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Abstract

The dissertation focuses on three main projects which complement the studies towards
the total syntheses of biologically active natural products as well as the development of

stereoselective synthesis of 2,6-disubstituted piperidines.

The first project introduced the first total synthesis of largazole, which is a marine natural
product isolated from cyanobacterium of genus Symploca sp. in 2008. It consists of an
unusual 16-membered macrocycle incorporating a 4-methylthiazoline linearly fused to a
thiazole and an ester of 3-hydroxy-7-mercaptohept-4-enoic acid unit, part of which has
been identified to be essential for the potent histone deacetylase (HDAC) inhibitory and
consequently antiproliferative activities. Structure-activity relationship (SAR) studies
suggest that thiol group generated by hydrolysis of the thioester moiety is the warhead
and is critical for its HDAC inhibitory and antiproliferative activity. The biological
evaluation of the analogues focusing on macrocycle and linker chain between sulfur atom
and macrocycle suggests that the four-atom linker between the macrocycle and the
octanoyl group in the side chain and the (S)-configuration at C17-position are critical to
potent HDAC inhibitory activity of largazole. In contrast, the valine residue in the
macrocycle can be replaced with alanine without compromising activity to a large extent.

These SAR results would provide insights into structural requirements for HDAC

iv



inhibitory activity including the observed HDAC selectivity of largazole and help in the

design of isoform-specific HDAC inhibitors based on largazole.

The second project involved the synthesis of cytotoxic mycobactin-like siderophore-
brasilibactin A and its unnatural diastereomers, which are then identified to
unambiguously confirm that brasilibactin A possesses the 1785, 18R absolute
stereochemistry at B-hydroxy acid fragment. The convergent synthetic strategy has been
applied to the synthesis of a more water-soluble analogue-Bbtan, iron-binding studies of
which suggest brasilibactin A may play an important role in the iron-uptake mechanism

in mycobacteria and related organisms.

The third project elucidated a convergent stereoselective synthesis of 2,6-cis- and 2,6-
trans-piperidines through a reagent-controlled organocatalytic aza-Michael reaction
promoted by the gem-disubstituent effect introduced by 1,3-dithiane. The reaction was
applicable to a broad range of substrates and proceeded with good stereoselectivities (up
to 20:1 dr) and yields. The 1,3-dithiane group allowed for rapid access to substrates,
promoted the intramolecular aza-Michael reaction via the gem-disubstituent effect, and
improved the yield of the reaction. This synthetic method should be broadly applicable to
the efficient synthesis of a diverse set of bioactive natural products with 2,6-disubstituted

piperidines.
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Chapter 1

Introduction

1.1 Organic synthesis and biological process

Organic synthesis is a special branch of chemical synthesis dealing with the
construction of complex molecules from relatively simple starting materials and reagents
through the formation and breaking of covalent bonds. Traditionally, there are two main
research areas associated with organic synthesis: methodology development and total
synthesis. The ultimate goal of methodology is discovery, optimization, and studies of
scopes and limitations of new synthetic reactions, reagents and catalysts, while total
synthesis refers to complete chemical synthesis of complex organic molecules, usually
natural products, from simple, commercially available or natural precursors and is to be
distinguished from partial synthesis or semisynthesis." Apparently, development of
methodology favors the progress in the research area of total synthesis. Total synthesis of
natural products appears more elegant and streamlined as the field of organic synthesis
becomes more sophisticated.”

Nowadays, total synthesis of natural products is often motivated by biological
activity and medicinal applications of the final product. Indeed, total synthesis
contributes to a number of adjacent fields such as chemical biology, medicinal chemistry

and drug discovery. Consequently, the field of total synthesis is not only associated with



natural product, but also relates with designed molecules as well. Thus, the identification
of small molecules, especially biological interesting natural products which can modulate
cellular functions, has been attracted a lot of interest from chemical biologists and
medicinal chemists.?

There are several advantages for the use of small molecules compared to classical
genetic approaches because gene depletion of a multifunctional protein may remove a
specific function from the cell due to the removal of some protein-protein interaction or
even cause the death of the organism, while a selective small molecule can perturb
specific protein features, temporarily control or reverse the inhibition of protein function
without target removal from the cell or causing death of the organism.” However, there
are also some disadvantages when using small molecules such as the lack of specificity,
cytotoxicity and solubility.* Small molecules which lack specificity may not be suitable
for drug development or can cause misinterpretation of the observed effect.” Meanwhile,
small molecule may induce cytotoxicity to the organism in a dose-dependent manner.
Compounds with solubility issues may precipitate when treated into cell or may not
penetrate through cell membrane or specific tissues to target site. It is noteworthy to
mention that molecular interactions and chemical transformations as well as all biological

phenomena can be tracked back to chemical processes (Figure 1.1).°



(Structural Information]

~

(Biological Phenomenon] (Chemical Problem)

(Tools for Biological Studies]

Figure 1.1 Relationship between organic synthesis and biology in chemical biology

1.2 Natural products and chemical biology

Historically, natural products chemistry and synthetic organic chemistry have
been the driving force for drug discovery. Apparently, natural products have been the
most productive source of leads for the development of drugs. Many natural products can
modulate the function of individual protein or multifunction protein in living organisms
with high potency and excellent selectivity. Those compounds are mostly discovered
through phenotypic cell-based screening and are designated to be elucidated the
mechanism of action at molecular level. For example, a collection of natural products
which can perturb chromatin remodeling enzymes has been illustrated their signaling
pathways, impacts on gene regulations and characterization of small molecule-protein
interactions. New synthetic methods have been developed in parallel to accelerate the
deployment of natural products and novel synthetic entities in the dissection of cellular

interactions relevant to chemical biology of natural products or even human disease



treatment. More importantly, the modern tools of chemistry and biology allow scientists
to discover the nature of biological effect behind the natural products on the human body
as well as provide opportunities to develop new therapies against many fatal diseases

including cancers.

1.2.1 Therapeutical application of natural products and drug development

Natural products has been utilized to treat disease and injuries through our
evolution since our earliest ancestors chewed on some herbs to relieve pain, or wrapped
certain leaves around wounds to improve healing.” With the progress on molecular
biology and combinatorial chemistry during the past decades, natural products have been
applied in drug discovery and drug development. The use of information from natural
products or compounds derived from natural products can be applied in numerous
approaches to lead to novel structures with therapeutical potential.® Subsequently, a large
number of well known natural products have been isolated, identified, and analyzed,
some of which are still widely used as drugs.

The structural analysis of natural products and the modern organic synthesis
allows chemists to modify them in order to achieve great characteristics such as
specificity, low cytotoxicity and solubility in human body, which are desirable for drug
development. About 60% of the drugs currently used including artemisinin,
camptothecin, lovastatin, maytansine, paclitaxel, penicillin, reserpine and silibinin are

either directly from nature or derived from natural products.” Even though many



pharmaceutical companies focus their research efforts on combinatorial chemistry and
high-throughput screening to identify new drug candidates, this strategic change did not
bring more drug candidates. For example, only 17 new drugs were approved in 2007,
compared with 53 in 1996.° Therefore, pharmaceutical community is switching back to
natural products or naturally inspired products, among which FK228, a compound
discovered in the 1990s by the Japanese pharmaceutical company Fujisawa, inhibits the
function of a class of enzymes called histone deacetylase that are often hyperactive in
cancer cells.'” FK228 (Istodax as commercial name) was approved by the US Food and
Drug Administration (FDA) in November, 2009 for the treatment of cutaneous T-cell

lymphoma (CTCL).

1.2.2 Structure and activity relationship (SAR)

Natural products with promising pharmacological profile are not necessarily lead
compounds since complexity of the molecules may cause the difficulties of accessibility
in the industrial application or have some side-effects. Therefore, modern organic
synthesis is capable of achieving better properties of natural products via the preparation
of a veriety of analogues, which are more easily accessible and better characterized drugs
for pharmaceutical process. The collection of analogues with systematic variations in
different domains can determine the structure-activity relationship (SAR) of natural
products, which may be useful to achieve more promising drugs possessing high potency,

excellent selectivity, better solubility and little side-effect.



1.2.3 Target identification

Recent progress in bioassay-guided isolation and structure elucidation of natural
products necessitates the efficiency of modern organic synthesis to provide pratical
access to rare and biosynthetically inaccessible natural products, which enables
identification of the cellular target of those bioactive compounds and ultimate
development of new therapeutic agents.'' Chemical genetics is such a field that uses
small molecules to probe biological systems, which contains the following three parts:
natural products or small-molecule libraries, phenotypic screening and target
identification, among which target identification is the biggest hurdle in chemical

' Currently, the areas of affinity chromatography, yeast

genetics so far.
haploinsufficiency, complementary DNA (cDNA) overexpression, DNA microarray,
small-molecule microarray and RNA interference (RNA1) technologies have undergone
further optimization and have been applied increasingly to identify many cellular targets
and eventually help the drug-development process.'> Compared with traditional genetic
approaches, chemical genetics apprears to offer many advantages. However, there are
still some drawbacks to its use. A small molecule, which lacks specificity, may interact
with several structurally related target proteins to impede the feasibility to determine its
mechanism of action, while natual products always possess extraordinary specificity and

potency compared with artificially designed small molecules. Therefore, natural products

synthesis and development of SAR profiles will ultimately lead to identification of the



cellular target responsible for biological processes we are interested in and help the

development of drug and therapeutics.”

1.3 Goal and outline of this dissertation

The reminder of this dissertation will be focused on my studies towards total
syntheses of biologically active natural products. To broad the context of each work, the
biological background as well as the synthetic history will be introduced first in each
chapter.

In chapter 2, the first total synthesis of largazole will be discussed and
identification of molecular target as well as SAR studies will be disclosed further.
Chapter 3 will be focused on total synthesis of cytotoxic siderophore-brasilibactin A and
its analogues. In addition, we will report its iron-binding capability. Chapter 4 deals with
the development of an asymmetric organocatalytic method to synthesize both 2,6-cis- and
trans-piperidines. The practical value of this methodology should be potentially applied
in the synthesis of more complex biologically active alkaloids which contain 2,6-

disubstituted piperidines.



Chapter 2

Total Synthesis of Largazole, a Potent Class I Histone
Deacetylase Inhibitor

Histone deacetylases (HDACs) are zinc-dependent hydrolases that play an
important role in chromatin remodeling and regulation of gene expression.'> HDACs
associate with a number of cellular oncogenes and tumor-suppressor genes, leading to an
abnormal recruitment of HDAC activity, which in turn depresses gene expression,
impaired differentiation and excessive proliferation.'* Currently eighteen known HADCs
have been identified on the basis of homology within the catalytic domain."> Recent
substantial progress in the studies of HDACs is achieved by the discovery of molecules
that act as HDAC inhibitors (HDAC1), which induce an increase in gene expression that
results in their antitumor activities. Consistently, HDACi have been proposed for cancer
therapeutics as well as for use as both drugs and probes of HDAC biology, due to their

ability to induce growth inhibition, cell differentiation and apoptosis.'*

2.1 Epigenetic Control

According to the explanation of the term “epigenetics” by Dr. Alan Wolffe in
1999,'¢ epigenetics refers to ‘the heritable changes in gene expression that occur without
changes in DNA sequence’. Recently, studies indicated that epigenetic mechanisms

include DNA methylation and histone modifications such as acetylation, methylation,

8



ubiquitination, and phosphorylation based on this definition. In other words, those post-
translational modifications play a major role in the organization of chromatin and gene
expression. '’ By changing the charge of targeted amino acids followed by altering
chromatin structure, histone acetylation regulates gene expression to create binding sites
or platforms for specific proteins,'® including transcription factors, additional chromation
modifiers and stress-induced protein which are involved in the DNA repair process. The
interaction of the histone with DNA is weakened by hyperacetylation of nuclear histones
at lysine residues which leads to a relaxation of the nucleosome structure, thus providing
transcription factors with access to DNA elements."” The acetylation of histone proteins
by the concerted action of histone acetyltransferases (HATs) and histone deacetylases
(HDAC:S) is currently involved in epigenetic modulation of gene transcription (Figure
2.1a).% Histone acetyltransferase (HATs) enzyme acetylates the e-nitrogen of lysine
residues, disrupting the electrostatic interactions between the negatively charged DNA
backbone and the positively charged amino-terminal histone. The consequent weakening
of histone and DNA electrostatic interactions results in a more relaxing state, which
allows transcriptional factors access to DNA, while histone deacetylases (HDACsS)
reverse the activity of HATs and remove acetyl groups from lysine residues in the N-
terminal tails of histones to condense chromatin structure and silence the gene

transcription (Figure 2.1b).

a) Schematic depiction of histone acetylation by HAT and HDAC
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b) HAT and HDAC regulate gene expression

O &

DNA

Gene transcription

Figure 2.1 Histone acetylation and gene expression by HAT and HDAC

2.1.1 Histone deacetylases (HDACS)

In contrast with HATs, HDACs are involved in gene regulation by removing

acetyl moieties from lysine residues in the N-terminal tails of histone and other non-
histone proteins. Currently, there are eighteen known HDACs which are generally
divided into four classes based on their homology to yeast counterparts (Figure 2.2).”
Class I, class II and class IV HDACs are Zn>" dependent, while class IIIl HDACs are

NAD+ dependent. Class I HDACs include HDACs 1, 2, 3 and 8, which show high
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sequence homology to the yeast protein-reduced potassium dependency protein 3
(de3).23 Class I HDACs including HDACs 4, 5, 6, 7, 9 and 10 share homologies with
yeast HDA1 protein.24 Class IV HDAC-HDAC 11, identified in human, controls DNA
expression by modifying the core histone octamers.”” In contrast, class III HDACs
(SirT1-7, known as Sirtuins) require nicotinamide adenine dinucleotide ( NAD+) for their
catalytic activity and appear to be resisted to classical HDAC inhibitors like hydroxamic

T™, 26
).

acid-based vorinostat (also known as SAHA and Zolinza Therefore, only class I

and class II HDACs will be discussed further in this dissertation.

Structure and Length Cellular localization

Class I
HDAC! [T e o
HDAC2 [T s Nuceus
HDAC3 [T s Nueleus/Cytoplasm
HDACS — 377 aas Nucleus
Class 1la
HDAC4 | I 04 aas Nuclous/Cytoplasm
HLIAES - T 22 Nucleus/Cytoplasm
HDAC7 I 65 s Nuclous/Cyloplasm
HDAC%% s 1011 aas Nucleus/Cytoplasm
HDACS T 879 aas Nucleus/Cytoplasm
Class 11b
T — W 15w NulewsCpopham
HDAC10 T I 60 s Nucleus Cytoplasm
Class IV
HDACT! I o Nuskus

I Contaning Catalytic Domaim

. Nucleus Localization Sequence

Figure 2.2 Classification of histone deacetylases

* Original image from Lucio-Eterovic ef al. BMC Cancer 2008, 8, 243.
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In terms of their sizes and locations within the cell, class I HDACs differ with
their class II isoforms. Class I HDACs are relatively small size enzyme ranging between
42-45 kDa, mainly expressed in the nucleus, while class II HDAC tend to be large and
have multidomains between 80-131 kDa, shuttling between the nucleus and the
cytoplasm (Figure 2.2).?” In terms of functionality, class I isoforms share sequence
homology in the catalytic domain located at the N-terminus, while the class I HDACs
have a catalytic domain at the C-terminus although they share a 390 amino acid region of
homology in the enzyme core.”® It is noteworthy that there are two catalytic sites present
in HDAC6.”

Recent emerging research has shown that substrates for HDACs are not only
histone proteins, but also many non-histone proteins including hormone receptors,

chaperone proteins, transcription factors, and cytoskeletal proteins.*’

2.1.2 Aberrant HDAC relates with cancer

Even though there is no direct evidence showing HDACs relate to the
pathogenesis of human cancer, HDACs associate with oncogenic translocation products
and tumor suppressor genes including p53, p21, and gelsolin in human carcinoma cell
lines and other varieties of tumors (Figure 2.3).°! For example, HDACI tend to be
upregulated in both prostate and gastric cancers. HDACS relates with tumorigenesis,

while HDAC3 is overexpressed in lung, breast cancers and some colon cancers. >
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Generally, class I enzyme plays a significant role in survival and proliferation of cancer

cells, while class II HDACs can interact with hormone receptors.**

Therefore, the
molecules that inhibit HDAC activities may suppress cancerous cell growth by restoring

the histone to their acetylated state in which transcription genes are activated. Apparently,

HDAC inhibitors (HDAC:I) are potential cancer therapeutical agents.

HDACG6-related effects
- Inhibit cell migration by acety!

{Cell growth arrest ]
ation of a-tubulin and cortactin

- induces p21

Antiangiogenesis
- represses HIF-1a and VEGF

{Intrinsic apoptosis pathway ]
r

- induces pro-apoptotic facto

Extrinsic apoptosis pathway / .
- upregulates death receptors]~—— |HDACSs ROS-induced cell death
and ligands - upregulates TBP-2

Autophagic cell death;
Mitotic cell death;
Senescence

HIF-1a, hypoxia induced factor-1a; VEGF, vascular endothelial growth factor;
TBP-2, thioredoxin binding protein 2; ROS, reactive oxygen species

Figure 2.3 Mechanisms of HDAC inhibitors-induced cell death

2.1.3 Histone deacetylase inhibitors (HDACi)
2.1.3.1 Classification

Recent progress on the study of HDACi facilitates the research on structure and
function of HDAC enzymes. In the 1990’s, trichostatin A (TSA) and other fungal
antibiotics, such as trapoxin (TPX), isolated from natural source, has been shown to
inhibit HDACs at nanomolar range (Figure 2.4). One of the most important developments

in HDAC enzymes is using TPX, a naturally occurring HDACI, to isolate the first
13



HDACs by affinity chromatography.”” These HDACi play important roles in inhibition

and antiproliferative effect of tumors.

O O ) e

NN e /—-( o)
H (@) HN
Me,N @\i 4 N0

pzd

Trapoxin A, n=2
SAHA (Zolinza™) Trapoxin B, n=1

Figure 2.4 Structure of trichostatin A (TSA) and trapoxin (TPX)

Following the discovery of TSA and TPX, a variety of natural and synthetic
HDAC: have been described, some of which are now under clinical trials or even proved
by FDA as anticancer drugs.’® There are three key structural elements in all HDACi: 1)
zinc binding group which coordinates the zinc ion in the active cavity — warhead; 2) a cap
group which interacts with amino acids at the entrance to the active site; 3) a linker
domain which connects cap structure and active site, usually five to seven carbon length
(Figure 2.5). Based on the structure of natural occurring or synthetic HDACI, they have
been divided into two classes: 1) acyclic small molecules and 2) cyclic or bicyclic

depsipeptide or peptides.’’
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Figure 2.5 Structural elements in representative HDACi

2.1.3.1.1 Acyclic histone deacetylase inhibitors

The earliest class of HDACi and the most extensively studied HDAC! are those
acyclic and short chain molecules. The best known example is trichostatin A (TSA,
Figure 2.4), a fungistatic antibiotic isolated from Streptomyces hydroscopicus.
Recently, an X-ray crystal structure of TSA bound to HDLP has shown that the
hydroxamic acid group tightly coordinates the Zn®" in the active site, while the lone
alphatic chain reaches though a long narrow binding cavity and dimethylaniline group
interacts with amino acids on the surface of the enzyme.*®

Even though the pharmacokinetics of this compound is poor, the discovery and
related finding facilitates the development of structurally related HDACi, among which
vorinostat (SAHA, Zolinza (merck)) is the most extensively studied and first FDA-
approved HDACi (Figure 2.4). SAHA, not a natural product but rather from small

molecules screening in 1990’s, was found to induce differentiation of murine

erytholeukemia cells, resulting in the increasing levels of p21, and G1 cell cycle block.*®
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Furthermore, it has been shown to inhibit HDACI and 3 with ICso = 10 nM and 20 nM
respectively. ** Subsequently, it was revealed that SAHA was capable to induce
differentiation, cell growth arrest and apoptosis in various cell lines at low micromolar
concentrations and to have antiproliferative effects against numerous cultured
transformed cells. In addition, SAHA inhibits tumor growth with little toxicity in a range
of animal models of solid tumors such as breast, prostate, lung and gastric cancer and
hematological malignancies.”” The findings demonstrate this acyclic HDACi is a
promising cancer therapeutical agent. However, even though SAHA is potent to some
extent, it functions as pan-HDAC inhibitor, which lacks specificity since it tends to
inhibit all isoforms in class I and class II enzymes. In order to better understand the
function of individual isoforms, more specific HDACi is desired and this pan-HDAC

inhibition of SAHA may be less desirable in the clinic.

2.1.3.1.2 Cyclic or bicyclic histone deacetylase inhibitors

HC-toxin was first isolated cyclic tetrapeptide HDACi from Helminthosporium
carbonum, which possesses an o-epoxy ketone as its zinc-binding moiety (Figure 2.6).*°
The linker moiety in HC-toxin, termed (S)-2-amino-8-0x0-9,10-epoxydecanoic acid
(AOE, marked as red), is a common structural skeleton among cyclic tetrapeptide
including trapoxins A and B, chlamydocins and Cyl-2,*' which act as substrate mimics
for inhibiting HDAC enzyme. HC-toxin shows modest HDAC inhibitory activity
compared with TSA (ICse= 30, 3.8 nM against HDACs, respectively),* while Cyl-2

displays more potent activity as well as better selectivity (ICso = 0.75 nM against
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HDACI, 57,000 fold preference for HDAC1 over HDAC6).*> Azumamide E possesses a
complete opposite absolute configuration of amino acid moieties as those shown in
Figure 2.6 and the zinc-binding moiety contains carboxylic acid which is relatively weak

zinc chelation motifs, resulting in less potent activity.**

HO ["ﬁ-(o o

Os _NHHN_ .

. @) N HN
Lk LT .
VNN o NHHN" Y0
© 4 o

@)

HC-Toxin Chiamydocin

OM:N
NHHNf/@
o NHHN NHHN O

/>_<b d)_4%—~<::>—OMe

Azumamide E Cyl-2

Figure 2.6 Selected macrocyclic peptidic HDACi’s

Recently, the most structurally complex class of HDACi which are sulfur-
containing natural products has been isolated and well studied, such as FK228,
spiruchostatins, FR901375 and largazole (Figure 2.7). The common structural element
among these compounds is B-hydroxy mercaptoheptenoic acid residue, however, the

significant differences are located within the hybridized carbons in their macrocycles. In
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FK228 and largazole, five sp” hybridized carbon atoms are present in the macrocycle,
while spiruchostatins and FR901375 only contain four. Furthermore, investigation of
binding interactions on the rim region of the HDACs with cyclic peptide HDACi helps to
better understand the enzyme-inhibitor relationships and facilitates the progress on the

identification of class- or isoform-selective inhibitor with high potency.

e} R
> \/
HN N— 5
s H OH
0]
j\ s Os-s j\F
NH Z HN
o) O ﬁ NH &
@)
Spiruchostatin A, R =H
Spiruchostatin B, R = CH; FR901375

O%S
O S
a8

FK228 Largazole

Figure 2.7 Sulfur-containing HDACi’s

Spiruchostatins
The spiruchostatins A and B, isolated from a Pseudomonas extract in 2001,

showed TGF-g-induced gene expression.*> Although the absolute structure is not
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determined, the similarity to FK228 suggested the stereochemistry of the f-hydroxy acid
and statine was (S) and (R) respectively. Furthermore, HDAC inhibition of these

molecules was also disclosed.

To date, there are two total syntheses of spiruchostatin A and one of
spiruchostatin B, among which Ganesan’s total synthesis of spiruchostatin A is worthy to
mention here (Scheme 2.1). Nagao aldol reaction of II-1 gave the B-hydroxy acid
fragment I1-3, which was then coupled to an appropriately protected peptide II-4.
Following deprotection, Yamaguchi macrolactonization of II-5 proceeded smoothly to
give the macrocycle II-6. Removal of trityl group in II-6 and subsequent disulfide bond
formation followed by TIPS deprotection gave spiruchostatin A II-7. The biological
inactivity of II-7 with R-stereochemistry at the B-hydroxy acid fragment showed the
stereochemistry at this position is critical for interactions with amino acids on the rim of

HDAC e:nzymes.46
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Scheme 2.1 Ganesan’s synthesis of spiruchostatin A

FR901375

FR901375 is a metabolite of Pseudomonas chloroaphis isolated by Fujisawa
Pharmaceutical Company in 1991.*” Janda prepared p-hydroxy acid fragment II-9 by
Evans’ aldol reaction instead of utilizing Nagao’s aldol reaction. Mitsunobu reaction was

utilized to prepare the macrocycle II-13 in good yield (Scheme 2.2).

20



)k )H (n-Bu)oBOTT, i-ProNEt )L )H/l\/\) )J\/?i/\)sn
%
) 1)AI Hg HO
/’Bn HJJ\N

LIOH 1-10
-8 I1-1 I1-9 *
V_ \__/
- _STr : S_STI'
PPh, DIAD  HN N 1ygop,  HN N o
TsOHH,O STr i-Pr,NEt O:L O
S 2) LiOH W \H HN
NH 2
OTBS
H020 OTBS
MeO @]
p 112 11411
: S STr :
HN N ) HN N
:L TrS 1)|2, MeOH
NH S HN 2) 5% HF, MeCN NH/
OTBS
1113 Il-14, FR901375

Scheme 2.2 Janda’s synthesis of FR901375

FK228 (Romidepsin)

FK228 (FR901228 or Romidepsin®), a naturally occurring depsipeptide isolated
from Chromobacterium violaceum, is the only cyclic peptides approved by FDA (Figure
2.7).%® It has progressed through clinical trials on peripheral and cutaneous T-cell
lymphoma. * Despite the structural similarity with spiruchostatins, a bicyclic
depsipeptide, FK228 features a 16-membered ring about the macrocycle and peptide
backbone and a 17-membered ring about the ester and disulfide linkages, which was

determined by spectroscopic and X-ray analysis as well as confirmed by numerous total
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syntheses.® The first total synthesis was introduced by Simon, in which a titanium-
mediated aldol reaction was used to prepare the enantiomer of the natural f-hydroxy acid
stereoisomer, which was then mandated to inverse the stereochemistry under Mitsunobu

reactions. Final trityl deprotection and disulfide bond formation gave FK228 (Scheme

2.3).%°
OH
o OTMS Ti(QiPr),, PhMe STy LoH
N N Bno& 3,5-di-tbutylsalicylaldehyde | MeOH
DS
TrS
I-15 1I-16 1-10
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1) LIOH, MeOH BOP, iPr,NEt
- ° s TrS
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Scheme 2.3 Simon’s synthesis of FK228
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Following publication of Simon’s route to FK228, Williams and Ganesan
published improved syntheses based on the synthetic strategy introduced by Simon, while
it is noteworthy to mention Ganesan’s total synthesis of FK228 shown in Scheme 2.4.>"

To overcome the difficulties in terms of reproducibility of macrocyclization with

Mitsunobu reaction, an alternative macrolactamization route has been reported by

Ganesan (Scheme 2.4).
O
HN N / -
H o 1) piperidine
O:<TrS 2) TBAF
. TrS
w = N 3) HATU, i-Pr,NEt
NHFmoc 4) 15, MeOH
2 (o)
0 o 7% for 4 steps
SEMO™ O IlI-21 FK228

Scheme 2.4 Ganesan’s synthesis of FK228 by macrolactamization

Analogues and peptide isostere of FK228 have also been reported to further clarify
the structure-activity relationships (SAR) by Williams.”' Mechanistic studies have shown
that the reduced form of FK228 (redFK) is the active form, which was generated by the
reduction with glutathione after entering the cells.” 75-Fold increase in inhibitory
activity against HDACI1 for redFK228 versus FK228 further supports FK228 acts as a
pro-drug, with the disulfide bond facilitating itself penetrating through the cell walls as

shown in Table 2.1.
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Table 2.1 Biological data for FK228 and redFK

Compound HeLa HDACs (nM) HDACI1 (nM) HDAC6 (nM)
FK228 ND“ 30 14,000
redFK228 15 0.397 787

“ ND: not determined

Largazole

The most recent sulfur-containing cyclic depsipeptide HDACI, isolated from the
floridian marine cyanobacterium Symploca sp., is termed as largazole for its florida
location (key largo) and structural feature (thiazole).’* Largazole shares some structural
similarity to FK228, FR901375 and spiruchostatins such as 3-hydroxy-7-mercaptohept-4-
enoic acid moiety, while it possesses an octanoyl thioester bond instead of a disulfide
linkage. Therefore, largazole is also a prodrug which must be generated by metabolic
hydrolysis of the octanoyl residue. Furthermore, largazole is more potent than FK228
(0.07 nM versus 1.6 nM) and active form largazole thiol displays class-form selectivity in
terms of HDACI1 over HDAC6.> The potent biological activity and selectivity of
largzole attracts significant attention from synthetic chemists with eight total syntheses

being published within two years, which will be introduced later in this chapter in details.

2.1.3.2 Mechanism of action

The interaction between HDACs and HDACi was studied extensively by Finnin
and coworkers in 1999.%° They solved the crystal structure of HDLP which is a HDAC-
like protein sharing a 35% sequence identity with human HDACI especially located

within the active site. These crystallographic studies revealed that the region interaction
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between SAHA and HDLP possesses three charateristical features, which includes
surface recognition region, a narrow tube-like channel ~1 1A in depth and narrow pocket
at the bottom of this channel in which a Zn*" cation is coordinated with two Asp residues,
one His residue and a water molecule. Importantly, all these structural features from
HDLP are in excellent accord with the crystal structure of HDAC8.*®

The crystal structure of HDAC8 with bound TSA revealed a proposed catalytic
mechanism explaining the function of HDACs (Figure 2.8). The proposed catalytic
mechanism for the deacetylation of acetylated lysine is similar with the amide hydrolysis
mechanism for zinc proteases.”’ Acetylated lysine coordinates with the zinc ion at the
active site, which is also coordinated with Asp 168, His 170, Asp 258 and a water
molecule. Nucleophilic attack of the water on the carbonyl carbon forms a tetrahedral
intermediate which is stabilized by zinc-oxygen interaction. The intermediate collapses to
release a molecule of acetic acid and lysine, which are protonated by Asp 173-His 132
(Figure 2.8).

The crystal structure of HDACS and TSA suggests that TSA mimics an acetylated
lysine substrate, blocking access to HDACs by the acetylaed lysine residues on histone
tails. TSA inserts its hydroxamic acid into the pocket by the aliphatic chain which
interacts with hydrophobic residues in the channel, where zinc ion at the active site is

bound with hydroxamic acid in a didentate fashion (Figure 2.8).
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Figure 2.8 Proposed mechanism of action of Zn*"-dependent HDACs and TSA binding
model with zinc ion in HDACS active site
2.1.3.3 Pharmaceutical application
There are at least 15 structurally different HDACi under clinical investigation,
which acts either as monotherapy or combination therapy for hematologic and solid
neoplasms (Table 2.2).”® SAHA is the first HDACi approved by FDA for clinical use to

treat cutaneous T-cell lymphoma patients.”>>” SAHA shows high anti-cancer activity in
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numerous hematologic and solid tumors with little cytotoxicity. When patients with
refractory cutaneous T cell lymphomas (CTCL) were treated with SAHA, their symptom
could be relieved.* Furthermore, SAHA has also been used in clinical combination for
synergistic or additive with a variety of chemotherapeutics.

Depsipeptide FK228, approved by FDA late in 2009, has been applied to treat
patients with advanced CTCL as a single agent and it was reported that FK228 can be
well tolerated with manageable toxicities including nausea, vomiting and fatigue.®' Other
studies related with hormone refractory prostate cancer, multiple myeloma as well as
hematological malignancies has been performed.

Pivanex (AND9) is in phase II clinical trials. Due to its lipophilicity, pivanex is able
to penetrate through cell membranes very efficiently and has been shown to affect the
growth, differentiation and apoptosis of a variety of cancerous cells at low concentration
compared with its metabolite active form-butyric acid.

MS-275 is in phase II development for myeloid malignancies and melanoma and
the compound was well tolerated orally at either 3 mg biweekly or 7 mg weekly based on
recent clinical data.®”

Since the mechanisms behind HDACi regulating gene expression are still unclear,
more understanding of biological role of HDACi on the molecular basis are needed to
facilitate the progress on studying the functions of HDAC. Furthermore, HDACI is a
promising cancer therapeutical agent and highly isoform-specific inhibitors may provide

an opportunity to understand chromatin biology in cells. In order to better treatment of
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human disease, the clinical development of HDACi still remains an active area of

investigation.

Table 2.2 Representative HDAC inhibitors in clinical trials (partial list)

Class Drug Name Structure Clinical trials

Hydroxamate = SAHA (Zolinza) ©\ o o FDA approved
N N OH

Cyclic FK228 (Romidepsin)

depsipeptide HN

{L FDA approved
(6]
T %\/E
Short-chain Valproic acid \/I\/ Ph II-1ll (p.0.), Ph Il (top.)
fatty acids
Pivanex (AN-9)
/\)J\

Ph -1l (i.v.)

Benzamides Entinostat (MS-275) Ph I-Il (p.o.)

I(
”\g
O

Abbreviations: i.v.: intravenous; p.o.: orally; top.: topical.

2.2 Synthesis of largazole
2.2.1 Discovery, isolation and biological activity of largazole

The cytotoxic cyclic depsipeptide (2.1, Figure 2.9), termed largazole for its florida
location (Key Largo) and one structural feature (Thiazole), was isolated from a
cyanobacterium of the genus Symploca in early 2008 by Luesch.”* Largazole is a marine
natural product with novel chemical scaffold, which possesses a strained 16-membered

macrocycle featuring a dense combination of unusual structures, including a substituted
28



4-methylthiazoline linearly fused to a thiazole and a 3-hydroxy-7-mercaptohept-4-enoic
acid unit. It is noteworthy that thioester moiety in largazole 2.1 is rarely encountered in

natural products.

0]

macrocycl) }X;%_\
12
28 26 22 S 21
side chain

Largazole (2.1)

Figure 2.9 Structure of largazole

Macrocyclic natural products often exhibit unique biological properties and thus are
attractive candidates for drug development in many diseases.” Largazole (2.1) represents
such a class of compounds with highly differential growth-inhibitory activity,
preferentially targeting transformed over non-transformed cells and favorably comparing
to other natural products drugs such as paclitaxel (taxol) in this respect.’* Largazole
potently inhibited the growth of transformed human mammary epithelial cells (MDA-
MB-231) and transformed fibroblastic osteosarcoma cells (U20S) (Glsp 7.7 nM and 55
nM respectively) and induced cytotoxicity at higher concentrations (LCso 117 nM and 94
nM respectively).” In contrast, non-transformed mammary epithelial cells (NMuMG)
and non-transformed fibroblasts NIH3T3 were less susceptible to 2.1 (Glso 122 nM and

LCso 272 nM for NMuMG; Glsp 480 nM and LCsp > 8 uM for NIH3T3).54
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The potent biological activity and selectivity of 2.1 for cancer cells necessitates
further investigation into the mode of action and potential as a cancer therapeutics. Our
first total synthesis of 2.1 and its extension to preparation of key analogues will be
decribed in details in this chapter. Furthermore, the identification of histone deacetylases
(HDACs) as molecular targets and pharmacophore of 2.1 as well as the structural
requirements for its HDAC inhibitory and antiproliferative activities will be disclosed

further through our structure—activity relationship (SAR) studies.”>

2.2.2 Retrosynthetic strategy of largazole

As shown in Figure 2.10, introduction of the thioester moiety could be achieved
by an olefin cross-metathesis of the 16-membered cyclic depsipeptide core 2.3 and the
thioester 2.2. Deliberate late-stage incorporation of the subunit bearing the thioester is
amenable to a variety of analogues in search of the biological role of the thioester, the
octanoyl group, and the double bond. A macrolactamization reaction of the linear
precursor 2.4 would generate the requisite 16-membered cyclic depsipeptide core 2.3.
This analysis led ultimately to three key subunits (2.5, 2.6, and 2.7), which could be

sequentially coupled to provide the linear precursor 2.4.
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Figure 2.10 Retrosynthetic analysis

2.2.3 Synthesis of largazole

The synthesis commenced from the condensation of 2.8% with (R)-2-methyl
cysteine methyl ester hydrochloride® (Et;N, EtOH, 50 °C, 72 h) to afford 2.7 in 51%
(Scheme 2.5).7 Deprotection of N-Boc group in 2.7 (TFA, CH,Cl,, 25 °C, 1 h) followed
by coupling (DMAP, CH,Cl,, 25 °C, 1 h) of the corresponding amine 2.9 to 2.6,
prepared by an acetate aldol reaction of N-acyl thiazolidinethione and acrolein, smoothly
proceeded to provide 2.10 in 94% yield (for two steps). Yamaguchi esterification reaction
of 2.10 and N-Boc-L-valine (2.5) (2,4,6-trichlorobenzoyl chloride, Et;N, THF, 0 °C, 1 h;
then 5, DMAP, 25 °C, 10 h, 99%) provided the linear depsipeptide 2.11. Alternatively,

DCC-coupling reaction of 2.10 and 2.5 (DCC, DMAP, toluene, 25 °C, 20 h) gave 2.11 in
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85%. Hydrolysis of 2.11 under basic conditions using exact 1 eq. LiOH (0.5 N LiOH,
THF, H,O, 0 °C, 3 h) followed by the deprotection of N-Boc group in 2.12 (TFA,
CH,Cl,, 25 °C, 2 h) provided 2.4, a precursor to the 16-membered cyclic depsipeptide
core 2.3. Without further purification of 2.4, we attempted to cyclize the crude 2.4 to
provide the strained 16-membered cyclic depsipeptide core 2.3. It is noteworthy that
initial attempts for macrocyclization reaction® under EDC- (EDC, i-Pr;NEt, CH,Cl,, 25
°C, 12 h, 12% for three steps) or FDPP-coupling conditions (FDPP, i-Pr,NEt, CH;CN, 25
°C, 36 h, 37% for three steps) afforded the desired 16-membered cyclic depsipeptide core
2.3, but in low yields. After exploration of numerous reaction conditions,
macrolactamization reaction of the crude 2.4 utilizing HATU-HOAt (HATU, HOAt, i-
Pr,NEt, CH,Cl,, 25 °C, 24 h) proceeded smoothly to provide 2.3 in 64% (for three

steps).””

R — — —
No S N S N S
j \j j/ OH O T
BocHN
BocHN TFAH,N \)\/U\N
2.8 2.7 2.9 2101

N S

0”0 O j 0”0 O j 0”0 O j/ 0”0 O j
AL s AL s A s A
H H H H
2.11, R, = CO,Me 212, R, = CO,H 2.4, R, = CO,H 23
R, = NHBoc R, = NHBoc R, = NH2-TFA

(a) (R)-2-methyl cysteine methyl ester hydrochloride, Et;N, EtOH, 50 °C, 72 h, 51%; (b)
TFA, CH,Cl,, 25 °C, 1 h; (c) 2.6, DMAP, CH,Cl,, 25 °C, 1 h, 94% (two steps); (d) 2,4,6-
trichlorobenzoyl chloride, Et;N, THF, 0 °C, 1 h; then 2.5, DMAP, 25 °C, 10 h, 99%; (e)
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0.5 N LiOH, THF, H,0, 0 °C, 3 h; (f) TFA, CH,Cl, 25 °C, 2 h; (g) HATU, HOAt, i-
Pr,NEt, CH,Cl,, 25 °C, 24 h, 64% (three steps).

Scheme 2.5 Synthesis of 16-membered depsipeptide core

For synthesis of the thioester 2.2 (Scheme 2.6), initially we attempted to couple 4-
(thiooctyl)-morpholine (2.13) with 4-bromo-1-butene (Nal, THF, H,O, reflux, 16 h, 55%)
utilizing the modified procedure developed by Harrowven and co-workers,”' but the
procedure was not practical in terms of large scale preparation. Instead, the thioacid
2.147* was coupled with 4-bromo-1-butene (NaH, THF, 25 °C, 12 h) to provide the
thioester 2.2 in 81%. Subjecting the 16-membered cyclic depsipeptide core 2.3 and the
thioester 2.2 to a variety of olefin cross-metathesis reaction conditions’” was attempted.
After extensive optimization of reaction conditions, we were delighted to find that olefin
cross-metathesis reaction of the macrocycle 2.3 and the thioester 2.2 in the presence of
Grubbs’ second-generation catalyst (50 mol%, toluene, reflux, 4 h) provided 2.1 in 41%
(64% BRSM, (E)-isomer only) yield. The olefin cross-metathesis reaction of 2.3 and 2.2
in toluene occurred in a higher yield than in CH,Cl, or benzene. Hoveyda-Grubbs
catalyst was not as effective as Grubbs second-generation catalyst in the olefin cross-
metathesis reaction. Synthetic largazole was indentical in all respects with authentic

largazole.
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(a) 4-bromo-1-butene, Nal, THF, H,O, reflux, 16 h, 55%; (b) NaH, 4-bromo-1-butene,
THF, 25 °C, 12 h, 81%; (c) Grubbs' second-generation catalyst (50 mol%), toluene,
reflux, 4 h, 41% (64% BRSM).

Scheme 2.6 Synthesis of thioester and completion of synthesis

2.2.4 Synthesis of largazole analogues

With this convergent synthetic route to largazole 2.1, our efforts turned to the
preparation and evaluation of a series of key analogues to study its origin of differential
growth inhibition towards transformed versus nontransformed cells. To define the role of
the octanoyl group in the thioester moiety (Scheme 2.7), we prepared the acetyl analog
2.15 of largazole by olefin cross-metathesis reaction of the macrocycle 2.3 with thioacetic

acid S-but-3-enyl ester (2.16)"* (50 mol% of Grubbs' second-generation catalyst, toluene,
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reflux, 4 h, 54% (71% BRSM), (E)-isomer only). Similarly, the hydroxyl analog 2.19 (1-
triisopropylsilyloxyl-3-butene (2.18)”°, 30 mol% of Grubbs' second-generation catalyst,
toluene, reflux, 3 h, 50%, (E):(2) =>9:1; TBAF, THF, 25 °C, 1 h, 76%) was synthesized
as shown in Scheme 2.7 to determine the role of thiol. In addition, the thiol analog 2.20
was smoothly prepared by the aminolysis of 2.1 or 2.15 (aq. NH3, CH3CN, 25 °C, 12-18

h) in 70-80%.

Bl 2 G-~ SR % &

., NHN NH N
e e e T
N S N S
o) 00 o \j 0™ o Nj/s 0“0 0o T
AS/\/\/l\)kN N N R/\/\/I\)J\N
H H H

215 2.3 217, R=0OTIPS
C\
Nt e B
o NAH St N:S_\ JIINH Nﬂﬂ

N _S
o0 0o \j o0 0o :T 0“0 o©o j/
H H
2.1, R = n-C;H.5CO 2.20 2.19

2.15, R = CH,CO

(a) thioacetic acid S-but-3-enyl ester (2.16), Grubbs' second-generation catalyst (50
mol%), toluene, reflux, 4 h, 54% (71% BRSM); (b) 1-triisopropylsilyloxyl-3-butene
(2.18), Grubbs' second-generation catalyst (30 mol%), toluene, reflux, 3 h, 50%; (c)
TBAF, THF, 25 °C, 1 h, 76%; (d) aq. NH3, CH3CN, 25 °C, 12—18 h, 70-80%.

Scheme 2.7 Synthesis of key analogs to define the pharmocophore



2.2.5 Biological studies of largazole and its analogues
2.2.5.1 Mode of action and pharmocophore

The presence of a thioester functionality in largazole (2.1) is intriguing since cellular
metabolism is expected to rapidly generate the corresponding thiol 2.20, suggesting that
largazole may be a prodrug. The liberated thiol 2.20 would then correspond to the
mercapto unit that is generated by reduction of the disulfide bond in FK228 and the
related spiruchostatins, which are potent histone deacetylase (HDAC) inhibitors (Figure
2.11). " Histone deacetylation is an epigenetic mechanism that regulates gene
transcription, including genes that control proliferation, which can lead to silencing of
tumor suppressor genes.”” HDAC inhibition is a validated approach for cancer therapy
and an active area of pharmaceutical drug discovery research.” The recent FDA approval
of suberoylanilide hydroxamic acid (SAHA) marketed by Merck as Zolinza for the
treatment of cutaneous T-cell lymphoma is the first tangible result of these efforts.”> Thus
HDAC inhibition could indeed explain the largazole-induced phenotype, including

selectivity for transformed cells.”
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Figure 2.11 Structural similarity between FK228 and largazole (2.1) and modes of
activation.

To test the hypothesis that largazole inhibits HDACs, we determined the cellular
HDAC activity upon treatment with largazole in HCT-116 cells found to possess high
intrinsic HDAC activity. We co-incubated a cell-permeable fluorogenic artificial HDAC
substrate (fluor de Lys™', BIOMOL) and largazole (2.1) and determined that largazole
treatment for 8 h resulted in a decrease of HDAC activity in a dose-response manner
(Figure 2.12a) and, importantly, the ICso for HDAC inhibition closely corresponded with
the Glso of largazole in this cell line (Figure 2.12a, Table 2.3). This correlation suggested

that HDAC is the relevant target responsible for largazole’s antiproliferative effect.
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Confirmatory, immunoblot analysis of an endogenous HDAC substrate, acetylated

histone H3, revealed the same dose-response relationship (Figure 2. 12b).”
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(a) Largazole (2.1) inhibits cellular HDAC activity in HCT-116 cells (8 h) based on
deacetylation of a fluorogenic substrate (BIOMOL). Growth-inhibitory activity (48 h) is
similar.  (b) Immunoblot analysis showing inhibition of endogenous histone H3
deacetylation in a dose-response fashion (8 h). Trichostatin A (TSA) was used as a
positive control.

Figure 2.12 Target identification

Largazole (2.1) inhibited HDAC activity from a HeLa cell nuclear protein extract
rich in class  HDACs 1, 2, and 3 (BIOMOL); however, it is possible that the thioester is
cleaved under assay conditions. To substantiate the hypothesis that the thiol analog 2.20

is the reactive species, we liberated 2.20 from largazole (2.1) or the acetyl analog 2.15

* Assay results all through this chapter from our collaborators-Kanchan Taori, Yanxia Liu and Prof. Hendrik Luesch
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(Scheme 2.7) and measured enzymatic activity directly; compound 2.20 inhibited the
HDACs in the nuclear extract of HeLa cells with a similar ICsy value (Table 2.3).
Largazole (2.1) and the thiol analog 2.20 exhibited similar cellular activity against
HDACs derived from nuclear HeLa extracts as well as antiproliferative activity. We
presume that nature engineered the biosynthesis of the protected form rather than the

target-reactive metabolite itself to increase stability and avoid potential oxidation.

Table 2.3 ICsy and Glso Values for HDACs and growth inhibition (nM)

HCT-116 growth HCT-116 HDAC  HeLa nuclear extract

inhibition cellular assay HDACs

(Glso) (ICs0) (ICs0)

2.1 44 + 10 51+3 37+ 11
2.15 33+2 50+ 18 52+27
2.20 38%5 209+ 15 42 £29
2.3 >10,000 >10,000 >10,000
2.19 >10,000 >10,000 >10,000

HDAGCs are grouped into four major classes. While class III enzymes require NAD"
as a cofactor, enzymes of class I, II, and of the more recently discovered class IV are
Zn*"-dependent enzymes.”® The activity of thiols related to largazole derivative 20

against Zn>"-dependent HDACs has been attributed to their ability to chelate to Zn*".*
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Particularly, class I HDACs are critical in controlling proliferation in mammalian cells.”
HDACI and 3 (both class I) overexpression has been observed in prostate and colon
tumors, respectively,® while inhibition of certain class II HDACs may cause cardiac
hypertrophy.®' Consequently, the selective inhibition of class I enzymes is desirable in
anticancer drug discovery. To establish a preliminary selectivity profile, we tested
largazole (2.1) and 2.20 against recombinant HDAC1 and HDAC6, representing class |
and class II enzymes, respectively (Table 2.4). Compound 2.20 inhibited HDACI
activity at low nanomolar concentrations and 150-fold less active against HDAC6. This
strong class I selectivity had also been observed for FK228; conversely, the hydroxamic
acids SAHA and trichostatin A are less discriminatory (Table 2.4).%* Furthermore,
largazole (2.1) was 10- to 15-fold less active against both enzymes than 2.20, indicating
that hydrolysis did not as readily occur under assay conditions with the purified enzyme
compared with HelLa nuclear extract, further supporting the hypothesis that largazole

(2.1) is a prodrug and 2.20 is the reactive metabolite.

Table 2.4 1Csy Values for HDAC1 and HDAC6 inhibition (nM)

Compound HDACI (class I) HDACS6 (class II)

largazole (2.1) 25+ 11 5,700 + 3,600
thiol 2.20 25+14 380+ 76
trichostatin A 49+0.8 18+ 12
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2.2.5.2 Structure—Activity relationship (SAR)

Initial SAR studies further defined the pharmacophore of largazole. The acetyl
analog 2.15 showed the same activity as largazole (2.1) in the cellular HDAC assay and
the same antiproliferative activity, underscoring that the carboxylic acid portion of the
thioester merely plays a transient protective role and can be varied as long as thioester
hydrolysis is achieved. To further define the pharmacophore we tested key analogues of
2.1 with modified side chain functionality. Since hydroxyl groups do not chelate to Zn*",
the hydroxyl analog 2.19 was expectedly not an HDAC inhibitor, paralleling its lack of
growth-inhibitory activity (Table 2.3). Additionally, the macrocyle 2.3, which lacks the
sulfur-containing aliphatic chain, also lacks any inhibitory activity in the HDAC as well
as cell viability assay (Table 2.3), highlighting that the thiol group is indispensable for
both activities. The correlation of HDAC inhibitory activity and antiproliferative effect
for all key compounds synthesized indicates that both activities are closely related and
that the growth inhibition is a functional consequence of HDAC inhibition.

In addition to define that thiol group is warhead and largazole 2.1 exhibits a
pronounced selectivity for HDAC class I inhibition which is desirable for anticancer drug
development, structural requirements for its HDAC inhibitory and antiproliferative
activities have been characterized by structure-activity relationship (SAR) study of other
analogues of 2.1, which focuses on two areas: 1) the length of thioester side chain; 2) the
modification of 16-membered macrocycle.

As shown in Scheme 2.8, three-, five-, and six-atom linkers (2.24-2.26) were

synthesized by coupling the thioacid (2.14)” to 3-bromo-1-propene, 5-bromo-1-pentene,
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and 6-bromo-1-hexene, respectively (NaH, THF, 25 °C, 5-36 h, 74-90 %). Subjecting
the 16-membered macrocycle 2.3 and 2.24, 2.25, and 2.26 respectively to Grubbs’
second-generation catalyst (50 mol %, toluene, reflux, 4 h) smoothly provided 2.27, 2.28,

and 2.29 in 44%—-56%.

O

Br a
+ /\M/ - >
n-C7H15 SH " n-C7H15)J\SW
2.2 2.21-2.23(n=1,3,4) 2.24,n=1,90%; 2.25, n = 3, 83%

2.26,n=4,74%

O}X\S OWS
)// NH N:g_\ )"/, NH N';S_\
., — b i —
+ 2.24-226 —» N S
oj/io ONTS o0 o j/
n-C-H SN)‘J\
SN Mo S s
23 H (o)

2.27,n=1,56%; 2.28, n = 3, 54%
2.29,n =4, 44%

Reactions and conditions: (a) NaH, THF, 25 °C, 5-36 h, 74-90%; (b) Grubbs' 2nd-
generation catalyst (50 mol %), toluene, reflux, 4 h, 44-56%.

Scheme 2.8 Synthesis of thioester and side chain analogues

To evaluate the comparative significance of side-chain functionality of valine in
macrocycle, the valine residue of 2.1 was replaced with alanine (i.e., alanine scanning)®
to prepare 2.34 (Scheme 2.9). Since alanine is conformationally similar with valine, we
anticipated that the synthesis of 2.34 would smoothly proceed following the previously
reported procedures.”” Briefly, Yamaguchi esterification reaction of 2.10 and N-Boc-L-

alanine (2.,4,6-trichlorobenzoyl chloride, Et;N, THF, 0 °C, 1 h; then DMAP, 25 °C, 10 h)
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afforded the linear depsipeptide 2.30 in 99%. Hydrolysis of 2.30 under basic conditions
(0.1 N LiOH, THF, H,0, 0 °C, 1 h) to provide the carboxylic acid 2.31 and subsequent
removal of N-Boc group in 2.31 (TFA, CH,Cl,, 25 °C, 2 h) provided 2.32, a precursor to
the 16-membered cyclic depsipeptide core 2.33. Without further purification of 2.32,
macrocyclization reaction of the crude 2.32 utilizing HATU-HOAt (HATU, HOAt, i-
Pr,NEt, DMF, 25 °C, 24 h) proceeded smoothly to give 2.33 in 81% (for two steps).™
Olefin cross-metathesis reaction of the macrocycle 2.33 and the thioester 2.2 in the

presence of Grubbs’ second-generation catalyst (50 mol %, toluene, reflux, 4 h) provided

2.34 in 61% ((E)-isomer only).

N~ S N _S N« S
OH O j/ o0 O j/ o0~ o ]/
H
2.10 2.30, R; = CO,Me 2.31, R; = CO,H
R, = NHBoc R, = NHBoc
O O
Ry S \\(X\S Ws
N= N= N=
4, R . NH ,, NH
SRR SR Gl < SR el o
N S N S N S
0”0 j( 0“0 © j/ o) 0“0 o j/
/\/\)\)J\
WJ\H W]\N n-CoHys S H
2.32, Ry = CO,H 2.33 2.34
R, = NH,- TFA

Reagents and conditions: (a) N-Boc-L-alanine, 2,4,6-Cl;CgH,COCI, Et3N, THF, 0 °C, 1 h; then
DMAP, THF, 25 °C, 10 h, 99% for 2 steps; (b) 0.1 N LiOH, THF/H,O (4:1), 0 °C, 1 h, 79%; (c)
TFA/CH,CI, (1:5), 25 °C, 2 h; (d) HATU, i-Pr,NEt, HOAt, DMF, 25 °C, 24 h, 81% for 2 steps;
(e) 2.2, Grubbs' 2"%-generation, catalyst (50 mol %), toluene, reflux, 4 h, 61%.
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Scheme 2.9 Synthesis of alanine analogue

In addition to the alanine analogue 2.34, we prepared the C17-epimer analogue
2.41 to study the effect of the configuration at C17 position on HDAC inhibitory activity.
As described in our previous total synthesis of largazole,” Nagao’s aldol reaction
provided a 3:1 diastereomeric mixture of (3S)- and (3R)-hydroxy-carboxylic acid.”> We
incorporated (3R)-hydroxy-carboxylic acid (2.35, the minor aldol adduct) in the

macrolactone backbone to prepare the C17-epimer analogue 2.41 shown in Scheme 2.10.
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Reagents and conditions: (a) TFA/CH,CI, (1:5), 25 °C, 1 h; then 2.35, DMAP, CH,Cl,
25 °C, 2 h, 87% for 2 steps; (b) N-Boc-L-valine, 2,4,6-Cl;CsH,COCI, EtzN, THF, 0 °C,
1 h, then DMAP, THF, 25 °C, 10 h, 85%; (c) 0.5 N LiOH, THF/H,O (4:1), 0 °C, 2 h; (d)
TFA/CH,CI, (1:5), 25 °C, 2 h; (e) HATU, i-Pr,NEt, HOAt, CH,Cl,, 25 °C, 13 h, 73%

for 3 steps; (f) 2.2, Grubbs' 2nd-generation catalyst (50 mol %), toluene, reflux, 4 h
33% (55% BRSM).

Scheme 2.10 Synthesis of C17-epimer analogue

After completing the synthesis of 2.27-2.29, 2.34, and 2.41, we assessed their

antiproliferative activity against HCT-116 colon cancer cells and HDAC inhibitory

activity using HeLa nuclear extract as the enzyme source side-by-side with largazole (1).
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Homologation to five-atom and six-atom linkers in 2.28 and 2.29, respectively, reduced
the cell growth and HDAC inhibitory activity by several orders of magnitude (Table 2.5),
while chain shortening of the linker by one methylene group (compound 2.27)
completely abolished activity up to 20 uM. This result suggests that a four-atom chain
length between the acyloxy methine (C17) and the side-chain sulfur atom, as found in
2.1, is optimal for HDAC inhibitory activity.

The valine residue is expected to interact with the rim region of HDACs and this
interaction could be a determinant of the HDAC class/isoform specificity of 2.1.
Compound 2.34 showed only approximately 2- to 3-fold decreased activity in both assays
compared with 2.1, suggesting that the valine residue is largely replaceable (Table 2.5).
Largazole C17-epimer 3.41 lacked significant HDAC activity at 20 uM and only weakly
inhibited HCT-116 cell growth with >500-fold reduced activity compared with 2.1 (Table
2.5). We then subjected protein extracts derived from HCT-116 cells, which had been
treated for 8 h with (at least marginally active) largazole analogues, to immunoblot
analysis of acetylated histone H3, an endogenous HDAC substrate (Figure 2.13). Dose—
response analysis indicated that the inhibition of histone H3 deacetylation correlated with

the Glsy values in the cell viability assay (Table 2.5).

Table 2.5 Cancer cell growth and HDAC inhibition (Glsy and ICsy in nM)

HCT-116 growth HeLa nuclear extract

compound ik ition (Glso) HDACs (ICs0)"

2.1 6.8+0.6 32+13
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2.27 >10000 >20000

2.28 620 + 50 7600 + 900
2.29 2500 + 600 4100 + 430
2.34 21+2 72 +21
2.41 3900 + 450 >20000
24) o
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Figure 2.13 Immunoblot analysis showing various degrees of inhibition of histone H3
deacetylation by largazole analogues in HCT-116 cells upon 8 h of treatment (B-actin =
control).

To determine if the structural modifications also affected the selectivity for
HDACI1 versus HDAC6,” we profiled 2.28, 2.29, and 2.34 against the recombinant
human HDACI1 and HDAC6 (Table 2.6). All compounds showed a similar decrease in
HDACI inhibitory activity as in antiproliferative activity compared with 2.1. Although
the Val—Ala change reduced the discriminatory power of the macrocycle by 3-fold, 3.34
exhibited strong selectivity for HDACI1 over HDAC6.
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Table 2.6 ICsy Values for HDAC1 and HDAC6 inhibition (nM)

compound HDACI (classI) HDACS6 (class II)

2.1¢ 7.6 1800
2.28 690 > 10000
2.29 1900 > 10000
2.34 44 3300
trichostatin A" 5.2 1.8

“Under the same assay conditions, the pure thiol analogue of largazole exhibited ICsy values of 0.77 nM and 510 nM for HDAC1
and HDACG, respectively. * Standard and non-selective HDAC inhibitor.

2.2.6 Other Total Syntheses of Largazole

After we finished the first total synthesis of largazole, seven total syntheses of
largazole came out in less than one year due to its unprecedented biological activity and
promising selectivity.® Distinctive features among those total syntheses involved the
installation of thioester and macrocyclization steps as well as the methodology of
preparing B-hydroxy acid unit. From retrosynthetic strategies they employed (Scheme
2.11), the first difference was how to install the thioester bond, which was assembled in
the early stage or late stage. The fashion of the installation of thiol-containing zinc-
binding side arm directly affected the formation of linear depsipeptides for

macrocyclization.
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2.43b R = (CH,),0TBS (Ye)
2.44 R = (CH,),SCO(n-C;H,s) (Ghosh, Craig)

Scheme 2.11 Retrosynthetic strategies towards largazole

Initially, numerous synthetic strategies or separation approaches have been used
for the formation of the B-hydroxy acid fragment (Scheme 2.12). Ye, Williams and Doi
used asymmetric acetate aldol reactions developed by Crimmins to synthesize the B-
hydroxy acid fragment that was used by Ganesan for their synthesis of spiruchostatin A
even though they employed the different chiral auxiliaries, while Phillips, Ghosh and
Cramer utilized an enzymatic resolution of racemic compound 2.49. Craig employed the
NHC-mediated esterification reaction using a, P-epoxy aldehyde to produce the B-

hydroxy acid fragment.
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Scheme 2.12 Approaches to B-hydroxy acid unit

The most challenging part is final macrocyclization step. It is noteworthy that
macrolactonization to afford the 16-membered macrocycle is not successful with all
attempts by several groups including Willams, Craig and Hong group. Therefore, based
on ring-closing positions in which macrolactamization step occurs, their syntheses are
categoried into down-amide bond formation route which Phillips, Cramer, Williams, Ye

and Craig used (Scheme 2.13) and up-amide bond formation route which Doi utilized as

we did (Scheme 2.14).
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Scheme 2.13 Approaches to largazole by down-amide bond formation
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Scheme 2.14 Approaches to largazole by up-amide bond formation

Several of those syntheses converge upon similar or even identical intermediates
after macrocyclization. Depending on the installation of thioester bond in early or late
stage, and the macrocycles they had generated, those seven total syntheses are divided
into three categories as shown in Scheme 2.15: 1) the use of cross-metathesis to install
the thioester from same macrocycle 2.3 (Phillips and Cramer); 2) the use of deprotection
of Trt- or S/Bu-thiol followed by acylation process (Ye, Williams and Doi); 3) construct

of acyclic precursor with thioester fragment before macrocyclization (Ghosh and Craig).
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) ‘S_\ macrolactamization J NH N‘g_\ cross-metathesis

_— Largazole
N S S
o o o T 0“0 0 T
WJ\OtBu NHBoc WLH
2.62 Phillips, Cramer 23
03 N
) - J R1 N~
/J/i =\ 1) macrocyclization 1) macrocyclization /IA/ —
N.. S ——————— = Largazole ~—— S
SR 020 0 Y 2) deprotection, 2) deprotection, STr O~ O O NS
S then acylation then acylation S
OtBuNHBoc N
2.63a, R = Tr, Williams 2.60, Doi
2.63b, R = StBu, Ye R' = NHFmoc; R? = CO,Me
o\
) NH N™ o
’ macrocyclization
S E—— Largazole

N
SR 00 O T
MOtBuNHBoc

264, R = COnC7H15
Ghosh, Craig

Scheme 2.15 Summary of total syntheses of largazole

2.3 Conclusion

In summary, we have devised a concise and convergent synthesis of largazole that
is amenable to the synthesis of key analogs. We provided evidence that HDAC is the
molecular target of largazole responsible for its antiproliferative activity. HDACs are
validated targets for anticancer therapy; first-in-class Zolinza (Merck) and FK228 were
recently approved for the treatment of cutaneous T-cell lymphoma, and various other

HDAC inhibitors are in advanced clinical trials.”*" Largazole (2.1) is class I HDAC
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selective, suggesting that it may be a valuable addition to armory against certain types of
cancers. Preliminary SAR studies suggest that thiol group generated by hydrolysis of the
thioester moiety is the warhead and is critical for its HDAC inhibitory and
antiproliferative activity.

Furthermore, a series of largazole analogues (2.27-2.29, 2.34, and 3.41) was
prepared and tested for HDAC inhibitory activity which correlated with their ability to
inhibit cancer cell growth. The biological evaluation of the analogues suggested that the
four-atom linker between the macrocycle and the octanoyl group in the side chain and the
(S)-configuration at C17-position are critical to potent HDAC inhibitory activity of 2.1.
In contrast, the valine residue in the macrocycle can be replaced with alanine without
compromising activity to a large extent. These SAR results would provide insights into
structural requirements for HDAC inhibitory activity including the observed HDAC
selectivity of largazole (2.1) and help in the design of isoform-specific HDAC inhibitors
based on 2.1. Further biological studies with largazole-based inhibitors are currently

underway to assess the chemotherapeutic potential.
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2.4 Experimental sections

Thiazole-methylthiazoline methyl ester 2.7

Ro}@m
N \_ S

BocHN

2.7,R=Me

2.65, R = Et
To a solution of cyanothiazole 2.8 (500 mg, 2.09 mmol) in EtOH (15 mL, 0.15 M)
were added Et;N (1.35 mL, 10.0 mmol) and (R)-2-methyl cysteine methyl ester
hydrochloride (741 mg, 3.98 mmol). After being stirred at 50 °C for 72 h, the reaction
mixture was concentrated and diluted with H,O and CH,Cl,. The layers were separated,
and the aqueous layer was extracted with CH,Cl,. The combined organic layers were
washed with brine, dried over anhydrous Na,SO4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel; hexanes/EtOAc, 2/1 to 1/1) to afford

2.7 as a pale yellow oil (394 mg, 51%) and 2.65 as a pale yellow oil (123 mg, 15%): [For

methyl ester 7]: Ry 0.45 (hexanes/EtOAc, 1/1); [a]*?p=—10.8 (c 0.85, CHCl3); 'H NMR

(400 MHz, CDCl3) & 7.92 (s, 1 H), 5.36 (brs, 1 H), 4.61 (d, J = 6.4 Hz, 2 H), 3.85 (d, J =
11.6 Hz, 1 H), 3.78 (s, 3 H), 3.25 (d, J = 11.2 Hz, 1 H), 1.62 (s, 3 H), 1.44 (s, 9 H); "°C
NMR (100 MHz, CDCls) § 173.6, 169.5, 162.8, 155.6, 148.5, 121.7, 84.5, 80.3, 52.8,
42.2,41.4,28.2, 23.9; IR (neat) 3336, 2976, 1712, 1603, 1515, 1453, 1366, 1278, 1246,

1161, 1118, 1019 cm—l; HRMS (FAB) found 372.1051 [caled for C;5sH2,N304S, (M+H)+
55



372.1052]. [For ethyl ester 2.65]: Ry 0.50 (hexanes/EtOAc, 1/1); [a]***p==13.9 (¢ 1.00,
CHCls); 'H NMR (400 MHz, CDCl3) & 7.89 (s, 1 H), 5.47 (brs, 1 H), 4.58 (d, J = 6.0 Hz,
2 H), 4.20 (ddd, J = 7.2, 7.2, 7.2 Hz, 2 H), 3.82 (d, J = 11.6 Hz, 1 H), 3.21 (d, J = 11.2
Hz, 1 H), 1.59 (s, 3 H), 1.41 (s, 9 H), 1.25 (dd, J = 7.2, 7.2 Hz, 1 H); *C NMR (100
MHz, CDCls) & 172.9, 169.5, 162.5, 155.5, 148.4, 121.5, 84.4, 80.2, 61.7, 42.2, 41.3,
28.2,23.7, 14.0; IR (neat) 3354, 2978, 2933, 1717, 1653, 1521, 1367, 1279, 1248, 1167,

1019 cm-'; HRMS (FAB) found 386.1219 [calcd for C16H243N30,4S, (M+H)" 386.1208].

Amide 2.10

Compound 2.7 (63 mg, 0.17 mmol) was treated with TFA/CH,Cl, (1:2, 1.0 ml) at
room temperature. The resulting mixture was stirred at the same temperature for 1 h, and

then purged by N, to remove TFA and CH,Cl,. The residue was washed with Et,O four

times to remove remaining TFA. This crude TFA-amine salt 2.9 was carried to the next

step without further purification. To a solution of TFA-amine salt 2.9 in CH,Cl, was

added DMAP (62 mg, 0.51 mmol), followed by 2.6 (44 mg, 0.17 mmol). The reaction

mixture was stirred for 1 h at room temperature, quenched with 0.1 N HCI. The layers
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were separated, and the aqueous layer was extracted with EtOAc. The combined organic
layers were washed with brine, dried over anhydrous Na,SQO4, and concentrated in vacuo.
The residue was purified by column chromatography (silica gel; hexanes/EtOAc/CH3;0H,
15/15/1 to 10/10/1) to afford 2.10 as a colorless oil (59 mg, 94%): [For 2.9]: 'H NMR
(400 MHz, CDs;0D) 6 8.34 (s, 1 H), 4.54 (s, 2 H), 3.91 (d, J = 11.2 Hz, 1 H), 3.80 (s, 3
H), 3.39 (d, J = 11.6 Hz, 1 H), 1.62 (s, 3 H); HRMS (FAB) found 272.0531 [calcd for
Ci10H14N50,S, (M+H)+ 272.0527]. [For 2.10]: Rf 0.40 (hexanes/EtOAc¢/CH30H, 10/10/1);
[a]***p=—17.3 (c 1.00, CHCls); 'H NMR (400 MHz, CDCls) & 7.88 (s, 1 H), 7.44 (dd, J
= 6.0, 6.0 Hz, 1 H), 5.82 (ddd, J = 16.8, 10.8, 5.6 Hz, 1 H), 5.24 (d, J = 16.8 Hz, 1 H),
5.07(d,J=10.8 Hz, 1 H), 4.67 (d,J = 6.0 Hz, 2 H), 4.47-4.54 (m, 1 H), 3.96 (d,J = 4.4
Hz, 1 H),3.82(d,/J=11.6 Hz, 1 H), 3.75 (s, 3 H), 3.23 (d, J = 11.6 Hz, 1 H), 2.49 (dd, J
=15.2,3.6 Hz, 1 H), 2.40 (dd, J = 15.2, 8.4 Hz, 1 H), 1.59 (s, 3 H); >C NMR (100 MHz,
CDCl) 6 173.5, 171.9, 168.0, 162.7, 148.0, 139.0, 122.2, 115.2, 84.3, 69.2, 52.8, 42.4,
41.3, 40.7, 23.8; IR (neat) 3293, 3083, 2981, 2951, 1733, 1651, 1602, 1537, 1435, 1287,

1237, 1120 cm—l; HRMS (FAB) found 370.0901 [calcd for C;sHN304S; (M+H)+

370.0895].
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Ester 2.11

@)
N
H
2.11, Rl = COzMe
R, = NHBoc

To a stirred solution of N-Boc-L-valine (2.5) (445 mg, 2.05 mmol) and Et;N (0.32

mL, 2.34 mmol) in THF (20.0 mL, 0.10 M) was added 2,4,6-trichlorobenzoyl chloride at

0 °C. After being stirred at the same temperature for 1 h, to the resulting mixture were

added a solution of 2.10 (540 mg, 1.46 mmol) and DMAP (211 mg, 1.73 mmol). After
being stirred at room temperature for 10 h, the reaction mixture was quenched with half-
saturated aqueous NH4Cl solution and diluted with EtOAc. The layers were separated,
and the aqueous layer was extracted with EtOAc. The combined organic layers were
washed with brine, dried over anhydrous Na,SO4, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, hexanes/EtOAc¢/CH;OH, 10/10/1) to
afford 2.11 as a colorless oil (828 mg, 99%): R¢ 0.50 (hexanes/EtOAc/CH3;0OH, 10/10/1);
[a]**'p=+3.43 (¢ 1.46, CHCls); '"H NMR (400 MHz, CDCl3) 8 7.90 (s, 1 H), 7.31 (dd, J
=5.6,5.6 Hz, 1 H), 5.87 (ddd, J = 16.8, 11.6, 6.4 Hz, 1 H), 5.63-5.67 (m, 1 H), 5.33 (d,
J=16.8 Hz, 1 H), 5.22 (d, J = 11.6 Hz, 1 H), 5.01 (d, J = 7.6 Hz, 1 H), 4.76 (dd, J =
16.4, 6.0 Hz, 1 H), 4.70 (dd, J = 16.0, 6.0 Hz, 1 H), 3.96 (dd, J = 8.0, 6.4 Hz, 1 H), 3.84
(d,J=112Hz,1H),3.77 (s, 3 H),3.24 (d, /= 11.6 Hz, 1 H), 2.67 (dd, J = 14.4, 5.2 Hz,

1 H), 2.61 (dd, J = 14.4, 6.0 Hz, 1 H), 1.96-2.06 (m, 1 H), 1.61 (s, 3 H), 1.37 (s, 9 H),
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0.92 (d, J = 6.8 Hz, 3 H), 0.89 (d, J = 7.2 Hz, 3 H); *C NMR (100 MHz, CDCls) &
173.6, 171.6, 169.0, 168.7, 162.8, 155.9, 148.2, 134.1, 122.0, 118.2, 118.2, 84.4, 72.1,

59.4, 52.9, 41.4, 41.1, 30.5, 28.2, 23.9, 19.0, 18.0; IR (neat) 3726, 3709, 3628, 3325,
2972, 1735, 1716, 1605, 1507, 1367, 1243, 1159, 1120 cm-'; HRMS (FAB) found

569.2108 [calcd for CosHisN4O7S, (M+H)" 569.2104].

Macrocycle 2.3

Rl __S Rl __S
) R, N‘g_\ LiOH (1 eq) ) R, N

- THF/H,0 -

o0 O j 0°C 3h o0 O j
WJ\N ’ WJ\N
H H
2.11, R; = CO,Me 2.12, R, = CO,H
R, = NHBoc R, = NHBoc
o)
X s s
) R, N _ HATU, i-Pr,NEt ) NH NgS:\
TFA/CH,Cl, (1:5) i Nk HOAL, CH,Cl, L T\
- 00 0 j/ o 0“0 O j/
ry, 2 I,
WN 64 % (for three steps) WJ\N
H H
2.4, Rl = COZH 2.3
R, = NH,-TFA

To a stirred solution of 2.11 (185 mg, 0.325 mmol) in THF/H,O (4:1, 10 mL) was
added dropwise 0.5 N LiOH (0.65 mL, 0.325 mmol) at 0 °C. After being stirred at 0 °C
for 3 h, the resulting mixture was acidified with 1 M KHSOj solution to pH ~3.0, and

diluted with EtOAc. The layers were separated, and the aqueous layer was extracted with

EtOAc. The combined organic layers were washed with brine, dried over anhydrous
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Na,S0s4, and concentrated in vacuo. This crude carboxylic acid 2.12 was carried to the
next step without further purification. The carboxylic acid 2.12 was treated with
TFA/CH,Cl; (1:5, 5 mL). After being stirred at room temperature for 2 h, the residue was
purged by N, to remove TFA and CH,Cl,, then washed with Et,O four times to remove
remaining TFA. To a solution of the crude 2.4 in CH,Cl, (325 mL, 1 mM) was added
HATU (247 mg, 0.65 mmol), HOAt (88 mg, 0.65 mmol), and i-Pr,NEt (0.24 mL, 1.30
mmol). The reaction mixture was stirred at room temperature for 24 h and then
concentrated in vacuo. The residue was diluted with H;O and EtOAc. The layers were
separated, and the aqueous layer was extracted with EtOAc. The combined organic layers
were washed with brine, dried over anhydrous Na,SO4, and concentrated in vacuo. The
residue was purified by column chromatography (silica gel, hexanes/EtOAc/CH;0H,
10/10/1) to afford 2.3 as a white crystal. [For crude 2.12]: NMR (400 MHz, CD;0OD) 6
8.16 (s, 1 H), 6.82 (d,J = 8.8 Hz, 1 H), 5.89 (ddd, J = 17.2, 10.8, 6.4 Hz, 1 H), 5.69 (ddd,
J=64,64,64Hz 1H),533(d,J=17.2Hz 1 H),5.21(d,J=10.8 Hz, 1 H), 4.64 (d,

J =28.0 Hz, 2 H), 4.00-4.04 (m, 1 H), 3.85 (d,J = 11.6 Hz, 1 H), 3.32 (d, J = 12.0 Hz, 1
H), 2.69 (dd, J = 14.8, 8.4 Hz, 1 H), 2.63 (dd, J = 14.8, 5.6 Hz, 1 H), 2.03-2.10 (m, 1 H),
1.59 (s, 3 H), 1.44 (s, 9 H), 0.92 (d, J = 6.8 Hz, 3 H), 0.89 (d, J = 6.8 Hz, 3 H); HRMS
(FAB) found 555.1951 [calcd for Co4H3sN4O5S; (M+H)™ 555.1947]. [For crude 2.4]: 'H
NMR (400 MHz, CDs;0D) & 8.27 (s, 1 H), 5.93 (ddd, J = 17.2, 10.4, 7.2 Hz, 1 H), 5.77-
5.82(m,1H),542(d,J=172Hz 1 H),5.32(d,J=10.4 Hz, 1 H), 4.68 (d,J =3.6 Hz,

2H),3.92(d,J=11.6 Hz, 1 H), 3.89 (d, J = 4.4 Hz, 1 H), 3.42 (d, J = 11.6 Hz, 1 H),
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2.76 (dd, J = 14.4, 8.0 Hz, 1 H), 2.70 (dd, J = 14.4, 5.6 Hz, 1 H), 2.25-2.33 (m, 1 H),
1.66 (s, 3 H), 1.047 (d, J = 7.2 Hz, 3 H), 1.044 (d, J = 7.2 Hz, 3 H); HRMS (FAB) found
455.1423 [calcd for Ci9H;7N405S, (MJrH)+ 455.1423]. [For macrocycle 2.3]: Rf 0.30
(hexanes/EtOAc/CH;OH, 10/10/1); Mp: 210-211 °C . [a]*>*p= +60.2 (¢ 1.00, CH;0H);
'H NMR (400 MHz, CDCls) & 7.75 (s, 1 H), 7.17 (d, J = 9.2 Hz, 1 H), 6.49 (dd, J = 8.8,
2.4 Hz, 1 H), 5.84 (ddd, J = 17.6, 10.4, 6.0 Hz, 1 H), 5.65-5.69 (m, 1 H), 5.34 (d, J =
17.6 Hz, 1 H), 5.26 (d, J = 10.4 Hz, 1 H), 5.25 (dd, J = 18.0, 8.4 Hz, 1 H), 4.60 (dd, J =
9.6, 3.6 Hz, 1 H), 4.24 (dd, J = 17.6, 3.2 Hz, 1 H), 4.02 (d,J = 11.2 Hz, 1 H), 3.25(d, J
=11.6 Hz, 1 H), 2.83 (dd, J = 16.4, 10.4 Hz, 1 H), 2.70 (dd, J = 16.4, 2.8 Hz, 1 H), 2.05—
2.13 (m, 1 H), 1.84 (s, 3 H), 0.67 (d, J = 6.8 Hz, 3 H), 0.50 (d, J = 6.8 Hz, 3 H); °C
NMR (100 MHz, CDCl3) & 173.5, 169.2, 168.8, 167.8, 164.5, 147.4, 134.7, 124.2, 117.8,
84.3, 72.2, 57.6, 43.2, 41.0, 40.0, 34.1, 24.1, 18.8, 16.6; IR (neat) 3364, 2960, 2920,
1710, 1681, 1602, 1515, 1267, 1245 cm™'; HRMS (FAB) found 437.1308 [calcd for

C19H2sN404S, (M+H)" 437.1317].

Thioester 2
Br TN
(0] O
M NaH’ THF /\/\/\)J\
SH — ST
25°C,12h
o)
214 81% 2.2

To a solution of 2.14 (230 mg, 1.44 mmol) in dry THF (10.0 mL, 0.144 M) was

added NaH (100 mg, 2.10 mmol) at 25 °C. After stirring at 25 °C for 10 min, 4-bromo-1-
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butene (0.21 mL, 2.02 mmol) was added dropwise into the reaction mixture. After

stirring at 25 °C for 12 h, the mixture was filtered and concentrated in vacuo. The residue

was purified by column chromatography (silica gel, hexanes/EtOAc, 100/0 to 100:1) to
afford thioester 2.2 (250 mg, 81%) as a colorless oil: R; 0.50 (hexanes/EtOAc, 20/1); 'H
NMR (400 MHz, CDCls) 6 5.77 (dddd, J = 17.6, 10.8, 6.4, 6.4 Hz, 1 H), 5.07 (d, J =
17.6 Hz, 1 H), 5.03 (d, J = 10.8 Hz, 1 H), 2.93 (dd, J = 7.2, 7.2 Hz, 2 H), 2.53 (dd, J =

7.2,7.2 Hz, 2 H), 2.31 (ddd, J = 6.8, 6.8, 6.8 Hz, 2 H), 1.60-1.68 (m, 2 H), 1.24-1.34 (m,

8 H), 0.87 (dd, J = 6.4, 6.4 Hz, 3 H); °C NMR (100 MHz, CDCl3) & 199.5, 136.1, 116.4,
44.1, 33.7, 31.6, 28.88, 28.87, 28.0, 25.7, 22.6, 14.0; IR (neat) 2928, 2869, 1692, 1142

cm—l; HRMS (EI) found 214.1390 [calcd for C;,H,,0S (M)+ 214.1391].

Largazole (2.1)

O 2.2
n-C7Hl5 S/\/\
> o
\\‘ACS Grubbs \\‘ACS
) NH N’g_\ second-generation catalyst ) ‘S_\
/I/i N& S
o0 O j/ reflux, 4 h i o0 O j/
64% BRSM W
WH n-C7H15 S AN H
2.3 (+)-Largazole (2.1)

toluene

To a solution of macrocycle 2.3 (22.5 mg, 0.052 mmol) in dry toluene (2.0 mL,

0.026 M) were added thioester 2.2 (0.40 mL, 0.26 M in toluene, 0.10 mmol) and Grubbs’

second-generation catalyst (0.20 mL, 0.052 M in toluene, 0.010 mmol). The resulting

mixture was stirred at 110 °C for 1 h. An addition of thioester 2.2 (0.2 mL, 0.26 M in
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toluene, 0.052 mmol) and Grubbs’ second-generation catalyst (0.10 mL, 0.052 M in
toluene, 0.0052 mmol) was repeated three times every 1 h. The reaction mixture was
cooled to room temperature and a few drops of DMSO were added. The mixture was
stirred for overnight and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, hexanes/EtOAc/CH;0H, 15:15:1 to 10:10:1) to afford 2.1
((E)-isomer only) as a white solid (13.3 mg, 41%, 64% based on recovered starting
material): Ry 0.43 (hexanes/EtOAc/CH;OH, 10/10/1); [a]**®p = +38.9 (¢ 0.027, CH;0H)
[lit. [0]*°p = +22 (¢ 0.1, CH;0H)]; "H NMR (400 MHz, CDCl3) § 7.76 (s, 1 H), 7.16 (d, J
=9.6 Hz, 1 H), 6.41 (dd, J = 9.2, 2.8 Hz, 1 H), 5.83 (ddd, J = 15.6, 7.2, 7.2 Hz, 1 H),
5.66 (ddd, J = 10.0, 7.2, 2.4 Hz, 1 H), 5.51 (dd, J = 15.6, 7.2 Hz, 1 H), 5.29 (dd, J =
17.6,9.6 Hz, 1 H), 4.61 (dd, J = 9.2, 3.2 Hz, 1 H), 4.27 (dd, J = 17.6, 2.8 Hz, 1 H), 4.05
(d,J =112 Hz, 1 H), 3.28 (d, J = 11.6 Hz, 1 H), 2.90 (dd, J = 7.2, 7.2 Hz, 2 H), 2.87
(dd, J =16.4,10.4 Hz, 1 H), 2.69 (d, J = 16.4,2.8 Hz, 1 H), 2.53 (dd, J = 7.6, 7.6 Hz, 2
H), 2.31 (ddd, J =7.2,7.2,7.2 Hz, 2 H), 2.07-2.14 (m, 1 H), 1.87 (s, 3 H), 1.61-1.68 (m,
2 H), 1.26-1.29 (m, 8 H), 0.88 (brdd, J = 6.8, 6.8 Hz, 3 H), 0.69 (d, J = 6.8 Hz, 3 H),
0.52 (d, J = 7.2 Hz, 3 H); >C NMR (100 MHz, CDCl;) & 199.4, 173.5, 169.4, 168.9,

167.9, 164.5, 147.5, 132.7, 128.4, 124.2, 84.5, 72.0, 57.7, 44.1, 43.3, 41.1, 40.5, 34.2,

32.3, 31.6, 28.9, 27.9, 25.6, 24.2, 22.6, 18.9, 16.6, 14.1; IR (neat) 3368, 2929, 2853,

1734, 1684, 1507, 1448, 1257, 1146, 1025 cm~'; HRMS (FAB) found 623.2397 [calcd

for C20H43N405S3 (M+H) " 623.2396].
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Acetyl analog 15

O 216
O s Grubbs' O s
N= second-generation catalyst N=
., ~NH toluene ., ~NH AS_\
/I/i N« S reflux, 4 h J/i Ny S
0”0 © j 71%BRSM O 0”0 © ]/
23 H 215 H

To a solution of macrocycle 2.3 (29.1 mg, 0.067 mmol) in dry toluene (2.0 mL,

0.034 M) were added thioester 2.16 (0.2 mL, 0.67 M in toluene, 0.134 mmol) and Grubbs’

second-generation catalyst (0.20 mL, 0.067 M in toluene, 0.0134 mmol). The resulting

mixture was stirred at 110 °C for 1 h. An addition of thioester 2.16 (0.10 mL, 0.67 M in

toluene, 0.067 mmol) and Grubbs’ second-generation catalyst (0.10 mL, 0.067 M in

toluene, 0.0067 mmol) was repeated three times every 1 h. The reaction mixture was
cooled to room temperature and a few drops of DMSO were added. The mixture was
stirred for overnight and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, CH,Cl,/EtOAc, 1/1 to 1/2) to afford 2.15 ((£)-isomer only) as
a white solid (19.2 mg, 54%, 71% based on recovered starting material): Ry 0.26 (CH,Cl,/
EtOAc, 1/2); [a]*?p = +37.8 (¢ 0.077, CHCl;) '"H NMR (400 MHz, CDCl3) & 7.76 (s, 1
H), 7.16 (d,J = 9.2 Hz, 1 H), 6.42 (dd, J = 9.6, 2.8 Hz, 1 H), 5.81 (ddd, J = 15.6, 6.8, 6.8
Hz, 1 H), 5.66 (ddd, J = 9.6, 6.8, 2.6 Hz, 1 H), 5.51 (dd, J = 15.6, 6.8 Hz, 1 H), 5.28 (dd,
J=17.6,9.6 Hz, 1 H), 4.60 (dd, J = 9.6, 3.6 Hz, 1 H), 4.27 (dd, J = 17.6, 3.6 Hz, 1 H),
4.04 (d,J =11.2 Hz, 1 H), 3.27 (d, J = 11.2 Hz, 1 H), 2.90 (dd, J = 7.2, 7.2 Hz, 2 H),

64



2.84 (dd, J = 16.4, 10.0 Hz, 1 H), 2.68 (dd, J = 16.4, 2.8 Hz, 1 H), 2.32 (s, 3 H), 2.26—
2.36 (m, 2 H), 2.10 (ddddd, J = 6.8, 6.8, 6.8, 6.8, 3.2 Hz, 1 H), 1.87 (s, 3 H), 0.68 (d, J =
6.8 Hz, 1 H), 0.51 (d, J = 6.8 Hz, 1 H), *C NMR (100 MHz, CDCl3) § 195.6, 173.5,
169.4, 168.9, 167.9, 164.5, 147.5, 132.5, 128.4, 124.2, 84.4, 72.0, 57.7, 43.3, 41.1, 40.4,
34.2,32.1, 30.6, 28.2, 24.2, 18.9, 16.6; IR (neat) 3370.1, 2961.1, 2927.9, 1732.9, 1670.7,
1596.3, 1506.7, 1243.5, 1114.5, 1028.4 cm-'; HRMS (FAB) found 539.1456 [calcd for

Cy3H31N405S3 (M+H) ™ 539.1457].

Preparation of 2.17

2.18
TIPSO” "X

O s Grubbs' 0 S
N= second-generation catalyst N=
, NH AS_\ toluene ., _NH

OJ/: N S reflux,3 h 4[ N S

N

\/(l)\)()']\ j/ 50% /\/O\/cl)\)()']\ ]/
X N TIPSO X N
23 H 2.17H

To a solution of macrocycle 2.3 (29.7 mg, 0.068 mmol) in dry toluene (1.5 mL,
0.045 M) were added 1-triisopropylsilyloxy-3-butene (2.18) (0.136 mL, 0.5 M in toluene,
0.068 mmol) and Grubbs” second-generation catalyst (0.136 mL, 0.05 M in toluene,
0.0068 mmol). The resulting mixture was stirred at 110 °C for 1 h. An addition of 1-
triissopropylsilyloxy-3-butene (2.18) (0.136 mL, 0.5 M in toluene, 0.068 mmol) and
Grubbs’ second-generation catalyst (0.136 mL, 0.05 M in toluene, 0.0068 mmol) was

repeated two times every 1 h. The reaction mixture was cooled to room temperature and a
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few drops of DMSO were added. The mixture was stirred for overnight and concentrated
in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 1/1) to afford 2.17 (E:Z =>9:1) as a viscous oil (21.5 mg, 50%): R¢ 0.37
(hexane/EtOAc, 1/2); [a]®'p = +18.3 (¢ 0.22, CHCLy); 'H NMR (400 MHz, CDCl;) &
7.76 (s, 1 H), 7.16 (d, J = 9.2 Hz, 1 H), 6.41 (dd, J = 9.6, 2.8 Hz, 1 H), 5.90 (ddd, J =
16.4, 6.4, 6.4 Hz, 1 H), 5.68 (ddd, J = 10.0, 7.2, 2.4 Hz, 1 H), 5.52 (dd, J = 15.6, 7.2 Hz,
1 H), 5.29 (dd, J = 17.6, 9.6 Hz, 1 H), 4.60 (dd, J = 9.6, 3.6 Hz, 1 H), 4.25 (dd, J = 17.6,
3.2Hz,1H),4.05(d,J=11.2Hz, 1 H), 3.70 (ddd, J = 6.4, 6.4, 1.2 Hz, 2 H), 3.27 (d, J =

11.6 Hz, 1 H), 2.85 (dd, J = 16.4, 10.4 Hz, 1 H), 2.69 (dd, J = 16.4, 2.8 Hz, 1 H), 2.23—
2.33 (m, 2 H), 2.11(ddddd, J = 6.8, 6.8, 6.8, 6.8, 3.6 Hz, 1 H), 1.86 (s, 3 H), 1.02-1.07 (m,

21 H), 0.68 (d, J = 6.8 Hz, 3 H), 0.51 (d, J = 6.8 Hz, 3 H); °C NMR (100 MHz, CDCl5) &
173.5, 169.5, 168.8, 167.9, 164.5, 147.5, 132.3, 128.1, 124.1, 84.4, 72.2, 62.5, 57.7, 43.3,

41.0, 40.5, 36.0, 34.2, 24.2, 18.9, 18.0, 16.6, 11.9; IR (neat) 2926.8, 2864.1, 1735.0,

1670.1, 1500.4, 1257.5, 1243.7, 1109.2, 1030.3, 988.9, 970.7, 841.0, 679.8, 669.7 cm-';

HRMS (FAB) found 637.2919 [calcd for C30H4oN405S,Si (M+H)" 637.2914].

Hydroxyl analog 19

N s o s
N= ) N=
) NH ‘S:\ TBAF, THF v, ~NH ‘S:\
JA/ N S _mih J/i N S
OO0 O j 76% OO0 O j
T|Pso/\/\/l\)J\N HO/\/\/I\)J\N
217 H 219 H
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To a stirred solution of TIPS-ether 2.17 (16.1 mg, 0.025 mmol) in THF (1 mL,
0.025 M) was added TBAF (0.5 mL, 0.1 M, 0.05 mmol) at room temperature. After being
stirred at the same temperature for 1 h, the reaction mixture was quenched with aqueous
saturated NH4Cl, and diluted with CH,Cl, (5 mL). The layers were separated, and the
aqueous layer was extracted with CH,Cl, (2 x 5 mL). The combined organic layers were
washed with brine, dried over anhydrous Na,SO,, and concentrated in vacuo. The residue
was purified by column chromatography (silica gel; EtOAc¢/CH3;OH, 10/1 to 5/1) to afford
2.19 as a viscous oil (9.2 mg, 76%): R; 0.31 (EtOAc/CH;OH, 10/1); [a]*"*p= +15.7 (¢
0.15, CHCl;); '"H NMR (400 MHz, CDCl3) 8 7.76 (s, 1 H), 7.26 (d, J = 9.2 Hz, 1 H), 6.79
(dd, J = 8.0, 2.8 Hz, 1 H), 6.02 (ddd, J = 15.6, 8.4, 8.4 Hz, 1 H), 5.71-5.74 (m, 1 H), 5.62
(dd, J = 15.6, 5.6 Hz, 1 H), 5.18 (dd, J = 17.6, 8.4 Hz, 1 H), 4.58 (dd, J = 9.2, 4.4 Hz, 1
H), 4.33 (dd, J =17.2,3.6 Hz, 1 H), 4.02 (d, J = 11.2 Hz, 1 H), 3.69 (ddd, J = 11.2, 6.0,
6.0 Hz, 1 H), 3.58 (ddd, J =11.2, 5.6, 5.6 Hz, 1 H), 3.29 (d,J = 11.6 Hz, 1 H), 2.83 (dd, J
=16.4,7.6 Hz, 1 H), 2.73 (dd, J = 16.4, 4.0 Hz, 1 H), 2.33 (ddd, J = 6.4, 6.4, 6.4 Hz, 2
H), 2.03 (ddddd, J = 7.2, 7.2,7.2,7.2,4.4 Hz, 1 H), 1.86 (s, 3 H), 0.72 (d, J = 6.8 Hz, 3
H), 0.59 (d, J = 6.8 Hz, 3 H), °C NMR (100 MHz, CDCl3) & 173.2, 169.1, 168.1, 168.0,
165.2, 147.4, 131.7, 128.6, 124.1, 84.3, 71.0, 61.4, 58.1, 43.2, 41.1, 40.7, 35.8, 33.7, 24.2,
18.8, 17.0; IR (neat) 3373.0, 2960.8, 2926.7, 1731.9, 1662.0, 1506.6, 1242.5, 1031.8,

971.2, 732.5 cm‘l; HRMS (FAB) found 481.1599 [calcd for C;;H29N4OsS; (MJrH)+

481.1579].

67



Aminolysis of thioester 2.15

N= ag. NHy ) —
) ’INH Ag:\ CHLCN b NHNTN
o) o) oN\S rt, 12h /l; No S
. o0 O
)J\ /\/\/I\)J\ 80% /\/WJ\
S N HS N
H H
2.15 2.20

To a solution of thioester 2.15 (2.3 mg, 0.0043 mmol) in CH3CN (0.5 mL, 0.0086
M) was added aqueous NH3 (28.9%, 0.05 mL). The resulting mixture was stirred at room
temperature for 12 h and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, EtOAc/CH3;OH, 10/0 to 10/1) to afford thiol 2.20 as a
colorless oil (1.7 mg, 80%). R¢0.35 (EtOAc/CH;0H, 10/1); '"H NMR (400 MHz, CDCls)
87.79 (s, 1 H), 7.18 (d, J = 9.2 Hz, 1 H), 6.64 (dd, J = 8.8, 3.2 Hz, 1 H), 5.89 (ddd, J =
15.6, 6.8, 6.8 Hz, 1 H), 5.69 (dd, J = 6.8, 6.8 Hz, 1 H), 5.54 (dd, J = 15.6, 6.8 Hz, 1 H),
5.25(dd, J =17.6,9.2 Hz, 1 H), 4.61 (dd, J = 9.6, 3.6 Hz, 1 H), 4.21 (dd, J = 17.6, 3.2
Hz, 1 H),4.03 (d,J=11.2Hz, 1 H), 3.28 (d,J = 11.2 Hz, 1 H), 2.87 (dd, J = 16.4, 10.0
Hz, 1 H), 2.71 (dd, J = 6.8, 6.8 Hz, 1 H), 2.68-2.75 (m, 1 H), 2.44 (ddd, J =7.2,7.2,7.2
Hz, 2 H), 2.07-2.13 (m, 1 H), 1.86 (s, 3 H), 0.70 (d, / = 6.8 Hz, 1 H), 0.53 (d, / = 6.8 Hz,
1 H), IR (neat) 3374.5, 3305.1, 2961.8, 2929.1, 2851.4, 1731.6, 1666.2, 1596.7, 1502.7,
1237.0, 1179.8, 1114.4, 1020.4 cm'; HRMS (FAB) found 497.1354 [calcd for

C21H29N,04S3 (M+H)" 497.1351].

Aminolysis of Largazole (2.1)
68



rt, 18h
/\/\/\)?\ /\/O\/l\)J\ ]/ or /\/O\/l\)o.i j/
s X N HS N
21 H 2.20 H

To a solution of largazole (2.1) (2.5 mg, 0.004 mmol) in CH;CN (0.5 mL, 0.008
M) was added aqueous NH3 (28.9%, 0.05 mL). The resulting mixture was stirred at room
temperature for 18 h and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, EtOAc/CH3OH, 10/0 to 10/1) to afford thiol 2.20 as a

colorless oil (1.4 mg, 70%).

Attempts for Macrolactonization Route

1) Yamaguchi macrolactonization
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N_&? a N{? b - Orﬁ@;?

No.S — Ne. S — R N _S

OH O j/ OH O j OH O ]/
\/'\)J\N \/'\)J\N WN
H H H

2.10 2.66 2.67, R = CO,Me

[

OWS OWS
P P
c /l/NH _ d j/iNH _
N _S 7%’ NS
RoH o j/ 0“0 o j(
H H
2.68, R = CO,H 2.3

(a) 0.5 N LiOH, THF, H,0, 0 °C, 0.5 h, then 25 °C, 1 h; (b) L-valine methyl ester
hydrochloride, EDC, i-Pr,NEt, CH,Cl,, 25 °C, 12h, 70% (two steps); (c) 0.5 N LiOH,

THF, H,0, 0 °C, 0.5 h, then 25 °C, 1 h, > 90%; (d) 2,4,6-trichlorobenzoyl chloride, Et;N,

THF, 0 °C, 1 h; then 2.68, DMAP, 25 °C, 3 h.

To a stirred solution of 2.10 (69 mg, 0.188 mmol) in THF/H,O (4:1, 2.0 mL,

0.094 M) was added dropwisely 0.5 N LiOH (0.56 mL, 0.28 mmol) at 0 °C. After being

stirred at 0 °C for 0.5 h and at 25 °C for 1 h, the resulting mixture was acidified with 1 M

KHSOy solution to pH ~3.0 and diluted with EtOAc. The layers were separated and the

aqueous layer was extracted with EtOAc. The combined organic layers were washed with

brine, dried over anhydrous Na,SO4, and concentrated in vacuo. The crude carboxylic

acid 2.66 was carried to the next step without further purification. To a stirred solution of

carboxylic acid 2.66 and L-valine methyl ester hydrochloride (38 mg, 0.23 mmol) in

CH,Cl; (2.0 mL, 0.094 M) was added EDC (108 mg, 0.564 mmol) and i-Pr,NEt (0.098
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mL, 0.564 mmol). After being stirred at 25 °C for 24 h, the residue was concentrated in

vacuo and purified by column chromatography (silica gel, EtOAc¢/CH,Cl,, 2/1) to afford
2.67 (63 mg, 70%) as a colorless oil. To a stirred solution of 2.67 (19 mg, 0.041 mmol) in
THF/H,0 (4:1, 1.5 mL, 0.027 M) was added dropwise 0.5 N LiOH (0.12 mL, 0.06 mmol)
at 0 °C. After being stirred at 0 °C for 0.5 h and at 25 °C for 1 h, the resulting mixture
was acidified with 1 M KHSOj solution to pH ~3.0 and diluted with EtOAc. The layers
were separated and the aqueous layer was extracted with EtOAc. The combined organic
layers were washed with brine, dried over anhydrous Na,;SOs, and concentrated in vacuo.
The crude carboxylic acid 2.68 was carried to the next step without further purification.
[For crude carboxylic acid 2.66]: NMR (400 MHz, CDCls) 6 7.85 (s, 1 H), 7.14 (dd, J =
6.0, 5.6 Hz, 1 H), 5.90 (ddd, J = 16.8, 10.4, 5.6 Hz, 1 H), 5.32 (d,J = 17.2 Hz, 1 H), 5.15
(d, /=104 Hz, 1 H), 4.87 (dd, J = 16.8, 6.8 Hz, 1 H), 4.63 (dd, J = 16.4, 5.6 Hz, 1 H),
4.56-4.60 (m, 1 H),3.93 (d,J=11.6 Hz, 1 H),3.37 (d,J = 11.6 Hz, 1 H), 2.57 (dd, J =
14.43.2 Hz, 1 H), 2.46 (dd, J = 14.4, 9.2 Hz, 1 H), 1.67 (s, 3 H); HRMS (FAB) found
356.0731 [caled for C14H;gN304S; (M+H)" 356.0739]. [For 2.67]: R; 0.30
(EtOAc/CH,Cly, 2/1); [a]*’p = —44.2 (¢ 0.57, CHCL;); '"H NMR (400 MHz, CDCl5) &
7.93 (s, 1 H), 7.23-7.26 (brs, 1 H), 7.23 (d, J = 3.2 Hz, 1 H), 5.88 (ddd, J = 16.8, 10.4,
52 Hz,1H),529(d,J=17.2Hz, 1 H),5.12(d,J = 10.8 Hz, 1 H), 4.75 (dddd, J = 16.4,
16.4,16.4, 6.0 Hz, 2 H), 4.51-4.57 (m, 1 H), 4.49 (dd, J = 9.2, 5.2 Hz, 1 H), 3.76 (d, J =
11.6 Hz, 1 H), 3.74 (s, 3 H), 3.33 (d, J = 11.6 Hz, 1 H), 2.55 (dd, J = 15.2, 3.6 Hz, 1 H),

2.45(dd, J = 15.2, 8.4 Hz, 1 H), 2.09-2.18 (m, 1 H), 1.58 (s, 3 H), 0.86 (d, J = 6.8 Hz, 3
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H), 0.82 (d, J = 6.8 Hz, 3 H); >°C NMR (100 MHz, CDCl3) & 174.5, 172.1, 171.8, 168.1,
163.0, 148.4, 139.0, 122.0, 115.4, 85.1, 69.4, 57.0, 52.1, 42.5, 41.5, 40.8, 31.0, 24.6, 19.0,
17.7; IR (neat) 3726, 3703, 3627, 3364, 2965, 1741, 1653, 1521, 1219 cm'; HRMS
(FAB) found 469.1576 [calcd for CaoHN4OsS, (M+H)™ 469.1579]. [For crude
carboxylic acid 2.68]: NMR (400 MHz, CDCls) 6 7.92 (s, 1 H), 7.42 (dd, J = 6.0, 6.0 Hz,
1 H), 7.37 (d, J = 8.8 Hz, 1 H), 5.88 (ddd, J = 17.2, 10.4, 5.6 Hz, 1 H), 5.29 (d, J = 17.2
Hz, 1 H), 5.12 (d, J = 10.4 Hz, 1 H), 4.64 (dddd, J = 16.0, 16.0, 16.0, 6.0 Hz, 2 H), 4.55-
4.60 (m, 1 H), 4.48 (dd, J = 8.8, 5.6 Hz, 1 H), 3.80 (d, J = 11.6 Hz, 1 H), 3.37 (d, J =
11.6 Hz, 1 H), 2.57 (dd, J = 14.4, 3.2 Hz, 1 H), 2.43 (dd, J = 14.4, 8.8 Hz, 1 H), 2.18-

2.27 (m, 1 H), 1.60 (s, 3 H), 0.92 (d, J = 6.8 Hz, 3 H), 0.88 (d, J = 6.8 Hz, 3 H).

2) Mitsunobu macrolactonization
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2.74,R = CO,H
(a) 0.5 N LiOH, THF, H,0, 0 °C, 0.5 h, then 25 °C, 1 h; (b) L-valine methyl ester
hydrochloride, EDC, i-ProNEt, HOAt, CH,Cl,, 25 °C, 12h, 89% (two steps); (c) TFA,
CH,Cly, 25 °C, h, 1 h; (d) DMAP, CH,Cl,, 25 °C, 12 h, 64% (two steps); (e) 0.5 N LiOH,
THF, H,0, 0 °C, 0.5 h, then 25 °C, 3 h, > 90%; (f) PPhs;, DIAD, TsOH H,O, THF, 25 °C,
30 min, then 30, 0 °C, 2h.

To a stirred solution of 2.7 (150 mg, 0.323 mmol) in THF/H,O (4:1, 2.0 mL,

0.162 M) was added dropwise 0.5 N LiOH (0.97 mL, 0.485 mmol) at 0 °C. After being
stirred at 0 °C for 0.5 h and at 25 °C for 1 h, the resulting mixture was acidified with 1 M

KHSO;, solution to pH ~3.0 and diluted with EtOAc. The layers were separated and the
aqueous layer was extracted with EtOAc. The combined organic layers were washed with
brine, dried over anhydrous Na;SO4, and concentrated in vacuo. The crude carboxylic
acid 2.69 was carried to the next step without further purification. To a stirred solution of

carboxylic acid 2.69 and L-valine methyl ester hydrochloride (84 mg, 0.50 mmol) in
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CHClI; (3.0 mL, 0.108 M) was added EDC (234 mg, 1.22 mmol), i-Pr,NEt (0.212 mL,
1.22 mmol) and HOAt (55 mg, 0.41 mmol). After being stirred at 25 °C for 12 h, the
residue was concentrated in vacuo and purified by column chromatography (silica gel,
EtOAc/CH,Cly, 2/1) to afford 2.70 (174 mg, 89%) as a colorless oil. Compound 2.70 (57

mg, 0.118 mmol) was treated with TFA/CH,Cl, (1:2, 1.0 mL, 0.118 M) at 25 °C. The
resulting mixture was stirred at 25 °C for 1 h, and then purged by N, to remove TFA and

CH,Cl,. The residue was washed with Et,O four times to remove remaining TFA. The

crude TFA-amine salt 2.71 was carried to the next step without further purification. To a

solution of TFA-amine salt 2.71 in CH,Cl, (2.0 mL, 0.059 M) was added DMAP (40 mg,

0.32 mmol), followed by 2.72% (33 mg, 0.107 mmol). The reaction mixture was stirred

for 12 h at 25 °C, quenched with 0.1 N HCL. The layers were separated, and the aqueous

layer was extracted with EtOAc. The combined organic layers were washed with brine,
dried over anhydrous Na,SOs, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel; hexanes/EtOAc/CH;OH, 15/15/1 to 10/10/1) to
afford 2.73 as a colorless oil (33 mg, 64%). To a stirred solution of 2.73 (33 mg, 0.069
mmol) in THF/H,O (4:1, 1.5 mL, 0.046 M) was added dropwise 0.5 N LiOH (0.21 mL,

0.103 mmol) at 0 °C. After being stirred at 0 °C for 0.5 h and at 25 °C for 3 h, the

resulting mixture was acidified with 1 M KHSOj4 solution to pH ~3.0 and diluted with
EtOAc. The layers were separated and the aqueous layer was extracted with EtOAc. The
combined organic layers were washed with brine, dried over anhydrous Na,SO4, and

concentrated in vacuo. The crude carboxylic acid 2.74 was carried to the next step
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without further purification. [For carboxylic acid 2.69]: NMR (400 MHz, CDCl;) 9.50—
9.58 (brs, 1 H), 6 7.98 (s, 1 H), 5.46-5.53 (brs, 1 H), 4.61 (d,J = 6.0 Hz, 1 H), 3.89 (d, J
=11.6 Hz, 1 H), 3.32 (d, J = 11.6 Hz, 1 H), 1.68 (s, 3 H), 1.45 (s, 9 H). [For 2.70]: R¢
0.50 (EtOAc/hexane, 1/1); "H NMR (400 MHz, CDCl3) & 7.93 (s, 1 H), 7.17 (d, J = 8.8
Hz, 1 H), 5.42-5.48 (brs, 1 H), 4.61 (d, 6.0 Hz, 1 H), 4.49 (dd, J = 8.8, 5.2 Hz, 1 H), 3.76
(d, J =11.6 Hz, 1 H), 3.73(s, 3H), 3.31 (d, J = 11.2 Hz, 1 H), 2.09-2.19 (m, 1 H), 1.58
(s, 3 H), 1.44(s, 9H), 0.85 (d, J = 6.4 Hz, 3 H), 0.81 (d, J = 6.8 Hz, 3 H). [For crude
amine salt 2.71]: NMR (400 MHz, CDCls) ¢ 8.48 (s, 1 H), 7.80 (d, J = 8.4 Hz, 1 H), 4.67
(s,2H),4.47(d,J=12.0Hz, 1 H),4.34(dd,J =7.2,6.4 Hz, 1 H), 3.70 (s, 3 H), 3.61 (d,

J=12.0 Hz, 1 H), 2.08-2.18 (m, 1 H), 1.85 (s, 3 H), 0.82 (dd, J = 6.8, 6.4 Hz, 6 H). [For
2.73]: Ry 0.30 (EtOAc/CH,Cls, 2/1); 'H NMR (400 MHz, CDCl3) § 7.96 (s, 1 H), 7.23—

7.27 (brs, 1 H), 7.00-7.04 (brs, 1 H), 5.90 (ddd, J = 16.4, 10.0, 5.6 Hz, 1 H), 5.32 (d, J =
172 Hz, 1 H), 5.16 (d, J = 10.4 Hz, 1 H), 4.75 (dddd, J = 16.4, 16.4, 16.4, 4.4 Hz, 2 H),
4.56-4.62 (m, 1 H), 4.51 (dd, J = 8.0,4.8 Hz, 1 H), 3.81 (d,J = 11.6 Hz, 1 H), 3.76 (s, 3
H), 3.36 (d, J = 11.6 Hz, 1 H), 2.58 (d, J = 15.6 Hz, 1 H), 2.48 (dd, J = 14.8, 9.6 Hz, 1
H), 2.11-2.20 (m, 1 H), 1.61 (s, 3 H), 0.88 (d, J = 6.8 Hz, 3 H), 0.85 (d, J = 6.8 Hz, 3 H).
[For crude carboxylic acid 2.74]: NMR (400 MHz, CDCls) 6 7.97 (s, 1 H), 7.60 (dd, J =
6.0, 5.6 Hz, 1 H), 7.43 (d, J = 8.8 Hz, 1 H), 5.87 (ddd, J = 17.2, 10.4, 5.6 Hz, 1 H), 5.28
(d,J=172Hz,1H),5.12(d,J =10.4 Hz, 1 H), 4.77 (dddd, J = 16.0, 16.0, 16.0, 6.0 Hz,
2 H),4.52-4.60 (m, 1 H), 4.46 (dd, J =8.8,5.2 Hz, 1 H), 3.84 (d,J = 11.6 Hz, 1 H), 3.39
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(d,J = 11.6 Hz, 1 H), 2.57 (dd, J = 14.8, 3.2 Hz, 1 H), 2.49 (dd, J = 14.8, 8.4 Hz, 1 H),

2.18-2.26 (m, 1 H), 1.61 (s, 3 H), 0.91 (d, J = 6.8 Hz, 3 H), 0.87 (d, J = 6.8 Hz, 3 H).

General procedure for the preparation of thioesters 2.24-2.26

/\/\/\i 2.21-2.23 O
=1,3,4 PN
s =134 sthe
NaH, THF _
2.2 af, 2.24, n=1, 90%
25°C,5-36 h 2.25. n=3, 83%
2.26. n=4. 74%

To a solution of 2.2 (230 mg, 1.5 mmol) in dry THF (10.0 mL, 0.15 M) was
added NaH (100 mg, 2.10 mmol) at 25 °C. After stirring at 25 °C for 10 min, 3-bromo-1-
propene (2.21) (0.18 mL, 2.10 mmol) was added dropwise into the reaction mixture.
After stirring at 25 °C for 5 h, the mixture was filtered and concentrated in vacuo. The

residue was purified by column chromatography (silica gel, hexanes/EtOAc, 100/0 to

100:1) to afford thioester 2.24 (259 mg, 90%) as a colorless oil: Ry 0.40 (hexanes/EtOAc,
20/1); '"H NMR (400 MHz, CDCl;) & 5.78 (ddt, J = 16.8, 10.0, 6.8 Hz, 1 H), 5.20 (d, J =
16.8 Hz, 1 H), 5.06 (d, J = 10.0 Hz, 1 H), 3.51 (d, J = 6.8 Hz, 2 H), 2.53 (t,/ = 7.2 Hz, 2
H), 1.60-1.68 (m, 2 H), 1.21-1.34 (m, 8 H), 0.86 (t, J = 7.2 Hz, 3 H); °C NMR (100
MHz, CDCl;) 6 198.7, 133.2, 117.6, 43.9, 31.6, 31.5, 28.8, 25.5, 22.5, 14.0; IR (neat)
2954, 2925, 2856, 1691, 1638, 1465, 1421, 1378, 1232, 1123, 1040 cm™'; HRMS (EI)
found 200.1233 [caled for C;;H00S (M)+ 200.1235]; [For 2.25, colorless oil, 83%]: R¢

0.55 (hexanes/EtOAc, 20/1); "H NMR (400 MHz, CDCls) § 5.75 (ddt, J = 16.8, 10.4, 6.8
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Hz, 1 H), 5.00 (d, J = 16.8 Hz, 1 H), 4.96 (d, J = 10.0 Hz, 1 H), 2.85 (t, J = 7.2 Hz, 2 H),
2.51(t,J =7.2 Hz, 2 H), 2.10 (dd, J = 14.8, 6.8 Hz, 2 H), 1.59-1.68 (m, 4 H), 1.20-1.34
(m, 8 H), 0.85 (t, J = 6.8 Hz, 3 H); *C NMR (100 MHz, CDCl5) & 199.4, 137.4, 115.3,
44.1, 32.7, 31.5, 28.8, 28.7, 28.1, 25.6, 22.5, 14.0; IR (neat) 3077, 2924, 2855, 1689,
1641, 1454, 1412, 1378, 1344, 1258, 1182, 1123, 1041 cm—l; HRMS (EI) found 228.1554
[caled for C;3H40S (M)" 228.1548]; [For 2.26, colorless oil, 74%]: Ry 0.58
(hexanes/EtOAc, 20/1); "H NMR (400 MHz, CDCl3) 6 5.76 (ddt, J = 16.8, 10.4, 6.8 Hz,
1 H), 498 (d, J = 16.8 Hz, 1 H), 4.92 (d, J = 10.4 Hz, 1 H), 2.85 (t, J = 7.2 Hz, 2 H),
2.51 (t,J = 7.6 Hz, 2 H), 2.04 (dd, J = 14.0, 6.8 Hz, 2 H), 1.52-1.68 (m, 4 H), 1.41-1.48
(m, 2 H), 1.20-1.31 (m, 8 H), 0.85 (t, J = 7.2 Hz, 3 H); °C NMR (100 MHz, CDCl3) &
199.5, 138.2, 114.6, 44.1, 33.1, 31.6, 29.0, 28.85, 28.83, 28.5, 27.9, 25.6, 22.5, 14.0; IR
(neat) 3077, 2925, 2855, 1689, 1641, 1457, 1413, 1378, 1294, 1261, 1123, 1042 cm';

HRMS (EI) found 242.1705 [calcd for Ci4H,60S (M)Jr 242.1704];

General procedure for the preparation of largazole analogues 11-13

o NAS:\ ncoe sth? P N#a
i N § 224,225,226 (n=1,3,4) L NS
0”0 O ]/ Grubbs' 2"9-generation o o 0 ]/
N
H

w catalyst (50 mol%) n-C7H15TSM
n
o)

N
H toluene, reflux, 4 h

2.3 , 56% (BRSM)

2.27, n=1
2.28, n=3, 54%
2.29, n=4
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To a solution of macrocycle 2.3 (11 mg, 0.025 mmol) in dry toluene (1.0 mL,

0.025 M) were added thioester 7 (0.20 mL, 0.25 M solution in toluene) and Grubbs’

second-generation catalyst (0.20 mL, 0.025 M solution in toluene). The resulting mixture

was stirred at 110 °C for 1 h. An addition of thioester 2.24 (0.10 mL, 0.25 M solution in

toluene) and Grubbs” second-generation catalyst (0.10 mL, 0.025 M solution in toluene)
was repeated three times every 1 h. The reaction mixture was cooled to room temperature
and a few drops of DMSO were added. The mixture was stirred for overnight and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,

hexanes/EtOAc/CH;0H= 10:10:1) to afford 2.27 ((E)-isomer only) as a colorless oil

(6.3 mg, 41%, 56% based on recovered starting material): Ry 0.39
(hexanes/EtOAc/CH;0H, 10/10/1); [a]*’p = +11.5 (¢ 0.080, CHCL); '"H NMR (400
MHz, CDCl3) 8 7.76 (s, 1 H), 7.16 (d, J = 9.6 Hz, 1 H), 6.42 (dd, J = 9.2, 3.2 Hz,, 1 H),
5.81 (dt, J = 16.8, 6.8 Hz, 1 H), 5.69 (dd, J = 16.8, 6.8 Hz, 1 H), 5.66 (dt, J = 6.8, 2.8
Hz, 1 H), 5.27 (dd, J = 17.2, 9.2 Hz, 1 H), 4.60 (dd, J = 9.6, 3.6 Hz, 1 H), 4.27 (dd, J =
17.2,3.2 Hz, 1 H), 4.04 (d,J = 11.2 Hz, 1 H), 3.50 (d, J = 6.8 Hz, 2 H), 3.27 (d, J = 11.2
Hz, 1 H), 2.82 (dd, J = 16.4, 10.0 Hz, 1 H), 2.68 (dd, J = 16.4, 2.8 Hz, 1 H), 2.52 (t,J =
7.2 Hz, 2 H), 2.06-2.16 (m, 1 H), 1.86 (s, 3 H), 1.60—1.68 (m, 2 H), 1.20—1.34 (m, 8 H),
0.88 (br t, J = 6.8 Hz, 3 H), 0.69 (d, J = 6.8 Hz, 3 H), 0.52 (d, J = 6.8 Hz, 3 H); °C
NMR (100 MHz, CDCl;) & 198.8, 173.5, 169.2, 168.8, 167.9, 164.5, 147.5, 129.6, 129.5,
124.1, 84.5, 71.5, 57.7, 44.0, 43.3, 41.1, 40.3, 34.1, 31.6, 30.3, 28.9, 25.5, 24.2, 22.6,

18.9, 16.7, 14.0; IR (neat) 3732, 3709, 3628, 3373, 2956, 2928, 1734, 1683, 1507, 1257,
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1029 cm-'; HRMS (FAB) found 609.2242 [calcd for CogHyN4OsS; (M+H)" 609.2239];

[For 2.28, 54%]: Ry 0.42 (hexanes/EtOAc/CH;0H, 10/10/1); [a]®®p = +17.4 (¢ 0.092,
CHCls); '"H NMR (400 MHz, CDCl3) & 7.76 (s, 1 H), 7.16 (d, J = 9.6 Hz, 1 H), 6.42 (dd,
J=9.2,32Hz, 1H),582(dt J=152, 6.8 Hz, 1 H), 5.63-5.70 (m, 1 H), 5.46 (dd, J =
15.2,7.2 Hz, 1 H), 5.28 (dd, J = 17.6, 9.2 Hz, 1 H), 4.60 (dd, J = 9.6, 3.6 Hz, 1 H), 4.27
(dd, J = 17.6, 3.2 Hz, 1 H), 4.04 (d, J = 11.2 Hz, 1 H), 3.27 (d, J = 11.2 Hz, 1 H), 2.85
(dd, J = 16.8, 10.4 Hz, 1 H), 2.83 (t, J = 7.2 Hz, 2 H), 2.69 (dd, J = 16.4, 2.8 Hz, 1 H),
2.53 (t,J = 7.6 Hz, 2 H), 2.12 (dd, J = 14.0, 7.2 Hz, 2 H), 2.08-2.16 (m, 1 H), 1.87 (s, 3
H), 1.60-1.68 (m, 4 H), 1.20-1.34 (m, 8 H), 0.88 (br t, J = 7.2 Hz, 3 H), 0.69 (d, J = 6.8

Hz, 3 H), 0.51 (d, J = 6.8 Hz, 3 H); °C NMR (100 MHz, CDCl3) & 199.6, 173.5, 169.4,
168.9, 167.9, 164.4, 147.5, 134.2, 127.3, 124.1, 84.4, 72.3, 57.7, 44.1, 43.3, 41.1, 40.6,

342, 31.6, 31.1, 28.90, 28.88, 28.7, 28.0, 25.7, 24.2, 22.6, 18.9, 16.6, 14.0; IR (neat)
3726, 3708, 3628, 3599, 3371, 2928, 2855, 1734, 1683, 1507, 1258, 1029 cm'; HRMS
(FAB) found 637.2548 [calcd for C30H4sN4O5S3 (M+H)+ 637.2552]; [For 2.29, 44%]: R¢
0.45 (hexanes/EtOAc/CH;OH, 10/10/1); [a]**p=+20.3 (¢ 0.069, CHCl5); 'H NMR (400
MHz, CDCl3) & 7.76 (s, 1 H), 7.16 (d, J = 9.2 Hz, 1 H), 6.42 (dd, J = 9.2, 3.2 Hz,, 1 H),
5.82 (dt, J = 15.2, 6.8 Hz, 1 H), 5.62-5.69 (m, 1 H), 5.43 (dd, J = 15.2, 6.8 Hz, 1 H),
5.28 (dd, J = 17.6, 9.6 Hz, 1 H), 4.60 (dd, J = 9.6, 3.6 Hz, 1 H), 4.27 (dd, J = 17.6, 3.2
Hz, 1 H), 4.04 (d, J = 11.2 Hz, 1 H), 3.27 (d, J = 11.2 Hz, 1 H), 2.84 (dd, J = 16.0, 8.8

Hz, 1 H), 2.83 (t,J = 7.2 Hz, 2 H), 2.68 (dd, J = 16.0, 2.8 Hz, 1 H), 2.53 (t, J = 7.6 Hz, 2
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H), 2.04-2.15 (m, 1 H), 2.04 (dd, J = 14.0, 6.8 Hz, 2 H), 1.87 (s, 3 H), 1.60-1.68 (m, 2
H), 1.50-1.60 (m, 2 H), 1.39-1.48 (m, 2 H), 1.20-1.34 (m, 8 H), 0.87 (br t, J = 6.8 Hz, 3
H), 0.68 (d, J = 6.8 Hz, 3 H), 0.51 (d, J = 6.8 Hz, 3 H); °C NMR (100 MHz, CDCl3) &
199.7, 173.6, 169.5, 168.9, 167.9, 164.5, 147.5, 135.2, 126.7, 124.1, 84.4, 72.3, 57.7,
44.1,43.3,41.1, 40.6, 34.2, 31.6, 29.0, 28.9, 28.5, 27.9, 25.7, 24.2, 22.6, 18.9, 16.6, 14.0;

IR (neat) 3726, 3709, 3627, 3600, 2927, 1734, 1683, 1507, 1259, 1219 cm-'; HRMS

(FAB) found 651.2706 [calcd for C3;H4N;05S3 (M+H)' 651.2709];

Preparation of ester 2.30

MeOZC)(\S 1) 2,4,6-trichlor9benzoy| chloride Rl)(\s
N= N-Boc-L-alanine . Rr, N=
EtsN, THF,0°C, 1 h /I/: 2 —

S

N N« _S
OH O ]/ 2) DMAP, THF 0”0 j/
WkN 25°C, 10 h, 99% WLN
H H
2.10 2.30, R, = CO,Me
R, = NHBoc

To a stirred solution of N-Boc-L-alanine (22 mg, 0.114 mmol) and Et;N (0.018

mL, 0.13 mmol) in THF (1.1 mL, 0.10 M) was added 2.4,6-trichlorobenzoyl chloride

(0.018 mL, 0.122 mmol) at 0 °C. After being stirred at the same temperature for 1 h, to

the resulting mixture was added a solution of 2.10 (29 mg, 0.079 mmol) and DMAP (12
mg, 0.098 mmol). After being stirred at room temperature for 10 h, the reaction mixture
was quenched with half-saturated aqueous NH4Cl solution and diluted with EtOAc. The
layers were separated, and the aqueous layer was extracted with EtOAc. The combined
organic layers were washed with brine, dried over anhydrous Na,SO4, and concentrated
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in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc/CH3;OH, 10/10/1) to afford 2.30 as a colorless oil (42.2 mg, 99%): R¢
0.30 (hexanes/EtOAc/CH;OH, 10/10/1); [a]*'p= +2.00 (¢ 0.2, CHCls); 'H NMR (400
MHz, CDCl3) & 7.92 (s, 1 H), 7.24 (br, 1 H), 5.89 (ddd, J = 16.4, 10.0, 5.6 Hz, 1 H), 5.63
(ddd, J = 5.6, 5.6, 5.6 Hz, 1 H), 532 (d, J = 16.8 Hz, 1 H), 5.22 (d, J = 10.4 Hz, 1 H),
5.08(d,J=64Hz 1 H),4.73 (dd, J = 16.4, 6.4 Hz, 1 H), 4.70 (dd, J = 16.4, 6.0 Hz, 1
H), 4.15 (m, 1 H), 3.86 (d, J = 11.2 Hz, 1 H), 3.78 (s, 3 H), 3.25 (d, J = 11.2Hz, 1 H),
2.69 (dd,J =14.8,4.8 Hz, 1 H), 2.60 (dd, J = 14.4, 6.2 Hz, 1 H), 1.63 (s, 3 H), 1.38 (s, 9
H), 1.34 (d, J = 6.8 Hz, 3 H); >°C NMR (100 MHz, CDCls) & 173.8, 172.8, 169.3, 168.8,
168.1, 155.7, 148.5, 134.3, 122.2, 118.1, 84.7, 80.5, 72.4, 53.1, 49.9, 41.7, 41.3, 28.5,
28.0, 24.1, 17.8; IR (neat) 3734, 3318, 1734, 1715, 1684, 1558, 1522, 1290, 1164, 772

cm‘l; HRMS (FAB) found 541.1799 [calcd for C,3H33N404S; (MJrH)+ 541.1790].

Preparation of macrocycle 18

81



,,,,, R, N’g_\ 0.1 N LiOH ‘S_\
i =\ THF/H,0 (4:1) /I/‘i

N S
O O O
0°C,1h,79%
AN
N
H
2.30, Rl = COZMe 2.31, Rl = COzH
R, = NHBoc R, = NHBoc
(@)
RlAC %S
,,,,, R NN HATU, i-Pr,NEt ", -NH Nﬂz\
TEA/CH,Cl, (1:5) JA/ NS HOAt, DMF L g
25°C,2h 25°C, 24 h
’ \ ' \
H 81 % (for two steps) H
2.32,R; = CO,H 2.33
R, = NH, TFA

To a stirred solution of 2.30 (72.5 mg, 0.13 mmol) in THF/H,O (4:1, 4 mL) was

added dropwise 0.1 N LiOH (1.4 mL, 0.14 mmol) at 0 °C for 15 min. After being stirred
at 0 °C for 1 h, the resulting mixture was acidified with 1 M KHSOy, solution to pH ~3.0

at 0 °C, and diluted with EtOAc. The layers were separated, and the aqueous layer was

extracted with EtOAc. The combined organic layers were washed with brine, dried over
anhydrous Na,;SOy4, and concentrated in vacuo. The residue was purified by column
chromatography (silica gel, CH;OH/EtOAc, 3/7) to afford 2.31 as a colorless oil (55.6

mg, 79%). The carboxylic acid 2.31 (14.2 mg, 0.027 mmol) was treated with

TFA/CH,CI; (1:5, 0.41 mL). After being stirred at 25 °C for 2 h, the residue was purged

with N, to remove TFA and CH,Cl,, then washed with Et,O four times to remove
remaining TFA. To a solution of the crude 2.32 in DMF (27 mL, 1 mM) was added

HATU (22 mg, 0.054 mmol), HOAt (7.3 mg, 0.054mmol), and i-Pr,NEt (0.029 mL,
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0.162 mmol). The reaction mixture was stirred at room temperature for 18 h and then
concentrated in vacuo. The residue was diluted with H,O and EtOAc. The layers were
separated, and the aqueous layer was extracted with EtOAc. The combined organic layers
were washed with aqueous NaHCOj; solution, brine, dried over anhydrous Na,SO., and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc/CH3;OH, 10/10/1) to afford 2.33 as a white solid (8.9 mg, 81% for two
steps). [For 2.31]: NMR (400 MHz, CD;0OD) & 8.16 (s, 1 H), 6.96 (d, J = 7.6 Hz, 1 H),
5.89 (ddd, J =17.2, 10.8, 6.0 Hz, 1 H), 5.66 (ddd, J = 7.6, 5.6, 5.6 Hz, 1 H), 5.31 (d, J =
17.6 Hz, 1 H), 5.20 (d, J = 10.4 Hz, 1 H), 4.69 (d, J = 16 Hz, 1 H), 4.63 (d, J = 16 Hz, 1
H), 4.13 (m, 1 H), 3.85 (d,J =11.2 Hz, 1 H), 3.32 (d, J = 11.2 Hz, 1 H), 2.68 (dd, J =
14.4,7.2 Hz, 1 H), 2.62 (dd, J = 14.4, 5.6 Hz, 1 H), 1.58 (s, 3 H), 1.43 (s, 9 H), 1.31 (d, J
= 7.6 Hz, 3 H); HRMS (FAB) found 527.1633 [calcd for CyH3N40;S; (M+H)"
527.1634]. [For crude 2.32]: '"H NMR (400 MHz, CD;0D) & 8.29 (s, 1 H), 5.92 (ddd, J =
17.2,10.8, 6.4 Hz, 1 H), 5.78 (ddd, J = 7.2, 6.0, 6.0 Hz, 1 H), 5.36 (d, J/ = 17.2 Hz, 1 H),
528 (d,J=10.4Hz, 1 H),4.71 (d,J =16 Hz, 1 H), 4.65 (d,J = 16 Hz, 1 H), 4.11 (m, 1
H),3.94 (d,J=11.6 Hz, 1 H), 3.45(d,J = 11.6 Hz, 1 H), 2.74 (dd, J = 14.8, 7.6 Hz, 1
H), 2.69 (dd, J = 14.8, 5.6 Hz, 1 H), 1.67 (s, 3 H), 1.53 (d, J = 7.2 Hz, 3 H); HRMS
(FAB) found 427.1102 [calcd for C;7H23N4O5S, (M+H)™ 427.1104]. [For 2.33]: R¢ 0.20
(hexanes/EtOAc/CH;OH, 10/10/1); [a]®'p = +64.9 (¢ 0.13, CH;0H); '"H NMR (400

MHz, CDCl3) & 7.74 (s, 1 H), 7.28 (d, J = 6.8 Hz, 1 H), 6.37 (d, J = 5.6 Hz, 1 H), 5.85

(ddd, J = 16.8, 10.4, 6.0 Hz, 1 H), 5.76-5.80 (m, 1 H), 5.35 (d, J = 17.2 Hz, 1 H), 5.27
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(d, J =104 Hz, 1 H), 5.25 (dd, J = 17.2, 9.2 Hz, 1 H), 4.56 (m, 1 H), 4.28 (dd, J = 17.6,
4.0 Hz, 1 H), 4.05 (d, J = 11.2 Hz, 1 H), 3.26 (d, J = 11.6 Hz, 1 H), 2.91 (dd, J = 16.8,
10.4 Hz, 1 H), 2.73 (dd, J = 16.4, 2.4 Hz, 1 H), 1.84 (s, 3 H), 1.30 (d, J = 6.8 Hz, 3 H);
13C NMR (100 MHz, CDCls) 5173.7, 170.0, 169.7, 167.8, 164.4, 147.7, 134.8, 124.5,
118.3, 84.4, 72.5, 49.7, 43.2, 41.5, 40.0, 24.9, 19.4; IR (neat) 3364, 2927, 1739, 1667,

1504, 1259, 887, cm™'; HRMS (FAB) found 409.1002 [calcd for Ci7H,1N4O4S, (M+H)"

409.1004].

Preparation of alanine analogue 2.32

o
NAS—\ n-CrHis 3/\/\ N:g—\

//’/ NH /’/, NH
! 2.2 ’
N N S
0”0 O j/ Grubbs' 2"-generation O 0O 0 O ]/
w catalyst (50 mol%) CoH AS/VWJ\N
tolune, reflux n-t7Mis H
2.33 4h,61% 2.34

To a solution of macrocycle 2.33 (10 mg, 0.025 mmol) in dry toluene (0.95 mL,

0.026 M) were added thioester 2.2 (0.19 mL, 0.26 M solution in toluene) and Grubbs’

second-generation catalyst (0.10 mL, 0.052 M in solution toluene). The resulting mixture

was stirred at 110 °C for 1 h. An addition of thioester 2.2 (0.10 mL, 0.26 M solution in
toluene) and Grubbs” second-generation catalyst (0.048 mL, 0.052 M solution in toluene)
was repeated three times every 1 h. The reaction mixture was cooled to 25 °C and a few

drops of DMSO were added. The mixture was stirred for overnight and concentrated in
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vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc/CH3;OH, 15:15:1 to 10:10:1) to afford 2.34 ((E)-isomer only) as a white
solid (8.6 mg, 61%): R¢ 0.35 (hexanes/EtOAc/CH;OH, 10/10/1); [a]* b= +10.0 (¢ 0.05,
CHCl;); "H NMR (400 MHz, CDCl3) 8 7.73 (s, 1 H), 7.18 (d, J = 8.8 Hz, 1 H), 6.35 (dd,
J=9.6,4Hz | H), 581 (dd, J = 16.0, 6.8 Hz, 1 H), 5.73-5.51 (m, 1 H), 5.51 (dd, J =
15.6,7.2 Hz, 1 H), 5.29 (dd, J = 17.6, 9.2 Hz, 1 H), 4.54 (m, 1 H), 4.28 (dd, J =17.2, 3.6
Hz, 1 H), 4.05 (d,J = 11.2 Hz, 1 H), 3.25 (d, J = 11.2 Hz, 1 H), 2.90 (dd, J = 16.8, 10.8
Hz, 1 H), 2.89 (t, J = 6.8 Hz, 2 H), 2.69 (dd, J = 16.8, 2.4 Hz, 1 H), 2.53 (t,J = 7.6 Hz, 2
H), 2.30 (q, J = 6.8 Hz, 2 H), 1.84 (s, 3 H), 1.63-1.68 (m, 2 H), 1.29 (d, J = 6.8 Hz, 3
H)1.26-1.29 (m, 8 H), 0.88 (t, J = 7.2 Hz, 3 H), 0.69 (d, J = 6.8 Hz, 3 H), 0.52 (d, J =

7.2 Hz, 3 H); °C NMR (100 MHz, CDCl3) & 199.4, 173.4, 169.9, 169.6, 167.6, 163.5,
147.6, 132.9, 128.3, 124.3, 84.2, 72.1, 49.5, 44.1, 43.0, 41.3, 40.1, 35.2, 32.2, 31.6, 28.9,

27.9, 25.6, 24.7, 22.6, 19.1, 14.1; IR (neat) 3374, 2924, 2853, 1734, 1678, 1502, 1449,
1260, 1029 cm'; HRMS (FAB) found 595.2085 [caled for Ca7H3oN4OsS; (M+H)'

595.2082].
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Preparation of amide 2.36

o on o s
Me02c>g:s 1) TFAICH,CI, (15), 25 °C, 1 h Meozcx_\
AS:\ 2) DMAP, CH,Cl,, 87% for two steps —

NS io OH on o Ny S
s N)W ij

BocHNj/ 235 N
2.7 2.36

Compound 2.7 (51 mg, 0.14 mmol) was treated with TFA/CH,Cl, (1:5, 2.0 ml) at 25 °C.

The resulting mixture was stirred at 25 °C for 1 h, and then purged with N, to remove
TFA and CH,Cl,. The residue was washed with Et,O four times to remove remaining
TFA. This crude TFA-amine salt was carried to the next step without further purification.

To a solution of TFA-amine salt in CH,Cl, was added DMAP (51 mg, 0.41 mmol) and

2.35 (39 mg, 0.15 mmol). The reaction mixture was stirred for 2 h at 25 °C, quenched

with 0.1 N HCI. The layers were separated, and the aqueous layer was extracted with
EtOAc. The combined organic layers were washed with brine, dried over anhydrous
Na,SOy, and concentrated in vacuo. The residue was purified by column chromatography
(silica gel; hexanes/EtOAc/CH;0OH = 10/10/1) to afford 2.36 as a colorless oil (44 mg,
87%): R¢ 0.40 (hexanes/EtOAc/CH;OH, 10/10/1); [a]***p = =3.15 (¢ 0.73, CHCLs); 'H
NMR (400 MHz, CDCl3) 6 7.91 (s, 1 H), 7.27 (t, J = 6.0 Hz, 1 H), 5.85 (ddd, J = 17.2,
10.4,5.6 Hz, 1 H), 5.27 (d,J =17.2 Hz, 1 H), 5.10 (d, J = 10.4 Hz, 1 H), 4.71 (d, J = 6.0
Hz, 1 H), 4.70 (d, J = 6.0 Hz, 1 H), 4.48-4.56 (m, 1 H), 3.85 (d, / = 11.2 Hz, 1 H), 3.77
(s,3H),3.25(d,J =112 Hz, 1 H), 2.51 (dd, J = 15.2, 3.6 Hz, 1 H), 2.42 (dd, J = 15.2,
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8.4 Hz, 1 H), 1.61 (s, 3 H); °C NMR (100 MHz, CDCls) & 173.5, 171.9, 167.9, 162.7,
148.1, 139.0, 122.3, 115.3, 84.4, 69.3, 52.9, 42.4, 41.4, 40.7, 23.9; IR (neat) 3298, 3084,

2952, 1733, 1653, 1603, 1540, 1436, 1288, 1237, 1167, 1121 cm'; HRMS (FAB) found

370.0890 [calcd for CsHaoN304S, (M+H)" 370.0895].

Preparation of ester 24

Meozc)(:s 1) N-Boc-L-valine R\ S
N’S_\ 2,4,6-trichlorobenzoyl chloride ) R, N‘S_\
- EtzN, THF, 0°C, 1 h -
N N S /]/i N N S
\/?\H)?\ j/ 2) DMAP, THF, 25 °C, 10 h, 85% O\/?\i j/
AN N ™

H H
2.36 2.37, Rl = COzMe
R, = NHBoc

To a stirred solution of N-Boc-L-valine (39 mg, 0.18 mmol) and Et;N (0.03 mL,
0.19 mmol) in THF (2.0 mL, 0.09 M) was added 2,4,6-trichlorobenzoyl chloride (0.03,
0.18 mmol) at 0 °C. After being stirred at 0 °C for 1 h, to the resulting mixture were
added a solution of 2.36 (44 mg, 0.12 mmol) and DMAP (18 mg, 0.14 mmol). After
being stirred at 25 °C for 10 h, the reaction mixture was quenched with half-saturated
aqueous NH4Cl solution and diluted with EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc. The combined organic layers were washed with
brine, dried over anhydrous Na,SO4, and concentrated in vacuo. The residue was purified
by column chromatography (silica gel, hexanes/EtOAc/CH30H, 8/8/1) to afford 2.37 as a

colorless oil (58 mg, 85%): R¢ 0.50 (hexanes/EtOAc/CH;0H, 8/8/1); [a]**’p = -2.31 (c

87



0.95, CHCls); 'H NMR (400 MHz, CDCL3) § 7.91 (s, 1 H), 7.90 (t, J = 6.0 Hz, 1 H), 5.83
(ddd, J = 16.8, 10.4, 6.0 Hz, 1 H), 5.68 (dd, J = 12.8, 6.4 Hz, 1 H), 5.31 (d, J = 16.8 Hz,
1 H), 5.20 (d, J = 10.4 Hz, 1 H), 5.01 (d, J = 8.8 Hz, 1 H), 4.72 (d, J = 6.0 Hz, 1 H), 4.69
(d,J = 6.0 Hz, 1 H), 4.13 (dd, J = 8.8, 4.4 Hz, 1 H), 3.96 (dd, J = 8.0, 6.4 Hz, 1 H), 3.85
(d,J=11.2Hz, 1 H), 3.77 (s, 3 H), 3.25 (d, J = 11.2 Hz, 1 H), 2.63 (dd, J = 14.8, 8.4 Hz,
1 H), 2.56 (dd, J = 14.8, 5.2 Hz, 1 H), 2.04-2.12 (m, 1 H), 1.62 (s, 3 H), 1.40 (s, 9 H),
0.90 (d, J = 6.8 Hz, 3 H), 0.81 (d, J = 6.8 Hz, 3 H); °C NMR (100 MHz, CDCl3) &
173.5, 171.1, 168.9, 167.76, 162.6, 155.8, 148.4, 134.5, 122.0, 117.9, 84.4, 79.8, 72.3,

58.6, 52.9, 414, 41.1, 40.9, 30.9, 28.2, 23.9, 19.0, 17.3; IR (neat) 3726, 3708, 3628,
3326, 2972, 1735, 1604, 1507, 1456, 1367, 1287, 1240, 1159, 1120 cm~'; HRMS (FAB)

found 569.2104 [calcd for Co5H37N407S, (M+H)™ 569.2104].

Preparation of macrocycle 2.40
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To a stirred solution of 2.37 (54 mg, 0.095 mmol) in THF/H,O (4:1, 4.0 mL) was

added dropwise 0.5 N LiOH (0.19 mL, 0.095 mmol) at 0 °C. After being stirred at 0 °C

for 2 h, the resulting mixture was acidified with 1 M KHSOy solution to pH ~3.0, and
diluted with EtOAc. The layers were separated, and the aqueous layer was extracted with
EtOAc. The combined organic layers were washed with brine, dried over anhydrous
Na,SOq, and concentrated in vacuo. This crude carboxylic acid 2.38 was carried to the
next step without further purification. The carboxylic acid 2.38 was treated with

TFA/CH,CI, (1:5, 1.5 mL). After being stirred at 25 °C for 2 h, the residue was purged

with N, to remove TFA and CH,Cl,, then washed with Et,O four times to remove
remaining TFA. To a solution of the crude 2.39 in CH,Cl, (100 mL, 1 mM) was added

HATU (72 mg, 0.19 mmol), HOAt (26 mg, 0.19 mmol), and i-Pr,NEt (0.066 mL, 0.38

mmol). The reaction mixture was stirred at 25 °C for 13 h and then concentrated in
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vacuo. The residue was diluted with H,O and EtOAc. The layers were separated, and the
aqueous layer was extracted with EtOAc. The combined organic layers were washed with
brine, dried over anhydrous Na,SO4, and concentrated in vacuo. The residue was purified
by column chromatography (silica gel, hexanes/EtOAc/CH3OH, 10/10/1) to afford 2.40
as a amorphous white solid (30 mg, 73%). [For crude 2.38]: NMR (400 MHz, CD;0D) o
8.18 (s, 1 H), 5.90 (ddd, J = 16.8, 10.8, 6.0 Hz, 1 H), 5.66-5.76 (m, 1 H), 5.34 (d, J =
16.8 Hz, 1 H), 5.20 (d, / = 10.8 Hz, 1 H), 4.65 (d, J = 12.4 Hz, 2 H), 4.10 (d, J = 6.0 Hz,
1 H),3.87(d,J=11.6 Hz, 1 H),3.34 (d,J = 11.6 Hz, 1 H), 2.69 (dd, J = 14.4, 8.8 Hz, 1
H), 2.62 (dd, J = 14.4, 5.2 Hz, 1 H), 2.00-2.08 (m, 1 H), 1.62 (s, 3 H), 1.43 (s, 9 H), 0.89
(d, J=6.8 Hz,3 H), 0.85 (d, J = 7.2 Hz, 3 H); HRMS (FAB) found 555.1949 [calcd for
Ca4H3sN405S; (M+H)" 555.1947]. [For crude 2.39]: '"H NMR (400 MHz, CD;0D) & 8.47
(s, 1 H),5.92 (ddd, J = 16.8, 10.4, 6.4 Hz, 1 H), 5.78-5.85 (m, 1 H), 5.38 (d, J = 16.8 Hz,
1 H), 528 (d, J = 10.4 Hz, 1 H), 4.68 (d, J = 9.6 Hz, 2 H), 4.02 (d, J = 12.0 Hz, 1 H),
394 (d,J =44 Hz 1 H),3.55(d,J =12.0 Hz, 1 H), 2.77 (dd, J = 15.2, 8.4 Hz, 1 H),
2.71 (dd, J = 15.2,4.8 Hz, 1 H), 2.20-2.28 (m, 1 H), 1.73 (s, 3 H), 1.02 (d, J = 6.8 Hz, 3
H), 0.99 (d, J = 7.2 Hz, 3 H); HRMS (FAB) found 455.1424 [calcd for C;9H27N4O5S,
(M+H)" 455.1423]. [For 2.40]: R; 0.30 (hexanes/EtOAc/CH;OH, 8/8/1); amorphous
white solid, [a]**"p= +22.8 (¢ 0.33, CH;0H); '"H NMR (400 MHz, CDCl3) & 7.74 (s, 1
H), 7.03 (d, J = 9.6 Hz, 1 H), 6.58 (dd, J = 8.0, 4.0 Hz, 1 H), 6.40 (ddd, J = 17.2, 10.4,
8.0 Hz, 1 H), 5.47 (ddd, J = 8.0, 4.8, 2.8 Hz, 1 H), 5.34 (d,J=17.2 Hz, 1 H), 525 (d, J
=10.4 Hz, 1 H), 5.13 (dd, J = 17.2, 8.0 Hz, 1 H), 4.38 (dd, J = 9.6, 7.2 Hz, 1 H), 4.32
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(dd, J = 17.2,4.0 Hz, 1 H), 3.99 (d, J = 11.6 Hz, 1 H), 3.31 (d, J = 11.2 Hz, 1 H), 2.95
(dd, J = 16.8, 4.8 Hz, 1 H), 2.77 (dd, J = 16.8, 2.8 Hz, 1 H), 1.80-1.90 (m, 1 H), 1.80 (s,
3 H), 0.78 (d, J = 6.8 Hz, 3 H), 0.74 (d, J = 6.8 Hz, 3 H); '°C NMR (100 MHz, CDCl3) §
173.4, 169.6, 168.1, 167.7, 164.3, 147.3, 134.9, 124.1, 119.4, 84.2, 73.7, 59.4, 43.6, 41.2,

39.7, 32.7, 24.9, 18.5, 18.1; IR (neat) 3375, 2968, 1741, 1667, 1592, 1510, 1253 cm™';

HRMS (FAB) found 437.1316 [calcd for C1oHasN4O4S, (M+H)" 437.1317].

Preparation of C17-epimer analogue 2.41

0]
o) S O S
) W ”'C7H15)ks/\/\ ) %S_\

NH NT 2.2 NH
N. S Grubbs' 2"-generation N. S
0”0 O catalyst (50 mol%) 0 o0 o ]/
W]\N toluene, reflux, 4 h n-CoH )]\S N N
33% (55% BRSM s
240" o (5% ) 2.41 :

To a solution of macrocycle 2.40 (10 mg, 0.023 mmol) in dry toluene (1.0 mL,
0.023 M) were added thioester 2.2 (0.20 mL, 0.23 M solution in toluene) and Grubbs’
second-generation catalyst (0.20 mL, 0.023 M solution in toluene). The resulting mixture
was stirred at 110 °C for 1 h. An addition of thioester 2.2 (0.10 mL, 0.23 M solution in
toluene) and Grubbs’ second-generation catalyst (0.10 mL, 0.023 M solution in toluene)

was repeated three times every 1 h. The reaction mixture was cooled to room temperature
and a few drops of DMSO were added. The mixture was stirred for overnight and

concentrated in vacuo. The residue was purified by column chromatography (silica gel,
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hexanes/EtOAc/CH;OH= 10:10:1) to afford 2.41 ((E)-isomer only) as a colorless oil
(4.7 mg, 33%, 55% based on recovered starting material): Ry 0.43
(hexanes/EtOAc/CH;OH, 10/10/1); [a]**’p = +28.3 (¢ 0.067, CHCl;); '"H NMR (400
MHz, CDCl3) 8 7.74 (s, 1 H), 7.02 (d, J = 9.2 Hz, 1 H), 6.52-6.58 (m, 1 H), 6.19 (dd, J =
15.2, 8.8 Hz, 1 H), 5.81 (dt, J = 15.2, 6.8 Hz, 1 H), 5.46 (ddd, J = 8.8, 4.4, 2.4 Hz, 1 H),
5.14 (dd, J =17.2, 8.0 Hz, 1 H), 4.37 (dd, J = 9.6, 7.2 Hz, 1 H), 4.33 (dd, J = 17.2, 4.4
Hz, 1 H), 4.01 (d,J = 11.2 Hz, 1 H), 3.31 (d, J = 11.6 Hz, 1 H), 2.93 (dd, J = 16.4, 4.4
Hz, 1 H), 2.87 (t, J = 7.2 Hz, 2 H), 2.73 (d, J = 16.4, 2.4 Hz, 1 H), 2.50 (t, J = 7.6 Hz, 2
H), 2.28 (dt, J = 7.6, 6.8 Hz, 2 H), 1.80-1.88 (m, 1 H), 1.81 (s, 3 H), 1.58-1.66 (m, 2 H),
1.20-1.34 (m, 8 H), 0.87 (brt, J = 6.8 Hz, 3 H), 0.79 (d, J = 6.8 Hz, 3 H), 0.73 (d, J =
6.8 Hz, 3 H); °C NMR (100 MHz, CDCls) & 199.3, 173.4, 169.7, 168.0, 167.7, 164.2,
147.3, 134.5, 128.3, 124.0, 84.2, 73.3, 59.5, 44.1, 43.6, 41.3, 39.6, 32.7, 32.1, 31.6, 28.9,

27.8,25.6,24.9,22.6, 18.6, 18.1, 14.0; IR (neat) 3726, 3708, 3627, 2929, 1683, 1507 cm~

1; HRMS (FAB) found 623.2402 [calcd for C29H43N40583 (M+H)+ 6232396]
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Biological Assays
Cell viability assay. HCT-116 cells were plated in 96-well plates (10,000 cells/well) with
DMEM containing 10% FBS, and 24 h later treated with various concentrations of
compounds or solvent control. After another 48 h of incubation, cell viability was

measured using MTT according to the manufacturer’s instructions (Promega).

Immunoblot analysis. HCT-116 cells (600,000 cells/well) were seeded in 6-well plates
and 24 h later treated with various concentrations of compounds or solvent control.
Following incubation for 8 h, whole-cell protein lysates were prepared using
PhosphoSafe lysis buffer (Novagen) and protein concentration measured using the BCA
Protein Assay kit (Pierce). Cell lysates containing 10 ug of protein were separated by
SDS-PAGE, transferred to PVDF membranes, probed with antibodies and detected with
the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce). Anti-acetyl-
histone H3 (Lys9/18) antibody was obtained from Millipore, anti-B-actin and anti-rabbit

antibody were from Cell Signaling.

Cell-free HDAC enzymatic assay with HeLa nuclear extract. Assays were carried out
according to the manufacturer’s protocol (BIOMOL). Briefly, compounds or solvent
control in 10 pL assay buffer were added to microtiter plate, then HDAC-enriched
nuclear protein extract from Hela cells (4 pg in 15 pl) was added. 25 pL assay buffer
was used as blank. The assay plate was equilibrated at 37 °C, and then 25 pL of substrate

fluor de LysTM substrate was added to a final concentration of 50 uM. HDAC reaction
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was allowed to proceed for 15 min and then stopped by addition of 50 pL per well of 1X
fluor de LysTM Developer containing trichostatin A at 2 uM. The plates were incubated

for 15 min at 25 °C, and fluorescence was read (Ex 360 nm, Em 460 nm).

Recombinant HDAC1 and HDAC6 enzymatic assays. The assays were carried out by
Reaction Biology Corp. (Malvern, PA) according to the following procedures. The full
lengths of human genes of HDAC1 and HDAC6 were expressed by baculovirus
expression system in Sf9 cells, with GST tags in C or N-terminal position, respectively.
Enzymes stored in 50 mM Tris-HCI, pH 8.0, 138 mM NaCl, 20 mM glutathione, and
10% glycerol, and stable for >6 months at —80 °C, and the purity was checked by SDS-
page. Peptide substrate, p53 residues 379-382 (RHKKACc), was conjugated with AMC
(7-acetoxy-4-methyl coumarin) and used as the fluorogenic substrate at 50 pM assay
concentration. Compounds were dissolved in DMSO (1% final assay concentration). The
reaction buffer contained 25 mM Tris-HCI, pH 8.0, 137 mM NacCl, 2.7 mM KCI, 1 mM
MgCl,, and 0.25 mg/mL BSA. HDAC1 and HDAC6 concentrations were 1.5 and 4
ng/uL. The HDAC reaction performed at 30 °C for 2 h before adding the developer
reagent. The free AMC is detected with excitation of 360 nm and emission 460 nm at
kinetic mode for 90 min. The initial velocity of an enzyme reaction was normalized and
plotted with GraphPad Prism (GraphPad Software, Inc. La Jolla, CA, USA) to derive the

1Cs, values.
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Chapter 3

Total Synthesis of Brasilibactin A and Its Analogues

This chapter of the dissertation describes a total synthesis of brasilibactin A, a cytotoxic
siderophore and its analogues. The chemistry described in total synthesis of brasilibactin
A and its three diastereomeric analogues were applied in the synthesis of more
hydrophilic analogue-Bbtan, iron transport studies of which will help to provide a better

understanding of the biological activity demonstrated by mycobacterial siderophores.

3.1 Mycobactins

3.1.1 Iron acquisition in mycobacteria

Iron, an essential nutrient for virtually all forms of life, plays an important role in
oxygen transport, electron transport and other vital biological processes ranging from
respiration to DNA replication.®” Thus, the acquisition of iron by an organism including
mammals, vertebrates and microorganism like mycobacteria is essential for their survival.

Iron is elusive because it has low solubility at physiological pH. The effective
concentration of Fe(IIl) at physiological conditions is approximately 10" M, which is far
below the requirement to maintain life.*® However, solubility of iron can be increased by
10~ M per each unit pH drops, which means concentration of soluble iron is 10~ M at pH
= 5.% Therefore, bacteria and other microbes can grow at this acidic condition without

any help from chelating agents. Mycobacteria are the source of a number of infectious
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diseases in humans, including tuberculosis (M. tuberculosis) and leprosy (M. leprae). As
with other pathogenic bacteria, mycobacteria can grow within the macrophages where the
pH is between 6.1 and 6.5 at which the effective Fe(IIl) concentration is less than 10
ng/mL.”

In order to grow and cause disease in a host, mycobacterial iron acquisition must
compete against the host for its supply of iron. In higher organism, iron is bounded to
hemeprotein, transferrin, lactoferrin and ferritin, which are iron-containing, transport and
storage proteins (Figure 3.1).”! Therefore, the effective concentration of free iron is far

lower than those required for pathogenic bacteria like mycobacteria.

Transferrin
Lactoferrin

|

uptake mechanism
Ferritin Microbial
Iron

Iron-protein
Heme-proteins

Dietary Iron _—

Figure 3.1 Sources of iron for pathogenic microorganisms within a host body

To circumvent the host’s ability to sequester iron, mycobacteria have developed a
number of iron acquisition mechanisms to fulfill their requirement of iron supply, among

which mycobacteria produce iron-chelating molecules known as siderophores which can
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bind iron specifically and with high affinity to solubilize the metal iron and transport it to

intracellular environment.

3.1.2 Siderophores

The siderophores provide a method of specific recoginition and uptaken by the
bacteria cell through the interaction with receptor proteins on the surface of the cell.
Mycobacteria can produce and utilize at least three types of siderophores which include

mycobactins, carboxymycobactins, and exochelins (Figure 3.2).
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Figure 3.2 Structures of mycobacterial siderophores
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Mycobactins

Mycobactin, a cell wall associated and salicylated-containing siderophore,
contains four-residue depsipeptide backbone structure with a variety of side chain that
acts as a tether to connect the molecule to the exterior side of the cell wall of the
mycobacteria. As lipid soluble/water insoluble siderophores, mycobactins bind one atom
of iron per molecule by three bidentate binding moieties with high affinity (10°°) as
shown in Figure 3.3. Due to its intracellular location, these molecules are not capable in
practice to sequester iron from transferrin and ferritin, but good candidates for holding

iron from other competing molecules.

Figure 3.3 Mycobactin-iron complex with three bidentate binding moieties

Generally, each mycobacterial species is corresponding with its unique
mycobactin structure, which was used to identify an unknown mycobacterium. **
Mycobactins can be divided into two classes, the P-type mycobactins and M-type

mycobactins based on the location of the long alkyl chain. P-type mycobactins such as

mycobactin P, S, T possess a long alkyl chain at the central hydroxamate ligand, while
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M-type mycobactins such as mycobactin M, N contain a long alkyl chain in the central 3-
hydroxy acid fragment (Figure 3.4).* There are a number of excellent, comprehensive
reviews of mycobactins published so far.*” °* Although mycobactins are structurally
different from each other, they all possess common binding moieties such as a
hydroxamate-modified ornithine residue, a cyclic hydroxamic acid moiety, and a 2-

hydroxyphenyl oxazoline moiety.

R1
2
O RH O R* O
\
N
N \:)J\OMN N\
OH o) z R5 o OH
s
R3._ N.
3 oH
(0]

P-Type Mycobactins

Mycobactin P: R', RS = CHz, R = H, R® = C,5.1, R* = CH,CHj;
Mycobactin S: R', R?, R® = H, R3 = C47.50, R* = CH53 (S)
Mycobactin T: R', R?, R = H, R® = C43.15, R* = CH3 (R)
M-Type Mycobactins

Mycobactin M: R' = H, R%, R®, R® = CH3, R* = C5.45
Mycobactin N: R' = H, R?, R®, R® = CH,CH3, R* = C/5.¢5

Figure 3.4 Structures of water-insoluble mycobactins

Extracellular siderophores: carboxymycobactins and exochelins
In the pathogenic mycobacteria, a water soluble siderophore, carboxymycobactin,
differs from the P-type mycobactins in terms of the extended carbon chain ending with a

carboxylate group or an ester group at the central hydroxamate ligand, which increases
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the water solubility (Figure 3.5). Because of the presence of this group,
‘carboxymycobactins’ has been given to elucidate the structural similarity with

mycobactins.

R?0 0

Carboxymycobactins

M. tuberculosis: n=1-5, R', R* = H, R?, R® = CH,4

M. avium: n=2-8, R, R* = CH3,R? = H, R® = CH,CHj,
M. smegmatis: n=2-9, R!, R?, R* = H, R® = CH,4

Figure 3.5 Structures of water-soluble carboxymycobactins

In the nonpathogenic mycobacteria, water soluble siderophores are termed as
‘exochelins’, which are peptidic-based molecules. Besides the entirely different structures
with carboxymycobactins, they possess different mechanisms in the process of

mycobacterial iron transport.

3.1.3 Role of siderophores in mycobacterial iron transport
These three types of siderophores (membrane-bounded siderophores called
mycobactins, and water soluble extracellular siderophores called exochelins for non-

pathogenic and carboxymycobactins for pathogenic mycobacteria) play an important role
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in mycobacterial iron acquisition and transport process. In most mycobacteria,
extracellular siderophores are able to sequester iron from host sources such as transferrin
and ferritin as well as other inorganic sources such as ferric hydroxide or ferric
phosphate.*” However, the mechanisms of uptake of iron by the two siderophores are
different.

Uptake of ferri-exochelins across the cell envelope into intracellular environment
requires the input of metabolic energy-ATP and involves a receptor protein (Rec),”” while
uptake of ferri-carboxymycobactins has been demonstrated to occur through an energy-
independent process which possibly involves porin-mediated diffusion mechanism
(Figure 3.6).% For both extracellular siderophores, the release of iron (Fe III) may be
possibly associated with non-specific NADPH-dependent ferri-mycobactin reductase, and
then Fe (II) can be incorporated into a variety of iron storage protein such as

bacterioferritin.
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Extracellular environment Cell envelope Cytoplasm
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Figure 3.6 Proposed iron-uptake mechanism mediated by exochelins and
carboxymycobactins

Protein receptor transport

ATP
mediated

MNon-energy
mediated

Porin diffusion

Mycobactins were proposed as a cellular membrane-bound temporary storage of
Fe(Ill) when extracellular concentration of iron increases and cannot be uptaken by
extracellular siderophores, and then associate with ferri-reductase, followed by transport
of the Fe(Il) into the cell through some uncharacterized mechanism (Figure 3.7). It is
noteworthy that iron exchange between mycobactins and carboxymycobactins may be an
operative aspect of microbial iron transport even though they possess strong binding
constant (10°°) demonstrated by Crumbliss.”® It is also important to note that the type of

mycobactin used by one species of mycobacterium can be lethal to other mycobacteria.”
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In addition, mycobactin S is the only mycobactin siderophore which Fe(Ill) affinity has

. 97
been characterized so far.

Cell Envelope Cell Membrane Cytoplasm
A
@fr,;/b NADPH protoheme

Yo salicylate? iron proteins

bc?c,. bacterioferritin
//76‘
r ase

w Fe(ll) salicylate?? protopc;rphyrin

apoproteins
NADP bacterioferritin

Figure 3.7 Proposed mechanism of the reduction of ferri-mycobactins by Ratledge

3.2 Biological activity of mycobactins and their analogues

Mycobactins, intracellular siderophores produced by mycobacteria, function as the
acquisition, storage and transport of iron. Furthermore, some mycobactins have been
demonstrated to show the potential anti-mycobacterial activity after Snow first observed
that mycobactins produced by one species can inhibit the growth of another species of
mycobacteria.”* *® Synthetic mycobactin S has been examined for its growth inhibition
towards M. tuberculosis H37Rv with a minimum inhibitory concentration (MIC) of 3.13
pg/mL. The absolute configuration of the methyl group at 3-hydroxy acid fragment
between mycobactin T and S as shown in Figure 3.8 makes mycobactin S act as a

competitor in the iron uptake process such as protein-mediated transfer of iron
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sequestered by extracellular siderophores to the membrane bound mycobactins and then

. . . . ... 98
ferri-reductase transfer of iron from mycobactins to bacterioferritin.

vatUEIsNG

CsH N
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Mycobactin T, R = CHj;, (R) growth promoter for M. tuberculosis
Mycobactin S, R = CHj3, (S) growth inhibitor for M. tuberculosis (MIC = 3.13 pg/mL)

Figure 3.8 Structures of Mycobactin T and S

Structurally similar mycobactins from other actinomycete species such as

101 102
I

amamistatins,99 formobactin,100 nocobactin, = and nocardimicins A- show similar
anticancer activities towards different cancer cell lines (Figure 3.9). Amamistatin A,
isolated from the actinomycete Nocardia asteroides, exhibited antiproliferative activities
against human tumor cell lines MCF-7 breast, A549 lung, and MKN45 stomach with 1Cs
values of 0.48, 0.56, and 0.24 uM, respectively. Both amamistatin A and amamistatin B
possess cytotoxicity against mouse lymphocytic leukemia cells P388 (ICsy 15 and 16
ng/mL, respectively).'” The nocardimicin series A-I were isolated from Nocardia sp. TP-

A0674 and nova JCM6044, and inhibited the binding of tritium-labeled N-

methylscopolamine to the muscarinic M3 receptor.'**
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Amamistatin A, R = OCH;
Amamistatin B, R=H

Formobactin, R, R®, R* = CH3; R=H; R°=OH; n=8
Nocobactin, R, R?, R® = CHz, R* = H; R® = OH; n = 8,10
Nocardimicins A-l, R, R* = H; R?, R3 = CHz; R®=Hor OH; n = 8-16

Figure 3.9 Siderophores from other actinomycetes

The recent rise in Mycobacterium tuberculosis infections worldwide and the
emergence of drug resistance of anti-TB treatment reemphasize the need for novel anti-
mycobacterial agents. Furthermore, some structurally similar mycobactins such as
amamistatins have been proposed to be acted as histone deacetylase inhibitors (HDACH)
since they possess similar N-formyl hydroxylamine or retrohydroxamate moieties as
some small molecules HDACi (Figure 3.10)."% In order to further probe the biological
activities of this class of compounds, brasilibactin A was synthesized and characterized

along with its analogues, which will be described in the following sections.
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Figure 3.10 Small molecules HDACi with N-formyl hydroxylamine or retrohydroxamate
moieties

3.3 Brasilibactin A

3.3.1 Isolation and biological activity

Brasilibactin A (Figure 3.11), a potent cytotoxic siderophore, was isolated from
the actinomycete of Nocardia brasiliensis IFM 0995 by Tsuda and co-workers in 2004.'%°
The structure and relative stereochemistry of brasilibactin A was determined by extensive
spectroscopic and chemical analysis. Brasilibactin A contains a nearly identical
molecular nucleus as in many mycobactin-type siderophores including a cyclic
hydroxamic acid, a N-hydroxyformamide, and a 2-(2-hydroxyphenyl)-A>-1,3-oxazoline
which serve as iron-binding moieties (Figure 3.11).*"°® Brasilibactin A showed potent
cytotoxicity against murine leukemia L1210 and human epidermoid carcinoma KB cells
(ICsp, 0.02 and 0.04 pg/mL, respectively) and was reported to cause a concentration-
dependent increase in the caspase-3 activity in HL60 cells,'”® but the absolute
stereochemistry of the B-hydroxy acid moiety has not been assigned as well as the

molecular mechanism of brasilibactin A has yet to be established.
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Therefore, we undertook the total synthesis of brasilibactin A and its three
unnatural diastereomers to determine the absolute stereochemistry of the B-hydroxy acid
moiety and to study the effect of configuration of the B-hydroxy acid fragment on

biological activities such as iron-binding capability and transport process.'*®
1 7\0 Y 4 9 RO /\>
~J2 N4 18 M 20 X
2 NW 15 OJW\HJ\N 21\ ~N23
OH O 2 " g oH
Ho N>cHo

brasilibactin A, R= C15H31
Tsuda et al.: (17R,18R) or (17S,18S)

Figure 3.11 Structure of brasilibactin A

3.3.2 Retrosynthetic analysis

The retrosynthetic strategy of brasilibactin A and its diastereomers (3.1-3.4) is
shown in scheme 3.1. Disconnection of an ester and two amide bonds of 3.1-3.4
generates four fragments (3.5-3.11), which include an oxazoline 3.5, an N-
hydroxyformamide 3.6, a B-hydroxy acid (3.7-3.10), and a cyclic hydroxamic acid 3.11.
The oxazoline 3.5 could begin with a direct condensation of a derivative of salicylic acid
3.12 and serine benzyl ester (3.13). The N-hydroxyformamide 3.6 and the cyclic
hydroxamic acid 3.11 could be derived from the common starting material N*-Cbz-D-
lysine (3.14) via methodologies previously established by Miller and co-workers. Highly

stereoselective aldol reactions of hexadecanal (3.19) with N-propanoyl-oxazolidinone and
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O-propanoyl-norephedrine could produce the four possible syn- and anti-diastereomers of

the B-hydroxy acid (3.7-3.10).

W ﬁ ﬁ”

R= C15H31
3.1=(17S,18R)
"o 3.2 =(17R 189)
3.3 = (175.18S)
3.4 = (17R 18R)

CbzHN._CO,H
O~ \ljﬁ CisHas q
N + + COH + -
N"Co,H )3 HO)Y 2 HZN/W/N\OTBDPS
(@]

OH BN
SEMQO™ “CHO
35 3.6 3.7-3.10 3.11
CbzHN.__CO,H CbzHN.__CO,H
coH 1O~ 0
20, : )J\/ + Cy5H3,CHO
PN )3 Xc )3
an H2N COZBn
NH, NH,
3.12 3.13 3.14 3.15-3.18 3.19 3.14

Scheme 3.1 Retrosynthetic analysis of brasilbactin A

3.3.3 Total synthesis of brasilibactin A

As shown in Scheme 3.2, the synthesis of oxazoline 3.5 began with commercially
available methyl salicylate 3.20.°® Benzyl Protection of 3.20 using BnBr'”’ and
subsequent hydrolysis (KOH, CH;0H)'*® produced 3.12 (64% for two steps). A coupling
of 3.12 to serine benzyl ester (3.13)'" followed by treatment of 3.21 with Burgess
reagent generated 3.22.”® Final deprotection of the Bn protecting groups in 3.22 under

conventional hydrogenolysis conditions (H,, Pd/C) completed the synthesis of 3.5 (90%).
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OH

O ~ O\
CO,R? b c 3
H/\cozsn . N"">co,Rr?
OR

OR* OBn
a,: 3.20, R'=H, R? = CHs3 3.21 dE 3.22,R1=R?=Bn
3.12,R'=Bn,R2=H 35 RI=R%2=H

Reagents and conditions: (a) (i) BnBr, K,COg, Kl, THF, rt, 24 h; (ii) KOH, CH30H, H,0, 64% for
two steps; (b) 3.13, EDC, EtzN, CH,Cl,, rt, 24 h, 64%; (c) Burgess reagent, THF, reflux, 30 min,
70%; (d) 10% Pd/C, H,, CH3OH, rt, 2h, 90%.

Scheme 3.2 Synthesis of oxazoline 3.5

The N-hydroxyformamide 3.6 and the cyclic hydroxamic acid 3.11 were prepared
from the same commercially available material N*-Cbz-D-lysine (3.14) following the
procedures demonstrated by Miller and co-workers.''’ As shown in Scheme 3.3, Methyl
esterification of N“-Cbz-D-lysine (3.14) followed by oxidation with dimethyldioxirane
(DMD or DMDO) in acetone gave the nitrone 3.23."' Treatment of 3.23 with
NH,OH-HCI, coupling with formic acid, protection with SEMCI, and hydrolysis under

6."'"" Benzyl

basic conditions completed the synthesis of the N-hydroxyformamide 3.
imine formation of N*-Cbz-D-lysine (3.14) under basic conditions followed by oxidation
with m-CPBA and TFA-promoted isomerization provided the corresponding nitrone
3.26.""% 9 1t is noteworthy that addition of benzaldehyde in TFA-promoted isomerization
improved the yield (50% for two steps) because hydrolysis of 3.26 resulted in the
formation of a hydroxylamine.''* Treatment of 3.26 with NH,OH-HC], cyclization of the
corresponding hydroxylamine under standard conditions (EDC, HOAt, NaHCO3), and

110c

protection of the cyclic hydroxamic acid with TBDPSCI afforded 3.27. Final
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deprotection of the Cbz protecting group in 3.27 under conventional hydrogenolysis

conditions (Hy, Pd/C) provided 3.11 (90%).

CbzHNCOCHs  cpzHN__CO,CH, CbzHN.__CO,H
) b C
N+3 )3 )3
% S SEMO™ “CHO SEMO™ " “CHO
CbzHN CO,H 3.23 3.24 3.6
)3
CbzHN___CO,H CbzHN__CO,H
NH, \
3.14 d /\>
)3 L» )3 —f> 2 X
N N RHN/W/N\ )
Lo ANo- J or
Ph Ph
3.25 326 4 3.27, Rt = TBDPS, R? = Chz
[, L 2_
3.11, Rl= TBDPS, R? = H

Reagents and conditions: (a) SOCl,, CH30H, rt, 24 h; then dimethyldioxirane, acetone, —78 °C, 15
min, 58% for two steps; (b) (i) NH,OH-HCI, CH30H, 40 °C, 12 min; (iij) HCO,H, EDC, CH,ClI,, 0 °C,
2 h; then i-ProNEt, CH30H, rt, 48 h, 70% for two steps; (iii) SEMCI, i-ProNEt, DMAP, CH,Cl,, rt, 24
h, 80%; (c) ag. LiOH, THF, 0 °C, 30 min, rt, 1 h, 90%); (d) PhCHO, KOH, CH3OH, 3 A MS, rt, 24 h,
then m-CPBA, CH3O0H, 0 °C, 2 h; (e) TFA, CH,Cly, rt, 1 h; then PhCHO, rt, 24 h, 50% for two steps;
() (i) NH,OH-HCI, CH30H, 60 °C, 20 min; (ii) EDC, HOAt, NaHCO3, CH3CN/DMF (7:2), rt, 48 h; (iii)
TBDPSCI, imidazole, DMF, 35 °C, 24 h, 40% for three steps; (g) 10% Pd/C, H,, CH30H, rt, 2 h,
90%.

Scheme 3.3 Synthesis of N-hydroxyformamide 3.6 and cyclic hydroxamic acid 3.11

Synthesis of four possible diastereomers of the B-hydroxy acid fragment (3.7—
3.10) was achieved by employing the highly stereoselective syn-aldol reactions of the N-
propanoyl-oxazolidinones (3.15 and 3.16) developed by Evans''' and anti-aldol reactions
of the O-propanoyl-norephedrines (3.17 and 3.18) demonstrated by Masamune ''?
(Scheme 3.4). The aldol reactions of hexadecanal (3.19)'° with 3.15 and 3.16 in the
presence of n-Bu,BOTT and i-Pr,NEt provided the desired syn-aldol adducts 3.28 (85%)
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and 3.29 (85%), respectively, as a single diastereomer. Hydrolysis of the B-hydroxy
amides (3.28 and 3.29) under conventional conditions (30% H,O,, LiOH) provided the
corresponding B-hydroxy acids (3.7 and 3.8) in 90% yield, respectively. In a similar
manner, the aldol reactions of hexadecanal (3.19) with the chiral derivatives of
norephedrine (3.17 and 3.18) in the presence of c-Hex,BOTf and Et;N followed by
hydrolysis of aldol adducts (3.30 and 3.31) were performed to prepare anti-B-hydroxy

acids (3.9 and 3.10).
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syn-aldol adducts (R = Cy5H31)

O o O O OH

O OH
O)kN)]\/—a> O)LN)H/LR _b» J\l/L
\_{ \_/ HO R

PR - PR -
3.15 3.28 3.7
ISP S &
: O OH
o N)K/ a o N)J\:/\R b :
\_§;5 HO™ ™ "R
3.16 3.29 3.8

anti-aldol adducts (R = Cy5H3;)

O Ph OH ; O OH
ﬁo < . (\o —»HO)K:/'\R
Bn’ “SO,Mes Bn/ “SO,Mes -
3.17 3.30 3.9
\A I e \A %, o
n/ “SO,Mes n/ “SO,Mes )kl/\
3.18 331

Reagents and conditions: (a) (i) (n-Bu),BOTf, i-Pr,NEt, CH,Cl,, 0 °C, 30
min; (ii) 3.19, CH,Cl,, =78 °C, 2 h, 85%; (b) 30% H,0,, LiOH, THF/H,O
(4:1),0°C, 1 h, 90%; (c) (i) (c-hex),BOTT, EtzN, CH,Cl,, 0 °C, 30 min; (ii)
3.19, CH,Cl,, —78 °C, 2 h, 80%; (d) LiOH, THF/CH3;OH/H,0 (2:3:2), rt, 4

days, 85%.

Scheme 3.4 Synthesis of B-hydroxy acid (3.7-3.10)

As shown in Scheme 3.5, the synthesis of brasilibactin A and its diastereomers

(3.1-3.4) commenced from the coupling of 3.7-3.10 with 3.11. EDC-coupling of 3.7 to

3.11 followed by subsequent coupling''®™ of 3.32 to 3.6 provided 3.36. However,

alternative methods for formation of the ester bond (DEAD or DIAD, PPhs; 2.,4,6-
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trichlorobenzoyl chloride, NEt;, then DMAP; EDC, DMAP) failed to react with this
sterically hindered substrate. Deprotection of the Cbz protecting group in 3.36 followed
by the coupling of the corresponding amine to 3.5 completed the synthesis of the
protected depsipeptide (3.40). Final deprotection of the SEM and TBDPS protecting
groups in 3.40 by treatment with TFA followed by HPLC purification afforded 1 in 73%
yield.'” The other diastereomers of brasilibactin A (3.2-3.4) were also prepared in the
same manner. 'H NMR data for 3.1-3.4 were carefully compared with the authentic data
from natural brasilibactin A (Table 3.1, Figure 3.12). The chemical shifts and coupling
patterns of 3.1, in particular those of H-14 (o 4.25, m), H-17 (3 4.90, dt, J = 8.8, 2.8 Hz),
H-18 (6 2.62, m), and H-20 (6 8.13, d, J = 7.2 Hz), were identical to those of the natural

195 The comparison unambigously showed that brasilibactin A (3.1) possesses the

product.
17S,18R absolute stereochemistry, which is also consistent with the assignment by Shaw
and co-workers, who published the synthesis of the brasilibactin A when we were

. . 113
preparing our manuscript.
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Reagents and conditions: (a) EDC, CH,Cls, rt, 24 h, 64-68%; (b) 3.6, DCC, DMAP, toluene, rt, 48 h, 76—-89%;
(c) 10% Pd/C, Hp, CH30H, t, 2 h; then 3.5, EDC, CH,Cl,, 1t, 24 h, 48-60%; (d) TFA, CH,Cl,, rt, 1.5 h, 68-73%.

Scheme 3.5 Synthesis of brasilibactin A (3.1) and other diastereomers (3.2-3.4)

Table 3.1: Comparison of 'H NMR data for 3.1-3.4 with natural brasilibactin A*

H no. Natural 3.1 3.1 (178, 18R) 3.2 (17R, 18S) 3.3 (178, 18S) 3.4 (17R, 18R) (178, 18R)  (17R, 18S5)

inref. 113 inref. 113
18 2.62 2.62 2.66 2.70 2.74 2.61 2.66
14 4.25 4.25 421 4.23 4.15 4.24 422
21 4.44 4.44 4.46 4.40 4.42 4.42 4.47
9 4.47 4.47 4.48 4.48 4.51 4.47 4.46
17 4.90 4.90 4.95 493 495 4.90 495
20 8.11 8.13 8.15 7.88 7.93 8.15 8.16

“ Chemical shifts (ppm) in DMSO-dg

115






Figure 3.12 Comparison of '"H NMR of 3.1-3.4

One point we should note is that initially we attempted to couple cobactin
fragment 3.32-3.35 with mycobactic acid fragment 3.46 using several ester bond
formation methods such as Mitsunobu, Yamaguchi and DCC or EDC/DMAP coupling
(Scheme 3.6). However, all attempts were failed presumably because of this sterically

hindered secondary alcohol.

O— O o

E = H
: + RHN \ : 3.32-3.35

OH S
mycobactic acid )3 cobactins
NL
semo™" SEMO” " “CHO
3.24, R = Cbz c 3.45, R = CHs
3.5 3.44.R=H . 3.46,R = H

- A

esterification condition
e.g. Mitsunobu, Yamaguchi,
DCC or EDC, DMAP etc semo™
3.40 = (17S,18R), 3.41 = (17R,18S)
3.42 = (17S,18S), 3.43 = (17R,18R)

Reagents and conditions: (a) 10% Pd/C, H,, CH3OH, rt, 2 h; (b) EDC, CH,Cl,, rt, 3 h, 85% for 2 steps;
(c) aq. LiOH, THF, 0 °C, 30 min, rt, 1 h, 90%;

Scheme 3.6 Attempts to couple cobactins 3.32—3.35 with mycobactic acid 3.46
3.3.4 Shaw’s synthetic route to brasilibactin A and HDAC inhibitory activity
of brasilibactin A

During the preparation of our manuscript, Shaw and co-workers reported the first
total synthesis of brasilibactin A (Scheme 3.7).11 They examined the HDAC inhibitory

effect of brasilibactin A and found that it lacked HDAC inhibitory activity using HDAC
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enzymatic assay, presumably because conformation of brasilibactin structures prevents
either N-formyl hydroxylamine or cyclic hydroxamic acid moiety from accessing the Zn

113

ion at the active site.” - This lack of HDAC inhibition was also observed in natural

products amamistatin A and B reported by Miller.'"*
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Scheme 3.7 Shaw’s synthetic route to brasilibactin A
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3.3.5 Synthesis and iron-binding study of brasilibactin A analogue

Due to the long alkyl chain at the B-hydroxy acid residue, brasilibactin A has a
low water solubility, which prevented us from studying iron-binding capability in
aqueous solution. To overcome this problem, an analogue lacking C17-alkyl chain at B-
hydroxy acid fragment was designed to pursue better water solubility. Meanwhile,
stereochemistry of the backbone and three iron-binding moieties was retained. The design
of this brasilibactin A analogue (Bbtan) increases the water solubility presumably without
affecting the iron binding properties because of three retained iron-binding moieties.

Bbtan was synthesized following the previously reported procedure (Scheme
3.8).1% Briefly, EDC-coupling of 3.11 to known (R)-2-hydroxymethylpropanoic acid
3.50 provided 3.51 in 80% yield. Coupling of 3.51 and 3.6 using DCC and DMAP
afforded 3.52 in 66% yield. Deprotection of the Cbz group in 3.52 followed by the
coupling of the corresponding free amine to oxazoline 3.5 completed the synthesis of
depsipeptide 3.53. Final deprotection of the SEM and TBDPS protecting groups in 3.53

using TFA followed by HPLC purification afforded Bbtan (3.54) in 78 % yield.
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Reagents and conditions: (a) EDC, CH,Cl,, rt, 24 h, 80%; (b) 3.6, DCC, DMAP, toluene, rt, 22 h, 66%; (c)
10% Pd/C, H,, CH3OH, rt, 5 h; then 3.5, EDC, CH,Cl,, rt, 16 h, 87%; (d) TFA, CH,Cl,, rt, 2 h, 78%.

Scheme 3.8 Synthesis of a water-soluble brasilibactin A analogue 3.54 (Bbtan).

A characterization of the protonation constants and iron(IIl) affinity of a water
soluble Brasilibactin A analog (Bbtan) has been performed by our collaborator James
Harrington in Dr. Crumbliss’ lab at Duke University. The stability constant of the 1:1
Fe(IlT)-Bbtan complex was found to be log B0 = 26.96 based on protonation constants
and competition with EDTA. They also found that the pFe of Bbtan is 22.73, somewhat
low for a proposed siderophore molecule. In addition, the redox potential of the Fe-Bbtan
complex was found to be -300 mV vs NHE, which is very high for an iron-siderophore

%
complex.

" Iron-binding results from our collaborators-James Harrington and Prof. Alvin Crumbliss
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The relative low complex stability of Bbtan and ease of iron reduction due to the
high redox potential of ferri-Bbtan complex suggest brasilibactin A may play a vital role

in the iron-uptake mechanism in mycobacteria and related organisms.

3.4 Conclusion

In summary, we completed a convergent synthesis of cytotoxic siderophore
brasilibactin A (3.1), a structurally and biologically interesting linear depsipeptide, and
unambiguously confirmed that 3.1 possesses the 175, 18R absolute stereochemistry. The
convergent synthetic strategy has been applied to the synthesis of a more water soluble
analogue Bbtan (3.54). Characterization of iron binding property of 3.54 suggested
brasilibactin A may play an important role in the iron-uptake mechanism in mycobacteria
and related organisms and further studies to characterize zinc binding property are in

progress.

3.5 Experimental sections
3.5.1 General Information

"H NMR spectra were performed on a Varian (400 MHz) spectrometer. Chemical
shifts are reported in ppm from residual solvent peak (CDCl;, s, 6=7.26). Data are
reported as follows: chemical shifts, multiplicity, coupling constants (Hz), integration,

and assignment. Proton-decoupled >C NMR spectra were performed on a Varian (100

122



MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in

ppm from tetramethylsilane with the solvent as the internal standard (CDCls, t, 8=77.00).

Analytical thin layer chromatography was performed on Partisil K6F, Silica Gel
60 A with fluorescent indicator/0.25 mm thickness plates (Whatman International Ltd.).
Visualization was accomplished with UV light, p-anisaldehyde solution, or
phosphomolybdic acid followed by heating. High resolution mass spectra (HRMS) and
low resolution FAB mass spectra (FAB LRMS) were done at the Analytical Facility at

Chemistry Department, Duke University.

Solvents for extraction and chromatography were reagent grade. Liquid
chromatography was performed with forced flow (flash chromatography of the indicated
solvent mixture on silica gel SiliaFlash F60, 40-63 pm 60A, SiliCycle Inc.). Anhydrous
THF and acetone were commercially available from Acros, Fisher. Anhydrous CH,Cl,
was freshly distilled from CaH, before use. Toluene and N, N-dimethyl formamide (DMF)
were dried over 4A molecular sieves. Active 3A molecular sieves were dried under high
vacuum in the oil-bath at 250 °C for 2 h before use. Triethylamine and N,N-
diisopropylethylamine were dried over potassium hydroxide. All other commercially

obtained reagents were used as received.

DMD was generated by the method reported by Murray et al.''> Hexadecanal was

prepared by pyridinium chlorochromate (PCC) oxidation of hexadecanol in CH,Cl,."'® n-
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Bu,BOTf and c-Hex,BOT{ were used as commercially available solutions in CH,ClL,. All
reactions were conducted under a nitrogen atmosphere unless otherwise indicated. Upon
workup, solvents were evaporated by using a Buchi rotary evaporator, followed by high

vacuum.

3.5.2 Preparation of brasilibactin A (3.1) and its diastereomers (3.2-3.4)

(2°R,3°S,3R,4R)-3-(3’-Hydroxy-2’-methyl-1’-octadecanoyl)-4-(methyl)-5-
(phenyl)-2-oxa-zolidinone 3.28 and (2°S,3’R,4S5)-3-(3’-Hydroxy-2’-methyl-1’-
octadecanoyl)-4-(methylethyl)-2-oxazolidinone 3.29. To a 0.2-0.5 M solution of 3.15
(or 3.16) in anhydrous CH,Cl, under nitrogen (0 °C) was added 1.1 equiv. of n-Bu,BOTf
followed by 1.2 equiv. of diisopropylethylamine. After allowing 30 min for complete
enolization, the reaction was cooled (—78 °C) and 1.1 equiv. of freshly prepared
hexadecanal was added and stirred for another 30 min at —78 °C and 1.5 h at room
temperature. The boron aldol complex was quenched with pH 7 phosphate buffer and
oxidized with 30% hydrogen peroxide-methanol (0 °C, 1h). The aldol adduct was then
extracted 3 times by CH,Cl,. The combined organic extracts were dried over anhydrous

Na,S0,, filtered, and concentrated. The residue was purified by flash chromatography
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(EtOAc-Hexane=1:2) to afford the desired product 3.28 (3.29) as a colorless oil in 85%
yield.

3.28. A colorless oil: "H NMR (400 MHz, CDCls) & 4.42-4.46 (m, 1H), 4.19 (dd,
J=9.2,3.2 Hz, 1H), 3.87-3.92 (m, 1H), 3.73 (qd, J = 7.2, 2.8 Hz, 1H), 2.96 (d, J = 2.4
Hz, 1H), 2.27-2.37 (m, 1H), 1.22 (brs, 25H), 1.21 (d, J = 6.0 Hz, 3H), 0.89 (d, J = 6.8
Hz, 3H), 0.86 (d, J = 6.8 Hz, 3H), 0.85 (t,J/ = 7.2 Hz, 3H).

3.29. A colorless oil: "H NMR (400 MHz, CDCl3) & 7.34-7.42 (m, 3H), 7.26-7.29
(m, 2H), 5.66 (d, J = 7.2 Hz, 1H), 4.77 (dddd, J = 6.8, 6.8, 6.8, 6.8 Hz, 1H), 3.81-3.92
(m, 1H), 3.75 (qd, J = 7.2, 2.8 Hz, 1H), 2.87 (brs, 1H), 1.34-1.56 (m, 3H), 1.23 (s, 24H),
1.21(d,J =7.2 Hz, 3H), 0.85 (t, J = 7.6 Hz, 3H).

O OH O OH

N

3.7 3.8

(35)-3-Hydroxy-(2R)-2-methyloctadecanoic acid (3.7) and (3R)-3-Hydroxy-
(25)-2-methyl- octadecanoic acid (3.8). To a solution of the aldol adduct 3.28 (3.29)
(150 mg, 0.35 mmol) in 2.0 ml of 4:1 THF/H,O at 0 °C, a 0.22 mL of 30 % H,0, was
added dropwise via syringe followed by LiIOHH,O (31 mg, 0.72 mmol) in 0.9 mL of
H,O. After the solution was stirred at 0 °C for 1 h, Na,SO; (273 mg, 2.16 mmol)
dissolved in 3.0 mL of H,O was added to the reaction mixture. The bulk of THF was
removed on a rotary evaporator and the resulting mixture was extracted 3 times with
CH,Cl, to remove the chiral auxiliary. The aqueous layer was cooled in an ice bath and

acidified to pH 1 by the addition of an aqueous 1IN HCI solution. The resulting cloudy
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solution was then extracted 3 times with EtOAc. The combined EtOAc extracts were
dried over anhydrous Na,SOs, filtered, and concentrated. The residue was purified by
flash chromatography (EtOAc-Hexane=1:2, 1% acetic acid) to afford the desired product
3.7 (3.8) as a white solid (99 mg, 90%). 'H NMR (400 MHz, CDCl3) & 3.93 (m, 1H),

2.53 (dq, J=7.2, 3.2 Hz, 1H), 1.44 (m, 3H), 1.23 (m, 29H), 0.86 (t, J = 7.2 Hz, 3H).

Ph O OH Ph O OH
N - N
Bn SO,Mes Bn SO,Mes
3.30 3.31

(1°S)-Phenyl-(2’R)-[(phenylemthyl)[(2,4,6-trimethyl phenyl)sulfonyl]-amino]
propyl-(38)-hydroxy-(25)-methyloctadecanoate 3.30 and (Z’R)-Phenyl-(2°S5)-
[(phenylemthyl)[(2,4,6-trimethylphenyl)sulfonyl]amino]-propyl-(3R)-hydroxy-(2R)-
methyloc-tadecanoate 3.31. To a stirred solution of 3.17 (or 3.18) in anhydrous CH,Cl,
under nitrogen (0 °C) was added triethylamine. The solution was cooled to -78 °C and to
this was added c-Hex,BOTT in CH,Cl,. The resulting solution was stirred at -78 °C for 2
h to complete enolization. Hexadecanal dissolved in CH,Cl, was added dropwise to the
enolate solution via syringe and the reaction mixture was stirred at -78 °C for 1 h and at 0
°C for 1 h. The reaction was quenched by pH 7 buffer followed by CH;0OH and 30%
H,0,. The mixture was stirred overnight vigorously and worked up with the method

Abiko described.
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3.30. A colorless oil: '"H NMR (400 MHz, CDCl3) & 7.14-7.29 (m, 8H), 6.85 (d, J
= 5.6 Hz, 4H), 5.81 (d, J = 4.0 Hz, 1H), 4.63 (AB, Jap = 16.4 Hz, Avag = 90.8 Hz, 2H),
4.07-4.14 (m, 1H), 3.57-3.63 (m, 1H), 2.47 (s, 6H), 2.41-2.48 (m, 2H), 2.26 (s, 3H),
1.42 (brs, 3H), 1.24 (brs, 25H), 1.16 (d, J = 6.8 Hz, 3H), 1.11 (d, J = 7.2 Hz, 3H), 0.86 (t,
J = 6.8 Hz, 3H); *C NMR (100 MHz, CDCl;) & 174.6, 142.5, 140.2, 138.4, 138.1, 133.3,
132.1, 128.4, 128.3, 127.9, 127.6, 127.1, 125.9, 78.2, 73.1, 56.7, 48.2, 45.4, 34.4, 31.9,
29.7,29.6,29.3,25.4,229,22.6,20.8, 14.1, 13.4.

3.31. A colorless oil: 'H NMR (400 MHz, CDCl3) § 7.14-7.29 (m, 8H), 6.86 (d, J
= 6.4 Hz, 4H), 5.82 (d, J = 4.4 Hz, 1H), 4.63 (AB, Jap = 16.8 Hz, Avag = 90.0 Hz, 2H),
4.11 (dt, J = 11.6, 7.2 Hz, 1H), 3.58-3.63 (m, 1H), 2.47 (s, 6H), 2.43-2.48 (m, 2H), 2.26
(s, 3H), 1.43 (brs, 3H), 1.24 (s, 25H), 1.16 (d, J = 7.2 Hz, 3H), 1.12 (d, J = 7.2 Hz, 3H),
0.87 (t, J = 6.8 Hz, 3H); °C NMR (100 MHz, CDCl;) § 174.5, 142.5, 140.1, 138.4,
138.1, 133.3, 132.0, 128.3, 128.2, 127.9, 127.6, 127.1, 125.9, 78.1, 73.1, 56.7, 48.2, 45.4,
34.3,31.8,29.6,29.5,29.3, 25.3, 22.8, 22.6, 20.8, 14.05, 13.97, 13.4.

O OH O OH
HOJ\I/\CHH31 HOJ\:/l\Cme
3.9 3.10

(3R)-3-Hydroxy-(2R)-2-methyloctadecanoic acid (3.9) and (35)-3-Hydroxy-
(25)-2-methyl-octadecanoic acid (3.10). A solution of 3.30 (3.31) (62 mg, 0.086 mmol)
and LiOH'H,O (18 mg, 0.43 mmol) in THF/CH3;0OH/H,O (2.1 mL, 2:3:2) was stirred at
room temperature for 3 days. The mixture was poured into HO (10.0 mL) and extracted
with ether to remove the auxiliary. The aqueous layer was acidified (pH 2~3) with IN
HCI and extracted 4 times with CH,Cl,. The CH,Cl, extracts were dried over anhydrous

Na,S0y, filtered, and concentrated. The residue was purified by flash chromatography
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(EtOAc-Hexane=1:7, 1% acetic acid) to afford the desired product 3.9 (3.10) as a white
solid (23 mg, 85%). '"H NMR (400 MHz, CDCl3) & 3.67 (m, 1H), 2.53 (dq, J = 6.8, 6.8

Hz, 1H), 1.48 (m, 3H), 1.24 (m, 29H), 0.86 (t, J = 6.8 Hz, 3H).

o]
N S
N™ ~co,Bn

OBn
3.22

ol

(R)-Benzyl 2-[(benzyloxy)phenyl]-A2-1,3-0xazoline-4-carb0xylate (3.22). To a
stirred solution of N-[2-(benzyloxy)benzoyl]-D-serine benzyl ester (3.21) (100mg, 0.248
mmol) in THF (2.0 mL) was added Burgess’s reagent (50mg, 0.274 mmol). After being
refluxed for 30 min under N,, the reaction mixture was diluted with EtOAc (20.0 mL),
washed with H,O and brine. The organic layer was dried over Na,SO,, filtered,
concentrated, and chromatographed on silica gel eluting with EtOAc/CH,Cl, (1/15) to
yield oxazoline 3.22 (68 mg, 71%) as a white crystalline solid. "H NMR (400 MHz,
CDCl3) 6 7.80 (dd, J = 8.0, 1.6 Hz, 1H), 7.48 (d, J = 7.2 Hz, 2H), 7.25-7.40 (m, 9H),
6.95-6.99 (m, 2H), 5.27 (d, J = 12.4 Hz, 1H), 5.19 (d, J = 12.4 Hz, 1H), 5.16 (s, 1H),
4.98 (dd, /=104, 8.0 Hz, 1H), 4.64 (dd, J= 8.4, 8.4 Hz, 1H), 4.54 (dd, /= 10.4, 8.4 Hz,

1H).
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CbzHN.___CO,Me

5,
\thO"

3.23

Lysine nitrone (3.23). To precooled (ice-salt bath) absolute methanol (10 mL)
was added slowly thionyl chloride (0.45 ml, 6.32 mmol). N*-Cbz-D-lysine 3.14 (500 mg,
1.78 mmol) was added to the above mixture in one portion. The solution was allowed to
warm to room temperature slowly and stirred overnight. The methanol was removed and
clear oil was obtained. Part of the oil was dissolved in saturated NaHCOj; solution (20.0
mL) and was extracted with CH,Cl,. The organic layer was dried over Na;SQO,, filtered,
and concentrated to give an oil (220 mg, 0.748 mmol). The oil was dissolved in acetone
(10.0 mL) and stirred at 0 °C for 30 min and at —78 °C for 1 h. Enough DMD/acetone
(10.0 mL) was added in one portion to the above mixture. After being stirred for 10—15
min, the reaction mixture was concentrated and chromatographed -eluting with
CH;OH:EtOAc (3:8) to give 135 mg (51.4%) of nitone 3.23 as a white solid. '"H NMR
(400 MHz, CDCl3) 6 7.27-7.32 (m, 5H), 5.60 (d, /= 8.0 Hz, 1H), 5.06 (s, 2H), 4.28-4.34
(m, 1H), 3.78 (t, J = 7.2 Hz, 2H), 3.70 (s, 3H), 2.09 (s, 3H), 2.03 (s, 1H), 1.34-1.92 (m,
6H); °C NMR (100 MHz, CDCls) & 172.8, 156.1, 143.6, 136.4, 128.6, 128.3, 128.2,

67.0, 58.6, 53.8, 52.5, 32.3, 26.9, 22.7, 20.5, 20.0.
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/N\
SEMO™ CHO
3.24

N’-Cbz-N°-formyl-N°-[[2-(trimethylsilyl)ethoxy]-methoxy]|-D-lysine ~ methyl
ester (3.24). To a solution of the formate (212 mg, 0.627 mmol) in CH,Cl; (5.0 mL) were
added i-Pr,NEt (0.55 ml, 3.135 mmol), DMAP (4 mg, 0.031 mmol) and SEMCI (0.17 ml,
0.941 mmol) at 0 °C. After being stirred at 0 °C for 30 min and then at room temperature
for 17 h, the mixture was diluted with EtOAc, washed with H,O and brine, dried over
Na,SOq, filtered, and concentrated. The residue was purified by flash chromatography
(EtOAc:Hexane=1:2) to afford the desired product 3.24 as a colorless oil (232 mg, 80%).
'H NMR (400 MHz, CDCl3) & 8.27 (s, 1H), 7.28-7.34 (m, 5H), 5.34 (d, J = 8.0 Hz, 1H),
5.08 (s, 2H), 4.82 (s, 2H), 4.30-4.36 (m, 1H), 3.70 (m, SH), 6 3.55 (m, 2H), 1.30-1.86
(m, 6H), 0.93 (t, J = 8.4 Hz, 2H), & 0.01 (s, 9H); >C NMR (100 MHz, CDCl3) & 172.9,
163.7, 156.1, 136.4, 128.7, 128.3, 128.3, 98.4, 67.3, 67.1, 53.8, 52.6, 44.9, 32.2, 26.4,

22.3,18.2,-1.3.

CbzHN__CO,H

5,

(/ N2 o
Ph

3.26
Lysine phenyl nitrone (3.26). To a solution of KOH (214 mg, 3.82 mmol) and 1

g of 3 A molecular sieves in 10 mL of CH;OH at room temperature was added N*-Cbz-
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D-lysine 3.14 (1.07g, 3.58 mmol). When the stirred solution was clear, benzaldehyde
(0.40 mL, 3.94 mmol) was added and the mixture was stirred for 16 h at room
temperature. The mixture was filtered and the solvents were removed in vacuo to give a
crude imine product. The residue was taken up in 40 mL of CH30H and cooled to 0 °C.
Dry m-CPBA (963 mg, 4.3 mmol), dissolved in 10.0 mL of CH3;OH, was added dropwise
over 4 min and the resulting solution was stirred for an additional 2 h at 0 °C. The
reaction mixture was filtered and the solvents were removed in vacuo with no heating.
Isomerization of the resulting crude oxaziridine was accomplished by the addition of 2
mL of TFA followed by 5 mL of CH,Cl; to residue under a nitrogen atmosphere. The
solution was stirred for 1 h at room temperature and the solvents were removed. The
residue was taken up in 12 mL of EtOAc and cooled to 0 °C. PhCHO (0.2 ml) was added
and the solution was stirred overnight while coming to room temperature. The solvents
were removed and the residue was purified by flash chromatography on silica gel
(CH,Cl,: acetone=1:4-> CH;0H: CH,Cl,: acetone=3:13:4) to give 770 mg of nitrone as a
pale yellow oil in 52% yield. '"H NMR (400 MHz, CDsCN) & 9.72 (brs, 1H), 8.25 (m,
2H), 7.70 (s, 1H), 7.30-7.48 (m, 8H), 6.20 (d, J = 6.8 Hz, 1H), 5.04 (s, 2H), 4.17 (m,
1H), & 3.95 (m, 2H), 1.36-1.96 (m, 6H); °C NMR (100 MHz, CDsCN) & 174.1, 156.7,

139.2,137.3,131.8, 130.0, 128.9, 128.7, 128.2, 128.0, 66.5, 65.8, 54.2, 31.1, 27.0, 22.5.

N\
CbZHN/wf OTBDPS
o

3.27
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TBDPS-protected azepinone hydroxamic acid (3.27). The lysine phenyl nitrone
3.26 (551 mg, 1.432 mmol) and hydroxylamine hydrochloride (150 mg, 2.148 mmol)
were dissolved in 10.0 mL of CH3;0H and heated in a 60 °C oil bath for 20 min and then
allowed to cool. The solution was concentrated and taken up in distilled H,O and
extracted with ether until no more by-product was in the organic phase as detected by
TLC. The aqueous solvent was removed in vacuo. Residual water was removed
azeotropically in vacuo with benzene and methanol. The crude hydroxylamine in 45 mL
of 7:2 CH3CN:DMF was added dropwise over 2 h to a stirred solution of EDC (304 mg,
1.58 mmol), HOAt (195 mg, 1.432 mmol), and NaHCO; (602 mg, 7.16 mmol) in 27 mL
of 7:2 CH3CN:DMF. The solution was stirred for 48 h at room temperature. The CH3;CN
was removed in vacuo and EtOAc and H,O were added. The aqueous layer was acidified
to approximately pH 2 with IN HCI and extracted with EtOAc until no more product
could be detected by TLC. The combined organic extracts were washed two times with
5% NaHCOs and one time with brine. The organic layer was dried with Na;SO, filtered
and concentrated to afford a crude azopine (190 mg). To a stirred solution of azepine in
DMF (10.0 mL) was added TBDPSCI (0.87 mL, 3.41 mmol) and imidazole (464 mg,
6.82 mmol). After being stirred at 35 °C under N,, the reaction was diluted with EtOAc.
The EtOAc solution was washed with H,O and brine, dried over Na,SO,, filtered,
concentrated, and chromatographed on silica gel eluting with EtOAc:Hexane=1:6 to give
azopine 3.27 (295 mg, 40%) as a clear oil. '"H NMR (400 MHz, CDCl3) 7.66—7.75 (m,
4H), 7.26-7.45 (m, 11H), 6 6.03 (d, J = 6.4 Hz, 1H), 4.94-5.10 (m, 2H), 3.99-4.05 (m,

1H), 3.36-3.50 (m, 2H), 1.05-1.89 (m, 15H); '*C NMR (100 MHz, CDCl;) 5 169.8,
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155.5, 136.7, 136.3, 136.2, 132.3, 131.8, 130.5, 130.4, 128.6, 128.1, 128.0, 127.8, 127.7,

66.7,54.4,53.3,31.8,27.6,27.1,25.5, 19.7.

Cq4H
18 ~
HO™7" "N N,
: H/ZZ/ OTBDPS
3.32

TBDPS-protected cobactin (3.32). Protected cyclic hydroxamic acid 3.27 (95
mg, 0.184 mmol) was stirred in CH30H (4.0 mL) in the presence of Pd/C (10%, 10 mg)
under H; (1 atm) for 1 h. After filtration, the solvent was removed in vacuo to provide the
corresponding free amine. The free amine was then treated with B-hydroxy acid 3.7 (77
mg, 0.245 mmol) and EDC (106 mg, 0.648 mmol) in CH,Cl, (4.0 mL). After being
stirred overnight, the reaction mixture was concentrated and chromatographed on silica
gel eluting with EtOAc:CH,Cl,=1:6 to afford compound 3.32 (84 mg, 67%) as a clear oil.
'H NMR (400 MHz, CDCl3) & 7.71 (t, J = 8.0 Hz, 4H), 7.35-7.46 (m, 6H), 6.79 (d, J =
6.4 Hz, 1H), 4.21 (dd, J=10.4, 6.4 Hz, 1H), 3.73-3.77 (m, 1H), 3.41-3.54 (m, 2H), 2.28
(qd, /= 6.8, 2.8 Hz, 1H), 1.32-1.82 (m, 6H), 1.26 (brs, 26H), 1.14 (s, 9), 1.10 (d, J=7.2
Hz, 3H), 0.88 (t, J = 6.8 Hz, 3H); °C NMR (100 MHz, CDCl3)  175.8, 169.4, 136.1,
136.0, 132.0, 131.5, 130.3, 130.2, 127.6, 127.5, 71.9, 54.2, 51.3, 44.2, 33.3, 31.9, 30.8,

29.67,29.34,27.3,26.9, 26.0,25.3,22.7, 19.5, 14.1, 11.0.

3.33. a clear oil: 'H NMR (400 MHz, CDCls) & 7.71 (dd, J = 9.6, 7.2 Hz, 4H),

7.33-7.46 (m, 6H), 6.80 (d, J = 6.4 Hz, 1H), 4.13 (dd, J = 10.4, 5.6 Hz, 1H), 3.72-3.77
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(m, 1H), 3.40-3.55 (m, 3H), 2.22 (qd, J = 7.2, 2.4 Hz, 1H), 1.32-1.84 (m, 6H), 1.24 (brs,
26H), 1.24 (s, 9), 1.07 (d, J = 7.2 Hz, 3H), 0.86 (t, J = 6.8 Hz, 3H); °C NMR (100 MHz,
CDCl) & 176.2, 169.6, 136.3, 136.2, 132.2, 131.7, 130.51, 130.47, 127.8, 127.7, 72.0,
54.4,51.7, 44.5, 33.8, 32.1, 31.1, 29.90, 29.88, 29.87, 29.86, 29.80, 29.56, 27.5, 27.1,

26.2,25.6,22.9,19.8, 14.3, 10.8.

3.34. a clear oil: 'H NMR (400 MHz, CDCls) & 7.71 (dd, J = 10.4, 7.6 Hz, 4H),
7.35-7.45 (m, 6H), 6.86 (d, J = 6.4 Hz, 1H), 4.17 (dd, J = 11.2, 6.4 Hz, 1H), 3.41-3.55
(m, 3H), 2.23 (dq, J= 7.2, 6.8 Hz, 1H), 1.32-1.86 (m, 6H), 1.25 (brs, 26H), 1.18 (d, J =
7.2 Hz, 3H), 1.14 (s, 9), 0.87 (t, J = 6.8 Hz, 3H); '*C NMR (100 MHz, CDCl3) § 175.4,
169.6, 136.3, 136.2, 132.2, 131.7, 130.5, 127.8, 127.7, 74.2, 54.4, 51.7, 45.4, 35.9, 32.1,

31.3,29.9,29.8,29.6,275,27.1, 26.0, 25.6, 22.9, 19.8, 15.7, 14.3.

3.35. a clear oil: 'H NMR (400 MHz, CDCls) & 7.73 (t, J = 7.2 Hz, 4H), 7.34—
7.47 (m, 6H), 6.81 (d, J= 6.4 Hz, 1H), 4.20 (dd, J = 11.2, 6.4 Hz, 1H), 3.57 (d, J= 7.2
Hz, 1H), 3.40-3.53 (m, 3H), 2.22 (dq, J=7.2, 6.8 Hz, 1H), 1.32-1.82 (m, 6H), 1.26 (brs,
26H), 1.18 (d, J= 7.2 Hz, 3H), 1.14 (s, 9), 0.87 (t, J = 6.8 Hz, 3H); *C NMR (100 MHz,
CDCly) & 175.8, 169.7, 136.3, 136.2, 132.2, 131.8, 130.51, 130.46, 127.8, 127.7, 74.0,
54.4, 51.6, 45.6, 35.6, 32.1, 30.8, 29.90, 29.88, 29.86, 29.6, 27.5, 27.1, 26.0, 25.6, 22.9,

19.8, 15.7, 14.3.
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Mycobactic acid methyl ester analog (3.45). Protected hydroxamic acid 3.24
(208 mg, 0.414 mmol) was stirred in CH30H (4.0 mL) in the presence of Pd/C (10%, 20
mg) under H, (1 atm) for 1 h. After filtration, the solvent was removed in vacuo to
provide the corresponding free amine. The free amine was then treated with acid 3.5
[derived from ester 3.22 (192 mg, 0.496 mmol) by hydrogenolysis] and EDC (184 mg,
0.958 mmol) in CH,Cl, (5.0 mL). After being stirred overnight, the reaction mixture was
concentrated and chromatographed on silica gel eluting with EtOAc:CH,Cl,=1:7 to
afford compound 3.45 (166 mg, 63%) as a clear oil. 'H NMR (400 MHz, CDCl3) § 11.36
(s, 1H), 8.21 (s, 1H), 7.67 (dd, J = 8.0, 1.6 Hz, 1H), 7.40 (t, /= 8.0 Hz, 1H), 7.00 (d, J =
8.0 Hz, 1H), 6.88 (t, J = 8.0 Hz, 1H), 6.85 (d, J = 8.4 Hz, 1H), 4.94 (t, J = 9.6 Hz, 2H),
4.78 (s, 2H), 4.60—4.68 (m, 2H), 4.51-4.58 (m, 1H), 3.74 (s, 3H), 3.67 (t, J = 8.0 Hz, 2H),
3.47-3.57 (m, 2H), 1.20-1.90 (m, 6H); 0.91 (t, J = 8.4 Hz, 2H), —0.01 (s, 9H); °C NMR
(100 MHz, CDCl3) 6 172.3, 170.7, 168.0, 163.8, 160.0, 134.5, 128.8, 119.2, 117.2, 110.2,

98.4,69.7,68.3,67.3,52.8,52.2,44.7,31.6, 26.3, 22.4, 18.2, -1.3.
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To a solution of 3.32 (167 mg, 0.25 mmol) in toluene (4.0 mL) was added a
solution of 3.6 (165 mg, 0.36 mmol) in toluene (4.0 mL) and followed by the addition of
DCC (206 mg, 1.00 mmol) and DMAP (122 mg, 1.00 mmol) at 25 °C. After being stirred
for 72 h at 25 °C, the reaction mixture was concentrated and purified by column
chromatography (silica gel, EtOAc/hexane, 1/1) to afford cyclic hydroxamate ester 3.36
(240 mg, 88%) as a colorless oil. '"H NMR (400 MHz, CDCls) & 8.30 (s, 1H), 7.72 (d, J =
6.8 Hz, 4H), 7.28-7.45 (m, 11H), 6.93 (d, J = 4.8 Hz, 1H), 5.72 (d, J = 7.6 Hz, 1H), 5.10
(s, 2H), 4.95-5.03 (m, 2H), 4.84 (s, 2H), 4.32—4.38 (m, 1H), 4.13-4.20 (m, 2H), 3.72 (4,
J = 7.6 Hz, 2H), 3.40-3.57 (m, 4H), 2.41-2.48 (m, 1H), 1.20-1.95 (m, 40H), 1.12 (s,
9H), 1.07 (d, J = 7.2 Hz, 3H), 0.95 (t, J = 8.4 Hz, 3H), 0.88 (t, J = 6.8 Hz, 3H), 0.02 (s,
9H); *C NMR (100 MHz, CDCls) & 171.7, 169.4, 163.4, 156.2, 136.5, 136.1, 136.0,
132.0, 131.5, 130.3, 130.1, 128.4, 128.0, 127.9, 127.5, 98.0, 76.2, 67.1, 66.7, 54.2, 51.6,
49.0, 44.6, 44.3, 33.9, 32.5, 31.9, 31.5, 30.8, 30.7, 29.64, 29.60, 29.50, 29.30, 27.2, 26.9,

26.3,25.9,25.6,25.2,24.9,24.7,22.6,22.5,19.5, 18.0, 14.1, —-1.52.

3.37. a colorless oil: '"H NMR (400 MHz, CDCls) & 8.30 (s, 1H), 7.73 (dd, J =

7.6, 6.8 Hz, 4H), 7.26-7.47 (m, 11H), 6.84 (d, J = 4.8 Hz, 1H), 5.42 (d, J = 8.4 Hz, 1H),
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5.00-5.14 (m, 3H), 4.82 (s, 2H), 4.30-4.38 (m, 1H), 4.12-4.16 (m, 2H), 3.72 (t, J = 8.0
Hz, 2H), 3.40-3.58 (m, 4H), 2.30-2.38 (m, 1H), 1.20-1.95 (m, 40H), 1.14 (s, 9H), 1.04
(d, J = 6.8 Hz, 3H), 0.95 (dd, J = 8.4, 7.2 Hz, 3H), 0.87 (t, J = 7.2 Hz, 3H), 0.03 (s, 9H);
3C NMR (100 MHz, CDCls) § 172.0, 171.8, 169.6, 163.7, 156.1, 136.3, 136.2, 132.2,
131.7, 130.51, 130.46, 128.7, 128.3, 127.8, 127.7, 98.3, 76.6, 67.3, 67.1, 54.4, 54.2, 51.8,
44.7,34.1,32.1, 32.0, 31.0, 29.90, 29.80, 29.64, 29.55, 27.5, 27.1, 26.5, 26.1, 25.8, 25.8,

25.5,25.1,24.9,229,22.6,19.8, 18.3, 14.3, 13.5, —1.26.

3.38. a colorless oil: '"H NMR (400 MHz, CDCl3) & 8.30 (s, 1H), 7.72 (t, J = 6.4
Hz, 4H), 7.32-7.43 (m, 11H), 6.96 (d, J = 6.0 Hz, 1H), 5.67 (d, J = 8.4 Hz, 1H), 5.08 (s,
2H), 4.99-5.13 (m, 2H), 4.84 (s, 2H), 4.24-4.29 (m, 1H), 4.14 (dd, J = 9.6, 5.6 Hz, 1H),
3.72 (t,J = 7.6 Hz, 2H), 3.35-3.61 (m, 4H), 2.46-2.54 (m, 1H), 1.20-1.95 (m, 40H), 1.12
(s, 9H), 1.06 (d, J = 7.2 Hz, 3H), 0.95 (dd, J = 9.6, 8.0 Hz, 3H), 0.87 (t, J = 7.2 Hz, 3H),
0.02 (s, 9H); *C NMR (100 MHz, CDCl3) & 172.2, 171.6, 169.7, 163.7, 156.1, 136.4,
136.2, 132.2, 131.7, 130.5, 130.4, 128.7, 128.2, 127.78, 127.72, 98.2, 76.4, 67.3, 66.9,
54.5,54.3,51.8,49.2,44.8, 34.1, 32.1, 31.6, 31.2, 29.89, 29.84, 29.70, 29.55, 27.5, 27.1,

26.5,25.8,25.5,25.2,22.9,22.6,19.8, 18.2, 14.3, —1.26.

3.39. a colorless oil: '"H NMR (400 MHz, CDCls) & 8.30 (s, 1H), 7.72 (dd, J =
8.0, 1.6 Hz, 4H), 7.26-7.46 (m, 11H), 7.14 (d, J = 6.0 Hz, 1H), 5.78 (d, J = 8.0 Hz, 1H),
5.09 (s, 2H), 4.95-5.18 (m, 2H), 4.84 (s, 2H), 4.25-4.31 (m, 1H), 4.08-4.13 (m, 2H),

3.72 (t,J = 7.6 Hz, 2H), 3.39-3.63 (m, 4H), 2.45-2.57 (m, 1H), 1.20-1.95 (m, 40H), 1.12
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(s, 9H), 1.05 (d, J = 7.2 Hz, 3H), 0.95 (t, J = 10.0, 7.2 Hz, 3H), 0.87 (t, J = 6.8 Hz, 3H),
0.02 (s, 9H); '°C NMR (100 MHz, CDCLy) § 172.7, 171.5, 169.5, 163.7, 156.2, 136.4,
136.2, 132.2, 131.7, 130.6, 130.4, 128.7, 128.2, 127.8, 98.2, 76.4, 67.3, 66.9, 54.4, 52.0,
49.3, 44.6, 34.1, 32.1, 31.7, 31.0, 29.89, 29.67, 29.55, 27.5, 27.1, 26.5, 25.8, 25.4, 25.1,

229,225,198, 18.2, 14.5, 14.3,-1.26.

O

N/\”/ M

N
H

‘'OTBDPS

SEMO” \ CHO R =CysHa;
3.40

To a solution of Cbz protected hydroxamate ester 3.36 (116 mg, 0.092 mmol) in
CH;OH (2.0 mL) was added Pd/C (10%, 12 mg) at 25 °C. The reaction mixture was
flushed with Hj, then stirred under H, atmosphere for 5 h. After filtration through celite,
the reaction mixture was concentrated under reduced pressure to afford the corresponding
free amine. To a solution of free amine in CH,Cl, (2.0 mL) was added oxazoline
carboxylic acid 3.5 (89 mg, 0.43 mmol) and EDC-HCI (53 mg, 0.28 mmol) at 25 °C.
After being stirred for 16 h at 25 °C, the reaction mixture was concentrated and purified
by column chromatography (silica gel, EtOAc/hexane, 1/1) to afford SEM and TBDPS
protected depsipeptide 3.40 (65 mg, 60%) as a colorless oil. "H NMR (400 MHz, CDCls)
0 11.40 (s, 1H), 8.25 (s, 1H), 7.68-7.74 (m, 6H), 7.32-7.45 (m, 9H), 7.13 (d, J =7.2 Hz,
1H), 7.08 (d, J = 4.0 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.89 (d, J = 7.6 Hz, 1H), 5.01-

5.05 (m, 2H), 4.96 (t, J = 9.6 Hz, 1H), 4.80 (s, 2H), 4.61-4.64 (m, 2H), 4.56 (q, J = 6.4
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Hz, 1H), 4.23 (dd, J = 10.4, 6.0 Hz, 1H), 4.13 (d, J = 7.2 Hz, 1H), 3.70 (t, J = 8.0 Hz,
2H), 3.42-3.56 (m, 6H), 2.50 (t, J = 6.0 Hz, 1H), 1.20-1.95 (m, 40H), 1.11 (brs, 12H),
0.94 (t, J = 8.4 Hz, 3H), 0.87 (t, J = 6.4 Hz, 3H), 0.01 (s, 9H); °C NMR (100 MHz,
CDCl) & 171.9, 171.2, 170.6, 169.8, 167.6, 163.6, 159.8, 136.05, 135.98, 134.1, 131.9,
131.7, 130.2, 128.5, 127.52, 127.48, 118.9, 116.9, 110.1, 98.0, 76.4, 69.5, 68.1, 67.1,
54.2,52.6,51.6,49.0, 44.4, 442, 33.9, 31.9, 30.9, 29.67, 29.61, 29.54, 29.32, 27.2, 26.8,

26.2,25.8,25.6,25.3,24.9,22.6,22.4, 19.6, 18.0, 14.1, -1.50.

3.41. a colorless oil: 'H NMR (400 MHz, CDCls) & 11.40 (s, 1H), 8.23 (s, 1H),
7.67-7.75 (m, 6H), 7.34-7.47 (m, 9H), 7.02 (d, J =8.4 Hz, 1H), 6.94 (d, J = 8.0 Hz, 1H),
6.90 (t, J = 8.0 Hz, 1H), 6.83 (d, J = 6.0 Hz, 1H), 5.05-5.10 (m, 2H), 4.95 (t, J = 9.6 Hz,
1H), 4.80 (s, 2H), 4.62—4.65 (m, 2H), 4.52 (q, J = 7.2 Hz, 1H), 4.17 (dd, J = 10.8, 6.4
Hz, 1H), 3.70 (t, J = 8.0 Hz, 2H), 3.41-3.56 (m, 5H), 2.38-2.45 (m, 1H), 1.20-1.95 (m,
40H), 1.13 (brs, 12H), 1.07 (d, J = 7.2 Hz, 3H), 0.94 (dd, J = 8.4, 8.4 Hz, 3H), 0.87 (t, J
= 6.8 Hz, 3H), 0.02 (s, 9H); °C NMR (100 MHz, CDCl;) § 172.0, 171.1, 170.6, 169.7,
167.9, 163.8, 160.0, 136.3, 136.2, 134.4, 132.2, 131.8, 130.5, 128.8, 127.8, 127.7, 119.2,
117.2, 110.3, 98.2, 69.7, 68.3, 67.3, 54.4, 52.7, 51.8, 44.6, 32.1, 32.0, 31.6, 31.1, 29.91,

29.65, 29.56, 27.5,27.1,26.4, 25.5,22.9, 22.6, 19.8, 18.2, 14.3, 13.3, —1.26.

3.42. a colorless oil: 'H NMR (400 MHz, CDCls) & 11.40 (s, 1H), 8.23 (s, 1H),
7.66-7.75 (m, 6H), 7.33-7.47 (m, 9H), 6.97 (d, J =8.4 Hz, 1H), 6.88 (d, J = 8.0 Hz, 1H),

6.85 (d, J = 6.4 Hz, 1H), 5.01-5.23 (m, 4H), 4.73 (s, 2H), 4.47 (dd, J = 9.6, 8.4 Hz, 1H),
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4.14-4.19 (m, 1H), 3.62-3.78 (m, 2H), 3.38-3.56 (m, SH), 2.46-2.53 (m, 1H), 1.20-1.95
(m, 40H), 1.14 (brs, 12H), 1.03 (d, J = 6.8 Hz, 3H), 0.94 (d, J = 8.0 Hz, 3H), 0.89 (t, J =

6.8 Hz, 3H), 0.02 (s, 9H).

3.43. a colorless oil: '"H NMR (400 MHz, CDCls) & 11.49 (s, 1H), 8.23 (s, 1H),
7.69-7.76 (m, 6H), 7.34-7.46 (m, 9H), 7.11 (d, J =7.6 Hz, 1H), 7.02 (d, J = 4.4 Hz, 1H),
7.01 (d, J = 8.4 Hz, 1H), 6.90 (d, J = 7.2 Hz, 1H), 5.01-5.05 (m, 2H), 4.92 (dd, J = 10.8,
8.0 Hz, 1H), 4.80 (s, 2H), 4.58-4.70 (m, 2H), 4.44 (q, J = 6.4 Hz, 1H), 4.20 (dd, J = 9.6,
6.0 Hz, 1H), 3.69 (t, J = 8.0 Hz, 2H), 3.47-3.57 (m, 5H), 2.51 (dq, J = 6.8, 6.4 Hz, 1H),
1.20-1.95 (m, 40H), 1.12 (brs, 12H), 1.08 (d, J = 7.2 Hz, 3H), 0.95 (t, J = 10.0, 9.6 Hz,

3H), 0.87 (t, J = 6.8 Hz, 3H), 0.02 (s, 9H).

\O\z H R Q@
N OMN/YN
I H "OH
on © )3 _ °
HoN>cHo  R=CisHar

31
Depsipeptide 3.40 (30 mg, 0.026 mmol) in TFA/CH,Cl, (1.0 mL, 1:1) was stirred
under N, atmosphere at 25 °C for 2 h. The reaction mixture was concentrated and washed
with Et;0O (1.0 mL x 3). The crude mixture was then purified by reverse phase semi-
HPLC (Luna C18, Phenomenex, 250 mm x 10 mm X% 5 pum; eluent, CH;CN/H,0, 80:20;
flow rate, 3 mL/min; UV detection, 230 nm and 254 nm) to afford iron-free brasilibactin

A 3.1 (14 mg, 68%) as a white sold: '"H NMR (400 MHz, DMSO-ds) & 11.80 (brs, 1H),
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9.92 (brs, 0.7H), 8.98 (brs, 0.3H), 8.73 (brs, 1H), 8.44 (s, 0.5H), 8.22 (s, 0.5H), 8.13 (d, J
=7.2 Hz, 1H), 7.86 (s, 0.5H), 7.64 (dd, J=7.6, 1.6 Hz, 1H), 7.47 (t, J= 8.0 Hz, 1H), 7.01
(d, J=7.6 Hz, 1H), 6.95 (t, /= 8.0 Hz, 1H), 5.01 (dd, J=10.0, 7.6 Hz, 1H), 4.90 (td, J =
8.8,2.4 Hz, 1H), 4.67 (dd, J = 10.0, 8.4 Hz, 1H), 4.47 (dd, J= 8.4, 8.0 Hz, 1H), 4.44 (m,
1H), 4.25 (m, 1H), 3.87 (dd, J = 15.6, 12.0 Hz, 1H), 3.36 (m, 1H), 2.62 (m, 1H), 1.35-
1.83 (m, 13H), 1.10-1.35 (m, 28H), 0.94 (d, J = 7.2 Hz, 3H), 0.85 (t, J = 6.8 Hz, 3H).
(2H between 3.42 - 3.48 are obscured by the H>O peak in DMSO-ds, but are visible in
CD;OD or acetone-dg)

3.2. a white solid: "H NMR (400 MHz, DMSO-ds) & 11.79 (brs, 1H), 10.29 (s,
0.5H), 9.92 (brs, 1H), 8.96 (brs, 0.5H), 8.74 (brs, 1H), 8.45 (s, 1H), 8.22 (s, 0.5H), 8.15
(d, /J=6.4 Hz, 1H), 7.87 (s, 0.5H), 7.63 (dd, /= 8.0, 1.6 Hz, 1H), 7.47 (t, J= 8.0 Hz, 1H),
7.00 (d, J= 8.4 Hz, 1H), 6.94 (t, J = 8.0 Hz, 1H), 5.00 (dd, J = 10.0, 7.6 Hz, 1H), 4.95 (t,
J=6.8 Hz, 1H), 4.65 (dd, J = 9.6, 8.4 Hz, 1H), 4.48 (dd, J = 8.8, 8.0 Hz, 1H), 4.46 (m,
1H), 4.21 (m, 1H), 3.87 (dd, J=16.4, 11.6 Hz, 1H), 3.48 (dd, J = 15.2, 4.0 Hz, 1H), 3.42
(t,J=6.8 Hz, 1H), 3.37 (t, /= 6.4 Hz, 1H), 2.66 (m, 1H), 1.35-1.85 (m, 13H), 1.10-1.35

(m, 28H), 0.94 (d, J = 6.8 Hz, 3H), 0.84 (t, J = 6.8 Hz, 3H).

3.3. a white solid: 'H NMR (400 MHz, DMSO-dg) & 11.80 (brs, 1H),11.02 (s,
0.3H), 10.30 (s, 0.3H), 9.92 (brs, 0.7H), 8.94 (brs, 0.3H), 8.65 (brs, 1H), 8.45 (s, 0.5H),
8.21 (s, 0.5H), 7.88 (d, J = 7.2 Hz, 1H), 7.86 (s, 0.5H), 7.63 (dd, J = 8.0, 2.0 Hz, 1H),
7.47 (t, J = 8.0 Hz, 1H), 7.00 (d, J = 8.0 Hz, 1H), 6.95 (t, J = 7.6 Hz, 1H), 5.00 (dd, J =

10.4, 7.6 Hz, 1H), 4.95 (td, J= 8.0, 3.2 Hz, 1H), 4.65 (dd, J = 10.0, 8.4 Hz, 1H), 4.48 (dd,
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J=17.6, 6.8 Hz, 1H), 4.40 (dd, J = 104, 6.8 Hz, 1H), 4.23 (m, 1H), 3.81 (dd, J = 16.0,
11.2 Hz, 1H), 2.70 (m, 1H), 1.35-1.83 (m, 13H), 1.10-1.35 (m, 28H), 0.94 (d, /= 7.2 Hz,
3H), 0.85 (t, J = 6.8 Hz, 3H). (3H between 3.33 - 3.48 are obscured by the H,O peak in

DMSO-ds, but are visible in CD3;0D or acetone-dy)

3.4. a white solid: "H NMR (400 MHz, DMSO-dg) & 10.30 (brs, 0.5H), 9.81 (brs,
1H), 8.67 (d, J = 7.6 Hz, 1H), 8.63 (d, J= 7.2 Hz, 1H), 8.42 (brs, 0.5H), 8.21 (s, 0.5H),
7.93 (d, J= 6.8 Hz, 1H), 7.88 (s, 0.5H), 7.63 (dd, J= 7.6, 1.6 Hz, 1H), 7.47 (t, J = 8.0 Hz,
1H), 7.00 (d, J = 8.4 Hz, 1H), 6.94 (t, J = 7.6 Hz, 1H), 5.00 (dd, J = 9.6, 7.6 Hz, 1H),
4.95 (td, J = 8.0, 2.8 Hz, 1H), 4.64 (dd, J = 10.0, 8.4 Hz, 1H), 4.51 (dd, J = 8.0, 7.6 Hz,
1H), 4.42 (dd, J = 10.8, 8.0 Hz, 1H), 4.15 (m, 1H), 3.82 (dd, J = 16.0, 11.6 Hz, 1H),
3.38-3.43(m, 1H), 3.35 (t, J = 6.4 Hz, 1H), 2.74 (m, 1H), 1.36-1.85 (m, 13H), 1.12-1.32
(m, 28H), 0.97 (d, J = 6.8 Hz, 3H), 0.85 (t, J = 6.8 Hz, 3H). (1H between 3.42 - 3.48 are

obscured by the H,O peak in DMSO-ds, but are visible in CD;OD or acetone-dy)

3.5.3 Preparation of brasilibactin A analogue (Bbtan, 3.54)

O q
H o OTBDPS

3.51
Cyclic hydroxamate alcohol (3.51). To a solution of Cbz protected hydroxamate

3.11 (255 mg, 0.49 mmol) in CH30H (3.0 mL) was added Pd/C (10%, 50 mg) at 25 °C.
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The reaction mixture was flushed with H,, then stirred under H, atmosphere for 3 h. After
filtration through celite, the reaction mixture was concentrated under reduced pressure to
afford the corresponding free amine. To a solution of free amine in CH,Cl, (20.0 mL)
was added B-hydroxy carboxylic acid 3.50 (79 mg, 0.76 mmol) and EDC-HCI (284 mg,
1.48 mmol) at 25 °C. After being stirred for 2 h at 25 °C, the reaction mixture was
concentrated and purified by column chromatography (silica gel, EtOAc/hexane, 1/2) to
afford cyclic hydroxamate alcohol 3.51 (168 mg, 72% for 2 steps) as a colorless oil. 'H
NMR (400 MHz, CDCls) 6 1.08 (d, J = 7.2 Hz, 3H), 1.13 (s, 9H), 1.18-1.29 (m, 1H),
1.36-1.46 (m, 1H), 1.52-1.61 (m, 2H), 1.78 (d, J = 10.0 Hz, 2H), 2.39-2.47 (m, 1H),
3.30 (br, s, 1H), 3.46-3.47 (m, 2H), 3.54-3.61 (m, 2H), 4.26 (dd, J = 6.8, 10.0 Hz, 1H),
6.73 (d, J = 6.8 Hz, 1H), 7.34-7.47 (m, 6H), 7.71-7.75 (m, 4H); >C NMR (100 MHz,
CDCls) 6 175.2, 170.0, 136.3, 136.2, 132.2, 131.7, 130.4, 130.3, 127.7, 127.6, 65.3, 54.3,

51.7,42.4,30.6,27.4,27.0,25.4,19.7, 13.7.

0 0 /\§
CbzHN O/\)LN/SZ/N\
= H OTBDPS
)s °
N
SEMO™" “CHO

3.52
Cyclic hydroxamate ester (3.52). To a solution of 3.51(78 mg, 0.17 mmol) in
toluene (4.0 mL) was added a solution of 3.6 (96 mg, 0.21 mmol) in toluene (4.0 mL) and
followed by the addition of DCC (138 mg, 0.69 mmol) and DMAP (82 mg, 0.69 mmol)
at 25 °C. After being stirred for 22 h at 25 °C, the reaction mixture was concentrated and
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purified by column chromatography (silica gel, EtOAc/hexane, 1/1) to afford cyclic
hydroxamate ester 3.52 (100 mg, 66%) as a colorless oil. 'H NMR (400 MHz, CDCl;) &
0.02 (s, 9H), 0.95 (t, J = 8.4 Hz, 3H), 0.97-1.91 (m, 27H), 2.53 (m, 1H), 3.42-3.57 (m,
4H), 3.72 (t, J = 8.0 Hz, 2H), 4.09—4.20 (m, 4H), 4.30-4.32 (m, 1H), 4.84 (s, 1H), 5.10
(s, 2H), 5.58 (d, J = 8.0 Hz, 1H), 6.93 (d, J = 4.8 Hz, 1H), 7.29-7.38 (m, 11H), 7.71—
7.73 (m, 4H), 8.30 (s, 0.8H); >C NMR (100 MHz, CDCls) & 172.3, 172.1, 169.6, 163.7,
156.2, 136.6, 136.3, 136.2, 132.2, 131.7, 130.5, 130.4, 128.7, 128.3, 127.7, 114.2, 98.3,
544, 54.0,51.8, 44.8, 40.2, 39.0, 33.4, 32.1, 31.8, 31.2, 30.4, 30.0, 29.8, 29.5, 27.4, 27.1,

26.9,26.5,26.1,25.4,22.8,22.4,19.7, 18.2, 14.3,-1.3.

O~ e o)
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SEM and TBDPS protected depsipeptide (3.53). To a solution of Cbz
protected hydroxamate ester 3.52 (101 mg, 0.11 mmol) in CH30H (2.0 mL) was added
Pd/C (10%, 15 mg) at 25 °C. The reaction mixture was flushed with H,, then stirred under
H, atmosphere for 5 h. After filtration through celite, the reaction mixture was
concentrated under reduced pressure to afford the corresponding free amine. To a
solution of free amine in CH,Cl, (10.0 mL) was added oxazoline carboxylic acid 3.5 (60
mg, 0.20 mmol) and EDC-HCI (65 mg, 0.34 mmol) at 25 °C. After being stirred for 16 h

at 25 °C, the reaction mixture was concentrated and purified by column chromatography
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(silica gel, acetone/hexane, 2/7) to afford SEM and TBDPS protected depsipeptide 3.53
(94 mg, 87%) as a colorless oil. 'H NMR (400 MHz, CD;0D) & 0.02 (s, 9H), 0.94 (t, J =
11.2 Hz, 3H), 1.04 — 1.91 (m, 27H), 2.61 (dd, J = 11.2, 17.6 Hz, 1H), 3.49-3.57 (m, 4H),
3.70 (t,J = 11.2 Hz, 2H), 4.17-4.26 (m, 2H), 4.47-4.53 (m, 1H), 4.61-4.68 (m, 2H), 4.80
(s, 1H), 4.95 (dd, J = 10.4, 14.0 Hz, 1H), 6.91 (t, J = 7.6 Hz, 1H), 6.97-7.03 (m, 3H),
7.33-7.46 (m, 7H), 7.68-7.76 (m, SH), 7.96 (s, 0.2H), 8.22 (s, 0.8H), 11.29 (br, s, 1H);
C NMR (100 MHz, CDCl3) & 171.2, 171.4, 170.5, 169.8, 163.7, 160.0, 136.3, 136.2,
134.3, 132.1, 131.8, 130.4, 128.7, 127.7, 119.1, 117.1, 98.2, 69.6, 68.1, 67.2, 54.4, 52.4,

51.8,40.1,31.0,27.4,27.0,26.2,25.4,22.3,19.7, 18.1, 14.4, -1.4.

o~ , o0 0 :
N\ - -
NWN O/\:)kN/wz/N\
OH o : H 4§ OH
)
3
/N\
HO™ "CHO
3.54

Brasilibactin A analogue (Bbtan, 3.54). Depsipeptide 3.53 (50 mg, 0.052
mmol) in TFA/CH,Cl, (1.5 mL, 1:4) was stirred under N, atmosphere at 25 °C for 2 h.
The reaction mixture was concentrated and washed with Et;O (1.0 mL x 3). The crude
mixture was then purified by reverse phase semi-HPLC (Luna C18, Phenomenex, 250
mm X 10 mm x 5 pm; eluent, CH;CN/H,0, 40:60; flow rate, 3 mL/min; UV detection,
230 nm and 254 nm) to afford iron-free brasilibactin A analogue 3.54 (24 mg, 78%) as a
white sold: '"H NMR (400 MHz, CD;0D) & 1.14 (d, 3H, J = 7.2 Hz), 1.29-1.98 (m, 12H),
2.80-2.90 (m, 1H), 3.47 (t, 1H, J = 6.8 Hz), 3.54 (t, 1H, J = 6.8 Hz), 3.67 (dd, 1H, J =
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4.8,16.0 Hz), 3.93 (dd, 1H, J = 11.2, 16.0 Hz), 4.14-4.25 (m, 2H), 4.48 (ddd, J = 5.2,
8.6, 8.6 Hz 1H), 4.57-4.63 (m, 3H), 5.07 (t, J = 8.8 Hz, 1H), 6.90 (t, J = 7.6 Hz, 1H),
6.96 (d, J = 8.0 Hz, 1H), 7.41 (t, J = 8.0 Hz, 1H), 7.68 (dd, J = 2.0, 8.0 Hz, 1H), 7.90 (br
s, 0.6H), 8.22 (br s, 0.4H); *C NMR (100 MHz, CD;OD) & 175.6, 172.9, 170.8, 168.5,
163.9, 160.9, 159.4, 135.0, 129.5, 120.0, 117.7, 111.5, 70.4, 69.2, 67.8, 54.1, 53.8, 52.7,
51.0,47.1,40.9, 31.9, 28.7, 27.5, 26.9, 26.8, 23.6, 23.5, 14.4; LCMS (FAB) m/z calcd for

C»7H37N5010 (M + H)" 592.25, found 592.21.
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Chapter 4

Aza-Michael Reaction to Synthesize 2,6-Disubstituted
Piperidines

4.1 Introduction
4.1.1 Importance

Structurally complex piperidines are found in a wide range of biologically
interesting and naturally occurring compounds, including piperidine alkaloids (Figure
4.1).""" In particular, 2,6-disubstituted piperidines have attracted a considerable interest

because of their therapeutical potential, such as anti-Alzheimer activity, antiangiogenetic

118

activity (solenopsin) and drug addiction treatment (lobeline).

h

HO o,
\/\n/

O o)

(v}

HO 0" h OH
scopolamine morphine

OH
L Jol )]
N~ CqqHas n-CoHsg” °N Ph)\\“‘ N "")LPh
H H H
solenopsin (+)-alkaloid 241D (-)-lobeline

Figure 4.1 Representative naturally occurring piperdines
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Due to their therapeutical potential and characteristic cis- or trans-relative
stereochemistry, 2,6-disubstituted piperidines are of special synthetic significance, and
many synthetic methods have been produced.'” One of the earliest routes to 2,6-
disubstituted piperidines relied on catalytic hydrogenation of substituted pyridines using
either Pd/C, Pt, PtO, or Rh/C."*° Weinreb reported aza-Diels-Alder reaction of butadiene
with N-tosyl imine to synthesize 2,6-cis-piperidines in the presence of lewis acid.'*' More
recently, Takahata and Momose reported the usefulness of nucleophilic substitution to

22 vyus and co-workers demonstrated a

access the 2,6-trans-piperidine cores.
stereoselective synthesis of 2,6-cis-piperidine from N-tert-butylsulfinylamines with cross-
metathesis reductive amination sequence.'” Most recently, Helmchen and co-workers
demonstrated a convergent Iridium-catalyzed allylic cyclization to both 2,6-cis- and

trans-piperidines (Figure 4.2).'**
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Reduction of substituted pyridines

I=

H

N
- PUC, H, . O
N > \\\\ N /,,L
OH

OH

OH
Aza-Diels-Alder Reaction
A P ZnCl,, toluene \(j
| + N7 CO,C,Hs
Ts 25 °C, 58% | N COLoHs
' OBn Ts
OBn

Nucleophilic substitution

1) AD-mix a.
2) TBSCI, imidazole BnNH,, 70 °C
= A TBSO

—_—
OTBS 44%, 93% ee
88% for 3 steps OTs OTs

3) TsCl, NEt,

Cross-metathesis and reduction cyclization

N 0 1) [Ru] (cat.), 45 °C
2) H,, (PhsP)3RhCI (cat.)
\Hf'\; + ﬁk 3) HCl/dioxane, CH;OH N
S. 4) NaBH3CN Bn
t-Bu” O 5) HCl, Et,0
72 % for 5 steps

Iridium-catalyzed allylic cyclization

OH
(S,S,aS)-L* O
OH SN 0
> |
Ts
S [{IrCl(cod)},], L*, TBD 90%, dr = 49:1
" "NH, THF, 25 °C OH
~N =
OCO,CH3 (R,R,aR)-L* (j\/
E/Z=9:1 N _
Ts

74%, dr = 16:1

Figure 4.2 Representative examples to prepare 2,6-disubstituted piperidines
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Although considerable efforts have been devoted to the development of synthetic
routes for piperidines, there still exists a great need for a synthetic approach towards
these classes of molecules that allows for rapid and easy access to substrates, proceeds
with good stereoselectivity and yield, and requires mild reaction conditions compatible
with various functional groups. However, most of the earlier synthetic methodologies
have been directed towards the synthesis of either 2,6-cis- or trans-piperidines.'*® The
stereoselective synthesis of both 2,6-cis- and trans-piperidines from a common

intermediate still remains a substantial challenge to synthetic chemists.

4.1.2 Previous studies

While there is a wealth of methods generated to prepare this kind of piperidine
alkaloids, their abundance in nature and significant biological activity led us to pursue an
alternative route for their generation from a common intermediate. Recently, our group
reported the feasibility of the tandem allylic oxidation/oxa-Michael reaction promoted by
the gem-disubstituent effect for the stereoselective synthesis of 2,6-cis-tetrahydropyrans
(THPs) (Figure 4.3).'*® The 1,3-dithiane group enabled rapid access to substrates,
promoted the intramolecular oxa-Michael reaction through the gem-disubstituent effect,
and improved the stereoselectivity of the reaction as a result of the increased 1,3-diaxial
interaction. Furthermore, the 1,3-dithiane group served as a latent functional group for a
carbonyl or hydroxy group. Our group applied the tandem reaction in conjunction with
1,3-dithiane coupling reaction to the stereoselective and efficient synthesis of a variety of

2,6-cis-tetrahydropyrans and (+)-neopeltolide macrolactone.'*
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Figure 4.3 Stereoselective synthesis of 2,6-cis-tetrahydropyrans and piperidines via
tandem allylic oxidation/ Michael reactions

Intrigued by the potential of the tandem allylic oxidation/oxa-Michael reaction
coupled with the 1,3-dithiane coupling reaction for rapid construction of substituted
tetrahydropyrans, we decided to extend this methodology to the synthesis of 2,6-
disubstituted piperidines, taking advantage of easy access to substrates via direct coupling
of 1,3-dithiane and readily available chiral aziridines (Figure 4.3). Herein, we report the
facile and efficient synthesis of both 2,6-cis- and 2,6-trans-piperidines from common
substrates through a reagent-controlled organocatalytic aza-Michael reaction in

conjunction with 1,3-dithiane coupling reaction.
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4.2 Results and discussion

4.2.1 Attempts of tandem reaction and introduction of organocatalysis

To test the feasibility of the tandem allylic oxidation/aza-Michael reaction in the
synthesis of 2,6-disubstituted piperidines, we prepared substrate 4.3 by coupling of the
known dithiane allylic alcohol (4.1)'*° with the known 2-(phenylmethoxy)methyl-/V-
tosylaziridine (4.2)'* (Scheme 4.1). The oxidation of 4.3 with MnO, provided the desired
a,B-unsaturated aldehyde 4.4. However, the subsequent intramolecular aza-Michael
reaction of 4.4 failed to provide the desired 2,6-cis-piperidine 4.5. No success of the

tandem reaction was attributed to the poor nucleophilicity of the sulfonamide 4.3.
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Tandem Allylic Oxidation/Aza-Michael Reaction

N M ™ ™

S__S b S S S__S
R NH OH RZONH XX
TS H 'i's
(2)-4.1 (2)-4.3, R = CH,0Bn (2)-4.4,R=CH,OBn 4.6, RS CH,OBn

Pyrrolidine/TFA-catalyzed Aza-Michael Reaction

5 o M

S __S S_S S _S

d fi/\
—_— —_—
. @
R'NH ~o RQI}IH\ \I\D
Ts Ts

(Z)-4.3, R = CH,0Bn (Z2)-4.4, R = CH,0OBn 4.5, R =CH,0Bn

S._S
fi/\ + fj
R '}l \O R N I”/AO

wn
wn

4.6, R = CH,0Bn 4.7, R = CH,0Bn
2,6-cis-piperidine 2,6-trans-piperidine

(a) +BuLi, HMPA/THF (1:10), —78 °C, 5 min, then, 1-[(4-methylphenyl)sulfonyl]-2-(R)-
(phenylmethoxy)methyl]-aziridine (4.2), =78 °C, 30 min, 71-75%, 84-89% brsm; (b) MnO,,
CH,Cl,, 25 °C, 24 h, 80%; (¢) MnO,, CH,Cl,, 25 °C, 3 h, filtration; (d) pyrrolidine (20 mol %),

TFA (20 mol %), CH,Cl,, 0 °C, 20 h, 70-80 % for 2 steps.

Scheme 4.1 Initial attempts for the synthesis of a 2,6-cis-piperidine via (a) tandem allylic
oxidation/aza-Michael reaction or (b) pyrrolidine/TFA-catalyzed aza-Michael reaction

We hypothesized that the activation of conjugate acceptors would be required to

overcome the poor nucleophilicity of the Ts-protected nitrogen in the aza-Michael

reaction. To test the hypothesis, we oxidized 4.3 with MnO; to provide the intermediate
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4.4. After removal of MnO; by filtration, the resulting aldehyde 4.4 was converted to the
iminium ion intermediate 4.5 by treatment with pyrrolidine/TFA. As expected, the
iminium activation of 4.5 improved the yield of the subsequent aza-Michael reaction (70—
80%), but the stereoselectivity of the substrate-controlled aza-Michael reaction was still
low (2,6-cis:2,6-trans = 3.5:1).* Meanwhile, we also screened other catalysts which can
facilitate Michael reaction to some extent (Table 4.1). However, diastereoselectivity issue
still persisted to the same fashion even though silica worked well in Me-substrate

example (dr =9:1, ~50% yield; Table 4.1, entry 8).

Table 4.1 Other attempts to one-pot oxidation/aza-Michael reaction by various catalysts

One-pot Oxidation/Aza-Michael Reaction

o

S S

M

S._S

MnOz, CH20|2 +
R'T>NH OH RN g R N Xo

H 'i's 'i's Ts
entry R catalyst dr (cis:trans)’
1 CH; NEt; 5:2
2 CH; i-Pr,NH 2:1
3 CH; DBU 3:1
4 CH; pyrrolidine 1:1
5 CH; |pyrrolidine/TFA 2:1
6 t-Bu  |pyrrolidine/TFA nd.

* The relative stereochemisry of the major diastereomer 4.15b of the reaction was determined to be cis by 2D NMR
spectroscopy and a single-crystal analysis. We attributed the low diastereoselectivity to the fact that the reaction might
go through a less well-defined twist boat-like transition state as shown in the X-ray crystal (see Figure 4.4 and
experimental sections for details).
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7 CH; PTSA 3:1
8 CH; excess silica 9:1
9 CH; Amberlyst-15 3:1
10 CH; TFA 3:1
11 i-Pr PTSA 5:1
12 i-Pr PPTS n.d.”
13 i-Pr excess silica 4:1
14 i-Pr | Amberlyst-15 5:1
15 -Bu excess silica n.d.?
16 t-Bu | Amberlyst-15 n.d.”

“ Diastereoselectivity was determined by "H NMR after simple filtration through column chromatography.
b Allylic alcohol or reaction products were decomposed based on the TLC or crude '"H NMR analysis.

To improve the stercoselectivity of the aza-Michael reaction, we decided to
attempt an organocatalytic, reagent-controlled aza-Michael reaction. Asymmetric
organocatalysis has been broadly established to activate carbonyl compounds by
enamines, iminium ions, or the SOMO-activation s‘[rategy.128 In addition, organocatalysis
has been widely applied to asymmetric synthesis due to easy access to enantiomerically
pure forms of organocatalysts, air and moisture resistance, and easy handling of
reactions.'?’ Organocatalysis has been broadly utilized to activate carbonyl and made a
large contribution to the development of asymmetric Michael reactions."*” During the last

several years, organocatalytic asymmetric aza-Michael additions have been a very active

field of research.'”!

4.2.3 Optimization and substrate scope

To examine if organocatalysts are compatible with our substrates with the 1,3-
dithiane group, we examined organocatalysts I, II, III for the reaction. As shown in

Scheme 4.2, the desired 2,6-cis-piperidine 4.6 was obtained with good stereoselectivity
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(dr=11:1, 92%) when I or II was employed. To further optimize the reaction conditions,
a variety of solvents were tested. Among the solvents examined, CH,Cl, proved to be the

most effective for the reaction (Table 4.2).

Catalyst/PhCO,H (\
(20 mol %) S5
ﬂﬂolvent temp, time Bno\m
N O

(Z)-4.4

Scheme 4.2 Organocatalytic aza-Michael reaction of the synthesis of a 2,6-cis-piperidine

Table 4.2 Catalyst screening and optimization of reaction conditions

entry catalyst | solvent | temp (°C) time (h) yield (%) dr (cis:trans)’
1 1 CH,CI, 0 20 92 11:1
2 1I CHzClz 0 20 92 11:1
3 111 CH,Cl, 0 24 73 4:1
4 | toluene 0 20 94 9:1
5 1 ether 0 48 45 4.5:1
6 1 MeOH 0 48 86 4:1
7 | MeCN 0 48 86 4.5:1
8 1 DMF 0 72 28 4:1
9 I THF 0 72 n.r. n.d.
10 1 dioxane 25 72 n.r. n.d.

“ Diastereoselectivity was determined by '"H NMR after simple filtration through column chromatography.
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n.d. = not determined

When (R)-(+)-a, a-diphenylprolinol trimethylsilyl ether (I’) was used for the aza-
Michael reaction of (Z)-4.4, 2,6-trans-piperidine 4.6 was obtained with good
stereoselecvity (dr (trans:cis) = 3:1), demonstrating that the stereoselective synthesis of
both 2,6-cis- and 2,6-trans-piperidines could be achieved from common substrates
through a reagent-controlled organocatalytic aza-Michael reaction (Scheme 4.3)."** To
the best of our knowledge, the synthesis of both possible diastereomers from common
substrates with good stercoselectivities has not been achieved for intramolecular
organocatalytic aza-Michael reaction, while it has been appeared in other reactions such

as Ir-catalyzed allylic substitutions."*

o

S

S S S S S
BnO ’T‘ o BnO a NH\ o BnO ’T‘ ’/"AO O
Ts Ts

H 1
Ts

4.6 (dr=11:1) (2)-4.4 4.7 (dr = 3:1) "

(a) T (20 mol %), PhCO,H (20 mol %), CH,Cl,, 0 °C, 20 h, 92%. (c) I' (20 mol %), PhCO,H (20
mol %), CH,Cl,, 0 °C, 20 h, 88%.

Scheme 4.3 Synthesis of both 2,6-cis- and 2,6-trans-piperidines from the common
substrate though a regent-controlled organocatalytic aza-Michael reaction

In addition, we examined the protecting group effect on nitrogen atom in terms of
diastereoselectivity in oxidation/aza-Michael reaction. Since reacting 4.1 with either Boc-
protected aziridine or Cbz-protected aziridine failed to produce allylic alcohol 4.9

(Scheme 4.4), we revised our synthetic route and started from known compound (Z)-4.3
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to prepare Boc or Chz protected allylic alcohol substrates (4.9a and 4.9b) in search of
protecting group effect on diastereoselectivity in aza-Michael reaction (Scheme 4.5,

Table 4.2).

41 P= Boc or Cbz

Scheme 4.4 Initial attempt to synthesize Boc or Cbz protected allylic alcohol

oTBS
|
P
(2)-4.3 4.8a, P = Boc 4.9a, P = Boc
4.8b, P =Cbhz 4.9b, P = Cbhz

| | '}l O
P P P
4.10a, P =Boc 4.11a, P =Boc 4.12a, P = Boc
4.10b, P = Cbz 4.11b, P =Cbz 4.12b, P =Cbz

Reagents and reaction conditions: a) TBSCI, imidazole, CH,Cl,, 0 °C, 1 h; b) Boc,O or Cbz,0, cat. DMAP,
MeCN, 25 °C, 17 h, 71% for 2 steps; c) Mg, MeOH, 25 °C, 24 h; d) TBAF, THF, 0 °C, 1 h, 82% for 2 steps; )
MnO,, CH,Cl,, 25 °C, 4 h; f) I or I' (20 mol %), PhCO,H (20 mol %), CH,Cl,, 0 °C, 20 h, 76—-89% for 2 steps.

Scheme 4.5 Preparation of allylic alcohol 4.9 with Chz or Boc protecting groups
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After we prepared Boc and Cbz protected substrates as well as Ts protected
compound 4.3 which has been already synthesized by coupling 4.1 with known aziridine
4.2, a,B-unsaturated aldehyde 4.4, 4.10a, 4.10b were subjected into organocatalytic aza-
Michael reaction conditions to form 2,6-disubstituted piperidines (Table 4.3). From the
results, sulfonamide substrate (4.4) gave either 2,6-cis or trams-piperidines as major
diastereomer with better yield when I or I’ was applied in the reaction respectively (Table
4.3, entries 1&2), while Boc and Cbz protected substrates (4.10) do not possess this

reagent-controlled property.

Table 4.3 Protecting group effect on the diastereoselectivity in aza-Michael reaction

| or I'/PhCO,H Q @s
(20 mol %)
+
ﬂ/\ CH,Cl, no\/fl\le Bno\/f'\j/,,, ~o
P P
44,P=Ts
4.10a, P = Boc
4.10b, P =Cbz
entry P catalyst yield (%) dr (cis:trans)’

1 Ts I 92 11:1

2 Ts r 88 1:3

3 Boc | 80 8:1

4 Boc r 70 4:1

5 Cbz | 67 20:1

6 Cbz r 61 2:1

“ Diastereoselectivity was determined by '"H NMR after simple filtration through column chromatography.
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To investigate the scope and stereochemical outcome of the organocatalytic aza-
Michael reaction with respect to substituents at the C2 position, we prepared
sulfonamides (4.14a—d) by coupling 4.1 with the commercially or readily available

aziridines (4.13a—e)'*’

and subjected them to the allylic oxidation/organocatalytic aza-
Michael reaction (Scheme 4.6). We were pleased to find that the reaction of 4.14a—d
under the reaction conditions examined proceeded smoothly to provide the corresponding
2,6-cis-piperidine aldehydes (4.15a—c) with good to excellent stereoselectivities (dr >
10:1). In the presence of I, the aza-Michael reaction of 4.14a-d provided the
corresponding 2,6-trans-piperidine aldehydes 4.16a-¢ with good stereoselectivities.
Compounds 4.15a-¢ and 4.16a-c could be further functionalized to more complex

piperidines. However, sterically hindered tertiary amine 4.14d did not afford the desired

product (Table 4.4, entry 4).

a S S b or c S S S S
41 + | —— —_— +
R" 1 'NTs N . N
RIWY RN o RTINS o
Ts \OH Ts Ts

413a-e 4.14a—d 4.15a-c 4.16a-c
4.13a, R = Me;
4.13b, R =-Pr;
4.13c, R= CH=CHy;
4.13d, R = t-Bu;
4.13e, R = Ph*

(a) +-BuLi, HMPA/THF (1:10), =78 °C, 5 min, then 4.8a—e, —78 °C, 30—120 min, 14-75%, 25—
90% brsm; (b) I’ (20 mol %), PhCO,H (20 mol %), CH,Cl,, 0 °C, 2048 h; (c) I (20 mol %),
PhCO,H (20 mol %), CH,Cl,, 0 °C, 2048 h.
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Scheme 4.6 Substrate scope

Table 4.4 Substrate scope and stereochemical outcome

entry R geometry | reaction conditions product (yield) dr (cis:trans)’
7 b 4.15a+4.16a (90%) >15:1
1 Me c 4.15a+4.16a (75%) 1:2
£ b 4.15a+4.16a (97%) >20:1
c 4.15a+4.16a (80%) 1:4
7 b 4.15b+4.16b (78%) 10:1
) iPr C 4.15b+4.16b (78%) 1:8
£ b 4.15b+4.16b (87%) 12:1
C 4.15b+4.16b (79%) 1:10
_ b 4.15¢+4.16¢ (90%) 15:1
3 PH=CH: z c 4.15¢+4.16¢ (86%) 1:1
4 -Bu Z b no react%on not applicable
c no reaction

“ Diastereoselectivity was determined by '"H NMR after simple filtration through column chromatography.

standard condition (-BulLi, HMPA/THF (1:10), —78 °C, 5 min, then aziridine 4.13e, —78
°C, 30-120 min) failed to provide the corresponding sulfonamide because of the acidity

of a-proton in 4.13e, which was demonstrated previously to be problematic in opening

It is noteworthy that opening 2-phenyl-N-tosylaziridine (4.13e) by 4.1 under

the 2-phenyl-N-tosylaziridine 4.13e with 1,3-dithiane."**

determined to be cis by 2D NMR spectroscopies (See Section 4.4 for details) and a

The relative stereochemisry of the major diastereomer 4.15b of the reaction was

single-crystal analysis (Figure 4.4).
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“ Grey ball represents C atom; Blue ball represents N atom; Red ball represents O atom; Yellow ball represents S atom.

Figure 4.4 Molecular structure of 4.15b from X-ray crystal structure analysis*

4.2.4 gem-Disubstituent effect

We hypothesized that the 1,3-dithiane group would be critical to overcoming the
low reactivity of Ts-protected nitrogen nucleophiles by promoting an ideal conformation
for cyclization through the gem-disubstituent effect.'”® To prove this hypothesis, we
prepared substrate 4.21 with no gem-disubstituent effect (Scheme 4.7). We prepared
alkene 4.18 by coupling known 3-butene magnesium bromide 4.17 with aziridine 4.2."%
Subsequent protection with Boc anhydride followed by ozonolysis provided Boc, Ts-
bisprotected aldehyde 4.19 in 84%. Modified Horner-Wadsworth-Emmons reaction of
4.19 afforded methyl ester 4.20 in 85% (Z-isomer only)."*® Final reduction of 4.20 with
DIBAL-H and subsequent deprotection of Boc group with TFA gave allylic alcohol 4.21

in 64% in 2 steps (Z-isomer only).
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b, c,d
Bno\)k a \)-\/I \)—\/\L\
SSNTs * BrMg” > Ny —= BnO A /'™ BnO~ 2 \1sY0
H H 1 H
Ts Boc

4.2 417 4.18 4.19
e Bno\)fI/CO Me f, \)\/\k/\
= . SNTS 2 g BnO_A i S"0on
H 1 H 1
Boc Ts
(2)-4.20 (2)-4.21

Reagents and reaction conditions: a) 10 mol % Cul, —40 °C to 0 °C, 1 h, 96%; b) Boc,0,
cat. DMAP, CH3CN, 25 °C, 1 h; ¢) O3, EtOAc, —78 °C, 10 min; d) Ph3P, CH,Cl,, 25 °C, 3
h, 84% for 3 steps; e) (CF;CH,0),POCH,CO,Me, KHMDS, 18-Crown-6, —78 °C, 1 h,
85%); f) DIBAL-H, toluene, —78 °C, 2 h; g) TFA, CH,Cl,, 0 °C, 2 h, 64% for 2 steps.

Scheme 4.7 Preparation of allylic alcohol 4.21 with gem-dihydrogen

We subjected 4.21 to oxidation conditions followed by organocatalytic aza-
Michael reaction condition to investigate the gem-disubstituent effect (Scheme 4.8).
Although the organcatalytic aza-Michael reaction of 4.22 in the presence of I provided
the desired 2,6-cis-piepridine 4.23 (dr = 11:1; Table 4.5, entry 1), but in a poor yield (<
15%). The organcatalytic aza-Michael reaction of 4.22 in the presence of I’ failed to
provide the corresponding 2,6-trans-piperidine 4.24; Instead, the decomposition of the
aldehyde 4.22 was observed (Table 4.5, entry 2). This data clearly demonstrates that the
gem-disubstituent effect by the 1,3-dithiane group is critical to the overcome of the poor

nucleophilicity of the sulfonamides and the improved yield.
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- |
Ts

4.23
Bno\ﬁ/\ a Bno\ﬁ/\ ] < 15% (dr = 11:1)
SNH "op NH X ~o
i i TS
S

4.21 4.22 c BnO NS0
Ts
4.24

(decomposition)
a) MnO,, CH,Cl,, 25 °C, 3 h; b) 1 (20 mol %), PhCO,H (20 mol %), CH,Cl,, 0 °C, 24 h, <15%,
for 2 steps; c) I' (20 mol %), PhCO,H (20 mol %), CH,Cl,, 0 °C, 48 h.

Scheme 4.8 gem-Disubstituent effect on reaction rate and stereoselectivity

Table 4.5 gem-Disubstituent effect on stereoselectivity

entry | reaction condition |product | Yield (%) dr (cis:trans)’
1 b 4.23 <15 11:1
2 C 4.24 decomposed n.d.

“ Diastereoselectivity was determined by "H NMR after simple filtration through column chromatography.
n.d. = not determined,;

4.2.5 Proposed Mechanism

The mechanism commonly invoked to rationalize the organocatalytic conjugate
additions of nitrogen nucleophiles to a, B-unsaturated aldehydes involves the activation
of the substrate by the catalyst through the iminium ion activation, thereby facilitating the
intramolecular addition of the nucleophiles to the B-carbon. The si face of (£)-configured
in the matched case and (Z)-configured intermediate in the mismatched case is shielded
by the bulky phenyl groups introduced by the catalyst I and I’, resulting in the nitrogen

nucleophile approaching from the unshielded re face to form cis-piperidine with fast
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reaction rate (Figure 4.5), while the re face of (E)-configured in the mismatched case and
(Z2)-configured intermediate in the matched case is shielded by the bulky phenyl groups
introduced by the catalyst I and I’, resulting in the nitrogen nucleophile approaching from
the unshielded si face to form trans-piperidine with slow reaction rate. In addition, it
should be noted that the diastereoselectivity with (£)-configured substrates were always
better than those from corresponding (Z)-configured substrates (Table 4.4). This
enhanced diastereoselectivity with (E)-substrates in “Match Pair” could be rationalized
on the basis that while the (Z)-iminium ion intermediate undergoes a cylization to provide
the 2,6-cis-piperidine, competitive isomerization to the corresponding (£)-iminium ion

intermediate could occur to eventually provide the 2,6-trans-piepridine (Figure 4.5).
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Figure 4.5 Proposed mechanism of aza-Michael reaction in “match pair” and “mismatch
pair”

4.3 Conclusion

In summary, we explored the organocatalytic aza-Michael reactions for the
stereoselective synthesis of 2,6-disubstituted piperidines. The reaction was applicable to a
broad range of substrates and proceeded with good stereoselectivities (up to 20:1 dr) and
yields. The 1,3-dithiane group allowed for rapid access to substrates, promoted the
intramolecular aza-Michael reaction via the gem-disubstituent effect, and improved the
yield of the reaction. In addition, we reported an example of reagent-controlled

organocatalytic aza-Michael which allowed the synthesis of both 2,6-cis- and 2,6-trans-
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piperidines from the common substrates. This synthetic method would be broadly
applicable to the efficient synthesis of a diverse set of bioactive natural products with 2,6-

disubstituted piperidines.

4.4 Experimental sections
Representative Procedure for 1,3-Dithiane Coupling with Aziridines

1) (2)-Allylic Alcohol (2)-4.3

t-BuLi
HMPA/THF
S.__S —78°C, 5 min S__S
H>ﬁ\/\
then
BnO . N
N"0H BnO & \H OH
NTs Ts
(2)-4.1 4.2 (2)-4.3
75%

To a cooled (—78 °C) solution of (£)-4.1 (100 mg, 0.53 mmol) in HMPA/THF
(1:10, 11 mL) was added dropwise #-BuLi (0.63 mL, 1.7 M in pentane, 1.07 mmol), and
the resulting mixture was stirred for 5 min before aziridine 4.2 (167 mg, 0.53 mmol) was
added. After stirred for 1 h at —78 °C, the reaction mixture was quenched with saturated
aqueous NH4Cl and diluted with EtOAc. The layers were separated, and the aqueous
layer was extracted with EtOAc. The combined organic layers were washed with brine,
dried over anhydrous Na,;SO., and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 2/1 to 1/1) to afford (Z)-allylic
alcohol (2)-4.3 (201 mg, 75%, 84% BRSM): [a]”’p=+11.5 (¢ 0.92, CHCls); '"H NMR
(400 MHz, CDCls) 6 7.71 (d, J = 8.0 Hz, 2H), 7.16-7.36 (m, 7H), 5.74 (ddd, J = 11.2,
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7.2, 6.4 Hz, 1H), 5.60 (ddd, J = 11.2, 7.2, 6.4 Hz, 1H), 5.51 (d, J = 8.0 Hz, 1H), 4.29
(AB, Jag = 12.0 Hz, Avag = 14.8 Hz, 2H), 4.15-4.22 (m, 1H), 4.03—4.10 (m, 1H), 3.71-
3.78 (m, 1H), 3.36 (dd, J = 10.0, 3.2 Hz, 1H), 3.15 (dd, J = 10.0, 4.8 Hz, 1H), 2.61-2.83
(m, 5H), 2.55 (dd, J = 15.6, 6.8 Hz, 1H), 2.38 (s, 3H), 2.31 (dd, J = 15.2, 4.8 Hz, 1H),
2.10 (dd, J = 15.6, 6.8 Hz, 1H), 1.77-1.93 (m, 2H) *C NMR (100 MHz, CDCls) § 143.2,
137.8, 137.5, 131.8, 129.5, 128.2, 127.7, 127.6, 127.0, 125.5, 72.9, 71.8, 58.2, 51.4, 51.1,

40.0, 36.3, 26.0, 25.8, 24.6, 21.4; IR (neat) 3273, 1156, 1090, 668 cm ';

2) (E)-Allylic Alcohol (E)-4.3

t-BuLi
Y HMPA/THF

S__S —78°C, 5 min
H then
X B
no NTs
4.2 OH
OH
(E)-4.1 719%

To a cooled (=78 °C) solution of (E)-4.1 (150 mg, 0.79 mmol) in HMPA/THF
(1:10, 11 mL) was added dropwise #-BuLi (0.93 mL, 1.7 M in pentane, 1.58 mmol), and
the resulting mixture was stirred for 5 min before aziridine 4.2 (167 mg, 0.53 mmol) was
added. After stirred for 0.5 h at —78 °C, the reaction mixture was quenched with saturated
aqueous NH4Cl and diluted with EtOAc. The layers were separated, and the aqueous
layer was extracted with EtOAc. The combined organic layers were washed with brine,
dried over anhydrous Na,SOs, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 2/1 to 1/1) to afford (E)-allylic

alcohol (E)-4.3 (285 mg, 71%, 89% BRSM): [a]*”p = +22.5 (¢ 2.5, CHClL;); 'H NMR
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(400 MHz, CDCls) & 7.72 (d, J = 8.4 Hz, 2H), 7.20-7.34 (m, 7H), 5.63-5.75 (m, 2H),
5.58 (d, J = 8.0 Hz, 1H), 4.29 (AB, Jap = 12.0 Hz, Avap = 18.4 Hz, 2H), 4.04 (d, J = 4.4
Hz, 1H), 3.68-3.76 (m, 1H), 3.45 (dd, J = 9.6, 3.6 Hz, 1H), 3.22 (dd, J = 9.6, 5.2 Hz,
1H), 2.60-2.82 (m, 4H), 2.54 (dd, J = 15.6, 6.4 Hz, 1H), 2.43 (dd, J = 15.2, 6.4 Hz, 1H),
2.38 (s, 3H), 2.32 (dd, J = 15.2, 5.2 Hz, 1H), 2.11 (dd, J = 15.6, 6.8 Hz, 1H), 1.76-1.94
(m, 2H) C NMR (100 MHz, CDCl;) § 143.2, 137.8, 137.5, 133.5, 129.5, 128.2, 127.6,
127.0, 125.7, 72.9, 71.8, 63.1, 51.2, 51.0, 41.3, 39.9, 26.0, 25.8, 24.6, 21.4; IR (neat)

3289, 1597, 1326, 1092 cm ™ ';

Representative Procedure for Allylic Oxidation/Aza-Michael Reaction by
Organocatalysis

1) Matched Case with (£) Allylic Alcohol 4.3

&

S¢S s Ean S¢S
m 2)20mol %1, o\/fj\/\
BnO. _~ X 20 mol % PhCO,H °" NN
=N OH e g Vg O

iy CH,Cl,, 0°C, 20 h 1

(2)-4.3 4.6

To a stirred solution of (Z)-allylic alcohol (2)-4.3 (13.0 mg, 0.0256 mmol) in
CH,CIL, (1.5 mL, 0.0171 M) was added MnO; (50.6mg, 0.512 mmol) at 25 °C. After
stirred for 4 h at the same temperature, the reaction mixture was then filtered through
celite with EtOAc and concentrated in vacuo. To a stirred solution of a,B-unsaturated
aldehyde intermediate in CH,Cl, (1.0 mL, 0.0256 M) was added I (1.7 mg, 0.0051 mmol)

and PhCO,H (0.6 mg, 0.0051 mmol) at 0 °C. After stirred for 20 h at the same
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temperature, the reaction mixture was concentrated and purified by column
chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2,6-cis-disubstituted
piperidine aldehyde 4.6 (12.1 mg, 93%) as a colorless oil: [a]*"°b=10.3 (c 0.32, CHClL);
'H NMR (400 MHz, CDCl3) § 9.72 (s, 1H), 7.70 (d, J = 8.0 Hz, 2H), 7.26-7.37 (m, 7H),
4.57 (AB, Jag = 11.6 Hz, Avag = 20.4 Hz, 2H), 4.46-4.53 (m, 1H), 4.15-4.22 (m, 1H),
3.97 (t, J = 8.8 Hz, 1H), 3.72 (dd, J = 8.8, 4.4 Hz, 1H), 3.23 (dd, J = 18.0, 8.8 Hz, 1H),
3.08 (dd, J = 18.0, 4.4 Hz, 1H), 2.71-2.86 (m, 4H), 2.51 (dd, J = 15.2, 4.0 Hz, 1H), 2.41
(s, 3H), 2.19 (dd, J = 14.8, 3.6 Hz, 1H), 1.94 (dd, J = 14.8, 6.4 Hz, 1H), 1.83-1.94 (m,
2H), 1.79 (dd, J = 15.2, 6.8 Hz, 1H); °C NMR (100 MHz, CDCl;) § 200.2, 143.7, 137.9,
136.7, 129.8, 128.4, 127.9, 127.7, 127.2, 73.3, 73.0, 51.6, 46.8, 44.3, 38.6, 35.3, 26.8,

26.7,24.6,21.5; IR (neat) 1721, 1327, 1098 cm ';

2) Mismatched Case with (Z2)-Allylic Alcohol 4.3

m 1) MnO,, CH,Cl, m

S._S

25°C,4h ﬁ
ﬂ/\ 2)20mol % I',
BnO A\ 1 X 20 mol % PhCOH  BMONANT7 g
g \H OH CH,Cl,, 0 °C, 20 h H.1H
Ts v E Ts
(2)-4.3 4.7

To a stirred solution of (£)-allylic alcohol (2)-4.3 (13.0 mg, 0.0256 mmol) in
CHyCl; (1.5 mL, 0.0171 M) was added MnO; (50.6mg, 0.512 mmol) at 25 °C. After
stirred for 4 h at the same temperature, the reaction mixture was then filtered through

celite with EtOAc and concentrated in vacuo. To a stirred solution of a,B-unsaturated

aldehyde intermediate in CH,Cl, (1.0 mL, 0.0256 M) was added I’ (1.7 mg, 0.0051
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mmol) and PhCO,H (0.6 mg, 0.0051 mmol) at 0 °C. After stirred for 20 h at the same
temperature, the reaction mixture was concentrated and purified by column
chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2,6-trans-disubstituted
piperidine aldehyde 4.7 (11.5 mg, 88%) as a colorless oil: 'H NMR (400 MHz, CDCl3) &
9.50 (s, 1H), 7.73 (d, J = 8.4 Hz, 2H), 7.26-7.37 (m, 5H), 7.14 (d, J = 8.8 Hz, 2H), 4.51
(AB, Jag = 11.6 Hz, Avap = 24.4 Hz, 2H), 4.37-4.47 (m, 2H), 4.03 (dd, J = 9.6, 7.2 Hz,
1H), 3.77 (dd, J = 10.0, 6.8 Hz, 1H), 3.12 (dd, J = 18.4, 6.4 Hz, 1H), 2.97 (dd, J = 18.4,
8.0 Hz, 1H), 2.72-2.90 (m, 4H), 2.35 (s, 3H), 2.26 (dd, J = 6.4, 5.6 Hz, 2H), 2.21 (d, J =
3.6 Hz, 1H), 2.20 (d, J = 6.8 Hz, 1H), 1.86-2.00 (m, 2H); >C NMR (100 MHz, CDCl;) &
198.9, 143.3, 139.4, 138.0, 129.5, 128.3, 127.8, 127.7, 127.6, 73.0, 70.6, 54.5, 47.7, 47.5,

46.5,40.7,37.8,26.33, 26.29, 24.9, 21.5; IR (neat) 1722, 1326, 1305, 1085 cm ';

3) Matched Case with (E)-Allylic Alcohol 4.3

o

1) Mn02, CHQC|2 S S
25°C, 4 h
2)20mol %1, o
BnO 20 mol % PhCO,H  °" NN
CH,Cl,, 0°C, 20 h H 1 H
4.6

To a stirred solution of (E)-allylic alcohol (E£)-4.3 (23.0 mg, 0.0453 mmol) in
CH,CI; (1.5 mL, 0.0302 M) was added MnO; (89.6 mg, 0.906 mmol) at 25 °C. After
stirred for 4 h at the same temperature, the reaction mixture was then filtered through

celite with EtOAc and concentrated in vacuo. To a stirred solution of a,B-unsaturated

aldehyde intermediate in CH,Cl, (2.0 mL, 0.0227 M) was added I (2.9 mg, 0.0091 mmol)
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and PhCO,H (1.1 mg, 0.0051 mmol) at 0 °C. After stirred for 20 h at the same
temperature, the reaction mixture was concentrated and purified by column
chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2,6-cis-disubstituted

piperidine aldehyde 4.6 (22.0 mg, 96%) as a colorless oil.

4) Mismatched Case with (E)-Allylic Alcohol 4.3

1) Mn02, CHQC|2 S S
25°C,4h
2)20mol %I, o o
BnO 20 mol % PhCOH "N
CH,Cl,, 0 °C, 20 h H 1 H
4.7

To a stirred solution of (E)-allylic alcohol (E£)-4.3 (23.0 mg, 0.0453 mmol) in
CH,CI; (1.5 mL, 0.0302 M) was added MnO; (89.6 mg, 0.906 mmol) at 25 °C. After
stirred for 4 h at the same temperature, the reaction mixture was then filtered through
celite with EtOAc and concentrated in vacuo. To a stirred solution of a,B-unsaturated
aldehyde intermediate in CH,Cl, (2.0 mL, 0.0227 M) was added cat. I’ (2.9 mg, 0.0091
mmol) and PhCO,H (1.1 mg, 0.0051 mmol) at 0 °C. After stirred for 20 h at the same
temperature, the reaction mixture was concentrated and purified by column
chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2,6-trans-disubstituted

piperidine aldehyde 4.7 (21.0 mg, 91%) as a colorless oil.

Preparation of allylic alcohol 4.9 with Cbz or Boc protecting groups
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m 1) TBSCI, imidazole m m

S__S S.__S
ﬂ/\ e 1) :\t/lgz,4MheOH [ S
BnO X 2) P,0, cat. DMAP BnO X 2) TBAF, THF  BnO x
; cat. NT. OTBS
NH OH CH,CN, 1t, 17 h : S 0°C, 1h NH OH
Ts 71% for 2 steps 82% for 2 steps P
4.3 4.8a, P =Boc 4.9a, P =Boc
4.8b, P = Cbz 4.9b, P = Cbz

To a stirred solution of sulfonamide 4.3 (200 mg, 0.39 mmol) in CH,Cl, (3 mL,
0.13 M) was added TBSCI (66 mg, 0.437 mmol) and imidazole (80 mg, 1.18 mmol) at 0
°C. After stirred at 0 °C for 1 h, the reaction mixture was concentrated and purified by
purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford TBS-
protected allylic alcohol (210 mg, 86%). To a stirred solution of TBS-protected allylic
alcohol (105 mg, 0.17 mmol) in CH3CN (6 mL, 0.03 M) was added Boc,O (55 mg, 0.253
mmol) and DMAP (5 mg, 0.04 mmol) at 25 °C. After stirred at 25 °C for 17 h, the
reaction mixture was concentrated and purified by purified by column chromatography
(silica gel, hexanes/EtOAc, 10/1) to afford Boc-protected sulfonamide 4.8a (100 mg,
82%): '"H NMR (400 MHz, CDCl3) & 7.83 (d, J = 8.0 Hz, 2H), 7.18-7.25 (m, 5H), 7.02
(d, J = 7.2 Hz, 2H), 5.64 (ddd, J = 12.0, 6.0, 5.6 Hz, 1H), 5.55 (ddd, J = 12.0, 6.8, 5.6
Hz, 1H), 5.03 (brs, 1H), 4.44 (AB, Jag = 11.6 Hz, Avag = 60.8 Hz, 2H), 4.21 (d, J = 6.0
Hz, 2H), 3.64 (dd, J = 9.6, 5.6 Hz, 1H), 2.87 (d, J = 11.2 Hz, 2H), 2.53-2.79 (m, 4H),
2.23-2.37 (m, 1H), 2.29 (s, 3H), 1.90-1.97 (m, 1H), 1.75-1.84 (m, 1H), 1.22 (s, 9H),

0.82 (s, 9H), 0.00 (s, 6H).
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Cbz-protected sulfonamide 4.8b: 'H NMR (400 MHz, CDCl3) & 7.71 (d, J = 8.4
Hz, 2H), 7.17-7.26 (m, 6H), 7.11 (d, J = 8.0 Hz, 2H), 7.05 (d, J = 7.2 Hz, 2H), 6.88 (d, J
= 7.2 Hz, 2H), 5.62 (ddd, J = 11.6, 5.6, 5.2 Hz, 1H), 5.50 (ddd, J = 12.0, 6.8, 5.6 Hz,
1H), 4.91-5.05 (m, 1H), 4.48 (d, J=12.0 Hz, 1H), 4.33 (s, 1H), 4.19 (d, J = 5.6 Hz, 2H),
3.59 (dd, J = 9.6, 5.2 Hz, 1H), 2.54-2.80 (m, 7H), 2.23-2.31 (m, 1H), 2.24 (s, 3H), 1.74—

1.90 (m, 2H), 0.83 (s, 9H), 0.00 (s, 6H).

To a stirred solution of Boc-protected sulfonamide 4.8a (65mg, 0.09 mmol) in
CH;O0H (3 mL, 0.03M) was added Mg powder (66mg, 2.7 mmol) and NH4CI (49 mg, 0.9
mmol) at room temperature. After stirring at room temperature for 24h, the reaction
mixture was diluted with water and then extracted three times with EtOAc. The combined
organic layers were washed with brine, dried over anhydrous Na,SO4, and concentrated
in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 10/1) to afford Boc-protected amine (44 mg, 86%). To a stirred solution
of Boc-protected amine (42mg, 0.074 mmol) in THF (3 mL, 0.025M) was added TBAF
(1.0 M in THF, 0.11 mL) at 0 °C. After stirring at 0 °C for lh, the reaction mixture was
quenched with sat. NH4Cl and then extracted three times with EtOAc. The combined
organic layers were washed with brine, dried over anhydrous Na,SO4, and concentrated
in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 2/1) to afford Boc-protected allylic alcohol 4.9a (32 mg, 96%): 'H NMR
(400 MHz, CDCl3) 8 7.26-7.38 (m, 5H), 5.80 (ddd, J = 12.4, 6.8, 5.6 Hz, 1H), 5.69 (ddd,

J=124,72,52 Hz, 1H), 4.95 (d, J = 8.0 Hz, 1H), 4.18 (brs, 2H), 4.00-4.09 (m, 1H),
174



3.59 (brs, 1H), 3.45 (brs, 1H), 2.68-2.88 (m, 6H), 2.50 (s, 1H), 2.36 (dd, J = 14.8, 4.0
Hz, 1H), 2.02 (dd, J = 14.8, 7.2 Hz, 1H), 1.87-1.99 (m, 2H), 1.43 (s, 9H); >C NMR (100
MHz, CDCl3) & 155.1, 138.0, 131.8, 128.4, 127.7, 126.0, 79.6, 73.1, 72.9, 58.3, 51.4,

47.5,40.1, 36.0, 28.4, 26.2, 26.1, 24.9.

Cbz-protected allylic alcohol 4.9b: [a]**®p= 18.6 (¢ 0.87, CHCls); '"H NMR (400
MHz, CDCl3) & 7.26-7.35 (m, 9H), 5.78 (ddd, J = 12.4, 7.2, 5.2 Hz, 1H), 5.68 (ddd, J =
12.4, 6.4, 5.6 Hz, 1H), 5.28 (d, J = 8.8 Hz, 1H), 5.10 (brs, 2H), 4.51 (s, 2H), 4.09-4.19
(m, 3H), 3.60 (dd, J = 8.8, 2.4 Hz, 1H), 3.47 (dd, J = 8.8, 4.0 Hz, 1H), 2.72-2.85 (m,
6H), 2.42 (s, 1H), 2.34 (dd, J = 15.2, 4.4 Hz, 1H), 2.08 (dd, J = 15.2, 7.6 Hz, 1H), 1.86—
1.99 (m, 2H); °C NMR (100 MHz, CDCl;) § 155.6, 137.8, 136.4, 131.8, 128.4, 128.3,
128.0, 127.7, 125.9, 73.1, 72.6, 66.7, 58.3, 51.3, 48.2, 40.0, 36.1, 26.2, 26.1, 24.8. IR

(neat) 1699, 1520, 1268, 1238, 1052 cm .

Aza-Michael reaction with Boc or Chz-protected allylic alcohol (4.9)

2Y Lo I7PhCO,H +

BnO 2 BnO BnO ’

NH " OH (20 mol %), CH,Cl, N o N No
P P P

49a, P=Boc 4.11a, P =Boc 4.12a, P = Boc
4.9b, P=Cbz 4.11b, P =Cbz 4.12b, P = Cbz
entry P catalyst yield (%) dr (cis:trans)’
1 Ts 1 92 11:1
2 Ts r 88 1:3
3 Boc I 80 8:1
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4 Boc r 70 4:1
5 Cbz || 67 20:1
6 Cbz r 61 2:1

“ Diastereoselectivity was determined by "H NMR after simple filtration through column chromatography.

To a stirred solution of (Z)-allylic alcohol 4.9a (10 mg, 0.022 mmol) in CH,Cl,
(1.0 mL, 0.02 M) was added MnO, (220 mg, 0.55 mmol) at 25 °C. After stirred for 4 h at
the same temperature, the reaction mixture was then filtered through celite with EtOAc
and concentrated in vacuo. To a stirred solution of a,B-unsaturated aldehyde intermediate
(9 mg, 0.02 mmol) in CH,Cl, (1.0 mL, 0.02 M) was added I (1.3 mg, 0.004 mmol) and
PhCO,H (0.5 mg, 0.004 mmol) at 0 °C (Entry 3). After stirred for 20 h at the same
temperature, the reaction mixture was concentrated and purified by column
chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2,6-cis-disubstituted
piperidine aldehyde 4.11a as major diastereomer (8 mg, 80%, dr = 8:1) as a colorless oil:
'H NMR (400 MHz, CDCl3) § 9.70 (t, J = 1.6 Hz, 1H), 7.27-7.37 (m, 5H), 4.67 (ddd, J =
14.4, 7.6, 6.4 Hz, 1H), 4.54 (AB, Jag = 11.6 Hz, Avag = 30.8 Hz, 2H), 4.47 (ddd, J =
14.0, 7.6, 5.6 Hz, 1H), 3.67 (dd, J = 9.6, 6.8 Hz, 1H), 3.48 (dd, J = 9.2, 4.8 Hz, 1H),
2.80-2.94 (m, 4H), 2.73 (dd, J = 16.4, 5.6 Hz, 1H), 2.56 (dd, J = 15.6, 7.2 Hz, 1H), 2.34

(dd, J = 14.4, 8.0 Hz, 1H), 2.22 (dd, J = 14.8, 5.2 Hz, 1H), 1.90-2.04 (m, 3H).

2,6-cis-disubstituted piperidine aldehyde 4.11b (67%, dr = 20:1): '"H NMR (400
MHz, CDCls) 6 9.66 (t, J = 1.6 Hz, 1H), 7.27-7.36 (m, 10H), 5.14 (s, 2H), 4.75 (ddd, J =

14.8, 7.6, 7.2 Hz, 1H), 4.51-4.58 (m, 1H), 4.51 (AB, Jag = 12.4 Hz, Avap = 30.4 Hz,
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2H), 3.66 (dd, J = 9.6, 6.4 Hz, 1H), 3.48 (dd, J = 9.6, 5.2 Hz, 1H), 2.72-2.96 (m, 5H),
2.62 (ddd, J = 14.4, 8.0, 2.0 Hz, 1H), 2.36 (ddd, J = 14.8, 8.4, 1.6 Hz, 1H), 2.19 (dd, J =

14.4, 5.6 Hz, 1H), 1.88-2.04 (m, 3H).

Substrate Scope

™ M) ) M

S_S S._S S

(7]

S._S [X a m borc m fi/\
+ . —_— - +
R IONTs . . , .
IJ«\OH H R“H NH " oH R“H N H"'Ao R“H N H ~o
4.1 4.13a-d Ts Ts TIs
4.14a-d 4.15a-c 4.16a-c
. reaction product b
entry R allyl alcohol (yield) conditions® (yield) dr
0 .
(2)-4.14a (60%, 73% brsm) b 0% it
. Me c 75% 1:2
b 97% >20:1
_ 0 0
(E)-4.14a (66%, 81% brsm) . 0% 4
0 .
(Z)-4.14b (30%, 88% brsm) b 78% 1
2 i-Pr N 78% e
B b 87% 12:1
_ 0 0
(E)-4.14b (50%, 91% brsm) . 799, 110
b 90% 15:1
_ _ 0 [
3 |CH=CH, | (Z)-4.14¢ (30%, 67% brsm) . 36% 11
b
4 -Bu | (Z)-4.14d (14%, 25% brsm) ; II:: NA

“Reagents and conditions: (a) t-BuLi, HMPA/THF (1:10), —78 °C, 5 min, then, 4.13a-d, —
78 °C, 0.5-1 h; (b) MnO,, CH,Cl,, 25 °C, 3 h; then 20 mol % I’, 20 mol % PhCO,H, CH,Cl,, 0
°C, 7-45 h; (b) MnO,, CH,Cl,, 25 °C, 3 h; then 20 mol % I, 20 mol % PhCO,H, CH,Cl,, 0 °C, 9—
67 h; ” Diastereoselectivity was determined by 'H NMR after simple filtration through column

chromatography. n.d. = not determined;

177




(2)-4.15a

A colorless oil: [a]**’p=—1.7 (¢ 1.00, CHCLs); '"H NMR (400 MHz, CDCl;) 6 7.72 (d, J
= 8.0 Hz, 2H), 7.24 (d, J = 8.0 Hz, 2H), 5.71 (ddd, J = 11.2, 7.2, 6.4 Hz, 1H), 5.66 (d, J
= 6.4 Hz, 1H), 5.53 (ddd, J = 10.8, 7.2, 6.4 Hz, 1H), 4.15 (dd, J = 12.4, 7.6 Hz, 1H), 4.03
(dd, J = 12.4, 6.4 Hz, 1H), 3.52-3.62 (m, 1H), 2.62-2.80 (m, 5H), 2.46-2.52 (m, 1H),
2.36 (s, 3H), 2.12 (dd, J = 15.2, 8.0 Hz, 1H), 1.87 (dd, J = 15.2, 4.0 Hz, 1H), 1.78-1.94
(m, 2H), 1.00 (d, J = 6.8 Hz, 3H); *C NMR (100 MHz, CDCl;) & 143.2, 137.8, 131.8,
129.5, 127.1, 125.6, 58.2, 51.2, 47.4, 44.6, 36.2, 26.0, 24.5, 23.0, 21.4; IR (neat) 3279,

1320, 1158, 668 cm™';

(E)-4.15a

A colorless oil: [a]**°pr=—14.9 (¢ 1.00, CHCl3); "H NMR (400 MHz, CDCl3) 6 7.75 (d, J
= 8.8 Hz, 2H), 7.24 (d, J = 8.8 Hz, 2H), 5.76 (d, J = 6.4 Hz, 1H), 5.60-5.73 (m, 2H),
4.07 (brs, 2H), 3.51-3.61 (m, 1H), 2.68-2.82 (m, 4H), 2.54 (dd, J = 14.4, 6.0 Hz, 1H),

2.38-2.48 (m, 2H), 2.39 (s, 3H), 2.19 (dd, J = 15.2, 7.6 Hz, 1H), 1.79-1.96 (m, 3H), 1.08
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(d, J = 6.4 Hz, 3H); >C NMR (100 MHz, CDCls) & 143.2, 137.7, 133.5, 129.5, 127.2,
125.6, 63.0, 51.0, 47.4, 44.6, 41.3, 26.0, 24.6, 23.1, 21.4; IR (neat) 3280, 1321, 1158,

1090, 668 cm

&

S._S

ﬁ\“‘i\lﬂw

|
Ts

(2)-4.14b

A colorless oil: [a]*'’p=-3.1 (¢ 0.15, CHCLs); '"H NMR (400 MHz, CDCl;) & 7.75 (d, J
= 8.4 Hz, 2H), 7.27 (d, J = 8.0 Hz, 2H), 5.77 (ddd, J = 11.2, 7.2, 6.4 Hz, 1H), 5.58 (ddd,
J=11.2,72, 6.0 Hz, 1H), 5.32 (d, J = 6.8 Hz, 1H), 4.18-4.24 (m, 1H), 4.04-4.10 (m,
1H), 3.56-3.62 (m, 1H), 2.69-2.81 (m, 5H), 2.56 (dd, J = 16.0, 5.6 Hz, 1H), 2.40 (s, 3H),
2.28 (brs, 1H), 1.82-1.99 (m, 5H), 0.80 (d, J = 7.2 Hz, 3H), 0.70 (d, J = 6.8 Hz, 3H); "°C
NMR (100 MHz, CDCls) & 143.2, 138.3, 131.9, 129.5, 127.1, 125.9, 58.3, 55.9, 51.3,

37.1,36.0,31.3,26.2,26.1,24.6,21.5, 18.2, 15.9; IR (neat) 3280, 1318, 1155, 666 cm ';

OH
(E)-4.14b
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A colorless oil: [a]*"°p=-9.5 (¢ 1.06, CHCl;); '"H NMR (400 MHz, CDCls) & 7.74 (d, J
= 8.4 Hz, 2H), 7.26 (d, J = 8.0 Hz, 2H), 5.62-5.75 (m, 2H), 5.51 (d, J = 7.2 Hz, 1H),
4.08 (brs, 2H), 3.50-3.56 (m, 1H), 2.67-2.82 (m, 4H), 2.56 (dd, J = 14.4, 6.0 Hz, 1H),
2.43 (dd, J = 14.0, 4.8 Hz, 1H), 2.39 (s, 3H), 1.84-2.01 (m, 5H), 0.79 (d, J = 7.2 Hz,
3H), 0.70 (d, J = 7.2 Hz, 3H); >C NMR (100 MHz, CDCl3)  143.1, 138.1, 133.3, 129.4,
127.1, 126.0, 63.1, 55.8, 51.1, 40.9, 37.6, 31.4, 26.1, 26.0, 24.6, 21.4, 18.0, 16.1; IR

(neat) 3288, 1320, 1157, 1092, 668 cm*l;

(2)-4.14c

A colorless oil: [a]*°p=+7.3 (¢ 0.48, CHCl3); "H NMR (400 MHz, CDCl3) & 7.70 (d, J
= 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 5.78 (ddd, J = 11.6, 7.2, 5.2 Hz, 1H), 5.48-5.65
(m, 3H), 4.92 (d, J = 17.6 Hz, 1H), 4.86 (d, J = 10.0 Hz, 1H), 4.17-4.25 (m, 1H), 4.04—
4.12 (m, 1H), 2.70-2.91 (m, 5H), 2.55 (dd, J = 15.6, 6.4 Hz, 1H), 2.39 (s, 3H), 2.27 (dd,
J=152,8.0 Hz, 1H), 2.03 (dd, J = 15.2, 4.4 Hz, 1H), 1.94-2.02 (m, 2H), 1.82-1.92 (m,
1H); °C NMR (100 MHz, CDCl3) & 143.4, 138.1, 137.6, 132.0, 129.4, 127.5, 125.6,
116.3, 58.3, 54.4, 51.2, 42.7, 36.6, 26.2, 26.1, 24.7, 21.5; IR (neat) 3270, 1324, 1158,

1093, 668 cm ™ ';
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&

S._S

t-Bu‘\\fl\l/\OH

|
Ts

(2)-4.14d

A colorless oil: [a]*"*p=—5.0 (¢ 0.14, CHCl;); '"H NMR (400 MHz, CDCl3) & 7.72 (d, J
= 8.4 Hz, 2H), 7.22 (d, J = 8.4 Hz, 2H), 5.77-5.83 (m, 1H), 5.67 (ddd, J = 12.0, 6.4, 5.6
Hz, 1H), 4.73 (d, J = 8.4 Hz, 1H), 4.16-4.26 (m, 1H), 4.07-4.16 (m, 1H), 3.77 (td, J =
9.2, 1.6 Hz, 1H), 2.93 (dd, J = 17.2, 8.0 Hz, 1H), 2.70-2.86 (m, 5H), 2.39 (s, 3H), 2.26
(dd, J = 15.6, 1.6 Hz, 1H), 2.09 (s, 1H), 1.89-1.99 (m, 2H), 1.89 (dd, J = 15.2, 10.0 Hz,
1H), 0.80 (s, 9H); *C NMR (100 MHz, CDCls) & 142.7, 139.8, 131.4, 129.2, 127.0,
126.9, 60.7, 58.3, 51.8, 39.4, 36.5, 35.4, 27.0, 26.29, 26.25, 24.8, 21.5; IR (neat) 1653,

1153 cm™;

A colorless oil: [a]**°p = 15.7 (¢ 0.4, CHCL;); '"H NMR (400 MHz, CDCls) & 9.78 (s,
1H), 7.70 (d, J = 6.4 Hz, 2H), 7.29 (d, J = 8.0 Hz, 2H), 4.47-4.53 (m, 1H), 4.06-4.17 (m,
1H), 3.41 (dd, J = 18.0, 9.6 Hz, 1H), 3.17 (dd, J = 18.4, 4.8 Hz, 1H), 2.65-2.89 (m, 4H),
2.41(s, 3H), 2.35 (dd, J =15.2, 4.4 Hz, 1H), 1.82-2.03 (m, 5H), 1.54 (d, J = 7.2 Hz, 3H);
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>C NMR (100 MHz, CDCl3) & 200.5, 143.5, 136.8, 129.8, 127.1, 51.3, 48.2, 47.1, 44.4,

41.3,38.0,26.8,26.7, 24.8, 24.6, 21.5; IR (neat) 1720, 1160 cm ';

\
\
\
W

A colorless oil: 'H NMR (400 MHz, CDCl3) & 9.71 (s, 1H), 7.69 (d, J = 8.8 Hz, 2H),

727 (d, J = 8.4 Hz, 2H), 4.74-4.81 (m, 1H), 3.98-4.08 (m, 1H), 3.13-3.27 (m, 2H),

2.68-2.95 (m, 4H), 2.41(s, 3H), 2.36 (dd, J =14.8, 5.6 Hz, 1H), 2.26 (dd, J =14.4, 4.4 Hz,

1H), 2.13 (dd, J =14.4, 4.0 Hz, 1H), 1.84-2.04 (m, 3H), 1.38 (d, J = 6.8 Hz, 3H); "°C

NMR (100 MHz, CDCl3) 6 199.8, 143.3, 139.9, 129.6, 127.0, 49.1, 48.5, 47.5, 47.1, 43.2,

39.8,26.4,26.3,25.0,21.5,20.2.

(M

S._S

4.15b

\\\\f'\ljl'"
H TsH

AO

A colorless crystals: [a]**p=69.6 (¢ 0.43, CHCls); '"H NMR (400 MHz, CDCls) & 9.81

(s, 1H), 7.71 (d, J = 8.4 Hz, 2H), 7.30 (d, J = 8.4 Hz, 2H), 4.36-4.43 (m, 1H), 3.57-3.62

(m, 1H), 3.34 (dd, J = 18.4, 4.4 Hz, 1H), 3.24 (dd, J = 18.4, 9.6 Hz, 1H), 2.81-2.95 (m,
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2H), 2.54-2.66 (m, 2H), 2.42 (s, 3H), 2.31 (dd, J = 15.2, 9.6 Hz, 2H), 1.99-2.06 (m, 3H),
1.82-1.92 (m, 1H), 0.99 (d, J = 6.4 Hz, 3H), 0.80 (d, J = 6.4 Hz, 3H); *C NMR (100
MHz, CDCls) & 200.5, 143.6, 136.6, 129.8, 127.4, 59.7, 50.9, 47.3, 44.4, 37.5, 36.5, 33.0,

27.0,26.7,24.5,21.5,20.9, 20.6; IR (neat) 1720, 1598, 1338, 1326, 1095 cm ;

Sfi/\

\‘\\ N E AN

Ao
4.16b

A colorless crystals: "H NMR (400 MHz, CDCl3) & 9.65 (s, 1H), 7.72 (d, J = 8.4 Hz,
2H), 7.29 (d, J = 8.0 Hz, 2H), 4.18—4.24 (m, 1H), 3.65-3.70 (m, 1H), 3.41 (dd, J = 18.4,
7.2 Hz, 1H), 2.89-3.01 (m, 2H), 2.87 (dd, J = 18.4, 8.0 Hz, 1H), 2.59-2.70 (m, 2H), 2.42
(s, 3H), 2.30 (dd, J = 14.0, 9.6 Hz, 1H), 2.20 (dd, J = 15.2, 2.0 Hz, 1H), 2.07 (dd, J =
14.8, 6.0 Hz, 1H), 1.92-2.00 (m, 1H), 1.72—-1.82 (m, 1H), 1.43 (dd, J = 15.6, 6.4 Hz, 1H),
1.09 (d, J = 6.4 Hz, 3H), 1.00 (d, J = 6.4 Hz, 3H); °C NMR (100 MHz, CDCl3) 5 198.9,

143.5, 139.1, 129.6, 127.5, 63.2, 48.4, 47.5, 46.7,40.7, 36.3, 29.6, 26.3, 25.0, 21.6, 20.7,
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A colorless oil: [a]*?p = 22.6 (¢ 0.1, CHCl3); "H NMR (400 MHz, CDCl;) & 9.78 (s,
1H), 7.73 (d, J = 8.4 Hz, 2H), ), 7.31 (d, J = 8.4 Hz, 2H), 6.07 (dddd, J = 16.8, 10.4, 5.6,
4.8 Hz, 1H), 5.39 (dd, J = 16.8, 2.0 Hz, 1H), 5.23 (dd, J = 10.4, 2.0 Hz, 1H), 4.44-4.57
(m, 2H), 3.35 (dd, J = 18.4, 4.0 Hz, 1H), 3.21 (dd, J = 18.0, 9.6 Hz, 1H), 2.80-2.93 (m,
2H), 2.62-2.71 (m, 2H), 2.43 (s, 3H), 2.31 (dd, J = 14.4, 6.4 Hz, 1H), 2.20 (d, J = 5.2
Hz, 1H), 2.16 (d, J = 4.0 Hz, 1H), 1.93-2.00 (m, 1H), 1.80-1.87 (m, 1H), 1.76 (dd, J =
15.2, 6.4 Hz, 1H); °C NMR (100 MHz, CDCl3) & 200.4, 143.8, 140.2, 136.5, 129.8,
127.4, 116.6, 53.5, 51.5, 47.7, 44.2, 40.5, 37.7, 27.0, 26.9, 24.5; IR (neat) 1721, 1325,

1162, 1094 cm™;

M

S._S

\\‘\\ N E
H TsH
4.16¢

~o

A colorless oil: '"H NMR (400 MHz, CDCl3) & 9.65 (s, 1H), 7.68 (d, J = 8.4 Hz, 2H), ),
7.27 (d, J = 8.4 Hz, 2H), 5.96 (dddd, J = 16.8, 10.0, 5.2, 4.8 Hz, 1H), 5.25 (d, J = 10.4
Hz, 1H), 5.12 (d, J = 10.0 Hz, 1H), 4.58-4.64 (m, 2H), 3.27 (dd, J = 18.0, 6.4 Hz, 1H),
3.10 (dd, J = 18.4, 8.0 Hz, 1H), 2.80-2.93 (m, 2H), 2.71-2.79 (m, 2H), 2.41 (s, 3H),
2.22-2.30 (m, 2H), 2.20 (d, J = 3.2 Hz, 1H), 2.16 (d, J = 3.2 Hz, 1H), 1.95-2.04 (m, 1H),

1.78-1.88 (m, 1H).

Preparation of allylic alcohol 4.21 with gem-dihydrogen
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a. Boc,O, cat. DMAP
Bno\)k Bng/\/\ « CHCN.25°C.1h g L I
710 mol % Cul g \H ERS
_40 oC too _40 oC TS b 03, EtOAC, —78 OC, 10 min, BOC
1h. 96% , c¢. PhsP, CH,Cl,, 25 °C, 3 h
4.2 ’ 4.18 84% for 3 steps 4.19
(CFscHzo)zPOCH2C02Me\/(I/ a. DIBAL-H, toluene
-78°C,2h BnO. _4 S
BnO o x._CO,Me :
KHMDS “>NTs 2 i NH OH
18-Crown-6 H &oc b. TFA, CH,Cl, Ts
-78 °C,1h i 0°C,2h -4.21
85% (2)-4.20 64% for 2 steps (2)-4.

Preparation of alkene 4.18

Bno\)k Bng/\/\ BnO. A\ hy S

10 mol % Cul H
—40 °C to —10 °C Ts

0,
4.2 1h, 96% 4.18

To a cooled (40 °C) solution of the known 3-butene magnesium bromide 4.17 (0.13 M,
15 mL) in THF (15 mL, 0.13 M) was added Cul (18 mg, 0.095 mmol) and aziridine 4.2
(300 mg, 0.95 mmol). The resulting mixture was warmed to —10 °C, stirred at —10 °C for
1 h and quenched with 4 mL NH4CI/NH4OH (3:1). After stirred at 25 °C for 2 h, the
reaction mixture was diluted with EtOAc. The layers were separated, and the aqueous
layer was extracted with EtOAc. The combined organic layers were washed with brine,
dried over anhydrous Na,SO,, and concentrated in vacuo. The residue was purified by
column chromatography (silica gel, hexanes/EtOAc, 3/1) to afford alkene 4.18 (340 mg,
96%): [a]*p=18.1 (¢ 0.68, CHCls); '"H NMR (400 MHz, CDCl3)  7.71 (d, J = 8.8 Hz,
2H), 7.17-7.34 (m, 7H), 5.68 (dddd, J = 17.2, 10.4, 6.8, 2.8 Hz, 1H), 4.97 (d, J = 8.4 Hz,
1H), 4.91 (d, J = 17.2 Hz, 1H), 4.90 (d, J = 9.2 Hz, 1H), 4.33 (s, 2H), 3.27-3.36 (m, 2H),
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3.20 (dd, J = 9.6, 4.8 Hz, 1H), 2.39 (s, 3H), 1.93 (q, J = 6.8 Hz, 2H), 1.43-1.58 (m, 2H),
1.18-1.39 (m, 2H); '°C NMR (100 MHz, CDCls) & 143.0, 138.2, 138.1, 137.7, 129.5,
128.3, 127.6, 127.5, 126.9, 114.6, 73.0, 71.2, 53.4, 33.2, 31.9, 24.7, 21.4; IR (neat) 1640,

1598, 1453, 1416, 1323, 1157, 1090, 1022 cm ™.

Preparation of aldehyde 4.19

\/(I a. Boc,0, cat. DMAP ﬁ
CH3CN, 25°C,1h

BnO o 3~ ' . X

SNH Y BnO~~ NTs O

H'1s  b. 0, EtOAc, -78 °C, 10 min, H boe
C. Ph3P, CH2C|2, 25°C, 3 h
4.18 849% for 3 steps 4.19

To a stirred solution of alkene 4.18 (297 mg, 0.795 mmol) in CH3CN (15 mL, 0.053 M)
was added Boc,O (208 mg, 0.954 mmol) and DMAP (19 mg, 0.159 mmol) at 25 °C.
After stirred at 25 °C for 1 h, the reaction mixture was concentrated and purified by
purified by column chromatography (silica gel, hexanes/EtOAc, 10/1) to afford Boc-
protected alkene (340 mg, 96%). To a cooled (—78 °C) solution of the known Boc
protected alkene (300 mg, 0.634 mmol) in EtOAc (50 mL, 0.013 M) was bubbled O3
until blue color was persisted (ca. 10 min). After purging the reaction with N, gas, EtOAc
was removed and the residue was dissolved in CH,Cl, (10 mL) before Ph;P was added.
The resulting mixture was stirred at 25 °C for 3 h and concentrated in vacuo. The residue
was purified by column chromatography (silica gel, hexanes/EtOAc, 4/1) to afford
aldehyde 4.19 (260 mg, 87%): '"H NMR (400 MHz, CDCls) & 9.76 (s, 1H), 7.85 (d, J =
8.4 Hz, 2H), 7.21-7.30 (m, 5H), 7.05 (d, J = 8.0 Hz, 2H), 4.75-4.82 (m, 1H), 4.49 (AB,

Jap = 11.6 Hz, Avag = 45.6 Hz, 2H), 3.97 (t, J = 9.6 Hz, 1H), 3.58 (dd, J = 10.0, 5.6 Hz,
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1H), 2.44-2.57 (m, 2H), 1.94-2.04 (m, 1H), 1.58-1.87 (m, 3H); *C NMR (100 MHz,
CDCls) & 202.1, 150.5, 143.5, 137.8, 137.6, 128.7, 128.27, 128.25, 127.8, 127.5, 84.1,

73.0,70.5, 58.1,43.2,29.7,27.8,21.5, 19.0.

Preparation of enoates (£)-4.20

V(\L (CFCH,0),POCH,CO,Me V(I/
BnO ﬁNTS\O BnO . NTs\ CO,Me

KHMDS H o
Boc 18-Crown-6 Boc
4.19 ‘7885% th (2)-4.20

To a cooled (=78 °C) solution of methyl bis(2,2,2-trifluoroethyl)phosphonoacetate (0.23
mL, 1.06 mmol) and 18-crown-6 (1.4 g, 5.3 mmol) in THF (30 mL, 0.035 M) was added
KHMDS (0.5 M, 2.1 mL). After stirred at the same temperature for 0.5 h, aldehyde 4.19
(250 mg, 0.53 mmol) was added to the reaction mixture. After stirred for 1 h at —78 °C,
the reaction mixture was quenched with saturated aqueous NH4Cl and diluted with
EtOAc. The layers were separated, and the aqueous layer was extracted with EtOAc. The
combined organic layers were washed with brine, dried over anhydrous Na,SO4, and
concentrated in vacuo. The residue was purified by column chromatography (silica gel,
hexanes/EtOAc, 8/1 to 4/1) to afford enoate (Z£)-4.20 (236 mg, 85%): 'H NMR (400
MHz, CDCls) & 7.86 (d, J = 6.4 Hz, 2H), 7.22-7.30 (m, 5H), 7.05 (d, J = 8.4 Hz, 2H),
6.22 (ddd, J =11.2, 7.2, 4.4 Hz, 1H), 5.78 (dt, J = 11.2, 2.0 Hz, 1H), 4.75-4.83 (m, 1H),
4.49 (AB, Jag = 11.6 Hz, Avag = 47.6 Hz, 2H), 3.98 (t, J = 9.6 Hz, 1H), 3.69 (s, 3H),

3.57 (dd, J = 10.0, 5.6 Hz, 1H), 2.69-2.75 (m, 2H), 2.35 (s, 3H), 1.93-2.03 (m, 1H),
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1.53-1.67 (m, 3H), 1.29 (s, 9H); *C NMR (100 MHz, CDCls) & 166.7, 150.5, 150.0,
143.4,137.9, 137.7, 128.7, 128.3, 128.2, 127.8, 127.5, 119.6, 84.0, 72.9, 70.6, 58.4, 50.9,

299, 28.6,27.8,25.8,21.5.

Preparation of allylic alcohol (£)-4.21

ﬂ/ a. DIBAL-H. toluene &
J _78°C, 2 h )
BnO H NTS\ CO,Me BnO : NH\ OH

H 1

Boc b. TFA, CH,Cl, Ts
2)-4.20 0°C,2h 2)-4.21
(@) 64% for 2 steps (2)

[DIBAL-H Reduction] To a cooled (=78 °C) solution of enoate (Z)-4.20 (230 mg, 0.433
mmol) in toluene (8 mL, 0.054 M) was added DIBAL-H (1.73 mL, 1.0 M in toluene,
1.732 mmol). After stirred at the same temperature for 2 h, the reaction mixture was
quenched with MeOH, and diluted with Et,O. The resulting mixture was stirred for 5 h at
25 °C, filtered through a pad of celite, and concentrated in vacuo. This crude alcohol was
employed in the next step without purification. [Boc-Deprotection] To the crude Boc-
carbamate (105 mg, 0.21 mmol) in CH,Cl, (4.2 mL) was added TFA (0.8 mL) at 0 °C.
After stirred at the same temperature for 2 h, the reaction mixture was concentrated in
vacuo. and purified by column chromatography (silica gel, hexanes/EtOAc, 1/1) to afford
allylic alcohol (Z)-4.21 (54 mg, 64% for 2 steps) as a colorless oil: : [a]*>*p= 8.5 (¢ 0.20,
CHCls); '"H NMR (400 MHz, CDCl3) § 7.70 (d, J = 8.0 Hz, 2H), 7.18-7.35 (m, 7H), 5.58
(ddd, J = 12.8, 6.8, 6.0 Hz, 1H), 5.58 (ddd, J = 15.2, 10.4, 7.2 Hz, 1H), 5.02 (d, J = 8.4

Hz, 1H), 4.32 (s, 2H), 4.13 (d, J = 6.8 Hz, 2H), 3.28-3.38 (m, 1H), 3.28 (dd, J = 9.2, 4.0
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Hz, 1H), 3.16 (dd, J = 8.8, 4.4 Hz, 1H), 2.40 (s, 3H), 2.17 (s, 1H), 1.92-2.06 (m, 2H),
1.44-1.58 (m, 2H), 1.21-1.40 (m, 2H); °C NMR (100 MHz, CDCl5) 5 143.1, 138.0,
137.6, 132.1, 129.5, 128.8, 128.3, 127.7, 127.6, 126.9, 73.1, 71.1, 58.3, 53.3, 31.8, 26.7,

25.3,21.4; IR (neat) 1598, 1453, 1323, 1157, 1091, 1024 cm .

Allylic oxidation/aza-Michael reaction of (£)-4.21

1) MnOz, CH2C|2
BnO A i X-"on 2)20mol % cat I,  BNONA NN

H 20 mol % PhCO,H H.H
Ts CH,Cl,, 0 °C, 20 h Ts
4.21 4.22

[Allylic Oxiation] To a stirred solution of (Z)-allylic alcohol 4.21 (40 mg, 0.0993 mmol)
in CH,Cl; (3.0 mL, 0.0331 M) was added MnO, (196.3 mg, 1.986 mmol) at 25 °C. After
stirred for 4 h at the same temperature, the reaction mixture was then filtered through
celite with EtOAc and concentrated in vacuo. This crude aldehyde was employed in the
next step without purification. [Aza-Michael Reaction] To a stirred solution of a,p-
unsaturated aldehyde intermediate in CH,Cl, (4.0 mL, 0.0248 M) was added I (6.5 mg,
0.0197 mmol) and PhCO,H (2.4 mg, 0.0197 mmol) at 0 °C. After stirred for 45 h at the
same temperature, the reaction mixture was concentrated and purified by column
chromatography (silica gel, hexanes/EtOAc, 3/1) to afford 2,6-cis-disubstituted
piperidine aldehyde 4.22 (6 mg, 15%) as a colorless oil: '"H NMR (400 MHz, CDCl3) &
9.71(s, 1H), 7.71 (d, J = 8.4 Hz, 2H), 7.26-7.38 (m, 7H), 4.56 (d, J = 4.0 Hz, 2H), 4.18—

4.25 (m, 1H), 3.61 (d, J = 8.0 Hz, 1H), 3.59 (d, J = 5.6 Hz, 1H), 2.76 (dd, J = 17.2, 5.6
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Hz, 1H), 2.64 (ddd, J = 17.2, 8.8, 1.6 Hz, 1H), 2.42 (s, 3H), 1.80 (d, J = 12.8 Hz, 2H),

1.17-1.56 (m, 6H).
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Crystal data and structure refinement for 4.15b

Identification code
Empirical formula
Formula weight
Temperature
Wavelength

Crystal system
Space group

Unit cell dimensions

Volume

V4

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color and habit
Diffractometer

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections (I > 2sigma(l))
Completeness to theta = 26.21°
Absorption correction

Max. and min. transmission
Solution method

Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(])]
R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

4.15b

C20 H29 N O3 S3

427.62

296(2) K

0.71073 A

Monoclinic

P2(1)

a=10.0934(9) A a=90°.
b=19.4755(17) A B=111.576(5)°.
c=11.6842(11) A v =90°.
2135.9(3) A3

4

1.330 Mg/m?

0.367 mm’!

912

0.18 x 0.13 x 0.06 mm?

colourless prism

Bruker SMART Apex 11

2.29 t0 26.21°.

-11<=h<=12, -24<=k<=24, -14<=I<=14
35695

8507 [R(int) = 0.0720]

5650

99.4 %

Semi-empirical from equivalents
0.9821 and 0.9368

SHELXS-97 (Sheldrick, 2008)
SHELXL-97 (Sheldrick, 2008)

8507 /1/487

1.017

R1=0.0427, wR2 =0.0812
R1=0.0864, wR2 = 0.0952

0.03(6)

0.181 and -0.171 e.A3
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