
ABSTRACT 

LIN, YOU-CHEN. Synthesis of Polycyclic Guanidinium Alkaloids (Under the direction of Dr. 

Joshua G. Pierce). 

Polycyclic guanidinium alkaloids (PGAs) constitute a class of complex marine natural 

products exhibiting a broad range of biological activities such as antiviral, antitumoral, and 

antimicrobial activities; however, little information regarding their biological functions and targets 

is known mainly due to the low natural abundance and their challenging synthesis. Developing an 

efficient and modular synthetic approach towards PGAs is therefore critical to further develop 

these scaffolds as chemical probes. Herein, we report a novel synthesis of PGAs using bicyclic ß-

lactams as key intermediates. From these bicyclic ß-lactams, a short sequence of chemical 

transformations would allow access to PGA scaffolds and open the door to understanding their 

biological activity. A small library of batzelladine D and its analogs was generated, and screening 

of these compounds revealed the first antimicrobial evaluation of this family. The promising 

preliminary data suggest the potential for further development of the batzelladines for use as  

antimicrobal agents. In parallel, we plan to expand this synthetic approach to other PGAs such as 

the monanchocidin family. To this end, the progress toward the synthesis of monanchocidin A is 

described. (Counter ions of PGAs are omitted in this document for clarity) 

 



 

 

 

 

 

 

 

 

© Copyright 2021 by You-Chen Lin 

All Rights Reserved



Synthesis of Polycyclic Guanidinium Alkaloids 

 

 

 

 

 

by 

You-Chen Lin 

 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the 

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Chemistry 

 

 

 

Raleigh, North Carolina 

 

2021 

 

 

 

APPROVED BY: 

 

 

 

 

_______________________________ 

Dr. Joshua Pierce  

Committee Chair 

 

 

_______________________________ 

            Dr. Wei-Chen Chang 

_______________________________ 

Dr. Vincent Lindsay 

_______________________________ 

            Dr. Jonathan S. Lindsey 

 

 



ii 

 

DEDICATION 

This work is dedicated to my family for their constant support and love. Especially to my wife 

Vicky, who unconditionally roots for me and is my best supporter. 

  



iii 

 

BIOGRAPHY 

You-Chen was born and raised in Taiwan. He received his BS degree in Chemistry in 2014 

from National Taiwan Normal University, performing undergraduate research in Prof. Ming-

Chang P. Yeh’s lab, where he focused on developing Lewis acid-catalyzed enyne 

cycloisomerization reactions. During his undergraduate research, You-Chen fell in love with 

organic chemistry and learned countless wisdom from Prof. Yeh. After fulfilling a one-year 

military service in Taiwan, he traveled to the United States in 2016 and began his journey toward 

a PhD in organic chemistry. Under the guidance of Prof. Joshua G Pierce and co-workers, he has 

mastered organic synthesis and gained knowledge in chemical biology. You-Chen’s research in 

the Pierce group has focused on the divergent synthesis of complex molecules and their biological 

evaluation.  

 

 

  



iv 

 

ACKNOWLEDGMENTS 

Prof. Pierce 

Thank you for being such an amazing advisor and for the opportunity to work with you. I really 

appreciate your generosity and support with everything from life to chemistry over the years. 

Under your guidance and inspiration, I have become closer to the person that I dreamt to be. The 

impact over the past 5 years has been the most significant things in my life and could have never 

been bought. I learned how to be a successful chemist, thoughtful person, and mature student. It 

has been a pleasure not only since you always allow me the freedom to explore science but also 

since I will forever be a member of the Pierce group family. I am more thankful than I can express. 

 

Prof. Lindsay 

Thank you for being my on committee and the willingness to share your knowledge with me over 

the past 5 years. Your advice, enlightenment and technical assistance really have had a great 

influence on my career. I will always remember your invaluable wisdom and your kindness. 

 

Prof. Chang 

Thank you for being my on committee and all the help in the past 5 years. Without you, I would 

have never had a chance to learn more about the deeper biology related how to culture and setup 

biocatalytic reactions correctly. I really appreciate your constant support during my entire PhD. 

 

 



v 

 

Prof. Lindsey 

Thank you for being on my committee and allowing me to audit the MedChem lecture that you 

taught. It’s a great course and I benefited a lot from it. I never thought The Coming Plague would 

be that soon. You are really a prophet! 

 

Prof. Huseth 

Thank you for the support and being on my GSR committee over the past 5 years. 

 

Scott Huang 

I want to thank you for being such a good friend and teacher in my first year. Those experimental 

skills and suggestions that I learned from you have saved me a lot of time. 

 

Yasamin 

I am really appreciated having you be my mentor during my first year. You are one of the kindest 

people that I have ever met. You gave me countless useful advice from lab to life. I always 

remember how you helped me overcome the bad days in the lab and assisted me in solving the 

mysterious reaction puzzles.  

 

 

 



vi 

 

Yunlong 

Thank you for allowing me to work with you and be my mentor when I was a first year. I learned 

a lot of valuable knowledge and skills from you. I cannot imagine if you were not in my first-

year life. 

 

Aubert 

I would like to thank you for being one of the best teammates and friends that I ever have had. 

Honestly, I almost certainly could not had accomplished what I have so far without you. Those 

two years that we worked together are the most influential years of my PhD. I am truly grateful to 

you for the guidance and support over the years. 

 

Kaylib, Crissi, and Alain  

I really enjoy working with you in the lab every day. Thank you for the great friendship and all the 

help including consultation, moving, and support. Moreover, I would like to thank especially 

Kaylib and Crissi for the training me to conduct the bio-assays. 

 

Anna  

I want to thank you for the friendship and the support that you always provide. I really enjoy 

working with you. The lab is always organized so well because of your dedication. You are one of 

the most reliable people that I know, you never commit things that you cannot deliver on.  



vii 

 

Bram 

Thank you for the friendship and being my English teacher over the years. You are one of the 

friendliest people that I have ever met. Since the first year, you have helped me with so many 

things and never say no to me. I am really thankful to be the same year as you. 

 

Patrick  

I would like to thank you for the presentation making skill lessons and research support over the 

years. With your inspiration, I have become more and more confident in preparing scientific 

reports. Since you graduated, I really miss going to the gym day with you and Graham. 

 

Grant  

It is an amazing experience to work with you. Thank you for always be patient to discuss in great 

detail with my scientific questions. I am impressed by your ability to convey difficult ideas in a 

simple manner.  

 

Minhua and Nick 

I want to thank you for the friendship and all the help including scientific support and inspiration 

over the years.  

 

 



viii 

 

Alex 

I am grateful that you are my best labmate during my early years. I always remember those nights 

that we spent in the lab together working eagerly to obtain results. I really miss those days since 

you moved to Caltech. 

 

Xiang  

Thank you for joining the PGAs project. It is a pleasure to work with you. I am really excited to 

see the promising results that you got. I hope things will keep going well in the future. 

 

Zhanhao 

Thank you for allowing me to work with you for the ansalactam project. I look forward to the 

future of this work. 

 

Thane 

Thank you for the friendship and the support over the years. I will miss those weekly buffet days 

with you and Anuran when I graduate. 

 

Jennifer, Peter, Roger, Danielle 

I would like to thank you for the inspiration, training and assistance for use of mass spectrometry, 

NMR spectrometry and X-ray facility. I am extremely thankful that the NC State Molecular, 



ix 

 

Education, Technology and Research Innovation Center (METRIC) has such a great team to work 

with. Over the years, I learned numerous NMR experiments from Peter and Jennifer, invaluable 

X-ray crystallography skills from Roger and mass spectrometry analysis tips from Danielle. 

Without you, I am not sure if my dissertation story would be the same. 

 

Leo, Janet, and Sabrina 

Last, I want to thank my previous roommates. I am really grateful that you were my roommates 

in the first two years of my PhD. It was a great time! 



x 

 

TABLE OF CONTENTS 
 

LIST OF SCHEMES.................................................................................................................... xiv 

LIST OF TABLES ...................................................................................................................... xvii 

LIST OF FIGURES ..................................................................................................................... xix 

LIST OF ABBREVIATIONS ....................................................................................................... xx 

Chapter 1: General Introduction ................................................................................................ 1 

1.1 New era of total synthesis ..................................................................................................... 1 

1.2 The intimate relationship between natural products and drug discovery .............................. 4 

1.3 Antibiotic development and antimicrobial resistance crisis .................................................. 5 

1.4 Marine natural products ...................................................................................................... 10 

1.5 Polycyclic guanidinium alkaloids from marine sponges .................................................... 11 

1.6 Biosynthetic hypothesis of PGAs ........................................................................................ 12 

Chapter 2: Development of a divergent synthesis toward (±)-batzelladine D ....................... 14 

2.1 Isolation and structural diversity of the batzelladines ......................................................... 14 

2.2 Previous synthetic studies toward trans-tricyclic guanidinium core .................................. 16 

2.2.1 Snider’s approach to the tricyclic guanidinium core .................................................... 16 

2.2.2 Overman’s approach to the tricyclic guanidinium core................................................ 17 

2.2.3 Nagasawa’s approach to the tricyclic guanidinium core .............................................. 18 

2.2.4 Gin’s approach to the tricyclic guanidinium core ........................................................ 19 

2.2.5 Evans’s approach to the tricyclic guanidinium core ..................................................... 20 



xi 

 

2.2.6 Herzon’s approach to the tricyclic guanidinium core ................................................... 21 

2.3 Overview of proposed synthetic strategy toward polycyclic guanidinium alkaloids.......... 22 

2.4 Initial retrosynthetic analysis of batzelladine D .................................................................. 24 

2.5 Development of trans-selective bicyclic β-lactam .............................................................. 24 

2.5.1 Preparation of disubstituted ß-lactam ........................................................................... 25 

2.5.2 Study of palladium-catalyzed intramolecular cyclization ............................................ 26 

2.5.3 Preparing substrate for aza-Michael addition ............................................................... 29 

2.5.4 Development of intramolecular aza-Michael cyclization ............................................. 30 

2.6 Preparation of functionalized bicyclic β-lactam ................................................................. 32 

2.7 Model study of bicyclic β-lactam opening .......................................................................... 34 

2.8 Model study of secondary alcohol oxidation ...................................................................... 38 

2.9 Model study of guanylation/oxidation ................................................................................ 39 

2.10 Study toward the stereoselective dehydration/reduction precursor ................................... 41 

2.11 Efforts towards endgame reduction................................................................................... 42 

2.12 Conclusion ......................................................................................................................... 45 

2.13 Experimental Details ......................................................................................................... 46 

Chapter 3: Completion the synthesis of (±)-batzelladine D .................................................... 80 

3.1 Revised retrosynthetic analysis ........................................................................................... 80 

3.2 Development of a streamlined synthesis of the functionalized bicyclic β-lactam .............. 81 

3.2.1 Synthesis of bicyclic β-lactam ...................................................................................... 81 



xii 

 

3.2.2 Study toward stereoselective second ketone reduction ................................................ 85 

3.3 Study toward endgame strategy and completion the synthesis of (±)-batzelladine D ........ 86 

3.4 Conclusion ........................................................................................................................... 89 

3.5 Experimental Details ........................................................................................................... 90 

Chapter 4: Development of enantioselective synthesis of batzelladine D and Initial 

antimicrobial evaluation ........................................................................................................... 112 

4.1 Development of enantioselective synthesis toward batzelladine D .................................. 112 

4.1.1 Study toward asymmetric Grignard addition .............................................................. 113 

4.1.2 Miscellaneous attempts toward enantioenriched β-lactam synthesis ......................... 115 

4.2 Successful development of the synthesis toward both enantiomers of batzelladine D ..... 117 

4.3 Antimicrobial evaluation of batzelladine D and its stereochemical analogues ................. 120 

4.4 Outlook .............................................................................................................................. 122 

4.5 Conclusion ......................................................................................................................... 123 

4.6 Experimental Details ......................................................................................................... 123 

Chapter 5: Progress Towards the Synthesis of the Monanchocidin A Core ....................... 145 

5.1 Isolation and structure of the monanchocidins .................................................................. 145 

5.2 Previous synthetic studies toward the syn-pentacyclic guanidinium core ........................ 146 

5.2.1 Murphy’s approach to the guanidinium core .............................................................. 146 

5.2.2 Snider and Shi’s biomimetic approach to the guanidinium core ................................ 147 

5.2.3 Overman’s enantioselective approach to the guanidinium core ................................. 148 



xiii 

 

5.2.4 Nagasawa’s 1,3-dipolar cycloaddition approach to the guanidinium core ................. 149 

5.3 Initial retrosynthetic analysis ............................................................................................ 150 

5.4 Synthetic studies towards cis-bicyclic β-lactam via photoredox oxidative cyclization .... 151 

5.5 Synthetic studies towards cis-bicyclic β-lactam via intramolecular C-H functionalizatio 154 

5.6 Revised retrosynthetic analysis ......................................................................................... 156 

5.6.1 Energy difference calculation of cis/trans bicyclic β-lactam ..................................... 157 

5.7 Other synthetic studies towards cis-pyrollidine formation ............................................... 158 

5.7.1 Study toward cis-bicyclic β-lactam formation via 5-exo-trig radical cyclization 

approach ............................................................................................................................... 158 

5.7.2 Lewis acid promoted ring opening/epimerization approach ...................................... 161 

5.7.3 Development of cis-selective intramolecular aza-Michael cyclization ...................... 163 

5.8 Outlook .............................................................................................................................. 165 

5.9 Conclusion ......................................................................................................................... 166 

5.10 Experimental Details ....................................................................................................... 166 

REFERENCES .......................................................................................................................... 176 

 

  



xiv 

 

LIST OF SCHEMES 

Scheme 1 Sinder's biosynthetic hypothesis for PGAs .................................................................. 13 

Scheme 2 Thomas's new biosynthetic hypothesis of PGAs ......................................................... 13 

Scheme 3 Snider’s approach to the tricyclic guanidinium core ................................................... 17 

Scheme 4 Overman’s approach to the tricyclic guanidinium core ............................................... 18 

Scheme 5 Nagasawa’s approach to the tricyclic guanidinium core ............................................. 19 

Scheme 6 Gin’s approach to the tricyclic guanidinium core ........................................................ 20 

Scheme 7 Evans’s approach to the tricyclic guanidinium core .................................................... 21 

Scheme 8 Herzon’s approach to the tricyclic guanidinium core .................................................. 22 

Scheme 9 Overview of the proposed approach toward PGAs ..................................................... 23 

Scheme 10 Initial retrosynthetic analysis of batzelladine D (60) ................................................. 24 

Scheme 11 Proposed 5-exo-trig cyclization strategy ................................................................... 25 

Scheme 12 Preparation of disubstituted ß-lactam 123 ................................................................. 25 

Scheme 13 Preparation of aza-Heck precursor 134 ..................................................................... 28 

Scheme 14 Preparation of model aza-Michael substrate 137 ....................................................... 30 

Scheme 15 Deprotection of model aza-Michael precursor with TBAF ....................................... 32 

Scheme 16 Preparation of enone side chain 140 .......................................................................... 32 

Scheme 17 Preparation of disubstituted ß-lactam 143 ................................................................. 33 

Scheme 18 trans-Bicyclic β-lactam formation ............................................................................. 33 

Scheme 19 Methanolysis of bicyclic β-lactam 138 ...................................................................... 34 

Scheme 20 Model study of β-lactam opening with n-butanol ...................................................... 37 

Scheme 21 Attempted tandem cross metathesis/intramolecular aza-Michael reaction ................ 38 

Scheme 22 Attempted tandem three-component reaction ............................................................ 38 



xv 

 

Scheme 23 Model study toward a guanylation/dehydration reaction .......................................... 40 

Scheme 24 Model study of guanylation/oxidation ....................................................................... 41 

Scheme 25 Preparation of the dehydration/reduction precursor 164 ........................................... 42 

Scheme 26 Preparation of boroxines ............................................................................................ 42 

Scheme 27 Potential undesired retro-aza-Michael pathway ........................................................ 44 

Scheme 28 Attempted stepwise endgame approach ..................................................................... 44 

Scheme 29 Revised retrosynthetic analysis of batzelladine D (60) ............................................. 80 

Scheme 30 A more concise preparation strategy towards disubstituted ß-lactam ....................... 82 

Scheme 31 Preparation of first stereoselective ketone reduction precurosr ................................. 83 

Scheme 32 Preparation of bicyclic ß-lactam 192 ......................................................................... 85 

Scheme 33 Preparation of endgame precursors............................................................................ 87 

Scheme 34 Proposed enantioselective synthesis toward β-lactam 182 ...................................... 112 

Scheme 35 Miscellaneous attempts toward enantioenriched β-lactam synthesis ...................... 115 

Scheme 36 Attempts toward enantioselective synthesis of β-lactam 213 .................................. 116 

Scheme 37 Study toward the synthesis of chiral β-lactam by C-H insertion ............................. 117 

Scheme 38 Gram-scale synthesis of (+) bicyclic β-lactam 192 ................................................. 118 

Scheme 39 Gram-scale synthesis of (-) β-lactam 182 ................................................................ 119 

Scheme 40 Attempts to the synthesis of disubstituted -lactam 230 ......................................... 119 

Scheme 41 a) Synthesis of (-)-batzelladine D; b) Synthesis of (+)-batzelladine D.................... 120 

Scheme 42 Murphy’s approach to the guanidinium core ........................................................... 147 

Scheme 43 Snider and Shi’s biomimetic approach to the guanidinium core ............................. 147 

Scheme 44 Overman’s enantioselective approach to the guanidinium core .............................. 148 

Scheme 45 Nagasawa’s 1,3-dipolar cycloaddition approach to the guanidinium core .............. 149 



xvi 

 

Scheme 46 Initial retrosynthetic analysis of the monanchocidin A core ................................... 150 

Scheme 47 Iminium ion generation via photoredox catalysis .................................................... 151 

Scheme 48 Proposed strategies toward cis-bicyclic β-lactam via intramolecular C-H insertion 154 

Scheme 49 Attempts toward intramolecular C-H insertion using donor-acceptor diazo amide 156 

Scheme 50 Revised retrosynthetic analysis of cis-bicyclic ß-lactam 258 .................................. 156 

Scheme 51 Energy calculation of cis/trans bicyclic β-lactam.................................................... 157 

Scheme 52 Attempts toward the cis-bicyclic β-lactam formation.............................................. 157 

Scheme 53 Proposed radical cyclization toward the synthesis of bicyclic β-lactam 293 .......... 158 

Scheme 54 Proposed TBN promoted cyclization mechanism ................................................... 159 

Scheme 55 Attempted TBN promoted cyclization ..................................................................... 159 

Scheme 56 Alternative proposed radical cyclization using RAE ............................................... 160 

Scheme 57 Preparation of amidyl radical precursor ................................................................... 161 

Scheme 58 Possible solution toward cis-pyrrolidine formation ................................................. 162 

Scheme 59 Proposed synthesis toward cis-pyrrolidine containing PGAs .................................. 165 

Scheme 60 Other alternative approaches toward the cis-bicyclic β-lactam formation .............. 166 

 

  



xvii 

 

LIST OF TABLES 

Table 1 Palladium-catalyzed intramolecular aminobromination ................................................. 27 

Table 2 Palladium-catalyzed intramolecular carbonylative amidation ........................................ 27 

Table 3 Palladium-catalyzed intramolecular carboamination ...................................................... 28 

Table 4 Palladium-catalyzed intramolecular aza-Heck cyclization ............................................. 29 

Table 5 Model study of intramolecular aza-Michael reaction ..................................................... 31 

Table 6 Attempted β-lactam opening under basic condition........................................................ 35 

Table 7 Attempted β-lactam opening under basic condition with simplified side chain 148 ...... 35 

Table 8 Attempted β-lactam opening under acidic condition with simplified side chain 148 ..... 36 

Table 9 Model study toward oxidation of the secondary alcohol to a ketone .............................. 39 

Table 10 Model study toward the installation of guanidine core ................................................. 40 

Table 11 Efforts towards stereoselective reduction ..................................................................... 43 

Table 12 First stereoselective ketone reduction ........................................................................... 84 

Table 13 Selected second stereoselective ketone reduction attempts .......................................... 86 

Table 14 Study toward final double inversion via a Mitsunobu-type approach .......................... 88 

Table 15 Study toward endgame via sequential guanylation/alcohols activation/cyclization ..... 89 

Table 16 Full table of second stereoselective ketone reduction attempts .................................. 103 

Table 17 Development of an efficient synthetic access to azetidinone 180 ............................... 113 

Table 18 Selected attempts toward asymmetric Grignard addition ........................................... 114 

Table 19 Antimicrobial evaluation of stereochemical analogues and key intermediates. ......... 121 

Table 20 Full table of attempts toward asymmetric Grignard addition ..................................... 127 

Table 21 Antimicrobial evaluation of stereochemical analogues and key intermediates. ......... 143 

Table 22 Selected attempts toward photoredox oxidative cyclization ....................................... 153 



xviii 

 

Table 23 Attempts toward intramolecular C-H insertion using acceptor-acceptor diazo amide 155 

Table 24 Attempts toward the preparation of amidyl radical precursor 302 ............................. 160 

Table 25 Attempts toward cis-pyrrolidine formation via ring opening/epimerization approach162 

Table 26 Attempts toward bicyclic β-lactam formation using MacMillan catalyst ................... 163 

Table 27 Studies toward cis-bicyclic β-lactam formation .......................................................... 164 

Table 28 Full table of attempts toward photoredox oxidative cyclization ................................. 169 

 

  



xix 

 

LIST OF FIGURES 

Figure 1 Selected milestones of natural product syntheses from 1820 to 2020 ............................. 2 

Figure 2 Examples of clinically relevant complex molecule enable by scalable synthesis ........... 3 

Figure 3 Quinine and quinine inspired antimalarial agents ........................................................... 5 

Figure 4 Example of utilizing natural product as entry to unexplored biological space ............... 5 

Figure 5 Chemical evolution of tetracycline antibiotics ................................................................ 7 

Figure 6 History of antibiotic discovery and identified resistance ................................................ 9 

Figure 7 Example of marine natural products .............................................................................. 10 

Figure 8 Polycyclic guanidinium alkaloids .................................................................................. 12 

Figure 9 Batzelladine alkaloids .................................................................................................... 15 

Figure 10 Undesired byproducts from β-lactam opening ............................................................ 37 

Figure 11 Possible dehydration intermediates ............................................................................. 44 

Figure 12 Monanchocidins......................................................................................................... 146 

Figure 13 Halogenation products ............................................................................................... 153 

 

  



xx 

 

LIST OF ABBREVIATIONS 

AcOH: Acetic acid 

Ar: Aryl 

Boc: tert-butoxycarbonyl 

Bu: Butyl 

n-BuLi: n-Butyllithium 

cat.: Catalytic 

ACN: Acetonitrile 

CHCl3: Chloroform 

CH2Cl2: Dichloromethane 

MeOH: Methanol 

CD4: Cluster of differentiation 4 

CO: Carbon monoxide 

COSY: Correlation spectroscopy 

CSA: Camphor sulfonic acid 

DCM: Dichloromethane 

DIBAL-H: Diisobutylaluminium hydride 

DMSO: Dimethylsulfoxide 

dr: Diastereomer 



xxi 

 

EDG: Electron donating group 

Equiv: Equivalence 

Et2O: Diethyl ether 

Et: Ethyl 

G-II: Grubbs 2nd generation catalyst 

Gp120: Glycoprotein 120 

h: Hour 

HG-II: Hoveyda-Grubbs 2nd generation catalyst 

HIV-1: Human immunodeficiency virus 1 

HMBC: Heteronuclear multiple bond correlation 

HRMS: High resolution mass spectroscopy  

HSQC: Heteronuclear single quantum correlation 

hν: Light 

IC50: Half maximal inhibitory concentration 

IPA: Isopropyl alcohol 

KHMDS: Potassium hexamethyldisilazide 

KOH: Potassium hydroxide 

LC-MS: Liquid chromatography mass spectrometry  



xxii 

 

LDA: Lithium diisopropylamide 

M: Molar 

MCR: Multicomponent reaction 

MDR: Multidrug-resistant 

min: Minutes 

MRSA: Methicillin-resistant S. aureus 

Ms: Mesyl 

MVK: Methyl vinyl ketone 

M: Micro molar 

NaH: Sodium hydride 

NEt3: Triethyl amine 

NHPI: N-Hydroxyphthalimide  

NMO: N-Methylmorpholine N-oxide 

NMR: Nuclear magnetic resonance 

NPs: Natural products 

NOESY: Nuclear overhauser effect spectroscopy 

Nu: Nucleophile 

PG: Protecting group 



xxiii 

 

PGAs: Polycyclic guanidinium alkaloids 

p56lck: Lymphocyte-specific protein tyrosine kinase 

Ph: Phenyl 

PPTS:  Pyridinium p-toluenesulfonate 

PTC: Phase transfer catalyst 

p-TsOH: para-Toluene sulfonic acid 

RAE: Redox-active ester 

RAM: Retro-aza-Michael  

RB flask: Round bottom flask 

ROESY: Rotating frame nuclear overhauser effect spectroscopy 

rt: Room temperature 

SAR: Structure-activity relationship 

SM: Starting material 

SN2: Nucleophilic substitution 

S. aureus: Staphylococcus aureus 

TBAF: Tetrabutylammonium fluoride 

TBN: tert-Butyl nitrite 

TBS: Tertbutyldimethylsilyl 



xxiv 

 

TBDPS: tert-Butyldiphenylsilyl 

TFA: Trifluoroacetate 

THF: Tetrahydrofuran 

TLC: Thin layer chromatography 

TMP: 2,2,6,6-Tetramethylpiperidine 

TMS-EBX: 1-[(Trimethylsilyl)- ethynyl]-1,2-benziodoxol-3(1H)-one 

TPAP: Tetrapropylammonium perruthenate



1 

 

Chapter 1: General Introduction 

 

1.1 New era of total synthesis 

 Total synthesis is considered to be the artistic branch of chemistry, whereby choreographed 

and creative design, complex molecules such as natural products (NPs), bioactive ingredients, and 

almost every stable molecule that we can imagine can be designed and made in the laboratory with 

enough resources.1,2  

The game changing, Friedrich Wöhler serendipitous discovered the synthesis of urea in 

1828 which proved the concept of natural product construction in the laboratory.3,4 After this time, 

the field of organic synthesis (i.e. total synthesis) eventually blossomed and has significantly 

impacted human life (Figure 1). Subsequent to this initial discovery, the synthesis of acetic acid 

and glucose were reported one after another in the nineteenth century. Moving to the twentieth 

century, the explosive advancement of technologies, namely X-ray crystallography, IR, UV-Vis, 

mass spectrometry, and NMR spectrometry, as well as accumulated synthetic wisdom, drove the 

field forward at an unprecedented pace. Several intriguingly complex molecules were generated 

and characterized in the lab for the first time as highlighted in Figure 1. The journey from the 

synthesis of a simple two carbon skeleton (i.e. acetic acid) to one of the most daunting molecules, 

Vitamin B12, took merely a hundred years of development.5,6 The evolution of complex organic 

synthesis could not have been realized without two Nobel Laureates in the field, R. B. Woodward 

and E. J. Corey, who turned this art of science into an inventive and logical discipline. K. C. 

Nicolaou once said “If Woodward graced organic synthesis with art, E. J. Corey bestowed logic 

to it by introducing and practicing retrosynthetic analysis ”.7 This quote adequately represents the 

contribution of both pioneers to the synthetic field, especially total synthesis. Additionally, other 

achievements such as new chemical transformations and reagents including catalytic 
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hydrogenation of olefins, Diels–Alder reaction, Wittig reaction and Grignard reagents were all 

developed during the 20th century.7 The increase in accessible molecular complexity and structural 

diversity are correlated closely to the increasing capabilities developed within the field of total 

synthesis, which is summarized in Figure 1.  

 

Figure 1 Selected milestones of natural product syntheses from 1820 to 2020 

In recent years, total synthesis has matured from being applied for structural elucidation  to 

a more expanded scientific scope such as targeting scalable access toward scarce bioactive 

molecules to facilitate drug discovery, achieving higher and sophisticated molecular complexity, 

and driving new method development.1,8 Chemists already demonstrated that the field had matured 

enough to be capable of synthesizing highly complex molecules as displayed in Figure 1; however, 

the field has not matured enough in terms of generating meaningful and tangible amount of 

material for every target.9 A few modern examples of recent advancements in utilizing scalable 

total synthesis (i.e. gram-scale quantities of the key intermediate or final target generation) as the 
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solution to access naturally scarce and highly valuable bioactive molecules are highlighted in 

Figure 2. Halaven® (15), a fully synthetic analogue of the marine natural product halichondrin B, 

was synthesized by the Kishi group and Eisai Inc. in multi-hundred gram-scale, which addressed 

the major supply issue in clinical trials. This effort ultimately led to the successful launch of 

Halaven® (15) as an FDA-approved liposarcoma drug in 2016.10 Another classic case is the large 

scale synthesis of (+)-discodermolide (16) that overcame the supply issue in clinical evaluation. 

Because of the promising anti-cancer properties and lack of sufficient quantities of discodermolide 

(16) that was isolated from a deep ocean sponge, scientists at Novartis developed a decagram-scale 

synthesis of (+)-discodermolide (16) to keep the clinical trial progressing forward. Finally, ingenol 

(18), a precursor of commercially available actinic keratosis drug (Picato®) is a fantastic example 

of modern synthesis in action. Since the supply of ingenol and Picato® both came from the natural 

sources, flexible diversification of these molecules was a major limitation for further development. 

Establishment of a scalable and modular approach toward the synthesis of ingenol would therefore 

be critical to overcome this bottle-neck. A collaboration between the Baran lab and Leo Pharma 

successfully streamlined the synthesis of ingenol (18) and secured the gram-scale quantities of key 

intermediate 17.11 This achievement allowed the possibility of generating improved analogues for 

further applications. 

 

Figure 2 Examples of clinically relevant complex molecule enable by scalable synthesis 
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The twenty-first century is a new era of total synthesis. Standing on the shoulders of giants, 

our synthetic arsenal has been expanded by a variety of new synthetic methods, our analytical 

toolbox advanced to a highly precise level and our knowledge shaped by pioneers’ cumulative 

experience. As highlighted by the remarkable evolution of this field, the current focus of this field 

is to shift from the proof-of-concept state to the aim for ideality (e.g. scalability, step-, atom-, 

redox-economy, modularity, operational complexity, and efficiency) with the goal of utilizing the 

targeted compounds as tools for translational science.12 

1.2 The intimate relationship between natural products and drug discovery 

Natural products, small molecules produced from living organisms, have been historically 

used to treat a variety of diseases. The earliest documented records can be traced back to 2600 B.C. 

which used the ingredient from Cupressus sempervirens and Commiphora species to treat colds 

and inflammation.13 Nowadays, NPs still play an important role in drug discovery as a privileged 

source of bioactive molecules.14 An analysis of natural products as sources of new drugs over the 

past four decades from 1981 to 2019 demonstrated that more than 68% of all small molecule 

approved drugs are natural product related.15 It is quite remarkable to realize how crucial NPs are, 

and there are great examples to showcase how natural products can  impact human health.  Malaria, 

a deadly ancient tropical disease, has impacted humanity for at least 4700 years.16 Not until the 

1600s did western people discover that cinchona bark could effectively treat malaria infection; the 

actual active component, quinine (19), was later identified in 1820 (Figure 3).17,18 Quinine (19) 

then became widely used as an anti-malaria drug until 1920s when a more effective analogues (20) 

was synthesized in lab in 1934 by Bayer.19,20 Subsequently, more quinine (19) inspired analogues 

(21-23) were introduced to combat the later faced drug resistance that emerged with clinical use 

of these molecule (Figure 3).21 
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Figure 3 Quinine and quinine inspired antimalarial agents  

Natural products can also be used as starting point to develop novel therapeutics that are 

not related to their own biological space. For example, morphine (24) is a natural product that is 

widely used as pain medication. Morphine (24) can be synthetically rearranged to apomorphine 

(25) by treating it with acid (Figure 4).22 Interestingly, 25 has gained a wide range of other 

biological activities against several receptors (e.g. dopamine receptor, adrenergic receptor and 5-

HT2 receptors) but it lost the binding affinity to the opioid receptors which is responsible for the 

analgesic response of 24. Ultimately, 25 is currently used as a treatment for Parkinson's disease 

and erectile dysfunction.23 This example highlights the utility of using natural products as tool to 

explore novel chemical space and how the power of simple modifications of natural product can 

lead to different biological target engagement.  

 

Figure 4 Example of utilizing natural product as entry to unexplored biological space 

1.3 Antibiotic development and antimicrobial resistance crisis 

The discovery of antibiotics is one of the biggest achievements in human history as 

microorganisms have always been a threat to humanity. A single wound infection could easily take 
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a person’s life in the pre-antibiotic era and modern surgeries or medical procedures such as 

chemotherapy, or organ transplants wouldn’t be possible without the use of antibiotics.24 On the 

other hand, the emergence of drug-resistant bacteria has become one of the most critical threats to 

public health.25–27 Several strategies have been taken to counteract the ongoing issue of 

antibacterial resistance such as the prevention of infections and the spread of pathogens, reduced 

antibiotic prescription, and the development of new antibiotics. As chemists, developing or 

discovering new antibiotics is an ongoing goal and natural products represent an exciting starting 

point.  

A notable example of antibiotic development was the discovery of the tetracycline 

antibiotics, represented by chlortetracycline (26), which was first isolated in 1948 by Benjamin 

Duggar from the cultured Streptomyces aureofaciens.28,29 As one of the early identified broad-

spectrum antibiotics (active against of several Gram-positive and Gram-negative bacteria), 

chlortetracycline (26) received a lot of attention which quickly led to the first semisynthetic 

tetracycline antibiotic 27, which was subsequently found to be a natural product. Compared to 26, 

tetracycline (27) possessed similar bioactivities with less toxicity.30 Not surprisingly, 27 quickly 

became the most prescribed broad-spectrum antibiotic in the U.S by the end of the 1950s. The 

innovation of chemical modification on known a natural antibiotic might seemed trivial nowadays 

but it represents a landmark in antibiotic development that provided an inroad to different 

approaches to obtain new antibiotics. This impactful discovery ultimately led to several 

generations of improved drugs including minocycline (28) and tigecycline (29) that are potent 

against several multidrug-resistant (MDR) bacteria. However, the constant evolution of bacteria 

resulted in slow resistance development to the known medicine that were used to fight them. 

Therefore, constant upgrades to our antibiotic arsenal would continue to be necessary.  At this time 
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of antibiotic development there were still some obvious hurdles to efficient semisynthesis that 

needed to be overcome and ultimately shaped the field into a new fully synthetic era of antibiotic 

development. In order to explore the inaccessible modifications of the natural product by 

semisynthesis, fully synthetic approaches started to gain traction. Although a fully synthetic route 

could be costly and sometimes provides only limited quantities of material. An ideal route would 

provide the ability to modify almost every position of the molecule which opens the possibility or 

more profound modifications that semisynthesis was unable to attain. The synthesis of 

eravacycline (30) is an excellent example of a fully synthetic tetracycline antibiotic that was 

approved by the FDA in 201831; it demonstrated the power and practicability of fully synthetic 

approaches in drug discovery that do not rely on starting from an existing complex molecule.   

 

Figure 5 Chemical evolution of tetracycline antibiotics 

Unfortunately, the analogue generation strategy, either by semi- or total synthesis, still has 

its limitations and has proven to be an ineffective long-term solution to counteract the antibiotic 

resistance crisis due to the rapid evolution of bacteria.32 The new generations of analogues tend to 
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drive a quick buildup of resistance based on known resistance mechanisms. Further, due to 

frequent horizontal gene transfer, bacteria can transfer antibiotic resistance to other bacteria that 

were once susceptible to antibiotics.33 As a result, more and more antibiotics are no longer effective 

for the treatment of clinically relevant infections.  

A trend towards this fate is shown in the summarized timeline of antibiotic development 

and resistance highlighted in Figure 6.34 Since the discovery of penicillin in 1928, lots of new 

antibiotic scaffolds were discovered and applied into clinical use.35–38 Although, more and more 

resistant bacteria started to appear, scientists countered the problem by discovering or developing  

new antibiotics (i.e the golden era of antibiotic discovery). It was a successful strategy at first, 

however, the situation changed when the rate of production and identification of new classes of 

antibiotics diminished since the 1970s. The gradual decrease in antibiotic discovery and the 

evolution of resistant pathogens has ultimately led to the current crisis of antibiotic resistance.39 

No new classes of antibiotic against Gram-negative bacteria were discovered and introduced into 

clinical use since the 1960s and Gram-positive bacteria since the 1980s. We were living in an era 

that can be termed the ‘antibiotic discovery void’, with only recent years seeing a comeback in 

antibiotic development (Figure 6).40,41  
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Figure 6 History of antibiotic discovery and identified resistance 

Due to the rapid evolution of bacteria, antibacterial resistance is nearly an inevitable 

consequence. Even though there are some promising ways to stop the resistance like combination 

therapy35, there is still an urgent need for new classes of antibiotics to alleviate the current 

dwindling arsenal of drugs to fight against bacteria.42 There are several barriers that drive the 

reluctance to antibiotic development, for example, inadequate funding for antibiotic drug 

discovery programs, difficulty of finding new classes of antibiotics or low profit after compounds 

development.33,40,42,43 Fortunately, there has been a shift in public perception on this issue and there 

is momentum to overcome these commercialization barriers. Through the start of incentivization 

by governments and non-profit organizations, we are starting to see the revival of antibiotic 

discovery.44 As shown at the end of  Figure 6, new classes and novel mechanism of action of new 

compounds were revealed that possess promising antibacterial properties.35,45–53 Through a 

continual gain of momentum, we might be able to counteract the antimicrobial resistance crisis in 
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the near future. The development of drugs now, before there is a bacterial driven pandemic is 

critical, and is required as the development requires significant time and resource allocation.  

1.4 Marine natural products 

The marine environment is one of the most prolific sources of chemically complex and 

biologically active molecular scaffolds.54,55 Over the past few decades, marine natural products 

have attracted considerable attention from the scientific community, with at least 8 marine natural 

product derivatives being approved as drugs and at least 30 MNP derivatives reaching clinical 

trials.56,57 The exceptionally diverse/harsh marine environment (i.e. high temperature variation, 

hypoxia, high salt and high pressure conditions) breed these unique natural products that are 

usually distinct from terrestrial molecules.58 Selected bioactive MNPs with great chemical 

diversity (11, 31-33) are highlight in Figure 7.  

 

Figure 7 Example of marine natural products  



11 

 

Considering less than 0.01% of the deep-sea environment has been sampled in detail and 

the fact there is a higher success rate in drug development, it is postulated that the marine 

environment offers an excellent platform for next-generation drug discovery.59,60 Furthermore, to 

the best of our knowledge, even though several NMPs showed promising antibacterial activity, 

there has not been any MNP derived or inspired antibiotic achieving FDA approval as drug to this 

date, which mainly results from the same impediments of antibiotic development described in 

Section 1.3. However, due to the growing antimicrobial resistance crisis, there is an opportunity 

to search the oceans for novel treatments and chemically access these structures to tune and 

optimize them for use as next generation antibiotics.61,62 

1.5 Polycyclic guanidinium alkaloids from marine sponges 

As an active member in the drug discovery/organic synthesis field, the Pierce group is 

interested in complex molecule synthesis and biological evaluation, with a focus on the field of 

antibiotic development. Considering the unique potential of bioactive marine natural products, my 

project was centered on a class of bioactive molecules known as the polycyclic guanidinium 

alkaloids (PGAs), which are mainly produced by marine sponges.63–65 

As shown in Figure 8, PGAs are a class of structurally complex and biologically active 

marine natural products which usually consist of three parts: a guanidinium core (vessel unit), fatty 

acid chain (linker), and amine-derived moiety (anchor unit) and mainly exist as tri- or penta-cyclic 

skeletons with either a cis- or trans-pyrrolidine subunit. Due to their wide range of structural 

diversity and broad spectrum of biological activity, the scientific community has been fascinated 

by these molecules since they were discovered in 1989.66 
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Figure 8 Polycyclic guanidinium alkaloids 

1.6 Biosynthetic hypothesis of PGAs 

Due to the unique structural features and broad spectrum of bioactivities, PGAs have 

attracted the scientific community for decades. Surprisingly, the metabolic pathway of how these 

molecules were produced has only been proposed67–69 and had not been experimentally explored 

until recently. In 2019, the Thomas group implemented a radiolabeled in vitro feeding experiment 

to reveal strong evidence for PGAs biosynthesis.70 Before Thomas’s discovery, the 

polyketide/guanidine condensation biosynthetic hypothesis proposed by Snider was the well-

accepted proposal for the origin of PGAs (Scheme 1). However, the isolation of the alkaloids in 

the crambescine family caused reconsideration of the origin their biosynthetic pathway because of 

the recurring structural pattern, -substituted guanidinopyrrolidine.71 Through combination of 

literature precedent and experimental observation, an alternative biosynthesis was proposed and 

depicted in Scheme 2. Starting from L-arginine (44), an oxidative deamination/decarboxylation or 
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a decarboxylation/oxidative deamination proceeded to generate 4-guanidinobutanal (47), which 

can then undergo a tethered Biginelli condensation with various fatty acid derivatives like 49 to 

yield the central 1-aminopyrrolo[1,2-c] pyrimidine core 50. Using core 50 as biosynthetic platform, 

a diversified chemical transformation such as esterification, second Mannich-type reaction or 

oxidation-reduction reaction process could proceed to provide a wide range of structural distinct 

natural product including PGAs (58). With the success of the feeding experiments, Thomas and 

coworker also demonstrated the chemical feasibility by performing a bio-inspired total synthesis, 

which again ensured the value this newly proposed biosynthetic hypothesis. 

 

Scheme 1 Sinder's biosynthetic hypothesis for PGAs 

 

Scheme 2 Thomas's new biosynthetic hypothesis of PGAs 
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Chapter 2: Development of a divergent synthesis toward (±)-batzelladine D 

 

2.1 Isolation and structural diversity of the batzelladines 

Batzelladines A-E (39, 12, 59-61) were the first five batzelladine members isolated from 

the Caribbean sponge Batzella sp. by Patil and co-workers in 1995 (Figure 9).72 These molecules 

were reported to be inhibitors of HIV through disruption of protein–protein interactions. 

Batzelladines A (39) and B (12) were the first natural products showing inhibition of the binding 

of HIV-1 gp120 to human CD-4.73,74 Following the first discovery of batzelladines, more members 

in this family were discovered, such as batzelladines F–M.75–77 Among those compounds, 

batzelladine G (64) possesses the ability to induce dissociation of the protein tyrosine kinase p56lck 

complex from CD4 at low concentration (24 µM), and it has been demonstrated that this step is 

required for antigenic activation to take place. Instead of antiviral activity, batzelladine C (59), 

batzelladine L (63), and batzelladine M (65) have displayed activity against several bacteria, 

including C. albicans, C. neoformans, S. aureus, P. aeruginosa, M. intracellulare, and MRSA, 

with MIC values ranging from 0.31–20 µg/mL. Additionally, batzelladine L (63) showed activity 

against M. tuberculosis with a MIC of 1.68 µg/mL. The wide range of the biological activities of 

these molecules highlights the potential value for their further investigation. 
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Figure 9 Batzelladine alkaloids 

As shown in Figure 9, this unique class of natural products features a broad spectrum of 

structural diversity and they exist as a decahydro- or octahydro-triazaacenaphthylene skeleton with 

different oxidation states. The structures were originally proposed on the basis of chemical 

degradation, NMR spectroscopy analysis, and mass spectrometry analysis. Through total synthesis, 

several structures of the batzelladines have been revised since their original isolation reports. 

Batzelladines A–M (39, 12, 59-66) all contain at least one tricyclic guanidinium core, which 

possess either a cis- or trans-pyrrolidine moiety in the core. The most complex members in this 

family, batzelladines A (39) and B (12) possess a crambescin A (67) side chain. Batzelladines C 

(59), D (60), and E (61) are the simplest members, which contain a 4-guanidino-butyl side chain. 
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2.2 Previous synthetic studies toward trans-tricyclic guanidinium core 

Due to the architectural complexity, low natural abundance and impressive biological 

activities, tricyclic guanidinium alkaloids have been studied extensively by several groups and 

have revealed valuable information regarding their possible biosynthetic pathways and molecular 

properties since their first isolation. From a synthetic perspective, these highly polar, charged 

species along with multiple stereogenic centers make these alkaloids an ideal target for total 

synthesis and methods development. Herein, several different approaches toward the anti-tricyclic 

guanidinium core are highlighted. 

2.2.1 Snider’s approach to the tricyclic guanidinium core 

The Snider group utilized a biomimetic approach, which had been developed for the 

synthesis of the pentacyclic portion of ptilomycalin A (40)67, to construct the tricyclic portions of 

batzelladines A (39) and D (60) and revise the stereochemistry of the pyrrolidine core (Scheme 

3).78 Starting from a 1:1 mixture of bis enone stereoisomers 68, which was prepared in 4 steps, a 

double Michael addition was performed with O-methylisourea to afford a 6:1 mixture of the trans 

and cis isomers 69 in >35% yield. After separation of the undesired cis isomer, reduction of the 

ketone of trans 69 followed by ammonolysis and Dess-Martin oxidation of the alcohol, trans-

tricyclic ester 70 was generated. To finish the synthesis, reduction of 70 with NaCNBH3 followed 

by methyl ester hydrolysis, the trans-tricyclic acid 71 was prepared (yield was not reported after 

69). Although their approach could provide the trans-pyrrolidine core of the tricyclic ring system, 

they failed to control the C2 stereocenter which is crucial to make the correct structure of 

batzelladines A (39) and D (60). 
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Scheme 3 Snider’s approach to the tricyclic guanidinium core 

2.2.2 Overman’s approach to the tricyclic guanidinium core 

The Overman group reported the first enantioselective total synthesis of a batzelladine 

alkaloid (batzelladine D (60), Scheme 4).79 To construct the batzelladine alkaloids, the Overman 

group developed a series of methods relying on a tethered Biginelli condensation, which can 

generate either the cis- or trans-pyrrolidine moiety of the polycyclic guanidinium core.80,81 Their 

synthesis began with the enantioenriched guanidine 72 prepared in eleven steps. After cleavage of 

the dimethyl acetal, Biginelli condensation with β-ketoester 73 provided bicyclic guanidinium 74 

in >55% yield with 6.1:1 diastereoselectivity favoring the desired trans-stereoisomer. Mesylation 

of the secondary alcohol 74 followed by SN2 intramolecular cyclization afforded the tricyclic core 

in 60% yield. To complete the synthesis of batzelladine D (60), hydrogenation of the olefin 75 

over Rh/Al2O3 provided a mixture of diastereoisomer 76 and desired 77 in 42% and 27% yield, 

respectively. Final installation of the guanidine side chain completed the synthesis of batzelladine 

D (60) in 75% yield. 
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Scheme 4 Overman’s approach to the tricyclic guanidinium core 

2.2.3 Nagasawa’s approach to the tricyclic guanidinium core 

Nagasawa and coworkers developed a synthetic strategy utilizing two successive 1,3-

dipolar cycloadditions that can generate either the cis- or tran-pyrrolidine subunit82,83; the latter 

can be ultimately transformed into batzelladine D (60) (Scheme 5).84 Starting from nitrone 78 and 

undec-1-ene, a 1,3-dipolar cycloaddition generated the isoxazoline 79 in 95% yield. Subsequent 

treatment of 79 with m-CPBA regioselectively generated the nitrone followed by a second 1,3-

dipolar cycloaddition with methyl acrylate which approached from the less hindered face to 

stereoselectively afford the isooxazoline 80 in 62% yield over two steps. Reduction of the methyl 

ester, protection of the two hydroxyl groups with TBSCl and hydrogenolysis of the N-O bond with 

H2 on Pd/C yielded the 2,5-disubstituted pyrrolidine 81 in 62% yield over three steps. Bis-Cbz 

protected guanidine 83 was obtained by condensation with thiourea 82 in 84% yield. The formation 

of the bicyclic guanidine 84 proceeded smoothly under Mitsunobu reaction conditions in 64% 

yield. After several functional group manipulations and installation of the guanidine side chain, 
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bicycle 85 was formed in 37% yield over five steps. Finally, the synthesis was completed with a 

second Mitsunobu inversion and Cbz cleavage to provide batzelladine D (60) in 69% yield over 

two steps. In a later report by the same group, an enantioselective approach to batzelladine D (60) 

was developed by starting from an optically active nitrone in the first 1,3-dipolar cycloaddition. 

 

Scheme 5 Nagasawa’s approach to the tricyclic guanidinium core 

2.2.4 Gin’s approach to the tricyclic guanidinium core 

A diastereoselective [4 + 2]-annulation strategy has been developed by the Gin group, 

which provided access to the cores of the batzelladine alkaloids such as batzelladine D (60) 

(Scheme 6).85 The synthesis started from the chiral imine 86 which can be prepared in six steps 

and a subsequent [4+2]-annulation reaction with vinyl carbodiimide 87 provided the trans-

cycloadduct 88 in 88% yield. Deprotection of the resulting primary hydroxyl group, a long-range 

hydroxyl directed hydrogenation using Crabtree’s catalyst, and oxidation the primary alcohol, the 

hemiaminal 89 was generated in 78% yield over three steps. Hydrogenolysis the benzyl ester in 89 

then underwent a Z-selective Wittig olefination and introduced the guanidine-containing side chain 
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90, providing the cis olefin 91 in 66% yield over the three steps. To finish the synthesis, 91 

underwent a regio- and stereocontrolled intramolecular iodo-amination, a reductive deiodination, 

and Boc deprotection to yield batzelladine D (60) in 51% yield over three steps. 

 

Scheme 6 Gin’s approach to the tricyclic guanidinium core 

2.2.5 Evans’s approach to the tricyclic guanidinium core 

A unique enantioselective synthesis of batzelladine D (60) was reported by the Evans Lab 

(Scheme 7).86 Their strategy involved a key radical cyclization and a stereospecific rhodium-

catalyzed allylic amination to establish the trans-pyrrolidine subunit. First, alcohol 94 was formed 

with >30:1 dr in 84% yield by sequential treatment with the lithium anion of enantiomerically 

enriched 92 which was prepared in two steps from commercially available material and carbonate  

93 in the presence of Wilkinson’s catalyst and trimethyl phosphite. After hydrosilylation, 

transesterification, Mitsunobu inversion of the secondary alcohol with hydrogen azide, Tamao–

Fleming oxidation and conversion the primary alcohol to iodide, the alkyl iodide 95 was obtained 

in 47% yield over five steps. To furnish the trans-pyrrolidine moiety, a radical cyclization yielded 

the bicyclic compound 96 in 80% yield with good diastereoselectivity. The synthesis was 

completed by cleavage of the camphorsulfonyl group, imidate formation, reductive cyclization and 

elaboration of the guanidine side chain to provide batzelladine D (60) in 53% yield over four steps. 
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Scheme 7 Evans’s approach to the tricyclic guanidinium core 

2.2.6 Herzon’s approach to the tricyclic guanidinium core 

The Herzon group recently completed an elegant total synthesis to batzelladine B (12) 

depicted in Scheme 8.87 Their work provides a divergent and novel way to construct the complex 

cis-pyrrolidine containing tricyclic guanidinium alkaloids. The synthesis of dehydrotropane 101 

began from the N-amidinylpyrrole 99, which underwent a diastereoselective formal [4+3] 

cycloaddition with the α-diazo ester 100 by utilizing a chiral dirhodium(II) catalyst. Subsequent 

selective hydrogenation followed by electrophilic alkynylation with TMS-EBX 103 yielded the α-

alkynyl-β-ketoester 104 as a single diastereomer in 80% yield over three steps. Bicyclic pyrrolidine 

106 was generated from lithium benzyl octanoate 105 and β-ketoester 104 through a remarkable 

1,2-addition/retro-aldol ring-opening/proton transfer/isomerization/intramolecular Michael 

addition cascade sequence. To complete the synthesis of batzelladine B (12), a few chemical 

manipulations including cleavage of the benzyl ester, removal of the chiral auxiliary, coupling the 
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anchor fragment, carbamate cleavage, and cyclodehydration were performed in 11% yield over 

five steps. 

 

Scheme 8 Herzon’s approach to the tricyclic guanidinium core 

2.3 Overview of proposed synthetic strategy toward polycyclic guanidinium alkaloids 

After studying the previously described work from pioneers of the field, our group took 

advantage of their success and failures and planned to contribute to this field from the chemical 

probes development point of view. A common issue of the previous synthetic efforts toward PGAs 

was the inability to provide sufficient material that could allow comprehensive study of the true 

potential of PGAs as leads for drug discovery. This is primarily due to the length of the routes, the 

potentially low scalability, and the limited modularity for pinpoint diversification. Moreover, the 

stereocontrol of the ester bearing center complicates the synthesis in some cases. In order to enable 
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comprehensive biological studies of PGAs, we aimed to target an efficient and modular synthetic 

approach toward these molecular scaffolds. 

An overview of our synthetic strategy is shown in Scheme 9. This approach would provide 

a flexible, modular, and complementary access to the diverse families of polycyclic guanidinium 

alkaloids, such as monanchocidin A and batzelladine D (60). Both cis- and trans-pyrrolidine 

containing PGAs such as 107 and 60 could be generated from the common precursor disubstituted 

pyrrolidine 108, which would lead us back to the proposed key bicyclic ß-lactam intermediate 109. 

Through a stereoselective bicyclic ß-lactam formation, we could obtain 109 in either cis- or trans- 

fashion, which could act as masked ß-amino ester and prevent the need for extensive 

protection/deprotection steps. Moreover, we anticipated that the thermodynamic preference for the 

trans-disubstituted ß-lactam (H3 and H4) would control the stereochemistry of the ester bearing 

center found in the final target, which has often proved to be a challenge in previous PGA syntheses. 

 

Scheme 9 Overview of the proposed approach toward PGAs 

To demonstrate the feasibility of the devised synthesis, batzelladine D (60), a tricyclic 

guanidinium alkaloid with a trans-pyrrolidine subunit, stood out as particularly interesting target 

due to its structural complexity and its potential biological activity. 
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2.4 Initial retrosynthetic analysis of batzelladine D  

From a retrosynthetic perspective (Scheme 10), we anticipated the core of 60 could be 

accessed from the diketo precursor 110 via the intermediate 111 through a one pot stereoselective 

dehydration/reduction. Precursor 110 could be constructed through a ß-lactam ring opening 

reaction with appropriate alcohol 112 to lead us back to the key intermediate trans-bicyclic ß-

lactam 113, which was envisioned to arise from the disubstituted ß-lactam 114 through a 5-exo-

trig cyclization. Next, we proposed the disubstituted ß-lactam 114 could be accessed from the β-

hydroxyl amide 125, a known enantioenriched compound,88 through a ß-lactam formation. 

 

Scheme 10 Initial retrosynthetic analysis of batzelladine D (60) 

2.5 Development of trans-selective bicyclic β-lactam 

To fulfill our proposed goal, a transition metal-catalyzed intermolecular 5-exo-trig 

cyclization was first targeted to form the desired bicyclic ß-lactam 117 from olefin 116 (Scheme 

11). 
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Scheme 11 Proposed 5-exo-trig cyclization strategy 

2.5.1 Preparation of disubstituted ß-lactam 

Before exploring the asymmetric synthesis of batzelladine D (60), we began with targeting 

the racemic synthesis of a model compound such as 123 (Scheme 12). The preparation of the 

disubstituted ß-lactam 123 was initiated from acylation of Meldrum’s acid 118 using freshly 

prepared acyl chloride 119 followed by a thermal fragmentation, which released acetone and 

carbon dioxide and ketone reduction to give the β-hydroxy ester 120 in 77% yield over 3 steps.89 

Coupling of ester 120 with O-methylhydroxylamine hydrochloride, which then underwent a 

mesylation reaction to provide the methanesulfonate 121 in 72% yield over two steps.88 With 121 

in hand, heterogeneous ß-lactam formation via treatment with potassium carbonate in acetone 

under reflux was found to be a clean reaction without any detectable elimination product affording 

the ß-lactam 122 in 77% yield.90 An aldol reaction between 122 and propionaldehyde followed by 

a single electron reductive samarium iodide deprotection smoothly provided the disubstituted ß-

lactam 123 in 64% yield over two steps.91 

 

Scheme 12 Preparation of disubstituted ß-lactam 123 
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2.5.2 Study of palladium-catalyzed intramolecular cyclization 

With 123 in hand, an aminohalogenation strategy was first pursued (Table 1). In the 

presence of K2CO3 with Pd(II) and CuBr2 as the terminal oxidant92 (entry 1, Table 1) was found 

delivered a product with the desired mass; however, the NMR assignment was ambiguous to 

determine whether the product was a 5-exo-trig cyclization product 125 or 6-endo-trig cyclization 

product 126. We attempted to analyze the heterocycle through 2D NMR experiments; 

unfortunately, the chemical shift of C5 and C6 were almost identical which made the analysis 

difficult. Finally, we were able to grow a crystal via the vapor diffusion method (pentane/benzene) 

for X-ray analysis. To our surprise, instead of obtaining 125, X-ray analysis showed the reaction 

provided almost exclusively the [4.6]-fused bicycle 126. We attempted various conditions, such 

as attempted ring contraction using microwave or reflux in different solvents, the employment of 

different palladium sources and other conditions to explore the possibility of yielding the desired 

five membered ring, but none of the attempts were successful (entries 2-9, Table 1). It is worth 

noting that other attempts toward olefin activation such as epoxidation and iodination also failed 

to yield the desired product. 
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Table 1 Palladium-catalyzed intramolecular aminobromination 

 

Next, a series of palladium-catalyzed carbonylative amidation93,94 (Table 2) and 

palladium-catalyzed carboamination95–97 (Table 3) reactions were carried out.  

Table 2 Palladium-catalyzed intramolecular carbonylative amidation 
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A majority of the reactions proved unsuccessful and formed complex mixtures (entries 1-

2, Table 2, entries 1-2, Table 3). Notably, the nitrogen was more reactive than the alkene as a 

nucleophile under both conditions (entry 3, Table 2 and Table 3) and only cross-coupling products 

128 and 130 were obtained. Additionally, various bulky palladium sources or different ligands 

were tested, but no desired product was observed. 

Table 3 Palladium-catalyzed intramolecular carboamination 

 

To prepare the target substrate more efficiently, an alternative route was developed 

(Scheme 13). Deprotonation of methyl acetate followed by addition of readily available aldehyde 

131 gave the β-hydroxy ester 132 in 86% yield. Weinreb amide formation and mesylation followed 

by ß-lactam formation afforded the ß-lactam 134 in 58% yield over three steps.  

 

Scheme 13 Preparation of aza-Heck precursor 134 

Inspired by the work of Bower98 and Watson99 we were also interested in exploring an aza-

Heck type cyclization (Table 4). Unfortunately, under a variety of conditions none of the desired 
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product 135 was obtained and only starting material was recovered (entries 1-9, Table 4). It was 

hypothesized that the N-O bond was not activated enough. The approach was abandoned, since a 

straightforward modification of the functional group required on nitrogen was not readily available 

in our synthesis. 

Table 4 Palladium-catalyzed intramolecular aza-Heck cyclization 

 

2.5.3 Preparing substrate for aza-Michael addition 

Owing to the unexpected behavior of the nitrogen in our system, we planned to take 

advantage of its reactivity to develop an intramolecular aza-Michael reaction. To furnish the aza-

Michael precursor (Scheme 14), an aldol reaction between 122 and propionaldehyde, TBS 

protection of the secondary alcohol, and an ensuing samarium iodide deprotection provided the 

disubstituted ß-lactam 136 in 68% yield over three steps with 5:1 ratio of alcohol epimers, which 

is inconsequential as the alcohol would be oxidized to ketone at a later stage. To furnish the aza-

Michael precursor 137, a cross-metathesis reaction in the presence of second-generation Hoveyda-
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Grubbs’ catalyst (HG-II) and titanium (IV) isopropoxide was performed.88 The Lewis acid 

titanium additive was used to chelate the electron-rich functional groups, which can potentially 

coordinate to the ruthenium center and deactivate the catalyst. Under this combination, 137 was 

prepared smoothly in 93% yield.  

 

Scheme 14 Preparation of model aza-Michael substrate 137 

2.5.4 Development of intramolecular aza-Michael cyclization 

With precursor 137 in hand, efforts were focused on screening conditions that could furnish 

the bicyclic system. Several attempts were examined by past group members88, including different 

Lewis acids and stoichiometric or excess amounts of various bases; however, no success was 

achieved (entries1-12, Table 5). Most of the conditions turned out to provide either no reaction or 

decomposition, except when utilizing 2 equivalents of LiHMDS, a trace amount of desired product 

138 was isolated, but this reaction was haunted by reproducibility issues (entries 13, Table 5). 

After a careful examination of the previous results, the low yield, no reaction or lack of 

reproducibility could be explained by the fact that in the presence of excess base, the  proton can 

be deprotonated, thereby promoting a retro-aza-Michael (RAM) reaction, which would lead to the 

starting material or decomposition. Therefore, we decided to decrease the amount of base to induce 

the aza-Michael addition (entries 14-16, Table 5).100 Gratifyingly, the desired bicyclic β-lactam 

138 was observed in all cases and our optimized condition provided 135 in 89% yield with 10:1 

ratio of diastereomers (entries 15, Table 5). This result indicated that it is critical to use sub-

stoichiometric amount of base to avoid side reactions. Moreover, with lower temperatures (-78 °C 
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or 0 °C) the yield dropped and employment of other counter ions (K+ or Na+) and different bases 

such as NaH provided the same ratio of products as LiHMDS but with lower yield. With careful 

analysis by 2D NMR, we were able to determine the obtained major product 138 is trans-bicyclic 

β-lactam, which could be further derivatized to the PGAs with a trans-pyrrolidine moiety. 

Table 5 Model study of intramolecular aza-Michael reaction 

 

Furthermore, we also attempted to explore this reaction without protecting the secondary 

alcohol by exposing 137 to TBAF (Scheme 15). Unexpectedly, the deprotection/cyclization 

happened in the same pot with same diastereoselectivity but lower yield was observed. 
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Scheme 15 Deprotection of model aza-Michael precursor with TBAF 

2.6 Preparation of functionalized bicyclic β-lactam 

Having encouraging success, we moved on to prepare enone 140 as the necessary 

metathesis partner (Scheme 16). The preparation was straightforward with vinyl magnesium 

bromide undergoing a Grignard addition to decanal followed by oxidation of the secondary alcohol 

to furnish the desired enone 140. Surprisingly, the oxidation of the alcohol 139 proved to be 

problematic and low conversion was observed for Dess-Martin, Swern, or TEMPO oxidation.  

Fortunately, we found that by exposure of the crude alcohol 139 to excess activated manganese 

(IV) oxide for two days, enone 140 was obtained in 53% yield over 2 steps. 

 

Scheme 16 Preparation of enone side chain 140 

Next, starting from ß-lactam 134 which was prepared in 4 steps, an aldol reaction with 

excess of freshly distilled acetaldehyde provided a 5:1 mixture of separable alcohol epimers 141.  

Samarium iodide induced deprotection51 followed by cross-metathesis afforded the disubstituted 

ß-lactam 142 in good yield over two steps (Scheme 17). It should be noted that a cross-metathesis 

procedure in the presence of titanium additive was originally used as described earlier; however, 

the reaction did not proceed well and after consumption of 142, a jelly like polymer was formed 

which complicated the purification. Several purification methods were attempted, but no success 

was achieved. Additionally, various metathesis conditions were also performed, including G-II 



33 

 

and HG-II with different additives and different temperatures but most of them turn out to be low 

yielding (~30%). Finally, when a combination of HG-II and chlorodicyclohexylborane as a Lewis 

acid additive101 was used, the yield of 143 dramatically increased to 82% yield without any issue 

with purification.  

 

Scheme 17 Preparation of disubstituted ß-lactam 143 

The synthesis of bicyclic β-lactam 144 proceeded smoothly in the presence of the free 

hydroxyl group, whereas in our model, a TBS protecting group was employed. Utilizing the 

conditions that we developed previously, employing a sub-stoichiometric amount of base to induce 

the cyclization, the major trans-product 144 was obtained in 59% yield with an optimized 0.5 

equivalents of LiHMDS. The diastereoselectivity was not determined at this stage due to the 

alcohol diastereomers complicating the NMR spectral analysis. 

 

Scheme 18 trans-Bicyclic β-lactam formation 
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2.7 Model study of bicyclic β-lactam opening 

Having access to bicyclic β-lactam 144, we next explored the feasibility of the lactam 

opening. First, to demonstrate the β-lactam can be opened, model substrate 138 was treated with 

methanolic base at 40 °C to afford pyrrolidine 145 (Scheme 19).102 Despite the fact that the 

reaction was performed for 20 h and the reaction did not reach full conversion before being 

quenched, we confirmed that the disubstituted pyrrolidine 145 can be generated from bicyclic β-

lactam such as  138. 

 

Scheme 19 Methanolysis of bicyclic β-lactam 138 

With a successful proof of concept, 138 was subjected to the Ojima–Holton coupling under 

the standard conditions using LiHMDS to deprotonate the alcohol side chain 146 (entry 1, Table 

6).103 Various conditions were examined including different temperatures, crown ether additives, 

different bases, and solvents (entries 2-6, Table 6); disappointingly, all attempts resulted in 

recovery of starting material and no desired product was observed.  
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Table 6 Attempted β-lactam opening under basic condition 

 

To simplify the reaction, a less functionalized side chain 148, which was prepared in 4 

steps104, was employed in the lactam opening conditions (Table 7). Unfortunately, exhaustive 

attempts to open the lactam under basic condition failed. Interestingly, a Boc-transfer product 150 

was isolated under the DMAP conditions (entry 3, Table 7). 

Table 7 Attempted β-lactam opening under basic condition with simplified side chain 148 

 

The unexpected stability of bicyclic ß-lactam 138 under the basic conditions led us to 

further explore acidic conditions (Table 8). No reaction was observed using a combination of 
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cerium (III) chloride and DMAP at -45 °C to rt (entry 1, Table 8). Next, a combination of cerium 

(III) chloride and hydrochloric acid were tested (entry 2, Table 8). This time, the desired product 

149 was isolated along with a side product amino acid 151 (Figure 10). It should be noted that the 

amino acid 151 was unstable and decomposed quickly after purification. With this exciting result 

in hand, a Brønsted acid, HCl was used (entry 3, Table 8); however, the undesired amino acid 151 

was still detected. The amino acid 151 most likely arises from the hygroscopic nature of the HCl; 

therefore, a drying agent such as molecular sieves or sodium sulfate was used to inhibit the 

formation of 151. Unfortunately, the reaction was still plagued by the formation of acid 151. Lewis 

acids, including ytterbium (III) triflate and boron trifluoride diethyl etherate, were next screened, 

with the latter providing promising results (entries 4-5, Table 8). Full conversion and no 151 was 

observed, but undesired Boc-deprotected byproducts 152 and 153 were detected (Figure 10). 

Table 8 Attempted β-lactam opening under acidic condition with simplified side chain 148 
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Figure 10 Undesired byproducts from β-lactam opening 

To eliminate the undesired Boc cleavage issue, a simplified side chain, n-butanol, was 

introduced to generate 154 as a model study compound (Scheme 20). The formation of 154 

proceeded rapidly at 0 °C in 95% yield from 144 without any byproduct detected, but a 

diastereomeric mixture of products was isolated. The results suggested that instead of the C8 

alcohol epimer, there were more stereoisomers generated; however, due to the physical properties 

of these amine compounds, the separation was not straightforward, which made analysis difficult. 

It should be noted that one of the diastereomers was solid and significant efforts were attempted 

for crystallization, but all of them produced a needle-like crystal, which was not suitable for X-ray 

analysis to determine the stereochemistry. Hence, we decided to push our synthesis forward and 

determine the stereochemistry when the structure became more rigid. 

 

Scheme 20 Model study of β-lactam opening with n-butanol 

Moreover, a literature reported a tandem cross metathesis/intramolecular aza-Michael 

reaction, which can happen in the presence of HG-II and BF3·OEt2, was next attempted.105 

Following the reported conditions (Scheme 21), the amino acid 155 was observed, which indicates 

that the bicyclic ß-lactam was formed then subsequently opened. With the exciting results, directly 
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coupling the guanidine side chain 146 was attempted; however, instead of the desired 156, an 

unidentified product was formed. 

 

Scheme 21 Attempted tandem cross metathesis/intramolecular aza-Michael reaction 

Hence, a one pot condition (Scheme 22) was tried, and again, the same unidentified product 

was observed. At this point, the tandem condition was abandoned. 

 

Scheme 22 Attempted tandem three-component reaction 

2.8 Model study of secondary alcohol oxidation  

With alcohol 154 in hand, a selected number of oxidation trials were conducted as shown 

in Table 9. A variety of oxidants were investigated to convert the ß-amino-ß’-hydroxyl ester 154 

to the ß-amino-ß’-keto ester 157; however, either the over-oxidized product such as 158 or no 

reaction was observed (entries 1-6, Table 9). A PCC oxidation appeared more promising with full 

conversion of starting material without over-oxidized product detected (entry 7, Table 9); however, 
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during the purification, which involved filtering through Florisil (Magnesium silicate), diketone 

157 decomposed. 

Table 9 Model study toward oxidation of the secondary alcohol to a ketone 

 

2.9 Model study of guanylation/oxidation 

After realizing the instability of 157, we decided to install the guanidine core first before 

oxidizing the secondary alcohol. A number of guanylation conditions were surveyed as depicted 

in Table 10. Standard guanylation conditions (entires 1-2, Table 10) were performed and no 

reaction was observed. Lewis acids, such as CuCl2 and AgBF4, were also tried (entries 3-4, Table 

10), and in the latter condition, desired product 159 was found along with several unknown 

byproducts.106 Ultimately, we found out that HgCl2 was the most effective promoter in our 

guanylation system, which could be performed in either THF or DMF (entries 5-7, Table 10).107  
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Table 10 Model study toward the installation of guanidine core 

 

Owing to the potential toxicity of HgCl2, a different guanylation agent, N,N-bis-Boc-1-

guanylpyrazole, was  tested but it was not successful. Therefore, the mercury conditions were still 

the practical choice for our initial investigations. Additionally, attempts to directly generate the 

bicyclic compound 160 (Scheme 23) only led to starting material recovery. The lack of reactivity 

could be explained by the hinderance of 154 compared to the thiourea, which is prone to self-

condensation to form 161 upon activation by HgCl2. 

 

Scheme 23 Model study toward a guanylation/dehydration reaction 
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Following guanylation, oxidation of the secondary alcohol worked smoothly with Dess-

Martin periodinane to provide diketone 162 in 95% yield without observation of any over-oxidized 

byproducts (Scheme 24). 

 

Scheme 24 Model study of guanylation/oxidation 

2.10 Study toward the stereoselective dehydration/reduction precursor 

With all the required reactions in hand to assemble the natural product skeleton, we started 

to prepare the precursor 165 for batzelladine D (10) as shown in Scheme 25. Starting from the 

trans-bicyclic ß-lactam 145, which first underwent a lactam opening reaction using 

triphenylboroxine and Boc-protected guanidine side chain 147, the disubstituted pyrrolidine 157 

was obtain in 69% yield. Next, a mercury promoted guanidine formation followed by DMP 

oxidation proceeded as expected in good yield to afford the late-stage precursor diketone 165. It is 

worth noting that the first step in Scheme 25 employed a different condition than previously 

reported. The discovery of using triphenylboroxine was serendipitous and was uncovered when 

we were originally using an old bottle of triphenylborane and it worked efficiently to promote the 

coupling without any of the previously observed side products. However, when we purchased other 

new sources of triphenylborane in either neat or solution form, we could never reproduce the 

results. With several unsuccessful trials, we decided to expose the triphenylborane to air for 2 days 

and added it directly into an ongoing inactive coupling reaction; surprisingly, the inactive reaction 

started converting the starting material 145 to the desired product 157 as previously observed. This 

encouraging result led us to carefully analyze what substance really promoted the reaction. Finally, 



42 

 

by NMR analysis, we found out instead of triphenylborane, triphenylboroxine was the actual 

reagent that activated the lactam for the opening reaction.  

 

Scheme 25 Preparation of the dehydration/reduction precursor 164 

This serendipitous discovery resulted in further exploration of the triphenylboroxine 

derivative (Scheme 26). The results suggested that the electron rich derivative, tris(4-

methoxyphenyl)boroxine 168, was the most effective compound for ß-lactam opening. The 

mechanism for this reaction is not completely understood and further studies are underway in our 

lab.  

 

Scheme 26 Preparation of boroxines 

2.11 Efforts towards endgame reduction 

Finally, deprotection of the four Boc protecting groups in 164 and subsequent 

stereoselective reduction of the dehydration intermediate would constitute the endgame for our 
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synthesis. All of our attempts are described in Table 11. To establish the best deprotection 

condition, various solvents, temperatures, and acid sources were screened, with neat TFA standing 

out to be the most effective condition to remove four Boc groups.108  It is worth mentioning that 

the Boc group could not be removed via thermal condition and diketone 164 decomposed at 150 

°C. Following removal of the Boc groups, different reductants such as sodium 

cyanoborohydride109 in methanol (entry 1, Table 11), sodium trimethoxyborohydride (entry 2, 

Table 11), Pd/C, H2 (entry 4, Table 11) and polymethylhydrosiloxane110 (entry 3, Table 11) were 

explored for the stereoselective reduction. Unfortunately, all of these reducing conditions turned 

out to be either unreactive or yield the wrong diastereomers. After crude purification, no desired 

peaks were observed in all crude NMR analysis. 

Table 11 Efforts towards stereoselective reduction 

 

An explanation of these results could be that either the condensation intermediate (Figure 

11) was an enamine 171 not a imine 170 or a retro-aza-Michael reaction78,111,112 could happen after 
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the β-lactam opening steps (Scheme 27), which would ultimately favor the thermodynamic syn-

pyrrolidine product.  

 

Figure 11 Possible dehydration intermediates 

It is worth noting that ‘path a’ is more likely to happen based on the similarity to literature 

precedent.111 To address the first issue, hydrogenation conditions were employed (entries 4-6, 

Table 11). Under 1 atm conditions (entry 4, Table 11) the result showed no reactivity; however, 

under high pressure conditions, unidentified mixtures were isolated, which did not correspond the 

desired mass.  

 

Scheme 27 Potential undesired retro-aza-Michael pathway 

In parallel to the endgame described above, we also attempted the stepwise cyclization 

followed by dehydration/reduction approach (Scheme 28). However, all attempts were 

unsuccessful.   

 

Scheme 28 Attempted stepwise endgame approach 
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2.12 Conclusion 

In summary, a sub-stoichiometric base promoted intramolecular aza-Michael reaction was 

successfully developed, which allowed for us to overcome substantial challenges such as high ring 

strain, preferential intermolecular side reactions and stereoselectivity to access trans-bicyclic ß-

lactams. Moreover, we have successfully demonstrated the disubstituted pyrrolidines could be 

generated from our proposed key intermediate bicyclic ß-lactam. Unfortunately, the final 

stereoselective dehydration/reduction was fruitless; we speculated that these results could be 

explained by either hydride attacks from the wrong face or a RAM reaction occurs in the presence 

of the diketone functional group which would presumably scramble the preset stereocenter. Hence, 

we might not be able to obtain the desired final target from this approach. To address both issues, 

a revised synthesis was pursued. 
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2.13 Experimental Details 

General experimental procedures: All reactions were carried out under an inert argon 

atmosphere with anhydrous solvents under anhydrous conditions unless otherwise stated. Organic 

solvents were removed under reduced below 33 °C. Degassed solvents or reagents were degassed 

by sparging with argon for 20 minutes in an ultrasound bath at 25 °C.  All reactions, except those 

conducted in the presence of water were carried out in flame-dried apparatus. Yields refer to 

chromatographically purified yield, unless otherwise stated. Reactions were monitored by thin 

layer chromatography (TLC) analysis (pre-coated silica gel 60 F254 plates, 250 mm layer 

thickness) and visualization was accomplished with a 254 nm UV light and by staining with 

KMnO4 solution (1.5 g of KMnO4, 10 g of K2CO3, and 1.25 mL of a 10% NaOH solution in 200 

mL of water) with heating or iodine (1 g of I2 in 15 g of SiO2). Reactions were also monitored by 

LC-MS (2.6 mm C18 50 x 2.10 mm column). Flash chromatography on SiO2 was used to purify 

the crude reaction mixtures and performed on a Biotage Isolera utilizing Biotage cartridges and 

linear gradients. Atom numbering of the intermediates were used as the corresponding atom 

number that found in the final product batzelladine D. Diastereomeric ratio was determined by 

crude NMR spectroscopy. The spectral data for enantioenriched compounds were identical to 

racemic material. 

 

Materials: Tetrahydrofuran (THF) and dichloromethane (CH2Cl2) were obtained by passing the 

previously degassed solvents through activated alumina columns under nitrogen atmosphere. 

Triethylamine and N,N-diisopropylethylamine were distilled over CaH2. Deuterated solvents 

(containing 0.03 to 0.05 vol % tetramethylsilane, TMS) were purchased from Cambridge Isotope 



47 

 

Laboratories. All other reagents were purchased from commercial chemical companies and used 

without further purification, unless otherwise stated. 

 

Instrumentation: Melting points were determined using a Thomas Hoover Capillary Melting 

Point Apparatus. Infrared spectra were determined on the Agilent Cary 630 FTIR spectrometer 

and data are represented as frequency of absorption (cm-1). Optical rotation was measured on Jasco 

P-2000 polarimeter. 1H and 13C NMR spectra were obtained on a 400, 600 or 700 MHz instrument 

in CDCl3 or CD3OD unless otherwise noted. COSY, HSQC, and where necessary NOESY and 

HMBC spectra were used to aid structure assignments. Chemical shifts (δ) were reported in parts 

per million (ppm) with the residual solvent peak used as an internal standard (CDCl3 
1H NMR = 

7.26 ppm, 13C NMR = 77.16 ppm; CD3OD 1H NMR = 3.31, 4.87 ppm, 13C NMR = 49.0 ppm; 

TMS 1H NMR = 0 ppm, 13C NMR = 0 ppm) and multiplicities are reported as observed. The 

following abbreviations were used to report NMR peak multiplicities: s = singlet, d = doublet, t = 

triplet, q = quartet, p = pentet, m = multiplet, br = broad. Low resolution mass spectra were 

obtained using electrospray ionization (ESI). High-resolution mass spectra were obtained on a 

high-resolution mass spectrometer – the Thermo Fisher Scientific Exactive Plus MS, a benchtop 

full-scan Orbitrapä mass spectrometer – using Heated Electrospray Ionization (HESI).  The NC 

state small molecule X-ray facility collected and analyzed all X-ray diffraction data. 

 

 



48 

 

 

(±)-5-(1-Hydroxypent-4-en-1-ylidene)-2,2-dimethyl-1,3-dioxane-4,6-dione (S1): To a solution 

of 4-pentenoic acid (4.00 g, 39.1 mmol) in CH2Cl2 (20 mL) was added oxalyl chloride (5.47 g, 

43.1 mmol) at 25 °C under an argon atmosphere. The reaction was stirred at 25 °C for 3 h and 

concentrated under reduced pressure to afford the crude acid chloride 119. At the same time, to a 

solution of 2,2-Dimethyl-1,3-dioxane-4,6-dione (118) (5.23 g, 35.6 mmol) in CH2Cl2 (44 mL) at 

0 °C under an argon atmosphere was added pyridine (5.63 g, 71.2 mmol) dropwise. After 5 min, 

crude acid chloride 119 was added neat and the mixture was stirred at 0 °C for 1 h, then warmed 

to 25 °C for an additional 1 h. The mixture was then poured it into 2 M hydrochloric acid (50 mL), 

and the layers were separated. The organic layer was washed with 2 M hydrochloric acid (40 mL 

x 1), washed with water (40 mL x 1), dried (MgSO4) and reduced in vacuo to afford the crude 

Meldrum’s derivative S1 as a brown oil which was used in the next step without further 

purification.  

1H NMR (400 MHz, CDCl3) δ 5.90–5.80 (m, 1H), 5.12–5.01 (m, 2H), 3.20 (t, J = 7.47 Hz, 2H), 

2.50–2.42 (m, 2H), 1.73 (s, 6H);  

MS (ESI-): 225 ([M-H]-) 
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(±)-Methyl 3-oxohept-6-enoate (S2): A solution of Meldrum’s derivative S1 (5.03 g, 21.1 mmol) 

was refluxed in anhydrous methanol (23 mL). CO2 gas evolved during the reflux period. After 3 

h, the solvent was removed under reduced pressure to afford the crude product as a dark brown oil. 

The crude residue was purified by column chromatography (SiO2, gradient elution: 0% to 40%, 

EtOAc in hexanes) to provide the β-keto ester S2 (1.64 g, 86%) as a colorless oil. 

Rf = 0.45 (20% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 5.80 (ddt, J = 16.80, 10.22, 6.49 Hz, 1H), 5.09–4.98 (m, 2H), 3.74 

(s, 3H), 3.46 (s, 2H), 2.65 (t, J = 7.33 Hz, 2H), 2.38–2.32 (m, 2H). 

 

(±)-Methyl 3-hydroxyhept-6-enoate (120): Sodium borohydride (1.28 g, 33.4 mmol) was added 

to a solution of methyl ester S2 (4.00 g, 25.5 mmol) in methanol (26 mL) at 0°C. The mixture was 

warmed up to 25 °C and stirred for 2 h. After evaporation of the solvent, the residue was diluted 

in dichloromethane (25 mL) and water (25 mL). After further extraction with dichloromethane (25 

X 3 mL), the organic phase was washed with brine (25 x 1 mL), dried (Na2SO4) and concentrated 

under reduced pressure to afford the crude product as a yellow oil. The crude residue was purified 

by column chromatography (SiO2, gradient elution: 0% to 40%, EtOAc in hexanes) to provide the 

β-hydroxyl ester 120 (3.58 g, 88.9%) as a colorless oil.  

Rf = 0.30 (20% EtOAc in hexanes)  
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1H NMR (400 MHz, CDCl3) δ 5.82 (ddt, J = 16.94, 10.20, 6.70 Hz, 1H), 5.08–4.96 (m, 2H), 4.03 

(tdd, J = 8.23, 4.63, 3.27 Hz, 1H) 3.71 (s, 3H), 2.54–2.40 (m, 2H), 2.26–2.10 (m, 2H), 1.67–1.48 

(m, 2H). 

 

(±)-3-Hydroxy-N-methoxyhept-6-enamide (S3): To a suspension of O-Methylhydroxylamine 

hydrochloride (3.77 g, 44.3 mmol) in dry THF (221 mL) at -78 °C and under nitrogen atmosphere 

was treated with LiHMDS (121 mL,121 mmol, 1 M in THF). After 10 min, a solution of the ester 

120 (3.50 g, 22.1 mmol) in dry THF (22 mL) was added. The reaction was stirred for 4 h and 

quenched by addition of sat. aq. NH4 Cl (100 mL), warmed to 25 °C. The layers were separated, 

the aqueous layer was extracted with EtOAc (3 x 100 mL) and the organic layers were combined, 

washed with brine (1 x 200 mL), dried (Na2SO4) and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, gradient elution: 5% to 60%, acetone 

in dichloromethane) to provide the β-hydroxyl hydroxamate S3 (2.96 g, 77%) as a white solid. 

Rf = 0.33 (30% acetone in dichloromethane) 

1H NMR (400 MHz, CDCl3) δ 8.65 (br, 1H), 5.86–5.77 (m, 1H), 5.08–4.98 (m, 2H), 4.09–4.01 

(m, 1H), 3.78 (s, 3H), 2.34–2.11 (m, 3H), 1.68–1.52 (m, 3H) 

MS (ESI+): m/z 174 ([M+H]+). 
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(±)-1-(Methoxyamino)-1-oxohept-6-en-3-yl methanesulfonate (121): To a solution of S3 (2.96 

g, 16.9 mmol) in pyridine (17 mL) at 0 °C was added methyl sulfonyl chloride (2.34 g, 20.3 mmol) 

in a drop-wise manner. The mixture was stirred at 0 °C for an hour and allowed to warm to 25 °C 

gradually. The solvent was removed under reduced pressure and the crude product was dissolved 

in dichloromethane (1 mL). The solid was filtered off and the crude residue was purified by column 

chromatography (SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to provide the 

methanesulfonate 121 (4.01 g, 93%) as a viscous yellow oil. 

Rf = 0.16 (50% EtOAc in hexanes) 

1H NMR (300 MHz, CDCl3) δ 8.42 (br, 1H), 5.84–5.72 (m, 1H), 5.11–5.01 (m, 3H), 3.78 (s, 3H), 

3.05 (s, 3H), 2.54–2.47 (m, 2H), 2.23–2.15 (m, 2H), 2.02–1.88 (m, 2H); 

MS (ESI+): m/z 252 ([M+H]+). 

 

(±)-4-(But-3-en-1-yl)-1-methoxyazetidin-2-one (122): To a solution of methanesulfonate 121 

(2.00 g, 7.88 mmol) in acetone (79 mL) was added K2CO3 (4.40 g, 31.5 mmol) and the 

heterogenous mixture was heated to reflux. After 2 h, the solid was filtered off and the filtrate was 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to provide the β-lactam 122 (0.937 g, 

77%) as a light-yellow oil. 
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Rf = 0.47 (50% EtOAc in hexanes) 

1H NMR (300 MHz, CDCl3) δ) 5.81 (ddt, J = 16.74, 10.08, 6.51Hz, 1H), 5.10–5.00 (m, 2H), 3.88 

(ddt, J = 7.80, 5.20, 2.53 Hz, 1H), 3.80 (s, 3H), 2.77 (dd, J = 13.64, 5.21 Hz, 1H), 2.36 (dd, J = 

13.64, 2.44 Hz, 1H), 2.17 (q, J = 7.29 Hz, 2H), 2.04–1.93 (m, 1H), 1.74–1.64 (m, 1H) 

MS (ESI+): m/z 156 ([M+H]+). 

 

(±)-(3R,4S)-4-(But-3-en-1-yl)-3-((R)-1-hydroxypropyl)-1-methoxyazetidin-2-one (S4): To a 

solution of β-lactam 122 (0.49 g, 3.10 mmol) in THF (30 mL) at -78 °C was added LiHMDS (3.25 

mL, 3.25 mmol, 1 M in THF) under an argon atmosphere. The mixture was stirred for 2h, and the 

propionaldehyde (0.41 g, 7.02 mmol) was added. After 15 min, the mixture was quenched by 

addition of sat. aq. NH4 Cl (30 mL), warmed to 25 °C. The layers were separated, the aqueous 

layer was extracted with EtOAc (3 x 20 mL) and the organic layers were combined, washed with 

brine (1 x 30 mL), dried (Na2SO4) and concentrated under reduced pressure. The crude residue 

was purified by column chromatography (SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) 

to provide the disubstituted β-lactam S4 (0.48 g, 73%) as a yellow oil. 

Rf = 0.29 (50% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 5.81 (ddt, J = 16.85, 10.21, 6.59 Hz, 1H), 5.10–5.02 (m, 2H), 3.80 

(s, 3H), 3.79–3.74 (m, 2H), 2.65 (dd, J = 5.89, 2.26 Hz, 1H), 2.20–2.16 (m, 2H), 2.00–1.91 (m, 

1H), 1.77–1.70 (m, 1H), 1.67–1.60 (m, 2H), 1.00 (t, J = 7.42 Hz, 3H); 

IR (Diamond-ATR, neat) ṽmax: 3444, 2882, 2963, 1764, 1640, 1144  
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MS (ESI+): m/z 214 ([M+H]+). 

 

(±)-(3R,4S)-4-(But-3-en-1-yl)-3-((R)-1-hydroxypropyl)azetidin-2-one (123): To a solution S4 

(0.79 g, 3.66 mmol) in degassed THF (92 mL) and H2O (1.3 mL) at 0 °C under an argon 

atmosphere was added SmI2 (210 mL, 21.00 mmol, 0.1 M in THF) till a persistent deep-blue color 

formed. After 15 min, the mixture was quenched by addition of sat. aq. NaHCO3 (100 mL), 

warmed to 25 °C. The layers were separated, the aqueous layer was extracted with EtOAc (3 x 100 

mL) and the organic layers were combined, washed with brine (1 x 200 mL), dried (Na2SO4) and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 30% to 100%, EtOAc in hexanes) to provide the deprotection β-lactam 

123 (0.59 g, 88%) as a colorless oil. 

Rf = 0.21 (70% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 5.93 (br, 1H), 5.80 (tt, J = 13.08, 5.11 Hz, 1H), 5.09–5.01 (m, 2H), 

3.81 (q, J = 6.40 Hz, 1H), 3.53 (td, J = 6.76, 2.32 Hz, 1H), 2.87 (dd, J = 6.58, 2.29 Hz, 1H), 2.13 

(q, J = 7.14 Hz, 2H), 1.76 (q, J = 7.12 Hz, 2H), 1.65–1.61 (m, 2H), 1.00 (t, J = 7.42 Hz, 3H) 

IR (Diamond-ATR, neat) ṽmax: 3437, 3281, 2932, 2361, 2341, 1743, 1376 

MS (ESI+): m/z 184 ([M+H]+). 
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Cyclization approaches to form bicyclic -lactams 

As highlighted in our retrosynthetic approach, we require a [4.5]-fused bicyclic -lactam bearing 

a trans-pyrrolidine core. Herein are the briefly summary of our strategies toward the functionalized 

bicyclic -lactam. A number of approaches including aminohalogenation, amination/cross-

coupling, and carbonylative amidation resulted in no cyclization, but instead direct intermolecular 

reactivity. Owing to the unexpected behavior of the nitrogen, we planned to take advantage of its 

reactivity to develop an intramolecular aza-Michael cyclization to forge the ring. Finally, we were 

gratified to generate our desired [4.5]-fused bicyclic -lactam via this approach.  
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(±)-(3R,6S,7R)-3-bromo-7-((R)-1-hydroxypropyl)-1-azabicyclo[4.2.0]octan-8-one (126): 

Product 126 was prepared by modifying a known procedure.92 To a solution of 124 (299 mg, 1.63 

mmol), K2CO3 (456 mg, 3.26 mmol) and CuBr2 (1.10 g, 4.90 mmol) in THF (33 mL) was added 

Pd(OCOCF3)2 (56.0 mg, 0.16 mmol) at 0 °C and warmed to 25 °C. After 24 h, the reaction was 

diluted with diethyl ether (15 mL), filtered through a pad of Celite® and washed with Et2O. The 

mixture was concentrated under reduce pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 5% to 60%, acetone in CH2Cl2) to provide the bicyclic β-

lactam 126 (161 mg, 38%) as a white solid. Crystallization method: a portion of the product (2.5 

mg) was dissolved in a mixture of five drops of benzene and crystalized via the vapor diffusion 

method (pentane/benzene) over 40 hours at 25 °C. 

Rf = 0.61 (30% acetone in dichloromethane) 

1H NMR (700 MHz, CDCl3) δ 4.17 (dd, J = 13.26, 5.51 Hz, 1H), 3.82–3.77 (m, 2H), 3.31 (dd, J 

= 10.69, 4.34 Hz, 1H), 2.95 (dd, J = 13.17, 10.96 Hz, 1H), 2.85 (d, J = 5.67 Hz, 1H), 2.37 (dd, J = 

13.49, 3.77 Hz, 1H), 2.13 (dt, J = 13.53, 3.81 Hz, 1H), 1.82 (qd, J = 13.31, 3.12 Hz, 1H), 1.62–

1.56 (m, 2H), 1.48 (tdd, J = 13.61, 10.65, 3.22 Hz, 1H), 0.95 (t, J = 7.37 Hz, 3H) 

13C NMR (175 MHz, CDCl3) δ 166.2, 70.8, 63.3, 49.2, 46.5, 43.8, 33.8, 31.6, 28.4, 10.0 

MS (ESI+): m/z 262 ([M+H]+). 
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Crystallographic data of 126 

A colorless block-like specimen of C10H16BrNO2, approximate dimensions 0.136 mm x 0.252 mm 

x 0.543 mm, was used for the X-ray crystallographic analysis. The X-ray intensity data were 

measured. 

The total exposure time was 2.25 hours. The frames were integrated with the Bruker SAINT 

software package using a narrow-frame algorithm. The integration of the data using an 

orthorhombic unit cell yielded a total of 37863 reflections to a maximum θ angle of 35.06° (0.62 

Å resolution), of which 4779 were independent (average redundancy 7.923, completeness = 

100.0%, Rint = 3.34%, Rsig = 3.08%) and 4116 (86.13%) were greater than 2σ(F2). The final cell 

constants of a = 5.9297(4) Å, b = 9.0915(6) Å, c = 19.9795(14) Å, volume = 1077.09(13) Å3, are 

based upon the refinement of the XYZ-centroids of 712 reflections above 20 σ(I) with 4.983° < 2θ 

< 70.09°. Data were corrected for absorption effects using the Multi-Scan method (SADABS). The 

ratio of minimum to maximum apparent transmission was 0.648. The calculated minimum and 

maximum transmission coefficients (based on crystal size) are 0.4838 and 0.7469.  

The final anisotropic full-matrix least-squares refinement on F2 with 131 variables converged at 
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R1 = 2.47%, for the observed data and wR2 = 5.47% for all data. The goodness-of-fit was 1.031. 

The largest peak in the final difference electron density synthesis was 0.654 e-/Å3 and the largest 

hole was -0.498 e-/Å3 with an RMS deviation of 0.066 e-/Å3. On the basis of the final model, the 

calculated density was 1.617 g/cm3 and F (000), 536 e-. 

Sample and crystal data for 126.  

 

Identification code rds677 

Chemical formula C10H16BrNO2 

Formula weight 262.15 g/mol 

Temperature 100(2) K 

Wavelength 0.71073 Å 

Crystal size 0.136 x 0.252 x 0.543 mm 

Crystal system orthorhombic 

Space group P 21 21 21 

Unit cell dimensions a = 5.9297(4) Å α = 90° 

 b = 9.0915(6) Å β = 90° 

 c = 19.9795(14) Å γ = 90° 

Volume 1077.09(13) Å3  

Z 4 

Density (calculated) 1.617 g/cm3 

Absorption coefficient 3.792 mm-1 

F(000) 536 

Theta range for data collection 2.46 to 35.06° 

Index ranges -9<=h<=9, -14<=k<=14, -32<=l<=19 

Reflections collected 37863 

Independent reflections 4779 [R(int) = 0.0334] 

Coverage of independent 

reflections 
100.0% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.7469 and 0.4838 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2016/6 (Sheldrick, 2016) 



58 

 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 4779 / 0 / 131 

Goodness-of-fit on F2 1.031 

Δ/σmax 0.001 

Final R indices 4116 data; I>2σ(I) R1 = 0.0247, wR2 = 0.0521 

 all data R1 = 0.0342, wR2 = 0.0547 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0157P)2+0.3185P] 

where P=(Fo
2+2Fc

2)/3 

Absolute structure parameter 0.012(5) 

Largest diff. peak and hole 0.654 and -0.498 eÅ-3 

R.M.S. deviation from mean 0.066 eÅ-3 

 
 

 

(±)-methyl (2R,3S)-2-(but-3-en-1-yl)-3-((S)-1-hydroxypropyl)-4-oxoazetidine-1-carboxylate 

(128): A flame-dried Schlenk tube equipped with a magnetic stir bar was charged with the PdCl2 

(6.80 mg, 0.04 mmol) and Cu(OAc)2·2H2O (23.0 mg, 1.15 mmol) under a CO atmosphere 

(balloon). Methyl orthoacetate (4 mL) was added and the resulting solution was stirred at 25 °C. 

After 30 min, a solution of lactam 124 (70.0 mg, 0.38 mmol) in MeOH (4 mL) was added in one 

portion and the mixture was stirred at 40 °C. After 9 h, the mixture was quenched with sat. aq. 

NaHCO3 (5 mL), diluted with deionized water (5 mL), the aqueous layer was extracted with EtOAc 

(3 x 10 mL) and the organic layers were combined, washed with brine (1 x 20 mL), dried (Na2SO4) 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 10% to 100%, EtOAc in hexanes) to provide the 

carbamate 128 (39.5mg, 43%) as a yellow oil. 

Rf = 0.41 (50% EtOAc in hexanes) 
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1H NMR (400 MHz, CDCl3) δ 5.80 (ddt, J = 16.71, 10.15, 6.46 Hz, 1H), 5.09–4.99 (m, 

2H),3.94 (dt, J = 9.27, 3.49 Hz, 1H), 3.82 (s, 3H), 3.81– 3.75 (m, 1H), 2.94 (dd, J = 4.97, 3.12 

Hz, 1H), 2.27–2.21 (m, 2H), 2.16–2.11 (m, 3H), 1.68–1.62 (m, 2H), 0.99 (t, J = 7.40 Hz, 3H)  

IR (Diamond-ATR, neat) ṽmax: 3523, 2961, 1807, 1728, 1335. 

MS (ESI+): m/z 242 ([M+H]+). 

 

(±)-(3S,4R)-4-(but-3-en-1-yl)-3-((S)-1-hydroxypropyl)-1-phenylazetidin-2-one (130): A 

flame-dried Schlenk tube equipped with a magnetic stir bar was charged with the bromobenzene 

(72.7 mg, 0.46 mmol), Pd(OAc)2 (8.8 mg, 0.04 mmol), Dpe-phos, (42.0 mg, 0.08 mmol) and 

Cs2CO3 (28 mg, 0.88 mmol). A solution of the lactam 124 (70 mg, 0.38 mmol) in dioxane (6 mL) 

was and the mixture was heated to 60 °C. After 6 h, the reaction mixture was cooled to 25 °C, 

diluted with EtOAc (5 mL) and quenched (sat. aq. NH4Cl, 5 mL), the aqueous layer was extracted 

with EtOAc (3 x 10 mL) and the organic layers were combined, dried (Na2SO4) and concentrated 

under reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 5% to 50%, EtOAc in hexanes) to provide the aniline 130 as a colorless oil (24.8 mg, 25%)  

Rf = 0.61 (50% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 7.39–7.27 (m, 4H), 7.09 (dd, J = 7.21, 1.44 Hz, 1H), 5.82 (ddt, J 

= 16.62, 10.25, 6.36 Hz, 1H), 5.09–5.02 (m, 2H), 4.00 (dt, J = 9.58, 2.69 Hz, 1H), 3.87–3.83 (m, 

1H), 3.03 (dd, J = 5.93, 2.31 Hz, 1H), 2.26 (d, J = 4.71 Hz, 1H), 2.23–2.14 (m, 3H), 2.16–2.11 (m, 

3H), 1.76–1.67 (m, 2H), 1.03 (t, J = 7.42 Hz, 3H) 
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13C NMR (MHz, CDCl3) δ 166.1, 137.6, 137.3, 129.5, 129.5, 124.3, 117.5, 116.0, 72.0, 60.6, 54.5, 

31.1, 29.5, 29.5, 28.8, 10.4. 

IR (Diamond-ATR, neat) ṽmax: 3468, 2926, 2369, 1729. 

MS (ESI+): m/z 260 ([M+H]+). 

 

(±)-Methyl (Z)-3-hydroxynon-6-enoate (132): Prepared according to a literature procedureX: 

Lithium diisopropylamide (LDA) was formed by addition of n-BuLi (11.6 mL, 28.8 mmol, 2.47 

M in hexanes) to a solution of diisopropylamine (3.22 g, 31.8 mmol) in dry THF (80 mL) at -78 

°C under an argon atmosphere. After 15 min, methyl acetate (2.29 g, 30.8 mmol) was added to this 

light-yellow solution in a drop-wise manner. After 20 min cis-4-heptenal (131) (1.20 g, 10.3 mmol) 

in THF (1.4 mL) was added. The reaction was stirred for 2 h and quenched by addition of sat. aq. 

NH4 Cl (80 mL). The layers were separated, the aqueous layer was extracted with EtOAc (3 x 80 

mL) and the organic layers were combined, washed with brine (1 x 80 mL), dried (Na2SO4) and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 0% to 40%, EtOAc in hexanes) to provide β-hydroxyl ester 132 (1.64 g, 

86%) as a yellow oil. 

Rf = 0.22 (20% EtOAc in hexanes). 

1H NMR (300 MHz, CDCl3) δ 5.45–5.28 (m, 2H), 4.06–3.95 (m, 1H), 3.71 (s, 3H), 2.89 (br, 1H), 

2.55–2.38 (m, 2H), 2.20–2.12 (m, 2H), 2.10–2.00 (m, 2H), 1.65–1.40 (m, 2H), 0.95 (t, J = 7.5 Hz, 

3H) 

13C NMR (100 MHz, CDCl3) δ 173.6, 132.8, 128.2, 67.7, 52.0, 41.3, 36.6, 23.4, 20.7, 14.5 
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IR (Diamond-ATR, neat) ṽmax: 3444, 2967, 1737, 1303, 877  

HRMS m/z calculated for C10H19NO3 [M+H]+ 187.1329, found 187.1327 

MS (ESI+): m/z 187 ([M+H]+). 

 

(±)-(Z)-3-Hydroxy-N-methoxynon-6-enamide (S5): To a suspension of O-

Methylhydroxylamine hydrochloride (2.34 g, 27.4 mmol) in dry THF (137 mL) at -78 °C and 

under nitrogen atmosphere was treated with LiHMDS (75.6 mL, 75.6 mmol, 1 M in THF). After 

10 min, a solution of the ester 132 (2.56 g, 13.7 mmol) in dry THF (13 mL) was added. The reaction 

was stirred for 4 h and quenched by addition of sat. aq. NH4Cl (80 mL), warmed to 25 °C. The 

layers were separated, the aqueous layer was extracted with EtOAc (3 x 80 mL) and the organic 

layers were combined, washed with brine (1 x 100 mL), dried (Na2SO4) and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 5% to 60%, acetone in CH2Cl2) to provide the β-hydroxyl hydroxamate S5 (2.14 g, 77%) 

as a white solid. 

Rf = 0.33 (30% acetone in dichloromethane) 

1H NMR (300 MHz, CDCl3) δ 9.30 (br, 1H), 5.44–5.28 (m, 2H), 4.01 (br, 1H), 3.75 (s, 3H), 3.49–

3.41 (m, 1H), 2.28–1.93 (m, 6H), 1.59–1.47 (m, 2H), 0.94 (td, J = 7.5, 1.6 Hz, 3H) 

MS (ESI+): m/z 202 ([M+H]+). 
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(±)-1-(Methoxyamino)-1-oxohept-6-en-3-yl methanesulfonate (133): To a solution of  S5 (2.14 

g, 10.5 mmol) in pyridine (10.5 mL) at 0 °C was added methyl sulfonyl chloride (1.45 g, 12.6 

mmol) in a drop-wise manner. The mixture was stirred at 0 °C for an hour and allowed to warm to 

25 °C gradually. The solvent was removed under reduced pressure and the crude product was 

dissolved in dichloromethane (1 mL). The solid was filtered off and the crude residue was purified 

by column chromatography (SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to provide 

the methanesulfonate 133 (2.83 g, 96%) as a viscous yellow oil. 

Rf = 0.16 (50% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 8.52 (br, 1H), 5.43 (q, J = 8.2, 7.4 Hz, 1H), 5.33–5.27 (m, 1H), 

5.06–5.00 (m , 1H), 3.78 (s, 3H), 3.05 (s, 3H), 2.56–2.43 (m, 2H), 2.17–2.13 (m, 2H), 2.04 (dd, J 

= 9.00, 5.86 Hz, 2H), 1.95–1.84 (m, 2H), 0.96 (t, J = 7.5 Hz, 3H) 

MS (ESI+): m/z 280 ([M+H]+). 

 

(±)-(Z)-4-(Hex-3-en-1-yl)-1-methoxyazetidin-2-one (134): To a solution of methanesulfonate 

133 (2.83 g, 10.0 mmol) in acetone (100 mL) was added K2CO3 (5.60 g, 40.1 mmol) and the 

heterogenous mixture was heated to reflux. After 2 h, the solid was filtered off and the filtrate was 

concentrated under reduced pressure to provide the crude as yellow oil. The crude residue was 

purified by column chromatography (SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to 

provide the β-lactam 134 (1.44 g, 79%) as a light-yellow oil. 
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Rf = 0.49 (50% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 5.42–5.35 (m, 1H), 5.30–5.23 (m, 1H), 3.82 (qd, J = 5.3, 2.5 Hz, 

1H), 3.76 (s, 3H), 2.72 (ddd, J = 13.6, 5.2, 0.8 Hz, 1H), 2.32 (dd, J = 13.6, 2.2 Hz, 1H), 2.11 (q, J 

= 7.5 Hz, 2H), 2.04–1.96 (m, 2H), 1.92–1.85 (m, 1H), 1.63–1.53 (m, 1H), 0.92(td, J = 7.5, 0.8 Hz, 

3H) 

MS (ESI+): m/z 184 ([M+H]+). 

 

(±)-(3R,4S)-4-(But-3-en-1-yl)-3-((R)-1-((tert-butyldimethylsilyl)oxy)propyl)-1-

methoxyazetidin-2-one (S6): To a solution of 122 (0.60 g, 2.81 mmol) in DMF (2.8 mL), was 

added imidazole (0.21 g, 3.09 mmol) followed by TBSCl (0.48 mg, 3.09 mmol) at 25 °C. After 17 

h, the reaction was quenched with sat. aq. NH4Cl (40 mL). The layers were separated, the aqueous 

layer was extracted with EtOAc (3 x 40 mL) and the organic layers were combined, washed with 

brine (1 x 80 mL), 5% aq. LiCl (2 x 50 mL), dried (Na2SO4) and concentrated under reduced 

pressure. The crude residue was purified by column chromatography (SiO2, gradient elution: 10% 

to 80%, EtOAc in hexanes) to provide the silyl ether S6 (775 mg, 84%) as a yellow oil. 

Rf = 0.67 (50% EtOAc in hexanes) 

1H NMR ( 400 MHz, CDCl3) δ 5.81 (ddt, J = 16.81, 10.27, 6.58 Hz, 1H), 5.09–5.02 (m, 2H), 

3.86–3.81 (m, 2H), 3.77 (s, 3H), 2.74 (dd, J = 3.41, 2.16 Hz, 1H), 2.19 (q, J = 7.28 Hz, 2H), 1.94 

(dt, J = 13.85, 6.63 Hz, 1H), 1.78–1.66 (m, 2H), 1.61–1.55 (m, 1H), 0.93 (t, J = 6.73 Hz, 3H), 0.89 

(s, 9H), 0.07 (s, 6H) 

MS (ESI+): m/z 328 ([M+H]+). 
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(±)-(3R,4S)-4-(But-3-en-1-yl)-3-((R)-1-((tert-butyldimethylsilyl)oxy)propyl) azetidin-2-one 

(136): To a solution S6 (775 mg, 2.34 mmol) in degassed THF (59 mL) and H2O (2.5 mL) at 0 °C 

was added SmI2 (134.6 mL, 13.5 mmol, 0.1 M in THF) till a persistent deep-blue color formed. 

After 15 min, the mixture was quenched by addition of sat. aq. NaHCO3 (100 mL), warmed to 25 

°C. The layers were separated, the aqueous layer was extracted with EtOAc (3 x 70 mL) and the 

organic layers were combined, washed with brine (1 x 150 mL), dried (Na2SO4) and concentrated 

under reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 10% to 80%, EtOAc in hexanes) to provide the deprotection β-lactam 136 (646 mg, 93%) 

as a colorless oil. 

Rf = 0.57 (50% EtOAc in hexanes) 

1H NMR (300 MHz, CDCl3) δ 5.87–5.73 (m, 1H), 5.09–4.99 (m, 2H), 3.87 (td, J = 6.52, 3.66 Hz, 

1H), 358 (td, J = 6.66, 2.37 Hz, 1H), 2.98 (ddd, J = 3.63, 2.35, 0.91 Hz, 1H), 2.12 (q, J = 6.90 Hz, 

2H), 1.81–1.69 (m, 3H), 1.78–1.66 (m, 2H), 1.61–1.59 (m, 1H), 0.94 (t, J = 7.41 Hz, 3H), 0.89 (s, 

9H), 0.07 (s, 6H) 

IR (Diamond-ATR, neat) ṽmax: 3272, 2935, 2855, 2368, 1761  

 

(±)-(3R,4S)-3-((R)-1-((tert-Butyldimethylsilyl)oxy)propyl)-4-((E)-5-oxohex-3-en-1-

yl)azetidin-2-one (137): Methyl vinyl ketone (760 mg, 10.73 mmol) and second-generation 

Hoveyda-Grubbs catalyst (166 mg, 0.26 mmol) were added to a stirring solution of β-lactam 136 
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(639 mg, 2.15 mmol) in degassed CH2Cl2 (21.5 mL). The mixture was heated at reflux for 16 h 

and cooled to 25 °C. The mixture was concentrated under reduced pressure The crude residue was 

purified by column chromatography (SiO2, gradient elution: 10% to 80%, EtOAc in hexanes) to 

provide the deprotection β-lactam 137 (646 mg, 93%) as a black oil. 

Rf = 0.47 (50% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 6.77 (dt, J = 15.81, 6.81 Hz ,1H), 6.12 (d, J = 16.00 Hz, 2H), 5.86 

(s, 1H), 3.89–3.85 (m, 1H), 3.60 (td, J = 6.62, 2.35 Hz, 1H), 3.00 (t, J = 3.09 Hz, 1H), 2.28 (dd, J 

= 10.70, 4.22 Hz, 2H), 2.25 (s, 3H) 1.84–1.72 (m, 3H), 1.62–1.55 (m, 1H), 0.94 (t, J = 7.45 Hz, 

3H), 0.88 (s, 9H), 0.07 (d, J = 6.16 Hz, 6H) 

MS (ESI+): m/z 340 ([M+H]+). 

 

(±)-(2S,5S,6R)-6-((R)-1-((tert-Butyldimethylsilyl)oxy)propyl)-2-(2-oxopropyl)-1-azabicyclo 

[3.2.0]heptan-7-one (138): To a solution of β-lactam 137 (70.0 mg, 0.21 mmol) in THF (13 mL) 

at 25 °C was added LiHMDS (0.16 mL, 0.16 mmol, 1.0 M in THF). After 15 min the reaction 

quenched (sat. aq. NH4Cl, 10 mL), the aqueous layer was extracted with EtOAc (3 x 10 mL) and 

the organic layers were combined, dried (Na2SO4) and concentrated under reduced pressure to 

provide a 10:1 diastereomeric ratio mixture. The residue was purified by column chromatography 

(SiO2, gradient elution: 5% to 60% EtOAc in hexanes) to afford the bicyclic β-lactam 138 as a 

brown oil (62.0 mg, 89%):  

Rf 0.67 (50% EtOAc in hexanes) 
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1H NMR (700 MHz, CDCl3) δ 4.12 (dt, J = 14.0, 7.1 Hz, 1H), 3.87 (dt, J = 6.9, 5.2 Hz, 1H), 

3.59 (ddd, J = 7.9, 5.9, 2.0 Hz, 1H), 2.97 (dd, J = 4.6, 2.0 Hz, 1H), 2.64 (dd, J = 16.3, 6.4 Hz, 

1H), 2.46–2.43 (m, 2H), 2.16 (s, 3H), 2.13 (td, J = 6.4, 2.7 Hz, 1H), 1.74–1.69 (m, 1H), 1.63–

1.54 (m, 2H), 1.52–1.46 (m, 1H), 0.9 (t, J = 7.4 Hz, 3 H), 0.86 (s, 9 H), 0.04 (s, 6 H);  

13C NMR (175 MHz, CDCl3) δ 207.0, 176.9, 71.0, 61.9, 55.0, 54.5, 49.4, 37.6, 31.0, 30.5, 28.3, 

26.0 (3 C), 10.5, 9.6, -4.0, -4.4  

HRMS m/z calculated for C18H34NO3Si [M+H]+ 340.23025, found 340.22972; 

MS (ESI+): m/z 340 ([M+H]+). 

 

(±)-(3R,4S)-4-((Z)-Hex-3-en-1-yl)-3-((S)-1-hydroxyethyl)-1-methoxyazetidin-2-one (141): To 

a solution of β-lactam 134 (1.00 g, 5.40 mmol) in THF (64 mL) at -78°C was added LiHMDS 

(5.94 mL, 5.94 mmol, 1 M in THF). The mixture was stirred for 2 h, and excess of fresh distilled 

acetaldehyde was added. After 15 min, the mixture was quenched by addition of sat. aq. NH4 Cl 

(50 mL), warmed to 25 °C. The layers were separated, the aqueous layer was extracted with EtOAc 

(3 x 50 mL) and the organic layers were combined, washed with brine (1 x 80 mL), dried (Na2SO4) 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to provide the 

disubstituted β-lactam 141 (1.08 g, 88%) as a yellow oil. 

Rf = 0.2 (50% EtOAc in hexanes) 
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1H NMR (300 MHz, CDCl3) δ δ 5.48–5.27 (m, 2H), 4.06–4.02 (m, 1H), 3.81 (s, 3H), 3.76–3.71 

(m, 1H), 2.62–2.59 (m, 1H), 2.16 (q, J = 7.2 Hz, 2H), 2.09–2.01 (m, 2H), 1.98–1.86 (m, 1H), 174–

1.63 (m, 1H), 1.33 (d, J = 6.3 Hz, 3H), 0.97 (t, J = 7.5 Hz, 3H) 

MS (ESI+): m/z 228 ([M+H]+). 

 

(±)-(3R,4S)-4-((Z)-Hex-3-en-1-yl)-3-((S)-1-hydroxyethyl)azetidin-2-one (142): To a solution 

141 (1.08 g, 4.68 mmol) in degassed THF (117 mL) and H2O (5.1 mL) at 0 °C was added SmI2 

(234 mL, 23.4 mmol, 0.1 M in THF) till a persistent deep-blue color formed. After 15 min, the 

mixture was quenched by addition of sat. aq. NaHCO3 (150 mL), warmed to 25 °C. The layers 

were separated, the aqueous layer was extracted with EtOAc (3 x 100 mL) and the organic layers 

were combined, washed with brine (1 x 150 mL), dried (Na2SO4) and concentrated under reduced 

pressure. The crude residue was purified by column chromatography (SiO2, gradient elution: 10% 

to 80%, EtOAc in hexanes) to provide the deprotection β-lactam 142 (0.83 g, 90%) as a colorless 

oil. 

Rf = 0.21 (70% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 6.26 (br, 1 H), 5.45–5.38 (m, 1H), 5.34–5.25 (m, 1H), 4.06 (td, J = 

6.4, 3.5 Hz, 1H), 3.47 (td, J = 6.8, 2.1 Hz, 1H), 2.80 (t, J = 7.2 Hz, 1H), 2.11–2.07 (m, 2H), 2.03 

(dd, J = 9.7, 4.6 Hz, 2H), 1.69 (q, J = 7.2 Hz, 2H), 1.30 (d, J = 6.4 Hz, 3H), 0.95 (t, J = 7.5 Hz, 

3H) 

13C NMR (175 MHz, CDCl3) δ 169.5, 133.1, 127.3, 66.2, 63.1, 51.7, 34.8, 24.2, 21.4, 20.6, 14.3 

MS (ESI+): m/z 239 ([M+ACN]+). 
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Dodec-1-en-3-one (140): To a solution of decanal (3.60 g, 21.9 mmol) in Et2O (49 mL) was added 

vinylmagnesium bromide (43.8 mL, 43.8 mmol, 1 M solution in THF), and the reaction was stirred 

at 0 °C for 1 h and then warmed to 25 °C. After 8 h, the reaction was quenched (sat. aq. NH4Cl, 5 

mL), the aqueous layer was extracted with Et2O (3 x 60 mL) and the organic layers were combined, 

washed with brine (1 x 100 mL), dried (Na2SO4) and concentrated under reduced pressure to afford 

the crude alcohol 139 as a colorless liquid. Rf = 0.24 (10% EtOAc in hexanes). The crude product 

was used in the next step without further purification. 

MnO2 (40.6 g, 420 mol) was heated in a reduced pressure oven at 100 °C overnight and then added 

to a flask containing alcohol 139 (4.03 g, 21.0 mmol) in CH2Cl2 (210 mL). The heterogenous 

mixture was heated to reflux. After 48 h, the solid was filtered through a pad of Celite and the 

filtrate was concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 0% to 20%, EtOAc in hexanes) to provide the enone 140 

(2.04 g, 53%) as a light-yellow oil. 

1H NMR (700 MHz, CDCl3) δ 6.34 (dd, J = 17.7, 10.6 Hz, 1H), 6.21 (d, J = 17.7 Hz, 1H), 5.80 

(d, J = 10.7 Hz, 1H), 2.57 (t, J = 7.5 Hz, 2H), 1.61 (p, J = 7.3 Hz, 2H), 1.31–1.22 (m, 12H), 0.87 

(t, J = 7.1 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 201.3, 136.7, 128.0, 39.8, 32.0, 29.6, 29.6, 29.4 (2C), 24.2, 22.8, 

14.2. 

IR (Diamond-ATR, neat) ṽmax: 2922, 2851, 1700, 1681, 1399, 958. 

The characterization data are consistent with reported data.# 
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(±)-(3R,4S)-3-((S)-1-Hydroxyethyl)-4-((E)-5-oxotetradec-3-en-1-yl)azetidin-2-one (143): 

Second-generation Hoveyda-Grubbs catalyst (65.0 mg, 0.10 mmol) was added to a stirring solution 

of b-lactam 142 (200 mg, 1.18 mmol), enone 140 (609 mg, 3.31 mmol) and 

chlorodicyclohexylborane (0.12 mL, 0.12 mmol, 1.0 M in hexane) in degassed CH2Cl2 (10 mL). 

The mixture was heated at reflux under an argon atmosphere. After 16 h, the mixture was 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to provide the deprotection β-lactam 

143 (314 mg, 82%) as a black oil. 

Rf = 0.15 (70% EtOAc in hexanes) 

1H NMR (300 MHz, CDCl3) δ 6.79 (ddd, J = 15.7, 7.7, 5.9 Hz, 1H), 6.14 (dt, J = 16.0, 1.5 Hz, 

2H), 4.15–3.96 (m, 1H), 3.52 (td, J = 6.8, 2.2 Hz, 1H), 2.84 (dd, J = 6.4, 2.0 Hz, 1H), 2.51 (t, J = 

7.4 Hz, 2H), 2.28 (q, J = 9.0, 8.2 Hz, 2H), 1.83 (q, J = 7.6, 7.2 Hz, 2H), 1.59 (t, J = 7.1 Hz, 2H), 

1.32 (d, J = 6.3 Hz, 3H), 1.26 (s, 12H) 0.89–0.85 (m, 3H) 

MS (ESI+): m/z 324 ([M+H]+). 

 

(±)-(2S,5S,6R)-6-((R)-1-Hydroxyethyl)-2-(2-oxoundecyl)-1-azabicyclo [3.2.0]heptan-7-one 

(144): To a solution of β-lactam 143 (283 mg, 87.5 mmol) in dry THF (55 mL) at 25 °C under an 

argon atmosphere was added LiHMDS (0.57 mL, 56.9 mmol, 1.0 M in THF). After 15 min the 

reaction was quenched by addition of sat. aq. NH4Cl (20 mL). The layers were separated and the 
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aqueous layer was extracted with EtOAc (3 x 30 mL), the organic layers were combined, washed 

with brine (1 x 50 mL), dried (Na2SO4) and concentrated under reduced pressure. The residue was 

purified by column chromatography (SiO2, gradient elution: 12% to 100% EtOAc in hexanes) to 

afford the bicyclic β-lactam 144 (261 mg, 59%) as a colorless oil. 

Rf = 0.15 (70% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 4.16–4.11 (m, 2H), 3.59 (ddd, J = 8.1, 5.9, 1.9 Hz, 1H), 2.87 (dd, 

J = 6.0, 2.0 Hz, 1H), 2.69 (dd, J = 16.5, 5.7 Hz, 1H), 2.50–2.44 (m, 2H), 2.40 (t, J = 7.5 Hz, 2H), 

2.17–2.14 (m, 1H), 1.76–1.73 (m, 1H), 1.55–1.52 (m, 3H), 1.30 (d, J = 6.3 Hz, 3H), 1.24 (s, 12H), 

0.86 (t, J = 7.1 Hz, 3H) 

13C NMR (75 MHz, CDCl3) δ 208.6, 176.4, 65.8, 62.3, 54.7, 54.0, 47.7, 42.9, 37.1, 31.6, 30.7, 

30.3, 29.1, 29.0, 28.9, 23.3, 22.4, 21.1, 13.8 

IR (Diamond-ATR, neat) ṽmax: 3452, 2954, 2923, 2855, 1738, 1717  

HRMS m/z calculated for C19H33NO3Na [M+Na]+ 346.23527, found 346.23523 

MS (ESI+): m/z 324 ([M+H]+). 

 

(±)-4-(N,N’-di-tert-Butoxycarbonylguanidino)-butan-1-ol (146): To a solution of 4-amino-1-

butanol (0.80 g, 8.00 mmol) in CH2Cl2 (62 mL) were added successively Et3N (0.90 g, 8.00 mmol) 

and N,N-bis-Boc-1-guanylpyrazole (3.10 g, 9.76 mmol) at 25 °C. After 18 h, the reaction was 

quenched by addition of sat. aq. NH4Cl (40 mL). The layers were separated and the aqueous layer 

was extracted with CH2Cl2 (3 x 40 mL), the organic layers were combined, washed with brine (1 

x 80 mL), dried (Na2SO4) and concentrated under reduced pressure. The residue was purified by 
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column chromatography (SiO2, gradient elution: 12% to 100% EtOAc in hexanes) to afford the 

Boc-protected guanidine 146 as a white solid (2.36 g, 81%) 

Rf = 0.56 (50% EtOAc in CH2Cl2) 

1H NMR (400 MHz, CDCl3) δ 11.49 (br, 1H), 8.40 (br, 1H), 3.70 (t, J = 6.0 Hz, 2H), 3.47–3.42 

(m, 2H), 1.70–1.63 (m, 4H), 1.49 (d, J = 2.2 Hz, 18H) 

IR (Diamond-ATR, neat) ṽmax: 3336, 3116, 2979, 2918  

MS (ESI+): m/z 332 ([M+H]+). 

 

(±)-tert-Butyl (4-hydroxybutyl)carbamate (S7): To a solution of di-tert-butyl dicarbonate (2.51 

g, 6.65 mmol) in CH2Cl2 (3 mL) was added dropwise to a solution of 4-amino-1-butanol (600 mg, 

6.39 mmol) and Et3N (712 mg, 7.03 mmol) in CH2Cl2 (10 mL) at 0 °C. After stirring at 0 °C for 6 

h, sat. aq NH4Cl (10 mL) was added and the aqueous phase extracted with CH2Cl2 (2 x 20 mL). 

The combined extracts were washed with brine (20 mL), dried (MgSO4) and concentrated under 

reduced pressure to afford the crude alcohol S7 as a colorless liquid. The crude product was used 

in the next step without further purification. 

Rf = 0.1 (50% EtOAc in hexanes) 

MS (ESI+): m/z 190 ([M+H]+). 

(±)-tert-Butyl (4-((tert-butyldimethylsilyl)oxy)butyl)carbamate (S8): To a solution of S7 (1.21 

g, 6.39 mmol) in DMF (16 mL), was added imidazole (0.88 g, 12.8 mmol) followed by TBSCl 

(1.49 g, 9.59 mmol) at 25 °C. After 17 h, the reaction was quenched with sat. aq. NH4Cl (100 mL). 

The layers were separated, the aqueous layer was extracted with EtOAc (3 x 30 mL) and the 
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organic layers were combined, washed with brine (1 x 100 mL), 5% aq. LiCl (2 x 80 mL), dried 

(Na2SO4) and concentrated under reduced pressure to provide the silyl ether S8 as a colorless oil. 

The crude product was used in the next step without further purification.  

Rf = 0.65 (50% EtOAc in hexanes) 

MS (ESI+): m/z 304 ([M+H]+). 

(±)-di-tert-Butyl (4-{[tert-butyl(dimethyl)silyl]oxy}butyl)imidodicarbonate (S9): To a solution 

of n-BuLi (4.08 mL, 8.31 mmol, 2.04 M in hexane) was added dropwise to a suspension of S8 

(1.94 g, 6.39 mmol) in dry THF (37 mL) under an argon atmosphere. The mixture was then stirred 

at -78 °C for 30 min before di-tert-butyl dicarbonate (2.51 g, 8.95 mmol) in dry THF (4 mL) was 

added. The resulting mixture was warmed to 25 °C and stirred for 3 h. Diethyl ether (20 mL) was 

added to dilute the reaction mixture, which was then washed with sat. aq. NH4Cl (30 mL) and 

brine (30 mL). The combined organic extracts were dried (MgSO4) and concentrated under 

reduced pressure to provide the silyl ether S9 as a colorless oil. The crude product was used in the 

next step without further purification.  

Rf = 0.52 (20% EtOAc in hexanes) 

MS (ESI+): m/z 426 ([M+Na]+) 

(±)-di-tert-Butyl (4-hydroxybutyl)imidodicarbonate (148): To a solution of S9 (2.58 g, 6.39 

mmol) in dry THF (32 mL) was added dropwise tetrabutylammonium fluoride (10.2 mL, 10.2 

mmol, 1 M in THF) at 0 °C under an argon atmosphere. After 5 h, diethyl ether (20 mL) was added 

to dilute the reaction mixture, which was then washed with sat. aq. NH4Cl (30 mL) and brine (30 

mL). The combined organic extracts were dried (MgSO4) and concentrated under reduced pressure. 
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The residue was purified by column chromatography (SiO2, gradient elution: 12% to 100% EtOAc 

in hexanes) to afford the alcohol 148 as a colorless oil (1.39 g, 75%). 

Rf = 0.4 (50% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 3.69–3.66 (m, 2H), 3.62–3.57 (m, 2H), 1.69–1.63 (m, 2H), 1.58–

1.53 (m, 2H), 1.50 (s, 18H) 

MS (ESI+): m/z 312 ([M+Na]+). 

 

(±)-Butyl 3-hydroxy-2-(5-(2-oxoundecyl)pyrrolidin-2-yl)butanoate (154): To a solution of 

bicyclic β-lactam 144 (41.0 mg, 0.13 mmol) and n-butanol (19.0 mg, 2.50 mmol), in THF (2.1 

mL) at 25 °C was treated with boron trifluoride diethyl etherate (33 uL 48% solution, 0.13 mol). 

After 45 min, the mixture was diluted with EtOAc (5 mL) and quenched by addition of sat. aq. 

NaHCO3 (10 mL). The layers were separated, the aqueous layer was extracted with EtOAc (3 x 10 

mL) and the organic layers were combined, washed with brine (1 x 20 mL), dried (Na2SO4) and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 0% to 10%, MeOH in EtOAc) to provide the pyrrolidine 154 (48.0 mg, 

95%) as a colorless oil. Note: 154 exists as a complex mixture of diastereomers. 

Rf = 0.19 (10% MeOH in EtOAc) 

HRMS m/z calculated for C23H44NO4 [M+H]+ 398.32649, found 398.32611 

MS (ESI+): m/z 398 ([M+H]+). 
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(±)-Butyl (E)-2-(1-(N,N'-bis(tert-butoxycarbonyl)carbamimidoyl)-5-(2-oxoundecyl) 

pyrrolidin-2-yl)-3-hydroxybutanoate (159): HgCl2 (21.0 mg, 0.09 mmol) was added to a 

solution of pyrrolidine 154 (23.0 mg, 0.06 mmol), 1,3-bis(benzyloxycarbonyl)-2-methyl-2-

thiopseudourea (27.0 mg, 0.09 mmol), and triethylamine (28.0 uL, 0.19 mmol) in THF (0.6 mL), 

and the resulting mixture was stirred for 30 min. The reaction mixture was diluted with EtOAc and 

filtered through a pad of Celite. The filtrate was concentrated under reduced pressure. The crude 

residue was purified by column chromatography (SiO2, gradient elution: 0% to 60%, EtOAc in 

hexanes) to provide the protected guanidine 159 (34.0 mg, 92%) as a light-yellow oil. Note: 159 

exists as a complex mixture of diastereomers. 

Rf = 0.18 (30% EtOAc in hexanes) 

MS (ESI+): m/z 640 ([M+H]+). 

 

(±)-Butyl (E)-2-(1-(N,N'-bis(tert-butoxycarbonyl)carbamimidoyl)-5-(2-oxoundecyl) 

pyrrolidin-2-yl)-3-oxobutanoate (162): To a solution of 159 (16.0 mg, 0.03 mmol) in CH2Cl2 

(0.3 mL), NaHCO3 (8.0 mg, 0.10 mmol) was added in a single portion and then Dess-Martin 

periodinane (21.0 mg, 0.05 mmol) was added in 3 batches over the course of 15 min. The reaction 

contents were then stirred vigorously at 25 °C for 2 h before being quenched by the addition of a 
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mixed solution of saturated aq. NaHCO3 (3 mL) and saturated aqueous Na2S2O3 (5 mL). After 1 

h, the reaction mixture was diluted with CH2Cl2 (5 mL) and H2O (2 mL). The layers were separated 

and the aqueous phase was extracted with CH2Cl2 (2 × 10 mL). The combined organic layers were 

then washed with NaHCO3 (15 mL), H2O (3 × 15 mL), brine (15 mL) dried (Na2SO4) and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 0% to 40%, EtOAc in hexanes) to provide the diketone 162 (48.0 mg, 95%) 

as a colorless oil. Note: 162 exists as a complex mixture of diastereomers. 

Rf = 0.17 (20% EtOAc in hexanes) 

MS (ESI+): m/z 638 ([M+H]+). 

 

(±)-3-(Butoxycarbonyl)-4-methyl-7-nonyl-1,2,2a,3,4,5,6,7,8,8a-decahydro-2a1,5,6-

triazaacena- phthylen-2a1-ium (S10): To the neat diketone 162 (4.30 mg, 7.00 umol) precooled 

to 0 °C was added freshly-distilled trifluoroacetic acid (0.2 mL). The reaction mixture was stirred 

for 2 h at 0 °C then all volatiles were removed under reduced pressure. The residue was dissolved 

in methanol (0.6 mL) under an argon atmosphere at 0 °C. Sodium cyanoborohydride (22 mg, 0.34 

mmol) and acetic acid (19.0 uL, 0.34 mmol) was then added to the solution. The reaction mixture 

was allowed to warm to 25 °C over 1 h and was stirred for 48 h at 50 °C. The reaction mixture was 

cooled to 25 °C, diluted with EtOAc (2 mL) then quenched by addition of sat. aq. NaHCO3 (2 mL). 

The layers were separated, the aqueous layer was extracted with EtOAc (3 x 2 mL) and the organic 

layers were combined, washed with brine (1 x 5 mL), dried (Na2SO4) and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 
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elution: from pure CH2Cl2 to 49.5% EtOAc, 0.5% AcOH and 50% CH2Cl2) to provide the tricyclic 

compound S10 as a colorless TFA salt (yield was not calculated). Note: S10 exists as a mixture of 

diastereomers. 

Rf = 0.25 (2% AcOH + 48% EtOAc in CH2Cl2) 

MS (ESI+): m/z 406 ([M+H]+) 

 

(±)-(Z)-4-(2,3-bis(tert-Butoxycarbonyl)guanidino)butyl 3-hydroxy-2-(5-(2-oxoun 

decyl)pyrroli-din-2-yl)butanoate (156): To a solution of bicyclic β-lactam 144 (45.0 mg, 0.14 

mmol) and alcohol 146 (92.0 mg, 0.28 mmol) in CH2Cl2 (1.8 mL) at 25 °C was treated with 

triphenylboroxine (70.0 mg, 0.28 mmol) in 3 batches over the course of 30 min then heated at reflux. 

After 30 h, the mixture was concentrated under reduced pressure. The crude residue was purified 

by column chromatography (SiO2, gradient elution: 0% to 10%, MeOH in EtOAc) to provide the 

pyrrolidine 156 (63.0 mg, 69%) as a colorless oil. Note: 156 exists as a complex mixture of 

diastereomers. 

Rf = 0.1-0.3 (10% MeOH in EtOAc) 

HRMS m/z calculated for C34H63N4O8 [M+H]+ 655.46404, found 655.46396 

MS (ESI+): m/z 655 ([M+H]+). 
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(±)-4-((Z)-2,3-bis(tert-Butoxycarbonyl)guanidino)butyl 2-(1-((E)-N,N'-bis(tert-

butoxycarbonyl)carbamimidoyl)-5-(2-oxoundecyl)pyrrolidin-2-yl)-3-hydroxybutanoate 

(163): HgCl2 (37.0 mg, 0.14 mmol) was added to a solution of pyrrolidine 156 (62.0 mg, 0.10 

mmol), 1,3-bis(benzyloxycarbonyl)-2-methyl-2-thiopseudourea (46.0 mg, 0.15 mmol), and 

triethylamine (40 uL, 0.28 mmol) in THF (1.0 mL), and the resulting mixture was stirred for 30 

min. The reaction mixture was diluted with EtOAc and filtered through a pad of Celite. The filtrate 

was concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 0% to 80%, EtOAc in hexanes) to provide the protected 

guanidine 163 (51.0 mg, 60%) as a light-yellow oil. Note: 163 exists as a complex mixture of 

diastereomers. 

Rf = 0.29 (40% EtOAc in hexanes) 

HRMS m/z calculated for C45H81N6O12 [M+H]+ 897.59070, found 897.59047 

MS (ESI+): m/z 898 ([M+H]+). 

 

(±)-4-((Z)-2,3-bis(tert-Butoxycarbonyl)guanidino)butyl 2-(1-((E)-N,N'-bis(tert-

butoxycarbonyl)carbamimidoyl)-5-(2-oxoundecyl)pyrrolidin-2-yl)-3-oxobutanoate (164): To 

a solution of 163 (50.0 mg, 0.06 mmol) in CH2Cl2 (0.6 mL), NaHCO3 (15.0 mg, 0.18 mmol) was 

added in a single portion and then Dess-Martin periodinane (56.0 mg, 0.13 mmol) was added in 3 
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batches over the course of 15 min. The reaction contents were then stirred vigorously at 25 °C for 

2 h before being quenched by the addition of a mixed solution of saturated aqueous NaHCO3 (3 

mL) and saturated aq. Na2S2O3 (3 mL). After 1 h, the reaction mixture was diluted with CH2Cl2 (5 

mL) and H2O (2 mL). The layers were separated and the aqueous phase was extracted with CH2Cl2 

(2 × 10 mL). The combined organic layers were then washed with NaHCO3 (15 mL), H2O (3 × 15 

mL), brine (15 mL) dried (Na2SO4) and concentrated under reduced pressure. The crude residue 

was purified by column chromatography (SiO2, gradient elution: 0% to 60%, EtOAc in hexanes) 

to provide the diketone 164 (31.0 mg, 63%) as a light-yellow oil. Note: 164 exists as a complex 

mixture of diastereomers. 

MS (ESI+): m/z 896 ([M+H]+). 

 

2,4,6-Tris(4-methoxyphenyl)-1,3,5,2,4,6-trioxatriborinane (168): A solution of (4-

Methoxyphenyl) boric acid (1.28 g, 8.42 mmol) in toluene (33 mL) was refluxed for 15 h with a 

Dean-Stark trap. The resulting solution was concentrated under reduced pressure to afford the 

corresponding arylboroxine 168. The crude product was used in the next step without further 

purification. 

1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 8.7 Hz, 6H), 7.02 (d, J = 8.6 Hz, 6H), 3.90 (s, 9H). 

Note: All the phenylboroxine derivatives were followed the same method. 
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(±)-3-((4-Guanidinobutoxy)carbonyl)-4-methyl-7-nonyl-1,2,2a,3,4,5,6,7,8,8a-decahydro-

2a1,5,6-triazaacenaphthylen-2a1-ium (169): Freshly-distilled trifluoroacetic acid (0.2 mL) was 

added to the neat diketone 164 (16 mg, 0.02 mmol) precooled to 0 °C. The reaction mixture was 

stirred for 2 h at 0 °C then all volatiles were removed under reduced pressure. The residue obtained 

was dissolved in methanol (1.8 mL) under an argon atmosphere at 0 °C. Sodium cyanoborohydride 

(46.0 mg, 0.71 mmol) and acetic acid (56 uL, 0.98 mmol) was then added to the solution. The 

reaction mixture was allowed to warm to 25 °C over 1 h and was stirred for 48 h at 50 °C. The 

reaction mixture was cooled to 25 °C, diluted with EtOAc (2 mL) then quenched by the addition 

of sat. aq. NaHCO3 (2 mL). The layers were separated, the aqueous layer was extracted with EtOAc 

(3 x 2 mL) and the organic layers were combined, washed with brine (1 x 5 mL), dried (Na2SO4) 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 0% to 15% MeOH in CH2Cl2) to provide the tricyclic 

compound 169 as an impure colorless oil TFA salt (yield was not calculated). 

Rf = 0.25 (20% MeOH in CH2Cl2) 

HRMS m/z calculated for C25H48N6O2 [M+2H]2+ 232.19139, found 232.19115 

MS (ESI+): m/z 463 ([M+H]+). 

 

 

 



80 

 

Chapter 3: Completion the synthesis of (±)-batzelladine D 

 

3.1 Revised retrosynthetic analysis 

To complete the total synthesis of batzelladine D (60), the potential retro-aza-Michael 

reaction issue needed to be addressed. Therefore, an alternative double displacement strategy was 

introduced (Scheme 29). We envision that batzelladine D (10) could be traced back to the 

guanidine precursor 179 via a double inversion. The advantage of this strategy is that it would not 

only eliminate the undesired RAM issue by removing the problematic ketone but would allow for 

the generation of all possible stereoisomers from a common intermediate 179. Access to the fully 

functionalized trans-pyrrolidine relies on the use of a key bicyclic ß-lactam intermediate (8) that 

would serve not only as a pre-activated coupling partner though the lactam itself, but also serve to 

control the three tertiary stereocenters found in the final targets. 8 was anticipated be prepared 

through a trans-selective aza-Michael addition from mono-cyclic ß-lactam 9, controlling the 

pyrrolidine stereochemistry while allowing independent control of both alcohols through 

diastereoselective ketone reductions. 

 

Scheme 29 Revised retrosynthetic analysis of batzelladine D (60) 
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3.2 Development of a streamlined synthesis of the functionalized bicyclic β-lactam  

En route to the material in a practical fashion, a more concise synthesis was needed and 

devised to supply ample quantities of racemic disubstituted ß-lactam.  

3.2.1 Synthesis of bicyclic β-lactam  

Commercially available azetidinone 180 was chosen to be our alternative starting point, 

which underwent a nucleophilic substitution with freshly prepared 3-butenyl-magnesium bromide 

181 to provide ß-lactam 182 in 59% yield (Scheme 30).113 Notably, ß-lactam 182 could also be 

prepared from a [2+2] cycloaddition followed by a reductive work-up in single-flask operation 

from isocyanate 183 and diene 184 (Scheme 30). Considering the easy setup and the simplicity of 

the [2+2] route, significant efforts including different temperature, various solvent, and reducing 

agents were attempted to optimize the yield; however, 24% was the highest yield that could be 

achieved. As a result, we decided to generate ß-lactam 182 using the Grignard substation pathway. 

Next, installation of the alcohol side chain was investigated. First, we were inspired by the 

dimetallation strategy of the N-unsubstituted ß-lactam and 2-oxindole from the literature.114–116 In 

these reports,  functionalization of the carbonyl group can be achieved with no N-substituted 

byproduct observed by reacting the dianions intermediate with various of electrophiles. We view 

this strategy as an appealing entry to install side chain to the mono-substituted ß-lactam 182 

(Scheme 30). Surprisingly, a series of bases and electrophiles (acetaldehyde, acetyl chloride, N-

acetylimidazole and methyl acetate) were tested and none of the results were fruitful in our system. 
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Scheme 30 A more concise preparation strategy towards disubstituted ß-lactam 

To circumvent this problem, it was reasoned that perhaps the free NH could be a potential 

issue in the alkylation step. Thus, several protecting groups including alkyl iodides, silyl chlorides 

and iminium were screen; indeed, we were able to introduce different side chains (hydroxyl or 

keto group) when the ß-lactam was N-protected. Ultimately, silyl protecting groups were superior 

because of the high yield of installation and ease of cleavage. TBS was used in the rest of our 

sequence due to its availability and pricing, nonetheless, we found that TBDPS could provide 

better diastereoselectivity in the next reduction step. 

 With the protecting group and electrophile partner optimized, disubstituted ß-lactam 187 

was prepared in good yield and diastereoselectivity by N-protection with TBS and subsequent 

Claisen condensation with methyl acetate to form exclusively the trans-disubstituted product 

(Scheme 31). Alkylation with acetaldehyde to directly install the secondary alcohol was evaluated, 

but unfortunately, a 1:1 ratio of alcohol diastereoisomers was obtained which could be recycled to 

ß-lactam 187 by DMP oxidation in excellent yield.  
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Scheme 31 Preparation of first stereoselective ketone reduction precurosr 

The reduction of the methyl ketone was required at this stage, and we sought to establish 

conditions to access both epimers, ultimately enabling access to both the natural product and its 

stereoisomers via subsequent displacement (Scheme 29). To prevent the reduction of ß-lactam 187 

we began with milder reducing agents (entries 1-3, Table 12). A moderate diastereoselectivity was 

observed in these conditions. Encouraged by the total synthesis of thienamycin reported by 

Bouffard et al., we sought to increase the selectivity of the ketone reduction by adding additive to 

the reaction mixture.117 For finding the suitable additives, we started with their optimal condition 

which involved a pre-mixed solution of potassium iodide with the ketone substrate before adding 

the reducing agent (entries 4, Table 12). We were pleased to see an increased level of yield and 

diastereoselectivity. There is no doubt that the potassium cation plays a critical role to for enabling 

the desired reduction and stereoselectivity. Given the observation of poor solubility of potassium 

iodide, different solvents and potassium sources were explored. Finally, we were able to increase 

the yield and selectivity to 80% with a 10:1 ratio (>20:1 dr if using TBDPS instead of TBS) 

preferring the desired diastereomer using a combination of K-selectride/KBF4 in Et2O (entries 5, 

Table 12). The stereochemistry of 188 was confirmed through X-ray analysis. In pursuing the 

conditions, we were able to develop another set of conditions to provide the opposite alcohol 

diastereomer 189 by increasing the bulkiness of aluminum-based hydride118 (entries 8-11, Table 

12) with the best condition highlighedt in entry 11. It is interesting to observe that in the reduction 

conditions utilized commonly with a chelating metal (e.g. Li+ or Zn2+), the outcome is not as 
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optimal as with a weakly coordinating metal like potassium. However, it is not uncommon when 

the weakly chelating metals sometimes works better with a weak ligand such as the amide 

functional group compared to the hard metal cations.119 The reason behind the observed selectivity 

is still not fully understood in our system, and further studies are required to uncover the 

mechanism of this selectivity enhancement; however, these reaction conditions may prove useful 

in other directed diastereoselective reductions. 

Table 12 First stereoselective ketone reduction 

 

Deprotection of 188 with TBAF, followed by cross metathesis with a combination of 

chlorodicyclohexylborane (10 mol%) and HG- II (7 mol%) delivered enone 190 (Scheme 32). Due 

to our previously developed aza-Michael condition was for different alcohol epimer 143 (Scheme 

18), we began re-evaluating the conditions to furnish the desired aza-Michael reaction (Scheme 

32). Additionally, alternative attempts to perform the enone formation followed by fluoride 

assisted deprotection/cyclization sequence to generate 192 in one-pot were studied, but 
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unfortunately lower yields and byproducts were observed after a few trials. Thus, we decided to 

abandon this one step deprotection/cyclization approach. 

 

Scheme 32 Preparation of bicyclic ß-lactam 192 

3.2.2 Study toward stereoselective second ketone reduction 

With the optimal conditions (entry 5, Scheme 32) and ample quantities of 192 in hand, we 

shifted our focus to the stereoselective second ketone reduction (Table 13). Disappointingly, most 

of the conditions were ineffective at yielding the desired diol 193; either the lactam was reduced 

(entry 1-2 and 5, Table 13) or the opposite diastereomer 194 predominated (entry 4 and 6-8, Table 

13). Eventually, we discovered that bulky hydride reagents with potassium additive began to invert 

this selectivity, and we ultimately established K-selectride in toluene as the optimal condition for 

providing 193 in 68% yield and a 5:3 dr favoring the desired diastereomer (entry 14, Table 13). 

Even though the diastereoselectivity is modest, the reaction is highly scalable and provides 

preparatively useful quantities of material that can be separated and recycled if desired. Initial 

attempts at employing chiral reagents to overcome this selectivity were unsuccessful (entry 5, 
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Table 13), but further studies are underway to explore additional systems in this regard. 

Nevertheless, the optimized conditions provide selective access to the unnatural diastereomer 194 

(entry 7, Table 13) and practically useful access to the natural stereoisomer 193 (entry 14, Table 

13). The full optimization table can be found in the experimental section (Table 16). 

Table 13 Selected second stereoselective ketone reduction attempts 

 

3.3 Study toward endgame strategy and completion the synthesis of (±)-batzelladine D  

At this stage, having access to all 4-alcohol diastereomers, we were positioned to optimize 

the end game of our synthetic approach and gain access to (±)-batzelladine D (60), (±)-13-epi-
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batzelladine D 196, and (±)-15-epi-batzelladine D S12. As shown in Scheme 33, opening of β-

lactams 193 and 194 with side chain 146 proceed smoothly upon activation with BF3·OEt to 

provide the target, dihydroxy pyrrolidines like 195, without the loss of stereochemical integrity. 

Clearly, this exciting result indirectly confirmed our previous described RAM rationale (Section 

2.7). Moreover, when the RAM pathway was eliminated, the reaction rate increased dramatically 

and the reaction time of lactam opening was shorten from hours to a few minutes.  

 

Scheme 33 Preparation of endgame precursors 

197 was generated from the diol 195 by previously developed guanylation conditions 

(Table 10) and was used as our cyclization precursor (Table 14). Mitsunobu120 and Appel type121 

strategies were targeted to generate tricycle 198, unfortunately, we were not able to activate the 

alcohols to undergo the ring closure reaction. Therefore, an alternative stepwise approach was 

investigated next (Table 15).  
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Table 14 Study toward final double inversion via a Mitsunobu-type approach 

 

Guanylation of 195 followed by activation of both alcohols in the same pot, which were 

rapidly displaced by the guanidine to install the tricyclic core with final deprotection of the four 

Boc groups was planned as depicted in Table 15 to be our alternative end game strategy. First, 

pyridine bases were tested but unable to promote the cyclization (entries 1-3, Table 15). Hence, 

we shifted to a more basic nitrogenous base such as triethylamine and we were gratified to isolate 

a separable 4:3 mixture of batzelladine (60) accompanied by the elimination byproduct 199, 

resulting from β-elimination of the activated alcohol under the reaction condition in 41% overall 

yield (entry 4, Table 15). This one-pot process allowed the installation of three critical bonds of 

the core in a stereoselective fashion and provided an advantageous access to the tricyclic 

guanidinium core. Therefore, significant efforts have been focused on optimizing the selectivity 

toward the desired tricyclic product 60, however, all of them turned out to be plagued by the 

formation of the elimination byproduct 199 (entry 5-10, Table 15). Overall, the formation of 

elimination product 199 cannot be explained by a simple E1CB reaction mechanism, and we have 

been unable to improve the product ratios. Given the straightforward reaction conditions and our 
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ability to readily separate the product from the elimination product, we have elected to utilize this 

optimized protocol (entry 4, Table 15) to access the natural product and its stereochemical 

analogues.122 

Table 15 Study toward endgame via sequential guanylation/alcohols activation/cyclization  

 

3.4 Conclusion 

A 10-step racemic synthesis of batzelladine D (60) has been successfully developed 

utilizing the key intermediate bicyclic ß-lactam 192 and the aforementioned problematic RAM has 

been overcome by the ketone reduction. This strategy effectively relays the single stereoisomer in 

the readily available β-lactam starting material 182 to control the four additional stereocenters in 

the natural product. Moreover, the development of stereodivergent ketone reduction enables the 
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control of both side chain bearing stereocenters around the tricyclic guanidinium core. Different 

stereoisomers including (±)-15-epi-batzelladine D S12 and (±)-13-epi-batzelladine D 196 were 

prepared by our approach. 

 

3.5 Experimental Details 

General experimental procedures: All reactions were carried out under an inert argon 

atmosphere with anhydrous solvents under anhydrous conditions unless otherwise stated. Organic 

solvents were removed under reduced below 33 °C. Degassed solvents or reagents were degassed 

by sparging with argon for 20 minutes in an ultrasound bath at 25 °C.  All reactions, except those 

conducted in the presence of water were carried out in flame-dried apparatus. Yields refer to 

chromatographically purified yield, unless otherwise stated. Reactions were monitored by thin 

layer chromatography (TLC) analysis (pre-coated silica gel 60 F254 plates, 250 mm layer 

thickness) and visualization was accomplished with a 254 nm UV light and by staining with 

KMnO4 solution (1.5 g of KMnO4, 10 g of K2CO3, and 1.25 mL of a 10% NaOH solution in 200 

mL of water) with heating or iodine (1 g of I2 in 15 g of SiO2). Reactions were also monitored by 

LC-MS (2.6 mm C18 50 x 2.10 mm column). Flash chromatography on SiO2 was used to purify 

the crude reaction mixtures and performed on a Biotage Isolera utilizing Biotage cartridges and 

linear gradients. Atom numbering of the intermediates were used as the corresponding atom 

number that found in the final product batzelladine D. Diastereomeric ratio was determined by 

crude NMR spectroscopy. The spectral data for enantioenriched compounds were identical to 

racemic material. 
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Materials: Tetrahydrofuran (THF) and dichloromethane (CH2Cl2) were obtained by passing the 

previously degassed solvents through activated alumina columns under nitrogen atmosphere. 

Triethylamine and N,N-diisopropylethylamine were distilled over CaH2. Deuterated solvents 

(containing 0.03 to 0.05 vol % tetramethylsilane, TMS) were purchased from Cambridge Isotope 

Laboratories. All other reagents were purchased from commercial chemical companies and used 

without further purification, unless otherwise stated. 

 

Instrumentation: Melting points were determined using a Thomas Hoover Capillary Melting 

Point Apparatus. Infrared spectra were determined on the Agilent Cary 630 FTIR spectrometer 

and data are represented as frequency of absorption (cm-1). Optical rotation was measured on Jasco 

P-2000 polarimeter. 1H and 13C NMR spectra were obtained on a 400, 600 or 700 MHz instrument 

in CDCl3 or CD3OD unless otherwise noted. COSY, HSQC, and where necessary NOESY and 

HMBC spectra were used to aid structure assignments. Chemical shifts (δ) were reported in parts 

per million (ppm) with the residual solvent peak used as an internal standard (CDCl3 
1H NMR = 

7.26 ppm, 13C NMR = 77.16 ppm; CD3OD 1H NMR = 3.31, 4.87 ppm, 13C NMR = 49.0 ppm; 

TMS 1H NMR = 0 ppm, 13C NMR = 0 ppm) and multiplicities are reported as observed. The 

following abbreviations were used to report NMR peak multiplicities: s = singlet, d = doublet, t = 

triplet, q = quartet, p = pentet, m = multiplet, br = broad. Low resolution mass spectra were 

obtained using electrospray ionization (ESI). High-resolution mass spectra were obtained on a 

high-resolution mass spectrometer – the Thermo Fisher Scientific Exactive Plus MS, a benchtop 

full-scan Orbitrapä mass spectrometer – using Heated Electrospray Ionization (HESI).  The NC 

state small molecule X-ray facility collected and analyzed all X-ray diffraction data. 
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(±)-4-(But-3-en-1-yl)azetidin-2-one (182): Product 182 was prepared by modifying a known 

procedure.113 3-Butenyl-magnesium bromide 181, freshly prepared from Mg (270 mg, 11.1 mmol), 

3-butenyl bromide (1.51 g, 10.8 mmol) and 1,2-dibromoethane (68.0 mg, 0.35 mmol)  in THF (5 

mL) at 25 °C, was added dropwise to a solution of 4-(phenylsulfonyl)-2-azetidinone 180 (770 mg, 

3.54 mmol) in THF (25 mL) at -78 °C. The resulting solution was warmed to 25 °C, stirred for 12 

h, quenched (sat. aq. NH4 Cl, 50 mL), the aqueous layer was extracted with EtOAc (3 x 50 mL) 

and the organic layers were combined, washed with brine (1 x 100 mL), dried (Na2SO4) and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to provide the β-lactam 182 (261 mg, 

59%) as a colorless oil. 

Rf = 0.25 (50% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ 6.14 (s, 1H), 5.79 (ddt, J = 16.9, 10.2, 6.9 Hz, 1H), 5.08–4.98 (m, 

2H), 3.65–3.60 (m, 1H), 3.06 (ddd, J = 14.8, 5.0, 2.2 Hz, 1H), 2.58 (ddd, J = 14.8, 2.4, 1.3 Hz, 

1H), 2.14–2.08 (m, 2H), 1.76–1.70 (m, 2H). 

13C NMR (176 MHz, CDCl3) δ 168.6, 137.5, 115.9, 48.2, 43.8, 34.8, 30.9. 

IR (Diamond-ATR, neat) ṽmax: 3235, 2997, 1718, 1640, 1435, 1368, 1241, 1211, 909. 

HRMS (m/z): calculated for C7H12NO [M+H]+ 126.0913, found 126.0912. 
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(±)-4-(But-3-en-1-yl)azetidin-2-one (182): To a solution of N-chlorosulfonyl isocyanate (183) 

(1.11 mL, 12.5 mmol) in 12 mL dry ACN was added diene 184 (1.81mL, 15.0 mmol) at 25 °C 

under an Argon atmosphere then heat to 35 °C. After 4 h, the solvent was removed under reduced 

pressure and the crude residue was redissolved in diethyl ether (20 mL) followed by addition to a 

vigorously stirred cold solution containing water (30 mL), sodium carbonate (4.36 g, 41.1 mmol), 

sodium bisulfite (1.96 g, 18.7 mmol) and ice (30 g). After 1 h, the mixture was extracted with 

EtOAc (3 x 30 mL) and the organic layers were combined, dried (Na2SO4) and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 20% to 100%, EtOAc in hexanes) to provide the β-lactam 182 (0.37 g, 24%) as a colorless 

oil. 

The characterization data are consistent with 182 that was made from Grignard substitution. 

 

(±)-4-(But-3-en-1-yl)-1-(tert-butyldimethylsilyl)azetidin-2-one (186): To a solution of β-lactam 

182 (450 mg, 3.60 mmol) in DMF (12 mL), was added Et3N (404 mg, 3.95 mmol) followed by 

TBSCl (587 mg, 3.77 mmol) at 25 °C. After 17 h, the reaction was quenched (sat. aq. NH4Cl, 

5mL), the aqueous layer was extracted with CH2Cl2 (2 x 20 mL) and the organic layers were 

combined, washed with H2O (1 x 100 mL), brine (1 x 100 mL), 5% aq. LiCl (1 x 150 mL), dried 

(Na2SO4) and concentrated under reduced pressure. The crude residue was purified by column 
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chromatography (SiO2, gradient elution: 0% to 30% EtOAc in hexanes) to afford the the N-

silylated β-lactam 186 (834 mg, 97%) as a colorless oil. 

Rf = 0.45 (20% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 5.78 (ddt, J = 16.9, 10.3, 6.6 Hz, 1H), 5.04–4.98 (m, 2H), 3.52 (ddt, 

J = 10.9, 5.7, 3.0 Hz, 1H), 3.10 (dd, J = 15.3, 5.4 Hz, 1H), 2.59 (dd, J = 15.3, 2.8 Hz, 1H), 2.12–

1.92 (m, 3H), 1.52–1.46 (m, 1H), 0.95 (s, 9H), 0.22 (s, 3H), 0.21 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 172.7, 137.3, 115.5, 49.2, 43.9, 35.4, 30.0, 26.4 (3C), 18.4, -5.2, -

5.6. 

IR (Diamond-ATR, neat) ṽmax: 2926, 2792, 1737, 1262, 1186, 824. 

HRMS (m/z): calculated for C13H26NOSi [M+H]+ 240.1778, found 240.1777.  

 

(±)-(3R,4S)-3-Acetyl-4-(but-3-en-1-yl)-1-(tert-butyldimethylsilyl)azetidin-2-one (187): To a 

solution of N-silylated β-lactam 186 (0.70 g, 2.92 mmol) in THF (30 mL) at -78 °C was added 

LDA (17.5 mL, 17.5 mmol, 1 M in THF). After 2 h, the methyl acetate (2.19 g, 29.2 mmol) was 

added. The reaction was stirred at -78 °C for 30 min and then quenched (sat. aq. NH4Cl, 50 mL), 

the aqueous layer was extracted with EtOAc (3 x 30 mL) and the organic layers were combined, 

washed with brine (1 x 50 mL), dried (Na2SO4) and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, gradient elution: 0% to 30% EtOAc 

in hexanes) to afford the ketone 187 (0.70 g, 85%) as a yellow oil. 

Rf = 0.26 (10% EtOAc in hexanes) 
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1H NMR (700 MHz, CDCl3) δ 5.79–5.73 (m, 1H), 5.0–4.96 (m, 2H), 3.93 (dt, J = 10.7, 3.1 Hz, 

1H), 3.84 (d, J = 2.8 Hz, 1H), 2.27 (s, 3H), 2.08–2.00 (m, 2H), 1.96–1.91 (m, 1H), 1.54–1.49 (m, 

1H), 0.93 (s, 9H), 0.23 (s, 3H), 0.20 (s, 3H).  

13C NMR (176 MHz, CDCl3) δ 200.5, 168.0, 137.1, 116.1, 70.1, 51.3, 34.4, 30.2, 30.0, 26.4 (3C), 

18.6, -5.1, -5.5. 

IR (Diamond-ATR, neat) ṽmax: 2930, 2792, 1741, 1707, 1167, 809. 

HRMS (m/z): calculated for C15H27NO2SiNa [M+Na]+ 304.1703, found 304.1704. 

 

(±)-(3R,4S)-4-(But-3-en-1-yl)-1-(tert-butyldimethylsilyl)-3-((S)-1-hydroxyethyl) azetidin-2-

one (188): To a solution of keto β-lactam 187 (110 mg, 0.39 mmol) in Et2O (5 mL) was added 

potassium tetrafluoroborate (61.5 mg, 10.8 mmol) at 25 °C and cool to 0 °C. After 15 min, K-

Selectride (0.78 mL, 0.78 mmol, 1.0 M in THF) was added dropwise. The reaction was stirred at 

0 °C for 30 min and then quenched (sat. aq. NH4Cl, 5 mL), the aqueous layer was extracted with 

Et2O (3 x 10 mL) and the organic layers were combined, washed with brine (1 x 10 mL), dried 

(Na2SO4) and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 5% to 60% EtOAc in hexanes) to afford the hydroxyl β-

lactam 188 (89.0 mg, 80%) as a colorless solid in a 10:1 diastereomeric ratio (determined by 

integration of C(15)H signal). Crystallization method: a portion of the product (2.0 mg) was 

dissolved in a mixture of a drop of methanol and 0.1 ml of Et2O and crystalized by slow 

evaporation over 30 hours at 25 °C. Note: The yields typically ranged from 60–85% and prolonged 

the reaction time does not increase the yield. 

Rf = 0.31 (30% EtOAc in hexanes) 
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1H NMR (700 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.3, 6.5 Hz, 1H), 5.07–4.97 (m, 2H), 4.13–

4.08 (m, 1H), 3.53 (dt, J = 10.5, 2.9 Hz, 1H), 2.81 (dd, J = 5.8, 2.4 Hz, 1H), 2.15–2.10 (m, 1H), 

2.07–2.02 (m, 1H), 1.95–1.90 (m, 1H), 1.56–1.50 (m, 1H), 1.28 (d, J = 6.6 Hz, 3H), 0.95 (s, 9H), 

0.24 (s, 3H), 0.20 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 174.0, 137.8, 115.6, 65.8, 64.3, 53.0, 35.0, 30.2, 26.5 (3C), 21.8, 

18.6, -4.9, -5.4. 

IR (Diamond-ATR, neat) ṽmax: 3422, 2926, 2788, 1711, 1319, 1252, 824. 

HRMS (m/z): calculated for C15H30NO2Si [M+H]+ 284.2040, found 284.2038.  

 

Crystallographic data of 188 

 

A specimen of C15H29NO2Si, approximate dimensions 0.050 mm x 0.203 mm x 0.251 mm, was 

used for the X-ray crystallographic analysis. The X-ray intensity data were measured on a Bruker-
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Nonius X8 Kappa APEX II system equipped with a fine-focus sealed tube (MoKα, λ = 0.71073 Å) 

and a graphite monochromator. 

The total exposure time was 36.73 hours. The frames were integrated with the Bruker SAINT 

software package using a narrow-frame algorithm. The integration of the data using 

a monoclinic unit cell yielded a total of 28147 reflections to a maximum θ angle of 27.12° (0.78 Å 

resolution), of which 3841 were independent (average redundancy 7.328, completeness = 99.9%, 

Rint = 3.01%, Rsig = 2.01%) and 3214 (83.68%) were greater than 2σ(F2). The final cell constants 

of a = 12.8389(5) Å, b = 11.5893(4) Å, c = 11.6900(4) Å, β = 90.6262 (12)°, volume 

= 1739.30(11) Å3, are based upon the refinement of the XYZ-centroids of 9105 reflections above 

20 σ(I) with 4.735° < 2θ < 54.19°. Data were corrected for absorption effects using the Multi-Scan 

method (SADABS). The ratio of minimum to maximum apparent transmission was 0.963. The 

calculated minimum and maximum transmission coefficients (based on crystal size) 

are 0.9670 and 0.9930.  

The final anisotropic full-matrix least-squares refinement on F2 with 181 variables converged at 

R1 = 3.39%, for the observed data and wR2 = 9.01% for all data. The goodness-of-fit was 1.029. 

The largest peak in the final difference electron density synthesis was 0.396 e-/Å3 and the largest 

hole was -0.207 e-/Å3 with an RMS deviation of 0.039 e-/Å3. On the basis of the final model, the 

calculated density was 1.083 g/cm3 and F(000), 624 e- 

Sample and crystal data for 188. 

Identification code rds852 

Chemical formula C15H29NO2Si 

Formula weight 283.48 g/mol 

Temperature 100(2) K 
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Wavelength 0.71073 Å 

Crystal size 0.050 x 0.203 x 0.251 mm 

Crystal system monoclinic 

Space group P 1 21/c 1 

Unit cell dimensions a = 12.8389(5) Å α = 90° 

 b = 11.5893(4) Å β = 90.6262(12)° 

 c = 11.6900(4) Å γ = 90° 

Volume 1739.30(11) Å3  

Z 4 

Density (calculated) 1.083 g/cm3 

Absorption coefficient 0.135 mm-1 

F(000) 624 

Diffractometer Bruker-Nonius X8 Kappa APEX II 

Radiation source fine-focus sealed tube (MoKα, λ = 0.71073 Å) 

Theta range for data collection 2.37 to 27.12° 

Index ranges -16<=h<=16, -14<=k<=14, -14<=l<=14 

Reflections collected 28147 

Independent reflections 3841 [R(int) = 0.0301] 

Coverage of independent 

reflections 
99.9% 

Absorption correction Multi-Scan 

Max. and min. transmission 0.9930 and 0.9670 

Refinement method Full-matrix least-squares on F2 

Refinement program SHELXL-2017/1 (Sheldrick, 2017) 

Function minimized Σ w(Fo
2 - Fc

2)2 

Data / restraints / parameters 3841 / 0 / 181 

Goodness-of-fit on F2 1.029 

Final R indices 3214 data; I>2σ(I) R1 = 0.0339, wR2 = 0.0843 

 all data R1 = 0.0450, wR2 = 0.0901 

Weighting scheme 
w=1/[σ2(Fo

2)+(0.0429P)2+0.6365P] 

where P=(Fo
2+2Fc

2)/3 

Largest diff. peak and hole 0.396 and -0.207 eÅ-3 

R.M.S. deviation from mean 0.039 eÅ-3 
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(±)-(3R,4S)-4-(But-3-en-1-yl)-1-(tert-butyldimethylsilyl)-3-((R)-1-hydroxyethyl) azetidin-2-

one (189) : To a solution of DIBAL (1.35 mL, 1.35 mmol, 1.0 M in THF) in THF (2 mL) at -78 

°C was added n-BuLi (0.74 mL, 1.33 mmol, 1.8 M in hexanes) dropwise. After 15 min, this 

solution was then added to a solution of β-lactam 187 (187 mg, 0.664 mmol) in THF (5 mL) at -

78C. The reaction was stirred at -78 °C for 30 min and then quenched (sat. aq. NH4Cl, 10 mL), the 

aqueous layer was extracted with EtOAc (3 x 10 mL) and the organic layers were combined, 

washed with brine (1 x 20 mL), dried (Na2SO4) and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, gradient elution: 5% to 60% EtOAc 

in hexanes) to afford the C-15-epi-hydroxyl β-lactam 189 (120 mg, 64%) as a colorless oil in a 

10:1 diastereomeric ratio (determined by integration of C(15)H signal).  

Rf = 0.31 (30% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 5.80 (ddt, J = 16.9, 10.3, 6.5 Hz, 1H), 5.07–4.99 (m, 2H), 4.04–

3.99 (m, 1H), 3.38 (dt, J = 10.5, 2.9 Hz, 1H), 2.79 (dd, J = 7.0, 2.4 Hz, 1H), 2.15–1.93 (m, 3H), 

1.57–1.52 (m, 1H), 1.30 (dd, J = 6.3, 2.0 Hz, 3H), 0.96 (s, 9H), 0.25 (s, 3H), 0.22 (s, 3H). 

MS (ESI+): m/z 284 ([M+H]+). 

 

(±)-(3R,4S)-4-(But-3-en-1-yl)-3-((S)-1-hydroxyethyl)azetidin-2-one (190): To a solution of N-

silylated β-lactam 188 (170 mg, 0.60 mmol) in THF (12 mL) was added TBAF (0.72 mL, 0.720 

mmol, 1.0 M in THF) dropwise at 0 °C. After 1 h, the reaction was quenched (sat. aq. NH4Cl, 10 
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mL), the aqueous layer was extracted with EtOAc (3 x 10 mL) and the organic layers were 

combined, dried (Na2SO4) and concentrated under reduced pressure. The crude residue was 

purified by column chromatography (SiO2, gradient elution: 12% to 100% EtOAc in hexanes) to 

afford the β-lactam 190 (90.0 mg, 66%) as a colorless oil. 

Rf = 0.28 (70% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 6.60 (br, 1H), 5.82–5.76 (m, 1H), 5.05–4.96 (m, 2H), 4.15–4.13 

(m, 1H), 3.64 (td, J = 6.8, 5.7, 3.3 Hz, 1H), 3.17 (br, 1H), 2.79–2.75 (m, 1H), 2.12–2.09 (m, 2H), 

1.73–1.70 (m, 2H), 1.25 (dd, J = 6.5, 2.9 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 169.6, 137.5, 115.6, 64.6, 63.8 51.1, 34.2, 30.8, 21.6. 

IR (Diamond-ATR, neat) ṽmax: 3250, 2971, 2926, 1718, 1372, 1085 

HRMS (m/z): calculated for C9H16NO2 [M+H]+ 170.1176, found 170.1175. 

 

(±)-(3R,4S)-3-((S)-1-Hydroxyethyl)-4-((E)-5-oxotetradec-3-en-1-yl)azetidin-2-one (191): To a 

solution of β-lactam 190 (200 mg, 1.18 mmol) and enone 140 (609 mg, 3.31 mmol) in degassed 

CH2Cl2 (10 mL) was added chlorodicyclohexylborane (0.12 mL, 0.12 mmol, 1.0 M in hexane) at 

25 °C. After 15 min, second-generation Hoveyda-Grubbs catalyst (65.0 mg, 0.10 mmol) was added. 

The reaction was heated to reflux for 16 h and then concentrated under reduced pressure. The crude 

residue was purified by column chromatography (SiO2, gradient elution: 20% to 100% EtOAc in 

hexanes) to afford the β-lactam 191 (314 mg, 82%) as a black oil. 

Rf = 0.15 (70% EtOAc in hexanes) 
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1H NMR (700 MHz, CDCl3) δ 6.80 (dt, J = 15.8, 6.8 Hz, 1H), 6.46 (br, 1H), 6.14 (d, J = 15.8 Hz, 

1H), 4.17–4.14 (m, 1H), 3.67 (td, J = 6.7, 2.1 Hz, 1H), 2.80 (dd, J = 5.7, 2.1 Hz, 1H), 2.68 (br, 

1H), 2.50 (t, J = 7.5 Hz, 2H), 2.31–2.27 (m, 2H), 1.86–1.77 (m, 2H), 1.60–1.55 (m, 2H), 1.29–

1.22 (m, 15H), 0.86 (t, J = 6.9 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 200.7, 168.8, 144.9, 130.7, 64.8, 63.8, 50.9, 40.5, 33.4, 31.8, 29.4, 

29.4, 29.2, 29.2, 29.2, 24.1, 22.6, 21.6, 14.0. 

IR (Diamond-ATR, neat) ṽmax: 3280, 2922, 2768, 1737, 1666, 1372. 

HRMS (m/z): calculated for C19H34NO3 [M+H]+ 324.2533, found 324.2532. 

 

(±)-(2S,5S,6R)-6-((S)-1-Hydroxyethyl)-2-(2-oxoundecyl)-1-azabicyclo[3.2.0] heptan-7-one 

(192): To a solution of β-lactam 191 (118 mg, 0.36 mmol) in THF (23 mL) at 25 °C was 

added LiHMDS (0.16 mL, 0.16 mmol, 1.0 M in THF). After 15 min, the reaction was quenched 

(sat. aq. NH4Cl, 5 mL), the aqueous layer was extracted with EtOAc (3 x 15 mL) and the organic 

layers were combined, dried (Na2SO4) and concentrated under reduced pressure to provide a 9:1 

diastereomeric ratio mixture. The crude residue was purified by column chromatography (SiO2, 

gradient elution: 12% to 100% EtOAc in hexanes) to afford the bicyclic β-lactam 192 as a colorless 

oil (78.2 mg, 66%)  

Rf = 0.20 (50% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 4.18–4.13 (m, 2H), 3.68 (ddd, J = 8.0, 5.8, 1.9 Hz, 1H), 2.81 (dd, 

J = 6.6, 1.9 Hz, 1H), 2.69 (dd, J = 16.6, 5.8 Hz, 1H), 2.49 (dd, J = 16.6, 7.7 Hz, 1H), 2.49–2.45 
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(m, 1H), 2.41 (t, J = 7.5 Hz, 2H), 2.18 (dtd, J = 12.2, 6.1, 2.5 Hz, 1H), 1.88 (br, 1H), 1.76–1.72 

(m, 1H), 1.56–1.51 (m, 3H), 1.30 (d, J = 6.3 Hz, 3H), 1.28–1.23 (m, 12H), 0.87 (t, J = 7.1 Hz, 3H).  

13C NMR (176 MHz, CDCl3) δ 208.8, 176.3, 65.9, 63.2, 55.2, 54.2, 48.0, 43.1, 37.5, 31.8, 30.6, 

29.4, 29.4, 29.2, 29.1, 23.6, 22.6, 21.8, 14.1. 

IR (Diamond-ATR, neat) ṽmax: 3407, 3038, 2922, 2773, 1748, 1659. 

HRMS (m/z): calculated for C19H34NO3 [M+H]+ 324.2533, found 324.2530.  
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Table 16 Full table of second stereoselective ketone reduction attempts 
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(±)-(2S,5S,6R)-6-((S)-1-Hydroxyethyl)-2-((S)-2-hydroxyundecyl)-1-azabicyclo [3.2.0]heptan-

7-one (193): To a solution of bicyclic β-lactam 192 (19.0 mg, 0.06 mmol) in toluene (6 mL) was 

added potassium tetrafluoroborate (9.2 mg, 0.07 mmol) and cool to 0 °C. After 15 min, K-

Selectride (0.07 mL, 0.07 mmol, 1.0 M in THF) was added dropwise using microsyringe. The 

reaction was stirred at 0 °C for 15 min and then quenched (sat. aq. NH4Cl, 5 mL), the aqueous 

layer was extracted with EtOAc (3 x 5 mL) and the organic layers were combined, dried (Na2SO4) 

and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 5% to 100% EtOAc in hexanes) to afford the dihydroxyl-

bicyclic β-lactam 193 (13.0 mg, 68%) as a colorless oil in a 5:3 diastereomeric ratio (determined 

by integration of C(13)H signal). 

Rf = 0.22 (70% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 4.2–4.17 (m, 1H), 3.97–3.92 (m, 1H), 3.79–3.74 (m, 1H), 3.69 

(ddd, J = 9.0, 5.5, 1.9 Hz, 1H), 3.16 (br, 1H), 2.87 (dd, J = 6.5, 1.9 Hz, 1H), 2.35 (dtd, J = 13.1, 

6.7, 1.7 Hz, 1H), 2.21 (dtd, J = 11.8, 5.9, 1.6 Hz, 1H), 1.79 (m, 1H), 1.74 (s, 1H), 1.55–1.37 (m, 

7H), 1.33 (d, J = 6.2 Hz, 3H), 1.26 (m, 12H), 0.87 (d, J = 7.2 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 178.4, 69.6, 65.7, 62.8, 56.3, 55.2, 41.9, 37.6, 37.3, 31.9, 31.1, 

29.8, 29.7, 29.6, 29.3, 25.9, 22.7, 21.8, 14.1. 

IR (Diamond-ATR, neat) ṽmax: 3418, 2922, 2855, 1733, 1457, 1088. 

HRMS (m/z): calculated for C19H36NO3 [M+H]+  326.2690, found 326.2698. 
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(±)-(2S,5S,6R)-6-((S)-1-Hydroxyethyl)-2-((R)-2-hydroxyundecyl)-1-azabicyclo 

[3.2.0]heptan-7-one (194): To a solution of bicyclic β-lactam 192 (69.4 mg, 0.22 mmol) in MeOH 

(2 mL) was added cerium (III) chloride (21.1 mg, 0.09 mmol) and cool to -78 °C. After 30 min, 

sodium borohydride (16.4 mg, 0.429 mmol) was added in one portion. The reaction was stirred at 

-78 °C for 1 min and then quenched (sat. aq. NH4Cl, 5 mL), the aqueous layer was extracted with 

CH2Cl2 (3 x 5 mL) and the organic layers were combined, dried (Na2SO4) and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 5% to 100% EtOAc in hexanes) to afford the C-13-epi-dihydroxyl-bicyclic β-lactam 194 

(67.8 mg, 97 %) as a colorless oil in a 6:1 diastereomeric ratio (determined by integration of 

C(15)H signal). 

Rf = 0.22 (70% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 4.19–4.13 (m, 1H), 3.84–3.78 (m, 1H), 3.77–3.70 (m, 2H), 2.84 

(dd, J = 6.0, 2.2 Hz, 1H), 2.38–2.29 (m, 1H), 2.21–2.13 (m, 1H), 1.80–1.74 (m, 1H), 1.58–1.54 

(m, 1H), 1.51–1.39 (m, 6H), 1.28 (d, J = 6.0 Hz, 3H), 1.24 (s, 12H), 0.86 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 177.8, 71.3, 65.4, 63.2, 57.7, 55.3, 41.8, 37.7, 37.3, 31.9, 30.2, 

29.7, 29.7, 29.6, 29.3, 25.5, 22.7, 21.7, 14.1. 

IR (Diamond-ATR, neat) ṽmax: 3407, 2922, 2851, 1729, 1457, 1085. 

HRMS (m/z): calculated for C19H36NO3 [M+H]+ 326.2690, found 326.2687. 
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(±)-4-((Z)-2,3-Bis(tert-butoxycarbonyl)guanidino)butyl (3S)-3-hydroxy-2-((2S,5S)-5-((S)-2-

hydroxyundecyl)pyrrolidin-2-yl)butanoate (195): To a solution of 5:3 mixture of bicyclic β-

lactam 193 and 194 (32.6 mg, 0.10 mmol) and 146 (34.9 mg, 0.11 mmol) in CH2Cl2 (2 mL) at 0 

°C was added boron trifluoride diethyl etherate (0.03 mL, 48% BF3 basis, 0.11 mmol) using 

microsyringe. After 30 mins, the reaction was quenched (sat. aq. NaHCO3, 3 mL), the aqueous 

layer was extracted with CH2Cl2 (3 x 5 mL) and the organic layers were combined, washed with 

brine (1 x 10 mL), dried (Na2SO4) and concentrated under reduced pressure. The residue was 

filtered through SiO2 with EtOAc to remove the excess 146 and the filter cake was washed with 

20% MeOH in EtOAc. The filtrate was concentrated under reduced pressure to give the crude 

pyrrolidine 195 (60.0 mg, 91%) as a colorless oil, which was used next step without further 

purification. 

Rf = 0.1 (10% MeOH in EtOAc) 

MS (ESI+): m/z 657 ([M+H]+). 

HRMS (m/z): calculated for C34H65N4O8 [M+H]+ 657.4797, found 657.4786. 

 

(±)-4-((Z)-2,3-Bis(tert-butoxycarbonyl)guanidino)butyl (3S)-3-hydroxy-2-((2S,5S)-5-((R)-2-

hydroxyundecyl)pyrrolidin-2-yl)butanoate (S11): To a solution of bicyclic β-lactam 194 (67.8 
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mg, 0.21 mmol) and 146 (72.5 mg, 0.22 mmol) in CH2Cl2 (4 mL) at 0 °C was added boron 

trifluoride diethyl etherate (0.06 mL, 48% BF3 basis, 0.23 mmol) using microsyringe. After 30 

mins, the reaction was quenched (sat. aq. NaHCO3, 3 mL), the aqueous layer was extracted with 

CH2Cl2 (3 x 5 mL) and the organic layers were combined, washed with brine (1 x 10 mL), dried 

(Na2SO4) and concentrated under reduced pressure. The residue was filtered through SiO2 with 

EtOAc to remove the excess 146 and the filter cake was washed with 20% MeOH in EtOAc. The 

filtrate was concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 0% to 20%, MeOH in EtOAc) to provide the C-13-epi-

pyrrolidine S11 (81.0 mg, 59%) as a colorless oil. 

Rf = 0.1 (10% MeOH in EtOAc) 

1H NMR (700 MHz, CDCl3) δ 11.49 (s, 1H), 8.33 (s, 1H), 4.17–4.11 (m, 3H), 3.86–3.82 (m, 1H), 

3.69–3.64 (m, 1H), 3.61–3.55 (m, 1H), 3.46–3.43 (m, 2H), 2.65 (dd, J = 8.0, 3.6 Hz, 1H), 2.12 

(ddd, J = 7.2, 5.5, 2.0 Hz, 1H), 2.04–2.00 (m, 1H), 1.74–1.68 (m, 2H), 1.67–1.62 (m, 2H), 1.61–

1.58 (m, 1H), 1.56–1.52 (m, 2H), 1.49 (d, J = 4.0 Hz, 18H), 1.44–1.40 (m, 2H), 1.29–1.24 (m, 

18H), 0.87 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 173.4, 163.7, 156.3, 153.5, 83.4, 79.5, 72.3, 66.6, 64.9, 60.0, 56.8, 

54.0, 40.4, 40.3, 38.3, 32.5, 32.0, 29.8, 29.8, 29.7, 29.5, 29.5, 28.5, 28.2, 26.0, 25.9, 25.8, 22.8, 

21.9, 14.3. 

IR (Diamond-ATR, neat) ṽmax: 3329, 2922, 2743, 1718, 1636, 1614, 1331, 1133. 

HRMS (m/z): calculated for C34H65N4O8 [M+H]+ 657.4797, found 657.4786.  

MS (ESI+): m/z 657 ([M+H]+). 
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(±)-Batzelladine D (60): To a solution of crude pyrrolidine 195 (38.7 mg, 0.06 mmol) in THF (1 

mL) was added 1,3-bis(t-butoxycarbonyl)-2-methyl-2-thiopseudourea (45.0 mg, 0.15 mmol), Et3N 

(41.5 uL, 0.30 mmol), and HgCl2 (38.6 mg, 0.14 mmol) at 25 °C. After 30 min, the reaction mixture 

was diluted with EtOAc (2 mL) and filtered through a pad of Celite®. The filtrate was concentrated 

under reduced pressure, redissolved in CH2Cl2 (5 mL) and cooled to 0 °C then Et3N (53.4 uL, 0.38 

mmol) and methanesulfonyl chloride (0.13 mL, 1.63 mmol) was added using microsyringe. After 

30 min, the reaction was quenched (sat. aq. NH4Cl, 3 mL), the aqueous layer was extracted with 

CH2Cl2 (3 x 5 mL) and the organic layers were combined, dried (Na2SO4) and concentrated under 

reduced pressure. The crude residue was redissolved in formic acid (1 mL) and heated to 38 °C. 

After 15 h, the reaction mixture was concentrated under reduced pressure and the crude residue 

was purified by HPLC (C18 Column, 5% to 38% MeCN in H2O, 0.1% formic acid, 50 minutes 

ramp) to afford the (±)-batzelladine D (60) as a formate salt (5.3 mg, 19%) as a white amorphous 

solid and (±)-elim 199 as a formate salt (6.14 mg, 22%) as a white amorphous solid. Note: In 

practice, the guanylation mixtures could directly concentrated under reduced pressure without 

filtration. (Yields refer to chromatographically purified yield not overall yield of stereoisomers) 

 

Rf = 0.2 (20% MeOH in CH2Cl2) 
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1H NMR (600 MHz, CDCl3) δ 4.21 (t, J = 6.4 Hz, 2H), 4.00–3.94 (m, 1H), 3.89–3.85 (m, 1H), 

3.59–3.52 (m, 2H), 3.23 (t, J = 7.0 Hz, 2H), 3.16 (dd, J = 4.8, 3.3 Hz, 1H), 2.37 (ddd, J = 12.9, 5.1, 

2.4 Hz, 1H), 2.28–2.21 (m, 2H), 1.80–1.71 (m, 3H), 1.69–1.58 (m, 5H), 1.48–1.29(m, 18H), 0.91 

(t, J = 6.9 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 170.6, 158.7, 151.5, 65.4, 57.7, 57.3, 53.2, 49.9, 45.6, 42.0, 37.0, 

34.2, 33.1, 31.4, 30.7, 30.6, 30.4, 29.4, 26.9, 26.6, 26.2, 23.7, 18.5, 14.4.  

IR (Diamond-ATR, neat) ṽmax: 3310, 3206, 2922, 2855, 1647, 1580, 1342. 

HRMS (m/z): calculated for C25H47N6O2 [M+H]+ 463.3755, found 463.3749. 

 

(±)-(3R,4aS,7S)-1-Amino-7-((E)-1-(4-guanidinobutoxy)-1-oxobut-2-en-2-yl)-3-nonyl-

3,4,4a,5,6,7-hexahydro-2H-pyrrolo[1,2-c]pyrimidin-8-ium (199): 

[α] D 22: +1.44°, (c = 0.16, MeOH) 

Rf = 0.2 (20% MeOH in CH2Cl2) 

1H NMR (700 MHz, CD3OD) δ 7.09 (q, J = 7.4 Hz, 1H), 4.93 (dd, J = 9.6, 7.8 Hz, 1H), 4.24–4.17 

(m, 2H), 3.99 (ddt, J = 11.2, 5.1, 3.0 Hz, 1H), 3.46–3.39 (m, 1H), 3.22 (t, J = 6.8 Hz, 2H), 2.43–

2.36 (m, 2H), 2.33–2.28 (m, 1H), 2.05–1.99 (m, 1H), 1.97 (d, J = 7.4 Hz, 3H), 1.78–1.73 (m, 2H), 

1.70–1.54 (m, 6H),  1.45–1.41 (m, 2H), 1.37–1.28 (m, 12H), 0.91 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, CDCl3) δ 166.5, 158.7, 153.6, 143.4, 132.1, 65.3, 59.8, 57.6, 51.7, 42.0, 

36.0, 34.1, 33.1, 32.8, 32.1, 30.7, 30.6, 30.6, 30.5, 27.0, 26.6, 26.2, 23.7, 14.4, 14.2. 

IR (Diamond-ATR, neat) ṽmax: 3340, 3188, 2922, 2855, 1670, 1638, 1595 

HRMS (m/z): calculated for C25H47N6O2 [M+H]+ 463.3755, found 463.3750 
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Comparison of synthetic and natural batzelladine D (60) 

 

batzelladine D (60) 

Comparison of natural (Patil)72 and synthetic batzelladine D by 1H NMR 

 Natural (600 MHz,CD3OD) Synthetic (700 MHz,CD3OD) δ ppm 

H5 4.21, t 4.21, t – 

H8 3.93, m 3.97, m 0.04 

H15 3.83, m 3.87, m 0.04 

H11 3.55, m 3.56, m 0.01 

H13 3.54, m 3.54, m – 

H2 3.21, t 3.23, t 0.02 

H7 3.12, dd 3.16, dd 0.04 

H10’ 2.35, m 2.37, ddd 0.02 

H12’ 2.35, m 2.24, m 0.11 

H9’ 2.24, m 2.24, m – 

H4 1.75, m 1.75, m – 

H3 1.69, m 1.69, m – 

H17’ 1.64, m 1.64, m – 

H9 1.60, m 1.60, m – 

H17 1.55, m 1.58, m 0.03 

H12 1.42, m 1.45, m 0.03 

H10 1.41, m 1.41, m – 

H16 1.28, d 1.30, m 0.02 

H18 1.29, br 1.30, m 0.01 

H19 1.29, br 1.30, m 0.01 

H20 1.29, br 1.30, m 0.01 

H21 1.29, br 1.30, m 0.01 

H22 1.29, br 1.30, m 0.01 

H23 1.29, br 1.30, m 0.01 

H24 1.29, br 1.30, m 0.01 

H25 0.89, t 0.91, t 0.02 

The chemical shift discrepancy of H12’ may have been a tabulation error of the original report. 
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batzelladine D (60) 

Comparison of natural (Patil)72 and synthetic batzelladine D by 13C NMR 

 Natural (150 MHz, CD3OD) Synthetic (176 MHz, CD3OD) δ ppm 

C6 170.6 170.6 – 

C1 158.7 158.7 – 

C14 151.5 151.5 – 

C5 65.4 65.4 – 

C8 57.7 57.7 – 

C11 57.3 57.3 – 

C13 53.2 53.2 – 

C15 49.8 49.9 0.1 

C7 45.6 45.6 – 

C2 42.0 42.0 – 

C17 37.0 37.0 – 

C12 34.2 34.2 – 

C23 33.0 33.1 0.1 

C10 31.4 31.4 – 

C19 * 30.7 * 

C20 * 30.6 * 

C21 * 30.4 * 

C22 * * * 

C9 29.3 29.4 0.1 

C4 27.0 26.9 0.1 

C3 26.6 26.6 – 

C18 26.2 26.2 – 

C24 23.7 23.7 – 

C16 18.4 18.5 0.1 

C25 14.3 14.4 0.1 

* = not determined  
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Chapter 4: Development of enantioselective synthesis of batzelladine D and Initial 

antimicrobial evaluation 

 

4.1 Development of enantioselective synthesis toward batzelladine D 

Having a 10-step racemic synthesis in hand, we then moved our attention to explore an 

enantioselective synthesis. The relative stereochemistry in our synthesis is relayed from the first 

set stereocenter at the β position of the β-lactam 182. Rendering the transformation from 180 to 

182 (Scheme 34) enantioselective would be an attractive entry to access an enantiomerically pure 

series of compounds; however, no such transformation has been reported to the best of our 

knowledge. Therefore, we began the exploration toward synthesizing a chiral ß-lactam 182 from 

ß-functionalized azetidinone such as 180.  

 

Scheme 34 Proposed enantioselective synthesis toward β-lactam 182 

Inspired by the reports of enantioselective aza-Henry123–125 and Mannich126 reactions on 

the acyl imine generated from -amido sulfone and we were curious if the azetidinone 180 would 

behave the same way (Table 17). In order to supply a sufficient quantity of sulfone 180, a brief 

optimization was performed and is shown in Table 17. Employing water as co-solvent with THF, 

sulfone 180 could be easily generated (entry 4, Table 17). Moving forward, various of 

nucleophiles were planned to react with intermediate 202 and see if we could make compound 203 

asymmetrically. 
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Table 17 Development of an efficient synthetic access to azetidinone 180 

 

4.1.1 Study toward asymmetric Grignard addition  

In 2012, the Harutyunyan group published the first catalytic enantioselective 1,2-addition 

of Grignard reagents to ketones.127 Utilizing the chiral copper(I) catalyst with a variety of Grignard 

reagents, a panel of chiral alcohols were prepared in high yield. Due to the simplicity and 

straightforward operation procedure, we were curious if we could apply this method into our -

amido sulfone system to obtain any level of enantioselectivity toward the preparation of chiral β-

lactam. 

To demonstrate the reactivity in our model system, we began with mixing the commercially 

available 2 M n-butylmagnesium bromide in ether solution with sulfone 180 in THF and we were 

able to isolate the desired β-lactam 204 in 80% yield (entry 1, Table 18). Next, a literature reported 

optimized condition was chosen to test our proposed strategy (entry 2-5, Table 18).128 Quickly, 

we realized the low solubility and reactivity was an issue in our case; therefore, Lewis acids were 

added as an activator to enhance the reactivity (entry 6-7, Table 18).129,130 It was found out that 

TMSOTf could indeed increase the conversion, however, no enantioselectivity was observed. 

Different Cu(I) and ligands combination were further tested, unfortunately, still no desired 

outcome was obtained (entry 8-11, Table 18). Next, we turn our attention to perform the reaction 
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using stoichiometric amount of chiral ligand such as BINOL derivatives and cinchona alkaloids 

(entry 12-15, Table 18).131 Again, no synthetically useful result was observed. Even though a 15% 

ee was detected when BINOL ligand was employed, we were unable to increase the 

enantioselectivity further (entry 12, Table 18). Hence, we quickly realized that we might not be 

able to obtain the desired product via this approach. The full reaction screening table can be found 

in the experimental section (Table 20).  

Table 18 Selected attempts toward asymmetric Grignard addition 
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4.1.2 Miscellaneous attempts toward enantioenriched β-lactam synthesis  

In parallel to the asymmetric Grignard addition approach, other types of enantioselective 

reaction including aza-Henry-123–125, Mannich-126, and Sakurai-type132,133 reactions were briefly 

explored (Scheme 35). A handful of conditions were tested using chiral ligands, chiral Lewis acid 

and chiral phase transfer catalysts. Unfortunately, all attempts resulted in no enantioselectivity or 

no reaction/decomposition of starting material was observed.  

 

Scheme 35 Miscellaneous attempts toward enantioenriched β-lactam synthesis 
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After realization of the sulfone 180 might not be a suitable substrate for the development 

enantioselective synthesis, we turned our attention to the preparation of a chiral linear precursor 

which can then be cyclized to yield the enantioenriched β-lactams (Scheme 36 and Scheme 37). 

First, -amido sulfone 210 was prepared from aldehyde 208, amine 209 and sodium 

benzenesulfinate through a multicomponent reaction (MCR) (Scheme 36). An enantioselective 

Mannich reaction was attempted using a cinchona alkaloid derived quaternary ammonium salt as 

the chiral phase transfer catalyst to provide either chiral amino ester 212 or β-lactam 213. However, 

no desired product was observed after significant screening. 

 

Scheme 36 Attempts toward enantioselective synthesis of β-lactam 213 

Moreover, the possibility of rhodium catalyzed CH insertion of diazo compound to β-

lactam was explored (Scheme 37).134,135 Treatment of N-tert-butyl protected amine 214 with 

dioxinone followed by diazo transfer using pABSA in the presence of DBU furnished cyclization 

precursor, acceptor-acceptor diazo 215. A rhodium catalyzed diazo decomposition employing 

Rh(II) dimer and different ligands as shown in Scheme 37 delivered an inseparable mixture of -

lactam 216 and -lactam 217 in quantitative yield with 3:2 ratio. In all three conditions yielded the 

same ratio of products which were analyzed by LCMS and crude NMR. By carefully examining 

the crude NMR spectrum, we were able to find the characteristic  and β peaks of β-lactam 216. 

With this excited result, we then moved our focus to deprotecting the tert-butyl group in 216 to 

reveal the free N-H bond. Disappointedly, attempts to cleave the C-N bond before decomposition 
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were unsuccessful; hence the preparation of N-silyl protecting compound 219 become our next 

target. Surprisingly, various silyl protecting groups were tried, but all of them turned out to be too 

labile to be isolated. Therefore, we were unable to examine the selectivity of 219 in CH insertion 

conditions to date. 

 

Scheme 37 Study toward the synthesis of chiral β-lactam by C-H insertion 

4.2 Successful development of the synthesis toward both enantiomers of batzelladine D 

After extensive exploration of different approaches to obtain a practical access to the key 

intermediates, we were gratified to develop two routes that allowed us to generate gram-scale 

quantities of our key intermediates enantioselectively that intersected with our previously 

developed racemic approach for both enantiomers.  

To access the non-natural enantiomer, we chose to start from commercially available ß-

lactam 221, already bearing the necessary hydroxyethyl side chain, and available on large scale 

due to its use in commercial antibiotic synthesis (Scheme 38). Through treatment of 221 with 

sodium benzenesulfinate and subsequent displacement by butenyl Grignard reagent 181, ß-lactam 

223 could be generated on a 6-gram scale smoothly. It is worth noting, 4.1 equivalent of Grignard 

reagent was the optimized condition to promote the reaction to reach full conversion. Cross-

metathesis and aza-Michael addition proceed even better than in the racemic route: the two epimers 
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generated aza-Michael addition could be easily separated with the TBS-protected alcohol present 

and yield as a single diastereoisomer 225 in 73% yield. To our surprise, the TBS deprotection of 

the secondary alcohol in compound 225 was problematic. The reaction was complicated by the 

potential RAM and the resistant protecting group. Ultimately, a combination of TBAF and acetic 

acid under elevated temperature was found to be an effective way to provide spectroscopically 

identical bicyclic ß-lactam 192 as our previous formed racemic compound.  

 

Scheme 38 Gram-scale synthesis of (+) bicyclic β-lactam 192 

The natural enantiomer generation relied on an Ellman auxiliary approach that readily 

provided (-)-ß-lactam 182 in good yield on gram-scale (Scheme 39). Starting with aldehyde 208 

and Ellman sulfinamide, N-sulfinyl imine 226 was prepared in 99% yield. Then, a 

diastereoselective Mannich addition of the in situ generated Reformatsky reagent 227136, followed 

by cleavage of auxiliary, provided the optically active -amino ester 208 in excellent yield and 

high enantioselectivity. With the cyclization precursor 208 in hand, the -lactam formation was 

subsequently investigated. This type of chemical transformation has been utilized in the synthesis 

of -lactams; however, a previous group member demonstrated the difficulty of this transformation 

in our system.88 Fortunately, when employing excess strong base under low temperature, -lactam 

182 could be synthesized in 40-61% yield on small scale (entry1-3, Scheme 39). Upon decreasing 
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the basicity of the reagent, the reaction was ineffective, and the starting material was decomposed 

upon increasing the temperature (entry 4, Scheme 39). Notably, the optimal condition (entry 2, 

Scheme 39) performed even better on larger scale (entry 5, Scheme 39). 

 

Scheme 39 Gram-scale synthesis of (-) β-lactam 182 

It is worth noting that a sequence of Mannich reaction between N-sulfinyl imine 226 and 

β-ketoester 221 followed by β-lactam formation was also investigated to directly install the acyl 

side chain 230. Unfortunately, only decomposition or retro-Mannich reaction of 229 was observed 

(Scheme 40). 

 

Scheme 40 Attempts to the synthesis of disubstituted -lactam 230 

Finally, with two practical routes that allowed us to generate gram-scale quantities of our 

key intermediates enantioselectively that intersected our previously mentioned racemic approach 
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for both enantiomers as shown in Scheme 41, both enantiomers of batzelladine D (60) were readily 

prepared following by our developed sequence described in Chapter 3. 

 

Scheme 41 a) Synthesis of (-)-batzelladine D; b) Synthesis of (+)-batzelladine D 

4.3 Antimicrobial evaluation of batzelladine D and its stereochemical analogues  

Via the routes that we developed, a library of batzelladine analogues were made and their 

activity was evaluated against a series of ESKAPE pathogens including Gram-positive and Gram-

negative bacteria (Table 19).122 This represents the first antimicrobial evaluation of batzelladine 

D (60) and its stereoisomers. In initial screening, (±)-batzelladine D (60) proved moderately active 

against both methicillin sensitive S. aureus (MSSA) and methicillin resistant S. aureus (MRSA), 

with an MIC of 8 μg/mL and gave us reason to evaluate our stereoisomer library, elimination 

byproducts, and synthetic intermediates for their antimicrobial activity against an expanded panel 

of bacterial pathogens. Excitingly, several compounds showed promising activities. Upon 

systematic evaluation of the stereoisomers against MSSA and MRSA, it was revealed that non-

natural stereoisomers were more active than the racemic natural product or natural enantiomeric 

series. This effect can be highlighted by comparison of non-natural (+)-13-epi-batzelladine D (196) 

and natural (−)-13-epi-batzelladine D (196), wherein the unnatural enantiomer is somewhat more 

active (Table 19). The effect of stereochemistry on antimicrobial activity suggests there may be 
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distinct targets or pathways involved in the observed activity and warrants additional studies to 

enable a more in-depth evaluation. Further studies on expanded pathogens will also allow 

determination as to the significance of these findings more broadly. In addition to the natural 

products and their stereoisomers, elimination byproducts (±)-199 and (+)-199 also showed 

promising activity against MSSA and MRSA, although these compounds may function by an 

alternate mechanism given their reactive Michael acceptor. Expanding the screening to Gram-

negative pathogens suggested promising activity, particularly for (+)-196, (+)-S2 and (−)-60, with 

MICs of 16−64 μg/mL. While these are not clinically relevant potencies against these challenging 

pathogens, they provide a starting point for further optimization. 

Table 19 Antimicrobial evaluation of stereochemical analogues and key intermediates. 

 



122 

 

 

4.4 Outlook 

The stereodivergent strategy to access trans-pyrrolidine core of PGAs offers an invaluable 

vista for accessing various stereoisomers and analogues of the trans-pyrrolidine containing PGAs 

and enables a deeper understanding of their biological functions or allows further exploration of 

their therapeutic potential. A future direction of this work is inspired by Bakunina and coworkers, 

who recently published a mechanistic study between PGAs and a glycoside hydrolase enzyme (α-

galactosidase), an enzyme involved in the degradation of saccharides, which revealed that the 

anchor parts of the PGAs could play a vital role in turns of binding affinity.137 Therefore, we could 

leverage these findings to design different anchor domains and integrate our developed synthesis 

that could potentially lead to powerful selective inhibitor toward α-D-galactosidases, which would 

lead to a broader impact to other areas such as infectious diseases, genetic disorders and cancer 

biology.  



123 

 

4.5 Conclusion 

In summary, we have developed a platform for the synthesis of a variety of stereochemical 

isomers of the batzelladine core and have utilized this approach to prepare (+)- and (−) batzelladine 

D (60) and a small library of compounds. The development of enantioselective access to 

enantioenriched batzelladine D and its analogues was successful. The established routes secured 

ample quantities of key intermediates that allowed the biological exploration of trans-pyrrolidine 

containing PGAs like batzelladine D (60) and its analogues. Further understanding of these 

molecules in a variety of biological systems may open the door to the identification of new targets 

and pathways for small molecule targeting by these and other classes of molecules. Future efforts 

are focused on an expanded analogue library to explore the SAR of this family, the antiviral study 

of our compound library, and the mechanism of these molecules as antimicrobial agents.  

 

4.6 Experimental Details 

General experimental procedures: All reactions were carried out under an inert argon 

atmosphere with anhydrous solvents under anhydrous conditions unless otherwise stated. Organic 

solvents were removed under reduced below 33 °C. Degassed solvents or reagents were degassed 

by sparging with argon for 20 minutes in an ultrasound bath at 25 °C.  All reactions, except those 

conducted in the presence of water were carried out in flame-dried apparatus. Yields refer to 

chromatographically purified yield, unless otherwise stated. Reactions were monitored by thin 

layer chromatography (TLC) analysis (pre-coated silica gel 60 F254 plates, 250 mm layer 

thickness) and visualization was accomplished with a 254 nm UV light and by staining with 

KMnO4 solution (1.5 g of KMnO4, 10 g of K2CO3, and 1.25 mL of a 10% NaOH solution in 200 

mL of water) with heating or iodine (1 g of I2 in 15 g of SiO2). Reactions were also monitored by 
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LC-MS (2.6 mm C18 50 x 2.10 mm column). Flash chromatography on SiO2 was used to purify 

the crude reaction mixtures and performed on a Biotage Isolera utilizing Biotage cartridges and 

linear gradients. Atom numbering of the intermediates were used as the corresponding atom 

number that found in the final product batzelladine D. Diastereomeric ratio was determined by 

crude NMR spectroscopy. The spectral data for enantioenriched compounds were identical to 

racemic material. 

 

Materials: Tetrahydrofuran (THF) and dichloromethane (CH2Cl2) were obtained by passing the 

previously degassed solvents through activated alumina columns under nitrogen atmosphere. 

Triethylamine and N,N-diisopropylethylamine were distilled over CaH2. Deuterated solvents 

(containing 0.03 to 0.05 vol % tetramethylsilane, TMS) were purchased from Cambridge Isotope 

Laboratories. All other reagents were purchased from commercial chemical companies and used 

without further purification, unless otherwise stated. 

 

Instrumentation: Melting points were determined using a Thomas Hoover Capillary Melting 

Point Apparatus. Infrared spectra were determined on the Agilent Cary 630 FTIR spectrometer 

and data are represented as frequency of absorption (cm-1). Optical rotation was measured on Jasco 

P-2000 polarimeter. 1H and 13C NMR spectra were obtained on a 400, 600 or 700 MHz instrument 

in CDCl3 or CD3OD unless otherwise noted. COSY, HSQC, and where necessary NOESY and 

HMBC spectra were used to aid structure assignments. Chemical shifts (δ) were reported in parts 

per million (ppm) with the residual solvent peak used as an internal standard (CDCl3 
1H NMR = 

7.26 ppm, 13C NMR = 77.16 ppm; CD3OD 1H NMR = 3.31, 4.87 ppm, 13C NMR = 49.0 ppm; 
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TMS 1H NMR = 0 ppm, 13C NMR = 0 ppm) and multiplicities are reported as observed. The 

following abbreviations were used to report NMR peak multiplicities: s = singlet, d = doublet, t = 

triplet, q = quartet, p = pentet, m = multiplet, br = broad. Low resolution mass spectra were 

obtained using electrospray ionization (ESI). High-resolution mass spectra were obtained on a 

high-resolution mass spectrometer – the Thermo Fisher Scientific Exactive Plus MS, a benchtop 

full-scan Orbitrapä mass spectrometer – using Heated Electrospray Ionization (HESI).  The NC 

state small molecule X-ray facility (METRIC) collected and analyzed all X-ray diffraction data. 

 

(±)-4-(Phenylsulfonyl)azetidin-2-one (180): To a solution of azetidine 201 (0.38 g, 2.85 mmol) 

in a 8:2 mixture of THF/H2O (7 mL), was added sodium phenyl sulfinate (1.03 g, 6.28 mmol) at 

35 °C. After 3 day, the reaction was diluted with Et2O (20 mL), quenched (H2O, 10 mL), the 

aqueous layer was extracted with Et2O (3 x 50 mL) and the organic layers were combined, dried 

(Na2SO4) and concentrated under reduced pressure to afford the sulfonyl β-lactam 180 

(quantitative) as a light-yellow solid. The crude material was used in the next step without further 

purification. 

Rf = 0.16 (50% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 7.95 (d, J = 8.1, 2H), 7.75 (t, J = 7.4 Hz, 1H), 7.64 (t, J = 7.8 Hz, 

2H), 6.29 (s, 1H), 4.72 (dd, J = 5.1, 2.2 Hz, 1H), 3.31 (ddd, J = 15.5, 5.1, 2.0 Hz, 1H), 3.23 (dt, J 

= 15.5, 1.8 Hz, 1H) 
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(±)-(S)-4-Butylazetidin-2-one (204): 3-Butenyl-magnesium bromide (0.82 mL, 0.98 mmol, 

1.19M) was added dropwise to a solution of the above crude sulfonyl β-lactam 180 (45.0 mg, 0.21 

mmol) in THF (1.4 mL) at -78 °C. Then the solution was warmed to 25 °C. After 18 h, the reaction 

was quenched (sat. aq. NH4Cl, 2 mL), the aqueous layer was extracted with EtOAc (3 x 5 mL) and 

the organic layers were combined, washed with brine (1 x 10 mL), dried (Na2SO4) and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 0% to 100%, EtOAc in hexanes) to provide the β-lactam 204 (23.3 mg, 

80%) as a colorless oil. 

Rf = 0.26 (50% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 6.22 (s, 1H), 3.59 (dtd, J = 6.8, 4.7, 2.5 Hz, 1H), 3.03 (ddt, J = 14.7, 

4.8, 2.2 Hz, 1H), 2.54 (ddt, J = 14.7, 2.4, 1.3 Hz, 1H), 1.66–1.55 (m, 2H), 1.37–1.25 (m, 4H), 0.9 

(t, J = 7.1 Hz, 3H) 

MS (ESI+): m/z 128 ([M+H]+). 
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Table 20 Full table of attempts toward asymmetric Grignard addition 
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N-(tert-Butyl)-2-diazo-3-oxo-N-(pent-4-en-1-yl)butanamide (215): A solution of secondary 

amine 214 (63.0 mg, 0.45 mmol) and dioxinone (68.6 mL, 0.49 mmol) was refluxed in toluene 

(4.5 mL). After 2 h, the reaction mixture was cooled down and concentrated under reduced 

pressure. The crude residue was redissolved in acetonitrile (4.5 mL) followed by addition of 

freshly distilled DBU (0.67 mL, 4.4 mmol) and TsN3 (0.97 mL, 0.49 mmol, 11wt% in toluene). 

After 16 h, the reaction mixture was diltuted with Et2O and filter through and the filtrate was 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 0% to 20%, EtOAc in hexanes) to provide the desired product 215 (80.0 

mg, 72%).  
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1H NMR (400 MHz, CDCl3) δ 5.81–5.68 (m, 1H), 5.07–4.97 (m, 2H), 3.35–1.30 (m, 2H), 2.29 (s, 

3H), 2.05–1.98 (m, 2H), 1.71–1.63 (m, 2H), 1.46 (s, 9H) 

MS (ESI+): m/z 252 ([M+H]+). 

 

(-)-(3S,4R)-4-(But-3-en-1-yl)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)azetidin-2-one 

(223): To a solution of (3R)-3-((R)-1-((tert-butyldimethylsilyl)oxy)ethyl)-4-oxoazetidin-2-yl 

acetate (221)   (6.40 g, 22.3 mmol, CAS: 76855-69-1 from Ambeed) in DMF (55 mL), was added 

sodium phenyl sulfinate (8.04 g, 49.0 mmol) at 25 °C. After 20 h, the reaction was diluted with 

Et2O (50 mL), quenched (H2O, 5 mL), the aqueous layer was extracted with Et2O (3 x 50 mL) and 

the organic layers were combined, washed with, H2O (1 x 200 mL), brine (1 x 200 mL), 5% aq. 

LiCl (1 x 200 mL), dried (Na2SO4) and concentrated under reduced pressure to afford the sulfonyl 

β-lactam 222 as a white solid. The crude material was used in the next step without further 

purification. 

3-Butenyl-magnesium bromide, freshly prepared from Mg (2.24 g, 92.0 mmol), 3-butenyl bromide 

(12.4 g, 89.2 mmol) and 1,2-dibromoethane (0.414 g, 2.16 mmol) in THF (71 mL) at 25 °C, was 

added dropwise to a solution of the above crude sulfonyl β-lactam 222 (8.23 g, 21.6 mmol, 1.0 

equiv) in THF (108 mL) at -78 °C. Then the solution was warmed to 25 °C. After 12 h, the reaction 

was quenched (sat. aq. NH4Cl, 5 mL), the aqueous layer was extracted with EtOAc (3 x 100 mL) 

and the organic layers were combined, washed with brine (1 x 150 mL), dried (Na2SO4) and 

concentrated under reduced pressure. The crude residue was purified by column chromatography 
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(SiO2, gradient elution: 0% to 60%, EtOAc in hexanes) to provide the β-lactam 223 (5.30 g, 87%) 

as a white solid. 

Rf = 0.38 (30% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 6.00 (s, 1H), 5.81 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.07–4.99 (m, 

2H), 4.18–4.13 (m, 1H), 3.64 (ddd, J = 8.1, 6.1, 2.2 Hz, 1H), 2.74 (ddd, J = 5.3, 2.2, 1.1 Hz, 1H), 

2.12 (m, 2H), 1.75–1.70 (m, 2H), 1.22 (d, J = 6.3 Hz, 3H), 0.87 (s, 9H), 0.07 (s, 3H), 0.06 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 168.9, 137.6, 115.5, 65.8, 64.6, 51.2, 34.4, 31.1, 25.9 (3C), 22.9, 

181, -4.1, -4.8. 

IR (Diamond-ATR, neat) ṽmax: 3250, 3097, 2926, 2851, 1762, 1662, 835. 

HRMS (m/z): calculated for C15H30NO2Si [M+H]+ 284.2040, found 284.2039. 

[α] D 24: -4.8°, (c = 0.93, CHCl3) 

Mp: 73-75 °C.  

 

(-)-(3S,4R)-3-((R)-1-((tert-Butyldimethylsilyl)oxy)ethyl)-4-((E)-5-oxotetradec-3-en-1-

yl)azetidin-2-one (224): To a solution of β-lactam 223 (1.50 g, 5.24 mmol), enone 140 (2.27 g, 

12.3 mmol) in degassed CH2Cl2 (10 mL) was added chlorodicyclohexylborane (0.52 mL, 0.52 

mmol, 1.0 M in hexane) at 25 °C. After 15 min, second-generation Hoveyda-Grubbs catalyst (0.29 

g, 0.45 mmol) was added. The reaction was heated to reflux for 16 h and then concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 0% to 80% EtOAc in hexanes) to afford the β-lactam 224 (1.57 g, 68%) as a black oil. 

Rf = 0.23 (40% EtOAc in hexanes) 
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1H NMR (700 MHz, CDCl3) δ 6.80 (dt, J = 15.8, 6.8 Hz, 1H), 6.13 (dt, J = 15.8, 1.6 Hz, 1H), 5.90 

(s, 1H), 4.19–4.14 (m, 1H), 3.66 (td, J = 6.7, 2.2 Hz, 1H), 2.76 (dd, J = 5.3, 1.6 Hz, 1H), 2.51 (t, J 

= 7.5 Hz, 2H), 2.27 (dddt, J = 8.3, 6.1, 4.3, 1.7 Hz, 2H), 1.84–1.78 (m, 2H), 1.61–1.59 (m, 2H), 

1.30–1.25 (m, 12H), 1.23 (d, J = 6.2 Hz, 3H), 0.87 (s, 9H), 0.87 (t, J = 7.0 Hz, 3H), 0.07 (s, 3H), 

0.06 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 200.8, 168.7, 145.2, 131.1, 65.9, 64.8, 51.2, 40.8, 33.9, 32.2, 29.8, 

29.8, 29.7, 29.6, 29.6, 26.1 (3C), 24.5, 23.1, 23.0, 18.3, 14.4, -3.9, -4.6. 

IR (Diamond-ATR, neat) ṽmax: 3228, 2926, 2866, 1762, 835. 

HRMS (m/z): calculated for C25H48NO3Si [M+H]+ 438.3398, found 438.3394. 

[α] D 25: -2.9°, (c = 0.51, CHCl3) 

 

(+)-(2R,5R,6S)-6-((R)-1-((tert-Butyldimethylsilyl)oxy)ethyl)-2-(2-oxoundecyl)-1-

azabicyclo[3.2.0]heptan-7-one (225): To a solution of β-lactam 224 (1.57 g, 3.59 mmol) in THF 

(224 mL) at 25 °C was added LiHMDS (1.6 mL, 1.61 mmol, 1.0 M in THF). After 15 min, the 

reaction was quenched (sat. aq. NH4Cl, 25 mL), the aqueous layer was extracted with EtOAc (3 x 

50 mL) and the organic layers were combined, dried (Na2SO4) and concentrated under reduced 

pressure to provide a 9:1 diastereomeric ratio mixture. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 0% to 40% EtOAc in hexanes) to afford the O-silylated 

bicyclic β-lactam 225 as a colorless oil (1.05 g, 67%) Note: The TBS protected alcohol enabled 

the separation of those two diastereomers. 

Rf = 0.28 (20% EtOAc in hexanes) 
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1H NMR (700 MHz, CDCl3) δ 4.16–4.12 (m, 2H), 3.67 (ddd, J = 8.1, 5.9, 2.0 Hz, 1H), 2.73 (dd, 

J = 5.4, 2.0 Hz, 1H), 2.66 (dd, J = 16.4, 6.0 Hz, 1H), 2.47–2.40 (m, 4H), 2.12 (dtd, J = 12.8, 6.4, 

2.9 Hz, 1H), 1.76–1.71 (m, 1H), 1.56–1.49 (m, 3H), 1.29–1.24 (m, 12H), 1.20 (d, J = 6.2 Hz, 3H), 

0.87 (s, 9H), 0.87 (t, J = 7.0 Hz, 3H), 0.06 (s, 3H), 0.05 (s, 3H). 

13C NMR (176 MHz, CDCl3) δ 209.0, 176.8, 66.0, 64.0, 55.0, 54.2, 48.3, 43.2, 37.7, 32.0, 30.6, 

29.6, 29.6, 29.4, 29.3, 25.9 (3C), 24.0, 22.8, 22.8, 18.1, 14.3, -4.1, -4.8. 

IR (Diamond-ATR, neat) ṽmax: 3038, 2926, 2773, 1768, 1882, 835. 

HRMS (m/z): calculated for C25H48NO3Si [M+H]+ 438.3398, found 438.3394. 

[α] D 24: +43.7°, (c = 0.94, CHCl3)  

 

(+)-(2R,5R,6S)-6-((R)-1-Hydroxyethyl)-2-(2-oxoundecyl)-1-azabicyclo [3.2.0]heptan-7-one 

(192): To a solution of O-silylated bicyclic β-lactam 225 (1.23 g, 2.80 mmol) in dry THF (14 mL) 

was added acetic acid (0.20 mL, 3.50 mmol) followed by TBAF (3.4 mL, 3.36 mmol, 1.0 M in 

THF) dropwise at 25 °C then heated to 48 °C. After 12 h, the reaction was quenched (sat. aq. 

NH4Cl, 5 mL), the aqueous layer was extracted with EtOAc (3 x 10 mL) and the organic layers 

were combined, dried (Na2SO4) and concentrated under reduced pressure. The crude residue was 

purified by column chromatography (SiO2, gradient elution: 12% to 100% EtOAc in hexanes) to 

afford the (+)-bicyclic β-lactam 192 (0.762 g, 84%) as a colorless oil. 

The characterization data are consistent with (±)-192. 

 [α] D 24: +56.9°, (c = 0.75, CHCl3) 
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(+)-(S,E)-2-Methyl-N-(pent-4-en-1-ylidene)propane-2-sulfinamide (226): To a solution of 4-

pentenal (208) (4.15 g, 47.9 mmol) in THF (360 mL) was added (S)-tert-butanesulfinamide (4.60 

g, 36.8 mmol), Ti(OEt)4 (25.8 g, 73.6 mmol) at 25 °C. After 18 h, the reaction was poured into an 

erlenmeyer flask containing a rapidly stirring solution of sat. aq. NaCl (500 mL), the mixture was 

filtered over a Buchner funnel to remove the sticky solid. The filtrate was extracted with EtOAc 

(3 x 200 mL) and the organic layers were combined, dried (Na2SO4) and concentrated under 

reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 0% to 40% EtOAc in hexanes) to afford the tert-butanesulfinyl imine 226 (6.84 g, 99%) 

as a light-yellow oil. 

Rf = 0.3 (20% EtOAc in hexanes) 

1H NMR (600 MHz, CDCl3) δ 8.06 (t, J = 4.4 Hz, 1H), 5.86–5.79 (m, 1H), 5.08–5.00 (m, 2H), 

2.61 (td, J = 7.3, 4.4 Hz, 2H), 2.39 (tdd, J = 7.3, 6.3, 1.5 Hz, 2H), 1.18 (s, 9H) 

13C NMR (150 MHz, CDCl3) δ 168.7, 136.6, 115.8, 56.5, 35.2, 29.3, 22.2 (3C). 

IR (Diamond-ATR, neat) ṽmax: 2960, 2922, 1621, 1085 

HRMS (m/z): calculated for C9H17NOS [M+H]+ 188.1104, found 188.1099 

.[α] D19:+187 °, (c = 1, CH2Cl2)] 

 

(+)-Methyl (S)-3-aminohept-6-enoate (228): Product 228 was prepared by modifying a known 

procedure.136 A flamed dried 125 mL three neck flask equipped with a magnetic stir bar and a 

reflux condenser was charged with a mixture of freshly activated Zn dust (5.23 g, 80.1 mmol) and 
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CuCl (0.53 g, 8.01 mmol). The two solids were stirred under argon while the flask was heated with 

a flame. The flask was allowed to cool to 25 ˚C, followed by the addition of THF (20 mL) to 

produce a dark slurry. The resulting reaction mixture was heated to reflux and stirred vigorously 

for 30 min. Ethyl bromoacetate (3.06 g, 20.0 mmol) in THF (6 mL) was added dropwise. Once the 

addition was completed, the reaction mixture was stirred for an additional 30 min at 25 °C, then at 

50 °C for 30 min. The mixture was then cooled to 0 ˚C, followed by the drop-wise addition of a 

solution of imine 226 (1.50 g, 8.01 mmol) in THF (9 mL). The mixture was stirred for an additional 

4 h at 0 °C and filtered through a pad of Celite® with Et2O. The filtrate was quenched (sat. aq. 

NH4Cl, 50 mL), the aqueous layer was extracted with Et2O (3 x 50 mL) and the organic layers 

were combined, dried (Na2SO4) and concentrated under reduced pressure. The crude material was 

dissolved in Et2O (57 mL) and cooled to 0 °C. To this mixture a solution of hydrochloric acid in 

dioxane (2.2 mL, 8.6 mmol, 4 M) was added and warmed to 25 °C. After 2 h, the mixture was 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 0% to 20% MeOH in 1:99 AcOH/ EtOAc) to afford the β-amino ester 228 

(1.24 g, 95%) as a colorless acetate oil. 

Rf = 0.1 (1 %AcOH and 9% MeOH in EtOAc) 

1H NMR (600 MHz, CDCl3) δ 8.45 (s, 2H), 5.80–5.70 (m, 1H), 5.11 (d, J = 17.2 Hz, 1H), 5.01 

(d, J = 10.2 Hz, 1H), 3.72 (s, 3H), 3.69–3.64 (m, 1H), 2.89 (dd, J = 17.1, 7.1 Hz, 1H), 2.79 (dd, J 

= 17.1, 5.4 Hz, 1H), 2.27–2.19 (m, 2H), 2.05–1.98 (m, 1H), 1.85–1.76 (m, 1H). 

13C NMR (150 MHz, CDCl3) δ 170.7, 136.0, 116.4, 52.3, 48.3, 36.2, 31.4, 29.3. 

IR (Diamond-ATR, neat) ṽmax: 2904, 2855, 1729, 1439, 1219 

HRMS (m/z): calculated for C8H15NO2 [M+H]+ 158.1176, found 158.1173. 

[α] D 22: +8.12°, (c = 1, CH2Cl2) 
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(-)-(S)-4-(But-3-en-1-yl)azetidin-2-one (182): To a solution of the β-amino ester acetate 228 

(1.20 g, 5.23 mmol) in THF (55 mL) at -78 °C was added LDA (18.0 mL, 35.9 mmol, 2 M in THF). 

After 3 h, the reaction was quenched (sat. aq. NH4Cl, 100 mL), the aqueous layer was extracted 

with EtOAc (3 x 60 mL) and the organic layers were combined, dried (Na2SO4) and concentrated 

under reduced pressure. The crude residue was purified by column chromatography (SiO2, gradient 

elution: 20% to 100% EtOAc in hexanes) to afford the (-)-β-lactam 182 as a colorless oil (0.62 g, 

90%). Enantiomeric excess was determined by chiral HPLC analysis (93:7 e.r.). 

The characterization data are consistent with (±)-10. 

[α] D 19: -7.83°, (c = 1, CH2Cl2) 

Chiral HPLC traces of (±)-10 (top trace) and enantioenriched (-)-10 (bottom trace); Chiralcel OD-

H (4.6 mm x 250 mm, 5 μm), hexanes/isopropyl alcohol 95:5, flow rate: 1 mL/min 

 

Peak result 

 RT Hight Area% 

1 12.600 11611 48.119 

2 14.475 10370 51.881 

Peak result 

 RT Hight Area% 

1 12.275 33923 93.160 

2 14.333 3171 6.840 
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(±)-Methyl (3S)-2-acetyl-3-(((S)-tert-butylsulfinyl)amino)hept-6-enoate (229): A 

heterogeneous mixture of ethyl acetoacetate (221) (0.97 g, 7.45 mmol), NaHCO3 (0.5  g, 5.96 

mmol), and imine 226 (0.30 g, 1.49 mmol) was stirred at 25 °C. After 46 h, the reaction was 

quenched (sat. aq. NH4Cl, 30 mL), the aqueous layer was extracted with CH2Cl2 (3 x 30 mL) and 

the organic layers were combined, dried (Na2SO4) and concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, gradient elution: 0% to 50% EtOAc 

in hexanes) to afford the sulfinamide 229 (0.37 g, 75%) as a 1:1 mixture diastereoisomers. 

Rf = 0.07 (30% EtOAc in hexanes). 

1H NMR (700 MHz, CDCl3) δ 5.79-5.72 (m, 1H), 5.04-4.98 (m, 2H), 4.29 (dd, J = 20.8, 10.0 Hz, 

1H), 4.07 (d, J = 4.1 Hz, 0.5H), 4.00 (d, J = 4.7 Hz, 0.5H), 3.78 (s, 1.5H), 3.77 (s, 1.5H), 2.28 (s, 

1.5H), 2.26 (s, 1.5H), 2.25–2.20 (m, 1H), 2.13-2.07 (m, 1H), 1.87-1.82 (m, 0.5H), 1.65-1.57 (m, 

1H), 1.55–1.51 (m, 0.5H), 1.22 (s, 4.5H), 1.20 (s, 4.5H) 

13C NMR (176 MHz, CD3OD) δ 203.1, 202.8, 169.4, 169.0, 137.3, 137.2, 115.7, 115.6, 63.0, 63.0, 

56.3, 56.2, 56.1, 55.9. 52.7, 52.5, 32.9, 32.8, 30.8, 30.5, 30.4, 30.4, 22.7(1.5C), 22.7 (1.5C)  

MS (ESI+): m/z 304 ([M+H]+). 

 

Characterization data of stereo-analog of batzelladines: 
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(+)-Batzelladine D (60): was prepared by the same procedure starting from (+)-bicyclic β-lactam 

192 to afford the (+)-batzelladine D (60) formate salt (2.30 mg, 10%) as a white amorphous solid.  

[α] D 23: +8.8°, (c = 0.08, MeOH)  

 

(-)-Batzelladine D (60): was prepared by the same procedure starting from (-)-β-lactam 182 to 

afford the (-)-batzelladine D (60) formate salt (3.00 mg, 11%) as a white amorphous solid.  

[α] D 22: -13.1°, (c = 0.15, MeOH)  

 

(-)-(3S,4aR,7R)-1-Amino-7-((E)-1-(4-guanidinobutoxy)-1-oxobut-2-en-2-yl)-3-nonyl-

3,4,4a,5,6,7-hexahydro-2H-pyrrolo[1,2-c]pyrimidin-8-ium (199): was prepared by the same 

procedure starting from (+)-bicyclic β-lactam 192 to afford the (-)-elim formate salt 199 (3.20 mg, 

14%) as a white amorphous solid.  

[α] D 21: -4.8°, (c = 0.05, MeOH)  
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(+)-(3R,4aS,7S)-1-Amino-7-((E)-1-(4-guanidinobutoxy)-1-oxobut-2-en-2-yl)-3-nonyl-

3,4,4a,5,6,7-hexahydro-2H-pyrrolo[1,2-c]pyrimidin-8-ium (199): was prepared by the same 

procedure starting from (-)-β-lactam 182 to afford the (+)-elim formate salt 199 (3.20 mg, 11%) 

as a white amorphous solid.  

[α] D 22: +1.44°, (c = 0.16, MeOH) 

 

(±)-(2aS,3S,4S,7R,8aS)-3-((4-Guanidinobutoxy)carbonyl)-4-methyl-7-nonyl-

1,2,2a,3,4,5,6,7,8,8a-decahydro-2a1,5,6-triazaacenaphthylen-2a1-ium (S12): was prepared by 

the same procedure starting (±)-C-15-epi-hydroxyl β-lactam 189 to afford the(±)-C-15-epi formate 

salt S12 (2.30 mg, 13%) as a white amorphous solid. 

Rf = 0.2 (20% MeOH in CH2Cl2) 

1H NMR (700 MHz, CD3OD) δ 4.69–4.65 (m, 1H), 4.19 (t, J = 6.6 Hz, 2H), 4.06–4.00 (m, 2H), 

3.75–3.71 (m, 1H), 3.22 (t, J = 7.0 Hz, 2H), 3.14 (d, J = 3.5 Hz, 1H), 2.44 (dt, J = 13.5, 3.2 Hz, 

1H), 2.33–2.29 (m, 2H), 1.91–1.86 (m, 1H), 1.82–1.64 (m, 7H), 1.35–1.29 (m, 18H), 0.91 (t, J = 

6.9 Hz, 3H). 

13C NMR (176 MHz, CD3OD) δ 171.5, 158.7, 155.4, 85.6, 65.9, 56.5, 54.9, 50.6, 45.1, 42.0, 36.0, 

34.2, 33.1, 31.7, 30.6, 30.6, 30.4, 30.4, 28.7, 26.8, 26.5, 25.9, 23.7, 23.3, 14.4. 

IR (Diamond-ATR, neat) ṽmax: 3366, 3191, 2905, 2800, 1677, 1200, 1133. 

HRMS (m/z): calculated for C25H47N6O2 [M+H]+ 463.3755, found 463.3755. 
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(±)-(2aS,3S,4R,7S,8aS)-3-((4-Guanidinobutoxy)carbonyl)-4-methyl-7-nonyl-

1,2,2a,3,4,5,6,7,8,8a-decahydro-2a1,5,6-triazaacenaphthylen-2a1-ium (196): was prepared by 

the same procedure starting from (±)-C-13-epi-dihydroxyl-bicyclic β-lactam 194 to afford the C-

13-epi formate salt 196 (8.30 mg, 23%) as a white amorphous solid.  

Rf = 0.2 (20% MeOH in CH2Cl2)   

1H NMR (700 MHz, CD3OD) 1H NMR (700 MHz, Methanol-d4) δ 4.20 (td, J = 6.4, 2.9 Hz, 2H), 

3.99–3.96 (m, 1H), 3.88–3.84 (m, 1H), 3.61 (q, J = 6.8 Hz, 1H), 3.52–3.47 (m, 1H), 3.21 (t, J = 

7.0 Hz, 2H), 3.15 (dd, J = 4.7, 3.2 Hz, 1H), 2.29–2.21 (m, 2H), 2.19–2.15 (m, 1H), 1.77–1.71 (m, 

3H), 1.69–1.57 (m, 5H), 1.51–1.46 (m, 1H), 1.42–1.38 (m 2H), 1.37–1.30 (m, 12H), 1.30 (d, J = 

6.7 Hz, 3H), 0.91 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, CD3OD) δ 170.6, 158.7, 151.4, 65.4, 58.0, 53.5, 51.2, 50.0, 49.5, 45.4, 42.0, 

38.9, 33.1, 31.7, 31.6, 30.7, 30.6, 30.5, 29.4, 26.9, 26.6, 26.5, 23.7, 18.4, 14.4. 

IR (Diamond-ATR, neat) ṽmax: 3280, 3138, 2922, 2810, 1729, 1647, 1695, 1342. 

HRMS (m/z): calculated for C25H47N6O2 [M+H]+ 463.3755, found 463.3750. 

 

(+)-(2aR,3R,4S,7R,8aR)-3-((4-Guanidinobutoxy)carbonyl)-4-methyl-7-nonyl-1,2,2a,3,4,5,6, 

7,8,8a-decahydro-2a1,5,6-triazaacenaphthylen-2a1-ium (196): was prepared by the same 
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procedure starting from (+)-bicyclic β-lactam 192 to afford the (+)-C-13-epi formate salt 196 (6.80 

mg, 17%) as a white amorphous solid.  

[α] D 23: +33.2°, (c = 0.09, MeOH) 

 

(-)-(2aS,3S,4R,7S,8aS)-3-((4-Guanidinobutoxy)carbonyl)-4-methyl-7-nonyl-

1,2,2a,3,4,5,6,7,8,8a-decahydro-2a1,5,6-triazaacenaphthylen-2a1-ium (196): was prepared by 

the same procedure starting from (-)-β-lactam 182 to afford the (-)-C-13-epi formate salt 196 (2.60 

mg, 15%) as a white amorphous solid. 

[α] D 23: -18.9 °, (c = 0.13, MeOH) 

 

(±)-(3S,4aS,7S)-1-Amino-7-((E)-1-(4-guanidinobutoxy)-1-oxobut-2-en-2-yl)-3-nonyl-

3,4,4a,5,6,7-hexahydro-2H-pyrrolo[1,2-c]pyrimidin-8-ium (S13): was prepared by the same 

procedure starting from (±)-C-13-epi-dihydroxyl-bicyclic β-lactam 194 to afford the C-13-elim 

formate salt S13 (7.20 mg, 15%) as a white amorphous solid. 

Rf = 0.2 (20% MeOH in CH2Cl2 

1H NMR (700 MHz, CD3OD) δ 7.08 (q, J = 7.4 Hz, 1H), 4.96 (t, J = 8.7 Hz, 1H), 4.20 (td, J = 6.4, 

2.4 Hz, 2H), 4.05–4.00 (m, 1H), 3.55–3.52 (m, 1H), 3.22 (t, J = 7.1 Hz, 2H), 2.43 (dt, J = 12.6, 7.4 

Hz, 1H), 2.30 (dt, J = 11.8, 5.8 Hz, 1H), 2.26 (ddd, J = 13.4, 3.9, 1.7 Hz, 1H), 2.01–1.98 (m, 1H), 
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1.96 (d, J = 7.4 Hz, 3H), 1.78–1.74 (m, 2H), 1.71–1.66 (m, 2H), 1.64–1.59 (m, 2H), 1.58–1.47 (m, 

2H), 1.42–1.30 (m, 14H), 0.91 (t, J = 7.0 Hz, 3H). 

13C NMR (176 MHz, CD3OD) δ 166.4, 158.7, 153.1, 143.0, 132.3, 65.3, 57.7, 55.7, 50.1, 42.1, 

37.1, 33.1, 33.0, 31.9, 31.2, 30.7, 30.6, 30.5, 30.5, 27.0, 26.8, 26.6, 23.7, 14.4, 14.2. 

IR (Diamond-ATR, neat) ṽmax: 3310, 3163, 2922, 2866, 1633, 1603, 1342. 

HRMS (m/z): calculated for C25H47N6O2 [M+H]+ 463.3755, found 463.3749. 

 

(+)-(3R,4aR,7R)-1-Amino-7-((E)-1-(4-guanidinobutoxy)-1-oxobut-2-en-2-yl)-3-nonyl-

3,4,4a,5,6,7-hexahydro-2H-pyrrolo[1,2-c]pyrimidin-8-ium (S13): was prepared by the same 

procedure starting from (+)-bicyclic β-lactam 192 to afford the (+)-13-elim formate salt S13 (3.00 

mg, 8%) as a white amorphous solid.  

[α] D 24: +10.2°, (c = 0.12, MeOH) 

 

(-)-(3S,4aS,7S)-1-Amino-7-((E)-1-(4-guanidinobutoxy)-1-oxobut-2-en-2-yl)-3-nonyl-

3,4,4a,5,6,7-hexahydro-2H-pyrrolo[1,2-c]pyrimidin-8-ium (S13): was prepared by the same 

procedure starting from (-)-β-lactam 182 to afford the (-)-13-elim formate salt S13 (2.80 mg, 16%) 

as a white amorphous solid. 

[α] D 23: -5.36 °, (c = 0.14, MeOH) 
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Evaluation of biological activities: 

General information: 

Methicillin-susceptible and methicillin-resistant Staphylococcus aureus (MSSA/MRSA) strains 

were obtained from the American Type Culture Collection (ATCC: 29213, 33591) and colonies 

were grown on Tryptic soy agar (TSA) or Mueller-Hinton broth (MHB) at 37 °C. The 

Acinetobacter baumannii type strain ATCC 19606 was obtained from the American Type Culture 

Collection and colonies were grown on Nutrient agar (NA) or in Lennox broth base (LB) at 37 °C. 

Pseudomonas aeruginosa (PA01) type strain was obtained from American Type Culture 

Collection and colonies was grown on Lennox broth base (LB) at 37 °C. Enterococcus faecium 

type strain ATCC 51559 was obtained from the American Type Culture Collection and colonies 

were grown on Brain Heart Infusion Agar (BHI) at 37 °C. Bacteria were kept in frozen stocks on 

glycerol at - 80 °C until use. 

Mueller-Hinton broth (MHB, 211443-BD) and Lennox broth base (LB, Invitrogen: 12780-052) 

were purchased from Fisher Scientific. Tryptic soy agar (TSA, cat. # 22091), brain heart infusion 

agar / broth (BHI, cat. # 70138 / 53286), chloramphenicol (cat. # C0378), colistin sulfate (cat. # 

C4461) and linezolid (cat. # PZ0014) were purchased from Sigma-Aldrich. All assays were run in 

triplicate and repeated at least two separate times for MIC assays. All compounds were dissolved 

in molecular biology grade DMSO as 10 mM stock solutions. Optical densities were measured 

using a Thermo Scientific Genesys 20 spectrophotometer. 

Broth microdilution method for determination of minimum inhibitory concentration (MIC) 

MIC was determined by broth micro-dilution according to CLSI guidelines.138 MSSA, MRSA, E. 

facium, PA01 and A. baumannii was grown in appropriate medium for 6-8 h; this culture was used 
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to inoculate fresh MHB (5 x 105 CFU/mL). The resulting bacterial suspension was aliquoted (1 

mL) into 1.5 mL microtubes and compound was added from a 10 mM DMSO stock to achieve the 

desired initial starting concentration (typically 128 µg/mL). Linezolid (from a 10 mM DMSO stock) 

was used as a positive control. Inoculated media not treated with compound served as the negative 

control. Rows 2-12 of a 96-well microtiter plate were filled at 100 µL/well from the remaining 

inoculated media. The samples containing test compounds and linezolid were then aliquoted 

(200µL) into the corresponding first row wells of the microtiter plate (two wells for each 

compound and two negative controls). Row 1 wells were mixed 6 to 8 times, then 100 µL was 

transferred to row 2. Row 2 wells were mixed 6 to 8 times, followed by a 100 µL transfer from 

row 2 to row 3. This procedure was repeated to serially dilute the rest of the rows of the microtiter 

plate. The plate was then covered and sealed with GLAD Press’n Seal® and incubated under 

stationary conditions at 37 °C. After 16 h, minimum inhibitory concentration (MIC) values were 

recorded as the lowest concentration of compound at which no visible growth of bacteria was 

observed. 

Table 21 Antimicrobial evaluation of stereochemical analogues and key intermediates. 
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Chapter 5: Progress Towards the Synthesis of the Monanchocidin A Core 

 

5.1 Isolation and structure of the monanchocidins 

Aside from the tricyclic guanidinium alkaloids, a newly discovered novel family of 

pentacyclic guanidinium alkaloids has been reported (Figure 12).139 The monanchocidin family 

was isolated from the Far-Eastern sponge Monanchora pulchra by Makarieva and coworkers in 

2010.140 Monanchocidin A (231) was the first member isolated, which was originally showed 

cytotoxicity against several cancer cell lines, including leukemia THP-1 (IC50 5.1 μM), human 

cervix epithelioid, carcinoma HeLa (IC50 11.8 μM), HL-60 human leukemia (IC50 0.54 μM), and 

mouse epidermal JB6Cl41 (IC50 12.3 μM) cell lines.141,142 A year later, monanchocidins B-E (232-

235) were isolated from the same sponge.143 They displayed potent activity against HL-60 human 

leukemia cells and the IC50 for monanchocidin B (234), monanchocidin C (235), monanchocidin 

D (232), and monanchocidin E (233) was 200, 110, 830, and 650 nM, respectively. Further studies 

revealed that the monanchocidin family exhibit a broader spectrum of bioactivities including 

antibacterial, antifungal, antiprotozoal, and galactosidase inhibition property.144,145 Besides their 

interesting biological activities, their novel skeleton attracted the synthetic community. The 

structure of the monanchocidins were assigned based on chemical degradation, NMR spectral 

analysis, and mass spectrometry. Monanchocidin A (231), D (232) and E (233) feature an 

uncommon 5-membered spiro-ring instead of 7-membered spiro-ring in their “vessel’’ part, which 

is unprecedented among the guanidinium alkaloids. Another unique feature of monanchocidins is 

that all members possess a heavily oxygenated morpholinone “anchor’’ part, which include a 

vicinal hemiketal in the morpholinone ring. The combination of these unusual characteristics 

makes the monanchocidins one of the most complex pentacyclic guanidinium alkaloid families.  
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Figure 12 Monanchocidins 

5.2 Previous synthetic studies toward the syn-pentacyclic guanidinium core 

The novel structure coupled with interesting biological activities of the pentacyclic 

guanidinium alkaloids have inspired various synthetic methods and total synthesis, which have 

provided invaluable contributions regarding their biosynthetic pathways and molecular properties. 

Herein, selected synthetic efforts toward the cis-pentacyclic guanidinium core are highlighted. 

5.2.1 Murphy’s approach to the guanidinium core 

The Murphy group published a hypothetical biomimetic synthesis to racemic crambescidin 

359 (237) (Scheme 42).146 Starting from the bis-enone 236, which was prepared in 9 steps, a 

double Michael addition of guanidine followed by protecting group removal gave crambescidin 

359 (237) in 18% yield over 3 steps. The low yield is resulting from the inability to control the 

stereoselectivity of the double Michael addition and the deprotection-cyclization steps, which 

causes in a complex diastereomeric mixture. 
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Scheme 42 Murphy’s approach to the guanidinium core 

5.2.2 Snider and Shi’s biomimetic approach to the guanidinium core 

Besides Murphy’s strategy, Snider and coworkers developed a postulated biogenetic 

approach to synthesize the pentacyclic nucleus of ptilomycalin A (40) in parallel (Scheme 43).67 

A 1:1 mixture of E:Z bis-enone isomers 238 was prepared in 10 steps. A complex mixture of 

diastereomers 239 was made in 52% yield by a conjugate addition of O-methylisourea to bis-enone 

238. Treatment of mixture 239 with excess NH4OAc and anhydrous NH3 provided an inseparable 

1:1 mixture of tricyclic compounds, cis-240α and cis-240β, in 72% yield. To finish the synthesis, 

deprotection of silyl ethers followed by base promoted cyclization and careful chromatography to 

afford a separatable mixture of the pentacyclic guanidinium 241 and the undesired diastereomer 

242 in 34% and 26% yield, respectively, as methyl ester analogues of ptilomycalin A (40). 

 

Scheme 43 Snider and Shi’s biomimetic approach to the guanidinium core 
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5.2.3 Overman’s enantioselective approach to the guanidinium core 

The Overman group has completed a number of syntheses toward pentacyclic guanidinium 

alkaloids, which rely on the pivotal tethered Biginelli condensation to generate either the cis- or 

trans-pyrrolidine moiety of the polycyclic guanidinium core.79,147 Herein, the first total synthesis 

of ptilomycalin A (40) is highlighted in Scheme 44.148  A tethered Biginelli condensation between 

hemi-aminal 243 and β-ketoester 244 in the presence of morpholinium acetate provided the cis-

isomer of the bicyclic urea 245 in 61% isolated yield with good diastereoselectivity. Followed by 

silyl deprotection, cyclization, O-methylation and further functional group manipulations afforded 

a single tricyclic product 236 in 37% yield over six steps. Although 246 was the C14 undesired α-

ester epimer of ptilomycalin A (40), this stereocenter could be epimerized at the end of the 

synthesis. The construction of ptilomycalin A (40) was completed through protecting group 

cleavage, guanidine formation, spirocyclic formation, side chain installation and epimerization to 

provide ptilomycalin A (40) in 11% yield over five steps. 

 

Scheme 44 Overman’s enantioselective approach to the guanidinium core 
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5.2.4 Nagasawa’s 1,3-dipolar cycloaddition approach to the guanidinium core 

Nagasawa and coworker expanded the scope to their of previously developed successive 

1,3-dipolar cycloaddition reactions to access the cis-pyrrolidine containing PGAs such as 

crambescidin 359 (237) (Scheme 45).149 A 1,3-dipolar cycloaddition between optically active 

nitrone 248 and olefin 249 provided isoxazolidine 250 in 67% yield. Subsequent cleavage of the 

N-O bond and functional group manipulations, including an oxidation of isoxazolidine, second 

1,3-dipolar cycloaddition reaction, reduction of nitrone and separation of desired syn-isomer, 

resulted in the 2,5-cis pyrrolidine 251 in 14% yield over 7 steps. Treatment of 251 with bis-N-Boc 

thiourea, followed by oxidation of the diols gave the diketone 252. To finish the synthesis, a 

deprotection-cyclization process was accomplished by treating 252 with CSA to furnish 

crambescidin 359 (237) as a camphorsulfonate salt in 40% yield over 4 steps. It is worth noted that 

the final deprotection-cyclization step was troublesome. After investigation of various acidic 

conditions, only the CSA condition yielded the desired product, as other conditions provide the 

major rearranged cyclization product 253. 

 

Scheme 45 Nagasawa’s 1,3-dipolar cycloaddition approach to the guanidinium core 
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5.3 Initial retrosynthetic analysis  

In parallel to the synthesis of trans-pyrrolidine containing PGAs, we are planning to 

expand this synthetic approach to the cis-pyrrolidine containing PGAs, using the bicyclic ß-lactam 

as a key intermediate. To orchestrate access to the core of cis-pyrrolidine containing PGAs, our 

original retrosynthetic analysis toward the monanchocidin A core (254) is depicted in Scheme 46. 

Retrosynthetically, the guaninidinium core 254 could be accessed by a cascade condensation-

cyclization reaction between the diketone 255 and guanylation reagent 256, thereby rapidly 

generating the necessary molecular complexity. The precursor 255 could be obtained by opening 

of the bicyclic ß-lactam 258 with an appropriate alcohol 257. The advantage of utilizing a bicyclic 

ß-lactam as a key intermediate is based on the anticipated thermodynamic preference of the trans-

disubstituted ß-lactam that would allow us to control the stereochemistry of the ester bearing 

stereocenter C14. Retrosynthetic cleavage of the C13-C14 bond of 258 would lead to cyclization 

precursor 259 by an intramolecular CH functionalization. Then a ß-keto amide formation would 

trace back to a simple building block such as proline derivative 260. 

 

Scheme 46 Initial retrosynthetic analysis of the monanchocidin A core 
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5.4 Synthetic studies towards cis-bicyclic β-lactam via photoredox oxidative cyclization  

In recent years, photo-induced sp3 C–H bond functionalization adjacent to nitrogen atoms 

has been extensively explored and has become a powerful organic transformation that offers an 

opportunity to access challenging bonds.150–153 The proposed mechanism was presented in Scheme 

47.  

Iminium ion generation from nitrogen containing hetereocycles via photoredox catalysis is 

an appealing entry to obtain -amino functionalized compounds starting from initial visible-light 

excitation of photocatalyst 262 generating the excited species 263. Oxidation of an amine or amide 

261 yields the radical cation 264 along with electron-rich metal complex 265. The complex 265 

then reduces the oxidant 266 to return to its ground state and generate a reactive radical anion 

intermediate 267, which undergoes C−H abstraction to provide the iminium intermediate 268. The 

iminium ion 268 then can be trapped by various nucleophiles to furnish the -amino functionalized 

scaffold 269.  

 

Scheme 47 Iminium ion generation via photoredox catalysis 

Based on the depicted mechanism, we anticipated that the intramolecular bicyclic ß-lactam 

formation could be realized through the same pathway (Table 22). The synthesis of ß-keto amide 
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272 was achieved in 63% yield via a thermal decomposition reaction154 from dioxinone 270 to 

generate the acylketene intermediate, which can then be trapped by pyrrolidine 271 (Table 22). 

With 272 in hand, several intramolecular cyclization conditions were explored. Under the 

intermolecular aza-Henry conditions reported by Stephenson et al. (entries 1-2, Table 22), 

complete consumption of the starting material was observed after 15 h, and an unknown product 

was isolated.155 After careful analysis by HRMS and 2D NMR, we realized that the chlorination 

product 274 was obtained (Figure 13). These unexpected results implied that the chloride source 

could come from either oxidant or catalyst, therefore diethyl bromomalonate was used as the 

oxidant instead of bromotrichloromethane. Surprisingly, two main products, chloride 274 and 

bromide 275, were observed under these conditions (entry 4, Table 22). This result suggested that 

both oxidant and catalyst could serve as a halide source. A less polar solvent was then tested, but 

was found to be unsuccessful (entry 3, Table 22). Hence, an inorganic oxidant persulfate156 and 

various catalysts including organic dyes were introduced to the cyclization conditions (entries 5-

7, Table 22).150,157,158 However, no desired product formation was detected and the undesired 

hydroxylated product 276 was obtained instead (entry 7, Table 22). We also examined other 

conditions, such thermolysis156 (entry 8, Table 22), different solvents, and alternate light 

sources150,157, but in all cases no desired compound was furnished (see experimental section for 

full screening in Table 28). 
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Table 22 Selected attempts toward photoredox oxidative cyclization 

 

 

 

Figure 13 Halogenation products 

After exhaustive attempts for the synthesis of bicyclic ß-lactam via photoredox oxidative 

cyclization, the evidence indicated that the α position of 272 was more reactive than the position 
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adjacent to nitrogen atoms. As a result, our focus was shifted to an alternative approach to construct 

the key intermediate cis-bicyclic ß-lactam. 

5.5 Synthetic studies towards cis-bicyclic β-lactam via intramolecular C-H functionalization 

For the synthesis of cis-bicyclic ß-lactam, we were in parallel envisioning access through 

an intramolecular CH insertion from pyrrolidine derivative such as 277 which could be obtained 

from proline (Scheme 48). If the insertion could be achieved, diverse options including a second 

CH insertion, an Ardnt-Eistert homologation or an oxidative decarboxylation/Mannich addition 

sequence could be used to advance bicyclic ß-lactam 278 to the desired key cis-intermediate 282 

(Scheme 48).  

 

Scheme 48 Proposed strategies toward cis-bicyclic β-lactam via intramolecular C-H insertion 

In order to test our proposal, a model substrate, diazo amide 283, was synthesized in 

excellent yield from amide 272 via a diazo transfer reaction (Table 23). Encouraged by the report 

of intermolecular CH insertion on pyrrolidine derivatives, we began our adventure toward the 

intramolecular version.159 First, a standard rhodium catalyzed decomposition condition using 
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rhodium(II) acetate dimer was performed (entry 1, Table 23). A complex mixture with the desired 

mass by LC-MS was observed. Owing to the complexity of the NMR spectrum, we were unable 

to confidently resolve the structure of the products, but presumably it was a mixture of - and -

insertion products 284 and 285, respectively. We then sought to use ligands to control the regio- 

and stereoselectivity of the insertion; unfortunately, complex mixtures were observed (entries 2-3, 

Table 23). When attempts were made to lower the temperature to enhance the selectivity, only 

starting material was recovered (entries 4-5, Table 23).  

Table 23 Attempts toward intramolecular C-H insertion using acceptor-acceptor diazo amide 

 

To increase the reactivity of the diazo substrate, 283 was transformed into a donor-acceptor 

carbene precursor 286 by silylation of the ketone in quantitative yield (Scheme 49).135 With 286 

secured, the same sets of rhodium catalysts described in Table 23 were used to evaluate the CH 

insertion in low temperature and diluted conditions (Scheme 49). Disappointingly, only 
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decomposition of the starting material was found. As such, CH insertion approach was not further 

pursued.  

 

Scheme 49 Attempts toward intramolecular C-H insertion using donor-acceptor diazo amide 

 

5.6 Revised retrosynthetic analysis 

 

Scheme 50 Revised retrosynthetic analysis of cis-bicyclic ß-lactam 258 

A modified approach to target the intermediate 258 is shown in Scheme 50. Similar to the 

strategy that developed to the synthesis of trans-pyrrolidine containing PGAs (chapter 2), we 

sought to establish an entry to cis-selective 5-exo-trig cyclization to generate cis-bicyclic ß-lactam 

258 from disubstituted ß-lactam 288. Next, it was expected that 288 could arise from the simple 

ß-lactam 289 through an alkylation reaction. 
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5.6.1 Energy difference calculation of cis/trans bicyclic β-lactam 

 

Scheme 51 Energy calculation of cis/trans bicyclic β-lactam 

In the meantime, we were working on calculating the energy differences between the cis- 

and trans-isomers in collaboration with Prof. Elon Ison to determine the thermodynamic 

preference for the bicyclic β-lactam formation by using Gaussian 09 (Scheme 51). Based on these 

calculations, the cis product should be slightly favored with a 10:1 thermodynamic ratio. This 

would imply our current trans-product 135 is likely the kinetic product and the cis-product 137 is 

thermodynamic product.  

Hence, a thermodynamic condition was attempted by treating 137 or 138 with excess t-

BuOK at either room temperature or refluxing conditions; however, we were still unable to obtain 

the cis product 290 (Scheme 52).  

 

Scheme 52 Attempts toward the cis-bicyclic β-lactam formation 
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5.7 Other synthetic studies towards cis-pyrollidine formation  

 Due to the difficulty of our previous approaches, a diverse set of chemical transformations 

was next targeted for the implementation of cis-selective bicyclic ß-lactam formation. 

5.7.1 Study toward cis-bicyclic β-lactam formation via 5-exo-trig radical cyclization approach 

Using a radical approach to traditional anionic chemistry has been a popular topic in recent 

years due to its intrinsic unique reactivity.160–163 Numerous useful transformations have been 

realized over the past decades and have had seismic impact on how we think about the construction 

of bonds. We were curious if we could take advantage of either the innate preference or mediator 

programmed interception of radicals to achieve the C-N bond formation in a stereoselective 

manner. Intuitively, a radical initiated alkene carboamination or Hofmann–Löffler type reaction 

were envisioned to form the desired bicyclic β-lactam as shown in Scheme 53. Even though such 

N-centerted radical164–166 generation from ß-lactam was still elusive to the best of our knowledge, 

we were optimistic that this radical approach would provide us a different reactivity profile which 

would enable us to yield the cis-bicyclic ß-lactam 293 compared to our previous polar 

disconnection (Scheme 11). 

 

Scheme 53 Proposed radical cyclization toward the synthesis of bicyclic β-lactam 293 

First, we were inspired by the reports of tert-butyl nitrite (TBN) mediated reactions which 

mostly involve a radical pathway. In those reactions, TBN could be used to generate N-centered 

radicals in many applications.167–170 Hence, bicyclic β-lactam 296 was envisioned to be prepared 

from β-lactam 294 through a TBN mediated cyclization (Scheme 54). 
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Scheme 54 Proposed TBN promoted cyclization mechanism 

 When mixing β-lactam 297 and TBN at room temperature, the only product, nitrosation 

compound 298, was obtained in 43% yield (Scheme 55). At this point, we were not sure if the 

amidyl radical intermediate 295 was generated and recombined with the nitric oxide or a direct 

polar substitution actually happened instead owing to the electron deficient nature of amidyl 

radical (electrophilic radical), which might not be a good nucleophile to electron withdrawing 

olefin. Hence, an electron rich alkene like 294 (R1 = H or EDG) would be our next substrate to test 

in this type of transformation. 

 

Scheme 55 Attempted TBN promoted cyclization  

At the same time, a pre-functionalized redox-active ester (RAE) strategy was in progress 

(Scheme 56). Transition metal catalyzed decarboxylative cross-coupling has been widely used in 

the formation of carbon centered radicals; however, no report has been published in the context of 

amidyl radical generation from β-lactams.171–174  
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Scheme 56 Alternative proposed radical cyclization using RAE 

We began our proposed synthesis with the amidyl precursor 300 preparation. Originally, 

efforts had been focused on carbamoyl chloride formation followed by carbamate formation with 

N-hydroxyphthalimide (NHPI) (Table 24). Unfortunately, no fruitful results were identified. 

Table 24 Attempts toward the preparation of amidyl radical precursor 302 

 

Thereby, a reverse sequence was then explored. Chloroformate 303 was formed in situ then 

directly coupled with β-lactam 182, a new product (likely the carbamate 302) was generated. 

(Scheme 57). Since no β-lactam 182 was left in the reaction mixture, several purification methods 

were attempted to isolate this unidentified product, which has the desired mass. However, all of 
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the trials led to only decomposition. Hence, current efforts are planned on directly submitting the 

crude 302 to either photo-induced or transition metal catalyzed decarboxylative cyclization 

conditions. 

 

Scheme 57 Preparation of amidyl radical precursor 

5.7.2 Lewis acid promoted ring opening/epimerization approach  

Another straightforward method to obtain the disubstituted cis-pyrrolidine core was 

envisioned by opening the trans-bicyclic ß-lactam and epimerizing one of the stereocenters 

adjacent to nitrogen. Based on the literature175–177 and our assumption, the disubstituted cis-

pyrrolidine is the thermodynamically favored product, therefore, we could take the advantage of 

retro-aza-Michael/aza-Michael reaction to equilibrate the stereocenter ß to the ketone to form the 

cis-pyrrolidine core 306 (Table 25). To explore the potential of this approach we prepared the 

model substrate 304 and various nucleophiles were used to couple to form 306 via 305. Preliminary 

results showed we could epimerize the trans-product to cis-product under acidic conditions, 

however, the stability of 306 and 307 was limited. Free NH, acyl protected, and tosyl protected 

pyrrolidine derivatives were generated (entries 4-6, Table 25), but upon purification or isolation, 

only decomposition was observed. 
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Table 25 Attempts toward cis-pyrrolidine formation via ring opening/epimerization approach 

 

While we were unsuccessful in this simpler system, in the more complex system, bicyclic 

ß-lactam with a functionalized alcohol side chain (Section 2.7 and 2.10), could be converted to 

disubstituted pyrrolidine 309 without side reaction observed (Scheme 58). We reasoned that either 

the intramolecular hydrogen-bonding between pyrrolidine NH and side chain alcohol or the steric 

effect from the alcohol side chain causing the conformation change in the molecule 309, which 

provides a stabilization energy to prevent decomposition. Moving forward, further attempts such 

as acquisition of an X-ray crystal to understand the structural conformation, employment of 

differently functionalized bicyclic ß-lactam analogues with various alcohol coupling partners or 

use of milder boroxine conditions (Scheme 26) could be utilized to overcome the existing 

challenges.  

 

Scheme 58 Possible solution toward cis-pyrrolidine formation 
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5.7.3 Development of cis-selective intramolecular aza-Michael cyclization 

Continuing with the exploration of intramolecular aza-Michael cyclization, we were 

curious if we could use an organocatalyst to control the diastereoselectivity of the bicyclic β-lactam 

formation. MacMillan's imidazolidinone 2nd generation was chosen to test our hypothesis (Table 

26). After a few trials, including use of other chiral catalyst such as L-proline, no desired product 

was isolated.  

Table 26 Attempts toward bicyclic β-lactam formation using MacMillan catalyst 

 

Based on the energy calculation result (Scheme 51) and our previous attempts focused 

mainly on inorganic base (Table 5), we next turned our attention to organobase induced aza-

Michael cyclization under thermal conditions (Table 27). No reaction was observed when using 

Et3N as base in either stoichiometric or sub-stoichiometric amount at elevated temperature (entries 

1-2, Table 27). When we employed a stronger nitrogenous base, DBU, we started to observe the 

desired mass formation in LC-MS; however, due to the scale and slow conversion (entries 3-4, 

Table 27), a higher temperature was subsequently pursued. Pleasingly, we were able to reverse 

the ratio of cis:trans to 2:1 for the first time favoring the cis-product 310, which was analyzed in 

crude form by NMR spectroscopy (entry 5, Table 27). It is worth mentioning that due to the 
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difficulty of separation of two diastereoisomers and the desire to obtain only pure fractions of 

product, the yield was not calculated in Table 27. Next, attempts to increase the 

diastereoselectivity of the cyclization were summarized in entries 6-10, Table 27; unfortunately, 

a 2:1 ratio still was our best result (entries 5 and 7, Table 27). 

Table 27 Studies toward cis-bicyclic β-lactam formation 

 

During the optimization process of cis-selective aza-Michael cyclization, we realized that 

the stability of the cis-product such as bicycle 310 was a problem. Decomposition of cis-bicyclic 

β-lactam 310 was found to happen in less than a week at room temperature when it was stored as 

crude; however, when it was stored as pure form, the decomposition was observed in a few hours. 

The decomposition pathway is not fully understood at this point but we reasoned that due to the 

preference for the cis-ring junction of [4,5]-fused bicyclic compound like 310, the perfect 

alignment between the nitrogen lone pair and the side chain C-C bond σ* antibonding orbital is 
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causing the facile retro-Mannich type decomposition pathway. Therefore, comparing the cis-

bicyclic β-lactam to trans-bicyclic β-lactam, the former tends to be unstable. To overcome this 

potential issue, we speculated that an in situ ketone reduction might be able to solve this problem. 

5.8 Outlook 

 In the future, we plan to continue the exploration of the aforementioned approaches 

(Section 5.7 and Scheme 59). Although no success has been obtained in both radical and 

epimerization approaches so far, we will still continue to explore the possibility of these 

transformation.  

 

Scheme 59 Proposed synthesis toward cis-pyrrolidine containing PGAs 

 Furthermore, other strategies targeted the bicyclic β-lactam formation are described in 

Scheme 60. First, ynone 311 was envisioned to be converted into enone 312 through aza-Michael 

reaction, which could then undergo a hydrogenation reaction to yield the desired cis-product 313. 

Substrate controlled hydrogenation should approach from the less hindered face, opposite to the 

β-lactam, therefore providing the cis-bicyclic β-lactam 313 (Scheme 60a). Besides, we also 

envisioned the cis-product to be made from propargyl alcohol 314 through a 

cyclization/isomerization approach using base or transitional metal catalysis (Scheme 60b). Once 



166 

 

the optimal cis-bicyclic β-lactam formation is established, the ambitious goal is to advance the key 

bicyclic intermediates for the synthesis of cis-pyrrolidine containing PGAs (Scheme 59). 

 

Scheme 60 Other alternative approaches toward the cis-bicyclic β-lactam formation 

5.9 Conclusion 

  In summary, we were able to develop a set of conditions for the synthesis of cis-bicyclic 

β-lactam utilizing organobase promoted aza-Michael cyclization under thermal conditions. 

Although the diastereoselectivity of the reaction is still not fully optimized, it could readily provide 

synthetically useful quantities of material for further study. Other efforts toward the cis-bicyclic 

β-lactam synthesis were reported and are currently under investigation. In light of the above-

mentioned results, we envision  applying our approach to the cis-pyrrolidine containing PGAs such 

as monanchocidin A (231) and ultimately study the biological functions of these molecules for 

further potential therapeutic application.  

 

5.10 Experimental Details 

General experimental procedures: All reactions were carried out under an inert argon 

atmosphere with anhydrous solvents under anhydrous conditions unless otherwise stated. Organic 

solvents were removed under reduced below 33 °C. Degassed solvents or reagents were degassed 
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by sparging with argon for 20 minutes in an ultrasound bath at 25 °C.  All reactions, except those 

conducted in the presence of water were carried out in flame-dried apparatus. Yields refer to 

chromatographically purified yield, unless otherwise stated. Reactions were monitored by thin 

layer chromatography (TLC) analysis (pre-coated silica gel 60 F254 plates, 250 mm layer 

thickness) and visualization was accomplished with a 254 nm UV light and by staining with 

KMnO4 solution (1.5 g of KMnO4, 10 g of K2CO3, and 1.25 mL of a 10% NaOH solution in 200 

mL of water) with heating or iodine (1 g of I2 in 15 g of SiO2). Reactions were also monitored by 

LC-MS (2.6 mm C18 50 x 2.10 mm column). Flash chromatography on SiO2 was used to purify 

the crude reaction mixtures and performed on a Biotage Isolera utilizing Biotage cartridges and 

linear gradients. Atom numbering of the intermediates were used as the corresponding atom 

number that found in the final product batzelladine D. Diastereomeric ratio was determined by 

crude NMR spectroscopy. The spectral data for enantioenriched compounds were identical to 

racemic material. 

 

Materials: Tetrahydrofuran (THF) and dichloromethane (CH2Cl2) were obtained by passing the 

previously degassed solvents through activated alumina columns under nitrogen atmosphere. 

Triethylamine and N,N-diisopropylethylamine were distilled over CaH2. Deuterated solvents 

(containing 0.03 to 0.05 vol % tetramethylsilane, TMS) were purchased from Cambridge Isotope 

Laboratories. All other reagents were purchased from commercial chemical companies and used 

without further purification, unless otherwise stated. 
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Instrumentation: Melting points were determined using a Thomas Hoover Capillary Melting 

Point Apparatus. Infrared spectra were determined on the Agilent Cary 630 FTIR spectrometer 

and data are represented as frequency of absorption (cm-1). Optical rotation was measured on Jasco 

P-2000 polarimeter. 1H and 13C NMR spectra were obtained on a 400, 600 or 700 MHz instrument 

in CDCl3 or CD3OD unless otherwise noted. COSY, HSQC, and where necessary NOESY and 

HMBC spectra were used to aid structure assignments. Chemical shifts (δ) were reported in parts 

per million (ppm) with the residual solvent peak used as an internal standard (CDCl3 
1H NMR = 

7.26 ppm, 13C NMR = 77.16 ppm; CD3OD 1H NMR = 3.31, 4.87 ppm, 13C NMR = 49.0 ppm; 

TMS 1H NMR = 0 ppm, 13C NMR = 0 ppm) and multiplicities are reported as observed. The 

following abbreviations were used to report NMR peak multiplicities: s = singlet, d = doublet, t = 

triplet, q = quartet, p = pentet, m = multiplet, br = broad. Low resolution mass spectra were 

obtained using electrospray ionization (ESI). High-resolution mass spectra were obtained on a 

high-resolution mass spectrometer – the Thermo Fisher Scientific Exactive Plus MS, a benchtop 

full-scan Orbitrapä mass spectrometer – using Heated Electrospray Ionization (HESI).  The NC 

state small molecule X-ray facility (METRIC) collected and analyzed all X-ray diffraction data. 

 

1-(Pyrrolidin-1-yl)butane-1,3-dione (272): To a solution of 2,2,6-trimethyl-4H-l,3-dioxin-4-one 

(270) (2.29 g, 15.3 mmol) and pyrrolidine (271) (1.00 g, 13.9 mmol) in toluene (4.6 mL) was 

heated at reflux in an open flask. After 2.5 h, the mixture was cooled to 25 °C and the solvent was 

removed under reduced pressure. The crude residue was purified by column chromatography (SiO2, 
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gradient elution: 20% to 100%, EtOAc in hexanes) to provide the β-keto amide 272 as a mixture 

of enol and keto form (1.36 g, 63%) as a yellow oil. 

Rf = 0.25 (70% EtOAc in hexanes) 

1H NMR (400 MHz, CDCl3) δ = 4.96 (s, 0.2H), 3.50–3.46 (m, 4H), 3.41 (t, J = 6.7, 2H), 2.29 (s, 

2H), 1.97–1.92 (m, 3H), 1.90–1.85 (m, 2H) 

MS (ESI+): m/z 156 ([M+H]+). 

Table 28 Full table of attempts toward photoredox oxidative cyclization 
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2-Chloro-1-(pyrrolidin-1-yl)butane-1,3-dione (272): Tris(2,2′-bipyridyl) ruthenium(II) chloride 

hexahydrate (0.10 g, 0.13 mmol) was added to a dry DMF (42 mL) solution of 272 (0.13 g, 0.83 

mmol) and BrCCl3 (0.66 g, 3.35 mmol). The mixture was then irradiated by a 1 W blue LED under 

an atmosphere of argon for 12 h and poured into a separatory funnel containing 25 mL of EtOAc 

and 25 mL of H2O. The layers were separated, the aqueous layer was extracted with EtOAc (3 x 

40 mL) and the organic layers were combined, washed with brine (1 x 80 mL), 5% aq. LiCl (2 x 

50 mL), dried (Na2SO4) and concentrated under reduced pressure. The crude residue was purified 

by column chromatography (SiO2, gradient elution: 20% to 100%, EtOAc in hexanes) to provide 

the α-chloro-β-keto amide 272 (yield was not calculated) as a yellow oil. 

Rf = 0.25 (50% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 4.81 (s, 1H), 3.58–3.50 (m, 4H), 2.43 (s, 3H), 2.02–1.98 (m, 2H), 

1.92–1.89 (m, 2H) 

13C NMR (175 MHz, CDCl3) δ 199.6, 163.0, 61.0, 47.2, 46.9, 26.9, 26.1, 24.2 

MS (ESI+): m/z 190 ([M+H]+). 
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2-Diazo-1-(pyrrolidin-1-yl)butane-1,3-dione (283): To a solution of β-keto amide 272 (0.62 g. 

4.00 mmol) in acetonitrile (10 mL) was added freshly distilled DBU (1.23 g, 8.00 mmol) and a 

solution of p-ABSA (1.24 g, 5.00 mmol in 10 ML acetonitrile) at 25 °C. After 16 h, the reaction 

mixture was concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 0% to 60%, EtOAc in hexanes) to provide the desired 

product 283 (0.80 g, quantitative).  

1H NMR (500 MHz, CDCl3) δ 3.51–3.45 (m, 4H), 2.41 (s, 3H), 1.97–1,93 (m, 4H) 

MS (ESI+): m/z 182 ([M+H]+). 

 

3-((tert-Butyldimethylsilyl)oxy)-2-diazo-1-(pyrrolidin-1-yl)but-3-en-1-one (286): To a 

solution of diazo compound 283 (0.18 g, 1.00 mmol) in CH2Cl2 (10 mL) was added N,N-

diisopropylethylamine (0.26 mL, 1.50 mmol) followed by TBSOTf (0.26 mL, 1.10 mmol) at 0 °C. 

After 1 h, the reaction mixture was diluted with CH2Cl2 and quenched (sat. aq. NaHCO3, 10 mL), 

the aqueous layer was extracted with CH2Cl2 (3 x 10 mL) and the organic layers were combined, 

dried (Na2SO4) and concentrated under reduced pressure to give the crude silyl enol ether 286 

(0.30 g, quantitative), which was used next step without further purification. 

1H NMR (500 MHz, CDCl3) δ 4.69 (s, 1H), 4.29 (s, 1H), 3.47–3.43 (m, 4H), 1.92–1,88 (m, 4H), 

0.91 (s, 9H), 0.21 (s, 6H) 
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(R,E)-4-(5-Oxohept-3-en-1-yl)azetidin-2-one (297): Methyl vinyl ketone (2.70 g, 31.2 mmol) 

and second-generation Hoveyda-Grubbs catalyst (0.36 g, 0.56 mmol) were added to a stirring 

solution of β-lactam 182 (0.78 g, 6.23 mmol) in degassed CH2Cl2 (62 mL). The mixture was heated 

at reflux for 16 h and cooled to 25 °C. The mixture was concentrated under reduced pressure. The 

crude residue was purified by column chromatography (SiO2, gradient elution: 20% to 80%, 

EtOAc in hexanes) to provide the deprotection β-lactam 297 (0.96 g, 85%) as a black oil. 

Rf = 0.17 (70% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 6.78 (dt, J = 15.8, 6.9 Hz, 1H), 6.44 (s, 1H), 6.12 (dt, J = 15.9, 1.6 

Hz, 1H), 3.63 (dq, J = 9.4, 4.3, 3.3 Hz, 1H), 3.09–3.03 (m, 1H), 2.57 (d, J = 14.8 Hz, 1H), 2.54 (q, 

J = 7.3 Hz, 2H), 2.25 (q, J = 7.7 Hz, 2H), 1.85–1.75 (m, 2H), 1.07 (t, J = 7.4 Hz, 3H). 

13C NMR (175 MHz, CDCl3) δ 200.6, 167.8, 144.5, 130.5, 47.4, 43.4, 33.7, 33.5, 29.0, 7.9  

MS (ESI+): m/z 182 ([M+H]+). 

 

(R,E)-1-Nitroso-4-(5-oxohept-3-en-1-yl)azetidin-2-one (298): To a solution of β-lactam 298 

(20.0 mg, 0.11 mmol) in CH2Cl2 (7.5 mL) at 25 °C was added tert-butyl nitrite (12.6 mg, 0.11 

mmol). After 24 h, the reaction was concentrated under reduced pressure. The crude residue was 

purified by column chromatography (SiO2, gradient elution: 0% to 40% EtOAc in hexanes) to 

afford the N-nitroso-β-lactam 298 as a light-yellow oil (10.0 mg, 43%)  



173 

 

Rf = 0.15 (20% EtOAc in hexanes) 

1H NMR (500 MHz, CDCl3) δ 6.75 (dt, J = 15.9, 6.7 Hz, 1H), 6.14 (dt, J = 15.8, 1.6 Hz, 1H), 

4.22–4.16 (m, 1H), 3.22 (dd, J = 16.4, 6.9 Hz, 1H), 2.85 (dd, J = 16.5, 4.1 Hz, 1H), 2.55 (q, J = 

7.3 Hz, 2H), 2.27–2.21 (m, 2H), 2.15 (ddd, J = 13.2, 7.5, 5.1 Hz, 1H), 1.76 (dt, J = 14.2, 7.4 Hz, 

1H), 1.08 (t, J = 7.3 Hz, 3H) 

MS (ESI+): m/z 211 ([M+H]+). 

 

1,3-Dioxoisoindolin-2-yl (R)-2-(but-3-en-1-yl)-4-oxoazetidine-1-carboxylate (302): To a 

solution of N-hydroxyphthalimide (0.18 g, 1.08 mmol) in a 8:2 mixture of CH2Cl2/THF (7.2 mL), 

was added diphosgene (0.08 mL, 0.65 mmol) at 0 °C followed by addition of N,N-

diisopropylethylamine (0.02 mL, 0.11 mmol) then was heated to 45 °C. After 3 h, the reaction 

mixture was cooled to 25 °C and β-lactam 182 (0.13 g, 1.05 mmol, 1.0 M in CH2Cl2) was added 

into the reaction mixture. After 16 h, the reaction was heated to reflux for 16 h and then 

concentrated under reduced pressure to provide the crude carbamate 302 (yield was not calculated). 

Note: 302 was unstable toward aqueous workup and regular purification (SiO2). 

MS (ESI+): m/z 315 ([M+H]+). 
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(±)- (2R,5R)-2-(2-Oxobutyl)-1-azabicyclo[3.2.0]heptan-7-one (S14): To a solution of β-lactam 

297 (460 mg, 2.54 mmol) in THF (159 mL) at 25 °C was added LiHMDS (1.27 mL, 1.27 mmol, 

1.0 M in THF). After 15 min, the reaction was quenched (sat. aq. NH4Cl, 100 mL), the aqueous 

layer was extracted with EtOAc (3 x 100 mL) and the organic layers were combined, dried 

(Na2SO4) and concentrated under reduced pressure. The crude residue was purified by column 

chromatography (SiO2, gradient elution: 12% to 100% EtOAc in hexanes) to afford the bicyclic β-

lactam S14 as a colorless oil (299 mg, 65%)  

Rf = 0.21 (50% EtOAc in hexanes) 

1H NMR (500 MHz, CDCl3) δ 4.15 (p, J = 7.0 Hz, 1H), 3.69 (dddd, J = 8.0, 5.6, 4.7, 2.0 Hz, 1H), 

3.16 (dd, J = 15.6, 4.7 Hz, 1H), 2.66 (dd, J = 16.3, 6.3 Hz, 1H), 2.56 (dd, J = 15.6, 2.0 Hz, 1H), 

2.52 (d, J = 7.2 Hz, 1H), 2.51–2.44 (m, 3H), 2.22–2.16 (m, 1H), 1.82–1.73 (m, 1H), 1.47 (ddt, J = 

12.9, 11.3, 8.1 Hz, 1H), 1.04 (d, J = 7.3 Hz, 3H). 

MS (ESI+): m/z 182 ([M+H]+). 

 

(±)- (2S,5R)-2-(2-Oxobutyl)-1-azabicyclo[3.2.0]heptan-7-one (310): To a solution of β-lactam 

22 (20.0 mg, 0.11 mmol) in toluene (5.5 mL) at 25 °C was added DBU (33.2 L, 0.22 mmol) then 

heated to 88 °C. After 30 h, the reaction was quenched (sat. aq. NH4Cl, 5 mL), the aqueous layer 

was extracted with CH2Cl2 (3 x 10 mL) and the organic layers were combined, dried (Na2SO4) and 



175 

 

concentrated under reduced pressure. The crude residue was purified by column chromatography 

(SiO2, gradient elution: 12% to 100% EtOAc in hexanes) to afford the cis-bicyclic β-lactam 310 

as a colorless oil (yield was not calculated due to the instability of this compound)  

Rf = 0.21 (50% EtOAc in hexanes) 

1H NMR (700 MHz, CDCl3) δ 3.72–3.69 (m, 1H), 3.65–3.61 (m, 1H), 3.44 (dd, J = 17.8, 6.4 Hz, 

1H), 3.12 (dd, J = 15.7, 4.8 Hz, 1H), 2.65–2.43 (m, 4H), 2.27–2.23 (m, 1H), 2.11–2.06 (m, 1H), 

1.79–1.74 (m, 1H), 1.65–1.60 (m, 1H), 1.06 (t, J = 7.4 Hz, 3H). 

MS (ESI+): m/z 182 ([M+H]+). 
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