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Abstract

The synthesis and antiproliferative evaluation o f anti-cancer P-lactams targeting 

tubulin, heat shock protein 90 and the estrogen receptor is described. Compounds 

were planned to include relevant substituents known to confer target selectivity and 

included a diverse range in order to discern meaningful structure-activity 

relationships.

The core P-lactam heterocycle was formed using established chemistry -  the 

Staudinger and Reformatsky reactions. The Staudinger reaction was employed for the 

majority o f analogues as the necessary synthetic precursors were readily available. 

All products were fully characterised.

A library o f  over 100 combretastatin A-4 analogues containing the P-lactam core 

scaffold were prepared and evaluated for antiproliferative activity. Phenolic 

compound 181 was particularly potent, with activity in the picomolar range for a 

variety o f cell types. Combretastatin A-4 is a known tubulin-targeting agent that 

binds at the colchicine-binding site, and selected P-lactam analogues including 181 

inhibited the polymerisation o f  tubulin at low micromolar concentrations.

From a distinct library o f compounds designed to target heat shock protein 90, P- 

lactam 268 exhibited good binding affinity for the protein in the low micromolar 

range. Promisingly, two imines 257 and 258 also bound to heat shock protein 90 

with low micromolar IC50 values. Molecular modelling studies indicate potential 

binding modes for these compounds that resemble the binding o f  the endogenous 

ligand, ATP, and two natural product inhibitors o f Hsp90, geldanamycin and 

radicicol.

Finally, estrogen receptor targeting p-lactams were investigated, building on previous 

work performed in our laboratory. A series o f compounds initially designed as 

agonists showed potent binding to the estrogen receptor, and were subsequentially 

shown to be binding as antagonists.
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A broad variety of novel, potent anti-cancer P-lactams have been discovered. The 

tubulin-active agents 92, 178 and 181 are under further biochemical investigation and 

have been patented. The first reported Hsp90-binding P-lactams and imines have been 

synthesised and evaluated. Finally, estrogen receptor binding p-lactam 294 has 

demonstrated potent binding affinity.

4



Acknowledgements

I f  you can meet with Triumph and Disaster 
And treat those two impostors ju st the same

Kipling, 1899

There were both trium phs and disasters over the course o f  my research studies and numerous people 

who have helped me on this journey. My supervisor Professor M ary Meegan was there to help with 

problem and offer direction, no m atter how big or small. I would like to acknowledge her 

approachability, dedication and knowledge.

Antiproliferative assays using HL-60 and K562 cells were carried out by Dr. Seema Nathwani o f  the 

School o f  Biochemistry in Trinity College. Tubulin polym erisation studies were carried out in 

conjunction with Dr. Lisa Greene o f  the School o f  Biochemistry, Trinity College. Thank you to Dr. 

Daniela Zisterer for her advice and guidance in biochemistry. I would also like to thank Orla W oods 

and Dr. John Walsh for the use o f  their plate reader for the tubulin polym erisation reaction. 

Cytotoxicity evaluations in murine mammary epithelial cells were performed in the laboratory o f  Dr. 

Finian Martin in the Conw ay Institute o f  Biom olecular and Biomedical Research and Department o f  

Pharmacology, University College Dublin, Belfield, Dublin 4. This work would not have been 

possible without the help and advice o f  Dr. Orla Bergin in the Conway Institute, University College 

Dublin.

Dr. Paul O ’Byrne and Ray Keaveny were o f  trem endous assistance in HPLC studies. I would also like 

to thank the sta ff o f  the Pharmaceutical Chemistry teaching lab: Ray, Rhona, Ann, Irene and Trudy for 

their help in many and varied problem s over the last three years. I would like to thank the M olecular 

Design Group, particularly Dr. Andrew Knox (tubulin and Hsp90 m odelling) and Dr. G iorgio Carta 

(estrogen receptor m odelling) for their assistance with m olecular modelling studies and Laura Caboni 

for perform ing the TR-FRET ER assay.

Thank you to M iriam, Tom, Niall and Jason for sharing their knowledge and time. A big thank you to 

all the people who have worked in 2.12 and 2.14, Juan, Yvonne, Shu, Pat, Billy, Cormac, Jun, Mike, 

Ferenc, Paul, Joanne, Gerry, Tadhg, and all the postgraduate students and postdoctoral researchers 

from other labs that made my tim e in Trinity so enjoyable.

To Ruchika, for being there in good tim es and bad, always with a big smile, I will m iss you when we 

go our separate ways. To Hugh -  you have been there every step o f  the way and your help, 

encouragem ent, patience and love have helped me through and were a source o f  inspiration. It would 

have been a lot more difficult w ithout you. Finally to my family, Bemie, Senan, Seam us, Cian, Kevin 

and Caoimhe -  thank you. To my Grandad, John, for always being there to support me. I miss you. 

To Bem ie and Senan for your trem endous support throughout my education, I will always be indebted 

to you. And to Caoimhe, for making me laugh and being the best little sister ever, thank you!

5



List of abbreviations

ATP Adenine triphosphate

BMEC Bone marrow endothelial cells

BRAF B-Raf proto-oncogene serine/threonine protein kinase

CA-4 Combretastatin A-4

CA-4P Combretastatin A-4 phosphate

Cbz Carboxybenzyl

CCDC Cambridge Crystallographic Data Centre

CDC37 Cell division cycle 37 homologue

CLL Chronic lymphocytic leukaemia

CML Chronic myelogenous leukaemia

DAMA-colchicine /\/-Deacetyl-/\/-(2-mercaptoacetyl)-colchicine

DBU 1,8-Diazabicyclo[5.4.0]undec-7-ene

DCC N, N'-Dicyclohexylcarbodiimide

DCM Dichloromethane

DIBAH Diisobutylaluminium hydride

DIPEA Diisopropylethylamine

DMAP Dimethylaminopyridine

DMEM Dulbecco’s Modified Eagle’s Medium

DMF Dimethylformamide

DMSO Dimethylsulfoxide

ER Estrogen receptor

ERBB2 Epidermal growth factor receptor 2

PBS Foetal bovine serum

Fmoc 9-Fluorenylmethyloxycarbonyl

Gl Growth inhibition (GI50=concentration required for 50% inhibition of grov\rth)

GRP Glucose related protein

GTP Guanidine triphosphate

HIF Hypoxia-inducible factor

HOBt Hydroxybenzotriazole

HOP Hsp70/Hsp90-organising protein

HPLC High performance liquid chromatography

HRMS High resolution mass spectrometry

HSF Heat Shock Factor

HSP Heat Shock Protein

HSR Heat Shock Response

HTMA Hexamethylenetetramine (hexamine)

HTS High-throughput screening

HUVEC Human umbilical vein endothelial cells

6



Hz Hertz

1C Inhibitory concentration (IC50=concentration required for 50% inhibition of growth)

IR Infra-red

kDa Kilodalton

LBD Ligand binding domain

LC Lethal concentration (LC50=concentration required for 50% lethality)

LDA Lithium diisopropylamide

MDR Multi-drug resistant

MEM Minimum Essential Medium Eagle

MMP Matrix Metalloproteinase

MRI Magnetic resonance imaging

MTD Maximum tolerated dose

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NAC /V-Acetylcolchicine

NCI National Cancer Institute

NECA 5’-/\/-Ethylcarboxamideadenosine

NMR Nuclear Magnetic Resonance

NR Nuclear Receptor

PBS Phosphate buffered saline

PCC Pyridinium chlorochromate

PDB Protein Data Bank

PDGF Platelet derived growth factors

PEPT1 An oligopeptide H+/protein co-transporter

PIGF Placental-like growth factor

RMSD Root-mean-square-derivative

SAR Structure-activity relationship

SEM Standard error of the mean

SERM Selective estrogen receptor modulator

TBAF Tetrabutylammonium fluoride

TBDMS Tributyldimethylsilyl chloride

TGI Total growth inhibition

THF Tetrahydrofuran

TLC Thin layer chromatography

TMCS T rimethylchlorosilane

TNF Tumour necrosis factor

TRAP TNF-receptor association protein

TR-FRET Time-resolved fluorescence resonance energy transfer

VEGF Vascular endothelial growth factor

XTT Sodium 3’[1-[(phenylamino)-carbonyl]-3,4-tetrazolium]-b/s(4-methoxy-6-nitro)benzene- 

sulfonic acid hydrate

7



Table of Contents

Abstract...............................................................................................................................................................3

Acknowledgements........................................................................................................................................... 5

List o f abbreviations.......................................................................................................................................... 6

Table o f Contents...............................................................................................................................................8

Table o f Figures...............................................................................................................................................13

Table o f Tables................................................................................................................................................. 19

Table o f Schemes............................................................................................................................................ 22

1. Introduction to the thesis............................................................................................................................ 24

1.1 Breast cancer: incidence and treatment.................................................................................................. 24

1.1.1 Chemotherapy....................................................................................................................................25

1.1.1.1 Drugs that block the action o f estrogen................................................................................. 25

1.1.1.2 ERBB2 antagonists...................................................................................................................29

1.2 Tubulin and tubulin-binding drugs..........................................................................................................29

1.2.1 Paclitaxel........................................................................................................................................... 31

1.2.2 The Vinca Alkalo ids.........................................................................................................................31

1.2.3 Colchicine, Podophyllotoxin and the Cryptophycins................................................................... 32

1.2.4 Other anti-mitotic therapies............................................................................................................. 33

1.3 Combretastatin A -4 ...................................................................................................................................36

1.4 Structure-activity relationships o f CA-4................................................................................................. 37

1.4.1 Modifications to the A-ring o f C A-4 .............................................................................................. 38

1.4.2 Modifications to the B-ring o f C A -4 .............................................................................................. 39

1.4.3 Modifications o f the cis double bond o f C A -4 ..............................................................................42

1.5 Angiogenesis and anti-angiogenic strategies..........................................................................................54

1.5.1 Antivascular and anti-angiogenic agents........................................................................................55

1.6 Improvement o f the physiochemical properties o f drug molecules by use o f prodrugs..................... 59

1.6.1 Phosphate prodrugs o f colchicine, phenstatin and combretastatin A -4 ........................................60

1.6.2 Amino acid prodrugs o f acyclovir and combretastatin A -4 ..........................................................62

1.7 Heat Shock Protein 90: A Molecular Chaperone.................................................................................. 64

1.7.1 The Heat Shock Response and Hsp90............................................................................................ 64

1.7.2 Heat Shock Protein 90 as a therapeutic target............................................................................... 64

1.7.3 Structure and Isoforms o f Heat Shock Protein 9 0 .........................................................................65

1.7.4 The ATPase activity o f Heat Shock Protein 9 0 .............................................................................67

1.7.5 Heat Shock Protein 90 inhibitors.....................................................................................................68

1.7.5.1 Natural product inhibitors -  Geldanamycin and analogues.................................................. 68

1.7.5.2 Natural product inhibitors -  Radicicol and analogues...........................................................70

1.7.5.3 Small molecule Hsp90 inhibitors............................................................................................ 73

1.7.5.4 Purines.......................................................................................................................................73

1.7.5.5 Pyrazoles....................................................................................................................................76

1.7.5.6 Miscellaneous Hsp90 inhibitors.............................................................................................. 78

8



1.7.5.7 C-term inal binding agents.....................................................................................................................82

1.7.6 Hsp90 Inhibitors in Clinical T ria ls ............................................................................................................. 83

1.8 Objectives o f  the thesis.............................................................................................................................................84

2. (3-Lactams in clinical and preclinical use; structures and synthetic ro u tes ................................................. 88

2.1 Synthetic precursors: Imines, acids and acid ch lo rides..................................................................................90

2.1.1 Protecting groups..............................................................................................................................................90

2.1.1.1 The /-Butyldimethylsilyl ether (TBDM S) protecting g ro u p ......................................................90

2.1.1.2 The benzyl ether protecting g ro u p .....................................................................................................91

2.1.1.3 Benzyl carbamate protecting group for am in es .............................................................................92

2.1.2 Synthesis o f  substituted acetic ac ids...........................................................................................................93

2.1.3 Chlorination o f  substituted acetic acid derivatives................................................................................ 94

2.1.4 Imine ‘S ch iffbase’ synthesis........................................................................................................................96

2.2 Synthesis o f P-lactam combretastatin A-4 analogues................................................................................... 100

2.2.1 The Staudinger reaction................................................................................................................................101

2.2.1.1 The Staudinger reaction: Standard m ethod ................................................................................... 104

2.2.1.2 The Staudinger reaction: Modified m e th o d .................................................................................112

2.2.1.3 The Staudinger reaction; Acid activation with triphosgene..................................................... 113

2.2.2 The Reformatsky reac tio n ......................................................................................................................... 117

2.2.3 Deprotection o f p-lac tam s........................................................................................................................... 122

2.2.3.1 Removal o f  the TBDMS protecting group .....................................................................................122

2.2.3.2 Deprotection o f benzyloxy protected phenolic g ro u p s ..............................................................127

2.2.3.3 Deprotection o f  the Cbz-group from amino protected com pounds........................................ 128

2.2.4 Further amino p-lactam derivatives.......................................................................................................... 130

2.2.5 One-step method for p-lactam formation using titanium chloride................................................... 133

2.2.6 Further P-lactams with modified substitution at the 3-position o f the azetidinone r in g ........... 135

2.3 Nucleophilic ring-opening reactions o f  P-lactam s......................................................................................... 142

2.4 Improvement o f  aqueous solubility o f  selected antiproliferative P-lactam s...........................................146

2.4.1 Phosphate prodrugs........................................................................................................................................ 146

2.4.2 Amino acid prodrugs: N, N '-D icyclohexylcarbodiim ide (DCC) coupling reactions................. 148

2 .4 .2 .1 The 9-Fluorenylm ethyloxycarbonyl (Fm oc) protecting g ro u p ............................................... 151

2.5 S um m ary ....................................................................................................................................................................156

3. Introduction; Biochemical activity o f  P -lactam s.............................................................................................. 158

3.1 Experimental deta ils ............................................................................................................................................... 159

3.1.1 MCF-7 and M D A -M B -231 human breast cancer cell lines............................................................... 159

3.1.2 Storage and breaking out o f  cells...............................................................................................................160

3.1.3 Growth and maintenance o f  cel I s ..............................................................................................................160

3.1.4 Counting ce lls ..................................................................................................................................................161

3.2 M easurem ent o f  growth inhibitory effects: the M TT and alam arBlue assays....................................... 162

3.2.1 Antiproliferative assay using MTT: procedure......................................................................................163

3.3 Cytotoxicity measurements in murine mammary epithelial cells using alam arB lue........................... 165

9



3.3.1 Mouse m ammary gland preparation; D issection .................................................................................. 165

3.3.2 Isolation o f  primary m ouse mammary epithelial ce lls .........................................................................166

3.3.3 Primary m ammary epithelial cell acini cu ltu re ......................................................................................167

3.4 Antiproliferative resu lts......................................................................................................................................... 168

3.4.1 Positioning o f  trim ethoxyphenyl ring around the p-lactam  ring scaffo ld ......................................168

3.4.2 Structure-activity relationships for the C-4 aryl substituent o f  the P-lactam ring scaffo ld  170

3.4.3 Structure-activity relationships at the C-3 position o f the p-lactam ring scaffo ld ...................... 172

3.4.4 Further hydroxy and am ino substituted p-lactam s................................................................................174

3.4.5 C-3 Carbocyclic and heterocyclic analogues......................................................................................... 176

3.4.5.1 Further 2-thienyl and 3-thienyl combretastatin A-4 an a logues.................................................... 178

3.4.6 Additional cell lines: MDA-M B-231, HL-60 and K562 antiproliferative results........................181

3.4.6.1 The NCI-60 human tumour cell line drug screen and the COM PARE a lg o rith m .............184

3.4.7 Toxicity tests in normal murine mammary epithelial ce lls ................................................................ 189

3.4.8 p-Lactam degradation p ro d u cts................................................................................................................. 193

3.4.9 P-Lactam prodrug activ ities.........................................................................................................................194

3.4.9.1 Antiproliferative effects and solubility o f  phosphate prodrugs............................................... 194

3.4.9.2 Antiproliferative activity and solubility o f  amino acid -  P-lactam con jugates...................197

3.4.10 Tubulin-binding activity o f selected p -lac tam s..................................................................................200

3.5 HPLC analysis o f  antiproliferative p -lac tam s................................................................................................203

3.5.1 Chiral separation o f  antiproliferative P -lactam s...................................................................................203

3.5.2 Stability studies o f  antiproliferative P -lactam s..................................................................................... 205

3.6 The structure o f  tubulin and the colchicine binding site ..............................................................................208

3.7 P-Lactam molecular modeling studies.............................................................................................................. 214

3.7.1 Flexible alignment o f P-Lactam 171 with known colchicine-site ligands....................................214

3.7.2 M olecular docking o f  antiproliferative p-lactams in tu b u lin ............................................................217

3.7.2.1 M olecular docking results for potent antiproliferative P-lactam s............................................218

3.7.2.2 M olecular docking results o f  less potent antiproliferative p-lactam s......................................225

3.8 S um m ary................................................................................................................................................................... 228

4. Introduction.................................................................................................................................................................230

4 .1 Synthesis o f P-lactams targeting H sp90 ...........................................................................................................232

4.1.1 Vilsmeier-Haack and D uff reactions for form ylation......................................................................... 232

4.1.2 Resorcinol protecting group chem istry....................................................................................................235

4.1.3 Hsp90 imine form ation................................................................................................................................ 237

4.1.4 Reformatsky reaction for synthesis o f  Hsp90 P-lactam inhibitors.................................................. 239

4.2 Experimental details: Hsp90 binding s tu d ies .................................................................................................245

4 .2 .1 Isolated H sp90a binding a ssay ..................................................................................................................245

4.2.1.1 Preparation o f Hsp90 assay bu ffe r.................................................................................................. 245

4.2.1.2 Preparation o f H SP90a pro tein ........................................................................................................ 245

4.2.1.3 Preparation o f FITC-GA fluorescent solution..............................................................................246

4.2.1.4 Preparation o f 17-AAG control solution....................................................................................... 246

10



4.2.1.5 H sp90a Binding A ssay ......................................................................................................................246

4.3 Biochemical results for Hsp90-targeting (i-lactam s.................................................................................... 247

4.4 M olecular m odelling and rationalisation o f  biochem ical resu lts ............................................................. 251

4.4.1 M olecular modelling procedures............................................................................................................. 251

4.4.2 Hsp90-ligand interactions: requirements for b in d in g ........................................................................251

4.4.2.1 P-Lactam docking studies in H sp90...............................................................................................257

4.4.2.2 Imine molecular docking studies in H sp90..................................................................................259

4.5 S um m ary .................................................................................................................................................................. 262

5. Introduction to the Estrogen Receptor...............................................................................................................264

5.1 Synthesis o f  (J-lactams targeting the estrogen recep to r............................................................................... 268

5.1.1 Protection o f phenolic g roups................................................................................................................... 269

5.1.2 Imine form ation ............................................................................................................................................ 269

5.1.3 Synthesis o f  ER-targeting P -lactam s......................................................................................................271

5.2 Estrogen receptor competitive binding assay ................................................................................................ 275

5.3 ERa and ERP binding results and MCF-7 antiproliferative resu lts........................................................ 277

5.3.1 Determination o f ER agonist or antagonistic binding m o d e......................................................282

5.4 D iscussion................................................................................................................................................................283

5 .4 .1 Binding requirements for the E R ............................................................................................................. 283

5.4.2 P-Lactam agents............................................................................................................................................ 286

5.4.3 M olecular docking o f  azetidinone ER antagonists: computational m ethods.............................. 288

5.3.4 M olecular docking results and d iscussion ............................................................................................ 288

5.5 Sum m ary ..................................................................................................................................................................292

6. Experimental N ote....................................................................................................................................................294

6.1 General method for synthesis o f tetraethyl dim ethylam inom ethylenediphosphonate................295

6.2 General method for synthesis o f  enamine phosphonate.......................................................................295

6.3 General procedure for hydrolysis o f  enamine phosphonate to substituted acetic a c id ................296

6.4 General method for chlorination o f  acetic acid derivatives.................................................................296

6.5 General procedure for form ylation............................................................................................................. 298

Method 1: Vilsmeir-Haack form ylation......................................................................................................298

Method 2: D uff fo rm ylation .......................................................................................................................... 298

6.6 General method for silylation o f  a phenolic g ro u p ............................................................................... 299

6.7 General procedure for benzyl protection o f hydroxy g ro u p ................................................................299

6.8 General procedure for dibenzyl protection o f  resorcinol derivatives................................................ 300

6.9 General method for Cbz protection o f an amine g ro u p ........................................................................ 300

6.10 General method for imine preparation.....................................................................................................301

6.10.1 General method 1: Reflux in ethano l............................................................................................ 301

6.10.2 General method 2: Reflux in dry toluene with activated molecular sieves........................308

6.10.3 General method 3: Use o f TiC14 as a catalyst.............................................................................308

6.11 General methods for p-lactam form ation................................................................................................ 309

6.11.1 General method 1: Staudinger reaction.......................................................................................... 309

1 1



6 .1 1.2 General method 1 (b): Staudinger reaction (m o d ified ).................................................................. 317

6.11.3 General method 2: A cid activation with triphosgene.................................................................... 319

6.11.4  General method 3: Reformatsky reaction using m icrowave technology................................326

6.11.5 General method 4: TiCU reaction ......................................................................................................... 331

6.11.6  General method 5: Reduction o f  -N O 2 to -N H 2 ...............................................................................332

6.11.7  Low temperature substitution reactions (3-position o f  azetidinone r in g ) ...............................333

6.11.8  General procedure for oxidation o f  a secondary a lc o h o l............................................................ 335

6.11.9  General procedure for dehydration o f  secondary alcohols.......................................................... 336

6.12 Removal o f  protecting groups fi'om p-lactam products...........................................................................337

6.12.1 General method for desilylation'"'’ ......................................................................................................... 337

6.12.2 General procedure for debenzylation o f  P-lactam s........................................................................340

6.12.3 General procedure for deprotection o f  the Cbz group...................................................................346

6.13 p-Lactam ring opening with sodium m ethoxide......................................................................................... 347

6 .14 P-Lactam reductive ring opening with lithium aluminium hydride.................................................... 348

6.15 General procedure for formation o f  dibenzyl phosphate a n a lo g u es...................................................348

6 .16 General procedure for hydrogenolysis o f  dibenzyl phosphate analogues.........................................350

6.17 Formation o f  amino acid prodrugs.................................................................................................................. 351

6.18 Removal o f  Fmoc protecting group .................................................................................................................357

6.19 Removal o f  the carboxybenzyl and benzyl protecting groups from amino acid- p-lactam  

conjugates............................................................................................................................................................................ 362

6 .19 Removal o f  the carboxybenzyl and benzyl protecting groups from amino acid- p-lactam  

conjugates............................................................................................................................................................................ 362

Appendix 1: X-ray crystallography d a ta ....................................................................................................................... 365

Appendix 2: NCI screening d a ta ...................................................................................................................................... 424

Appendix 3: Publications.................................................................................................................................................... 449

R eferences................................................................................................................................................................................. 479

12



Table of Figures

Figure 1.1: Anti-cancer agents that modulate the effects o f estrogen; tamoxifen, anastrozoie and STX64

 26

Figure 1.2: Mechanism o f action o f tamoxifen and aromatase inh ib itors...................................................27

Figure 1.3: A ribbon diagram showing the quaternary structure o f aromatase with androstenedione

bound in the active s ite ......................................................................................................................... 28

Figure 1.4 Crystal structure o f a tubulin dimer with paclitaxel bound showing a-helices and P-sheets 30

Figure 1.5: Tubulin binding agents..........................................................................................................35

Figure 1.6: Structures o f combretastatin 11, CA-4 12 and CA-4P 13, a prodrug o f C A 4 ..................36

Figure 1.7: The A and B rings o f  C A-4................................................................................................... 38

Figure 1.8: Combretastatin A-3 (14) and combretastatin A-2 (1 5 )...................................................... 39

Figure 1.9: Combretastatin A-4 analogues with modifications at the B -ring ...................................... 41

Figure 1.10: Modifications to the c/s-linking group o f C A-4................................................................ 43

Figure 1.11: Overlay o f colchicine (yellow), CA-4 (red) and chalcone 27 (blue)...............................44

Figure 1.12: Combretastatin A-4 analogues with heteroatoms in the linking bridge between the A and B

rings........................................................................................................................................................ 46

Figure 1.13: Combretastatin A-4 analogues containing oxygen and sulfur heterocycles........................49

Figure 1.14: Synthesis o f CA-4 imidazole analogues.................................................................................50

Figure 1.15: Combretastatin A-4 analogues containing nitrogen heterocycles........................................53

Figure 1.16: Small molecule anti-vascular compounds.............................................................................. 56

Figure 1.17: Anti-vascular effects o f imidazole 48 and CA-4 in HUVEC cells.......................................58

Figure 1.18: The prodrug princ ip le .............................................................................................................. 59

Figure 1.19: Phosphate prodrugs o f a selection o f tubulin-binding drugs................................................ 61

Figure 1.20: Synthesis o f combretastatin A-4 phosphate fi'om combretastatin A -4 ................................ 61

Figure 1.21: Amino-containing drugs and prodrugs...................................................................................63

Figure 1.22: (left) Quaternary structure o f a Hsp90 dimer with ADP bound; (right) ADP binding

interactions..............................................................................................................................................66

Figure 1.23: The ATP cycle o f Hsp90 (a) under normal conditions and (b) in the presence o f an

inh ib ito r^ ................................................................................................................................................67

Figure 1.24: The structures o f  the ansamycin family o f Hsp90 inh ib itors............................................... 68

Figure 1.25: Geldanamycin in free (left) and Hsp90-bound (right) conformations................................. 68

Figure 1.26: (Left) Co-crystal structures o f geldanamycin (yellow) and radicicol (magenta) in the ATP-

binding site o f Hsp90; (Right) A  planar representation o f the binding interactions o f 

geldanamycin with yeast Hsp90 (solid lines: direct H-bonds; dashed lines: H-bonds involving

water molecules)....................................................................................................................................69

Figure 1.27: Left: Radicicol, a macrolide inhibitor o f Hsp90; right: an oxime derivative o f radicicol.. 71

Figure 1.28: Synthesis o f radicicol 69.......................................................................................................... 72

Figure 1.29: Purine 71 structure -activ ity  relationships; purine 71 crystallised in the N-terminal o f

Hsp90a (PDB code: IU Y6)...................................................................................................................74

Figure 1.30: Small molecule inhibitors o f Hsp90 with a purine scaffold...................................................76

13



Figure 1.31: Small m olecule inhibitors o f  Hsp90 with a pyrazole sca ffo ld ........................................................ 77

Figure 1.32: X-ray crystal structure o f  pyrazole 75 in H sp90a (PD B code: 2BT0); right: ligand

interactions o f  pyrazole 77 in H sp90a (PD B code: 1Y C 4)...........................................................................78

Figure 1.33: Structurally diverse Hsp90 inhib itors..................................................................................................... 80

Figure 1.34: Binding interactions o f  benzisoxazole 84 with human H s p 9 0 a .................................................... 81

Figure 1.35: Hsp90 and tubulin binders overlap in the m edicinal chemistry space: grey, med chem.

space; yellow , Hsp90; blue, antitubulin............................................................................................................... 82

Figure 1.36: N ovobiocin , a C-terminal Hsp90 binding com p ou n d .......................................................................82

Figure 1.37: Small m olecule Hsp90 inhibitors in clinical tr ia ls ............................................................................. 83

Figure 1.38: An azetidinone based analogue o fC A -4 ................................................................................................ 84

Figure 2.1: A selection o f  p-lactams in preclinical and clinical u s e ......................................................................89

Figure 2.2: Imine bond form ation ......................................................................................................................................96

Figure 2.3: Sites for P-lactam bond form ation ............................................................................................................ 100

Figure 2.4: The ketene reaction mechanism I for p-lactam form ation ...............................................................102

Figure 2.5: The reaction mechanism 11 for p-lactam formation via acylation o f  im ine...............................102

Figure 2.6: Schem e show ing the general route for synthesis o f  im ines, acetic acids, acid chlorides and

P-lactam s.........................................................................................................................................................................104

Figure 2.7: Ortep representation o f  the X-ray crystal structure o f  138 drawn with 50% thermal

e llip so id s.........................................................................................................................................................................109

Figure 2.8: Ortep representation o f  the X-ray crystal structure o f  139 (cis isomer) drawn with 50%

thermal e llip so id s........................................................................................................................................................ 109

Figure 2 .9  Mercury representation o f  the X-ray crystal structure o f  139 {trans isomer) with 50%

thermal e llip so id s........................................................................................................................................................ 110

Figure 2.10: NM R spectrum o f  p-lactam 139 (cis  iso m er).............................................................................11 1

Figure 2.11: '^C N M R spectrum o f  p-lactam 139 (trans  isom er).........................................................................1 1 1

Figure 2.12: Structures o f  triphosgene and phosgene............................................................................................... 114

Figure 2.13: Organozinc precursor used in the Reformatsky reaction ...............................................................117

Figure 2.14: Ortep representation o f  the X-ray crystal structure o f  171 with 50% thermal e llip so ids. 120

Figure 2.15: ‘H N M R spectrum o f  p-lactam 1 7 1 .......................................................................................................121

Figure 2.16: '^C N M R spectrum o f  p-lactam 1 7 1 ......................................................................................................121

Figure 2.17: 'H spectrum ofth iophene p-lactam 178............................................................................................... 125

Figure 2 . 18: '^C NM R  spectrum o f  thiophene p-lactam 178................................................................................. 126

Figure 2.19: 'H NM R spectrum o f  p-lactam 1 9 0 .......................................................................................................135

Figure 2 .20 'H NM R spectrum o f  P-lactam 1 9 9 ........................................................................................................ 141

Figure 2.21: '^C N M R spectrum o f  p-lactam 1 9 9 ......................................................................................................141

Figure 2.22: P-lactam ring opening with the m ethoxide anion..............................................................................143

Figure 2.23: Reductive p-lactam ring opening with LiAIH4 ................................................................................. 144

Figure 2.24: 'H N M R  spectrum o f  P-aminoester 201 ..............................................................................................145

Figure 2.25: '^C NM R  spectrum o f  p-am inoester 201 .............................................................................................145

Figure 2.26: Coupling reaction catalysed by D C C .................................................................................................... 148

14



Figure 2.27; Deprotection of Fmoc using piperidine.....................................................................................152

Figure 2.28; Deprotection of Fmoc using TBAF and 1-octanethiol............................................................152

Figure 2.29; 'H  NMR spectrum of amino acid conjugate 2 2 8 ...................................................................  155

Figure 2.30: '^C NMR spectrum of amino acid conjugate 2 2 8 ..................................................................  155

Figure 3.1; Azetidinone based anti-cancer molecules. Molecules formed exclusively as the cis adducts.

One enantiomer is shown....................................................................................................................... 158

Figure 3.2; Images o f MCF-7 cells at low and high cell densities.............................................................. 159

Figure 3.3; Images o f MDA-MB-231 cells at low and high cell densities.................................................160

Figure 3.4; A representative haemocytometer grid. Cells falling in the five squares marked with a red

‘X’ are counted.......................................................................................................................................... 162

Figure 3.5; The reduction of MTT, a tetrazole, to a formazan by mitochondrial reductase in viable cells

...................................................................................................................................................................... 163

Figure 3.6; A representative 96-well plate showing the pattern o f dosing. The concentrations shown

are the final concentration o f the drug diluted in the w e ll...................................................................164

Figure 3.7; Antiproliferative effect o f P-lactams 92, 171 and 181 in MCF-7 human breast cancer cells. 

The values represent the mean ± S.E.M for three independent experiments performed in

triplicate....................................................................................................................................................... 175

Figure 3.8; Antiproliferative effect o f (3-lactams 136 and 179 and CA-4 in MCF-7 human breast cancer 

cells. The values represent the mean ± S.E.M for three independent experiments performed in

triplicate....................................................................................................................................................... 178

Figure 3.9; p-Lactams 92 and 181 were evaluated in additional cell lines.................................................182

Figure 3.10; Antiproliferative effect of P-lactam 181 and CA-4 in chronic human leukaemic K562

cells. The values represent the mean ± S.E.M for three independent experiments performed in

triplicate....................................................................................................................................................... 182

Figure 3.11; Antiproliferative effect o f p-lactam 181 and CA-4 in acute human leukaemic HL-60 cells. 

The values represent the mean ± S.E.M for three independent experiments performed in

triplicate....................................................................................................................................................... 183

Figure 3.12; HL-60 leukaemia cells at low and high densities.....................................................................183

Figure 3.13; (a) Number o f samples screened by the NCI from 1989 -  2007; (b) source of samples

between 1999 -  2005................................................................................................................................ 185

Figure 3.14; Antiproliferative P-lactams screened in the NCI-60 cell line screen.................................... 186

Figure 3.15; Additional P-lactams screened by the N C l'^°..........................................................................187

Figure 3.16; P-Lactams evaluated for toxicity in murine mammary epithelial cells...............................189

Figure 3.17; Dose-response curve in murine mammary epithelial cells at 50,000 cells/mL....191

Figure 3.18; Dose-response curve in murine mammary epithelial cells at 50,000 cells/mL (inset from

graph above, showing nanomolar concentrations)................................................................................ 191

Figure 3.19; Dose-response curve for 5 compounds in murine mammary epithelial cells at 25,000

cells/m L.......................................................................................................................................................192

15



Figure 3.20: Antiproliferative effect o f  P-iactam 92, ester 201 and alcohol 202 in human MCF-7 breast 

cancer cells. The values represent the mean ± S.E.M for three independent experim ents

performed in triplicate........................................................................................................................................ 194

Figure 3.21: Antiproliferative effect o f  P-lactams 181 and 205 and CA-4 in MCF-7 human breast 

cancer cells. The values represent the mean ± S.E.M for three independent experiments

performed in triplicate........................................................................................................................................ 196

Figure 3.22: Inhibition o f  tubulin polymerisation for three concentrations o f  p-lactam 178 .................201

Figure 3.23: Inhibition o f  tubulin polymerisation for three concentrations o f  p-lactam 181 .................202

Figure 3.24: Chiral resolution o f  enantiom ers o f  p-lactam com pounds 92, 136, 178 and 181................204

Figure 3.25: p-Lactams chosen for pH stability s tu d ies .....................................................................................206

Figure 3.26: HPLC stability study o f  136 at three pH values............................................................................206

Figure 3.27: HPLC stability study o f  171 at three pH values............................................................................207

Figure 3.28: HPLC stability study o f  four p-lactam s at three pH values....................................................... 207

Figure 3.29: The sequence o f  pig brain a  and p tubulin^'; B=P-sheet, H =a-helix ...................................... 208

Figure 3.30: The structure o f  tubulin fi'om pig brain with taxol (TAX) and GDP bound......................... 209

Figure 3.31: (a) Tubulin in com plex with RB3-SLD; two heterodim ers are bound; (b) DAMA-

colchicine bound at the ap-interface o f  tubulin [COL=DAM A-colchicine (p in k )] ........................210

Figure 3.32: The colchicine-binding site at the ap-tubulin interface surrounded by helices 7 and 8. The 

switch o f  the T7 loop is shown. The P-subunit is green without ligand, and is overlaid in blue

with the T7 loop in the presence o f  colchicine (7, yellow ).................................................................... 2 11

Figure 3.33: Three colchicine-binding site ligands co-crystallised with tubulin .........................................211

Figure 3.34: Colchicine (green, space-filling model) docked in the colchicine-binding site o f  tubulin

................................................................................................................................................................................. 213

Figure 3.35: Interactions o f DAMA-colchicine 244 with tu b u lin ................................................................... 213

Figure 3.36: Flexible alignment o f (top) 171 [red] and colchicine [yellow] and (bottom) 171 [red] and

CA-4 [green]. 2D structures are shown for com parison .......................................................................216

Figure 3.37: (top) P-Lactam  171 docked in the colchicine-binding site o f  tubulin, (bottom) Important 

residues for binding isolated. Colour key: Grey = carbon; red = oxygen; blue = nitrogen; yellow

= sulfur; hydrogen bonds shown as dashed red lines............................................................................... 220

Figure 3.38: 2D representation o f  the binding o f  P-lactam 171 in the colchicine-binding site o f  tubulin

 221

Figure 3.39: The bound conformations o f  P-lactam 171 and DAM A-colchicine 244 (yellow) in the

colchicine-binding site o f  tubulin (residues not shown for clarity)......................................................221

Figure 3.40: (Top) P-Lactam 181 in colchicine binding site; (bottom) Important residues for binding are 

isolated. Colour key: Grey = carbon; red = oxygen; blue = nitrogen; yellow = sulfur; hydrogen

bonds shown as dashed red lin e s ...................................................................................................................222

Figure 3.41: 2D representation o f  the binding o f  P-lactam 181 in the colchicine-binding site o f  tubulin

................................................................................................................................................................................. 223

Figure 3.42: 2D representation o f  the binding interactions o f  thiophene P-lactam 1 78 ............................223

16



Figure 3.43; (Top) Interactions o f  thiophene p-lactam 178 with the colchicine-binding site o f  tubulin. 

(Bottom) Residues that are crucial for binding are isolated. Colour key: Grey = carbon; red =

oxygen; blue = nitrogen; yellow = sulfur; hydrogen bonds shown as dashed red lines.................224

Figure 3.44: Com parison o f  the docked conform ations o f  P-lactams 171, 138 and DAM A-colchicine 

244. 138 is shown in green; 171 (left) and DAM A-colchicine 244 (right) are coloured with

oxygen red, nitrogen blue, carbon grey and sulfur yellow ..................................................................... 225

Figure 3.45: 2D interactions o f  P-lactam 138 in the colchicine-binding site o f  tu b u lin ........................... 226

Figure 4.1: Established Hsp90 inhibitors 87 and 75; proposed Hsp90 inhibitor 2 6 8 ................................ 231

Figure 4.2: (left) Binding interactions o f  pyrazole 75 with H sp90a; (right) a flexible alignm ent o f

pyrazole 75 (green) with proposed P-iactam 268 (grey); hydrogen atoms not shown for c larity231 

Figure 4.3: Docking o f  p-lactam 268 in the N-terminal o f  H sp90a (using MOE). Red spheres:

conserved water molecules; colour key: grey=carbon; red=oxygen; blue=nitrogen; yellow=sulfur;

red mesh indicates area with no binding in teractions..............................................................................232

Figure 4.4: 'H  NMR spectrum o f P-lactam 2 6 7 ....................................................................................................244

Figure 4.5: '^C NM R spectrum  o f  p-lactam 2 6 7 .................................................................................................. 244

Figure 4.6: Dose response graph for p-lactam 268, imine 257 and 17-AAG for binding to H sp90a...250

Figure 4.7: Binding interactions o f  ADP and Hsp90 (PDB code; I AM W ).................................................. 252

Figure 4.8: The Hsp90-geldanamycin co m p lex ....................................................................................................253

Figure 4.9: Interactions o f  geldanamycin and H sp90..........................................................................................254

Figure 4.10: 2D representation o f  binding interactions o f  radicicol with yeast Hsp90 (PDB code;

IB G Q )...................................................................................................................................................................255

Figure 4.11: Pyrazoles 75 (left) and 76 (right) binding interactions with H sp90 ........................................256

Figure 4.12: Docking o f  P-lactam 268 in the N-terminal o f  Hsp90a. Residues that are crucial for

binding are isolated. Colour key: Grey = carbon; red = oxygen; blue = nitrogen; hydrogen bonds

shown as dashed red lines................................................................................................................................ 258

Figure 4.13: 2D representation o f  proposed binding interactions o f  268 with H sp90............................... 258

Figure 4.14: Imine 257 in the ATP-binding site o f  Hsp90; Colour key: Grey = carbon; red = oxygen; 

blue = nitrogen; contact surface area map shown as green (hydrophobic) and pink (hydrophilic)

................................................................................................................................................................................. 259

Figure 4.15; 2D representation o f  binding interactions o f  imine 257 with the ATP-binding site o f

H sp90..................................................................................................................................................................... 260

Figure 4.16; Imine 257 in the ATP-binding site o f  Hsp90 with selected residues for binding shown; 

Colour key; Grey = carbon; red = oxygen; blue = nitrogen; hydrogen bonds shown as dashed red

lines.........................................................................................................................................................................260

Figure 5.1; Representation o f  the ligand-binding domain o f  ER a (left) schematic representation with 

three helical layers coloured red (HI -  H4), yellow (H5 -  H6, H9, HIO) and purple (H 7, 8, 11). 

The flanking p-helix (SI -  S2) and AF2 core helix (H I2) are coloured green; (centre and right)

3D views o f  ER a with 17p-estradiol (cyan) bound...................................................................................264

Figure 5.2: The chemical structures o f  tamoxifen and ralox ifene................................................................... 266

Figure 5.3: The different regions in the ERs and the am ino acid com positions o f  ER a & E R p ............267

17



Figure 5.4: ERP complexed with ER agonist 274. The vinyl group sits in a groove consisting o f He373,

Phe377, and lle376, confirming targeting o f the ER(3 Met421 to ERa lle373 residue substitution

 268

Figure 5.6: 'H  NMR spectrum of p-lactam 2 9 2 ............................................................................................. 275

Figure 5.7: '^C NMR spectrum o f p-lactam 2 9 2 ............................................................................................ 275

Figure 5.8: Inter-atomic distances between oxygen atoms for p-lactam 289, 4-hydroxytamoxifen and

17p-estradiol.............................................................................................................................................. 280

Figure 5.9: Dose-response curve for 289 in ERa and ERP binding assays.............................................. 281

Figure 5.10: Dose-response curve for 292 and P-estradiol in ERa binding assay....................................281

Figure 5.11: Dose-response curve for inhibition o f ERa in FRET assay in agonist and antagonist mode

for p-lactam 289 and tamoxifen.............................................................................................................. 283

Figure 5.12: 17p-estradiol and its hydrogen-bonding interactions with ER a............................................. 285

Figure 5.13: 2D representation o f the binding interactions o f estradiol with ERa (PDB code: 1 ERE) 285 

Figure 5.14: 2D representation of the binding interactions o f 4-hydroxytamoxifen with ERa (PDB

code: 3ERT’ ................................................................................................................................................286

Figure 5.15: Fred docked structure for P-lactam SERM 275 in (top) ERa (hydrogen bonding between 

the C-ring 3-OH substituent and Glu353, Arg394, HOH are depicted. A salt bridge between the

basic side chain and Asp351 is also formed); (middle) ERp [raloxifene (yellow)]...................... 287

Figure 7.1. Ortep representation o f the X-ray crystal structure o f 171 with 50% thermal ellipsoids... 365

Figure 7.2. Ortep representation o f the X-ray crystal structure o f 138 with 50% thermal ellipsoids... 377

Figure 7.3. Ortep representation of the X-ray crystal structure o f 139 {cis isomer) with 50% thermal

ellipsoids..................................................................................................................................................... 390

Figure 7.4. Mercury representation of the X-ray crystal structure of 139 (irans isomer) with 50%

thermal ellipsoids.......................................................................................................................................403

18



Table of Tables

Table 1.1. Comparative cytotoxicity values for CA-4 analogues with B-ring modifications.................. 41

Table 2.1. Acid chlorides 106 -  111 prepared by reflux in thionyl chloride............................................. 95

Table 2.2. Schiff bases 112-121 synthesised including yield and IR data................................................. 97

Table 2.3. Acetophenone and benzophenone derived imines 122 -  124....................................................99

Table 2.4. P-Lactams 125 -  142 prepared by the standard Staudinger method.........................................105

Table 2.5. P-Lactams 143 -  147 prepared by a modified Staudinger method........................................... 113

Table 2.6. P-Lactams 150 -  169 prepared using the acid activating agent triphosgene........................115

Table 2.7. P-Lactams 170 -  174 prepared using TMCS and zinc in a Reformatsky reaction.............. 119

Table 2.8. Phenolic P-lactam CA-4 analogues 92 and 175 -  179..............................................................123

Table 2.9. Deprotected P-lactams 180 -  183 containing phenolic and amino substituents.....................128

Table 2.10. Further deprotected p-lactams 184 and 185 containing amino and phenolic groups.......... 129

Table 2.11. Amino-containing azetidinones 182 and 1 8 6 - 189 prepared from nitro derivatives 132

Table 2.12. 4,4-diphenyl substituted azetidinones 190 -  192.................................................................... 134

Table 2.13. Products 193-196 with alcoholic substitution at position 3 o f the P-lactam ring..............137

Table 2.14. Thiophene P-Lactams 197 and 198 with 3-position carbonyl groups...................................139

Table 2.15. 3-Vinyl P-lactam analogues 199 and 200................................................................................ 140

Table 2.16. Phosphate prodrug derivatives 203 -  205 o f anti-proliferative p-lactams............................147

Table 2.17. Protected p-lactams 206 -  213 coupled at the C-3 position o f the ring............................... 150

Table 2.18. Protected p-lactams 2 1 4 -2 1 9  coupled at the C-4 position o f the ring...............................150

Table 2.19. P-Lactam amino acid conjugates 220 -  227 coupled at the C-4 o f the ring........................ 153

Table 2.20. p-Lactam amino acid conjugates 228 -  233 coupled at the C-3 o f the ring........................ 154

Table 3.1. Antiproliferative activities o f p-lactams with the trimethoxyphenyl ring at different positions

............................................................................................................................................................... 169

Table 3.2. Antiproliferative activities o f P-lactams with 4-position variations......................................171

Table 3.3. Antiproliferative activities o f P-lactams with substitutions at the C-3 aryl ring.................... 173

Table 3.4. Antiproliferative activities o f further P-lactams...................................................................... 175

Table 3.5. Antiproliferative activities o f P-lactams with carbocyclic and heterocyclic substitutions at

the 3-position........................................................................................................................................ 177

Table 3.6. Antiproliferative activities o f further 2-thienyl P-lactams...................................................... 179

Table 3.7. Antiproliferative activities o f further 3-thienyl P-lactams...................................................... 180

Table 3.8. Antiproliferative activities o f P-lactams in MDA-MB-231 cells............................................ 181

Table 3.9. Antiproliferative activities o f P-lactam 181 in HL-60 and K562 cells................................... 182

Table 3.10. Matrix COMPARE correlation o f six p-lactams and CA-4 (NSC613729)“ ........................ 187

Table 3.11; Standard COMPARE Analysis o f P-lactam 92....................................................................... 188

Table 3.12: Standard COMPARE Analysis o f P-lactam 136.....................................................................188

Table 3.13.Toxicity at lOfiM at two concentrations o f murine epithelial cells........................................190

Table 3.14. Toxicity at ICjo at two concentrations o f murine epithelial cells.......................................... 190

Table 3.15. Antiproliferative activities o f P-lactam degradation products............................................... 193

19



Table 3.16. Antiproliferative activities and physiochemical properties o f (3-lactam phosphate prodrugs. 

...................................................................................................................................................................... 196

Table 3.17. Antiproliferative activities of P-lactam amino acid prodrugs.................................................. 198

Table 3.18. Antiproliferative activities of P-lactam amino acid prodrugs.................................................. 199

Table 3.19. Inhibition o f tubulin polymerisation for compounds 92, 171, 178, 181 and CA-4............. 201

Table 4.1. Conditions for attempted formylation o f 4-chlororesorcinol.....................................................234

Table 4.2. Dibenzylprotected aldehydes.......................................................................................................... 236

Table 4.3. Hsp90 imine precursors with yields and IR data......................................................................... 237

Table 4.4. Protected intermediates for Hsp90-targeting P-lactams..............................................................240

Table 4.5. Deprotected Hsp90-targeting P-iactams........................................................................................ 242

Table 4.6. Antiproliferative and Hsp90-binding effects o f p-lactams 259, 260 and 261 -  272 and imines

257 and 258 ............................................................................................................................................... 248

Table 4.7. Hsp90 binding interactions for selected inhibitors...................................................................... 261

Table 5.1. Imine precursors for ER-targeting p-lactams............................................................................... 270

Table 5.2. Estrogen receptor targeting P-lactams with protecting groups in place...................................272

Table 5.3. Estrogen receptor targeting p-lactams........................................................................................... 273

Table 5.4. Anti-proliferative activity and ER binding values for a series o f p-lactams...........................278

Table 5.5. Distances between oxygen functionalities for a variety o f ER ligands...................................280

Table 5.6. Ligand interactions between 4-hydroxytamoxifen and 3ERT docking poses of the 8 ER

modulators docked using the 3D coordinates o f the 3ERT crystal structure^''”.............................. 290

Table 5.7. A snapshot o f the 3D binding mode for azetidinones overlaid with the co-crystallised ligand

4-hydroxytamoxifen.................................................................................................................................291

Table 7.1. Crystal data and structure refinement for 171............................................................................. 365

Table 7.2. Atomic coordinates (x 10^) and equivalent isotropic displacement parameters (A^x 10^)

for 171..........................................................................................................................................................366

Table 7.4. Anisotropic displacement parameters (A^x 10^) for 171........................................................ 372

Table 7.5. Hydrogen coordinates (x lO'^) and isotropic displacement parameters (A^x 10 for 171 373

Table 7.6. Torsion angles [°] for 171...............................................................................................................374

Table 7.7. Hydrogen bonds for 171 [A and ° ] ................................................................................................ 376

Table 7.8. Crystal data and structure refinement for 138............................................................................ 377

Table 7.9. Atomic coordinates (x lO'^) and equivalent isotropic displacement parameters (A^x 10^)

for 138......................................................................................................................................................... 378

Table 7.10. Bond lengths [A] and angles [°] for 138 ....................................................................................379

Table 7.11. Anisotropic displacement parameters (A^x 10^) for 138.......................................................384

Table 7.12. Hydrogen coordinates ( x 10^) and isotropic displacement parameters (A^x 10 for 138

......................................................................................................................................................................385

Table 7.13. Torsion angles [°] for 138 ........................................................................................................... 386

Table 7.14. Hydrogen bonds for 138 [A and ° ] .............................................................................................. 389

Table 7.15. Crystal data and structure refinement for 139 {cis isom er)................................................... 390

20



Table 7.16. Atomic coordinates ( x 10" )̂ and equivalent isotropic displacement parameters (A^x 10^)

for 139 {cis isomer)................................................................................................................................... 391

Table 7.17. Bond lengths [A] and angles [°] for 139 {cis isomer).............................................................392

Table 7.18. Anisotropic displacement parameters (A^x 10^) for 139 (cis isomer)...............................397

Table 7.19. Hydrogen coordinates (x 10^) and isotropic displacement parameters (A^x 10 ^) for 139

{cis isom er).................................................................................................................................................399

Table 7.20. Torsion angles [°] for 139 (cis isomer)...................................................................................... 399

Table 7.21. Hydrogen bonds for 139 {cis isomer) [A and ° ] ........................................................................402

Table 7.22. Crystal data and structure refinement for 139 {trans isomer)................................................ 403

Table 7.23. Atomic coordinates (x 10“̂ ) and equivalent isotropic displacement parameters (A^x 10^)

for 139 {trans isomer)............................................................................................................................... 404

Table 7.24. Bond lengths [A] and angles [°] for 139 {trans isomer).......................................................... 406

Table 7.25. Anisotropic displacement parameters (A^x 10^) for 139 {trans isomer).............................415

Table 7.26. Hydrogen coordinates (x 10^) and isotropic displacement parameters (A^x 10 ^) for 139

{trans isom er)............................................................................................................................................417

Table 7.27. Torsion angles [°] for 139 {trans isomer)...................................................................................418

Table 7.28. Hydrogen bonds for 139 {trans isomer) [A and ° ] ................................................................... 422

21



Table of Schemes

Scheme 2.1: T B D M S  protection o f free hydroxy groups........................................................................................91

Scheme 2.2: Benzyl protection o f  free hydroxy groups.......................................................................................... 92

Scheme 2.3: Benzyl carbamate protection o f amine functional groups..............................................................93

Scheme 2.4: Preparation o f the enamine phosphonate o f  thiophene-carboxaldehyde derivatives and

subsequent hydrolysis to acetic ac ids................................................................................................................ 94

Scheme 2.5: Chlorination o f  substituted phenylacetic acids with thionyl chloride........................................95

Scheme 2.6: Preparation o f imines 112 -  121 by reflux in ethanol..................................................................... 96

Scheme 2.7: Benzophenone-derived imine preparation.......................................................................................... 99

Scheme 2.8: Staudinger reaction scheme....................................................................................................................105

Scheme 2.9: M odified Staudinger reaction schem e................................................................................................112

Scheme 2.10: Staudinger reaction scheme with triphosgene as acid-activating agent................................115

Scheme 2.11: Reformatsky reaction for P-lactam synthesis.................................................................................118

Scheme 2.12: Removal o f  the T B D M S  protecting group.....................................................................................122

Scheme 2.13: Deprotection o f benzyl protected (3-lactams................................................................................. 127

Scheme 2.14: Deprotection o f  benzyl protected p-lactam s................................................................................. 129

Scheme 2.15: Synthesis o f  amino substituted azetidinones................................................................................. 131

Scheme 2.16: Benzophenone-derived one-step p-lactam preparation............................................................. 134

Scheme 2.17: P-Lactam 3-position substitution reaction.....................................................................................136

Scheme 2.18: PCC oxidation o f secondary alcohols to ketones........................................................................ 138

Scheme 2.19: Dehydration o f 3-alcoholic p-lactam derivatives........................................................................ 140

Scheme 2.20: Ring opening reactions o f P-lactam 92 with sodium methoxide and L iA lH 4 .....................144

Scheme 2.21: Introduction o f the dibenzylphosphate group and subsequent hydrogenolysis.................147

Scheme 2.22: P-Lactam and amino acid coupling reactions.............................................................................. 149

Scheme 2.23: Fmoc-deprotection o f amino acid-P-lactam conjugates............................................................153

Scheme 4.1: Vilsmeier-Haack reaction for formylation o f 4-ethylresorcinol...............................................233

Scheme 4.2: Attempted formylation o f 4-chlororesorcinol................................................................................. 234

Scheme 4.3: Synthetic route to 2,4-bis(benzyloxy)-5-ethylbenzaldehyde.....................................................236

Scheme 4.4: Hsp90 imine form ation..........................................................................................................................237

Scheme 4.5: Synthesis o f a Hsp90 P-lactam inhibitor using the Reformatsky reaction...........................239

Scheme 4.6: Debenzylation o f Hsp90 targeting p-lactams...................................................................................242

Scheme 5.1: T B D M S  protection o f 4-aminophenol............................................................................................... 269

Scheme 5.2: Preparation o f imines 276 and 277 by reflux in ethanol..............................................................270

Scheme 5.3: Staudinger reaction scheme...................................................................................................................271

Scheme 5.4: Reformatsky reaction for synthesis o f P-lactam 2 7 8 .................................................................. 271

Scheme 5.5: Deprotection o f the various hydroxyl groups o f 2 8 8 .................................................................. 273

22



Chapter 1

Introduction

23



1. Introduction to the thesis

This thesis is concerned with the chemical synthesis and biochemical evaluation of 

compounds that target cancerous cells, with particular emphasis on breast cancer. 

The anti-cancer drug discovery process often begins with a promising target.' This 

work will explore three targets for anti-cancer agents, namely tubulin, heat shock 

protein 90 and the estrogen receptor. The relevant literature for each of these cancer 

drug targets is summarised in this chapter.

Cancer is a neoplastic disease the natural course o f which is fatal. Cancer cells, 

unlike benign tumour cells, exhibit properties of invasion and metastasis and are 

highly anaplastic^. A neoplasm is a type of tumour and is a new growth o f tissue in 

which cell multiplication is uncontrolled and progressive.

1.1 Breast cancer: incidence and treatment

Breast cancer is the most common cancer in Ireland amongst women. In Europe, 

breast cancer comprised 13.5% of all cancer cases diagnosed in 2006.^ Between 

2000 and 2004, breast cancer accounted for 29.4% of all cancers diagnosed in women 

on the island o f Ireland.'* The median age of diagnosis was 59 years. At present, 

there are at least 21,874 women alive in Ireland who have had a diagnosis of breast 

cancer."* From 1994 to 2005, there were an average o f 1895 new cases of breast 

cancer diagnosed per annum; for 2005 alone, this figure stood at 2352 new registered 

breast cancer cases in women.^ The number of new cases predicted per annum by 

2020 is estimated at 4734 in Ireland.^ Breast cancer was the commonest cause of 

cancer death in women in Ireland, with 660 deaths in 2004.^ The risk of developing 

breast cancer in women rose by 2.8% in the period between 1994 and 2003.^ Risk 

factors for the disease include late age of first pregnancy, nulliparity, not breast 

feeding, external estrogens such as hormone replacement therapy and obesity in 

postmenopausal women. In the next decade, the increase in the population over 65 in 

Ireland is predicted to see an increased incidence o f all cancers, including breast 

cancer.^ Promisingly, the five-year survival rate for patients diagnosed with breast 

cancer between 1997 -  1999 was 3.7% higher than in those diagnosed between 1994 

-  1996.^
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Breast cancer can be treated by radiotherapy, chemotherapy or surgery. From 1999 

to 2003, 85% of patients presenting with breast cancer in Ireland had surgery, 64% 

had radiotherapy and 50% were treated with chemotherapy.^ These figures are 

significantly higher than the national averages for all cancers (48% surgery, 32% 

radiotherapy and 28% chemotherapy).^ From 1996 to 2001, surgery, chemotherapy 

and radiotherapy use increased for breast cancer by 3.4%, 16% and 14.8% 

respectively, while hormone therapy for breast cancer decreased by 11.4%.'* In a 

2009 ‘Cancer in Ireland’ report, some differences were observed in the treatment of 

breast cancer in Northern Ireland compared to the Republic o f Ireland. 5.6% more 

patients received radiotherapy and 28.8% more patients received hormone therapy, 

while 11,2% fewer patients received chemotherapy in Northern Ireland than in the 

Republic.''

1.1.1 Chemotherapy

There are many drugs licensed for the treatment o f breast cancer, both alone and in 

combination with other drugs. Existing drug therapies for breast cancer include 

single drug therapy and combination therapies, for example ‘CMF chemotherapy’, a
7 8three-drug combination of cyclophosphamide, methotrexate and 5-fluorouracil. ’ A 

selection of estrogen-receptor and tubulin targeting drugs currently used clinically to 

treat breast cancer are discussed below. Tubulin-binding agents not in clinical use are 

also discussed. Potential heat shock protein 90 inhibitors are discussed in section 1.7.

1.1.1.1 Drugs that block the action of estrogen

Approximately 75% of tumours express the estrogen receptor (ER). Experimental 

and clinical data indicate that most breast cancers are reliant on estrogens for 

development. Treatment o f breast cancer with estrogen antagonists contributes to a 

dramatic reduction in breast cancer mortality.^’

The ER is a ligand-activated transcriptional regulator that mediates the effects of the 

steroid hormone 17P-estradiol. The hormone binds to the carboxy-terminal ligand- 

binding domain (LBD). Two isoforms sharing 56%> sequence identity and similar 

three-dimensional structures are known - ERa and ERp. Numerous crystal structures 

have been determined for the LBDs of both ERa and ERp and allow development of a
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comprehensive stnicture-activity relationship for ER ligands." This will be 

discussed in detail in chapter 5.

Tamoxifen 1 {figure 1.1) is a non-steroidal anti-estrogenic drug. Tamoxifen is a

synthetic triphenylethylene agent that has mixed agonist and antagonist activity,

leading it to be dubbed a ‘selective estrogen receptor modulator (SERM)’. In breast
12 •cancer, tamoxifen acts primarily as an antagonist {figure 1.2). It is clinically 

beneficial in pre- and post-menopausal women whose tumours are ER positive. It is 

taken orally at a dose of 20mg daily. Until the advent o f the aromatase inhibitors, 

tamoxifen was the mainstay of endocrine therapy. However, it has adverse effects on 

the uterus, leading to a small increase in the risk o f endometrial cancer in 

postmenopausal women.^ This led to investigations o f further SERMs that could 

have beneficial effects in other tissues with minimal toxicity. Raloxifene is a SERM 

that reduces the incidence o f breast cancer and reduces the incidence o f osteoporotic 

fractures of the spine, without increased risk o f endometrial cancer.^' It is in 

clinical use for the treatment and prevention of postmenopausal osteoporosis.'"' The 

role of raloxifene in established breast cancer is not yet clear.

CN NC

Figure 1.1: Anti-cancer agents that modulate the effects o f  estrogen; tamoxifen, anastrozole and STX64

Aromatase inhibitors (AIs) are replacing tamoxifen as the mainstay o f endocrine 

treatment for breast cancer. Clinical trials have confirmed that AIs are more effective 

and better tolerated than tamoxifen in postmenopausal women with early or advanced
1 7estrogen receptor positive breast cancer. AIs work by inhibition of the aromatase 

enzyme responsible for conversion of androgens to estrogens, in the final and rate- 

limiting step in production of estrogens.'^ Thus, they act by deprivation o f estrogen
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stores rather than by blockade of the estrogen receptor. Figure 1.2 illustrates the 

differing mechanisms o f action o f the AIs and tamoxifen.

jA ndroyei^ a * --------------------- Testosterone

Aromatase
InNbitor Arxr.ata» , Aromatdse Aromatase

inhiblicf

Oestradiol

mox

r  Prolif€fatioo

ER target genes

Figure 1.2: M echanism o f  action o f  tam oxifen and arom atase inhibitors'^

The 2.90-A resolution crystal structure of aromatase purified from human placenta in 

complex with its natural substrate androst-4-ene-3,17-dione was published in 2009 

{figure 1.3)}^ Aromatase is a cytochrome P450 enzyme with an androgen-specific 

cleft and consists of a haem group and a polypeptide chain of 503 residues. A 

distortion in the I-helix backbone resulting in a displacement o f the helix axis is 

crucial for creating the androgen-specific binding pocket at the active site. The 

displacement is caused by the Pro308 residue, unique to aromatase among the P450 

family of enzymes.'^ Anastrozole 2 (figure 1.1), letrozole and exemestane are three 

aromatase inhibitors in clinical use for the treatment o f breast cancer in 

postmenopausal women.*'* Exemestane is steroidal in nature, while anastrozole and 

letrozole are non-steroidal and bind through their basic nitrogen functionality to an 

iron atom in the haem group of the aromatase enzyme.'^
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Figure 1.3: A ribbon diagram show ing the quaternary structure o f  aromatase with androstenedione
bound in the active site'^

A novel type of drug that is currently under evaluation in clinical trials are the 

steroidal sulfatase enzyme inhibitors. There is strong evidence to suggest that 

deprivation o f estrogen levels in patients treated with AIs can be augmented if the 

steroidal sulfatase enzyme is inhibited at the same time. Steroidal sulfatase catalyses 

the hydrolysis of steroid sulfates, which are the main precursors of estrogens in 

tumours.'^ STX64 3 (figure 1.1) was the first steroidal sulfatase inhibitor to enter 

phase 1 clinical trials for treatment of hormone dependent breast cancer.'^ Dual 

sulfatase-aromatase inhibitors have also been developed.’^

Goserelin (Zoladex®) is a gonadorelin analogue that is used to treat advanced breast 

cancer and estrogen-receptor positive early breast cancer. Gonadorelin is a 

hypothalamic hormone that is involved in the production of estrogens and androgens. 

Administration of gonadorelin analogues produces an initial phase of stimulation of 

gonadotrophin-releasing hormone receptors but continued administration leads to 

down-regulation of gonadotrophin-releasing hormone receptors, thereby reducing the 

release o f gonadotrophins (follicle stimulating hormone and luteinising hormone) 

which in turn leads to inhibition of androgen and oestrogen production.'*
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1.1.1.2 ERBB2 antagonists

Trastuzumab (Herceptin®) is a monoclonal antibody licensed for the treatment of 

early breast cancer which overexpresses human epidermal growth factor receptor-2 

(ERBB2 or HER-2).'*’ Approximately 20 -  30% of breast cancers express ERBB2. 

Trastuzumab binds to the extracellular juxtamembrane portion of ERBB2 and 

suppresses ERBB2 signalling activity, as well as causing antibody-dependent cell- 

mediated cytotoxicity.^® Lapatinab (Tykerb®) is a recently licensed tyrosine kinase 

inhibitor used to treat ERBB2-positive breast cancer in combination with 

capecitabine. It inhibits the activity of ERBB2 tyrosine kinase to prevent ERBB2- 

dependent signalling.^'’ Inhibition of heat shock protein 90 (Hsp90) activity results in 

ubiquitylation and proteasomal degradation of ERBB2, also preventing ERBB2- 

dependent signalling.^*’ Heat shock protein 90 inhibitors are further discussed in 

section 1.7 of this chapter and additionally in chapter 4.

1.2 Tubulin and tubulin-binding drugs

Microtubules are involved in many essential functions in the cell cycle, including
• • 91intracellular transport and proper progression through cell division. Microtubules

are formed by association of protofilaments that are themselves made up of

alternating a  and P tubulin monomers. aP-Tubulin dimers are the basic building

blocks of microtubules. Each monomer of tubulin contains about 450 amino acids

and the a  and P monomers share approximately 40% sequence homology. The

structures of a and P tubulin are similar: each monomer is formed by a core o f two P-

sheets surrounded by a-helices. They are highly dynamic structures that alternate

between periods o f growing and shrinking through the addition or removal o f tubulin
2 ]subunits at the ends o f microtubules.

The tubulin structure can be divided into three domains. The N-terminal consists of 

residues 1 -  206 and forms the nucleotide-binding domain. The middle part o f the 

protein is comprised of residues 207 -  381 and is considered to be the catalytic 

subunit of the protein. The paclitaxel-binding site is located in the middle domain. 

The third domain is formed by two long helices, a connecting loop and the C-terminal 

residues.^^’ An ap-tubulin dimer is illustrated in figure 1.4.^^ Many crystal
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structures o f tubulin have been solved, including a 1998 3.7-A crystal structure 

determined by electron diffraction and stabilised by taxol?^ The structure o f tubulin 

is discussed in greater detail in section 3.6. Tubulin is the target o f  numerous small 

molecule ligands that interfere w îth microtubule dynamics.^'* Tubulin binding agents 

fall into two broad categories, those that inhibit the disassembly o f the mitotic spindle 

once it is formed, for example paclitaxel and epothilone, and those that inhibit spindle 

formation, e.g. colchicine, combretastatin A-4, the vinca alkaloids and 

podophyllotoxin.

Figure 1.4 Crystal structure o f  a tubulin dimer with paclitaxel bound show ing a-h elices and P-sheets
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1.2.1 Paclitaxel

Paclitaxel (Taxol) (4, figure 1.5) is the active constituent o f the bark o f Taxus 

Brevifolia Nutt. It emerged from a large-scale screening programme for antitumour 

agents undertaken by the National Cancer Institute in 1960. It took 20 years from the 

discovery of Taxol in 1967 to the observation of the first clinical response with 

ovarian cancer in 1987. This long delay was due to supply difficulties due to 

environmental concerns and inadequate abundance o f Taxus Brevifolia -  about 4,000 

Pacific yew trees had to be sacrificed to provide 360g o f Taxol for early clinical trials, 

and this rose to 38,000 trees for 25kg o f Taxol required to treat 12,000 patients in the 

early I990’s.^  ̂ These difficulties with supply were overcome when a semi-synthetic 

process to paclitaxel was developed from the precursor 10-deacetylbaccation III that
26  27  •was abundant in the European yew, Taxus Baccata. ' Bristol-Myers Squibb now

produces paclitaxel by plant tissue culture. Total synthesis has also been achieved,
26and the current record stands at 37 steps from the precursor verbenone.

In 1979, it was discovered that taxol promoted tubulin polymerisation which was a 

novel mechanism of action at the time.^^ At clinically relevant concentrations, taxol 

suppresses dynamic changes in microtubules leading to mitotic arrest. Photoaffmity 

labelling studies have shown that paclitaxel occupies a binding site between a- and (3- 

tubulin, but largely on P-tubulin.^^ The binding conformation of paclitaxel has yet to 

be discerned. Clinically, it is currently in use for breast, lung and ovarian 

carcinomas, and to treat AIDS-related Kaposi’s sarcoma.''’ Improved formulations, 

such as albumin nanoparticle based formulations, are in clinical trials.

1.2.2 The Vinca Alkaloids

Currently there are five vinca alkaloids in clinical use -  vinblastine {5, figure 1.5), 

vincristine {6, figure 1.5), vinorelbine, vindesine and vinflunine. The vinca alkaloids 

are obtained from the leaves of Catharanthus roseus (Madagascar periwinkle). They 

are isolated in very low yields, typically 0.01% for vinblastine and 0.0003% for 

vincristine, and so a semi-synthetic approach is desirable. They inhibit the 

assembly o f tubulin into microtubules, but the precise location of the binding site is 

unknown at present. It is known that they bind at the same site on tubulin as rhizoxin 

and the dolastatins. They are used clinically to treat a wide variety of carcinomas and
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lymphomas, including Hodgkin’s lymphoma, acute lymphocytic leukaemia and breast 
26carcinoma.

1.2.3 Colchicine, Podophyllotoxin and the Cryptophycins

Colchicine, podophyllotoxin and the cryptophycins are tubulin-binding agents that are 

not in clinical use due to problems o f toxicity. Colchicine {1, figure 1.5) was the first 

drug known to bind to tubulin and inhibit microtubule formation as early at the 

1930’s.^^’ It is a plant alkaloid isolated from the autumn crocus, Colchicum 

autumnale.^^ It was noted to have antivascular activity as early as 1936, but its 

substantial toxicity and efficacy only at doses approaching the maximum tolerated 

doses has precluded its further clinical development.^^’ The binding of colchicine 

to tubulin is discussed in detail in section 3.6. Colchicine is not used clinically for 

the treatment of cancer due to gastrointestinal side-effects, although it is in clinical 

use at low doses for the short-term treatment o f gout.'"*

Podophyllotoxin (S, figure 7.5) is an aryltetralinlactone cyclolignan and is the major 

constituent of Podophyllin. The American Indians used extracts from the roots of 

Podophyllum peltatum  as an effective treatment for skin cancers. A /ra«s-lactone 

ring is essential for activity, as picropodophyllotoxin with a c/5-lactone ring is nearly 

inactive. Structure-activity relationships of podophyllotoxin analogues are discussed 

in detail in a review by Sackett.^' Podophyllotoxin was found to inhibit assembly of 

the mitotic assembly in 1947. It competitively inhibits the binding of colchicine, 

indicating that the binding sites o f these two compounds at least overlap. The crystal 

structure of podophyllotoxin bound to the colchicine binding site of tubulin (PDB 

code: ISA l) has been published.^'* The concentration of podophyllotoxin required 

for 50% inhibition of assembly has been reported in the range 0.3 to 3|j.M. 

Subsequently, podophyllotoxin binding has been found to be faster, more reversible 

and less temperature sensitive than colchicine binding.^' However, it had 

unacceptable side effects, especially gastrointestinal toxicity^^, and is not used 

clinically.

The cryptophycins were first isolated from terrestrial blue-green algae (cyanobacteria) 

in approximately 0.4% yield and are peptolides with a 16-membered ring structure.
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Interest in this series o f compounds was sustained when it was discovered that they
26did not serve as substrates for PGP or MRP multidrug-resistant efflux pumps.

More than 500 cryptophycin analogues were prepared using a total synthetic

approach. Two o f the compounds showed IC50 values in the range of 20 -  100 pM in

antiproliferative assays including 9 {figure 1.5). Compound 9 exhibited high activity

in tumours, especially those resistant to adriamycin and vinblastine in vivo.

However, in a phase II trial in patients with platinum resistant ovarian cancer, it

showed no significant activity and did not halt the progression of the disease. This,
26in combination with toxicity, led to termination of the trial.

1.2.4 Other anti-mitotic therapies

Many other anti-mitotic agents are under investigation. The dolastatins were 

originally isolated in the 1970s from the sea hare, Dolabella auricularia, and are a 

class of small pentapeptides that have antiproliferative activities by inhibition of 

microtubule assembly and tubulin-dependent GTP hydrolysis, causing cell-cycle 

arrest in the metaphase.^^ The auristatins are synthetic analogues of dolastain that 

maintain potent antitumour activity with less associated toxicity.'* In addition to 

their effects on the inhibition of microtubule assembly, auristatin PE has a dual action 

in blocking blood supply to tumour vasculature. To date, two phase II clinical trials 

have failed to show any response following intravenous auristatin PE 

administration.'* Other anti-mitotic therapies based on natural products include the 

discodermolides^^, halichondrins^^ and ansamitocins^^ though none of these 

compounds or synthetic derivatives have reached the clinic. A novel synthetic 

compound that has recently shown promise is the tubulin-targeting agent pyrrolo-I, 5- 

benzoxazepine-15 10 {figure 1.5). This compound represents a novel class of agents 

that are toxic towards chronic lymphocytic leukaemia (CLL) cells. It potently and
32selectively induces apoptosis in CLL cells via a caspase-8-dependent mechanism.

Anti-mitotic therapies that target tubulin and interfere with microtubule dynamics 

have proven success in the clinical treatment o f cancer. Other components o f mitosis 

can also be considered as drug targets. These include targeting the mitotic kinases 

Aurora A, Aurora B and polo-like kinase 1 (PLKl), as well as kinesin spindle protein 

(KSP) and centromeric protein E (CENPE). For example, Aurora B activity is
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required to induce the mitotic spindle checkpoint, and Aurora B inhibitors cause 

premature mitotic exit without the completion o f cytokinesis, leading to large 

multiploid cells that eventually undergo apoptosis.^^ A comprehensive review of this 

area has recently been published.^^ At present, no drugs acting on mitotic targets 

other than tubulin have reached the market.
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1.3 Combretastatin A-4

Combretastatin {W, figure 1.6) was the first o f a series o f cell growth inhibitory 

substances to show antiproliferative activity against murine P388 leukaemia in vitro 

in 1982. '̂* It is a natural product isolated from the stem wood of the South African 

willow tree Combretum Caffrum Kuntze (Combretaceae). Traditionally, the root bark 

of Combretum caffrum has been powdered and boiled and used by the Zulu tribe as a 

charm for harming an enemy. There is no written evidence of use o f the plant for 

treating cancer amongst the indigenous people of Africa.^^ As part of the U.S. 

National Cancer Institute’s worldwide exploratory survey of plants, extracts from 

Combretum caffrum Kuntze were found to have significant activity against the murine 

P-388 lymphocytic leukaemia. Further research led to the discovery o f 20 cancer cell 

growth inhibitory stilbenes, bibenzyls, dihydrophenanthrenes and phenanthrenes. 

The combretastatins are divided into four major groups on the basis o f their structural 

characteristics. These are the A-series (cw-stilbenes), B-series (diaryl-ethylenes), C- 

series (quinone) and D-series (macrocyclic lactones). A trace fraction of the most 

active o f these stilbenes, combretastatin A-4 (CA-4) {\1, figure 1.6), was isolated 

from 77 kg of dry stem wood. Further separation led to a 26.4mg fraction that at first 

seemed to be a pure compound, but subsequent NMR analysis indicated a mixture of
"7 f tthree compounds. Further separation led to a 1.15mg sample of pure CA-4.

HO,

OCH OCH OCH
OH O - P -O N aOH

OCH 3  OCH 3  OCH3  ONa

11 12 13

Figure 1.6 : Structures o f  combretastatin 11, CA-4 12 and CA-4P 13, a prodrug o f CA4

Combretastatin was shown to interact with purified tubulin in 1983. It competitively 

inhibits the binding of [ H]-colchicine with an apparent K/ value of 1.1 )iM indicating
•71

that it binds to the colchicine binding site of tubulin. ’ Combretastatin does not 

displace [^H]-vinblastine.^’ It inhibits the assembly of tubulin into microtubules and 

disrupts cellular division in a similar manner to podophyllotoxin. Studies indicate 

that mitotic catastrophe was the predominant mechanism by which CA-4 induced cell
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death rather than apoptosis.'* The selective action o f  CA-4 is due to the fact that 

tumour cells proliferate rapidly in comparison to normal, non-cancerous cells.

CA-4 also has anti-vascular and anti-angiogenic effects. Anti-vascular compounds 

act by destroying existing tumour vasculature by inducing morphological changes in 

endothelial cells. Anti-angiogenic compounds inhibit the formation o f  new blood 

vessels. It is thought that tumours become vascularised by sprouting new blood 

vessels from existing vasculature by angiogenesis. Tumour-induced angiogenesis 

involves several processes, including proliferation o f  endothelial cells, proteolytic 

degradation o f  the extracellular matrix, and migration o f endothelial cells, resulting in 

the formation o f  a functional vessel with a lumen. Tumour expansion depends on 

angiogenesis. As adult vasculature is normally in a quiescent state, drugs that target 

the angiogenic process are desirable for therapeutic use in cancer. The anti-vascular 

and anti-angiogenic effects o f  CA-4 are discussed further in section 1.5.

CA-4 displays poor water solubility rendering it unsuitable for clinical use. Various 

CA-4 salts were prepared and sodium phosphate derivative, combretastatin A-4 

phosphate (CA-4P)(13,//gwre 1. 6) ,  was found to have excellent water solubility, good
•5 7

stability and cell growth inhibitory activity comparable to that o f CA-4. This salt 

was selected for drug formulation studies and is currently in clinical trials for a 

number o f conditions, including anaplastic thyroid cancer, advanced solid tumours 

and chemotherapy naive lung cancer.'^ Prodrugs o f  CA-4 are discussed in more detail 

in section 1.6. The next section examines the structure-activity relationships for a 

broad variety o f  CA-4 analogues.

1.4 Structure-activity relationships of CA-4

Compared to many other natural product-derived drugs that require complex total 

syntheses, CA-4 has a simple structure that is readily accessible by straightforward 

chemistry. It is synthesised by Wittig reaction between phosphonium bromides and 

aryl aldehydes.^* In addition to this route for synthesis, it has also been prepared via 

a Perkin condensation o f 3,4,5-trimethoxyphenylacetic acid and 3-hydroxy-4- 

methoxybenzaldehyde, a Suzuki cross-coupling o f  an ethenyl bromide and 3,4,5- 

trimethoxyphenyl boronic acid, a biooxidation o f arenes to catechols using
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Escherichia coli JM109 followed by a Pd-catalyzed Suzuki coupling, and a modified 

Suzuki reaction through a hydroboration/protonation of a diaryl-alkyne.^^ The ease of 

synthetic accessibility is in contrast to other anti-cancer agents, such as the vinca 

alkaloids, which must either be extracted from plants in a very low yield or which 

require multi-step synthetic pathways. Due partially to its simplicity o f structure, and 

also in no small part due to its extremely potent activity, many thousands o f analogues 

of CA-4 have been synthesised and tested. The modifications can be classified as A- 

ring modifications, B-ring modifications or modifications of the olefin linker between 

these two rings {figure 1.7). The structure-activity relationship o f the CA-4 

analogues is discussed in the following sections.

OCH

OCH
OCH

HO
OCH3

12

Figure 1.7: The A and B rings o f  CA-4 

1.4.1 Modifications to the A-ring of CA-4

The 3,4,5-trimethoxy substitution pattern on the A-ring of CA-4 is essential for 

activity. Any other substitution pattern leads to decreased activity. For example, 

replacement with a furan ring^^, an indole ring^^, a triethoxyphenyl ring‘*°, a 

trimethylphenyl ring'*®, a trifluorophenyl ring"**̂  or an unsubstituted ring"*® led to 

decreased activity. Removal o f any one of the methoxy groups has a detrimental 

effect on activity, as does moving the methoxy groups to a 2,3,4-position.'*' The 

analogues that retain the most activity compared to CA-4 are two naturally occurring 

combretastatins -  combretastatin A-3 (14) which is 3-demethylated and

combretastatin A-2 (15) which substitutes the 3 and 4 methoxy groups with a 

methylenedioxy bridge {figure 1.8). Both are marginally less potent than CA-4 

itself'*'
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Figure 1.8; Combretastatin A-3 (14) and combretastatin A-2 (15)

In the binding o f  colchicine to tubulin, the trimethoxy ring o f  colchicine is not 

essential to the mechanism o f inhibition o f tubulin self-assembly itself but serves as a 

complex-stabilising anchor. The three methoxy groups make additive contributions 

to the strength o f  binding o f colchicine and analogues to tubulin."*^ As CA-4 binds to 

the colchicine-binding site on tubulin, it is likely that the three methoxy groups o f the 

A-ring play a similar role in contributing to the overall activity o f CA-4.

1.4.2 Modifications to the B-ring of CA-4

There have been numerous modifications o f  CA-4 at the B-ring. Unlike the 

trimethoxy A-ring, a wide variety o f  changes can be made to the B-ring without a 

detrimental effect on activity. A number o f  analogues (16 -  23) with modifications 

to the B-ring o f CA-4 are illustrated in figure 1.9.

The 3-hydroxy o f the B-ring o f CA-4 is not essential for bioactivity, as dehydroxy 

analogue 16 (figure 1.9) shows only slightly decreased activity compared to CA-4 

{12, figure 1.7).^'’ The 3-hydroxy group has been acylated with loss o f antitubulin 

activity but with no effect on cytotoxicity. This could be due to hydrolysis in the 

conditions o f the cytotoxicity assay, due to cellular esterases, which would be absent 

in the tubulin a s s a y . T h e  3-hydroxy group o f the B-ring can be replaced with 

amino (17, figure 1.9)^^ or a fluorine (\S,  figure  7.9)'**’’ substituent with minimal 

changes to activity. A 3-bromo analogue was only marginally less active than the 

fluoro containing compound."*® Amino analogue 17 showed potent cytotoxicity (table 

1.1) and induced marked tumour regression in murine colon 26 in vivo models.'*'* A 

serine prodrug o f 17 is in clinical trials and is discussed in further detail in section 1.6. 

An analogue o f 17 with a cyano group attached to the double bond linking group also 

retained activity comparative to CA-4 with a IC50 value o f 2.4nM in colon 26 cells.'*^
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2-Naphthalene appears to be a good surrogate for the B-ring o f the combretastatin 

series.'*^ Compound 19 {figure 1.9) showed IC50 values o f 20nM in different cell 

lines, including murine P-388, human lung carcinoma A-549, human colon carcinoma 

HCT-116, human colorectal adenocarcinoma cell line HT-29 and human malignant 

melanoma cell line SK-MEL-28. The related 6 -quinoline derivative retains potent 

activity, but is not as active as 19 itself'*^’ Amine salts at the 3-position o f the B 

ring were synthesised (20, figure 1.9), but none o f this series showed nanomolar 

cytotoxicity and they did not inhibit tubulin to the same extent as combretastatin A-
-JO

4. Aryl azide derivatives such as the Z-3-azido 4-methoxy derivative o f CA-4 

showed similar activity to CA-4 in tubulin polymerisation assays and in inhibition of 

colchicine binding."*^

Different benzoheterocycles in place of the B-ring were synthesised and evaluated for 

antiproliferative activity.^*’’ Two compounds (21 and 22, figure 1.9) and their 

phosphate prodrugs were identified as the most active against the bone marrow 

endothelial cell (BMEC) cell line, and were further evaluated against nine other 

human cell lines, including the MCF-7 breast cancer cell line. Their I C 5 0  values in 

these cell lines were 20-50 times less potent than CA-4 and they showed a 100 -  200 

fold reduction in affinity for the colchicine binding site in comparison to CA-4.^' 

The B-ring was also been replaced with a pyridone with good retention o f activity/^ 

Compound 23 {figure 1.9) was the most active o f a series of nitrogen-containing 

heterocycles in place of the CA-4 B-ring showing improved water solubility (5.2 

mg/mL in human plasma) and an I C 5 0  value of 19.2nM in Colon 26 cells.
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Table 1.1. Com parative cytotoxicity values for CA-4 analogues with B-ring m odifications

Compound

num ber

K562 IC50 

(nM )

Colon 26 IC 50 

(nM )

A-549 IC50 

(nM )

Average IC 50 'n 10 cell 

lines (nM )“"

CA-4 (12) j 40̂ 2 “'5 8.7^® 3 4 7 6

16 N d N d N d 29

17 N d 5.1"" N d N d

18 4"VlO"" N d N d N d

19 N d N d 20" ’ 16

23 N d 19.2'" N d N d

OCH,

OCH,

OCH3

OCH,
HpN

.O CH  3

OCH;

OCH3

OCH.

OCH.

OCH.

16 17 18

OCH

OCH
OCH

19

OCH,

OCH,

OCH

OCH;

O C H ,
O '  ^  ^

N ^O
CH 3

21 22 23

Figure 1.9; Com bretastatin A-4 analogues with m odifications at the B-ring

OCH,

OCH,
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1.4.3 Modifications of the c/s double bond of CA-4

Replacements for the alkene group linking the A and B rings o f CA-4 {\2 , figure 1.7) 

have been extensively investigated (24 -  2%, figure 1.10; 29 -  36, figure 1.12). 

Initially it was thought that a trans double bond in place of the cis bond in CA-4 led to 

a decrease in cytotoxicity by over 5 orders o f magnitude.'*'’ Subsequently it was 

shown that freshly prepared stock solutions of the trans-isomcr were inactive and only 

gained activity with the passage o f time. This suggests some conversion o f the trans- 

isomer to the cw-form under laboratory storage conditions. Slow conversion could 

be demonstrated under controlled c o n d i t i o n s . A  hydrogenated analogue of CA-4 

retains strong activity in inhibition of tubulin polymerisation. A triple bond 

replacing the cis double bond of CA-4 (24, figure 1.10) led to a decrease in activity of 

over 3,000-fold in HeLa cells and over 650-fold in human breast cancer MCF-7 cells 

compared to CA-4.^‘* The cis linkage has been shortened, extended and modified 

with heteroatoms and substitutions across the double bond. These analogues are 

outlined below.

The appropriate distance between the A and B rings of CA-4 is considered to be of 

great importance for strong affinity for the colchicine-binding site of tubulin. In the 

case of a series of benzophenone-type analogues, phenstatin (25, figure 1.10) retains 

cytotoxic activity comparable to CA-4.^^’ It was discovered by chance upon 

attempted epoxidation of CA-4 and was shown to have potent cell line growth 

inhibition. Hydroxyphenstatin is another potent benzophenone analogue, with an 

additional hydroxy group at position 1 o f the B-ring of phenstatin, that shows sub

micromolar inhibition of tubulin polymerisation and inhibition o f colchicine 

binding.^  ̂ A 3-aminobenzophenone derivative shows increased potency compared to 

both phenstatin and CA-4 in HT29 and TSGH cells, also inhibiting tubulin 

polymerisation to a greater degree than phenstatin and CA-4.^*’ /socombretastatin 

{26, figure 1.10) with IC50 values of less than 10 nM in four different cell lines 

(human colon carcinoma HCT116 cells, chronic myelogenous leukaemia K562 cells, 

non-small cell lung carcinoma HI299 cells and breast cancer MDA-MB-231 cells) 

has also been recently reported. *̂'

Chapter I: Introduction 42



Analogues o f CA-4 with extended linkages are also known, such as chalcone 27 

{figure 1.10) with an IC50 value o f  0.21 nM in K562 cells. The pure (£)-isom er was 

more active than an E:Z  (1:5) mixture. Inhibition o f  tubulin polymerisation was not 

investigated. In a molecular modelling study, the structural similarity between 

chalcone 27 , CA-4 and colchicine was apparent (figure 1.11). ’ Evaluation o f a 

series o f vinylogous CA-4 derivatives yielded the Z£-analogue 28 (figure 1.10) which 

had an IC50 value o f  62 nM in H CTl 16 cells (compared to 16 nM for CA-4) and also 

inhibited tubulin polymerisation.^^ The potent antiproliferative activities o f these 

analogues confirm that the olefin linkage in CA-4 can be reduced or increased in size 

with good retention o f antiproliferative activity.

O C H 3

OCH

H 3 C O  OH

O C H

2 4

HO O C H 3  

25

OCH

OCH

HO O C H 3  

26

H 3 CO

H 3 C O

O C H 3  H3 C O '

2 7  28

Figure 1.10; M odifications to the cw -linking group o f  C A-4

OCHq

O C H ,
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Figure I .l  1: Overlay o f  colchicine (yellow), CA-4 (red) and chalcone 27 (blue)*^

A series o f CA-4 related imines were inactive as inhibitors o f tubulin polymerisation 

and had very low cytotoxicities, with their inactivity probably stemming from their 

trans geometry."*^ O f a series of azo-combretastatins, TV^-benzylaniline analogues were 

the most potent. Compound 29 (figure 1.12) exhibited the highest activity with an 

IC50 value of 5.4(a,M for inhibition of porcine brain tubulin polymerisation compared 

to 3.9 for CA-4. A related benzanilide series showed little activity. An amide 

linkage was detrimental to polymerisation activity. The azo-combretastatin 

derivatives were not tested for antiproliferative or cytotoxic activity.

CA-4 ether analogues displayed IC50 values of 20nM figure 1.12) and 50nM (31 , 

figure 1.12) against the human chronic myelogenous leukaemia (CML) K562 cell line 

and exhibited anti-tubulin binding activity in the low micromolar range. 

Replacement o f the cis double bond in CA-4 with a 1,2-dicarbonyl unit led to the 

formation of a series o f benzil analogues. Compound 32 (figure 1.12) had the most 

potent activity in the nanomolar range against four cell lines, approximately 1 0 -fold 

less active than CA-4. This analogue had anti-tubulin activity approaching that of 

CA-4. A second benzil analogue with an amino group replacing the phenolic group 

of 32 showed similar activity.^^

Sulfonate analogues^^’ were evaluated for their antiproliferative activity in human 

large cell lung carcinoma cell line NCI-H460 and human colorectal adenocarcinoma 

cell line HCT-15. Compounds 33 and 34 {figure 1.12) showed IC50 values of 3.1nM, 

3.3nM and 2.7nM, 4.1nM in the two cell lines respectively. It was found that the
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orientation o f the sulfonate group relative to the two aryl rings makes little difference 

to the antiproliferative activity of the compounds. Compound 33 retains the 3-amino- 

4-methoxy group on the B-ring previously seen in section 1.4.2. Compound 34 

replaces the 3-hydroxy-4-methoxy substitution pattern of CA-4 with an jV-methyl 

indole ring with retention of activity. This shows that a diversity o f substitutions that 

can be made while retaining cytotoxic activity. A sulfonate analogue o f CA-4 with 

the characteristic 3-hydroxy-4-methoxyphenyl moiety was not prepared. Compound 

35 {figure 1.12) was the most active of a series of 6-pentafluorobenzenesulfonamides 

that are structurally distant from CA-4, demonstrating nanomolar activity against 9 

human tumour types, and also showed nanomolar activity against 2 cell lines that 

exhibit the multidrug resistant (MDR) phenotype, MCF-7/ADR and P388/ADR. It 

was not tested for antitubulin activity or inhibition o f colchicine binding, and so 

further work would be required to ascertain if this compound is acting in a similar 

fashion to CA-4.^*’

A variety o f hybrids of CA-4 and colchicine, dubbed ‘combretatropones’, were 

synthesised and tested for their tubulin binding ability. These compounds have an 

ethylene linking chain and a tropone ring in place o f the B-ring of CA-4. The 

methylaminocombretatropone 36 (figure 1.12) was the most potent o f this series but it 

was significantly less active than CA-4 itself
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Figure 1.12: Combretastatin A-4 analogues with heteroatoms in the linking bridge between the A and B
rings
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1.4.4 Heterocycle-based analogues

A multitude of different ring systems have been investigated as a replacement for the 

aryl rings of CA-4 or as replacements for the cis double bond of CA-4. The trans 

isomer of CA-4 is inactive"*', and CA-4 can isomerise to the inactive trans form 

during storage.^' There is much interest in configurationally restricted analogues of 

CA-4 using a carbocycle or heterocycle instead of the double bond, thus locking the 

two aryl rings in a cw-like configuration relative to each other. There are a multitude 

of ring systems in the literature, including imidazoles, thiophenes, benzofurans, 

indoles and tetrazoles. The structures of a representative sample of these compounds 

are presented in figures 1.13 (37 -  45) and 1.15 (46 -  58) and are discussed in the 

following section.

Replacement o f the cis double bond with a cyclopropane ring led to an analogue with 

moderate activity in MCF-7 (IC5o=102nM) and good activity against HeLa cells 

(IC5o=28nM).^‘* Oxygen-containing heterocyclic analogues o f CA-4 appear 

frequently in the literature but sulfur-containing analogues are not as widespread. A 

selection of the most active oxygen- and sulfur-containing heterocyclic CA-4 

analogues is illustrated in figure 1.13. Combretocyclopentenone furanone-type 

compounds were synthesised and showed a similar structure-activity relationship to 

the combretastatin derivatives. The carbonyl group was shown to be essential for the 

activity of this series, as furane derivatives had poor antiproliferative activity. Two 

examples, 37 and 38, are shown in figure 1.13. These two cyclopentenones had low 

nanomolar I C 5 0  values in three cell lines (B16 murine melanoma, HCT116 human 

colon carcinoma and A431 human epidermal c a r c i n o m a ) . I n  another study, an 

extended linkage incorporating a carbonyl group and a thiophene ring was interposed 

between the two ring systems of CA-4. The compounds were tested against MCF-7 

breast cancer cells and the most active analogue (39, figure 1.13) showed an I C 5 0  

value of 300nM. However, the standard deviation for this cytotoxicity experiment
77was ±400nM which is too high to give an accurate reflection o f the activity. These 

analogues were not as active as the cyclopentenone derivatives or another series of 

oxygen containing heterocyclic derivatives, the benzo[6]furans. Of a number of 

benzo[6]furan and indole analogues, 40 and 41 {figure 1.13) showed the highest 

activity o f the compounds evaluated, with I C 5 0  values o f 34nM and 42nM respectively 

for inhibition of MCF-7 cell growth. Both benzo[d]furans had low micromolar
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values for inhibition o f tubulin polymerisation and inhibited binding of colchicine to
7 -5

tubulin. The indole series were significantly less active than the benzo[/)]furans. 

O f a series o f combretadioxolanes, the (5,5)-enantiomer 42 {figure 1.13) was active 

against PC6  and PC 12 (MDR+) at 5nM, while (^,/?)-enantiomer was essentially 

inactive (IC5o>50jxM). This indicates that the {S,S) enantiomer has a favourable 

conformation for tubulin-binding while the {R,R) enantiomer does not7"*

Studies on 3,4-diaryl-2-(5H)-furanones originated from interest in 

deoxypodophyllotoxin (43, figure 1.13) rather than combretastatin A-4. 

Deoxypodophyllotoxin possesses potent antitumour activity in several solid tumour 

models. The series o f 10 compounds showed nanomolar IC50 values in 3 cell lines 

(A549, SK-MEL-2, MCF-7). Four of the compounds were particularly active, where 

R=hydrogen, R=hydroxy, R=amino (most active) and 2-naphthyl ring (44, figure 

1.13). It was noted that the dihedral angle between the two phenyl rings a crucial 

determinant of antiproliferative activity. This series of compounds was amongst the 

most active of the oxygen-containing heterocyclic CA-4 analogues^^ and are 

structurally similar to compounds 37, 38 and 45.

A collection o f over 50 derivatives with a cyclopent-2-en-l-one ring linking group 

were tested against a panel o f 9 human cancer cell lines and endothelial cells. 

Although the IC50 values were quoted as ‘<lj4,g/mr and so an exact value for 

cytotoxicity was not determined, compound 45 (figure 1.13) was evaluated further on 

the basis o f its cytotoxicity across the range of cell types and was found to inhibit the 

polymerisation of tubulin. Structurally it is very similar to compounds 37 and 38 , 

although a direct comparison o f activity is not feasible due to differing biochemical 

data presented in both papers.
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Figure 1.13: Combretastatin A-4 analogues containing oxygen and sulfiir heterocycles
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The most abundant heterocyclic CA-4 analogues reported are those containing an
77 78imidazole ring. ’ Four o f the most active imidazoles 46 -  49 are illustrated in 

figure 1.15. The synthetic process for 46 is shown in figure 1.14. The first step 

requires generation of a tosmic reagent, which is prepared by reaction o f the 

appropriately substituted benzaldehyde with />-toluenesulfinic acid and formamide, 

catalysed by 10-camphorsulfoic acid, followed by dehydration with phosphorous 

oxychloride and triethylamine to form the isocyanide. The second reagent, a 

substituted imine, is generated by reaction o f substituted benzaldehyde with 

methylamine. This intermediate is not isolated, but reacted with the tosmic reagent to 

give the desired imidazole in yields of up to 90%^^. This reaction proceeds via a 

base-induced cycloaddition in which the tosmic reagent adds the CH2N=C moiety to 

the polarised double bond of the imine, with elimination of p-toluenesulfinic acid to
70produce imidazole 46 {figure 1.14).

HCONH2 

1 0 -c a m p h o rsu lfo n ic  acid , 6 0 °C

ElOH
C at. A cO H

E tO H /D M E  (6:4) 
K2 C O 3  I

R eflux

O C H 3

4 6

Figure 1.14: Synthesis o f  C A -4 im idazole analogues

5-Disubstituted imidazole ring compounds 46 and 47 {figure 1.15) were identified as 

two of the most active compounds evaluated against NCI-H460 (MDR+) human large 

cell lung carcinoma and HCT-15 (MDR-) human colorectal adenocarcinoma cancer 

cell lines, with IC50 values of 32 nM and 20 nM for 46 in the two cell lines 

respectively. Although the compounds shown were slightly less active than their
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corresponding demethylated imidazole derivatives, the introduction of the N-methyl 

group on the imidazole ring dramatically improved the pharmacokinetics o f the series, 

including a higher Cmax, and a high bioavailability value, e.g. 82.3% for compound 

47 .̂  ̂ Imidazoles 48 and 49 {figure 1.15) had the highest activity of a second series of
7 0

imidazoles. B-ring 3-hydroxy, 4-methoxy and 3-amino, 4-methoxy substitutions 

were also active. These structure-activity relationships mirror those o f CA-4. The 

derivatives showed low micromolar EC50 values against HCT-15 and NCI-H460 cell
78lines and are not as potent as the first series (imidazoles 46 and 47). Further work 

demonstrated that these compounds disorganised the tubulin cytoskeleton, affected 

endothelial cell morphology in vitro and caused rapid central necrosis in vivo. These 

effects are the hallmarks of vascular disrupting agents and are discussed further in 

section 1 .5.^^’

Many other nitrogen-containing heterocyclic CA-4 analogues are known. O f a series 

of 6 -substituted 3-benzylideneindolin-2-ones, compound 50 (figure 1.15) was 

evaluated in an NCI screen against 53 human cancer cell lines, showing IC50 values 

below lOnM against 46 of the 53 cell lines tested, including the adriamycin resistant 

NCI/ADR-RES cell line. Combretoxazolones including 51 and 52 {figure 1.15) 

displayed potent antiproliferative activity with IC50 values between 0.9 and 4.3nM 

against 5 cell lines [B16, HCT116, MCF-7, A549 (lung carcinomas) and PC-3 

(prostate tumours)]. 3,4-Diaryloxazolones were more potent than their 4,5- 

diaryloxazolone counterparts. The compounds showed limited water solubility, with 

only 52 having reasonable water solubility. A hydrochloride salt of 52 with
Q I

improved water solubility displayed significant in vivo antitumour activity.

Arylindole 53 {figure 1.15) was the most potent compound prepared from a series of
583-aroylindoles and also displayed higher activity than a number of 1-aroylindoles. 

Structurally, it resembles indolinone 50 but with a carbonyl group on the linking 

group rather than on the indole nucleus. A more recent arylthioindole derivate 54 

{figure 1.15) showed nanomolar activity in MCF-7 breast cancer cells (IC50 = 22nM), 

inhibition o f tubulin polymerisation and inhibition o f colchicine binding. In a 

further study, pyrazole, thiazole, triazole and tetrazole CA-4 analogues were 

synthesised and evaluated for antiproliferative activity. All were based on 3-amino-

4-methoxy phenyl substitution at the B-ring o f CA-4. Many of these demonstrated
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activity in the nanomolar range, with tetrazole 55 (figure 1.15) displaying the highest 

activity of in colon 26 cells with an IC50 o f 7.2nM and low micromolar binding values 

for inhibition o f tubulin polymerisation.*^ Compound 56 {figure 1.15) [arising from 

the same study as compound 45 {figure 1.13)] showed antitubulin activity superior to 

that of 45, with a IC50 value o f 1.75^M compared to 5.34n_M, and it had better 

aqueous solubility, metabolic stability and pharmacokinetic profile than CA-4.

Indolyloxazoline derivative 57 {figure 1.15) has been rigorously evaluated, including 

cytotoxicity assays against eight tumour cell lines (displaying IC50 values of 5.1 -  

12.8nM), competitive tubulin binding assays and cell cycle studies (where it showed 

accumulation in G2-M phase). Its pharmacokinetic properties have been ascertained 

and in vivo efficacy has been established. It is orally bioavailable and in a tumour 

model it caused a 28-day delay to Ig-tumour volume in mice with ovarian sarcoma.

Compound 57 also caused a decrease in the perfusion of tumours.*"*’ Other recently
86published heterocyclic analogues o f CA-4 are those with a benzoxepin core and 

oxadiazoline analogues.*^

The nitrogen-containing azetidinone compound 58 {figure 1.15) shows low nanomolar 

cytotoxic activity against a number o f cell lines, specifically IC50 values of 33nM in 

1MR32, 47nM in NCI-H69, 62nM in MCF-7 and 509nM in CHO-K cells. Tubulin 

polymerisation was not investigated. Structurally, the 3,4,5-trimethoxyphenyl ring 

has to be located on position 1 of the azetidinone ring for any significant activity to be 

observed. The stability o f the derivatives in rat serum and phosphate buffer was 

investigated, and a 4-(3-amino, 4-methoxyphenyl) derivative was shown to be stable 

in phosphate buffer and to have a half-life of 15 minutes in rat serum. In the 

present work, further potent azetidinone CA-4 analogues have been prepared and will 

be discussed in detail in the following chapters.

Currently, despite the abundance o f analogues of CA-4 published in literature, none o f 

the heterocyclic derivatives have reached clinical trials. There is a need for further 

research on the design of dual vascular targeting agents and antitubulin compounds to 

maximise the chance of future successful cancer chemotherapy. The anti-vascular 

effects of CA-4 are discussed in the next section. An illustration of the anti-vascular 

effects o f imidazole 48 {figure 1.15) is also included in this section.
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Figure 1.15: Combretastatin A-4 analogues containing nitrogen heterocycles
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1.5 Angiogenesis and anti-angiogenic strategies

Blood vessels arose during evolution to carry oxygen to distant organs. The growth 

of blood vessels is known as angiogenesis. After birth, angiogenesis contributes to 

organ growth, but during adulthood most blood vessels remain quiescent and 

angiogenesis occurs only in the cycling ovary and in the placenta during pregnancy. 

Angiogenesis is also reactivated during wound healing. The growth o f human 

tumours is often accompanied by increased vascularity. Although angiogenesis does 

not initiate malignancy, it is crucial for tumour progression and metastasis. Tumour 

foci will not develop to much more than 1mm in diameter in an avascular 

environment. For further growth, tumours must establish an angiogenic phenotype 

and become vascularised. This vasculature is a target for chemotherapy, as it is 

crucial for the survival o f a tumour and for the development o f metastases. In 1971, 

it was proposed that inhibition o f angiogenesis would be an effective strategy to treat 

human cancer. The search for anti-angiogenesis inhibitors and inducers b e g a n . ^

The process of angiogenesis involves many varied cells and signalling pathways. 

During the angiogenesis process, nascent endothelial cell channels become covered 

by pericytes and smooth muscle cells. Vascular endothelial growth factor (VEGF) 

and its receptors are the best-characterised signalling pathway in developmental 

angiogenesis. Other signalling molecules that may be exploited as therapeutic targets 

are platelet derived growth factors (PDGF-B/PDGFR-P) and the angiopoietins.^* It is 

thought that the principal mechanism for vascularisation is sprouting o f new blood 

vessels from existing vasculature. There is also evidence that circulating endothelial 

progenitor cells may be involved for some tumours. There are several processes 

involved in tumour-induced angiogenesis, including proliferation of endothelial cells, 

proteolytic degradation of the extra cellular matrix, and migration of endothelial cells, 

culminating in the formation of a functional vessel with a lumen.^°

The major advantage o f agents that target tumour vasculature is that they do not need 

to penetrate the tumour vessel itself, which can often be hypoxic and hard to access. 

Instead, they target the surrounding tumour endothelial vasculature. For example, 

Flk-1 is a receptor for vascular endothelial growth factor (VEGF) and much work has
09been done to find a drug to antagonise it. VEGF is overexpressed in tumour vessels
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and is the principal angiogenic factor. The most advanced anti-angiogenic agents 

are VEGF-inhibitors such as bevacizumab (Avastin)^', a humanized variant o f murine 

anti-VEGF-A monoclonal antibody. However, in April 2009 this class o f inhibitors 

received a setback when the results of phase 3 clinical trials showed that bevacizumab 

in combination with chemotherapy did not show any added benefit compared to 

chemotherapy alone in treatment o f early-stage colon cancer. Subsequently, the FDA 

approved bevacizumab for use in glioblastoma. Additional compounds targeting 

VEGF family members are currently in development including antibodies against 

VEGFR-1 and VEGFR-2 and against the VEGF-1 ligand placental-like growth factor 

(PIGF), which has a role in angiogenesis in disease without affecting quiescent
O Q

vessels in healthy organs. Targeting VEGF alone may not be sufficient to eradicate 

tumours, as emerging evidence is indicating that inhibition of a single target leads to 

upregulation o f additional angiogenic factors. For example, PIGF is upregulated after
89anti-VEGF therapy. The complexity of the process of angiogenesis means that 

there are no simple answers, but rather that a combination of therapies targeting 

different processes will be necessary.

1.5.1 Antivascular and anti-angiogenic agents

Physiological angiogenesis in adults occurs in only very limited situations, including 

wound healing and during the menstrual cycle, and is otherwise in a quiescent statê *̂ . 

In contrast, tumour cells have rapid and active angiogenesis and anti-angiogenic 

agents aim to exploit the difference. Angiogenesis is a dynamic process, involving 

an excess of angiogenic factors over anti-angiogenic factors. Selectivity is of major 

importance as many agents have been shown to exhibit significant vascular shutdown 

but only at doses approaching the maximum therapeutic dose and with significant 

morbidity, for example TNF-a, colchicine, lipopolysaccharide and vinblastine.^'*

Vascular targeting agents function by destroying existing tumour vasculature through 

a mechanism that induces morphological changes in endothelial cells, disrupting their 

shape, transport and motility. Antiangiogenic agents inhibit the formation of new 

blood vessels, and their efficacy is greatest if they are administered over a prolonged 

period o f time. Several antiangiogenic agents are currently in clinical trials for 

cancer, e.g. Marimistat, a matrix-metalloproteinase inhibitor. There is often an
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overlap in these mechanisms of action. For example, combretastatins cause acute 

vascular damage and also have antiangiogenic effects. Primarily as a result of 

screening studies, two main classes o f low molecular weight drugs have been found to 

induce vascular damage in tumours. They are drugs related to flavone acetic acid and
09the tubulin-binding agents.

O f the flavone class of drugs, dimethylxanthenoneacetic acid 59 {figure 1.16) is in 

clinical trials, for example in patients with extensive stage small cell lung cancer in 

combination with paclitaxel and carboplatin.'^ Structurally, it is a fused tricyclic 

analogue o f flavone acetic acid. Its mechanism o f action is not completely clear, 

although there is evidence for intratumoural production o f tumour necrosis factor-a 

(TNF-a) and serotonin.^^

Colchicine 7 (figure 1.5) is the classic tubulin-binding agent. It was noted to have 

antivascular activity in 1936, but has substantial toxicity, extensive tissue distribution, 

prolonged elimination and only shows efficacy at doses approaching the maximum 

tolerated doses and so its further clinical development has been precluded.^® This is 

true for several other tubulin-binding agents including vinblastine. An analogue of 

colchicine, N-acetylcolchinol-O-phosphate 60 (figure 7.7(5) is undergoing clinical and 

preclinical testing as an antivascular agent.

OH
■•■"NHCOCH

5 9  6 0

Figure 1.16: Small m olecule anti-vascular com pounds

CA-4 (12, figure 1.7) binds to the same site on tubulin as colchicine, but binds with 

higher affinity and does not exhibit the same pseudo-irreversible binding activity. 

This difference may account for the wide therapeutic window of CA-4 compared to 

other tubulin-binding a g e n t s . C A - 4 P  (13, figure 1.7) induces vascular shutdown
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within tumours at doses less than one-tenth of the maximum tolerated dose (MTD)
Q")and without detectable morbidity, assuming a MTD of lOOOmg/kg.

CA-4P targets microtubules of the cytoskeleton causing disruption of the normal

cytoskeletal network. Exposure to CA-4P for 30 minutes causes depolymerisation of

microtubules in cultured human umbilical vein endothelial cells (HUVECs) with

activity at concentrations as low as InM. There is some evidence that endothelial

cells are more sensitive than other cell types to these effects, and evidence to show

that there is less activity when the endothelial cells are quiescent. Selectivity is not

as pronounced as previously thought and CA-4P can also have effects in non-tumour

tissue. The toxicity profile differs depending on the schedule of administration -

once-off or long-term. In vitro, CA-4 changes the shape o f endothelial cells and

probably mediates vascular collapse in vivo by increasing tumour-vessel permeability.

Within minutes of exposure to CA-4P, endothelial cells in culture lose their

characteristic cobblestone morphology. The shape change induced by CA-4P

recovered to normal within 24 hours. This is likely to result in an increase in 
■̂ 0

vascular permeability.

In vivo, in isolated tumour systems, vascular shutdown is seen within 20 minutes of 

the start of CA-4P infusion. At lOOmg/kg, rapid and prolonged blood flow shutdown 

is evident, and both human and murine tumour models show extensive necrosis within 

24 hours. These effects were also seen at doses between 25 and 1500mg/kg, 

indicating the wide therapeutic window. After 6 hours, there was a 93% reduction 

in functioning vascular volume. A small rim of viable tumour, less than 5% of the 

tumour mass, remains. This ‘peripheral sparing’ accounts for rapid regrowth of 

tumours after treatment. However, bioavailability o f CA-4P to tumour and 

endothelial cells in vivo is likely to be reduced due to considerable binding to plasma 

proteins. CA-4 has also been investigated in combination in doxorubicin in a 

copolymer poly-(lactic- co-glycolic) acid (PGLA) nanoparticle where treatment with 

the copolymer resulted in loss o f vasculature in melanoma endothelial cells. "̂* 

Magnetic resonance imaging (MRI) can be used to show the antivascular effect of 

CA-4 by detecting changes in tumour perfusion. In a murine tumour model, CA-4P 

caused damage that resulted in haemorrhage, reduction in tumour perfusion rates and 

decreased tumour energy status.^^
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Vascular disrupting activity has been demonstrated for a number of CA-4 analogues,
Q A

including diaryl imidazoles. The effects of imidazole 48 {figure 1.15) and CA-4 are 

shown below in figure 1.17. The top panel shows changes in the shape of HUVEC 

cells after 1 hour’s exposure to the anti-vascular compounds. The middle panel 

shows immunofluorescence analysis of the tubulin cytoskeleton exposed to the 

compounds for 1 hour. The bottom panel shows disruption of HUVEC capillary-like

structures when compounds were added. These effects are the hallmarks of anti-
80vascular compounds.

Im idazole  48
Control

Figure 1.17: Anti-vascular effects o f  imidazole 48 and CA-4 in HUVEC cells*®

Anti-vascular drugs are likely to play a large part in the treatment of cancer, 

especially in combination with established chemotherapy. Delivery of the drug to the 

appropriate site in the body is an important consideration for drug molecules, and 

physiochemical properties must be optimised for effective therapy. The 

improvement of the physiochemical properties of a drug molecule by use of prodrugs 

is explored in the next section.
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1.6 Improvement of the physiochemical properties of drug 

molecules by use of prodrugs

The term prodrug was first introduced in 1958 by Adrien Albert, who defined a

prodrug as ‘therapeutic agents which are inactive per se but are transformed into one

or more active metabolites’.̂  ̂ Prodrugs are designed to overcome pharmaceutical,

pharmacokinetic or pharmacodynamic barriers such as insufficient chemical stability,

poor solubility, insufficient oral absorption, presystemic metabolism and toxicity.^’

At present, 5 -  7% of drugs worldwide can be classified as prodrugs.^^ Figure 1.18

illustrates an example o f the prodrug principle. The drug-promoiety complex is

inactive, but can pass through a barrier that the drug alone cannot easily overcome.

Once this barrier has been overcome, the complex is cleaved by enzymatic or

chemical action to yield the free drug. Tumour activated prodrugs aim to exploit

differences inherent in tumour cells. Selective enzyme expression in tumour cells,

lower extracellular pH in solid tumours and prodrugs activated by tumour hypoxia can
08provide a means to target tumour cells over normal cells.

Enzymatic 
a n d /o r  chem ical 
transfo rm ation

Drug V - f  Prom oiety Drug V -{ P ro m o le ty P rom oiety

Barrier

96
Figure 1.18: The prodrug principle

Solubility limitations to oral drug delivery are frequently encountered in drug 

development. There are many formulation and drug design strategies that can be 

used to overcome solubility issues, such as use o f surfactants and co-solvents. 

Design o f soluble prodrugs is a routine technique used to overcome solubility 

p r o b l e m s . I n  most cases, soluble prodrugs are simple chemical derivatives that 

require few chemical and enzymatic transformations to yield the active parent drug. 

Approximately 49% of all commercial prodrugs are activated by hydrolysis.^^
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1.6.1 Phosphate prodrugs of colchicine, phenstatin and combretastatin A-4

Phosphate ester prodrugs are designed for phenolic and amino-containing poorly 

water-soluble drugs with an aim of enhancing their aqueous solubility. Phosphate 

prodrugs display excellent chemical stability and rapid bioconversion in vivo to the 

parent drug by phosphatases present in the intestinal brush border or in the liver.^^ 

There are many phosphate prodrugs available commercially, including the anti

epileptic fosphenytoin^, the antiviral fosamprenavir and the steroid prednisolone 

phosphate.^^ For example, fosphenytoin is over 7000-fold more aqueous soluble than 

its parent drug.^^ Three phosphate prodrugs of tubulin-binding agents are discussed 

below.

Phosphate prodrug 60 {ZD6M6, figure 1.19) of A^-acetylcolchicine (NAC) has been 

investigated as a tubulin-binding agent.^® NAC is structurally different from 

colchicine in that it contains a benzenoid ring in place of the tropolone ring in 

colchicine. The phosphate group was used to increase water-solubility (although no 

solubility data is presented) and to mask the phenolic group that may be responsible 

for rapid elimination of NAC, probably through glucuronidation. The analogue 60 

showed comparative effects to NAC in in vivo studies.^'’ In tubulin binding studies, 

the prodrug showed minimal effect, indicating that the phosphate compound itself is 

inactive and is converted to the active drug by enzymes in vivo. The prodrug 60 

was in clinical trials in the United States for the treatment of metastatic renal cell 

carcinoma, but these were halted due to cardiac toxicity problems.

Phenstatin phosphate prodrugs are also k n o w n . P h e n s t a t i n  {15, figure 1.10) is a 

benzophenone-type compound with potent antiproliferative and tubulin-binding 

activity but poor aqueous solubility that is structurally similar to CA-4. A phosphate 

prodrug (61, figure 1.19) was prepared to improve water-solubility and was 

essentially indistinguishable from the parent compound in both potency and 

cytotoxicity.^^ Unlike the NAC-phosphate prodrug 60, the phenstatin prodrug had 

weak activity in a tubulin-binding assay, showing 40% of the activity of phenstatin.

Combretastatin prodrugs have been extensively investigated, including phosphate 

prodrugs of CA-1 CA-4^^ and combretastatin B-1.'* '̂ Due to the sparing aqueous
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^7solubility of CA-4, initial formulation attempts were unsuccessful. Many different

prodrugs including sodium, potassium and ammonium salts were investigated, and the 

sodium phosphate salt {\Z, figure 1.19) was selected for drug formulation and further 

pre-clinical development. Phosphate ester prodrug CA4-P 13 had excellent water 

solubility, good stability and good cell growth inhibitory activity. This prodrug 

showed potent antiproliferative effects in the NCI full panel screen, with a mean panel 

GIso of 6.89nM compared to 6.6 InM  for CA-4, the parent compound.^^ It can be 

synthesised from CA-4 in two steps (figure 1.20), firstly using dibenzyl phosphite as 

the source o f the phosphate group and then employing sodium iodine and 

chlorotrimethylsilane to remove the benzyl protecting groups. Sodium methoxide is 

used to generate the sodium salt of the phosphate group. It has also been

synthesised from ammonium hydrogen CA-4-3-0-phosphate using a Na”̂ Dowex
-3 7

column to give the sodium salt.

■■"NHCOCH

O

HO  ̂ OH
60 61

13

Figure 1.19; Phosphate prodrugs o f  a selection o f  tubulin-binding drugs

H 3CO
1)TM SC I, Nal

2) NaOCHaHgCO’ DMAP HaCO' 
DIPEA

OH

OCH 3
BnO OBn

13

Figure 1.20: Synthesis o f  combretastatin A-4 phosphate from combretastatin A-4'®'
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1.6.2 Amino acid prodrugs of acyclovir and com bretastatin A-4

As for phosphate prodrugs, amino acid prodrugs confer advantages o f  increased 

aqueous solubility to poorly soluble drug molecules. Additionally, drugs with an 

amino acid residue are substrates for peptide transporters, allowing them to be taken 

up by endogenous transporters in the intestinal epithelium.^^ Amino acid prodrugs are 

in widespread clinical use, for example the commercially successful L-valyl ester o f 

the antiviral drug acyclovir, valaciclovir (62 and 63 respectively, figure 1.21). 

Valaciclovir improves intestinal membrane permeability and increases aqueous 

solubility giving potential for improved delivery at higher oral doses.^^ The L-valyl 

moiety means that the drug is taken up by di- and tripeptide transporters in intestinal 

epithelial cells, for example PEPTl^^, leading to enhanced intestinal permeation.^^ 

The bioavailability o f  valaciclovir is 54% compared to that o f  20% for acyclovir 

leading to an improved clinical benefit due to the higher concentration o f  acyclovir 

delivered

Amino acid prodrugs o f  CA-4 amino analogue 17 {figure 1.9) have been investigated. 

This analogue was first reported in 1998 and was one o f  the most potent CA-4 

analogues discovered.'*'’ In order to further improve the antitumour activity, a series 

o f amino acid prodrugs with improved aqueous solubility and pharmacokinetics were 

synthesised. O f a series o f six different amino acid derivatives, the serine derivative 

64 (figure 1.21) retained potent antiproliferative activity (IC50 value o f  27.2nM in 

colon 26 cells compared to 2.8nM for 17) and potent antitumour activity, while 

improving the solubility in human plasma compared to 17 from 1.4 mg/ml to 3.3 

mg/ml. Lysine and threonine derivatives showed the least potent antiproliferative 

activity, with IC50 values o f 11 InM  and 126nM respectively. The in vitro potency o f 

each prodrug seemed to depend on its hydrolysis rate under the assay conditions."*^ 

Stability studies showed that the serine prodrug 64 was stable with no cleavage or 

isomerization in plasma but not in whole blood, and further experiments indicated that 

the compound is cleaved by amino peptidase enzyme present mainly on the surface o f 

red blood cells.'*^ It is patented by Sanofi-Aventis under the trade name Ombrabulin 

and is in clinical trials for advanced-stage soft tissue sarcoma, solid tumours and 

advanced solid tumours.'^ Amino acid prodrugs o f  CA-2 amino derivative 65 (figure 

1.21) have also been reported. In this series o f prodrugs synthesised, the glycine and
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tyrosine amides showed most potent antiproliferative effects across a panel of six 

human cell lines, with a mean IC50 value across the cell lines of 20nM for the glycine 

derivative and 17nM for the tyrosine one, compared to 13nM for 65. The amide 

prodrugs of 65 displayed little activity in purified tubulin inhibition assays, most 

likely because the hydrolytic enzymes present in the cellular cytotoxicity assays are 

absent in the tubulin polymerisation assay.

In this work, phosphate and amino acid esters of selected P-lactam antiproliferative 

compounds were synthesised and evaluated for the improvement in physiochemical 

properties and for antiproliferative effects. The synthesis of these compounds is 

discussed in chapter 2 while the solubility and antiproliferative effects are presented 

in chapter 3. The next section looks at heat shock protein 90 and inhibitors of this 

enzyme.

H 3 C O
62: R = H (acyclovir)

0 3 . D -  NH? ^valaciclovir) O

NH2
O C H 3

6 5

Figure 1.21: A m ino-containing drugs and prodrugs
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1.7 Heat Shock Protein 90: A Molecular Chaperone

The third target o f interest for our anti-cancer compounds is heat shock protein 90 

(Hsp90). Hsp90 is a molecular chaperone that accounts for 1-2% of total cellular 

protein under non-stressed conditions.'*’"’ Chaperones are a class o f proteins that 

prevent improper associations and assist in the correct folding and maturation o f other 

cellular proteins collectively termed clients. Among chaperones, Hsp90 is unique 

because it is not required for the biogenesis o f most p o l y p e p t i d e s . H s p 9 0  has a 

diverse clientele o f proteins, many of which are signal transducers that have roles in 

cellular proliferation and survival p a t h w a y s . A  significant number o f these 

proteins are oncogenic in nature and include the protein kinases ERBB2 and BRAF 

together with mutant p53 and steroid hormone receptors (estrogen and androgen).'*’̂  

Hsp90 assists in the folding o f these proteins, aids the translocation o f proteins to their 

correct intracellular location, and when a protein becomes damaged, facilitates their 

refolding or directs them to proteasomal degradation.^^’

1.7.1 The Heat Shock Response and Hsp90

Heat shock proteins were originally named when discovered in the 1960’s as their 

level of expression was increased in response to cellular stress, such as elevated 

temperatures, heavy metals or oxidative stress.'*’̂  They are grouped according to
I 0 7their molecular mass, e.g. Hsp90 proteins have a mass of 90kDa. The induction of 

Hsp gene expression in response to stress is a result o f a series o f events collectively 

termed the ‘heat shock response (HSR)’, which results in cytoprotection for the cell. 

The HSR is mediated at transcriptional level by heat shock factors (HSFs) and, o f the 

three knowTi human HSF genes, HSF-1 is essential for the regulation of Hsp 

expression in response to stress. Both inhibitors and inducers o f HSF-1 are known, 

including the inducer bortezomib. This proteasome inhibitor activates the HSR and 

increases chaperone expression to reduce the levels of misfolded or aggregated 

proteins and is in clinical use for the treatment o f multiple myeloma.'®^

1.7.2 Heat Shock Protein 90 as a therapeutic target

For many years, it was thought that Hsp90 would never be a useful target for a drug as 

it was critical to the survival o f both normal and malignant cells. One of the pioneers 

of Hsp90 research commented that “there was a lot of resistance to going after
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something that is considered a houseiceeping protein”. Now it is known that 

tumour cells express higher levels o f Hsp90 than normal cells and may be more 

dependent on Hsp90.'^‘*’ Hsp90 in tumour cells is present in a highly active 

complexed state, has a high ATPase activity and has a high affinity for inhibitors such 

as geldanamycin, the first Hsp90 inhibitor identified. A natural product inhibitor, 

geldanamycin {66, figure 1.24), and a related derivative, 17-allylaminogeldanamycin, 

were found to exhibit a 100-fold higher binding affinity for Hsp90 derived from 

tumour cells over Hsp90 from normal c e l l s . T h e s e  inhibitors are discussed in detail 

in section 1.7.5.1. Hsp90 is an attractive target for cancer therapy as inhibition of this 

target leads to simultaneous depletion of client proteins involved in all hallmarks of 

cancer -  tyrosine kinases involved in uncontrolled proliferation, telomerase involved 

in immortalisation, AKT protein kinases involved in impaired apoptosis, HIFla 

involved in angiogenesis and MMP2 involved in invasion/metastasis.''^’ The 

ability of Hsp90 inhibition to affect so many oncogenic signalling cascades 

simultaneously through inhibition o f a single target is highly desirable and unique.

1.7.3 Structure and Isoforms of Heat Shock Protein 90

Hsp90 consists of three flexibly linked domains. The N-terminal domain contains an 

ATP-binding site, a middle domain regulates the ATPase activity of the N-terminal 

domain and binds client proteins and the C-terminal contains the dimerization 

d o m a i n . T h e  N-terminal domain contains an unusual adenine-nucleotide-binding 

pocket known as the Bergerat fold.'*’'* The quaternary structure of an Hsp90 dimer 

with ADP bound is shown in figure 1.22}^^ X-ray structural studies on Hsp90 have 

confirmed the location of the ATP-binding site and have facilitated the design of 

inhibitors. The critical residues for binding of ATP to Hsp90 are shown in figure 

1.22 (from PDB code IBYQ). These will be discussed in more detail in chapter 4.
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Figure 1.22: (left) Quaternary structure o f  a Hsp90 dimer with ADP bound'"; (right) ADP binding
interactions

Five isoforms of Hsp90 have been identified. Hsp90a and Hsp90p are the two major 

cytoplasmic forms and share 85% sequence identity at protein level. The other 

iso forms are glucose related protein 94 (GRP94) in the endoplasmic reticulum, TNF- 

receptor association protein 1 (TRAPl) in the mitochondria and Hsp90N which seems 

to be primarily membrane a s s o c i a t e d . A l l  o f the isoforms with the exception of 

Hsp90N consist o f the three domains discussed above and hydrolyse ATP, but at 

different rates.^^ It is possible to selectively inhibit these isoforms. Selective binding 

of 5’-A^-ethylcarboxamideadenosine (NECA) to GRP94 has been reported.'®^ It has 

also been reported that TRAP I is expressed at significantly higher levels in the 

mitochondria o f tumour cells compared with normal cells'^^ and that knockdown of 

TRAPl results in spontaneous apoptosis. Clinical trials o f gamitrinibs 

(geldanamycin mitochondrial matrix inhibitors), geldanamycin derivatives that 

accumulate rapidly in the mitochondria, are underway. In vivo, these compounds had 

no effect on cytosolic Hsp90 client p r o t e i n s . A n o t h e r  natural product 

inhibitor, radicicol, binds to all Hsp90 isoforms except Hsp90N, but with a 5- and 10- 

fold greater affinity for Hsp90a and Hsp90p respectively compared to GRP94 and 

T R A P l . R a d i c i c o l  is discussed in greater detail in section 1.7.5.2. Geldanamycin 

interacts with these four isoforms with similar affinity.
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1.7.4 The ATPase activity of Heat Shock Protein 90

An ATPase cycle is central to the chaperoning activity o f Hsp90. ATP is bound and 

hydrolysed at the N-terminal of the protein (figure 1.22, above). The diagram below

Hsp90 forms a complex with Hsp70, HOP, AHAl and CDC37, which binds the client 

protein. ATP then binds at the N-terminal and induces a conformational change in 

the complex, forming a mature complex. When ATP is hydrolysed, the client protein 

is modified and released to carry out its function. In the presence of an inhibitor (b) 

client proteins accumulate in an immature complex leading to the recruitment of an 

ubiquitin ligase and proteasome-mediated degradation o f the client protein.'®^

Figure 1.23: The ATP cycle o f  Hsp90 (a) under normal conditions and (b) in the presence o f  an
inhibitor'®^

To date, most inhibitors o f Hsp90 bind at the ATP-binding site. There are a small 

number of inhibitors that bind at the middle domain or at the C-terminal domain. 

The structures and design o f inhibitors of Hsp90 are discussed in the next section.

{figure 1.23) shows the cycle o f Hsp90 chaperoning of client p r o t e i n s . I n  (a).

(■)
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1.7.5 Heat Shock Protein 90 inhibitors

1.7.5.1 Natural product inhibitors -  Geldanamycin and analogues

Geldanamycin {66, figure 1.24) is a member o f the ansamycin family o f antibiotics. 

It was first isolated in 1970 from a culture broth o f Streptomyces hygroscopicus and 

was found to possess antiproliferative activity against a wide range o f tumour cell 

lines. At first it was thought that activity resulted from direct inhibition o f v-Src, a 

tyrosine specific kinase, but further work using affinity binding showed that it was 

reversibly binding to a 90 kDa protein subsequently identified as Hsp90.'*^’’

6 6  R = O C H 3  : g e ld a n a m y c in
6 7  R = N H C H 2 C H C H 3  : 17-A A G
6 8  R = N H C H 2 C H 2 N (C H 3 ) 2  : 17-D M A G

Figure 1.24: The structures o f  the ansam ycin fam ily o f  Hsp90 inhibitors

In 1997 the first co-crystal structure o f geldanamycin bound to Hsp90 revealed that it 

bound to the N-terminal of the chaperone"^ in a folded conformation with a similar 

topology to the natural nucleotide ADP {figure 7.25)."^ It competes with ATP, 

leading to diminished ATPase activity and prevents dissociation o f client proteins 

from the Hsp90 complex.'*’̂ ’ As a result, the trapped proteins do not achieve their 

mature functional conformation and are degraded by the proteasome."^

HN■■'"O'

0..
O H  O

Figure 1.25: Geldanam ycin in fi-ee (left) and H sp90-bound (right) con fonn ations’'*

Geldanamycin (66) interacts with many o f the same residues as ATP (figure 1.26)}^^’ 

The representation on the right shows the binding interactions o f geldanamycin in 

yeast Hsp90, hence the differences in the numbering o f the amino acid residues. 

These binding interactions will be examined in more detail in chapter 4.
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Geldanamycin has limited therapeutic potential as it exhibits non-target related liver 

toxicity, thought to be due to the 17-methoxy functionality."'*’ Structure

activity relationships are limited by the complexity o f synthesis of geldanamycin, and

to date only one total synthesis consisting o f 41 steps has been published. 10 7 , 114 It is

known, however, that the 7-carbamate group is essential for activity and that 

substitution at C-17 is well tolerated, with small linear amino groups showing better

cytotoxicity than larger, bulkier groups 107

)T‘

lY S M

Asp 40
QV 123

Phe 124

Lys 98 .

OH
MaO'

Lys 44 MeO

NHj

T h r171

Leu 34

Asp 79

Gly 83

Figure 1.26: (Left) Co-crystal structures o f  geldanam ycin (yellow ) and radicicol (m agenta) in the ATP- 
binding site o f  HspW""*; (R ight) A planar representation o f  the binding interactions o f  geldanam ycin  
with yeast H sp90 (solid lines: direct H-bonds; dashed lines: H-bonds involving water m olecules) 107

The hepatotoxicity displayed by geldanamycin has been overcome by the synthesis of 

analogues with modifications at the 17-position. The two most successful of these 

have been 17-allylamino-17-demethoxygeldanamycin (17-AAG (il, figure 1.24) and 

17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG 68, figure 

1.24). 17-AAG (67) retains the activity of geldanamycin and shows reduced toxicity 

in vivo. It was the first inhibitor o f this class to enter clinical trials, although it is not 

without its own problems. It has poor aqueous solubility, and is formulated with 

DMSO, which can give rise to side effects. These formulation difficulties have been 

overcome somewhat by use of a cremaphor-based formulation."^ 17-AAG also

shows dose-limiting hepatoxicity. 1 05 , 117 A third problem is that hepatic metabolism of

17-AAG through cytochrome P450 enzymes leads to the rapid generation of 17- 

amino-17-demethoxygeldanamycin which retains activity, and that the quinone 

reductase NQOl has been demonstrated to metabolise 17-AAG to a more potent
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dihydroquinone form.'®'*’ Early clinical results with 17-AAG suggest that it can 

inhibit Hsp90 function in vivo and induce degradation o f Hsp90 client proteins at 

doses that cause only modest toxicity."^ To date, the only activity reported has been 

prolonged disease stabilisation consistent with a cytostatic drug e f f e c t . 1 7 - A A G  

has shown synergy with many cytotoxic drugs in cell culture models, including 

paclitaxel, doxorubicin, cisplatin and also with radiation therapy.*'^

The second geldanamycin derivative, 17-DMAG (6S, figure 1.24) addresses some of 

the problems faced by 17-AAG. It is slightly more potent, with a mean GI50 o f 53nM 

in the NCI 60 cell line panel, and is over 10 times more soluble in aqueous buffer at 

pH 7.0.*®̂  This confers formulation advantages upon it, and leads to the possibility 

of oral bioavailability.^"*’ Other highly water-soluble derivations of 17-DMAG 

have also been synthesised and tested, including a hydroquinone hydrochloride 

derivative.'^*’ Geldanamycin-testosterone hybrids'^' and geldanamycin-estradiol 

hybrids have also been developed but have not progressed to the clinic.

1.7.5.2 Natural product inhibitors -  Radicicol and analogues

Radicicol 69 (figure 1.27) (known also as monorden) is a 14-membered macrolide

that was first isolated from culture broth of Monosporium bonorden in 1953 as an

antifungal a n t i b i o t i c . L i k e  geldanamycin, it was also believed to exert its

action through the inhibition o f v-Src kinase. Subsequently, using biotinylated

derivatives of radicicol as probes, the mechanism of action was determined to be

through binding in the N-terminal ATPase domain o f Hsp90.'*’̂ ’ It was shown

through X-ray co-crystallization studies that radicicol binds to an identical site on

Hsp90 as geldanamycin (figure 1.26)}^^ Although radicicol has higher affinity for

full-length homodimeric Hsp90 than geldanamycin, it has not progressed as far in

terms o f drug development. In vitro it mediates the characteristic response to Hsp90

inhibition -  depletion of client proteins and upregulation o f heat shock proteins.'®^

However, it has no antitumour activity in vivo as it is inactivated by 1,6 -Michael
} 1addition with thiol-derived nucleophiles. It also does not have differential 

selectivity in the same manner as geldanamycin. It is a strong inhibitor o f ATPase 

function o f the archeal topoisomerase VI and the Sinl yeast histidine kinase. The 

native crystal structure and the protein-bound conformation o f radicicol are identical, 

indicating that the ring system is inflexible and binds to both activated and

Chapter I: Introduction 70



unactivated forms of HspQO.""*’ Coupled with poor aqueous solubility, the issues 

of metabolic deactivation and poor selectivity have meant that radicicol itself is not a 

clinical candidate for drug development.

Me h O.

HO,

OH

Me’
HO

6 9  7 0

Figure 1.27: Left: Radicicol, a m acrolide inhibitor o f  Hsp90; right: an oxim e derivative o f  radicicol

However, radicicol is amenable to short syntheses making structure-activity 

relationships easier to determine. The first characterisation was reported in 1968.’*̂ '̂ 

Total syntheses have been r e p o r t e d . A  sample synthetic scheme is shown in 

figure 1.28 (steps a -  i). The isocoumarin precursor was obtained in two steps (a, h) 

by demethylation with boron tribromide {a) and silylation in standard conditions {h). 

Coupling of the isocoumarin with the ether was achieved using palladium chloride 

(step c) and subsequent cleavage of the isocoumarin was carried out using 

diisobutylaluminium hydride (DIBAH) and sodium chlorite to obtain a keto acid (step 

d). The macrolide was subsequently obtained under Mitsunobu reaction conditions 

(step e). The final steps in the synthesis involve the removal of the OMOM group by 

reflux with potassium carbonate (step g), chlorination with calcium hypochloride in
Ibuffered conditions (step h) and desilylation using aqueous borax (step /). The 

resorcinol ring of the radicicol structure provides key binding interactions, including a 

critical interaction between the 3-phenolic group and both the Asp93 residue and a 

conserved water molecule {figure 7.26)."'* Radicicol 6-oxime and halohydrin 

derivatives have been extensively investigated. These derivatives are active in vivo

and do not cause the serious liver toxicity associated with geldanamycin. However,
• * 1 1 8  some oxime derivatives have caused severe cataracts in animals. The example

above, oxime 70 {figure 1.27), showed potent antiproliferative activity in vitro and

induced the degradation o f Hsp90-dependent client proteins. In vivo, it exhibited

significant activity against human tumour xenograft models."'* There are no radicicol

derivatives in clinical trials at present.
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1.7.5.3 Small m olecu le  H sp90 inhib itors

When geldanamycin and radicicol were shown to bind to Hsp90, the race to find small 

molecule inhibitors o f  Hsp90 was on. These small molecule inhibitors can be divided 

into three main types -  those based on a purine scaffold (mimicking ATP), those 

based on a resorcinol pyrazole-type compound and various other heterocycles.

1.7.5.4 Purines

A small molecule inhibitor 71 (figure 1.29) based on the purine scaffold was 

rationally designed by studying the binding modes o f geldanamycin, radicicol and 

ADP and deciding which binding interactions were necessary for activity. These 

factors were determined to be threefold: interactions with Asp93 and Ser52 at the base 

o f the ATP-binding pocket, Lysl 12 and Lys58 at the top o f the pocket, and a series o f  

interactions with a hydrophobic pocket midway into the binding site, including 

residues Met98, V all50, Leul07, LeulOB, Phel38 and Vall86.'^^ It was also 

decided that the inhibitor should adopt a folded C-shaped conformation, and that the 

free state conformation should be similar to that o f the bound conformation to avoid
197entropic penalties upon binding. A purine-based structure was chosen to mimic 

the adenine functionality o f ADP/ATP and a trimethoxy phenyl moiety was chosen to 

interact with the phosphate binding region, giving the lead compound 71."*’

This molecule binds to Hsp90 with moderate affinity (15-20|j.M) and elicits cellular 

responses similar to geldanamycin, such as degradation o f  several Hsp90 client 

proteins.">’’ '̂ ’̂ '2̂

Further synthesis o f a library o f approximately 70 compounds allowed structure- 

activity relationships for the purine series to be investigated.'^*^ The areas targeted to 

increase the potency were to decrease the rotational freedom o f the lead compound, to 

increase the steric fit between the compound and the receptor and to increase the 

water solubility. These structure-activity relationships are illustrated in figure 1.29. 

The 9-A^-alkyl chain could be modified with aromatic, a-branching, amine and amide 

derivatives leading to inactivity and /-PrOCH2CH2 and pent-l-ynyl derivatives 

showing a ten-fold improvement in a c t i v i t y . T h i s  position can be useful for the 

incorporation o f water-solubilising groups.'^' A substituent at position 2 o f the 

aromatic ring limits the rotational freedom o f the molecule around the methylene
I ■̂Q

linker. Addition o f  a chlorine atom at this position increases the potency by a
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factor o f 2  due to improved electron donating properties o f  the aromatic ring, thus 

increasing its interaction with the lysine residue found at the top o f the ADP-binding 

p o c k e t . A  fluorine atom at position 2 o f the purine ring was found to increase the 

potency and water solubility o f the lead compound, although other substituents at this 

position abolished the inhibitory a c t i v i t y . T h e  improvement o f  activity with 

fluorine substitution seems to be as a result o f  polarization o f  the molecule, increasing 

the interaction potential o f  the purine ring with Asp93 and the conserved water 

molecules in the receptor binding site.

Position 2 (arom atic ring)I activity: chlorine or fluorine atom

OCH
P 1 3

NH

9-alkyl chain 
I  activity: aromatic, 

branching, amine, 
amide

4 activity: pent-1-yny I 
' /-PrOCH2CH2

Ligindbond 

% ■% N'orhligand bond

0 -  Hyifrogen bond w d its length 0  Correspondm g atoms involved if) ltydroi)hobiccontK t(i)

Figure 1.29: Purine 71 structure -activ ity  relationships; purine 71 crystallised in the N-term inal o f
H sp90a (P D B  code: IUY6)'^*

When these modifications are combined into one molecule 72 {figure 1.30), the result 

was a compound with a 30 times higher affinity for Hsp90 than the lead compound 

71 . This derivative has a 10-50 times higher affinity for Hsp90 from transformed 

cells compared to normal t i s s u e . I t  has an IC50 in cancer cells between 2 - 6 |aM 

and retained anti-cancer activity in cells that were resistant to 17-AAG. In vivo, 72 

accumulates rapidly in tumours while being quickly cleared from normal tissues.

Interestingly, these two purine Hsp90 inhibitors induce a change in the receptor site, 

whereby residues 104 -  111 undergo a shift upon binding o f  the purine compounds, as 

shown by X-ray co-crystal structures. The shift accommodates binding o f  the
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trimethoxyphenyl moiety. This plasticity in the receptor site illustrates the challenges
1 H 7  1 1 8  1 ' 7 0

in designing an inhibitor for this site. ’ ’

Modification o f the linking group between the purine and aromatic rings has also been 

investigated. Initial studies showed that the CH 2 bridge could not be replaced by 

oxygen or nitrogen atoms without a loss o f  activity, due to a change in the dihedral 

angle between the r i n g s . T h e  challenge was to change the nature o f  the linker and 

retain activity, but provide chemically more accessible structures to explore a 

comprehensive SAR. Further work replaced the methylene linker with a sulfur atom 

without a loss in activity. A higher diversity o f reagents is available for sulfur-linked 

compounds. The most potent Hsp90 inhibitor identified 73 is shown above in figure  

1.30. This purine analogue has nanomolar potency in both biochemical and cellular 

assays and has high selectivity for tumour versus normal cell Hsp90 o f 700- to 3000- 

fold. Oxidation o f the sulfur linker to sulfoxides or sulfones leads to a decrease in 

activity.

Dimers o f  purine-type Hsp90 inhibitors are also known. These compounds are 

designed with the rationale that, when a target molecule is a homodimer, a high 

affinity inhibitor can be developed by linking two known ligands with an appropriate 

spacing group. The activity o f a series o f  dimers against human breast cancer cell 

lines was evaluated and analogue 74 (figure 1.30) was found to display increased 

potency compared to the parent compound. The I C 5 0  values in both MCF-7 and 

SKBr3 cells were lower for the dimer compared to the monomeric ligand ( I C 5 0  values 

o f  1.46|j,M compared to 45.9|xM, and 1.31}0.M compared to 31.8|o,M for MCF-7 and 

SKBr3 respectively).'^^
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Figure 1.30: Small m olecule inhibitors o f  H sp90 with a purine scaffold

1.7.5.5 Pyrazoles

High-throughput screening of a chemical library o f 60,000 compounds identified the 

pyrazole based structure 75 (figure 1.31) as a Hsp90 inhibitor.'®^’ When

added to cancer cells, this compound causes depletion of Hsp90 client proteins, 

induction of HspVO, upregulation of heat shock proteins, growth arrest and apoptosis. 

In vivo activity and toxicity have yet to be reported. The resorcinol ring mimics the 

natural product radicicol. Extensive structure-activity relationships have been 

determined for the pyrazoles and can be summarised in the following points'*^’’

• The ethyl group at C5 o f the resorcinol ring is important for activity.

Replacement with a hydrogen or methyl group reduces the activity by a factor 

o f 4 and 5, respectively. A propyl group gives similar activity. Replacement 

of the ethyl group by chlorine increases the potency.

• Both hydroxy groups on the resorcinol ring are important. Replacement of

either group with a methoxy group results in a substantial loss o f activity.

Removal of one or both hydroxy groups results in loss of activity.
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•  The dioxan ring can be replaced with a 4-methoxy group or with a 4- 

0 (CH2)3CN group without loss of potency.

OH

HO

HN

OH

HO

NH

00 Ho

7 5 7 6

OH OH

HO

NH

HO

/----\

77  78

Figure 1.31: Small molecule inhibitors o f  Hsp90 with a pyrazole scaffold

Examinations of the X-ray crystal structure of pyrazole 75 {figure 1.32) bound to 

Hsp90 led to optimised analogues. Pyrazole 75 displays an IC50 value of 4.1|j.M in 

HCT-116 cells, compared to 0.021 for 17-AAG. In the crystal structure, the 2- 

hydroxy group of the resorcinol ring and the N-1 of the pyrazole ring are involved in a 

network of hydrogen bonds via a conserved water molecule with Thrl71, Asp79 and 

Gly83 (yeast Hsp90). The 4-hydroxy group also forms hydrogen bonds via solvent 

to Leu34. The structure indicated that an additional hydrogen bonding interaction 

could be made via the 5-position of the pyrazole ring. O f a number o f compounds 

designed, the pyrazole amide derivative 76 showed increased potency, with an IC50 

value of 0.26)xM in HCT-116 cells. This compound decreases the cellular levels of 

the Hsp90 client proteins Raf-1 and CDK4 and upregulates Hsp70. As expected, X- 

ray crystal structures show that the 5-amido forms hydrogen bonds with Gly97 and 

interactions with Lys58.'*^^’ H8, i36
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Figure 1.32: X-ray crystal structure o f  pyrazole 75 in Hsp90a (PDB code: 2BT0)'^^; right: ligand 
interactions o f  pyrazole 77 in Hsp90a (PDB code: 1 YC4)'^‘‘

The pyrazole scaffold has been described as a ‘fertile’ m olecule scaffold for Hsp90 

i n h i b i t o r s . O t h e r ,  novel pyrazole based compounds have been patented, including 

the imidazole based compound 77 and piperazine methylsulfonylbenzyl derived 

structure 78 (figure 1.31). The first o f  these, 77, was discovered from a high- 

throughput screen o f  1 m illion compounds and demonstrated reversible binding to the 

N-terminal ATP-binding domain o f  human Hsp90 with a Kj value o f  280nM . The 

imidazole side-chain is involved with hydrogen bonding via a water m olecule to the 

protein {figure 1.32).^^''' The 4-piperazine derivative 78 {figure 1.31) was one o f  

the best o f  a series o f  4-amino compounds prepared. It displayed an IC50 value o f  

3.1|iM  in H CT-116 cells, caused depletion o f  Raf-1 and upregulation o f  Hsp70. A 

crystal structure o f  78 bound to human H sp90a confirms the binding orientation o f
1 - i n

this pyrazole derivative.

1.7.5.6 Miscellaneous Hsp90 inhibitors

An increasing number o f  Hsp90 inhibitors with diverse structures are appearing in 

literature. A selection o f  these is discussed below and the structures (79 -  87) are 

shown in figure 1.33. These include aminoquinolines, benzisoxazoles, inhibitors 

from fragment-based studies and the first reported dual-targeting Hsp90-tubulin 

compound.
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From a high-throughput screening (HTS), aminoquinoline 79 {figure 1.33) with

icnown anti-malarial activity was discovered to be a novel scaffold for modulation of

Hsp90 activity. Aminoquinoline 79 showed activity in the low micromolar range in
118competitive binding assays and degradation of Her2. From a series of further 

analogues, a 6 -hydroxy-8 -aminoquinilone derivative 80 {figure 1.33) showed 

promising activity, inducing Her2 degradation at an IC50 of 1.0|^M. This molecule 

can be used as a starting point for further optimised and therapeutically useful Hsp90 

i n h i b i t o r s . H T S  also led to the discovery o f a tri-hydroxyl containing amide 81 

{figure 1.33) as a lead compound. Once again, the resorcinol moiety is important for 

activity as this pharmacophore is required for important interactions in the X-ray co

crystal structure, including hydrogen bonding interactions with Asp93 and Thrl84
1 I Q(PDB code 3EK 0 ). Further optimisation of the scaffold led to compounds with 

improved potency over 81, comparable to 17-DMAG. Resolution of the most active 

racemic compounds led to the S  enantiomer o f 82 {figure 1.33), which was found to 

be extremely potent, with activity in the low nanomolar region for Hsp90 client
139protein degradation.

HTS identified the benzisoxazole derivative 83 {figure 1.33) as an Hsp90 inhibitor.

A further series of optimised derivatives were prepared from which 84 {figure 1.33), 

with the water-solubilising aminoethylmorpholino group attached, emerged as one of 

the most potent analogues with submicromolar IC50 values in antiproliferative assays 

in five cell lines (HCTl 16, SKBR3, LnCap, DU145 and H157 cell lines) and slightly 

enhanced potency in the Hsp90 binding assay compared to 83 (IC50 values for binding 

o f 0.03(4.M versus 0.19 respectively). Compound 84 also induced degradation of the 

Hsp90 client proteins Her-2 and androgen r e c e p t o r . I t  bears a resorcinol ring 

similar to radicicol and the pyrazole Hsp90 inhibitors. The interactions of 84 with 

Hsp90 are shown below in figure 1.34 (from PDB code 3BMY'"^®).
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Figure 1.33: Structurally diverse Hsp90 inhibitors
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Figure 1.34: Binding interactions o f  benzisoxazole 84 with human Hsp90a (PDB code: 3BM Y) 140

Benzamide tetrahydro-4H-carbazol-4-ones were designed by screening of a library of 

compounds designed to inhibit proteins with purine binding sites. The benzamide 

scaffold was discovered through this screening and was combined with a carbzol-4- 

one functionality previously shown to have favourable pharmacokinetic properties. 

The most worthy compound o f note 85 is illustrated in figure 1.33, and shows 

submicromolar values for inhibition of a range o f cell lines, degradation of Her2 and 

induction of HspTO.'"*' Structurally different types of Hsp90 inhibitor have been 

discovered in a similar manner. Fragment libraries were designed and fragments 

which bound competitively to Hsp90 were identified by NMR-based screening.

One of the most active compounds 86 {figure 1.33) discovered is based on a 2- 

aminothieno[2,3-i/]pyrimidine scaffold.''*^ The characteristic molecular biomarker 

signature of Hsp90 inhibition was seen in vitro and in vivo. This compound has been 

selected for further development.'"*^

Recently the first compound to target both Hsp90 and tubulin was reported. There 

is an overlap in the chemical space between many known Hsp90 inhibitors and 

tubulin-active compounds {figure 1.35). This observation led to the discovery of 87 

{figure 1.33) from screening o f 160,000 commercially available compounds. It 

shows modest inhibition of both t a r g e t s . S y n t h e t i c  and biochemical studies are 

ongoing to improve the affinity of this lead molecule for both tubulin and Hsp90.
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Hsp90 active
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i

Figure 1.35: Hsp90 and tubulin binders overlap in the m edicinal chem istry space; grey, m ed chem.
space; yellow , Hsp90; blue, antitubulin

1.7.5.7 C-terminal binding agents

Novobiocin (SS, figure 1.36) is an antibiotic that binds adjacent to the ATP-binding 

site o f bacterial gyrase B, and also binds to and inhibits Hsp90. It is distinct from the 

other Hsp90 inhibitors discussed above as it binds to a site located at the C-terminal o f 

the protein. It causes depletion o f  Hsp90 client proteins including v-Src, Raf-1 and 

H ER2."^ The C-terminal o f Hsp90 is known to be important for dimerization and 

association o f other co-chaperones. This opens up the possibility o f a second 

pharmacologically accessible binding site. The usefulness o f novobiocin as a drug is 

limited by the high concentration necessary to inhibit Hsp90, for example a
I ■y'l

concentration o f 700|aM is necessary to induce degradation o f Hsp90 client protein. ’ 

Derivatives with up to 100-fold improvements in activity have been 

investigated.'^^’ The platinum-containing drug, cisplatin, has also been reported to 

bind to the C-terminal o f  Hsp90."^

OH
OH

CH

88

Figure 1.36: N ovobiocin , a C-terminal H sp90 binding com pound
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1.7.6 Hsp90 Inhibitors in Clinical Trials

At the beginning o f  2010, twelve Hsp90 inhibitors are in clinical t r i a l s . T h e  

structures o f  only six o f  these have been disclosed; 17-AAG and it’s hydroquinone 

form, 17-DMAG, purine 89, resorcinol 90 and benzamide 91 (figure 1.37). All 

compounds have similar potencies in the HER2 degradation assay and have IC50 

values ranging from 7 to SSnM.'"*  ̂ They are in clinical trials for a variety o f  cancers, 

including breast, leukaemia and multiple m yelom a.’ ’̂ The strongest clinical trial 

evidence at present is for 17-AAG in combination with trastuzumab, where 21 -  25% 

regressions in ERBB2 positive breast tumours were observed with combination 

therapy, even if  patients had failed trastuzumab therapy.'"*  ̂ Other positive results 

have been noted in patients with multiple myelom a and metastatic melanoma.'"*^ A  

recent comprehensive review o f  Hsp90 inhibitors in clinical trials is provided by 

Biamonte et al.'"*̂  In addition, a list o f  recently patent applications related to Hsp90 

modulators in cancer has been compiled.''*^ Hsp90 inhibition is a relatively recent 

and emerging field from which we can expect new and potent Hsp90 inhibitors to 

emerge. Many large pharmaceutical companies are now  running Hsp90 programs.'"*^ 

Promising clinical trial results have been reported and the progression o f  Hsp90 

inhibitors in clinical development will be exciting to follow  in the coming years.

Figure 1.37: Sm all m o lecu le  H sp 9 0  inh ib itors in c lin ica l trials

Chapter 1: Introduction 83



1.8 Objectives of the thesis

The p-lactam ring is a versatile chemical scaffold that can be used as a template for 

novel anti-cancer agents. The aim of this work is to establish P-lactam based 

compounds with potent anti-cancer activity acting on three distinct molecular targets: 

tubulin, heat shock protein 90 and the estrogen receptor.

Firstly, a comprehensive structure-activity relationship for lead compound 92 (figure 

1.38) will be developed. This compound has been identified previously in our group 

as a potent tubulin-active agent that inhibits the proliferation o f MCF-7 and MDA- 

MB-231 breast cancer c e l l s . S t r u c t u r a l l y ,  it resembles CA-4 and is thought to bind 

in a similar manner to the colchicine-binding site o f tubulin.

OH

OCH

OCH

H3 CO O CH 3

12

OCH

9 2

Figure 1.38: An azetidinone based analogue o f  CA-4. One enantiomer is shown.

The primary aims of the research into CA-4 P-lactam analogues were

1) Synthesis a comprehensive series of analogues with further substitution on the 

3-phenyl ring of 92
2) Evaluation of the biochemical activity o f these analogues in antiproliferative, 

cytotoxic and tubulin-binding assays

3) Rationalisation o f the structure-activity relationships using molecular 

modelling and investigation o f potential binding orientations o f the 

compounds

4) Optimisation of the physiochemical properties o f the most potent analogues 

for development as suitable drug candidates, with particular emphasis on 

improvement o f aqueous solubility
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The P-lactam template will also be used to develop a lead compound as a small- 

molecule inhibitor of heat shock protein 90 (Hsp90). This protein has recently 

emerged as an exciting target for anti-cancer agents. Finally, the P-lactam scaffold 

will be investigated for the design of novel estrogen-receptor binding compounds. 

Much work targeting the estrogen-receptor using benzopyran and P-lactam structures 

has been carried out in our group previously'"*^ and further work will yield insight into 

the structure-relationship activities of estrogen-receptor binding P-lactams.
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2. P-Lactams in clinical and preclinical use: structures and 

synthetic routes

The discovery o f penicillin in 1928, an antibiotic that saved many thousands of lives 

during World War II, was a critical turning point in the development o f P-lactam 

synthesis. P-Lactams had been synthetically prepared as early as 1907 by 

Staudinger.*'** The P-lactam ring is a four-membered heterocycle containing three 

carbon atoms and one nitrogen atom. Until the advent o f penicillin, there was no 

impetus for developing new and faster methods to form P-lactam ring systems. Since 

then, P-lactam-based drugs have been used to treat a diverse range o f conditions.

The most famous drugs with a P-lactam core structure are the penicillin antibiotics, 

for example benzylpenicillin 93 (figure 2.1). Use o f benzylpenicillin has been 

superseded by a number o f newer penicillins but it is still used intravenously and 

intramuscularly for the treatment of bacterial infections, including streptococcus and
Imeningococcus. Other broad-spectrum penicillin antibiotics in widespread clinical

I JOuse are amoxicillin and ampicillin. The cephalosporins are also p-lactam-based 

antibiotics. Cefaclor 94 {figure 2.1) is a second-generation broad-spectrum 

cephalosporin used for the treatment o f a wide-range o f gram-positive and gram- 

negative bacterial infections. Bacteria have evolved to produce a P-lactamase 

enzyme to break down these classes of antibacterial drugs. The ring-opened 

antibiotic is ineffective and this is a major pathway of resistance to antibacterial 

drugs. Clavulanic acid 95 (figure 2.1) is a P-lactam inhibitor o f the P-lactamase 

enzyme and is co-administered with another antibacterial, such as amoxicillin, to 

prolong its duration of action. Ezetimibe 96 (figure 2.1) is a relatively recent drug 

that is used to prevent cholesterol absorption from the gastro-intestinal tract. It is an 

enantiomerically pure mono-lactam whose mechanism of action is unknown at 

present but is thought to be acting at the intestinal wall.*'*̂

Other P-lactam based compounds, including compound 97 (figure 2.1) are under 

investigation as inhibitors of leukocyte elastase, a serine proteinase released by 

inflammatory c e l l s . T h e s e  same compounds inhibit the gelatinases rr.atrix 

metalloproteinase 2 (MMP-2) and MMP-9. Leukocyte elastase and gelatinises such 

as MMP-2 and MMP-9 have been proved to be instrumental in a number of severe
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acute and chronic pathologies, including inflammation and cancer invasion. It is

inhibitors of tryptase enzymes are also known. Tryptases are structurally novel 

heparin stabilized homotetrameric trypsin-like serine proteases, produced almost

processes through numerous pathways and it has been implicated in inflammatory and 

allergic diseases and is believed to play a significant role in asthma. P-Lactam 98 

{figure 2.1) is a potent tryptase inhibitor with high specificity over other serine

Other potential P-lactam clinical agents include inhibitors of prostate-specific

In this work, P-lactams that have antiproliferative effects by acting at three specific 

molecular targets -  tubulin, heat shock protein 90 and the estrogen receptor -  will be 

investigated. Regardless o f the target, the final P-lactam compounds are synthesised 

by the same routes. To produce the necessary synthetic precursors, a variety of 

methods are employed. These include preparation of selected substituted acetic acids

hoped that these molecules will be good candidates for prototype drugs showing 

selective antibiotic, anti-inflammatory and anti-invasion properties.'^'’ P-Lactam

exclusively by mast cells.'^' Once released, tryptase modulates inflammatory

proteases that is in early preclinical development for the treatment of asthma.

antigen'^^, thrombin (another serine protease related to trypsin)'^'* and cysteine 

p r o t e a s e s . P - L a c t a m s  with anti-malarial a c t i v i t y ' a n d  anxiolytic a c t i v i t y h a v e  

also been reported.

^ O H

B enzylp en icillin  (93) C efa c lo r  (94) C lavulanic acid  (95)

OH C O O E t

E zetim ib e  (96) 9 7 B M S -3 5 4 3 2 6  (98)

Figure 2 .1 : A  se lec tio n  o fp - la c ta m s  in p reclin ica l and c lin ica l use

Chapter 2: Chemistry o f  P-lactam CA-4 analogues 89



and acid chlorides, appropriate protection o f amine and phenols and synthesis of 

imines. For P-lactam formation from these precursors, a number o f synthetic routes 

are explored. The Staudinger reaction is the most widely used method and is 

discussed in section 2.2.1. The Reformatsky reaction also has wide applications for 

P-lactam formation and is outlined in section 2.2.2. A one-step reaction for the 

formation o f p-lactams is also investigated. Finally, the necessary deprotecting 

reactions are described.

2.1 Synthetic precursors: Imines, acids and acid chlorides

2.1.1 Protecting groups

A number o f key phenolic and amino groups planned for inclusion in the final 

products required selective protections at an early stage in the synthetic route. In 

preparation of P-lactam derivatives with a hydroxy group to mimic CA-4, it was 

necessary to protect the hydroxy group in the aldehyde precursor to the imines that 

would be used to form P-lactams. Previously it was found that protection of the 

aldehyde followed by imine formation gave better yields than imine formation 

followed by protection of the i m i n e . T w o  different hydroxyl protecting groups 

were used -  /er?-butyldimethylsilyl ether and benzyl ether. The benzyl carbamate 

group was used for protection o f amines.

2.1.1.1 The f-Butyidimethylsilyl e ther (TBDMS) protecting group

The TBDMS ether is one of the most popular silyl protective groups due to its easy 

introduction, stability under a variety o f reactions, and easy removal under conditions
1 C O

that do not attack other functional groups. It has excellent stability to base but is 

relatively sensitive towards acid. At the end of the reaction, the silyl group can be 

removed using tetrabutylammonium fluoride (TBAF), as a F-Si bond is much stronger 

than an 0-Si bond. TBDMS is the group most often used for the protection of 

hydroxyl functions in P - l a c t a m s . I t  is introduced using r-butyldimethylsilyl 

chloride and I,8-diazabicyclo[5.4.0]undec-7-ene (DBU), a strong organic base 

{scheme 2.1). Protected aldehyde 99 {scheme 2.1) was synthesised in 94% yield by 

this method. 'H NMR analysis showed signals at 5 0.19 and 6 1.02 confirming the 

addition of the silyl group, similar to that previously r e p o r t e d . P r o t e c t e d  amine 

100 {scheme 2.1) was obtained in 74% yield and the spectroscopic analysis was in 

agreement with the values previously reported.'^'
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Reagents and conditions: (a) t-Butyldimethylsilyl chloride, l,8diazabicyclo[5.4.0Jundec-7-ene (DBU),

dry DCM

Scheme 2.1: TB D M S protection o f free hydroxy groups 

2.1.1.2 The benzyl ether protecting group

The benzyl ether is one o f the most robust and commonly used protecting groups for
158alcohols and phenols. It is easily removed by hydrogenolysis. Although cleavage 

o f a benzylic-oxygen bond is far faster than that o f a benzylic-nitrogen bond, some 

accounts found that the cleavage o f the N-C4 bond in (3-lactams was much faster than 

cleavage o f the benzyl-oxygen bond, with the substituents at different positions o f the 

ring determining which cleavage occurs f i r s t . I n  our syntheses, this was not the 

case and the (3-lactam ring remained intact throughout the hydrogenolysis o f the 

benzyl group. The benzyl group was used to protect the free hydroxy group on 3- 

hydroxyphenylacetic acid, giving 3-benzyloxyphenylacetic acid 101 in 48% yield 

{scheme 2.2). 4-Benzyloxyphenylacetic acid was available for purchase with the 

benzyl group in place. Benzyl protection o f resorcinol and 4-ethylresorcinol was also 

utilised and is discussed in section 4.1.2. Cleavage o f the benzyl group was rapid and 

complete in all but one case. The only compound from which a benzyl group failed 

to cleave contained a thiophene ring at the 3-position o f the (3-lactam ring, and it is 

known that sulfur-containing products can poison the palladium/carbon catalyst used 

for d e p r o t e c t i o n . E v e n  during a 3-day deprotection attempt, the thiophenyl P- 

lactam ring remained intact. A ll other deprotections proceeded in quantitative yields.
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Reagents and conditions: (a) KOH, Nal, benzyl bromide, ethanol 

Scheme 2.2: Benzyl protection o f  free hydroxy groups

2.1.1.3 Benzyl carbamate protecting group for am ines

A selection o f  CA-4 azetidinone analogues with amino groups were required. Two 

routes for formation o f  these analogues were investigated -  firstly use o f a nitro group 

in the precursors to (3-lactam formation, followed by reduction o f the nitro to an 

amino as the last step in the synthesis, or secondly protection o f  the amino group with 

an appropriate group. When an amino substituted C-4 aryl ring was required at the 4- 

position o f  the P*lactam ring, a nitro precursor was used, due to the availability o f  the 

appropriately nitro-substituted aldehyde. In selected cases, when introduction o f an 

amino group at the 3-position o f the P-lactam ring was required, the amine 

functionality was protected throughout the synthesis with a benzyl carbamate (Cbz) 

group. This route was pursued as 4-nitrophenylacetyl chloride did not give any o f  the 

desired P-lactam product when reacted in the Staudinger method. The benzyl 

carbamate is one o f the most popular protective groups for amines, due to its facile
I C O

hydrogenolysis and orthogonality to numerous other protective groups. It is 

introduced using benzyl chloroformate, potassium carbonate as a base and acetonitrile 

as the solvent {scheme (4-Benzyloxycarbonylaminophenyl)acetic acid 102

{scheme 2.3) was prepared in 85% yield. Addition o f the Cbz group was confirmed 

by spectroscopic analysis, in particular by the appearance o f  the benzylic CH2 protons 

at 5 5.15 in the 'H NMR spectrum o f 102 and the presence o f  a negative signal at 6 

66.16 in the DEPT-135 spectrum o f 102, due to the carbon o f  the benzylic CH2 group.
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R eagents an d  conditions: (a) N a2CO}^ aceton itrile  

Scheme 2.3: Benzyl carbamate protection o f  amine functional groups 

2.1.2 Synthesis of substituted acetic acids

Substituted acetic acids can be used as precursors for acid chlorides required for the 

Staudinger reaction, or can be used themselves in the Staudinger reaction along with a 

suitable acid-activating agent (section 2.2.1.2).'^^ In some instances, the desired 

phenylacetic acid precursor was not available for purchase. To prepare two 

thiophene-based derivatives, the required substituted acetic acid could be synthesised 

from the corresponding aldehyde using the method of G r o s s . C e r t a i n  substituted 

benzaldehydes can be converted to the corresponding phenylacetic acids through the 

use of tetraethyl dimethylaminomethylenediphosphonate (103, scheme 2.4). The 

most convenient and efficient method to produce this aminodiphosphonate reagent is 

by the reaction o f dimethylchloroformiminium chloride (produced by reaction of 

dimethylformamide and oxalyl chloride, step a, scheme 2.4) with 2.2 equivalents of 

triethyl phosphite, giving over 90% of p r o d u c t . T h e  iminium ion reacts with 

triethyl phosphite to form the reagent, tetraethyl 

dimethylaminomethylenediphosphonate (step b, scheme 2.4).^^^ This reagent reacts 

with the aldehyde of interest to form an enamine phosphonate, shown below in 

scheme 2.4 (step c). The final step is hydrolysis of the enamine phosphonate to form 

the substituted acetic acid. The hydrolysis is carried out in strong acid {scheme 2.4). 

Two acetic acids were prepared using this method: 2-(benzo[6]thiophen-2-yl)acetic 

acid (104) in 35% overall yield and 2-(5-methylthiophen-2-yl)acetic acid (105) in a 

low 1% overall yield (both shown in scheme 2.4). The reported overall yields for 

these two compounds are 56% and 37% respectively.'^^ These products were 

characterised by IR and NMR spectroscopy. JR spectra showed absorption signals at
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V 1715.55 cm"' for 104 and v 1705.90 cm '' for 105 corresponding to the carbonyl 

double bond. A characteristic signal in the '^C spectra was observed at 6 175.87 

(104) and 8 177.04 (105) corresponding to the carbonyl carbon of the substituted 

acetic acid.

I /— o  o, °
^  y=<" -  ■

(D /  Cl /
O

PC2H5 Q

103

OC2H5 + ^  .
/  \  .O C 2 H5  p  H

O '^ OC2H5

V a ? d
S \>— P-OC2H5 R 2 ^ S  ^ oh

— OC2H5 o

104: Ri=R 2 =-C 4 H4 - 
105: Ri=H, R2 =CH3

Reagents and conditions: (a) Dimethylformamide, oxalyl chloride; (b) triethyl phosphite; (c) NaH, dry

toluene; (d) lOM HCl, 50°C

Schem e 2.4; Preparation o f  the enamine phosphonate o f  thiophene-carboxaldehyde derivatives and

subsequent hydrolysis to acetic acids

2.1.3 Chlorination of substituted acetic acid derivatives

The majority of acid chlorides required for synthesis of our series o f P-lactams were 

commercially available. When required, the conversion of a substituted acetic acid to 

the corresponding acid chloride was achieved by reflux in thionyl chloride {scheme 

2.5)}^^ The reaction was monitored by IR until absorption appeared in the spectrum 

between 1790cm'' and 1815cm'', due to the carbonyl group stretching vibration in the 

acid chloride molecule. Compounds 106 -  111 were obtained by this method and are 

shown in table 2.1. Yields were over 75% for all compounds prepared. Due to the 

inherent instability o f acid chlorides, products were used immediately without further 

purification. Acid chloride 110 displayed instability when stored at room conditions 

and required storage under vacuum before use.
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o o
106-111

Reagents and conditions: (a) SOCI2, chloroform 

Sch em e 2 .5: C hlorination  o f  substitu ted p h en y la cetic  a c id s w ith  th ion y i ch loride

T a b le  2 .1 . A c id  ch lorid es 1 0 6  -  111 prepared by reflux  in th ionyi ch loride

0
R ^

%  Y ie ld
I.R . a b so r p t io n  (N a C I  

f ilm ) V , cm  ' ( - C = 0 )

106 R =  4 -N O 2 8 6 .7 1794

107 R =  4 -O C H 2C 6H 5 84.1 1809

108 R =  3 -O C H 2C 6H5 8 6 .7 1791

109 * R = 4 -N H C (0 )0 C H 2 C 6 H 5 76 .5 1801

110 CrV° 9 2 .2 1784

111 9 0 .9 1782

’•‘Indicates p rev io u sly  unreported com poun d
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2.1.4 Imine ‘Schiff b a se’ syn th esis

Imines, containing carbon-nitrogen double bonds, are not found extensively in nature 

as they are easily reduced. They are formed by nucleophilic attack o f  the lone pair o f 

electrons on the nitrogen atom on a carbonyl group (step sl, figure 2.2). This forms a 

tetrahedral intermediate that loses a molecule o f  water to give the double bond (step b, 

figure 2.2). The chemistry involved in the reaction is important biochemically for the 

interaction o f  carbonyl compounds with amino groups present in enzymes. The bond 

so formed is easily reduced with agents such as sodium borohydride.

a 9^ b .
'C = 0  ♦ H ,N -R  » *  -iC -N H R  -------»  '*C=NR
'  H* I - H P  ''

Figure 2.2: Imine bond formation

A table o f nine imines prepared by reflux in ethanol according to the general scheme 

illustrated in scheme 2.6 is presented below (112 - 121, table 2.2). These imines 

were obtained in yields o f over 50% with the exception o f  analogue 113 (7%). All 

compounds were purified by recrystallisation from ethanol. They were characterised 

by IR spectroscopy, using the -C =N - absorption o f  v 1630 cm ' to 1600 cm ''. 'H 

NMR spectroscopy shows a characteristic resonance at approximately 8 8.3 -  8.6 ppm 

attributable to the imine hydrogen. Imines 120 and 121 have extended chains linking 

the two aromatic rings. Imine 120 has a 'H  NM R chemical shift at 6 4.74 and a '^C 

NMR chemical shift at 6 64.82 (negative in D EPT-I35) corresponding to the extra 

CH2 moiety in this molecule. In the 'H  NM R spectrum o f imine 121, formed using 

/ram -para-m ethoxycinnam aldehyde, splitting is observed for the imine hydrogen due 

to the presence o f the extended double-bond system, with the imine hydrogen signal 

appearing at 5 8.28 ppm as a doublet with a J value o f  9.04 Hz.

O

' l / "
R5 j

R3

Reagents and conditions: (a) Ethanol, 3 hours, reflux 

Schem e 2.6: Preparation o f  im ines 112 -  121 by reflux in ethanol

112  -  121
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T able 2 .2 . S ch iff bases 112-121 synthesised including yield  and IR data.

C om pound

num ber
S tru ctu re Y ield (% )

I.R. V (K B r) cm  ' 

(-C = N -)

1 1 2 *

O C H 3 

^ ^ ^ O C  H a

H a C O " ^ ^ ^

87.4 1604

113 7.4 1619

114

^ O C H a

OC H a

54.8 1622

115

Q

0 
0

 
0 

0
CO 

C
O

X 
X

70.0 1628

116*

O C H a

^ ^ O C H a

j Q ^ N ^ ^ ^ O C H a

C 2 H5O

64.3 1604

117*

OCHa

^ k / O C H a

O T B D M S

64.3 1619

118*

OCHa

^ ? ^ O C H a

r ^ Y ^ N ^ ' ^ ^ O C H a

H a C O ' " ^ ^

N O 2

87.7 1616
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119*

O C H 3

H3C0^Y"^
Br

68.5 1620

1 2 0 *

O C H 3

53.5 1630

1 2 1 *

O C H 3

^ ^ 0 C H 3
56.7 1626

♦Indicates im ines previously unreported

It is usually much more difficult to obtain Schiff bases from ketone precursors such as 

acetophenone and benzophenone than from aldehydes. Anhydrous conditions, higher 

temperatures, longer reaction times and the removal of water with a drying agent or
•  •  •  Iby distillation are often required. For the three imines prepared in table 2.3, a 

number of conditions were attempted. Reflux in ethanol did not yield any product, 

and refluxing with benzene, molecular sieves and sodium bicarbonate'^^ was also 

unsuccessful. Imines 122 and 123 were successful formed in low yields from 4- 

methoxyacetophenone and acetophenone respectively by reflux for 8 hours in toluene 

in the presence o f molecular s i e v e s . I m i n e s  122 and 123 are previously known and 

the 'H NMR spectra are similar to those r e p o r t e d . A  singlet, integrating for 

three protons, at 5 2.23 ppm (122) and 6 2.31 ppm (123) due to the CH3 on the imine 

bridge is characteristic of the acetophenone-derived imines. Imine 124 was formed 

as an intermediate in the titanium chloride-catalysed reaction o f benzophenone and 

3,4,5-trimethoxyaniline {scheme 2.7) and was used to directly form P-lactams.’"*̂ The 

conditions required were relatively mild, with no heat required, but exclusion o f water 

was crucial. To achieve this, dry toluene was used as the solvent and the reaction 

was carried out in an inert atmosphere. A direct route to formation o f |3-lactams from 

aldehydes and amines was employed to prepare further substituted-benzophenone 

derived P-lactams 191 and 192 without isolation o f the imine (section 2.2.5).
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Reagents and conditions: (a) Anhydrous toluene, TiCh  ̂tri-n-butylamine, 20°C, 18 hours 

Scheme 2.7: Benzophenone-derived imine preparation

Table 2.3. Acetophenone and benzophenone derived imines 122 -  124.

Com pound

num ber
S tructu re Yield (% )

I.R. V (KBr) cm ' 

(-C=N-)

122 21.1 1633

123

OCH3

8.1 1633

124*

[ f ^  0 C H 3

10.6 1611

*Indicates imines previously unreported
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2.2 Synthesis of p-lactam combretastatin A-4 analogues

H istorically, the elucidation o f  the structure o f  penicillin  w ith its core P-lactam  ring 

structure provided the im petus for the developm ent o f  different chem ical pathw ays to 

synthesise p-lactam s. M ore recently, enantiom erically  pure p-lactam s have been 

em ployed as synthetic interm ediates for a w ide range o f  com pounds, including am ino 

acids, peptides and paclitaxel.'^^’ Three-, four-, five- and six-m em bered

heterocycles have also been prepared from  the four-m em bered P-lactam  scaffold.

A diverse range o f  biochem ical and pharm acological actions have since been 

attributed to com pounds containing the P-lactam  ring structure (section 2). There is 

much interest in the developm ent o f  novel and m ore efficient m ethods for synthesis o f  

these heterocycles. The m ethods for the form ation o f  the P-lactam  ring can be 

classified by the bond form ed in the reaction: the am ide bond (Ni -  C2), the different 

carbon-carbon bonds (C2 -  C3) and (C3 -  C4) and the (C4 -  N|) bond {figure 

M ultiple bond-form ing reactions are also possible.

3 I 4 
r h

/VW* w w

O  < ^

Figure 2.3: Sites for (3-iactam bond formation

Construction o f  the N 1 -  C2 am ide bond is m*ost com m only achieved by dehydration 

o f  P-amino acids. The success o f  different m ethods depends on the structural

features o f  the substrate and product. C ondensing agents such as

dicyclohexylcarbodiim ide can be em ployed to im prove the reaction yield. C reation 

o f  carbon-carbon bonds is generally m ore difficult than obtaining carbon-nitrogen 

am ide bonds. For this reason, C2 -  C3 bond form ation is seldom  used to synthesise P- 

lactam s. It has been achieved w ith the use o f  organom etallic species as precursors to 

the P-lactam  ring. The sam e is true o f  the form ation o f  a C3 -  C4 bond.'^^

The C4 -  Ni is the bond form ed in the natural biosynthesis o f  azetid inone-containing 

antibiotics. M ethods for synthesis o f  a P-lactam  ring through the C4 -  N| bond 

predom inately involve the intram olecular d isplacem ent o f  a leaving group attached to 

carbon 4 w ith an appropriately activated nitrogen. This has been achieved as an S n2-  

type displacem ent o f  a prim ary halogen by an am ide nitrogen under basic conditions. 

W ith this approach substitution at position 4 is usually absent.
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In the present work, four different approaches were used to prepare P-lactams, all 

involving multiple bond forming reactions. The first, the Staudinger reaction, is 

discussed in the next section. The second method utilises a modified Staudinger 

reaction using acetic acid precursors with triphosgene as an acid activating agent. 

The third method is the well-known Reformatsky r e a c t i o n . F i n a l l y ,  a one-pot 

synthesis using a titanium(IV) chloride as a catalyst was used to produce 4,4-diphenyl 

p-lactams.

2.2.1 The Staudinger reaction

The Staudinger reaction, a cycloaddition reaction between a ketene and an imine, has 

been known since 1907. The conditions used in initial reactions were extremely 

harsh, with temperatures of 180 - 200°C, but milder conditions were soon 

employed.'"** It has been used extensively for the synthesis of monocyclic (3-lactams 

although bicyclic, tricyclic and spirocyclic P-Iactams have also been obtained by this 

a p p r o a c h . T h e  reaction requires an imine, a tertiary base and acid chloride (or 

equivalent).

The stereochemistry o f the product obtained varies depending on numerous factors, 

including the reaction conditions, the order o f addition of the reagents and the 

substituents present on both the imine and on the acid c h l o r i d e . R e a c t i o n  of 

polyaromatic imines produces exclusively trans P-lactams, probably due to steric 

constraints. Cis and trans isomers can be differentiated using 'H NMR spectroscopy, 

as the coupling constant for the cis isomers is higher than that of the trans products
I *70

(5-6 Hz for the former compared to 2.5 Hz for the latter ). To date, no rules have 

been discerned that predict the stereochemical outcome of the Staudinger reaction.

Two mechanisms for the Staudinger reaction have been proposed and investigated 

extensively, with evidence to support both.*^^’ The first of these is the ‘ketene

mechanism’ while the second is acylation o f the imine. In the first mechanism (I), a 

highly reactive ketene species is generated from an acid chloride, acetic acid or other 

suitable precursor. Then, nucleophilic attack o f the imino nitrogen on the sp- 

hybridised carbon of the ketene occurs from the least hindered side o f the ketene
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^figure 2.4). A zwitterionic intermediate is formed which then undergoes a [2+2] 

conrotatory cycloaddition r e a c t i o n . O n e  study concluded from kinetic data that the 

azetidinone products arose completely from a ketene intermediate and not via direct 

acylation of the imine with the acid chloride.

‘4 v R2 Ri
c=c=o 

1 ^ + C=N/5̂ R 3

Ketene Imine

R

R4.
/ I

R3 c - o  
C .-0  

R^

O

R4

Ri
-N

O ' Ri

Zwitterionic interm ediate 

Figure 2.4; The ketene reaction mechanism I for p-lactam formation

C/'s and/or tran s  isom ers if 
chiral cen tres are p resen t

The second proposed mechanism (II) involves acylation o f the imine by the acid 

halide, as shown in figure 2.5. Proton abstraction from the A^-acyliminium chloride 

intermediate would form a zwitterionic intermediate, and the mechanism proceeds as 

above. The zwitterionic intermediate has been isolated by trapping with ethanol. 

A^-acyliminium chloride has been isolated from a reaction between cyanoacetyl 

chloride and imines.’^̂

R3 R4 RixRa R4° Y ^  u
R /  0  R2

Ri.Rs .Ra Ri.Ra .R4
-Cl

O R2 O R2

Figure 2.5: The reaction mechanism II for P-lactam formation via acylation o f  imine

Microwave-assisted synthesis of P-lactams by the Staudinger route has been 

investigated. In one study five a-amino-P-lactams were synthesised both by 

traditional methods and using low microwave irradiation. Increased yields of 

between 22 and 46% were obtained with low microwave irradiation. In addition, the 

reaction only took 3 minutes when microwaves were used. The same author found

Chapter 2: Chemistry o f  ji-lactam CA-4 analogues 102



that lower levels of microwave irradiation favoured cis P-lactam formation. It was 

also proposed that the cyclization reaction involves multiple pathways some of which
1511are highly accelerated by microwave irradiation (and/or higher temperature).

In the following section, an efficient route for synthesis of a library o f 3-substituted P- 

lactams was investigated. To obtain a comprehensive panel of products for 

antiproliferative evaluation, the pattern of substituents observed on the A and B rings 

of CA-4 ( 12, figure 1.7) were included in our compounds. This work is described in 

the next sections.

In figure 2.6, the synthesis of the starting materials required as synthetic precursors 

for construction of the P-lactam ring and the synthesis o f P-lactams by the Staudinger 

route is illustrated. The left side of the diagram indicates imine formation while the 

right side shows substituted phenylacetic acid and substituted acid chloride 

preparation. In selected examples, it was necessary to use protecting groups for 

hydroxy derivatives that directly mimic the substitution pattern o f CA-4 or for amino 

derivatives. Imine, substituted acetic acid and substituted acid chloride synthesis 

have been described in the preceding sections. The next section describes the 

synthesis o f a diverse series of P-Iactams by the Staudinger route.
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Imine synthesis  

O

Ri
NH,

Section 2.1.4

Acid chloride/acetic acid synthesis
0

. A h

1 Section 2.1.2

o
I Section 2.1.3  

o,
O

OH

O
+ triphosgene

Section 2.2.1 
y Staudinger reaction

Figure 2.6: Scheme showing the general route for synthesis o f  imines, acetic acids, acid chlorides and

(3-lactams

2.2.1.1 The Staudinger reaction; Standard method

The majority of P-lactams were prepared using the standard Staudinger method (125 -  

142, scheme 2.8). This involves addition of the appropriately substituted imine and 

base, subsequent slow dropwise addition of the acid chloride followed by reflux in 

dichloromethane for three hours. The P-lactams 125 -  142 obtained by this method 

are shown in table 2.4. In order to discern a comprehensive structure-activity 

relationship, the majority of this series of compounds differ only in the substitution 

pattern at position 3 of the P-lactam ring. Any phenolic groups at the 3-position of 

the P-lactam ring were protected with a benzyl ether while those at the 4-position of 

the P-lactam ring were protected as silyl TBDMS ethers. The isolated, purified yields 

were extremely low, generally below 10%, with the exception of 3,3-diphenyl 

analogue 138. This compound was isolated in 70% yield and was purified by 

recrystallisation from ethanol. P-Lactam 139 also formed in a relatively high yield of
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29%. Silyl protected analogues 132  -  134  were only crudely purified using flash 

column chromatography using silica gel prior to desilylation as attempted separation 

o f the silylated P-lactam from the silylated imine in the reaction mixture resulted in 

the loss o f product.

+ R
R4

R,

125-142

Reagents and conditions: (a) Triethylamine, dry DCM, reflux, 3 hours 

Scheme 2.8; Staudinger reaction scheme

Table 2.4. P-Lactams 1 2 5 -  142 prepared by the standard Staudinger method.

Com pound

num ber

S tructu re

R ,L /O C H 3

> - N  
0  > T ^ o c h 3

/ ^ O C H o
H3 CO

Yield (% )
M elting 

point (°C)

I.R. Vn,„ cm ' 

(C = 0) 

(NaCI film or 

K B r disk)

125 R, = 3 -OCH3; R2 = H 1.5 147 1749

126 R, = 4 -OCH3; R2 = H 3.3 Oil 1746

127 R, = 3,4-0CH3; Rj = H 1.1 151 1745

128 R, = 4-Cl; R2 = H 3.8 80-85 1746

129 R, = 4 -OCH2C6H5; R2 = H 5.1 122 1741

130 R, = 3 -OCH2C6H5; R2 = H 16.8 Oil 1728

131 R, = H; R2 = NO2 3.1 131-133 1737

132 R, = 4-F; R2 = OSi(CH3)2C(CH3)3 Crude Oil Nd

133
R, = 4 -OCH2C6H5; R2 = 

OSi(CH3)2C(CH3)3
Crude Oil Nd
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134

TBDMSO
\ OCH3

°  V ^ O C H a

/ ^ O C H a  
H3 CO ^

Crude Oil Nd

135

OCH 3

0  y'^ocH3
0 CH3  

H3 C0  ^

15.0 144 1744

136

OCH 3aa
0  V ^ 0 CH3

/ ^ O C H s
H3 CO

4.6 115 1756

137

OCH 3

y s

Jr-N
°  V ^ 0 CH3

/ ^ ^ 0 CH3  

H3 C 0  ^

0.6 Oil 1746

138

V ^ O C H a

/ ^ O C H g  
HaCO ^

70.3 167 1729
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139*

OCH 3

°  V ^ O C H s

/ ^ 0 CH3
H3 CO

29.4 183 1737

140

H3 CO
H3 C0 ^ \ O C H 3

°  0
8.4 146 1759

141

OCH 3

0 0
A

H ^ C O - k ^
f  OCH 3  

H3 CO ^

1 3 Oil 1751

142

0  V ' ^ 0 C H3

/ ^ O C H g  
H3 CO ^

5.9 Oil 1747

*TBDMS=?er/-Butyldimethylsilyl; Only one enantiomer is illustrated for clarity. All compounds are
previously unreported. *Formed as a mixture o f  cis and trans isomers. Nd: not determined.

1 1 3The products of the Staudinger reaction were characterised by IR and H and C 

NMR spectroscopy, showing IR absorptions at approximately v 1750 cm ' 

corresponding to the carbonyl group o f the P-lactam ring. The majority o f analogues 

show two doublets between 6 4 and 6 5 ppm in 'H NMR spectra, attributable to the 

two protons attached to the P-lactam ring at positions 3 and 4. With the exception of 

P-lactams 138 and 139, all of the P-lactams listed in table 2.4 were obtained with
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exclusively tram  stereochemistry, with J values o f  between 2 to 3 Hz for the protons 

attached to the 3 and 4 positions o f the ring; this is most likely due to steric hindrance 

in the cis form. '^C NM R spectra show signals at between 5 50 and 5 60 ppm 

assigned to the carbon atoms o f the P-lactam ring system, with C3 appearing further 

upfield than C4, while the carbonyl carbon o f  the azetidinone ring appears at 

approximately 5 165 ppm. The exceptions are for compounds 138 and 139, which 

are di-substituted at position 3 o f  the P-lactam ring. 3,3-Diphenyl P-lactam 138 

exhibits a singlet at 5 5.74 ppm due to the proton attached to position 4 o f the ring. 

An X-ray crystal structure o f 138 was collected on a Rigaku Saturn 724 CCD 

Diffractometer and is illustrated as an ORTEP diagram in figure 2 .7 (full data is 

contained in Appendix 1).

3-Methyl-3-phenyl P-lactam 139 was obtained as a mixture o f  cis and trans isomers. 

The isomers crystallised from ethanol at different rates, and so could separated by this 

method. X-ray crystal structures o f both isomers were obtained (see Appendix 1 for 

full details) and are shown in figures 2.8  and 2.9. In figure 2.8, the two phenyl rings 

at positions 3 and 4 o f the ring are on the same side o f  the ring (cis), while in figure  

2.9, they are in the trans configuration. In the trans X-ray crystal structure, both 

enantiomers can be seen. The NMR spectroscopy profiles o f  the two isomers showed 

slight differences. Comparison o f the chemical shift values o f  the proton at position 

4 o f the ring shows that the cis isomer has a shift value o f  5 5.00 ppm while the 

corresponding proton in the trans isomer has a value o f 5 5.19 ppm. Differences in 

chemical shift due to the methyl group at position 3 were also evident in the '^C NM R 

spectra, with a value o f 5 24.34 ppm for the cis isomer {figure 2.10) compared to 5 

19.20 ppm for the trans isomer {figure 2.11).
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,OCH

OCH

138

Figure 2.7: Ortep representation o f the X-ray crystal structure o f 138 drawn with 50% thermal
ellipsoids

H52c
IH33

,H39H40 C32.
IC33C 39

C40l H3!

H34
C41, C3«

H41 IC37H36.
\C46

C42' H7a H 31a
)C45

IH44 127
C7/ H31 ■CSI

C2;
C 4 3 f f 7 * * ^  \ C 2 8H7e

C23 OI

C2<
)C24H26<

,C29
:25H30c H29bH29a

:30

H301
iH30b

OCH

OCH

139

Figure 2.8; Ortep representation o f the X-ray crystal structure of 139 (cis isomer) drawn with 50%
thermal ellipsoids
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Figure 2.9 ORTEP representation o f the X-ray crystal structure o f 139 {tram  isomer) with 50% thermal
ellipsoids
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Figure 2.10: '^C NMR spectrum o f P-lactam 139 (cis isomer)
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Figure 2.11: '^C NMR spectrum o f P-lactam 139 {trans isomer)
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2.2.1.2 The S taudinger reaction: Modified m ethod

For the synthesis o f selected nitro-containing azetidinones, it was necessary to use a

modified method, as the desired products did not form using the conventional

Staudinger reaction conditions described above or by acid-activating methods (to be

described in the next section). Failure to obtain P-lactams with 4-nitrophenylacetyl
1 8 '^chloride under standard Staudinger conditions has previously been reported. A 

modified procedure for successful synthesis o f nitro-substituted P-lactams is
1 R 7described and this procedure gave the desired P-lactam derivatives in moderate 

yields. The order o f addition of the reagents is changed in this method, adding the 

imine and acid chloride first, followed some hours later by slow addition o f the 

base. The reaction mixture is stirred overnight with no heat {scheme 2.9). The P- 

lactams 143 -  147 shown in table 2.5 were prepared in this way and formed 

exclusively as trans isomers. P-Lactam 143 was not obtained using the standard 

Staudinger route or by acid-activation with triphosgene (described in the following 

section). However, it could be synthesised in 3% isolated yield by the modified 

route, indicating the synthetic utility o f the change in conditions for the Staudinger 

reaction. In total, four P-lactams containing nitro groups were produced in this way. 

Bromine P-lactam derivative 145 was also synthesised by this method.

1 43 - 1 4 7

Reagents and conditions: (a) Triethylamine, dry DCM, overnight 

Scheme 2.9: Modified Staudinger reaction scheme
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Table 2.5. p-Lactams 1 4 3 - 1 4 7  prepared by a modified Staudinger method.

Compound

number

Structure

Ri R 2a o
OCH 3  

H3 CO ^

Yield (% )
Melting  

point (“C)

l.R . v„,a, cm ' 

(C = 0 )  

(NaCl film or 

KBr disk)

143 R, = NO 2 ; R2 = 4 -OCH3 3.3 165 1749

144 R, = F; R2 = 3 -NO 2 , 4 -OCH3 13.5 172 1737

145 R, = H; R2 = 3-Br, 4 -OCH3 3.7 82 1751

146
R, = NHCCOpCHjCftHj; 

R2 = 3 -NO 2 , 4 -OCH3
43.1 Oil Nd

147

OoN
\ OCH 3<Xp

J —N
0  y ^ 0 CH 3

/ ^ 0 CH 3
H3 CO

48.4 123 1742

Only one enantiomer is illustrated for clarity. All compounds are previously unreported. Nd: not 
determined.

2.2.1.3 The Staudinger reaction: Acid activation with triphosgene

P-Lactams can be obtained directly by the reaction o f  imines with substituted acetic 

acids with the use o f acid-activating agents. Many activating agents have been used 

in literature for this purpose, for example, M ukaiyama’s reagent (2-chloro-A^- 

methylpyridinium iodide), triphosgene, ethyl chloroformate, trifluoroacetic anhydride, 

/7-toluene-sulfonyl chloride and various phosphorous derived reagents. Many other 

acid-activating agents have been r e p o r t e d . I t  appears that P-lactams obtained by 

reactions with acid-activating agents are produced with the same stereochemistry as 

P-lactams obtained by reaction with acid chlorides.

One example o f  an acid activating agent, triphosgene (148, figure 2.12) or bis 

(trichloromethyl) carbonate, is used in the synthesis o f a wide variety o f organic
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1compounds, including alkyl and acid chlorides. It appears that triphosgene 

behaves in many reactions as three molecules of phosgene {\49, figure 2.12).

^ 1 ^ 0  0 ^ 1  C I ^ C I

148 149

Figure 2.12: Structures o f triphosgene and phosgene

Triphosgene has been successfully employed as an acid-activating agent for the 

Staudinger reaction.'^'* The reaction conditions used were very mild, with addition of 

the reagents at -40°C and subsequent stirring for 12 hours at room temperature. 

Previous work in our laboratory modified the conditions to reflux for 4-5 hours
1 R 4followed by stirring at room temperature overnight {scheme 2.10). A table 

showing the P-lactams prepared using this method is presented below (compounds 

150 to 169, table 2.6). P-Lactams were prepared by this method where the 

appropriate phenylacetic acid was commercially available, but when the phenylacetyl 

chloride was not available. In few instances, acid-activation with triphosgene did not 

yield the desired product. In these cases, the phenylacetic acid was converted to the 

acid chloride and the reaction proceeded as described in the section above for the 

Staudinger reaction. Substituted acids that did not give any P-lactam product by this 

route were 4-nitrophenylacetic acid, 4-benzyloxyphenylacetic acid, 2-phenylpropionic 

acid and 3-(thiophen-2-yl)propanoic acid. The compounds were characterised by IR, 

'H and '^C NMR, mass spectrometry and melting point, where relevant.

The major advantage of this synthetic route is that it is a one-step synthesis from the 

appropriate substituted phenylacetic acid, without necessity for chlorination of the 

acetic acid, purification of the acid chloride and subsequent reaction with the imine. 

Yields are not greatly increased by use of this method compared to the conventional 

Staudinger route.
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15 0-169

Reagents and conditions: (a) Triphosgene, triethylamine, dry DCM, reflux, then stirring overnight 

Scheme 2.10: Staudinger reaction scheme with triphosgene as acid-activating agent

T able 2.6. P-Lactams 150 -  169 prepared using the acid activating agent triphosgene.

C om pound

n u m b er

S tru c tu re

/O C H 3

0  V ^ O C H a

/ ^ O C H ,
H3 CO

Yield (% )
M elting 

po in t (°C)

I.R. v„,„ cm ' 

(C = 0 )  

(N aCI film o r  

K B r d isk)

150 R = 2 -OCH 3C6H4 2.5 123 1738

151 R = 3,4,5-0CH 3Q H 2 1.5 184 1748

152 R = 4 -SCH 3C6H4 4.9 1 1 0 1734

153 R = 4 -CH 3C6H4 7.8 135 1746

154 R = 4-BrC6H4 4.8 1 2 0 1747

155 R = 4 -FC6H4 7.5 1 2 0 1743

156 R = 3,4-CIC6H3 0.7 137 1747

157 R = 3,4-FC6H3 6.4 132 1749

158 R = 4 -CF3C 6H4 1 . 0 126 1748

159 R = 1 -naphthyl 6.9 164 1741

160 R = 2-naphthyl 2.5 150 1739

161 R = benzo [b] thiophene 5.6 118 1747

162 R = 5-methyl-thiophen-2-yl 5.5 Oil 1736

163 R =  1-m ethyl-lH -indol-2-yl 11.9 77-78 1747

164 R = furan-3-yl 4.9 127 1743

165 R = thiophen-3-y! 19.2 130 1750
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166*

TBDMSO
\ , 0 CH3

0

/ ^ O C H g
H3 C0

8 . 1 151-152 1739

167

0 CH 3
HaCO^ /  ̂ OCH3

°  0
5.0 156 1735

168

O2N
C6H5H2CO. .OCH3

0  y ^ y o c H j

/ ^OCH, 
H3CO ^

Crude Oil Nd

169*

TBDMSO
C6Hs0 (0 )CHN \ OCH3

__
0  / r ^ O C H a

1 ^OCH3 
H3CO ^

Crude O il Nd

♦TBDMS=/er/-Butyldimethylsilyl; Only one enantiomer is illustrated for clarity. All compounds are 
previously unreported. Nd; not determined.
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2.2.2 The Reformatsky reaction

The Reformatsky reaction was first introduced in 1887 and has been defined as ‘a 

reaction resulting from metal insertions into carbon-halogen bonds activated by 

carbonyl-, carbonyl-derived or carbonyl-related groups in vicinal or vinylogous 

positions with practically all kinds of electrophiles’.'*^ It is a useful method for the 

formation of carbon-carbon bonds. The precursor is an organozinc compound with a 

nucleophilic a-carbon of the type shown in figure 2.13. The Reformatsky reaction 

has the advantages o f proceeding under neutral conditions, having a selective site of 

reaction, determined by the position of the halogen. It is limited by lower yields 

(when compared to the aldol reaction) and loss o f control over the stereoselectivity of 

the products.'*^ A scheme for the reaction is shown in figure 2.13. Zinc inserts into 

the carbon-bromine bond and this organozinc intermediate reacts with the electrophile 

(ketone) to form a new carbon-carbon bond and a P-hydroxyalkanoate. This is the
185classical form of the Reformatsky reaction.

H2 Zn H2 P
B r—C -C ---------► BrZn—C C

O E t OEt

O

R i^ R 2 R 2 p Z n B r
Ri-V O ------ ►

H2C-< H2C-C
OEt OEt

Figure 2.13: Organozinc precursor used in the Reformatsicy reaction

Imines function as electrophiles to react with a-haloesters in the Reformatsky reaction 

to form P-lactams, the corresponding P-aminoesters, or a mixture of the two 

compounds. It is a one-pot reaction in which zinc is normally added directly to the 

other reagents. The Reformatsky reagent reacts directly with the imine, and the 

intermediate then cyclicizes. There is no need for the organometallic intermediate to 

be formed, as is the case for Grignard reactions. Several possible mechanisms have 

been proposed, but the ketene mechanism was ruled out by a stereochemical study.

Use of activated zinc gives an improved yield in the Reformatsky reaction. There are 

many methods to activate zinc, e.g. by washing with nitric acid. Various chemicals 

have been used for depassivating zinc, including 10% HCl and trimethylchlorosilane
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1(TMCS). Previous work in our research group found TMCS to be better for this 

purpose than both iodine and zinc washed with 10% nitric acid.'"*  ̂ Different metals 

have also been used, but indium is the only one reported to aid the synthesis of (3- 

lactams.'*^

The Reformatsky reaction has been promoted with high-intensity ultrasound and gave 

high yields of some P-lactams, but was unsuccessful when the reactants contained
I QT

bulky groups. An investigation into the optimisation o f this reaction with use o f a 

microwave synthesiser was carried out in our laboratory previously, with the result 

that the yield was slightly increased but, more significantly, the reaction time was 

decreased by 7.5 hours (30 minutes compared to 8 hours).

Five P-lactam CA-4 analogues 170 -  174 {table 2.7) were prepared using zinc and 

TMCS in a microwave-assisted reaction {scheme 2.11) by a method previously 

optimised.''*^ The yields were moderate, between 4.7% and 43%, with a notable 

increase in yield for 3-unsubstituted derivative 170 (43% compared to less than 10% 

for the other compounds, table 2 .7).

O
Brv

+O CH3 _  ^  .R
R7

6

1 7 0 - 1 7 4
Reagents and conditions: (a) Zinc, trimethyichlorosilane, anhydrous benzene, microwave 

Scheme 2 . 1 1: Reformatsky reaction for p-lactam synthesis
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Table 2.7. P-Lactams 1 70 -1 74  prepared using TMCS and zinc in a Reformatsi<y reaction.

Compound

number

Structure Yield

(% )

Melting

point

(»€)

IR  Vmax cm ' 

(C = 0)  

(NaCI film or 

KBr disk)

170

0  V ^ O C H s

OCH 3  

H 3 CO ^

43.0 70-71 1747

171

OCH 3  

0^,0
0  V ^ O C H g

/ " ^ O C H s  
H3 CO ^

6 . 8 108 1753

111*

TBDMSO
V  , 0 C H 3

°  V ' ^ O C H a

OCH 3

H 3 CO

4.7 1 1 0 1718

173

H3 CO
\ OCH 3

Q ,& och3

°  Q
OCH 3

6 . 8 143 1755
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109 1754174

OCH

*T BD M S=/e/-/-B utyldim ethylsilyl; O nly one enantiom er is illustrated for clarity. A ll com pounds are
previously unreported.

P-Lactam 171 was crystallised slowly from methanol over a period o f  two months and 

the solved X-ray crystal structure is shown below in figure 2.14. The data for crystal 

171 was collected on a Rigaku Saturn 724 CCD Diffractometer and is contained in 

Appendix 1. The tram  arrangement o f  the protons at positions 3 and 4 o f  the p- 

lactam ring can be seen from this structure. The 'H NMR spectrum o f 171 is shown 

below in figure 2.15. The protons at positions 3 and 4 show doublet signals at 6 4.31 

and 8 4.90 ppm respectively, with a J value o f 2.52 Hz indicating formation o f  the 

trans isomer. The signals at 5 3.75, 3.80 and 3.85 ppm are attributable to the 

methoxy groups, while the aromatic protons show chemical shift values between 5 

6.63 and 7.42 ppm. In the '^C NMR spectrum o f 171 {figure 2.16), the C3 and C4 o f  

the P-lactam ring have chemical shift values o f 5 63.39 and 64.58 ppm respectively, 

the methoxy carbons lie at 5 54.92, 55.57 and 60.51 ppm and the aromatic carbons 

between 5 94.37 and 159.49 ppm. The carbonyl carbon o f  the azetidinone ring 

appears furthest downfield at 6 165.21 ppm.

H3 I
I C2<

.OCH

113

OCH

O hii

171

Figure 2.14: Ortep representation o f  the X-ray crystal structure o f  171 with 50% thermal ellipsoids

Chapter 2: Chemistry o f  P-lactam CA-4 analogues 120



Figure 2.15: ‘H NMR spectrum o f P-lactam 171

9 f ? r > 0 9  0 0 h - w < o  
O O O N N M W N

pcH a

ss s ss
W I V

—r~  
160 140 120 100 80 60 [ppm]

Figure 2.16: ' C NMR spectrum o f P-lactam 171
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2.2.3 Deprotection of p-lactams

2.2.3.1 Removal of the TBDMS protecting group

A number of P-lactams (92, 175 -  79, table 2.8) required protection as of the phenol at 

position 3 of the 4-phenyl ring as silyl ethers. The silyl group can be removed using 

tetrabutylammonium fluoride {T^A¥){scheme 2.12), as a F-Si bond is much stronger than
I f O

an 0-Si bond. This deprotection is carried out in an ice-bath to avoid decomposition of 

the P-lactam ring. The reaction was rapid, generally completed in under 15 minutes, and is 

monitored by TLC. Due to difficulties in separation of silylated imines and silylated P- 

lactams formed in the initial reaction mixture, removal of the TBDMS group was carried 

out before final purification. The products were fully characterised by spectroscopy. IR 

spectroscopy showed the appearance of broad signals at v 3350 -  3500 cm'' due to the 

phenolic hydroxy group {table 2.8). Analogues 176 and 177 were further deprotected as 

described in the following sections, and were not characterised any further at this point in 

their synthesis.

T DfMlilO/^ HO

92, 175 - 179

Reagents and conditions: (a) TBAF, THF, 0°C, 15 min 

Scheme 2.12: Removal o f  the TBDMS protecting group
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T a b le  2.8 . P heno lic  p-lactam  C A -4 analogues 92 and  175 -  179.

C o m p o u n d

n u m b e r

S tr u c tu r e

H O
R \  ,0 C H 3  

/ / — ^
°  y ' ^ O C H g

/ ^ O C H a
H 3 C O

O v e ra ll

Y ield

(% )

IM elting

p o in t

(»C)

I.R . cm  ' 

( C = 0 ,  O H ) 

(N aC I film  o r  

K B r d isk )

92 R =  H 97.3 1 1 0 1718; 3526

175 R =  F 2 . 1 Oil 1 7 4 4 ;3 3 6 8

176 R = O C H 2 C 6 H 5

96.8

(crude)
O il N d

177 R = N H C (0 )0 C H 2 C 6 H s
33.7

(crude)
Oil N d

178

H O
\ O C H 3a i )

0  V ' ^ O C H a

0 0  H 3

H 3 C O

1.3 113-114 1 7 2 1 ;3 5 2 7

179

H O
V . 0 0  H3

0  V ^ 0 0 H 3  

0 0  H3

H 3 C 0

8 . 1 151-152 1739 ;3481

O nly one enan tiom er is illu stra ted  for clarity . A ll com pounds are  p rev iously  un repo rted . N d: no t determ ined.
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The 'H and '^C NMR spectra for p-lactam 178 are shown in figures 2.17 and 2.18, 

subsequentially identified as one of the most active compounds in antiproliferative assays 

{chapter J). All of the signals in the spectra were assigned and are shown beside the 

structures. The methoxy groups are characterised by absorptions at 5 3.76, 5 3.80 and 6 

3.93 ppm. The phenol is observed at 8 5.75 ppm. The signals at 5 6.62 to 5 7.31 ppm are 

attributable to the protons attached to the phenyl and thiophene rings (see figure 2.17). The 

doublets at 6 4.48 and 6 4.87 ppm are assigned to the hydrogens on position 3 and 4 of the 

P-lactam ring respectively. The coupling constants of 1.68 Hz and 1.72 Hz indicate that the 

only isomer present is the trans form. This is a pattern observed for all of the 3-phenyl 

substituted P-lactams. Cis isomers would have higher coupling constants in the order of 6 

-  8 Hz.’ *̂ The '^C NMR spectrum of 178 is shown in figure 2.18. The singlet at 5 164 is 

assigned to the carbonyl group on the azetidinone ring. The other two carbons on the p- 

lactam ring at C3 and C4 have chemical shift values of 6 60.51 and 6 64.07 ppm 

respectively. The methoxy groups are observed at 6 55.58, 5 55.61 and 5 59.69 ppm, 

while the aromatic carbons lie between 6 94.50 and 6 153.06 ppm. For the full assignment 

of all signals, see figures 2.17 and 2.18.
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Figure 2.17: ‘H spectrum of thiophene P-lactam 178

0> CO

V
sc
C i CJ

V .
o

[ppm]

Chapter 2: Chemistry o f  fi-lactam CA-4 analogues 125



Figure 
2.18; '̂C 

NM
R 

spectrum
 

of thiophene 
P-lactam

 
178

<no

o

O

146.53
145.93

135.68
133.17

129.53
126.87
125.27
124.86

117.35

111.45 
110.59

oo

COo

( T )o

■o
TS
3

163.89

153.06

pi
a

O Ti
to toCJ
e

ui
e >

-  94.50

64.07

60.51
59.69

^  55.61 
^ ^ 5.58



2.2.3.2 Deprotection of benzyloxy protected phenolic g roups

Four phenolic (3-lactams were protected using the benzyl group, which can be 

removed by hydrogenolysis. Previous accounts found that the cleavage of the N-C4 

bond in P-lactams was much faster than cleavage of the benzyl-oxygen bond, with the 

substituents at different positions of the ring determining which cleavage occurs 

f i r s t . I n  our syntheses, this was not the case and the p-lactam remained intact 

throughout the hydrogenolysis of the benzyl group {scheme 2.13). The reactions 

were monitored by TLC. Products 180 -  183 were obtained in high yields up to 

100% for this step, and generally did not require further purification. A scheme for 

the deprotection is shown in scheme 2.13. A table o f phenolic compounds prepared 

by this method is below in table 2.9. IR spectroscopy showed the appearance of a 

broad signal at approximately v  3300 -  3500 cm ' due to the phenolic hydroxy group 

in addition to a signal at between u 1720 cm'' and 1740 cm'' attributable to the 

carbonyl group of the P-lactam ring (see table 2.9). Products were also characterised 

by NMR spectroscopy.

.OCH

HO

OCH

OCH

.OCH

OCH

1 8 0 - 1 8 3

Reagents and conditions: (a) Pd/C, EtOH. EtOAc (1:1) 

Scheme 2.13: Deprotection o f  benzyl protected P-lactams
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T able  2.9. Deprotected P-lactams 180 -  183 containing phenolic and amino substituents.

C om pound

n u m b er

S tru c tu re

L /O C H 3

0 0  H3
H 3 C O

Yield

(% )

M elting  

po in t ("C)

I.R . Vn,„ cm ' 

(C = 0 , O H ) 

(N aCI film o r  

K B r d isk)

180 R,= 4-OH; R2= H 1 0 0 155 1725;3543

181 R ,=  4-OH; R2= o h
2.87

(overall)
152 1720;3368

182 R,= 4-OH; R2= NH 2 97.6 177 1738;3370

183 R,= 3-OH; R2= H
16.52

(overall)
186 1736;3500

Only one enantiom er is illustrated for clarity. All com pounds are previously unreported.

2.2.3.3 Deprotection of the Cbz-group from amino protected compounds

Two amino-containing phenylacetic acids were protected with the carboxylbenzyl 

(Cbz) group for the Staudinger reaction. Removal o f this group from the p-lactam 

final product is achieved by hydrogenolysis and the same conditions used in the 

preceding section for the removal o f the benzyl group were also successful for 

removal o f the Cbz-group (scheme 2.14), leaving the (3-lactam ring structure intact. 

Reactions were monitored by TLC. Both compounds 184 and 185 were isolated as 

yellow/orange oils in greater than 39% yield for this step {table 2.10). Products were 

fully characterised and IR spectroscopy showed the appearance of a broad signal at 

approximately v 3350 cm"' due to the amino group in addition to a signal at between u 

1720 cm'' and 1740 cm’’ attributable to the carbonyl group o f the P-lactam ring (see 

table 2.10).
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OCHHN

OCH
H,CO

146 , 177

.OCH

OCH
H3CO

184 , 185

Reagents and conditions: (a) H;, Pd/C, EtOH. EtOAc (1:1)

Scheme 2.14: Deprotection ofbenzyl protected p-iactams

Table 2.10. Further deprotected P-iactams 184 and 185 containing amino and phenolic 

groups.

Com pound

num ber

S tructu re

R
H2 N V O C H 3 0  6

0  V ^ O C H a

T '^ O C H 'x
H3C 0

Yield

(% )

l.R. v„,a, cm ' 

(C = 0 , NH2) 

(NaCI film or KBr 

disk)

184 R =N H 2 50.1 1729;3332

185 R= OH 39.4 1737;3370

Only one enantiomer is illustrated for clarity. All compounds are previously unreported.
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2.2.4 Further amino p-lactam derivatives

Amino-containing P-lactams 182 and 186 -  189 {table 2.11) were prepared from their 

nitro precursors by reduction using zinc and acetic acid {scheme 2.15). This is a 

gentle method previously used for nitro reduction o f naphthalene CA-4 analogues.'*^ 

Using this procedure, the P-lactam ring remained intact. Nitro groups at both 

positions 3 and 4 o f the P-lactam ring were successfully reduced and the amino- 

products were formed from their nitro precursors in over 40% yield in all cases. 'H 

NMR spectra of the amino P-lactams show the disappearance of an aromatic signal in 

the region of 6 7.94 compared to their nitro precursors, due to a change in the 

chemical shift o f the proton adjacent to the nitro/amino group. The characteristic 

doublets in the 'H  NMR spectrum of 186 at 5 4.30 and 6 4.79 ppm attributable to the 

protons at positions 3 and 4 o f the ring have J values o f 2 Hz and 2.48 Hz, indicative 

o f a trans isomer. The amino group appears at as a singlet at 5 5.32 ppm, the 

methoxy groups at 5 3.76, 3.80 and 3.89 ppm and the aromatic protons downfield 

between 5 6.66 and 6.39 ppm. In the '^C NMR spectrum of 186, the carbons of 

positions 3 and 4 of the P-lactam ring have chemical shift values o f 8 63.64 and 8 

64.46 ppm respectively, while the methoxy carbons are observed at 6 55.13, 55.59 and 

60.51 ppm. The aromatic carbons show chemical shift values between 8 94.39 and 8 

153.02 ppm. The carbonyl carbon appears furthest downfield at 8 165.34 ppm.

P-Lactam 185 (table 2.10) was also prepared firstly by protection o f the amino group 

on the phenylacetic acid with the Cbz-group. This group is removed by 

hydrogenolysis at the end o f the synthesis. The major advantage o f this route 

compared to the zinc/acetic acid method is the length of time required for the both 

reactions. The zinc/acetic acid reduction takes up to six days, but hydrogenolysis of 

the Cbz-group is complete in up to three hours. A second advantage o f use o f the 

Cbz-group over the nitro group is that the 4-nitrophenylacetyl chloride does not react 

by the normal Staudinger route, requiring modification of the conditions o f the 

reaction in order to form any p-lactam product. Use o f the triphosgene route with 4- 

nitrophenylacetic acid for P-lactam formation was also unsuccessful. These routes 

were successful when using acid-activation with triphosgene and the Cbz-protected 

acid, and with the conventional Staudinger reaction with Cbz-protected acid chloride.
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I

OCH

OCH

OCH

OCH

131 189

OCH

OCH

OCH

OCH

182, 186 - 188

Reagents and conditions: (a) Zn, CH 3 CO 2 H, 7 days 

Scheme 2.15: Synthesis o f amino substituted azetidinones
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T ab le  2.11. A m ino-containing azetidinones 182 and 186 -  189 prepared from nitro 

derivatives.

C om pound  n u m b e r

S tru c tu re

H jN
R  ̂ \ O C H 3Q *

°  y - ^ O C H g

0 C H 3  

H3 C 0  ^

Yield (% )

I.R . cm ' 

(C = 0 )  

(N aCI film )

182 R = OH (see also table 2.9) 73.2 1738

186 R = H 6 6 . 1 1742

187 R = F 59.5 1739

188

HoN
y O C H 3

°  V ^ O C H a

/ ^ 0 C H 3  
H3 CO ^

48.5 1749

189

H2 N O C H 3

J - N  
0  V ^ O C H g

/ ^ O C H a  
H 3 C O ^

41.8 1742

Only one enantiom er is illustrated for clarity. All com pounds are previously unreported.

Chapter 2: Chemistry o f  ̂ -lactam CA-4 analogues 132



2.2.5 O ne-step m ethod for p-lactam formation using titanium chloride

Benzophenone derivatives such as phenstatin (25, figure 1.10) have shown 

considerable antiproliferative efficacy comparable to CA-4 against a range o f cell 

l i n e s . D e s i g n  o f (3-lactam based analogues o f phenstatin requires the use of 

benzophenone-derivatives for appropriate substitution patterns at position 4 of the P* 

lactam ring. p-Lactams 190 -  192 {table 2.12) are di-substituted at the 4-position of 

the azetidinone ring. The imine precursors, derivatives o f substituted 

benzophenones, cannot be synthesised under normal reflux conditions in ethanol. It 

has been noted previously that it is more difficult to synthesise Schiff bases from 

ketone precursors such as acetophenone and benzophenone than from less sterically 

hindered aldehydes such as /?ara-methoxybenzaldehyde. Anhydrous conditions, 

lengthy reaction times, high temperatures and the use o f activated molecular sieves 

are normally required. A number of different reaction conditions were attempted. 

As mentioned above, reflux of the starting materials in ethanol was unsuccessful. 

Reaction of benzophenones with 3,4,5-trimethoxyaniline did not proceed when using 

4A molecular sieves, reflux and anhydrous t o l u e n e . R e f l u x i n g  with benzene, 

molecular sieves and sodium bicarbonate also did not yield any o f the desired 

i m i n e . A n  alternative, one-pot formation of P-lactams directly from the 

appropriately substituted benzophenones and anilines using titanium(IV) chloride was 

e x p l o r e d . I n  this reaction, the imine is generated in situ and the appropriate acid 

chloride is added to form the P-lactam by the Staudinger reaction mechanism. This 

method uses half an equivalent o f TiCU and the appropriate aniline and benzophenone 

in anhydrous toluene with tri-«-butylamine as the base {scheme 2.16). After stirring 

overnight, the appropriate acid chloride is added and the mixture is refluxed for 8 

hours. This method gave the desired P-lactams 190 -  192 in yields o f up to 20%. 

The 'H NMR spectrum of 190 {figure 2.19) shows a singlet at 5 5.18 ppm is due to 

the lone proton attached to the P-lactam ring at position 3. The methoxy signals 

appear at 5 3.59 ppm and 6 3.79 ppm, with the aromatic protons further downfield 

between 5 6.65 ppm and 5 7.62 ppm.
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Reagents and conditions: (a) Anhydrous toluene, TiCl^  ̂tri-n-butylamine, overnight, then phenyiacetyl
chloride, reflux, 8 hours

Scheme 2.16: Benzophenone-derived one-step p-lactam preparation 

Table 2.12. 4,4-diphenyl substituted azetidinones 190 -  192.

l.R. cm

(C =0)  

(KBr disk)

Compound
number Structure Yield (%)

17490.4190

OCH

OCH
20 . 1742191

OCH
H3CO

OCH 174217.3192

OCH

Ail compounds are previously unreported.
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Figure 2.19: 'H NMR spectrum o f P-lactam 190

2.2.6 Further p-lactams with modified substitution at the 3-position of the 

azetidinone ring

Subsequent to biochemical evaluation of heterocyclic P-lactam analogues of CA-4, it was 

discovered that thiophene substitution at the 3-position o f the P-lactam ring led to 

compounds with potent antiproliferative activity (compounds 136, 178, 179 and 188) 

(chapter 3). Further P-lactams with heterocyclic substitutions at position 3 of the ring were 

investigated, in particular those with thiophene motifs. Three reactions were carried out: 

substitution at the 3-position using an aldehyde to form 3-hydroxyl analogues, and then 

further reaction of these compounds to form the corresponding ketone and dehydrated p- 

lactams. These reactions are discussed in the next section.

P-Lactam enolates can be produced by deprotonation at position 3 o f the ring with strong 

bases and allow the introduction of numerous electrophiles, for example, hydroxyl, amine 

and phenylthio g r o u p s . I n  one work, substituted aromatic aldehydes were employed as 

the electrophilic species.'^* The reactivity of protons at position 3 of the azetidinone ring 

seems to be low, although it is possible to abstract one proton by the action of a strong base 

under aprotic conditions.'^* The reagent must be sensitive enough to allow the azetidinone 

ring to stay intact. Lithium diisopropylamide in tetrahydrofuran at -78°C is one such 

system that does not cause opening of the azetidinone ring {scheme 2.17). Immediate 

quenching of the non-isolable lithium intermediate with an appropriate aromatic aldehyde
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gives rise to 3-hydroxy substituted c o m p o u n d s . T h e  products (193 -  196, table 2.13)

were obtained as diastereomeric mixtures in moderate yields of approximately 50%, with 

the exception of 195, which was isolated in 16.5% yield. The P-lactams were fully

splitting from the adjacent protons. The proton at position 4 o f the P-lactam ring appears at 

6  5.41 and 6  5.61 ppm, while that o f the proton attached to the extended side-chain appears 

at 5 4.83 and 5 5.80. The J values o f 2.48 Hz and 2.52 Hz for the coupling o f H3 and H4 of 

the azetidinone ring of 193 indicate exclusively trans stereochemistry, and this was 

observed for all four P-lactams 193 -  196 synthesised. The stereochemistry for previously 

reported P-lactams was not specified.'** The '^C NMR spectrum shows the presence of 

diastereomers by the doubling up the number o f signals.

characterised and show IR signals at approximately v 3500 cm '' due to the secondary 

hydroxyl moiety. The 'H NMR spectra o f 193 shows the proton at position 3 of the P- 

lactam ring has a chemical shift of 6  3.52 -  3.56 ppm was identified as a multiplet due to

OCH 3

H

1 7 0 1 9 3  - 1 9 6

Reagents and conditions (a) LDA, dry THF, -78°C  

Schem e 2.17: p-Lactam 3-position substitution reaction
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Table 2.13. Products 193 -  196 with alcoholic substitution at position 3 o f the P-lactam ring.

Compound

num ber

S tructure
Yield (% )

M elting 

point (°C)

I.R. cm '

(C = 0 ; OH) 

(NaCI film)

193

OCHa

OH f t

/ y — ^
0  V ^ O C H a

/ ^ O C H g  
H3C0 ^

49.6 96 3463;1745

194

OCH3

OH

0  y^ocH3
0C H 3  

H 3C 0 ^

43.6 69 3438; 1745

195

OCH 3

OH ^

0  r ^ ^ O C H a

/ ^ 0 C H 3  
H3CO ^

16.5 186 3500;1736

196

^ ^ O C H a

OH

0  V ' ^ O C H a

/ ^ 0 C H 3
H3CO

50.2 Oil 3453;1740

Products were obtained as diastereomeric mixtures. Only one enantiomer is illustrated for clarity. All 
compounds are previously unreported.

Further transformation o f  these derivatives was possible by both oxidation and dehydration 

at the 3-position. Oxidation o f the secondary alcohol to obtain 3-substituted ketones was 

achieved by treatment o f the appropriate P-lactam with pyridium chlorochromate (PCC). 

PCC, an air-stable solid developed by Corey and Suggs in 1975'*^, is used for the oxidation
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of primary alcohols to aldehydes and secondary alcohols to ketones {scheme 2.18). On 

addition o f PCC to the reaction, the solution becomes briefly homogeneous before 

depositing the black insoluble reduced reagent. This residue can then be removed by 

filtration. Two thiophene-based (197 and 198, table 2.14) compounds were obtained by 

means of this reaction in moderate yields o f 27% and 18%. Full characterisation confirmed 

the conversion of the secondary alcohol to a ketone. IR spectroscopy showed the absence 

of broad signals at v 3500 cm"' indicative of the disappearance o f the hydroxyl group. The
I -5

C NMR spectrum of 197 shows a signal at 6 182.86 due to the newly formed carbonyl 

ketone group. The 'H  NMR spectrum of 198 shows a marked difference to that o f the 

starting alcoholic P-lactam, with two doublets at 6 4.71 and 5 5.66 ppm due to the protons 

on at position 3 and 4 of the P-lactam ring respectively. The appearance of these signals as 

doublets confirms the absence of an additional proton attached to the side-chain at position 

3. The J values o f these doublets (J=2.52 Hz) indicate the presence of the trans isomer.

193, 194 197, 198

Reagents and conditions: (a) PCC, DCM, stirring 

Scheme 2.18; PCC oxidation o f  secondary alcohols to ketones
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T able 2 .14 . Thiophene P-Lactams 197 and 198 with 3-position carbonyl groups.

Compound

number

Structure
Yield (%)

Melting 

point ("C)

I.R. v„ax cm ' 

( C = 0 )  

(NaCI nim)

197

/OCH3

0  V ^ O C H g  

OCH 3

H3 CO

27.3 123 1751

198

OCH 3

o\P
°  y'^ocH3

/ ^ OCHa
H3 CO

18.6 1 4 3 - 1 4 4 1735

O nly one enan tiom er is illustrated  for c larity . A ll com pounds are p rev iously  unreported .

Dehydration of 3-hydroxy-substituted p-lactams 193 and 195 derivatives leads to vinyl 

derivatives at position 3. The reactivity seems to depend on the substituents o f the 

aromatic aldehyde.'** Of a number o f methods, use o f /?-tosyl chloride in anhydrous 

pyridine gave the best results in one study. The same study also used 

trifluoromethanesulfonyl chloride and dry pyridine or, separately, boiling in acetic
I XX • •anhydride to prepare the dehydrated derivatives. Alternative experimental conditions

use mesyl chloride and sodium bicarbonate in dry methanol as dehydrating agents. We

employed /7-tosyl chloride in anhydrous pyridine as a dehydrating agent {scheme 2.19) to

give p-lactam derivatives 199 and 200 (table 2.15) in relatively low yields compared to

reported literature values (25 -  90%). Spectroscopic characterisation was carried out on
1 1 ^both products and the H NMR and C NMR spectra o f 199 are presented in figures 2.20 

and 2.21. The 'H  NMR spectrum shows disappearance o f the signal for the proton at 

position 3 of the [3-lactam ring, and the proton at position 4 appears as a singlet at 5 5.37 

ppm. The proton of the double bond has a chemical shift o f 5 6.45 ppm and also appears as 

a singlet. The methoxy protons appear at 6 3.77, 3.80 and 3.84 ppm and the aromatic 

protons between 5 6.68 and 5 7.72 ppm. In the '^C NMR spectrum, the carbon at position 4
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of the P-lactam ring shows a chemical shift o f 6 62.00 ppm. The proton attached to the 

double bond and carbon o f position 3 of the P-lactam ring appear downfield in the aromatic 

region of the spectrum, at 6 131.16 and 5 133.70 ppm respectively. Although ElZ 

isomerism at the double bond is possible, only one isomer was observed. Due to steric 

hindrance between the aryl substituents at positions 3 and 4 o f the azetidinone ring, it is 

likely that the cis isomer is the one that is observed.

,OCH

OH

R

OCH

.OCH

R

OCH

1 9 3 ,1 9 5  1 9 9 ,2 0 0

Reagents and conditions: (a) Tosyl chloride, anhydrous pyridine, reflux 

Scheme 2.19: Dehydration o f  3-alcoholic p-lactam derivatives 

Table 2.15. 3-Vinyl P-lactam analogues 199 and 200.

C om pound

n u m b er

S tru c tu re
Yield (% )

I.R . cm

(C = 0 )  

(N aC l film)

199 0 ^ -
0  V ^ O C H a

/ ^ OCHo  
H 3 C O  ^

29.3 1721

2 0 0

/O C H 3

°  ]r^ocH3
/ ^ O C H s

H 3 C O

9.0 1725

Only one enantiomer is illustrated for clarity. All compounds are previously unreported.
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PCHJ

V

7 6 5 4 [ppm]

Figure 2.20 'H NM R spectrum o f P-lactam 199

160 140 120 100 80 60 [ppm ]

Figure 2.21: '^C NMR spectrum o f (3-lactam 199
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2.3 Nucleophilic ring-opening reactions of p-lactams

From studies o f combretastatin A-4 analogues, it has been established that the cis 

configuration of CA-4 {\2, figure 1.7) is crucial for anti-proliferative a c t i v i t y . T h e  

P-lactams synthesised contain the necessary requirements for binding to the 

colchicine-binding site o f tubulin, namely a trimethoxyphenyl A-ring and a 

methoxyphenyl B-ring held in a c/.s-type conformation relative to each other. To 

investigate if an intact P-lactam ring is necessary for anti-proliferative activity, two 

ring degradation reactions were performed and the ring-opened products were 

evaluated for antiproliferative activity.

Cleavage of a P-lactam compound can take place on any of the four bonds in the 

strained ring system depending on the reaction conditions. Cleavage of the N1-C2 

bond usually takes place with nucleophilic reagents.'^' The hydroxide anion is 

frequently used as the attacking nucleophilic species. This reaction has been 

exploited as a route to amino acids, for example in the synthesis of aminated taxol 

side chain p r e c u r s o r s . T h e  synthetic pathway for inhibitors of blood coagulation 

factor Xa utilises P-lactam ring-opening reactions with sodium hydroxide in aqueous 

s o l u t i o n . T h e  ring-opening reaction o f 3-allyl-P-lactams with the methoxide ion 

and methanol has been investigated.'^' It was observed that deprotonation o f the 

hydrogen on C3 of the P-lactam ring leads to isomerization through a C=C double 

bond shift, followed by amidic bond cleavage to give the carbonyl intermediate as two 

diastereomers in a 1:1 ratio. The reaction was performed both at room temperature 

and under reflux. Other research investigated sodium alkoxide mediated amidolysis 

of unactivated a-dienyl-P-lactams, resulting in the formation o f the P-aminodienoic 

esters in yields of 75 -  92% using sodium methoxide (figure 2.22) or sodium ethoxide 

with the corresponding alcohol solvent. The conditions were mild with stirring for 1 

-2  hours at room temperature the only requirement.'^^ The reaction led to a single E- 

isomer, which is attributed to the stability of a butadienyl ketene intermediate. When 

the reaction was carried out using cis P-lactams with an equimolar quantity o f sodium 

methoxide, a conversion to the trans isomer was observed. This is thought to be due 

to abstraction of the proton on C3, followed by reprotonation to form the more stable 

trans isomer. An important observation is that the ease of hydrolysis is apparently a
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function of increasing size and number of substituents at the 3-position; with 

increased size and number hydrolysis becomes increasingly difficult.'^'*

O CH 3"

NHR
O' OCH 3

Figure 2.22: (3-lactam ring opening witii the methoxide anion

A ring opening reaction was carried out on azetidinone 92, as there was interest in 

determining whether the ring-opened ester would retain the nanomolar 

antiproliferative activity of its parent azetidinone. 4 equivalents o f sodium 

methoxide were used, and the reaction was carried out at room temperature for 8 days 

until complete on TLC. NMR analysis o f the product indicated that a mixture of 

isomers were present. The ring-opened product 201 is illustrated in scheme 2.20. 

The isolated yield was moderate at 33%. 'H and '^C NMR analysis of the product 

indicated a 50:50 mixture of two isomers (figures 2.24 and 2.25). In the 'H NMR 

spectrum, the protons formerly at positions 3 and 4 o f the |3-lactam ring are shifted 

slightly upfield and appear as doublets at 5 3.94 -  4.00 ppm and triplets at 5 4.83 -  

4.93 ppm respectively. The amino group appears as a doublet at 5 5.74 ppm in one 

isomer and 6 6.10 ppm in the second (J=6.76 Hz for both). Methoxy protons have 

chemical shifts of 6 3.32, 3.43, 3.48, 3.61, 3.67 and 3.73 ppm, in the same region as 

the newly formed ester CH3 group. The aromatic protons appear at 6 5.75, 5 5.94 and 

between 5 6.58 to7.53 ppm, with the hydroxyl signals being the furthest downfield at 

6 8.53 ppm in one isomer and 5 8.78 ppm in the second. The biggest differences in 

the 'H NMR spectra o f the two isomers are due to those protons in the centre of the
Imolecule -  the methoxy and aromatic groups show little differences. The C NMR 

spectrum (figure 2.25) also indicates the presence of isomers with doubling up of the 

signals, for example, two carbonyl signals at 6 171.58 and 8 172.73 ppm.

The second method used to open the P-lactam ring was a reductive ring opening with 

lithium aluminium hydride. A broad variety of P-lactams have been subjected to 

reductive ring opening with metal hydrides to yield the corresponding y- 

aminoalcohols (figure 2.23). For example, a variety o f novel 5y«-2-alkoxy-3-amino- 

3-arylpropan-l-ols with anti-malarial activity were prepared using 2 mol equivalents
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o f lithium aluminium hydride (LiAlH4 ) in diethyl ether. Yields o f  the y- 

aminoalcohol products were between 55 -  89%.'^^

I— I LiAIH4 / — ^

J - N R  ^  H O - ^  NHR
O

Figure 2.23: Reductive P-lactam ring opening with LiAlH 4

P-Lactam 92 was also subjected to treatment with LiAlH4 . The reaction was carried

out under reflux conditions for 3 hours. The product was isolated by an acid-base

extraction to give the desired y-aminoalcohol 202 in a yield o f  92% (scheme 2.20).

IR spectroscopy shows the disappearance o f the carbonyl signal from the P-lactam

precursor and the appearance o f  a broad signal at v 3401 cm ' attributable to the newly

formed hydroxyl group. NMR analysis reveals the appearance o f  two additional

proton signals in the 'H NMR spectrum at 6 3.99 and 5 4.15 ppm, as well as a CH2

1signal at 5 64.90 ppm in the C NMR spectrum assigned to the CH2 o f the y- 

aminoalcohol.

H3 CO O CH 3  

202

Reagents and conditions: (a) NaOCHj, M eOH (b) U A I H 4 ,  dry THF, reflux 

Scheme 2.20: Ring opening reactions o f  (3-lactam 92 with sodium methoxide and LiAIH4
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Figure 2.24: 'H NMR spectrum o f P-aminoester 201
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Figure 2.25: ‘̂ C NMR spectrum o f P-aminoester 201
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2.4 Improvement of aqueous solubility of selected antiproliferative 

P-lactams

2.4.1 Phosphate prodrugs

CA-4 {\2, figure 1.7) does not have favourable pharmacokinetic properties and could 

not be used in vivo. The development o f CA-4P (13, figure 1.19) represented the 

most successful CA-4 derivative -  it retained the activity of the parent compound, had
■57

improved solubility and good stability. It can be synthesised from CA-4 in two 

steps, firstly using dibenzyl phosphite as the source o f the phosphate group and then 

employing sodium iodine and chlorotrimethylsilane to remove the benzyl protecting 

groups without reduction of the cis double bond (see figure 1.20).^^^ It has also been 

synthesised from ammonium hydrogen CA-4-3-0-phosphate using a Na^ Dowex 

column to give the sodium salt.

Phosphate esters o f the three most potent P-lactam hydroxy-containing compounds 

(92, 178 and 181, antiproliferative data is in chapter 3) were prepared by the first 

method. The precursor to 181, benzyl-protected 176, was used to achieve selective 

protection of the phenol at the C-4 position o f 181. Dibenzylphosphite is introduced 

with the help o f diisopropylethylamine (DIPEA or Hunig’s base), a proton scavenger 

used in peptide coupling that acts as a good base but a poor nucleophile, and 

dimethylaminopyridine (DMAP), a nucleophilic base that acts as a catalyst {scheme 

2.21). Yields for this step were between 54% and 74% of isolated product. Addition 

of the dibenzylphosphite group to the phenol o f the p-lactam was confirmed by the 

appearance o f signals integrating for 4 protons at approximately 6 5.15 ppm in the 'H 

NMR spectra o f the intermediates, attributable to the benzylic protons. Ten additional 

signals were also visible in the aromatic region of the spectra, between 5 7.30 and 6 

7.45 ppm, due to the two additional aromatic rings. The final step was 

hydrogenolysis of the benzyl protecting groups to liberate the free hydroxy groups 

{scheme 2.21). In the synthesis o f CA-4P, the benzyl groups are removed using 

sodium iodide and chlorotrimethylsilane, as hydrogenolysis would lead to saturation 

of the cis double bond.'*^' Use of a palladium catalyst and hydrogen gas was 

successful for debenzylation o f the P-lactam intermediates without decomposition of 

the ring. The yields for the three products obtained in this step (203 -  205, table 

2.16) were between 93% and 100%. Full characterisations were obtained for the
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three phosphate analogues. The signals characteristic o f p-lactams are present in the
1 1 3H and C NMR spectra, for example, 203 shows two doublets at 5 4.43 and 8 5.24 

ppm (J=2.52 Hz), methoxy signals at 5 3.59, 3.67 and 3.78 ppm, and aromatic protons 

between 5 6.63 and 7.51 ppm. The aqueous solubility o f the phosphate adducts and 

their parent compounds, in addition to an assessment o f their antiproliferative activity, 

is discussed in chapter 3. The addition of a phosphate group is expected to increase 

the water solubility of these compounds in a similar manner to those phosphate 

prodrugs discussed in section 1.6.1.

OCH.

,OCH-

OCH-

203

PCH.

OCH-

92

Reagents and  conditions: (a) D ibenzyl phosphite, DIPEA, DMAP, CCl^.CH^CN (b) Pd/C, H 2,
EtOH:EtOAc (1:1)

Scheme 2.21; Introduction o f  the dibenzylphosphate group and subsequent hydrogenolysis

Table 2.16. Phosphate prodrug derivatives 203 -  205 o f  anti-proliferative P-lactams.

Compound

number

Structure

( H 0 ) , ( 0 ) P 0

0V
0 V^OCHg

/ ^ O C H a  
H3CO ^

O verall Yield (2 

steps) (% )

I.R. cm ' 

(C = 0 )  

(NaCI film)

203 Ri=C6H5 69.4 1747
204

R|— S

73.6 1751

205 R,=4-C6H50H 54.4 1726

Only one enantiom er is illustrated for clarity. All com pounds are previously unreported.
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2.4.2 Amino acid prodrugs: N, N'-Dicyclohexylcarbodiimide (DCC) coupling 

reactions

The second CA-4 analogue to enter clinical trials, AVE8062 (64, figure 1.21), is a 

serine prodrug of amino CA-4 analogue 17 {figure 1.9), prepared to improve the 

pharmacokinetic profile of In order to prepare further P-lactams with improved 

solubility, amino-containing azetidinones 186 and 189 were coupled to a variety of 

amino acids.

N, N ’-Dicyclohexylcarbodiimide (DCC) is a dehydrating agent widely used for the 

formation of amide and ester linkages. It enhances the electrophilicity o f the 

carboxylate group by attaching to it and activating it to form a better leaving group. 

It is then eliminated as N,N’-dicyclohexylurea (DCU), which is precipitated and can 

be removed by filtration {figure 2.26). Other carbodiimides in use include N,N’- 

diisopropylcarbodiimide (DIC) and l-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDCI).'^*

OX +

D C C

R

NH

R o - N H
H

O ^ No y
A ^R2 +

H

N,N'-dicycbhexylurea 

Figure 2.26; Coupling reaction catalysed by DCC

DCC, with dimethylaminopyridine (DMAP) and H0Bt.H20, was used to couple 

amino P-lactams to the carboxylate moiety o f amino acids (206 -  213, table 2.17 and 

214 -  219, table 2.18) (representative scheme for 206 -  213 shown in scheme 2.22). 

This method had been used to produce the amino acid prodrugs of combretastatin A-4 

amine derivatives, the serine prodrug of which is in clinical trials."*  ̂ It was found in 

our coupling attempts that use of polymer-supported DCC gave higher yields and
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cleaner products. This resin contains 1% cross-linked poly(styrene-co- 

divinylbenzene) with a typical loading of 1.3mmol/g o f carbodiimide (Biotage®). 

The amine group of the amino acid was protected during the coupling reaction using 

either the Fmoc or Cbz groups, depending on which protected amino acid was 

commercially available. The Cbz-group has been discussed previously in sections 

2.1.1.3 and 2.2.3.3. A short introduction to the Fmoc-group is below in section 

2.4.2.1. The Fmoc-group was used in the majority o f cases. Selected amino acid 

precursors containing a hydroxyl group (serine and tyrosine) also required benzyl 

protection (compounds 211, 213 and 219). Lysine precursors were available with 

both amino groups protected with the Fmoc group. The coupled products are listed 

in tables 2.17 and 2.18. Products were obtained in yields of over 44% with the 

exception of lysine-analogue 218. The conjugates were fully characterised by NMR 

and IR spectroscopy and mass spectrometry.

Reagents and conditions: (a) Anhydrous DMF, DCC, H0Bt.H20, stirring at room temperature 

Scheme 2.22: P-Lactam and amino acid coupling reactions

NH-Protected

186 2 0 6  - 2 1 3
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T able  2.17. Protected P-lactams 206 -  213 coupled at the C-3 position o f  the ring.

NHR,

HN
\ OCH3O.J3

0  V ' ^ O C H g

r ^ O C H g  
H3C0 ^

A m ino

P ro tec tin g

g ro u p

A m ino acid
Yield

(% )

I.R . V k i3 x  cm 

(C = 0 )  

(NaCI film )

R|= R2=

206 H Fmoc Glycine 85.6 1748

207 CH 3 Fmoc Alanine 62.8 1746

208 CH 2C 6 H 5 Fmoc Phenylalanine 54.4 1750

209 CH(CH3)2 Fmoc Valine 50.9 1748

2 1 0 CH(CH3)C2Hs Cbz Isoleucine 45.0 1748

2 1 1 CH 2 0 C H 2C6 H 5 Fmoc Serine (Bn) 47.9 1751

2 1 2 (CH2)4NH2 Fmoc Lysine 50.3 1746

213 CH 2 C 6 H5 0 CH 2 C6 H5 Fmoc Tyrosine (Bn) 76.2 1750

Only one enantiom er is illustrated for clarity. All com pounds are previously unreported. Bn indicates 
benzyl-protecting group.

T ab le  2.18. Protected P-lactams 2 1 4 - 2 1 9  coupled at the C-4 position o f  the ring.

R2HN „
 ̂ y R i

HN OCH3XX 0
0  y ^ ^ O C H j

/ ^ O C H ,  
H3CO ^

A m ino

P ro tec ting

gro u p

A m ino acid
Yield

(% )

I.R. cm '

(C = 0 )  

(N aC l film )

Ri= R2=

214 H Fmoc Glycine 53.6 1759

215 CH3 Fmoc Alanine 73.6 1744

216 CH2C6H5 Fmoc Phenylalanine 47.1 1750

217 CH(CH 3)2 Fmoc Valine 44.1 1744

218 (CH 2)4NH 2 Fmoc Lysine 5.9 1742

219 CH20CH2C6H5 Fmoc Serine (Bn) 78.7 1743

Only one enantiom er is illustrated for clarity. All com pounds are previously unreported. Bn=benzyl
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2.4.2.1 The 9-Fluorenylmethyloxycarbonyl (Fmoc) protecting group

The Fmoc moiety is a widely used protecting group for amines, especially in both 

solution phase and solid phase peptide synthesis. It offers many advantages, 

including exceptional acid stability, rapid non-hydrolytic deblocking by simple 

amines and direct liberation of protected amine in free base form.'^^ Protection of the 

free amine is achieved via use of fluorenylmethyloxycarbonyl chloride or 

chloroformate-derived active esters.'^*' The amino acids to be coupled to our P- 

lactam derivatives were commercially available as Fmoc-protected amides.

The Fmoc group is cleaved under mild conditions with an amine base to yield the free 

amine and dibenzofulvene {figure 2.27, steps a - It was chosen as the

optimal protecting group for the amino acids to be coupled with P-lactam as it could 

be removed without compromising the integrity o f the P-lactam ring. In the acidic 

conditions required for cleavage of the popular BOC amino protecting group, P- 

lactam ring could potentially disintegrate. Previous stability studies on P-lactams 

indicate that they are more stable at basic pH than at acidic pH.'"'^

I C O

Initially the Fmoc-group was cleaved using piperidine {figure 2.27) , as deblocking

proceeds most rapidly with the use of unhindered cyclic secondary a m i n e s . T h e  

liberated by-product dibenzofulvene forms an adduct with piperidine (step c), 

removing the possibility of subsequent side reactions due to the highly electrophilic 

double bond of dibenzofulvene. Piperidine was used to remove the Fmoc-group from 

amino acid combretastatin A-4 analogues with yields ranging from 41% to 91%.'*  ̂

Tris(2-aminoethyl)amine has also been used to remove the Fmoc-group from 

combretastatin derived analogues in yields of 83% to 98%.'*^^
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+ R-NH2
-C 0 2

+ C5Hi 2N̂

c

Figure 2.21 \ Deprotection o f  Fmoc using piperidine

When 5% piperidine in dichloromethane was used to deprotect the Fmoc-group from 

amino acid-p-lactam conjugates, difficuhies in purification o f the product arose. A 

second method using tetrabutylammonium fluoride (TBAF) and a thiol to scavenge

deblock the Fmoc group from a variety of amino acid conjugates in up to 100% yield. 

The amount of amine recovered increased as the amount of thiol increased. The 

optimal conditions for cleavage were determined to be two equivalents o f TBAF in 

the presence of ten equivalents of 1-octanethiol {figure 2.28). Under these

This method was successfully applied to remove the Fmoc group from the P-lactam 

derivatives synthesised above {scheme 2.23), giving an easily isolated clean product 

in high yield, in less than 10 minutes as monitored by TLC. Cbz- and Bn-groups 

were removed by hydrogenolysis using the conditions previously outlined in sections 

2.2.4.2 and 2.2.4.3. The amino acid -  p-lactam conjugates were fully characterised. 

The 'H NMR spectrum of the glycine derivative 228 is shown in figure 2.29. 

Coupling constants for the protons attached to positions 3 and 4 of the P-lactam ring 

of 2.52 Hz (6 4.31 and 6 5.07 ppm respectively) indicate trans stereochemistry. The

the liberated dibenzofulvene was investigated.'^^ This method had been used to

conditions, deprotection was complete within 1 minute.

TBAF

S - C s H i y  + R-NH2

Figure 2.28: Deprotection o f  Fmoc using TBAF and 1-octanethiol
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CH2 o f  the amino acid appears at 6 43.66 ppm in the '^C NM R spectrum o f  228  

{figure 2.30). The IR spectra o f  these compounds show an additional signal at 

approximately v 1690 cm'' due to the additional carbonyl group o f  the amino acid.

NH
R

OHN
OCH

OCH

NH-FmocR

OHN
OCH

OCH

2 0 6 - 2 1 3  2 2 0 - 2 2 7

Reagents and conditions: (a) TBAF, 1 -octanethiol, DCM, room temperature 

Scheme 2.23: Fmoc-deprotection o f amino acid-P-lactam conjugates 

Table 2.19. P-Lactam amino acid conjugates 220 -  227 coupled at the C-4 o f the ring.

R

H N ^ °
\ .OCH3

0  V ' ^ O C H g

/ ^ O C H ,
H3CO

Amino acid Yield (% )
I.R. cm '

(C = 0 ; C = 0 )

R=

220 H Glycine 31.6 1748; 1673

221 CH3 Alanine 68.4 1750; 1698

222 CH2C6H5 Phenylalanine 100.0 1748; 1678

223 CH(CH3)2 Valine 56.9 1747; 1676

224 CH(CH3)C2H5 Isoleucine 100.0 1748; 1698

225 CH20H Serine 83.6 1749;1699

226 (CH2)4NH2 Lysine 73.2 1746; 1693

227 CH2C6H50H Tyrosine 100.0 1748; 1677

Only one enantiomer is illustrated for clarity. All compounds are previously unreported.
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Table 2.20. P-Lactam amino acid conjugates 228 -  233 coupled at the C-3 o f the ring.

HN .OCHa

Q 0
0  V ^ O C H a

/ ^ O C H ,  
H3CO ^

Amino acid Yield (%)
I.R. cm '

(C =0; C =0)

R=

228 H Glycine 61.6 1741; 1658

229 CH3 Alanine 21.9 1745;1693

230 CH2 C6 H5 Phenylalanine 51.2 1742;1684

231 CH(CH3)2 Valine 97.3 1745;1686

232 (CH2)4NH2 Lysine 1 0 0 . 0 1743;1669

233 CH 2 0 H Serine 47.5 1742;1609

Only one enantiomer is illustrated for clarity. All compounds are previously unreported.

The aqueous solubility and antiproliferative activity o f the amino acid p-lactam 

conjugates 220 -  233 are examined in chapter 3. Like the CA-4 amino acid 

analogues"^^, it is hoped that these amino acid prodrugs will have a positive benefit on 

the pharmacokinetic parameters of the series o f antiproliferative P-lactam CA-4 

analogues, rendering them suitable for in vivo use. This will be discussed in chapter 4.
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Figure 2.29: *H NMR spectrum o f amino acid conjugate 228
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Figure 2.30: '^C NMR spectrum o f amino acid conjugate 228
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2.5 Summary

The synthesis o f a diverse range of azetidinone analogues has been described. These 

P-lactams are designed to target tubulin, in a manner similar to combretastatin A-4. 

The TBDMS, benzyl and carboxybenzyl protecting groups were used successfully 

and could be removed without degradation of the P-lactam nucleus. The Staudinger 

and Reformatsky reactions were employed to yield the desired products. Both routes 

were reliable and gave the products in good yield, although the Reformatsky reaction 

gave higher yields. A number of transformations at the 3-position o f azetidin-2-ones 

offer access to a broad variety o f chemically diverse structures. A comprehensive 

library of novel p-lactam containing structures was prepared. Phosphate ester and 

amino acid ester prodrugs o f selected potent antiproliferative P-lactams were 

accessible via suitable coupling reactions. The biochemical activities and 

physiochemical properties of these CA-4 P-lactam compounds are examined in 

chapter 3.
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3. Introduction: Biochemical activity of p-lactams

Drug molecules containing the P-lactam ring scaffold have applications in the 

treatment of a diverse range o f conditions, are in use for treatment o f bacterial 

infections'^*^, prevention o f cholesterol absorption''*^ and are in clinical trials for 

treatment o f asthma'^^, as anxiolytics'^’ and as anti-malarials'^^ (chapter 2). The P- 

lactam scaffold has been previously used as a template for the design of 

antiproliferative agents. This series o f anti-cancer compounds are 1,4-diaryl
Q Q  ^

substituted and were obtained by the Staudinger reaction. The two most active 

compounds 58 and 234 {figure 3.1) demonstrated antiproliferative activity in the 

nanomolar range (IC50 values of 33 nM and 37 nM respectively in the IMR32 human 

neuroblastoma cell line) and contain the familiar A and B ring substitution patterns
00

known to give optimal activity in CA-4 and analogues (12, figure 1.7). The 

hydroxyl version of 234, with a phenolic group in place of the amino group, was not 

synthesised.

OCH

HQ

OCH3

OCH

HQ

OCH

58 234

Figure 3.1: Azetidinone based anti-cancer molecules. Molecules formed exclusively as the cis adducts.
One enantiomer is shown.

In this chapter the antiproliferative activity, cytotoxicity and tubulin-binding affinity 

of a novel series o f P-lactam compounds are described, the synthesis o f which has 

been described in chapter 2. The physiochemical properties o f selected analogues, 

including their aqueous solubility and stability, are also investigated.
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3.1 Experimental details

3.1.1 MCF-7 and MDA-MB-231 human breast cancer cell lines

The MCF-7 cell line {figure 3.2) is a human breast cancer cell line derived from the 

breast o f a 69-year old Caucasian female with adenocarcinoma, taken by pleural 

effusion. The cells express the estrogen receptor and are adherent.

ATCC N u m b e r ;  HTB-22 
D esig n a t io n :  M CF-7

Low D ensrty  Sc»i« B»r .  loOMm High D ensity  Sc»i« Bar -  lOOijm

Figure 3.2: Images o f  M CF-7 cells at low  and high cell densities’’^

The MDA-MB-231 cell line {figure 3.3) is a human breast cancer cell line expressing 

p-glycoprotein, a cell-efflux pump responsible for resistance to drugs. It expresses 

the epidermal growth factor and transforming growth factor-a. It was derived by 

pleural effusion from the breast o f a 51-year old female Caucasian. MDA-MB-231
1 QO

cells are also adherent.
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ATCC N u m b er: HTB-26 
D e sig n a tio n : MDA-MB-231

©ATCC

Low Density S cat*  B « r- lO O tjm  High Density S a l e  B « r»  ioomiti

Figure 3.3: Images o f  MDA-M B-231 ceils at low and high cell densities'’’

3.1.2 Storage and breaking out of cells

When cells are not in use, they are stored in a liquid nitrogen vapour phase 

environment at approximately -178°C. When preserving cells, they are suspended in 

10% dimethylsulfoxide (DMSO)/90% foetal bovine serum (FBS) in a cryotube, 

placed in a freezer at -78°C overnight and transferred into liquid nitrogen after 24 

hours. Cells that are required for anti-proliferation studies are thawed at 37°C, 

diluted with complete growth medium and centrifuged at 1250rpm for 5 minutes. 

The supernatant containing DMSO is poured off, the cells are re-suspended in 

complete growth medium and are transferred into a 25cm culture flask. 10 mL of 

the appropriate complete growth medium is added to the flask and it is incubated at 

5% C02/95% air and 37°C until confluency is reached. The cells can then be 

transferred to a 75cm culture flask.

3.1.3 Growth and maintenance of cells

MCF-7 cells are grown in Minimum Essential Medium Eagle (MEM), supplemented 

with non-essential amino acids, FBS, L-glutamine and penicillin/streptomycin.
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MDA-MB-231 cells are grown in Dulbecco’s Modified Eagle’s Medium (DMEM) 

high glucose content, supplemented with FBS, L-glutamine and 

penicillin/streptomycin. MEM is one of the most widely used of all synthetic cell 

culture media. Compared to Eagle’s Basal Medium, MEM contains higher 

concentrations of amino acids. MEM used for our cell culturing contains Earle’s 

salts and sodium bicarbonate. DMEM is a modification of Eagle’s Basal Medium 

that contains a four-fold higher concentration o f amino acids and vitamins, as well as 

additional supplementary components.

Cell culture flasks are stored in an incubator at 5% C02/95% air and at 37°C. When 

cells reach confluency, they must be split to prevent cell death. To split the cells, the 

growth media is decanted and 3 mL of trypsin-EDTA solution lOX is added. When 

trypsinization is complete the cells are in suspension and are round in shape. Trypsin 

causes cellular damage and the time of exposure should be kept to a minimum. 10 

mL of complete growth medium is added, the mixture is centrifuged at 1250rpm for 5 

minutes after which the supernatant, containing trypsin, is decanted. The pellet of 

cells remaining is re-suspended in 2 -  4 mL of complete growth media. Cells are 

counted as described in the next section and a fraction of the re-suspended cells are 

transferred to a culture flask with 1 3 - 1 5  mL of complete growth medium.

3.1.4 Counting cells

A haemocytometer is used to count cells. It is etched with 5 by 5 grid o f squares, as 

depicted in figure 3.4. The cells in the four corner squares and in the centre square 

are counted. Cells touching the top and left hand sides o f these squares are included 

in the count, but cells touching the bottom and right hand sides are excluded. The 

total number o f cells counted in the five squares is multiplied by 5 to give the number 

of cells in the grid. This is equivalent to the number of cells by 10'* per mL of 

medium. The process is repeated a second time and the average of the two values is 

used to calculate the number of cells per mL.
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X X

X

X X
Figure 3.4; A representative haemocytometer grid. Cells falling in the five squares marked with a red

‘X ’ are counted

3.2 Measurement of growth inhibitory effects: the MTT and 

alamarBlue assays

The MTT assay is a colorimetric assay widely used to measure viability, proliferation 

and metabolic activation or inhibition o f  cells. Yellow, water-soluble M TT (3-(4,5- 

dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide, a tetrazole) is reduced to 

purple, water-insoluble formazan by mitochondrial dehydrogenase enzymes in viable 

cells {figure 3.5). The amount o f formazan product is directly proportional to the

viable cell number in a variety o f cell types and is determined by measurement o f
200 202absorbance at 570nm. ' A dose-response curve can be prepared from the data

generated in the assay. In the original assay by Mosmann, linearity o f the assay was 

shown for between 0 and 100,000 cells/well. It was also shown that variation in the 

time with which the cells are incubated with MTT leads to variation in the signal, with 

the signal increasing linearly from V2 to 2 hours, at a lesser rate from 2 to 4 hours and 

then decreasing thereafter.^*^® The insoluble formazan product from MTT dye requires 

solubilization with DMSO. Other tetrazolium dyes, such as XTT (sodium 3’[1- 

[(phenylamino)-carbonyl]-3,4-tetrazolium]-6/5(4-methoxy-6-nitro)benzene-sulfonic 

acid hydrate) that do not require solubilization have been developed. This salt is 

bioreducible to a water-soluble formazan product.'^'*
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M TT

Mitochondrial
reductase
---------------

Figure 3.5: Tlie reduction o f  MTT, a tetrazole, to a formazan by mitochondrial reductase in viable cells

A new dye known as alamarBlue is also now popular. This is a non-toxic, aqueous 

dye that can be used to assess viability and cell proliferation in a similar manner to 

MTT. As with the tetrazolium dyes, alamarBlue monitors the reducing environment 

o f  the cell. The internal environment o f  the proliferating cell is more reduced than 

that o f  a non-proliferating cell. As the dye is reduced, it changes from an oxidised  

indigo-blue, non-fluorescing state to a fluorescent pink reduced state. There are two 

ways to measure alamarBlue reduction, either by measuring the absorbance 

spectrophotometrically at 570nm and 600nm or by measuring the fluorescence, with 

excitation at 530 -  560nm and emission at 590nm. In an evaluation o f  the 

alamarBlue assay in 14 cell lines, it was determined that the optimal incubation period 

for MCF-7 cells was 3 hours.^®'* The major advantages o f  using alamarBlue compared 

to MTT are that it does not require solubilization and it is non-toxic. AlamarBlue has 

replaced MTT as the agent o f  choice in our laboratory and was used for cytotoxicity  

studies in normal murine mammary epithelial cells described in section 3.4.7.

3.2.1 Antiproliferative assay using MTT: procedure

MCF-7 and M DA-M B-231 cells were counted as described elsewhere in section 

3.1.4. They were diluted to a density o f  2.5e'’'' cells per mL with the appropriate 

complete growth medium and were seeded in 96-w ell plates at a concentration o f  

5,000 cells per well (200 |iL). The outside rows o f  the plate were not used. The 

plates were incubated for 24 hours at 5% CO2 and 37°C. After 24 hours, the controls 

and compounds to be tested were added to the plate as follows. Nothing was added 

to the first and third columns. 2 |iL o f  a vehicle control was added to the second 

column. Seven different concentrations o f  the compound to be evaluated were added 

from the fourth to the eleventh column (2 |.iL to each w ell) in order to generate an IC50 

value. Each compound was repeated in triplicate. The plates were incubated for 72 

hours. An example o f  the dosing sequence o f  a 96-w ell plate is shown in figu re 3.6.
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This schedule of dosing means that 2 compounds can be tested per plate with each 

concentration tested in triplicate. The initial stock concentrations of compound to be 

used to prepare a dose-response curve were:

5mM, ImM, 0.5mM, 0.1 mM, 10|4,M, 1|J,M, lOOnM 

These concentrations were prepared sequentially from a stock solution o f lOmM. 

These concentrations are further diluted in the assay a hundred-fold. If a compound 

showed exceptional potency with an I C 5 0  below lOnM, two further dilutions of lOnM 

and InM were prepared and the MTT assay was repeated using the lower 

concentrations. The solvent used was either 100% ethanol or 30% DMSO: 70% 

ethanol, depending on the solubility o f the compounds.

FIRST
COMPOUND

SECOND
COMPOUND

Figure 3.6: A representative 96-well plate showing the pattern o f  dosing. The concentrations shown 
are the final concentration o f  the drug diluted in the well

After 72 hours, the plates were rinsed twice with phosphate buffered saline (PBS) and 

carefully dried. 50|iL of MTT solution (1 mg/mL in PBS) was added to each well 

and the plates were incubated protected from light for 3 hours. The purple crystals 

formed were solubilised with 200 |xL of DMSO and the absorbance at 595nm was 

read. I C 5 0  values for each compound were calculated using GraphPad Prism 

software.'^® Each compound was evaluated in triplicate on at least three independent 

occasions.

The use o f MTT has some disadvantages. It is not soluble in cell-culture media, 

requiring solubilization with DMSO. This destroys the cells under investigation
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allowing only a single time-point measurement. XTT and alamarBlue do not have 

this problem, and cells can be continuously monitored.

3.3 Cytotoxicity measurements in murine mammary epithelial cells 

using alamarBlue

A selection of the most potent P-lactam CA-4 analogues was further assessed for their 

toxic effects on primary murine mammary epithelial cells. The primary cells were 

prepared as described below in section 3.3.1 and the toxicity of our compounds, using 

CA-4 as a comparison, was determined using alamarBlue viability assay. The 

procedure for this assay is the same as that described for MTT in section 3.2.1, with 

the exception of the two steps. Firstly, the cell medium was changed after 24 hours, 

prior to dosing. Secondly, only 30|o,L of alamarBlue per well is required instead of 

50|xL of MTT, and solubilization with DMSO was not required. Fluorescence was 

determined using a fluorescent plate reader with excitation at 530 -  560nm and 

emission at 590nm.

3.3.1 Mouse mammary gland preparation: Dissection

Mammary glands from 14-18 day pregnant CD-I mice were used as the source of 

epithelial cells. ’ Mice were euthanised by cervical dislocation and were placed 

on their backs and the ventral area sprayed with 70% IMS. The loose ventral skin 

was lifted up using a forceps and a small incision was made on the low ventral end 

above the vagina with small sharp surgical scissors. From that incision, the skin was 

cut upwards towards the sternum taking care not to cut the peritoneum. The skin was 

carefully pulled away from the peritoneum on the lower ventral area, exposing the 4'*’ 

and 5*'’ inguinal glands beside the hind legs of the animal. The glands were cut at distil 

ends using scissors or a scalpel and carefully peeled from the skin using small forceps 

and placed in an ice-chilled 50mL universal tube (Greiner). Next, the 1*' to 3'̂ '' 

thoracic glands were exposed by pulling the skin back from the rib cage to the 

forelimb and extracted in a similar way to the inguinal glands. Mid-pregnant glands 

are large, soft and are pink in colour. Mammary glands that were spongy and pale in 

colour were not used as these glands had matured and were producing milk. The 

harvested glands were then subjected to mechanical and enzymatic digestion to 

release immature alveolar structures and isolate mammary epithelial cells.
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3.3.2 Isolation of primary mouse mammary epithelial cells

All subsequent steps in this preparation were carried out in the laminar flow hood. 

The dissected glands were weighed and fresh collagenase digestion mixture prepared. 

It contained 480mg of FIO powdered medium (Sigma), 70mg of trypsin (GibcoBrl, 

Life Technologies^^), 150mg collagenase A (GibcoBrl, Life Technologies™) and 

2.5mL of foetal calf serum (GibcoBrl, Life Technologies^^) in a final volume of 

50mL (with sterile water). The collagenase digestion mixture was subsequently 

adjusted to pH 7.4, filtered through a 0.2|j,M sterile filter and stored at 4°C until 

required. The dissected glands were minced criss-cross using two sterile scalpel 

blades. It is essential to mince well in order to get effective collagenase/trypsin 

digestion. The minced glands were placed in an autoclaved, sterile 250mL glass 

conical flask with the collagenase digestion mixture (~4mL of digestion mixture per 

gram of tissue) and digested for 90 minutes on a shaking table, 250rpm at 37°C. After 

this step, a stringent washing/centrifugation protocol was used to isolate epithelial 

cells from fibroblasts. All of the washes and centrifugation steps were carried out in 

50mL sterile polypropylene tubes (Greiner) (centrifugation in a Beckman GS-6 

centrifuge). Selective centrifugation was carried out as follows: the digested cell 

suspension was removed to a 50mL tube and centrifuged for 30 seconds at lOOrpm. 

This pelletted undigested alveolar structures. The supernatant was transferred to a 

fresh tube and centrifuged at SOOrpm for 3 minutes. The pellet was then subjected to a 

DNase treatment in order to achieve separation o f single epithelial cells rather than 

cell clumps. The DNase mixture contained 480mg of FIO powdered medium (Sigma), 

250|j.l of lOmg/mL DNase (Roche Diagnostics) and 250|il o f IM MgCb brought up 

to a final volume of 50mL (with water) and passed through a 0.2|j,M sterile filter. The 

pellet was resuspended in the DNase mixture and incubated at 37°C for 30 minutes, 

on a shaking table at 150rpm. The cell suspension was then transferred to a fresh 

50mL tube and centrifuged at SOOrpm for 3 minutes. The supernatant was discarded. 

The pellet was resuspended in 30-50mL of Ham's F-12 medium (with gentamycin, 

Biowhittaker), depending on the size o f the pellet. Finally, the cell suspension was 

added to F-12 medium containing gentamycin (50^g/mL) with the following 

hormones; hydrocortisone (H) l|j,g/mL (Sigma, stock solution: Img/mL in 100% 

ethanol), insulin (I) 5jj.g/mL (Sigma, stock solution: 5mg/mL in 5mM HCl) and 

epidermal growth factor (EGF) 5ng/mL (Promega, stock solution: 5|ag/mL in F-12
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medium). In some instances, EGF or hydrocortisone were omitted from the culture 

medium.

3.3.3 Primary mammary epithelial cell monolayer culture

The isolated mammary epithelial cells were seeded at two densities o f  0.25 x 

lO^cells/mL and 0.5 x lO^cells/mL on 96-well plates. Mammary epithelial cells were 

normally cultured for the first 48h in Ham's F-12 containing gentamycin (50|^g/mL) 

with the following hormones and growth factors: l|j,g/mL hydrocortisone (H), 

5|j,g/mL insulin (I) and 5ng/mL epidermal growth factor (EGF). When necessary, 

EGF or hydrocortisone were omitted from the culture medium. The cells were 

cultured at 37°C in a humidified atmosphere o f  5% CO2 . After 24 hours, the growth 

media was replaced and the 96-well plates were dosed as described in section 3.2.1. 

After a further 72 hours, antiproliferative evaluation was carried out using alamarBlue 

as described in section 3.2.1.
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3.4 Antiproliferative results

Antiproliferative evaluation o f all final P-lactam compounds was carried out using 

human MCF-7 breast cancer cells. The most potent compounds were further 

evaluated using human MDA-MB-231 breast cancer cells, acute promyelocytic 

leukaemia HL-60 cells, human chronic myelogenous leukaemia (CML) K562 cells, 

normal murine mammary epithelial cells and tubulin polymerisation assays. CA-4 

was used as a positive control in these experiments and the values obtained agreed 

with those found in literature. In MCF-7 cells, CA-4 had an IC50 value of 5nM^'’

an IC50 of 15nM in MDA-MB-231 cells^®’ an IC50 o f 1.99nM in HL-60 

cells and an IC50 o f 3.68 in K562 cells.' '̂ ’̂ The results for the antiproliferative

(3-lactam CA-4 analogues synthesised are presented in the following sections.

3.4.1 Positioning of trim ethoxyphenyl ring around the p-lactam ring scaffold 

The most active compound identified from previous antiproliferative studies in MCF- 

7 cells was p-lactam 92.'"'^ Compound 171, structurally similar but without a 

hydroxyl group, was also active in the nanomolar range and its synthesis requires less 

steps. Based on this, a series o f analogues o f 171 were prepared in order to 

determine a structure-activity relationship for P-lactam combretastatin analogues. 

The first step was to examine which positions o f the p-lactam ring were optimal for 

substitution with the trimethoxyphenyl and methoxyphenyl aromatic rings. The 

antiproliferative results for these four analogues are shown in table 3.1. Compound 

171 is the most potent by a factor of over 1000, indicating that the 3,4,5- 

trimethoxyphenyl ring must be positioned at the N-1 position o f the p-lactam ring, 

and the 4-methoxyphenyl ring at position C-4, for optimal activity (dose-response 

curve shown in figure 3 .7). Any other arrangement around the azetidinone ring leads 

to a substantial drop in potency. This result is in agreement with observations by Sun 

et al. for a series o f P-lactams, where placement o f the trimethoxyphenyl ring at 

position 4 o f the P-lactam ring instead of position 1 led to a decrease in 

antiproliferative activity in 1MR32 human neuroblastoma cells from 33nM to 

>l,000nM.**
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Table 3.1. A ntip ro lifera tive  activ ities o f  p -lac tam s w ith  the trim ethoxypheny l ring  at d ifferen t 

positions

Rl Rg

°  p i

R4

R 8

" R e

R 5

Compound

number
Ri R: R3 R4 Rs R* R7 Rs R ,

IC 50 (M CF-7,

nivt)*

140 H OCH3 H H H H OCH3 0 CH3 OCH3 37.75 ± 23 .35

167 OCH3 OCH3 OCH3 H H H H 0 CH3 H 43.13 ± 2 0 .4 4

171 H H H OCH3 OCH3 OCH3 H 0 CH3 H 0.0344 ± 0.02

173 H H H H OCH3 H OCH3 0 C H 3 OCH3 43.12 ± 16.47

CA-4 0.0052 ± 0.02

IC50 values are  h a lf  m axim al inhib itory  concen tra tions requ ired  to  b lock  the g row th stim ula tion  o f  
M C F-7. V alues represen t the m ean ±  S .E .M  for at least th ree independen t experim en ts perfo rm ed  in 
trip licate.
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3.4.2 Structure-activity relationships for the C-4 aryl substituent of the p-lactam 

ring scaffold

Having determined the optimal substitution position o f the 3,4,5-trimethoxyphenyl 

and 4-methoxyphenyl (A and B rings) on the azetidinone ring, a number o f aryl- 

substituted analogues at the C-4 position o f the ring were evaluated. Previous work 

has shown that compound 92 {table 3.2), with a 3-hydroxy-4-methoxyphenyl 

substituent at C-4, was the most active of a series of ten compounds.''*^ A further 

series of ten compounds with a range o f substituents at C-4 was evaluated and the 

antiproliferative results are shown in table 3.2. None o f these ten analogues 

demonstrated an improvement in activity compared to the lead compound. P-Lactam 

92 showed an IC50 o f 9.6nM and was active in the same low nanomolar range as CA- 

4 in MCF-7 cells (dose-response curve in figure 3.7). The 3-amino-4-methoxyphenyl 

derivative 186, structurally comparable to the amino CA-4 derivative 17 {figure 1.9), 

displayed an IC50 (MCF-7) o f 65nM. Several o f the other compounds in this series, 

including 131, 174, 191 and 192 also displayed submicromolar antiproliferative 

effects with IC50 (MCF-7) values o f 0.23|xM, 0.47 jxM, 0.43^M and 0.64^iM 

respectively indicating that substitution to the C-4 aryl ring is well tolerated. Both 

191 and 192 have extremely bulky substitution patterns at the 4-position, both with 

diphenyl substitution at this position alone. Ethoxy derivative 174 retains moderate 

activity with an IC50 (MCF-7) o f 0.23|o,M, consistent with the SAR obtained for CA-4 

ethoxy derivatives.'*' Nitro-derivative 131 is 7-fold less active than amino-derivative 

186, indicating the advantage o f a smaller substitution at this position. Extension of 

the length of the side-chain at position 4, as for analogue 142, leads to a decrease in 

activity of over 50-fold compared to 171, as does an extension of the length of the 

side-chain at position 1 (141) {table 3.2). From this we can conclude that a two atom, 

carbon-nitrogen bridge between the aromatic rings is optimal.
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Table 3.2. Antiproliferative activities o f P-lactams with 4-position variations

Com pound

num ber
0  y ^ O C H a

/ ^ O C H ,  
H3CO ^

IC 50 (M CF-7, ^M )‘' CLogP*

92 R, = H, R2 = 3 -0 H, 4 -OCH3 0.0096 ± 0.002 3.14

131 R, = H, R2 = 3 -NO2, 4 -OCH3 0.4663 ± 0.04 3.46

145 R, = H, R2 = 3-Br, 4 -OCH3 1.4171 ±0.89 4.47

171 R, = H, R2 = 4 -OCH3 0.0344 ± 0.02 3.88

174 R, = H, R2 = 4 -OC2H5 0.2273 ±0.14 4.23

186 R, = H, R2 = 3 -NH2, 4 -OCH3 0.0653 ±0.01 2.82

190 R, = CgHs, R2 = H 3.8437 ±2.22 5.52

191 R, = C6H5, R2 = 4 -OCH3 0.4304 ±0.17 5.44

192 R, = 4 -OCH3C6H4, R2 = 4 -OCH3 0.6440 ±0.10 5.36

141

OCH 3

Q 0 «..
O CH 3

38.6437 ± 16.01 3.80

142

OCH 3

A — N
0  V ^ 0 C H 3

/ 0 CH 3 
H3C 0  ^

1.9990 ± 1.05 4.68

CA-4 0.0052 ± 0.02 3.32

“IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of 
MCF-7. Values represent the mean ± S.E.M for at least three independent experiments performed in 
triplicate. ^cLogP value calculated using ChemDraw Ultra and refers to CLogPoct/water
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3.4.3 Structure-activity relationships at the C-3 position of the p-lactam ring 

scaffold

A comprehensive structure-activity relationship at position-3 of the P-lactam ring was 

next investigated. Previous work established that phenyl substitution at this position 

was more potent than either 3-methyl substitution, 3,3-dimethyl substitution or 3- 

unsubstitution.''*^ Building on this work, a wide variety o f analogues with substituted 

C-3 phenyl rings were prepared and evaluated for antiproliferative activity in MCF-7 

cells {table 3.3). The substituents included alkyl, halogens, hydroxyl and amino 

functionalities. In addition, a series o f heterocycles were examined as replacements 

for the phenyl ring (section 3.4.5).

The most potent compound of the series is 171 with an IC50 value of 34nM in MCF-7 

cells {table 3.3) (dose-response curve shown in figure 3.7). Substitution of the 

aromatic ring with halogens led to decreased activity for chloro 128 and bromo 154 

analogues, while the fluoro analogue 155 was only slightly less potent that the lead 

compound, with an IC50 o f 42nM compared to 34nM. The next best substitution 

patterns were 4-hydroxyl 180 and 4-amino 189 derivatives, with IC50 values of 59nM 

and 51nM respectively. The 3-hydroxyl analogue 183 was marginally less active than 

the 4-hydroxyl showing an IC50 of 69nM. Bigger, bulkier substituents including 

benzyloxy (129), trimethoxy (151), dichloro (156) and trifluorocarbon (158) lead to 

substantially decreased activity of over 100-fold with IC50 values of 7.12)iM, 3.36)iM, 

1.66|xM and 7.99|xM respectively. Addition of 3,4-dimethoxy (127) or a single 

methoxy (125, 126, 150) substitution to any position o f the C-3 aryl ring also 

decreases activity over 6-fold compared to 171, with 4-methoxy derivative 126 

retaining the most potent activity (ICso^O. 18)j,M). 4-Methylthio (152) and 4-methyl 

(153) compounds were less active than the corresponding 4-methoxyphenyl analogue 

126 with IC50 values of 0.45|j.M, 0.32|j.M and 0.18|j.M respectively. In general, 

smaller, more polar substitutions with possibilities for hydrogen bonding and lower 

cLogP values are better tolerated than large, bulkier ones with higher cLogP values. 

Losses in activity result from increasing group size and with number of positions 

substituted. The three most active analogues from this series (155, 180 and 189) are 

investigated further in the next section.
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T able 3.3. Antiproliferative activities o f  p-lactam s with substitutions at the C-3 aryl ring.

R ,

°  V ' ^ O C H a

/ ^ O C H a
H3CO

Compound

number
R| R2 Rj R4 R5 IC50 (MCF-7, nM)“ CLogP*

125 H OCH3 H H H 0.3263 ± 0 .1 6 3.80

126 H H OCH3 H H 0.1820 ±0 .03 3.80

127 H OCH3 OCH3 H H 0.2228 ± 0 .1 6 3.54

128 H H Cl H H 0.3052 ± 0 .1 4 4.59

129 H H OCHjCftHs H H 7.9857 ± 1.86 5.57

143 H H NO2 H H 0.4856 ± 0.28 3.62

150 OCH3 H H H H 0.6995 ± 0 .1 9 3.80

151 H OCH3 OCH3 OCH3 H 7.1193 ±3.91 3.18

152 H H SCHj H H 0.4480 ±0 .23 4.44

153 H H CH3 H H 0.3152 ± 0 .0 7 4.38

154 H H Br H H 0.4196 ± 0 .0 8 4.74

155 H H F H H 0.0423 ± 0.04 4.02

156 H Cl Cl H H 3.3607 ± 1.04 5.18

157 H F F H H 0 .3 1 3 9 ± 0 .1 8 4.09

158 H H CF3 H H 1.6577 ± 0 .43 4.76

171 H H H H H 0.0344 ± 0.02 3.88

ISO H H OH H H 0.0591 ± 0.02 3.21

183 H OH H H H 0.0689 ± 0.06 3.21

189 H H NH2 H H 0.0508 ± 0.02 2.65

CA-4 0.0052 ± 0.02 3.32

“ IC 5 0  values are  h a lf  m axim al inhib itory  concen tra tions requ ired  to  b lock the g row th  stim ula tion  o f  
M C F-7 . V alues rep resen t the m ean ±  S .E .M  for at least th ree independent experim en ts perfo rm ed  in 
trip lica te . *C L ogP  value ca lcu la ted  using  C hem D raw  U ltra  and refers to  CLogPoct/water
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3.4.4 Further hydroxy and amino substituted p-lactams

Arising from antiproliferative evaluation in MCF-7 cells, the substitution patterns of 

the most active compounds at the C-3 and C-4 positions of the P-lactam ring were 

combined and a further series of analogues with modifications to both of these 

positions was synthesised and evaluated for antiproliferative activity in MCF-7 cells 

{table 3.4). The most potent derivative 181 displayed picomolar activity in the MCF-7 

cell line with an IC50 o f 0.8nM. A dose-response curve for 181 alongside 171 and 

CA-4 is shown in figure 3.7. Analogue 185, with a 3-(4-aminophenyl) moiety 

combined with a 4-(3-hydroxy-4-methoxyphenyl) substitution pattern, also had 

greater activity than CA-4 and lead compound 92, with an IC50 of 4nM.

With one exception, the C-4 position 3-hydroxy-4-methoxyphenyl substituted 

analogues were over 10-times more active their corresponding 3-amino-4- 

methoxyphenyl derivatives (compare 181 to 182, for example). The exception was 

for the fluorinated analogues, in which the amino derivative 187 was slightly more 

potent than phenolic 175, and both were less active than the original 4-fluorophenyl 

compound 155 (IC50 values of 55nM, 66nM and 42nM respectively). The activity of 

nitro-substituted P-lactam 144 is included for comparison (IC50 o f 1364nM) and is 

nearly 25-fold less potent than the corresponding fluorinated amino analogue 187. 

Di-amino containing analogue 184 has potent activity with an IC50 value of 31nM. 

Overall, however, the hydroxyl group is the optimal substituent at the 3-position of 

the C-4 aryl ring and the phenolic series showed improved activity over the 

corresponding non-hydroxy containing compounds (compare 92 to 171 and 186, for 

example).
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Table 3.4. Antiproliferative activities of further (3-lactams

Ro, \ P C H ,XX ^
°  V '^O C H s

/ ^ O C H a  
H3 CO ^

Com pound

num ber
Ri R2 IC 5 0  (M CF-7, CLogP*

92 OH H 0.0096 ± 0.003 3.14

144 NO 2 F 1.3642 ±0.74 3.78

171 H H 0.0344 ±0.02 3.88

175 OH F 0.0657 ± 0.006 3.28

181 OH OH 0.0008 ± 0.0004 2.47

182 NH2 OH 0.0395 ± 0.02 2.33

184 NH2 NH 2 0.0309 ± 0.04 1.77

185 OH NH 2 0.0045 ± 0.003 1.91

186 NH2 H 0.0653 ±0.011 3.00

187 NH2 F 0.0553 ±0.01 3.14

CA-4 0.0052 ± 0.02 3.32

“ IC5 0 values are half maximal inhibitory concentrations required to block the growth stimulation of 
MCF-7. Values represent the mean ± S.E.M for at least three independent experiments performed in 
triplicate. * CLogP value calculated using ChemDraw Ultra and refers to CLogPoct/waier
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Figure 3.7: Antiproliferative effect o f p-lactams 92, 171 and 181 in MCF-7 human breast cancer cells. 
The values represent the mean ± S.E.M for three independent experiments performed in triplicate.
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3.4.5 C-3 Carbocyclic and heterocyclic analogues

A further range o f P-lactams containing heterocycles and carbocycles, at the 3- 

position was next investigated, e.g. thiophene, indole and cyclohexyl derivatives 

{table i.5). As for the compounds in section 3.4.3, larger substituents at the C-3 

position led to huge decreases in activity compared to substitution with a phenyl ring, 

for example diphenyl 138 (IC50 of 43.17|^M), 1-naphthyl 159 (11.32^M), 2-naphthyl 

160 (2.47|j,M) and methyl indole 163 (6.59)o.M). A cyclohexane ring at position 3 of 

the P-lactam (135) showed decreased activity o f over 100-fold compared to the 3- 

phenyl substituted compound 171. Cyclohexane-substituted 135 has a higher cLogP 

value of 4.87 compared to 3.88 for 171, indicating a marked increase in 

hydrophobicity. It is possible that this property contributes to its relative lack of 

antiproliferative activity. Disubstitution at the 3-position with phenyl and methyl 

groups yielded the two compounds with the least antiproliferative activity in MCF-7 

cells, 138 (IC50 of 43.17|j,M) and 139 (IC50 o f 43.45)xM; evaluated as a mixture of 

cis/trans isomers). The most active P-lactams were those with 2-thienyl 136 and 3- 

thienyl 165 C-3 substituents with ICso’s of 64nM and 60nM respectively. These 

compounds were potent enough to investigate further thiophene-derived analogues 

(section 3.4.6). A dose-response curve for 136 and CA-4 in MCF-7 cells is shown in 

figure 3.8.
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Table 3.5. Antiproliferative activities of P-lactams with carbocyclic and heterocyclic 

substitutions at the 3-position.

0  V ^ O C H g

/ ^ O C H a  
H3CO ^

N um ber R=
I C 5 0  (M CF- 

7,
CLogP* N um ber R=

ICso (M CF- 

7, ^M )“
CLogP*

135 a 0.5789 ± 
0.42

4.87 163 0
ĈH3

6.5937 ± 

4.10
4.33

136
0.0640 ± 

0.03
3.52 164

0.1523 ± 

0.11
3.05

138 q9
*

43.1700 ± 

26.99 5.44 165
0.0603 ± 

0.03
3.52

139
*

43.4500 ± 

15.51
4.40 171 C 6 H 5

0.0344 ± 

0.02
3.88

159
11.3170±

7.01
5.05 196

1.0921 ± 

0.69
2.72

160 00̂ 2.4650 ± 

0.85
5.05 CA-4

0.0052 ± 

0.02
3.32

* indicates point o f attachment to the 3-position o f the 2-azetidinone ring
“IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of 
MCF-7. Values represent the mean ± S.E.M for at least three independent experiments performed in 
triplicate. * CLogP value calculated using ChemDraw Ultra and refers to CLogPoct/water
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3.4.5.1 Further 2-thienyl and 3-thienyl combretastatin A-4 analogues

Based on the potent activity of P-lactams with a thiophene ring at the 3-position of the 

P-lactam ring, a series of further analogues was synthesised {tables 3.6 and 3.7). 

Compounds 178 and 179 with additional hydroxyl groups at the 3-position of the C-4 

aryl ring displayed increased potency in MCF-7 cells over their respective parent 

compounds, 136 and 165, of 9-fold and 10-fold respectively. A dose-response curve 

for 136, 179 and CA-4 is shown in figure 3.8. P-Lactam 188, with an additional 

amino substituent, was marginally more potent than 136 but less active than 178 (IC50 

values of 42nM, 64nM and 7nM respectively). Other analogues with extended chains 

and bulkier substitution patterns at the 3-position of the p-lactam ring showed 

decreases in activity. Secondary alcohols 193 and 194 were over 16-fold less potent 

than 136 and 165, as were ketone derivatives 197 and 198. The bulky 

benzothiophene analogue 161 has a much greater IC50 value o f 0.85|j,M than the 

corresponding thiophene derivative 136 (IC50 value of 0.064|iM). Extension of the 

distance between the thiophene and P-lactam rings (compounds 137 and 199, IC50 

values of 1.64|a.M and 4.05^M respectively) lead to a 25-fold reduction in potency.
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Figure 3.8: Antiproliferative effect o f  p-lactams 136 and 179 and CA-4 in MCF-7 human breast cancer 
cells. The values represent the mean ± S.E.M for three independent experiments performed in

triplicate.
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Table 3.6. Antiproliferative activities o f  further 2-thienyl P-lactams.

Ro

Riu
0  V ^ O C H a

/ ^ O C H a
H3CO

R. R2

ICso
(MCF-7, CLogP* Ri R2

ICso (MCF-7, 
m m ^

CLogP*

136 H 0.0640 ± 
0.03

3.52 188 NH2 0.0418 ±0.03 2.65

137 H 1.6394 ± 
1.90 4.05 193

OH
H 1.1696 ± 

0.80 3.19

147 (3V NO2
0.3731 ± 

0.24 3.29 195 OH
H 1.2628 ± 1.43 3.69

161 H 0.8484 ± 
0.48

4.91 197 -5V
0

H 0.9463 ± 
0.51 3.72

162 H 0.2470 ± 
0.24 4.02 199 H 4.0453 ± 2.54 3.88

178 OH
0.0070 ± 

0 .0 0 2 2.79 2 0 0 H 0.5802 ±0.18 4.38

*lCso values are half maximal inhibitory concentrations required to  block the growth stim ulation o f 
MCF-7. Values represent the mean ± S.E.M for at least three independent experim ents perform ed in 
triplicate. * CLogP value calculated using Chem Draw Ultra and refers to CLogPoct/water
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T a b le  3 .7 . A n tip ro liferative  a c tiv ities  o f  further 3 -th ien y l 3 -lactam s.

O C H

O C H

R : C L o g P

0 .0 6 0 3  ±  0 .03 3 .5 2165

O H 0 .0 1 0 1  ± 0 .0 0 7 2 .7 9179

0 .9 8 8 7  ± 0 .7 5 2 .4 5194
OH

0 .4 7 3 8  ± 0 .0 8 2 .9 9198

IC 5 0  va lu es are h a lf  m axim al inh ib itory con cen tra tion s required to  b lock  the grow th stim ulation  o f  
M C F -7. V a lu es represent the m ean ±  S .E .M  for at least three independent exp erim en ts perform ed in 
trip licate. * C L ogP  va lue  ca lcu la ted  u sin g  C h em D raw  U ltra and refers to CLogPoct/water
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3.4.6 Additional cell lines: MDA-MB-231, HL-60 and K562 antiproliferative 

results

The antiproliferative activities of the most potent p-lactam compounds in MCF-7 cells 

were subsequentially determined against MDA-MB-231 breast cancer cells {table 

3.8). The MDA-MB-231 cell line is a human breast cancer cell line expressing p-
I QO

glycoprotein, a cell-efflux pump responsible for resistance to drugs. This cell line 

is estrogen receptor negative and is considered to be more resistant than the MCF-7 

cell line. The most active P-lactam in this cell line was 92 {figure 3.9) with an IC50 of 

29nM, more potent than CA-4 (43nM). Compounds 171 and 3-thienyl substituted 

179 also had potency in the low nanomolar range with ICso’s of 78nM and 49nM.

Table 3.8. Antiproliferative activities o f  P-lactams in MDA-MB-231 cells.

Compound number IC50 (mM) MDA-lVIB-231*

92 0.0288 ± 0 .0 1 9 9

136 0.1856 ± 0 .2 5 6 2

144 1.6839 ± 1.9756

155 0.2284 ± 0 .1755

171 0.0782 ± 0.0348

175 0.1072 ± 0 .0558

178 0.1767 ± 0.2320

179 0.0494 ± 0.0426

180 0.1577 ± 0 .0352

181 0.1764 ± 0 .1578

182 1.6839 ± 1.9756

186 0.4288 ± 0.0670

187 0.0808 ± 0.0738

188 0.1055 ± 0 .0 6 9 2

189 0.2245 ± 0 .1 7 7 8

CA-4 0.043

’iCso values are half maximal inhibitory concentrations required to block the growth stimulation o f  
M D A -M B-231. Values represent the mean ± S.E.M for at least three independent experiments 
performed in triplicate.

Additional antiproliferative assays with P-lactam 181 were carried out using HL-60 

and K562 cells {table 3.9). HL-60 is an acute promyelocytic leukaemia derived from 

a 36-year old Caucasian female {figure J. 72 ).'^  K562 is a human chronic

myelogenous leukaemia (CML) cell line taken by pleural effusion from the bone 

marrow of a 53-year old female in terminal blast c r i s i s . C A - 4  was used as a
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positive control and had an IC50 o f 1.99nM in HL-60 cells and an IC50 o f 3.68 in 

K562 cells."'®’ In both cell lines, 181 was more potent than CA-4, showing

sub-nanomolar IC50 values. Dose-response curves of 181 and CA-4 are shawTi in 

figure 3.10 (K562 cells) and figure 3.11 (HL-60 cells).

HQ OCH

OCH

OCH

OCH

92 181

Figure 3.9: (3-Lactams 92 and 181 were evaluated in additional cell lines 

T ab le  3.9. Antiproliferative activities o f  p-lactam 181 in HL-60 and K562 cells.

ICsoCnM) HL-60* IC 50 (nM) K562*

CA-4 1.99 3.68

181 0.34 0.89

'iCso values are half maximal inhibitory concentrations required to block the growth stimulation o f  HL- 
60 or K562 cells. Values represent the mean ± S.E.M for at least three independent experiments 
performed in triplicate.
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Figure 3.10: Antiproliferative effect o f  p-lactam  181 and CA-4 in chronic human Ieukaemic K562 
cells. The values represent the mean ± S.E.M for three independent experim ents perform ed in

triplicate.
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Figure 3.11: Antiproliferative effect o f  P-lactam 181 and CA -4 in acute human leukaemic HL-60 cells. 
The values represent the mean ± S.E.M for three independent experiments perform ed in triplicate.
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Figure 3.12: HL-60 leukaemia cells at low and high densities
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3.4.6.1 The NCI-60 human tumour cell line drug screen and the COMPARE 

algorithm

In the early 1980’s, the US National Cancer Institute (NCI) developed an anticancer 

drug screen in the 1980’s with a panel of cell lines from nine distinct tumour types: 

leukaemia, colon, lung, CNS, renal, melanoma, ovarian, breast and prostate. Cell 

lines that showed acceptable growth characteristics, such as adaptability to the 

standard cell culture medium, were chosen for the panel. At the time that the assay 

was conceived, practical endpoints such as the use of tetrazolium dyes had not been 

developed. A new tetrazolium dye assay, using the XTT dye, was developed. 

Subsequently a method that used sulphorhodamine B was selected for use in the 

screen. This assay employs a chemical fixation step at the end of drug treatment, 

enabling batch processing of plates in a time-independent manner. It can also 

differentiate cell kill from growth inhibiton. In 1998, a three-cell line pre-screen 

was introduced to increase the efficiency and throughput. This pre-screen was 

automated in 2001 to a high throughput format, using 384-well plates and alamarBlue 

dye to assay at endpoint. After pre-screening, one-dose testing is performed on the 

submitted samples and, based on the potency of the sample, it may progress to 5-dose 

testing in up to 60 cell lines.

The NCI60 screen is hugely useful as a research tool. Figure 3.13 (a) shows that 

number o f compounds screened each year is increasing steadily, with over 400,000 

samples screened in 2007. Figure 3.13 (b) provides a breakdown of the origin of 

submissions between 1999 and 2005, showing that 54% of samples were submitted by 

foreign (non-US) academics over this time period.^*’’
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Figure 3.13: (a) Number o f  samples screened by the NCI from 1 9 8 9 -2 0 0 7 ; (b) source o f  samples
between 1999-2005^ “’

Three (3-lactam compounds from the present work (92, 126 and \2>6, figure 3.14) were 

submitted to the NCI for evaluation in the NCI60 cell line screen and progressed to 

the 5-dose testing s t a g e . T h e  full results are contained in appendix 2. The 

compounds were tested for inhibition of growth (GI50), total growth inhibition (TGI) 

and for cytotoxicity (LC50) in the NCI panel of 56 cell lines and showed broad- 

spectrum antiproliferative activity against tumour cell lines derived from leukaemia, 

breast cancer, non-small cell lung cancer, colon cancer, CNS cancer, melanoma, 

ovarian cancer, renal cancer and prostate cancer. (3-Lactam 126 displayed nanomolar 

G I 50 values in all but 5 cell lines. The G I 50 value is the concentration of drug 

required for 50% inhibition of cellular growth. The mean G I 50 for 126 across all cell 

lines was 0.21|o,M. P-Lactam 126 exerted the highest antiproliferative effects in 

leukaemia cell lines and the most resistant cell lines to 126 were those of melanoma 

origin. The mean L C 50 (a measure of cytotoxicity) for 126 across the range o f cell 

lines is 81.2|o,M. For compound 92, the G I 50 value obtained was below lOnM for 38 

o f the cell lines investigated, including breast cancer MCF-7 and MDA-MB-231 cell 

lines, with the mean G I 50 value across all cell lines equal to 23.99nM, [log GIso=(- 

7.62M)]. The mean L C 50 across the range of cell lines is 75.86ixM. 2-Thienyl P- 

lactam 136 showed G I 50 values of less than lOnM in 25 of the 56 cell lines, and G I 50 

values of less than 51nM in 47 o f the cell lines. The mean G I 50 value for 136 across 

all cell lines was 27.54nM [log G l 5 o = ( - 7 . 5 6 M ) ]  and it showed the best G I 50 values in
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renal and breast cancer cell lines, while the mean LC50 was greater than lOO^M. For 

both p-lactams, there is a large therapeutic window between the concentration 

required for growth inhibition (IC50 iii the nanomolar range) and the concentration 

that is toxic to cells (LC50 greater than 100|j,M) in the majority o f  cell lines in the NCI 

panel. Due to the potency o f  the P-lactam compounds in antiproliferative 

evaluations, further cytotoxicity tests in normal murine mammary epithelial cells were 

carried out and are described in the next section.

HO
.OCH

OCHO CH

.OCH-, H -,CQ

9 2  1 2 6  1 3 6

Figure 3.14: Antiproliferative P-lactams screened in the N C I-60 cell line screen

In addition to the three compounds 92, 126 and 136 discussed in the preceding 

paragraph, including a further 3 analogues prepared by Dr. Thomas Greene {figure 

were evaluated by the NCI. The NCI have developed a COMPARE  

algorithm that allows the antiproliferative profiles o f  compounds evaluated using the 

NCI screen to be compared and correlated.^*’* The program evaluates patterns o f  

cytotoxicity among the cell lines in the screen and provides a numerical evaluation o f  

the degree o f  similarity between the patterns obtained with any two agents. 

Compounds with a similar mechanism o f  antiproliferative effect, e.g. tubulin binding 

compounds, often shown the same differential antiproliferative profile across cell 

lines. '̂^*’ When the six P-lactams and CA-4 were compared using the matrix 

COMPARE algorithm, correlations between the antiproliferative GI50 effects for pairs 

o f  compounds were extremely high, with r values between 0.59 to 0.87 {table 3.10). 

An r value o f  1 indicates a perfect correlation, or an identical pattern o f  

antiproliferative activity, while an r value o f  0 represents no correlation. High 

correlation values may indicate compounds with a similar mechanism o f  action, such 

as anti-tubulin agents.^'’*’
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Figure 3.15: Additional P-lactams screened by the NCl'*'*

Table 3.10. Matrix COMPARE correlation o f six P-lactams and CA-4 (NSC613729)"

Compound
number

136 235 126 237 236 92
CA-4

(12)

136 1 0.69 0.87 0.59 0.84 0.76 0.61

235 0.69 1 0.79 0.6 0.69 0.76 0.53

126 0.87 0.79 1 0.6 0.84 0.77 0.57

237 0.59 0.6 0.6 1 0.65 0.65 0.41

236 0.84 0.69 0.84 0.65 1 0.76 0.63

92 0.76 0.76 0.77 0.65 0.76 1 0.62

CA-4 (12) 0.61 0.53 0.57 0.41 0.63 0.62 1

°r values are correlation coefficients, with 1 representing a perfect correlation and 0 indicating no 
correlation

The COMPARE algorithm was also used to compare the differential antiproliferative 

activities o f p-lactams 92 and 136 to compounds with known mechanisms o f action in 

the NCI Standard Agent Database. All three measures o f activity (GI50, TGI and 

LC50) were used and the analysis showed correlations to vincristine, vinblastine, 

paclitaxel, maytansine and rhizoxin, all o f which affect microtubule polymerisation 

(see table 3.9 and table 3.10). There is no evidence that the COMPARE algorithm 

distinguishes between different tubulin-based mechanisms o f action.^”  ̂ In vitro 

tubulin-binding studies have confirmed that 92 is acting as an tubulin-binding agent 

(section 3.4.10).
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Rank Compound r

1
Based on GI50 mean graph 
Vincristine sulfate (hiConc=10'^M) 0.476

2 Vincristine sulfate (hiConc=10'^M) 0.461
3 Maytansine 0.436
4 Pyrazofurin 0.42
5 AT-125 (acivicin) 0.402

1
Based on TGI mean graph 
Rhizoxin 0.555

2 Paclitaxel 0.537
3 Vincristine sulfate (hiConc=10'^M) 0.524
4 Vinblastine sulfate (hiConc=10'^^M) 0.523
5 Maytansine 0.51

1
Based on LC50 mean graph 
Vincristine sulfate 0.664

2 Maytansine 0.607
3 B-TGDR 0.604
4 Thioguanine 0.571
5 Paclitaxel 0.564

Table 3.11 : Standard COMPARE Analysis o f p-lactam 92.

The target set was the standard agent database and the target set endpoints were 
selected to be equal to the seed end points. Standard COMPARE analysis was 
performed. Correlation values (r) are Pearson correlation coefficients. Vincristine 
sulfate appears at different concentrations as it has been tested by the NCI at 
multiple concentration ranges

Rank Compound r

1
Based on GI50 mean graph 
Rhizoxin 0.55

2 Maytansine 0.531
3 Vincristine sulfate (hiConc=10’̂ M) 0.495
4 Vincristine sulfate (hiConc=10'^M) 0.457
5 Trimetrexate 0.443

1
Based on TGI mean graph 
Vincristine sulfate 0.583

2 Rhizoxin (hiConc=10'^^M) 0.555
3 Maytansine 0.529
4 Rhizoxin (hiConc=10’̂ M) 0.52
5 Rhizoxin (hiConc=10'^M) 0.507

1
Based on LC50 mean graph 
Thioguanine 0.915

2 Paclitaxel 0.854
3 L-aspiriginase 0.84
4 Morpholino-ADR 0.736
5 Mitramycin 0.733

Table 3.12: Standard COMPARE Analysis o f p-lactam 136.

The target set was the standard agent database and the target set endpoints were 
selected to be equal to the seed end points. Standard COMPARE analysis was 
performed. Correlation values (r) are Pearson correlation coefficients. Vincristine 
sulfate and rhizoxin appear at different concentrations as they have been tested by 
the NCI at multiple concentration ranges



3.4.7 Toxicity te s t s  in norm al m urine m am m ary epithelial cells

Toxicity testing on the most potent P-lactam compounds as evaluated in MCF-7 and 

M DA-M B-231 cells was carried out using healthy, murine mammary epithelial cells. 

Four P-lactam compounds (figure 2.16) and CA-4 were evaluated. The cytotoxicity 

o f CA-4 in the NCI cell line panel has been previously evaluated, and CA-4 was not 

cytotoxic at concentrations up to 10|iM. Compound 238 is a related P-lactam with a 

vinyl C-3 substituent, and represents the most potent compound prepared by Dr. 

Thomas Greene with an IC50 o f 1.4nM in MCF-7 cells'*^, 11.6nM in HL-60 cells and 

21.1nM in K562 cells '̂* .̂ Two different cell concentrations were used in the toxicity 

assay, as noted in the protocol in section 3.3. The concentrations chosen were 25,000 

cells/mL and 50,000 cells/mL. Initially, a third concentration o f 100,000 cells/mL 

was also used, but this proved to be too high to give meaningful results. The results 

are presented in figures 3.17 to 3.19.

HO
.OCH

OCH

HO
HO. OCH

OCH

9 2

HO
.OCH

OCH

181

HO
.OCH

OCH

17 8 2 3 8

Figure 3.16: (3-Lactams evaluated for toxicity in murine mammary epithelial cells

The IC50 value is greater than 10|jM for the four P-lactam compounds and CA-4 

evaluated {table 3.13). At 25,000 cells/mL and a concentration o f 10|j,M, CA-4 was 

lethal to the highest percentage o f cells. At 50,000 cells/mL and a concentration o f
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lOjxM, 181 was marginally the most toxic. Azetidinone 92 showed the lowest 

toxicity at both concentrations.

The percentage o f cells alive at the IC50 value of the individual compound in MCF-7 

cells was calculated in order to give an estimation of the toxicity at this value. At 

25,000 cells/mL, the percentage o f cells remaining viable after 72 hours ranges from 

89% for 92 to 96% for 181, compared to 74% for CA-4. This indicates that the 

compounds have a favourable toxicity profile. At 50,000 cells/mL, over 90% of cells 

were viable after 72 hours for all o f the compounds tested {table 3.14). This provides 

further evidence, in addition to the NCI60 LC50 values for 126, 92 and 136, that the P* 

lactam compounds developed in this study are minimally toxic to cells that are not 

proliferating.

T a b le  3 .1 3 .T o x ic ity  at lOuM  at tw o  concen tra tions o f  m urine ep ithe lia l ce lls .

% Viable cells 
(lOuM, 25,000 cells/mL)

% Viable cells 
(lO^M, 50,000 cells/mL)

CA-4 58.0 75.0

92 72.6 81.7
178 71.2 74.8
181 62.4 73.1
238 60.0 73.3

T a b le  3 .1 4 . T o x ic ity  at IC50 at tw o  concen tra tions o f  m urine ep ithe lia l ce lls .

IC50, MCF-7 (nM) % Viable cells at ICgt 
(25,000 cells/mL)

1 % Viable cells at IC50 
(50,000 cells/mL)

CA-4 5.2 73.6 92.1
92 9.6 8 8 . 8 91.6
178 7 90.7 90.6
181 0 . 8 96.1 91.7
238 1 4 1 M 93.1 93.2
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Figure 3.17; Dose-response curve in murine m am m ary epithelial cells at 50,000 cells/mL
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3.4.8 P-Lactam degradation products

The p-lactam ring is strained and can undergo different ring-opening reactions to 

produce a variety of analogues. Two structurally related ring-opened products were 

synthesised and evaluated for antiproliferative activity. Ester 201 is the product of 

nucleophilic ring-opening with sodium methoxide, while alcohol 202 is the result of 

treatment of 92 with lithium aluminium hydride {table 3.15). Although the three 

compounds have similar substitution, 201 and 202 contain more single bonds than the 

rigid p-lactam parent compound and are more flexible. They show over 2,000-fold 

decreases in activity, indicating the importance of the intact P-lactam ring scaffold. 

As with CA-4, the relative orientation of the two methoxy-containing aromatic rings 

is paramount to maintaining activity. Dose-response curves of these 3 compounds 

are illustrated in figure 3.20.

Table 3.15. Antiproliferative activities o f  P-lactam degradation products.

Compound
number Structure IC50 (MCF-7, CLogP*

92

HO V .OCHao . h
0  V ^ O C H a

/ ^ O C H a
H3CO

0.0096 ± 0.0026 3.14

201

H 5""̂

H3C0   ̂ OH
OCH3

24.5600 ±2.6196 3.02

202

hO
H 3 C o - ^  a

0 C H 3 ^ v. A  

OCH3

>100 2.52

IC50 values are half maximal inhibitory concentrations required to block the growth stimulation o f  
M CF-7 . Values represent the mean ± S.E.M for at least three independent experiments performed in 
triplicate. * CLogP value calculated using ChemDraw Ultra and refers to CLogPoct/water
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Figure 3.20: Antiproliferative effect o f  P-lactam 92, ester 201 and alcohol 202  in human M CF-7 breast 
cancer cells. The values represent the mean ± S.E.M  for three independent experim ents performed in

triplicate.

3.4.9 P-Lactam prodrug activities

3.4.9.1 Antiproliferative effects and solubility of phosphate  prodrugs

Combretastatin A-4 (12, figure 1.6) does not have favourable pharmacokinetic 

properties and is not suitable for in vivo use. CA-4 itself and various sodium and 

potassium salts were insoluble in water. The development of CA-4 sodium

phosphate (CA-4P, 13, figure 1.6) represented the most successful CA-4 prodrug -  it 

retained the activity of the parent compound, had improved solubility and good 

stability. An exact value for solubility of CA-4 and CA4-P is not given, instead it is 

noted that the aqueous solubility of CA-4P is ‘excellent’ and that the NMR 

spectroscopy for CA-4 sodium phosphate was carried out in D2O, indicating that it is 

highly soluble. The mean panel GI50 concentration for CA-4 in the full-panel NCI
•3 7   ̂ ,

screen was 6.61nM compared to 6.89nM for CA-4P. Phosphate-containmg drugs m 

general are limited by their instability in biological fluids because of the presence of
9 1  Iphosphatases ; however, when using a phosphate moiety as a prodrug, this cleavage 

is an advantage. A series o f phosphate prodrugs o f the three phenolic p-lactam 

compounds exhibiting the lowest IC50 values in antiproliferative assays (92, 178 and
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181) were prepared to investigate if an improvement in aqueous solubility could be 

obtained.

The phosphate derivatives 203, 204 and 205 showed activity in the nanomolar range 

in MCF-7 cells with IC50 values of 71.2nM, 22.8nM and 20.7nM respectively, but the 

IC50 values o f all three were slightly reduced compared to their parent hydroxyl 

analogues {table 3.16). Representative IC50 dose-response curves for 181 and 205 

are shown in figure 3.21. The IC50 for the phosphate esters values follow 

approximately the same trend as their parent compounds, as 178 and 181 have more 

potent antiproliferative activity than 92, while 204 and 205 are more active than 203. 

To determine the aqueous solubility, the P-lactams were suspended in water, placed 

on a shaking plate and agitated for 24 hours. After this time the mixtures were 

filtered, the filtrate was assayed by HPLC and the amount of compound in solution 

was calculated with reference to standard calibration curves. The phosphate 

derivatives showed increased aqueous solubility compared to the insoluble parent 

compounds {table 3.16). The phenolic P-lactams 92, 178 and 181 did not have any 

detectable aqueous solubility, while phosphate derivatives 203, 205 and 204 had 

solubilities o f 0.3mg/mL, 0.14mg/mL and 0.45mg/mL respectively in water. A 

minimum solubility of 50(xg/mL is desirable for potential drug candidates and the
•y yy

solubilities established for 203 -  205 are greater than this. The increase in 

solubility is reflective o f the increase in hydrophilicity of the molecules, as indicated 

by their lower cLogP values. The increase in solubility may compensate for the 

slightly less potent antiproliferative activity, as the pharmacokinetic profile of the 

drug for in vivo test would be improved.
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T able  3.16. Antiproliferative activities and physiochem ical properties o f  P-lactam phosphate 

prodrugs.

R i
0

\ 0 C H 3

0Ro

0  y ^ O C H a

/ " ^ O C H g  
H3CO ^

IC 50 M C F-7 

(nM )“
C L ogP*

Solubility

(mg/mL)'^

R ,= R 2=

92 H CeH, 9.6 ± 2 .6 3.14 0 “'

203 P (0)(0H )2 C6H5 71.2 ± 3 5 .4 2.09 0.30

181 H P-C 6H4OH 0.8 ±  0.4 2.47 O''

205 p (0X 0H )2 P-C 6H 4OH 22.8 ± 11.7 1.43 0.14

178 H 7 ± 2 2.79 O''

204 P (0)(0H )2 20.7 ± 8 .6 1.74 0.45

“IC50 values are ha lf maximal inhibitory concentrations required to block the growth stimulation o f  
MCF-7. Values represent the mean ± S.E.M for at least three independent experim ents perform ed in 
triplicate. *CLogP value calculated using Chem Draw Ultra and refers to CLogPoci/water; “̂ Solubility value 
taken as the maximum value from n=3, where each sam ple was assayed three tim es; “̂ Solubility is 
below the level o f  detection o f  the assay
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Figure 3.21: Antiproliferative effect o f  P-lactams 181 and 205 and CA-4 in MCF-7 human breast 
cancer cells. The values represent the mean ± S.E.M  for three independent experim ents perform ed in

triplicate.
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3.4.9.2 Antiproliferative activity and solubility of amino acid -  p-lactam 

conjugates

Amino acid P-lactam conjugates 220 - 233 were synthesised to further investigate the 

solubility properties o f this series. A serine prodrug o f amino CA-4 analogue 17 

{figure 1.9) is in clinical trials. The amino CA-4 analogue 17 was a potent 

antiproliferative and anti-tumour agent, but further development was necessary to 

improve its pharmacokinetic parameters.'*'* In an attempt to increase the water 

solubility, a series o f different amino acids coupled to 17 were evaluated for activity 

and the serine analogue 64 {table 3.17) was chosen for clinical trials as it 

demonstrated improved solubility (clogP value of 0.87 compared to 3.18 for 17) and 

was easily formulated for in vivo administration, whilst retaining antitumour 

activity."*^ It was demonstrated that the amino acid conjugates including 64 were 

cleaved by aminopeptidases on the surface of erythrocytes."*^ A similar series of 

amino acid prodrugs of (3-lactams 186 and 189 was synthesised and their 

antiproliferative activity in human MCF-7 breast cancer cells was assessed {tables 

3.17 and 3.18). Measurement of solubility was carried out in an identical manner to 

that described for phosphate derivatives in the previous section by the shake-flask 

method. Of the amino acid conjugates of 186, the valine derivative 223 (IC50 value of 

0.46|o,M) was the most active, whilst the alanine, serine and tyrosine derivatives were 

also active in the nanomolar range {table 3.17, IC50 values of 0.76nM, 0.78|iM and 

0.74)j.M respectively). The valine derivative 223 also displayed increased water 

solubility of 0.11 mg/mL compared to the insoluble parent compound 186, as did all 

o f the amino acid conjugates evaluated. The highest solubility was alanine derivative 

221 with a solubility of 0.37 mg/mL, which is favourable compared to the minimum 

desired value o f 0.05 mg/mL for potential drug candidates. In vivo, it is possible 

that aminopeptidases on the surface of erythrocytes cleave the amino acid residue 

from the azetidinones, but further work would be required to establish this. For 

example, comparative HPLC stability studies using (a) plasma devoid of erythrocytes 

and (b) whole blood containing erythrocytes could be used to assess if erythrocytes 

are required for the cleavage of these compounds. It is unknown at present if the 

amino acid is cleaved upon entering the cell or if the whole molecule is responsible 

for the antiproliferative effect.
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Amino-containing compound 189 was also subjected to coupling with amino acids to 

form more soluble derivatives (228 -  233, table 3.18). The insolubility o f the parent 

compound was improved upon by amino acid coupling, with all derivatives assessed 

showing increased aqueous solubility. The derivatives of this compound were 

extremely active {table 3.18), with alanine derivative 229, phenylalanine derivative 

230 and valine derivative 231 showing activity greater than or equal to that of the 

parent amino compound 189 (IC50 values o f 27nM, 35nM, 51nM and 51nM 

respectively). Taking the poor antiproliferative results of previous compounds with 

large or extended side chains at the C-3 position in MCF-7 cells into consideration 

(sections 3.4.3 and 3.4.5), it is highly unlikely that the amino acid P-lactam analogues 

228 -  233 are acting as antiproliferative agents without being hydrolysed first. Any 

bulky substitution to this position of the ring led to huge decreases in activity. It is 

more likely that the amino acid carrier is acting to increase the amount of drug in 

solution, thus increasing the concentration that reaches the site of action, and is then 

hydrolysed leaving the parent compound to exert its antiproliferative effect, possibly 

explaining the improved antiproliferative effect noted for compounds 229, 230 and 

231. Further studies on the hydrolysis o f the amino acid conjugates 220 -  233 would 

be required to definitively state if this is the case.

Table 3.17. Antiproliferative activities o f  P-lactam amino acid prodrugs.

Structure

\ OCH3V
0 V ^^O C H a

/ ^ O C H a
H3CO

Am ino acid
IC50 M CF-7

(nM r
CLogP*

Solubility

(m g/m L)‘̂

R=

220 H Glycine 1.088 ± 0 .9 2 1.55 nd

221 CH 3 Alanine 0.759 ± 0 .2 3 1.86 0.37

222 C H 2C6H 5 Phenylalanine 1 .1 2 7 ± 0 .4 9 3.28 0"

223 C H (C H 3)2 Valine 0.460 ± 0 .1 9 2.79 0.11

224 C H (C H 3)C 2H 5 Isoleucine 1.103 ± 0 .8 8 3.32 0.11

225 C H 2 0 H Serine 0.782 ± 0.24 0.70 0.20

Chapter 3: Biochemical andphysiochemical evaluation o f fi-lactam CA-4 analogues 198



226 (CH2)4NH2 Lysine 9.781 ± 2 .0 5 1.56 nd

111 CHjCfiHsOH Tyrosine 0.742 ± 0.06 2.61 nd

186 Parent compound 0.653 ± 0 .01 3.00 0“

64̂ *’

CA-4 serine derivative

/=TKH j C O ^  h f  ^ N H  NH2 

H3CO OCH3 OCH3

Serine

0.0367
(Murine
colon26

cells)

0.87

0 .1 1  

(human 

plasma, pH 

7 .2 - 7 .5 )

°IC5o values are half maximal inhibitory concentrations required to block the growth stimulation o f  
MCF-7. Values represent the mean ± S.E.M for at least three independent experiments performed in 
triplicate. *CLogP value calculated using ChemDraw Ultra and refers to CLogPoct/water; ‘̂ Solubility value 
taken as the maximum value from n=3, where each sample was assayed three times; ‘̂ Solubility is 
below the level o f  detection o f  the assay; nd= not determined

Table 3.18. Antiproliferative activities o f  (i-lactam amino acid prodrugs.

Structure

R

H2N ^ ^ N  OCH3

"  Q 0
0  V ' ^ o c h 3  

V^^OCHa
H3CO ^

Amino acid
IC50 MCF-7 

(HM)“
C L ogP'’

Solubility

(mg/mL)^

R=

228 H Glycine 0.0914 ± 0 .015 1.99 0.06

229 CHj Alanine 0.035 ± 0 .0 1 7 2.30 nd

230 CH2C6H5 Phenylalanine 0.0273 ± 0.0003 3.71 0.14

231 CH(CH3)2 Valine 0.0507 ± 0.02 3.22 0.004

232 (CH2)4NH2 Lysine 0.6917 ± 0 .7 2 2 . 0 0 0 ‘'

233 CH2OH Serine 0.8568 ± 0 .3 7 1.13 nd

189 Parent compound 0.0508 ±  0.02 2.65 0

“ICjo values are half maximal inhibitory concentrations required to block the growth stimulation o f  
MCF-7. Values represent the mean ± S.E.M for at least three independent experiments performed in 
triplicate. *CLogP value calculated using ChemDraw Ultra and refers to CLogPoct/water; “̂ Solubility value 
taken as the maximum value from n=3, where each sample was assayed three times; ‘̂ Solubility is 
below the level o f  detection o f  the assay; nd=not determined
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3.4.10 Tubulin-binding activity of selected P-lactams

The ability o f four selected P-lactam compounds, 92, 171, 178 and 181, to bind to 

isolated tubulin was assessed. Tubulin polymerisation was carried out using a kit 

supplied by Cytoskeleton. It is based on the principal that light is scattered by 

microtubules to an extent that is proportional to the concentration o f the microtubule 

polymer. Compounds that interact with tubulin will alter the polymerisation of 

tubulin, and this can be detected using a spectrophotometer. The absorbance at 

340nm at 37°C is monitored. The experimental procedure o f the assay was 

performed as described in version 8 . 2  o f the tubulin polymerisation assay kit
^  1 -j

manual. Purified bovine tubulin and GTP were mixed in a 96-well plate. The 

reaction was started by warming the solution from 4 °C to 37“C. CA-4 (10|j,M) was 

used as a reference, while ethanol (l% v/v) was used as a vehicle control. The effect 

on tubulin assembly was monitored in a Spectramax 340PC spectrophotometer at 

340nm at 30-second intervals for 60 minutes at 37 °C. Several parameters can be 

used to quantitate the response of tubulin to the P-lactam CA-4 analogues. These 

include the overall polymer mass and the Vmax- The Vmax is a measure of how fast 

the enzyme can perform, or the rate of reaction. This will be reduced in the presence 

of an inhibitor of the e n z y m e . ^ T h e  overall polymer mass is calculated from the 

area under the polymerisation curve. The results for the compounds tested are 

presented in table 3.19 below. The value obtained for inhibition of tubulin 

polymerisation by CA-4 is in line with that cited in literature (2(j.M).̂ *̂ ’

As anticipated the active P-lactam CA-4 analogues 92, 171, 178 and 181 inhibited the 

polymerisation o f tubulin (table 3.19). When evaluated at 10 |iM concentration, the 

active P-lactams reduced the Vmax value for the rate of tubulin polymerisation from 6 - 

fold for CA-4 to 11.7-fold for compound 181, and to 8.3-fold for compound 92, while 

compound 171 showed a 6 -fold reduction in the value for Vmax. This value is 

comparable if not superior to the rate o f inhibition o f tubulin assembly (6 -fold) 

observed with CA-4. Analogue 178 showed a 3.2-fold reduction in the Vmax- An 

IC50 value of 3.65nM was calculated for compound 181 for the reduction in Vmax, 

while IC50 value o f 4.89nM was obtained for the effect in overall polymer mass. For 

thiophene P-lactam 178, an IC50 value of 6.25fxM was calculated for the reduction in 

Vmax, while IC50 value o f 1.37[iM was obtained for the effect in overall polymer mass.
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The IC50 values for inhibition of tubulin for known potent CA-4 analogues generally 

fall in the low micromolar range, similar to our compounds.^^’ Inhibition of

tubulin polymerisation for compounds 1 7 8  and 1 8 1  are illustrated in figures 3.22 and 

3.23. These results suggest that the molecular target of the active P-lactam CA-4 

analogues is indeed tubulin.

Table 3.19. Inhibition o f  tubulin polym erisation for com pounds 92 ,171 , 178, 181 and CA-4.

Compound
Fold-reduction in 

V m a x  at lOflM

I C 50  (fold-reduction 

in V „ a x )  i\iM)

I C 50  (overall 

polymer mass) 

( f i M )

9 2 8.3 ± 2 .6 ''" Nd Nd

1 7 1 6 . 1  ± 0 .9 '''’ Nd Nd

1 7 8 3.18 ± 2 .2 1 1.37 ± 0 .8 5 6.25 ± 2 .5 3

1 8 1 11.76 ± 3 .8 5 3.65 ± 3 .9 6 4.89 ± 0 .2 7

CA-4 6.0 ± 1.4 Nd Nd

*Nd: not determined. Fold inhibition o f  tubulin polymerisation was calculated using the Vmax value for 
each reaction. The results represent the mean ± standard error o f  the mean for three separate 
experim ents.
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Figure 3.22: Inhibition o f  tubulin polym erisation for three concentrations o f  p-lactam 178
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Figure 3.23: Inhibition of tubulin polymerisation for three concentrations of P-lactam 181
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3.5 HPLC analysis of antiproliferative p-lactams 

3.5.1 Chiral separation of antiproliferative p-lactams

Increasingly where chiral drugs are resolved into their enantiomers, many significant 

differences in potency are observed for the enantiomers. This is true, for example, of 

the antihistamine levocetirizine, the /?-enantiomer of cetirizine. This enantiomer has 

higher in vitro affinity for the histamine H| receptor than cetirizine or the S-
9  1 Senantiomer. Ezetimibe is a P-lactam that is used clinically as a pure enantiomer

9  1 f \and has been resolved in over 98%ee using chiral chromatography. As well as 

ezetimibe, other P-lactams of non-clinical interest have been separated by chiral
217chromatography. As the most potent antiproliferative P-lactams exist as 

enantiomers, there is interest in demonstrating separation using a chiral column. The 

column used was Chiral-AGP™ 150x4.0mm column supplied by ChromTech Ltd. 

(now Chiral Technologies Europe) as described in the experimental section.

Chiral separation was demonstrated for a number of compounds. Separations for P* 

lactams 92, 136, 178 and 181 are shown below m figure 3.24. The ratio of all of the 

peak areas is 50:50 as expected for enantiomers. A preparative scale resolution would 

be desirable in order to separate the enantiomers and test them for antiproliferative 

activity individually, and is planned for future study.
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Figure 3 .24; Chiral resolution o f  enantiomers o f  P-lactam compounds 92, 136, 178 and 181
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3.5.2 Stability studies of antiproliferative P-lactams
9  1 8Stability studies on selected p-lactams were carried out by Ms. Andrea Byrne as 

part o f a M.Sc. (Pharmaceutical Analysis) research project and by Mr. Jean-Baptise
9  1 Q

Fichet as part of a pharmacy undergraduate exchange program with the University 

of Montpellier. The P-lactam ring is known to undergo hydrolysis in a number of 

circumstances, depending on the substituents on the ring.''*^’ For example, the 

hydrolytic degradation of ezetimibe (96, figure 2.1) is known to be fast at neutral and 

basic pH values but slower at acidic pH values at 80°C.

The stability o f three (3-lactam compounds 92, 136 and 171 {figure 3.25) that 

exhibited potent in vitro antiproliferative activity was assessed by HPLC at three 

different pH values as described in the experimental section of this thesis. Both 2- 

thienyl P-lactam 136 and 171 were least stable at acidic pH 4 and relatively stable at 

pH’s 7.4 and 9 {figures 3.26 and 3.27 respectively). Over 71% of azetidinone 92 

remained after 24 hours at pH 4, over 83% at pH 7.4 but significant decomposition 

occurred at the basic pH 9, with only 45.6% remaining after 24 hours {figure 3.28). 

The half-lives o f 171 and 136 were both greater than 24 hours at all pH values, while 

the half-life o f 92 was greater than 24 hours at pH’s 4 and 7.4.

The stability o f three ester derivatives o f 92 (203, 239 and figure 3.25) was 

assessed {figure 3.28). Phosphate sample 203 was completely stable at acidic, basic 

and neutral pH values, with 100% of the compound remaining after 24 hours. This 

indicates that enzymatic rather than chemical hydrolysis is required for cleavage of 

the phosphate ester group. There was 60%, 42% and 54% of acyl ester 239 

remaining at each of the three pH values 4, 7.4 and 9 after 24 hours, while benzyl 

ester 240 was more stable than 239 at pH 4 and 9 (61% and 76% remaining 

respectively) but less stable at pH 7.4 (35% remaining after 24 hours). Overall, the 

stability of 203 was the best, indicating the advantage o f masking the phenolic group 

with a phosphate moiety. A longer study would be required to accurately determine 

half-lives for these compounds. On the basis o f the results obtained in this study, the 

phosphate ester 203 has superior stability at all pH values compared to both acyl ester 

239 and benzyl ester 240 and would be more suitable for continued development. A 

study of the effect of phosphatases on this compound would be desirable.
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3.6 The structure of tubulin and the colchicine binding site

Colchicine is a known inhibitor o f tubulin and CA-4 has been shown to displace 

colchicine from its binding site on tubulin.^' The P-lactam CA-4 analogues described 

thus far are expected to bind to the colchicine-binding site of tubulin and molecular 

modelling studies to determine if this is possible are described in the following 

section. aP-Tubulin dimers are the basic building blocks o f microtubules. Each 

monomer of tubulin contains approximately 450 amino acids and the a  and p 

monomers share about 40% sequence homology {figure 3.29). The structures of a 

and P tubulin are similar: each monomer is formed by a core o f two P-sheets 

surrounded by a-helices. A 3.7-A crystal structure of tubulin, determined by electron 

diffraction and stabilised by taxol, was determined in 1998.^^

Each tubulin monomer consists o f three domains, comprised o f two p-sheets of 6 and 

4 strands and 12 a-helices {figure 3.30). The N-terminal domain includes residues 1 

-  205 and forms a pattern of alternating P-sheets and a-helices (helices 1 -  5 and 

sheets 1 -  6). The intermediate domain, residues 206 -  381, contains a mixed P-sheet 

(sheets 7 -10) and five surrounding helices (helices 6 -  10). The C-terminal domain

is formed by helices 11 and 12 which overlay the previous domains and are probably
22involved in the binding o f microtubule associated proteins and motor proteins.
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Figure 3.29: The sequence o f  pig brain a and P tubulin^^; B=p-sheet, H=a-helix

Chapter 3: Biochemical and physiochemical evaluation o f  P-lactam CA-4 analogues 208



Figure 3.30: The structure o f  tubulin from pig brain with taxol (T A X ) and G DP b o u n d .a -H e iic e s  are

coloured red and P-sheets blue

The structural cycling of tubulin between straight and curved forms remains partially

obscure. Structural data has been obtained with tubulin either assembled in sheets of

straight protofilaments or in a curved complex with the stathmin-like domain of the

RB3 protein (RB3-SLD), a cellular regulatory protein. The structure o f the tubulin-

colchicine: RB3-stathmin complex was reported in 2004 (figure 3.31)?^ The RB3-

SLD binds two tubulin aP-heterodimers. The colchicine-binding site is buried

mostly in the intermediate domain of the |3-subunit, surrounded by strands 8 and 9 and

helices H7 and H8 {figure 3.32). When bound, colchicine also interacts with loop T5

of the neighbouring a-subunit, stabilising the heterodimer and maintaining the

curvature of the complex.^'*
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Figure 3.31: (a) Tubulin in complex with RB3-SLD; two heterodimers are bound; (b) DAM A- 

colchicine bound at the a|3-interface o f  tubulin [COL=DAM A-colchicine (pink)] '̂*

In 2009, the structure of tubulin (in complex with RB3-SLD) was determined with no 

ligand bound at the colchicine site, and with four structurally distinct ligands (7, 241, 

242 and 243; figures 3.32 and  The unliganded complex remains curved

(PDB code: 3HKB ) as it appears when colchicine is bound. When no ligand is 

present, the T7 loop takes the place of the colchicine site ligand, forcing the H8 helix 

and the intermediate domain P-sheet apart and preventing tubulin from adopting a 

straight conformation. This is similar to the mechanism that colchicine acts by, but 

in this case, this effect is reversed if the T7 loop flips out of its curved tubulin 

location, allowing tubulin to switch between its curved and straight structures, as 

observed upon microtubule assembly. The localization of the T7 loop in soluble 

tubulin, in the absence of a colchicine domain ligand, opposes microtubule assembly 

suggesting that it contributes to microtubule dynamic instability. The positioning of 

the T7 loop in unliganded tubulin and in the presence o f colchicine is shown in figure 

3.32. The displacement of the loop by colchicine is seen by the difference between 

the T7 loop in the unliganded complex (green) and the loop in presence o f colchicine 

(blue). This displacement was seen for the other three colchicine site compounds co

crystallised (241, 242 and 243; PDB codes 3HKC, 3HKE and 3HKD respectively^^').

Chapter 3: Biochemical andphysiochemical evaluation ofP-lactam CA-4 analogues 210



T 7 \
col/em|^)

 NHCOCH3

O

Figure 3.32: The colchicine-binding site at the ap-tubulin interface surrounded by helices 7 and 8. The

switch o f  the T7 loop is shown. The P-subunit is green without ligand, and is overlaid in blue with the 

T7 loop in the presence o f  colchicine (7, yellow)^^'

When a colchicine domain molecule is bound to tubulin, the H7 and H8 a-helices, the 

T7 loop and the S8 and S9 P-strands, which contribute to the core of the colchicine- 

binding domain, all interact with the ligand. As a consequence, an effect of the 

colchicine domain compounds is to interfere with the movements of these secondary 

structure elements required for tubulin to adopt its straight, microtubular 

conformation and, therefore, to assemble in microtubules. In particular, colchicine 

domain ligands prevent the stacking of helix H8 onto the intermediate domain P-sheet 

that is observed in microtubular tubulin. This disorganizes the intradimer interface
9 9 1and destabilizes the straight arrangement o f tubulin subunits. No crystal structure 

of CA-4 or CA-4 analogues bound to tubulin has been published to date, so the 

precise mechanism of interaction and binding orientation of these colchicine site 

ligands is unknown as present.

241 242 243

Figure 3.33; Three colchicine-binding site ligands co-ciysta llised  with tubulin^^'
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The colchicine-binding site in tubulin is mainly buried in the P-subunit, whilst 

maintaining few interactions with the a-subunit {figure 3.34). There is one such site 

on each tubulin heterodimer. Examination o f a large number o f structural analogues 

of colchicine has allowed a comprehensive SAR to be determined. The contribution 

o f the individual methoxy groups to the binding strength of colchicine was 

investigated and selective elimination o f methoxy groups weakened binding to 

tubulin. It was concluded that the trimethoxy ring o f colchicine is not essential to the 

mechanism of inhibition o f tubulin self-assembly but serves as a complex-stabilising 

anchor but that the methoxy groups make additive contributions to the strength of 

binding of colchicine and analogues to tubulin.'*^ As mentioned above, the H7 and 

H8 a-helices, the T7 loop and the S8 and S9 p-strands contribute to the binding site 

and interact with the ligand. The two most important residues for binding are Val 

P318 and Cys P241. Val P318 tubulin variants have reduced sensitivity to colchicine 

and colchicine substituted with more reactive groups instead of the methoxys can be 

crosslinked with Cys P241. '̂* The binding interactions o f DAMA-colchicine are 

represented in 2D planar pictorial form in figure 3.35 (derived from PDB ISAO^* )̂. 

DAMA-colchicine 244 (A^-deacetyl-A^-(2-mercaptoacetyl)-colchicine) was used to 

establish the location o f the A^-acetyl group. The development of 2D depictions of 

protein-ligand complexes for MOE is described by Clark and Labute.^^^ All protein 

residues that approach within a certain distance o f the ligand are flagged for inclusion 

in the diagram by virtue o f proximity, with the default cutoff being 4.5 A (heavy 

atoms only). Atom pairs are then studied for the possible existence o f hydrogen 

bonds. The distances are scaled such that the 3D bond distances are comparable to 

the default bond distance used by the 2D layout algorithm. Molecular docking 

with colchicine was carried out as described in the following section and is 

represented in figure 3.34. The binding-site is mainly buried in the P-subunit but 

maintains interactions with the a-subunit and prevents straightening o f the tubulin 

dimer as described above.
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Figure 3.34: C o lch ic ine  (green , space-filling  m odel) docked  in the co lch ic ine-b ind ing  site  o f  tubu lin
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F igure 3.35: In teractions o f  D A M A -co lch ic ine  244  w ith tubulin
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3.7 P-Lactam molecular modeling studies

3.7.1 Flexible alignm ent of p-Lactam 171 with known colchicine-site ligands

The molecular structures o f representative examples o f this series, compounds 171, 

were determined by single-crystal X-Ray crystallography {figures 2.7, 2.8, 2.9 and 

2.14). The trans configuration at positions 3 and 4 o f the P-lactam ring clearly seen 

for 171. This structure revealed a conformation for the azetidinone 171 in which the 

two aromatic rings located at N-1 and C-4 are not coplanar. The rigid azetidinone ring 

provides a scaffold which can accommodate the steric and geometric requirements of 

the aromatic pharmacophores for tubulin binding. Ligands that bind at the colchicine- 

binding site o f tubulin have the common feature o f a trimethoxy-aromatic ring, noted 

for such ligands as colchicine and CA-4.

The azetidinone 171 is structurally similar to colchicine and CA-4, with the common 

structural features of a trimethoxyphenyl ring and a second aromatic ring substituted 

with methoxy groups in a non co-planar diaryl system, with the observed tortional 

angle for Ring A-Ring B of 46.9° compared to 55°and 53° for the corresponding rings 

in CA-4^^^ and colchicine^'* respectively. These structural similarities support the 

observed antiproliferative and tubulin polymerization inhibitory activity for these 

compounds as tubulin-targeting agents. The X-ray crystal structures o f CA-4 and 

CA-4P^* suggest that the conformation o f this stilbene is not planar. These crystal 

structures reveal that the planes o f the two phenyl rings are inclined to each other, 

suggesting a low-energy conformation that may be the one involved in binding at the 

tubulin receptor site.^*

In order to test the hypothesis that our P-lactam compounds bind in a similar fashion 

to colchicine and CA-4 in the colchicine-binding site o f tubulin, flexible alignment 

was firstly performed to examine the conformations of the molecules such that 

particular atoms and functional groups are optimally superimposed upon each other. 

It is not representative of the conformation of the ligand in the active site o f the 

protein, but provides a means of comparing the structures of two potential ligands. 

The most common measure of the fit between two structures is the root-mean-square-
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distance (RMSD) between pairs o f  atoms. The aim is to find the relative orientation 

o f the molecules such that the RMSD is minimal.

Flexible alignment was carried out using MOE 2006.08 (Chemical Computing 

Group ). The method accepts as input a collection o f small molecules with 3-D 

coordinates and computes a collection o f alignments. Each alignment is given a 

score that quantifies the quality o f the alignment in terms o f both internal strain and 

overlap o f  molecular features. Figure 3.36 shows 171 aligned with colchicine and 

combretastatin A-4. Single bonds, but not double bonds, were randomly rotated and 

a RMSD o f 0.5 was set as the acceptable limit. MOE measures the average strain 

energy o f  the molecules in the alignment, the total mutual similarity score and 

calculates the alignment score o f the configuration. It ranks the alignments and the 

best one can be chosen. Figure 3.36 shows the top ranked alignments, i.e. those with 

the best degree o f overlap. The considerable degree o f overlap between the 

trimethoxyphenyl rings between both 171 and colchicine and also between 171 and 

CA-4 can be seen in this diagram. In addition, there is a nearly perfect overlap 

between the B-ring o f CA-4 with the 4-methoxyphenyl ring o f 171 . This shows that 

the substitutions o f the P-lactam compounds can occupy the same chemical space as 

those o f  CA-4 and colchicine. The ability o f the p-lactam agents to bind to tubulin in 

vitro has already been determined (section 3.4.10). Based on the similarities between 

the azetidinones and both colchicine and CA-4, as demonstrated by flexible 

alignment, it is anticipated that they would bind to the colchicine-binding site on 

tubulin. Molecular docking o f these compounds with tubulin is described in the 

following section.
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Figure 3.36: Flexible alignment of (top) 171 [red] and colchicine [yellow] and (bottom) 171 [red] and 

CA-4 [green]. 2D structures are shown for comparison
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3.7.2 Molecular docking of antiproliferative p-lactams in tubulin

Docking describes the process whereby a molecule is fitted into a molecular target 

such as a particular binding site on a protein. The molecule is usually known to act at 

that particular target, and by docking the molecule into the target, the interactions o f 

the molecule and target can be explored. Docking can either be flexible or inflexible. 

In fully flexible docking, both the target and molecule can adopt different 

conformations. This is computationally time consuming, especially if  the target is 

large. More commonly, semi-flexible docking is used, where the target is kept rigid 

and the ligand is flexible. In rigid body docking, both the protein and ligand are 

treated as rigid bodies.

FRED and OMEGA (OpenEye Scientific Software ) were used to model our 

compounds in the colchicine-binding site o f tubulin. OMEGA generates conformers 

o f the ligand and FRED (fast rigid exhaustive docking) docks the ligand in the active 

site. Docking algorithms are used to generate ligand structures. Algorithms are 

classed as either deterministic or stochastic. Deterministic algorithms are 

reproducible, and are used by FRED, whilst stochastic algorithms include a random 

factor and are not fully reproducible. An example o f a docking algorithm is the 

‘incremental construction method’, which divides the molecule into fragments and 

incrementally reconstructs it again inside the active site. Other methods are genetic 

algorithms and ‘tabu search’ algorithms. Scoring functions are used to predict the 

binding free energy o f  a small molecule ligand. The free energy o f  binding is given 

by the Gibbs-Helmholtz equation:

AG = AH -  TAS

where AG is the free energy o f  binding, AH is the enthalpy, T is the temperature in 

Kelvin and AS is the entropy.

AG = -RT In Ki

relates the free energy o f binding to the binding constant, where R is the gas constant. 

FRED provides five scoring function options: ChemScore, PBSA, ChemGauss, PLP, 

and ScreenScore. Only the PLP scoring function was used in our study. This is an 

empirical scoring function that can be expressed conceptually as:

E to ta l~  E n -b o n d  E repulsion  E gontact
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In a comparative evaluation o f 11 scoring functions for molecular docking, the PLP 

scoring function ranked second in prediction o f binding affinities and was the top 

ranked scoring function for docking accuracy.

3.7.2.1 Molecular docking results for potent antiproliferative p-lactams

Docking was carried out using the tubulin-colchicine stathmin-like domain complex 

(PDB code; ISAO). '̂* Figure 3.37 illustrates p-lactam 171 docked in the colchicine- 

binding site of tubulin, while figure 3.40 shows a similar graphic with P-lactam 181 

docked. P-Lactam 181 was the most active compound in anti-proliferative assays. 

The compounds were docked using the PLP scoring function and an addbox size of 

2.000 A. As discussed in section 3.5.1, the two most important residues for binding 

in the colchicine-binding site o f tubulin are Val P318 and Cys P241 (residue numbers 

are those used by Ravelli et al^”*). Figures 3.37 and 3.40 show the trimethoxy ring of 

both 171 and 181 is well positioned in proximity to the Cys p241 and Val P318 

residues and the compounds adopt a very similar orientation to that o f the trimethoxy 

ring of DAMA-colchicine in the co-crystallized structure. In addition for compound 

181, Thrl79 is seen to establish a strong H-bond to the 3-OH substituent o f ring B 

{figures 3.40 and 3.41). This residue has previously been identified as interacting with
89 998a number of colchicine site ligands. ’ ’ This interaction would also be predicted 

to rationalize the binding o f the related compounds in the series with OH substituent 

in similar position and also the related analogues with an amino substituent at meta 

position o f the aryl B-ring. Activity is optimized by additional substituents on the C-3 

aryl ring o f the p-lactam structure, with 4-F, 4 -NH2, 4-OH, 3-OH (compounds 155, 

180, 183,189) substituents preserving key interactions with active residues for ring A 

and ring B. A weak H-bonding interaction between the 4-hydroxy group at the 3- 

position o f P-lactam 181 and the Lys254 residue {figures 3.40 and 3.41), in addition 

to hydrophobic contacts with the 3-phenyl ring could contribute to the higher 

antiproliferative activity observed for this analogue. Figures 3.38 and 3.41 depict the
999binding interactions o f P-lactams 171 and 181 in 2D format. From these results it 

can be seen that the important interactions discussed above are predicted to be present 

for these compounds. The docked pose o f 171 overlaid with DAMA-colchicine 244 in 

the tubulin-binding site is illustrated in figure 3.39. It can be seen that the methoxy 

substituent of ring B is in close proximity in the binding site to the corresponding 

methoxy group on ring C of colchicine.
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Interestingly, when the second enantiomer o f  181 is docked in the binding site, no 

hydrogen bonding interactions with T hrl79  and Lys254 are observed. On the basis 

o f this molecular modeling, it is expected that one enantiomer has greater potency 

than the other. Chiral resolution and antiproliferative evaluation o f the individual 

enantiomers would be required to establish if  this hypothesis is correct.

The binding mode o f thiophene-substituted (3-lactam 178 in the colchicine-binding 

site o f tubulin is represented in figure 3.42 and the 2D interactions are summarized in 

figure 3.43. It makes similar interactions to 171 and 181, with strong hydrogen 

bonding observed between the 4-position phenolic group to both T hrl79  and Lys352 

residues. Contacts with Cys241 and Val318 are also present. Hydrophobic 

interactions, including with the 2-thienyl ring, stabilize the bonding o f  these the 

molecule in the colchicine-binding site (figure 3.43). These predictive docking studies 

suggest that the binding parallels between these 2-azetidinones and known tubulin 

inhibitors including colchicine and CA-4 may rationalise the potency observed for 

171, 178 and 181 in their inhibition o f tubulin polymerisation.
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Figure 3.37: (top) |3-Lactam 171 docked in the colchicine-binding site o f  tubulin, (bottom) Im portant 
residues for binding isolated. Colour key; Grey = carbon; red = oxygen; blue = nitrogen; yellow  = 

sulfur; hydrogen bonds shown as dashed red lines

Chapter 3: Biochemical and physiochemical evaluation offi-lactam CA-4 analogues 220



O  polar * sidechain acceptor o acidic sidectiain donor
O basic * ♦ backbone acceptoro greasy backbone donor

Figure 3.38: 2D representation o f the binding o f P-iactam 171 in the colchicine-binding site o f tubulin

Figure 3.39: The bound conformations o f P-lactam 171 and DAMA-colchicine 244 (yellow) in the 

colchicine-binding site o f tubulin (residues not shown for clarity)
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Figure 3.40: (Top) P-Lactam 181 in colchicine binding site; (bottom ) Important residues for binding are 

isolated. Colour key: Grey = carbon; red = oxygen; blue = nitrogen; yellow = sulfur; hydrogen bonds

shown as dashed red lines
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Figure 3.41: 2D representation of the binding of p-lactam 181 in the colchicine-
binding site of tubulin

Chapter 3: Biochemical and physiochemical evaluation ofP-lactam CA-4 analogues

Asn^ 58,Ala

Ala

Val
Cys

^S241

Val

Leu
,8248^

Leu
^5^ Leu

,8242̂
Ala

Asn^ 49,

O  poiar —► sjdediain acceptor O  solvent residue ©©arene-arene
O acidic sidechain donor O  metaJ complex ©+a;ene-cation
O basic — *■ backbone acceptor —  solvem contact
O  greasy "*— backbone donor —  metal corftact
^proxim ity ^  ligand .^receptor
^contour ^  exposure ^contact

Figure 3.42: 2D representation of the binding interactions of thiophene p-lactam
178
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Figure 3.43: (Top) Interactions o f  thiophene p-lactam 178 with the colchicine-binding site o f  tubulin. 
(Bottom ) Residues that are crucial for binding are isolated. Colour key: Grey =  carbon; red = oxygen; 

blue = nitrogen; yellow  = sulfur; hydrogen bonds shown as dashed red lines
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3.7.2.2 Molecular docking results of le ss  potent antiproliferative p-lactam s

When a less potent compound, such as 138, is docked in the colchicine binding site o f 

tubulin, the binding conformation is very different. The docked conformations o f 

both 171 and 138 and colchicine and 138 are presented in figure 3.44. The protein is 

not shown for clarity. At a glance, it is apparent that the structures dock in a different 

manner. The trimethoxyphenyl rings o f  171 and 138 adopt similar positions in the 

binding site, but the 4-methoxyphenyl ring lies in a very different position. The 4- 

position o f the P-lactam ring in analogue 138 occupies the same portion o f the binding 

site as the 3-position o f 171, indicating that this part o f the protein can accommodate 

larger bulk and explains the relative switch in orientation. This explains the loss in 

activity seen with 138 and any other related analogues with a bulky substitution 

pattern at this position. The 2D binding interactions o f  138 are shown in figure 3.45 

and indicate that interactions between Cys241, Val318 and the 3,4,5- 

trimethoxyphenyl ring are present, accounting for the micromolar antiproliferative 

activity observed for this compound.

,0CH3 o SH

....

OCH3OCH OCH

171 138 (green) 244

Figure 3.44: Comparison o f  the docked conform ations o f  P-lactams 171, 138 and D A M A -colchicine  
244 . 138 is shown in green; 171 (left) and D A M A -colch icine 244  (right) are coloured with oxygen red,

nitrogen blue, carbon grey and sulfur yellow
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Figure 3.45: 2D  interactions o f  P-lactam 138 in the colchicine-binding site o f  tubulin

To rationalize this observation, molecular structures of compounds 138 and 139, 

determined by single-crystal X-Ray crystallography, were examined {figures 2.7, 2.8 

and 2.9). The structures revealed a conformation for the azetidinones 138 and 139 in 

which the two aromatic rings located at N-1 and C-4 are not coplanar. The observed 

dihedral angle between ring A and ring B in the X-ray crystal structures o f these 

analogues is -61.7° for compound 138 (figure 2.7). For compound 139, a dihedral 

angle o f 73.4° is observed for the cis isomer while values of 62.7° and -66.1° are 

calculated for the two enantiomers o f the trans isomer (figures 2.8 and 2.9). These 

values are very different to the dihedral angle previously observed for 171 o f 46.9° 

and are also higher than the values for colchicine (55°) "̂  ̂ and CA-4 (53°).^^^ It is 

possible that this difference in orientation between the two rings is one of the factors 

leading to the decreased antiproliferative activity observed for 138 and 139.

The molecular modeling studies provide a means o f visualizing the proposed binding 

interactions of our novel azetidinone compounds with the colchicine-binding site of
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tubulin. The P-lactam compounds dock in a similar manner to colchicine in the 

colchicine-binding site on the p-subunit o f tubulin, with some interactions with the 

adjacent a-subunit also in place. This work rationalizes and supports the 

antiproliferative evaluations described earlier in this chapter and provides a basis for 

the design o f further colchicine-site ligands in the future.
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3.8 Summary

The determination o f the antiproliferative activity for a wide variety of p-lactam CA-4 

analogues has been described in this chapter. In particular, compounds 92, 178 and 

181 show potent antiproliferative activity in a variety o f cancer cell lines, with 181 

displaying a 10-fold improvement in potency compared to CA-4 in human MCF-7 

breast cancer cells, human MDA-MB-231 cells, acute promyelocytic leukaemia HL- 

60 cells and human chronic myelogenous leukaemia (CML) K562 cells. Tubulin 

binding experiments provide evidence that the molecular target of these azetidinones 

is indeed tubulin. A range of phosphate and amino acid derivates were synthesised 

with improved solubility, chiral separation was demonstrated for a number of 

compounds and stability studies performed on selected analogues. Molecular 

modelling studies help to rationalise the structure-activity relationships discerned for 

the P-lactam CA-4 analogues.

Future work in this area could include a preparative scale chiral resolution of the 

enantiomers of the most active antiproliferative compounds, 178 and 181, and 

evaluation of the individual enantiomers for differences in antiproliferative and 

tubulin-binding activity. Further biochemical assessment, including in vivo studies, 

are planned to be conducted for the most potent P-lactams. Stability studies o f the 

compounds in plasma and in the presence o f liver microsomes would provide 

additional information about the properties o f the compounds. The promising results 

obtained to date warrant further investigation to establish a comprehensive overall 

pharmacokinetic and pharmacodynamic profile for these antiproliferative P-lactams.
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4. Introduction

Heat shock protein 90 (Hsp90) is a molecular chaperone that assists in the folding of a 

diverse variety o f proteins, aids translocation to their final intracellular location, and 

facilitates their refolding or directs them to proteasomal degradation when they 

become damaged. A number o f the client proteins o f Hsp90 are oncogenic in nature, 

including ERBB2, mutant p53 and steroid hormone receptors.^^’ Hsp90 inhibition 

can affect many diverse oncogenic signalling cascades simultaneously.'*^^ Selectivity 

for tumour cells over normal cells is achieved as Hsp90 in tumour cells is expressed at 

higher levels, is present in a highly active complexed state, has a high ATPase activity 

and has a high affinity for inhibitors such as geldanamycin, the first Hsp90 inhibitor 

i d e n t i f i e d . At  the beginning of 2010, twelve Hsp90 inhibitors were in clinical trials 

(section 1.7).''*^

The first reported dual-targeting agents that bind to both tubulin and Hsp90 have been
120synthesised and evaluated in our laboratory, including compound 87 (figure 4.1). 

Other small-molecule heterocyclic Hsp90 inhibitors, including pyrazole-type 

compounds (e.g. 75, figure 4.1) have been reported.'*^’ As discussed briefly in 

section 1.7.5.5, the interactions of pyrazole 75 with Hsp90 have been determined from 

X-ray crystal structures of the compound bound in the active site of human Hsp90a 

(PDB code 2BT0, figure 4 .2 )P ‘̂' The crucial ligand-protein interaction was 

determined to be that of the resorcinol 2-hydroxyl group with the Asp93 residue, also 

present for the natural product Hsp90 inhibitors radicicol and geldanamycin. A 

second important interaction is that o f the resorcinol-ring ethyl group and Phel38 in 

the ATP-catalytic site of Hsp90. The pyrazole scaffold is a small nitrogen-containing 

heterocycle, similar to the p-lactam nucleus, and interest arose in developing a small 

molecule Hsp90 inhibitor with a P-lactam scaffold.

The starting point for design o f a P-lactam based Hsp90 inhibitor was to create a 

molecule with the same substituents as those on pyrazole 75. This would determine 

if the p-lactam scaffold was capable o f acting as a template for providing the 

necessary interactions with the Hsp90 ATP-binding site. Initially, before synthesis 

was carried out, molecular modelling studies o f the target P-lactam lead molecule, 268 

{figure 4.1), were performed. A flexible alignment of the pyrazole compound and the
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proposed P-lactam Hsp90 inhibitor 268 performed using MOE revealed a good 

overlay between the two aromatic ring systems but an offset of the linking 

heterocycles {figure 4.2). A preliminary molecular docking study indicated that the 

P-lactam would interact in a similar manner to pyrazole 75. The necessary 

interactions with Asp93 and Phel38 are present, along with another interaction with 

Thrl84 {figure 4.3, only residues that are interacting with P-lactam 268 shown) (see 

also figure 4.12). These interactions and the docking study are fully discussed in the 

last section of this chapter.

OH

OCH

NH2

.OH
HO

HO

87 7 5 2 6 8

Figure 4.1; Established Hsp90 inhibitors 87 and 75; proposed Hsp90 inhibitor 268

01y97

Figure 4.2: (left) Binding interactions o f  pyrazole 75 with H sp90a; (right) a flexib le alignm ent o f  
pyrazole 75 (green) with proposed p-lactam 268  (grey); hydrogen atoms not show n for clarity
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Lys58

Figure 4.3: Docking o f  p-lactam 268 in the N-terminal o f  Hsp90a (using MOE). Red spheres: 
conserved water molecules; colour key: grey=carbon; red=oxygen; blue=nitrogen; yeilow=suifur; red 

mesh indicates area with no binding interactions

4.1 Synthesis of p-lactams targeting Hsp90

To access the chemical structures with the substitutions required for Hsp90 inhibition, 

P-lactam formation from imine precursors was investigated. The necessary 

aldehydes were commercially unavailable and formylation reactions were used to 

synthesise the required starting materials as necessary. Protection of hydroxy groups 

to be incorporated into the P-lactams was also necessary at an early stage in the 

synthetic process. The chemistry used for the production of these molecules is 

discussed in the following section.

4.1.1 Vilsmeier-Haack and Duff reactions for formylation

The 4-ethylresorcinol and 4-chlororesorcinol moieties are two o f the most commonly 

seen ring systems in a broad range of Hsp90 inhibitors."^’ In order to create P-

lactams with these substitution patterns, it was necessary to synthesise appropriate 

aldehydes as precursors to imines. It was also necessary to protect both hydroxyl 

groups of the resorcinol molecule prior to the p-lactam forming reactions. 4- 

Ethylresorcinol and 4-chlororesorcinol are commercially available. The formylation

I \
SerSO

. '//
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of 4-ethylresorcinol was achieved using a Vilsmeier-Haack reaction, utilising 

dimethylformamide and phosphorus oxychloride {scheme 4 .])P ^  The formylated 

product 245 is known in literature, was obtained in yields of up to 36% and was fully 

characterised. 'H NMR analysis shows an additional chemical shift at 6 9.91 ppm 

attributable to the aldehyde proton, there is disappearance of one aromatic signal and 

the remaining two aromatic protons appear as singlets at 5 6.39 and 6 7.34 ppm. IR 

spectroscopy analysis shows absorption at v 1645.8 cm '' due to the carbonyl group.

" i X  ^
H

2 4 5

Reagents and conditions: (a) DMF, phosphorous oxychloride, 0°Cfor addition, then 80°C 

Schem e 4.1: V ilsm eier-H aack reaction for form ylation o f  4-ethylresorcinoi

The Vilsmeier-Haack reaction using phosphorous oxychloride and anhydrous 

dimethylformamide was unsuccessful for the formylation of 4-chlororesorcinol. The 

desired product, 5-chloro-2,4-dihydroxybenzaldehyde, is not known in literature. 

The Duff reaction, using hexamethylenetetramine (hexamine, HTMA) in acidic 

solution for formylation, was investigated as an alternative. ‘ For the Duff 

reaction, a strongly activating substituent on the aromatic ring is required, e.g. a 

phenolic group. This condition is fulfilled by 4-chlororesoricol, which has two 

aromatic phenols. A number o f combinations of conditions were attempted, but these 

led to either no formylation or addition of two formyl groups (246, scheme 4.2) (see 

table 4.1). For example, when trifluoroacetic acid was used as a solvent, reaction at 

room temperature did not result in any formylation while heating at 100°C led to 

formylation at both the 2 and 6 positions of 4-chlororesorcinol {table 4.1).
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-2,4-dihydroxy be nzaldehyde 

HOyxL/OH

°Y^c,
H

2 4 6

Reagents and conditions: (a) See table 4.1 for attempted conditions 

Schem e 4.2; Attem pted form yiation o f  4-chlororesorcinol

T able  4.1. Conditions for attem pted formyiation o f  4-chIororesorcinol

Reactant 1 Reactant 2 Solvent Time Temperature Result

VILSMEIER-HAACK REACTION

P hosphorous

oxychloride

Anhydrous
Anhydrous DMF

DMF
6 hours 80°C N o formyiation

DU FF REACTION

4 -ch lo ro reso rcino l 

(2 m m ol)” ''

HTMA (5 

equiv.)

Glacial acetic 

acid (5 mL)
120 mins 100°C N o formyiation

4 -ch lo ro reso rcino l 

(8 m m ol)

HTMA (2 

equiv.)

Glacial acetic 

acid (5 mL)
120 mins 130”C N o formyiation

4 -ch lo ro reso rcino l 

(3 m m ol)

HTMA (10 

equiv.)

Trifluoroacetic 

acid (40 mL)
30 mins lOOT

2 formyl groups 

added (246)

4 -ch lo ro reso rcino l 

(3 m m ol)” *

HTM A (10 

equiv.)

Trifluoroacetic 

acid (40 mL)
30 mins

Room

tem perature
No formyiation

4-ch lo ro resorcino l 

(3 m m ol)

HTMA (5 

equiv.)

Trifluoroacetic 

acid (20 mL)
30 mins

Room

tem perature
N o formyiation

4 -ch lo ro reso rcino l 

(3 m m ol)

HTM A (5 

equiv.)

Trifluoroacetic 

acid (20 mL)
30 mins IOO°C

2 formyl groups 

added (246)
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4.1.2 Resorcinol protecting group chem istry

The key phenolic groups planned for inclusion in the final products required selective 

protections at an early stage in the synthetic route. The use of two different 

protecting groups previously used in our laboratory for phenol protection was 

investigated. The sequence of reactions leading to the formation of protected 

formylated resorcinol derivates was very important. As depicted in scheme 4.3, 4- 

ethylresorcinol must first be formylated and then protected using the benzyl- 

protecting group. The reverse sequence did not yield the desired product. It was 

also noted that the previous method used for benzylation (section 2.1.1.2) using 

benzyl bromide, potassium hydroxide and sodium iodide in ethanol was ineffective. 

Instead, benzyl bromide and potassium hydroxide refluxing in a solution of 

acetonitrile gave the desired product. Use of the TBDMS group was also 

investigated. This protecting group did not remain intact during Vilsmeier-Haack 

formylation. Silylation of the aldehyde was attempted, with the result that only one 

of the hydroxyl groups was protected. This is thought to be due to intramolecular H- 

bonding between the aldehyde and phenolic groups on adjacent positions of the 

aromatic ring.

The dibenzyl protected product 248 (table 4.2) was obtained in 90% yield from 2,4- 

bisbenzyloxy-5-ethylbenzaldehyde and characterised by spectroscopic methods. The 

IR spectrum showed the absence of broad peaks in the region of v 3500 cm ' 

indicating that protection of the phenolic groups had been achieved. 'H NMR 

analysis showed chemical shifts at 8 5.28 and 6 5.30 ppm assigned to the benzylic 

protons. Commercially available 2,4-dihydroxybenzaldehyde was also protected by 

this method to prepare 247 {table 4.2).
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OBn

BnO

BnO

HO

DMF
POCI3 Heat

.TBDM S

HO y  245 
CHO

TB D M S.

CHO

Benzyl bromide 
KOH /

•TBDMS
OBn

BnO
CHO CHO

-TBDMS

CHO

248

Scheme 4.3: Synthetic route to 2,4-bis(benzyloxy)-5-ethylbenzaldehyde 

Table 4.2. Dibenzylprotected aldehydes.

Compound

number

Structure Yield

(% )

M elting

point

(”C)

'^max

cm ' (KBr 

disk)

247
B n O " ^ - ^ O B n

98.0 85 1677.88

248* occ°B n O ^ ^ - ^ O B n
89.5 123 1663.00

* Indicates compounds are previously unreported
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4.1.3 Hsp90 imine formation

Hsp90 imine precursors 249 -  258 were obtained by condensation o f the appropriately 

substituted aldehydes and amines as discussed in section 2.1.4. A representative 

reaction scheme is shown for 252 in scheme 4.4 and the imines prepared are listed in 

table 4.3. Yields for all products were over 85% with the exception of 258 (59%) 

and products were purified by recrystallisation from ethanol. Imines 257 and 258 

were synthesised to evaluate if imines themselves possessed any Hsp90-binding 

affinity. All products were fully characterised including elemental analysis. The 

characteristic signal at approximately 6 8.70 -  8.85 ppm in the 'H NMR spectra 

attributable to the proton of the double bond was observed for all imines. The 

appropriately substituted resorcinol-containing amine was not available and attempted 

synthesis of this compound was unsuccessful.

NH,
BnO

N 

OBn 

252

Reagents and conditions: Ethanol, reflux, 3 hours 

Scheme 4.4; Hsp90 imine formation

T ab le  4.3. Hsp90 imine precursors with yields and IR data.

C om pound

nu m b er
S tru c tu re Yield (% )

l.R . v„,„ cm ' 

(C =N ) (K B r disk)

249 25.0 1621.25

250

H g C O ^ ^ ^ '^ O C H a

76.8 1609.48

251 jOC°D 90.5 1608.90
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252 86.9 1625.71

253
x̂ °>

B n O " " ^ '^ = ^ O B n

87.8 1611.89

254

B n O ^ '^ '^ ^ O B n

90.5 1609.00

255

OCH3

i ^ 0 C H 3

84.5 1607.16

256 95.4 1625.03

257 XX°) 87.0 1611.89

258 Xi°> 59.6 1610.87

*A11 compounds are previously unreported.
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4.1.4 Reformatsky reaction for synthesis of Hsp90 P-lactam inhibitors

The initial Hsp90-targeting P-lactams chosen for synthesis are unsubstituted at the 3- 

position o f the azetidinone ring. A further derivative, 266 {table 4.4) with a phenyl 

substituent at the 3-position of the ring, was also prepared to investigate the effect of a 

larger substituent at the C-3 position. The Reformatsky reaction, as discussed in 

section 2.2.2, was employed to synthesise these compounds {scheme 4.5). Methoxy- 

substituted P-lactams 259 and 260 and benzyl-protected P-lactams 261 -  266 are 

shown in table 4.4. The yields of the p-lactam intermediates were less than 20%, 

with the lowest being for methoxy-substituted compound 260 . Both 259 and 260 did 

not contain any protected phenolic groups and therefore did not require a further 

deprotection step. All compounds were characterised and showed IR absolutions at 

approximately v 1740 cm ' confirming formation of the azetidin-2-one. The protons 

at position 3 of the P-lactam ring appear at approximately 8 2.92 -  2.96 ppm and 6 

3.43 -  3.48 ppm in the 'H NMR spectra of the benzyl-protected compounds, while the 

proton at C-4 appears further downfield at approximately 8 5.30 -  5.32 ppm. The 

benzylic protons have chemical shift values o f 5 5.10 ppm, and the benzylic carbons 

appear at 8 69.00 -  71.00 ppm.

BnO

252 262

Reagents and conditions: (a) Zinc, TMCS, anhydrous benzene, microwave 

Scheme 4.5: Synthesis o f  a Hsp90 P-lactam inhibitor using the Reformatsky reaction
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Table 4.4. Protected intermediates for Hsp90-targeting P-lactams.

Compound

number
Structure Yield (%)

I.R. cm '

(C = 0) (NaCI film)

259

H3 CO 

n  0 CH3 13.2 1746.30

260

0 “'
n  0 CH3 

A — N

”  Q:!)
1.9 1744.56

261

”  Q:!)
17.9 1745.51

262

OBn
B n O - . v / ^

J — N

°  'oc:̂
3.4 1737.22

263

OBn

°  u
OCH3

4.5 1727.60
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B n O - - . ^ / ^

J—N

° Q:;
6 .2 1 7 3 8 .8 9

2 6 5

OBn

J—N
0 V=%.--0CH3sxf  O C H ,  

H3 C O  ^

8 .7 1 7 4 6 .8 4

2 6 6

OBnOC'p-,
3.3 1 7 2 0 .9 0

A ll co m p o u n d s are p rev iou sly  unreported. O nly  on e  enantiom er is illustrated.

Benzyl protecting groups were removed from compounds 261 -  266 subsequent to the 

Reformatsky reaction by hydrogenolysis over a palladium catalyst leaving the (3- 

lactam ring intact (illustrated for 267 in scheme 4.6). Six different final products 267 

-  272 were prepared and are shown in table 4.5. The substitutions on the N-1 

position reflect pyrazole analogues with the greatest activity previously reported in 

literature.'^'*’ As discussed previously, the lead compound, 268, mimics the

substitution on pyrazole 75. A number of analogues were designed to investigate the 

importance o f the two hydroxyl groups and the ethyl group of the resorcinol ring. (3- 

Lactam 267 has no ethyl group, and compounds 259 and 260 (table 4.4) substitute
1 ‘X f \methoxy groups for the hydroxyls. Pyrazoles with either a 4-methoxyphenyl ring 

or methylenedioxane'^"* ring in place of the benzodioxane ring have shown improved 

activity and the corresponding P-lactam analogues 269 and 270 were also synthesised. 

Finally, P-lactam 271 containing the trimethoxyphenyl ring found in the dual-acting 

inhibitor 87 was prepared.
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P-Lactam products 267  -  272  were fully characterised. The spectra o f azetidinone 

267  are discussed as a representative example. The IR spectrum for this compound 

shows an absorption peak at v 1712.19 cm"' due to the carbonyl group on the 2- 

position of the P-lactam ring. The 'H NMR spectrum {figure 4.4) shows chemical 

shifts at 6 2.88 -2.92 ppm and 6 3.35 -  3.43 ppm occurring due to the protons at 

position 3 o f the ring; the proton at position 4 has a shift value of 6 5.13 -  5.15 ppm. 

The protons o f the benzodioxane ring appear at 5 4.17 (-OCH2 CH2 O-) and in the 

aromatic region (6 6.18 -  6.97 ppm). The two phenolic groups are the furthest 

downfield at values o f 6 9.35 and 6 9.68 ppm. The carbons o f the P-lactam ring 

appear in the '^C NMR spectra (figure 4.5) at 5 164.46 ppm (carbonyl C2), 6 44.48 

ppm (CH2 , C3) and 8 48.61 ppm (C4). The ethylene bridge carbons of the 

benzodioxane ring appear at 6 63.82 and 6 64.20 ppm and the aromatic carbons 

between 5 102.54 and 6 158.13 ppm, with the two signals furthest downfield at 6 

156.46 and 6 158.13 ppm attributable to the carbons attached to the phenolic groups.

OBn OH

261 267
Reagents and conditions: (a) Pd/C, H;, EtOH: EtOAc (1:1) 

Scheme 4.6: Debenzylation o f Hsp90 targeting P-lactams 

Table 4.5. Deprotected Hsp90-targeting P-lactams.

Compound

number
Structure Yield (%)

I.R. cm ' (C = 0)  

(NaCI nim)

OH

r1 ^267 17.55 1712.93
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/O H

J — N

°  to
13.24 1701.08

269

OH

J — N

°  Q
O CH 3

26.9 1701.08

270

OH

J — N

”  Q;5
44.6 1720.37

271

OH

0  V = % - - - 0 CH3sX
/  0 CH3 

H3C0

6 .2 1714.00

111

OH

OZp^
J — N

”  Q;!)
13.9 1716.35
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Figure 4.5; '^C NMR spectrum of p-lactam 267
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4.2 Experimental details: Hsp90 binding studies

In order to assess the Hsp90 binding affinity of the P-lactam and imine compounds 

synthesised in the previous section, in was necessary to perform binding assays in 

isolated human Hsp90a. Antiproliferative assessment o f this series of analogues was 

also carried out in human MCF-7 breast cancer cells, using the protocol described in 

detail previously in section 3.2.1. The combination of results from the two assays 

would give an indication of the potential o f the P-lactam and imine scaffolds for use 

as templates for the development of Hsp90 inhibitors.

4.2.1 Isolated HspSOa binding assay

The Hsp90a assay is a fluorescent displacement assay. A fluorescent ligand binds to 

the isolated protein and emits maximum fluorescence. In the presence o f a Hsp90- 

binding molecule, the fluorescent ligand is displaced and the fluorescence decreases 

in proportion to the amount displaced, allowing a dose-response relationship for any 

Hsp90 ligand to be established. The fluorescent ligand used is FITC-geldanamycin, a 

fluorescent analogue of the naturally-occurring Hsp90 inhibitor, geldanamycin. The 

experimental details for the assay are outlined below. The assay is adapted from the 

method outlined by Howes.^^^

4.2.1.1 Preparation of Hsp90 assay buffer

The components of the buffer used in the Hsp90 assay and their concentrations are as 

follows:

HEPES, pH 7.3 (20mM) (MW: 238.30), 4.766g/L 

Potassium chloride (KCl) (50mM) (MW: 74.551), 3.7275g/L 

Magnesium chloride (MgCl2)(MW: 95.21), 0.47605g/L 

Na2Mo04 (MW: 205.92), 4.1184g/L 

0.01% NP40, lOO îL per litre 

The buffer is made up using distilled water. Directly before each use, 1 mg bovine 

gamma globulin (per lOmL) and 3.085mg of DTT (per lOmL) are added.

4.2.1.2 Preparation of HSP90a protein

Hsp90a recombinant human protein (Stressgen©) was used for the assay. The 

desired final protein concentration in a 100[J.L/well is 75nM. The amount of Hsp90a 

supplied is 200fig. This is dissolved in assay buffer to give a concentration of 

3,000nM (MW of protein: 84660 g/mol; 3000nM = 200|j.g in 0.78746mL buffer).
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This solution is aliquoted into 50|.iL fractions and can be stored at -78°C. Each 

aliquot w ill be further diluted to 500|aL for use (=concentration o f 300nM), useful for 

up to 2 0  wells.

4.2.1.3 Preparation of FITC-GA fluorescent solution

FITC-geldanamycin (FITC-GA) is the fluorescent ligand used in this displacement 

assay. Img is provided and this is made up to lOOnM in anhydrous DMSO (MW: 

1034.2; stock solution: lmg/0.2mL = 4.83mM solution in DMSO). Before each use, 

1 }xL o f this solution is diluted to 48mL with DMSO. The final concentration o f FITC- 

GA in the assay is 5nM per 100|jL well. The stock solution must be protected from 

light and can be stored at -20°C for up to one month.

4.2.1.4 Preparation of 17-AAG control solution

17-Allylamino-17-demethoxygeldanamycin (17-AAG 61, figure 1.24) is a synthetic 

analogue o f geldanamycin and is a known inhibitor o f Hsp90a. It is a less toxic but 

more potent synthetic derivative o f geldanamycin. It is used as a control in the 

Hsp90 fluorescent displacement assay. It has a reported IC50 o f 5.2nM in MCF-7
O'xn Icells. The reported IC50 value for binding in Hsp90 is 1.27(aM. It is used as a 

positive control in the Hsp90a binding assay. 500^g o f 17-AAG (MW: 585.7) is 

provided. This is dissolved in 8.5368mL anhydrous DMSO for a 100|iM stock 

solution. This stock solution is stable for 3 months at -20°C. Prior to each assay, 

serial dilutions are prepared to give the following concentrations: I00)aM, 50|aM, 

25[iM, lO^iM, l|xM, 50nM, lOOnM, 50nM.

4.2.1.5 Hsp90a Binding Assay

For the assay, to each well is added: 69 [xL buffer, I ligand, 25 |xL receptor and 5 

I^L FITC-GA. The control rows consist o f (two o f each): Buffer (75 p,L) + receptor 

(25 )j,L); Buffer (70 |xL) + receptor (25 |aL) + FITC-GA (5 p,L); Buffer (95 |j.L) + 

FITC-GA (5 |aL) and vehicle controls (DMSO, ethanol, or others as necessary). 17- 

AAG is used as a positive control at seven concentrations in duplicate. The assay is 

read on a fluorescent plate reader using excitation o f 485/20 nM and emission 535/25 

nM with polarisation. IC50 values were calculated using non-linear regression with a 

sigmoidal dose-response (variable slope) curve, using GraphPad Prism.
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4.3 Biochemical results for Hsp90-targeting p-lactams

The antiproliferative activity of the series o f Hsp90-targeting P-lactams was assessed 

in MCF-7 human breast cancer cells and the Hsp90 binding affinity was evaluated as 

outlined in the previous section. Two imines, 257 and 258, were also assessed as 

they possess the necessary pharmacophore for binding to Hsp90. The results of both 

biochemical evaluations are presented in table 4.6 below. The IC50 values obtained 

for 17-AAG used as a control were in line with that cited in literature.

Of the series of P-lactams evaluated, azetidinone 268 was the only compound to show 

significant activity in the Hsp90a binding assay with an IC50 value of 5.63|j,M. A 

dose-response curve for 268 and 17-AAG is shown in figure 4.6. The other seven 

analogues showed disappointing activity with IC50 values greater than 200|o,M. Low 

activity was predicted for P-lactams 259, 260 and 267 as they were synthesised to 

explore the SAR of the resorcinol ring. Analogues 259 and 260 replace the hydroxy 

groups of 268 with methoxy groups, and this substitution leads to abolishment of 

Hsp90 binding ability. This is consistent with literature reports that the hydroxyl 

groups of the resorcinol ring are essential for hydrogen bonding interactions with the 

p r o t e i n . A n a l o g u e  267, with the hydroxyl groups o f 268 intact but without the 

ethyl group, shows decreased activity compared to 268, indicating that the ethyl group 

of 268 is also crucial for to Hsp90 binding activity. This pattern of activity was seen 

for radicicol and analogues, where analogues that lack the chloro substituent of 

radicicol at this position have substantially lower affinity for Hsp90.” '' The lack of 

binding affinity was not anticipated for P-lactam 269, in which the benzodioxane ring 

o f 268 is replaced with a methylenedioxy moiety. This substitution leads to an over 

40-fold reduction in activity. This substitution has been made in a purine series of 

compounds and did not result in decreased activity.'^'* The in silico analysis for these 

compounds is presented in section 4.4.2.

Selected imines were also evaluated for their ability to bind to Hsp90. As the Hsp90 

binding pocket facilitates a wide variety of structural entities, it was possible that 

appropriately substituted imines would have some binding affinity. Imines 257 and 

258 have IC50 values of 14.49|xM and 22.08|o.M respectively in the Hsp90 binding 

assay. Imine 257 retains the benzodioxane substituent on the nitrogen atom, while
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258 retains the methylenedioxy moiety. A dose-response curve for 257 is shown 

alongside that o f azetidinone 268 and 17-A AG in figure 4.6. These are the first 

reported imines that bind to Hsp90. The results are promising and warrant further 

investigation, as the imine series o f compounds are more synthetically accessible by a 

one-step three hour reflux than the P-lactams.

The antiproliferative effects o f the imines and azetidinones were evaluated in human 

MCF-7 breast cancer cells. Different cell types have been used to test the 

antiproliferative activity o f Hsp90 binding compounds, including HCT116 colon 

cells'̂ "̂'̂ ,̂ MCF-7 breast cancer cells'^^’ SKBr3 breast cancer cells'^®’

133,138,238 BT474 breast cancer cells.*'*  ̂ The antiproliferative activities are shown

in table 4.6. There is no obvious correlation between inhibition o f Hsp90 binding 

affinity and the antiproliferative effect in MCF-7 cells. The most potent 

antiproliferative compound was dihydroxyl analogue 267 with an IC50 value of 

23.50|^M in MCF-7 cells. The only P-lactam that significantly inhibited Hsp90, 268, 

had an IC50 value of 48 .22 |̂ m in MCF-cells. The two imines that showed inhibition 

of Hsp90, 257 and 258, did not have any antiproliferative activity in MCF-7 cells at 

concentrations up to 100(iM. It is possible that the physiochemical properties o f this 

series of compounds are not amenable to cell penetration, and thus the molecules 

cannot infiltrate into the cell to inhibit the action o f the enzyme. This will need to be 

addressed in future work.

Table 4.6. Antiproliferative and Hsp90-binding effects o f  P-lactams 259, 260 and 261 -  272

and imines 257 and 258

CLogP*Compound Structure

3.0867(17-A A G )

3.0354.16 ± 26 .83 >200259 OCH
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Com pound S tructure IC50 IMCF-7
(HM)

IC 50 Hsp90a 
(UM)"

CLogP*

260

O CH 3

n
> - N

53.03 ±3 .07 > 2 0 0 3.03

267

OH

J—N

°  O::)
23.50 ± 11.04 > 2 0 0 1.64

268

' 
T—

Z
0 

1
X 

'----k
0

48.22 ±2.31 5.63 ±3.62 2.62

269

OH

J—N

°  0
O CH 3

52.48 ± 5.70 242.57 ±56.38 2.61

270

OH

30.65 ± 17.47 293.20 ±53.14 2 . 6 6
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Compound Structure IC50 M CF-7
(HM)

ICso H sp90a  
(MM)"

CLogP*

271

OH

' ^ ^ O C H a

O C H ,
H3CO

31.28 ± 8.08 Inactive 2.00

272

OHozp-,
>100 Inactive 4.18

257

H O '^ ^ '^ ^ O H

>100 14.49 ± 2 .6 2 3.61

258 j O c °>

H O ^ '^ '^ ^ O H

>100 22.08 3.65

*Nd = not done; “HspWa values after 24 hours using human Hsp90a; ClogP value calculated using 
ChemDraw Ultra and refers to ClogPoct/wstcr

100n

Oi

o lc o o c

JC

268
257
67 (17-AAG)

Figure 4.6: Dose response graph for p-lactam 268, imine 257 and 17-AAG for binding to Hsp90a. 
Representative o f  one experiment, where each experiment was repeated independently three times.

Chapter 4: Hsp90-binding fi-lactams and imines 250



4.4 Molecular modelling and rationalisation of biochemical results

4.4.1 Molecular modelling procedures

Molecular modelling studies on the Hsp90-binding P-lactams and imines were carried 

out. Molecular structures were drawn using MOE v2009.10 (Chemical Computing 

Group ). Flexible alignment was performed using non-rigid alignment settings in 

MOE. Energy minimisation was carried out using the MMFF94x forcefield. 

Molecular docking was performed using OMEGA for conformer generation and 

FRED for docking into the protein (OpenEye Scientific Software ). The protein 

used for docking was IOSF"^, previously shown in a docking study to be the optimal
I  9 0X-ray co-crystal structure of Hsp90 to use for molecular docking. lOSF is a co

crystal structure of 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17- 

DMAG, 6S, figure 1.24) in complex with human Hsp90a.

4.4.2 Hsp90-ligand interactions: requirements for binding

ADP is the endogenous ligand for Hsp90. A co-crystal structure o f ADP bound to 

yeast Hsp90 was published in 1997 and gave insights into the action o f the molecular 

chaperone (PDB code lA M W ).'" A deep pocket on the helical face of the N- 

terminal domain was identified, using Fourier difference maps, as the location of the 

ADP-binding site. A 2D representation of the binding interactions of ADP with 

Hsp90 is shown in figure 4.7. The adenine base penetrates into the pocket, making a 

single hydrogen bond from the exocyclic N6 amino group o f the adenine base to the 

carboxyl group of Asp79 at the bottom of the pocket. This is the only direct 

hydrogen bond that this part of the nucleotide makes. (Note: The numbering o f yeast 

Hsp90 is different to that of human Hsp90, and Asp79 corresponds to Asp93 in the 

human form of the protein). Other hydrogen bonds are achieved by conserved water 

molecules bound by protein groups within the pocket, for example, a hydrogen bond 

between the N6 adenine and a water molecule bound by the peptide carbonyl of 

Leu34. Towards the top of the pocket, the a-phosphate group of ADP makes 

hydrogen bonds with the side chain of Asn37 and the peptide nitrogen of Phel24. 

The p-phosphate group makes a hydrogen bonding interaction with the side-chain of 

Lys98 and with several solvent molecules bound at the mouth of the pocket."^ The 

important residues for binding are summarised in table 4.7.
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O  polar 
O  acidic 
O  basic o greasy

sidechain acceptor 
sidechain donor 
backbone acceptor 
backbone donor

Figure 4.7: Binding interactions o f  ADP and Hsp90 (PDB code: 1AMW) III

Geldanamycin {66,Jigure 1.24) is a natural product inhibitor o f Hsp90. The crystal 

structure of geldanamycin bound in the N-terminal binding site of human Hsp90 was 

reported in 1997 (PDB code lYET)."^ The Hsp90-geldanamycin-binding domain 

has nine helices and an antiparallel P-sheet o f eight strands that fold together into a a 

+ P sandwich {figure 4.8). One face of the P-sheet is hydrophobic and packs against 

a layer o f five helices; four o f these helices (HI, H2, H4 and H9) pack flatly against 

the P-sheet, while H7 packs against the P sheet at an almost perpendicular angle. 

There are a second layer o f helices that pack on the first layer (H5 and H6) and two 

smaller helices (H3 and H8) at the periphery of the sandwich. There is a pronounced 

hydrophobic pocket, about 15 A deep, extending into the helical face o f the sandwich. 

This pocket has the P-sheet as its base and three helices (H2, H4 and H7) and a loop 

as its walls. This is the pocket into which geldanamycin binds {figure ¥.5)."^
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Exposed
HydrophoMc
Residues

Figure 4.8: The Hsp90-geldanamycin complex"^

The pocket is of mixed hydrophobic and polar character, with approximately half of 

the 17 amino acids lining its interior being hydrophobic, a quarter polar and a quarter 

charged. The pocket becomes increasingly hydrophobic towards the bottom, 

although it retains one charged (Asp93) and one polar (Thrl84 from the P sheet) 

residue deep in the pocket.

85% of the surface area of geldanamycin is buried in the binding pocket. The tip of 

the geldanamycin ansa ring, comprised o f the carbamate, C23 methoxy and C25/C26 

methyl groups, binds near the bottom of the pocket {figure 4.9). The most critical 

portion of this interface is likely to be a hydrogen bond network between the 

carbamate group and the Asp93 side chain from Hsp90, buried in an otherwise 

hydrophobic environment. Removal of the carbamate group completely abolishes the 

activity of geldanamycin."^ Geldanamycin acts as an ADP/ATP mimetic, as almost 

all of the polar interactions displayed by geldanamycin have precise equivalents in the 

interactions between yeast Hsp90 and ADP. A 2D representation of the interactions 

o f geldanamycin with the residues in the binding pocket of Hsp90 are shown in figure 

4.9. In particular, the direct hydrogen bond at the bottom of the pocket between the 

carbamate nitrogen of geldanamycin and the carboxyl side chain of Asp93 in human 

Hsp90"^ corresponds to the direct hydrogen bond between the adenine N6 o f ADP 

and the Asp79 in yeast H sp90."'

Halfway between the bottom of the pocket and the surface, the diene and C27 

methoxy groups make van der Waals contacts, and a hydroxyl group makes a
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hydrogen bond contact with Lys58. At the pocket entrance, the carbonyl oxygen 

atom of the ansa ring mzikes a hydrogen bond to a backbone amide (Phel38). The 

benzoquinone makes only a few contacts, for example those o f the benzoquinone 

oxygen atoms forming hydrogen bonds with Lysl 12 {figure 4.9) at the mouth o f the 

binding pocket.''^ 17-DMAG binds in an identical orientation to geldanamycin, with 

the 17-dimethylaminoethylamino substituent pointing into solvent from the top o f the 

pocket."^ The important residues for binding are summarised in table 4.7.

O
Bottom H2N—^
of pocket O'""

OCH.

2 6
2 7

Top of 
pocket

\  /  
( ^ ) * -----

O  polar * sidechain acceptor 
O acidic ■* sidechain donor
O basic • ♦ backbone acceptor
O  greasy backbone donor

Figure 4.9: Interactions o f  geldanamycin and Hsp90
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The crystal structure o f a complex between the natural product Hsp90 inhibitor 

radicicoi (69, figure 1.27) and the N-terminal domain o f yeast Hsp90 has been

binding pocket that geldanamycin binds to. The macrocycle containing the 

conjugated bond system and epoxide are orientated towards the top of the binding 

pocket. The major specific interaction is a direct hydrogen bond between the 3- 

hydroxyl aromatic ring and Asp79 (note: numbering is for yeast Hsp90). The groups 

forming the hydrophobic middle portion of the binding site make extensive 

hydrophobic interactions with the face of the aromatic ring of radicicoi. At the top of 

the pocket, the epoxide oxygen of radicicoi forms a hydrogen bond with the side 

chain o f Lys44. A 2D representation of the interactions of radicicoi with yeast 

Hsp90 is shown in figure 4.10 (see a\so figure 1.26) and the important interactions are 

also summarised in table 4.7. No co-crystal structure of radicicoi and human Hsp90 

is known at present.

Figure 4.10: 2D  representation o f  binding interactions o f  radicicoi with yeast H sp90 (P D B  code;
IBG Q )

determined.^^^ The aromatic ring of radicicoi projects into the bottom of the same

O  polar ♦ sidechain acceptor 
O  acidic sidechain donor
O  basic * backbone acceptor
O  greasy backbone donor
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In addition to natural product Hsp90 inhibitors, the interactions of pyrazole 75 with 

Hsp90a have been determined from X-ray crystal structures of the compound in the 

active site (PDB code 2&YQ, figure 4 . 1 The interaction between the Asp93 

residue and resorcinol 2-hydroxyl group is present, and a conserved water molecule at 

the base o f the pocket also interacts with the pyrazole N2 and Asp93. The ethyl 

group on the resorcinol ring fills a small lipophilic pocket, binding to Phel 38. The 4- 

aryl group is pointing into solvent, as is the 5-methyl group. These two latter 

positions were considered as sites for improvements in potency, and the 5-methyl 

group was chosen for substitution as it is closer to the protein and there were more 

possibilities for interaction. In particular the carbonyl oxygen o f Gly97, a hydrogen 

bond acceptor, was targeted. Armed with this data, a series o f analogues with 

amides, hydrogen bond donors, at the 5-position were synthesised. These 

compounds exhibited significantly improved potency in inhibition of the growth of 

human colon carcinoma HCT116 cells, with 76 displaying the best activity (GI50 

0.26|^M compared to 5.8 for 75). An X-ray structure o f 76 bound to the ATP 

binding site o f human Hsp90 shows the targeted interaction between the amide and 

Gly97 (PDB code 2BSM). The Lys58 residue also makes a secondary hydrogen 

bond interaction with the carbonyl moiety o f the amide.

OH

HO

75

OH

HO

O CH

NH

76

Pb«138

01y»7

Figure 4.11: Pyrazoles 75 (left) and 76 (right) binding interactions with Hsp90'^^
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4.4.2.1 p-Lactam docking studies in Hsp90

Molecular docking studies of one enantiomer o f (3-lactam 268 show that interacts in a 

similar manner to radicicol and the pyrazoles discussed above. The molecule is 

orientated with the ethylresorcinol ring towards the bottom of the ATP-binding 

pocket, and the benzodioxane ring pointed towards the top of the pocket and into 

solvent. This is similar to radicicol {69, figure 1.27) and could be expected from the 

similar substitution pattern on the aromatic rings o f the two compounds. The crucial 

interaction at the bottom of the binding pocket between a hydroxy group on the P- 

lactam with Asp93 is present {figure 4.12). This interaction is critical to specific 

binding of adenine nucleotides, and mutation of Asp93 to asparagine abolishes Hsp90 

function in vivo?^^ As the binding pocket becomes increasingly hydrophobic 

towards the bottom, Asp93 is the only charged residue in the deepest part of the 

binding pocket, along with one polar residue (Thrl84)."^ P-Lactam compounds 

without the resorcinol hydroxyl groups, such as 259 and 260, do not make this 

interaction and this may account for their lack o f binding affinity in the in vitro assay. 

Interactions with Phel38 and Thrl84 are also seen for 268, mimicking key 

interactions of the natural adenine base and natural product ligands. Nearing the top 

of the binding cavity, hydrophobic interactions with Lys58 are present amongst 

others. A 2D pictorial representation o f these interactions was prepared using 

MOE and is shown in figure 4.13. The interactions that P-lactam 268 has in 

common with the Hsp90 ligands discussed previously are listed in table 4.7. 

Interactions with Asp93 and Phel38 are common to all eight ligands in the table and 

can be considered to be necessary for binding to Hsp90. As mentioned above, the 

interaction with Asp93 in particular has been singled out as being of the utmost 

importance, as it is the only hydrophilic residue in an otherwise hydrophobic pocket 

and because it is conserved in all known Hsp90 homologs from 35 species."^
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Phel38 Thrl84 Asp93

Gly97

•Lys58

Figure 4.12: Docicing o f  P-iactam 268 in the N-term inal o f  Hsp90a. Residues that are crucial for 
binding are isolated. Colour key: Grey = carbon; red = oxygen; blue = nitrogen; hydrogen bonds shown

as dashed red lines
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* backbone accep to r 
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^  exposure

O  so lvent residue 
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Figure 4.13: 2D  representation o f  proposed binding interactions o f  268 with Hsp90
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4.4.2.2 Imine molecular docking studies in Hsp90

The two imines, 257 and 258, displayed low micromolar binding values in the Hsp90 

biochemical binding assay and molecular docking was carried out to examine the 

binding interactions o f the imine scaffold with the enzyme. The trans isomer was 

modelled due to the higher probability that it was the isomer formed. The 

benzodioxane-substituted imine, 257, was chosen due to its higher biochemical 

activity and similarity to both P-lactam 268 and pyrazole 75.

Figures 4.14 and 4.16 show imine 257 docked in the ATP-binding site on the N- 

terminal o f  Hsp90. A 2D pictorial representation o f the binding interactions is shown 

in figure 4.15 for clarity. The molecule adopts a similar orientation to radicicol, with 

the two hydroxyl groups and the ethyl group penetrating deep into the pocket and 

interacting with Asp93 and a conserved water molecule. Interactions with Met98, 

Phel38, Lys58, A spl02, Ala55 and Ser52 also contribute to the strong binding o f  this 

compound and rationalise the biochemical results obtained for this imine. These 

interactions are present for geldanamycin and other Hsp90 ligands (see table 4 .7) and 

are a basic requirement for Hsp90 activity. From this table, it is evident that a diverse 

range of structural types can be accommodated in the Hsp90 binding pocket and that 

these compounds make similar contacts with the protein.

Figure 4.14: Imine 257 in the ATP-binding site o f  Hsp90; Colour key: Grey =  carbon; red =  oxygen; 
blue =  nitrogen; contact surface area map shown as green (hydrophobic) and pink (hydrophilic)
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Figure 4.15: 2D  representation o f binding interactions o f imine 257 with the ATP-binding site o f
Hsp90

Figure 4.16: Imine 257 in the ATP-binding site o f Hsp90 with selected residues for binding shown; 
Colour key: Grey = carbon; red = oxygen; blue = nitrogen; hydrogen bonds shown as dashed red lines
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Table 4.7. Hsp90 binding interactions for selected inhibitors.

ATP (yeast) ! GA 17-DMAG Radicicol (yeast) | Purines Pyrazoles 0>Lactam 268 Imine 257
Hydrophobic interactions

Leu48 Phe22
Ala55 Ala55 Ala55
Ile96

Met84 (Met98*) Met98 Met98 Met84 (Met98*) Met98 Met98
Leu107 Leu107 Leu107 Leu107 Leu107

Thr109
lle llO
Alai 11
Vail 36

Phe124 (Phe138*) Phe138 Phe138 Phe124 (Phe138*) Phe138 Phe138 Phe138 Phe138
Thr139

Leu 173 (Van 86*) Vail 86 Vail 86 Leu173 (Vail86*) Vail 86 Vail 86
Vail 50 V a il36 (Vail50*) Vail 50 Vail 50

Trp162

Thr171 (Thr184*)
Leu197

Direct H-bonds
Asn51 AsnSI Asn51 Asn51
Asp54 Asp54 Asp54 Asp54

Lys44 (Lys58*) Lys58 Lys58 Lys44 (Lys58*) Lys58 Lys58 Lys58
Asp79 (Asp93*) Asp93 Asp93 Asp79 (Asp93*) Asp93 Asp93 Asp93 Asp93
Gly83 (Gly97*) Gly97
Lys98 (Lys112*) Lys112 Lys112
Ser99 (Ser113*)

Phe138 Phe138
Thr171 (Thr184) Thr184

*Table modified from Lauria et al. *Residues in bracicets correspond to the human homologues o f yeast sequence. GA=geldanamycin
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4.5 Summary

A series of P-lactams were synthesised with the aim o f providing antiproliferative 

activity by inhibiting the molecular chaperone Hsp90. The design of these molecules 

was based on pyrazoles currently known in literature to be potent inhibitors o f Hsp90. 

The activity o f the series as a whole was disappointing with little inhibition o f the 

enzyme at significant concentrations. One P-lactam 268 displayed significant 

inhibition o f Hsp90 with an IC50 o f 5.63|xM and a moderate IC50 value o f 48.22nM in 

an antiproliferative assay using MCF-7 human breast cancer cells. Two imines, 257 

and 258, were evaluated for activity as they contained the required pharmacophore for 

Hsp90 binding affinity and they displayed promising results with low micromolar 

inhibition of Hsp90a. Molecular modelling studies show potential binding modes for 

both the P-lactams and imines. X-ray co-crystal studies to determine the binding 

modes of both the imines and p-lactams would be useful to gain further insights into 

the interactions occurring between the ligands and the protein. However, the lack of 

antiproliferative activity o f this series must be addressed. Further work is being 

carried out on these analogues to investigate if compounds with non-rigid amide 

linkages in place o f the imine bond between the two ring systems will also 

demonstrate Hsp90 binding activity. Other possibilities for further investigation 

involve rotating the substituents to different positions of the P-lactam ring to evaluate 

the effect on antiproliferative and binding activities. Dual targeting Hsp90-tubulin 

active ligands are also in development in our laboratory.

As Hsp90 inhibitors draw ever nearer to clinical use, interest in this anti-cancer target 

will no doubt increase. The Hsp90 enzyme can accommodate a diverse range of 

structural ligands and it is likely that new and exciting inhibitors will be reported in 

the coming years.
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5. Introduction to the Estrogen Receptor

Estrogen receptors (ER) belong to the steroid/thyroid hormone superfamily of nuclear 

receptors (NRs). Currently, there are over 100 receptors in this superfamily, 

including steroid receptors, thyroid receptors and vitamin D receptors.^'*' The ER is a 

ligand activated transcriptional regulator that mediates the effects o f the endogenous 

hormone 17p-estradiol (E l, figure 5.12). ERs have typical NR structures, with 

distinct domains for transactivation and DNA- and ligand-binding (figure 5.1). The 

structural organisation o f NRs consists o f six fiinctionalised regions (A to F, figure 

5.3) showing various degrees of sequence conservation between subtypes.^'*^ The 

two main isoforms o f the estrogen receptor, ERa and ERP, are discussed in the 

following section. ERs possess two activation domains (AFl and AF2) that promote 

interactions with co-regulator proteins and facilitate transcriptional activation of target 

gene expression." The vast majority o f structural studies on the estrogen receptor 

focus on the ligand-binding domain (LBD). The availability o f a huge variety of high 

resolution, three-dimensional structures of ER LBD bound to steroidal and non

steroidal ligands allows for a thorough examination o f structure-activity relationships 

of ER ligands at the molecular level." These interactions are discussed in detail in 

the molecular modelling section of this chapter.

Figure 5.1: Representation o f  the ligand-binding domain o f  ERa (left) schematic representation with 
three helical layers coloured red (HI -  H4), yellow  (H5 -  H6, H9, HIO) and purple (H 7, 8, II).  The 

flanking p-helix (SI -  S2) and AF2 core helix ( HI2) are coloured green; (centre and right) 3D views o f
ERa with 17p-estradiol (cyan) bound”

Tamoxifen (1, figure 5.2) is a synthetic, non-steroidal anti-estrogenic drug used 

clinically for the treatment o f breast cancer.^'^' It is a prodrug that is metabolically 

activated in vivo to 4-hydroxytamoxifen, which has high binding affinity for the
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It is termed a selective estrogen receptor modulator (SERM) as it belongs to a 

class o f ER ligands that exhibit tissue-dependent pharmacology, imitating the action 

of estrogens in certain tissues while opposing their action in others." Tamoxifen

was the first clinically successful SERM that acted as an antagonist at the ER in breast
• 1 ^  tissue and prevented estrogen-stimulated breast tumour growth. Tamoxifen

produces approximately a 50% decrease in breast cancer incidence when used as a

chemopreventative measure, which is consistent with the 50% decrease in breast

cancer noted in adjuvant therapy studies. The main concerns regarding tamoxifen

usage are increased incidences o f blood clots and endometrial cancer. Both o f these

side effects o f tamoxifen are linked to its estrogen-like properties in postmenopausal
13women. An ideal SERM should be able to reduce the risk o f breast cancer, 

osteoporosis, cardiovascular disease, vasomotor symptoms, uterine prolapse, urinary 

incontinence, loss of cognitive function and possibly Alzheimer’s disease, without 

increasing the risk of thromboembolism or carcinogenesis.^ Due to the adverse 

effects of tamoxifen, further structure-activity work was carried out and resulted in 

the discovery of raloxifene.

Raloxifene {213, figure 5.2) is the first of the 2,3-disubstituted benzothiophene group 

of SERMs to be introduced into clinical use for the treatment of osteoporosis in 

postmenopausal women. It has the additional benefits of preventing coronary heart 

disease and breast cancer.^"" A double-blind randomized trial of raloxifene (the 

MORE trial) evaluated its efficacy at preventing fractures, with breast cancer 

incidence as a secondary endpoint. After 30 months o f follow-up, there was a 76% 

reduction in the incidence of breast cancer for women on raloxifene, and a significant 

reduction in the incidence of osteoporotic fractures in the spine, in serum cholesterol 

and in cardiac events in women at increased risk of heart disease. There was no 

increase in endometrial cancer risk or other estrogenic agonist effects on the 

endometrium. There was still, however, an increase in thromboembolic events and 

vasomotor symptoms that were similar to those reported for tamoxifen.^
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1 2 7 3

Figure 5.2: The chemical structures o f  tamoxifen and raloxifene

A wide variety o f chemical templates have been reported for ER ligands, including 

benzoxepins^"*'*' '̂’̂ , oxabicyclic diarylethylenes^"*^, chromenes^'**, benzoxathiins^"*^, 

benzopyrans^^® and further tamoxifen analogues.^^' These analogues have been
1 A  1

reviewed in detail previously. ’

Binding differences between ERa and ERp

Although ERa was first cloned in 1986, ERp was not discovered until 1996. The two 

isoforms of ER have distinct tissue distribution patterns. Using a wide range o f tools, 

including knockout mice, it was demonstrated that ERP might be a useful target for 

inflammation.^^^ ERa and ERP share modest overall sequence identity (47%). '̂*^ 

However, this varies greatly depending on the functional region. The N-terminal 

A/B region is poorly conserved with little detectable similarity (17% sequence 

identity) (figure 5.3). The C-domain, or DNA-binding and dimerization domain, has 

94 to 97% sequence identity and the ligand-binding domain has 55 to 59% sequence 

identity (figures vary depending on the review).^'*’’ In the 22 residues that line

the ligand binding pockets o f ERa and ERp, only two are different -  Leu384 (a) 

replaces Met336 (P) and Met421(a) replaces Ile373 (P)." Achieving successful 

ligand selectivity must exploit these differences.
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Aryl diphenolic azoles have been designed that have over 200-fold selectivity for 

ERp.^^^ The most selective compound, 274 {figure 5.4) has a binding IC50 value of 

5nM in ERP and 1216nM in ERa. The binding interactions are shown in figure 5.4. 

The phenolic hydroxyl of 274 interacts with the Glu305-Arg346-water triad through a 

hydrogen-bonding network, while the hydroxyl group o f the benzoxazole nucleus 

extends to the distal end of the cavity making a hydrogen-bond interaction with 

His475. The 7-vinyl group extends into the ERa Met421/ERP Ile373 pocket and sits 

in a groove formed by Ile373, Ile376, and Phe377. The vinyl CH acts as a “hinge” 

that directs the ethylene moiety into this relatively narrow groove and forces it to be 

in close proximity to ERa Met421/ERp Ile373. It was hypothesized that the 

substitution of ER(3 Ile373 with ERa Met421 within this groove would lead to a 

combination o f electrostatic and steric repulsion associated with the methionine side 

chain, leading to enhanced ERp selectivity for 274. Crystallography studies 

confirmed that helix 12 of ERP maintains an agonist-like conformation when 274 is 

bound to the receptor, allowing for the binding of a nuclear receptor box coactivator 

peptide, consistent with the fact that 274 behaves as a full agonist on ERP and ERa. 

This is an example of successful ER ligand selectivity.

253
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Figure 5.4: ERp complexed with ER agonist 274. The vinyl group sits in a groove consisting o f  Ile373, 

Phe377, and Ile376, confirming targeting o f  the ERp Met421 to ERa Ile373 residue substitution

5.1 Synthesis of P-lactams targeting the estrogen receptor

A series o f  P-lactams specifically targeting the estrogen receptor were designed. This 

project was carried out with contributions from Ms. Catherine Halpin^ '̂* and Mr. Cian 

MacSiomhain^^^ as part o f  their senior sophister pharmacy projects. Previous work 

carried out in our laboratory investigated the P-lactam ring scaffold as a template for 

SERM analogues. Som e ER ligands, such as raloxifene 273 (figure 5.5), have a basic 

side-chain that interferes with the exposure o f  the AF sites and prevents the attraction 

o f  nuclear receptor co-activators.^ These ligands are antagonists that block the action 

o f  endogenous estrogens. A novel p-lactam compound with a basic side-chain, 275 
(figure 5.5), showed selectivity o f  over 75-fold for ERa over ERp, with an IC50 for 

ERa o f  0.0043nM  compared to an IC50 for ERP o f  0.322|^M .'‘’’ It also showed 

selectivity in antiproliferative assays for MCF-7 cells, which overexpress the ER, over 

M DA-M B-231 cells, which do not.''^’ The role that the basic side-chain plays will be 

investigated by synthesis o f  P-lactams without the basic side-chain, and the activity o f  

these compounds as agonists or antagonists at the estrogen receptor will be evaluated. 

The compounds will incorporate the characteristic features for ER binding, namely a 

hydrophobic core with phenolic group at opposite ends. It was anticipated that 

compounds 287 -  294 would act as agonists at the ER due to their lack o f  a basic side 

chain. The chemistry o f  the synthesis o f  P-lactams 287 -  294 is described in the next 

section.
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Figure 5.5: Raloxifene 273; ER-binding P-lactam 275 and proposed analogues 287 -  294

5.1.1 Protection of phenolic groups

Protection of phenolic groups at an early stage in the synthesis was necessary. Some 

of the precursors for imine formation, such as 4-benzyloxybenzaldehyde, were 

available with the benzyl-protecting group already in place. The phenolic group of 4- 

aminophenol was protected using the TBDMS group as described in section 2.1.1.1 to 

form 100 {scheme 5.1) in 74% yield. The benzyl group was inappropriate to use as a 

protecting group for 4-aminophenol, as the amine would also undergo reaction.

,OH  ̂ ^ \^ O T B D M S

*

100

Reagents and conditions: (a) t-Butyldimethylsilyl chloride, I,8-diazabicyclo[5.4.0]undec-7-ene (DBU),

dry DCM

Scheme 5.1: TBDMS protection o f  4-aminophenol

5.1.2 Imine formation

Imines were synthesised from the appropriate amines and aldehydes as described in 

section 2.1.4 {scheme 5.2). The two protected imines obtained are listed in table 5.1. 

Imine 276 was characterised by IR and NMR spectroscopy and showed absorption at 

V 1626.4 cm"' due to the carbon-nitrogen double bond and a signal in the 'H NMR 

spectrum at 5 8.43 ppm attributable to the proton attached to the double bond. The 

'H NMR spectrum also shows chemical signals at 5 0.24 ppm (6H) and 5 0.99 ppm 

(9H) from the silyl-protecting group and at 5 5.18 ppm (2H) from the benzylic 

protecting group. Imine 277 was obtained as a brown residue and attempts to
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recrystallise it were unsuccessful. Imines cannot be purified by chromatography as 

decomposition occurs and so it was used without further purification.

NH.

TBDMSO'
TBDMSO

100 276/277

Reagents and conditions: (a) Ethanol, 3 hours, reflux

Scheme 5.2: Preparation of imines 276 and 277 by reflux in ethanol

Table 5.1. Imine precursors for ER-targeting p-lactams.

Structure Yield (%)

I.R. v„,„ cm ' 

(C=N) 

(NaCI film)

I l f ,

^ ^ O B n

xy"
T B D M S O ^ ^ ^

82 1626.41

111

OCH3

^ 0 C H 3

T B D M S O '" '^ ^

96 (crude) 1623.85

Both compounds are previously unreported.
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5.1.3 Synthesis of ER-targeting P-lactams

The required P-lactams for tubulin and Hsp90 targeting have been successfully 

synthesised previously using both the Staudinger reaction and the Reformatsky 

reaction. For this series, with the exception o f 278, all of the P-lactams listed in table 

5.2 were synthesised by the Staudinger route described in section 2.2.1.1 {scheme 

J .i) . Analogue 278 is unsubstituted at the 3-position o f the azetidinone ring and was 

prepared using the Reformatsky reaction in a microwave (section 2.2.2) {scheme 5.4). 

The list of protected azetidinones produced is shown in table 5.2. Due to the inherent 

difficulty in separating silylated P-lactam from silylated imine in the final reaction 

mixture, compounds were deprotected before final characterisations were carried out.

TBDMSO

OTBDMS

279 - 286

Reagents and conditions: (a) Triethylamine, dry DCM, reflux, 3 hours

Scheme 5.3: Staudinger reaction scheme

TBDMSO.
,OBn

OTBDMS

278

Reagents and conditions: (a) Zinc, trimethylchlorosilane, anhydrous benzene, microwave

Scheme 5.4: Reformatsky reaction for synthesis o f  (3-lactam 278
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T able 5.2. Estrogen receptor targeting 3-lactam s with protecting groups in place.

C om pound

num b er

S tru ctu re

.  0 ” ‘ "

O T B D M S

278 R = H

279 R =  CsHs

280 R =  4 -O CH 2C6H4

281 R =  -OCfiH,

282 R =  2-naphthyl

283 R =  3,3-diphenyl

284 R =  thiophen-2-yl

285 R =  3,4,5-0CH3C6H5

286

H3 CO
C e H g H z C O ,^ ^  O C H 3

A 0 C H 3

°  u
O T B D M S

Only one enantiom er is illustrated for clarity. A ll com pounds are previously unreported.

As all of the P-lactam compounds contained phenolic groups protected with both silyl 

and benzyl groups, these protecting groups were removed using the methods 

described previously in section 2.2.3 for desilylation and debenzylation to give the 

final, deprotected products {scheme 5.5). The P-lactams prepared by this route are 

shown in table 5.3. The silyl group was always removed first. The sole exception is 

compound 284, which has a thiophene group at position 3 o f the ring. Sulfur 

containing compounds can poison the palladium catalyst used in hydrogenolysis and 

this method was unsuccessful for deprotection of 284.'^^’ Deprotection was also 

attempted using sodium iodide and chlorotrimethylsilane , 2 equivalents of 

bromotrimethylsilane in dry dichloromethane and 2 equivalents of ammonium (IV) 

nitrate in 4:1 acetonitrile:water^^^, but all three methods were unsuccessful. The 

NMR spectra for 292 are shown in figures 5.6 and  5.7 as a representative example.
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In the 'H NMR spectrum {figure 5.6), the proton at position 4 of the ring had a 

chemical shift of 6 5.95 ppm, the aromatic protons appear between 8 6.52 ppm and 8 

7.67 ppm and the two phenohc groups are the furthest downfield at 8 9.37 ppm and 8 

9.39 ppm. The '^C NMR spectrum (figure 5.7) shows signals at 8 65.26, 8 71.06 and 

8 165.68 ppm attributable to the carbons composing the |3-lactam scaffold, while the 

remainder of the signals at 8 115.00 -  156.90 ppm are due to the aromatic carbons in 

the molecule.

OH

OHOTBDMS

2 7 9  2 8 8

R eagents an d  conditions: (a) TBAF, THF, 0°C, 15 min;(b) H 2, Pd/C, EtOH. E tO A c (1:1)

Schem e 5.5; Deprotection o f  the various hydroxyl groups o f  288  

T able 5.3. Estrogen receptor targeting p-lactams.

C om pound
num ber

S tructure
OH

OH

Y ield  (% )

I.R. v„,ax cm  ' 

(C = 0 ;  O H ) 

(K B r d isk )

287 R = H 0.9
1715.97;
3306 .39

288 R =  C6H5 29.0
1717.01;
3327.01

289 R = 4 -O HC 6H4 13.0
1741.93;
3427 .78

290 R =  -OCgHj 13.5
1727.73;
3349.53

291 R = 2-naphthyl 83.3
1707.39;
3417 .78

292 R =  3,3-diphenyl 75.3
1775.97;
3359 .56

293 R = 3,4,5-0CH3C6H2 45.9
1715.02;
3414.05
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O CHHO.

OCH
1727 .21 ;
3427.06

54.3294

OH
Only one enantiom er is illustrated for clarity. All com pounds are previously unreported.
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Figure 5.6: 'H NMR spectrum o f  P-lactam 292
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Figure 5.7: C NMR spectrum o f  p-lactam 292

5.2 Estrogen receptor competitive binding assay

Competitive binding affinity experiments were carried out using purified baculovirus- 

expressed human ERa and ER(3 and fluoromone, a fluorescein-labelled estrogen 

ligand. The ERa and ERP fluorescence polarization based-competitor assay kits 

were obtained from Invitrogen (P2698 [a] and P2700 [P]). The assay was performed
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using a protocol described by the manufacturer. ’ The recombinant ER and the 

fluorescent estrogen ligand were removed from the -80°C freezer and thawed on ice 

(4°C) for one-hour prior to use. The fluorescent estrogen (2 nM) was added to the ER 

(40 nM for ERa and 20 nM for ERP) and screening buffer (provided; 100 nM 

potassium phosphate (pH 7.4), 100 |J.g/ml BGG, 0.02 M NaNa) was added to make up 

a final volume that was dependent on the number o f  tubes used.

Test compound, 1 nl, in the desired range o f  concentrations, was added to the wells o f  

a 96-well black plate (Greiner, 6  mm diameter) to which 49^1 screening buffer was 

then added. 50|xl o f  the fluorescent estrogen/ER complex was added to make up a 

total volume o f lOOjxl. A vehicle control contained 1% ethanol (v/v) or other relevent 

solvent system. A negative control contained 50|xl o f screening buffer and 50|xl o f 

fluorescent estrogen/ER complex. This control was used to determine the polarization 

value when no competitor was present (theoretical maximum polarization). l|xl o f 

ImM  P-estradiol (endogenous ligand) (final concentration in well o f  10 |xM) was used 

as a positive control (minimum polarization value). The tubes were incubated in the 

dark at room temperature for 2  hours and were mixed by shaking on a plate shaker. 

The fluorescence polarization values were read using 485 nM excitation and 530 nM 

emission interference filters. IC50 values were calculated using GraphPad Prism 

Software.

The antiproliferative assay in MCF-7 breast cancer cells, using MTT, was carried out 

as previously described in section 3.2.1.
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5.3 ERa and ERp binding results and MCF-7 antiproliferative 

results

The results o f ER binding assays and antiproliferative evaluations o f nine novel (3- 

lactams targeting the estrogen receptor are listed in table 5.4. P-Estradiol was 

included as a positive control and had IC50 values o f  1.7nM in ERa and 12.2nM in 

ERp consistent with reported literature values?^^’ Initially three P-lactams were 

synthesised to investigate the optimal positioning for the two phenolic substituents. 

Compounds 289, 293 and 294 were assessed for their ER-binding affinity. 289 and 

293 were over 10-fold more active than 294 in ERa binding with IC50 values o f 

1.08fa.M, 1.47|aM and 17.50)^M respectively. The compounds were less active in the 

ERp binding assay, with IC50 values o f 4.81|j,M, 23.20)xM and 144.23|j.M 

respectively, indicating moderate selectivity for ERa over ERP by a factor o f 4 (289), 

15 (293) and 8  (294) {table 5.4). A comparative dose-response curve for 289 in both 

ERa and ERp is illustrated m figure 5.9. None o f the three analogues had an IC50 

value o f less than 50)xM in MCF-7 cells.

The binding results indicated that positioning o f  the two hydroxyl moieties on the 

phenyl rings o f positions 1 and 4 o f the P-lactam core was optimal for activity. This 

observation is supported by measurements o f the inter-atomic distances between the 

two hydroxyl groups using MOE (v2009.10). In the X-ray co-crystal structure o f 

estradiol (PBD code: lERE^^'), the oxygen functionalities in the bound conformation 

o f estradiol are IO.8OA apart. For tamoxifen (PDB code: 3ERT^^^) the inter-atomic 

distance between the two oxygen atoms is 9.35A. In the energy minimised structure 

o f P-lactam 289, the phenolic oxygens o f  positions 1 and 4 are 9.40A apart, while 

those o f positions 3 and 4 are 1 1.49A apart and those o f positions 1 and 3 are 1 1.89A 

apart {figure 5.8). A table o f the inter-atomic distances between the phenolic groups 

o f all compounds synthesised is shown in table 5.5. Further discussions o f  molecular 

modelling o f these compounds follows in section 5.4.3.

A further series o f five compounds retaining the hydroxyl substituents on the phenyl 

rings o f positions 1 and 4 but with a variety o f substituents at position 3 o f the P- 

lactam ring was synthesised and evaluated for biochemical activity. A clear pattern 

o f activity for these compounds can be observed, with smaller substituents at position
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3 leading to decreased activity in the ER binding assay compared to bulkier 

substituents. The least active compound o f the series, 287, is unsubstituted at 

position 3 and has an IC50 value in ERa o f 13p.M. This is a ten-fold loss o f potency 

in comparison to 289. Compound 288, with a phenyl ring at position 3, has an IC50 

value in ERa o f 0.227|iM. Analogues 290 and 291, which extend the molecule from 

position 3 with phenoxy and naphthyl groups respectively, show modest increases in 

potency over 288 with IC50 values of 0.143jxM for the former and 0.152|j.M for the 

latter. The most potent binding to ERa was observed for 292, an azetidinone that has 

a diphenyl substituent at position 3 (dose-response curve illustrated in figure 5.10). 

This was the bulkiest C-3 analogue synthesised. The IC50 value in ERa for 292 is 

0.040nM. The measured distance between the oxygen atoms of the hydroxyl groups 

at positions 1 and 4 o f the P-lactam ring of 292 is 9 3 1 k .  The activity of this 

compound is still over 10-fold less than that of azetidinone ER antagonist 275, which 

has a basic side chain and an IC50 value of 0.004 |iM in ERa.'"*̂  Compound 292 was 

also the most potent analogue in ERp with an IC50 value o f 14.4nM.

None of the analogues displayed potent antiproliferative activity in M C F -7 breast 

cancer cells. This is somewhat surprising as this cell line expresses the estrogen 

receptor. 3,3-Diphenyl analogue 292 showed the best activity with an IC50 value of 

45(aM in the antiproliferative assay.

T able  5.4. Anti-proliferative activity and ER binding values for a series o f  p-lactam s

N am e

S tru c tu re

0" 
°  u

OH

IC 50

M C F-7

(HM)

IC 50 E R a 

(mM)

IC 50 ERP 

(hM )

C L og

P

287 R = H
102.72 ± 

21.75

13.05 ± 

16.03

55.95 ± 

46
1.77

288 R = C6H5 > 1 0 0
0.227 ± 

0.052

0.9769 ± 

0.36
3.33

289 R = 4 -OHC6H4 > 5 0 1 .0 8 ± 0 .1 5
4.81 ± 

0.44
2 . 6 6
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290 R = -OCgHs
55.41 ± 

6.42

0.143 ± 

0.028

1.2047 ± 

0.84
3.61

291 R = 2-naphthyl
55.92 ± 

4.91

0 .1 5 2 ±

0.037

1.058 ± 

0 . 6 8

4.50

292 R = 3,3-Diphenyl
45.26 ± 

1.90

0.040 ± 

0.005

0.0144 ± 

0 . 0 1

4.88

293

O C H 3

HgCO^ /  O H

°  u
OH

>50 1.47 ± 0 .7 8
23.20 ± 

8.55
2.63

294

H3 CO
H O ^ ^ ^ ^  \ ^O C H a

“  U
OH

>50
17.50 ± 

8.40

144.23 ± 

70.78
2.63

275'^^

HgCO^

XX 0
j — N

° Q.
OH

0.49 ± 

0.33

0.0043 ± 

0.0047

0.322 ± 

0.004
4.60

All values are the average o f  at least 3 independent determ inations. *Nd = not done
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Table 5.5. Distances between oxygen functionalities for a variety o f ER ligands

Compound Distance between oxygen atoms (A)
17p-estradiol (lERE^"”) 10.80
17-hydroxytamoxifen (lERT^^^) 9.35
289 (N-1 and C-4 positions, see below) 9.40
287 9.44
288 9.30
290 9.23
291 9.26
292 9.37
293 9.22
294 11.99

9.40

1.80

Figure 5.8: Inter-atomic distances between oxygen atoms for p-lactam 2 8 9 ,4-hydroxytamoxifen and
17p-estradiol
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Figure 5.9: Dose-response curve for 289 in ERa and ERp binding assays
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Figure 5.10: Dose-response curve for 292 and P-estradiol in ERa binding assay
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5.3.1 Determination of ER agonist or antagonistic binding mode

Due to the lack o f antiproliferative activity of this series o f compounds in MCF-7 

cells, a TR-FRET ERa assay was performed to determine if the compounds were 

acting as ER agonists or antagonists. The experimental details of the assay are 

contained in the manufacturer’s handbook. ERa is thawed for one hour on ice 

prior to use and diluted with cold buffer. The TR-FRET buffer is prepared 

immediately prior to use. Compound serial dilutions in DMSO are prepared in a 96- 

well plate before transfer to a 384-well plate. Receptor and fluorescein solution are 

added to the 384-well assay plate and the plate is read at wavelengths of 520nm and 

495nm. IC50 values were calculated using GraphPad Prism Software. The basic 

premise of a FRET assay is that when a suitable pair o f fluorophores are brought 

within close proximity to one another, excitation o f the first fluorophore can result in 

energy transfer to the second fluorophore. This energy transfer is detected by an 

increase in the fluorescence emission of the first fluorophore and a decrease in the 

fluorescence emission of the second fluorophore. The two fluorescent species in this 

assay are a terbium anti-GST antibody that indirectly labels ERa ligand binding
O f\ '\domain tagged with glutathione S-transferase and a fluorescein-coactivator peptide. 

Binding of an agonist to the ER causes a conformational change in the ligand-binding 

domain, resulting in higher affinity for the coactivator peptide and increased emission 

of fluorescence. When antagonist is bound to the ER, helix 12 adopts a conformation 

that precludes coactivator peptide binding, and a decrease in signal is observed.

P-Lactam 289 was assessed for agonist and antagonist activity using this assay. The 

compound was not active in the agonist mode but did show activity in the antagonist 

mode. The experimentally determined IC50 value for 289 in the TR-FRET antagonist 

assay was 1.38|^M, which is in agreement with the value o f 1.08|j.M obtained in the 

fluorescence polarisation assay above. The IC50 value for tamoxifen used as a control 

was 2.50|iM. A dose-response curve for 289 and tamoxifen in the antagonist mode 

of the FRET assay is shown in figure 5.11, alongside the result of 289 in the agonist 

mode (0% effect; along baseline). This confirms that the compound is acting as an 

antagonist at ERa. This result was unexpected as 289 was thought to be an ER 

agonist, due both to its lack o f antiproliferative activity in MCF-7 cells and lack o f the 

conventional basic side chain present in most ER-antagonists such as raloxifene 273.
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Figure 5.11: D ose-response curve for inhibition o f  ERa in FRET assay in agonist and antagonist mode
for P-iactam 289  and tam oxifen.

5.4 Discussion

5.4.1 Binding requirements for the ER

The ER is a ligand activated transcriptional regulator that mediates the effects of the 

endogenous hormone l?P-estradiol (E2, 295, figure 5.12). The vast majority of 

structural studies on the estrogen receptor focus on the ligand-binding domain (LBD). 

A variety o f high resolution, three-dimensional structures o f ER LBD bound to 

steroidal and non-steroidal ligands are available." Estrogen receptor LBDs are 

arranged in an antiparallel a-helical 'sandwich' fold. Twelve a-helices are arranged in 

three layers (figure 5.1). The two parallel layers sandwich a central, orthogonal layer 

that occupies the ‘top h a lf o f the LBD fold. This arrangement maintains a sizeable 

cavity in the ‘lower h a lf o f the ER LBD into which the E2 hormone binds. The 

hydrophobic pocket into which its specific ligand binds is closed on one side by an 

anti-parallel [3-sheet (S1-S2) and on the other by helix 12 (H I2), the key response 

element o f all NRs. A precise positioning o f helix 12 is critical for generation of a 

competent AF2. H12 is referred to as the ‘molecular switch’ as its orientation with
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respect to the LBD determines whether the ER is ‘on’ or ‘o ff . Agonists and 

antagonists bind at the same site within the LBD but demonstrate different binding 

modes. Each class o f ligand induces a distinct conformation in the transactivation 

domain o f the LBD.^^*

ERa was the first reported LBD crystal structure for a steroid receptor. Crystals 

could be obtained from a chemically modified protein that formed a complex with the 

natural ligand 17p-estradiol (E l, figure 5.12). The basic estrogen pharmacophore is 

well established and consists o f two appropriately spaced hydroxyl groups at opposite 

ends of a near-planar hydrophobic scaffold. Hormone recognition is achieved 

through a combination o f specific hydrogen bonds and the complementarity of the 

binding cavity to E2’s non-polar scaffold. The binding site is a hydrophobic groove 

formed by residues from helices H3, H4, H5 and H I2, and the turn between helices 

H3 and H4 (figure 5.1). The E2-binding cavity is completely shielded from the 

external environment and buries the ligand in a highly hydrophobic environment, 

mostly defined by 22 amino acid residues.

Two polar regions, located at opposite sides of the ligand-binding pocket, can be 

identified and they are involved in the anchoring of the P-estradiol hydroxyl moieties. 

The phenolic group of the A-ring (3-OH) is hydrogen bonded to Glu353 from H3, to 

Arg394 from H6 and to a conserved buried water molecule {figures 5.12 and 5.13). 

Effective ER-ligands must contain an aromatic ring with hydrogen-bonding 

possibilities to maintain these contacts. For example, the binding interactions of 4- 

hydroxytamoxifen (PDB code 3ERT ) are represented in 2D in figure 5.14 and show 

hydrogen bonding with Glu353 and Arg394. The hydroxy group of estradiol’s D- 

ring (17 P-OH) forms a single hydrogen bond with His524 ( Hl l )  {figure 5.12)?^^ 

The orientation of this histidine is somewhat flexible and can accommodate alternate 

ligand-binding modes.”

The remainder of the molecule participates in a number o f hydrophobic contacts, 

including with Ala350 and Ile424. This part o f the binding pocket can 

accommodate a number of different hydrophobic groups. H12 is orientated anti

parallel to H l l ,  capping the ligand-binding pocket. It does not make any direct 

contacts with E2, but forms the ‘lid’ o f the binding cavity. This leaves a hydrophobic
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cavity on the surface of the protein that acts as a nuclear receptor coactivator-binding 

site on the protein surface and facilitates nuclear transcription by the receptor. Bulky 

substituents, such as the long alkyl side-chains of raloxifene, exit the ligand-binding 

cavity along a channel that runs in an l ip  direction between H3 and H6. This 

channel is normally sealed when H I2 adopts the classic agonist conformation, but 

H12 can be displaced by sizeable Up-directed substituents."’^ '̂ There is evidence 

that the antagonistic effects of raloxifene are based on its ability to prevent the
‘j f . \

formation of a transcriptionally competent AF2 surface formation.

Glu353

HO

;His524

A rg394

295
Figure 5.12: 17p-estradiol and its hydrogen-bonding interactions with ERa

Arg
^394

Glu
J S 3 ,

His

Leu
346

LeuAla
350

O  polar ♦ sidechain acceptor 
O  acidic sideciiain donoro basic * ♦ backbone acceptoro greasy “• backbone donor

Figure 5.13: 2D  representation o f  the binding interactions o f  estradiol with ERa (PD B  code: lERE^^')
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Figure 5.14: 2D representation o f  the binding interactions o f  4-hydroxytamoxifen with ERa (PDB
code; 3ERT^“ )

5.4.2 P-Lactam agents

Previous work in our laboratory on P-lactam SERM agents yielded active compound 

275, which had an IC50 for ERa-binding o f 0.0043)xM, ERP-binding o f 0.322[iM and 

selectivity for MCF-7 cells, which express the ER, over MDA-MB-231 cells, which 

do not.'"*̂  The docking o f P-lactam SERM 275 with ERa and ERP is shown in figure 

5.15. Both illustrations show the binding interactions of 275 with the relevant ER 

subtype. In ERa, hydrogen bonding to Glu353, Asp351 and Arg394 is shown. In 

ERp compound 275 shows hydrogen bonding to His475, Glu305, Asp303 and Arg346 

(figure 5.15), indicating good binding ability to ERp.''̂ ^
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Figure 5.15: Fred docked structure for P-lactam SERM 275 in (top) ER a (hydrogen bonding between 
the C-ring 3-OH substituent and Giu353, Arg394, HOH are depicted. A salt bridge between the basic 

side chain and Asp351 is also formed); (m iddle) ERp [raloxifene (yellow)]''*^
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5.4.3 Molecular docking of azetldinone ER antagonists: computational methods

Molecular ER docking was performed using MOE (v2009.10) using the 3D 

coordinates from 3ERT. 3ERT is the co-crystal structure of the ER antagonist 4- 

hydroxytamoxifen. As P-lactam 289 showed antagonist activity in the TR-FRET 

assay (section 5.3.1), an X-ray co-crystal structure of a known ER antagonist was 

chosen. Initial binding studies with the co-crystal of p-estradiol failed to find any 

potential binding modes for P-lactams 287 -  294. Receptor was initially 

protonated , partial charges calculated and hydrogens minimized (AMBER 99). A 

6 points pharmacophore and an exterior volume (feature that must be completely 

empty of any atoms in its exterior) based on the structure of co-crystallized ligand 

were used to guide the docking (partial match of at least 2 features). Conformers of 

the nine ligands 287 -  294 were generated using MOE and placement into the binding 

pocket was performed using Triangle Matching. The poses generated were scored 

using London dG function and refined within the binding pocket using a MOE built in 

forcefield. Duplicate poses were removed after every step of the docking and 

scoring. Ligand interaction plots^^  ̂ were generated for the top scored poses {table 

5.6). A snapshot of the 3D binding mode overlaid with the co-crystallised ligand 4- 

hydroxytamoxifen is presented in table 5.7.

5.3.4 Molecular docking results and discussion

The binding of P-estradiol and 4-hydroxytamoxifen to the ER has been discussed in 

section 5.4.1. The key ligand interactions are hydrogen bonds between the A-ring 

hydroxyl and residues carboxylate of Glu353, the guanidinium group of Arg394 and a
' ) f \ \water molecule. The hydroxyl group of the D-ring forms a single hydrogen bond 

with His524. The hydrogen bonding interactions with Glu353 and Arg394 are 

considered to be crucial. A number of the azetldinone ligands show the key 

hydrogen bond interactions with residues Arg394 and Glu353 {table 5.6). In 

addition, for some ligands, hydrogen bonds with Gly420 were also predicted. The 

most active compound in the ERa binding assay, 292, was bound with the most 

hydrophobic part of the molecule orientated into the base of the binding pocket. This 

result was extremely surprising, as most submicromolar ER binding agents show 

hydrogen bonding to Glu353 and Arg394 residues, and the hydroxyl groups of 292 

were expected to make these contacts. Instead, the two hydroxyl moieties point away

Chapter 5: ER-binding P-lactams 288



from these residues and occupy other regions o f the binding pocket. The hydroxyl 

groups o f 289 overlap with the oxygen functionalities o f 4-hydroxytamoxifen {table 

5.7) and a hydrogen bond to Arg394 is formed. The trimethoxyphenyl ring of 

analogue 294 is orientated pointing out of the pocket, occupying the same region as 

the ester and tertiary amine of 4-hydroxytamoxifen. The decreased binding affinity 

of this compound is likely due to the reduced strength of the binding between the 

methoxy group compared to the hydroxyl groups in 289 and 293 . The binding 

orientation of 293 is surprising, as the trimethoxyphenyl ring docks in preference to 

the phenolic moieties in the region of Glu353 and Arg394. O f the extended series of 

analogues, a number make hydrogen-bonding contacts with Glu353, Arg394 and 

Gly420. Examining the docked image of 287, it is apparent that its low molecular 

volume in comparison to 4-hydroxytamoxifen could contribute to its relative lack of 

binding affinity for the receptor. It has been established that a bulky side chain to 

interfere with helix 12 of the ER is desirable for antagonistic activity. Azetidinone 

291, with a 2-naphthyl substitution at the 3-position of the P-lactam ring, extends the 

molecule further out of the binding pocket and this change compared to 287 is 

accompanied by a 100-fold increase in potency. An X-ray co-crystal o f 292 and the 

LBD of ER would be desirable to definitively show the binding conformation of this 

compound.
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Table 5.6. Ligand interactions between 4-hydroxytamoxifen and 3ERT docking poses of the 8 

ER modulators docked using the 3D coordinates of the 3ERT crystal structure.^^^

ThrLeu
Leu
J2S Ala

350,Thr

LeuHts ArgAla
350

LeuMetTrp
383

Glu
J53.

3^f  Leu
V25̂

Leu
Leu

Gly
2̂0 Trp

383
GKj
J53,

PheMet
^2r

424287 288

Thf
.347̂

Phe
Thr
J47

383
Ala
J50̂ Leu

391 ^ { G H i  
Leu\V353^

v384.
His
5̂24̂

Trp
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^421Arg Leu
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.424̂
Leu
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GlyGly
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J8L
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Met
J 88_,

Leu
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LeuGlu
GlyArg Glu

Gly
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Leu
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Leu
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Thr
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Met Phe
404^ Ala

350
LeuGhj
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347

Ala Leu
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Table 5.7. A snapshot o f the 3D binding mode for azetidinones overlaid with the co-crystallised ligand 

4-hydroxytamoxifen

GKi3S3 Gki353

^9394

Gkj3S3

AJ9394

,Aig394

Cki353 Glu3S3

Glu353 Gki3S3

Ara394
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5.5 Summary

A number of P-lactam molecules were synthesised and evaluated for their ability to 

bind to the estrogen receptor. Initial investigations showed that phenolic 

substitutions at the 1 and 4 positions o f the P-lactam ring scaffold were optimal for 

ER binding affinity. A further series o f compounds investigated the effect o f 

different substitution at the 3-position of the P-lactam ring. The most potent 

compound, C-3 diphenyl substituted 292, had an IC50 value o f 40nM for binding to 

ERa and an IC50 value of 45|xM for antiproliferative effects on MCF-7 cells. Other, 

bulkier analogues in general showed better binding affinity than those with no 

substitution or small substituents at this position. P-Lactam 289 was assessed for 

binding in both agonist and antagonist modes, and was shown to act as an antagonist. 

This result is likely to extend to the entire series o f nine compounds prepared.

A large body o f work on p-lactam-based antiestrogens has previously been carried out 

in our l a b o r a t o r y . T h i s  work supplements the findings o f previous research. While 

the compounds evaluated here have good binding affinity for the estrogen receptor, 

previously synthesised compounds such as 275 with a traditional basic side-chain 

have a higher binding affinities and exhibit antiproliferative effects on MCF-7 cells at 

lower concentrations. The series of nine analogues described in this chapter are an 

interesting addition to this work. Future work could investigate further bulky 

substitutions at the 3-position, such as anthracene and tetracene derivatives and 

derivatives with extended linkages, to build a comprehensive structure-activity 

relationship for this series o f ER-binding ligands. Addition of a basic side chain to 

292 and other active analogues would also provide further insights into the binding 

mode of these P-lactams. Finally, X-ray co-crystal studies o f 292 bound to the ER 

would provide valuable information about the binding mode o f these compounds.
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6. Experimental Note

All reagents were commercially available and were used without further purification unless otherwise 

indicated. Tetrahydrofiiran (TH F) was distilled immediately prior to use from Na/Benzophenone under 

a slight positive pressure o f nitrogen, toluene was dried by distillation fi'om sodium and stored on 

activated molecular sieves (4A) and dichloromethane was dried by distillation from calcium hydride 

prior to use. IR  spectra were recorded as thin films on NaCI plates or as KBr discs on a Perkin-Elmer 

Paragon 100 FT-IR  spectrometer. 'H  and '^C N M R  spectra were obtained on a Bruker Avance DPX  

400 instrument at 20"C, 400.13M Hz for 'H  spectra, 100.61MHz for '^C spectra, in CDCI3, DMSO-t^« or 

C D 3O D (internal standard tetramethylsilane) by Dr. John O ’Brien and Dr. Manuel Ruether in the 

School o f Chemistry, Trinity College Dublin. Low resolution mass spectra were run on a Hewlett- 

Packard 5973 M SD  G C -M S  system in an electron impact mode, while high resolution accurate mass 

determinations for all final target compounds were obtained on a Micromass Time o f Flight mass 

spectrometer (TO F) equipped with electrospray ionisation (ES) interface operated in the positive ion 

mode at the High Resolution Mass Spectrometry Laboratory by Dr. Martin Feeney in the School o f 

Chemistry, Trinity College Dublin. The X-ray crystallography data was collected as described in 

Appendix 1 by Dr. Thomas McCabe o f the School o f Chemistry, Trinity College Dublin. Thin layer 

chromatography was performed using Merck Silica gel 60 TLC aluminium sheets with fluorescent 

indicator visualizing with U V  light at 254nm. Flash chromatography was carried out using standard 

silica gel 60 (230-400 mesh) obtained from Merck. A ll products isolated were homogenous on TLC. 

Analytical high-performance liquid chromatography (H PLC ) to determine the purity o f the final 

compounds was performed using a Waters 2487 Dual Wavelength Absorbance detector, a Waters 1525 

binary HPLC pump, a Waters In-Line Degasser AF and a Waters 7l7plus Autosampler. The column 

used was a Varian Pursuit XRs C l 8  reverse phase 150 x 4.6mm chromatography column. Samples 

were detected using a wavelength o f 254 nm. All samples were analysed using acetonitrile (70%): 

water (30% ) over 10 min and a fiow rate o f 1 mL/min. Chiral liquid chromatography was carried out 

on selected compounds using a Chiral-AGP™  150x4.0mm column supplied by ChromTech Ltd. (now 

supplied by Chiral Technologies Europe) with a Chiral- AGP™  guard column and the same Waters 

hardware as used above for purity testing. A Chiral- AGP™  guard column was used to protect the 

analytical column fi'om impurities with high affinity and particulate impurities. Gradient elution was 

used beginning with 10% o f organic phase and finishing with 90% o f organic phase over a period o f 20 

minutes. The organic mobile phase was 2-propanol and the aqueous phase was a sodium phosphate 

buffer. The sodium phosphate buffer, consisting o f lOmM sodium dihydrogen orthophosphate 

dihydrate (N aH 2 P0 4 ) in HPLC-grade water, was made up to pH 7.0 using sodium hydroxide (10%  w/v 

aqueous solution). The flow rate was 0.5ml/minute and detection was carried out at 225 nm and 265 

nm. Analytical HPLC stability studies were performed using a Symmetry® column (Cig, 5 ^m, 

4.6x150 mm) and the same Waters hardware as used above for purity testing. Samples were detected 

using a wavelength o f 254 nm. A ll samples were analysed using acetonitrile (80%): water (20% ) over 

10 min and a flow rate o f I mL/min. Stock solutions are prepared by dissolving 5mg o f compound in 

10 mL o f mobile phase. Phosphate buffers at the desired pH values (4, 7.4, and 9) were prepared in 

accordance with the British Pharmacopoeia monograph 2007. 30 nL o f stock solution was diluted

Chapter 6: Experimental details 294



with 1 m L o f appropriate buffer, shaken and injected immediately. Samples were withdrawn and 

analyzed at t=0 min, 5 min, 30 min, 60 min, 90 min, 120 min and 21 hours. Solubility testing was 

carried out on selected samples as follows: An amount o f  compound approximately equal to 5mg was 

accurately weighed and suspended in a corresponding amount o f  distilled water in a vial (Wheaton 

sample vials with rubber lined caps, Sigma-Aldrich Z 256 188-1P A K ) to give a concentration o f  

1 mg/ml. This suspension was placed on a shaking plate ( IK A ®  M T S  2/4 digital; 300 shakes/minute) 

and agitated at 300 shakes/minute for 24 hours. A fter 24 hours, the vials were removed from the 

shaking plate. The solution/suspensions were filtered and the filtrate was assayed by H P LC  using the 

conditions described above for purity testing to determine the amount o f  compound in solution.

6.1 General method for synthesis of tetraethyl 

dimethylamlnomethylenediphosphonate^^^

To a chilled solution o f D M F  (97.9 mm ol) at 0°C  in diethyl ether (150 n iL ) was added dropwise with 

stirring a solution o f  oxalyl chloride (97 .9  mmol) in diethyl ether (20 m L). Following addition, the 

mixture was allowed to warm to room temperature and stirred for 1 hour. Triethyl phosphite (215  

mm ol) was then added dropwise with stirring. A fter one hour the mixture was concentrated under 

reduced pressure.

T e tra e th y l dim ethylam inom ethylenediphosphonate (103) was obtained as a yellow oil in 75.5%  

yield. 'H  N M R  spectrum was similar to that previously reported.

'H  N M R  (400 M H z , CDCI3) 5 0.92 (m, 12H, C H 3 ), 2.19 (s, 6 H, C H 3 ), 2.90 (t, IH , C H ), 3.68 -  3.80 (m, 

8 H, C H 2 )

H R M S : C iiH 2 7 N N a 0 6 P2  requires 354.1211; found: 354.1218; e rro r+  1.9 ppm

6.2 General method for synthesis of enamine phosphonate^^^

To a suspension o f  N aH  (33 mm ol) in dry toluene (40 m L) was added dropwise with stirring a solution 

o f tetraethyl dimethylaminomethylenediphosphonate (33 mm ol) in dry toluene (40 m L). A fter one 

hour, a solution o f  the appropriate aldehyde (33 mm ol) in dry toluene (40 m L) was added. The 

mixture was stirred at 50°C  for one hour and then concentrated. The residue was partitioned between 

ethyl acetate and water and the aqueous layer was extracted with ethyl acetate (100 m L by 3). The 

residue was purified by flash column chromatography over silica gel (hexane: ethyl acetate gradient) to 

give the clean product.

(2 -B en zo |b |th io phen-2-y l-l-d im ethylam inoviny l)phosphonic  acid diethyl ester was obtained by 

reaction o f benzo[b]thiophene-2 -carbaldehyde with tetraethyl dimethylaminomethylenediphosphonate. 

The product was obtained as a dark orange oil (56 .7%  yield). 'H  N M R  spectrum was similar to that 

previously reported.

'H  N M R  (400 M H z , CDCI3) 6 1.36 (t, 6 H, CH3), 2.69 (s, 6 H, CH3), 4 .1 2 - 4 .2 2  (m, 4 H , C H j), 7.31 -  

7.40 (m , 3H , A rH ), 7.73 -  7.78 (m, 2H , A rH )
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HRMS: C|f,H22NNa0 3 PS requires 362.0956; found: 362.0946; error-2 .7  ppm

|l-Dimethylamino-2-(5-iiiethylthiophen-2-yl)vinyl|phosphonic acid diethyl ester was obtained by 

reacting 5-methylthiophene-2-carbaldehyde with tetraethyl dimethylaminomethylenediphosphonate. 

The product was obtained as a dark orange oil (22.5% yield).

'H NM R (400 MHz, CDClj) 8  1.32 (t, 6 H, CHj), 2.45 (s, 3H, CH3 ), 2.60 (s, 6 H, CHj), 4.06 -  4.13 (m, 

4H, CHj), 6.63 (s, IH , ArH), 6.98 (d, IH , J=3.52, ArH), 7.18 (d, IH , J=12.04, ArH)

HRMS: C|3 H 2 2NNa0 3 PS requires 326.0956; found: 326.0972; error + 4.9 ppm

6.3 General procedure for hydrolysis of enamine phosphonate to substituted 

acetic acld̂ ^̂

The appropriate enamine phosphonate (1.47 mmol) was refluxed in lOM HCI (50 mL) for 30 minutes. 

The mixture was poured onto ice water (200 mL) and extracted with ethyl acetate (200 mL twice). The 

combined organic extracts were dried over anhydrous Na2 S0 4  and concentrated to give the desired 

product.

Benzo|b|thiophen-2-yl-acetic acid (104) was obtained from (2-benzo[b]thiophen-2-yl-l- 

dimethylamino-vinyl)-phosphonic acid diethyl ester by the above method as a light brown powder in 

61.2% yield.

Melting point: 130°C(lit. 140- 142°C'“ )

IR(KBrdisk)v™*: 1715.55 cm'' (-C =0)

'H NMR (400 MHz, CDCI3) 6 3.99 (s, 2H, CH 2 ), 7.24 -  7.37 (m, 3H, ArH), 7.74 -  7.76 (m, 1H, ArH), 

7.81 -7 .8 3  (m, IH , ArH)

'^C NMR (100 MHz, CDCI3) 6  35.39 (CH 2), 122.18, 123.36, 124.06, 124.19, 124.30, 124.39, 135.03, 

139.60, 140.03 (ArC), 175.87 (C=0)

(5-Methylthiophen-2-yl)acetic acid (105) was obtained from [l-dimethylamino-2-(5-methyl- 

thiophen-2-yl)-vinyl]phosphonic acid diethyl ester by the above method as a brown oil in 5.5% yield. 

It was reported previously but not characterised.'^

IR (KBr disk) v„„: 1705.90 cm"' (-C =0)

'H NM R (400 MHz, CDCI3) 6  2.49 (s, 3H, CH 3), 3.83 (s, 2H, CH 2), 6.65 (d, IH , J=2.52, ArH), 6.77 (d, 

IH , J=2.52, ArH)

'^C NM R (100 MHz, CDCI3 ) 6  15.29 (CH 3 ), 35.25 (CH 2), 124.99, 127.19, 131.63, 139.95 (ArC), 

I77.04(C =0)

6.4 General nnethod for chlorination of acetic acid derivatives

The appropriate acetic acid (10 mmol) was brought to reflux with thionyl chloride (12 mmol) in 

chloroform (30 mL). The reaction was monitored by IR until absorption was observed between v 1790
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cm ' and v 1815 cm ' due to the carbonyl group in the acid chloride molecule. The solvent was 

evaporated and the acid chloride was used without further purification.

(4-Nitrophenyl)acetyl chloride^*'* (106) was prepared from 4-nitrophenylacetic acid as a white powder 

in 86.7% yield.

IR (KBr disk) v̂ ax̂  • 794.39 cm ' (-C=0, acid chloride)

'H NMR (400 MHz, CDCI3 ) 5 3.81 (s, 2H, -CH2 -), 7.49 (d, 2H, J=8.52 Hz, ArH), 8.23 (d, 2H, J=9 Hz, 

ArH)

'^C NMR (100 MHz, CDCI3 ) 5 40.09 (-CH 2 -), 123.40 (ArC), 123.56 (ArC), 129.98 (ArC), 130.03 

(ArC), 139.87 (ArC), 146.93 (ArC), 175.44 (-C0C1)

(4-Benzyloxyphenyl)acetyl chloride (107) was prepared from 4-benzyloxyphenylacetic acid as a 

white powder in 84.2% yield and was used immediately without further purification.

M.p. 112-114°C; (lit m.p.77 - 78°C^'’̂ )

IR (KBr disk) Vmax̂  1809.76 cm"' (-C =0, acid chloride)

(3-Benzyloxyphenyl)acetyl chloride^** (108) was prepared from 3-benzyloxyphenyl acetic acid as an 

off-white powder in 86.7% yield.

IR (KBr disk) Vmax̂  1791.32 cm '' (-C=0, acid chloride)

'H NMR (400 MHz, CDCI3) 5 3.66 (s, 2H, -CH2 -), 5.08 (s, 2H, -OCHj-), 6.91 -  6.96 (m, 3H, ArH), 

7.29 -  7.46 (m, 6 H, ArH)

'^C NMR (100 MHz, CDCI3) 6 40.58 (-CH2 -), 69.52 (-OCH 2 -), 113.27 (ArC), 115.56 (ArC), 121.55 

(ArC), 127.11 (ArC), 127.56 (ArC), 128.15 (ArC), 129.25 (ArC), 134.22 (ArC), 136.41 (ArC), 158.53 

(ArC), 177.05 (-COC1)

(4-ChIorocarbonyliTiethylphenyl)carbamic acid benzyl ester (109) was prepared from (4- 

benzyloxycarbonylamino-phenyl)acetic acid in 76.5% yield as a yellow oil and was used immediately 

without further purification.

IR (KBr disk) v^ax: 1801.80 cm ' (-C=0, acid chloride)

2-Phenylpropionyl chloride'"’ (HO) was prepared from phenylpropionic acid in 92.2% yield as a pale 

yellow oil and was used immediately without further purification.

IR (KBr disk) Vmax̂  1784.17 cm ' (-C=0, acid chloride)

3-Thiophen-2-yl-propionyl chloride^*’ (HI)  was prepared from 3-thiophen-2-yl-propionic acid as a 

pale yellow oil in 90.9% yield. It was used immediately without further purification.

IR (KBr disk) v^ax: 1782.84 cm '' (-C =0, acid chloride)
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6.5 General procedure for formylation 

Method 1: Vilsmeir-Haack formylation” '*
Dimethylformamide (38.2 mm ol) and phosphorous oxychloride (43.1 mm ol) were mixed at 0 “C and 

stirred for 15 minutes before addition o f  the aromatic compound (14.5 m m ol) dissolved in 

dimethylformamide (10 m L). The mixture was heated to 80°C for eight hours. The reaction was 

quenched by the slow and careful addition o f  saturated aqueous sodium bicarbonate solution (150 m L) 

and was stirred overnight. The solution was extracted with C H 2C I2 (50  m L three times) and the 

combined organic layers were dried over N a 2 S0 4 . The pure product was isolated by flash column 

chromatography over silica gel (hexane:ethyl acetate gradient).

5-E thyl-2 ,4 -d ihydroxybenzaldehyde (245) was prepared fi'om 4-ethylresorcinol according to the 

procedure above. The product was obtained as a white powder (yield 36.0% ).

M elting point: 132“C (l i t ,  mp: 130-131”C“ *)

IR  (K B r disk) 1645.83 ( -C = 0 ) , 3193.79 (broad, -O H ) cm '

'H  N M R  (400 M H z , DMSO-c/^) 6  1.12 (t, 3H , CH3), 2.49 (q, 2H , C H j), 6.39 (s, IH ,  A rH ), 7.34 (s, IH ,  

A rH ), 9.91 (s, IH ,  C H O )

'^C N M R  (400 M H z , D M S O -t/,) 6  13.92 (CH3), 21.76 (C H 2), 101.79, 114.80, 122.98, 130.63, 161.44, 

163.08 (A rC ), 190.78 (C = 0 )

H R M S : C 9 H 10O 3 requires 167.0708; found 167.0711; error 1.7 ppm

Elemental analysis: Found: C, 64.99; H , 6.07; C 9 H 10O 3 requires C, 65.05; H , 6.07%

Method 2: Duff formylation” ’̂” ’
To 4-chlorobenzene-l,3-diol (3 mm ol) in trifluoroacetic acid (40 m L) was added H T M A  (30 mmol, 10 

equiv.). The mixture was heated to 100°C for 30 minutes after which it was left to cool to room 

temperature. 60 m L o f  water was carefully added followed by sodium bicarbonate (w ith  vigorous 

stirring) until neutralised. 100 m L o f  D C M  was added and the mixture was stirred for 2 hours at room  

temperature. The layers were separated, the aqueous layer was extracted with DCM :m ethanol (9:1,

100 m L) and the combined organic fractions were dried with anhydrous N a 2 S0 4  and the solvent was 

removed in vacuo.

5-C hloro-2,4-d ihydroxyisophtha laldehyde (24 6 ) was prepared from 4-chlorobenzene-l,3-diol 

according to the method above as a white solid in 56.2%  yield.

'H  N M R  (400 M H z , CDCI3) 8  7.29 (s, IH ,  A rH ), 7.79 (s, IH ,  A rH ), 9.73 (s, IH ,  C H O ), 10.41 (s, IH ,  

C H O ), 12.42 (s, IH ,  O H ), 13.26 (s, IH ,  O H )

'^C N M R  (400 M H z , C D C I3 ) 5 109.45, 113.15, 139.96, 164.44, 164.87 (A rC ), 192.79 (C = 0 ) , 193.34 

(C = 0 )
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6.6 General method for silylation of a phenolic group

To a solution o f the appropriate phenol (0.02 mol) and dimethyl-?er^-butylchlorosilane (0.024 mol) in 

dry CH2CI2 (60 mL) was added l,8-diazabicyclo[5.4.0]undec-7-ene (DBU) (0.032 mol). The resulting 

mixture was stirred at room temperature under a nitrogen atmosphere until complete on thin layer 

chromotagraphy. The solution was then diluted with CH2CI2 (80 mL) and washed successively with 

water (60 mL), O.IM HCI (60 mL) and saturated aqueous NaHCOs (60 mL). The organic layer was 

removed and dried by filtration through anhydrous sodium sulphate, Na2 S0 4 .

3-(/ert-Butyldimethylsilanyloxy)-4-methoxybenzaldehyde (99) was prepared from 3-hydroxy-4- 

methoxybenzaldehyde according to the procedure above. It was isolated as a brown oil (yield 93.8%). 

'H NMR and '^C NMR spectra were in agreement to those previously reported.'^”

'H NMR (400 MHz, CDCI3) 8  0.19 (s, 6 H, SiCHj), 1.02 (s, 9H, CH3), 3.91 (s, 3H, OCH3), 6.97 (d, IH, 

J=8.52 Hz, ArH), 7.39 (s, 1H, ArH), 7.48 -  7.50 (m, 1H, ArH), 9.83 (s, 1H, CHO)

'^C NMR (100 MHz, CDCI3) 5 18.43 (SiCHj), 25.65 (CH3), 55.58 (OCH3), 111.19 (ArC), 

120.05(ArC), 126.39 (ArC), 130.17 (ArC), 145.57 (ArC), 156.65 (ArC), 191.01 (C=0)

4-(r£r/-Butyldimethylsilanyloxy)phenylamine (ICO) was prepared from 4-aminophenol as outlined 

above to give a brown oil (yield 73.6%). 'H NMR and '^C NMR spectra were in agreement to those 

previously reported.'^'

IR (KBr disk) v ^ ,: 1624.29 cm ' (OSi)

'H NMR (400 MHz, CDCI3) 5 0.12 (m, 6 H, SiCH3), 0.94 (m, 9H, CH3), 3.92 (m, 2H, NHj), 6.81 (m, 

4H, ArH)

'^C NMR (100 MHz, CDCI3) 5 -4.91 (SiCH3), -4.04 (SiCHj), 17.73 (SiC), 116.79 (ArC), 120.18 (ArC) 

120.29 (ArC), 137.86 (CNH2), 148.64 (C=0)

HRMS: C|2 H2 2 NOSi requires 224.1471; found: 224.1180; error +4.2 ppm

6.7 General procedure for benzyl protection of hydroxy group̂ ®®

Benzyl bromide (10.5 mmol), potassium hydroxide (25 mmol) and sodium iodide (0.25 mmol) were 

added to a solution o f the appropriate phenol (10 mmol) in ethanol (25 mL). The mixture was refluxed 

for 2 days (stirring overnight with no heat). After this time, the solvent was evaporated and the residue 

was partitioned between 16% aqueous HCI (40 mL) and ethyl acetate (40 mL). The aqueous layer was 

twice extracted with ethyl acetate (40 mL). The combined organic fractions were dried over 

anhydrous sodium sulphate and the solvent was evaporated. The product was purified by 

recrystallisation from ethanol.

(3-Benzyloxyphenyl)acetic acid (101) was prepared from (3-hydroxyphenyl)acetic acid as a white 

crystalline solid (yield 48.0%). 'H NMR spectrum was similar to that previously reported.̂ ®®

Melting point: 127°C(lit. mp: 126°C^™)

IR (KBr disk) v„ax: 1698.67cm ' (-C=0 )
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'H  NMR (400 MHz. CDCI3 ) 5 3.66 (s, 2H, CHj), 5.08 (s, 2H, CHj), 6.91 -  6.96 (m, 3H, ArH), 7.26 -  

7.30 (m, 1H, ArH), 7.35 -  7.47 (m, 5H, ArH)

'^C NMR (100 MHz, CDCI3 ) 8  40.58 (CHj), 69.52 (CH2), 113.27 (ArC), 115.56 (ArC), 121.55 (ArC), 

127.11 (ArC), 127.56 (ArC), 128.15 (ArC), 129.25 (ArC), 134.22 (ArC), 136.40 (ArC), 158.52 (ArC), 

177.02 (CO2H)

6.8 General procedure for dibenzyl protection of resorcinol derivatives^^^

Benzyl bromide (0.11 mol) was added to a mixture o f  resorcinol derivative (0.045 mol) and potassium 

carbonate (0.11 mol) in acetonitrile (200 mL). The mixture was heated at reflux for 5 hours and stirred 

overnight at room temperature. The mixture was filtered and the solid filter cake was washed with 

CH 2CI2 (200 mL). The combined organic fractions were evaporated in vacuo to leave the product. 

The product was triturated with hexane and filtered to give the clean product.

2.4-Bisbenzyloxybenzaldehyde (247) was prepared from 2,4-dihydroxybenzaldehyde and formed as a 

white solid (98.0% yield).

Melting point: 85°C (lit. mp: 85 - 8 6 “C^^^)

IR (KB r disk) Vmax: 1677.88 cm ' (-C =0); absence o f broad -O H  peak

'H NMR (400 MHz, DMSO-^/«) 5 5.23 (s, 2H, CHj), 5.29 (s, 2H, CH 2 ), 6.76 (d, IH , ArH), 6.93 (s, IH , 

ArH), 7 .36 -7 .68  (m, 11H, ArH), 7.70 (d, 1H, ArH), 10.25 (s, 1H, CHO)

'^C NM R (100 MHz, DMSO-c/^) 6  70.34 (CH 2 ), 70.38 (CH 2), 100.93 (ArC), 108.15 (ArC), 119.11 

(ArC), 128.03 (ArC), 128.47 (ArC), 128.63 (ArC), 129.01 (ArC), 129.04 (ArC), 130.37 (ArC), 136.67 

(ArC), 136.84 (ArC), 162.87 (ArC), 165.44 (ArC), 187.77 (C=0)

HRMS: C2 iH i8 0 3 Na requires 341.1154; found: 341.1155; error +0.4 ppm.

Elemental analysis: Found: C, 78.89; H, 5.73; C2 1 H 18O3 requires C, 79.22; H, 5.70%

2.4-Bisbenzyloxy-5-ethylbenzaldehyde (248) was prepared from 5-ethyl-2,4-dihydroxybenzaldehyde 

according to the procedure above. The product was obtained as a white powder (yield 89.5%).

Melting point: 123°C

IR (KBr disk) v„,ax: 1663.00 cm ' (-C =0); absence o f broad -O H  peak

'H  NMR (400 MHz, DMSO-c/«) 8  1.12 (t, 3H, CH3 ), 2.54 (q, 2H, CH2 ), 5.28 (s, 2H, CHj), 5.30 (s, 2H, 

CH2 ), 7.00 (s, IH , ArH), 7.35 -  7.51 (m, 12H, ArH), 10.24 (s, IH , CHO)

'^C NM R (100 MHz, DMSO-^s) 5 13.90, 22.05 (CH 2), 69.86 (CH 2), 70.21 (CH 2 ), 98.33 (ArC), 117.76 

(ArC), 125.06 (ArC), 127.50 (ArC), 127.55 (ArC), 127.68 (ArC), 128.06 (ArC), 128.59 (ArC), 128.63 

(ArC), 128.69 (ArC), 129.29 (ArC), 136.45 (ArC), 161.34 (ArC), 162.56 (ArC), 187.26 (C=0)

HRMS: C2 3H 2 2 0 3 Na requires 369.1467; found: 369.1465; e rror-0.4 ppm.

Elemental analysis: Found: C, 79.74; H, 6.40; C2 3H 2 2O3 requires C, 78.83; H, 6.31%

6.9 General method for Cbz protection of an amine group^^^

Amino compound (4.5 mmol) and sodium carbonate (13.5 mmol) were dissolved in water (15 mL) and 

cooled to 0°C. Benzyl chloroformate (4.9 mmol) in dioxane (4 mL) was added dropwise and the
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solution was stirred at 0°C for 30 minutes and then allowed to warm to room temperature. Stirring 

was continued for 20 hours and the solution was washed with diethyl ether (50mL) and the aqueous 

layer was acidified with 10% HCl solution to pH 1 and extracted with ethyl acetate (2 by 50 mL). The 

organic layers were combined, dried over anhydrous sodium sulfate and evaporated under reduced 

pressure to give crude carbamate, which was used without further purification.

(4-Benzyloxycarbonylaminophenyl)acetic acid (102) was obtained as an off-white solid material 

from (4-aminophenyl)acetic acid (85.4% yield).

Melting point; 158°C(lit. mp: 156.5-157.0 °C” )̂

IR (KB r disk) v„,ax: 1701.08cm'' (C=0, acetic acid)

'H NM R (400 MHz, DMSO-t/,) 5 3.47 (s, 2H, CHj), 5.15 (s, 2H, OCHj), 7.16 (d, 2H, J=8.52, ArH),

7.35 -  7.45 (m, 7H, ArH), 9.74 (s, 1H, CO2 H)

'^C NMR (100 MHz, DMSO-J«) 6  39.77 (CH 2 ), 66.16 (CHj), 118.56 (ArC), 128.51 (ArC), 128.59 

(ArC), 128.93 (ArC), 129.49 (ArC), 130.16 (ArC), 137.11 (ArC), 138.08 (ArC), 153.85 (OC(O)NH), 

173.32 (CO 2 H)

6.10 General method for imine preparation 

6.10.1 General method 1: Reflux in ethanol
The appropriate amine (10 mmol) was refluxed with the appropriate aldehyde (10 mmol) in ethanol (50 

mL) for 3 hours. The reaction mixture was reduced in vacuo. The resulting solid product was 

recrystallised from hot ethanol.

A'-(4-Methoxybenzylidene)-3,4,5-trimethoxybenzenainine (112) was synthesised by reacting 3,4,5- 

trimethoxybenzenamine with 4-methoxybenzaldehyde, using general method 1. The product was 

obtained as pale yellow crystals (yield 87.4%).

Melting point: 120°C

IR (K B r disk) v„ax: 1604.66 cm ' (-C=N-)

'H NM R  (400 MHz, CDCI3) 5 3.87 (d, 6 H, J=3.6 Hz, 2 XOCH3 ), 3.9 (s, 6 H, 2 XOCH3 ), 6.47 (s, 2H, 

ArH), 6.98 (d, 2H, J=9.2 Hz, ArH), 7.84 (d, 2H, J=10.8 Hz, ArH), 8.4 (s, IH , CH=N)

‘^C NM R  (100 MHz, CDCI3 ) 5 55.35 (OCH 3 ), 56.00 (OCH 3 ), 60.94 (OCH 3 ), 98.00, 114.13, 128.97, 

130.39, 135.97, 148.22, 153.45, 159.03, 162.20

Elemental analysis: Found: C, 67.73; H, 6.35; N, 4.63; C 1 7H 19NO 4  requires C, 67.76; H, 6.36; N, 4.65%

(4-Methoxybenzylidene)phenylaniine (113) was synthesised by reacting phenylamine (aniline) with 

4-methoxybenzaldehyde using general method 1. The product was obtained as a white solid material 

(yield 7.4%).

Melting point: 63°C (lit. mp: 63°C)^^‘'

IR (K B r disk) v„,a,: 1619.12 cm ', 1603.61 cm ' (-C=N-)

'H NMR (400 MHz, CDCI3) 5 3.87 (s, 3H, OCH3), 6.98 (d, 2H, J=9.04 Hz, ArH), 7.18 (m, 3H, ArH),

7.36 -  7.40 (t, 2H, ArH), 7.84 (d, 2H, J=8.52 Hz, ArH), 8.38 (s, 1H, CH=N)
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'^CNMR(IOO MHz, CDCl3 ) 5 55.41 (OCH,), 114.15, 120.85, 125.54, 129.09, 129.20, 130.50, 152.31, 

159.72

(4-M ethoxyphenyl)(3,4,5-trim ethoxybenzylidene)aiiiine (114) was synthesised by reacting 4- 

methoxyphenylamine with 3,4,5-trimethoxybenzaldehyde using general method 1. The product was 

obtained as a pale green flaky solid (yield 54.8%).

Melting point: 108 °C (lit. mp: 101 - 110°C)^”

IR (KBr disk) v„„: 1622.53 cm'', 1579.02 cm ' (-C=N-)

'H NMR (400 MHz, CDCI3 ) 5 3.84 (s, 3H, OCH3 ), 3.92 (s, 3H, OCH3 ), 3.95 (s, 6 H, 2 XOCH3 ), 6.94 (d, 

2H, J=8.52 Hz, ArH), 7.15 (s, 2H, ArH), 7.22 -  7.27 (m, 2H, ArH), 8.38 (s, IH, CH=N)

'^C NMR (100 MHz, CDCI3 ) 8  55.05 (OCH3), 55.80 (OCH3 ), 60.55 (OCH 3 ), 105.07, 113.94, 121.71, 

153.05, 157.53, 157.78

Phenyl(3,4,5-trim ethoxybenzylidene)am ine (115) was synthesised from phenylamine (aniline) and 

3,4,5-trimethoxybenzaldehyde using general method 1. The product was obtained as a white 

crystalline material (yield 70.0%).

Melting point: 91 -  92°C (lit. mp: 89 -9 0  °C)”  ̂

lR(KBrdisk)v„ax: 1628 .77cm ', 1583.15 cm‘' (-C=N-)

'H NMR (400 MHz, CDCI3 ) 5 3.92 (s, 3H, OCH3 ), 3.93 (s, 6 H, 2 XOCH3 ), 7.15 (s, 2H, ArH), 7.19 -  

7.26 (m, 3H, ArH), 7.37 -  7.41 (t, 2H, ArH), 8.34 (s, IH, CH=N)

'^C NMR (100 MHz, CDCI3 ) 5 55.79 (OCH3 ), 60.55 (OCH 3 ), 105.28, 106.23, 114.61, 120.42, 125.44, 

128.73, 131.29, 140.46, 151.52, 153.06, 159.45

(4-Ethoxybenzylidene)(3,4,5-trim ethoxyphenyl)am ine (116) was synthesised from 3,4,5- 

trimethoxybenzenamine and 4-ethoxybenzaldehyde using general method 1 above. The product was 

obtained as a yellow crystalline solid (yield 64.3%).

Melting point: 98°C

lR(KBrdisk)v™ x: 1604.72 cm’', 1586.85 cm'' (-C=N-)

'H NMR (400 MHz, CDCI3 ) 5 1.43 -  1.47 (t, 3H, CH3 ), 3.86 (s, 3H, OCH3 ), 3.90 (s, 6 H, 2 XOCH3 ), 

4.08 -  4.13 (m, 2H, OCHj), 6.47 (s, 2H, ArH), 6.97 (d, 2H, J=8.28 Hz, ArH), 7.83 (d, 2H, J=8 . 8  Hz, 

ArH), 8.40 (s, IH, CH=N)

'^C NMR (100 MHz, CDCI3 ) S 14.30 (CH 3 ), 55.65 (OCH3), 60.58 (OCH 3 ), 63.22 (OCHj), 97.63, 

114.23, 128.42, 130.03, 135.58, 147.90, 153.08, 158.74, 161.26

Elemental analysis: Found: C, 68.62; H, 6.69; N, 4.46; C 1 8H2 1 NO 4  requires C, 68.55; H, 6.71; N, 4.44%

|3-(/£rt-Butyldim ethylsilanyloxy)-4-inethoxybenzylidene|(3,4,5-triiiiethoxyphenyl)ainine (117)

was synthesised by reacting 3-(/er/-butyldimethylsilanyloxy)-4-methoxybenzaldehyde (99) with 3,4,5- 

trimethoxybenzenamine using general method 1. The product was obtained as a yellow  solid (yield 

64.3%).

Melting point: 105°C
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IR (K B rdisk)v„ax: 1619.77 cm '', 1579.73 cm '' (-C=N-)

'H  N M R (400 MHz, CD Clj) 5 0.20 (s, 6 H, SiCHj), 1.03 (s, 9H, CH 3 ), 3 .8 7 -3 .9 1  (m, 12H, 4 XOCH3 ), 

6.48 (s, 2H, ArH), 6.93 (d, 2H, J=8.04 Hz, ArH), 7.43 -  7.47 (t, 2H, ArH), 8.35 (s, 1H, CH=N)

'^C N M R (100 MHz, CDCI3 ) 6  -5 .0 4  (SiCHj), 18.03 (CH j), 25.27 (C), 54.98 (O CH3), 55.63 (OCH3), 

60.56 (OCH3), 97.62, 110.94, 119.71, 123.48, 128.95, 135.53, 144.87, 147.94, 153.05, 153.59, 158.84 

Elemental analysis: Found: C, 63.99; H, 7.65; N, 3.21; C 2 3 H 3 3 N 0 5 Si requires C, 64.01; H, 7.71; N, 

3.25%

(4-M ethoxy-3-n itrobenzy lidene)(3 ,4 ,5 -trim ethoxypheny l)aiiiine (118) was synthesised using 3,4,5- 

trim ethoxyphenylam ine and 4-m ethoxy-3-nitrobenzaldehyde using general method 1. The product 

was obtained as a yellow pow der (yield 87.7%).

M elting point: 1 6 2 -  163°C

IR (K B r disk) Vmax: 1616.90cm ', 1580.79cm '

'H  NM R (400 MHz, CDCI3 ) 8 3.89 (s, 3H, OCH 3 ), 3.93 (s, 6 H, 2XOCH3), 4.06 (s, 3H, OCH 3 ), 6.52 (s, 

2H, ArH), 7.21 (d, IH , J=8.52 Hz, ArH), 8.11 -  8.14 (dd, IH , ArH), 7.39 (d, IH , J=2.48 Hz, ArH), 

8.45 (s, IH, CH=N)

'^C N M R (100 MHz, CDCI3 ) 5 55.70 (OCH 3 ), 56.40 (OCH 3 ), 60.59 (OCH 3 ), 97.75, 113.20, 125.59, 

128.52, 133.29, 146.59, 153.19, 154.41, 155.66

Elemental analysis: Found: C, 58.91; H, 5.25; N, 7.95; C |7 H|gN 2 0 6  requires C, 58.96; H, 5.24; N, 

8.09%

(3-B rom o-4-inethoxybenzy lidene)(3 ,4 ,5 -triinethoxypheny l)am ine (119) was synthesised from 3,4,5- 

trim ethoxyphenylam ine and 3-brom o-4-m ethoxybenzaldehyde using general method 1. The product 

was obtained as a yellow crystalline solid (yield 68.5%).

M elting point: 128°C

lR (K B rd isk )v„ax : 1620.47 cm '', 1585.77 cm '' (-C=N-)

'H  N M R  (400 MHz, CDCI3) 6 3.89 (s, 3H, OCH 3 ), 3.92 (s, 6 H, 2XOCH3), 3.99 (s, 3H, O CH3), 6.50 (s, 

2H, ArH), 7.00 (d, 1H, J=8.52 Hz, ArH), 7.79 -  7.81 (dd, 1H, ArH), 8.18 (d, 1H, J=2 Hz, ArH), 8.38 (s, 

1H ,C H =N )

'^C N M R  (100 MHz, CDCI3) 5 55.68 (OCH 3 ), 56.00 (OCH 3 ), 60.59 (OCH 3 ), 97.67, 111.13, 111.95,

129.22, 129.81, 132.82, 135.92, 147.24, 153.13, 157.00, 157.81

HRM S: C n H |9 BrN 0 4  requires 380.0497; found 380.0580; error + 2.8 ppm

Elemental analysis: Found: C, 53.60; H, 4.68; N, 3.55; Br, 21.20; CnH igBrN 0 4  requires C, 53.70; H, 

4.77; N, 3.68; Br, 21.01%

(4-IV lethoxybenzylidene)(3,4,5-trim ethoxybenzyl)am ine (120) was synthesised using 3,4,5- 

trim ethoxybenzylam ine and 4-m ethoxybenzaldehyde using general method 1. The product was 

obtained as colourless crystals (yield 53.5%)

M elting point: 62°C

IR (K B r disk) Vmax̂  1630.82, 1603.44 c m '
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'H N M R  (400  M Hz, CDCI3 ) 5 3 .85 -  3 .88  (m, 12H, 4 XOCH 3 ), 4 .74  (s, 2H, CH 2 ), 6 .60  (s, 2H , ArH), 

6 .97  (d, 2H, J=9.04 Hz, ArH), 7 .76 (d, 2H, J=8.52 Hz, ArH), 8.35 (s, IH, C H =N )

'^C NM R (100  M H z, CDCI3) 6  54.93 (OCH3), 55.63 (OCH3), 55 .69  (OCH3), 60 .39  (OCH3), 64.82  

(CH2), 103.46, 104.44, 113.56, 113.86, 128.55, 129.43, 131.56, 134.87, 136.41, 152.83, 160.87, 161,33 

Elemental analysis; Found: C, 68 .46; H, 6 .6 8 ; N , 4.41; C 1 8 H 2 1 N O 4 requires C, 68.55; H, 6.71; N , 4.44%

|3-(4-IV Ieth oxyp h en yl)a lly lid en e |(3 ,4 ,5 -tr im eth oxyp h en y l)a in in e  (121 ) was synthesised from 3-(4- 

m ethoxyphenyl)propenal (trans-p-m ethoxycinnam aldehyde) and 3,4,5-trim ethoxyphenylam ine using  

general method 1. The product was obtained as a yellow  crystalline solid (y ield  56.7% ).

M elting point: 105°C

IR (N aC l film )v ^ „ : 1626.36 cm ', 1582.90 cm ' (-C =N -)

'H N M R  (400  M Hz, CDCI3) 8  3 .86  -  3 .90  (m, 12H, 4 XOCH3 ), 6 .48 (s, 2H , ArH), 6 .93 -  7.02 (m, 3H, 

ArH), 7 .12 - 7 .1 6  (m, IH , ArH), 7 .50 (d, IH, J=9.04 Hz, ArH), 8 .28 (d, IH , J=9.04 Hz, C H =N )

'^C N M R  (100  M Hz, CDCI3) 8  55 .02 , 55 .46, 55 .73, 60 .60 , 92 .14 , 97 .65 , 114.09, 114.12, 126.09, 

129.26, 129.93, 148.62, 152.33, 153.22, 153.43, 160.34, 161.75, 193.32  

HRMS: C 1 9 H 2 2 N O 4  requires 328 .1549; found 328.1545; e r r o r -  1.2 ppm.

(2 ,3 -D ih y d ro b en zo |l,4 |d io x in -6 -y l)(2 ,5 -d iin e th o x y b en zy lid en e)a m in e  (249 ) was prepared from 2,3- 

dihydrobenzo[l,4]d ioxin-6-ylam ine and 2,5-dim ethoxybenzaldehyde using general method 1 as a 

yellow  solid in 25.0%  yield.

M elting point: 69“C

IR (KBr disk) 1621.25 cm ' (-N =C -)

'H N M R  (400  M Hz, DMSO-c/^) 8 3 .77  (s, 3H , OCH3), 3.85 (s, 3H, OCH3), 4 .26  (s, 4H , OCH 2 CH 2 O), 

6.78 -  6 .90  (m, 3H, ArH), 7 .10 (s, 2H , ArH), 7 .49  (s, 1H, ArH), 8.78 (s, 1H, C H =N )

'^C N M R  (100  M H z, DMSO-</,) 8 55.93 (OCH3), 57.74 (O CH3), 64.52  (CH2), 64.55 (CH2), 110.01, 

110.36, 114.04, 114.75, 117.85, 119.67, 124.88, 142.50, 144.06, 145.90, 153.64, 154.14, 154.21 

H RM S: C17H18NO4 requires 300 .123; found 300.1235; e r r o r - 0.3 ppm.

Elemental analysis: Found: C, 68.17; H, 5.72; N , 4.74; C 1 7 H 1 7 N O 4  requires C, 68.21; H, 5.72; N , 4.68%

(2 ,3 -D ih y d ro -b en zo |I ,4 |d io x in -6 -y l)(2 ,4 -d im eth o x y b en zy lid en e)a m in e  (250 ) was prepared from

2.3-d ihydrobenzo[l,4]d ioxin-6-ylam ine and 2,4-dim ethoxybenzaldehyde using general method 1. It 

synthesised as a brown oil in 76.8%  yield  and w as used without further purification.

IR (KBr disk) 1609.48 cm'' (-N =C -)

HRMS: C 1 7 H 1 8N O 4  requires 300 .1236; found 300.1239; error +1.1 ppm

(2 ,4 -B i$ b en zy Io x y b en zy iid en e)(2 ,3 -d ih y d ro b en zo |l,4 |d io x in -6 -y l)a m in e  (251 ) w as prepared from

2.3-d ihydrobenzo[l,4]d ioxin-6-ylam ine and 2 ,4-b isbenzyloxybenzaldehyde (247 ) using general 

method 1 as a yellow  powder in 90.5%  yield.

M elting point: 144°C

IR (KBr disk) v™*: 1608.90 cm*' (-N =C -)
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'H  N M R (400 MHz, CDCI3 ) 5 4.29 (s, 4H, OCH 2 CH 2 O), 5.12 -  5.14 (s, 4H, CH 2 ), 6.63 (d, IH, J=2.04 

Hz, ArH), 6 . 6 8  -  6.71 (dd, IH, ArH), 6.78 -  6.82 (m, 2H, ArH), 6 . 8 8  (d, IH , J=8.56 Hz, ArH), 7.36 -  

7.44 (m, lOH, ArH), 8.15 (d, IH, J=8.52 Hz, ArH), 8.87 (s, IH, CH=N)

'^C N M R (100 MHz, CDCI3 ) 5 63.91 (CH j), 63.98 (CH 2 ), 69.77 (CH j), 70.01 (CHj), 99.85, 106.52, 

109.29, 114.28, 116.94, 126.90, 127.14, 127.67, 127.76, 127.87, 128.24, 128.28, 128.32, 128.50, 

135.91, 141.30, 143.18, 154.03, 159.47, 162.18 

HRMS: C 2 9 H2 6 NO 4  requires 452.1862; found 452.1865; error +0.7 ppm

Elemental analysis: Found: C, 76.89; H, 5.52; N, 2.99; C 2 9 H 2 5 NO 4  requires: C, 77.14; H, 5.58; N,

3.10%

(2 ,4-B isbenzy loxy-5-ethy lbenzy lidene)(2 ,3 -d ihydrobenzo(l,4 |d iox in -6 -y l)am ine (252) was prepared 

from 2,3-dihydrobenzo[l,4]dioxin-6-ylam ine and 2,4-bisbenzyloxy-5-ethylbenzaldehyde (248) using 

general method 1 as a yellow powder in 86.9%  yield.

M elting point: 158°C

IR (KB r disk) v„ax: 1625.71 cm ' (-N=C-)

'H NM R (400 MHz, CDCI3 ) 6  1.23 -  1.27 (t, 3H, CH 3 ), 2.64 -  2.70 (m, 2H, CHj), 4.30 (s, 4H, 

OCH 2 CH 2 O), 5.14 (s, 2H, CH 2 ), 6.58 (s, IH, ArH), 6.82 - 6 . 8 6  (m, 2H, ArH), 6.91 (d, IH, J=8.52 Hz, 

ArH), 7.13 (s, 1H, ArH), 7.35 -  7.39 (m, 4H, ArH), 8.50 (s, 1H, CH=N)

‘̂ C NM R (100 MHz, CDCI3 ) 8  13.80 (CH 3 ), 22.18 (CHj), 63.94 (CH 3 ), 63.97 (CH 3 ), 69.45 (CH 3 ), 

99.73, 109.03, 111.89, 113.99, 117.26, 123.80, 126.71, 127.51, 128.16, 131.27, 136.22, 141.91, 143.49, 

159.64, 160.19, 161.73

HRMS: C 3 |H 3 oN0 4 requires 480.2175; found 480.2185; e r ro r+2.1 ppm

Elemental analysis: Found: C, 77.36; H, 6.11; N, 2.96; C 3 1 H 2 9 NO 4  requires C, 77.64; H, 6.10; N, 2.92%

Benzol l,3 |d ioxol-5-y l(2 ,4-b isbenzyloxy-5-ethy lbenzylidene)am ine (253) was prepared from 

benzo[l,3]dioxol-5-ylam ine and 2,4-bisbenzyloxy-5-ethylbenzaldehyde (248) using general m ethod 1. 

It obtained as a brown powder in 87.8%  yield.

M elting point: 129°C

IR (KBr disk) v„a,: 1611.89 cm ' (-N=C-)

'H  N M R  (400 MHz, CDCI3 ) 5 1.26 (t, 3H, CH3 ), 2.68 -  2.73 (m, 2H , CH2 ), 5.11 (s, 4H, CH j), 5.99 (s, 

2H, OCH 2 O), 6.55 (s, IH, ArH), 6.81 (s, IH, ArH), 6.81 -  6.84 (m, 2H, ArH), 7.42 -  7.44 (m, lOH, 

ArH), 7.98 (s, IH, ArH), 8.85 (s, IH , CH=N)

'^C N M R  (100 MHz, CDCI3 ) 6  13.94, 22.45, 69.54, 70.57, 97.22, 100.76, 101.60, 107.82, 114.27, 

117.37, 125.94, 126.60, 126.81, 126.88, 127.22, 127.56, 127.68, 128.22, 128.27, 136.22, 136.26, 

145.02, 147.64, 154.21, 157.97, 159.64

HRMS: C 3 0 H 2 8 NO 4  requires 466.2018; found 466.2018; e rro r-0.1 ppm

Elemental analysis: Found: C, 76.38; H, 5.83; N, 2.93; C 3 0 H 2 7 NO 4  requires C, 77.40; H, 5.85; N, 3.01%
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(2,4-Bisbenzyloxy-5-ethylbenzylidene)(4-m ethoxyphenyl)am ine (254) was prepared from 4- 

methoxyphenylamine and 2,4-bisbenzyloxy-5-ethylbenzaldehyde (248) using general method 1 as a 

yellow powder in 90.5% yield.

Melting point: 139-140°C

IR (KBr disk) 1609.00 cm'' (-N=C-)

'H NMR (400 MHz, CDCIj) 8 1.27 (t, 3H, CHj), 2.68 -  2.74 (q, 2H, CHj), 3.87 (s, 3H, OCH3), 5.11 -  

5.13 (s, 4H, CH2 ), 6.55 (s, IH, ArH), 6.94 (m, 2H, ArH), 7.23 -  7.44 (m, IIH,  ArH), 8.89 (s, IH, 

CH=N)

'^C N M R (100 MHz, CDCI3 ) S 13.93 (CH3 ), 22.45 (CH j), 55.05, 69.58 (CH2), 70.60 (CHj), 97.21

113.85, 114.34, 115.98, 121.77, 126.60, 126.81, 126.88, 127.58, 127.69, 127.75, 127.85, 128.04, 

128.23, 128.26, 128.30, 136.21, 153.95, 161.12, 162.30

HRMS: C3 0 H3 0 NO 3 requires 452.2226; found 452.2217; error-1 .9  ppm

Elemental analysis: Found: C, 79.72; H, 6.47; N, 3.32; C3 0 H2 9 NO 3 requires C, 79.80; H, 6.47; N, 3.10%

(2,4-Bisbenzyloxy-5-ethylbenzylidene)(3,4,5-trim ethoxyphenyl)ainine (255) was prepared from 

3,4,5-trimethoxyaniline and 2,4-bisbenzyloxy-5-ethylbenzaldehyde (248) as pale yellow  flakes in 

84.5% yield.

Melting point: 129°C

IR (KBr disk) 1607.16 cm'' (-N=C-)

'H NMR (400 MHz, CDCI3 ) 5 1.25 (t, 3H, CH3 ), 2.65 -  2.73 (m, 2H, CH2 ), 3.90 (m, 9H, 3 XOCH3 ), 

5.12 (s, 4H, CH2 ), 5.96 (s, IH, ArH), 6.45 -  6.56 (m, 3H, ArH), 7.36 -  7.43 (m, 1 IH, ArH), 8.90 (s, 

IH, CH=N)

'^C NMR (100 MHz, CDCI3 ) 6  13.90 (CH3 ), 22.44 (CHj), 55.46 (OCH 3 ), 55.62 (OCH3 ), 60.59  

(OCH3 ), 69.58 (CH 2 ), 70.32 (CH2 ), 70.57 (CHj), 92.13, 97.17, 97.79, 126.61, 126.81, 127.61, 127.72,

127.85, 128.04, 128.24, 128.31, 136.18, 153.01, 155.19

HRMS: C3 2 H3 4 NO 5  requires 512.2437; found 512.2438; error + 0.2 ppm

Elemental analysis: Found: C, 74.82; H, 6.44; N, 2.65; C3 2 H3 3 NO 5  requires C, 75.12; H, 6.50; N, 2.74%

4-|(2 ,3-D ihyd robenzo|l,4 |d ioxin-6-ylim ino)m ethyl|benzene-l,3-d iol (256) was prepared from 2,3- 

dihydrobenzo[l,4]dioxin-6-ylamine and 2,4-dihydroxybenzaldehyde using general method 1 as an 

orange solid in 95.4% yield.

Melting point: 144°C

IR (KBr disk) 1625.03 cm'' (-N=C-)

'H NMR (400 MHz, DMSO-t/^) 6  4.27 (s, 4H, OCH2 CH2 O), 6.28 (s, IH, ArH), 6.40 (m, IH, ArH), 

6.85 -  6.95 (m, 3H, ArH), 7.40 (s, IH, ArH), 8.75 (s, IH, CH=N), 10.22 (broad s, IH, OH), 13.62 

(broads, IH, OH)

'̂ C NMR (100 MHz, DMSO-c/«) 6  64.54 (CH2 ), 64.58 (CH 2 ), 102.81, 108.17, 109.56, 112.53, 115.10, 

117.94, 134.67, 142.08, 142.61, 144.26, 161.63, 162.57, 163.27 

HRMS: C 1 5H 12NO 4  requires 270.0766; found 270.0776; error +3.6 ppm

Elemental analysis: Found: C, 66.14; H, 4.84; N, 5.24; C 1 5H 13NO 4  requires C, 66.41; H, 4.83; N, 5.16%
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4-|(2 ,3-D ihydrobenzo|l,4 |d ioxin-6-ylim ino)m ethyl|-6-ethylbenzene-l,3-d iol (257) was prepared 

from 5-ethyl-2,4-dihydroxybenzaldehyde (245) and 2,3-dihydrobenzo[/)][l,4]dioxin-6-am ine as orange 

pow der in 87.0%  yield.

M elting point: 181°C

IR (KBr disk) v„ax: 1628.34 cm ', 1611.89 cm '(-N = C -), 3439.61 cm’'(broad, OH)

'H  N M R (400 MHz, DMSO-fi^fi) 5 1.13 (t, 3H, CH 3 ), 2.46 -  2.51 (m, 2H, CHj), 4.25 (s, 4H, 

OCH 2 CH 2 O), 6.34 (s, IH, ArH), 6.84 -  6.92 (m, 3H, ArH), 7.26 (s, IH, ArH), 8.71 (s, IH , CH=N), 

10.14 (broad s, IH, OH), 13.35 (b roads, IH, OH)

'^C N M R (100 MHz, DMSO-of^) 5 14.20 (CH 3 ), 21.90 (CH j), 64.07 (OCH 2 C H 2 O), 64.12 

(OCH 2 CH 2 O), 102.03, 109.02, 111.72, 114.56, 117.46, 121.97, 132.61, 141.87, 142.04, 143.79, 159.85, 

160.81, 161.17

HRMS: C 1 7 H 18N O 4  requires 300.1236; found 300.1237; + 0.4 ppm

Elemental analysis: Found: C, 67.85; H, 5.85; N, 4.50; C 1 7H 17N O 4  requires C, 68.21; H, 5.72; N, 4.68%

4-((B enzo |d ||l,3 |d ioxol-5-ylim in o)ineth yl)-6-ethylbenzen e-l,3-d iol (258) was prepared from 5- 

ethyl-2,4-dihydroxybenzaldehyde (245) and benzo[d][l,3]dioxol-5-am ine as a green pow der in 59.6%  

yield.

M elting point: 176°C

IR (KBr disk) v„ax; 1633.59 cm ', 1610.87 cm ''(-N = C -)

'H  N M R (400 MHz, D M SO -J,) 6  1.13 (t, 3H, CH 3 ), 2.45 -  2.51 (m, 1 IH, solvent and CH 2 ), 6.06 (s, 

2H, O CH 2 O), 6.34 (s, IH, ArH), 6.83 (d, IH, J=2.24 Hz, ArH), 6.94 (d, IH, J=8.28 Hz, ArH), 7.08 (d, 

1H, J=2 Hz, ArH), 7.25 (s, 1H, ArH), 8.73 (s, 1H, CH=N), 10.18 (s, IH, OH), 13.28 (s, 1H, OH)

'^C NM R (100 MHz, DMSO-t/^) 6  14.67 (CH 3 ), 22.35 (CH 2 ), 101.51, 101.89 (CH 2 ), 102.49, 108.91, 

112.15, 115.97, 122.46, 133.06, 143.32, 146.17, 148.68, 160.33, 161.15, 161.56 

HRMS: C 1 6 H 16N O 4  requires 286.1079; found 286.1075; error -  1.5 ppm

Elemental analysis: Found: C, 66.52; H, 5.32; N, 4.94; C 1 6H 15N O 4  requires C, 67.36; H, 5.30; N, 4.91%

(4-Benzyloxybenzylidene)|4-(/^r/butyldim ethylsilanyloxy)phenyI|am ine (276) was synthesised from 

4-(/er/butyldim ethylsilanyloxy)phenylam ine (100) and 4-benzyloxybenzaldehyde as white crystals 

(82.0%  yield).

M elting point: 146°C 

IR (K B rdisk)v„,ax: 1626.41 cm '' (-C=N-)

'H  N M R (400 MHz, CDCI3 ) 5 0.24 (m, 6 H, -SiCHj), 0.99 (m, 9H, CH 3 ), 5.18 (s, 2H, OCH 2 ), 6.93 (m, 

4H, ArH), 7.12 (m, 2H, ArH), 7.42 (m, 5H, ArH), 7.86 (m, IH, ArH), 8.43 (s, IH, ArH), 9.91 (s, IH, 

CH=N)

'^C N M R (lOOMHz, CDCI3 ) 5 -4.93 (SiCHj), -4.85 (SiCHj), 17.79 (SiC), 25.18 (CH 3 ), 25.25 (SIC), 

69.82 (O C H 2 ), 114.69, 115.58, 119.94, 120.52, 120.62, 120.81, 121.97, 122.84, 125.14, 127.06, 

127.13, 127.91, 128.03, 128.30, 128.34, 131.57, 135.47 (17 ArC), 190.39 (CH=N)

HRMS: C26H32N02Si requires 418.2202; found 418.2216; error +3.3ppm
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4-((rerr-Butyldimethylsilyl)oxy)-A'-(3,4,5-trimethoxybenzylidene)aniline (277) was obtained from 4- 

(;er/-butyldimethylsilanyIoxy)phenyIamine (100) and 3,4,5-trimethoxybenzenamine as a brown oil and 

was used without further purification.

IR (NaCl film ) 1623.85 cm"' (-C=N-)

6.10.2 General method 2: Reflux In dry toluene with activated molecular 

sieves^^”
To a solution o f substituted acetophenone (52.7 mmol) and substituted aniline (60.4 mmol) in dry 

toluene (25 mL) was added 4A activated molecular sieves. The reaction mixture was heated to reflux 

under nitrogen for 8  hours and then stirred at room temperature overnight. The mixture was filtered 

through Celite, rinsed with methanol and reduced in vacuo. The crude reside was recrystallised from 

ethanol to give the desired imine.

|l-(4-Methoxyphenyl)ethylidene|phenylamine (122) was synthesised from l-(4- 

methoxyphenyl)ethanone and phenylamine using general method 2. The product was obtained as a 

white solid (yield 21.07 %). 'H NMR data is in agreement with that previously reported'™.

Melting point: 84“C (lit. m.p. 94“C” )̂

IR (K B rd is k )v „ 3 ,: 1633.58 cm ', 1588.28 cm ''(-C =N -)

'H NMR (400 MHz, CDCI3 ) 5 2.23 (s, 3H), 3.87 (s, 3H), 6.83 (d, 2H, J=8.52 Hz), 6.99 (d, 2H, J=8.52 

Hz), 7.16 (t, IH), 7.37 (t, 3H), 7.98 (d, 2H, J=9 Hz)

'^C NMR (100 MHz, CDCI3 ) 5 16.75, 54.97, 113.16, 119.17, 122.57, 128.40, 128.44, 128.49, 131.73, 

151.44, 161.07, 164.10

HRMS: CisHiftNO requires 226.1232; found 226.1230; e rror-0.8 ppm

(l-PhenyIethylidene)(3,4,5-trimethoxyphenyI)amine (123) was synthesised using 3,4,5- 

trimethoxybenzenamine and 1-phenylethanone by general method 2. The product was obtained as 

yellow crystals (yield 8.05%). 'H NM R data is in agreement with that previously reported'^'.

Melting point: 78°C (lit. m.p. 101.6- 103°C'^')

IR(KBrdisk)v„,ax: 1633.28, 1584.04 cm '(-C =N -)

'H NMR (400 MHz, CDCI3 ) 5 2.31 (s, 3H), 3.87 (s, 9H), 6.06 (s, 2H), 7.49 (m, 3H), 7.99 (d, 2H, J= 8  

Hz)

'^C NMR (100 MHz, CDCI3 ) 5 17.06, 55.61, 60.61, 96.05, 126.69, 127.96, 130.17, 133.32, 138.78, 

147.48, 153.17, 165.65

HRMS: C 1 7H 2 0 NO 3 requires 286.1443; found 286.1429; error-5 .0  ppm

Elemental analysis: Found: C, 70.99; H, 6 .6 8 ; N, 4.91; C 1 7H 1 9NO 3 requires C, 71.56; H, 6.71; N, 4.91%

6.10.3 General method 3: Use of TICI4 as a catalyst '̂*^
TiCU(2.0 mL, 2.0 mmol, IM  in CH 2 CI2 ) was added to a solution o f the appropriate benzophenone (4.0 

mmol) and 3,4,5-trimethoxyaniline (4.0 mmol) in anhydrous toluene (40 mL). Tri-«-butylamine (12.2
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mmol) was added. The resulting mixture was stirred overnight. The reaction mixture was reduced in 

vacuo. The product was purified by crystallisation from ethanol.

Benzhydrylidene(3,4,5-trimethoxyphenyl)amine (124) was synthesised using benzophenone and 

3,4,5-trimethoxybenzenamine using general method 3. The product was obtained as bright yellow 

crystals (yield 10.59%)

Melting point: 118°C

IR(NaC l film )v„ax: 1611.89, 1584.22 cm''

'H NMR (400 MHz, CDCI3) 5 3.65 (s, 6 H), 3.79 (s, 3H), 6.01 (s, 2H), 7 .16 -7 .1 9  (m, 2H), 7.31 -7 .3 3  

(m, 3H), 7.43 -  7.45 (m, 2H), 7.51 (m, 1H), 7.75 (m, 2H)

'^C NMR (100 MHz, CDCI3) 6 55.41, 60.53, 98.69, 127.65, 127.80, 128.26, 128.83, 128.88, 130.35,

133.61, 136.01, 139.21, 146.41, 152.56, 167.97

HRMS; C22H22NO 3 requires 348.1600; found 348.1614; error +4.1 ppm

Elemental analysis: Found: C, 75.78; H, 6 .11; N, 3.99; C22H21NO3 requires C, 76.06; H, 6.09; N, 4.03%

6.11 General methods for p-lactam formation 

6.11.1 General method 1: Staudinger reaction̂ ®®
The appropriate imine (5 mmol) and triethylamine (15 mmol) were added to dry CH2CI2 (50 mL) and 

the mixture was brought to reflux at 60°C. Once refluxing, the appropriately substituted acid chloride 

(7.5 mmol) was injected dropwise through a rubber stopper. This mixture was refluxed for 3 hours. 

The mixture was washed firstly with distilled water (50 mL) (twice) and then with saturated aqueous 

sodium bicarbonate solution (50 mL). The organic layer was dried by filtration through anhydrous 

sodium sulfate. The organic layer containing the product was reduced in vacuo. The pure product 

was isolated by flash column chromatography over silica gel (hexane: ethyl acetate gradient).

4-(4-Methoxyphenyl)-3-(3-methoxyphenyl)-1 -(3,4,5-trimethoxy phenyl)azetidin-2-one (125) was

obtained from 2-(3-methoxyphenyl)acetyl chloride and N-(4-methoxybenzylidene)-3,4,5- 

trimethoxybenzenamine (112) as a white crystalline solid (1.5% yield).

Melting point: 147°C

IR (NaCI film  v„,ax: 1749.11 cm'' (C=0, p-lactam)

'H NMR (400 MHz, CDCI3) 5 3.72 (s, 6 H, OCH3), 3.77 (s, 3H, OCH3), 3.81 (s, 3H, OCH3), 3.82 (s, 

3H, OCH3), 4.25 (d, IH , J=2.5 Hz, H-3), 4.86 (d, IH , J=2.5 Hz, H-4), 6.60 (s, 2H, ArH), 6.85 -  6.87 

(m, 2H, ArH), 6.91 -  6.95 (m, 3H, ArH), 7.26 -  7.33 (m, 3H, ArH)

'^C NM R (100 MHz, CDCI3) 6 54.88 (OCH3), 54.92(OCH3), 5 5 .5 7 (OCH3), 60.52(OCH3), 

63.26(0CH3), 6 4 .5 UOCH3), 94.39, 112.70, 112.82, 114.23, 119.18, 126.89, 128.83, 129.64, 133.25, 

134.00, 135.76, 153.04, 159.50, 159.60(ArC), 165.02(C=0)

HRMS: C26H27N0 6 Na requires 472.1736; found 472.1722; error-3 .0  ppm 

Purity (HPLC): 100%
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3 ,4 -B is -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -2 -o n e  (126) was obtained from 2-(4- 

m ethoxyphenyl)acetyl chloride and N -(4-m ethoxybenzylidene)-3,4,5-trim ethoxybenzenam ine (1 1 2 ) as 

a yellow  oil (3.3%  yield).

IR (N aCI film)Vmax: 1746.31 cm"' (C = 0 , p-lactam).

'H N M R  (400  M Hz, CDCI3) 8  3 .72  (s, 6 H, 2 XOCH3), 3 .77  (s, 3H, OCH 3), 3.81 (s, 6 H, 2x OCH 3), 4 .22  

(d, IH , J=2.5 Hz, H -3), 4 .80  (d, IH, J=2.5 Hz, H -4), 6 .60  (s, 2H , ArH), 6 .89  -  6 .95 (m, 4H , ArH), 7.23  

-  7.26 (m, 2H , ArH), 7 .33 (d, 2H , J=8.5 Hz, ArH)

'^C N M R  (100  M Hz, CDCI3) 5 54.91 (O CH 3), 5 5 .5 7 (O C H 3), 60.51(O CH 3), 63 .77(C -3), 64 .08(C -4), 

94 .40 , 113.24, 113.35, 113.62, 113.98, 114.21, 126.38, 126.84, 128.14, 128.95, 129.50, 133.33, 133.98, 

153.05, 158.82, 159.46(A rC), 1 65 .63 (C = 0)

HRMS: C26H27N 0 6 N a requires 472 .1736; found 472 .1728; error-1 .7ppm  

Purity (HPLC): 100%

3 -(3 ,4 -D iin eth o x y p h en y l)-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (127)

was obtained from 2-(3,4-d im ethoxyphenyl)acetyi chloride and N -(4-m ethoxybenzylidene)-3 ,4 ,5- 

trim ethoxybenzenam ine ( 1 1 2 ) as a white powder ( 1.1 % yield).

M elting point; 151°C

IR (NaCl film ) v„,ax: 1745.34 cm‘‘ (C = 0 , p-lactam).

'H N M R  (400  M Hz, CDCI3) 5 3.73 (s, 6 H, 2 XOCH3), 3 .78 (s, 3H, OCH3), 3 .84 (s, 3H , 2 XOCH3), 3 .89  

(s, 6 H, 2 XOCH3), 4 .23  (d, IH, J=2.0 Hz, H-3), 4 .84  (d, IH, J=2.0 Hz, H-4), 6.61 (s, 2H, ArH), 6 .83  (s, 

1H, ArH), 6 .8 8  (s(br), 2H, ArH), 6 .95 (d, J =  8.5 Hz, 2H, ArH), 7.35 (d, J =  8.5 Hz, 2H , ArH)

‘^C N M R  (100  M Hz, CDCI3) 6 54 .92  (OCH3), 5 5 .5 3 (O CH 3), 5 5 .5 7 (O CH 3), 60.52(O CH 3), 63 .65(C -3), 

64.38(C -4), 94 .41 , 110.03, 111.06, 114.24, 119.26, 126.74, 126.87, 128.87, 133.27, 133.98, 148.28, 

148.88, 153.05, 159.48(A rC), 165 .43 (C = 0)

HRMS: C27H29N N a 0 7  requires 502.1842; found 502.1840; error-0 .3  ppm 

Purity (HPLC): 100%

3-(4 -C h lo ro p h en y l)-4 -(4 -in eth o x y p h en y l)-l-(3 ,4 ,5 -tr in ie th o x y p h en y l)a zetid in -2 -o n e  (128) was

obtained from 2-(4-chlorophenyl)acetyl chloride and N -(4-m ethoxybenzyiidene)-3 ,4 ,5- 

trim ethoxybenzenam ine (112 ) as a brown powder (3.8%  yield).

M elting point: 104°C

IR (NaCl film ) Vmax: 1746.68 cm ' (C = 0 , P-lactam).

'H N M R  (400  M Hz, CDCI3) 5 3 .72  (s, 6 H, 2 XOCH3), 3 .77  (s, 3H, OCH3), 3.83 (s, 3H , OCH3), 4 .26  (d, 

IH, J=2.5 Hz, H-3), 4 .82  (d, IH, J=2.5 Hz, H -4), 6 .59  (s, 2H, ArH), 6 .95 (d, 2H, J=8.7 Hz, ArH), 7 .27  

(d, 2H , J=7.0 Hz, ArH), 7 .34 -  7 .36  (m, 4H , ArH)

'^C N M R  (100  M Hz, CDCI3) 5 5 4 .9 3 (O CH 3), 5 5 .5 7 (O CH 3), 60.52(O CH 3), 63 .34(C -3), 63 .84(C -4), 

94 .39 , 114.31, 126.85, 128.34, 128.52, 128.76, 132.78, 133.11, 133.35, 153.07, 159.60 (ArC), 164.64  

(C = 0 )

HRMS: C25H24C lN 0 5 N a requires 476 .1241; found 476 .1228; error-2 .7p pm  

Purity (HPLC): 100%
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3 -(4 -B en zy lo x y p h en y l)-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (129) w as

ob ta ined  from  (4 -benzy loxypheny l)acety l ch lo ride  (107 ) and N -(4 -m ethoxybenzy lidene)-3 ,4 ,5 - 

trim ethoxybenzenam ine  (112) as a w hite fluffy  pow der (5 .1%  yield).

M elting  po in t: 122°C

IR  (K B r d isk ) 1741.44 cm ' (C = 0 , (3-lactam)

'H  N M R  (400  M H z, CDCI3) 5 3.72 (s, 6 H , 2 XOCH3), 3 .77  (s, 3H , OCH3), 3 .82 (s, 3H , OCH3), 4.21 (d, 

IH , J=2.5  H z, H -3), 4.81 (d, IH , J=2.5  Hz, H -4), 5 .07 (s, 2H , C H j), 6 .60  (s, 2H , A rH ), 6 .93 -  6 .99  (m , 

4H , A rH ), 7.23 -  7 .26 (m , 2H , A rH ), 7.23 -  7 .26 (m , 7H , A rH )

'^C N M R  (100  M H z, CDCI3) 6 54.92 (OCH3), 5 5 .57(O C H 3), 60.52(O C H 3), 63 .73(C -3), 64 .07(C -4), 

69 .60(O C H 2), 94 .37 , 114.21, 114.92, 126.66, 126.85, 127.00, 127.59, 128.18, 133.33, 133.97, 136.35, 

153.04, 158.00, 159.46(A rC ), 16 5 .6 0 (C = 0 )

H R M S: C 32H3iN 06 N a  requ ires 548 .2049; found 548 .2044; e r r o r - 0 . 9  ppm  

Purity  (H P L C ): 100%

3 -(4 -(B en zy lo x y )p h en y l)-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (130) w as

ob ta ined  from  (3 -benzy loxypheny l)acety l ch lo ride  (108) and N -(4 -m ethoxybenzy lidene)-3 ,4 ,5 - 

tr im ethoxybenzenam ine  (112 ) and w as depro tec ted  to  form  183 w ithout fu rther purifica tion .

4-(4-IV Ieth oxy-3 -n itroph en y l)-3 -p h en y l-l-(3 ,4 ,5 -tr in ieth oxyp h en y l)azetid in -2 -on e (131 ) w as

ob ta ined  from  2-pheny lacety l ch lo ride  and (4 -m ethoxy -3 -n itrobenzy lidene)(3 ,4 ,5 - 

trim ethoxypheny l)am ine  (118 ) as an off-w hite  pow der (3 .1 %  yield).

M elting  point: 131-133°C

IR  (K B r d isk ) v„,ax: 1737.24cm  ' (C = 0 , (i-lactam )

'H  N M R  (400  M H z, CDCI3) 5 3.78 (s, 6 H, 2 XOCH3 ), 3.81 (s, 3H , OCH3), 4.01 (s, 3H , OCH3), 4 .29  (d, 

IH , J=2.5  Hz, H -3), 4 .94  (d, IH , J=2.5  Hz, H -4), 6 .59  (s, 2H , A rH ), 7 .19  (d, IH , J= 8 .7  Hz, A rH ), 7.33 

-  7 .44 (m , 5H , A rH ), 7.61 -  7 .64  (m , 1H, A rH ), 7 .94 (s, 1H, A rH )

'^C N M R  (1 0 0  M H z, CDCI3) 5 55.72 (OCH3), 56.30(O C H 3), 58.04(O C H 3), 60 .54(O C H 3), 5 62 .18(C - 

3), 6 64 .65 (C -4 ), 94 .40 , 114.22, 123.21, 126.95, 127.85, 128.80, 129.41, 130.78, 132.67, 133.49, 

134.48, 139.43, 152.71, 153.28, 159.91(A rC ), 16 4 .5 2 (C = 0 )

H R M S: C 25H 24N 207N a requires 487 .1481 ; found 487 .1462 ; e rro r -  3 .9  ppm  

Purity  (H PL C ): 100%

4 -(3 -((/^ r /-B u ty ld im eth y ls ily l)oxy )-4 -m eth oxyp h en y l)-3 -(4 -flu orop h en y l)-l-(3 ,4 ,5 - 

tr im eth oxyp h en y l)azetid in -2 -on e  (132) w as p repared  from  2-(4 -fluo ropheny l)acety l ch lo ride  and [3- 

(/e r/-b u ty ld im ethy lsilany loxy )-4 -m ethoxybenzy lidene](3 ,4 ,5 -trim ethoxypheny l)am ine  (117 ) as a 

ye llow  oil, y ie ld  52.8% , w hich w as used im m edia te ly  w ithout further purifica tion  in the subsequen t 

dep ro tec tion  reaction  to  afford  175.
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3 -(4 -(B en zy loxy )p h en y l)-4 -(3 -((/£r^ b u ty ld im eth y lsily l)oxy )-4 -m eth oxyp h en y l)-l-(3 ,4 ,5 -  

tr im eth oxyp h en y l)azetid in -2 -on e (133) w as p repared  from  (4 -benzy loxypheny l)acety l ch lo ride  (107) 

and [3 -(;e r;-bu ty ld im ethy lsilany loxy )-4 -m ethoxybenzy lidene](3 ,4 ,5 -trim ethoxypheny l)am ine  (117 ) as 

a brow n oil and w as used im m ediately  w ithout fu rther purifica tion  in the subsequen t depro tec tion  

reaction  to  afford  176.

4 -(3 -((/^ r/-B u ty ld im eth y lsily I)oxy )-4 -m eth oxyp h en y l)-3 -(th iop h en -2 -y l)-l-(3 ,4 ,5 -  

tr im eth oxyp h en y l)azetid in -2 -on e (134) w as prepared  from  2 -(th iophen-2 -y l)acety l ch lo ride  and  [3- 

(;e /'^ -bu ty ld im ethy lsilany loxy)-4 -m ethoxybenzy lidene](3 ,4 ,5 -trim ethoxypheny l)am ine  (117 ) as a 

ye llow  oil, w hich w as used im m ediately  w ithou t fu rther purifica tion  in the subsequen t depro tec tion  

reaction  to  afford  178.

3 -C ycloh ex y l-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (135) w as ob ta ined  

from  2 -cyclohexy lacety l ch lo ride  and  N -(4 -m ethoxybenzy lidene)-3 ,4 ,5 -trim ethoxybenzenam ine  (112)  

as a  w hite pow der (15 .0%  yield).

M elting  point: 144°C

IR (N aC l film ) v„,ax: 1744.47cm  ' (C = 0 , |3-lactam )

'H N M R (4 0 0  M H z, C D C l3 ) S  1 .1 4 - 1 .3 2  (m , 5H , C H 2 ), 1.68 - 1.78 (m , 3H , C H 2 ), 1.82 -  1.90 (m , 2H , 

C H 2 ), 2 .05 - 2 . 0 9  (m , IH , C H ), 2 .96  (m , IH , H 3 ), 3.71 (s, 6 H, 2 XOCH 3 ), 3 .77 (s, 3H , O C H 3 ), 3.81 (s, 

3H , O C H 3 ), 4 .69  (d, IH , J=2 .52  Hz, H 4 ), 6 .54  (s, 2H , A rH ), 6 .89  -  6.93 (m , 2H , A rH ), 7 .28  -  7.31 (m, 

2H , A rH )

'^C N M R  (100  M H z, C D C I3 ) 5 25 .77  (C H 2 ), 25 .92  (C H 2 ), 26 .22 (C H 2 ), 30.71 (C H 2 ), 30 .92  (C H j), 

38 .28 (C H ), 55.31 (O C H 3 ), 55 .94  (O C H 3 ), 58.93 (C 3 ), 60.93 (O C H 3 ), 66.11 (C 4 ), 94 .45 , 114.51, 

127.23, 130.28, 134.05, 134.08, 153.42, 159.57 (A rC ), 167.47 (C = 0 )

H RM S: C 2 5 H 3 |N 0 5 N a requires 448 .2100 ; found 448 .2101 ; e rro r + 0 .2ppm  

Purity  (H PL C ): 100%

4-(4 -IV Ieth oxyp h en yl)-3 -th iop h en -2-y l-l-(3 ,4 ,5 -tr im eth oxyp h en y l)azetid in -2 -on e (136) w as

ob tained  from  2 -(th iophen-2 -y l)acety l ch lo ride  and N -(4 -m ethoxybenzy lidene)-3 ,4 ,5 - 

trim ethoxybenzenam ine (112) as a  w hite pow der (4 .6%  yield).

M elting  point: 115°C

IR (N aCI film ) v „ „ : 1756.78cm ’' (C = 0 , (3-lactam)

'H  N M R  (400 M H z, C D C I3 ) 5 3.72 (s, 6 H, 2 XOCH3), 3.77 (s, 3H , O C H 3 ), 3 .82 (s, 3H , O C H 3 ), 4 .4 7  (d, 

IH , J=2 Hz, H 3 ), 4.90 (d, IH , J= 2 .52  Hz, H 4 ), 6.59 (s, 2H , A rH ), 6.95 (d , 2H , J= 8 .56  Hz, A rH ), 7.01 -  

7.03 (t, IH , A rH ), 7 .08 (d, IH , J= 3 .48  Hz, A rH ), 7 .26 (d, IH , A rH , J= 5 H z), 7 .36-7 .38  (d , 2H , A rH , 

J=8 .52  H z)

'^C N M R  (100  M H z, C D C I3 ) 5 54.93 (O C H 3 ), 55 .58 (O C H 3 ), 59.78 (C 3 ), 60 .52  (O C H 3 ), 64 .12  (C 4 ) ,  

94.46, 113.86, 114.27, 124.43, 124.87, 125.29, 126.82, 126.90, 128.29, 133.19, 134.11, 135.70, 148.98, 

153.06, 159.60 (A rC ), 163.98 (C = 0 )

H RM S: C 2 3 H 2 3 N 0 5 N aS requires 448 .1195 ; found 448 .1186 ; e rro r - 1 .9 ppm
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Purity (H PL C ): 100%

4-(4-Methoxyphenyl)-3-(thiophen-2-ylmethyl)-l-(3,4,5-triinethoxyphenyl)azetidin-2-one (137) was

prepared from 3-thiophen-2-yl-propionyl chloride (111) and N-(4-methoxybenzylidene)-3,4,5- 

trimethoxybenzenamine (112) as a yellow oil in 0 .6 % yield.

IR (NaCI film) Vmax̂  1746.67 cm '' (C=0, P-lactam)

'H NMR (400 MHz, CDCI3 ) 5 3.30 -  3.36 (m, 1H, CHj), 3.40 -  3.44 (m, IH, CH2 ), 3.49 -  3.54 (m, IH, 

H3 ), 3.72 (s, 6 H, 2 XOCH3 ), 3.78 (s, 3H, OCH 3 ), 3.81 (s, 3H, OCH3 ), 4.71 (d, IH, J=2.52 Hz, H4 ), 6.54 

(s, 2H, ArH), 6 . 8 6  -  6.89 (m, 3H, ArH), 6.94 -  6.97 (m, 1H, ArH), 7.16 -  7.19 (m, 3H, ArH)

‘̂ C NMR (100 MHz, CDCI3 ) 5 28.32 (CH 2 ), 54.84 (OCH 3 ), 55.56 (OCH3 ), 60.25 (C3 ), 60.49 (C4 ), 

94.33, 113.99, 123.71, 125.32, 126.63, 126.85, 128.89, 133.37, 139.45, 153.01, 159.23 (ArC), 165.95 

(C =0)

HRMS: C2 4 H2 sN0 5 NaS requires 462.1351; found 462.1333; error-3.9ppm  

Purity (HPLC): 99.17%

4-(4-Methoxyphenyl)-3,3-diphenyl-l- (3,4,5-trimethoxyphenyl)azetidin-2-one (138) was obtained 

from 2,2-diphenylacetyl chloride and N-(4-methoxybenzylidene)-3,4,5-trimethoxybenzenamine (112) 

as a white crystalline material (70.3% yield).

Melting point: 167°C

IR (KBr disk) v^ax: 1729.20 cm ' (C=0, (3-lactam).

'H NMR (400 MHz, CDCI3 ) 6  3.72 -  3.74 (m, 9H, 3 XOCH3 ), 3.78 (s, 3H, OCH3 ), 5.74 (s, IH, H4 ), 

6 . 6 8  -  6.72 (t, 4H, ArH), 7.06 -  7.09 (m, 5H, ArH), 7.16 -  7.18 (m, 2H, ArH), 7.29 -  7.32 (t, 2H, ArH), 

7.39 -  7.43 (m, 2H, ArH), 7.67 (d, 2H, J=7.52 Hz, ArH)

'^C NMR (100 MHz, CDCI3 ) 6  54.74 (OCH 3 ), 55.53 (OCH3 ), 58.06 (OCH 3 ), 60.50 (OCH3 ), 66.94 (C4 ), 

71.53 (C3 ), 94.70, 113.35, 126.33, 126.38, 126.78, 127.00, 127.54, 127.91, 128.35, 128.44, 133.26, 

134.02, 136.77, 140.44, 152.94, 159.00 (ArC), 166.70 (C =0)

HRMS: C3 iH2 9 N 0 5 Na requires 518.1943; found 518.1962; error +3.6 ppm 

Purity (HPLC): 100%

Crystal Data for 138: C 1 2 4H 1 1 6N 4  O 2 0 , Formula MW 1982.21 (4 molecules); Monoclinic, Space group 

P21/c; a = 10.349(3), b= 9.828(3), c = 26.547(8)A°, a  = y = 90°, (3 = 110.277(10)“ ; J7= 2532.8(13) A°; 

Z = 1; £)c = 1.300 Mg m-3; m = 0.088 mm-1; Range for data collection = 1.12-25.00; Reflections 

collected 30080, Unique Reflections 4457 [/?int= 0.0652]; Data/restraints/parameters 4457/0/338; 

Goodness-of-fit on F2 1222; R indices (all data) = R\ = 0.0789, \nR2 = 0.1389; Final R indices [/ > 

2i(/)] = R\ = 0.0835, w/?2 = 0.1410.CCDC deposition no. 778107. See Appendix 1 for full 

crystallographic characterisation.

4-(4-IVlethoxyphenyl)-3-methyl-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (139) was

obtained from 2-phenylpropanoyl chloride (110) and N-(4-methoxybenzylidene)-3,4,5- 

trimethoxybenzenamine (112) as a white powder (29.4% yield).

Melting point: 183°C
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IR (NaCI film) Vmax- 1737.24 cm '' (C=0, p-lactam)

'H NMR (400 MHz, CDCI3 ) (cis isomer) 5 1.91 (s, 3H, CH 3 ), 3.72 -  3.73 (m, 9H, 3 XOCH3 ), 3.79 (s, 

3H, OCH 3 ), 5.00 (s, IH, H4 ), 6 . 6 6  (d, 2H, J=7 Hz, ArH), 6.94 (d, 2H, J= 8  Hz, ArH), 7.09 -  7.13 (m, 

5H, ArH)

'^C NMR (100 MHz, CDCI3 ) (cis isomer) 6  24.34 (CH 3 ), 54.68 (OCH 3 ), 55.52 (OCH3 ), 60.50 (OCH 3 ), 

64.01 (C3 ), 68.32 (C4 ), 94.53, 113.23, 126.28, 126.81, 127.59, 128.10, 133.60, 133.87, 137.32, 152.96, 

158.84 (ArC), 168.80 (C =0)

'H NMR (400 MHz, CDCI3 ) {trans isomer) 8  1.91 (s, 3H, CH3 ), 3.73 (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H, 

OCH3 ), 3.85 (s, 3H, OCH 3 ), 5.19 (s, IH, H4 ), 6.64 (d, 2H, J=7 Hz, ArH), 6.97 (d, 2H, J= 8  Hz, ArH), 

7.12 (m, IH, ArH), 7.28 -  7.34 (m, 3H, ArH), 7.40 -  7.44 (t, 2H, ArH), 7.55 -  7.56 (m, 2H, ArH)

'^C NMR (100 MHz, CDCI3 ) (trans isomer) 5 19.20 (CH 3 ), 54.86 (OCH 3 ), 55.52 (OCH 3 ), 55.58

(OCH3 ), 60.53 (OCH 3 ), 62.13 (C 3 ), 66.56 (C4 ), 94.68, 113.23, 113.80, 125.43, 126.08, 126.81, 126.90,

127.59, 127.82, 128.10, 128.47, 133.24, 141.43, 153.01, 159.13 (ArC), 168.77 (C=0); HRMS:

C2 6 H2 8 NO 5 requires 434.1967; found 434.1953

HRMS: C2 6 H2 8 NO 5 requires 434.1967; found 434.1953; error-3.3ppm

Purity (HPLC): 100%

Crystal Data for 139 (cis): C 1 0 4 H 1 0 8N 4 O 2 0 , MW 1733.94 (4 molecules). Monoclinic, Space group P-1; 

a=  12.364(4),6= 13.084(4),c=  14.956(4)A°, a  = 82.867(11)“ , p = 72.242(7)°, y =84.107(12)“ ; U = 

2280.9) A°; Z =  1; Dc = 1.262Mg m-3; m = 0.087 mm-1; Range for data collection = 1.12-25.00; 

Reflections collected 35367, Unique Reflections 8025 [/fint= 0.0486]; Data/restraints/parameters 

8025/0/587; Goodness-of-fit on F2 1215; /? indices (all data) = /?] = 0.0728, wR2 = 0.1442; Final R 

indices [ />  25(7)] = /?1 = 0.0642, w/?2 = 0.1393. CCDC deposition no. 778106. See Appendix 1 for 

full crystallographic characterisation.

Crystal Data for 139 (trans): C 1 0 4H 1 0 8N 4 O 2 0 , MW 1733.94 (4 molecules). Monoclinic, Space group 

P 2 1 /c ;a=  1 1.538(3), 6 = 12.295(3), c =  18.953(4)A“, a  = y = 90°, p = 123.08(12)°; ( /=  2252.8(9) A°; 

Z =  I ; Dc = 1.278 Mg m-3; m = 0.088 mm-1; Range for data collection = 1.12-25.00; Reflections 

collected 17982, Unique Reflections 3955 [/?int= 0.0441]; Data/restraints/parameters 3955/0/295; 

Goodness-of-fit on F2 1244; R indices (all data) = /?1 = 0.0674, w/?2 = 0.1195; Final R indices [/ > 

2i(/)] = R \=  0.0616, wR2 = 0.1195. CCDC deposition no. 778108. See Appendix 1 for full 

crystallographic characterisation.

3-(4-IVIethoxyphenyl)-l-phenyl-4-(3,4,5-trimethoxyphenyl)azetidin-2-one (140) was obtained from 

2-(4-methoxyphenyl)acetyl chloride and phenyl(3,4,5-trimethoxybenzylidene)amine (115) as a white 

crystalline material (8.4% yield).

Melting point: 146°C

IR (KBr disk) Vmâ : 1759.97 cm '' (C =0, p-lactam)

'H NMR (400 MHz, CDCI3 ) 5 3.81 (s, 9H, 3 XOCH3 ), 3.86 (s, 3H, OCH3 ), 4.23 (d, IH, J=2.0 Hz, H-3), 

4.79 (d, IH, J=2.0 Hz, H-4), 6.57 (s, 2H, ArH), 6.92 (d, 2H, J=8.5 Hz, ArH), 7.07 -  7.11 (m, IH, ArH), 

7.25 -  7.31 (m, 4H, ArH), 7.38 (d, 2H, J=8.5 Hz, ArH)
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'^C N M R (100 MHz, CDCI3 ) 6  54.91, 55.79, 60.44, 64.11, 64.22, 102.03, 114.04, 116.77, 123.71, 

126.25, 128.25, 128.68, 132.77, 137.07, 137.56, 153.54, 158.90(ArC), 165.80(C =0)

HRMS: C 2 5 H 2 5 N 0 5 N a requires 442.1630; found 442.1640; error +2.2 ppm 

Purity (HPLC): 100%

4-(4-lV lethoxyphenyl)-3-phenyl-l-(3,4,5-triinethoxybenzyl)azetidin-2-one (141) was obtained from 

2-phenylacetyl chloride and (4-m ethoxybenzylidene)(3,4,5-trim ethoxybenzyl)am ine (120) as a clear oil 

(7.3%  yield).

IR (NaCI filrn)Vmax: 1751.30cm '' (C = 0 , p-lactam )

'H N M R (400 MHz, CDCI3 ) 6  3.79 (m, 6 H, 2 XOCH3 ), 3.85 (s, 6 H, 2 XOCH3 ), 4.22 (d, IH, J=1.48 Hz, 

H 3 ), 4.36 (d, IH , J=2.2 Hz, H 4 ) ,  4.88 (d, IH , J=15.04 Hz, CHj), 6.41 (s, 2H, ArH), 6.96 (d, 2H, J=8.4 

Hz, ArH), 7.17 -  7.31 (m, 1 OH, ArH)

'^C N M R (100 MHz, CDCI3 ) 5 44.75 (CHj), 55.39 (OCH 3 ), 56.03 (OCH 3 ), 60.88 (OCH 3 ), 62.80 (C 3 ), 

65.03 (C 4 ), 105.31, 114.50, 125.32, 127.33, 127.69, 127.93, 128.25, 128.92, 129.06, 131.34, 135.18, 

137.32, 137.87, 153.43, 159.98 (ArC), 168.45 (C = 0 )

HRMS: C 2 6 H2 ?N0 5 Na requires 456.1787; found 456.1798; e rro r-4 .1  ppm

4-|2-(4-IVIethoxyphenyI)-vinyI|-3-phenyl-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (142) was

prepared from 2-phenylacetyl chloride and [3-(4-m ethoxyphenyl)-allylidene](3,4,5- 

trim ethoxyphenyl)am ine (121) and was isolated as a yellow oil in 5.9% yield.

IR (NaCI film) Vmax̂  1747.40 cm '' (C = 0 , P-lactam)

'H  N M R (400 MHz, CDCI3 ) 6 3.82 -  3.85 (m, 12H, 4XOCH3), 4.31 (d, IH, J= 1 .48 Hz, H3 ), 4.58 -  4.60 

(m, IH, H4 ), 6.26 -  6.32 (m, IH, CH), 6.81 -  6.85 (t, 3H, CH+ArH), 6.90 (d, 2H, J=8.52 Hz, ArH), 

7 .3 7 -7 .3 9  (m, 7H, ArH)

'^C N M R  (100 MHz, CDCI3 ) 5 54.91 (OCH 3 ), 55.65 (OCH 3 ), 60.57 (OCH 3 ), 61.76 (C 3 ), 63.28 ( C 4 ) ,  

94.22, 113.76, 123.98, 127.06, 127.46, 127.80, 128.57, 133.86, 153.12 (ArC), 164.73 (C = 0 )

HRMS: C 2 7 H2 7 N 0 5 N a requires 468.1787; found 468.1785; erro r-0 .4ppm  

Purity (HPLC): 99.09%

4-(4-(B enzyloxy)phenyl)-l-(4-((/er/-butyldiinethylsilyl)oxy)phenyl)-3-phenylazetidin-2-one (279) 

was prepared from (4-benzyloxybenzylidene)[4-(/ertbutyldim ethylsilanyloxy)phenyl]am ine (276) and 

2 -phenylacetyl chloride and was used im m ediately without further purification in the subsequent 

deprotection reaction to afford 288.

3,4-bis(4-(Benzyloxy)phenyl)-l-(4-((^£r/-butyldim ethylsilyl)oxy)phenyl)azetidin-2-one (280) was

prepared from (4-benzyloxybenzylidene)[4-(/er?butyldim ethylsilanyloxy)phenyl]am ine (276) and 4- 

benzyloxyphenylacetyl chloride (107) in 53.8%  yield and was used im m ediately without further 

purification in the subsequent deprotection reaction to afford 289.
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4 -(4 -(B en zy loxy )p h en y l)-l-(4 -((/^ r /-b u ty ld iin eth y lsily l)oxy )p h en y l)-3 -p h en oxyazetid in -2 -on e  (281)

w as ob tained  from  (4 -b en zy ioxybenzy lidene)[4 -(/e rtbu ty ld im ethy lsilany loxy )pheny i]am ine  (276 ) and

2 -phenoxyacety i ch lo ride  and w as used im m edia te ly  w ithou t ftirther pu rifica tion  in the subsequent 

depro tec tion  reaction  to  afford  290.

4-(4 -(B en zy loxy )p h en y l)-l-(4 -((^ er^ b u ty ld im eth y lsily l)oxy )p h en y l)-3 -(n ap h th a len -2 -y l)azetid in -2 -  

on e (282) w as ob ta ined  from  (4 -benzy loxybenzy lidene)[4 -(?ertbu ty ld im ethy lsiiany ioxy)pheny l]am ine

(276 )  and 2 -(naph thalen -2 -y i)acety l ch loride and  w as used  im m ediately  w ithout fu rther purifica tion  in 

the subsequen t dep ro tec tion  reaction  to  afford  291.

4 -(4 -(B en zy loxy )p h en y l)-l-(4 -((/er /-b u ty ld im eth y lsily l)oxy )p h en y l)-3 ,3 -d ip h en y lazetid in -2 -on e  

(283) w as ob ta ined  from  (4 -benzy loxybenzy lidene)[4 -(;e /-fbu ty ld im ethy lsilany loxy)pheny l]am ine  (276) 

and 2 ,2 -d ipheny lacety l ch lo ride  and w as used im m edia te ly  w ithou t fu rther purifica tion  in the 

subsequen t depro tec tion  reaction  to  afford  292.

4 -(4 -(B en zy loxy )p h en y l)-l-(4 -((/er /-b u ty ld im eth y lsily l)oxy )p h en y l)-3 -(3 ,4 ,5 -  

tr im eth oxyp h en y l)azetid in -2 -on e  (285) w as ob ta ined  from  (4 -benzy loxybenzy lidene)[4 - 

(/e /-/bu ty ld im ethylsilany loxy)phenyl]am ine (276 ) and 2 -(3 ,4 ,5 -trim e thoxypheny l)ace ty l ch lo ride  in 

6 8 .5%  and w as dep ro tec ted  to  form  293.

'H  N M R  (400  M H z, C D C I3 ) 5 0.21 (m, 6 H, S iC H j), 0 .13 (m , 9H , S iC C H j), 3 .10  (m , 2H , C H j), 3 .57 

(m , 3H , O C H 3 ), 3 .86  (m , 9H , 3 XOCH 3 ), 4 .18  (m , IH , H 3 ), 4 .86  (m , IH , H4), 6.54 -  (m , 15H, A rH )

3 -(4 -(B en zy loxy )p h en y l)-4 -(3 ,4 ,5 -tr im eth o x y p h en y l)-l-(4 -((tr im eth y ls ily l)o x y )p h en y l)a zetid in -2 -  

one (286) w as ob ta ined  from  4 -((/e /-?-bu ty ld im ethy lsily l)oxy)-N -(3 ,4 ,5 -trim ethoxybenzy lidene)an iline

(277) and 4 -benzyoxypheny lace ty l ch loride (107) and w as used  im m ediately  w ithou t fu rther 

purifica tion  in the subsequen t depro tec tion  reaction  to afford  294.
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6.11.2 General method 1 (b): Staudinger reaction (modified)^^^
The appropriate imine (10 mmol) and acetyl chloride (10 mmol) were added to CH2CI2 (50 mL) under 

nitrogen and the mixture was left stirring for 2 hours. Triethylamine (10 mmol) was added dropwise. 

The mixture was left to stir overnight. The mixture was washed firstly with distilled water (50 mL) 

(twice) and then with saturated aqueous sodium bicarbonate solution (50 mL). The organic layer was 

dried by filtration through anhydrous sodium sulfate. The organic layer containing the product was 

collected and reduced in vacuo. The pure product was isolated by flash column chromatography over 

silica gel (hexane: ethyl acetate gradient).

4-(4-IV1ethoxyphenyl)-3-(4-nitrophenyl)-l-(3,4,5-triinethoxyphenyl)azetidin-2-one (143) was

obtained fi'om (4-nitrophenyl)acetyl chloride (106) and N-(4-methoxybenzylidene)-3,4,5- 

trimethoxybenzenamine (112) as a white solid (3.3% yield).

Melting point; 165°C

IR (NaCI film ) v„,ax: 1749.30 cm‘ ‘ (C=0, p-lactam)

'H NM R (400 MHz, CDCI3) 6 3.72 (s, 6 H, 2 XOCH3), 3.78 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 4.39 (d,

IH , J=2.35 Hz, H-3), 4.89 (d, IH , J=2.35 Hz, H-4), 6.58 (s, 2H, ArH), 6.97 (d, 2H, J=8.5 Hz, ArH),

7.36 (d, 2H, J=8.5 Hz, ArH), 7.54 (d, 2H, J=9.0 Hz, ArH), 8.25 (d, 2H, J=9.0 Hz, ArH)

'^C NM R (100 MHz, CDCI3) 8 5 4 .9 7 (OCH3), 55.60(OCH3), 60.53(OCH3), 62.89(C-3), 63.83(C-4), 

94.46, 114.47, 123.83, 126.89, 127.94, 127.97, 132.83, 134.35, 141.52, 147.10, 153.14, 159.84(ArC), 

I63.46(C=0)

HRMS: C25H24N 207Na requires 487.1481; found 487.1472; error -1 .9  ppm 

Purity (HPLC): 100%

3-(4-Fluorophenyl)-4-(4-methoxy-3-nitrophenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (144)

was obtained fi'om 2-(4-fluorophenyl)acetyl chloride and (4-methoxy-3-nitrobenzylidene)(3,4,5- 

trimethoxyphenyl)amine (118) as a yellow powder (13.5% yield).

Melting point: 172°C

IR (NaCl film ) Vmax̂  1737.15 cm'' (C=0, p-lactam)

'H NM R  (400 MHz, CDCI3) 5 3.76 (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H, OCH3), 4.01 (s, 3H, OCH3 ), 4.27 

(d, 1H, J=2.5 Hz, H-3), 4.90 (d, 1H, J=2.5 Hz, H-4), 6.58 (s, 2H, ArH), 7.09 -  7.13 (m, 2H, ArH), 7.18 

(d, IH , J=8.5 Hz, ArH), 7.29 -  7.33 (m, 2H, ArH), 7.62 (dd, J = 8 .6 Hz, 2.3Hz, IH , ArH), 7.93 (d, IH , 

J=2.0 Hz, ArH)

'^C NM R  (100 MHz, CDCI3) 5 55.72(OCH3), 5 6 .3 KOCH3), 60.53(OCH3)„ 62.32(C-3), 63.84(C-4), 

94.43, 114.28, 115.67, 115.88, 123.17, 128.63, 128.71, 129.15, 129.27, 129.31, 130.75, 132.54, 134.56, 

139.45, 152.78, 153.29, 160.89(ArC), 163.34(C=0)

HRMS: C25H23FN207Na requires 505.1387; found 505.1374; error-2 .6  ppm 

Purity (HPLC): 97.72%
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4-(3-Brom o-4-m ethoxyphenyI)-3-phenyl-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (145) was

obtained from 2-phenylacetyl chloride and (3-bromo-4-methoxybenzylidene)(3,4,5- 

trimethoxyphenyl)amine (119) as light off-white powder (yield 3.7%).

Melting point: 82°C

IR (KBr disk) Vmax̂  1751.57cm'' (C =0, p-lactam)

'H NMR (400 MHz, CDCI3 ) S 3.77 (s, 6 H, 2XOCH3), 3.81 (s, 3H, OCH 3 ), 3.94 (s, 3H, OCH 3 ), 4.29 (s, 

IH, H3), 4.85 (d, IH, J=2 Hz, H4), 6.61 (s, 2H, ArH), 6.97 (s, IH, ArH), 7.34 -  7.41 (m, 6 H, ArH), 7.64 

(s, IH, ArH)

'^C NMR (100 MHz, CDCI3) 5 55.65 (OCH3), 55.92 (OCH3), 60.53 (OCH3), 62.64 (C3), 64.65 (C4), 

94.39, 111.98, 112.09, 125.68, 126.97, 127.63, 128.68, 130.47, 130.62, 133.03, 133.95, 153.16, 155.79 

(ArC), 164.89 (C =0)

HRMS: C2 5 H2 5 N 0 5 Na requires 498.0916; found 498.0926; error + 2.0 ppm 

Purity (HPLC): 100%

{4-|2-(4-M ethoxy-3-nitrophenyl)-4-oxo-l-(3,4,5-triinethoxyphenyl)azetidin-3-yl|phenyl}carbainic 

acid benzyl ester (146) was obtained from (4-chlorocarbonylmethylphenyl)carbamic acid benzyl ester 

(109) and (4-methoxy-3-nitrobenzylidene)(3,4,5-trimethoxyphenyl)amine (118), columned using a 

hexane-ethyl acetate gradient and was immediately hydrogenated without characterisation (42.1% 

yield).

4-(4-lVlethoxy-3-nitrophenyl)-3-thiophen-2-yl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (147) was

obtained from 2-(thiophen-2-yl)acetyl chloride and (4-methoxy-3-nitrobenzylidene)(3,4,5- 

trimethoxyphenyl)amine (118) as a brown powder (48.4% yield).

Melting point: 123°C

IR (KBr disk) v^x: 1742.06cm'' (C =0, P-lactam)

'H NMR (400 MHz, CDCI3) 5 3.76 (s, 6 H, 2 XOCH3 ), 3.79 (s, 3H, OCH3), 4.00 (s, 3H, OCH3), 4.49 (d, 

IH, J=2.52 Hz, H3), 4.98 (d, IH, J=2 Hz, H4 ), 6.57 (s, 2H, ArH), 7.03 -  7.05 (m, IH, ArH), 7.10 (d, 

IH, J=3 Hz, ArH), 7.18 (d, IH, J=8.52 Hz, ArH), 7.33 (d, IH, J=5 Hz, ArH), 7.60 -  7.63 (dd, IH, 

ArH), 7.94 (s, IH, ArH)

'^C NMR (100 MHz, CDCI3 ) 5 55.78 (OCH3 ), 56.31 (OCH 3 ), 59.75 (C3 ), 60.52 (OCH 3 ), 62.92 (C4), 

94.48, 114.25, 123.13, 125.28, 125.66, 127.07, 128.82, 130.78, 132.59, 134.56, 134.77, 139.45, 152.80 

(ArC), 163.33 (C =0)

HRMS: C2 3 H2 2 N 2 0 7 NaS requires 493.1045; found 493.1047; error + 0.3 ppm 

Purity (HPLC): 100%
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6.11.3 General method 2: Acid activation with triphosgene^ '̂^
The appropriate acetic acid (15 mmol) was refluxed for 30 minutes with triphosgene 

[bis(trichloromethyl) carbonate] (5 mmol) in dry CH2CI2 (50 mL) A solution o f the appropriately

substituted imine (10 mmol) in dry CH2CI2 (10 mL) was added dropwise to the refluxing solution. 

Triethylamine (30 mmol) was added. The reaction mixture was heated at reflux for 5 hours and stirred 

at room temperature overnight. The mixture was washed firstly with distilled water (twice) (50 mL) 

and then with saturated aqueous sodium bicarbonate solution (50 mL). The organic layer was dried 

over anhydrous sodium sulphate. The pure product was isolated by flash column chromatography over 

silica gel (hexane:ethyl acetate gradient).

4-(4-Methoxyphenyl)-3-(2-methoxyphenyl)-l-(3,4,5-triniethoxyphenyl)azetidin-2-one (150) was

obtained from 2-(2-methoxyphenyl)acetic acid and N-(4-methoxybenzylidene)-3,4,5- 

trimethoxybenzenamine (112) as a white crystalline solid (2.5% yield).

Melting point: 123°C

IR (NaCI film ) v^ax: 1738.78 cm ' (C=0, P-lactam).

'H NM R (400 MHz, CDCI3) 5 3.72 (s, 6 H, 2x OCH3), 3.74 (s, 3H, OCH3), 3.77 (s, 3H, OCH3), 3.83 (s, 

3H, OCH3), 4.34 (d, IH , J=2.5 Hz, H-3), 4.85 (d, IH , J=2.5 Hz, H-4), 6.60 (s, 2H, ArH), 6.89 -  6.97 

(m, 4H, ArH), 7.26 -  7.38 (m, 4H, ArH)

'^C NMR (100 MHz, CDCI3) 6 5 4 .8 8 (OCH3), 5 5 .5 4 (OCH3), 60.50, 61.07(C-3), 62.14(C-4), 94.26, 

110.12, 113.86, 120.30, 122.86, 127.07, 128.58, 128.74, 129.77, 133.75, 152.98, 157.13, 159.l9(ArC), 

165.93(C=0)

HRMS: C26H27N0 6 Na requires 472.1736; found 472.1754; error +3.8 ppm 

Purity (HPLC): 100%

4-(4-Methoxyphenyl)-l,3-bis-(3,4,5-trimethoxyphenyl)azetidin-2-one (151) was obtained from 2- 

(3,4,5-trimethoxyphenyl)acetic acid and N-(4-methoxybenzylidene)-3,4,5-trimethoxybenzenamine 

(112) as an off-white crystalline material (4.5% yield).

Melting point: 184°C

IR (K B r disk) v„,ax: 1748.63 cm'' (C=0, p-lactam)

'H  NM R (400 MHz, CDCI3) 8 3.73 (s, 6 H, 2 XOCH3), 3.78 (s, 3H, OCH3), 3.83 (s, 6 H, 2 XOCH3), 

3.84(s, 3H, OCH3), 3.85 (s, 3H, OCH3), 4.22 (d, IH , J=2.5 Hz, H-3), 4.84 (d, IH , J=2.5 Hz, H-4), 6.51 

(s, 2H, ArH), 6.60 (s, 2H, ArH), 6.94 -  6.96 (m, 2H, ArH), 7.35 (d, 2H, J=8.5 Hz, ArH)

'^C NM R (100 MHz, CDCI3) 6 5 4 .9 3 (OCH3), 55.58(OCH3), 55.82(OCH3), 60.44(OCH3), 

60.52(OCH3), 63.46(H-3), 64.81(H-4), 94.46, 103.95, 114.29, 126.88, 128.73, 129.81, 133.13, 153.07, 

153.25, 159.55(ArC), 165.02(C=0)

HRMS: C2gH3|N 0 8 Na requires ; found 532.1944; calculated mass (+Na) 532.1947; error-0.6  ppm 

Purity (HPLC): 100%
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4 -(4 -M eth o x y p h en y l)-3 -(4 -m eth y lsu lfa n y lp h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (152)

w as obtained from 2-(4-(m ethylthio)phenyl)acetic acid and N -(4-m ethoxybenzylidene)-3 ,4 ,5-  

trim ethoxybenzenam ine (1 1 2 ) as a white powder (4.9%  yield).

M elting point: 110°C

IR (NaCI film ) 1734.83 cm'' (C = 0 , P-lactam)

'H N M R  (400  M Hz, C D C b) 6 2.48 (s, 3H, SC H j), 3 .72  (s, 6H , 2XOCH3), 3 .77  (s, 3H , OCH3), 3.82 (s, 

3H , OCH3), 4 .24  (d, IH, J=2.2 Hz, H -3), 4 .82  (d, IH, J=2.2 Hz, H-4), 6 .59  (s, 2H , ArH), 6 .94  (d, 2H, 

J=8.5 Hz, ArH), 7 .26 (s(br), 4H, ArH), 7.33 (d, 2H , J=8.5 Hz, ArH)

'^C N M R  (100  M Hz, CDCI3) 5 15.42(SCH3), 54 .92  (O CH 3), 5 5 .57 (O CH 3), 60.52(O CH 3), 63 .50(H -3), 

64.19(H -4), 94 .39 , 114.25, 126.65, 126.85, 127.46, 128.77, 131.02, 133.24, 134.03, 137.89, 153.06, 

159.52(A rC), 1 65 .11 (C = 0 )

HRMS: C26H27N 0 5 N aS requires 488 .1508; found 488 .1525; error +3.6 ppm 

Purity (HPLC): 100%

4-(4 -M eth oxyp h en y l)-3 -/> -to ly l-l-(3 ,4 ,5 -tr iiiie th oxyp h en y l)azetid in -2 -on e (153) was obtained from

2-(p-tolyl)acetic acid and N -(4-m ethoxybenzylidene)-3,4,5-trim ethoxybenzenam ine (112 ) as a white 

powdery solid (7.8%  yield).

M elting point: 135°C.

IR (NaCI film ) v„,ax: 1746.14 cm ' (C = 0 , p-lactam).

'H N M R (400  M Hz, CDCI3) 8 2 .36  (s, 3H, -CH 3), 3 .74  (s, 6 H, 2x  OCH3), 3 .80  (s, 3H, OCH3), 3 .83 (s, 

3H, OCH3), 4 .28  (d, IH, J=2.4 Hz, H-3), 4 .87  (d, 2H, J=2.4 Hz, H-4), 6 .64  (s, 2H, ArH), 6 .96  (d, 2H, 

J=8.5 Hz, ArH), 7 . 1 9 -  7.25 (m, 4H , ArH), 7 .37  (d, 2H , J=8.5 Hz, ArH)

'^C N M R  (100  M Hz, CDCI3) 6 2 0 .73 (-CH 3), 54 .89  (O CH3), 5 5 .55 (O CH 3), 60.49(O CH 3), 63 .56(C -3), 

64.38(C -4), 94 .37 , 114.22, 126.90, 128.93, 129.26, 131.29, 133.35, 133.93, 137.20, 153.05, 

159.47(A rC), 165 .50 (C = 0)

HRMS: C26H27N O sN a requires 456 .1787; found 456 .1798; error +2.4 ppm  

Purity (HPLC): 100%

3-(4 -B ro n io p h en y l)-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (1 5 4 ) was

obtained from 2-(4-brom ophenyl)acetic acid and N -(4-m ethoxybenzylidene)-3 ,4 ,5-  

trim ethoxybenzenam ine (112 ) as a beige solid (4.8%  yield).

M elting point: I20°C

IR (NaCI film ) v„,ax: 1747.18 cm'' (C = 0 , p-lactam)

'H N M R  (400  M Hz, CDCI3) 6 3 .72  (s, 6 H, 2x  OCH3), 3 .77  (s, 3H, OCH3), 3 .82  (s, 3H , O C H 3), 4 .2 4  (d, 

IH , J=2.5 Hz, H-3), 4 .82  (d, IH, J=2.5 Hz, H-4), 6 .58  (s, 2H, ArH), 6 .94  (d, 2H, J=8.9 Hz, ArH), 7.21 

(d, 2H , J=8.52 Hz, ArH), 7.34 (d, 2H , J=8.52 Hz, ArH), 7.51 (d, 2H, J=8.9 Hz, ArH)

'^C N M R  (100  M Hz, CDCI3) 6 5 4 .94 (O CH3), 5 5 .57 (O CH 3), 60.52(O CH 3), 63 .28(C -3), 63 .88(C -4), 

94 .41 , 114.32, 121.45, 126.86, 128.48, 128.68, 130.66, 131.29, 131.71, 133.09, 133.28, 134.12, 153.07, 

159.61(A rC), 1 64 .58 (C = 0)

HRMS: C25H24BrN0 5 N a requires 520.0736; found 520.0743; error+1.4 ppm
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Purity (H PL C ): 100%

3 -(4 -F lu oro p h en y l)-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (155) w as

obtained  from  2-(4 -fluo ropheny l)acetic  acid  and N -(4 -m ethoxybenzy lidene)-3 ,4 ,5 - 

trim ethoxybenzenam ine (112 ) as a w hite crysta lline  m ateria l (7 .5 %  yield).

M elting  point: 120°C

IR (N aC l film ) v^ax^ 1743 .68cm '' (C = 0 , p -lactam )

'H  N M R  (400  M H z, C D C I3) 5 3 .72 (s, 6 H, 2x O C H 3), 3 .77  (s, 3H , O C H 3), 3 .83 (s, 3H , O C H 3), 4 .26  (d, 

IH , J=2.5 Hz, H -3), 4 .82  (d , IH , J=2.5  Hz, H -4), 6 .59  (s, 2H , A rH ), 6 .95  (d, 2H , J= 8.8 H z, A rH ), 7 .04 

-  7.09 (m , 2H , A rH ), 7 .27 -  7.32 (m , 4H , A rH )

'^C N M R  (100  M H z, C D C I3) 5 5 4 .93 (O C H 3), 5 5 .57(O C H 3), 60 .51(O C H 3), 63 .53(C -3), 63 .79(C -4), 

94 .40 , 114.29, 115.43, 115.64, 126.66, 126.85, 128.60, 128.68, 130.10, 130.13, 133.16, 134.08, 153.07, 

159.57, 160.70, 163.16(A rC ), 16 5 .0 0 (C = 0 )

H RM S; C 2sH24p N 0 5 N a requ ires 460 .1536 ; found 4 60 .1542 ; e rro r +1.3 ppm  

Purity  (H PL C ): 100%

3 -(3 ,4 -D ich lo ro p h en y l)-4 -(4 -n ie th o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (156) w as

ob tained  from  2-(3 ,4 -d ich lo ropheny l)acetic  acid  and  N -(4 -m ethoxybenzy lidene)-3 ,4 ,5 - 

tr im ethoxybenzenam ine (112 ) as a w hite so lid  (0 .7%  yield).

M elting  point: 137°C

IR (N aC l film ) v„ax: 1747.61 cm ' (C = 0 , (3-lactam).

'H  N M R  (400  M H z, CDCI3 ) 5 3.72 (s, 6 H, 2x OCH3 ), 3.77 (s, 3H , OCH3 ), 3.83 (s, 3H , OCH3 ), 4 .24  (d, 

IH , J=2.5 Hz, H -3), 4.83 (d, IH , J=2.5  Hz, H -4), 6 .58 (s, 2H , A rH ), 6 .95 (d, 2H , J= 8 .0  Hz, A rH ), 7.18 

(d, IH , J= 8 .0  Hz, A rH ), 7 .34  (d, 2H , J= 8 .7  Hz, A rH ), 7.45 (d, 2H , J= 8 .7  Hz, A rH )

'^C N M R  (100  M H z, CDCI3) 6 54.96(O C H 3), 55.58(O C H 3), 60.52(O C H 3), 63 .14(C -3), 63 .33(C -4), 

94 .43 , 114.38, 126.40, 126.87, 128.16, 128.70, 128.93, 130.53, 131.67, 132.73, 132.94, 134.21, 134.38, 

153.09, 159.72(A rC ), 16 3 .9 5 (C = 0 )

H R M S: C 25H 23C l2N 0 5 N a requires 510 .0851; found 510 .0868 ; e rro r +3.3 ppm  

Purity  (H PL C ): 95 .02%

3 -(3 ,4 -D iflu o ro p h en y l)-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -o n e  (157) w as

ob tained  from  2-(3 ,4 -d ifluo ropheny l)ace tic  acid  and N -(4 -m ethoxybenzy lidene)-3 ,4 ,5 - 

tr im ethoxybenzenam ine (112 ) as a  ye llow  solid  (6 .4%  yield).

M elting  point: 132°C

IR (N aC l film ) Vmax̂  1749.74 c m '' (C = 0 , P -lactam )

'H  N M R  (400  M H z, CDCI3) 6 3.73 (s, 6 H, 2x OCH3), 3 .78 (s, 3H , OCH3), 3.84 (s, 3H , OCH3), 4 .26  (d, 

IH , J= 2 ,5H z, H -3), 4 .85 (d, IH , J=2.5 Hz, H -4), 6 .60  (s, 2H , A rH ), 6 .97  (d, 2H , J= 8 .5  H z, A rH ), 7.10 

(m , IH , A rH ), 7 .1 5 - 7 .2 1  (m , 2H , A rH ), 7 .36  (d, 2H , J=8.5  H z, A rH )

'^C N M R  (100  M H z, CDCI3) 6 54.92 (O C H 3), 55.56(O C H 3), 5 9 .9 5 (O C H 3), 60.49(O C H 3), 63 .26(C -3), 

63 .38  (C -4), 94 .42, 114.35, 115.96, 116.13, 117.34, 117.51, 123.12, 123.15, 123.18, 123.22, 126.85,
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128.25, 131.16, 131.22, 131.26, 133.00, 134.19, 148.22, 148.35, 148.78, 148.91, 150.69, 150.82,

151.26, 151.39, 153.08 (ArC), 159.69 (C = 0)

HRMS: C25H23 p 2N 0 5 N a requires 478.1442; found 478.1432; e rro r-2 .1  ppm 

Purity (HPLC): 100%

4-(4-M ethoxyphenyl)-3-(4-trifluorom ethylphenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (158)

was obtained from 2-(4-(trifluorom ethyl)phenyl)acetic acid and N -(4-m ethoxybenzylidene)-3,4,5- 

trim ethoxybenzenam ine ( 1 1 2 ) as a pale yellow pow der ( 1.0 %  yield).

M elting point: 126°C

IR (NaCI film) Vn,ax: 1748.98 cm '' (C = 0 , p-lactam )

'H N M R (400 MHz, CDCI3) 8  3.72 (s, 6 H, 2x OCH 3), 3.78 (s, 3H, OCH 3), 3.83 (s, 3H, O C H 3), 4.35 (d, 

IH, J=1.8 Hz, H-3), 4.87 (d, IH, J=1.8 Hz, H-4), 6.59 (s, 2H, ArH), 6.96 (d, 2H, J= 8 .8  Hz, ArH), 7.35 

(d, 2H, J= 8 .8  Hz, ArH), 7.47 (d, 2H, J=8.2 Hz, ArH), 7.64 (d, 2H, J=8.2 Hz, ArH)

'^C N M R (100 MHz, CDCI3) 5 5 4 .9 4 (OCH 3), 55.58(OCH3), 60.52(OCH3), 63.09(C-3), 64.05(C-4), 

94.43, 114.37, 125.54, 125.57, 126.88, 127.39, 128.32, 129.59, 129.91, 133.01, 134.21, 138.25, 153.10, 

159.70(ArC), 164.16(C =0)

HRMS: C 26H24 F3N 0 sNa requires 510.1504; found 510.1512; erro r+ 1 .5  ppm 

Purity (HPLC): 100%

4-(4-IV lethoxyphenyl)-3-naphthalen-l-yl-l-(3,4,5-triinethoxyphenyI)azetidin-2-one (159) was

obtained from 2-(naphthalen-l-yl)acetic acid and N -(4-m ethoxybenzylidene)-3,4,5-

trim ethoxybenzenam ine (112) as a pale yellow  crystalline pow der (6.9%  yield).

M elting point: I64°C

IR (NaCl film) 1741.44 cm ' (C = 0 , P-lactam)

'H NM R (400 MHz, CDCI3) 5 3.72 (s, 6 H, 2 XOCH3), 3.77 (s, 3H, OCH3), 3.87 (s, 3H, OCH 3), 4.78 (d, 

IH, J=2 Hz, H3), 4.98 (d, IH, J=2.48 Hz, H 4), 6.63 (s, 2H, ArH), 7.00 (d, 2H, J=8.52 Hz, ArH), 7.36 -  

7.46 (m, 6 H, ArH), 7.77 (d, IH, J=  7.04 Hz, ArH), 7.84 (d, IH , J=8.52 Hz, ArH), 7.89 (d, IH, J=8.04 

Hz, ArH)

'^C N M R (100 MHz, CDCI3) 8 54.94 (OCH 3), 55.54 (O C H 3), 60.51 (OCH 3), 62.00 (C 3), 63.33 (C 4), 

94.39, 114.30, 123.29, 123.82, 125.28, 125.58, 125.96, 127.47, 128.00, 128.46, 128.97, 131.16, 131.21, 

133.29, 133.44, 134.01, 153.05, 159.65 (ArC), 165.27 (C = 0 )

HRMS: C 29H27N 0 5 Na requires 492.1787; found 492.1774; error -  2.6 ppm 

Purity (HPLC): 100%

4-(4-!V lethoxyphenyl)-3-naphthalen-2-yl-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (160) was

obtained from 2-(naphthalen-2-yl)acetic acid and N -(4-m ethoxybenzylidene)-3,4,5-

trim ethoxybenzenam ine (112) as a white solid (2.5%  yield).

M elting point: 150°C

IR (NaCl film) Vmax̂  1739.65 cm '' (C = 0 , P-lactam)
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'H  NM R (600 MHz, CDCI3) 5 3.73 (s, 6H, 2 XOCH3 ), 3.78 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 4.45 (d, 

IH, J=2.52 Hz, H3), 4.94 (d, IH , J=2.48 Hz, H4), 6.64 (s, 2H, ArH), 6.95 -  6.97 (m, 2H, ArH), 7.36 -  

7.42 (m, 3H, ArH), 7.48 -  7.50 (m, 2H, ArH), 7.80 -  7.88 (m, 4H, ArH)

'^C N M R (600 MHz, CDCI3 ) 5 55.41, 56.06 (OCH 3 ), 61.00 (OCH 3 ), 63.94 (C 3 ), 65.27 (C 4 ), 94.89,

114.75, 125.04, 126.23, 126.52, 127.39, 127.74, 127.88, 128.97, 129.30, 132.14, 132.87, 133.48,

133.76, 134.51, 153.55, 160.02 (ArC), 165.65 (C = 0)

HRMS: C 2 9 H2 7 N 0 5 N a requires 492.1787; found 492.1790; error +0.6 ppm 

Purity (HPLC): 100%

3-B enzo|b |th iophen-2-yl-4-(4-m ethoxyphenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (161)

was obtained from 2-(benzo[b]thiophen-2-yl)acetic acid (104) and N-(4-m ethoxybenzylidene)-3,4,5- 

trim ethoxybenzenam ine (112) as a white solid (5.6%  yield).

M elting point: 118°C

IR (NaCl film) 1747.58 cm '’ (C = 0 , p-lactam)

'H NM R (400 MHz, CDCI3 ) 6 3.75 (s, 6 H, 2XOCH3), 3.81 (s, 3H, OCH 3 ), 3.86 (s, 3H, OCH 3 ), 4.56 (d, 

1H, J=1 .52 Hz, H3), 5.02 (d, 1H, J=2.52 Hz, H4 ), 6.63 (s, 2H, ArH), 6.99 (d, 2H, J=8.52 Hz, ArH), 7.35 

-7 .4 1  (m, 5H, ArH), 7.76 (d, 1H ,J=7.04 Hz, ArH), 7.83 (d, IH, J=7.52, ArH)

'^C NM R (100 MHz, CDCI3 ) 6  54.95 (OCH 3 ), 55.60 (OCH 3 ), 60.35 (OCH 3 ), 60.53 (C 3 ), 63.60 (C 4 ), 

94.48, 114.33, 121.82, 121.99, 123.16, 124.10, 124.17, 126.84, 128.16, 133.13, 134.20, 136.49, 139.11, 

153.10, 159.68 (ArC), 163.36 (C = 0)

HRMS: C 2 7 H2 6 N O 5 S requires 176.1532; found 476.1537; error + l.lp p m  

Purity (HPLC): 100%

4-(4-M ethoxyphenyl)-3-(5-m ethyIthiophen-2-yl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (162)

was obtained from (5-m ethylthiophen-2-yl)acetic acid (105) and N-(4-m ethoxybenzylidene)-3,4,5- 

trim ethoxybenzenam ine (112) as a brown oil in 5.5%  yield.

IR (NaCl film) v„,ax: 1736.68 cm '' (C = 0 , P-lactam)

'H N M R (400 MHz, CDCI3 ) 5 2.50 (s, 3H, CH 3 ), 3.74 (s, 6 H, 2 XOCH3 ), 3.84 -  3.87 (m, 6 H, 2 XOCH3 ), 

4.41 (d, IH, J=2.28 Hz, H3 ), 4.89 (d, IH, J=2.52 Hz, H3 ), 6.60 (s, 2H, ArH), 6.67 -  6.71 (m, 3H, ArH), 

6 . 8 6  (d, IH, ArH, J=3.52 Hz), 6.96 (d, 2H, ArH, J=8.76 Hz)

'^C N M R  (100 MHz, CDCI3) 5 15.36 (CH3), 55.38 (OCH3), 56.04 (O CH3), 56.09(OCH3), 60.51 

(O CH3), 60.97 (C3), 61.00 (OCH3), 64.62 (C4), 94.93, 114.70, 125.30, 125.73, 127.26, 128.89, 133.73, 

140.03, 153.45, 153.52, 160.02 (ArC), 164.71 (C = 0 )

HRMS: C 2 4 H2 6 N O 5 S requires 440.1532; found 440.1535; error + 0.7ppm 

Purity (HPLC): 99.11%

4-(4-M ethoxyphenyl)-3-(l-m ethyl-lH -indoI-2-yl)-l-(3,4,5-trim ethoxyphenyl)azetid in-2-one (163)

was obtained from 2-(l-m ethyl-lH -indol-2-yl)acetic acid and N-(4-m ethoxybenzylidene)-3,4,5- 

trim ethoxybenzenam ine (112) as a yellow solid (11.9%  yield).

M elting point: 77 -  78 °C
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IR (NaCl film) Vmax̂  1747.66 cm '' (C =0, P-lactam)

'H NMR (400 MHz, CDCI3) 6 3.75 (s, 6 H, NCHj, OCH3), 3.80 (s, 3H, OCH3), 3.81 (s, 3H, OCH3),

3.87 (s, 3H, OCH3), 4.52 (d, IH, J=1.52 Hz, H3), 4.94 (d, IH, J=2.52 Hz, H4 ), 6 . 6 6  (s, 2H, ArH), 6.99

(d, 2H, J=8.52 Hz, ArH), 7.17 (m, 2H, ArH), 7.29 (m, IH, ArH), 7 .4 0 -7 .4 2  (m, 4H, ArH)

'^C NMR (100 MHz, CDCI3 ) 8  32.34 (NCH 3 ), 54.92 (OCH 3 ), 55.56 (OCH 3 ), 57.49 (C 3 ), 60.52 (OCH3), 

63.22 (C4 ), 94.32, 107.51, 109.67, 114.21, 118.51, 119.16, 121.72, 126.33, 126.59, 126.92, 129.36, 

133.61, 133.90, 136.84, 153.07, 159.39 (ArC), 166.09 (C =0)

HRMS; C2 8 H2 9 N 2 O 5 requires 473.2076; found 473.2075; error -0.3 ppm 

Purity (HPLC): 100%

3-ruran-3-yl-4-(4-methoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (164) was obtained 

from 2-(furan-3-yl)acetic acid and N-(4-methoxybenzylidene)-3,4,5-trimethoxybenzenamine (112) as 

brown crystals (4.9% yield).

Melting point: 127°C

IR (NaCI film) v„,ax: 1743.69 cm '' (C =0, P-lactam)

'H NMR (400 MHz, CDCI3) 8  3.75 (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H, OCH 3 ), 3.85 (s, 3H, OCH3), 4.34 (d, 

IH, J=2.52 Hz, H3 ), 5.06 (d, IH, J=2.48 Hz H4), 6.35 (d, IH, J=3.28 Hz, ArH), 6.41 (t, IH, ArH), 6.62 

(s, 2H, ArH), 6.96 (d, 2H, J=4.52 Hz, ArH), 7.36 -  7.38 (m, 2H, ArH), 7.45 (d, 1H, J=0.76 H, ArH)

'^C NMR (100 MHz, CDCI3 ) S 55.38 (OCH 3 ), 56.05 (OCH 3 ), 58.67 (C3 ), 60.97 (OCH 3 ), 61.43 (C4 ), 

94.93, 108.75, 110.69, 114.68, 127.37, 128.82, 133.75, 134.58, 142.86, 147.50, 153.53, 160.03 (ArC), 

163.38 (C =0)

HRMS: C2 3 H2 4 NO 6  requires 410.1604; found 410.1605; error +0.3 ppm 

Purity (HPLC): 100%

4-(4-lVlethoxyphenyl)-3-thiophen-3-yl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (165) was

obtained from 2-(thiophen-3-yl)acetic acid and N-(4-methoxybenzylidene)-3,4,5- 

trimethoxybenzenamine (112) as a oflf-white powder (19.2% yield).

Melting point: 130°C

IR (KBr disk) 1750.82 cm '' (C =0, p-lactam)

'H NMR (400 MHz, CDCI3) 5 3.74 (s, 6 H, 2 XOCH3 ), 3.79 (s, 3H, OCH3), 3.85 (s, 3H, OCH3), 4.35 (d, 

IH, J=2.52 Hz, H3), 4.87 (d, IH, J=2.52 Hz, H4 ), 6.61 (s, 2H, ArH), 6.96 -  6.98 (m, 2H, ArH), 7.09 -  

7.11 (m, 1H, ArH), 7.29 -  7.30 (m, 1H, ArH), 7.36 -  7.40 (m, 3H, ArH)

'^C NMR (100 MHz, CDCI3 ) 5 54.93 (OCH3 ), 55.56 (OCH 3 ), 60.09 (OCH 3 ), 60.52 (C 3 ), 62.89 (C4 ), 

94.34 (ArC), 114.25 (ArC), 122.01 (ArC), 125.85 (ArC), 126.42 (ArC), 126.85 (ArC), 133.33 (ArC), 

134.20, (ArC), 153.05 (ArC), 159.52 (ArC), 164.89 (C=0)

HRMS: C 2 3 H2 3 N 0 5 NaS requires 448.1195; found 448.1189; erro r-1.3 ppm 

Purity (HPLC): 100%

4-(3-((/^r/-Butyldimethyisilyl)oxy)-4-methoxyphenyl)-3-(thiophen-3-yl)-l-(3,4,5- 

trimethoxyphenyl)azetidin-2-one (166) was prepared from 2-(thiophen-3-yl)acetic acid and [7>-{tert-
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butyldim ethylsiIanyloxy)-4-m ethoxybenzylidene](3,4,5-trim ethoxyphenyl)am ine (117) following the 

general m ethod above as an oil and was deprotected im m ediately to afford 179 without further 

purification.

4-(4-IVlethoxyphenyI)-l-phenyl-3-(3,4,5-trim ethoxyphenyl)azetidin-2-one (167) was obtained fi'om

2-(3,4,5-trim ethoxyphenyl)acetic acid and (4-m ethoxybenzylidene)phenylam ine (113) as a white fluffy 

powder (5.0%  yield).

Melting point: 156°C

lR (N aC l film)v„,ax: 1735.27 cm"' (C = 0 , P-lactam)

'H NM R (400 MHz, CDCI3 ) 5 3.82(s, 3H, OCH3 ), 3.84(s, 3H, OCH3 ), 3.85 (s, 6H, 2XOCH3), 4.20 (d, 

IH, J=2.5 Hz, H-3), 4.89 (d, IH, J=2.5 Hz, H-4), 6.52 (s, 2H, ArH), 6.94 (d, 2H, J=8.6 Hz, ArH), 7.06 

-  7.10 (m, 1H, ArH), 7.26 -  7.37 (m, 6 H, ArH)

'^C NM R (100 MHz, CDCI3) 6 54.90(OCH3), 55 .79(OCH 3), 60.43(OCH3), 63.11(C-3), 65.02(C-4), 

103.97, 114.28, 116.88, 123.65, 126.79, 128.69, 128.79, 129.84, 136.95, 137.21, 153.24, 159.47(ArC), 

165.23(C=0)

HRMS: C 25H2sN05N a requires 442.1630; found 442.1630; e rro r-0.1 ppm 

Purity (HPLC): 100%

3-(4-(B enzyloxy)phenyl)-4-(4-m ethoxy-3-nitrophenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one 

(168) was obtained from (4-benzyloxyphenyl)acetic acid and (4-m ethoxy-3-nitrobenzylidene)(3,4,5- 

trim ethoxyphenyl)am ine (118) following the general m ethod above, as an oil, yield 23.3%  and 

immediately deprotected to give 182 without further purification.

{4-|2-|3-(/ertButy Idimethylsilany Ioxy)-4-m ethoxyphenyl|-4-oxo-l-(3,4,5-

triinethoxyphenyl)azetidin-3-yl|phenyl}-carbam ic acid benzyl ester (169) was obtained from (4- 

benzyloxycarbonylam inophenyl)acetic acid and [3-(/ert-butyldim ethylsilanyloxy)-4- 

m ethoxybenzylidene](3,4,5-trim ethoxyphenyl)am ine (117) following the general m ethod above by this 

method as an oil, yield 10.6% and was deprotected immediately to afford 177 w ithout further 

purification.
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6.11.4 General method 3: Reformatsky reaction using microwave technology '̂*^
Zinc powder (0.927g, 15 mmol) was activated using trimethyichlorosilane (0.65 mL, 5 mmol) in 

anhydrous benzene (5 mL) by heating for 15 minutes at 40°C and subsequently for 2 minutes at 100°C 

in a microwave. After cooling, the appropriately substituted imine (10 mmol) and substituted 

ethylbromoacetate ( 1 2  mmol) were added to the reaction vessel and the mixture was placed in the 

microwave for 30 minutes at 100°C.

The reaction mixture was filtered through Celite to remove the zinc catalyst and then diluted with 

dichloromethane (50 mL). This solution was washed with saturated ammonium chloride solution (20 

mL) and 25% ammonium hydroxide (20 mL), and then with dilute HCl (40 mL), followed by water (40 

mL). The organic phase was dried over anhydrous sodium sulfate and the solvent was removed in 

vacuo. The pure product was isolated by flash column chromatography over silica gel (hexane: ethyl 

acetate gradient).

4-(4-lVIethoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (170) was prepared from ethyl 2- 

bromoacetate and N-(4-methoxybenzylidene)-3,4,5-trimethoxybenzenamine (112) as green crystals 

(yield 43.0%)

Melting point: 70-71°C

IR (NaCl film) v^a*: 1747.5 cm’’ (C =0, P-lactam)

'H NMR (400 MHz, CDCI3 ): 8  2.85 (dd, IH, J= 2.48 Hz, 12.56 Hz, H3 ), 3.48 (dd, IH, J=5.52 Hz, 

J=9.56 Hz, H3 ), 3.65 (s, 6 H, 2 XOCH3 ), 3.70 (s, 3H, OCH3), 3.73 (s, 3H, OCH 3 ), 4.88 (d, IH, J= 2.76 

Hz, H4), 6.53 (s, 2H, ArH), 6 . 8 6  (d, 2H, J=8.56 Hz, ArH), 7.26 (d, 2H, J=8.56 Hz, ArH)

'^C NMR (100 MHz, CDCI3 ): 8  46.36 (C3 ), 53.56 (OCH3 ), 54.78 (O CH3), 55.23 (O CH3), 55.49 

(OCH3), 60.36 (C4), 93.92, 113.58, 126.83, 129.48, 133.62, 133.68, 152.94, 159.29 (ArC), 164.14 

(C =0)

HRMS: CigHjiNOjNa requires 366.1317; found 366.1330

4-(4-Methoxyphenyl)-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (171) was obtained from 

ethyl 2-bromo-2-phenyIacetate and N-(4-methoxybenzylidene)-3,4,5-trimethoxybenzenamine (112) as 

a white crystalline solid (6 .8 % yield).

Melting point: 108°C

IR (NaCI film) v^^: 1753.27 cm’' (C =0, p-lactam)

'H NMR (400 MHz, CDCI3 ) 8  3.75 (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H, OCH 3 ), 3.85 (s, 3H, OCH3 ), 4.31 (d, 

IH, J=2.52 Hz, H3 ), 4.90 (d, IH, J=2.52 Hz, H4), 6.63 (s, 2H, ArH), 6.97 (d, 2H, J=8.52 Hz, ArH), 7.33 

-  7.42 (m, 7H, ArH)

'^C NMR (100 MHz, CDCI3 ) 5 54.92 (OCH 3 ), 55.57 (OCH 3 ), 60.51 (OCH 3 ), 63.39 (C 3 ), 64.58 (C4 ), 

94.37, 114.23, 126.89, 126.98, 127.45, 128.59, 128.85, 133.27, 133.99, 134.32, 153.05, 159.49 (ArC), 

165.21 (C =0)

HRMS: C 2 5 H2 sN0 5 Na requires 442.1630; found 442.1631; error +0.1 ppm 

Purity (HPLC): 98.87%
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Crystal Data for 171: C25H25NO5, MW 419.46, Orthorhombic, Space group Pbca; a = 18.876(9), b = 

9.608(5), c = 23.662(12)A°, a, P, y = 90°; t / =  4291(4) A°; Z =  8 ; Dc = 1.298 Mg m-3; w = 0.090 mm- 

1; Range for data collection = 1.12-25.00; Reflections collected 17904, Unique Reflections 3777 

[/?int=0.1746]; Data/restraints/parameters 3777/0/284; Goodness-of-fit on F2 1.357; R indices (all 

data) = R \ =  0.1908, w7?2 = 0.2609; Final R indices [/ > 25(7)] = /?1 = 0.2366, w/?2 = 0.2809. CCDC 

deposition no. 775568. See Appendix 1 for full crystallographic characterisation.

4-(3-((/er/-Butyldimethylsilyl)oxy)-4-methoxyphenyl)-3-phenyl-l-(3,4,5-

triinethoxyphenyl)azetidin-2-one (172) was obtained fi-om ethyl 2-bromo-2-phenylacetate and [3- 

(/e/-?-butyldimethylsilanyloxy)-4-methoxybenzylidene](3,4,5-trimethoxyphenyl)amine (117) following 

the general method above as a yellow oil, crude yield 70%, and was immediately deprotected to form 

92 without further purification.

l-(4 -M ethoxyphenyl)-3-phenyl-4-(3 ,4 ,5-triiT iethoxyphenyl)azetid in-2-one (173) was obtained from 

ethyl 2-bromo-2-phenylacetate and (4-methoxyphenyl)(3,4,5-trimethoxybenzylidene)amine (114) as a 

white crystalline material (6 .8 % yield).

Melting point: 143°C

IR (NaCI film) v„ax: 1755.39 cm '' (C=0, p-lactam)

'H NMR (400 MHz, CDCI3) 5 3.77 (s, 3H, -OCH3), 3.81 (s, 6 H, 2 XOCH3), 3.86 (s, 3H, -OCH3), 4.27 

(d, IH, J=2.6 Hz, H-3), 4.8) (d, IH, J=2.6 Hz, H-4), 6.57 (s, 2H, ArH), 6.83 (d, 2H, J=9.0 Hz, ArH), 

7 .3 1 -7 .4 1  (m, 7H, ArH)

'^C NMR (100 MHz, CDCI3) 5 5 5 .OU-OCH3), 5 5 .7 9 9 (-OCH3), 60.44(-OCH3), 63.84(C-3), 64.72(C-4), 

102.12, 113.90, 118.09, 127.08, 127.50, 128.63, 130.57, 132.76, 134.37, 153.53, 155.76(ArC), 

164.76(C=0)

HRMS: C25H25N0 5 Na requires 442.1630; found 442.1630; error-0.1 ppm 

Purity (HPLC): 100%

4-(4-Ethoxyphenyl)-3-phenyl-l-(3,4,5-triiiiethoxyphenyl)azetidin-2-one (174) was obtained from 

ethyl 2-bromo-2-phenylacetate and (4-ethoxybenzylidene)(3,4,5-trimethoxyphenyl)amine (116) as a 

white crystalline material (7.1% yield).

Melting point: 109°C

IR (KBr disk) v„,ax: 1754.92 cm"' (C=0, P-lactam)

'H NMR (400 MHz, CDCI3) 5 1.41 -  1.44 (t, 3H, CH3), 3.72 (s, 6 H, 2 XOCH3), 3.77 (s, 3H, OCH3), 

3 .9 8 -4 .1 2  (m, 2H, OCHj), 4.28 (d, IH, J= 2 Hz, H3), 4.86 (d, IH, J=2.52 Hz, H4), 6.60 (s, 2H, ArH), 

6.93 (d, 2H, J=8.52 Hz, ArH), 7.32 -  7.40 (m, 7H, ArH)

'^C NMR (100 MHz, CDCI3) 5 14.35 (CH3), 55.56 (OCH3), 60.51 (OCH3), 63.13 (OCH2), 63.43 (C3), 

64.58 (C4), 94.39, 114.74, 126.88, 126.98, 127.43, 128.58, 128.68, 133.31, 134.00, 134.36, 146.43, 

153.05, 158.90 (ArC), 165.22 (C=0)

HRMS: C26H2?N0 5 Na requires 456.1787; found 456.1800; error +2.9 ppm 

Purity (HPLC): 100%
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1-(2^-Dihydrobenzo(l,4|dioxin-6-yl)-4-(2,5-dimethoxyphenyl)azetidin-2-one (259) was prepared 

by reaction o f (2,3-dihydro-benzo[l,4]dioxin-6-yl)(2,5-dimethoxy-benzylidene)amine (249) and ethyl

2 -bromoacetate in 13.2% yield as an orange powder.

Melting point: 164°C

IR (NaCl film) Vmax̂  1746.30 cm ' (C=0, p-lactam)

'H NMR (400 MHz, CDCI3) 6 2.85 -  2.90 (dd, IH, H3), 3.49 -  3.54 (m, IH, H3), 3.71 (s, 3H, OCH3),

3.86 (s, 3H, OCH3), 4.23 (s, 4H, OCH2CH2O), 5.28 -  5.31 (m, 1H, H4), 6.76 -  6 . 8 8  (m, 6 H, ArH)

'^C NMR (100 MHz, CDCI3 ) 5 45.27 (C3 , CHj), 48.41 (C4), 55.27 (OCH3), 55.53 (OCH3), 63.75 

(CHj), 63.99 (CHj), 105.74, 109.90, 111.14, 111.99, 112.81, 116.98, 126.78, 131.60, 139.53, 143.13, 

150.75, 153.35 (ArC), 164.17 (C =0)

HRMS: C 19H2 0NO 5 requires 342.1341; found 342.1356; e rro r+4.2 ppm 

Purity (HPLC): 98.19%

l-(23-Dihydrobenzo|l,4|dioxin-6-yl)-4-(2,4-dimethoxyphenyl)azetidin-2-one (260) was prepared 

from (2,3-dihydro-benzo[l,4]dioxin-6-yl)(2,4-dimethoxy-benzylidene)amine (250) and ethyl 2- 

bromoacetate in 1.9% yield as a yellow oil.

IR (NaCl film) v„,ax: 1744.56 cm ' (C=0, P-lactam)

'H NMR (400 MHz, CDCI3) 8  2.85 -  2.89 (dd, IH, H3), 3.45 -  3.50 (m, IH, H3), 3.81 (s, 3H, O CH 3),

3.87 (s, 3H, OCH3 ), 4.21 (s, 4H, OCH2 CH2 O), 5.23 -  5.25 (m, IH, H4 ), 6.44 -  6.50 (m, 2H, ArH), 6.75 

(d, 1H, ArH), 6.84 -  6.87 (m, 2H, ArH), 7.13 (d, 1H, ArH)

'^C NMR (100 MHz, CDCI3 ) 6  45.28 (C3 ), 48.40 (C4 ), 54.94 (OCH3 ), 55.03 (OCH 3 ), 63.75 (CHj), 

64.00 (CH 2), 98.21, 103.96, 105.73, 109.93, 116.93, 117.85, 126.70, 131.71, 139.43, 143.10, 157.73, 

160.27 (ArC), 164.42 (C =0)

HRMS: C 19H2 0NO 5 requires 342.1341; found 342.1331; erro r-3.1 ppm 

Purity (HPLC): 96.12%

4-(2,4-Bisbenzyloxyphenyl)-l-(23-dihydrobenzo|l,4|dioxin-6-yl)azetidin-2-one (261) was prepared 

from (2,4-bisbenzyloxy-benzylidene)(2,3-dihydro-benzo[l,4]dioxin-6-yl)amine (251) and ethyl 2- 

bromoacetate in 17.9% yield as a brown gel.

IR (NaCl film) v„,ax: 1745.51 cm ' (C=0, P-lactam)

'H NMR (400 MHz, CDCI3) 6  2.87 -  2.92 (dd, IH, H3), 3.44 -  3.49 (dd, IH, H3), 4.22 (s, 4H, 

OCH 2CH2 O), 5.03 (s, 2H, CH2 ), 5 .11 (s, 2H, CH 2), 5.29 -  5.31 (m, 1H, H4), 6.54 -  6.56 (m, 1H, ArH), 

6.67 (s, 1H, ArH), 6.76 -  6.91 (m, 4H, ArH), 7.29 -  7.47 (m, 11H, ArH)

HRMS: C3 |H 2 7N 0 5 Na requires 516.1787; found 516.1792; error +1.0 ppm 

Purity (HPLC): 99.31%

4-(2,4-Bisbenzyloxy-5-ethyIphenyl)-l-(2^-dihydro-benzo|l,4|dioxin-6-yl)azetidin-2-one (262) was 

prepared fi-om (2,4-bisbenzyloxy-5-ethylbenzylidene)(2,3-dihydro-benzo[ 1,4]dioxin-6-yl)amine (252)
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and ethyl 2-brom oacetate in 5.6%  yield as a brown gel and was deprotected without further 

characterisation.

HRMS: CasHsiNOsNa requires 544.2100; found 544.2109; error +1.7 ppm

4-(2,4-bis(Benzyloxy)-5-ethylphenyl)-l-(4-m ethoxyphenyl)azetidin-2-one (263) was prepared from 

(2,4-bisbenzyloxy-5-ethylbenzylidene)(4-m ethoxyphenyl)am ine (254) and ethyl 2-brom oacetate in 

4.5%  yield as a yellow solid.

IR (NaCl film) 1727.60 cm '' (C = 0 , p-lactam)

'H NM R (400 MHz, DMSO-^^s) 5 1.02 -  1.06 (t, 3H, C H 3), 2.55 -  2.61 (m, 2H, C H 2), 2.88 -  2.92 (dd, 

IH, H3), 3.45 (m, 3H, OCH 3 ), 4.36 -  4.39 (m, IH, H3), 5.06 -  5.25 (m, 4H, CHj), 5.31 (m, IH, H4 ), 

6.87 (m, 2H, ArH), 6.92 (s, IH, ArH), 7.01 (s, IH , ArH), 7.13 (m, 2H, ArH), 7.40 -  7.45 (m, lOH, 

ArH)

'^C NM R (100 MHz, DMSO-t/^) 8  14.70 (CH 3 ), 22.61 (CH 2 ), 30.84, 31.11, 45.21, 48.73 (OCH 3 ), 69.86 

(CH 2 ), 70.34 (CH 2 ), 99.33, 114.63, 117.76, 117.90, 124.66, 127.31, 127.71, 127.96, 128.12, 128.17, 

128.79, 128.82, 131.76, 137.29, 137.52, 155.51, 155.58, 156.83 (ArC), 164.43 (C = 0)

HRMS: C 3 2 H3 iN 0 4 Na requires 516.2151; found 516.2156; error +1.0 ppm 

Purity (HPLC): 94.10%

1-Benzol 1 ,3 |d ioxol-5-yl-4-(2,4-bisbenzyloxy-5-ethylphenyl)azetidin-2-one (264) was prepared from 

benzo[l,3]dioxol-5-yl-(2,4-bisbenzyloxy-5-ethylbenzylidene)am ine (253) and ethyl 2-brom oacetate in 

6 .2 %  yield as a brown gel.

IR (NaCl film) v„,ax: 1738.89 cm ' (C = 0 , p-lactam)

'H NM R (400 MHz, CDCI3 ) 6  1.13 (t, 3H, CH 3 ), 2.55 -  2.65 (m, 2H, CHj), 2.92 -  2.96 (dd, IH, H3 ),

3.43 -  3.48 (m, 1H, H3 ), 5.07 (m, 4H, C H 2 ), 5.30 -  5.32 (m, 1H, H 4 ), 5.93 (s, 2H, OCH 2 O), 6.60 (s, 1H, 

ArH), 6 . 6 8  (s, 2H, ArH), 7.03 -  7.07 (m, 3H, ArH), 7.36 -  7.44 (m, 12H, ArH)

'^C NM R (100 MHz, CDCI3 ) 6  14.02 (CH 3 ), 22.37 (CH 2 ), 45.23 (C 3 ), 48.64 (C 4 ), 69.75 (CH j), 70.36 

(CH 2 ), 97.82, 99.00, 100.64 (OCH 2 O), 107.75, 109.01, 125.48, 126.43, 126.62, 126.97, 127.47, 127.73, 

128.17, 128.25, 132.41, 136.27, 136.63, 143.18, 147.32, 154.73, 156.54 (ArC), 164.41 (C = 0 )

HRMS: C 3 2 H2 9 N 0 5 N a requires 530.1943; found 530.1953; error +1.8 ppm 

Purity (HPLC): 87.28%

4-(2,4-B isbenzyloxy-5-ethylphenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (265) was prepared 

from (2,4-bisbenzyloxy-5-ethylbenzylidene)(3,4,5-trim ethoxyphenyl)am ine (255) and ethyl 2- 

brom oacetate in 8.7% yield as a brown oil.

IR (NaCl film) v„ax: 1746.84 cm '' (C = 0 , p-lactam)

'H NM R (400 MHz, C D C I3) 5 1.14 (t, 3H, C H 3), 2.56 -  2.66 (m, 2H, C H 2), 3.03 -  3.07 (d, IH, H3),

3.44 -  3.50 (dd, 1H, H3), 3.74 -  3.89 (m, 9H, 3 XOCH3 ), 5.04 - 5.07 (m, 4H, CHj), 5.32 -  5.33 (d, 1H, J 

=  4.48 Hz, H 4), 6.59 (d, 3H, J =  11.04 Hz), 7.09 (s, IH), 7.38 -  7.42 (m, lOH)
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'^C NMR (100 MHz, CDCI3 ) 5 14.14 (CH3 ), 22.36 (CHj), 44.92 (C3 ), 48.74 (C4 ), 55.52 (OCH3 ), 60.51 

(OCH3 ), 69.70 (CH 2 ), 70.32 (CH 2 ), 93.96, 97.71, 117.10, 125.61, 126.60, 126.80, 126.99, 127.50, 

127.76, 128.17, 128.25, 133.93, 136.13, 136.51, 152.94, 154.83 (ArC), 164.72 (C = 0)

HRMS: C3 4 H3 5 N 0 6 Na requires 576.2362; found 576.2357; error-0 .9  ppm 

Purity (HPLC): 98.82%

4-(2 ,4-B isbenzyloxy-5-ethylphenyl)-l-(2^-dihydrobenzo|l,4 |d ioxin-6-yl)-3-phenyl-azetid in-2-one  

(266) was obtained from (2,4-bisbenzyloxy-5-ethylbenzylidene)(2,3-dihydrobenzo[l,4]dioxin-6- 

yl)amine (252) and ethyl 2-bromo-2-phenylacetate as an orange oil in 3.3% yield.

IR (NaCl film) Vn,.,; 1720.90 cm ' (C = 0 , P-lactam)

'H NMR (400 MHz, CDCI3 ) 8 1.13 (t, 3H, CH3), 2.58 -  2.63 (m, 2H, CHj), 4.24 (s, 4H, OCH2 CH2 O), 

4.29 (d, IH, J=2 Hz, H3), 5.03 (s, 2H, CH2 ), 5.08 (s, 2H, CHj), 5.35 (d, IH, J=2.52 Hz, H4), 6.61 (s, IH, 

A rH ),6.78 (s, IH, ArH), 6.98 (m, IH, ArH), 7.09 (s, IH, ArH), 7 .1 6 (s , IH, ArH), 7 .2 9 -7 .4 4  (m, 15H, 

ArH)

4-(4-(Benzyloxy)phenyl)-l-(4-((^fr/-butyldim ethyl$ilyl)oxy)phenyl)azetidin-2-one (278) was 

obtained from (4-benzyloxybenzylidene)[4-(/e/-rbutyldimethylsilanyloxy)phenyl]amine (276) and ethyl 

2-bromoacetate as a brown oil and was and was immediately deprotected to form 287 without further 

purification.
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6.11.5 General method 4: TiCl4 reaction^^^

TiC l4 (2.0 mL, 2.0 mmol, IM  in CH 2CI2 ) was added to a solution o f the appropriately substituted 

benzophenone (4.0 mmol) and trimethoxyaniline (4.0 mmol) in anhydrous toluene (40 mL). Tri-«- 

butylamine (12.2 mmol) was added. The resulting mixture was stirred overnight under nitrogen. Tri- 

«-butylamine (8.4 mmo!) and phenylacetyl chloride (4.4 mmol) were added sequentially. The mixture 

was brought to reflux and refluxed for 8  hours. The mixture was cooled to room temperature, the 

reaction was quenched with water, and the mixture was transferred to a separating funnel, diluted with 

ethyl acetate (50 mL), washed sequentially with IM  HCl (50 mL), saturated NaHCOs (50 mL), water 

(50 mL) and brine (50 mL) and dried over anhydrous sodium sulfate. The pure product was isolated 

by flash column chromatography over silica gel (hexane: ethyl acetate gradient).

3.4.4-Triphenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (190) was obtained from 3,4,5- 

trimethoxyaniline and benzophenone as a yellow powder (0.4% yield).

Melting point: 165°C

IR (KBr disk) v^^xi 1749.57 cm ' (C=0, P-lactam)

'H  NMR (400 MHz, CDCI3) 8 3.59 (s, 6 H, 2 XOCH3), 3.79 (s, 3H, OCH3 ), 5.18 (s, IH , H3 ), 6.65 (s, 2H, 

ArH), 6.90 -  6.92 (m, 2H, ArH), 7.02 -  7.12 (m, 8 H, ArH), 7.28 (s, IH, ArH), 7.38 -  7.45 (m, 3H, 

ArH), 7.60 -  7.62 (m, 2H, ArH)

'■’ C NMR (100 MHz, CDCI3 ) 6  55.88 (OCH 3), 60.93 (OCH 3), 72.44 (C 3), 73.31 (C4), 95.97, 127.27, 

127.46, 127.56, 127.94, 128.09, 128.50, 128.87, 129.21, 129.57, 132.79, 133.96, 134.21, 135.43, 

140.56, 153.10 (ArC), 166.61(C=0)

HRMS: C3oH2 7N 0 4 Na requires 488.1838; found 488.1856; error + 3.7 ppm 

Purity (HPLC): 100%

4-(4-Methoxyphenyl)-3,4-diphenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (191) was obtained 

fi'om 3,4,5-trimethoxyaniline and (4-methoxyphenyl)(phenyl)methanone as a white powder (20.1% 

yield).

Melting point: 171°C

IR (KBr disk) Vma,: 1742.06 cm ' (C=0, p-lactam)

'H NMR (400 MHz, CDCI3) 5 3.63 (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H, OCH3), 3.84 (s, 3H, OCH3), 5.16 (s, 

IH , H 3), 6.69 (s, 2H, ArH), 6 . 8 8  -  6.96 (m, 4H, ArH), 7.03 -  7.15 (m, 7H, ArH), 7.38 -  7.44 (m, IH , 

ArH), 7.60 (d, 2H, J=8 . 8  Hz, ArH)

'^C NMR (100 MHz, CDCI3 ) 6  54.94 (OCH 3), 55.45 (OCH3 ), 60.48 (OCH 3), 72.02 (C3 ), 72.72 (C4 ), 

95.50, 112.36, 113.62, 126.74, 126.97, 127.04, 127.40, 127.62, 127.70, 127.94, 128.38, 128.68, 128.87, 

129.09, 129.94, 131.83, 132.44, 133.54, 133.72, 133.32, 152.64, 159.09 (ArC), 166.26 (C=0)

Purity (HPLC): 90.03%

4.4-Bis-(4-methoxyphenyl)-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (192) was obtained 

fi'om 3,4,5-trimethoxyaniline and bis(4-methoxyphenyl)methanone as a white powder (17.3% yield). 

Melting point: 165“C
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IR (KBr disk) v„,ax: 1742.60 cm ' (C = 0 , P-lactam)

'H  N M R  (400 M Hz, C D C I3) 6 3.63 (s, 6 H, 2 XOCH3), 3.73 (s, 3H, OC H 3), 3.80 (s, 3H, OCH3), 3.84 (s, 

3H, OCH3), 5.12 (s, IH , H3), 6.63 (d, 2H, J=8.8 Hz, ArH), 6.68  (s, 2H, ArH), 6.90 -  6.95 (m, 6 H, 

ArH), 7.09 -  7.11 (s, 3H, ArH), 7.51 (d, 2H, J=9.28 Hz, A rH)

'^C N M R  (100 M H z, C D C I3) 8 54.72 (O CH 3), 54.94 (O C H 3), 55.45 (O CH 3), 60.48 (OCH3), 71.86 (C3), 

72.31 (C 4), 95.48, 112.31, 113.57, 127.04, 127.35, 127.67, 128.79, 129.08, 129.85, 132.22, 132.50, 

133.55, 152.62, 158.05, 159.00 (ArC), 166.34 (C = 0 )

HRMS: C32H 3|N 06Na requires 548.2049; found 548.2062; error +2.4 ppm 

Purity (HPLC): 100%

6.11.6 General method 5: Reduction of -NO2 to -N H 2^̂

To the appropriate nitre P-lactam derivative (10 mmol) in glacial AcOH (5 mL) was added metallic 

zinc dust (10 equiv.). The mixture was stirred for 6 days at room temperature under nitrogen. The 

residue was filtered through Celite and was extracted with dichloromethane. The amino compound 

was isolated by flash column chromatography over silica gel (hexane: ethyl acetate gradient).

4-(3-Am ino-4-methoxyphenyl)-3-phenyl-l-(3,4,5-triinethoxyphenyl)azetidin-2-one (186) was

prepared from 4-(4-methoxy-3-nitrophenyl)-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (131). 

It was isolated as a yellow oil and was obtained in 1.9% yield.

IR (NaCI film) 1742.61 cm ' (C = 0 , P-lactam)

'H  N M R  (400 M Hz, C DC I3) 8 3.76 (s, 6H, 2 X-OCH3), 3.80 (s, 3H, -O C H 3), 3.89 (s, 3H, -O C H 3), 4.30 

(d, IH , J=2.5 Hz, H-3), 4.79 (d, IH , J=2.5 Hz, H-4), 5.32 (s, 2H, N H 2), 6.66  (s, 2H, ArH), 6.97-6.80 

(m, 3H, ArH), 7.33 -  7.39 (m, 5H, ArH)

'^C N M R  (100 M H z, C DC I3) 8 53 .00 (-OCH3), 55.13(-OCH3), 55 .59(-O C H 3), 60.51(-OCH3), 63.64(C- 

3), 64.46(C-4), 94.39, 110.05, 111.20, 116.04, 127.00, 127.37, 128.54, 129.47, 133.42, 133.94, 134.49, 

136.41, 147.21, 153.02(ArC), 165.34(C=0)

HRMS: C25H26N 2O5 requires 435.1920; found 435.1913; error-1 .6  ppm 

Purity (HPLC): 86.24%

4-(3-Am ino-4-methoxyphenyl)-3-(4-fluorophenyI)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (187)

was prepared from 3-(4-fiuorophenyl)-4-(4-methoxy-3-nitro-phenyl)-l-(3,4,5-

trimethoxyphenyl)azetidin-2-one (144) and was obtained as a brown residue (59.5% yield).

IR (NaCl film) 1739.19 cm'' (C = 0 , P-lactam)

'H N M R  (400 M H z, C D C I3) 8 3.75 (s, 6 H, 2X-OCH3), 3.80 (s, 3H, OC H 3), 3.88 (s, 3H, OC H 3), 4.27 (d, 

IH , J=2.4 Hz, H-3), 4.74 (d, IH , J=2.4 Hz, H-4), 6.65 (s, 2H, ArH), 6.77 -  6.80 (m, 3H, ArH), 7.05 -  

7.10 (m, 2H, ArH), 7.29 -  7.33 (m, 2H, ArH)

'^C N M R  (100 M H z, C DC I3) 8 55.13(OCH3), 55 .59(O C H 3), 60.51(OCH3), 63.64(H-3), 63.79(H-4), 

94.40, 110.03, 111.00, 115.36, 115.57, 115.90, 128.60, 128.68, 129.21, 130.26, 130.29, 133.33, 134.02, 

136.64, 147.23, 153.04, 160.65, 163.1 l(A rC ), 165.14(C=0)

HRMS: C2sH25FN205Na requires 475.1645; found 475.1653; error -  2.1 ppm
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Purity (HPLC): 100%

4-(3-Amino-4-methoxyphenyl)-3-thiophen-2-yl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (188)

was prepared from 4-(4-methoxy-3-nitro-phenyl)-3-thiophen-2-yl-l-(3,4,5-trimethoxyphenyl)azetidin-

2-one (147) and was obtained as a brown residue (48.5% yield).

IR (NaCl film ) 1749.94 cm'' (C=0, p-lactam)

'H NMR (400 MHz, CDClj) 5 3.76 (s, 6 H, 2 XOCH3), 3.80 (s, 3H, OCH3), 3.89 (s, 3H, OCH3 ), 4.49 (d,

1H, J=2 Hz, H3), 4.83 (d, 1H, J=2.52 Hz, H 4 ), 6.64 (s, 2H, ArH), 6.78 -  6.81 (m, 3H, ArH), 7.03 -  7.05 

(m, 1H, ArH), 7.08 -  7.09 (m, 1H, ArH), 7.29 -  7.31 (m, 1H, ArH)

'^C NMR (100 MHz, CDCI3 ) 5 55.59 (OCH3 ), 56.07 (OCH 3 ), 60.13 (C 3 ), 60.98 (OCH 3 ), 64.84 (C4 ), 

94.93, 110.53, 111.56, 116.43, 125.25, 125.70, 127.31, 129.34, 133.81, 134.50, 136.36, 136.96, 147.76, 

153.50 (ArC), 164.60 (C=0)

HRMS: C2 3 H25N 2O5S requires 441.1484; found 441.1471; error-3 .0  ppm 

Purity (HPLC); 99.12%

3-(4-Aminophenyl)-4-(4-methoxy phenyl)-!-(3,4,5-trimethoxyphenyl)azetidin-2-one (189) was

prepared from 4-(4-methoxyphenyl)-3-(4-nitrophenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (143). 

It was isolated as a brown oil and was obtained in 41.8% yield.

IR (NaCl film ) v„,ax; 1742.02 cm'' (C=0, p-lactam)

'H NMR (400 MHz, CDCI3) 5 3.74 (s, 6 H, 2x -OCH3 ), 3.79(s, 3H, -OCH3), 3.84 (s, 3H, -OCH 3), 4.19

(d, IH , J=2.5 Hz, H-3), 4.80 (d, IH , J=2.5 Hz, H-4), 6.62 (s, 2H, ArH), 6.73 (d, IH , J=8 . 8  Hz, ArH), 

6.95 (d. 2H, J=8 . 8  Hz, ArH), 7.13 (d, IH , J=8.1 Hz, ArH), 7.29 (s, 2H, ArH), 7.35 (d, 2H, J=8.1 Hz, 

ArH)

'^C NMR (100 MHz, CDCI3 ) 5 5 4 .9 (-OCH 3) „  55.56(-OCH3), 6 O.5 K-OCH 3 ), 63.89(C-3), 64.28(C-4), 

94.37, 114.16, 115.23, 124.35, 126.83, 128.04, 129.08, 133.39, 133.91, 153.03, 159.39(ArC), 

165.97(C=0)

HRMS: C2 5 H2 6N 2O5 requires: 435.1920; found 435.1916; error-0.9 ppm 

Purity (HPLC): 98.98%

6.11.7 Low temperature substitution reactions (3-position of azetidinone

ring)̂ ^̂ ’ ®̂®
A solution o f the appropriate p-lactam (2.5 mmol) in dry tetrahydrofuran (20 mL) was stirred at -78°C 

under a nitrogen atmosphere. A 2M lithium diisopropylamide (5 mmol) solution was added quickly 

and the mixture was stirred for 5 minutes at -78°C. A  solution o f the appropriate aldehyde (3.75 

mmol) in dry tetrahydrofuran (5 mL) was added slowly to the reaction mixture. The reaction was 

stirred at -78°C for 30 minutes. The acetone/dry ice bath was removed and the reaction mixture was 

allowed to heat up to room temperature. It was poured into a saturated sodium chloride solution (50 

mL). This solution was extracted with ethyl acetate (3 by 50 mL), the organic layer was separated and 

was dried over anhydrous sodium sulphate. The pure product was isolated by flash column 

chromatography over silica gel (hexane: ethyl acetate gradient). The product was obtained as a 

diastereomeric mixture.
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3-(Hydroxythiophen-2-yl-niethyl)-4-(4-niethoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one

(193) was obtained as a light yellow powder from thiophene-2-carbaldehyde and 4-(4-methoxyphenyl)- 

l-(3,4,5-trimethoxyphenyl)azetidin-2-one (170) in 12.4% yield.

Melting point: 96°C

IR (KBr disk) v™ :̂ 1745.90 cm ' (C =0, p-lactam), 3436.73 cm '' (-OH)

'H NMR (400 MHz, CDCI3) S 3.53 -  3.56 (m, IH, Hj), 3.71 (s, 6 H, 2 XOCH3), 3.77 -  3.81 (m, 6 H, 

2 XOCH3), 4.83 (d, 0.6H, J=2.48 Hz, H4), 5.20 (d, 0.4Hz, J=2.52 Hz, CH), 5.41 (d, 0.6H, J=6.52 Hz, 

CH), 5.61 (d, 0.4H, J=3.92 Hz, CH), 6.55 (d, 2H, J= 6  Hz, ArH), 6.83 -  6.89 (m, 2H, ArH), 6.92 -  6.96 

(m, 1H, ArH), 7.00 -  7.02 (m, 0.6H, ArH), 7.14 -  7.17 (m, 2.5H, ArH), 7.26 -  7.29 (m, 1H, ArH)

'^C NMR (100 MHz, CDCI3) 8  54.81 (OCH3), 54.86, 55.51, 55.54, 55.59, 55.63, 57.54, 60.49 (OCH3), 

65.50, 65.94, 66.04, 68.02, 94.31, 94.39, 94.63, 113.58, 113.91, 114.04, 123.55, 124.55, 124.91,

125.34, 126.42, 126.44, 126.85, 127.05, 128.26, 128.80, 133.09, 133.12, 133.92, 134.01, 143.48,

144.59, 152.96, 153.00, 153.05, 159.11, 159.33 (ArC), 164.64 (C =0)

HRMS; C2 4H25N 0 6 NaS requires 478.1300; found 478.1292; error -  1.7ppm 

Purity (HPLC): 100%

3-(Hydroxythiophen-3-yl-methyi)-4-(4-methoxyphenyl)-l-(3,4,5-triinethoxyphenyl)azetidin-2-one

(194) was obtained by reaction o f thiophene-3-carbaldehyde and 4-(4-methoxyphenyl)-l-(3,4,5- 

trimethoxyphenyl)azetidin-2-one (170) as a yellow powder in 43.6% yield.

Melting point: 69°C

IR (NaCl film) v™*: 1745.08 cm ' (C=0, P-lactam), 3438.10 cm'* (-OH)

'H NMR (400 MHz, CDCI3) 5 1.77 (broad s, 0.6H), 2.85 (broad s, 0.4H), 3.01 (broad s, 0.4H), 3.48 -  

3.52 (m, IH, H3), 3.71 (s, 6 H, OCH3), 3.77 (m, 6 H, OCH3), 4.82 (d, 0.6H, J=2 Hz, H 4 ) ,  5.08 (d, 0.6H, 

J=2 Hz, H 4 ) ,  5.25 (d, 0.5H, J= 6  Hz), 5.45 (s, 0.5H), 6.55 (s, 2H, ArH), 6.81 -  7.02 (m, 2H, ArH), 7.02 

(m, 1H, ArH), 7.15 -  7.17 (m, 2H, ArH), 7.28 -  7.41 (m, 2H, ArH)

'^C NMR (100 MHz, CDCI3) 5 54.80, 54.87, 55.52, 55.56, 55.59, 57.18, 57.44, 59.22, 60.49, 65.12, 

65.64, 66.34, 66.45, 67.96, 76.81, 94.28, 94.34, 94.60, 113.59, 113.91, 114.07, 120.70, 122.41, 125.00, 

125.97, 126.14, 126.19, 126.72, 126.84, 128.48, 128.89, 133.20, 133.91, 133.96, 141.61, 142.25, 

152.99, 153.05, 159.01, 159.32 (ArC), 164.97 (C =0), 165.53 (C =0)

HRMS: C24H2sN0 6 NaS requires 478.1300; found 478.1282; e r ro r -  3.8 ppm 

Purity (HPLC): 100%

3-|Hydroxy-(5-methylthiophen-2-yl)-methyl|-4-(4-methoxyphenyl)-l-(3,4,5- 

trimethoxyphenyl)azetidin-2-one (195) was obtained as a white powder by reaction o f  5- 

methylthiophene-2-carbaldehyde and 4-(4-methoxyphenyl)-1 -(3,4,5-trimethoxyphenyl)azetidin-2-one 

(170) (16.5% yield).

Melting point; 186°C

IR (KBr disk) 1736.68 cm ' (C =0, p-lactam), 3500 cm ' (-0H )
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'H NM R  (400 MHz, CDCI3) 8 2.48 (s, 3H, CH 3), 2.79 (s, IH , OH), 3.53 -  3.55 (dd, IH , H 3), 3.73 (s, 

6 H, 2 XOCH3), 3.78 (s, 3H, OCH3), 3.82 (s, 3H, OCH3), 4.83 (d, 0.8H, J=2.52 Hz, CH), 5.19 (d, 0.2H, 

J=2 Hz, CH), 5.31 (d, 0.8 Hz, J=6.56 Hz, H4), 5.50 (s, 0.2 Hz, H4), 6.56 (s, 2H, ArH), 6.65 (m, IH , 

ArH), 6.87 -  6.95 (m, 3H, ArH), 7 .1 7 -  7.20 (m, 1H, ArH), 7.29 (s, 1H, ArH)

'^C NM R  (100 MHz, CDCI3) 5 14.95 (CH 3 ), 54.86 (OCH 3), 55.54 (OCH 3), 57.61 (C3), 60.50 (OCH 3 ), 

65.34 (C 4 ), 68.21 (CH), 94.30, 113.94, 114.04, 124.41, 125.02, 126.90, 128.38, 133.20, 140.24, 140.82, 

153.01 (ArC), 163.54 (C=0)

HRMS: C2 5H2 7N 0 6 NaS requires 492.1457; found 492.1473; error + 3.3ppm 

Purity (HPLC): 100%

3-(Furan-3-yl-hydroxymethyl)-4-(4-methoxyphenyl)-l-(3,4,5-triniethoxyphenyl)azetidin-2-one 

(196) was obtained as a yellow oil by reaction o f furan-3-carbaldehyde and 4-(4-methoxyphenyl)-l- 

(3,4,5-trimethoxyphenyl)azetidin-2-one (170) in 50.2% yield.

IR (NaCl film ) v„ax: 1740.12 cm'' (C=0, P-lactam), 3453.40 cm ' (-OH)

'H NM R (400 MHz, CDCI3) 5 1.75 (broad s, 0.7H), 3.44 -  3.49 (m, IH , H 3), 3.77 (s, 6 H, 2 XOCH3 ), 

3.81 (s, 3H, OCH3), 3.82 (s, 3H, OCH 3 ), 4.84 (d, 0.6H, J=2.52 Hz, H4), 5.08 (d, 0.4H, J=2 Hz, H4), 5.14 

(t, 0.6H), 6.55 (m, 3H, ArH), 6 . 8 6  -  6.91 (m, 2H, ArH), 7.18 -  7.25 (m, 2H, ArH), 7.39 -  7.41 (m, 

1.3H, ArH)

'^C NM R (100 MHz, CDCI3 ) 5 53.00, 54.83, 54.88, 55.51, 55.59, 55.83, 57.13, 57.32, 58.70, 59.98, 

60.48, 63.14, 63.31,64.52, 64.79, 65.14, 94.26, 94.32, 108.16, 108.81, 114.02, 114.12, 125.25, 125.83, 

126.97, 127.00, 128.48, 128.81, 133.15, 133.97, 139.00, 139.81, 143.19, 143.23, 153.00, 159.17, 

159.39 (ArC), 164.79 (C=0), 164.81 (C =0)

HRMS: C2 4H25N 0 7 Na requires 462.1529; found 462.1509; e rror-4.3ppm  

Purity (HPLC); 100%

6.11.8 General procedure for oxidation of a secondary alcohol^^^
Pyridinium chlorochromate (10 mmol) was suspended in anhydrous dichloromethane (15 mL). The 

alcohol (15 mmol, 1.5 equiv.) was dissolved in anhydrous dichloromethane (20 mL) and was added to 

the pyridinium chlorochromate suspension. The solution became briefly homogenous before 

depositing the black insoluble reduced reagent and was stirred for a further 2 hours. The reaction 

mixture was then diluted with 5 volumes o f anhydrous ether. The solvent was decanted and the black 

residue was further washed with ether until the entire oxidised product was removed. The solvent was 

removed in vacuo and the product was isolated by flash column chromatography over silica gel using a 

hexane: ethyl acetate gradient elution.

4-(4-Methoxyphenyl)-3-(thiophene-2-carbonyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (197)

was prepared from 3-(hydroxythiophen-2-yl-methyl)-4-(4-methoxyphenyl)-l-(3,4,5- 

trimethoxyphenyl)azetidin-2-one (193) as a yellow powder (27.3% yield).

Melting point: 123°C

lR (K B rd isk)v„ax: 1751.87 cm ''(P -lactam -C= 0 ), 1655.95 cm ' (3 -C=0 )
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'H  N M R  (400 M H z. CDCI3) S 3.73 (s, 6 H, 2 XOCH3), 3.78 (s, 3H, OCH 3), 3.83 (s, 3H, OCH3), 4.71 (d, 

IH , J=2.52 Hz, H 3), 5.65 (d, IH , J=2.52 Hz, H4), 6.57 (s, 2H, ArH), 6.96 (d, 2H, J=8.56, A rH), 7.21 -  

7.23 (t, IH , ArH), 7.41 (d, 2H, J=8.52 Hz, A rH), 7.76 (d, IH , J=4.52 Hz, A rH ), 8.01 (d, IH , J=4 Hz, 

ArH)

'^C N M R  (100 M H z, C DC I3 ) 6  54.92 (O CH 3), 55.41 (O CH 3 ), 55.54 (C 4 ), 60.51 (O CH 3 ), 68.20 (C 3),

94.39 (ArC), 114.24 (ArC), 127.20 (ArC), 127.87 (ArC), 128.19 (ArC), 132.94 (ArC), 134.21 (ArC), 

134.58 (ArC), 135.02 (ArC), 142.35 (ArC), 153.03 (ArC), 159.51 (C 2= 0 ), 159.61 (C 2 = 0 ), 182.86 

(C = 0 )

HRMS: C 2 4 H 2 3N 0 6 NaS requires 476.1144; found 476.1141; error-0 .6  ppm 

Purity (HPLC): 95.38%

4-(4-lVlethoxyphenyl)-3-(thiophene-3-carbonyl)-l-(3,4,5-triiiiethoxyphenyl)azetidin-2-one (198)

was prepared from 3-(hydroxythiophen-3-yl-methyl)-4-(4-methoxyphenyl)-l-(3,4,5- 

trimethoxyphenyl)azetidin-2-one (194) as a white solid (18.6% yield).

Melting point; 143 -  144°C

IR (K B rd is k )v „a x : 1735.14 cm'' (|3-lactam-C=0 ), 1673.80 c m ''(3 -C = 0 )

'H N M R  (400 M Hz, C D C I3 )  5 3.74 (s , 6 H, 2 XOCH3 ), 3.79 (s , 3H, O C H 3 ), 3.84 (s , 3H, O C H 3 ), 4.68 (d, 

IH , J=2.44 Hz, H 3 ), 5.67 (d, IH , J=2.44 Hz, H 4 ), 6.58 (s , 2H, ArH), 6.96 (d, 2H, J=8.32, A rH), 7.37 -  

7.43 (m, 3H, ArH), 7.70 (d, IH , J=1 Hz, ArH), 8.43 -8 .4 4  (m, IH , ArH)

'^C N M R  (100 M Hz, C D C I3) 5 55.38 (O CH 3 ), 55.69 (O CH 3 ), 56.00 (C 4 ), 60.98 (O CH 3 ), 69.45 (C 3 ), 

94.85 (ArC), 114.70 (ArC), 126.64 (ArC), 127.12 (ArC), 127.64 (ArC), 128.45 (ArC), 133.45 (ArC), 

134.69 (ArC), 135.34 (ArC), 140.91 (ArC), 153.51 (ArC), 160.05 (-€ 2=0 ), 160.25 (-C 2= 0 ), 184.60 (- 

C = 0 )

HRMS: C 2 4H 2 3N 0 6 NaS requires 476.1144; found 476.1124; error ^ . 2  ppm 

Purity (HPLC): 97.07%

6.11.9 General procedure for dehydration of secondary alcohois^^”
The reaction was carried out under a nitrogen atmosphere. A  solution o f alcohol (10 mmol) and tosyl 

chloride (20 mmol) in dry pyridine (50 mL) was heated at reflux for 5 hours. After cooling, ice/water 

(50 mL) was added and the mixture was extracted twice with chloroform (50 mL). The combined 

organic extracts were washed twice with dilute hydrochloric acid (50 m L) and once with water (mL), 

dried with anhydrous sodium sulfate and solvent evaporated in vacuo. The pure product was isolated 

by flash column chromatography over silica gel (hexane: ethyl acetate gradient).

4-(4-Methoxyphenyl)-3-thiophen-2-ylmethylene-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (199)

was prepared from 3-(hydroxythiophen-2-ylmethyl)-4-(4-methoxyphenyl)-l-(3,4,5- 

trimethoxyphenyl)azetidin-2-one (193) in 29.9% yield as a yellow residue.

IR  (K Br disk) v„ax: 1721.18 cm‘ ‘ (-C = 0 )

'H  N M R  (400 M H z, C D C I3) 8 3.77 (s, 6 H, 2XOCH3), 3.80 (s, 3H, OCH 3 ), 3.84 (s, 3H, OC H 3 ), 5.37 (s, 

IH , H4), 6.45 (s, IH , ArH), 6 . 6 8  (s, 2H, ArH), 6.95 (d, 2H, J=9.04 Hz, A rH), 7.08 -  7.10 (m, IH , ArH),

7.39 -  7.42 (m, 2H, ArH), 7.45 (d, 1H, J=4.52 Hz, ArH), 7.71 (d, IH , J=3.52 Hz, A rH)
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'^C N M R  (100 M H z , CDCI3) 6  54.89, 55.53, 60.53, 62.00, 93.96, 114.09, 120.91, 127.51, 127.92, 

128.22, 128.95, 131.16, 133.70, 136.99, 137.59, 153.05 (A rC ), 159.66 (C = 0 ) , 159.82 (C = 0 )

HR M S: C 2 4H 23N 0 5 NaS requires 460.1195; found 460.1189; erro r-1 .2  ppm 

Purity (H P LC ): 100%

4-(4 -lM e tho xyph en y l)-3 -(5 -m ethy lth iop hen-2 -y line thy lene)-l-(3 ,4 ,5 -trim etho xyph en yl)aze tid in -2 - 

one (200) was prepared from 3-[hydroxy(5-m ethyl-thiophen-2-yl)-m ethyl]-4-(4-m ethoxyphenyl)-l- 

(3,4,5-trimethoxyphenyl)azetidin-2-one (195) as a brown oil (9 .0%  yield). 

lR (K B rd is k )v „ a ,: 1725.19 cm ' ( -C = 0 )

'H  N M R  (400 M H z , C D C I3) 5 2.54 (s, 3H , C H 3), 3.77 -  3.84 (m, 12H, 4 X O CH 3), 5.35 (s, IH ,  H 4 ), 6.38 

(s, 1H , A rH ), 6 . 6 8  -  6.74 (m, 2H , A rH ), 6.94 -  6.96 (m, 2H , A rH ), 7.35 -  7.41 (m, 3H , A rH )

'^C N M R  (100 M H z , CDCI3) 6  15.69 (-CH3), 55.35 (OCH3), 55.99 (OCH3), 56.05 (OCH3), 56.17  

(OCH3), 58.67 (OCH3), 60.99 (C3), 62.43 (C4), 94.33, 94.93, 114.34, 114.52, 114.67, 11 8 .58 , 121.85 (-  

C H -), 126.19, 127.37, 128.39, 128.89, 132.28, 134.29, 135.59, 136.49, 145.21, 153.51 (A rC ), 160.08 

(C = 0 ) ,  160.51 (C = 0 )

HR M S: C 25H 26N O 5S requires 452.1532; found 452.1527; error -1 .0  ppm 

Purity (H P LC ): 68.16%

6.12 Removal of protecting groups from P-lactam products 

6.12.1 General method for desilylation^^^
To a solution o f the appropriately protected phenol (10 m m ol) in T H F  (50 m L) was added 1.5 

equivalents o f IM  tetrabutylammonium fluoride. The solution was stirred in an ice-bath for 15 

minutes. The reaction mixture was diluted with ethyl acetate (100  m L) and quenched with 10% HCI 

(100 m L). The layers were separated and the aqueous layer was extracted with ethyl acetate (2 x 50 

m L). The organic layer was then washed with water (100 m L) and brine (100 m L) and was dried with 

sodium sulphate. The pure product was isolated by flash column chromatography over silica gel 

(hexane: ethyl acetate gradient).

4 -(3 -H yd ro xy -4-iiie tho xyph en yl)-3 -p h en yl-l-(3 ,4 ,5 -triine tho xyph en yl)aze tid in -2 -on e (92 ) was 

obtained from 4-(3-((/ertbutyld im ethylsilyl)oxy)-4-m ethoxyphenyi)-3-phenyl-l-(3 ,4 ,5 -

trimethoxyphenyl)azetidin-2-one (172) as a white solid material (97 .3%  yield).

M elting point: 110°C

IR  (K B r disk) v^ax: 1718.23 cm ' (C = 0 , P-lactam)

'H  N M R  (400 M H z , C D C I3) 6  3.73 (s, 6 H, 2 X -O C H 3), 3.78 (s, 3H , O C H 3), 3.91 (s, 3H , O C H 3), 4.27 (d, 

IH ,  J=2.5 Hz, H -3), 4.81 (d, IH ,  J=2.5 Hz, H -4 ), 5.75 (s, IH ,  O H ), 6.63 (s, 2H , A rH ), 6 . 8 6  -  6.93 (m, 

2H , A rH ), 7.00 (d, 1H , J=2.0 Hz, A rH ), 7.31 -  7.39 (m, 5H , A rH )

'^C N M R  (100 M H z , C D C I3) 5 55.58(O CH3), 55.60(O CH3), 60.51(O CH 3), 63 .36 (H -3 ), 64 .49(H -4), 

94.42, 110.59, 111.56, 117.40, 126.97, 127.43, 128.57, 130.10, 133.27, 134.02, 134.31, 145.91, 146.43, 

153.05(ArC ), 165 .14 (C = 0)

H R M S: C 2sH25N 0 6 N a requires 458.1580; found 458.1575; e rro r-1 .0  ppm
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Purity (HPLC): 100%

3-(4-Fluorophenyl)-4-(3-hydroxy-4-m ethoxyphenyl)-l-(3,4,5-triinethoxyphenyl)azetid in-2-one  

(175) was obtained from 4-(3-((/er/-butyldim ethylsilyl)oxy)-4-m ethoxyphenyl)-3-(4-fluorophenyl)-l- 

(3,4,5-trim ethoxyphenyl)azetidin-2-one (132) as yellow  oil (2.1%  yield).

IR (KB r disk) v^ax: 1744.43 cm ' (C = 0 , P-lactam)

'H  NM R (400 MHz, CDCI3) 6 3.76 (s, 6 H, 2 X-OCH3), 3.80 (s, 3H, -OCH3), 3.93 (s, 3H, -O CH3), 4.27 

(d, IH , J=2.3 Hz, H-3), 4.79 (d, IH, J=2.3 Hz. H-4), 5.78 (s, IH , OH), 6.63 (s, 2H, ArH), 6 .9 1 -6 .9 3  

(m, 2H, ArH), 7.00 (s, 1H, ArH), 7.06 - 7 .1 1  (m, 2H, ArH), 7.29 -  7.34 (m, 1H, ArH)

'^C N M R (100 MHz, CDCI3) 8  55.61 (OCH 3), 6 O.5 K OCH 3), 63.50(C-3), 63.70(C-4), 94.44, 110.62, 

111.49, 115.41, 115.62, 117.36, 128.59, 128.68, 129.86, 130.10, 133.15, 134.11, 145.96, 146.51,

153.07, 160.69, 163.15(ArC), 164.90(C =0)

HRMS; C 25H 24FN 0 6 N a requires 476.1485; found 476.1484; error -  0.3ppm 

Purity (HPLC): 100%

3-(4-(B enzyloxy)phenyl)-4-(3-hydroxy-4-m ethoxyphenyI)-l-(3,4,5-trim ethoxyphenyl)azetidin-2- 

one (176) was obtained from 3-(4-(benzyloxy)phenyl)-4-(3-((?er/butyldim ethylsilyl)oxy)-4- 

m ethoxyphenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (133) and was deprotected further without 

purification to form 181.

{4-[2-(3-H ydroxy-4-m ethoxyphenyl)-4-oxo-l-(3,4,5-trim ethoxyphenyl)azetidin-3- 

yl|phenyl}carbam ic acid benzyl ester (177) was prepared from {4-[2-[3- 

(/e/-/butyldim ethylsilanyloxy)-4-m ethoxyphenyl]-4-oxo-l-(3,4,5-trim ethoxyphenyl)azetidin-3- 

yl]phenyl}carbam ic acid benzyl ester (169) and was deprotected further without purification to form 

185.

4-(3-H ydroxy-4-niethoxyphenyl)-3-thiophen-2-yl-l-(3,4,5-triinethoxyphenyl)azetidin-2-one (178)

was obtained from 4-(3-((/er/-butyldim ethylsilyl)oxy)-4-m ethoxyphenyl)-3-(thiophen-2-yl)-l-(3,4,5- 

trim ethoxyphenyl)azetidin-2-one (134) as brown crystals (1.3%  yield).

M elting point: 113-114°C

IR (KB r disk) Vmax: 1721.07cm"' (C = 0 , P-lactam)

'H  N M R (400 MHz, CDCI3) 6 3.76 (s, 6 H, 2 XOCH3), 3.80 (s, 3H, OCH3), 3.93 (s, 3H, OCH3), 4.48 (d, 

IH, J=2 Hz, H3), 4.87 (d, IH, J=2.52 Hz, H4), 5.75 (s, IH, OH), 6.62 (s, 2H, ArH), 6 . 8 8  -  6.95 (m, 2H, 

ArH), 7.01 (m, IH , ArH), 7.03 -  7.05 (m, IH, ArH), 7.09 -  7.10 (m, IH , ArH), 7.31 -  7.32 (m, IH, 

ArH)

'^C N M R (100 MHz, CDCI3) 8  55.58 (OCH 3), 55.61 (OCH 3), 59.69 (OCH 3), 60.51 (C 3), 64.07 (C 4 ), 

94.50, 110.59, 111.45, 117.35, 124.86, 125.27, 126.87, 129.53, 133.17, 135.68, 145.93, 146.53, 153.06 

(ArC), 163.89 (C = 0)

HRMS: C 23H 23N 0 6 SNa requires 464.1144; found 464.1124; e rro r-4 .3 p p m  

Purity (HPLC): 100%
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4-(3-H ydroxy-4-m ethoxyphenyl)-3-thiophen-3-yl-l-(3,4,5-trim ethoxyphenyl)azetid in-2-one (179)

was obtained from 4-(3-((?e/-?butyldimethylsilyl)oxy)-4-m ethoxyphenyl)-3-(thiophen-3-yl)-1 -(3,4,5- 

trim ethoxyphenyl)azetidin-2 -one (166) as a pale pink solid ( 1 8.6% yield).

M elting point: 151 ~ 152°C

IR (KBr disk) v„,ax; 1739.65 cm ' (C = 0 , p-lactam ), 3187.91 cm ' (-OH)

'H NM R (400 MHz, CDCIj) 6  3.76 (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H, OCH3), 3.93 (s, 3H, O CH 3 ), 4.34 (d, 

IH, J=2.24, H3), 4.82 (d, IH , J=4.82, H 4 ), 5.77 (s, IH , OH), 6.63 (s, 2H, ArH), 6.89 -  6.96 (m, 2H, 

ArH), 7.02 (m, IH, ArH), 7.09 -  7.11 (m, IH, ArH), 7.29 -  7.31 (m, IH, ArH), 7.39 -  7.41 (m, IH, 

ArH)

‘^C NM R (100 MHz, CD C ij) 8  56.05 (OCH 3 ), 56.09 (OCH 3 ), 60.48 (C 3 ), 60.98 (OCH 3 ), 63.32 (C 4 ), 

94.87, 111.06, 111.98, 117.81, 122.44, 126.33, 126.85, 130.43, 133.78, 134.65, 146.39, 146.93, 153.53 

(ArC), 165.28 (C = 0 )

HRMS: C 2 3 H2 3 N 0 6 SNa requires 464.1144; found 464.1153; error +2.0 ppm 

Purity (HPLC): 100%

4-(4-(B enzyloxy)phenyl)-l-(4-hydroxyphenyl)azetid in-2-one was prepared from 4-(4- 

(benzyloxy)phenyl)-l-(4-((/e/-/-butyldim ethylsilyl)oxy)phenyl)azetidin-2-one (278) and was 

im m ediately deprotected to form 287 without further purification.

4-(4-(Benzyloxy)phenyl)-l-(4-hydroxyphenyl)-3-phenylazetidin-2-one was obtained from 4-(4- 

(benzyioxy)phenyl)-l-(4-((tert-butyldim ethylsilyl)oxy)phenyl)-3-phenylazetidin-2-one (279) and was 

im m ediately deprotected to form 288 without further purification.

3,4-bis(4-(Benzyloxy)phenyl)-l-(4-hydroxyphenyl)azetidin-2-one was obtained from 3,4-bis(4- 

(benzyloxy)phenyl)-l-(4-((/ert-butyldim ethylsilyl)oxy)phenyl)azetidin-2-one (280) in 8.3%  yield and 

was deprotected to form 289.

IR (KB r disk) v^ax: 1719.77 cm ' (C= 0 , p-lactam ); 3583.49 cm ' (OH)

'H  N M R (400 MHz, CDCI3), 5 4.91 (s, 2H, H 3 , H 4 ), 6.40 (m, 2H, OCH j), 7.53 (m, 2H, ArH), 7.55 (m, 

8 H, ArH), 8.09 (m, 4H, Ar), 8.25 (m, 4H , Ar), 8.56 (m, 4H , ArH)

HRMS; C 3 5 H 2 9 N 0 4 Na requires 550.1994; found: 550.2007; error +2.3ppm

4-(4-(B enzyloxy)phenyl)-l-(4-hydroxyphenyl)-3-phenoxyazetidin-2-one was prepared from 4-(4- 

(benzyloxy)phenyl)-l-(4-((/e/*;-butyldim ethylsilyl)oxy)phenyl)-3-phenoxyazetidin-2-one (281) and was 

im m ediately deprotected to form 290 without further purification.

4-(4-(Benzy loxy)phenyl)-l-(4-hydroxy phenyl)-3-(naphthalen-2-yl)azetidin-2-one was prepared 

from 4-(4-(benzyloxy)phenyl)-l-(4-((/e^/-butyldim ethylsilyl)oxy)phenyl)-3-(naphthalen-2-yl)azetidin- 

2-one (282) and was immediately deprotected to form 291 without further purification.
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4-(4-(B enzyloxy)phenyl)-l-(4-hydroxyphenyl)-3,3-diphenylazetidin-2-one was obtained from 4-(4- 

(benzyloxy)phenyl)-1 -(4-((/er/-butyldimethylsilyl)oxy)phenyl)-3,3-diphenylazetidin-2-one (283) and 

was immediately deprotected to form 292 without further purification.

4-(4-(B enzyloxy)phenyl)-l-(4-hydroxyphenyl)-3-(3,4,5-trim ethoxyphenyl)azetidiii-2-one was

obtained from 4-(4-(benzyloxy)phenyl)-1 -(4-((/e/-/-butyldimethy isily l)oxy)phenyl)-3-(3,4,5-

trimethoxyphenyl)azetidin-2-one (285) as a yellow oil in 28.5% yield.

IR (KBr disk) Vmax: 1723.07 cm ' (C = 0  p-lactam); 3369.02 cm ' (OH)

'H NMR (400 MHz, CDCb) 6  3.57 (m, 2H, CH2), 3.74 (m, 3H, OCH3), 3.89, (m, 6 H, 2 XOCH3), 4.20 

(m, IH, H3 ) , 8  4.86 (m, IH, H4), 5.16 - 8.44 (m, 15H, ArH)

'^C NMR (100 MHz, C D C I3) 8  56.39 (OCH3), 60.45 (OCH3), 62.12 (C3), 64.78 (C 4), 105.36, 115.94, 

116.18, 119.22, 128.29, 128.45, 129.68, 131.09, 137.32, 153.59, 154.30, 158.07 (ArC), 165.10 (C = 0)  

HRMS: C3 |H 29N 0 6 Na requires 534.1893; found 534.1899; error +1.2 ppm

3-(4-(Benzyloxy)phenyl)-l-(4-hydroxyphenyl)-4-(3,4,5-trim ethoxyphenyl)azetidin-2-one was

obtained from 3-(4-(benzy loxy)phenyl)-4-(3,4,5-trimethoxyphenyl)-1 -(4-

((trimethylsilyl)oxy)phenyl)azetidin-2 -one (286) as a brown oil and was immediately deprotected to 

form 294 without further purification.

6.12.2 General procedure for debenzylation of P-lactams
The benzyloxy protected compound (2 mmol) was dissolved in ethanol: ethyl acetate (50 mL; 1:1 

mixture) and hydrogenated over 1.2g o f  10 % palladium on carbon until complete on TLC. The 

catalyst was filtered, the solvent was removed under vacuum and the product was isolated by flash 

column chromatography over silica gel (hexane: ethyl acetate gradient).

3-(4-H ydroxyphenyl)-4-(4-m ethoxyphenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (180) was

obtained from 3-(4-benzyloxyphenyl)-4-(4-methoxyphenyI)-1 -(3,4,5-trimethoxyphenyl)azetidin-2-one 

(129) as a white powder (100.0% yield).

Melting point: 155°C

IR (KBr disk) v^ax: 1725.19 cm ' (C = 0 , (3-lactam)

'H NMR (400 MHz, C D C I3) 6 3.72 (s, 6 H, 2 X-OCH3), 3.78 (s, 3H, -OCH3), 3.82 (s, 3H, -OCH3), 4.18 

(s(br), IH, H-3), 4.84 (s(br), IH, H-4), 6.26 (s, IH, OH), 6.61 (s, 2H, ArH), 6.73 (d, 2H, J=7.6 Hz, 

ArH), 6.93 (d, 2H, J=7.6 Hz, ArH), 7.09 (d, 2H, J=8.2 Hz, ArH), 7.32 (d, 2H, J=8.2 Hz, ArH)

'^C NMR (100 MHz, CDCI3) 5 54.92(-OCH3), 55.58(-OCH3), 60.53(-OCH3), 63.93(C-3), 64.03(C-4), 

94.53, 114.21, 115.54, 125.44, 126.88, 128.26, 128.66, 133.11, 134.09, 153.06, 155.38, 159.48(ArC), 

166.56(C=0)

HRMS: C25H2sN0 6 Na requires 458.1580; found 458.1595; error +3.4 ppm 

Purity (HPLC): 100%
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4-(3-H ydroxy-4-inethoxyphenyl)-3-(4-hydroxyphenyl)-l-(3,4,5-triinethoxyphenyI)azetidin-2-one

(181) was obtained from 3-(4-(benzyloxy)phenyl)-4-(3-hydroxy-4-m ethoxyphenyl)-l-(3,4,5- 

trim ethoxyphenyl)azetidin-2-one (176) as a white pow der (2.9%  yield).

M elting point: 152°C

IR (NaCl film) Vmax: 1720.58 cm ' (C = 0 , (3-lactam)

'H NM R (400 MHz, CDCI3) 6 3.65 (s, 3H, -OCH3), 3.70 (s, 6H, 2X-OCH3), 3.86 (s, 3H, -OCH3), 4.26 

(d, IH, J=2.4 Hz, H-3), 4.98 (d, IH, J=2.4 Hz, H-4), 6.71 (s, 2H, ArH), 6.87 (d, 2H, J=8.8 Hz, ArH), 

7.00 (s, 3H, ArH), 7.22 (d, 2H, J= 8.8 Hz, ArH)

'^C NM R (100 MHz, CDCI3) 5 54.93(-OCH3), 59.23(-OCH3), 63.05(C-3), 63.76(C-4), 94.66, 111.31, 

112.22, 115.13, 117.48, 125.72, 128.25, 130.39, 133.49, 134.12, 146.70, 147.32, 153.25, 156.50(ArC), 

165.27(C =0)

HRMS: C25H25N 07Na requires 474.1529; found 474.1548; error + 4.1 ppm 

Purity (HPLC): 100%

4-(3-A inino-4-m ethoxyphenyl)-3-(4-hydroxyphenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one

(182) was obtained from 3-(4-(benzyloxy)phenyl)-4-(4-m ethoxy-3-nitrophenyl)-l-(3,4,5- 

trim ethoxyphenyl)azetidin-2-one (168) following the general method above; pale pink pow der (yield 

87.2%).

M elting point: 177°C

IR (NaCI film) Vmax̂  1738.02 cm '' (C = 0 , p-lactam)

'H N M R (400 MHz, CDCI3) 5 3.75 (s, 6H, 2X-OCH3), 3.80 (s, 3H, -OCH3), 3.88 (s, 3H, -OCH 3), 4.19 

(d, IH, J=2.5 Hz, H-3), 4.74 (d, IH , J=2.5 Hz, H-4), 6.65 (s, 2H, ArH), 6 .7 6 -6 .7 9  (m, 5H, ArH), 7.13 

(d, 2H, J=8.52 Hz, ArH)

'^C N M R (100 MHz, CDCI3) 6 5 5 .12(-OCH3), 55 .59(-OCH3), 60.52(-OCH3), 63.91(C-3), 64.1 l(C-4), 

94.45, 110.01, 111.11, 115.43, 115.95, 125.97, 128.29, 129.36, 133.35, 133.97, 136.50, 147.14, 153.02, 

155.16, 162.30(ArC), 166.30(C =0)

HRMS: C 2sH26N 206N a requires 473.1689; found 473.1699; error + 2.2 ppm 

Purity (HPLC): 100%

3-(3-H ydroxyphenyl)-4-(4-m ethoxyphenyl)-l-(3,4,5-triinethoxyphenyl)azetidin-2-one (183) was

obtained from 3-(3-benzyloxyphenyl)-4-(4-m ethoxyphenyI)-1 -(3,4,5-trim ethoxyphenyl)azetidin-2-one 

(130) as a white solid (16.8%  yield).

M elting point: 129°C

IR (NaCI film) 1728.60 cm '' (C = 0 , (3-lactam)

'H N M R  (400 MHz, CDCI3) 5 3.73 (s, 6H, 2X-OCH3), 3.79 (s, 3H, -OCH3), 3.85 (s, 3H, -OCH3), 4.24 

(d, IH, J=2.5 Hz, H-3), 4.87 (d, IH, J=2.5 Hz, H-4), 5.50 (s(br), IH , OH), 6.60 (s, 2H, ArH), 6.85 -  

6.86 (m, IH, ArH), 6.87 -  6.89 (m, 2H, ArH), 6.95 -  6.97 (m, 2H, ArH), 7.22 -  7.29 (m, 2H, ArH), 

7 .3 5 -7 .3 7  (m, IH , ArH)
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'^C NMR (100 MHz, CDCI3 ) 6  5 4 .9 3 (-OCH 3 ), 55.56(-OCH3), 60.52(-OCH3), 63.33(C-3), 64.17(C-4), 

94.45, 113.75, 114.25, 114.55, 119.25, 126.90, 128.65, 129.84, 133.10, 135.78, 153.05, 155.82, 

159.52(ArC), 165.27(C =0)

HRMS: C2 5 H2 6 NO 6  requires 436.1760; mass (+H) 436.1768; error + 1.8 ppm 

Purity (HPLC): 100%

l-(2^-D ihydrobenzo|l,4 |d ioxin -6-yl)-4-(2 ,4-dihydroxyphenyl)azetid in -2-one (267) was prepared 

from 4-(2,4-bisbenzyloxyphenyl)-l-(2,3-dihydrobenzo[l,4]dioxin-6-yl)azetidin-2-one (261) in 17.6% 

yield as an yellow  powder.

Melting point: 166°C

IR (NaCl film) Vm,,: 1712.93 cm ' (C = 0 , p-lactam)

'H NMR (400 MHz, DMSO-c/«) 6  2.88 -  2.92 (dd, IH, H 3 ,  J=17.08 Hz, J= 12.52 Hz), 3.35 -  3.43 (dd, 

IH, H 3 ,  J=20.56 Hz, J=9.04 Hz), 4.17 (m, 4H, OCH2 CH2 O), 5 .1 3 -5 .1 5  (dd, IH, H 4 ,  J=8.04 Hz, J=2.88 

Hz), 6 .1 8 -6 .2 1  (m, IH, ArH), 6.30 (m, IH), 6.70 -  6.76 (m, 3H, ArH), 6.96 (d, IH, J=8.56 Hz, ArH), 

9.35 (s, IH, OH), 9.68 (s, IH, OH)

'^C NMR (100 MHz, DMSO-fi?«) 6  44.48 (C 3 ), 48.61 ( C 4 ) ,  63.82 (OCHjCHjO), 64.20 (OCHjCHjO), 

102.54, 105.07, 106.77, 109.52, 113.89, 117.24, 128.06, 131.91, 143.24, 156.46, 158.13 (ArC), 164.46 

(C = 0)

HRMS; C 1 7 H 1 6NO 5  requires 314.1028; found 314.1020; error-2 .7  ppm 

Purity (HPLC): 97.26%

l-(23-D ihydrobenzo|l,4 |d ioxin -6-yl)-4-(5-ethyl-2 ,4-dihydroxyphenyl)azetidin-2-one (268) was

prepared from 4-(2,4-bisbenzyloxy-5-ethyl-phenyl)-1 -(2,3-dihydrobenzo[ 1,4]dioxin-6-yl)azetidin-2- 

one (262) in 13.2% yield as a brown oil.

IR (NaCl film) Vmax: 1701.08 cm ' (C = 0, P-lactam)

'H NMR (400 MHz, DMS0-c/«) 5 1.02 (t, 3H, CH3 ), 2.40 (m, 2H, CH2 ), 2.93 -  2.96 (dd, IH, H3 ), 3.37 

- 3 .4 1  (dd, IH, H3 ), 4 .1 6 -4 .2 1  (m, 4H, OCH2 CH2 O), 5.12 -  5.13 (m, IH, H 4 ) ,  6.37 (s, IH, ArH), 6.76 

(m, 2H, ArH), 6.87 (s, IH, ArH), 7.32 (s, IH, ArH), 9.21 (s, IH, OH), 9.40 (s, IH, OH)

'^C NMR (100 MHz, DMSO-c/^) 8  14.87 (CHj), 21.07 (CH2 ), 44.69 (C 3 ), 49.13 (C 4 ), 64.16 (CH 2 ), 

64.53 (CHj), 102.83, 105.42, 109.89, 113.63, 117.51, 121.41, 127.80, 132.38, 139.64, 143.55, 154.56, 

155.77 (ArC), 164.90 (C = 0)

HRMS: Ci9 H|gN 0 5  requires 340.1185; found 340.1187; error +0.6 ppm

4-(5-Ethyl-2,4-dihydroxyphenyl)-l-(4-m ethoxyphenyl)azetidin-2-one (269) was prepared from 4- 

(2,4-bisbenzyloxyphenyl)-l-(4-methoxyphenyl)azetidin-2-one (263) as a yellow  powder in 26.9%  

yield.

IR (KBr disk) v .̂^: 1732.59 cm ' (C = 0 , P-lactam)

'H NMR (400 MHz, DMSO-i/«) 6  0.98 (t, 3H, CH3 ), 2.31- 2.35 (m, 2H, CH2 ), 2.89 -  2.94 (m, IH, H3 ), 

3 .3 6 -3 .4 1  (m, IH, H3 ), 3.67 (s, 3H, OCH3 ), 5 . 1 3 - 5 . 1 5  (dd, IH, H 4 ) ,  6.34 (s, IH, ArH), 6.84 (d, 3H, 

ArH), 7.16 (d, 2H, ArH), 9.21 (s, 1H, OH), 9.40 (s, 1H, OH)
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‘^C N M R (100 MHz, DMSO-c?,) 5 14.55 (CH3), 22.14 (CH2), 44.48 (C3), 48.79 (C4), 55.19 (OCH3), 

102.52, 113.46, 114.25, 117.52, 121.00, 127.38, 131.65, 154.21, 155.08, 155.39 (ArC), 164.42 (C = 0 ) 

HRMS: C |8 Hi9 N 0 4 Na requires 336.1212; found 336.1207; e rro r-1 .4  ppm 

Purity (HPLC); 90.24%

l-B enzo|l,3 |d ioxol-5-yl-4-(5-ethyl-2,4-dihydroxyphenyl)azetid in-2-one (270) was prepared from 1- 

benzo[l,3]dioxol-5-yl-4-(2,4-bisbenzyloxy-5-ethylphenyl)azetidin-2-one (264) as a brown powder in 

44.6%  yield.

IR (NaCl film) Vmax; 1720.37 cm '' (C = 0 , P-lactam)

'H  N M R (400 MHz, DMSO-flf^) 6  1.01 (t, 3H, CH 3 ), 2.34 -  2.40 (m, 2H, CH 2 ), 2.94 -  2.98 (dd, IH, 

H3 ), 3.37 -  3.43 (dd, IH, H 3 ), 5.13 -  5.15 (dd, IH, H4), 5.94 -  5.97 (m, 2H, O CH 2 O), 6.36 (s, IH, 

ArH), 6.65 -  6 . 6 8  (m, 1H, ArH), 6.84 -  6.89 (m, 3H, ArH), 9.26 (s, 1H, OH), 9.46 (s, 1H, OH)

'^C N M R  (100 MHz, DMSO-^/,) 5 15.04 (CH 3 ), 22.62 (CH 2 ), 44.78 (C 3 ), 49.63 (C 4 ), 98.77, 101.49 

(CH 2 ), 102.98, 108.87, 109.34, 113.64, 121.57, 128.03, 133.24, 143.34, 147.75, 154.72, 155.96 (ArC), 

165.12 (C = 0 )

HRMS: CigHnNOsNa requires 350.1004; found 350.1010; error +1.6 ppm 

Purity (HPLC); 100%

4-(5-Ethyl-2,4-dihydroxyphenyl)-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (271) was prepared 

from 4-(2,4-bisbenzyloxy-5-ethylphenyl)-l-(3,4,5-trim ethoxyphenyI)azetidin-2-one (265) in 6.2%  

yield as a white powder.

M elting point: 114°C

IR (K B r disk) Vmax̂  1714.00 cm ' (C= 0 , p-lactam)

'H N M R  (400 MHz, DMSO-J^) 5 1.03 (t, 3H, CH 3 ), 2.34 -  2.42 (m, 2H, CH 2 ), 3.10 -  3.14 (dd, IH, 

H3 ), 3.56 (s, 3H, OCH 3 ), 3.65 (s, 6 H, 2 XOCH3 ), 3.75 (s, IH), 5.15 -  5.18 (m, IH, H4 ), 6.37 (s, IH, 

ArH), 6.61 (s, 2H, ArH), 6.98 (s, IH, ArH), 9.29 (s, IH, OH), 9.56 (s, IH , OH)

'^C N M R  (100 MHz, DM SO-J^) 6  14.64 (CH 3 ), 22.11 (CH j), 43.51 (C 3 ), 49.06 (C 4 ), 55.58 (OCH 3 ), 

55.65 (OCH 3 ), 60.08 (OCH 3 ), 93.95, 102.37, 112.87, 121.25, 128.25, 133.21, 134.17, 153.05, 154.53, 

155.64 (ArC), 164.98 (C = 0)

HRMS: C 2 oH2 3 N 0 6 Na requires 396.1423; found 396.1417; e rro r-1 .5  ppm 

Purity (HPLC): 96.11%

l-(2^-D ihydrobenzo|b ||l,4 |d ioxin -6-yl)-4-(5-ethyl-2 ,4-d ihydroxyphenyl)-3-phenylazetid in -2-one  

(272) was obtained from 4-(2,4-bisbenzyloxy-5-ethyl-phenyl)-l-(2,3-dihydrobenzo[l,4]dioxin-6-yl)-3- 

phenyl-azetidin-2-one (266) as a yellow oil in 13.9% yield.

IR (K B r disk) v„,a,: 1716.35 cm ' (C = 0 , P-lactam)

'H  N M R  (400 MHz, CDCI3 ) 5 1.15 (t, 3H, CH 3 ), 2 .4 8 - 2 .5 4  (m, 2H, CHj), 4.20 (s, 4H, O CH 2 CH 2 O),

4.46 (d, IH , J=2 Hz, H3 ), 5.12 (d, IH , J=2 Hz, H4), 6.28 (s, IH, ArH), 6.74 (d, IH, J=8.52 Hz, ArH),

6 . 8 8  (m, 1H, ArH), 6.99 -  7.01 (m, 2H, ArH), 7.29 -  7.37 (m, 5H, ArH)
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'^C NMR (100 MHz, DMSO-c/^) 8  14.54 (CH 3 ), 22.18 (CH 2 ), 42.23 (C 3 ), 52.12 (C4 ), 55.79 (OCH3 ), 

63.79 (OCH 3 ), 63.91 (O CH3), 64.17 (OCH 3 ), 101.04, 102.46, 103.46, 107.36, 111.48, 111.72, 116.72, 

116.95, 118.17, 118.51, 119.99, 121.98, 126.48, 127.53, 127.69, 127.87, 128.12, 128.20, 128.23, 

128.52, 128.74, 131.76, 135.21, 138.54, 139.57, 141.15, 142.22, 152.84, 153.08, 153.94, 159.03, 

160.15, 169.72 (C =0)

HRMS: C 2 5 H2 4 NO 5 requires 418.1654; found 418.1656; error 0.5 ppm

1.4-bis(4-Hydroxyphenyl)azetidin-2-one (287) was prepared from 4-(4-(benzyioxy)phenyl)-l-(4- 

hydroxyphenyI)azetidin-2-one as a white solid in 0.9% overall yield.

Melting Point; 180°C

IR (KBr disk) 1715.97 cm ' (C=0); 3306.39 cm ' (OH)

'H NMR (400MHz, MeOD) 8 2.82 (m, IH, H3), 3.48 (dd, IH, H3), 4.98, (M, IH, H4 ), 6.67 -  6.72 (m, 

2H, ArH), 6 .7 9 -6 .8 1  (m, 2H, ArH), 7.13 (d, 2H, J=8.52 Hz, ArH), 7.21 (d, 2H, J=8.04 Hz, ArH)

'^C NM R(100M Hz, MeOD) 6 45.32 (C3), 53.36 (C4), 114.30, 114.34, 114.59, 114.93, 117.93, 121.69, 

126.68, 128.32, 128.51, 129.6, 153.35, 156.99 (ArC), 164.79 (C =0)

HRMS: C 1 5 H 1 4NO 3 , requires 256.0974; found 256.0967; error -2.6ppm 

Purity (HPLC): 100%

1.4-bis(4-Hydroxyphenyl)-3-phenylazetidin-2-one (288) was obtained from 4-(4- 

(benzyloxy)phenyl)-l-(4-hydroxyphenyl)-3-phenylazetidin-2-one as a yellow gel in 29.0% yield.

IR (KBr disk) 1717.01 cm ''(C = 0); 3327.01 cm '(O H )

'H NMR (400MHz, MeOD) 8 4.24 (d , IH, J=2.48 Hz, H3), 4.96 (d , 1H,J=2 Hz, H4 ), 6.72 (d, 2H, 

J=9.04 Hz, ArH), 6.83 (d , 2H, J=8.52 Hz, ArH), 7.21 -7.27 (m, 4H, ArH), 7.33 -  7.34 (m, 2H, ArH), 

7.41 -7 .4 3  (m, 2H, ArH)

'^C NMR (lOOMHz, MeOD) (Sample dilute, not all peaks found) 8  65.72 (C3), 66.63 (C4), 117.05, 

117.45, 120.76, 129.11, 129.19, 129.39, 130.58 (ArC)

HRMS: C 2 iH |7N 0 3 Na requires 354.1106; found: 354.1102; error -I.2ppm 

Purity (HPLC): 100%

1.3.4-tris(4-Hydroxyphenyl)azetidin-2-one (289) was obtained from 3,4-bis(4-(benzyloxy)phenyl)-l- 

(4-hydroxyphenyl)azetidin-2-one as an off-white powder in 13.0% yield.

Melting point: 124°C

IR (KBr disk) Vmax: 1641.93 cm"' (C =0 P-lactam); 3427.78 cm"' (OH)

'H NMR (400MHz, CDCI3) 8  4.14 (d, IH, J=2.48 Hz, H3), 4.95 (d, IH, J= 2Hz, H4), 8  6.67 (m, IH, 

ArH), 6.69 (m, 2H, ArH), 6.78 (M, 4H, ArH), 6.95 (s, IH, ArH), 7.10 (m, 4H, ArH), 7.20 (m, IH, 

ArH), 9.35 (m, 3H, OH)

'^C NMR (100 MHz, CDCI3), 8  62.47 (C3), 63.59 (C4), 114.85, 1 14.93, 115.47, 8  115.55, 115.67, 

118.59, 120.70, 125.35, 127.74, 127.80, 128.65, 129.30, 129.68, 130.12, 130.91, 153.75, 155.44, 

156.81, 157.49 (ArC), 165.34 (C =0)

HRMS: C 2 iHigN0 2  requires 348.1236; found 348.1233; error -0.3ppm
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Purity  (H PL C ): 99 .82%

1 .4 -b is(4 -H yd roxyp h en yl)-3 -p h en oxyazetid in -2 -on e (290 ) w as ob tained  from  4-(4- 

(benzy loxy )pheny l)-l-(4 -h y d ro x y p h en y l)-3 -p h en o x y aze tid in -2 -o n e  in 13.5%  yield  as a ye llow  pow der. 

M elting  Point: 244°C

IR (K B r d isk) 1727.73cm  ' (C = 0 ) ; 3349 .53cm ’' (O H )

'H  N M R  (400M H z, M eO D ) 5 5.48 (dd, IH , J= 4 .52  Hz, H 4 ), 5 .64  (d , IH , J=4 .52  Hz, H 3 ), 6 .67 -  6.73 

(m , 4H , A rH ), 6 .80  (m , 2H , A rH ), 6 . 8 8  -  6.91 (m , 1H, A rH ), 7 . 1 5 -  7.24 (m , 6 H, A rH )

'^C N M R (1 0 0 M H z , M eO D ) 6  61.45 ( C 4 ) ,  79.92 ( C 3 ) ,  108.64, 114.20, 114.48, 114.69, 117.40, 118.49, 

121.02, 122.90, 128.39, 128.88, 153.93, 156.46, 157.05 (A rC ), 5 162.85 (C = 0 )

HRMS: C2iH |7N 0 4 N a requires 370 .1055; found 370 .1062; error 1.8ppm  

Purity (HPLC): 100%

1.4-b is(4 -H yd roxyp h en y l)-3 -(n ap h th aIen -2 -y l)azetid in -2 -on e (291 ) w as ob ta ined  from  4-(4 - 

(benzy loxy )pheny l)-l-(4 -h y d ro x y p h en y l)-3 -(n ap h th a len -2 -y l)aze tid in -2 -o n e  as a cream  pow der in 

83 .3%  yield

M elting  Point: 229°C

IR (K B r d isk) v„ax: 1707.39cm  ' (C = 0 ) ; 3 4 1 7 .7 8 cm '' (O H )

'H  N M R  (400M H z, DMSO-c?^) 5 4 .48  (s, IH , H 3 ), 5 .18  (s, IH , H 4), 6 .72 (d, 2H , J=8 .52  Hz, A rH ), 6 .79  

(d, 2H , J= 8 .0  Hz, A rH ), 7.17 (d, 2H , J= 8 .52  Hz, A rH ), 7 .30  (d , 2H , J= 8 .04  Hz, A rH ), 7.45 (d, IH , 

J= 8 .52  Hz), 7 .52 -  7 .54  (m, 2H , A rH ), 7 .90 -  7.97 (m , 4H , A rH ), 9 .36  (s, 1H, O H ), 9 .59 (s, 1H, O H )

'^C N M R  (lOOM Hz, D M S O -t/,) 5 61 .96  (C 3 ), 64 .19  (C 4 ), 115.52, 115.73, 118.72, 125.49, 126.12, 

126.33, 126.48, 127.59, 127.63, 127.67, 127.88, 128.55, 129.23, 132.28, 132.75, 133.01, 153.87, 

157.62 (A rC ), 164.66 (C = 0 )

HRMS: C2sH |9N 0 3 N a requires 404 .1263 ; found 404 .1249 ; error -3 .4ppm  

Purity (HPLC): 99 .52%

1 .4 -b is(4 -H yd roxyp h en y l)-3 ,3 -d ip h en y lazetid in -2 -on e (292 ) w as ob ta ined  from  4-(4 - 

(benzy loxy )pheny l)-l-(4 -h y d ro x y p h en y l)-3 ,3 -d ip h en y laze tid in -2 -o n e  as a  w hite pow der in 75 .3%  yield  

M elting  Point: 1 15°C

IR (K B r d isk) v^^x: 1775 .97cm '' (C = 0 ) ; 3359 .56cm  ' (O H )

'H  N M R  (400M H z, DMSO-c^^) 6  5.95 (s, IH , H 4 ), 6.53 (d, 2H , J= 8 .04  Hz, A rH ), 6 .72  (d, 2H , J=9 .04  

Hz, A rH ), 6 .96 -  7 .09  (m , 7H , A rH ), 7.21 (d, 2H , J= 9 .04  H z, A rH ), 7 .28 -  7 .32 (m , IH , A rH ), 7 .39  -  

7.43 (m , 2H , A rH ), 7 .66  (d, 2H , J= 8 .04  Hz, A rH ), 9 .37  (s, IH , O H ), 9 .39  (s, IH , O H )

'^C N M R  (lOO M H z, D M SO -J«) 8 65.26  (C3), 8 71.06 (C4), 115.00, 115.54, 118.92, 124.97, 126.54, 

127.23, 127.88, 127.91, 128.66, 128.89, 128.91, 138.11, 141.14, 153.99, 156.90 (ArC), 165.68 (C=0) 

H R M S: C 2 7 H 2 2 N O 3 requ ires 408 .1600 ; found 4 08 .1594 ; e rro r-1 .4 p p m  

P urity  (H PL C ): 98 .93%
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l,4-bis(4-Hydroxyphenyl)-3-(3,4,5-tritnethoxyphenyl)azetidin-2-one (293) was obtained from 4-(4- 

(benzyloxy)phenyl)-l-(4-hydroxyphenyl)-3-(3,4,5-trimethoxyphenyl)azetidin-2-one as a white solid in 

45.9% yield.

IR (K Br disk) v™*: 1615.02 cm ' (C = 0  (i-lactam); 3414.05 cm ' (O H)

'H  N M R  (400 M H z, CDCI3) S 3.30 (s, 2H, O H ), 3.66 (s, 3H, OCH3), 3.77 (s, 6 H, 2XOCH3), 4.23 (m, 

IH , H3), 5.13 (m, IH , H4), 6.63 (s, 2H, ArH), 6.69 (m, 2H, A rH), 6.78 (m, 2H, ArH), 7.13 (m, 2H, 

ArH), 7.26 (m, 2H, A rH)

'^C N M R  (100 M H z, C DC I3 ) 6  56.39 (O CH 3), 60.45 (O C H 3 ), 62.16 (C3), 64.78 (C4), 105.36, 115.94, 

116.18, 119.22, 128.45, 128.29, 129.68, 131.09, 137.32, 153.59, 154.30, 158.07 (ArC), 165.10 (C = 0 )  

HRMS: C 2 4 H 2 3N 0 6 Na requires 444.1423; found 444.144; error +3.8 ppm 

Purity (HPLC); 96.32%

l^-bis(4-Hydroxyphenyl)-4-(3,4,5-trim ethoxyphenyl)azetidin-2-one (294) was obtained from 3-(4- 

(benzyloxy)phenyl)-I-(4-hydroxyphenyl)-4-(3,4,5-frimethoxyphenyl)azetidin-2-one as a brown oil in 

54.3% yield.

Melting point; 221°C

IR (NaCI film) 1727.21 cm ' (C = 0  p-lactam); 3427.06 cm ' (O H)

'H N M R  (400 M H z, C DC I3) 8  3.83 (s, 5H, O C H 3 ), 3.87 (s, 3H, OCH 3 ), 4.20 (d, IH , J=2.48 Hz, H 3), 

4.78 (d, IH , J=2.52 Hz, H 4 ), 6.56 (s, 2H, ArH), 6.77 -  6.83 (m, 4H, ArH), 7.17 (d, 2H, ArH), 7.26 -  

7.28 (m, 2H, ArH)

'^C N M R  (600 M H z, DMSO-c/«) 5 55.95 (O C H 3), 59.95 (O CH 3), 62.73 (C 3), 63.34 (C 4 ), 103.72, 

115.59, 115.61, 118.72, 125.24, 128.73, 129.34, 133.54, 137.35, 153.31, 153.89, 156.91 (ArC), 165.45 

(C = 0 )

Purity (HPLC); 98.60%

6.12.3 General procedure for deprotection of the Cbz group
The Cbz-protected compound (2 mmol) was dissolved in ethanol; ethyl acetate (50 mL; 1;1 mixture) 

and hydrogenated over 1.2g of 10 % palladium on carbon until complete on TLC. The catalyst was 

filtered, the solvent was removed under vacuum and the product was isolated by flash column 

chromatography over silica gel (hexane; ethyl acetate gradient).

4-(3-Am ino-4-methoxyphenyl)-3-(4-aminophenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (184)

was prepared from {4-[2-(4-methoxy-3-nitrophenyl)-4-oxo-l-(3,4,5-trimethoxyphenyl)azetidin-3- 

yl]phenyl}-carbamic acid benzyl ester (146). It was formed as a yellow/brown gel in 50.1% yield.

IR  (K Br disk) v™,: 1729.43 cm ' (C = 0 , |3-lactam), 3332.00 cm ' (-N H 2 )

'H  N M R  (400 M H z, CDCI3) 6  3.73 (s, 6 H, -O CH 3, 2 X-OCH 3), 3.77 (s, 3H, -O CH 3 ), 3.86 (s, 3H, - 

OCH 3), 4.15 (d, IH , J=2.2 Hz, H-3), 4.67 (d, IH , J=2.2 Hz, H-4), 6.63 -  6.76 (m, 6 H, A rH), 7.08 (m, 

2H, ArH), 7.26 (s, 1H, ArH)
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'^C N M R  (100 MHz, CDCI3) 5 55.1 1 (-OCH3), 55.58 (-OCH3), 55.69 (-OCH3), 60.51(H-3), 64.14(H- 

4), 94.37, 96.98, 109.99, 111.12, 115.08, 115.89, 124.39, 128.04, 129.68, 130.21, 133.56, 133.83, 

136.48, 152.99(ArC), 166.11(-C =0)

HRMS: C 2 5H28N 3O 5 requires 450.2029; found 450.2048; error +4.2 ppm

3-(4 -A m inopheny l)-4 -(3 -hydroxy-4-m ethoxypheny l)-l-(3 ,4 ,5 -trim ethoxypheny l)azetid in -2 -one 

(185) was prepared from {4-[2-(3-hydroxy-4-m ethoxyphenyl)-4-oxo-l-(3,4,5- 

trim ethoxyphenyl)azetidin-3-yl]phenyl}-carbam ic acid benzyl ester (177) as an orange residue in 

39.4%  yield.

IR (NaCl film) v„a,: 1737.44 cm '' (C = 0 , (3-lactam)

'H N M R (400 MHz, CDCI3) 5 3.75 (s, 6 H, 2 X-OCH3), 3.80 (s, 3H, -OCH3), 3.93 (s, 3H, -OCH3), 4.18 

(d, IH, J=2.5 Hz, H-3), 4.74 (d, IH, J=2.5 Hz, H-4), 6.63 (s, 2H, ArH), 6.70 (d, 2H, J=8.3 Hz, ArH), 

6.89 (m, 2H, ArH), 6.99 (s, IH, ArH), 7.11 (d, 2H, J=8.3 Hz, ArH)

NM R (100 MHz, CDCI3) 6 55.56 (-OCH3), 55.59 (-OCH3), 60.51 (-OCH3), 63.85(C-3), 64.19(C- 

4), 94.39, 110.54, 111.53, 115.15, 117.33, 124.24, 128.03, 130.32, 133.39, 145.39, 145.8, 146.32, 

153.02(ArC), 165.60 (-C = 0)

HRMS: C 2 5H27N 2O 6 requires 451.1869; found 451.1859; error -2 .2  ppm 

6.13 p-Lactam ring opening with sodium methoxide

A solution o f  the appropriate (3-lactam com pound (0.6 mmol) was stirred at room tem perature in a 

solution o f  sodium methoxide (4 equivalents; 2.4 mmol; 0.5M  solution in methanol). The reaction was 

continued until com plete on TLC. The solvent was reduced in vacuo  and the product was isolated by 

flash column chrom atography over silica gel (hexane: ethyl acetate gradient).

3 -(3 -H ydroxy-4-m ethoxypheny l)-2 -pheny l-3 -(3 ,4 ,5 -triine thoxypheny lam ino)-p rop ion ic  acid 

m ethyl es te r (201) was prepared from 4-(3-hydroxy-4-m ethoxyphenyl)-3-phenyl-l-(3,4,5- 

trim ethoxyphenyl)azetidin-2-one (92). The product was formed as a brown solid that was a mixture o f 

diastereomers. The yield was 33.3%  after eight days.

M elting point: 89°C

IR (NaCI film) v„,ax: 1617.17 cm '' (C = 0 , ester)

'H N M R (600 MHz, DMSO-i/^) § 3.32 -  3.48 (m, 14H, OCH3), 3.61 (s, 7H, OCH3), 3.67 (s, 7H, 

OCH3), 3.73 (s, 2H, OCH3), 3.97 (d, 0.5H, J=7.28 Hz, CH), 3.99 (d, 0.5H, J=7.28 Hz, CH), 4.85 (t, J = 

6.76Hz, 0.5H, CH), 4.92 (t, IH, J = 6.76Hz, 0.5H, CH), 5.75 (d, IH, NH), 5.75 (s, 2H, ArH), 5.94 (s, 

2H, ArH), 6.10 (d, IH , J=6.76 Hz, NH), 6.58 (d, IH, J=5.52 Hz, ArH), 6.67 (d, IH, J=5.52 Hz, ArH), 

6.74 (s, IH, ArH), 6.83 (d, IH, J=5.52 Hz, ArH), 6.91 -  6.95 (m, 2H, ArH), 7.14 (d, IH, J=4.76 Hz, 

ArH), 7.18 (m, IH , ArH), 7.24 -  7.29 (m, 2H, ArH), 7.34 -7 .3 7  (m, 2H, ArH), 7.53 (d, 2H, J=7.46 Hz, 

ArH), 8.53 (s, br, OH), 8.78 (s, hr, OH)

'^C N M R (150 MHz, DMSO-t/^) 5 51.51 (CH), 51.78 (CH), 55.25 (OCH 3), 55.33 (OCH 3), 55.42 

(OCH 3), 55.46 (OCH 3), 58.06 (OCH 3), 58.12 (OCH 3), 58.47 (OCH 3), 59.04 (OCH 3), 59.96 (CH), 60.02 

(CH), 62.01, 65.75, 90.71, 91.54, 110.91, 111.31, 114.87, 118.79, 118.93, 127.17, 127.31, 128.12,
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128.31, 128.42, 128.47, 128.74, 128.82, 130.34, 133.55, 134.53, 135.93, 136.92, 143.99, 144.28, 

145.61, 145.90, 146.14, 146.62, 153.04, 153.07 (ArC), 171.58 (C=0), 172.73 (C =0)

HRMS: C26H30NO 7 requires 468.2022; found 468.2009; error -  2.8 ppm

6.14 P-Lactam reductive ring opening with lithium aluminium hydride^^^

To an ice-cooled suspension o f lithium aluminium hydride (20 mmol) in dry tetrahydrofuran (25 mL) 

was added p-lactam (10 mmol) in dry tetrahydrofuran (25 mL) in small portions. The mixture was 

heated at reflux for 3 hours, the reaction mixture was cooled to 0°C and water (10 mL) was added to 

quench the excess o f  LiAlH4. The resulting suspension was filtered through Celite and washed with 

diethyl ether (40 mL). The filtrate was poured into water (50 mL) and acidified to pH 1 with 2M HCI. 

The aqueous fraction was extracted with diethyl ether. It was then basified with NaOH to alkaline pH 

and extracted with diethyl ether (50 mL) three times. The organic phase was dried using anhydrous 

sodium sulfate and the solvent was evaporated in vacuo. The pure product was isolated by flash 

column chromatography over silica gel (hexane: ethyl acetate gradient).

5-|3-H ydroxy-2-phenyl-l-(3,4,5-trim ethoxyphenylam ino)-propyl|-2-m ethoxyphenol (202) was 

prepared from 4-(3-hydroxy-4-methoxyphenyl)-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one 

(92) as a brown gel (92.2% yield).

IR (NaCI film) Vma,: No -C = 0  p-lactam peak, 3401.40 cm ' (-OH)

'H NMR (400 MHz, CDCI3) 6  3 .1 9 -3 .2 4  (m, IH, CHj), 3.72 (s, 9H, 3 X-OCH3), 3.81 (s, 3H, -OCH3), 

3.99 -  4.03 (m, IH, CH), 4.10 -  4.15 (m, IH, CHj), 4.65 (d, IH, J=7.6 Hz, CH), 5.83 (s, 2H, ArH), 

6.56 (d, IH, J=8.0 Hz, ArH), 6.64 (s, IH, ArH), 6.64 (d, IH, J=8.0 Hz, ArH), 7.08 (d, 2H, J=7.5 Hz, 

ArH), 7 .21 -  7.29 (m, 3H, ArH)

‘^C NMR (100 MHz, CDCI3) 8 53.26 (CH), 55.23 (OCH3), 60.58 (OCH3), 61.55 (OCH), 64.90 (CH2), 

91.33, 109.68, 112.73,118.57, 126.62, 128.00, 128.25, 129.68, 134.31, 138.72, 143.13, 144.94, 145.02, 

153.20(ArC)

HRMS: C25H30NO6 requires 440.2073; found 440.2070; error -0 .7  ppm

6.15 General procedure for formation of dibenzyl phosphate  analogues^°^

To a solution o f phenol (17 mmol) in acetonitrile (100 mL cooled to 0°C) was added carbon 

tetrachloride (85 mmol). The resulting solution was stirred for 10 minutes prior to adding 

diisopropylethylamine (35 mmol) and DMAP (1.70 mmol). After this, dibenzyl phosphite (24.5 

mmol) was added dropwise. When the reaction was complete, 0.5M KH2PO4 (aq) was added and the 

mixture was allowed to warm to room temperature. An ethyl acetate extract (3 by 50mL) was washed 

with saturated sodium chloride (aqueous solution, 100 mL) followed by water (100 mL) and dried 

using anhydrous sodium sulfate. The solvent was reduced in vacuo and the product was isolated by 

flash column chromatography over silica gel (hexane: ethyl acetate gradient).
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Phosphoric acid dibenzyl ester 2-m ethoxy-5-|4-oxo-3-phenyl-l-(3,4,5-triinethoxyphenyl)azetidin- 

2-yl|phenyl ester (296) was prepared according to the general procedure above from 4-(3-hydroxy-4- 

m ethoxyphenyl)-3-phenyl-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one (92) in 74.3%  yield as a yellow 

oil.

IR (NaCl film) v„,ax: 1750.73 cm ' (P-lactam -C = 0)

'H NM R (400 MHz, C D C I3) 5 3.73 (s , 6 H, 2 XOCH3 ), 3.78 (s , 3H, O C H 3), 3.84 (s, 3H, O C H 3), 4.25 (d, 

1H, J=2.48 Hz, H3), 4.78 (d, 1H, J=2 Hz, H4), 5.15 -  5.18 (m, 4H , CH j), 6.60 (s , 2H, ArH), 6.98 (d, 1H, 

J=8.04 Hz, ArH), 7.20 (m, 2H, ArH), 7 .3 3 -7 .4 1  (m, 15H, ArH)

'^C N M R (100 MHz, CDCI3 ) 5 55.58, 55.62, 60.50, 62.90, 64.48, 69.46, 69.50, 69.56, 94.33, 112.89, 

119.30, 122.80, 127.00, 127.42, 127.49, 127.56, 128.15, 128.22, 128.63, 133.10, 134.04, 153.11, 

165.01 (C = 0 )

HRMS: C 3 9 H3 gN0 9 PNa requires 718.2182; found 718.2172; e r r o r - 1 .4 ppm

Phosphoric acid dibenzyl ester 2-m ethoxy-5-|4-oxo-3-thiophen-2-yl-l-(3 ,4 ,5- 

trim ethoxyphenyl)azetidin-2-yl|phenyl ester (297) was prepared according to the general procedure 

above from 4-(3-hydroxy-4-m ethoxyphenyl)-3-thiophen-2-yl-l-(3,4,5-trim ethoxyphenyl)azetidin-2-one 

(178) in 73.6%  yield as a yellow  oil.

IR (K B r disk) Vmax: 1754.42 cm '' (P-lactam -C = 0)

'H NM R (400 MHz, CDCI3 ) 8  3.73 (s, 6 H, 2 XOCH3 ), 3.78 (s, 3H, OCH 3 ), 3.84 (s, 3H, OCH 3 ), 4.43 (d, 

IH, J=2.52 Hz, H3 ), 4.83 (d, IH, J=2 Hz, H4 ), 5.15 -  5.19 (m, 4H, CHj), 6.58 (s, 2H, ArH), 6.95 (m, 

IH, ArH), 7.05 -  7.07 (m, 2H, ArH), 7.22 (m, 2H, ArH), 7.32 -  7.34 (m, 11H, ArH)

'^C NM R (100 MHz, CDCI3 ) 6  53.02, 55.59, 55.63, 59.67, 60.50, 63.66, 69.47, 69.52, 69.58, 94.43, 

112.88, 119.17, 119.20, 122.78, 124.99, 125.43, 126.93, 127.42, 127.51, 128.16, 128.19, 128.24, 

128.86, 133.04, 134.20, 135.00, 135.05, 135.12, 135.39, 139.78, 150.69, 150.74, 153.12, 163.78 (C = 0 ) 

HRMS: C 3 7 H 3 6 NNa0 9 PS requires 724.1746; found 724.1750; error + 0.5 ppm

Phosphoric acid dibenzyi ester 5-|3-(4-benzyloxyphenyl)-4-oxo-l-(3,4,5-

trim ethoxyphenyl)azetidin-2-yl|-2-m ethoxyphenyl ester (298) was formed from 3-(4- 

benzyloxyphenyl)-4-(3-hydroxy-4-m ethoxyphenyl)-1 -(3,4,5-trim ethoxyphenyl)azetidin-2-one (176) in 

54.4%  yield as a yellow gel.

IR (KBr disk) v„,ax: 1748.78 cm '' (P-lactam -C = 0)

'H  N M R (400 MHz, CDCI3 ) 5 3.73 (s, 6 H, 2 XOCH3 ), 3.78 (s, 3H, OCH 3 ), 3.84 (s, 3H, OCH 3 ), 4.19 (d, 

IH , J=2.52 Hz, H 3 ), 4.74 (d, IH, J=2.52 Hz, H4 ), 5.11 (s, 2H, CH j), 5.17 -  5.19 (m, 4H , benzyl-H), 

6.60 (s, 2H, ArH), 6.99 -  7.02 (m, 3H, ArH), 7.20 -  7.45 (m, 20H, ArH)

'^C NM R (100 MHz, CDCI3 ) 5 55.59, 55.62, 60.05, 63.23, 63.98, 69.46, 69.51, 69.56, 69.61, 94.33, 

1 12.88, 114.98, 119.28, 122.79, 126.37, 126.99, 127.43, 127.50, 127.60, 128.17, 129.51, 133.17, 

134.04, 135.02, 135.06, 136.35, 139.65, 139.72, 150.53, 150.58, 153.11, 158.06, 165.42 (C = 0 )

HRMS: C4 6 H4 4 NO|oPNa requires 824.2601; found 824.2612; error +1.4 ppm
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6.16 General procedure for hydrogenolysis of dibenzyl phosphate analogues

(3-lLactams 296, 297 and 278 were converted to their respective hydroxy derivatives as follows: The 

benzyloxy protected compound (2 mmol) was dissolved in ethanol; ethyl acetate (50 mL; 1:1 mixture) 

and hydrogenated over 1.2g o f 10 % palladium on carbon until complete on TLC, typically less than 3 

hours. The catalyst was filtered, the solvent was reduced in vacuo and the product was isolated by 

flash column chromatography over silica gel (hexane: ethyl acetate gradient).

Phosphoric acid mono-{2-m ethoxy-5-|4-oxo-3-phenyl-l-(3,4,5-trimethoxyphenyi)azetidin-2- 

yl|phenyl}ester (203) was prepared by hydrogenolysis o f 296 in 93.5% yield as a brown oil.

IR (K Br disk) Vmax̂  1747.91 cm ' (p-lactam -C = 0 )

'H  N M R  (400 M H z, DMSO-i/^) 6  3.59 (s, 3H, OCH3), 3.67 (s, 6 H, 2 XOCH3), 3.77 (s, 3H, OCH3), 4.43 

(d, IH , J=2.48 Hz, H3), 5.24 (d, IH , J=2.52, H4), 6.63 (s, 2H, ArH), 7.09 (d, IH , ArH, J=8.52 Hz), 7.35 

(m, IH , ArH), 7.36 -  7.42 (m, 6 H, ArH), 7.51 (s, IH , ArH)

'^C N M R  (100 M H z, DMSO-^/«) 6  56.16, 56.24, 60.55, 62.20, 64.06, 95.56, 113.68, 119.61, 122.89, 

127.92, 128.05, 128.21, 128.76, 129.39, 129.71, 133.48, 134.37, 135.22, 150.99, 151.06, 153.60, 

165.80 (C = 0 )

HRMS: C 2 5 H 2 6N Na 0 9 PS requires 538.1243; found 538.1252; error+1.7 ppm 

Purity (HPLC): 95.38%

Phosphoric acid mono-{2-m ethoxy-5-|4-oxo-3-thiophen-2-yi-l-(3,4,5-trimethoxyphenyl)azetidin- 

2-yl|phenyl} ester (204) was prepared from 297 in 100.0% yield as a brown oil.

IR (NaCI film ) v ^ ,; 1751.49 cm'' (P-lactam -C = 0 )

'H  N M R  (400 M Hz, DMSO-c/^) 5 3.58 (s, 3H, OCH3 ), 3.66 (s, 6 H, 2 XOCH 3), 3.78 (s, 3H, OCH3 ), 4.71 

(d, IH , J=2.52 Hz, H3 ), 5.24 (d, IH , J=2.52 Hz, H4), 6.60 (s, 2H, ArH), 7.07 -  7.15 (m, 4H, ArH), 7.27 

-  7.29 (m, 3H, ArH), 7.48 -  7.57 (m, 2H, ArH)

'^C N M R  (100 M H z, DMSO-c?,) 6  55.73, 55.78, 58.77, 60.09, 62.76, 95.13, 113.22, 119.03, 126.03, 

126.27, 127.25, 127.42, 127.58, 128.17, 128.71, 132.88, 134.02, 136.14, 150.68, 153.16, 164.24 (C = 0 )  

HRMS: C 2 3H 2 4N 0 9 NaPS requires 544.0807; found 544.0814; error +1.3ppm 

Purity (HPLC): 96.55%

Phosphoric acid mono-{5-13-(4-hydroxy-phenyl)-4-oxo-l-(3,4,5-trimethoxyphenyl)azetidin-2-yll- 

2-methoxyphenyl} ester (205) was prepared from 298 in 100.0% yield as a brown gel.

IR (NaCI film ) v ^ ,: 1726.20 cm’' (P-Iactam -C = 0 )

'H  N M R  (400 M Hz, DMSO-iftf) 8 3.57 -  3.75 (m, 13H, OCH 3), 5.09 (s, IH , H4), 6.60 (s, 2H, A rH), 

6.77 (d, 2H, ArH), 7.05 -  7.23 (m, 4H, ArH), 7.48 (s, IH , ArH)

'^C N M R  (100 M H z, DMSO-i/«) 6  55.66, 55.75, 60.08, 62.34, 63.23, 94.97, 113.12, 115.62, 119.04, 

124.84, 128.73, 129.36, 133.13, 133.79, 153.11, 156.96, 166.02, 174.88 (C = 0 )

HRMS: C 2 5 H 2 6NOioNaP requires 554.1192; found 554.1204; error + 2.2 ppm 

Purity (HPLC): 98.28%
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6.17 Formation of amino acid prodrugs“®

To a stirred solution o f amino (3-lactam (4.76 mmol) in anhydrous DMF (30 mL) were added DCC (5.7 

mmol), Cbz- or Fmoc-protected amino acid (5.7 mmol) and H0 Bt.H 2 0  (7.3 mmol) at room 

temperature. The mixture was stirred overnight. After 24 hours, ethyl acetate (50 mL) was added and 

the mixture was filtered. The DMF was removed by washing with water (5 by 50 mL). The organic 

layer containing the product was reduced in vacuo. The product was isolated by flash column 

chromatography over silica gel (dichlormethane: methanol gradient).

({2-IVlethoxy-5-|4-oxo-3-phenyl-l-(3,4,5-triniethoxyphenyl)azetidin-2-

yl|phenylcarbamoyl}methyl)carbamic acid 9H-fluoren-9-ylmethyl ester (206) was prepared from 

4-(3-amino-4-methoxyphenyl)-3-phenyl-I-(3,4,5-trimethoxyphenyl)azetidin-2-one (186) and Fmoc- 

protected glycine as a brown powder in 85.6% yield.

IR (NaCI film) v„,ax: 1748.05cm ' ((3-lactam -C=0), 1691.44cm ' (C =0)

'H NMR (400 MHz, CDCI3 ) 5 3.75 -  3.82 (m, 12H), 4.06 (d, 2H, J=5.04 Hz), 4.24 -  4.27 (t, 1H), 4.33 

(d, IH, J=2 Hz), 4.46 (d, 2H, J=7 Hz), 4.92 (d, IH, J=2Hz), 5.72 (s, IH), 6.65 (s, 2H), 6.90 (d, IH, 

J=8.52 Hz), 7.14 (s, IH), 7.29 -  7.41 (m, 9H), 7.62 (d, 2H, J=7.04 Hz), 7.78 (d, 2H, J=7.52 Hz), 8.37 

(s, IH), 8.53 (s, IH)

'^C NMR (100 MHz, CDCI3) 6  30.51, 45.09, 46.61, 55.49, 55.63, 60.50, 63.32, 64.45, 66.97, 94.45, 

110.29, 117.72, 119.61, 120.79, 124.55, 126.65, 127.17, 127.37, 127.46, 128.60, 129.50, 133.24, 

133.98, 134.18, 140.84, 143.20, 147.66, 153.06, 165.25, 166.64 

HRMS: C4 2 H3 9 N 3 0 gNa requires 736.2635; found 736.2635; error 0.0 ppm

(l-{2-IVIethoxy-5-|4-oxo-3-phenyl-l-(3,4,5-triniethoxyphenyl)azetidin-2-

yl|phenylcarbamoyl}ethyl)carbamic acid 9H-fluoren-9-yliiiethyl ester (207) was prepared from 4- 

(3-amino-4-methoxyphenyl)-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (186) and Fmoc- 

protected alanine as a yellow oil in 62.8% yield.

IR (NaCI film) v„ax: 1746.82 cm ' (P-lactam -C=0), 1696.26 cm '' (C =0)

'H NMR (400 MHz, CDCI3) 6 1.51 (d, 3H, J=7.04 Hz), 3.75 -  3.79 (m, 9H), 3.84 -  8.85 (m, 3H), 4.23

-  4.26 (m, 1H), 4.34 (d, 1H, J=2 Hz), 4.46 -  4.47 (m, 3H), 4.91 (d, 1H, J=2 Hz), 5.47 (s, 1H), 6 . 6 6  (s,

2H), 6.91 (d, IH, J=8.52 Hz), 7.14 (m, IH), 7.29 -  7.41 (m, 9H), 7.61 (d, 2H, J=7 Hz), 7.78 (d, 2H, 

J=7.04 Hz), 8.41 (m, 1H), 8.54 (s, 1H)

'^C NMR (100 MHz, CDCI3 ) 5 13.77, 15.78, 46.64, 51.11, 55.51, 55.65, 60.51, 63.36, 64.42, 66.80,

94.47, 110.21, 110.25, 117.71, 117.78, 119.60, 120.78, 124.54, 126.64, 126.99, 127.36, 127.44, 128.59,

129.47, 133.26, 134.00, 134.19, 140.84, 143.17, 147.77, 147.81, 153.06, 155.64, 165.27, 169.96 

HRMS: C4 3 H4 iN 3 0 gNa requires 750.2791; found 750.2813; error +2.9 ppm

(l-{2-IVfethoxy-5-[4-oxo-3-phenyl-l- (3,4,5-trimethoxyphenyl)azetidin-2-yl|phenylcarbamoyl}-2- 

phenylethyl)carbamic acid 9H-fluoren-9-ylmethyl ester (208) was prepared from 4-(3-amino-4-
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m ethoxyphenyl)-3-phenyl-l- (3 ,4 ,5-trim ethoxyphenyl)azetidin-2-one (186 ) and Fm oc-protected  

phenylalanine as a brown oil in 54.4%  yield .

IR (N aC I film)v™^: 1750.71 cm ' (p-lactam -C = 0 ), 1681.80 cm'' (C = 0 )

'H N M R  (400  M Hz, CDCI3) 6  3 .20  (C H 2 ), 3 .76 -  3 .82  (m, I2H , 4 XOCH3 ), 4 .24  (s, IH ), 4 .3 6 - 4 .4 6  (m, 

3H ), 4 .63 (s, IH ), 4 .93  (s, IH ), 6 .67  (m , 3H ), 6 . 8 8  (s, IH ), 7 .16  -  7 .39  (m, 16H), 7 .57 (s, 2H ), 7 .80 (s, 

2H ), 8.11 (s, IH ), 8.51 (s, IH )

'^C N M R  (100  M Hz, CDCI3 ) 6  38 .22 , 46 .65 , 55 .39 , 55 .66 , 56 .72, 60 .54 , 63 .33 , 64 .41 , 6 6 .8 6 , 94 .48 , 

110.22, 117.90, 119.62, 120.85, 124.52, 124.61, 125.43, 126.65, 126.77, 127.02, 127.37, 127.49,

128.41, 128.62, 128.84, 129.41, 133.27, 134.02, 134.21, 140.86, 143.20, 147.72, 153.08, 165.26,

168.53

HRMS: C 4 9 H 4 5 N 3 0 gNa requires 826.3104; found 826.3112; error +0 .9  ppm

(l-{2 -M eth o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -2 -y l|p h en y lca rb a m o y l}-2 -  

m eth y lp rop y l)carb am ic acid  9 H -flu oren -9 -y lm eth y l ester  (209 ) was prepared from 4-(3-am ino-4- 

m ethoxyphenyl)-3-phenyl-l-(3 ,4 ,5-trim ethoxyphenyl)azetid in-2-one (186 ) and Fm oc-protected valine 

as a brown oil in 50.9%  yield.

IR (NaCI film ) v™,: 1748.34 cm ' (P-lactam -C = 0 ), 1686.62 cm ' (C = 0 )

'H NM R (400  M Hz, CDCI3 ) 5 1.01 -  1.04 (m, 6 H), 2 .2 0 - 2 .2 8  (m, IH ), 3 .7 5 - 3 .8 8  (m, 12H), 4 .15 (m, 

3H), 4 .18 (m, 2H ), 4 .24  (m, IH ), 4.43 -  4 .48  (m, 2H ), 4 .92  (s, IH ), 5 .49  (d, IH , J=8.56 Hz), 6 . 6 6  (s, 

2H ), 6 .8 1 (s, IH), 6 .92 -  6 .94  (t, 1H), 7 .16  -  7 .18 (m, 1H), 7.31 -  7.45 (m, I OH), 7.62 -  7.63 (m, 2H ), 

7.77 (m, 2H ), 8.23 (s, IH ), 8 .54 (d, IH)

'^C N M R  (100 M Hz, CDCI3 ) S 17 .50, 18 .80, 18 .87, 30. 72, 46 .70 , 55 .14 , 55.54 , 55 .59, 55.62,

55.65, 60 .52 , 161.00, 63 .35 , 63 .65, 64 .30, 64 .36 , 64 .43 , 66.78 , 94 .41 , 94.46, 94.49, 110.07,

110.30, 111.29, 111.45, 115.82, 116.29, 117.97, 119.59, 120.82, 120.89, 124.61, 126.21, 126.64,

126.79, 127.00, 127.09, 127.27, 127.34, 127.46, 128.55, 128.59, 129.44, 133.24, 133.40, 133.99,

134.17, 134.45, 136.11, 140.86, 143.19, 143.30, 147.76, 153.05, 156.06, 165.32

HRMS: C 4 5 H 4 5 N 3 0 gNa requires 778 .3104; found 778.3107; error +0.3 ppm

(l-{2 -M eth o x y -5 - |4 -o x o -3 -p h e n y l-l-  (3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -2 -y l|p h en y lca rb a m o y l}-2 -  

m eth y lb u ty l)carb am ic acid  ben zyl ester  (210) w as prepared from 4-(3-am ino-4-m ethoxyphenyl)-3- 

p h en y l-l- (3,4,5-trim ethoxyphenyl)azetidin-2-one (186 ) and Cbz-protected isoleucine as a light brown  

oil in 45.0%  yield.

IR (NaCI film ) v™,,; 1748.78 cm ' (P-lactam -C = 0 ), 1686.05 cm ' (C = 0 )

'H N M R  (400  M Hz, CDCI3 ) 6  0 .96  -  1.03 (m, 8 H), 2 .07  (m, IH ), 3 .79  (s, 9H ), 4 .89  (s, 3H ), 4 .35  -  

4 .36 (m, IH ), 4 .36  (m, IH ), 4 .75  (m, IH ), 4 .92  (m, IH ), 5 .15 (s, 2H ), 5.45 (m, IH ), 6 .56  (s, 2H), 6.93  

(d, IH , J=8.52 Hz), 7 .16 -  7 .19  (m , IH ), 7 .29  -  7 .45 (m, lOH), 7 .80 (broad s, 0 .5H ), 8 .26  (s, IH ), 8.53  

(s, IH)

'^C NM R (100  M Hz, CDCI3 ) 5 11.00, 15.15, 15.24, 24 .34 , 37 .09 , 55 .53 , 55 .62 , 55 .65 , 60 .24 , 60 .51 , 

63.34 , 64 .26 , 64 .31 , 66 .80 , 94 .45 , 94 .47 , 110.29, 111.28, 115.89, 118.01, 118.06, 120.71, 120.81,

Chapter 6: Experimental details 352



126.10, 126.60, 126.99, 127.08, 127.44, 127.65, 127.75, 127.84, 128.13, 128.59, 129.41, 133.22,

134.15, 135.60, 147.72, 147.76, 153.03, 155.94, 165.35, 169.14

H R M S: C 3 9 H 4 3 N 3 0 sNa requ ires 704 .2948 ; found 704 .2943; e r r o r - 0 .7  ppm

(2 -B en zy lo x y -l-{2 -m eth o x y -5 -|4 -o x o -3 -p h en y l-l- (3 ,4 ,5 -tr in ie th o x y p h en y l)a ze tid in -2 -  

y l|p h en y lca rb a m o y l}eth y l)ca rb a m ic  acid  9 H -flu oren -9 -y lm eth y l ester (211) w as p repared  from  4- 

(3 -am ino -4 -m eth o x y p h en y l)-3 -p h en y l-l-(3 ,4 ,5 -trim eth o x y p h en y l)aze tid in -2 -o n e  (186 ) and Fm oc- 

Serine (B zl)-O H  as a light brow n pow der in 47 .9%  yield.

IR (N aC l film ) v„ax: 1751.68 cm '(P - la c ta m  -C = 0 ), 1689.29 cm  '( C = 0 )

'H  N M R  (400  M H z, C D C I3 ) 6  3 .65 -  3 .69  (m , 4H ), 3 .80  (m , 9H ), 4 .14  -  4 .16  (m , 1H ), 4 .27  -  4 .29  (m , 

1H), 4 .34  -  4 .49  (m , 5H ), 4 .92  (s, 1H ), 5 .8 1 (b road  s, 1H), 6 . 6 6  (s, 2H ), 6 .89  (d, 1H, J= 8 .32  H z), 7.15 

(d, IH , J=8 .32  H z), 7.32 -  7 .42 (m , 14H ), 7.63 (d, 2H , J= 6 .84  H z), 7 .80 (d, 2H , J= 6 .84  H z), 8 .56 (m , 

IH ), 9 .04  (b ro a d s , IH )

'^C N M R  ( to o  M H z, C D C I3 ) 6  46 .66 , 54 .35, 55 .27, 55 .65 , 59 .98 , 60 .51 , 63 .38 , 64 .47 , 66 .92 , 69 .22, 

73 .20 , 94 .45 , 110.19, 117.61, 117.71, 119.62, 120.75, 124.58, 126.66, 127.01, 127.37, 127.45, 127.61, 

128.09, 128.22, 128.60, 129.41, 133.26, 133.98, 134.20, 136.71, 140.86, 143.17, 145.91, 147.84,

153.06, 165.26, 167.57

(5 -(9 H -F lu o ren -9 -y lin e th o x y ca rb o n y la iiiin o )-5 -{2 -m eth o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -  

tr im eth oxyp h en y l)azetid in -2 -y l|p h en y lcarb am oy l}p en ty l)carb am ic  acid  9H -flu oren -9 -y lm eth y l 

ester  (212) was prepared  from  4 -(3 -am in o -4 -m eth o x y p h en y l)-3 -p h en y l-l- (3 ,4 ,5 - 

trim ethoxypheny l)aze tid in -2 -one  (186 ) and F m oc-pro tec ted  lysine as a w hite pow der in 50 .3%  yield.

IR (N aC l film ) 1746.88 cm ' (p -lac tam  -C = 0 ) , 1693.85 cm  ' (C = 0 )

'H  N M R  (400  M H z, CDCI3) 6  1.46 -  1.58 (m , 4H ), 1.83 (m , 1H), 1.99 (m , 2H ), 3.33 (m , 2H ), 3 .79  (m , 

12H ), 4 .1 2 - 4 .4 7  (m , 9H ), 4.91 - 4 . 9 6  (m , 2H ), 5.75 (b road  s, IH ), 6 . 6 6  (s, 2H ), 6 .89  (d, IH , J=  8  Hz), 

7 .14  (d , IH , J=  7.52 H z), 7 .29 -  7 .38 (m , 13H), 7 .59 -  7 .78 (m , 8 H ), 8 .54 (m , 2H )

'^C N M R  (100  M H z, C D C I3 ) 5 20 .64 , 21 .92, 22 .00 , 29 .19 , 39 .55 , 46 .61 , 46 .71 , 55 .48, 55 .65 , 60 .00 , 

63 .34 , 64 .40 , 66 .27, 66 .84 , 94 .46 , 110.23, 117.77, 119.51, 120.81, 124.48, 124.55, 126.56, 126.61, 

127.00, 127.23, 127.36, 127.43, 128.59, 133.27, 133.98, 134.20, 140.83, 143.16, 143.22, 143.46,

153.06, 165.27

H R M S: C 6 iH 5 8 N 4 0 |oNa requires 1029.4051; found 1029.4052; e r r o r +0.1 ppm

(2 -(4 -B en zy lo x y p h en y l)-l-{2 -m eth o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -tr iin e th o x y p h en y l)a ze tid in -2 -  

y l|p h en yIcarb am oy l}eth y l)carb am ic  acid  9H -flu oren -9 -y lin eth y l ester (213) w as p repared  from  4- 

(3 -am in o -4 -m e th o x y p h en y l)-3 -p h en y l-l- (3 ,4 ,5 -trim ethoxypheny l)aze tid in -2 -one  (186) and  Fm oc- 

ty ro sin e  (B zl)-O H  as a w hite  so lid  in 76 .2%  yield.

IR  (N aC I film ) Vmax: 1750.48 cm ' (P -lactam  -C = 0 ) , 1691.51 cm  ' (C = 0 )

'H  N M R  (400  M H z, C D C I3 ) 5 3 .76 - 3 . 8 0  (m , 12H), 4.21 - 4 . 2 4  (t, IH ), 4 .35 - 4 . 4 7  (m , 4H ), 4 .92  (s, 

IH ), 5.03 (s, 2H ), 5.49 (s, IH ), 6.65 (s, 2H ), 6 .8 6 - 6 .9 3  (m , 3H ), 7 .1 4 - 7 .1 6  (m , 3H ), 7 . 2 9 - 7 .3 8  (m , 

15H ), 7 .39 ( t ,2 H ) , 7.78 (d, 2H , J= 7  H z), 8 .10 (d, IH ), 8.51 (s, IH )
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'^C NMR (100 MHz, CDCij) 5 37.36, 46.65, 55.36, 55.65, 56.79, 60.53, 63.33, 64.38, 66.84, 69.55, 

94.49, 110.21, 114.68, 117.86, 119.60, 120.79, 120.86, 124.55, 126.65, 126.99, 127.04, 127.36, 127.48, 

127.62, 127.79, 128.18, 128.61, 129.39, 129.90, 129.94, 133.24, 134.01, 134.18, 136.36, 136.51, 

140.85, 143.21, 147.71, 153.07, 157.55, 165.30, 168.68 

HRMS: CseHsiNsOgNa requires 932.3523; found 932.3557; error +3.6 ppm

({4-[2-(4-IM ethoxyphenyl)-4-oxo-l-(3,4,5-trim ethoxyphenyl)azetidin-3-

yl|phenylcarbam oyl}m ethyl)carbam ic acid 9H -fluoren-9-ylm ethyl ester (214) was prepared from 

3-(4-aminophenyl)-4-(4-methoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (189) and Fmoc- 

protected glycine as a white solid in 53.6% yield.

Melting point: 141-142°C

IR (KBr disk) 1759.69 cm ' (p-lactam -C = 0), 1693.66 cm ' and 1682.56 cm ' (-C = 0)

'H NMR (400 MHz, CDCI3) 5 3.74 (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H, OCH3 ), 3.84 (s, 3H, OCH3 ), 4.04 (s,

2H, -CH2 -), 4.24 (d, 2H, -CHj-), 4.49 (d, 2H), 4.83 (s, IH), 6.62 (s, 2H, ArH), 6.96 (d, 2H, ArH), 7.26

-  7.42 (m, 9H, ArH), 7.50 (d, 2H, ArH, J=7.84 Hz), 7.60 (d, 2H, ArH, J=6 . 8 8  Hz), 7.77 (d, 2H, ArH, 

J=7.8 Hz), 8.25 (s, IH ,-N H -)

'^C NMR (100 MHz, CDCI3) 5 45.04 (CH2 ), 46.60, 54.93, 55.58, 60.53, 63.54, 64.01, 66.95 (CHj), 

94.43, 114.26, 119.63, 120.14, 124.51, 126.69, 126.87, 127.39, 127.67, 128.64, 133.19, 134.04, 136.55, 

140.87, 143.11, 153.07, 159.53, 159.53, 165.27, 166.71 

HRMS; C4 2 H3 9N 3 0 gNa requires 736.2635; found 736.2647; error +1.6 ppm

(l-{4-|2-(4-M ethoxyphenyl)-4-oxo-l-(3,4,5-trim ethoxyphenyl)azetid in-3-

yl|phenylcarbam oyl}ethyl)carbam ic acid 9H -fluoren-9-ylniethyl ester (215) was prepared from 3- 

(4-aminophenyl)-4-(4-methoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (189) and Fmoc- 

protected alanine as a yellow gel in 73.6% yield.

IR (NaCl film) Vmax: 1744.20 cm ' (P-lactam -C =0),

'H NMR (400 MHz, CDCI3) 6 1.51 (s, 3H, -CH3), 3.75 (s, 6 H, 2 XOCH3), 3.80 (s, 3H, OCH3), 3.85 (s, 

3H, OCH3), 4.25 (m, 2H), 4.48 (m, 2H), 4.82 (d, IH, J=2 Hz), 5.43 (broad s, IH), 6.62 (s, 2H, ArH), 

6.96 (d, 2H, J=8.52, ArH), 7.26 -  7.42 (m, 1 IH, ArH), 7.52 (d, 2H, J=7.52 Hz, ArH), 7.59 (d, 2H, 

J=7.04 Hz, ArH), 7.78 (d, 2H, J=7.48 Hz, ArH), 8.31 (broad s, IH)

'^C NMR (100 MHz, CDCI3 ) 5 18.14 (CH3 ), 46.55, 54.92, 55.57, 60.53, 63.55, 63.62, 64.12, 66.19  

(CH 2), 94.46, 114.26, 119.54, 119.61, 120.12, 124.55, 124.58, 126.68, 126.71, 126.89, 127.28, 127.38, 

127.60, 128.64, 133.23, 134.04, 136.95, 140.83, 143.09, 143.15, 153.08, 159.53, 165.35, 165.43, 

170.37

HRMS: C4 3 H4 2N 3O 8 requires 728.2972; found 728.2973; error +0.1 ppm

(l-{4-|2-(4-lM ethoxyphenyl)-4-oxo-l-(3,4,5-trlm ethoxyphenyl)azetidin-3-yI|phenylcarbam oyl}-2- 

phenylethy!)carbam ic acid 9H -nuoren-9-yIm ethyl ester (Fm oc-protected 216) was prepared from 

3-(4-aminophenyl)-4-(4-methoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one (189) and Fmoc- 

protected phenylalanine as a cream coloured powder in 47.1% yield.
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M elting  point: 12 T C

IR(KBrdisk)v„,ax: 1750.83cm ' (P-lactam -C=0), 1691.44cm ' (-C=0), 1669.75cm'' (-C=0)

'H  N M R  (400 M H z, C D C I3 ) 5 3 .12 (b road  d, 2H , C H j), 3 .74  (s, 6 H, 2 XOCH 3 ), 3 .80  (s, 3H , O C H 3 ), 

3 .87 (s, 3H , O C H 3 ), 4 .2 0 - 4 .2 5  (m , 2H ), 4.41 - 4 .5 5  (m , 3H ), 4 .82  (d, IH , J=2 H z), 5 .50 (b road  s, IH ), 

6 .62 (s, 2H ), 6 .95 (d, 2H , J= 8 .52  H z), 7 .24 -  7.35 (m , 15H ), 7 .40 -  7.43 (t, 2H ), 7 .54 -  7 .57  (t, 3H ), 

7.78 (d , 2H , J=7 .52  Hz)

H RM S: C 4 9 H 4 5 N 3 0 gNa requ ires 826 .3104; found 826 .3115; e rro r +1.3 ppm

( l-{4 -|2 -(4 -M eth o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -3 -y l|p h en y lca rb a m o y l}-2 -  

ph en y leth y l)carb am ic acid  benzyl ester  (C b z-p rotected  216) w as prepared  from  3-(4 -am inopheny i)- 

4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -trim eth o x y p h en y l)aze tid in -2 -o n e  (1 8 9 ) and  C bz-p ro tec ted  pheny la lan ine  

as a ye llow  gel in 27 .9%  yield.

IR (NaCI film) Vn,ax: 1743.34 cm '' (p-lactam -C=0), 1689.03cm ' (-C =0)

'H  N M R  (400  M H z, C D C I3 ) 5 3.11 -  3.25 (m , 2H ), 3 .74  (s, 6 H, 2 XOCH3 ), 3.80 (s, 3H , O C H 3 ), 3 .85 (s, 

3H , O C H 3 ), 4 .24  (d, 1 H ),4 .5 5  (d, 1 H ),4 .8 2  (d, IH , J= 2 .52  H z), 5 .49  (s, IH ), 6.61 (s, 2H ), 6 .96  (d , 2H , 

J=9 .04  H z), 7 .25 -  7.35 (m , 20H ), 7 .67 (s, IH )

'^C N M R  (100  M H z, C D C I3 ) 6  38.43 (C H 2 ), 54 .93, 55 .57, 60 .53 , 63 .51 , 64 .09 , 6 6 .6 6 , 66 .93 , 94.39, 

114.25, 120.27, 125.44, 126.83, 127.61, 127.66, 127.92, 128.10, 128.17, 128.51, 128.68, 128.86, 

133.20, 134.02, 135.43, 135.75, 153.06, 159.52, 165.18, 168.67 

H R M S: C 4 2 H 4 |N 3 0 gNa requ ires 738 .2791; found 738 .2777; e r r o r - 1 .9  ppm

(1 -{4 -|2 -(4 -M eth oxyp h en y l)-4 -oxG -1 -(3 ,4 ,5 -tr iin eth oxy  p h en y l)azetid in -3 -y l | p h en y lcarb an ioy l}-2 -  

m ethyIpropyl)carbam ic acid  9H -flu oren -9 -y lm eth yI ester (F m oc-p rotected  217) w as p repared  from  

3-(4 -am inopheny l)-4 -(4 -m eth o x y p h en y l)-l-(3 ,4 ,5 -tr im eth o x y p h en y l)aze tid in -2 -o n e  (189 ) and Fm oc- 

p ro tected  valine as a w hite so lid  in 4 4 .1%  yield.

M elting  point: 126°C

IR (NaCI film) 1744.27 cm '' (P-lactam -C=0), 1671.34 cm '' (C =0)

'H  N M R  (400  M H z, CDCI3 ) 5 1.03 (t, 6 H, CH3 ), 2.19 (s, 3H , CH, also water), 3 .49  (s, 3H ), 3 .7 3 - 3 .8 3  

(m , 13H, 4 xO C H 3 and CH), 4.23 - 4 .3 8  (m , 3H ), 4 .40  -  4 .44 (m ,2 H ) ,4 .8 1  (t, IH ), 5.78 (d, IH , J=7 .32  

H z), 6 .62  (s, 2H ), 6.94 (d, 2H , J= 8 . 8  H z), 7 .20 -  7 .38 (m , 9H ), 7 .48  -  7 .52  (m , 2H ), 7 .55 -7 .59  (t, 2H ), 

7.75 (d, 2H , J= 7 .32  H z), 8 .64 (d, IH , J= 10 .28  Hz)

'^C N M R  (100  M H z, C D C I3 ) 5 17.77, 18.87, 30 .53 , 30 .81 , 46 .62 , 54.91, 60 .53, 60 .76 , 63 .52 , 63 .61 , 

64 .13 , 6 6 .8 6 , 94 .44 , 114.23, 119.57, 120.26, 124.56, 126.66, 126.70, 126.87, 126.90, 127.34, 127.59, 

128.66, 130.23, 133.21, 134.03, 136.72, 140.82, 143.13, 143.23, 153.06, 159.50, 165.26, 165.38, 

169.63

H R M S: C 4 5 H4 sN 3 0 8 N a requ ires 778 .3104; found  778.31 14; e rro r +1 .2  ppm

(l-{4 -|2 -(4 -IV Ieth oxyp h en y l)-4 -oxo -l-(3 ,4 ,5 -tr im eth oxyp h en y l)azetid in -3 -y l|p h en y lcarb am oyI}-2 -  

m eth yIpropyl)carbam ic acid  benzyl ester  (C b z-p rotected  217 ) w as p repared  from  3-(4-
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aminophenyl)-4-(4-methoxyphenyl)-1 -(3,4,5-trimethoxyphenyl)azetidin-2-one (189) and Cbz-protected 

valine as a yellow-brown gel in 33.0% yield.

IR (NaCl film) 1738.75 cm'' (P-lactam -C=0), 1676.25 cm'' (-C=0)

'H NMR (400 MHz, CDCIj) 6  1.00 (d, 3H, J=7.04 Hz, -CHj), 1.04 (d, 3H, J=6.56 Hz, -CHj), 2.21 -  

2.24 (m, IH, -CH), 3.51 (s, IH, -CH), 3.74 -  3.84 (m, 12H, 4 XOCH3 ), 4.25 (d, IH, J=2.52 Hz), 4.82 (s, 

IH), 5.13 (m, 2H), 5.57 (d, IH, J=8.52 Hz), 6.62 (s, 2H, ArH), 6.95 (d, 2H, J=9.04 Hz, ArH), 7.23 -  

7.35 (m, lOH, ArH), 7.50 (m, 2H, ArH), 8.31 (d, IH, J=7.52 Hz)

'̂ C NMR (100 MHz, CDCI3) S 13.76, 17.56, 18.93, 20.64, 30.47, 53.01, 54.92, 55.56, 60.00, 60.53, 

60.85, 63.54, 63.60, 64.12, 66.87, 94.42, 114.24, 120.21, 126.86, 126.89, 127.58, 127.62, 127.87, 

128.16, 128.65, 130.31, 133.19, 134.02, 135.50, 136.64, 153.05, 159.51, 165.25, 165.33, 169.48 

HRMS: C3 8 H4 iN3 0 gNa requires 690.2791; found 690.2783; calculated mass (+Na); error -1.2 ppm

(5-(9H-Fluoren-9-ylinethoxycarbonylamino)-5-{4-|2-(4-niethoxyphenyl)-4-oxo-l-(3,4,5- 

trimethoxyphenyl)azetidin-3-yl|phenylcarbamoyl}pentyl)carbainic acid 9H-fluoren-9-ylmethyl 

ester (218) was prepared from 3-(4-aminophenyl)-4-(4-methoxyphenyl)-l-(3,4,5- 

trimethoxyphenyl)azetidin-2-one (189) and Fmoc-protected lysine as a white powder in 5.9% yield. 

Melting point: 134°C

IR (NaCI film) v„,„: 1742.06 cm ' (P-lactam -C=0), 1704.82 cm'' (-C=0)

'H NMR (400 MHz, CDCI3 ) 5 1.43 (m, 2H), 1.55 (m, 2H), 1.76 (m, IH), 1.95 (m, IH), 2.91 (s, IH), 

2.97 (s, IH), 3.18 (s, 2H), 3.80 (s, 6 H), 3.79 (s, 3H), 3.83 (s, 3H), 4.14 (d, 2H), 4.24 (s, IH), 4.38 (s, 

5H), 4.80 (s, IH), 5.10 (s, IH), 5.86 (s, IH), 6.62 (s, 2H), 6.93 (d, 2H, J=1.52 Hz), 6.95 -  7.38 (m, 

12H), 7.54 -  7.56 (t, 6 H), 7.72 -  7.75 (t, 4H), 8.74 (s, 1H)

'̂ C NMR (100 MHz, CDCI3 ) 6  46.59, 46.73, 54.92, 55.57, 60.53, 63.54, 64.12, 66.26, 94.44, 114.24, 

119.52, 119.57, 120.14, 124.56, 126.59, 126.66, 126.88, 127.24, 127.33, 127.60, 128.67, 133.23, 

134.02, 136.97, 140.81, 143.17, 143.38, 143.45, 153.06, 159.50 

HRMS: C6 iH5gN4 0 |oNa requires 1029.4051; found 1029.4066; error+1.5 ppm

Carbonic acid benzyl ester 2-(9H-fluoren-9-yIinethoxycarbonylainino)-2-{4-|2-(4- 

methoxyphenyl)-4-oxo-l-(3,4,5-trimethoxyphenyl)azetidin-3-yl|phenylcarbamoyl}ethyl ester 

(219) was prepared from 3-(4-aminophenyl)-4-(4-methoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin- 

2-one (189) and Fmoc-Serine(Bzl)-OH as a brown gel in 78.7% yield. 

lR(NaCl film)v„ax: 1743.10 cm'' (p-lactam -C=0), 1688.31 cm'' (-C=0)

'H NMR (400 MHz, CDCI3) 8  3.67 (m, IH), 3.75 (s, 6 H), 3.80 (s, 3H), 3.85 (s, 3H), 4.03 (m, IH), 4.27 

(m, 2H), 4.48 -  4.64 (m, 5H), 4.84 (d, IH, J=2.48 Hz), 5.84 (s, IH), 6.63 (s, 2H), 6.97 (d, 2H, J=8.52 

Hz), 7.28 -  7.48 (m, 16H), 7.62 (d, 2H, J=7.04 Hz), 7.80 (d, 2H, J=7.52 Hz), 8.47 (s, IH)

'̂ C NMR (100 MHz, CDCI3) S 46.66, 54.94, 55.58, 60.54, 63.55, 64.12, 66.83, 69.16, 73.28, 94.41, 

114.27, 119.62, 120.04, 124.56, 126.68, 126.87, 127.38, 127.52, 127.67, 127.83, 128.24, 128.69, 

130.43, 133.22, 134.03, 136.56, 140.88, 143.18, 153.07, 159.53, 165.19, 167.65 

HRMS: C5oH4 7N 3 0 9 Na requires 856.3210; found 856.3217; error +0.8 ppm
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6.18 Removal of Fmoc protecting group

6.18.1 General method 1“*®: To the Fmoc-am ino acid am ide (2.1 mmol) at room tem perature in 

chloroform (55 mL) was added piperidine (2 mL). The mixture was stirred and m onitored until 

com plete on TLC. The solvent was reduced in vacuo. The product was isolated by flash column 

chrom atography over silica gel (dichlormethane; methanol gradient).

6.18.2 General method 2^®^:To the Fmoc-am ino acid am ide dissolved in CH 2 CI2  (minimum 

volume) was added 1-octanethiol (10 equiv.) and TBAF (2 equiv.). The mixture was stirred at room 

tem perature until com plete on TLC, typically within 10 minutes. The solvent was reduced in vacuo  

and product was isolated by flash column chrom atography over silica gel (dichlorm ethane: methanol 

gradient).

2-Am ino-N -{2-m ethoxy-5-|4-oxo-3-phenyl-l-(3,4,5-trim ethoxyphenyl)azetid in-2- 

yl|phenyl}acetam ide (220) was prepared from ({2-m ethoxy-5-[4-oxo-3-phenyl-l-(3,4,5- 

trim ethoxyphenyl)azetidin-2-yl]phenylcarbam oyl}m ethyl)carbam ic acid 9H-fluoren-9-ylm ethyl ester

(206) and was obtained as a clear oil in 3 1.6% yield.

lR (N aC I film)v„ax: 3412.97 c m ''(N H j), 1747.11 cm ''(P -lac tam  -C = 0), 1673.89 cm '( - C = 0 )  

'H N M R (4 0 0  MHz, C D C b) 5 3.55 (m, 1H), 3.75 -  3.93 (m, 13H ),4.35 (m, 1H ),4.92 (m, IH), 6.64 (d, 

2H, J= 11.32 Hz), 6.94 (d, IH, J=8.52 Hz), 7 .1 2 -7 .1 5  (rn, 1H), 7.29 -  7.41 (m, 6H), 8.61 (s, IH), 9.85 

(s, IH)

'■’C NM R (100 MHz, CDCI3 ) 8  45.42, 49.93, 55.90, 55.95, 56.11, 56.16, 60.96, 63.39, 63.82, 64.83, 

65.11, 72.86, 73.11, 94.87, 94.96, 110.77, 112.70, 112.99, 118.09, 120.79, 125.39, 126.38, 126.51, 

127.46, 127.86, 127.95, 128.01, 129.01, 129.11, 129.85, 133.75, 134.43, 134.74, 148.53, 153.50, 

153.58, 165.77

HRMS: C 2 7 H3 0 N 3 O 5  requires 492.2135; found 492.2138; error +0.7 ppm 

Purity (HPLC): 75.83%

2-Am ino-N -{2-m ethoxy-5-|4-oxo-3-phenyl-l-(3,4,5-tr!m ethoxyphenyl)azetidin-2- 

yl|phenyl}propionam ide (221) was prepared from (l-{2-m ethoxy-5-[4-oxo-3-phenyl-l-(3,4,5- 

trim ethoxyphenyl)azetidin-2-yl]phenylcarbam oyl}ethyl)carbam ic acid 9H-fluoren-9-ylm ethyl ester

(207) and was obtained as a clear oil in 68.4%  yield.

IR (NaCI film) Vmax̂  1750.44 cm ' (P-lactam -C = 0), 1698.88 cm '' (-C = 0)

'H  NM R (400 MHz, CDCI3 ) 5 1.45 (d, 3H, J=6.52 Hz), 3.75 (m, lOH), 3.93 (s, 3H), 4.35 (d, IH, 

J=2.52 Hz), 4.92 (d, IH, J=2.52 Hz), 6.61 -  6.65 (m, 2H), 6.92 -  6.95 (m, IH), 7.11 -  7.16 (m, IH), 

7.29 -  7.40 (m, 6 H), 8.61 -  8.63 (m, 1H), 9.95 (s, 1H)

'^C NM R (100 MHz, CDCI3 ) 5 21.26, 51.07, 53.01, 55.49, 55.64, 60.50, 63.00, 63.38, 63.40, 64.28, 

64.37, 94 .45 ,94 .47 , 110.15, 110.27, 117.35, 117.71, 120.18, 120.23, 126.98, 127.01, 127.38, 127.57, 

127.60, 127.67, 128.13, 128.55, 128.67, 129.34, 133.31, 133.91, 134.23, 134.27, 148.09, 148.13, 

153.01, 153.12, 165.30, 165.36, 167.29

HRMS: C 2 8 H 3 2 N 3 O 6  requires 506.2291; found 506.2299; error +1.6 ppm
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Purity (HPLC): 80.34%

2 -A in in o -N -{2 -in e th o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -2 -y l|p h en y l}-3 -  

p h en ylp rop ion am id e (222 ) was prepared from (l-{2 -m eth o x y -5 - [4 -oxo -3 -p h en y l-l-(3 ,4 ,5 -  

trim ethoxyphenyl)azetidin-2-yl]phenylcarbam oyl}-2-phenylethyl)carbam ic acid 9H -fluoren-9-ylm ethyl 

ester (208 ) and was obtained as a yellow  oil in 1 0 0 .0 % yield.

IR (N aCl film ) 3434 .72  cm'' (N H j), 1748.26 cm'' (P-lactam -C = 0 ), 1678.29 cm'' ( -C = 0 )

‘H N M R  (600  M Hz, CDCI3) 8  2 .80  (m ), 3 .20  (m ), 3 .43 (m ) (total 2H , CH j), 3 .75 -  3.91 (m, 13H, 

OCH3 plus -C H  o f  am ino acid), 4 .37  (s, IH ), 4 .89  -  4 .95 (m , IH ), 6 .58  -  6.71 (m, 2H ), 6 .92  -  6 .95 (m, 

1H), 7 .04 -  7 .07 (m, 1H), 7.13 -  7 .17 (m, 1H), 7 .28 -  7 .42 (m, 1 OH)

‘^C N M R  (600  M Hz, CDCI3) 6  36 .20 , 55 .47, 55 .65, 60 .52 , 63 .01 , 63 .36 , 64 .33 , 64 .40 , 94 .48 , 110.20, 

110.31, 117.44, 117.80, 120.33, 126.55, 127.00, 127.03, 127.39, 127.60, 128.10, 128.41, 128.57,

128.68, 128.83, 129.38, 133.32, 133.92, 134.12, 134.26, 136.38, 148.11, 153.04, 153.10, 153.14,

173.67

HRMS: C34H36N 3O 6 requires 582.2604; found 582.2590; error-2 .4  ppm 

Purity (HPLC): 75.76%

2-A m in o -N -2 -m eth o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -2 -y l|p h en y l}-3 -  

m eth y lb u tyram id e (223 ) was prepared from (l-{2 -m eth o x y -5 -[4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -  

trim ethoxyphenyl)azetidin-2 -yl]phenylcarbam oyl}-2 -methyl

-propyl)carbamic acid 9H -fluoren-9-ylm ethyl ester (209 ) and was obtained as a yellow  oil in 56.9%  

yield.

IR (NaCI film ) 3380 .25  cm'' (N H j), 1747.97 cm'' (P-lactam -C = 0 ), 1676.35 cm'' ( -C = 0 )

'H NM R (400  M Hz, CDCI3) 8 0 .88  (d, 3H, J=7.04 Hz), 1.05 (d, 3H, J=7.04 Hz), 2 .35  (m, IH), 3 .75 -  

3.77 (m, lOH), 3 .92 (s, 3H), 4 . 2 9 - 4 .3 7  (m, IH ), 4 . 7 8 - 4 .9 2  (m, IH ), 6 .65 (s, 2H ), 6 .79  (s, IH ), 6.93  

(m, IH ), 7.13 (m, IH ), 7 .2 9 - 7 .3 6  (m, 5H), 8 . 6 6  (d, 1H ,J= 13.56 Hz), 10.00 (d, 1 H ,J = I2 .7 2  Hz)

'^C N M R  (100  M Hz, CDCI3) 8  19.26, 19.36, 30 .37 , 30 .50 , 55 .10, 55 .50 , 55 .57 , 55 .59 , 55 .63 , 

60.42 , 60 .48 , 63 .39 , 63 .65 , 64 .18 , 64 .34, 64 .44 , 94 .38 , 94 .46 , 110.00, 110.22, 110.33, 111.04, 

115.86, 117.54, 117.94, 120.09, 120.14, 126.98, 127.03, 127.36, 127.39, 127.49, 127.62, 128.53, 

129.30, 129.43, 133.31, 133.33, 133.43, 133.89, 134.24, 134.30, 134.49, 136.66, 147.13, 148.08, 

148.10, 153.01, 165.31, 165.35, 172.33

HRMS: C 30H36N 3O 6 requires 534.2604; found 534.2584; error- 3 .8  ppm

2,6 -D iam in oh exan o ic  acid  {2 -m eth o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -2 -  

y l|p h en y l}a m id e  (226 ) was prepared from (5-(9H -fluoren-9-ylm ethoxycarbonylam ino)-5-{2-m ethoxy- 

5 -[4 -oxo -3 -p h en y l-l- (3,4,5-trim ethoxyphenyl)azetidin-2-yl]phenylcarbam oyl}pentyl)carbam ic acid  

9H -fluoren-9-ylm ethyl ester (212 ) and was obtained as a yellow  oil in 73.2%  yield.

IR (NaCl film ) Vmax: 1746.37 cm'' (p-lactam  -C = 0 ), 3411.83 cm'' (-N H 2)
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'H  N M R  (400  M H z, M eO D ) 5 1 .4 6 -  1.58 (m , 4H ), 1.98 (m , 2H ), 3 .33 (m , 2H ), 3 .79  (m , 12H ), 4 .12  -  

4 .47  (m , 2H ), 4 . 9 3 - 4 .9 6  (m , IH ), 6 . 6 6  (s, 2H ), 6 .89  (d, IH , J = 8  H z), 7 .14  (d, IH , J=  7.52 H z), 7 .59  -  

7.78 (m , 4H ), 8 .54 (m , 2H )

'^C N M R  (100  M H z, M eO D ) 5 21 .64 , 21 .92 , 22 .10 , 30 .05 , 39 .55 , 55 .48 , 55 .65 , 60 .00 , 63 .34 , 63 .40, 

95 .46, 111.23, 117.47, 118.53, 120.81, 124.48, 124.55, 133.27, 133.98, 134.20, 140.83, 143.16, 143.23, 

143.26, 154.36, 164.87

H R M S: C 3 1 H 3 9 N 4 O 6  requ ires 563 .2870; found  563 .2877; e rro r +1.3 ppm  

({4 -|2 -(4 -IV leth oxyp h en y l)-4 -oxo -l-(3 ,4 ,5 -tr im eth oxyp h en y l)azetid in -3 -

y l|p h en y lcarb am oy l}m eth y l)carb am ic  acid  (228) w as p repared  from  ({4 -[2 -(4 -m ethoxypheny l)-4 - 

o xo -l-(3 ,4 ,5 -trim eth o x y p h en y l)aze tid in -3 -y l]p h en y lcarb am o y l} m eth y l)carb am ic  acid  9H -fluo ren -9 - 

y lm ethy l este r (214) by genera l m ethod  1 as a c lea r oil in 61 .6%  yield.

IR (K B rd is k )  3 4 2 9 .1 2 c m  ' (N H j) 1741.88 cm  ' ((3-lactam -C = 0 ) , 1 6 5 8 .8 8 cm  ' ( -C = 0 )

'H  N M R  (400  M H z, M eO D ) 6  3.33 ( IH , s, -C H j-), 3 .37  ( IH , s, -C H 2 -), 3 .69  -  3 .70  (9H , m , 3 XOCH 3 ), 

3.81 (3H , s, O C H 3 ), 4.31 (d, IH , J= 2 .52), 5 .07 (d, IH , J= 2 .52), 6 . 6 6  (s, 2H , A rH ), 6 .98  (d, 2H , A rH ), 

7 .30 (d , 2H , A rH ), 7 .40 (d, 2H , A rH ), 7 .64 (d, 2H , A rH )

'■■'C N M R  (100 M H z, M eO D ) 6  43 .66  (-C H j-), 53 .93 , 54 .58, 59 .32 , 63 .20, 63 .66 , 94 .56 , 113.78, 

119.52, 126.97, 127.28, 128.56, 129.79, 133.03, 133.85, 137.51, 152.97, 159.75, 166.19 

H R M S: C 2 7 H 3 0 N 3 O 6  requ ires 492 .2135 ; found 492 .2133 ; erro r -0 .3  ppm  

Purity  (H PL C ): 96 .67%

({4 - |2 -(4 -M eth o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -3 -

y l|p h en y lcarb am oy l}m eth y l)-m eth y lcarb am ic  acid  (229) w as prepared  from  (l-{ 4 -[2 -(4 -  

m ethoxypheny l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)aze tid in -3 -y l]p h en y lcarb am o y l} e th y l)carb am ic  acid  

9H -fluo ren -9 -y lm ethy l ester (215) by genera! m ethod  1 in 21 .9%  yield.

IR  (K B r d isk) 1745.49 cm '' (P-Iactam  -C = 0 ) , 1693.65 c m '' ( -C = 0 )

'H  N M R  (400  M H z, C D C I3 ) 5 1.46 (d, 3H ), 3 .74 - 3 . 8 4  (m , 13H ), 4 .26  (d, IH , J= 2 H z), 4 .83 (d, IH , 

J= 2  H z), 6 .62  (s, 2H ), 6 .96  (d, 2H , J= 8 .52  H z), 7 .29 -  7 .36  (m , 5H ), 7.63 (d, 2H , J=  8.04 H z), 9 .57  (s, 

IH )

'^C N M R  (100  M H z, C D C I3 ) 5 21 .05 , 50 .66, 54 .92, 55 .57, 60 .52 , 63 .60 , 64 .20 , 94 .40 , 114.23, 119.53, 

126.85, 127.64, 128.78, 129.83, 133.26, 133.99, 137.04, 153.04, 159.48, 165.32 

H R M S: C 2 8 H 3 2 N 3 O 6  requ ires 506 .2291; found  506 .2291 ; e rro r 0 .0  ppm

2 -A m in o-N - {4 -|2 -(4 -m eth o x y p h en y l)-4 -o x o -l- (3 ,4 ,5 -tr iin eth oxyp h en y l)azetid in -3 -y llp h en y l}-3 -  

p h en y lp rop ion am id e (230) w as p repared  from  (l-{ 4 -[2 -(4 -m e th o x y p h en y l)-4 -o x o - l-  (3 ,4 ,5 - 

trim ethoxypheny l)aze tid in -3 -y l]pheny lcarbam oyI} -2 -pheny le thy l)carbam ic  acid  9H -fluo ren -9 -y lm ethy l 

e s te r (216) by general m ethod  1. T he a lternative p ro tec ting  g roup  (carboxy lbenzy l) p roved  easie r to 

rem ove and th is m ethod  w as no t pursued  fo r syn thesis  o f  230.

H R M S: C 3 4 H 3 6 N 3 O 6  requ ires 582 .2604; found 582 .2613; erro r +1.5  ppm  

P urity  (H PL C ): 79 .85%
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2-A in in o -N -{4 -|2 -(4 -m eth o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr iin e th o x y p h en y l)a ze tid in -3 -y l|p h en y l}-3 -  

m eth ylb u tyram id e (231 ) was prepared from (l-{4 -[2 -(4 -m eth o x y p h en y l)-4 -o x o -l- (3 ,4 ,5- 

trim ethoxyphenyl)azetidin-3-yl]phenylcarbam oyl}-2-m ethyIpropyl)carbam ic acid 9H -fluoren-9- 

ylm ethyl ester (217 ) by general method 1. The alternative protecting group (carboxylbenzyl) proved 

easier to rem ove and this method w as not pursued for synthesis o f  231.

2 ,6 -D iam in oh exan o ic  acid  {4 -|2 -(4 -m eth o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -3 -  

y l|p h en y l}a m id e  (232 ) was prepared from (5-(9H -fluoren-9-ylm ethoxycarbonylam ino)-5-{4-[2-(4- 

m ethoxyphenyl)-4-oxo-l-(3,4,5-trim ethoxyphenyl)azetidin-3-yl]phenylcarbam oyl}penty!)carbam ic  

acid 9H -fluoren-9-ylm ethyl ester (2 1 8 ) by general method 2. The product was separated from the 1- 

octanethiol byproducts by extracting with water, and w as isolated as a yellow  oil in 1 0 0 .0 % yield. 

lR (N aC I film )v„,„: 3399.61 cm'' (N H j), 1743.23 cm"' (p-lactam  -C = 0 ), 1669.75 cm ' ( -C = 0 )

'H N M R  (400  M Hz, M eO D ) 6  1.46 (m, 4H ), 1.76 (m, 2H ), 3 .18  (m, 2H ), 3 .79  (m, I2H ), 4 .42  -  4 .47  

(m, 2H ), 4 .94  -  4 .96  (m, IH ), 6 .59  (s, 2H ), 6.93 (d, IH, J= 8  Hz), 7 .24  (d, IH, J= 7 .52 Hz), 7 .59 -  7 .78  

(m ,4 H ), 8.14 (m ,2 H )

'^C N M R  (100  M Hz, M eO D ) 5 21 .64 , 21 .92 , 22 .10 , 30 .05 , 39 .55 , 55 .48 , 55 .65 , 60 .00 , 63 .34 , 63 .40 , 

95 .46 , 111.93, 118.47, 118.53, 120.71, 132.27, 134.99, 134.20, 140.83, 142.46, 142.23, 143.35, 152.06, 

165.87

HRMS; C31H29N 4 O6 requires 563.2870; found 563.2861; error-1 .5  ppm

C arb on ic  acid  2 -a m in o -2 -{4 -|2 -(4 -in e th o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -3 -  

y l|p h en y lca rb a m o y l}eth y l ester  benzyl ester  (299 ) was prepared from carbonic acid benzyl ester 2- 

(9H -flu oren-9-ylm ethoxycarbonylam ino)-2-{4-[2-(4-m ethoxyphenyl)-4-oxo-l- (3 ,4 ,5 -

trim ethoxyphenyl)azetidin-3-yl]phenylcarbam oyl}ethyl ester (219 ) by general method 2 as a yellow  gel 

in 57.7%  yield.

IR (NaCI film ) 1743.99cm '' (P-lactam -C = 0 ), 1690.97 cm'' ( -C = 0 )

'H N M R  (400  M Hz, CDCI3) 8 3.74 -  3 .84 (m, I4H ), 4 .02  -  4 .04  (m, IH ), 4 .26  -  4 .3 1 (m, IH ), 4 .58  -  

4.67 (m, 2H ), 4 .83 -  4 .9 1 (m, 1H), 6 .62  (s, 2H ), 6 .95 -  6 .98 (m, 2H ), 7.21 (d, 1H, J=8.56 Hz), 7 .29  -  

7.36 (m, I OH), 7 .62  (d, 0 .5H , J=8.52 Hz)

'^C N M R  (100  M Hz, CDCI3) 5 54 .92 , 55 .58, 58 .80 , 60 .51 , 63 .37 , 63 .56 , 64 .20 , 66 .92 , 72 .91, 72 .96 , 

73.14, 94 .41 , 94 .45 , 114.25, 114.30, 119.54, 123.93, 126.86, 126.92, 127.13, 127.23, 127.31, 127.36, 

127.40, 127.48, 127.63, 127.89, 127.91, 127.96, 128.01, 128.07, 128.17, 128.54, 128.79, 128.95, 

128.97, 133.11, 133.27, 134.00, 134.12, 134.25, 135.40, 137.42, 153.05, 153.08, 159.49, 159.58, 

164.87, 165.26, 173.03

HRMS: C3sH3gN3 0 7  requires 612.2710; found 612.2717; error +1 .2  ppm

2-A m in o -3 -b en zy lo x y -N -{2 -m eth o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -2 -  

y l|p h en y l}p ro p io n a m id e  (3 0 0 ) was prepared from (2 -b en zy loxy -l-{2 -m eth oxy -5 - [4 -oxo -3 -p h en y l-l-
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(3 ,4 ,5 -trim ethoxypheny l)aze tid in -2 -y l]pheny lcarbam oy l}e thy l)carbam ic  acid  9H -fluo ren-9 -y lm ethy l 

ester (211) and  w as ob ta ined  as a w hite pow der in 76 .7%  yield .

IR  (N aC l film ) v„,ax: 1749.85 cm  ' (P-lactam  -C = 0 ) , 1688.96 cm  ' ( -C = 0 )

'H  N M R  (400 M H z, C D C lj) 5 3 .74 -  3.91 (m , 14H), 4 .35 (s, IH ), 4 .54  -  4 .59  (m , 2H ), 4.91 (d, IH , 

J=1 .52  H z), 6.61 -  6 .70  (m , 2H ), 6 .92  -  6 .94  (m , IH ), 7 .12 -  7 .16  (m , 2H ), 7 .29  -  7 .39  (m , 1 IH ), 8.61 

- 8 .6 4  (m, IH ), 1 0 .1 0 -1 0 .1 1  (d, IH , J= 5 .52  Hz)

'^C N M R  (100  M H z, C D C I3 ) 5 30 .89 , 55 .87 , 55 .94 , 56 .10 , 60 .94 , 63 .47, 63 .84, 64 .12 , 64 .44 , 64.81, 

64 .87 , 70.09, 73.43, 95 .04, 110.67, 110.75, 111.05, 112.01, 113.15, 115.40, 117.78, 117.91, 118.23, 

120.84, 127.42, 127.45, 127.78, 127.91, 128.02, 128.37, 128.43, 128.48, 128.60, 128.98, 129.11, 

129.70, 129.87, 133.76, 134.53, 134.65, 137.60, 146.37, 146.84, 148.55, 153.51, 153.61, 165.72, 

173.01

H RM S: C 3 5 H 3 8 N 3 O 7  requ ires 612 .2632 ; found 612 .2719; e r r o r -2 .8  ppm

2 -A m in o -3 -(4 -b en zy lo x y p h en y l)-N -{2 -m eth o x y -5 -|4 -o x o -3 -p h en y l-l-(3 ,4 ,5 -  

tr im eth oxyp h en y l)azetid in -2 -y l|p h en y l}p rop ion am id e  (301 ) w as prepared  from  (2-(4- 

b en zy lo x y p h en y l)- l-{ 2 -m eth o x y -5 -[4 -o x o -3 -p h en y l- l- (3 ,4 ,5 -trim ethoxypheny l)aze tid in -2 -

y l]pheny lcarbam oyl}ethy i)carbam ic  acid  9H -fluo ren -9 -y lm ethy l este r (213) and w as ob ta ined  as a 

c lear oil in 4 2 .9%  yield.

lR (N a C l film )v „a ,: 1750.60 c m '' (P -lactam  -C = 0 ) , 1677.41 c m '' ( -C = 0 )

'H N M R (4 0 0  M H z, C D C l3 ) 6  2 .7 0 - 2 .7 6  (m , IH ), 3.31 - 3 .3 5  (m , 1H), 3 .77  -  3 .80  (m , I OH), 3 .92 (m, 

3H ), 4 .37 (d, IH , J=2 H z), 4 .95 (d, IH , J= 2 Hz), 5 .07 (s, 2H ), 6 . 6 8  (s, 2H ), 6 .9 2 - 6 .9 8  (m , 3H ), 7.13 -  

7 .2 0 (m ,3 H ) , 7 .3 3 - 7 .4 7  (m , lOH), 8.65 -  8 . 6 8  (m , 1 H ),9 .9 8  (d, IH , J=7 .52  H z)

'^C N M R  (100  M H z, C D C I3 ) 5 39 .47 , 39 .60, 55 .48 , 55 .65 , 57 .01 , 60 .52, 63 .38 , 64 .32 , 64 .39 , 69 .59 , 

85 .19, 85.76, 94 .45, 94 .47, 110.19, 110.29, 112.09, 114.70, 117.40, 117.78, 120.25, 127.00, 127.03, 

127.39, 127.50, 127.58, 128.18, 128.57, 129.36, 129.45, 129.85, 133.33, 134.27, 134.30, 136.46, 

148.10, 148.13, 151.76, 153.03, 157.39, 165.29, 165.34, 172.27 

H RM S: C 4 1 H 4 2 N 3 O 7 requ ires 688 .3023 ; found 688 .3038 ; e rro r +2.2  ppm
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6.19 Removal of the carboxybenzyl and benzyl protecting groups from amino 

acid- p-lactam conjugates

The carboxybenzyl or benzyl protected compound (2 mmol) was dissolved in ethanol; ethyl acetate (50 

mL; 1:1 mixture) and hydrogenated over 1.2g o f 10 % palladium on carbon until complete on TLC, 

typically less than 2 hours. The catalyst was filtered, the solvent was reduced in vacuo and the product 

was isolated by flash column chromatography over silica gel (dichlormethane: methanol gradient).

2-Amino-3-methylpentanoic acid {2-methoxy-5-|4-oxo-3-pheny 1-1-(3,4,5-

trimethoxyphenyl)azetidin-2-yl|phenyl}aiiiide (224) was prepared fi-om (l-{2-methoxy-5-[4-oxo-3- 

phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-yl]phenylcarbamoyl}-2-methylbutyl)carbamic acid 

benzyl ester (2 1 0 ) as a light brown o il in 1 0 0 .0 % yield.

IR (NaCl film ) 1748.33 cm ' (P-lactam -C=0), 1698.42 cm ' (C=0)

'H  NMR (400 MHz, CDCI3) 6  0.91 -0 .9 9  (m, 4H), 1.03 -  1.11 (m, 6 H), 1.22 -  1.38 (m, IH), 3 .7 4 -

3.90 (m, 14H), 4.33 -  4.36 (m, 1H), 4.91 (s, 1H), 6.65 (m, 2H), 6.92 -  7.10 (m, 2H), 7.13 -  7.41 (m, 

6 H)

‘^C NMR (100 MHz, CDCI3) 8  11.41, 11.55, 15.43, 15.61, 23.61, 26.31, 29.25, 33.82, 37.39, 

55.50, 55.60, 55.63, 55.65, 59.74, 60.49, 60.52, 62.73, 62.96, 63.07, 63.34, 64.11, 64.31, 64.55, 

76.80, 77.39, 85.86, 94.46, 110.29, 110.40, 112.87, 117.82, 118.28, 120.49, 124.36, 124.76, 

125.75, 126.98, 127.02,127.36, 127.41, 127.58, 128.55, 128.69, 129.10, 129.31, 129.38, 132.97,

133.26, 133.92, 133.98, 134.20, 134.25, 148.18, 153.01, 153.10, 153.15, 155.63, 165.37

HRMS: C31H38N 3O6 requires 548.2761; found 548.2767; error +1.2 ppm

2-Amino-3-hydroxy-N-{2-methoxy-5-|4-oxo-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2- 

yl|phenyl}propionamide (225) was prepared fi-om 2-amino-3-benzyloxy-N-{2-methoxy-5-[4-oxo-3- 

phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2-yl]phenyl}propionamide (300) as a pale yellow o il in 

73.8% yield.

IR (NaCl film ) 1749.40 cm ' (P-lactam -C=0), 1699.08 cm ' (C=0)

'H NM R (400 MHz, MeOD) S 3.33 -  3.34 (m, 2H), 3.68 -  3.95 (m, 16H), 4.39 (m, IH ), 4.57 -  4.64 

(m, 2H), 6 . 6 6  -  6.70 (m, 2H), 7.15 -  7.43 (m, 12H), 7 .54 -7 .56  (m, 1H)

'^C NM R  (100 MHz, MeOD) 5 55.12, 58.84, 59.05, 59.80, 62.91, 63.75, 64.35, 67.49, 72.92, 73.05, 

95.13, 95.25, 95.33, 110.79, 112.89, 124.32, 127.25, 127.28, 127.41, 127.48, 127.63, 127.70, 128.04, 

128.12, 128.73, 128.77, 133.14, 134.60, 153.48, 153.56, 166.50, 173.64 

HRMS: C28H32N 3O7 requires 522.2240; found 522.2239; e rror-0.2 ppm 

Purity (HPLC): 82.70%

2-Amino-3-(4-hydroxyphenyl)-N-{2-inethoxy-5-|4-oxo-3-phenyI-l-(3,4,5-

trimethoxyphenyl)azetidiii-2-yl|pheny!}propiona[nide (227) was prepared from 2-amino-3-(4- 

benzyloxyphenyl)-N-{2-methoxy-5-[4-oxo-3-phenyl-l-(3,4,5-trimethoxyphenyl)azetidin-2- 

yl]phenyl}propionamide (301) as a flaky brown gel in 100.0% yield.

IR (NaCl film ) v ^ , :  1748.79 cm'' (P-lactam -C=0), 3308.62 cm ' (broad, -OH)
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'H N M R (6 0 0  M H z, C D C I3 ) 5 2 .04 (m , IH ), 2 .3 6 (s ,  IH ), 3 .74  -  3 .80  (m , 1 3 H ),4 .3 6  (m , IH ), 4.91 (m ,

1H), 6 .50 -  6 . 6 6  (m , 2H ), 6.75 (m , IH ), 6 .75 -  7.03 (m , 4H ), 7 . 1 6 -  7 .44  (m , 7H )

H RM S; C 3 4 H 3 6 N 3 O 7  requ ires 598 .2553; found 598 .2546; e rro r -1.2 ppm

2 -A m in o -N -{4 -|2 -(4 -in e th o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -3 -y l|p h en y l}-3 -  

phen ylp rop ion am id e (230) w as prepared  from  ( l-{ 4 -[2 -(4 -m e th o x y p h e n y l)-4 -o x o - l-  (3 ,4 ,5- 

trim ethoxypheny l)aze tid in -3 -y l]pheny lcarbam oy l} -2 -pheny le thy l)carbam ic  acid  benzyl este r (216) as a 

yellow  oil in 51 .2%  yield.

IR (N aCI film ) v^^x: 1742.06 cm  ' (P-lactam  -C = 0 ) , 1684.21 cm ’' ( -C = 0 )

'H  N M R  (400  M H z, C D C I3 ) 5 2 .82 -  2 .88  (m , IH ), 3.35 -  3 .39  (m , IH ), 3 .79  -  3 .85 (m , 19H), 4 .26  (s,

IH ), 4 .84  (d, IH , J=  2 .52 Hz), 6 .62 (s, 2H ), 6 .97 (d, 3H , J= 8 .52  H z), 7.25 -  7 .39  (m , 14H ), 7.61 (d, 

1.5H, J= 8 .52  Hz), 9 .52  (s, IH )

'^C N M R  (100 M H z, C D C I3 ) 8  40 .00  (C H j), 54 .37, 55 .57, 56 .20 , 58 .81, 60 .52, 63 .36 , 63 .55 , 64 .18 , 

94 .40, 114.25, 119.71, 124.08, 126.60, 126.87, 127.65, 127.83, 128.12, 128.18, 128.24, 128.30, 128.41, 

128.75, 128.88, 128.99, 129.32, 129.98, 133.24, 133.99, 136.19, 136.87, 153.05, 159.49, 159.58, 

164.71, 165.32, 171.70, 174.03

HRM S: C 3 4 H 3 6 N 3 O 6  requ ires 582 .2604; found 582 .2613; e rro r +1.5  ppm

2 -A m in o -N -{4 -|2 -(4 -m eth o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)a ze tid in -3 -y l|p h en y l}-3 -  

m eth y lb u tyram id e (231) w as prepared  from  (l-{ 4 -[2 -(4 -m e th o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 - 

trim ethoxypheny l)aze tid in -3 -y l]pheny lcarbam oy l} -2 -m ethy lp ropy l)carbam ic  acid  benzyl este r (217 ) as 

a yellow  oil in 97 .3%  yield.

IR (K B r d isk) v ^x : 1745.69 cm ' (P -lactam  -C = 0 ) , 1686.24 cm  ' ( -C = 0 )

'H  N M R  (400  M H z, CDCI3) 5 0 .88 (d, 3H , J= 7 .04  Hz, -C H 3 ), 1.05 (d, 3H , J= 7 .04  Hz, -C H 3 ), 2.43 -  

2 .48  (m , IH , -C H ), 3.41 (d, IH , J=3 Hz, -C H ), 3 .73 (s, 6 H, 2 XOCH 3 ), 3 .78 (s, 3H , OCH3), 3.84 (s, 3H , 

OCH3), 4 .26  (d, IH , J= 2 .48  Hz), 4 .83 (d, IH , J= 2 .04  H z), 6.61 (s, 2H , A rH ), 6.95 (d, 2H , J= 8 .52  Hz, 

A rH ), 7 .2 8 - 7 .3 5  (m , 5H , A rH ), 7.63 (d, 2H , J= 8 .56  H z, A rH ), 9.61 (s, IH , -N H )

'^C N M R  (100  M H z, CDCI3) 6 13.76, 15.55, 19.31, 20 .63 , 30 .28 , 54 .91 , 55.56, 59 .89, 59 .97 , 60 .51, 

63 .60 , 64 .22, 94 .38 , 96 .98 , 113.28, 114.23, 119.57, 126.85, 127.63, 128.24, 128.77, 129.53, 129.79, 

133.26, 133.96, 137.01, 152.66, 153.04, 159.48, 165.32, 170.76, 172.15 

H RM S: C 3 0 H 3 6 N 3 O 6  requ ires 534 .2604 ; found 534 .2593; e r r o r -2 .1  ppm

2 -A m in o-3 -h y d ro x y -N -{4 -|2 -(4 -m eth o x y p h en y l)-4 -o x o -l-(3 ,4 ,5 -tr im eth o x y p h en y l)a zetid in -3 -  

y l|p h en y l}p ro p io n a n iid e  (233) w as p repared  from  carbon ic  acid  2 -am ino -2 -{4 -[2 -(4 -m ethoxypheny l)- 

4 -o x o - l-  (3 ,4 ,5 -trim ethoxypheny l)aze tid in -3 -y l]pheny lcarbam oy l}e thy l ester benzyl ester (299) as a 

pale yellow  oil in 1 0 0 .0 %  yield.

IR (N aC l film ) v^ax: 1742.06 cm '' (P-lactam  -C = 0 )

'H  N M R  (400  M H z, M eO D ) 5 3 .74 -  3 .84  (m , 12H), 4 . 0 2 - 4 .0 4  (m , IH ), 4 .2 6 - 4 .3 1  (m , IH ), 4 . 5 8 -  

4 .67  (m , 2H ), 4 .83 -  4.91 (m , 1H ), 6 .64  (s, 2H ), 6.95 -  6 .98 (m , 4H ), 7 .2 1 (d, 2H , J= 8 .56  H z), 7 .60 (d, 

2H , J=8 .52  Hz)
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'^C NMR (100 MHz, MeOD) 6 54.92, 55.58, 58.80 (CH), 60.51, 63.37 (CH), 63.56 (CH), 64.20 (CH), 

72.97 (CHj), 94.41, 94.45, 114.25, 114.30, 119.54, 123.93, 133.11, 133.27, 133.52, 134.22, 134.25, 

135.40, 137.42, 153.05, 153.08, 159.49, 159.58, 164.87 (C =0), 165.26 (C =0), 174.03 (C =0)

HRMS: C 2 3 H3 2 N 3 O 7 ; found 522.2264; calculated mass (+H ) 522.2240; error 4.5 ppm
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Appendix 1: X-ray crystallography data

The data for all crystals were collected on a Rigaku Saturn 724 CCD Diffractometer. A suitable crystal 

was selected and mounted on a glass fiber tip and placed on the goniometer head in a 123K N2 gas 

stream. The data set was collected using Crystalclear-SM 1.4.0 software and 1680 diffraction images, 

of 0.5° per image, were recorded. Data integration, reduction and correction for absorption and 

polarization effects were all performed using Crystalclear-SM 1.4.0 software. Space group 

determination, structure solution and refinement were obtained using Crystalstructure ver. 3.8 and 

Bruker Shelxtl Ver. 6.14 software*.

*Software Reference Manual, version 5.625; Bruker Analytical X-Ray Systems Inc.: Madison, WI, 

2001. Sheldrick, G. M. SHELXTL, An Integrated System for Data Collection, Processing, Structure 

Solution and Refinement; Bruker Analytical X-Ray Systems Inc.: Madison, WI, 2001.

P-Lartam  171

C rystal Data for 171: C2 5 H2 5 NO 5 , MW 419.46, Orthorhombic, Space group Pbca; a = 18.876(9), b = 

9.608(5), c = 23.662(I2)A°, a, p, y = 90°; U = 4291 (4) A°; Z = 8 ; Dc = 1.298 Mg m-3; w = 0.090 mm- 

I; Range for data collection = 1.12-25.00; Reflections collected 17904, Unique Reflections 3777 

[/?int=0.1746]; Data/restraints/parameters 3777/0/284; Goodness-of-fit on F2 1.357; R indices (all 

data) = R \ =  0.1908, w/?2 = 0.2609; Final R indices [/ > 2i(/)] = R\  = 0.2366, w/?2 = 0.2809. CCDC 

deposition no. 775568

Figure 7 .1. Ortep representation o f the X-ray crystal structure of 171 with 50% thermal ellipsoids 

Table 7 .1. Crystal data and structure refinement for 171

113

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system

shel.xl

C25 H25 N 05

419.46 

150(2) K 

0.71070 A 

Orthorhombic
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Space group 

Unit cell dimensions

Volume

Z

Density (calculated) 

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

Pbca

a =18.876(9) A a= 9 0 ° .

b = 9.608(5) A P= 90°.

c = 23.662(12) A y = 90°.

4291(4) A3 

8

1.298 Mg/m^

0.090 mm-*

1776

0.20 X 0.20 X 0.06 mm^

2.53 to 25.00°.

-22<=h<=22, -1 K =k<=l 1, -28<=1<=28 

17904

3777 [R(int) = 0.1746]

99.8 %

Semi-empirical from equivalents

1.000 and 0.5964

Full-matrix least-squares on F^

3 7 7 7 /0 /2 8 4

1.354

R1 =0.1908, wR2 = 0.2609 

R1 =0.2366, wR2 = 0.2809 

0.303 and -0.311 e.A’^

Table 7.2. Atomic coordinates (x 10^) and equivalent isotropic displacement parameters (A^x 10^) 

for 171. U(eq) is defined as one third o f the trace o f the orthogonalized U'J tensor

X y z  U(eq)

0(1) -384(3) 5293(6) 4354(2) 34(2)

0(2) -1673(3) 4141(6) 4412(2) 35(2)

0 (3 ) -2277(3) 2945(6) 3508(3) 37(2)

0 (4 ) -822(3) 2891(6) 1682(2) 33(2)

0(5 ) 2301(3) 1675(6) 3956(3) 36(2)

N (l) -172(3) 3980(7) 2406(3) 24(2)

C (l) -284(4) 3365(8) 1883(3) 23(2)

C(2) 493(4) 3579(9) 1710(3) 24(2)

C(3) 603(4) 4263(8) 2300(4) 26(2)
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C(4) 631(4) 4344(9) 1156(4) 23(2)

C(5) 937(4) 3632(10) 721(4) 34(2)

C(6) 1041(4) 4275(11) 200(4) 41(3)

C(7) 830(5) 5638(11) 129(4) 43(3)

C(8) 530(5) 6346(10) 570(4) 45(3)

C(9) 420(5) 5713(10) 1086(4) 36(2)

C(10) 1087(4) 3592(8) 2722(4) 25(2)

C( l l ) 1590(4) 4357(9) 3001(4) 28(2)

C(12) 2022(4) 3762(8) 3413(4) 30(2)

C(13) 1929(4) 2378(10) 3545(4) 29(2)

C(14) 1432(4) 1585(9) 3257(4) 31(2)

C(15) 1016(4) 2173(8) 2852(4) 26(2)

C(16) 2839(4) 2429(10) 4252(4) 41(3)

C(17) -275(4) 4697(9) 3363(4) 27(2)

C(18) -576(4) 4050(8) 2902(3) 21(2)

C(19) -1249(4) 3464(8) 2917(3) 22(2)

C(20) -1613(4) 3509(9) 3433(4) 26(2)

C(2I) -1334(4) 4150(9) 3905(4) 28(2)

C(22) -655(5) 4739(9) 3862(4) 33(2)

C(23) 351(5) 5665(10) 4357(4) 40(2)

C(24) -2208(5) 5165(10) 4460(5) 56(3)

C(25) -2502(4) 1976(10) 3077(4) 37(2)
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Table 7.3. Bond lengths [A] and angles [°] for 171

0(1)-C(22)

0(1)-C(23)

0(2)-C(21)

0(2)-C(24)

0(3)-C(20)

0(3)-C(25)

0(4)-C (l)

0{5)-C(13)

0(5)-C(16)

N (l)-C (l)

N (l)-C(18)

N(l)-C(3)

C(l)-C(2)

C(2)-C(4)

C(2)-C(3)

C(2)-H(47)

C(3)-C(10)

C(3)-H(46)

C(4)-C(5)

C(4)-C(9)

C(5)-C(6)

C(5)-H(41)

C(6)-C(7)

C(6)-H(40)

C(7)-C(8)

C(7)-H(39)

C(8)-C(9)

C(8)-H(38)

C(9)-H(42)

C (10)-C (ll)

C(10)-C(15)

C (ll)-C (12)

C (ll)-H (36)

C(12)-C(13)

C(12)-H(35)

C(13)-C(14)

1.379(10)

1.432(9)

1.360(9)

1.414(10)

1.377(9)

1.446(10)

1.210(9)

1.376(10)

1.432(9)

1.388(10)

1.403(10)

1.509(9)

1.537(10)

1.526(11)

1.556(11)

0.9800

1.500(11)

0.9800

1.364(11)

1.384(11)

1.392(12)

0.9300

1.378(13)

0.9300

1.369(13)

0.9300

1.380(13)

0.9300

0.9300

1.370(11)

1.404(11)

1.394(11)

0.9300

1.377(12)

0.9300

1.387(1 1)
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C(14

C(I4

C(15

C(16

C(16

C(16

C(17

C(17

C(17

C(18

C(19

C(19

C(20

C(21

C(23

C(23

C(23

C(24

C(24

C(24

C(25

C(25

C(25

-C(15) 1.363(11)

H(33) 0.9300

-H(34) 0.9300

-H(7) 0.9600

-H(14) 0.9600

H(15) 0.9600

■C(18) 1.379(11)

•C(22) 1.381(12)

■H(44) 0.9300

■C(19) 1.389(10)

-C(20) 1.401(11)

-H(43) 0.9300

-C(21) 1.379(12)

-C(22) 1.405(12)

-H (ll)  0.9600

-H(12) 0.9600

-H(13) 0.9600

H(8) 0.9600

-H(9) 0.9600

-H(IO) 0.9600

-H (l) 0.9600

-H(2) 0.9600

H(3) 0.9600

-0(1)-C(23) 117.4(7)

-0(2)-C(24) 113.8(7)

-0(3)-C(25) 115.4(6)

-0(5)-C(16) 117.3(7)

C(22 

C(21 

C(20 

C(13

C (l)-N (l)-C (18) 133.2(7)

C(l)-N (l)-C (3) 94.4(6)

C(18)-N(l)-C(3) 131.1(7)

0 (4 )-C (l)-N (l) 129.7(7)

0(4)-C (l)-C (2) 138.4(8)

N (l)-C (l)-C (2) 91.9(6)

C(4)-C(2)-C(l) 117.1(6)

C(4)-C(2)-C(3) 122.9(7)

C(l)-C(2)-C(3) 86.9(6)

C(4)-C(2)-H(47) 109.3
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C(l)-C(2)-H(47) 109.3

C(3)-C(2)-H(47) 109.3

C(10)-C(3)-N(l) 113.8(7)

C(10)-C(3)-C(2) 119.8(7)

N(l)-C(3)-C(2) 86.8(5)

C(10)-C(3)-H(46) 111.4

N(l)-C(3)-H(46) 111.4

C(2)-C(3)-H(46) 111.4

C(5)-C(4)-C(9) 120.5(8)

C(5)-C(4)-C(2) 118.6(8)

C(9)-C(4)-C(2) 120.8(8)

C(4)-C(5)-C(6) 120.3(9)

C(4)-C(5)-H(41) 119.8

C(6)-C(5)-H(41) 119.8

C(7)-C(6)-C(5) 119.3(9)

C(7)-C(6)-H(40) 120.4

C(5)-C(6)-H(40) 120.4

C(8)-C(7)-C(6) 119.9(9)

C(8)-C(7)-H(39) 120.1

C(6)-C(7)-H(39) 120.1

C(7)-C(8)-C(9) 121.2(10)

C(7)-C(8)-H(38) 119.4

C(9)-C(8)-H(38) 119.4

C(8)-C(9)-C(4) 118.8(9)

C(8)-C(9)-H(42) 120.6

C(4)-C(9)-H(42) 120.6

C(ll)-C(10)-C(15) 118.8(8)

C(ll)-C(10)-C(3) 120.9(7)

C(15)-C(10)-C(3) 120.3(7)

C(10)-C(ll)-C(12) 121.5(8)

C(10)-C(ll)-H(36) 119.2

C(12)-C(ll)-H(36) 119.2

C(13)-C(12)-C(ll) 118.7(8)

C(13)-C(12)-H(35) 120.7

C(ll)-C(12)-H(35) 120.7

0(5)-C(13)-C(12) 124.7(8)

0(5)-C(13)-C(14) 114.9(8)

C(12)-C(13)-C(14) 120.4(8)
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C(15)-C(14)-C(13) 120.5(8)

C(15)-C(14)-H(33) 119.8

C(13)-C(14)-H(33) 119.8

C(14)-C(15)-C(10) 120.1(8)

C(14)-C(15)-H(34) 119.9

C(10)-C(15)-H(34) 119.9

0(5)-C (16)-H (7) 109.5

0(5)-C (16)-H (14) 109.5

H(7)-C(16)-H(14) 109.5

0(5)-C (16)-H (15) 109.5

H(7)-C(16)-H(15) 109.5

H(14)-C(16)-H(15) 109.5

C(18)-C(17)-C(22) 118.4(8)

C(18)-C(17)-H(44) 120.8

C(22)-C(17)-H(44) 120.8

C(17)-C(18)-C(19) 122.6(8)

C (17)-C (18)-N (l) 117.4(7)

C (19)-C (18)-N (l) 120.0(7)

C(18)-C(19)-C(20) 117.3(7)

C(18)-C(19)-H(43) 121.4

C(20)-C(19)-H(43) 121.4

0(3)-C (20)-C (21) 114.7(7)

0(3)-C (20)-C (19) 123.2(7)

C(21)-C(20)-C(19) 122.1(7)

0(2)-C (21)-C (20) 122.1(7)

0(2)-C (21)-C (22) 119.7(8)

C(20)-C(21)-C(22) 118.0(8)

0(1)-C (22)-C (17) 122.7(8)

0(1)-C (22)-C (21) 115.7(8)

C(17)-C(22)-C(21) 121.5(8)

0(1)-C (23)-H (11) 109.5

0(1)-C (23)-H (12) 109.5

H (ll)-C (23)-H (12) 109.5

0(1)-C (23)-H (13) 109.5

H (ll)-C (23)-H (13) 109.5

H(12)-C(23)-H(13) 109.5

0(2)-C (24)-H (8) 109.5

0(2)-C (24)-H (9) 109.5
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H(8)-C(24)-H(9) 109.5

0(2)-C(24)-H (l0) 109.5

H(8)-C(24)-H(10) 109.5

H(9)-C(24)-H(10) 109.5

0(3)-C(25)-H (l) 109.5

0(3)-C(25)-H(2) 109.5

H(l)-C(25)-H(2) 109.5

0(3)-C(25)-H(3) 109.5

H(l)-C(25)-H(3) 109.5

H(2)-C(25)-H(3) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 7.4. Anisotropic displacement parameters (A^x 10^) for 171. The anisotropic displacement 

factor exponent takes the form: -2n^[ a*^U*  ̂ + ... + 2 h k a* b* ]

u i i U22 U33 U23 U>3 U l2

0(1 ) 35(3) 41(4) 24(3) -1(3) 0(3) -6(3)

0(2) 42(3) 40(4) 22(3) 4(3) 13(3) 13(3)

0 (3 ) 25(3) 44(4) 41(4) 4(3) 5(3) 2(3)

0 (4 ) 23(3) 49(4) 29(4) -4(3) -4(3) -1(3)

0 (5 ) 37(3) 34(4) 37(4) 0(3) -8(3) 1(3)

N (l) 19(3) 24(4) 28(4) -5(3) -2(3) -1(3)

C (l) 33(5) 15(4) 22(5) 13(4) 4(4) 14(4)

C(2) 21(4) 24(5) 27(5) -6(4) 0(4) 0(4)

C(3) 29(4) 16(4) 33(5) -9(4) 0(4) -4(4)

C(4) 10(4) 32(5) 27(5) 5(4) -12(3) -8(4)

C(5) 36(5) 42(6) 24(5) -2(5) 6(4) 8(5)

C(6) 21(5) 64(7) 38(6) -14(6) 7(4) 3(5)

C(7) 44(6) 60(7) 26(5) 0(5) 4(5) -16(5)

C(8) 57(6) 34(6) 45(7) 10(5) -9(5) -12(5)

C(9) 49(6) 32(5) 27(5) -10(5) -5(5) -10(5)

C(10) 23(4) 21(4) 33(5) -4(4) 0(4) 8(4)

C( l l ) 25(4) 25(5) 35(5) 6(4) 3(4) 1(4)

C(12) 27(4) 19(5) 43(6) -5(4) -1(4) -17(4)

C(13) 20(4) 45(6) 22(5) -7(5) 0(4) 10(4)

C(14) 29(4) 21(4) 42(6) -5(4) 1(4) 1(4)
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C(15) 22(4) 23(5) 33(5) -4(4) -6(4) -1(4)

C(16) 22(4) 56(7) 45(6) -5(5) -16(4) 1(5)

C(17) 21(4) 27(5) 32(5) -3(4) -2(4) 5(4)

C(18) 25(4) 12(4) 26(5) -2(4) 6(4) 1(4)

C(19) 17(4) 29(5) 21(4) 3(4) -7(3) 4(4)

C(20) 22(4) 25(5) 31(5) 1(4) 2(4) 6(4)

C(21) 32(5) 22(5) 31(5) 5(4) 9(4) 9(4)

C(22) 52(6) 21(5) 25(5) 0(4) -6(5) 4(4)

C(23) 52(6) 50(6) 17(5) -1(5) -10(4) -16(5)

C(24) 58(7) 47(7) 62(8) -3(6) 36(6) -1(6)

C(25) 26(4) 52(7) 33(5) -5(5) 5(4) -13(4)

Table 7.5. Hydrogen coordinates (x 10^) and isotropic displacement parameters (A^x 10 for 171

X y z U(eq)

H(47) 734 2676 1702 29

H(46) 697 5263 2266 31

H(41) 1076 2712 772 40

H(40) 1250 3792 -96 49

H(39) 891 6075 -218 52

H(38) 399 7271 522 55

H(42) 208 6197 1381 43

H(36) 1643 5295 2914 34

H(35) 2366 4289 3595 35

H(33) 1382 645 3342 37

H(34) 685 1634 2661 31

H(7) 2635 3242 4424 61

H(14) 3203 2706 3992 61

H(15) 3040 1847 4540 61

H(44) 173 5096 3339 32

H(43) -1450 3060 2598 27

H( l l ) 414 6533 4162 59

H(12) 621 4953 4172 59

H(13) 511 5761 4741 59

H(8) -2552 5034 4167 83
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H(9) -2000 6073 4425

H(10) -2434 5084 4822

H (l) -2144 1278 3025

H(2) -2575 2466 2728

H(3) -2937 1541 3191

Table 7.6. Torsion angles [°] for 171

C(18)-N (l)-C (l)-0(4) 13.1(15)

C (3)-N (l)-C (l)-0(4) -179.2(8)

C(18)-N(l)-C(l)-C(2) -167.7(8)

C(3)-N(l)-C(l)-C(2) 0.0(6)

0(4)-C(l)-C(2)-C(4) 53.3(14)

N (l)-C(l)-C(2)-C(4) -125.7(7)

0(4)-C(l)-C(2)-C(3) 179.1(10)

N (l)-C(l)-C(2)-C(3) 0.0(6)

C(l)-N(l)-C(3)-C(10) -121.2(7)

C(18)-N(l)-C(3)-C(10) 46.8(11)

C(l)-N(l)-C(3)-C(2) 0.0(6)

C(18)-N(l)-C(3)-C(2) 168.1(8)

C(4)-C(2)-C(3)-C(10) -123.8(8)

C(l)-C(2)-C(3)-C(10) 115.6(7)

C(4)-C(2)-C(3)-N(l) 120.6(7)

C(l)-C(2)-C(3)-N(l) 0.0(6)

C(l)-C(2)-C(4)-C(5) -114.0(8)

C(3)-C(2)-C(4)-C(5) 141.0(8)

C(l)-C(2)-C(4)-C(9) 62.8(10)

C(3)-C(2)-C(4)-C(9) -42.2(10)

C(9)-C(4)-C(5)-C(6) 0.1(12)

C(2)-C(4)-C(5)-C(6) 177.0(7)

C(4)-C(5)-C(6)-C(7) -0.2(13)

C(5)-C(6)-C(7)-C(8) 0.9(14)

C(6)-C(7)-C(8)-C(9) -1.4(14)

C(7)-C(8)-C(9)-C(4) 1.3(14)

C(5)-C(4)-C(9)-C(8) -0.7(12)

C(2)-C(4)-C(9)-C(8) -177.4(7)

N (l)-C (3)-C (10)-C (ll) -127.7(8)
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C(2)-C(3)-C(10)-C(ll) 131.8(8)

N(1)-C(3)-C(10)-C(I5) 50.1(10)

C(2)-C(3)-C(10)-C(15) -50.4(11)

C(15)-C(10)-C(11)-C(I2) -0.8(12)

C(3)-C(10)-C(ll)-C(12) 177.1(8)

C(10)-C(11)-C(12)-C(I3) -1.0(13)

C(16)-0(5)-C(l3)-C(12) -2.4(12)

C(16)-0(5)-C(13)-C(l4) 177.8(7)

C (ll)-C(12)-C(13)-0(5) -177.5(8)

C(ll)-C(12)-C(13)-C(14) 2.3(13)

0(5)-C(13)-C(14)-C(15) 178.1(7)

C(12)-C(13)-C(14)-C(15) -1.7(13)

C(13)-C(14)-C(15)-C(10) -0.1(13)

C(ll)-C(10)-C(15)-C(14) 1.4(12)

C(3)-C(10)-C(15)-C(14) -176.5(8)

C(22)-C(17)-C(I8)-C(I9) 1.3(12)

C(22)-C(I7)-C(I8)-N(1) -178.0(7)

C(I)-N(1)-C(I8)-C(I7) 176.3(8)

C(3)-N(I)-C(I8)-C(17) 12.7(12)

C(l)-N(l)-C(18)-C(19) -3.0(13)

C(3)-N(l)-C(18)-C(19) -166.6(8)

C(17)-C(18)-C(19)-C(20) -2.2(12)

N(l)-C(18)-C(19)-C(20) 177.1(7)

C(25)-0(3)-C(20)-C(21) -164.8(7)

C(25)-0(3)-C(20)-C(19) 16.3(11)

C(18)-C(19)-C(20)-0(3) -178.8(7)

C(18)-C(19)-C(20)-C(21) 2.4(12)

C(24)-0(2)-C(21)-C(20) -81.8(10)

C(24)-0(2)-C(21)-C(22) 102.9(9)

0(3)-C(20)-C(21)-0(2) 4.0(11)

C(19)-C(20)-C(21)-0(2) -177.1(7)

0(3)-C(20)-C(21)-C(22) 179.4(7)

C(19)-C(20)-C(2I)-C(22) -1.7(12)

C(23)-0(l)-C(22)-C(17) -8.3(12)

C(23)-0(l)-C(22)-C(21) 168.6(7)

C(18)-C(17)-C(22)-0(l) 176.3(7)

C(18)-C(17)-C(22)-C(21) -0.5(13)

0(2)-C(21)-C(22)-0(l) -0.8(11)
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C(20)-C(21)-C(22)-0(l)

0(2)-C(21)-C(22)-C(17)

C(20)-C(21)-C(22)-C(17)

-176.3(7)

176.2(7)

0.7(13)

Symmetry transformations used to generate equivalent atoms:

Table 7.7. Hydrogen bonds for 171 [A and °]

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
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p-Lactam 138

Crystal Data for 138: C 124H 116N4 O20, Formula MW 1982.21 (4 molecules); Monoclinic, Space group 

P21/c; a =  10.349(3), 9.828(3), c = 26.547(8)A°, a  = y = 90°, p =  110.277(10)°; ^ /=  2532.8(13) A°

Z = 1; Z)c = 1.300 Mg m-3; m = 0.088 mm-1; Range for data collection = 1.12-25.00; Reflections 

collected 30080, Unique Reflections 4457 [/?int= 0.0652]; Data/restraints/parameters 4457/0/338; 

Goodness-of-fit on F2 1222; R indices (all data) = /?1 = 0.0789, w/?2 = 0.1389; Final R indices [/ > 

25(/)] = R \ =  0.0835, w/?2 = 0.1410.CCDC deposition no. 778107.

H8 H22

H28

H29
C24, 01.C17

C15
H27, H19

C 25' H20H12C23l
iC30 C9

C20/ 'C16C12C2:
C13' 0 2>C5

H26' C21 'C2ff
C4

:26H25 C6'C 2 7 ’ 'CIO

0 5
H 2 <

C1
O i l IC2

H10 H17

0 4H13

H14

Figure 7.2. Ortep representation of the X-ray crystal structure o f 138 with 50% thermal ellipsoids 

Table 7.8. Crystal data and structure refinement for 138

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

shelxl

C 124H 116N 4 020

1982.21

153(2) K

0.71070 A
Monoclinic

P21 /C

a = 10.349(3) A 
b = 9.828(3) A 
c = 26.547(8) A 
2532.8(13) A3 

1

a=  90°.

P= 110.277(10)° 

Y = 90°.
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Density (calculated) 

Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

1.300 Mg/m3 

0.088 m m 'l 

1048

0.20 X 0.20 X 0.20 mm^

2.86 to 25.00°.

-12<=h<= 12,-11 <=k<= 11, -3 K = l< = 31 

30080

4457 [R(int) = 0.0652]

99.8 %

Semi-empirical fi-om equivalents 

1.0000 and 0.8559 

Full-matrix least-squares on F^ 

4 4 5 7 /0 /3 3 8  

1.222

Rl =0.0789, wR2 = 0.1389 

R1 = 0.0835, wR2 = 0.1410 

0.232 and -0.231 e.A'^

Table 7.9. Atomic coordinates (x lO'^) and equivalent isotropic displacement parameters (A^x 10^) 

for 138. U(eq) is defined as one third o f  the trace o f  the orthogonalized U’J tensor

X y z U(eq)

0(1) 8327(2) 5864(2) 3234(1) 28(1)

0 (2) 629(2) 5588(2) 2278(1) 28(1)

0(4) -239(2) 7474(2) 580(1) 25(1)

0(5) -677(2) 7381(2) 1517(1) 26(1)

0(11) 3035(2) 3935(2) 278(1) 28(1)

N (l) 3209(2) 3909(3) 1188(1) 20(1)

C (l) 1506(3) 5690(3) 862(1) 19(1)

C(2) 525(3) 6542(3) 945(1) 20(1)

C(3) 251(3) 6490(3) 1427(1) 21(1)

C(4) 978(3) 5578(3) 1826(1) 21(1)

C(5) 1980(3) 4731(3) 1752(1) 21(1)

C(6) 2223(3) 4794(3) 1270(1) 20(1)

C(7) -29(3) 7556(3) 76(1) 28(1)

C(8) -2096(3) 7020(4) 1244(1) 36(1)

C(9) 1100(4) 4472(3) 2644(1) 31(1)
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C(10) 3518(3) 3564(3) 742(1) 21(1)

C ( ll) 4642(3) 2546(3) 1058(1) 19(1)

C(12) 4265(3) 3024(3) 1566(1) 19(1)

C(13) 5724(3) 5098(3) 1947(1) 23(1)

C(14) 5327(3) 3768(3) 2013(1) 18(1)

C(15) 5998(3) 3126(3) 2498(1) 22(1)

C(16) 6733(3) 5756(3) 2359(1) 25(1)

C(17) 7382(3) 5099(3) 2847(1) 21(1)

C(18) 7030(3) 3766(3) 2914(1) 22(1)

C(19) 9009(3) 5212(4) 3744(1) 29(1)

C(20) 4302(3) 1068(3) 894(1) 20(1)

C(21) 3733(3) 729(3) 346(1) 27(1)

C(22) 3535(4) -625(4) 193(1) 34(1)

C(23) 3902(3) -1655(3) 572(2) 34(1)

C(24) 4450(3) -1329(3) 1111(1) 31(1)

C(25) 4650(3) 27(3) 1271(1) 26(1)

C(26) 6306(3) 3614(3) 658(1) 23(1)

C(27) 7635(3) 3797(3) 653(1) 25(1)

C(28) 8755(3) 3243(3) 1051(1) 27(1)

C(29) 8548(3) 2495(3) 1461(1) 26(1)

C(30) 7232(3) 2308(3) 1468(1) 23(1)

C(31) 6091(3) 2862(3) 1068(1) 20(1)

Table 7.10. Bond lengths [A] and angles [°] for 138

0(1)-C(17) 1.372(4)

0(1)-C(19) 1.443(4)

0(2)-C(4) 1.368(3)

0(2)-C(9) 1.434(4)

0(4)-C(2) 1.369(3)

0(4)-C(7) 1.431(3)

0(5)-C(3) 1.380(3)

0(5)-C(8) 1.438(4)

0(11)-C(10) 1.213(3)

N (l)-C(10) 1.371(4)

N(l)-C(6) 1.415(4)

N (l)-C(12) 1.484(4)

Appendix I: X-ray crystallography data 379



C(l)-C(2) 1.391(4)

C(l)-C(6) 1.394(4)

Cd)-H (lO ) 0.9500

C(2)-C(3) 1.403(4)

C(3)-C(4) 1.394(4)

C(4)-C(5) 1.396(4)

C(5)-C(6) 1.387(4)

C (5)-H (ll) 0.9500

C(7)-H(13) 0.9800

C(7)-H(14) 0.9800

C(7)-H(15) 0.9800

C(8)-H(16) 0.9800

C(8)-H(17) 0.9800

C(8)-H(18) 0.9800

C(9)-H(19) 0.9800

C(9)-H(20) 0.9800

C(9)-H(21) 0.9800

C(I0)-C(1I) 1.544(4)

C(II)-C(20) 1.523(4)

C(11)-C(3I) 1.522(4)

C(1I)-C(12) 1.598(4)

C(12)-C(14) 1.498(4)

C(12)-H(12) 1.0000

C(13)-C(16) 1.383(4)

C(13)-C(14) 1.399(4)

C(13)-H(7) 0.9500

C(14)-C(15) 1.385(4)

C(15)-C(I8) 1.392(4)

C(15)-H(9) 0.9500

C(16)-C(17) 1.393(4)

C(16)-H(6) 0.9500

C(17)-C(18) 1.388(4)

C(18)-H(8) 0.9500

C(19)-H(22) 0.9800

C(19)-H(23) 0.9800

C(19)-H(24) 0.9800

C(20)-C(25) 1.390(4)

C(20)-C(21) 1.405(4)
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C(21)-C(22)

C(21)-H(25)

C(22)-C(23)

C(22)-H(26)

C(23)-C(24)

C(23)-H(27)

C(24)-C(25)

C(24)-H(28)

C(25)-H(29)

C(26)-C(27)

C(26)-C(31)

C(26)-H(l)

C(27)-C(28)

C(27)-H(2)

C(28)-C(29)

C(28)-H(3)

C(29)-C(30)

C(29)-H(4)

C(30)-C(31)

C(30)-H(5)

C(17)-0(l)-C(19)

C(4)-0(2)-C(9)

C(2)-0(4)-C(7)

C(3)-0(5)-C(8)

C(10)-N(l)-C(6)

C(10)-N(l)-C(12)

C(6)-N(l)-C(12)

C(2)-C(l)-C(6)

C(2)-C(l)-H(10)

C(6)-C(l)-H(10)

0(4)-C(2)-C(l)

0(4)-C(2)-C(3)

C(l)-C(2)-C(3)

0(5)-C(3)-C(4)

0(5)-C(3)-C(2)

C(4)-C(3)-C(2)

0(2)-C(4)-C(3)

1.386(5)

0.9500

1.384(5)

0.9500

1.384(5)

0.9500

1.392(4)

0.9500

0.9500

1.393(4)

1.396(4)

0.9500

1.382(4)

0.9500

1.391(4)

0.9500

1.381(4)

0.9500

1.397(4)

0.9500

116.7(2)

117.2(2)

117.5(2)

114.0(2) 

133.1(2) 

95.9(2) 

131.1(2) 

118.5(3)

120.7

120.7 

124.4(3) 

114.8(3) 

120.8(3) 

120.1(3) 

120.5(3) 

119.4(3)

115.2(3)
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0(2)-C(4)-C(5) 124.3(3)

C(3)-C(4)-C(5) 120.5(3)

C(6)-C(5)-C(4) 119.0(3)

C (6)-C(5)-H (ll) 120.5

C(4)-C(5)-H (ll) 120.5

C(5)-C(6)-C(l) 121.8(3)

C(5)-C(6)-N(l) 119.1(3)

C (l)-C (6)-N (l) 119.0(3)

0(4)-C(7)-H(13) 109.5

0(4)-C(7)-H(14) 109.5

H(13)-C(7)-H(14) 109.5

0(4)-C(7)-H(15) 109.5

H(13)-C(7)-H(15) 109.5

H(14)-C(7)-H(15) 109.5

0(5)-C(8)-H(16) 109.5

0(5)-C(8)-H(17) 109.5

H(16)-C(8)-H(17) 109.5

0(5)-C(8)-H(18) 109.5

H(16)-C(8)-H(I8) 109.5

H(17)-C(8)-H(18) 109.5

0(2)-C(9)-H(19) 109.5

0(2)-C(9)-H(20) 109.5

H(19)-C(9)-H(20) 109.5

0(2)-C(9)-H(21) 109.5

H(19)-C(9)-H(21) 109.5

H(20)-C(9)-H(21) 109.5

0(11)-C(10)-N(1) 131.6(3)

0(11)-C(10)-C(11) 135.6(3)

N (l)-C (10)-C (ll) 92.7(2)

C(20)-C(ll)-C(31) 109.1(2)

C(20)-C(ll)-C(10) 113.9(2)

C(31)-C(ll)-C(10) 115.4(2)

C(20)-C(ll)-C(12) 115.0(2)

C(31)-C(ll)-C(12) 116.9(2)

C(10)-C(ll)-C(12) 84.9(2)

N(l)-C(12)-C(14) 114.6(2)

N (l)-C (12)-C (ll) 86.5(2)

C(14)-C(12)-C(ll) 119.0(2)
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N (l)-C (12)-H (12) 111.5

C(14)-C(12)-H(12) 111.5

C (ll)-C (12)-H (12) 111.5

C(16)-C(13)-C(14) 120.8(3)

C(16)-C(13)-H(7) 119.6

C(14)-C(13)-H(7) 119.6

C(15)-C(14)-C(13) 117.8(3)

C(15)-C(14)-C(12) 120.5(3)

C(13)-C(14)-C(12) 121.6(3)

C (!4)-C (15)-C (18) 122.1(3)

C(14)-C(15)-H(9) 118.9

C(18)-C(15)-H(9) 118.9

C(13)-C(16)-C(17) 120.5(3)

C(13)-C(16)-H(6) 119.8

C (I7)-C (16)-H (6) 119.8

0(1)-C (17)-C (18) 124.8(3)

0 (1 )-C (17)-C (I6 ) 115.6(3)

C (18)-C (I7)-C (I6) 119.6(3)

C (I7)-C (18)-C (15) 119.2(3)

C (I7)-C (I8)-H (8) 120.4

C(15)-C(18)-H(8) 120.4

0 (1 )-C (I9 )-H (22) 109.5

0(1)-C (19)-H (23) 109.5

H(22)-C(19)-H(23) 109.5

0(1)-C (19)-H (24) 109.5

H (22)-C(I9)-H (24) 109.5

H(23)-C(19)-H(24) 109.5

C(25)-C(20)-C(21) 118.8(3)

C (25)-C (20 )-C (ll) 121.3(3)

C (21)-C (20 )-C (ll) 119.7(3)

C(22)-C(21)-C(20) 119.9(3)

C(22)-C(21)-H(25) 120.1

C(20)-C(21)-H(25) 120.1

C(23)-C(22)-C(21) 120.9(3)

C(23)-C(22)-H(26) 119.6

C(21)-C(22)-H(26) 119.6

C(22)-C(23)-C(24) 119.6(3)

C(22)-C(23)-H(27) 120.2
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C(24)-C(23)-H(27) 120.2

C(23)-C(24)-C(25) 120.1(3)

C(23)-C(24)-H(28) 120.0

C(25)-C(24)-H(28) 120.0

C(20)-C(25)-C(24) 120.8(3)

C(20)-C(25)-H(29) 119.6

C(24)-C(25)-H(29) 119.6

C(27)-C(26)-C(31) 120.1(3)

C(27)-C(26)-H(l) 119.9

C(31)-C(26)-H(l) 119.9

C(28)-C(27)-C(26) 120.7(3)

C(28)-C(27)-H(2) 119.6

C(26)-C(27)-H(2) 119.6

C(27)-C(28)-C(29) 119.5(3)

C(27)-C(28)-H(3) 120.3

C(29)-C(28)-H(3) 120.3

C(30)-C(29)-C(28) 120.0(3)

C(30)-C{29)-H(4) 120.0

C(28)-C(29)-H(4) 120.0

C(29)-C(30)-C(31) 121.1(3)

C(29)-C(30)-H(5) 119.5

C(31)-C(30)-H(5) 119.5

C(26)-C(3I)-C(30) 118.6(3)

C(26)-C(31)-C(ll) 121.1(3)

C (30)-C(31)-C(ll) 120.1(3)

Symmetry transformations used to generate equivalent atoms:

Table 7.11. Anisotropic displacement parameters (A^x 10^) for 138. The anisotropic displacement 

factor exponent takes the form: -2n^[ h^ a*^U*  ̂ + ... + 2 h k a* b* ]

ui' U 2 2 U33 U23 U>3 U l 2

0(1) 29(1) 25(1) 23(1) -4(1) 2(1) -4(1)

0(2) 40(1) 27(1) 24(1) 4(1) 20(1) 5(1)

0(4) 30(1) 25(1) 20(1) 4(1) 11(1) 9(1)

0(5) 26(1) 24(1) 30(1) -3(1) 13(1) 5(1)

0(11) 28(1) 36(1) 20(1) 4(1) 7(1) 11(1)
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N (l) 20(1) 21(1) 21(1) 3(1) 8(1) 5(1)

C (l) 18(2) 21(2) 19(2) -2(1) 7(1) -2(1)

C(2) 18(2) 18(2) 22(2) 0(1) 6(1) -2(1)

C(3) 20(2) 19(2) 25(2) -5(1) 10(1) -1(1)

C(4) 23(2) 22(2) 21(2) -4(1) 11(1) -3(1)

C(5) 23(2) 23(2) 18(1) 2(1) 6(1) 1(1)

C(6) 18(2) 19(2) 23(2) -4(1) 8(1) -2(1)

C(7) 31(2) 32(2) 22(2) 6(1) 12(1) 5(2)

C(8) 27(2) 42(2) 44(2) -10(2) 18(2) 4(2)

C(9) 44(2) 30(2) 24(2) 4(1) 17(2) 1(2)

C(IO) 18(2) 22(2) 22(2) -1(1) 6(1) 0(1)

C ( l l ) 20(2) 18(2) 17(1) 0(1) 6(1) 2(1)

C (I2) 18(2) 20(2) 22(2) 3(1) 9(1) 2(1)

C (I3) 27(2) 19(2) 23(2) 2(1) 8(1) 3(1)

C(14) 18(2) 17(2) 22(2) 1(1) 10(1) 3(1)

C(15) 23(2) 20(2) 25(2) 4(1) 9(1) 0(1)

C(16) 29(2) 17(2) 30(2) 3(1) 11(1) 0(1)

C (I7 ) 19(2) 23(2) 22(2) -4(1) 8(1) 1(1)

C (I8 ) 24(2) 25(2) 19(2) 4(1) 7(1) 2(1)

C(19) 26(2) 39(2) 19(2) -2(1) 5(1) -3(2)

C(20) 14(1) 24(2) 25(2) -2(1) 10(1) -1(1)

C(21) 27(2) 29(2) 28(2) -5(1) 11(1) -2(2)

C(22) 33(2) 38(2) 34(2) -15(2) 15(2) -11(2)

C(23) 33(2) 21(2) 54(2) -13(2) 26(2) -7(2)

C(24) 31(2) 22(2) 46(2) 1(2) 22(2) 1(2)

C(25) 22(2) 24(2) 34(2) -3(1) 12(1) 1(1)

C(26) 25(2) 22(2) 22(2) -2(1) 8(1) -1(1)

C(27) 31(2) 22(2) 27(2) -2(1) 15(1) -4(1)

C(28) 23(2) 29(2) 32(2) -9(2) 14(1) -6(1)

C(29) 20(2) 30(2) 28(2) -4(1) 7(1) 1(1)

C(30) 23(2) 24(2) 23(2) 5(1) 10(1) 2(1)

C (3 I) 23(2) 18(2) 20(2) -5(1) 9(1) -2(1)

Table 7.12. Hydrogen coordinates ( x 10^) and isotropic displacement parameters (A^x 10 for 138

X y z U(eq)
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H(10) 1683

H (ll) 2488

H(13) -214

H(14) 927

H(15) -654

H(16) -2295

H(17) -2267

H(18) -2692

H(19) 2104

H(20) 843

H(21) 675

H(12) 3834

H(7) 5296

H(9) 5747

H(6) 6985

H(8) 7488

H(22) 9543

H(23) 8319

H(24) 9627

H(25) 3485

H(26) 3141

H(27) 3778

H(28) 4691

H(29) 5028

H (l) 5544

H(2) 7773

H(3) 9659

H(4) 9314

H(5) 7101

Table 7.13. Torsion angles [°] for 138

C(7)-0(4)-C(2)-C(l)

C(7)-0(4)-C(2)-C(3)

C(6)-C(l)-C(2)-0(4)

C(6)-C(l)-C(2)-C(3)

5718 534 23

4121 2027 26

6668 -102 41

7820 137 41

8237 -152 41

6157 1387 55

6922 859 55

7735 1300 55

4519 2814 47

3612 2448 47

4523 2921 47

2271 1706 23

5554 1615 28

2220 2548 27

6662 2309 30

3296 3240 27

4434 3694 43

4896 3894 43

5863 3992 43

1426 82 33

-849 -177 41

-2580 462 40

-2031 1373 37

243 1642 31

4003 382 27

4308 372 30

3373 1045 32

2112 1737 32

1794 1750 27

1.1(4)

-178.7(3)

179.4(3)

-0.8(4)
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C(8)-0(5)-C(3)-C(4) -105.3(3)

C(8)-0(5)-C(3)-C(2) 78.1(4)

0(4)-C(2)-C(3)-0(5) -3.2(4)

C(l)-C(2)-C(3)-0(5) 177.0(3)

0(4)-C(2)-C(3)-C(4) -179.8(3)

C(l)-C(2)-C(3)-C(4) 0.4(4)

C(9)-0(2)-C(4)-C(3) 165.8(3)

C(9)-0(2)-C(4)-C(5) -13.9(4)

0(5)-C(3)-C(4)-0(2) 4.2(4)

C(2)-C(3)-C(4)-0(2) -179.2(3)

0(5)-C(3)-C(4)-C(5) -176.0(3)

C(2)-C(3)-C(4)-C(5) 0.6(4)

0(2)-C(4)-C(5)-C(6) 178.6(3)

C(3)-C(4)-C(5)-C(6) -1.2(4)

C(4)-C(5)-C(6)-C(l) 0.8(4)

C(4)-C(5)-C(6)-N(l) -178.2(3)

C(2)-C(l)-C(6)-C(5) 0.2(4)

C(2)-C(l)-C(6)-N(l) 179.1(3)

C(10)-N(l)-C(6)-C(5) 167.4(3)

C(12)-N(l)-C(6)-C(5) -12.0(5)

C(10)-N(l)-C(6)-C(l) -11.5(5)

C(12)-N(l)-C(6)-C(l) 169.0(3)

C (6)-N (l)-C (10)-0(ll) 1.0(6)

C (12)-N (l)-C (10)-0(ll) -179.4(3)

C (6)-N (l)-C (10)-C (ll) -177.9(3)

C (12)-N (l)-C(10)-C(ll) 1.7(2)

0(11)-C(10)-C(11)-C(20) -65.2(5)

N (l)-C (10)-C (ll)-C (20) 113.6(3)

0(11)-C(10)-C(11)-C(31) 62.2(5)

N (l)-C (10)-C (ll)-C (31) -119.0(3)

0(11)-C(10)-C(11)-C(12) 179.6(4)

N (l)-C (10)-C (ll)-C (12) -1.5(2)

C(10)-N(l)-C(12)-C(14) 118.8(3)

C(6)-N(l)-C(12)-C(14) -61.7(4)

C(10)-N(1)-C(I2)-C(11) -1.6(2)

C (6)-N (l)-C (12)-C (ll) 178.0(3)

C (20)-C (ll)-C (12)-N (l) -112.6(3)

C (31)-C(ll)-C(12)-N (l) 117.4(3)
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C(10)-C(H)-C(12)-N(1) 1.4(2)

C(20)-C(ll)-C(12)-C(14) 131.1(3)

C(31)-C(ll)-C(12)-C(14) 1.1(4)

C(10)-C(11)-C(12)-C(I4) -114.8(3)

C(16)-C(13)-C(14)-C(15) -1.5(4)

C(16)-C(13)-C(14)-C(12) -178.2(3)

N(l)-C(12)-C(14)-C(15) 153.4(3)

C(ll)-C(12)-C(14)-C(15) -106.5(3)

N(l)-C(12)-C(14)-C(13) -30.0(4)

C(11)-C(12)-C(I4)-C(13) 70.2(4)

C(13)-C(14)-C(I5)-C(18) 0.5(4)

C(I2)-C(14)-C(15)-C(18) 177.3(3)

C(14)-C(13)-C(I6)-C(17) 0.6(5)

C(19)-0(l)-C(17)-C(18) 0.8(4)

C(19)-0(l)-C(17)-C(16) 179.7(3)

C(13)-C(16)-C(17)-0(l) -177.5(3)

C(13)-C(16)-C(17)-C(I8) 1.3(5)

0(1)-C(I7)-C(I8)-C (15) 176.5(3)

C(I6)-C(17)-C(18)-C(I5) -2.3(4)

C(14)-C(15)-C(I8)-C(17) 1.3(4)

C(31)-C(ll)-C(20)-C(25) 87.2(3)

C(10)-C(ll)-C(20)-C(25) -142.2(3)

C(12)-C(l 1)-C(20)-C(25) -46.5(4)

C(31)-C(I1)-C(20)-C(2I) -87.3(3)

C(10)-C(l 1)-C(20)-C(21) 43.4(4)

C(12)-C(ll)-C(20)-C(21) 139.1(3)

C(25)-C(20)-C(21)-C(22) -0.3(5)

C(ll)-C(20)-C(21)-C(22) 174.3(3)

C(20)-C(21)-C(22)-C(23) -0.6(5)

C(21)-C(22)-C(23)-C(24) 1.2(5)

C(22)-C(23)-C(24)-C(25) -1.0(5)

C(21)-C(20)-C(25)-C(24) 0.5(4)

C(ll)-C(20)-C(25)-C(24) -174.0(3)

C(23)-C(24)-C(25)-C(20) 0.1(5)

C(31)-C(26)-C(27)-C(28) -0.2(5)

C(26)-C(27)-C(28)-C(29) 0.1(5)

C(27)-C(28)-C(29)-C(30) 0.1(5)

C(28)-C(29)-C(30)-C(31) -0.1(5)
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C(27)-C(26)-C(31)-C(30) 0.2(4)

C (27)-C (26)-C (31)-C (ll) -174.8(3)

C(29)-C(30)-C(31)-C(26) -0.1(4)

C (29)-C (30)-C (31)-C (ll) 175.0(3)

C (20)-C (ll)-C (31)-C (26) 104.0(3)

C(10)-C (1I)-C(31)-C (26) -25.8(4)

C (12)-C (ll)-C (31)-C (26) -123.3(3)

C (20)-C (l!)-C (31)-C (30) -70.9(3)

C (10)-C (ll)-C (31)-C (30) 159.3(3)

C (12)-C (ll)-C (31)-C (30) 61.7(4)

Symmetry transform ations used to generate equivalent atoms: 

Table 7.14. Hydrogen bonds for 138 [A and °]

D-H...A d(D-H) d(H...A) d(D...A ) <(DHA)
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P-Lactam 139 (cis isomer)

Crystal Data for 139 (cis): C 104H 108N 4 O20, MW 1733.94 (4 molecules). Monoclinic, Space group P-1; 

a =  12.364(4), 6 = 13.084(4), c =  14.956(4)A°, a  = 82.867(11)“, p = 72.242(7)“, y = 8 4 .1 0 7 (1 2 )“ ; U = 

2 2 8 0 .9 )A °;Z =  l ; D c =  1.262Mg m-3;/w = 0.087 m m -1; Range for data collection = 1.12-25.00; 

Reflections collected 35367, Unique Reflections 8025 [/?int= 0.0486]; Data/restraints/parameters 

8025/0/587; Goodness-of-fit on F2 1215; R indices (all data) = R \ =  0.0728, wR2 = 0.1442; Final R 

indices [ / > 2 i(/)] = /?1 = 0.0642, wR2 = 0.1393. CCDC deposition no. 778106.
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Figure 7.3. Ortep representation o f  the X-ray crystal structure o f  139 (cis isomer) with 50% thermal
ellipsoids

Table 7.15. Crystal data and structure refinement for 139 (cis isomer)

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions

Volume

Z

shelxl

C 104H 108 N4 0 2 0

1733.94

150(2) K

0.71075 A
Monoclinic

P21/C

a = 11.538(3) A 
b =  12.295(3) A 
c =  18.953(4) A 
2252.8(9) A3

a =  90°.

p= 123.083(12)° 

Y = 90°.
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Density (calculated) 1.278 Mg/m3

Absorption coefficient 0.088 mm* 1

F(OOO) 920

Crystal size 0.20 X 0.10 X 0.06 mm^

Theta range for data collection 2.09 to 25.00°.

Index ranges -I3<=h<=l3, -1 K=k<= l4 , -22<==l<=22

Reflections collected 17982

Independent reflections 3955 [R(int) = 0.0441]

Completeness to theta = 25.OC 99.8 %

Absorption correction Semi-empirical fi'om equivalents

Max. and min. transmission 1.0000 and 0.8309

Refinement method Full-matrix least-squares on F^

Data / restraints / parameters 3955 / 0 / 295

Goodness-of-fit on 1.244

Final R indices [l>2sigma(I)] Rl =0.0616, wR2 = O.II68

R indices (all data) Rl =0.0674, wR2 = 0.1l95

Extinction coefficient 0.0041(6)

Largest diff. peak and hole 0.217 and -0.206 e.A'3

Table 7.16. Atomic coordinates ( x 10^) and equivalent isotropic displacement parameters (A^x 1

for 139 {cis isomer). U(eq) is defined as one third o f the trace o f the orthogonaiized U'J tensor.

X y z U(eq)

0(1) -61(2) 10001(1) 1313(1) 25(1)

0(2) -2826(2) 9988(1) 463(1) 26(1)

0(3) -4306(2) 8504(1) -744(1) 26(1)

0(4) -1891(2) 6605(1) -1969(1) 26(1)

0(5) 5533(2) 5502(1) 2508(1) 27(1)

N(2) -205(2) 7439(2) -683(1) 19(1)

C(7) 693(2) 7479(2) -2007(1) 25(1)

C(23) -720(2) 9309(2) 642(1) 21(1)

C(24) -2158(2) 9271(2) 236(1) 21(1)

C(25) -2915(2) 8536(2) -422(1) 21(1)

C(26) -2279(2) 7905(2) -723(1) 20(1)

C(27) -55(2) 8681(2) 354(1) 19(1)

C(28) -853(2) 8007(2) -343(1) 19(1)

C(29) -2998(3) 9605(2) 1111(2) 48(1)
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C(30) -5087(2) 7678(2) -1359(2) 31(1)

C(31) 1424(2) 10016(2) 1789(1) 27(1)

C(32) 4430(2) 5962(2) 1798(1) 20(1)

C(33) 4735(2) 6861(2) 1478(1) 21(1)

C(34) 3687(2) 7368(2) 756(1) 20(1)

C(35) 3075(2) 5598(2) 1409(1) 22(1)

C(36) 2034(2) 6123(2) 686(1) 22(1)

C(37) 2321(2) 7004(2) 345(1) 18(1)

C(38) 2681(2) 5611(2) -982(1) 23(1)

C(39) 3305(3) 4597(2) -834(2) 29(1)

C(40) 2587(3) 3672(2) -879(2) 31(1)

C(41) 1249(3) 3755(2) -1076(2) 29(1)

C(42) 615(2) 4766(2) -1238(1) 24(1)

C(43) -719(2) 6885(2) -1425(1) 21(1)

C(44) 1234(2) 7508(2) -475(1) 19(1)

C(45) 699(2) 6828(2) -1317(1) 19(1)

C(46) 1326(2) 5709(2) -1188(1) 20(1)

C(52) 5256(3) 4597(2) 2868(2) 30(1)

Table 7.17. Bond lengths [A] and angles [°] for 139 (cis isomer)

0(1)-C(23) 1.365(3)

0(1)-C(31) 1.435(3)

0(2)-C(24) 1.384(3)

0(2)-C(29) 1.427(3)

0(3)-C(25) 1.371(3)

0(3)-C(30) 1.434(3)

0(4)-C(43) 1.220(3)

0(5)-C(32) 1.371(3)

0(5)-C(52) 1.429(3)

N(2)-C(43) 1.372(3)

N(2)-C(28) 1.411(3)

N(2)-C(44) 1.484(3)

C(7)-C(45) 1.531(3)

C(7)-H(7A) 0.9800

C(7)-H(7B) 0.9800

C(7)-H(7C) 0.9800
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C(23)-C(27) 1.394(3)

C(23)-C(24) 1.397(3)

C(24)-C(25) 1.395(3)

C(25)-C(26) 1.385(3)

C(26)-C(28) 1.396(3)

C(26)-H(26) 0.9500

C(27)-C(28) 1.396(3)

C(27)-H(27) 0.9500

C(29)-H(29A) 0.9800

C(29)-H(29B) 0.9800

C(29)-H(29C) 0.9800

C(30)-H(30A) 0.9800

C(30)-H(30B) 0.9800

C(30)-H(30C) 0.9800

C(31)-H(31A) 0.9800

C(31)-H(31B) 0.9800

C(3I)-H(31C) 0.9800

C(32)-C(35) 1.388(3)

C(32)-C(33) 1.396(3)

C(33)-C(34) 1.385(3)

C(33)-H(33) 0.9500

C(34)-C(37) 1.397(3)

C(34)-H(34) 0.9500

C(35)-C(36) 1.392(3)

C(35)-H(35) 0.9500

C(36)-C(37) 1.391(3)

C(36)-H(36) 0.9500

C(37)-C(44) 1.498(3)

C(38)-C(39) 1.390(3)

C(38)-C(46) 1.394(3)

C(38)-H(38) 0.9500

C(39)-C(40) 1.382(4)

C(39)-H(39) 0.9500

C(40)-C(4I) 1.379(4)

C(40)-H(40) 0.9500

C(41)-C(42) 1.389(3)

C(41)-H(41) 0.9500

C(42)-C(46) 1.393(3)
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C(42)-H(42)

C(43)-C(45)

C(44)-C(45)

C(44)-H(44)

C(45)-C(46)

C(52)-H(52A)

C(52)-H(52B)

C(52)-H(52C)

C(23)-0(l)-C(31)

C(24)-0(2)-C(29)

C(25)-0(3)-C(30)

C(32)-0(5)-C(52)

C(43)-N(2)-C(28)

C(43)-N(2)-C(44)

C(28)-N(2)-C(44)

C(45)-C(7)-H(7A)

C(45)-C(7)-H(7B)

H(7A)-C(7)-H(7B)

C(45)-C(7)-H(7C)

H(7A)-C(7)-H(7C)

H(7B)-C(7)-H(7C)

0(1)-C(23)-C(27)

0(1)-C(23)-C(24)

C(27)-C(23)-C(24)

0(2)-C(24)-C(25)

0(2)-C(24)-C(23)

C(25)-C(24)-C(23)

0(3)-C(25)-C(26)

0(3)-C(25)-C(24)

C(26)-C(25)-C(24)

C(25)-C(26)-C(28)

C(25)-C(26)-H(26)

C(28)-C(26)-H(26)

C(23)-C(27)-C(28)

C(23)-C(27)-H(27)

C(28)-C(27)-H(27)

C(27)-C(28)-C(26)

0.9500

1.535(3)

1.597(3)

1.0000

1.512(3)

0.9800

0.9800

0.9800

117.41(17)

114.81(18)

116.50(17)

117.34(18)

132.38(19)

95.54(16)

130.16(18)

109.5

109.5

109.5

109.5

109.5

109.5 

124.3(2) 

115.13(19) 

120.5(2) 

120.5(2) 

120 . 1(2 ) 

119.3(2) 

123.7(2) 

115.21(19) 

121 . 1(2 ) 

118.5(2) 

120.8 

120.8 

118.6(2)

120.7

120.7 

121.6(2 )
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C(27)-C(28)-N(2) 119.04(19)

C(26)-C(28)-N(2) 119.31(19)

0(2)-C(29)-H(29A) 109.5

0(2)-C(29)-H(29B) 109.5

H(29A)-C(29)-H(29B) 109.5

0(2)-C(29)-H(29C) 109.5

H(29A)-C(29)-H(29C) 109.5

H(29B)-C(29)-H(29C) 109.5

0(3)-C(30)-H(30A) 109.5

0(3)-C(30)-H(30B) 109.5

H(30A)-C(30)-H(30B) 109.5

0(3)-C(30)-H(30C) 109.5

H(30A)-C(30)-H(30C) 109.5

H(30B)-C(30)-H(30C) 109.5

0(1)-C(31)-H(31A) 109.5

0(1)-C(31)-H(31B) 109.5

H(3IA)-C(31)-H(31B) 109.5

0(I)-C(31)-H(31C) 109.5

H(3IA)-C(31)-H(31C) 109.5

H(3IB)-C(3I)-H(31C) 109.5

0(5)-C(32)-C(35) 124.2(2)

0(5)-C(32)-C(33) 115.67(19)

C(35)-C(32)-C(33) 120.1(2)

C(34)-C(33)-C(32) 119.7(2)

C(34)-C(33)-H(33) 120.2

C(32)-C(33)-H(33) 120.2

C(33)-C(34)-C(37) 121.1(2)

C(33)-C(34)-H(34) 119.4

C(37)-C(34)-H(34) 119.4

C(32)-C(35)-C(36) 119.4(2)

C(32)-C(35)-H(35) 120.3

C(36)-C(35)-H(35) 120.3

C(37)-C(36)-C(35) 121.4(2)

C(37)-C(36)-H(36) 119.3

C(35)-C(36)-H(36) 119.3

C(36)-C(37)-C(34) 118.2(2)

C(36)-C(37)-C(44) 121.81(19)

C(34)-C(37)-C(44) 119.79(19)
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C(39)-C(38)-C(46) 120.8(2)

C(39)-C(38)-H(38) 119.6

C(46)-C(38)-H(38) 119.6

C(40)-C(39)-C(38) 119.9(2)

C(40)-C(39)-H(39) 120.0

C(38)-C(39)-H(39) 120.0

C(41)-C(40)-C(39) 120.0(2)

C(41)-C(40)-H(40) 120.0

C(39)-C(40)-H(40) 120.0

C(40)-C(41)-C(42) 120.2(2)

C(40)-C(41)-H(41) 119.9

C(42)-C(41)-H(41) 119.9

C(41)-C(42)-C(46) 120.6(2)

C(41)-C(42)-H(42) 119.7

C(46)-C(42)-H(42) 119.7

0(4)-C(43)-N(2) 131.8(2)

0(4)-C(43)-C(45) 135.2(2)

N(2)-C(43)-C(45) 93.00(17)

N(2)-C(44)-C(37) 115.75(17)

N(2)-C(44)-C(45) 86.46(15)

C(37)-C(44)-C(45) 117.91(18)

N(2)-C(44)-H(44) 111.5

C(37)-C(44)-H(44) 111.5

C(45)-C(44)-H(44) 111.5

C(46)-C(45)-C(7) 113.07(18)

C(46)-C(45)-C(43) 116.37( 18)

C(7)-C(45)-C(43) 110.78(18)

C(46)-C(45)-C(44) 115.22(17)

C(7)-C(45)-C(44) 113.57(18)

C(43)-C(45)-C(44) 84.95(16)

C(42)-C(46)-C(38) 118.4(2)

C(42)-C(46)-C(45) 122.3(2)

C(38)-C(46)-C(45) 119.22(19)

0(5)-C(52)-H(52A) 109.5

0(5)-C(52)-H(52B) 109.5

H(52A)-C(52)-H(52B) 109.5

0(5)-C(52)-H(52C) 109.5

H(52A)-C(52)-H(52C) 109.5
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H(52B)-C(52)-H(52C) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 7.18. Anisotropic displacement parameters (A^x 10^) for 139 (c/s isomer). The anisotropic 

displacement factor exponent takes the form: -2n^[ h^ a*2u'  ̂ + ... + 2 h k a* b* ]

u >i U22 U33 U23 u'3 U l2

0 (1 ) 23(1) 25(1) 26(1) -5(1) 14(1) -1(1)

0 (2 ) 30(1) 22(1) 37(1) 1(1) 25(1) 5(1)

0 (3 ) 16(1) 30(1) 34(1) 0(1) 15(1) 1(1)

0 (4 ) 18(1) 33(1) 23(1) -5(1) 9(1) -3(1)

0 (5 ) 20(1) 29(1) 25(1) 8(1) 8(1) 2(1)

N(2) 15(1) 22(1) 21(1) -3(1) 10(1) 0(1)

C(7) 28(1) 26(1) 27(1) 4(1) 18(1) 4(1)

C(23) 24(1) 18(1) 21(1) 2(1) 13(1) -1(1)

C(24) 24(1) 18(1) 29(1) 4(1) 19(1) 5(1)

C(25) 17(1) 21(1) 26(1) 7(1) 13(1) 3(1)

C(26) 19(1) 20(1) 21(1) 1(1) 11(1) 0(1)

C(27) 16(1) 19(1) 22(1) 4(1) 11(1) 2(1)

C(28) 20(1) 18(1) 20(1) 2(1) 13(1) 3(1)

C(29) 78(2) 34(2) 73(2) 5(2) 67(2) 8(2)

C(30) 21(1) 33(1) 36(1) 0(1) 14(1) -5(1)

C(31) 25(1) 28(1) 24(1) -2(1) 11(1) 0(1)

C(32) 17(1) 22(1) 18(1) -1(1) 9(1) 2(1)

C(33) 16(1) 23(1) 24(1) -3(1) 11(1) -2(1)

C(34) 21(1) 19(1) 24(1) -1(1) 14(1) -2(1)

C(35) 23(1) 20(1) 24(1) 1(1) 14(1) -2(1)

C(36) 18(1) 24(1) 23(1) -1(1) 11(1) -2(1)

C(37) 18(1) 18(1) 20(1) -2(1) 12(1) 2(1)

C(38) 24(1) 21(1) 27(1) -3(1) 16(1) -2(1)

C(39) 30(1) 28(1) 29(1) -1(1) 16(1) 7(1)

C(40) 45(2) 21(1) 24(1) 3(1) 18(1) 10(1)

C(41) 42(2) 20(1) 26(1) -2(1) 19(1) -7(1)

C(42) 26(1) 24(1) 21(1) -4(1) 13(1) -4(1)

C(43) 21(1) 20(1) 20(1) 1(1) 10(1) 1(1)

C(44) 17(1) 18(1) 23(1) 0(1) 13(1) 0(1)
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C(45) 19(1) 19(1) 20(1) -1(1) 11(1) -1(1)

C(46) 25(1) 19(1) 17(1) -1(1) 13(1) 0(1)

C(52) 30(1) 27(1) 26(1) 6(1) 12(1) 0(1)
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Table 7.19. Hydrogen coordinates (x 10^) and isotropic displacement parameters (A^x 10 for 139 

{cis isomer)

X y z U(eq)

H(7A) 1643 7560 -1864 38

H(7B) 293 8200 -2055 38

H(7C) 137 7095 -2546 38

H(26) -2803 7415 -1177 24

H(27) 922 8711 625 23

H(29A) -3556 8940 922 72

H(29B) -3468 10163 1236 72

H(29C) -2090 9451 1619 72

H(30A) -5044 7800 -1856 46

H(30B) -6053 7708 -1524 46

H(30C) -4699 6962 -1119 46

H(31A) 1779 9285 2005 41

H(31B) 1770 10525 2260 41

H(31C) 1736 10249 1424 41

H(33) 5657 7124 1755 25

H(34) 3902 7974 536 24

H(35) 2861 4997 1633 26

H(36) 1108 5874 421 26

H(38) 3184 6246 -941 28

H(39) 4224 4539 -702 34

H(40) 3015 2978 -774 37

H(41) 761 3119 -1101 34

H(42) -313 4815 -1385 28

H(44) 1482 8270 -527 22

H(52A) 4595 4815 3014 44

H(52B) 6119 4357 3377 44

H(52C) 4866 3999 2460 44

Table 7.20. Torsion angles [°] for 139 {cis isomer)

C (31)-0(l)-C (23)-C (27)
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C(31)-0(l)-C(23)-C(24) 175.85(19)

C(29)-0(2)-C(24)-C(25) 92.2(3)

C(29)-0(2)-C(24)-C(23) -90.5(3)

0(l)-C(23)-C(24)-0(2) 6.9(3)

C(27)-C(23)-C(24)-0(2) -172.39(19)

0(1)-C(23)-C(24)-C(25) -175.88(19)

C(27)-C(23)-C(24)-C(25) 4.9(3)

C(30)-0(3)-C(25)-C(26) 7.2(3)

C(30)-0(3)-C(25)-C(24) -173.60(19)

0(2)-C(24)-C(25)-0(3) -7.1(3)

C(23)-C(24)-C(25)-0(3) 175.69(19)

0(2)-C(24)-C(25)-C(26) 172.20(19)

C(23)-C(24)-C(25)-C(26) -5.1(3)

0(3)-C(25)-C(26)-C(28) -179.84(19)

C(24)-C(25)-C(26)-C(28) 1.0(3)

0(1)-C(23)-C(27)-C(28) -179.82(19)

C(24)-C(23)-C(27)-C(28) -0.7(3)

C(23)-C(27)-C(28)-C(26) -3.5(3)

C(23)-C(27)-C(28)-N(2) 174.67(19)

C(25)-C(26)-C(28)-C(27) 3.4(3)

C(25)-C(26)-C(28)-N(2) -174.8(2)

C(43)-N(2)-C(28)-C(27) -167.0(2)

C(44)-N(2)-C(28)-C(27) -6.8(3)

C(43)-N(2)-C(28)-C(26) 11.2(4)

C(44)-N(2)-C(28)-C(26) 171.4(2)

C(52)-0(5)-C(32)-C(35) -0.6(3)

C(52)-0(5)-C(32)-C(33) 178.33(19)

0(5)-C(32)-C(33)-C(34) 179.09(19)

C(35)-C(32)-C(33)-C(34) -2.0(3)

C(32)-C(33)-C(34)-C(37) 0.9(3)

0(5)-C(32)-C(35)-C(36) -179.6(2)

C(33)-C(32)-C(35)-C(36) 1.5(3)

C(32)-C(35)-C(36)-C(37) 0.1(3)

C(35)-C(36)-C(37)-C(34) -1.2(3)

C(35)-C(36)-C(37)-C(44) 174.2(2)

C(33)-C(34)-C(37)-C(36) 0.7(3)

C(33)-C(34)-C(37)-C(44) -174.72(19)

C(46)-C(38)-C(39)-C(40) -1.0(4)
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C(38)-C(39)-C(40)-C(41) 0.5(4)

C(39)-C(40)-C(41)-C(42) 0.7(4)

C(40)-C(41)-C(42)-C(46) -1.3(3)

C(28)-N(2)-C(43)-0(4) -10.1(4)

C(44)-N(2)-C(43)-0(4) -175.0(3)

C(28)-N(2)-C(43)-C(45) 166.8(2)

C(44)-N(2)-C(43)-C(45) 1.87(17)

C(43)-N(2)-C(44)-C(37) -121.2(2)

C(28)-N(2)-C(44)-C(37) 73.4(3)

C(43)-N(2)-C(44)-C(45) -1.80(17)

C(28)-N(2)-C(44)-C(45) -167.2(2)

C(36)-C(37)-C(44)-N(2) 29.7(3)

C(34)-C(37)-C(44)-N(2) -155.07(19)

C(36)-C(37)-C(44)-C(45) -70.6(3)

C(34)-C(37)-C(44)-C(45) 104.7(2)

0(4)-C(43)-C(45)-C(46) -69.3(3)

N(2)-C(43)-C(45)-C(46) 114.0(2)

0(4)-C(43)-C(45)-C(7) 61.7(3)

N(2)-C(43)-C(45)-C(7) -115.05(19)

0(4)-C(43)-C(45)-C(44) 175.0(3)

N(2)-C(43)-C(45)-C(44) -1.74(16)

N(2)-C(44)-C(45)-C(46) -115.22(19)

C(37)-C(44)-C(45)-C(46) 2.1(3)

N(2)-C(44)-C(45)-C(7) 112.09(19)

C(37)-C(44)-C(45)-C(7) -130.5(2)

N(2)-C(44)-C(45)-C(43) 1.61(15)

C(37)-C(44)-C(45)-C(43) 119.0(2)

C(41)-C(42)*C(46)-C(38) 0.7(3)

C(4I)-C(42)-C(46)-C(45) -176.8(2)

C(39)-C(38)-C(46)-C(42) 0.4(3)

C(39)-C(38)-C(46)-C(45) 178.0(2)

C(7)-C(45)-C(46)-C(42) -124.4(2)

C(43)-C(45)-C(46)-C(42) 5.5(3)

C(44)-C(45)-C(46)-C(42) 102.7(2)

C(7)-C(45)-C(46)-C(38) 58.1(3)

C(43)-C(45)-C(46)-C(38) -172.03(19)

C(44)-C(45)-C(46)-C(38) -74.9(3)
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Symmetry transformations used to generate equivalent atoms:

Table 7.21. Hydrogen bonds for 139 (cis isomer) [A and °]

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
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p-Lactam 139 {trans isomer)

Crystal Data for 139 (trans): C 104H 108N 4 O20 , MW 1733.94 (4 molecules). Monoclinic, Space group 

P 2 l/c ;a =  1 1.538(3), b= 12.295(3), c =  18.953(4)A°, a  = y = 90°, p = 123.08(12)“ ; t /=  2252.8(9) A°; 

Z =  1; Dc = 1.278 Mg m-3; m = 0.088 mm-1; Range for data collection = 1.12-25.00; Reflections 

collected 17982, Unique Reflections 3955 [/?int= 0.0441]; Data/restraints/parameters 3955/0/295; 

Goodness-of-fit on F2 1244; R indices (all data) = R\ = 0.0674, w/?2 = 0.1195; Final R indices [/ > 

25(/)] = R \=  0.0616, V/R2 = 0.1195. CCDC deposition no. 778108.

H 36C

H43A

H52B

H44B

Figure 7.4. Mercury representation o f the X-ray crystal structure of 139 {trans isomer) with 50%
thermal ellipsoids

Table 7.22. Crystal data and structure refinement for 139 (trans isomer)

Identification code shelxl

Empirical formula C104H108 N4 020

Formula weight 1733.94

Temperature 150(2) K

Wavelength 0.71075 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a =  12.364(4) A a =  82.867(11)°.

b =  13.084(4) A |3= 72.242(7)°.

c =  14.956(4) A 7 =  84.107(12)°

Volume 2280.9(12) A3

Z 1

Density (calculated) 1.262 Mg/m^
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Absorption coefficient 

F(OOO)

Crystal size

Theta range for data collection

Index ranges

Reflections collected

Independent reflections

Completeness to theta = 25.00°

Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters

Goodness-of-fit on

Final R indices [I>2sigma(I)]

R indices (all data)

Largest diff. peak and hole

0.087 mm‘ *

920

0.20 X 0.20 X 0.10 mm^

3.14 to 25.00°.

-14<=h<=14, -15<=k<=15, -17<=K=I7 

35367

8025 [R(int) = 0.0486]

99.7 %

Semi-empirical from equivalents 

1.0000 and 0.8449 

Full-matrix least-squares on F^

8025 / 0 / 5 8 7  

1.215

R1 =0.0642, wR2 = 0.1393 

R1 =0.0728, wR2 = 0.1442 

0.214 and -0.230 e.A‘3

Table 7.23. Atomic coordinates (x 10^) and equivalent isotropic displacement parameters (A^x 10^) 

for 139 (tram  isomer). U(eq) is defined as one third o f  the trace o f  the orthogonal ized U'J tensor.

0(1 ) 9445(1)

0(2) 5139(1)

0(3) 6845(1)

0(4) 5371(1)

0(5) 9697(1)

N( l ) 8271(2)

C(l ) 7524(2)

C(2) 6695(2)

C(3) 5976(2)

C(4) 6060(2)

C(5) 6868(2)

C(6) 7625(2)

C(7) 7481(3)

C(8) 4236(2)

C(9) 4948(2)

C(10) 9321(2)

y z U(eq)

6195(1) -1611(1) 33(1)

4777(1) 2307(1) 26(1)

3208(1) -470(1) 31(1)

3199(1) 1257(1) 28(1)

6739(1) 3703(1) 35(1)

6383(1) -63(1) 23(1)

5581(2) 264(2) 22(1)

5627(2) 1131(2) 23(1)

4828(2) 1455(2) 22(1)

4015(2) 921(2) 22(1)

4009(2) 32(2) 23(1)

4782(2) -299(2) 23(1)

3287(2) -1445(2) 45(1)

3457(2) 1201(2) 36(1)

5648(2) 2838(2) 39(1)

7628(2) -560(2) 24(1)
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C(11) 8343(2) 7309(2) 384(2) 23(1)

C(12) 9082(2) 6631(2) -895(2) 25(1)

C(13) 8625(2) 7123(2) 1302(2) 23(1)

C(14) 8326(2) 7890(2) 1914(2) 25(1)

C(15) 8642(2) 7790(2) 2740(2) 26(1)

C(16) 9270(2) 6902(2) 2952(2) 27(1)

C(17) 9513(2) 6099(2) 2373(2) 29(1)

C(18) 9197(2) 6214(2) 1557(2) 27(1)

C(19) 9611(2) 7579(2) 4249(2) 33(1)

C(20) 8178(2) 10398(2) -1998(2) 31(1)

C(2I) 9189(2) 10368(2) -1781(2) 33(1)

C(22) 9589(2) 9475(2) -1339(2) 27(1)

C(23) 8974(2) 8602(2) -1096(2) 23(1)

C(24) 7960(2) 8650(2) -1332(2) 30(1)

C(25) 7559(2) 9530(2) -1772(2) 32(1)

C(26) 10519(2) 7582(2) -473(2) 31(1)

0 (6) 6572(1) -150(1) 872(1) 27(1)

0 (7) 5359(1) -1837(1) 1405(1) 30(1)

0(8) 3692(1) -2007(1) 3018(1) 27(1)

0 (9) 9629(1) 2131(2) 3623(1) 42(1)

0(10) 2869(1) 1012(1) 5087(1) 30(1)

N(2) 4476(2) 1300(1) 3769(1) 23(1)

C(27) 2048(2) 5000(2) 4855(2) 42(1)

C(28) 2874(2) 4248(2) 4999(2) 32(1)

C(29) 3207(2) 3429(2) 4441(2) 26(1)

C(30) 2689(2) 3385(2) 3742(2) 32(1)

C(31) 1865(2) 4135(2) 3600(2) 43(1)

C(32) 1545(2) 4944(2) 4161(2) 46(1)

C(33) 3649(2) 1506(2) 4584(2) 24(1)

C(34) 5023(2) 2289(2) 3644(2) 22(1)

C(35) 4074(2) 2564(2) 4595(2) 23(1)

C(36) 4501(2) 2629(2) 5434(2) 30(1)

C(37) 6897(2) 3053(2) 3312(2) 30(1)

C(38) 8024(2) 3005(2) 3309(2) 35(1)

C(39) 8530(2) 2087(2) 3607(2) 29(1)

C(40) 7925(2) 1211(2) 3881(2) 28(1)

C(41) 6792(2) 1274(2) 3889(2) 25(1)

C(42) 6257(2) 2190(2) 3620(1) 23(1)
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C(43) 10201(2) 1204(2) 3889(2) 45(1)

C(44) 7268(2) 711(2) 622(2) 32(1)

C(45) 5744(2) -168(2) 1726(2) 23(1)

C(46) 5514(2) 619(2) 2313(2) 22(1)

C(47) 4680(2) 502(2) 3175(2) 22(1)

C(48) 4050(2) -368(2) 3457(2) 22(1)

C(49) 4274(2) -1131(2) 2844(2) 22(1)

C(50) 5128(2) -1046(2) 1980(2) 22(1)

C(51) 2796(2) -2136(2) 3884(2) 29(1)

C(52) 4960(2) -1585(2) 592(2) 38(1)

Table 7.24. Bond lengths [A] and angles [°] for 139 {tram  isomer)

0(1)-C(12) 1.217(3)

0(2)-C(3) 1.373(2)

0(2)-C(9) 1.428(3)

0(3)-C(5) 1.370(3)

0(3)-C(7) 1.426(3)

0(4)-C(4) 1.381(3)

0(4)-C(8) 1.435(3)

0(5)-C(16) 1.366(3)

0 (5)-C (l9) 1.426(3)

N(l)-C(12) 1.366(3)

N (l)-C (l) 1.411(3)

N (l)-C (ll) 1.477(3)

C(l)-C(2) 1.390(3)

C(l)-C(6) 1.394(3)

C(2)-C(3) 1.386(3)

C(2)-H(2) 0.9500

C(3)-C(4) 1.386(3)

C(4)-C(5) 1.399(3)

C(5)-C(6) 1.389(3)

C(6)-H(6) 0.9500

C(7)-H(7A) 0.9800

C(7)-H(7B) 0.9800

C(7)-H(7C) 0.9800

C(8)-H(8A) 0.9800
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C(8)-H(8B) 0.9800

C(8)-H(8C) 0.9800

C(9)-H(9A) 0.9800

C(9)-H(9B) 0.9800

C(9)-H(9C) 0.9800

C(10)-C(23) 1.514(3)

C(10)-C(26) 1.521(3)

C(10)-C(12) 1.539(3)

C (10)-C (ll) 1.595(3)

C (ll)-C (13) 1.502(3)

C ( ll) -H ( ll) 1.0000

C(I3)-C(14) 1.390(3)

C(I3)-C(18) 1.393(3)

C(I4)-C(15) 1.393(3)

C(I4)-H (I4) 0.9500

C(15)-C(I6) 1.387(3)

C(I5)-H(15) 0.9500

C(I6)-C(I7) 1.396(3)

C(17)-C(18) 1.377(3)

C(17)-H(17) 0.9500

C(18)-H(18) 0.9500

C(I9)-H(19A) 0.9800

C(19)-H(19B) 0.9800

C(19)-H(19C) 0.9800

C(20)-C(21) 1.380(3)

C(20)-C(25) 1.384(3)

C(20)-H(20) 0.9500

C(21)-C(22) 1.391(3)

C(21)-H(21) 0.9500

C(22)-C(23) 1.386(3)

C(22)-H(22) 0.9500

C(23)-C(24) 1.397(3)

C(24)-C(25) 1.378(3)

C(24)-H(24) 0.9500

C(25)-H(25) 0.9500

C(26)-H(26A) 0.9800

C(26)-H(26B) 0.9800

C(26)-H(26C) 0.9800
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0(6)-C(45) 1.372(2)

0(6)-C(44) 1.431(3)

0(7)-C(50) 1.380(2)

0(7)-C(52) 1.437(3)

0(8)-C(49) 1.371(3)

0(8)-C(51) 1.429(3)

0(9)-C(39) 1.373(3)

0(9)-C(43) 1.417(3)

0(10)-C(33) 1.216(3)

N(2)-C(33) 1.367(3)

N(2)-C(47) 1.408(3)

N(2)-C(34) 1.486(3)

C(27)-C(32) 1.375(4)

C(27)-C(28) 1.391(3)

C(27)-H(27) 0.9500

C(28)-C(29) 1.391(3)

C(28)-H(28) 0.9500

C(29)-C(30) 1.393(3)

C(29)-C(35) 1.523(3)

C(30)-C(31) 1.384(3)

C(30)-H(30) 0.9500

C(31)-C(32) 1.383(4)

C(31)-H(31) 0.9500

C(32)-H(32) 0.9500

C(33)-C(35) 1.533(3)

C(34)-C(42) 1.507(3)

C(34)-C(35) 1.598(3)

C(34)-H(34) 1.0000

C(35)-C(36) 1.517(3)

C(36)-H(36A) 0.9800

C(36)-H(36B) 0.9800

C(36)-H(36C) 0.9800

C(37)-C(38) 1.388(3)

C(37)-C(42) 1.395(3)

C(37)-H(37) 0.9500

C(38)-C(39) 1.384(3)

C(38)-H(38) 0.9500

C(39)-C(40) 1.384(3)
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C(40)-C(41)

C(40)-H(40)

C(41)-C(42)

C(41)-H(41)

C(43)-H(43A)

C(43)-H(43B)

C(43)-H(43C)

C(44)-H(44A)

C(44)-H(44B)

C(44)-H(44C)

C(45)-C(46)

C(45)-C(50)

C(46)-C(47)

C(46)-H(46)

C(47)-C(48)

C(48)-C(49)

C(48)-H(48)

C(49)-C(50)

C(51)-H(5IA)

C(51)-H(51B)

C(51)-H(51C)

C(52)-H(52A)

C(52)-H(52B)

C(52)-H(52C)

C(3)-0(2)-C(9)

C(5)-0(3)-C(7)

C(4)-0(4)-C(8)

C(16)-0(5)-C(19)

C(12)-N (l)-C(l)

C (12)-N (l)-C (ll)

C (l)-N (l)-C (ll)

C(2)-C(l)-C(6)

C(2)-C(1)-N(I)

C(6)-C(l)-N (l)

C(3)-C(2)-C(l)

C(3)-C(2)-H(2)

C(l)-C(2)-H(2)

1.392(3)

0.9500

1.384(3)

0.9500

0.9800

0.9800

0.9800

0.9800

0.9800

0.9800

1.387(3)

1.392(3)

1.387(3)

0.9500

1.393(3)

1.390(3)

0.9500

1.397(3)

0.9800

0.9800

0.9800

0.9800

0.9800

0.9800

116.99(17) 

117.16(18) 

112.43(17) 

118.05(18) 

133.72(19) 

95.97(17) 

130.08(17) 

122.3(2) 

118.53(19) 

119.19(19) 

118.3(2)

120.9

120.9
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0(2)-C(3)-C(2)

0(2)-C(3)-C(4)

C(2)-C(3)-C(4)

0(4)-C(4)-C(3)

0(4)-C(4)-C(5)

C(3)-C(4)-C(5)

0(3)-C(5)-C(6)

0(3)-C(5)-C(4)

C(6)-C(5)-C(4)

C(5)-C(6)-C(l)

C(5)-C(6)-H(6)

C(l)-C(6)-H(6)

0(3)-C(7)-H(7A)

0(3)-C(7)-H(7B)

H(7A)-C(7)-H(7B)

0(3)-C(7)-H(7C)

H(7A)-C(7)-H(7C)

H(7B)-C(7)-H(7C)

0(4)-C(8)-H(8A)

0(4)-C(8)-H(8B)

H(8A)-C(8)-H(8B)

0(4)-C(8)-H(8C)

H(8A)-C(8)-H(8C)

H(8B)-C(8)-H(8C)

0(2)-C(9)-H(9A)

0(2)-C(9)-H(9B)

H(9A)-C(9)-H(9B)

0(2)-C(9)-H(9C)

H(9A)-C(9)-H(9C)

H(9B)-C(9)-H(9C)

C(23)-C(10)-C(26)

C(23)-C(10)-C(12)

C(26)-C(I0)-C(12)

C(23)-C(10)-C(ll)

C(26)-C(10)-C(ll)

C(12)-C(10)-C(ll)

N (l)-C (ll)-C (13)

N (l)-C (ll)-C (10)

123.76(19)

115.20(19)

121.04(19)

121.13(19)

119.32(19)

119.54(19)

123.81(19)

115.55(19)

120.64(19)

118.1(2)

120.9

120.9

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

109.5

114.97(18)

113.41(18)

111.98(18)

112.09(17)

116.05(18)

84.79(16)

116.39(18)

86.48(15)
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C (13)-C (ll)-C (10) 119.04(18)

N ( l ) - C ( l l ) - H ( l l ) 110.9

C (1 3 )-C (ll) -H (ll) 110.9

C (1 0 )-C (ll) -H (ll) 110.9

0(I)-C (12)-N (1) 131.5(2)

0(1)-C (12)-C (10) 135.8(2)

N (l)-C (12)-C (10) 92.73(17)

C(I4)-C(13)-C(18) 118.4(2)

C (14)-C (13)-C (ll) 119.13(19)

C (18)-C (13)-C (ll) 122.51(19)

C(13)-C(14)-C(15) 121.5(2)

C(13)-C(14)-H(14) 119.3

C(15)-C(14)-H(14) 119.3

C(16)-C(15)-C(14) 119.0(2)

C(16)-C(15)-H(15) 120.5

C (I4)-C (15)-H (I5) 120.5

0(5)-C (16)-C (15) 124.7(2)

0(5)-C (16)-C (17) 115.3(2)

C (I5 )-C (I6 )-C (I7 ) 120.0(2)

C(18)-C(17)-C(16) 120.0(2)

C (18)-C (I7)-H (17) 120.0

C (16)-C (I7)-H (17) 120.0

C (17)-C (18)-C (I3) 120.9(2)

C(17)-C(18)-H(18) 119.5

C(13)-C(18)-H(18) 119.5

0(5)-C (19)-H (19A ) 109.5

0(5)-C (19)-H (19B ) 109.5

H(19A)-C(19)-H(19B) 109.5

0(5)-C (19)-H (19C ) 109.5

H(19A)-C(19)-H(19C) 109.5

H (19B)-C(19)-H(19C) 109.5

C(21)-C(20)-C(25) 119.5(2)

C(21)-C(20)-H(20) 120.3

C(25)-C(20)-H(20) 120.3

C(20)-C(21)-C(22) 120.6(2)

C(20)-C(21)-H(21) 119.7

C (22)-C (2I)-H (2I) 119.7

C(23)-C(22)-C(21) 120.8(2)
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C(23)-C(22)-H(22) 119.6

C(21)-C(22)-H(22) 119.6

C(22)-C(23)-C(24) 117.4(2)

C(22)-C(23)-C(10) 123.6(2)

C(24)-C(23)-C(10) 119.0(2)

C(25)-C(24)-C(23) 122.2(2)

C(25)-C(24)-H(24) 118.9

C(23)-C(24)-H(24) 118.9

C(24)-C(25)-C(20) 119.5(2)

C(24)-C(25)-H(25) 120.2

C(20)-C(25)-H(25) 120.2

C(10)-C(26)-H(26A) 109.5

C(10)-C(26)-H(26B) 109.5

H(26A)-C(26)-H(26B) 109.5

C(10)-C(26)-H(26C) 109.5

H(26A)-C(26)-H(26C) 109.5

H(26B)-C(26)-H(26C) 109.5

C(45)-0(6)-C(44) 116.44(16)

C(50)-0(7)-C(52) 112.84(17)

C(49)-0(8)-C(5l) 117.66(17)

C(39)-0(9)-C(43) 117.7(2)

C(33)-N(2)-C(47) 133.38(19)

C(33)-N(2)-C(34) 95.35(16)

C(47)-N(2)-C(34) 130.87(17)

C(32)-C(27)-C(28) 120.5(2)

C(32)-C(27)-H(27) 119.7

C(28)-C(27)-H(27) 119.7

C(27)-C(28)-C(29) 120.5(2)

C(27)-C(28)-H(28) 119.8

C(29)-C(28)-H(28) 119.8

C(28)-C(29)-C(30) 118.2(2)

C(28)-C(29)-C(35) 122.5(2)

C(30)-C(29)-C(35) 119.2(2)

C(31)-C(30)-C(29) 121.2(2)

C(3I)-C(30)-H(30) 119.4

C(29)-C(30)-H(30) 119.4

C(32)-C(31)-C(30) 119.9(3)

C(32)-C(31)-H(31) 120.1
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C(30)-C(31)-H(31) 120.1

C(27)-C(32)-C(31) 119.8(2)

C(27)-C(32)-H(32) 120.1

C(31)-C(32)-H(32) 120.1

0(10)-C(33)-N(2) 131.6(2)

0(10)-C(33)-C(35) 135.0(2)

N(2)-C(33)-C(35) 93.42(17)

N(2)-C(34)-C(42) 115.60(17)

N(2)-C(34)-C(35) 86.47(15)

C(42)-C(34)-C(35) 118.95(17)

N(2)-C(34)-H(34) 111.2

C(42)-C(34)-H(34) 111.2

C(35)-C(34j-H(34) 111.2

C(36)-C(35)-C(29) 115.09(18)

C(36)-C(35)-C(33) 113.17(18)

C(29)-C(35)-C(33) 110.79(18)

C(36)-C(35)-C(34) 115.82(18)

C(29)-C(35)-C(34) 113.47(17)

C(33)-C(35)-C(34) 84.76(15)

C(35)-C(36)-H(36A) 109.5

C(35)-C(36)-H(36B) 109.5

H(36A)-C(36)-H(36B) 109.5

C(35)-C(36)-H(36C) 109.5

H(36A)-C(36)-H(36C) 109.5

H(36B)-C(36)-H(36C) 109.5

C(38)-C(37)-C(42) 121.0(2)

C(38)-C(37)-H(37) 119.5

C(42)-C(37)-H(37) 119.5

C(39)-C(38)-C(37) 119.8(2)

C(39)-C(38)-H(38) 120.1

C(37)-C(38)-H(38) 120.1

0(9)-C(39)-C(38) 115.4(2)

0(9)-C(39)-C(40) 124.4(2)

C(38)-C(39)-C(40) 120.2(2)

C(39)-C(40)-C(4I) 119.2(2)

C(39)-C(40)-H(40) 120.4

C(4I)-C(40)-H(40) 120.4

C(42)-C(41)-C(40) 121.7(2)

Appendix I : X-ray crystallography data 413



C(42)-C(41)-H(4I) 119.2

C(40)-C(41)-H(41) 119.2

C(41)-C(42)-C(37) 118.0(2)

C(41)-C(42)-C(34) 122.9(2)

C(37)-C(42)-C(34) 119.09(19)

0(9)-C(43)-H(43A) 109.5

0(9)-C(43)-H(43B) 109.5

H(43A)-C(43)-H(43B) 109.5

0(9)-C(43)-H(43C) 109.5

H(43A)-C(43)-H(43C) 109.5

H(43B)-C(43)-H(43C) 109.5

0(6)-C(44)-H(44A) 109.5

0(6)-C(44)-H(44B) 109.5

H(44A)-C(44)-H(44B) 109.5

0(6)-C(44)-H(44C) 109.5

H(44A)-C(44)-H(44C) 109.5

H(44B)-C(44)-H(44C) 109.5

0(6)-C(45)-C(46) 123.72(19)

0(6)-C(45)-C(50) 115.31(18)

C(46)-C(45)-C(50) 120.97(19)

C(47)-C(46)-C(45) 118.7(2)

C(47)-C(46)-H(46) 120.7

C(45)-C(46)-H(46) 120.7

C(46)-C(47)-C(48) 122.03(19)

C(46)-C(47)-N(2) 117.81(19)

C(48)-C(47)-N(2) 120.16(19)

C(49)-C(48)-C(47) 118.12(19)

C(49)-C(48)-H(48) 120.9

C(47)-C(48)-H(48) 120.9

0(8)-C(49)-C(48) 124.12(19)

0(8)-C(49)-C(50) 114.77(18)

C(48)-C(49)-C(50) 121.1(2)

0(7)-C(50)-C(45) 121.33(19)

0(7)-C(50)-C(49) 119.61(19)

C(45)-C(50)-C(49) 119.05(19)

0(8)-C(51)-H(51A) 109.5

0(8)-C(51)-H(51B) 109.5

H(51A)-C(51)-H(51B) 109.5
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0 (8 ) -C (5 1 )-H (5 1 C ) 109.5

H (51A )-C (51)-H (51C ) 109.5

H (51B )-C (51)-H (51C ) 109.5

0(7 ) -C (5 2 )-H (5 2 A ) 109.5

0 (7 ) -C (5 2 ) -H (5 2 B ) 109.5

H (52A )-C (52)-H (52B ) 109.5

0 (7 ) -C (5 2 ) -H (5 2 C ) 109.5

H (52A )-C (52)-H (52C ) 109.5

H (52B )-C (52)-H (52C ) 109.5

Symmetry transformations used to generate equivalent atoms:

Table 7.25. Anisotropic displacement parameters (A^x 10^) for 139 {trans isomer). The anisotropic 

displacement factor exponent takes the form: -2n^[ a^^u **+. . .  + 2 h k a* b* j

u " U 2 2 U33 U23 y l 3 U>2

0 ( 1 ) 32(1) 29(1) 31(1) -8(1) 2(1) -3(1)

0 ( 2 ) 26(1) 26(1) 24(1) -5(1) 0(1) -6(1)

0 ( 3 ) 35(1) 28(1) 30(1) -11(1) -1(1) -9(1)

0 ( 4 ) 24(1) 24(1) 34(1) -3(1) -6(1) -6(1)

0 ( 5 ) 36(1) 39(1) 34(1) -11(1) -18(1) 7(1)

N ( l ) 21(1) 22(1) 26(1) -5(1) -4(1) -4(1)

C ( l ) 19(1) 22(1) 26(1) 0(1) -8(1) -4(1)

C(2) 24(1) 21(1) 24(1) -4(1) -7(1) -1(1)

C(3) 19(1) 25(1) 22(1) -2(1) -5(1) -1(1)

C(4) 21(1) 19(1) 25(1) 1(1) -7(1) -4(1)

C(5) 23(1) 20(1) 29(1) -6(1) -10(1) -1(1)

C(6) 18(1) 25(1) 25(1) -5(1) -3(1) -1(1)

C(7) 55(2) 44(2) 30(1) -16(1) 5(1) -18(1)

C(8) 21(1) 47(2) 43(2) -14(1) -7(1) -7(1)

C(9) 43(2) 33(1) 33(1) -13(1) 7(1) -8(1)

C(10) 18(1) 24(1) 28(1) -3(1) -4(1) -3(1)

C ( l l ) 17(1) 23(1) 27(1) -4(1) -4(1) -2(1)

C(12) 19(1) 25(1) 29(1) -1(1) -5(1) 1(1)

C(13) 18(1) 23(1) 27(1) -2(1) -4(1) -3(1)

C (14) 18(1) 24(1) 32(1) -4(1) -7(1) 0(1)

C (15) 19(1) 27(1) 31(1) -7(1) -6(1) 0(1)
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C (16) 21(1 ) 32(1) 26(1 ) -3 (1 ) -6(1) 0 (1)

C (17) 26(1 ) 26(1 ) 35(1) -3 (1 ) -10(1) 4 (1 )

C (18) 25 (1 ) 25(1 ) 32(1 ) -8 (1 ) -8(1) 0 (1 )

C (19) 29 (1 ) 42 (2 ) 30(1) -10(1 ) -11(1) 2 (1 )

C (20) 35(1 ) 29 (1 ) 25(1 ) -1 (1 ) -6(1) 6(1)

C (21) 36(1 ) 29(1 ) 30(1 ) -2 (1 ) -3(1) -5 (1 )

C (22) 21 (1 ) 30(1 ) 28(1 ) -2 (1 ) -5(1) -4(1)

C (23) 21 (1 ) 25 (1 ) 21(1 ) -4 (1 ) -4(1) -1 (1 )

C (24) 27(1 ) 28(1 ) 36(1) -4 (1 ) -10(1) -3 (1 )

C (25) 28 (1 ) 35(1) 33(1) -3 (1 ) -11(1 ) 3 (1 )

C (26) 21(1 ) 32(1) 38(1 ) 0 (1 ) -8(1) -3 (1 )

0 ( 6 ) 21 (1 ) 30(1 ) 25(1 ) -6 (1 ) 3(1) -5 (1 )

0 ( 7 ) 31(1 ) 2 7 (1 ) 2 9 (1 ) -13(1 ) -1(1) -3 (1 )

0 ( 8 ) 24 (1 ) 25 (1 ) 28(1 ) -5 (1 ) 1(1) -6 (1 )

0 ( 9 ) 23(1 ) 61(1) 41(1 ) -2 (1 ) -11(1) -6 (1 )

0 (1 0 ) 25(1 ) 27(1 ) 31(1) -5(1) 4(1) -2 (1 )

N (2) 20(1 ) 25(1 ) 22(1 ) -7(1) -2(1) -1 (1 )

C (27) 4 0 (2 ) 28(1 ) 44 (2 ) -5(1) 3(1) 9 (1 )

C (28) 31(1) 29(1 ) 31(1) -5(1) -1(1) 2(1 )

C (29) 22(1 ) 23(1 ) 28(1 ) 0 (1) -1(1) -1(1)

C (30) 29(1 ) 34(1 ) 32(1 ) -4(1) -9(1) 5(1)

C (31) 33(1 ) 51(2) 42(2 ) 6 (1) -14(1) 6(1)

C (32) 33(1 ) 41(2 ) 52(2) 7(1) -4(1) 13(1)

C (33) 24(1 ) 25(1 ) 22(1 ) -4(1) -6(1) 4(1 )

C (34) 22(1 ) 20(1 ) 24(1 ) -6(1) -5(1) -2(1)

C (35) 21(1 ) 25 (1 ) 22(1 ) -5(1) -3(1) 2 (1 )

C (36) 30(1 ) 33(1) 28(1 ) -8 (1 ) -9(1) 3 (1 )

C (37) 27 (1 ) 29(1 ) 32(1) -1 (1 ) -9(1) -3(1)

C (38) 31(1) 39(2 ) 34(1) 1(1) -8(1) -13 (1 )

C (39) 19(1) 44 (2 ) 24 (1 ) -7(1) -5(1) -2(1)

C (40) 24(1 ) 33(1 ) 27(1 ) -8(1) -7(1) 3 (1 )

C (41) 22(1 ) 26(1 ) 26(1 ) -8 (1 ) -5(1) -1(1)

C (42) 22(1 ) 26(1 ) 21(1 ) -6(1) -4(1) -1(1)

C (43) 28 (1 ) 63(2 ) 47(2 ) -22(1 ) -13(1) 11(1)

C (44) 28 (1 ) 33(1) 31(1) -6 (1 ) 1(1) -10 (1 )

C (45) 18(1) 25(1 ) 23(1 ) -3 (1 ) -5(1) 1(1)

C (46) 20(1 ) 22(1 ) 23(1 ) -2 (1 ) -5(1) -4(1)

C (47) 20(1 ) 22(1 ) 24(1 ) -5 (1 ) -7(1) 1(1)
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C(48) 18(1) 24(1) 23(1) -2(1) -5(1) 1(1)

C(49) 19(1) 20(1) 27(1) -2(1) -7(1) -1(1)

C(50) 21(1) 21(1) 24(1) -6(1) -6(1) 2(1)

C(51) 23(1) 32(1) 28(1) -3(1) 0(1) -7(1)

C(52) 32(1) 48(2) 37(1) -22(1) -6(1) -7(1)

Table 7.26. Hydrogen coordinates (x 10^) and isotropic displacement parameters (A^x 10 for 139 

{trans isomer)

X y z U(eq)

H(2) 6624 6192 1492 28

H(6) 8195 4766 -891 28

H(7A) 7305 3967 -1745 67

H(7B) 7278 2748 -1754 67

H(7C) 8297 3200 -1507 67

H(8A) 3884 4021 1591 55

H(8B) 3787 2851 1430 55

H(8C) 4262 3675 544 55

H(9A) 5619 5713 3040 59

H(9B) 4283 5554 3393 59

H(9C) 4811 6275 2444 59

H( l l ) 7644 7786 443 27

H(14) 7897 8497 1767 30

H(15) 8431 8321 3153 31

H(17) 9897 5472 2541 35

H(18) 9372 5666 1164 33

H(19A) 9993 8162 3841 49

H(19B) 9975 7364 4747 49

H(19C) 8807 7788 4536 49

H(20) 7909 11010 -2300 38

H(21) 9616 10962 -1936 40

H(22) 10292 9463 -1202 32

H(24) 7532 8056 -1184 36

H(25) 6863 9540 -1920 38

H(26A) 11064 7702 -1101 46

Appendix I: X-ray crystallography data 417



H(26B) 10701 6900 -180 46

H(26C) 10564 8113 -80 46

H(27) 1829 5557 5239 50

H(28) 3214 4293 5482 39

H(30) 2904 2831 3354 39

H(31) 1521 4093 3120 51

H(32) 980 5459 4066 55

H(34) 4908 2742 3086 26

H(36A) 4917 3252 5332 45

H(36B) 5010 2019 5506 45

H(36C) 3853 2657 6006 45

H(37) 6555 3683 3100 36

H(38) 8447 3601 3103 42

H(40) 8279 573 4063 33

H(41) 6375 673 4083 30

H(43A) 9805 954 4541 67

H(43B) 10985 1333 3838 67

H(43C) 10208 682 3470 67

H(44A) 6793 1349 572 48

H(44B) 7847 630 15 48

H(44C) 7642 742 1109 48

H(46) 5920 1226 2127 26

H(48) 3484 -437 4052 26

H(5IA) 3112 -2186 4416 44

H(51B) 2425 -2769 3906 44

H(51C) 2237 -1543 3925 44

H(52A) 4185 -1261 784 57

H(52B) 4961 -2216 301 57

H(52C) 5463 -1105 136 57

Table 7.27. Torsion angles [°] for 139 {trans isomer)

C(12)-N(l)-C(l)-C(2) -172.3(2)

C (ll)-N (l)-C (l)-C (2) 0.8(3)

C(12)-N(l)-C(l)-C(6) 6.5(4)

C (ll)-N (l)-C (l)-C (6) 179.6(2)

C(6)-C(l)-C(2)-C(3) 2.3(3)
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N(l)-C(l)-C(2)-C(3) -178.91(19)

C(9)-0(2)-C(3)-C(2) 5.8(3)

C(9)-0(2)-C(3)-C(4) -173.9(2)

C(l)-C(2)-C(3)-0(2) 178.82(19)

C(l)-C(2)-C(3)-C(4) -1.5(3)

C(8)-0(4)-C(4)-C(3) 76.9(3)

C(8)-0(4)-C(4)-C(5) -104.2(2)

0(2)-C(3)-C(4)-0(4) -2.7(3)

C(2)-C(3)-C(4)-0(4) 177.65(19)

0(2)-C(3)-C(4)-C(5) 178.42(18)

C(2)-C(3)-C(4)-C(5) -1.3(3)

C(7)-0(3)-C(5)-C(6) -12.5(3)

C(7)-0(3)-C(5)-C(4) 167.2(2)

0(4)-C(4)-C(5)-0(3) 4.8(3)

C(3)-C(4)-C(5)-0(3) -176.28(19)

0(4)-C(4)-C(5)-C(6) -175.57(19)

C(3)-C(4)-C(5)-C(6) 3.4(3)

0(3)-C(5)-C(6)-C(l) 177.1(2)

C(4)-C(5)-C(6)-C(l) -2.6(3)

C(2)-C(l)-C(6)-C(5) -0.3(3)

N(l)-C(l)-C(6)-C(5) -179.06(18)

C(I2)-N(1)-C(I1)-C(13) -122.34(19)

C (l)-N (l)-C (ll)-C (13) 62.7(3)

C(12)-N (l)-C(ll)-C(10) -1.51(17)

C (l)-N (l)-C (ll)-C (10) -176.5(2)

C(23)-C(10)-C(ll)-N (l) 114.52(18)

C(26)-C(10)-C(ll)-N (l) -110.61(19)

C(12)-C(10)-C(ll)-N (l) 1.34(15)

C(23)-C(10)-C(ll)-C(13) -127.1(2)

C(26)-C(10)-C(11)-C(I3) 7.8(3)

C(12)-C(10)-C(ll)-C(13) 119.7(2)

C(l)-N (l)-C (12)-0(1) -3.8(4)

C(11)-N(1)-C(12)-0(1) -178.5(2)

C(l)-N(l)-C(12)-C(10) 176.3(2)

C(11)-N(I)-C(I2)-C(I0) 1.56(17)

C(23)-C(IO)-C(12)-0(1) 66.8(3)

C(26)-C(10)-C(12)-0(l) -65.3(3)

C(l I)-C(10)-C(I2)-0(I) 178.7(3)
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C(23)-C(10)-C(12)-N(l) -113.28(19)

C(26)-C(10)-C(12)-N(l) 114.58(19)

C (ll)-C (10)-C (12)-N (l) -1.44(16)

N (l)-C (ll)-C (13)-C (14) -157.72(19)

C(10)-C(ll)-C(13)-C(14) 100.9(2)

N (l)-C (ll)-C (13)-C (18) 23.6(3)

C(10)-C(ll)-C(13)-C(18) -77.8(3)

C(18)-C(13)-C(14)-C(15) 3.6(3)

C(ll)-C(13)-C(14)-C(15) -175.1(2)

C(13)-C(14)-C(15)-C(16) 0.0(3)

C(19)-0(5)-C(16)-C(15) -7.7(3)

C(19)-0(5)-C(16)-C(17) 171.8(2)

C(14)-C(15)-C(16)-0(5) 175.4(2)

C(14)-C(15)-C(16)-C(17) -4.1(3)

0(5)-C(16)-C(l7)-C(18) -175.1(2)

C(15)-C(16)-C(17)-C(18) 4.4(3)

C(16)-C(17)-C(18)-C(13) -0.6(3)

C(14)-C(13)-C(18)-C(I7) -3.4(3)

C (II)-C (I3)-C (I8)-C (I7) 175.3(2)

C(25)-C(20)-C(2I)-C(22) 0.0(3)

C(20)-C(21)-C(22)-C(23) -0.8(3)

C(21)-C(22)-C(23)-C(24) 1.4(3)

C(21)-C(22)-C(23)-C(10) -176.1(2)

C(26)-C(10)-C(23)-C(22) -11.9(3)

C(12)-C(10)-C(23)-C(22) -142.5(2)

C(ll)-C(10)-C(23)-C(22) 123.5(2)

C(26)-C(10)-C(23)-C(24) 170.7(2)

C(12)-C(10)-C(23)-C(24) 40.0(3)

C(ll)-C(10)-C(23)-C(24) -53.9(3)

C(22)-C(23)-C(24)-C(25) -1.3(3)

C(10)-C(23)-C(24)-C(25) 176.3(2)

C(23)-C(24)-C(25)-C(20) 0.5(4)

C(21)-C(20)-C(25)-C(24) 0.2(3)

C(32)-C(27)-C(28)-C(29) 0.2(4)

C(27)-C(28)-C(29)-C(30) -0.2(3)

C(27)-C(28)-C(29)-C(35) -177.6(2)

C(28)-C(29)-C(30)-C(31) 0.1(4)

C(35)-C(29)-C(30)-C(31) 177.6(2)
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C(29)-C(30)-C(31)-C(32) -0.1(4)

C(28)-C(27)-C(32)-C(31) -0.2(4)

C(30)-C(31)-C(32)-C(27) 0.1(4)

C(47)-N(2)-C(33)-0(10) 6.2(4)

C(34)-N(2)-C(33)-0(IO) 179.2(2)

C(47)-N(2)-C(33)-C(35) -173.1(2)

C(34)-N(2)-C(33)-C(35) -0.05(17)

C(33)-N(2)-C(34)-C(42) 120.60(19)

C(47)-N(2)-C(34)-C(42) -66.1(3)

C(33)-N(2)-C(34)-C(35) 0.05(16)

C(47)-N(2)-C(34)-C(35) 173.4(2)

C(28)-C(29)-C(35)-C(36) 3.1(3)

C(30)-C(29)-C(35)-C(36) -174.2(2)

C(28)-C(29)-C(35)-C(33) 133.1(2)

C(30)-C(29)-C(35)-C(33) -44.2(3)

C(28)-C(29)-C(35)-C(34) -133.6(2)

C(30)-C(29)-C(35)-C(34) 49.1(3)

O(l0)-C(33)-C(35)-C(36) 64.9(3)

N(2)-C(33)-C(35)-C(36) -115.83(19)

O(l0)-C(33)-C(35)-C(29) -66.1(3)

N(2)-C(33)-C(35)-C(29) 113.19(18)

0(10)-C(33)-C(35)-C(34) -179.2(3)

N(2)-C(33)-C(35)-C(34) 0.05(16)

N(2)-C(34)-C(35)-C(36) 113.20(19)

C(42)-C(34)-C(35)-C(36) -4.2(3)

N(2)-C(34)-C(35)-C(29) -110.46(19)

C(42)-C(34)-C(35)-C(29) 132.1(2)

N(2)-C(34)-C(35)-C(33) -0.05(14)

C(42)-C(34)-C(35)-C(33) -117.5(2)

C(42)-C(37)-C(38)-C(39) 0.6(4)

C(43)-0(9)-C(39)-C(38) -177.7(2)

C(43)-0(9)-C(39)-C(40) 3.8(3)

C(37)-C(38)-C(39)-0(9) -176.8(2)

C(37)-C(38)-C(39)-C(40) 1.8(4)

0(9)-C(39)-C(40)-C(4I) 176.1(2)

C(38)-C(39)-C(40)-C(41) -2.4(3)

C(39)-C(40)-C(41)-C(42) 0.6(3)

C(40)-C(41)-C(42)-C(37) 1.8(3)
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C(40)-C(41)-C(42)-C(34) -178.4(2)

C(38)-C(37)-C(42)-C(41) -2.4(3)

C(38)-C(37)-C(42)-C(34) 177.8(2)

N(2)-C(34)-C(42)-C(41) -13.0(3)

C(35)-C(34)-C(42)-C(41) 87.8(2)

N(2)-C(34)-C(42)-C(37) 166.73(19)

C(35)-C(34)-C(42)-C(37) -92.5(2)

C(44)-0(6)-C(45)-C(46) 4.0(3)

C(44)-0(6)-C(45)-C(50) -175.99(19)

0(6)-C(45)-C(46)-C(47) -177.98(19)

C(50)-C(45)-C(46)-C(47) 2.0(3)

C(45)-C(46)-C(47)-C(48) -1.6(3)

C(45)-C(46)-C(47)-N(2) 178.68(19)

C(33)-N(2)-C(47)-C(46) 170.0(2)

C(34)-N(2)-C(47)-C(46) -0.8(3)

C(33)-N(2)-C(47)-C(48) -9.7(4)

C(34)-N(2)-C(47)-C(48) 179.4(2)

C(46)-C(47)-C(48)-C(49) -0.3(3)

N(2)-C(47)-C(48)-C(49) 179.43(19)

C(5I)-0(8)-C(49)-C(48) 0.3(3)

C(51)-0(8)-C(49)-C(50) -179.17(19)

C(47)-C(48)-C(49)-0(8) -177.60(19)

C(47)-C(48)-C(49)-C(50) 1.8(3)

C(52)-0(7)-C(50)-C(45) -74.4(3)

C(52)-0(7)-C(50)-C(49) 106.8(2)

0(6)-C(45)-C(50)-0(7) 0.7(3)

C(46)-C(45)-C(50)-0(7) -179.32(19)

0(6)-C(45)-C(50)-C(49) 179.43(18)

C(46)-C(45)-C(50)-C(49) -0.6(3)

0(8)-C(49)-C(50)-0(7) -3.2(3)

C(48)-C(49)-C(50)-0(7) 177.38(19)

0(8)-C(49)-C(50)-C(45) 178.06(18)

C(48)-C(49)-C(50)-C(45) -1.4(3)

Symmetry transformations used to generate equivalent atoms: 

Table 7.28. Hydrogen bonds for 139 (irans isomer) [A and °]
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Appendix 2: NCI screening data

N C I compound reference numbers: 

p-Lactam 92: N S C  747001 

P-Lactam 126: N S C  747007  

p-Lactam 136: NSC  747006  

Combretastatin A -4: N S C  613729

In the N C I6 0  screening results, the following terms are used:

G I5 0 : this is the concentration o f drug required to inhibit growth by 50%

L C 5 0 : this is the concentration o f drug required for 50%  lethality, i.e. for 50%  o f cells to die 

LogioGIso: the log (base 10) o f  the Glso. To  convert to GI50, put 10 to the power o f  this number. 

LogioLCso: the log (base 10) o f the LC50. To convert to LC50, put 10 to the power o f  this number. 

T G I: Total growth inhibition. The concentration required to inhibit growth by 100%.

A sample graph is shown below for p-lactam 126:

Brean! Cancer

MCF7 MCl.'AW-RES— -e KK)A-M0-23V— A-—
Q— • 8T-&49-----• —  T-47D— ♦ —

V n A rM fW M  A—

The concentration scale (X -ax is ) is logarithmic. Dose-response curves for seven different breast 

cancer cells lines are shown. For this sample compound in M C F -7  cells, the G I5 0  is 3.51 E‘*, the T G I is 

>1.00E"* and the LC 50  level o f  effect was not reached (>1 .00E “*). Full results are shown in the 

following pages.

From these results, mean graphs are constructed with bars depicting the deviation o f  individual tumour 

cell lines from the overall mean for all o f  the cell lines tested. An example from the mean graphs for 

126 is shown below. This depicts the G I5 0  as deviations from the mean for the whole range o f  cell 

lines tested. For example, from this graph, it can easily be seen that leukaemia cell lines are more 

sensitive to 126 than non-small cell lung cancer cells. It can also be seen that N S C L C  cell line H O P - 

92 is particularly resistant to 126. The mean graphs provide an easy means to compare the effects o f  

compounds across the whole range o f  cell lines in the N C I 60 screen.
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Panel/Cell Lme

Leukemia
CCRF-CEM
HL-60(TB)
K-562
MOLT-4
RPMI-8226

Non-Small Cell Lung Cancer 
A549/ATCC 
EKVX 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522

Log GI50 GI50

-6.62
-6.45
- 6.22
-4.64
-6.58
-6.37
-6.53
-6.70
-7.02

The COMPARE algorithm is used for comparison o f the patterns o f antiproliferative effects o f different 

compounds. When using the matrix COMPARE algorithm, an r  value o f 1 indicates a perfect 

correlation, or an identical pattern o f antiproliferative activity, while an r value o f 0 represents no 

correlation. The COMPARE algorithm can be used to compare the differential antiproliferative 

activities o f p-lactams to compounds with known mechanisms o f action in the N C I Standard Agent 

Database^®. Only the first page o f the COM PARE analysis is shown for (3-lactams 92 and 136.

The N C I screening results follow in this order:

92 (NSC 747001) one-dose mean graph

92 (NSC 747001) five-dose dose-response curves, in vitro testing results and mean graphs 

126 (NSC 747007) one-dose mean graph

126 (NSC 747007) five-dose dose-response curves, in vitro testing results and mean graphs 

136 (NSC 747006) one-dose mean graph

136 (NSC 747006) five-dose dose-response curves, in vitro testing results and mean graphs 

Standard COM PARE analysis o f 92 and Standard Agents Database (GI50)

Standard COM PARE analysis o f 92 and Standard Agents Database (TG I)

Standard COM PARE analysis o f 92 and Standard Agents Database (LC50)

Standard COM PARE analysis o f 136 and Standard Agents Database (GI50)

Standard COM PARE analysis o f 136 and Standard Agents Database (T G I)

Standard COM PARE analysis o f 136 and Standard Agents Database (LC50)

Matrix COM PARE analysis o f 126 and 92 

Matrix COM PARE analysis o f 136 and 92
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Developmental Therapeutics Program 

One Dose Mean Graph
NSC: D-747001 /1  Cone: 1.00E-5 Molar

Experiment ID: 08030S30

Test Date: Mar 03,2

Report Date: May 26

Panel/Cell Line Growth Percent Mean Growth Percent - Growth Percent

Leukemia
CCRF-GEMl_ll CA/XD\ 55.61

oo noML-bU( 1 d) -oo.yz
K-562 10.79 wm
MOLT-4 14.75 ■I
RPMI-8226 11.02 ■■
SR 28.84 M

Non-Small Cell Lung Cancer
A549/ATCC 27.70 ■
EKVX 38.10
HOP-62 38.58 ■iH
HOP-92 42.80
NCI-H226 20.62
NCI-H23 12.49 ■i
NCI-H322M 41.97
NCI-H460 2.62
NCI-H522 11.81

Colon Cancer
COLO 205 -7.88
HCC-2998 7.30 ■■
HCT-116 4.61
HCT-15 1.56
HT29 16.44 ■
KM12 4.73 ■■■
SW-620 24.37 I

CNS Cancer
SF-268 19.30
SF-295 4.54 ■■■
SF-539 -1.84
SNB-19 36.16
SNB-75 58.40
U251 7.65 ■■i

Melanoma
LOX IMVI 20.38
MALME-3M 55.57
M14 -7.26 ------
MDA-MB-435 4.52 r

SK-MEL-2 54.42
SK-MEL-28 55.91 _  . . . .  ------ -
SK-MEL-5 -13.76
UACC-257 78.25 ....— --------
UACC-62 24.59

Ovarian Cancer
IGROV1 13.72 ■1
OVCAR-3 -15.11
OVCAR-4 37.38
OVCAR-5 39.78
OVCAR-8 29.16
NCI/ADR-RES -6.90
SK-OV-3 40.66

Renal Cancer
786-0 11.00
A498 -6.92
ACHN 24.30
CAKI-1 39.10 —

RXF 393 23.16
SN12C 25.76
TK-10 52.98 ■---------
UO-31 36.49

Prostate Cancer
PC-3 32.16
DU-145 -11.06

Breast Cancer
MCF7 10.45
MDA-MB-231/ATCC -10.26
HS 578T 1.96
BT-549 -12.93
T-47D 101.19
MDA-MB-468 24.24

Mean 20.87
Delta
Range

54.79
135.11

150 100 50 -50 -100
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National Cancer Institute Developmental Therapeutics Program 
Dose Response Curves

NSC: D - 747001 /1

Report Date: May 26, 2010

SSPL: OXOS EXP. ID: 0805NS99

Test Date: May 05, 2008

Leukemia
100

-50

-100

Log of Sample Concentration (Molar)
CCRF-CEM-

MOLT-4-
-e-
- - Q -

HL-60(TB)— e - -  
RPMI-8226—

K-562— A —

Non-Small Cell Lung Cancer
100

50

0

-50

-100
■5'9 -8 -7 -6 -4

A549/ATCC e -
HOP-92— -0 - 

NCI-H322M— -A -

Log^U of Sample Concentration (Molar)
EKVX— e - -  

NCI-H226—  
NCI-H460— ■ -

HOP-62— A -  
NCI-H23— ♦ -  

NCI-H522- -O -

Colon Cancer
100

-50

-100

Log of Sample Concentration (Molar)
COLO 205- - e -

HCT-15— €>—
HCC-2998—  ̂

KM12— «
HCT-116— A -  
SW-620—

CNS Cancer Melanoma Ovarian Cancer
100

-50

-100

Log l̂jj of Sample Concentration (Molar)
SF-268- - e -
SNB-19— e -

SF-295— « —  
SNB-75—

SF-539— A-- 
U251— ♦ -

100

50

0

a-
-50

-100

LOX IMVI— 0 -  
M DA-M B^35— -B- 

SK-MEL-5— -A -

Log^jj of Sample Concentration (Molar)
MALME-3M —  

S K -M E L -2 -- 
UACC-257—

M14— A -  
SK-MEL-28— ♦ - 

U A C C -6 2 - -0 -

100

-50

-100

Log of Sample Concentration (Molar)
IGROV1- OVCAR-4—

OVCAR-8— -B —  NCI/ADR-RES-
OVCAR-5— A -  
S K - 0 V -3 - -» -

Renal Cancer Prostate Cancer Breast Cancer

4^

oo

100

-50

-100

Log^Q of Sample Concentration (Molar)

100

50

0

-50

-100

of Sample Concentration (Molar) 

'------- D U -145--------------------

100

-50

-100

Log^Q of Sample Concentration (Molar)

M DA-M B-231/-



National Cancer Institute Developmental Therapeutics Program 
In-Vitro Testing Results

I sc : D - 747001 /1 Experiment ID : 0805NS99 Test Type : 08 Units : Molar

eport Date : May 26, 2010 Test Date : May 05, 2008 QNS : MG :

OMI:mjmtg004 (71120) Stain Reagent: SRB Dual-Pass Related S S P L : OXOS

Time
LoglO Concentration 

Mean Optical Densities Percent Growth
Well Line Zero Ctrl -8.0 -7.0 -6.0 -5.0 -4.0 -8.0 -7.0 -6.0 -5.0 -4.0 GI50 TGI LC50
mia
f-CEM 0.246 0.747 0.185 0.163 0.171 0.175 0.131 -25 -34 -31 -29 -47 < 1.00E-8 < 1.OOE-8 > 1.OOE-4
0(TB) 0.415 1.193 0.282 0.599 0.565 0.622 0.465 -32 24 19 27 6 < 1.00E-8 > 1.OOE-4

0.147 0.910 0.257 0.424 0.519 0.434 0.341 14 36 49 38 25 < 1.00E-8 > 1.00E-4 > 1.OOE-4
,T4 0.193 0.702 0.219 0.524 0.601 0.613 0.551 5 65 80 82 70 > 1.00E-4 > 1.OOE-4
1-8226 0.269 0.481 0.138 0.137 0.135 0.114 0.101 -49 -49 -50 -58 -62 < 1.00E-8 < 1.OOE-8 1 .OOE-6

imall Cell Lung Cancer
l/ATCC 0.217 1.265 0.647 0.493 0.496 0.551 0.353 41 26 27 32 13 < 1 .OOE-8 > 1 .OOE-4 > 1.OOE-4
( 0.731 1.836 1.142 1.052 1.110 1.137 0.780 37 29 34 37 4 < 1.00E-8 > 1.00E-4 > 1.OOE-4
■62 0.637 1.823 1.388 1.107 1.193 1.239 0.564 63 40 47 51 -12 6.53E-5 > 1.OOE-4
'•92 0.650 1.105 0.949 0.914 0.936 0.854 0.490 66 58 63 45 -25 5.15E-6 4.41 E-5 > 1.OOE-4
H226 0.752 1.268 0.826 0.743 0.778 0.917 0.394 14 -1 5 32 -48 < 1.00E-8 > 1.OOE-4
H23 0.420 1.318 0.854 0.762 0.817 0,728 0.487 48 38 44 34 7 < 1.00E-8 > 1.OOE-4 > 1.OOE-4
H322M 0.460 1.082 0.740 0.649 0.645 0.655 0.576 45 30 30 31 19 < 1.00E-8 > 1.OOE-4 > 1.OOE-4
M60 0.238 2.337 0.448 0.334 0.336 0.331 0.186 10 5 5 4 -22 < 1.OOE-8 1.47E-5 > 1 .OOE-4
H522 1.113 2.353 1.365 1.390 1.431 1.426 0.746 20 22 26 25 -33 < 1.00E-8 2.71 E-5 > 1.OOE-4

Cancer
0205 0.171 0.641 0.609 0.075 0.052 0.061 0.035 93 -56 -70 -65 -80 1.94E-8 4.19E-8 9.06E-8
•2998 0.706 1.925 1.873 0.870 0.866 0.970 0.404 96 13 13 22 -43 3.59E-8 2.17E-5 > 1 .OOE-4
■116 0.162 1.423 0.301 0.255 0.245 0.308 0.135 11 7 7 12 -17 < 1 .OOE-8 2.57E-5 > 1.00E-4
■15 0.303 1.655 0.924 0.431 0.437 0.520 0.255 46 9 10 16 -16 < 1 OOE-8 3.18E-5 > 1.OOE-4

0.470 1.858 0.608 0.541 0.518 0.617 0.225 10 5 3 11 -52 < 1 .OOE-8 1.47E-5 9.21 E-5
50 0.236 1.497 0.509 0.520 0.500 0.545 0.328 22 23 21 25 7 < 1.OOE-8 > 1 .OOE-4 > 1.OOE-4

lancer
E8
%

S
■19
•?5

oma
MVI
C-3M

MB-435
EL-2
EL-28
EL-5
■257
'̂ 1

nCancer
V1
lR-4
fi-5
fi-8
DR-RES
1-3

Cancer

r f
o i l
<i

b Cancer

15
Cancer

0.266 
MB-231/ATCC 0.346 

0.865 
0.310 
0.239

1.045 2.626 1.816 1,446 1.447 1.388 0,632 49 25 25 22 -40 < 1,00E-8 2,26E-5 > 1,00E-4
0.548 1.259 0.475 0.438 0.519 0.533 0,327 -13 -20 -5 -3 -40 < 1,00E-8 < 1,OOE-8 > 1,00E-4
0.574 1.963 0.827 0,654 0.650 0.742 0,055 18 6 5 12 -90 < 1,OOE-8 1,31E-5 4,03E-5
0.302 1.130 0.849 0,527 0.530 0.575 0,384 66 27 27 33 10 2,58E-8 > 1,OOE-4 > 1,00E-4
0.581 1.496 1.175 1,089 1.128 1,263 0,933 65 55 60 74 38 4,77E-5 > 1,OOE-4 > 1,OOE-4
0.290 1.436 0.770 0,479 0.480 0,534 0,117 42 16 17 21 -60 < 1,OOE-8 1,83E-5 7,60E-5

0.311 1.969 0.659 0,577 0.637 0,712 0,070 21 16 20 24 -77 < 1,OOE-8 1,73E-5 5,36E-5
0.620 0.935 0.753 0.768 0.800 0.782 0,409 42 47 57 52 -34 4,OOE-5 > 1,OOE-4
0.332 1.444 0.651 0.501 0.547 0.574 0,318 29 15 19 22 -4 < 1,00E-8 6,80E-5 > 1,OOE-4
0.439 1.639 0.285 0.284 0.332 0.301 0,272 -35 -35 -24 -31 -38 < 1,00E-8 < 1,OOE-8 > 1,OOE-4
0.475 0.970 0.863 0.837 0.842 0.792 0,394 78 73 74 64 -17 1,49E-5 6,16E-5 > 1,OOE-4
0.433 1.192 0.812 0.782 0.773 0.790 0,192 50 46 45 47 -56 < 1,00E-8 287E-5 8,81 E-5
0.429 2.436 1.390 0.243 0.267 0.327 0,023 48 -43 -38 -24 -95 < 1,00E-8 3,35E-8 2,34E-5
0.897 1.952 1.683 1.650 1.667 1,675 0,961 74 71 73 74 6 2,24E-5 > 1,OOE-4 > 1,OOE-4
0.506 1.612 0.662 0.780 0.712 0,713 0,105 14 25 19 19 -79 < 1,00E-8 1,55E-5 5,02E-5

0.454 1.538 0.988 0.694 0.668 0,792 0,542 49 22 20 31 8 < 1,00E-8 > 1,OOE-4 > 1,OOE-4
0.522 1.891 1.276 1.008 1.134 1,172 0,925 55 36 45 47 29 1,82E-8 > 1,OOE-4 > 1,OOE-4
0.514 1.390 1.062 0.874 0.889 0,894 0,690 63 41 43 43 20 3,84E-8 > 1,OOE-4 > 1,OOE-4
0.433 1.750 1.097 0.808 0.842 0,889 0,490 50 28 31 35 4 1,04E-8 > 1,OOE-4 > 1,00E-4
0.497 1.723 0.737 0.586 0.655 0,759 0,537 20 7 13 21 3 < 1,00E-8 > 1,OOE-4 > 1,OOE-4
0.509 1.316 1.129 0.750 0.775 0,859 0,516 77 30 33 43 1 3,73E-8 > 1,OOE-4 > 1,OOE-4

0.765 2.608 2.225 1.230 1.300 1,191 0,659 79 25 29 23 -14 347E-8 422E-5 > 1,00E-4
0.944 1.687 1.008 0.935 0.914 0,918 0,584 9 -1 -3 -3 -38 < 1,00E-8 7,95E-8 > 1,00E-4
0.392 1.627 0.914 0.781 0.739 0,702 0,363 42 31 28 25 -7 < 1,00E-8 592E-5 > 1,00E-4
0.535 0.660 0.528 0.516 0.525 0,504 0,332 -1 -4 -2 -6 -38 < 1,00E-8 < 1,OOE-8 > 1,OOE-4
0.535 1.136 0.651 0.618 0.640 0,711 0,432 19 14 17 29 -19 < 100E-8 401E-5 > 1.00E-4
0.319 1.151 0.596 0.531 0.514 0,520 0,126 33 25 23 24 -61 < 1,00E-8 1,93E-5 7,52E-5
0.497 1.053 0.768 0.713 0.714 0,753 0,416 49 39 39 46 -16 < 1,OOE-8 5,47E-5 > 1.00E-4
0.426 1.418 1.010 0.840 0.895 0,811 0,427 59 42 47 39 3,28E-8 > 1,00E-4 > 1.00E-4

0.217 0.693 0.304 0.288 0.299 0,307 0,187 18 15 17 19 -14 < 1,OOE-8 3,73E-5 > 1.OOE-4
0.145 0.542 0.208 0.147 0.145 0,156 0,110 16 1 3 -24 < 1,OOE-8 1,27E-5 > 1.OOE-4

MB-468

1.452 0.472 0.412 0.429 0.330 0.273 17 12 14 5 1 < 1.00E-8 > 1.00E-4 > 1.00E-4
0.857 0.546 0.283 0.292 0.387 0.285 39 -18 -16 8 -18 < 1.00E-8 > 1.00E-4
1.673 1.169 1.008 0.971 0.977 0.495 38 18 13 14 -43 < 1.00E-8 1.75E-5 > 1.00E-4
0.765 0.616 0.654 0.680 0.803 0.281 67 76 81 108 -10 3.12E-5 8.30E-5 > 1.00E-4
1.072 0.653 0.430 0.471 0.505 0.362 50 23 28 32 15 < 1.00E-8 > 1.00E-4 > 1.00E-4

■i |
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data

National Cancer Institute Developmental Therapeutics Program

Mean Graphs

NSC : D - 747001/1 Units :Molar

Report Date :May 26, 2010

SSPL :OXOS EXP. ID :0805NS99

Test Date :May 05, 2008

Panel/Cell Line Log^pGISO Log.nLCSO

Leukemia
CCRF-CEM
HL-60(TB)
K-562 
MOLT-4 
RPMI-8226 

Non-Smatl Cell Lung Cancer 
A549/ATCC 
EKVX 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522 

Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
KM12 
SW-620 

CNS Cancer 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251 

Melanoma 
LOX IMVI 
MALME-3M 
M14
MDA-MB-435 
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

Ovarian Cancer 
IGR0V1 
OVCAR-4 
OVCAR-5 
OVCAR-8 
NCI/ADR-RES 
SK-OV-3 

Renal Cancer 
786-0 
A498 
ACHN 
CAKl-1 
RXF 393 
SN12C 
TK-10 
UO-31 

Prostate Cancer 
PC-3 
DU-145 

Breast Cancer 
MCF7
MDA-MB-231/ATCC
BT-549
T^7D
MDA-MB-468

<  - 8.00
<  - 8.00
<  - 8.00

<  -8.00

<  - 8.00

> -4.00
> -4.00 
<  -8.00

-4.00
-4.00
-4.00
-4.00
-6.00

< - 8 . 0 0 > - 4 . 0 0 mmmmi > - 4 . 0 0 ,
< - 8 . 0 0 > - 4 . 0 0 > - 4 . 0 0 a

- 4 . 1 9 > - 4 . 0 0 a

- 4 . 3 6 mm > - 4 . 0 0 a
< - 8 . 0 0 wm > - 4 . 0 0 a
< - 8 . 0 0 mm > - 4 . 0 0 mmmm > - 4 . 0 0 a
< - 8 . 0 0 > - 4 . 0 0 > - 4 . 0 0 a
< - 8 . 0 0 wm ^ . 8 3 > - 4 . 0 0 a
< - 8 . 0 0 - 4 . 5 7 m > - 4 . 0 0 ■

“ 7  7 1 - 7  3 8 - 7  0 4
- 7 . 4 4 ^ ; 6 6 a > - 4 ! o o ,

< - 8 . 0 0 - 4 . 5 9 ■ > - 4 . 0 0 ■
< - 8 . 0 0 mm - 4 . 5 0 •m . > - 4 . 0 0 •
< - 8 . 0 0 - 4 . 8 3 - 4 . 0 4
< - 8 . 0 0 > - 4 . 0 0 > - 4 . 0 0

< - 8 . 0 0 ■N - 4 . 6 5 > - 4 . 0 0
< - 8 . 0 0 mm < - 8 . 0 0 > - 4 . 0 0 <
< - 8 . 0 0 ■M - 4 . 8 8 - 4 . 3 9 wm

- 7 . 5 9 > • 4 . 0 0 > - 4 . 0 0 a
> - 4 . 0 0 wmmmm > - 4 . 0 0 1

< - 8 . 0 0 ■N - 4 . 7 4 - 4 . 1 2

< - 8 . 0 0 - 4 . 7 6 - 4 . 2 7 .
- 4 . 4 0 m,m > - 4 . 0 0

< - 8 . 0 0 ^ . 1 7 immmm > - 4 . 0 0
< - 8 . 0 0 — < - 8 . 0 0 > - 4 . 0 0

- 4 . 8 3  --------------------------------------- - 4 .2 1 mmmm > - 4 . 0 0
< - 8 . 0 0 - 4 . 5 4 .m - 4 . 0 6
< - 8 . 0 0 - 7 . 4 8 - 4 . 6 3

^ . 6 5  ------------------------------------------ > - 4 . 0 0 1 > - 4 . 0 0
< - 8 . 0 0 — - 4 .8 1 - 4 . 3 0 •

< - 8 . 0 0 > - 4 . 0 0 > - 4 . 0 0 1

- 7 . 7 4 > - 4 . 0 0 > - 4 . 0 0 I

- 7 . 4 2 > - 4 . 0 0 > - 4 . 0 0 I

- 7 . 9 8 > - 4 . 0 0 > - 4 . 0 0 I
< - 8 . 0 0 > - 4 . 0 0 > - 4 . 0 0 I

- 7 . 4 3 > - 4 . 0 0 > - 4 . 0 0 •

- 7 . 4 6 - 4 . 3 8 > - 4 . 0 0 .
< - 8 . 0 0 - 7 . 1 0 > - 4 . 0 0 4
< - 8 . 0 0 ■*> ^ . 2 3 > - 4 . 0 0 ,
< - 8 . 0 0 < - 8 . 0 0 ---------------- > - 4 . 0 0
< - 8 . 0 0 - 4 . 4 0 mm > ^ . 0 0 ,
< - 8 . 0 0 wm - 4 .7 1 - 4 . 1 2
< - 8 . 0 0 ^ . 2 6 > - 4 . 0 0 ,

- 7 . 4 8 > - 4 . 0 0 — > - 4 . 0 0

< - 8 . 0 0 - 4 . 4 3 > - 4 . 0 0
< - 8 . 0 0 — - 4 . 9 0 > - 4 . 0 0

< - 8 . 0 0 > - 4 . 0 0 > - 4 . 0 0
< - 8 . 0 0 > - 4 . 0 0
< - 8 . 0 0 - 4 . 7 6 > - 4 . 0 0

- 4 .5 1 - 4 . 0 8 > - 4 . 0 0
< - 8 . 0 0 > - 4 . 0 0 > - 4 . 0 0



)evelopmental Therapeutics Program NSC: 747007/1 Cone: 1.00E-5 Molar Test Date: Mar 03, 2008

One Dose Mean Graph Experiment ID: 08030S30 Report Date: Mar 25, 2008

'anel/Cell Line

on-Small Cell Lung Cancer

Growth Percent Mean Growth Percent - Growth Percent

A549/ATCC 21.79
EKVX 25.39
HOP-62 33.23
HOP-92 30.39
NCI-H226 7.23

_ NCI-H23 -11.70
NCI-H322M 31.64
NCI-H460 -28.22
NCI-H522 9.18

lion Cancer
COLO 205 -70.53

1
1 HCC-2998 -4.57
1 HCT-116 1.03

1HCT-15 -1.63
HT29 0.08
KM12 0.39

>10 SW-620 13.76
feast Cancer

— BT-549 -32.05
HS 578T 4.82
MCF7 3.73
MDA-MB-231/ATCC -10.34
MDA-MB-435 -52.75
MDA-MB-468 -11.12
NCI/ADR-RES 6.43
T-47D

rarian Cancer
86.62

IGR0V1 9.09
OVCAR-3 -31.43
OVCAR-4 24.19
OVCAR-5 29.91
OVCAR-8 26.11
SK-OV-3

wkemia
12.63

CCRF-CEM 19.39
HL-60(TB) -37.54

r-t K-562 -22.39
MOLT-4 16.28
RPMI-8226 -30.28

-SR
knal Cancer

29.89

786-0 6.43
A498 -19.26
ACHN 17.87
CAKI-1 18.90
RXF 393 16.97
SN12C 22.54
TK-10 34.49
UO-31
Janoma

26.10

LOX IMVI 14.53
M14 7.65
MALME-3M 72.80
SK-MEL-2 60.39

*SK-M EL-28 50.60
SK-MEL-5 -32.12
UACC-257 80,41
UACC-62 20.55

^3jstate Cancer
DU-145 -30.03

—  PC-3 
US Cancer

23.42

SF-268 17.53
SF-295 -28.98
SF-539 -20.23
SNB-19 20.72
SNB-75 34.91

d s U251 4.06

' Mean 8.65
Delta 79.18
Range 157.15

150 100 50 -50 -100 -150
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National Cancer Institute Developmental Therapeutics Program 
Dose Response Curves

NSC : D - 7470071 1 SSPL: OXOS EXP. ID: 0805NS99
Report Date: June 16, 2008 Test Date; May 05, 2008

All Cell Lines
100

O )

-50

-100

Log.,0 of Sample Concentration (Molar)



National Cancer Institute Developmental Therapeutics Program 
In-Vitro Testing Results

(SC : D - 747007 /  1 Experiment ID : 0805NS99 Test Type : 08 Units : Molar
1
^ r t  Date : June 16, 2008 Test Date : May 05, 2008 QNS : MG :

DM!: MJM-N-1 (71408) Stain Reagent: SRB Dual-Pass Related S S P L : OXOS

Log 10 Concentration

Cell Line
nla
:-CEM
(TB)

'•4
<226

nail Cell Lung Cancer

Time
Zero Ctrl -8.0

Mean
-7.0

Optical Densities 
-6.0 -5.0 -4.0 -8.0 -7.0

Percent Growth 
-6.0 -5.0 -4.0 GI50 TGI LC50

0.246 0.687 0.681 0.305 0.329 0.315 0.319 99 13 19 16 16 3.72E-8 > 1.00E-4 > 1.00E-4
0.415 0.986 0.847 0.219 0.170 0.134 0.170 76 -47 -59 -68 -59 1.62E-8 4.12E-8 1.68E-7
0.147 0.748 0.698 0.159 0.150 0.137 0.201 92 2 -7 9 2.91 E-8 > 1 .OOE-4
0.193 0.586 0.554 0.225 0.143 0.138 0.211 92 8 -26 -29 4 3.16E-8 > 1.00E-4
0.269 0.472 0.432 0.301 0.339 0.291 0.255 80 15 34 11 -5 2.93E-8 4.60E-5 > 1.OOE-4

ATCC 0.217 1.137 1.114 0.857 0.379 0.415 0.360 98 70 18 22 15 2.38E-7 > 1.00E-4 > 1.OOE-4
0.731 2.030 1.998 1.548 1.242 1.163 1.108 97 63 39 33 29 3.52E-7 > 1.OOE-4 > 1.OOE-4

S2 0.637 1.703 1.729 1.510 1.075 1.019 0.925 102 82 41 36 27 6.05E-7 > 1.OOE-4 > 1.OOE-4
92 0.650 1.127 1.089 1.077 0.975 0.906 0.857 92 89 68 54 43 2.27E-5 > 1.OOE-4 > 1.OOE-4
K6 0.752 1.292 1.270 1.213 0.758 0.877 0.764 96 85 1 23 2 2.63E-7 > 1.OOE-4 > 1.OOE-4
B3 0.420 1.284 1.272 1.011 0.759 0.608 0.571 99 68 39 22 17 4.27E-7 > 1.OOE-4 > 1.OOE-4
322M 0.460 1.101 1.074 0.885 0.665 0.647 0.619 96 66 32 29 25 2.98E-7 > 1.OOE-4 > 1.OOE-4
*60 0.238 2.149 2.325 1.569 0.302 0.306 0.264 109 70 3 4 1 1.98E-7 > 1.OOE-4 > 1.OOE-4

CMCM 1.113 2.174 2.115 1.636 1.136 1.184 1.017 94 49 2 7 -9 9.66E-8 2.74E-5 > 1 .OOE-4

1205 0.171 0.586 0.617 0.502 0.076 0.067 0.053 107 80 -56 -61 -69 1.66E-7 3.89E-7 9.10E-7
B98 0.706 1.717 1.680 1.658 0.836 0.736 0.629 96 94 13 3 -11 3.49E-7 1.64E-5 > 1.OOE-4
116 0.162 1.323 1.360 0.331 0.234 0.285 0.268 103 15 6 11 9 3.98E-8 > 1.00E-4 > 1.OOE-4
!5 0.303 1.678 1.665 1.144 0.476 0.458 0.407 99 61 13 11 8 1 70E-7 > 1.00E-4 > 1.OOE-4

0.470 1.890 1.886 0.766 0.584 0.512 0.413 100 21 8 3 -12 4.27E-8 1.56E-5 > 1.OOE-4
» 0.236 1.423 1.429 0.557 0.479 0.508 0.425 101 27 20 23 16 4.87E-8 > 1.00E-4 > 1.OOE-4

1.045 2.599 2.613 2.159 1.545 1.520 1.316 101 72 32 31 17 3.54E-7 > 1.OOE-4 > 1.OOE-4
0.548 1.924 1.793 0.771 0.716 0.689 0.649 90 16 12 10 7 3.50E-8 > 1.OOE-4 > 1.OOE-4
0.574 1.929 1.904 0.656 0.600 0.630 0.631 98 6 2 4 4 3.33E-8 > 1.OOE-4 > 1.OOE-4
0.302 1.084 1.116 0.847 0.503 0.517 0.482 104 70 26 27 23 2.80E-7 > 1.OOE-4 > 1 .OOE-4
0.581 1.271 1.212 0.875 1.012 0.949 0.980 91 43 62 53 58 > 1.OOE-4 > 1 .OOE-4
0.290 1.436 1.456 0.850 0.470 0.451 0.390 102 49 16 14 9 9.50E-8 > 1.OOE-4 > 1 .OOE-4

(VI 0.311 1.911 1.884 0.953 0.608 0.629 0.536 98 40 19 20 14 6.76E-8 > 1.OOE-4 > 1 .OOE-4
E-3M 0.620 0.993 0.969 0.849 0.869 0.916 0.850 93 61 67 79 62 > 1.OOE-4 > 1.OOE-4 > 1 .OOE-4

0.332 1.310 1.388 0.863 0.516 0.545 0.503 108 54 19 22 17 1.32E-7 > 1.OOE-4 > 1 .OOE-4
L-2 0.475 0.909 0.903 0.892 0.738 0.770 0.704 99 96 61 68 53 > 1.OOE-4 > 1.OOE-4 > 1.OOE-4
L-28 0.433 1.137 1.169 0.837 0.751 0.781 0.710 105 57 45 49 39 4.05E-7 > 1.OOE-4 > 1.OOE-4
L-5 0.429 2.402 2.451 1.594 0.261 0.304 0.183 102 59 -39 -29 -57 1.24E-7 3.99E-7 5.49E-5
257 0.897 1.756 1.750 1.447 1.333 1.395 1.241 99 64 51 58 40 2.79E-5 > 1.OOE-4 > 1.OOE-4
62 0.506 1.604 1.566 0.726 0.749 0.656 0.506 96 20 22 14 4.05E-8 > 1.OOE-4 > 1.OOE-4

iCancer
1 0.454 1.449 1.530 1.155 0.708 0.651 0.562 108 70 26 20 11 2.85E-7 > 1.OOE-4 > 1.OOE-4
i4 0.522 1.783 1.827 1.091 1.052 1.015 0.984 103 45 42 39 37 8.25E-8 > 1.OOE-4 > 1.OOE-4
1-5 0.514 1.345 1.314 1.262 0.859 0.813 0.728 96 90 42 36 26 6.68E-7 > 1.OOE-4 > 1.OOE-4
1-8 0.433 1.587 1.599 1.053 0.615 0.617 0.654 101 54 16 16 19 1.25E-7 > 1.OOE-4 > 1.OOE-4
■3 0.509 1.302 1.387 1.116 0.774 0.840 0.764 111 77 33 42 32 4.12E-7 > 1.OOE-4 > 1.OOE-4

0.765 2.347 2.467 2.262 1.152 1.050 0.986 108 95 24 18 14 4.32E-7 > 1.00E-4 > 1 .OOE-4
0.944 1.641 1.642 1.033 0.892 0.850 0.800 100 13 -6 -10 -15 3.75E-8 4.96E-7 > 1 .OOE-4
0.392 1.627 1.639 1.053 0.746 0.686 0.595 101 54 29 24 16 1.38E-7 > 1.OOE-4 > 1.OOE-4
0.535 0.766 0.720 0.645 0.630 0.588 0.579 80 48 41 23 19 8.48E-8 > 1.OOE-4 > 1 .OOE-4
0.535 1.122 1.123 0.600 0.506 0.501 0.512 100 11 -5 -6 -4 3.65E-8 4.67E-7 > 1.OOE-4
0.319 1.189 1.143 0.979 0.524 0.489 0.412 95 76 24 20 11 3.12E-7 > 1.OOE-4 > 1.OOE-4
0.497 0.982 1.060 0.841 0.775 0.732 0.694 116 71 57 49 41 6.78E-6 > 1.OOE-4 > 1.OOE-4
0.426 1.313 1.354 0.987 0.791 0.664 0.592 105 63 41 27 19 3.96E-7 > 1.OOE-4 > 1.OOE-4

-I Cancer
0.217 0.702 0.702 0.433 0.397 0.497 0.408 100 44 37 58 39 > 1.OOE-4 > 1.OOE-4
0.145 0.529 0.566 0.263 0.157 0.134 0.119 110 31 3 -8 -18 5.69E-8 1.92E-6 > 1.OOE-4

ancer
0.266 1.318 1.266 0.397 0.363 0.338 0.300 95 12 9 7 3 3.51 E-8 > 1.OOE-4 > 1.OOE-4

R-RES 0.497 1.700 1.754 0.711 0.697 0.699 0.635 105 18 17 17 11 4.25E-8 > 1.OOE-4 > 1.OOE-4
B-231/ATCC 0.346 0.838 0.880 0.744 0.271 0.383 0.356 108 81 -22 7 2 2.00E-7 > 1.OOE-4
B435 0.439 1.769 1.624 0.376 0.307 0.339 0.336 89 -14 -30 -23 -23 2.39E-8 7.27E-8 > 1.OOE-4

0.865 1.653 1.687 1.279 0.987 0.958 0.917 104 53 15 12 7 1.17E-7 > 1.OOE-4 > 1.OOE-4
0.310 0.723 0.779 0.530 0.637 0.707 0.629 114 53 79 96 77 > 1.OOE-4 > 1.OOE-4 > 1.OOE-4

B468 0.239 1.000 1.007 0.543 0.515 0.527 0.535 101 40 36 38 39 6.84E-8 > 1.OOE-4 > 1.OOE-4
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National Cancer Institute Developmental Therapeutics Program 
Dose Response Curves

NSC: D - 747007 /1

Report Date: June 16, 2008

SSPL: OXOS I EXP. ID: 0805NS99

Test Date: May 05, 2008

Leukemia
100

'"tB-

-50

-100

Log .  of Sample Concentration (Molar)

CCRF-CEM— 0----- HL-60(TB)— e—
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Non-Small Cell Lung Cancer
100

50
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-100
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100
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National Cancer Institute Developmental Therapeutics Program

Mean Graphs

NSC : D - 747007 /  1 Units : Molar

Report Date : June 16, 2008

S S P L : OXOS EXP. ID : 0805NS99

Test Date : May 05, 2008

Panel/Cell Line Log,-LC50

Leukemia
CCRF-CEM
HL-60(TB)
K-562 
MOLT-4 
RPMI-8226 

Non-Small Cell Lung Cancer 
A549/ATCC 
EKVX 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522 

Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
KM12 
SW-620 

CNS Cancer 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251 

Melanoma 
LOX IMVI 
MALME-3M 
M14
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

Ovarian Cancer 
IGROV1 
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SK-OV-3 

Renal Cancer 
786-0 
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ACHN 
CAKI-1 
RXF 393 
SN12C 
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UO-31 
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PC-3 
DU-145 

Breast Cancer 
MCF7
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MDA-MB-231/ATCC
MDA-MB-435
BT-549
T-47D
MDA-MB-468

-7.43
-7.79
-7.54
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Developmental Therapeutics Program 

One Dose Mean Graph
NSC: 747006/1 Cone: 1.0GE-5 Molar

Experiment ID: 08030S30

Test Date: Mar 03,2001

Report Date: Mar 25,̂

Panel/Cell Line

Non-Small Cell Lung Cancer 
A549/ATCC 
EKVX 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522 

Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
HT29 
KM12 
SW-620 

Breast Cancer 
BT-549 
HS 578T 
MCF7
MDA-MB-231/ATCC 
MDA-MB-435 
MDA-MB-468 
NCI/ADR-RES 
T-47D 

Ovarian Cancer 
IGROV1 
OVCAR-3 
OVCAR-4 
OVCAR-5 
OVCAR-8 
SK-OV-3 

Leukemia
CCRF-CEM
HL-60(TB)
K-562
MO LT^
RPMI-8226
SR

Renal Cancer 
786-0 
A498 
ACHN 
CAKI-1 
RXF 393 
SN12C 
TK-10 
UO-31 

Melanoma 
LOX IMVI 
M14
MALME-3M 
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

Prostate Cancer 
DU-145 
PC-3 

CNS Cancer 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251

Mean
Delta
Range

Growth Percent

20.75 
26.35 
25.08
25.45
11.93 
-6.26
35.31 
-1.58 
8.68

-49.09
4.95
-3.51

-21.98
13.69
-4.08
18.25

-17.39
-22.77

5.33
-13.91
-30.37
21.03
-2.36
93.10

-6.19
-29.18
28.45
35.32
24.59 
27.30

26.88
-43.67
13.56
6.25

10.14
7.53

12.48
-15.44
15.18
24.21
18.60 
16.00 
28.29
21.21

8.18
3.28

55.75 
55.68 
51.13 

-21.54
79.26 

1.66

-42.98
18.83

10.79
-23.88
-13.75
19.97
54.93 
-5.39

10.17
59.26 

142.19

Mean Growth Percent - Growth Percent

150 100 50 -50 -100
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Appendix 
2: NCI screening 

data

National Cancer Institute Developmental Therapeutics Program NSC: D - 747006/1 SSPL: OXOS 1 EXP. ID: 0805NS99
Dose Response Curves Report Date: June 16, 2008 Test Date: May 05, 2008
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National Cancer Institute Developmental Therapeutics Program 
In-Vitro Testing Results

|sc : D - 747006 /1 Experiment ID : 0805NS99 Test Type : 08 Units : Molar

fflort Date : June 16, 2008 Test Date ; May 05, 2008 QNS : MG :

0MI:MJM-N-4 (71363) Stain Reagent: SRB Dual-Pass Related S S P L : OXOS

I Line
Time
Zero

0.246
0.415
0.147
0.193
0.269

Tiall Cell Lung Cancer 
(HOC

incer

3 E-3M

♦Cancer

i-RES
231/A
435

Ctrl

0.733
0.668
0.478
0.455
0.443

- 8.0

Log 10 Concentration 

Mean Optical Densities 
-7.0 -6.0 -5.0 -4.0

0.206 0.216 0.266 0.356 0.374
0.276 0.293 0.220 0.326 0.382
0.288 0.297 0.264 0.281 0.359
0.258 0.279 0.279 0.292 0.369
0.161 0,178 0.314 0.328 0.328

- 8.0

-16
-33
43
25

-40

Percent Growth 
-7.0 -6.0 -5.0

-12
-30
45
33

-34

4
-47
35
33
26

23
-22
40
38
34

-4.0

26
-8
64
67
34

GI50

< 1.00E-8
< 1.00E-8

< 1.00E-8

TGI

< 1.00E-8
> 1.00E-4
> 1.00E-4

LC50

1.00E-4
1.00E-4
1.00E-4
1.00E-4
1.00E-4

0.217 1.135 0.850 0.382 0.384 0.416 0.340 69 18 18 22 13 2.35E-8 > 1.00E-4 > 1 .OOE-4
0.731 1.785 1.536 1.024 1.060 0.940 0.990 76 28 31 20 25 3.48E-8 > 1 .OOE-4 > 1.OOE-4
0.637 1.720 1.602 1.101 1.117 0.986 0.968 89 43 44 32 31 7.00E-8 > 1 .OOE-4 > 1 .OOE-4
0.650 1.099 0.978 0.930 0.942 0.847 0.832 73 62 65 44 41 5.1 IE-6 > 1 .OOE-4 > 1.OOE-4
0.752 1.269 0.937 0.734 0.804 0.889 0.843 36 -2 10 27 18 < 1.00E-8 > 1.OOE-4
0.420 1.274 0.994 0.733 0.708 0.612 0.546 67 37 34 22 15 3.65E-8 > 1.OOE-4 > 1.OOE-4
0.460 0.990 0.836 0.581 0.576 0.547 0.553 71 23 22 16 18 2.72E-8 > 1.OOE-4 > 1.OOE-4
0.238 2.124 2.004 0.304 0.283 0.300 0.261 94 3 2 3 1 3.05E-8 > 1.OOE-4 > 1.OOE-4
1.113 2.211 1.367 1.364 1.242 1.249 1.119 23 23 12 12 1 < 1.00E-8 > 1.OOE-4 > 1 .OOE-4

0.171 0.515 0.437 0.050 0.029 0.046 0.094 77 -71 -83 -73 -45 1.53E-8 3.32E-8
0.706 1.753 1.643 0.788 0.768 0.724 0.684 89 8 6 2 -3 3.05E-8 2.27E-5 > 1.OOE-4
0.162 1.328 0.468 0.244 0.256 0.260 0.246 26 7 8 8 7 < 1 .OOE-8 > 1 .OOE-4 > 1 .OOE-4
0.303 1.706 1.404 0.473 0.453 0.490 0.513 78 12 11 13 15 2.68E-8 > 1 .OOE-4 > 1 .OOE-4
0.470 1.889 0.905 0.584 0.620 0.605 0.526 31 8 11 10 4 < 1.OOE-8 > 1 .OOE-4 > 1.OOE-4
0.236 1.391 0.814 0.460 0.410 0.524 0.370 50 19 15 25 12 1.OOE-8 > 1.OOE-4 > 1.OOE-4

1.045 2.567 2.048 1.517 1.509 1.544 1.335 66 31 30 33 19 2.86E-8 > 1.OOE-4 > 1.OOE-4
0.548 1.232 0.510 0.446 0.411 0.436 0.418 -7 -19 -25 -20 -24 < 1.OOE-8 < 1.OOE-8 > 1.OOE-4
0.574 1.845 0.753 0.545 0.587 0.645 0.656 14 -5 1 6 6 < 1.OOE-8 > 1.OOE-4
0.302 0.982 0.941 0.470 0.448 0.503 0.442 94 25 21 29 21 4.30E-8 > 1.OOE-4 > 1 .OOE-4
0.581 1.248 1.091 0.906 1.004 0.976 0.986 76 49 63 59 61 > 1 .OOE-4 > 1 .OOE-4
0.290 1.488 1.418 0.505 0.513 0.463 0.420 94 18 19 14 11 3.79E-8 > 1.OOE-4 > 1.OOE-4

0.311 1.998 0.741 0.653 0.646 0.496 0.382 25 20 20 11 4 < 1.OOE-8 > 1.OOE-4 > 1.OOE-4
0.620 0.948 0.831 0.742 0.803 0.780 0.795 64 37 56 49 53 > 1.OOE-4 > 1.OOE-4
0.332 1.390 0.856 0.473 0.523 0.435 0.472 50 13 18 10 13 < 1.00E-8 > 1.OOE-4 > 1 .OOE-4
0.475 0.902 0.817 0.792 0.712 0.686 0.621 80 74 56 49 34 7.79E-6 > 1.OOE-4 > 1 .OOE-4
0.433 1.130 0.782 0.686 0.643 0.697 0.608 50 36 30 38 25 1.02E-8 > 1.OOE-4 > 1.OOE-4
0.429 2.199 1.657 0.196 0.202 0.217 0.180 69 -54 -53 -49 -58 1.43E-8 3.64E-8
0.897 1.799 1.568 1.425 1.453 1.578 1.301 74 59 62 75 45 6.78E-5 > 1.OOE-4 > 1.OOE-4
0.506 1.562 0.794 0.712 0.684 0.442 0.450 27 19 17 -13 -11 < 1 .OOE-8 3.72E-6 > 1.OOE-4

0.454 1.496 1.115 0.652 0.666 0.604 0.511 63 19 20 14 5 2.00E-8 > 1 .OOE-4 > 1.OOE-4
0.522 1.735 1.150 0.989 0.992 0.922 0.937 52 38 39 33 34 1.36E-8 > 1.OOE-4 > 1.OOE-4
0.514 1.301 1.050 0.850 0.811 0.761 0.790 68 43 38 31 35 5.15E-8 > 1.OOE-4 > 1.OOE-4
0.433 1.651 1.008 0.685 0.752 0.838 0.692 47 21 26 33 21 < 1.OOE-8 > 1.OOE-4 > 1.OOE-4
0.509 1.179 1.114 0.649 0.653 0.675 0.695 90 21 21 25 28 3.81E-8 > 1.OOE-4 > 1.OOE-4

0.765 2.548 2.242 1.071 1.230 1.015 1.049 83 17 26 14 16 3.16E-8 > 1.OOE-4 > 1 .OOE-4
0.944 1.644 1.084 0.908 0.907 0.896 0.823 20 -4 -4 -5 -13 < 1.OOE-8 6.92E-8 > 1.OOE-4
0.392 1.695 1.035 0.835 0.784 0.701 0.550 49 34 30 24 12 < 1 .OOE-8 > 1 .OOE-4 > 1 .OOE-4
0.535 0.652 0.609 0.527 0.517 0.486 0.532 64 -1 -3 -9 -1 1.61 E-8 9.48E-8 > 1 .OOE-4
0.535 1.122 0.736 0.551 0.574 0.640 0.643 34 3 7 18 18 < 1.OOE-8 > 1.OOE-4 > 1 .OOE-4
0.319 1.144 0.616 0.509 0.510 0.431 0.373 36 23 23 14 7 < 1 .OOE-8 > 1 .OOE-4 > 1.OOE-4
0.497 0.952 0.681 0.697 0.662 0.582 0.541 40 44 36 19 10 < 1.OOE-8 > 1.OOE-4 > 1.OOE-4
0.426 1.310 1.004 0.774 0.770 0.579 0.543 65 39 39 17 13 3.88E-8 > 1.OOE-4 > 1.OOE-4

0.217 0.712 0.420 0.302 0.312 0.368 0.362 41 17 19 30 29 < 1.OOE-8 > 1.OOE-4 > 1.OOE-4
0.145 0.529 0.322 0.173 0.165 0.148 0.151 46 7 5 1 1 < 1.OOE-8 > 1.OOE-4 > 1.OOE-4

0.266 1.283 0.467 0.330 0.342 0.328 0.294 20 6 7 6 3 < 1 .OOE-8 > 1 .OOE-4 > 1.OOE-4
0.497 1.639 0.512 0.526 0.569 0.670 0.668 1 3 6 15 15 < 1 .OOE-8 > 1.OOE-4 > 1.OOE-4

; 0.346 0.815 0.584 0.280 0.276 0.368 0.380 51 -19 -20 5 7 1.02E-8 > 1.OOE-4
0.439 1.630 0.468 0.281 0.331 0.316 0.333 2 -36 -25 -28 -24 < 1 .OOE-8 1.16E-8 > 1 .OOE-4
0.865 1.564 1.180 0.903 0.883 0.978 0.963 45 5 3 16 14 < 1 .OOE-8 > 1 .OOE-4 > 1 .OOE-4
0.310 0.689 0.532 0.575 0.620 0.663 0.500 58 70 82 93 50 > 1.00E-4 > 1 .OOE-4 > 1 .OOE-4
0.239 0.924 0.451 0.408 0.387 0.411 0.523 31 25 22 25 41 < 1.OOE-8 > 1.OOE-4 > 1.OOE-4
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Appendix 
2: NCI screening 

data

National Cancer Institute Developmental Therapeutics Program NSC : D - 747006 / 1 Units : Molar SS PL: OXOS EXP. ID : 0805NS99

Mean Graphs Report Date : June 16, 2008 Test Date : May 05, 200E

ParteVCell Lifid Log,-LC50

O

Leukemia
CCRF-CEM
HL-60(TB)
K-562 
MOLT-4 
RPMI-8226 

Non-Small Cell Lung Cancer 
A549/ATCC 
EKVX 
HOP-62 
HOP-92 
NCI-H226 
NCI-H23 
NCI-H322M 
NCI-H460 
NCI-H522 

Colon Cancer 
COLO 205 
HCC-2998 
HCT-116 
HCT-15 
KM12 
SW-620 

CNS Cancer 
SF-268 
SF-295 
SF-539 
SNB-19 
SNB-75 
U251 

Melanoma 
LOX IMVI 
MALME-3M 
M14
SK-MEL-2 
SK-MEL-28 
SK-MEL-5 
UACC-257 
UACC-62 

Ovarian Cancer 
IGROV1 
OVCAR-4 
OVCAR-5 
OVCAR-8 
SK-OV-3 

Renal Cancer 
786-0 
A498 
ACHN 
CAKI-1 
RXF 393 
SN12C 
TK-10 
UO-31 

Prostate Cancer 
PC-3 
DU-145 

Breast Cancer 
MCF7
NCI/ADR-RES
MOA-MB-231/ATCC
MOA-MB-435
BT-549
T-47D
MDA-MB-468

- 8.00
- 8.00

- 8.00

-7.63
-7.46
-7.15
-5.29
- 8.00
-7.44
-7.57
-7.52
- 8.00

-7.82
-7.52
- 8.00
-7.57
-8.00
- 8.00

-7.54
- 8.00
- 8.00
-7.37

-7.42

- 8.00

- 8.00
-5.11
-7.99
-7.84
-4.17
- 8.00

-7.70
-7.87
-7.29
- 8.00
-7.42

-7.50
- 8.00
- 8.00
-7.79
- 8.00
- 8.00
- 8.00
-7.41

- 8.00
-8.00

-8.00
- 8.00
-7.99
- 8.00
- 8.00
-4.00
- 8.00

- 8.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00

-7.48
-4.64
-4.00
-4.00
-4.00
^.00

-4.00
- 8.00

-4.00
-4.00
^.00

-4.00
-4.00
-4.00
-4.00
-4.00
-7.44
-4.00
-5.43

^.00
-4.00
-4.00
-4.00
-4.00

-4.00
-7.16
-4.00
-7.02
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00

-4.00
-4.00

-7.94
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00

-4.00
-4.00

-4.00
-4.00
-4.00
-4.00
-4.00
-4.00
-4.00



Standard C O M PARE analysis o f  92 and Standard A gents Database (G I5 0)

T
ar

ge
t 

S
ta

nd
ar

d 
D

ev
ia

tio
n

0.
64

3

0.
96

4

0.
68

7

0.
97

3

0.
43

6

0.
51

5

0.
78

2

0.
75

2 E89 
0 1.

49
9

1.
44

8

1.2
1 9

8
0

Se
ed

 
S

ta
nd

ar
d 

D
ev

ia
tio

n

0.
73

5

0.
73

5

0.
73

5

0.
73

5

0.
71

1

0.
62

4

0.
73

7

0.
69

2

0.
74

5

0.
74

5

0.
65

4

0.
73

5

0.
75

1

C
ou

nt
 C

om
m

on
 

C
el

l 
L

in
es

59 59 59

69 S 56 55 53 57 57 53 59

99

T
ar

ge
t 

V
ec

to
r 

de
sc

ri
pt

or
 

Fo
r 

D
is

pl
ay

vi
nc

ris
tin

e 
su

lf
at

e

vi
nc

ris
tin

e 
su

lf
at

e

nn
ay

ta
ns

in
e

py
ra

zo
fu

ri
n

A
T-

12
5 

(a
ci

vi
ci

n)

D
O

N

tia
zo

fu
ri

n

PA
L

A

vi
nb

la
st

in
e 

su
lf

at
e

so
lu

bl
e 

B
ak

er
's

 
A

nt
ifo

l

tr
im

et
re

xa
te

m
et

ho
tr

ex
at

e

L
-a

la
no

si
ne

T
ar

ge
t 

V
ec

to
r 

id
en

t 
Fo

r 
D

is
pl

ay

N
S

C
:S

67
57

4
E

nd
pt

:G
I5

0
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

c:
-3

.0

N
S

C
:S

67
57

4
E

nd
pt

:G
I5

0
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-5

.0

N
S

C
1S

I5
38

58
 

E
nd

pt
iG

I5
0 

E
xp

ld
iA

V
G

D
A

T
A

 
hi

C
on

ci
-4

.0

N
S

C
iS

14
30

95
E

nd
pt

iG
I5

0
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-2

.3

N
S

C
iS

16
35

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

73
65

E
nd

pt
iG

IS
O

E
xp

ld
iA

V
G

D
A

T
A

hi
C

on
ci

-3
.6

N
S

C
lS

28
61

93
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-2

.0

N
S

C
lS

22
41

31
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-2

.0

N
S

C
iS

49
84

2
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
1S

I3
9I

O
5

E
nd

pt
iG

IS
O

E
xp

ld
iA

V
G

D
A

T
A

hi
C

on
ci

-4
.0

N
S

C
iS

35
21

22
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-6

.0

N
S

C
iS

74
0

E
nd

pt
iG

IS
O

E
xp

ld
iA

V
G

D
A

T
A

hi
C

on
ci

-3
.6

N
SC

iS
 

15
33

53
 

E
nd

pt
iG

IS
O

 
E

xp
ld

iA
V

G
D

A
T

A
 

hi
C

on
ci

-3
.3

Se
ed

 
V

ec
to

r 
de

sc
ri

pt
or

 
Fo

r 
D

is
pl

ay
Se

ed
 

V
ec

to
r 

id
en

t 
Fo

r 
D

is
pl

ay

N
S

C
:S

74
70

01
E

nd
pt

:G
I5

0
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

c:
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

w f g - o
Z  l i J  U J £ N

S
C

iS
74

70
01

E
nd

pt
iG

IS
O

E
xp

ld
iA

V
G

D
A

T
A

hi
C

on
ci

-4
.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

N
S

C
iS

74
70

01
E

nd
pt

iG
IS

O
E

xp
ld

iA
V

G
D

A
T

A
hi

C
on

ci
-4

.0

na
m

ec
od

e

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

PU
B

L
IC

C
or

re
la

ti
on

0.
47

6

0.
46

1

0.
43

6

CN

6 0,
40

2

0,
39

4 68C
0

68
E

0

0.
38

2

0.
37

8

0.
37

5 9/E
O

0.
37

4

R
an

k

CN CO in <0 CO O) 0 CN CO

Appendix 2: NCI screening data 441



Standard COMPARE analysis o f  92 and Standard Agents Database (TGI)
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The synthesis and antiproliferative activity o f  a new series o f rigid analogues o f com bretastatin  A-4 are 
described which contain the l,4-diaryl-2-azetidinone (^-lactam) ring system in place of the usual ethylene 
bridge present in the natural combretastatin stilbene products. These novel compounds are also substituted at 
position 3 o f the /3-lactam ring with an aryl ring. A num ber o f  analogues showed potent nanom olar 
activity in hum an M CF-7 and M DA-M B-231 breast cancer cell lines, displayed in vitro inhibition of 
tubulin polymerization, and did not cause significant cytotoxicity in normal murine breast epithelial cells. 
4-(4-M ethoxyaryl)-substituted com pound 3 2 ,4-(3-hydroxy-4-m ethoxyaryl)-substituted com pounds 35 
and 41, and the 3-(4-am inoaryl)-substituted com pounds 46 and 47 displayed the m ost potent an ti
proliferative activity o f the series. Lactam  41 in particular showed subnanom olar activity in M CF-7 
breast cancer cells (IC 5 0  =  0.8 nM) together with significant in vitro inhibition of tubulin polymerization and 
has been selected for further biochemical assessment. These novel /S-lactam com pounds are identified as 
potentially useful scaffolds for the further developm ent o f an titum or agents that target tubulin.

Introduction

Microtubules are cytoskeletal structures that are formed 
by self-assembly of a  and tubulin heterodimers and are 
involved in many cellular functions.' Their most important 
role is in the formation of the mitotic spindle, and they are 
essential to the mitotic division of cells. Tubulin is an a,/3 hetero- 
dimeric protein that is the main constituent of microtubules. 
Tubulin is the target of numerous small molecule antiprolif
erative ligands that act by interfering with microtubule 
dynamics.^ These ligands can be broadly divided into two 
categories: those that inhibit the formation of the mitotic 
spindle such as colchicine (1, Figure l) '̂"’ and vinblastine^ and 
those that inhibit the disassembly of the mitotic spindle once 
it has formed, such as paclitaxel.® The three characterized 
binding sites of tubulin are the taxane domain, the vinca domain, 
and the colchicine domain, and many compounds interact 
with tubulin at these known sites. Many tubulin binding com
pounds, such as paclitaxel and vinblastine, are in clinical 
use for various tyf>es of cancer.^ Antimitotic agents are one 
of the major classes of cytotoxic drug for cancer treatment, 
and microtubules are a significant target for many natural 
product anticancer agents such as combretastatin A-4 (2a, 
Figure 1)̂  and podophyllotoxin (4, Figure 1).^’®

The combretastatins are a group of diarylstilbenes isolated 
from the stem wood of the South African tree Combretum 
caffrum? 2a was found to have potent anticancer activity 
against a number of human cancer cell lines including multidrug 
resistant cancer cell lines and binds to the colchicine-binding

*To whom correspondence should be addressed. Phone: +353-1- 
8962798. Fax: -t-353-1-8962793. E-mail: mmeegan@tcd.ie.

site of tubulin.'® A water-soluble prodrug, combretastatin 
A-4-phosphate (2b, Figure 1), is now in clinical trials for 
thyroid cancer "  “ ' ̂  and in patients with advanced cancer.' * 2b 
induces vascular shutdown within tumors at doses less than 
one-tenth of the maximum tolerated dose and without detect
able morbidity, assuming a M TD“ of 1000 mg/kg.^ Hydrolysis 
in vivo by endogenous nonspecific phosphatases under physio
logical conditions affords 2 a . The amino derivative of 2a 
(compound 3a) is also in clinical trials as a water-soluble 
amino acid prodrug (3b, Figure 1).*’ In contrast to colchicine, 
the antivascular effects of 2a in vivo are apparent well below 
the maximum tolerated dose, offering a wide therapeutic 
window. 2a as well as being a potent inhibitor of colchicine 
binding is also shown to inhibit the growth and development of 
blood vessels, angiogenesis.^''*” ^' The cis configuration only of 
2a is biologically active, with the trans form showing little or no 
ac tiv ity .T he active cis double bond in 2a is readily converted to 
the more stable trans isomer during storage or metabolism, 
resulting in a dramatic decrease in antitumor activity.^ '̂ '̂* 

Various structural modifications to 2a have been rraorted 
including variation of the A- and B-ring substituents.^^” ̂  Many 
modifications of the B-ring result in decreased bioactivity; 
however, substitution of the 3'-OH with an amino group

"Abbreviations: CA-4, combretastatin A-4; El, electron impact; ER, 
estrogen receptor; GTP, guanidine triphosphate; HRMS, high resolution 
molecular ion determination; IC, inhibitory concentration; MTD, max
imum tolerated dose; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra- 
zolium bromide; NCI, National Cancer Institute; NMR, nuclear magnetic 
resonance; PBS, phosphate buffered saline; SAR, structure-activity rela
tionship; TBAF, tetrabutylammonium fluoride; TBDMS, (err-butyldi- 
methylchlorosilane; THF, tetrahydrofuran; TMCS, trimethylchlorosilane; 
TMS, tetramethylsilane.

© 2010 Am erican Chem ical Society Published on Web 11/16/2010 pubs,acs.org/jmc
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OH

H,CO

H3CO

1 Colchicine

H3CO

H,CO

H3CO

2a R = OH, Combretastatin A-4
2b R = 0P03Na2, Combretastatin A-4P
3a R = NH2
3b R = NH-C0 -CH-(NH2XCH20H), AVE8062

OCH.
OCH3

4 Podophyliotoxin

Figure 1. Colchicine (1), combretastatin A-4 (2a), related compounds 2b, 3a, 3b, and podophyliotoxin (4).

results in potent bioactivity and good water solubility. The 
3,4,5-trimethoxy substituted pattern in ring A, resembling the 
trimethoxyaryl ring of colchicine, is optimal for bioactivity of 
2 a . Many conformationally restricted analogues of 2a are 
known. Most of these compounds replace the cis-double bond 
in 2a with a heterocyclic rigid ring scaffold structure that pre
vents isomerization of the cis-double bond. These analogues 
include the heteroarylcoumarin,^ aroylindole,^^ imidazole,^ 
1,3-dioxolane,^' pyrazole,^^ furazan (1,2,5-oxadiazole),^^ and 
benzoxepin^^ ring systems. Such nonisomerizable compounds 
inhibit cell growth of several human cancer cell lines, and 
many have been shown to be significant tubulin binding and 
depolymerizing effects. We now describe the synthesis and 
tubulin targeting activity of nonisomerizable /3-lactam-con- 
taining analogues of 2a. The anticancer activity of some 
/3-lactam-containing compounds has been reported, including 
the nonisomerizable combretastatin analogues containing OH 
and OMe substituents at C-3.^“* We have recently reported the 
potent antiproliferative activity of /3-lactam-containing com
pounds that are unsubstituted at C-3 or contain methyl 
substituent(s) at C-3.^^ We have also reported antiprolifera
tive and antiestrogenic activity of compounds containing the 
;8-lactam scaffold in MCF-7 c e l l s . I n  continuation of our 
earlier work, a further panel of compounds containing the 
jS-lactam ring were examined as potential tubulin targeting 
agents. These novel compounds contain an aryl-type substi
tuent at C-3, while the rigid y3-lactam ring scaffold structure 
allows a similar spatial arrangement between the two phenyl 
rings as observed in the cis conformation of 2a.

Chemistry

The synthesis o f the target /3-lactams is illustrated in 
Schemes 2—4. The compounds that were initially chosen for 
synthesis contained the 3,4,5-trimethoxyphenyl (ring A) as the 
/3-lactam N-1 and 4-methoxyphenyl as the/3-lactam C-4 substi
tuents, which are present in 2a. /3-Lactam synthesis was achieved 
with a Staudinger cycloaddition reaction between a ketene 
(generated from an acid chloride) and an imine under basic 
conditions.^^’̂  ̂The required imines 5a—f were obtained by 
condensation reaction of the appropriately substituted benz- 
aldehydes and anilines (Scheme 1). In the case of 5e, the 
phenolic group present on the starting 3-hydroxy-4-methoxy- 
benzaldehyde was first protected as the /er/-butyldimethyl- 
chlorosilane (TBDMS) ether^* which can be removed later 
under mild conditions with tetrabutylammonium flouride 
which is suitable for the stability of the /3-lactam functional 
group.^’ Acid chlorides 6a—d (Scheme 2) were prepared by reac
tion of the appropriately substituted acetic acids with thionyl 
chloride. For the preparation of the acid chloride 6c, (3-hydroxyl- 
phenyl)acetic acid was first treated with benzyl bromide to

Scheme 1. Synthesis o f  Im ines 5 a—f”

Ri

Rj

NH

Re

(a)

5a; Ri=R2=R3=Rs= OCH3; R4=Re=H
5b: Ri=R2=R3=R4=R6=H; Rj= OCH3
5c ; Ri=R3=H; R2~R4“R5~R6~ OCH3
5d; Ri=R2~R3~H; R4=Rg=Rg= OCH3
5e: r,=R2=R3=Rj= OCH3; R4=H; Re= OSi(CH3)2C(CH3)3
5f: Ri=R2=R3=R5= 0CH3; R5=H; Rg= NO2

“ Reagents and conditions: (a) EtOH, reflux, 3 h.

afford (3-benzyloxyphenyl)acetic acid.'*” The acid chloride6d 
is prepared from (4-aminophenyl)acetic acid on first reaction 
with benzyl chloroformate to afford the (4-benzyloxycarbo- 
nylaminophenyl)acetic acid,'*' which was then converted to 
the unstable acid chloride 6d on reaction with thionyl chloride 
(Scheme 2, step a). The chlorination reactions were monitored 
by IR spectroscopy until acid chloride carbonyl absorption 
was observed (v = 1790—1815 cm“ ').

The racemic ̂ -lactam products 7—14 were obtained in low 
yields on treatment of the imines 5a—f at reflux in dichloro- 
methane with the appropriate acid chloride in the presence 
of triethylamine (Scheme 2, route I; one enantiomer only 
shown). /3-Lactam compounds 15—17 were prepared using a 
modified procedure at room temperature, as they were not 
successfully obtained by the usual conditions of the Staudinger 
reaction (Scheme 2, route II). Failure to form/3-lactams with 
4-nitrophenylacetyl chloride under standard Staudinger con
ditions has previously been reported.''^ The stereochemistry of 
the/3-lactam products obtained in Staudinger reactions depends 
on numerous factors, including the reaction conditions, the 
order of addition of the reagents, and the substituents present 
on both the imine and the acid c h l o r i d e . I n  the present 
reactions, the trans products were isolated exclusively in all 
cases, as evident from the 'H  NM R spectrum of compound? 
where the H-3 and H-4 were identified at d  4.23 and d  4.79, 
respectively, as a pair of coupled doublets, J 3  4  =  2.0 Hz,

The /3-lactams 18—31 were obtained directly from the ap
propriate phenylacetic acid using an acid-activating agent in a 
one-step reaction (Scheme 2, route III), which was the reaction 
of choice for the majority of the products. Many acid-activating 
agents have been reported for this reaction, e.g., Mukaiyama’s 
reagent (2-chloro-A^-methylpyridinium iodide), ethyl chloro
formate, trifluoroacetic anhydride, /7-toluenesulfonyl chloride, 
and various phosphorus derived reagents including triphos
gene, which was successfully used in the present study,''^
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Scheme 2. Synthesis of Azetidinones 7—31: Routes I, II, and III"

Ra

OH (a) Cl

6a-d

+

G eneral m eth o d s  I an d  II 5 a - f

R4

R4

G eneral m eth od  III
5 a - f

R=H u n le ss  o the rw ise  indicated  below  
7: R3=Re=R9=Rio“OCH3
8 ; R2“R5“Rg“R7—R9"0CH3
9 :  R g —R 5 —R g  —R y ^ R g —O C H 3  

1 0 : R2=R3=R5=R6=R7=Rg=OCH3
1 1 : R3=CI; Rs=R6=R7=Rg=OCH3
1 2 : R3=0CH2C6H6; R5=R6=R7=Rg=OCH3
13: R3=F; R5=Rg=R7=R9=OCH3; Re=OSi(CH3)2C(CH3)3 
14: R5=R6=R7=Rg=OCH3i Re=N02 
15: R3=N02; R5=Re=R7=R9=OCH3 
16: R3=NHC(0)0CH2C6H5; R5=R6=R7=R9=OCH3i

R8=N02
17: R3=F; R5=Re=R7=Rg=OCH3: Rs=N02
18: R2=R3=R4=R9=0CH3
19: R-|=*R5=Rg=R7=Rg=OCH3

6a: R2“ N 0 2 i R-)~R3—H
6 b: R2=0CH2C6H5; Ri=Rs=H
6c: R ,= 0 CH2 C6 H5 : R2 =Rs=H
6 d: R2=NHC(0 )0 CH2CeH5; R2=R3=H

R ou te  I (7 -1 4 )  
or
R ou te  II ( 1 5 - 1 7 )

(b) o r (c)

R ou te  III 
( 1 8 -3 1 )

20 : Rj=
21 : Rj=
2 2 : R3= 
23: R3= 
24: R^ 
25: R2= 
26: R2= 
27: R3= 
28: R2= 
29: R3= 

Rb= 
30: R3= 

Re= 
31: R3=

R 3 = R 4 = R 5 = R 6 = R 7 - R 9 = 0 C H 3  

: S C H 3 ;  R s = R 6 = R 7 = R 9 = O C H 3  

C H 3 I R 5 —R e ~ R 7 “ R 9 “ O C H 3 

Br; R 5 = R g = R 7 = R g = O C H 3

F; R 5 —R g —R 7 —R g —0 C H 3 

R3=CIj R5“Rg=R7=Rg“OCH3 
: R 3 = F ;  R 5 = R 6 = R 7 = R g = O C H 3  

CF3; R5=Rg=R7=Rg=OCH3 
OCHjCeHs; R5=R6=R7=R9=0CH3 
OCH2C6H5; R5=R6=R7=Rg=OCH3;
0SI(CH3)2C(CH3)3
NHC(0)0CH2C6H5; R5=R6=R7=R9=0CH3;
OSi(CH3)2C(CH3)3
OCH2CgH5; R5=R6=R7=Rg=OCH3; Rs=N02

“ Reagents and  conditions: (a) SOCI2 , C H C I3 , reflux, 3 h; (b) (rou te  I) trie thylam ine, anhydrous C H 2CI2 , reflux, 3 h; (c) (rou te  II) triethylam ine, 
anhydrous C H 2 CI2 , 20 °C, 18 h; (d) (rou te  III) triphosgene, trie thylam ine, anhydrous C H 2 CI2 , reflux, 5 h; 20 °C, stirred 18 h.

Scheme 3. Synthesis of Azetidinones 32—34: Route IV"

5a, 5c, 5e '

R=H unless otherwise indicated 
32i R'(“R2“R3~R5“0CH3
33̂  R2”R4“R5“R6“0CH3
34: Ri=R2=R3=R5=OCH3, 

R4=OSi(CH3)2C(CH3)3
“ Reagents and conditions: (a) zinc, trim ethylchlorosilane, benzene, 

microwave.

Scheme 4. Synthesis o f Azetidinones 35—38: Route V“

(H3C)3C(H3C)2Siq .0 CH3

13, 29 , 30 , 34

(a)

,0 C H 3

o  " j f^ O C H z  

H3 C O  ^
O C H 3

R=H
R=F
R=0 CH2C6H5
R=NHC(0 )0 CH2C6H6

"R eagen ts and  conditions: T B A F, T H F , 0 °C, 15 min.

Trans stereochemistry was also observed for these products, 
e.g., for com pound 18 where the H-3 and H-4 were identified 
at 6 4.20 and <3 4.89, respectively, as a pair o f  coupled doublets, 
Jj 4 =  2.5 Hz. W ith selected phenylacetic acid derivatives, this 
reaction was unsuccessful and the acids were converted to  acid 
chlorides 6 a - d .  y3-Lactams were then obtained by the Staudinger 
route (route I) as described above.

In some cases, a Reformatsky reaction was used for the 
synthesis o f the required /3-lactam compounds (Scheme 
We have recently reported the application o f the Reformatsky 
reaction to obtain 1,3-diarylazetidinones, which are unsubstituted

a t C-3 o r contain methyl substituent(s) a t C-3.^^ We now 
report the preparation o f 1,3,4-triarylazetidinones using a 
Reform atsky reaction tha t has been adapted for microwave 
conditions. Previous investigations found TM CS to be super
ior for zinc activation'*^ in Reform atsky reactions than either 
iodine or zinc washed with 10% nitric acid. We examined the 
use of zinc powder that was preactivated with trimethylchloro
silane in microwave conditions in the Reform atsky reactions, 
resulting in slightly increased yield o f  the desired /3-lactam 
products 32—34 and a  significant reduction in the reaction 
time from  8  h to  30 min (Scheme 3). In the present reactions.
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Figure 2. O R T E P  representation  o f  the X -ray crystal structu re  o f  azetidinone 32 with 50%  therm al ellipsoids.

Scheme 5. Synthesis o f Azetidinones 39—42: Route VI" Scheme 6 . Synthesis o f Amino Substituted Azetidinones 43-45: 
Route VII"

,0 C H 3,OCH- pCHj ,OCHj

OCH-OCH; OCHj
H 3C O

15 43
Ri=4-OCH2C8H5; R2=H 
Ri=3-OCH2CbH5: R2=H 
R,=4-OCH2CeH5; R2=0H 
R ,= 4 - 0 C H 2 C 8 H 5 ;  R 2 = N 0 2

39: R,=4-0H: R2 =H 
40: R,=3-OH; R2=H 
41: R,=4-OH: R2 =OH 
42: R,=4-OH: R2=NH2

“  Reagents and conditions: (a) H 2 , Pd/C, EtOH/EtOAc (1:1).

the trans products were isolated exclusively in all cases, as 
evident from the ‘H N M R  spectrum o f  com pound 32 where 
the H-3 and H -4 were identified at (5 4.29 and 6  4.87 ppm, 
respectively, as a pair o f  coupled doublets, ^3 , 4  =  2.5 Hz. The 
trans configuration can be seen in the X-ray crystal structure 
o f  j8 -lactam 32 in Figure 2. The enantiomeric com position o f  
com pound 32 was clearly demonstrated on analysis by chiral 
HPLC (?R o f  11.93 and 12.53 min).

The phenolic products 35, 3 6 ,3 7 , and 38 were obtained on  
treatment o f  the silyl ethers 13, 29, 30, and 34, respectively, 
with tetrabutylam monium fluoride at 0 °C (Schem e 4). Phe
nolic products 39, 40, 41, and 42 were obtained by careful 
hydrogenolysis o f  the corresponding benzyl ethers 12, 28, 37, 
and 31 respectively (Schem e 5). R eduction o f  the nitro group  
in com pounds 15 ,14 , and 17 to  the corresponding amines 43, 
44, and 45, respectively, was achieved by treatment w ith zinc 
dust and glacial acetic acid (Schem e 6 ). Treatment o f  the 
carbamate protected com pounds 38 and 16 with hydrogen  
and palladium afforded the amines 46 and 47, respectively 
(Schem e 7).

R, ,OCH;

0 CH3

(a)

R, ,0CH3

OCH3

14:R = H 
17:R  = F

44: R=H 
45: R=F

“ Reagents and conditions: (a) Zn, C H 3 CO 2 H, 7 days.

T o further investigate the contribution o f  the /5-lactam 
carbonyl group to the activity o f  this com pound class, a novel 
thione analogue 48 was prepared in good yield by reaction of 
the com pound 32 with Lawesson’s reagent (2,4-bis-(4-methoxy- 
phenyl)-1,2,3,4-dithiaphosphetane 2,4-disulfide) (Scheme 8 ). 
The characteristic C = S  absorption band was observed at 
V =  1592.5 cm “ ‘ for this product. A  broad variety of/?-lactams 
have been subjected to reductive ring-opening with metal 
hydrides to yield the corresponding y-aminoalcohols.''* To 
investigate the contribution o f  the intact /3-lactam ring structure 
to  the activity o f  this series o f  com pounds, 35 was subjec
ted to treatment with UAIH4 to afford the amino alcohol 
product 49 which was isolated by an acid—base extraction t |  j



Article Journal o f  Medicinal Chemistry, 2010, Vol. 53, No. 24 8573

Scheme 7. Synthesis of Azetidinones 46 and 47: Route VIII"

OCH.HN, ,0 CH3

OCH-OCH3

38: R=OH 
16: R=N0 2

46: R=OH 
47: R=NH2

“ R eagents and conditions: (a) H 2, P d /C , E tO H /E tO A c (1:1).

Scheme 8 . Synthesis of Azetidinthione 48“

PCH3

OCH3

.OCHa

OCH3

S V ^ O C H a

/ OC 
H3 CO

48

“ Reagents and conditions: (a) Lawesson’s reagent, toluene, reflux, 3 h.

Scheme 9. Azetidinone Reduction and Methanolysis"

HO

HO

OCH3

OCH

35

OH

HN

■OCH;

49

HiCO,
V '°C H 3

H3 CO

50

“ Reagents and conditions: (a) U A IH 4 , dry T H F , reflux 3 h; (b) N aOCHa, 
MeOH, 20 °C, 8 days.

give the desired y-amino alcohol (Scheme 9). Cleavage of the/3- 
■ lactam N l —C2 bond usually takes place with nucleophilic 

reagents such as alkoxide ion."*’~^^ The ease of hydrolysis is 
apparently a function of increasing size and number o f sub- 
stituents at the 3-position; with increased size and number 

; hydrolysis becomes increasingly difficult.^^ A methoxide ring- 
1 opening reaction was carried out on 35 with 4 equivalents 
, of sodium methoxide at room  tem perature over 8  days until 
; reaction was complete on TLC. 'H  N M R  analysis o f the 
- product 50 indicated formation o f a diastereomeric product 
1 mixture (Scheme 9).^'’̂  ̂ F or methyl ester 50, the presence of 
>; two amino signals at 6 5.75 ppm and d 6 .10 ppm  is indicative of

two isomers. There are also two signals for each of the a  and f) 
protons (formerly at positions 3 and 4 o f the azetidinone ring) 
between d 3 ppm and d 5 ppm. In the N M R  spectrum 
o f 50, there are two carbonyl signals at (3 171.55 ppm and 
d 172.70 ppm.

The structures o f the various /S-lactams synthesized are 
illustrated in Tables 1, 2, and 3, together with their routes o f 
synthesis. Table 1 lists the initial 8̂ -lactams with the methoxy 
functionalities a t different positions o f the /3-lactam scaffold. 
The comprehensive series of /8 -lactams prepared with struc
tural m odification o f the aryl ring a t the C-3 position o f the 
/S-lactam heterocycle are listed in Table 2. Finally, Table 3 
shows further phenolic and am ino modifications to  the initial 
series o f com pounds with the aim o f improving activity. Com 
pounds 32 and 35 were selected for chemical stability analysis 
and further development based on the analysis o f  their drug
like (Lipinski) properties together with predictions o f perme
ability, metabolic stability, Pgp substrate status, b lood—brain 
barrier partition, plasma protein binding, and human intestinal 
absorption properties. The stability o f the target com pounds 
32 and 35 was evaluated in phosphate buffer a t pH  4, 7.4, 
and 9, and the half-life was determined to  be greater than 24 h 
for each com pound a t these pH  values.

Antiproliferative Activity

These analogues were first evaluated for their antiprolifera
tive activity in the M CF-7 (ER-positive) hum an breast cancer 
cell line, and the m ost potent com pounds were then screened 
against the MDA-MB-231 cell line (ER-negative). The activ
ities o f the azetidin-2-ones are presented in Tables 4 and 5. In 
addition, com pounds 32 and 35 were evaluated in the NCI-60 
cell line screen (Table 9, Supporting Inform ation). Initially, 
the azetidin-2-ones prepared containing a 4-methoxy substi
tuent on the C-4 phenyl ring were examined (compounds 
7—12,14 ,15 ,17—27,32). From  these early lead com pounds, a 
more extensive series o f active derivatives were synthesized 
containing the 3-hydroxy-4-methoxy and 3-amino-4-methoxy 
substitution pattern  on the C-4 phenyl ring, (com pounds 35, 
36, 39 -47 ). This latter series o f com pounds was designed to  
contain structural features similar to  those o f 1, 2a, and the 
CA-4 am ino analogue (3a).

The positions of the 3,4,5-trimethoxyphenyI and 4-methoxy- 
phenyl ring substitution were initially examined a t different 
locations on the azetidinone ring (com pounds 7, 18, 32, and 
33) (Table 4). 2a was used as the positive control. The optim al 
positioning was found to  be in com pound 32 (IC5o(MCF-7) =  
34 nM ), where the 3,4,5-trimethoxyphenyl ring is located at 
the N-1 position and the 4-methoxyphenyl ring is at the C-4 
position, as previously observed by Sun et al. for other /3-lactam 
compounds.^"* Any other arrangem ent o f these two rings was 
significantly less active than 32 by a factor o f over 1000. The 
effect o f the introduction o f substituents onto  the C3-aryl ring 
o f  com pound 32 was next investigated. In the 3-aryl substi
tuted series (com pounds 7—31), larger substituents such as 
3 ,4,5-trim ethoxyphenyl (20), 4-trifluorom ethylphenyl (27), 
and 4-benzyloxyphenyl (12) were not tolerated and led to  a 
significant decrease in activity against M CF-7 cells. The most 
active analogues in this series were found to  be those with 
small, polar substituents including examples 24 (4-fluoro- 
phenyl), 39 (4-hydroxyphenyl), 40 (3-hydroxyphenyl), and 
43 (4-aminophenyl) with IC 50 values in M CF-7 cells o f 42, 59, 
6 8 , and 50 nM , respectively.

The activity o f  the series was further optimized by m odi
fication o f the C-4 aryl substituent o f the azetidinone ring to
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Table 1. Azetidinones with Methoxy Substitution at N-1, C-3, and C-4 Aryl Rings

compd Ri R 2 R 3 R4 Rs R6 R 7 Rs R , route for synthesis

7 H OCH 3 H H H H O CH 3 O C H , OCH 3 1

18 OCH 3 OCH 3 O C H 3 H H H H OCH j H III
32 H H H OCH i O CH 3 O C H 3 H OCH 3 H IV
33 H H H H O CH 3 H O C H 3 OCH 3 OCH 3 IV

Table 2. Azetidinones with C-3 Aryl Substitution

OCH-

OCH.

Table 3. Azetidinones with Hydroxyl and Amine-Type Substituents on 
C-3 and C-4 Aryl Rings and Related Compounds

,OCH

iCH.
H3CO

compd Ri R2 R3 R4 route for synthesis

8 H OCH 3 H H I route for

9 H H O C H , H I compd Ri R2 synthesis

1 0 H OCH 3 OCH 3 H I 13 OSi(CH3)2C(CH3>3 F I
1 1 H H Cl H I 14 NO 2 H I
1 2 H H OCH 2 C 6 H 5 H I 16 NO 2 N H C(0 )0 C H 2 C6 Hs II
15 H H NO 2 H II 17 NO 2 F II
19 OCH 3 H H H III 29 OSi(CH,)2C(CH3)3 OCH 2 C 6 H 5 III
2 0 H OCH 3 OCH 3 OCH 3 III 30 OSi(CH3)2C(CH3)3 NHC(0 )0 C H 2 C6 Hs III
2 1 H H SCH 3 H III 31 NO 2 OCH 2 C 6 H 5 III
2 2 H H CH 3 H III 34 OSi(CH3)2C(CH3)3 H IV
23 H H Br H III 35 OH H IV, V
24 H H F H III 36 OH F I,v
25 H Cl Cl H III 37 OH OCH 2 C6 H 5 III, V
26 H F F H III 38 OH NHC(0)0CH2C6H5 III,V
27 H H C Fj H III 41 OH OH III, VI, VI
28 H OCHjCfiHs H H III 42 N H 2 OH III, VI
32 H H H H IV 44 N H 2 H I, VII
39 H H OH H II, VI 45 N H 2 F l!,VII
40 H OH H H III, VI 46 OH N H 2 III, V, VllI
43 H H N H 2 H II, VII 47 N H 2 N H 2 II, VIII

include either a hydroxy or an am ino group as in com pounds 
35—38 and 41—47 (Schemes 4—7, Table 4). Analogues o f  the 
three m ost active com pounds from  Table 2 were synthesized 
with both 4-(3-hydroxy-4-methoxyphenyl) and 4-(3-amino- 
4-methoxyphenyl) substitution (Table 3). W ith one exception, 
the 3-hydroxy-4-methoxy substituted analogues were over 10- 
fold m ore active than their corresponding 3-amino-4-methoxy 
derivatives (compare 41 to  42, for example, with IC 5 0  values o f 
0.8 and 39.5 nM , respectively, in M CF-7 cells). The exception 
was the fluorinated analogues, in which the introduction o f an 
am ino substituent to  the C-4 phenyl ring o f 24 resulted in a 
slight increase in potency (com pound 45) when com pared to  
the hydroxyl analogue 36, and both  were less active than 
com pound 24 (IC 5 0  values o f 5 5 ,6 6 , and 42 nM , respectively,

in M CF-7 cells). The activity o f nitro-substituted compound 
17 is included for com parison (IC 5 0  o f  1 .AfiM),  indicating the 
critical im portance o f  a polar H -bonding substituent on the 
C-3 phenyl ring. The phenolic hydroxyl group is the optimal 
substituent a t the 3-position o f the 4-phenyl ring. The most 
potent com pound in the series, 41, displayed subnanomolar 
antiproliferative activity in the M CF-7 cell line with an ICsoof 
0.8 nM . Figure 3 shows a dose-response result for the anti
proliferative effect of/3-lactam com pounds 32 and 41 in MCF- 
7 cells. C om pound 46, containing a 3-(4-aminophenyl) sub
stituent, also showed greater activity than the lead compound 
32, with an IC50 o f 4 nM  in M C F-7 cell line.

The replacement o f  the /3-lactam carbonyl group with the 
thione in com pound 48 resulted in a reduction in the observed
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Table 4. A ntiproliferative E ffects o f  A zetid inon es in M C F -7  H um an  
Breast C ancer Cells

antiproliferative activity" antiproliferative activity"
M C F -7  cells M C F -7  cells

compd IC 5 0  (^*M) com pd IC 5 0  (mM)

7 37.75 ± 2 3 .3 5 27 1.6577 ± 0 .4 2 8 3
8 0.3263 ± 0 .1 5 6 5 32 0 .0344  ± 0 ,0 1 9 8
9 0.1820 ± 0 .0 2 6 2 33 43 .12  ±  16.47
10 0.2228 ± 0 .1 5 8 5 35 0 ,0096 ±  0 .0026
11 0.3052 ± 0 .1 3 8 0 36 0 .0657 ±  0 .0056
12 7.9857 ±  1.8590 39 0,0591 ±  0 .0198
14 0.4663 ± 0 .0 3 6 1 40 0 .0689  ±  0 .0592
15 0 .4856 ± 0 .2 8 1 5 41 0 .0008 ±  0 .0004
17 1.3642 ± 0 .7 4 42 0 .0395  ± 0 .0 2 1 6
18 43.13 ± 2 0 .4 4 43 0 .0508 ± 0 ,0 1 9 4
19 0 .6995 ± 0 .1 8 7 4 44 0.0653 ± 0 .0 1 1 1
20 7.1193 ± 3 .9 1 3 5 45 0.0553 ±  0 .0087
21 0 .4480 ±  0 .2304 46 0 .0045 ±  0 .0032
22 0 .3152 ± 0 .0 7 1 4 47 0 ,0309 ±  0 ,0357
23 0 .4196 ± 0 ,0 8 1 7 48 0 ,72  ±  0,47
24 0.0423 ±  0 .0420 49 24.5600 ± 2 ,6 1 9 6
25 3.3607 ±  1,0377 50 >  100
26 0 .3139 ± 0 ,1 7 9 2 2a* 0 ,0052  ±  0.002

“ IC50 values are h a lf m axim al inh ib itory concen trations required to
block the grow th stim ulation  o f  M C F -7  or M D A -M B -231  cells. V alues
represent the m ean ±  SE M  (error values x  10” *’) for three experim ents
performed in triplicate. T he IC50 value ob ta in ed  for 2a in this assay is
0 .0052^M  for M C F -7  and is in g o o d  agreem ent w ith the reported values
for 2a using the M T T  assay on hum an M C F -7  breast cancer cell lines.
(see refs 7, 73, and 74).

Table 5. A ntiproliferative E ffects o f  Selected /S-Lactam C om p ou n d s in
M D A -M B -231 H um an Breast C ancer C ells

antiproliferative activity^1 antiproliferative activity"
M D A -M B -231  cells M D A -M B -231  cells

com pd IC5o(/^M) com pd ICsoC/^M)

24 0 .2284 ± 0 .1 7 5 5 41 0 ,1764  ± 0 .1 5 7 8
32 0 .0782 ±  0.0348 42 1,6839 ±  1.9756
35 0.0288 ± 0 .0 1 9 9 43 0 .2245  ± 0 ,1 7 7 8
36 0 .1072 ± 0 .0 5 5 8 44 0 .4288  ±  0 ,0670
39 0 .1577 ± 0 .0 3 5 2 45 0 .0808 ±  0 .0738

2a* 0.043

“ IC 5 0  values are h a lf m axim al inh ib itory concen trations required to  
block the grow th stim ulation  o f  M C F -7  or M D A -M B -231  cells. V alues 
represent the m ean ±  SE M  (error values x  10^**) for three experim ents  
performed in triplicate. * T he IC 50  values obtained  for 2a in this assay are 
0 .043^ M  for M D A -M B -231  and is in go o d  agreem ent w ith the reported  
values for 2a using the M T T  assay on  M D A -M B -231  breast cancer cell 
lines (see refs 7, 73, and 74).

antiproliferative activity (IC 5 0  =  0.72/<M for M CF-7 cells and 
IC5 0  =  0.89 for M D A-M B 231 breast cancer cells). The 
/9-lactam ring is strained and can undergo a num ber o f ring- 
opening reactions. In the present w ork, two ring-opened pro
ducts were also synthesized and evaluated for antiproliferative 
activity to  assess the lactam scaffold dependence o f  biological 
activity. Alcohol 49 is the result o f  treatm ent o f 35 with lithium 
aluminum hydride, while ester 50 is the product from the nucleo- 
philic ring-opening reaction o f 35 with sodium methoxide. 
These compounds are more flexible than the rigid /3-lactam 
parent com pound 35. They show over 2000-fold decrease in 
antiproliferative activity, indicating the critical im portance of 
the rigid /3-lactam scaffold and the relative orientations of the two 
methoxy-containing aromatic rings for preservation of antipro
liferative activity. The importance o f the relative orientations of 
the two aromatic rings has also been noted previously for CA-4.^ 

The m ore potent com pounds in the M CF-7 cell line were 
^ next examined in anER -negative MDA-MB-231 cell line,and
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Figure 3 . A n tip r o life r a tiv e  e ffe c t  o fyS -lactam  c o m p o u n d s  3 2  a n d  41  
a lo n g s id e  2 a  in  M C F -7  h u m a n  breast ca n cer  ce lls . M C F -7  ce lls  w ere  
seed ed  a t a  d e n s ity  o f  2 .5  x  10'* ce lls  p er w e ll in  9 6 -w e ll p la tes . T h e  
p la te s  w ere  left fo r  24  h  to  a llo w  th e  ce lls  to  a d h ere  to  th e  su r fa ce  o f  
th e  w e lls . A  ran ge  o f  c o n c en tr a tio n s  (0 .01  n M  to  50  /<M ) o f  th e  
c o m p o u n d  w ere  a d d ed  in  tr ip lica te  a n d  th e  c e lls  le ft  fo r  a n o th e r  7 2  h. 
C o n tr o l w e lls  c o n ta in e d  th e  e q u iv a le n t v o lu m e  o f  th e  v eh ic le  
e th a n o l (1%  v /v ) . A n  M T T  a ssa y  w a s  p er fo rm ed  to  d e term in e  th e  
leve l o f  a n t ip r o life r a tio n . T h e  v a lu e s  rep resen t th e  m ea n  ±  S E M  
(error  v a lu es) fo r  th ree e x p er im en ts  p er fo rm ed  in  tr ip lica te .

the results are displayed in Table 5. Com pound 35 was found 
to  be the m ost effective o f the series with IC 5 0  value of 28 nM; 
com pounds 32 and 45 are also seen to  be effective, with IC 5 0  

values o f 78 and 80 nM , respectively. Com pound 41 was also 
evaluated in the leukemia cell lines HL-60 and K562 and 
was found to  be extremely potent with IC 5 0  values of 0.34 and 
0.89 nM , respectively, which compared favorably with the con
trol 2a [IC5 0  values o f  1.99 nM  (HL-60) and 3.68 nM  (K562)].

On the basis o f their potency, com pounds 9 and 35 were 
evaluated in the N ational Cancer Institute (NCI)/D ivision of 
Cancer Treatm ent and Diagnosis (DC TD)/D cvelopm ental 
Therapeutics Program  (DTP),^'* in which the activity of each 
com pound was determined using approxim ately 60 different 
cancer cell lines of diverse tum or origins. These studies were 
perform ed at the N C I as part o f  their drug-screening program . 
Com pounds 9 and 35 were tested for inhibition o f growth 
(G I5 0 ) and for cytotoxicity (LC 5 0 ) in the N CI panel o f  56 cell 
lines and showed broad-spectrum  antiproliferative activity 
against tum or cell lines derived from  leukemia, breast cancer, 
non-small-cell lung cancer, colon cancer, CNS cancer, mela
nom a, ovarian cancer, renal cancer, and prostate cancer (see 
Table 9, Supporting Inform ation). /3-Lactam 9 showed sub
m icrom olar G I 5 0  values in all but five cell lines (the G I 5 0  value 
is the concentration o f drug required for 50% inhibition of 
cellular growth). The m ean G I 5 0  value for com pound 9 across 
all cell lines is 0.21 /<M [logG l5 o =  —6.67 M]. F or com pound 
35, the G I 5 0  values obtained were below 10 nM  for 38 o f  the 
cell lines investigated, including breast cancers M CF-7, M DA- 
M B-231, and the adriamycin resistant N CI/A D R-RES cell line, 
with the m ean G I 5 0  value across all cell lines being 23.99 nM , 
[log G I 5 0  =  —7.62 M]. LC 5 0  values are a measure of the cyto
toxicity o f these com pounds and were greater than 1 0 0 //M  for 
com pound 9 in all but 3 cell lines and greater than 100 ;^M 
for com pound 35 in all but 10 cell lines (Table 9, Supporting 
Inform ation). These results confirm the requirem ent for the 
3-hydroxy-4-methoxy substitution pattern  on ring B for opti
m um  antiproliferative activity in these analogues.

C O M P A R E  Analysis of y9-Lactams 9 and 35

M atrix C O M PA R E analysis^^'^* (measuring the correla
tion between two com pounds with respect to  their differential 
antiproliferative activity) demonstrated good correlation between 
35 and 2a {r =  0.62) and with other tubulin binding drugs
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Figure 4. Dose-response curve for/3-lactams 35,41, and 2a in murine mammary epithelial cells at 25 000 cells/mL. M ouse mammary epithelial 
cells were harvested from mid- to late-pregnant CD-I mice and cultured. The isolated mammary epithelial cells were seeded at two 
concentrations. After 24 h, they were treated with 2 /uL volumes o f  test compound which had been preprepared as stock solutions in ethanol 
to furnish the concentration range o f  study, 1 nM to lOO^M, and reincubated for a further 72 h. Control wells contained the equivalent volume 
o f  the vehicle ethanol (1 % v/v). The cytotoxicity was assessed using alamarBlue dye.

vincristine, v inb lastin e, paclitaxel, m aytansin e, and rhizoxin  
(T ab le  10, Su pp orting  In form ation). H ow ever , this algorithm  
d o es n ot d istinguish  betw een  different tub u lin -based  m ech a
n ism s o f  action.^’ In v itro  tub u lin -b ind ing  stud ies confirm ed  
that 35  is acting as a tubulin-binding agent. T he antiproliferative  
activ ity  observed for these  co m p o u n d s ind icated  that there is a 
sign ificant therapyeutic w in d o w  betw een  the concen tra tion  
required for  cancer cell grow th  inh ib ition  and  the con cen tra 
tio n  that is to x ic  to  cells.

Evaluation o f  T oxicity in N orm al M urine M am m ary Epithelial 
C ells

T w o  o f  the m o st p o ten t ^ -lactam  co m p o u n d s from  a n ti
proliferative studies in  the M C F -7  cell line, 35  and 41, w ere  
evalu ated  further for cy to x ic ity  in  m urine m am m ary ep ithelial 
cells. 2a  w as used  as the p ositive  contro l. M o u se  m am m ary  
epithelial cells were harvested from  m id- to  late-pregnant C D -I  
m ice and cultured as described p r e v i o u s l y . T w o  different 
cell con cen tra tion s w ere used  in the tox icity  assay: 25 000  and  
50 000  cells/m L . T he results are presented in F igure 4  and in  
the Su pp orting  In form ation  (F igu res 10—12). T he IC 5 0  value  
is greater than 10 m M  for the three co m p o u n d s evaluated . 
T h is is further evid en ce that these /8 -lactam  co m p o u n d s are 
m inim ally  tox ic  to  n on proliferating  cells.

Tubulin B inding Studies

T he effects o f  representative ^ -lactam  C A -4  analogu es o n  
the assem b ly  o f  purified b ov in e  tubulin  w ere evaluated . 
C o m p o u n d s 32, 35 , and 41 w h ich  dem onstrated  p o ten t an ti
proliferative effects in v itro  w ere assessed . T he ab ility  o f  2a  to  
effectively  inh ib it the assem b ly  o f  tubulin  w as assessed as a 
p o sitiv e  contro l. T ub u lin  p o lym erization  w a s determ ined by 
m easuring the increase in absorb ance over tim e at 340 nm . 
T he Fmax va lue offers the m o st sensitive  ind icator o f  tub u lin / 
ligand in teractions, and hence, va lues w ere calcu lated  
for each  test co m p ou n d . F o ld  ch an ges in F^ax values for

Table 6. Inh ib ition  o f  T ubulin  Polym erization for Com pounds 32,35, 
41, and  2a“

com pd fold-reduction in at 10

2a 6.0 ±  1.4
32 6.1 ± 0 .9
35 8.3 ± 2 .6
41 11.76 ± 3 .8 5

“ Effects o f  2a, 32, 35 and  41 on in v itro  tubu lin  polymerization. 
Purified bovine tubu lin  and G T P  were m ixed in a  96-well plate. The 
reaction  was sta rted  by w arm ing the so lu tion  from  4 to 37 °C. 2a(10/<M) 
was used as a reference, while e thanol (1%  v/v) was used as a vehicle 
con tro l. T he effect on tubu lin  assem bly w as m onito red  in a Spectramax 
340PC spectrophotom eter a t 340 nm  at 30 s intervals for 60 min at 37 °C. 
F o ld  inh ib ition  o f  tubu lin  polym erization was calculated using the 
value for each reaction. T he results represent the m ean ±  standard error 
o f  the m ean for three separa te  experim ents.

p olym eriza tion  curves o f  each  test co m p o u n d  with reference 
to  e th an o l co n tro l w ere ca lcu lated  and  are detailed in Table 6 . 
A s antic ip ated , the active  /8 -lactam  C A -4  analogues 32, 35, 
and 41 inh ib ited  the polym eriza tion  o f  tubulin (Table 9, 
Su pp orting  In form ation). In m ore detail, the active/3-lactams 
w h en  evalu ated  at 1 0 //M , reduced the value for the rate 
o f  tub ulin  p o lym eriza tion  from  6 -fo ld  for  2a  to  11.7-fold for 
co m p o u n d  41 and  to  8 .3 -fo ld  for co m p o u n d  35, while com
p ou n d  32  sh ow ed  a 6 -fo ld  red uction  in the va lue for F„,ax. This 
va lue  is com parab le  i f  n o t superior to  the rate o f  inhibition 
o f  tub ulin  assem b ly  (6 -fo ld ) observed w ith  2a. A n  IC50 value 
o f  3 .65 w as ca lcu lated  for co m p o u n d  41 for the reduction
in K„,ax, w h ile  an  IC 5 0  va lue o f  4 .89  /<M w as obtained for the 
effect in  overall po lym er m ass (calcu lated  from  area under the 
polym eriza tion  curve). In h ib ition  o f  tubulin  polymerization 
for co m p o u n d  41 is illustrated in F igure 5. T he tubulin binding 
studies clearly  d em onstrated  that tubulin  is the target o f these 
new  c o m p ou n d s; how ever, the specific  b inding site on tubulin 
w a s n o t investigated , for exam ple, by use  o f  a radiolabeled 
co lch ic in e  d isp lacem en t assay. O n the basis o f  the very close 
3 D  structural sim ilarity betw een the ligands 1, 2a, and the
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Figure 5. Effects o f compound 41 on in vitro tubulin polymerization. Purified bovine tubulin and G TP were mixed in a 96-well plate. The 
reaction was started by warming the solution from 4 to 37 °C. 2a (10 ̂ mM) was used as a reference, while ethanol (1 % v/v) was used as a vehicle 
control. The effect on tubulin assembly was monitored in a Spectramax 340PC spectrophotometer at 340 nm at 30 s intervals for 60 min at 
37 °C. Fold inWbition of tubulin polymerization was calculated using the K^ax value for each reaction. The results represent the mean ±  standard error 
of the mean for three separate experiments.

/S-lactam analogues reported in this study (Figures 6B and 
7D), we propose that the binding site for these compounds is 
most likely to be the colchicine site, since it has been demon
strated that 2a and many reported examples of the structurally 
related conformationally constrained 2a analogues bind at the 
colchicine site.^^’* ’̂ '

Structural and Molecular Modeling Studies of Selected Azeti- 
dinones

The molecular structure of a representative example of the 
active series, compound 32, was determined by single-crystal 
X-ray crystallography. The ORTEP diagram is presented in 
Figure 2, where the trans configuration at positions 3 and 4 
of the /3-lactam ring is clearly seen (note that in the X-ray 
numbering scheme in Figure 2, the carbon at the 3-position 
of the ;3-lactam ring is denoted as C2 and the carbon the 
4-position of the /3-lactam ring is denoted as C3). The structure 
revealed a conformation for the azetidinone 32 in which the 
two aromatic rings located at N-1 and C-4 are not coplanar. 
The rigid azetidinone ring provides a scaffold that can accom
modate the steric and geometric requirements of the aromatic 
pharmacophores for tubulin binding. Ligands that bind at the 
colchicine-binding site of tubulin have the common feature of 
a trimethoxy aromatic ring, noted for such ligands as 1,2a, and 4.

The azetidinone 32 is structurally similar to 1 and 2a, with 
the common structural features of a trimethoxyphenyl ring 
and a second aromatic ring substituted with methoxy groups 
in a noncoplanar diaryl system, with the observed tortional 
angle for ring A—ring B of 46.9° compared to 55° and 53° for 
the corresponding rings in 2a“  and 1,®̂  respectively. These 
structural similarities support the observed antiproliferative and 
tubulin polymerization inhibitory activity for these compounds 
as tubulin-targeting agents. The X-ray crystal structures of

2a®̂  and 2b^^ suggest that the conformation of this stilbene is 
not planar. These crystal structures reveal that the planes of 
the two phenyl rings are inclined to each other, suggesting 
a low-energy conformation that may be the one involved in 
binding at the tubulin receptor site.^^

To rationalize the potential binding modes of these /3-lactam 
compounds in tubulin, docking studies were carried out with 
two of the most potent compounds in the 3-aryl /3-lactam 
series, 32 and 41. By use of the reported X-ray structure of 
tubulin cocrystallized with a colchicine derivative, Af-deacetyl- 
Af-(2-mercaptoacetyl)colchicine (DAMA-colchicine, PDB 
entry ISAO), possible binding orientations for 32 and 41 were 
probed with the docking program FRED, version 2.2.3 (Openeye 
Scientific Software).* Because of the structural similarity 
between the /3-lactams and colchicine site ligands such as 2a, 
it was proposed that 32 and 41 bind to tubulin at the colchicine- 
binding site. The colchicine-binding site in tubulin is mainly 
buried in the /?-subunit while maintaining few interactions 
with the a-subunit; there is one such site on each tubulin 
heterodimer. The H7 and H8 a-helices, the T7 loop, and the 
S8 and S9 /3-strands contribute to the binding site and interact 
with the ligand. Two important residues for binding of colchicine- 
type ligands to tubulin have been identified as Val /3318 and 
Cys /3241 Val /3318 tubulin variants have reduced sensitivity 
to 1, and colchicine substituted with more reactive groups 
instead of the methoxys can be cross-linked with Cys /3241.*  ̂

Molecular modeling studies were carried out with the /3-lactam 
compounds synthesized and evaluated to determine if these 
interactions were predicted to be present. Figure 6A illustrates 
/3-lactam 32 docked in the colchicine-binding site of tubulin, 
while Figure 7A  and Figure 7B show similar graphics with 
/3-lactam 41 docked. /3-Lactam 41 was the most active compound 
in antiproliferative assays and also in the tubulin polymerization
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Figure 6. (A) Docked pose of /3-iactam 32 in the colchicine binding site of tubulin (PDB entry 1 SAO). Significant binding residues Cys 241 and 
Val 318 are indicated. Hydrogens are not shown for clarity. Coloring is by atom: gray (carbon); red (oxygen); blue (nitrogen); yellow (sulfur). 
Residue numbers are those used by Ravelli et al.*^ (B) Docked pose of 32 (colored by atom ) overlaid with Af-deacetyl-A'-(2-mercaptoacetyl)- 
colchicine (DAMA-colchicine) (yellow) in the tubulin binding site (PDB entry 1 SAO). Residues are not shown for clarity. (C) 2D representation 
of the binding o f /8-lactam 32 in the colchicine-binding site o f tubulin: 2-D rendering of ligand—protein interactions using LigX module of MCE 
used to create docked structures o f 32 in the colchicine-binding site o f tubulin.

inhibition assay. The tw o important residues for binding in 
the colchicine-binding site o f  tubulin are identified as Valy3318 
and Cys /3241. Figures 6A, 7A, and 7B show that the trimethoxy 
rings o f  both 32 and 41 are well positioned in proxim ity to  the 
Cys241 residue (residue numbers are those used by Ravelli 
et al^^), and the com pounds adopt an orientation veiy  similar 
to  that o f  the trimethoxy ring o f  D A M A -colchicine in the 
cocrystallized structure. In addition, for com pound 41, Thr 
179 is seen to establish a strong H -bond to the 3-O H sub
stituent o f  ring B (Figure 7A, Figure 7B). This residue has 
previously been identified as interacting with a number o f  
colchicine site ligands.^^'®^’̂  This interaction m ay also explain 
the binding o f  the related com pound in the series with an OH  
substituent in similar position (e.g., com pounds 35, 36, 46) 
and also the related analogues with N H 2 substituent at C-3 o f

the aryl B-Ring. Activity is optimized by additional substituents 1 

on the C-3 aryl such as 4-F , 4 -N H 2 ,4 -O H , 3-OH (compounds | 
24, 3 9 ,4 0 ,4 3 )  which preserve the key interactions with active 
residues for ring A and ring B. The H-bonding interaction 
between the 4-hydro xyaryl group at the 3-position of ̂ -lactam 
41 and the Lys 254 residue (Figure 7A, 7 8 ), in addition to 
hydrophobic contacts with the 3-phenyl ring (not shown for 
clarity), could contribute to  the observed higher antiprolifera
tive activity observed for this analogue. The hydrophobic 
interactions are illustrated in Figure 7C and include interac
tions o f  the 3-phenyl ring with Leu248, A la250, and Leu255. 
Activity is significantly reduced for/3-lactam analogues of 32 
that have multiple m ethoxy substitutions on the C-3 aryl ring 
as in com pound 20 or increased steric hindrance with the 
benzyloxy ether (com pound 28). ,
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Figure 7. (A) P roposed binding and docked pose o f  /?-iactam 41 (green) in colchicine binding site o f  tubu lin  (PD B entry 1SAO). H ydrogens are 
not shown for clarity. Significant binding residues T h rl7 9 , Cys241, Val318, and Lys254 are indicated. Residue num bers are those used by 
Ravelli et al.“  (B) D ocked pose o f  /S-lactam 41 in colchicine binding site o f  tubulin  (PD B entry  ISAO) with isolated im portan t residues. 
Hydrogens are not shown for clarity. Significant binding residues Cys241, Val318, and Lys254 are indicated. C oloring is by atom : gray 
(carbon); red (oxygen); blue (nitrogen); yellow (sulfur). Residue num bers are those used by Ravelli et al.*^ (C) 2D  representation  o f  the binding 
of /3-lactam 41 in the colchicine-binding site o f  tubulin: 2-D  rendering o f  ligand—protein  interactions using LigX m odule o f  M O E  used to  create 
docked structures o f 41 in the colchicine-binding site o f  tubulin . (D) D ocked pose o f  41 (colored by atom ) overlaid w ith A^-deacetyl- 
JV-(2-mercaptoacetyl)colchicine (D A M A -colchicine) (yellow) in the tubulin  binding site (PD B  entry 1 SAO). Residues are not show n for clarity.

Several other hydrophobic contacts are predicted to stabi
lize the binding o f  32 and 41 to tubulin. Figures 6 C and 7C 
depict the predicted binding interactions o f  docked ^-lactams 
32 and 41 in 2D  format.®’ From  these results it can be seen that 
the important interactions discussed above are predicted to be 
present for these com pounds. The docked pose o f  32 (colored 
by atom ) overlaid with colchicine (yellow) in the tubulin bind
ing site is illustrated in Figure 6 B. It can be seen that the 
methoxy substituent o f  ring B is in proximity in the binding site 
to the corresponding m ethoxy group on ring C o f  colchicine, 

j A similar binding orientation is observed for colchicine and 41

(Figure 7D ). These binding parallels m ay rationalize the 
potency observed for 32 and 41 in their inhibition o f  tubulin 
polym erization.

Conclusion

W e have synthesized a comprehensive series o f  /3-lactam  
com pounds that show  potent antiproliferative activity in a 
range o f  tum or cell lines, notably in human breast cancer 
M C F-7 and M D A -M B -231 cell hnes. The m ost potent com 
pound in the series 41 displayed subnanom olar activity in 
the M C F-7 cell line with an IC 5 0  o f  0.8 nM . Com pound 46
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containing a 3-(4-am inophenyl) substituent a lso  show ed greater 
activ ity  than  the lead co m p o u n d  32, w ith  an  IC 50 o f  4  n M  in  
M C F -7  cell line, w ith  the 3 -phenylsubstitu ted  /3-lactam  32  
havin g  an IC 50 o f  34 nM . T he co m p o u n d s d id n ot cause  sig 
nificant cy to to x ic ity  in  norm al m urine breast epithelia l cells. 
C o m p o u n d s 32, 35, and 41 w ere sh o w n  to  inh ib it the p o ly 
m erization  o f  tubulin  w ith  im proved  efficacy  w h en  com pared  
w ith  2 a.

X -ray  crystal structure o f  3 2  revealed that the co m p o u n d  
provides a scaffo ld  structure w ith  a sim ilar spatia l arrange
m ent betw een  the tw o  phenyl rings as observed in cis c o n fig 
uration  o f  2a. Prelim inary m od elin g  studies ind icate a p ossib le  
binding m od e for these p o ten t inh ib itors o f  tubulin  p o lym er
ization . T hese con fo rm a tio n a lly  restricted )9-lactam  structures 
are n o t easily  isom erized , un like the cw -stilbene 2 a, and  are 
identified  as prom ising lead co m p o u n d s in the develop m en t  
o f  new  anticancer agents. Further stud ies are in progress to  
further rationalize S A R  for th is series o f  azetid in on es and  to  
determ ine the antiang iogen ic  effects o f  these co m p ou n d s.

E xperim ental Section

All reagents were commercially available and were used without 
further purification unless otherwise indicated. Tetrahydrofuran  
(T H F) was distilled immediately prior to use from Na/benzophenone 
under a slight positive pressure o f  nitrogen. Toluene w as dried by 
distillation from sodium  and stored on activated m olecular sieves 
(4 A ), and dichloromethane was dried by distillation from calcium  
hydride prior to use. IR spectra were recorded as thin films on  
NaCl plates or as KBr discs on a Perkin-Elmer Paragon 100 FT-IR  
spectrometer. *H and '^C N M R  spectra were obtained on a Bruker 
Avance D PX  400 instrument at 20 °C, 400.13 M H z for ' H spectra, 
100.61 M H z for ‘^C spectra, in C D CI3, C D 3C O C D 3, or C D 3O D  
(internal standard tetramethylsilane) by Dr. John O ’Brien and 
Dr. Manuel Ruether in the School o f  Chemistry, Trinity College 
Dublin. Low resolution mass spectra were run on a Hewlett- 
Packard 5973 M SD  G C —M S system in an electron impact mode, 
while high resolution accurate mass determinations for all final 
target com pounds were obtained on a M icromass time o f  flight mass 
spectrometer (TOF) equipped with electrospray ionization (ES) 
interface operated in the positive ion m ode at the High Resolution 
M ass Spectrometry Laboratory by Dr. Martin Feeney in the School 
o f  Chemistry, Trinity College Dublin. Thin layer chromatography 
was performed using Merck silica gel 60 TLC aluminum sheets 
with fluorescent indicator visualizing with UV light at 254 nm. Flash 
ch ro m atograp h y  w as carried o u t u s in g  standard silica  gel 60  
(230—400 mesh) obtained from Merck. All products isolated were 
hom ogeneous on TLC. The purity o f  the tested com pounds was 
determined by HPLC or combustion analysis, and unless otherwise 
stated, the purity level was >95% . Elemental analyses were per
formed on an Exetor Analytical CE4400 C H N  analyzer in the 
Microanalysis Laboratory, Departm ent o f  Chem istry, University  
College Dublin, Ireland. Analytical high-perform ance liquid 
chrom atography (H PLC ) was performed using a W aters 2487  
dual wavelength absorbance detector, a Waters 1525 binary HPLC  
pump, and a Waters 717Plus autosam pler. The colum n used was a 
Varian Pursuit X R s C18 reverse phase 150 mm x  4.6 mm chro
matography column. Samples were detected using a wavelength o f  
254 nm. All samples were analyzed using acetonitrile (70% )/ 
water (30% ) over 10 min and a flow rate o f  1 m L/m in. Chiral 
liquid chrom atography was carried out on selected com pounds 
using a Chirai-AG P 150 m m  x  4.0 mm colum n supplied by 
Chrom Tech Ltd. (now  supplied by Chiral Technologies Europe) 
with a Chiral- A G P  guard colum n. The H PLC system consisted  
o f  the follow ing com ponents: a W aters 1525 binary H PLC pump, 
a W aters 2487 dual wavelength absorbance detector, a W aters 
in-line degasser A F , and a W aters 717 plus autosam pler. Gradient 
elution was used beginning with 1 0 % o f  organic phase and 
finishing with 90% o f  organic phase over a period o f  20 min.

The organic m obile phase was 2-propanol, and the aqueous phase f  
was a sodium  phosphate buffer. The sodium  phosphate buffer, 
co n sistin g  o f  10 m M  sod iu m  d ih ydrogen  orthophosphate di
hydrate (N a H 2P 0 4 ) in H P L C -grade w ater, was made up to 
pH  7.0 using sodium hydroxide. The flow rate was 0.5 mL/min, and 
detection was carried out at 225 nm. Details o f  the synthesis of inter
mediate com pounds and characterizations o f  target / -̂lactams are 
contained in the Supporting Information.

General M ethod for Imine Preparation. The appropriate 
am ine ( 1 0  m m ol) w as refiuxed w ith the appropriate aldehyde 
(10 m m ol) in ethanol (50 m L) for 3 h. The reaction mixture was 
reduced in vacuo, and the resulting solution  was allowed to 
stand until solid product crystallized from  solution. The resuh- 
ing im ine w as recrystallized from  ethanol.

[3-(<ert-Butyldimethylsilanyloxy)-4-methoxybenzy!idene]-(3,4,5- 
trimethoxyphenyl)amine (5e). 5e was prepared by reacting 3-(leri- 
butyldim ethylsilanyloxy)-4-m ethoxybenzaldehyde with 3,4,5-tri- 
methoxybenzenamine following the general method above. The | 
product was obtained as a yellow solid. Yield 64.3%. Mp 105 °C. 
IR (K B r)i; 1619.8,1579.73cm “ ' ( - C = N - ) ;  'H  NMR(400MHz, 
CDCI3) (5 0.20 (s, 6 H, 2 XCH3), 1.03 (s, 9H , C(C H j) 3), 3.87-3.9! 
(m, 12H, 4  X O C H 1), 6.48 (s, 2H , ArH ), 6.93 (d, 2H, 7  =  8.04 Hz, 
ArH ), 7 .4 3 -7 .4 7  (m, IH, ArH ), 8.35 (s, IH , C H =N ); '^CNMR 
(100 M Hz, C D O j) d  - 5 .0 4  (C H 3- S i - C H 3), I8.03(CH3-C- 
CH j), 25.27 (C(C H 3)3), 54.98 ( -O C H 3), 55.63 (-O C H 3), 97.62, 
110.94,119.71,123.48,128.95,135.53,144.87,147.94,153.05,153.59 
(ArC), 158.84 (—C = N —). Elemental analysis: found C, 63.99; H. 
7.65; N , 3.21; C 23H 33NOsSi requires C, 64.01; H, 7.71; N, 3.25%,

General M ethod for yS-Lactam Synthesis I: Staudinger Reac
tion (Compounds 7 —14). The appropriate im ine (5 mmol) and 
triethylam ine ( 15 m m ol) were added to  dry C H 2CI2 (50 mL), and 
the m ixture w as brought to  reflux at 60 °C. The appropriate acid 
chloride (7.5 m m ol) w as then added dropw ise to the mixture via 
a septum . The reaction m ixture was then refluxed for 3 h, then . 
cooled  and w ashed first w ith distilled water (2 x  50 mL) and then ' 
with saturated aqueous sodium  bicarbonate solution (50 mL). 
T he organic layer w as dried by filtration through anhydrous 
sodium  sulfate. T he organic layer containing the product was 
collected and reduced in vacuo to  afford the crude product 
which w as purified by flash colum n chrom atography over silica 
gel (eluent: hexane/ethyl acetate gradient).

General M ethod foryS-Lactam Synthesis II: Staudinger Reac
tion M odified (Compounds 15—17). A  solution  o f  the appro
priate im ine ( 1 0  m m ol) and acid chloride ( 1 0  mmol) in CH2CI2 
(50 m L) under nitrogen w as stirred for 2 h. Triethylamine 
( 1 0  m m ol) w as added dropw ise, and the mixture was left to stir 
overnight. T he m ixture w as w ashed first with distilled water 
(2 X 50 mL) and then with saturated aqueous sodium bicarbonate 
solution (50 mL). The organic layer was dried by filtration through 
anhydrous sodium  sulfate. T he organic layer containing the 
product w as collected and reduced in vacuo to afford the crude 
product which w as purified by flash colum n chromatography 1 

over silica gel (eluent: hexane/ethyl acetate gradient 10:1 to 2:1).
General M ethod for/9-Lactam  Formation III: Acid Activation 

with Triphosgene (Compounds 18—31). A  mixture o f the appropriate 
acetic acid (15 mmol) and triphosgene [bis(trichloromethyi) car
bonate] (5 m m ol) in dry C H 2CI2 (50 mL) was heated at refluxed for 
30 min. A  solution o f  the appropriately substituted imine (10 mmol) 
in dry C H 2CI2 ( 10 mL) was added dropwise to the refluxing solution 
followed by triethylamine (30 mmol). The reaction mixture was 
heated at reflux for 5 h and stirred at room temperature overnight. 
The mixture was washed first with distilled water (2 x 50 mL) and 
then with saturated aqueous sodium bicarbonate solution (50 ml). 
The organic layer was dried over anhydrous sodium sulfate to afford 
the crude product, which was purified by flash column chromatog
raphy over silica gel (eluent: hexane/ethyl acetate gradient),

3-(4-(Benzyloxy)phenyl)-4-(3-((ffi-r-butyldimethylsilyl)oxy)- 
4-methoxyphenyl)-l-(3,4,5-trimethoxyphenyl)azetidin-2-one 29.
29 w as obtained from  (4-benzyloxyphenyl)acetic acid and imine 
5e fo llow in g  general m ethod III as a brown oil, yield 6 ,8 %, an(ĵ '
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was deprotected immediately without further purification to 
afford 37 (see below).

Benzyl (4-(2-(3-((ferf-ButyldimethylsilyI)oxy)-4-inethoxyphenyl)- 
4-oxo-l-(3,4,5-trimethoxyphenyl)azetidin-3-yl)phenyl)carbamate30.
30 was obtained from (4-benzyloxycarbonylaminophenyl)acetic 
acid and imine 5e following general method III as an oil, yield 
10.6%, and was deprotected immediately to afford 38 without 
further purification.

General Method for ^-Lactam Preparation IV: Reformatsky 
Reaction Using Microwave (Compounds 32—34). Zinc powder 
(0.927 g, 15 mmol) was activated using trimethylchlorosilane 
(0.65 mL, 5 mmol) in anhydrous benzene (5 mL) by heating 
for 15 min at 40 °C and subsequently for 2 min at 100 °C in a 
microwave. After the mixture was cooled, the appropriately 
substituted imine ( 1 0  mmol) and substituted ethylbromoacetate 
( 1 2  mmol) were added to the reaction vessel and the mixture was 
placed in the microwave for 30 min at 100 °C. The reaction 
mixture was filtered through Celite to remove the zinc catalyst 
and then diluted with dichloromethane. This solution was 
washed with saturated ammonium chloride solution (20 mL) 
and 25% ammonium hydroxide (20 mL) and then with dilute 
HCl (40 mL) followed by water (40 mL). The organic phase was 
dried over anhydrous sodium sulfate and the solvent was removed 
in vacuo to afford the crude product which was purified by flash 
column chromatography over silica gel (eluent: hexane/ethyl 
acetate gradient) to afford the required ;S-lactam product.

4-(4-Methoxyphenyl)-3-phenyl-l-(3,4,5-trimethoxyphenyl)- 
azetidin-2-one 32. 32 was obtained from ethyl 2-bromo-2-phenyl- 
acetate and imine 5a following general method IV as a white 
crystalline solid, yield 6 .8 %. Mp 108 °C. IR (NaCI) v  1753.3 cm“ ' 
(C = 0 , /3-lactam); 'H  NM R (400 MHz, CDCI3) d 3.72 (s, 6 H, 
2 X-OCH3), 3.77 (s, 3H, -OCH3), 3.83 (s, 3H, -OCH 3), 4.29 (d, IH, 
/  = 2.5 Hz, H-3), 4.87 (d, 1H, /  = 2.5 Hz, H-4), 6.60 (s, 2H, ArH), 
6.95 (d, 2H, J  = 8.5 Hz, ArH), 1.12-1.AO (m, 7H, ArH); '^C NMR 
(100 MHz, CDCI3) 6 54.92 (-O C H 3), 55.57 (-O C H 3), 60.52 
(-O C H 3), 63.40 (C-3), 64.59 (C-4), 94.38, 114.24, 126.89, 127.00, 
127.45,128.59,128.85,133.28,134.00,134.33,153.05,159.49 (ArC), 
165.21 (C =0). H RM ScalcdforCjsH jsNO jN a:442.1630. Found: 
442.1631 (M+ +  Na).

4-(3-((rerr-ButyIdimethyIsiIyl)oxy)-4-methoxyphenyI)-3-phenyl- 
l-(3,4,5-trimethoxyphenyl)azetidin-2-one 34. 34 was obtained 
from ethyl 2-bromo-2-phenylacetate and imine 5e following 
general method IV as a yellow oil, yield 70%, and was immedi
ately deprotected to form 35 without further purification.

Desilylation of /S-Lactams (General Method V) (Compounds 
35—38). To a solution of the appropriately protected phenol 
(lO m m ol)inTH F (50 mL) was added I M tetrabutylammonium 
fluoride (1.5 equiv). The solution was stirred in an ice bath for 
15 min. The reaction mixture was diluted with EtOAc (100 mL) 
and quenched with HCl (10%, 100 mL). The layers were separated, 
and the aqueous layer was extracted with EtOAc (2 x 50 mL). 
The organic layer was then washed with water (ICO mL) and 
brine (100 mL), followed by drying over anhydrous sodium 
sulfate. The solvent was removed by evaporation under reduced 
pressure and the crude product was purified by flash column 
chromatography over silica gel (eluent: hexane/ethyl acetate 
gradient) to afford the required phenol product.

4-(3-Hydroxy-4-methoxyphenyI)-3-phenyl-l-(3,4,5-trimethoxy- 
phenyl)azetidin-2-one 35. 35 was obtained from azetidinone 34 
following general method V as a white solid, yield 97.3%. Mp 
110 °C. IR (KBr) V  1718.2 cm "' (C = 0 , /3-lactam); 'H  NM R 
(400 MHz, CDCI3 ) 5 3.73 (s, 6 H, 2 X-OCH3), 3.78 (s, 3H, 
OCH3), 3.91 (s, 3H, OCH 3), 4.27 (d, IH, /  =  2.5 Hz, H-3), 4.81 
(d, IH, y =  2.5 Hz, H-4), 5.75 (s, IH, OH), 6.63 (s, 2H, ArH), 
6.86-6.93 (m, 2H, ArH), 7.00 (d, 1H, y =  2.0 Hz, ArH), 7.31 -  
7.39 (m, 5H, ArH); '^C N M R (100 MHz, CDCI3) <5 55.58- 
(OCH3), 55.60(OCH3), 60.5I(OCH3), 63.36(H-3), 64.49(H-4), 
94.42,110.59,111.56,117.40,126.97,127.43,128.57,130.10,133.27, 

, 134.02,134.31,145.91,146.43,153.05(ArC), 165.14{C=0). HRMS 
l^calcd for C2 5 H2 5N 0 6 Na:4 5 8 . l 5 8 0 . Found: 458.1575 (M+ -t- Na).

3-(4-(BenzyIoxy)phenyI)-4-(3-hydroxy-4-methoxyphenyI)- 
l-(3,4,5-trimethoxyphenyl)azetidin-2-one 37. 37 was obtained 
from azetidinone 29 following general method V as a brovra oil, 
yield 96.8%, which was further deprotected to form 41 without 
purification.

{4-[2-(3-Hydroxy-4-methoxyphenyI)-4-oxo-l-(3,4,5-trimethoxy- 
phenyI)-azetidin-3-yI]phenyI}carbamic Acid Benzyl Ester 38. 38
was obtained from carbamate 30 following general method V, yield 
33.7%, and was further deprotected to 46 without purification.

Debenzylation of y9-Lactams (General Method VI) (Compounds 
39—42). The appropriate benzyl ether compound (2 mmol) was 
dissolved in ethanol/ethyl acetate (50 mL, 1:1 mixture) and 
hydrogenated over palladium on carbon ( 1 . 2  g, 1 0 %) at atm o
spheric pressure for 2 h. The catalyst was filtered, the solvent was 
removed under vacuum, and the product was purified by flash 
column chromatography over silica gel (eluent: hexane/ethyl 
acetate gradient) to afford the phenolic product.

4-(3-Hydroxy-4-methoxyphenyI)-3-(4-hydroxyphenyI)-l-(3,4,5- 
trimethoxyphenyl)azetidin-2-one 41. 41 was obtained from aze
tidinone 37 following general method VI as a white powder, 
yield 2.9%. Mp 152 °C. IR (NaCI film) v  1720.6 cm“  ̂(C = 0 , 
/8 -lactam); 'H  N M R (400 MHz, CDCI3 ) 5 3.65 (s, 3H, -OCH 3), 
3.70 (s, 6 H, 2 X-OCH3 ), 3.86 (s, 3H, -O C H 3), 4.26 (d, IH, 
J  =  2.4 Hz, H-3), 4.98 (d, IH, 7 = 2.4 Hz, H-4), 6.71 (s, 2H, 
ArH), 6.87 (d, 2H, J  = 8 . 8  Hz, ArH), 7.00 (s, 3H, ArH), 7.22 
(d, 2H, / =  8 . 8  Hz, ArH); '^C N M R (100 MHz, CDCI3) <5 54.93 
( -O C H 3), 59.23 ( -O C H 3), 63.05 (C-3), 63.76 (C-4), 94.66, 
111.31, 112.22, 115.13, 117.48, 125.72, 128.25, 130.39, 133.49, 
134.12,146.70,147.32,153.25,156.50(ArC), 165.27 (C =0). HRMS 
calcd for CjsHzjNOvNa: 474.1529. Found 474.1548; (M+ +  Na).

General Method for Reduction of Nitro-Substituted Azetidi- 
nones (General Method VII) (Compounds 43—45). To the appro
priate nitro substituted ^3-lactam (10 mmol) dissolved in the 
minimum am ount o f glacial AcOH (2—3 mL) was added 
metallic zinc dust (10 equiv). The mixture was stirred for 6  days 
at room temperature under nitrogen. The residue was filtered 
through Celite and was extracted with dichloromethane. The 
solvent was evaporated and the residue purified by flash column 
chromatography over silica gel (eluent: hexane/ethyl acetate 
gradient) to afford the required amine product.

Deprotection of the Cbz Protected Azetidinones (General Method 
VIII) (Compounds 46 and 47). The Cbz-protected compound 
(2 mmol) was dissolved in ethanol/ethyl acetate (50 mL; 1:1 
mixture) and hydrogenated over palladium on carbon ( 1 . 2  g, 
10%) for 2 h. The catalyst was filtered, the solvent was removed 
under vacuum, and the product was purified by flash column 
chromatography over silica gel (eluent: hexane/ethyl acetate 
gradient) to afford the amine product.

3-(4-Aminophenyl)-4-(3-hydroxy-4-methoxyphenyl)-l-(3,4,5- 
trimethoxyphenyl)azetidin-2-one 46. 46 was obtained from car
bamate 38 following general method VIII, as an orange oil, yield 
39.4%. IR  (NaCI film) v  1737.4 cm“ ' (C = 0 , /3-lactam); 'H  
N M R (400 MHz, CDCI3) d 3.75 (s, 6 H, 2 X-OCH3), 3.80 (s, 
3H, -O C H 3), 3.93 (s, 3H, -OCH 3), 4.18 (d, 1H, J  =  2.5 Hz, H-3), 
4.74 (d, IH, J  =  2.5 Hz, H-4), 6.63 (s, 2H, ArH), 6.70 (d, 2H, 
J =  8.3 Hz, ArH), 6.89 (m, 2H, ArH), 6.99 (s, IH, ArH), 7.11 
(d, 2H, J  = 8.3 Hz, ArH); '^C NMR (100 MHz, CDCI3) d 55.56 
(-O C H 3), 55.59 ( -O C H 3), 60.51 ( -O C H 3), 63.85 (C-3), 64.19 
(C-4), 94.39,110.54,111.53,115.15,117.33,124.24,128.03,130.32, 
133.39, 145.39, 145.8, 146.32, 153.02(ArC), 165.60 ( -C = 0 ) .  
HRMS calcd for C 2 5 H 2 7 N 2O 6 :451.1869. Found: 451.1859 (M+).

Antiproliferative MTT Assay. All assays were performed in 
triplicate for the determination of mean values reported. Com
pounds were assayed as the free bases isolated from reaction. 
The human breast tumor cell line MCF-7 was cultured in Eagles 
minimum essential medium in a 95% 0 2 / 5 % CO 2 atmosphere 
with 10% fetal bovine serum, 2 mM L-glutamine, and 100/<g/mL 
penicillin/streptomycin. The medium was supplemented with 
1% nonessential amino acids. MDA-MB-231 cells were maintained 
in Dulbecco’s modified Eagle’s medium (DMEM), supplemented
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w ith 10% (v/v) fetal bovine serum, 2 mM L-glutamine, and 
100 /<g/mL penicillin/streptom ycin (com plete m edium). Cells 
were trypsinized and seeded a t a  density o f  2.5 x  1 O'* cells/mL in a 
96-well p late and incubated a t 37 °C in 95% 0 2 /5%  C O 2 a tm o
sphere for 24 h. A fter this time they were treated w ith 2 fiL 
volum es o f  test com pound which had been preprepared as stock 
solutions in ethanol to furnish the concentration  range o f  study, 
1 nM  to  100/<M, and reincubated for a fu rther 72 h. C ontro l 
wells contained the equivalent volum e o f  the vehicle ethanol 
(1 % v/v). The culture m edium was then rem oved. The cells were 
washed w ith 100 o f phosphate  buffered saline (PBS), and 
50//L  M TT was added to reach a final concentration o f 1 mg/mL 
M TT. Cells were incubated for 2 h in darkness a t 37 °C. A t this 
point solubilization was begun through the addition  of200/<L o f 
D M SO  and the cells were m aintained a t room  tem perature in 
darkness for 20 min to ensure thorough  color diffusion before 
reading the absorbance. The absorbance value o f contro l cells 
(no added com pound) was set to  100% cell viability, and from  
this graphs o f absorbance versus cell density per well were p re
pared to  assess cell viability using G raphP ad  Prism software.

Cytotoxicity Assay. M am m ary glands from  14 to  18 day preg
nan t C D -I mice were used as source, and prim ary m am m ary 
epithelial cell cultures were prepared  from  these. The first to 
th ird  thoracic glands were exposed by pulling the skin back from 
the rib cage to  the forelim b and extracted in a sim ilar way to  the 
inguinal glands. M idpregnant glands are large, soft, and pink in 
color. M am m ary glands th a t were spongy and  pale in color were 
no t used, as these glands had m atured and  were producing milk. 
The harvested glands were then subjected to  m echanical and 
enzym atic digestion to  release im m ature alveolar structures and 
isolate m am m ary epithelial cells. The dissected glands were 
weighed, and fresh collagenase digestion m ixture was prepared. 
It contained 480 mg o f FIO pow dered m edium  (Sigma), 70 mg of 
trypsin (G ibcoBrl, Life Technologies), 150 mg o f  collagenase A 
(G ibcoBrl, Life Technologies), and 2.5 m L o f  fetal calf serum 
(G ibcoBrl, Life Technologies) in a final volum e o f  50 m L (with 
sterile water). The collagenase digestion m ixture was subse
quently adjusted to  pH  7.4, filtered th rough  a 0.2 /<M sterile 
filter, and  stored a t 4 °C until required. The dissected glands 
were minced criss-cross using tw o sterile scalpel blades. The 
minced glands were placed in an autoclaved, sterile 250 m L glass 
conical flask with the collagenase digestion m ixture (~ 4  m L o f 
digestion m ixture per gram  o f tissue) and digested for 90 min on 
a shaking table, 250 rpm  a t 37 °C. A fter this step, a  stringent 
w ashing/centrifugation protocol was used to  isolate epithelial 
cells from  fibroblasts. Selective centrifugation was carried ou t as 
follows: the digested cell suspension was rem oved to  a 50 m L 
tube and centrifuged for 30 s a t 100 rpm  The supernatan t was 
transferred to  a fresh tube and centrifuged a t 800 rpm  for 3 min. 
The pellet was then subjected to  a D N ase treatm ent in order to  
achieve separation o f  single epithelial cells ra ther than  cell 
clum ps. The D N ase m ixture contained 480 mg o f  FIO pow dered 
m edium  (Sigma), 250 //L  o f  10 m g/m L D N ase (R oche D iag
nostics), and  250/<L o f 1 M M gC l2 brought up to a final volum e 
o f 50 m L (with w ater) and passed th rough  a 0 .2^ M  sterile filter. 
The pellet was resuspended in the D N ase m ixture and incubated 
a t 37 °C for 30 min on a  shaking table a t 150 rpm  The cell sus
pension was then transferred to  a fresh 50 m L tube and  centri
fuged a t 800 rpm  for 3 min. The supernatan t was discarded. The 
pellet was resuspended in 30—50 m L o f H am ’s F-12 m edium  
(with gentam ycin, B iow hittaker), depending on the size o f the 
pellet. Finally, the cell suspension was added to  F-12 medium 
containing gentam ycin (50 /<g/mL) w ith the following: hydro
cortisone (H) l/<g/m L (Sigma, stock solution, 1 m g/m L in 100% 
ethanol), insulin (I) 5/<g/mL (Sigma, stock solution, 5 m g/m L  in 
5 m M  HCl), and  epiderm al grow th factor (E G F ) 5 ng/m L 
(Prom ega, stock solution, 5/<g/m L in F-12 m edium). The iso
lated m am m ary epithelial cells were seeded at two concentrations 
(25000 cells/mL and 50000 cells/mL). Initially a th ird  concen
tra tion  o f  100000 cells/mL was also used, bu t this proved to  be
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too  high to  give m eaningful results. A fter 24 h, they were treated 
w ith 2 /<L volum es o f  test com pound which had been prepre
pared as stock solutions in ethanol to  furnish the concentration 
range o f  study, I nM  to 100//M , and reincubated for a further 
72 h. C ontro l wells contained the equivalent volume of the 
vehicle ethanol (1%  v/v). The cytotoxicity was assessed using 
alam arB lue dye.

Tubulin Polymerization. T ubulin polym erization was carried 
ou t using a kit supplied by Cytoskeleton. It is based on the 
principal th a t light is scattered by m icrotubules to  an extent that 
is p roportional to  the concentration  o f  the m icrotubule polymer. 
C om pounds tha t in teract w ith tubulin  will alter the polymeri
zation o f  tubulin , and this can be detected using a spectro
photom eter. The absorbance a t 340 nm a t 37 °C is monitored. 
The experim ental procedure o f  the assay was performed as des
cribed in version 8.2 o f  the tubulin  polym erization assay kit 
manual.®*

Stability Study for Compounds 32 and 35. Analytical high- 
perform ance liquid ch rom atography  (H PL C ) stability studies 
were perform ed using a Sym m etry colum n (C |g, 5 ̂ m , 4.6 mm x 
150 mm ), a W aters 2487 dual wavelength absorbance detector,a 
W aters 1525 binary H PL C  pum p, and a W aters 717plus auto
sam pler. Samples were detected a t a  wavelength o f  254 nm. A l l  
sam ples were analyzed using acetonitrile (80% )/w ater (20%) as 
the mobile phase over 10 min and  a flow rate  o f  1 mL/min. Stock 
solutions are prepared by dissolving 5 m g o f  com pound in l O m L  
o f mobile phase. Phosphate buffers a t the desired pH values 
(4, 7.4, and  9) were prepared  in accordance with the British 
Pharm acopoeia m onograph 2010. Then 30 /<L o f  stock solution 
was diluted w ith I m L o f  appropria te  buffer, shaken, and injec
ted im m ediately. Samples were w ithdraw n and analyzed at time 
intervals o f  ? =  0 min, 5 min, 30 min, 60 min, 90 min, 120 min, 
and 21 h.

Computational Procedure. F o r ligand preparation, all com
pounds were built using ACD/Chemsketch, version 10, to gener
ate SM ILES. A single conform er from  each string was generated 
using C orina, version 3.4, and ensuring tha t Omega, version 
2.2. 1, was subsequently em ployed to  generate a maximum of 
1000 conform ations o f  each com pound. F o r the receptor pre
para tion , the PDB entry IS AO was dow nloaded from the 
Protein D ata  Bank (PDB). All w aters were retained in both 
isoform s. A ddition and optim ization o f  hydrogen positions for 
these w aters were carried ou t using M O E 2007.09, ensuring a l l  
other a tom  positions rem ained fixed. By use o f the reported 
X -ray structure o f tubulin  cocrystallized with a colchicine 
derivative, D A M A -colchicine (PD B  entry  ISAO),®^ possible 
binding orien tations ligands were probed with the docking 
program  F R E D , version 2.2.3 (Openeye Scientific Software). 
D ocking was carried ou t using F R E D , version 2.2.3, in con
junction  with Chem gauss3 PLP scoring function. The 3D ligand 
conform ations were enum erated using C O R IN A , version 3.4 
(M olecular N etw orks GMBH),®’ for ligands followed by gen
eration  o f  multiple conform ations using O M E G A , version2.2.1 
(Openeye Scientific Software).^® Each conform ation was subse
quently  docked and scored w ith Chemgauss3 PLP as outlined 
p re v io u s ly .T h e  top  binding poses were refined using the LigX 
procedure (M O E, Chem ical C om puting G roup)^ ' together with 
Postdock analysis (SVL script, M OE) o f  the docked ligand poses.

X-ray Crystallography. The X -ray crystallography data for 
crystal 32 were collected on a  R igaku Saturn 724 CCD diffracto
meter. A  suitable crystal was selected and m ounted on a glass 
fiber tip and placed on the goniom eter head in a 123K N2gas 
stream . The d a ta  set was collected using Crystalclear-SM 1,4.0 
softw are, and 1680 diffraction images o f  0.5° per image were 
recorded. D ata integration, reduction, and correction for absorp
tion and  polarization  effects were all perform ed using Crystal
clear-SM  1.4.0 softw are. Space group determ ination, structure 
solution, and  refinem ent were obtained using Crystalstructure, 
version 3.8, and B ruker Shelxtl, version 6.14, software.’  ̂Crystal 
data for 32 are as follows: C25H 25N O 5, M W  419.46, orthorhombic,
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space group Pbca, a =  18.876(9) A, b =  9.608(5) A , c =  
23.662( 1 2 )A ,a  =  /3 =  y =  90°, t /  =  4291 (4) A, Z  = 8, £>e =  1.298 
Mg m“ ,̂ m =  0.090 mm“ ', range for data collection =  1.12— 
25.00, reflections collected 17904, unique reflections 3777 =
0.1746], data/restraints/parameters 3^ 7 /0 /284 , goodness-of-fit 
on 1.357, R indices (all data) =  R1 =  0.1908, wR2 =  0.2609, 
final R indices [/ > 2cr(/)] =  R1 =  0.2366, wR2 =  0.2809, CCDC  
deposition no. 775568.
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ABSTRACT
Combretastatin-A4 (CA-4) is a natural derivative of the African 
willow tree Combretum caffrum. CA-4 is one of the most potent 
antimitotic components of natural origin, but it is, however, 
intrinsically unstable. A novel series of CA-4 analogs incorpo
rating a 3,4-diaryl-2-azetidinone (/3-lactam) ring were designed 
and synthesized with the objective to prevent cis-trans isomer
ization and improve the intrinsic stability without altering the 
biological activity of CA-4. Evaluation of selected /3-lactam 
CA-4 analogs demonstrated potent antitubulin, antiprolifera
tive, and antimitotic effects in human leukemia cells. A lead 
p-lactam analog, CA-432, displayed comparable antiprolifera
tive activities with CA-4. CA-432 induced rapid apoptosis in 
HL-60 acute myeloid leukemia cells, which was accompanied 
by depolymerization of the microtubular network, poly(ADP- 
ribose) polymerase cleavage, caspase-3 activation, and Bcl-2

cleavage. A prolonged GgM cell cycle arrest accompanied by a 
sustained phosphorylation of mitotic spindle checkpoint pro
tein, BubRI, and the antiapoptotic proteins Bcl-2 and BcI-Xl 
preceded apoptotic events in K562 chronic myeloid leukemia 
(CML) cells. Molecular docking studies in conjunction with 
comprehensive cell line data rule out CA-4 and /3-lactam de
rivatives as P-glycoprotein substrates. Furthermore, both CA-4 
and CA-432 induced significantly more apoptosis compared 
with imatinib mesylate in ex vivo samples from patients with 
CML, Including those positive for the 13151 mutation displaying 
resistance to imatinib mesylate and dasatinib. In summary, 
synthetic intrinsically stable analogs of CA-4 that display sig
nificant clinical potential as antileukemic agents have been 
designed and synthesized.

Introduction
Combretastatin-A4 (CA-4) is a naturally occurring cis-stil- 

bene originally isolated from the African willow tree Com
bretum caffrum (Pettit et al., 1987). CA-4 is one of the most

This work was supported by H ealth Research Board Ireland [Grant RP/ 
2007/42] and Higher Education A uthority Ireland [Grant G03009].

Article, publication date, and citation information can be found a t 
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doi: 10.1124/jpet. 110.170415.

potent antimitotic and antiangiogenic agents of natural ori
gin. The water-soluble prodrug of CA-4, CA-4P, is currently 
under development as a vascular targeting agent. Vascular 
targeting agents are defined as drugs that induce rapid and 
selective vascular dysfunction in tumors (Young and Chap
lin, 2004). CA-4P successfully reduced tumor blood supply 
and consequently retarded tumor growth in a wide spectrum 
of preclinical tumor models and in clinical trials (Griggs et 
al., 2001). CA-4 is structurally and functionally similar to

ABBREVIATIONS: CA-4, combretastatin-A4; /3-lactam, 3,4-diaryl-2-azetidinone; AML, acute myeloid leukemia; CML, chronic myeloid leukemia; 
CA-4P, combretastatin-A4 phosphate; MTA, microtubule-targeting agent; DMSO, dimethyl sulfoxide; BCRP, breast cancer-resistant protein; PGP, 
p-glycoprotein; PBMC, peripheral blood mononuclear cell; PBST, phosphate-buffered saline and 0.1% Triton X-100; FITC, fluorescein isothio- 
cyanate; PI, propidium iodide; PAGE, polyacrylamide gel electrophoresis; PARP, poly(ADP-ribose) polymerase; CLL, chronic lymphocytic 
eukemia; SN-38, 7-ethyl-10-hydroxycamptothecin; Pipes, 1,4-piperazinediethanesulfonic acid; mAb, monoclonal antibody.
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microtubule-targeting agent (MTA) colchicine. Both com
pounds contain a trimethoxybenzene group, a moiety com
mon to all colchicine-like agents (McGown and Fox, 1989). 
The combretastatins inhibit the assembly of tubulin by in
teracting with tubulin at or near the colchicine binding site. 
Colchicine is one of the first MTAs identified; however, a high 
toxicity profile prevented clinical progression. Unlike colchi
cine, CA-4P can inhibit tumor blood flow at 10% of the max
imum tolerated dose (Dark et al., 1997). However, recent 
studies have highlighted the intrinsic instability of the com
bretastatins caused by isomerization into a more thermody
namically stable and significantly inactive irans-isomer. Cis- 
trans isomerization readily occurs in heat, light, and protic 
media and thus limits the potential therapeutic index of this 
class of MTAs. To circumvent the problem of cis-trans 
isomerization a substantial range of CA-4 analogs have been 
designed and synthesized with the objective to prevent cis-  
trans isomerization and improve the intrinsic stability and 
the therapeutic index of CA-4. A review by Hsieh et al., 
(2005) collates this vast array of chemistry focusing on the 
stabilization of the two aryl rings of CA-4 using one to three 
atom bridgeheads. CA-4 analogs identified to date include: 
fiuorinated (Alloatti et al., 2008), macrocyclic (Mateo et al., 
2007), naphthalene (Alvarez et al., 2007), and imidazole- 
based (Beilina et al., 2006) analogs. Our group recently de
signed a novel series of sjmthetic analogs of CA-4 based on 
the p-lactam scaffold structure. We have demonstrated that 
P-lactam scaffolds incorporating appropriately substituted 
aryl rings at N-1 and C-4 displayed potent antiproliferative 
effects in human breast cancer cells and inhibited the assem
bly of purified tubulin in vitro (M. Carr et al., submitted; 
N. M. O’Boyle et al., submitted). Strategic insertion of the 
3,4-diaryl-2-azetidinone (p-lactam) ring prevents the c is-  
trans isomerization observed with CA-4, creating a series of 
stable cis-restricted analogs. Plasma stability studies for a 
selected p-lactam compound demonstrated 92% drug stabil
ity after 20 h, leading us to envision a favorable in vivo 
performance.

Chronic myeloid leukemia (CML) is a malignancy of the 
hematopoietic stem cell characterized by the expression of 
the Philadelphia chromosome and its corresponding onco
gene, Bcr-Abl. The Bcr-Abl protein is central to the patho
genesis of the disease, a trait that prompted the strategic 
development of Bcr-Abl targeting therapies. The overall sur
vival and treatment of patients with CML was revolutionized 
by the introduction of the tryrosine kinase inhibitor imatinib 
myselate. However, despite the profound clinical success of 
imatinib mesylate in the treatment of CML, the emergence of 
imatinib mesylate-resistant phenotjrpes has rekindled inter
est in Bcr-Abl independent therapies. In this article, we 
extend our study of the p-lactam CA-4 analogs to cells of 
hematological origin, including those displaying resistance to 
imatinib mesylate and MTAs currently used within the clinic 
and ex vivo patient samples. We confirm that the promising 
apoptotic potential of CA-4 and the equipotent CA-432 ana
log observed in cell lines can be extended to ex vivo samples 
from patients with CML, including those harboring the 
T315I mutation displaying resistance to the tyrosine kinase 
inhibitors imatinib mesylate and dasatinib. The T315I is the 
most common Bcr-Abl mutation and confers resistance to 
imatinib by altering the conformation of Bcr-Abl and subse
quently preventing the formation of the critical hydrogen

bond between imatinib and Bcr-Abl. A comprehensive anal
ysis of the effects of CA-4 and the selected potent p-lactam 
analog CA-432 on cellular microtubule structure, cell cycle, 
and apoptosis was determined. We also describe a novel 
insight into the signaling pathway of combretastatins with 
particular emphasis on mitotic checking and post-transla
tional modifications to the antiapoptotic proteins Bcl-2 and 
B cI-Xl -

Materials and Methods
C o m p o u n d s. Drug generic nam es are given unless stated other

wise. CA-4 and p-lactam  analogs were synthesized as described by 
M. Carr et al. (subm itted) and N. M. O’Boyle et al. (submitted). CA-4 
Eind analogs were dissolved in ethanol as 10 mM solutions and stored 
in  the dark at -2 0 °C . Vincristine, Adriamycin (generic name; doxo
rubicin), £ind paclitaxel were purchased from Sigm a Chemical Co, 
(Poole, Dorset, UK), prepared, and stored according to the manufac
turer’s instructions. SN -38 (7-ethyl-lO-hydroxycamptothecin; ge
neric nam e of prodrug irinotecan) w as a gift from Prof. Patrick 
Johnston (Q ueens U niversity, Belfast, Northern Ireland). Unless 
stated otherwise all general m aterials were purchased from Sigma 
Chemical Co. Im atinib m esylate w as kindly provided by Witte-Maria 
Weber, Novartis (Basel, Switzerland) and prepared as a 10 mM stock 
solution in sterile DMSO.

C e lls . K562 and HL-60 cells were originally obtained from the 
European Collection o f Cell Cultures (Salisbury, UK). The K562 cells 
were derived from a patient in the b last crisis stage of CML. HL-60 
cells were derived from a patient w ith acute promyelocj^ic leukemia. 
HL-60-BCRP (breast cancer-resistant protein) and HL-60-PGP (p- 
glycoprotein) cells were generously provided by P rof Balazs Sarkadi, 
H ungarian Academy of Sciences, Budapest, Hungary. PGP and 
BCRP are drug efflux transporters of the ATP binding cassette 
fam ily o f proteins (Staud and Pavek, 2005). A2780-parental and 
A2780-PGP cells were a kind gift from Prof. Robert Brown, Beatson 
Institute o f Cancer Research, Glasgow, Scotland. Baf/3 murine pro-B 
cell lines transfected w ith  either native or TS15I mutant Bcr-Abl 
were provided by P rof M ichael W Deininger, Oregon Health and 
Science U niversity, Portland, OR. Peripheral blood mononuclear 
cells (PBMCs) were isolated from heparinized peripheral blood of 
CML patients by Lymphoprep (Axis-Shield, Oslo, Norway) density 
gradient centrifugation. All cells were cultured in RPMI 1640 Glu- 
tam ax m edium  supplem ented w ith 10% fetal bovine serum media, 
100 units/m l penicillin, and 100 ixg/ml streptomycin. Cells were 
m aintained at 37°C in 5% COj in  a hum idified incubator. Cell cul
ture m aterials were supplied by Invitrogen (Carlsbad, CA).

A la m a r  B lu e  C e ll V ia b ility  A ssa y . The cytotoxic effects of CA-4 | 
and selected p-lactam analogs on leukem ia cells were determined by < 
using the Alam ar Blue assay  (Invitrogen). The reduction of Alamar 
Blue is proportional to the num ber o f viable cells. Cells (200 (jil)were 
plated in triplicate in 96-well plates (100,000/m l, K562; 300,000/ml, ' 
HL-60; 50,000/m l, A-2780; 150,000/m l, Baf/3). A-2780 cells were 
plated 24 h  before treatm ent. Suspension cells were plated in the log 
phase o f growth and treated im m ediately. The cells were then . 
treated w ith  either m edium  alone, vehicle [1% ethanol (v/v)or0.1% > 
DMSO (v/v)l, or a range of drug concentrations (0.001-10 ixM). After I 
72 h, Alam ar Blue w as added to each well (10% of final volume), and 1 
fluorescence w as read by using a 96-well fluorimeter with excitation 
at 530 nm  and em ission of 590 nm. The blank solution consisted of 
m edium  and Alam ar Blue and w as used to calibrate the spectropho- | 
tom eter to zero absorbance. The relative cell viability (%) related to 1 
control w ells w as calculated by lAl^gj/ [A]^„t„[ x  100, where [Al î I 
is the absorbance of the drug-treated cells and is the absor- I
bance of the vehicle-control treated cells. Dose-response curves were S 
plotted, and IC50 values (concentration of drug resulting in 50% 0 
reduction in cell survival) were obtained by using the commercial jc 
software package Prism  (GraphPad Software, Inc., San Diego, CA). !s
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Experiments were performed in triplicate on at least three separate 
occasions.

Immunofluorescence and Confocal Microscopy. After treat
ment, cells were cytocentrifuged, air-dried, and fixed in methanol for 
30 min at -20°C. The number of MTA-treated cells cjrtocentrifuged 
was 4-fold higher than control cells to allow for the reduction in cell 
number caused by cell death. After washes in phosphate-buffered 
saline and 0.1% Triton X-100 (PBST), cells were blocked in 5% bovine 
serum albumin diluted in PBST (blocking buffer). Cells were then 
incubated with mouse antitubulin (DMIA; 1:20; Merck Biosciences, 
Nottingham, UK) for 1 h at room temperature. After washes in PBST 
cells were incubated with secondary antibodies (FITC anti-mouse; 
Jackson ImmunoResearch, Suffolk, UK) for 1 h at room temperature. 
After washes in PBST, the cells were stained with propidium iodide 
(PI) at 0.2 ng/ml in PBS for 2 min, mounted in 4% propyllgallate in 
PBS/glycerol. Confocal images were captured by using an Olympus 
(Tokyo, Japan) 1 x 81 microscope coupled with Olympus FluoView 
version 1.5 software. All images in each experiment were collected on 
the same day by using identical parameters.

Tubulin Polym erization Assay. Tubulin depoljmierization was 
quantified by using a modified version of a method originally docu
mented by Minotti et al., (1991). In brief, after treatment cells were 
pelleted, washed in PBS, and harvested into microtubule preserving 
buffer [0.1 M Pipes, pH 6.9, 2 M glycerol, 5 mM MgCla, 2 mM EGTA, 
0.5% Triton X-100, and EDTA-free protease inhibitor cocktail tablets 
(Roche Diagnostics, Mannheim, CJermany)] supplemented with 4 |xM 
paclitaxel. Paclitaxel is required to maintain the stability of assem
bled microtubules during the isolation procedure. The soluble frac
tion (containing depolymerized tubulin) was separated from the in
soluble firaction (containing polymerized tubulin) by centrifugation 
at 16,000g for 45 min at 4°C. The insoluble fraction was then resus- 
pended in 62.5 mM Tris-Hcl, pH 6.8,6 M urea, 2% SDS, 10% glycerol, 
and 0.00125% bromphenol blue and briefly sonicated. Equal 
amounts of each sample were analyzed by Western blotting using 
antitubulin mAh (DMIA; 1/1000 dilution).

Flow Cytometric Cell Cycle Analysis. The flow cytometric 
evaluation of cellular DNA content was performed as described pre
viously (Greene et al., 2008). In brief, after treatment cells were fixed 
in 70% ethanol, treated with RNase A, and stained with PI. The PI 
fluorescence was measured on a linear scale by using a FACSCalibur 
flow cytometer (BD Biosciences, San Jose, CA). The amount of PI 
fluorescence is directly proportional to the amount of DNA present 
in each cell. Data collection was gated to exclude cell debris and 
cell aggregates. At least 10,000 cells were analyzed per sample. 
All data were recorded and analyzed with CellQuest software (BD 
Biosciences).

Annexin V Staining. The percentage of apoptosis in ex vivo CML 
cells was determined by annexin V staining. Peripheral blood (10 ml) 
ras collected with informed consent from newly diagnosed treat
ment naive (n = 4) or blast crisis imatinib-resistant patients with 
CML (n = 2) in EDTA-anticoagulant tubes. Ethical approval for all 
vork carried out on ex vivo samples from patients with CML was 

: obtained from St. James Hospital and Adelaide and Meath Hospital 
: iicorporating guidelines from the National Children’s Hospital Eth- 
I ICS Committee, Dublin. PBMCs (1 X 10®) were treated with vehicle or 
) !50 nM CA-4, CA-432, or imatinib mesylate for 72 h. Cells were 
■ tollected by centrifiigation at 400g for 5 min and resuspended in 
1 mti-CD-45 diluted 1:50 in RPMI medium 1640. After a 10-min 
1 ncubation in the dark at room temperature, cells were centrifuged 
f  ind washed in Annexin binding buffer (Biosource, Nivelles, Bel- 
- jium). Cells were again centrifuged and resuspended in Annexin-V-
0 FITC (IQ Products, Groningen, The Netherlands) diluted in Annexin 

)inding buffer (1:50). Samples were next incubated in the dark on ice
•- or 15 min. Annexin binding buffer (1 ml) was added to each sample, 
e Samples were collected by centrifugation and resuspended in 0.5 ml 
Hi { Annexin binding buffer. Cells were read immediately by flow 
ilytometry and analyzed by CellQuest software. CML cells were 
). elected and gated based on their low to medium side scatter and low

1

CD45 expression. The T315I mutation was detected by using an 
allele-specific screen that specifically detected the base mutation in 
the cDNA (Willis et al., 2005). The mutation was confirmed by using 
direct sequencing (Soverini et al., 2004).

Western Blotting. Whole-cell lysates of treated cells were pre
pared as described previously (Greene et al., 2008). Equal amounts of 
protein were resolved by SDS-PAGE, transferred to polyvinylidene 
difluoride membrane, and blocked for 1 h at room temperature in 
Tris-buffered saline, pH 7.6/0.05% Tween 20 containing 5% (w/v) 
dried milk (blocking buffer). Membranes were then probed with 
anti-Bub3 (BD Transduction Laboratories, Cowley, UK), anti-BubRl 
(BD Transduction Laboratories), anti-PARP, anti-caspase-3, anti- 
Bcl-2, anti-Bcl-XL, and antiactin (all purchased from Merck Bio
sciences) followed by horseradish peroxidase-conjugated secondary 
antibody and autoradiography with enhanced chemiluminescence 
(GE Healthcare, Little Chalfont, Buckinghamshire, UK).

Statistical Analysis. The statistical analysis of experimental 
data was performed by using Student’s paired t test. Results are 
presented as mean ± S.E.M. A value of P < 0.05 was considered to 
be significant.

Prelim inary Molecular Docking Study. The probability of 
PGP interactions with CA-4 emd selected analogs was assessed by 
using FRED version 2.2.3 (OpenEye Scientific Software, Santa Fe, 
NM) in conjunction with Chemgauss2. For ligand preparation, all 
compounds were inputted by using MOE 2009.10 (Molecular Oper
ating Environment, Chemical Computing Group, Montreal, Can
ada), and database processing was achieved by using Pipeline Pilot 
(Accelrys, San Diego, CA). A detailed description of experimental 
design has been published by Nathwani et al., (2010). The current 
database consisted of 100 PGP substrates and 76 nonsubstrates as 
described by Penzotti et al., (2002) supplemented with a series of 
P-lactam emd heterocyclic combretastatin analogs.

Results
Analysis of the Effects o f CA-4 and a Novel Series of 

^-Lactam Analogs on the Cell Viability of Leukemia 
Cells of D ifferent Hem atological Origin. Given the clin
ical success of other MTAs in the treatm ent of a broad spec
trum  of leukemias, the antileukemic effects of CA-4 and 
representative 3-lactam analogs were evaluated in multi
drug-resistant K562 cells (chronic myeloid leukemia) and 
rapidly proliferating HL-60 cells (acute myeloid leukemia). 
The structures of combretastatin and selected active analogs 
(CA-432, CA-104, CA-162, CA-180, and CA-165) and two 
relatively inactive analogs (CA-153 and CA-159) are shown 
in Fig. 1. All compounds feature the 3,4,5-trimethoxyphenyl 
substituent at N-1, which is characteristic of the CA-4 struc
ture (ring A) and of colchicine. Dose-response curves are 
shown in Fig. 2. 3-Lactams CA-432 and CA-104 were among 
the most active, displajdng antiproliferative activity in the 
low nanomolar range in both cell types (Fig. 2). CA-432 and 
CA-104 contain the 3-hydroxy-4-methoxyphenyl substitution 
pattern present in CA-4 (ring B). In addition, CA-432 con
tains the aryl substituent at C3, whereas CA-104 is unsub
stituted at C3. CA-432 is between 4- and 6-fold more active 
than CA-104, suggesting tha t the C3 phenyl group contrib
utes to the potent activity of CA-432. Compounds CA-162 and 
CA-180 both feature the 4-methoxyphenyl substituent a t C-4 
(ring B), but lack the characteristic 3-OH group, and were 
also active in the nanomolar range. CA-165 containing the 
C-3 aryl group with 2,3,4-trimethoxy substitution on ring B 
maintained good antiproliferative activity (Fig. 2). 3-Lac
tams CA-153 and CA-159 contain a trimethoxy substitution 
on both rings A and B, which adversely affected the antipro-
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H3C0

VV-OCHi

CA-1S9

H)CO

- a ^ .  ICSO: 6.7 IM  
-432 . ICSO: 7.4 iM  
- I M ,  ICSO 29.7 IM  
- ie 2 : ICSOS61M
-  laO. ICSO flB.2 IM  
-105 ; ICSO 8B.9 IM
-  1S3. ICSO > 8.9 mM 
-ISO; ICSO > 1 0  ||M

0—-MH
Fig. 2. Dose-response curves for CA-4 and p-lactam analogs in K562 (A) 
and HL-60 (B) leukemia cells. Logarithmically growing cells were ex
posed to a solvent control [1% ethanol (v/v)] or varying concentrations of 
drug (0.001-10 |jiM) for 72 h. Cell viability was assessed by using the 
Alamar blue assay. Data are expressed as percentage viability of vehicle- 
treated cells. Values represent the means ± S.E.M. for three separate 
experiments carried out in triplicate.

liferative activity demonstrating activity in the supramicro- 
molar range in breast cancer (M. Carr et al., submitted) and 
leukemia cells (Fig. 2). In summary, as demonstrated previ
ously, CA-432 was identified as the most potent antiprolif
erative 3 -lactam analog with activity in the low nanomolar 
range that is comparable with CA-4. As anticipated, CA-153 
and CA-159 displayed significantly less antiproliferative ac
tivity compared with other CA-4 analogs, demonstrating the

structural limitations of multiple substitutions on the C4 
aryl ring.

Effects o f CA-4 and Selected Analogs on the Cell 
Cycle and Apoptosis. It is well established that exposure to 
MTAs leads to malformed mitotic spindles, mitotic arrest, 
and apoptosis. Hence, we next examined the effects of CA-4 
and the p-lactam analogs on the cell cycle and apoptosis by 
flow cytometric analysis of propidium iodide-stained cells. 
The percentage of apoptotic cells was determined by the 
quantification of the pre-G^ peak-containing cells with hypo- 
diploid nuclei. A mitotic block was represented by an increase 
in the percentage of cells in the GjM phase of the cell cycle. 
All active CA-4 analogs induced a dose-dependent mitotic 
block in K562 cells a t 16 h with IC 5 0  values within the 
nanomolar range (Fig. 3A). Again, CA-432 was identified as 
the most active analog in terms of antimitotic properties with 
an ICgo value in the low nanomolar range and comparable 
with CA-4. As anticipated, the less active analogs CA-153 
and CA-159 had no effect on the cell cycle up to 10 ixM. Hence 
the effects of CA-4 and the most active p-lactam analog, 
CA-432, on the cell cycle profile of HL-60 cells were deter
mined. In contrast to K562 cells, the combretastatins exhib
ited a dual effect on the cell cycle profile of HL-60 cells at 
16 h. In addition to a marked increase in the percentage of 
G2 M-arrested cells (Fig. 3B), the combretastatins induced a 
significant amount of apoptosis (subdiploid peak) in HL-60 
cells (Fig. 3C). Given the ease of synthesis and the increased 
stability of CA-432 over the parent compound CA-4, a time 
course in K562 and HL-60 cells was carried out to investigate 1 

further the effect of the representative combetastatin, CA-1, 
432, on the cell cycle and apoptosis over time. In both cell i 
lines, a CA-432-induced mitotic block was observed as early s 
as 4 h, with the percentage of GaM-arrested cells increasing ii 
by 8  h. The 16-h time point was identified as the point of |d 
divergence in terms of apoptotic response to CA-432. Specif- u 
ically, a t this time point the percentage of CA-432 G2M-

'1
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irrested HL-60 cells declined as the percentage of apoptotic 
' slls increased. In contrast, the majority of CA-432-treated 
' K62 cells remained arrested in the GgM phase up to 48 h 
' Fig. 3D). Taken together, these findings indicate a rapid
■ nduction of CA-432-induced apoptosis in HL-60 cells with a
■ lelayed apoptotic response observed in K562 cells exposed to 
the microtubule targeting agent CA-432.
f  CA-4 and Its Novel cis-Restricted p-Lactam Analog 
13A-432 Disrupt the Micro tubule Network o f Human 
3.«ukemia Cells. The effects of CA-4 and selected active 
i  CA-432) and inactive (CA-153) analogs on the microtubule 
eietwork of human K562 and HL-60 leukemia cells were 
examined by sedimentation assays and confocal microscopy.

1 cellular tubulin polymerization assay was used to confirm 
11 shift in the natural equilibrium between polymerized (in- 
yoluble) and unpolymerized (soluble) tubulin. Sedimentation 
igssays followed by Western blotting demonstrated an early 
afiecrease (afber 4 h) in the ratio of polymerized (insoluble) to 
f-inpolymerized (soluble) tubulin in cells exposed to CA-432 
1-ind CA-4 (Fig. 4A). As expected, treatm ent with the tubulin

polymerizer paclitaxel caused a marked increase in polymer
ized tubulin (Fig. 4A). Untreated cells demonstrated an even 
distribution between the polymerized and unpolymerized 
forms of cellular tubulin (Fig. 4A). Confocal analysis of the 
normal microtubule network demonstrated spoke-like struc
tures radiating from either the center or the periphery of 
control cells (Fig. 4, B and C). However, early morphological 
changes in the microtubular structure in response to the 
combrestatatins were difficult to detect (data not shown). 
This may be explained by the compacted microtubular net
work of suspension cells compared with the dense extended 
cjrtoskeletal structures attributed by adherent cells. Late 
changes in the organization of tubulin in HL-60 cells were 
reported previously for paclitaxel (Grzanka et al., 2005). In 
agreement with the aforementioned study, late changes in 
the microtubule organization of both cell lines in response to 
combretastatins are shown in Fig. 4, B and C. A loss of 
organized microtubule structure was observed in MTA (CA-4, 
CA-432, and paclitaxeD-treated K562 cells. Tubulin staining 
was diffuse and disorganized with punctate staining in parts
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Fig. 4. Effects of combretastatin-A4, selected cis-restricted p-lactam analogs, and paclitaxel on the microtubule network of human leukemia cells. The 
effect of CA-4 and CA-432 on the microtubule network of human K562 and HL-60 leukemia cells was examined by sedimentation assays and confocal 
microscopy. Cells were treated with vehicle [0.2% ethanol (v/v) or 0.1% DMSO (v/v)] or C-A4 (50 nM), CA-432 (50 nM), CA-153 (1 or paclitaxel 
(1 |xM) for 4 h (A) or 48 h (B and C). A, cells were treated as above for 4 h  followed by Western blot analysis of Triton X-100 soluble (S) and insoluble 
(I) fractions using a-tubulin mAbs. The soluble fraction contains unpoljrmerized tubulin, and the insoluble fraction contains polymerized tubulin. B 
and C, cells were cytocentrifuged, fixed in methanol, stained with a-tubulin mAbs (green), and counterstained with propidium iodide (red). Bars, 40 
nm. Results are representative of three separate experiments.

after prolonged exposure to combretastatins (CA-4 and CA- 
432). In paclitaxel-treated cells tubulin formed tightly orga
nized ring structures surrounding multinucleated cells. In 
addition, microtubule bundles were observed in K562 cells 
exposed to paclitaxel. In contrast, tubulin staining seemed to 
associate with apoptotic bodies in HL-60 cells after a pro
longed exposure to MTAs. Rigid pol5 Tnerized microtubule 
structures were also observed in paclitaxel-treated HL-60 
cells. The combretastatin analog CA-153 had no effect on the 
microtubule network of either K562 or HL-60 cells, suggest
ing structure-specific tubulin activity (Fig. 4, B and C). Col
lectively, these results demonstrate that CA-4 and its analog 
CA-432 depolymerize the microtubule network of leukemia 
cells with the morphological appearance of the microtubule 
network depending on the extent of apoptotic changes within 
the cells.

E ffects o f  CA-432 on  S e lected  R egu lators of the Mi
to tic  S p in d le  C heckpoint, M em bers o f  th e  Bcl2  Family, 
and A poptotic M arkers. Previous studies have demon
strated phosphorylation of mitotic spindle checkpoint pro
teins and members of the Bclg family during mitosis in re
sponse to microtubule disruption (Srivastava et al., 1998; 
Greene et al., 2008). Given that CA-432 was an effective 
inducer of mitotic arrest in K562 cells we next examined the 
effect of CA-432 on the expression of two mitotic spindle 
checkpoint proteins (BubRl and Bub3) and two members of 
the Bclj family (Bclj and Bc1-Xl). As shown in Fig. 5A, CA- 
432 caused the phosphorylation of BubRl, Bclg, and Bc1-Xl 
with no change observed in the expression levels or phos
phorylation status of Bub3. A decrease in the expression] 
levels of the antiapoptotic proteins Bcl-2 and Bc1-Xl was also 
observed in response to CA-432 (Fig. 5, A and B). CA-432
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Fig. 5. Effects of CA-432 on selected m arkers of mitotic 
a rrest and apoptosis in leukem ia cells. A, K562 cells in the 
log phase of growth were left untreated  (U) or exposed to 
vehicle (V) [0.2% ethanol (v/v)] or CA-432 (0,001-10 (jlM ) for 
16 h. P  denotes phosphorylated form of the  protein. B and 
C, K562 cells (B) and HL-60 (C) cells were exposed to 
vehicle (0.2% ethanol) ( - )  or CA-432 (50 nM) ( + ) for 16-72 
h. Whole-cell lysates were resolved by SDS-PAGE and 
probed w ith antibodies directed against BubRl, Bub3, Bcl- 
Xl, Bclj, Caspase-3, PARP, and P-actin. Mean values for 
percentage of apoptotic cells and cells in GjM as deter
mined by flow cytometry are shown. Results shown are 
representative of a t least th ree  separate experiments.

K G ,M  n  76 13 «8 13 41 9 15

%^i0f>09s 4 6 4 12 4 36 S 5]

induced a dose-responsive effect on the phosphorylation of 
Bcl2  and Bc1-Xl that coincided with the extent of GgM cell 
cycle arrest. On the other hand, a dose-responsive change in 
BubRl phosphorylation was not observed, perhaps indicat
ing that BubRl is more sensitive to changes in tubulin poly
merization dynamics.

As mentioned, flow cytometric analysis of CA-432-treated
■ K562 and HL-60 cells demonstrated differential apoptotic
■ responses. HL-60 cells undergo rapid apoptosis, whereas 
' K562 cells display a more rigid mitotic response with late 
.apoptosis. Hence, we next sought to confirm the apoptotic
■ population of cells by Western blot analyses of two biochem- 
Mcal markers of apoptosis (PARP cleavage and caspase-3 
> cleavage) over time. The antibody for caspase-3 used in this 
2 study detects the full-length procaspase-3. It may be inferred

that the disappearance of full-length caspase-3 is indicative 
of caspase-3 cleavage and subsequent activation. The onset of 
CA-432-induced apoptosis directly correlated with PARP 
cleavage and the disappearance of procaspase 3 in both cell 
lines.

It is noteworthy that a differential effect on Bclg expression 
levels in response to a prolonged exposure to CA-432 was also 
observed in both cell lines (Fig. 5B). In K562 cells the major
ity of Bela was hyperphosphorylated up to 48 h and associ
ated with sustained mitotic block. Accordingly, in HL-60 cells 
the phosphorylation status of Bclg also correlated with the 
extent of CA-432-induced mitotic block. In addition, Bclg 
cleavage correlated with the onset of apoptosis in HL-60 cells. 
Cleavage of Bclg has been described as a proapoptotic event 
(Kirsch et al., 1999). In contrast, cleavage of Bclg was not
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observed in K562 cells. The effect of CA-432 on a second 
member of the Bclj family, Bc1-Xl, was also observed. CA-432 
induced the phosphorylation of Bc1-Xl, which associated with 
the extent of GgM cell cycle arrest. Levels of phosphorylated 
Bc1-Xl decreased as the percentage of cells blocked in mitosis 
declined. Likewise, the phosphorylation of the mitotic kinase 
BubRl decreased as the percentage of cells in GgM declined. 
No change in the levels of the mitotic checkpoint protein, 
Bub3, was observed in K562 cells exposed to CA-432. BubRl 
and Bub3 are expressed at low to undetectable levels in 
HL-60 cells (Greene et al., 2008), hence the effects of the 
mitotic checkpoint proteins were not assessed in CA-432- 
treated HL-60 cells. Overall, these findings support data 
obtained from flow cytometry suggesting a rapid induction of 
apoptosis in HL-60 cells and a delayed apoptotic induction 
preceded by a prolonged mitotic arrest in K562 cells after 
exposure to the combretastatin analog CA-432.

M olecular M odeling Studies to Determ ine the Prob
ability of PGP Interactions w ith  CA-4 and Selected  
cfs-Restricted Analogs. The apoptotic efficacy of many che
motherapeutic drugs can be severely hindered by cellular 
efflux by the multidrug-resistant protein PGP. Levels of PGP 
have been shown to correlate with paclitaxel resistance in 
vitro (Mechetner et al., 1998). Hence, we next carried out a 
computational docking experiment to identify possible PGP 
interactions with CA-4 analogs incorporating a p-lactam 
scaffold. The (3-lactam ring provides a similar angle between 
two phenyl rings as the cis confirmation of CA-4. Conformers 
were generated by using molecular modeling software and 
docked into the QZ59-RRR substrate binding of PGP. Poses 
generated from the docking step were scored. The scoring 
function was validated with known PGP substrates, includ
ing paclitaxel, adriamycin, and vincristine, which ranked at 
positions 13,10, and 32, respectively. The cis conformation of 
CA-4 ranked at 74, whereas its trans counterpart came in at 
position 131. All cis-restricted p-lactam analogs shown in 
Fig. 1 ranked higher than the cis conformation of CA-4 with 
values ranging from 82 to 142. This finding indicates that 
CA-4 is not a PGP substrate and suggests tha t substitution of 
the ethylene bridge with a p-lactam ring is unlikely to influ
ence interactions with the multidrug-resistant protein PGP.

CA-4 and CA-432 Display Potent Cytotoxic Effects on 
M ultidrug-Resistant Cells. Given that the probable exclu
sion of the aforementioned p-lactam analogs as PGP sub
strates is limited to approximately 70% accuracy, the anti
proliferative effects of CA-4 and a selected p-lactam analog, 
CA-432, were next evaluated in multidrug-resistant cells. 
Three drug-resistant cell lines and respective parental cell 
lines were assessed. Specifically, two cell lines of different 
neoplastic origin [HL-60; acute myeloid leukemia (AML), 
A2780; ovarian carcinoma] overexpressing the PGP and an
other (HL-60) overexpressing a structurally distinct multidrug- 
resistant protein, BCRP, were tested. Cells were exposed to 
CA-4, CA-432, and selected drugs required to confirm drug 
resistance. Western blot analysis confirmed the overexpression 
of PGP and BCRP in respective cell lines (Fig. 6A). As shown in 
Table 1, the calculated resistant factors demonstrate that nei
ther CA-4 nor CA-432 display cross-resistance with other mi
crotubule-targeting agents, paclitaxel and vincristine, or 
adriamycin and SN-38. We next examined the ability of CA-4 
and CA-432 to induce apoptosis in a selected resistant cell 
line, HL-60-PGP. As shown in Fig. 6, B and C, both CA-4 and

CA-432 induced apoptosis with equal potency in both HL-60 
parental and HL-60-PGP cells. The percentage of apoptosis 
was calculated by quantification of the pre-Gj peak and con
firmed by PARP cleavage. Treatment with CA-4 and CA-432 
also resulted in cleavage of the Bclg antiapoptotic protein, an 
event frequently associated with apoptosis (Fig. 6C). Taken 
together, these results complement PGP molecular docking 
predictions and confirm that, unlike other MTAs (paclitaxel 
and vincristine), CA-4 and CA-432 are poor substrates for 
PGP.

CA-4 and the P-Lactam Analog CA-432 Are Potent 
Inhibitors o f CML Cells Expressing the T315I Muta
tion. Imatinib mesylate is the first-line treatm ent for Bcr- 
Abl-positive CML. Mutations at critical points in the Bcr-Abl 
gene are responsible the majority of imatinib resistance in 
patients with CML. Therefore, we next examined the anti
proliferative activity of CA-4 and CA-432 in Baf/3 cells ex
pressing the most abundant Bcr-Abl mutation, T315I. As 
shown in Table 1, both CA-4 and CA-432 were equipotentin 
Baf73 cells expressing native and T315I-mutated Bcr-Abl.

CA-4 and CA-432 Induce Apoptosis in  Ex Vivo Ima
tinib M esylate N aive and R esistant BCR-ABL-Positive 
CML Cells. This study is the first preclinical evaluation of 
combretastatins in the treatm ent of chemotherapy naive and 
patients with acquired imatinib mesylate and dasatinib re
sistance. We compared the apoptotic potency of CA-4 and 
CA-432 with imatinib mesylate in primary CML cells. As 
shown in Fig. 7, both CA-4 and CA-432 induced apoptosis in 
chemotherapy naive {n = 4; • )  and imatinib mesylate and 
dasatinib resistant (n = 2; blast phase; O) primary CML 
cells. All cells were treated with a clinically achievable con
centration of imatinib mesylate (250 nM) (Gambacorti-Pas- 
serini et al., 2000). For comparison, both CA-4 and CA-432 
were also tested at 250 nM. It is noteworthy th a t in five of six 
cases CA-4 and CA-432 were more effective inducers of apop
tosis than imatinib mesylate in the patient samples tested, 
including two patients expressing the T315I mutation. This 
finding warrants further development of the antivascular 
combretastatin drugs as antileukemic agents.

Discussion
Almost a decade ago, tubulin was identified as a molecular 

target of the oldest recorded treatm ent for leukemia, arsenic 
(Li and Broome, 1999). Traditionally, arsenic was used to 
successfully trea t CML (Forkner, 1938). In more recent 
years, complete remissions were observed in acute promyelo- 
c5rtic leukemia patients treated with arsenic trioxide (Soignet 
et al., 1998). The vinca alkaloids, a group of tubulin depoly- 
merizers, are routinely used in the treatm ent of acute lym
phoblastic leukemia (Pui and Evans, 1998). In addition, re
cent studies demonstrated potent selective cytotoxicity of 
vincristine against ex vivo chronic lymphoc3ftic leukemia 
(CLL) cells (Vilpo et al., 2000). Likewise, a structurally dif
ferent tubulin depolymerizer, pyrrolo-l,5-benzoxazepine-15, j 
potently induced apoptosis in poor prognostic subgroups of c 
CLL (McElligott et al., 2009). It is noteworthy that pyrrolo-|̂  
l,5-benzoxazepine-15 was more effective than fiudarabinein ° 
inducing apoptosis in CLL cells. Fludarabine, a purine ana

logue, is currently the front-line agent in CLL therapy. Paci i 
litaxel, a tubulin polymerizer, is effective in the treatment of b 
aggressive forms of non-Hodgkin’s lymphoma (Younes etal.ja
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•iFig. 6. CA-4 and CA-432 are potent inducers of apoptosis in HL-60 cells overexpressing PGP. A, Western blots of parental and resistant cells 
itonfirming the overexpression of PGP or BCRP. Whole-cell lysates were resolved by SDS-PAGE and probed with antibodies directed against PGP, 
jJCRP, or p-actin. B and C, cells were treated with vehicle (V) (0.2% ethanol), CA-432 (50 nM), or CA-4 (50 nM) for 48 h after which the percentage 
îf apoptosis was determined by flow cytometry (B) or analyzed by Western blotting for PARP and Bclj cleavage (C).
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-1997). Interaction of leukemic cells with vascular cells has combretastatins, are the most recent class of MTAs under
3l)een associated with resistance to chemotherapy (Frankel development as antileukemic agents. Collectively, the clini-
l-and Gill, 2004). Hence, the vascular targeting agents, the cal success of MTAs from ancient to modern times in the
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TABLE 1
Evaluation of CA-4 and CA-476 in chem otherapeutic-resistant cell lines 
Cells were exposed to multiple concentrations of the indicated compound for 72 h. 
Cell viability was assessed by using the Alamar blue assay, and IC5 0  values were 
calculated. Tlie resistance factor was calculated by dividing the IC5 0  of the resistant 
cell line into the IC5 0  of the parental cell line.

Cell Line Compound 1 6̂0 Resistance Factor

nm
HL-60 paren tal CA-4 4.5

CA-476 17.7
Paclitaxel 4.8
Vincristine 2 . 2

SN-38 5.7
HL-60-PGP CA-4 3.3 0.73

CA-476 18.2 1.03
Paclitaxel > 1 0 , 0 0 0 >2,083
Vincristine 610 277.3

HL-60-BCRP CA-4 3.5 0 . 8

CA-476 25.3 1.4
SN-38 115 2 0 . 2

A2780-parental CA-4 7.5
CA-476 23.3
Paclitaxel 4.2
Vincristine 3.1
Adriamycin 42.8

A2780-PGP CA-4 6 . 8 0.9
CA-476 10.4 0.5
Paclitaxel > 1 0 , 0 0 0 >2,381
Vincristine 1,600 516
Adriamycin 5,100 119.2

Baf73-parental CA-4 2.5
CA-476 3.3
Im atinib m esylate 545

Baf/3-T315I CA-4 2.9 1 . 2

CA-476 3.9 1 . 2

Im atinib m esylate > 1 0 , 0 0 0 >18

I- - - - - - - - - - - - - - - - - - - - - - - 1

MV
Fig. 7. In vitro apoptosis induction by iraatinib m esylate, CA-4, and 
CA-432 in prim ary CML cells. PBMCs were freshly isolated from patients 
w ith CML either newly diagnosed (n = 4; closed symbols) or b last crisis 
(n = 2; open symbols) by Ficoll gradient. Both patients presenting with 
blast crisis failed im atinib m esylate and dasatinib treatm ent. Cells were 
cultured for 72 h  in vehicle [1% (v/v) ethanol or 0.0025% (v/v) DMSO] or 
250 nM im atinib mesylate (IM), CA-4, or CA-432. Cells were then  labeled 
w ith an  anti-CD45 antibody and FITC-annexin V and analyzed by flow 
cytometry. CML cells were selected based on their low to medium side 
scatter and low CD45 expression. The percentage of apoptosis was deter
mined by flow cytometric analysis of annexin-V-stained cells. Statistical 
analysis was performed w ith S tudent’s paired t test. *, p  < 0.05; **, p  < 
0.01; n = 6.

treatment of leukemia has prompted the design and synthe
ses of analogs based on these lead components, some of which 
display improved clinical efficacy over the parent compounds. 
CA-4P is the clinically preferred phosphate analog of CA-4, 
owing to improved solubility over CA-4. CA-4P induced mi

totic catastrophe in human chronic lymphocytic leukemia 
cells and demonstrated a marked regression of leukemic 
xenografts (Nabha et al., 2002; Petit et al., 2008). Extensive 
data obtained from structure-activity relationships demon
strating the critical importance of the cis-stereochemistry of 
CA-4 in terms of anticancer activity prompted the design and 
synthesis of a steady stream of cis-restricted analogs offering 
improved intrinsic stability over CA-4.

In this study, we demonstrate that a recently described 
series of conformationally cis-restricted CA-4 analogs in
corporating a p-lactam ring yield a more favorable anti
proliferative values than other strategic approaches aimed 
at preventing cis-trans isomerization (Mateo et al., 2007). 
Structure-specific activities were noted among the analogs, 
providing vital information on the structural basis of com- 
bretastatin and a scaffold for the design of superior cis- 
restricted p-lactam analogs with improved stability and sol
ubility. A selected cis-restricted p-lactam analog, CA-432, 
depolymerized tubulin, inhibited cell proliferation, and in
duced mitotic arrest and apoptosis in human CML and AML 
cells in a similar manner to CA-4.

Cell type-specific responses to CA-4 and its analog, CA- 
432, were observed in CML K562 and AML HL-60 cells. Cell 
type-specific apoptotic responses to other MTAs in leukemia 
cells have been reported (Al-alami et al., 1998). In this study, 
apoptotic changes in response to a representative combret- 
astatin analog, CA-432, were observed in HL-60 cells as early 
as 16 h, whereas apoptosis was delayed until 48 h in K562 
cells. The apoptotic delay in K562 cells in response to CA-432 
was accompanied by a delay in the disappearance of pro- 
caspase-3 and cleavage of the caspase substrate PAR?. The 
apparent delay in CA-432-induced apoptosis in K562 cells 
was associated with a more stringent GgM cell cycle arrest. 
In contrast, only a transient mitotic block was observed in 
HL-60 cells in response to CA-432. In K562 cells, a lengthy 
phosphorylation of the mitotic spindle checkpoint protein, 
BubRl, and the antiapoptotic proteins, Bclg and Bc1-Xl, cor
related with the CA-432-induced mitotic block and preceded 
CA-432-induced apoptosis. BubRl is phosphorylated during 
normal mitosis and in response to microtubule insult by 
other MTAs (Li et al., 1999; Greene et al., 2008). We have 
demonstrated previously that K562 cells express high endog
enous levels of BubRl and HL-60 cells express low to unde
tectable levels of BubRl (Greene et al., 2008). High levels of 
BubRl were associated with a prolonged mitotic block in 
response to microtubule insult by a novel series of tubulin 
depol3rmerizers, the pjTrrolo-l,5-benzoxazepines and nocoda- 
zole (Lee et al., 2004; Greene et al., 2008). Furthermore, 
small interfering RNA experiments targeting BubRl de
creased the length of mitosis and resulted in an impaired 
mitotic response to MTAs (Meraldi et al., 2004; Sudo et al., 
2004). Hence, collectively these data would suggest that 
phosphorylation of BubRl may contribute to the sustained 
mitotic block observed in K562 cells in response to mitotic 
insult by CA-432 and consequently delaying the onset of ' 
apoptosis. ‘

A differential effect on the antiapoptotic protein Bclj in ' 
response to CA-432 exposure was also observed in leuke- f 
mia cells. Bclg can either inhibit or promote apoptosis  ̂
depending on the type of post-translational modification, s 
Phosphorylation of Bclg augments its antiapoptotic prop- b 
erties, whereas the caspase-3 cleavage product of BCI2 O1

4-
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displays proapoptotic properties (Kirsch et al., 1999; Deng 
et al., 2004). In response to CA-432 Bclg remains exten
sively phosphorylated until 48 h in K562 cells. This finding 
supports previously published work demonstrating that 
Bclg is phosphorylated during mitosis in response to mi
totic insult (Scatena et al., 1998). Given that phosphoryla
tion of Bcl2  enhances the antiapoptotic properties of Bclg it 
may be suggested that Bclg phosphorylation may also con
tribute to the delay in CA-432-induced apoptosis observed 
in K562 cells. In contrast, Bclg cleavage was evident in 
HL-60 cells from 16 h, an event associated with the onset 
of apoptosis (Kirsch et al., 1999). Bclg is cleaved by 
caspase-3 during apoptosis by a variety of apoptotic stim 
uli. In this study, Bclg cleavage was associated with  
caspase-3 cleavage and activation , su g g estin g  that 
caspase-3 may also be responsible for Bclj cleavage during 
CA-432-induced apoptosis. No BCI2  cleavage was observed 
in K562 cells that displayed limited caspase-3 cleavage. 
Taken together, these results suggest that the apoptotic 
outcome in response to CA-432 in leukemia cells may de
pend on the type of BCI2  modification.

Contrary to other MTAs currently used within the clinic 
such as paclitaxel and vincristine, the combretastatins 
CA-4 and CA-432 demonstrated potent activity in PGP- 
overexpressing multidrug-resistant leukemia cells. This 
finding is of clinical significance given that expression of 
the PGP frequently is associated with clinical resistance to 
chemotherapy in CML, acute leukemia, and adult T-cell leu
kemia (Kuwazuru et al., 1990). A similar finding was observed 
in PGP-overexpressing ovarian cells, arguing against cell 
type-specific responses of combretastatins and demonstrat
ing a broad activity spectrum. The combretastatins were also 
active in BCRP-overexpressing HL-60 cells, demonstrating a 
lack of cross-resistance with SN-38, a topoisomerase I inhib
itor. In HL-60-BCRP cells, both CA-4 and CA-432 induced 
61 ± 4.6 and 62.4 ± 7.2% apoptosis, respectively, together 
with cleavage of PARP and the antiapoptotic protein Bcl-2 
idata not shown). These data are of clinical significance be- 
tause expression of BCRP in AML patients is associated with 
a lower complete response rate. The t3rrosine kinase inhibitor 
natinib mesylate is currently the first-line treatment for 

.CML patients. It is noteworthy that CA-4 and its intrinsi- 
ally stable analog, CA-432, induced significantly more ap- 
iptosis than imatinib mesylate in primary CML cells, in- 

‘ ;luding those positive for the T315I mutation and 
mresponsive to either imatinib m esylate or the second- 

’ feneration tyrosine kinase inhibitor dasatinib. 
j Collectively, data presented herein warrant further clin- 

cal development of CA-4 and its synthetic analog CA-432 
j. n chemotherapy naive patients with leukemia and chemo- 
j herapy-resistant patients. We demonstrate that synthetic 
glerivatives of combretastatin can be designed and synthe- 
ifiized that do not isomerize and display potent antimitotic 

ind antitubulin properties endowed by CA-4. In conclu- 
[jjon, these data provide important structure-activity in- 
j. irmation that may be exploited in the design of superior 
sombretastatin analogs with improved intrinsic stability  
i.nd solubility that may advance the clinical development 
3 -f combretastatin-A4 in the treatment of leukemia and 
lather malignancies.
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