N

N
N

HAL

open science

Total Synthesis of Microsclerodermin D

Yong-Peng Liu

» To cite this version:

Yong-Peng Liu. Total Synthesis of Microsclerodermin D. Organic chemistry. Université Paris-Saclay,

2020. English. NNT: 2020UPASF024 . tel-03917475

HAL Id: tel-03917475
https://theses.hal.science/tel-03917475

Submitted on 2 Jan 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://theses.hal.science/tel-03917475
https://hal.archives-ouvertes.fr

These de doctorat

NNT : 2020UPASF024

@
universite
PARIS-SACLAY

Total Synthesis of
Microsclerodermin D

These de doctorat de I'université Paris-Saclay

Ecole doctorale n° 571, Scienceschimiques : molécules, matériaux,
instrumentation et biosystemes (2MIB)

Spécialité de doctorat: Chimie

Unité de recherche : Université Paris-Saclay, CNRS, Institut de chimie moléculaire et
des matériaux d'Orsay, 91405, Orsay, France

Référent : Faculté des sciences d'Orsay

These présentée et soutenue a Orsay,
le 13 Novembre 2020, par

Yong-Peng LIU

Composition du Jury

Mme. Catherine GUILLOU

Directeur de recherche, CNRS - Institut de Chimie des Présidente

Substances Naturelles

Mme. Sophie FAURE

Chargé de Recherche, HDR, CNRS - Institut de Chimie de Rapporteur & Examinatrice
Clermont-Ferrand

M. Grégory CHAUME

Maitre de Conférences, HDR, Université Cergy-Pontoise
M. Peter GOEKJIAN

Professeur, Université de Lyon

Rapporteur & Examinateur

Examinateur

Mme. Valérie DECLERCK

Maitre de Conférences, HDR, Université Paris-Saclay GS Directrice de thése
Chimie

M. David J. AITKEN

Co-Directeur de these
Professeur, Université Paris-Saclay GS Chimie ! u



ACKNOWLEDGEMENTS

First, I would like to thank Dr Catherine GUILLOU who accepted to be the president of my
jury, Dr Sophie FAURE and Dr Grégory CHAUME for accepting to be the reporters for my PhD

thesis. Thanks also to Prof Peter GOEKJIAN for accepting to be the examiner of my thesis.

Gratefully, 1 would like to express my special and sincere gratitude to my supervisor Dr
Valérie DECLERCK. Without your assistance, patience, motivation and enthusiasm over the past
four years, this thesis would have never been accomplished. So many thanks for your help and
guidance in experiments, scientific research, thesis writing and revision, even application on
scholarship from Chinese Scholarship Council and life in France. Innumerable examples: such as
daily discussion, working on GABOB—APTO, accommaodation, registration, CAF application and
so on. You are so nice. | am so happy and honored to have this opportunity to be your student.

Endless thanks for your guidance, support and understanding again.

Secondly, | really would like to appreciate Prof David J. AITKEN as co-director of my
thesis for your invaluable guidance throughout my PhD research during the last four years. Your
great dynamism, vision and motivation have deeply inspired me a lot. I am so glad to work with
you and talk about chemistry with you. So many thanks for your guide and advice, as well as your

help in experiments, writting and correction.

Last but not the least, | also would like to thank all other permanents from CP3A group:
Marie-Christine, Thomas, Sandrine, Sylvie, Florence, Catherine, Fatima and Isabelle. Great thanks
for your help and support in the lab, such as HPLC, chemicals and solvents, consumables. | am so

happy to work together with all of you, and you are so nice and more like friends!

My sincere thanks also go to Jean Pierre BALTAZE and Amandine DOS SANTQOS for your
support in NMR service, and also toTanya INCEOGLU and Helene MAISONNEUVE for your

support in Mass Spectrometry service.



Besides, great thanks to all my colleagues who | have met during my thesis. Thank Julien,
Mathieu, Ahmad, Ali, Samad, and Zong for your help and advice. I was so happy to play
escape-game with all of you, and I will cherish our friendship forever. And thank Zeynab for giving
me a lot of help and advice in daily life, who is such a nice girl. Thank Xufeng and Dayi for your
accompanying and being my close friends. In all, because of all of you, it makes my life in France a

big difference.

Additionally, thank Thomas Hjelmgaard for information and results about synthesis of

APTO. Thank Andrea and Sebastien for working on the GABOB fragment.

I am extremely grateful to my wife ZhaoBao, my parents and the whole family for your love,
support, caring and sacrifice. Without your understanding and support, I would never complete my

PhD. Even though | am so far away from home, | always stay together with you. I miss all of you!



ABBREVIATIONS AND ACRONYMS

AA Amino acid
Ala Alanine
ALM Alamethicin

Ac Acetyl

Arg Arginine

Asp Aspartic acid

AD Asymmetric dihydroxylation

AETD 3-Amino-10-(p-ethoxyphenyl)-2,4,5-trihydroxydeca-7,9-dienoic acid

AMMTD (2S,3R,4S,5S,6S,11E)-3-Amino-6-methyl-12-(p-methoxyphenyl)-
2,4,5-trihydroxydodec-11-enoic acid

AMPTD  3-Amino-6-methyl-12-phenyl-2,4,5-trihydroxydodeca-7,9,11-trienoic acid

APTO (2S,3R,4S,5S,7E)-3-Amino-8-phenyl-2,4,5-trihydroxyoct-7-enoic acid

ag. Aqueous

BINOL  1,1’-Bi-2-naphthol

Bn Benzyl
Boc tert-Butyloxycarbonyl
BOP (Benzotriazol-1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate

BopCl Bis(2-o0x0-3-oxazolidinyl)phosphinic chloride
brsm Based on recovered starting material

BTCA Benzyl 2,2,2-trichloroacetimidate

Bu Butyl

Bz Benzoyl

CAN Ceric ammonium nitrate
Cbz Carboxybenzyl

CDI 1,1’-Carbonyldiimidazole

c-Hex Cyclohexyl
CP3A Chimie Peptidomimétique, Photochimie et Procédés Alternatifs
CSA Camphorsulfonic acid

CSO Camphorsulfonyloxaziridine



Cp2ZrCIH Chloridobis(n’>-cyclopentadienyl)hydridozirconium (Schawrtz’s reagent)

Cys Cysteine

DBF Dibenzofulvene

DBU 1,8-Diazabicyclo[5.4.0Jundec-7-ene

DCC N,N’-Dicyclohexylcarbodiimide

DCE 1,2-Dichloroethane

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone

de Diastereoisomeric excess

DEAD Diethyl azodicarboxylate

DHQ Dihydroquinine

DHQD Dihydroquinidine

DHQ-IND [(1R)-2-[(2S,4S,5S)-5-Ethyl-1-azabicyclo[2.2.2]octan-2-yl]-1-
(6-methoxyquinolin-4-yl)ethyl]-2,3-dihydroindole-1-carboxylate

DIC N,N’-Diisopropylcarbodiimide

DIEA Diisopropylethylamine

DIPA Diisopropylamine

DIBAL  Diisobutylaluminum hydride

DMB 3,4-Dimethoxybenzyl

1,2-DME 1,2-Dimethoxyethane

2,2-DMP  2,2-Dimethoxypropane

DMAP 4-(N,N-Dimethylamino)pyridine

DMF N,N-Dimethylformamide

DMP Dess-Martin periodinane

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

DPPA Diphenylphosphoryl azide

EDCI N-Ethyl-N’-(3-dimethylaminopropyl)carbodiimide hydrochloride
ee Enantiomeric excess
eq. Equivalent

ESI-MS  Electrospray ionization mass spectrometry

Et Ethyl



EWG
FDA

Fm

Fmoc
FmocOSu
FT-IR
GABOB
Glu

Gly
HATU

HBTU
HOAt
HOBt
HPLC
HRMS
HSV
IBCF
IBX
ICMMO
ICso
iBu

iPr

IPCF
IR

Leu
LDA
LIHMDS
KHMDS
Lys
m-CPBA

Electron withdrawing group

United States Food and Drug Administration
9-Fluorenylmethyl

9-Fluorenylmethyloxycarbonyl
N-(9-Fluorenylmethoxycarbonyloxy)succinimide
Fourier-transform infrared
(R)-y-Amino-B-hydroxybutyric acid

Glutamic acid

Glycine
(1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate
(2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
1-Hydroxy-7-azabenzotriazole

Hydroxybenzotriazole

High performance liquid chromatography
High-resolution mass spectrometry

Herpes simplex virus

Isobutyl chloroformate

2-lodoxybenzoic acid

Institut de Chimie Moléculaire et des Matériaux d’Orsay
Half maximal inhibitory concentration

Isobutyl

Isopropyl

Isopropyl chloroformate

Infrared

Leucine

Lithium diisopropylamide

Lithium bis(trimethylsilyl)amide

Potassium bis(trimethylsilyl)amide

Lysine

meta-Chloroperbenzoic acid



Me
Mes
MOM
MP
2-MP
MS

Ms
NBS
NF«B
NMO
NMR
NMM
Pbf
PFP
Phe
Phth
PIFA
Piv
PMB
PMBz
PMP
PPTS
PTFE
PTSH
PyBOP
PyBroP
PyAOP
QPHOS
PyrAA
APyrAA
RNA

Methyl

2,4,6-Trimethylphenyl (Mesityl)
Methoxymethyl

Melting point

2-Methoxypropene

Molecular sieve

Methanesulfonyl
N-Bromosuccinimide

Nuclear factor kappa B
4-Methylmorpholine N-oxide
Nuclear magnetic resonance
N-Methylmorpholine
2,2,4,6,7-Pentamethyldihydrobenzofuran-5-sulfonyl
Pentafluorophenol

Phenylalanine

Phthaloyl

Phenyliodine bis(trifluoroacetate)
Pivaloyl

para-Methoxybenzyl
para-Methoxybenzoyl
para-Methoxyphenyl

Pyridinium para-toluenesulfonate
Polytetrafluoroethylene

1-Phenyl-1H-tetrazole-5-thiol

(Benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate
Bromo-tris-pyrrolidino-phosphonium hexafluorophosphate
(7-Azabenzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluorophosphate

1,2,3,4,5-Pentaphenyl-1’-(di-tert-butylphosphanyl)ferrocene

3-Amino-4-hydroxypyrrolidone-4-acetic acid
Dehydropyrrolidinoacetic acid derivative

Ribonucleic acid



R Retention factors

RT Retention time

r.t. Room temperature

Sar Sarcosine

Su Succinimide

TASF Tris(dimethylamino)sulfonium difluorotrimethylsilicate.

TBAF Tetrabutylammonium fluoride
TBCD 2,4,4,6-Tetrabromo-2,5-cyclohexadienone
TBDPS  tert-Butyldiphenylsily

TBS tert-Butyldimethylsilyl
t-Bu tert-Butyl
Tf Trifluoromethanesulfonyl

TFAA Trifluoroacetic anhydride

TFA Trifluoroacetic acid

T,0 Triflic anhydride

THF Tetrahydrofuran

TIPS Triisopropylsilyl

TLC Thin-layer chromatography
TMEDA N,N,N’,N’-Tetramethylethylenediamine
TMS Trimethylsilyl

TPAP Tetrapropylammonium perruthenate
TPPO Tri(pyrrolidin-1-yl)phosphine oxide
TMSE Trimethylsilylethyl

Trp Tryptophan
Trt Triphenylmethyl (Trityl)
Ts Toluenesulfonyl (Tosyl)

UNCA Urethane N-carboxyanhydride (Leuchs’ anhydride)
uv Ultra violet
WHO World Health Organization






TABLE OF CONTENTS







Table of Contents

GENERAL INTRODUCTION .....ccvviiiiiiiiiiiiiiiiiiiiiiiiiriininn, 1
CHAPTER 1: INTRODUCTION ......covviiiiiiiiiiiiiiiiniiiiiiniinnniinnnnn, 5
1. Bioactive natural Products .........cccccveiieiiiiiie e 7
2. Peptides and Marine cyclic peptides .......c.cccccvvvvevieiiieniie e 19
3. MICIOSCIErOTEIMINS......cciiiiicie s 26
3.1. Structure and origin of microsclerodermins...........c.cccccevevvevieenennn, 26
3.2. Biological aCtiVItIES ........cceeiiiieieccie e 29
4, Previous SYNtNESES........cccviiiiiie s 31

4.1. Shioiri’s pionnering studies towards microsclerodermins A and B 31

4.1.1. Preparation of a protected derivative of AMMTD..........cccceeveviieiiiiiecnnn, 31
4.1.2. Preparation of the modified tryptophan derivative ...........c.ccccoeoveiiiiennnnn, 34
4.1.3. Preparation of a protected GABOB derivative ...........cccceeveiieineciciineennn 34
4.1.4. Preparation of the protected PYyrAA UNit..........c.coveviiiiiiie e 35
4.1.5. CONCIUSION ... oot 36
4.2. Other syntheses of microsclerodermin fragments............ccccccve.ee. 37
4.2.1. Chandrasekhar’s work towards AMMTD.......c..cccoceeviieiiie e, 37
4.2.2. McLeod’s work on the synthesis of protected APTO and AETD .............. 40
4.2.3. Aitken’s work on the synthesis of protected APTO and AETD.................. 42
4.2.4. Williams’ work towards AMPTD .........cccccciiiiiiiiiiic e 44
4.2.5. Dauban and Dodd’s work on the synthesis of protected APTO.................. 46
4.2.6. Davies’ work on the synthesis of protected APTO and AETD .................. 48

4.3. Total synthesis of microsclerodermins..........cccccocveeviieeiiie e, 50



Table of Contents

4.3.1. Ma’s work: total synthesis of microsclerodermin E .............ccccocoiiiinnnnnnn 50
4.3.1.1. Synthesis of a protected derivative 0f AETD .........ccoeiiiiiiiininieeeee e 50
4.3.1.2. Preparation of the dipeptide GABOB—AETD .......c.cccccciiiiiiiiiiii e 52
4.3.1.3. Synthesis of the protected deydropyrrolidinone residue ..........cccocvevvvieenenieiiinieennnnn 52
4.3.1.4. Synthesis of a protected derivative of the dipeptide Sar—Trp(2-CO2H).........cce....... 54
4.3.1.5. Construction of the tetrapeptide derivative APyrAA—Sar—Trp—Gly.......c.ccovvvrrrennenn. 55
4.3.1.6. Construction of the hexapeptide and macrocyclization.............cccccovvvrereinieneinennen. 55

4.3.2. Donohoe’s work on microsclerodermins B and J ..........cccccoviiiiiiiinnnnnn, 56
4.3.2.1. Synthesis of a protected derivative of AMMTD™ ... 57
4.3.2.2. Preparation of the dipeptide GABOB—AMMTD* ........ccoiiiiiiiiiiie e 60
4.3.2.3. Preparation of the pyrrolidinoacetic acid reSidue ............cccvevevieereerenienneee e 61
4.3.2.4. Synthesis of a protected derivative of the dipeptide Sar—Trp(2-CO2H)........cccvrvennee. 65

4.3.2.5. Construction of a protected tetrapeptide derivative APyrAA—Sar—Trp(2-CO,H)—Gly65

4.3.2.6. Construction of the hexapeptide, macrocyclization and late-stage difficultes............ 65
4.3.2.7. Synthesis and structural reassignment of dehydromicrosclerodermin B..................... 66
4.3.2.8. Synthesis and structural reassignment of microsclerodermin J.........c.cccccoeveiveiieennenn 69
4.4. Synthetic work: conclusion ..., 72
. ODJECLIVES .ottt 72

CHAPTER 2: DIPEPTIDE MASKED PyrAA-SARCOSINE:
SYNTHESIS AND EVALUATION OF THE UNMASKING

SN R AN =€ 77
R & 0T ¥4 A o] o RS S 79
2. SYNTNETIC STrategY ...ccvveiveeiic e 80

3. Synthesis of the N-Cbz protected pyrrolidinoacetic acid

O IV ATV .ottt et ettt et e e e et raeee e e e taaeeeeeertaeeeeseennnns 81



Table of Contents

4. Synthesis of the N-Fmoc protected pyrrolidinoacetic acid

EIIVATIVE ..ot ne 83
4.1. Synthesis of the N-Fmoc-y-amino-fB-ketoester............cccccevvvrveennenn, 83
4.2. Origin of the racemization in the Masamune’s protocol................. 84
4.3. Synthesis of the masked PyrAA—Sar dipeptide ........ccceeviveerrnnnnnn, 86
4.3.1. Dithioketal protection of the N-Fmoc protected benzyl B-ketoester........... 86
4.3.1.1. Dithioketal protection Of KEIONES ........cccooiiiiiiiiicieie e 86
4.3.1.2. Protection of N-Fmoc protected benzyl B-KEtOBSLEr ..........ccccvviviiiiiieii e 87
4.3.2. Access to the dipeptide masked PyrAA—Sar ........cccccovviiiiiiiiiiin e, 88
4.3.2.1. Hydrolysis of MEtNY] @STEI..........oiiiiii e 88
4.3.2.2. Conversion of the methyl ester into a primary amide ..........ccccccevvevenieene e, 90
4.3.2.3. Deprotection of the DENZYI ESTEr ..o 91
4.3.2.4. One-pot dithioketal formation and deprotection of the benzyl ester..............cccc......... 92
4.3.2.5. Peptide coupling and conversion of the methyl ester into a primary amide................ 93
4.3.2.6. Conversion of the methyl ester into a primary amide and peptide coupling............... 96
4.4. Deprotection of the dithioketal and spontaneous cyclization ......... 97
4.5. Access to optically pure B-Ketoester.........coovvvevieivieiiie e 100

4.5.1. Direct condensation of a Weinreb amide with a lithium enolate.............. 102

4.5.2. Coupling with Meldrum’s acid followed by treatment with

DENZYl AICONOL.........eoie 103
4.5.3. Use of N-Phth protected substrate in the Masamune’s procedure ............ 105
4.5.4. Through Mukaiyama aldol condensation followed by oxidation ............. 105
4.5.5. Homologation of an aldehyde through the Roskamp reaction.................. 106

4.5.6. Condensation of N-Fmoc protected UNCA with magnesium

hemimalonate and silyl enolether ... 107



Table of Contents

5. CONCIUSION ...t 114
5.1. Final synthesis of the key dipeptide: (S)-mPyrAA—Sar................ 114
5.2. Final synthesis of the key dipeptide: (R)-mPyrAA—Sar ............... 114

CHAPTER 3: SYNTHESIS OF DIPEPTIDE Trp(6-Cl)—-Gly.117

1. INErOAUCTION ... e 119
1.1, Target StTUCKUIE .......vvee et 119
1.2. Synthesis of tryptophan derivatives ...........cccccoceviiiiiciii e, 119

2. Synthesis of Trp(6-CD)—GIy ........cccccoviiiiiiieiie e, 126
2.1. Alkylation of chiral glycine imine derivatives.............cccceevvenne.., 126
2.2, SIALEQY ..viie ettt 127
2.3. Synthesis of H-[(R)-Trp(6-C1)]-Gly—Ot-Bu.........c.covevvrrrrrennn. 127

3. CONCIUSION ...t 130

CHAPTER 4: SYNTHESIS OF DIPEPTIDE

GABOB—APTO...............ooeco oot 131
1. INEFOAUCTION ..o 133
2. Synthesis of GABOB—APTO ..o 133

2.1, SHATEQY . 133
2.2. Synthesis of the protected GABOB............cccccoiievii v 134
2.3. Synthesis of protected APTO ......ccccovieiiieie e, 135
2.4. Coupling of APTO derivatives with GABOB ............cccccceienee. 139
2.5. Saponification of Boc—GABOB—APTO—OMe ...........cccuveevrneennne. 141

. CONCIUSION ..ottt et e e e e e e e e e e e e e e eeeeens 142



Table of Contents

CHAPTER 5: MACROCYCLIC PEPTIDE ASSEMBLY:

PEPTIDE COUPLING AND MACROCYCLIZATION.......... 145
1. INtroduction — SErategy .....cceeovveeiiiee e 147
2. Hexapeptide assembly ..........ccocvviiiiiiiiii e 148

3. Macrocyclization and total synthesis of microsclerodermin D.... 149

GENERAL CONCLUSION.......ooiiiiiiiieeiieee e 151
BIBLIOGRAPHY ..o 159
EXPERIMENTAL PART ..o 219

FRENCH SUMMARY ..o 293






GENERAL INTRODUCTION







General Introduction

Aitken research group (currently in CP3A at ICMMO) is interested in various cyclopeptide
natural products (for example cyclotheonamide C), and has already developed various synthetic
methodologies for the preparation of B- and y-amino acids and especially of some
polyhydroxy-B-amino acids present in microsclerodermins (APTO, AETD). Microsclerodermins
this latter, a class of marine cyclic peptides with novel structures and biological activities appeared

to us as interesting and challenging targets.

The objective of this project is the total synthesis of microsclerodermin D (Figure 1), which
features a 23-membered ring macrocyclic peptide, containing six amino acids, of which three are
common: glycine (Gly), sarcosine (Sar) and (R)-y-amino-B-hydroxybutyric acid (GABOB). The
other three amino acids possess some structural variations, but they can be classified as a modified
tryptophan (TrpAA), a polyhydroxylated B-amino acid (APTO) containing four contiguous
stereogenic centers and an original 3-amino-4-hydroxypyrrolidone-4-acetic acid (PyrAA). We plan
to develop a modular synthetic route to microsclerodermin D that could be applicable for the
preparation of other microsclerodermin family members and analogues thereof. We are also looking

forward to make some investigations on their biological activities or potential as anticancer drug.

Cl

(R)-6-CI-Trp

Figure 1: Microsclerodermin D

In Chapter 1, an overview is presented on bioactive natural products, peptides and marine
cyclic peptides, as well as a very detailed introduction on microsclerodermins, including their
structure and origin, biological activities and their previous syntheses. Subsequently, the objective

of this project, the total synthesis of microsclerodermin D, is presented.



General Introduction

In Chapter 2, we focus on the synthesis of a key dipeptide, masked-PyrAA—Sar , required
for the preparation of microsclerodermin D, including its synthesis and evaluation of the unmasking
strategy. Firstly, an introduction of previous synthesis pyrrolidinoacetic acid derivatives, as well as
dipeptide PyrAA—Sar is presented. Subsequently, the synthesis of racemic masked-PyrAA—Sar
dipeptide is completed following our proposed synthetic strategy and evaluation of the unmasking
strategy, deprotection of the dithioketal and spontaneous cyclization, is described. We then examine
access to optically pure pB-ketoester. After much effort, the optically pure B-ketoester was obtained
via condensation of a N-Fmoc protected UNCA with a magnesium hemimalonate, facilitating the

synthesis of the key dipeptide: masked-(S)-PyrAA—Sar and masked-(R)-PyrA A—Sar.

In Chapter 3, we describe the synthesis of the dipeptide Trp—Gly fragment required for the
preparation of microsclerodermin D. Following a short introduction on the dipeptide Trp—Gly in
microsclerodermins and an overview on the synthesis of tryptophan derivatives, the successful
synthesis of H—[(R)-Trp(6-Cl)]-Gly—Ot-Bu is presented, as well as the synthesis of racemic
dipeptide Trp—Gly.

In Chapter 4, we consider the synthesis of dipeptidle GABOB—APTO. After a short
introduction on the dipeptide GABOB—APTO fragment required for the preparation of
microsclerodermin D, our synthetic strategy is proposed. The successful synthesis of

GABOB—-APTO is presented, including the synthesis of GABOB and protected APTO.

In Chapter 5, a short introduction is given on the strategy of macrocyclic peptide assembly:
peptide coupling and macrocyclization. The installation of tetrapeptide
masked-PyrAA—Sar—Trp—Gly and hexapeptide masked-PyrAA—Sar—Trp—Gly—GABOB—-APTO is
then presented. Subsequently, the important macrocyclization and deprotection of dithiolketal into

the total synthesis of microsclerodermin D is assessed.

The general conclusion of this thesis is followed by literature references, experimental part

and characterization data for all compounds presented in the thesis.
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INTRODUCTION






Introduction

1. Bioactive natural products

Nature has been an inexhaustible source of novel chemotypes and pharmacophores,*?

representing highly promising bioactive agents. Bioactive natural products®*

pOSSess various
biological activities and play a significant role in the discovery of novel therapeutics and medicinal
agents, including a myriad of organic compounds, roughly classified into such as nucleic acid,
carbohydrates, lipids, proteins, peptides, amino acids, alkaloids, terpenoids, polyketides, flavonoids

h’12,13

and so fort which originate as primary and secondary metabolites produced by a variety of

organisms, such as animals, plants, microorganisms, sponges, cyanobacteria, vertebrates and

invertebrates.®

For thousands of years, natural products have played a significant role in human health care
and leads for the development of drugs and valuable bioactive agents to treat various human

diseases, 21719

such as artemisinin in the treatment of malaria, or paclitaxel and its analogs in the
treatment of various cancers. Historically, several ancient civilizations, such as the ancient Chinese,
Egyptians, Indians, Greeks and North Africans have provided written evidence for the use of natural
products in traditional medicines as remedies, potions and oils for the treatment of many human
illnesses.**?° For instance, the first record on the use of natural products in medicine was written on
clay tablets in cuneiform from Mesopotamia dating from approximately 2600 B.C., when people
used oils of Cedrus species (cedar) and Cupressus sempervirens (cypress), Glycyrrhiza glabra
(licorice), Commiphora species (myrrh), and Papaver somniferum (poppy juice), all of which are
still in use today for the treatment of ailments ranging from coughs and colds to parasitic infections
and inflammation.* In addition, the Chinese Materia Medica (Chinese herb guides) on the use of
herbaceous plants has been extensively documented over the millenia. The Wu Shi Er Bing Fang
report 52 prescriptions dating from ab 1000 B.C., the Herbal Classic Shennong Herbal describes
365 substances from plants around 2800 B.C. and the Tang Herbal report 850 drugs around 659
A.D.! Even now, the World Health Organization (WHO) estimates that approximately 80% yield of
the world’s population relies primarily on traditional medicines as sources for their primary health

care, especially for millions of people in the vast rural areas of developing countries.?

The early days of organic chemistry were closely connected to natural products chemistry.

For a long period up to the 1960’s, the structural studies of natural products served as the primary
7



Chapter 1

driving force for the discovery of new chemical reactivity.? As Woodward said, “Organic chemistry
has literally placed a new nature beside the old... There is excitement, adventure, and challenge and

there can be great art in organic synthesis.”?

It is noteworthy that an explosive and diversified growth has taken place in the interest of
natural products and natural products chemistry,> which have made, and continue to make an
essential contribution to the discovery and innovation of novel drugs and bioactive agents, being
based on their diversity of structures and biological activities."**?*% A huge number of natural
products have been isolated and reported to possess diverse biological activities, such as antibiotic,
antiviral, antifungal, anticancer, immunosuppressive and anti-inflammatory etc...?® In the last 40
years, almost 65% yield of new drugs approved were classified as naturally derived (unmodified
natural product, modified natural product, or semi-synthetic compound with a natural product as

pharmacophore).?’

Thus, an overwiew on some interesting and selective bioactive natural products with diverse
structure and biological activities will be presented. It will help us to have a more comprehensive
and detailed understanding on bioactive natural products and their discovery and isolation, as well

as the importance in the discovery of novel drugs and medicinal agents.

Artemisinin (Figure 2), an endoperoxide sesquiterpene lactone isolated by Tu in 1972 from
the Chinese herb Artemisia annua L., is currently recommended as a first-line antimalarial agent by
the WHO against multi-drug resistant strains of Plasmodium falciparum malaria, cerebral malaria,
and infant’s malaria, and also used to treat infections caused by Schistosoma spp., Pneumocystis
carinii, Toxoplasma gondii, human cytomegaloviruses, Herpes simplex viruses (HSV) and hepatitis
B and C.”*% It has already been described in traditional Chinese medicine as a remedy for chills
and fevers,?*** and was approved in 1987 by the US Food and Drug Administration (FDA) for
use the treatment of malaria as a safe drug with few side effects.?” Artemisinin and its synthetic
derivatives have also been shown to be promising prototypes for the development of new
antiproliferative agents against certain tumor cells.®***” In 2015, Tu shared the Nobel Prize in
Physiology or Medicine to for her discovery and development of artemisinin as a novel therapy

against Malaria.®*
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Figure 2: Artemisinin

(+)-Amphidinolide T1 (Figure 3) is a 19-membered ring macrolide, one of amphidinolides
series that was first isolated by Kobayashi in 2000 from the Y-56 strain of the marine dinoflagellate
Amphidinium sp.,** in addition to four other amphidinolides T2, T3, T4 and T5.**** The
amphidinolide family comprises cytotoxic macrolides of different size from 12 to 27 membered
ring with diverse structural features and pronounced biological activities which have been isolated
by Kobayashi and his research group since 1986.**** They show potent cytotoxic activity against
murine lymphoma L1210 and human epidermoid carcinoma KB cell lines, and potent antileukemic,

antineoplastic activity.**’

Figure 3: (+)-Amphidinolide T1

Paclitaxel (Figure 4), known as Taxol®, is perhaps the most exciting plant-derived anticancer
drug discovered in the last fifty years. This tricyclic diterpenoid was first isolated by Wall and Wani
in 1971 from bark of the Pacific yew, Taxus Brevifolia,*® and was found to promote the assembly of
tubulin into microtubules in 1979 by Schiff and Horwitz.*® It also shows excellent and reproducible
activity against human solid tumor (such as antileukemic, P388, P1534, L1210 and HCT116 cell
lines), and possesses an unusually broad spectrum of potent anticancer activity to treat various types
of cancers, including ovarian cancer, breast cancer, lung cancer, Kaposi sarcoma, cervical cancer,
pancreatic cancer and others, although some side effects may include hair loss, bone marrow
suppression, numbness, allergic reactions, muscle pains, heart problems, increased risk of infection,

and lung inflammation.**> However, extraction from the bark of Pacific yew gives a very low yield
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(< 0.0001% dry weight), and three mature 100 years old trees provide only 1 g of paclitaxel,
whereas a given course of treatment need 2 g of the drug, so that entire forests would need to be

sacrificed. In 1992, Taxol® was approved by FDA and launched on the US market in the following

year by Bristol-Myers Squibb for treatment of refractory breast cancer and ovarian cancer.’****’ In

1995, FDA has approved docetaxel (Taxotere®), a semisynthetic analogue developed by Potier in

France®®®2

which can be prepared from 10-deacetylbaccatin 11 initially extracted by Potier and his
research group in 1981 from the needles of the European yew, Taxus baccata L..* The success of
paclitaxel spurred an enormous amount of work on the synthesis of analogues. Although paclitaxel
and docetaxel are the only taxanes currently approved for clinical use, there are many analogues

developed by various pharmaceutical companies and institutes in clinical trials.2%->3°6:6264-70

Paclitaxel (Taxol®) 10-deacetylbaccatin 11 Docetaxel (Taxotere®)

Figure 4: Paclitaxel and derivatives

Caminoside A (Figure 5) is a novel antimicrobial tetrasaccharide glycolipid, first isolated by
Andersen in 2002 from the marine Caribbean sponge Caminus sphaeroconia. It showed potent
activity as the first bacterial type Il secretion inhibitor.”* Three other Caminosides B-D were
isolated by the same group in 2006,” and the first total synthesis of Caminoside A has been

completed by Yu in 2005.”

OH
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W
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Figure 5: Caminoside A
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(+)-Chaetocin (Figure 6) is an epidithiodiketopiperazine alkaloid which is a completely
symmetric dimer, first isolated by Sigg in 1970 from the fungus Chaetomium minutum.”® It
possesses various biological activities, such as antibacterial and cytostatic,’* thioredoxin reductase-1
inhibitor,” anticancer in several kinds of tumors (gastric cancer, anti-myeloma anti-leukemia,
anti-hepatoma).”®® It is proposed for treatment of diabetes® and heart disease,®* and applications

are suggested as an anti-HIV drug® or as a potent histone methyltransferases inhibitor SUV39H1.2

Figure 6: (+)-Chaetocin

Hibarimicinone (Figure 7), containing a quasi-dimeric tetracycline backbone (other family
members hibarimicins A, B, C, D, E, G, H and I include a glycoside), was first isolated by Uehara
in 2002 from Microbispora rosea subsp. hibaria (actinomycetes and culture broth), which are
known to possess v-Src tyrosine kinase inhibitory activity and to induce growth and differentiation

of Human Myeloid Leukemia HL60 Cells.3"*°

Figure 7: Hibarimicinone

Hyperforin (Figure 8) is a polycyclic polyprenylated acylphloroglucinol, first isolated by
Gurevich in 1971 from a flowering plant Hypericum perforatum L. (St. John’s wort, Hypericaceae
family),”* and whose structure has been determined by Bystrov in 1975.%2% It has various
therapeutics and biological activities. For example, it has been widely used as phytomedicines for

depression treatment by a novel mechanism of action;**® it has demonstrated anticancer® and
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antitumoral activity in vivo, and inhibits the growth of leukemia K562 and U937 cells, brain
glioblastoma cells LN229 and normal human astrocytes.®**®* |t presents also antibiotic and

antibacterial activity (against Gram-positive bacteria etc...),%*1%%103

photoprotective and
anti-inflammatory effect in vivo;'® AIDS immunodeficiency immunomodulation phagocytosis™®
and acts as an angiogenesis inhibitor in vitro and in vivo.'® Hyperforin is an extremely attractive
compound for biotechnological and pharmacological research because of its novel activities and

structure.

Figure 8: Hyperforin

(-)-Haliclonin A (Figure 9),°" a novel macrocyclic diamide alkaloid with a novel an
unprecedented 3-azabicyclononane skeleton, was isolated by Shin in 2009 from the marine sponge
Haliclona sp. collected from Korean waters, which exhibited moderate cytotoxicity toward brine
shrimp larvae (LCso 260 ppm) and against the K562 leukemia cell line with an ICs, of
15.9 pug-mL*; antibacterial activity against diverse microbial strains such as Bacillus subtilis with a

107,108

MIC value of 6.25 ug-mL™, and cytotoxicity. (-)-Haliclonin Ais structurally related to sarains

A-C, and its first total synthesis has been reported by Huang group in 2016.'%°

Figure 9: (-)-Haliclonin A
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Strychnine (Figure 10), was the first terpene indole alkaloid isolated in crystalline form by
Pelletier and Caventou in 1818 from the seeds of Strychnos nux vomica L. plant.* It is a colorless,
bitter and white powder, and also found as a notorious poison and typically used intentionally for
suicidal or homicidal means. Strychnine poisoning has a very strong stimulating effect (LDso:
0.4-3mg-kg ™) on certain functions of the central nervous system.™"*> |t acts as a competitive
antagonist of the postsynaptic glycine receptor predominantly in the spinal cord, resulting in a
sequence of predictable events: hyperreflexia, severe muscle spasms, convulsions (seizures) and
respiratory paralysis.**"***8 Although strychnine is highly toxic to both man and animals, it has
been used for hundreds of years as a medicinal remedy for a broad range of ailments. For example,
the seeds have long been used as a bitter-tasting gastric medicine, Vomica, for treatment of stomach
ailments in Asia, and also as a pesticide against small vertebrates such as rodents in Europe, from

the 17" century until the present.**1° Strychnine has been proposed for applications in

115-117,120,121 122-126

pharmaceuticals and therapeutics such as antitumor and anticancer, analgesic (gout)

120,121,127

and anti-inflammatory, and antibacterial 1?>121128.129 The structure of strychnine was first

130-132
6303

determined by Robinson in 194 and its first total synthesis was reported by Woodward in

1954, which is considered one of the classic syntheses in the history of organic chemistry.

Figure 10: Strychnine

Chlorophyll a (Figure 11), the major green pigment of plants, was first isolated in 1817 from
Carapichea ipecacuanha by Pelletier and Caventou.’***** The chlorophylls are a class of very
reactive, sensitive, and complicated substances related to porphyrins (found in hemoglobin) and
binding a Mg?* at the center.****¥ They are certainly the most widespread organic natural products,
and their chemical structure as magnesium complexes was described in 1913, and then confirmed in
1928 by Willstatter.*®® Numerous chlorophylls are found in plants, algae and cyanobacteria, of
which chlorophyll a is universal; chlorophyll b is present mostly in plants; chlorophyll ¢; and c;

occur in various algae, while chlorophylls d and f are found in cyanobacteria.**® The first total
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synthesis of chlorophyll a was reported by Woodward in 1960,

which represents a beautiful
example of bold planning and exquisite execution,** following by an updated synthesis in 1990.**
Chlorophylls are essential in photosynthesis, as the functional molecule that absorbs sunlight,
transduces and uses the energy to synthesize carbohydrates from CO, and water, producing oxygen
as a waste product excreted into the atmosphere, which is used for respiration by plants and animals.
Chlorophyll absorbs most strongly in the blue and red portion, but poorly in the green and
near-green portions of the visible spectrum.*** Chlorophyll is also widely used in pharmaceutical
and clinical applications,***** for example, it inhibits bacteria and the growth of cancerous cells,
stimulates tissue growth, acts as a good antioxidant capable of neutralizing free radicals in the body;,
and is used in the treatment of ulcers, oral sepsis and proctology.****” According to some studies in

animal model, chlorophyll can reduce the level of triglycerides and cholesterol in the body.**®

Yy MeOC"™

Figure 11: Chlorophyll a

(—)-Ptilomycalin A (Figure 12), a novel polycyclic guanidine alkaloid, was fist isolated in
1989 by Kashman, Kakisawa from the Caribbean sponge Ptilocaulis spiculijer and the Red Sea
sponge Hemimycale sp. It shows antitumor activity, cytotoxicity against P388 (ICsp = 0.1 pug-mL ™),
L1210 (ICso = 0.4 pg-mL™Y), and KB (ICso = 1.3 pg-mL™Y); antimicrobial and antifungal activity
against Candida albicans (MIC = 0.8 pg-mL™%), as well as remarkable activity against HSV at a
concentration of 0.2 pg-mL 19 Additionally, Murphy reported that it displayed cytotoxic
activity against a series of cancer cell lines, such as K562 (human chronic myelogenous leukaemia:
ICs0 = 0.35 pug-mL™); A2780 (human ovarian carcinoma: ICsp = 0.27 pg-mL™); H460 (human large
cell carcinoma: ICsp = 0.35 pg-mL*); P388 (mouse, lymphoid neoplasm: I1Cso = 0.11 pg-mL ™), as

well as inhibition of the DNA polymerase activity of the reverse transcriptase of human
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immunodeficiency virus type 1 (HIV-1 RT, ICso = 60 pug-mL%).™° Molinski reported that it also

inhibits melanogenesis of Cryptococcus neoformans in vitro by blocking the biosynthesis of laccase

in the melanin biosynthetic pathway with an 1Csq of 7.3 pM.**

Figure 12: (-)-Ptilomycalin A

(-)-Phomoidride A (CP-225,917) and (—)-Phomoidride B (CP-263,114) (Figure 13), are
novel Ras farnesylation inhibitors isolated in 1997 by Dabrah from an unidentified fungus with the
characteristics of a sterile Phoma species. Phomoidrides A and B showed inhibition of Ras farnesyl
transferase from rat brain with 1Csy of 6 uM and 20 puM respectively and also inhibition of squalene
synthase 1Cso of 43 pM and ICsp of 160 uM respectively.®® In 2001, Sulikowski reported the
isolation and identification of two C epimers of phomoidride A and phomoidride B, and named
them as phomoidrides C and D, respectively. It was also suggested that phomoidride B is the

first-formed secondary metabolite and the source of the remaining three phomoidrides.**®

COH CO,H

(-)-Phomoidrides A (CP-225,917) (-)-Phomoidrides B (CP-263,114)

Figure 13: (—)-Phomoidrides A and B

Vinblastine and vincristine (Figure 14), two of the longest lasting bis-indole alkaloids in

clinical use, were isolated by two independent groups from the Madagascar periwinkle,

15



Chapter 1

Catharanthus roseus (previously known as Vinca rosea L.).>"*** Vinblastine (vincaleukoblastine)

was first isolated in 1958 by Noble et al,**>**®

and later vincristine (leukocristine) in 1962 by
Svoboda and his colleagues at Eli Lilly.*>"**® Since their discovery, the Vinca alkaloids have been
used by various cultures for the treatment of diabetes, acute lymphocytic leukemia, Hodgkin’s
disease, cervical, ovarian, breast and testicular cancer, lung cancer, Kaposi sarcoma and lymphomas,
and they have been used in clinical oncology for almost 60 years.>”**%%2 The antitumor activity of
Vinca alkaloids results from their capacity to arrest cell division in metaphase by binding to the
microtubule protein tubulin, that forms the mitotic spindle.!®® Vinorelbine (Navelbine®), a
semisynthetic derivative of vinblastine developed by Potier and launched in 1989 by Pierre Fabre

Laboratories in France, also shows inhibition activity of tubulin polymerization and disrupts spindle

assembly in the mitotic phase. It has been used in the treatment of lung cancer, breast cancer, and

7 168,169

ovarian cancer.’®*1% Additionally, two other derivatives, vindesine'®" and vinflunine, are
currently in use for treatment of various cancer. In 2012, a liposomal formulation of vincristine was
approved for treatment of relapsed acute lymphocytic leukemia in patients who do not have a

Philadelphia chromosome mutation.**

Vinblastine R = Me
Vincristine R = CHO

Figure 14: Vinca alkaloids: Vinblastine and Vincristine

Trabectedin  (Ecteinascidin 743,  Yondelis®) (Figure 15), a marine-derived
tetrahydroisoquinoline alkaloid, was first isolated in 1992 by Sakai, Rinehart et al. from the
Caribbean tunicate ascidian Ecteinascidia turbinate.'”®*"* It has been used for clinical treatment and
application on the basis of its novel chemical structure and its striking activity against various tumor
cell lines in vitro and in vivo.'"® Trabectedin was previously described in 1969, but low extraction

yields prevented its isolation, elucidation of its chemical structure and evaluation of its activity for
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over a decade. It was early found to protect mice in vivo against P388 lymphoma, B16 melanoma,
M5076 ovarian sarcoma, Lewis lung carcinoma, and the LX-1 human lung and MX-1 human
mammary carcinoma xenografts.’’">*"* A huge amount of research and investigation on trabectedin
has been done by many groups, it was found to exhibit excellent safety and efficiency in the
treatment of tissue sarcoma cell lines, with preferential activity in ovarian, breast, NSCLC,
melanoma, and renal human cell lines explanted from patients.”**"® Trabectedin was considered as
a potent anticancer drug and showed an innovative mechanism of antitumor activity: it interacts
with guanine rich sequences of DNA, binds to the minor groove of DNA and inhibits cell
proliferation by disrupting the cell cycle.!”>*#%*% presently, trabectedin is under Phase Il trials for
the treatment of pediatric sarcomas as well as breast and prostate cancers.>*"**!¥" Trabectidin was
approved from the European Commission as Yondelis® in sales in Europe, Russia and South Korea
for the treatment of ovarian cancer and advanced soft tissue sarcoma (STS) by Zeltia and Johnson &
Johnson in 2007. Yondelis® has been authorized by the European Commission and FDA for the
treatment of women’s relapsed platinum-sensitive ovarian cancer, soft tissue sarcomas and orphan

drUg status 173,181,188-191

o H
o OH

Figure 15: Trabectedin

Calicheamicin y;' (Figure 16) one of the novel family of enediyne class of antitumor
antibiotics, was first discovered and isolated in 1986 from the fermentation broth of the bacterium
Micromonospora echinospora ssp. calichensis. collected from a soil sample in Texas by Lee group.
The family members of Calicheamicins count p;®", y1%', a,', a3', Ba', y1', 81', of which Calicheamicin
v1' was first isolated and studied on its chemistry and structure in 1986-1989,"9%*% followed by
Calicheamicin B.®", y:®" was isolated and characterized.*® Notably, their structure elucidation was
reported by the same group in 1992.'% The chemistry and activity of calicheamicin vy,' was first

studied by Maiese, and found to exhibit maximal antitumor activity against P388 at 5.0 pg-kg ™
17



Chapter 1

(T/C 232) and B16 at 1.25 ug-kg* (T/C 186) when tested in male BDFi mice against P388
leukemia and B16 melanoma in vivo, and significant activity against Gram-positive and
Gram-negative bacteria in vitro.”**" It is possibly one of the most potent antitumor compounds
approved for clinical use, which is over 1000 times more potent than adriamycin, a clinically useful
antitumor antibiotic, when tested in murine tumor models. Calicheamicin y,' and its analogues
possess remarkable biological properties, such as cytotoxicity, anti-bacterial, antitumor.*®® For
example, it can bind in the minor groove of DNA and caues DNA double-strand breakage with a
high degree of specificity; it is extremely toxic to all cells (such as HL60 leukemia cells, acute
myeloid leukemia etc...).!%?% Although it possesses very excellent sub-picomolar level activity, it
was too toxic to pursue for many years. It has been linked to a specific directed monoclonal
antibody against chronic myelogenous leukemia and use in antitumor (potent antitumor effects in
breast and ovarian tumor xenografts).?*®* Calicheamicin y' is the first FDA-approved antitumor
antibiotic of microbial second metabolites (the first commercially available chemotherapeutic
immunoconjugate for clinical use) as Mylotarg®, which is carried to the site where needed and
released in situ, thereby reducing the systemic toxicity but not its activity. Some in-depth research
and investigation on antibody-calicheamicin conjugates for treatment of acute myeloid leukemia

has been done by Hamann’s and Zhao’s groups and further developed into new drugs.1'199’200’204'208

Figure 16: Calicheamicin y'

Halichondrin B (Figure 17), a marine-derived macrocyclic polyether of the halichondrin
family, was first isolated in 1986 by Uemura from sponge Halichondria okadai in the Pacific coast
of Japan,®® and later also isolated in 1991 by Pettit et al. from the western Pacific marine sponge
Axinella sp.?*° Four new halichondrins were isolated in 2009 by Munro from the New Zealand

deep-water sponge Lissodendoryx sp.?* Halichondrin B and several of its family members are
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known to exhibit exceptional antitumor activities towards a variety of cell lines, and showed strong
cytotoxicity to bind to tubulin and to inhibit tubulin polymerization, thereby inducing cell cycle

arrest and apoptosis.?*>*** Halichondrin B is the most potent candidate of this family for treatment

214,215

of breast cancer and other neoplasms, which is a noncompetitive inhibitor of Vinca alkaloids,

colchicine and paclitaxel,**®

and its discovery and development and clinical application has been
reviewed.*"°"209219226 A major obstacle was the issue of supply since only miniscule amounts are
available from its marine source.”?” Fortunately, the first total synthesis of halichondrin B was
developed by Kishi in 1992.%% Eribulin (Halaven), an anticancer drug developed by Eisai Research
Institute, is a synthetic analogue of halichondrin B, and its mesylate salt (also referred to as E7389)
was approved by FDA in 2010 for the treatment of metastatic breast cancer, treatment of prostate,

sarcoma, breast, bladder, and ovarian cancers etc..., which are investigated in phase Il trials.?2%2%

H H HEH

Figure 17: Halichondrin B

2. Peptides and Marine cyclic peptides

Bioactive natural peptides are ubiquitous in all life kingdoms. They are often characterized
by short amino acid sequences, usually with less than 20 units of amino acids, and include cyclic
and linear peptides, as well as depsipeptides. They are found either free or encrypted in proteins,
and thus released during enzymatic proteolysis of proteins or directly isolated from organisms.*3#2%

Nature remains the largest source of bioactive peptides since plants, animals, fungi, microbes and

their metabolites contain a vast number of peptides.”*®

In recent years, bioactive peptides have received increased attention from the pharmaceutical

and biotech industries, and play a pivotal role as a source for discovery and development of drugs
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and candidates.”®"?*® Bioactive peptides have a positive impact on body functions or conditions,

which play an important role in metabolic regulation and modulation, 2

and may ultimately
influence human health by affecting the digestive, endocrine, cardiovascular, immune and nervous
systems.?*! It is thought that they may fill the gap between small molecules and peptides drugs.
Insulin, a peptide hormone produced by our pancreas to control the blood glucose levels at any
given moment, helps to regulate our body’s metabolism of carbohydrates, fats, and proteins, which
has been widely used for treatment of type | and Il diabetes.”** Some natural peptides and their
derivatives have high commercial value and success in pharmaceutical markets, and some of them

are already in preclinical and clinical pipelines for treatment of various diseases,*® for example

enfuvirtide (HIV fusion inhibitor) and liraglutide for treatment of type Il diabetes.

Currently among more than 1500 different bioactive peptides reported in a database, more
than 1250 peptides present different functional significance.”** Numerous bioactive peptides have
been isolated from a great variety of marine and terrestrial organisms and species, such as sponges,
bacteria, cyanobacteria, animals, plants, fungus and microbes, and are also known to exhibit diverse
biological activities such as antithrombotic, anti-cancer, antitumoral, anti-proliferative,
antimicrobial, anticoagulating, antiviral, anti-diabetic, anti-coagulant, anti-hypertensive, antioxidant,

antiobesity, hypocholesteremic, analgesic and calcium-binding activities,?2:232236.238:240,241,245-269

Thus, a short introduction on some selective peptides with diverse structural features and
pronounced biological activities will be presented. Similary, it will promote us to have a better
understanding on peptides and marine cyclic peptides and their discovery and isolation, as well as

the significant role in the exploration of novel peptide drugs and therapeutic agents.

Romidepsin (Figure 18) (Istodax®, NSC 630176, FK288, FR901228), a structurally unusual
bicyclic depsipeptide, was first isolated in 1994 by a research team of Fujisawa Pharmaceutical
Company (now Astellas Pharma) in Tsukuba from the culture broth of the terrestrial bacterium
Chromobacterium violaceum. It shows potent in vivo antitumor activity against both human tumor
xenografts and murine tumors.?’°?"? Recently, romidepsin has proved to act as a strong HDAC
inhibitor and thus has been approved for the treatment of cutaneous T-cell lymphoma and other

peripheral T-cell lymphomas by the FDA.*>%7®
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Figure 18: Romidepsin

Vancomycin (Figure 19) is a branched tricyclic glycopeptide antibiotic?’**® first isolated in
1953 by Kornfeld at Eli Lilly from the Actinobacteria species Amycolatopsis orientalis,?®* which
was used for treatment of a number of bacterial infections by inhibiting proper construction of cell
wall in Gram-positive bacteria.?®>?®* It is recommended intravenously as a treatment for
complicated skin infections, bloodstream infections, endocarditis, bone and joint infections, and
meningitis.’®>?*® The rapid approval by the FDA in 1958 was prompted by penicillin-resistant

Staphylococcus aureus and oxacillin-resistant (methicillin-resistant) staphylococci.?®”?

Figure 19: Vancomycin

Alamethicins are a class of well-known linear 19-membered peptides antiobiotics, primarily
isolated by Meyer and Reusser from Trichoderma viride in 1967.2%° However, it is revealed that this

material was composed of two major groups neutral ALM F30 (about 85%) and acidic ALM F50
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(about 12%), as well as a minor group ALM F20 (2%) and trace of ALMs (F40, F60, F70) by
Melling and McMullen in 1975.2%°%" All alamethicin are structurally blocked at the N-terminus by
an acetyl moiety and at the C-terminus by the phenylalaninol. To date, 23 members of natural
mixture of alamethicin have been sequenced, of which two exampls are shown (Figure 20):
Alamethicin | (belonging to F50) and Alamethicin (belonging to F30).2°22** They are also shown to
possess potent biological activities as antibacterial agent, in vitro and in vivo against strains
Trypanosoma brucei brucei strain and Trypanosoma brucei rhodesiense.?**?*® Besides, alamethicins
are also known to exhibit voltage dependent ion channel activity in membrane environments and
induce excitability phenomena in model membranes and has served as an excellent model for the

study of voltage sensitive transmembrane channels,?**>%
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Alamethicin (belonging to alamethicin F50) R = NH,

Figure 20: Alamethicin

The oceans stand a uniquely vast source for new bioactive natural products, which is
consider as the largest remaining treasure of undiscovered natural products with an unprecedented

variety of chemical classes possessing a wide range of biological activities.?3*?%°3%

containing a
myriad of marine peptides®?2>2°9%13% Racently much more attention has been focused on marine
cyclic peptides due to their novel chemical structures and diverse biological properties. A
considerable number of eminent natural product chemists are interested in marine natural products

(peptides), such as Kingston (USA), Faulkner (USA), Fusetani (Japan), Blunt (New Zealand),

22



Introduction

Hamann (USA). A huge number of marine peptides have been isolated and reported with various
biological activities like antitumor, antibacterial, antifungal, anthelmintic, insecticidal,
antineoplastic and anti-inflammatory activities and isolated from a variety of marine organisms,
such as sponges, bacteria, actinomycetes, fungi and corals over several

233-235,247-249,251-255,259,261,262,264,265,267,269,326-329
decades.

Marine cyclic peptides are one of the
underexplored classes of bioactive peptides that are promising to be a new perspective for new
drugs. Various marine cyclic peptides with structural and biological diversity have increased our
understanding of properties of novel chemical structures related to the action mechanisms of

biological activities, 233259328

The tetradecapeptide discodermins®**?%®

are a family of novel linear and cyclic peptides first
isolated from the sponges of genus Discodermia, of which discodermin A-H have been reported and
characterized, and show potent inhibition activity of cell growth, and cytotoxic to P388 murine
leukemia cells and A549 human lung cell-lines. Especially, discodermin A (Figure 21) is the first
isolated marine cyclic peptide with antimicrobial activity extracted from sponge Discodermia

kiiensis by Fusetani in 1984,%°"*%° highly inhibiting the growth of Bacillus subtilis, Escherichia coli

and Pseudomonas aeruginosa, and the development of starfish embryos.?%8330331
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Figure 21: Discodermin A

Theonellamides A-G are a class of bicyclic glycopeptides isolated from Theonella sp., of
which theonellamides A-E isolated by Fusetani in 1995 have been found to possess cytotoxic

activity towards P388 leukemia cell-line,®*? while a potent antifungal activity was reported for
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theonellamide F also isolated by Fusetani in 1989.%*® Recently, theonellamide G (Figure 22) was
isolated by Youssef from Red Sea Lithistida sponge Theonella swinhoei located in Hurghada
(Egypt). Its structure has been elucidated and it was reported to possess potent antifungal activity
against two strains of Candida albicans, the wild type and amphotericin B-resistant of Candida
albicans with 1Csp of 4.49 and 2.0 uM, respectively. Additionally, it showed cytotoxic activity

against the human colon adenocarcinoma cell line (HCT16) with ICsg of 6.0 uM.>**

Figure 22: Theonellamide G

Aciculitins (Figure 23) are the first bicyclic glycopeptidolipids obtained from a marine
source, the lithistid sponge Aciculites orientalisa at Siquijor Island (Philippines). Isolation and
structural elucidation of aciculitins A-C was reported by Faulkner in 1996.234%83% They show
cytotoxic activity against the human-colon tumor cell line HCT116 with an ICsg of 0.5 pg-mL " and

inhibit the growth of Candida albicans at a loading of 2.5 pg-disk " in the standard disk assay.>*
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Aciculitin A R =n-CsHq4
Aciculitn B R = n-CgH13
Aciculitin C R =n-CyH45

Figure 23: Aciculitin

Thiocoraline (Figure 24) is a well-known 2-fold symmetric or pseudosymmetric bicyclic
thiodepsipeptide isolated by Romero in 1997 from the mycelium cake (fermentation broth) of a
marine actinomycete strain, Micromonospora sp. L-13-ACM2-092 collected from soft coral
collected at the Indian Ocean near the coast of Mozambique, which showed antimicrobial activities
against strains of Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, Bacillus
subtilis, Staphylococcus aureus and Micrococcus luteu, and also presented a strong cytotoxic effect
against P388, A549 and MEL28 cell-lines with an ICs of 0.002 ug-mL™, along with a strong
anti-microbial activity against Gram-positive microorganisms, and as well as inhibiting DNA
polymerase at an 1Csp of 6 pg-mL " and binding to supercoiled DNA, and inhibiting DNA synthesis
at an 1Cso of 0.4 pg-mL~* and RNA-synthesis at an 1Cso of 0.008 pg-mL *.3%¢*%® Additionally, it
was also found to inhibit the elongation activity of DNA polymerase a in both LoVo and SW620
human colon cancer cells and induce profound perturbations of cell cycle.***** It has been shown
to bind to DNA by high-affinity bisintercalation analogous to echinomycin, but with little or no
perceptible sequence selectivity and exhibit exceptionally potent activity in the L1210 mouse

leukemia cytotoxic assay (ICs of 200 pM).>#
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Figure 24: Thiocoraline

3. Microsclerodermins

3.1. Structure and origin of microsclerodermins

Microsclerodermins (Figure 25) are a family of macrocyclic peptides extracted from the

lithistid sponges Microscleroderma sp., Theonella sp. and Pachastrella sp.>**%*®

and also produced
from three different genera of myxobacteria Chondromyces sp., Jahnella sp. and Sorangium sp.?*
They are characterized by a 23-membered ring peptide macrocycle, which contains six amino acids,
of which three are common: glycine, sarcosine and (R)-y-amino-B-hydroxybutyric acid (GABOB).
The other three amino acids present some structural variations but can be classified as a modified
tryptophan, a polyhydroxylated -amino acid with four or five contiguous stereogenic centers and
an original 3-amino-4-hydroxypyrrolidone-4-acetic acid (PyrAA), which in some cases may be
dehydrated to give an unsaturated dehydroxypyrrolidone-4-acetic acid (APyrAA) on the

macrocyclic backbone.
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Figure 25: Structure of microsclerodermins

Microsclerodermins were discovered progressively over decades and have attracted more
and more attention from the biologists and chemists communities due to their biological activities
and the structural complexity (Figure 26). Microsclerodermins A and B were the first two members
of this family isolated from a Philippines Microscleroderma sp. by Faulkner in 1994.3* A few years
later, Faulkner successively isolated microsclerodermins C-E from Theonella sp. and
Microscleroderma sp. in the Philippines area.>** Then, microsclerodermins F-I were isolated form a
deep-water specimen of Microscleroderma sp. located in Palau in 2000 and characterized by

Faulkner.3*®

More recently, several new members of the family has been isolated and reported.
Microsclerodermins J-K were isolated in 2012 from the deep-water sponge Microscleroderma
herdmani in Mauritius by Li.>**3" In 2013, Mller discovered and isolated microsclerodermins
L-M from terrestrial myxobacteria from three different genera Chondromyces sp., Jahnella sp., and

Sorangium sp., respectively.?

More recently, Matsunga isolated microsclerodermins N and O from
the deep sea sponge Pachastrella sp..3*® This family also comprises pedeins A and B which were

isolated from the cell mass of the myxobacterium Chondromyces pediculatus by Kunze in 2008.3*°
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Figure 26: The microsclerodermin family

3.2. Biological activities

Faulkner and his co-workers have been the pioneers in exploring the biological activities of

microsclerodermins. Early investigations disclosed that they possess antifungal, antitumor and

cytotoxic activities.?®******" For instance, they have potential in vitro antifungal activity against a

range of pathogenic fungal species: such as Candida glabrata, Candida krusei, Cryptococcus

neoformans, Botrytic cinerea, Fusarium oxyspotum, Helminthosporium sativum, Pyricularia oryaze

and Aspergillus fumigatus. All microsclerodermins possess antifungal activity against Candida

albicans (Table 1), such as microsclerodermin A-B (MIC 2.5 pg-disk *).26334334734 Faylkner

supposed that antifungal activity was attributed to the polyhydroxylated p-amino acid moiety,
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although direct supporting evidence was lacking. Investigations on microsclerodermin F-I
demonstrate that they exhibit good antitumor activities against the HCT116 human colon carcinoma
cell line, indicating their potential as anti-cancer agents.** Recently, Wright disclosed that
microsclerodermin A is a novel inhibitor of the nuclear factor kappa B (NFxB) and induces
apoptosis in pancreatic cancer cells.** In addition, pedein A was found to strongly inhibit against
the growth of yeasts and fungi, to induce hemolysis of erythrocytes, and cause changes in
membrane permeability of Rhodotorula glutinis.**® According to Miiller’s findings, both of
microsclerodermins and pedeins were discovered from several myxobacteria, which strongly
suggested that some natural products isolated from marine sources such as sponges or invertebrates,

probably ultimately originate from associated microbes.?®

Microsclerodermin Inhibition of Candida albicans Cytotoxicity against HCT116
MIC (ug-disk™®)  MIC (ug-mL™) ICso (ng-mL ™Y

A 2.53%3 5.0 3 -
B 25 343 5.0 346 _
C 5 344 _ _
D 100 344 6.8 263 _
E 10 344 _ _

F 1.53%° - 1.8%°

G 3 345 o 2.4 345

H 12 345 — 1.03%

I 25 345 o 1.1 345
J _ 20.0 346,347 _
K . 10.0 346,347 .
L _ 18 263 .
M - 0.16 2 -
Pedein A - 1.6 3% -

Table 1: Examples of inhibition activities and cytotoxicity of microsclerodermins

However, these reported studies on biological activities are limited by the low natural

abundance of microsclerodermins, about only 0.001% yield of the dry weight of the sponge, which
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means that only few mg of materials could be extracted and isolated by consuming lots of sponges
and manpower. Their interesting biological activities and potential as anti-cancer agent have
motivated organic chemists to solve the challenge of their total synthesis. In the next part, we will

develop in detail the efforts toward their total synthesis.

4. Previous Syntheses

4.1. Shioiri’s pionnering studies towards microsclerodermins A and B

Shioiri was the first to show an interest in the synthesis of microsclerodermins. Although he
never completed a total synthesis, he prepared all the fragment of microsclerodermins A and B, and

has reported some important features about their stability.

4.1.1. Preparation of a protected derivative of AMMTD

In 1997, Shioiri reported a stereoselective synthesis of a core building block of AMMTD
(Figure 27).%*! This was the first report on efforts towards the total synthesis of microsclerodermins
A and B since their isolation by Faulkner in 1994.

HO,C OH OMe
OH

H,N

OH

AMMTD

Figure 27: AMMTD fragment present in microsclerodermin A and B

The chiral ester 1 was converted into the unsaturated methyl ester 2 in 39% yield over 7
steps. Sharpless asymmetric dihydroxylation®*****® followed by protection of the diol as an acetonide
gave the intermediate 3 with an excellent diastereomeric ratio. Functional modification of the
methyl ester group provided the nitrone derivative 4 in 3 steps in good yield. Addition of
furyllithium according to Dondoni’s procedure®™* gave the furyl intermediate 5 in 59% yield.
Protecting group transformation provided 6 in 3 steps, followed by oxidative cleavage of the furyl
ring using RuO,/NalO,4 and sequential esterification gave amino ester 7, featuring the core skeleton

of AMMTD with 4 consecutive stereogenic centers, in 5.4% yield over 18 steps (Scheme 1).
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1. AD-mix-o., MeSO,NH,

+BuOH/H,0
4°C,15h
TBDPSO/\E/COZMe . MeOZCWOBn .
z 7 steps E 2.2,2-DMP, CSA
1 39% 2 rt., 12h

97% in 2 steps

2-furyllithium
H\/\/\/ 3 steps O\ . E EtLAICI, THF, Et,0
= N - -
/

MeO,C = 87% -78 °C, 1h
dr24:1 Bn 59%
3 4
1. RUOz, NaIO4
CCly, CH;CN, H,0
r.t., 15 min
—_— .
[— -
3 steps BocHN™ 2. Mel, KHCO3
43% DMF
rt.,12h

65% in 2 steps

Scheme 1: Construction of the core building block of AMMTD

In 1999, Shioiri**>**® completed the synthesis of AMMTD in its protected form (Scheme 2).

k®! was first

The acetonide alcohol 8 obtained as a synthetic intermediate in his previous wor
converted into the alkyne 9 in good yield through a 5-step functional group modification sequence.
Hydrozirconation of this alkyne using Schwartz’s reagent (Cp2Zr(H)CI), followed by palladium
mediated cross coupling with p-iodoanisole for an introduction of the styrene moiety according to
Negishi’s protocol®’ afforded the p-anisyl-(E)-alkene 10 in good yield. After deprotection of the
TBS group to give an alcohol with TBAF, and its Swern oxidation into an aldehyde, followed by
Paterson’s anti-aldol reaction®® with the ketone 11, the B-keto alcohol 12 that contained the
requisite five contiguous stereogenic centers was obtained efficiently as a single isomer. Reduction
of both the keto and benzoyl groups using LiBH,4 gave a triol in which the 1,2-diol moiety was

cleaved with sodium periodate. Subsquent reduction of the resulting aldehyde with NaBH,

produced the alcohol 13 in good vyield. Protection of the primary alcohol as a pivaloyl ester,
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followed by activation of the secondary alcohol with triflic anhydride and azidation using
tetrabutylammonium azide, proceeded with inversion of configuration and gave the protected azido
alcohol 14 with the required stereochemistry. Reduction of the azide and protection of the resulting
amine by a Boc group gave the amino alcohol 15. Finally, a 2-step oxidation sequence of the
alcohol (Parikh-Doering oxidation into an aldehyde followed by Pinnick oxidation into the acid)
and protection as a methyl ester gave the protected AMMTD derivative 16 in 2.4% yield over 31

steps from the chiral ester 1.

»I\O »I\ 1. CpoZr(H)CI
O

3 ——> : ppp— o, // .
94% HO = 5 steps ] E 2. p-iodoanisole
8 74%  TBSO = (Ph3P),PdCl,, DIBAL
THF
9
78%
1. TBAF, THF
»[\ OMe 2. (COCI),, DMSO, EtN
] CH,Cl,
3. 0}
TBSO MPMOQKA/
E>95% " OBz BzO
10 c-Hex,BCl, Me,NEt 12
Et,O
7%
1. LiBHy4, THF 1. PivCl, pyridine
2. NalOy4 2. Tf,0, pyridine 0
pH 7 buffer, THF CH,Cl, o)

e

3. BuyNNj3, benzene MPMO
55%

3. NaBHy, EtOH

66%
PivO

1. pyridine-SO3, DMSO
Et3N, CH,Cl,

1. LiAlH,4 2. NaClO,, NaH,PO,4
THF resorcinol, BuOH, H,O
_— : -
2. Boc,0 3. Mel, KHCO3;
dioxane DMF

62% 75%

OMe
R =
Tgé/\/\/@/

Scheme 2: Construction of a protected derivative of AMMTD
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4.1.2. Preparation of the modified tryptophan derivative

Microsclerodermins A and B include a (R)-2-carboxytryptophan residue. Shioiri report the
preparation of this tryptophan derivative in a protected form using hydroxypinanone glycine imine
alkylation methodology (Scheme 3).%°°3%° Thus, indole-2-carboxylic acid 17 was first protected as
its methyl ester 18, followed by a Mannich reaction with formaldehyde and dimethylamine and
quaternization with methyliodide to form the gramine deivative 19. Then a-alkylation of the glycine
t-butyl ester imine derived from (—)-hydroxypinanone 20 with the trimethylammonium salt 19
proceeded with high diastereoselectiviy to create the a-amino acid derivative 21.%%3%? Hydrolysis of
the chiral auxiliary using citric acid and Boc-protection of the free amine gave the protected
tryptophan derivative 22 with good enantiomeric excess (ee = 87%; recrystallization from a mixture

of hexane/ethyl acetate improved the ee to 91%).

1. Me,NH, HCHO NMes I-
Mel, KHCO AcOH
@\/\>—002H ° N co,Me o \
N DMF N 2. Mel, THF CO,Me
reflux H
17 90% 18 33% 19

i HN" >CO,tB N coxs L?Q:’(IHS)FO i
OH 2 2-BU OH - , min
dq1in| i
& BF3-E,0 (0.05 eq.) & 2.19
benzene —-78°C,2h
(—)-hydroxypinanone reflux then4°C,4h
97%
20 21

1. Citric acid (15% m/v in H,0)

b
’ o

2. Boc,O

dioxane BocHN /\COZt-Bu
63% from 20 22

Scheme 3: Construction of a protected 2-carboxytryptophan

4.1.3. Preparation of a protected GABOB derivative

All microsclerodermins incorporate a GABOB residue. Shioiri proposed a synthesis of
GABOB from dimethyl (R)-malate (Scheme 4). Regioselective reduction of the methyl ester of

dimethyl (R)-malate 23 with borane-dimethyl sulfide complex yielded the diol 24 in good
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yield.*®**%* Activation of the primary alcohol*®® followed by nucleophilic substitution with NaNs;
gave the azide 25. One-pot azido group hydrogenolysis and amine protection by a Boc group gave
the hydroxy ester 26. Finally, saponification of the methyl ester followed by protection as a
trichloroethyl ester by coupling with 2,2,2-trichloroethanol and protection of the secondary alcohol

as a TBS ester gave the fully protected GABOB derivative 27 in 25% yield over 7 steps.

BHj3-Me,S 1. p-TsCl, pyridine
OH NaBH4 OH 4°C,20h OH
B — z > B
Meozc/\/COZMe THF HO A\ -CO:Me 2. NaN3, DMF N3 A\ COMe
(R)-23 reflux, 1 h 24 80°C,3h 25
90% 53%
1.1 M NaOH,,, MeOH
2. CI3CCH,0H, EDCI-HCI
H,, Pd/C DMAP, CH,Cl,
Boc,O OH rt.,12h OTBS
—_— B B
EtOAc BocNH _A\_-CO:2Me 3. TBSCI, imidazole BocNH A\~ C02LHLCls
rt,13h 26 DMF 27
rt,15h

87%

59%

Scheme 4: Construction of a protected GABOB derivative

4.1.4. Preparation of the protected PyrAA unit

Shioiri also proposed a synthesis of the pyrrolidinoacetic acid residue (PyrAA) from the

L-aspartic acid derivative (S)-28 (Scheme 5).%°%3% Activation of the a-carboxylic acid function with

CDI followed by treatment with the magnesium salt of ethyl hemimalonate according to

1. Hy, Pd/C, EtOAc

rt,1.5h
CO,Bn 1. CDI, THF o o CO,Bn 2. CICO,Et, Et3N, THF
rt,6h 0°C,3h
HO,C - >
H EtO Y
= 2. (EtOZCCH2C02)ZMg = 3. NH3aq‘
NHBoc THE NHBoc 0°C,3h
(S)-28 rt, 12h 29
78% 86%
O (0] O
+ _
HN HN H=or HO HN
+ -
EtO,C T~ EtO,C ™ easy dehydration EtO,C._ A /
OH T\lHBoc OH T\lHBoc T\lHBoc
301 30-2 31

3:1

Scheme 5: Construction of a protected PyrAA derivative
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Masamune’s protocol*®® afforded the p-keto ester 29 in 78% yield. The pyrrolidinone moiety was
then installed by hydrogenolysis of the benzyl ester followed by amidation of the resulting acid
function through activation as a mixed anhydride and treatment with aqueous ammonia. The
resulting y-ketoamide cyclized spontaneously to give the protected PyrAA residue efficiently as a
mixture of diasteroisomers 30-1 and 30-2 in a 3:1 ratio. Significantly, this hemiaminal was easily

dehydrated to give the corresponding a,-unsaturated ester under various acidic or basic conditions.

The easy dehydration of 30-1 and 30-2 meant that it could not be installed in the
microsclerodermin macrocycle in this form. To solve this problem, Shioiri proposed the use of a
y-lactone which should be a suitable precursor of PyrAA residue allowing its construction at the end

of the total synthesis (Scheme 6).3%

Thus, reduction of the B-keto ester 29 into an alcohol followed
by saponification of both ester groups and subsequent lactonization of the resulting hydroxy acid 32
using EDCI gave the y-lactone 33. Finally, coupling of the lactone 33 with a sarcosine derivative
using BopCl vyield the dipeptide building block 35 which was expected to be useful for a total

synthesis of microsclerodermin.

1. NaBH,, EtOH o

O  COBn OH
-78°C,1h EDCI-HCI o
Et02C\)J\) L HOzc\)\/\ >
p - X COzH
E 2.1 N NaOH,, H CH,Cly, DMSO HO,C /
NHBoc THE NHBoc rt,17h NHBoc
29 0°C.5h 32 33
quant.
1. TFA, CHCl, O
rt,1h o
BocN” CO,CH,CCly . J\/(d
| 2. 33, BopCl, Et3N C|3CH2C02C/\N 4
CH,Cl, | NHBoc
4°C,48h
34 58% from 32 35

Scheme 6: Construction of a dipeptide comprised of Sar and a masked-PyrAA residue

4.1.5. Conclusion

Although Shioiri described the synthesis of different building blocks of microsclerodermins
A and B between 1997 and 2003, he never reported on the macrocylic peptide assembly.
Nonetheless, his work remains important since he was the first to report on the intrinsic propensity

of the PyrAA residue to dehydrate under mild conditions. He logically proposed that a precursor of
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this residue should be employed in the macrocyclic peptide assembly and that the PyrAA residue

should be unmasked at the end of the synthesis.

4.2. Other syntheses of microsclerodermin fragments

4.2.1. Chandrasekhar’s work towards AMMTD

In 2006, Chandrasekhar’s group reported the stereoselective synthesis of a protected
AMMTD derivative starting from (S)-citronellol.*®” The synthetic route is based on the
deoxygenative rearrangement of a hydroxyalkynoate to generate a polyunsaturated ester followed
by a highly enantio- and diastereocontrolled iterative dihydroxylation procedure to install the four

contiguous stereocenters of AMMTD.

(S)-Citronellol was protected as a tetrahydropyranyl ether, followed by cleavage of the
alkene by ozonolysis to provide an aldehyde which was then submitted to a Wittig reaction to give
the a,B-unsaturated ester 36 in good yield (Scheme 7). Sequential reduction of the conjugated C=C
bond and the ester function®® yielded the alcohol 37. Protection of the alcohol as its benzyl ether
followed by selective deprotection of the THP-ether and then oxidation with 1BX3* produced the
aldehyde 38 efficiently. This aldehyde was immediately treated with a lithiated ethyl propiolate to
furnish the hydroxy alkynoate 39 as an inseparable mixture of two diastereoisomers in 86% yield.
The hydroxy alkynoate was then converted into the 1,4-dienoate 40 by PhsP-mediated
deoxygenative rearrangement which proceeds via an allene intermediate.®”*3"* This 1,4-dienoate
diene was ready for the intended stereoselective incorporation of hydroxy groups via iterative
Sharpless asymmetric dihydroxylation. Enantio- and regio-selective Sharpless asymmetric
dihydroxylation®*® of 40 with AD-mix-o at C** position provided the diol 41 with a syn selectivity
which was directly masked as the acetonide 42 using 2,2-dimethoxypropane and catalytic
camphorsulfonic acid in 85% vyield. However, stepwise Sharpless asymmetric

3712373 \was unsuccessful at C** position of 42. Instead, a second Sharpless

aminohydroxylation
asymmetric dihydroxylation with the diastereomerically matched chiral reagent AD-mix-f afforded

the diol 43 in 87% yield with excellent diastereoselectivity (10:1).
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CH,Cl,
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80% 83%
1. BnBr, NaH
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) » OHC ) -
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85% from 39
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OBn
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Scheme 7: Synthesis of a protected derivative of AMMTD (1% part)

Reduction of the ester 43 followed by regioselective protection of triol at C!-C? as with
DMP in the presence of CSA gave the 1,2-acetonide 44 (Scheme 8). Thus the free alcohol group
was activated as a triflate and then treated sequentially by tetra-butylammonium bromide and
sodium azide in a double SN2 reaction that allowed the formation of the azide 46 in 86% yield over

3 steps and with configuration retention compared to alcohol 443743

Subsequently,
hydrogenolysis of both the benzyl ester and the azide and then in situ protection of the amine by a
Boc group, followed by IBX mediated oxidation of the remaining primary alcohol furnished the

aldehyde 47 in good yield. The aromatic moiety was then installed in a Wittig reaction between
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1. Tf,0, pyridine

BuLi, THF
70%

OB 1 LiAH,, THE OB CHyCl, ~10°C
2.2,2-DMP, CSA 2. BuyNBr
CH,Cl, CH,Cl,
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1. Hy, Pd/C
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OMe
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1. Hyp, Pd/C
Pd(CH3CN),Cl, Boc,O, MeOH
—_—
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1. MOMCI, DIEA
CH,Cl,

2. TBAF, THF

70%

OMe
R=
\'_fg/\/\/@

Scheme 8: Synthesis of a protected derivative of AMMTD (2" part)

aldehyde 47 and a (4-methoxybenzytriphenylphosphonium ylide to produce alkene 48 as a

mixture of E/Z isomers in 3:2 ratio in 70% vyield. Treatment of this E/Z mixture with a catalytic

amount of Pd(CH3CN),Cl, allowed a complete isomerization of the Z-isomer to give pure (E)-48.

Then, selective deprotection of the terminal acetonide under mild acidic conditions with PPT

8379

followed by protection of the primary alcohol as a TBS ether yielded alcohol 49. The remaining
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secondary alcohol was protected as its MOM ether and then the primary alcohol was deprotected

with TBAF to give the primary alcohol 50 ready for oxidation into an acid.

In this way, Chandrasekhar developed a stereoselective route for the synthesis of a protected

AMMTD derivative from (S)-citronellol in 3.0% yield over linear 26 steps.

4.2.2. McLeod’s work on the synthesis of protected APTO and AETD

In 2007, MclLeod et al. reported the stereoselective synthesis of two protected
polyhydroxy-B-amino acids: APTO, present in microsclerodermin C and D, and AETD, present in
microsclerodermin E.*¥ Starting from simple substrates, four contiguous stereocenters were
installed using Sharpless asymmetric aminohydroxylation and dihydroxylation, while Julia

olefination allowed the introduction of the styrene moiety.

Oxydative cleavage of allyl 4-methoxybenzoate 51 with OsO,4 gave aldehyde 52 which was
used directly in a Horner—Wadsworth—-Emmons reaction with methyl diethylphosphonoacetate to
provide the pure (E)-alkene 53 in excellent yield after flash chromatography (Scheme 9).
Alternatively, this alkene 53 was obtained directly by cross metathesis of the allyl ester 51 with
methyl acrylate using Grubbs® Il catalyst in a more modest yield.®®" Sharpless asymmetric

aminohydroxylation®"*3%

of (E)-alkene 53 smoothly produced B-amino alcohol 54 as a single
regioisomer with an excellent 97% ee. Further protection of this f-amino alcohol as an oxazlidinone
using 2-methoxypropene furnished the protected product 55 efficiently. Subsequent removal of the
4-methoxybenzoyl group with Cs,CO3; in methanol gave a primary alcohol which was readily
oxidized into aldehyde 56 via Dess-Martin oxidation.®®® A modified Julia olefination of the
oxazolidine-protected aldehyde 56 with 1-phenyl-1H-tetrazol-5-ylsulfone®* and KHMDS in
1,2-dimethoxyethane gave the alkene 57 as a mixture of isomers with a moderate stereoselectivity
(E:Z =2.7:1). Fortunately, radical mediated isomerization using thiophenol in the presence of AIBN

improved the E:Z ratio 6.5:1.%%° Sharpless asymmetric dihydroxylation®®

of alkene 57 using
DHQ-IND ligand gave the corresponding diol 58 as an inseparable mixture of diastereoisomers in a
7.4:1 ratio. Finally, the diol was protected as its acetonide 59 and the PMP ether was removed using

CAN to give a primary alcohol which was oxidized into aldehyde 60 using Dess-Martin reagent.
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Scheme 9: Access to protected APTO and AETD derivatives (1% part)

With aldehyde 60 in hand, Wittig reaction was employed to give the target compounds
(Scheme 10). Treatment of 60 with benzyltriphenylphosphonium chloride and KHMDS as base
produced the protected APTO derivative 61 in good yield. When the phosphonium ylide obtained
from treatment of 3-(4-ethoxyphenyl)prop-2-enyltriphenylphosphonium bromide with KHMDS was
used, the protected AETD derivative 62 was produce in a slight lower yield.
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Scheme 10: Acces to protected APTO and AETD derivatives (2" part)

In summary, McLeod developed an efficient synthetic route to APTO and AETD derivatives
using Julia olefination and Sharpless asymmetric aminohydroxylation and dihydroxylation. This
divergent synthetic strategy allows access to protected derivatives of both APTO and AETD in 21%
and 17% vyield respectively over 13 steps.

4.2.3. Aitken’s work on the synthesis of protected APTO and AETD

The host group for this thesis reported the synthesis of protected APTO and AETD
derivatives in 2008,%*®" starting from 2-deoxy-D-ribose acetonide 63,%%® through an unified
methodology based on a completely diastereoselective two-carbon homologation of appropriately

selected intermediate chiral sulfinimines.***3%*

The synthetic route started with a Horner—Wadsworth-Emmons reaction of
2-deoxy-D-ribose acetonide 63 with a phosphonate-stabilized carbanion formed by deprotonation of
benzyl diethylphosphonate to furnish the pure (E)-alkene 64 in moderate yield (Scheme 11).
Subsequently, a modified Swern oxidation®® of the primary alcohol gave an aldehyde which was
submitted to epimerization at the a-position according to an adapted literature method®® by
treatment with K,CO3; in MeOH to give aldehyde 65 with the requisite stereochemistry.
Condensation of this aldehyde with (S)-(—)-tert-butanesulfinamide in the presence of Ti(OEt), gave
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the chiral sulfinimine 66 in 69% vyield.*** According to Qin’s report, the addition of a bulky O-Boc
protected glycolate to simple chiral sulfinimines should proceed with a high diastereoselectivity.*®®
Thus, the two-carbon homologation was performed by addition of the lithium enolate of O-Boc
methyl glycolate to the sulfinimine 66 to generate the protected APTO derivative 67 as a single
diastereomer in excellent yield. It is noteworthy that the stereochemical outcome of this two-carbon
homologation is completely controlled by the sulfinyl group and thus proceeds independently of the
other neighboring chiral centers in the system. This chiral predominance phenomenon was

previously noted for sulfinimine one-carbon homologation with cyanide.*

OH o
Ph”” > PO(OE), X
o
BuLi 1.(COCI), DMSO ¢ .,
v, : O 0]
7 70 THF 6 2. K,COs, MeOH 5
67/\ 45°C, 20 h TQ
52% 71%
63 64 65
o)
I
NN Ph
tBu™ " NH, o H X
Ti(OEt), g ]
> tBu™ N “9

CH,Cl, 07/\

69%

66

Scheme 11: Synthesis of a protected APTO derivative

The same strategy was applied for the preparation of a protected AETD derivative (Scheme
12). Initially, attempts to install the styrene moiety via Horner—-Wadsworth—Emmons reaction using
the appropriate phosphonate were unsuccessful. However, when the condensation of acetonide 63

with a phosphonium ylide was conducted under McLeod’s conditions,*®

the expected diene 68 was
obtained as a separable E/Z-mixture. Swern oxidation of the primary alcohol followed by
epimerization at the a-position provided the aldehyde 69 with the requisite stereochemistry. Finally
condensation of this aldehyde with (S)-(—)-tert-butanesulfinamide gave sulfinimine 70 and
subsequent addition of the lithium enolate of O-Boc methyl glycolate under optimized conditions

gave the protected AETD derivative 71 as a single diastereoisomer in good yield.
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Scheme 12: Synthesis of a protected AETD derivative

In summary, this work constitutes the shortest synthesis of protected APTO and AETD
derivatives in 23% and 16% yield respectively, in only 5 steps. The synthetic route proceeds via a
highly efficient stereoselective two-carbon homologation of chiral sulfinimines with the lithium

enolate of a bulky glycolate.

4.2.4. Williams’ work towards AMPTD

An asymmetric synthesis of the core of AMPTD, as the polyhydroxy-f-amino acid in
microsclerodermins F-G, was reported by Williams’ group in 2009.3® The AMPTD residue has five
contiguous stereogenic centers and a conjugated-trans triene. The proposed synthetic strategy relied
on an Evans glycolate aldol reaction on an aldehyde derived from (S)-Roche ester and use the
addition of a bulky O-Boc protected glycolate on a chiral sulfinimine, similar to the strategy used

by Aitken in the preparation of protected APTO and AETD derivatives (See § 4.2.3.).%%’

Initially, a syn-aldol reaction of benzyl glycolate of Evans’ chiral oxazolidinone 72 with
chiral aldehyde 73 by treatment with Bu,BOTf gave the monoprotected diol 74 as a single
diastereomer (Scheme 13).3" Since the direct hydrogenolysis of the benzyl ether was made difficult

by the large steric hindrance of both the oxazolidinone and TBDPS group, the chiral oxazolidinone
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moiety was converted into Weinreb amide 75 by treatment with N,O-dimethylhydroxylamine in the
presence of AlMes. Then hydrogenolysis of the benzyl ether over Pd(OH),/C and protection of the
resulting diol with 2,2-DMP produced acetonide 76. Stepwise reduction of Weinreb amide into an
aldehyde with DIBAL, followed by condensation with (S)-(—)-tert-butanesulfinamide in the
presence of Ti(OEt), gave sulfinimine 78. This sulfinimine was submitted to the addition of the
lithium enolate of O-Boc methyl glycolate to produce the protected core of AMPTD 79 bearing the
requisite five contiguous stereocenters. Finally TBAF-mediated removal of TBPS group afforded
alcohol 80 which was prepared as an advanced intermediate since in principle the primary alcohol
could be oxidized into an aldehyde that could be condensed to an appropriate phosphonate in a

Horner—Wadsworth—-Emmons reaction to install the conjugated trans-triene chain of AMPTD.
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o) o} TBDPSO/\r o o OTBDPS MeONHMe-HCI
)\\ 73 )k AlMe;
N “u
o o N OH
), oen Bu,BOTY, DIEA N THF
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72 —-78°C,1hthenrt,1.5h 74 then 4 °C, 24 h
52% 83%
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/O\ N '”//OH > N "’O —_—
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Scheme 13: Construction of the five contiguous stereogenic centers of AMPTD
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In conclusion, Williams reported the synthesis of a protected AMPTD core fragment
containing five contiguous stereogenic centers in 7.4% yield over 8 steps from the known starting
materials using aldol reaction of Evans’ chiral oxazolidinone of benzyl glycolate and Aitken’s

procedure as key steps.

4.2.5. Dauban and Dodd’s work on synthesis of protected APTO

In 2009, an alternative pathway to the fully protected form of APTO was reported by
Dauban and Dodd*® on the basis of their previous research on 2,3-aziridino-y-lactones.**®**" The

key step is a regioselective opening of an aziridine derived from L-gulose by a soft nucleophile.*®

L-Gulose was protected as a diacetonide under standard conditions,**® and the remaining free
hydroxyl group was protected as its PMB ether to give the fully protected derivative 81 (Scheme
14). The terminal acetonide was selectively hydrolyzed with AcOH/H,0** to give a diol of which

the primary alcohol was converted into a bromide using CBr,/PPhs*!

to give the vicinal
bromoalcohol 82. Upon treatment with CsF in acetone, this bromoalcohol furnished the epoxide 83
in excellent yield.*? Next, regioselective addition of vinyl cuprate to this epoxide*™ followed by
protection of the free secondary alcohol as a TBS ether gave the orthogonally protected derivative
84. After removal of the PMB group with DDQ****!* and oxidation with TPAP/NMO,*0%408416 the
lactone 85 was obtained in good yield. Hydrolysis of the remaining acetonide provided the
2,3-dihydroxylactone 86. The diol was treated with triflic anhydride in the presence of pyridine to
afford the monotriflate 87 which reacted in the presence of a slight excess of
3,4-dimethoxybenzylamine (DMB—-NH,) to give the DMB-protected aziridino-y-lactone 88 in
moderate yield. Thereafter, the DMB aziridine 88 was converted into the Ts-protected substrate 89
by sequential DMB removal using DDQ and tosylation of the free aziridine. Regioslective opening
of the Ts-aziridine at C? position®*® was achieved by treatment with PBus/Ac,0*" under microwave
irradiation to provide the fully protected lactone derivative 90 containing the requisite
stereochemistry present in APTO. A Heck coupling with iodobenzene allowed introduction of the
styrene moiety and was accompanied by simultaneous removal of the N-acetyl group to give lactone
91. Finally opening of the lactone moiety with benzylamine gave a mixture of mono acetylated
protected products at C* and C*and subsequent treatment of the mixture with acetic anhydride in

pyridine furnished the fully protected APTO derivative 92.
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Scheme 14: Synthesis of a protected derivative of APTO

In summary, the synthesis of a fully protected derivative of ATPO was completed in 0.5%

yield over 18 steps from L-gulose. This was first example of the use of an aziridino-y-lactone for the

stereoselective synthesis of a 3-amino acid derivative.
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4.2.6. Davies’ work on the synthesis of protected APTO and AETD

More recently Davies et al. reported an asymmetric synthetic pathway to protected APTO
and AETD derivatives from a simple conjugated diene ester using the conjugated asymmetric

addition of a lithium amide, Sharpless asymmetric dihydroxylation and olefination as key steps.*®

(—)-CSO-mediated conjugate asymmetric addition of lithium

(R)-N-benzyl-N-(a-methylbenzyl)amide*'®

to the conjugated diene ester 93 provided the
anti-a-hydroxy-f-amino ester 94 as a single diastereoisomer (dr > 99:1) (Scheme 15). The requisite
stereochemistry at C? was obtained in a two-steps epimerization protocol by Swern oxidation of the
hydroxyl group followed by diastereoselective reduction using NaBH, and yield the
syn-a-hydroxy-p-amino ester 95. Then asymmetric dihydroxylation of the syn-a-hydroxy-B-amino
ester 95 was performed under Donohoe’s conditions (See § 4.3.2) through OsO4/TMEDA complex

intermediate 96,2042

which was sequentially treated with P(CH,OH)3/SiO, to produce the lactone
97 presenting all the requisite stereocenters as a single diastereoisomer in moderate yield.
Three-steps functional group transformation by deprotection of the TIPS ether using HF-pyridine
followed by one-pot hydrogenolysis of the N-protecting groups and protection of the resulting free
amine by Boc,O gave the lactonetriol 99 which was unstable and was use fresh for next step.
Subsequently, selective Mitsunobu reaction of the primary hydroxyl group of compound 99 with
1-phenyl-1H-tetrazole-5-thiol (PTSH) by treatment with DEAD/PPh; gave the corresponding
sulfide 100 quantitatively, although the product is contaminated with PhsPO. The mixture was
directly oxidized by treatment with (NH4)sM070,4-H,0 and H,0, to give the corresponding sulfone
101 which was directly used in the next step without purification. Thus, treatment of the compound
101 with 2,2-dimethoxypropane in the presence of p-TsOH produced the acetonide 102 as a single
diastereoisomer (dr > 99:1 dr). Finally, Julia olefination of acetonide 102 with benzaldehyde or

(E)-3-(4-ethoxyphenyl)acrylaldehyde allowed access to both protected APTO derivative 103 and
protected AETD derivative 104.

To summarize, the protected APTO and AETD derivatives were synthesized in 3.4 and 1.0%
yields respectively over 14 steps from commercially available starting materials, using
(—)-CSO-mediated conjugate addition for asymmetric aminohydroxylation, Sharpless asymmetric

dihydroxylation and Julia olefination to introduce the styrene moiety.
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Scheme 15: Synthesis of protected APTO and AETD derivatives
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4.3. Total synthesis of microsclerodermins

4.3.1. Ma’s work: total synthesis of microsclerodermin E

In 2003, the first total synthesis of a microsclerodermin family member, microsclerodermin

E, was reported by Ma et al.**

Microsclerodermin E presents a dehydrated pyrrolidinoacetic acid
residue (APyrAA) which is therefore not sensitive to the dehydration process reported by
Shioiri,***®° making its synthesis somewhat easier. The synthesis consisted of the construction of
the tetrapeptide H—APyrAA—Sar—Trp(2-CO,H)—Gly—-OMe and the dipeptide
N;—GABOB—-AETD-OH, coupling of these two peptides and macrocyclization between the

GABOB and the Gly residue (Figure 28).

(0]
O HN _. peptide coupling

NH
HN /
HOC o7 NH OH

H =
Hf o
o:

OEt

macrolactamization

Figure 28: Retrosynthetic analysis of microsclerodermin E

4.3.1.1. Synthesis of a protected derivative of AETD

6-Gluconolactone was protected as its diacetonide methyl ester 105 by treatment with
2,2-dimethoxypropane in the presence of p-TsOH (Scheme 16). Reduction of the methyl ester
followed by activation of the resulting primary alcohol with p-TsCI*®® yielded the tosylate 106
which was treated by K,CO3 to produce the epoxide 107. Addition of the lithiated methyl phenyl
sulfone to this epoxide in the presence of BF;-Et;O at —78 °C furnished the y-hydroxy sulfone
108.** Hydrolysis of the acetonides using 1 M HCI followed by regioselective reprotection of the
free hydroxyl groups gave the new diacetonide 109. Activation of the free secondary alcohol as a

corresponding mesylate followed by treatment with sodium azide furnished the azide 110.
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Scheme 16: Synthesis of a protected derivative of AETD

Reduction of this azide by hydrogenolysis gave the free secondary amine which was directly

426

protected using TFAA to give the trifluoroacetamide 111. Julia olefination™ of p-ethoxycinnamal

o1



Chapter 1

with compound 111 afforded the diene 112 as a mixture of diastereoisomers (E/Z = 5:1). Selective
deprotection of the terminal acetonide using PPTS gave 113,*” followed by protection of the
primary alcohol using TBSCI and of the secondary alcohol as a MOM ether produced the fully
protected derivative 114. Finally, the TBS ether was removed by treatement with TBAF and
reductive cleavage*?’ of the trifluoroacetamide with NaBH, provided the AETD derivative 115,

ready for peptide coupling with GABOB.

To summarize, Ma’s synthesis of a protected AETD derivative ready for peptide coupling
was achieved in 14% vyield in 19 steps starting from 6-gluconolactone. The four stereogenic centers

came from &-gluconolactone, and the unsaturated tail was installed in a classic Julia olefination.

4.3.1.2. Preparation of the dipeptide GABOB-AETD

Similarly to Shioiri,***** Ma started the synthesis of a GABOB derivative from the azido
derivative 25 obtained from dimethyl (R)-malate (Scheme 17). Thus protection of the secondary
alcohol by TBSCI gave the protected azide 116. Saponification of the methyl ester followed by
coupling of the resulting carboxylic acid with hydroxysuccinimide produced the activated ester
117.*% Then, coupling with the free amine of AETD derivative 115 gave the amide 118 efficiently.
Oxidation of the primary alcohol into an aldehyde with Dess-Martin reagent and further oxidation
of this aldehyde with NaClO, gave the carboxylic acid 119 which was then activated as the
dipeptide succinimidyl ester 120.

4.3.1.3. Synthesis of the protected deydropyrrolidinone residue

In a similar way to Shioiri, the APyrAA was prepared from aspartic acid. However, the
stereochemistry of this residue is different in microscleordermin E and required the use of the
D-enantiomer. Thus protection of the carboxylic acid group of (R)-28 as an allyl ester followed by
introduction of a second Boc group on the amino group gave the fully protected D-aspartic acid
derivative 121 efficiently (Scheme 18). The allyl group was then removed using Wilkinson’s
catalyst and treatment of the bis-Boc-aspartic acid derivative thus obtained with thionyl chloride
429

resulted in the formation of the Leuchs’ anhydride 122 (urethane N-carboxyanhydride, UNCA)

which is both a protected and activated form of an amino acid. Addition of the lithium enolate of
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Scheme 17: Preparation of dipeptide GABOB-AETD

trimethylsilylethyl acetate yielded the B-keto ester 123 in excellent yield with no noticeable
racemization (ee > 98%). Other activation modes of the amino acid were studied, such as
N,N’-carbonyldiimidazole, N-hydroxysuccinimide and pentafluorophenol (using Masamune’s or
Shioiri’s procedure, Nu: Li-enolate or Mg-reagent),®*® but resulted in partially or fully racemized
B-keto ester. Then, the benzyl group was removed by hydrogenolysis to give the y-keto acid 124
which was activated as a mixed anhydride using IBCF, and treated with aqueous ammonia to give
an intermediate hydroxypyrrolidone which was directly subjected to elimination through mesylation
to provide the pyrrolidinone derivative 125 in good yield. Deprotection of the trimethylsilylethyl by
TBAF in the presence of p-TsOH to suppress of racemization*® gave the free acid with partial
racemization (R/S ratio 4:1 in the best case) and coupling with pentafluorophenyl alcohol using
EDCI provided the PFP-activated ester 126 ready for peptide coupling.”****? Herein, the

dehydropyrrolidinone derivative 126 was obtained in 33% yield over 11 steps.
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Scheme 18: Synthesis of a APyrAA derivative

4.3.1.4. Synthesis of a protected derivative of the dipeptide Sar—Trp(2-CO,H)
2-Carboxytryptophan was prepared according to Danishefsky’s protocol.*** Thus, cyanation
of the protected D-tryptophan derivative 127 was performed by chlorination using t-BuOCI
followed by treatment with TMSCN in the presence of BF3-Et,O to furnish the cyanotryptophan
derivative 128 (Scheme 19). Hydrolysis of the cyano group followed by sequential esterification
gave the D-tryptophan derivative 129 in 56% over 4 steps. After removal of both N-benzyl groups
by hydrogenolysis, the resulting amino ester was engaged in a peptide coupling with

N-Boc-sarcosine to provide the dipeptide Boc—Sar—Trp(2-CO,Me)—OMe in 67% yield over 2 steps.

1. :BuOCI, Et;N 1. KOH
THF H,0, MeOH
NB > NBn -
HN 7/ n2 2. TMSCN, BF3-Et,0 HN —/ 2 2. Mel, KHCO;4
CO,Me THF by COMe DMF
79% 71%
127 128
1. Hy, PA(OH), o
MeOH Y\TBOC
NBn > NH
HN —/ 2 2. Boc—Sar—OH HN —/
EDCI, HOB, DIEA
COzMe COZMe COzMe COZMe
CH,Cl,
129 67% 130

Scheme 19: Synthesis of the dipeptide Sar—Trp
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4.3.1.5. Construction of the tetrapeptide derivative APyrAA—Sar—Trp—Gly

Regioselective saponification of the a-methyl ester of dipeptide 130 and coupling with
glycine trimethylsilylethyl ester gave the tripeptide 131 (Scheme 20). Boc-deprotection of the
sarcosine residue by treatment with TFA produced a TFA salt which was directly coupled with the
PFP-activated ester 126 to give the tetrapeptide 132 as a mixture of two diastereoisomers (ratio 4:1,

from the partially racemized PFP-activated ester 126).
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Scheme 20: Preparation of the tetrapeptide derivative APyrA A—Sar—Trp—Gly

4.3.1.6. Construction of the hexapeptide and macrocyclization

The tetrapeptide 132 was treated with TFA before coupling with the activated dipeptide 120
by simple treatment with aqueous NaHCOj3 to provide the linear hexapeptide 133 in excellent yield
(Scheme 21). Both TMSE and TBS protecting groups were removed using TBAF, then Staudinger

P435

reduction®* of the intermediate azide using Mes gave a free amine. Macrocyclization of this

436 afforded the macrolactam 134

linear hexapeptide mediated by diphenylphosphoryl azide (DPPA)
in 40% vyield after purification by HPLC. Finally, saponification of the methyl ester of the indole
ring and cleavage of both the MOM ether and the acetonide with a mildly acidic resin
Amberlyst-15*" produced the target microsclerodermin E, whose analytical data were identical

with those reported and thus confirming the structure proposed by Faulkner.®**
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0
1. TFA Y

CH,Cl,

NH
132 >  HN-/
2. 120, NaHCO; y

CH4yCN €026 07 NH

80%
TMSEO,C
OFt
0
O HN

1. TBAF, THF
2. MesP, THF

3. DPPA, NaHCO;
DMF

40%

OEt

1. LiOH
MeOH, THF

h

> Microsclerodermin E

2. Amberlyst-15
MeOH, THF

61%

Scheme 21: Construction of the hexapeptide and macrocyclization

In summary, Ma reported the first total synthesis of a microsclerodermin family member:
microsclerodermin E, which was obtained in 1% overall yield in 26 linear steps. It should be noted

that the pyrrolidinoacetic acid unit is dehydrated making the synthesis relatively easier.

4.3.2. Donohoe’s work on microsclerodermins B and J

Starting from 2013, Donohoe’s group worked on the total synthesis of microsclerodermins B
and J.3%* The most challenging part of these two targets was the hydroxypyrrolidinoacetic acid
residue which is extremely sensitive and whose hemiaminal moiety was easily dehydrated under
basic or acidic conditions, and up to this point had not been targeted in a total synthesis of any
microsclerodermin family member. After preliminary studies and observations, they proposed to
install the sensitive PyrAA residue at a late stage of the total synthesis (Figure 29). In a similar way

E,424

to Ma’s work on microsclerodermin the macrocycle was constructed by peptide coupling of
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the dipeptide Fmoc—-GABOB-AMMTD-OH with the tetrapeptide
H—-APyrAA—Sar—Trp(2-CO,TMSE)—Gly—OFm, macrocyclization between the GABOB and the
Gly residue, then installation of the hydroxyl group on the pyrrolidinoacetic acid residue and finally

assembly of the styrene moiety.

late stage introduction

_. peptide coupling

NH
HN Y

OMe

macrolactamization

cross-metathesis

Figure 29: Retrosynthetic analysis of microsclerodermin B

4.3.2.1. Synthesis of a protected derivative of AMMTD"
In 2013, the synthesis of a protected derivative of the polyhydroxy-p-amino acid (AMMTD

fragment) present in microsclerodermins A and B was reported by Donohoe’s group.**® The synthesis

352,353 441

relied on sequential Sharpless dihydroxylation and tethered aminohydroxylation™" of a diene
derived from (S)-Roche ester to install the requisite four stereogenic centers. Extension of the
aliphatic side chain required a Sy2 reaction of primary iodide with Lipshutz-type lithiocuprate
reagent.**>** Since the installation of the hydroxyl group on the pyrrolidinoacetic acid residue by
hydroxybromination-debromination was not compatible with the styryl moiety, the plan was to
introduce this moiety latter by cross-metathesis at the end of the total synthesis (See § 4.3.2.3.). The

precursor of AMMTD has a terminal alkene chain, and is referred to as AMMTD.

The synthesis commenced with benzylation of the primary alcohol of the (S)-Roche ester

444-446

using benzyl 2,2,2-trichloroacetimidate (BTCA) followed by reduction of methyl ester with
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DIBAL to give the aldehyde 135 which was directly engaged in a Horner—-Wadsworth—-Emmons
reaction with a phosphonate-stabilized carbanion to provide the diene 136 (E/Z = 9:1) (Scheme 22).

Sharpless dihydroxylation®***>*

of this diene using AD-mix-o gave the syn-diol 137 as a single
diastereoisomer. Differentiation of the two hydroxyl groups was then performed by formation of a
cyclic ketal with benzaldehyde dimethyl acetal followed by reduction of the methyl ester with
DIBAL into the primary alcohol 138. Upon treatment with TiClJ/EtsSiH a regioselective
ring-opening™’ of the acetal probably due to coordination of benzyl ether with TiCls, occurred to
afford the monobenzyl ether 139. Subsequently, the primary alcohol was selectively protected as its
TBS ether, and the secondary alcohol was transformed into a one-pot sequential reaction with CDI
and hydroxylamine into the hydroxycarbamate 140. Final aroylation gave the
aroylhydroxycarbamate precursor 141 ready for tethered aminohydroxylation reaction. Upon
treatment with potassium osmate the aminohydroxylated product 142 was obtained as a single
diastereoisomer. Subsequently, the free alcohol was protected with TBS, and both of the two benzyl
ethers were removed by hydrogenolysis over Pd/C to generate the diol 143. Before extension of
aliphatic side chain, the primary alcohol was converted into an iodide and the remaining secondary
alcohol was reprotected as its TBS ether to give the fully protected iodide 144 efficiently. Elongation
of the side chain was accomplished by Sn2 displacement of the iodide with the Lipshutz-type

lithiocuprate derived from pentenyl iodide**?

to give the protected derivative 145. Before being
applicable in peptide coupling, a few modifications were still required. The cyclic carbamate was
protected by a Boc group which facilitate the cleavage of the cyclic carbamate with NaOt-Bu to give
the alcohol 146 derived from C* to C> migration of the TBS protecting group as an inseparable
mixture of regioisomers (TBS-migration/preservation = 9:1). Finally, the remaining free alcohol was
protected as its TBS ether and both the amine and primary alcohol were deprotected with CSA to
produce the B-amino alcohol 147 and at this stage the regioisomers were isolated as a single

compound, ready for coupling with an appropriate GABOB derivative.

MeO,C
o 1. BTCA, TfOH ot o 2X\po(0oEY),
)J\/\ cyclohexane, CH,Cl, JJ\/\ LDA
MeO : OH 2. DIBAL H : OBn THF
= CH,Cl, = —78 °C then —20 °C
(S)-Roche ester 99% 135 67% from (S)-Roche ester
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AD-mix-a OH 1. PhCH(OMe),, CSA 4.

MeOC AN MeSO,NH; CH.Clp, 0°C
= v MeO,C _
OBn 2 Vi g 0Bn

BUOH:H,O (1:1) 2. DIBAL

OH CH,Cly, —78 °C
136 75% 137 83%
E:Z=9:1,ee>99%

Ph
OH 1. TBSCI, imidazole
TiCl, EtsSiH DMF
_— >
OBn HO = Y OBn N
CH,Cl,, —78 °C H 2. CDlI, pyridine
OBn = 3. HONH,HCI
79%
138 139
o Mes (0]
MesCOCI \f 0
HO. J\ EtsN o J\ K,0sO,(OH
N (0] 3 ~ 20s0( )4 cat.
N - N7 o -
TBSO/\/\‘/'\:/\OBH CH,ClI, TBSO/\/\(‘\/\OBn t-BuOH:H,0:CH3CN
H 66% from 139 H 76%
OBn = OBn =
140 141
1. TBSOTf o 1.1, PPhy
2,6-lutidine imidazole
CH,Cl, J\ CH,Cl,
OBn 2. H,, Pd/IC 2. TBSOTf.
EtOAc 2,6-lutidine
CH,Cl,
90% 143 76%
(0] |\/\/\ (0]
HN o) t-Buli, Etzo - HN o)
8507 N 2. CuCN, Licl 8507 -
: : THF H :
OTBS OTBS = —78 °C to —40 °C OTBS OTBS =
144 97% 145
1. Boc,O, DMAP, Et3N Boc 1. TBSOTf, 2,6-lutidine
CH,Cl, NH  OTBS CH,Cl,
2. NaOt-Bu TBSO™ ¥ 2.CSA
THF/t-BuOH OTBSOH = MeOH/CH,Cl,
83% 146 84%
TBS-migration/preservation regioisomers 9:1

NH, OTBS

HO

OTBS OTBS

147

Scheme 22: Preparation of a protected derivative of AMMTD"

In summary, Donohoe et al. achieved a synthesis of a protected AMMTD” derivative starting

from (S)-Roche ester in 7.6% yield over 18 linear steps. The synthetic strategies featured a regio-and
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stereoselective tethered aminohydroxylation of a complex homoallylic alcohol, Sharpless
dihydroxylation, introduction of side chain by Sy2 displacement and (E)-selective Horner—
Wadsworth—Emmons reaction as key steps. Moreover, the intended late-stage introduction of the
stryl tail of AMMTD should also be applicable for other polyhydroxy p-amino acids present in the

microsclerodermin family.

4.3.2.2. Preparation of the dipeptidle GABOB-AMMTD*
The GABOB derivative was synthetized from the azido derivative 116 by adaptation of the

route developed by Shioiri®**®

and Ma.*** Saponification of the methyl ester followed by
hydrogenolysis of the azide group and subsequent protection of the resulting free amine by a Fmoc
group gave the protected y-amino acid 148 which was then activated as the acyl fluoride 149 using
cyanuric fluoride (Scheme 23).*8449 Therefore, peptide coupling of this acyl fluoride with the
protected AMMTD derivative 147 gave the amide 150 efficiently. Finally oxidation of the primary
alcohol into an aldehyde with Dess-Martin reagent and further oxidation of this aldehyde with

NaClO; gave the dipeptide acid 151 which was ready for further peptide coupling.

1. LiOH, THF
MeOH, H,O
2. Hp Pd/C cyanuric fluoride
oTBS EtOAc oTBS pyridine oTBS
N3 _~_COzMe 3. FmocOSu FmocNH A _COzH CH,Cl, FmocNH A~ _CO2F
116 NaHCOjq, 148 149
CH3;CN
61% quant.
147 1. DMP
NMM, TMS,0 CH,Cl,
_— b
CH,Cl, 2. NaClO;, NaH,PO4
2-methylbut-2-ene
76% t-BuOH, H,O
88%
HO,C OTBS
OoTBS O OTBS
FmocNH -
N Y X
OTBS =

Scheme 23: Construction of the dipeptide Fmoc—GABOB-AMMTD*-OH
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4.3.2.3. Preparation of the pyrrolidinoacetic acid residue

Based on the fact that the hydroxypyrroldinoacetic acid residue is sensitive to dehydration,
Donohoe proposed an interesting strategy to construct the sensitive hydroxypyrrolidinoacetic acid
residue by electrophilic addition on the double bond of APyrAA at a late-stage in the total synthesis
(Scheme 24).%%°

O HN E*/ H,0 O HN

J\ § —

K i
HN;‘S{ HN;;‘{

Scheme 24: Late-stage hydration strategy for the preparation of PyrAA residue

The dipeptide APyrAA-Sar was chosen as a model to study this strategy. Thus, the
dehydropyrrolidinoacetic acid residue (+)-152 was prepared in its racemic form by modification of
the chemistry reported by Shioiri®***®® and Ma.*** Coupling with sarcosine trimethylsilylethyl ester,
treatment with TFA to remove the Boc group and acylation with acetic anhydride provided the
racemic model dipeptide (£)-153. Additionally, the enantiopure material was obtained in 8 steps
from L-aspartic acid derivative (S)-28 (Scheme 25). Activation of the acid with ethylchloroformate
followed by treatment with ammonia produced an amide which was dehydrated into the nitrile 154.

Then, Blaise reaction*®

of a t-butyl bromoacetate derived zinc enolate reagent onto this nitrile and
subsequent lactamization gave the dehydropyrrolidinoacetate (S)-155 with excellent
stereoselectivity (ee 95%). Deprotection of both the t-buyl ester and the Boc group followed by
reprotection of the free amine with Boc,O gave the protected derivative (S)-152 which was then
coupled with sarcosine trimethylsilylethyl ester, treated with TFA to remove the Boc group and
finally acylated with acetic anhydride provided the model dipeptide (S)-155 in 54% overall yield for

8 steps.

While direct hydration of the model dipeptide (x)-153 with either Brensted or Lewis acids
were not effective, the hydroxy group was easily introduced by hydroxybromination using various
reagent (NBS, TBCD,**** Br,) (Table 2). Thus, the bromohydrin (+)-156 was obtained in good
yield as a single diastereoisomer presenting the appropriate 4,5-cis configuration of the substituents

on the pyrrolidinone ring. The observed selectivity could be the result of the attack of the N-acetyl
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group on the N-acyliminium intermediate | to produce a dihydrooxazolium ion Il which was

subsequently hydrolysed*® by attack at the acyl carbonyl to yield the 4,5-cis-pyrrolidinone (Scheme

26).
1. H-Sar—-OTMSE o
0
co8n HBTU, EN
HO,C - HN _ O HN
> B =
8 steps HO,C A 2. TFA, CH,Cl, TMSEOZC/\ N
NHBoc 3. Ac,O |
54% NHBoc A2 HN—Ac
DMAP, Et;N
(+)-28 (£)-152 99% (+)-153
1. EtOCOCI ~
. 0
O8N EtsN, THF CO,Bn 1. Br CO,t-Bu
2. NHgaq, Zn, THF HN
HO,C - NC\) -~
B 3. TFAA, pyridine Z 2. K5COsaq, t-BuO,C. A
NHBoc THE NHBoc z
NHBoc
(S)-28 87% 154 68% (S)-155
1. H-Sar—-OTMSE
o) O
1. TFA HBTU, Et;N
2. Boc,0, NaHCO5 HO,C '~ 2. TFA, CH,Cl, TMSEO,c” N7 NF
THF, Hgo T\IHBOC 3. ACZO HN ~Ac
DMAP, Et;N
85% (5)-152 93% (S)-153
Scheme 25: Synthesis of the model dipeptide Ac—APyrAA—Sar—OTMSE
0 0
O HN Bromine source O HN
TMSEO,C”™ N Z TMSEO,C”~ N o
| HN ~Ac | Br HN ~Ac
(£)-153 (+)-156
Entry Bromine source® Solvent Yield (%)°
1 NBS THF/H,0 75
2 TBCD THF/H,0 81
3 Br, CHzcllezo 76

Notes: # 2.5 equivalent used; ° Isolated yields

Table 2: Hydroxybromination of the model dipeptide
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O HN Bromine source
TMSEOQC/\ TMSEO,C” N
HN <
(+)-153
4—
TMSEO,C” N @ TMSEO,C” N M\Jé
HN <5 \
(+)-156 (@)1 H2O

Scheme 26: Proposed mechanism for the 4,5-cis-diastereoselectivity of hydroxybromination

Reductive debromination of the bromohydrin derivative was performed under radical
conditions using tributyltin hydride and a catalytic amount of triethylborane as an initiator at low
temperature.”’ In this way, hydroxypyrrolidone derivative (+)-157 was obtained in excellent yield
(Equation 1). During this study, Donohoe noted that the use of AIBN as an initiator required a
higher temperature and resulted in dehydration, and hydrogenolysis using Pd/C also led to

dehydration.

o BusSnH
O HN Et3B, air
TMSEOZC/\T toluene TMSEOZC/\

OH o
Br HN-=ac 0°C. 1h
90%

(£)-156 (£)-157

HN\AC

Equation 1: Radical-mediated debromination of bromohydrin (£)-156

Before commencing the total synthesis of microsclerodermin, the compatibility of this
strategy with the AMMTD residue, which possesses an electron rich p-methoxystyrene moiety
susceptible to react with the bromine source, was evaluated.*’ Thus a series of long-chain
dipeptides (similar to the AMMTD fragment) and bearing the styrene moiety, an alkene or an
alkyne which could be used as precursors of the styrene moiety, or an alkane (for comparison

purpose) were prepared and submitted to the hydroxybromination-debromination sequence (Table
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3). Upon treatment with NBS (or TBCD) (entry 1), the undesired bromination of the aromatic ring
was observed which therefore excluded to perform in this reaction in the presence of the styryl
moiety. Both terminal alkene (entry 2) and terminal olefin (entry 3) led to a regioselective
hydroxybromination in good vyields (73% and 65% respectively) comparable to the 61% yield
obtained on the saturated substrat (entry 4). Radical-mediated debromination gave the
corresponding hydroxypyrrolidones efficiently, although reaction on the olefin (entry 2) required

the careful control of the amount of BusSnH employed (< 1.1 equivalent).

(0] 1. NBS O
THF, H,0
o HN rt., 1-10 h j\ HIN
N = > N 5
TMSEO,C T o) 2. BusSnH, Et;B, air TMSEO,C T " O o)
HN toluene HN \(
R 0°C,1.5-3h R
(£)-153* (£)-157*
Entry R Hydroxybromination Yield (%)* Debromination Yield (%)*
OMe
b Vg - -
r’sg 8
2 LTS 73 90
7z
N 7
3 97 65 90
4 T 61 91

Notes: 2 Isolated yields; ® Undesired bromination on the aromatic ring was observed

Table 3: Hydroxybromination and debromination of microsclerodermin dipeptide mimics

To explore this strategy further, the olefin substrate was submitted to cross

metathesis*>" 458459

with an excess of p-methoxystyrene using Grubbs | catalyst. The expected
styrene derivative was obtained efficiently as a single diastereoisomer with the appropriate

geometry and with no signs of dehydration of the hydroxypyrrolidone moiety.

In summary, thanks to these model studies, Donohoe provided support for his interesting
strategy to create the hydroxypyrrolidinoacetic acid residue directly on the macrocyclic peptide in

one of the very last steps of the synthesis of microsclerodermin B.
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4.3.2.4. Synthesis of a protected derivative of the dipeptide Sar—Trp(2-CO,H)

Donohoe developed a new synthetic approach to prepare 2-carboxytryptophan derivative
from indole-2-carboxylic acid. Protection of the carboxylic acid as a trimethylsilylethyl ester
followed by bromination at C* position and protection of the indole nitrogen by a Boc group
generated the protected 3-bromoindole derivative 158 (Scheme 27). Subsequent Negishi coupling*®
with an organozinc reagent derived from 3-iodo-D-alanine provided the protected
2-carboxytryptophan derivative 159 in good yield and excellent enantiomeric excess. After removal

of the Boc group, coupling with sarcosine produced the dipeptide 160 in 27% yield over 6 steps.

NHBoc
1. TMSEOH, DIC, DMAP 1Zn
THF CO,Me
> Br > NHBoc

HN —/ 2.NBS, THF BocN // Pdadbag cat, HN 7/

3. Boc,0, DIEA, DMAP QPHOS 4, CO,Me

CO,H THE CO,TMSE DME TMSEO,C
64% 158 69% 159

1. HCI 4M dioxane

o
CH4CN Y\TH

/ NH
2. Boc—Sar—-OH HN
HATU, DIEA CO-Me
2
DMF TMSEO,C
60% 160

Scheme 27: Construction of the protected derivative of the dipeptide Sar—Trp(2-CO,H)

4.3.2.5. Construction of a protected tetrapeptide derivative APyrAA—Sar—Trp(2-CO,H)-Gly

Selective deprotection of the methyl ester of 160 using Me3;SnOH and coupling with glycine
fluorenylmethyl ester produced the tripeptide 161 (Scheme 28). Boc-deprotection of the sarcosine
residue by treatment with a HCI solution in dioxane, gave an ammonium salt which was directly
coupled with the APyrAA derivative 152 using by PyAOP and 2,6-lutidine to furnish the
tetrapeptide Boc—APyrAA—Sar—Trp(2-CO,TMSE)—Gly—OFm 162.

4.3.2.6. Construction of the hexapeptide, macrocyclization and late-stage difficultes

The tetrapeptide 162 was treated with TFA in the presence of triethylsilane before coupling
with the dipeptide 151 using HATU and 2,6-lutidine to provide a mixture of the linear hexapeptides
163-1 and 163-2 (1:1) resulting from a partial deprotection of a TBS (Scheme 29). After separation,

treatment of each hexapeptide with piperidine to deprotect both Fmoc and Fm protecting groups in a
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single operation followed by macrolactamization using PyAOP and HOAt produce the two cyclic
hexapeptides 164-1 and 164-2 in reasonable yields. Unfortunately, hydroxybromination of the fully

protected derivative 164-2 using TBCD failed and only some undefined products were obtained.

o)

o 1. Me3SnOH YNBOC
Y\ NBoc DCE / NH |

| HN

hy

HN NH
2. TFA-H-Gly-OFm MSEOS P
TMSEO,C CO,Me HATU, 2,6-lutidine
? DMF
79% COZFm
160 161
O
(0] HN

1. HCI 4M dioxane o P

CH2C|2 Y\N :;

> NH NHBoc

2.152 HN —/

PyAOP, 2,6-lutidine TMSEO,C o -

CH,Cl,

71% COFm

162

Scheme 28: Preparation of the protected derivative tetrapeptide APyrAA—Sar—Trp—Gly

4.3.2.7. Synthesis and structural reassignment of dehydromicrosclerodermin B

Although installation of the hydroxypyrrolidinoacetic acid residue failed, Donohoe completed
the synthesis of dehydromicrosclerodermin B. Cross-metathesis of cyclic hexapeptides 164-1 and
164-2 with p-methoxystyrene required in the presence of a stoichiometric amount of the Grubbs’ I
catalyst due to the coordination of amide group to the ruthenium catalyst gave the macrocyles 165-1
and 165-2 (Scheme 30). Finally deprotection of TMSE and TBS groups was performed with

tris(dimethylamino)sulfonium difluorotrimethylsilicate (TASF)*®*463

to give the unprotected
macrocycle 166. Analytical data were compared with that of a sample of dehydromicrosclerodermin
B obtained by Li from natural microsclerodermin B.3***" Analysis of '"H NMR data showed the
presence of two rotamers in a ratio of approximately 3:1 for 166, whereas no rotamer was observed
for the naturally derived dehydromicrosclerodermin B. Additionally, examination of the *C NMR
data revealed a large difference for two regions of the molecule: the pyrrolidinone core and the

GABOB unit (Ao up to 2.3 ppm). Furthermore, HPLC studies on a 1:1 mixture of the synthetic
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product 166 and naturally derived dehydromicrosclerodermin B** clearly showed that 166 was not

dehydromicrosclerodermin B.

o)
O HN
o =
1. TFA, Et;SiH Y N {
CHCl, N HN
162 > HN /
2.151
HATU, 2,6-lutidine TMSEOC - 07" > NH OTBS
DMF ) =
63% (combined yield) FmO,C o OR?
NH S
Fmoc”
1631 R'=TBS,RZ=HorR'=H,6 R2=TBS
1632 R'=TBS,R?>=TBS
0
O HN
1. piperidine OYN Z~
CH,CI N TBCD
22 . p N HN
HN
2. PyAOP, HOAt HF, H,
DIEA, DMF TMSEO,C %P nH oTBS 1\
64% for 164-1 8 M
56% for 164-2

164-1 R'=TBS,R?=HorR'=H,R?=TBS
164-2 R'=TBS,R?=TBS

Scheme 29: Construction of the hexapeptide, macrocyclization and attempted hydroxybromination

Given the lack of clarity regarding the configuration at C* and C* in the microsclerodermin
family, Donohoe proposed that the C** stereogenic center might have been assigned incorrectly. In
order to validate this hypothesis, he synthesized the C* R epimer, C* epi-166. Thus, the
tetrapeptide C*° epi-162 was prepared from D-aspartic acid derivative (R)-28 following the same
procedures described (See § 4.3.2.3, 8 4.3.2.4 and § 4.3.2.5) for the synthesis of tetrapeptide 162
(Scheme 31). Since the hydroxybromination of APyrAA is not required for the synthesis of
dehydromiscrosclerodermin B, installation of the styryl moiety of AMMTD was performed earlier
to avoid the problem of late-stage cross-metathesis. Thus, the protected derivative 145 was engaged
in the cross-metathesis with p-methoxystyrene to give the disubstituted alkene 167 efficiently. The
cyclic carbamate moiety was cleaved in the same conditions as described for the terminal alkene
derivative 145 (See § 4.3.2.1) to produce the alcohol 168 derived from C* to C° migration of the

TBS protecting group. Protecting groups manipulation followed by coupling with the protected

67



Chapter 1

GABOB derivative 149 and oxidation of the primary alcohol group in the same conditions as
described for the protected derivative 146 (See § 4.3.2.1) provided the dipeptide 169 in good yield
over 5 steps. Finally, peptide coupling followed by Fm and Fmoc group deprotection and

subsequent macrolactamization and deprotection of the side chaines gave the C*° epi-166.

0
OMe O HN
\/©/ OYN = 3
164-1 Grubbs' | NH HN
or > HN /
164-2 CHCl,
TMSEO,C
60% for 165-1 Z¥ 07 'NH OTBS 1\
58% for 165-2 : OMe
o]
1651 R'=TBS,R?=HorR'=H,R?=TBS
165-2 R'=TBS, R?=TBS
0
O HN
1. TASF
H,0, DMF OY
0°C
NH
> HN_/
2. Semipreparative
HPLC separation HO.C NH
29% from 165-2 Km OMe
0

166

Scheme 30: Synthesis of (45S)-dehydromicrosclerodermin B

The NMR data for synthetic C* epi-166 showed no rotamers as in the naturally derived
dehydromicrosclerodermin B and further evidence that C* epi-166 was actually
dehydromicrosclerodermin B was confirmed by *H NMR and HPLC analysis with a 1:1 mixture of
these two samples in which all the peaks were completely overlapped. Thus, Donohoe concluded
that the stereochemistry of microsclerodermin B proposed by Faulkner®*® was incorrect, and that the
absolute configuration of the pyrrolidinoacetic acid residue should be reassigned as (44R,45R)

instead of (44S,45S) (Figure 30).
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0
O HN
o}
CO,Bn OY\ N =
HN
HO,C — P — > ) AT NHBoc
HO,C
NHBoc 5 steps 2 steps
56% NHBoc 72% TMSEOzC 0) NH
(R)-28 (R)-152
COsz
C* epi-162
OMe
\/©/
Grubbs' |
145 >
CH,Cl,

84%

OMe 1. Boc,O, DMAP, Et3N
2. NaOt-Bu
THF/t-BuOH
167 85%
OMe
R
—
5 steps

o)
O HN
o
NH
HN —/
HOC 57 >NH OH
H =
N
o

C* epi-166

OMe

Scheme 31: Synthesis of (45R)-dehydromicrosclerodermin B

4.3.2.8. Synthesis and structural reassignment of microsclerodermin J

case of microsclerodermin

31).

This structural reassignment of micosclerodermin B prompted Donohoe to investigate the
J346'347

which is structurally closely related to microsclerodermin B, and
thus suspected that the dehydropyrrolidinoacetic acid residue was (45S) instead of (45R) (Figure
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OMe

OMe

Reassigned structure of microsclerodermin B proposed by Donohoe

Figure 30: Structural reassignment of microsclerodermin B

HN/

OMe

Original structure of microsclerodermin J proposed by Li

O

HN/

OMe

Reassigned structure of microsclerodermin J proposed by Donohoe

Figure 31: Structural reassignment of microsclerodermin J

The only difference between dehydomicrosclerodermin B and microsclerodermin J is that

the 2-carboxy-D-tryptophan residue is replaced by D-tryptophan. Thus, the synthesis was adapted to
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the D-tryptophan derivative 170, and the tetrapeptide 171 was obtained in 6 steps following the
same procedure (See § 4.3.2.4 and 8 4.3.2.5) used to prepare the tetrapetide 162 (Scheme 32).
Finally, peptide coupling followed by Fm and Fmoc group deprotection and subsequent
macrolactamization and deprotection of the side chained as described above (See § 4.3.2.7) gave the

macrocycle 172.

O
O HN
(0]
Y\N Z 169
Y, NHBoc — y NH | NHBoc ——>_
HN 5 steps HN 5 steps
(0] OH (0] I\E
COgFm
(R)-170 171

O

0 HN
OY\N = 45
iy NH HN_ O

O NH ’ QH HN
H(N\/\/&
OO
(0]

172

OMe

Scheme 32: Synthesis of (45R)-microsclerodermin J 172

No rotamers were observed in the *H NMR spectra of (45R)-microsclerodermin J 172.
Comparison of the *C NMR spectra with that obtained by Li**®**’ for the natural
microsclerodermin J revealed a complete superimposition of the two spectra match (Ad less than
0.1 ppm). Donohoe concluded that the configuration of the dehydropyrrolidinoacetic acid residue

had been mis-assigned, as had been the case microsclerodermin B.

In conclusion, Donohoe prepared dehydromicrosclerodermin B and microsclerodermin J and
reassigned the configuration of the APyrAA residue in both cases. He developed highly efficient
approaches to the unusual amino acids such as the modified tryptophan fragment via Negishi

coupling and the pyrrolidinone unit through a Blaise reaction. Although he proposed an interesting
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strategy for the late stage introduction of the sensitive hydroxyl group of the pyrrolidinoacetic acid
residue, which was validated using model substrates, the approach failed when applied to the
hexapeptide macrocycle. Thus, to date, none of the microsclerodermins with the sensitive

hydroxypyrrolidinoacetic acid residue have been synthetized.

4.4. Synthetic work: conclusion

Over the decades, many groups worked on the total synthesis of microsclerodermins or of
fragments thereof, such as Shioiri, Ma, Donohoe, Aitken, Chandrasekhar, Williams, McLeod,
Dauban and Dodd, Davies. As described above, much of the work has focused on the preparation of
the unusual amino acids present in microsclerodermins. To date, only two total synthesis have been
reported: first Ma described the preparation of microsclerodermin E in 2003,*** and recently
Donohoe reported the synthesis of microsclerodermin J in 2016.*° The work of Shioiri****® and
later Donohoe**° underline that microsclerodermins are extremely sensitive to dehydration of the
hydroxypyrrolidinoacetic acid residue. This raises the question if microsclerodermins E, J and K are
true natural products or perhaps the results of dehydration during the extraction process. This
proposal viewpoint could be evidenced by 3 reasons below:

- only 3 members (microsclerodermins E, J and K) of the microsclerodermin family are
reported to have the dehydrated pyrrolidinoacetic acid unit

- as described by Donohoe in the 2016,**° Li provide a sample of dehydromicrosclerodermin
B which was obtained by dehydration of microsclerodermin B in the HPLC purification

process

359,360 Ma424 440

- combining all results previously reported from Shioiri, and Donohoe,™ it is

clear that the hydroxypyrrolidinoacetic acid unit is extremely sensitive to dehydration and

therefor can’t be maintained during the synthesis

5. Objectives

The host research group is interested in various cyclopeptide natural products

464-4 467
C6 66 6

(cyclotheonamide ), and derivatives (rhodopeptin™’) and has already developed various

synthetic methodologies for the preparation of B- and y-amino acids and notably of some
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polyhydroxy-B-amino acids present in microsclerodermins (APTO, AETD).**" The total synthesis of

microsclerodermins thereof appeared to us to be a stimulating challenge.

The objective of the research described in this thesis is the total synthesis of

microsclerodermin D (Figure 32),**

which features the familiar 23-membered ring macrocyclic
peptide of the microscelrodermin family, and contains six amino acids of which three are common:
glycine (Gly), sarcosine (Sar) and (R)-y-amino-B-hydroxybutyric acid (GABOB). The other three
amino acids possess some structural particularities, but they can be classified as a chlorinated
tryptophan (6-Cl-Trp), a polyhydroxylated B-amino acid (APTO) containing four contiguous
stereogenic centers and the sensitive 3-amino-4-hydroxypyrrolidone-4-acetic acid (PyrAA). We
planned to develop a modular synthetic route to microsclerodermin D which implicated a

non-dehydrated pyrrolidinoacetic acid residue that could be applicable for the preparation of other

microsclerodermin family members and analogues thereof.

Cl

|
o 0

(R)-6-CI-Trp

Figure 32: Microsclerodermin D, the target of the total synthesis in this thesis

The choice of microsclerodermin D as a target was based not only on the presence of the
intact PyrAA residue, but on the fact that an efficient synthesis of a protected derivative of APTO is
already available, thanks to an in-house methodology (See § 4.2.3.).*¥" The APTO fragment also

exists in microsclerodermin C3*

which present an additional aminocarbonyl group on the indole
nitrogen of the tryptophan residue and in microscleordermin L?* which possess an additional
substituent on the pyrrolidinoacetic acid residue. Thus, it appeared to us that a synthetic route to

microsclerodermin D should also provide a basis for a synthesis of microsclerodermins C and L.
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We herein propose a convergent synthetic approach to microsclerodermin D in which the
peptide backbone will be constructed from three dipeptide subunits instead of a stepwise manner,
and macrolactamization will be performed between the glycine and GABOB residues, where there
is little steric hindrance and since glycine can be activated without epimerization (non-chiral center).
The major difficulty to be faced is that the hydroxypyrrolidinoacetic acid unit is highly sensitive
and dehydrates easily in acidic or basic media. Our proposal is therefore to maintain this residue in
a masked form all along the synthetic process and to liberate it in the very last step of synthesis,

after formation of the macrocycle and deprotection of the different hydroxyl groups.

Thus, microsclerodermin D would be obtained by final-step deprotection of the masked
pyrrolidinoacetic acid residue (mPyrAA) which is expected to undergo spontaneous cyclization
(Scheme 33). The protected macrocyclic peptide would be prepared by peptide coupling between
three appropriately protected dipeptides: mPyrAA—Sar, Trp(6-C1)-Gly and GABOB-APTO.
Glycine and GABOB residues would be advantageously protected by non-orthogonal groups in
order to perform a single step deprotection before macrolactamization with a t-butyl ester and a
t-butyl carbamate being the groups of choice. (R)-6-Chlorotryptophan would be prepared by
adaptation of literature chemistry and few modifications of Shioiri’s procedures for preparation of

2-CaI’bOthrypt0phan’359,360

and a simple peptide coupling with glycine would produce the dipeptide
Trp(6-CI)—Gly. The synthesis of protected APTO residue has been successfully reported by the host
group,®®” and the synthesis of GABOB s already known in the literature and may requires some
adaptation of the protecting groups.*®®*® The most challenging task would appear to be the
construction of the dipeptide mPyrAA—Sar containing a masked equivalent of the pyrrolidinoacetic

acid residue that can be carried all through the synthesis and then generate the pyrrolidinoacetic

acid unit in the final-step of the synthesis without dehydration.
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Scheme 33: Retrosynthetic approach to microsclerodermin D
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Dipeptide masked PyrAA—Sarcosine: Synthesis and evaluation of the unmasking strategy

1. Introduction

The success of our proposed total synthesis of microsclerodermin D depends on the ability
to introduce the 3-amino-4-hydroxypyrrolidinoacetic acid residue (PyrAA) which is highly sensitive
and dehydrates easily in acidic or basic media. To date, efforts toward the synthesis of any
microsclerodermin presenting this residue have failed®®**®° and even if Donohoe was able to
establish a masking/unmasking strategy that proved to be valid on a tripeptide model, he was not
able to reproduce this transformation on the macrocyclic peptide.*****° Thus, only
microsclerodermins E and J presenting a dehydrated PyrAA residue have been prepared.*****° Thus,
at the outset of this thesis, establishment of a synthetic access to this unit amenable on the
macrocyclic peptide remains an unsolved challenge.

+359,360

Considering the pioneering work of Shioiri 439,440

and of Donohoe, we propose to
maintain the PyrAA unit in a masked form all along the synthesis process and to liberate it in the
very last step after formation of macrocyclic peptide (See Chapter 1, § 5, Scheme 33). This strategy
requires the use of a linear precursor of the pyrrolidinoacetic acid residue presenting a primary
amide function and a masked keto group (Scheme 34). It was expected that following unmasking of
this latter group, spontaneous cyclization of the y-ketoamide would occur (See Chapter 1, § 4.1.4,
Scheme 5) and will be then exploited to install the pyrrolidinone ring by simple deprotection of the
keto group. The macrocyclic precursor of microsclerodermin D bearing the masked
pyrrolidinoacetic acid residue (mPyrAA) will be obtained by coupling of three dipeptides. Among
them, the dipeptide mPyrAA-Sar will be prepared by coupling between appropriately protected

mPyrAA and commercially available sarcosine. The mPyrAA residue will be derived from a

(0]
O (0) CONH, (0] (O) CONH,
O HN Deprotection Peptide coupling

EJJ\ 8 y I’Lﬁ > PO
h N . .

HO SponFan?ous HN 35; Macrocyclization HN _

HN \‘S{ cyclization P
Keto protection 0 9 CO-P Protection Q GOH
> PO ’ HO
Amide formation Two-carbon
NHP NH

homologation
D-aspartic acid

Scheme 34: Synthetic strategy to the pyrrolidinoacetic acid residue
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y-amino-B-ketoester which will be obtained from D-aspartic acid through two-carbon homologation
of the carboxylic acid function. Although the use of D-asparagin is appealing, it was exclude as
starting material since both the keto group and the amide function can’t be present at the same time

to avoid an unwanted spontaneous cyclization.

The choice of the keto protecting group is crucial to the success of our strategy.
Transformations of ketones into ketals and dithioketals are among the most common methods to
protect them. Since the keto group must be kept in a masked form all along the synthesis process
and liberated in the very last step without the use of Brgnsted base or acid (to avoid dehydration of
the PrAA residue), dithioketals appeared as a good choice since they are stable in the presence of
Brgnsted base or acid (and therefore orthogonal to many protecting groups), and are usually

deprotected by Lewis acids (such as HgCIl,/HgO), NBS or PIFA (Figure 33).
o} S/_\S CONH,

Spontaneous O o} CONH; Dithioketal deprotection

O HN cyclization ’15
?HJJ\\‘\\‘ > ??YW >
HO HN \‘;_ HN'}SS

Figure 33: Choice of the keto protecting group

HNBSf

Dithioketal

2. Synthetic strategy

Inspired by Shioiri’s work,***%®

we set out to prepare a suitably founctionalized derivative
of mPyrAA from D-aspartic acid (Scheme 35). Thus, the dipeptide mPyrA A—Sar should be obtained
by peptide coupling of a N-terminal protected mPyrAA derivative with sarcosine. This mPyrAA
derivative should be obtained by transformation of the ester side chain into a primary amide and
deprotection of the C-terminal ester group of an aminodiester derivative obtained by protection of
the keto group as a dithioketal. The parent y-amino-B-ketoadipate should be obtained via a
two-carbon homologation of an appropriately protected D-aspartic acid derivative following

366
Masamune’s procedure.
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o [/ '\ CONH, i . [}, CONH, . )
S S Peptide coupling S S Amide formation
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HN Deprotection HN . Keto protection
P P
" Two-carbon "
(0] COQP COZP COzH
, homologation Protection
P'O,C S HO,C S HO,C
HN HN
P P NH;

D-aspartic acid

Scheme 35: Retrosynthetic analysis of the dipeptide mPyrAA—Sar

The proposed synthetic strategy excludes the use of certain protecting groups. Since
formation of the dithioketal requires the use of Lewis acid, Boc and t-butyl ester which are removed
in acidic medium can’t be used. Moreover, since amide formation will be performed using ammonia,
the Fmoc group is also excluded. Furthermore, orthogonal protecting groups for the two carboxylic
acid functions are required. Taking into accounts all these parameters, our initial plan was to use a
Cbz group to protect the amine function, a methyl ester for the aspartic acid side chain and a benzyl

ester for second carboxylic acid function.

3. Synthesis of the N-Cbz protected pyrrolidinoacetic acid

derivative

It was decided that the development of our synthetic strategy would be done using L-aspartic
acid and once the synthesis had been optimized, the required pyrrolidinoacetic acid residue would
be prepared from D-aspartic acid. As outlined above, the B-ketoester would be obtained via
two-carbon homologation of an aspartic acid derivative under Masamune’s conditions.*® This
reaction employs the magnesium salt of a hemimalonate. Thus, monobenzylmalonate 173 was
obtained quantitatively by treatment of Meldrum’s acid with benzyl alcohol at 120 °C (Scheme
36).*! The hemimalonate was then treated with 2 equivalents of isopropylmagnesium chloride to
produce the corresponding magnesium enolate salt 174 which was used directly in the coupling

reaction.*”
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iPrMgCl (2 eq.)

>< 120 °C O OH THF .Mg_
o o . ©/\OH . (0] (0]
flux, 3 h °C, i M
OMO reflux BnO (6] 0°C 030 min . BnO o
then 50 °C, 30 min
173 174

quant.

Scheme 36: Preparation of the monobenzylmalonate magnesium salt

Regioselective esterification of the side chain of L-aspartic acid was performed by treatment
of a suspension of this amino acid in methanol to give the methyl ester as the ammonium salt 175 in
good yield (Scheme 37). Then the amino group was protected by treatment with benzyl
chloroformate in the presence of a base to give the protected L-aspartic acid derivative 176 in
reasonable yield.*”® Activation of acid 176 using CDI followed by treatment with freshly prepared
magnesium enolate 174 produced the y-amino PB-keto benzyl ester 177 in 82% vyield (ee value
undetermined). The next step consisted of the protection of the keto group as a dithioketal. We
initially used classical conditions, using a slight excess of 1,2-ethanedithiol (1.5 eq.) and a catalytic
amount of BF3-Et;0 (0.4 eq.) in dichloromethane.*”* After some adaptions inspired by Fieser’s

475476 \ve found that the reaction worked better in acetic acid as solvent, and the use of

conditions,
larger amounts of 1,2-ethanedithiol (3 eq.) and of BF;-Et,O (5 eq.) added in 5 portions (every 2
days). Nevertheless, the reaction was sluggish and after one week at room temperature, the desired
dithioketal derivative 178 was obtained in a poor 34% yield. All the starting material was consumed
and we were able to detect about 40% yield of benzyl alcohol which clearly showed that extensive
degradation occurred during the process. Heating the reaction mixture increased the degradation
even over shorter reaction times. It appears that the Cbz group can also be deprotected under these
conditions, in a similar way to the results of Thurston*’" who reported the Cbz deprotection with
ethanethiol/BF3-Et,O and Sanchez*”® who observed the deprotection with Me,S/BF3-Et,0 or
1,3-propanedithiol/BF3;-Et,O. Additionally, the keto group of the protected pB-keto benzyl ester 177

is quite sterically hindered making its protection somewhat challenging.

In summary, the use of the Cbz group to protect the amine function of aspartic acid was
compromised due to its sensitivity to 1,2-ethanedithiol/BF3-Et,O. Substrate 177 underwent
extensive degradation and the desired dithioketal product was obtained only in low yield. It was

decided to use a different protecting group.
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CO,H SOCl, CO,Me CbzCl CO,Me
MeOH N82003
HO,C 5 HOoC - HO,C
B 0°C~rt. H H,O/dioxane (1:1) E
NH 30 min NH,-HCI rt., 16 h NHCbz
L-aspartic acid 78% 175 68% 176
SH
1. CDI, THF O  CO,Me Hs™ [\ come
rt,2h BF3-Et,0 2
> BnOZC > BnOZC
2.174 H AcOH H
0 °C, 30 min NHCbz rt, 7d. NHCbz
thenr.t., 18 h 177 178
82% ee undetermined 34% ee undetermined

Scheme 37: Preparation of N-Cbz protected dithioketal derivative

4. Synthesis of the N-Fmoc protected pyrrolidinoacetic acid

derivative

4.1. Synthesis of the N-Fmoc-y-amino-f-ketoester

Since the Fmoc group is stable in acidic media and usually deprotected by organic bases
(such as piperidine, pyridine, etc...), it should be stable under the dithioketal formation conditions
(1,2-ethanedithiol/BF3-Et,0). Thus, the L-aspartic acid derivative 175 was protected efficiently by a
Fmoc group using FmocCL.*”® The resulting protected amino acid 179**° was submitted to the
Masamune’s procedure to form the y-amino-p-ketoester 180 in 82% yield after optimization.
Unfortunately, evaluation of the enantiomeric excess of this y-amino-p-ketoester 180 by HPLC
revealed an extensive racemization of the chiral center (ee = 0-28%), and despite many attempts, we

were not able to suppress the racemization phenomenon.

CO,Me FmocCI CO,Me 1. CDI, THF o CO,Me
cho::, rt,2h
HO,C o HO.C >  BnO,C
E H,O/dioxane (1:1) H 2.174 z
NH,-HCI rt., 18 h NHFmoc 0°C, 30 min NHFmoc
175 179 thenr.t., 18 h 180
91% 82% ee 0-28 % (HPLC)

Scheme 38: Preparation of N-Fmoc y-amino-p-ketoester
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4.2. Origin of the racemization in the Masamune’s protocol

Initially, this racemization was quite surprising since the Masamune’s protocol has been the
most commonly employed method for the synthesis of B-ketoesters, and among the thousands of
papers and reports generated by many groups, no racemization was reported. In most cases, results
were evaluated on the basis of NMR data, and sometimes optical rotation was measured, but no
enantiomeric excess values were given. In the specific case of Shioiri’s work dealing with the
preparation of the pyrrolidinoacetic acid residue via Masamune’s protocol there is no evidence of
the obtention of optically pure benzyl B-ketoester.>****® Moreover, in his work on the total synthesis
of microsclerodermin E Ma mentioned that addition of an enolate to an aspartic acid derivative
activated by N,N’-carbonyldiimidazole (CDI), N-hydroxysuccinimide (NHS) or pentafluorophenol
(PFP) led to partial or full racemization.*** Thus, we came to the conclusion that the use of
Masamune’s protocol is not a reliable method for the preparation of optically pure [3-ketoesters.

In Ma’s published work,**

there are no details and no discussion on the reasons leading to
partial or full racemization. However, Zhu’s PhD rnanuscript481 (Ma’s PhD student working on the
total synthesis of microsclerodermin E) was quite informative and revealed that they initially
followed the work of Shioiri and thus used the Masamune’s procedure. The acid was firstly
activated by CDI, then treated with a magnesium hemimalonate or a lithium enolate reagent, and in
all cases partially or fully racemic y-amino-p-ketoester 29 was obtained after many tests (Equation

2).

CO,Bn 1. CDI, THF O O  CO.Bn
rt.,6h
HO,C .
EtO
NHBoc or LICH,CO,Et NHBoc
(R)-28 29

Extensive racemization

Equation 2: Ma’s preparation of y-amino-p-ketoester via Masamune’s protocol

In his thesis, Zhu proposed a mechanism to explain this racemization (Scheme 39). Initially,
activation of the N-Boc-D-aspartic acid derivative (R)-28 by CDI gave the active N-acyl-imidazole
intermediate 111. The lithium enolate (or the magnesium hemimalonate) which was added was as a

strong enough base to deprotonate the carbamate nitrogen to give the intermediate 1V. This
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deprotonation of the carbamate provokes the attack of the Boc group on the activated
N-acyl-imidazole moiety to give the oxazolone V. Then enolization of this oxazolone into the
oxazole VI occurred in the basic media and led to the loss of the stereogenic carbon. Finally, attack
of the lithium enolate (or the magnesium hemimalonate) gave partially or fully racemic

y-amino-B-ketoester.

(0] CO,Bn
2 cDI a NJ\H LICH,CO,Et " jJ\H
HO \9’ \9’

HN Ot-Bu IN__ _Ot-Bu
NHBoc \n/ k;ﬂ/
(0] (0]
(R)-28 n v
0 CO5Bn HO CO5Bn [o) CO,Bn

LICH,CO,Et
or (EtOZCCH2C02)2Mg

-

O COan
EtO,C

NHBoc
(£)-29

Scheme 39: Mechanism of the racemization during Masamune’s procedure

Racemization of activated a-amino acids is a well-known problem in peptide chemistry and
Goodman also proposed alternative pathways for the racemization N-Boc protected activated amino
acids (Scheme 40).## Thus he proposed that the activated amino acid will be deprotonated in the a
position by a base. Alternatively, an intramolecular reaction of the Boc group on the activated acid
will result in the formation of an oxazolone that can be deprotonated by a base in the a position. In

both cases reprotonation is not stereoselective and leads to racemization.
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Scheme 40: Mechanism of racemization of activated a-amino acid

4.3. Synthesis of the masked PyrAA—Sar dipeptide

Although we were not able to access an enantiopure -ketoester using Masamune’s protocol,
we decided to continue our development of this synthetic route to get the racemic dipeptide
mPyrAA—Sar using partially racemized (-ketoester 180. We reasoned that our strategy to install the
hydroxypyrrolidinoacetic acid residue should be validated first, and if indeed this was the case. Of
course, in the meantime we also set out to explore various possibilities to prepare the p-ketoester

180 in an enantioselective manner.

4.3.1. Dithioketal protection of the N-Fmoc protected benzyl p-ketoester

4.3.1.1. Dithioketal protection of ketones
The dithioketal is a common protecting group for ketones. Since the 1950s, dithioketal
protection of simple ketones was performed using 1,2-ethanedithiol/BF3-Et,O in acetic acid under

475,476

Fieser’s conditions, and it has been widely employed by many groups, such as Smith*®**®* and

488,489 and

Covey.*®>*¥ |t has also proved its efficiency for the protection of keto-peptides by Powers
Meldal.**® Dithioketal formation can be performed using various acid catalysts such as BFs-Et,0,
p-TsOH, SnCl,, TiCl,, Cu(OTf),, Sc(OTf); and others.

In one example, Powers 4

reported a highly efficient conversion of «o-ketoester
dipeptides into dithioketals in excellent yield using 1,2-ethanedithiol in the presence of BF3-Et,0 in
dichloromethane (Equation 3). These a-ketoesters dipeptides substrates appear to be really reactive,

making the reaction efficient.
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SH
o R O s 7" (1.1 eq) o R 0
BF3'Et20 (15 eq) 3
R®COHN QJ\ 5 R°COHN
Y N OR e N OR
52 H CH2C|2 ;2 H S S
R o r.t., overnight \_/

R = Me, Et, Bu, Bn
R'=Et, Bn

R2 = jBu

RS = Bn, Ph(CHy),, etc...

Equation 3: Powers’s dithioketal protection of a-ketoesters dipeptides

In another example, Meldal*®

reported a highly efficient conversion of a-ketoamide
dipeptides into the corresponding dithioketals in excellent yield using 1,2-ethanedithiol in the

presence of BF;-Et,0 in dichloromethane (Equation 4).

HS/\/SH (1.1eq.)

O / \
H BF,5-Et,0 (1.0 eq.) S. S H
FmocHN . N vcozf'BU »  FmocHN N__COxt-Bu
: £ CH,Cly H H
R" O R R' O R?

r.t.
R' = Me, iBu, Bn 96-99% 6 examples
R? = /Bu, Bn, Ph(CH,),

Equation 4: Meldal’s dithioketal protection of a-ketoamides dipeptides

4.3.1.2. Protection of N-Fmoc protected benzyl p-ketoester

We studied the protection of the racemic B-ketoester 180 using 1,2-ethanedithiol. An initial
experiment with a slight excess of 1,2-ethanedithiol (1.2 equivalent) and a catalytic amount of
BF5-Et,0 (0.5 eq.) in dichloromethane*™ showed that the reaction was sluggish as it had been the
case for the Cbz protected P-ketoester 177 and that although the desired product was observed,
some degradation occurred. We varied the amount of 1,2-ethanedithiol and BF3;-Et,O and the
reaction temperature, but we obtained similar results. When the solvent was changed to acetic acid,
we were able to obtain 50% vyield of the expected dithioketal product 181 while 25% yield of
starting material remained. In most cases, we often observed the formation of acetyl
1,2-ethanedithiol as a by-product. Further improvements were obtained by using a large amount of
BF3-Et,0 added in several portions, and finally we managed to get 75% yield of the product 181 by
the use of larger excesses of 1,2-ethanedithiol (3 eq.) and of BF3-Et,O (6 eq.) added in 3 portions
(every 2 days) (Equation 5). In this case almost all the starting material was consumed and less than

3% was detected by 'H NMR. However, the reaction seemed to be difficult to reproduce and in
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some cases the reaction just stopped, even when excess of BF3;-Et,O was added or after prolonged
reaction time. Reaching a full conversion was really important since separation of the dithioketal

181 from the ketone 180 by column chromatography was extremely difficult.

SH
3 eq.

O o come  HST N"n(ea) o I\ come

W BF3-Et;0 (6 eq.) s. s |72
BnO >

AcOH B”OW
NHFmoc rt., 7d. NHFmoc
180 75% 181

Equation 5: Dithioketal protection of the N-Fmoc benzyl -ketoester

4.3.2. Access to the dipeptide mPyrAA—Sar

With dithioketal protected compound 181 in hand, access to the target dipeptide required a
few more steps. First of all, the methyl ester should be transformed into a primary amide, the benzyl
ester should then be deprotected to allow the final coupling with a protected derivative of sarcosine.
Alternatively, the transformation of the methyl ester into the primary amide could be performed

after peptide coupling.

4.3.2.1. Hydrolysis of methyl ester

The success of the hydrolysis of the methyl ester depends on our ability to maintain the
Fmoc protecting group. In 1998, Pascal*®* reported that C-terminal methyl esters could be easily
removed without removing the Fmoc protecting group under alkaline conditions in the presence of
CaCl; in an isopropanol/water mixture. The use of CaC1, dramatically increased the lifetime of the
Fmoc protecting group and had little effect on the saponification processes with LiOH or NaOH.

This method was applied by Sinha*®?

in 2016 to N-Fmoc protected tripeptide esters which
were efficiently hydrolyzed with LiOH and concentrated CaCl, in an isopropanol/THF/water
mixture (Scheme 41). As a comparison, treatment of the N-Boc analog with LiIOH gave the acid in a

similar yield, demonstrating the efficiency of the method developed by Pascal.
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Cbz <
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LiOH (4.1 eq.) P \
CaCl, (16.4 eq.) i N
> >\\< NH
iPrOH/THF/H,0 FmocHN 5 o }——COZH
rt,1h i
n=1,72% Ph
n=270%
Cbz < N
iPr \
LiOH (2.0 eq.) ! N
- H NH
THF/H,0 = 2:1 BocHN 5 o }/COZH
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Scheme 41: Deprotection of methyl esters in the presence of a Fmoc group

In 2019, Taylor*®® reported the sequential transformation of a methyl ester into a primary

amide on a N-Fmoc protected substrate by saponification of the methyl ester with LiOH and

concentrated CaC1, in an isopropanol/THF/water mixture followed by activation of the resulting

acid using BOP/HOBt/DIEA, and treatment with NH4CI (Scheme 42). However, when the

a-hydroxy group was replaced by a methoxy group, saponification of the methyl ester was very

slow even at high CaCl, concentration, and did not work either with LiOH, trimethyltin hydroxide

or AICI;/DMA. Efficient deprotection was achieved in good yield by lithium iodide mediated

dealkylation via lithium ion coordination,*

* in degassed ethyl acetate at 80 °C.

PMBO LiOH (3.6 eq.) PMBO BOP, HOBt PMBO
CaCl, (16.4 eq.) DIEA, NH,CI
Fmoc CO,Me > Fmoc COpH —— > Fmoc_ CONH,
N % iPrOH/THF/H,0 N % DMF N Y
OH rt,1h OH rt,2h OH
62% over 2 steps
LiOH
or LiOH, CaCl,
PMBO or MegSH 0 \ PMBO
or AICI3/DMA
Fmoc _ CO,Me Fmoc CO,H
N Y N H
H 2 H £
OMe Lil (5 eq.) / OMe

degassed EtOAc
80°C, 18 h

7%

Scheme 42: Taylor’s hydrolysis of N-Fmoc protected methyl esters
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Based on Pascal’s conditions*®* and Sinha’s report,492

the Fmoc protected substrate 181 was
treated with LiOH in the presence of CaCl, but no saponification occurred. Most of the starting
material was recovered and it failed to give the acid 182 (Equation 6). Replacing LiOH by NaOH
gave the same results, and we observed complete degradation after prolonged reaction time. Even
the use of LiOH without CaCl,****% gave similar results. Seeking an alternative, we used a weak
base, potassium carbonate in a THF/water mixture, but once again most of the starting material was

recovered.

/—\ LiOH, CaCl, /—\
O s S COsMe or ch (0] 3 S CO5H
BnO or LiOH BnO
NHFmoc or K,CO3 NHFmoc
181 182

Equation 6: Methyl ester saponification attempts

The failure of the saponification reaction could be the result of a heterogeneous reaction
mixture that impedes the reaction. Our substrate 181 possesses a large organic moiety that could
considerably limit its solubility in an aqueous medium. Moreover, the methyl ester appears to be

quite sterically hindered.

4.3.2.2. Conversion of the methyl ester into a primary amide

Since the hydrolysis of methyl ester 181 was unsuccessful, we then studied the direct
conversion of the methyl ester into a primary amide. Direct ammonolysis of a methyl ester was
usually achieved by treatment with NH3;, NH4OH, or HCONHj,, but under these conditions the

Fmoc group will also be deprotected.

To examine this eventuality, the methyl ester 181 was treated with 28% NH,OH in THF or
in acetone, with a solution of NH3 in methanol or with gaseous ammonia (Equation 7). In all cases
the starting material was completely consumed and we observed the deprotection of the Fmoc group
(presence of DBF). However complex mixtures of products were obtained and we were not able to

detect or isolat the expected primary amide 183.
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[\ NH,OH, THF I\
O s s COzMe or NH,OH, acetone o s s CONH;
BnO or7 Mm3 in MeOH BnO
NHFmoc or NH3 gas, MeOH NH
181 183

Equation 7: Direct conversion of the methyl ester into a primary amide

Since these results were not encouraging, we decided to modify our strategy and to install
the primary amide at the dipeptide stage. This required the deprotection the benzyl ester before the

peptide coupling.

4.3.2.3. Deprotection of the benzyl ester

Since sulfur compounds often poison palladium catalysts, it was not reasonable to envisage
the hydrogenolysis of the benzyl ester of dithioketal compound 181. Thus, we examined the
hydrogenolysis of the benzyl p-ketoester 180 over Pd/C. Unfortunately, we obtained the methyl
ketone product 185 instead of the expected B-ketoacid 184 due to spontaneous decarboxylation

(Scheme 43).

(0] O CO,Me (0] (0] CO,Me 0] CO,Me
Hy,, Pd/C .
decarboxylation
_—
BnO HO —_—
EtOAc
NHFmoc rt. 3h NHFmoc NHFmoc
180 184 185

73%

Scheme 43: Hydrogenolysis of the benzyl p-ketoester 180

A literature search revealed that a benzyl ester can be deprotected using HBr in acetic
acid.”” In the event, treatment of the N-Fmoc benzyl p-ketoester 181 using a 33% HBr solution in
acetic acid produce 85% vyield of N-Fmoc B-ketoacid 186 (Equation 8). The reaction had to be
carefully controlled since both reaction time and subtrate concentration affected the chemical
selectivity between the benzyl ester and the methyl ester and traces of diacid by-product were often
observed. Moreover, it should be noted that traces of ketone 180 as impurity in sample of 181 also

gave some by-products that led to a difficult purification of 186.
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o) s/ \s CO,Me o) S/ \s CO,Me

33% HBr in AcOH

f

BnO rt.5h HO

NHFmoc 85% NHFmoc
181 186

Equation 8: Deprotection of the benzyl ester using HBr in acetic acid

4.3.2.4. One-pot dithioketal formation and deprotection of the benzyl ester
While 2 sequential steps, dithioketal formation and benzyl ester deprotection with HBr,
allowed the formation of the free acid 186 ready for coupling with sarcosine, the process presented
different drawbacks:
- the dithioketal formation generally requires 6 or 7 days to reach an acceptable conversion
- the dithioketal formation gave variable results and sometimes even the use of a larger excess
of BF3-Et,O or prolonged reaction time didn’t allow full conversion, and the reaction
stopped for no apparent reason.
- when the reaction was incomplete, the ketone 180 and the dithioketal 181 were very
difficult to separate.
- traces of ketone 180 as impurity in sample of 181 gave some by-products during the benzyl

deprotection

In order to address these problems, the dithioketal formation reaction was performed without
solvent (Scheme 44). The use of a larger excess of 1,2-ethanedithiol (10 eqg.) and BF3-Et,O (3 eq.)
allowed us to obtain 85% vyield of the N-Fmoc B-dithioketal acid 186 after only 3 days at room
temperature. The reaction was followed by TLC and after 24 h we observed the formation of the
intermediate dithioketal 181, keto group protection therefore occurred before cleavage of the benzyl

ester.

HS/\/SH (10 eq-)

(0] (6] COsMe
2 BF,-EL,O (3 6q.) o) S/ \S CO,Me o) s/ \s CO,Me
BnO >
rt,3d. BnO HO
NHFmoc 85% NHFmoc NHFmoc
180 181 186

observed by TLC

Scheme 44: One-pot dithioketal formation and benzyl deprotection
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With N-Fmoc B-dithioketal acid 186 in hand, we continued our investigations to obtain the
required mPyrAA—Sar dipeptide. The acid 186 can be engaged in the peptide coupling with
sarcosine followed by installation of the primary amide or alternatively, the methyl ester could be

converted into the primary amide before the coupling with sarcosine (Scheme 45).

H-Sar-Ot-Bu 1. NH4OH
---------------- A~
t+BuO,C N 2. FmocCl A
NHFmoc
o / \  CO,M 187 (@] CONH
s. s j2"¢ d % 2
HO £Bu0,C”~ N
NHFmoc NHFmoc
186 189
1. NH,OH Qs 5 GONH: H-Sar-OtBu
_______________________ > .------_--------------__'o’
2. FmocClI HO

NHFmoc
191

Scheme 45: Alternative routes for the preparation of the mPyrA A—Sar dipeptide 189

4.3.2.5. Peptide coupling and conversion of the methyl ester into a primary amide

Peptide coupling between acid 186 and H—Sar—Ot-Bu was examined using different
coupling reagent (Table 4). When the coupling was operated using EDCI in the presence of DMAP,
60% vyield of the expected dipeptide 187 was obtained (entry 1). However, when DIC was used
instead of EDCI, the coupling gave only 40% yield of 187 together with diisopropylurea as an
unseparable mixture (entry 2). Activation of the acid with HATU in the presence of DIEA gave 61%
yield of the peptide 187 (entry 3) whereas the use of PyBOP in the presence of DMAP produced 187
in 69% vyield (entry 4). Finally, the use of PyBroP in the presence of DIEA allowed the formation of
the dipeptide 187 in an excellent 95% yield (entry 5).
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o) s/ \s CO,Me o) s/ \S CO,Me

H-Sar-Ot-Bu
HO Conditions ] tBu0,C” N
NHFmoc NHFmoc
186 187
Entry Conditions Yield (%)?
1 EDCI (1.1 eq.), DMAP (3.0 eq), CH,Cly, r.t., 48 h 60%
2 DIC (1.1 eq.), NMM (2.0 eq.), CH.Cly, r.t.,, 8 h ~40% ° + Urea
3 HATU (1.5 eq.), DIEA (3.0 eq.), CH,CI,/DMF, r.t., 8 h 61%
4 PyBOP (1.1 eq.), DMAP (3.0 eq.), CH,Cly, r.t., 64 h 69%
5 PyBroP (1.1 eq.), DIEA (3.0 eq.), CH.Cly, r.t.,, 20 h 95%

Notes: ? Isolated yield; ® Determined by *H NMR.

Table 4: Optimization of the peptide coupling between acid 186 with H-Sar—Ot-Bu

The next step was the conversion of the methyl ester into a primary amide. Dipeptide 187
was treated by various sources of ammonia (Table 5). In a first experiment (entry 1), the dipeptide
187 was treated with 28% NH4OH in THF (1:1) and a very obvious phenomenon was observed at
the beginning of the reaction (5-10 min): a white solid appeared at the surface of the solution, which
we identified as dibenzofulvene (DBF). However, the reaction provided only unknown products
along with 98% yield of DBF. Changing the solvent from THF to methanol (entries 2-3) allowed the
formation of the amide in low yields after prolonged reaction times and increasing the proportion of
methanol improved the yield. These reactions gave numerous unidentified by-products and the
highly polar primary amide 188 was difficult to isolate in a pure form. Dipeptide 187 was then
treated with an ammonia solution in methanol (entry 4) and after 5 days a complex mixture of
products in which traces of amide 188 were observed by 'H NMR. Using 28% NH4OH in a
THF/ethanol mixture (3:2) (entry 5) gave the 35% vyield of the primary amide 188 after 4 days. In
the last experiment, dipeptide 187 was treated sequentially with piperidine to first remove the Fmoc
group, then 28% NH4;OH (entry 6), but once again only a complex mixture of products was
obtained. Additionally, we observed that isolated sample of 188 underwent some degradation upon
standing in CDCI; for NMR experiment recording. The amino primary amide 188 appears to be
unstable, which partially explained the dirty reaction and low yields obtained for long reaction
times. However, making a balance between conversion and degradation appears very difficult.
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[\ coM /~\ CONH
Qg g o2 Qs s z

Conditions
£Bu0,C” N > tBuO,C” N
NHFmoc | NH,
187 188
Entry Conditions Yield (%) Results
1 28% NH,OH/THF (1:1), r.t., 1 d. - Fmoc deprotection, unknown product
2 28% NH4OH/MeOH (5:1), rt., 4d. 12
3 28% NH;OH/MeOH (3:2), r.t., 4 d. 17
4 NHs in MeOH, r.t.,, 5 d. - Fmoc deprotection, unknown product
5 28% NH,;OH/EtOH(3:2) r.t., 4 d. 35
6 Piperidine, then 28% NH,OH - Fmoc deprotection, complex mixture

Notes: ? Isolated yield.

Table 5: Optimization of amide formation from dipeptide 187

Since deprotection of the Fmoc group occurred during ammonolysis of the methyl ester, the
dipeptide 188 was protected again using FmocCl in the presence of a base to give the protected

dipeptide 189 in modest yield which was difficult to isolate in a pure form (Equation 9).

[\ CONH /~\ CONH
Qs s 2 Qs s z

FmocCl, K,CO3
P : N
EBUOC N H,O/dioxane = 1:1 £BuO,C T
NH; rt, 12 h

188 529%

NHFmoc
189

Equation 9: Protection of the aminodipeptide 188

In summary, although coupling of 186 with sarcosine was successful, selective
saponification of the methyl ester was not possible. Installation of the primary amide function by
direct ammonolysis of 186 was accompanied by Fmoc deprotection, so a re-protection step was
required. Thus, we were able to obtain the key dipeptide 189 in its racemic form in a rather low
yield of 6.2% over 8 steps from aspartic acid. The last two steps are really limiting, characterized by

poor yields, messy reaction and arduous purification.
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4.3.2.6. Conversion of the methyl ester into a primary amide and peptide coupling

The difficulties encountered during the formation of the primary amide at the dipeptide stage
led us to reexamine the transformation of a methyl ester into a primary amide. In the literature, we
noticed a facile synthesis of B-amino primary amides in good yield reported by Kim*®® in which the
hydrochloride salts of -amino methyl esters were treated directly with NH,OH (Scheme 46). We
supposed that the reaction was facilitated by a good solubility of the substrate in NH,OH.

R R R
SOCl,, MeOH NH4OH
> —_—
70 °C, overnight r.t., overnight
COzH COQMe CONH2
HaN HCI-HoN 77% over 2 steps HoN

R =H, F, Me, OMe

Scheme 46: Kim’s conversion of methyl esters into primary amides

Inspired by Kim’s results, we considered the ammonolysis of the acid 186 (Scheme 47).
Treatment of this compound with 28% NH,OH gave the expected primary amide 190 in
quantitative yield. The Fmoc group was then reinstalled under standard conditions and the resulting
protected amino acid 191 was then coupled with sarcosine using PyBroP in the presence of DIEA to
produce the key dipeptide 189 in excellent yield.

o s/_\s CONH,

o /' '\ coMe o / '\ CoNH,
S_ S s_ _S

28% NH4OH FmocCl, K,CO3
_— -

HO rt, 24 h HO H,O/dioxane = 1:1 MO
NHFmoc 100% NH» rt., 24 h NHFmoc

186 190 70% 191
H-Sar-Ot-Bu [ \
PyBrOP, DIEA Qs g JONM

. A~
CH,Cl, t-BuO,C N
rt.,5h NHFmoc
90% 189

Scheme 47: Synthesis of key dipeptide 189 by ammonolysis followed by peptide coupling

In summary, ammonolysis could be performed efficiently on the acid 186 and thus, after
Fmoc re-protection, we were able to obtain the key dipeptide 189 in its racemic form in 22.6% yield

over 8 steps from aspartic acid.
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4.4. Deprotection of the dithioketal and spontaneous cyclization
Methods for the deprotection of thioketals into the corresponding carbonyl compounds have
been extensively reviewed.****® The deprotection of a dithioketal can be achieved by three main
pathways:
- acidic or transition metal ions hydrolysis (such as Hg*?, Ti**, Ag*, Ce**, Cd*?)
- oxidative hydrolysis (NBS, PIFA, HslOg, |2, H205)
- alkylative hydrolysis (Mel, MeSO3F)

With racemic key dipeptide 189 in hand, we were abale to evaluate our proposed strategy for
the installation of the PyrAA residue of microsclerodermin D (Scheme 48, Table 6). We expected
that deprotection of the dithioketal of 189 would produce the intermediate y-ketoamide 192 which
should then cyclize spontaneously to give the hydroxypyrrolidone product 193. Ideally, dehydration
of compound 193 into the dehydrated dipeptide 194 should not occur.

o [\ CONH, deprotection o o CONH, spont.ane.ous

S S of dithioketal cyclization
------------------- > P B CLE LT TR
t—BuOQCANW tBuO,C”~ "N
| NHFmoc | NHFmoc

189 192

O HN dehydration O HN
------------------- - =
£Bu0,C~ N £BuO,C” N
| OH NHFmoc NHFmoc

193 194

Scheme 48: Overview of the deprotection followed by spontaneous cyclization strategy

First, some common conditions were attempted for deprotection of the dithioketal 189
(Table 6): the use of CAN (entry 1), iodine in the presence of NaHCO; (entry 2)°°°%" and PIFA
(entry 3)°® lead to extensive degradation and complex mixtures of unidentified compounds. We
then turn our attention to use the mixture of mercury salts. The first report of the deprotection of a
dithioketal into a carbonyl group using a mercury salt was presented by Fisher in 1894 in his work
on sugars,”® and remains the most common method, partially due to its low cost and wide
versatility. The reaction requires exactly 1.0 equivalent of Hg®* per sulfur atom (i.e. 2 equivalent of

HgCl, for the dithioketal), any less amount would not allow a complete reaction, whereas an excess
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could lead to undesired solvent-mercuriation formation.”®™ Typically, the reaction is run in the
presence of an excess of a mild base such as HgO or CaCQOg, in order to neutralize the HCI formed
during hydrolysis.>® The commonly used solvent medium is a mixture of acetonitrile or THF and
water, but numerous early works reported the use of methanol and water.>!**** When dipeptide 189
was treated with HgO (3 eq.) and HgCl; (2 eq.) in a mixture of methanol and water (9:1) for 5 days,
only the starting material 189 was recovered (entry 4). When larger amount of HgO (8 eq.) and
HgCl, (12 eq.) were used 5 days, some degradation was observed but 60% of the starting material
189 remained intact (entry 5).*%°1%!* Additionally, the reaction was also run in THF and water (8:2)
for 24 h, and 93% of the starting material 189 was recovered (entry 6). We attributed the failure of
the use of mercury salts to a strong affinity of primary amide with mercury ion, which has been

d™'? and Sease.”™ This strong affinity probably led to the

explained and evidenced by Leopol
formation of a Hg-amide complex that precipitate resulting in no reaction. However, interestingly,
when changing the solvent for a mixture of acetonitrile and water, the reaction provided 10% yield
of the dehydrated compound 194 and 60% of a by-product, the nitrile 195, after 24 h (entry 7)
(Equation 10). We proposed that the formation of 195 resulted from the dehydration of the primary
amide catalyzed by HgCl, similarly to the PdCl, catalyzed dehydration of primary amides in
aqueous acetonitrile proposed by Maffioli in 2005.>** Subsequently, NBS was used for the
deprotection of dithioketal. When dipeptide 189 was treated with NBS in the presence of AgNO;

515

and Na,COs in a mixture of acetonitrile and water (entry 8)°" no starting material was observed but

516 of the amide

an unidentified product was obtained. We supposed that a Hofmann rearrangement
occurred because of the presence of water in a weakly basic medium since Ivanovi¢ has recently
reported a NBS-mediated Hofmann rearrangement of carboxamides.”’ Then, treatment with NBS
alone in acetone followed by quenching with water and purification on a very short chromatography
gave 44% of the y-ketoamide 192 accompanied with 5% of the dehydrated dipeptide 194 (entry
9).%% This result was encouraging since the formation of compound 194 indicated that deprotection
of the dithioketal and cyclization occurred indeed, but slowly. This NBS procedure was repeated
and a solution of the crude product mixture was stirred in the presence of silica gel for 24 h to
provide gratifingly the desired PyrAA dipeptide 193 in 33% yield along with 5% of the dehydrated
dipeptide 194 (entry 10). ROESY NMR experiment revealed a cis relationship between the

carbamate and hydroxyl substituents in position 4 and 5 of the pyrrolidinone ring as observed by

Dohonoe in 2017.**° This NBS procedure was repeated again and the crude product mixture was
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eluted through a neutral alumina column, this time providing the desired PyrAA dipeptide 193 in 29%

yield accompanied by only traces of dehydrated dipeptide 194 (entry 11). In order to obtain

sufficient quantities of reference material, a sample of crude NBS reaction product was treated with

4 M HCI in acetone for 24 h furnishing 40% vyield of the dehydrated dipeptide 194 as the main

product (entry 12).
Entry Conditions Results/Yield
1 CAN (4.0 eqg.), CH3CN/H20 (4:1) Degradation
rt,3h Fmoc deprotection
5 I, (7.0 eq.), NaHCO3 (8.5 eq.), acetone/H,0 (5:1) Complex mixture
rt., 48 h Traces of 189
3 PIFA (3.0 eq.), Cch.N/HZO (10:1) Degradation
r.t., 15 min
4 HgO (3 eq.), HgCl, (2 eq.), CH30OH/H,0 (9:1) No reaction
rt,5d. 189 recovered
5 HgO (8 eq.), HgCl, (12 eq.), CH3OH/H,0 (9:1) Some degradation
rt., 5d. 189 60%
5 HgO (8 eq.), HgCl, (12 eq.), THF/H,0 (8:2) No reaction
rt., 24 h. 189 93%
7 HgO (8 eq.), HgClI, (12 eq.), CH3CN/H,0 (10:1) 194 10%
rt., 24 h 195 60%
8 NBS, AgNO3/N%2C03, CHgCN/HzO (8:2) Unknown product
0°C, 10 min
9 1. NBS, acetone, 0 °C, 40 min, then H,O 192 44%
2. Very short flash on silica 194 5%
10 1.NBS, acetone, 0 °C, 40 min, then H,O 193 33%
2. Silica, MeOH, r.t., 24 h 194 5%
1 1. NBS, acetone, 0 °C, 40 min, then H,O 193 29%
2. Neutral aluminum chromatography 194 traces
12 1. NBS, acetone, 0 °C, 40 min, then H,O; 194 40%

2.4 M HCI, acetone, r.t., 24 h

Notes:  Isolated yield.

Table 6: Deprotection of dithioketal and spontaneous cyclization
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o / '\ CONH HgO (8 eq.) O O CN
S_ _S 2 HgCl, (12 eq.)
P T P
5 tBuO,C~ "N
£BuO,C™ N CHsCN/H,0 = 10:1 >z
NHFmoc r.t., 24 h NHFmoc
189 60% 195

Equation 10: Dithoketal deprotection with HgO/HgCl, in aqueous acetonitrile

Herein, the deprotection of dithioketal then cyclization sequence was successfully validated
by treatment of dipeptide 189 with NBS. This encouraging result confirmed the potential of our
proposed strategy to install the hydroxypyrrolidinoneacetic acid residue for the total synthesis of

microsclerodermin D by the deprotection of dithioketal then cyclization sequence.

4.5. Access to optically pure p-ketoester

Since we had successfully validated our mPyrAA strategy using a model substrate, we
returned to solve the problem of the preparation of B-ketoester 180 as enantiomerically pure
material. Racemization occurred during the Masamune’s procedure between the activated aspartic
acid derivative and the magnesium hemimalonate although this latter reagent was reported to be

neutral.

Racemization of a-amino acids derivative is a common issue in peptide synthesis and can
occurred in the presence of various activating reagents, such as SOCI,, CDI, NHS, PFP, IPCF, DIC,

DCC and even HATU, HBTU. However, in many cases the racemization can be controlled.

B-Ketoesters are commonly obtained via cross-Claisen condensation on N-Boc or N-Cbz
protected amino acids, or by addition of a lithium enolate (or a magnesium hemimalonate) on
N-Fmoc-amino acid derivatives.>®** In 2015 Maillard developed a short route to heterocyclic
y-amino acids from N-Fmoc protected y-amino-p-ketoesters which were obtained via cross-Claisen
condensation of lithium enolates on N-Fmoc-amino acids (Table 7).>*° Compared to neutral
magnesium hemimalonates, lithium enolates are more basic, and thus more likely to induce

racemization of a-amino acid derivatives.
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o 1.CDI, THF o o
H rt,1h H
Fmoc™ g]\OH 2. lithium enolate - FmOC/NgJ\/U\OX/
R THF R
~78 °C, 20 min
Entry Fmoc—AA—OH y-amino-B-ketoester yield (%)
1 Fmoc—L-Leu—OH 73
2 Fmoc—Gly—OH 59
3 Fmoc—L-Ala—OH 80
4 Fmoc—L-Phe-OH 66
5 Fmoc—L-Lys(Boc)—OH 95
6 Fmoc—L-Glu(t-Bu)—OH 53
7 Fmoc—L-Aps(t-Bu)-OH 72
8 Fmoc—L-Cys(Trt)—OH 45
9 Fmoc—L-Trp(Boc)-OH 49
10 Fmoc—L-Arg(Pbf)—OH 34

Table 7: Maillard’s preparation of N-Fmoc protected y-amino-p-ketoesters

Since Claisen condensation®?! was discovered more than a century ago, p-ketoesters have
become a very significant class of intermediates in organic synthesis. To date, cross-Claisen
condensations of activated carboxylic acids (or esters) with a lithium enolate or Meldrum’s acid is

still a classic and common pathway to generate B-ketoesters and y-amino-p-ketoesters (Scheme

18,520,522,52
49)5 8,520,522,523

o

SOCl, H % LiCH,COOR'
> p7 LG > p7

or or
CDI, NHS, PFP, IBCF Meldrum's acid, base

T
\
ZT
Al
(e}
o
T
ZT
Al
(e}
(e}
o
P

Al

P = Cbz, Boc, Fmoc, Ac

Scheme 49: Common approaches to B-ketoester via activation of a-amino acids

The N-Fmoc protected amino acids are of increasing importance in peptide synthesis,
especially solid-phase peptide synthesis.>®***°% |n his work on the total synthesis of didemnins,
Schmidt®***3 claimed that treatment of Fmoc-alloisoleucine chloride with the lithium enolate of

methyl trimethylsilylmalonate furnished the corresponding enantiopure N-Fmoc protected
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B-ketoester, which was based on Carpino’s results (Scheme 50).°** However, only optical rotation

data was provided, and the enantiomeric excess was not reported.

OLi

o)
H H
No _CO,H Ny _CocCl MeO C\/\ H
Fmoc” 2 SOCl;, Fmoc” 2 OTMS Froc” N COzMe
_ moc
20 ~40°C, 4 h THE
—20~20°C, 15 h
96% 95%

Scheme 50: Schmidt’s preparation of N-Fmoc protected B-ketoesters

Several methods for preparation of the N-Fmoc B-ketoester 180 in its optically pure form
were systematically explored in order to secure an alternative to the Masamune’s procedure, as we

presented below.

4.5.1. Direct condensation of a Weinreb amide with a lithium enolate

Historically, Weinreb amides have been used for synthesis of ketones through treatment with

a Grignard reagent (or an alkyllithium or a lithium enolate), and few examples of the preparation of

B-ketoesters have been reported. The two common approaches to convert Weinreb amides into
ketones are:

- reduction of Weinreb amides into aldehydes with LiAlIH.,>**>*" followed by treatment with a

lithium enolate or a Grignard reagent, and final oxidation®****

534 540,541

- direct displacement using an alkyllithium reagent" or a Grignard reagent

In our case, since we required to keep the methyl ester on the side chain, reduction of the
corresponding Weinreb amide into an aldehyde with LiAlH, seemed likely to pose the problem of
selectivity between Weinreb amide and methyl ester. Thus, direct displacement by treatment with a

lithium reagent or a Grignard reagen appeared to be a more promising approach.

After perusal of literatures, we found that most Weinreb amides derived from N-Cbz, N-Boc

or N-Ac a-amino acidg®3*°41-544

were used to provide ketones by treatment with Grignard or
alkyllithium reagents. In 1989, Turner™® reported an effective synthesis of B-ketoesters by treatment

of Weinreb amides of simple carboxylic acids with lithium enolates (Equation 11). However there
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are no cases of the preparation of B-ketoesters by treatment of Weinreb amides derived from
N-protected a-amino acids with lithium enolates. A few cases of Weinreb amides derived from

N-Fmoc a-amino acids were found to have applications in solid-phase reactions.?2*>2

OLi

%\OR’]
0) R (0] (0]
_—
| —78 °C, THF

R = Alkyl, Aryl 63-89%

R', RZ=H, Alkyl

Equation 11: Conversion of Weinreb amides into -ketoesters

The protected amino acid derivative 179 was converted into the corresponding Weinreb
amide 196 by treatment with N,O-dimethylamine hydrochloride using PyBroP in the presence of
DIEA (Scheme 51).>*" Treatment of this Weinreb amide with the lithium enolate of benzyl acetate

gave a complex mixture of unidentified products, but cleavage of the Fmoc group was observed.

o .
~ >Nl oL
CO,Me H O  CO,Me /& O O COMe
PyBroP, DIEA Bn0”
HO,C ~ Oy ~ 8o
H CH,Cl, | : THE 78 °C 1 h H
NHFmoc rt, A7 h NHFmoc then—=10~0°C, 1 h NHFmoc
179 6% 196 180

Scheme 51: Attempt of the preparation of 3-ketoester by addition of an enolate on a Weinreb amide

4.5.2. Coupling with Meldrum’s acid followed by treatment with benzyl alcohol

Early in 1982, Yonemitsu®*® reported that acylation of Meldrum’s acid derivatives could be
used for the synthesis of B-ketoesters by condensation of acid chlorides. In 1987, Jouin>*’ reported a
facile approach to N-protected (Cbz or Boc) statines and their analogues via chiral tetramic acid
derivatives (Scheme 52). The main step consisted in the condensation of a-amino acids with
Meldrum’s acid using IPCF in the presence of DMAP. The unstable intermediate thus obtained
underwent decarboxylation and cyclization in refluxing acetonitrile or ethyl acetate, and even in

methanol to give the cyclic tetramic acid derivatives instead of the expected y-amino-p-ketoesters.
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Thus, reduction of the keto group followed by methanolysis or hydrolysis produced the

corresponding y-amino-p-hydroxyesters or y-amino-f-ketoesters.

Medrum's acid o o CH3CN or EtOAc R
R IPCF, DMAP R or MeOH
P~ o)
X - 0 - "
PHN CO,H PHN reflux
R = Cbz, Boc o o o}

R
NaOMe
OMe
R > PHN
MeOH
NaBH, Py o OH O
CH,Cl,, HOAC 1M NaOH

R
acetone
o] N OH
PHN
or

1M HCl OH ©
dioxane

Scheme 52: Jouin’s condensation of a-amino acids with Meldrum’s acid

Based on the above results, we explored the preparation of the B-ketoester 180 via the
Meldrum’s acid route. Since activation of a-amino acids using CDI led to partial racemization, we
preferred the use of other coupling reagents to perform the coupling the aspartic acid derivative 179
with Meldrum’s acid. In a first experiment using EDCI in the presence of trimethylamine, we
observed only degradation and some cleavage of the Fmoc group. Changing EDCI for DCC gave
the unstable intermediate 197 (mixed with DCU) which was not purified and then treated directly
with benzyl alcohol in refluxing toluene (Scheme 53). Unfortunately, we only obtained the
unwanted tetramic acid derivative 198 as the side product instead of the expected benzyl

y-amino-p-ketoester. The formation of this cyclization product was not a surprise and corresponds

to the results reported previously by different research groups.>"***
CO,Me Meldrum's acid O O CO,Me (e} CO,Me
DCC, EtsN BnOH o
HO,C _ o : ‘
H CHCl, NHEmoc toluene N,
HFmos o 0 reflux o Fmoc
179 197 198

Scheme 53: Attempt of the preparation of B-ketoester by coupling with Meldrum’s acid
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4.5.3. Use of N-Phth protected substrate in the Masamune’s procedure

In his total synthesis of microsclerodermin E, Ma attributed the low enantiomeric excess of
the y-amino-B-ketoester prepared via the Masamune’s procedure on the CDI activated Boc-amino
acid to the presence of a free proton on the carbamate, which led to racemization in basic
medium.*** To preclude this process, we envisaged the protection of the amino group of aspartic

acid as a phthalimide.

The aspartic acid derivative 175 was treated with N-carbethoxyphthalimide to produce the
phthalimido derivative 199 in excellent yield (Scheme 54).>>2 Then Masamune’s reaction of 199
with magnesium enolate 174 gave the p-keto-y-phthalimidoester 200 in modest yield.>*® The
racemic material was also prepared via the same synthetic route.”® However, we were unable to
achieve the separation of the enantiomers upon chiral HPLC analysis of the racemic material
(¥)-200 and therefore we were unable to evaluate a possible racemization in sample 200 prepared

from non-racemic 175.

o)
OEt
N
0o 1.CDI, THF
CO:Me CO,Me -CDI, O  CO,Me
O rt.,2h
HOzc - HOzo - Bn02C
2 Na,CO; : 2.174 :
NH; HCI H,0 NPhth 0°C, 30 min NPhth
175 rt,3h 199 thenr.t., 16 h 200
94% 40% ee undetermined

Scheme 54: Use of a N-Phth protected substrate for the preparation of benzyl [3-ketoester

4.5.4. Through Mukaiyama aldol condensation followed by oxidation

Alternatively, the p-ketoester could be installed by oxidation of the corresponding
B-hydroxyester. Thus, a possible pathway would be the reduction of the acid into an aldehyde
followed by an aldol condensation then oxidation of the alcohol into a ketone. a-Amino aldehydes
are prone to racemization and the method to prepare them is really important, among the various
methods developed to avoid epimerization, two possibilities emerge: reduction of a Weinreb amide

with LiAlIH, or Fukuyama reduction of a thioester with triethylsilane in the presence of palladium.
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The aspartic acid derivative 179 was coupled with propanethiol using HATU in the presence

of DIEA to give the protected thioester 201 in good yield (Scheme 55).>>° Fukuyama reduction®®>%

of the thioester 201 was performed with Et;SiH over Pd/C produced the aldehyde 202 in excellent

563-569 t

yield (ee undetermined). This aldehyde was then submitted to a Mukaiyama aldol reaction 0

570

provide the y-amino-B-hydroxyester 203 in 72% vyield (ee undetermined)’”™ which was then

383,571

submitted to Dess-Martin oxidation to furnish the desired benzyl y-amino-p-ketoester 180

near-quantitatively.””> However, chiral HPLC analysis revealed that complete racemization had

occurred.
CO,Me sy O  CO,Me O  CO,Me
HOLC HBTU, DIEA Et3SiH, Pd/C
2 . _ \/\S . > H ’
= THF/DMF (3:1) = acetone H
NHFmoc rt.17h NHFmoc r.t., 30 min NHFmoc
179 86% 201 95% 202
ee undetermined ee undetermined
OTMS
OBn O OH CO,Me O O CO,Me
—_— e
BnO Y BnO
CH,Cl, = acetone
_78°C NHFmoc NHFmoc
72% 203 99% 180
ee undetermined racemic

Scheme 55: Preparation of benzyl y-amino-p-ketoester through a thioester

Both the purified aldehyde and crude aldehyde 202 were submitted to the Mukaiyama aldol
reaction, with the same racemization results. Since the enantiomeric excess of the intermediates 201,
202 and 203 were not evaluated we can’t be sure at which step racemization happened. We suspect
that it occurred during the Mukaiyama aldol reaction, since the aldehyde 202 was activated by

BF3-Et,0 and this coordination probably led to enolization and further epimerization.

4.5.5. Homologation of an aldehyde through the Roskamp reaction

The Roskamp reaction®” consists of a double homologation of an aldehyde with a diazo
compound in the presence of a Lewis acid that generates a ketone. It has already been applied for
the synthesis of y-amino-B-ketoesters.>”**%" Notably, Gopi reported a synthesis of N-protected

y-amino-B-ketoesters through the Roskamp reaction using Tin (I1) chloride.*™ Interestingly, it was
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claimed that several examples of N-Fmoc protected a-amino aldehydes were used to give optically

pure y-amino-B-ketoesters (based on the optical rotation) (Scheme 56).

O
R R
N Q]\oa
Fmoc H > Fmoc
N SnCl, (0.2 eq.) N COzEt
0] CH,Cl, o
R = iPr, CO,t-Bu, 77-83%

(CH,)sNHBoc, 4-t-BuOCgH,

Scheme 56: Preparation of N-Fmoc y-amino-p-ketoesters using Roskamp’s procedure

Thus, N-Fmoc protected aldehyde 202 was prepared once again by Fukuyama reduction and
treated with benzyl diazoacetate in the presence of SnCl, to furnish the desired benzyl
y-amino-B-ketoester 180 in 64% over 2 steps (Scheme 57). In order to minimize the possibility of
racemization, the crude aldehyde 202 was used in this procedure without purification. Chrial HPLC
analysis revealed that compound 180 was obtained with an enantiomeric ratio of 79:21. We
supposed that the partial racemization could be the result of enolization of aldehyde 202 promoted

by SnCl,.

(0]
N L
OBn
(0] CO,Me (0] CO,Me O O CO,Me
J\) Et3SiH, Pd/C J\) SnCl, (0.4 eq.)
g ; i T > BnoO .
= acetone = CH,Cl, E
NHFmoc r.t., 30 min NHFmoc rt,8h NHFmoc
201 ©=100% 202 64% from 201 180
ee undetermined ee 58%

Scheme 57: Preparation of benzyl y-amino-p-ketoester 180 through the Roskamp’s procedure

4.5.6. Condensation of N-Fmoc protected UNCA with magnesium hemimalonate

and silyl enolether

a-Amino acid N-carboxyanhydrides (NCAs, Leuchs’s anhydrides,”®2°®) first report in 1906,
and their corresponding urethane N-carboxyanhydrides (UNCASs) represent both protected and
activated derivatives of a-amino acids. They are important monomers in peptide and polypeptide
synthesis, and are useful intermediates in the preparation of y-amino-pB-ketoesters or tetramic acid

derivatives.?®®®° To date, thousands of reports and applications of Boc- and Cbz-UNCAs have been
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described over the decades.*?*#32°87:590-5%% Thare are only a few reports about N-Fmoc protected
UNCAs (Fmoc-UNCASs). One example was the preparation of chiral urethane N-alkoxycarbonyl
tetramic acids by condensation of UNCAs with Meldrum’s acid in the presence of a tertiary amine,

and subsequent cyclization supplied tetramic acid derivatives.>®

Martinez and his colleagues have
reported an interesting example of the use of UNCAs for the synthesis of Cbz and Boc protected
y-amino-B-ketoesters (Equation 12).“*® However Fmoc-UNCAs were not used probably because

this protecting group was incompatible with the strongly basic lithium enolates.

OLi

R _—
R j)\ow 1
R

/Kf R4 R® R*
P< ¢} > P
N > \N)\[(l(COQRZ
)—o ~78°C, THF Aol
0 50-70%
P = Boc, Cbz R? = Bn, Et
R' depends AA R3=H, Me

R*=Bn, Me, iBu

Equation 12: Preparation of y-amino-p-ketoesters from Boc- and Cbz-UNCA

The most common approach to UNCAs is the direct phosgenation of free amino acids to
produce NCAs (Fuchs-Farthing synthesis)®®* followed by the protection of the free nitrogen by

alkoxycarbonylation (Scheme 58).%%

Alternatively, Boc or Cbz protected amino acids can be treated
by thionyl chloride to give NCAs (Leuch’s method), or by phosgene or triphosgene to give directly
the UNCAs. However, there is no report about direct phosgenation of Fmoc-amino acids into

UNCAs. The main application of UNCAs is peptide coupling but they can react with a broad

COCl, R Boc,0 or CbzCl R
R
)\ or (CI3C0O),CO N HN)\«%O or FmocCl or FmocOSu N P N)\fo
HoN CO,H heating 0 O
(0] o

UNCA
P = Boc, Cbz, Fmoc

NCA
cocl,
SOCl, R or (Cl3C0),CO
NP
N
H

CO,H

P =Boc, Cbz

Scheme 58: Common methods for the preparation of UNCAs and NCAs
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range of nucleophiles. Racemization of UNCAs happens only by the direct enolization through
abstraction of the a proton. However, NCAs and UNCAs are sensitive and difficult to purify

601,605-607

because of their high reactivity leading to various side reactions including

polymerization 596,598,599,608,609

In light of the interesting reactivity of UNCAs, we decided to study the reaction of
magnesium hemimalonates and silyl enolether which are less basic than lithium enolates with the
Fmoc-UNCA derived from aspartic acid as the activated amino acid derivative in order to access

optically pure benzyl y-amino-f-ketoester 180

We embarked on the preparation of the Fmoc-UNCA 204 by phosgenation of the Fmoc
protected aspartic acid derivative 179 using triphosgene in the presence of an HCI trapping reagent
such as a-pinene, TEA, DIEA or NMM.?*%™ |n a first experiment the Fmoc amino acid 179 was
treated with triphosgene (1.2 eq.) in the presence of a-pinene (2.5 eq.) in THF. After 6 h at 45 °C,
the mixture was poured in n-hexane to crystallize the UNCA, but the sticky semi-solid obtained
after filtration was only starting material (94% was recovered). Increasing the amount of a-pinene
(5.0 eq.) and refluxing the reaction mixture for 18 h had no effect on the conversion and even when
more a-pinene was added, this still had no use. We supposed that a-pinene was not strong enough to
motivate the UNCA formation. When a-pinene was replaced by DIEA (2.0 eq.) and after 16 h of
reaction at 60 °C the expected Fmoc-UNCA 204 was observed, as well as the starting Fmoc amino
acid 179. However, we also noticed the presence of dibenzofulvene which indicated that partial
Fmoc deprotection had occurred. Moreover, UNCAs are not especially stable and heating the
reaction might be deleterious to UNCA formation. The reaction was repeated at room temperature
and after 3 h, some starting material was still present (determined by TLC). Additional triphosgene
(0.15 eq.) and DIEA (0.5 eq.) were added and after an additional 3 h at room temperature, the
mixture was poured into n-hexane to crystallize the UNCA. *H NMR analysis of the crude product
showed an incomplete reaction and partial Fmoc deprotection, but about 40% yield of the desired
UNCA 204 was observed. The crude sticky solid obtained was therefore treated directly in one case
with magnesium hemimalonate 174 and in another case with the trimethylsilyl enol ether of benzyl
acetate. Treatment with the magnesium hemimalonate 174 for 1 h produced 11% yield of the benzyl

y-amino-B-ketoester 180 over 2 steps with an enantiomeric ratio of 67:33, whereas treatment with
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the silyl enolether for 16 h gave only a complex intractable mixture. The preparation of
Fmoc-UNCA 204 was considerably improved by addition of a solution of triphosgene (1.2 eq.) in
THF over 30 min to a solution of the Fmoc amino acid 179 and DIEA (2.4 eq.) in THF. After 3 h at
room temperature, almost 100% conversion was observed by *H NMR (Scheme 59). Since the
crude Fmoc-UNCA appeared to be steadily decomposed during work-up and crystallization,>** we
decided to limit the treatment to the strict minimum. The diisopropylethylammonium salt
precipitated was filtered off and the filtrate (containing traces of the ammonium salt) was used
directly in the condensation step with the magnesium hemimalonate 174. After 6 h the expected

benzyl y-amino-B-ketoester 180 was obtained in 26% yield with an enantiomeric ratio of 84:16.

(Cl3C0),CO o CO,Me

CO,Me O O CO,Me
J DIEA )X\,‘\\\\\ 174
HoOC .5 - - . _
H THF %N\ —10 °C, 30 min =
NHFmoc rt,3h 3 Fmoc thenrt, 6h NHFmoc
179 ©=100% 204 26% 180

ee 68%

Scheme 59: Sequential Fmoc-UNCA formation and condensation with magnesium hemimalonate

This very encouraging result in term of enantiomeric excess prompted us to continue our
investigations on the use of Fmoc-UNCA. Although DIEA is a good promotor for the formation of
the UNCA, unfortunately it is also a strong enough base that leads to Fmoc-deprotection and partial
racemization. Moreover, the presence of traces of diisopropylethylammonium salt in the solution of
Fmoc-UNCA seemed to affect the condensation of the magnesium hemimalonate and thus we
decided to explore over bases (Table 8). Replacing DIEA by N-methylmorpholine (NMM) (entry 1)
for the formation of the UNCA in the conditions described above gave 56% vyield of the
v-amino-B-ketoester 180 with an enantiomeric ratio of 94:6, which was a significant improvement.
However, when the UNCA formation was performed at 0 °C for 3 h (entry 2), after treatment with
the magnesiusm hemimalonate only the starting material 179 was observed (90% were recovered).
When the amount of NMM was reduced and added over a shorter period of time (entry 3), we
obtained 44% vyield of the y-amino-p-ketoester 180 with a slightly reduced enantiomeric ratio of
93:7. It was deduced that a slow addition of the base over 30 min at room temperature appeared the
most appropriate conditions. Using these conditions, other bases were tested. When 2,6-lutidine was

used (entry 4), 41% vyield of the product 180 was obtained witg an enatiomeric ratio of 96:4. With
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sym-collidine (entry 5), full conversion of the Fmoc- amino acid 179 was observed and 42% yield
of the y-amino-p-ketoester 180 was obtained with an enantiomeric ratio of 96:4. When DTBMP was
used (entry 6), reaction was slower and some starting material was observed. Although the

intermediate Fmoc-UNCA was formed, no condensation product was obtained.

CO,Me (ClsCO)szO (1.2eq) o TOZMG 174(14 0q) o} o} CO,Me
ase o 4 eq.
H THF %N\ ~10 °C, 30 min H
NHFmoc g Fmoc thenr.t., 16 h NHFmoc
179 204 180
UNCA formation Condensation
Entry . ]
Conditions Results Yield (%)  ee (%)
Solution of NMM (2.2 eq..) in 0.5 mL of -~ 100%
1 THF added at r.t. over 30 min 56 88
UNCA observed
thenrt.,25h
luti f NMM (2.2 eq.) in 0. L of :
Solution o (2.2 eq) in 05 mL o T>95% no product, 90% vyield

22 THF added at 0 °C over 30 min
then 0 °C, 2.5h

Solution of NMM (2 eq.) in 0.5 mL of THF

UNCA observed of 179 recovered

~ 0

3 added at 0 °C over 5 min T~ 90% 44 84
then rt. 1.5 h UNCA observed
Solution of 2,6-lutidine (2.2 eqg.) in 0.5 mL - 98

4 of THF added at r.t. over 30 min K 0 41 92
then rt. 2.5 h UNCA observed
Solution of sym-collidine (2.2 eq.) in 0.5 mL ~ 100%

5  of THF added at r.t. over 30 min TS0 42 92
then rt. 2.5 h UNCA observed
Solution of DTBMP (2.2 eq.) in 0.5 mL of ~ 90U

6 THF added at r.t. over 30 min TR no product, some SM
then rt. 4 h UNCA observed

Notes: # Addition performed at —20 °C.

Table 8: Base screening for the preparation of the Fmoc-UNCA 204

On the basis of these results above, sym-collidine was selected for further optimization
(Table 9). When the solution of base was added at 0 °C over 30 min and the reaction mixture
maintained at this temperature for 1 h (entry 1), the reaction seemed to slow down considerably,

thus additional triphosgene was added and the mixture was the stirred for 4 h at room temperature.
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The precipitate was filtered off and the filtrate, a solution of UNCA was split in two parts. On the
first part, the addition of the magnesium hemimalonate was performed at —10 °C to provide 39% of
the y-amino-B-ketoester 180 with an enantiomeric ratio of 98:2. On the second part, the addition of
the magnesium hemimalonate was performed at 0 °C to give 40% of the y-amino-p-ketoester 180
with an enantiomeric ratio of 97:3. In order to improve the reaction rate, half of the solution of
sym-collidine was added directly at 0 °C and the second half was then added over 30 min at room
temperature (entry 2). Work-up after 1.5 h followed by condensation gave 53% of the
y-amino-B-ketoester 180 with an enantiomeric ratio of 95:5. When the solution of sym-collidine in
THF was added all at once at room temperature and the stirring maintained for 1.5 h, we observed a
slight decrease in yield and enantiomeric ratio (entry 3). Using a slight excess of sym-collidine (2.2
eq.) provoked a partial deprotection of the Fmoc group, revealed by the presence of DBF (entry 4).
Consequently, after condensation, only 26% of the product was obtained with a similar
enantiomeric ratio. We then tried to add some FmocClI to compensate for Fmoc deprotection (entry
5), however we noticed that the reaction slowed down considerably and more triphosgene and
sym-collidine were added. Finally after a total of 6 h for the formation of the UNCA, work-up and
condensation with magnesium hemimalonate, we obtained 52% yield of the expected product with
an enantiomeric ratio of 95:5. The speed of addition of sym-collidine seemed to influence the yield
and thus a solution of sym-collidine in THF was added at 0 °C over 5 min (entry 6). Finally, after
1.5 h reaction time, work-up and condensation, 36% yield of the y-amino-B-ketoester 180 was
obtained with an enantiomeric ratio of 95:5. To test the impact of the temperature, the solution of
sym-collidine in THF was added at 0 °C over 20 min and the mixture was then stirred at 0 °C for 40
min and then at r.t. for 2 h (entry 7). After work-up and condensation we obtained only 36% yield of
the expected product with a slightly reduced enantiomeric ratio of 93:7. In conclusion, we
successfully achieved the preparation of benzyl y-amino-p-ketoester 180 in acceptable yield over 2

sequential steps and good enantiomeric excess.

The limitation of the yield was attributed to incomplete conversion of the starting material,
whose consumption was difficult to be followed by TLC, and to polymerization of the NCA
resulting from partial deprotection of the Fmoc group. Nonetheless, the optimization efforts were

considered to be a success.
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coMe  (ChCOXCO (12¢eq) > TOZMe O O COMe
sym-collidine W 174 (1.4 eq.)
HooC - o»ﬁ' >
T BnO Y
H THF %N\ ~10 °C, 30 min H
NHFmoc 4 Fmoc thenr.t. 16 h NHFmoc
179 204 180
UNCA formation Condensation
Entry o )
Conditions Results Yield (%) ee (%)
Solution of sym-collidine (2.2 eq.) in 0.5 mL 3gb 96
12 of THF added at 0 °C over 30 min T>95%
then 0° C for 1 h, then r.t. for 3 h UNCA observed 40° 94
additional triphosgene (0.15eq.), r.t. 1.5 h
Solution of sym-collidine (2.0 eg.) in 0.5 mL
) of THF added in two parts: 0.25 mL in one T>95% 53 90
portion at 0 °C and 0.25 mL at r.t. over 30 UNCA observed
min, thenr.t.,, 1.5 h
Solution of syrp-collldlne_(z.o eq.) in 0.5 mL > 050
3 of THF added in one portion at r.t. 49 88
UNCA observed
thenrt., 1.5h
Solution of sym-collidine (2.2 eq.) in 0.5 mL T~ 90%
4 of THF added at r.t. over 30 min DBF 26 90
thenrt, 1.5h UNCA observed
sym-collidine (2.0 eq.), FmocCl (0.1 eq.),
5 r.t., 3 h (no reaction) T>95% 59 90
then additional triphosgene (0.3 eg.), UNCA observed
collidine (0.2 eq.), 3 h
Solution of sym-collidine (2.0 eq.) in 0.5 mL ~ 90
6  of THF added at 0 °C over 5 min NN 36 90
UNCA observed
thenrt, 1.5h
Solution of sym-collidine (2.0 eq.) in 0.5 mL £~ 90%
7 of THF added at 0 °C during 20 min UNCA observed 36 86

then 0 °C, 40 min, thenr.t., 2 h

Notes: # Solution of UNCA in THF was split in two part to run two condensation with
magnesium hemimalonate. ® Addition performed at —10 °C. ° Addition performed at 0 °C.

Table 9: Optimization of the preparation of the Fmoc-UNCA 204 and condensation

Retrospectively, in our results on the use of Fmoc-UNCA in the Masamune’s procedure, and
compared with the racemization results (See Chapter 2, 84.1., Scheme 38), it seems clear that
racemization occurs during the activation stage with CDI in contrast to what was proposed by Ma

and Zhu (See Chapter 2, §4.2., Scheme 39).%%!
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5. Conclusions
5.1. Final synthesis of the key dipeptide: (S)-mPyrAA—Sar

In summary, the (S)-mPyrAA-Sar dipeptide (S)-189 was obtained in 20.1% yield over 8
steps through the synthesis developed (Scheme 60). Notably, from (S)-180 to (S)-189 over 4 steps,
an erosion of 10% ee occurred. Optimization of the condensation of the magnesium hemimalonate
to the Fmoc-UNCA derivative of L-aspartic acid allow the preparation of the key benzyl

y-amino-B-ketoester (S)-180 with a good enantiomeric excess above 90%.

CO,H SOCl, CO,Me FmocCl CO,Me (CI3CO),CO (1.2 eq.)
MeOH KoCOs3 sym-collidine (2 eq.)
HO,C . HO.C , HO.C -
I 0°C~rt. H . _ Y
S 30 mi = H,O/dioxane (1:1) = THF
NH; min NH,-HCI rt,18h NHFmoc 0°C, thenrt, 2 h
L-aspartic acid 78% (S)-175 91% (S)-179
0 CO;Me SH (10 eq.
| O o coMe HsT N (10eq)
»\’“\\\\ 174 (1 4 eq.) BF3-Et,0 (3 eq.)
_ > >
O ] BnO Y
%N\ -10 °C, 30 min = rt., 3d.
K Fmoc thenr.t., 18 h NHFmoc
(S)-204 up to 53% from 179 (S)-180 85%
ee > 90%
o / \  CO,Me o / \  CONH,
S S 28% NH,OH S_ .S FmocCl, KoCO3
—» s
HO H rt,24h HO H H,O/dioxane (1:1)
NHFmoc NH, rt., 24 h
(S)-186 quant. (S)-190 70%
/—\ H-Sar-Ot-Bu /—\
o J '\ CONH; PyBroP. DIEA o J '\ CONH;
> S
HO I CH,Cl, t-BuO,C N X
NHFmoc rt,5h NHFmoc
(S)-191 90% (S)189
ee = 80%

Scheme 60: Synthesis of the (S)-mPyrAA-Sar from L-aspartic acid

5.2. Final synthesis of the key dipeptide: (R)-mPyrAA—Sar

Since D-aspartic acid (R-configuration) was required for the total synthesis of
microsclerodermin D, the same synthetic route was then applied to prepare the (R)-mPyrAA—Sar

dipeptide (R)-189 from D-aspartic acid in 19.3% vyield over 8 steps (Scheme 61). Notably, from
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(S)-180 to (S)-189 over 4 steps, no erosion occurred. Similarly, to the (S)-derivative, the key benzyl

y-amino-B-ketoester (R)-180 was obtained with a good enantiomeric excess above 90%.

CO,H sSocCl, CO,Me FmocCl CO,Me (CI3C0O),CO (1.2 eq.)
MeOH Ko,CO3 sym-collidine (2 eq.)
HO,C 5 HO,C . HO.C .
0°C~rt. H,O/dioxane (1:1) THF
NH 30 min NHz HClI rt,18h NHFmoc 0°C,thenr.t,2h
p-aspartic acid 86% (R)-175 quant. (R)-179
0 CO,Me SH (10 eq.
O O CO,Me Hs” " (10eq)
174 (1.4 eq.) BF3-Et,0 (3 eq.)
—_—
0 ] BnO
%N\ ~10 °C, 30 min rt,3d.
o Fmoc thenr.t., 18 h NHFmoc
(R)-204 up to 42% from 179 (R)-180 85%
ee > 90%
o / \  CO,Me o / \ CONH,
S S 28% NH,OH S_ _S FmocCl, K,CO3
—_— >
HO rt,24hnh HO H,O/dioxane (1:1)
NHFmoc NH» rt., 24 h
(R)-186 quant. (R)-190 70%
[\ H-Sar-Ot-Bu \
(0] 3 S CONH, PyBrOP, DIEA (0] s S CONH,
> P
HO CH,Cl, +Bu0,C~ "N
NHFmoc rt.,5h NHFmoc
(R)-191 90% (R)-189
ee = 90%

Scheme 61: Synthesis of the (R)-mPyrAA-Sar from D-aspartic acid
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Synthesis of dipeptide Trp(6-Cl)—Gly

1. Introduction

1.1. Target structure

According to our proposed strategy, the second target required for the total synthesis of
microsclerodermin D, is the dipeptide D-Trp(6-CI)-Gly (Figure 34). The uncommon
D-6-chlorotryptophan residue also exists in microsclerodermin L and pedein A, while differently
modified tryptophan derivatives exist in the other members of the microsclerodermin family:
microsclerodermins F, H, J, K, M and pedein B present the D-tryptophan, which is commercially
available; microsclerodermins G and | present dehydrotryptophan; microsclerodermins A, B, E, N
and O present D-2-carboxytryptophan; microsclerodermin C is the only family member bearing

D-N-formamidotryptophan.

Figure 34: Dipeptide D-Trp(6-Cl)—Gly fragment present in microsclerodermin D

1.2. Synthesis of tryptophan derivatives

L-Tryptophan (Trp), the only proteingenic an amino acid with an indole ring, is one of the
essential amino acids for animals.®*? It is not synthesized by the human body but ingested from diets
such as meat, fish, eggs, fruit, vegetables, nuts, etc... and it plays a significant role in the synthesis
of proteins and muscle tissues. It also serves as a precursor of key functional biomolecules such as
tryptamine, quinolinic acid, nicotinamide, serotonin and others.®® Besides, Tryptophan is the

precursor of indole-3-acetic acid, the most abundant auxin in higher plants (Figure 35).°**

NH»
\\\"'( COzH
CO,H
A\ A\
N N
H H
L-Tryptophan Auxin

Figure 35: L-Tryptophan and Auxin
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Earlier in 1944, Snyder reported the first synthetic approach to 3-indolemethylene
derivatives using quaternary ammonium salts (methiodide of gramine) as alkylating agent. It was
discovered that quaternary ammonium salts could generate a benzyl type radical.®*> Afterwards, this
method was used for the synthesis of DL-tryptophan and its analogues.®*®®!® Interestingly, Albertson
et al. reported the synthesis of tryptophan from gramine at the same time.®**%?° Alkylation of the
methiodide of gramine, obtained in a 3-component Mannich reaction between indole, formaldehyde
and dimethylamine by Kuhn’s procedure,’** was performed with various reagents: sodium enolates
of acetoacetates or cyanoacetates, potassium silver cyanide dialkyl aminomalonate (Scheme

62) .615-617

40% Me;NH g,
37% HCHO,q, Mel .
> NMe, ———> NMe;l~
| AcOH | EtOH |
HN HN HN

gramine
KAg(CN);
or Et0,C” CO,Et Qj/\( coun
> 2
or NC” CO,Et HN I R
NHP

R = H, CO,H, CN, NH,
or

EtO,C~ CO,Et

Scheme 62: Snyder’s synthesis of tryptophan derivatives

Current methods employed for the synthesis of tryptophan derivatives mainly rely on either

chemical or enzymatic approaches, as well as biosynthesis:

- chemical synthesis approaches including stepwise functional group conversion,?¢619:622:645

633,646 460,625,647,648

phase-transfer catalytic alkylation, and metal-catalysis

649-653

- enzymatic synthesis (tryptophan synthase such as TrpB2, N-acylase enzymes)

- biocatalytic platform®*°

using bacteria, protozoa, neurospora, RNA or cells

Historically, multistep syntheses of racemic tryptophan have been reported by many groups
including those of Snyder,®*>®® Albertson,®*®® Rinderknecht,®®*® Hellmann,®**®®* Kornfeld,®*
McLaughlin®? and recently Fuller.®® To date, numerous asymmetric synthetic methods for chiral
tryptophan derivatives have also been reported by many groups, which could be classified in two

categories: use of chiral starting materials and use of chiral auxiliary or chiral ligands.
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Synthesis of dipeptide Trp(6-Cl)—Gly

Early in 1957, Yamada et al. reported the enzymatic resolution of acetyl-DL-tryptophan with
mold acylase,?®” which could be the first report about optically pure tryptophan. Additionally,
5-hydroxy-L-tryptophan was obtained by optical resolution of N-acyl-5-benzyloxy-DL-tryptophan

8 and Rinderknecht,*®® as well as by oxidation of 2,3-dihydro-L-tryptophan by

by Armstrong®
Sato.’”® In 1978, Tsuchihashi described the first synthesis of 5-hydroxy-L-tryptophan from
enzymatically prepared N-acetyl-L-glutamic-y-semialdehyde 205 with a-keto glutaric acid in the
presence of aminotransferase followed by a Fischer indole synthesis through intermediate 206 to
provide 5-substituted-L-tryptophan derivatives 207, further  transformed into

638 also disclosed two

5-hydroxy-L-tryptophan 208 (Scheme 63).%*¢ Similarly, Masumi and Yamada
approaches to L-tryptophan from L-glutamic acid derivatives with almost no racemization using
Fischer indole synthesis. This method was also used for syntheses of D-and L-tryptophan, as well as

substituted tryptophan derivatives by Irie in 1984.%%

a-keto glutaric acid L-glutamic acid : NHNH,
/\/\‘/COQMe \_ Enzyme : OHC\/\‘/COZMe R

HoN .
NHAc NHAc HOAc, H,0
80 °C
N-acetyl-L-ornithine 205
ArHN _
|N 1. HoO, H* H,O, H*
COMe ——> CO,Me —————> CO,Me
2.HO™ ] I
NHAc HN NHAC HN NHAc
206 207 208

R = OCH,Ph, OMe, H

Scheme 63: Tsuchihashi’s first synthesis of 5-hydroxy-L-tryptophan

The shortest synthesis of tryptophan consists of the direct coupling of the C3-position of

indole with serine or its equivalents mediated by an enzyme such as tryptophan synthase (TrpB2,

N-acylase enzymes) (Equation 13).2°0-53,671-673

@ . Ho/\rCOQH Tryptophan Qj/\‘/cozH
N Synthase
H NH, y N I NH,

Equation 13: Synthesis of L-tryptophan using tryptophan synthase
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Various strategies have been developed to mimic synthetic pathways without enzymes. An
example was the ring opening of aziridines derived from serine with 3-H-indoles to prepare various
tryptophan derivatives (Equation 14).°"* However, the yields were unsatisfactory arranging from 3%

to 57% after optimization, especially with lower yields for substituted indoles.

R
R? NG
R_/ | A\ . S g Zn(OTf, (2-6eq) \ &
VAR > S,
X N N CHCI, ] R
P 78°C, 18 h HN NHP

3-57%

P = Cbz, Boc, Bn
R'=H, CO,Bn
R?=H, CO,Me, CO,Bn

Equation 14: Synthesis of tryptophan derivatives by ring-opening of aziridines

In 1989, Jackson reported the use of Negishi cross-coupling for the synthesis of
enantiomerically pure protected B-aryl-alanines from aryl halides and readily available organozinc

675

reagents of iodoalanine (derived from serine),”” and for the preparation of enantiomerically pure

protected y-keto-a-amino acids from acyl chlorides and readily available organozinc reagent of

676 Although numerous applications of the synthesis of various chiral aromatic amino

iodoalanine.
acids have been reported. Only a few have reported the synthesis of tryptophan using this method.
For example, Rainier prepared the tryptophan unit of kapakahine E and F following this method to
complete their total synthesis.®’®"® Kalesse reported a selective Pd-catalyzed vinylation of
4-bromoindole with dehydroalanine, followed by enantioselective hydrogenation of olefin in the
presence of DuanPhos ligand, to synthesize the tryptophan derivative unit to complete the total
synthesis of argyrin F.°”° Yokoyama explored various asymmetric synthesis of substituted
tryptophan derivatives (Scheme 64):

- selective Pd-catalyzed vinylation of 4-bromoindole with dehydroalanine, followed by

asymmetric hydrogenation®®®-%%
- one-step synthesis of N-acetyltryptophan from indole and serine in the presence of acetic
anhydride using kinetic resolution with acylase®®>°®

- using Negishi cross-coupling reaction of iodoalanine with 3-haloindole without loss of

enantiomeric purity after optimization. The best result was obtained when the reaction of
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Synthesis of dipeptide Trp(6-Cl)—Gly

N-tosyl-3-bromoindole with N-Cbhz-iodoalanine methyl ester was carried out in the presence

of Pd,(dba)s; and the sterically hindered ferrocenyl ligand Q-PHOS.*®°

Br Br
CO,Me 1. Pd(Il) vinylation
+ COZMB
I NHBoc 2. asymmetric I
hydrogenation TsN NHBoc
Qj A(COZH e COM
2. Acylase I
HN NH;
R~ R~
A CO,Me 1. Pdy(dba)s X
N X 4 IZn/\‘/ \ CO,Me
| NHP2 2. Q-PHOS
PN PN NHP?2
X =Br, |
P'= Boc, TIPS, Ts, H
P2 = Boc, Cbz

R = Cl, 4-OMe 4-NO, 4-CO,Me

Scheme 64: Yokoyama’s asymmetric synthesis of substituted tryptophan derivatives

A short, practical and versatile synthesis of optically active substituted tryptophan
derivatives from a variety of iodoanilines, via a palladium-mediated heteroannulation reaction with
a chiral alkyne obtained by diastereoselective alkylation of the Schélkopf chiral auxiliary,?®” was
developed by Cook (Scheme 65).%8 This method have been applied by many groups, such as

Cook,*%%7 Castle,*®® Bjorn,** and Hecht.®®

EtO N EtO N
; - Pd(OAc), -
R ' _ Na,COj3, LiCl _
+ N OEt > N OEt
1
R? NH, DMF R
| | 100 °C A\ ™S
™S R? N
R'=H, Me, F, NO,
R? = H, Me, OMe 50-81%
CO,H
1.2 N HCl
THF, r.t.
- R1 NH,
2.1 N NaOH N\
EtOH, 55 °C 2 N
R H

Scheme 65: Synthesis of substituted tryptophan derivatives through heteroannulation
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Chan established a synthesis of ring-substituted (S)-tryptophan derivatives from the
corresponding indoles, using a chiral auxiliary-facilitated Strecker amino acid synthesis®* strategy

(Scheme 66).%%° Using this method, eight optically pure (S)-tryptophan analogues were synthesized,

and subsequently used for the total synthesis of argyrin A and its analogues.

R R
N POCI, N 1. PhsPCH,OCHj, BuLi N
\ y \ y CHO - \ y CH,CHO
| DMF 2. HCI, THF, reflux |
HN HN HN
HN
w/\OH R\ = R\ =
Ph \ y CN H,0,, KoCO4 \ y CONH,
- | — |
NaCN HN HN DMSO HN HN
AcOH MeOH Y om Y om
Ph Ph
dr2-3:1
R~ R~
Pd/C, HCO,NH, N 1 M HCI X
- \ y CONH, - \ y CO,H
MeOH, reflux | reflux |
HN NH, HN NH,-HCl

R =H, 5-Br, 5-Cl, 6-F, 7-Et, 5-Me 4-OMe, 5-OMe

Scheme 66: Synthesis of optically active substituted tryptophan derivatives
Recently Katkevics reported a general method for the diastereoselective synthesis of

substituted tryptophan derivatives by alkylation of William’s morpholinone chiral auxiliary with

quaternary gramines as alkylating agents with good overall yields (Scheme 67).%%

OTO]‘\\ Ph
N
|

] //Ph (@) (0] \\\Ph CO.H
MeSO; +N// Boc j 2
N LIHMDS (2.1 eq.) N~ P NH,
= > | —_— 7
R— | A\ Li,CuCly (0.1 eq.) =z N\ Bee R— | N
XN THF/DMF = 6:1 R | XN
H A N H
—78°C,15h N
45-82%

R =H, 2-Me, 7-Et, 5-OMe, 4-OBn
5-OBn, 5-F, 6-Br, 5-CN

Scheme 67: Katkevics’s diastereoselective synthesis of substituted tryptophan derivatives
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Synthesis of dipeptide Trp(6-Cl)—Gly

Asymmetric phase-transfer catalytic alkylation of glycine imine derivative 209 using the
cinchona-derived catalyst 210 was reported by Hossain for the preparation of substituted tryptophan
derivatives with ee up to 95% (Scheme 68).°%® A similar method was also used by Maruoka for the
enantioselective synthesis of a,a-dialkyl-a-amino acids by chiral phase-transfer catalysis from the
Schiff base of 209, including the preparation of a N’-Boc protected D-tryptophan derivative in 78%
yield and 91% ee.®

Br

209 (1.0 eq.)
210 (1.0 eq.) R
R R KOH (20 eq.) N
N OCF, N - H,O (6 eq.) \ y CO,t-Bu
\ Y/ N \ Y N - |
| | CH,Cl, | > CH,Cl, HN N__Ph
HN rt,1h HN R rt. Y
65-80% Ph
R = H, 5-OMe, 6-OMe, 5-Br 90-95% ee

R' = 4-(trifluoromethoxy)benzyl

)AL

Ph” SN > Co,tBu

209

210

Scheme 68: Enantioselective synthesis of tryptophan derivatives by asymmetric phase transfer

catalysis

A widely used method for the enantioselective preparation of tryptophan derivatives consists
of a tandem Friedel-Crafts/conjugate addition of substituted indoles to dehydroalanines. For
example, Reisman reported the reaction of 2-substituted indoles with methyl 2-acetamidoacrylate
catalyzed by a BINOL-SnCl, complex to prepared synthetic tryptophan derivatives in good vyiels
and high level of enantioselectivity (Equation 15).°® In a similar manner, Chen described the
reaction of indoles with  nitroacrylates  catalyzed by the chiral  complex
(4R,5S)-DiPh-BOX-Cu(OTf),.*? Besides, a convenient synthesis of constrained PB-substituted

tryptophans by asymmetric catalytic reaction of glycine derivatives with sulfonylindoles using a

125



Chapter 3

catalyst derived from AgCIl and a commercially available chiral monodentate phosphoramidite

ligand was developed by Hou.**

MeO,C NHAc

\ﬂ/ CO,Me
7 .
me BINOL-SnCl, _ _ NHAG
AN
N 4 AMS, CH,Cl R D—r

X N
H

22 examples
84-96% ee

/

Equation 15: Reisman’s diastereoselective synthesis of substituted tryptophan derivatives

2. Synthesis of Trp—Gly

2.1. Alkylation of chiral glycine imine derivatives

Asymmetric synthesis of a-amino acids by alkylation of the glycine tert-butyl ester Schiff
base derived from 2-hydroxypinanone is a well-known methodology, firstly reported by Yamada in
1976,%** and widely applied by many groups.®®*¢2%%712 However, only a few applications to the
enantioselective synthesis of tryptophan derivatives have been described.****® The origin of
stereoselectivity of this reaction was explored in details by different groups (Figure 36):

- a possible transition state was proposed by Soladié-Cavallo who postulated a dimeric
aggregate based on literature X-ray crystallographic data early in 1993"4%7%°
- Seebach described the formation of dimers and even higher aggregates in 1988 when
reviewing the structure and reactivity of lithium enolates’*®
- computational studies were used by Matsumoto to proposed a meso-dimer type model on
half of the dimeric enolate in 1996°% "%
- Haufe suggested the formation of aggregates of intermediary enolates in solution and

diastereomeric interactions of the enantiomers in 20007
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It.Bu t-Bu
|
‘\\O\ ‘\\\O\
R— , — 7
N N N7
N /(:) Li- AN /(f) Iii\

Soladié-Cavallo's dimer type-model Matsumoto's meso-dimer type-model

Figure 36: Proposed transition state type-model of alkylation of 2-hydroxypinanone glycine imine

using lithium enolates

2.2. Strategy

Based on the work of Shiori,****®

we proposed the preparation of the Trp(6-Cl) residue
through alkylation of a 2-hydroxypinanone glycine imine derivative. This method presents the
advantage of allowing access to either enantiomers depending on the stereochemistry of the chosen
2-hydroxypinanone. To fit with our overall plan for the preparation of microsclerodermin D, a Fmoc
group and a t-butyl ester were chosen to protect the amine and the acid functions, respectively. The
target dipeptide would be obtained by coupling of Fmoc-Trp(6-ClI)-OH with t-butyl glycinate
(Scheme 69). The appropriately protected 6-chloroindole would be prepared by alkylation of the

2-hydroxypinanone glycine imine with an ammonium salt derived from 6-chlorogramine which

would be obtained from 6-chloroindole through a Mannich reaction followed by quaternarization.

2.3. Synthesis of H-[(R)-Trp(6-Cl)]-Gly—Ot-Bu

The quaternary ammonium salt 211 was prepared efficiently in two steps from
6-chloroindole (Scheme 70). This latter was engaged in a 3-component Mannich reaction with
dimethylamine and formaldehyde to provide the gramine derivative 211 in 82% vyield. Then
treatment with methyl iodide allows quarternarization to produce the ammonium salt 212 in

quantitative yield following Sun’s procedure.”"’
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Cl
NHFmoc
| H-Gly-Ot-Bu Cl NHEmoc Fmoc-protection
NT 07 > nNH > ] >
H(Ot-Bu peptide coupling u o o Ot-Bu Hydrolysis
(6]
Cl NH, imine hydrolysis %'OH alkylation
——— —
| N
N 07 otBu |
N™ 07 otsu
cl " Manich reaction Cl
] NMegI” @ —7> ]
N Quaternarization N
H H

6-chloroindole

Scheme 69: Retrosynthetic analysis of dipeptide modified 6-CI-Trp—Gly

0
o 40% MeoNHoq, o Mel .
37% HCHO,q, THF +
, F = ’ NMe2 —_— ’ NMe3 1~
N AcOH N 0°C~rt,1h N
H H H
211 212

0°C,4h

6-chloroindole 82 % quant.

Scheme 70: Preparation of the ammonium salt derived from 6-chloroindole

Subsequently, the chiral Schiff base of glycine t-butyl ester 20 was prepared by treatment of
glycine t-butyl ester with optically pure (1S,2S,5S)-(+)-2-hydroxy-3-pinanone (HyPN) in the
presence of catalytic BF3-Et,O refluxing in toluene (Scheme 71). Then, deprotonation of the chiral
imine 20 with LDA provided an enolate which was treated with the quaternary ammonium salt 212
to provide the imine 213 in 52% yield and a diasteroisomeric ratio of 95:5 (after chromatography
purification, the ratio improved above 97:3). It appearred that the hydrolysis of imine 213 required
care to avoid racemization; thus, upon treatment with 15% citric acid, we were able to obtain 95%
yield of the a-amino ester 214. Afterwards, protection of the amine with a Fmoc group followed by
TFA-mediated hydrolysis of the t-butyl ester gave the N-Fmoc-Trp(6-Cl) derivative 215 in excellent
yield over 2 steps. Interestingly, when hydrolysis of the t-butyl ester was performed in the absence
of triethylsilane, the reaction was dirty with lower yield and the product was difficult to purify.

Peptide coupling of 215 with glycine t-butyl ester with PyBOP in the presence of DIEA, gave the
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Synthesis of dipeptide Trp(6-Cl)—Gly

dipeptide Fmoc—Trp(6-Cl)-Gly—Ot-Bu 216 in 67% yield; the efficiency was then improved by
replacing PyBOP with PyBroP which gave 81% yield of the dipeptide 216. Chiral HPLC analysis of
216 revealed an enantiomeric excess of 94%. Final deprotection of the Fmoc group was initially
performed under the common conditions using piperidine in dichloromethane, but it gave a modest
50% vyield as impure product. Alternative conditions were sought. Treatment of 216 with TBAF in
the presence of benzylmercaptan in THF and 28% NH,OH in THF (1:1), gave 80% and 81% yield
of the product 217, respectively. The best result was obtained by treatment with Et,NH (40 eq.) in
MeOH which gave an excellent 90% yield of 217. Under these conditions, no degradation, no
polymer of DBF and no adduct of DBF with Et,NH were formed and only DBF by-product was

observed.

HCI-H-Gly—Ot-Bu il OH 1. "DA;THF 1l OH
EtsN -78 °C
' OH - > Cl
N N
BF3-Et,0 2.210, THF
0 toluene, reflux L -78°C~0°C ’
N
07 otBu 52 % N 07 SotBu
(2S,35,5S)-2-HyPN 20 213
dr 95:5
1. Fmoc-Cl, Na,CO3
L . Cl THF, r.t., 24 h Cl
15% Citric amdaq_‘ NH, quant. N NHFmoc
THF N ’ 2. TFAEt3SiH, N ’
rt, 48 h H O~ "OtBu CH,Cly, rt., 12 h H 0~ "OH
95 % 214 98% 215
Cl
HCI-H-Gly—Ot-Bu , NHFmoc Et,NH
- >
PyBroP, DIEA N o N/\H/Ot'B“ MeOH
CH,Cl, Ho 8 rt, 16 h
819 9
%o 216 90%
ee = 94%
Cl
NH»
, Ot-Bu
N
o N/\H/
H H
(6]
217

Scheme 71: Enantioselective synthesis of dipeptide H—Trp(6-Cl)—Gly—Ot-Bu

In order to evaluate the enantiomeric excess of 216, the racemic material was also prepared

according to a similar strategy, but the chiral Schiff base was replaced by the benzophenone imine
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derivative 218 (Scheme 72). Thus, condensation of glycine t-butyl ester with benzophenone imine
gave the Schiff base 218 quantitatively.”*®"*® This compound was deprotonated and treated with the
quaternary ammonium salt 212 to provide the imine (£)-219. After hydrolysis of the imine,
protecting group manipulation and peptide coupling, the racemic dipeptide (£)-216 was obtained in

good yield and used to establish a chiral HPLC analysis protocol to evaluate the enantiomeric

excess.
Ph Ph 1. LDA, THF Ph Ph
Ph \ﬂ/ Ph HCI-H-Gly—Ot-Bu \ﬂ/ —78°C cl y
NH CH,Cl, /]A/ 2.210, THF |
rt, 18h 07 > otBu —78°C~0°C N 07 > otBu
0,
218 84 % (£)-219
cl 1. Fmoc-Cl, Na,CO3 cl
15% Citric acid,g, NH, THF, r.t., 24 h NHFmoc
THF N / 2. TFA, EtzSiH N ’
rt, 48 h H 0~ ~OtBu CH,Cly, r.t., 12 h H 0~ "OH
84 % (¥)-214 98% (+)-215
cl
HCI-H-Gly-Ot-Bu ’ NHFmoc
> ot-B
PyBroP, DIEA H o H/\”/ u
CH,CI
812"/ ’ ©
° (£)-216

Scheme 72: Racemic synthesis of dipeptide Fmoc—Trp(6-Cl)-Gly—0Ot-Bu

3. Conclusion

We successfully synthesized the Fmoc—Trp(6-Cl)-Gly—0t-Bu dipeptide fragment in 32.2%
yield over 7 steps with an enantiomeric excess of 94%, starting from 6-chloroindole. The chiral
center was constructed by a classic strategy for chiral a-amino acids preparation based on the
diastereoselective alkylation of the chiral Schiff base derived from 2-hydroxypinanone and glycine

t-butyl ester with a gramine type of ammonium salt.
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Synthesis of dipeptide GABOB—APTO

1. Introduction

According to our proposed strategy, GABOB—APTO (Figure 37) is the third dipeptide
fragment required for the total synthesis of microsclerodermin D. It is also found in
microsclerodermins C and L. This fragment is composed of (R)-y-aminobutyric acid (GABOB)
which is present in all the microsclerodermin family members, and of APTO, a polyhydroxylated
-amino acid residue containing four contiguous stereogenic centers. Across the microsclerodermin
family, the polyhydroxylated B-amino acid unit presents some variations, and other residues like
AETD, AMMTD, AMPTD, which contains four or five contiguous stereogenic centers and various

styrene moiety can be encountered.

HO OTBS

TBSO HN

H =
_N M OTBS
Boc O

Figure 37: Dipeptide Boc-GABOB—APTO—OH

GABOB is a relatively common y-amino acid whose preparation is well

(408470720721 an it is easily accessible. Several groups have reported the preparation of

documente
protected derivatives of APTO, including McLeod®® in 2007, Aitken®’ in 2008, Dauban and

Dodd®**® in 2009 and Davies*® in 2013 (See Chapter 1, §4.).

2. Synthesis of GABOB—APTO
2.1. Strategy

We proposed to prepare the APTO fragment through the in-house strategy®®’ (See Chapter 1,
§ 4.2.3.) and to install appropriate protecting groups on the hydroxy groups, and to synthesize the
protected GABOB from ethyl (R)-4-chloro-3-hydroxybutanoate according to Hayashi’s

469721 (gcheme 73). To fit with our proposed total synthesis strategy, the amino group of

procedures
GABOB would be protected by a Boc group, and all the hydroxyl groups would be protected by a
TBS group, with the intention of performing a single deprotection operation at the appropriate

moment. Functional group modification of the known fully-protected ATPO derivative 67 would
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require the cleavage of sulfinyl, acetonide and O-Boc groups in acidic medium, followed by Fmoc
protection of amine and O-TBS protection of all the free hydroxyl groups, and final Fmoc
deprotection. After coupling with protected GABOB, the methyl ester would be hydrolyzed in order

to be ready for further coupling.

TBSO O
H =
o TBS N :
0 Boc
HO OTBS
N _Ph — o TBS
TBSO HN |
H = 0
aoe | : o OTBS MeO OTBS
oC
H,N

OTBS

Scheme 73: Retrosynthetic analysis of the dipeptide GABOB—APTO derivative

2.2. Synthesis of the protected GABOB

The preparation of GABOB started with azidation of commercially available ethyl
(R)-4-chloro-3-hydroxybutanoate according to Hayashi’s procedures (Scheme 74).*®"2! In a first
experiment the chloro ester was treated with sodium azide (1 eg.) at 90 °C in DMF for 48 h to give
the azido ester derivative 220. Although complete conversion was observed, only 66% yield of the
product was obtained, and we suspected that the prolonged reaction time at high temperature could
be the cause. To reduce reaction time we turned to microwave activation.”” Thus the chloroester
was treated with sodium azide (1.3 eq.) in water under microwave irradiation at 120 °C for 30 min.
Unfortunately, the reaction was not complete and about 15% yield of starting material was observed.
Increasing the quantity of sodium azide (2.5 eq.) in the same conditions allowed a complete
conversion and furnished 82% vyield of the azido ester 220 which could be used without purification.
In a single procedure, the azide was reduced into an amine which was directly protected by a Boc
group, by hydrogenolysis over Pd/C in the presence of Boc,O to give the amino ester derivative 221
in good yield. Subsequently, the free alcohol was protected as a TBS ether under standard
conditions to give the fully protected GABOB derivative 222 efficiently. Finally, saponification of
the ethyl ester using potassium hydroxide gave the target protected (R)-GABOB 223 derivative in
87% yield. The (R)-GABOB 223 ready for coupling was prepared in overall 45.2% yield over 4

steps from ethyl (R)-4-chloro-3-hydroxybutanoate.
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H,, Pd/C
NaN3 OH Boc,O OH
B > B — > R
Cl \/\/COZE'( H,0 N3 \/\/COZE’( EtOAC BocNH \/\/COZEt
MW 120 °C, 30 min 220 rt., 24 h 221
82% 72%
TBSCI
imidazole OTBS KOH OTBS
—_— > B B H
DMF BOoNHACOEL om0 BOENHN AN -COH
rt., 16 h 222 rt,15h 223
88% 87%

Scheme 74: Synthesis of the protected (R)-GABOB derivative 223

2.3. Synthesis of protected APTO

The protected ATPO derivative was then prepared from 2-dexoy-D-ribose according to the

procedure developed by Aitken’s group.

387 We began by preparing 2-deoxy-D-ribose acetonide 63

following Horton’s conditions and procedures (Table 10, entry 1).*® Unfortunately, the reaction was

sluggish and hardly gave the desired acetonide 63 when conducted under various common

OH
OH
o Conditions 0
“u
"o : O
E O
OH
63
Entry Conditions® Results®
1 Sikkon CaSOy, 2-MP (2.0 eq.),p-TsOH-H,0 (0.1 eq.), DMF, 0 °C, >3 h  No reaction
2 2,2-DMP/p-TsOH-H,0 (0.1 eq.), DMF, —10 °C, overnight No reaction
3 2-MP (1.3 eq.), PPTS-H,0 (0.1 eq.), EtOAc, —10 °C,>6 h No reaction
4 CaS0y, 2-MP (1.3 eq.), PPTS-H,0 (0.1 eq.), EtOAc, —10°C,>6 h No reaction
5° 2,2-DMP (1.3 eq.), PPTS:-H,0 (0.1 eq.), EtOAc, —10°C,>6 h Complex
6 2-MP (1.3 eq.), PPTS (0.1 eq.), EtOAc, —10 °C, > 6 h 66%
7° 2-MP (1.5 eq.), PPTS (0.1 eq.), EtOAc, —10 °C,>6 h 62%

Notes: ® Conditions: dried DMF and EtOAc under argon; ® Isolated yield or checked by TLC and

'H NMR; ¢ EtOAC not distilled; ¢ PPTS was recrystallized in acetone.

Table 10: Ketal protection of 2-deoxy-D-ribose
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conditions such as 2,2-dimethoxypropane/p-TsOH-H,0,’?  2-methoxypropene/PPTS-H,0,"*
CaS0./2-methoxypropene/p-TsOH-H,O were tested with no more success (entries 2-6).”% Finally,
the use of 2-methoxypropene in the presence of anhydrous PPTS in dried ethyl acetate according to

C. 726
Robertson’s conditions

allowed the preparation of the expected acetonide 63 in 66% yield.

With 2-deoxy-D-ribose acetonide 63 in hand, we followed the synthetic route as previously
described.®®” The acetonide was treated with a phosphonate-stabilized carbanion obtained by
deprotonation of benzyl diethylphosphonate with BuL.i, to furnish the pure E-alkene 64 in moderate
yield (Scheme 75). In our hands Swern oxidation of alcohol 64 was inefficient and we thus decided
to turn to Dess-Martin oxidation. The alcohol 64 was oxidized quantitatively into an aldehyde by
treatment with Dess-Martin periodinane in the presence of sodium bicarbonate.'®"?” This aldehyde

was then epimerized at the a-position by treatment with K,CO3 in MeOH*®

to give aldehyde 65.
Condensation of this aldehyde with (S)-(—)-tert-butanesulfinamide in the presence of Ti(OEt), gave
the chiral sulfinimine 66 in 69% yield,*** which was then treated with the lithium enolate of O-Boc
methyl glycolate to produce the protected APTO derivative 67 in excellent yield and complete

diastereochemical control (dr > 99:0:0:0).

OH 1.DMP (1.5 eq.)
X _Ph
Ph”” > PO(OER), NaHCO; (5 eq.)
O .
BuLi CHCly, r.t., 50 min N OHC .,
s, z o > o)
? 0 THF 6 2. K,CO3, MeOH 5
'ojk 45°C, 20 h
52% 83%
63 64 65
o] o)
1
BN Ph J‘J\/OBOC
tBu™  NH, o H X MeO
Ti(OEt), g ’ LiHMDS MeO
> tBu™ N “5 >
CH,Cl, 5 THF
—78°C,1h +Ss
69% 94% £Bu” "0

dr>99:0:0:0

Scheme 75: Synthesis of a protected APTO derivative

With the protected APTO derivative secured, we needed to adapt the protecting group

pattern to fit with our proposed total synthesis strategy. Thus, all the hydroxyl groups should be
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Synthesis of dipeptide GABOB—APTO

protected as TBS ether and the amino group should be protected by a Fmoc group. Since the
tert-butanesulfinyl, the acetonide and the O-Boc group are all acid labile, we decide to try to

perform a complete deprotection through the action of TFA.

Thus, compound 67 was treated with TFA in dichloromethane (20% v/v) to give the lactone
derivative 224 quantitatively, in which the tert-butanesulfinyl group remained, and subsequential
treatment with 4 M solution of HCI in dioxane gave the ammonium salt 225 (Scheme 76).
Obtention of this lactone was not a surprising result since it has been also observed by Donohoe*®
and Davies.*'® Then treatment of 224 with a 4 M solution of HCI in dioxane and methanol for 1.5 h
produced the ammonium salt 225 quantitatively. Moreover, when treated with a 4 M solution of
HCI in dioxane and methanol for 1.5 h at room temperature, the tert-butanesulfinyl, O-Boc and
acetonide groups of compound 67 were all fully removed, and only traces of residual acetonide
were observed, directly giving the the ammonium salt 225. The salt was directly treated with
FmocCl in the presence of NaHCOg3 to give the Fmoc protected lactone 226. Protection of the free
hydroxyl groups using TBSOTTf in the presence of 2,6-lutidine gave only the mono protected
compound 227. Further treatment with large amount of TBSOTF and 2,6-lutidine was performed,

but we were unable to confirm the formation of compound 228 bearing two TBS groups.

HCI 4 M dioxane

h
>

MeOH
r.t., 30 min

224

HO,,’ 1. NaHCO3 HO,,I
| 2. extraction with EtOAc |
HCI-HoN 3. FmocCl, NaHCO3 FmocHN
CH,Cl,
rt.,20h
225 226
O O
TBSOTf (4.0 eq.) TBSO,,' TBSOTf (20 eq.) TBSO,,I

2,6-lutidine (4.0 eq.) 2,6-lutidine (20 eq.)

CH,Cl, FmocHN
rt,3h

Ph CH,Cl, FmocHN
rt.,3h

S

HO TBSO"

227 228

Scheme 76: Deprotection of the APTO derivative 67 with TFA or HCI
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These results indicated that both the O-Boc group and the acetonide can be removed easily
with TFA or HCI, whereas removal of the tert-butylsulfinyl group required the use of HCI. With
HCI, all protecting groups can be removed in a single operation to provide the ammonium salt 225.
Moreover, it seemed difficult to install more than one TBS on the free hydroxyl groups, probably

because of steric hindrance.

In the literature, the selectivity difference between TFA and HCI in the deprotection of some
substrates with both acetonide and tert-butylsulfinyl, or with Boc and tert-butylsulfinyl has been
reported by several groups.’?®’® We reasoned that it should be possible to selectively remove the
tert-butylsulfinyl group of APTO derivative 67 using a 4 M solution of HCI in dioxane. In the
course of our studies on the deprotection of compound 67 with HCI, we observed that the selectivity
was highly dependent on the temperature (Scheme 77). Warm conditions resulted in the formation
of the fully-deprotected lactone product 225, whereas ambient temperature allowed partial removal
of the tert-butylsulfinyl group. Thus, when the reaction was performed at —10 °C, we were able to
obtain the free amine APTO derivative 229 in a completely selective transformation and in

quantitative yield.

HCI 4 M (30 eq.)

dioxane
30 °C, 40 min
t=100%

225

HCI 4 M (30 eq.)

Y

225 + 229
dioxane

23 °C, 40 min
©=100%

HCI 4 M (20 eq.) MeO

dioxane HCI-HoN
—-10 °C, 35 min
©=100%

Scheme 77: Deprotection of the APTO derivative 67 with HCI in dioxane
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2.4. Coupling of APTO derivatives with GABOB

The final stage of the dipeptide synthesis consisted of the coupling of the two protected
APTO and GABOB derivatives. We first envisaged the use of the lactone derivative of ammonium
salt 225 as a protected APTO derivative in the final steps of our synthesis (Scheme 78). Thus
compound 225 was first neutralized with DIEA to give free amine 230, then engaged in a coupling
with the protected GABOB derivative 223 using HATU in the presence of DIEA to produce
dipeptide 231 in 10% yield. The low yield may have been the results of the polymerization of the
aminolactone and also a second coupling of GABOB with the double hydroxyl groups of 230 or

231.

OTBS
o BocNH \/;\/COZH
223
HCI-H,N HATU, DIEA
CH,CI
r.t., 216?1

10% from 224

231

Scheme 78: Coupling of APTO lactone derivative with protected GABOB

It seemed that we had difficulties to employe lactone derivative of ammonium salt 225. Thus,
we turned to the use of APTO derivative 229 for coupling with GABOB, and after neutralization
that give free amine 232 which was very clean when checked by *H NMR (Scheme 79). However,
in a first experiment, after purification by chromatography over silica gel, we obtained 64% of the
desired free amine 232 and 11% yield of the unwanted Boc-migration product 233. When
compound 232 was used for coupling with the GABOB derivative 223 using PyBroP in the
presence of DIEA, we were able to obtain 47% of the desired Boc-GABOB—APTO-OMe
dipeptide 234. In order to minimize the Boc-migration process, the crude 232 was purified by

chromatography over neutral alumina in a second experiment. Unfortunately results were worse
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since we obtained 35% of the free amine 232 and 37% of the Boc-migration product 233. Coupling

of this free amine 232 with GABOB 223 under the same conditions gave 53% of dipeptide 234.

DIEA (30 eq.)
MeO CH,Cl, MeO
HCI-H,N K or HoN
Et3N (30 eq.)
CH2C|2
229
silica gel : 64% 11%
neutral alumina : 35% 37%
I|300
Boc-GABOB(TBS)-OH MeO,C (0] X _Ph

223 TBSO O I((\/
> BocNH NJ\
PyBroP, DIEA ” “0
CH,Cl, 0
rt, 16 h #\
234

47% over 2 steps via crude 232 purified over silica gel
53% over 2 steps via crude 232 purified over neutral alumina

Scheme 79: Coupling of APTO derivative of free amine 232 with protected GABOB

We confirmed that the point was that the purification by chromatography of free amine 232
was detrimental. Thus, we considered the use of the ammonium salt 229 without purification by
chromatography. The crude ammonium salt 229 was rapidly purifed by dilution with diethyl ether
and evaporated carefully in order to avoid further removal of O-Boc and acetonide groups. During
this step, the excess of HCI and most of the t-butanesulfinyl chloride produced during the
deprotection were removed.”* After coupling with GABOB, we were able to obtain up to 72% of
the dipeptide 234 (Table 11, entries 1-2). Additionally, a one-pot reaction was also attempted,
whereby the ammonium salt obtained by treatment with 4 M HCI was neutralized with DIEA, and
Boc—GABOB(TBS)—OH and PyBroP were added to give 53% of the expected dipeptide 234 (entry
3). Finally, when amine 232 was isolated by simple extraction and used directly in the coupling with

GABOB, the dipeptide 234 was obtained in 68% yield (entry 4).
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1. deprotection

4 M HCI (20 eq.)
dioxane MeO 2. neutralization
-5 °C, 30-35 min HCI-H,;N K or
©=100% (0] dilution in Et,0O
and evaporation
229
3. coupling Boc

Boc-GABOB(TBS)-OH MeO,C._ O X _ Ph
223 TBSO O
> BocNH M\)]\ ",
PyBroP, DIEA N o)
CH,Cl, 0
rt.,48 h

234

Entry Step 2: Conditions 2342
1° dilution in Et,0, evaporation 66%
2° dilution in Et,0, evaporation 72%

One-pot reaction
3 2. DIEA (30 eq.), CH,Cly, =5 °C 53%
3. 223, PyBroP, CH,Cly, r.t., 48 h
DIEA (30 eq.), CH2C|2, =5°C

4 _ _ 68%
wash with water and dried over MgSO,

Notes: ? Isolated yield. ® 0.1 mmol scale. ¢ 0.2 mmol scale

Table 11 Coupling of APTO derivative with GABOB

2.5. Saponification of Boc—-GABOB—-APTO-OMe

With the dipeptide derivative GABOB—APTO 234 in hand, we undertook the saponification
of the methyl ester in order to make this dipeptide ready for pepetide coupling (Table 12). Initially,
dipeptide 234 was treated with LiOH (4 eq.) at 0 °C and slowly warmed to room temperature for 4
h, but no reaction was observed and the starting material was recovered quantitatively (entry 1).
When the reaction was performed with a large excess of LiIOH (10 eg.) at room temperature for 16
h, followed by treatment with 10% citric acid at 0 °C until pH = 2-3, the desired dipeptide acid 235
was obtained in 71% yield, accompanied by traces of the alcohol 236 (entry 2). However, when the
treatment with 10% citric acid until pH = 2-3 was performed at 5-10 °C, the alcohol 236 was
obtained in 80% vyield as a single product (entry 3). Since the O-Boc group is very sensitive to
acidic conditions we tried to control the quenching conditions. Thus, the treatment was performed
with a limited amount of citric acid (15 eq.) at —10 °C but 54% of dipeptide acid 235 and 38% of
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alcohol 236 were obtained (entry 4). An attempt to re-install the Boc group on alcohol 236 using

Boc,0 in the presence of DMAP failed and gave only a mixture of undefined products.

IIBOC
HO,C O Ph
TBSO 0 X
BocNH NJ\ N s,
N o
(0]
Fi’:oc
,C L0 X _Ph 235
TBS? 9] 1. saponification
BocNH NJ\ , >
” 0 2. acidification

+
HO,C.__,OH
o#\ TBSO O
BocNH NJ\ 5
234 N 0

X _Ph
o#\

Entry conditions 235 236

236

1 1. LiOH (4 equiv.), MeOH/THF/H,0 (0.2/0.2/0.3 mL), 0 °C ~r.t., 4 h No reaction
2. 10% citric acid until pH =2-3 at0 °C
1. LiOH (10 eq.), MeOH/THF/H,0 (0.2/0.2/0.3 mL), r.t., 16 h 0
2 2. 10% citric acid until pH =2-3at 0 °C 1% - trace
3 1. LiOH (10 eq._), MeQH/THF/HZO (0.2/0.2/0.3 mL), r.t., 16 h 0% 80%
2. 10% citric acid until pH = 2-3 at 5~10 °C
1. LiOH (10 eq.), MeOH/THF/H,0 (0.2/0.2/0.3 mL), r.t., 16 h 0 0
4 2. citric acid (15 eq.) until pH =3-4 at —10 °C 4% - 38%

Table 12: Saponification of GABOB—APTO methyl ester with LiOH

4. Conclusion
In summary, starting from acetonide 63, we were able to prepare the third dipeptide
derivative 234 required for the proposed total synthesis of microsclerodermin D in 20.2 % vyield

over 7 steps ad assumed to be enantiomerically pure (Scheme 80).

Key transformations were the completely diastereoselective addition of the lithium enolate
of O-Boc methyl glycolate on a chiral sulfinimine derived from 2-deoxy-D-ribose which provided
the fully protected APTO as a single diastereomer in 94% yield, and selective deprotection of the

tert-butylsulfinyl group was ensured by the use of 4 M HCI in dioxane at low temperature. The
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ammonium salt 228 was directly engaged in the coupling with GABOB to give the dipeptide 234 in

an excellent 72% yield over 2 steps avoiding an unwanted Boc migration process.

OH 1.4 M HCI (20 eq.)
dioxane
O ref. 387 -5 °C, 30-35 min
> -
%, e
: 0 5 steps 2. dilution in Et,0
OTQ 28% evaporation
1t =100%
63

Boc—-GABOB(TBS)-OH
223

PyBroP, DIEA
CH,Cl,
r.t., 48 h

72% 234

Scheme 80: Synthesis of the dipeptide Boc-GABOB—APTO—-OMe from 2-dexoy-D-ribose
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Macrocyclic peptide assembly: peptide coupling and macrocyclization

1. Introduction - Strategy

Our objective was to develop a convergent synthesis of microsclerodermin D, using the
three dipeptides described in the previous chapters: Fmoc—mPyrAA—Sar—Ot-Bu (R)-189 (Chapter
2), Fmoc—[D-Trp(6-CI)]-Gly—Ot-Bu 216 (Chapter 3) and Boc—GABOB(TBS)-APTO-OH 235
(Chapter 4). We proposed to assemble first a tetrapeptide, then a hexapeptide, then perform a

macrocylization and finally reveal the PyrAA unit by unmasking the mPyrAA.

It was proposed that the macrocyclic assembly would start with deprotection of
Fmoc—mPyrAA—Sar—Ot-Bu (R)-189 and Fmoc—[D-Trp(6-Cl)]—Gly—Ot-Bu 216 followed by their
coupling (Scheme 81). The resulting tetrapeptide Fmoc—mPyrAA—Sar—[D-Trp(6-Cl)]-Gly—Ot-Bu
would be deprotected on the N-terminal and then coupled to the third dipeptide
Boc—GABOB(TBS)-APTO—-OH 235. The linear hexapeptide thus obtained would be deprotected
on the C and N-terminal before macrocyclization. Then the side chains will be deprotected and the
dithioketal group should be removed to liberate the y-ketoamide which will cyclize spontaneously

to install the pyrrolidinoacetic acid residue.

i 1. side chains deprotection :
i 2. dithioketal deprotection and |
spontaneous cyclization ;

mPyrAA—

: 1 o o 4 2

: 1. £Bu deprotection s s ! 1. Fmoc deprotection
i 2. Fmoc deprotection | CONH, 5 2' Counlin :
i 3. Coupling : | L Ping

(¢]]
N o
Trp(6-Cl)-Gly

1. t-Bu and Boc deprotection
1 2. Coupling :

Scheme 81: Macrocyclic peptide assembly and final deprotection
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2. Hexapeptide assembly

Preparation of the tetrapeptide required the deprotection of the tryptophane residue of 216
and the sarcosine residue of 189 (Scheme 82). The Fmoc group of 216 was first removed by
treatment with diethylamine (40 eq.) in methanol overnight to give the dipeptide 217 according to
the optimized conditions (See Chapter 3, § 2.3, Scheme 71). In parallel, Deprotection of t-butyl
ester of 189 was efficiently performed using TFA (40 eq.) in dichloromethane at room temperature
to produce the dipeptide acid 237 in a quantitative manner. The product 237 seems to be a complex
with TFA as evidence by *°F NMR. Thus, neutralization using DIEA and re-acidified with 1 M HCI,
gave the free dipeptide acid 238 in good yield. Finally, peptide coupling of these two dipeptides 238
and 217 using PyBroP in the presence of DIEA gave the corresponding tetrapeptide 239 in 82%

yield.
cl cl
NHFmoc NH»
| Et,NH (40 eq.) |
N™ 07 NH - NT 07 nNH
MeOH
Ot-Bu rt., 16 h Ot-Bu
o 90% o
216 217
o /! \ o /I
s. S TFA S. S 1. DIEA
—_— —_—
Ot-Bu NHFmoc =100% OH NHFmoc 82%
189 237
0 S/"’\S
WCONHz
— 217 cl |
Qg % PyBroP, DIEA NH NHFmoc
— |
| CONH2 CH2C|2 N
OH NHFmoc rt. 48 h H O NH

82%

238

Scheme 82: Preparation of the tetrapeptide 239

Fmoc deprotection of tetrapeptide 239 was also performed using diethylamine in methanol

to give the corresponding free amine quantitatively (Scheme 83). Considering its very likely
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instability, it was directly engaged in the coupling with the GABOB—-APTO derivative 236,
successfully providing the desired hexapeptide 240 in 33% yield over 2 steps.

o [\

S
WCONHz
1. EtNH,

Cl |
NH NHFmoc MeOH
—_—
N l 2.236

H O NH

PyBroP, DIEA
H“/Ot'BU CHzclz
rt,16h

© 33%
239

+Bu0,C

Scheme 83: Preparation of the hexapeptide 240

3. Macrocyclization and total synthesis of microsclerodermin D

At the time of writing, linear hexapeptide 240 was the most advanced intermediate which
has been obtained. The remaining steps of the synthesis consist of:

- a simultaneous deprotection of both the C- and N-terminal residues with TFA, most likely
accompanied by acetonide, O-Boc removal from the APTO side chain, to give the
macrocyclization precursor 241 (Scheme 84)

- macrocylization followed by removal of and O-TBS will give the cyclic hexapeptide 242

- finally deprotection of the dithioketal was performed by treatment of the macrocyclic
peptide with NBS will liberate the y-ketoamide which will cyclize spontaneously to give

microsclerodermin D.

Thus, it is expected that the first total synthesis of microsclerodermin D will be completed
soon. The latest result was that we tried once treatment of hexapeptide 240 with TFA and we

observed all removal of CO,t-Bu and N-Boc, acetonide, O-Boc.
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o /'"\S CONH,

OH
o} NH

(E)TBS HN OH

NH,- TFA \

241

S
b((\ CONH,
Y\ N
Cl
macrocyclization

242

o) J\ “
Y\ N AW
Cl
dithioketal deprotection

spontaneous cyclization

(0]

Microsclerodermin D

Scheme 84: Macrocyclization, dithioketal deprotection and spontaneous cyclization to access

microsclerodermin D
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General Conclusion

The objective of this PhD thesis was to acomplish the first total synthesis of
microsclerodermin D (Figure 32), which features a 23-membered ring macrocyclic peptide
comprised of six amino acids, of which three are common: glycine (Gly), sarcosine (Sar) and
(R)-y-amino-B-hydroxybutyric acid (GABOB). The other three amino acids possess some structural
variations, but they can be classified as a modified tryptophan (Trp(6-Cl)), a polyhydroxylated
B-amino acid (APTO) containing four contiguous stereogenic centers and a highly unusual
3-amino-4-hydroxypyrrolidone-4-acetic acid (PyrAA). We planned to develop a modular synthetic
route to microsclerodermin D that could be applicable for the preparation of other

microsclerodermin family members and their analogues thereof.

We proposed a convergent synthetic approach to microsclerodermin D in which the peptide
backbone would be constructed from three dipeptide subunits, then macrolactamized between the
glycine and GABOB residues, where there is little steric demand and the C-terminal residue is
achiral and can be activated without racemization issue. The major difficulty to which we have to
face is that the PyrAA unit which is highly sensitive and dehydrates easily in acidic or basic media.
Our proposal is therefore to maintain this unit in a masked form all along the synthetic process and
to liberate it in the very last step after formation of macrocyclic peptide and deprotection of the

various hydroxyl groups.

On this premise, three dipeptides were required: Fmoc—mPyrAA—Sar—Ot-Bu (R)-189
(Chapter 2), Fmoc—[D-Trp(6-C1)]-Gly—Ot-Bu 216 (Chapter 3) and
Boc—GABOB(TBS)-APTO—OH 235 (Chapter 4), which will be assembled first into a tetrapeptide,
then a hexapeptide which would be cyclized before last-step unmasking of the PyrAA unit. This

thesis includes 5 chapters.

In Chapter 1, an overview on bioactive natural products, peptides and marine cyclic peptides,
as well as a detailed introduction on microsclerodermins was presented. The important thesis results

we have achieved are summarized below from chapter 2 to chapter 5.

In Chapter 2, we focused on the synthesis of key dipeptide mPyrAA—Sar, including its

synthesis and evaluation of the unmasking strategy. According to our synthetic strategy and route, a
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N-Cbz protection synthetic route was first attempted, but N-Cbz protected B-ketoester 177 was
sensitive to 1,2-ethanedithiol/BF;-Et,O, and underwent extensive degradation; the expected
dithioketal product 178 was obtained only in low yield (Scheme 37). We decided to replace the Cbz
group by a Fmoc group. However, this failed to give optically pure P-ketoester 180 using
Masamune’s procedure with N-Fmoc protected substrate 179 (Scheme 38). Many other methods
were tried, such as direct condensation of a Weinreb amide with a lithium enolate (Scheme 51),
coupling with Meldrum’s acid followed by treatment with benzyl alcohol (Scheme 53), use of
N-Phth protected substrate in the Masamune’s procedure (Scheme 54), Mukaiyama aldol
condensation followed by oxidation (Scheme 55) and homologation of an aldehyde through the
Roskamp reaction (Scheme 57). The optically pure B-ketoester was finally obtained successfully via
condensation of N-Fmoc protected UNCA with magnesium hemimalonate successfully.
Optimization of the condensation of the magnesium hemimalonate to the Fmoc-UNCA derivative of
L- and D-aspartic acid allowed the preparation of the key benzyl y-amino-p-ketoester 180 with a
good enantiomeric excess up to 90% (Table 8 and 9). Additionally, evaluation of the unmasking
strategy was performed using racemic dipeptide 189. Surprisingly, treatment of dipeptide 189 with
NBS provided 33% vyield of the hydroxypyrrolidone derivative 193, as well as 5% yield of the
dehydrated compound 194 (Table 6, entry 10). This encouraging result cofirmed the potential of our
strategy to install the sensitive hydroxypyrrolidinoacetic acid residue by the deprotection of
dithioketal and cyclization sequence and it was therefore retained for the pursuit of our work the
total synthesis of microsclerodermin D. Thus, (S)-mPyrAA-Sar dipeptide (S)-189 was obtained in
20.1% over 8 steps through the synthesis developed above (Scheme 60). The same synthetic route
was then applied to prepare the target (R)-mPyrAA-Sar dipeptide (R)-189 from D-aspartic acid in
19.3% vyield over 8 steps (Scheme 61). Similarly to the (S)-derivative, the key benzyl

y-amino-B-ketoester (R)-180 was obtained with a good enantiomeric excess above 90%.

In Chapter 3, we concentrated on the synthesis of the dipeptide Trp(6-C1)—Gly fragment.
Based on Shiori’s work, we have completed the synthesis of the Fmoc—[D-Trp(6-Cl)]-Gly—Ot-Bu
dipeptide 216 in 32.2% yield over 7 steps with an enantiomeric excess of 94%, starting from
6-chloroindole (Scheme 71). The chiral center was constructed using a classic strategy for a-amino
acids preparation based on the diastereoselective alkylation of the chiral Schiff base derived from

2-hydroxypinanone and glycine t-butyl ester with a gramine type ammonium salt. In order to
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evaluate the enantiomeric excess, the racemic material was also prepared according to a similar
strategy, but the chiral Schiff base was replaced by the benzophenone imine derivative 218 (Scheme
72). The racemic dipeptide (+)-216 was obtained in good yield and used to establish chiral HPLC

conditions to evaluate the enantiomeric excess.

In Chapter 4, firstly, the preparation of GABOB was completed over 4 steps in 45.2% vyield
from commercially available ethyl (R)-4-chloro-3-hydroxybutanoate according to Hayashi’s
procedures (Scheme 74). The protected ATPO derivative was then prepared from 2-dexoy-D-ribose
according to an in-house the procedure. Starting from acetonide 63, we were able to access the
dipeptide GABOB—APTO 234 requires for the synthesis of microsclerodermin D in 20.2% vyield
over 7 steps and assumed to be enantiomerically pure. A key transformation was the completely
diastereoselective addition of the lithium enolate of O-Boc methyl glycolate on a chiral sulfinimine
derived from 2-deoxy-D-ribose which provided the fully protected APTO as a single diastereisomer
in 94% vyield. Selective deprotection of the tert-butanesulfinyl group was ensured by the use of 4 M
HCI in dioxane at low temperature. Finally, the ammonium salt 229 was directly engaged in the
coupling with GABOB to give the dipeptide 234 in 72% yield in 2 steps and avoiding an unwanted

Boc migration process (Scheme 80).

In Chapter 5, with the required three dipeptides: Fmoc—mPyrAA—Sar—Ot-Bu (R)-189,
Fmoc—[D-Trp(6-C1)]-Gly—Ot-Bu 216 and Boc—GABOB(TBS)~APTO-OH 235 (Chapter 4) in
hand, the macrocyclic assembly was initiated with deprotection of Fmoc—mPyrAA—Sar—Ot-Bu
(R)-189 and Fmoc—[D-Trp(6-Cl)]-Gly—Ot-Bu 216. Peptide coupling of 238 and 217 gave the
corresponding tetrapeptide Fmoc—mPyrAA—Sar—[D-Trp(6-Cl)]-Gly—Ot-Bu 239 in 82% vyield
(Scheme 82). The N-terminal Fmoc removal of 239 and then direct coupling with the third dipeptide
Boc—GABOB(TBS)~APTO—OH 235 provided the linear hexapeptide 240 in 33% yield over 2 steps
(Scheme 83). The hexapeptide 240 is ready for deprotection and macrocyclization, and should give
rise to the macrocyclic peptide 242. The dithioketal group will be removed in the last step to
liberate the y-ketoamide which is expected to cyclize spontaneously to install the pyrrolidinoacetic

acid residue to provide the target microsclerodermin D (Scheme 84).
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In conclusion, it is expected that the first total synthesis of microsclerodermin D will be

completed soon.
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Experimental Part

General Conditions

All reagents and solvents were of commercial grade and were used without further
purification, with the exception of CH,Cl, which was dried over activated alumina, THF which was
distilled from sodium/benzophenone, DIEA and DIPA which were distilled on CaH, and PPTS

which was recrystallized in acetone. LDA was prepared and freshly used.

All reactions requiring anhydrous conditions were performed under argon in oven drying
glassware. Organic extraction was dried over MgSO, or NaSO, before evaporation under reduced

pressure.

Flash chromatography was performed on columns of silica gel (40-63 um) or Aluminium
oxide (neutral activated, 50-200 mesh). Analytical thin-layer chromatography (TLC) was carried
out on commercial 0.25 mm silica gel plates which were visualized by UV fluorescence at 254 nm
then revealed using a phosphomolybdic acid solution (10% in EtOH), ninhydrin solution (0.3% in
n-BuOH), acidic p-anisaldehyde solution (5% in EtOH) or KMnO, solution (7.5% in water).

Retention factors (Ry) are given for such TLC analyses.

Melting points were measured in open capillary tubes on a Biichi B-560 apparatus and are

uncorrected.

Routine nuclear magnetic resonance (NMR) data were recorded on Bruker spectrometers
operating at Bruker AV 400/360/300 MHz for *H NMR, at 100/90/75 MHz for *C NMR. For *H
NMR spectra, chemical shifts (5) are reported in parts per million (ppm) with reference to
tetramethylsilane (6 = 0.00 ppm) or residual protonated solvents (64 = 7.26 ppm for CHCl3, oy =
2.50 ppm for DMSO-dg, 64 = 3.31 ppm for MeOD-d3, 64 = 4.79 ppm for D,0) as internal standards.
Splitting patterns for *H signals are designated as s (singlet), d (doublet), t (triplet), g (quartet), m
(multiplet), brs (broad single) and coupling constants (J) are reported in Hz. For *C NMR spectra,
chemical shifts () are reported in parts per million (ppm) with reference to the deuterated solvents
(6¢c = 77.16 ppm for CDClj3, 6c = 39.52 ppm for DMSO-ds, 6c = 49.0 ppm for MeOD-d3) as an

internal standard.
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Experimental Part

Fourier-transform infrared (IR) spectra were recorded for neat liquid or solid samples on a
FT-IR Perkin Elmer Spectrum using an ATR diamond accessory; maximum absorbances (v) are

given incm ™.

High-resolution mass spectrometry (HRMS) data were recorded using a Bruker
MicroTOF-Q spectrometer equipped with an electrospray ionization mass spectrometry (ESI-MS)

in positive mode or negative mode (ESI (+) or ESI (-)).

Optical rotation was measured using a 10 cm quartz cell; values for [o]p’ Were obtained
with the D-line of sodium at the indicated temperature T, using solutions of concentration (c) in

units of g-100 mL ™.

High performance liquid chromatography (HPLC) analysis was performed on a commercial
Agilent 1260 Infinity apparatus equipped with diode array detector. All solvents were HPLC grade
and were filtered through a 0.45 um PTFE membrane. Injected solutions were filtered through a

0.22 um PTFE membrane.
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Experimental Part

3-(Benzyloxy)-3-oxopropanoic acid 173*"2

O OH C1oH1004

M Exact M = 194.0579
BnO O

M = 194.19 g-mol™"

To a flask containing Meldrum’s acid (20.0 g, 138.8 mmol) was added benzyl alcohol (15.0 g, 14.4
mL, 138.8 mmol). The mixture was refluxed for 6 h (oil bath, 120 °C), then cooling down. After
concentrated to remove acetone, monobenzylmalonate 173 (26.2 g, 98%) was obtained as a light

colorless oil (stored in fridge into a waxy solid) and used without further purification.

TLC: Ry = 0.10 (EtOAC = 100%)

IR (ATR) v 2989, 1701, 1497, 1456, 1432, 1401, 1381, 1333, 1307, 1200, 1166, 1082 cm*
'H NMR (360 MHz, CDCl3) & 3.45 (s, 2H), 5.17 (s, 2H), 7.33-7.35 (m, 5H).

13C NMR (90 MHz, CDCls) § 40.99, 67.58, 128.38, 128.56, 128.64, 135.0, 166.5, 172.0.

(S)-2-Amino-4-methoxy-4-oxobutanoic acid hydrochloride 175

COzMe
HO,C J CsH1oCINO,
e Exact M. = 183.0298
NH,-HCI M = 183.59 g-mol™!

Following Reddy’s Procedure®’

To an ice cold solution of L-aspartic acid (5.0 g, 37.50 mmol, 1 eq.) in MeOH (25 mL) was added
dropwise thionyl chloride (SOCI,, 3.87 mL, 53.30 mmol, 1.4 eq.) over 5 min. The ice bath was then
removed and the resulting solution was warmed to room temperature stirred for 25 min at room
temperature, and poured into an ice cold ether (25 mL). Upon cooling in ice bath and shaking, a
white solid was precipitated. The white solid was filtered immediately, and the filtered solid was
washed with ice cold diethyl ether (10 mL), collected and dried to give the desired
L-Asp(B-OMe)-hydrochloride 175 (5.352 g, 78%) as a white solid.

Mp. 190-191 °C

la]}’ =+4.8 (c 0.50, D;0)
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IR (ATR) v 3435, 3125, 2821, 1731, 1567, 1498, 1446, 1418, 1386, 1286, 1228, 1200, 1181, 1101,
998, 851 cm

'H NMR (360 MHz, D,0) & 2.87 (dd, 1H, J= 6.1, 1.8 Hz, ABX), 3.71 (s, 3H), 4.34 (ddd pseudo td,
1H, J = 6.1, 1.8 Hz, ABX).

3C NMR (90 MHz, D;0) § 33.7, 49.2, 52.8, 170.8, 171.8.

HRMS (ESI+) Calcd for CsH10NO4 [M + H]*: 148.0605, found 148.0604.

(S)-2-(((Benzyloxy)carbonyl)amino)-4-methoxy-4-oxobutanoic acid 176

Exact M = 281.0899
M = 281.26 g-mol™!

HO2C ™ come CigH1sNOg
NHCbz

Following Reddy’s procedure*’*

To an ice cold solution of L-Asp(B-OMe)-hydrochloride 175 (5.33 g, 36.26 mmol, 1 eq.) in water
(60 mL) and dioxane (30 mL) were added Na,CO3 (3.48 g, 36.26 mmol, 1 eqg.) at 0 °C, then
followed by a solution of benzyl chloroformate (CbzCl, 6.25 g, 36.62 mmol, 1.01 eq.) in dioxane
(30 mL) dropwise over 30 min. The resulting mixture was slowly warmed to room temperature and
stirred for overnight (16 h). The solution was extracted with ethyl acetate (25 mL x 3). The aqueous
layer was then acidified to pH = 2-3 with 4 M HCI, as white solid precipitated was extracted with
ethyl acetate (25 mL x 3). The combined organic layer was washed with brine (50 mL), dried over
Na,SO, and the solvent was evaporated under reduced pressure to give a pale-yellow semid-solid.
Short flash chromatography on silica gel (EtOAc = 100%) gave the desired
L-(S)-Cbz—Asp(B-OMe)—H 176 (5.512 g, 68%) as a white waxy solid.

TLC: Ry = 0.11 (EtOAc = 100%)

'H NMR (360 MHz, CDCls) § 2.87 (dd, 1H, J= 17.3, 4.7 Hz, ABX), 3.05 (dd, 1H, J; = 17.3, 4.7 Hz,
ABX), 3.66 (s, 3H), 4.66-4.70 (m, 1H, ABX), 5.11 (s, 2H), 5.96 (d, 1H, J = 8.8 Hz,), 7.29-7.33 (m,
5H), 9.69 (s, 1H).

3C NMR (90 MHz, CDCl3) § 36.3, 50.2, 52.3, 67.4, 128.2, 128.3, 128.6, 136.0, 156.3, 171.6,
175.1.
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1-Benzyl 6-methyl (S) 4-(((benzyloxy)carbonyl)amino)-3-oxohexanedioate 177

O ©
C2oH23NO7
BnO < CO,Me Exact M = 413.1475
N M = 413.43 g-mol™’
NHCbz

To a solution of L-(S)-Cbz—Asp(B-OMe)—H 176 (2.8126 g, 10.0 mmol, 1 eq.) in anhydrous THF (20
mL) at room temperature under argon were added CDI (1.7836 g, 11.0 mmol, 1.1 eq.). Stirring for 3
h at room temperature provided solution A

Preparation of magnesium salt 174: In a separated flask, to an ice cold solution of monobenzyl
malonate 173 (2.3292 g, 12.0 mmol, 1.2 eq.) in anhydrous THF (24 mL) under argon was dropwise
added isopropylmagnesium chloride (2.0 M in THF, 6.0 mL, 12.0 mmol, 1.2 eq.). After stirred for
30 min at 0 °C, then heating at 50 °C for 30 min, giving solution B.

To an ice cold solution B was then slowly added solution A over 30 min. The resulting mixture was
stirred for overnight (16-18 h) and slowly warmed to room temperature. The reaction was quenched
with 1 M HCI (10 mL) at 0 °C and extracted with Et,O (25 mL x 3). The combined organic layer
was washed with 1 M HCI (25 mL x 3), sat. NaHCO3 (25 mL x 3) and brine (25 mLx 3), then dried
over MgSQy, filtered, and concentrated under reduced pressure. Flash chromatography on silica gel
(petroleum ether/EtOACc = 90/10, 75/25, 70/30) gave a L-(S)-N-Cbz-B-ketoester 177 (3.3864 g, 82%,

ee undetermined) as a colorless oil, which was stored in the fridge into a white solid).

TLC: Rf = 0.45 (petroleum ether/EtOAC = 75/25)

Mp. 52-54 °C

IR (ATR) v 3292, 2951, 1743, 1720, 1688, 1538, 1443, 1367, 1339, 1252, 1211, 1066, 973, 746,
694 cm™*

'H NMR (360 MHz, CDCls)  2.78 (dd, 1H, J = 17.3, 5.0 Hz, ABX), 2.99 (dd, 1H, J = 17.3, 4.7 Hz,
ABX), 3.63 (s, 3H), 3.67 (s, 2H), 4.64 (ddd, 1H, J= 9.0, 5.0, 4.7 Hz, ABX), 5.11-5.16 (m, 4H), 5.97
(d, 1H, J = 9.0 Hz), 7.28-7.39 (m, 10H).

BC NMR (90 MHz, CDCIs) 6 35.2, 46.0, 52.2, 56.5, 67.3, 67.5, 128.2, 128.4 (4C), 128.5, 128.6
(4C), 135.3, 136.0, 156.0, 166.8, 171.8, 200.9.

HRMS (ESI+) Calcd for CH23NNaO7 [M + Na]™: 436.1355, found 436.1366.
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Methyl
(S)-3-(2-(2-(benzyloxy)-2-oxoethyl)-1,3-dithiolan-2-yl)-3-(((benzyloxy)carbonyl)amino)propan
oate 178

o [\

)J\S><S/\ C24H27NO6S>
Exact M = 489.1280

BnO < > Co,M

n H 2Vie M = 489.60 g-mol™’
NHCbz

To a solution of N-Chz-p-ketoester 177 (83.0 mg, 0.20 mmol, 1 eq.) in AcOH (2 mL) were added
1,2-ethanedithiol (56.5 mg, 2.26 mL, 0.60 mmol, 3 eq.) at room temperature under argon, followed
by addition of BF3-Et,0 (141.9 mg, 1.00 mmol, 36 pLx 5, 5 eq.) during 5 days in 5 portions, and
the resulting mixture was stirred for 7 days at room temperature. The reaction was diluted with
EtOAc (20 mL) and washed with water (10 mL x 3), sat. NaHCO3 (10 mL x 3) and brine (10 mL x
3), respectively. The organic layer was then dried over MgSQ,, filtered, and concentrated under
reduced pressure. Flash chromatography on silica gel (petroleum ether/EtOAc = 90/10, 80/20, 70/30)
gave a N-CBz-dithioketal 178 (33.0 mg, 34%) as a white solid.

TLC: Rf = 0.45 (petroleum ether//EtOAc = 70/30)

'H NMR (360 MHz, CDCls) & 2.63 (dd, 1H, J = 21.2, 14.0 Hz, ABX), 33.05-3.15 (m, 2H),
3.24-3.31 (m, 5H), 3.61 (s, 2H), 4.85-4.92 (m, 1H), 4.84-4.91 (m, 1H, ABX), 5.03-5.09 (m, 2H),
5.17 (s, 2H), 5.35 (d, 1H, J = 14.0 Hz), 7.26-7.38 (m, 10H).

3C NMR (90 MHz, CDCl,) 6 37.6, 39.8, 40.7, 46.9, 52.1, 55.7, 66.9, 67.1, 71.3, 128.2 (2C), 128.3
(2C), 128.5, 128.6 (4C), 128.7, 135.7, 136.5, 156.0, 169.9, 171.5.

HRMS (ESI+) Calcd for Co4H2sNNaOgS; [M + Na]*: 512.1172, found 512.1191.

(S)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-methoxy-4-oxobutanoic acid (S)-179*%

HO,C -~ C20H19NOg
T COMe Exact M = 369.1212
NHFmoc M. = 369.37 g-mol™!

To an ice cold solution of L-Asp(B-OMe)-hydrochloride 175 (9.60 g, 52.29 mmol, 1 eq.) in water
(250 mL) and dioxane (50 mL) were added Na,CO3 (11.56 g, 83.68 mmol, 1.6 eqg.) at 0 °C, then
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followed by a solution of FmocCl (14.88 g, 57.53 mmol, 1.01 eq.) in dioxane (200 mL) dropwise
over 30 min. The resulting mixture was slowly warmed to room temperature and stirred for
overnight (16 h). The solution was evaporated under reduced pressure to remove most of dioxane,
then extracted with ether (25 mL x 3) to give the aqueous phase, which was then acidified with 4 M
HCl until pH = 2-3. The acidified solution was then extracted with ether (80 mL x 3), and the
combined organic layer was washed with brine (50 mL x 3), dried over MgSO, and concentrated
under reduced pressure to give the pure desired L-N-Fmoc Asp(B-OMe)—H (S)-179 (17.56 g, 91%)

as a white solid and used without further purification.

TLC: Ry = 0.28 (CH,Cl,/MeOH = 85/15)
Mp. 124-125 °C (lit.*®* 122-125 °C)

[0]28 =+34.3 (c 1.05, CHCIy), (lit"®" [a]% =+14.6 (c 1.05, CHCl5))

IR (ATR) v 3377, 3352, 3063, 2974, 1762, 1738, 1673, 1531, 1442, 1376, 1357, 1323, 1282, 1253,
1236, 11207, 1189, 1167, 1087, 1041, 991, 836, 737, 541 cm™*

'H NMR (360 MHz, CDCls) & 2.61-2.66 (m, rotamer, ABX) and 2.92 (dd, 1H, J = 17.3, 4.3 Hz,
ABX), 2.76-2.80 (m, rotamer, ABX) and 3.10 (dd, 1H, J = 17.3, 4.3 Hz, ABX), 3.71 (s, 3H), 4.23 ( t,
1H, J = 6.8 Hz), 4.36-4.48 (m, 2H), 4.54 (pseudo m, rotamer, ABX) and 4.72-4.76 (ddd, 1H, , J =
17.3, 8.6, 4.3 Hz, ABX), 6.01 (d, 1H, J = 8.6 Hz) and 6.38 (brs, rotamer), 7.30-7.34 (m, 2H),
7.38-7.42 (m, 2H), 7.60-7.62 (m, 2H), 7.75-7.77 (m, 2H), 10.11 (s, 1H).

BC NMR (90 MHz, CDCls3) 6 36.3, 47.1, 50.3, 52.3, 67.5, 120.0, 125.5, 127.1, 127.8, 141.3, 143.7,
143.8, 156.3, 171.7, 175.3.

HRMS (ESI+) Calcd for CooH1gNNaOg [M + Na]": 392.1105, found 392.1107.

6-Benzyl 1-methyl 3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxohexanedioate 180

o 0
CogH27NO7
BnO CO,Me Exact M = 501.1788
M = 501.54 g-mol™"
NHFmoc

To a solution of L-N-Fmoc—Asp(B-OMe)—H (S)-179 (3.10 g, 8.39 mmol, 1 eq.) in anhydrous THF
(25 mL) at room temperature under argon was added CDI (1.50 g, 9.24 mmol, 1.1 eq.). The mixture
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was stirred for 3 h as solution A.

Preparation of magnesium salt 174: In a separated flask, to an ice cold solution of monobenzyl
malonate of monobenzyl malonate (2.45 g, 12.59 mmol 1.5 eq.) in anhydrous THF (24 mL) under
argon was dropwise added a solution of 2.0 M isopropylmagnesium chloride in THF (7.8 mL, 12.59
mmol, 1.5 eq). After stirred for 30 min at 0 °C, then heating at 50 °C for 30 min as solution B.

To the ice cold solution B was slowly added solution A over 30 min. The resulting mixture was
stirred for overnight (16-18 h) and slowly warmed to room temperature. T The reaction was
quenched with 1 M HCI (10 mL) at 0 °C and extracted with Et,O (25 mL x 3). The combined
organic layer was washed with 1 M HCI (25 mL x 3), sat. NaHCO3 (25 mL x 3) and brine (25 mL),
then dried over MgSQy, filtered and concentrated under reduced pressure. Flash chromatography on
silica gel (petroleum ether/EtOAc = 90/10, 75/25, 70/30) to give a partially racemic
N-Fmoc-pB-ketoester 180 (3.46 g, 82%, extensive racemization 0-28% ee) as a colorless oil, which

was stored in the fridge into a waxy solid.

TLC: Rf = 0.43 (petroleum ether/EtOAc = 70/30)

Mp. 52-55 °C

IR (ATR) v 3354, 3035, 2952, 1716, 1501, 1450, 1405, 1368, 1317, 1216, 1177, 1104, 1047, 992,
757,738,697 cm ™

'H NMR (360 MHz, CDCls) & 2.79 (dd, 1H, J = 17.3, 4.3 Hz, ABX), 3.00 (dd, 1H, J = 17.3, 5.0 Hz,
ABX), 3.60 (s, 2H), 3.68 (s, 3H), 4.20 (t, 1H, J= 6.5 Hz), 4.44 (dd, 1H, J = 10.6, 6.5 Hz), 4.54 (dd,
1H, J = 10.6, 6.5 Hz), 4.63 (ddd, 1H, J = 9.0, 5.0, 4.7 Hz, ABX), 5.13-5.21 (m, 2H), 5.93 (d, 1H, J =
9.0 Hz,), 7.29-7.43 (m, 9H), 7.59 (d, 2H, J = 7.6 Hz), 7.76 (dd, 2H J = 7.6, 3.2 Hz).

BC NMR (90 MHz, CDCls) 6 35.1, 45.9, 47.3, 52.2, 56.6, 67.1, 67.3, 120.1 (2C), 125.0, 125.1,
127.2 (2C), 127.9 (2C), 1285 (2C), 128.7 (2C), 135.3, 141.4 (2C), 143.6, 143.7, 156.0, 166.8,
171.8, 200.8.

HRMS (ESI+) Calcd for Co9H2;NNaO; [M + Na]*: 524.1680, found 524.1678.
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Methyl
3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(2-(benzyloxy)-2-oxoethyl)-1,3-dithiolan-
2-yl)propanoate 181

Q S S
C31H31NGgS;
BnO CO,Me Exact M = 577.1593
NHFmoc M = 577.71 g-mol™’

To a solution of N-Fmoc-pB-ketoester 180 (4.50 g, 8.97 mmol, 1 eq.) in AcOH (50 mL) was added
1,2-ethanedithiol (2.54 g, 2.26 mL, 9.24 mmol, 3 eq.) at room temperature under argon, followed by
addition of BF3-Et,0 (2.3 mL x 3, 53.84 mmol, 6 eq.) was added every 2 days in 3 portions. The
resulting mixture was stirred for 6-7 days at room temperature. Then diluted with EtOAc (100 mL),
washed with water (50 mL x 3), sat. NaHCO3; (50 mL x 3) and brine (50 mL x 3), respectively. The
organic layer was then dried over MgSQy, filtered, and concentrated under reduced pressure. Flash
chromatography on silica gel (petroleum ether/EtOAc = 90/10, 80/20, 70/30) gave a partially
racemic N-Fmoc-dithioketal 181 (3.88 g, 75%, 0-28% ee) as a white solid.

TLC: Rf = 0.45 (petroleum ether/EtOAc = 70/30)
Mp. 54-56 °C

[a]}] =-10.2 (c 0.52, CHCly)

IR (ATR) v 3340, 3032, 2950, 1727, 1505, 1450, 1437, 1333, 1283, 1220, 1166, 1050, 756, 740,

698 cm

'H NMR (360 MHz, CDCls)  2.65 (dd, 1H, J = 14.8, 9.7 Hz, ABX), 3.05-3.12 (m, 2H), 3.18-3.28

(m, 5H), 3.63 (s, 3H), 4.20 (t, 1H, J= 6.8 Hz), 4.34-4.43 (m, 2H), 4.84-4.91 (ddd pseudo td, 1H, J =

9.7,9.7, 3.2 Hz ABX), 5.15 (s, 2H), 5.35 (d, 1H, J = 9.7 Hz), 7.24-7.38 (m, 9H), 7.56-7.57 (m, 2H),

7.73-7.75 (m, 2H).

3C NMR (90 MHz, CDCl3) & 37.4, 39.6, 40.6, 46.8, 47.2, 52.0, 55.5, 66.7, 66.8, 71.3, 119.9 (2C),

125.0 (2C), 127.1 (2C), 127.6 (2C), 128.2, 128.4 (2C), 128.5 (2C), 135.6, 141.2 (2C), 143.7, 143.9,

155.9, 169.8, 171.4.

HRMS (ESI+) Calcd for C3;H33:NNaOgS, [M + Na]™: 600.1485, found 600.1498.

HPLC: 28% ee. sample prepration: 1 mg/mL in MeOH, Column 1: A_NP_ChiralpakIC (250 mm x

4.6 mm), normal phase: hexane/EtOH = 60/40, flow: 1 mL/min, 30 °C; injection: 5 pL; results: RT
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=22.51 (S, Area: 63.8%), 16.044 (R, Area: 36.2%).

Methyl 3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxopentanoate 185

O

C21H21NO5
CO,Me Exact M = 367.1420
M = 367.40 g-mol™"
NHFmoc

To a solution of N-Fmoc-B-ketoester 180 (200.6 mg, 0.40 mmol, 1 eq.) in EtOAc (10 mL) with a
balloon of Hydrogen (1 atm.) was added Pd/C (10% wt., 40.0 mg, 0.08 mmol, 0.2 eq.). After the
resulting mixture was stirred for 3 h at room temperature, completed. The reaction solution was
filtered through a celite pad, washed with EtOAc (10 mL). The filtered liquid was then concentrated
under reduced pressure. Flash chromatography on silica gel (petroleum ether/EtOAc = 70/30) gave

a methyl ketone 185 (106.0 g, 73%) as a colorless oil.

TLC: Rf=0.50 (petroleum ether/EtOAc = 60/40)

'H NMR (360 MHz, CDCls) & 2.23(s, 2H), 2.79 (dd, 1H, J=17.1, 4.7 Hz, ABX), 2.99 (dd, 1H, J; =
17, 4.3 Hz, ABX), 3.69 (s, 3H), 4.20 (t, 1H, J= 6.8 Hz), 4.40-4.53 (m, 3H), 5.90 (d, 1H, J = 8.6 Hz,),
7.30-7.34 (m, 2H), 7.38-7.43 (m, 2H), 7.58-7.60 (M, 2H), 7.76-7.78 (m, 2H),

BC NMR (90 MHz, CDCl3) 6 26.8, 35.5, 47.4, 52.3, 56.9, 67.2, 120.2 (2C), 125.1, 125.2, 127.2
(2C), 127.9 (2C), 141.5 (2C), 143.8 (2C), 156.1, 172.0, 205.9.

HRMS (ESI+) Calcd for Co;H2NNaOs [M + Na]*: 390.1312, found 390.1308.

2-(2-(1-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-methoxy-3-oxopropyl)-1,3-dithiolan-2
-yl)acetic acid 186

o [/ \
S S C24H25NOg6S2
Exact Mass: 487.1123
HOWCOZMG M. = 487.58 g-mol’1
NHFmoc

To an ice cold solution of N-Fmoc-dithioketal benzyl ester 181 (580.0 mg, 1.00 mmol, 1 eq.) in
HOAc (6 mL) was slowly added a solution of 33% HBr in HOAc (3.5 mL, 20.00 mmol, 20 eq.).
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The ice bath was removed and the mixture was stirred for 5 h. The reaction solution was poured
into EtOAc (50 mL), then washed water (20 mLx 3) and brine (20 mL) to give the organic layer,
which was dried over MgSQO, and concentrated under reduced pressure. Flash chromatography on
silica gel (MeOH/CH,CI, = 5/95, 10/90) gave B-dithioketal acid 186 (416.7 mg, 85%) as a white

solid.

TLC: R =0.38 (MeOH/CH,CI, = 10/90)

Mp. 81-83 °C

IR (ATR) v 3296, 2950, 1706, 1510, 1451, 1435, 1330, 1282, 1224, 1174, 1050, 739 cm ™

'H NMR (360 MHz, CDCl5) § 2.64 (dd, 1H, J = 14.8, 9.7 Hz), 3.01-3.10 (m, 2H), 3.18-3.23 m, 5H),
3.61 (s, rotamer) and 3.63 (s, 3H), 420 (t, J = 6.8 Hz), 4.41 (d, J = 6.8 Hz), 4.86 (ddd pseudo td, 1 H,
J =10.1, 9.7, 3.6 Hz) and 4.97 (pseudo t, rotamer), 5.40 (d, J = 10.1 Hz) and 5.80 (d, rotamer),
7.28-7.40 (m, 4H), 7.56-7.66 (m, 4H), 7.73-7.75 (m, 2H).

3C NMR (90 MHz, CDCls) 6 37.5 and 380.0 (rotamer), 39.7 and 40.1 (rotamer), 40.6 (rotamer)
and 40.7, 46.8, 47.1 (rotamer) and 47.3, 52.2, 55.4 and 55.9 (rotamer), 67.1 and 68.6 (rotamer), 71.1,
120.0 (2C), 125.1, 125.2, 127.2 (2C), 127.8 (2C), 141.4 (2C), 143.8, 144.0, 156.3, 171.7, 174.0.
HRMS (ESI+) Calcd for CosH2sNNaOgS, [M + Na]*: 510.1015, found 510.5992.

Methyl
3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(2-(2-((2-(tert-butoxy)-2-oxoethyl)(methyl)a
mino)-2-oxoethyl)-1,3-dithiolan-2-yl)propanoate 187

o / \  CO,Me
S S z C31H3gN207S;
tBuO,C~ N Exact M. = 614.212_?
M. =614.77 g-mol
NHFmoc

To a solution of N-Fmoc-B-dithioketal acid 186 (80.0 mg, 0.16 mmol, 1 eq.) in CH,Cl, (10 mL)
under argon was added H-Sar-Ot-Bu-HCI (33.0 mg, .0.18 mmol, 1.1 eq.), PyBroP (84.0 mg, 0.18
mmol, 1.1 eq) and dropwise DIEA (64.0 mg, 0.49 mmol, 4 eq.), respectively. The resulting mixture
was stirred at room temperature for overnight (16 h), then diluted with CH,Cl, (10 mL) and

subsequently washed with 1 M KHSO,4 (10 mL), sat. NaHCO3 (10 mL) and brine (10 mL) to give
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the organic layer, which was then dried over MgSO,, filtered and concentrated under reduced
pressure. Flash chromatography on silica gel (petroleum ether/EtOAc = 70/30, 50/50) gave
N-Fmoc-dipeptide 187 (95.6 mg, 95%) as a white solid.

TLC: Rf = 0.45 (petroleum ether/EtOAc = 50/50)

Mp. 68-70 °C

IR (ATR) v 3331, 2978, 2927, 1732, 1649, 1503, 1450, 1403, 1367, 1327, 1227, 1155, 757, 741
cm !

'H NMR (360 MHz, CDCls3) & 1.45 (s, 9H) and 1.47 (s, rotamer), 2.70-2.78 (dd pseudo m, 1H, with
rotmer, ABX ), 2.98-3.08 (m, 4H), 3.17 (d, 1H, J = 16.2 Hz), 3.17 (brs, 4H), 3.29 (d, 1H, J = 16.2
Hz), 3.65 (s, 3H), 3.90 (d, 1H, J =5.4 Hz) and 3.93 (d, 1H, J = 5.4 Hz, rotamer), 4.14-4.34 (m, 4H),
4.80-4.86 (ddd pseudo m, 1H, ABX), 6.00 (d, 1H, J = 10.1 Hz) and 6.04 (d, 1H, J = 10.1 Hz),
7.29-7.33 (m, 2H) , 7.39 (t, 2H, J = 7.2 Hz), 7.61 (d, 2H, J = 7.2 Hz), 7.75 (d, 2H, J = 7.2 Hz).
HRMS (ESI+) Calcd for C3;H3sN,NaO;S, [M + Na]*: 637.2013, found 637.2028.

tert-Butyl N-(2-(2-(1,3-diamino-3-oxopropyl)-1,3-dithiolan-2-yl)acetyl)-N-methylglycinate 188

/ \  CONH
o sS_ _S 2 C15H27N304S;

Exact M. = 377.1443

£BuO,C~ "N
| M. = 377.52 g-mol™!

NH,

To an ice cold solution of N-Fmoc-dipeptide 187 (77.0 mg, 125 umol, 1 eq.) in ethanol (2 mL) was
added a solution of 28% NH4OH (3 mL). The resulting mixture was stirred at room temperature for
4 days, completed. The reaction solution was then concentrated under reduced pressure, diluted
with CH,Cl, (20 mL) and washed with wter (20 mL). The separated organic phase was then dried
over MgSQy, filtered and concentrated under reduced pressure. Flash chromatography on silica gel
(CH,Cl2/MeOH = 95/5, 90/10) gave a dipeptide of free amine 188 (13.5 mg, 52%) as a pale-yellow

oil.

TLC: Ry=0.19 (CH2C|2/MQOH = 90/10)
'H NMR (360 MHz, CDCls3) & 1.45 (s, 9H) and 1.48 (s, rotamer), 2.31-2.40 (dd pseudo m, 1H, with
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rotamer, ABX), 2.31-2.40 (dd pseudo d, 1H, J = 15.5 Hz, ABX), 2.93 (s, rotamer) and 3.08 (s, 3H),
3.23-3.39 (m, 6H, mixed with brs), 3.92-4.05 (m, 3H), 6.1 (brs, 1H) and 6.16 (brs, rotamer), 7.30
(brs, 1H).

3C NMR (90 MHz, CDCls) & 28.2 (s, 9H), 37.0, 37.3 and (35.4, rotamer), 39.6, 40.1, 45.3, 50.9
and 52.9 (rotamer), 55.6 (rotamer) and 55.8, 72.2, 82.5 and 83.3 (rotamer), 168.1(rotamer) and
168.3, 170.7(rotamer) and 170.8, 174.4.

HRMS (ESI+) Calcd for C15H2sN30,S; [M + H]™: 378.1516, found 378.1514.

tert-Butyl
N-(2-(2-(1-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithiolan-
2-yl)acetyl)-N-methylglycinate 189

o / \  CONH
S S 2 C30H37N306S;

Exact Mass: 599.2124

P
£BuO,C~ N
U2 M. = 599.76 g-mol™!

NHFmoc

To an ice cold solution of dipeptide of free amine 187 (18.0 mg, 48 umol, 1 eq.) in dioxane (1 mL)
and water (2 mL) was added K,COs. (10.5 mg, 76 umol, 1.6 eq.), and followed by addition of a
solution of FmocCl (13.5 mg, 52 umol, 1.1 eq.) in dioxane (1 mL). The resulting mixture was
stirred at room temperature for overnight (16 h). The reaction was diluted with CH,Cl, (20 mL) and
washed with water (10 mL) and brine (10 mL). The separated organic phase was then dried over
MgSQ,, filtered and concentrated under reduced pressure. Flash chromatography on silica gel
(petroleum ether/EtOACc = 70/30, then CH,Cl,/MeOH = 95/5, 90/10) to give N-Fmoc-dipeptide 189
(13.5 mg, 52%) as a white solid.

TLC: Rs=0.58 (EtOAc/MeOH = 90/10)

Mp. 77-79 °C

IR (ATR) v 3447, 3332, 3214, 2978, 2927, 1714, 1649, 1510, 1450, 1402, 1368, 1231, 1155, 729
cm

'H NMR (360 MHz, CDCls) & 1.43 (s, 9H) and 1.46 (s, rotamer), 2.49 (dd, 1H, J = 14.4, 10.8 Hz,

ABX ), 2.91-3.04 (m, 4H), 3.17 (d, 1H, J = 16.9 Hz), 3.17 (pseudo brs, 4H), 3.30 (d, 1H, J = 16.9
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Hz), 3.85 (d, 1H, J = 16.9 Hz), 4.22 (d, 1H, J = 16.9 Hz), 4.18 (t, 1H, J = 6.8 Hz), 4.31-4.41(m, 2H),
4.75-4.84 (ddd pseudo m, 1H) and 4.95-5.01 (m, rotamer), 5.63 (brs, rotamer) and 5.75 (brs, 1H),
5.81 (dd, rotamer) and 6.32 (dd, 1H, J = 10.1 Hz), 6.55 (brs, 1H) and 6.85 (brs, rotamer), 7.30 (t,
2H,J=7.2 Hz), 7.37 (t, 2H, J = 7.2 Hz), 7.60 (t, 2H, J = 7.2 Hz), 7.74 (d, 2H, J = 7.2 Hz).

13C NMR (90 MHz, CDCls) § 28.2 (3C), 35.4 (rotamer) and 37.2, 39.4 and 39.5 (rotamer), 39.9,
40.3 (2C), 45.4, 47.3, 50.7 and 52.9 (rotamer), 56.4, 67.0, 72.3 and 72.4 (rotamer), 82.0 and 83.0
(rotamer), 120.0 (2C), 125.3, 125.4, 127.2 (2C), 127.7 (2C), 141.3 (2C), 144.0 (2C), 157.0, 167.9
(rotamer) and 168.3, 170.5 (rotamer) and 170.6, 173.1

HRMS (ESI+) Calcd for CsoHsN3NaOgS, [M + Na]*: 622.2016, found 622.2032.

2-(2-(1,3-Diamino-3-oxopropyl)-1,3-dithiolan-2-yl)acetic acid 190

o / \
S S CgH14N203S;
HO CONH2 Exact M = 250.0446
= . -1
NH, M = 250.33 g-mol

To a flask containing N-Fmoc-B-dithioketal acid 186 (150 mg, 0.31 mmol, 1 eq.) was added a
solution of 28% NH4OH (8.5 mL, 61.40 mmol, ~200 eq.). The mixture was stirred for overnight
(18-20 h) at room temperature, then filtered through a filter Buchner funnel to remove
dibenzofulvene (DBF) and the solid was washed with 28% NH,OH (5 mLx 3) to give the filtrate,
which was extracted with Et,0 (10 mLx 2) to remove the residue of DBF. The aqueous phase was
concentrated under reduced pressure to give a pure primary amide 190 (74.0 mg, 100%) as a white

solid and used without further purification.

TLC: Ry = 0.10 (MeOH/CH,Cl, = 10/90)

Mp. 105-108 °C

IR (ATR) v 3325, 3162, 2921, 1667, 1557, 1378, 1276, 851, 679 cm

'H NMR (360 MHz, D,0) & 2.56 (dd, 1H, J = 15.8, 10.4 Hz, ABX), 2.96 (dd, 1H, J = 15.8, 2.9 Hz,
ABX), 3.02 (d, 1H, J = 16.6 Hz), 3.13 (d, 1H, J = 16.6 Hz), 3.26-3.41 (m, 4H), 4.01 (dd, 1H, J; =
10.4, 2.9 Hz, ABX)

13C NMR (90 MHz, D,0) 5 35.7, 39.4, 39.5, 49.2, 5.7, 69.3, 174.8, 177.2.
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HRMS (ESI+) Calcd for CgHisN,03S, [M + H]: 251.0519, found 251.0516.
HRMS (ESI-) Calcd for CgH13N203S; [M — H] : 249.0373, found 249.0372.

2-(2-(1-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithiolan-2-y
l)acetic acid 191

o / \  CONH
S S 2 C23H24N205S;

Exact M. = 472.1127

HO -1
M. =472.57 g-mol

NHFmoc

To an ice cold solution of B-amino primary amide 190 (150.1 mg, 0.60 mmol, 1 eq.) in dioxane (5
mL) and water (10 mL) was added Na,CO; (101.8 mg, 0.96 mmol, 1.6 eq.), then followed by
addition of a solution of FmocCl (232.8 mg, 0.90 mmol, 1.5 eq.) in dioxane (5 mL) over 10 min.
After the resulting mixture was stirred for overnight (18-24 h) at room temperature, sat. NaHCO3
(10 mL) was added and extracted with EtOAc (20 mLx 2) to give the aqueous phase. The aqueous
phase was then acidified with 4 M HCI until = 2-3, and extracted with EtOAc (20 mLx 3). The
combined organic phase was dried over MgSQ,, filtered and concentrated under reduced pressure to
give a pure N-Fmoc-mPyrAA 191 (197.5 mg, 70%) as a white solid and used without further

purification.

TLC: R¢=0.20 (MeOH/CH,CI, = 20/80)

Mp. 99 °C, decarboxylation

IR (ATR) v 3323, 2919, 2853, 1703, 1654, 1520, 1449, 1326, 1242, 1117, 1046, 869, 739 cm?

'H NMR (400 MHz, DMSO-dg) & 2.43-2.50 (dd pseudo m, 1H, ABX), 2.72 (dd pseudo d, 1H, J =
13.6, ABX), 2.87 (d, 1H, J = 17.2 Hz), 3.06 (d, 1H, J = 17.2 Hz), 3.07-3.36 (m, 4H), 4.08-4.23 (m,
2H, with rotamer), 4.26-4.32 (m, 2H), 4.63-4.67 (mt, 1H, ABX) and 4.92-4.97 (m, rotamer), 6.80
(brs, 1H) and 6.88 (brs, rotamer), 7.13-7.21 (brs pseudo m, 2H, with rotamer), 7.33 (t, 2H, J = 7.6
Hz), 7.41 (t, 2H, J = 6.5 Hz), 7.70 (m, 2H), 7.88 (d, 2H, J = 7.6 Hz), 11.94 (brs, 1H)

3C NMR (90 MHz, DMSO-ds) & 37.8, 38.54, 40.0, 46.7, 46.8, 55.2, 65.5, 72.4, 120.1 (2C), 125.3

(2C) 127.1 (2C), 127.6 (2C), 140.6 (2C), 143.7, 143.8, 155.9, 171.3, 172.0.
HRMS (ESI-) Calcd for Cp3H24NoNaOsS, [M + Na]* : 495.1019, found 495.1000.
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tert-Butyl
N-(2-(2-(1-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithiolan-
2-yl)acetyl)-N-methylglycinate 189

o / \  CONH
S S 2 C30H37N306S:

Exact Mass: 599.2124

P
£BuO,C~ N
i M. = 599.76 g-mol!

NHFmoc

To a solution of N-Fmoc-mPyrAA 191 (42.0 mg, 0.89 mmol, 1 eq.) in CH,Cl, (20 mL) under argon
was added H-Sar-Ot-Bu-HCI (17.8 mg, 0.98 mmol, 1.1 eq.), PyBroP (45.6 mg, 0.98 mmol, 1.1 eq)
and dropwise DIEA (46.0 mg, 0.356 mmol, 4 eq.), respectively. The resulting mixture was stirred at
room temperature for overnight (16 h). Diluted with CH,Cl, (20 mL) and the solution was
subsequently washed with 1 M HCI (20 mL), sat. NaHCOg3 (20 mL) and brine (20 mL), then dried
over MgSQ,, filtered and concentrated under reduced pressure. Flash chromatography on silica gel
(EtOAc =100, EtOAc/MeOH = 90/10) gave the pure desired dipeptide 189 (48.0 mg, 90%) as a

white solid.

tert-Butyl
N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-cyano-3-oxopentanoyl)-N-methylglycina
te 195

C2sH31N306
£Bu0,C” N Exact M. = 505.2213
M. = 505.57 g-mol™"

NHFmoc

Table 6, entry 7:

To a solution of dipeptide 189 (90.0 mg, 0.15 mmol, 1 eq.) in acetonitrile/water (5/0.5 mL) was
added HgO (260.0 mg, 1.20 mmol, 8 eq) and HgCl, (488.7 mg, 1.80 mmol, 12 eq.). The mixture
was stirred for 24 at room temperature, then filtered through a Celite pad and washed with EtOAc
(40mL).The filtrate was washed with water (20 mL) and brine (20mL). The organic layer was dried
with Mg,SQO,, filtered, and concentrated under reduced pressure. Flash chromatography on silica gel
(EtOAc/petroleum ether = 30/70, 50/50, EtOAc = 100%, then EtOAc/MeOH = 100/1) gave the

nitrile 195 (47.0 mg, 60%) as a colorless oil, as well as the dehydrated compound 194 (8.0 mg, 10%)
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as a colorless oil.

TLC: Rf=0.64 (EtOAc/petroleum ether = 50/50)

IR (ATR) v 3316, 2979, 2938, 2247, 1729, 1640, 1502, 1451, 1407, 1369, 1247, 1157, 1045, 760,
742 cm™t

'H NMR (400 MHz, CD3CN) 6 1.42 (rotamer) and 1.44 (s, 9H), 2.77 (dd, 2H, J = 16.8, 8.4 Hz,
ABX), 2.86-3.00 (m, 4H), 3.46-3.66 (two dd pseudo m, 2H, with rotamer), 3.88-4.00 (m, 2H), 4.27
(t, 1H, J = 6.8 Hz ), 4.37-4.45 (m, 2H), 4.48-4.59 (m, 1H), 6.36 (d) and 6.6. (d, 1H, J = 7.2 Hz),
7.33-7.37 (m, 2H), 7.42 (t, 2H, J = 7.2 Hz), 7.67 (d, 2H, J = 6.0 Hz), 7.83 (d, 2H, J = 7.2 Hz).

'H NMR (400 MHz, CD3sCN) 6 1.42 (rotamer) and 1.44 (s, 9H), 2.77 (dd, 2H, J = 16.8, 8.4 Hz,
ABX), 2.86-3.00 (m, 4H), 3.46-3.66 (two dd pseudo m, 2H, with rotamer), 3.88-4.00 (m, 2H), 4.27
(t, 1H, J = 6.8 Hz ), 4.37-4.45 (m, 2H), 4.48-4.59 (m, 1H), 6.36 (d) and 6.6. (d, 1H, J = 7.2 Hz),
7.33-7.37 (m, 2H), 7.42 (t, 2H, J = 7.2 Hz), 7.67 (d, 2H, J = 6.0 Hz), 7.83 (d, 2H, J = 7.2 H2).

3C NMR (100 MHz, CDsCN) & 19.7 and  22.2 (rotamer), 28.2, 35.0 (rotamer) and 37.0 (rotamer)
and 37.6, 45.4 (rotamer) and 45.3, 48.0, 50.7 (rotamer) and 50.9, 52.6 (rotamer) and 53.3, 52.0
(rotamer) and 57.1 and 57.2 (rotamer), 67.7 and 67.8 (rotamer), 82.4 and 83.1 (rotamer), 118.5,
121.2 (2C), 126.2 (2C), 128.2 (2C), 128.8 (2C), 142.2(2C), 144.9 and 145.0 (rotamer) (2C), 157.0,
168.7 and 174.2 (rotamer), 169.2, 201.4 (rotamer) and 201.5.

HRMS (ESI+) : Calcd for CogH33NsNaOg [M + Na]*: 528.2105, found 528.2112.

Mixed with enol-form not presented.

tert-Butyl
N-(4-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-6-amino-3,6-dioxohexanoyl)-N-methylglyc
inate 192

O O CONH,
CogH33N307

£BuO,C” N Exact M. = 523.2319
M. = 523.59 g-mol’

NHFmoc
Table 6, entry 9:
To an ice cold solution of dipeptide 189 (120.0 mg, 0.20 mmol, 1 eq.) in acetone (10 mL) was
added N-Bromosuccinimide (180.0 mg, 1.00 mmol, 5 eq.), and the mixture was stirred for 40 min at
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0 °C (from orange red to pale-yellow). Quenched with water (1 mL), then diluted with EtOAc (50
mL), washed with water (30 mL x 3) and brine (30 mLx 2). The organic layer was dried with
Mg,SO,, filtered, and concentrated under reduced pressure. Flash chromatography on a very short
silica gel (EtOAc/petroleum ether = 50/50, EtOAc/MeOH = 95/5, 90/10) gave the y-keto primary
amide 192 (46.4 mg, 44%) as a colorless oil, as well as the dehydrated 194 (5.0 mg, 5%) as a

colorless oil.

TLC: R;=0.66 (EtOAc/MeOH = 90/10)

IR (ATR) v 3330, 2978, 2930, 2248, 1713, 1671, 1635, 1479, 1450, 1402, 1368, 1232, 1154, 1046,
910, 760, 737 cm ™

'H NMR (400 MHz, CDCls) & 1.45 (s, 9H), 2.74-3.04 (m, 5H, ABX + NCH3), 3.69 (s, rotamer) and
3.75 (s, 1H), 3.90 (s, rotamer) and 4.00 (s, 2H), 4.18-4.23 (m, 1H), 4.36-4.48 (M, 2H), 4.59-4.67 (m,
1H), 5.66 (brs), 5.60 6.14 (brs, 1H), 6.29-6.47 (d pseudo m, 1H, with rotamers, J = 8.0 Hz), 7.30 (t,
2H,J=72Hz),7.39(t, 2H, J=7.2 Hz), 7.59 (d, 2H, J = 6.0 Hz), 7.75 (d, 2H, J = 7.2 Hz).

3C NMR (100 MHz, CDCl3) & 28.1 (rotamer) and 28.2, 35.1 (rotamer) and 37.3, 36.4 and 36.5
(rotamer), 45.7, 47.3, 50.4 and 53.0 (rotamer), 57.2, 67.2 and 67.3 (rotamer), 120.0 (rotamer) and
120.1 (2C), 125.2 and 125.4 (rotamer) (2C), 127.8 (rotamer) and 127.9 (2C), 141.4 (2C), 143.8 and
143.9 (rotamer) (2C), 156.4, 167.8 and 168.0 (rotamer), 168.1, 172.6, 202.4 (rotamer) and 202.6.
HRMS (ESI+) : Calcd for CygH3sNsNaO; [M + Na]*: 546.2211, found 546.2212.

tert-Butyl
N-(2-(3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-hydroxy-5-oxopyrrolidin-2-ylidene)ac
etyl)-N-methylglycinate 193

1

O HN 2 CagH33N307
5 3 Exact M. = 523.2319
|4 -
£Bu0,C” N7 N\ M. = 523.59 g-mol
| OH NHFmoc

Table 6, entry 10:
Stepl: To an ice cold solution of dipeptide 189 (120.0 mg, 0.20 mmol, 1 eq.) in acetone (10 mL)

was added N-Bromosuccinimide (180.0 mg, 1.00 mmol, 5 eq.), and the mixture was stirred for 40
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min at 0 °C (from orange red to pale-yellow). Quenched with water (1 mL), then diluted with
EtOAc (50 mL), washed with water (30 mL x 3) and brine (30 mLx 2). The organic layer was dried
with Mg,SO,, filtered, and concentrated under reduced pressure. Flash chromatography on silica gel
with a normal speed (EtOAc/petroleum ether = 50/50, EtOAc = 100%, EtOAc/MeOH = 98/2, 95/5,
90/10) gave a mixture of y-keto primary amide 192 and cyclization product 193 (35.0 mg, 33%) as
a colorless oil, as well as the dehydrated 194 (5.0 mg, 5%) as a colorless oil.

Step2: The mixture was stirred with silica (400 mg) in MeOH (5 ml) for 24 h at room temperature,
then evaporated. Flash chromatography on silica gel (EtOAc/MeOH = 98/2, 95/5, 90/10) gave a
cyclization product 193 (34.0 mg, 33%) as a colorless oil.

TLC: Rf=0.67 (EtOAc/MeOH = 90/10)

IR (ATR) v 3300, 2926, 1706, 1658, 1633, 1533, 1450, 1404, 1368, 1232, 1155, 1041, 739 cm

'H NMR (400 MHz, DMSO-dg) & 1.39 (s, 9H) and 1.40 (rotamer), 2.27-2.36 (m, 2H), 2.54 (d, 0.5
H, J = 16.0 Hz) and 2.68 (d, 0.5 H, J = 16.0 Hz), 2.80 (d, 0.5 H, J = 16.0 Hz) and 2.93 (d, 0.5 H, J =
16.0 Hz), 2.812.97 (s, rotamer, 1H) and 2.97 (s, 2H), 3.96 (dd, 1H, J = 16.8 Hz), 4.03 (d, 0.5H, J =
16.8 Hz) and 4.03 (d, 0.5H, J = 16.8 Hz), 4.22-4.34 (m, 4H), 6.02 (s, 1H) and 6.09 (rotamer), 7.16
(d, 1H, J = 8.4 Hz), 7.33 (t, 2H, J = 7.6 Hz), 7.41 (t, 2H, J = 7.6 Hz),7.69-7.747.33 (m, 2H), 7.89 (d,
2H, J = 7.6 Hz), 8.01 (d, 1H, J = 1.6 Hz).

3C NMR (100 MHz, DMSO-dg) & 27.6 (rotamer) and 27.7, 34.4 (rotamer) and 36.4, 34.7, 39.6,
46.6 (rotamer) and 46.7, 49.6 and 51.9 (rotamer), 53.4 (rotamer) and 53.4, 65.6 and 65.7 (rotamer),
80.8 and 80.5 (rotamer), 85.9 and 88.8 (rotamer), 120.1 (2C), 120.1 (2C), 125.2 and 125.3 (2C),
127.0 (2C), 1227.6 (2C), 140.7 (2C), 143.7 and 143.8 (2C), 156.0, 168.2 and 168.4 (rotamer), 170.7
and 170.9 (rotamer), 173.1.

HRMS (ESI+) Calcd for C,gH33N3NaO; [M + Na]*: 546.2211, found 546.2191.

ROESY
ROESY:
1 2 coupling:
O HN 5-OH and 4-NHFmoc

6544/ 3 4-H and 6-CH,

i S W Gl H

t-Bu0,C T)Si OH absent:

5 H H™) NHFmoc 4-H and 5-OH

: 4-NHFmoc and 6-CH,
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tert-Butyl
(2)-N-(2-(3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-5-oxopyrrolidin-2-ylidene)acetyl)-N
-methylglycinate 194

(0]
O HN C2gH31N306
Exact M. = 505.2213
£Bu0,C”~ N = M. = 505.57 g-mol™’
NHFmoc

Table 6, entry 12:

Stepl: To an ice cold solution of dipeptide 189 (60.0 mg, 0.10 mol, 1 eq.) in acetone (5 mL) was
added N-Bromosuccinimide 90.0 mg, 0.20 mmol, 5 eq.), and the mixture was stirred for 40 min at 0
°C. Quenched with water (1 mL), then diluted with EtOAc (50 mL), and washed with water (30
mLx 3) and brine (30 mLx 2). The organic layer was dried with Mg,SO,, filtered, and concentrated
under reduced pressure to give a pale-yellow oil (55 mg).

Step2: The crude was dissolved in acetone (5 mL) and added 4 M HCI (5 mL). The resulting
mixture was stirred for 24 h at room temperature, then diluted with EtOAc (50 mL), then washed
with water (30 mLx 3) and brine (30 mLx 2). The organic layer was dried with Mg,SO,, filtered,
and concentrated under reduced pressure to give a pale-yellow oil (40 mg). Flash chromatography
on silica gel with normal speed (EtOAc/petroleum ether = 40/60, 50/50) gave the dehydrated 194

(20.0 mg, 40%) as a colorless oil.

TLC: Rf=0.25 (petroleum ether/EtOAc = 50/50)

IR (ATR) v 3300, 2932, 1720, 1656, 1595, 1523, 1479, 1368, 1331, 1284, 1247, 1156, 1128, 1046,
758,741 cm

'H NMR (400 MHz, CDCls) & 1.43 (s, rotamer) and 1.46 (s, 9H), 2.31 (dd, 1H, J = 18.0, 4.4 Hz,
ABX ), 2.88 (dd, 1H, J = 18.0, 9.6 Hz, ABX), 3.00 (s, rotamer) and 3.05 (s, 3H), 3.94 (d, 1H, J =
18.4 Hz), 4.13 (d, 1H, J = 18.4 Hz), 4.23 (t, 1H, J = 6.4 Hz), 4.40-4.53 (m, 2H), 4.94-5.05 (ddd
pseudo m, 1H), 5.26 (s, rotamer) and 5.49 (s, 1H, alkene), 5.49 (br, 1H, NHFmoc), 7.31 (t, 2H, J =
7.6 Hz) , 7.40 (t, 2H, J = 7.6 Hz), 7.58 (d, 2H, J = 7.2 Hz), 7.76 (d, 2H, J = 7.6 Hz), 10.45 (brs, H).
13C NMR (100 MHz, CDCl3) & 28.2, 36.4, 36.9 (35.2, rotamer), 47.3, 49.4, 50.3 (52.7, rotamer),
67.2, 82.1, 89.2, 120.2 (2C), 125.0, 125.1, 127.2 (2C), 128.0 (2C), 141.5 (2C), 143.7 (2C), 156.1,
168.1, 168.6, 174.1.
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HRMS (ESI+) Calcd for C3H3;N3sNaOg [M + Na]*: 528.2105, found 528.2081.

Methyl
(S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-(methoxy(methyl)amino)-4-oxobutanoat
e 196

= M. = 412.44 g-mol™!
NHFmoc

oK e
To a solution of L-N-Fmoc—Asp(B-OMe)—H (S)-179 (250.0 g, 0.67 mmol, 1 eq.) in CH,CI, (8 mL)
under argon at room temperature was added N,O-dimethylhydroxylamine hydrochloride (17.8 mg,
0.98 mmol, 1.1 eq.), PyBOP (356.0 mg, 0.68 mol, 1 eq) and dropwise DIEA (218.7 mg, 1.69 mmol,
2.5 eq.), respectively. The resulting mixture was stirred at room temperature for overnight (16 h).
Then diluted with EtOAc (30 mL) and subsequently washed with 1 M HCI (20 mL), sat. NaHCO3
(20 mL) and brine (20 mL) to give the organic layer, which was then dried over MgSQ,, filtered and
concentrated under reduced pressure. Flash chromatography on silica gel (petroleum ether/EtOAc =

80/20, 90/10) to give the pure desired Weinreb amide 196 (143.0 mg, 52%) as a white solid.

TLC: Rf = 0.45 (petroleum ether/EtOAc = 80/20)

'H NMR (30 MHz, CDCl3) & 2.68 (dd, 1H, J = 15.3, 6.6 Hz, ABX ), 2.83 (dd, 1H, J = 15.3, 5.4 Hz,
ABX ), 3.21 (s, 3H), 3.67 (s, 3H), 3.75 (s, 3H), 4.20 (t, 1H, J = 6.9 Hz), 4.36 (d, 1H, J = 6.9 Hz),
5.10 (ddd pseudo m, ABX), 5.96 (d, 1H, J = 8.7 Hz), 7.28 (t, 2H, J = 7.5 Hz), 7.37 (t, 2H, J = 7.5
Hz), 7.5-7.60 (m, 2H), 7.73 (d, 2H, J = 7.5 Hz ).

(S)-2-(1,3-Dioxoisoindolin-2-yl)-4-methoxy-4-oxobutanoic acid 199

CO,Me
HO,C

= C13H11NOg
Exact M. = 277.0586
M. = 277.23 g-mol™!

Zmn
o]

o
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To an ice cold solution of L-H-Asp(B-OMe)—H-HCI 175 (917.9 mg, 5.00 mmol, 1 eq.) in water (15
mL) was added Na,CO3; (529.9 mg, 5.00 mmol, 1 eq.). N-Carbethoxyphthalimide (1.096 g, 5.00
mmol, 1 eq.) was then added in 3 portions at 0 °C, and the ice bath was removed. After stirred for 3
h at room temperature, the reaction was diluted with sat. NaHCOj3 (20 mL), extracted with EtOAc
(20 mL x 2) to give the aqueous layer. The aqueous was then acidified with 4 M HCI until pH = 2-3,
extracted with EtOAc (30 mL x 3). The combined organic phase was washed with brine (30 mL),
dried over MgSO,, filtered, and concentrated under reduced pressure. Flash chromatography on
silica gel (MeOH/CH,Cl, = 90/10) gave a phthalimido derivative 199 (1.246 g, 90%) as a white

solid.

TLC: Rr = 0.49 (MeOH/CH,Cl, = 80/20)
Mp. 132-133 °C

la]}’ =-62.7 (c 0.53, CHCls)

IR (ATR) v 3176, 2937, 1783, 1755, 1744, 1690, 1405, 1256, 1213, 1169, 1013, 885, 723 cm *

'H NMR (360 MHz, CDCl3) 6 3.14 (dd, 1H, J= 16.9, 9.0 Hz,ABX), 3.35 (dd, 1H, J= 16.9, 5.8
Hz,ABX), 3.65 (s, 3H),5.43 (dd, 1H, J =9.0, 5.8 Hz, ABX), 7.66-7.89 (m, 4H), 10.88 (1H).

3C NMR (90 MHz, CDCl5) & 33.6, 48.1, 52.4, 123.9 (2C), 131.7 (2C), 134.5 (2C), 167.3, 170.5,
173.8.

HRMS (ESI+) Calcd for C13H1:NNaOg [M + Na]*: 300.0478, found 300.0474

11-Benzyl 6-methyl (S)-4-(1,3-dioxoisoindolin-2-yl)-3-oxohexanedioate 200

O  CO,Me
BnOZC

C22H1gNO7
Exact M. = 409.1162
M. = 409.39 g-mol™

att

To an ice cold solution of phthalimido derivative 199 (277.5 mg, 1.00 mmol, 1 eq.) in anhydrous
THF (5 mL) under argon were added CDI (178.6 mg, 1.10 mmol, 1.1 eq.). The ice bath was then

removed and stirred for 3 h at room temperature as solution A
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Preparation of magnesium salt 174 as solution B: In a separated flask, to an ice cold solution of
monobenzyl malonate (233.0mg, 1.20 mmol, 1.2 eq.) in anhydrous THF (5 mL) under argon was
dropwise added a solution of 2 M isopropylmagnesium chloride in THF(1.2 mL, 2.40 mmol, 2.4
eq.). After stirred for 30 min at 0 °C, then heating at 50 °C for 30 min.

To an ice cold solution B was then slowly added solution A over 30 min. The resulting mixture was
stirred for overnight (16-18 h) and slowly warmed to room temperature. The reaction was quenched
with 1 M HCI (10 mL) at 0 °C and extracted with Et,O (25 mL x 3). The combined organic layer
was washed with 1 M HCI (25 mL), sat. NaHCOg3 (25 mL) and brine (25 mL), then dried over
MgSQ,, filtered, and concentrated under reduced pressure. Flash chromatography on silica gel
(petroleum ether/EtOACc = 90/10, 75/25, 70/30) to give a B-keto-y-phthalimidoester 200 (163.9 mg,

40%, ee undetermined) as a colorless oil.

TLC: Rf=0.62 (petroleum ether/EtOAc = 70/30)
la]3} =—-6.0 (c 0.50, CHCI3)

IR (ATR) v 2953, 1778, 1713, 1383, 1215, 1173, 721 cm*

'H NMR (360 MHz, CDCls) § 2.78 (dd, 1H, J = 17.3, 5.0 Hz, ABX), 2.99 (dd, 1H, J = 17.3, 4.7 Hz,
ABX), 3.63 (s, 3H), 3.67 (s, 2H), 4.64 (ddd, 1H, J= 9.0, 5.0, 4.7 Hz, ABX), 5.11-5.16 (m, 4H), 5.97
(d, 1H, J = 9.0 Hz), 7.28-7.39 (m, 10H).

3C NMR (90 MHz, CDCl3) & 32.6, 45.9, 52.2, 54.7, 67.5, 124.0 (3C), 128.5 (3C), 128.6 (2C),
131.6, 134.7 (2C), 135.1, 166.0, 167.3, 170.6, 196.4.

Methy! (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxo-4-(propylthio)butanoate 201

o

J\A Ca3H2sNO5S
N Ng - CO,Me Exact M. = 427.1453
M. = 427.51 g-mol™’

I%IHFmoc
To an ice cold solution of L-N-Fmoc—Asp(B-OMe)—H (S)-179 (1.847 g, 5.00 mmol, 1 eq.) in
THF/DMF (9:3 mL) under argon was added HATU (2.844 g, 7.50 mmol, 1.5 eq.), propanethiol
(4.523 g, 20.00 mol, 4 eq.), respectively. DIEA (5.170 g, 20.00 mmol, 4 eq.) was added dropwise.

The resulting mixture was stirred for overnight (17 h). Without work-up, the reaction solution was
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directly loaded for flash chromatography on silica gel (petroleum ether/EtOAc = 90/10, 80/20,
70/30) to give the desired L-(S)-N-Fmoc thioester 201 (1.846 g, 86%) as a colorless oil.

TLC: R =0.72 (petroleum ether/EtOAc = 70/30)
[a]}; =+8.3 (c 0.50, CHCI5)

IR (ATR) v 3332, 2958, 1725, 1683, 1504, 1446, 1438, 1226, 1049, 759, 741 cm™*

'H NMR (360 MHz, CDCls) & 0.97 (t, 3H, J = 7.2 Hz), 1.56-1.65 (m, 2H), 2.79 (dd, 1H, J = 16.9,
4.7 Hz, ABX), 2.88 (t, 2H, J = 7.2 Hz), 3.14 (dd, 1H, J = 16.9, 4.7 Hz, ABX), 3.70 (s, 3H), 4.27 (t,
1H, J = 6.8 Hz), 4.37 (dd, 1H, ), 4.57 (dd, 1H, ), 4.74 (ddd, pseudo dt, 1H, J = 9.4, 4.7, 4.7 Hz,
ABX), 6.06 (d, 1H, J = 9.4 Hz), 7.32 (t, 2H, J = 77.2 Hz), 7.41 (t, 2H, J = 7.2 Hz ), 7.63-7.66 (m 2H),
7.77 (d, 2H, J = 7.6 Hz).

3C NMR (90 MHz, CDCl3) & 13.4, 22.7, 31.1, 36.1, 47.2, 52.2, 57.2, 67.4, 120.1 (2C), 125.1,
125.2,127.1 (2C), 127.8 (2C), 141.3, 143.7, 143.8, 155.9, 171.5, 200.2.

HRMS (ESI+) Calcd for CasHasNNaOsS [M + Na] s 450.1346, found 450.1328

Methy! (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxobutanoate 202

0]

)J\/\ C2oH1gNO5
H CO,Me Exact M. = 353.1263

EjHFmOC M. = 353.37 g-mol™"

To an ice cold solution of L-(S)-N-Fmoc thioester 201 (293.0 mg, 0.68 mmol, 1 eq.) in acetone (6
mL) under argon was added Pd/C (10% wt., 72.4 mg, 0.07 mmol, 0.1 eq.), followed by addition of
Et;SiH (318.6 mg, 2.74 mmol, 4 eq.) dropwise. The ice bath was then removed, and the resulting
mixture was stirred for 30 min at room temperature, completed. The reaction solution was filtered
through a Celite pad and washed with acetone (5 ml x 3). The filtered liquid was concentrated under
reduced pressure. Flash chromatography on silica gel (petroleum ether/EtOAc = 80/20, 70/30) to
give the desired N-Fmoc aldehyde 202 (230.0 mg, 95%) as a white solid.

TLC: R =0.66 (petroleum ether/EtOAc = 70/30)
Mp. 108-110 °C
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[0]>) =-3.8 (c 0.50, CHCI;)

IR (ATR) v 3352, 2952, 1728, 1518, 1450, 1250, 1056, 760, 741 cm *

'H NMR (360 MHz, CDCl3) & 2.87 (dd, 1H, J = 17.3, 4.7 Hz, ABX), 3.00 (dd, 1H, J = 17.3, 4.7 Hz,
ABX), 3.69 (s, 3H), 4.22 (t, 1H, J = 6.5 Hz), 4.41-4.47 (m, 3H), 6.01 (d, 1H, J = 7.9 Hz), 7.30-7.34
(m, 2H), 7.41 (t, 2H, J = 7.2 Hz ), 7.60 (d, 2H, J = 7.2 Hz), 7.77 (d, 2H, J = 7.2 Hz), 9.63 (s, 1H).
13C NMR (90 MHz, CDCl3) & 34.1, 47.1, 52.2, 56.4, 120.1 (2C), 125.0 (2C), 127.1 (2C), 127.8
(2C), 141.3 (2C), 143.6 (2C), 156.2, 171.5, 198.6.

HRMS (ESI+) Calcd for CaoHioNNaOs [M + Na]*: 376.1155, found 376.1141.

6-Benzyl 1-methyl
(3S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-hydroxyhexanedioate 203

O OH

)W C29H29N()7
BnO COOMe Exact M. = 503.1944

S o M. = 503.55 g-mol~"

Mukaiyama aldol: To a solution of N-Fmoc aldehyde 202 (200.0 mg, 0.57 mmol, 1 eg.) in CH,Cl,
(6 mL) under argon was dropwise added BF;-Et,O (0.21 mL, 1.71 mmol, 3 eq) at —78 °C over 30
min, and followed by addition of ((1-(benzyloxy)vinyl)oxy)trimethylsilane (507.0 mg, 2.28 mmol,
4 eq.). The resulting mixture was stirred for overnight and slowly warmed to room temperature. The
reaction was quenched with water (2 mL), filtered through a Celite pad and washed with CH,ClI,
(20 mL). The filtered liquid was washen with sat. NaHCO3 (10 mL), and brine (10 mL). The
organic layer was then dried over MgSO., filtered and concentrated under reduced pressure. Flash
chromatography on silica gel (petroleum ether/EtOAc = 80/20, 70/30, 60/40) gave the desired
y-amino-B-hydroxyester 203 (205.5 mg, 72%) as a colorless oil, with an inseparable mixture of two

diastereoisomers (1.4:1, by *H NMR).

TLC: Rf=0.31 (petroleum ether/EtOAc = 70/30)

'H NMR (360 MHz, CDCls) & 2.47-2.83 (m, 4H), 3.67 and 3.69 (s, 3H, two diastereoisomers), 3.50
and 3.61 (brs, 1H, two diastereoisomers), 3.94-4.09 (m, 1H, two diastereoisomers) 4.17-4.21 (m,
1H), 4.39-4.43 (m, 2H), 5.11-5.15 (m, 2H), 5.37 and 5.61 (d, 1H, two diastereoisomers), 7.28-7.41
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(m, 9H), 7.55-7.59 (m, 2H), 7.69-7.76 (m, 2H)

6-Benzyl 1-methyl 3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxohexanedioate 180

(e} (6]
CagH2gNO7

BnO COOMe Exact M. = 503.1944
M. = 503.55 g-mol ™’

NHFmoc
Dess—Martin oxidation: To an ice cold solution of y-amino-B-hydroxyester 203 (50.3 mg, 0.10
mmol, 1 eq.) in acetone (6 mL) under argon was added Dess—Martin periodinane (63.6 mg, 0.15
mmol, 1.5 eq.). The ice bath was then removed, and the resulting mixture was stirred for 20 h at
room temperature, completed. The reaction was concentrated under reduced pressure, diluted with
EtOAc (20 mL), washed with sat. NaSO3; (20 mL), sat NaHCO3; (20 mL) and brine (20 mL),
respectively. Flash chromatography on silica gel (petroleum ether/EtOAc = 80/20, 70/30) gave a
fully racemic N-Fmoc-p-ketoester 180 (50.0 mg, 99%, as racemic, 0% ee) as a colorless oil when

stored in the fridge in turned into a waxy solid). Data see compound 180.

One-pot Roskamp reaction: To an ice cold solution of L-(S)-N-Fmoc thioester 201 (236.3 mg, 0.50
mmol, 1 eq.) in CH,Cl, (5 mL) under argon was added Pd/C (10% wt., 53.2 mg, 0.05 mmol, 0.1
eq.), followed by addition of Et3SiH (232.5 mg, 2.00 mmol, 4 eq.) dropwise. The ice bath was then
removed, and the resulting mixture was stirred for 30 min at room temperature, completed. The
reaction solution was filtered through a Celite pad and washed with CH,Cl; (5 ml x 3). The filtered
liquid was concentrated under reduced pressure to give the aldehyde 202 crude (300 mg, T = 100%)
as a semi-solid. To a solution of aldehyde 202 crude was directly subjected to Roskamp reaction. To
a solution of crude 202 in CH,Cl, (10 mL) under argon at room temperature was added SnCl, (37.9
mg, 0.20 mmol, 0.4 eq.). A solution of benzyl diazoacetate in toluene (10% wt., 1.2 mL, 0.60 mmol,
1.2 eq.) was added over 10 min. The resulting mixture was stirred for 8 h at room temperature and
quenched with 1 M HCI (1 mL). Then diluted with CH,Cl, (10 mL), washed with 1 M HCI (10 mL),
sat. NaHCOg3; (10 mL), and brine (10 mL). The organic layer was then dried over MgSO,, filtered
and concentrated under reduced pressure. Flash chromatography on silica gel (petroleum
ether/EtOAc = 90/10, 80/20, 70/30) gave the desired benzyl y-amino-f-ketoester 180 (160.0 mg,
64%, 58% ee) as a white solid. Data see compound 180.
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6-Benzyl 1-methyl (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxohexanedioate
(S)-180

o o}

)J\/U\/\ Ca9H27NO7
BnO CO,Me Exact M = 501.1788

= M = 501.54 g-mol™’

NHFmoc

Fmoc-UNCA (S)-204 formation: To an ice cold solution of L-N-Fmoc-Asp(OMe)-OH (S)-179
(1.108 g, 3.00 mmol, 1 eq.) in anhydrous THF (20 mL) under argon was added triphosgene (356.1
mg, 1.20 mmol, 1.2 eq.). Then sym-collidine (727.1 mg, 6.00 mmol, 2 eq.) was added in two
portions (~0.8 mL), of which the first portion (~0.4 mL) was added over 10 min at 0 °C
(immediately white solid precipitated). The ice bath was then removed, the left portion of
sym-collidine (~0.4 mL) was added over 20 min at room temperature. The resulting mixture was
totally stirred 2 h, then filtered rapidly through a filter Buchner funnel to remove the collidine
hydrochloride salt and the solid was washend with anhydrous THF (10 mL x 3) to give the filtered
liquid as solution A (~50 mL).

Preparation of magnesium enolate salt 174 as solution B: In a separated flask, to an ice cold solution
of monobenzyl malonate of monobenzyl malonate (815.6 g, 4.20 mmol 1.4 eq.) in anhydrous THF
(15 mL) under argon was dropwise added a solution of 2.0 M isopropylmagnesium chloride in THF
(4.2 mL, 8.40 mmol, 2.8 eq.). After stirred for 30 min at 0 °C, then heating at 50 °C for 30 min as
solution B.

Condensation: To the ice cold solution B was then slowly added solution A at —10 °C over 30 min.
The resulting mixture was stirred stirred for overnight (16-18 h) and slowly warmed to room
temperature. The reaction was then quenched with 1 M HCI (20 mL) at 0 °C, evaporated under
reduced pressure to remove most of THF, then extracted with EtOAc (50 mL x 3). The combined
organic layer was washed with sat. NaHCO3; (50 mL) and brine (50 mL), then dried over MgSQsy,
filtered, and concentrated under reduced pressure. Flash chromatography on silica gel (petroleum
ether/EtOAc = 90/10, 80/20, 70/30) to give the desired y-amino-p-ketoester (S)-180 (797.0 mg, 53%,

93% ee) as a colorless oil, when stored in the fridge it turned into a waxy solid.

TLC: Ry = 0.43 (petroleum ether/EtOAc = 70/30)

[0]2* =-17.8 (c 0.50, CHCls)
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IR (ATR) v 3360, 2953, 1722, 1514, 1451, 1316, 1248, 756, 742 cm*

'H NMR (360 MHz, CDCls) § 2.80 (dd, 1H, J = 17.3, 4.7 Hz, ABX), 2.99 (dd, 1H, J = 17.3, 5.0 Hz,
ABX), 3.62 (s, 2H), 3.66 (s, 3H), 4.21 (t, 1H, J= 6.5 Hz), 4.46 (dd, 1H, J = 10.8, 6.5 Hz), 4.55 (dd,
1H, J =10.8, 6.5 Hz), 4.64 (ddd, 1H, J = 9.0, 5.0, 4.7 Hz, ABX), 5.11-5.21 (m, 2H), 6.00 (d, 1H, J =
9.0 Hz), 7.29-7.43 (m, 9H), 7.59 (d, 2H, J = 7.2 Hz), 7.76 (dd, 2H, J= 7.2, 2.9 Hz).

13C NMR (90 MHz, CDCls) & 35.0, 45.8, 47.3, 52.2, 56.5, 67.1, 67.3, 120.1 (2C), 125.0 (2C), 127.1
(2C), 127.8 (2C), 128.5 (2C), 128.6 (2C), 135.3, 141.4 (2C), 143.6 (2C), 156.0, 166.7, 171.7, 200.7.
HRMS (ESI+) Calcd for Co9H2;NNaO; [M + Na]™: 524.1680, found 524.1663.

HPLC: 93% ee. sample prepration: 1 mg/mL in MeOH,; column: A_NP_5-AmyCoat (250 mm x
4.6 mm), normal phase: hexane/EtOH = 60/40, flow: 1 mL/min, 30 °C; injection: 5 pL; results: RT
= 21.822 (R, Area: 3.4%), 26.681 (S, Area: 96.6%).

(S)-2-(2-(1-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-methoxy-3-oxopropyl)-1,3-dithiola
n-2-yl)acetic acid (S)-186

o I\

)J\S><S/\ C24H25NO6S2
HO CO,Me Exact M = 487.1123

B M = 487.58 g-mol™"
NHFmoc

To a flask containing L-y-amino-B-ketoester (S)-180 (1.004 g, 2.00 mmol, 1 eq.) under argon at
room temperature was added 1,2-ethanedithiol (1.7 mL, 20.0 mmol, 10 eq.), followed by addition of
BF;-Et,O (0.74 mL, 6.00 mmol, 3 eq.) dropwise. The resulting mixture was stirred for 3 days at
room temperature. The reaction was quenched with water (20 mL), extracted with EtOAc (20 mL x
3). The combined organic phase was washed with brine (20 mL x 3), then dried over MgSOs,,
filtered, and concentrated under reduced pressure. Flash chromatography on silica gel (petroleum
ether/EtOAc = 90/10, 80/20, 70/30, 50/50) to give the desired L-N-Fmoc-B-dithioketal acid (S)-186
(828.7 mg, 85%) as a white solid.

TLC: Rf=0.10 (petroleum ether/EtOAc = 75/25)
Mp. 59-62 °C

[0]> =-15.5 (c 0.50, CHCI;)
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IR (ATR) v 3321, 2952, 1730, 1513, 1450, 1334, 1243, 1055, 758, 741 cmt

'H NMR (400 MHz, 323 K, CDCls) & 2.64 (dd, 1H, J = 14.8, 10.0 Hz, ABX), 3.04-3.09 (m, 2H),
3.19-3.27 (m, 5H), 3.63 (s, 3H), 4.22 (t, 1H, J= 6.8 Hz), 4.41 (d, 2H, J= 6.8 Hz), 4.88 (ddd pseudo
brs, 1H, ABX), 5.43 (brs, 1H) and 5.82 (brs, rotamer), 7.30 (t, 2H, J = 7.2 Hz), 7.37 (t, 2H, J = 7.2
Hz), 7.59 (m pseudo brs, 2H), 7.73 (t, 2H, J = 7.2 Hz), 9.02 (brs, 1H).

13C NMR (100 MHz, 323 K, CDCls) & 37.6, 39.9, 40.6, 46.8, 47.4, 52.1, 55.7, 67.2, 71.3, 120.0
(2C), 125.3 (2C), 127.2 (2C), 127.7 (2C), 141.4 (2C), 143.9, 144.1, 156.3, 171.6, 173.5.

HRMS (ESI+) Calcd for C4H2sNNaOgS; [M + Na]*:510.1015, found 510.0992.

2-(2-(1,3-Diamino-3-oxopropyl)-1,3-dithiolan-2-yl)acetic acid (S)-190

o I\

s s CgH14N203S,

)W Exact M = 250.0446
HO CONH,

M = 250.33 g-mol™"

Zm

Hy

To a flask containing L-N-Fmoc-B-dithioketal acid (S)-186 (830 mg, 1.70 mmol, 1 eq.) was added a
solution of 28% NH4OH (48 mL, 336 mmol, ~200 eq.). The mixture was stirred for overnight (24 h)
at room temperature, then filtered through a filter Buchner funnel to remove dibenzofulvene (DBF)
and the solid was washed with 28% NH4,OH (3 x 5 mL) to give the filtered liquid. The filtered
liquid was extracted with Et,O (2 x20 mL) to remove the residue of dibenzofulvene, and the
aqueous phase was concentrated under reduced pressure to give a pure primary amide (S)-190

(425.9 mg, 100%) as a pale-yellow solid and used without further purification directly in next step.

TLC: Rf=0.10 (MeOH/CH,CI;, = 10/90)

Mp. 86-88 °C

la]}; =-13.3 (c 0.50, CHCls)

IR (ATR) v 3321, 3160, 2922, 1667, 1563, 1382, 1278, 1146, 1006, 679cm "

'H NMR (360 MHz, D,0) & 2.48 (dd, J = 16.6, 10.4 Hz, rotamer, ABX) and 2.65 (dd, 1H, J = 16.6,
10.4 Hz, ABX), 2.78 (dd, J = 16.6, 2.9 Hz, rotamer, ABX) and 2.99 (dd, 1H, J = 16.6, 2.9 Hz, ABX),
3.05 (d, 1H, J = 16.9 Hz), , 3.16 (d, 1H, J = 16.9 Hz), 3.27-3.43 (m, 4H), 4.07 (dd, 1H, J=10.4, 2.9
Hz, rotamer, ABX) and 4.12 (dd, 1H, J=10.4, 2.9 Hz, ABX).
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3C NMR (90 MHz, D,0) & 35.7 and 36.6 (rotamer), 39.4, 39.5, 49.2, 55.7 and 56.4 (rotamer), 68.1
(rotamer) and 69.5, 174.9, 177.2.
HRMS (ESI+) Calcd for CgH15N205S; [M + H]" @ 251.0519, found 251.0519.

2-(2-(1-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithiolan-2-y
lacetic acid 191

o / '\ CcoNH
s _S 2 Ca3H24N205S,

Exact M. = 472.1127

HO
M. = 472.57 g-mol™

lleFmoc

To an ice cold solution of L-B-amino primary amide (S)-190 (425.9 mg, 1.70 mmol, 1 eq.) in water
(30 mL) was added k,COj3 (375.9 mg, 2.72 mmol, 1.6 eq.), then followed by addition of a solution
of FmocCl (483.8 mg, 1.87 mmol, 1.1 eq.) over 10 min. The resulting mixture was stirred for
overnight (18-24 h) at room temperature, then diluted with sat. NaHCO; (10 mL), extracted with
Et,O (50 mLx 2) to give the aqueous phase. The aqueous phase was acidified with 4 M HCI until =
2-3, then with EtOAc (50 mLx 3) to give the organic phase. The combined organic phase was dried
over MgSQy,, filtered and concentrated under reduced pressure to give a pure L-N-Fmoc-mPyrAA

(S)-191 (560.7 mg, 70%) as a white solid and used without further purification.

TLC: Rs = 0.20 (MeOH/CH.Cl, = 20/80)
[a])) =-13.5(c 0.50, CHCls)

Mp. 99 °C, decarboxylation

IR (ATR) v 3331, 2926, 1709, 1661, 1514, 1448, 1411, 1334, 1245, 756, 741 cm™*

'H NMR (360 MHz, MeOD-dj) & 2.51-2.59 (dd pseudo m, 1H, ABX), 2.93-3.04 (m, 2H), 3.18 (dt,
1H, J = 16.9 Hz), 3.22-3.30 (m, 4H), 4.26 (t, 1H,), 5.90 (d, 1H, J = 7.2 Hz), 4.29 (dd, 1H, J = 11.6,
7.2 Hz), 4.41 (dd, 1H, J = 11.6, 7.2 Hz), 4.84-4.91 (m, 1H, combined with water), 7.32-7.34 (t, 2H,
J=8.4 Hz), 7.39 (t, 2H, J = 8.4 Hz), 7.64-7.67 (m, 2H), 7.79 (d, 2H, J = 8.4 Hz).

3C NMR (90 MHz, MeOD-d,) & 39.3, 40.4, 41.4, 47.7, 48.4, 57.1, 67.8, 72.9, 120.9 (2C), 126.2
(2C), 128.2 (2C), 128.7 (2C), 142.5 (2C), 145.1, 145.3, 158.5, 173.5, 176.0.

HRMS (ESI+) Calcd for Cy3HpsN2NaOsS, [M + Na]* : 495.1019, found 495.1001.
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tert-Butyl
(S)-N-(2-(2-(1-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithiol
an-2-yl)acetyl)-N-methylglycinate (S)-189

o / \  CONH
S S 2 C30H37N306S2

Exact Mass: 599.2124

P
tBuO,C~ N
e M. = 599.76 g-mol™’

lleFmoc

To a solution of L-N-Fmoc-mPyrAA (S)-191 (472.5 mg, 1.00 mmol, 1 eq.) in CH,Cl, (20 mL) under
argon was added H-Sar—Ot-Bu-HCI (199.8 mg, 1.10 mmol, 1.1 eq,), PyBroP (512.8 mg, 1.10 mmol,
1.1 eq.) and dropwise DIEA (516.9 mg, 4.00 mmol, 4 eq.), respectively. The resulting mixture was
stirred at room temperature for overnight (16 h). Diluted with CH,Cl, (20 mL) and the solution was
subsequently washed with 1 M HCI (2 x 20 mL), sat. NaHCOs3 (2 x 20 mL) and brine (20 mL), then
dried over MgSQ,, filtered and concentrated under reduced pressure. Flash chromatography on
silica gel (petroleum ether/EtOAc = 50/50, EtOAc =100, EtOAc/MeOH = 90/10) to give the desired
dipeptide L-mPyrAA-Sar (S)-189 (538.9 mg, 90%) as a white solid.

TLC: R;=0.61 (EtOAc/MeOH = 90/10)
Mp. 94-97 °C

[a]} =-12.4 (c 0.50, CHCls)

IR (ATR) v 3446, 3326, 3214, 2977, 2928, 1721, 1661, 1512, 1450, 1403, 1370, 1243, 1157, 758,
742 cm™t
'H NMR (360 MHz, CDCls3) & 1.41 (s, 9H) and 1.43 (s, rotamer), 2.39 (dd, rotamer, ABX) and 2.50
(dd, 1H, J = 14.4, 10.1 Hz, ABX ), 2.89-3.00 (m, 4H), 3.11 (d, 1H, J = 16.6 Hz), 3.17 (pseudo brs,
4H), 3.26 (d, 1H, J = 16.6 Hz), 3.82 (d, 1H, J = 16.9 Hz), 4.12 (d, 1H, J = 16.9 Hz), 4.18 (t, 1H, J =
7.2 Hz), 4.24-4.36 (m, 2H), 4.74-4.85 (ddd pseudo m, 1H, ABX) and 5.01-5.07 (m, rotamer), 5.78
(brs, rotamer) and 5.88 (brs, 1H), 6.32 (dd, 1H, J =10.1 Hz), 6.62 (brs, 1H) and 6.64 (brs, rotamer),
7.23-7.26 (m, 2H) , 7.34 (t, 2H, J = 7.2 Hz), 7.57 (t, 2H, J = 7.2 Hz), 7.69 (d, 2H, J = 7.2 Hz).
13C NMR (90 MHz, CDCl3) & 28.0 (3C), 35.2 (rotamer) and 36.9, 39.2 (2C), 40.1, 45.2, 47.1, 50.5
and 52.7 (rotamer), 56.1(rotamer) and 56.2, 66.8, 72.3 and 72.4 (rotamer), 81.9 and 82.7 (rotamer),
119.8 (2C), 125.2, 125.3, 127.0 (2C), 127.5 (2C), 141.1 (2C), 143.8, 144.0, 156.8, 167.8 (rotamer)
and 168.2, 170.4, 170.5, 173.1.
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HRMS (ESI+) Calcd for CgoH3NsNaOgS, [M + Na]*: 622.2016, found 622.1993.

HPLC: 80% ee. sample prepration: 1 mg/mL in MeOH,; column: A_RP_5-CelluloseCoat (250 mm
x 4.6 mm), normal phase: CH3CN = 100%, flow: 1 mL/min, 5 °C; injection: 5 uL; results: RT =
5.265 (R, Area: 10%), 6.247 (S, Area: 90%).

(R)-2-Amino-4-methoxy-4-oxobutanoic acid hydrochloride (R)-175

HO,C CsH1oCINO,
COMe Exact M = 183.0298
NH,-HCI M = 183.59 g-mol ™’

Following Reddy’s procedure*’*

To a solution of D-aspartic acid (6.655 g, 50.00 mmol, 1 eqg.) in MeOH (50.0 mL, 1.23 mol, ~24.6
eq.) at —10 °C (ice-salt bath) under argon was dropwise added thionyl chloride (SOCl,, 5.10 mL,
70.0 mmol, 1.4 eq.). The cooling bath was then removed, and the resulting mixture was slowly
warmed to room temperature and stirred for 25-30 min, and then diluted with ice cold diethyl ether
(150 mL), upon cooling and shaking, precipitated as a white solid, which was filtered immediately
and washed with ice-cold diethyl ether (20 mL). The solid was collected and dried to give the
desired pure D-Asp(B-OMe)-hydrochloride (R)-175 (7.89 g, 86%) a white power and used without

further purification.

Mp = 189-191 °C, decarboxylation
la]} =-7.8(c0.50, H,0)

IR (ATR) v 2878, 2640, 1739, 1720, 1592, 1499, 1440, 1377, 1352, 1239, 1203, 1142, 1097, 1069,
835,821 cm™

'H NMR (360 MHz, D,0) & 3.08-3.12 (pseudo m, 2H), 3.70 (s, 3H) and 3.79 (rotamer), 4.33-4.39
(pseudo m, 1H).

3C NMR (90 MHz, D,0) 5 33.6 (rotamer) and 33.7, 49.2, 52.9 and 53.9 (rotamer), 170.7 and 170.8
(rotamer), 171.8 and 173.1 (rotamer).

HRMS (ESI+) Calcd for CsH1oNO," [M]*: 148.0583, found 148.0605.
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(R)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-4-methoxy-4-oxobutanoic acid (R)-179°

HO,C C20H19NOg
COMe Exact M = 369.1212
NHFmoc M. = 369.37 g-mol™

To an ice cold solution of D-Asp(B-OMe)-hydrochloride (R)-175 (1.836 g, 10.0 mmol, 1 eq.) in
water (20 mL) and dioxane (10 mL) was added Na,COj3 (2.211 g, 16.0 mmol, 1.6 eq.) at 0 °C, then
followed by a solution of FmocCl (2.846 g, 11.0 mmol, 1.1 eq.) in dioxane (10 mL) dropwise over
10 min. The resulting mixture was slowly warmed to room temperature and stirred for overnight (16
h). The solution was evaporated under reduced pressure to remove most of dioxane, then extracted
with ether (2 x 30 mL) to give the aqueous phase, which was acidified with 4 M HCI until pH = 2-3.
The acidified solution was then extracted with ether with Et,O (3 x 30 mL), and the combined
organic layer was washed with brine (50 mL), dried over MgSO,4 and concentrated under reduced
pressure gave the pure desired b-Fmoc—Asp(B-OMe)—H (R)-179 (3.68 g, 100%) as a white solid

and used without further purification directly in the next step.

TLC: R¢ = 0.11 (EtOAc = 100), R¢ = 0.28 (CH,Cl,/MeOH = 85/15)
Mp. 62-64 °C

[a]}} =-34.5(c 0.50, CHCls)

IR (ATR) v 3334, 2952, 1716, 1517, 1439, 1209, 1178, 1052, 758, 738 cm?

'H NMR (360 MHz, CDCls) & 2.58-2.82 (pseudo m, rotamer, ABX), 2.91 (dd, 1H, J = 17.3, 4.3 Hz,
ABX), 3.09 (dd, 1H, J = 17.3, 4.3 Hz, ABX), 3.71 (s, 3H), 4.22 (t, 1H, J = 6.8 Hz), 4.35-4.46 (m, 2H)
and 4.53 (pseudo brs, rotamer), 4.69-4.74 (ddd, 1H, J = 8.3, 4.3, 4.3 Hz, ABX) and 4.88-4.92 (m,
rotamer) , 5.99 (d, 1H, J = 8.3 Hz) and 6.29 (dd, rotamer), 7.28-7.33 (m, 2H), 7.37-7.41 (m, 2H),
7.55-7.60 (m, 2H), 7.73-7.76 (m, 2H), 9.46 (s, 1H).

3C NMR (90 MHz, CDCls) § 36.3, 47.1, 50.3, 52.3, 67.5, 120.1 (2C), 125.2 (2C), 127.2 (2C),
127.8 (2C), 141.4 (2C), 143.7, 143.8, 156.3, 171.7, 175.3.

HRMS (ESI+) Calcd for CxoH1gNNaOg [M + Na]™: 392.1105, found 392.1100.

253



Experimental Part

6-Benzyl 1-methyl (S)-3-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-4-oxohexanedioate
(R)-180

o o}

C29H27NO7
BnO CO,Me Exact M = 501.1788
M = 501.54 g-mol™"

NHFmoc

Fmoc-UNCA (R)-203 formation: To an ice cold solution of D-Fmoc—Asp(-OMe)—H (R)-179
(1.847 g, 5.00 mmol, 1 eq.) in anhydrous THF (20 mL) under argon was added triphosgene (593.5
mg,2.00 mmol, 1.2 eq.). Then sym-collidine (1.2118 g, 6.00 mmol, 2 eq.) was added in two portions
(~1.3 mL), of which the first portion (~0.6 mL) was added over 10 min at 0 °C (immediately white
solid precipitated). The ice bath was then removed, the left portion of sym-collidine (~0.7 mL) was
added over 20 min at room temperature. The resulting mixture was totally stirred 2 h, then filtered
rapidly through a filter Buchner funnel to remove the collidine hydrochloride salt and the solid was
washed with anhydrous THF(10 mL x 3) to give the filtered liquid as solution A (~50 mL).
Preparation of magnesium enolate salt 174 as solution B: In a separated flask, to an ice cold solution
of monobenzyl malonate of monobenzyl malonate (1.359 g, 7.00 mmol 1.4 eq.) in anhydrous THF
(20 mL) under argon was dropwise added a solution of 2.0 M isopropylmagnesium chloride in THF
(7.0 mL, 14.00 mmol, 2.8 eq.). After stirred for 30 min at 0 °C, then heating at 50 °C for 30 min as
solution B.

Condensation: To the ice cold solution B was then slowly added solution A at —10 °C over 30 min.
The resulting mixture was stirred stirred for overnight (16-18 h) and slowly warmed to room
temperature. The reaction was then quenched with 1 M HCI (20 mL) at 0 °C and concentrated under
reduced pressure to remove most of THF, then extracted with EtOAc (3 x 50 mL). The combined
organic layer was washed with sat. NaHCOj3 (50 mL) and brine (50 mL), then dried over MgSOy,
filtered, and concentrated under reduced pressure. Flash chromatography on silica gel (petroleum
ether/EtOAc = 90/10, 75/25, 70/30) gave the desired D-N-Fmoc-B-ketoester (R)-180 (1.032 g, 42%,

97% ee) as a colorless oil, when stored in the fridge it turned into a waxy solid.

TLC: Rs = 0.43 (petroleum ether/EtOAc = 70/30)
[a]}’ =+25.4 (c 0.53, CHCls)

IR (ATR) v 3321, 2948, 1714, 1692, 1528, 1448, 1315, 1257, 1098, 1005, 756, 738 cm ™"
'"H NMR (360 MHz, CDCls) & 2.81 (dd, 1H, J= 17.3, 4.7 Hz, ABX), 2.98 (dd, 1H, J = 17.3, 5.0 Hz,
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ABX), 3.62 (s, 2H), 3.66 (s, 3H), 4.21 (t, 1H, J= 6.5 Hz), 4.46 (dd, 1H, J = 10.8, 6.5 Hz), 4.55 (dd,
1H, J =10.8, 6.5 Hz), 4.64 (ddd, 1H, J = 9.0, 5.0, 4.7 Hz, ABX), 5.11-5.21 (m, 2H), 6.00 (d, 1H, J =
9.0 Hz), 7.29-7.43 (m, 9H), 7.60 (d, 2H, J= 7.2 Hz), 7.77 (dd, 2H, J = 7.2, 2.9 Hz).

3C NMR (90 MHz, CDCls) & 35.0, 45.8, 47.2, 52.1, 56.5, 67.0, 67.2, 120.0 (2C), 124.9, 125.0,
127.1 (2C), 127.8 (2C), 128.4 (2C), 128.6 (2C), 135.3, 141.3 (2C), 143.6 (2C), 156.0, 166.7, 171.7,
200.7.

HRMS (ESI+) Calcd for Co9H,7NNaO; [M + Na]*: 524.1680, found 524.1656.

HPLC: 97% ee. sample prepration: 1 mg/mL in MeOH; column: A_NP_5-AmyCoat (250 mm x 4.6
mm), normal phase: hexane/EtOH = 60/40, flow: 1 mL/min, 30 °C; injection: 5 uL; results: RT =
21.723 (R, Area: 98.5%), 26.825 (S, Area: 1.5%).

(R)-2-(2-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-methoxy-3-oxopropyl)-1,3-dithiol
an-2-yl)acetic acid (R)-186

o [/ \
S S C24H25NO6S2
Exact M = 487.1123
HO COo,M
W Ve M = 487.58 g-mol™!
NHFmoc

To a flask containing N-Fmoc-p-ketoester (R)-180 (1.004 g, 2.00 mmol, 1 eq.) under argon at room
temperature under were added 1,2-ethanedithiol (1.7 mL, 20.0 mmol, 10 eq.) and followed by
addition of BF3-Et,0 (0.74 mL, 6.00 mmol, 3 eq.) dropwise. The resulting mixture was stirred for 3
days at room temperature. The reaction was quenched with water (20 mL), extracted with EtOAc
(20 mL x 3). The combined organic phase was washed with brine (20 mL x 3), then dried over
MgSQ,, filtered, and concentrated under reduced pressure. Flash chromatography on silica gel
(petroleum ether/EtOAc = 90/10, 80/20, 70/30, 50/50) gave the desired N-Fmoc-B-dithioketal acid
(R)-186 (823.0 mg, 85%) as a white solid.

TLC: Ry =0.10 (petroleum ether/EtOAc = 75/25)
Mp. 57-60 °C

la]}; =+17.8 (c 0.50, CHCls)

IR (ATR) v 3667, 3312, 2979, 2966, 2913, 1719, 1511, 1453, 1408, 1333, 1284, 1240, 1227, 1054,
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761,738 cm

'H NMR (400 MHz, 323 K, CDCls) & 2.64 (dd, 1H, J = 14.8, 10.0 Hz, ABX), 3.05-3.09 (m, 2H),
3.19-3.29 (m, 5H), 3.63 (s, 3H), 4.22 (t, 1H, J= 6.8 Hz), 4.41 (d, 2H, J= 6.8 Hz), 4.88 (ddd pseudo
brs, 1H, ABX), 5.44 (brs, 1H) and 5.78(brs, rotamer), 7.30 (t, 2H, J = 7.2 Hz), 7.37 (t, 2H, J = 7.2
Hz), 7.59 (m pseudo brs, 2H), 7.73 (t, 2H, J = 7.2 Hz), 9.09 (brs, 1H).

13C NMR (100 MHz, 323 K, CDCls) & 37.7, 39.9, 40.6, 46.8, 47.4, 52.1, 55.7, 67.2, 71.3, 120.0
(2C), 125.3 (2C), 127.2 (2C), 127.8 (2C), 141.4 (2C), 143.9, 144.1, 156.3, 171.5, 173.4.

HRMS (ESI+) Calcd for C4H2sNNaOgS, [M + Na]*: 510.1015, found 510.1006.

2-(2-(1,3-Diamino-3-oxopropyl)-1,3-dithiolan-2-yl)acetic acid (R)-190

o [/ \
S. S CgH1aN203S,
HOW CONH, Exact M = 250,044
M = 250.33 g-mol
NH,

To a flask containing N-Fmoc-B-dithioketal acid (R)-186 (2.04 g, 4.18 mmol, 1 eq.) was added a
solution of 28% NH4OH (50 mL, 418 mmol, ~100 eq.). The mixture was stirred for overnight (24 h)
at room temperature, then filtered through a filter Buchner funnel to remove dibenzofulvene (DBF)
and the solid was washed with 28% NH,OH (10 mLx 3) to give the filtered liquid. The filtered
liquid was extracted with Et,O (20 mLx 2) to remove the residue of dibenzofulvene, and the
aqueous phase was concentrated under reduced pressure to give a pure primary amide (R)-190 (1.05

g, 100%) as a pale-yellow solid and used without further purification directly in the next step.

TLC: Rf=0.10 (MeOH/CH,ClI, = 10/90)

Mp. 93-96 °C

la];} =+ 21.7 (c 0.50, CHCls)

IR (ATR) v 3339, 3156, 2922, 1667, 1557, 1379, 1277, 1176, 1013, 679 cm™*

'H NMR (360 MHz, D,0) & 2.48 (dd, J = 16.6, 10.4 Hz, rotamer, ABX) and 2.66 (dd, 1H, J = 16.6,
10.4 Hz, ABX), 2.78 (dd, J = 16.6, 2.9 Hz, rotamer, ABX) and 3.00 (dd, 1H, J = 16.6, 2.9 Hz,
rotamer, ABX), 3.05 (d, 1H, = 16.6 Hz, with rotamer), 3.17 (d, 1H, = 16.6 Hz, with rotamer),
3.25-3.43 (m, 4H), 4.05(J = 10.4, 2.9 Hz, rotamer, ABX) and 4.13 (dd, 1H, J=10.4, 2.9 Hz, ABX).
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3C NMR (90 MHz, D,0) & 34.6 and 36.5 (rotamer), 39.4, 39.5 (rotamer) and 39.6, 49.3, 55.6 and
56.4 (rotamer), 68.1, 174.1, 177.0.
HRMS (ESI+) Calcd for CgH15N205S; [M + H]": 251.0519, found 251.0517.

2-(2-(1-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithiolan-2-y
l)acetic acid (R)-191

o / \  CONH
S S 2 C23H24N205S;

Exact M. = 472.1127

HO 1
M. =472.57 g-mol™

NHFmoc

To an ice cold solution of D-B-amino primary amide (R)-190 (302.6 mg, 1.21 mmol, 1 eq.) in water
(30 mL) was added K,CO3 (267.5 mg, 1.94 mmol, 1.6 eq.), then followed by addition of a solution
of FmocCl (344.3 mg, 1.33 mmol, 1.1 eq.) over 10 min. The resulting mixture was stirred for
overnight (18-24 h) at room temperature, then diluted with sat. NaHCO; (10 mL), extracted with
Et,O (50 mLx 2) to give the aqueous phase. The aqueous phase was acidified with 4 M HCI until =
2-3, then with EtOAc (50 mLx 3) to give the organic phase. The combined organic phase was dried
over MgSQy, filtered and concentrated under reduced pressure to give the pure D-N-Fmoc-mPyrAA

(R)-191 (398.0 mg, 70%) as a white solid and used without further purification.

TLC: Rs = 0.20 (MeOH/CH.Cl, = 20/80)
[a]}] =+6.6 (c 0.30, MeOH)

Mp. 99 °C, decarboxylation

IR (ATR) v 3345, 1738, 1693, 1670, 1520, 1451, 1404, 1392, 1258, 1237, 184, 1152, 1144, 970,
845, 763, 743, 724 cm™*

'H NMR (400 MHz, MeOD-d4) & 2.54 (dd, 1H, J = 14.0, 11.2 Hz, ABX), 2.98-3.017 ( m, 2H,
mixed with 3.0 (d, 1H, J = 16.8 Hz ); 2.98-3.017 (dd 1H, = 14.0, 2.4 Hz, ABX)), 3.16 (d, 1H, J =
16.8 Hz), 3.19-3.29 (m, 4H), 4.20 (dd pseudo t, 1H, J = 7.2, 6.8 Hz ), 4.29 (dd, 1H, J = 10.4, 6.8
Hz), 4.40 (dd, 1H, J = 10.4, 7.2 Hz), 4.83 (dd, 1H, J = 11.2, 2.4 Hz, ABX), 7.30 (t, 2H, J = 7.2 Hz),
7.37 (t,2H, J = 7.2 Hz), 7.64 (t, 2H, J = 6.4 Hz), 7.77 (d, 2H, J = 7.2 Hz)

BC NMR (100 MHz, MeOD-d,) 6 39.3, 40.4, 41.4, 47.7, 48.5, 57.1, 67.8, 72.9, 120.9 (2C), 126.2
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(2C), 128.2 (2C), 128.7 (2C), 142.6 (2C), 145.2, 145.4, 158.5, 173.5, 176.0.
HRMS (ES|+) Calcd for C23H24N2Na0582 [M + Na]+: 4951019, found 495.1001.

tert-Butyl
(R)-N-(2-(2-(2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithiol
an-2-yl)acetyl)-N-methylglycinate (R)-189

o / \  CONH
S S 2 C30H37N306S:

Exact Mass: 599.2124

P
£BuO,C~ N
U2 M. = 599.76 g-mol™’

NHFmoc

To a solution of D-N-Fmoc-mPyrAA (R)-191 (472.6 mg, 1.00 mmol, 1 eq.) in CH,Cl, (20 mL)
under argon was added H-Sar-Ot-Bu-HCI (199.8 mg, .110 mmol, 1.1 eq,), PyBroP (512.8 mg, 1.10
mmol, 1.1 eq.) and dropwise DIEA (516.9 mg, 4.00 mmol, 4 eq.), respectively. The resulting
mixture was stirred at room temperature for overnight (16 h). Diluted with CH,Cl, (20 mL) and the
solution was subsequently washed with 1 M HCI (20 mL x 2), sat. NaHCO3 (20 mL x 2) and brine
(20 mL), then dried over MgSO,, filtered and concentrated under reduced pressure. Flash
chromatography on silica gel (petroleum ether/EtOAc = 50/50, EtOAc =100, EtOAc/MeOH =
90/10) gave the pure desired dipeptide D-mPyrAA-Sar (R)-189 (539.6 mg, 90%) as a white solid.

TLC: Ry = 0.61 (EtOAc/MeOH = 90/10)
Mp. 93-96 °C

la]’ =+13.9 (c 0.50, CHCls)

IR (ATR) v 3449, 3331, 3205, 2978, 2929, 1721, 1661, 1512, 1450, 1403, 1368, 1244, 1157, 761,
742 cm™

'H NMR (360 MHz, CDCls) & 1.42 (s, 9H) and 1.44 (s, rotamer), 2.38 (dd, rotamer, ABX) and 2.49
(dd, 1H, J = 14.4, 10.1 Hz, ABX ), 2.90-3.01 (m, 4H), 3.13 (d, 1H, J = 16.6 Hz), 3.18 (pseudo brs,
4H), 3.27 (d, 1H, J = 16.6 Hz), 3.82 (d, 1H, J = 17.3 Hz), 4.14 (d, 1H, J = 17.3 Hz), 4.20 (t, 1H, J =
7.2 Hz), 4.27-4.38 (m, 2H), 4.74-4.83 (ddd pseudo m, 1H) and 4.98-5.04 (m, rotamer), 5.79 (brs,
1H), 5..29 (dd, 1H, J = 10.1 Hz) and 6.35 (brs, rotamer), 6.60 (brs, 1H) and 6.63 (brs, rotamer),
7.26-7.29 (m, 2H) , 7.35 (t, 2H, J = 7.2 Hz), 7.58 (t, 2H, J = 7.2 Hz), 7.71 (d, 2H, J = 7.2 Hz).
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13C NMR (90 MHz, CDCls) § 28.0 (3C), 35.2 (rotamer) and 37.0, 39.2 and 39.3 (rotamer), 39.5,
40.1 (2C), 45.2, 47.1, 50.5 and 52.7 (rotamer), 56.3, 66.8, 72.3 and 72.4 (rotamer), 82.0 and 82.8
(rotamer), 119.8 (2C), 125.2, 125.3, 127.0 (2C), 127.6 (2C), 141.2 (2C), 143.8, 144.0, 156.8, 167.8
(rotamer) and 168.2, 170.4 (rotamer) and 170.5, 173.0

HRMS (ESI+) Calcd for C5HsN3NaOgS, [M + Na]*: 622.2016, found 622.1992.

HPLC: 90% ee. sample prepration: 1 mg/mL in MeOH,; column: A_RP_5-CelluloseCoat (250 mm
x 4.6 mm), normal phase, CH3CN = 100%, flow: 1 mL/min, 5 °C; injection: 5 uL; results: RT =
5.249 (R, Area: 95%), 6.247 (S, Area: 5%).

1-(6-Chloro-1H-indol-3-yI)-N,N-dimethylmethanamine 211

cl
_ C14H43CIN,
] N Exact M. = 208.0767
| M = 208.69 g-mol ™’

N
H

To an ice cold solution of 37% HCHO ag. (1.13 mL, 15.00 mmol, 1.5 eq.) in AcOH (10 mL) was
added 40% Me;NH,g. (2.14 mL, 17.00 mmol, 1.7 eq.). After stirred for 10 min at 0 °C, a solution of
6-Cl-indole (1.516 g, 10.00 mmol, 1 eq.) in AcOH (5.0 mL) was added. The resulting mixture was
stirred for 4 h at 0 °C until completed. The resulting mixture was poured into ice water (50 mL).
Lots of pale-yellow solid was precipitated, filtered and washed with water (3 x 20 mL). The filtered
solid was dissolved in ether, dried over MgSQ,, filtered, and evaporated under reduced pressure to
give the pure desired 6-Cl-gamine 211 without further purification as a white solid (fraction 1,
1.013 mg, 49%). The aqueous phase was basified with 1 M NaOH until pH > 10, extracted with
ether (50 mLx 2), and the combined organic phase was then washed with brine, dried over MgSQy,,
filtered, and evaporated under reduced pressure to give fraction 2, which was purified by flash
chromatography on silica gel (MeOH/CH,CI, = 5/95, 10/90, then with MeOH/CH,CI,/Et;N =
10/90/1) to give the pure desired gramine as a pale-yellow solid (fraction 2, 700 mg, 33%). Fraction

1 and 2 were combined to give 82% overall yield.

TLC: Ry = 0.35 (petroleum ether/EtOACc = 60/40)
Mp = 134-137 °C
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IR (ATR) v 2938, 2860, 2817, 2775, 1542, 1452, 1341, 1327, 1229, 1167, 995, 9020, 853, 821, 795,
422 cm™

'H NMR (360 MHz, CDCls) & 2.29 (s, 6H), 3.60 (s, 2H), 6.95 (d, 1H, J = 1.8 Hz ), 7.06 (dd, 1H, J
=10.1, 1.8 Hz), 7.20 (d, 1H, J = 1.4 Hz), 7.57 (d, 1H, J = 8.3 Hz), 9.32 (brs, 1H).

3C NMR (90 MHz, CDCls) § 45.3, 54.3, 111.2, 112.8, 120.0, 120.2, 124.8, 126.5, 127.8, 136.7.
HRMS (ESI+) Calcd for C13H14CIN, [M + H]*: 209.0840, found 209.0831.

(6-Chloro-1H-indol-3-yl)-N,N,N-trimethylmethanaminium iodide 212

-
cl
v C12H4CIIN,
] N Exact M. = 350.0047
| M = 350.63 g-mol~"

N
H

To an ice cold solution of 6-Cl-gramine 211 (834.7 mg, 4.00 mmol, 1 eq.) in THF (12 mL) was
added Mel (851.6 mg, 6.00 mmol, 1.5 eq). The mixture was stirred for 5 min at 0 °C then warmed
to room temperature for 1 h, completed. Diluted with 3 times volume of petane (36 mL),
precipitated and filtered. The filtered solid was washed with petane (10 mL) to give the quanternary
salt 212 (2.10 g) in quantative yield as a pale-yellow solid after dried. This compound was not

stable and decomposed on storage. It was usually prepared and used immediately in the next step.

Mp = 154 °C, decomposition.

IR (ATR) v 3215, 1616, 1535, 1470, 1452, 1408, 1292, 1107, 1060, 906, 807 cm*

'H NMR (360 MHz, DMSO-ds) & 3.50 (s, 9H), 4.71 (s, 1 H), 4.83 (s, 1H), 7.15 (dddd, J = 10.4, 3.6,
1.8 Hz), 7.54 (t, 1H, J = 1.8 Hz), 7.77 (dd, 1H, J = 13.7, 2.9 Hz), 7.90 (dd, 1H, J = 21.2, 8.6 Hz),
11.76 (s).

3C NMR (90 MHz, DMSO-ds) & 51.3 and 54.5 (t and t, rotamer), 60.3 and 58.7 (rotamer), 101.9
and 102.2 (rotamer), 111.8, 120.2 and 120.3 (rotamer), 120.6, 126.6, 126.7 and 126.8 (rotamer),
131.4 and 131.6 (rotamer), 136.5 and 136.6 (rotamer).

HRMS (ESI+) : found [CoH,CIN'] 164.0246, decomposition.
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tert-Butyl

2-(((1S,2S,5S,E)-2-hydroxy-2,6,6-trimethylbicyclo[3.1.1]heptan-3-ylidene)amino)acetate 20

< C16H27NO3
N Ot-Bu Exact M. = 281.1991
\_< M =281.40 g-mol™’

Step (1) Basification of H—Gly—Ot-Bu hydrochloride salt: To an ice cold solution of H-Gly—Ot-Bu
hydrochloride salt (1.2070 g, 7.20 mmol, 1.2 eq.) in toluene (10 mL) was added Et3N (728.6 mg,
7.20 mmol, 1.2 eq.). After stirred for 1 h at 0 °C, then filtered and washed with toluene (5.0 mL).

Step (2): To a solution of (1S,2S,5S)-(+)-2-hydroxy-3-pinanone (1.0094 g, 6.00 mmol, 1 eq) in
toluene (20.0 mL) was added BF3Et,O (80 uL 0.06 mmol, 0.01 eq.), and a filtered solution of step
(1). The resulting mixture was refluxed (oil bath, 135 °C) for overnight (16 h), then cooling down
and evaporated under reduced pressure. Flash chromatography on silica gel (ether/petroleum ether =
10/90, 20/80, 30/70, 50/50) gave the desired Gly-pinanone imine 20 (950.3 mg, 57%) as a

pale-yellow oil.

TLC: Rf = 0.30 (ether/petroleum ether = 30/70)
[0]> =+11.1 (c 1.48, CHCIs)

IR (ATR) v 3434, 2979, 2920, 1737, 1655, 1475, 1368, 1153 cm?

'H NMR (360 MHz, CDCl3) & 0.84 (s, 3H), 1.29 (s, 3H), 1.45 (s, 9H), 1.48 (s, 1H), 154 (d, 1H),
1.97-2.06 (M, 2H), 2.37-2.34 (m ,1H), 2.38-2.51 (m, 2H), 2.76 (brs, 1H), 4.00-4.10 (m, 2H).

BC NMR (90 MHz, CDCls3) 6 23.0, 27.4, 28.19 (2C), 28.3, 38.3, 38.6, 50.4, 53.5, 76.6, 81.3, 169.3,
179.7

HRMS (ESI+) Calcd for C16H,;NNaO3 [M + Na]*: 304.1883, found 304.1872.
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tert-Butyl(R)-3-(6-chloro-1H-indol-3-yl)-2-(((1S,2S,5S,E)-2-hydroxy-2,6,6-trimethylbicyclo[3.1.
1]heptan-3-ylidene)amino)propanoate 213

il OH
C5H33CIN,O;
cl N Exact M. = 444.2180
I M = 445.00 g-mol™"
N

H (0] Ot-Bu

Step (1) preparation of fresh LDA solution: To a solution of DIPA (178.1 mg, 1.76 mmol, 2.2 eq.) in
THF (5 mL) at —78 °C was added dropwise a solution of 1.6 M n-BuLi (1.1 mL, 1.76 mmol, 2.2
eq.). The mixture was stirred at —78 °C for 30 min.

Step (2) preparation of Li-enolate: To a solution of Gly-pinanone imine 20 (225.1 mg, 0.80 mmol, 1
eq.) in THF (2 mL) was slowly added to the well-prepared LDA solution of step (2) at —78 °C. The
mixture was stirred at —78 °C for 30 min.

Step (3): To a solution of fresh gramine quaternary ammonium salt 212 (420.7, 1.50 mmol, 1.5 eq.)
in THF (10 mL) at — 78 °C was slowly added the solution of Li-enolate from step (2). The resulting
mixture was stirred for overnight (> 12 h), slowly warmed to room temperature, then quenched with
sat. NH4Cl (20 mL) in ice bath and extracted with EtOAc (50 mLx 2), The combined organic phase
was then washed with brine and dried over MgSQ,, then filtered and evaporated under reduced
pressure (crude 213, dr = 95:5 by 'H NMR intergration). Flash chromatography on silica gel
(petroleum ether/EtOAc = 90/10, 80/20, 70/30, 60/40) gave the desired (R)-Trp(6-Cl)-pinanone
imine 213 (186.0 mg, 52%, dr > 97:3 by *H NMR integration) as a white solid.

TLC: Ry =0.40 (petroleum ether/EtOAc = 50/50)
Mp = 63-65 °C
la]}; =+10.8 (c 0.50, CHCls)

IR (ATR) v 3302, 2978, 2920, 1726, 1649, 1456, 1369, 1230, 1154 cm *

'H NMR (360 MHz, CDCl3) & 0.17 (s, 3H), 1.15 (s, 3H), 1.33 (s, 3H), 1.42-1.45 (m, 10H),
1.76-1.81 (m, 1H), 1.88-1.95 (m, 2H), 2.17-2.23 (m ,1H), 2.42 (dd, 1H, J = 14.4, 9.7 Hz, ABX), 2.83
(brs, 1H), 3.21 (dd, 1H, J = 14.4, 9.7 Hz, ABX), 3.41 (dd, 1H, J = 14.4, 3.2 Hz, ABX’), 4.46 (dd, 1H,
J=9.7,3.9 Hz, ABX?), 6.98 (d, 1H, J = 2.2 Hz), 7.05 (dd, J = 8.3, 1.8 Hz),7.29 (d, 1H, J = 1.4 Hz),
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7.52 (d, J = 8.3 Hz), 8.41 (brs, 1H).

13C NMR (90 MHz, CDCl3) § 21.9, 27.2, 27.9, 28.1 (4C), 28.6, 28.5, 28.6, 33.0, 38.1, 38.2, 50.0,
63.2, 76.6, 81.6, 11.1, 112.3, 119.7, 120.1, 124.0, 126.1, 127.8, 13.6, 170.8.

HRMS (ESI+) Calcd for CosH34CIN3O3 [M + H]*: 445.2252, found 445.2237.

tert-Butyl (R)-2-amino-3-(6-chloro-1H-indol-3-yl)propanoate 213

“ NH, CreH1eOINO;
I Exact M. = 294.1135
N M = 294.78 g-mol™
H 0~ ~OtBu

To a solution of Trp(6-Cl)-pinanone imine 213 (111.3 mg, 0.25 mmol, 1 eq.) in THF (2 mL) was
added a solution of 15% citric acid (300.0 mg, 1.60 mmol, 6 eq.) in water (2 mL). The mixture was
stirred at room temperature for 24 h, then evaporated and diluted with water (5 mL). The aqueous
phase was extracted with EtOAc (5 mLx 2), subsequently then basified with sat. NaHCO3 until pH >
8, then extracted with EtOAc (5 mLx 2). The combined organic phase was dried over MgSQ,, then
filtered and evaporated under reduced pressure to give the pure desired H—Trp(6-Cl)—Ot-Bu 214 as
a colorless oil (70.0 mg, 95%)

TLC: Rs = 0.54 (MeOH/CH,Cl, = 5/95)
[a]}; =-14.8 (c 0.50, CHCls)

IR (ATR) v 3363, 3161, 2977, 2932,1722, 1620, 1456, 1368, 1249, 1152, 1062, 906, 845, 803 cm?
'H NMR (360 MHz, CDCls) § 1.43 (s, 9H), 1.86 (brs, 2H), 2.93 (dd, 1H, J = 14.4, 7.9 Hz, ABX),
3.20 (dd, 1H, J = 14.4, 4.7 Hz, ABX), 3.70 (dd, 1H, J = 7.9 Hz, 4.7 Hz, ABX), 6.95 (s, 1H), 7.05 (dd,
1H,J=8.6 Hz, 1.8 Hz), 7.25 (d, 1H, J = 1.4 Hz ), 7.50 (d, 1H, J = 8.6 Hz ), 8.94 (brs, 1H).

3C NMR (90 MHz, CDCls) & 28.1 (3C), 30.7, 55.5, 81.4, 111.2, 111.4, 119.7, 120.4, 123.8, 126.2,
127.8 136.7, 174.6.

HRMS (ESI+) Calcd for C15H20CIN;NaO; [M + Na]*: 317.1027, found 317.1019.
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tert-Butyl

(R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(6-chloro-1H-indol-3-yl)propanoate

Cl
NHFmoc C30H29CIN2O4
l Exact M. = 516.1816
N M =517.02 g-mol™’

H O Ot-Bu

To an ice cold solution of H-Trp(6-Cl)—Ot-Bu 213 (80 mg, 0.271 mmol, 1 eq,) in THF (5 mL) in
ice bath was added FmocCl (77.6 mg, 10.30 mmol, 1.1 eq.), and Na,COs3 (46.0 mg, 0.43 mmol, 1.6
eq.) subsequently. The resulting mixture was stirred at room temperature for 24 h, then evaporated
and diluted with water, extracted with EtOAc (30 mL x 3). The combined organic phase was
washed with brine and dried over MgSOQ,, filtered, concentrated under reduced pressure. Flash
chromatography on silica gel (petroleum ether/EtOAc = 90/10, 80/20, 70/30) gave the desired
dipeptide Fmoc—Trp(6-Cl)—Ot-Bu (140.2 mg, 100%, > 94% ee) as a white solid.

TLC: R; = 0.33 (petroleum ether/EtOAc = 80/20)
Mp = 74-78 °C
[a]}; =-9.6 (c 0.50, CHCI3)

IR (ATR) v 3413, 3333, 2977, 1699, 1620, 1511, 1450, 1368, 1335, 1226, 1151, 1060, 738 cm*

'H NMR (360 MHz, CDCl3) & 1.41 (s, 9H), 3.20-3.32 (m, 2H), 4.19 (t, 1H, J = 7.2 Hz), 4.35-4.44
(m, 2H), 4.62-4.67 (m, 1H), 5.46 (d, H, J = 7.9 Hz), 6.84 (d, 1H, J = 1.4 Hz), 7.09 (dd, 1H, J = 8.6
Hz, 1.8 Hz ), 7.28-7.32 (m, 3H), 7.39-7.43 (m, 2H), 7.51-7.57 (m, 3H), 7.76-7.78 (m, 2H), 8.36 (brs,
1H).

B3C NMR (90 MHz, CDCl3) & 28.0 (4C), 47.2, 55.1, 67.0, 82.4, 110.5, 111.2, 119.8, 120.1 (2C),
120.4, 123.5, 125.2 (2C), 126.5, 127.2 (2C), 127.8 (2C), 128.0, 136.5, 141.3 (2C), 143.8 (2C),
155.9, 171.1.

HRMS (ESI+) Calcd for C3oH29CIN;NaO, [M + Na]*: 539.1708, found 539.1691.

HPLC: >94% ee. Fmoc—Trp(6-Cl)-Ot-Bu sample prepration: 1 mg/L in EtOH,; column:
A _NP_Lux Cellulose-2 (250 mm x4.6 mm), normal phase: hexane/EtOH = 80/20, flow: 1 mL/min,
30 °C; injection: 5 uL; results: RT = 8.025 (R, Area:97%), 9.467 (S, Area: 3%).

Racemic one: sample prepration: 1 mg/L in MeOH: column: A_NP_Lux Cellulose-1 (250 mm x4.6
mm), normal phase: hexane/EtOH = 80/20, flow: 1 mL/min, 30 °C; injection: 5 uL; results: RT =
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15.550 (R, Area: 50.1%), 13.706 (S, Area: 49.9%).

R)-2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-(6-chloro-1H-indol-3-yl)propanoic acid
215

cl
NHFmoc C26H21CIN2O4
] Exact M. = 460.1190
N M = 460.91 g-mol™’

H 07 “oH

To a solution of Fmoc—Trp(6-CIl)—Ot-Bu (80.0 mg, 0.155 mmol, 1 eq.) in CH,Cl, (5 mL) was added
Et3SiH (36.0 mg, 0.31 mmol, 2 eq.), then followed by addition of TFA (0.48 mL, 6.2 mmol, 40 eq)
at room temperature. The resulting mixture was stirred at room temperature for overnight (>18 h),
completed. Evaporated under reduced pressure. Flash chromatography on silica gel (petroleum
ether/EtOAc = 80/20, 50/50, then MeOH/CH,CI, = 10/90) gave the desired Fmoc—Trp(6-Cl)—OH
215 (70.0 mg, 98%) as a white solid.

TLC: Ry =0.39 (MeOH/CH,CI, = 10/90)
Mp =128 °C, decarboxylation

[a]}; =+0.8 (c 0.50, MeOH)

IR (ATR) v 3418, 3325, 2922, 2852, 1702, 1618, 1515, 1450, 1337, 1215, 1061, 757, 740 cm*

'H NMR (360 MHz, MeOD-ds) & 3.13 (dd, 1H, J = 16.2, 8.6 Hz, ABX; rotamer: 2.95); 3.32 (dd, 1H,
J=16.2,5.0 Hz, ABX ), 4.12 (t, 1H, J = 7.2 Hz; rotamer: 4.00), 4.19-4.34 (m, 2H), 4.48 (dd, 1H, J =
8.6, 5.0 Hz, ABX; rotamer: 4.34), 6.97 (dd, 1H, J = 8.6, 1.8 Hz), 7.09 (s, rotamer: 7.01 ), 7.21-7.27
(m, 2H), 7.33-7.37 (m, 3H), 7.43-7.56 (m, 3H), 7.74-7.76 (m, 2H).

3C NMR (90 MHz, MeOD-ds) & 28.5 (rotamer: 29.0), 48.3, 56.3 (rotamer: 56.6), 68.0 (rotamer:
68.2), 111.6, 112.1, 120.4, 120.8, 125.4, 126.2 (2C), 127.6, 128.1, 128.3, 128.7, 138.3, 142.5, 145.1,
145.2,158.4, 175.4.

HRMS (ESI+) Calcd for CH22CIN;O4 [M + H]': 461.1263, found 461.1239.

HRMS (ESI-) Calcd for CysH20CIN,O4 [M — H] : 459.1117, found 459.1089
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tert-Butyl

(R)-(2-(((9H-fluoren-9-yl)methyl)amino)-3-(6-chloro-1H-indol-3-yl)propanoyl)glycinate 216

cl
NHFmoc
| C3oH3,CIN3Og
N Exact M. = 573.2030

H 07 "NH

= . -1
K{( . M = 574.07 g-mol

0]

To a solution of Fmoc—Trp(6-Cl)—OH 215 (70.0 mg 0.15 mmol, 1 eq.) in CH,Cl, (3 mL) at room
temperature under argon was added PyBroP (77.0 mg, 0.17 mmol, 1.1 eq.) and H-Gly—Ot-Bu
hydrochloride (27.6 mg, 0.17 mmol, 1.1 eq.), subsequently. Followed by addition of DIEA (77.5 mg,
0.60 mmol, 4 eq.) dropwise. The resulting mixture was stirred at room temperature for overnight
(>16 h). The reaction was then diluted with CH,Cl, (20 mL), and then washed with 1 M HCI (20
mL), sat. NaHCO3 (20 mL) and sat. NaCl (20 mL), respectively. The combined organic phase was
dried over MgSQy, then filtered and concentrated under reduced pressure. Flash chromatography on
silica gel (petroleum ether/EtOAc = 80/20, 70/30, 60/40, 50/50) gave peptide
Fmoc—Trp(6-Cl)-Gly—0t-Bu 216 (69.6 mg, 81%, > 94% ee) as a white solid.

TLC: R; = 0.35 (petroleum ether/EtOAc = 60/40)
Mp = 163-166 °C

[a]}] =+9.5 (c 0.50, CHCI3)

IR (ATR) v 3437, 3299, 1731, 1695, 1651, 1529, 1451, 1258, 1234, 1161, 808, 757, 739 cm "

'H NMR (360 MHz, CDCls) & 1.42 (s, 9H), 3.17 (dd, 1H, J = 13.3, 6.8 Hz, ABX), 3.17 (dd, 1H, J =
13.3, 9.7 Hz, ABX), 3.73-3.87 (m, 2H,), 4.18 (1H, t, J = 6.8 Hz), 4.39-4.46 (m, 2H), 4.50 (pseudo
brs, 1H, ABX’), 5.47 (brs, 1H), 6.20 (brs, 1H), 7.06 (s, 1H), 7.08 (dd, 1H, J=8.6 Hz, J = 1.4 Hz),
7.27-7.31 (m, 2H), 7.33 (d, 1H, J = 1.4 Hz ), 7.38-7.42 (m, 2H), 7.51-7.55 (m, 3H),, 7.75-7.77 (m,
2H), 8.14 (brs, 1H).

3C NMR (90 MHz, CDCl3) & 28.1 (3C), 28.4, 42.2, 47.2, 55.6, 67.2, 82.6, 110.6, 111.3, 119.7,
120.1 (2C), 120.6, 124.1, 125.2 (2C), 126.2, 127.2 (2C), 127.8 (2C), 128.2, 136.6, 141.4 (2C),
143.8 (2C), 156.2, 168.6, 171.4.

HRMS (ESI+) Calcd for C3,H3,CIN3NaOs [M + Na]*: 596.1923, found 596.1895.
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HPLC: > 94% ee. Fmoc—Trp(6-Cl)-Gly—Ot-Bu 215 sample prepration: 1 mg/mL in MeOH;,;
column: A_NP_Lux Cellulose-2 (250 mm x 4.6 mm), normal phase: hexane/EtOH = 70/30, flow: 1
mL/min, 30 °C; injection: 2 uL; results: RT = 7.309 (R, Area: 97.2%), 13.706 (S, Area: 2.8%).
Racemic ()-215: 0% ee. sample prepration: 1 mg/L in MeOH: column: A_NP_Lux Cellulose-2
(250 mm x 4.6 mm), normal phase: hexane/EtOH = 70/30, flow: 1 mL/min, 30 °C; injection: 5 uL;
results: RT = 7.391 (R, Area: 50%), 13.706 (S, Area: 50%).

tert-Butyl (R)-(2-amino-3-(6-chloro-1H-indol-3-yl)propanoyl)glycinate 217

Cl
NH»
N C17H22CIN3O3

H (0] NH

Exact M. = 351.1350
H(Ot'B“ M = 351.83 g-mol"!

o

To a solution of Fmoc—Trp—Gly(6-Cl)-Ot-Bu 216 (57.4 mg, 0.10 mmol, 1 eq.) in MeOH (5 mL)
was added diethylamine (146.2 mg, 2.00 mmol, 20 eq.) dropwise at room temperature. After stirred
for 24 h, the mixture was concentrated under reduced pressure. Flash chromatography on silica gel
(MeOH/CH,CI, = 5/95, 10/90) gave the desired H—Trp(6-Cl)—Ot-Bu 215 (31.0 mg, 90%) as a white

solid.

TLC: R = 0.36 (MeOH/CH,Cl, = 5/95)
Mp = 128-131 °C
l[a];] =21.1(c 0.50, CHCIs)

IR (ATR) v 3311, 2978, 2929, 2854, 1736, 1656, 1524, 1456, 1366, 1234, 1157 cm *

'H NMR (360 MHz, CDCl3) § 1.47 (s, 9H), 1.77 (brs, 2H), 2.93 (dd, 1H, J = 14.4, 9.0 Hz, ABX),
3.34 (dd, 1H, J = 14.4, 4.0 Hz, ABX), 3.72 (dd, 1H, J = 9.0, 4.0 Hz, ABX), 3.93 (dd, 2H, J = 14.4,
4.0 Hz, ABX), 7.08 (d, 1H, J = 6.8 Hz ), 7.07 (d, 1H, J = 6.8 Hz ), 7.08 (d, 1H, J = 1.8 Hz ), 7.35 (d,
1H,J=1.8Hz), 7.55 (d, 1H, J = 8.6 Hz ), 7.73 (t, 1H, J= 5.0m 4.7 Hz), 8.34 (brs, 1H).

3C NMR (90 MHz, CDCls) § 28.2 (3C), 30.7, 41.8, 55.5, 82.3, 111.3, 112.0, 120.0, 120.5, 123.9,
126.2, 128.3, 136.9, 169.2, 175.0.
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HRMS (ESI+) Calcd for C17H2,CIN3NaOs [M + Na]*: 374.1242, found 374.1231.

tert-Butyl 2-((diphenylmethylene)amino)acetate 218"

Ph

>=N Ot-Bu C19H21NO>
Exact M. = 295.1572

Ph M = 295.38 g-mol™’

Following Fanelli’s procedure’"’
To a solution of H-Gly—Ot-Bu hydrochloride (1.0058 g, 6.00 mmol, 1 eq.) in CH,Cl, (20 mL) was

added diphenylmethanimine (1.0874 mg, 6.00 mmol, 1 eq.). After stirred for overnight (16 h), then
diluted with CH,Cl, (10 mL), washed with water (30 mL). The organic phase was dried over
MgSO,, filtered and evaporated under reduced pressure. Flash chromatography on silica gel

(petroleum ether/EtOAc = 95/5) gave the desired imine 218 (1.7701 g, 100%) as a white solid.
TLC: Rf=0.26 (petroleum ether/EtOAc = 98/2)

'H NMR (360 MHz, CDCl3) & 1.46 (s, 9H), 4.12 (s, 2H), 7.17-7.19 (m, 2H), 7.30-7.39 (m ,6H),
7.65-7.67 (m, 2H).

tert-Butyl 3-(6-chloro-1H-indol-3-yl)-2-((diphenylmethylene)amino)propanoate 219

Ph Ph

Cl \ﬂ/ C2gH27CIN2O,
Exact M. = 458.1716
| M = 458.99 g-mol™
N
H

(0] Ot-Bu

Step (1) preparation of fresh LDA solution: To a solution of DIPA (202.4 mg, 2.00 mmol, 1 eq.) in
THF (5.0 mL) at —78 °C was added dropwise a solution of 1.6 M n-BuLi in hexane (1.1 mL, 1.76
mmol, 1 eq.). The mixture was stirred at —78 °C for 30 min.

Step (2): To a solution of imine 218 (591.2 g, 2.00 mmol, 1.0 eq.) in THF (2 mL) was slowly added
to the LDA solution of step (1) at —78 °C. The mixture was stirred at —78 °C for 30 min.

Step (3): To a solution of fresh gramine quaternary ammonium salt 211 (420.7, 1.50 mmol, 1.5 eq.)

in THF (10 mL) at —78 °C was slowly added the solution of step (2). The resulting mixture was
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stirred for overnight (12 h), slowly warmed to room temperature, then quenched with sat. NH4CI
(25 mL) in ice bath and extracted with EtOAc (20 mLx 3), The combined organic phase was then
washed with brine and dried over MgSQ,, then filtered and evaporated under reduced pressure.
Flash chromatography on silica gel (petroleum ether/EtOAc = 90/10, 80/20, 70/30, 60/40) gave the
desired imine (z)-219 (770.3 mg, 84%) as a white solid.

TLC: Rf = 0.40 (petroleum ether/EtOAc = 50/50)

Mp = 61-63 °C

IR (ATR) v 3422, 3349, 2977, 1717, 1618, 1455 1446, 1367, 1148, 694 cm™*

'H NMR (360 MHz, CDCl3) & 1.39 (s 1H), 3.18 (dd, 1H, J = 14.4, 8.6 Hz, ABX), 3.33 (dd, 1H, J =
14.4, 4.3 Hz, ABX), 4.24 (dd, 1H, J = 8.6, 4.3 Hz, ABX), 6.59 (d, 2H, J = 6.8 Hz ), 6.87 (s, 2H),
7.11-7.16 (m, 3H), 7.20-7.37 (m, 5H), 7.55 (d, 2H, J =7.7 Hz), 8.32 (brs, 1H).

BC NMR (90 MHz, CDCl3) 6 28.1 (3C), 29.2, 66.6, 81.3, 111.0, 112.2, 119.7, 119.8, 124.0, 126.4,
127.5, 127.6 (2C), 128.1 (2C), 128.2 (2C), 128.3, 128.8 (2C), 130.3, 136.1, 136.4, 139.6, 170.6,
171.4.

HRMS (ESI+) Calcd for CosHasCIN,O, [M + H]*: 459.1834, found 459.1817.

tert-Butyl 2-amino-3-(6-chloro-1H-indol-3-yl)propanoate (+)-214

cl
NH, C15H19CINO;
] Exact M. = 294.1135
N M = 294.78 g-mol ™’

H 07 ~otBu

To a solution of racemic imine (x)-219 (651.7 mg, 1.42 mmol, 1 eq.) in THF (11 mL) was added a
solution of 15% citric acid (1.637 g, 8.52 mmol, 6 eq.) in water (11.0 mL). The mixture was stirred
for 6 at room temperature. Then evaporated under reduced pressure and diluted with water (10 mL).
The aqueous phase was extracted with EtOAc (2 x 20 mL), subsequently then basified with sat.
NaHCOg3 until pH > 8, then extracted with EtOAc (3 x 20 mL). The combined organic phase was
dried over MgSQy,, then evaporated under reduced pressure to give the racemic H—Trp(6-CI)—Ot-Bu

(£)-214 as a white solid (350 mg, 84%).
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TLC: Rf=0.54 (MeOH/CH,CI, = 5/95)

Mp = 106-108 °C

IR (ATR) v 3360, 3330, 2979, 2933,1722, 1617, 1457, 1367, 1225, 1151, 1063, 850, 797 cm?

'H NMR (360 MHz, CDCl3) & 1.44 (s, 9H), 1.70 (brs, 2H), 2.93 (dd, 1H, J = 14.4 Hz, J = 7.9 Hz,
ABX), 3.21 (dd, 1H, J = 14.4, 4.7 Hz, ABX), 3.71 (dd, 1H, J= 7.9, 4.7 Hz, ABX), 6.91 (d, 1H, J =
1.8 Hz), 7.05 (dd, 1H, J = 8.6, 1.8 Hz ), 7.22 (d, 1H, J = 1.4 Hz ), 7.50 (d, 1H, J = 8.3 Hz ), 9.19
(brs, 1H).

3C NMR (90 MHz, CDCl5) & 28.0 (3C), 30.7, 55.5, 81.4, 111.1, 111.2, 119.6, 119.8, 123.8, 126.1,
127.7 136.7, 174.6.

tert-Butyl

2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-(6-chloro-1H-indol-3-yl)propanoate

Cl
NHFmoc C30H29CIN2O4
I Exact M. = 516.1816
N M = 517.02 g-mol ™’

B 07 ~otBu

To an ice cold solution of H-Trp(6-Cl)—Ot-Bu (+)-214 (294.5 mg, 1.00 mmol, 1 eq.) in THF (10
mL) was added FmocCl (284.6 mg, 1.10 mmol, 1.1 eq.), and Na,CO3 (169.6 mg, 1.60 mmol, 1.6
eq,). The resulting mixture was stirred at room temperature for overnight (> 18 h). Then
concentrated under reduced pressure, diluted with water (20 mL) and extracted with EtOAc (3 x 30
mL). The combined organic phase was washed with brine and dried over MgSO,, filtered,
concentrated under reduced pressure. Flash chromatography on silica gel (petroleum ether/EtOAc
(90/10, 80/20, 70/30) gave the racemic dipeptide Fmoc—Trp(6-Cl)—Ot-Bu (517.5 mg, 100%) as a

white solid.

TLC: Rf = 0.33 (petroleum ether/EtOAc = 80/20)

Mp = 63-67 °C

'H NMR (360 MHz, CDCl3) & 1.40 (s, 9H), 3.20-3.32 (m, 2H), 4.19 (t, 1H, J = 7.2 Hz), 4.35-4.44
(m, 2H), 4.61-4.66 (m, 1H), 5.41 (d, H, J = 9.3 Hz), 6.86 (s, 1H), 7.08 (dd, 1H, J = 8.3 Hz, 1.8 Hz ),
7.28-7.32 (m, 3H), 7.39-7.43 (m, 2H), 7.51-7.57 (m, 3H), 7.76-7.78 (m, 2H), 8.27 (brs, 1H).
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3C NMR (90 MHz, CDCls) § 28.0 (4C), 47.2, 55.1, 67.1, 82.4, 110.6, 111.2, 119.9, 120.1 (2C),
120.4, 123.5, 125.2 (2C), 126.5, 127.2 (2C), 127.8 (2C), 128.1, 136.5, 141.4 (2C), 143.9 (2C),
155.9, 171.1.

tert-Butyl

(R)-(2-(((9H-fluoren-9-yl)methyl)amino)-3-(6-chloro-1H-indol-3-yl)propanoyl)glycinate

O NH

= . -1
H( . M = 574.07 g-mol

o}

(+)-216
cl
NHFmoc
| CasHaaCINGOs
” Exact M. = 573.2030

To a solution of racemic Fmoc—Trp(6-Cl)—Ot-Bu (103.4 mg, 0.20 mmol, 1 eq.) in CH,Cl, (2 mL)
was added Et3SiH (46.5 mg, 0.40 mmol, 2 eq.), then followed by addition of TFA (0.62 mL, 8.00
mmol, 40 eq) at room temperature. The resulting mixture was stirred at room temperature for
overnight (18 h), completed. Evaporated under reduced pressure. Flash chromatography on silica
gel (petroleum ether/EtOAc = 80/20, 50/50, then MeOH/CH,Cl, = 10/90) gave the desired racemic
Fmoc—Trp(6-Cl)—OH (£)-215 (92.0 mg, 98%) as a white solid, then used for coupling.

To a solution of racemic Fmoc—Trp(6-Cl)-OH (%)-215 (92.0 mg 0.20 mmol, 1 eq.) in CHyCl;, (5
mL) at room temperature under argon was added PyBroP (102.6 mg, 0.22 mmol, 1.1 eq.) and
Gly-HCI (36.9 mg, 0.22 mmol, 1.1 eq.), subsequently. Followed by addition of DIEA (103.4 mg,
0.80 mmol, 4 eq.) dropwise. The resulting mixture was stirred at room temperature for overnight
(>16 h). The reaction was then diluted with CH,Cl, (20 mL), and then washed with 1 M HCI (20
mL), sat. NaHCO3 (20 mL) and sat. NaCl (20 mL), respectively. The combined organic phase was
dried over MgSOQy,, then filtered and concentrated under reduced pressure. Flash chromatography on
silica gel (petroleum ether/EtOAc = 80/20, 70/30, 60/40, 50/50) gave the desired racemic peptide
Fmoc—Trp(6-Cl)-Gly—0t-Bu (£)-216 (93.3 mg, 81%) as a white solid.

TLC: Rf = 0.35 (petroleum ether/EtOAc = 60/40)
HPLC: Racemic (£)-216: 0% ee. sample prepration: 1 mg/L in MeOH: column: A_NP_Lux
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Cellulose-2 (250 mm x 4.6 mm), normal phase: hexane/EtOH = 70/30, flow: 1 mL/min, 30 °C;
injection: 5 uL; results: RT = 7.391 (R, Area: 50%), 13.706 (S, Area: 50%).

Ethyl (R)-4-azido-3-hydroxybutanoate 220

(+)-N;~GABOB-OEt
oH CeH11N303

N3  _A_CO2Et M =173.17 g-mol™
Exact. M = 173.08 g-mol™

Ethyl (R)-4-chloro-3-hydroxybutanoate (900 mg, 5.41 mmol, 1 eq.) was added to a solution of
sodium azide (894 mg, 13.8 mmol, 2.55 eq.) in water (10 mL). The mixture was stirred for 30 min
at 120 °C under microwave irradiation. The resulting aqueous mixture was then extracted with
EtOAc (3 x 30 mL). The combined organic phases were washed with brine (20 mL), dried over
Na,SO,, filtered and evaporated under reduced pressure to give the azido ester

(+)-N3—GABOB-OEt 220 (770 mg, 82%) as a yellow oil.

[a]7* =+14 (c 1.00, CHCI3)

IR (ATR) v 3452, 2099, 1721, 1271, 1164 cm ™

'H NMR (360 MHz, CDCl3) & 1.29 (t, 3H, *J = 7.1 Hz), 2.53 (dd, 1H, % = 16.5 Hz, 3J = 3.7 Hz,
ABX), 2.56 (dd, 1H, 23 = 16.5 Hz, 3J = 8.8 Hz, ABX), 2.26 (bs, 1H), 3.34 (dd, 1H, 2J = 12.5 Hz, 3J
= 6.1 Hz, A'B°X’), 3.38 (dd, 1H, 2J = 12.5 Hz, 3J = 4.1 Hz, A’'B’X"), 4.19 (q, 1H, %) = 7.2 Hz),
4.18-4.25 (m, 1H, ABX and A’B’X").

3C NMR (90 MHz, CDCl3) 5 14.0, 38.6, 55.6, 61.0, 67.3, 171.9.

Ethyl (R)-4-((tert-butyloxycarbonyl)amino-3-hydroxybutanoate 221

(+)-Boc-GABOB-OEt
H H C14H21NO5
Boc” N _~~_ CO:Et M = 247.29 g-mol™
Exact. M = 247.14 g-mol™

OH

To a solution of (+)-N3—GABOB—-OEt 220 (710 mg, 4.10 mmol, 1 eq.) in EtOAc (50 mL) was
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added Boc,0 (1.34 g, 6.15 mmol, 1.5 eq.) and Pd-C (107 mg, 15% w/w). The resulting mixture was
stirred for 24 h under hydrogen atmosphere then filtered through Celite® and the solvent was
removed under reduced pressure. Flash chromatography of the residue (petroleum ether/EtOAC =

90/10) gave the amino ester (+)-Boc—GABOB—OEt 221 (728 mg, 72%) as a pale-yellow oil.

TLC: R;=0.41 (petroleum ether/EtOAc = 70/30)

[a]}’ =+4.0 (c 1.12, CHCI5)

IR (ATR) v 3381, 1711, 1690, 1517, 1273, 1249, 1162 cm*

'H NMR (360 MHz, CDCl5)  1.28 (t, 3H, 3J = 7.1 Hz), 1.45 (s, 9H), 2.47 (dd, 1H, %3 = 16.6 Hz, 3J
= 9.2 Hz, ABX), 2.50 (dd, 1H, 2 = 16.6 Hz, 3J = 3.4 Hz, ABX), 3.07-3.17 (m, 1H), 3-27-3.40 (m,
1H), 3.56 (bs, 1H), 4.06-4.15 (m, 1H, ABX), 4.17 (q, 2H, 3J = 7.1 Hz), 4.98 (bs, 1H).

3C NMR (90 MHz, CDCl3) 6 13.8, 28.1, 38.8, 45.4, 60.3, 67.3, 79.0, 156.4, 171.9.

Ethyl (R)-4-((tert-butyloxycarbonyl)amino-3-hydroxybutanoate 222

(+)-Boc—-GABOB(TBS)-OEt
H = C17H35NO5Si

Boe~ V- COaE M = 361.55 g-mol™"
Exact. M = 361.23 g-mol™

To a solution of (+)-Boc—GABOB-OEt 221 (571 mg, 2.31 mmol, 1 eq.) in DMF (5 mL) was added
imidazole (786 mg, 11.6 mmol, 5 eq.) and TBSCI (696 mg, 4.62 mmol, 2 eq.). The resulting
mixture was stirred for 16 h at room temperature and then washed successively with 1 M KHSO, (2
x 15 mL), saturated NaHCOj3 (2 x 15 mL), water (15 mL) and brine (15 mL). The organic layer was
dried over MgSQ,, filtered and evaporated under reduced pressure. Flash chromatography of the
residue (petroleum ether/EtOAc = 95/5) gave the amino ester (+)-Boc—GABOB(TBS)—OEt 222
(734 mg, 72%) as a pale-yellow oil.

TLC: R =0.62 (petroleum ether/EtOAc = 90/10)
la]}’ =+11 (c 1.04, CHCly)

IR (ATR) v 3382, 1735, 1719, 1504, 1250, 1167 cm™*
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'H NMR (360 MHz, CDCls) & 0.06 (s, 3H), 0.09 (s, 3H), 0.87 (s, 9H), 1.26 (t, 3H, 3J = 7.1 Hz),
1.44 (s, 9H), 2.46 (pseudo d, 2H, 3J = 6.0 Hz), 3.13-3.29 (m, 2H), 4.13 (g, 2H, %] = 7.1 Hz),
4.17-4.27 (m, 1H), 4.80 (bs, 1H).

3C NMR (90 MHz, CDCl3) & —4.9, —4.6, 14.3, 18.0, 25.8, 28.5, 40.4, 46.1, 60.6, 68.5, 79.3, 156.0,
171.3.

HRMS (ESI+) Calcd for C17H3sNNaOsSi [M + Na]*: 384.2177, found 384.2157.

(R)-4-((tert-Butyloxycarbonyl)amino-3-hydroxybutanoic acid 223

(+)-Boc-GABOB(TBS)-OH
C45H31NO5SIi

H 32
Boo” NN COH M = 333.50 g-mol™’
Exact. M = 333.20 g-mol™"

OTBS

To a solution of (+)-Boc—GABOB(TBS)—OEt 222 (740 mg, 2.05 mmol, 1 eq.) in ethanol (15 mL)
was added a solution of KOH (345 mg, 6.14 mmol, 3 eq.) in water (7.5 mL). The resulting mixture
was stirred for 16 h at room temperature and ethanol was removed under reduce pressure. The
aqueous residue was then washed with CH,Cl, (3 x 20 mL), acidified with 1 M HCI until pH =1
and then extracted with CH,Cl, (3 x 20 mL). The combined organic layers were dried over MgSQy,,
filtered and evaporated under reduced pressure to give the amino acid (+)-Boc—GABOB(TBS)—-OH
223 (597 mg, 87%) as a white solid.

Mp = 56-62 °C
[a]7* =+11 (c 1.01, CHCIy)

IR (ATR) v 3398, 3101, 1710, 1649, 1512, 1251, 1165 cm?

'H NMR (360 MHz, CDCl3) § 0.07 (s, 3H), 0.10 (s, 3H), 0.88 (s, 9H), 1.45 (s, 9H), 2.42-2.47 (m,
2H), 3.18-3.30 and 2.99-3.13 (m, 2H, rot.), 4.14-4.27 (m, 1H), 4.85 and 5.93 (bs, 1H, rot.), 9.18 (bs,
1H).

B3C NMR (90 MHz, CDCl3) & —4.9, —4.7, 18.0, 25.8, 28.4, 40.2, 46.0 and 47.3 (rot.), 68.3, 79.6 and
81.0 (rot.), 156.2, 176.2.

HRMS (ESI+) Calcd for C15H3:NNaOsSi [M + Na]*: 356.1864, found 356.1862.

HRMS (ESI-) Calcd for C15H30NOsSi [M — H] : 332.1899, found 332.1890.
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(3aR,7aS)-2,2-Dimethyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-6-ol 63"

o CgH1404
“, Exact M. = 174.0892

O M.= 174.20 g-mol™"

Following Robertson’s procedure’

To a stirred solution of 2-deoxy-ribose (200 mg, 1.49 mmol) in EtOAc (7 mL) at —10 °C was added
PPTS (37 mg, 0.15 mmol, 0.1 eq.) and 2-methoxypropene (0.19 mL, 1.94 mmol, 1.3 eq.). The
resulting mixture was then stirred for overnight (16 h) and warmed up to room temperature. The
reaction solution was quenched with triethylamine (0.1 mL), concentrated under reduced pressure.
Flash chromatograph on silica gel (petroleum ether/EtOAc = 70/30) gave the desired
2-deoxy-D-ribose acetonide 63 (170.0 mg, 66%, as an inseparable mixture of o and 3 anomers ratio

of 3:1) as a colorless oil.

TLC: Rs = 0.30 (petrum ether/EtOAc = 60/40)
l[a]}’ =-25.8 (c 0.60, CHCIs) (lit.” [a]}) =-28.5 (c 1.0, CH,Cl,)

IR (ATR) v 3410, 2984, 2936, 1456, 1371, 1243, 1212, 1106, 1056, 1031, 1002 cm™*

Major (e-anomer):

'H NMR (360 MHz, CDCls) & 1.34 (s, 3H), 1.49 (s, 3H), 1.77 (ddd, 1H, J = 14.8, 7.2, 4.3 Hz), 2.22
(dt, 1H, J = 14.8, 4.3 Hz), 3.68 (dd , 1H, J = 12.6, 3.6 Hz), 3.94 (dd, 1H, J = 12.6, 3.2 Hz), 4.16 (dt,
1H,J = 6.5, 3.2 Hz), 4.47(dt, 1H, J = 6.5, 4.3 Hz), 5.22 (dd, 1H, J = 7.2, 4.3 Hz).

3C NMR (75 MHz, CDCls) § 25.3, 27.2, 32.1, 61.9, 70.5, 71.5, 90.7, 108.7.

Minor (B-anomer):

'H NMR (360 MHz, CDCls) & 1.36 (s, 3H), 1.55 (s, 3H), 1.95-2.02 (m, 1H), 2.09-2.15 (m, 1H),
3..72 (dd, 1H, J = 13.0, 4.7 Hz), 3.99 (dd, 1H, J = 12.6, 5.4 Hz), 4.14-4.18 (m, 1H), 4.37 (dd, 1H, J
= 5.8 Hz), 5.00 (t, 1H, J = 4.3 Hz).

3C NMR (90 MHz, CDCls) § 25.7, 27.9, 33.4, 60.9, 70.6, 71.2, 91.6, 109.3.

For the synthesis of compunds 64-67, following in-house procedures previously reported by
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Aitken,*® excepting the precursor aldehyde of epimerized aldehyde 65 was synthesized by
Dess-Martin oxidation. All analytical data were in good accordance with reported data by NMR and

optical rotation.

((4R,5S)-5-Cinnamyl-2,2-dimethyl-1,3-dioxolan-4-yl)methanol 64%%

X _Ph
/\/(\/ C45H2003
o™ " Exact M. = 248.1412

¢}

= = . -1
O$ M. = 248.32 g-mol

To a solution of diethyl benzylphosphonate (630 mg, 2.76 mmol, 2 eq.) in THF (10 mL) at 0 °C
under argon was added a solution of 1.6 M n-BuLi in hexanes (2.65 mL, 2.76 mmol, 2 eq.) and the
mixture was stirred for 20 min. A solution of acetonide 63 (240.0 mg, 1.38 mmol, 1 eq.) in THF (10
mL) was then added dropwise and the mixture was stirred for 19 h at approx. 45 °C. The reaction
was quenched by addition of sat. NH4CI (4 mL). The mixture was diluted with water (20 mL) and
EtOAc (20 mL) and the organic phase was isolated. The aqueous phase was extracted with EtOAc
(20 mL x 2) and the combined organic phases were dried over MgSQ,, filtered, concentrated and
dried in vacuo. Flash chromatography on silica gel (petroleum ether/EtOAc = 70/30, 60/40) gave
the desired alcohol 64 (178.0 mg, 52%) as a colorless oil.

TLC: Rs=0.30 (petroleum ether/EtOAc = 70/30)
l[a]} =-15.7 (c 0.63, CHCIs) (lit.** [a]}} =-15.7 (c 0.63, CH,Cl,)

IR (ATR) v 3451, 2985, 2935, 1495, 1449, 1379, 1369, 1246, 1215, 1163, 1037, 965, 846, 743, 692
cm

'H NMR (360 MHz, CDCI3) & 1.39 (s, 3H), 1.51 (s, 3H), 2.12 (brs, 1H), 2.40-2.48 (m, 1H),
2.52-2.60 (m, 1H), 3.70 (d , 1H, J = 5.4 Hz), 4.22 (dd, 1H, J = 11.9, 5.8 Hz), 4.31 (ddd, 1H, J = 8.3,
5.8, 5.4 Hz), 6.23 (ddd, 1H, J = 16.2, 7.6, 6.1 Hz), 6.49 (d, 1H, J = 16.2 H2).

13C NMR (90 MHz, CDCI3) & 25.6, 28.2, 33.1, 61.8, 76.7, 77.9, 108.4, 125.9, 126.2 (2C), 127.4

(2C), 128.6 (2C), 132.5, 137.3.
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Methyl 2-((tert-butoxycarbonyl)oxy)acetate®®®

(0] CBH14O5

J\/osoc Exact M. = 190.0841
MeO

M. = 190.19 g-mol’

To a solution of methyl glycolate (2.70 g, 30.0 mmol) in CH,Cl, (150 mL) at O °C under argon was
added DMAP (366.5 mg, 2.00 mmol, 0.1 eq.) and Boc,O (4.82 g, 29.7 mmol, 0.99 eq.). The
resulting mixture was then stirred at 0 °C for 3 h and at r.t. for 1 h. The reaction solution was
concentrated under reduced pressure. Flash chromatography on silica gel (petroleum ether/EtOAc =
95/5, 90/10) gave the desired Boc- glycolate (4.78 mg, 83%) as a colorless oil.

TLC: Rf = 0.46 (petrum ether/EtOAc = 90/10)

'H NMR (360 MHz, CDCI3): 6 1.50 (9H, s), 3.77 (3H, s), 4.58 (2H, s)

3C NMR (900 MHz, CDCI3): § 27.5 (3C), 52.1, 62.5, 82.9, 152.8, 168.2.

(4S,5S)-5-Cinnamyl-2,2-dimethyl-1,3-dioxolane-4-carbaldehyde 65°%

X _Ph
C15H1803
OHC s, Exact M. = 246.1256

e}

S M. = 246.31 g-mol™’
o#\

To a solution of alcohol 64 (496.7 mg, 2.00 mmol, 1 eq.) in CH,Cl, (20 mL) at room temperature
under argon was added DMP (1.272 g, 3.00 mmol, 1.5 eq) in 3 protions. After 5 min, NaHCO3
(840.1 mg, 10.00 mmol, 5 eq.) was added in portions. The resulting mixture was stirred for 50 min
at room temperature. The reaction solution was filtered a Celite pad, then washed with CH,Cl, (10
mL x 3). The filtrate was then washed with sat. NaHCO3 (20 mL x 3), water (20 mL) and sat (20
mL), respectively. The combined organic phases were dried over MgSOy,, filtered, and concentrated
and dried in vacuo. Flash chromatography on silica gel (petroleum ether/EtOAc = 70/30, 60/40)
gave the desired aldehyde (492.7 mg, 100%) as a colorless oil.

TLC: Ry = 0.58 (petrum ether/EtOACc = 80/20)

[a]3] =-40.5 (c 0.69, CHCI3) (Iit.**® [a]2} =-45.8 (c 0.69, CH,Cl,)
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IR (ATR) v 2988, 2937, 1732, 1495, 1450, 1382, 1245, 1218, 1160, 1069, 968, 693 cm *

'H NMR (300 MHz, CDCls) & 1.45 (s, 3H), 1.65 (s, 3H), 2.42-2.60 (m, 2H), 4.38 (dd, 1H, J = 8.3,
3.6 Hz), 4.47-4.53 (m, 1H), 6.24 (ddd pseudo dt, 1H, J = 16.2, 8.3, 8.3 Hz), 7.22-7.41 (m, 5H), 9.74
(d, J = 3.6 Hz).

3C NMR (75 MHz, CDCls) § 25.3, 27.5, 35.5,78.4, 81.9, 110.7, 124.8, 126.2 (2C), 127.5 (2C),
128.6 (2C), 133.3, 137.0, 202.1.

(4R,5S)-5-Cinnamyl-2,2-dimethyl-1,3-dioxolane-4-carbaldehyde 65°%

X _Ph
C15H1g03
OHC Exact M. = 246.1256

4

M. = 246.31 g-mol™’
07/\

To a solution of aldehyde 64 (106.0 mg, 0.43 mmol, 1 eq.) in MeOH (2 mL) at rt under argon at
room temperature was added K,COj3 (53.5 mg, 0.39 mmol, 0.9 eq.) and the resulting mixture was
stirred for 4 h at room temperature. The reaction mixture was then poured into water (10 mL) and
extracted with CH,CI, (20 mLx 2). The combined organic phase was washed with brine (20 mL),
dried over MgSQ,, filtered, concentrated under reduced pressure. Flash chromatography on silica
gel (petroleum ether/EtOAc = 100/1, 95/5, 90/10) gave the desired epimerized aldehyde 65 (88.0

mg, 83%) as a colorless oil.

TLC: Ry = 0.41 (petroleum ether/EtOAc = 75/25)
[0]2] =+2.6 (¢ 0.75, CHCI;) (Iit.*® [a]%’ =+15.6 (¢ 0.75, CHCls)

IR (ATR) v 2987, 2932, 1733, 1495, 1450, 1381, 1240, 1216, 1086,1066, 968, 747, 694 cm

'H NMR (360 MHz, CDCls): § 1.44 (s, 3H), 1.52 (s, 3H), 2.56-2.72 (m, 2H), 4.08 (dd, 1H, J = 7.6,
2.2 Hz), 4.18-4,24 (m, 1H), 6.23 (ddd pseudo dt, J = 16.2, 7.2, 7.2 Hz), 6.52 (d, 1H, J = 16.2 Hz),
7.20-7.38 (m, 5H), 9.76 (d, 1H, J = 2.2 Hz).

13C NMR (90 MHz, CDCl5): § 26.3, 27.2, 36.6, 76.6, 84.1, 111.3, 124.2, 126.3 (2C), 127.5, 128.7
(2C), 133.7, 137.1, 201.3.
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(S)-N-((E)-((4S,5S)-5-Cinnamyl-2,2-dimethyl-1,3-dioxolan-4-yl)methylene)-2-methylpropane-2

-sulfinamide 66°%

s 3 C19H27NO3S
tBuY TN “0 Exact M. = 349.1712

OT/\ M. = 349.49 g-mol™’

To a solution of the aldehyde 65 (1.478 g, 6.00 mmol, 1 eq.) in CH,Cl, (60 mL) under argon at
room temperature was added (S)-t-butyl sulfinamide (800.0 mg, 6.60 mmol, 1.1 eq.) and Ti(OEt),4
(6.3 mL, 30.00 mmol, 5 eq.). The resulting mixture was stirred for overnight (16 h) at rt. The
mixture was cooled down to 0 °C and ice-cold water (20 mL) was added. The resulting solution was
then filtered through a celite pad, washing the pad with EtOAc (50 mL x 3). The filtrate was
washed with brine (100 mL), dried over MgSO,, filtered, concentrated under reduced pressure.
Flash chromatography on silica gel (petroleum ether/EtOAc = 90/10, 80/20, 70/30) gave the desired
sulfinimine 66 (1.443 g, 69%) as a pale-yellow oil.

TLC: Rf=0.22 (petroleum ether/EtOAc = 90/10)
[@]% =+81.0 (c 0.70, CHCI3) (Iit.**® [@]?* =+71.7 (c 0.70, CHCI5)

IR (ATR) v 2984, 1624, 1454, 1381, 1365, 1240, 1215, 1160, 1086, 967, 749, 694 cm *

'H NMR (360 MHz, CDCls): & 1.16 (s, 9H), 1.42 (s, 3H), 1.49 (s, 3H), 2.53-2.69 (m, 2H), 4.12-4.17
(m, 1H), 4.50 (dd, 1H, J = 7.6, 4.7 Hz), 6.23 (ddd pseudo dt, J = 15.8, 7.2, 7.2 Hz), 6.47 (d, 1H, J =
15.8 Hz), 7.18-7.35 (m, 5H), 8.09 (d, 1H, J = 4.3 Hz).

13C NMR (90 MHz, CDCls): § 22.4 (3C), 26.5, 27.2, 36.1, 57.0, 78.6, 81.2, 110.8, 124.5, 126.3
(2C), 127.4, 128.5 (2C), 133.3, 137.0, 167.7.
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Methyl
(2S,3R)-2-((tert-butoxycarbonyl)oxy)-3-((tert-butyl (A -oxidanyl)-A3-sulfanyl)amino)-3-((4S,5S)-

5-cinnamyl-2,2-dimethyl-1,3-dioxolan-4-yl)propanoate 67°%

t-Bu, _O
"?// CO,Me

HN
OBoc Cz7H41NOBS
Exact. M = 539.2553
= _ -1
fe) > Ph M = 539.68g-mol

ﬁ»

To a solution of Boc-glycate (524.6 mg, 6.00 mmol, 4 eq.) in THF (20 mL) at —78 °C under argon

Oum

was added a solution of 1 M LIHMDS in THF (6.0 mL, 6.00 mmol, 4 eq.) and the resulting mixture
was stirred for 1 h. A solution of sulfinimine 66 (524.6 mg, 1.50 mmol, 1 eq.) in THF (5.0 mL) was
then added dropwise and the resulting mixture was stirred at —78 °C for 1 h. The reaction was
quenched by sat. NH4CI (10 mL) at 0 °C and diluted with water (20 mL). The resulting mixture was
extracted with EtOAc (50 mL x 2) and the combined organic phases were dried over MgSQ,,
filtered, concentrated under reduced pressure. Flash chromatography (petroleum ether/EtOAc =

70/30) gave a fully-protected APTO 67 (760.3 mg, 94%) as a white solid.

TLC: Rs = 0.33 (petroleum ether/EtOAc = 70/30)
Mp = 161-163 °C
[a]? =+32.5 (¢ 0.90, CHCIy), (Iit.**® [a]2! =+33.7 (¢ 0.90, CHCly))

IR (ATR) v 3335, 2983, 1750, 1457, 1370, 1302, 1254, 1214, 1163, 1136, 1081 cm?

'H NMR (360 MHz, CDCl3) 6 1.14 (s, 9H), 1.43 (s, 6H), 1.50 (s, 9H), 2.54-2.62 (m ,1H, ABX),
2.66-2.73 (m, 1H, ABX), 3.56 (d, 1H, J =10.1 Hz), 3.71 (s, 3H), 3.85 (dd, J = 8.3, 5.4 Hz), 3.95
(1H, J=10.1, 8.3, 1.8 Hz), 4.50 (ddd, 1H, J=10.1, 5.4, 5.4 Hz, ABX), 5.31 (d, 1H, J = 1.8 Hz), 6.31
(ddd pseudo dt, 1H, J = 15.8, 7.2, 7.2 Hz), 6.50 (d, 1H, J = 15.8 Hz), 7.16-7.21 (1H, m), 7.25-7.30
(m,2H), 7.37-7.39 (m, 2H).

3C NMR (90 MHz, CDCl3) § 22.7 (3C), 27.8 (3C), 27.9, 28.0, 38.3, 52.5, 56.9, 61.0, 74.5, 79.3,
79.9, 83.6, 110.1, 126.0, 126.4 (2C), 127.2, 128.5 (2C), 132.8, 137.6, 152.5, 168.9

HRMS (ESI+) Calcd for C,7H42NOgS [M + H]': 540.2626, found 540.2625.
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(S)-N-((3S,4S)-4-Hydroxy-2-((S,E)-1-hydroxy-4-phenylbut-3-en-1-yl)-5-oxotetrahydrofuran-3-
yl)-2-methylpropane-2-sulfinamide 224

Exact Mass: 367.1453
M. = 367.46 g-mol™"

To a solution of fully-protected APTO 67 (54.0 mg, 0.10 mmol, 1 eq.) in CHCI; (2 mL) was added
dropwise TFA (3.2 mmol, 0.5 mL) at room temperature. The mixture was stirred for 1 h at room
temperature, concentrated under reduced pressure, then diluted with EtOAc (20 mL), washed with
sat. NaHCO3; (20 mL) and brine (20 mL). The organic layer was dried over MgSQO,, filtered, and
concentrated under reduced pressure. Flash chromatography on silica gel (petroleum ether/EtOAc =

70/30, 50/50, 40/60) gave a lactone of sulfinamide 224 (36.8 mg, 100 %) as a pale-yellow oil.

TLC: Ry = 0.74 (EtOAc = 100%)

'H NMR (360 MHz, CDCls) & 1.19 (s, 9H), 2.43-2.54 (pseudo m, 1H, ABX) 2.57-2.65 (pseudo m,
1H, ABX), 4.01 (t, 1H, J = 6.8 Hz, ABX), 4.18-4.23 (m, 2H), 4.61 (pseudo brs, 1H), 4.90 (brs, 1H),
6.18 (ddd pseudo dt, 1H, J = 15.8, 6.8 Hz), 6.46 (d, 1H, J = 15.8 Hz), 7.16-7.37 (m, 5H).

3C NMR (90 MHz, CDCl3) & 22.8, 37.4, 57.0, 59.8, 67.6, 73.0, 81.1, 125.2, 126.3 (2C), 127.5,
128.6 (2C), 133.6, 137.2, 174.6.

(9H-Fluoren-9-yl)methyl
((2S,3R,4S)-4-((tert-butyldimethylsilyl)oxy)-2-((S,E)-1-hydroxy-4-phenylbut-3-en-1-yl)-5-oxote

trahydrofuran-3-yl)carbamate 227

(0]
TBSO )
. C35H41 NOGSI
Exact M. = 599.2703
FmocHN Ph M. = 599.80 g-mol™’

To an ice cold solution of crude 225 (30 mg) in CH,ClI, (2 mL) was added NaHCO3 (42.0 mg, 0.50

mmol, 5 eq.) and FmocCl (28.5 mg, 0.11 mmol, 1.1 eq.), respectively. The mixture was stirred for
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overnight (20 h), diluted with CH,Cl, (20 mL), the washed with water (20 mL) and brine (20 mL).
The organic layer was dried over MgSOy, filtered, and concentrated under reduced pressure. Flash
chromatography on silica gel (petroleum ether/EtOAc = 70/30, 50/50, 40/60) to give 226 (13.0 mg,
27%, impure). To an ice cold solution of impure 226 (13.0 mg, 27 pmol) in CH,Cl, (1 mL) was
treated with 2,6-lutidine (11.5 mg, 107 pmol, 4 eq.) and TBSOTf (28.3 mg, 107 pmol, 4 eq.)
dropwise. The mixture was stirred for 3 h at room temperature. Quenched by sat. NH,Cl (1 mL),
diluted with with CH,ClI, (20 mL), washed with 1 M HCI (15 mL) and brine (20 mL). The organic
layer was dried over MgSOQ,, filtered, and concentrated under reduced pressure. Flash
chromatography on silica gel (petroleum ether/EtOAc = 90/10, 80/20, 70/30) gave compound 227

(6.2 mg, 10%) as a colorless oil.

TLC: Rs = 0.22 (petroleum ether/EtOAc = 80/20)

'H NMR (360 MHz, CDCls) § 0.88 (s, 3H), 0.15 (s, 3H), 0.89 (s, 9H), 2.49-2.64 (m, 2H, ABX),
3.75-3.79 (m, 1H, ABX), 4.17-4.22 (m, 2H), 4.26-4.29 (m, 1H), ), 4.50 (d, 2H, J = 11.2 Hz), 4.73 (d,
1H,J=9.7 Hz ), 5.02 (d, 1H, J = 7.6 Hz ), 6.21 (ddd pseudo dt, 1H, J = 16.6, 7.6 Hz), 6.50 (d, 1H,
J = 16.6 Hz), 7.20-7.36 (M, 7H), 7.41 (t, 2H, J = 7.2 Hz), 7.56 (d, 2H, J = 7.2 Hz), 7.77 (d, 2H, J =
7.2 Hz).

tert-Butyl
((R)-2-((tert-butyldimethylsilyl)oxy)-4-(((2S,3S,4S)-4-hydroxy-2-((R,E)-1-hydroxy-4-phenylbut
-3-en-1-yl)-5-oxotetrahydrofuran-3-yl)amino)-4-oxobutyl)carbamate 231

HO,
oTBS O CagHasN;0gSi
H o) 29M46N20gSI1
BocHN \/\)]\ N / Exact. M = 578.3023
H £ ~ M = 578.78 g-mol™’
HO

To a solution of GABOB 223 (40.0 mg, 0.12 mmol, 1.2 eq.) in CH.Cl; (1 mL) was added HATU
(0.15 mmol, 57 mg, 1.5 eq.) and DIEA (0.15 mmol, 20 mg, 1.5 eq.), respectively. After stirred for 1
h at room temperature (30 °C) as solution A

To a flask containing fully-protected APTO 67 (54.0 mg, 0.10 mmol, 1 eq.) was slowly added a
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solution 4 M HCI in dioxane (3.2 mmol, 0.8 mL, 32 eq.) at 0 °C. The mixture was stirred for 50 min
at room temperature ( 30 °C), then evaporated to give a waxy solid, to which was added ether (5
mL), a pale-white solid precipitated, filtered and dried to give our proposed lactone of amine-HCI
salt 225 as a white solid (30.1 mg, t = 100%). To a solution of lactone of amine-HCI salt 225 in
CHCI; (2 mL) was added with DIEA (0.45 mmol, 58 mg, 4.5 eq.) at 0 °C. Then diluted with water
(20 mL), extracted with EtOAc (20 mL x 3). The organic phase was dried over MgSO, concentrated
under reduced pressure to give our proposed free amine crude 230 (as a pale-yellow oil, 16 mg).
The crude was in in CHCI; (1 mL) as solution B.

To solution A was added solution B, the resulting mixture was stirred for overnight (16 h). Diluted
with EtOAc (20 mL), then washed with 1 M HCI (10 mL) sat. NaHCO3 (10 mL) and brine (10 mL),
respectively. The organic phase was dried over MgSO,, filtered, and concentrated under reduced
pressure. Flash chromatography on silica gel (petroleum ether/EtOAc = 70/30, 50/50) gave a

lactone of dipeptide 231 as a colorless oil (6.0 mg, 10%) as a colorless oil.

TLC: Rf = 0.25 (petroleum ether/EtOAc = 70/30)
[a]) =+23.3 (c 0.30, CHCls)

IR (ATR) v 3333, 2956, 2929, 2854, 1784, 1686, 1658, 1529, 1367, 1253, 1172, 1108, 837 cm*

'H NMR (360 MHz, CDCl3) & 0.10 ( pseudo s, 1H), 0.88 (s, 9H), 1.43 (s, 9H), 2.31-2.67 (m, 4H,
two ABX mixed), 3.03-3.08 (pseudo m, 1H, ABX) and 3.40-3.47 (pseudo m, 1H, ABX), 3.90 (pseudo
t, 1H, J = 6.1 Hz), 4.08-4.11 (m, 2H, two ABX mixed), 4.51-4,59 (m, 2H), 4.95 (m, 1H), 6.23 (ddd
pseudo dt, 1H, J = 15.8, 7.2, 7.2 Hz), 6.23 (d, 1H, J = 15.8 Hz), 7.19-7.23 (m, 1H), 7.27-7.36 (m,
4H), 7.26 (d, J = 2.2 Hz ).

3C NMR (90 MHz, CDCl3) & —4.7, 18.1, 25.9 (3C), 28.5 (3C), 36.4 , 41.6, 44.8, 55.4, 68.8, 68.9,
72.4,80.4,80.8, 125.2, 126.3 (2C), 127.5, 128.7 (2C), 133.6, 137.2, 157.5, 172.6, 173.1.

HRMS (ESI+) Calcd for Co9HasN,NaOgSi [M + Na]*: 601.2916, found 601.2890.
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Methyl
(2S,3R)-3-amino-2-((tert-butoxycarbonyl)oxy)-3-((4S,5S)-5-cinnamyl-2,2-dimethyl-1,3-dioxola
n-4-yl)propanoate 232

CO,Me
H,N
OBoc Ca3H33NO7
= Exact M. = 435.2257
o' 3 Ph M = 435.52 g-mol™'

To a pear-shaped flask containing fully-protected APTO 67 (54.0 mg, 0.10 mmol, 1 eq.) in at —
10 °C under argon was added a solution of 4 M HCI in dioxane (0.50 mL, 2.00 mmol, 20 eq.). The
resulting mixture was stirred for 30 min at -5 °C, completed, diluted with CH,CI, (25 mL), and
then basified with DIEA (387.7 mg, 3.00 mmol, 30 eq.) at -5 °C. The resulting organic phase was
washed with water and brine, dried over MgSQy, filtered, concentrated under reduced pressure.
Flash chromatography (petroleum ether/EtOAc = 90/10, 80/20, 70/30) gave an APTO derivative of
amine 231 (28.1 mg, 64%) as a colorless oil, as well as O-Boc migrated by-product 232 (5.0 mg,

11%) as a colorless oil. Data below for the main product 232.

TLC: R;=0.56 (petroleum ether/EtOAc = 70/30)

IR (ATR) v 3400, 2984, 2934, 1748, 1438, 1370, 1303, 1253, 1218, 1163, 1135 cm™

'H NMR (360 MHz, CDCls) 6 1.40 (s, 3H), 1.42 (s, 3H) 1.50 (s, 9H), 2.51-2.59 (m ,1H, ABX),
2.68-2.75 (m, 1H, ABX), 2.67-2.74 (1H, m), 3.23 (dd, 1H, J = 9.4, 1.8 Hz), 3.65 (dd, 9.4, 6.5 Hz),
3.79 (s, 3H), 4.12 (ddd, 1H, J= 6.8, 4.3, 4.3 Hz, ABX), 5.20 (d, 1H, J = 1.8 Hz), 6.30 (ddd pseudo dt,
1H, J = 15.8, 6.8 , 6.8 Hz), 6.47 (d, 1H, J = 15.8 Hz), 7.17-7.21 (1H, m), 7.27-7.31 (m ,2H),
7.35-7.39 (m, 2H).

BC NMR (90 MHz, CDCls) 6 27.6, 27.8 (4C), 38.5, 52.6, 56.4, 75.6, 79.8, 80.8, 83.4, 109.4, 126.3
(2C), 127.2,128.6 (2C), 132.5, 137.6, 152.8, 170.0.

HRMS (ESI+) Calcd for Cx3H33sNNaOg [M + Na]™: 458.2130, found 458.2149.
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Methyl
(2S,35)-3-(((tert-butoxycarbonyl)oxy)amino)-3-((4S,5S)-5-cinnamyl-2,2-dimethyl-1,3-dioxolan-
4-yl)-2-hydroxypropanoate 233

COZMe
BocHN
OH C23H33N20s
— Exact M. = 435.2257
o - Ph M = 435.52 g-mol™’

)T

Oum

To a flask containing fully-protected APTO 67 (54.0 mg, 0.10 mmol, 1 eq.) at —10 °C under argon
was added a solution of 4 M HCI in dioxane (0.50 mL, 2.00 mmol, 20 eq.). After stirred for 30 min
(followed by TLC), completed. Then diluted with CH,Cl, (10 mL), and basified with Et;N (303.6
mg, 3.00 mmol, 30 eq.) at =5 °C. The resulting was washed with water and brine, and the aqueous
phase was extracted with CH,Cl, (10 mL x 2). The combined organic phase was dried over MgSO,
and concentrated under reduced pressure. The crude was directly purified by flash chromatography
on neutral Aluminium oxide (petroleum ether/EtOAc, 95/5, 90/10, 80/20) gave the main product
O-Boc migrated APTO derivative 233 (16.0 mg, 37%) as a white solid, as well as APTO derivative
232 (15.1 mg, 35%) as a colorless oil. Data below for the main product O-Boc migrated APTO

derivative 233:

TLC: Rf = 0.35 (petrum ether/EtOAc = 70/30)

Mp = 124-127 °C

[a]) =-13.0 (c 0.54, CHCls)

IR (ATR) v 3445, 3364, 2925, 2854, 1741, 11716, 1497, 1453, 1368, 1246, 1214, 1163, 1112, 1080
cmt

'H NMR (360 MHz, CDCls) 5 1.41 ( peeudo s, 3H), 1.44 (s, 3H), 2.43-2.60 ( pseudo m, 2H, ABX),
3.11 (brs, 1H), 377-3.82 ( m and s, 4H), 4.16-4.21 (m, 2H), 4.58 (pseudo s, 1H), 4.84 (d, 1H, J =
10.1 Hz), 6.23 (ddd pseudo dt, 1H, J = 15.8, 6.8, 6.8 Hz), 6.45 (d, J = 15.8 Hz ), 7.18-7.22 (m, 1H),
7.26-7.31 (m, 2H), 7.34-7.36 (m, 2H).

3C NMR (90 MHz, CDCls) § 27.3, 27.7, 28.4 (3C), 37.9, 53.1, 55.4, 70.1, 78.5, 79.6, 80.2, 109.5,
125.7, 126.3 (2C), 127.3, 128.6 (2C), 132.8, 137.4, 155.2, 174.1.

285



Experimental Part

HRMS (ESI+) Calcd for C3HzsNNaO; [M + Na]*: 458.2149, found 458.2137.

Methyl
(2S,3R)-3-((R)-4-((tert-butoxycarbonyl)amino)-3-((tert-butyldimethylsilyl)oxy)butanamido)-2-(
(tert-butoxycarbonyl)oxy)-3-((4S,5S)-5-cinnamyl-2,2-dimethyl-1,3-dioxolan-4-yl)propanoate
234

MeO,C (0] X _Ph
TBSO o C3gHg2N2014Si
BocNH NJ\ 5 Exact M. = 750.4123
N 0 M = 751.00 g-mol™’
H .00 g-mo

See Table 11, entry 2:

To a flask containing fully-protected APTO 67 (108.0 mg, 0.20 mmol, 1 eq.) at -5 °C under argon
was slowly added a solution of 4 M HCI in dioxane (1.00 mL, 4.00 mmol, 20 eq.) and the mixture
was stirred for 35 min between -5 °C until completed. Then diluted with 10 mL ether, and
evaporated to give a colorless sticky oil, which was dissolved in CH,Cl, (10.0 mL). To the resulting
solution was then added PyBroP (140.0 mg, 0.30 mmol, 1.5 eq.) and GABOB (100.0 mg, 0.30
mmol, 1.5 eq.) and DIEA (129.4 mg, 1.0 mmol, 5.0 eq.) dropwise, respectively. The resulting
mixture was stirred at room temperature for 48 h. The reaction was then diluted with CH,Cl, (50
mL), and then washed with water, sat. NaHCO3 and brine, respectively. The organic phase was
dried over MgSQ,, filtered, concentrated under reduced pressure. Flash chromatography (petroleum
ether/EtOAc = 70/30) gave the desired peptide GABOB—-APTO 234 (108.2 mg, 72%) as a colorless

sticky oil.

TLC: R =0.36 (petrum ether/EtOAc = 80/20)
la]) =—4.7 (¢ 0.43, CHCI5)

IR (ATR) v 3342, 2982, 2956, 2932, 2857, 1750, 1717, 1681, 1511, 1369, 1251, 1165, 1106, 838
-1
cm

'H NMR (360 MHz, CDClg) & 0.11 (s, 3H), 0.15 (s, 3H), 0.93 (s, 9H), 1.42 (s, 3H), 1.44 (s, 9H,
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NBoc and one methyl of acetonide), 1.49 (s, 9H), 2.31-2.53 (m, 4H, two ABX mixed), 3.12-3.29 (m,
2H, ABX), 3.69-3.71 ( m and s, 4H), 4.10-4.17 (m, 2H, two ABX mixed), 4.70 (ddd pseudo td, 1H,
J=18.9,8.6, 1.4 Hz), 4.89 (t, 1H, J = 5.8 Hz ), 5.19 (d, 1H, J = 1.4 Hz), 6.22 (ddd pseudo dt, 1H, J
=15.8, 6.8, 6.8 Hz), 6.47 (d, J = 15.8 Hz ), 7.16 (d, 1H, J = 10.0 Hz), 7.18-7.22 (m, 1H), 7.26-7.31
(m, 2H), 7.34-7.36 (m, 2H).

3C NMR (90 MHz, CDCls) & —4.7, —4.6, 18.2, 26.1 (3C), 27.3, 27.7, 27.8 (3C), 28.6 (3C), 38.0,
41.2,44.5,52.5,52.8,68.1, 73.1, 78.5, 79.7 (2C), 83.4, 109.8, 125.5, 126.3 (2C), 127.4, 128.6 (2C),
132.8, 137.6, 152.5, 156.2, 169.4, 17.6.

HRMS (ESI+) Calcd for CsgHg2NoNaO1;Si [M + Na]*: 773.4015, found 773.3982.

(2S,3R)-3-((R)-4-((tert-Butoxycarbonyl)amino)-3-((tert-butyldimethylsilyl)oxy)butanamido)-3-(
(4S,55)-5-cinnamyl-2,2-dimethyl-1,3-dioxolan-4-yl)propanoic acid 236

HO,C OH Ph
TBSO O A
BocNH \/:\)j\ ., C32H52N20gSi
N 70 Exact M. = 636.3442
H

OTQ M = 636.86 g-mol™"

See Table 12, entry 3:

To a solution of GABOB-APTO 234 (45.0 mg, 60 umol, 1 eq.) in MeOH/THF/H,O (v/vlv,
0.2/0.2/0.3 mL) was added LiOH-H,0 (26.0 mg, 0.60 mmol, 10 eq.). After stirred for 16 h at room
temperature, quenched with 10% citric acid ag. until pH = 2-3. The acidic aqueous phase was
extracted with EtOAc (3 x 20 mL). The combined organic phase was dried over MgSO, and
concentrated under reduced pressure. Preparative thin layer chromatography on silica gel
(MeOH/CH,CI, = 5/95) gave a 2-hydroxyl acid 236 (30.2 mg, 80%) as a colorless oil (without
0-Boc).

TLC: R = 0.20 (MeOH/CH,Cl, = 10/90)
la]; =-5.8 (c 0.50, CHCI5)
IR (ATR) v 3333, 2928, 2852, 1674, 1529, 1369, 1250, 1205, 1165, 1139, 1081 cm *

'H NMR (3600 MHz, MeOD-d,) & 0.09 (s, 3H), 0.13 (s, 3H), 0.90 (s, 9H), 1.39-1.44 (m, 15H,
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NBoc and acetonide), 2.31-2.55 (m, 4H, two ABX mixed), 3.03-3.17 (m, 2H, ABX), 3.78-3.92(m,
1H), 4.14-4.21 (m, 2H, two ABX mixed), 4.30 (pseuso s, 1H)), 4.58-4.60 (m, 1H), 5.06 (pseudo s,
1H), 6.27 (dt, 1H, J = 16.0, 6.8 Hz), 6.44 (d, J = 16.0 Hz ), 7.16-7.36 (m, 5H).

3C NMR (90 MHz, MeOD-dJ) § —4.5 (2C), 18.9, 26.5 (2C), 27.6, 27.8, 28.9 (2C), 38.9, 42.5, 46.4,
55.6, 69.7, 71.9, 80.1, 80.4, 80.6, 110.2, 126.9, 127.1 (2C), 128.2, 129.5 (2C), 133.7, 138.8, 158.4,
172.8,178.0.

HRMS (ESI+) Calcd for Cs7HgNoNaO1;Si [M + Na]*: 659.3334, found 659.3315.

(2S,3R)-3-((R)-4-((tert-Butoxycarbonyl)amino)-3-((tert-butyldimethylsilyl)oxy)butanamido)-2-(
(tert-butoxycarbonyl)oxy)-3-((4S,5S)-5-cinnamyl-2,2-dimethyl-1,3-dioxolan-4-yl)propanoic

acid 234
HO,C o X Ph
T™BSO O Ca7HeoN2041Si
BocNH NI\ Exact M. = 736.3966
N "o - -1
H M = 736.97 g-mol

See Table 12, entry 4:

To a solution of GABOB-APTO 234 (19.0 mg, 25 umol, 1 eq.) in MeOH/THF/H,O (v/vlv,
0.4/0.4/0.6 mL) was added LiOH-H,0 (10.5 mg, 250 umol, 10 eq.). After stirred for 4 h at room
temperature, completed, then diluted with water (10 mL), cooling down at —10 °C and carefully
acidified with a solution of citric acid (72 mg, 370 umol, 15 eq.) (pH = 3-4). The acidic aqueous
phase was extracted with CH,Cl, (10 mL x 3). The combined organic phase was dried over MgSO,
and concentrated under reduced pressure. Preparative thin layer chromatography on silica gel
(MeOH/CH,CI, = 5/95) gave the desired acid 235 (10.0 mg, 54%) as a colorless oil, as well as
2-hydroxyl acid 236 (6.0 mg, 38%) as a clolorless oil. Data below for the desired acid 235:

TLC: Rs = 0.36 (MeOH/CH,Cl, = 10/90)
la]}; =-7.8(c 0.55, CHCI3)

IR (ATR) v 3330, 2979, 2931, 2860, 1750, 1698, 1657, 1511, 1369, 1271, 1253, 1166, 1093 cm
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'H NMR (400 MHz, MeOD-d,) & 0.09 (s, 3H), 0.13 (s, 3H), 0.89 (s, 9H), 1.41 (s, 3H), 1.44 (s, 9H,
NBoc and one methyl of acetonide), 1.47 (s,9H), 2.33-2.57 (m, 4H, two ABX mixed), 3.05-3.18 (m,
2H, ABX), 3.79 (pseudo t, 1H, J = 6.4 Hz), 4.11-4.18 (pseudo m, 2H, two ABX mixed), 4.75-4.84
(m, 1H), 5.06 (pseudo s, 1H), 6.26 (ddd pseudo dt, 1H, J = 16.0, 6.8, 6.8 Hz), 6.47 (d, J = 16.0 Hz ),
7.17-7.21 (m, 1H), 7.26-7.32 (m, 2H), 7.33-7.37 (m, 2H).

3C NMR (100 MHz, MeOD-d,) & —4.4, —4.3, 19.0, 26.5 (3C), 27.7, 27.9, 28.1 (3C), 28.9 (3C),
39.0, 42.5, 46.6, 54.3, 69.7, 76.5, 79.7, 80.2, 80.8, 83.3, 110.7, 126.6, 127.2 (2C), 128.2, 129.5 (2C),
133.9, 138.8, 154.4, 158.3, 173.4, 175.0.

HRMS (ESI+) Calcd for Cs7Hg1NoNaO1;Si [M + Na]*: 759.3826, found 759.3858.

(R)-N-(2-(2-(2-((((9H-Fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-dithio
lan-2-yl)acetyl)-N-methylglycine 238

o / \  CONH
S S 2 C26H29N306S,

PN Exact M. = 543.1498
HO,C” N
2 M. = 543.65 g-mol™"'
NHFmoc

Stepl: To a solution of dipeptide D-mPyrAA-Sar (R)-189 (180 mg, 0.30 mmol, 1 eq.) in CH,CI; (1
mL) under argon was added TFA (0.5 mL, 6.00 mmol, 20 eq.). The resulting mixture was stirred at
room temperature for 4 h, then concentrated under reduced pressure to give a proposed TFA
complex 237 (20 mg, t = 100%).

Step2: The proposed TFA complex 237 was dissolved in EtOAc (20 mL), then basified with DIEA
(775 mg, 6.00 mmol, 20 eq.) in ice bath. The basified solution was washed with water (10 mL x 3)
to give the aqueous phase, which was then acidified with 4 M HCI until pH = 2-3 and extracted
with a mixture solvents of CH,Cl,/MeOH = 95/5 (20 mL x 3). The combined organic phase was
dried over MgSO,4 and concentrated under reduced pressure to give the pure desired the pure

desired free dipeptide acid 238 (133.5 mg, 82%) as a white solid.

TLC: Ry = 0.50 (EtOAc/MeOH = 90/10)
l[a] =+23.1(c 0.50, MeOH)

IR (ATR) v 3329, 2922, 1708, 1636, 1506, 1448, , 1401, 1322, 1230, 1045, 759, 738 cm*
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Experimental Part

'H NMR (400 MHz, MeOD-dy) & 2.51 (dd, 1H, J = 25.2,12.0 Hz ABX), 2.90 (s, rotamer) and 2.92
(s, 3H), 2.96-3.31 (m, 7H), 3..78-4.34 (m, 5H), 4.82-4.86 (m, 1H), 7.28-7.37 (m, 4H), 7.59-7.65 (m,
2H), 7.75 (d, 2H, J = 7.2 Hz ).

13C NMR (100 MHz, MeOD-d.) & 35.5 (rotamer) and 37.3, 39.4 and 39.5 (rotamer), 39.9 (rotamer)
and 40.0, 41.1 (rotamer) and 41.2, 46.3 (rotamer) and 46.5, 48.3, 50.7 (2C) and 53.0 (one rotamer of
the two carbon), 57.3, 67.8, 73.7 and 73.8 (rotamer), 120.9 (2C), 126.2, 126.4, 128.2 (2C), 128.8
(2C), 142.5, 145.0, 145.5, 158.4, 172.4, 172.5, 176.1.

HRMS (ESI+) Calcd for CsH29N3NaOgS, [M + Na]*: 566.1390, found 566.1378.

HRMS (ESI-) Calcd for CosH2gN3NaOgS; [M — H] : 542.1391, found 542.1403.

tert-Butyl
((R)-2-(2-(2-(2-((R)-1-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-3-amino-3-oxopropyl)-1,3-
dithiolan-2-yl)-N-methylacetamido)acetamido)-3-(6-chloro-1H-indol-3-yl)propanoyl)glycinate
239

o [\

S
J\S)Q(\CONHz
Cl | NHFmoc
NH C43H19CINgOgS;
| Exact M. = 876.2742
N o NH M. = 877.47 g-mol™’
H

H(Ot-Bu

o}

To a solution of D-mPyrAA—Sar—OH (R)-238 (8.5 mg, 15.6 umol, 1.1 eq.) in CH,Cl, (1 mL) under
argon at room temperature was added PyBroP (8.0 mg, .17.0 umol, 1.2 eq,) and DIEA (7.3 mg, 4.00
mmol, 4 eq.), respectively. A solution of H-Trp—Gly—Ot-Bu 217 (5.0 mg, 14.2 umol, 1 eq.) in
CH.CI, (1 mL) was added. The resulting mixture was stirred at room temperature for 48 h. Diluted
with CH,Cl, (20 mL) and the solution was subsequently washed with 1 M HCI (20 mL), sat.
NaHCO;3; (20 mL) and brine (20 mL), then dried over MgSQ,, filtered and concentrated under
reduced pressure. Flash chromatography on silica gel (EtOAc/MeOH = 95/5, 90/10) gave the pure
desired tetrapeptide D-Fmoc-mPyrAA—-Sar—Trp(6-Cl)-Gly—Ot-Bu 239 (10.2 mg, 82%) as a waxy

solid.
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Experimental Part

TLC: R; = 0.50 (EtOAc/MeOH = 90/10)
la] =+23.1 (c 0.50, MeOH)

IR (ATR) v 3329, 2922, 1708, 1636, 1506, 1448, , 1401, 1322, 1230, 1045, 759, 738 cm*

'H NMR (400 MHz, MeOD-d) & 2.51 (dd, 1H, J = 25.2,12.0 Hz ABX), 2.90 (s, rotamer) and 2.92
(s, 3H), 2.96-3.31 (m, 7H), 3..78-4.34 (m, 5H), 4.82-4.86 (m, 1H), 7.28-7.37 (m, 4H), 7.59-7.65 (m,
2H), 7.75 (d, 2H, J = 7.2 Hz).

13C NMR (100 MHz, MeOD-d.) & 35.5 (rotamer) and 37.3, 39.4 and 39.5 (rotamer), 39.9 (rotamer)
and 40.0, 41.1 (rotamer) and 41.2, 46.3 (rotamer) and 46.5, 48.3, 50.7 (2C) and 53.0 (one rotamer of
the two carbon), 57.3, 67.8, 73.7 and 73.8 (rotamer), 120.9 (2C), 126.2, 126.4, 128.2 (2C), 128.8
(2C), 142.5, 145.0, 145.5, 158.4, 172.4, 172.5, 176.1.

HRMS (ESI+) Calcd for C43H49CINgNaOgS, [M + Na]*: 899.2634, found 899.2614.

tert-Butyl
((R)-2-(2-(2-(2-((TR,11R,12S,15R)-17-amino-12-((tert-butoxycarbonyl)oxy)-7-((tert-butyldimeth
ylsilyl)oxy)-11-((4S,5S)-5-cinnamyl-2,2-dimethyl-1,3-dioxolan-4-yl)-2,2-dimethyl-4,9,13,17-tetr
aoxo-3-oxa-5,10,14-triazaheptadecan-15-yl)-1,3-dithiolan-2-yl)-N-methylacetamido)acetamido
)-3-(6-chloro-1H-indol-3-yl)propanoyl)glycinate 240

o [\ CONH,
S S

Ce5Hg7CINgO16S,Si
Exact M. = 1372.5922
M. = 1374.19 g-mol™’

t—BquC

e

Step 1) Fmoc-deprotection: To a solution of tetrapeptide
Fmoc-mPyrAA-Sar—Trp(6-Cl)—Gly—Ot-Bu 239 (9.0 mg, 10 umol, 1.1 eqg.) in MeOH (1 mL) at
room temperature was added Et,NH (29.3 mg, .0.40 mmol, 40 eq,). The resulting mixture was
stirred at room temperature for overnight (> 16 h), completed. Then concentrated under reduced
pressure, and evaporated with CH,Cl, (2 mL x 3) to remove the residue of Et,NH cleanly, to give

the crude of desired free tetrapeptide amine (9.2 mg, t = 100%, combined with DBF, TLC: R; =
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Experimental Part

0.10 (EtOAc/MeOH = 95/5)) as a pale-yellow waxy solid.

Step (2) Coupling with GABOB—APTO derivative 236: To a solution of GABOB—-APTO derivative
236 (8.1 mg, 11 umol, 1.1 eq.) in CH,CI, (0.5 mL) under argon at room temperature was added
PyBroP (5.6 mg, 12 umol, 1.2 eq.) and DIEA (5.2 mg, 40 umol, 4 eq.), respectively. A solution of
free tetrapeptide amine crude 239 (9.2 mg, 10 umol, 1 eq.) in CH,CI;, (0.5 mL) was then added at
room temperature. The resulting mixture was stirred for 16 h at room temperature. The mixture was
diluted with CH,ClI, (20 mL) and washed with brine (20 mL) to give the organic layer, which was
dried over MgSQ,, filtered and concentrated under reduced pressure. Flash chromatography on
silica gel (EtOAc/MeOH = 95/5, 90/10) gave the desired hexapeptide
Boc—GABOB-APTO—mPyrAA—Sar—Trp(6-Cl)—-Gly—Ot-Bu 240 (4.5 mg, 33%) as a colorless oil.

TLC: Ry = 0.50 (EtOAC = 100%)

IR (ATR) v 3330, 2951, 2927, 2855, 1748, 1664, 1529, 1456, 1368, 1276, 1252, 1162, 1093, 839
cm

'H NMR (400 MHz, CDCls) & 0.10 (s, 3H), 0.13 (s, 3H), 0.90 (s, 9H), 1.35 (s, 3H), 1.43 (s, 21H),
1.50 (s, 9H), 2.36-2.68 (M, 5H), 2.89 (s, 3H), 2.97-3.06 (M, 2H), 3.17-3.34 (m, 9H), 3.66-3.81 (m,
3H), 3.90-4.02 (2H), 4.12-4.31 (m, 2H). 4.64-4.67 (m, 1H), 4.75-4.81 (m, 1H), 4.83-4.87 (m, 1H),
5.06 (brs, 1H), 5.24 (s, 1H), 6.07-6.14 (m, 1H), 6.37 (d, 1H, J = 16.0 Hz ), 7.04-7.13 (m, 3H),
7.19-7.23 (m, 3H), 7.26-7.36 (m, 5H), 7.57 (d, 1H, J = 8.4 Hz), 7.93 (brs, 1H), 8.61 (brs, 1H).

HRMS (ESI+) Calcd for CesHe7CINgNaO16S,Si [M + Na]*: 1395.5814, found 1395.5774.
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French Summary

Le but de cette thése est de réaliser la premiere synthése totale de la microsclerodermin D,
un peptide macrocyclique d’origine marine possédant des propriétés biologiques intéressantes.
Nous envisageons de développer une voie de synthése de la microsclerodermine D modulable qui
pourrait étre valable pour la préparation d’autres membres de la famille et également d’analogues.
La difficulté majeure concerne le résidu d’acide hydroxypyrrolidinoacétique qui est trés sensible et
se déshydrate spontanément en milieu acide comme basique. Notre stratégie et donc de maintenir ce
résidu sous une forme masquée tout le long de la synthése et de le libérer lors de 1’ultime étape de la

synthese.

Ainsi, nous avons décidé d’assembler I’hexapeptide macrocyclique par couplage peptidique
dans des positions stratégiques entre trois dipeptides. Parmi les six amino acides qui composent la
microsclerodermine D, deux sont disponibles commercialement et donc notre premier objectif était

d’établir une voie d’acces pour chacun des quatre amino acides restant.

Dans un premier temps, nous nous sommes focalisés sur le dipeptide mask-(R)-PyrAA—Sar.
Nous avons réussi a développer une nouvelle voie d’accés aux y-amino-p-cétoesters benzyliques
sous forme énantiomériquement pure par condensation de Fmoc-UNCA avec un hémimalonate de
magnésium. Ce dipeptide a été choisi comme modele pour étudier notre stratégie de masquage
permettant 1’installation du résidu de 1’acide hydroxypyrrolidinoacétique qui est extrémement

sensible, et nous avons pu établir la preuve de concept de la validité de notre stratégie.

Ensuite, nous avons développé une synthese asymétrique du D-6-chlorotryptophane en
utilisant une méthode classique de synthése asymétrique d’a-amino acides basée sur 1’alkylation
d’une base de Schiff chirale obtenue a partir de la glycine et de la 2-hydroxypinanone. Pour finir un

simple couplage avec un glycinate nous a fourni le deuxiéme dipeptide 6-Cl-Trp—Gly.

Puis nous avons préparé un dérive protégé du GABOB en adaptant les méthodes disponibles
dans la littérature, ainsi qu’un dérivé de ’APTO grace a la voie de synthése développée au
laboratoire, et en adaptant les groupements protecteurs. Le couplage de ces deux amino acides nous

a donné le troisieme dipeptide GABOB—APTO.
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French Summary

Pour terminer les trois dipeptides ont été assemblés séquentiellement pour fournir un
hexapeptide linéaire. Cet hexapeptide sera ensuite cyclisé pour construire le macrocycle. Apres
déprotection des différentes chaines latérales, le résidue de 1’acide pyrrolidinoacétique masqué sera
déprotégé pour libérer le motif y-cétoamide qui cyclisera spontanément pour fournir la

microsclerodermine D.

296



ECOLE DOCTORALE

Sciences Chimiques: Molécules,
Matériaux, Instrumentation

et Biosystémes (2MIB)

®
universite
PARIS-SACLAY |

Titre : Synthése totale de la microsclerodermine D

Mots clés : synthése énantiosélective, peptide macrocyclique, couplage peptidique, B-amino acide,

[B-cétoester

Résumé: La microsclerodermine D est un
peptide macrocyclique d’origine marine qui
comporte six amino acides, dont deux sont
disponibles commercialement: la glycine
(Gly) et la sarcosine (Sar). Les quatre autres
acides: 1’acide  (R)-y-amino-f3-
hydroxybutyrique (GABOB), le

D-6-chlorotryptophane (6-CI-Trp), un 3-amino

amino

Notre objectif est de développer une voie de
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