) in dry
DMF (0.8 mL) cooled in an ice bath. The reaction mixture was allowed to reach rt. After 5 h,
CH,Cl, (15 mL) was added and the resulting solution was washed with saturated aq. NH,C1 (10
mL), saturated aq. NaHCO; (10 mL) and brine (10 mL), dried (Na,SO,4) and concentrated in
vacuo. The crude product was purified by silica flash column chromatography (CH,Cl,/MeOH,
95:5 to 90:10).The condensation product was obtained as white solid (32 mg, 53%). 5.5 M
BuOOH in decane (38 uL, 0.209 mmol) was added to a solution of the condensation product
(32 mg, 20.9 pmol) in dry CH,Cl, (7 mL) and the resulting solution was stirred at rt. 5.5 M
BuOOH in decane (86 pL, 0.474 mmol) was added twice more after 5 h and 22 h after the first
addition. Upon consumption of the starting material after 48 h, CH,Cl, (5 mL) and a mixture of
saturated aq. Na,S,03/NaHCO; (1:1, 10 mL) were added to the reaction mixture and the
aqueous layer was extracted with more CH,Cl, (3 x 10 mL). Combined organic fractions were
dried (Na,SO,) and concentrated in vacuo. The crude product was purified by silica flash
column chromatography (CH,Cl, to CH,Cl,/MeOH 90:10). The title product was obtained as a
white solid (21 mg, 73%). HPLC: 40 to 60% MeCN (tg = 5.11 min). mp (CH,Cl,) decomposes
above 200 °C. [a]p +42.0 (c = 1.00, CH,Cl,/MeOH, 96:4). IR (KBr) 3340, 2911, 2847, 1681,
1643, 1515, 1201, 1124 cm™". "H NMR (400 MHz, pyridine-ds) & = 1.14—1.31 (m, 2 H), 1.59 (d,
J=6.8 Hz, 3 H), 1.64-2.25 (m, 7 H), 2.80 (s, 3 H), 3.19-3.31 (m, 2 H), 3.36 (dd, J = 14.6, 4.6
Hz, 1 H), 3.47 (dd, J = 16.6, 3.0 Hz, 1 H), 3.56 (dd, J=13.4, 4.2 Hz, 1 H), 3.64—3.94 (m, 4 H),
491 (dd, J=8.2, 3.4 Hz, 1 H), 5.10-5.25 (m, 1 H), 5.38-5.47 (m, 1 H), 5.37-5.72 (m, 1 H),

161



5.76-5.83 (m, 1 H), 5.97-6.04 (m, 1 H), 6.13 (s, 1 H), 7.03—7.11 (m, 3 H), 7.13-7.22 (m, 5 H),
7.38 (d, J = 8.0 Hz, 2 H), 7.64 (bs, 1 H), 7.89-8.00 (m, 2 H), 8.03 (s, 1 H), 8.15-8.30 (m, 5 H),
8.33—8.42 (m, 2 H), 8.63 (s, 1 H), 9.08 (d, ] = 6.8 Hz, 1 H), 9.45 (d, ] = 8.4 Hz, 1 H), 9.70 (d, J
= 7.2 Hz, 1 H), 10.64 (s, 1 H) ppm. °C NMR (100 MHz, pyridine-ds) & = 11.8 (q), 17.3 (q),
25.2 (1), 29.4 (t), 30.0 (t), 33.7 (t), 37.6 (1), 39.0 (1), 43.5 (1), 47.4 (1), 48.0 (1), 48.5 (d), 49.5 (d),
52.2 (d), 53.6 (d), 60.5 (d), 61.3 (d), 103.2 (t), 115.6 (d), 116.6 (d), 118.8 (d), 123.0 (s), 123.3
(d), 123.5 (d), 124.9 (d), 126.4 (s), 127.3 (d), 128.0 (d), 128.7 (d), 130.2 (d), 130.9 (s), 131.5
(d), 136.7 (s), 139.4 (d), 149.2 (s), 149.3 (s), 150.8 (s), 152.0 (s), 152.1 (s), 154.0 (s), 154.7 (s),
155.9 (s), 158.1 (s), 159.7 (s), 160.1 (s), 160.4 (s), 161.2 (s), 162.7 (s), 164.7 (s), 168.3 (s),
169.2 (s), 171.7 (s), 171.8 (s), 173.1(s), 174.5 (s), 175.0 (s), 175.1 (s) ppm. HRMS m/z calcd for
C3Hss011N6Ss (M+H) 1375.3147, found 1375.3247.

Thiazoline Tripeptide Analogue (26).
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Trimethyltin hydroxide (47 mg, 0.256 mmol) was added to a solution of 20* (50 mg, 42.8 umol)
in dry 1,2-dichloroethane (0.85 mL) and the reaction mixture was then stirred at 60 °C. After 15
h the mixture was diluted in CH,Cl, (40 mL), washed with 6% HCI (30 mL), dried (Na,SO5),
and concentrated in vacuo. EDC-HCI (10 mg, 51.4 pmol), HOAt (7 mg, 51.4 pmol) and DIPEA
(9 uL, 51.4 pmol) were added to a stirring solution of the crude carboxylic acid (22)* and 12 (27
mg, 51.4 pmol) in DMF (0.9 mL) at 0 °C. After 17 h the mixture was diluted in CH,Cl, (20
mL), washed with 1 M NaHCOj; (20 mL), dried (Na,SO;) and concentrated in vacuo with the
aid of toluene to remove DMF traces. The crude product was purified by flash column
chromatography (CH,Cl,/MeOH, 98:2 to 90:10). The condensation product was obtained as a
white solid (47 mg, 72%). 5.5 M BuOOH in decane (56 pL, 0.306 mmol) was added to a
solution of the condensation product (47 mg, 30.6 pmol) in dry CH,Cl, (10 mL) and the
resulting solution was stirred at rt. 5.5 M /BuOOH in decane (70 uL, 0.384 mmol) was added

twice more after 5 h and 22 h after the first addition. Upon consumption of the starting material

after 46 h, CH,Cl, (10 mL) and a mixture of saturated aq. Na,S,03/NaHCO; (1:1, 10 mL) were
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added to the reaction mixture and the aqueous layer was extracted with more CH,Cl, (2 x 10
mL). Combined organic fractions were dried (Na,SO,4) and concentrated in vacuo. The crude
product purified by preparative reverse-phase column (C18, 40% to 50% MeCN in H,0). The
title product was obtained as a white solid (37 mg, 88%). HPLC: 40 to 60% MeCN (tg = 5.23
min). mp (CH,Cl,) decomposes above 130 °C. [a]p +3.2 (¢ = 0.5, CH,CI/MeOH, 96:4). IR
(KBr) 3327, 2917, 2841, 1649, 1502, 1457 cm™'. '"H NMR (600 MHz, DMSO-d,) & = 1.23-1.32
(m, 2 H), 1.38 (d, /= 6.6 Hz, 3 H), 1.81-2.34 (m, 7 H), 2.39-2.50 (m, 1 H), 2.74 (s, 3 H), 2.79-
3.06 (m, 2 H), 3.09-3.45 (m, 4 H), 3.48-3.72 (m, 2 H), 4.26-4.31 (m, 1 H), 4.72—4.89 (m, 2 H),
4.90-5.11 (m, 2 H), 5.27-5.50 (m, 2 H), 5.97 (s, 1 H), 6.48-6.68 (m, 3 H), 6.83-7.15 (m, 3H),
7.16-7.46 (m, 5 H), 7.62-7.77 (m, 1 H), 7.86-8.08 (m, 1 H), 8.31-8.75 (m, 4 H), 8.76-8.87 (m,
4 H), 8.98 (d,J=9.0 Hz, 1 H), 9.13 (d, J = 8.4 Hz, 1 H), 10.04-10.11 (m, 2 H) ppm. °C NMR
(150 MHz, DMSO-dg) 6 = 12.5 (q), 17.4 (q), 25.4 (1), 25.6 (1), 29.9 (1), 30.1 (t), 33.5 (1), 37.1 (t),
37.4 (), 39.1 (1), 39.1 (1), 47.5 (1), 48.3 (d), 49.3 (d), 53.2 (d), 54.9 (d), 60.3 (d), 60.6 (d), 78.2
(d), 104.3 (), 115.9 (d), 117.4 (d), 119.1 (d), 123.3 (d), 124.8 (d), 127.5 (d), 129.2 (d), 129.6
(d), 130.2 (d), 130.5 (s), 131.4 (d), 134.5 (s), 138.1 (s), 141.8 (d), 148.8 (s), 150.2 (s), 150.8 (s),
151.5 (s), 152.5 (s), 153.8 (s), 154.6 (s), 156.9 (s), 157.2 (s), 158.9 (s), 159.5 (s), 160.2 (s),
163.7 (s), 168.4 (s), 170.1 (s), 171.0 (s), 172.3 (s), 174.0 (s), 174.4 (s), 175.3 (s), 176.0 (s) ppm.
HRMS m/z caled for Cs3Hg O N14Ss (M+H) 1377.3304, found 1377.3327.

Thiazole Tetrapeptide Analogue (27).

13 (35 mg, 0.047 mmol), EDC-HCI (9 mg, 0.047 mmol), HOAt (6 mg, 0.047 mmol) and
DIPEA (8 uL, 0.047 mmol) were added to a stirring solution of 21 (45 mg, 0.039 mmol) in dry
DMF (0.8 mL) cooled in an ice bath. The reaction mixture was allowed to reach rt. After 4 h,
CH,Cl, (15 mL) was added and the resulting solution was washed with saturated aq. NH,C1 (10
mL), saturated ag. NaHCO; (10 mL) and brine (10 mL), dried (Na,SO,4) and concentrated in
vacuo. The crude product was purified by silica flash column chromatography (CH,Cl,/MeOH,
95:5 to 90:10).The condensation product was obtained as white solid (36 mg, 52%). 5.5 M
BuOOH in decane (56 uL, 0.306 mmol) was added to a solution of the condensation product
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(36 mg, 20.4 umol) in dry CH,Cl, (7 mL) and the resulting solution was stirred at rt. 5.5 M
fBuOOH in decane (86 pL, 0.474 mmol) was added twice more after 5 h and 22 h after the first
addition. Upon consumption of the starting material after 47 h, CH,Cl, (5 mL) and a mixture of
saturated aq. Na,S;03/NaHCOj; (1:1, 10 mL) were added to the reaction mixture and the
aqueous layer was extracted with more CH,Cl, (3 x 10 mL). Combined organic fractions were
dried (Na,SO,4) and concentrated in vacuo. The crude product was purified by silica flash
column chromatography (CH,Cl, to CH,Cl,/MeOH 90:10). The title product was obtained as a
white solid (19 mg, 64%). HPLC: 40 to 60% MeCN (tg = 5.93 min). mp (CH,Cl,) decomposes
above 200 °C. [a]p +63.7 (c = 1.00, CH,Cl,/MeOH, 96:4). IR (KBr) 3334, 2917, 2847, 1643,
1515, 1419 cm'. "H NMR (400 MHz, pyridine-ds) 8 = 1.67 (d, J = 6.8 Hz, 3 H), 1.70-2.02 (m,
7 H), 2.14-2.26 (m, 2 H), 2.80 (s, 3 H), 3.23-3.32 (m, 2 H), 3.37 (dd, J = 14.6, 4.6 Hz, 1 H),
348 (dd,J=16.4,3.2 Hz, 1 H),3.56 (dd, J=13.2, 4.0 Hz, 1 H), 3.65-3.84 (m, 3 H), 3.85-3.94
(m, 1 H), 4.94-5.00 (m, 1 H), 5.15-5.25 (m, 1 H), 5.40-5.47 (m, 1 H), 5.64-5.74 (m, 1 H),
5.77-5.85 (m, 1 H), 5.96 (s, 1 H), 5.97-6.05 (m, 1 H), 6.15 (s, 1 H), 6.85 (s, 1 H), 7.04-7.12
(m, 3 H), 7.14-7.22 (m, 5 H), 7.38 (d, J= 8.4 Hz, 2 H), 7.63 (bs, 1 H), 7.97 (bs, 1 H), 8.03 (s, 1
H), 8.21 (s, 1 H), 8.24 (s, 1 H), 8.27 (d, /= 8.0 Hz, 1 H), 8.30 (d, /= 8.0 Hz, 1 H), 8.37 (s, 1 H),
8.49 (bs, 1 H), 8.63 (s, 1 H), 8.86—-8.94 (m, 1 H), 9.09 (d, /=6.8 Hz, 1 H), 9.46 (d, /= 8.8 Hz, 1
H), 9.77 (d, J = 6.8 Hz, 1 H), 9.85 (s, 1 H), 10.63 (s, 1 H) ppm. °C NMR (100 MHz, pyridine-
ds) 0 =11.8 (q), 17.5 (q), 25.3 (1), 25.3 (1), 28.8 (1), 33.7 (1), 37.7 (1), 39.1 (1), 43.5 (), 47.5 (),
48.1 (t), 48.5 (d), 49.5 (d), 52.2 (d), 53.6 (d), 61.3 (d), 61.7 (d), 102.8 (t), 103.3 (t), 115.6 (d),
116.6 (d), 118.9 (d), 123.0 (s), 123.4 (d), 123.6 (d), 124.0 (s), 124.9 (d), 126.4 (s), 127.3 (d),
128.0 (d), 128.8 (d), 130.2 (d), 130.9 (s), 131.6 (d), 135.0 (s), 136.7 (s), 139.4 (d), 149.2 (s),
149.3 (s), 149.3 (s), 150.8 (s), 152.0 (s), 152.1 (s), 154.0 (s); 154.8 (s), 155.9 (s), 158.1 (s),
159.7 (s), 160.1 (s), 160.5 (s), 161.2 (s), 162.8 (s), 164.8 (s), 166.8 (s), 168.4 (s), 169.2 (s),
171.0 (s), 171.8 (s), 172.9 (s), 173.1 (s), 175.0 (s), 175.2 (s) ppm. HRMS m/z calcd for
CssHs2012N (7S5 (M+H) 1444.3362, found 1444.3399.
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Thiazoline Tetrapeptide Analogue (28).
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Trimethyltin hydroxide (47 mg, 0.256 mmol) was added to a solution of 20* (50 mg, 42.8 pmol)
in dry 1,2-dichloroethane (0.85 mL) and the reaction mixture was then stirred at 60 °C. After 15
h the mixture was diluted in CH,Cl, (40 mL), washed with 6% HCI (30 mL), dried (Na,SOs),
and concentrated in vacuo. EDC-HCI (10 mg, 51.4 umol), HOAt (7 mg, 51.4 umol) and DIPEA
(9 pL, 51.4 pmol) were added to a stirring solution of the crude carboxylic acid (22)* and 13 (39
mg, 51.4 umol) in DMF (0.9 mL) at 0 °C. After 17 h the mixture was diluted in CH,Cl, (20
mL), washed with 1 M NaHCOs; (20 mL), dried (Na,SO;) and concentrated in vacuo with the
aid of toluene to remove DMF traces. The crude product was purified by flash column
chromatography (CH,Cl,/MeOH, 95:5 to 90:10). The condensation product was obtained as a
white solid (45 mg, 60%). 5.5 M /BuOOH in decane (70 pL, 0.384 mmol) was added to a
solution of the condensation product (45 mg, 25.6 umol) in dry CH,Cl, (8.5 mL) and the
resulting solution was stirred at rt. 5.5 M /BuOOH in decane (70 uL, 0.384 mmol) was added
twice more after 5 h and 22 h after the first addition. Upon consumption of the starting material
after 45 h, CH,Cl, (10 mL) and a mixture of saturated aq. Na,S,03/NaHCO; (1:1, 10 mL) were
added to the reaction mixture and the aqueous layer was extracted with more CH,Cl, (2 x 10
mL). Combined organic fractions were dried (Na,SO,4) and concentrated in vacuo. The crude
product purified by preparative reverse-phase column (C18, 40% to 50% MeCN in H,0). The
title product was obtained as a white solid (34 mg, 92%). HPLC: 40 to 60% MeCN (tg = 5.47
min). mp (CH,Cl,) decomposes above 200 °C. [a]p +12.4 (¢ = 0.50, CH,Cl,/MeOH, 96:4). IR
(KBr) 3430, 2917, 2841, 1739, 1649, 1444, 1041 cm™'. '"H NMR (400 MHz, pyridine-ds) & =
1.58-1.70 (m, 2 H), 1.88-2.06 (m, 4 H), 2.08-2.41 8m, 6 H), 2.52-2.66 (m, 2 H), 3.11-3.20
(m, 3 H), 3.36-3.43 (m, 1 H), 3.53-3.58 (m, 1 H), 3.73-3.78 (m, 1 H), 3.96-4.17 (m, 5 H),
4.22-4.30 (m, 1 H), 5.31-5.46 (m, 2 H), 5.50-5.66 (m, 2 H), 5.73-5.80 (m, 2 H), 6.23-6.28 (m,
1 H), 6.33 (s, 1 H), 6.52 (s, 1 H), 7.22 (s, 1 H), 7.40—7.58 (m, 8 H), 7.64=7.77 (m, 2 H), 7.97
(bs, 1 H), 8.09 (d, J=9.0 Hz, 1 H), 8.27 (bs, 1 H), 8.35 (s, 1 H), 8.52—8.62 (m, 4 H), 8.86 (bs, 1
H), 8.99 (s, 1 H), 9.12 (d, /= 6.6 Hz, 1 H), 9.29 (bs, 1 H), 9.70 (d, /= 9.0 Hz, 1 H), 10.12 (d, J
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= 6.6 Hz, 1 H), 10.23 (d, J = 6.6 Hz, 1 H),10.94-11.00 (m, 1 H) ppm. C NMR (150 MHz,
pyridine-ds) 6 = 11.8 (q), 17.5 (q), 25.2 (t), 25.5 (t), 28.8 (1), 30.0 (t), 34.3 (t), 36.2 (1), 36.8 (t),
38.4 (1), 39.9 (1), 47.5 (t), 48.5 (d), 49.2 (d), 52.3 (d), 54.1 (d), 61.7 (d), 61.9 (d), 78.8 (d), 102.8
(t), 103.3 (1), 116.2 (d), 116.8 (d), 118.6 (d), 123.0 (d), 123.1 (d), 125.8 (s), 127.3 (d), 127.9 (d),
128.7 (d), 130.2 (s), 130.2 (d), 131.0 (s), 131.7 (d), 136.9 (s), 139.2 (d), 148.9 (s), 150.8 (s),
150.9 (s), 152.0 (s), 153.9 (s), 154.7 (s), 155.9 (s), 157.9 (s), 159.7 (s), 160.5 (s), 161.2 (s),
162.7 (s), 164.8 (s), 166.8 (s), 168.3 (s), 169.1 (s), 171.0 (s), 171.2 (s), 172.6 (s), 173.0 (s),
173.2 (s), 174.8 (s), 175.1 (s) ppm. HRMS m/z calcd for CgHgsO 12N (7S5 (M+H) 1446.3518,
found 1446.3603.

Thiazole Pentapeptide Analogue (29).

e
i}bfa)

NH N
il vk@

\/K‘g \@ o
14° (36 mg, 42.1 pmol), EDC-HCI (8 mg, 42.1 umol), HOAt (6 mg, 42.1 umol) and DIPEA (8
pL, 42.1 umol) were added to a stirring solution of 21 (40 mg, 35.1 umol) in dry DMF (0.7 mL)
cooled in an ice bath. The reaction mixture was allowed to reach rt. After 4 h, CH,Cl, (25 mL)
was added and the resulting solution was washed with saturated aq. NH4Cl (25 mL), saturated
ag. NaHCOs; (25 mL) and brine (25 mL), dried (Na,SO,4) and concentrated in vacuo. The crude
product was purified by silica flash column chromatography (CH,Cl,/MeOH, 95:5 to
90:10).The condensation product was obtained as white solid (49 mg, 70%). 5.5 M BuOOH in
decane (86 uL, 0.474 mmol) was added to a solution of the condensation product (47 mg, 23.7
umol) in dry CH,Cl, (8 mL) and the resulting solution was stirred at rt. 5.5 M rBuOOH in
decane (86 uL, 0.474 mmol) was added twice more after 5 h and 26 h after the first addition.
Upon consumption of the starting material after 32 h, CH,Cl, (5 mL) and a mixture of saturated
aqg. Na,S,0;/NaHCO; (1:1, 10 mL) were added to the reaction mixture and the aqueous layer
was extracted with more CH,Cl, (4 x 10 mL). Combined organic fractions were dried (Na,SO,)
and concentrated in vacuo. The crude product was purified by silica flash column

chromatography (CH,Cl,/MeOH, 99:1 to 90:10). The title product was obtained as a white solid
(26 mg, 72%). HPLC: 40 to 60% MeCN (tg = 5.67 min). mp (CH,Cl,) decomposes above 120
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°C. [a]p +20.6 (c = 1.00, CH,Cl,/MeOH, 96:4). IR (KBr) 3443, 2917, 2853, 1649, 1489, 1419
cm . '"H NMR (400 MHz, DMSO-d¢) & = 1.24-1.31 (m, 1 H), 1.40 (d, J = 6.8 Hz, 3 H),
1.85-2.26 (m, 8 H), 2.40-2.51 (m, 1 H), 2.78 (s, 3 H), 2.83-2.97 (m, 2 H), 3.09-3.27 (m, 2 H),
3.34-3.44 (m, 1 H), 3.62-3.91 (m, 3 H), 4.52-4.60 (m, 1 H), 4.71-4.82 (m, 1 H), 5.02-5.13 (m,
1 H), 5.30-5.43 (m, 2 H), 5.58 (s, 1 H), 5.62-5.72 (m, 2 H), 5.90 (s, 1 H), 5.98 (s, 1 H), 6.14 (s,
1 H), 6.56 (s, 1 H), 6.68 (d, J= 8.6 Hz, 2 H), 6.83 (bs, 1 H), 7.11 (d, J = 8.6 Hz, 2 H), 7.20 (d, J
= 6.8 Hz, 2 H), 7.24-7.39 (m, 4 H), 7.57 (bs, 1 H), 7.76 (s, 1 H), 7.96-8.04 (m, 2 H), 8.13 (s, 1
H), 8.23 (s, 1 H), 8.32-8.40 (m, 2 H), 8.58 (d, /= 8.4 Hz, 1 H), 8.71 (s, 1 H), 8.76 (d, J= 7.6
Hz, 2 H), 8.85 (d, J= 6.4 Hz, 1 H), 9.13 (s, 1 H), 9.52 (s, 1 H), 10.09 (s, 1 H) ppm. °C NMR
(100 MHz, DMSO-de) 8 = 12.6 (q), 17.3 (q), 25.5 (1), 25.6 (1), 29.9 (t), 29.9 (1), 33.5 (1), 37.9 (1),
42.6 (1), 47.7 (1), 48.3 (1), 48.3 (d), 49.4 (d), 52.7 (d), 53.4 (d), 60.4 (d), 61.0 (d), 104.3 (t), 105.3
(1), 107.9 (t), 116.1 (d), 117.2 (d), 119.3 (d), 123.4 (d), 123.5 (s), 124.5 (d), 125.8 (d), 127.4 (s),
127.7 (d), 129.1 (s), 129.2 (d), 129.6 (d), 130.1 (s); 130.4 (d); 131.3 (d), 134.4 (s), 135.6 (s),
137.3 (s), 137.4 (s), 141.3 (d), 148.5 (s), 149.8 (s), 151.2 (s), 151.5 (s), 152.2 (s), 153.9 (s),
154.7 (s), 156.5 (s), 157.0 (s), 159.5 (s), 160.0 (s), 161.1 (s), 161.8 (s), 162.0 (s); 163.2 (s),
163.8 (s), 166.0 (s), 168.4 (s), 170.3 (s), 171.2 (s), 171.5 (s), 172.2 (s), 172.6 (s), 174.6 (s),
175.3 (s) ppm. HRMS m/z calcd for CsoHgsO13N15Ss (M+H) 1513.3577, found 1513.3673.

Thz-Sec(Ph)-Ala-Pro-Sec(Ph)-Sec(Ph)-NH, (30).

SePh SePh
A e A e
SePh
Prepared according to the general method for solid-phase peptide synthesis, starting from 1.35 g
of resin. The crude product was further purified by silica flash column chromatography
(CH,CIy/MeOH, 95:5). The title product was obtained as a pale solid (330 mg, 47% based on
functionalization of the resin). HPLC: 0 to 100% MeCN (tg = 7.29 min). mp (CH,Cl,) 185—188
°C. [a]p —116.6 (c = 0.33, CH,CL,). IR (KBr) 3436, 3295, 2924, 1668, 1623, 1041 cm . 'H
NMR (400 MHz, DMSO-d¢) 6 = 1.26 (d, /= 6.8 Hz, 3 H), 1.77-2.12 (m, 4 H), 3.08-3.19 (m, 2
H), 3.24-3.50 (m, 4 H), 3.54-3.68 (m, 2 H), 4.28—4.47 (m, 3 H), 4.56—4.65 (m, 1 H), 4.76—4.86
(m, 1 H), 7.21-7.36 (m, 9 H), 7.46—7.56 (m, 6 H), 8.15 (d,/=8.4 Hz, 1 H), 8.22 (d, /J=7.2 Hz,
1 H), 8.39 (d, J=2.0 Hz, 1 H), 8.48—8.58 (m, 2 H), 9.22 (d, J = 2.0 Hz, 1 H) ppm. °C NMR
(100 MHz, DMSO-ds) 8 = 17.9 (q), 25.4 (), 29.4 (1), 29.6 (), 29.9 (1), 30.4 (1), 47.5(d), 47.7 (v),
53.4 (d); 53.8 (d), 54.1 (d), 60.9 (d), 125.7 (d), 127.6 (d), 127.6 (d), 127.8 (d), 130.0 (d), 130.2
(d), 130.2 (d), 130.7 (s), 130.8 (s), 131.0 (s), 132.4 (d), 132.7 (d), 132.7 (d), 150.1 (s), 155.9 (d),
161.0 (s), 170.0 (s), 170.8 (s), 171.5 (s), 172.4 (s), 172.7 (s) ppm. HRMS m/z calcd for
C;39H44N;04SSe; (M+H) 998.0392, found 998.0454.

167



Thz-Dha-Ala-Pro-Dha-Dha-NH, (31).

R R e L

The title peptide could be obtained by two different methods: (A) On-resin

oxidation/elimination; (B) Oxidation/elimination after cleavage.
Method A:

Prepared according to the general method for solid-phase peptide synthesis, starting from 1.06 g
of resin. Prior to cleavage from the resin, an overnight treatment with 3 M rBuOOH in isooctane
(6 mL, 18 mmol, 32 equiv) in CH,Cl, (3 mL) at rt was performed. After cleavage the crude
product was further purified by silica flash column chromatography (EtOAc/THF, 9:1 to 8:2).
The title product was obtained as a white solid (102 mg, 36% based on functionalization of the

resin).
Method B:

3 M BuOOH in isooctane (3.5 mL, 10.5 mmol, 34 equiv) was added to a solution of 30 (304
mg, 0.311 mmol) in dry CH,Cl, (9 mL). The resulting mixture was stirred at rt and after 7 h .
The crude product was purified by silica flash column chromatography (EtOAc/THF, 9:1 to
8:2). The title product was obtained as a white solid (112 mg, 72%). HPLC: 50 to 100% MeCN
(tr = 1.18 min). mp (EtOAc) decomposes above 100 °C. [a]p —85.9 (¢ = 1.00, CH,Cl,). IR
(KBr) 3334, 2981, 2911, 2873, 1630, 1515 cm™'. '"H NMR (400 MHz, acetone-d¢) 8 = 1.56 (d, J
= 6.8 Hz, 3 H), 2.12-2.30 (m, 4 H), 3.77-3.85 (m, 1 H), 3.88-3.96 (m, 1 H), 4.62—4.69 (m, 1
H), 4.90 (q, /= 3.0, 1 H), 5.61 (bs, 1 H), 5.68 (bs, 1 H), 5.72 (bs, 1 H),6.24 (bs, 1 H), 6.31 (d, J
=1.2 Hz, 1 H), 6.40 (d, /=12 Hz, 1 H), 6.68 (d, J= 1.6 Hz, 1 H), 6.96 (bs, 1 H), 7.66 (d, J =
6.4 Hz, 1 H), 8.37 (d, J=2.0 Hz, 1 H), 8.79 (bs, 1 H), 8.94 (bs, 1 H), 9.10 (d, J= 2.0 Hz, 1 H),
10.05 (bs, 1 H) ppm. *C NMR (100 MHz, acetone-dg) 8 = 16.9 (q), 25.2 (t), 28.6 (1), 47.6 (%),
48.1 (d), 61.3 (d), 102.0 (t), 104.5 (t), 105.0 (t), 124.7 (d), 134.4 (s), 134.4 (s), 136.0 (s), 151.2
(s), 154.8 (d), 159.5 (s), 162.6 (s), 163.5 (s), 165.7 (s), 171.3 (s), 172.4 (s) ppm. HRMS m/z
caled for C,1HpO6N7S (M+H) 504.1660, found 504.1663.

3. NMR Spectra

NMR spectra images are available in the Supporting Information in electronic format.
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CONCLUSIONS

The work carried out during this doctoral thesis has been devoted to different aspects of
the study of a novel natural product with antibacterial activity, baringolin. First, a general
retrosynthetic analysis was designed and the study of synthetic strategies and methodologies
necessary to obtain the required building blocks followed. With a mind to develop an
analogues program, the order of fragments condensation was decided to best suit that
purpose; protecting groups were chosen accordingly. Upon completion of its total synthesis,
structure and stereochemistry of baringolin were confirmed. With a useful synthetic strategy
in hands, various analogues were designed and synthesized to evaluate the impact of different
moieties in the activity profile of the thiopeptidic scaffold. The successful preparation of the
first fully synthetic library of thiopeptide antibiotics accounts for the versatility and
convergence of the synthetic approach developed herein.

Moving from a general overview and focusing into more succinct points of the present
work, several conclusions can be drawn:

e An approach to synthesize a 4-bromo-bithiazole-pyrrolidine fragment was
developed to overcome the lack of literature precedents regarding the preparation
of such moieties. Hantzsch cyclization offered a convergent and effective way of
preparing the fragment.

e A previously described protocol for the synthesis of amino acid derived thiazoles via
a two-step modified Hantzsch cyclization was improved to avoid
trifluoroacetylation and the corresponding extra deprotection step.

e The ease of synthesis of amino acid-derived thiazoles prompted us to synthesize a
recently described thiazole-containing macrocyclic peptide, aeruginazole A.

e Studies towards a palladium-catalyzed synthesis of baringolin polyheterocyclic core
led to a fully regioselective strategy that allowed the synthesis of various central
core analogues. Evaluation of different sets of protecting groups led to a fully
orthogonal combination that permitted selective elongation of the central
fragment.

e Synthesis of the thiazoline moiety was achieved according to reported procedures.
Obtention of the required free carboxylic acid avoiding epimerization during
saponification was possible thanks to the use of Me;SnOH.

e Synthesis of the phenylselenocysteine-containing pentapeptide with a C-terminal
amide was easily achived using ChemMatrix/Rinkamide resin and OxymaPure as
coupling additive in a solid-phase approach.

e Assembling of fragments was carried out successfully. Selective elongation of the
central fragment and condensation with building blocks from the macrocycle
moiety bearing allyl-based protecting groups, set the stage for a one-step
deprotection and subsequent macrocyclization. Lastly, saponification, condensation
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of the peptide and oxidation/elimination of the phenylselenide groups yielded
synthetic baringolin.

e Comparison of spectroscopic data and biological activity of natural and synthetic
baringolin confirmed its structure and stereochemistry.

o A library of fully synthetic analogues was produced using the same synthetic
strategy that served for the total synthesis of baringolin. The desired modifications
could be easily introduced and provided sufficient material for full characterization
and biological assays to be carried out. These results demonstrate the usefulness of
the synthetic strategy developed during this thesis.

e Assessment of the analogues ability to inhibit Gram-positive bacterial growth
delimited the structure-activity relationship of the modified moieties. The
thiazoline ring was identified as crucial for a broad scope of antibacterial activity. Its
substitution for the corresponding thiazole reduced potency against some strains,
but in general maintained it against Staphylococcus aureus. Substitution of
baringolin’s peptidic tail with a cyclohexanoic acid moiety in the thiazole series of
analogues restored activity towards all strains and in most cases improved potency.

During the years the present work has been carried out, many discoveries and advances
have completely changed the scenario of thiopeptides’ science. The discovery of new
members of this family and reports on various novel total syntheses, especially that of
micrococcin P1, have engrossed the already rich variety of structures and methodologies
available for their synthesis. However, identification of the genetic cluster that encodes the
precursor peptide and all the enzymatic machinery required for its maturation has been a
major revolution to the field. Disclosure of the biosynthetic pathways has confirmed suspicions
regarding the ribosomal origin of thiopeptides, but more importantly, has opened the field to
genetic engineering and mutasynthesis. Our own research is a consequence of its context and
might have been completely different if started either a few years earlier or later. The constant
development of new synthetic methodologies determines the tools available for the synthetic
chemist and makes new strategies possible. The newest reports would have offered a different
perspective and alternative methodologies might have been tested during our investigations,
probably outlining a different outcome. Nonetheless, this thesis responds to its own context
and our own needs of both natural product and analogues synthesis. The positive results
obtained are good evidence for the usefulness of the strategy developed herein.
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ENCYCLOPADIA THIOPEPTIDUM

Beholdt You are at the library. PBere you will find a compilation of all
thiopeptides of yore and mew. €nter and you shall find the knowledge you are
seeking.

The following pages contain information and references regarding all thiopeptides reported
to date (to the best of my knowledge), which are listed alphabetically. This thiopeptide
encyclopedia includes the first reported place of isolation, the kind of sample and the original
reference or references where the thiopeptide was reported. In those cases where the genetic
cluster has been identified, the sequence of the structural peptide and the original reference
are indicated. Reports on total syntheses have also been added. No references or information
regarding analogues have been added for the sake of space and clarity. Thus, only data
concerning naturally occurring thiopeptides is reported herein.
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Me ) o Series: d
o
| HN H First found in: Huerfand County, Colorado, USA
o) ;7\ © /N
Kind of sample: soil
NH R} S y ©
);N S NTHLNHRZ Producing strain: Streptomyces gardneri
5 — =N O Original report: a) Boeck, L. D.; Berry, D. M.; P. Mertz, F.; Wetzel, R. W.
o J. Antibiot. 1992, 45, 1222-1230; b) Debono, M.; Molloy, R. M,;
HN S HN Occolowitz, J. L.; Paschal, J. W.; Hunt, A. H.; Michel, K. H.; Martin, J. W.
7/<\ ) MO J. Org. Chem. 1992, 68, 5200-5208.
mé N NH
[e]

A10255B Ry=Et;R,= H 9
N OH
A10255E R, =i-Pr; Ry = \kaf T})LNJKW
o) o
A10255G R;=Me; R, =

A10255J R;=Me;R,=H

Series: d

First found in: Nerima-ku, Tokyo, Japan
Kind of sample: soil

Producing strain: Amycolatopsis sp.

Original report: a) Shimanaka, K.; Kinoshita, N.; linuma, H.; Hamada,
M.; Takeuchi, T. J. Antibiot. 1994, 47, 668—674; b) Shimanaka, K.;
Takahashi, Y.; linuma, H.; Naganawa, H.; Takeuchi, T. J. Antibiot. 1994,
47, 1145-1152; c) Shimanaka, K.; Takahashi, Y.; linuma, H.; Naganawa,
H.; Takeuchi, T. J. Antibiot. 1994, 47, 1153-1159.

Total syntheses: a) Hughes, R. a; Thompson, S. P.; Alcaraz, L.; Moody,
C. J. Chem. Commun. 2004, 946-948. b) Hughes, R. A.; Thompson, S.
P.; Alcaraz, L.; Moody, C. J. J. Am. Chem. Soc. 2005, 127, 15644-15651.
c) Nicolaou, K. C.; Dethe, D. H.; Chen, D. Y.-K. Chem. Commun. 2008,
2632-2634. d) Ammer, C.; Bach, T. Chem. Eur. J. 2010, 16, 14083—
14093.

o
AmythiamicinB R = E\AN%Q
H
o NH,
(o} o
Amythiamicin C R = ‘“\*O%N
HN\H)D

o]

Amythiamicin D R = CO,Me

o H [¢] o H o

_ HJ\[fN\')J\N_l)J\NJﬁ(N\H)kNHZ Series: d
First found in: Aimeria, Spain
| SN Kind of sample: marine

= N / S
| /)\ . Producing strain: Kocuria sp. MI-67-EC3-038

g .

o o N\> Original report: Cafiedo Hernandez, L. M.; Romero Millan, F.; Fernandez

O>8_<Me T

Medarde, A.; Fernandez Chimeno, R. |.; Hidalgo Villar, J. C. New peptides
as bioactive compounds (Biomar, S.A. 2012). WO2012062906A1.

NH HN
H N\\(““ o Total synthesis: Just-Baringo, X.; Bruno, P.; Ottesen, L. K.; Cafiedo, L.
2 —N H S M.; Albericio, F.; Alvarez, M. Angew. Chem. Int. Ed. 2013, 52, 7818-7821.
° S\/K((N\):N OH
o Sy
Baringolin
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Berninamycin A R; =OH; R, =

\: T‘)J\ JH(NHZ
Berninamycin B Ry =H; R, =
Berninamycin C R; =OH; R, = ‘&.\/ \H)I\NH2

Berninamycin D R, = OH; R, = NH,

Series: d

First found in: not reported

Kind of sample: soil

Producing strain: Streptomyces bernensis

Original reports: a) Reusser, F. Biochem. 1969, 8, 3303-3308; b)
Liesch, J. M.; Rinehart, Kenneth L, J. J. Am. Chem. Soc. 1977, 99,

1645-1646.; c) Lau, R. C. M.; Rinehart, K. L.; Adamslaboratory, R. J.
Antibiot. 1994, 47, 1466-1472.

o
Me pOH ~>NH
NH N
HN:Q(Me /7 o
Me, 0 ONH,

Cyclothiazomycin B1 "Z" isomer

Cyclothiazomycin B2 "E" isomer

Series: d
First found in: Kamakura, Kanagawa, Japan
Kind of sample: soil

Producing strain: Streptomyces sp. NR0516 / Streptomyces
hygroscopicus 10-22

Original report: Aoki, M.; Ohtsuka, T.; Yamada, M.; Ohba, Y.;
Yoshizaki, H.; Yasuno, H.; Sano, T.; Watanabe, J.; Yokose, K.; Roche,
N. J. Antibiot. 1991, 44, 582-588.

Gene cluster identification: Wang, J.; Yu, Y.; Tang, K,; Liu, W.; He, X,;
Huang, X.; Deng, Z. App!. Environ. Microbiol. 2010, 76, 2335-2344.

Structural peptide: SNCTSTGTPASCCSCCCC

R3HN

s ”tipﬂw
< 3 L Q e

S \N
= r\ﬁ OH
Rj NH O PH
o

GE2270 A R, = CH,OMe; R, = CH3; Ry= CH3; Rg,Rs = H
GE2270 B1 R, = CH,0OMe; R, = CH3; Rg= H; Ry,Rs = H
GE2270 B2 R, = CHj; R, = CH3; R3= CH3; Ry,Rs = H
GE2270 C1 R, =H; Ry = CHz; R3= CH3; Ry,Rs = H

GE2270 C2a R, = CH,0OMe; R, = CH30H; Ry= CHy; R4,Rs = H
GE2270 C2b R, = CH,0Me; R, = H; Rg= CH3; Ry,Rs = H
GE2270 D1 R, =H; R, = CH3; Rg= H; R4,Rs = H

GE2270 D2 R, = CH,OH; R, = CHg; Rg= CHg; Rg,Rs = H
GE2270E R, = CH,0H; R; = CHg; Rg= H; Rg,Rs = H

GE2270 T R, = CH,0OMe; R, = CHy; Ry= CHg; Ry Rs = n-bond

Series: d

First found in: Lamole, Italy

Kind of sample: soil

Producing strain: P/anobispora rosea

Original reports: a) Selva, E.; Beretta, G.; Montanini, N.; Saddler, G.
S.; Gastaldo, L.; Ferrari, P.; Lorenzzetti, R.; Landini, P.; Ripamonti, F.;
Goldstein, B. P.; Berti, M.; Montanaro, L.; Denaro, M. J. Antibiot. 1991,
44, 693-701.; b) Nebuloni, M.; Vekey, K.; Gallo, G. G.; Selva, E. J.
Antibiot. 1991, 44, 702-715.

Gene cluster identification: Morris, R. P.; Leeds, J. A.; Naegeli, H. U.;
Oberer, L.; Memmert, K.; Weber, E.; LaMarche, M. J.; Parker, C. N,;
Burrer, N.; Esterow, S.; Hein, A. E.; Schmitt, E. K. J. Am. Chem. Soc.
2009, 731, 5946-5955.

Structural peptide: SCNCVCGFCCSCSPSA

Total syntheses: a) Nicolaou, K. C.; Zou, B.; Dethe, D. H.; Li, D. B.;
Chen, D. Y.-K. Angew. Chem. Int. Ed. 2006, 45, 7786-7792; b) Miller,
H. M.; Delgado, O.; Bach, T. Angew. Chem. Int. Ed. 2007, 46, 4771—
4774; c) Delgado, O.; Miiller, H. M.; Bach, T. Chem. Eur. J. 2008, 14,
2322-2339; d) Nicolaou, K. C.; Dethe, D. H.; Leung, G. Y. C.; Zou, B.;
Chen, D. Y.-K. Chem. Asian. J. 2008, 3, 413—429.
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SN
i«:ﬁi:?

Series: d

First found in: Lamole, Italy

Kind of sample: soil

Producing strain: Streptomyces sp. ATCC 55365

Original reports: a) Stella, S.; Montanni, N.; Monnier, F. Le; Ferrari, P.;
Colombo, L.; Landini, P.; Ciciliato, |.; Goldstein, B. P.; Selva, E.; Denaro,

M. J. Antibiot. 1995, 48, 780-786; b) Ferrari, P.; Colombo, L.; Stella, S.;
Selva, E.; Zerilli, L. F. J. Antibiot. 1995, 48, 1304—1311.

HO
HO Me Gene cluster identification: Young, T. S.; Walsh, C. T. Proc. Natl.
Acad. Sci. USA 2011, 108, 13053—13058.
GE37468A Structural peptide: STNCFCYICCSCSSN
Me
HO o Series: d
N
O HN HJ%/\ First found in: Izu-Oshima, Japan
| o . .
0. \ Me Kind of sample: soil

Geninthiocin R =0OH
Val-geninthiocin R=H

Producing strain: Streptomyces sp. DD84 / Streptomyces sp. RSF18

Original reports: a) Yun, B.-S.; Hidaka, T.; Furihata, K.; Seto, H. J.
Antibiot. 1994, 47, 969-975. b) Sajid, |.; Shaaban, K. A.; Frauendorf, H.;
Hasnain, S.; Laatsch, H. Z. Naturforsch. B 2008, 63, 1223-1230.

Glycothiohexide o R=H

O-methyl-glycothiohexide a. R = Me

Series: e

First found in: Egypt

Kind of sample: soil

Producing strain: "Sebekia" sp. NRRL 21083

Original reports: a) Steinberg, D. A.; Bernan, V. S.; Montenegro, D. A.;
Abbanat, D. R.; Pearce, C. J.; Korshalla, J. D.; Jacobus, N. V; Petersen,
P. J.; Mroczenski-Wildey, M. J.; Maiese, W. M.; Greenstein, M. J.
Antibiot. 1994, 47, 887-893; b) Northcote, P. T.; Williams, D.; Manning,
J. K;; Borders, D. B.; Maiese, W. M.; Lee, M. D. J. Antibiot. 1994, 47,
894-900. c) Northcote, P. T.; Siegel, M.; Borders, D. B.; Lee, M. D. J.
Antibiot. 1994, 47, 901-908.

SEee

Series: d
First found in: Shuri, Okinawa Prefecture, Japan
Kind of sample: soil

Producing strain: Streptomyces sp. RI19

Me’
o N Original report: Takagi, M.; Motohashi, K.; Nagai, A.; Hashimoto, J.;
Shin-Ya, K. J. Antibiot. 2010, 63, 405-408.
JBIR-83 R=H
JBIR-84 R = EHJKWNHZ
(0]
oH o o
N
N iae:
Me)I %\ / . uj(fo Series: d
HN” Yo S H"f First found in: Greece
OH Me—""\
O\(\/< 0 0™ \H Kind of sample: soil
Me—Q \N Me
HN Producing strain: Streptomyces sp. HIL Y-9420704
(0]
NH Me 8} HN Original report: Kumar, E. K. S. V.; Kenia, J.; Mukhopadhyay, T.;
Nadkarni, S. R. J. Nat. Prod. 1999, 62, 1562—1564.
MeO™N_N ¢ OMNH
s Ay
HN 0]
\
Me

Methylsulfomycin
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Series: d

OQ ’”N
First found in: East Africa
NH
Kind of sample: soil

Producing strain: Bacillus pumilus

O
Original report: Fuller, A. T. Nature 1955, 175, 722.
HN\/< NH
rR—/ Total synthesis: Lefranc, D.; Ciufolini, M. A Angew. Chem. Int. Ed.
Me™ 2009, 48, 4198—4201.
9H Micrococcin was first isolated from sewage waters in Oxford in 1948
Micrococcin P1 R= \/\Me from a strain of Micrococcus; however, no structural data was
obtained. Later, in 1955, a compound of almost identical properties
)J\ was isolated from B. pumilus, found in East Africa, and was thus
Micrococcin P2 R= \ named micrococcin P.
MeO._ Me
HO
Me Me OH [0} N}N)H\R\M Series: e
n " :
R rﬁ\ HN \_s O First found in: Hamochi-machi, Sado-gun, Niigata prefecture,
O —NH Japan
Me o~ O s
o N/ P / Kind of sample: soil
o, © o NH S Producing strain: Amycolatopsis sp. MJ347-81F4
N
i O\)_</ Original report: Sasaki, T.; Otani, T.; Matsumoto, H.; Unemi, N.;
N S Hamada, M.; Takeuchi, T.; Hori, M. J. Antibiot. 1998, 51, 715-721.
Ho ©

MJ347-81F4 A R = Me
MJ347-81F4B R=H

Me OH

\\]‘I )L( Series: d
MeO S ] First found in: patient at the Health Center, University of Texas,
Wl/ NN N USA.
S N S Me

Kind of sample: clinical material

ﬂ {
NH % d OMe Producing strain: Nocardia pseudobrasiliensis IFM 0757

O
Me\e\(ﬂ Original report: Mukai, A.; Fukai, T.; Hoshino, Y.; Yazawa, K;
/ Harada, K.; Mikami, Y. J. Antibiot. 2009, 62, 613-619.

Series: e
First found in: New Mexico, USA
Kind of sample: soil

Producing strains: Nocardia sp. WW-12651 /
Amycolatopsis sp.

Original reports: a) Constantine, K. L.; Mueller, L.; Huang, S.;
Abid, S.; Lam, K. S.; Li, W.; Leet, J. E. J. Am. Chem. Soc. 2002,
124, 7284-7285; b) Li, W.; E. Leet, J.; A. Ax., H.; R. Gustavson, D.;
M. Brown, D.; Turner, L.; Brown, K.; Clark, J.; Yang, H.; Fung-tomc,
J.; S. Lam, K. J. Antibiot. 2003, 56, 226-231; c) Leet, J. E.; Li, W.;

Me Ax, H. A, Matson, J. A;; Huang, S.; Huang, R.; Cantone, J. L;
Drexler, D.; Dalterio, R. A.; Lam, K. S. J. Antibiot. 2003, 56, 232—
242.

Gene cluster identification: Ding, Y.; Yu, Y.; Pan, H.; Guo, H.; Li,
HO Y.; Liu, W. Mo/. BioSyst. 2010, 6, 1180—1185.

H

N Structural peptide: SCTTCECSCSCSS
Nocathiacinll R, = \{

H o
_N
Nocathiacin lll R, = \ NHy  R,=OH; Rz=H

Nocathiacin IV R; = NH, R, =0OH; R3 =
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Series: e
First found in: Kagamihara, Gifu prefecture, Japan
Kind of sample: soil

Producing strain: Streptomyces antibioticus 8446-CCl and
Streptomyces actuosus.

Original reports: a) Tanaka, T.; Endo, T.; Shimazu, A; Yoshida, R;;
Suzuki, Y.; Otake, N.; Yonehara, H. J. Antibiot. 1970, 23, 231-237;
b) Benazet, F.; Cartier, M.; Florent, J.; Godard, C.; Jung, G.; Lunel,
J.; Mancy, D.; Pascal, C.; Renaut, J.; Tarridec, P.; Theilleux, J.;
Tissier, R.; Dubost, M.; Ninet, L. Experientia 1980, 36, 414-416.

Nosiheptide Gene cluster identification: Yu, Y.; Duan, L.; Zhang, Q.; Liao, R.;
Ding, Y.; Pan, H.; Wendt-, E.; Tang, G.; Shen, B.; Liu, W. ACS Chem
Biol. 2009, 4, 855-864.
Structural peptide: SCTTCECCCSCSS
o
W)kNHZ
Me
N
MeQ™ Series: e
N First found in: Namaqualand, South Africa
Oze—J Kind of sample: soil
HN,,,
Producing strain: Actinop/anes philippinensis
o Original report: Zhang, C.; Occi, J.; Masurekar, P.; Barrett, J. F.;
MeO Zink, D. L.; Smith, S.; Onishi, R.; Ha, S.; Salazar, O.; Genilloud, O.;
HO o Mo -0\ -0 g0 Basilio, A.; Vicente, F.; Gill, C.; Hickey, E. J.; Dorso, K.; Motyl, M.;
Me N owme vé Oite Singh, S. B. J. Am. Chem. Soc. 2008, 130, 12102-12110.
OH
Philipimycin

Promoinducin

Series: d

First found in: Sakurasi, Japan

Kind of sample: soil

Producing strain: Streptomyces sp. SF2741

Original report: Yun, B.-S.; Seto, H. Biosci. Biotechol. Biochem.
1995, 59, 876-880.

NHR

Promothiocin A R=H

H (0]
Promothiocin B R = \ \H)kNHZ
(e}

Series: d

First found in: Sakurasi, Japan

Kind of sample: soil

Producing strain: Streptomyces sp. SF2741

Original report: Yun, B.-S.; Hidaka, T.; Furihata, K.; Seto, H. J.
Antibiot. 1994, 47, 510-514.

Total synthesis: a) Moody, C. J.; Bagley, M. C. Chem. Commun.
1998, 4, 2049-2050; b) Bagley, M. C.; Bashford, K. E.; Hesketh, C.
L.; Moody, C. J. J. Am. Chem. Soc. 2000, 122, 3301-3313.
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First found in: not reported

HoMeo )
N NN S Series: d
o NJ\&\ _N N \ / "
R NH H S N
(¢]
S
Rq s N HN o Me Kind of sample: not reported
SN OR :2—_/
§ — Q \S\( ! o Producing strain: Bacillus sp.
o NH e NH
HN '/“ \ R Original report: Kamigiri, K.; Watanabe, M.; Nagai, K.; Arao, N.;
77\/<S 4 Suzumura, K.; Suzuki, K.; Kurane, R.; Yamaoka, M.; Kawano, Y.
Me

Thiopeptide compounds suitable for treatment of multidrug resistant

Ho Me bacteria infection (2002) US2004097702A1.

QN3323 A R; = H; Ry = Me; R3 = H; R4/Rs = O (n-bond)
QN3323 B R; = H; R, = Me; Rz = Me; Ry/Rs = O (n-bond)

QN3323Y R, =Me; R, = H; Ry = H; R, =H; Rs = OH

o] H ©
’ NJ\(N%NHZ Series: d
H
N o First found in: not reported

[e) =
M
e N\ \
Me NA -\
%

lae N Kind of sample: not reported
HN" Yo OJS?
Producing strain: Streptomyces sp. RSP9
g,\o HN o Original report: a) Holgado, G. G.; Rodriguez, J. C.; Cafiedo
N _ I Hernandez, L. M.; Diaz, M.; Fernandez-Abalos, J. M.; Trujillano, |.;
Me M Santamaria, R. . J. Antibiot. 2002, 55, 383—-390; b) Castro
o I Rodriguez, J.; Holgado, G. G.; Santamaria Sanchez, R. I.; Cafiedo,
NH HN N ﬂ L. M. J. Antibiot. 2002, 55, 391—395.
N v/ o

Series: e

First found in: Spain

Kind of sample: soil

Producing strain: Micromonospora globosa

Original report: Keller-Juslen, C.; Kuhn, M.; D. King, H. Antibiotics,

pharmaceutical compositions and their use (Sandoz, Ltd. Basel,
Switzerland, 1984). US4478831A

Series: a

First found in: not reported

Kind of sample: not reported

Producing strain: Micromonospora arborensis

Original report: Puar, M. S.; Ganguly, A. K.; Afonso, A.; Brambilla,

R.; Mangiaracina, P.; Sarre, O.; MacFarlane, R. D. J. Am. Chem.
Soc. 1981, 36, 5231-5233.

Series: ¢

First found in: Africa

Kind of sample: soil

Producing strain: Micromonospora carbonacea var africana

Original report: S. Puar, M.; Chan, T. M.; Hedge, V.; Patel, M.;
Bartner, P.; Ng, K. J.; Pramanik, B. N. J. Antibiot. 1998, 51, 221-224.

Sch 40832

181



"
_\\N—\
- Me )kﬂ/ \ﬂ)LNH Me
HoiH o) (\/

OH oNH

HN" O HN o /N
Me\)\rs o J
)
N R Ri” Y OH
s
I
OMe‘\ Me
HO 4,

y O
Siomycin A Ry =Me; Ry, = N NH.
y 1 2 a{ W)J\ujgr 2
]

Siomycin B Ry = Me; R, = NH,

y ©
Siomycin C Ry =Me; R; = YN%NMO\
H (0]
y ©
SiomycinD Ri=H; R, = \{N%NJ\WNHZ
H (0]

Series: b

First found in: not reported

Kind of sample: not reported

Producing strain: Streptomyces sioyaensis

Original reports: a) Nishimura, H.; Othsuka, H.; Nakajima, K;
Tawara, K.; Mayama, M.; Shimohira, M.; Shimaoka;, N.; Okamoto,
S. J. Antibiot., Ser. A 1961, 14, 255-263; b) Ebata, M.; Miyazaki, K;
Otsuka, H. J. Antibiot. 1969, 22, 364-368; c) Tokura, K.; Tori, K.;
Yoshimura, Y.; Yoshimura, K.; Otsuka, H.; Matsushita, K.; Inagaki,
F.; Miyazama, T. J. Antibiot. 1980, 33, 1563—-1567.

Gene cluster identification: Liao, R.; Duan, L.; Lei, C.; Pan, H.;
Ding, Y.; Zhang, Q.; Chen, D.; Shen, B.; Yu, Y.; Liu, W. Chem. Biol.
2009, 16, 141-147.

Structural peptide: VSSASCTTCICTCSCSS

Total synthesis: a) Mori, T.; Higashibayashi, S.; Goto, T.; Kohno,
M.; Satouchi, Y.; Shinko, K.; Suzuki, K.; Suzuki, S.; Tohmiya, H.;
Hashimoto, K.; Nakata, M. Tetrahedron Lett. 2007, 48, 1331-1335;
b) Mori, T.; Higashibayashi, S.; Goto, T.; Kohno, M.; Satouchi, Y.;
Shinko, K.; Suzuki, K.; Suzuki, S.; Tohmiya, H.; Hashimoto, K.;
Nakata, M. Chem. Asian. J. 2008, 3, 984—-1012.

Me
Sulfomycinl R = CH(OH)Me

Sulfomycin Il R = CH,Me
Sulfomycin lll R = CH,OH

Series: d

First found in: not reported

Kind of sample: soil

Producing strain: Streptomyces viridochromogenes

Original report: Egawa, Y.; Umino, K.; Tamura, Y.; Shimizu, M.;

Kaneko, K.; Sakurazawa, M.; Awataguchi, S.; Okuda, T. J. Antibiot.
1969, 22, 12-17.

Me \
f o 0@0
Thiazomycin R, =\\/ \[HJ\NHZ iRy =0H;R3 = LN Me
U
Me

Tt
Me N
H o - o
. . N o
Thiazomycin A R, =\ NH; R, =OH;R3= /L
Me l}l M
Me

(0]

H
_N
Thiazomycin B R, :"a NHz Ry=H;R3=H
Me! - [e]
Thiazomycin C Ry = NH, Ry =H; Rz =
Me—N Me
Me ™.
_ Me' - O
Thiazomycin D R, =\ \[HJ\NHZ iRy =OH; Ry = R
HO  Me

Series: e

First found in: Nocathiacins producing cultures of Amycolatopsis
fastidiosa. However, thiazomycins are produced in very small
amounts.

Kind of sample: soil
Producing strain: Amycolatopsis fastidiosa

Original reports: a) Jayasuriya, H.; Herath, K.; Ondeyka, J. G.;
Zhang, C.; Zink, D. L.; Brower, M.; Gailliot, F. P.; Greene, J.; Birdsall,
G.; Venugopal, J.; Ushio, M.; Burgess, B.; Russotti, G.; Walker, A.;
Hesse, M.; Seeley, A.; Junker, B.; Connors, N.; Salazar, O.;
Genilloud, O; Liu, K.; Masurekar, P.; Barrett, J. F.; Singh, S. B. J.
Antibiot. 2007, 60, 554-564; b) Singh, S. B.; Occi, J.; Jayasuriya, H.;
Herath, K.; Motyl, M.; Dorso, K.; Gill, C.; Hickey, E.; Overbye, K. M.;
Barrett, J. F. J. Antibiot. 2007, 60, 565-571; c) Zhang, C.; Zink, D. L.;
Ushio, M.; Burgess, B.; Onishi, R.; Masurekar, P.; Barrett, J. F.;
Singh, S. B. Bioorg. Med. Chem. 2008, 16, 8818-8823; d) Zhang,
C.; Herath, K.; Jayasuriya, H.; Ondeyka, J. G.; Zink, D. L.; Occi, J.;
Birdsall, G.; Venugopal, J.; Ushio, M.; Burgess, B.; Masurekar, P.;
Barrett, J. F.; Singh, S. B. J. Nat. Prod. 2009, 72, 84

Continued on next page...
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Ry
N7 ... continued from previous page.
|
S
Series: e
First found in: Nocathiacins producing cultures of Amycolatopsis
fastidiosa. However, thiazomycins are produced in very small amounts.
Kind of sample: soil
Producing strain: Amyco/atopsis fastidiosa
"o
OH H (o} N Original reports: Zhang, C.; Herath, K.; Jayasuriya, H.; Ondeyka, J. G.;
N Me'" o) Zink, D. L.; Occi, J.; Birdsall, G.; Venugopal, J.; Ushio, M.; Burgess, B.;
Thiazomycin E; R, ‘3'\ NH, R, = Masurekar, P.; Barrett, J. F.; Singh, S. B. J. Nat. Prod. 2009, 72, 841-847.
Me—N Me

e
_N
Thiazomycin E; R, ‘é\ NHz  ;R,=H

Thiazomycin E3 R, = NH, ;Rz=H

Series: d

OH
Me?
>\& \§/\ First found in: not reported
SMe

Kind of sample: not reported

Producing strain: Streptomyces sp. DP94

Original report: Yun, B.-S.; Hidaka, T.; Furihata, K.; Seto, H. J. Antibiot.
1994, 47, 1541-1545.

Thioactin

HO
Q ”NJK[ >§>’< j\( Series: d
N First found in: not reported
\/L Kind of sample: not reported
Oﬁ)\/ Producing strain: Bacilius sp.
HN\/< ])L

NH Original report: a) Shoji, J.; Hinoo, H.; Wakisaka, Y.; Koizumi, K;
Rs_/ Mayama, M.; Matsuura, S.; Matsumoto, K. J. Antibiot. 1976, 29, 366-374;
Meﬁ\Me b) Shoji, J.; Kato, T.; Yoshimura, Y.; Tori, K. J. Antibiot. 1981, 34, 1126—
oH 1136.
Thiocillinl R; =H; Ry = OH; R3=K/\M Gene cluster identification: Wieland Brown, L. C.; Acker, M. G.; Clardy,
OH e J.; Walsh, C. T.; Fischbach, M. A. Proc. Nati. Acad. Sci. USA 2009, 106,
H 2549-2553.
Thiocillin Il R; = CHj; R, = OH; Ry = “\‘/\Me
OH Structural peptide: SCTTCVCTCSCCTT
Thiocillinlll R; =CH3; R, =H; R3= K/\Me Total synthesis: Aulakh, V. S.; Ciufolini, M. A. J. Am. Chem. Soc. 2011,

133, 5900-5904.

Thiocillin IV Ry =CH3; R, =H; R3= \)J\Me

Series: d

First found in: not reported

Kind of sample: nor reported

Producing strain: Nonomuraea sp. Bp3714-39

Original report: Morris, R. P.; Leeds, J. A.; Naegeli, H. U.; Oberer, L;

OH Memmert, K.; Weber, E.; LaMarche, M. J.; Parker, C. N.; Burrer, N.;
Esterow, S.; Hein, A. E.; Schmitt, E. K. J. Am. Chem. Soc. 2009, 131,
5946-5955.

Gene cluster identification: Morris, R. P.; Leeds, J. A.; Naegeli, H. U,;
Oberer, L.; Memmert, K.; Weber, E.; LaMarche, M. J.; Parker, C. N.;
Burrer, N.; Esterow, S.; Hein, A. E.; Schmitt, E. K. J. Am. Chem. Soc.
2009, 731, 5946-5955.

Structural peptide: SCNCFCYICCSCSSA

Me Me Me o
Thiomuracin A Ry = OH; Ry =H; R3 = \K)\vo Thiomuracin D Ry =H; Ry =H;R3= Thiomuracin G Ry = OH; Ry = H; Ry =™
Me Me Me Me OH
OH OH
Thiomuracin B Ry = OH; R, =H; R3 = \ Thiomuracin E Ry =OH; R, =H; R3 = ’\\ ThiomuracinH Ry = OH; R, =H; R; = \
Me Me OOH Me~OH
Thiomuracin C Ry =OH; R, =H; R; = ""x Thiomuracin F Ry =OH; R, =H; Ry = ‘a.,\ Thiomuracin| R; = OH; Ry = X
Me Me Ry = i;
OH
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(0]
SN
Ryl=N Rs
)
s [Nl S 9 L me
/ \‘3\ N A
Me \ B
N / N o)
Ho/iH o Me

Qb ? @

Rs = H )
\{Nm)ku OMe
[¢]

Thiopeptin A1b R4/R, = n-bond; Rz =

Me Me

HO OH

Thiopeptin Ala R; =R, =H;
Thiopeptin A3a R; =R, =H; R3=NH3
Thiopeptin A3b Ry/R, = n-bond; Rz =NH;

Thiopeptin Ada R; =R, =H; R3 = } (0]

N
T‘)J\NHZ
Thiopeptin Adb Ry/R, = n-bond; Rj3=

R: =
\”WA“
Ry = H o

Thiopeptin Ba R; =R, =H;

Thiopeptin Bb R4/R; = n-bond;

Series: aand b

First found in: Tateyama, Toyama Prefecture, Japan
Kind of sample: soil

Producing strain: Strptomyces tateyamensis

Original report: a) Miyairi, N.; Miyoshi, T.; Aoki, H.; Kohsaka, M.;
lkushima, H.; Kunugita, K.; Sakai, H.; Imanaka, H. J. Antibiot. 1970,
23, 113—-119, b) Miyairi, N.; Miyoshi, T.; Aoki, H.; Kohsaka, M.;
lkushima, H.; Kunugita, K.; Sakai, H.; Imanaka, H. Antimicrob.
Agents Chemother. 1972, 1, 192—196; c) Mine, K.; Miyairi, N.;
Takano, N.; Mori, S.; Watanabe, N. Antimicrob. Agents Chemother.
1972, 1, 496-503.

Me

0// ’ ’Me

OH
e
HO

Thiostrepton A R = H, N\H)k J\H/NHZ

Thiostrepton B R = NH,

HO/iE
Me@) T ?

/

M Me

Series: b

First found in: not reported

Kind of sample: soil

Producing strains: Streptomyces azureus/ S. laurentii / S. hawaiiensis

Original report: a) Pagano, J. F.; Weinstein, M. J.; Stout, H. A ;
Donovick, R. Antibiot. Ann. 1955, 3, 554-559; b) Vandeputte, J.; Dutcher,
J. D. Antibiot. Ann. 1955, 3, 560-561; c) Steinberg, B. A.; Jambor, W. P.;
Suydam, L. O.; Soriano, A. Antibiot. Ann. 1955, 3, 562—-565.

Gene cluster identification: Kelly, W. L.; Pan, L.; Li, C. J. Am. Chem.
Soc. 2009, 131, 4327-4334.

Structural peptide: IASASCTTCICTCSCSS

Total synthesis: a) Nicolaou, K. C.; Safina, B. S.; Zak, M.; Estrada, A. A.;
Lee, S. H. Angew. Chem. Int. Ed. 2004, 43, 5087-5092; b) Nicolaou, K.
C.; Zak, M.; Safina, B. S.; Lee, S. H.; Estrada, A. A. Angew. Chem. int.
Ed. 2004, 43, 5092-5097; c) Nicolaou, K. C.; Safina, B. S.; Zak, M.; Lee,
S. H.; Nevalainen, M.; Bella, M.; Estrada, A. a; Funke, C.; Zécri, F. J.;
Bulat, S. J. Am. Chem. Soc. 2005, 127, 11159-11175; d) Nicolaou, K. C.;
Zak, M.; Safina, B. S.; Estrada, A. a; Lee, S. H.; Nevalainen, M. J. Am.
Chem. Soc. 2005, 127, 11176-11183; e) Nicolaou, K. C. Angew. Chem.
Int. Ed. 2012, 51, 12414-12436.

HN Me y
— HN o
o I
Me— N Me = nH
JjA/ OM
(e] NH o =N [¢]
oty A
s/ NN
Me
Thiotipin

Series: d

First found in: mycelium of Streptomyces sp. DT31
Kind of sample: mycelium

Producing strain: Streptomyces sp. DT31

Original report: Yun, B.-S.; Hidaka, T.; Furihata, K.; Seto, H.
Tetrahedron 1994, 50, 11659-11664.
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Series: d

First found in: not reported

Kind of sample: not reported

Producing strain: Streptomyces sp. PA-46025 / DP94

Original reports: a) Matsumoto, M.; Kawamura, Y.; Yasuda, Y.;
Tanimoto, T.; Matsumoto, K.; Yoshida, T.; Shoji, J. J. Antibiot. 1989, 42,

1465-1469; b) Yun, B.-S.; Hidaka, T.; Furihata, K.; Seto, H. J. Antibiot.
1994, 47, 1541-1545.

NH N,
5
s 4

” Me
TP-1161

Series: d

First found in: Trondheim Fjord, Norway

Kind of sample: marine sediment

Producing strain: Nocardiopsis sp.

Original report: Engelhardt, K.; Degnes, K. F.; Kemmler, M.; Bredholt,
H.; Fjaervik, E.; Klinkenberg, G.; Sletta, H.; Ellingsen, T. E.; Zotchev, S. B.
Appl. Environ. Microbiol. 2010, 76, 4969—4976.

Gene cluster identification: Engelhardt, K.; Degnes, K. F.; Zotchev, S.
B. Appl. Environ. Microbiol. 2010, 76, 7093-7101.

Structural peptide: SCTTSGCACSSSSSS

I
o

J@

g "'N*cigwk
&
HN\/< j)\ e}o‘/NH

Me//\Me
YM-266183 R;=H

YM-266184 R, = CH,

Series: d

First found in: Hoshisuna Beach, Iriomote Island, Okinawa Prefecture,
Japan

Kind of sample: marine sponge
Producing strain: Bacillus cereus QN3323

Original report: a) Nagai, K.; Kamigiri, K.; Arao, N.; Suzumura, K.-I.;
Kawano, Y.; Yamaoka, M.; Zhang, H.; Watanabe, M.; Suzuki, K. J.
Antibiot. 2003, 56, 123—-128; b) Suzumura, K.-l.; Yokoi, T.; Fanatsu, M.;
Nagai, K.; Tanaka, K.; Zhang, H.; Suzuki, K. J. Antibiot. 2003, 56, 129—
134.
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CONTRIBUTION TO PUBLICATIONS

“Highly efficient, multigram and enantiopure synthesis of 2-(2,4’-bithiazol-2’-
yl)pyrrolidine”. Xavier Just-Baringo, Paolo Bruno, Fernando Albericio and Mercedes
Alvarez (Tetrahedron Lett. 2011, 52, 5435-5437).

Design of synthetic plan. Testing of alternative strategies. Synthetic development and
scale-up of products described herein. Characterization of products. Writing of the
manuscript.

“Total synthesis of aeruginazole A”. Paolo Bruno, Stella Pefia, Xavier Just-Baringo,
Fernando Albericio and Mercedes Alvarez (Org. Lett. 2011, 13, 4648-4651).

Design of synthetic plan. Development of methodology used for the synthesis of amino
acid-derived building blocks.

“From 2,6-dichloronicotinic acid to thiopeptide cores”. Xavier Just-Baringo, Fernando
Albericio and Mercedes Alvarez (Eur. J. Org. Chem. 2013, ACCEPTED).

Design of synthetic plan. Testing of all attempted strategies. Synthesis and
characterization of all compounds reported. Writing of the manuscript.

“Total synthesis and stereochemical assignment of baringolin”. Xavier Just-Baringo,

Paolo Bruno, Lars K. Ottesen, Librada M. Cafiedo, Fernando Albericio, and Mercedes
Alvarez (Angew. Chem. Int. Ed. 2013, 52, 7818-7821).

Design of synthetic plan. Development of central fragment synthesis. Scale-up of the
synthesis of all fragments. Assembling of fragments, macrocyclization studies and final

steps. Characterization of compounds. In vitro testing of synthetic baringolin. Writing of the
manuscript.

“Thiopeptide engineering: a multidisciplinary effort towards future drugs”. Xavier Just-
Baringo, Fernando Albericio, and Mercedes Alvarez (2013, SUBMITTED).

Choosing of the topic. Writing of the review.
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“Dissecting the structure of thiopeptides: assessment of thiazoline and tail moieties of
baringolin and antibacterial activity optimization”. Xavier Just-Baringo, Paolo Bruno,

Cristina Pitart, Jordi Vila, Fernando Albericio and Mercedes Alvarez (2013,
SUBMITTED).

Design of analogues and synthetic plan. Synthesis of all analogues but the peptidic tail
capped with thiazole. Solubility determination. Characterization of compounds. Writing of
the manuscript.
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THE NAMING OF BARINGOLIN

Giving a chemical compound its name can be done in many ways. They can be company
codes, but also endless systematic scary combinations of numbers, prefixes and suffixes.
Sometimes they are functionality-based catchy names that remind us of their biological activity
and in some other cases they are curious names that tell us about their origin, a plant, a
microorganism, etc. Each name has its use and often molecules have too many of the former.

The naming of a new molecule, the one this entire thesis spins around, does not fit much
to any of the above mentioned cases. It was nothing but quick. In less than the blink of an eye
a specific array of atoms in space could be referred to with a name, baringolin. The memory of
that precise moment comes back easily to my mind, is one of those moments that deserve a
privileged place in one’s thoughts. Back then, all synthetic work had been already done, all
intermediates had been characterized; however, we still referred to the compound with its
original company code “AD0037”. | was writing the manuscript, much in the same way that |
do write this text now, in front of my laptop, at the office. But then Mercedes came, she told
me about many things, too fast for me to understand, still awakening from my own thoughts.
She was asking me about the manuscript; there were many things to be arranged. Then she
said “Some journals do not accept company codes for compounds, have you thought of a
name?” At that precise moment time stopped. All my five senses focused back into my own
thoughts, a much deeper dream than that | had just awaken from...

My thoughts settled, but a long time back in time, almost ten years and a half ago. Back
then my mind was in a much worst savage turmoil. It was August 2002, | was about to start a
degree in chemistry at university, only a few weeks were left and some paperwork still had to
be done. Nonetheless, it was nothing when compared to the real burden. Just a few weeks
ago, my mother, Maribel Baringo, had passed away after long years of fight against cancer. So
many thoughts were spinning around my mind those days. Some chaotic, others clearer. One
thing | was certain about, | would pay her homage if possible. In my still innocent thoughts of
an 18-year old teen | decided that whenever my future chemistry education brought me a
chance to name a molecule, whatever it might be, | would name it “baringolina”, in my
mother’s memory. Years later that thought was almost forgotten; the realization of how
chemistry and the world worked convinced me of the ingenuity of that idea. However, all this
had come back to my mind as fast as lightning after Mercede’s question “Have you thought of
a name?”

Of course | had. | blushed, | looked down and | said “Yes”, then felt even smaller. She asked
for the name and all that came out was “baringolina” with a thin and timid voice. Surprisingly, she
liked the name and so she told me. | never told her about my reasons for choosing it, but when
| asked, she made clear that that would end up being its final name. She was right and | find it
hard to think of the words necessary to say how much grateful | am.

Sometimes true dreams, those that are dreamed awake, become true.
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RESUM EN CATALA

1. La crisi dels antibiotics

Des de fa decades el perill de no disposar d’antibiotics eficients per combatre infeccions
que eren tractables en el passat ha anat creixent per culpa de la creacié de resisténcies.
Despres de I'aparicié dels primers antibiotics, les estrategies utilitzades per tal de combatre
aquest problema s’han anat modificant al llarg del temps. En I'época daurada dels antibiotics,
entre els anys quaranta i seixanta, el descobriment de nous antibiotics semblava una font
inesgotable de nous farmacs, pero posteriorment s’hagué de recérrer a la sintesi d’analegs per
tal de combatre la ineficiencia dels vells compostos. Aquesta estrategia pero, va comencar a
mostrar les seves mancances durant les decades més recents, quan semblava que es perdia la
batalla. Aquest fet va promoure la cerca de nous antibiotics, els quals devien actuar mitjancant
nous mecanismes per tal d’evitar resistencies creuades i poder eliminar I'amenaca d’aquelles
infeccions que havien estat tractades eficagment amb anterioritat.

Des de I'any 2000 s’han descobert nous tipus d’antibiotics que compleixen la condicié
d’actuar sobre noves dianes i que han fomentat un renovat interés en el desenvolupament de
nous agents antimicrobians (Figura 1)." Entre les noves families d’antibiotics hi podem trobar
les oxazolidinones (linezolid, 2000), els lipopeptids (daptomicina, 2003) i les mutilines
(retapamulina, 2007). A més, tot i que encara no han arribat a ser comercialitzats, estan en
fases avancades de desenvolupament els lantibiotics® (NVB302) i els tiopeptids® (LFF571)".
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Figura 1. Membres de les noves classes d’antibiotics. Abu = acid dehidrobutiric.
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Recentment, els avencos assolits en I'estudi dels tiopéptids han despertat un gran interes

per aquests antibiotics. La consecucié de la sintesi total d’alguns dels seus membres,’ la

identificacié del clister de gens que en codifica I'estructura i regula la seva biosintesi® i la

obtencié d’analegs que superen alguns dels inconvenients dels productes naturals sén fruit

dels grans esforcos destinats al seu estudi.

2. Tiopeptids
2.1. Estructurai biosintesi

Sch 18640 (série a)

o
OH o]
NH
Q o] \\(N I«N
Me” Y OH o= NS
5 MeHN s
Me

GE2270 A (série d)

NH 4 S
2 oy
Me' H (0] :gﬂj NH
[¢]
|
O,
Me

tiocilina I (série d)

nosihéptid (série e)

Figura 2. Classificacié dels antibiotics ens diferents séries.

Els tiopeptids sén compostos derivats de la modificacié exhaustiva d’'un peptid precursor amb
alt contingut de sofre en forma de residus de cisteina.’ La principal caracteristica de la seva
estructura és un anell central nitrogenat de sis membres que serveix de punt d’ancoratge per a
almenys un macrocicle i una cua. A més s’hi troben diversos motius recurrents, com oxazols i
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tiazols i dehidroamino acids. En funcié del grau d’oxidacié de I'anell central els tiopéptids es
classifiquen en diferent series (Figura 2); aixi, aquells amb un anell de piperidina pertanyen a la
serie a, mentre que aquells amb un anell de 1,2-dehidropiperidina cauen en la série b; en la
serie ¢ hi trobem un sol membre, Sch 40832, el qual té un motiu central de hexahidro-
imidazo[1,5-a]piridina. La serie d és la més nombrosa i la formen els tiopéptids amb una
pirididina central trisubstituida, mentre que els de la serie e tenen una hidroxipiridina
tetrasubstituida.

O
OH
NosL 5 OH =NH
NH, —— 2 7 HN - OH
AN fragmentacio H@ v O recombinacio N o
N H
H
NosN
COH —— N—co,H N\ —— . nosiheptid
N condensacié N
| H

metilacio
Esquema 1. Biosintesi de I'acid indolic a partir de L-triptofan i incorporacio en el nosiheptid.

Pel que fa als macrocicles, totes les series en tenen dos, menys la d, els membres de la quan
en tenen un de sol. Els tiopéptids de les series a, b i ¢ contenen una unitat d’acid quinaldic en
el segon macrocicle, mentre que els de la série e el tenen format per una unitat d’acid 4-
metilindolic. En tots dos casos, tant I'acid quinaldic, com I’acid indolic es formen a partir de la
modificacié del triptofan (Esquemes 1i2).”?
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Esquema 2. Biosintesi de I'acid quinaldic a partir de L-tryptophan i incorporacié en el tioestreptd.

Tot i les diferéncies que apareixen entre membres de les diferents series, els tiopeptids,
segons es pot concloure dels resultats presentats en diferents estudis,>”'° comparteixen una
ruta biosintetica comu. Aixi, un peptid precursor que es troba codificat genéticament és
sintetitzat en el ribosoma i és posteriorment modificat fins a formar el tiopeptid (Esquema 3).
En primer lloc, es formen els anells de oxazol i tiazol o tiazolina mitjancant un procés de
ciclacid/eliminacié/oxidacié o de ciclacid/eliminacid, en el cas dels anells de tiazolina.
Posteriorment, la deshidrataciéo de serines i treonines forma els caracteristics dehidroamino
acids. L’dltim punt comu per a tots els tiopeptids és la formacié de I'anell cenral, la qual té lloc

via una cicloaddicié entre diferents dehidroalanines.
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getB getF
getA getC getD getE , getG getH getl get] getK getlL getM

Dehidratasa Efluxe / Resisténcia de I’hoste- Gen estructural - YcaO ciclodehidratasa
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- Regulador/autoinductor Funcié desconeguda

Altres - Altres modificacions posttranslacionals
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Péptid prescursor: MGN NEEYFIDVNDLSIDVFDVVEQGGAVTALTADHGM PEVGASTNCFCYICCSCSSN

Figura 3. Cluster genetic de GE37468 i seqliencia del peptid precursor. El peptid estructural apareix
numerat en positiu i el péptid director en negatiu. Els residus que acaben formant part del tiopeptid
aparixen subratllats.

L’'esmentat cluster genétic codifica tant el peptid precursor, com la maquinaria enzimatica
necessaria per a la seva modificacié. Aquest peptid precursor esta clarament dividit en dues
regions, el péptid estructural, el qual acaba formant part del tiopéptid, i el peptid director, que
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es va perdent al llarg del procés biosintétic. Diversos clusters genetics han estat identificats

11-19

fins a dia d’avui. Per tal d’exemplificar-los, a la figura 3 s’hi pot veure I'esquema del cluster

genetic corresponent al tiopeptid GE37468A.
2.2.  Activitat biologica

L'activitat biologica principal dels tiopeptids és I'antibiotica, la qual exerceixen mitjangant la
inhibicié de la sintesi proteica en bacteris Gram positius. En funcié de la mida del macrocicle
s’han identificat diferents dianes. Aixi, els tiopeptids amb macrocicles de 26 membres
inhibeixen el factor d’elongacié G, mentre que els que tenen macrocicles amb un residu més,
és a dir, de 29 membres, inhibeixen el factor d’elongacié Tu. També existeixen tiopeptids amb
macrocicles de 35 membres, pero en aquest cas la seva diana biologica és desconeguda.

Malgrat el gran interés per la seva activitat antibiotica, en alguns casos se n’han mostrat
d’altres molt variades i de gran intereés. Aixi, el tioestrepté ha estat estudiat extensivament per

la seva activitat antitumoral, la qual exerceix mitjancant la inhibicié del factor de transcripcid

2025 A més, diferents tiopéptids

26,27

FOXM1, el qual se sobreexpressa en diverses cel-lules tumorals.

han estat identificats amb d’altres activitats, tals com antimalarica, inhibicié de la renina,”®

30,3

immunosupressora,29 antifdngica, Yinhibidora de RNA polimerasa,32 etc.

2.3. Sintesi quimica

Durant les uUltimes dues decades, diversos grups han fet grans esforcos per aconseguir la
sintesi total d’alguns tiopéptids. La mida i les arquitectures d’aquests compostos han estat un
repte formidable gracies al qual s’han desenvolupat diverses metodologies i estrategies
sintetiques. Les parts més estudiades i que han estat el focus de més atencié sén els fragments
poliheterociclics centrals. La sintesi d’aquests ha estat afrontada mitjangant dues estratégies
basiques: la modificacié d’un anell de piridina ja existent i la construccié de I’anell nitrogenat
de sis membres.’®

Les estratégies basades en la modificacié d’un anell de piridina préviament funcionalitzat
han estat, en la gran majoria de casos, estretament vinculades a la utilitzacié de reaccions
d’acoblament creuat catalitzades per pal-ladi. Aixi, han estat rellevants les aportacions de
Kelly,>** Shin,** Bach®>*® i Hoarau.”*** D’altra banda, la formacié de novo de I'anell central
ha permeés el desenvolupament d’una major varietat d’aproximacions. Les més destacades son
la utilitzacié de diferents reaccions biomimetiques desenvolupades paral-lelament pels grups
de Moody®* i Nicolaou,”™ la ciclacié desenvolupada per Ciufolini,”** la reaccié de
Bohlmann-Rahtz,®>* la utilitzacié de una reaccié de aza-Diels-Alder amb una desconnexié
alternativa a la biomimeética,* la formacié de una piperidina central per una reaccié d’expansié
d’anell”®*® o la més recent, una cicloaddicié [2+2+2] catalitzada per ruteni.”’

A més de ser I'excusa perfecte per al desenvolupament de metodologia sintetica, la sintesi
total de tiopeptids ha estat important per a I'assignacid definitiva de I'estructura d’alguns
d’aquests, ja que en la majoria de casos no ha estat possible la obtencid de cristalls.

3. Objectius de la present tesi

En el context presentat anteriorment, la empresa Biomar S.A. va aillar un nou membre de la
familia dels tiopeptids, la baringolina (1), amb interessant activitat antibiotica front a bacteris
Gram positiu, la quan va ser caracteritzada Unicament per estudis de ressonancia magnética,
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sense cap mena d’assignacié de 'estereoquimica (Esquema 4).% Per tal de confirmar la seva
estructura i dur a terme un programa d’analegs ens varem proposar de desenvolupar una nova
estrategia sintética que permetés la seva sintesi total, alhora que facilités la introduccié de
diferents modificacions. Aixi, 1 es dividi en cinc fragments, el poliheterocicle central, el
pentapéptid amb residus de dehidroalanina, i tres fragments més per completar el macrocicle,
per una banda un tiazol derivat d’asparagina, una tiazolina derivada de fenilalanina i, per altim,
tirosina (Esquema 4).
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Esquema 4. Analisi retrosintétic de la baringolina.

D’altra banda, el fragment poliheterociclic central també es dividi en d’altres sintons que
permetessin la utilitzacid d’una estratégia basada en reaccions d’acoblament creuat amb
pal-ladi. Com a piridina de partida ens varem inclinar per I’acid 2,6-dicloronicotinic, que té una
funcionalitzacié adequada per a la introduccid dels tres azols necessaris (Esquema 5). Aixi, a
part de 'acid 2,6-dicloronicotinic sdn necessaris també un tiazol-4-carboxilat, un fragment de
bistiazol-pirrolidina i treonina per a construir I'anell d’oxazol.
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Esquema 5. Analisi retrosintéetic del fragment poliheterociclic central de la baringolina.

Per tal de poder dur a terme la sintesi total i accedir a la posterior sintesi d’analegs, primer
cal posar a punt la sintesi dels fragments necessaris. Tot plegat déna lloc a una série
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d’objectius: La sintesi dels tiazols i la tiazolina derivats d’amino acids, la posada a punt de la
metodologia necessaria per a la construccid del fragment poliheterociclic, la sintesi del
pentapéptid amb dehidroalanines i I'ensamblatge de tots els fragments i dissenyar i sintetitzar
una llibreria d’analegs accessibles mitjancant la mateixa estrategia sintetica.

4. Sintesi de tiazols i tiazolina derivats d’amino acids

La primera tasca a afrontar és la sintesi dels tiazols i la tiazolina derivats d’amino acids. En
total aquests fragments en sén tres: el de bistiazol-pirrolidina, tiazol-asparagina i tiazolina-
fenilalanina. Donades les diferéncies entre els tres fragments, cadascin requereix un metode
diferent de preparacio.

4.1. Sintesi d’'un fragment de bistiazol-pirrolidina

Per tal de compatibilitzar la sintesi del fragment de bistiazol-pirrolidina present en
I'estructura de 1 amb una sintesi del fragment poliheterociclic central basada en reaccions
d’acoblament creuat amb pal-ladi, es fa necessaria la correcta funcionalitzacié del bisaril. Aixi,
el primer objectiu era sintetitzar el bistiazol 3, adequadament bromat en la posicié 4 i amb
I’'amina protegida amb Boc (Esquema 6). Davant la impossibilitat d’aplicar els métodes descrits
en publicacions prévies,”® per tractar-se el nostre compost objectiu d’un derivat d’una amina
secundaria, va ser necessari buscar una alternativa. Aixi, per tal d’obtenir 3 es varen utilitzar
condicions modificades de la sintesi de tiazols de Hantzsch® per tal de formar I'anell central
(Esquema 6).% Per tal d’obtenir els productes necessaris es va partir de 2,4-dibromotiazol (4),
el qual es va acetilar i bromar per obtenir la bromocetona 5. D’altra banda, la prolinamida (6)
es va protegir i convertir en la corresponent tioamida 7. Amb tots dos compostos, 5 i 7,
preparats, es dugué a terme la reaccid de Hantzsch en dues etapes per tal d’obtenir 3 sense
epimeritzacié del centre quiral. Un cop obtingut, es pogué transformar en el corresponent
derivat de trimetilestany 8, permetent aixi la utilitzacié posterior en un I'acoblament creuat de
Stille.
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Esquema 6. Sintesi dels fragments de bistiazol-pirrolidina 3 i 8. Reactius i condicions: a) i. nBuli, THF,
—78 °C. ii. N-acetilmorfolina, =78 °C, 67%; b) Br,, HBr, AcOH, t.a., 80%; c) (Boc),0, H,0, 1,4-dioxa, t.a.,
quant.; d) reactiu de Lawesson, THF, t.a., quant.; e) i. KHCO3;, DME, 0 °C; ii. TFAA, 2,6-lutidina, DME, —20
°C, 77%; f) Sn,Meg, Pd(PPhs3),, tolue, 100 °C, 89%.

4.2. Sintesi de tiazol-4-carboxilats derivats d’amino acids

El segon tipus de fragment necessari per a la sintesi de la baringolina és el tiazol-4-
carboxilat derivat d’asparagina. En aquest cas també es pot utilitzar la reaccié de Hantzsch
modificada per a evitar I'epimertizacié del centre quiral. A més, per tal d’evitar reaccions no
desitjades en I'amida de la cadena lateral, es parti de I'acid aspartic degudament protegit com
a ester benzilic (9), el qual es podra convertir en la corresponent amida primaria més
endavant. 9 es converti facilment en 10 utilitzant el reactiu de Lawesson. En aquest punt es
pogué dur a terme la reaccié de Hantzsch modificada, tot i que amb una petita variacio
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respecte al procediment descrit.®* Per tal d’evitar la trifluoroacetilacié descrita en amines
primaries protegides com a carbamats, sobre la mescla de reaccid s’hi addiciona una solucié
aquosa en lloc de concentrar directament sota buit. D’aquesta manera s’evita una etapa extra
de desproteccid, la qual hagués allargat la sintesi i hagués limitat els grups funcionals que
s’haguessin pogut utilitzar. Aixi doncs, s’obtingué 11 amb un 91% d’excés enantioméric i
seguidament es converti en 12 mitjancant la conversié de I'ester benzilic de la cadena lateral
en I'amida primaria desitjada. A continuacié s’hidrolitza I'ester etilic per obtenir I'acid 13, el
gual es converti en el corresponent ester al-lilic 14. La desproteccié en medi acid de 14 dona
lloc a 'amina 15.

b) i. etil bromopiruvat

X KHCO3 S s o)
socn. L - TFAA \)&COZEt ﬁ—oozH 1) bromur SM N
0N ““NH,  26-utidina BocHN-_ =N e)LioH BocHN_~=N d'al-li RHN\/LN o)
2!
o 0 o} %(
9,X=0 a) reactiu de 11, X=0Bn c) Hy, Pd/C 13 14, R = Boc
Lawesson (91% ee) d) NH4HCO; g) HCI
10,X=S 12, X =NH, PyBOP 15,R=H

Esquema 7. Sintesi del fragment de tiazol derivat d’asparagina 15. Reactius i condicions: a) Reactiu de
Lawesson, THF, t.a., 4 h, 97%; b) i. Etil bromopiruvat, KHCO3;, DME, 0 °C, 24 h; ii. TFAA, 2,6-lutidina, DME,
=20 °C, 4 h, 75%; c) H,, Pd/C, iPrOH, rt, 93%; d)NH,COs, PyBOP, DIPEA, 1,4-dioxa, DMF, 0 °C, 68%; e)
LiOH, THF, H,0, t.a., quant.; f) bromur d’al-lil, NaHCO;, DMF, t.a., 20 h, 83%; g) HCl, 1,4-dioxa, t.a., 4 h,
quant.

Aprofitant el métode millorat posat a punt i que evita la trifluoroacetilacié durant la sintesi
de tiazols de Hantzsch en dues etapes, es va decidir aplicar-lo per a la sintesi de aeruginazol A
(16), un producte natural aillat de fonts aquatiques amb propietats antibiotiques que conté
tres unitats diferents de tiazol derivades d’amino acids 12, 17 i 18 (Esquema 8).2 A més, 16 es
pot dividir en altres fragments, tirosina (19) i un pentapéptid (20). 17 i 18 es van sintetitzar
utilitzant el mateix procés descrit per a 12 i el peptid 20 es va obtenir facilment per sintesi en
fase solida. La condensacié de tots els fragments 12 i 17—20 en solucié va permetre I'obtencié
d’aeruginazol A sintétic,® identic al natural, demostrant que I'assignacié estructural original
era correcta i que 16 conté amino acids tant L com D.

NHFmoc Ph
Ho§ H
. o e NJHWN\)&H o
H H 2 H
HNWN\)J\N/\H/N\)J\N (o) © zooMe/\Me ©
) H i H DEt BocHN M
o 0 A ocl e
— Me Me HN Me (o] <8_<
NS > - N= Me
o H f S H N:Q{Me N S o 5
N N P NTA/S
Ho 2 o MN . NHBoc O17(940/ )
e b ee
07 ONH, 7\/'/ o7 NH, s
e
12 (91% ee) EIO%/)\/NHBOC
OH O Me :
aeruginazol A (16) Boc-D-Tyr-OH 7\/:
19 18 (91% ee)

Esquema 8. Analisi retrosintétic d’aeruginazol A (16). L’excés enantiomeéric dels productes obtinguts per
sintesi de Hantzsch en dues etapes s’indica entre parétesi.

4.3. Sintesi d’'un fragment de tiazolina derivada de fenilalanina
El fragment de tiazolina 21, com és evident, no pot sintetitzar-se pel métode de Hantzsch,

pero utilitzant metodologia descrita recentment és possible obtenir el producte desitjat a
partir d’un dipéptid precursor 22 de facil preparacié (Esquema 9).° Per tal d’obtenir I'acid
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carboxilic lliure 23 sense afectar I'estereoquimica s’utilitza hidroxid de trimetilestany.® Aixo és
necessari donada la tendéncia a epimeritzar de les tiazolines en condicions tant acides com
basiques.

_ H H

0
0 sTr b) PhsPO s OR
AlocHN ayHeTU  AllocHN__JL oMe ' Ti5 H
oc \:)kOH . HNJ;(OME ) <N 2 AllocHN\/k\N X
: X _ :
~N

Ph (e} Ph Ph/

11,R=
R=E c) Me3SnOH

23,R=H

Esquema 9. Sintesi de la tiazolina 21. Reactius i condicions: a) HBTU, DIPEA, CH,Cl,, t.a., 1 h, 94%; b)
Ph;PO, Tf,0, CH,Cl,, =20 °C, 2 h, 86%; c) Me;SnOH, CH,Cl,, 60 °C, 4 h.

5. Sintesi del fragment poliheterociclic central

Com s’ha indicat anteriorment, per a la sintesi del poliheterocicle central és va optar per
comencar des de I'acid 2,6-dicloronicotinic (2). En primer lloc es va dur a terme la construccié
de I'anell d’oxazol a partir de I'acid carboxilic present en 2 (Esquema 10). En primer lloc, 2 es
condensa amb |’éster metilic de treonina per formar 24, el qual es va utilitzar per trobar la ruta
més adient per la formacid de |'oxazol 25. En primer lloc es va optar per una via en dues
etapes, comencgant per la ciclacié de la treonina per formar la oxazolina 26 i posteriorment
oxidar. Malauradament, 26 resulta poc estable i s’hi observa la formacié de 24 tant bon punt
s’havia purificat. Per tal de no requerir 'aillament de 26, s’opta per una ciclacié/oxidacid en
una sola etapa, pero d’aquesta manera s’obtingueren rendiments massa baixos per als nostres
interessos. Aixi, s'opta per una tercera via, en la qual es dugué a terme en primer lloc la
oxidacié amb el periodina de Dass-Martin per obtenir 27 i posteriorment es cicla,®” obtenint-se
aixi 25 en un rendiment global excel-lent.

Me

a) H-Thr-OMe b) DAST O’S‘
N OOM Tpysop ) ~COOMe
| COOMe NN
c” N el |
2 N el
c) Deoxo-Fluor 26
BrCCly

d) DMP

e) PPh; I,

Esquema 10. Sintesi de I'oxazol 25. Reactius i condicions: a) (L)-H-Thr-OMe, PyBOP, DIPEA, THF, 0 °C, 5 h,
94%; b) DAST, K,CO;, CH,Cl,, -78 °C to 0 °C, 7h, 61%; c) Deoxo-Fluor, BrCCl;, DBU, CH,Cl,, 0 °C, 3.5 h,
39%; d) Periodina de Dess-Martin, CH,Cl,, t.a., 6 h, 87%; e) PPh;, |,, Et;N, CH,Cl,, 0 °C fins a t.a., 16 h,
94%.

Un cop s’obtingué 25, es dugueren a terme diferent proves d’acoblament creuat per tal de
trobar la millor estrategia possible. Aixi, es provaren diferents acoblaments de 25 amb 8, 28 i
29 (Esquema 11). Tot i el gran nombre de proves realitzades, en cap cas s’obtingueren
resultats satisfactoris. L'acoblament amb 28, utilitzant el protocol d’estannacid i acoblament in
situ desenvolupat per Kelly,*®> dona baixos rendiments del regioisomer no desitjat (30). D’altra
banda, I'acoblament equivalent en condicions de Negishi, tot i donar lloc al regioisomer
desitjat (31), només va permetre obtenir el producte en quantitats irrisories. L’acoblament
amb 8, tot i ser clarament un sistema molt més reactiu, no va presentar cap selectivitat i
s’obtingueren els dos regioisomers possibles (32a i b) en quantitats iguals.
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tBuO,C
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30 )8 31
Pd(PPhs),

+

8
o Qe
BocN NBoc

1 1
32a 32b

Esquema 11. Proves d’acoblament creuat sobre 25. Reactius i condicions: a) 28, Sn,Meg, PdCl,(PPhs),,
Pd(PPhs),, 1,4-dioxa, 100 °C, 17%; 29, Pd(PPhs),, DMA, 60 °C, 5 dies, 3%; c) 8, Pd(PPhs),, 1,4-dioxa, 80 °C,
5h, 51%.

Veient la manca de reactivitat i/o selectivitat, segons les condicions, obtinguda amb 25, es
va decidir d’utilitzar una via alternativa per tal d’obtenir una ruta sintética eficient. Aixi, per tal
d’evitar el problema de regioselectivitat es va optar per diferenciar les dues posicions a.i o’ de
2. La posicié 6 de I'acid 2,6-dicloronicotinic (2) es pot substituir selectivament amb metoxid
per obtenir 33 i posteriorment formar I'oxazol 34 a partir de I'acid carboxilic de forma
totalment analoga a la descrita amb anterioritat (Esquema 12). A partir d’aquest punt
s’utilitzaren fragments iguals o analegs als presentats anteriorment per dur a terme reaccions
d’acoblament creuat. En primer lloc s’acobla 34 amb 8 mitjancant una reaccié de Stille, i a
continuacié, la metoxipiridina obtinguda (35) es converti en el corresponent triflat 36. Per
ultim, I'acoblament de Negishi amb I'organozinc 37 dona lloc al fragment central 38 amb
rendiment excel-lent.

OMe OMe
| M
¢ QMe b) H-Thr-OBn, PyBOP ZN ZON
Z\ a) tBuOK Z >N c) periodina de Dess-Martin A | e)8 N ‘ N s
| MeOH | d) PPhg, I, cl Pd(PPhy), 0 M
NN Ny L < NP
N”"0 N”"0 )
CO,H CO,H — _ N
Boc’
2 33 BnO,C Me BnO,C Me
34 35
CO,Et

36 38

Esquema 12. Sintesi del fragment central 38. Reactius i condicions: a) tBuOK, MeOH, 65 °C, 4 dies, 85%;
b) H-Thr-OBn, PyBOP, DIPEA, THF, 0 °C, 3 h, 89%; c) periodina de Dess-Martin, CH,Cl,, t.a., 6 h, 95%; d)
PPhs, I, NEt;, CH,Cl,, 0 °Cto t.a., 15 h, 78%; e) 8, Pd(PPhs),, 1,4-dioxa, 80 °C, 48 h, 88%,; f) HBr, AcOH, rt,
28 h, 73%,; g) (Boc),0, NEts;, CH,Cl,, 0 °C, 4 h, 94%; h) Tf,0, 2,6-lutidina, DMAP, CH,Cl,, 0 °C to t.a., 3 h,
88%; i) 37, Pd(PPhs),, DMA, 45 °C, 1 h, quant.

Fent servir la mateixa estrategia utilitzada per a I'obtencid de 38, el fragment que finalment

servira per a la sintesi de la baringolina, se sintetitzaren diversos analegs (39—43), incloent
variacions dels grups protectors en el fragment central de la baringolina per fer proves de
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desproteccio (44—46) (Figura 4). Amb cap dels fragments centrals amb variacions dels grups
protectors s’aconsegui un resultat satisfactori de desproteccié selectiva i per aquest motiu
s’acaba utilitzant 38 per a les etapes posteriors de la sintesi total.

CO,Me

CO,Bn CO,Me o }[
mﬁﬁgﬂvmw/ L, 0

40

Me

BUO,C >’()\
tB”OZCi H J tBuOZCi >’/(

COZMe COzMe COzMe
tBuO,C /PrOZC EtO,C >’(\)\ \>

Figura 4. Fragment central de la baringolina i analegs sintetitzats (38), analegs sintetitzats (39—43) i
variacions dels grups protectors (44—46).

6. Sintesi del pentapeptid de la cua

L’daltim dels fragments necessaris per poder afrontar les Ultimes etapes de la construccié de
la baringolina és la sintesi del péptid de la cua. Per tal d’obtenir-lo de la forma més eficient
possible i aprofitar I'experiencia del grup, es va sintetitzar en fase solida. Per tal de poder
introduir el péptid a la molécula i generar els residus de dehidroalanina, s’utilitza
fenilselenocisteina adequadament protegida (47) com a precursora d’aquests residus
insaturats.®® Utilitzant OxymaPure’® com a additiu pels acoblaments i la resina Rinkamida
ChemMatrix™* s’obtingué el péptid 48 amb I'amida C-terminal amb excel-lents rendiment i
puresa (Esquema 13).

a) i. Fmoc-AA-OH

N,N'-diisopropilcarbodiimida
OxymaPure SePh SePh SePh SePh

wonH@¢J&Mm“m%¢A%Am

sePh SePh

o
FmocHN\)LOH

“SePh
47

O = resina Rinkamida

Esquema 13. Sintesi del pentapeptid 48. Reactius i condicions: a) i. Fmoc-AA-OH, N,N’-
diisopropilcarbodiimida, OxymaPure, DMF, t.a., 1.5 h; ii. 20% Piperidina en DMF, t.a. (4 tractaments); b)
95% TFA en CH,Cl,, rt (4 tractaments), 89%.

7. Unid dels fragments i Gltimes etapes

Un cop es varen sintetitzar tots els fragments necessaris, el procedi a la seva unid,
comencgant per la desproteccié del fragment central 38, la qual requeri hidrogenar sobre
pal-ladi negre (Esquema 14). A partir d’aqui, es procedi a la construccié del macrocicle; en
primer lloc es condensa 49 amb 15 per obtenir 50, el qual es va desprotegir en medi acid per
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condensar-lo amb Fmoc-L-Tyr(All)-OH i formar 51. Seguidament es desprotegi amb piperidina
per condensar amb la tiazolina 23 i obtenir el precursor del macrocicle totalment protegit (52).
En aquest punt, a 52 hi ha tres grups protectors diferents basats en el grup al‘lil: un éster
al-lilic, un al-lil carbamat i un éter allilic. Aixi, es procedi a la desproteccié de 52 amb Pd
catalitic i es dugué a terme la macrociclacié amb el cru de desproteccid, obtenint-se 53. A
continuacié, per tal de no afectar la tiazolina, se saponifica I'ester etilic amb hidroxid de
trimetilestany i seguidament es condensa amb 48, donant lloc a 54. Finalment, un tractament
oxidant amb hidroperoxid de tert-butil indui la oxidacid i la posterior eliminacié espontania
dels grups de fenilselenur, formant els residus de dehidroalanina present a la baringolina (1).
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CO,Et 4N

S __N
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38 Pd negre I\N b) 15, EDC, HOAt 7 }__( EDC, HOAt
= N / S )\
L3 =
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N
g

Hﬁ Boc
HO,C  Me .
H N‘< g:N
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B
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e) Piperidina | N/)\ PhSiH;
J f) 23, EDC, HOAt N7Yg 9 ) h) EDC, HOAt
> N N PR

o

NH %
HZN{ & O FmocHN HZNWQ‘}N :}EO\QO
\)\Yg ~ @: \j/kf STN/© S

AllocHN
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I %%MJ%WW

(:é\i O Me “sePh
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| 7’(/\ MesSnOH JS
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Esquema 14. Sintesi total de la baringolina (1). Reactius i condicions: a) H, (1 atm), Pd negre,
CH,CI,/EtOH (1:1), t.a., 4 h, quant.; b) 15, EDC, HOAt, DIPEA, DMF, 0 °C, 18 h, 82%; c) HCl, 1,4-dioxa, rt, 7
h; d) Fmoc-L-Tyr(All)-OH, EDC, HOAt, DIPEA, DMF, 0 °C, 7 h, 71% (2 etapes); e) piperidina, CH,Cl,, t.a., 3
h, 87%,; f) 23, EDC, HOAt, DIPEA, DMF, 0 °C, 3 h, 68% (2 etapes); g) Pd(PPhs),, PhSiH;, CH,Cl,, t.a., 7 h; h)
EDC, HOAt, DMF (1 mM), 0 °C to rt, 21 h, 30% (2 etapes); i) MesSnOH, CICH,CH,Cl, 60 °C, 19 h; j) 2, EDC,
HOAt, DIPEA, DMF, 0 °C, 3 h, 81% (2 etapes); k) tBuOOH, CH,Cl,, t.a., 12 h, 66%.
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Quan s’obtingué la baringolina sintética, els espectres de ressonancia d’aquesta es
compararen amb els d’'una mostra autentica, revelant que tots dos compostos sén identics. A
més, per tal de tenir una confirmacié addicional, la seva activitat antibiotica es va avaluar
contra Staphylococcus aureus mitjangant una prova de CMI (concentracié minima inhibitoria),
donant els mateixos resultats. Aixi, mitjancant la sintesi total de la baringolina es va ser capacg
de confirmar la seva estructura i d’assignar-ne |'estereoquimica.

8. Sintesi d’analegs de baringolina i estudi de les relacions estructura-
activitat

Un cop demostrada la utilitat de I'estratégia sintética desenvolupada per a la sintesi total
de la baringolina, aquesta s’utilitza per a I'obtencié d’analegs que permetessin estudiar el
paper de certes regions de la molécula a I’hora d’exercir la seva activitat antibiotica. D’aquesta
manera, es decidir d’estudiar el impacte de la llargada del pentapeptid de la cua i de la
tiazolina.

En primer lloc se sintetitzaren els corresponents tri- i tetrapeptid, 55 i 56 respectivament,
usant exactament la mateixa aproximacié descrita per a 48 (Esquema 15). En tots els casos
s’obtingueren resultats similars, amb rendiments excel-lents i productes d’elevada puresa
sense necessitat de cap purificacié addicional després de I'escissid de la resina.

a) i. Fmoc-AA-OH

) DIPCDI, OxymaPure SePh SePh SePh SePh
ii. piperidina TFA
Q) HNLW QL _)k . HNLW ¢ _)k

= resina Rinkamide/ChemMatrix 55,n=0

56, n=1

48, n=2
Esquema 15. Sintesi dels peptids 55, 56 i 48. Reactius i condicions: a) i. Fmoc-AA-OH, DIPCDI,
OxymaPure, DMF, t.a., 1.5 h; ii. 20% pipepridina en DMF, t.a. (4 tractaments); b) 95% TFA en CH,Cl,, t.a.

(4 tractaments). Rendiments: 55 (quant.), 56 (quant.), 48 (89%).
q , q ,

A continuacio se sintetitza un fragment de tiazol derivat de Phe analeg al de la tiazolina 23
utilitzada en la sintesi total de la baringolina. Emprant la mateixa metodologia descrita
préviamenent per a tiazols derivats d’amino acids s'obtingue 57 amb elevat excés
enantiomeéric (Esquema 16). Partint de 'amino amida 58, es dugué a terme la seva proteccio
com a carbamat (59) i posteriorment es transforma en la corresponent tioamida 60. Una nova
reaccié de Hantzsch modificada en dues etapes permeté obtenir el producte esperat (57).

c) i.bromopiruvat d'etil

(0] S/\>\
HZN\,)J\NHZ a) cloroformiat d'al-lil AIIocHN\)J\ ii. TFAA, 2,6-lutidina A||OCHN\'/k\N goz

~Ph ~ph ~Ph

% 59:x=0 b) reactiu de 61: R =Et g
Lawasson (95% ee) )
60:x=s 57.R=H Lio

Esquema 16. Sintesi del tiazol derivat de Phe 11. Reactius i condicions: cloroformiat d’al-lil, NEt;, CH,Cl,,
0 °C, 2 h, 86%; b) reactiu de Lawesson, THF, t.a., 4.5 h, 88%; c) i. Bromopiruvat d’etil, KHCO;, DME, 0 °C,
2.5 h; ii. TFAA, 2,6-lutidina, DME, =20 °C, 2.5 h, 99% (95% ee); d) LiOH, H,O/THF, t.a., 15 h, 86%.

Amb els fragments necessaris preparats, es pogueren comengcar a construir els diferents
analegs (Esquema 17). Amb 62, un intermedi de la sintesi de la baringolina, s’hi condensaren
tant 23 com 57, obtenint-se els precursors dels macrocicles, 52 i 63, respectivament. A partir
d’aquests, es dugué a terme la desproteccié amb pal-ladi i a continuacid la macrociclacié per
obtenir els productes 53 i 64. Seguidament, se saponificaren els ésters etilics respectius per
obtenir els acids 65 i 66. L’acid 65 es transforma en I'amida 67 i també s’acobla amb 68, que
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dona lloc a 69 un cop es desprotegi I'éster al-lilic. L'acoblament de 65 i 66 amb els tres péptids
obtinguts per fase solida, 48, 55 i 56, i la posterior oxidacid/eliminacié dona lloc als analegs
70-74.
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f) 68, EDC YN 65: X = OH; anell A = tiazol 70: n = 0; anell A = tiazol
HOAt, DIPEA )ED4C agit 66: X = OH; anell A = tiazolina COzH 71: n = 0; anell A = tiazolina
g) Pd(PPhj), ' 67: X = NHy; anell A = tiazol 72: n =1; anell A = tiazol
PhSiHg 69: X=W; anell A=tiazolW= f’f\ 73: n =1; anell A = tiazolina

74: n = 2; anell A = tiazol
1: n=2;anell A = tiazolina

Esquema 17. Sintesi de 1 i dels analegs 53, 64-67 i 69-74. Reactius i condicions: a) 23 0 57, EDC, HOAt,
DIPEA, DMF, 0 °C fins a t.a., 3 h, 85% (63), 68% (52); b) Pd(PPhs),, PhSiH;3, CH,Cl,, t.a.; c) EDC, HOAt, DMF
(1 mM), t.a., 61% (64), 30% (53); d) Me3;SnOH, CICH,CH,CI, 60 °C, 19 h; e) LiOH, H,O/THF, t.a., 17 h, 99%
(65); f) 68, EDC, HOAt, DIPEA, DMF, 0 °C fins a t.a., 5 h; g) Pd(PPhs),, PhSiH3, CH,Cl,, t.a., 2 h, 39% (2
steps); h) NH,4COs, EDC, HOAt, DIPEA, DMF, 0 °C fins a t.a., 28 h, 68%; i) 55, 56 0 48, EDC, HOAt, DIPEA,
DMF, 0 °C fins a rt; j) tBuOOH, CH,Cl,, t.a., 39% (70, 2 steps), 63% (71, 3 steps), 33% (72, 2 steps), 55%
(73, 3 steps), 50% (74, 2 etapes), 53% (1, 3 etapes).

A part dels analegs macrociclics, també es va voler sintetitzar un analeg que presentés
només la cua peptidica per tal d’avaluar si aquesta té alguna mena d’activitat antibiotica per si
sola. Aixi, es va sintetitzar, de nou per fase solida, I'analeg 75, el qual es va obtenir per dues
rutes diferents per tal de comparar-ne I'eficacia (Esquema 18). Per una banda, es van dur a
terme tots els acoblaments, perd també la oxidacid/eliminacio, en fase solida i finalment es va
escindir de la resina. Alternativament, es va escindir el péptid 76 abans del tractament amb
hidroperoxid de tert-butil, perd en tots dos casos els rendiments globals obtinguts foren molt
similars, demostrant la versatilitat d’'una estratégia basada en la sintesi en fase solida.
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Esquema 18. Sintesi de I'analeg de la cua peptidica 75. Reactius i condicions: a) Fmoc-AA-OH, DIPCDI,
OxymaPure, DMF, t.a., 1.5 h; 20% pipepridina en DMF, t.a. (4 tractaments); ii. tBuOOH, CH,Cl,, t.a.; b)
95% TFA en CH,Cl,, t.a. (4 tractaments), 36% (2 etapes); c) Fmoc-AA-OH, N,N’-diisopropilcarbodiimida,
OxymaPure, DMF, t.a., 1.5 h; 20% pipepridina en DMF, rt (4 tractaments); ii. 95% TFA en CH,Cl,, t.a. (4
tractaments), 47%; d) tBuOOH, CH,Cl,, t.a., 72%.

La preparacid d’aquesta petita llibreria de compostos ja és una fita important, doncs es
tracta de la primera llibreria de tiopéeptids sintetitzada Unicament per métodes quimics. Per tal
de poder observar quin és el impacte de les modificacions realitzades, s’avalua I'activitat
antibiotica dels analegs, juntament amb la baringolina, contra quatre soques diferents de
bacteris Gram positius: Staphylococcus aureus, Propionibacterium acnes, Bacillus subtilis i
Micrococcus luteus. A més, la solubilitat dels compostos es determina tant en aigua com en
tampé fosfat (PB) 0.1 M.

Taula 1. Activitat antibacteriana i solubilitat de 1 i els seus analegs.

Solubilitat®
cmi? mL
Entrada Compost (hg/mt) (mg/mL)
S. aureus P. acnes B.subtilis M. luteus H,O PB0.1 M
1 Baringolina (1) 0.25 0.125 0.25 0.5 SLD® SLD®
2 71 0.25 0.125 0.25 0.5 SLD® SLD®
3 73 0.5 0.5 0.5 1 SLD® SLD®
4 70 0.5 4 8 2 SLD® SLD®
5 72 0.5 8 0.5 2 SLD® SLD®
6 74 0.5 8 1 2 SLDS SLD®
7 64 >8 4 >8 2 SLD® SLD®
8 53 >8 4 8 4 SLD® SLD®
9 65 2 2 8 >8 SLD® 0,023
10 67 1 8 8 >8 SLD® 0,007
11 69 0.03 0.06 0.03 0.5 SLD¢ 0,018
12 75 >8 8 >8 2 4.661 6.654

*CMI = concentracié minima inhibitoria.
®La solubilitat es determina messurant la concentracié d’una soluci6 saturada dels compostos.
°SLD = per sota del limit de deteccio.

A partir dels resultats obtinguts es poden extreure diverses conclusions. En primer lloc, es
fa evident que la cua o la seva llargada no té un gran impacte sobre I’activitat antibiotica, com
es pot veure en comparar entre elles les entrades 1-3 o 4-6. A més, el compost 75
practicament no va resultar actiu. Els dos ésters, 64 i 53, entrades 7 i 8, respectivament,
tampoc van mostrar activitats destacables. D’altra banda, la substitucié de la tiazolina per
tiazol (entrades 1-6) ha permeés extreure conclusions molt interessants. Es pot observar
clarament que aquest substitucié fa que practicament només es mantingui I’activitat contra S.
aureus, fet que fa pensar que I'anell de tiazol, més rigid, no permet un bon acomodament dels
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analegs en la seva diana molecular, presumiblement el factor d’elongacié Tu,’* el qual
presentara mutacions d’una espécie a I'altra. Per al nostre delit, 'analeg 69, que presenta un
motiu d’acid ciclohexanoic*”® en lloc de la cua peptidica, tot i tenir la tiazolina substituida pel
corresponent tiazol, va mostrar potencies excel-lents contra totes les soques testades,
millorant amb escreix al producte natural contra tres d’elles, S. aureus, P. acnes i B. subtilis.
Aguest potencia millorada de 69 i la restauracidé de I'activitat contra totes les soques és molt
probablement conseqiliéncia de I'aparicié d’un nou contacte amb la diana molecular, afavorint
la interaccié tot i la rigidesa del tiazol. Malauradament, la solubilitat de tots els analegs
macrociclics segueix essent marginal.

9. Conclusions

En resum, s’ha desenvolupat una nova estrategia per a la sintesi de tiopéptids i en concret
s’ha utilitzat per a la sintesi total de la baringolina, un nou antibiotic d’origen mari. La sintesi
duta a terme ha permés confirmar |'estructura del producte natural i al mateix temps assignar-
ne |'estereoquimica. Per tal de sintetitzar la baringolina ha calgut preparar una série de
fragments derivats d’amino acids, un fragment de bistiazol-pirrolidina degudament
funcionalitzat per ser utilitzat en reaccions d’acoblament creuat, un fragment de tiazol-4-
carboxilat i una tiazolina. A més, ha calgut posar a punt una estratéegia per a la construccié del
fragment central, el qual ha estat possible d’obtenir de forma totalment regioselectiva a partir
de l'acid 2,6-dicloronicotinic. Utilitzant aquesta mateixa estratégia s’han obtingut diversos
analegs del fragment central, els quals han servit tant per demostrar la versatilitat d’aquesta
aproximacié, com per fer proves de diferents grups protectors. Un cop seleccionats els grups
protectors adequats es va poder procedir a la unié de tots els fragments en que s’havia dividit
la baringolina, incloent el pentapépid, el qual es va obtenir de forma molt eficient utilitzant la
sintesi en fase solida. Un cop completada la sintesi total, es va afrontar la preparacio de la
primera llibreria d’analegs de tiopéptids obtinguda per métodes purament quimics. Gracies als
resultats obtinguts en avaluar els compostos front diverses soques de bacteris Gram positius
es va poder determinar la importancia relativa que té la cua peptidica i, per contra, el paper
crucial que juga el motiu de tiazolina per mantenir un ampli ventall d’activitat contra totes les
soques testades. A més, la introduccid d’'un motiu d’acid ciclohexanoic en el macrocicle
modificat amb tiazol va restaurar l'activitat front totes les soques i en va augmentar la
poténcia contra tres d’elles respecte del producte natural. Aixi, els resultats presentats
demostren la gran utilitat de la sintesi en diversos aspectes de la ciéncia dels productes
naturals, permetent determinar-ne I'estructura i I'estereoquimica, estudiar-ne les relacions
d’estructura-activitat i, a més, millorar-ne la potéencia.
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