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Abstract
Tamoxifen is a selective estrogen receptor modulator (SERM) with a triarylethylene 

structure which acts as an estrogen antagonist in the breast. This drug is used 

extensively as an endocrine treatment for breast cancer, however, due to its flexible 

structure it can also act as an agonist in endometrial tissue resulting in unwanted side 

effects including endometrial cancer. Many modified SERMs have been developed based 

on non-isomerisable scaffold structures. In this thesis, the design and synthesis of 

structurally optimised conformationally constrained Selective Estrogen Receptor 

Modulators is described. These products contain the p-lactam structure and show 

potential therapeutic application as antiestrogens.

Combretastatin A-4 is a small biologically active molecule which is currently in clinical 

trials for the treatment of solid tumors. It, too, contains an isomerisable double bond and 

CA-4 is only active in its trans configuration. The 3-lactam ring is used to form a selection 

of structurally restricted analogues of CA-4 which will contain the desired configuration for 

activity.

In this thesis, chapter one provides a comprehensive survey of the ER and SERMs, 

tubulin and tubulin binding compounds and bioactive P-lactams. Chapters two and three 

deal with the design and synthesis of the selected SERMs. Chapter four covers the 

synthesis of the CA-4 analogues. The structures of these products were verified using the 

following spectroscopy techniques; ^H-NMR, ^^C-NMR, ^®F-NMR, IR spectroscopy, mass 

spectroscopy and elemental analysis. HPLC and chiral CE were used to separate the P- 

lactams into their component diastereomers and corresponding enatiomers respectively.

In chapter five the prepared compounds were evaluated for their biochemical activity. All 

compounds were tested for their antiproliferative and cytotoxic effects in breast cancer 

cells, MCF-7 cells (ER positive) and MDA-MB-231 cells (ER negative). The SERMs were 

assessed for their ability to bind to the ER and their estrogenic properties in Ishikawa cells 

(uterine cells). The effect of CA-4 analogues on cell cycle and tubulin polymerization was 

analysed. Finally some computational studies have been used to predict how the 

compounds bind in a typical estrogen antagonist mode within the estrogen receptor 

ligand-binding domain.
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1.1 Introduction

Cancer is a class of diseases that is characterized by uncontrolled division of cells and the 

ability of these cells to invade other tissues, either by direct growth into adjacent tissue or 

by implantation into distant sites by metastasis. There are over 200 different types of 

cancer. Cancer occurs because of a mistake or damage caused to the genetic code of 

the cell (DNA), resulting in mutations to genes that encode proteins controlling cell 

division. In up to 90% of cases this genetic mistake is not one that has been inherited; it 

is mostly caused by chemicals or physical agents called carcinogens, by close exposure 

to radioactive materials, or by certain viruses that can insert their DNA into the human 

genome. So the development of cancer is dependent on both exposure to one or more of 

these carcinogens and our predisposition [1].

There are many different types of cancer; in Ireland the most common types of cancer are 

skin, large bowel (colorectal), lung, breast (in women) and prostate (in men) cancer. 

Table 1.1 shows the number of incidences of the more common cancers in Ireland and 

the deaths resulting from these cancers in the period 1994 to 2001, in both men and 

women. Non-melanoma skin cancer is the most common cancer accounting for over 25% 

of all cancers, however, it only accounts for 0.5% of all deaths. Lung and bronchus 

cancer result in the highest number of deaths with almost 20% of deaths from cancer 

being lung cancer patients. Only 10.1% of all male cancers are lung cancer but it is the 

highest killer of males with almost 24% of deaths. 15% of all female deaths are from lung 

cancer but the highest killer in women is breast cancer with over 5000 deaths (18%) in the 

eight years of the study [2].
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Type of 

Cancer
(Male (1994-2001) Female (1994-2001) Total

Non-Melanoma Skin
2 2 3 2 3 (181) 

27 .9 % (0 .6 %)

19234 (93 ) 

22.9 % (0.3 %)

41557 (274) 

25 .3 % (0 .5 %)

Colorectal 

(Large Bowel)

8234 (4191 ) 

10.3 % ( 12.9 %)

6337 (3231) 

7 .5 % ( 11.5 %)

14571 (7422 ) 

8 .9 % ( 12.3 %)

Lung & Bronchus
8110 (7678) 

10.1 % (23.7 %)

4500  (4255 ) 

5.3 % ( 15.1 %)

12610 ( 11933) 

7 .7 % ( 19.7 %)

Breast
114 (38) 

0.1 % (0.1 %)

13804 (5140) 

16.4 % ( 18.3 %)

13918 (5178) 

8.5 % (8.6 %)

Prostate
10969 (4148 ) 

13.7 % ( 12.8 %)

0 

0 %

10969 (4148 ) 

6.7 % (6.9 %)

Ovary
0 

0 %

2675 ( 1793) 

3.2 % (6.4 %)

2 6 7 5 (1793) 

1.6 % (3.0 %)

Non-Hodgkins

Lymphoma

1835 (946) 

2.3 % (2.9 %)

1597 (830) 

1.9 % (3 .0 %)

3432 (1776) 

2 .1 % (2 .9 %)

Total 

(All Cancers)

80110 (32397) 

48.79 % (53.54 %)

84071 (28108) 

51.21 % (46.46 %)

164181 (60505) 

100 % (36.85 %)

Table 1.1: National cancer registry: Number of incidences of cancer in Ireland and deaths 
from these cancers (shown in brackets), 1994-2001 [2].

1.1.1 Targets for cancer treatment

Most of the existing cancer chemotherapeutic drugs cause cell death by several different 

mechanisms -  the majority by non-selectively targeting the cellular processes that cancer 

utilizes to rapidly grow and divide i.e. the ability to replicate DNA. Alkylating agents such 

as chloroambucil kill cells by directly reacting with DNA resulting in the interference of cell 

division. They are used in the treatment of chronic leukemias and certain carcinomas of 

the lung, breast, prostate and ovary. Antimetabolites block cell growth by interfering with 

DNA synthesis and can be used in the treatment of acute and chronic leukemias. The 

indiscriminate action of these general compounds can result in severe toxic side effects, 

therefore more specific targets are required. Microtubule targeting compounds are very 

important in cancer treatment; plant (vinca) alkaloids and colchicines depolymerise 

microtubules and taxanes stabilize polymerisation, both actions prevent the completion of 

normal cell division. Endocrine hormone therapy is another major area in cancer 

treatment for specific types of tumours, most commonly tumours of the breast and of the 

prostate where estrogen and testosterone are often involved in tumour growth. This
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treatment works by reducing ttie biosynthesis of these hormones in the body and/or by 

binding to hormone receptors and preventing their action [3].

Along with these general targets there are also various molecules in the body that are 

known or suspected to play a role in cancer formation, these molecules can be specifically 

targeted in cancer treatment. Tyrosine kinase receptors are one example of a specific 

cancer target. Tyrosine is active in complex signalling system that is used by some 

cancers as a survival mechanism to allow them to grow out of control. The human 

epidermal receptor family (HER) is the main focus of tyrosine kinase receptor inhibitors. 

Targeting of HER1, also called epidermal growth factor receptor (EGFR), is used in lung 

cancer treatment. The ErbB2 (or HER-2/neu) gene is overexpressed in about 30 % of 

breast cancers, this has been shown to increase the metastatic potential of human breast 

cancer cells and confer breast cancer cells an increased resistance to some 

chemotherapeutic agents. Therefore, ErbB2 can serve as an excellent target for the 

development of novel cancer treatments. Other targets that are under varying stages of 

investigation for cancer treatment are P13K/Akt pathway, p53 tumor suppressor and 

cyclin-dependent kinases [4-7]. Two specific target proteins that are frequently used in 

the design of endocrine and chemotherapeutic agents are the estrogen receptor (ER) and 

tubulin.

1.2 Estrogen receptor 

1.2.1 Breast cancer

Breast cancer is currently the second most common female cancer, affecting over 1,700 

women and about 15 men in Ireland every year [8]. Many risk factors have been 

implicated in breast cancer including increasing age, late menopause, family history, early 

age at first live birth, increased breast mammographic density, high bone density, high 

circulating estrogen levels, high body mass, use of oral contraception and hormone 

replacement therapy. Most of these risk factors may be caused by genetic mutations 

which increase the risk of breast cancer by increasing estrogenic activity in the body [9].

Breast cancer is caused by faulty signalling controlled by the hormone estrogen. 

Estrogen is largely responsible for co-ordinating changes that occur in women during 

puberty and is a small, carbon-rich steroid molecule [10]. Breast cancers are classified as 

estrogen receptor (ER) positive or estrogen receptor (ER) negative. 70-80 % of all
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primary breast tumours are ER positive, this cancer is much less aggressive than ER 

negative breast cancer [11], ER positive breast cancer is characterized by the presence 

of ERs within cancer cells.

1.2.2 Estrogen receptor positive breast cancer

ERs belong to the steroid/thyroid hormone superfamily of nuclear receptors (NRs). NRs 

are a large family of structurally related ligand-inducible transcription factors, including 

steroid receptors, vitamin D receptors and estrogen receptors. NRs have distinct domain 

structures, a highly conserved DNA binding domain (DBD, domain C) and a moderately 

conserved ligand binding domain (LBD, domain E), these are separated by a non

conserved hinge domain (domain D) and flanked by an N-terminal modulatory domain 

(A/B domain) and a C-terminal region (F-domain) (Fig 1.1). The A/B domain and the F- 

domain are also known as the transcription activation function domains (AF), AF1 and 

AF2 respectively [12]. Estrogen receptor LBDs are arranged in an antiparallel a-helical 

'sandwich' fold. The liganded ER LBD (Fig 1.2a) contains 11 a-helices (H1-H12) 

organized in a three-layered sandwich structure. The hydrophobic pocket into which its 

specific ligand binds is closed on one side by an antiparallel P-sheet and on the other by 

helix 12 (H I2), the key response element of all NRs. A precise positioning of helix 12 is 

critical for generation of a competent AF2. ERa was the first reported crystal structure for 

a steroid receptor [13]. Crystals could be obtained from a chemically modified protein that 

formed a complex with the natural ligand 17p-estradiol (E2, 1, Fig 1.3). Agonist binding 

induces a conformational rearrangement in the LBD resulting in the formation of a specific 

binding site for the helical NR-box module of nuclear coactivators. This binding site is a 

hydrophobic groove formed by residues from helices H3, H4, H5 and H12, and the turn 

between helices H3 and H4 (Fig 1.2c). The E2 cavity is completely shielded from the 

external environment and buries the ligand in a highly hydrophobic environment, mostly 

defined by 22 residues. Two polar regions located at opposite sides of the ligand-binding 

pocket can be identified (Fig. 1.2b) and they are involved in the anchoring of the E2 

hydroxy moiety. The phenolic hydroxy group of the A-ring (3-OH) is hydrogen bonded to 

Glu353 from H3, and to Arg394 from H5 and a water molecule. The hydroxy group of the 

D-ring (17 (3-OH) forms a single hydrogen bond with His524 (H11). H I2 is orientated anti

parallel to H11, capping the ligand binding pocket. This leaves a hydrophobic cavity on 

the surface of the protein which acts as a nuclear receptor coactivator binding site on the 

protein surface and facilitates nuclear transcription by the receptor.
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Figure 1.2: (a) 3-D s truc tu re  of the wild-type ER LBD monomer, (b) Anchoring of the 

estradiol in the active site. The 3-hydroxy group  is hydrogen-bonded to Arg 394 and  Glu 

353. The 17-p hydroxy group forms a hydrogen bond with His 524. (c) Superposition  of the 

three-dimensional s tructure  of ERa LBD com plexed with estradiol (1, green), raloxifene (3, 

red) and tamoxifen (2, blue) [15]
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The binding of tamoxifen (2, Fig 1.2) and raloxifene (3, Fig 1.2), two antagonists, is 

accompanied by major structural reorganization in the ternary structure of the ER. The 

large alkylaminoethoxy extension of this ligand provokes steric clashes that prevent H12 

from adopting its characteristic conformation. Instead, H12 lies tightly in the coactivator 

recognition groove. Crystal structures of antagonist bound ERa complexes 2 and 3 (Fig 

1.2c) showed that the position of the antagonist ligand in the binding pocket is dictated by 

the hydrogen bonds to the 3-hydroxy group corresponding to that of the E2 A-ring and the 

bulky chain of the ligand that displaces H I2 [11,15-19]. The ER binds many ligands with 

high affinity and great stereo- and structural specificity, but its preference of ligand shape 

and size can be rather eclectic; sometimes closely related analogues bind with very 

different affinities [20].

1.2.2.1 E R a a n d E R p

Elwood Jensen first isolated the ER in 1958 [21] when it was believed to be a single 

receptor, however in 1996 a second ER was discovered. These two receptors are now 

assigned as ERa and ER(3. A comparison of the amino acid sequence of ERa and ER(3 

shows that they share the same functional domain architecture, and the full length 

residues are approximately 50 % identical, Fig 1.2. They exhibit high homology in their 

DBD (96 %) and LBD (58 %). The large similarity between DBD suggests that ERa and 

ERp are expected to bind various estrogen response elements (EREs) with similar 

specificity and affinity and therefore interact with, and activate the same genes. However 

because there is only 58 % similarity between the LBDs, various estrogens may 

differentially bind to the two ERs [18,22,23]. The N-terminal domain (AF-1) involved in 

protein-protein interactions and transcriptional activation at target gene expression is quite 

different both structurally (20 % homology), and functionally in the 2 ERs. This might also 

help to explain different responses to different ligands. ER subtypes might bind some 

ligands with different affinity and these ligands might also have different agonist or 

antagonist character mediated by the two receptors [11,24]. For example, on target 

genes containing AP-1 sites (activator protein 1 binding sequences are promoter elements 

that play an essential role in the induction of many genes in mammalian cells [25]), 

SERMs such as 4-hydroxytamoxifen (4) and raloxifene (3) act as partial agonists on ERa 

but they exert exclusively antagonistic activity on ER(3. The crystal structure of raloxifene 

(3) bound to the rat ER[3 LBD has been reported and this shows raloxifene (3) binds in a 

position similar to that observed in the human ERa complex. The major difference is
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observed in the phenolic ring, where the distal hydroxy moieties in the two isotypes are 

1.4 A apart. The result of the different position of raloxifene (3) in the p-isotype is that the 

piperidine ring pointing outside the cavity is shifted outward and prevents H12 from 

adopting its agonist position. This shift is most probably responsible for the pure 

antagonist character of raloxifene (3) on ERp [15,26,27].

ERa and ERp have distinctly different localizations and concentrations within the body. 

ERa is predominant in the breast and in reproductive tissues such as the uterus, whereas 

ERp is the principal subtype in certain regions of the brain [28]. The existence of the two 

ER subtypes can provide, in part, an explanation for the selective actions of estrogens in 

different target tissues. The selective effects of estrogens and their analogues may be 

due to the differential distribution of each ER subtype in various tissues. The differential 

expression of ERa and ERP within individual tissues may contribute to the selective 

effects of estrogen within individual tissues. The fact that both estrogen receptors are 

expressed in bone helps to explain the beneficial effects of estrogens on bone mineral 

density. In primary breast carcinoma, ERa seems to be more instrumental than ERP in 

endocrine resistant breast tumours [29].

Attempts to functionally characterize the two receptors independently of one another have 

taken place using ERa and ERP knockout mice. Results showed that in the mammary 

gland, disruption of the ERa gene results in impaired development of the ductal epithelium 

and lobuloalveolar structures during pregnancy. In these mice the mammary glands only 

develop to an epithelial ductal rudiment that does not further develop during puberty. In 

contrast, mammary development in ERP deficient mice is not impaired. The main effect of 

disruption in ERp expression appears to be a reduction in female fertility due to infrequent 

and inefficient ovulation. This animal data supports the hypothesis that the two ERs have 

distinct functions in vivo depending on the tissue in which they are expressed. These 

results also suggest that the majority of the downstream effects of estrogens on the 

mammary epithelium during normal mammary gland development are predominately 

mediated by ERa. The role of ERp in breast cancer remains unclear both in terms of 

prognosis and prediction mainly due to insufficient data from small clinical studies. It is 

worth highlighting that a decrease in ERp expression in breast tissue has recently been 

reported in the transition from benign lesion to carcinoma in situ. More studies are 

required before possible function of ERp in clinical breast cancer is established [22,26].
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1.3 Treatment of estrogen receptor positive breast cancer - SERMs

Treatment for breast cancer which involved surgery and endocrine ablation 

(oophorectomy, adrenalectomy and hypophysectomy) caused tumour regression in select 

patients and this indicated a link between ovarian hormones and breast cancer growth 

[30], In 1936, Professor Antoine Lacassagne suggested that breast cancer could be 

prevented by developing drugs to block estrogen action in the breast tissue [31]. 

Estrogens are steroid hormones which biosynthetically originate from cholesterol and are 

mainly synthesized in the ovaries. They are secreted into the blood stream, are lipid 

soluble and diffuse freely across plasma cell membrane where they bind with the ER. The 

most prevalent estrogen is 17(3-estradiol (1, Fig. 1.3).

HO

( 1)

Figure 1.3: 17P-estradiol (E2, 1)

Antiestrogens act by exerting antagonistic effects on target tissues or by competing with 

estrogens for access to receptor sites located on the cell surface. The exact mechanism 

by which pure antiestrogens achieve complete ER blockade is still a matter of debate. 

Several mechanisms of action are proposed for antiestrogens (1) they reduce DNA 

binding by interfering with receptor dimerization; (2) they induce conformational changes 

of the receptor that allow binding to DNA but do not promote events needed for gene 

transcription (inactivation of the 2 transcription activation functions AF-1 and AF-2); (3) 

they cause a rapid disappearance of the ER from the target tissue (degradation of the 

ER), resulting in an insufficient amount of ER to bind to the estradiol and elicit agonist 

responses, (SERDs -  selective estrogen receptor degraders) (4) they inhibit 

nucleocytoplasmic shuttling of the ER (diffusion out of the nucleus and degradation) by 

blocking its nuclear uptake. Most antiestrogens probably work through a combination of 

these four mechanisms [32].

The first antiestrogen to show any positive results was tamoxifen (Fig 1.4, 2), which was 

discovered in the fertility control programme of ICI Pharmaceuticals Division (now
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AstraZeneca). It was shown to have mixed agonist and antagonist activity so is now 

known as a selective estrogen receptor modulator (SERM). SERMs are active as 

therapeutic agents because they are able to block estrogen action at those sites where 

stimulation would be undesirable, such as the breast and uterus, but at the same time 

stimulate estrogen actions in other tissues where they are desired, such as the bone and 

the liver. They typically consist of a non-steroidal core structure, onto which is attached a 

side chain bearing a basic or polar function [33]. Non-steroidal ER ligands known so far 

encompass a large variety of molecular structures. However, the striking chemical feature 

common to nearly all synthetic ligands possessing a good ER binding affinity, is the 

presence of a phenolic ring that seems to directly mimic the steroid A-ring, present in 

natural estrogens as shown in Fig 1.3 [28].

The mechanistic basis for the tissue-selective action of SERMs is not well understood. 

Part of the selectivity might arise because of the different activity that these compounds 

have on the two ERs. These receptor subtypes, have different tissue distributions and 

transcriptional activity. Another important element of this selectivity is thought to arise 

from the differential interaction that various ligand-receptor complexes have with promoter 

sites and with co regulator proteins; important mediators of transcriptional activity. 

Because a large variety of structurally diverse steroidal and non-steroidal compounds can 

bind to the ER, and in doing so stabilize different conformations of the ligand-receptor 

complex, it is thought that this spectrum of ligand-receptor conformations is also 

responsible for the tissue -  selective pharmacology of estrogens [34].

1.3.1 Tamoxifen

Tamoxifen, (Z)-2-[4-(1,2-diphenyl-1-butenyl)phenoxy]-N,N-dimethylethanamine (2, Fig. 

1.4) is a synthetic non-steroidal antiestrogen, which was approved by the Food and Drug 

Administration in 1977 for the treatment of women with advanced breast cancer and 

several years later for adjuvant treatment of primary cancer [35]. It is still the endocrine 

drug therapy of choice in the treatment of breast cancer. Tamoxifen-like compounds are 

structurally classified as triphenylethylene antiestrogens and are the most extensively 

studied group of antiestrogenic compounds. The common structural feature of these 

compounds is a central ethylene double bond onto which are attached three aryl rings and 

an ethyl group. A basic tertiary nitrogen group is also a core requirement for the majority
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of the antiestrogens investigated. The dimethylaminoethoxy side-chain and the trans 

configuration of tamoxifen is very important for its antiestrogenic activity.

Figure 1.4: Tamoxifen (2), 4-hydroxytamoxifen (4) and endoxifen (5)

Approximately 60 % of patients with ER positive tumours respond to tamoxifen treatment 

[36], The anti-tumour effects of tamoxifen are thought to be due to its antiestrogenic 

activity mediated by competitive inhibition of estrogen binding to estrogen receptors. 

Subsequently, tamoxifen inhibits the expression of estrogen-regulated genes, including 

growth factors and angiogenic factors secreted by the tumour that may stimulate growth 

by autocrine or paracrine mechanisms. The net result is to cause Gi cell cycle arrest and 

a slowing of cell proliferation [35]. Tamoxifen is also thought to have significant 

antiangiogenic properties and this might be a contributory mechanism towards the 

therapeutic effects of antiestrogens seen in breast cancer [37].

Tamoxifen is extensively metabolized by the human cytochrome P450 enzyme system 

into several metabolites. These include N-desmethyltamoxifen (NDM), 4- 

hydroxytamoxifen (4, Fig 1.4), tamoxifen-N-oxide, a-hydroxytamoxifen, N-didesmethyl- 

tamoxifen and 4-hydroxy-N-desmethyltamoxifen (endoxifen, (5), Fig 1.4). 4-

Hydroxytamoxifen is approximately 100-fold more potent as an antiestrogen than 

tamoxifen and until recently was thought to be the most likely contributor to the base 

antiproliferative activity observed with tamoxifen. Recently however, antiproliferative 

activity of endoxifen has been reported and it has similar activity to that of 4- 

hydroxytamoxifen. It was also shown to exist in higher concentrations (> 6 fold) than 4- 

hydroxytamoxifen in human plasma of breast cancer patients who were taking tamoxifen 

(Fig 1.5). Therefore both endoxifen and 4-hydroxytamoxifen are possibly responsible for 

the high in vivo activity of tamoxifen [38].

(4) OH(2) (5) OH
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Tamoxifen (TAM) 4-hydroxyTAM

CYP2C9
CYP2CI9
CYP2D6
CYP3A4 Hd
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N-desmethylTAM Endoxifen

HI% HN

CYP2D6 -C H ,

HO

Figure 1.5: The metabolic route from tamoxifen (2) to endoxifen (5) and other metabolites. 

Plasma concentrations of 4-hydroxy-tamoxifen (4) are low relative to those of N-desmethyl- 

tamoxifen, indicating that the primary route for metabolism of the parent drug, tamoxifen 

(2), is via N-demethylation. The primary route of metabolism from tamoxifen (2) to 

endoxifen (5) is first N-demethylation by cytochrome P450 3A to N-desmethyl-tamoxifen, 

followed by hydroxylation by cytochrome P450 2D6 [39]

Besides its positive effects in breast cancer treatment, other benefits seen from tamoxifen 

in clinical use include a reduction in deaths from cardiovascular causes, reduction in 

serum concentration of total cholesterol and low density lipoprotein cholesterol, increase 

in bone density of post-menopausal women and a reduction in the incidence of cancer on 

the contralateral breast. There have also been some adverse effects ranging from 

relatively minor effects to more serious problems, eg menopausal symptoms -  hot flashes 

and atrophic viginitis, gynecologic complications, ovarian cysts, deep vein thrombosis and 

endometrial cancer. Substantial interpatient variability is observed and the reason for this 

is unknown. Resistance to tamoxifen also occurs in a significant number of patients due 

to the absence or loss of ERs, non-compliance with treatment regiment and stimulated 

growth of tumour variant or mutant ERs. In tamoxifen resistant breast tumour cells, the 

ER complexes with the bioactive metabolite of tamoxifen, this seems able to interact with 

coactivators or bind to alternative coactivator peptides to allow proliferation to occur, 

thereby remarkably reversing its role and activating rather than repressing transcription
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[16,35,38], These problems mean that alternative SERMs are constantly being 

investigated.

1.3.2 Other triphenylethylene antiestrogens

1.3.2.1 Toremiphene

Toremiphene (6, Fig 1.6) was the first antiestrogen to be licenced for the treatment of 

breast cancer since tamoxifen was introduced. It is not as susceptible to metabolic a- 

oxidation by the P450, in vivo, tamoxifen is metabolized to an a hydroxy form through the 

action of P450 and it is now believed that this metabolite can lead to DNA adducts which 

are attributed to hepatocarcinogenicity in rodent models [19], Despite this positive result, 

toremiphene is virtually completely cross-resistant with tamoxifen, has similar estrogen 

agonist effects on the uterus and its efficacy on bone is less than tamoxifen therefore it 

doesn’t offer a significant advantage [17,40],

1.3.2.2 Droloxifene
Droloxifene (7, Fig 1,6) is a mimic of the tamoxifen metabolite 3,4-dihydroxytamoxifen that 

has weak estrogenic properties in the mouse. The drug has antitumour activity in 

laboratory animals but does not form DNA adducts under laboratory conditions or produce 

liver tumours in rats. In clinical studies droloxifene has been found to be less effective as 

an estrogen receptor agonist than tamoxifen in bone tissue and for the lowering of serum 

cholesterol and has consequently been dropped from development as a breast cancer 

drug [40,41].

1.3.2.3 Idoxifene

Idoxifene (8, Fig 1.6) is a metabolically stable analogue of tamoxifen. It inhibits MCF-7 

tumours grown in athymic mice and also develops acquired antiestrogen resistance more 

slowly than tamoxifen. However, substitution of halogens in the 4 position prevents the 

conversion of the parent drug to 4-hydroxytamoxifen and unfortunately, the increased 

metabolic stability also increases toxicity, Idoxifene has been evaluated as a breast 

cancer treatment for postmenopausal patients but planned studies to evaluate idoxifene 

as a preventive for osteoporosis have not been pursued because of concerns about 

uterine prolapses [40,41],
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Figure 1.6: Toremiphene (6), draloxifene (7) and iodoxifene (8)

(8 )

1.3.2.4 Triarylethylene oxyalkanoic acid analogues

Analogues of tamoxifen with an acidic side-chain were analysed for ER affinity and 

activity. The most active compound (9, Fig 1.7), which contains an oxybutyric acid side 

chain, was found to be a full estrogen antagonist with greater potency than tamoxifen. It 

exhibited high ER affinity and bone protective efficacies equivalent to that of estradiol, but 

the uterotrophic efficacy measured were only about 25-30 % that of estradiol; further 

studies are continuing [42]. Structurally similar compounds GW5638 (10, Fig 1.7) and its 

metabolite GW7604 (11, Fig 1.7) alter the surface of the ERa complex differently than 

either E2 or 4-hydroxytamoxifen and demonstrate a sufficiently different profile in this 

system from other ER ligands. GW5638 (10) fits in the niche between selective estrogen 

receptor modulators (SERMs) like tamoxifen and selective estrogen receptor down- 

regulators (SERDs) like fulvestrant, which destabilize the estrogen receptor, it has 

elements of both and can inhibit breast cancers when the disease has become resistant to 

tamoxifen treatment. The crystal structure of ERa complexed with GW5638 (Fig 1.8) 

reveals a new LBD conformation in which AF2/H12 is repositioned by direct contacts 

between the carboxyl side chain of GW5638 (10) and the N terminus of H I2. The 

associated decrease in ERa stability may account for the ability of GW5638 to inhibit 

tamoxifen-resistant MCF-7 breast tumor explants [43]. Compounds 10 and 11 show 

antiestrogenic action in breast cancer cells and estrogen-like actions to preserve bone 

density in ovariectomized rats. A comprehensive analysis of the uterotropic activity of 10 

was performed; when administered orally, as a single agent, 10 did not display any 

significant activity over the control value; this compound was inactive in this assay at 10 

jjmol/kg, 3 times the amount required for bone protection. In contrast, tamoxifen 

demonstrated uterotropic activity at doses as low as 0.1 jjmol/kg. The studies also 

showed that 11 but not tamoxifen, could completely inhibit the agonist activity of estradiol
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in these rats, confirming that this compound is a pure antagonist in this tissue under the 

conditions of the assay [44,45],

Figure 1.8: Overall Structure of GW5638-ERa LBD Compared to OHT-ERa LBD. Equivalent 

views of GW-ERa LBD (left) and OHT-ERa LBD (right) [43]

1.3.2.5 Novel flexible antiestrogens

Our research group has published results on novel flexible antiestrogens. These 

compounds differ from other triphenylethylene antiestrogens by chain lengthening of the 

‘traditional’ tamoxifen-derived ethyl portion of the molecular scaffold (12, 13, 14, 15, Fig 

1.9). They were well tolerated by the ER and maintain receptor binding affinity and 

antiproliferative potency against MCF-7 tumor cells with lower associated cytotoxicity than 

tamoxifen [19,46].

HOOC
HOOCHOOC

HOHO

9 (GW5638)  10 (GW7604) 1 1

Figure 1.7: Triphenylethylene derivatives of tamoxifen (9), (10) and (11)

GW-ERit LBO OHT-ER. / LBO
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Figure 1.9: Novel flexible anti-estrogens

1.3.3 Fixed ring SERMs  

1.3.3.1 Raloxifene

Raloxifene (3, Fig 1.10), a 2,3-disubstitued benzothiophene containing compound, is a 

potent antiestrogen and is the most widely studied ‘ideal’ SERM in clinical trials. It binds 

to the ER with an affinity higher than that of tamoxifen or 4-hydroxytamoxifen and equal to 

that of estradiol [17], The crystal structure of raloxifene in the ERa LBD is shown in Fig 

1.10 [13]. It was approved for the treatment of osteoporosis in 1997. Raloxifene (3) has 

shown modest activity in ER positive breast cancer but at very high doses (SOOmg daily). 

Raloxifene (3) has extremely poor bioavailability because of rapid first-pass phase II 

metabolism and this suggests that long-acting agents are required for the treatment of 

breast cancer. No growth stimulation of the uterus has been observed in postmenopausal 

women on raloxifene and toxicity studies in the rat do not show an increase in liver 

cancers, although a significant increase in ovarian cancers was observed. This 

observation may not be relevant because the clinical use of raloxifene (3) is confined to 

postmenopausal women [40,41],

The Study of Tamoxifen (2) and Raloxifene (3) (STAR) was a clinical trial set up in 1999 to 

compare tamoxifen (2) and raloxifene (3) in reducing the incidence of breast cancer in 

postmenopausal women. As of June 4 2003, the study had reached its goal of enrolling 

19,000 women. Initial results of the study show that the drug raloxifene (3) works as well 

as tamoxifen (2) in reducing breast cancer risk of postmenopausal women at risk of the 

disease. In addition, within the study, women who were prospectively and randomly 

assigned to take raloxifene (3) daily, and who were followed for an average of about four 

years, had 36 percent fewer uterine cancers and 29 percent fewer blood clots than the 

women who were assigned to take tamoxifen (2) [47,48]. This clearly shows that 

raloxifene (3) could reduce the incidence of breast cancer as a beneficial side effect of the 

prevention of osteoporosis.
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Figure 1.10: The experimental, 2.6-A resolution electron-density map for the ERa LBD-RAL 

complex after DMMULTI multicrystal averaging, raloxifene (3) and arzoxifene (16)

1.3.3.2 Arzoxifene

Eli Lilly are currently developing arzoxifene (16, Fig 1.10), another benzothiophene 

analogue as a SERM candidate. Replacement of the carbonyl group with an electron 

withdrawing oxygen resulted in improved oral bioavailability and 10-fold increase in vitro 

estrogen antagonist potency relative to raloxifene (3). Arzoxifene (16) also inhibited 

uterine proliferation response, produced a significant decrease in total cholesterol levels 

and showed protective effect on bone. Phase II clinical trails showed significant response 

rates to arzoxifene (16) in tamoxifen (2) resistant patients with locally advanced or 

metastatic breast cancer. Arzoxifene (16) is currently undergoing phase III trials for breast 

cancer chemotherapy [36,40,49].

1.3.3.3 Indolazines

Novel heterocyclic indolazine derivatives were designed which cannot undergo 

isomerization but where the double bond character of the aromatic indolizine nucleus is 

utilized to take the place of the olefinic bond in tamoxifen. They showed low relative 

binding affinity to the ER [50]. NCC 45-0095 (17, Fig 1.11) is a novel pyrrolo[2,1,5- 

cd]indolizine compound which showed high receptor binding affinity, NCC 45-0095 is the 

parent pharmacophore and showed full agonist effects in endometrium and skeleton non

steroidal ER ligand [51]. It is expected that this compound would have antagonist activity 

if the 4-hydroxy group were replaced with a suitable extended basic side chain (eg. 18, 

Fig 1.11).
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Figure 1.11: Indolazine ER modulators

1.3.3.4 Pyrazole SERMs

The pyrazole ring has been used by Stauffer et al as a scaffold for synthesis of SERMs, 

(19, Fig 1.12; X-ray structure (Fig 1.13)) and was claimed as the first ERa specific agonist 

showing 410 fold affinity for a over p. Four analogues were designed to explore the four 

possible orientations that the pyrazole core structure might adopt in the ER ligand binding 

pocket, and thereby identifying which site on the pyrazole could best accommodate the 

rather large, basic side chain substituent. The C(5) piperidinyl-ethoxy-substituted 

pyrazole (20, Fig 1.12) was found to have the highest affinity for ERa. Compound 20 is 

an antagonist on both ERa and ER(3, but its potency on ERa is somewhat higher, 

reflecting its ERa affinity selectivity. Fig 1.13 shows 20 docked in the ERa binding pocket. 

Pyrazole SERMs act as potency selective antagonists [33,52,53].
OH OH

19 20

Figure 1.12: Pyrazole agonist (19) and corresponding antagonist (20)

Figure 1.13: (a) X-ray crystal structure for 20 (b), 20 docked and minimized in ERa LBD [33]



1.3.3.5 Diphenyl quinolines / isoquinolines

Another ring system used to prepare SERMs is the quinoline/isoquinoline structure. 

These compounds can be distinguished from other triphenylethylenic antiestrogens by the 

different spatial location of their aminoalkyl side chain in respect to the aromatic part of the 

molecule. As a consequence it was expected that upon binding to the ER they would 

confer an alternative structural conformation to the hormone binding domain. These 

structures showed only a weak binding affinity to the ER, but interfered with estrogen 

dependent physiological processes. Quinoline and isoquinoline structures (21 & 22, Fig 

1.14) showed antiestrogenic properties but also showed high cytotoxicity [54]. Novel 

tetrahydroquinolines have been reported which bind with high affinity to the ERs, the 

pyrrolidine (23, Fig 1.14) derivative exhibits up to 50 fold ERa selectivity over ERp [55].

OH

OCH3

21 22 23

Figure 1.14: 3,4-Diphenylquinoline

tetrahydroquinoline (23)

(21), 3,4-Diphenylisoquinoline (22) and

1.3.3.6 Benzopyrans

EM 800 (24, Fig 1.15), converted in vivo to its active metabolite EM 652, acolbifene, (25, 

Fig 1.15) is an orally active benzopyran derivative with SERM properties. It has shown 

good activity against breast cancer, in both prevention and treatment models in animals, 

and acts as a potent estrogen-antagonist on the uterus in the ovary-intact animal with no 

estrogenic-agonist activity. The orientation of the basic side chain in these compounds is 

similar to that of raloxifene (3), and is thought to account for the tissue selectivity profile of 

these compounds when compared to tamoxifen (2). Compound 25 is reported to exhibit a 

higher binding affinity than any known antiestrogen and possesses a 2.9 fold higher 

receptor affinity than estradiol. It also shows agonist effects on bone and lipids and thus 

appears to have an ‘ideal’ SERM profile. It is currently in clinical trials for the treatment of 

estrogen sensitive breast and endometrial cancers [17,40].
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Figure 1.15: ElVI 800 (24) and EM 652 (25)

25

1.3.3.7 Benzoxathiins

A novel ERa selective SERM containing the benzoxathiin structure that displays low 

nanomolar binding affinity and subnanomolar functional activity was identified. The 

compound (26, Fig 1.16) exhibited excellent in vivo efficacy for the suppression of 

estradiol - driven uterine proliferation with minimal uterotropic activity. The sulphur moiety 

appears to be crucial in maintaining subtype selectivity. It showed relative binding affinity 

of greater than 50 for ERa over ERp. Fig 1.16 shows 26 in the LBD of ERa and ERP 

where binding to residues is more efficient for ERa [56].

\

.OH

HO,

26
27

Figure 1.16: Structures of benzoxathiin (26) and benzoxepin (27), crystallographic (cyan) 

and molecular modelling (white) results for 26 in ERa (purple)and ERp (green) [56].
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1.3.3.8 Benzoxepin

A novel molecular scaffold for modulation of the ER, the conformationally restrained 

benzoxepin system is presented. The compounds prepared deviate from the traditional 

triphenylethylene structure of tamoxifen analogues through incorporation of an 

isomerically constraining heterocyclic ring system, and through variation in the nature of 

basic side-chain systems and the introduction of aromatic ring substituents. The 

unsubstituted benzoxepin-containing ER scaffold (27, Fig 1.16) demonstrate competitive 

ER binding and also exhibit similar, and better, antiproliferative potencies than tamoxifen 

with lower inherent cytotoxicity, indicating the potential for this novel scaffold class and 

their activated metabolites for identification of tissue and subtype selective estrogen 

receptor modulators [57].

1.3.3.9 Other SERMs

SERMs containing the indene structure (28 Fig 1.17) show weak ER binding affinity and 

weak antiproliferative results [58], Phenylspiroindenes (29, Fig 1.17) can bind efficiently 

to human ERs, the most active compound has a binding affinity slightly better than 

raloxifene (3) [59]. Pyrazolo[1,5-a]-pyrimidines (30, Fig 1.17) as a core scaffold have 

unique profiles when binding to ER. They have only modest binding affinities but typically 

show selectivity for ERp, however they act as passive antagonists on both ERa and ER(3 

[60]. Cyclic bisphenols (31, Fig 1.17) were also examined for SERMs/agonist properties; 

the cyclic linkage does not prevent olefin isomerization however in these symmetrical 

systems this isomerism is of no consequence. They show binding to the ERs with similar 

affinity to other acyclic and cyclic triarylethylene ligands [20]. Triazine (32, Fig 1.17) 

derived ER ligands shows modest ER(3 selectivity, the more potent and selective 

analogues in this series have binding affinities of 10-40 nM at ER(3 and selectivity over 

ERa of up to 30-fold. These compounds function as antagonists at ERP and weak partial 

agonists at ERa [61]. Other ring structures that have been examined as possible 

scaffolds for SERMs include pyranoazine, tricyclopropanes, imidizolines, piperazines, 

furans and pyroles [40].
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Figure 1.17: Selection of fixed ring SERMs

1.3.4 Pure antagonists - Faslodex

Faslodex (Fulvestrant 33, Fig 1.18) is a pure antiestrogen with a steroid backbone similar 

to that of estradiol. The ER binding affinity of Faslodex (33) is approximately 100 times 

greater than that of tamoxifen (2) and it has no agonist activity on estrogen target tissues 

such as the uterus. It is a potent inhibitor of estrogen-stimulated growth of MCF-7 cells 

including variants selected for tamoxifen resistance or tamoxifen -stimulate growth; its 

activity against tamoxifen resistant cancer suggests a novel mode of action. Due to its 

pure antiestrogen activity, it is devoid of endometrial stimulation and therefore the risk of 

endometrial cancer, similarly it does not posses the positive side effects on the skeletal 

and cardiovascular systems of SERMs. In April 2002, Faslodex was approved as a 

second line therapy for hormone receptor positive metastatic breast cancer. It is indicated 

for use in postmenopausal women whose disease has progressed after already receiving 

anti-estrogen therapy. The therapy is given as a once-a-month intramuscular injection, 

due to its poor oral bioavailability [17,49,62].

OH

'(CH2)9S0(CH2)3CF2CF3HO

33

Figure 1.18: Faslodex ICI-182,780 (33)
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1.3.5 Aromatase inhibitors

Although SERMs are the most commonly used drug for the treatment of ER positive 

breast cancer, the aromatase inhibitors (Als) are also established first-line drugs for the 

treatment of metastatic breast cancer in postmenopausal women, and are also gaining 

acceptance as adjuvant treatment. Aromatase, a cytochrome P450, is the enzyme that 

synthesizes estrogens by catalyzing three consecutive hydroxylation reactions converting 

C19 androgens to aromatic C18 estrogenic steroids (see Fig 1.19).

Figure 1.19: Aromatase converts androgens to estrogens

Although microsomal P450s represent the majority of P450s, only microbial P450s have 

been amenable to crystal structure solution. Several attempts have been made to obtain 

an approximate model of the active site through the use of various molecular modeling 

techniques but there are limitations in modeling membrane bound mammalian P450s 

based on the fully soluble microbial models. The first crystal structure of a membrane 

P450 was obtained for microsomal P450, 2C5, a progesterone hydroxylase from a rabbit 

in 2000 [63,64], Aromatase converts androstenedione and testosterone to estrone and 

estradiol, respectively. Als systematically inhibit the aromatase catalyzed conversion of 

androgens to estrogens and therefore exert antitumor activity by depleting circulating 

estrogen. They prevent estrogen biosynthesis rather than block ER activation by 

estrogen. Anti-estrogens act in the absence of estrogens and may be potentially more 

efficient than aromatase inhibitors which only will suppress the estrogen -  dependent 

tumour growth. Most estrogens after the menopause are biosynthesised arising from the 

action of aromatase so postmenopausal women may be offered aromatase inhibitors -  

instead of or following tamoxifen. Available Als are anastrozole (Arimidex 34, Fig 1.20), 

letrozole (Femara 35, Fig 1.20) and exemestane (Aromasin 36 Fig 1.20) [65-67],

Androstenedione 19-oi 19-al Estrone
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Figure 1.20: Anastrozole, letrazole, and exemestane

There have been many clinical trials comparing Als to SERMs. The Breast International 

Group (BIG) 1-98 study was a phase III clinical trial comparing letrozole with tamoxifen as 

adjuvant therapy for postmenopausal women with early-stage breast cancer. The BIG 

Group found a reduction in the incidence of relapse of 3.4 % at five years in the letrozole 

group, as compared with the tamoxifen group, after a median follow-up of 25.8 months. 

The incidence of both distant recurrence and contralateral breast cancers was also 

reduced. The Arimidex, tamoxifen, alone or in combination (ATAC) trial, with a median 

follow-up of 68 months, found that, as compared with tamoxifen, adjuvant treatment with 

anastrozole reduced the recurrence rate by 3.7 % in patients with hormone-receptor- 

positive tumors. The MA.17 trial, in which women first received tamoxifen for five years 

and then were randomly assigned to receive placebo or letrozole, found that letrozole 

improved disease-free survival by 4.6 %, after a median follow-up of 30 months. The 

Intergroup Exemestane Study (lES), with a median follow-up of 30.6 months, compared 2 

to 3 years of tamoxifen followed by 2 to 3 years of exemestane with 5 years of tamoxifen 

therapy and found that the former regimen increased disease-free survival by 4.7 %. It is 

clear, that these trials, with close to 30,000 participants, consistently demonstrate that 

treatment with an aromatase inhibitor alone or after tamoxifen treatment is beneficial. 

Adverse effects of Als may include bone loss, arthralgias/mylagis and hot flashes [68-72].

1.4 What is tubulin?

Microtubules are cytoskeletal structures that are formed by the self-assembly of a(3 tubulin 

heterodimers and involved in many cellular functions (Fig 1.21) [73]. They are cylindrical 

organelles of varying length, an overall diameter of 25nm, and a central hollow core of 

approximately 5 nm thick [74]. Each a and p monomer is formed by two interacting beta 

sheets surrounded by alpha helices. The monomer structure is very compact, but can be 

divided into three functional domains. The amino-terminal domain forms a Rossmann fold
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(five alpha helices and six parallel beta strands), at the base of which sits the nucleotide. 

The intermediate domain is formed by 3 sequential alpha helices followed by a mixed beta 

sheet and two more helices. The carboxy-terminal domain is all alpha helical and 

overlaps the two previous domains, making the ‘crest’ of the protofilament on the outside 

surface of the microtubule which microtubule-associated proteins and motor proteins bind 

[73].

a and p tubulin are proteins of approximately 450 amino acids each and are homologous, 

40-50 %. Each monomer binds a guanine nucleotide, which is non-exchangeable in a 

tubulin (the nucleotide binding site in a tubulin is known as the N-site) and freely 

exchangeable in the P tubulin (E-site). Removal of the tightly bound GTP (Guanosine 

triphosphate) results in denaturising of the heterodimer. It is widely thought that this 

exchangeable GTP molecule is intimately involved in the regulation of tubulin function. 

These heterodimers, in the presence of additional GTP and at 37°C, can combine in a 

head-to-tail arrangement to give a long protein fibre composed of alternating a and p 

tubulin, known as a protofilament. After an induction period, typically several minutes, the 

protofilaments, group together to form a C-shaped protein sheet, which then curls around 

to give a pipe-like structure known as a microtubule. Associated with these microtubules 

are microtubule organising centres (MTOCs). These MTOCs form a focus for microtubule 

growth, and all microtubules initially, begin to grow from one of these centres. In most 

cells, there is one major type of MTOC known as the cell centre, or centrozome, which 

contains two microtubular structures known as centrioles. The stability of the system is 

maintained by a cap of tubulin-GTP at the ends, and when this cap is lost the microtubule 

can come apart. This property is the basis for the dynamic instability of microtubules, a 

process in which the individual microtubule ends switch between phases of growth and 

shortening. [73,75,76], Dynamic instability is characterized by 4 main variables, the rate 

of microtubule growth, the rate of shortening, the frequency of transition from the grov\/th 

or paused state to shortening (catastrophe) and the frequency of transition from 

shortening to growth [77].
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Figure 1.21: Tubulin a and p [78], structure of microtubules [79]

Microtubules are crucial in the developm ent and m aintenance of cell shape, organelle  

distribution, the transport of vesicles, mitochondria and other com ponents throughout 

cells, in cell signalling, cell division and mitosis [73,77,79], The most important role is the 

formation of the mitotic spindle, which is intimately involved in cell division. A  cell must 

duplicate its internal components, including the whole of its DNA, to form two identical 

daughter cells. On completion of duplication the cell must order its D N A  into two identical 

sets of chrom osomes and separate them into two distinct parcels at opposite ends of the  

cell, to form the two nuclei in the daughter cells, mitosis then takes place. There  are five 

distinct phases in cell division. Fig 1.22. During prophase, D N A  is replicated in the 

nucleus and then the microtubules required for cell division begin to form and grow toward  

the newly formed chromosomes. T h e  mitotic spindle grows concurrently from 2 M TO C s  

which begin to separate and migrate toward opposite ends of the cell. In the 

prom etaphase, the nuclear envelope rapidly disintegrates and the microtubules attach 

them selves to the centre of the chrom osomes at a point known as the kinetochore. For 

the m etaphase, chrom osomes becom e arranged in the plane between 2 centozom es. In 

the anaphase, separation of daughter cells occurs as the microtubules decay and finally in 

telophase the chrom osomes reach opposite ends of the cell and new nuclear envelopes  

form around them  [75], The mitotic spindle, a large dynamic array of microtubules, 

functions to physically segregate the duplicated chrom osom es and to orient the plane of 

cleavage, disturbances of this organelle causes major structural changes within the cell 

[75,79]. Microtubules are formed during the G 2 and M phases of the cell cycle.

26



Nlicr o t ubules
Centro 160  rnes,

Chromosomes,
PrQPha»e Prpmemphaiag

Anaphase T g l o p h a s «

Figure 1.22: Stages of cell division [75]

It is widely accepted that the antimitotic effect of the tubulin-binding agents used as 

anticancer drugs is due to their effect on the mitotic spindle. During mitosis, the dynamic 

instability of microtubule polymerization and depolymerization are finely controlled and 

any variation in the rate of polymerization can profoundly effect cellular replication. These 

agents arrest cells in mitosis, eventually leading to cell death, by both apoptosis and 

necrosis [74,79], Cancer cells divide more frequently than normal cells and therefore 

frequently pass through a stage of vulnerability to mitotic poisons [77], Drugs which bind 

to tubulin can be subdivided into separate classes. The class into which a particular drug 

fits is dependent upon the effect that drug exerts on three well known binding sites and 

also some unidentified sites,

1.5 Different binding sites on tubulin

The three charcterised binding sites of tubulin are the taxane domain, the vinca domain 

and the colchicine domain. The different positions of these sites on microtubules are 

shown in Fig 1.23. These sites were named after the first compounds that were identified 

as binding to them, paclitaxel, the vinca alkoloids (vincristine and vinblastine) and 

colchicine.
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Figure 1.23: Antimitotic drugs bind to microtubules at diverse sites, a: vinca site, b: 

colchicine site, c: taxane site [77]

1.5.1 Taxane site
Figure 1.23c shows a microtubule, exposing the interior surface, paclitaxel binds along the 

interior surface of the microtubule, suppressing its dynamics [80]. Taxanes bind poorly to 

soluble tubulin itself but instead bind directly with high affinity to tubulin along the length of 

the microtubule. The binding pocket of paclitaxel residues in a deep hydrophobic cleft, 

near the luminal surface of p-tubulin, here it interacts with the protein by means of three 

potential hydrogen bonds and multiple hydrophobic contacts. The molecule is thought to 

diffuse through small openings in the microtubule or fluctuations of the microtubule lattice. 

Compounds that target the paclitaxel-binding site are known to act as microtubule 

stabilising agents. There is one paclitaxel binding site on every molecule of tubulin in a 

microtubule and a 1:1 stoiciometric binding of paclitaxel to tubulin is associated with the 

ability of paclitaxel to increase microtubule polymerization. However only a very small 

number of paclitaxel molecules bound to tubulin will powerfully stabilize the dynamics of 

the microtubules without increasing polymerization. Suppression of microtubule dynamics 

leads to mitotic block [77,79].

1.5.1.1 Compounds which bind at the taxane site

1.5.1.1.1 Paclitaxel

Paclitaxel (Taxol 37, Fig 1.24) was discovered in 1967 when Wall and Wani isolated the 

compound from the bark of the Pacific yew tree, Taxus brevifolia [81]. Paclitaxel was the 

first compound found to promote the assembly of tubulin heterodimers into microtubules 

and to stabilise them. Paclitaxel was initally approved by the FDA for treatment of ovarian
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cancer in 1993 and then for breast cancer in 1994. It is also used in the treatment of 

small-cell lung cancer and Kaposi’s sarcoma. The disadvantages of paclitaxel are its poor 

aqueous solubilty, its neurotoxicity and multi-drug resistance and its need to be produced 

through semi-synthesis [77,79].

1.5.1.1.2 Docetaxel (Taxotere)

Docetaxel (38, Fig 1.24) is a semi-synthetic derivative of paclitaxel. In May 2004, FDA 

approved the use of docetaxel injection in combination with prednisone (a steroid), for the 

treatment of patients with advanced metastatic prostate cancer. This is the first drug 

approved for hormone refractory prostate cancer that has shown a survival benefit [82],

1.5.1.1.3 Epothilones

The epothilones (epothilione B, 39, Fig 1.24) are a novel class of non-taxane microtubule- 

stabilizing agents obtained from the fermentation of the cellulose degrading myxobacteria, 

Sorangium cellulosum in 1993. Preclinical studies have shown that the epothilones are 

more potent than the taxanes and active in some taxane-resistant models. Similar to 

paclitaxel and other taxanes, the epothilones block cells in mitosis, resulting in cell death. 

The chief components of the fermentation process are epothilones A and B, with 

epothilones C and D found in smaller amounts. Pre-clinical studies have shown that 

epothilone B is the most active form, exhibiting significantly higher antitumor activity than 

paclitaxel or docetaxel. Several phase I and phase II clinical trials are ongoing with 

epothilone B and BMS 247550, an epothilone B analog. The epothilones appear to be 

well tolerated, with a side effect profile that is similar to that reported with the taxanes 

[79,83].

1.5.1.1.4 Discodermolide

This polyhydroxylated lactone was isolated from the marine sponge Discodermia dissoluta 

in 1990. Discodermolide (40, Fig 1.24) competes with paclitaxel for the same binding site 

but with higher affinity, is more potent in stabilising microtubules and retains its growth 

inhibitory properties against the MDR cell lines. Discodermolide has been reported as a 

synergistic drug in combination with paclitaxel. Although they both appear to have 

indistinguishable mechanisms of action this may not be true. The ability of three distinct 

classes of tubulin-stabilizing agents to substitute for taxol in sustaining the growth of 

A549-T12 cells was examined, the epothilones could substitute for taxol, discodermolide
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could not. It was observed that in A549-T12 cells, discodermolide was significantly more 

potent in the presence of taxol; whereas taxol did not affect the potency of the epothilones 

or the eleutherobins. This synergistic interaction between paclitaxel and discodermolide 

was shown unequivacolly in four different human carcinoma cell lines. Novartis currently 

have discodermolide in phase I clinical trials [79,84], and it is obtained by total synthesis 

[85]. Other compounds reported to bind at the taxane site include sarcodictyins (41, Fig 

1.24), eleutherobin (42, Fig 1.24) and laulimalide (43, Fig 1.24).

.0 OH p

Paclitaxel (37) Epothilones B (39)

COjI

Discodermolide (40) Eleutherobin (42)

Laulilamide (43)

Figure 1.24: Drugs which bind to the taxane site 

1.5.2 Vinca site

The vinca alkaloids were isolated more than 40 years ago from periwinkle leaves, 

Catharanthus roseus. They are widely used antineoplastic drugs and are cell specific 

agents blocking cells in mitosis. Upon binding to the vinca alkaloids, tubulin dimers are 

unable to aggregate to form microtubules. They depolymerise microtubules and destroy 

mitotic spindles at high concentrations. Fig 1.23a shows the vinca site with vinblastine 

bound to high-affinity sites at the microtubule plus end suffice to suppress microtubule 

dynamics [77].
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1.5.2.1 Compounds which bind at the vinca site

1.5.2.1.1 Vinblastine and vincristine

Catharanthus roseus contained 70 alkaloids, many of which are biologically active. In 

1958, Dr. Robert Laing Noble and Dr. Charles T. Beer discovered vinblastine and in July 

1963, Eli Lilly then gained FDA approval. Vinblastine (44, Fig 1.25) and vincristine (45, 

Fig 1.25) induce the destabilization of polymerized tubulin by binding to the (3-subunit of 

the tubulin dimers. The binding of vinblastine/vincristine is rapid and reversible and 

importantly induces a conformational change in tubulin. At low but clinically relevant 

concentrations they do not depoiymerise spindle microtubules, yet they powerfully block 

mitosis causing cells to die by apoptosis, this is due to suppression of microtubule 

dynamics rather than microtubule depolymerisation. Vinblastine is used in the treatment 

of breast cancer, testicular cancer and lymphomas and vincristine is used in the treatment 

of acute luekemia, Hodgkin’s disease and other lymphomas [75,77,79],

1.5.2.1.2 Vinorelbine

Vinorelbine (46, Fig 1.25) is a semi-symthetic vinca which has shown significant anti

tumour activity. Vinorelbine was approved by the Food and Drug Administration (FDA) in 

1994 under the trade name Navelbine. Navelbine is indicated as a single agent or in 

combination with cisplatin for the first-line treatment of ambulatory patients with 

unresectable, advanced nonsmall cell lung cancer (NSCLC) [86].

1.5.2.1.3 Vinflunine

Vinflunine (47, Fig 1.25) is a new semisynthetic bifluorinated derivative of vinorelbine and 

in preclinical studies was shown to be more effective in vivo than vinorelbine and 

vinblastine against murine tumors and human tumor xenografts [87]. Phase III clinical 

trials have just begun for its treatment of bladder cancer and bladder neoplasms [88],

1.5.2.1.4 Halichondrins

Halichondrins are a group of complex polyether macrolides isolated from the marine 

sponges Halichondria okadi, Axinerlla carteri, Phakellia carteri and Lissodendoryx n. sp. 1. 

Halichondrins are non-competitive inhibitors of the binding of the vincristine and 

vinblastine and are thought to bind in or beside the vinca domain, similarly they inhibit the 

polymerization of tubulin. Isohomohalichondrin B (48, Fig 1.25) has shown high
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antiproliferative activity in prostate cancer cell lines. E-7389 (49, Fig 1.25) a simpler 

halichondrin analogue, is a synthetic macrocyclic ketone and is currently in phase I and 

phase I! clinical trials. Its mechanism of action has not been fully elucidated but results 

indicate that E7389 acts by a novel mechanism that involves its ability to aggregate tubulin 

and selectively suppress microtubule growing events. The result is formation of abnormal 

mitotic spindles that cannot pass the metaphase/anaphase [79,89].

1.5.2.1.5 Pironetin

Pironetin (50, Fig 1.25) is a pyrone derivative isolated from Streptomyces sp. which acts 

as a plant growth regulator. Pironetin inhibits tubulin binding of radiolabeled vinblastine, 

and the affinity of pironetin to tubulin is stronger than that of vinblastine. From the 

analyses of structure-activity relationships, it was revealed that the a,3-unsaturated 

lactone is important for microtubule inhibition. Pironetin was found to bind at Lys352 of a- 

tubulin and this is the first compound shown to bind to a-tubulin directly. The binding site 

is located on the surface of a-tubulin facing the (3-tubulin of the next heterodimer, which 

corresponds to the vinblastine binding site. These features of pironetin, which are distinct 

from known tubulin binding agents, suggest that it is possible to create a new drug useful 

for cancer therapy from pironetin as a lead compound [79,90].

1.5.2.1.6 Spongistatin

Isolated from Spirastrella spinispirulifera, spongistatin are a group of complex macrocyclic 

lactones. They inhibit the binding of vinblastine to tubulin which suggests binding to the 

vinca site however recent studies have suggested that the spongistatins may have their 

own unique binding site close enough to the vinca site to disrupt the binding of vinblastine. 

Spongistatin 1 (51, Fig 1.25) has shown particularly potent activity against several solid 

tumour cell lines including melanoma, lung cancer and colon cancers [75,79].
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Figure 1.25: Drugs which bind to the vinca site

1.5.3 Colchicine site

Colchicine forms complexes with tubulin dimers and copolymerizes into the microtubule 

lattice, suppressing microtubule dynamics; binding takes place within the lattice structure 

[77], Many diverse molecular structures have been shown to bind at the colchicine site 

and offer useful therapeutic options as antimitotic agents.

1.5.3.1 Compounds which bind at the colchicine site

1.5.3.1.1 Colchicine

Colchicine (52, Fig 1.27) is a highly soluble alkaloid which was isolated from the meadow 

saffron Cachicium autumnale in 1820 by the two French chemists P.S. Pelletier and J. 

Caventon. It was later identified as a tricyclic alkaloid and its pain relieving and anti

inflammatory effects for gout were linked to it binding with tubulin. Colchicine
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depolymerises microtubules at high concentrations and stabilizes microtubules dynamics 

at low concentrations. Stabilization of microtubule dynamics correlates with blocking of 

the cell cycle in mitosis, ultimately resulting in cell death by apoptosis [77], Colchicine 

binds to P-tubulin (Fig. 1.26), has antimitotic properties but it is too toxic to be of value as 

an antitumor drug, however it is still used in the treatment of gout [91],

Figure 1.26: The complex includes two tubulin ap heterodimers, with colchicine (pink) 

bound to p subunits at the interface with a (35 A resolution) [92]

1.5.3.1.2 I I 38067

T138067 (53, Fig 1.27), a synthetic sulphonamide (2-fluoro-1-methoxy-4-

pentafluorophenylsulfonamidobenzene), is an antimitotic compound which binds 

covalently and selectively to a subset of the (3-tubulin isotypes, thereby disrupting 

microtubule polymerization. The binding for T138067 is either in close vicinity or may 

even overlap with the colchicine binding site. T138067 is cytotoxic against tumour cell 

lines that show resistance to vinblastine, paclitaxel, doxorubicin and actinomycin D. It is 

currently in phase I and phase II trials for advanced refractory cancer and locally 

advanced or metastaic non-small cell lung cancer [79,93,94].

1.5.3.1.3 E7010

E7010 (54, Fig 1.27) is a synthetic diaryl 2,3-diaminopyridine showing broad spectrum 

activity against various murine and human tumour cell lines and against human 

xenografts. It is an antimitotic agent which inhibits microtubule assembly and inhibits the 

binding of colchicines to tubulin. It is administered orally and preliminary data from phase 

I clinical trials shows promising efficacy and tolerability [79].

colchicine (52)
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1.5.3.1.4 Related tubulin binding compounds

Indanocine (55, Fig 1,27) is potently cytotoxic in several tumour cell lines but unlike other 

antimitotic agents, induces apoptotic cell death in stationary-phase multidrug-resistant 

cancer cells at concentrations that do not impair the viability of normal non-proliferating 

cells. Indolyloxazolines (56, Fig 1.27) are stable and orally active anti-mitotic agents 

which bind to the colchicine site. Oncocidin (57, Fig 1.27) is a simple diaryl ether 

developed as a thyroxin analogue, it is thought to bind to the colchicine site on tubulin and 

can adopt a 3D structure similar to combretastatin A-4 (60) [79].
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Figure 1.27: Drugs which bind to the colchicine site

1.6 Combretastatin A-4

The combretastatins were obtained from the African willow tree Combretum caffrum. Pettit 

et al [95] showed that combretastatin A-4 (58, Fig 1.27) (CA-4) potently inhibited 

microtubule activity by binding to tubulin, thereby interfering with cell growth and 

proliferation. In contrast to colchicine the anti-vascular effects of CA-4 in vivo are 

apparent well below the maximum tolerated dose, offering a wide therapeutic window. 

CA-4 as well as being a potent inhibitor of colchicine binding is also shown to inhibit the
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growth and development of blood vessels, angiogenesis. Differences in architecture, 

cellular and biochemical composition between normal and tumour blood vessels provide 

the foundations for specific vascular targeting of tumours. Tumour vasculature endothelial 

cells, in contrast to normal endothelial cells, are highly proliferative. In addition, tumour 

vessels are usually thin-walled capillaries or sinusoids with little more than an endothelial 

lining backed by a basement membrane, and are prone to spontaneous haemorrhage and 

thrombosis. The tumour vasculature also contains vessels that are leaky to 

macromolecules which combined with poor lymphatic drainage, can lead to increased 

interstitial pressure, further impairing tumour perfusion [79]. The low solubility and high 

lipophilicity of CA-4 has resulted in progress being hindered, the preparation of the 

disodium phosphate salt has much improved solubility and is currently in phase II clinical 

trials for the treatment of thyroid cancer. It is in itself inactive but there is rapid phosphate 

hydrolysis in vivo to produce CA-4 [96,97]. The second problem with CA-4 is that only the 

cis configuration is biologically activity, with the trans form showing little or no activity.

1.6.1 Analogues of CA-4

1.6.1.2 Chalcones
The chalcones (59, Fig 1.27), analogues of Combretastatin A-4 are a series of biaryl 

enones which show potent toxicity to several cancer cell lines and interact with tubulin at 

its colchicines binding site. A methyl group a to the carbonyl increases the cytotoxicity 

several fold. This is due to the fact that a-methyl chalcone can adopt an s-trans 

conformation similar to CA-4 otherwise the less active cis conformation is taken [79],

1.6.1.3 Phenstatin

Initially phenstatin silyl ether was unexpectedly obtained by Jacobsen oxidation of 

combretastatin A-4 silyl ether, and the parent phenstatin was later synthesized in quantity. 

This simple benzophenone shows potent bioactivities. Phenstatin (60, Fig 1.27) inhibited 

growth of the pathogenic bacterium Neisseria gonorrhoeae and was a potent inhibitor of 

tubulin polymerization and the binding of colchicine to tubulin comparable to 

combretastatin A-4. The potency of water-soluble phenstatin phosphate prodrug was 

essentially indistinguishable from the potency of the parent phenstatin. However the 

phenstatin prodrug had weak activity in inhibiting assembly and moderate activity as an 

inhibitor of colchicine binding. In the latter assay the prodrug was about 40 % as active as 

phenstatin [74,98].
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1.6.1.4 Modifications to the CA-4 ring

H 3CO

H 3CO

O H  ^ 3C 0

O CH3

H 3CO

H 3CO H3CO

O C H 3 O C H 3

CA-4 (58) c/s CA-4 (58) trans

Figure 1.28: Modifications to combretastatin A4

(61)

Many structural modifications to CA-4 have been reported. These include variation of the 

A and B-rings and the ethylene bridge (Fig 1.28). Firstly modification of the B ring 

involved using a variety of different substitutents including 4 '-OCH3 , S’-OCHs, 2 ’-OCH3 , H, 

4’-0H and many others. The compounds were evaluated for cytotoxicity, tubulin 

polymerization and colchicine binding. Results showed that most modifications result in 

decreased bioactivity; the exception is the removal of the 3’ hydroxy group, which results 

in a compound with almost the same potency as CA-4 in both tubulin polymerisation and 

colchicine binding assays. The cytotoxic data presented for this compound in two 

different studies is conflicting with one showing it to be more potent and one less potent, 

however generally results show 3'-0H on the B ring is not essential for bioactivity 

[99,100]. Substitution of 3’-OH with an amino group results in a compound with 

equipotent bioactivity as CA-4 and good water solubility [101]. The methoxy group at the 

4’ postion is important as a significant decrease in inhibition of tubulin polymerization was 

noted where the 4' methoxy substitution was removed or replaced with other groups [100]. 

For modification to the A-ring, a B-ring with 4’-methoxy substitution was used (61 , Fig 

1.28). No modification in ring A results in greater bioactivity compared to 58 or 61 . 

Removal of the 4- or 5-methoxy group reduces the antitubulin activity by nearly 2-9 fold 

while cytotoxicity is decreased by 69 fold. Replacement of the CH3 at C-4 by a bulkier 

benzyl group abolishes the antipolymerization activity completely. The consensus is that 

the 3,4,5-trim ethoxy substituted pattern in ring A is optimal for bioactivity of CA-4 as it 

coincides with the trimethoxyaryl ring of colchicine.

A large number of analogues with a modified bridge have also been reported. These 

include saturation of the olefinic bridge, and replacement with -NHCH 2-, -CH2 NH-, - 

CONH-, -OCH2-, -CH2O-, -O- and many others. To date no compound with a modified
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bridge shows more potent bioactivity than CA-4, although many still retained antitubulin 

activity [74],

1.6.1.5 Fixed ring analogues o f CA-4

Because isomerisation of the c/s-double bond in CA-4 poses a problem, several 

analogues have been prepared using various rigid ring structures to replace the double 

bond. Imidazole (62, Fig 1.29) has been used as a replacement for the cis double bond 

and has shown improved pharmacokinetic profiles and potent oral antitumor activity in 

vivo [102]. The replacement of the double bond with tetrazole (63, Fig 1.29) and thiazole 

(64, Fig 1.29) rings has maintained potent cytotoxicity and antitumour activity against the 

colon 26 murine tumour when administered intravenously [97]. The 1,3-dioxolane group 

(65, Fig 1.29) has been used as a replacement for the olefin bridge in CA-4, however only 

the (S,S) conformation is favourable for tubulin binding. These compounds show potent 

inhibition of several human tumour cell lines and also inhibit tubulin assembly. The (S,S) 

isomer also inhibits the binding of colchicine to tubulin. Indole (66, Fig 1.29) substituted 

combretastatins have shown moderate cytotoxicity especially in leukemic, non-small cell 

lung, colon and CNS tumour cells [74]. 1-Aroyl-5-methoxyindoles (67, Fig 1.29) and 3- 

aroyl-6-methoxyindoles (68, 1.29) have also been reported as novel non-isomerisable CA- 

4 analogues. They are highly potent antitubulin agents, some showing 5-10 fold increase 

in cytotoxicity as compared to CA-4 against several human cancer cell lines [103]. In 

2004, Sun et a! [104] reported using the (3-lactam ring (69, Fig 1.29) as a scaffold for the 

combretastatins. The compounds were tested on different cancer cells including the 

MCF-7 cell line and showed high potency while also shown to be tubulin inhibitors. The 

diverse bioactivity of |3-lactam containing compounds is now reviewed.
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Figure 1.29: Fixed ring analogues of CA-4

1.7 Bioactive P-lactams

Alexander Fleming first discovered penicillin in 1928 and since then the P-lactam 

antibiotics have been the subject of much discussion and investigation; subsequently 

other families of (3-lactam antibiotics (eg. Cephalosporins and monobactams) have been 

discovered. These antibiotics all share a three carbon, one nitrogen strained ring 

structure which is the nucleus of all p-lactam antibiotics. Natural and synthetic 

azetidinone derivatives occupy a central place among medicinally important compounds 

due to their diverse and interesting antibiotics activities. Their importance is no longer 

exclusively due to the extensive clinical use of the P-lactam antibiotics but also because of 

their potential as intermediates in the synthesis of other types of compounds of biologicial 

interest. An overview of these biologically important (3-lactams is now presented [105].

1.71 Cholesterol absorption inhibitors

Atherosclerotic coronary artery disease (CAD) is a major cause of death and 

cardiovascular morbidity in the western world. There is now a clear link between
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reduction in serum lipids and decreased incidence of CAD. This can be accomplished by 

inhibiting cholesterol biosynthesis, by increasing the rate of cholesterol clearance, or by 

blocking the absorption of dietary cholesterol. Several agents are available which inhibit 

biosynthesis and/or promote clearance; however there are few agents which inhibit 

cholesterol absorption with sufficient safety and efficiency for clinical use. Research has 

been carried out by Schering-Plough Research Institute into the use of the (3-lactam ring 

as a scaffold for cholesterol absorption inhibitors [106-109].

Acyl-CoA:cholesterol acyltransferase (ACAT) catalyzes the formation of cholesteryl esters 

from cholesterol and long-chain fatty-acyl-coenzyme A. Inhibition of this enzyme blocks 

absorption of intestinal cholesterol and may also inhibit cholesteryl ester deposition in the 

vascular wall in the form of fatty sheets associated with atherosclerotic plaque [107], SCH 

48461 (70, Fig 1.30), is a frans-azetidinone that was identified as a potent cholesterol 

absorption inhibitor in the cholesterol fed hamster and monkey models [108] and has been 

shown to reduce serum cholesterol in human clinical trials. It was originally designed as 

an ACAT inhibitor however comparison of in vivo potency with in vitro activity in a 

microsomal ACAT assay indicates no correlation between activities in these two models. 

These azetidinone compounds show a substantial reduction in serum cholesterol which is 

not seen by most ACAT inhibitors. Detailed examination of the hypocholesterolemic 

activity indicates that it acts at the intestinal wall to inhibit cholesterol absorption. The 

molecular mechanism by which these compounds inhibit cholesterol absorption is 

unknown.

Figure 1.30: Examples of cholesterol inhibitors

Structure-Activity Relationship studies (SAR) revealed p-methoxy at the C-4 position was 

critical for in vivo activity however bile analysis later showed that demethylation of this 

methoxy group produced a more potent metabolite. The methoxy group at C-4’ was not

FSCH 48461 (70) Ezetimibe (71)
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important for activity and various substituents could be placed at this position with little or 

no affect on activity. The presence of a fluorine atom blocked metabolism and prolonged 

the half-life. Similarly, addition of p-fluorine effectively blocked unwanted metabolism on 

the pendant phenyl ring. The P-lactam hng was also considered a critical element for in 

vivo activity, as neither the thioazetidinone nor the amino acid derived from (70), possess 

any significant activity in the hamster. A later report has indicated however, that the 

reduction of the p-lactam to the corresponding azetidine showed little reduction in activity. 

These SAR changes are indicated in the structures in Fig 1.31. All these features 

combined to produce Ezetimibe (71, Fig 1.30), which displayed impressive cholesterol 

absorption inhibition properties. This is the only example to date of a drug approved for 

the inhibition of cholesterol absorption in the small intestine. [106,110-112].

-OH metabolites
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phenol metabolites 
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,OH
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F
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non-essential group 

SCH 48461 (70) Ezetimibe (71)

Figure 1.31: Development of ezetimibe (71) from SCH 48461 (70)

1.7.2 Inhibitors of serine proteases

Serine proteases (endopeptidases) are a class of peptidases which are characterised by 

the presence of a serine residue in the active centre of the enzyme. Serine proteases 

participate in a wide range of functions in the body including coagulation, inflammation as 

well as digestive enzymes in both prokaryotes and eukaryotes. There are many different 

serine proteases and they all target different regions of the polypeptide chain. Serine 

proteases include elastases, human tryptase, matrix metalloproteinases, prostate specific 

antigen and thrombin. The development of protease inhibitors is based on the catalytic 

mechanisms and structures of the active sites of the proteases [113],
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The active site of serine proteases contains three critical amino acids: serine, histidine 

and aspartate. These residues are often referred to as the “catalytic triad”. W hen the 

linear sequence of amino acids folds into its tertiary structure, these three residues are 

arranged in such a fashion that enables the side chain of the serine residue to become 

negatively charged through the loss of the hydrogen from the hydroxyl R group. The 

mechanism of action (Scheme 1.1) believed to be similar for all members of this family, 

involves this nucleophile attacking the carbonyl group of the peptide bond that is to be 

cleaved. The imidazole ring in histidine functions as the base and the aspartic acid 

residue, although not directly involved in the active site, stabilizes the positive charge on 

the histidine by hydrogen bonding. In addition to the identification of the catalytic triad, the 

early X-ray structures also indicated that the peptide amides of the active site serine and a 

neighbouring glycine could act as H-bond donors, which create an "oxy-anion" hole 

serving to stabilize the two tetrahedral intermediates formed during catalysis [114].

I
His

Scheme 1.1: Expected mechanism of suicide inhibition of serine proteases

Because their role is to degrade other proteins, this family of enzymes has rather broad 

substrate specificity. They accomplish this broad specificity by being able to 

accommodate a variety of different amino acid sequences as a substrate in their binding 

site. They all contain the catalytic triad within their active sites, but differ with respect to 

their target cleavage sites. Chymotrypsin cleaves peptide bonds that are next to aromatic 

residues (phenylalanine, tyrosine or tryptophan). Trypsin cleaves next to basic residues 

(lysine or arginine). The structure of the active site allows for these specific cleavage sites 

to be positioned near the catalytic triad.

1.7.2.1 Inhibitors of elastase

Elastases are important target-enzymes for anti-inflammatory drugs [115]. Human 

leukocyte elastase (HLE) is a member of the chymotrypsin superfamily of serine
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proteases. The imbalance between HLE and its endogenous inhibitors leads to excessive 

elastin proteolysis and destruction of connective tissues. This results in HLE playing a 

key role in the pathogenesis of lung diseases such as chronic obstructive pulmonary 

disease (COPD) - including emphysema and chronic obstructive bronchitis, acute 

respiratory distress syndrome (ARDS), cystic fibrosis and also in arthritis and 

arteriosclerosis [116-119]. Selective inhibitors of HLE are important candidates for the 

treatment of these diseases. (72, Fig 1.33) is the first orally active HLE inhibitor. 

Elastases in cystic fibrosis (CF) pulmonary fluids damage lung tissue and perpetuate 

cycles of infection, inflammation and injury. Elastases from three different sources may be 

present in CF airways: neutrophils (NE), macrophages and Pseudomonas. Studies have 

demonstrated that the cephalosporin-based 72 is an inhibitor of NE and effectively blocks 

the elastinolytic activity of CF airway secretions in vitro. This raises the possibility that 

such inhibitors might be useful in controlling excessive NE activity in the lungs of CF 

patients [120,121],

Elastase like all other serine proteases contains the catalytic triad in its active site. With 

regard to its cleavage site, it is less discriminating then other serine proteases, but prefers 

to cleave bonds near small hydrophobic residues, (alanine). Fig 1.32 shows a schematic 

view of the active site region of HLE incorporating compound (73, Fig 1.33). The 7-a 

methoxy group extends into the S I specificity pocket, the S5 a-sulfone oxygen is located 

within hydrogen-bonding distance of the backbone amide NH of Val216. The C-8 (3- 

lactam carbonyl is situated in the oxyanion pocket formed by the backbone amide NH of 

S eri 95 and Gly193 and is in position for attack by the hydroxy of Ser195. The C-2 

position is proximate to the active site catalytic triad formed by S eri 95, His57 and 

Asp102, the C-2 substituents extend into the prime sites of the enzyme [121]. This 

indicates the affinity that P-lactam type compounds have for the HLE active site with some 

such (3-lactam containing compounds (72,73 & 74) shown in Fig 1.33.
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Figure 1.33: Examples of elastase inhibitors containing the |B-lactam ring

1.7.2.2 Inhibitors of human tryptase

Tryptases are structurally novel heparin stabilized homotetrameric trypsin-like serine 

proteases. They are produced almost exclusively by mast cells [122]. Mast cells are 

resident cells of connective tissue that contain many granules rich in histamine and 

heparin and are intimately involved in wound healing and defence against pathogens 

[123], Upon stimulation of mast cells, tryptase is released along with histamine into the 

extracellular environment. Once released, tryptase modulates inflammatory processes 

through numerous pathways, it has been implicated in inflammatory and allergic diseases 

and is believed to play a significant role in asthma [124]. A role for tryptase in the 

pathogenesis of multiple sclerosis (MS) and experimental autoimmune encephalomyelitis 

(EAE) has also been suggested.

The a and p forms of tryptase show differential substrate recognition while sharing 

moderately high homology (91 %). p-tryptase comprise the major protein component of 

mast cells. Tryptase is unusual for two reasons: the enzyme is a tetramer composed of
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four active subunits, and there are no known potent endogenous inhibitors of tryptase 

enzyme activity. The 3-D crystal structure of human (3-tryptase is in a complex with 4- 

amidinophenyl pyruvic acid in Fig 1.34a. It shows four quasi-equivalent monomers 

arranged in a square flat ring of pseudo 222 symmetry. Each edge of the tetramer is in 

close contact with symmetry-related neighbours, forming infinitely extended sheets in the 

crystal. The four active centres of the tetramer are directed towards an oval central pore, 

restricting access for macromolecular substrates and enzyme inhibitors. Heparin chains 

might stabilize the complex by binding to an elongated patch of positively charged 

residues spanning two adjacent monomers. Dissociation of the tetramer abolishes 

enzyme activity irreversibly, suggesting that bound heparin stabilizes the catalytically 

active quaternary structure. A ribbon representation of monomer A of Fig 1.34a is shown 

in Fig 1.34b. Tryptase preferentially cleaves peptide substrates carboxy-terminal to 

arginine and lysine residues. As in other (chymo)trypsin-like serine proteinases, the core 

of each tryptase monomer consists of two six-stranded ^-barrels, which are attached by 

three trans-domam segments and have two helices and a number of polypeptide loops on 

their surfaces. The catalytic residues S e ri95, His57 and Asp102 are found at the junction 

between the two barrels, whereas the active-site cleft runs perpendicular to this junction. 

The specificity pocket, which opens to the left of the reactive Ser 195 residue is well suited 

to accommodating P1 lysine and arginine side chains [125,126].

Figure 1.34 (a): Solid-surface representation of the tryptase tetramer. The colours indicate 

positive (blue) and negative (red) electrostatic potential at the molecular surface.

Figure 1.34 (b); Ribbon representation of one tryptase monomer in the standard orientation 

[126],
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Several tryptase active compounds, described as azetidinone based tryptase inhibitors 

from Bristol-Myers Squibb including B M S -262084  (75), B M S -363131 (76) and B M S- 

354326  (77), Fig 1.35, are in preclinical stage of developm ent for allergic and 

inflammatory conditions. The early lead compound B M S 262084  (75) inhibited tryptase P 

with an IC 50  of 4 nM but showed no selectivity against trypsin. Modification of the 

piperidine side chain led to the identification of B M S -363131 (76), IC50 of less than 1.7 nM  

and selective for tryptase (>3000-fo ld  versus trypsin). Studies investigating replacem ent 

of the guanidine P I binding group of 76 led to the preparation of 77, the first potent 

nonguanidine tryptase inhibitor in the azetidinone series, potent inhibitor of tryptase IC50  

=1 .8  nM and greater selectivity than 5 over trypsin. Because a significant portion of an 

inhaled drug is swallowed, and considering the potential for preclinical toxicity associated  

with trypsin inhibition, selectivity against the digestive protease trypsin w as considered an 

essential requirement for an inhaled drug candidate. SA R  was carried out on a these  

compounds in an effort to investigate selectivity. There are differences between tryptase 

and trypsin in the binding region, with tryptase having a much more open and highly 

lipophilic binding groove above the disulfide bridge. The lipophilic tail of 76 and 77 

appears to fit nicely into this pocket, assuming a similar orientation of binding. This may 

account for the improved selectivity of 76 and 77 against trypsin com pared to compound  

75 [122,124,127 ,128].
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Figure 1.35: Selection of tryptase inhibitors
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1.7.2.3 Inhibitors of prostate specific antigen

Prostate specific antigen (PSA) is a neutral serine protease whose function is to lyse 

seminal proteins and is produced in the epithelial cells of the prostate gland. PSA has 

been shown to be responsible for the degradation of insulin-like growth binding protein-3 

(IGFBP-3). This stimulates mitogenesis by insulin-like growth factors I and I! in prostate 

epithelial cells which are normally blocked by IGFBP-3. This action may be responsible 

for enhanced growth of prostate cancer cell-line DU-145. PSA is used as the clinical 

marker for prostate cancer and also has implications in female breast tumours and bone 

metastasis. Inspection of PSA model (Fig 1.36a and 1.36b) revealed that the active site 

comprising the catalytic residues His41, Asp96, and S e ri89 is contained within a crevice 

along the enzyme surface. On each side of this crevice is a domain of six-stranded 

antiparallel p-barrels as typical of serine proteases. The main binding subsite, the SI 

specificity pocket, is clearly identified proximal to the active site with Seri 83 located at the 

very base of this pocket, thus explaining the restricted chromotrypsin-like activity of PSA. 

No X-ray crystallographic data has been reported for PSA but a high degree of homology 

with the kallikrein family of enzymes allows construction of a homology derived model 

[129-132].

Figure 1.36a: Simplified topology of the active site of PSA. Figure 1.36b: p-lactam 

compounds in the PSA model [129].

The monocyclic p-lactam ring has been used as a scaffold in the design of novel PSA 

inhibitors. 78, Fig 1.37 has been used as a lead structure with an inhibition of 8.9 pM. It 

was shown by electron spray ionization mass spectrometry and peptide mapping to form a

Upper
Groove

Specificity
Pocket Speiificil) P(H.'kctLower

Groove

I  pper (Jroove
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stable 1:1 acyl enzyme complex at the active site with S eri 89. Fig 1.36b shows strong 

interaction of the 2-azetidinone carbonyl in the oxyanion hole and the C-3 benzyl side 

chain in the S I specificity pocket, the extended N-1 side chain proved a snug fit in the 

valley region. Further structural modification could yield other potent PSA inhibitors [129]

CO2H

78

Figure 1.37: PSA inhibitor

1.7.2.4 Inhibitors of thrombin

The blood coagulation enzyme thrombin plays a central role in hemostasis and 

thrombosis. Thrombin is a member of the trypsin family of serine proteases and exhibits 

primarily a trypsin-like specificity in that substrates with Lys or preferably Arg in the S I site 

are cleaved. In addition, thrombin has an Asp residue in the primary substrate binding 

site that plays a central role in recognition and binding of substrates and inhibitors. 

Inhibitors of thrombin are of potential clinical value for the prevention and treatment of 

both venous and arterial thrombotic episodes [133,134].

H,N N
H,N N

I II NH.HCI u
NH.HCI O O

3

O  81 y C H 3

o
Figure 1.38: Thrombin inhibitors

Han et al [134] have reported azetidin-2-one compounds which are highly potent and time 

dependent inhibitors of thrombin. The target compounds were evaluated as inhibitors of 

thrombin cleavage of the synthetic substrate s-2238 (D-Phe-Pip-Arg-p-nitroanilide). The 

SAR focused primarily on the effect of variation of the azetidin-2-one nitrogen activating 

group and modification of the 4-substituent of the (3-lactam ring. The activation of the 

azetidin-2-one ring may be necessary in order to increase its reactivity towards the serine 

hydroxy of the catalytic triad and enhance enzymatic inactivation. 79, Fig 1.38 was the
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initial lead structure identified; acetylation of the P-lactam N atom not only markedly 

increased potency but also provided a compound (80, Fig 1.38) that more selectively 

inhibited thrombin. Although 80 inhibits trypsin at similar concentrations it is 

approximately 1500-fold selective for thrombin over plasmin. In human plasma, all the 

compounds inhibited thrombin-induced clot formation but only at concentrations 

considerably higher than those required to inhibit thrombin in the isolated enzyme assay. 

These observation are presumable reflective of the inherently high chemical reactivity of 

the activated P-lactam ring essential for expression of potent and effective enzyme 

inhibitory activity but also a possible source of instability in plasma. Nevertheless, 

intraperitoneal administration of 81 (Fig 1.38) to rats resulted in a significant increase in 

clotting times [134].

1.7.2.5 Antibacterial inhibitors of DD-peptidases

Bicyclic p-lactams derived from penam (82), penem (83) and cephem (84) core bicyclic 

structures (Fig 1.39) and several related [3-lactam derivatives have been shown to 

efficiently inhibit the DD-peptidases involved in the cross-linking of the bacterial walls. 

The DD-peptidases, transpeptidases or penicillin-binding proteins (PBP’s) play an 

essential role in peptidogylcan biosynthesis in bacteria. All bacteria possess at least one 

monofunctional serine DD-peptidases and these enzymes catalyze the terminal stage of 

the biosynthetic pathway, comprising the final deposition of the oligo-peptide moiety of 

peptidoglycan monomer units. The p-lactam antibacterials act by blocking this final step. 

The end result is that there is a deficiency in the number of cross-linked residues within 

the cell wall, producing structurally deformed bacterium which are prone to rupture [135- 

138].

The antimicrobial effects of the p-lactams are related to the location of the lactam 

nitrogen, which for bicyclic or multicyclic systems is in all cases at the site of ring fusion. 

This feature ensures that the nitrogen centre is sufficiently pyramidalized to perturb the 

planarity and resonance stabilization of the lactam functionality. Consequently, the p- 

lactam ring is more reactive and likely to result in nucleophilic ring opening. Studies with 

monocyclic p-lactams have shown that p-lactams do not always require a 

conformationally constrained bicyclic structure to have antibacterial properties [137]. 

Nocardicins (85, Fig 1.39) and monobactams (86, Fig 1.39) have been shown to have 

significant anti-bacterial activity. Trinems (87, Fig 1.39) -  (tricyclic p-lactam antibiotics)
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are a new class of synthetic antibacterial agents featuring good resistance to p- 

lactamases and dehydropeptidases [139].

Figure 1.39: Selection of p-lactam compounds with anti-bacterial activity.

1.7.2.5.1 Inhibitors of PBP 2a

The extensive use of p-lactam antibiotics in medicine has resulted in an increasing 

number of resistant strains of bacteria. Methicillin resistant staphylococcus aureus 

(MRSA) is resistant to (3-lactam antibiotics due to the presence of an additional penicillin 

binding protein (PBP 2a) for which |3-lactams have poor affinity. MRSA is usually treated 

using vancomycin however recently vancomycin resistant strains of MRSA have been 

detected in hospitals in Japan and the USA. This has resulted in Bristol-Myers Squibb 

developing new cephalosporins with anti MRSA activity (88, Fig 1.40), with potent anti- 

MRSA activity and promising physical characteristics being identified; further optimization 

work is currently being carried out [140,141],

OH i- i

RH

CO2H CO2H 8482 83

RCOHN,

RCOHN,

HO

Cl
H

Cl

CO2H
88

Figure 1.40: P-lactam with anti-IVIRSA activity
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1.7.2.6 Inhibitors of p-lactamase

There are four principal classes of p-lactamase enzymes which have been identified in 

clinically relevant bacteria. Classes A, C, and D comprise the serine P-lactamases that 

rely on a catalytic serine residue for activity. The structure of several class A serine P- 

lactamases has been solved; the crystal structure of TEM-1 with inhibitor imipenem (91, 

Fig 1.42) is shown in Fig 1.41a. The details of the catalytic mechanism of class A 

enzymes are still uncertain but it appears that Lys234, Seri 30, Lys73 form a unit that will 

activate Ser70 for attack on the P-lactam ring to form an acyl-enzyme intermediate, and 

that Asp170 and especially Glu166, activate a water molecule for attack on the acyl- 

intermediate to effect hydrolysis. The mechanism of class C enzymes is similar to that of 

class A except that attack on the ester bond occurs from the opposite direction. Limited 

information is known about the mechanism of class D enzymes, but they are also serine 

hydrolases. Clavulanic acid (89, Fig 1.42) is a clinical inhibitor, available for class A p- 

lactamases. Class B is comprised of the metallo-p-lactamases that depend on Zn^* ions 

for activity. The zinc-dependent metallo-P-lactamases are a group of bacterial enzymes 

that pose a threat to the future efficacy of present-day antibiotics as their mechanism is 

poorly understood, and there are currently no clinically useful inhibitors. The crystal 

structure however has been determined and is shown in Fig 1.41 b [142-144],

Figure 1.41a: Crystal Structure of the Imipenem Inhibited TEM-1 P-Lactamase [145]

Figure 1.41b: Crystal structure of the zinc-dependent beta-lactamase from Bacillus cereus 

[146]

The reaction mechanism of inhibition by clavulanic acid (89) of p-lactamase is quite 

complicated and although the key intermediates are the same, the reaction probably 

follows a slightly different course in the various types of class A enzyme. Acylation of the 

enzyme is accompanied by opening of the oxazole ring transiently forming an imine.
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which rearranges to the enamine. The inhibition of the enzyme is slowly reversible and 

appears to be only due to the inert nature of the ester formed in the active site. Sulbactam 

(90, Fig 1.42), the first of the sulfones to be synthesized, like clavulanic acid is essentially 

a class A p-lactamase inhibitor and has a similar mechanism of action. Imipenem (91, Fig 

1.42) is another inhibitor of (3-lactamase and is also a very potent agent against 

transpeptidase. Imipenem (91) inhibits class C enzymes and is used clinically as a P- 

lactamase stable broad spectrum antibiotic. The naturally occurring monobactams are 

rather susceptible to (3-lactamases but introduction of a methyl group trans across the C 3 -  

C4 bond makes aztreonam (92, Fig 1.42), also a broad spectrum antibiotic which is a 

potent inhibitor of class C P-lactamases: the cis isomer is a slow substrate for the enzyme 

[142,147].

CO2H

c la v u la n ic  acid  
(8 9 )

HO,

O H

CO2H
Sulbactam  (90) Im ipenem  (91)

NH

NH

H ,N

OH

aztreonam  (92) '"SO3H

Figure 1.42: Inhibitors of serine P-lactamases

1.7.3 Inhibitors of matrix metalloproteinases

Matrix metalloproteinases (M M P’s) are proteolytic enzymes; the human MMP family is 

now known to contain 24 members they are divided into collagenases, gelatinases, 

stromelysins and matrilysins, shown in Fig 1.43. The MMPs are a family of zinc- and 

calcium-dependent endopeptidases, characterised by a conserved motif of three histidine 

residues binding a ion at the catalytic site followed by a methionine that introduces a 

turn into the molecule. The MMPs are the primary matrix degrading proteases, 

collectively able to degrade all protein components of the extracellular matrix (ECM). 

Clinical trials with MMP inhibitors have yielded disappointing results, highlighting the need 

for better insight into the mechanisms by which this growing family of multifunctional 

enzymes contributes to tumour growth.

MMP-2 and MMP-9 are members of the gelatine-binding structural class. The X-ray 

structure of MMP-2 is shown in Fig 1.43b. M M P’s can regulate the tumour

microenvironment; their expression and activation is increased in almost all human
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cancers compared with normal tissue. The activities of mammalian gelatinases have 

proven to be instrumental in a number of severe, acute and chronic pathologies, including 

inflammation and cancer invasion. The inhibition of these enzymes is very important, 

given their instrumental role in cancer invasion and angiogenesis. Cainelli et al have 

designed inhibitors of MMP-2 (93) and MMP-9 (94) (Fig 1.44), containing a monocyclic P- 

lactam ring; however their mechanism of inhibition is not characterised. This is the first 

example of p-lactams inhibiting metallo-proteinases [148,149].

liltrtfS iK  ts to x ttc  
MTI WMP(MMP-14) 

IS)

Figure 1.43a: Schematic representation of the structure of the 24 human matrix 

metalloproteinases (MMPs), which are classified into four different groups on the basis of 

domain organization [150], Figure 1.43b: Stereoview of the X-ray crystal structure of MMP-2. 

The catalytic zinc ion is depicted as an orange sphere [151]

COOEt
OH COOEt

O
-NH
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NH

94

Figure 1.44: MMP-2 inhibitor (93) and MMP-9 inhibitor (94) [148]
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1.7.4 Inhibitors of cysteine proteases

The cysteine proteases calpaine, cathepsin B, L, K and S play a major role in processes 

with abnormal protein degradation e.g. muscular dystrophy and are involved in diseases 

such as osteoporosis, cancer metastasis, rheumatoid arthritis, Alzheimer’s disease and 

cataracts [116,152]. Cathepsin K in particular is believed to be involved in osteoporosis 

and is highly and selectively expressed by osteoclasts. Upon release cathepsin K 

generates an acidic environment that facilitates demineralization and matrix degradation. 

If this protease v\/ere to be inhibited, it is postulated that degradation of the bone matrix 

would be reduced.

Like the serine proteinases, catalysis proceeds through the formation of a covalent 

intermediate and involves a cysteine and a histidine residue. The essential Cys25 and 

His159 play the same role as Seri 95 and His57 respectively. The nucleophile is a thiolate 

ion rather than a hydroxy group. The thiolate ion is stabilized through the formation of an 

ion pair with neighbouring imidazolium group of His159. The attacking nucleophile is the 

thiolate-imidazolium ion pair in both step, a water molecule is not required. Compound 95 

(Fig 1.45) is a potent inhibitor of cathepsin L, 96 (Fig 1.45) binds reversibly to the catalytic 

Cys-25 of cat K (Scheme 1.2). It is a selective inhibitor of cat K with no inhibition of HLE 

[153].

H HO \  H Enzyme

Enzyme
HS.

Enzyme Enzyme

Scheme 1.2: Proposed mechanism of inhibition of cat K by 97 [153],

C B z-N II

NH

95

: ..p
O
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Figure 1.45: Selection of cysteine protease inhibitors [116,152,153].

54



1.7.5 Antitum or properties of ^-lactams

In addition to the bactericidal and protease inhibitory action of antibiotics, it has been 

discovered that many antibiotics are capable of inhibiting tumour cell growth. Banik et al 

have synthesised polycyclic p-lactams as potential anti-cancer agents. Cell cycle analysis 

displayed G2 arrest and neither compound displayed any mutagenicity -  supporting the 

potential use of these compounds as anti-tumour agents (97, Fig 1.46) [154], Veinberg et 

al have also published examples of anti-tumour (3-lactam compounds (98 & 99, Fig 1.46). 

These compounds were tested on standard monolayer tumour cell lines: MG-22A (mouse 

heptoma), HT-1080 (human fibrosarcoma), B16 (mouse melanoma) and Neuro 2A 

(mouse neuoroblastoma) and displayed good inhibition of tumour growth. The 

mechanism of action of these compounds has not been fully elucidated, it is thought, 

however, because of their structural resemblance with 3-lactamase and elastase 

inhibitors, that the possibility exists of similar behaviour against specific proteases 

responsible for metastasis and proliferation of tumour cells [155,156],

Figure 1.46: Selection of P-lactams with anti-cancer activity 

1.7.6 Anti-malarial P-lactams

Malaria kills more than 1 million people annually, mostly children under the age of five 

[157]. Plasmodium falciparum is the parasite responsible for the cerebral form of malaria 

and which causes 90 % of all malarial deaths. Chloroquine is the cheapest and most 

widely used drug in the treatment of malaria. In recent years, many malarial parasites 

have become increasingly resistant to chloroquine. Nivsarkar et al [158] have recently 

reported a novel class of anti-malarial drugs which are derived from the (3-lactam ring. 

MNR5 (100, Fig 1.47) has shown activity against both the chloroquine resistant strains 

and the susceptible strains in recent in vitro studies. The potency of this compound was 

much lower than that of chloroquine but with further structural modification the N-

'CH2OAC
COOH COOH

97 98 99
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benzylated lactam could have significant use in malaria treatment. The mechanism of 

inhibition is not yet determined [158],

100 "lOI

Figure 1.47: p-lactam with anti-malarial activity (100) and azetidinone substituted CNS active 

heterocyclic compound (101)

1.7.8 CNS active P-lactams

Although to date monocyclic (3-lactams have not been reported as central nervous system 

CNS active agents, the presence of the moiety in a variety of heterocyclic biologically 

active compounds has been reported to increase the CNS activity of parent structures. 

Goel et al presented a study which evaluated some 3-lactam derivatives for their CNS 

modulating activities. (3-Lactam 101, Fig 1.47 has shown significant anti-anxiety activity 

which is comparable with diazepam. The study concluded that the azetidinones 

possessed considerable CNS modulating activity [159].
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1.8 Objective of thesis

The general objective of this thesis is the investigation of p-lactam ring structure as a 

scaffold for the design of biologically active molecules which we wish to develop as 

antiproliferative agents. The targets chosen are the ER and tubulin.

The specific objectives of this thesis are outlined as follows:

Synthesis of several different p-lactam containing triaryl/ethylene analogues which 

have structural variations at the N-1, C-3 and C-4 positions.

Computational studies to predict the exact mode in which the compounds bind in a 

typical estrogen antagonist mode within the estrogen receptor ligand-binding 

domain (ERa and ERP).

The examination of the compounds for antiproliferative activity against MCF-7 

human breast cancer cell lines and for cytotoxicity effects.

Further biochemical screening involving ER binding potency and effects on the 

Ishikawa cell line.

The design and synthesis of compounds based on the p-lactam structure which 

will be capable of acting like tubulin binding agents based on the well known 

combretastatin compound C-A4.

The evaluation of these products for activity in various cancer cell lines including 

MCF-7 and MDA-MB-231 breast cancer cell lines.

The evaluation of the tubulin depolymerising ability of the selective active 

compounds.

Investigation of SAR and optimisation of activity to determine the mechanism of 

action of these compounds.
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2.0 p-Lactam Ring as a Scaffold for Design of Selective 

Estrogen Receptor Modulators (SERMs): Synthesis of 

Tamoxifen Analogues with a Basic Aryl/Ether Located at the 

C-3 Position of the p-Lactam Ring
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2.1 Introduction

Many different modifications to tamoxifen have been attempted in an effort to improve on 

its effectiveness as an antiestrogen and to try and reduce the side effects attributed to it 

[17,40,41,49], Due to the increased risk of endometrial cancer with the use of tamoxifen, 

a rigid structure in place of the ethylene double bond to prevent E/Z isomerisation is found 

to be effective [36], There are numerous examples of different ring structures being used 

to form non-isomerisable SERMs. Generally the SERMS contain a core non-steroidal 

scaffold with a triaryl arrangement positioned around this structure. Table 2.1 shows 

examples of SERMs which contain cyclic scaffolds in place of the ethylene double bond 

[17,40,50,55,56].

Having examined the variety of ring systems that have been used as scaffolds for SERMs, 

it was decided to design non-isomerisable SERMs based on the four membered p-lactam 

ring. The P-lactam ring was chosen for this purpose mainly because it is a small ring that 

is easily manipulated to incorporate the triaryl system necessary for ER activity. The 

chemistry of p-lactams has also been well studied due to its important use in antibiotics. 

One disadvantage of the (3-lactam ring is its chemical instability; however most of its 

degradation products are non toxic and appropriate chemical modifications to improve 

stability can be considered.

The SERMs investigated in this study were divided into two main types, type I and type II, 

with type II being further subdivided into three categories. The different types are 

dependent on the position, on the p-lactam ring, of the aryl group to which is attached the 

basic side chain. In type I, the aryl ring is one carbon removed from the P-lactam ring at 

the C-3 position. In type II, the aryl ring is directly attached to the p-lactam ring and the 

subdivision is dependent on whether this ring system is at N-1, C-3 or C-4. Fig 2.1 shows 

4-hydroxytamoxifen (4) and the different types of P-lactam SERMs which are prepared for 

synthesis in the present work. Type I is discussed in this chapter and type II is dealt with 

in chapter 3.
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Figure 2.1: Structure tamoxifen (4) and different P-lactam SERIVIs

From Fig 2.1 it appears that type I is quite different in terms of its arrangement of 

substituents to that of 4-hydroxytamoxifen (4). The B and C rings appear to be in the 

incorrect position; however preliminary structural studies using molecular modelling 

indicated that type I should still be accommodated in the ER. Fig 2.2a shows 4- 

hydroxytamoxifen in the binding pocket of the ER; the amino acid residues which appear 

to be necessary for binding are also shown. The basic side chain sits in the pocket 

adjacent to the Asp351 residue, ring B, the phenolic ring, interacts with Glu353 and 

Arg394, His524 is in the proximity of ring C. The presence of an oxygen function on this 

ring should enhance binding ability. In Fig 2.2b one of our novel p-lactam compounds 

(159), type I, has been minimised and docked in the ER active site with 4- 

hydroxytamoxifen. The B and C rings on compound 159 appear to overlap with the B and 

C rings on 4-hydroxytamoxifen. The methoxy group on the B ring is in close proximity to 

the amino acid residue His524. The methoxy group on the C ring is closer to Arg394 than 

to Glu353 which might reduce its interaction with the later amino acid residue. The (3- 

lactam ring is in the position of the A ring and the carbonyl group on the ring is orientated 

towards Asp351. The basic side chain is much further out of the binding pocket than the 

corresponding side-chain on tamoxifen. This could result in greater displacement of H12 

and enhance the antagonist properties of type I (3-lactam SERMs. Despite the differences 

between the [3-lactam compound and hydroxytamoxifen the P-lactam compound still
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appears to be accommodated in the pocket and so is expected to interact with the ER and 

show antagonist properties.

P3S1

-HT&OO

(a) (b)

OH

0C H 3

Figure 2.2; Molecular modelling studies of ERa active site (a) containing 4- 

hydroxytamoxifen (4 (green), Fig 2.1) and (b) containing type I SERIVI (159) (Fig 2.1) 

superimposed on 4.

A variety of different type I compounds were synthesised and the general features of 

these are demonstrated in Fig 2.3. The common core structure of these compounds is 

the p-lactam ring with substituted or unsubstituted phenyl rings at the N-1 and C-4 

positions. Directly attached to the C-3 position is a carbon bearing a secondary alcohol 

group. A variety of different aryl groups are introduced at this carbon site. The basic side 

chain required for antagonist interaction with Asp351 is accommodated on this aryl ring.
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Figure 2.3: Type I p-lactams

2.2 Synthetic route to novel SERMs

Scheme 2.1 shows the general outline for the synthesis of P-lactams as SERMs. The first 

step in the synthesis of the (3-lactams is the synthesis of a selection of appropriately 

substituted Schiff bases.

S chem e Reagents: (a ) Ethanol, reflux 2.5hr. (b) Ethylbromoacetate, Zn, TM C S , B enzene, reflux 3hr.
(c) a ldehyde/ketone, LDA, Tetrahydrofuran, -7 8°C  30  mins.
(d) R -C H 2 C H 2 CI, Acetone, reflux 2hr. (e) Pyridium chlorochromate, Dichlorom ethane 25°C

Scheme 2.1: General reaction scheme for synthesis of tamoxifen analogues
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2.2.1 Schiff base formation

The reaction of a primary am ine with an aldehyde/ketone forms a Schiff base, also known 

as an imine. The reaction generally proceeds in high yields and is shown in Schem e 2.2. 

Initially nucleophilic attack occurs on the carbonyl carbon by a pathway similar to that of 

for the addition of H 2O  to a carbonyl t t  bond. The higher nucleophilicity of the am ine  

m akes it unnecessary to employ either acid or base catalysis to initiate the reaction. The  

lone pair of electrons on the nitrogen attacks the carbonyl carbon to generate a 

tetrahedral zwitterionic intermediate. Rapid deprotonation at the nitrogen and 

reprotonation at the oxygen lead to a neutral species. Protonation on the oxygen results 

in the loss of a water molecule and the formation of the C =N . With simple R groups these  

compounds are unstable and decom pose or polymerise, however when there is an aryl 

group on either the carbon or the nitrogen the compounds are stable. The  preparation of 

imines becom es progressively more difficult if a ketone rather than an aldehyde is used; 

longer reaction tim es and removal of w ater is generally required [160-162].
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Scheme 2.2: Schiff base formation

The preparation of the Schiff bases was carried out as indicated in the experim ental 

general procedure; after formation they w ere recrystallized in ethanol and usually yielded  

solid crystalline products in high yields. They were all identified initially using infrared 

spectroscopy (IR ). The C =N  group generally gives an absorbance in the region of v1620  

cm'^ to v1630  cm'V It is possible for Schiff bases to form E or Z  isomers, however, in the 

majority of cases it is the E isomer which exclusively forms [163,164], All the Schiff bases
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formed exclusively as one isomer, ^H-NMR data obtained confirms preparation of the E 

isomer. ^H-NMR signal for the CH=N proton in the E isomer is usually in the region of 5 

8.30 to 5 8.90, the signal for the proton in the Z isomer appears further downfield [165],

2.2.1.1 (4-Methoxybenzylidene)-(4-methoxyphenyl)-amine (106)
0 C H 3

Ethanol

OCH3

104 105 106

Scheme 2.3: (4-Methoxybenzylidene)-(4-methoxyphenyl)-amine (106)

Schiff base 106 was obtained from p-anisaldehyde (104) and p-anisidine (105), Scheme 

2.3. The IR spectrum revealed the C=N stretch at v1624.0 cm'^ [166]. The ^H-NMR 

spectrum shows 2 singlets at 6 3.85 and 5 3.89, these correspond to the two methoxy 

peaks which are non equivalent. A singlet at 5 8.42 corresponds to the CH-N from the 

imine. This carbon is also represented in the carbon spectra at approximately 5 160 being 

present in DEPT 90 and DEPT 135 spectra. Table 2.2 displays the structures, 

isolated yields and IR data for the relevant imines formed.
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Compound Structure Yield (%) IR (KBr) cm'^

106 [166] 79 1623.5

107 [167] 45 1625.2

108 [168] 40 1620.0

109 [167] 36 1622.1

110 80 1629.8

Table 2.2: Yield and infrared data for Schiff bases (106-110)

2.3 General methods for p-lactam synthesis
There are many synthetic routes which are useful for the formation of the [3-lactam ring. 

The most popular synthetic methods are the Staudinger reaction, enolate-imine type 

reaction and the Reformatsky reaction. These methods are now summerised.

2.3.1 Staudinger reaction

This is the most common method for the preparation of 3-substituted 3-lactams. The 

reaction with imines is carried out thermally or photochemically using acid chlorides in the 

presence of triethylamine (TEA) or a-diazoketones as ketene precursors. This reaction is 

presented in more detail in chapter 3.

2.3.2 Enolate-imine reaction

In 1980 Bergbreiter and Newcomb reported the reaction between lithium enolates of 

esters and imines. The procedure for the synthesis of p-lactams involved an electrophilic 

substitution by an imine on a nucleophilic ester enolate as shown in Scheme 2.4. High
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stereoselectivity was typically observed when preparing these (3-lactams, with the trans 

isomer being the most dominant. This is explained by the proposed m echanism  in 

Schem e 2.4. The high stereoselectivity of these reactions must be the result of kinetic or 

therm odynam ic factors associated with the first step of the reaction. If step one is 

irreversible the observed preference for trans  (3-lactam products could be due to steric 

factors imposed by R i-A r or R 2-Ar interactions in a ‘closed’ or ‘cycloaddition’- type 

transition state. Limitations of this procedure are the apparent requirement that an aryl 

aldimine containing aryl substituted nitrogen is required for the ester enolate-im ine  

condensation to occur. Since then the scope of this reaction has been extended to 

include conditions incorporating heteroatomic, aromatic, and alkyl substituents at C -3  of 

the azetidinone. W hen a-monosubstituted acetates are used stereochemistry can 

frequently be controlled by appropriate choice of solvent. This reaction has also been  

shown to be effective with zinc enolates and aluminium enolates [169,170].

Scheme 2.4: Mechanism for enolate-imine reaction

Som e enolate-im ine condensations do not directly afford (3-lactams. In such cases, 

intermediate (3-amino esters may be isolated and then converted to p-lactam s in a second  

step. Various reagents have been used for this including tert-buytlmagnesium chloride 

and LDA [170]. A  base promoted cyclisation of (3-amino acid amides to azetidinones has 

also been reported [171].

+

112a 112b
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2.3.3 Synthesis of a P-lactam from lactone

This reaction requires a lactone (113, Scheme 2.5) which is available commercially. A 

dianion of the lactone 113 is generated with lithium diisopropylamide (LDA) at -35°C in 

THF. This is followed by addition of an imine and hexamethylphosporic triamide (HMPA) 

to give predominately the two adducts shown in Scheme 2.5 (114a & 114b). A  warm up 

of the reaction does not drive the cyclization to completion as stable lithium aggregrates 

are formed. Addition of lithium chloride accelerates cyclization of these adducts to give a 

mixture of two (3-lactams (115a & 115b) in 35 % isolated yield. The existing hydroxy chiral 

centre on the rigid lactone ring induces the desired C-3 chiral centre; moderate 

diastereoselectivity is achieved at C-4. Better selectivity is achieved with use of different 

metals, solvents, additives, concentrations and temperatures. The reaction works well 

with both electron withdrawing and donating substituents on the aromatic rings and is an 

efficient one step process for the synthesis of p-lactams [172].

2eq, LDA, DMF, DMPU

0NAr2Ar,CH=NAT2 , HMPA

115a 115b

Scheme 2.5: Mechanism for P-lactam synthesis from lactone

2.3.4 Copper catalyzed reaction of terminal alkynes with nitrones

Scheme 2.6 shows the reaction of phenylacetylene (116) with a,N-diphenylnitrone (117) 

to yield the corresponding p-lactam (118) plus other products. It was found that the yield 

of the (3-lactam could be increased up to 71 % by using excess pyridine as the ligand and 

a low temperature. At 0°C, with excess pyridine, the p-lactam formed in 71 % yield and 

was a mixture of trans and cis isomers in the ratio of 31 :69.
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Scheme 2.6: Copper catalyzed reaction of terminal alkynes with nitrones

A possible mechanism for the preparation of the P-lactam from nitrones has been 

proposed and is shown in Scheme 2.7. Copper (I) acetylide (119, Scheme 2.7) is the key 

intermediate that reacts with the nitrone to lead to the coupled products and it may be 

coordinated by the ligand (pyridine), solvent and H2O. Addition of the intermediate 119 to 

120 in a [2+3] manner and subsequent transformation of the adduct (121) yields the p- 

lactam (122). The proposed mechanism for this transformation is shown in Scheme 2.8 

[173].

+ Cui-Py
c

c
'Cu'

.....Cu

121120119

H2O

-Cu(0H)L3

Scheme 2.7: Mechanism for p-lactam formation

R2

\
R3
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c '
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-C u(0H)L3

o
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Scheme 2.8: Possible route for transformation of [2+3] adduct to P-lactam
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2.3.5 Synthesis of N1 -C4  bond

The synthesis of the P-lactatn ring via formation of the C-4-N-1 bond is the synthetic route 

selected by nature for the biosynthesis of azetidinone containing antibiotics [174], The P- 

lactam (124, Scheme 2.9) is formed by an intramolecular displacement of a leaving group 

attached to carbon 4 with appropriately activated nitrogen (123, Scheme 2.9). In the 

simplest sense this has been realized by SN2-type displacements of primary halogens by 

amide nitrogen under basic conditions. These straightforward cyclizations have been 

performed with a variety of bases and under various conditions [174,175].

2.3.6 [2-<-2] Cycloaddition of isocyanate to alkenes

P-Lactams (e.g. 127, Scheme 2.10) can be synthesised by cycloaddition of isocyanate to 

an alkene. Chlorosulfonyl isocyanate (CSI, 126 Scheme 2.10) is the most popularly 

employed isocyanate and the sulfonylchloride moiety can be easily removed from the p- 

lactam using aqueous sodium bisulphate or sodium hydrogen carbonate to afford the N- 

unsubstituted P-lactams. Alkenes which have been used to react with CSI include vinyl 

acetate [176], 3-0-vinyl ethers [177] and 1,3-butadiene (125, Scheme 2.10) [178].

123 124

Scheme 2.9: Formation of N-1-C-4 bond

R

+ \

[2+2]

125 126 127

Scheme 2.10: [2+2] Cycloaddition of 1,3-butadiene (125) with CSI (126)

70



2.3.7 The Reformatsky reaction

The classical form of the Reformatsky reaction was introduced for the first time in 1887. 

The Reformatsky reaction was considered to be analogous to the Grignard reaction with 

the addition of an organozinc compound of the type B rZnCH2C 0 0 R to a carbonyl or 

similar group in the sam e way as the Grignard reagent. It is a less reactive nucleophile 

than the Grignard reagent and therefore has greater selectivity. A  broader definition was  

required to cover all Reformatsky type reactions: ‘Reformatsky reactions are defined as 

those 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’ [160,179].

There has been much debate as to w hether this reaction is the zinc analogue of a 

Grignard reaction with R C H (ZnB r)C 02R  being the nucleophilic species or whether it is 

better regarded as the addition of an enolate ion (128, Fig 2 .4) to the carbonyl group. In 

practical terms it is a one-pot reaction in which zinc is normally added directly to a mixture 

of the other reactants. There is no need for the organometallic interm ediate to be 

preformed, as is the case for Grignard reagents [180]. The classical reaction can be 

carried out in two steps, organozinc reagent can be prepared prior to the addition of the 

electophile and this allows unambiguous characterization of the intermediate. The zinc 

enolate of ferf-butyi acetate has been isolated as a crystalline compound and its structural 

analysis by X-ray diffraction showed it to consist of a cyclic dimeric unit (129, Fig 2.4), in 

which the anionic carbon atom, the bromide ion, the carbonyl oxygen of the second ester 

molecule involved and tetrahydrofuran tetrahedrally surround each of the zinc atoms. 

Unique molecular arrangem ent is quite independent of structural variations and even  

appears to be favoured in all but the most polar solvents [161,179]. There is ample  

evidence that the reagent also has properties that are in accordance with an enolate type 

i.e. an 0 -m eta la ted  structure, an observed absence of C = 0  at v1700  cm‘  ̂ has been noted 

in the course of the reaction, this however is solvent dependent [181].

128

Figure 2.4: Enolate ion (128) and Zinc - Ester intermediate (129)

,OZnBr

OR
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Gilman and Speeter w ere the first to report the Reform atsky addition reaction of imines 

with P-ketoesters to afford (3-lactams in 1943 [182], The interm ediate adds to the anil 

linkage of benzalaniline. O nce formed this complex loses C 2H 5 0 ZnBr to unexpectedly  

cyclise to the lactam without hydrolysis of the reaction mixture. Cyclization supports the  

contention that 'soft metal ions’ (such as Grignard MgX'" ion) or a transition metal ion 

(ZnX"^) will effectively bind with the ester carbonyl in the transition state, facilitating 

formation of azetidinone. The Reformatsky type reaction of Gilm an and Speeter is of 

potential value not only for the easy accessibility of starting m aterials but also for the  

direct preparation of P-lactams with 3-alkyl side chains or 3-unsubstituted 3-lactam s, and 

for the possibility to control the stereoselectivity of the reaction [180,183], The general 

mechanism for the Reformatsky reaction is shown in Schem e 2.11.

Z n B r

R

B r Z n — C — C O j E t

So l ve nt
R

Ring closure
+ H

- E t O Z n B r

,oR
N

R

R - a m i n o e s t e r

Scheme 2.11: Mechanism of the Reformatsky reaction

There are several mechanisms possible for the preparation of the p-lactam. The  initially 

formed Reformatsky reagent (130, Schem e 2 .12) could fragm ent to afford a ketene (131), 

subsequent cycloaddition between the ketene and imine would then afford a (3-lactam 

(133). This is a variation on Staudinger type 3-lactam  synthesis. Alternatively the  

Reformatsky reagent could add to the imine to afford a 3-arnido ester (132) followed by 

cyclization to afford the 3-lactam  product (133). The ketene m echanism  was ruled out by 

a stereochemical study; pyrolysis of acetylene in the presence of imine gave only the 

trans  3-lactam , this was inconsistent with stereochemical course of the corresponding
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ester-imine condensation. The stereochemical course of other presumed ketene-imine 

cycloadditions were consistent with this result [170].

R3CH(ZnBr)C02R - 

130

R4CH=NRi 

R 3  R 4

R O 2C  N (Z n B r)R i 

132

R 3 C H = C = 0

131

R4CH=NR i

o

133

Scheme 2.12: Possible mechanisms of the Reformatsky reaction

The advantage of the Reformatsky reaction is that it proceeds under neutral conditions. 

Perhaps the most serious limitation attributed to Reformatsky reactions has been the 

lower yields and stereoseiectives associated with them. Different reagents and conditions 

have been employed to try and improve the yields and stereoselectivities; this includes 

use of chiral imines [184] and chiral esters [185].

2.3.5.1 The Reformatsky reaction using activated zinc

Improvements in yields of the Reformatsky reaction have been achieved when freshly 

prepared zinc powder or a heated column of zinc dust was used [186], Zinc activation 

procedures usually consist of 2 strategies, the effective removal of the deactivating zinc 

oxide layer from the metal surface by chemical or mechanical means or fine distribution of 

the metal, most efficiently accomplished by reduction of anhydrous zinc halides in an 

appropriate solvent [179]. There are various chemicals used for depassivating zinc; zinc 

can be activated by stirring in 10 % HCI or saturated NH4CI [187]. Original Gilman and 

Speeter conditions used a crystal of iodine as a reagent with zinc [188], Activation of zinc 

by trimethylchlorosilane (TMCS) has since been reported as exceedingly effective in 

promoting the reaction [183], its mechanism of action is still unclear [189]. Other reagents 

that have been reported in Reformatsky reactions are 1,2-dibromoethane, copper halides, 

mercuric halide, zinc-copper and zinc-silver [190]. Rieke zinc, resulting from the reduction 

of anhydrous zinc chloride by potassium, allows Reformatsky reactions to proceed more
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efficiently under milder conditions [179]. In the presence of Zn /C p 2 TiC l2 , a-brom oacetates  

react with imines to form (3-lactams at room temp, in TH F, without the need for pre

treatm ent of the solvent and the zinc. The  P-amino acid is also produced in the syn 

configuration in various ratios. C p 2 TiC l2  promotes the formation of Reformatsky reagents  

though activating the Zn powder. [191].

2.3.5.2 Reformatsky reaction using different metals

The extended definition of the Reformatsky reaction refers to ‘metal insertions’. This  

indicates that the reaction is not restricted to the use of zinc but may include any kind of 

metal enolate obtained by insertion of a metal of a metal salt into an appropriately reactive  

halo carbonyl compound.

O f all the other m etals besides zinc used in Reformatsky type reactions, indium is the only 

one reported to aid the synthesis of (3-lactams. Reaction of various imines with ethyl 

brom oacetate in the presence of indium metal using anhydrous TH F  as the solvent 

produced the (3-lactams. Imines derived from arylalkylamines, allylamine and p-anisidine  

produced only P-lactams. The result was simple and rapid synthesis of several 3- 

unsubstituted p-lactam s using commercially available indium powder without any pre

treatm ent [192],

Nickel has also been reported in the Reformatsky reaction using imines as the 

electrophile, however in this case the (3-aminoester was the sole product. [NiCl2 -(P P h 3 )2 ] 

was used catalytically with M e 2 Zn acting as a dehydrating agent. The mechanism  

involves the reduction of the Ni" com plex to a Ni° complex, oxidative addition of the 

bromoester to the Ni° com plex and a Ni" /Zn" exchange which leads to an organozinc  

Reformatsky reagent. The  result is the preparation of (3-aminoester exclusively and in 

good yields [193,194]. Rhodium -catalyzed Reform atsky reaction using ethylbrom oacetate  

and an imine formed in situ has, similar to nickel, resulted in the exclusive synthesis of P- 

amino ester [195].

Chromium has only been reported for use in the classical Reformatsky reaction. a-H alo  

ketones, esters, nitriles and other Reformatsky substrates readily react with chromium (I!) 

salts. A  significant diastereoselectivity is an important feature of the chromium  

Reformatsky reaction, usually favouring the syn products when aldehydes are used as
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electrophiles [190], Samarium diiodide promoted Reformatsky reaction (Kagan reagent) 

is also only reported for the classical Reformatsky reaction. Use of this one electron 

reducing agent affords (i-ketoesters or by further reduction (3-hydroxyesters [190], There 

is at least one known example of use of aluminium metal in combination with bismuth (III) 

chloride to promote Reformatsky reaction. Cobalt is also used extensively [190]. 

Magnesium, cadmium, and lithium have been found to have limited utility [179].

2.3.S.3 Ultrasound promoted Reformatsky reaction

Use of low and high intensity ultra sound sonication (LIU/HIU) for the promotion of the 

Reformatsky type reaction has been reported. Commercially available cleaning bath filled 

with water was used for LIU with dioxane as the solvent and iodine activated zinc 

granules. The p-lactam formed at room temperature with yields as high as 90 % 

[188,196]. HIU also resulted in formation of (3-lactam, with dioxane again the solvent of 

choice. Use of HIU did not require activation or promotion of the zinc [186]. Microwave 

technology in the promotion of the Reformatsky reaction for the synthesis of (3-lactams will 

be discussed in chapter 4.

2.4 General synthesis of 3-unsubstituted p-lactams

In the present work, preparation of C-3 unsubstituted azetidinones via ester enolate-imine 

condensation was found to be problematic, so the Reformatsky route to such compounds 

was considered to be superior. The Reformatsky reaction was used exclusively in this 

work because it affords 3-unsubstitued (3-lactam products relatively easily and facilitates 

the subsequent modification of the (3-lactam at C-3. Surprisingly the Reformatsky type 

reaction has received very little attention within the context for (3-lactam antibiotic 

synthesis but this is probably due to the low yields often produced in the ring formation.

Zn, TMCS, Benzene

Ethylbromoacetate

106  -  110 134  -  138

Scheme 2.13: 3-Unsubstituted P-lactams (134-138)
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Compounds 134-138 were obtained by reaction of imines (106-110) with 

ethylbromoacetate in the presence of zinc and TMCS with benzene as solvent (Scheme 

2.13, Table 2.3). The 3-unsubstituted p-lactams were initially formed using the conditions 

given in Palomo et al [183], with trimethylchlorosilane used as a promoter for the zinc, 

however, anhydrous toluene was used as the solvent instead of benzene. This resulted in 

poor yields of between 10 % and 35 % and was quite a dirty reaction resulting in 

extensive column chromatography being required to obtain a clean product. 1,4-bis(4- 

Methoxyphenyl)-azetidin-2-one (134, Table 2.3) consistently gave the highest yields of 

between 30 -35 % with 4-(4-methoxyphenyl)-1-phenylazetidin-2-one (136, Table 2.3) 

giving low yields of 10 %. The reaction conditions were then varied to improve the yields. 

Three different types of zinc were used zinc dust, zinc granules and zinc foil. The dust 

and granules gave identical yields (20 % for 1,4-diphenylazetidin-2-one (135, Table 2.3), 

zinc foil which had been activated to remove the oxide layer, only giving a 5 % yield. Zinc 

dust was then chosen to be used and a variety of different solvents were tried. THF, 1,4- 

dioxane, toluene and benzene were all evaluated. When THF and 1,4-dioxane were 

employed the yields achieved were very low at less than 10 %. Benzene resulted in 

higher yields than toluene and it also resulted in a cleaner product meaning that the 

column chromatography required was much less problematic. Changing the solvent from 

toluene to benzene and keeping all other conditions constant saw the yield of 136 improve 

from 10 % to 46 %. The yield of 134 didn’t improve dramatically when using benzene it 

still remained between 45 %-50 %. All the p-lactam products were identified using infra 

red (IR) spectroscopy and nuclear magnetic resonance spectroscopy (NMR). The 

characteristic P-lactam carbonyl band generally appears between v1735 cm’’ and v1750 

cm‘  ̂ in IR spectra. Table 2.3 gives IR data and isolated yields for the various 3- 

unsubstituted (3-lactams.

2.4.1 1,4-/)/s-(4-Methoxyphenyl)-azetidin-2-one (134)

Compound 134 was identified initially from IR spectroscopy with the C=0 absorption at 

v1751.9 cm \  The ^H-NMR spectrum (Fig 2.5) displayed a quartet (double doublets) at 6 

2.90 (2.4 Hz, 2 X J values) corresponding to one of the protons at the C-3 position, the 

second doublet of doublets appears at 6 3.50 (5.6 Hz 2 x J values). These protons are 

diastereotopic to each other, not chemically equivalent and therefore each has a different 

chemical shift. They appear as a doublet of doublets as they are coupled geminally to 

each other and cis (5 2.90)ltrans (5 3.50) across the C-C to H (C-4) [197]. The two
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singlets at 6 3.75 and 6 3.81 both integrate for three protons each and represent the 

methoxy groups. H-4 appears as a doublet of doublets at 5 4.93; it is coupled to the two 

non-equivalent C-3 protons. The aromatic protons all appear in the region from 5 6.79- 

7.30. In the DEPT 135 carbon spectrum (Distortionless Enhancement by Polarization 

Transfer, Fig 2.6) the peak at 6 46.61 is identified as a C H 2 and therefore corresponds to 

the C-3. 6 53.30 is a CH signal and corresponds to C-4. The carbonyl carbon is identified 

at 6 163.77 in the NMR spectrum.

Figure 2.5: ^H-NMR spectrum of 1,4-bis(4-methoxyphenyl)azetidin-2-one 134

Figure 2.6: DEPT spectrum of 1,4-bis(4-methoxyphenyl)azetidin-2-one 134
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The choice of substitutents was based on the requirement for hydrogen bonding 

substituents on the N-1 and C-4 phenyl rings to aid ER binding. Compound 138 will be a 

useful substrate for specific substitution (hydroxy groups) for ER activity.

Compound Structure Yield {%) IR (KBr)

134

OCH,

U n

° Q
0CH3

5 0 *  

35 **
1751.9 cm '

135
° 0

4 8 *  

20 **

1735.5 cm''

136

OCH,

/<
° D

4 6 *

10**
1751.6 cm-'

137

I00

0

3 0 *

19**
1735.1 cm '

138 4 8 * 1732.5 cm '

Table 2.3: Yield and infrared data for 3-unsubstituted P-lactams (134-138), * solvent used: 

benzene, ** solvent used: toluene.

2.5 Introduction of functionality at the C-3 position

OH

NY
THF

135

OH

HO

139

Scheme 2.14: Introduction of functionality at C-3 position
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The next step in the synthesis of the tamoxifen analogues required the introduction of 

substituents at the C-3 position of the P-lactam ring. Scheme 2.14 shows the preparation 

of these compounds using an aldol type reaction to introduce an a-(hydroxyphenyl)methyl 

group at C-3 position. The reactivity of protons in position 3 of the (3-lactam is rather low 

and by using a strong base under aprotic conditions it is possible to abstract one proton. 

Lithium diisopropylamide as a base in THF is effective, following the procedure first 

reported by Mayrhofer et al and does not cause opening of the p-lactam ring [198]. 

Lithium diisopropylamide (LDA) in THF is the most widely used amide base for 

deprotonation of weakly acidic organic compounds. X-ray crystallographic analysis 

confirms that LDA crystallizes as a disolvated dimer from THF [199]. NMR studies have 

shown that LDA exists in solution as a disolvated dimer [200], Several structurally varied 

aldehyde or ketone compounds can thus be used in this aldol reaction at the a-position of 

the p-lactam carbonyl. Initially 4-hydroxybenzaldehyde was reacted with 134 and 135 to 

give phenolic products which were then suitable for the addition of basic side chains. The 

product formed has chiral centres at C-3, C-4 and C-5. The aldehyde always adds to give 

the trans product and this can be seen from the ^H-NMR J3 4 hydrogen coupling constants, 

2.48 Hz - 2.52 Hz [197]. There are four diastereomers which can be identified as two 

pairs of enantiomers. The synthesis of an example, 139, Fig 2.7 is now described.

2.5.1 3-[Hydroxy-(4-hydroxyphenyl)-m ethyl]-1,4-diphenylazetidin-2-one (139)

The product (139), a pale yellow solid, was obtained as a diastereomeric mixture in a 50 

% yield. The IR revealed the characteristic C=0 (3-lactam peak was still present at 

v1729.6 cm'^ and a broad OH band was noted at v3381.3 cm \  The ^H-NMR spectrum 

confirmed the presence of diastereomers and also the fact that only the trans product was 

formed on addition of the aldehyde. NMR and HPLC were used to identify the isomers.

H

LDA, THF

HO

135 139

Figure 2.7: 3-[Hydroxy-(4-hydroxyphenyl)-methyl]-1,4-diphenylazetidin-2-one (139)
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Figure 2.8: ^H-NMR spectrum of 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1,4-diphenylazetidin- 

2-one (139)

The ^H-NMR spectrum of 139 (Fig 2.8), shows a multiplet at 6 3.39 which corresponds to 

the proton at C-3. The absence of a peak at 6 2.9 indicates the removal of one of the C-3 

protons. There are four doublets at 6 5.04 (2.48 Hz), 6 5.18 (3.52 Hz), 6 5.24 (3.52 Hz) 

and 5 5.33 (2.52 Hz) which are assigned to the H-4 and H-5 protons. The presence of 

two signals for each proton indicates the existence of diastereomers. The ratio of 

formation from the ^H-NMR spectrum integrals is 60 %: 40 %. The ^^C-NMR spectrum of 

139 (Fig 2.9) also shows the presence of diastereomers as there are signals for six CH 

carbons in the region 6 56.03 to 6 71.50 and two carbonyl peaks at 6 166.87 and 5 167.11

Figure 2.9: ^^C-NMR spectrum of 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1,4-diphenylazetidin- 

2-one(139)

i i L j  [j. lA.
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Figure 2.10: 2-D TOCSY of 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1,4-diphenylazetidin-2-one 

(139)

From the ^H-NMR spectrum it is hard to distinguish between the H-4 and H-5 of the 

different diastereomers. The 2-D TOCSY (Totally Correlated SpectroscopY, Fig 2.10) 

shows the H-3 multiplet coupled with all four doublets. The point of intersection with the 

doublets would indicate that the peaks at 6 5.04, 6 5.33 are in separate spin systems so 

therefore on a different diastereomer to the peaks at 5 5.18 and 5 5.24 which also 

correlates with the integrations obtained for these peaks.

J jJV_La_A_ L

~ l —  
6.0

 ' 1-----
3 0

Figure 2.11: HMQC of 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1,4-diphenylazetidin-2-one 

(139)
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The HMQC (heteronuclear multiple quantum coherence, Fig 2.11), allows us to easily 

identify H-4 and H-5. The multiplet corresponding to H-3 correlates with the two carbon 

peaks at 6 69.11 and 6 69.55 indicating that 5 70.90 and 6 72.81 would be the C-5s as 

this carbon is attached to an OH group which results in a downfield shift. 6 57.34 and 6 

59.03 would correspond to C-4s. The two hydrogens coupled with the C-4 are at 5 5.04 

and 5 5.33, and 6 5.18 and 5 5.24 are coupled to C-5. This is also in agreement with the 

J values of these doublets which are 2.50 Hz (av.) for both H-4s and 3.52 Hz for the two 

H-5s.

High performance liquid chromatography (HPLC) was used to separate the two pairs of 

enantiomers into their diastereomeric components. The HPLC separation was performed 

using a reverse phase column with flow rate of 1.0 ml/min (solvent system used was 4:1 

methanol: water and detection was using U.V. 254 nm). The HPLC chromatogram for 139 

(Fig 2.12) shows two distinct peaks with retention times of 9.6 minutes and 11.0 minutes. 

The peak at 2.9 minutes is from the methanol blank. The ratio of formation of 

diastereomers is almost 1:1 (46.01 %: 53.99 %). It correlates with the results obtained 

from the ^H-NMR spectrum and confirms that although stereoselectivity in reaction results 

in trans products; the aldol C-C bond forming reaction is not stereoselective.

■*<>

CAl.-OUI.A'P I orj K-ICI
r*K.rMO I 1 MM A.RBA ME 1 Gl IT

2  €>0~T ~3 2  C i O T O O
3  3 .  1 0 0 - 4 0
5  o .  6 0  1 :2 fc .o i>fo
O 11.0 35 ll-7-2«7<5 2-7 "S'; 2

Figure 2.12: HPLC separation of 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1,4-diphenylazetidin- 

2-one (139)

82



2.5.2 Synthesis of 3-substituted P-lactams with ortho, meta and para hydroxy 

group on ring A

Figure 2.13: General diagram for 3-substituted p-lactams (140-149)

1,4-6;s-(4-methoxyphenyl)-azetidin-2-one (134) was subsequently used as the precursor 

for the synthesis of a variety of different 3-substituted P-lactams. 4- 

Hydroxybenzophenone and 3 and 4-hydroxyacetophenone were employed as the aryl 

carbonyl components together with 2,3 and 4-hydroxybenzaldehyde. Attempts were 

made to form the ortho, meta and para substituted hydroxy products from all three 

carbonyl substrates. Table 2.4 gives the structure, isolated yield, IR and diastereomeric 

ratio of the 3-substituted (3-lactams (140-149) formed. The only ortho-hydroxy product 

successfully formed is 140, which has X=H, steric problems probably prevent the 

preparation of the ortho products in the presence of the more bulky methyl and phenyl 

groups. Compound 140, Table 2.4, is almost exclusively one diastereomer with only trace 

amounts of a second diastereomer evident from the ^H-NMR spectrum; the ^^C-NMR 

spectrum also shows only one signal corresponding to each C-3, C-4 and C-5. Again 

steric hindrance is probably the reason only one of the pairs of enantiomers is formed. 

Compound 141 (mefa-substituted) is obtained as a diastereomeric product in the ratio 

75:25 differing significantly from the 60:40 ratio of 142 (para-substituted). This seems to 

indicate that steric effects play a significant role in the formation of diastereomers. The 

acetophenone and benzophenone product series are obtained with much higher 

diastereomeric excess with meta (143 & 145) and para (144 & 146) substitution yielding 

very similar results. Compound 147 was obtained using 4-hydroxybenzylideneacetone as 

the ketone and forms in ratio 65:35, the IR spectrum reveals the characteristic C=0 and 

OH absorption bands but also shows a significant absorption at v1601.9 cm \  indicating 

the presence of C=C group.

p c H a

0 C H 3
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Compound Structure Yield (%) IR(NaCI)

cm'^

Diastereomeric

ratio

140

,OCHj

r  f "6\P
• Q

OCH,

42
1729.9

3362.1
>90 : <10

141
HO OH f  \
o \r

• Q
OCHj

42
1725.5

3383.9
75 : 25

142
■ Q

OCH,

20
1731.7

3384.0
60 : 40

143

OCH,

HO OH

D ' # - ’
” Q

OCHj

41
1727.2

3379.9
85 : 15

144

OCHj

..r,
“  ■&

OCH,

30
1724.6

3412.5
80 : 20

145

f̂ l OCH,

~oKP• " q
OCH]

42
1726.0

3418.7
85 ; 15

146

i T ^  .OCHj

r ft
h o - ^ ^ h o

" " O
OCHj

18
1720.5

3427.2
>95 : <5

147

OCH,

______r.

OCH,

57
1720.5

3317.1
65 : 35

148

HO
0CH3

" U
OCH3

10
1724.1

3431.0
100

149
fj
°  0  /

O S i - ^

44
1719.5 cm' 
3392.1 cm-'

68 : 32

Table 2.4: Yield and infrared data for 3-substituted P-lactams (140-149)
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2.5.3 Assignm ent of relative configuration

As mentioned above, the products (140-149) obtained in the aldol reactions have three 

asymmetric centres at C-3, C-4 and C-5 and the aldehyde addition affords the trans 

product, therefore it is assigned the relative configuration 3S*, 4R* or 3R*, 4S*. The 

dihedral angle H3-C-C-H- 5  influences the experimental vicinal coupling constant, the 

average values of the vicinal coupling constant are Ji8o° = 12Hz and Jeo” = 4 Hz v\/ith 

electronegative substituents reducing these values [197], Fig 2.14 shows the two 

configurations possible for the 3-substituted P-lactam. In accordance with work from Otto 

et al configuration I has a larger J3 5  coupling constant than configuration II, C-5 on 

configuration I is assigned the relative configuration 5S* so that of configuration II is 5R* 

[201,202], For compound 139 there appears to be no difference in their coupling values, 

however for 142 the isomer formed in higher yield, 60% has a J3 5  coupling constant of 

6.16 Hz with the signal for the H-5 of the minor product appearing as a singlet. Based on 

Otto’s results configuration I can be assigned 3S*, 4R*, 5S* or 3R*, 4S*, 5S* and 

configuration II is 3S*, 4R*, 5R* or 3R*, 4S*, 5R*. Configuration I in this case is the major 

product and this is also confirmed for compound 143. In all cases the mixture was taken 

forward for screening.
Ph

H

H
Ph H 

I 3S*, 4R*, 5S’ I 3R*, 4S*, 5S'

Major Product
Ph

Ph H

H Ph 
II 3S*, 4R*. 5R*

H

II 3R*, 4S*, 5R’

Minor Product

Figure 2.14: Relative configuration of P-lactam
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The stereochemical assignment was further investigated; the absolute configuration for 

the broad spectrum antibiotic thienamycin (150, Fig 2.15) has been elucidated as 5R, 6S, 

8R [203], Because the absolute configuration is known it has been claimed that NMR 

correlation has proven useful as an indication of R,S diastereomer assignment. It has 

been observed that 6 H-6 is upfield for that diastereomer whose side-chain configuration 

at C-8 is R. It has been stressed however that this correlation should be used with 

discretion as exceptions have been noted [56,204]. This generalisation does not appear 

to be correct in the case of 142 and 143 as their ^H-NMR spectra shows the H-3 signal 

(corresponding to He in thienamycin) appearing at 5 3.34 (40 %) and 6 3.40 (60 %). This 

would give the 40 % isomer S* relative configuration and the 60 % R* relative 

configuration in contradiction to the arrangements based on J values of the diastereomers 

of compounds 140-149. Separation of the diastereomeric mixture of products would be of 

utmost importance in this project for further stereochemical assignment and also because 

one or other may have superior biochemical activity. Although some separation by HPLC 

was noted, no separation was evident by thin layer chromatography (tic) or column 

chromatography.

2.5.4 Introduction of cyclic aldehydes/ketones at the C-3 position of the P- 

lactam ring

As initial biochemical studies indicated 149 to have good activity in MCF-7 cells (see 

chapter 5) it was decided to investigate the effect on activity of an additional phenyl ring at 

C-5. It was also planned to introduce more complex aryl groups at the C-3 position. A 

variety of bulky aldehydes and ketones were thus reacted with 134 under the normal aldol 

conditions (Scheme 2.15).

OH

CO2H

5R, 6S, 8R 

150

Figure 2.15: Thienamycin (150)
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OMe

OMe
134

THF, LDA, -78°C 

Aldehyde/ketone

OH

X

R
151-155

OH

O  ̂ OH

Scheme 2.15: Cyclic Aldehydes/Ketones introduced at C-3 Position of p-Lactam Ring

OH

HO^^O (5 ^

,OH  
^  I]

0 ^ 0  HO-C

2.5.4.1 3-[1,5-Dihydroxyindan-1 -yl)-(4-methoxyphenyl-azetidin-2-one (151)
OCH

OHHO

OCH3

Figure 2.16: Structure of 151

Compound 151 (Fig 2.16) was obtained from 134 and 5-hydroxy-1-indanone using the 

same general method as the previous compounds. The expected IR absorptions were 

noted at v1718.9 cm '' and v3437.4 cm‘\  A third chiral centre (C-5) is present in this 

molecule generated by attachment of the ring system to C-3 as shown in Fig 2.17. The 

^H-NMR spectrum shows two multiplets at 6 2.18 and 5 2.59 which both integrate for two 

protons each and correspond to the -C H 2 S in the fused five membered ring. H-3 appears 

as a doublet, being split by H-4, at 5 3.45 (J=2.76 Hz) for one diastereomer and at 5 3.50 

(J=2.76 Hz) for the other diastereomer. H-4 also appears as a pair of doublets at 6 4.84 

(J=2.08 Hz) and 6 4.96 (J=2.04 Hz). The ratio of one diastereomer to another is 60 : 40. 

The DEPT 135 spectrum shows the presence of two pairs o f-C H 2  peaks and two pairs of 

CH peaks confirming the diastereomeric content.
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2.5.4.2 3-[1,6-Dihydroxy-1,2,3,4-tetrahydronaphthalen-1 -yl)1,4-bis-(4-

methoxyphenylazetidin-2-one (152)

2.5.4.2

OH

OCH3

Figure 2.17: Structure of 152

152 (Fig 2.17) was synthesised from 134 and 6-hydroxy-1-tetralone using the general 

experimental method. The IR spectrum showed IR absorbances at v1740.1 cm"^ (C=0) 

and V3434.3 cm'^ (O-H). The ^H-NMR spectrum (Fig 2.18) contains three multiplets at 5 

1.94, 5 2.41, 5 2.75 which integrate for two protons each and correspond to the -C H 2  

group at 2, 3 and 4 on the tetralone ring. Although C-1 on the tetralone ring is a chiral 

centre only one pair of enantiomers is obtained as seen by the presence of one doublet 

corresponding to H-3at 5 3.44 (J=2.04 Hz) and one doublet for H-4 at 5 4.99 (J=2.08 Hz). 

5’ appears in the aromatic region at 6  6.52 (J=2.4 Hz) as a doublet, 7’ is a doublet of 

doublets at 6  6.70 (J=3.64 Hz (av.)) being split by 8 ' and 5’ . 8 ’ appears downfield as a 

doublet at 6  7.62 (J=8.2 Hz). Due to the small J3 5  coupling constant (2.4 Hz), the relative 

configuration of 152 is 3S*,4R*,5R* or 3R*,4S*,5R* (configuration II, Fig 2.14). The 

synthesis of only one isomer is probably due to steric hindrance.

Figure 2.18: ^H-NMR spectrum of 3-[1,6-dihydroxy-1,2,3,4-tetrahydronaphthalen-1-yl)1,4-bis- 

(4-methoxyphenylazetidin-2-one (152)

0CH1
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2.S.4.3 3-(2,9-Dihydroxy-9H-fluoren-9-yl)-1,4-bis-(4-methoxyphenyl)-azetidin- 

2-one (153)

Compound 153 (Fig 2.19) was synthesized by reaction of unsubstituted p-lactam 134 with 

2-hydroxy-9-fluorenone using the general experimental method. The characteristic IR 

absorptions were noted at v1731.7 cm'^ and v3418.1 cm V The fluorenone C-9 is now a 

chiral carbon and ^H-NMR spectrum (Fig 2.20) indicates diastereomers formed in the ratio 

80 : 20. H-3 appears as two doublets at 5 3.47 (J=2.72 Hz) and 6 3.60 (J=2.72 Hz) and 

two doublets for H-4 at 5 3.86 (J=2.04 Hz) and 6 4.10 (J=2.04 Hz). All protons from the 

fluorenone ring appear in the aromatic region. The ^^C-NMR (Fig 2.21) spectra shows 

only one signal for each carbon but this may be due to the small amount of second isomer 

present.

0 C H 3

Figure 2.19: Structure of 153

O C H ;

% g ?

P  -  c  -  N  -
5 5 £ 2 c Pj S

8 0 7 0 6.0 5.0 4 0
p pm

Figure 2.20: ^H-NMR spectrum of 153
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N

T
150

1
100

Figure 2.21: ^^C-NMR spectrum of 153

2.5.4.4 Addition of 2- & 4-hydroxynaphthaldehyde to 134

OH

OH

OCH:

154

OH

HO

OCH

155

Figure 2.22: 154 and 155

Compounds 154 (31 %, Fig 2.22) and 155 (38 %, Fig 2.22) were obtained by reaction of 

134 with 2-hydroxy-1-naphthaldehyde and 4-hydroxy-1-naphthaldehyde respectively. 

Comparison of their ^H-NMR spectra show results similar to those obtained for the ortho 

(140) and para (142) compounds in Table 2.4. 154 was obtained almost exclusively as 

one diastereomer, with trace amounts (less than 5 %) of the second diastereomer evident 

in the ^H-NMR spectrum. Steric hindrance probably accounts for this with the less 

hindered 155 being isolated in a ratio of 50 ; 50 as proven by the integration of the H-4 

and H-5 signals in the ^H-NMR spectrum.
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2.6 Introduction of basic side chain to the phenol products

.R

Cl

R
I
N

R R 0
HO

K2CO3, A ce tone

■r

R l  = H:  1 5 6  

\  R i = 0 C H 3 ;  1 5 7 O R l = H ;  1 6 2  

R i  = 0 C H 3 :  1 8 3
o R ,  = H:  1 6 8  

R ,  = 0 C H 3 :  1 5 9

N'  R i  = H:  1 6 0  

\  R ,  = 0 C H 3 :  161 R , = H : 1 6 4  

R l ^ O C H a :  1 6 5

R l  = H: 1 6 6  

R i  = 0 C H 3 :  1 67

O R , = H : 1 5 8  

R , = 0 C H 3 :  1 5 9

Scheme 2.16: Addition of basic side chain to phenol

The nucleophilic addition of the basic side chain, required for ER antagonist activity onto 

the product (139-155) is illustrated in Scheme 2.16. Anhydrous potassium carbonate 

(K2CO3) is the most effective base to remove the slightly acidic hydrogen from the phenol. 

Due to the more acidic nature of phenols over alcohols this generally occurs without 

affecting the secondary alcohol. On removal of the proton the phenolic oxygen then 

attacks the electrophilic carbon of the alkyl halide and nucleophilic substitution proceeds. 

A variety of basic side-chains were initially added to compounds 139 and 142. SAR 

studies then identified the pyrrolidine ring as being the optimum for antagonist activity and 

this was then chosen as the basic side chain for future compounds. Chiral capillary 

electrophoresis was investigated as a method of separation for the final products into their 

enantiomers.

2.6.1 Chiral capillary electrophoresis

Electrophoresis is the movement of electrically charged particles or molecules in a 

conductive liquid medium, usually aqueous, under the influence of an electric field and is 

typically performed using fused silica capillaries that are 30-100 cm long with voltages of 

up to 30 kV. The buffer moves by electroosmostic flow (EOF) carrying with it neutral 

molecules which are not influenced by the electric field. When a buffer is placed inside a 

capillary, the inner surface of the capillary acquires a charge; this may be due to ionization 

of the capillary surface or adsorption of ions from the buffer onto the capillary. In the case 

of fused silica, the surface silanol (Si-OH) groups are ionized to negatively charged 

silanoate (Si-O ) groups which then attract positively charged cations from the buffer
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solution forming an inner layer of cations at the capillary wall. The inner layer is tightly 

held by the S i-0 ' groups - the fixed layer; the outer layer of cations is not tightly held - the 

mobile layer; together they are known as the diffuse double layer of cations. When an 

electric field is applied the mobile layer is pulled towards the negatively charged cathode, 

the solvated cations drag the bulk buffer solution with them causing electroosmotic flow. 

The composition of the buffer is one of the most important variables in capillary 

electrophoresis, small changes in buffer pH or concentration may cause significant 

changes in rates of solute migration and, consequently, changes in migration times [205],

Direct enantioseparation is the most used approach in chiral CE, a chiral selector is 

dissolved in the running buffer where it interacts selectivity with the enantiomers to form 

reversible and labile diastereoisomeric or inclusion complexes with different effective 

mobilities. Cyclodextrins (CDs) have been used for numerous enantioseparations by 

chromatography and electrophoresis, they are the first reagents of choice for chiral 

recognition and referred to as the most universal chiral selectors. Low UV absorbance, 

low price and water solubility are among the most important properties of CDs, making 

them useful chiral selectors. CDs consist of 6, 7 and 8 D-(+)-glucopyranose units, 

corresponding to a-CD, p-CD and y-CD, respectively. Enantioselection is based on the 

formation of inclusion complexes and differences in the complex stability between the CD 

host and a chiral solute. Among CDs, P-CD, owing to its unique structure and size, has 

been the most useful chiral selector although problems sometimes occur due to its low 

solubility. Methylated p-CDs are also popular chiral selectors, due to their high solubility 

and complementary chiral recognition to native P-CD, availability and low price. Native 

and neutrally derivatized CDs eg hydroxypropyl-p-CD (HP-p-CD) and dimethyl-p-CD (DM- 

P-CD) have been successfully used for enantioseparation of basic and acidic 

enantiomers [206-208].

2.6.1.1 Separation of 3-substituted P-lactams using CE

CE was performed using a Beckman P/ACE system 5510 (Palo Alto, CA, USA) equipped 

with a UV filter or a PDA-UV detector (200 nm). Data acquisition was performed using the 

system Gold. Analyses were performed at constant current of 150 pA. Phosphoric acid 

(lOOmM) and sodium dihydrogen phosphate (lOOmM) were used for running buffer. 

Tetrabutylammonium phosphate salt (TBA, lOOmM), an electrostatic flow compressor, 

was used to reduce/reverse the EOF. Hydroxypropyl-P-CD (HP-p-CD, 15mM) and
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dimethyl-(3-CD (DM-|3-CD, 15mM) were used as chiral selectors. All running buffers were 

filtered through a 0.45 [jm millipore membrane filter before use. With mixtures of neutral 

cyclodextrins as chiral selectors it was possible to achieve better resolutions than with 

individual ones at the same concentration level.

Capillary Electrophoresis analysis was carried out by Dr. Ana Luisa Simplicio, in the 

School of Pharmacy and Pharmaceutical Sciences, Trinity College Dublin.

2.6.2; Reaction of 2-(dimethylamino)ethylchloride with 139 and 142

Scheme 2.17: Synthesis of 156 and 157

Compound 139 was reacted with 2-(dimethylamino)ethyl chloride to afford 3-([4-(2- 

dimethylaminoethoxy)-phenyl]-hydroxymethyl)-1,4-diphenylazetidin-2-one (156 (42 %), 

Scheme 2.17); the separate reaction of 142 with 2-(dimethylamino)ethyl chloride afforded 

3-([4-(2-dimethylaminoethoxy)-phenyl]-hydroxymethyl)-1,4-bis-(4-methoxyphenyl)- 

azetidin-2-one (157 (48 %), Scheme 2.17) following the general experimental procedure. 

It would be expected that the addition of the basic side chain should occur equally with 

each diastereomer. The separation of the isomeric mixture 156 using CE is shown in Fig 

2.23 and shows two diastereomers eluting at approximately 11.5 minutes, and 12 minutes 

in a ratio of approximately 50 : 50. The ratio of H-4 and H-5 from each diastereomer in 

^H-NMR spectrum (Fig 2.24) is 52 ; 48, which corresponds to the result from CE. This is 

approximately equivalent to the 60 ; 40 ratio obtained for 139 the phenolic precursor of 

156. The conditions used in CE on 156 did not result in the separation of the enantiomers 

however some resolution of the individual signals is possible to discern indicating the 

enantiomer separation. Compound 157 was not separated using CE during to problems 

with solubility in the buffer, however the results of the ^H-NMR spectrum for 157 are 

similar to 156 with an additional signal, a doublet, at 6 3.73 corresponding to the two 

methoxy groups. In the ^H-NMR spectra for both compounds, the characteristic signals

R R

A c e to n e ,  K 2 C O 3

R

R=H: 139 R = 0 C H 3 :  142

R
R=H: 156 R = 0 C H 3 ;  157
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relating to the basic side chain are evident. The N-(CH3 ) 2  appear as a singlet at 5 2.33, N- 

CH2 is a singlet at 6  2.71 and O-CH2 is a multiplet at 6  4.02. The ^^C-NMR spectrum of 

156 together with its DEPT 135 and DEPT 90 spectra (Fig 5.25) all agree with the ^H- 

NMR spectrum showing the presence of 6  x CHs (3 from each diastereomer), 2 x CH2 

signals and a CH3 signal.

11 ■ ' 
---------------- J ___

10 ~

Minutes

OM

0

15 20

Figure 2.23: CE separation of 156 (150 |jA, 15 mM DIVI-P-CD, 15 mM HP-p-CD, 100 mM TBA 

in 100 mM phosphate buffer pH 2.5)

......

OH

O

J. L I  '

§ I § I

Figure 2.24: ^IH-NMR spectrum of 156
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Figure 2.25: ''^C-NMR, DEPT 135 and DEPT 90 spectra of 156

2.6.3 Reaction of 1-(2-chloroethyl)pyrrolidine with 139 and 142

OH

HO

R=H: 139

0
A c e to n e , K2 C O 3

OH

0

R=H; 158

Scheme 2.18: Synthesis of 158 and 159



1-(2-Chloroethyl)pyrrolidine was reacted with 139 to produce 3-(hydroxy-(4-(2-pyrrolidin-1- 

yl-ethoxy)-phenylmethyl)-1,4-diphenylazetidin-2-one (158 (50 %), Scheme 2.18) and 3- 

(hydroxy-(4-(2-pyrrolidin-1-yl-ethoxy)-phenylmethyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2- 

one (159 (45 %), Scheme 2.18) was similarly obtained from 142 following the general 

experimental procedure. Once again CE was only successful in separating the 

stereoisomers of 158 while 159 was not successfully separated. On this occasion 158 

was separated into its diastereomers eluting at approximately 12 minutes and 12.5 

minutes (50 :50), each of the diastereomer peaks appear as a double which gives 

evidence to the presence of enantiomers, Fig 2.26. The presence of the pyrrolidine ring in 

158 and 159 is confirmed in their ^H-NMR spectra by the signals observed at 5 1.81 and 6 

2.62. Both signals are singlets which integrate for 4 protons each and correspond to the 

C-CH2 -CH2 -C, and CH2 -N-CH2  of the pyrrolidine ring respectively.

impurifes
OH

O

10 15     26
Minutes

Figure 2.26: CE separation of 158 (150 |jA, 15 mM DM-f3-CD, 15 mlVI HP-P-CD, 100 mlVI TBA 

in 100 mlVI phosphate buffer pH 2.5)

2.6.4 Reaction of 2-diethylaminoethyl chloride with 139 and 142

OH

HO

R=0CH3: 142R=H: 139

OH

'O

Acetone, K2CO3

R=H: 160

Scheme 2.19: Synthesis of 160 and 161

2-Diethylaminoethyl chloride was reacted to 139 to yield 3-(4-[2-diethylaminoethoxy)- 

phenyl]-hydroxymethyl)-1,4-diphenylazetidin-2-one (160 (40 %), Scheme 2.19) and 142 

was separately reacted with 2-diethylaminoethyl chloride to obtain 3-(4-[2-
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diethylaminoethoxy)-phenyl]-hydroxymethyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 

(161 (47 %), Scheme 2.19) following the general experimental procedure. Both 160 and 

161 were separated into their constituent stereoisomers using CE, with 160 showing the 

four products as two double signals (12.5 minutes and 13.5 minutes). Three signals 

appear for and 161 (11.5 minutes, 12 minutes, 12 and a half minutes); this either indicates 

just the separation of the diastereomers with the final signal an impurity or perhaps the 

resolution of one pair of enantiomers with the second pair appearing as one signal (Fig 

2.27).

The ^H-NMR spectrum of both products (Fig 2.28 & Fig 2.29) show 60 : 40 ratio of 

diastereomers. The basic diethyl side chain is identified by the signals at 5 1.06 (160, 

J=7.2 Hz), 6  1.18 (161, J=7.2 Hz) as a triplet integrating for six protons and corresponding 

to C-(CH3)2 and 5 2.62 (160, J=7.2 Hz), 5 2.86 (161, J=7.2 Hz) as a quartet integrating for 

four and corresponding to C-(CH2)2 - Both compounds were identified by high resolution 

mass spectrometry (HRMS) by the presence of their M"' + 1 ion; 160 445.2491 

(C28H32N2O 3) and 161 505.2624 (C30H36N2O 5).

iW:

Possible impurity

1 0 15

O'

20
Minutes

Figure 2.27: CE separation of 160 and 161 (150 pA, 15 mM DM-P-CD, 15 mM HP-p-CD,

100 mM TBA in 100 mM phosphate buffer pH 2.5)
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Figure 2.28: ’ H-NMR of 160
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Figure 2.29: ’H-NIVIR of 161
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2.6.5 Reaction of 2-chloroethylpiperidine and 2-chloroethylmorpholine with 

139 and 142

R

HO

,R

A cetone,  K 2 C O 3

R = H ,X = C : 162 R =0C H 3, X=C: 163

R = H ,X = 0 :  164 R=0CH 3, X = 0 :  165

R
R

R=H: 139 R =OCH ,:  142

Scheme 2.20: Synthesis of 162-165

2-Cliloroethylpiperidine was introduced to the 139 scaffold to form 3-(hydroxy-[4-(2- 

piperidin-1-yl-ethoxy)-phenyl]-methyl)-1, 4-diphenylazetidin-2-one (162 (47 %), Scheme 

2.20). When reacted with 142, 3-(hydroxy-[4-(2-piperidin-1-yl-ethoxy)-phenyl]-methyl)-1,4- 

bis-(4-methoxyphenyl)-azetidin-2-one (163 (50 %), Scheme 2.20) was obtained. The ^H- 

NMR spectrum revealed the expected 3-lactam signals and a singlet at 6 1.47 

corresponding to the two protons at the 4-position of the piperidine ring. The signal at 5 

1.61 is a singlet, integrating for four protons and is assigned to 2 x -CH 2 at C-3 and C-5. 

The CH2 at C-2 and C-6 are identified as singlet at 5 2.52.

2-Chioroethylmorpholine when reacted with 139 afforded 3-(hydroxy-[4-(2-morpholin-4-yl- 

ethoxy)-phenyl]-methyl)-1,4-diphenylazetidin-2-one (164 (47 %), Scheme 2.20) while 142 

yielded (165 (50 %)), 3-(hydroxy-[4-[2-morpholin-1-yl-ethoxy)-phenyl]-methyl)-1,4-bis-(4- 

methoxyphenyl)-azetidin-2-one, Scheme 2.20 in a similar reaction. The ^H-NMR 

spectrum shows the expected 3-lactam signals while a multiplet at 6 2.57 integrating for 

four protons was assigned to CH2-N-CH2 and a multiplet at 6 3.73 also integrating for four 

protons was assigned to CH2-O-CH2 .
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2.6.6 Addition of 2-(2-chloroethyl)-1-m ethylpyrrolidine to 139 and 142

OH

O

166: R=H 167: R=OCH3

OH

HO

R
139: R=H 142: R=OCH

Acetone, K2 C O 3

Scheme 2.21: Synthesis of 166 and 167

3-(Hydroxy-(4-[2-(1-metliylpyrrolidin-2-yl-ethoxy]-phenyl)-methyl)-1,4-diphenylazeticiin-2- 

one (166 (39 %), Scheme 2.21) was obtained by treating 139 with 2-(2-chloroethyl)-1- 

methylpyrrolidine. 3-(Hydroxy-(4-[2-(1 -methylpyrrolidin-2-yl-ethoxy]-phenyl)-methyl)-1,4- 

bis-(4-methoxyphenyl)-azetidin-2-one (167 (50 %), Scheme 2.21) was isolated by a 

similar reaction of 2-(2-chloroethyl)-1-methylpyrrolidin with 142. Addition of this side chain 

results in the introduction of an additional chiral centre into the molecule at C-1 on the 

pyrolidine ring. Chiral CE analysis of both 166 and 167 show resolution into their 

constitute isomers as shown in Fig 2.30. The electrophorogram of 166 shows three 

diastereomers split into their pairs of enantiomers (12 mins & 12.25 mins, 12.5 mins & 13 

mins, 13.5 mins & 13.75 mins) with the final diastereomer not being separated into its 

enantiomers (14.5 mins). The electrophorogram of 167 reveals two diastereomers split 

into their corresponding enantiomers (11.5 mins & 12 mins, 12.25 mins & 12.75 mins) and 

two diastereomers appearing as a single signal each (13 mins, 13.5 mins). The 

complexity of the splitting pattern for the ’ H-NMR spectrum also reveals the presence of 

multiple isomers (Fig 2.31). The presence of the methyl pyrrolidine ring is confirmed by N- 

CH3 appearing as a singlet at 6  2.81. The signal for CH (C-1) appears as a multiplet at 5 

2.22, while C-4 and C-5 (CH2 ) are observed as a multiplet in the region 6  1.98-5 2.52 

which also includes CH2 from the ethoxy side chain. The signal observed at 6  2.89 as a 

multiplet corresponds to N-CH2 .
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Figure 2.30: CE separation of 166 and 167 (150 pA, 15 mM DM-P-CD, 15 mM HP-P-CD,

100 mM TBA in 100 mM phosphate buffer pH 2.5)
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Figure 2.31: ^H-NMRof 166

2.6.7 Addition of pyrrolidine containing side chain to a series of 3- 

substituted P-lactams.

Following SAR studies on the antiproliferative activity with MCF-7 cells of the products 

above, the pyrrolidine type side-chain was shown to have the optimum effects for 

antagonist activity; therefore the 3-substituted [3-lactams were designed to contain this 

heterocyclic substituent. Scheme 2.22 shows the pyrrolidine side chain added to a series 

of p-lactams (140-155) and Table 2.5 shows isolated yields, IR data and diastereomeric 

ratios for the products (168-177).
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Scheme 2.22: Addition of pyrrolidine containing side chain to a series of 3-substituted P- 

lactams

Chiral CE analysis was carried out on some of these products, compound 170 (Fig 2.32) 

shows the best separation and gives a good indication of the ratio of isomers present. 

The precursor to this product, 143 shows an isomer ratio of 85 :15 from the ^H-NMR 

spectrum; the ^H-NMR spectrum of 170 (Fig 2.33) correlates with this, suggesting that the 

isomer ratio is preserved. When the 170 was analysed by chiral CE the 

electropherogram (Fig 2.32) clearly shows four signals, one for each enantiomer, with 

good resolution, two small signals (11.8 & 12.2 minutes) and two larger signals (13 & 14 

minutes). Although not quantitative, visually it would appear to confirm the findings from 

^H-NMR spectrum.

Minutes

Figure 2.32: CE separation of 170 (150 pA, 15 mM DM-^-CD, 15 mWI HP-P-CD, 100 mM TBA 

in 100 mlVI phosphate buffer pH 2.5)
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Figure 2.33: ^H-NMR spectrum of 170

Synthesis of compound 177 was attempted by addition of pyrrolidine side-chain to 149. 

The product isolated in a 20 % yield was not 177. On examination of the ^H-NMR 

spectrum (Fig 2.34) the loss of the silyl protecting group was evident by the absence of 

the characteristic signals at 6 0.27 and 5 0,93. This was not expected as usually silyl 

ethers are stable in most reaction conditions and usually require a fluoride ion or acidic 

conditions for removal. The H-3 proton is still present with a multiplet signal at 5 3.88, H-4 

appears as a doublet at 4.81 (J=2 Hz). The presence of the side chain is confirmed by 

the signals at 5 1.75 (s, 8 protons), 6 2.5 (s, 8 protons), 6 2.78 (m, 4 protons) and 5 3.96 

(m, 4 protons). However as can be seen by the relative integrations it appears that the 

side-chain is present in two equivalents. As there is no silyl group evident in the ^H-NMR 

spectrum and because the phenolic hydrogens are more acidic then hydroxy groups then 

the second equivalent has probably added to the phenol group on the N-1 position. The 

expected compound formed 178 is shown in Fig 2.34). HRMS confirms the proposed 

compound revealing a +1 ion at 738.3030 which corresponds to the mass of 178 

(738.3829, C 4 7 H 5 1 N 3 O 5 ) .  Insufficient sample was obtained to continue with the removal of 

the benxyloxy protecting group. As it is a novel compound containing 2 x basic side chain 

it could be of interest if biochemically evaluated.
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Figure 2.34: ^H-NMR spectrum of proposed compound 178
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Compound Structure Yield (%) IR (KBr) cm ^ Diastereomeric

ratio

168

o

• Q
OCH,

16
1742.3

3247.9
85: 15

169

OCH,

Cr V Or ^ r
" Q

OCHj

63
1736.4

3430.0
>90 : <10

170
 ̂ —  0  OH

• Q
OCHj

22
1736.4

3356.0
80 : 20

171

OCHj

o-i /Vi'
I -  N

• Q
OCHj

21
1734.6

3420.5
80 : 20

172

• b

49
1738.3

3421.6
80 ; 20

173

(T  ̂ OCHj

’  ‘ • " Q
OCMj

30
1738.0

3437.7
100

174

OCH,

0

OCH,

41
1738.1

3428.4
55 : 45

175 r  Q
/  OCHj 

0

41
1739.1

3437.7
100

176
O . Q  r  0

0-^.J 1 1

° Q
OCHj

35
1740.3

3306.7
50 : 50

177

’  " Q  v
O SI—(—

- - -

Table 2.5: Yield and infrared data for P-lactams containing pyrolidine type side-chain (168- 

177)
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2.7 Oxidation of secondary alcohol

To study the effect on antiproliferative activity of the introduction of a carbonyl group at C- 

3, the secondary alcohol in compounds 157, 159, 161, 164 and 165 was examined 

(Scheme 2.23). This structural feature is present in raloxifene and contributes to the 

binding and ER activity of the drug in orientating the basic side group to bind to Asp351. 

The oxidation of the alcohol was achieved by treatment of the appropriate secondary 

alcohol with pyridium chlorochromate (PCC). PCC, an air-stable solid developed by Elias 

James Corey and William Suggs in 1975 [209] and is used for the oxidation of primary 

alcohols to aldehydes and secondary alcohols to ketones. On addition of PCC to the 

reaction, the solution becomes briefly homogeneous before depositing the black insoluble 

reduced reagent. This residue can then be removed by filtration.

OCH
N ® '^ 0 -C r-C lOH

- N
PCC

o
DCM

OCH

1 5 7 ,1 5 9 ,1 6 1 ,164-165

O

OCH;

179 -1 8 3

Scheme 2.23: Oxidation of secondary alcohol

2.7.1 1,4-S/s-(4-m ethoxyphenyl)-3-[4-(2-m orpholin-4-yl-ethoxy)-benzoyl]- 

azetidin-2-one (179)

Treatment of 165 with PCC resulted in oxidation of the secondary alcohol yielding 179 (35 

%, Scheme 2.22) 1,4-fo/s-(4-methoxyphenyl)-3-[4-(2-morpholin-4-yl-ethoxy)-benzoyl]- 

azetidin-2-one. The ^H-NMR spectrum (Fig 2.35) confirms the presence of the product in 

the trans configuration with H-3 appearing substantially downfield as a doublet at 6  4.76 

(J=2 Hz), H-4 also appears further downfield as a doublet at 5 5.68 (J=2 Hz). The other 

feature in the spectrum is the downfield shift of the aromatic protons adjacent to the newly 

formed carbonyl group. The newly formed carbonyl appears in the ^^C-NMR spectrum at 

6  188.9 with the signal for the C=0 of the p-lactam ring identified at 5 162.6. High 

resolution mass spectrometry identified the product with the corresponding M +1 ion at 

517.2339, C30H32N2O6).
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Figure 2.35: ^H-NIVIR spectrum of 1,4-Bis-(4-methoxy-phenyl)-3-[4-(2-morpholin-4-yl-ethoxy)- 

benzoyl]-azetidin-2-one (179)

Compound Structure Yield (%) IR (KBr)

1 7 9

OCH3

J - y l O

'  • 'Q
OCH3

3 5

1 7 4 5 . 9

1 7 2 2 . 1

1 8 0

0 CH3

2 5

1 7 4 8 . 2

1 7 2 1 . 8

1 8 1

OCHj

0 CH3

3 5

1 7 4 3 . 6

1 7 4 0 . 0

1 8 2

OCH3

2 0

1 7 3 3 . 6

1 7 1 2 . 7

1 8 3 6 1

1 7 5 0 . 0

1 7 1 4 . 1

Table 2.6: Yield and infrared data for oxidation products (179-183)



The effect of the oxidation from secondary alcohol to ketone appears to dramatically 

change the 3-dimensional structure of the compounds (e.g.convertion of 165 to 179, Fig 

2.36). While the core (3-lactam structure remains unaffected the orientation of the aryl ring 

on which is attached the basic side chain is vastly different. While binding to the ER may 

not be affected the antagonist properties would vary depending on which compound 

resulted in the greatest displacement of H12.

Figure 2.36: 3-D minismised structures of 179 and 165 (created by macromodel)

2.8 Summary

In conclusion, a series of novel antiestrogens designed to contain the p-lactam ring 

scaffold were synthesised. The initial 3-unsubstituted (3-lactam ring was obtained by the 

Reformatsky reaction of suitable Schiff base and a-bromoester. Various substituent 

groups were then introduced at the C-3 position using an aldol type reaction. Finally 

appropriate basic side chain ethers were then incorporated into the molecular structure to 

facilitate evaluation of their antagonist activity with the ER. The biochemical evaluation 

and estrogen receptor binding results for these compounds is presented in chapter 5. 

This biological data informed the design for type I! compounds.

OCH;
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3.0 p-Lactam Ring as a Scaffold for Design of Selective 

Estrogen Receptor Modulators; Synthesis of Tamoxifen 

Analogues with a Basic Aryl/Ether located at the N-1 and C-4 

Positions of a p-Lactam Ring
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3.1 Introduction

In this chapter, the synthesis of the type II (3-lactam tamoxifen analogues is discussed (Fig 

3.1). In this group of compounds, the aryl ring to which the basic side chain is attached is 

directly bonded to the p-lactam ring. These target structures are organised into three 

different types, this subdivision being dependent on whether the aryl ring is at C-4 (lla), N- 

1 (Mb) or C-3 (lie) position.

R >

(4) Type lla Type ||b

Figure 3.1: Structure of tamoxifen (4) and type II P-lactam SERMs

Type Me

For optimum binding interaction in the LBD of the ER, the positions of the aryl ether on 

each of the three rings adjoining the 3-lactam ring was investigated. The striking chemical 

feature common to nearly all synthetic ligands possessing a good ER binding affinity is the 

presence of a phenolic ring (A, ER pharmacophore Fig 3.2) which seems to directly mimic 

the steroid A-ring present in natural estrogens (eg estradiol). This phenolic group was 

found to participate in a hydrogen-bond network that includes two specific residues of the 

ER ligand binding domain, carboxylate of Glu353 (305) and the guanidinium group of 

Arg394 (346) of ERa(ERP). The D ring makes a single hydrogen bond with His524. An 

antagonist is generally anchored to the protein by a direct hydrogen bond between 

Asp351 and the basic side-chain nitrogen e.g. piperazine in raloxifene [13,210].
524His

substituent
(aromatic)

Glu 353 (305) core struc^re

Substituent

Glu 353 (305)

Arg 394 (346) 1
Arg 394 (346)

Figure 3.2: Binding affinity of Estradiol in ER and also requirements for optimum binding in 

other agonists/antagonists
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Katzenellenbogen’s group has carried out work on the pyrazole core structure as a 

scaffold for SERMs [33,52,53]. Four analogues (l-IV, Fig 3.3) were designed to explore 

the four possible orientations that the pyrazole core structure might adopt in the ER ligand 

binding pocket, and thereby to identify which site on the pyrazole could best 

accommodate the rather large, basic side chain substituent. The C(5) piperidinyl-ethoxy- 

substituted pyrazole (type IV, Fig 3.3) was found to have the highest affinity for ERa. 

Initially it was thought that the ligand core structure might be acting as a passive entity -  

simply to position peripheral substituents, however the lower ER binding affinity for the 

imidazoles compared to the pyrazoles proved this not to be true indicating the importance 

of the scaffold chosen [52]. Special attention was then paid to the positioning of the the 

phenolic rings around the core pyrazole structure. The positioning of the antagonist side 

chain at different positions radically affects the ability of the SERM to bind to the ER and 

also the relative binding affinity (RBA) of a to p. Fig 3.3 shows the different arrangements 

of the basic side chain. Type I and type IV arrangements show the best binding ability 

with type IV being the optimum. These results were contradictory to what the group had 

expected but was later verified by molecular modeling studies. This work indicates the 

importance of the position of the side-chain around the core structure and also the 

usefulness of modeling studies to help explain the binding results observed [33,52,53].

Type

Type II

Figure 3.3: Variation of basic side-chain around pyrazole ring [33]

Based on these results the positioning of the basic side-chain and the phenolic aryl rings 

around the (3-lactam ring structure was considered to be of vital importance. Molecular 

modeling studies were carried out to try and predict which of the three type I! [3-lactam 

structures would be expected to have the best binding ability. All three appear to fit and 

show some affinity for the ER active site but to varying degrees. As would be expected 

from the inspection of Figure 3.1 and the arrangement of the various rings around the P- 

lactam, type lla appears to have the closest fit to 4-hydroxytamoxifen (4) in terms of 

positioning in the active site (Fig 3.4). The pyrrolidine side-chain is in close proximity to



Asp351 extending slightly further fronn the pocket then the dimethylamino group of 4. The 

-OMe on the B ring appears to show greater interaction with Arg394, bent slightly away 

from Glu353. The C ring containing the hydroxy group in the region of His524 and would 

be expected to have hydrogen bonding to this entity.

Figure 3.4: Molecular modelling studies of ER active site (a) 4-hydroxytamoxifen (4) in green 

and type Ha P-lactam SERM (208).

For the type lib variation, in the active site the [3-lactann ring flips so that what was 

expected to be the C ring (as shown in Fig 3.1) is actually the B ring. This variation is 

shown in Fig 3.5 with the top structure being the expected orientation and the bottom 

structure the optimized fit in the active site. Type lib has a slightly different orientation in 

the active site with the B ring not appearing to interact with Glu353 being in much closer 

proximity to Arg394; this may result in some detrimental effects on binding. This 

observation is probably due to the positioning of the carbonyl of the P-lactam ring between 

Arg394 and Glu353 which is not the orientation expected in the top structure of Fig 3.5. 

The hydroxy group on the C ring is in close proximity to His524 to facilitate hydrogen 

bonding.

In type He (Fig 3.6) all the phenyl rings appear to be in close proximity to their relavent 

amino acid residues. The effect of the carbonyl orientated towards Asp351 means that 

the basic sidechain is extended further out of the binding pocket resulting in greater 

displacement of H12. The methoxy group on the C ring is further from His524 then is 

desirable and therefore would have weaker hydrogen bonding ability.
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OH

Asp351

His524

Figure 3.5: Molecular modelling studies of ER active site 4-hydroxytamoxifen (4) in green 

and type lib p-lactam SERM (221)

Figure 3.6: Molecular modelling studies of ER active site 4-hydroxytamoxifen (4) in green 

and type lie SERM (222)

Type lie compounds only differ from type I compounds by the closer proximity of the basic 

side chain to the p-lactam ring. Type I P-lactams show very little affinity for the ER (see 

chapter five) and the molecular modeling studies show type Me to be the least likely of the 

type II compounds to interact with the ER. Therefore in this chapter only lla and type lib 

were synthesized and subsequently analysed for their SERM ability.

11 3



3.2 Staudinger reaction

Type II SERMS contain a phenyl ring directly attached to the p-lactam core structure at 

the C-3 positon. The Staudinger reaction, cycloaddition between a ketene and an imine, 

is the most common method for synthesis of 1,3,4-trisubstituted (3-lactams. The reaction 

is carried out thermally or photochemically, using acid chlorides in the presence of 

triethylamine (TEA), or a-diazoketones as ketene precursors. The ketene is generated by 

a base-mediated elimination of HCL from an acyl chloride [171,211].

3.2.1 Mechanism of reaction

Although the Staudinger reaction has been known since 1907 [212], the mechanism by 

which it proceeds and the rationale for the stereoselectivity observed remains obscure. 

Two general mechanistic pathways have been hypothesised. The first mechanism 

(Scheme 3.1) involves a nucleophilic attack of the imino nitrogen on the sp-hybridised 

carbon of a ketene to form a zwitterionic intermediate which then undergoes a conrotatory 

cycloaddition reaction. Commonly described as a [2+2] cycloaddition, it is generally 

accepted that the reaction is in fact stepwise [171,213].

Scheme 3.1: Reaction mechanism one of Staudinger reaction

The second mechanism (Scheme 3.2) starts with the acylation of the imine by the acid 

halide giving an N-acyliminium halide. This intermediate species can undergo two 

possible pathways. Pathway I involves proton abstraction using TEA which would 

produce the same zwitterionic intermediate reported in the ketene-imine reaction and 

could then close to form the p-lactam in a [2+2] conrotatory cycloaddition reaction. 

Alternatively in pathway II a halide could add to the N-acyliminium ion to form a carbanion 

that would directly form the |3-lactam by a halogen displacement reaction [213,214].

Ri
R 2 ^  © /

C— N
/  I

cis and/or trans
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Scheme 3.2: Reaction mechanism two of Staudinger reaction [214]

Generally it is difficult to predict the stereochemical outcome of Staudinger reaction, the 

reported results greatly depend on the reaction conditions employed, on steric factors and 

on substitutents effects. The stereochemistry of the resultant (3-lactams is also affected 

by the order of addition of the base and by the substitution pattern of the acid halide. C/s, 

trans or a mixture of both can be synthesised under different conditions [171,213,215- 

217].

3.2.2 Use of activated acetic acid and imine

The acid chloride is not always simple to prepare or commercially available so alternative 

synthesis of p-lactams requires the use of another activated carboxylic acid derivative. 

There are many acid activators available in the literature and some of the most commonly 

used in the Staudinger reaction are detailed below.
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3.2.2.1 Mukaiyama

2-Chloro-1-methylpyridiniuim iodide or the Mukaiyama reagent [218] is one of the most 

effective reagents for the generation of ketenes for Staudinger cycloaddition with imines. 

(3-lactams (both cis and trans) were obtained in high yields from acid activated by the 

Mukaiyama reagent with the suitable imine and using tripropylamine as base (Scheme 

3.3) [219]. Polymer supported Mukiayama type reagent is also suitable for the generation 

of ketenes. The p-lactams were obtained by generating the ketene from a carboxylic acid 

under sonication with the resin, followed by reaction with the imine [220],

o Ri R2
(CH3CH2CH2)3N, CH2CI, reflux overnight ^

OH R2 N ■R3 f X
N + Cl
I i '

CH3

R3

Scheme 3.3: Synthesis of p-lactams using acetic acid activated by Mukaiyama reagent [219]

3.2.2.2 Oxalyl chloride

Addition of 2M solution of oxalyl chloride in the presence of a catalytic amount of N,N- 

dimethylformamide (DMF) to acid results in the formation of the acid chloride. This 

method is used frequently with silyl protected esters releasing carbon monoxide and 

carbon dioxide gases. The conversion to acid chloride proceeds extremely slowly in the 

absence of DMF, indicating dimethylformiminium chloride as the reactive species, the 

possible mechanism is shown in Scheme 3.4 [221]. Once the acid chloride is formed the 

ketene is then formed in situ as usual and cyclization then occurs upon reaction with the 

imine resulting in only the cis isomer forming [129,222].

ci
01

-C O  + CO2 +
cr

/
o-s i-

\

\
s i :

.01
^c

Cl

oY?1^
| V  Cl

N(CH3)2

Scheme 3.4: Synthesis of acid chloride using oxalyl chloride
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S.2.2.3 Triphosgene

Triphosgene, the stable form of the toxic phoshene, is a versatile agent for the activation 

of various carboxylic acids. It reacts with acids to produce acid chlorides or anhydrides. 

Triphosgene is successfully used for the one step cycloaddition reaction of acids and 

imines resulting in the synthesis of P-lactams; the cis (3-lactam is formed synthesized 

(Scheme 3.5) [223,224].

P hO ^ P h^  PhO  r  r ^ P h
N E t3 / triphosgene1

O ^ O H  ' P M P  ' - 4 0 ”0 t o r t , 1 2 h ,  >  ■■
O  P M P

-N

Scheme 3.5: Preparation of cis P-lactam using triphosgene as acid activator [224]

3.2.2.4 N,N-Dimethylphosphoramidic dichloride

N,N-Dimethylphosphoramidic dichloride is another effective activating agent of the 

carboxyl group. Cossio et al have reported the use of N,N-dimethylphosphoramidic acid 

for the activation of bis(ethylthio)acetic acid to react with suitable imine and TEA (base) to 

yield 3-bis(ethylthio)(3-lactams (Scheme 3.6) [225,226].

SEt
E tS ,

N
I

0  =  P - C I  
I

Cl

EtS SEt

NEts
-N

\
O ' '  'O H  R2 o '  R2

Scheme 3.6: Formation of p-lactams using N,N-dimethylphosphoramidic dichloride 

activated acetic acid [225],

3.2.2.5 N,N-Dimethylchlorosulfite methanim inium chloride (SOCI2 -DMF)

Prepared from thionyl chloride and DMF, SOCI2 -DMF is a highly efficient method of 

activating carboxylic acids for reaction with imines to yield p-lactams. The proposed 

mechanism of action is through the formation of an activated carboxylic acid species as 

shown in Scheme 3.7 which when reacted with the appropriate imine and base yields the 

(3-lactam. The acid chloride is not formed under the reaction conditions reported however 

boiling the activated carboxylic acid species in DCM results in the loss of hydrochloric acid 

and sulfur dioxide to give the acid chloride in high yields [227].
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o
-HCI, rt

+ R
OH

TEA

O
N,N-Dimethylchlorosulfitemethaniminium

chloride activated carboxylic acid 
intermediate

Scheme 3.7: Synthesis of p-lactams from SOCI2-DIVIF activated carboxylic acids [227]

3.2.3 Microwave technology for the Staudinger reaction

Microwave-induced organic reaction enhancement (MORE) chemistry techniques have 

been used to form (3-lactams. a-Vinyl-P-lactams have been produced by the reaction of 

an a,(3-unsaturated acid chloride with Schiff bases in the presence of TEA in DCM. Using 

MORE technology the product was formed in a few minutes instead of a few hours. In 

these reactions TEA as a tertiary base was replaced with the higher boiling N- 

methylmorpholine. Microwave assistance was also shown, in certain cases, to give 

specific product stererochemistry. A reaction between the Schiff base formed from 

benzaldehyde and methylamine produced a mixture of cis and trans p-lactams in a ratio 

depending on the temperature of the reaction mixture. Scheme 3.8. The reaction of 

acetoxyacetyl chloride with a Schiff base using N-methylmorpholine as the base gave 

mostly cis p-lactams at low levels of microwave irradiation. At higher temperatures more 

than 90% of that P-lactam synthesised was the trans isomer. In all the reported reactions 

a simple domestic microwave was used [228,229].

Scheme 3.8: Synthesis of P-lactam using microwave technology

3.3 Synthetic route to novel type lla SERMs

In the present work. Scheme 3.9 shows the general outline for the synthesis of type lla P- 

lactams as SERMs. The first step in the synthesis of the P-lactams is the formation of a 

selection of appropriately substituted Schiff bases. The appropriate Schiff bases are then 

reacted with the relevant acetyl chloride in the Staudinger reaction to form the P-lactam 

ring. The appropriate phenolic protecting groups are used when required. A variety of 

different acetyl chlorides were used to introduce different ‘Y’ groups. Many different

COCI

P h ^
N-methylmorpholine

microwave radiation
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solvents and conditions were employed in the formation of type II SERMs but the (3-lactam 

synthesised was always exclusively the trans product. The individual synthetic steps in 

the series are now discussed in detail.

Oprot

^ N ,

,OProl

b

c

O H

P ro t= p ro te c tin g  g ro u p  = B N Z  or S ily l X = F , O C H 3 . O H  Y = H . O C H 3 , O H

S c h e m e  R e a g e n ts :  (a ) E tO H . re flux  2 .5 h r. (b ) a c e ty l ch lo rid e . T E A , D C M , re flux  2hr.;

(c ) te tra b u ty la m m o n iu m  flu o rid e . T H F , 0 ° C  15  m in s ./ P d /C  (1 0 % ), D C M , H 2 , 1 hr.

(d ) 1 -(2 -C h lo ro -e th y l)-p y rro lid in e , K 2 C O 3 , A c e to n e , reflux 2hr.

Scheme 3.9: General reaction scheme for formation of tamoxifen analogues type lla

3.3.1 1 -(4-Methoxyphenyl)-3-phenyl-4-[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-

azetidin-2-one (190)

// '

TEA, DCM O

OCH3

184

OCH3

185

0

TEA. DCM

CI-^N2) V

q '  K3CO3, Acetone

O C H j

Hz/Pd

Scheme 3.10: Reaction scheme for formation of 190

119



The first type I la compound formed was 190, containing a methoxy group as the oxygen 

function at the N-1 position which corresponds to ring C and is important for interaction 

with His524 as shown in Fig 3.4. Formation of 190 required initial synthesis of Schiff base 

184 (88%), Scheme 3.10. Due to the use of a base in the Staudinger reaction and also 

because addition of acid chloride would be problematic, the phenolic 184 cannot be used 

directly for formation of the p-lactam. A suitable protecting group was therefore required 

to be introduced before the next step could take place. Various factors must be taken into 

account when choosing a suitable protecting group in P-lactam chemistry. It should be 

cheap and readily available, easily and efficiently introduced, easy to characterise, stable 

to the widest possible range of reaction and work-up conditions, stable to widest possible 

techniques for separation and purification, removed selectively and efficiently under highly 

specific conditions and by-products of the deprotection should be easily separated from 

the substrate. Using these criteria, silyl ethers are popularly used for protection of 

alcohols and phenols. ferf-Butyldimethylsilyl (TBDMS) ether is frequently used owing to 

its stability under alkaline conditions, Grignard, alkyl lithium and also to alkylating and 

acylating reagents [13,230,231]. In this case it was successfully chosen as the protecting 

group of choice for the phenolic Schiff base 184.

The preparation of [4-(fe/t-butyldimethylsilanyloxy)-benzylidene]-(4-methoxyphenyl)-amine 

(185 (58 %), Scheme 3.10) is by a simple nucleophilic replacement reaction of the phenol 

184 with the silyl chloride. Due to the non-polar nature of the silyl ether, column 

chromatography was successful in purifying the product without significant decomposition 

of the Schiff base occurring. The ^H-NMR spectrum (Fig 3.7) shows the characteristic CH 

signal at 6 8.38 and all other relevant signals. The presence of the silyl ether is indicated 

by the existence of 2 singlets at 6 0.28 and 6 1.04. The former integrates for six protons 

and corresponds to the two methyl groups directly attached to the silicon. The latter 

integrates for nine protons and corresponds to the three methyl groups.
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Figure 3.7: ^H-NMR spectrum of 185

The 3-lactam product 4-[4-(terf-butyldimethylsilanyloxy)-phenyl]-1-(4-methoxyphenyl)-3- 

phenylazetidin-2-one (186 (78 %), Scheme 3.10) was prepared by the Staudinger reaction 

with 185 reacting with phenyl acetyl chloride. The p-lactam was identified by the 

characteristic IR absorption at v1750.1 cm‘  ̂ and the characteristic ^H-NMR signals. The 

(3-lactam was initially formed successfully following the procedure of Bolognese et al [213] 

and using DMF as the solvent with additional base added. This method resulted in 

exclusive trans product and a good yield, however the reaction required over 24 hours 

reflux so an alternative method was investigated. Toluene was used as solvent and the 

acid chloride was added dropwise to a refluxing solution of appropriate imine and dry TEA 

(as specified in Alonso et al) [232] resulted in higher yields and once again synthesis of 

the trans product exclusively. Alonso et al had reported synthesis of a mixture of cis and 

trans when tetrahydrofuroyl chloride was the acid component [232], Finally DCM was 

used following the method of Banik et al [154], the acid chloride was added dropwise to a 

stirred solution containing imine and TEA in dry DCM at -20°C, then warmed to room 

temperature and refluxed, once again the trans product was isolated exclusively.

The stereochemistry of the resulting azetidinone from the Staudinger reaction can be c/s, 

trans or a mixture of both isomers. It has been shown that the stereoselectivity depends 

on a number of factors, structure of the imine, acetyl chloride sequence of reagent 

addition, solvent, temperature and base [154]. In general it is reported that when the
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acetyl chloride is added dropwise, preferably at low temp, over a solution of imine and a 

tertiary amine, the cis cycloadduct is the major or exclusive stereoisomer detected. In 

contrast, when the tertiary base (TEA) is added over a mixture of imine and acetyl 

chloride, mixtures of cis and trans cycloadducts are obtained, in which the trans is the 

major or exclusive product [154,171], However in our synthesis, all the above conditions 

were applied and different temperatures were used and the trans isomer was always 

exclusively formed. This was also found when 4-methoxyphenyl acetyl chloride and 4- 

benzyloxyphenyl acetyl chloride were the acid chlorides used. The stereochemistry of p- 

lactams was deduced from the coupling constants of the C-3 and C-4 protons. The c/s-p- 

lactam has larger coupling constants (5-6 Hz) than the frans-p-lactam which is usually 1-3 

Hz [197,213,216]. Other reported acid chlorides which when reacted with diaryl imines 

form exclusively trans P-lactams are phthalimidoacetyl chloride and crotonyl chloride 

[219].

The high affinity of Si for fluorine is used to good effect in the removal of the TBDMS 

protecting group. Te^ra-n-butylammonium fluoride (TBAF) is one of the most popular 

reagents used, ethers are cleaved rapidly to alcohols by treatment with 2-3 equiv of TBAF 

in THF [230,233,234]. This was the method employed in this project. Other reported 

methods for removal of TBDMS are aluminium oxide and microwave [235], pyridium-p- 

toluenesulfonate (PPTS) [236], K2 C 0 3 /Kriptofix 222 [231] and catalytic amounts of 

Pd(PPh3 ) 4  in a toluene/H 2 0 /Na 2 C 0 3  mixture [237].

Removal of the silyl protecting group from 186 resulted in the isolation of 4-(4-hydroxy- 

phenyl)-1-(4-methoxy-phenyl)-3-phenyl-azetidin-2-one (186 (50 %), Scheme 3.10). The 

IR spectrum shows carbonyl absorption at v1735.6 cm'^ and a broad absorption 

corresponding to the hydroxy group at v3300.0 c m '\ The ^H-NMR spectrum (Fig 3.8) 

shows the absence of signals at 5 0.28 and 5 1.04 which indicates the loss of the silyl 

protecting group. The two most important signals are at 6  4.218 (J=2 Hz) and 6  4.979 

(J=2 Hz); these correspond to H-3 and H-4 respectively. Both appear as doublets and 

have J 3 4  coupling constants of 2 Hz corresponding to a trans P-lactam.
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Figure 3.8: ^H-NMR spectrum of 186

An alternative method to prepare 186 is also shown in Scheme 3.10. This involves the 

use of benzyl ether as the protecting group in place of the silyl ether. Benzyl ethers can 

be easily prepared using benzyl bromide in combination with a base (eg potassium 

hydroxide) in a suitable solvent medium [238], catalytic hydrogenation removes the 

aromatic benzyl ether [239], Due to the reactivity of the [3-lactam ring it is important that 

the removal is not in acidic or basic medium. Catalytic hydrogenation has been reported 

under ambient pressure of hydrogen at 50°C in methanol with Pd/C as the catalyst to 

remove the benzyloxy group without any effect on the (3-lactam ring [240-242]. However 

care still has to be taken not to over hydrogenate as Ojima et al have shown C-4-N-1 

bond cleavage to proceed by palladium catalyzed hydrogenolysis when an aryl substituent 

is attached to the C4 position i.e. a benzylic carbon. The ring strain of the p-lactam greatly 

accelerates the cleavage of the C-4-N-1 bond rather than the more usual N-1-C-2 bond 

breakage (Scheme 3.11). A large excess of raney nickel catalyst and hydrogen also 

results in cleavage of the ring [243,244].

X Ar

O Ph

Pd-Ho
O

Ar" ^  'NHPh  
X

X=N3, OBn x = n h 2, o h

Scheme 3.11: Cleavage of N-1-C-2 bond by hydrogenolysis
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4-Benzyloxybenzylidene-(4-methoxyphenyl)-amine (188 (88 %) Scheme 3.10) was 

isolated after the condensation reaction between 4-methoxyaniline with 4- 

benzyloxybenzaldehyde. The IR spectrum revealed the CH=N absorption band at 

v1605.9 cm"" and the ^H-NMR spectrum displayed the characteristic proton signal for the 

CH=N at 6 8.42. 4-[4-Benzyloxyphenyl)-1-(4-methoxyphenyl)-3-phenyl-azetidin-2-one 

(189 (78 %), Scheme 3.10) was prepared from 188 and phenylacetyl chloride following 

the procedure of Bolognese et al [213]. The IR spectrum of the isolated product 

contained the characteristic carbonyl absorption band at v1735.2 cm \  The ’H-NMR 

spectrum confirmed that the 3-lactam formed was the trans isomer with a doublet at 6 

4.19 (J=2.52 Hz) corresponding to H-3 and a second doublet at 5 4.81 (J=2 Hz) being the 

signal for the H-4 proton. The low coupling constants are consistent with trans 

stereochemistry. Careful removal of the benzyl protecting group hydrogenation yielded 

186 which was identified as indicated previously and shown in Fig 3.8.

Reaction of 1-(2-chloroethyl)-pyrrolidine with the phenolic group in 186 affords 1-(4- 

methoxyphenyl)-3-phenyl)-4-[4-(2-pyrollidin-1-yl-ethoxy)-phenyl]-azetidin-2-one (190 (30 

%), Scheme 3.10). The IR spectrum still shows the existence of the carbonyl with an 

absorption band at v1747.4 cm'^ but the disappearance of the absorption band from the 

hydroxy group. The presence of the pyrrolidine ring is confirmed in ’ H-NMR spectrum 

(Fig 3.9) by the signals at 5 1.82 and 5 2.67. Both signals are singlets which integrate for 

4 protons each and correspond to the C-CH2 -CH2-C, and CH2-N-CH2 of the pyrrolidine 

ring respectively. The ^^C-NMR spectrum (Fig 3.10) also shows the presence of all the 

characteristic carbon signals and confirms the existence of 190 .
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Figure 3.9: ^H-NMR spectrum  of 190
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Figure 3.10: ’X-NMR, DEPT 135 and DEPT 90 spectra of 190
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3.3.1.1 Attempted synthesis of analogues of 190 with variations at the C-3 

position.

Scheme 3.12 shows the attempt to synthesise a variety of different analogues of 190 with 

various basic aryl/ether substitutions at the C-3 position.

I ,CI 0 > x O  Q
Cl \

DBU, DCM
ll Zn ,TM C S  q ' '  y,— vx
'I Benzene h  ^

OH

184 X '

p
Si'
\ 185

TBAF 

THF O

' O

\  Aoetone

0CH3

191 

LDA, THF

OH

MeO

194

TBAF THF

OH

OH

MeO

195

K2CO3
^cetone

OH

MeO

196

P C C , DCM

^ S i
\O

O

197

TBAF THF

198

/ K2CO3
Acetone

199

Scheme 3.12: Outline of the attempted synthesis of analogues of 190

4-[4-(teAf-Butyldimethylsilanyloxy)-phenyl]-1 -(4-methoxyphenyl)-azetidin-2-one (191 (59 

%), Scheme 3.11) was prepared from the protected Schiff base 185 in the Reformatsky p- 

lactam forming reaction using the conditions described in chapter 2. The presence of the
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p-lactam ring was confirmed by the strong absorption band at v1734.6 cm'^ in the IR 

spectrum. The ^H-NMR spectrum (Fig 3.11) shows the signals for two H-3 protons as 

doublet of doublets at 5 2.83 (1.64 Hz, 2.04 Hz) and 6 3.48 (6.68 Hz, 5.48 Hz). H-4 

appears as a quartet at 6 4.91 (J=2.51 Hz). The ^^C-NMR spectrum shows the presence 

of a CH2 signal which corresponds to C-3 at 6 46.58 and a CH signal corresponding to C- 

4 at 6 53.37. All characteristic signals for the silyl protecting group are evident in both ^H- 

NMR and ^^C-NMR spectra.

0 0 %

p m)

Figure 3.11: ^H-NMR spectrum of 191

Removal of the silyl protecting group to reveal the free phenol at the C-4 position using 

tetrabutylammonium fluoride yielded 4-(4-hydroxyphenyl)-1-(4-methoxyphenyl)-azetidin-2- 

one (192 (74 %), Scheme 3.12). IR spectroscopy contained a broad absorption band at 

v3301.0 cm'^ indictating the loss of the protecting group and a sharp absorption from the 

C =0  of (3-lactam ring at v1710.2 c m '\ The ^H-NMR spectrum reveals the characteristic 3- 

lactam signals and also confirms the removal of the silyl group by the absence of the 

signals at 5 0.19 and at 5 0.97nmr and the presence of a broad signal corresponding to 

one proton (OH) at 6 8.50. The preparation of 1-(4-methoxyphenyl)-4-[4-(2-pyrrolidin-1-yl- 

ethoxy)-phenyl]-azetidin-2-one (194) was attempted by the addition of the pyrrolidine side 

chain to the phenolic group of 192 using potassium carbonate as the base in acetone. Its 

formation proved problematic, after several attempts only imine, unreacted side chain and 

starting material being recovered. An unidentified cream solid was also isolated whose
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^H-NMR spectrum revealed the presence of a methoxy group, but the absence of 

characteristic p-lactam signals. A  broad signal at 9.2 integrating for one proton possibly 

indicates an aldehyde signal. This is also in agreement with the broad carbonyl 

absorption band at 1740.1 cm'^ in the IR spectrum.

The next analogue of 190 to be attempted was 196 (Scheme 3.12) in which the phenyl 

group was one carbon removed from the C-3 position as outlined in chapter 2. 4-[4-tert- 

Butyldimethylsilanyloxy)-phenyl]-3-[hydroxy-(4-methoxyphenyl)-methyl]-1-(4-methoxy 

phenyl)-azetidin-2-one (194 (44 %), Scheme 3.12) was isolated from the aldol type 

reaction between 194 and 4-methoxybenzaldehyde using LDA as the base. IR 

spectroscopy contained the carbonyl absorption band at v1732.1 cm"* and the absorption 

band corresponding to the hydroxy group appeared at v3422.7 cm \  As discussed in 

chapter 2 the aldehyde adds to give the trans product as shown in the ^H-NMR spectrum 

(Fig 3.12), J3 4  hydrogen coupling constants, 2.04 Hz [197]. The ^H-NMR spectrum of 

194 shows a multiplet at 5 3.38 which corresponds to the proton at C-3. The presence of 

a second methoxy signal at 5 3.78 confirms the addition of the aldehyde. The existence 

of diastereomers is confirmed by the two signals corresponding to H-4 proton at 6  4.69 

(J=2.04 Hz) and at 6  5.27 (J=3.4 Hz); there are also two signals for the H-5 proton at 5 

5.05 (J=6.84Hz) and at 5 5.08 (J=2.04Hz). The ratio of preparation of diastereomers from 

the ^H-NMR spectrum integrals is 50 %: 50 %.

7 0  6 5  6 0  5 5  50  4 5  4 0  3 5  30  25  20  1 5 1 0 05
t> P rr\»

Figure 3.12: ^H-NMR spectrum of 194
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Removal of the silyl protecting group from 194 using TBAF yielded 3-[hydroxy-(4- 

methoxyphenyl)-methyl]-4-(4-hydroxyphenyl)-1 -(4-methoxyphenyl)-azetidin-2-one (195 

(40 %), Scheme 3.11). The IR spectrum gave the characteristic absorption bands at 

V1715.3 cm '\C =0) and at v3435.7 cm‘  ̂ (OH). The ^H-NMR confirmed the removal of the 

silyl protecting group with the absence of their signals at 6 0.17 and 6 0.96. The 

characteristic [3-lactam signals are still present. The addition of the basic side-chain to the 

phenol at the C-4 position to yield 3-[hydroxyl-(4-methoxyphenyl)-methyl]-1-(4- 

methoxyphenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2-one (196) once again 

proved fruitless. Reaction mixture contained p-methoxybenzaldehyde which appears to 

have been cleaved from C-3 and imine. A brown solid was also isolated, its ^H-NMR 

spectrum indicated the presence of the basic side-chain, one methoxy group but no (3- 

lactam signals.

Because it appeared that the aryl hydroxymethylene substituent at the C-3 position on 194 

was cleaved under the basic reaction conditions it was hoped that convertion of the 

hydroxy group into a ketone would stabilise the product for addition of the pyrrolidine side- 

chain. 4-[4-(teAt-Butyldimethylsilanyloxy)-phenyl]-3-(4-methoxybenzoyl)-1-(4-methoxy 

phenyl)-azetidin-2-one (197 (53 %), Scheme 3.11) was obtained from 4-[4-tert- 

butyldimethylsilanyloxy)-phenyl]-3-[hydroxy-(4-methoxyphenyl)-methyl]-1-(4-methoxy 

phenyl)-azetidin-2-one (194) using pyridium chlorochromate as the oxidising agent. The 

IR spectrum confirmed the successful oxidation of the hydroxy group with the presence of 

two carbonyl absorption bands in at v1701.9 cm'^ and at v1722.5 cm V The ^H-NMR 

spectrum (Fig 3.13) shows the absence of a H-5 signal; H-3 and H-4 both have one signal 

each, a doublet at 5 4.77 (J=2 Hz) and 6 5.67 (J=2.52 Hz) respectively. The J coupling 

values indicate trans configuration.

4-(4-Hydroxyphenyl)-3-(4-methoxybenzoyl)-1 -(4-methoxyphenyl)-azetidin-2-one (198 (90 

%), Scheme 3.11) was prepared from 4-[4-(ferf-butyldimethylsilanyloxy)-phenyl]-3-(4- 

methoxybenzoyl)-1-(4-methoxyphenyl)-azetidin-2-one (197). A broad absorption band at 

V3401.7 cm'^ indicated the removal of the silyl group. The ^H-NMR spectrum shows the 

loss of the signals at 5 0.21 and 6 0.99; the characteristic [3-lactam signals remain intact. 

However addition of the basic side chain to 197 was unsuccessful; this time imine and 

starting material were isolated.
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Figure 3.13: ^H-NMR spectrum of 197

Although the formation of ER antagonists proved unsuccessful the phenolic products 192, 

195 and 198 could prove useful for examination of ER agonist activity.

3.3.2 Synthesis of type lla SERMs containing a fluorine substituent at the N-1 

position

'I;
II

DBU, DCM

F

200

/ : X '"S i'

?!

)CM

x=H :202 X=H, 204

' O

x^OCHj: 203 X=0-CH3 = 205

Scheme 3.13: Attempted synthesis of 204 and 205

Fluorine substituted phenyls has shown the ability to interact with the ER, therefore the 

compounds 204 and 205 were synthesized as (3-lactam containing SERMs. Synthesis of 

204 and 205 required the synthesis of Schiff base 4-[(4-fluorophenylimino)-methyl]-phenol 

(200 (58 %), Scheme 3.13). The phenol was then protected as before using TBDMS
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forming 201, Scheme 3.13. This silyl ether was very difficult to purify by column 

chromatography and resulted in degradation. Purification was then attempted by 

recrystallization in ethanol which removed some starting material (200) but TBDMS and 

other impurities remained. Preparation of the (3-lactam was still attempted using 201 but 

this proved difficult due to the impurities present. It was then decided to try a different 

route for the preparation of 204 and 205.

Scheme 3.14; Alternative synthesis of 204 and 205

Instead of protecting the phenol in 200 using TBDMS, the pyrrolidine side chain necessary 

for antagonist activity was instead directly reacted with 200 to form (4-fluorophenyl)-[4-(2- 

pyrrolidin-1-yl-ethoxy)-benzylidene]-amine (206 (37 %), Scheme 3.14). IR spectroscopy 

revealed the characteristic C=N absorption at 1624.5 cm‘  ̂ and the ^H-NMR spectrum 

identified the existence of the imine with the characteristic signal at 5 8.36 while also 

showing the addition of the pyrrolidine side-chain by the usual signals clustered at 5 1.80 

and 5 2.63. This compound was used without further purification for the synthesis of 204 

and 205.

1 -(4-Fluorophenyl)-3-phenyl-4-[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-azetidin-2-one (204 (23 

%), Scheme 3.14) was obtained following the treatment of 206 with phenyl acetyl chloride 

in the Staudinger reaction. The IR spectrum shows absorption at v1750.2 cm'^ 

corresponding to the newly formed carbonyl in the (3-lactam ring. ^H-NMR (Fig 3.14) 

indicated two doublets at 5 4.27 (J=2.04 Hz) and 6  4.87 (J=2.04 Hz); these signals 

correspond to H-3 and H-4. The J3  4  coupling constants confirmed trans stereochemistry.

K 2 C O 3 . A c e to n e

F
F

200 206
X = H , 204 
X = 0 - C H 3  =  205
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The ^^C-NMR spectrum also contains the characteristic p-lactam ring carbons and 

confirms the presence of the pyrrolidine side chain.
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Figure 3.14: ^H-NMR spectrum of 204

1-(4-Fluorophenyl)-3-(4-methoxyphenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2- 

one (205 (21 %), Scheme 3.14) was prepared after the reaction of 206 and 4- 

methoxyphenyl acetyl chloride in a Staudinger type reaction. An absorption band at 

v1747.8 cm'^ in the IR spectrum confirms the presence of the p-lactam ring. ^H-NMR (Fig 

3.15) reveals the characteristic pair of doublets at 6  4.20 (J=2.48 Hz) and 5 4.82 (J=2.52 

Hz), whose J 3 4  coupling values confirm the existence of the trans p-lactam. Fig 3.16 

shows the ^®F-NMR spectra for 205 , the presence of one signal at 5 -118.3 confirms the 

presence of the fluorine substituent. One fluorine signal also confirms the fact that one 

stereoisomer of 205 is formed exclusively in the reaction.
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Figure 3.15: ^H-NMR spectrum of 205
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Figure 3.16: ^®F-NIVIR spectrum of 205
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3.3.3 Synthesis of type lla SERMs containing phenolic ring at the N-1 

position

Boron th flu b tjd e -^ e th y l sulphide

'C, 2 hrsD CM

'OH'OCH3

190 207

Scheme 3.15: Attempted demethylation of 190 to give 207

The presence of the phenolic group in 4-hydroxytamoxifen (4) appears to be significant for 

successful binding to the ER as shown by its interaction with Glu353 and Arg394 (Fig 3.4). 

It would therefore be relevant to form the corresponding analogue containing the p-lactam 

ring. The requirement of a free hydroxy group proved to be problematic due the instability 

of the p-lactam ring. Initially it was hoped to form 207 directly from 190 (Scheme 3.15) by 

demethylation. Several different reagents were employed in an attempt to remove the 

methyl group, these included ethanethiol [33] and boron trifluoride-methyl sulphide [245]. 

In all cases the result was degradation of the (3-lactam ring. Due to this lack of success, 

an alternative method of synthesis of 207 had to be pursued. Most (3-lactam containing 

compounds in the literature use alternative phenol protecting with no mention of 

successful demethylation. The new route involved preparation of a Schiff base with 

benzyl protected phenol as the aryl nitrogen substituent and basic sidechain attached to 

the phenol at the carbon position. This protected Schiff base was then treated with the 

relavent acid chloride to form the (3-lactam which was deprotected to yield the free phenol 

at the N-1 position (Scheme 3.16).
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Scheme 3.16: Synthesis of 207, 208 and 209

Because of the necessity for two phenol protecting groups in this type lla product and the 

problems encountered with the silyl protecting group in the synthesis of 204 and 205 the 

benzyl ether was again used as an alternative phenol protecting group. 4-[(4- 

Benzyloxyphenylimino)-methyl]-phenol (210 (96 %), Scheme 3.16) was prepared by 

condensation of 4-hydroxybenzaldehyde with 4-benzyloxyaniline and was then used to 

obtain compounds 207- 209 . The Schiff base structure was confirmed by IR spectroscopy 

with C=N absorption band at v1607.9 c m ^ H - N M R  spectrum showed the characteristic 

signal for CH=N at 6 8.43. The addition of 1-(2-chloroethyl)-pyrrolidine to 210 yielded 4- 

[(4-benzyloxyphenyl)-[4-(2-pyrrolidin-1-yl-ethyoxy)-benzylidene]-amine (211 (60 %),

Scheme 3.16). The ^H-NMR spectrum revealed the relevant pyrrolidine signals and also 

the CH imine signal at 6 8.40. Compound 211 was treated with phenylacetyl chloride, 

resulting in the preparation of 1-(4-benzyloxyphenyl)-3-phenyl-4-[4-(2-pyrrolidine-1-yl- 

ethoxy)-phenyl]-azetidin-2-one (212 (61 %), Scheme 3.16). IR spectroscopy positively 

identified 212 with C=0 absorption band at v1744.9 cm \  The ^H-NMR spectrum showed 

characteristic P-lactam signals; H-3 appeared as a doublet at 5 4.185 (J=3 Hz,) with the 

doublet at 5 4.846 (J=2.04 Hz) corresponding to H-4. The J 3 4  coupling constants are
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consistent with trans stereochemistry. The benzyloxy group was carefully removed by 

hydrogenation yielding 1-(4-hydroxyphenyl)-3-phenyl-4-[4-(2-pyrrolidin-1-yl-ethoxy)- 

phenyl]-azetidin-2-one (207 (50 %), Scheme 3.16). The IR spectrum revealed a broad 

absorption band corresponding to the free hydroxy group at v3434.80cm \  The ^H-NMR 

spectrum shows the continued presence of the p-lactam ring with H-3 at 6  4.204 (J=2.48 

Hz) and H-4 at 6  4.836 (J=2 Hz). The absence of the singlet at 6  5.06 and the reduction 

in aromatic hydrogens confirms the removal of the benzyloxy group. The HRMS shows 

M"' + 1 ion at 429.2184 (C2 8 H3 0 N2 O4 ) which also confirms the successful synthesis of 207.

Protected Schiff base 211 was also reacted with 4-methoxyphenyl acetyl chloride resulting 

in the isolation of 1-(4-benzyloxyphenyl)-3-(4-methoxyphenyl)-4-[4-(2-pyrrolidine-1-yl- 

ethoxy)-phenyl]-azetidin-2-one (213 (33 %), Scheme 3.16). The IR spectrum indicates the 

presence of the p-lactam ring by showing the characteristic absorption band at v1744.2 

cm \  The ^H-NMR (Fig 3.17) also shows the characteristic signals. The presence of two 

doublets at 6  4.16 (J=2 Hz) and 5 4.78 (J=2 Hz) correspond to H-3 and H-4 respectively 

with the stereochemistry being confirmed as trans.
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Figure 3.17: ^H-NMR spectrum of 213

The removal of the benzyl protecting group from 213 yields 1-(4-hydroxyphenyl)-3-(4- 

methoxyphenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2-one (208 (78 %),

Scheme 3.16). The IR spectrum shows the continuing presence of a carbonyl, v1737.58 

cm'^ and also shows a broad absorption band at v3387.02 cm'^ confirming the successful 

removal of the benzyl group. The ^H-NMR spectrum (Fig 3.18) contains all the required P-
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lactam signals as shown for 213. The singlet at 6 4.96 integrating for two protons (-CH2- 

phenyl) has disappeared and a broad singlet appears at 6 4.78 integrating for one proton 

(-OH). The DEPT 90 and DEPT 135 spectra (Fig 3.19) also confirm the loss of 

benzyl group.
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Figure 3.18: ^H-NMR spectrum of 208
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Figure 3.19: ’^C-NMR, DEPT 135 and DEPT 90 spectra of 208
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The synthesis of 1-(4-benzyloxyphenyl)-3-(4-benzyloxyphenyl-4-[4-(2-pyrrolidine-1-yl- 

ethoxy)-phenyl]-azetidin-2-one (214  (< 5 % ), Schem e 3 .16) was attem pted by reacting 

211 with 4-benzyloxyphenyl acetyl chloride (obtained from thionyl chloride and 4- 

benzyloxyphenyl acetic acid). The preparation of the P-lactam was confirmed by ’ H -N M R  

spectrum with H -3 appearing at 6 4 .1 9  (J=2 .48  Hz) and H -4  appearing at 6 4.81 (J=2 .52  

Hz); two signals at 6 5 .08 and 5 5.11 correspond to each C H 2 from the benzyloxy group. 

H ow ever the quantity of product form ed was insufficient for the removal of the benzyl 

ether to yield the final product 1-(4-hydroxy-phenyl)-3-(4-hydroxyphenyl)-4-[4-(2-pyrrolidin- 

1-yl-ethoxy)-phenyl]-azetidin-2-one (209, Schem e 3.16).

3.4 Synthetic route to novel type lib SERMs

To com plete the synthesis of the type I! S E R M  P-lactam s type lib com pounds 220  and 

221 (Schem e 3 .17) w ere prepared. Fig 3.5 shows the m odeled interaction with the E R a  

of type lib compounds. The presence of the oxygen functions on the C -3  and C -4  phenyl 

rings is very important for improved interaction with the relevant amino acid residues. The  

free hydroxy on the C -4  ring is shown to be in close proximity to H is524 and the phenyl 

ring on the C -4  position is orientated towards G lu353 and Arg394; this suggests that the  

m ethoxy group on 221 would have greater hydrogen bonding ability than the  

unsubstituted phenyl ring of 220.

217

r
(I

I

X=H, 218 X -H , 220
215  216 X=0CH3, 219 X=0-CH3, 221

S c h e m e  R eag en ts : (a ) 1 -(2 -C h lo ro -e th y l)-p y rro lid in e , K 2 C O 3 , A ce to n e , reflux 2hr.
(b) acety l ch loride, T E A , D O M , reflux 2hr.

(c ) P d /C , H 2 , D O M , room  tem p.

Scheme 3.17: General reaction scheme for synthesis of tamoxifen analogues type lib
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The synthetic route undertaken for the SERM type Mb products is shown in Scheme 3.17. 

Schiff base 110, used in previous synthesis (Table 2.2, chapter 2) is a crystalline solid, 

therefore its synthesis and subsequent purification did not encounter the same problems 

as experienced in the use of the silyl protected Schiff bases mentioned previously. It was 

decided to use this Schiff base to prepare the corresponding (3-lactam, then selectively 

remove the silyl group, react with the pyrrolidine side chain and finally remove the benzyl 

group by hydrogenation. Schiff base 110 was treated with phenylacetyl chloride in the 

Staudinger reaction using TEA as the base, after the subsequent work-up and purification 

^H-NMR (Fig 3.20) revealed the presence of the trans p-lactam ring 6 4.19 (J=2 Hz) and 5 

4.83 (J=2 Hz ) but the absence of the silyl protecting group. The product isolated was (4- 

(4-benzyloxyphenyl)-1-(4-hydroxyphenyl)-3-phenylazetidin-2-one (217 (21 %), Scheme 

3.17). In this one pot reaction, the protecting group appears to have been removed 

allowing the basic side chain to be directly added to the free hydroxy group yielding 4-(4- 

benzyloxyphenyl)-3-phenyl-1-[4-(2-pyrrolidine-1-yl-ethoxyphenyl]-azetidin-2-one (218 (5 

%), Scheme 3.17). The ^H-NMR (Fig 3.21) shows the additional signals at 6 1.81, 5 2.66, 

5 2.89 and 5 4.05 which correspond to the pyrrolidine ethoxy side chain.

OH

8 S

I
o

Q

— r  
0.07.0 5.0 4 0 3.0 2.0 1,0

ppm (t1)

Figure 3.20: ^H-NMR spectrum of 217
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Figure 3.21: ^H-NMR spectrum of 218

Subsequent Staudinger reactions with Schiff base 110 did not result in the removal of the 

silyl group after work-up. Due to the relatively poor yields and now the need for the extra 

step, the removal of the silyl group, saw an alternative route being examined. 4-[(4- 

Benzyloxybenzylidene)-amino]-phenol (215 (96 %), Scheme 3.17) was treated with [1-(2- 

chloroethyl)-pyrrolidine] yielding (4-benzyloxybenzylidene)-[4-(2-pyrrolidin-1-yl-ethoxy)- 

phenyl]-amine (216 (60 %), Scheme 3.17). Schiff base 216 was then used in the 

Staudinger reaction to give 218 with a yield of 15 %. The ^H-NMR spectrum for this 

product was identical to that shown in Fig 3.21. Once again 216 was used in the 

Staudinger reaction, this time reacting with 4-methoxyphenylacetyl chloride to yield 4-(4- 

benzyloxyphenyl)-3-(4-methoxyphenyl)-1-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2- 

one (219 (10 %), Scheme 3.17). The presence of the P-lactam ring was confirmed by ^H- 

NMR (Fig 3.22) with characteristic doublets at 6 4.17 (H-3) and 5 4.79 (H-4), J=2 Hz.

Hydrogenation was used to remove the benzyl group from 218 and 219 yielding the final 

products of 4-(4-hydroxyphenyl)-3-phenyl-1 -[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-azetidin- 

2-one (220 (37 %), Scheme 3.17) and 4-(4-hydroxyphenyl)-3-(4-methoxyphenyl)-1-[4-(2- 

pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2-one (221 (15 %), Scheme 3.17) respectively. 

Fig 3.23 shows the ^H-NMR spectrum for 220 , the signal at 6 5.05 which appears in the 

^H-NMR spectrum of 218 corresponding to the -C H 2 of the benzyloxy group is replaced 

by a broad signal at 5 5.06 from OH indicating the removal of the benzyl protecting group.
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Figure 3.23: ^H-NMR spectrum of 220 

3.5 Summary

In conclusion, a series of novel antiestrogens designed to contain the P-lactam ring 

scaffold were synthesised. The 3-lactam ring is prepared by reaction of suitably 

substituted Schiff base with appropriate acid chlorides using the Staudinger reaction. 

Thee three different types of SERM vary by the position of the basic side chain around the 

P-lactam ring. Type lla contains basic side chain at the C-4 position, type lib at the N -1 

position and type lie at the C-3 position, only type lla and lib were synthesised while 

potential ER agonist type structures were obtained in the type lla section. The 

biochemical evaluation and estrogen receptor binding results for these compounds is 

presented in chapter 5.
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4.0 p-Lactam Ring as a Scaffold for Design of 

Combretastatin A-4 Analogues
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4.1 Introduction

Combretastatin A-4 (CA-4, 60 Table 4.1) is a small organic molecule found in the bark of 

the African bush willow tree Combretum caffrum which has shown significant biological 

activity. It is only the cis configuration which has this biological activity; the trans 

configuration shows little or no activity [246]. Another problem with CA-4 is that its 

solubility in aqueous solution is poor; however this has been improved by conversion to 

disodium combretastatin A-4 3-0-phosphate (combretastatin A-4 prodrug, CA-4PD), from 

which the phosphate group is cleaved by endogenous non-specific phosphatases under 

physiological conditions [247], The X-ray crystal structure (Fig 4.1) of CA-4PD (223) 

suggests that the conformation of this stilbene is not planar. The crystal structure reveals 

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 [246], 

This prodrug is currently in clinical trials phase I! for advanced anaplastic carcinoma of the 

thyroid and also in phase I and I! clinical trials for safety and effectiveness in advanced 

solid tumours.

Figure 4.1: X-ray crystal structure of CA-4PD, reproduced from Pettit etal. [246].

To avoid the problem of isomerisation many different analogues of CA-4 have been 

designed which contain a fixed ring structure in place of the carbon-carbon double bond. 

This is to help ensure that the orientation of the two phenyl rings is close to the active cis 

configuration of CA-4. These different analogues include the imidazole ring (62, Table

4.1), thiophene (224, Table 4,1) furanone, tetrazole (63, Table 4.1) thiazole (64, Table 4.1) 

1,3-dioxolane (65, Table 4.1) indole (66, Table 4.1), 1-aroyl-5-methoxyindole (67, Table

4.1) and 3-aroyl-6-methoxyindole (68, Table 4.1) [74,97,102,103,248-250]. The (3-lactam 

ring has also been previously used as a scaffold for non-isomerisable combretastatin
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analogues (69, Table 4.1) [104], Most of these non-isomerisable compounds have been 

shown to be capable of binding to and depolymerising tubulin. They also exhibit the 

ability to inhibit cell growth with 1-aroyl-5-methoxyindoles (67) and 3-aroyl-6- 

methoxyindoles (68) showing 5-10 fold increase in cytotoxicity as compared to CA-4 

against several human cancer cell lines [103], The common feature for all combretastatin 

analogues is the presence of a triimethoxy phenyl ring system which has been shown to 

be very important for binding [74].

0C H 3  0 CH3

O C H 3 OCH3
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MeO
X  OMer iN - OMe 

N NH2 
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MeO
OMe
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Table 4.1: Selection of fixed ring tubulin binding compounds/combretastatin analogues

In this chapter, the design and synthesis of CA-4 analogues containing the p-lactam ring 

as a scaffold is described. We first examined two of the proposed analogues 243 and 275 

using molecular modelling as they resemble CA-4 with the 3,4,5-trimethoxy and the 3- 

hydroxy-4-methoxy ring systems. Their structural similarity in terms of orientation of the 

rings and their ability to interact with the colchicine binding site was examined. Fig 4.2
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shows novel p-lactam compound 243 superimposed on CA-4 (60) using macromodel 

program. It is evident that the p-lactam ring provides a similar angle between the two 

phenyl rings as the cis conformation of CA-4. This should prove important for the activity 

of these compounds. The ability of these novel (3-lactam compounds to fit into the 

colchicine active site was then assessed using molecular modelling studies. 

Podophyllotoxin (225) is a drug known to bind reversibly to tubulin at the colchicine- 

binding site and inhibit tubulin polymerization [92]. P-lactam 275 was docked in the 

colchicine active site using the crystal structure of podophyllotoxin in the colchicine as the 

reference structure (Fig 4.2). The graphic shows 275 fitting in the active site with the 

trimethoxy ring of the P-lactam overlapping with the all important trimethoxy ring of 

podophyllotoxin. The conclusion from the graphics obtained is that the P-lactam is a good 

match for CA-4 and appears to be a good fit for the colchicine binding site
OCHj

< A] Bij C I DP

A /
H 3C o ' ' Y ^  ' 0 C H 3  

0 C H 3

CA-4 (60) Podophyllotoxin (225)

OCH3

p C H j

OH

OCH3
OCH3

H3CO

243 275

/Mn
-  7 ^

I

4 (
Figure 4.2: (a) Combretastatin A-4(dark blue), p-lactam 243 (light blue) superimposed using 

macromodel (b) p-lactam 275 in the colchicine active site with podophyllotoxin (225)

In this chapter both the Staudinger and the Reformatsky reactions were used to 

synthesise a variety of different P-lactams which all contain the important 3,4,5- 

trimethoxyphenyl group present in CA-4. A general outline for preparation of these 

compounds is shown in Scheme 4.1.
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CHONH2
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Ri = R2=CH3
Ri=H, R2=CH3 
Ri =CH3, R2=H

Scheme Reagents: (a) EtOH, reflux 2.5hr. (b) alpha-bromoacetate, Zn, TMCS, Benzene, reflux 3hr..
(c) phenyl acetyl chloride, TEA, DCM, reflux 2hr.

Scheme 4.1: General reaction scheme for preparation of p-lactam CA-4 analogues 

4.2 Schiff base preparation

The first step of the Staudinger or Reformatsky p-lactam type reactions requires the 

synthesis of a collection of appropriately substituted Schiff bases by reaction of amine and 

aldehyde (Scheme 4.1). 3,4,5-Trimethoxyaniline is the amine used for most of the Schiff 

bases formed as this ring system is necessary for activity in all combretastastin analogues 

[74]. Many different aldehydes are used to yield various different imines. All the Schiff 

bases were isolated as crystalline material and were identified by IR and NMR  

spectroscopy. The Schiff bases were all obtained in the E configuration as discussed in 

section 2.2.1. The products formed contained a variety of substituents on the phenyl 

rings. Table 4.2 gives the structure, isolated yield and IR data for the Schiff bases 

synthesised.
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Compound Structure Yield (%) IR (KBr) cm"'

226
------- - O C H 3

H 3 C 0 — <; 'v—\= /  N — ^  ^— O C H 3

HO -̂----- \
O C H 3

84 1602.6

227 [251]
H3CO

H jC O —/  /= \N-d ^ O C H j

H3CO '-----(
OH

87 1627.3

228

H 3C0

72 1626.1

229 [104]
H jC O

64 1602.7

230
H3CO

H3CO y — y
V-A ^ 0 C H 3  

HsCO— ( V - N  -----
\ ----- /  OCH3

78 1619.5

231 [104]
H3CO / = \

/ / A  \  ^ — OCH^  
HgCO— ^  y — N ^ ^

HaCO

85 1643.2

232
OCHa

HjCO /----- /
\ — ^  N— U ) — OCHj

HaCO— r  y ----- ^  ^ ^
OCH3

75 1626.1

233
OCHa

HjCO P C H j /----- (

\ '  0CH3

74 1691.6

234
OCHa

'— (  0CH3 
OCHs

69 1659.4

235
H3CO

'----- '  H— (  ^ O C H j

OCH3

73 1607.0

236 HaCO— /  / / —  

0CH3

80 1616.4

237 H3C0— / ~ \

H3C0 / \

80 1623.0

238
H3C0

H3C0 %

75 1617.8

Table 4.2: Yield and infrared data for Schiff bases (226-238)
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4.3: Silyl protection of phenol Schiff bases
OCH,

HjCO-

239

OCH3

240

Figure 4.3: 239 and 240

Because of the difficulty in preparation of p-lactams from Schiff bases containing a free 

hydroxy group, 226 and 227 (Table 4.2) were firstly transformed into their respective silyl 

ethers before any further reactions can take place. [3-(te/t-Butyldimethylsilanyloxy)-4- 

methoxybenzylidene]-(3,4,5-trimethoxyphenyl)-amine (239, (87 %) Fig 4.3) was prepared 

by treating 226 with dimethyl-fe/t-butylchlorosilane. Similarly [3-(te/t-Butyldimethyl 

silanyloxy)-4-methoxyphenyl]-(3,4,5-trimethoxybenzylidene)-amine (240, (71 %) Fig 4.3) 

was the product of the reaction of 227 with dimethyl-ferf-butylchiorosilane. IR spectra for 

both products confirmed the presence of the CH=N bond with a characteristic absorption 

band at v1615 cm '\ The two ^H-NMR spectra confirmed the addition of the silyl 

protecting group with characteristic signals at 6 0.21 (6 protons) and 5 1.04 (9 protons). 

Initially these Schiff bases were used in the synthesis of the 3-unsubstituted (3-lactams 

and then subsequently the silyl group was removed to yield the free hydroxy product. 

This resulted in the direct P-lactam analogue of CA-4 containing the 3,4,5-trimethoxy 

phenyl ring at the N-1 position or at the C-4 position. Biochemical evaluation was then 

used to assess if one or other of these positions results in a more potent product (chapter 

5).

4.4 Synthesis of 3-unsubstituted P-lactams using the Reformatsky reaction

The Reformatsky reaction of ethyl bromoacetate with Schiff bases was efficient in the 

synthesis of the 3-unsubstituited p-lactams as discussed in section 2.4. As indicated in 

chapter 2, the yields of the Reformatsky reaction were quite low and various different 

experimental conditions were employed in a bid to improve on these yields e.g examining 

effect of solvent, type of metal and metal promoter. In the synthesis of these products 

microwave technology was used in an attempt to further improve reaction yields and 

reduce reaction time. To date no reference has been made in the literature to the 

promotion of the Reformatsky reaction to form p-lactams using microwave technology, its
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use in the synthesis of (3-hydroxyesters has however been reported [252], Use of high 

and low intensity ultra sound sonication has been reported as indicated in section 2.3.5.3 

[186,188,196], Use of the microwave in improving the Staudinger reaction is well 

documented [228,229].

4.4.1 Microwave synthesis

A microwave is a form of electromagnetic energy which moves at the speed of light - 

300,000 km/sec and lies between IR radiation and radio frequencies, corresponding to 

wavelengths of 1 cm to 1 m (frequencies of 30GHz to 300 MHz respectively). Domestic 

and industrial microwave heaters are required to operate at either 12.2cm (2.45GHz) or 

33.3cm (900MHz) in order not to interfere with RADAR transmissions (use wavelengths 

between 1 cm and 25 cm). Domestic microwave ovens generally operate at 2.45 GHz 

[253]. Microwave energy consists of an electric field and a magnetic field, though only the 

electric field transfers energy to heat a substance. The electric field applies a force on 

charged particles as a result of which the charged particles start to migrate or rotate. Due 

to the movement of charged particles further polarization of polar particles takes place. 

The energy in microwave photons (0.037 kcal/mole) is very low relative to the typical 

energy required to cleave molecular bonds (80-120 kcal/mole) thus microwaves will not 

affect the structure of an organic molecule [254,255].

The development of microwave technology was stimulated by World War II and the first 

application of microwave in chemical research was reported in the early 1970s when gas- 

phase discharge was applied to realize decomposition of simple organic compounds 

[256]. The effects of microwave irradiation in organic synthesis was not explored until the 

mid 1980s, when it was used to reduce the reaction times of many different types of 

organic reactions including Diels-Alder and Claisen reactions [257,258]. Bose et al have 

developed ‘Microwave-Induced Organic Reaction Enhancement (MORE)’ chemistry 

techniques for using non-traditional methods for rapid, safe and environment friendly 

reactions and this has included increased yields for the Staudinger reaction [228].

Microwave radiation is a non-ionising radiation that is absorbed by ions in solution and 

compounds with dipoles, glass and many polymeric materials are nearly transparent to 

microwaves. The microwaves interact directly with the molecules that are present in the 

reaction mixture, resulting in an instantaneous localized superheating of anything that will
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react to either dipole rotation or to ionic conduction, the two fundamental mechanisms for 

transferring energy from microwaves to the substance being heated. One of the most 

important aspects of microwave energy is the rate at which it heats with energy being 

transferred in 10® seconds with each cycle of electromagnetic energy; the kinetic 

molecular relaxation from this energy is approximately 10'® seconds. Microwave-assisted 

reactions are therefore much faster then traditional conductive heating and also are 

comparatively free of by-products, give higher yields and sometimes susceptible to steric 

control [228,254].

Solvents play a very important role in organic synthesis. Polarity is very important as 

microwaves directly interact with the molecules that are present in the reaction mixture. 

The more polar a reaction mixture is, the great its ability to couple with the microwave 

energy. Many factors characterize the polarity of a solvent. The dielectric constant (e’), 

dipole moment, dielectric loss (e”), tangent delta, and dielectric relaxation time all 

contribute to an individual solvent’s absorbing characteristics. The properties of e’ and e” 

are associated with the extent of heating which the material can undergo in a dielectric 

field. The exact dependence of the heating rate upon the presence of a dielectric field is 

given by the equation tan 6  =  e Ve ” . e ’ is the relative permittivity, which is a measure of the 

ability of a molecule to be polarised by an electric field, e ” is the dielectric loss, which is 

indicative of the ability of a medium to convert dielectric energy into heat. Tan 5 is the 

dielectric loss tangent and defines the ability of a material to convert electromagnetic 

energy into heat energy at a given frequency and temperature. The dipole moment which 

is measured in Debye units (D) is the product of the distance between the centres of 

charge in the solvent molecule multiplied by the magnitude of that charge. Molecules with 

large dipole moments also have large dielectric constants as polarization depends on 

dipole rotation, e ” best provides the organic chemist with the coupling efficiency of a 

particular solvent. Solvents are generally divided into three categories, low, medium and 

high absorbance level and this is determined by their dielectric parameters [39,255].

One would assume that non-polar solvents (i.e. benzene, hexane) are generally not used 

in microwave assisted organic reactions as they possess very low dielectric constants, tan 

5 values and dielectric loss values and therefore do not couple efficiently to microwave 

irradiation. However, a non-polar solvent can act as a heat sink and reaction mixtures 

that are temperature sensitive will benefit greatly from this capability. As microwaves are
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being added to a reaction, the non-polar solvent, which is not interacting with the 

irradiation, will help to draw away the thermal heat being produced from the polar 

reagents. The reaction is still receiving activation energy, but its internal temperature will 

remain low. Simultaneous cooling of the microwave cavity can benefit this reaction 

condition and ensure a constant, high power level [39].

4.4.2 Reformatsky reaction using microwave technology
0 C H 3

.  ^OEt

^ " ' Zn, TMCS, Benzene
d

108 136

Scheme 4.2: Optimisation of Reformatsky reaction to yield 136 using microwave technology

The Reformatsky reaction for synthesis of 136 (Scheme 4.2) was attempted using a 

single-mode microwave system (CEM Discover System (Fig 4.4), using an indirect 

pressure gauge). Reliable temperature control and measurement present a significant 

technical challenge when employing dielectric heating. As no metals could be used in 

microwave chamber, alternative methods were sought. Some examples of thermometers 

which have been applied are gas thermometers, shielded thermocouples, IR thermal 

imaging, thermochromic dyes or thermochromic liquid crystals [255]. The Discover 

system uses CEM’s patented vertically-focused IR temperature system, featuring a sensor 

located in the bottom of the cavity that yields a precise temperature measurement 

regardless of the volume of sample in the reaction vessel.

Figure 4.4: CEM discoverer system
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Because no literature data exists for the (3-lactam preparation using Reformatsky reaction 

and microwave technology, conditions close to those used in the conventional synthesis 

were initially implemented. Synthesis of the 3-unsubstituted (3-lactam 136 (Scheme 4.2) 

was chosen as the reaction to carry out for optimization purposes. The reaction was 

performed using a 10 ml certified pressure tube using similar equivalents to that which 

were used conventionally. Benzene as mentioned previously is a low absorber so it 

wasn’t clear if the reaction would proceed or if yields would improve using this solvent. 

Initially benzene was used and then 1,4 dioxane and toluene were also considered, 

however since these are also low absorbers no significant improvement was expected by 

their use. The reaction had to be carried out in two stages, stage one involved the 

preparation of the catalyst and in stage two the Schiff base and bromoacetate reactants 

were added. In stage one zinc, benzene and TMCS are placed in reaction vessel, the 

conditions for stage one remained constant for all experiments, the solution containing the 

catalyst was stirred at room temperature for 15 minutes and subsequently heated to reflux 

for 3 minutes (Table 4.3), this replicates the conventional experiment. On completion of 

stage one, the tube was cooled and the cap removed. The Schiff base and 

ethylbromoacetate were then added, cap secured tightly and stage two carried out. The 

constant conditions for stage two are shown in Table 4.4 and the variable conditions and 

resultant yields are presented in Table 4.5.

Step A B

Power 50 200

Ramp Time 0.00 1.00

Hold Time 15.00 2.00

Temperature 25°C 100°C

Pressure 0 0

Stirring On On

Table 4.3: Microwave conditions for stage one (catalyst preparation)
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Power 200

Ramp Time 2.00

Hold Time Variable

Temperature 100°C

Pressure 0

Stirring On

Table 4.4: Microwave conditions for stage two (reaction conditions)

OCH,

Jl
O E I  -  0

108 136

Time (mins) Solvent Zinc promoter Isolated yield (%)

10 Benzene TMCS 9

10 Toluene TMCS 4

10 1,4-Dioxane TMCS 7

15 Benzene TMCS 44

15 Benzene None 4

15 Benzene Iodine (0.12 g) 12

15 Benzene Iodine (0.18 g) 13

15 Benzene
10 % nitric acid 

washed zinc
26

15 Benzene
10 % nitric acid 

washed zinc + TMCS
35

30 Benzene TMCS 53

45 Benzene TMCS 54

Conventional 
8 hours

Benzene TMCS 46

Table 4.5: Conditions and yields for stage two in the preparation of 136 using microwave 

technology

Using the conditions shown in Table 4.3 and Table 4.4 and following the method of 

Palomo et al [183] the reaction was carried out in benzene for 10 minutes. The resulting 

yield was poor at just 8.5 %. However it was encouraging that the reaction had taken 

place and even though the yield was low the subsequent purification was relatively easy
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with starting material recovered by crystallization in ethanol and one quick flash column 

resulting in a clean product. (3-Lactam 136 was successfully identified using IR 

spectroscopy and NMR spectroscopy. Leaving the reaction time at 10 minutes the 

solvents toluene and then 1,4-dioxane were investigated. The yield for toluene (4 %) was 

even poorer then with benzene with a much more difficult purification; 1,4-dioxane also 

resulted in a slightly lower although not as significantly so. Benzene was chosen to 

continue the optimization and the reaction time was increased to 15 minutes resulting in a 

dramatic 5-fold improvement of yield to 44 %, (conventional reaction showed highest yield 

of 46 % after 8 hours).

The effect of the zinc promoter on the yield of the Reformatsky reaction using the 

microwave system was next examined, The use of zinc without TMCS over 15 minutes 

saw the yield drop to 4.3 % showing the significant contribution of TMCS to the success of 

(3-iactam synthesis. TMCS was then replaced with iodine following half the relative 

quantites as indicated in Bose et al [188]. Iodine (0.12g) gave a 12.2 % yield and 

increasing this to 0.18 g did not change the yield significantly (12.8 %). Acid activated 

zinc was then used with and without TMCS. The zinc was activated using 10 % nitric acid 

and following the procedure of Ross et al [186]. The zinc alone gave a good yield of 26 % 

and with the TMCS this increased to 34.6 %. The effect of TMCS seems to have been 

reduced when in the presence of the acid washed zinc. With the conditions decided, time 

was increased to 30 minutes and then to 45 minutes. The increase from 15 to 30 minutes 

saw a modest increase in yield from 44 % to 52.8 %, the extra increase to 45 minutes only 

saw no extra significant increase (53.1 %). The use of the microwave in optimising the 

Reformatsky reaction is impressive. The yields increased from 45 % (conventional) to 53 

% but more importantly this is a reduction of 7.5 hours reaction time. The product was 

also much easier to purify after work-up. The conditions indicated above were used to 

form all p-lactams detailed below.
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4.4.3 Synthesis of 3-unsubstituted P-lactams (241) and (242)

■ 0 C H 3

0 C H 3

242

p C H j

H3CO

Figure 4.5: Compounds 241 and 242

4-[3-(tert-Butyidimethylsiianyloxy)-4-methoxyphenyl]-1-(3,4,5-trimethoxyphenyl)-azetidin- 

2-one 241 ((21%), Fig 4.5) was obtained from 239 reacted with ethyl bromoacetate by the 

Reformatsky reaction using microwave technology and the optimized conditions detailed 

in section 4.4.2. The IR spectrum showed a carbonyl absorption band at v1748.1 cm'^ 

indicating the presence of the p-lactam ring. The ^H-NMR spectrum (Fig 4.6) contained 

the characteristic signals associated with the |3-lactam ring. 6  2.89 is a doublet of 

doublets (J=2.4 Hz, 9.6 Hz, 2 x J values) and corresponds to one of the protons on C-3, 5 

3.46 ( 6  Hz, 9.2Hz, 2 x J values) is also a doublet of doublets and corresponds to the 

second proton at the C-3 position. It would appear from the J 3 4  coupling constants that 

the proton at 6  2.89 is trans to H-4 and the ohentation of proton at 6  3.46 is cis [197]. H-4 

appears as a doublet of doublets at 6  4.85 (J=2.48 Hz, 3.2 Hz, 2 x J values). The signal 

at 6  3.70 corresponds to six protons and is from the two chemically equivalent methoxy 

groups (3’,5’), 5 3.75 and 6  3.79 correspond to three protons from the other two methoxy 

groups (4’ and 4”). The silyl protecting group is still in place as confirmed by its 

characteristic signals at 6  0.06 and 5 0.99.

1-[3-(feft-Butyldimethylsilanyloxy)-4-methoxyphenyl]-4-(3,4,5-trimethoxypheny!)-azetidin-

2-one, 242 (47 %, Fig 4.5) was obtained from 240 and ethyl bromoacetate by the 

Reformatsky reaction using microwave technology and the optimized conditions detailed 

in section 4.4.2. The IR spectrum absorption band at v1747.64 cm'^ indicated the 

presence of the carbonyl on the (B-lactam ring. The ^H-NMR spectrum of 242 is similar to 

that of 241, 5 2.848 (J=2Hz, 12.8 Hz), doublet of doublets again corresponds to H-3 with 

trans stereochemistry and the doublet of doublets at 5 3.402 (J= 5.4 Hz, 9.6 Hz) is from
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the cis proton. The signal of H-4 proton appears as a doublet of doublets at 6 4.79 (J=3.4 

Hz, 5.48 Hz 2 X J values).

-»  -1  t - W  ^  -k  00 CJOA)

T 1------- 1--------p  I------- 1------- 1--------1------- 1------- 1--------1------- 1------- 1------- j------- 1------- 1------- 1------- 1------- 1------- 1------- 1--------1------- 1------- [“ ■ I ~ i--------r

7 0  6.0 5.0 4 0  3.0 2.0 1.0 0 0
ppm (t1)

Figure 4.6; ^H-NMR spectrum of 241

4.4.4: Removal of the silyl protecting group from 3-unsubstituted p-lactams

,OCHj

■OCHj

OCHj
HO

,0CH3

OH

243
244

Figure 4.7: Products 243 and 244

4-(3-Hydroxy-4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (243, (62 %), 

Fig 4.7) was obtained when the silyl protecting group was removed from 241 using 

tetrabutylammonium fluoride (TBAF) in THF. IR spectroscopy revealed the C=0 group 

absorption band at v1746.0 cm'^ and the presence of a hydroxy group with a broad 

absorption band at v3403.2 cm \  The ^H-NMR spectrum (Fig 4.8) reveals the loss of the 

silyl groups with the absence of signals at 6 0.06 and 6 0.99. The signals for both H-3s 

and for the H-4 appear in almost the same positions as those of 241 and with similar 

coupling constants. The ^^C-NMR spectrum (Fig 4.9) confirms the existence of 243. The 

DEPT 135 spectrum shows the signal at 5 46.31 inverted and therefore from a CH2 which

156



would correspond to C-3. The DEPT 90 spectrum shows only one signal remaining in the 

aliphatic region at 6 60.44 from a CH which would correspond to C-4, There are no 

signals corresponding to the carbons on the silyl protecting group.

1-(3-Hydroxy-4-methoxyphenyl)-4-(3,4,5-trimethoxyphenyl)-azetidin-2-one (244 (39 %), 

Fig 4.7) was isolated when the silyl protecting group was removed from 242 using TBAF 

in THF. IR spectroscopy revealed the continuing existence of the C=0 group with 

absorption at v1731.9 cm'^ and the new presence of a hydroxy group with a broad 

absorption at v3484.2 cm'V The ^H-NMR spectrum of 244 shows the absence of the 

characteristic signals relating to the silyl protecting group but still contains all the 

characteristic 3-lactam signals.

i n i D  W( J>  0 ) 0 )

7,0 6.0 5 0 4,0 3,0 2,0 1,0

Figure 4.8: ^H-NMR spectrum of 243
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Figure 4.9: ^^C-NMR, DEPT 135 and DEPT 90 spectra of 243 

4.5 Variation of the substituents on the P-lactam ring
Because of the consensus that the 3,4,5-trimethoxy ring system is optimal for bioactivity in 

all analogues of CA-4 in literature [74], 243 and 244 were examined for their 

antiproliferative effects in both MCF-7 and MDA-MB-231 cell lines with the aim of 

discovering if the placement of this important 3,4,5-trimethoxy phenyl ring on the N-1 or C- 

4 positions resulted in significantly different activities. Results in both cell lines concurred, 

showing the compound with the 3,4.5-trimethoxy phenyl on the N-1 position (243) being 5 

times more potent than the compound with the 3,4,5-trimethoxy phenyl on the C-4 position 

(244) (see chapter 5). Having established that there was a difference, this important 

information indicated that any further (3-lactams synthesized would contain the 3,4,5- 

trimethoxy phenyl ring at the N-1 position. Variations would then be made on the C-4 ring, 

at the C-3 position and at the C-2 position (Scheme 4.3)
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Scheme 4.3; Variation of substitutents on the p-lactam ring for optimization of activity 

4.5.1 Variation of substituents at the C-4 position

Scheme 4.3 shows the initial changes to be made in the structures with a view to 

improving the initial p-lactam template for the activity of CA-4 analogues. The 3- 

unsubstituted P-lactam 243 contains the 3-hydroxy-4-methoxy phenyl ring at the C-4 

position; which is also the present in CA-4. A variety of different P-lactams were formed 

by using different substituents on phenyl ring at the C-4 position. The aryl ring 1 was also 

replaced with some different cyclic ring systems (251-253). Table 4.6 gives the yields and 

IR details for the unsubstituted various P-lactams isolated.

It is obvious by looking at the yields of the compounds in Table 4.6 that the Schiff base 

plays an important role in the outcome of the reaction. Compounds 245, 247 and 248 all 

have yields equivalent to that of 136 (~ 50 %). While some of the more complex Schiff 

bases give much lower yields; 246 and 249 both have ortho substitutents which probably 

cause some steric hindrance in reaction, increasing reaction time to 45 minutes did not 

increase the yields. The products were all identified using IR spectroscopy and NMR 

spectroscopy. They all show similar proton spectra, with the characteristic H-3s at 

approximately 5 2.9 and 6 3.4 and the H-4 proton at approximately 6 5.2 as shown in ^H- 

NMR spectrum for 249 (Fig 4.10). The methoxy signals all appear around 6 3.70. The 

^H-NMR spectrum for 253 (Fig 4.11) is also very similar to the other compounds in the 

series with the heterocyclic ring in place of the phenyl ring at the C-4 position. Product 

could not be isolated for 252 despite increasing the time using microwave synthesis; this 

is probably due to the steric hindrence of anthracene at the C-4 position. Banik et al [216] 

have reported p-lactams from polycyclic aromatic imines however in this case the 

antracene group was at the N-1 position.
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Compound Structure Yield (%) IR (KBr) cm '

245 P"
1 OCH, 

HyCO

53 1739.8

246

OCHs
HjCO- ■

■ OCHj

° r ocHj
MjCO

7 1747.0

247
0 “ "'

Q
o

Mim T

43 1747.5

248

HjCO\ OCM,

no' p c .

I OCMj 
HjCO

68 1746.9

249

HyCO
V

" ^ O
,n

0

f OCH, 
H,CO

6 1751.7

250

OCH,

OCH,

n
°  x y ^

1 0CM3 
MjCO

16 1746.0

251
0

H,CO

20 1736.4

252
° V ' ^ ^ O C H j

/  OCH3 
H3CO

0 n/a

253
0□

"  P:?
H3C0 ’

27 1735.5

Table 4.6: Yield and infrared data for unsubstituted P-lactams (245-253)
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Figure 4.10: ^H-NMR spectrum of 249
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Figure 4.11: ^H-NMR spectrum of 251

4.5.2 Variation of substitutents at the C-3 position

After optimisation of the substituents at N-1 and C-4 positions, the next SAR studies 

carried out involved the preparation of a selection of (3-lactams with variation in the 

substituents located at the C-3 position. This involved synthesis of 3-methylazetidin-2- 

one, 3,3-dimethylazetidin-2-one and 3-phenylazetidin-2-one. The methyl and dimethyl 

compounds were synthesised by the Reformatsky p-lactam forming reaction using the
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suitably substituted a-bromoester. The 3-phenyl products were obtained as in chapter 3 

using the Staudinger reaction and also by the Reformatsky method.

4.5.2.1 Synthesis of 3-methylazetidin-2-ones & 3,3-dimethylazetidin-2-ones

255

Scheme 4.4: Synthesis of 3-methylazetidin-2-ones and 3,3-dimethylazetidin-2-ones

Following the antiproliferative study on the compounds in section 4.5.1 4-methoxyphenyl, 

3-hydroxy-4-methoxyphenyl, and 3,4-dimethoxyphenyl substituents on the C-4 position 

were identified as the substitution pattern required for maximum activity. Their analogues 

were then synthesised containing a methyl and a hydrogen group and two methyl groups 

in place of the two hydrogens at the C-3 position. The corresponding analogues of 244 

were also synthesised. Scheme 4.4 shows the general reaction scheme involved and 

indicates the presence of the C-3 stereoisomers in the case of the 3-methyl compounds. 

All the compounds were prepared using microwave technology as outlined previously. 

These products obtained using ethyl-2-bromoisopropionate and ethyl-2-bromoisobutyrate 

as the a-bromoesters were much cleaner and in some cases produced higher yields than 

their analogues formed using ethyl bromoacetate.

Zn, TMCS, Benzene

Ethyl-2-bromoproprionate

231 254a 254b

Zn, TMCS, Benzene

Ethyl-2-bromoisobutyrate

H3CO
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4-(4-Methoxyphenyl)-3-methyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (254 (83 %), 

Scheme 4.4) was synthesised from Schiff base 231, as cis and trans isomers, which were 

not separated. The IR spectrum shows a broad band at v1725.5 cm'^ corresponding to 

the carbonyl group on the (3-lactam ring. The ^H-NMR spectrum (Fig 4.12) confirms the 

synthesis of the P-lactam with the usual characteristic signals. The methyl group appears 

as two doublets, one for each isomer, at 6  0.75 (J=7.52 Hz) and 6  1.32 (J=7.52 Hz) in a 

ratio of 2:1. H-3 also appears as two signals with a quartet at 5 3.49 (J=7.1 Hz, 7.6 Hz) 

and a quartet at 5 3.94 (J=6.4 Hz, 6 . 8  Hz) the former integrates for %  of a proton with the 

later V3  again confirming the ratio of 2:1. H-4 also has two signals in the same ratio with 

the signal at 5 4.42 a singlet (V 3 ) and the signal at 6  5.00 a doublet (J=5.6 Hz, (%)). The 

J3 4  coupling constant of the doublet corresponding to H-4 indicates that the cis isomer is 

formed preferably over the trans isomer. This is similarly found for compounds 256 (2:1 

cisArans), 258 (2:1 cis/trans) and 261 (3:2 cis/trans).

The ^^C-NMR spectrum for 254 (Fig 4.13) again confirms the preparation of two isomers 

by showing distinctly the 4 CHs, which can be clearly seen in the DEPT 90 spectrum. The 

two separate signals at 6  9.16 and 6  12.43 shows the presence of the two methyl groups. 

These compounds were all formed as mixtures and tested as mixtures in the biochemistry 

assays (see chapter five).
-OCM,

f c S S S f S R f ?  5 8
r « ^ h > h w h , ( b < D < D ( D C D  i f i ' T

11 . .

S K » s s
I — 1--------1--------[--------1--------1------- 1--------1------- [“

7.0 6,0 5,0
ppm (t1)

Figure 4.12: ^H-NMR spectrum of 254

163



'M
■y— ^

°  V ' \ - O C H j

ppm (t1)

ppm (11)

 1- - - - - - - - - - - - - - - - - 1—  I- - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - - 1  1- - - - - - - - - 1- - - - - - - - - - - - - - - - - 1- - - - - - - - - - - - - - - - -

150 100 50
ppm (t1)

Figure 4.13: ’^C-NMR, DEPT 135 and DEPT 90 spectra of 254

4-(4-Methoxyphenyl)-3,3-dimethyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (255 (70 %), 

Scheme 4.4) was prepared in a similar manner from Schiff base 231 . The product formed 

was easily purified and gave the characteristic absorption band at v1747.6 cm'^ in the IR 

spectrum. The ^H-NMR spectrum showed the two methyl groups as two singlets each 

corresponding to three protons at 6 0.89 and 5 1.50. The H-4 appears as a singlet at 6 

4.74. Isolated yields and IR spectroscopy data for all other methyl and dimethyl (3-lactams 

formed are shown in Table 4.7. The yields obtained were variable ranging from 10 % to 

80 %. These yields appear to be dependent on the Schiff base used as similar yields 

were obtained for the methyl and dimethyl versions of all products.
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Compound Structure Yield (%) IR (KBr) cm '

254

OCH,

o -OCH,
83 1760.5

255

OCM3

, 0
L N

0  r ^ o c H ,

/  0CM3 
H3C0

70 1747.6

256

OCH,

t i0 'Y '- ^ O C H ,

[  OCH, 
HjCO

10 1744.6

257

OCH,

V cr̂ ocH,
 ̂ N

f  OCH, 
H«CO

10 1745.9

258

0

0  ^ o c H j

/ OCHa 
HjCO

61 1745.6

259

Si
0
V OCHj

•  ( p r "
1 OCHj

HjCO

80 1751.2

260

HjCO
V OCH,

■■ .K.A'OC"!

n '

■  p/  OCH,
0

S i"

- k

10 1749.1

261

H3C0
\ OCH,, C ^ o c „ .  

L l "

■  P/  OCHj 
0

Si

18 1747.5

Table 4.7: Yield and infrared data for 3-methyl and 3,3-dimethyl p-lactams (254-261)
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4.5.2.2 Removal of protecting group from relevant 3-m ethylazetidin-2-ones  

and 3,3-dim ethylazetldin-2-ones

4-(3-Hydroxy-4-methoxyphenyl)-3-methyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (262 

(26 %), Table 4.8) and 4-(3-hydroxy-4-methoxyphenyl)-3,3-dimethyl-1-(3,4,5-

trimethoxyphenyl)-azetidin-2-one (263 (33 %), Table 4.8) are the corresponding 

analogues of 243 and were formed upon removal of silyl protecting group from 258 and 

259 respectively using TBAF in THF. The ^H-NMR spectrum shows the absence of 

signals at 6  0.03 and 5 0.93 confirming the removal of the silyl moiety. HRMS also 

revealed the loss of the silyl group with 262 showing a signal at 396.1419 (C2 0H2 3NO6) 

corresponding to its M + Na ion. Compound 263 also shows a signal corresponding to M 

+ Na ion (C2 1H5 3NO6 ) at 410.1588 also confirming the successful removal of the silyl 

protecting group. The ratio of isomers observed remains at 2:1 (cis/trans) for 262 

corresponding to the ratio of its precursor 258.

1-(3-Hydroxy-4-methoxyphenyl)-3-methyl-4-(3,4,5-trimethoxyphenyl)-azetidin-2-one (264 

(82 %), Table 4.8) and 4-(3-hydroxy-4-methoxyphenyl)-3,3-dimethyl-1-(3,4,5-

trimethoxyphenyl)-azetidin-2-one (265 (59 %), Table 4.8) are the corresponding 

analogues of 244 and were formed when the silyl protecting group was removed from 

compounds 260 and 261 (Table 4.7) using TBAF in THF. The presence in their IR 

spectra of an absorption band in the region of v3300 cm‘  ̂ to v3400 cm'^ suggests the 

presence of a free hydroxy function and therefore the successful removal of the silyl 

protecting group. The ^H-NMR spectrum confirms this by revealing the absence of 

characteristic silyl signals at 5 0.05 and 6  0.90. The ratio of isomers observed remains at 

3:2 {cis/trans) for 264 corresponding to the ratio of its precursor 260. Table 4.8 gives the 

yields and IR spectroscopic data for these compounds.
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Compound Structure Yield (%) IR (KBr) cm"'

262

HO
ocHj

.  0
» I ^ O C K .

( OCH, 
HjCO

45 1724.2

3240.2

HO
V OCH»

263 f i° p y - o c H .

f OCHj 
H ^

53 1747.4

3460.1

264

H ^
V OCH,

OCH,

“  P/  OCH, 
HO

82 1739.7

3409.0

265

H ^ V OCHj

» > OCH,

I'i
“ V j 

r  OCH,
HO

59 1724.4

3367.6

Table 4.8; Yield and infrared data for 3-methyl and 3,3-dimethyl P-lactams (262-265) 

4.5.2.2 Synthesis of 3-phenylazetidin-2-ones

OCH3
X

^ ^ O C H s  
OCH3

Y = H , O C H 3

S c h e m e  R e a g e n ts : (a) E tO H , reflux 2.5hr. (b) acetyl chloride, TE A , D C M , reflux 2hr.

Scheme 4.5: General reaction scheme for the synthesis of 3-phenylazetidin-2-one

The 3-phenyl substitution products were synthesised as illustrated in Scheme 4.5 using 

the Staudinger reaction of acid choride and the appropriately substituted Schiff bases. All 

analogues of the 3-unsubstituted P-lactams 245 - 250 were synthesised as illustrated in 

Table 4.9. Some other p-lactams were also formed which were not successful when 

previously attempted using the Reformatsky reaction. These products contain 4- 

dimethylaminophenyl (267) and 2,4,6-trimethoxyphenyl (271) at the C-3 positions. In all 

cases the product isolated was exclusively one isomer which had trans stereochemistry
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as illustrated. All ^H-NMR spectra were similar with H-3 and H-4 appearing in the region 

of 6  4.30 and 6  4.83, J3 4  = 2.48 Hz to 2.52 Hz confirming trans configuration. Fig 4.14 

shows the ^H-NMR spectrum for 267 with the two methyl groups on the amino appearing 

as a singlet at 5 2.95. Isolated yields and IR spectroscopic data for all compounds are 

shown in Table 4.9. In the case of these products the yields obtained are generally very 

low. This is probably dependent on the acid chloride used as section 4.5.2.1 shows 

preparation of p-lactams using the same Schiff bases in many cases and obtaining much 

higher yields. The products formed contained some unreacted Schiff base and some 

aldehyde which appears to be a degradation product of the Schiff base.

s s a s s a
fO CO Csl (N (O

OCH,

'OCMj

s s
00 00

MJ>

“ I 1---------1--------- 1--------- 1--------- 1--------- 1--------- n

7.0

~i 1--------- [--------- 1--------- 1--------- r “

3.0
ppm (M)

Figure 4.14: ^H-NMR spectrum of 267

Synthesis of 269 was also successfully achieved using the Reformatsky reaction. Silyl 

protected Schiff base 239 was treated with ethyl-a-bromophenylacetate and the reaction 

was carried out using the conventional method. The isolated yield was 35 % which was 

almost two times the amount obtained using the Staudinger reaction. The product formed 

was also exclusively trans which was confirmed by ^H-NMR spectroscopy. The H-3 signal 

was a doublet and appeared at 5 4.26 (J=2.48 Hz) and H-4 was also a doublet at 5 4.81 

(J=2.52 Hz). Nobuki et al [259] reported the use of ethyl a-bromophenylacetate in the 

synthesis of 1,3,4-triphenylazetidin-2-ones using ultrasound sonication and they also 

found the stereochemistry to be exclusively trans.
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Compound Structure Yield (%) IR (KBr) cm '

266
Cl o '

7 - N

/ OCH, 
H,CO

11 1706.1

267
O  d "'

° T j" ^
r  OCH,

HjCO

6 1745.1

268

OCH,

o  o
u

0

r  ocMj
H]CO

12 1747.8

269

OCM, \  . 

OCHj
HjCO

21*

35**
1754.2

270

HjCO
\  OCHj

I NO OCH.

OCH3
H3CO

9.5 1749.2

271

OCHa 

I 1 OCH,

OCH3
H3CO

52 1746.6

272

H3CO
\  OCH3

n

u
0  r ' ^ o c H j

/ OCM, 
M3CO

7 1747.2

273

OCHj

0

OCH,
HjCO

6 1740.0

274
r . ,

u
/ OCM, 

H^O

5
1738.9

Table 4.9: Yield and infrared data for 3-phenylazetidin-2-ones (266-274), * Staudinger 

reaction conditions, ** Reformatsky reaction conditions.
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4.S.2.4 Removal of silyl protecting group from 3-phenyl-azetidin-2-ones

-OCHj

OCH3

TBAF, THF

-20°C

■OH

OCH3

269 275

Scheme 4.6: Synthesis of 275

4-(3-Hydroxy-4-methoxyphenyl)-3-phenyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (275 

(51 %), Scheme 4.5), the corresponding CA-4 analogue of 243, is isolated by the 

desilylation of 269 (Table 4.9). IR spectroscopy reveals the existence of the free hydroxy 

product with a broad absorption band at v3410.9 cm \  the continuing presence of the (3- 

lactam ring is confirmed by the absorption at v1747.3 cm'V The ^H-NMR spectrum (Fig 

4.15) shows the absence of signals at 6 0.05 and 6 0.90 where the methyl groups 

attached to the silyl protecting group would generally appear. There is also a new broad 

signal at 6 5.94 which corresponds to the OH. The signals for H-3 and H-4 are observed 

at 5 4.27 (J=2.48 Hz) and 5 4.81 (J=2.52 Hz) respectively, their coupling constants 

confirm that no change in stereochemistry occurred during deprotection.

V ' ”’^0CH3

I

p p r r ^

Figure 4.15: ^H-NMR spectrum of 275
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4.5.3 C-2 modification: synthesis of azetidin-2-thiones

S

,_/ /rs

280

2 X  Me O— ■ 2 X  MeO 

281

MeO

281

P - 0

MeO'
H3CO

/ /  
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0 C H 3

H 3 C 0

2 7 6 -2 7 9

H  ' V 'O C H j  

'OCH3

,0CH3

MeO'
H3CO

2 8 2

Scheme 4.7: Mechanism of action of thionation of P-lactams

To assess if the 3-lactam ring is contributing towards the biological activity of the products 

or if it is just the correct geometry that it affords the two phenyl rings which is important; 

the C=0 is converted to the C=S functional group. Lawesson’s reagent, 2,4-bis-(4- 

methoxy-phenyl)-1,3,2,4-dithiadiphosphetane-2,4-disulfide (280, Scheme 4.7) is a mild 

thionating agent and used as a high yield method of converting C=0 groups of ketones, 

aldehydes, amides, P-lactams and carboxylic esters to C=S groups [161,260]. 

Lawesson's reagent has a four membered ring of alternating sulphur and phosphorus 

atoms which in solution is in equilibrium with a more reactive dithiophosphine ylide (281, 

Scheme 4.7). This is the active form of the reagent which is involved in the conversion of 

the C=0 to C=S. On reaction with a carbonyl it gives rise to a thiaoxaphosphetane 

intermediate (282, Scheme 4.7). The driving force for the final step in the reaction is the 

synthesis of a stable P=0 bond leaving the C=0 transformed into a C=S group [261].

Thionation of the (3-lactams was carried out following the method of Lysek et al [262] to 

produce azetidin-2-thiones in high yields. The success of the reaction is confirmed using 

IR spectroscopy in which the absorption band corresponding to C=0 (approximately 

v1740 cm'^) disappears and a new absorption band corresponding to C=S appears at
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around v1590 cm V The ^H-NMR spectrum (Fig 4.16) of 4-(4-methoxyphenyl)-1-(3,4,5- 

trimethoxyphenyl)-azetidin-2-thione (276, Table 4.10) shows the effect of the C=S on the 

chemical environment of the protons. There appears to be little effect on the H-3s as their 

signals still appear at 6 2.98 and 6 3.48 which is similar to the corresponding (3-lactam 

(247, 6 2.85 and 5 3.43). The big difference in the spectra of azetidin-2-thione is the 

positioning of the H-4 signal which appears much further downfield in the azetidin-2-thione 

at 5 5.42 (247, 6 4.86). This result is observed in the other three azetidin-2-thiones. The 

^^C-NMR (Fig 4.17) spectra also confirm the conversion; the appearance of a signal at 6 

193 which corresponds to a trigonal carbon C=S is observed. Again the C-3 signal is 

relatively unaffected appearing at 6 49.29 (247, 5 46.36) but the C-4 is moved downfield 

appearing at 6 62.12 (247, 6 53.56). This effect on the C-4 signal has also been noted by 

Mendez et al [263]. This result seems to indicate that the orientation of the C=S is 

different from that of the C=0 as the electron effect appears to be through space and not 

through bond as the H-3s remain relatively unaffected. Table 4.10 gives the yields and IR 

spectroscopic data for 276 - 279.
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Figure 4.16: ^H-NMR spectrum of 276
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Figure 4.17: ^^C-NMR, DEPT 90 and DEPT 135 spectra of 276
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Compound Structure Yield (%) IR (KBr) cm"'

276

OCHj

I  OCHj 
HjCO

48 1595.8

277

OCH]

® y - o c H j

/  OCHj 
HjCO

64 1591.1

278

OCHj

yPN
OCHj

H3CO

47 1595.2

279

OCHj

’ IT  J
OCHj

HjCO

81
1592.5

Table 4.10; Yield and infrared data for azetidin-2-thiones (276-279)

4.6 Synthesis of a SERM using the optimised P-Lactam structure

OH

Optimised (i-lactam 
pharmacophore

anti-estrogen 
basic side chain

H 3 C 0

Figure 4.18: Structure of optimised SERIVI 284

The biochemical results in the antiproliferative assay for the combretastatin type p-lactam 

compounds were very encouraging (see chapter five) and it was hoped that this optimised 

f3-lactam pharmacophore (as in 247) if used in conjunction with the optimised SERM basic 

side-chain could be important for ER activity. Since P-lactam 247 has a similar but slightly 

lower antiproliferative profile to that of P-lactam 243 and it does not possess the same 

synthetic problems i.e. no free hydroxy group, this was chosen as the P-lactam 

pharmacophore to use for the composite structure design (Fig 4.18).
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OMe

OMe

Scheme Reagents: (a)Zn. TMCS. ethylbromoacetate, benzene, microwave (b) 4-hydroxybenzaldehyde, LDA, Tetrahydrofuran, -78°C 30 mins., 
(c) 1-(2-chloroethyl)-pyrrolidine, Acetone, reflux 2 hr.

Scheme 4.8: Synthesis of composite structure of 284

The preparation of 3-[hydroxy-(4-hydroxyphenyl)-m ethyl]-4-(4-m ethoxyphenyl)-1-(3 ,4 ,5 -  

trim ethoxyphenyl)-azetidin-2-one (283 (31 % ), Schem e 4 .8) w as accomplished as 

discussed in chapter two using the aldol type reaction at low tem perature. The  presence  

of the (3-lactam ring was confirmed by IR spectroscopy with an absorption band at 

v1749 .5  cm'^ and the presence of the free hydroxy evident from the broad absorption at 

V3210.6 cm \  The diastereomeric product was obtained in a 1:1 ratio which was  

confirmed using proton integration. Addition of the pyrrolidine side-chain resulted in the 

isolation of 3-(hydroxy-[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-m ethyl)-4-(4-m ethoxyphenyl)- 

1-(3,4,5-trim ethoxyphenyl)-azetidin-2-one (284 (30 % ), Schem e 4 .8). The characteristic 

side-chain signals w ere all present in the ^H-NMR spectrum. H R M S  also identified the 

product with a M'" + 1 ion (C 3 2 H 3 8 N 2 O 7 ) corresponding to 563 .2769, the expected value for 

compound 284. These compounds w ere then evaluated for their antiproliferative effects 

and their estrogen binding ability (chapter five).

4.7 Stability testing of combretastatin analogues

Stability testing in pharmaceutical products is very important as extensive chemical 

degradation can result in a substantial loss of potency; degradation products may result in 

adverse events or be unsafe. Instability may also cause undesired change in 

performance, i.e. dissolution/bioavailability or substantial changes in physical appearance  

of the dosage form causing product failures [264]. Solution stability is very important to 

help determ ine suitable methods for administration of stable products to the patient.
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Piperacillin (2 85 ) A zeteon am  (9 2 ) Nocardicin A ( 286  )

Figure 4.19: Structure of piperacillin (285), aztreonam (92) and nocardicin A (286)

Fig 4.19 shows some P-lactam compounds whose stability over a range of pHs has been 

analysed. Piperacillin (285, Fig 4.19) is an extended spectrum beta-lactam antibiotic of 

the ureidopenicillin class. At 35°C piperacillin is stable at neutral pH of 5-6, slightly 

unstable at an acidic pH of 4 and markedly unstable at an alkaline pH of 9 [265], It’s 

stability in human blood plasma was assessed when stored at room temperature, -20°C 

and -70°C. Piperacillin in plasma samples stored at -20°C had a half life of 13 days, when 

stored at -70°C it showed less that 10 % degradation after six weeks. When left at room 

temperature 20 to 25 % was lost after six hours. This shows that storage conditions play 

an important role in stability of product [266]. Aztreonam (92) and nocardicin A (286) are 

monobactams and there structures are shown in Fig 4.19. Mendez et al [267] have 

assessed the catalytic effect of various buffer systems (citrates, acetates, phosphates, 

borates and carbonates) on the degradation of aztreonam and nocardicin A in aqueous 

solution was studied at 35°C. The observed degradation rates obtained by measuring the 

remaining intact antibiotic were shown to follow pseudo-first-order kinetics with regard to 

antibiotic concentrations and to be influenced by general acid and general base catalysis. 

In general, the buffer systems employed in the kinetic studies showed a very weak 

catalytic effect on the degradation of aztreonam and nocardicin A. The pH-rate profiles for 

these antibiotics showed degradation minimums at pH 5.38 and 6.13, respectively. 

Aztreonam is slightly more reactive at acidic pH than nocardicin A and is much more 

reactive at pH > 7. In comparison with other p-lactam antibiotics, aztreonam and 

nocardicin A are much more stable in aqueous solution, except for aztreonam in a base 

solution, which is just as unstable as penicillins and cephalosporins [267].



In the present work, stability studies on our (3-lactams were undertaken by Dr. Cormac 

O’Donohoe as part of a MSc project in the School of Pharmacy and Pharmaceutical 

Sciences and also by a BSc (Pharm) project carried out by Ms Elaine Cotter in the School 

of Pharmacy and Pharmaceutical Sciences. Nine P-lactam products were examined, the 

3-unsubstituted (3-lactams 243, 244, 245, 246, 247, 248, 249 and the 3-phenyl (3-lactams 

266 and 267, to assess their stability over a range of pH from 4 to 9 and also their stability 

in human blood plasma. HPLC was used as a method for detection with acetonitrile:water 

80:20 used as mobile phase. Compounds were placed in buffer at 37°C then immediately 

injected; they were left at 37°C and then sampled every 30 minutes for two hours and 

finally once again after 21 hours.

% Analogue vs Time at pH 4.0

R e m a i n i n y

245

Time

Figure 4.20: Stability studies at Ph 4.0

Stability graphs (Fig 4.20-4.23), for the compounds tested show the degree of degradation 

or % of analogue remaining over time. The results obtained show all the (3-lactams 

degrade immediately when placed in acidic medium at pH 4 (Fig 4.20), with 244 and 249 

being the most stable approximately 50 % of the P-lactam present at T 0 Hrs. Additional 

studies on compounds 247, 249 and 267 at pH 5 and pH 6 show instability at pH 5 but 

almost complete stability at pH 6. At neutral pH 7.4 (Fig 4.21) the majority of compounds 

were 100 % stable throughout the 21 hours, however the two CA-4 analogues 243 and 

244 showed less stability with 60 % of 243 and 80 % of 244 present after 21 hours. The 

3,4,5-trimethoxy unsubstituted compound 248 also shows degradation at pH 7.4.
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% A n a l o g u e  vs T i m e  at pH 7.4

% Rem a i n i ng  ^

Figure 4.21: Stability studies at Ph 7.4

The 3-unsubstituted (3-lactam 245 which contains 4-fluorine group on the phenyl ring 

shows instability at all three pH ranges. The reason for this is unclear as its 3-phenyl 

analogue 266 shows complete stability at pH 7.4 and pH 9. All other (3-lactam appear to 

be stable at pH 9 (Fig 4.22).

% Analogue vs Time at pH 9.0

Figure 4.22: Stability studies at Ph 9.0

Stability studies in blood plasma (Fig 4.23) showed the two 3-unsubstituted (3-lactams 

(247 & 249) to be completely stable over the 21 hours however the 3-phenyl product (267) 

showed slight degradation after 1 hour. Once again the CA-4 analogue 243 is only 

present at 30 % throughout the study. Perhaps the presence of the free hydroxy group 

reduces its stability.

R e m  a i n i n g

T i m e
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% AII  <1 lo g II e Vs  T i m e  in H ii m a i i  B l o o d  P Ids i i i  a

n g

267
249

247
243

T i

Figure 4.23: Stability studies in Blood plasma (243, 247,249 and 267).

Stability studies on the combretastatin type p-lactam compounds reported by Sun et al., 

which contained an hydroxy or an ester group directly at the C-3 position, revealed 

stability at pH 8, 9 and 10 but rapid degradation of the compounds in rat serum, half life of 

around 15 minutes [104], If uptake of the drug into the target cells is slow then a longer 

half life of the drug in plasma is desirable however this longer half life could also result in 

toxic side effects. All further pharmacokinetic properties of the drugs would have to be 

assessed before a route of administration could be decided on. The extra stability of the 

compounds reported in the present study would result in lower doses being required and 

the possibility of administration intravenously. Oral administration would be problematic 

due to the acidic nature of the stomach where the drug would degrade rapidly.

4.7.1 Degradation routes of P-lactam compounds

Opening of the (E-lactam ring can occur through cleavage of any of the single bonds of the 

four-membered ring, sequential or simultaneous fragmentation of two bonds of the 2- 

azetidinone is less common. Possible products that can form as a result of cleavage of 

the (3-lactam ring are identified in Scheme 4.9. The most common cleavage of the P- 

lactam ring takes place usually at the N-1-C-2 bond by nucleophilic reagents including 

water; this mechanism is utilized in the preparation of (3-amino acids [244].
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e.g. pyrazine-2,3-diones 
substituted amides

e.g. N-carboxy anhydrides^ 
halolkyl isocyanates ' b ' W X T '

d
e.g. alpha-amino acids 

peptides

e.g. (J-amIno acids

A

A
e.g. ketenes 

imines
B  ►  e.g. olefins

isocyanates 
vinyl ethers

Scheme 4.9: Various modes of ring opening and fragmentation of the P-lactam nucleus [244]

In our stability study the P-lactams all degraded rapidly at pH less than 6. The following 

chemical reactions would be expected to occur at pH of less than 6; the carbonyl group 

becomes very nucleophilic due to the acidic conditions and becomes protonated. The 

nucleophilic water molecule attacks the carbonyl carbon and causes the double bond to 

break. A proton subsequently is lost and the compound rearranges to afford the P-amino 

acid (Scheme 4.10). Various other degradation products are subsequently possible and 

shown in Scheme 4.10 for compound 245. In basic conditions it is again expected that 

the N-1-C-4 bond would be cleaved. The majority of the p-lactams examined showed no 

degradation at all in basic conditions, however Scheme 4.11 shows what could 

theoretically occur. The nucleophilic hydroxide ion is attracted to the 6+ on the carbonyl 

carbon resulting in the double bond breaking. The proton subsequently leaves, leaving 

negatively charged oxygen forming sodium salt. This is the most common mechanism of 

degradation of the p-lactam ring in penicillin type antibiotics.
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.OCH;

OCH;

OCHj

Scheme 4.10: Proposed acid hydrolysis & proposed degradation products of p-lactam 

compound 245

N a *

H3CO

HN,

Na'
'OCH3

Scheme 4.11: IVIechanism of alkaline degradation

Scheme 4.9 shows the various products that can form when the different p-lactam bonds 

break. The most common cleavage is that of N-1-C-2 bond which is illustrated in 

Schemes 4,10 and 4.11. This is the bond which we suspect is cleaved in our study, as 

shown the formed from this is (3-amino acids. Amide bond cleavage breakage is 

commonly carried out using NaOMe/MeOH at room temperature [244]. The C-2-C-3 bond
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can also be cleaved and this was first reported in N-halo-2-azetidinones to form haloalkyl 

isocyanates [268]. More recently Palomo et al have used the cleavage of the C-2-C-3 

bond in azetidine-2,3-diones to form a-amino acids [269], 3,4-Diphenyl-4-amino 3- 

lactams were reported to undergo C-3-C-4 bond cleavage through carbanion 

intermediates in the presence of moisture to give substituted amides. Chiral p-amido 

cyanides have been prepared by means of the regioselective cleavage of C-3-C-4 bond in 

the P-lactam ring in the presence of a trimethylsilyl triflate(TMSOTf) catalyst and 

acetonitrile [270]. Breaking the C-2-C-3 bond has also proved useful in the synthesis of 

vinyl ethers by the reaction of of N-(Arylidene(or alkylidene)amino)-2-azetidinones with 

ozone [271], C-4-N-1 bond breakage has been reported to proceed by palladium

catalyzed hydrogenolysis when an aryl substituent is attached to the C-4 position [243]. 

Oxidative cleavage using acidic acetonide hydrolysis can also result in novel C-4-N-1 P- 

lactam bond breakage to yield enantiopute a-hydroxy acid derivatives [272], The 

sequential or simultaneous fragmentation of two bonds of the 2-azetidinone ring has been 

seldom reported. Cleavage of monocyclic p-lactams under electron-impact mass 

spectrometry occurs by two different fragmentation patterns, leading to ketene and/or 

imine ions (a), or to olefin and/or isocyanate ions. Photolysis promotes cleavage of the 2- 

azetidinone ring through an A-type fragmentation while pyrolysis promotes the B-type 

fragmentation [244],

4.8: Summary

In conclusion a series of novel P-lactam compounds, analogues of combretastatin A-4 

were designed and synthesised. The p-lactam ring was synthesised using both the 

Reformatsky and Staudinger reactions. The Reformatsky reaction was optimised using 

microwave technology. Substituents were varied at the aryl ring on the C-3 and the C-4 

position and the C=0 was converted to C=S. The stability of these compounds at a range 

of pHs from 4 to 9 and in human plasma was assessed. Antiproliferative effects, cell cycle 

analysis and tubulin depolymerisation ability of these compounds is discussed in chapter 

five.
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5.0 Biochemical Studies of Novel p-Lactam Compounds: 
Structure -  Activity Relationships and Molecular Modelling
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5.1 Introduction

Breast cancer is the second leading cause of cancer deaths in women today and the most 

common cancer among women, excluding nonmelanoma skin cancer. According to the 

WHO, more than 1.2 million people will be diagnosed with breast cancer worldwide this 

year [273]. These statistics show the importance of finding new and suitable treatments 

for this deadly disease. Breast cancers are classified as estrogen receptor (ER) positive 

or estrogen receptor (ER) negative [274], 70-80 % of all primary breast tumours are ER 

positive, this cancer is much less aggressive than ER negative breast cancer [11]. 

Tamoxifen is the well known SERM used in the treatment of ER positive breast cancer. 

ER positive breast cancer is characterized by the presence of ERs within cancer cells; it is 

clinically diagnosed using an ELISA test (enzyme linked immunosorbent assay) which 

detects ERa only. ERp is currently not tested as studies are not clear as to whether 

identification of ER(3 would in any way improve the use of tamoxifen. In addition, a high 

degree of correlation between ERa expression and the ELISA results typically available 

clinically suggests that for everyday decision-making ELISA remains appropriate [275]. 

MCF-7 cells are human carcinoma cells which are used extensively as a model for ER- 

positive breast cancer [276]. MDA-MB-231 cell line is an established model of malignant 

human breast cancer (ER negative) [277]. The P-lactam SERM analogues discussed in 

chapter 2 and 3 are initially evaluated for their antiproliferative and cytotoxic effects in 

MCF-7 cells. Subsequently some ERa and ERp binding studies were carried out and 

estrogenic effects evaluated in the endometrial Ishikawa cells.

Microtubules, major structural components in cells, are the target of a large and diverse 

group of natural product anticancer drugs. Given the success of this class of drugs in 

cancer treatment, it can be argued that microtubules represent the single best cancer 

target identified to date. Microtubules are highly dynamic assemblies of the protein 

tubulin. They readily polymerize and depolymerize in cells, and they undergo two 

interesting kinds of dynamics called dynamic instability and treadmilling. These dynamic 

behaviors are crucial to mitosis, the process of chromosomal division to form new cells 

[45]. The three main targets which have been identified are the taxane site, vinca site and 

the colchicine site. Combretastatin A-4 is a small organic molecule found in the bark of 

the African Willow tree. Combretastatin A4P (CA4P) is a prodrug that, in active form, 

binds to tubulin at the colchicine binding site and studies to date indicate it has significant 

activity as a specific tumor vascular targeting agent [278]. Only the cis conformation is
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active and therefore many novel analogues have been designed with fixed ring scaffolds 

in place of the double bond [74,97,102,103,248-250], In this chapter the effects of p- 

lactam type combretastatin analogues are assessed in MCF-7 cells (ER positive) and 

MDA-MB-231 cells (ER negative) for their antiproliferative effects. The more potent 

analogues are then studied to quantify their ability to depolymerise tubulin in an in vitro 

tubulin polymerisation assay.

5.2 Materials and methods for biochemical analysis 

5.2.1 Materials

The full names and addresses of the sources listed below are given at the end of the list.

Materials

Activated charcoal 

DMSO

Dulbecco's Modified Eagle's Medium 

Eagle’s minimum essential medium 

(3-estradiol

ER-3 Competitor Assay, Beacon Kit

ER-a Competitor Assay, Beacon Kit

Estradiol

Calf serum

Foetal bovine serum

L-glutamine

Hams F-12; DMEM medium 

4-Hydroxytamoxifen 

Ishikawa cells

Supplier

Sigma

Sigma

Gibco

Sigma/Gibco

Sigma

Panvera/lnvitrogen

Panvera/invitrogen

Sigma

Gibco

Sigma

Gibco

Sigma

Sigma

LDH assay kit 

Non-essential amino acids

MCF-7 cells

MDA-MB-231 cells

MTT

Professor R. Hochberg, Yale 

University Connecticut 

E.C.A.C.C.

E.C.A.C.C.

Sigma

Promega

p-Nitrophenyl phosphate 

penicillin/streptomycin

Sigma

Sigma

Sigma
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Pipettes (sterile)

Phosphate Buffer Saline (PBS) 

Propidinium Iodide 

RNase A

Tissue culture flasks 

Trypsin-EDTA 

Tamoxifen OHT 

Tubulin polymerization kit

Sigma 

Sigma 

tebu-bio ltd

Sigma

Sigma

Greiner

Greiner

Oxoid Ltd

All compounds from this thesis used in these tests are described in chapter 2, 3 and 4 

5.2.2 Addresses of suppliers

European Collection of Animal Cell Cultures (E.C.A.C.C.) PHLS, Centre for Applied British 

Drugs House (BDH) Chemicals Ltd., c/o Lennox Chemicals, J. F. Kennedy Drive, Dublin 

12, Ireland

Gibco, Life Technologies Ltd., 3 Fountain Drive, Inchinnan Business Park, Paisley, PA4 

9RF, UK.

Greiner GMBH, Maybachstrasse2, 72636 Frickenhausen, Germany 

Oxoid Ltd, Basingstoke, Hampshire, England.

Panvera, 501 Charmany Drive, Madison, Wl 53719, USA c/o Bio-sciences Ltd., 3 

Charlemont Terrace, Crofton Road, Dun Laoghaire, Co. Dublin, Ireland.

Promega Corporation c/o Medical Supply Co., Santry Hall Industrial Estate, Santry, Dublin 

9, Ireland

Sigma Chemical Co. Ltd., Fancy Road, Pool, Dorset, UK 

Sterlin, Bibby, Sterlin Ltd., Stone, Staffordshire UK.

Riedel de Haen AG, c/o R.B. Chemicals ltd., Hoecht House, Cookstown Industrial Estate, 

Tallaght, Dublin 24, Ireland

Tebu-bio ltd. Unit 7, Flag business exchange. Vicarage farm road, Peterborough, Cambs

DE1 5TX
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5.2.3. Growth and maintenance of cells

5.2.3.1 Growth and maintenance of MCF-7 (breast cancer) cell line

MCF-7 cells (Fig 5.1) are human breast adenocarcinoma cells, cloned from a 69 year old 

Caucasian female [279]. They were grown as monolayer cultures at 37°C, under a 

humidified atmosphere of 5 % CO 2  / 95 % O 2 . The cells were maintained in Eagles 

Minimum Essential Medium (EMEM), supplemented with 10 % (v/v) Foetal Bovine Serum  

(FBS), 2 mM L-glutamine, 100 |jg/ml penicillin/streptomycin and 1 % (v/v) non-essential 

amino acids (complete medium).

Stock cultures were grown in 75 cm^ flasks in 20 ml of complete medium and were 

passaged after reaching confluence (weekly). Removal of the cells from the surface of 

the flask was achieved by incubation with I ml of trypsin (lOOx) for 1-5 minutes depending 

on the adherency of the cells. Prior to the use of trypsin, the cells were washed with 10 

mis of serum free EMEM to prevent denaturation of the trypsin occuring. After 

trypsinisation, 10 mis of complete medium was added and the cells were centrifuged at 

500xg for 5 minutes and the supernatant discarded. The pellet was resuspended in 1 ml 

of complete medium, cells were counted using a haemocytometer and seeded at a 

density of approximately 1.5x10® cells/75 cm^ flask.

ATCC Number: HTB-22 
Desigr^ation: MCF-7

Low D«nsity - lOOvim High Density Sc^« B*r -

Figure 5.1: MCF-7 human breast cancer cells reproduced from ATCC (American type culture 

collection) website [280]
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S.2.3.2 Growth and maintenance of MDA-MB 231 breast cancer cell line

MDA-MB-231 cells (Fig 5.2) are human breast adenocarcinoma cells, cloned from a 51 

year old caucasian female [279]. They were grown as monolayer cultures at 37°C, under 

a humidified atmosphere of 5 % CO 2 /  95 % O 2 . The cells were maintained in Dulbecco's 

Modified Eagle's Medium (DMEM), supplemented with 10 % (v/v) Foetal Bovine Serum  

(FBS), 2 mM L-glutamine and 100 pg/ml penicillin/streptomycin (complete medium).

Stock cultures were grown in 75 cm^ flasks in 20 ml of complete medium and were 

passaged after reaching confluence (twice weekly). Removal of the cells from the surface 

of the flask was achieved by incubation with I ml of trypsin (lOOx) for 1-5 minutes 

depending on the adherency of the cells. Prior to the use of trypsin, the cells were 

washed with 10 mis of serum free DMEM to prevent denaturation of the trypsin occuring. 

After trypsinisation, 10 mis of complete medium was added and the cells were centrifuged 

at 500xg for 5 minutes and the supernatant discarded. The pellet was resuspended in 1 

ml of complete medium. Cells were counted using a haemocytometer and seeded at a 

density of approximately 1.5x10® cells/75 cm^ flask.

ATCC Number: HTB-2& 
Designotion: M D A -M B -231

Low D ensity High Density S ""* ■ 'OOpm

Figure 5.2: MDA-MB-231 human breast cancer cells, reproduced from ATCC website [280]
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5.2.3.3 Growth and maintenance of Ishikawa (endometrial) cells

A batch of Ishikawa cells were obtained as a gift from Professor R. Hochberg who 

developed the alkaline phosphatase assay in Yale University Connecticut. The Ishikawa 

cells, a human endometrial cancer cell line, were grown as monolayer cultures at 37°C, 

under a humidified atmosphere of 95 % O2 , 5 % CO2 , in 75 cm^ flasks containing Eagles 

Modified Essential Medium (EMEM) with 10 % foetal bovine serum (FBS) and 

supplemented with 2 mM L-glutamine and 100 pg/ml penicillin/streptomycin.

Cells were harvested and reseeded after reaching confluence (once weekly). Firstly they 

were washed with serum-free EMEM (10 ml) and removed from the surface of the flask by 

a 1 minute exposure to 2 ml of trypsin (100X). The cells were sedimented by 

centrifugation at 600 x g for 5 minutes and the pellet resuspended in 1 ml of complete 

medium. Cell numbers were counted using a haemocytometer and an aliquot of cells (1.5 

X 10® cells) was seeded in 75 cm^ flasks in 20 ml of complete medium.

5.2.3.4 Cryo-preservation of cells

All cells were grown to ~ 80 % confluency, were harvested and counted as described 

previously. The cells were centrifuged and resuspended in a 1 ml mixture of 90 % 

complete medium / 10 % dimethylsulphoxide (DMSO), which acted as a cryopreservant. 

The cells were transferred to a 1.5 ml cryotubes and placed at -80°C overnight. The cells 

were then stored in a liquid nitrogen vessel at -180°C.

When required, an aliquot of cells was removed from the liquid nitrogen vessel and rapidly 

thawed at 37°C. The cells were then resuspended in 10 mis of complete medium. This 

cell suspension was centrifuged at 500 xg for 5 minutes, the supernatant containing 

DMSO was discarded and the pellet resuspended in complete medium. Cells were 

seeded in 75 cm^ flasks as previously described (section 5.2.3.1 & 5.2.3.2).

5.2.4 Antiproliferation studies

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay, first 

described by Mosmann in 1983 [281] was performed to assess the antiproliferative effect 

of the compounds. The assay is based on the ability of a mitochondrial dehydrogenase 

enzyme from viable cells to cleave the tetrazolium rings of the pale yellow MTT and form
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dark blue form azan crystals which are largely im perm eable to cell m em branes, thus 

resulting in their accumulation within healthy cells. The num ber of surviving cells is 

directly proportional to the level of the form azan product created.

M C F -7  and M DA -M B -231 cells w ere pelleted and counted as described in sections 5.2.3.1  

and 5.2 .3 .2 . Com plete medium was added to give a density of 2 .5  x 10'' cells/ml. The  

cells w ere placed in 96-well plates at 200  pi per well. The  outside wells w ere not used. 

Two compounds could be tested per plate over seven concentrations and with a control, 

vehicle and blank for each compound. The  cells w ere left at 37°C  under a humidified 

atm osphere of 95  % O 2 , 5 % C O 2 for 24 hours. A  stock solution of the compounds was  

m ade up in ethanol and stored at -20°C  until further use. The  cells w ere treated with a 2 

pi of vehicle (1 % (v/v) ethanol) or a range of concentrations of the synthesised  

compounds 2 pi (final concentration 1 nM -  50 pM) and again placed in the incubator for 

72 hours. Following the incubation period, 20  pi of lysis solution was added to the ‘blank’ 

wells and left for 1 hour to ensure 100 % cytotoxicity, 50  pi was then rem oved from each  

well and transferred into a new 96-well plate for use in the LDH assay.

The M TT  plate was inverted to rem ove all m edium from the wells. The wells w ere washed  

with phosphate buffered saline (PB S) solution to rem ove remaining medium and inverted  

again to rem ove all PBS solution. The plates w ere dried and 50 pi of M TT  solution (1 

mg/ml) was added to each well. The cells w ere incubated in the dark for 2 -3  hours at 

37°C . Purple crystals w ere formed and dissolved using 200  pi of dimethyl sulfoxife 

(D M S O ). The absorbance was read at a wavelength of 595  nm in a Dynatech M R 5000  

plate reader and cell viability expressed as a percent of control. I C 5 0  values were  

calculated for each compound.

5.2.5 Lactate dehydrogenase (LDH) assay

Cytotoxicity was determ ined using the Cyto-Tox 96 non-radioactive cytotoxicity assay by 

Prom ega following the m anufacturer’s protocol [282]. The  assay quantitatively m easures  

lactate dehydrogenase (LD H ) a stable cytosolic enzym e that is released upon cell lysis. 

Released LDH in culture supernatant is m easured in a 30 minute coupled enzym atic  

assay, which results in the conversion of a tetrazolium salt (IN T) into a red form azan  

product [283].
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MCF-7 and MDA-MB-231 cells were seeded in 96-well plates, incubated for 24 hours and 

then treated with compounds as described in section 5.2.4. After 72 hours 20 pi of lysis 

solution (10X) was added to the ‘blank’ wells, they were then left for 1 hour to ensure 100 

% death, 50 (jI was removed from each well and transferred into a new 96-well plate for 

use in the LDH assay. 50 pi of substrate mix from the LDH assay kit was added and the 

plate was placed in the dark at room temperature for 30 minutes. After this period, 50 pi 

of stop solution was added to each well before reading the absorbance at a wavelength of 

490 nm using a Dynatech MR5000 plate reader. Percentage death was calculated at 10 

pM.

5.2.6 Alkaline phosphatase assay

This assay is used to measure estrogen stimulation of alkaline phosphatase enzyme 

activity (AlkP) by the Ishikawa cell line of human endometrial adenocarcinoma cells. The 

assay was carried out following the method of Littlefield et al [89]. Ishikawa cells were 

maintained as described in section 5.2.3.3. At a time period of 24 hours prior to the 

assay, near confluent cells were changed to an estrogen-free basal medium (EFBM, see 

5.2.6.1). On the day of the experiment, the cells were harvested (section 5.2.3.3) and 

plated in 96-well plates at a density of 50 x lO'' cells/ml (2.5 x 10"* cells/well, 50 pi per well) 

and left in the incubator for 5 - 2 4  hours to allow cells to adhere to the bottom of the plate. 

Test compounds were added to the wells via 100 pi of EFBM bringing the total volume of 

each well to 150 pi. This introduced a dilution factor of 1 in 3 therefore the concentration 

of a test compound before addition to the cells was 3 times the desired final concentration. 

For testing of tamoxifen analogues the cells were treated with a vehicle 100 pi of medium 

(EFBM 0.1 % Ethanol), 100 pi of 3 nM estradiol (1 nM, final concentration), a range of 

concentrations of the analogue (0.1 nM-1 pM, 50 pi) plus 1 nM estradiol (50 pi) The 

remaining cells were treated with a range of concentrations of the analogue (0.1 nM -  1 

pM, 50 pi) and 50 pi of complete medium to bring the final volume to 150 pi. The 

compounds were treated in quadruplicate with two compounds being tested per plate.

After treatment the plate was incubated at 37°C for three days. The 96-well plate was 

then inverted and the growth medium removed with a brisk shake of the wrist. The plate 

was immersed gently in PBS solution and removed from the container and the immersion 

repeated. The PBS solution was shaken out and the inverted plate dried gently on a 

paper towel. The plate was stored at -80°C for at least 15 minutes followed by thawing at
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room temperature for 5-10 minutes. The plate was placed on ice and 50 pi of ice-cold 

solution containing 5 mM p-nitrophenyl phosphate, 0.24 mM MgCl2 and 1M 

diethanolamine (pH 9.8) was added. The plate was warmed to room temperature and the 

yellow colour from the production of p-nitrophenol was allowed to develop. The 

absorbance was read at 405 nm in a Dynatech MR500 plate reader until maximally 

stimulated cells showed an absorbance of about 1.2 with non-treated cells showing an 

absorbance of about 0.2.

5.2.6.1 Preparation of estrogen-free basal medium

To prepare the 1:1 mixture of phenol red-free Ham’s F-12 and Dulbecco’s Modified 

Eagle’s phenol free medium it was necessary to strip calf serum (CS) of its endogenous 

estrogens using dextran coated charcoal. Firstly 2.5 g of activated charcoal and 0.25 g of 

dextran were stirred in 100 ml of deionised water for 15 minutes. The resulting solution 

was poured into two large sterilins and centrifuged at lOOOxg for 10 minutes to achieve a 

pellet. The supernatant was poured off and 50 ml of calf serum was added to each pellet 

and shaken well. Both preparations were left to stand for 30 minutes after which they 

were centrifuged at 1200xg for 15 minutes. The calf serum was transferred to a new 

container without disturbing the pellet and centrifuged again at 1200xg for 15 minutes. 

The newly stripped calf serum was transferred in a sterile atmosphere to a sterile 

container via a 0.45 pM sterile filter.

Once the serum had been stripped of its endogeneous estrogens the estrogen free 

medium could be prepared. To 93 ml of Ham’s F-12; Dulbecco’s Modified Eagle’s phenol 

free medium (1:1) were added 1 ml of streptomycin/penicillin (100 pg/ml), 1 ml of L- 

glutamine (2 mM) and 5 mis of stripped calf serum (5 %).

5.2.7 Estrogen receptor (ER) competitor assay

ERa and ERp fluorescence polarization based-competitor assay kits were obtained from 

Invitrogen. The recombinant ER and the fluorescent estrogen ligand were removed from 

the -80°C freezer and thawed on ice for one-hour prior to use. The assay was performed 

using a protocol described by the manufacturer. The fluorescent estrogen (2 nM) was 

added to the ER (30 nM for ERa and 20 nM for ERP), screening buffer (100 nM potassium 

phosphate (pH 7.4), 100 pg/ml BGG, 0.02 M NaNs) was added to make up a final volume 

that was dependent on the number of tubes used.
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Test compound, 1 |jl, in varying concentrations, was added to 49 |jl screening buffer in 

borosilicate tubes (6 mm diameter). 50 |jl of the fluorescent estrogen/ER complex was 

added to make up the total volume to 100 pi. A vehicle control contained 1 % ethanol 

(v/v). A negative control contained 50 |jl of screening buffer and 50 pi of fluorescent 

estrogen/ER complex. This control was used to determine the polarization value when no 

competitor was present (theoretical maximum polarization). 1 pi of 1 mM estradiol (final 

concentration 10 pM) was used as complete displacement (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 polarization instrument contained 485 nM excitation and 

530 nM emission interference filters.

5.2.8 Flow cytometry

The MDA-MB-231 cells or MCF-7 cells were seeded at a density of 18 x 10® cells/ml in 5 

mis of medium (900,000 cells per flask). After 24 hours the control was treated with 50 pi 

of ethanol (1 % v/v) and range of concentrations of selected compound (10 nM -  10 pM 1 

% v/v). They were incubated for 24, 48 or 72 hours. Following incubation, the cells were 

removed from the bottom of the flask by scraping and the medium placed in a 20 mi 

sterilin. They were centrifuged for 10 minutes at 600xg. The supernatant was decanted 

and the pellet resuspended in 1 ml of ice-cold PBS; cells were again centrifuged for 10 

minutes at 600xg. The supernatant was decanted and the pellet resuspended in 200 pi of 

ice-cold phosphate buffer saline (PBS). Subsequently 2 mis of ice-cold 70 % ethanol was 

slowly added to the tube as it was gently vortexed. The cells were kept at -20°C for at 

least one hour (can be left overnight). After the fixation 5 pi of PBS was added to the 

samples. The cells were harvested by centrifugation at 600xg for 10 mins. The ethanol 

was carefully removed and the pellet resuspended in 400 pi of PBS and transferred to 

FACS microtubes. A 25 pi aliquot of RNase A (1 mg/ml) and 75 pi of propidium iodide 

(PI) 1 mg/ml, a DNA binding fluorescent dye, was added to each tube. The samples were 

wrapped in aluminium foil and incubated for a minimum of 30 mins at 37°C.

The samples were read at 488 nM using FACscalibur flow cytometer from Becton 

Dickinson. The FACS data for 10,000 cells was analysed using the Macintosh-based 

application Cellquest and the data was stored as frequency histograms.
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5.2.9 Tubulin polymerisation assay

Tubulin is composed of a heterodimer of two related polypeptides, a and p tubulin which 

polymerises to form microtubules. Microtubules are intrinsically dynamic polymers, but do 

not have a simple equilibrium. They polymerise and depolymerise by the reversible 

addition and loss of tubulin dimers at the ends of the microtubules. The effect of 

compounds on the assembly of purified bovine brain tubulin was determined 

spectrophotometrically by monitoring the change in turbidity. This assay used a 96-well 

plate format with 300 |jg of > 99 % purified bovine brain tubulin in each well.

Lyophilised tubulin (1 mg, Cytoskeleton, Denver, CO) was resuspended on ice in 300 pi in 

ice-cold G-PEM buffer (80 mM PIPES pH 6.9, 0.5 mM MgCb, 1 mM EGTA, 1 mM 

Guanidine Triphosphate (GTP), 10.2 % (v/v glycerol)) and was left on ice for 1 minute to 

allow for complete resuspension. 10 pi of 10X strength of each compound tested was 

pipetted into a half area 96-well plate prewarmed to 37°C. A 100 pi volume of tubulin was 

then pipetted into the prewarmed plate. Samples were mixed well and tubulin assembly 

was monitored at an A340 nm at 30 second intervals for 60 minutes at 37°C in a 

Spectromax 340PC spectrophotometer (Molecular Devices)

5.3 Results and discussion

5.3.1 Biological evaluation of type I P-lactam SERMs

5.3.1.1 Effect of different substituents on the basic side-chain

The antiproliferative and cytotoxic effects of type I SERMs were evaluated using MCF-7 

(ER positive) breast cancer cells. Fig 5.3 shows the structure of the type I compounds 

that were initially screened to identify different antagonist properties depending on the 

substiutents on the basic side-chain. The effect of methoxy groups on the N-1 and C-4 

phenyl rings were then assessed. The best combination was then used in further SERM 

synthesis.

R2=N-(CH3)2, N-(C2H5)2,

Figure 5.3: P-Lactam type I SERMs
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There are no reported SERMs containing the p-lactam ring. However some non- 

isomerisable SERMs have been reported which contain an additional hinge connecting 

the phenyl ring containing the basic side chain to the core structure. Tetrahydroquinoline- 

based SERMs demonstrated low nanomolar activity in MCF-7 cells and also good binding 

affinity to the ER. The antiproliferative effects were greater for compound type 1 than type 

2 (Fig 5.4) [284]. SERMs containing benzopyran as the core structure were also tested; 

these compounds also showed that the extended basic side-chain improved 

antiproliferative activity in MCF-7 cells (Fig 5.4) [285].

Figure 5.4: SERMS containing extended basic side chains.

The IC5 0 values of the initial p-lactam type I SERMs biochemically evaluated are reported 

in Table 5.1 below and compared to that of tamoxifen ( I C 5 0  = 2.48 pM, highlighted in blue). 

Most of the compounds have values much higher than tamoxifen however compound 159 

(highlighted in red) has a value less than 10 |jM which is encouraging. Compound 159 

contains the pyrrolidine side chain and methoxy groups at the para position on the phenyl 

rings at the C-4 and N-1 positions. This was the template chosen for the remaining type I 

SERMs synthesised.

tetrahydroquinoline SERM - type 1 tetrahydroquinoline SERM - type 2 benzopyranone SERM
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OH f Y " ’

° '  ° " ' n
Ri

Compound

Number

Antiproliferative 

activity in MCF-7 

cells IC50 value 
(mM)

Cytotoxicity % 

death at 10 pM

R i= H , R 2= N -(C H 3)2 156 3880 ± 2220 0

R ,= 0 C H 3 , R2= N -(C H 3)2 157 25.20 ± 16.90 10

R i= H , R 2 = ' ^ ' ^
158 15.40 ±0.04 4

R i = O C H 3 , R 2 = ' ^ ' ^
159 4.63 ±1.24 14.8

R, = H, R 2 = N -(C H 2C H 3)2 160 15.9 ±0.59 0

R ,= 0C H 3 , R2= N-(CH2CH3)2 161 23.9 ± 17.7 11.5

R i= H , R 2=  - C ) 162 18.8 ± 12.9 6.9

o
R i= 0 C H 3 ,  R 2 =  - ' ‘ - ^

163 21.20 ± 9.41 5.6

0

R i= H , R 2 = '''" ' '
164 14.40 ±0.88 0

R i = 0 C H 3 , R 2=- ' ' - ^
165 34.10 ± 5.57 2.9

, - 0  
R i= H . R ,=  ch3

166 13.46 ± 3.01 2

- Q
R i - O C H i ,  R 5 -  ^ ” 3

167 21.8 ± 12.3 7

Tamoxifen 2.48 ± 2.83 13.4

Table 5.1: Antiproliferative and cytotoxic effects of Initial type I SERMs In MCF-7 cells. ICso 

values: the concentration required to inhibit 50 % of MCF-7 growth. Values represent the 

mean iS.E.M (error values x 10' )̂ for three experiments performed In triplicate
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Figure 5.5: Compound 159 inhibited proliferation and induced cytotoxicity of IVICF-7 cells

Figure 5.5 shows a representative graph for the initial type I compounds. MCF-7 cells 

were seeded at a density of 2.5 x 10'* cells/ml in 96-well plates and allowed adhere to the 

surface of the wells for 24 hours. The cells were treated with compound 1 nM -  50 |jM 

(final concentration) and incubated for 72 hours. Determination of cell proliferation was 

carried out using the MTT assay described in section 5.2.4 and the cytotoxicity was 

evaluated using the LDH assay as described in section 5.2.5.

5.3.1.2: Effect of carbonyl group at the C-5 position

Oxidation of the hydroxy group at the C-5 position resulted in the synthesis of a ketone 

(Fig 5.6); these compounds were screened to access whether the ketone had any positive 

or negative effect on the antiproliferative efficacy of these compounds. The SERM 

raloxifene (3, Fig 5.7) contains a carbonyl linking group; removal of the carbonyl group 

afforded products with similar efficacy profiles to tamoxifen. Arzoxifene (16, Fig 5.7) 

contains an ether oxygen in place of the ketone group and has a 10-fold increase in 

antiestrogen potency both in vivo and in vitro [40,41]. This indicates that the carbonyl 

itself is not essential for ER activity. The antiproliferative and cytotoxic results for the 

carbonyl type p-lactam compounds are shown in Table 5.2. The presence of the ketone 

group does not appear to have any positive effect on their biochemical evaluation. 

Comparing 159 to its corresponding analogue 181 we see a significant loss in activity. 

However 180 (highlighted in red, corresponding 157 - was 25.2 |jM) shows activity in the 

same region as the 159 compound. Subsequent 3-lactam SERMs were developed as the 

3-a hydroxy compounds.
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R3 = N-(CH3)2, N-(C2H5)2

C“- o .
Figure 5.6: Type I SERIVIs with carbonyl at C-5 position

HO HO

0

OH

O

OCH3

raloxifene (3) arzoxifene (16)

Figure 5.7: SERMs raloxifene (3) and arzoxifene (16)

°  ^  ”  " ' n
Ri

Compound
Number

Antiproliferative activity 

in M C F - 7  cells IC 50 value 

(mM)

Cytotoxicity % 

death at 10 pM

R i=  O C H 3 ,
179 20.50 ±2 .94 0

R l=  O C H 3 , R2=N-(CH3)2 180 3.95 ±2 .19 2

R i= 0 C H 3 ,  R 2= ' ^ ' ^ ^
181 37.25 |jM 0

R i= 0 C H 3 ,  R2= N -(C H 2 C H 3 )2 182 19.30 ±6 .75 14.7

tamoxifen 2.48 ± 2.83 13.4

Table 5.2: Antiproliferative and cytotoxic effects of type I SERMs containing carbonyl at C-5 

in MCF-7 cells. IC 5 0 values: the concentration required to inhibit 50 % of MCF-7 growth. The 

results are representative of an experiment performed at least twice.
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5.3.1.3: Effect of substituents at the C-5 postion on antiproliferative activity

Futher SAR studies were carried out with a variety of structural modifications being 

introduced to the 3 -lactam compounds and then evaluated in the biochemical assay. 

These changes were made at the C-5 position with the hydrogen being replaced with a 

methyl group and a phenyl ring. The position of the basic side chain was also examined 

at ortho and meta positions while fused cyclic systems were also used in place of the 

phenyl ring. These structural variations are indicated in Fig 5.8. Their biological activity 

was assessed in MCF-7 cells and the results are displayed in Table 5.3.

Figure 5.8: Type I SERMs with variation at the aryl position

All the results shown in Table 5.3 reveal improved antiproliferative activity on the previous 

compounds with IC50 values of 10 |jM or less and no significant cytotoxicity. The 

presence of the basic sidechain at the para position appears to be optimum with a slight 

decrease in activity noted if it is placed in the meta position; a greater loss in activity is 

observed if the sidechain is in the ortho postion (159 {para, IC5 0 = 4.63 |jM), 168 {ortho, 

IC5 0 = 10.70 |jM) and 169 {meta, IC50 = 5.74 jjM). The replacement of the hydrogen (X) in 

Fig 5.8 with the methyl group does not improve activity however replacement with the 

phenyl ring dramatically improves activity for the para substituted compound (173) 

resulting in IC50 values in the nanomolar region for the first time. The presence of the 

extra phenyl ring might result in greater displacement of H I2 and therefore greater 

antagonist properties. Figure 5.9 shows the antiproliferative and cytotoxic results for 176, 

a representative example of these modified type I compounds.

199



0 ^  x ^ ^ 0 '

°  0
Compound

Number

Antiproliferative 

activity in MCF-7 cells 

ICso value (pM)

Cytotoxicity % 
death at 10 pM

Ri=OCH3 , X=H, para 159 4.63 ± 1.24 14.8

Ri=0CH3, X=H, ortho 168 10.70 ± 1.22 1

Ri=0CH3, X=H, meta 169 5.74 ± 3.80 1.2

Ri=0CH3, X=CH3, meta 170 7.91 ± 1.76 0

Ri=0CH3, X= CH3, para 171 14.52 ± 1.24 5

Ri=OCH 3 , X = 0 ,m e fa 172 4.20 ±4.33 7.5

Ri = 0CH3, X = 0 , p a r a 173 0.13 ±0.07 3

cot,

d

nrx

174 5.25 ±6.27 2

OCN

'ooi,

175
3.21 ±2.42

7.5

oos
 ̂ ' '■' / CM .

—M
0

00s

176 5.51 ±0.02 18

tamoxifen 2.48 ± 2.83 13.4

Table 5.3: Antiproliferative and cytotoxic effects of type I SERMs with modifications at the 

C-5 position in MCF-7 cells. IC5 0 values: the concentration required to inhibit 50 % of MCF-7 

growth. The results are representative of an experiment performed at least twice. 

Compounds highlighted in red show antiproliferative activity similar or better than 

tamoxifen (highlighted in blue), compounds highlighted in green are discussed in section 

5.3.2
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Figure 5.9: Compound 176 inhibited proliferation and induced cytotoxicity of MCF-7 cells

5.3.2: Ability of p-lactam compounds to interact with estrogen receptor

The initial results for these compounds were encourging with good antiproliferative effects 

being noted. However it was now important to determine if these effects were indeed 

mediated through the estrogen receptor. Firstly three of the compounds (highlighted in 

green in Table 5.3) were tested for their antiproliferative effects in MDA-MB-231 cells. If 

these compounds are acting as SERMs they should not show any significant 

antiproliferative effects in this ER negative cell line. Although tamoxifen has been shown 

to have some effects in ER negative cell lines but always at much higher concentrations 

(approx. 20 |jM) than in MCF-7 cells suggesting some its effects are mediated through an 

alternative mechanism [286,287]. In the case of these (3-lactam compounds very similar 

results were observed in both cell lines as shown in Table 5.4.

” 0
R,

Compound

Number

Antiproliferative activity 

in M CF-7 cells IC50 value 

(mM)

Antiproliferative 

activity in MDA-MB- 

231 cells IC50 value 

(pM)

Ri=0CH3, X=H, ortho 168 10.7 ± 1.22 12.40

Ri=0CH3, X=H, meta 169 5.74 ± 3.80 12.5 ±2.80

G

175 3.21 ±2.42 3.74 ± 3.16

Table 5.4: Antiproliferative effects of selected type I SERMs in MCF-7 cells and MDA-MB-231 

cells. IC 5 0  values: the concentration required to inhibit 50 % of cell growth. The results are 

representative of an experiment performed at least twice.
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These results suggest that an alternative mechanism of antiproliferative activity may be in 

place so it was necessary to carry out estrogen receptor binding studies to determine the 

ability of these compounds to interact with the estrogen receptor. The binding studies 

were carried out using ER competitor assay kits which use insect expressed, full length, 

untagged human ERs and a novel, tight binding, fluorescent estrogen ligand (*E) as 

described in section 5,2.7. The ability of the (J-lactam compounds to displace *E from the 

binding site is measured using fluorescence polarization. When bound to the ER the 

ER/*E complex is large resulting in little rotation and therefore high polarization, however 

upon displacement the small molecule can rotate quickly and therefore gives low 

polarization values. None of the compounds containing the methoxy groups at the N-1 

and C-4 position showed any binding to either ERa or ERp at concentrations of up to 10 

pM. Two of the phenyl compounds (157  and 162) exhibit very weak binding to both ERa 

and ER(3 (Table 5.5).

°  Q.
Compound

Number

ERa binding 

IC50 (pM)

ERp binding 

IC50 (pM)

Ri=OCH3, R2= N - ( C H 3 ) 2 157 9,038 10

Ri=H, R2= . ' ^
162 52.47 71.95

Hydroxy-

tamoxifen
0 .00 15  ± 0 .0 0 0 5 0 .00 09  ±  0 .00 07

Table 5.5: Competition assay for ERa and ERp using a human recombinant ERa and ERP 

and a fluorescent estrogen. IC50 values: the concentration of com petitor that results in a 

half maximum shift in polarization equals the IC50 of the competitor. Experiment was carried 

out once.

5.3.3: Alkaline phosphatase activity in Ishikawa cells -  analysis of estrogenic 

activity

Alkaline phosphatase activity was monitored in Ishikawa cells as described in section 

5.2.6. SERMs often display variable partial agonist activity in uterine tissues and this
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activity can be displayed in uterine cell lines such as the human Ishikawa endometrial 

adenocarcinoma cell line. Estrogenic activity is monitored by the effect on alkaline 

phosphatase (AP) activity which is potently activated by estradiol (E2). Reports have 

shown the SERM 4-hydroxytamoxifen (4, Fig 5.10) to stimulate AP activity to a level 47% 

of that of E2 (100 nM), and the SERM lasofoxifene (287, Fig 5.10) increases AP activity 

by 18%. A pure antiestrogen, faslodex (33, Fig 5.10) did not stimulate AP activity [288]. 

The effect of (3-lactam compounds on alkaline phosphatase activity in Ishikawa cells was 

assessed (Fig. 5.11). The compounds showed no ability to displace estradiol and also 

show no estrogenic properties when estradiol was not present. This was expected as 

they had shown very low affinity for the ER. All these results appear to confirm the fact 

that these compounds are not working via an ER pathway. An alternative mechanism of 

action must be in place and further studies will be required in order to elucidate it.

OH
CHj

HO '(CH2)9S0(CH2)3CF2CF3
HQ-

OH

4-hydroxytamoxifen (4) lasofoxifene (287) faslodex (33)

Figure 5.10: 4-Hydroxytamoxifen, lasfoxifene and faslodex
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' InM Estradiol + 159 
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InM Estradiol + 173 

■173
■ 1nM Estradiol + 170 
■170
InM Estradiol + 175 
175

■ InM Estradiol + tam 
- tamoxifen

Figure 5.11: Effect on alkaline phosphatase activity of 159,170,173,175 & tamoxifen on 

Ishikawa cells
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5.4 Biochemical evaluation of P-lactam type II SERMs

5.4.1: Antiproliferative and cytotoxic effects of type II SERMs in MCF-7 and 

MDA-MB-231 cell lines

Due to the more positive results of the type I! SERMs (Fig 5.12) in the molecular 

modelling studies and in particular the close 3D fit of the type lla compounds to hydroxy- 

tamoxifen it was predicted that these (3-lactams would have superior binding affinity for the 

ER than was shown by the type I compounds.

Figure 5.12: Type II SERMs

Table 5.6 shows the antiproliferative effects of the these SERMs in both MCF-7 and 

MDA-MB-231 cell lines. The results show that the many of compounds (190, 207, 208 & 

220) have low |jM IC5 0  values (3-7 (jM) in MCF-7 cells but higher values in MDA-MB-231 

cells (11-40 pM). This indicates the possible mechanism of action is mediated through 

binding to the estrogen receptor. Tamoxifen shows some antiproliferative effects in ER 

negative cell lines at much higher concentrations (approx. 20 pM) than in MCF-7 cells 

[286,287]. The cytotoxic effects of these p-lactam compounds are lower than that of 

tamoxifen with the exception of compound 205 (highlighted in yellow) with percentage 

death of 25 % in both cell lines. This cytotoxicity might be the cause of its equal 

antiproliferative effect in MCF-7 and MDA-MB-231 cell lines. The corresponding fluorine 

analogue 204 shows much less cytotoxic effects, 12 % in MCF-7 cells and no effect in 

MDA-MB-231 cells.

Type lla

Type Mb

204



( ^ N -  0  Rt

N

B
Typ*2»

R;

Compound

Number

Antiproliferative 

activity in MCF- 

7 cells ICso 

value (pM)

Cytotoxicity 

% death at 

10 |jM

Antiproliferative 

activity in MDA- 

MB-231 cells 

ICso value (pM)

Cytotoxicity 

% death at 

10 mM

R i=0C H 3, R2=H 190 6.22 ±4 .24 1 12.77 ± 1.03 5.3

Ri=F, R2=H 204 4.82 ±2 .42 12 12.7 ±5 .10 0

Ri=F, R2=0CH3, 205 3.49 ±3 .52 26 4.62 ±2 .38 25

Ri=OH, R2=H 207 3.53 ±0 .17 4 43.08 ± 5.31 0

Ri=OH,

R .=O CH.
208 0.49 ± 0.33 4.9 19.65 ±3 .44 3.5

C j  °

1 “ '
HO

220 7.54 ± 1.54 11 17.54 ± 8.11 2

"  0

A /
0

H T]

■"'S•  'V he I

221 3.30 ±0 .33 0 5.03 ±2 .85 4.8

Tamoxifen 2.48 ±2 .83 13.4
- 2 0  |jM 

[286,287]
-

Table 5.6: Antiproliferative effects of type II SERMs in MCF-7 cells and MDA-MB-231 cells. 

IC50 values: the concentration required to inhibit 50 % of cell growth. The results are 

representative of an experiment performed at least twice. Compounds highlighted in red 

show antiproliferative activity similar to tamoxifen (highlighted in blue).

5.4.2: Estrogen receptor binding assay results for type II SERMs

Table 5.8 shows the results of the competitive ER binding assay for type II P-lactam 

SERMs in both ERa and ER(3. The level of affinity to the ER varies from compound to 

compound. Type lla compounds appear to have better binding ability than type Mb 

compounds. Of the type lla compounds, 208 established the best binding to the ER and 

also showed the lowest antiproliferative IC 5 0  value. The effect through ER is confirmed by 

Fig 5.13 (Table 5.7) which shows the antiproliferative effect of 208 in MCF-7 cells and also 

the effect when 50 nM of estradiol is also added. The resultant IC 50 values show the 

presence of estradiol significantly reducing the effect of 208. This is also shown by
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compound 207 in Fig 5.14 & Table 5.7. These results support the idea that 

antiproliferative effects are indeed a result of binding to the ER and therefore preventing 

estrogen mediated proliferation. The presence of the hydroxy group appears to be an 

important feature of these two compounds binding to Arg394 and Glu353. All of these 

compounds also show a preference for ERa binding over ERp. In the case of 208 the 

relative binding affinity (RBA) is 75:1 (a to P) and for 204 no binding to ER(3 was observed 

at concentrations of up to 100 |jM. This could be very important when the exact function 

of both ERs is finally elucidated. Tamoxifen has almost equal affinity for ERa and ERp. 

Pyrazole containing non-isomerisable SERMs have been reported that have greater 

binding affinity for ERa than for ERp, some compounds showed relative binding affinity 

(RBA) as high as 240 (a to P) [33,52].
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Figure 5.13: Compound 208 in the absence and presence of estradiol; inhibited proliferation 

and induced cytotoxicity of MCF-7 cells
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Figure 5.14: Compound 207 in the absence and presence of estradiol; inhibited proliferation 

and induced cytotoxicity of MCF-7 cells
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Compound

Number

Antiproliferative 

activity without 

estradiol in MCF-7 

cells ICso value

Cytotoxicity 

% death at 

10 (jM

Antiproliferative activity 

with 50 nM estradiol in 

MCF-7 cells ICso value 

(mM)

Cytotoxicity % 

death at 10 pM

207 3.53 ± 0.17 4 27.85 ±2.51 6

208 0.49 ± 0.33 4.9 9 .17 ± 1.44 5

Table 5.7: Antiproliferative and cytotoxic effects of 207 and 208 with and without 50 nM 

estradiol in MCF-7 cells. ICso values: the concentration required to inhibit 50 % of cell 

growth. The results are representative of an experiment performed at least twice.

O '  °
A C ' 

N

/ T o

R j T,p«2 .

Compound

Number

ER a binding 

(pM)

ER p binding 

(mM)

Ri=0CH3, R2=H 190 1.70 ±0.58 15.49 ± 10.42

Ri=F, R2=H 204 1.05 ±0.76 None up to 

100uM

Ri=F, R2=0CH3, 205 0.23 ±0.13 1.64 ± 1.62

Ri=OH, R2=H 207 0.060 ±0.037 0.659 ± 0.230

R,=OH. R2=0CHa 208 0.0043 ± 0.0047 0.322 ± 0.004

220 0.21 ±0.14 2.31 ±2.77

' ' '  -a 221 3.04 ±0.51 None at 50 uM

Hydroxy-

tamoxifen
0.0015 ±0.0005 0.0009 ± 0.0007

Table 5.8: Competition assay using a human recombinant ERa/ERp & a fluorescent 

estrogen. ICso values: the concentration of competitor that results in a half maximum shift 

in polarization. Results are representative of an experiment performed at least twice.
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Type lib compounds also show competitive binding to ERa in excess of ERp. Indeed 

compound 221 shows no binding to ER(3 up to 50 pM. The IC5 0  value for ERa binding of 

221 (3.04 pM) is much higher than tamoxifen or type lla P-lactam compounds 207 and 

208. However the antiproliferative effect in MCF-7 cells is very similar to 207 with an IC50  

of 3.30 pM. The value in MDA-MB-231s is 5.03 pM indicating that in this case anti

proliferation does not seem to be dependent on the presence of the ER. Fig 5.15 and 

Table 5.9 also confirm this; on the addition of 50 nM estradiol with the compound in MCF- 

7 cells no significant increase in the IC50 value was noted. This would seem to suggest 

that compound 221 does not appear to act solely as a SERM but must have some 

alternative mode of action. Although the main mechanism of action of tamoxifen is 

primarily mediated through the ER, studies have shown non-ER mediated mechanisms 

including signaling proteins, proto-oncogenes and transforming growth factor p in 

tamoxifen mediated apoptosis [289].

a>
<0c
oa.
(A
0)

Figure 5.15: Compound 221 in the absence and presence of estradiol; inhibited proliferation 

and induced cytotoxicity of MCF-7 cells

150-
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Compound

Number

Antiproliferative 

activity without 

estradiol in MCF-7 

cells IC50 value

Cytotoxicity 

% death at 

10 mM

Antiproliferative activity 

with 50 nM estradiol in 

MCF-7 cells IC50 value 

(mM)

Cytotoxicity % 

death at 10 pM

221 3.30 ± 0.33 0 8.29 ± 0 .5 0 6

Table 5.9: Antiproliferative and cytotoxic effects of 221 with and without 50 nM estradiol in 

MCF-7 cells. ICso values: the concentration required to inhibit 50 % of cell growth. The 

results are representative of an experiment performed at least twice.
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5.4.3: Estrogenic effect in Ishikawa cell line

The effect of these compounds on interaction with the estrogen receptor in endometrial 

cells was assessed by the alkaline phosphatase assay. Compounds 190 and 220 (Fig 

5.16) which both show weak binding to ERa and ER(3 exhibit little estrogenic effect in the 

ishikawa cell line and also show very little displacement of estradiol from the ER indicating 

that these compounds have little estrogenic abilities.

125n

100-

o
(A
Ca
IS 50-

e 25-

14 -13 -12 -11 -10 -9 -8 -7 -6 -5

■ 1nM Estradiol + 220  

■220

■ 1 nIVI Estradiol + tarn 

•tamoxifen

■ In M  Estradiol + 190 

- 1 9 0

1 I 190

o

log [conc]

Figure 5.16: Effect on alkaline phosphatase activity of 190 and 220 on Ishikawa cells

5.5: Biochemical evaluation of combretastatin type compounds

5.5.1: Antiproliferative and cytotoxic effect of compounds 243 and 244 in

MCF-7 and MDA-MB-231 cells

R,=CH3. R2=H

X = 0  o rS
OCH;

,OCH;

OCH3

OCH

Figure 5.17: Template of combretastatin type |B-lactam compounds

The antiproliferative and cytotoxic effects of the core (5-lactam compounds were initially 

evaluated using MCF-7 (ER positive) breast cancer cells and MDA-MB-231 (ER negative) 

breast cancer cells. Fig 5.17 shows the different structural variations of these synthesised 

compounds to be evaluated. The position of the trimethoxy phenyl ring which is so 

important in the activity of combretastatin type compounds was initially assessed [74].
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Combretastatin A-4 (CA-4) (obtained from Niall Keely, School of Pharmacy and 

Pharmaceutical Sciences) was used as a standard for comparison. It is very potent in 

both MCF-7 and MDA-MB-231 cells lines with IC5 0  values of 3 nM (MCF-7 cells) and 43 

nM (MDA-MB-231 cells). As can be seen in Fig 5.18 and Table 5.10 the trimethoxy- 

phenyl ring located in the N-1 position (compound 243) appears to be the optimum 

arrangement for activity and therefore this was chosen as the template for the other 

compounds tested. This result is consistent with results obtained by Sun et al which 

showed the presence of the 3,4,5-trimethoxy ring at the N-1 position was much more 

biologically active than when at the C-4 position [104].

Figure 5.18; Compounds 243 and 244 inhibited proliferation of MCF-7 and MDA-MB-231 cells

Due to positive results in both types of cell lines, additional cell cycle analysis and also 

tubulin binding were carried out to try and elicit the the mechanism of action involved. All 

compounds with Ri=R 2 =H were tested first.

5.5.1.1 Antiproliferative and cytotoxic effects of 3-unsubstituted P-lactams in 

MCF-7 and MDA-IVIB-231 cell lines

120-

- • - 2 4 4  MCF-7 cells

- ^ 2 4 3  MCF-7 cells
- * - 2 4 4  MDA-MB-231 cells

—•— 243 MDA-MB-231 cells 243

-12 -11 -10 -9 -8 -7 -6 -5 -4
log [conc]

244

'OCH3

243, 245-253 244

Figure 5.19: 3-Unsubstituted combretastatin type p-lactams
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Compound

Number

. , 0 "

P-° V'^^OCHj

/ OCH3 H3CO

Antiproliferative 

activity in MCF- 

7 cells IC50 

value (pM)

Cytotoxicity 

% death at 

10 mM

Antiproliferative 

activity in MDA- 

MB-231 cells 

IC50 value (pM)

Cytotoxicity 

% death at 

10 pM

243 R = 3-OH, 4- 

O C H .
0.017 ± 0 .0 0 2 9 0.054 ± 0.046 16

244

' “I
K H • 00%

0 -CM
o : h.

0.130 ± 0 .0 5 4 2.3 1.67 6 . 6

245 R = 4-F 25.95 ± 1 1 .9 5 0 25.95 ± 15.1 6.3

246 R =2,4 ,5-0C H 3 63.74 ± 19.8 2 . 2 38.5 ± 6 .4 3 0

247 R = 4 -O C H 3 0.039 ± 0 .0 1 3 1.5 0.21 ± 0 .1 7 1 . 1

248 R =3,4,5-0C H 3 167.9 ± 121.1 1.9 94.39 ± 18.55 0

249 R =2,3,4-0C H 3 0.31 ± 0 .0 3 6 8 2.83 ± 1.98 9

250 R =3,4-0C H 3 1.64 ± 0 .0 2 5 0.97 ± 0 .0 0 8 15

251

OCH,

r i
0 ^ O C H .

1.51 ± 0 .5 6 13.5 13.18 ± 1.61 18

253
,0 

■ P r
M,CO

21.6 ± 14.5 2 0 34.47 ± 1.50 15

CA-4

OCH)

0.0031 5.5 0.043 4.3

Table 5.10: Antiproliferative effects of combretastatins in MCF-7 cells and MDA-MB-231 

cells. IC50 values: the concentration required to inhibit 50 % of cell growth. The results are 

representative of an experiment performed at least twice. Compounds highlighted in red 

show activity sim ilar to CA-4 (highlighted in blue)

The results illustrated in Table 5.10 show two compounds 243 and 247 demonstrating low 

nanomolar activity in both MCF-7 and MDA-MB-231 cell lines, similar to that of CA-4. 

Compound 243 is a direct analogue of CA-4 with 3-hydroxy-4-methoxy phenyl at the C-4
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position. There is no significant loss in activity by the removal of the hydroxy group as 

shown in the results obtained for 247. Intermediate activity is shown for the 3,4-dimethoxy 

compound 250 and also for the 2-methoxynaphthalene compound 251. The existence of 

two trimethoxy ring systems e.g. 245, 246, 248 and 249 reduces the activity significantly 

with these compounds showing antiproliferative values in the high |jM range. The 

replacement of phenyl ring at C-4 position with 5 membered heterocyclic ring also resulted 

in lower activity with an IC50 value of 22 |jM and much higher cytotoxicity of 20 % (253).

5.5.1.2 Antiproliferative and cytotoxic effects of 3-m ethyl- and 3,3-dim ethyl- 

azetidln-2-ones in MCF-7 and MDA-MB-231 cell lines

0 C H 3

Figure 5.20: 3-IVIethylazetidin-2-ones & 3,3-dimethylazetldin-2-ones combretastatin-type p- 

lactams

Antiproliferative and cyctotoxic results for 3-methyl- and 3,3-dimethyl- azetidin-2-ones 

shown in Table 5.11 indicate that the 3-methyl derivative is more potent in all cases 

except for the 3,4-dimethoxy compounds (256 and 257) in which the 3,3-dimethyl 

analogue shows greater activity. These results are also in agreement with the results 

obtained for the 3-unsubstituted compounds with the direct CA-4 analogue 262 being the 

most potent compound in this series with low nanomolar activity. The removal of the 

hydroxy group once again only has minimum effect with I C 5 0  value increasing from 10 nM 

to 47 nM. The methyl compounds are tested as a mixture of cis and trans isomers in all 

cases. Separation would be necessary to determine which if either is the more potent 

isomer.

X=H, Y=CH3 
X=CH3, Y=CH3
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Compound
Number

*- N
°  j ^ O C H j

1 OCH3 
MjCO

Antiproliferative 

activity in MCF-7 

cells ICso value 
(mM)

Cytotoxicity 

% death at 

10 mM

Antiproliferative 

activity in MDA- 

MB-231 cells ICso 
value

Cytotoxicit 

y % death 

at 10 pM

254
X=H,Y=CH3, R=4- 

OCH3
0.047 ± 0.024 5.7 0.127 ±0.0096 4.5

255
X=Y= CH3, R=4- 

OCH3
0.265 ±0.010 12 1.15 ±0.16 16

256
X=H. Y= CH3, 

R=3,4-0CH3
2.9610.61 7.5 8.84 ± 0.50 6.1

257
X=Y=CH3. R=3,4- 

OCH3
0.344 ±0.116 14 1.46 ±0.83 12

262
X=H, Y=CH3 , 

R=3-0H, 4-OCHa
0.010 ±0.0032 15 0.047 ± 0.041 25

263
X=Y=CH3, R=3-0H, 

4 -OCH3
0.25 ± 0.08 12 0.27 ±0.15 20

264

\ OCH, 

0 -=».n,
0

OCH,

2.96 ±0.61 17 13.03 ±4.36 0

265

MjCO\ OCH3

° V / »
OCH,

4.04 ±2.35 11.5 3.19 ±2.56 12.1

CA-4

►SCO

HfiO
(KM,

OM
OCM,

0.0031 5.5 0.043 4.3

Table 5.11: Antipro liferative effects o f com bretastatins in MCF-7 cells and MDA-MB-231 

cells. IC50 values: the concentration required to  inh ib it 50 % of cell growth. The results are 

representative o f an experiment performed at least tw ice. Compounds highlighted in red 

show activ ity s im ila r or better than CA-4 (highlighted in blue), those highlighted in yellow  

show intermediate activity.
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5.5.1.3 Antiproliferative and cytotoxic effects of 3-phenyl p-lactams in MCF-7 

and MDA-MB-231 cell lines

'OCH;
H3CO

Figure 5.21: 3-Phenyl p-lactam combretastatin type compounds

Comp

ound

Numb

er

N

/  OCH, 
H,CO

Antiproliferative 

activity in MCF-7 

cells ICso value 

(mM)

Cytotoxicity 

% death at 

10 mM

Antiproliferative 

activity in MDA- 

MB-231 cells ICso 

value (pM)

Cytotoxicity 

% death at 10 

mm

266 R = 4-F 0.35 ±0.15 9.5 1.14±0.21 0

267 R = 4-N-(CH3)2 0.85 ±0.91 10.4 5.66 ± 2.39 -

271 R = 4 -OCH3 0.0014 ±0.0013 0 0.16 ±0.039 0

270 R = 2,3,4-0CH3 1.12 ± 1.24 6 1.96 ±0.099 6.1

271 R = 2,4,6-0CH3 18.69 ± 12.04 9 5.74 ±4.86 0

272 R = 3,4,5-0CH3 69.75 ±82.38 5.1 65.59 ±2.59 0

273 R = 2,4,5-0CH3 46.89 ± 18.67 6 38.96 ± 12.64 0

274 R = 3,4-0CH3 0.46 ± 0.42 3 0.53 ±0.023 0

275
R = 3-OH, 4- 

OCH3
0.0026 ± 0.0029 13.7 0.079 ± 0,0047 6.7

CA-4
oâ

0.0031 5.5 0.043 4.3

Table 5.12: Antiproliferative effects of combretastatins in MCF-7 cells and MDA-MB-231 

cells. ICso values: the concentration required to inhibit 50 % of cell growth. The results are 

representative of an experiment performed at least twice. Compounds highlighted in red
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show activity similar or better than CA-4 (highlighted in blue), those highlighted in yellow 

show intermediate activity.

The results obtained for the 3-phenyl substituted p-lactams (Table 5.12) are in general 

agreement with the previous results with the 3-hydroxy-4-methoxy (275) and the 4- 

methoxy (271) substituted compounds rating the best. Here they both possess very low 

nanomolar IC50 values with activity in both MCF-7 and MDA-MB-231 cell lines, activity 

which is better than 243 and CA-4. Surprisingly 266, the 4-fluoro compound displays sub 

micromolar activity which is not shown in 3-unsubstituted compound. Fluroinated 

analogues of CA-4 have been reported with the most potent analogue (3-fluoro-4- 

methoxy) retaining the potent cell growth inhibitory properties of CA-4 [290]. The 4- 

dimethylamino substituted compound 267 and the 3,4-dimethoxy phenyl compound (274) 

also display sub micromolar activity. The inclusion of the two trimethoxy ring systems e.g. 

270, 271, 272 & 273 gives inactive compounds with antiproliferative values in the high 

micromolar range.

5.5.1.3 Antiproliferative and cytotoxic effects of azetidin-2-thiones in IVlCF-7 

and MDA-iVIB-231 cell lines

Table 5.13 shows the results of the thiones which contain the 4-methoxyphenyl ring at the 

C-4 position. Compound 278 which contains the phenyl ring at the C-3 position shows the 

best activity with I C 5 0  of 350 nM in MCF-7 cells. The conversion of the C=0 to C=S 

results in much reduced activity in all cases. Solubility of azetidin-2-thiones does not 

appear to be very different from the azetidin-2-ones with all compounds readily soluble in 

ethanol. The pharmacokinetic and pharmacodynamic properties of drug molecules are 

highly influenced by hydrophilicity. The logP value of a compound, which is the logarithm 

of its partition coefficient between n-octanol and water log(Coctanoi/Cwater). is a well 

established measure of the compound's hydrophilicity. Molecules with a high log P are 

hydrophobic; those with a lower log P value are more hydrophilic. Hydrophilicity 

influences solubility, transport and absorption processes. Low hydrophilicities and 

therefore high logP values cause poor absorption or permeation, they are also often more 

susceptible to metabolism and subsequent elimination. It has been shown for compounds 

to have a reasonable probability of being well absorbed after oral administration, their 

logP value must not be greater than 5.0. Compound 276 has a clogP of 3.09 with its 

corresponding 3-lactam analogue 247 having a value of 2.04. This shows the azetidin-2- 

thione being more hydrophobic than azetidin-2-one indicating that the carbonyl compound
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would be a better choice for development as a drug. It should be noted that CA-4 has a 

clogP of 3.38 with its prodrug (CA-4P) having a clogP of 3.18.

Comp

ound

Numb

er

OCH3

. 7 . 0

f e 'v ,

f  0CH3 
H3C0

Antiproliferative 

activity in MCF-7 

cells ICso value 

(mM)

Cytotoxicity 

% death at 

10 |jM

Antiproliferative 

activity in MDA- 

MB-231 cells ICso 

value (pM)

Cytotoxicity 

% death at 10 

pM

276 X=Y=H 1.12 ±0 .10 16 4.50 ±2 .08 3

277 X=H, Y=CHa 0.89 ±0.21 3.2 9.26 ±2 .07 5.1

278 X=Y=CH3 0.35 ±0 .012 5.5 1 .33±0 .11 8

279 X/Y= 0 0.72 ± 0.47 7 0.89 ±0.21 1.2

CA-4 0.0031 5.5 0.043 4.3

Table 5.13: Antiproliferative effects of combretastatins in MCF-7 cells and MDA-MB-231 

cells. IC50 values: the concentration required to inhibit 50 % of cell growth. The results are 

representative of an experiment performed at least twice. Compound highlighted in yellow  

shows intermediate activity relative to CA-4 (highlighted in blue)

5.5.1.4 Antiproliferative effects of Schiff bases

226 227

Figure 5.22: Schiff bases 226 and 227

The influence of the rigid P-lactam ring in the activity of the above compounds is 

demonstrated by the antiproliferative effect of the two Schiff bases 226 and 227, Fig 5.22. 

Fig 5.23 clearly shows that neither Schiff base shows any activity in MCF-7 cells at 

concentrations of up to 50 |jM which is in sharp contrast to the corresponding |3-lactams 

243 and 244. As mentioned previously the Schiff bases are obtained in the trans isomer
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and perhaps if a cis isomer was possible som e activity would be evident as is the case in 

CA-4, Shirai et al have reported m oderate anti-tubulin activity for am ine analogs of 

combretastatin (Table 5 .14). It is presumed that N-substitution can allow a cis orientation 

to yield the active conformers, the unsubstituted compound (NH ) displays low activity with 

IC 5 0  value of 100uM  (Table 5 .14) [291]. The P-lactam structure also provides the correct 

scaffold and gives the correct geometry required for activity.

OCH, U s

OCHj

ICso value for inhibition of 

tubulin polymerisation 

(mM)

R=H 100
R=CH3 45

R=CH2CH3 15
R=(CH2)2CH3 5.4
R=(CH2)3CH3 7.5
R=(CH2)4CH3 20
R=(CH2)5CH3 20

Table 5.14; Structure and ICso values for inhibition of tubulin polymerisation of aza- 

combretastatins [291]

■226
■227
■243
■244

120n

100-

80 -

60 -

!6k. 40 -

20 -

12 -11 -10  -9 8 ■6■7 5 -4
log [conc]

Figure 5.23: Antiproliferative effect of Schiff bases 226 and 227 and corresponding p- 

lactams 243 and 244
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5.5.1.5 Antiproliferative effect of hybrid compound
^OMe

,OMe

OH
OH

HO-

-OMe

OMeMeOOMeOMe MeOMeO

^OMe

283 284

Figure 5.24: Structure of compounds 247, 283 and 284

The progressive addition of the a-hydroxy phenyl/methyl group and subsequently the 

basic ether to introduce SERM activity results in a significant reduction in activity from the 

core p-lactam structure 247 to 283 and 284 (Fig 5.25). Compound 284 shows no ability to 

bind to the ER when analysed in the competitive binding assay so it can be assumed that 

this is not its mechanism of action.

100-

80-

60*

40 *

20*

-12 -11 -10 9 68 •7 5 -4

■ M T T  2 8 3  

-L D H  2 8 3  

■ M T T  2 8 4  

■LD H  2 8 4  

-M T T  2 4 7  

•L D H  2 4 7

log [co n c]

Figure 5.25: Antiproliferative and cytotoxic effects of 247, 283 & 284 in IVICF-7 cells

Compound

Number

Antiproliferative 

activity in MCF-7 cells 

ICso value (pM)

Cytotoxicity 

% death at 10 

mim

247 0.039 ±0 .013 1.5

283 0.21 ±0 .12 6

284 3.80 ± 1.16 10
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Table 5.15: Antiproliferative and cytotoxic effects of 247, 283 and 284 in MCF-7 cells. ICso 

values: the concentration required to inhibit 50 % of cell growth. The results are 

representative of an experiment performed at least twice.

Microtubule-targeted drugs arrest cell cycle progression in mitosis by influencing 

microtubule function. The consequence of disrupting microtubule organization with these 

drugs appears to be the same: G 2 /M phase arrest in dividing cells and induction of 

apoptosis [292], Flow cytometric analysis was performed to monitor the effect of 247 and 

284 on cell cycle of MCF-7 cells after 24 hours and statistically quantify the extent of G2 /M 

arrest and sub-Gi arrest induced by both compounds. The fluorescent dye, PI 

interchelates with the DNA and hence, the amount of fluorescence measured per cell is 

proportional to the DNA content. The percentage cells in the different stages of the cell 

cycle are shown in Table 5.16. The Sub-Gi phase represents apoptotic cells, cells in the 

Gi interphase contain one copy of DNA chromosomes, cells in the S phase - DNA is 

being replicated, cells in G 2 /M phase contain double DNA/mitotic cell population, >4N are 

multi-nucleated cells with a DNA content of greater than 4N.

Concentration
Sub-Gi (%) 
247 284

Gi
247

(%)
284

S (%) 
247 284

G2/WI {%) 

247 284

> 4N (%) 
247 284

10.01 7.63 48.18 52.94 9.02 9.73 11.74 20.55 6.17 2.55

Control ± ± ± ± ± ± ± ± ± ±

6.68 3.31 3.15 3.58 1.04 0.03 0.22 12.25 6.31 1.20

15.31 16.03 56.39 49.23 7.37 7.47 14.13 13.32 0.98 3.06

10 nM ± ± ± + ± ± ± ± ± ±

0.07 8.99 5.84 15.96 0.76 1.44 1.46 3.99 0.10 0.59

11.32 26.26 36.56 42.20 8.03 8.39 39.71 14.51 1.32 2.08

100 nM ± ± ± + ± ± ± ± ± ±

2.13 1.77 2.76 1.49 0.59 1.53 2.99 1.32 0.09 0.96

22.17 21.59 21.08 48.89 7.55 5.68 34.43 15.3 1.94 6.44

1 mM ± ± ± ± ± ± ± ± ± ±

2.51 2.39 4.00 5.14 3.97 1.33 4.94 4.80 0.74 5.97

20.46 30.92 15.79 16.93 7.47 7.72 48.97 33.80 1.29 1.91

10 pM ± ± ± + + ± ± ± ± ±

0.61 6.36 1.70 4.49 0.81 0.45 5.27 11.87 0.14 1.90
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Table 5.16: % MCF-7 cells in each cell cycle phase after exposure to compounds 247 and 

284 for 24 hours. Values represent the mean ± standard deviation for three experiments.

Table 5.16 reveals the results of cell cycle analysis for 247 and 284. Compound 247 

shov\/s a decline in amount of cells in the Gi phase and a corresponding G 2 M arrest at 

concentrations above 100 nM (highlighted in orange). There is also a significant increase 

in sub-Gi cells at concentrations of 1 |jm and 10 pm indictating induction of apoptosis 

even after 24 hours. This possibly suggests that compound 247 is effective through 

disruption of microtubules. For compound 284 a decrease in cells in the Gi phases 

appears to result in increase in cells in the sub-Gi phase at 100 nM (highlighted in 

orange). This appears to agree with the LDH results (Table 5.15) which indicates a 

greater amount of cytotoxicity for 284 than for 247. However at 10 pM there is a 

significant increase in G 2 M arrest. This suggests that the mechanism of action at higher 

concentrations may be mediated through the disruption of microtubule activity as well as 

inducing apoptosis at lower concentrations through another mechanism of action.

5.5.2 Evaluation of G2/M arrest in IVIDA-MB-231 cells exposed to compound 

243.

Compound 243 (Fig 5.26) showed antiproliferative effects at low nanomolar 

concentrations (17 nM, MCF-7 and 54 nM, MDA-MB-231) therefore flow cytometric 

analysis was performed as a means of statistically quantifying the extent of G 2 /M  arrest 

and sub-Gi arrest induced by compound 243 in MDA-MB-231 cells. The fluorescent dye, 

PI interchelates with the DNA and hence, the amount of fluorescence measured per cell is 

proportional to the DNA content. MDA-MB-231 cells were treated with vehicle (1 % (v/v) 

ethanol) or 10 nM, 100 nM, 1 (jM and 10 |jM (final concentrations) of 243. Cells were 

harvested after 24, 48 or 72 hours and analysed for DNA content by flow cytometry. Fig

HO

H3CO

Figure 5.26: Compound 243
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5.27  shows the histograms for the varying concentration after 24 hours. The  param eters  

shown, M 1= sub-G i, M 2= G ,, M 3=S , M 4= G 2 /M  and M 5=> 4N . Tables 5 .17 , 5 .18  and 5.19  

shows the results over the three different tim e scales.
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Figure 5.27: Effect of Compound 243 at varying concentrations on cell cycle distribution of 

MDA-MB-231 cells analysed by flow cytometry

The results obtained for compound 243 show a large build up of cells in the G 2 /M  phase 

(highlighted in orange) at concentrations 100 nM, 1 jjM  and 10 jjM  after 24 hours (Table  

5 .17) of exposure. This increase is accom panied by a corresponding reduction in the G i 

phase. At a concentration of 10 nM, there appear to be little effect on the cells giving 

results similar to the vehicle value. After 48  hours (Table 5 .18) an increase in G 2 /M  arrest 

(highlighted in orange) is again seen at 100 nM and above but not to the sam e degree as 

seen after 24 hours. This is due to the parallel increase in sub-G i phase (highlighted in 

orange) indicating induction of apoptosis. After 72 hours (Table 5 .19), a decrease in G 2 /M  

and in G i phase is accom panied by a large increase in sub-G i phase (highlighted in 

orange). These results indicate that this com pound’s mechanism of action m ay indeed be
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by targeting the microtubules. The ability of these p-lactam compounds to bind to tubulin 

was then investigated.

Concentration Sub-Gi (%) Gi (%) S (%) G 2 /M (%) M5 (%)

Control 5.71 ±3.47 51.20 ±2.37 10.46±4.19 20.18 ± 3.18 4.53 ± 1.66

10 nM 3.72 ± 1.97 48.33 ±4.18 12.55 ±2.54 25.61 ±0.98 2.84 ± 0.59

100 nM 4.88 ± 0.85 18.95 ±6.60 6.05 ±0.38 59.43 ±3.13 4.87 ±4.39

1 mM 7.08 ±4.20 19.22 ±6.19 6.01 ±2.90 63.16 ±4.86 4.31 ± 3.17

10 |jM 3.18 ±0.25 29.30 ± 5.95 3.72 ± 0.71 55.36 ± 1.49 3.85 ± 3.83

Table 5.17: % MDA-MB-231 cells in each cell cycle phase after exposure to compound 243 

for 24 hours. Values represent the mean ± standard deviation for three experiments.

Concentration Sub-Gi (%) Gi (%) S (%) G 2 /M (%) M5 (%)

Control 9.80 ± 1.55 50.34 ± 11.09 10.50 ±0.77 18.81 ± 1.04 5.62 ± 3.06

10 nM 11.57 ±3.06 45.25 ±7.37 13.36 ±2.58 23.71 ± 7.81 6.10 ± 0.62

100 nM 37.50 ±0.71 10.76 ±0.34 8.90 ± 0.85 36.42 ± 3.42 4.61 ± 0.86

10 mM 51.27 ±6.31 14.44 ±2.28 4.47 ± 0.06 27.25 ±4.45 2.28 ± 0.06

Table 5.18: % MDA-MB-231 cells in each cell cycle phase after exposure to compound 243 

for 48 hours. Values represent the mean ± standard deviation for three experiments.

Concentration Sub-Gi (%) Gi (%) S (%) G 2 /M (%) MS (%)

Control 12.92 ±2.61 44.13 ±2.31 9.10 ±2.75 21.51 ±4.86 5.48 ± 3.26

10 nM 15.25 ±2.03 48.24 ±2.79 9.08 ±2.32 17.68 ±4.58 3.55 ± 1.57

100 nM 63.10 ±20.06 13.90 ±3.62 5.34 ±4.32 12.62 ±9.22 2.99 ± 1.89

1 |jM 50.53 ± 14.78 14.29 ±2.20 7.76 ±0.58 21.24 ± 12.05 5.97 ±4.71

10 jjM 46.49 ± 17.49 17.14 ± 3.31 9.66 ± 1.84 21.81 ± 12.40 3.38 ±2.84

Table 5.19: % MDA-MB-231 cells in each cell cycle phase after exposure to compound 243 

for 72 hours. Values represent the mean ± standard deviation for three experiments.
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5.5.3: Tubulin polymerisation assay

The effects of combretastatin A-4 and representative (3-lactam combretastatin A-4 

analogues on the assembly of purified bovine tubulin were evaluated by Dr. Lisa Greene 

in the School of Biochemistry and Immunology, Trinity College Dublin. Three analogues 

(243, 271, 275) demonstrating potent antiproliferative effects (low nanomolar) in vitro, and 

one demonstrating poor antiproliferative effects (246, high micromolar) were assessed. 

The ability of combretastain A-4 to effectively inhibit the assembly of tubulin was assessed 

as a control. As anticipated the active combretastatin A-4 analogues (243, 271 and 275) 

inhibited the polymerisation of tubulin whilst the relatively inactive counterpart (246) did 

not significantly affect the rate of tubulin polymerisation (Table 5.20 and Fig 5.28). In 

more detail, the active combretastatin analogues [10 pM] reduced the Vmax value for the 

rate of tubulin polymerisation from 6 to 10-fold. This value is comparable if not superior to 

the rate of inhibition of tubulin assembly (6-fold) observed with combretastatin A-4. These 

results suggest that the molecular target of the active (i-lactam combretastatin A-4 

analogues is indeed tubulin.

Structure Compound
X-fold inhibition of tubulin 

polymerisation 

(Vmax ±SEM)

Control Ethanol [1% v/v] 1
HjCO

I,J J
OCHj

CA-4 - 10 (jM 6.0 ± 1.4

HO

•  'P Z 'H,CO

275 -0.1 |jM 

- 1 pM 

- 10 pM

1.3 ± 0.2 

1.1 ± 0.1

8.3 ±2.6
MO

243 - 1 mM 1.1 ±0.2
n

°  P T '
HiCO ‘

- 10 mM 10.2 ±2.3

OCK.

c ^ o

° O '” "
HfJi

271 -  1 mM

-  10 mM

1.3 ±0.2 

6.1 ±0.9

OCH,

P- "
r  OCH.

H.CO

246 - I O mM 1.2 ± 0.2

Table 5.20: X-fold inhibition of tubulin polymerisation of p-lactam combretastastin 

analogues
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Figure 5.28: In vitro tubulin polymerisation assay. Reactions were carried out at 37°C using 

2.5mg/ml tubulin in the presence of vehicle control or the indicated concentration of 

combretastatin-A4 or analogue. Turbidity was measured as absorbance at 340 nM up to 60 

min.

5.5.4 Effect of 243 and 275 in Ishikawa cells

From the results shown in the previous sections it appears that the antiproliferative effect 

of these CA-4 like p-lactams is achieved through its interaction with tubulin. However the 

majority of the compouncJs show higher potency in MCF-7 cells than in the MDA-MB-231 

cell line (see Tables 5.10 -  5.13); the interaction of 243 anci 275 with the ER was 

investigatecd. No ERa or ERp bincding was achieved for these compounds at 

concentrations of up to 100 pM using the fluorescence competitive binding assay as 

expected. The effect of these compounds on alkaline phosphatase activity in Ishikawa 

cells was then examined (Fig 5.29, Table 5.21). These results showed a reduction in 

alkaline phosphatase activity when the cells were treated with the compounds plus
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estradiol. The IC50 values obtained were much lower than those for tamoxifen (243, 8.3 

nM, 275, 4.3 nM, tamoxifen, 0.28 |jM). The results are therefore contradictory to what 

was achieved for ERa/ERp interaction. One possible explanation might include the 

compound being metabolised in vitro to compounds which do bind to the ER. However 

the alkaline phosphatase results reveal no estrogenic activity. An alternative suggestion 

however is that the reduction in alkaline phosphatase activity is a result of the compounds 

interacting with the androgen receptor. Holinka et al showed that stimulation of alkaline 

phosphatase is mediated by estrogen receptors as well as androgen receptors [293]. No 

increase in alkaline phosphatase activity is noted when the cells are treated with 243 and 

275 alone (Fig 5.29); this indictates the compounds contain no estrogenic properties. 

Estradiol enhances growth of Ishikawa cells and this was counteracted by 

hydroxytamoxifen [294].

1nM Estradiol + tarn 
tamoxifen
1nlVI Estradiol + 243  

243
1nM Estradiol + 275  
275

Figure 5.29: AlkP activity in Ishikawa cells when exposed to p-lactam analogues 243 & 275

Compound

Number

Anti-estrogenic activity 

in Ishikawa cells 

ICso value (pM)

% Estrogenic 

effect in 

Ishikawa cells

243 0.008 ± 0.002 0

275 0.00410.001 0

tamoxifen 0.28 ±0.05 10

Table 5.21: Anti-estrogenic activity and % estrogenic effect in Ishikawa cells of compounds 

243, 275 and tamoxifen. ICso values: the concentration required to inhibit 50 % of cell 

growth. The results are representative of an experiment performed at least twice.

log [conc]
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5.5.5 Additional biochemical studies on compound 275
HO

Figure 5.30: Compound 275

Due to the potency and positive results achieved for these CA-4 like compounds, a BSc 

project carried out by Ms Maria Gagliardi under the supervision of Dr. Lisa Greene and Dr. 

Danny Zisterer in the School of Biochemistry and Immunology investigated the effect of 

compound 275 (Fig 5.30) in two leukemia cell lines in a bid to determine its ability to be 

used across a variety of different cancers. The aims of the project were to determine the 

ability of 275 to induce cell cycle arrest and apoptosis in two human cancerous cell lines: 

chronic myeloid luekemia (CML) K562 cells and human leukaemic HL-60 cells. The effect 

of 275 on mitotic spindle checkpoint proteins such as BUBS and BUBR1 was assessed in 

order to elucidate the mechanism underlying any observed cell cycle arrest. The pathway 

by which 275 induces apoptosis by examining the effect of the drug on capase activation, 

PARP cleavage and on the anti-apoptotic proteins Bcl-2 and Bcl-XL was examined.

Metaphase Anaphase A

Prometaphase
MT-kinetochore

attachm ent

i

chromosome •  centrosome

Spindle
checkpoint

Anaphajw B

Spindle assembly microtubute O  kinetochore
Central spindle 

assembly

Cytokinesis

Centrosome maturation  
Chromosome condensation

Figure 5.31: Scliematic model forthie cell cycle [295,296]
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BUB3 and BUBR1 are components of the mitotic spindle assembly checkpoint (Fig 5.31), 

they localise to the kinetochores and monitor chromosomal alignment and timing of 

mitosis. Both proteins target the anaphase promoting complex (APC) thus inhibiting the 

progression from metaphase to anaphase in mitosis [297]. Bcl-2 and Bcl-XL are anti- 

apoptotic proteins belonging to the Bcl-2 protein family [298]. This family is responsible 

for the regulation of cytochrome c release from the mitochondria and capase activation via 

the intrinsic pathway. Activation of caspases (cysteine-aspartic acid specific proteases) is 

a key process in apoptosis. Caspase-3 is an essential protease that is involved in the 

early stage of apoptosis. It exists as a proenzyme in normal cells and is activated by self 

proteolysis or cleavage by another caspase such as active caspase-8. Its activation 

triggers the degradation phase and is the hallmark of irreversible cell death of apoptosis 

[299]. PARP (Poly (ADP-ribose) poylmerase) is a nuclear enzyme implicated in DNA 

repair and becomes cleaved into two fragments. The results obtained are summerised in 

the following paragraphs.

The effect of 275 on the morphology of K562 cells was examined by light microscopy of 

cytospin preparations. The results showed K562 cells treated with ethanol (vehicle) and 

treated with 275 . The nucleus and cytoplasm of these cells was stained using the 

RapiDiff kit and the major difference evident between treated and vehicle cells is the 

condensation of the nucleus and at times what appears to be fragmentation. In the 

control cells the nucleus is smoothly delineated and takes up a large portion of the cells 

whereas in 275 treated cells the nucleus is condensed and initial signs of membrane 

blebbing are visable, all characteristic morphological features of apoptosis.

Flow cytometry was used to analyse alterations in cell cycle distribution after treatment of 

human promyelocyic leukamia HL60 and human CML K562 cells with 275 . The results 

obtained for 275  were very similar to those shown for 243  in the MDA-MB-231 cell line in 

section 5.5.2. Both K562 and HL60 cells when exposed to 50 nM 275  showed an 

increase in G 2 /M arrest after 24 hours with this decreasing up to 72 hours with a 

subsequent increase in sub Gi. K562 cells showed G 2 /M arrest after 4 hours (25 % 

versus 14 % control), more so at 8 hours and a maximum G 2 /M arrest at 16 hours with a 

slight decrease at 24 hours. HL60 cells showed a maximum at 16 hours with significant 

increase in sub Gi from 16 hours.
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The pathway by which 275 induces G 2 /M  arrest and apoptosis was investigated. Western  

blot analysis was used to determine the effects of 50 nM of 275 on the protein expression 

levels of BUBS and BUBR1 in K562 cells. A slightly less motile form of BUBR1 was 

detected in treated cells which indicates phosphorylation [300] and proves that the mitotic 

spindle assembly checkpoint is activated in 275 treated cells. No change in the 

expression of BUB3 was evident at any concentration.

Bcl-2 and Bcl-XL are anti-apoptotic proteins belonging to the Bcl-2 protein family [298], 

Phosphorylation of the mitotic spindle checkpoint protein BUBR1 and Bcl-2 family proteins 

(Bcl-2, Bcl-XL) in 275 treated cells were observed by western blot analysis. 

Phosphorylation of these proteins indicates activation of the mitotic spindle checkpoint 

and inhibition of anti-apoptotic function of Bcl-2 proteins. The results suggest that Bcl-2 

and Bcl-XL are indirect targets of 275.

Analysis showed that the cleavage and thus activation of pro-caspase 3 was not evident 

when treated with 275 suggesting that the induction of apoptosis is mediated in a caspase 

3 independent manner. PARP cleavage was detected in a time dependent manner 

following treatement of cells with 275. PARP cleavage again reinforced the occurrence of 

apoptosis while the absence of pro-caspase-3 activation gives room to speculate which 

apoptotic pathway is initiated by 275.

Studies were carried out by Nabha et al (2002) on the chronic lymphocytic leukemia cell 

line W SU-CLL on the effect of CA4P on selected markers of apoptosis [caspases 9 and 3, 

poly(ADP-ribose) polymerase (PARP), Bcl-2, and bax] and G 2 /M  protein regulators (p53, 

MDM2, 14-3-3<, GADD45, cdc2, cdc25, chk1, wee1, p21, and cyclin B1). Their findings 

showed that the cell death is due primarily to mitotic catastrophe and not apoptosis, based 

on the fact that CA4P did not affect the expression of bax and Bbcl-2, although CA4P  

treatment did induce caspase 9 activation and PARP cleavage, probably due to the small 

percentage of cell death induced by apoptosis [301].
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5.5.6: Preliminary Results on P-Lactam compounds against IVIalaria

The life cycle of malaria parasites is represented in Fig 5.32. Most antimalarial drugs are 

directed again the asexual intraerythrocytic stage although administration of microtubule 

inhibitors could also affect the gametocyte stages, and possibly gametogenesis in the 

mosquito midgut, reducing transmission as well as parasitaemia.
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Figure 5.32: Diagram of the life cycle of a malarial parasite, with details of the erythrocytic 
cycle (not to scale and highly schematic). Microtubular structures known to be present in 
each stage are indicated in brackets: F, axonemal and flagellar microtubules, involved in 
microgamete motility; P, subpellicular microtubules, involved in structural integrity and 
possibly motility; S, spindle and spindle-associated microtubules, involved in cell division 
[302].

Two a-tubulin (al- and all-), one 3-tubulin and one v-tubuiin genes from P. falciparum, 

have been cloned and characterized. The amino acid sequences are very similar to 

tubulins of other organisms, but apparently minor sequence differences between tubulins 

can affect susceptibility to microtubule inhibitors. A range of microtubule inhibitors are 

potent blockers of various stages of development of Plasmodium. However, most 

compounds in this class do not have the selective toxicity required of potential antimalarial 

drugs. Nevertheless, there is clear evidence from other systems that some microtubule 

inhibitors bind tubulins from different species with widely different affinities, and disrupt 

microtubules of only particular cell types. At the very least, the discovery of agents that 

bind strongly to Plasmodium tubulin will provide tools to study the microtubular structures 

seen during the life cycle of this organism [302].
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Colchicine has been shown to inhibit erythrocytic Plasmodium falciparum at 

concentrations between 10 |jM and 13 |jM. Preliminary results on our |3-lactam 

compounds 254 and 268 obtained in asynchronous Plasmodium falciparum strain 3D7 

using lactate dehydrogenase method showed IC5 0  values for 254 of ~ 60 |jM (48 hrs) and 

~ 30 |jM (72 hrs) and for 268 ~32 |jM (48 hrs) and ~ 6 ijM (72 hrs). These results are 

similar if slightly higher than those obtained for p-lactams tested by Nivsarkar et al [158]. 

(Studies were carried out in the laboratory of Dr. Angus Bell, Department of Microbiology, 

TCD)

5.6 Molecular Modelling Studies of Novel P-Lactam Compounds

To gain a greater understanding of the mode of binding of the type I and type II 3-lactam  

SERMs a brief computational docking study was carried out with ERa and ERp using 

compounds 173 & 159 (type I), 208 (type Ha) and 220 (type lib). The crystal structures 

used in the docking studies were obtained from the cocrystallisation of ERa with 4- 

hydroxytamoxifen (4, OHT) as found in the PDB database. The crystal structure of 

raloxifene (3) bound to the rat ERp LSD was also used; this shows raloxifene (3) binds in 

a position similar to that observed in the human ERa complex. The major difference is 

observed in the phenolic ring, where the distal hydroxy moieties in the two isotypes are 

1 .4 A apart. The result of the different position of raloxifene (3) in the p-isotype is that the 

piperidine ring pointing outside the cavity is shifted outward and prevents H I2 from 

adopting its agonist position. This shift is most probably responsible for the pure 

antagonist character of raloxifene (3) on ERp [15,26,27].

The docking studies were carried out using a collection of software available from 

Openeye Scientific Software [303]. The relavent ligand was docked in the active site 

using FRED, an accurate and extremely fast docking program. Fred examines all 

possible poses within the protein active site, filtering for shape complementarity and 

pharmacophoric features before scoring with more traditional functions [304], Omega 

then selects the ten conformers with the lowest energy and picks the one with the best 

docking score. Finally SZYBKI refines the pose of the ligand in the active site to ensure 

that the most accurate picture is provided.

To quantify the relative interactions predicted for the ligand in comparison to the 

experimental results observed for 4-hydroxytamoxifen and raloxifene, a simple ligand-
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protein contact (LPC) analysis was carried out using Chem Gauss II (LPC), referring to 

the following specific residues: Glu353 and Arg394 (which are known to be crucial in the 

binding of Ring B of the ligands to the active site), His524 (known to be important 

estrogenic residue in the binding of diethylstilbestrol and estradiol) and Asp351 which is 

well recognised as an important antiestrogenic residue associated with the binding of the 

basic side chain nitrogen.

The molecular modeling studies were carried out by Dr, Andrew Knox, Molecular Design 

Group, School of Biochemistry and Immunology, Trinity College.

5.6.1 Results for type I SERMs

Fig 5.33 shows the type I SERMS which were docked in the active site of ERa and ERp. 

Compound 159 appears to show some interaction with the relavent ligands in the ERa 

and ERp, Fig 5.34. The basic side chain extends further from the binding pocket than the 

corresponding chain in 4-hydroxytamoxifen, however ring B appears in close proximity to 

Glu353 and Arg394 while ring C is in the region of His524. In ERp there also appears to 

be good fit in the pocket relative to raloxifene. Because raloxifene contains the extended 

basic side-chain the (3-lactam fits easier to this than it does to 4-hydroxytamoxifen. On 

running the docking function no significant ligand interactions were noted.

Figure 5.33: Type I SERMs 159 and 173
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Figure 5.34: Fred docked structure for type I SERM 159 in (a) ERa (4-hydroxytamoxifen 

(green)) and (b) ERp (raloxifene (yellow))

Compound 173 shows little affinity for ERa or ER3 (Fig 5.35). It does not interact with the 

relavent amino acids. Experimental findings, ERa and ER(3 competitive binding assay, 

are in full agreement with this with no binding to either receptor noted for 173 at 

concentrations up to 10 pM. From the modeling result it appears that the hydroxy group 

at C-5 probably stops the ligand interacting in a good manner because it is positioned in 

the same place as an aromative ring B should be.

Figure 5.35: Fred docked structure for type I SERM 173 in (a) ERa (4-hydroxytamoxifen 

(green)) and (b) ERp (raloxifene (yellow))

His
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5.6.2 Results for type II SERMs

OH

208
221

Figure 5.36: Type lla compound 208 and type lib compound 221

The graphic of the docked type lla SERM 208 (Fig 5.36) with ERa and Erp is shown in Fig 

5.37. Both illustrations show that 208 has high affinity for both ERa and ER(3, Table 5.22 

and 5.23 show the interaction of 208 with the relavent amino acids for ERa and Er(3, 

hydrogen bonding is shown with Asp351 and Arg394 (ERa) with no bonding to Glu353. 

This is not a surprise if we look at the docking graphic as the methoxy group on Ring B is 

orientated away from Glu353. His524 is not involved in hydrogen bonding with 4- 

hydroxytamoxifen and therefore it is not important that 208 does not hydrogen bond to it. 

In ER(3 compound 208 is shown to have hydrogen bonding to all four important amino 

acid residues, indicating good binding ability to ERp. Biochemical results (chapter five) 

confirmed that 208 binds to both ERa and ERp, however it shows a RBA of 75:1 for a 

over (3 which would not be expected when looking at the modelling results discussed 

above. This is possibly due to the fact that ERp used is not human and highlights the 

limitations of molecular modelling studies.

Figure 5.37: Fred docked structure for type lla SERIVI 208 in (a) ERa (4-hydroxytamoxifen 

(green)) and (b) ERp (raloxifene (yellow))
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Fig 5.38 shows the docked structure of type lib SERM 221 (Fig 5.36) in ERa and ER(3. It 

is evident from the illustrated docking graphic that 221 appears to have a much higher 

affinity for ERa than for ER(3, Table 5.22 shows the interaction with the relavent amino 

acids for ERa and confirms that compound 221 shows hydrogen bonding with Asp351, 

Arg394 and His524 and once again no bonding to Glu353. This is also evident from the 

graphic with the methoxy group orientated away from Glu353. In ER(3 (Table 5.23), 

compound 221 is shown to have no hydrogen bonding with any of the relavent amino acid 

residues, indicating little binding ability to ER(3. Biochemical results (chapter five) once 

again confirmed this with 221 binding to ERa but showing no binding at concentrations up 

to 10 pM to ER|3.

Figure 5.38: Fred docked structure for type lib SERM 221 (a) ERa (4-hydroxytamoxifen 

(green)) and (b) ERp (raloxifene (yellow))

(a)
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Ligand Residue

(ERa)
Distance Surface HB

OHT Asp351 3.2 29.6 +

Glu353 2.4 34.0 +

Arg394 3.0 23.0 +

His524 3.0 23.0 -

208 Asp351 4.2 20.5 +

Glu353 3.6 14.5 -

Arg394 2.2 44.6 +

His524 3.0 25.5 -

220 Asp351 3.8 18.2 +

Glu353 3.3 21.0 +

Arg394 2.2 43.4 -

His524 3.7 11.7 +

Table 5.22: Summary of the key protein-ligand contacts for ERa. Distance: nearest distance 

(A) between atoms of the ligand and the residue 

Surface: contact surface area (A**2) between the ligand and the residue

HB: hydrophilic-hydrophilic contact (hydrogen bond) +/-: indicates presence/absence

of a specific contact

Ligand Residue

(ERP)
Distance Surface HB

RAL Asp303 2.7 30.9 +

Glu305 2.4 32.7 +

Arg346 3.0 22.0 +

His547 3.0 22.0 +

208 Asp303 5.0 9.6 +

Glu305 2.3 71.3 +

Arg346 2.0 40.2 +

His547 3.0 25.5 +

220 Asp303 3.2 22.2 -

Glu305 3.3 43.7 -

Arg346 - - -

His547 - - -

Table 5.23: Summary of the key protein-ligand contacts for ERp.
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5.7 Conclusion
Many p-lactam analogues were prepared and analysed in this chapter in order to assess 

their potential as chemotherapeutic agents for different types of cancer. Novel SERMs 

were designed which contained the (3-lactam ring and showed good antiproliferative 

effects similar to tamoxifen. Their ability to bind to ERa was superior to that of ER(3 

resulting in one compound having a RBA of 75:1. These results are significant due to the 

problems of estrogenicity of tamoxifen.

The CA-4 type compounds containing the p-lactam ring were of potential utility with very 

potent activity in both MCF-7 and MDA-MB-231 cells lines. They showed ability to 

depolymerise tubulin and some preliminary studies also indicated interaction with various 

proteins associated with proliferation of cancer cells.

Future work should focus on whether binding is occuring at the colchicine binding site on 

tubulin similar to combretastastins or whether binding at a different novel binding site 

takes place. This would be determined using a competitive binding assay. Their in vivo 

effect in tumors in mice should also be assessed using an aggressive mouse mammary in 

vivo tumour model.

Molecular modelling studies on SERM type compounds in ERa and ERP largely agree 

with the experimental results obtained. They indicate the important hydrogen bonding 

interactions between the ligands and the receptor and will be useful for development of 

future SERMs.
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6.0 General Conclusion
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6.1 Conclusion

There is a constant and never ending need for the discovery and developm ent of new  and 

potent antiproliferative drugs. For this reason we looked at two targets in cancer 

treatm ent, the ER  and tubulin. A  variety of fixed ring S E R M s containing the p-lactam  ring 

w ere designed, synthesised and assessed for their antiproliferative and cytotoxic effects  

in M C F -7  cells. Their ability to bind to ER a and ERp w as also tested. Type I compounds  

showed m oderate antiproliferative effects but little interaction with the either ER  indicating 

that antiproliferative activity is m ediated elsewhere. Type I! S E R M s showed good 

antiproliferative effects which appear to be m ediated through the ER. They also show  

good selectivity for E R a  over ERp which could have positive implications. These results 

w ere also shown by the molecular modeling studies which w ere carried out for the S E R M  

on ER a and ERP using O peneye Scientific Software.

P-lactam analogues of the biologically active combretastatin A -4  were also synthesized  

and biochemically evaluated. M any of the com pounds exhibited excellent anti

proliferative effects at low nanom olar concentrations, in both M C F -7  and M D A -M B -231  

cell lines. The effect of these compounds on cell cycle was exam ined using FACS  

techniques where they w ere shown to arrest the cells in G 2/M  phase. This resulted in 

their ability to depolym erise tubulin to be monitored. The  P-lactam compounds w ere  

shown to depolym erise tubulin at concentrations similar to CA-4.

The p-lactam scaffold has been shown to be novel core m olecular structure which binds 

to the ER and which is effective in depolymerising tubulin. These products are of related 

value in the developm ent of novel chem otherapeutic agents for cancer treatem ent.

A reas of future developm ent include the preparation of S E R M S  with phenols at N-1 and 

C -4  position with the aim of improving ER  binding ability. The biochemical assesem ent of 

p-lactam  S E R M  agonists (before addition of basic side chain) in M C F -7  and M DA -M B -231  

cell lines. Further biochemical evaluation of the potent C A -4 com pounds including 

assessing their ability to bind to the colchicine binding site and also their in vivo effect in 

tumours in mice.
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7.0 Experimental Data
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7.1 General experim ental details

Melting points (m.p.) were determined on a Gallenkamp apparatus and are uncorrected. 

Spectra were obtained on the following instruments:

Infra red (IR):

Perkin Elmer, FT-IR Spectrometer, Paragon 1000 and band positions are given in cm'V 

Solid samples were analysed by potassium bromide disc (KBr); oils were analysed as 

films on NaCI plates.

Nuclear magnetic resonance (NMR):

^H, and nuclear magnetic resonance (NMR) spectra were recorded on a Brucker 

DPX 400 spectrometer (400.13MHZ 'H, 100.61MHz 376.47MHz ^®F) in deuterated

chloroform (CDCI3) with tetramethylsilane (TMS) as the internal standard except where 

otherwise indicated. The spectra were analysed with Bruker WIN-NMR software. Peak 

positions for ^H NMR were assigned relative the TMS peak at 5 0.00, peak positions for 

NMR are assigned relative to 6 77.00, the centre peak of the CDCI3 triplet. NMR 

spectra were not calibrated. Coupling constants are reported in Hertz. For ^H NMR 

assignments, chemical shifts are reported values (numbers of protons, description of 

resonance, coupling constant(s) where applicable and assignment).

Abbreviations used: s= singlet, d= doublet, t= triplet, q= quartet, m =multiplet.

Mass spectrometry:

High resolution mass spectrometry was carried out in the Department of Chemistry, TCD, 

using a Micromass LCT Electrospray mass spectrometer.

High performance liquid chromatography

HPLC was performed using a reverse phase column with flow rate of 1.0 ml/min and 

diction using UV 254 nm.

Chromatographic Methods:

Rf values are quoted for thin layer chromatography on Merck F-254 plates. Column 

chromatography was carried out with Merck Kiesegel 60 (particle size 0.040-0.063mm). 

Compounds were visually detected with UV at 254 nm.
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7.2 General preparation of Schiff bases

3 1
6 "

N=C H

A solution of the appropriately substituted aryl aldehyde (0.1 mol) and the appropriately 

substituted aryl amine (0.1 mol) in ethanol (50 ml) was heated to reflux for three hours. 

The reaction mixture was then reduced to 25 ml under vacuum, and the solution 

transferred to a beaker. The mixture was left to stand and the Schiff base product 

crystallized out of the solution. The crude product was then re-crystallized from ethanol.

7.2.1 N-(4-M ethoxybenzylidene)-p-anisid ine (106) was synthesised using the general 

procedure above and was obtained from ethanol as mint green coloured crystals, (yield

79 %, Rf 0.67 (DCM), m.p. 148”C - 150“C, lit. m.p. 146°C) [166].

IR: KBr d: 1623.0 c m ' (C=N). NMR (400 MHz, CDCIj): 6  3.85 (s, 3H, O -C H 3), 6  

3.89 (s, 3H, O -CH 3 ), 6  6.93-7.00 (m, 4H, Ar-H (3”,3’,5”,5’)), 6  7 .21-7.24 (d, 2H, J=9.04 Hz, 

Ar-H (2”,6”), 6  7.84-7.86 (m, 2H, Ar-H (2’,6’)), 6  8.42 (s, 1H, -CH=N). NMR (100 

MHz, CDCI3): 5 55.38-55.48 (O -C H 3), 5 114.16-114.37 (Ar-C-H (3”,5”,3’,5’)), 5 122.02 

(Ar-C-H/C (2”,6”,1’)), 5129.57-130.22 (Ar-C-H (2’,6’)), 5 145.34 (Ar-C-N (1”)), 6  157.80- 

157.99 (Ar-C -0) (4’,4”)), 5 162.06 (CH=N). EIMS (HR): C 1 5H 1 5 NO 2 , Calculated M"+1:

242.1181, Observed +1: 242.1192, Error; + 4.5 ppm

7.2.2 N -Benzylidenaniline (107) was synthesised using the general procedure above and 

was obtained from ethanol as orange coloured crystals, (yield 45 %, Rf 0.88 (DCM), m.p. 

52”C, lit. m.p. 54-55 C) [167].

IR: KBr v: 1625.0 c m ' (C=N). 'H  NMR (400 MHz, CDCI3): 6  7.22- 7.26 (m, 3H, Ar-H 

(3”,4”,5”)), 6  7.38- 7.44 (m, 2H, Ar-H (2”,6 ”)), 6  7.47-7.51 (m, 3H, Ar-H (3’,4’,5’)), 6  7.91- 

7.93 (m, 2H, Ar-H (2’,6 ')), 6  8.45 (s, 1H, -CH=N). ''^0 NMR (100 MHz, CDCI3): 6  120.79- 

120.82 (Ar-C-H (2”, 6 ”)), 6  125.77 (Ar-C- H (4”)), 6128.51-128.59 (Ar-C-H (2’, 3 ’, 3”, 5 ’, 5”, 

6 ’)), 5 134.23-136.13 (Ar-C-C/H r, 4 ’)), 5 151.95 (Ar-C-N (1”)), 5 160.15 (CH=N). EIMS 

(HR): C 1 3 H 1 1N, Calculated M"+1: 182.0970, Observed M" +1: 182.0965, Error; - 2.6 ppm
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7.2.3 N-(4-Methoxybenzylidene)-aniline (108) was synthesised using the general 

procedure above and was obtained from ethanol as yellow coloured crystals, (yield 40 %, 

Rf 0.69 (DCM), m.p. 62”C, lit. m.p.63°C) [168].

IR: KBr d : 1620.0 c m ' (C=N). 'H NMR (400 MHz, CDCI3): 5 3.86 (s, 3H, O-CH3), 6  

6.99-7.02 (m, 2H, Ar-H (3’, 5’)), 5 7.17-7.21 (m, 3H, Ar-H (3”,4”,5”)), 6  7.40-7.42 (m, 2H, 

Ar-H (2”,6 ”)), 6  7.86-7.89 (d, 2H, J=8.84 Hz, Ar-H (2’,6’)), 6  8.48 (s, 1H, -CH=N).

NMR (100 MHz, CDCI3): 5 55.34 (O-CH3), 5 114.15 (Ar-C-H (3’,5’)), 5 120.8 (Ar-C-H/C 

(1’,2”)), 5 125.47 (Ar-C-H (6 ”)), 5 129.03-130.45 (Ar-C-H (2’,6’,3”,4”,5”)), 5 152.38 (Ar-C-N 

(1”)), 5 159.54 (CH=N), 6  162.24 (Ar-C-0 (4’)). EIMS (HR): C 1 4H1 3NO, Calculated M"+1: 

211.2592, Observed M"+1: 212.1075, Error: + 2.2 ppm

7.2.4 N-Benzylidene-4-methoxyaniline (109) was synthesised using the general 

procedure above and was obtained from ethanol as cream coloured crystals, (yield 36 %, 

R, 0.83 (DCM), m.p. 6 8 °C - 71°C, lit. m.p. 72”C) [167].

IR: KBr v: 1622 0 cm ' (C=N). 'H NMR (400 MHz, CDCI3): 6  3.86 (s, 3H, O-CH3) , 6  

6.94-6.97 (d, 2H, J=8.5 Hz, Ar-H (3”,5”)), 5 7.25- 7.28 (m, 2H, Ar-H (2”,6 ”)), 6  7.47-7.49 

(m, 3H, Ar-H (3’,4’,5’)), 6  7.90-7.92 (m, 2H, Ar-H (2’,6’)), 6  8.50 (s, 1H, CH=N). ''='0 NMR 

(100 MHz, CDCI3): 6  55.50 (O-CH3 ), 6  114.42 (Ar-C (3”,5”)), 5 122,16 (Ar-C-H (2”,6 ”)), 5 

128.57-130.70 (Ar-C-H/C (1’,2’,3’,4’,5’,6’)), 6  130.98 (Ar-C-N (1”)), 5 158.35 (CH=N, Ar- 

C -0 (4”))

7.2.5 (4-Benzyloxybenzylidene)-[4-fert-butylmethylsilanyloxy)-phenyl]-amine (110)

was synthesised using the general procedure above and was obtained from ethanol as 

white crystals, (yield 80 %, Rt (DCM), m.p.144°C).

IR: KBr v: 1629.8 cm‘  ̂ (C=N). ^H NMR (400 MHz, CDCI3): 6  0.21 (s, 6 H, Si-(CH3 )2 ), 6  

0.99 (s, 9H, Si-C-(CH3 )3 ), 5 5.20 (s, 2H, O-CHz-Ar), 6  6.84-6.86 (d, 2H, J=9.04 Hz, Ar-H 

(3”,5”)), 6  7.02-7.05 (d, 2H, J=9.04 Hz, Ar-H (3’,5’)), 5 7.11-7.14 (d, 2H, J=9.0 Hz, Ar-H 

(2”,6”)),6 7.37-7.45 (m, 5H, Ar-H (2”’,3”’,4”’,5”’,6”’)), 5 7.81-7.83 (d, 2H, J=9 Hz, Ar-H 

(2’,6 ’)), 5 8.38 (s, 1H, -CH=N). ” C NMR (100 MHz, CDCI3): 5 -4.83 (CHa-Si-CHa), 6  

17.81 (C-C-C), 5 25.29 (C-(CH3)3 ), 5 69.63 (O-CH2 ), 6  114,60 (Ar-C-H (3”,5”)), 5 120.13 

(Ar-C-H (3’,5’)), 5 121,55 (Ar-C-H (2’,6’)), 6  127,08 (Ar-C-H (2”’,6 ”’)), 6  127,70 (Ar-C-H 

(4”’)), 5 128,23 (Ar-C-H (3”’,5”’)), 6  129,83 (Ar-C-H (2”,6”)), 5 136.06 (Ar-C-C (1’)), 6  

145.32 (Ar-C-N (1”)), 6  153.55 (Ar-C-0 (4”)), 6  157.50 (CH=N), 6  160.70 (Ar-C-0 (4’)).
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EIMS (HR): CjeHaiNOzSi, Calculated M "+  1: 418.2202, Observed M" + 1; 418.2184, Error: 

- 4.4 ppm

7.2.6 4-[(4-Methoxyphenylimino)-methyl]-phenol (184) was synthesised using the 

general procedure above and was obtained from ethanol as yellow coloured crystals, 

(yield 8 8  %, Rf 0.24 (DCM), m.p.210”C , lit. m.p.210-211°C ) [305].

IR: KBr v: 1605.7 c m ' (C=N). 'H  NMR (400 MHz, DMSO): 6  3.76 (s, 3H, O-CH3), 6

6.86-6.89 (d, 2H, J= 8 . 8 8  Hz, Ar-H (3’,5’)), 5 6.94-6.96 (d, 2H, J= 8 . 8 8  Hz, Ar-H (3”,5”)), 6  

7.21-7.23 (d, 2H, J= 8 . 8 8  Hz, Ar-H (2”,6”)), 6  7.74-7.76 (d, 2H, J= 8 . 8 8  Hz, Ar-H (2’,6’)), 6  

8.47 (s, 1H, -CH=N), 5 10.08 (bs, 1H, OH). '"C  NMR (100 MHz, DMSO): 6  55.24 (O- 

CH3), 6  114.33 (Ar-C-H (3’,5)), 6  115.59 (Ar-C-H (3”,5”)), 5 122.09 (Ar-C-H (2”,6”)), 6  

127.74 (Ar-C-C (1’)), 6  130.34 (Ar-C-H (2’,6’)), 6  144.71 (Ar-C-N (1”)), 5 157.41 (Ar-C-O 

(4”)), 5 157.94 (Ar-C-OH (4’)), 5 160.29 (CH=N). EIMS (HR): C 1 4 H 1 3 NO2 , Calculated M" + 

1: 228.1025, Observed + 1: 228.1025, Error: + 0.2 ppm

7.2.7 (4-Benzyloxybenzylidene)-(4-methoxyphenyl)-amine (188) was synthesised 

using the general procedure above and was obtained from ethanol as white coloured 

crystals, ((yield 88.22 %, R, 0.68 (DCM:MeOH 19:1), m.p.148°C).

IR: KBr v: 1605.9 cm '(C =N ). NMR (400 MHz, CDCI3 ): 6  3.84 (s, 3H, O-CH 3 ), 5

5.14 (s, 2H, O-CHz-Ar), 5 6.93-6.95 (d, 2H, J=9.04 Hz, Ar-H (3’,5’)), 6  7.06-7.08 (d, 2H, 

J=8.52 Hz, Ar-H (3”,5”)), 5 7.22-7.24 (d, 2H, J=8.52 Hz, Ar-H (2”,6”)), 6  7.41-7.46 (m, 5H, 

Ar-H ( 2”',3”’,4”’,5”’,6”')), 6  7.84-7.86 (d, 2H, J=8.52 Hz, Ar-H (2’,6 ’)), 6  8.42 (s, 1H, CH=N). 

'^0 NMR (100MHz, CDCI3 ); 5 57.89 (O-CH 3 ), 5 69.63 (O-CH2 ), 6  113.91 (Ar-C-H (3’,5’)), 

6  114.61 (Ar-C-H (3”,5”)), 5 121.64 (Ar-C-H (2”,6”)), 6  127.06-127.69 (Ar-C-H 

(2”’,3”’,4”’,5”’,6”’)), 6  128.21 (Ar-C-C (1')), 6  129.13-129.86 (Ar-C-H (2’,6’)), 5 136.01 (Ar- 

C-C (1’” )), 6  144.70 (Ar-C-N (1’)), 157.52 (CH=N), 6  157.60 (Ar-C-O (4”)), 6  160.71 (Ar-C- 

O (4’)). EIMS (HR): C 2 1 H2 0 NO 2 , Calculated M" + 1: 318.1494, Observed M" + 1: 318.1490, 

Error: -1 .3  ppm

7.2.8 4-[(4-Fluorophenylimino)-methyl]-phenol (200) was synthesised using the 

general procedure above and was obtained from ethanol as yellow crystals, (yield 57.35 

%, Rf 0.85 (DCM:MeOH (9:1)), lit. m.p. 179-182°C) [306].

IR: KBr v: 1606.4 cm ' (C=N). 'H  NMR (400 MHz, CDCI3): 6  6.97-6.99 (d, 2H, Ar-H

(3’,5’)), 6  7.14-7.18 (t, 2H, J=8.76 Hz (av.), Ar-H (3”,5”)), 6  7.26-7.29 (q, 2H, J=4.52 Hz
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(av.), Ar-H (2”,6 ”)), 5 7.83-7.85 (d, 2H, J=8.56 Hz, Ar-H (2’,6’)), 5 8.48 (s, 1H, -CH=N) 5

9.09 (s, 1H, OH). NMR (100 MHz, CDCI3): 6  114.98 (Ar-C-H (3',5’)), 5 115.13 (Ar-C-H 

(3”,5”)), 6  121.92 (Ar-C- H (2”,6 ”)), 6  128.03 (Ar-C-C (1’)), 6  130.23 (Ar-C-H (2’,6’)), 5 

148.36 (Ar-C-N (1”)), 6  159.19 (Ar-C-OH (4’)), 6  160.08 (CH=N), 6  161.52 (Ar-C-F (4”)). 

EIMS (HR): C 1 3H1 0 NOF, Calculated M"+1: 216.0825, Observed M"+1: 216.0831, Error: +

2.9 ppm

7.2.9 4-[(4-Benzyloxyphenylimino)-methyl]-phenol (210) was synthesised using the 

general procedure above and was obtained from ethanol as yellow crystals, (yield 95.99 

%, Rf baseline (DCM), m.p. 214"C).

IR: KBr v: 1607.9 cm ' (C=N), 3469.1 cm ' (OH). "'H NMR (400 MHz, DMSG); 5 5.07 (s, 

2H, O-CH2 ), 5 6.84-6.86 (d, 2H, J=8.52 Hz, Ar-H (3’,5’)), 6  6.98-7.00 (d, 2H, J=8.56 Hz, 

Ar-H (3”,5”)), 6  7.17-7.19 (d, 2H, J=8.52 Hz, Ar-H (2”,6”)), 6  7.30-7.44 (m, 5H, Ar-H 

(2”’,3”’,4’” ,5”’,6 ”’)), 5 7.71-7.73 (d, 2H, J=8.52 Hz, Ar-H (2’,6’)), 5 8.43 (s, 1H, CH=N). 

EIMS (HR): C2 0 H1 7NO2 , Calculated M" + 1: 304.1338, Observed M" + 1: 304.1336, Error; - 

0.5 ppm

7.2.10 4-[(4-Benzyloxybenzylidene)-amino]-phenol (215) was synthesised using the 

general procedure above and was obtained from ethanol as pale green crystals, (yield 

95.73 %, R, (DCM), m.p. 208“C).

IR: KBr v: 1606.4 cm '(CH=N), 3437.8 cm '(OH). 'H NMR (400 MHz, CD3OD): 5 5.14 

(s, 2H, O-CH2 ), 5 6.84-6.86 (d, 2H, J=8.56 Hz, Ar-H (3”,5”)), 6  7.04-7.06 (d, 2H, J=9.04 

Hz, Ar-H (3’,5’)), 5 7.14-7.16 (m, 2H, Ar-H (2”,6”)), 6  7.34-7.46 (m, 5H, Ar-H 

(2 ”. 3 ". 4 ”. 5 ”. 6 '”)) 6  7.82-7.84 (d, 2H, J=9.04 Hz, Ar-H (2’,6’)), 5 8.40 (s, 1H, CH=N).

NMR (100 MHz, CD3OD): 6 69.25 (O-CH2 ), 6 114.34 (Ar-C-H (3’,5’)), 5 114.91 (Ar-C-H 

(3”,5”), 5 121.36 (Ar-C-H (2”,6 ”)), 5 126.78 (Ar-C-H (2”’,6 ”’)), 6  127.16 (Ar-C-H (4”’)), 5 

127.70 (Ar-C-H (3”’,5”’)), 6  129.58 (Ar-C-H (2’,6 ’)), 6  136.11 (Ar-C-C (1’)), 6  144.25 (Ar-C- 

N (1”)), 6  153.94 (Ar-C-0 (4”)), 6  155.53 (Ar-C-0 (4’)), 6  158.11 (CH=N). EIMS (HR): 

C2 0 H1 7NO2 , Calculated +1: 304.1338, Observed +1: 304.1328, Error: - 3.1 ppm

7.2.11 2-Methoxy-5-[(3,4,5-trimethoxyphenylamino)-methyl]-phenol (226) was

synthesised using the general procedure above and obtained from ethanol as pale yellow 

coloured crystals, (yield 84 %, Rf 0.34 (DCM), m.p. 176-178°C).
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IR: KBr v: 1602.6 cm ' (C=N), 3069.2 cm ' (OH). 'H NMR (400 MHz, DMSO): 5 3.81 (s, 

3H, O-CH3), 6  3.84 (d, 9H, J=10.92 Hz, O-CH3) 5 6.57 (s, 2H, Ar-H (2”,6 ”)), 6  7.02-7.04 (d, 

1H, J=8.2 Hz, Ar-H (3’)), 5 7.28-7.31 (q, 1H, J=4.00 Hz (av.), Ar-H (2’)), 5 7.418-7.424 (d, 

1H, J=2.04 Hz, Ar-H (6’)), 5 8.48 (s, 1H, CH=N), 5 9.33 (s, 1H, OH). NMR (100 MHz, 

DMSG): 6  55.83 (O-CH3), 5 56.09 (O-CH3), 6  98.50 (Ar-C-H (2”,6 ”)), 5 111.57 (Ar-C-H 

(3’)), 6  113.57 (Ar-C-H (2’)), 5 122.26 (Ar-C-H (6’)), 6129.27 (Ar-C-C (1’)), 6 135.50 (Ar-C- 

O (4”)), 5 146.78 (Ar-C-OH (3’)), 5 147.59 (Ar-C-N (1”)), 6 150.79 (Ar-C-0 (5”,3”)), 6  

153.21 (Ar-C-0 (4’)), 6  159.42 (CH=N). EIMS (HR): C17H19NO5, Calculated M" + 1: 

318.1341, Observed M "+ 1: 318.1345, Errror: + 1.1 ppm

7.2.12 2-Methoxy-5-[(3,4,5-trimethoxybenzylidene)-amino]-phenol (227) was

synthesised using the general procedure above and was obtained from ethanol as light 

brown coloured crystals, (yield 87 %, Rf 0.22 (DCM), m.p.172-174°C) [251].

IR: KBr d: 1627.3 cm ' (C=N). 'H  NMR (400 MHz, CDCI3): 6  3.93 (s, 6 H, O-CH 3 ), 6  

3.96 (s, 6 H, O-CH 3 ), 6  5.82 (s, 1H, OH), 6  6.79-6.81 (q, 1H, J=6.84 Hz, Ar-H (3”)), 6  6 .8 8 -

6.90 (m, 2H, Ar-H (2”,6”)), 6  7.16 (s, 2H, Ar-H (2’ ,6 ’)), 6  8.37 (s, 1H, CH=N). ''"C NMR 

(100 MHz, CDCI3); 6  55.69 (O-CH 3 ), 6  55.79 (O-CH 3 ), 5 60.53 (O-CH 3 ), 6  105.12 (Ar-C-H 

(2’,6 ’)), 6  106.60 (Ar-C-H (6 ”)), 5 110.39 (Ar-C-H (2”,3”)), 5 112.90 (Ar-C-C (1’)), 6131.40 

(Ar-C-O (4’,5”)), 5 144.86 (Ar-C-N (1”)), 5 145.61 (Ar-C-0 (4”)), 6  153.02 (Ar-C-0 (3’,5’)), 

6157.94 (CH=N). EIMS (HR): C 1 7 H 1 9 NO5 . Calculated M" + 1: 318.1341, Observed M" + 1: 

318.1328, Error: - 4.4 ppm.

7.2.13 (4-Fluorobenzylidene)-(3,4,5-trimethoxy-phenyl)-amine (228) was synthesised 

using the general procedure above and was obtained from ethanol as pale yellow 

coloured crystals, (yield 71.7 %, m.p. 87-90°C).

IR: KBr d: 1626.1 cm ' (C=N). ^H NMR (400 MHz, CDCI3): 6 3.87 (s, 3H, O-CH 3 ), 6

3.90 (s, 6 H, O-CH3), 6  6.48 (s, 2H, Ar-H (2”,6 ”)), 6  7.14-7.18 (t, 2H, J=8.4 Hz, Ar-H (3’,5’)), 

6  7.88-7.91 (q (d,d), 2H, J=5.8 Hz, 2.8 Hz, Ar-H (2’,6’)), 6  8.44 (s, 1H, -CH=N). ''"C NMR 

(100 MHz, CDCI3): 5 55.98 (O-CH3), 6  60.88 (O-CH3), 6  98.00 (Ar-C-H (2’,6’)), 6  106.60 

(Ar-C-H (6 ”)), 6  115.73-115.98 (Ar-C-H (3’,5’)), 6  130.56-130.65 (Ar-C-H (2’,6 ’)), 5 131.51 

(Ar-C-C (1’)), 6  136.30 (Ar-C-0 (4”)), 6  147.58 (Ar-C-N (1”)), 6  153.46 (Ar-C-0 (3” ,5”)), 6  

158.04 (CH=N). Elemental Analysis: CigHieFNOa; theory: C, 66.40; H, 5.60; N, 4.80; F, 

16.60 %; found: C, 66.28; H, 5.54; N, 4.73; F, 16.87 %
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7.2.14 (4-Dimethylaminobenzylidene)-(3,4,5-trimethoxyphenyl)-amine (229) was

synthesised using the general procedure above and was obtained from ethanol as yellow 

coloured crystals, (yield 64.03 %, Rf 0.13 (Hex.:Ether 1:1), m.p. 83-84°C).

IR: KBr u: 1602.7 cm ' (C=N). ’’H NMR (400 MHz, CDCI3): 6  3.08 (s, 6 H, -N-CH3), 8 

3.85 (s, 3H, O-CH3), 5 3.89 (s, 6 H, O-CH3), 5 6.47 (s, 2H, Ar-H (2’,6 ’)), 5 6.72-6.74 (d, 

2H, J=9 Hz, Ar-H (3”,5”)), 6 7.75-7.77 (d, 2H, J=9.04 Hz, Ar-H (2”,6 ”)), 6 8.33 (s, 1H, - 

CH=N). NMR (100 MHz, CDCI3): 6 39.42 (N-(CH3)2), 6 55.42-55.61 (O-CH3), 5 60.54

(O-CH3), 6 97.64 (Ar-C-H (2”,6”)), 5 111.10 (Ar-C-H (3’,5’)), 8 123.54 (Ar-C-C (1’)), 6 

130.01 (Ar-C-H (2’,6’)), 6  135.14 (Ar-C-0 (4”)), 8  148.42 (Ar-C-N (4’)), 8  152.08 (Ar-C-N 

(1”)), 8  152.99 (Ar-C-O (3”,5”)), 6  159.43 (CH=N). EIMS (HR): C 1 8H1 8FNO4 , Calculated M" 

+ 1: 314.3790, Observed M" + 1: 315.1709, Error: + 4.5 ppm.

7.2.15 (2,4,5-Trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (230) was

synthesised using the general procedure above and was obtained from ethanol as light 

yellow coloured crystals, (yield 78.4 %, m.p. 123 C).

IR: KBr v: 1619.5 cm ' (C=N). 'H NMR (400 MHz, CDCI3): 5 3.87 (s, 3H, -N-CH3 ), 8

3.91 (s, 9H, O-CH3 ), 8  3.93 (s, 3H, O-CH3 ), 6  3.98 (s, 3H. O-CH3 ), 8  6.48 (s, 2H, Ar-H 

(2’,6’)), 5 6.78-6.80 (d, 1H, J=8 . 8  Hz, Ar-H (3”)), 5 7.85-7.88 (d, 1H, J=8 . 8  Hz, Ar-H (6 ”)), 

6  8.74 (s, 1H, -CH=N). NMR (100 MHz, CDCI3): 5 55.02 (O-CH3 ), 5 60.86 (O-CH3 ), 8

60.91 (O-CH3 ), 5 61.99 (O-CH3 ), 5 96.11 (Ar-C-H (2”,6")), 8  107.73 (Ar-C-H (3’)), 8  122.48 

(Ar-C-H (6 ’)), 5 135.98 (Ar-C-C (1’)), 6  141.67 (Ar-C-0 (4”)), 8  148.64 (Ar-C-N (1”)), 8  

153.41 (Ar-C-0 (5’)), 8  154.50 (Ar-C-0 (3”,5”,4’)), 5 155.29 (CH=N), 5 155.52 (Ar-C-O (3’). 

Elemental Analysis: C 1 9H2 3 NO6 , theory: C, 63.10; H, 6.40; N, 3.90 %; found: C, 62.68; H, 

6.31; N, 3.05%.

7.2.16 (4-Methoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (231) was synthesised 

using the general procedure above and was obtained from ethanol as light yellow 

coloured crystals, (yield 84.8 %, m.p. 92°C).

IR: KBr v: 1643.2 cm ' (C=N). 'H NMR (400 MHz, CDCI3 ): 8  3.85 (s, 3H, O-CH3), 8  3.86 

(s, 6 H, O-CH3 ), 6  3.88 (s, 6 H, O-CH3), 8  6.47 (s, 2H, Ar-H (2”,6”)), 6  6.96-6.98 (d, 2H,

J=8 . 8  Hz, Ar-H (3’,5’)), 6  7.82-7.84 (d, 2H, J=8 . 8  Hz, Ar-H (2’,6’)), 6  8.39 (s, 1H, -CH=N). 

'^0 NMR (100 MHz, CDCI3 ): 5 55.20 (O-CH3), 5 55.86 (O-CH3)), 8  60.78 (O-CH3 ), 5 

97.88 (Ar-C-H (2”,6”)), 8  114.00 (Ar-C-H (3’,5’)), 8  123.33 (Ar-C-C (1’)), 6  130.38 (Ar-C-H
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(2’,6 ’)), 6  135.83 (Ar-C-0 (4”)), 8  148.09 (Ar-C-N (1”)), 5 153.32 (Ar-C-0 (3”,5”)), 6  158.86 

(CH=N), 6  162.06 (Ar-C-0 (4’)). Elemental Analysis: C 1 7H 1 9NO4 , theory: C, 67.70; H, 

6.30; N, 4.60 %, found: C, 67.24; H, 6.40; N, 4.49 %

7.2.17 (3,4,5-Trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (232) was

synthesised using the general procedure above and was obtained from ethanol as pale 

yellow coloured crystals, (yield 74.8 %, m.p. 178°C) [307].

IR: KBr t>: 1626.1 c m ' (C=N). ''H NMR (400 MHz, CDCI3): 6 3.87 (s, 3H, O-CH3), 8

3.91 (s, 6 H, O-CH 3 ), 6 3.92 (s, 3H, O-CH 3), 5 3.95 (s, 6 H, O-CH 3 ), 8  6.49 (s, 2H, Ar-H 

(2” ,6 ”)), 5 7.18 (s, 2H, Ar-H (2’,6 ’)), 5 8.38 (s, 1H, -CH=N). '"C  NMR (100 MHz, CDCI3): 6  

56.04 (O-CH 3 ), 6  56.17 (O-CH 3), 8  60.96 (O-CH3 ), 5 98.06 (Ar-C-H (2 ”,6 ”)), 8  105.61 (Ar- 

C-H (2’,6 ’)), 8  131.50 (Ar-C-C (1’)), 6  136.25 (Ar-C -0 (4”)), 6  140.87 (Ar-C -0 (4’)), 8  

147.75 (Ar-C-N (1’)), 6  153.45 (Ar-C-O (3’,5’)), 5 153.50 (Ar-C-0 (3”,5”)), 6  159.12 

(CH=N).

7.2.18 (2,4,5-Trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (233) was

synthesised using the general procedure above and. was obtained from ethanol as bright 

yellow coloured crystals, (yield 74.3 %, m.p. 178°C).

IR: KBr d: 1619.6 c m ' (C=N). ^H NMR (400 MHz, CDCI3): 6 3.87 (s , 3H, O-CH 3), 8

3.91 (s, 9H, O-CH 3 ), 6 3.93 (s, 3H, O-CH 3 ), 8  3.98 (s, 3H, O-CH 3 ), 8  6.48 (s, 2H, Ar-H 

(2’,6 ’)), 6  6.78-6.80 (d, 1H, J=8 . 8  Hz, Ar-H (3”)), 5 7.85-7.88 (d, 1H, J=9.2 Hz, Ar-H (6 ”)), 

5 8.74 (s, 1H, CH=N). NMR (100 MHz, CDCI3): 6  55.96 (O-CH 3 ), 5 60.82 (O-CH 3), 8  

60.87 (O-CH 3 ), 8  61.96 (O-CH3), 5 98.15 (Ar-C-H (2’,6 ’)), 8  107.71 (Ar-C-H (3”)), 5 122.45 

(Ar-C-H (6 ”)), 8  123.57 (Ar-C-C (1’)), 5 135.96 (Ar-C -0 (4’)), 6  141.64 (Ar-C-O (3”)), 8  

148.61 (Ar-C-N (1”)), 8  153.38 (Ar-C-0 (3’,5’)), 8  154.47 (Ar-C-0 (2”)), 6  155.25 (CH=N), 6  

155.49 (A r-C -0 (4”)). Elemental Analysis: C 1 9 H2 3 NO 6 , theory:C, 63.10; H, 6.40; N, 3.90 

%, found: C, 63.06; H, 6.44; N, 3.82 %

7.2.19 (2,4,6-Trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (234) was

synthesised using the general procedure above and was obtained from ethanol as a 

brown oil at room temperature, (yield 68.9 %).

IR: NaClfilm  d: 1659.4 cm  '(C =N ). 'H NMR (400 MHz, CDCI3): 5 3.86 (s , 3H, O-CH 3 ), 

8  3.90 (s, 9H, O-CH 3 ). 8  3.94 (s, 3H, O-CH 3 ), 6  3.96 (s, 3H, O-CH 3 ), 8  6.48 (s, 2H, Ar-H
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(2’,6 ’)), 6  6.52 (s, 1H, Ar-H (3”)), 5 7.65 (s, 1H, Ar-H (5”)), 5 8.82 (s, 1H, -CH=N). ''^C 

NMR (100 MHz, CDCI3): 5 56.01 (O-CH3 ), 6  56.22 (O-CH3 ), 5 56.38 (O-CH3 ), 8  60.95 (O- 

CH3), 5 98.20 (Ar-C-H (3”,5”)), 8  108.84 (Ar-C-H (2’,6 ’)), 8  116.48 (Ar-C-C (1’)), 6  136.78 

(Ar-C-0 (4”)), 6  143.55 (Ar-C-N (1”)), 8  148.87 (Ar-C-0 (3”,5”)), 8  153.37 (Ar-C-0 (2’,6 ’)), 8  

155.04 (Ar-C-0 (4’)), 6  155.16 (CH=N).

7.2.20 (3,4-Dimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (235) was

synthesised using the general procedure above and was obtained from ethanol as light 

yellow coloured crystals, (yield 73.13 %, m.p. 102-104°C).

IR: KBr v: 1606.9 cm ' (C=N). 'H NMR (400 MHz, CDCI3): 5 3.87 (s, 3H, O-CH3 ), 8

3.90 (s, 6 H, O-CH3), 5 3.95 (s, 3H, O-CH3), 6  3.99 (s, 3H, O-CH3), 8  6.48 (s, 2H, Ar-H 

(2’,6 ’)), 5 6.93-6.95 (d, 1H, J=8.4 Hz, Ar-H (5”)), 6  7.31-7.33 (m, 1H, Ar-H (6 ”)), 6  7.60 

(s, 1H, Ar-H (2”)), 6  8.39 (s, 1H, -CH=N). ''^C NMR (100 MHz, CDCI3): 6  55.89 (O-CH3 ), 8  

55.97 (O-CH3), 6  60.90 (O-CH3 ), 6  97.97 (Ar-C-H (2”,6 ")), 8  108.35 (Ar-C-H (5’)), 5 

110.35 (Ar-C-H (2’)), 6  124.31 (Ar-C-H (6 ’)), 5 129.25 (Ar-C-C (1’)), 6  135.97 (Ar-C-O 

(4”)), 8  148.05 (Ar-C-N (1")), 6  151.92 (Ar-C-0 (3’)), 5 153.42 (Ar-C-0 (3”,5”,4’)), 6  159.13 

(CH=N). Elemental Analysis: CieHieFNOs, theory: C, 67.70; H, 6.30; N, 4.60 %, found: 

C, 67.24; H, 6.40; N, 4.49 %

7.2.21 (6-Methoxynaphthalen-2-yl-methylene)-(3,4,5-trimethoxyphenyl)-amine (236)

was synthesised using the general procedure above and was obtained from ethanol as 

yellow coloured crystals, (yield 80 %, Rf 0.45 (DCM:MeOH 9:1), m.p. 40'C).

IR: KBr t>: 1616.4 cm ' (C=N). Ĥ NMR (400 MHz, CDCI3): 6 3.88 (s, 3H, O-CH3 ), 8

3.91 (s, 6 H, O-CH3), 8  3.93 (s, 3H, O-CH3), 8  6.53 (s, 2H, Ar-H (2”,6 ”)), 5 7.17-7.20 (q, 

2H, J=5.78 Hz (av.), Ar-H (5', 7’)), 5 7.79-7.82 (q, 2H, J=4.85 Hz (av.), Ar-H (4', 9’)), 8

8.08-8.12 (m, 2H, Ar-H (2’, 10’)), 6  8.58 (s, 1H, N=CH). NMR (100 MHz, CDCI3): 5

54.95 (O-CH3), 6  55.67 (O-CH3), 8  60.60 (O-CH3), 5 97.72 (Ar-C-H (2”,6”)), 8  105.61 (Ar- 

C-H (7’)), 8  119.02 (Ar-C-H (5’)), 8  124.08 (Ar-C-H (9’)), 8  127.09 (Ar-C-H (10 ’ ) ) , 8  128.00 

(Ar-C-C (1’)), 8  129.89 (Ar-C-H (2’)), 8  130.57 (Ar-C-H (4’)), 8  131.32 (Ar-C-C (3’)), 8

135.82 (Ar-C-O (4”)), 6 136.09 (Ar-C-C (8 ’)), 6 147.72 (Ar-C-N (1”)), 5 153.14 (Ar-C-0

(3”,5”)), 8  158.63 (Ar-C-0  (6 ’)), 5 159.36 (N=CH). EIMS (HR): C21H21NO4, Calculated 

+1: 351.3958, Observed +1: 352.1549, Error: + 0.9 ppm
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7.2.22 Anthracen-9-ylmethylene-(3,4,5-trimethoxyphenyl)-amine (237) was

synthesised using the general procedure above and was obtained from ethanol as an 

orange coloured powder, (yield 80 %, Rf 0.80 (DCM), m.p. 167°C).

IR: KBr v: 1622.9 cm ' (C=N). 'H  NMR (400 MHz, CDCIj): 5 3.92 (s, 3H, O-CH 3), 6  

3.95 (s, 6 H, O-CH 3 ), 6  6.70 (s, 2H, Ar-H (2”,6 ”)), 5 7.50- 7.59 (m, 4H, Ar-H (4’,5’,11’,12’)),

5 8.04-8.06 (d, 2H, J=8.52 Hz, Ar-H Ar-H(3’,6’)), 5 8.56 (s, 1H, -CH=N), 6  8.71-8.74 (d, 

2H, Ar-H (10’,13’)), 6  9.71 (s, 1H, Ar-H(8 ’)). ''̂ ’C NMR (100 MHz, CDCI3): 6  55.81 (O- 

CH 3), 5 60.67 (O-CH 3), 5 97.95 (Ar-C-H (2”,6 ”)), 5 124.24 (Ar-C-H (4’,5’)), 6  125.00 (Ar-C- 

H (11’,12’)), 6  126.63 (Ar-C-C (1’)), 6  126.94 (Ar-C-H (10’,13’)), 6128.67 (Ar-C-H (3’, 6 ’)),

6  130.23 (Ar-C-0 (4”)), 6  130.41 (Ar-C-C (7’,9’)), 6  130.88 (Ar-C-H (8 ’)), 5 136.28 (Ar-C-C 

(2’,14’)), 5 147.95 (Ar-C-N (1”)), 5 153.30 (Ar-C-O (3”,5”)), 6  158.52 (CH=N). EIMS (HR): 

C2 4 H2 1 NO 3 , Calculated M"+1; 372.1600, Observed M"+1: 372.1615, Error: +4.1 ppm

7.2.23 Thiophen-2-ylmethylene-(3,4,5-trimethoxyphenyl)-amine (238) was synthesised 

using the general procedure above and was obtained from ethanol as pale brown crystals, 

(yield 75 %, R, 0.82 (DCM), m.p. 82°C).

IR: KBr v: 1617.84 c m ' (C=N) ^H NMR (400 MHz, CDCI3): 6  3.86 (s, 3H, O-CH3), 6  

3.89 (s, 6 H, O-CH3), 5 6.49 (s, 2H, Ar-H (2”,6 ”)), 5 7.12-7.14 (q, 1H, J=2.84 Hz (av.), Ar-H 

(4’)), 5 7.48-7.51 (q, 2H, J=4.36 Hz (av.), Ar-H (3’,5’)), 5 8.58 (s, 1H, -CH=N). ''"0  NMR 

(100 MHz, CDCI3): 6  55.65 (O-CH3), 5 60.56 (O-CH3), 6  97.82 (Ar-C-H (2”,6 ”)), 5 127.38 

(Ar-C-H (3’)), 6  129.90 (Ar-C- H (4’)), 6  131.83 (Ar-C-H (5’)), 5 135.96 (Ar-C-C (1’)), 6  

142.17 (Ar-C-0 (4”)), 6  146.81 (Ar-C-N (1”)), 6  151.95 (CH=N), 6  153.30 (Ar-C-0 (3”,5”)). 

EIMS (HR): C14H15NO3S, Calculated M"+1: 278.0851, Observed M"+1: 278.0852, Error: + 

0.4 ppm

7.3 General preparation of 3-unsubstituted azetldin-2-ones
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Method 1: Reflux

To a suspension of zinc dust (0.9 g, 13.8 mmol) in benzene (20 ml) under nitrogen was 

added trimethylchlorosilane (0.65 ml, 5 mmol) and the resulting mixture was stirred at 

room temperature for 15 minutes and then under reflux for a further 2 minutes. The 

suspension was cooled and the corresponding imine (10 mmol) and ethylbromoacetate 

(1.33 ml, 12 mmol) were successively added. The reaction mixture was refluxed under 

nitrogen for 8 hours and then cooled in an ice-water bath. It was then poured over 20 ml 

of saturated NH4CI and 20 ml of 25 % NH4OH. CH2 CI2 (20 ml) is used to extract the 

organic layer which is further washed with 20 ml 0.1 N HCI and 20 ml of water. The 

organic layer is separated and dried using anhydrous sodium sulphate. The solvent is 

evaporated under vacuum and the (3-lactam is purified and characterized.

Method 2: Microwave

(0.45 g, 6.9 mmol) of zinc dust was placed in 10 ml microwave vial and 5 ml of anhydrous 

benzene was added and the vial capped. TMCS (0.325 ml, 2.5 mmol) was added. The 

reaction was stirred at 25°C, Power=50 W, time=15 mins and then heated at 100°C, 

P=200W, time=1 min + 2 mins. The vessel was allowed to cool and then 5 mmol of the 

appropriate imine and (0.66 ml, 6 mmol) of ethylbromoacetate (or equivalent) was added. 

Reaction was carried out at 100°C, Power=200 W, time=2 mins + 28 mins and work-up 

carried out as above.

7.3.1 1,4-B/s-(4-methoxyphenyl)-azetidin-2-one (134) was prepared from N-(4- 

methoxybenzylidene)-p-anisidine (106) (10 mmol, 2.41 g) as described in method 1. 

Evaporation of solvent yielded a brown solid residue which was purified using column 

chromatography. CH2 CI2 was the solvent used and the p-lactam was obtained as brown 

crystals, (yield 36 %, R, 0.17 (CH2 CI2 ), m.p. 134 °C, lit. m.p. 130-132°C) [183].

IR: KBr v: 1751.9 cm'  ̂ (C=0, p-lactam). NMR (400 MHz, CDCI3): 6 2.90-2.94 (q, 

(d,d), 1H, J= 12.56 Hz J=2.50 Hz (av.), H3), 6 3.50-3.55 (q, (d,d), 1H, J=9.52 Hz, J=5.52 

Hz, H3), 5 3.75 (s, 3H, O-CH3), 6 3.81 (s, 3H, O-CH3), 5 4.93-4.95, (q, 1H, J=2.68 Hz (av.), 

H4), 6 6.79-6.81 (d, 2H, J=9.04 Hz, Ar-H (3”,5”)), 6 6.91-6.93 (d, 2H, J=8.52 Hz, Ar-H 

(3’,5’)), 5 7.24-7.30 (q, 4H, J=8.53 Hz (av.), Ar-H (2’,6’,2”,6”)). NMR (100 MHz, 

CDCI3): 5 46.61 (C3, CH 2 ), 5 53.30 (C4 CH), 6 54.96-55.27 (O-CH3), 5 113.79-115.96 (Ar- 

C-H (3’,5’,3”,5”)), 5 117.70 (Ar-C-H (2’,6’)), 5 126.79 (Ar-C-H (2”,6”)), 6 129.68 (Ar-C-N 

(1’)), 6 131,01 (Ar-C-C (1”)), 6 155.44 (Ar-C-0 (4’)), 5 159.24 (Ar-C-0 (4”)), 6 163.77
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(C=0). EIMS (HR): C 17H 17NO3 , Calculated M" + Na. 306.1106, Observed M" + Na: 

306.1115, Error: + 2.9 ppm

7.3.2 1,4-Diphenylazetidin-2-one (135) was prepared from N-benzylidenaniline (107) (10 

mmol, 1.81 g) as described in method 1. Evaporation of solvent yielded a brown solid 

residue which was purified using column chromatography. CH2CI2 was the solvent used 

and the p-lactam was obtained as cream crystals, (yield 48 %, Rf 0.45 (CH2CI2), m.p. 

154°C - 156°C, lit. m.p.154-155“C )[183].

IR: KBr v: 1735.5 cm'^ (C=0, p-lactam). NMR (400 MHz, CDCI3): 5 2.95-3.00 (q, 

(d,d), 1H, J= 15.04 Hz (J=3 Hz), H3) , 6  3.56-3.61 (q, (d,d), 1H, J=15.3 Hz, (J=5.78 Hz 

(av.)), H3). 6  5.03-5.05, (m, 1H, H4), 6  7.06- 7.41 (m, 10H, Ar-H). NMR (100 MHz, 

CDCI3): 5 46.58 (C3, CH2), 5 53.57 (C4, CH), 5 116.35 (Ar-C-H (2’,6 ’) ), 5 123.40 (Ar-CH 

(4’,4")), 6  125.44-128.73 (Ar-C-H (3’,5’,2”,3",5”,6”)), 5 137.78 (Ar-C-C/N (1’,1”)), 5 164.18 

(C=0). EIMS (HR): C 15H 13NO, Calculated M"+Na: 246.0895, Observed M"+Na: 

246.0887, Error: - 3.2 ppm

7.3.3 4-(4-Methoxyphenyl)-1-phenylazetidin-2-one (136) was prepared from N-(4- 

methoxybenzylideneaniline) (108) ( 1 0  mmol, 2 . 1 1  g) as described in method 1 . 

Evaporation of solvent yielded an orange solid residue which was purified using column 

chromatography. CH2CI2 was the solvent used and the P-lactam was obtained as yellow 

crystals, (yield 20 %, R,0.24 (CH2CI2), m.p. 76°C - 80°C, lit. m.p. 8 8 °C) [308].

IR: KBr v: 1751.6 c m ' (C=0, p-lactam). 'H  NMR (400 MHz, CDCI3): 6  2.92-2.96 (q, 

(d,d), 1H, J= 15.3 Hz (J=3 Hz), H3) , 6  3.52-3.57 (q, (d,d), 1H, J=15.04 Hz, (J=5.52 Hz), 

H3), 6 3.81 (s, 3H, O-CH3), 5 4.97-4.99, (m, 1H, H4), 5 6.91- 6.93 (d, 2H, J=9 Hz, Ar-H), 6 

7.03-7.06 (m, 1H, Ar-H), 6  7.23-7.33 (m, 6 H, Ar-H). ^^0 NMR (100 MHz, CDCI3): 5 46.66 

(C3 , CH2), 6 53.23 (C4), 5 54.87 (O-CH3), 6 114.08-137.38 (Ar-C-H), 6 159.27 (Ar-C-0-), 6 

164.36 (C=0). EIMS (HR): C 1 6H15NO2 , Calculated M^+ Na: 276.1000, Observed M^+ Na: 

246.1001, Error: + 0.2 ppm

7.3.4 1-(4-Methoxyphenyl)-4-phenylazetidin-2-one (137) was prepared from N- 

benzylidene-4-methoxyaniline (109) (10 mmol, 2.11 g) as described in method 1. 

Evaporation of the solvent yielded a brown residue which was purified using column 

chromatography. CH2CI2 was the solvent used and the P-lactam was obtained as brown 

crystals, (yield 20 %, R, 0.30 (CH2CI2), m.p. 83°C, lit. m.p. 83-84°C) [183].
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IR: KBr v: 1735.1 c m ' (C=0, p-lactam). 'H NMR (400 MHz, CDCI3): 6  2.93-2.97 (q, 

(d,d), 1H, J= 2.56 Hz (av.), 12.44 Hz, H3), 6  3.54-3.59 (q, (d,d), 1H, J=5.5 Hz (av.), 9.48 

Hz, H3). 5 3.76 (s, 3H, O-CH3), 5 4.98-5.00, (q, (d,d), 1H, J=2.2 Hz, 3,64 Hz, H4), 6 6.79- 

6.81 (d, 2H, Ar-H (3’,5’)), 5 7.24-7.26 (d, 2H, Ar-H (2’,6’)), 6  7.28-7.40 (m, 5H, Ar-H 

(2”,3”,4”,5”,6”)). NMR (100 MHz, CDCI3): 5 46.55 (CH2 C3), 5 53.64 (CH, C4 ), 6  54,98 

(O-CH3), 6  113,82 (Ar-C-H (3’,5’)), 6  117,68 (Ar-C-H (2’,6’)), 6  125,48 (Ar-C-H (4”)), 6  

128,05-128,70 (Ar-C-H (2”,3”,5”,6”)), 5 130,11 (Ar-C-N (1”)), 6  137,87 (Ar-C-C (1’)), 6  

155,49 (Ar-C-0- (4’)) 5 163,59 (C=0, C2 ). EIMS (HR): C 1 6 H1 5NO2 , Calculated M" + Na: 

276,1000, Observed Na: 276.0996, Error: -1.6 ppm

7.3.5 4-(4-Benzyloxyphenyl)-1-[4-(fe/t-butyldimethylsilanyloxy)-phenyl]-azetidin-2- 

one (138) was prepared from (4-benzyloxybenzylidene)-[4-(fe/t-butyldimethylsilanyloxy)- 

phenyi]-amine (110) (10 mmol, 4.176 g) as described in the general preparation -method 

1. Evaporation of the solvent yielded a brown solid residue which was purified using 

column chromatography. DCM was the solvent used and the P-lactam was obtained as a 

yellow solid, (yield 48.23 %, Rf 0.38 (CH2 CI2 ), m,p, 80°C),

IR: KBr v: 1732,5 cm'^ (C=0), ^H NMR (400 MHz, CDCI3): 5 0,22 (s, 6 H, CHs-Si-CHa), 

6  1,03 (s, 9H, C-(CH3)3), 6  2,84-2,88 (q, 1H, J=2 Hz, 13,04 Hz, H3) , 6  3,42-3,47 (q, 1H, 

J=5,50 Hz (av,), 9,56 Hz, H3), 6 4,86-4,87 (d, 1H, J=3 Hz, H4), 6 5,03 (s, 2H, -CH2 ), 5 

6,76-6,78 (d, 2H, J= 8,52 Hz, Ar-H (3”,5”)), 6  6,98- 7.00 (d, 2H, J=8.52 Hz, Ar-H (3’,5’)), 6  

7.26-7.31 (q, 4H, J=8.78 Hz (av.), 5.52 Hz, Ar-H (2’,6’,2”,6”)), 5 7.37-7.45 (m, 5H, Ar-H 

(2 ”. 3 .” 4 ”. 5 ”. 6 ”’)) 13c NMR (100 MHz, CDCI3): 6  -4.82 (CHa-Si-CHs), 5 17.76 (CH3-C- 

CH3), 5 25.32 (C-(CH3)3 ), 5 46.65 (C3, CH2 ), 5 53.28 (CH, C4), 5 69.54 (O-CH2 ). 6  114.96 

(Ar-C-H (3”,5”)), 5 117.64 (Ar-C-H (3’,5’)), 5 119.99 (Ar-C-H (2’,6’)), 5 126.91 (Ar-C-H 

(4”’)), 6  127.10 (Ar-C-H (2”’,6 ”’)), 5 127.65 (Ar-C-H (2”,6”)), 6  128.21 (Ar-C-H (3”’,5”’)), S 

130.13 (Ar-C-N (1’)), 6  131.72 (Ar-C-C (1”)), 6  151.38 (Ar-C-0 (4’)), 6  158.50 (Ar-C-0 

(4”)), 5 163.71 (C=0, C2 ). EIMS (HR): C2 8 H3 3 N0 3 Si, Calculated M" + Na: 482.2127, 

Observed + Na: 482.2148, Error: + 4.3 ppm

7.3.6 4-[4-(fe/t-Butyldimethylsilanyloxy)-phenyl]-1-(4-methoxyphenyl)-azetidin-2-one 

(191) was prepared from [4-(teAt-butyldimethylsilanyloxy)-benzylidene]-(4- 

methoxyphenyl)-amine (185) (5 mmol, 1.71 g) as described in general preparation. 

Evaporation of solvent yielded a brown solid residue which was purified using column
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chromatography. Hexane : diethyl ether (1:1) was the solvent system used and the p- 

lactam was obtained as a yellow solid, (yield 59.33%, rf 0.32 (Hex:Ether)).

IR: KBr d: 1734.6 cm ' (C=0). 'H  NMR (400 MHz, CDCI3): 6  0.21 (s, 6 H, CHa-Si-CHa),

5 0.99 (s, 9H, C - ( C H 3 ) 3 ) ,  6  2.90-2.94 (q, (d,d), 1H, J= 2.04 Hz, 13.00 Hz, H 3 )  6  3.49-3.54 

(q, (d,d), 1H, J=5.46 Hz, 9.56 Hz, H 3 ) ,  6  3.75 (s. 3H, O-CH 3), 5 4.91-4.93 (q, 1H, J= 2.06 

Hz, 3.40 Hz, H 4 ) ,  5 6.77-6.85 (q, 4H, J=8.54 Hz, 13.64 Hz, Ar-H (3’,5’,3” ,5”)), 6  7.23-7.25 

(d, 4H, J=8 . 8 8  Hz, Ar-H (2',6',2”,6”)). NMR (100 MHz, CDCI3): 6  -4,88 (CH 3-Si-CH 3 ),

6  17.71 (CH 3-C-CH 3 ), 5 30.49 (C-CH 3)3 ), 5 46.58 (-CH 2 , C 3 ), 5 53.37 (-CH, C4 ), 5 54.95 

(O-CH 3 ), 6  113.75 (Ar-C-H (3’,5’)), 6  117.69 (Ar-C-H (3”,5”)), 6  120.14 (Ar-C-H (2’,6’)), 6  

126.74 (Ar-C-H (2”,6”)), 6  130.30 (Ar-C-N (1’)), 6  131.04 (Ar-C-C (1”)), 6  155.38 ( Ar-C-O 

(4’,4")), 5 163.78 (C=0, C2 ). EiMS (HR): C4 4 Hs8 N2 0 6 Si2 , Calculated 2 x M" + Na:

790.1121, Observed 2 x M" + Na: 789.3323, Error: - 4.3 ppm

7.3.7 4-[3-(tert-Butyldimethylsilanyloxy)-4-methoxyphenyl]-1-(3,4,5-trimethoxyphenyl) 

-azetidin-2-one (241) was prepared from ([3-(feAt-butyldimethylsilanyloxy)-4- 

methoxybenzylidene)-(3,4,5-trimethoxyphenyl-amine) (239) (7 mmol, 3.017 g) as 

described in method 1. Evaporation of solvent yielded a brown solid residue which was 

purified using column chromatography. CH 2Cl2 :EtOAc (19:1) was the solvent system 

used and the p-lactam was obtained as yellow crystals, (yield 21.11 %, Rf 0.857 

(CH 2 Cl2 :EtOAc), m.p. 90-91°C).

IR: KBr v: 1748.1 cm'^ (C=0). NMR (400 MHz, CDCI3): 5 0.06-0.08 (d, 6 H, J= 8.2 

Hz, CH 3-Si-CH 3 ), 6  0.99 (s, 9H, C-(CH 3 )3), 6  2.89-2.93 (q, (d,d), 1H, J= 2.4 Hz, J=9.6 Hz.

H3 ), 5 3.46-3.52 (q, (d,d), 1H, J = 6  Hz, 9.2 Hz, H3 ), 5 3.70 (s, 6 H, O-CH 3 ), 6  3.75 (s, 3H, 

O-CH 3 ), 6  3.79 (s, 3H, O-CH 3 ), 6  4.85-4.86, (q, 1H, J=2.72 Hz (av.), H4 ), 6  6.54 (s, 2H, Ar- 

H (2’,6’)), 6  6.81-6.83 (m, 1H, Ar-H (2”,5”)), 5 6.92-6.95 (m, 1H, Ar-H (6 ”)). NMR (100 

MHz, CDCI3): 6-5 .13  (CH3-Si-CH 3), 5 13.65 (CH3-C-CH 3), 6  25.20 (C-(CH 3)3 ), 5 46.39(C3,

CH 2 ), 5 53.57 (C4 , CH), 5 54.91 (O-CH3 ), 6  94.04 (Ar-C-H (2’,6 ’)), 5 111.20 (Ar-C-H (5”)), 6  

115.26 (Ar-C-H (2”)), 5 119.05 (Ar-C-H (6 ”), 5 129.99 (Ar-C-O (4’), 5 133.57 (Ar-C-C/N 

(1’,1”)), 6  143.98 (Ar-C-O (3”)), 5 150.72 (Ar-C-O (3’,5’)), 5 152.72 (Ar-C-O (4”)), 6  164.08 

(C=0). EIMS (HR): C 2 5 H3 5 N0 6 Si, Calculated M" + 1: 473.6340, Observed M" + 1: 

474.2312, Error: + 0.9 ppm

7.3.8 1-[3-(fert-Butyldimethylsilanyloxy)-4-methoxyphenyl]-4-(3,4,5-trimethoxyphenyl)- 

azetidin-2-one (242) was prepared from [3-(feAt-butyldimethylsilanyloxy)-4-methoxyphenyl]-
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(3,4,5-trimethoxybenzylideneamine) (240) (10 mmol, 4 .3109 g) as described in method 1. 

Evaporation of solvent yielded a brown solid residue which was purified using column 

chromatography. Hexane:diethyl ether (1:2) was the solvent system used and the P-lactam 

was obtained as orange crystals, (yield 46.88 %, Rf 0.1 (CH 2 Cl2 :EtOAc) m.p. 112°C).

IR: KBr d: 1747.6 cm '(C = 0 ) . NMR (400 MHz, CDCIj): 6  0.21 (s, 6 H, CHa-Si-CHs),

6  0.87 (s, 9H, C -(CH 3 )3 ), 6  2 .848-2.889 (q (d,d), 1H, J=2 Hz, 12.8 Hz, H 3 ) , 6  3.402-3.453  

(q (d,d), 1H, J=5.4 Hz (av.), 9.6 Hz, H3), 6  3.82 (s, 3H, O-CH3), 6  3.85 (s, 9H, O-CH3), 6  

4.791-4.804 (q, 1H, J=2.44 Hz (av.), H4), 5 6.53 (s, 2H, Ar-H (2’,6’)), 6 6.57-6.58 (d, 1H,

J=3.2 Hz, Ar-H (2”)), 6  6.62-6.63 (d, 1H, J=3.4 Hz, Ar-H (5”)), 5 6.70-6.72 (d, 1H, J=8 . 8  

Hz, Ar-H (6 ”). NMR (100 MHz, CDCI3): 5 -5.14 (CHs-Si-CHs), 6  17.97 (CH3-C-CH3), 5 

25.24 (C-(CH3)3), 5 43.10 (C3, CH 2 ), 6  55.34 (O-CH3), 5 60.35 (O-CH3), 6  70.04 (CH, C4),

6  102.03 (Ar-C-H (2”,6”)), 5 111.82-113.36 (Ar-C-H (2’,3’,6’)), 6  136.76 (Ar-C-C/N (1’,1”)),

5 138.00 (Ar-C-O-Si (5 ’)), 5 152.80 (Ar-C-O (4’,3”,4”,5”)), 6  167.08 (C =0). EIMS (HR): 

C 2 5 H 3 5 N 0 6 SI, Calculated M" + Na: 496.2131, Observed M" + Na: 496.2131, Error: + 3.3 

ppm

7.3.9 4-(4-Fluorophenyl)-1-(3,4,5-trim ethoxyphenyl)-azetid in-2-one (245) was

prepared from (4-fluorobenzylidene)-3,4,5-trimethoxyphenyl)-amine (228) (10 mmol, 2.89 

g) as described in method 1. Evaporation of solvent yielded a brown solid residue which 

was purified using column chromatography. Hexane: diethyl ether (1:1) was the solvent 

used and the (3-lactam was obtained as pale orange crystals, (yield 53 %, Rf 0.14  

(Hex.:Ether), m.p. 96°C).

IR: KBr d: 1739.8 c m ' (C =0 , p-lactam). NMR (400 MHz, CDCI3): 6  2.67-2.72 (q,

(d,d), 1H, J= 2.48 Hz, 13.08 Hz, H3) , 6  3.29-3.34 (q, (d,d), 1H, J=5.52 Hz, J=9.52 Hz, H3),

5 3.48 (s, 6 H, O -C H 3 ), 6  3.54 (s, 3H, O -CH 3 ), 5 4.76-4.78, (q (d,d), 1 H, J= 2.76 Hz (av.),

H4 ), 5 6.34 (s, 2H, Ar-H (2’,6’)), 8  6 .83-6.87 (t, 2H, J= 8 . 8  Hz (av.), Ar-H(3”,5”)), 5 7.18-7.21 

(q, 2H, J= 4.41 Hz (av.), Ar-H (2”,6”)). '"C NMR (100 MHz, CDC I3 ): 5 46.42 (C3, C H 2), 6  

53.23 (C4 CH), 5 55.45 (O -CH 3 ), 6 60.34-60.44 (O -CH 3 ), 8 90.90 (Ar-CH (2’,6’), 6 115.58 ( 

Ar-CH (3”,5”) ), 6  127.22 (Ar-CH (2”,5”)), 6  133.36 (Ar-C-N (1’)), 5 133.52 (Ar-C-C (1”)), 8  

133.84 (Ar-C-O (4’)), 8  153.00 (Ar-C-O (3’,5’), 8  160.94 (Ar-C-F (4”), 6  163.40 (C 2 , C =0).

EIMS (HR): C 1 8 H 1 8 FNO 4 , Calculated M" + Na: 354.1118, Observed + Na: 354.1132,

Error: + 4.1 ppm
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7.3.10 4-(2,4,5-Trimethoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (246)

was prepared from (2,4,5-trimethoxybenzylidene)-3,4,5-trimethoxyphenyl)-amine (230) 

(10 mmol, 3.6139 g) as described in method 1. Evaporation of solvent yielded a brown 

solid residue which was purified using column chromatography. Hexane: diethyl ether 

(1:1) was the solvent system used and the [3-lactam was obtained as an orange gel. 

(yield 7 .29% , R, 0.14 (DCM)),

IR: KBr v: 1746.9 cm ' (C=0 , P-lactam). 'H NMR (400 MHz, CDCI3): 5 2.96-3.01 (q 

(d,d), 1H, J= 2.04 Hz, 13.04 Hz, H3) ,6 3.45-3.51 (q (d,d), 1H, J=7.54 Hz (av.), H3), 8  3.73 

(s, 6 H, O-CH3), 6 3.74 (s, 3H, O-CH3). 5 3.75 (s, 3H, O-CH3), 5 3.77 (s, 6 H, O-CH3), 5 

5.30-5.31, (d, 1H, J= 3 Hz, H4), 6  5.91 (s, 2H, Ar-H (2’,6’)), 6  6.60 (s, 1H, Ar-H (3”)), 6  

7.05-7.07 (d, 1H, J=7 Hz, Ar-H (6 ”)). ” C NMR (100 MHz, CDCI3): 5 44.88 (C3, CH2), 5 

48.02 (C4, CH), 6 51.70 (O-CH3), 5 55.49-56.24 (O-CH3), 5 60.45-60.58 (O-CH3), 5 92.05 

(Ar-CH (2’,6 ’), 6 109.79 (Ar-C-H (3”) ), 5 118.39 (Ar-C-H (6 ”)), 6 133.64 (Ar-C-O (4’)), 6 

133.71 (Ar-C-C (1”)), 5 142.68 (Ar-C-N (1’)), 5 145.07 (Ar-C-O (5”), 8 149.39 (Ar-C-O (4")), 

5 151.32 (Ar-C-O (5’)), 8  152.96 (Ar-C-O (3’)), 8  153.35 (Ar-C-O (2”), 6  164,68 (C2, C=0 ). 

EIMS (HR): C21H25NO7, Calculated M" + Na: 426.1529, Observed M" + Na: 426.1534, 

Error: + 1.2 ppm

7.3.11 4-(4-Methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (247) was

prepared from (4-methoxybenzylidene)-3,4,5-trimethoxyphenyl)-amine (231) (5 mmol, 

1.5067 g) as described in method 1. Evaporation of solvent yielded a brown solid residue 

which was purified using column chromatography. Hexane: diethyl ether (1:1) was the 

solvent system used and the (3-lactam was obtained as green crystals, (yield 42.86 %, Rf 

0.16 (DCM), m.p. 70-71°C).

IR: KBr d : 1747.5 c m ' (C=0, p-lactam). 'H NMR (400 MHz, CDCI3): 6  2.85-2.90 (q 

(d,d), 1H, J= 2.48 Hz, 12.56 Hz, H3 ) ,5 3.43-3.48 (q (d,d), 1H, J=5.52 Hz, J=9.56 Hz, H 3 ), 

8  3.65 (s, 6 H, O-CH 3 ), 5 3.70 (s, 3H, O-CH 3 ), 8  3.73 (s, 3H, O-CH 3 ), 8  4.86-4.88 (q (d,d), 

1H, J= 2.76 Hz (av.), H4), 6  6.53 (s, 2H, Ar-H (2’,6’)), 8 6.84-6.86 (d, 2H, J=8.56 Hz, Ar-C- 

H (3”,5”)), 8  7.26-7.28 (d, 2H, J=8.56 Hz, Ar-C-H (2”,6”)). NMR (100 MHz, CDCI3): 6  

46.36 (C3 , CH 2 ), 6 53.56 (C4, CH), 8 54.78 (O-CH3 ), 8 55.23-55.49 (O-CH 3), 8 60.36 (O- 

CH 3 ), 8  93.92 (Ar-CH (2’,6’), 6  113.58 (Ar-C-H (3”,5”) ) ,  6  126.83 (Ar-C-H (2” ,6 ”)), 5 129.48 

(Ar-C-O (4’)), 5 133.62 (Ar-C-C (1”)), 8  133.68 (Ar-C-N (1’)), 8  152.94 (Ar-C-O (3’,5’), 8
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159.29 (Ar-C-0 (4”)), 6  164.14 (Cz, C=0). EIMS (HR): C 1 9 H2 1 NO5 ,Calculated M" + Na: 

366.1317, Observed M"' + Na: 366.1330, Error: + 3.4 ppm

7.3.12 1,4-6/s-(3,4,5-trimethoxyphenyl)-azetidin-2-one (248) was unsuccessful using 

method 1 so method 2 was successfully employed. It was prepared from 

(3,4,5-trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (232) (5 mmol, 1.807 g) as 

described in general preparation. Evaporation of solvent yielded a brown solid residue 

which was purified using column chromatography. Hexane:diethyl ether (1:1) was the 

solvent system used and the P-lactam was obtained as an orange gel. (yield 68.22 %, Rf 

0.25 (DCM:MeOH (19:1)).

IR: NaClfilm t>: 1746.9 cm'^ (C=0, p-lactam). ’H NMR (400 MHz, CDCI3): 6  2.88-2.93 

(q (d,d), 1H, J= 2.52 Hz, 13.04 Hz, H3) , 6  3.44-3.49 (q (d,d), 1H, J=5.52 Hz, J=9.56 Hz, 

H3), 8 3.64 (s, 3H, O-CH3), 6 3.66 (s, 6 H, O-CH3), 6 3.76 (s, 9H, O-CH3). 6 4.82-4.84 (q 

(d,d), 1H, J= 2.76 Hz (av.), H4), 5 5.79 (s, 2H, Ar-H (2’,6’)), 8 6.51 (s, 1H, Ar-C-H (2”)), 8 

6.59 (s, 1H, Ar-C-H (6 ”)). NMR (100 MHz, CDCI3): 6 46.25 (C3, CH2 ), 6 55.19 (C4, 

CH), 5 55.53-55.68 (O-CH3), 8 60.22-60.41 (O-CH3), 8 90.86 (Ar-CH (2’), 5 93.93 (Ar-CH 

(6 ’)), 6  102.22-102.52 (Ar-C-H (2”,6”) ), 6  129.58 (Ar-C-0 (4')), 5 133.41 (Ar-C-0 (4”)), 5 

137.46 (Ar-C-N (1’)), 8  138.00 (Ar-C-C (1”)), 8  152.93-153.36 (Ar-C-0 (3’,5,3”,5”’), 5 

164.14 (C2 , C=0). EIMS (HR): C2 1 H2 5 NO7 , Calculated M" + Na: 426.1529, Observed M" + 

Na: 426.1530, Error: + 0.3 ppm

7.3.13 4-(2,3,4-Trimethoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (249)

was prepared using general method 1. It was prepared from 

(2,3,4-trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (233) (5 mmol, 1.807 g) as 

described in general preparation. Evaporation of solvent yielded a brown solid residue 

which was purified using column chromatography. Hexane:diethyl ether (1:1) was the 

solvent system used and the P-lactam was obtained as a yellow gel. (yield 6.23 %, Rf 

0.12 (DCM)).

IR: NaClfilm d: 1751.7 cm ' (C=0, p-lactam). 'H NMR (400 MHz, CDCI3): 5 2.97-3.02 

(q (d,d), 1H, J= 2.52 Hz, 12.56 Hz, H3) ,5 3.47-3.52 (q (d,d), 1H, J=5.52 Hz, J=15.08 Hz, 

H3 ), 8  3.73 (s, 6 H, O-CH3 ), 6  3.75 (s, 3H, O-CH3 ), 8  3.83 (s, 3H, O-CH3), 8  3.86 (s, 3H, O- 

CH3 ), 8  3.92 (s, 3H, O-CH3 ), 8  5.20-5.22 (q (d,d), 1H, J= 3.02 Hz (av.), H4), 6  6.57 (s, 2H, 

Ar-H (2’,6 ’)), 8  6.64-6.66 (d, 1H, J=8.52 Hz, Ar-C-H (5”)), 8  6.96-6.98 (d, 1H, J=8.52 Hz,
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Ar-C-H (6 ”)). '"C NMR (100 MHz, CDCI3): 5 45.34 (C3, CH2), 6  48.66 (C4, CH), 5 55.50- 

55.56 (O-CH3), 8  59.80 (O-CH3), 8  60.33-60.95 (O-CH3), 8  93.84 (Ar-C-H (2’ ,6 ’), 6  107.10 

(Ar-C-H (5”) ), 6  120.99 (Ar-C-H (6 ”)), 6  122.69 (Ar-C-C (1”)), 6  133.64 (Ar-C-0 (4’)), 8  

139.03 (Ar-C-0 (3”)), 5 141.66 (Ar-C-N (1’)), 8  151.42-153.38 (Ar-C-O (3’,5’,2”,4”)), 6  

164.38 (C2, C=0). EIMS (HR): C21H25NO7, Calculated M" + Na; 426.1529, Observed M" + 

Na: 426.1549, Error: + 4.8 ppm

7.3.14 4-(3,4-Dimethoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (250) was

prepared using general method 2. It was prepared from 

(3,4-dimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (235) (5 mmol, 1.6557 g). 

Evaporation of the solvent yielded a brown solid residue which was purified using column 

chromatography. Hexane: diethyl ether (1:1) was the solvent system used and the p- 

lactam was obtained as orange crystals, (yield 15.48 %, Rf 0.12 (DCM), m.p. 99°C).

IR: NaClfilm  d: 1745.9 cm ' (C=0, |3-lactam). 'H  NMR (400 MHz, CDCI3 ): 5 2.86-2.91 

(q (d,d), 1H, J= 2.52 Hz, 12.56 Hz, H3) , 6  3.42-3.48 (q (d,d), 1H, J=5.52 Hz, J=9.52 Hz, 

H3), 8  3.64 (s, 6 H, O-CH3), 6  3.67 (s, 3H, O-CH3), 8  3.69 (s, 6 H, O-CH 3), 8  4.83-4.85 (q 

(d,d), 1H, J= 2.76 Hz (av.), H4 ) , . 6  5.84 (s, 2H, Ar-H (2’,6 ’)), 8  6.50 (s, 2H, Ar-C-H (2”,6”)), 8  

6.88-6.91 (q (d,d), 1H, J=2 Hz, 6.04 Hz, Ar-C-H (5”)). ^^0 NMR (100 MHz, CDCI3 ): 6  

46.37 (C3 , CH2), 8  54.16 (O-CH3), 8  55.27 (O-CH3), 5 55.48 (O-CH3), 6  60.52 (C4 , CH), 8  

90.91 (Ar-C-H (2’,6’), 6  105.19 (Ar-C-H (6 ”) ), 5 118.60 (Ar-C-H (8 ”)), 6  124.46 (Ar-C-H 

(4”)), 5 127.70 (Ar-C-H (1”)), 5 128.28 (Ar-C-H (3”)), 5 128.43 (Ar-C-0 (4’)), 6  128.82 (Ar- 

C-C (10”)), 5 128.85 (Ar-C-H (9”)), 6  128.63 (Ar-C-C (1”)), 8  133.59 (Ar-C-N (1’)), 5 153.04 

(Ar-C-0 (3',5’)), 8  157.21 (Ar-C-0 (7”), 6  165.12 (C2 , C=0). EIMS (HR); C2 0H2 3NO6 , 

Calculated + Na: 396.1423, Observed M^+ Na: 396.1408, Error: -3.8 ppm

7.3.15 4-(7-Methoxynaphthalen-2-yl)-1-{3,4,5-trimethoxyphenyl)-azetidin-2-one (251)

was prepared using general method 2. It was prepared from 

(6-methoxynaphthalen-2-yl-methylene)-(3,4,5-trimethoxyphenyl)-amine (236) (5 mmol, 

1.757 g). Evaporation of solvent yielded a brown solid residue which was purified using 

column chromatography. Hexane: diethyl ether (1:1) was the solvent system used and 

the p-lactam was obtained as orange gel. (yield 2 0  %, Rf (CH2CI2)).

IR: NaCI film v: 1736.4 cm ' (C=0, p-lactam). 'H  NMR (400 MHz, CDCI3): 6  2.88-3.02 

(q, (d,d), 1H, J= 2.52 Hz, 12.52 Hz, H3), 5 3,56-3.61 (q, (d,d), 1H, J=5.76 Hz (av.), J=9.56
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Hz, Hj), 5 3.69 (s, 6 H, O-CH3 ), 5 3.76 (s, 3H, O-CH3), 5 3.89 (s, 3H, O-CH3 ), 5 5.07-5.09, 

(q, 1H, J=2.68 Hz (av.), H4), 6  5.89 (s, 2H, Ar-H (2’,6’)), 5 6.62 (s, 1H, Ar-H (6 ”)), 5 7.12- 

7.17 (m, 1H, Ar-H (8 ”)), 6  7.44-7.51 (q, 1H, J=1.52 Hz, 7.00 Hz, Ar-H (3”)), 5 7.69- 7.78 

(m, 3H, Ar-H (1”,4”,9”)). ''"C NMR (100 MHz, CDCI3): 5 47.52 (C3, CH2 ), 5 51.40 (C4, CH), 

6  55.68 (O-CH3 ), 5 55.84 (O-CH3 ), 6  60.85 (O-CH3 ), 6  94.26 (Ar-C-H (2’,6 ’)), 6  123.82 (Ar- 

CH (3”)), 6  125.81 (Ar-C-H (5”)), 6  127.05 (Ar-C-H (4”)), 5 133.67 (Ar-C-0 (4’)), 6  134.24 

Ar-C-N (1')), 6  141.93 (Ar-C-C (1”)), 6  153.31 (Ar-C-0 (3’,5’)), 6  163.86 (C2 , C=0).

7.3.16 Synthesis of 4-anthracen-9-yl-(3,4,5-trimethoxyphenyl)-azetidin-2-one (252)

was unsuccessful from anthracen-9-ylmethylene-(3,4,5-trimethoxy-phenyl)-amine (237) (5 

mmol, 1.856 g) using either method 1 or method 2.

7.3.17 4-Thiophen-2-yl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (253) was prepared 

from thiophen-2-ylmethylene-(3,4,5-trimethoxy-phenyl)-amine (238) (5 mmol, 1.387 g) as 

described in method 2. Evaporation of the solvent yielded a residue which was purified 

using column chromatography. DCM was the solvent used and the p-lactam was 

obtained as a black gel. (yield 27.33 %, rf (CH2 CI2 )).

IR: KBr w: 1735.5 cm'^ (C=0, p-lactam). NMR (400 MHz, CDCI3): 6  2.95-3.00 (q, 

(d,d), 1H, J= 15.04 Hz (J=3 Hz), H3), 6  3.56-3.61 (q, (d,d), 1H, J=15.3 Hz, J=5.78 Hz (av.), 

H3), 5 3.74 (s, 6 H, O-CH3), 5 3.76 (s, 3H, O-CH3). 5 5.03-5.05, (q, 1H, J=2.53 Hz (av.), 

H4), 6  6.61 (s, 2H, Ar-C-H (2’,6’)), 6  6.99-7.00 (d, 1H, J=4.8 Hz, Ar-H (5”)), 5 7.16-7.17 (d, 

1H, J=3.6 Hz, Ar-H (4”)), 5 7.29-7.31 (d, 1H, J=5.2 Hz, Ar-H (3”)). NMR (100 MHz, 

CDCIj): 5 47.52 (C3, CH2 ), 6  51.40 (C4 .CH), 6  55.68 (O-CH3), 5 55.84 (O-CH3), 6  60.85 

(O-CH3), 6  94.26 (Ar-C-H (2’,6’)), 5 123.82 (Ar-CH (3”)), 5 125.81 (Ar-C-H (5”)), 6  127.05 

(Ar-C-H (4”)), 6  133.67 (Ar-C-0 (4’)), 6  134.24 Ar-C-N (1')), 5 141.93 (Ar-C-C (1”)), 5 

153.31 (Ar-C-0 (3’,5’)), 5 163.86 (C2 , C=0).

7.3.18 4-(4-Methoxyphenyl)-3-methyl-1 -(3,4,5-trimethoxyphenyl)-azetidin-2-one (254)

was prepared from (4-methoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (231) (5 

mmol, 1.5067 g) and (6 mmol, 0.78 ml) of ethyl-2-bromopropionate using method 2. 

Evaporation of the solvent yielded a brown solid residue which was purified using column 

chromatography. Hexane: Diethyl ether (1:1) was the solvent system used and the P- 

lactam was obtained as a dark orange gel. (yield 82.76 %, Rf 0.2 (DCM)).
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IR: NaClfilm  v: 1725.5 cm '(C = 0 , (3-lactam). 'H  NMR (400 MHz, CDCI3): 5 0.75-0.77 

(d, 2H, J=7.52 Hz, CH3), 6 1.32-1.33 (d, 1H, J=7.52 Hz, CH3), 6 3.49-3.54 (q, 0.66H, 

J=6.78 Hz (av.), H3), 5 3.94-3.99 (q, 0.34H, J=7.28 Hz (av.), H3), 6 3.57-3.58 (d, 6 H, J=1 

Hz, O-CH3), 5 3.62 (s, 2H, O-CH3), 5 3.64 (s, 4H, O-CH3), 5 4.42 (s. 0.34H, H4), 6 5.00- 

5.01 (d, 0.66H, J=5.6 Hz, H4), 5 6.44-6.47 (d, 2H, J=9.04 Hz, Ar-H (2’,6 ’)), 6 6.76-6.79 (q, 

2H, J=3,67 Hz (av.), Ar-H (3”,5”)), 6 7.04-7.06 (d, 1.33H, J=8.04 Hz, Ar-H (2”,6”)), 5 7.18- 

7.20 (d, 0.67H, J=8.52 Hz, Ar-H (2",6 ”)). NMR (100 MHz, CDCI3); 5 9.16 (-CH3), 5 

12.43 (-CH3), 5 48.65 (C3,CH), 6 55.38 (C3,CH), 6 54.52 (O-CH3), 6 54.58 (O-CH3), 6 

54.65 (O-CH3), 6 55.32 (O-CH3), 6 57,76 (C4.CH), 6 60.25 (C4.CH), 6 62.09 (O-CH3), 6 

93.98-94.24 (Ar-C-H (2’,6 ’)), 6  113.51-113.93 (Ar-C-H (3”,5”)), 5 126.05 (Ar-C-0 (4’)), 5 

126.77-127.67 (Ar-C-H (2”,6”)), 6  129.14 (Ar-C-C (1”)), 6  133.47-133.61 (Ar-C-N (1’)), 6  

152.90 (Ar-C-0 (3’,5’)), 5 158.90-159.21 (Ar-C-0 (4”)), 6  167.78-167.93 (C=0, C2). EIMS 

(HR): C20H23NO5, Calculated M" + Na: 380.1474, Observed + Na: 380.1473, Error: - 

0 .2  ppm

7.3.19 4-(4-Methoxyphenyl)-3,3-dimethyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one

(255) was prepared from (4-methoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (231) (5 

mmol, 1.507 g) and (6  mmol, 0.88 ml) of ethyl-2-bromoisobutyrate using method 2. 

Evaporation of the solvent yielded a brown solid residue which was then purified using 

column chromatography. Hexane: diethyl ether (1:1) was the solvent system used and 

the P-lactam was obtained as a yellow solid, (yield 67.73 %, Rf 0.26 (DCM), m.p. 110°C). 

IR: NaClfilm  v: 1747.6 cm ''(C =0, p-lactam).

'H NMR (400 MHz, CDCI3): 6 0.86 (s, 3H, -CH3), 6 2.91 (s, 3H, -CH3), 6 3.72 (s, 6 H, O- 

CH3), 6 3.78 (s, 3H, O-CH3), 6 3.81 (s, 3H, O-CH3), 6 4.73 (s, 1H, H4), 6 6.57 (s, 2H, Ar-H 

(2’,6’)), 6  6.87-6.91 (d, 2H, J=8.52 Hz, Ar-H (3”,5”)), 5 7.13-7.15 (d, 2H, J=8.52 Hz, Ar-H 

(2 ” 6 ”)) i3q nmR (100 MHz, CDCI3): 6 17.43 (-CH3), 6 22.31 (-CH3), 6 54.79 (O-CH3), 5 

54.93 (C3, C-C), 6 55.57 (O-CH3), 5 60.51 (O-CH3), 5 66.11 (C4.CH), 6 94.50 (Ar-C-H 

(2’,6’)), 6 113.61 (Ar-C-H (3”,5”)), 5 126.79 (Ar-C-0  (4’)), 5 127.39 (Ar-C-H (2”,6 ”)), 6 

133.68 (Ar-C-C/N ( I ’. l ”)), 6 153.00 (Ar-C-0  (3’,5’)), 5 158.92 (Ar-C-O (4”)), 5 171.11 

(C=0 , C2). EIMS (HR): C21H25NO5, Calculated M" + Na: 394.1631, Observed M" + Na: 

394.1620, Error: -1.9 ppm

7.3.20 4-(3,4-Dimethoxyphenyl)-3-methyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one

(256) was prepared from (3,4-dimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine
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(235) (5 mmol, 1.657 g) and ( 6  mmol, 0.78 ml) of ethyl-2-bromopropionate using method 

2. Evaporation of the solvent yielded a brown solid residue which was purified using 

column chromatography. DCM was the solvent used and the (3-lactam was obtained as a 

brown gel/paste, (yield 10.18 %, R, 0.67 (DCM:MeOH (90%)).

IR: KBr v: 1744.6 cm ' (C=0, p-lactam). NMR (400 MHz, CDCIj): 6  0.92-0.94 (d, 

2H, J=7.56 Hz, -CHa), 5 1.46-1.48 (d, 1H, J=7.52 Hz, -CH3), 5 3.14-3.18 (dq, 0.34H, 

J=2.01 Hz (av.), 5.24 Hz (av.), H3), 6  3.61-3.69 (q, 0.66H, J=2.04 Hz (av.), H3), 5 3.72 (s, 

3H, O-CH3), 6 3.76 (s, 3H, O-CH3), 6 3.80 (s, 9H, O-CH3), 5 4.49-4.50 (d, 0.34H, J=2 Hz, 

H4), 5 5.10-5.11 (d, 0.66H, J=6.04 Hz, H4), 6 6.56 ((s, 0.6H, Ar-H (2’,6’)), 6 6.59 (s, 1.4H, 

Ar-H (2’,6’), 5 6.72-6.73 (d, 1H, J=1.52 Hz, Ar-H (2”)), 5 6.72-6.85 (dt, 1H, J=1.65 Hz (av.), 

8.06 Hz (av.), Ar-H (6 ”)), 5 6 .8 6 -6 . 8 8  (q, 1H, J=3.33 Hz (av.), Ar-H (5”)). '"C NMR (100 

MHz, CDCI3): 6  9.18 (-CH3), 6  12.62 (-CH3), 6  48.84 (C3,CH), 6  54.59 (C3,CH), 6  55.40 

(O-CH3), 6  55.49 (O-CH3), 6  55.51 (O-CH3), 5 55.54 (O-CH3), 5 55.58 (O-CH3), 5 58.18 

(C4 ,CH), 6 60.49/60.60 (O-CH3), 6 62.65 (C4 ,CH), 6 92.06-94.64 (Ar-C-H (2’,6’)), 6

107.90-109.31 (Ar-C-H (2”)), 6  110.67-110.89 (Ar-C-H (5”)), 5 118.28-119.04 (Ar-C-H 

(6 ’’)), 6  126.68 (Ar-C-0 (4’)), 6  130.08 (Ar-C-C (1”)), 6  133.55 (Ar-C-N (1’)), 6  142.61 (Ar- 

C-O (4”)), 6  152.98 (Ar-C-0 (3”)), 6  153.36 (Ar-C-0 (3’,5’)), 5 168.00-168.13 (C=0, C2 ). 

EIMS (HR): C2 1 H2 5 NO6 , Calculated M" + Na: 410.1580, Observed + Na; 410.1567, 

Error: - 3.1 ppm

7.3.21 4-(3,4-Dimethoxyphenyl)-3,3-dimethyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2- 

one (257) was prepared from (3,4-dimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine 

(235) (5 mmol, 1.657 g) and ( 6  mmol, 0.88 ml) of ethyl-2-bromoisobutyrate using method 

2. Evaporation of the solvent yielded a brown solid residue which was purified using 

column chromatography. DCM was the solvent used and the P-lactam was obtained as a 

green powder, (yield 10 %, Rf 0.24 (DCM), m.p. 102°C).

IR: NaCI film v: 1745.9 cm ' (C=0, p-lactam). Ĥ NMR (400 MHz, CDCI3): 6  0.90 (s, 

3H, -CH3), 5 1.52 (s, 3H, -CH3), 6  3.73 (s, 6 H, O-CH3), 6  3.79 (s, 3H, O-CH3), 6  3.84 (s, 

3H, O-CH3), 6  3.89 (s, 3H, O-CH3), 6  4.73 (s, 1H, H4), 6  6.60 (s, 2H, Ar-H (2’,6 ’)), 5 6.70- 

6.71 (d, 1H, J=2 Hz, Ar-H(2”)), 6  6.79-6.81 (q, 1H, J=1.76 Hz, 6.52 Hz, Ar-H (6 ”)), 6  6 .8 6 - 

6 . 8 8  (d, 1H, J=8.04 Hz, Ar-H (5”)). '’’ C NMR (100 MHz, CDCI3): 5 17.29 (-CH3), 5 22.35 (- 

CH3), 6  30.48 (C3,C-C), 6  54.99 (O-CH3), 5 55.39 (O-CH3), 6  55.56 (O-CH3), 6  55.58 (O- 

CH3), 6  60.50 (O-CH3), 5 66.39 (C4 ,CH), 5 94.47 (Ar-C-H (2’,6’)), 5 109.01 (Ar-C-H (3”)), 

6  110.67 (Ar-C-H (5”)), 5 118.69 (Ar-C-H (2”)), 5 127.33 (Ar-C-0 (4’)), 6  133.71 (Ar-C-C
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(1”)), 6  133.77 (Ar-C-N (1’)), 5 148.32 (Ar-C-0 (4”)), 5 148.65 (Ar-C-0 (5”)), 6  152.99 (Ar- 

C-O (3’,5’)), 5 171.12 (C=0, C 2 ). EIMS (HR): C 2 2 H2 7 NO6 , Calculated M" + Na: 424.1736, 

Observed + Na: 424.1726, Error: - 2.4 ppm

7.3.22 4-([3-fert-Butyldimethylsilanyloxy]-4-methoxyphenyl)-3-methyl-1-(3,4,5- 

trimethoxyphenyl)-azetidin-2-one (258) was prepared from 3-(teAt-butyldimethyl 

silanyloxy)-(4-methoxyphenyl]-(3,4,5-trimethoxybenzylidene)-amine (240) (10 mmol, 

1.8312 g) and (12 mmol, 1.55 ml) of ethyl-2-bromopropionate using method 1. 

Evaporation of the solvent yielded a brown solid residue which required no further 

purification, (yield 61 % (crude)).

IR: NaClfilm  v: 1745.6 cm^ (C=0, P-lactam). NMR (400 MHz, CDCI3 ): 6  0.04 (s, 

3H, Si-CHs), 5 0.05 (s, 3H, Si-CHj), 6  0.91 (s, 9H, C-(CH 3 )3 ), 6  1.17 (m, 2H, -CH 3 ), 5 1.26 

(m, 1H, -CHa), 5 3.10-3.12 (d, 0.4H, J=7.5 Hz, H3 ), 5 3.55-3.58 (m, 0.6H, H3 ). 6  3.68 (s, 

6 H, O-CH 3 ), 6  3.73 (s, 3H, O-CH 3), 6  3.78 (s, 3H, O-CH 3 ), 6  4.44 (s, 0.4H, H4 ), 6  5.04- 

5.05 (d, 0.6H, J=5.52 Hz, H4 ), 6  6.51-6.52 (d, 2H, J=3.04 Hz, Ar-H (2’,6’)), 6  6.54 (s, 1H, 

Ar-H (2”)), 6  6.67-6.82 (m, 2H, Ar-H (5”,6”)). ''̂ C NMR (100 MHz, CDCI3 ): 6  -5.38- -5.30 

(CH 3 -Si-CH 3), 6  9.05 (-CH 3 ), 5 12.52 (-CH 3 ), 6  17.87 (C-(CH3 )3 ) 6  28.73 (C-(CH3 )3 ), 6  

48.61 (C3 ,CH), 6  54.50 (O-CH 3), 6  54.87 (O-CH 3), 5 54.93 (O-CH3 ), 5 55.36 (C3 ,CH), 6  

55.39 (O-CH 3 ), 6  60.32 (C4 ,CH), 6  62.10 (C4 ,CH), 6  94.10-94.32 Ar-C-H (2’,6’)), 6  111.48- 

111.76 (Ar-C-H (5”)), 6  110.17 (Ar-C-H (2”)), 5 120.08 (Ar-C-H (6 ”)), 5 127.78 (Ar-C-0 

(4’)), 6  133.53 (Ar-C-C (1”)), 6  133.61 (Ar-C-N (1’)), 5 144.55 (Ar-C-OSi (3”)), 6  150.39 

(Ar-C-O (4”)), 6  152.90 (Ar-C-0 (3’,5 ’ ) ) , 6  167.80-167.94 (C=0, C 2 ).

7.3.23 4-([3-fert-Butyldimethylsilanyloxy]-4-methoxyphenyl)-3,3-dimethyl-1-(3,4,5-

trimethoxyphenyl)-azetidin-2-one (259) was prepared from

[3-(ferf-butyldimethylsilanyloxy)-(4-methoxyphenyl]-(3,4,5-trimethoxybenzylidene)-amine 

(240) (10 mmol, 1.8312 g) and (12 mmol, 1.77 ml) of ethyl-2-bromoisobutyrate using 

method 1. Evaporation of the solvent yielded an orange solid residue which was left 

unpurified, (yield 80%).

IR: NaCI film v: 1751.2 cm ' (C=0, p-lactam). 'H  NMR (400 MHz, CDCI3) : 5 0.03 (s, 

3H, Si-CHa), 5 0.07 (s, 3H, Si-CHa), 6  0.88 (s, 3H, -CH 3 ), 6  0.93 (s, 9H, C-(CH 3 )3 ), 6  1.50 

(s, 3H, -CH 3 ), 5 3.72 (s, 6 H, O-CH 3), 6  3.77 (s, 3H, O-CH 3 ), 6  3.88 (s, 3H, O-CH 3 ), 5 4.69 

(s, 1H, H4 ), 5 6.57 (s, 2H, Ar-H (2’,6’)), 6  6.66-6.67 (d, 1H, J=2 Hz, Ar-H (2”)), 6  6.77-6.80 

(q, 1H, J= Hz, Ar-H (6 ”’), 6  6.83-6.85 (d, 1H, J=, Ar-H (5”). ''"C NMR (100 MHz, CDCI3): 5
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-4.97 (CHs-Si-CHa), 6  17.60 (C-CH3 )3 ), 5 18.28 (C-(C)-C), 5 22.64 (-CH3), 5 25.46 (-CH3 ), 

5 55.19 (CH3-C-CH3 , C3 ), 6  55.30 (O-CH3 ), 5 55.82 (O-CH3), 6  60.78 (O-CH3 ), 6  66.25 (C4, 

CH), 5 94.84 (Ar-C-H (2’,6 ')), 6  111.85 (Ar-C-H (5”)), 6  119.28 (Ar-C-H (2”)), 5 120.10 (Ar- 

C-H (2”)), 6  127.47 (Ar-C-0 (4’)), 5 133.87 (Ar-C-C (1’’)). 6  134.01 (Ar-C-N (1’)), 6  144.97 

(Ar-C-0 (3”), 6  150.74 (Ar-C-0 (3’,5’)), 6  153.30 (Ar-C-0 (4”)), 6  171.34 (C=0, C2 ).

7.3.24 1-[(3-fert-Butyldimethylsilanyloxy)-4-methoxyphenyl)]-3-methyl-4-(3,4,5- 

trimethoxyphenyl)-azetidin-2-one (260) was prepared from

[(3-te/t-butyldimethylsilanyloxy)-4-methoxyphenyl]-(3,4,5-trimethoxybenzylidene)-amine 

(240) (5 mmol, 2.158 g) and ( 6  mmol, 0.78 ml) of ethyl-2-bromopropionate using method 

2. Evaporation of the solvent yielded a brown solid residue which was purified using 

column chromatography. DCM was the solvent used and the p-lactam was obtained as 

an orange gel. (yield 10 %, R, 0.87 (DCM:Me0H (5 %)).

IR: NaClfilm u: 1749.1 cm ' (C=0, 3-lactam). 'H NMR (400 MHz, C D C I 3 ) :  6  0.01-0.03 

(m, 3H, Si-CH3 ), 6  0.05-0.06 (m, 3H, Si-CH3), 5 0.90 (s, 9H, C-(CH3)3), 5 0.95-0.96 (d, 2H, 

J=7.56 Hz, -CH3 ), 6  1.46-1.48 (d, 1H, J=7 Hz, -CH3 ), 5 3.12-3.14 (d, /̂gH, J=7.52 Hz, H3 ), 

5 3.65-3.68 (m, %H, H3 ), 6  3.75-3.78 (m, 6 H, O-CH3 ), 6  3.81-3.84 (m, 6 H, O-CH3 ), 6  4.42 

(s, % H ,  H4 ), 6  5.02-5.03 (d, "/5H, J=5.52 Hz, H3 ), 5 6.42 (s, 1H, Ar-H (2”)), 6  6.54-6.55 (d, 

1H, J=2.52 Hz, Ar-H (6 ”)), 6  6.65-6.66 (d, 1H, J=2.52 Hz, Ar-H (6 ’)), 6  6.74-6.76 (q, 1H, 

J=2.85 Hz (av ), Ar-H (2’), 5 6.99-7.02 (m, 1H, Ar-H (5’)). ” C NMR (100 MHz, C D C I 3 ) :  6  

-5.32- -5.23 (CH3-Si-CH3 ), 6  9.17 (-CH3 ), 5 12.63 (-CH3 ), 6  17.93 (C-(CH3 )3 ), 5 25.14- 

25.28 (C-(CH3 )3 ) 6  48.80 (C3 .CH), 5 54.73 (C3 ,CH), 6  55.38 (O-CH3 ), 6  55.42 (O-CH3 ), 6  

55.59 (O-CH3 ), 6  55.64 (O-CH3 ), 5 55.69 (O-CH3 ), 6  60.33 (C4 ,CH), 6  60.37 (O-CH3 ), 6  

62.81 (C4 ,CH), 5 102.13-103.44 (Ar-C-H (2” ,6 ”)), 5 109.71-110.71 (Ar-C-H (2’)), 6  110.15- 

110.18 (Ar-C-H (6 ’)), 6  112.13-112.23 (Ar-C-H (5’)), 6  130.27-130.88 (Ar-C-O (4”)), 6  

131.04 (Ar-C-C (1”)), 5 131.04 (Ar-C-N (1’)), 6  137.05-137.38 (Ar-C-0 (3’)), 6  147.19- 

147.23 (Ar-C-0 (3”,5”)), 5 153.03-153.42 (Ar-C-O (4’)), 6  167.38-167.51 (C=0, C2 ). EIMS 

(HR): C2 6 H3 7 NOeSi, Calculated M" + Na: 510.2288, Observed M" + Na: 510.2281, Error: - 

1.3 ppm

7.3.25 1-[(3-fert-Butyldimethylsilanyloxy)-4-methoxyphenyl)]-3,3-dimethyl-4-(3,4,5- 

trimethoxyphenyl)-azetidin-2-one (261) was prepared from

[(3-ferf-butyldimethylsilanyloxy)-4-methoxyphenyl]-(3,4,5-trimethoxybenzylidene)-amine 

(243) (5 mmol, 2.158 g) and ( 6  mmol, 0.88 ml) of ethyl-2-bromoisobutyrate using method
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2. Evaporation of the solvent yielded a brown solid residue which was purified using 

column chromatography. DCM was the solvent used and the (3-lactam was obtained as a 

dark orange solid, (yield 17.66 %, 0.18 Rf (DCM), m.p. 95°C).

IR: NaCI film v: 1747.5 cm'^ (C=0, p-lactam). NMR (400 MHz, CDCI3): 6  -0.17 (s, 

3H, Si-CHs), 6  -0.12 (s, 3H, Si-CHa), 6  0.72 (C-(CH 3 )3 ), 6  0.74 (s, 3H, -CH 3), 6  1.32 (s, 3H, 

-CH 3 ), 5 3.57 (s, 3H, O-CH 3), 6  3.58 (s, 6 H, O-CH 3 ), 5 3.65 (s, 3H, O-CH 3), 5 4.46 (s, 1 H, 

H4), 6  6.21 (s, 2H, Ar-H (2”,6”)), 5 6.56-6.58 (q, 2H, J=2.52 Hz, 3.48 Hz, Ar-H (2’,6 ’)), 5 

6.80-6.83 (d, 1H, J=2.52 Hz, 6  Hz, Ar-H (5’)). ''^C NMR (100 MHz, CDCI3): 5 -5.37 (CH 3- 

Si-CHj), 6  17.23 (C-(C)-C), 5 22.36 (C-CH 3 )3), 6  25.11 (-CH 3), 6  25.25 (-CH 3), 6  54.92 

(CH3-C-CH 3 , C 3), 5 55.60 (O-CH 3), 5 55.69 (O-CH 3 ), 5 60.32 (O-CH 3). 6  66.47 (C4 , CH), 5 

103.15 (Ar-C-H (2”,6”)), 6  110.15 (Ar-C-H (5’)), 5 110.23 (Ar-C-H (6 ’)), 6  112.11 (Ar-C-H 

(2’)), 5 130.81 (Ar-C-0 (4”)), 5 137.03 (Ar-C-N (1’)), 5 144.69 (Ar-C-C (1”)), 6  147.11 (Ar- 

C -0  (3’), 6  152.96/153.00 (Ar-C-0 (3” ,5”)), 6  157.46 (Ar-C-O (4’)), 5 170.42 (C=0, C 2 ). 

EIMS (HR): CzrHagNOeSi, Calculated M"+ Na: 524.2444, Observed M" + Na: 524.2427, 

Error: - 3.3 ppm

7.4 G eneral preparation  o f 3-substitu ted  azetid in -2-ones

OH

A solution of the appropriate azetidin-2-one (2.5 mmol) in dry tetrahedrofuran (25 ml) was 

stirred at -78°C under a N2 atmosphere. (5 mmol, 2.5 ml) of 2M lithium diisopropylamide 

(LDA) was added quickly and the solution was stirred at -78°C for 5 minutes. A  solution of 

the aromatic aldehyde (3.75 mmol) in dry THF (12.5 ml) was added to the reaction mixture 

at the same temperature. The mixture was stirred at - 78°C for 30 minutes and then 

poured into a saturated sodium chloride solution (50 ml). EtOAc was added and the 

organic layer separated and dried with anhydrous sodium sulphate.

7.4.1 3-[Hydroxy-(4-hydroxyphenyl)-methyl]-1,4-diphenylazetidin-2-one (139) was

prepared from 1,4-diphenylazetidin-2-one (135) (2 mmol, 0.446 g) and 4-

hydroxybenzaldehyde (3 mmol, 0.366 g) as described in the general preparation. 

Evaporation of the solvent yielded a yellow gel which was then purified using column
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chromatography. DCM:EtOAce (4:1) was the solvent system used and the P-lactam was 

obtained as a yellow solid. Isomers were obtained in the ratio 3:2. (yield 49.28 %, Rf 

0.28 (DCM:EtOAc), m.p. 131°C).

IR: KBr v: 1729.6 cm ' (C =0), 3381.3 cm ' (OH). NMR (400 MHz, C D C I 3 ) :  5 3.39- 

3.43 (2m, 1H , H 3 )  , 6  5.04-5.05 (d, 0.61H, J=2.48 Hz, H 4 ) ,  5 5.18-5.19, (d, 0.61H, J=3.52 

Hz, H 5 ) ,  5 5.24-5.25 (d, 0.39H, J=3.52 Hz, H 5 ) ,  6  5.33-5.34 (d, 0.39H, J=2.52 Hz, H 4 ) ,  6  

6.81-6.84 (q, 2H, J=2.04 Hz, 6.84 Hz, Ar-H (3”’,5”’)), 6  7.02-7.04 (d, 1H, J=7.48 Hz, Ar-H 

(4")), 5 7.18-7.20 (m, 1H, Ar-H (4’)), 6  7.23-7.43 (m, 10H, Ar-H

(2 ’,3’,5’,6’,2”,3”,5”,6”,2”’,6”’)), 5 8.20 (bs, 1H, OH). NMR (100 MHz, C D C I 3 ) :  6  56.03- 

57.71 (CH, C 4 ) ,  6  67.79-68.24 (CH, C 3 ) ,  5 69.59-71.50 (CH, C 5 ) ,  5 115.34-115.44 (Ar-C-H  

(3”’,5”’)), 5 117.22 (Ar-C-H (2’,6’)), 6  123.78-123.83 (Ar-C-H (4”)), 6  126.63-127.56 (Ar-C- 

H (4’,2”,6”)), 5 128.30-129.22 (Ar-C-H (3’,5’)), 6  129.38-129.40 (Ar-C-H (2”’,6’”)), 5 133.91 

(Ar-C-C (1”’)), 5 138.61 (Ar-C-C (1”)), 6  139.06 (Ar-C-N (1’)), 5 157.20-157.41 (Ar-C-OH  

(4”’)), 6  165.55 (C 2 , C =0 ). EIMS (HR): C 22H 19NO 3 , Calculated M" + Na: 386.0924, 

Observed Na: 386.0936, Error: + 3.2 ppm

7.4.2 3-[Hydroxy-{2-hydroxyphenyl)-m ethyl]-1,4-fc/s-(4-m ethoxyphenyl-azetidin-2- 

one (140) is prepared from 1,4-jb/s-(4-methoxyphenyl)-azetidin-2-one (134), (0.9 mmol, 

0.250 g) and salicylaldehyde (1.33 mmol, 0.14 ml) as described in the general 

preparation. Evaporation of the solvent yielded a brown solid residue which was purified 

using column chromatography. DCM: EtOAc 4:1 was the solvent system used and the 3- 

lactam was obtained as an orange gel. Isomers were obtained in a ratio of 9:1. (yield 

41.62 %, R ,0 .40  (DCM : EtOAc4:1).

IR: N a C lfilm  v: 1729.9 cm '(C = 0 ) ,  3362.1 cm ' (OH). 'H  NMR (400 MHz, C D C I 3 ) :  6  

3.55-3.58 (q, (d,d), 1H, J=2.52 Hz, J=5 Hz, H 3 )  ,5 3.72-3.74 (d ,6 H, J=8.04 Hz, O - C H 3 )  6  

4.79-4.80 (d, 1H, J=2 Hz, H 4 ) ,  5 5.30-5.32 (d, 1H, J=7.52 Hz, H 5 ) ,  6  6.71-6.76 (m, 4H, Ar- 

H (3”,5”,3”’,5”’)), 6  6 .81-6.96 (m, 4H, Ar-H (2’,3’,5’,6’)), 5 7.08-7.24 (m, 4H, Ar-H 

(2 ” 6 ” 4 -  6 ”')). ■'3Q ( - 1 0 0  MHz, C D C I 3 ) :  6  54.7-54.78 ( O - C H 3 ) ,  5 57.21 (CH, C 4 ) ,  5

64.32 (CH, C 3 ) ,  5 72.28 (CH, C 5 ) ,  5 113.83-113.95 (Ar-C-H (3’,5’,3”,5’’,3”’), 6  117.13- 

119.66 (Ar-C-H (2’,6’,5”’), 5 124.50-127.17 (Ar-C-H (4”’,6 ”’)), 6  128.20-129.18 (Ar-C-C  

(1 ’,1”.1’”)), 5 130.25 (Ar-C-H (2”,6 ”)), 6  154.98-159.080 (Ar-C-C (4’,4”,2”’)), 6  163.40 (C 2 , 

C = 0). EIMS (HR): C 24H23NO 5 , Calculated + Na: 428.1474, Observed + Na: 

428.1494, Error: + 4.6 ppm
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7.4.3 3-[Hydroxy-(3-hydroxyphenyl)-methyl]-1,4-bis-(4-methoxyphenyl-azetidin-2- 

one (141) is prepared from 1,4-b/s-(4-methoxyphenyl)-azetidin-2-one (134), (0.9 mmol, 

0.250 g) and 3-hydroxybenzaldehyde (1.33 mmol, 0.162 g) as described in the general 

preparation. Evaporation of the solvent yielded a brown solid residue which was purified 

using column chromatography. DCM:EtOAc 4:1 was the solvent system used and the P- 

lactam was obtained as an orange gel. Isomers were obtained in ratio 70.75: 29.25. (yield 

42 %, Rf 0.16 (DCM : EtOAC 4:1).

IR: NaCI film v: 1725.5 cm '( C = 0 ) , 3383.9 cm '(O H ). 'H NMR (400 MHz, CDCIj): 6  

3.31-3.37 (q, (d,d), 1H, J=3.51 Hz (av.), H3 ) ,5 3.69-3.72 (d ,6 H, J=12.04 Hz, O-CH 3 ) 6

4.71-4.72 (d, % \-{, J=2 Hz, H4), 5 4.95-4.97, (d, J=7.04 Hz, H5), 5 5.10-5.11 (d, 74 H,

J=2 Hz, Hs), , 6  5.18-5.20 (m, % H, H4), 5 6.68-6.77 (m, 5H, Ar-H (3”,5”,2”’,4'” ,6”’)), 6  6.81- 

7.19 (m, 7H, Ar-H (2’,3',5’ ,6’,2”,6” ,5”’)). ''^C NMR (100 MHz, CDCI3): 6  54.71-54.77 (O- 

CH3), 6 54.93-71.86 (CH, C3, C4, C5), 5113.43-113.90 (Ar-C-H (3’,5’,3” ,5”,2”',4”’)), 6 

115.26-118.25 (Ar-C-H (2’,6’,6”’)), 6  126.73-129.32 (Ar-C-C (1’,1”)), 6  130.25 (Ar-C-H 

(2” ,6”,5'”)), 6  141.87 (Ar-C-C (1”’)), 6155.66 (Ar-C -0 (3”’)), 5 156.12 (Ar-C-0 (4’)), 6

159.03 (Ar-C -0 (4”)), 6  163.36 (C2 , C=0). EIMS (HR): C 2 4 H2 3 NO5 , Calculated M" + Na: 

428.1474, Observed M^+ Na: 428.1465, Error: -2.1 ppm

7.4.4 3-[Hydroxy-{4-hydroxyphenyl)-methyl]-1,4-b/s-(4-methoxyphenyl)-azetidin-2- 

one (142) is prepared from 1,4-b/s-(4-methoxyphenyl)-azetidin-2-one (134), (1.5 mmol, 

0.426 g) and 4-hydroxybenzaldehyde (2.25. mmol, 0.27 g) as described in the general 

preparation. Evaporation of solvent yielded a brown solid residue which was purified 

using column chromatography. DCM: EtOAc 4:1 was the solvent system used and the 3- 

lactam was obtained as an orange gel. (yield 20 %, Rf 0.19 (DCM :EtOAc 4:1).

IR: NaCI film v: 1731.7 cm '(C = 0 ) , 3384.0 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 6  

3.34-3.36 (q, 0.38H, J=2.04 Hz, H3) , 6  3.40-3.42 (q, 0.62H, J=3.4 Hz (av.), H3 ) 6  3.69-3.72 

(d, s, 6 H, J=5.5 Hz (av.), O-CH 3 ), 6  4.72-4.73 (d, 0.62H, J=2.04 Hz, H4 ), 6  4.97-4.99 (d, 

0.62H, J=6.16 Hz, Hg ), 5 5.11 (s, 0.38H, H5), 6  5.15-5.16 (d, 0.38H, J=4.08 Hz, H4 ), 6

6.72-6.79 (m, 6 H, Ar-H (3’,5’,3”,5",3”’,5”’)), 6  6.96-7.00 (m, 2H, Ar-H (2',6 ’)), 6  7.11-7.23 

(m, 4H, Ar-H (2”,6 ” ,2”’,6 ”’)). '^C NMR (100 MHz, CDCI3): 5 53.04-55.86 (O-CH3 , C -0), 6 

57.16 (CH, C4), 5 65.42-66.06 (CH, C3), 6 69.49-71.74 (CH, C5), 6 113.85-113.96 (Ar-C-H 

(3’,5’,3”,5”)) , 5 115.11-115.20 (Ar-C-H (3”’,5”’)), 5 118.22-118.30 (Ar-C-H (2’ ,6 ’)), 6 

126.62-126.81 (Ar-C-H (2”,6”)), 6  127.75 (Ar-C-H (2”’,6”’)), 5 128.39-128.91 (Ar-C-C (1”)), 

5 130.33-130.37 (Ar-C-C (1”’)), 5 131.75-132.38 (Ar-C-N (1’)), 6  155.39-155.86 (Ar-C-OH
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(4”')), 6  158.81 (Ar-C-0 (4’)), 6  159.05 (Ar-C-0 (4”)), 6  165.46-165.50 (C2 , C=0). 

C2 4 H2 3 NO5 , Calculated Na: 428.1474, Observed 1̂ 1"̂ + Na; 428.1494, Error: + 4.7 ppm

7.4.5 3-[1 -Hydroxy-1 -(3-hydroxyphenyl)-ethyl]-1,4-b/s-(4-methoxyphenyl-azetidin-2- 

one (143) was prepared from 1,4-t)/s-(4-methoxyphenyl)-azetidin-2-one (134), (0.9 mmol, 

0.250 g) and 3-hydroxyacetophenone (1.33 mmol, 0.18 g) as described in the general 

preparation. Evaporation of the solvent yielded an orange solid residue which was 

purified using column chromatography. DCM: EtOAc 4:1 was the solvent system used 

and the p-lactam was obtained as an yellow gel. Isomers were obtained in ratio of 17:3. 

(yield 41 %, R, 0.29 (CH2CI2 : EtOAc 4:1).

IR: NaCI film d : 1727.2 cm '  (C = 0 ), 3379.9 cm '  (OH). 'H NMR (400 MHz, CDCI3): 5 

1.64 (s, 2.55H, C-CH3), 6  1.73 (s, 0.45H, C-CH3 ), 6  3.33-3.34 (d, 0.15H, J=2.52 Hz, H3), 5 

3.487-3.492 (d, 0.85H, J=2 Hz, H3 ), 5 3.69 (s ,3H, O-CH3 ), 6  3.76 (s, 3H, O-CH3 ), 6  4.76- 

4.77 (d, 0.15H, J=2.48 Hz, H4 ), 5 4.87-4.88 (d, 0.85H, J=2 Hz, H4 ), 5 6.67-6.72, (m, 4H, 

Ar-H (3”,5”,2”’,4”’)), 5 6.82-6.84 (d, 2H, J=8.52 Hz, Ar-H (2’,5’)), 6  6.93-6.95 (d, 1H, J= 8  

Hz, Ar-H (6 ”’)), 5 7.11-7.18 (m, 5H, Ar-H (2’,6’,2”,6”,5”’)). NMR (100 MHz, CDCI3): 5 

28.31 (HO-C-CH3), 6  54.71-54.88 (0 -CH3 ,-CH3 ), 6  56.98 (CH, C4 ,), 6  69.79 (CH, C3 ), 6  

73.17 (CH3-C-OH), 5 112.26-114.28 (Ar-C-H (3’,5’,3”,5”,2”’,4”’), 5 118.30 (Ar-C-H (6 ”’)), 6  

126.97 (Ar-C-H (2’,6 ’)), 6  128.90-129.05 (Ar-C-C/N (1M ”)). 6  130.15 (Ar-C-H (2”,6”,5”’)), 

5 145.73 (Ar-C-C (1”’)), 6  155.61 (Ar-C-0 (3”’)), 5 155.82 (Ar-C-0 (4’)), 6  159.07 (Ar-C-0 

(4”)), 5 164.73 (C2 , C=0). C2 5 H2 5 NO5 , Calculated M^+ Na: 442.1631, Observed M "+ Na: 

442.1630, Error: + 0.1 ppm

7.4.6 3-[1 -Hydroxy-1 -(4-hydroxyphenyl)-ethyl]-1,4-fa;s-(4-methoxyphenyl-azetidin-2- 

one (144) was prepared from 1,4-t)/s-(4-methoxyphenyl)-azetidin-2-one (134), (0.636 

mmol, 0.180 g) and 4-hydroxyacetophenone (0.95 mmol, 0.130 g) as described in the 

general preparation. Evaporation of the solvent yielded an orange solid residue which 

was purified using column chromatography. DCM was the solvent system used and the p- 

lactam was obtained as an yellow gel. [isomers obtained in ratio of 4: 1]. (yield 30 %, Rf 

baseline (DCM))

IR NaCI film d : 1724.6 cm ' (C=0) , 3412.5 cm '(O H ). 'H NMR (400 MHz,

CDCI3): 6  1.70 (s, 2.4H, C-CH3), 5 1.79 (s, 0.6H, C-CH3 ), 5 3.39-3.40 (d, 0.2H, J=2.48 Hz, 

H3 ), 5 3.54-3.55 (d, 0.8H, J=2.52 Hz, H3), 5 3.74 (s, 3H, O-CH3), 5 3.80 (s, 3H, O-CH3 ), 6
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4.75-4.76 (d, 0.2H, J=2.52 Hz, H4), 5 4.90-4.91 (d, 0.8H, J=2.48 Hz, H4), 6  6.72-6.77, (m, 

4H, Ar-H (3”,5'’,3”’,5”’) ), 5 6.85-6.87 (d, 2H, J=8.2 Hz, Ar-H (3’,5’)), 5 7.17-7.23 (m, 4H, 

Ar-H (2’,6’,2’’,6”)), 6  7.31-7.34 (d, 2H, J= 8 . 8 8  Hz, Ar-H (2”’,6”’)). NMR (100 MHz, 

CDCI3): 6  27.91 (C-CH3), 5 54.86-54.98 (O-CH3), 6  56.98 (CH, C4), 6  69.75 (CH, C3), 5 

73.00 (HO-C-phenyl), 6  113.68-114.07 (Ar-C-H (3’,5’,3”,5”)), 6  114.71-114.86 (Ar-C-H 

(3”',5”’)), 5 118.12-118.24 (Ar-C-H (2’,6 ’)), 5 125.73-125.92 (Ar-C-H (2”,6”)), 6  126.56- 

126.93 (Ar-C-H (2”’,6”’)), 6  128.96 (Ar-C-C (1”’)), 6  130.20 (Ar-C-C (1”)), 5 135.70 (Ar-C-N 

(1’)), 5 154.94 (Ar-C-0 (4”’)), 5 155.65 (Ar-C -0 (4’)), 6  159.13 (Ar-C-O (4”)), 5 164.78 

(C=0, C 2 ). EIMS (HR): C 2 5 H2 5 NO5 , Calculated M" + Na: 442.1630, Observed M" + Na: 

442.1637, Error: + 1.5 ppm

7.4.7 3-[Hydroxy-(3-hydroxyphenyl)-phenylmethyl]-1,4-b/s-(4-methoxyphenyl- 

azetidin-2-one (145) was prepared from 1,4-jb/s-(4-methoxyphenyl)-azetidin-2-one (134), 

(0.9 mmol, 0.250 g) and 3-hydroxybenzophenone (1.33 mmol, 0.263 g) as described in 

the general preparation. Evaporation of the solvent yielded an orange solid residue which 

was purified using column chromatography. DCM: EtOAc 4:1 was the solvent system 

used and the 3-lactam was obtained as a yellow gel. Isomers were obtained in a ratio of 

17 : 3 .  (yield 41 %, R, 0.29 (CH2 CI2 : EtOAc 4:1).

IR: NaCI film v: 1726.0 cm ' (C = 0 ) , 3418.7 cm'^ (OH). NMR (400 MHz, CDCI3): 6  

3.69 (s, 3H, O-CH3), 5 3.72 (s, 3H, O-CH3), 5 4.079-4.084 (d, 1H, J=2.0 Hz, H3), 5 4.85- 

4.86 (d, 1H, J=2.52 Hz, H4), 6 6.58-6.69 (m, 4H, Ar-H (3”,5”,2"',4”’)), 5 6.71-6.74 (m, 3H, 

Ar-H (3’,5’,6 ”’)), 6  6.92-7.07 (m, 2H, Ar-H (2’,6’)), 5 7.17-7.20 (m, 3H, Ar-H (2”,6”,5”’)), 6  

7.26-7.32 (m, 5H, Ar-H (2”” ,3””,4”” ,5””,6””)). ''^C NMR (100 MHz, CDCI3): 5 53.02 (A r - ^  

OH (C5)), 5 54.73-54.95 (Ar-0 -CH 3 ), 5 56.50 (CH, C4 ), 6  68.50 (CH, C3), 6  113.54-114.48 

(Ar-C-H (3’,5’,3”,5”,2” ’,4” ’)), 6  118.40-118.59 (Ar-C-H (2’,6’,6”’)), 6  125.43-127.74 (Ar-C-H 

(2’’,6”,5”’,2”’’,3”’’,4”” ,5”” ,6’”’)), 6  129.06-130.05 (Ar-C-C/N (1’,1”)), 6  144.16 (Ar-C-C (1””)), 6  

145.58 (Ar-C-C (1’” )), 5 155.38 (Ar-C-0 (3”’)), 6  155.66 (Ar-C-0 (4’)), 5 158.79 (Ar-C-0 

(4”)), 6  164.87 (C2 , C=0). C 3 0 H2 7 NO 5 , Calculated M "+  Na: 504.1787, Observed M "+  Na: 

504.1497, Error: + 2.0 ppm

7.4.8 3-[Hydroxy-(4-hydroxyphenyl)-phenylmethyl]-1,4-ft/s-(4-methoxyphenyl- 

azetidin-2-one (146) was prepared from 1,4-b/s-(4-methoxyphenyl)-azetidin-2-one (134), 

(0.62 mmol, 0.175 g) and 4-hydroxybenzophenone (0.924 mmol, 0.183 g) as described in 

the general preparation. Evaporation of the solvent yielded an orange solid residue which
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was purified using column chromatography. DCM was the solvent used and the P-lactam 

was obtained as an yellow gel. Isomers were obtained in a ratio of 24 : 1 . (yield 18 %, Rf 

baseline (DCM)).

IR: N aC lfilm  v: 1720.5 cm ' (C =0), 3427.2 cm'^ (OH). NMR (400 MHz, (CD 3 )2 CO): 5 

3.71-3.76 (m ,6 H, O -CH 3 ), 6  4.14 (s, 0.96H, H 3 ) ,  6  4.18 (s, 0.04H, H 3 ) ,  5 4.92 (s, 0.96H, 

H 4 ) ,  6  4.97, (s, 0.04H, H 4 ) ,  6  6 .75-6.80 (m, 8 H, Ar-H (2’,3’,5’,6 ’,3”,5”,3”’,5”’)), 6  7.19-7.29  

(m, 4H. Ar-H (2”,6 ”,2”’,6 ”’)), 6  7.45-7.48 (m, 4H, Ar-H (2””,3’”’,5””,6””)). ” C NMR (100 

MHz, (CD 3 )2 C 0 ): 6  54.10-54.27 (Ar-0 -C H 3), 6  56.04 (CH, C 4  ), 5 69.18 (CH, C 3), 5 76.28  

(Ar-C;OH ( C 5 ) ) ,  6  113.40-114.56 (Ar-C-H (3’,5’,3”,5”,3”’,5”’), 5 117.65 (Ar-C-H (2’,6 ’)), 6  

125.86 (Ar-C-H (4”")), 5 126.16-129.62(Ar-C-H (2”,6”,2”’,6”’,2””,3””,5””,6””)), 5 131.08- 

132.04 (Ar-C-C/N (1’,1”)), 5 136.03 (Ar-C-C (1”’)), 6  146.40(Ar-C-C (1””)), 5 155.34- 

155.88 (A r-C -0 (4’,4”’)), 6  158.90 (Ar-C -0 (4”)), 6  163.43 (C 2 , C = 0 ). C 3 0 H 2 7 NO 5 ,

Calculated 1̂ 1"̂ + Na: 504.1787, Observed Na: 504.1799, Error: + 2.4 ppm

7.4.9 3-[1 -Hydroxy-3-(4-hydroxyphenyl)-1 -m ethylallyl]-1,4-b/s-(4-m ethoxyphenyl)-

azetidin-2-one (147) was prepared from 1 ,4 -/3/s-(4 -methoxyphenyl)-azetidin-2 -one (134), 

(0.9 mmol, 0.250 g) and 4-hydroxybenzylideneacetone (1.33 mmol, 0.215 g) as described 

in the general preparation. Evaporation of solvent yielded an orange solid residue which 

was purified using column chromatography. DCM: EtOAc 4:1 was the solvent system 

used and the p-lactam was obtained as an orange gel. Isomers were obtained in a ratio of 

13:7. (yield 57 %, Rf 0.33 (DCM : EtOAc 4:1).

IR: N a C I  film  v: 1720.5 cm ' (C = 0 ) , 3317.1 cm ' (OH). 'H  NMR (400 MHz, C D C I 3 ) :  5 

1.47 (s, 2H, -C H 3), 6  1.55 (s, 1H, -C H 3), 6  1.99 (s, 0.65H, OH), 6  2.12 (s, 0.35H, OH), 6  

3.17-3.18 (d, 0.35H, J=2.48 Hz, H 3 ) ,  6  3.248-3.254 (d, 0.65H, J=2.52 Hz, H 3 ) ,  5 3.63 (s 

,3H, O -C H 3), 6  3.68 (s, 1H, O -C H 3 ), 5 3.71 (s, 2 H, O -C H 3 ), 6  4 .85-4.86 (d, 0.35H, J=2.0 

Hz, H 4 ) ,  6  4.936-4.941 (d, 0.65H, J=2.0 Hz, H 4 ) ,  6  5.94-5.98 (d, 0.35H, J=16.04 Hz, =CH- 

C), 5 6.21-6.25 (d, 0.65H, J=16.08 Hz, =CH-C), 5 6.48-6.57 (m, 1H, Ar-CH=), 6  6.61-6.69  

(m, 4H, Ar-H (3”,5”,3”’,5”’)), 5 6.77-6.82 (m, 2H, Ar-H (3’,5’)), 5 7.07-7.09 (m, 2H, Ar-H 

(2 ’,6 ’)), 6  7.10-7.15 (m, 2H, Ar-H (2”,6”)), 6  7.29-7.31 (d, 2H, J=8.56 Hz, Ar-H (2”’,6 ”’)). 

'"0  NMR (100 MHz, C D C I 3 ) :  5 26.20-26.72 (C -CH 3 ), 5 54.88-54.99 (CH, C 4 ) ,  6  56.73 (Ar- 

O-CH 3 ), 6  68.94 (CH, C 3), 5 71.98 (CH 3-C-OH), 5 113.83-113.87 (Ar-C-H (3”,5”)), 5 

114.03-114.15 (Ar-C-H (3’,5’)), 6  115.25-115.76 (Ar-C-H (3”’,5”’)), 6  118.26-123.83 (Ar-C- 

H (2’,6’)), 5 125.83 (Ar-C-C (1”’)), 6  127.01-127.65 (Ar-C-H (2”’,6 ”’)), 6  128.66-128.84 (Ar- 

C-C/N (1’,1”)), 6  129.26-129.99 (Ar-C-H (2”,6”)), 6  130.10 (Ar-CH=), 6  144.36 (=CH-C), 6
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155.62 (Ar-C -0 (4”’)), 6  155.76 (Ar-C-O (4’)), 6  158.67 (Ar-C-0 (4”)), 6  165.01 (C2 , C=0). 

C 2 7 H2 7 NO5 , Calculated M "+ Na: 468.1787, Observed M "+ Na: 468.1791, Error: + 0.9 ppm

7.4.10 3-[1-Hydroxy-1-(4-hydroxyphenyl)-3-phenylallyl]-1,4-bis-(4-methoxyphenyl)-

azetidin-2-one (148) was prepared from 1,4-Jb/s-(4-methoxyphenyl)-azetidin-2-one (134) 

(0.838 mmol, 0.250 g) and 4-hydroxy-f/'ans-chalcone (1.325 mmol, 0.297 g) as described 

in the general preparation. Evaporation of the solvent yielded a brown solid residue which 

was purified using column chromatography. DCM:MeOH 19:1 was the solvent system 

used and the 3-lactam was obtained as a cream solid, (yield 10 %, Rf 0.2 (DCM MeOH)) 

IR: KBr d: 1724.1 cm ' (C=0), 3431.0 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 5 3.71 (s 

3H, O-CH 3 ), 6  3.78 (s, 3H, O-CH 3), 6  4.86 (s, 1H, H3). 6  5.08 (s, 1H, H4), 5 6.62 (s, 1H, 

C = ^ -p h e n y l) , 6  6.65 (s, 1H, H O -C -^= C -) , 5 6.71-6.77 (m. 4H, Ar-H (3”,5”,3”’,5”’)), 5 

6.85-6.87 (d, 2H, J=8.2 Hz, Ar-H (3’,5’)), 6  7.17-7.23 (m, 4H, Ar-H (2’,6’,2” ,6”)), 5 7.31- 

7.34 (d, 2H, J= 8 . 8 8  Hz, Ar-H (2”’,6 ”’)). C3 2 H2 9 NO5 , Calculated M" + Na: 530.1943,

Observed M"'+ Na: 530.1944, Error: + 0.1 ppm

7.4.11 4-[4-Benzyloxyphenyl)-1-[(4-fe/t-butlyldimethylsilanyloxy)-phenyl]-3- 

[hydroxy-(4-methoxyphenyl)-phenylmethyl]-azetidin-2-one (149) was prepared from

4-(4-benzyloxyphenyl)-1-[(4-terf-butyl-dimethyl-silanyloxy)-phenyl]-azetidin-2-one (138), (2 

mmol, 0.919 g) and 4-hydroxybenzophenone (3 mmol, 0.595 g) as described in the 

general preparation. Evaporation of the solvent yielded a brown residue which was 

purified using column chromatography. DCM:MeOH (5 %) was the solvent system used 

and the (3-lactam was obtained as a brown gel. (yield 44.28 %, Rf DCM: MeOH (5 %)). 

IR: NaClfilm  v: 1719.5 cm '(C = 0 ) , 3392.1 cm ' (OH). 'H NMR (400 MHz, CDCI3): 6 

0.27 (s 6 H, CH3-Si-CH3), 5 0.93 (s 9H, C-(CH3)3), 6 4.078-4.084 (d, 0.68H, J=2.4 Hz, H3), 

5 4.090-4.096 (d, 0.32H, J=2.4 Hz, H3), 5 4.847-4.853 (d, 0.68H, J=2.4 Hz, H4), 5 4.866- 

4.872 (d, 0.32H, J=2.4 Hz, H4), 5 4.96 (s, 2H, -CH 2 ), 6  6.69-6.78 (m, 4H, Ar-H 

(3”,5”,3”’,5”’)), 6  6.85-6.94 (m, 4H, Ar-H (3’,5’,2’,6’)), 5 7.19-7.24 (m, 2H, Ar-H (2” ,6”)), 5 

7.29-7.39 (d,d, 2H, J=8 . 8 8  Hz, Ar-H (2’” ,6 ”’) 6  7.26-7.32 (m, 5H, Ar-H (2””,3”” ,4””,5””,6””), 6  

7.37-7.45 (m, 5H, Ar-H (2””’,3””’,4””’,5 ,6 ’”” )).

7.4.12 3-[1,5-Dihydroxyindan-1-yl)-(4-methoxyphenyl)-azetidin-2-one (151) was

prepared from 1,4-t)/s-(4-methoxyphenyl)-azetidin-2-one (134) (0.838 mmol, 0.250 g) and

5-hydroxy-1-indanone (1.325 mmol, 0.196 g) as described in the general preparation.
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Evaporation of the solvent yielded a brown solid residue which was purified using column 

chromatography. DCM:MeOH 19:1 was the solvent system used and the (3-lactam was 

obtained as a cream solid. Isomers were obtained in the ratio of 3 ;2 . (yield 15 %, Rf 0.12 

(DCM:MeOH), m.p. 14/C ) .

IR; KBr d : 1718.9 cm'  ̂ (C=0), 3437.4 cm'  ̂ (OH). NMR (400 MHz, CDCI3): 6 2.18- 

2.23 (m, 2H, C-CH 2 ), 5 2.59-2.64 (m, 2H, C-Chb), 6  3.446-3.454 (d, 0.6H, J=2.76 Hz, H3 ),

5 3.501-3.508 (d, 0.4H, J=2.76 Hz, H3), 6  3.75-3.76 (d 3H, J=3.44 Hz, O-CH3), 5 3.79-3.81 

(d, 3H, J=6.84 Hz, O-CH3), 6  4.84-4.85 (d, 0.6H, J=2.08 Hz, H4), 6  4.956-4.962 (d, 0.4H, 

J=2.04 Hz, H4), 6  6.67-6.70, (m, 2H, Ar-H (4”’,6”’)), 5 6.77-6.82 (m, 2H, Ar-H (3”,5”)), 6  

6.85-6.90 (m, 2H, Ar-H (3',5’)), 5 7.21-7.32 (m, 5H, Ar-H (2’,6’,2”,6”,3”’)). NMR (100 

MHz, CDCI3): 5 28.84-29.25 (C8,-CH2)), 6  38.33-39.07 (Cg.-CHz), 6  54.83-54.99 (CH, C4),

6  56.53-56.97 (O-CH 3 ), 5 66.99-68.21 (CH, C 3 ), 5 81.11-81.39 (C -^ -O H ), 6  111.06- 

114.04 (Ar-C-H (4”’,3’,5’,3”,5”)), 6  117.25-117.29 (Ar-C-H (6 ”’)), 5 118.09-118.16 (Ar-C-H 

(2’,6’)), 6  123.51-129.08 (Ar-C-H (3”’,2”,6”)), 6  130.55 (Ar-C-C (2”’)), 5 136.09 (Ar-C-C 

(1”)), 6  144.89 (Ar-C-N (1’)), 5 145.12 (Ar-C-C (C7)), 5 155.57 (Ar-C-0 (4”’)), 6  156.54 (Ar- 

C -0  (4’)), 5 159.12 (Ar-C-0 (4”)), 5 164.73-164.99 (C=0, C 2 ). EIMS (HR): C 2 6 H2 5 NO 5 , 

Calculated M'" + Na: 454.1630, Observed M'" + Na: 454.1646, Error: + 3.4 ppm

7.4.13 3-[1,6-Dihydroxy-1,2,3,4-tetrahydronaphthalen-1 -yl)1,4-b/s-(4-methoxyphenyl)- 

azetidin-2-one (152) was prepared from 1,4-b/s-(4-methoxyphenyl)-azetidin-2-one (134), 

(0.838 mmol, 0.250 g) and 6-hydroxy-1-tetralone (1.325 mmol, 0.215 g) as described in the 

general preparation. Evaporation of solvent yielded a brown solid residue which was purified 

using column chromatography. DCM: MeOH 19:1 was the solvent system used and the P- 

lactam was obtained as a yellow gel. (yield 40 %, Rf baseline (DCM MeOH)).

IR: KBr v: 1740.1 cm ' (C=0), 3437.4 cm ' (OH). 'H NMR (400 MHz, CDCI3): 5 1.94- 

1.96 (m, 2H, CH2-CH2-CH2), 5 2.41-2.44 (m, 2H, CH2 -CH 2 -CH), 6  2.75-2.78 (m, 2H, CH2- 

CH 2 -Ar), 6  3.46-3.47 (d, 1H, J=2.04 Hz, H3), 6  3.75-3.77 (d ,3H, J=9.56 Hz, O-CH3), 6  

3.79-3.80 (d, 3H, J=2.72 Hz, O-CH3), 6 4.991-4.996 (d, 1H, J=2,08 Hz, H4), 5 6.52-6.54 

(d, 1H J=2.4 Hz, Ar-H (5”’)), 6  6.70-6.73 (q (d,d), 1H, J=3.64 Hz (av), Ar-H (7”’)), 5 6.77- 

6.85 (m, 4H, Ar-H (3’,5’,3”,5”)), 6  7.12-7.15 (d, 2H, J=8 . 8 8  Hz, Ar-H (2’,6’)), 6  7.21-7.23 (d,

2H, J=8 . 8 8  Hz, Ar-H (2”,6”)), 6  7.62-7.64 (d, 1H, J=8.2 Hz, Ar-H (8 ”’).

7.4.14 3-(2,9-Dihydroxy-9H-fluoren-9-yl)-1,4-Jb/s-(4-methoxyphenyl)-azetidin-2-one 

(153) was prepared from 1,4-fa/s-(4-methoxyphenyl)-azetidin-2-one (134), (0.838 mmol,
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0.250 g) and 2-hydroxy-9-fluorenone (1.325 mmol, 0.260 g) as described in the general 

preparation. Evaporation of the solvent yielded a brown solid residue which was purified 

using column chromatography. DCM;MeOH 9:1 was the solvent system used and the (3- 

lactam was obtained as cream crystals, (yield 44 %, Rf 0.1 (DCM MeOH), m.p. 160 C). 

IR: KBr v: 1731,7 cm '(C = 0 ) , 3418.1 cm '(O H ). ’’H NMR (400 MHz, CDCIj): 6  3.47- 

3.49 (d, 0.2H, J=2.72 Hz. H3 ), 6  3.60-3.61 (d, 0.8H, J=2.72 Hz, H3), 6  3.63 (s, 0.6H, O- 

CH 3 ), 6  3.64 (s, 2.4H, O-CH3), 6  3.68 (s, 2.4H, O-CH 3 ), 5 3.70 (s, 0.6H, O-CH 3 ), 5 3.86 (d, 

0.2H, J=2.04 Hz, H4 ), 6  4.119-4.124 (d, 0.8H, J=2.04 Hz, H4 ), 6  6.64-6.69 (m, 6 H, Ar-H 

(2’,3’,5’,6’,3” ,5”)), 5 6.91-6.94 (q, 1H, J=4.1 Hz (av.), Ar-H (3”’)), 5 7.04-7.06 (d, 2H, J=8 . 8 8  

Hz, Ar-H (2”,6”)), 5 7.13-7.18 (m, 2H, Ar-H (7”’,1’” )), 6  7.28-7.39 (m, 1H, Ar-H (6 ”’)), 6  

7.52-7.56 (m, 2H, Ar-H (8”’,4”’)), 6  7.65-7.67 (d, 1H, J=7.52 Hz, Ar-H (5”’). ’ ’ C NMR (100 

MHz, CDCI3): 5 54.93 (O-CH3), 6  55.14 (O-CH 3 ) 6  56.65 (CH, C 4 ). 6  6  66.12 (CH, C 3 ), 6  

80.41 (^ -O H ), 6  112.21 (Ar-C-H (3’,5’,3”,5”)), 6  116.69 (Ar-C-H (1”')), 5 118.58 (Ar-C-H 

(2’,6’)), 5 120.96 (Ar-C-H (6 ”’)), 6  124.45 (Ar-C-H (5”’,7”’), 5 126.84 (Ar-C-H (2”,6”)), 6  

128.25 (Ar-C-C (C-C-C4 )), 5 129.42 (Ar-C-C (1”), 5 130.20 (Ar-C-N (1’)), 6  130.79 (Ar-C-H 

(4”’)), 6  140.20 (Ar-C-C (C 5-C-C)), 6  143.93 (Ar-C-C (Cs-C-Cg)), 5 147.84 (Ar-C-C (Cg-C- 

Ci)), 5 155.84 (Ar-C-OH (2’” )), 5 156.85 (Ar-C-0 (4’)), 5 159.01 (Ar-C-O (4”)), 6  165.01 

(C=0, C 2 ). EIMS (HR): C 3 0 H2 5 NO 5 , Calculated M" + Na: 502.1630, Observed M" + Na: 

502.1627, Error; - 0.7 ppm

7.4.15 3-[Hydroxy-(2-hydroxynaphthalen-1-yl)-methyl]-1,4-b/s-(4-methoxyphenyl- 

azetidin-2-one (154) was prepared from 1,4-b/s-(4-methoxyphenyl)-azetidin-2-one (134), 

(0.838 mmol, 0.250 g) and 2-hydroxy-1-naphthaldehyde (1.325 mmol, 0.228 g) as 

described in the general preparation. Evaporation of the solvent yielded a brown solid 

residue which was purified using column chromatography. DCM:MeOH 19;1 was the 

solvent system used and the 3-lactam was obtained as a yellow gel. (yield 28 %, Rf 0.4 

(DCM MeOH)).

IR: KBr u: 1739.0 cm ' (C=0), 3308.9 cm ' (OH). 'H  NMR (400 MHz, CDCI3 ): 6  3.58- 

3.59 (d, 1H, J= 2.4 Hz, H3 ), 5 3.65 (s, 3H, O-CH 3), 5 3.68 (s, 3H, O-CH 3 ), 6  4.04-4.05 (d, 1 

H, J=2 Hz, H4). 6  4.10-4.11 (d, 1 H, J=2.08 Hz, H5), 5 6.64-6.68 (m, 6 H, Ar-H 

(2’,3’,5’,6’,3” ,5”)), 6  6.89-6.92 (q, 1H, J= 2 Hz, Ar-H (3”’)), 6  7.02-7.04 (d, 2H, J=9.2 Hz, Ar- 

H (2”,6 ”)), 5 7.10-7.11 (m, 2H, Ar-H (7”’,8 ”’)), 6  7.48-7.52 (q, 1H, J= 6.3 Hz (av.), Ar-H 

(4”’,6”’)), 5 7. 46-7.66 (d, 1H, J= 7.6 Hz, Ar-H (9”’)). ''^0 NMR (100 MHz, CDCI3 ): 5 52.32 

(CH, C4), 5 54.31 (CH, C 3 ), 6  54.84-55.17 (O-CH 3 ), 6  64.86 (CH, C5), 5 113.76-114.08
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(Ar-C-H (3’,5’,3” ,5”,3’” )), 5 117.72 (Ar-C-H (2’,6 ’,6 ’” )), 6  126.80 (Ar-C-H (2”',7”’,8 ”’,9’”)), 5 

127.79 (Ar-C-H (2”,6 ”)), 6  129.01-131.55 (Ar-C-C (1”, 5,10”’)), 5 140.17 (Ar-C-N (1’)), 6  

151.89 (Ar-C-OH (4’” )), 5 155.45-155.57 (Ar-C-0 (4’)), 6  158.56-159.24 (Ar-C-0 (4”)), 6  

163.84-164.38 (C=0, C2 ).

7.4.16 3-Hydroxy-(4-hydroxynaphthalen-1-yl)-methyl]-1,4-b;s-(4-methoxyphenyl- 

azetidin-2-one (155) was prepared from 1,4-t)/s-(4-methoxyphenyl)-azetidin-2-one (134) 

(0.838 mmol, 0.250 g) and 4-hydroxy-1-naphthaldehyde (1.325 mmol, 0.228 g) as 

described in the general preparation. Evaporation of the solvent yielded a brown solid 

residue which was purified using column chromatography. DCM:MeOH 19:1 was the 

solvent system used and the P-lactam was obtained as a red gel. (yield 30.69 %, Rf 0.81 

(DCM MeOH))

IR: NaCI film d : 1743.3 cm '(C = 0 ), 3365.9 cm ' (OH). NMR (400 MHz, CDCI3): 6  

3.52-3.57 ((d,q) 1H, J=4.11 Hz (av.), H3), 6  3.74-3.80 (m, 6 H, O-CH3), 5 4.729-4.734 (d, 

0.5H, J=2.04 Hz, H4), 5 4.80-4.81 (d, 0.5H, J=6 . 8  Hz, H5). 5 4.92-4.94 (q, 0.5H, J=2.74 Hz 

(av.), Hs), 5 5.04-5.05 (d, 0.5H, J=6.16 Hz, H4), 6  6.35-6.37 (d, 1H, J=8.84 Hz, Ar-H (3”’)), 

6  6.56-6.58 (d, 1H, J=9.56 Hz, Ar-H (2”’)), 6  6.69-6.92 (m, 6 H, Ar-H (2’,3’,5’,6’,2”,6”)), 6  

7,15-7.24 (m, 6 H, Ar-H (2”,6”,6”’,7”’,8”’,9”’)). ''^C NMR (100 MHz, CDCI3): 6  53.32 (CH, 

C4), 5 54.71 (CH, C3), 5 54.84-55.17 (O-CH3), 6  64.86 (CH, C5). 5 113.76-114.08 (Ar-C-H 

(3’,5’,3”,5’’,3”’)), 5 117.72 (Ar-C-H (2’,6’,6”’)), 5 126.80 (Ar-C-H (2”’,7”’,8'” ,9”’)), 6  127.79 

(Ar-C-H (2”,6”)), 6  129.01-131.55 (Ar-C-C (1”,5’” ,10”’)), 6  140.17 (Ar-C-N (1’)), 6  151.89 

(Ar-C-OH (4”’)), 5 155.45-155.57 (Ar-C-0 (4’)), 6  158.56-159.24 (Ar-C-0 (4”)), 5 163.84- 

164.38 (C=0, C2 ). EIMS (HR): C2 8 H2 5 NO5 , Calculated M" + Na: 478.1630, Observed M" + 

Na: 478.1635, Error: + 1.0 ppm

7.4.17 Synthesis of 4-[(4-feft-Butyldimethylsilanyloxy)-phenyl]-3-[hydroxy-(4- 

methoxyphenyl)-methyl]-1-(4-methoxyphenyl)-azetidin-2-one (194) was prepared 

from 4-[4-fert-butyldimethylsilanyloxy)-phenyl]-1-(4-methoxyphenyl)-azetidin-2-one (191), 

(1 mmol, 0.383 g) and p-anisaldehyde (1.5 mmol, 0.204 g) as described in the general 

preparation. Evaporation of solvent yielded a brown solid residue which was purified 

using column chromatography. DCM: MeOH 19:1 was the solvent system used and the (3- 

lactam was obtained as a brown gel. (yield 44%, Rf 0.21 (DCM: MeOH)).
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IR: NaClfilm  d : 1732.1 cm ' (C=0), 3422.7 cm '(O H ). 'H NMR (400 MHz, CDCI3): 6 

0.17-0.19 (d, 6H, J=6.16Hz, CHa-Si-CHs). 5 0.96-0.97 (d, 9H, J=4.12Hz, C-(CH3)3), 5 

3.38-3.41 (q (d.d), 1 H, J=2.38 Hz (av.), J=7.52 Hz, H3), 6 3.73 (s, 3H, O-CH3), 5 3.80 (s, 

3H, O-CH3), 5 4.69-4.70 (d, 0.5H, J=2.04 Hz, H4), 6 5.05-5.07 (d, 0.5H, J=6.84 Hz, H5), 6 

5.08-5.09 (d, 0.5H, J=2.04 Hz, H5), 5 5.27-5.28 (d, 0.5H, J=3.4 Hz, H4), 6 6.69-6.78 (m, 

4H, Ar-H (3”,5”,3”’,5”’)), 6 6.85-6.94 (m, 4H, Ar-H (3’,5’,2”,6")), 5 7.19-7.24 (m, 2H, Ar-H 

(2’,6’)), 5 7.29-7.39 (d,d, 2H, J=8.88 Hz, Ar-H (2”’,6”’)). NMR (100 MHz, CDCI3): 6 - 

4.89 (CHa-Si-CHa), 5 17.69 (CH3-C-CH3), 6 25.20 (-(CH3)3), 5 50.16 (O-CH3), 6 54.84 

(CH, C4), 5 54.94 (O-CH3), 6 55.39 (O-CH3), 5 57.12 (CH, C4), 5 65.65 (CH, C3), 5 66.34 

(CH, C3), 6 67.73 (CH, C5), 6 68.82 (CH, C5), 6 113.04-113.76 (Ar-C-H (3’,5’,3’”,5’”)), 5 

118.02-118.13 (Ar-C-H (3”,5")), 6 119.72-119.99 (Ar-C-H (2’,6’)), 6 126.46-128.36 (Ar-C-H 

(2”,6”)), 5 129.20 (Ar-C-C (1”’)), 5 129.75-130.62 (Ar-C-H (2”’,6”’)), 6 132.64 (Ar-C-C (1”)), 

5 133.19 (Ar-C-N (1’)), 5 154.92-155.55 (Ar-C-0 (4”), 5 158.59 (Ar-C-O (4’,4”’), 5 165.18 

(C2 , C=0). EIMS (HR): C6oHr4N20ioSi2, Calculated 2 x M" + Na: 1061.4780, Observed 2 x 

M"' + Na: 1061.4791, Error: + 1.1 ppm

7.4.18 3-[(Hydroxy-4-hydroxyphenyl)-methyl]-4-(4-methoxyphenyl)-1-(3,4,5-

trimethoxyphenyl)-azetidin-2-one (283) was prepared from 4-(4-methoxyphenyl)-1- 

(3,4,5-trimethoxyphenyl)-azetidin-2-one (247) (Immol, 0.3434g) and 4- 

hydroxybenzaldehyde (3 mmol, 0.3663 g) as described in the general preparation. 

Evaporation of the solvent yielded a yellow solid residue which was purified using column 

chromatography. DCM was the solvent used and the [3-lactam was obtained as orange 

crystals, (yield 31.43 %, Rf 0.12 (DCM)).

IR: NaClfilm  d : 1749.5 c m '(C = 0 ), 3210.6 cm ' (OH). 'H NMR (400 MHz, CDCI3): 5 

3.44-3.46 (q, 1H, J= 2.52 Hz (av.), 4Hz, H3) , 5 4.83-4.84 (d, 0.5H, J=2 Hz, H4), 6 5.08- 

5.09, (d, 0.5H, J=5.52 Hz, H5), 6 5.16-5.17 (d, 0.5H, J=2.52 Hz, H5), 6 5.34-5.35 (d, 0.5H, 

J=4 Hz, H4), 5 6.97-7.42 (m, 14H, Ar-H). NMR (100 MHz, CDCI3): 6 55.30-57.22 (CH, 

C4), 6 65.45-66.21 (CH, C3) 5 70.19-71.38 (CH, C5), 5 116.71-116.93 (Ar-C-H (2’,6’)), 5 

123.68-123.86 (Ar-C-H (4’,4”)), 6 125.26-128.72 (Ar-C-H (3’,5’,2”,3”,5”,6”,2”’,3”’,5”’,6”’)), 6 

132.91-139.53 (Ar-C-C (1’,1”,1”’,4”’)), 5 165.15-165.79 (C2 , C=0). EIMS (HR): 

C 2 6 H2 7 NO 7 , Calculated M* + Na: 488.1686, Observed M" + Na: 488.1661, Error: - 5.0 ppm
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7.5 General procedure for addition of basic side chain

OH

The appropriate (3-lactam (10 mmol [1 equiv]) was dissolved in 100 ml of dry acetone and 

placed in a round-bottom flask. Anhydrous potassium carbonate (0.16 mol, 22 g) [16 

equiv] was added. They are stirred gently for 10 minutes under a N2  atmosphere and the 

corresponding basic side chain was then added (40 mmol, 5.78 g) [4 equiv]. The reaction 

was refluxed until complete on thin layer chromatography. On completion the solution 

was filtered and the solvent was removed under reduced pressure.

7.5.1 3-([4-(2-Dimethylaminoethoxy)-phenyl]-hydroxymethyl)-1,4-diphenylazetidin-2- 

one (156) was prepared from 3-hydroxy-(4-hydroxyphenylmethyl)-1,4-diphenyl-azetidin- 

2-one (139) (0,23 mmol, 80 mg) and 2-(dimethylamino)-ethylchloride hydrochloride (0.92 

mmol, 0.133 g) as described in the general preparation. Evaporation of the solvent 

yielded a solid residue which was then purified using column chromatography to yield a 

cream powder, DCM:EtOAc 4:1 was the solvent system used and the p-lactam was 

obtained as orange crystals, (yield 44 %, Rf 0.1 (DCM MeOH), m.p. 168°C).

IR: KBr v: 1749.2 cm ' (C=0), 3450.9 cm ' (OH). 'H NMR (400 MHz, CDCI3): 5 2.32 (s, 

6H, N-(CH3)2) ,6 2.73-2.76 (m, 2H, N-CH 2 ), 5 3,41-3.47 (m, 1H, H3), 6 4.02-4,06 (m, 2H, 

O-CH 2 ), 6 4.81-4,82, (d, 0.5H, J=2.52 Hz, H4), 5 5,09-5,11 (d, 0.5H, J=7.00 Hz, H5), 6 

5.19-5.20 (d, 0.5H, J=2.48 Hz, H5), 6 5.31-5.32 (d, 0.5H, J=4.04 Hz, H4), 6 6.85-6.94 (m, 

2H, Ar-H (3”’,5”’)), 6 7.03-7.06 (m, 3H, Ar-H (2”’,6”’,4”)), 6 7.21-7.32 (m, 8H, Ar-H 

(2’,3’,5’,6’,2”,3”,5”,6”)), 6 7.37-7.39 (d, 1H, J=8.8 Hz, Ar-H (4’)). NMR (100 MHz, 

CDCIj): 6 45.43 (CH3-N-CH3), 6 55.48/57.26 (CH, C4), 6 57.75 (-CH2 -N), 6 65.68 (C-CH 2 - 

O), 665.68/66.51 (CH, C3), 6 68.93-72.00 (CH, C5), 6 114.16-114.25 (Ar-C-H (3”’,5”’), 5 

116.63-116.71 (Ar-C-H (2’,6')), 6 123.38-123.51 (C-Ar-H (4’,4”)), 6 125.26-128.59 (Ar-C-H 

(3’,5’,2”,3”,4”,5”6”,2’”,6”’)), 5 132.63-133.29 (Ar-C-C (1”’)), 6 136.76-137.32 (Ar-C-C/N 

(1’,1”)), 6 157.94 (Ar-C-0 (4”’)), 6 165.25 (C2 , C=0). EIMS (HR): C 2 6 H 2 8 N2 O 3 , Calculated 

M* + 1: 417.2178, Observed M'' + 1: 417.2198, Error: +4 .7  ppm

274



7.5.2 3-([4-(2-Dimethylaminoethoxy)-pheny]-hydroxymethyl)-1,4-fc/s-(4-methoxy 

phenyl)-azetidin-2-one (157) was prepared from 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1- 

(3-methoxyphenyl)-4-(4-methoxyphenyl)-azetidin-2-one (142) (0.247 mmol, 100 mg) and 

2-(dimethylamino)ethylchloride.HCI (0.988 mmol, 0.142 g) as described in the general 

preparation. Evaporation of solvent yielded a solid residue which was purified using 

column chromatography. DCMiMeOH (75:25) was the solvent system used and the p- 

lactam was obtained as an orange gel. (yield 48 %, Rf 0.29 (DCM:MeOH )).

IR: NaClfilm  v: 1729.2 cm '( C = 0 ) , 3338.4 cm '(O H ). 'H NMR (400 MHz, CDCIj): 5 

2.36 (s, 6 H, CH,-N-CH,). 6 2.77 (s, 2H, N-CH2 ), 6 3.37-3.41 (m, 1H, H3), 5 3.73-3.76 (d, 

6 H, J=11.6 Hz, O-CH.O, 6  4.06 (s, 2H, O-CH 2 ), 6  5.05-5.10 (m, 1H, H4), 6  5.27-5.30 (d, 

1H, J=11.6 Hz H5), 5 6.76-6.97 (m, 8 H, Ar-H (2’,3’,5’,6’,3”,5”,3”’,5”’)), 6 7.20-7.50 (m, 4H, 

Ar-H (2”,6” ,2”’,6”’)). ''̂ C NMR (100 MHz, CDCI3): 6 45.22 (CH3-N-CH3), 5 54.75-54.97 (O- 

CH3). 6 55.19-57.01 (-CH, C4)), 6 57.57 (N-CH 2-C), 5 65.22 (C-CH 2-O), 6 65.71-66.47 (C- 

H, C3), 5 68.75-71.86 (CH, C5), 5 113.76-114.15 (Ar-C-H (3’,5’,3”,5”,3”’,5”’), 6 117.98- 

118.05 (C-Ar-H (2’,6 ’)), 5 126.37-129.19 (Ar-C-H (2”,6”,2”',6”’)), 6  130.59 (Ar-C-C (1”’)), 5 

132.91 (Ar-C-C (1”)), 5 133.55 (Ar-C-N (1’)), 5 155.46-155.53 (Ar-C-0 (4”’)), 5 158.17- 

159.04 (Ar-C-O (4’,4”)), 6  165.13 (C2 , C=0). EIMS (HR): C 2 8 H3 2 N2 O 5 , Calculated M "+  1: 

477.2389, Observed M'' + 1: 477.2413, Error: +4 .9  ppm

7.5.3 3-(Hydroxy-[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-methyl)-1,4-diphenylazetidin- 

2-one (158)) was prepared from 3-hydroxy-(4-hydroxy-phenylmethyl)-1,4- 

diphenylazetidin-2-one (139) (0.26 mmol, 90 mg) and 1-(2-chloroethyl)-pyrrolidine 

hydrochloride (1.04 mmol, 0.180 g) as described in the general preparation. Evaporation 

of the solvent yielded a solid residue which was purified using column chromatography. 

DCM:EtOAc 1:1 was the solvent system used and the (3-lactam was obtained as an 

orange gel. (yield 50.43 %, R, 0.40 (DCM:MeOH (19:1)).

IR: KBr d : 1750 cm ' (C=0, p-lactam). 'H  NMR (400 MHz, CDCI3): 6 1.81 (s, 4H, C- 

(CH 2 )2-C), 5 2.62 (s, 4 H,C-CH 2-N-CH 2-C), 5 2.89 (m, 2H, N-CH2 ), 6  3.39-3.47 (m, 1H, 

H3), 6  4.05-4.19 (m, 2H, O-CH 2 ), 5 4.806-4.812, (d, 0.5H, J=2.16 Hz, H4 ), 6  5.07-5.08 (d, 

0.5H, J=6 . 6  Hz, Hs), 5 5.19-5.20, (d, 0.5H, J=2.2 Hz, H5), 6 5.28-5.29 (d, 0.5H, J=3.68 Hz, 

H4), 6  6.84-6.89 (m, 2H, Ar-H (3”’,5’” )), 5 7.03-7.39 (m, 12H, Ar-H

(2’,3’,4’,5’,6’,2”,3” ,4” ,5” ,6”,2”’,6”’)). ''"C NMR (100 MHz, CDCI3): 6  23.00 (C-(CH2 )2-C), 6  

54.29 (N-(CH 2)2-C), 6  54.54 (N-CH2-C), 5 55.54 (CH, C4), 5 65.52 (C-CH 2-O), 5 66.06 

(CH, C3), 6 72.10 (CH, C5), 6 114.20-114.29 (Ar-C-H (3”’,5”’)), 6 116.70-116.63 (Ar-C-H
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(2’,6 ’)), 6  125.26-128.57 (Ar-C-H (3’,4’,5’,2”,3”,4”.5”,6”,2”’,6”’)), 5 133.17-137.04 (Ar-C-C 

( IM 'M ’”)), 5 155.48 (Ar-C-0 (4”’)), 6  165.41 (C2 , C=0). EIMS (HR): C2 8 H3 0 N2 O3 ,

Calculated M"+ 1: 443.2335, Observed M"+ 1: 443.2341, Error: + 1.4 ppm

7.5.4 3-(Hydroxy-[4-(2-pyrrolidin-1-yl-ethoxy)-pheny]-methyl)-1,4-bis-(4-methoxy 

phenyl)-azetidin-2-one (159) was prepared from 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1- 

(3-methoxyphenyl)-4-(4-methoxyphenyl)-azetidin-2-one (142) (0.247 mmol, 100 mg) and 

1-(2-chloroethyl)-pyrrolidine.HCI (0.988 mmol, 0.168g) as described in the general 

preparation. Evaporation of the solvent yielded a solid residue which was purified using 

column chromatography. DCM:MeOH (4:1) was the solvent system used and the P- 

lactam was obtained as an orange gel. (yield 45 %, Rf 0.35 (DCM:MeOH (90 %)).

IR: NaCI film w: 1736.0 c m ' (C=0), 3371.3 cm '(O H). 'H NMR (400 MHz, CDCI3): 6  

1.82 (s, 4H, C-(CH,),-C). 6  2.62 (s, 4H.C-CH,-N-CH.-C), 5 2.88-2.90 (m, 2H, N-CH2 ), 6  

3.36-3.40 (m, 1H, H3), 5 3.73-3.74 (d, 4H, J=3.64 Hz, O-CH3), 6 3.76 (s, 2H, O-CH3), 5 

4.05-4.10 (m, 2H, O-CH2), 5 4.69-4.70, (d, 0.5H, J=2.92 Hz, H4  ), 6 5.04-5.06 (d, 0.5H, 

J=7.32 Hz, Hs), 5 5.08-5.09, (d, 0.5H, J=2.16 Hz, H5), 6  5.27-5.28 (d, 0.5H, J=3.68 Hz, 

H4), 6  6.74-6.80 (m, 4H, Ar-H (3”,5”,3”’,5”’)), 6  6.85-6.89 (m, 2H, Ar-H (3’,5’)), 6  6.96-6.99 

(d, 2H, J=8 . 8  Hz, Ar-H (2’„6 ’)), 6  7.19-7.37 (m, 4H, Ar-H (2”, 6”,2’” ,6’”)). ” C NMR (100 

MHz, CDCI3): 6  22.99 (C-(CH2 )2 -C), 5 54.32 (N-(CH2 )2 -C), 6  54.59 (N-CH2 -C), 5 54.75 

(CH, C4), 6 54.79 (O-CH3), 5 54.97 (O-CH3), 6 57.02 (CH, C3), 6 66.58 (C-CH2-O), 6 72.05 

(CH, Cs), 5 113.76-114.39 (Ar-C-H (3’,5',3”,5”,3’” ,5”’), 5 117.95-118.14 (Ar-C-H (2’,6 ’)), 5 

126.31-129.27 (Ar-C-H (2”,6”,2”’,6”’)), 5 130.67 (Ar-C-C (1”’)), 5 130.76 (Ar-C-C (1”)), 5 

132.70 (Ar-C-N (1’)), 6  155.52 (Ar-C-0 (4”’)), 6  157.89 (Ar-C-0 (4’)), 6  158.37 (Ar-C-0 

(4”)), 5 165.01 (C2 , C=0). EIMS (HR): C3 0 H3 4 N2 O5 , Calculated M" + 1: 503.2546, 

Observed + 1: 503.2532, Error: - 2.8 ppm

7.5.5 3-([4-(2-Diethylaminoethoxy)-phenyl]-hydroxymethyl)-1,4-diphenylazetidin-2- 

one (160)) was prepared from 3-hydroxy-(4-hydroxyphenylmethyl)-1,4-diphenylazetidin-2- 

one (139) (0.29 mmol, 100 mg) and 2-diethylaminoethylchloride hydrochloride (1.16 

mmol, 0.2 g) as described in the general preparation. Evaporation of the solvent yielded a 

solid residue which was purified using column chromatography. MeOH was the solvent 

used and the p-lactam was obtained as a yellow gel. (yield 40.31 %, Rf 0.21 (MeOH)).

IR: KBr v: 1750.1 cm'' (C=0), 3414.3 cm ' (OH). ’H NMR (400 MHz, CDCI3): 5 1.06- 

1.10 (t, 6 H, J=7.16 Hz (av.), (-CH3 )2 ), 6  2.62-2.68 (q, 4H, J=7.16 Hz (av.), N-(CH2 )2 ). 6
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2.86-2.89 (t, 2H, J=6.5 Hz (av.), N-CH 2 ), 5 3.40-3.42 (q, 0.4H, J= 2.17 Hz (av.), H3), 5 

3.44-3.46 (q, 0.6H, J= 3.19 Hz (av.), H3), 6  4 .03-4.06 (m, 2H, O -CH 2 ), 6  4.80-4.81 (d, 

0.6H, J=2.04 Hz, H4), 5 5.09-5.10 (d, 0.6H, J=6.84 Hz, H5), 6 5.18-5.19 (d, 0.4H, J=2.72 

Hz, H5), 6  5.31-5.32 (d, 0.4H, J=3.44 Hz, H4), 6  6.67-6.91 (m, 2H, Ar-H (3”’,5”’)), 5 7.04- 

7.08 (m, 3H, Ar-H (2”’,6 ”',4”)), 6  7 .22-7.40 (m, 9H, Ar-H (2’,3’,4',5’,6’,2”,3”,5”,6”)). ''^C 

NMR (100 MHz, CDCI3): 6  11.16-11.18 (C -(CH 3 )2 ), 6  47.27-47.29 (C -CH 2 -N -CH 2 -C), 6  

51.15 (N-CH 2 -C ) , 6  55.48-57.25 (-CH, C4)), 5 66.05 (C-CH 2 -O), 6 65.68-66.52 (-CH, C3), 5 

68.83-71.99 (-CH, C5), 5 114.09-116.72 (Ar-C-H (3”’,5”’), 5 123.38-123.52 (C-Ar-H

(2’,6 ’)), 5 125.26-125.37 (Ar-C- (2',6’)), 5 125.26-126.30 (Ar-C-H (4’,4”)), 5 127.48-128.59  

(Ar-C-H (3’,5’,2”,3”,5”,6”,2”’,6”’)), 6  133.17 (Ar-C-C (1”’)), 6  136.75-137.33 (Ar-C-C/N  

(1',1”)), 5 157.95-158.46 (Ar-C-O (4’”)), 6  165.32-165.46(C =0, C 2 ). EIMS (HR): 

C 2 8 H 3 2 N 2 O 3 , Calculated + 1: 445.2491, Observed + 1: 445.2494, Error: + 0.5 ppm

7.5.6 3-([4-(2-D iethylam inoethoxy)-pheny]-hydroxym ethyl)-1 ,4-/)/s-(4-m ethoxy  

phenyl)-azetidin-2-one (161) was prepared from 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1- 

(3-methoxyphenyl)-4-(4-methoxyphenyl)-azetidin-2-one (142) (0.247 mmol, 100 mg) and 

2-diethylaminoethylchloride.HCI (0.988 mmol, 0.170 g) as described in the general 

preparation. Evaporation of solvent yielded a solid residue which was purified using 

column chromatography. DCM:MeOH (75:25) was the solvent system used and the (3- 

lactam was obtained as an orange gel. (yield 47 %, Rf 0.37 (DCM:MeOH)).

IR: N a C lfilm  v: 1738.4 cm ' (C =0), 3389.3 cm '(O H ). NMR (400 MHz, CDCI3 ): 5 

1.16-1.19 (t(d), 6 H, J=7.2 Hz (av.), (C -C H .),.). 5 2.82-2.84 (d, 4H, J=7.2 Hz, (C -CH 2 )2 ), 6  

3.05-3.06 (m, 2H, N-CH 2 ), 5 3.34-3.44 (m, 1H, H3), 6  3 .72-3.76 (m, 6 H, O -C H 3 ), 5 4.14- 

4.17 (m, 2H, O -C H 2 ), 5 4.77-4.78 (d, 0.5H, J=2.04 Hz, H4), 6  5.07-5.09 (d, 0.5H, J=6 . 8  

Hz, Hs), 5 5.11-5.12 (d, 0.5H, J=2.08 Hz, H5), 6  5 .26-5.27 (d, 0.5H, J=4.08 Hz, H4), 6  6.74- 

6 . 8 6  (m, 6 H, Ar-H (3’,5’,3”,5”,3”’,5”’)), 5 6.97-7.04 (m, 2H, Ar-H (2’,6 ’)), 5 7.19-7.23 (m, 2H, 

Ar-H (2”,6 ”)), 5 7.28-7.31 (d, 1H, J=9.56 Hz, Ar-H), 6  7.37-7.39 (d, 1H, J=8.2 Hz, Ar-H 

(2 ”. 6 '”) 13c NMR (100 MHz, CDCI3 ): 6  9.99 (C -(C H 3 )2 ), 6  47.06 (C-CH 2 -N -C H 2 -C), 5

50.78 (N -CH 2-C), 6  54.78-55.32 (O-CH 3 ), 5 57.02-57.91 (-CH, C4)), 6  64.54 (C -CH 2 -O), 5 

65.62-66.37 (CH, C3), 6  68.95-71.71 (CH, C5), 5 113.77-114.09 (Ar-C-H (3’,5’,3”,5”,3”’,5”’), 

6  117.98-118.04 (Ar-C-H (2’,6 ’)), 5 126.55-127.76 (Ar-C-H (2”,6”,2”’,6”’)), 5 128.60-130.64  

(Ar-C-C ( I ’M ’”)), 5 133.24-133.80 (Ar-C-C (1’)), 5 155.48-155.54 (Ar-C-O (4’”)), 6  157.26- 

159.09 (Ar-C-O (4’,4”)), 5 164.83-165.00 (C =0 , C 2 ). EIMS (HR): C 3 0 H 3 6 N 2 O 5 , Calculated 

M" + 1: 505.2624, Observed M" + 1: 505.2480, Error: + 4.9 ppm
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7.5.7 3-(Hydroxy-[4-(2-piperidin-1 -yl-ethoxy)-phenymethyl)-1,4-diphenylazetidin-2- 

one (162)) was prepared from 3-hydroxy-(4-hydroxyphenylmethyl)-1,4-diphenylazetidin-2- 

one (139) (0.29 mmol, 100 mg) and 2-chloroethylpiperidine.HCI (1.16 mmol, 0.210 g) as 

described in the general preparation. Evaporation of solvent yielded a solid residue which 

was purified using column chromatography. MeOH was the solvent system used and the 

P-lactam was obtained as an orange gel. (yield 47 %, Rf 0.26 (MeOH)).

IR: NaCI film v: 1747.4 cm ' (C=0), 3417.6 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 5

1.47 (s, 2H, C-CH 2 -C), 6 1.61-1.63 (d, 4H, C-(CH2)2-C), 6 2.52 (s, 4H, N-(CH2 )2 ), 5 2.76- 

2.79 (m, 2H, N-CH 2 ), 5 3.41-3.47, (m, 1H, H3), 6 4.08-4.11 (m, 2H, O-CH3), 6 4.83-4.84 (d, 

0.5H, J=2.52 Hz, H4), 5 5.10-5.11 (d, 0.5H, J=7.04 Hz, H5), 5 5.20-5.21 (d, 0.5H, J=2.48 

Hz, Hs), 6 5.31-5.32 (d, J=4.52 Hz, 0.5H, H4), 5 6.86-7.61 (m, 14H, Ar-H). NMR (100 

MHz, CDCI3): 6  23.72 (C-CH 2 -C), 5 25.43 (C-CH 2 -C), 5 29.26 (C-CH 2 -C), 54.66 (N-CH 2 - 

C), 6  55.52 (N-CH 2 -C ), 5 57.26 (-CH, C4)), 6  57.44 (N-CH 2 -C), 6  65.55 (C-CH 2 -O), 6  

68.90 (C-H, C3), 5 71.96 (C-H, C5), 6 114.19-114.40 (Ar-C-H (3”’,5”’), 5 116.30-116.70 (C- 

Ar-H (2’,6’)), 6  123.50 (Ar-C-H (4’,4”)), 6  125.28-128.66 (Ar-C-H (3',5’,2”,3”,5”,6",2”’,6’”)), 6  

131.33-137.05 (Ar-C-C ( I M ’M ’”)), 5 158.43 (Ar-C-0 (4”’)), 6  160.70 (C2 , C=0). EIMS 

(HR): C 2 9 H3 2 N2 O 3 , Calculated M"+ 1; 457.2491, Observed M "+ 1: 457.2494, Error: + 0.7 

ppm

7.5.8 3-(Hydroxy-[4-(2-piperidin-1 -yl-ethoxy)-pheny]-methyl)-1,4-b/s-(4-methoxy 

phenyl)-azetidin-2-one (163) was prepared from 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1- 

(3-methoxyphenyl)-4-(4-methoxyphenyl)-azetidin-2-one (142) (0.247 mmol, 100 mg) and 

1-(2-chloroethyl)-piperidine.HCI (0.988 mmol, 0.182 g) as described in the general 

preparation. Evaporation of solvent yielded a solid residue which was purified using 

column chromatography. DCM:MeOH (3:1) was the solvent system used and the p- 

lactam was obtained as an orange gel. (yield 50 %, Rf 0.77 (DCM:MeOH )).

IR: NaCI film d: 1736.6 cm '(C = 0 ), 3436.0 cm '(O H ). 'H NMR (400 MHz, CDCI3): 5

1.48 (s, 2H, (C-CH 2 -C), 6  1.67-1.70 (m, 4H, (C-(CH 2 )2 -C), 2.62 (s. 4H, N-(CH 2 )2 -C), 5 

2.84-2.87 (m, 2H, CH 2 -N), 6  3.36-3.42 (m (q+t), 1H, H3), 6  3.74-3.78 (m, 6 H, O-CH3), 5 

4.12-4.15 (t, 2H, J=5.8 Hz (av.), O-CH 2 ), 5 4.77 (d, 0.5H, J=2.04 Hz, H4), 6 5.08-5.09 (d, 

0.5H, J=6.16 Hz, Hs), 6 5.11-5.12 (d, 0.5H, J=2.04 Hz, H5), 5 5.28-5.29 (d, 0.5H, J=4.12 

Hz H4), 5 6.76-6.87 (m, 6 H, Ar-H (3’,5’,3”,5”,3”’,5”’), 5 6.98-7.04 (m, 2H, Ar-H (2’,6’)), 5 

7.21-7.25 (m, 2H, Ar-H (2”,6”)), 5 7.28-7.31 (t, 1H, J=6.48 Hz (av.), Ar-H). 5 7.37-7.39 (d, 

1H, J=8.2 Hz, Ar-H (2”’,6”’)). ’^C NMR (100 MHz, CDCI3): 6  23.27 (C-CH 2 -C), 6  24.80 (C-
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CH2-C), 5 25.15 (C-CH2-C), 6 54.41 (N-CHz-C), 5 54.53 (N-CHz-C), 5 54.77-54.98 (O- 

CHa), 6  55.32-57.04 (CH, C4 )), 6  57.10 (N-CH2-C), 6  64.92 (C-CH2-O), 6  65.61-66.38 

(CH, C 3 ), 5 69.09-71.95 (CH, C 5 ), 5 113.77-114.22 (Ar-C-H (3’,5’,3”,5”,3”’,5”’)), 6 117.97- 

118.03 (Ar-C-H (2’,6 ’)), 6 126.45-127.69 (Ar-C-H (2”,6 ”,2”’,6 ”’)). 5 128.59-133.42 (Ar-C- 

C/N (1’,1”,1”’)), 5 155.48-159.09 (Ar-C-O (4’,4”,4”’)), 5 164.70-164.99 (C2, C=0 ). EIMS 

(HR): C31H36N2O5, Calculated M"+ 1: 517.2702, Observed M"+ 1: 517.2708, Error: + 1.1 

ppm

7.5.9 3-(Hydroxy-[4-2-morpholin-4-yl-ethoxy)-pheny]-methyl)-1,4-diphenylazetidin-2- 

one (164)) was prepared from 3-hydroxy-(4-hydroxyphenylmethyl)-1,4-diphenylazetidin-2- 

one (139) (0.29 mmol, 100 mg) and 2-chloroethylpiperidine.HCI (1.16 mmol, 0.216g) as 

described in the general preparation. Evaporation of solvent yielded a solid residue which 

was purified using column chromatography. DCM:EtOAc (50:50) was the solvent system 

used and the p-lactam was obtained as a yellow solid, (yield 47 %, Rf 0.09 (DCM:EtOAc), 

m.p. 120°C).

IR: KBr v: 1739.0 cm'  ̂(C = 0 ), 2956.0 cm"'(OH). NMR (400 MHz, CDCI3): 6  2.57 (s, 

4H, CH2 -N-CH 2 ). 6  2.79 (m, 2H, N-CH2 ), 6  3.38-3.48 (m, 1 H, H3), 6  3.71-3.73 (m, 4H, 

CH2 -O-CH 2 ), 6  4.07-4.13, (m, 2H, O-CH2 ), 5 4.81-4.82 (d, 0.65H, J=2.52 Hz, H4 ), 5 5.07-

5.09 (d, 0.65H, J=6.52 Hz, H5), 6  5.18-5.19 (d, 0.35H, J=2.52 Hz, H5), 5 5.26 (s, 0.35H, 

H4), 6  6 .8 6 -6 . 8 8  (q, 2H, J=4.02 Hz (av.). Ar-H (3”’,5”’)), 6  7.03-7.09 (m, 3H, Ar-H 

(4”,2”’,6 ”’)), 5 7.21-7.30 (m, 9H, Ar-H (2’,3’,4’,5’,6’,2”,3”,5”,6’’)). ''^0 NMR (100 MHz, 

CDCI3): 5 53.04 (N-CH 2-C), 5 53.59 (N-CH2 -C ), 6 57.11 (Pr-CH2-C), 6 57.20 (-CH, C4)), 6 

65.25 (C-CH2-O), 6 65.75 (C-CH2-O), 5 66.53 (O-CHj-Ar), 5 68.71 (CH, C3). 5 71.66 (CH, 

Cs), 6  114.14-114.22 (Ar-C-H (3”’,5”’), 6  116.62-116.69 (C-Ar-H (2’,6’)), 6  123.40-123.49 

(Ar-C-H (4’,4”)), 6  125.31-128.56 (Ar-C-H (3’,5’,2”,3”,5”,6”,2”’,6”')), 5 132.89-133.58 (Ar-C- 

C (1”’)), 5 136.83-137.33 (Ar-C-C (1’,1”)), 6  157.74-158.19 (Ar-C-O (4”’)), 6  165.32-165.35 

(C2 , C=0). EIMS (HR): C 2 8 H3 0 N2 O4 , Calculated M" + 1: 459.2284, Observed M" + 1: 

459.2242, Error: - 9.1 ppm

7.5.10 3-{Hydroxy-[4-(2-morpholin-4-yl-ethoxy)-pheny]-methyl)-1,4-/j;s-(4-methoxy 

phenyl)-azetidin-2-one (165) was prepared from 3-[hydroxy-(4-hydroxyphenyl)-methyl]-1- 

(3-methoxyphenyl)-4-(4-methoxyphenyl)-azetidin-2-one (142) (0.247 mmol, 100 mg) and 

4-(2-chloroethyl)-morpholine.HCI (0.988 mmol, 0.184 g) as described in the general 

preparation. Evaporation of the solvent yielded a solid residue which was purified using
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column chromatography. DCM:MeOH (19:1) was the solvent system used and the p- 

lactam was obtained as a yellow gel. (yield 50 %, Rf baseline (DCM:MeOH )).

IR: NaCI film  d : 1741.3 cm ' (C =0), 3371.3 c m ' (OH). NMR (400 MHz, C DCIj): 6 

2.58-2.59 (m, 4H, (N -(C H ,),-C). 6  2.75-2.81 (m, 2H, (N -CH 2 )), 5 3.37-3.42 (m, 1H, H3 ), 6  

3.75-3.77 (m, 10H, 0 -(C H 2 )2 , O -CH 3), 6  4.09-4.12 (t, 2H, J=5.76 Hz (av.), O -C H 2 ), 6  4.73  

(d, 0.5H, J=2.52 Hz, H4 ), 5 5.07-5.08 (d, 0.5H, J=7.04 Hz, H 5), 5 5.10-5.11 (d, 0.5H, J=2 

Hz, H5), 5 5.28-5.29 (d, 0.5H, J=4 Hz, H4 ), 6  6.75-6.81 (m, 4H, Ar-H (3”,5”,2”’,5”’), 6  6 .8 6 - 

6.89 (m, 2H, Ar-H (3’,5’)), 5 6.98-7.02 (m, 2H, Ar-H (2’,6')), 5 7.22-7.26 (m, 2H, Ar-H 

(2”,6 ”)), 5 7.29-7.32 (m, 1H, Ar-H), 6  7.38-7.41 (m. 1H, Ar-H (2’”,6 ”’). NMR (100 MHz, 

CDCI3): 5 40.19 (N -CH 2-C), 6  53.06 (CH 2-N -C H 2 ). 6  54.76 (O -CH 3 ), 6  55.23 (O -C H 3), 6  

56.98 (CH, C 4 )), 6  57.14 (CH, C 4 )), 6  59.68 (O -CH 2-O), 5 65.32-65.71 (CH 2 -0 -Ar), 6  

66.34 (CH, C 3 ), 5 66.48 (CH, C 3), 5 68.80 (CH, C 5 ), 5 71.81 (CH, C 5 ), 6  113.78-114.21 

(Ar-C-H (3’,5’,3”,5”,3”’,5”’), 6  117.94-117.96 (Ar-C-H (2’,6’)), 6  126.41-127.67 (Ar-C-H  

(2” 6 ” 2”',6 '”)), 6  128.68-130.70 (Ar-C-C (1”,1”’)), 6  132.94-133.63 (Ar-C-N (1’)), 5 155.44- 

151.51 (A r-C -0 (4”’)), 6  157.73-159.07 (A r-C -0 (4 ’,4”)), 5 164.80-164.87 (C 2 , C =0 ). 

EIMS (HR): C 3 0 H 3 4 N2 O 6 , Calculated M "+  1: 519.2417, Observed M "+  1: 519.2488, Error: 

+ 4.6 ppm

7.5.11 3-(Hydroxy-(4-[2-(1 -m ethylpyrrolid in-2-yl)-ethoxy]-pheny)-m ethyl)-1,4-diphenyl 

azetidin-2-one (166) was prepared from 3-hydroxy-(4-(hydroxyphenyl)-methyl)-1,4- 

diphenylazetidin-2-one (139) (0.290 mmol, 100 mg) and 2-(2-chloroethyl)-1-

methylpyrroldine.HCI (1.16 mmol, 0.214 g) as described in the general preparation. 

Evaporation of solvent yielded a solid residue which was purified using column 

chromatography. DCM:MeOH (3:1) was the solvent system used and the P-lactam was 

obtained as a green gel. (yield 39 %, Rf 0.36 (DCM:MeOH)).

IR: NaCI film v: 1743.6 cm ' (C =0), 3394.0 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 6  

1.98-2.20 (m, 2H, -C H 2 -CH 2 -CH ), 6  2.22-2.27 (m, 1H, N -CH-(CH 2 )2 ), 6  2.31-2.52 (m, 4H, 

- CH 2-CH^-CH 2-CH, C H -C H 2-C H ,-0  ), 6 2.81 (s, 3H, N-CH3), 6 2.89 (m, 2H, N-CHg-C), 5 

3.42-3.45 (q (d,d), 1H, J=2.53 Hz (av.), H3), 6  4 .94-4.95 (d, 0.75H, J=2.8 Hz, H4), 5 5.14- 

5.16 (d, 0.75H, J=5.6 Hz, H5), 6  5.21-5.22 (d, 0.25H, J=2.4 Hz, H5), 6  5.29 (s, 0.25H, H4), 

6  6.84-6.86 (m, 2H, Ar-H (3”’,5”’)), 6  7 .03-7.10 (m, 3H, Ar-H (4”,2”’,6”’)), 5 7.15-7.33 (m, 

8 H, Ar-H (2’,3’,5’,6’,2”,3”,5”,6”)), 6  7.41-7.43 (m, 1H, Ar-H (4’)). '=*0 NMR (100 MHz, 

CDCI3): 6  18.54-18.68 (N-CH 2-C H 2-C H 2 ), 5 24.68 (-CH 2 -C H 2-CH), 5 28.74-32.04 (-CH- 

CH 2-C H 2 -O), 6  38.86 (-N-CH3), 5 49.95-50.05 (N-CH 2-C H 2 ), 6  55.54-55.71 (CH, C4), 6
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63.28-63.86 (C-CHj-O), 5 65.86 (CH, C 3 ) ,  6  66.02-66.43 (N-CH), 6  68.88-70.63 (CH, C 5 ) ,  

6  113.85 (Ar-C- H (3”’,5”’)), 5 116.61-116.65 (Ar-C-H (2’,6’)), 5 123.41 (Ar-C-H (4’,4”)), 5 

125.45-128.57 (Ar-C-H (3’,5’,2” ,3”,5”,6” ,2”’,6”’)), 6  133.88-134.32 (Ar-C-C (1”’)), 5 137.06- 

137.27 (Ar-C-C (1”)), 6  155.50-155.77 (Ar-C-N (1’)), 5 157.18-157.41 (Ar-C -0 (4”’)), 6  

165.23-165.36 (C=0, C2 ). EIMS (HR): C 2 9 H3 2 N2 O 3 , Calculated M" + 1: 457.2491, 

Observed 1: 457.2468, Error; - 5.0 ppm

7.5.12 3-(Hydroxy-[4-[2-(1-methylpyrrolidin-2-yl)-ethoxy]-phenyl]-methyl)-1,4-b/s-(4- 

methoxyphenyl)-azetidin-2-one (167) was prepared from 3-(hydroxy-(4-hydroxyphenyl)- 

methyl)-1,4 -/5/s-(4 -methoxyphenyl)-azetidin-2 -one (142) (0.247 mmol, 100 mg) and 2-(2- 

chloroethyl)-1-methylpyrrolidine.HCI (0.988 mmol, 0.182 g) as described in the general 

preparation. Evaporation of solvent yielded a solid residue which was purified using 

column chromatography. DCM:MeOH (3:1) was the solvent system used and the P- 

lactam was obtained as an orange gel. (yield 50.39 %, Rf 0.2 (DCM:MeOH )).

IR: NaCI film v: 1735.6 cm'^ (C=0), 3426.4 cm ' (OH). 'H NMR (400 MHz, CDCI3): 6  

1.97-2.26 (m, 6 H, -C-CH2-CH2-CH-, C H -CH,-CH ,-0 ), 5 2.42-2.45 (m, 1H, N-CH-(CH 2 )2 ), 

5 2.73 (s, 3H, N-CH3 ), 6  3,05-3.29 (m, 2H, N-CHg-C), 6  3.37-3.41 (q (d,d), 1H, J=5.45 Hz 

(av.), H3 ), 5 3.73-3.77 (t, 6 H, J=7.88 Hz (av.), O-CH 3 ), 6  3.94-4.14 (m, 2H, O-CH 2-C), 5 

4.66 (s, 0.63H, H4 ), 6  5.27-5.28 (d, 0.37H, J=4.08 Hz, H4 ), 6  5.09-5.12 (m, 1H, H5), 6  6.76- 

6.87 (m, 6 H, Ar-H (3’,5’,3” ,5",3”’,5’” )), 5 7.00-7.07 (m, 2H, Ar-H (2’,6 ')), 6  7.20-7.24 (m, 2H. 

Ar-H (2",6 ”)), 5 7.28-7.36 (m, 1H, Ar-H (2’” )), 5 7.40-7.42 (d, 1H, J=8.2 Hz, Ar-H (6 ”’). ''^0 

NMR (100 MHz, CDCI3): 6  19.22-21.19 (N-C-CH 2-C), 5 28.59-31.38 (CH 2-CH 2 -CH), 5 

44.58 (N-CH 3 ), 5 53.02 (CH-CH 2-CH 2-O), 5 54.79-54.98 (O-CH 3 ), 5 55.39 (CH, C4 ), 5 

55.46 (N-CH 2-CH 2 ), 6  55.76 (CH, C4 ), 6  56.80 (N-CH 2-CH 2), 6  64.04 (C-CH 2-O), 6  65.59 

(CH, C 3 ) ,  6  65.70 (CH, C 3 ) ,  6  66.35 (N-CH), 6  68.95 (N-CH), 6  71.28 (CH, C 5 ) ,  6  71.31 

(CH, Cs), 5 113.78-113.93 (Ar-C-H (3’,5',3”,5”,3”’,5”’)), 6  115.58-118.02 (Ar-C-H (2’,6’)), 6  

126.75 (Ar-C-H (2”,6”,2”’,6”’)), 5 127.83-130.58 (Ar-C-C ( I ’M ’” )), 5 133.54-134.28 (Ar-C-N 

(1’)). 6  155.47-159.11 (Ar-C-0 (4’,4”,4’” )), 6  164.78-164.84 (C=0, C 2 ). EIMS (HR): 

C 3 1 H3 6 N2 O5 , Calculated M" + 1: 517.2702, Observed M" + 1: 517.2709, Error: + 1.3 ppm

7.5.13 3-(Hydroxy-[2-[2-(pyrrolidin-1-yl-ethoxy)-phenyl]-methyl)-1,4-Jb/s-(4-methoxy 

phenyl)-azetidin-2-one (168) was prepared from 3-(hydroxy-(2-hydroxyphenyl)-methyl)- 

1,4-£)/s-(4-methoxyphenyl)-azetidin-2-one (140) (0.247 mmol, 100 mg) and 1-(2- 

chloroethyl)-pyrrolidine.HCI (0.988 mmol, 0.168 g) as described in the general
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preparation. Evaporation of solvent yielded a solid residue which was purified using 

column chromatography. DCM :M eOH (9:1) was the solvent system used and the (3- 

lactam was obtained as a pale orange gel. (yield 16 %, Rf 0.17 (DCM:MeOH)).

IR: NaCI film  v: 1742.3 cm ' (C = 0 ), 3247.9 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 6  

1.76-1.82 (m, 4H, (C-(CH 2 )2 -C), 2.56-2.58 (m, 4H, N -(CH 2 )2 -C), 6  2.82-2.85 (m, 2H, C H 2 - 

N), 5 3.59-3.61 (m, 1H, H 3 ), 5 3.71-3.73 (m, 6 H, O -CH 3 ), 6  4 .12-4.15 (m, 2H, O -C H 2 ), 5 

4.81-4.82 (d, 0.85 H, J=2.0 Hz, H4 ), 6  5 .10-5.13 (q, 0.15 H, J=5.26 Hz (av.), H 5 ), 6  5.34- 

5.35 (d, 0.85 H, J=6.52 Hz, H 5 ), 6  5.48-5.49 (d, 0.15 H, J=4.52 Hz, H4 ), 6  6.75-6.82 (m, 

4H, Ar-H (3”,5”,3”’,5'”), 6  6 .87-7.04 (m, 4H, Ar-H (2’,3’,5’,6')), 6  7 .21-7.28 (m, 4H, Ar-H 

(2 - 6 ” 4 -” 6 '”)), NMR (100 MHz, CDCI3): 5 22.86 (C -(C H 2 )2 -C), 5 53.64 (CH 2 -N -C H 2 ), 5 

54.99 (N-CH 2 -C ), 6  55.18 (CH, C 4 )), 6  57.57 (O -CH 3 ), 6  64.92 (C -CH 2 -O), 6  65.03 (CH, 

C 3 ), 5 67.87 (CH, C 5 ), 6  114.18-114.33 (Ar-C-H (3’,5’,3”,5”,3”’), 6  118.29-118.40 (Ar-C-H 

(2 ’,6’)), 5 121.57 (Ar-C-H (5'”)), 6  126.73 (Ar-C-C (1”’)), 5 127.12-127.47 (Ar-C-H 

(2”,6”,4”’)), 6  128.56 (Ar-C-H (6 ”’), 129.12 (Ar-C-C (1’,1”)), 5 155.48-159.09 (A r-C -0  

(4 ’,4”,2”’)), 5 165.05-165.12 (C 2 , C = 0 ). EIMS (HR): C 3 0 H 3 4 N 2 O 5 , Calculated M" + 1: 

503.2546, Observed + 1: 503.2560, Error: + 2.8 ppm

7.5.14 3-(Hydroxy-[3-[2-(pyrrolidin-1-yl-ethoxy)-phenyl]-m ethyl)-1,4-£>/s-(4-m ethoxy  

phenyl)-azetidin-2-one (169) was prepared from 3-(hydroxy-(3-hydroxyphenyl)-methyl)- 

1 ,4 -/3 /s-(4 -methoxyphenyl)-azetidin-2 -one (141) (0.161 mmol, 65 mg) and 1-(2- 

chloroethyl)-pyrrolidine.HCI (0.988 mmol, 0.168 g) as described in the general 

preparation. Evaporation of solvent yielded a solid residue which was purified using 

column chromatography. DCM:MeOH (9:1) was the solvent system used and the (3- 

lactam was obtained as a pale orange gel. (yield 63 %, Rf 0.18 (DCM:MeOH)).

IR: NaCI film d : 1736.4 cm ' (C =0 ), 3430.0 cm '  (O H ). 'H  NMR (400 MHz, CDCI3): 6  

1.87 (s, 4H, C-CH2-CH2-C), 5 2.78 (s, 4H, C-CH2-N-CH2-C), 6  2 .99-3.02 (m, 2H, N-CH2), 5 

3.39-3.41 (q (d,d), 1H, J=3.17 Hz (av.), H3), 6  3.74 (s, 3H, O-CH3), 5 3.74 (s, 3H, O-CH3), 

6  4 .16-4.17 (d, 2H, J=4.8 Hz, O-CH2), 6  4 .75-4.753 (d, 1H, J=2.04 Hz, H4), 5 5.07-5.09 (d, 

1H, J=7.48 Hz, H5), 6  6 .72-6.68 (m, 5H, A r-H  (3”,5”,2”’,4”’,6”’)), 5 6.98-7.28 (m, 7H, Ar-H  

(2 ’,3’,5’,6’,2”,6”,5”’)), ” C NMR (100 MHz, CDCI3): 6  22.87 (N-C -CH2-CH2-C), 5 50.19 (O- 

CH3), 5 52.99 (N-CH2-CH2-O ), 6  54.15-54.80 (C-CH2-N-CH2-C), 6  56.96 (CH , C4), 6  65.55  

(O -CH2-), 5 65.69 (CH , C3), 6  71.93 (CH , C5), 6  105.73 (A r-C -H  (4”’)), 6  112.20-114.31 

(A r-C -H  (3',5’,3”,5”,2”’)), 6 117.78-118.88 (A r-C -H  (2’,6’,6”’)), 6 126.66 (A r-C -H  (5”’)), 6 

128.55-129.14 (A r-C -C  (1’,1”)), 6  129.22 (A r-C -H  (2”,6”)), 6  142.26 (A r-C -C  (1”’)), 6  155.57
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(Ar-C-0 (4’)), 5 158.23 (Ar-C-0 (4”’)), 6  159.06 (Ar-C-0 (4”)), 5 165.01 (C=0, C 2 ). EIMS 

(HR): C 3 0 H3 4 N2 O 5 , Calculated M "+  1: 503.2546, Observed M "+  1: 503.2542, Error; - 0.7 

ppm

7.5.15 3-(1-Hydroxy-[3-[2-(pyrrolidin-1-yl-ethoxy)-phenyl]-ethyl)-1,4-fc/s-(4-methoxy 

phenyl)-azetidin-2-one (170) was prepared from 3-[1-hydroxy-(3-hydroxyphenyl)-ethyl]-

1.4-b;s-(4-methoxyphenyl)-azetidin-2-one (143) (0.179 mmol, 75 mg) and 1-(2- 

chloroethyl)-pyrrolidine.HCI (0.716 mmol, 0.122 g) as described in the general 

preparation. Evaporation of the solvent yielded a solid residue which was purified using 

column chromatography. DCM:MeOH (9:1) was the solvent system used and the P- 

lactam was obtained as an orange gel. Isomers were obtained in the ratio of 4;1. (yield 

22% , R ,0.17(DCM :M eOH )).

IR: NaCI film  v: 1736.4 cm '(C = 0 ) , 3356.0 cm'^ (OH). NMR (400 MHz, CDCI3): 6  

1.73 (s, 3H, C-CH3), 6  1.94 (s, 4H, C-CH 2-CH 2 -C), 5 2.96 (s, 4H, C-CH 2 -N-CH 2 -C), 6  3.13- 

3.17 (m, 2H, N-CH2 ), 5 3.40-3.41 (d, 0.2H, J=2.72 Hz, H3), 5 3.49-3.50 (d, 0.8H, J=2.72 

Hz, H3), 5 3.71 (s, 3H, O-CH 3 ), 5 3.79 (s, 3H, O-CH 3 ), 6  4.25-4.29 (m, 2H, O-CH 2 ). 6  

4.745-4.752 (d, 0.2H, J=2.72 Hz, H4), 6 4.917-4.924 (d, 0.8H, J=2.72 Hz, H4), 5 6.69-6.89 

(m, 6 H, Ar-H (3’,5’,3”,5”,2”’,4”’)), 5 7.09-7.11 (d, 1H, J=8.16 Hz, Ar-H (6 ”’), 6  7.15-7.30 (m, 

5H, Ar-H (2’,6’,3”,6 ”,5”’)). NMR (100 MHz, CDCI3): 6  22.77 (C-CH 2 -CH 2 -C), 6  28.25 

(C-CH 3 ), 6  53.19 (N-CH 2 -CH 2 -O). 5 54.82 (-C-CH 2 -N-CH 2 -C), 6  55.36 (CH, C4), 6  57.22 

(O-CH 3 ), 5 64.69 (C-CH 2 -O), 5 70.32 (CH, C3), 6  71.55 (CH 3 -C-OH), 6  111.79 (Ar-C-H 

(4”’)), 6  113.60-114.42 (Ar-C-H (3’,5’,3”,5”,2”’)), 6  118.10-118.45 (Ar-C-H (2’,6’,6”’)), 5 

127.38 (Ar-C-H (5”’)), 6  128.91-129.10 (Ar-C-C (1’,1”)), 6  129.42 (Ar-C-H (2”,6 ”)), 6  140.70 

(Ar-C-C (1”’)), 5 158.91 (Ar-C-0 (4’,4” ,4”’)), 6  165.15 (C=0, C 2 ). EIMS (HR): C 3 1 H3 6 N2 O5 , 

Calculated M'" + 1: 517.2702, Observed M ''+  1: 517.2723, Error: +4 .0  ppm

7.5.16 3-(1-Hydroxy-[4-[2-(pyrrolidin-1-yl-ethoxy)-phenyl]-ethyl)-1,4-5/s-(4-methoxy 

phenyl)-azetidin-2-one (171) was prepared from 3-[1-hydroxy-(4-hydroxyphenyl)-ethyl]-

1.4-b/s-(4-methoxyphenyl)-azetidin-2-one (144) (0.18 mmol, 75 mg) and 1-(2-chloroethyl)- 

pyrrolidine.HCI (0.716 mmol, 0.122 g) as described in the general preparation. 

Evaporation of the solvent yielded a solid residue which was purified using column 

chromatography. DCM:MeOH (9:1) was the solvent system used and the [3-lactam was 

obtained as an orange gel. (yield 21 %, Rf 0.2 (DCM:MeOH)).
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IR: NaCI film v: 1734.6 cm ' (C = 0 ) , 3420.5 cm ' (OH). ’’H NMR (400 MHz, CDCIj): 6  

1.71 (s, 2.4H, C-CHs), 6  1.79 (s, 0.60H, C-CH3), 5 1.90 (s. 4H, C-CH,-CH,-C). 6  2.73 (s, 

4H, C-CH,-N-CH,-C). 5 2.92-2.96 (m, 2H, N-CH 2 )), 6  3.39-3.40 (d, 0.2H, J=2.52 Hz, H3), 6  

3.54-3.55 (d, 0.8H, J=2.48 Hz, H3 ), 6  3.74 (s ,3H, O-CH 3 ), 6  3.80 (s, 3H, O-CH3 ), 5 4.76- 

4.77 (d, 0.2H, J=2.52 Hz, H4), 5 4.90-4.91 (d, 0.8H, J=2.48 Hz, H4), 5 6.74-6.79, (m, 4H, 

Ar-H (3”,5”,3”’,5”’) ), 6  6.83-6.85 (d, 2H, J= 8  Hz, Ar-H (3’,5’)), 5 7.13-7.20 (m, 4H, Ar-H 

(2’,6’,2”,6")), 5 7.31-7.34 (d, 2H, J=8 . 8 8  Hz, Ar-H (2”’,6”’)). NMR (100 MHz, CDCI3): 6  

23.12 (-C-CH 2 -CH 2 -C), 5 27.25 (C-CH3), 6  54.55 (N-CH 2 -CH 2 -O), 5 55.12 (-C-CH 2 -N-CH 2 - 

C), 6  54.86 (O-CH3), 6  56.36 (-CH, C4), 6  57.22 (O-CH3-), 6  65.56 (C-CH 2 -O), 6  69.32 

(CH, C3), 5 72.16 (CH3-C-OH), 5 113.80-114.07 (Ar-C-H (3’,5’,3”,5”)), 5 115.56-115.86 

(Ar-C-H (3”’,5”’)), 5 118.12-118.24 (Ar-C-H (2’,6’)), 6  125.73-126.12 (Ar-C-H (2”,6”)), 6  

126.56-126.93 (Ar-C-H (2”’,6”’)), 5 128.96 (Ar-C-C (1”’)), 5 130.20 (Ar-C-C (1’’)), 5 136.70 

(Ar-C-N (1’)), 6  154.94 (Ar-C-0 (4”’)), 6  155.65 (Ar-C-0 (4’)), 6  160.13 (Ar-C-0 (4”)), 5 

164.78 (C=0, C 2 ). EIMS (HR): C 3 1 H3 6 N2 O 5 , Calculated M"+ 1: 517.2702, Observed M" + 

1: 517.2719, Error: + 3.2 ppm

7.5.17 3-(Hydroxyphenyl-[3-(2-(pyrrolidin-1-yl-ethoxy)-phenyl]-methyl)-1,4-b/s-(4- 

methoxyphenyl)-azetidin-2-one (172) was prepared from 3-[1-hydroxy-(3- 

hydroxyphenyl)-phenylmethyl]-1,4-b/s-(4-methoxyphenyl)-azetidin-2-one (145) (0.135

mmol, 65 mg) and 1-(2-chloroethyl)-pyrrolidine.HCI (0.54 mmol, 0.09 g) as described in 

the general preparation. Evaporation of solvent yielded a solid residue which was purified 

using column chromatography. DCM:MeOH (9:1) was the solvent system used and the p- 

lactam was obtained as an orange gel. Isomers were obtained in the ratio of 4:1. (yield 

49 %, R, 0.17 (DCM:MeOH)).

IR: NaCI film v: 1738.3 cm '(C = 0 ), 3421.6 cm '(O H ). 'H NMR (400 MHz, CDCI3): 6  

1.86 (s, 4H, C-CH2 -CH 2 -C), 6  2.72-2.76 (m, 4H, C-CH,-N-CH.-C). 6  2.94-2.99 (m, 2H, N- 

CH 2 ), 6  3.74 (s, 3H, O-CH3), 5 3.76 (s, 3H, O-CH3), 5 4.07-4.08 (d, 1H, J=2.08 Hz, H3), 5 

4.10-4.15 (m, 2H, O-CH 2 ), 6  4.83-4.84 (d, 1H, J=2.04 Hz, H4), 6  6.62-6.85 (m, 7H, Ar-H 

(3’,5’,3”,5”,2”’,4”’,6’”)), 5 7.17-7.22 (m, 4H, Ar-H (2’,6’,2”,6”)), 6  7.28-7.36 (m, 6 H, Ar-H (5”’, 

2 ”" 3 ”” 4 ”” 5 ”” 6 ””)) i 3 q  nmR (100 MHz, CDCI3): 6  22.86-22.94 (N-C-CH 2-CH 2 -C), 6  54.06 

(C-CH 2 -N-CH 2 -C), 6  54.17 (N-CH 2 -CH 2 -O), 6  54.27 (HO-C-Ar), 6  54.71-54.96 (O-CH3 ), 5 

56.31 (CH, C4), 6 65.05 (O-CH 2 ), 6 68.67 (CH, C3), 5 113.46-113.73 (Ar-C-H 

(3’,5’,3”,5”,2”’,4”')), 5 118.05-119.63 (Ar-C-H (2’,6’,6”’)), 6  125.55 (Ar-C-H (4””), 5 126.58- 

128.90 (Ar-C-H (2”,6”,5”’,2””,3””,5””,6'”’)), 6  128.58 (Ar-C-C (1’,1”)), 5 144.27 (Ar-C-C
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(1”M ””)), 5 155.44 (Ar-C-0 (4’)), 6  157.74-158.76 (Ar-C-0 (4” ,4”’)), 5 163.89 (C=0, C 2 ). 

EIMS (HR): C 3 6 H3 8 N2 O 5 , Calculated l\/l^+ 1: 579.2859, Observed M "+  1: 579.2845, Error: 

- 2.4 ppm

7.5.18 3-(Hydroxyphenyl-[4-(2-(pyrrolidin-1-yl-ethoxy)-phenyl]-methyl)-1,4-b/s-{4- 

methoxyphenyl)-azetidin-2-one (173) was prepared from 3-(hydroxyphenyl-[4- 

hydroxyphenyl)-methyl]-1,4-t)/s-(4-methoxyphenyl)-azetidin-2-one (146) (0.105 mmol, 51 

mg) and 1-(2-chloroethyl)-pyrrolidine.HCI (0.42 mmol, 0.071 g) as described in the general 

preparation. Evaporation of solvent yielded a solid residue which was purified using 

column chromatography. DCM:EtOAc (1:1) was the solvent system used and the 13- 

lactam was obtained as a pale orange gel. (yield 30 %, Rf baseline (DCM:EtOAc)).

IR: NaCI film d ; 1738.0 cm  ̂ (C=0), 3437.7 cm^ (OH). ^H NMR (400 MHz, CDCI3): 5 

1.81 (s, 4H, C-CH 2 -CH 2 -C), 5 2.66 (s, 4H, C-CH 2 -N-CH 2 -C), 5 2.92 (m, 2H, N-CH2 ), 5 3.74 

(s ,6 H, O-CH 3 ), 5 4.21 (m, 2H, O-CH 2 ), 6  4.22 (q, 1H, J= 6  Hz, H3 ), 5 4.83 (d, 1H, J=2.4 

Hz, H4), 6 6.56-6,58 (d, 2H, J=8.4 Hz, Ar-H (3”’,5”')), 6 6.65-6.67 (d, 2H, J= 8 . 8  Hz, Ar-H 

(3”,5”)), 6  6.74-6.76 (d, 2H, J=8 . 8  Hz, Ar-H (3’,5’)), 5 6.82-6.85 (d, 2H, J= 8 . 8  Hz, Ar-H 

(2’,6’)), 6  7.19-7.21 (d, 2H, J=8 . 8  Hz, Ar-H (2” ,6 ”)), 6  7,26-7.35 (m, 4H, Ar-H 

(2”’,6”’,2’'” ,6””)), 6  7.47-7.49 (d, 2H, J= 8 . 8  Hz, Ar-H (3”” ,5””)), 6  7.74-7.82 (q, 1H, J=10.9

Hz (av ), Ar-H (4 )). NMR (100 MHz, CDCI3): 5 22.92 (N-C-CH 2 -CH 2 -C), 5 54,23 (N-

CH2-CH2-O), 5 54.42 (C-CH2-N-CH2-C), 5 54.72 (O-CH3). 5 54.97 (O-CH3), 6  56.28 (CH, 

C4), 6  66.10 (O-CH2), 5 68.89 (CH, C3), 6  113.52 (Ar-C-H (3’,5’)), 5 113.65 (Ar-C-H 

(3”,5”)), 6  113.75 (Ar-C-H (3”’,5”’)), 5 118.04 (Ar-C-H (2’,6’)), 6  125.59 (Ar-C-H (2”” ,6”")), 6  

126.51 (Ar-C-H (3”” ,5””)), 6  126.59 (Ar-C-H (4””)), 6  127.72 (Ar-C-H (2”’,6'” )), 5 128.32 (Ar- 

C-H (2” ,6”)), 6  129.30 (Ar-C-C (1”,1’”)), 6  129.70 (Ar-C-N (1’)), 5 136.86 (Ar-C-C (1””)), 5 

155.44 (Ar-C-0 (4’,4”’)), 6  157.75 (Ar-C-0 (4”)), 6  163.99 (C=0 ,C2 ). EIMS (HR): 

C 3 6 H3 8 N2 O 5 , Calculated M" + 1: 579.2859, Observed M" + 1: 579.2872, Error: + 2.2 ppm

7.5.19 3-(1-Hydroxy-1-methyl-3-[4-(2-(pyrrolidin-1-yl-ethoxy)-phenyl]-allyl)-1,4-f)/s-(4- 

methoxyphenyl)-azetidin-2-one (174) was prepared from 3-[1-hydroxy-3-(4- 

hydroxyphenyl)-1-methylallyl]-1,4-b/s-(4-methoxyphenyl)-azetidin-2-one (147) (0.225 

mmol, 100 mg) and 1-(2-chloroethyl)-pyrrolidine.HCI (0,90 mmol, 0,153 g) as described in 

the general preparation. Evaporation of the solvent yielded a solid residue which was 

purified using column chromatography. DCM:EtOAc (4:1) was the solvent system used
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and the P-lactam was obtained as a dark orange gel. Isomers were obtained in the ratio 

of 1:1. (yield 41 %, R, baseline (DCM:EtOAc)).

IR: NaCI film  v: 1738.1 cm ' ( C = 0 ) , 3428.4 cm ' (OH). NMR (400 MHz, CDCIj): 6  

1.56 (s, 1.5H, C-CH3), 6  1.64 (s, 1.5H, C-CH3), 5 1.85 (s, 4H, C -CH 2 -CH 2 -C), 5 2.18 (bs, 

0.5H, OH), 5 2.21 (bs, 0.5H, OH), 6  2.73 (s, 4H, C -CH 2 -N -C H 2 -C), 6  2 .98-3.02 (m, 2H, N- 

CH 2 ), 6  3.21 (s, 0.5H, H3), 6  3.29 (s, 0.5H, H3), 5 3.73-3.80 (m, 6 H, O-CH3), 5 4.14-4.19  

(m, 2H, O -CH 2 ), 6  4.92 (s, 0.5H, H4), 6  4.94 (s, 0.5H, H4), 5 6.04-6.08 (d, 0.5H, J=15.72 

Hz, =CH-C), 6  6 .32-6.36 (d, 0.5H, J=15.68 Hz, =CH-C), 5 6 .59-6.63 (m, 1H, Ar-CH=), 6  

6.75-6.95 (m, 6 H, Ar-H (3’,5’,3”,5”,3”’,5”’)), 5 7.16-7.50 (m, 6 H, Ar-H (2’,6’,2”,6”,2”’,6”’).

NMR (100 MHz, C D C I3 ): 6  22.91 (N -C-CH 2 -CH 2 -C), 6  26.96 (HO-C-CH3), 6  54.08 (N- 

C H 2 -C H 2 -O), 6  54.85 (N -CH 2 -C H 2 -O), 6  54.96 (CH, C4), 6  56.22-56.47 (O -CH 3 ), 6  65.82 

(O -CH 2 ), 6  69.21 (CH, C3), 6  71.68 (HO -C-CH 3 , C5). 6  113.75-114.56 (Ar-C-H 

(3’,5’,3”,5”,3’”,5’”)), 6  117.99 (Ar-C-H (2’,6’)), 6  124.67 (CH, Ar-CH=CH), 6  126.83-127.01 

(Ar-C-H (2”’,6”’)), 6  127.33-127.46 (Ar-C-C/N (1 M ”,1”’)), 5 128.18-129.55 (Ar-C-H (2”,6”)), 

6  142.81 (CH=CH-C)), 5 155.40 (A r-C -0 (4’,4”,4’”)), 5 160.04 (C = 0 , C 2 ). EIMS (HR): 

C 3 3 H 3 8 N2 O 5 , Calculated M" + 1: 543.2859, Observed M" + 1: 543.2845, Error: - 2.5 ppm

7.5.20 3-(Hydroxy-[2-(2-pyrrolidin-1 -yl-ethoxy)-naphthalen-1 -yl]-m ethyl)-1,4-b/s-(4- 

m ethoxyphenyl)-azetid in-2-one (175) prepared from 3-[hydroxy-(2-hydroxynaphthalen- 

1-yl)-methyl]-1,4-t)/s-(4-methoxyphenyl-azetidin-2-one (154) (0.178 mmol, 83 mg) and 1- 

(2-chloroethyl)-pyrrolidine (0.711 mmol, 0.121 g) as described in the general preparation. 

Evaporation of the solvent yielded a brown solid residue which was purified using column 

chromatography. DCM:MeOH 3:1 was the solvent system used and the P-lactam was 

obtained as yellow crystals, (yield 40.82 %, Rf 0.73 (CH 2 Cl2  :MeOH) m.p. 208-212°C).

IR: KBr d: 1739.1 cm ' (C =0), 3437.7 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 5 1.73 (s, 

4H, C -CH 2-C H 2 -C), 6  2.45 (s, 4H, CH 2 -N -C H 2 ), 6  2.75 (s, 2H, N -CH 2 -C), 6  3.64-3.65 (d, 

1H, J=2.04 Hz, H3), 6 3.87-3.89 (m, 6 H, O -C H 3 ), 6 3.90-4.01 (m, 2H, C -CH 2 -O), 5 4.03- 

4.04 (d, 1H, J=3.4 Hz, H 4 ), 6  4.10-4.11 (d, 1H, J=2.08 Hz, H 5 ), 6  4.11 (s, 2H, O -C H 2 -C), 5 

6.64-6.92 (m, 6 H, Ar-H (2’,3’,5’,6’,3”,5”)), 5 7.08-7.12 (m, 3H, Ar-H (2",6”,3”’)), 5 7.16-7.20  

(m, 1H, Ar-H (7”')), 5 7.42-7.47 (m, 1H, Ar-H (8 ”’)), 6  7.56-7.79 (m, 3H, Ar-H (4”’,6’”,9”’)).

NMR (100 MHz, C D C I3 ): 6  22.73 (C-(CH 2 )2 -C), 5 53.73 (Ar-C-H (N -CH 2 ), 5 53.99 (Ar- 

C-H (CH 2 -N -CH 2 ), 6  54.71 (O-CH3), 6  54.91 (O-CH3), 5 56.23 (CH, C4), 6  65.55 (Ar-C-H 

(O -CH 2 ), 5 66.43 (CH, C3), 5 79.88 (CH, C5), 6  113.61 (Ar-C-H (3’,5’,3”,5”)), 6  113.65 (Ar- 

C-C (1”’)), 6  117.98 (Ar-C-H (3”’)), 5 120.47 (Ar-C-H (2 ’,6 ’)), 5 124.40 (Ar-C-H (7”’,9”’)), 6
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126.49 (Ar-C-H (6 ”’,8 ’” )), 6  128.54 (Ar-C-C (1”, 5”’)), 5 130.41 (Ar-C-H (2” ,6 ”)), 6  131.38 

(Ar-C-H (4”’)), 5 139.62 (Ar-C-N/C (1’,10”’)), 6  155.44 (A r-C -0 (2”’)), 5 158.58 (Ar-C-0 

(4’)), 5 159.84 (Ar-C-0 (4”)), 5 164.28 (C=0, C 2 ). EIMS (HR): C 3 4 H3 6 N2 O 5 , Calculated M" 

+ 1: 553.2702, Observed M'  ̂+ 1; 553.2699, Error: -1 .8  ppm

7.5.21 3-(Hydroxy-[4-(2-pyrrolidin-1-yl-ethoxy)-napthalen-1-yl]-methyl)-1,4-b/s-(4- 

methoxyphenyl-azetidin-2-one (176) was prepared from 3-hydroxy-(4- 

hydroxynaphthalen-1-yl)-methyl]-1,4-t)/s-(4-methoxyphenyl)-azetidin-2-one (155) (0.25 

mmol, 114 mg) and 1-(2-chloroethyl)-pyrrolidine (1 mmol, 0.171 g) as described in the 

general preparation. Evaporation of the solvent yielded a brown solid residue which was 

purified using column chromatography. DCM:MeOH 3:1 was the solvent system used and 

the p-lactam was obtained as a yellow gel. (yield 35 %, Rf 0.15 (CH2 Cl2 ;MeOH)).

IR: NaCI film  v: 1740.3 cm ' (C=0), 3306.7 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 6

1.81 (s, 4H, C-CH 2-CH 2 -C), 6  2.74 (s, 4H, CH 2-N-CH 2 ), 5 3.04 (s, 2H, N-CH 2-C), 6  3.52- 

3.57 (m (d,q) 1H, J=4.11 Hz (av.), H3 ), 6  3.74-3.80 (m, 6 H, O-CH 3 ), 6  4.22 (s, 2H, O-CH 2- 

C), 6  4.729-4.734 (d, 0.5H, J=2.04 Hz, H4 ), 5 4.80-4.81 (d, 0.5H, J=6 . 8  Hz, H5), 5 4.92- 

4.94 (q, 0.5H, J=2.74 Hz (av.), H5 ), 5 5.04-5.05 (d, 0.5H, J=6.16 Hz, H4 ), 5 6.35-6.37 (d, 

1H, J=8.84 Hz, Ar-H (3”’)), 6  6.56-6.58 (d, 1H, J=9.56 Hz, Ar-H (2”’)), 5 6.69-6.92 (m, 6 H, 

Ar-H (2’,3’,5’,6’,2”,6”)), 5 7.15-7.24 (m, 6 H, Ar-H (2”,6”,6”’,7”’,8”’,9”’)). ''^C NMR (100 MHz, 

CDCI3): 5 22.99 (Ar-C-H (C-(CH 2 )2 -C), 6  54.29 (Ar-C-H (N-CH 2 ), 6  54.44 (Ar-C-H (CH2 -N- 

CH 2 ), 6  54.69 (O-CH 3). 5 54.97 (O-CH3), 5 57.52 (CH, C4 ), 5 64.60 (CH, C 3 ), 5 66.60 (Ar- 

C-H (O-CH2 ), 6  68.20 (CH, C 5 ), 5 103.40 (Ar-C-H (3”’)), 6  113.74 (Ar-C-H (3”,5”)), 5 

113.97 (Ar-C-H (3’,5’)), 5 118.01 (Ar-C-H (2’,6 ’), 5 121.84 (6 ”’)), 5 122.25 (Ar-C-H (9”’), 6  

122.34 (Ar-C-H (2’,6 ’)), 5 124.54 (Ar-C-C (5”’)), 5 124.89 (Ar-C-H (7”’)), 5 125.15 (Ar-C-H 

(2”’)), 6  125.36 (Ar-C-H (8 ”’)), 6  128.78 (Ar-C-C (1”’)), 5 129.20 (Ar-C-C (1”,10”’)), 6

132.81 (Ar-C-H (2”,6”)), 5 141.17 (Ar-C-N (1’)), 5 155.89 (Ar-C-0 (4”’)), 6  158.56-159.24 

(Ar-C-O (4’,4”)), 6  163.84-164.38 (C=0, C 2 ). EIMS (HR): C3 4 H3 6 N2 O 5 , Calculated M" + 1: 

553.2702, Observed M" + 1: 553.2714, Error: + 2.1 ppm

7.5.22 4-(4-Benzyloxyphenyl)-1-[4-fert-butyldimethylsilanyloxy)-phenyl]-3-(hydroxy- 

phenyl-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-methyl)-azetidin-2-one (177) was

attempted from 4-(4-benzyloxy-phenyl)-1 -[4-(^e/t-butyldimethylsilanyloxy)-phenyl]-3- 

[hydroxy-(4-hydroxy-phenyl)-phenyl-methyl]-azetidin-2-one (149) using the general 

procedure above however 177 was not obtained. The resultant product synthesised in a
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16 % yield as a yellow gel showed the following experimental data and was identified as 

4-(4-benzyloxyphenyl)-3-{hydroxyphenyl-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]- 

methyl}-1-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2-one (178).

IR: NaCI film v: 1737.9 cm ' (C=0, P-lactam). 'H NMR (400 MHz, CDCI3): 6  1.76 (bs, 

8 H, 2 X {C-CH2 -CH2 -C}, 6  2.5 (bs, 8 H, 2 x {CH2 -N-CH2 }), 6  2.78-2.84 (m, 4H, 2 x {N-CH2 - 

C}), 5 3.96-4.04 (m, 4H, 2 x {O-CH2 -C}), 6  3.88-3.92 (m, 1H, H3), 5 4.806-4.811 (d, 1H, 

J=2 Hz, H4), 6  4.96 (s, 2H, 0 -CH2 -Ph). EIMS (HR):C47H5i N305: Calculated + 1 :

738.3829, Observed: + 1: 738.3030, Error; + 0.2 ppm

7.5.23 1 -(4-Methoxyphenyl)-3-phenyl-4-[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-azetidin- 

2-one (190) was prepared from 4-(4-hydroxyphenyl)-1-(4-methoxyphenyl)-3- 

phenylazetidin-2-one (187) (0.4 mmol, 0.138 g) as described in the general preparation. 

Evaporation of the solvent yielded a brown solid residue which was purified using column 

chromatography. DCM:MeOH (19:1) was the solvent system used and the 3-lactam was 

obtained as a yellow gel. (yield 30 %, Rf baseline (DCM:MeOH)).

IR: KBr d: 1747.4 cm '(C = 0 , (3-lactam). 'H NMR (400 MHz, CDCI3 ): 5 1.82-1.84 (m, 

4H, C-CH2 -CH2 -C), 6  2.67 (s, 4H, CH2 -N-CH2 ), 6  2.91 (t, 2H, J= 6  Hz, N-CH2 -C), 5 3,76 (s, 

3H, O-CH3 ), 6  4.12-4.15 (t, 2H, J=5.78 Hz (av.), O-CH2 ), 5 4.249-4.254 (d, 1H, J=2 Hz, 

Ha), 5 4.868-4.873 (d, 1H, J=2 Hz, H4), 6  6.81-6.83 (d, 2H, J=9 Hz, Ar-H (3”,5’')), 6  6.94- 

6.98 (d, 2H, J=8.52 Hz, Ar-H (3’,5’)), 6  7.28-7.4 (m, 9H, Ar-H (2’,6’,2”,6”,2”’,3'” ,4”’,5”’,6”’)). 

” C NMR (100 MHz, CDCI3 ): 6  23.01 (C-CH2 -CH2 -C), 6  53.75 (-CH2 -N-CH2 ), 6  54.26 (N- 

CH2 -C), 5 54.99 (O-CH3 ), 6  63.10 (CH, C3 ), 6  64.74 (CH, C4), 6  66.57 (O-CH2-C), 6  

113.85-114.79 (Ar-C-H (3’,5’,3”,5”)), 5 118.09 (Ar-C-H (2’,6’)) 6  126.81 (Ar-C-H (4”’)), 5 

127.02 (Ar-C-H (2”,6”)), 6  127.35 (Ar-C-H (3”’,5”')), 5 128.54 (Ar-C-H (2”’,6”’)), 5 129.02 

(Ar-C-C (1”)), 6  130.61 (Ar-C-N (1’)), 5 134.50 (Ar-C-C (1”’)), 6  155.61 (Ar-C-OH (4’,4”)), 5 

164.75 (C2 , C=0). EIMS (HR): C2 8 H3 0 N2 O3 ; Calculated M^+ 1: 443.2335, Observed M^ + 

1: 443.2333, Error: - 0.4 ppm

7.5.24 Synthesis of 1-(4-methcxyphenyl)-4-[4-(2-pyrrolid!n-1-yl-ethoxy)-phenyl]- 

azetidin-2-one (193) was attempted by the addition of the pyrrolidine side chain to the 

phenolic group of 4-(4-hydroxyphenyl)-1-(4-methoxyphenyl)-azetidin-2-one (192) using 

the general procedure. No product was obtained, starting material was recovered.
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7.5.25 Synthesis of 3-[hydroxy-(4-methoxyphenyl)-methyl]-4-(4-(2-pyrrolidin-1-yl- 

ethoxy)-phenyl)-1-(4-methoxyphenyl)-azetidin-2-one (196) was unsuccessfully 

attempted using 3-[hydroxy-(4-methoxyphenyl)-methyl]-4-(4-hydroxyphenyl)-1 -(4- 

methoxyphenyl)-azetidin-2-one (195) using the general method, starting material was 

recovered.

7.5.26 Synthesis of 4-(4-(2-pyrrolidin-1-yl-ethoxy)-phenyl)-3-(4-methoxybenzoyl)-1-(4- 

methoxyphenyl)-azetidin-2-one (199) was unsuccessfully attempted using 4-(4- 

hydroxyphenyl)-3-(4-methoxybenzoyl)-1-(4-methoxyphenyl)-azetidin-2-one (198) using 

general method, starting material was recovered.

7.5.27 (4-Fluorophenyl)-[4-(2-pyrrolidin-1-yl-ethoxy)-benzylidene]-amine (206) was

prepared from 4-[(4-fluorophenylimino)-methyl]-phenol (200) [5 mmol, 1.076 g] as 

described in the general preparation. Evaporation of the solvent yielded a brown gel and 

further purification was not required, (yield 37 %, Rf 0.15 (DCM:MeOH (9:1)).

IR: KBr u: 1624.5 cm ' (CH=N). NMR (400 MHz, CDCI3): 6  1.80-1.84 (m, 2H, C- 

(CH2 )2 -C), 5 2.63-2.66 (m, 4H, CH2 -N-CH2 ), 6  2.92-2,95 (t, 2H, J=5.78 Hz (av.), N-CH2 ), 6  

4.16-4.19 (t, 2H, J=6.02 Hz (av.), O-CH2 ), 5 6.99-7.01 (d, 2H, J=9.04 Hz, Ar-H (3’,5’)), 6  

7.04-7.08 (t, 2H, J=8.54 Hz (av.), Ar-H (3”,5”)), 5 7.15-7.19 (q, 2H, J=4.52 Hz (av.), Ar-H 

(2”,6 ”)), 5 7.81-7.83 (d, 2H, Ar-H (2’,6 ’)), 5 8.36 (s, 1H, -CH=N). NMR (100 MHz, 

CDCI3): 5 23.08 (C-CH2-CH2 -C), 5 54.32 (CH2 -N-CH2 ), 6  54.49 (N-CH2 ), 6  66.82 (O-CH2 ), 

6  114.34 (Ar-C-H (3’,5’)), 6  115.21-115.44 (Ar-C-H (3”,5”)), 6  121.71 (Ar-C-H (2”,6")), 5 

128.59 (Ar-C-C (1’)), 6  129.99 (Ar-C-H (2’,6 ’)), 6  147.89 (Ar-C-N (1”)), 159.11 (CH=N), 5 

161.14 (Ar-C-F (4”)), 5 161.73 (Ar-C-0 (4’)). EIMS (HR): C 1 9 H2 2 N2 O2 F, Calculated M" + 1: 

313.1716, Observed M" + 1: 313.1709, Error: - 2.3 ppm

7.5.28 (4-Benzyloxyphenyl)-[4-(2-pyrrolidin-1-yl-ethoxy)-benzylidene]-amine (211)

was prepared from 4-[(4-benzyloxybenzylidene)-amino]-phenol (210) [0.02 mol, 6.067 g] 

using the general procedure above and was obtained without further purification as an 

orange gel. (yield 60 %, Rf: baseline (DCM)).

IR: KBr u: 1622.3 cm '(CH=N). ’'H NMR (400 MHz, CDCI3); 6  1.75 (s, 4H, C-(CH2 )2 -C), 

6  2.59 (s, 4H, CH2 -N-CH2 -), 6  2.86-2.89 (t, 2H, J=5.76 Hz (av.), CH2 -N), 6  4.09-4.12 (t, 

2H, J=5.78 Hz (av.), CH2 -N), 6  5.01 (s, 2H, O-CH2 ), 5 6.94-6.96 (d, 4H, J=9.12 Hz, Ar-H 

(3’,5’,3”,5”)), 5 7.15-7.18 (d, 2H, J=9.4 Hz, Ar-H (2”’,6”’)), 5 7.32-7.36 (t, 3H, J=7.28 Hz,
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Ar-H (3”’,4”’,5”’)), 6  7.39-7.41 (d, 2H, Ar-H (2”,6 ”’)), 6  7.78-7.80 (d, 2H, J=8.52 Hz, Ar-H 

(2’,6 ’)), 6  8.35 (s, 1H, -CH=N). NMR (100 MHz, CDCI3 ): 6  23.03 (-(CH2 )2-), 6  54.28 

(CH2-N-CH2 ), 5 54.66 (N-CH2 ), 5 66.79 (C-CH2-O), 6  69.63 (O-CH2 ), 6  114.59 (Ar-C-H 

(3’,5’)), 6  114.61 (Ar-C-H (3”,5”), 5 121.60 (Ar-C-H (2”,6 ”)), 5 127.06-128.21 (Ar-C-H 

(2 ”. 3 ”. 4 ”. 5 ”. 6 '” )) 5  -129.24 (Ar-C-C (1’)), 5 129.80 (Ar-C-H (2’,6 ’)), 6  136.03 (Ar-C-C 

(1'” )), 6  144.82 (Ar-C-N (1”)), 6  156.78 (CH=N), 6  157.40 (Ar-C-0 (4’,4”)). EIMS (HR): 

C2 6 H2 8 N2 O2 , Calculated M^+ 1: 401.2229, Observed M"+ 1: 401.2216, Error: - 3.2 ppm

7.5.29 (4-Benzyloxybenzylidene)-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-amine (216)

was prepared from 4-[(4-benzyloxybenzylidene)-amino]-phenol (215) [5 mmol, 1.517 g] 

using the general procedure above and was obtained without further purification as an 

orange solid, (yield 60.01 %, Rf: baseline (DCM), m.p. 118°C).

IR: KBr v: 1621.6 cm ' (CH=N). NMR (400 MHz, CDCI3 ): 6  1.81-1.84 (m, 4H, C- 

(CH2 )2-C), 5 2.64-2.67 (m, 4H, CH2 -N-CH2 ), 5 2.93-2.94 (t, 2H, J=5.78 Hz (av ), CH2-N), 6  

4.12-4.15 (t, 2H, J=5.76 Hz (av.), CH2-N), 6  5.13 (s, 2H, O-CH2 ), 6  6.93-6.95 (d, 2H, 

J=9.04 Hz, Ar-H (3”,5”)), 6  7.04-7.06 (d, 2H, J=9.04 Hz, Ar-H (2”’,6”’)), 6  7.18-7.20 (d, 2H, 

J=9.04 Hz, Ar-H (3’,5’)), 6  7.34-7.46 (m, 5H, Ar-H (2”,6”,3”’,4”’,5”’)), 6  7.81-7.83 (d, 2H, 

J=6.52 Hz, Ar-H (2’,6 ’)), 6  8.40 (s, 1H, CH=N). ’'^0 NMR (100 MHz, CDCI3 ): 5 23.03 

((CH2 )2-), 5 54.28 (CH2-N-CH2 ), 6  54.66 (N-CH2 ), 5 66.79 (C-CH2-O), 5 69.63 (O-CH2 ), 6  

114.59 (Ar-C-H (3’,5’)), 6  114.61 (Ar-C-H (3”,5”), 6  121.60 (Ar-C-H (2”,6”)), 6  127.06- 

128.21 (Ar-C-H (2’” ,3”’,4”’,5”’,6”’)), 6  129.24 (Ar-C-C (1’)), 5 129.80 (Ar-C-H (2’,6’)), 5 

136.03 (Ar-C-C (1”’)), 6  144.82 (Ar-C-N (1”)), 6  156.78 (CH=N), 6  157.40 (Ar-C-0 (4’,4’’)). 

EIMS (HR): C2 6 H2 8 N2O2 , Calculated M" + 1: 401.2229, Observed M" + 1: 401.2216,

Error: - 3.2 ppm

7.5.30 3-(Hydroxy-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-methyl-4-(4-methoxyphenyl)- 

1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (284) was prepared from 3-[hydroxy-(4- 

hydroxyphenyl)-methyl]-4-(4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one 

(283) [0.345 mmol, 0.1607 g] using the general procedure above. Evaporation of the 

solvent yielded an orange residue which was purified using column chromatography. 

DCM was the solvent system used and the (3-lactam was obtained as a yellow gel. (yield 

30 %, R,: baseline (DCM)).

'H NMR (400 MHz, CDCI3 ): 6  1.89 (s, 4H, C-(CH2 )2-C), 6  2.81 (s, 4H, CH2 -N-CH2-), 6  

3.04 (s, 2H, CH2 -N), 6  3.41-3.48 (q (d,d), 1H, J= 11.48 Hz (av.), 6.52Hz, H3 ), 6  3.71 (s.
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6 H, O-CHa), 5 3.78 (s, 6 H, O-CH 3 ), 5 4.21 (s, 2H, CH 2 -O), 6 4.83-4.84 (d, 0.5H, J=2 Hz, 

H4), 5 5.08-5.09, (d, 0.5H, J=5.52 Hz, H5), 5 5.16-5.17 (d, 0.5H, J=2.52 Hz, H5), 5 5.34- 

5.35 (d, 0.5H, J=4 Hz, H4), 6  6.97-7.42 (m, 14H, Ar-H). EIMS (HR): C32H38N2O7, 

Calculated M* + 1: 563.2757, Observed M"' + 1: 563.2769, Error: + 2.1 pptn

7.6 General procedure for addition of dimethyl-t-butylchlorosilane to 

hydroxy group

To a suspension of the appropriate phenol (0.02 mol) and dimethyl-ferf-butylchlorosilane 

(0.024 mol) in dry DCM (60 mis) was added 1,8-diazobicyclo[5.4.0] undec-7-ene (DBU) 

(0.032 mol). The resulting mixture was stirred at room temperature until complete on thin 

layer chromatography. The solution was then diluted with DCM (80 ml) and washed with 

water (60 ml), 0.1M HCI (60 ml) and finally with saturated aqueous NaHCOs (60 ml). The 

organic layer was removed and dried using anhydrous sodium sulphate.

7.6.1 [4-(tert-Butyldimethylsilanyloxy)-benzylidene]-(4-methoxyphenyl)-amine (185)

was synthesised using 4-[(4-methoxybenzylidene)-amino]-phenol (184) (0.02 mol, 4.54 g) 

following the general procedure. The product was obtained from column chromatography. 

Hexane:diethyl ether (1:1) was the mobile phase used, and it was isolated as orange 

crystals, (yield 58.42 %, Rf 0.88 (DCM), m.p. 210 °C).

IR: KBr d : 1605.3 cm '(C =N ). NMR (400 MHz, CDCI3): 6 0.28 (s , 6 H, Si-(CH 3 )2 ), 6 

1.04 (s, 9H, Si-C-(CH 3 )3 ), 5 3.77 (s, 3H, O-CH 3 ), 5 6.91-6.96 (q, 4H, J=8 . 8 8  Hz, 2.72 Hz, 

Ar-H (3’,5’,3” ,5”)), 6  7.22-7.24 (d, 2H, J= 8 . 8 8  Hz, Ar-H (2”,6 ”)), 6  7.81-7.83 (d, 2H, Ar-H 

(2’,6 ’)), 6  8.38 (s, 1H, -CH=N). NMR (100 MHz, CDCI3): 5 -4.80 (CH 3 -Si-CH 3 ), 5 

17.82 (C-C-C), 6  25.38 (C-(CH 3 )3 ), 5 54.79 (O-CH 3 ), 6  113.89 (Ar-C-H (3”,5”)), 6  119.95 

(Ar-C-H (3’,5’)), 6  121.72 (Ar-C-H (2”,6”)), 5 129.72 (Ar-C-H (2’,6’)), 6  144.66 (Ar-C-C (1’)), 

6  157.24 (-CH=N), 6  157.59 (Ar-C-N (1”)), 5 157.99 (Ar-C-0 (4’,4”)).

7.6.2 [4-(fe/t-Butyldimethylsilanyloxy)-benzylidene]-(4-fluorophenyl)-amine (201)

was synthesised using 4-[(4-fluorophenylimino)-methyl]-phenol (200) (0.02 mol, 3.944 g) 

following the general procedure and was a dark yellow liquid. No further purification was 

required.

'H  NMR (400 MHz, CDCI3): 6  0.18 (s, 6 H, Si-(CH 3 )2 ). 5 0.95 (s, 9H, Si-C-(CH 3 )3 ), 6  6.85- 

6.87 (d, 2H, J=8.56 Hz, Ar-H (3’, 5’)), 5 7.11-7.15 (m, 3H, Ar-H (3” ,4”,5”)), 6  7.28-7.32 (t.
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2H, J=7.78 Hz (av.), Ar-H (2”, 6 ”)), 6  7.73-7.75 (d, 2H, J=8.52 Hz, Ar-H (2’,6’)), 6  8.29 

(CH=N)).

7.6.3 [3-(fe/t-Butyldimethyisilanyloxy)-(4-methoxybenzylidene)-(3,4,5-trimethoxy 

phenyl)-amine (239) was synthesised using 2-methoxy-5-[(3,4,5- 

trimethoxyphenylamino)-methyl]-phenol (226) (0.02 mol, 6.34 g) and following the general 

procedure. The product was obtained as dark yellow coloured crystals, (yield 90.49 %, Rf 

0.45 (DCM), m.p.88-92"C).

IR: KBr v: 1618.8 cm'  ̂(C=N). NMR (400 MHz, DMSO): 5 0.21 (s, 6 H, CHs-Si-CHa), 

6  1.04 (s, 9H, Si-C-(CH3 )3 ), 3.74 (s, 3H, O-CH 3 ), 5 3.87 (s, 6 H, O-CH 3 ), 6  3.93 (s, 3H, O- 

CH 3 ) 6  6.58 (s, 2H, Ar-H (2”,6 ”)), 5 7.11-7.13 (d, 1H, J=8.2 Hz, Ar-H (5’)), 6  7.48-7.55 (m, 

2H, Ar-H (2’,6’)), 5 8.51 (s, 1H, CH=N). NMR (100 MHz, DMSO): 6  -5.78 (CH3 -SI- 

CH 3 ), 5 17.71 (CH3 -C-CH 3 ), 5 24.74 (C-CH.)^). 6  55.00 (O-CH 3 ), 5 59.25 (O-CH 3 ), 6  98.04 

(Ar-C-H (2”,6”)), 5 111.22 (Ar-C (3’)), 5 121.27 (Ar-C (6 ’)), 6  125.43 (Ar-C (2')), 6  129.50 

(Ar-C-C (1’)), 5 135.95 (Ar-C-O (3’,4”,)), 5 144.68 (Ar-C-N (1”)), 5 147.73 (Ar-C-OMe 

(5”,3”)), 6  153.32 (Ar-C-O (4’)), 6  158.27 (CH=N). EIMS (HR): C 2 3 H3 3 N0 5 Si; Calculated 

M"+ 1: 432.2206, Observed M"+ 1: 432.2213, Error: + 1.7 ppm

7.6.4 [3-{fert-Butyldimethylsilanyloxy)-{4-methoxyphenyl]-(3,4,5-trimethoxy 

benzylidene)-amine (240) was synthesised using 2-methoxy-5-[(3,4,5- 

trimethoxybenzylidene)-amino]-phenol (227) (0.02 mol, 6.34 g) and following the general 

procedure. The crude product was purified by column chromatography using 

hexane:diethyl ether (1:1) as the solvent system to produce the Schiff base as yellow 

crystals, (yield 70.91%, Rf 0.36 (hexane:diethyl ether), m.p.108-109°C).

IR: KBr v: 1614.7 cm '(C =N ). ’H NMR (400 MHz, DMSO): 5 0.20 (s, 6 H, CH 3 -Si-CH 3 ), 

6  1.03 (s, 9H, Si-C-(CH3)3). 6  3.84 (s, 3H, O-CH3), 5 3.93 (s, 3H, O-CH3), 5 3.96 (s, 6 H, O- 

CH3) 6 6.85-6.87 (q, 3H, J=3.19 Hz (av.), Ar-H (2”,5”,6”)), 6 8.36 (s, 1H, CH=N). ''^0 NMR 

(100 MHz, DMSO): 6  -5.05 (CHa-Si-CHs), 6  18.02 (CH3-C-CH3), 5 25.30 (C-CH.).), 5 

55.24 (O-CH3), 6 55.78 (O-CH3), 6 60.53 (O-CH3), 6 105.04 (Ar-C-H (2’,6 ’)), 6 111.72 (Ar- 

C-H (6 ”)), 6  113.62 (Ar-C-H (2”)), 6  113.82 (Ar-C-H (3”)), 5 131.52 (Ar-C-C (1’)), 6  140.16 

(Ar-C-O (4’,)), 6 144.65 (Ar-C-O (5”)), 6 144.95 (Ar-C-N (1”)), 5 149.33 (Ar-C-O (3’,5’)), 5 

153.02 (Ar-C (4”)), 5 157.53 (CH=N). EIMS (HR): C 2 3 H3 3 N0 5 Si: Calculated M" + 1: 

432.2206, Observed M" + 1: 432.2216, Error: + 2.4 ppm
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7.7 General procedure for the removal of the silyl protecting group

To a suspension of the appropriately protected phenol (10 mmol) in THF (50 ml) was 

added 1.5 equiv of 1M tetrabutylammonium fluoride. The solution was stirred in an ice 

bath for 15 minutes to avoid decomposition of the 3-lactam ring. The reaction mixture 

was then diluted with EtOAc (100 ml) and quenched with 10 % HCI (100 ml). The layers 

are separated and the aqueous layer was extracted with EtOAc (2 x 50 ml). The organic 

layer was then washed with water ( 1 0 0  mi) and brine ( 1 0 0  ml) and dried with sodium 

sulphate.

7.7.1 4-(4-Hydroxyphenyi)-1-(4-methoxyphenyi)-3-phenyiazetidin-2-one (187) was

prepared from 4-[4-fe/t-butyldimethylsilanyloxy)-phenyl]-1-(4-methoxyphenyl)-3- 

phenylazetidin-2-one (186) [4 mmol, 1.838 g] as described in the general preparation. 

Evaporation of the solvent yielded a brown solid residue which was purified using column 

chromatography. DCM was the solvent used and the P-lactam was obtained as a yellow 

gel. (yield 50 %, R, 0.12 (CHzCljiMeOH (95 %)).

IR: NaCI film v: 1735.6 cm ' (C=0, p-lactam). NMR (400 MHz, (CD 3 )2 CO): 5 3.65 (s, 

3H, O-CH 3), 6  4.21-4.22 (d, 1H, J=2.52 Hz, H3 ), 5 4.97-4.98 (d, 1H, J=2 Hz, H4 ), 6  6.77- 

6.83 (m, 4H, Ar-H (3’,5’,3” ,5”)), 5 7.24-7.32 (m, 8 H, Ar-H (2’,6’,2",6”,2”’,3”’ ,4”’,6”’)), 5 

7.734-7.739 (d, 1H, J=1.52 Hz, Ar-H (5”’)), 6  9.78 (s, 1H, OH). ''^C NMR (100 MHz, 

(CD 3 )2 C 0 ): 5 54.34 (O-CH3), 5 62.41 (CH, C 3 ), 5 64.58 (CH, C4 ), 5 113.72-115.45 (Ar-C-H 

(3’,5’,3” ,5”)), 6  118.02 (Ar-C-H (2’,6 ’)) 6  127.09-127.29 (Ar-C-H (4”’)), 6  128.16 (Ar-C-H 

(2” ,6”)), 6  128.38 (Ar-C-H (3”’,5”’)), 5 130.83 (Ar-C-C (1’)), 6  131.50 (Ar-C-H (2”’,6”’)), 5 

135.13 (Ar-C-C (1”,1’” )), 5 155.66 (Ar-C-OH (4”)), 5 157.30 (Ar-C-0 (4’)), 5 164.34 (C2 , 

C=0). EIMS (HR): C 2 2 H 1 9NO3 : Calculated + Na: 368.1263, Observed iVI" + Na: 

368.1260, Error; - 0.7 ppm

7.7.2 4-(4-Hydroxyphenyl)-1-(4-methoxyphenyl)-azetidin-2-one (192) was prepared 

from 4-[4-(terf-butyldimethylsilanyloxy)-phenyl]-1-(4-methoxyphenyi)-azetidin-2-one (191) 

(3 mmol, 1.150 g) as described in the general preparation. Evaporation of solvent yielded 

an orange solid residue which was purified using column chromatography. DCM was the 

solvent used and the p-lactam was obtained as a yellow solid, (yield 74.26%, Rf baseline 

(DCM)).

IR; KBr u: 1710.2 cm ' (C=0, p-lactam). 'H  NMR (400 MHz, CDCI3): 6  2.88-2,92 (q, 

(d,d), 1H, J= 2.04 Hz, 12.96 Hz, H3 ), 6  3.48-3.52 (q, (d,d), 1H, J=3.4 Hz, 9.56 Hz, 5.44 Hz,
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Ha), 6 3.73 (s, 3H, O-CH3)), 6 4.91-4.93, (t, 1H, J=2.72 Hz, H4), 5 6.77-6.78 (d, 2H, J=6 . 8  

Hz, Ar-H (3”,5”)), 6  6.79-6.89 (m, 2H, Ar-H (3’,5’)), 5 7.18-7.22 (m, 4H, Ar-H (2’,6’,2”,6”)).

NMR (100 MHz, CDCI3): 5 46.13 (C3 , CH2 ), 6  52.86 (CH, C4 ), 5 54.27 (O-CH3 ), 6  

113.60 (Ar-C-H (3’,5')), 6  115.26 (Ar-C-H (3”,5”)), 5 117.40 (Ar-C-H (2’,6’)), 6  127.06 (Ar- 

C-H (6 ’)), 6  129.07 (Ar-C-N (1’)), 6  131.42 (Ar-C-C (1’)), 6  155.32 (Ar-C-OH (4”)), 6  157.04 

(Ar-C-OMe (4’)), 5 163.28 (C=0, C2 ).

7.7.3 3-[Hydroxy-(4-methoxyphenyl)-methyl]-4-(4-hydroxyphenyl)-1-(4-methoxy 

phenyl)-azetidin-2-one (195) was prepared from 4-[4-(feAt-butyldimethylsilanyloxy)- 

phenyl]-3-[hydroxyl-(4-methoxyphenyl)-methyl]-1 -(4-methoxyphenyl)-azetidin-2-one (194) 

(0.192 mmol, 100 mg) as described in the general preparation. Evaporation of solvent 

yielded a brown solid residue which was purified using column chromatography. 

DCM:MeOH (9:1) was the solvent used and the P-lactam was obtained as a brown gel. 

(yield 40%, R, 0.71 (DCM MeOH)).

IR: NaClfilm d : 1715.3 cm ' (C=0), 3435.7 cm'^ (OH). 'H NMR (400 MHz, CDCI3): 6  

3.36-3.41 (m, 1 H, H 3 ) ,  6  3.70 (s, 3H, O-CH3 ), 6  3.75 (s, 3H, O-CH3 ), 6  4.67 (s, 1 H, H 4 ) ,  5 

5.04-5.06 (d, 1H, J=6 . 8  Hz, Hg), 6  6.71-6.678 (m, 4H, Ar-H (3",5”,3”’,5”’)), 5 6.80-6.88 (m, 

4H, Ar-H (3’,5',2”,6”)), 5 7.16-7.21 (m, 2H, Ar-H (2’,6 ’)), 5 7.25-7.28 (t, 1H, J=8.2 Hz, 5.48 

Hz, Ar-H), 6  7.32-7.34 (d, 1H, J= 8 . 8 8  Hz, Ar-H (2”’,6”’)). '"C NMR (100 MHz, CDCI3): 5 

54.82 (O-CH3 ), 5 54.96 (CH, C4 ), 6  66.47 (CH, C3), 5 71.73 (CH, C5 ), 6  113.11-113.78 (Ar- 

C-H (3’,5’,3”’,5”’)), 5 115.48-115.58 (Ar-C-H (3”,5”)), 6  118.14-118.27 (Ar-C-H (2’,6’)), 6  

126.51-126.83 (Ar-C-H (2”’,6'”)), 6  127.52-127.64 (Ar-C-H (2”,6”)), 6  130.41 (Ar-C-C (1”’)), 

6  132.47 (Ar-C-C/N (1’,1”)), 5 155.58 (Ar-C-OH (4")), 5 158.99 (Ar-C-0 (4’,4”’)), 6  165.47 

(C=0).

7.7.4 4-{4-Hydroxyphenyl)-3-(4-methoxybenzoyl)-1-(4-methoxyphenyl)-azetidin-2- 

one (198) was prepared from 4-[4-(teAf-butyldimethylsilanyloxy)-phenyl]-3-(4- 

methoxybenzoyl)-1-(4-methoxyphenyl)-azetidin-2-one (197) (0.272 mmol, 0.141 g) as 

described in the general preparation. Evaporation of solvent yielded a brown residue 

which was purified using column chromatography. DCM:MeOH (99:1) was the solvent 

system used and the (3-lactam was obtained as a yellow gel. (yield 90%, Rf 0.47 

(CHzC^MeOH)).

IR: NaClfilm v: 1701.9 cm '(C = 0), 1731.5 cm '(C =0), 3401.7 cm '(O H). ''H NMR (400 

MHz, CDCI3): 5 2.20 (s, 1H, OH), 5 3.74 (s, 3H, O-CH3 ), 5 3.87 (s, 3H, O-CH3 ), 6  4.77-
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4.78 (d, 1H, J=2.72 Hz, H3) ,5 5.62-5.63 (d, 1H, J=2.04 Hz, H4), 5 6.77-3.78 (d, 2H, J=2.04 

Hz, Ar-H (3”,5”)), 5 6.79-6.80 (d, 2H, J=2.04 Hz, Ar-H (3’,5’)), 6  6.95-6.97 (d, 2H, J=2.04 

Hz, Ar-H (3”’ ,5”’)), 6  7.23-7.24 (m, 4H, Ar-H (2’,6’,2”,6”)), 5 8.01-8.02 (d, 2H, J=2.04 Hz, 

Ar-H (2” ’,6 ” ’)). NMR (100 MHz, CDCI3): 6  54.98 (C4, CH), 6  55.10-55.49 (O-CH3), 5

67.88 (C3, CH), 5 113.55-113.85 (Ar-C-H (3’,5’,3” ’,5” ’)), 6  115.73 (Ar-C-H (3”,5”)), 6  

118.16 (Ar-C-H (2’,6 ’)), 5 127.29 (Ar-C-H (2”,6”)), 6  127,68 (Ar-C-C (1” ’)), 6  128.33 (Ar-C- 

N (1’)), 6  130.31 (Ar-C-C (1")), 5 131.32 (Ar-C-H (2”’,6 ”’)), 6  155.78 (Ar-C-0 (4”)), 5 156.25 

(Ar-C-0 (4’)), 6 159.89 (Ar-C-0 (4”’)), 6 163.82 (C2 , C=0), 5 189.17 (C5, C=0). EIMS 

(HR): C24H21NO 5 : Calculated M" + Na: 426.1317, Observed M" + Na: 426.1309, Error: - 

2 . 0  ppm

7.7.5 4-(4-Benzyloxyphenyl)-1-(4-hydroxyphenyl)-3-phenyl-azetidin-2-one (217) was

prepared from (4-benzyloxybenzylidene)-(4-(tert-butyldimethylsilanyloxy)-phenyl]-amine 

(110) [5 mmol, 2.088 g] as described in the general preparation (deprotection appears to 

have occured on work-up). Evaporation of solvent yielded a brown solid residue which 

was purified using column chromatography. Hexane: diethyl ether was the solvent system 

used and the p-lactam was obtained as a brown solid, (yield 31%, Rf baseline 

(Hex:Ether)).

IR: NaC I film v: 1739.18 cm'^ (C=0, p-lactam). NMR (400 MHz, CDCI3): 6  4.19-4.21 

( d, 1H, J=2 Hz, H3), 6  4.83-4.84 (d, 1H, J=2 Hz H4), 6  5.30 (s, 2H, -CH2), 5 6.68-6.70 (d, 

2H, J= 9.04 Hz, Ar-H (3”,5”)), 6  6.96-6.99 (d, 2H, J= 8.52 Hz, Ar-H (3’,5’)), 5 7.17-7.19 (d, 

2H, J=9.04 Hz, Ar-H (2’ ,6’)), 6  7.23-7.29 (m, 12H, Ar-H (2”,6”,2’” ,3”’,4”’,5”’,6”’,2””, 3””, 4”” , 

5”’’, 6 ””)). ■'̂ 0 NMR (100 MHz, CDCI3): 6  63.22 (C3, CH), 5 64.57 (C4 CH), 6  69.70 (CH2), 

5 115.11 (Ar-C-H (3”,5”)), 6  115.47 (Ar-C-H (3’,5’)), 6  118.43 (Ar-C-H (2’,6 ’)), 6  126.92- 

128.10 (Ar-C-H (4”’,2”” ,4””,6”")), 5 128.23 (Ar-C-H (2” ,6”), 5 128.37 (Ar-C-H (3”” ,5”’’)), 5 

128.45 (Ar-C-H (3”’,5”’)), 5 128.60 (Ar-C-H (2”’,6”’)), 5 129.09 (Ar-C-N (1’)), 5 129.90 (Ar- 

C-C (1”)), 5 134.32 (Ar-C-C (1”’)), 6  136.22 (Ar-C-C (1””)), 5 152.57 (Ar-C-OH (4’)), 5 

158.65 (Ar-C -0 (4”)), 6  165.14 (C=0, C2).

7.7.6 4-(3-Hydroxy-4-methoxyphenyl)]-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one 

(243) was prepared from 4-[3-(ferf-butyldimethylsilanyloxy)-4-methoxyphenyl]-1-(3,4,5- 

trimethoxyphenyl)-azetidin-2-one (241) (0.634 mmol, 0.30 g) as described in the general 

preparation. Evaporation of solvent yielded an orange solid residue which was purified
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using column chromatography. DCM was the solvent used and the p-lactam was 

obtained as yellow gel. (yield 61.5 %, Rf 0.43 (DCM)).

IR: NaClfilm u: 1746.0 cm '(C = 0 ), 3404.2 cm '(O H ). 'H NMR (400 MHz, CDCI3): 6  

2.69-2.93 (q, (d,d), 1H, J=2.4 Hz, 12.8 Hz, H3), 6  3.46-3.51 (q,(d,d), 1H, J=5.6 Hz, 9.6 Hz, 

H3 ), 6  3.70 (s, 6 H, O-CH3 ), 5 3.74 (s, 3H, O-CH3 ), 5 3.85 (s, 3H, O-CH3 ), 5 4.85-4,87, (q, 

1H, J=2.72 Hz (av.), H4), 6  6.54 (s, 2H, Ar-H (2’,6 ’)), 6  6.81-6.8 (m, 3H, Ar-H (2”,5”,6”)). 

NMR (100 MHz, CDCI3): 6  30.47 (C3 , CH2 ), 6  46.31 (C4, CH), 6  53.66 (O-CH3 ), 6

60.44 (O-CH3), 5 94.01 (Ar-C-H (2’,6’)), 5 111.60 (Ar-C-H (2”,5”)), 5 117.35 (Ar-C-H (6 ”)), 

6  130.64 (Ar-C-0 (4’), 5 133.57 (Ar-C-C/N (1’,1”)), 6  145.88 (Ar-C-OH (3”)), 5 146.44 (Ar- 

C -0 (4”)), 6 152.94 (Ar-C-0 (3’,5’)), 5 164.21 (C=0, C2 ). EIMS (HR): C 1 9H2 1 NO6 , 

Calculated M^ + 1; 360.1447, Observed M* + 1: 360.1454, Error: + 1.8 ppm

7.7.7 1-(3-Hydroxy-4-methoxyphenyl)]-4-(3,4,5-trimethoxyphenyl)-azetidin-2-one 

(244) was prepared from 1-[3-(fert-butyldimethylsilanyloxy)-4-methoxyphenyl]-4-(3,4,5- 

trimethoxyphenyl)-azetidin-2-one (242) (1.05 mmol, 0.497 g) as described in the general 

preparation. Evaporation of the solvent yielded an orange solid residue which was 

purified using column chromatography. DCM was the solvent used and the p-lactam was 

obtained as an orange gel. (yield 39.06 %, Rf 0.16 (DCM))

IR: NaClfilm v: 1731.9 cm '(C = 0 ), 3500.0 (OH). 'H NMR (400 MHz, CDCI3): 6  2.88- 

2.93 (q, (d,d), 1H, J= 2.56 Hz (av.), 12.28 Hz, H3), 6  3.47-3.52 (q, (d,d), 1H, J=5.8 Hz 

(av.), 9.56 Hz, H3), 5 3.81-3.85 (m, 12H, O-CH3), 6  4.85-4.87, (q, 1H, J=2.72 Hz, H4), 6  

6.55 (s, 2H, Ar-H (2”,6 ”)), 6  6.71-6.74 (d, 1H, J=8 . 8 8  Hz, Ar-H (6 ')), 6  6.81-6.84 (q, 1H, 

J=2.06 Hz (av.), 6 . 8  Hz, Ar-H (2’)), 5 6.94-6.95 (d, 1H, J=2.76 Hz, Ar-H (5')). ''̂ C NMR 

(100 MHz, CDCI3): 6  46.43 (C3, CH2 ), 6  54.07 (CH, C4), 6  55.56-55.63 (O-CH3), 5 60.34-

60.44 (O-CH3), 6 102.05 (Ar-C-H (2”,6”)), 6 103.92 (Ar-C-H (2’)), 5 107.98 (Ar-C-H (5’)), 6 

110.64 (Ar-C-H (6 ’)), 6  131.38 (Ar-C-0 (4”)), 6  133.49 (Ar-C-N (1’)), 5 143.05 (Ar-C-C 

(1')), 6  145.56 (Ar-C-OH (5’)), 6  152.76 (Ar-C-0 (4’)), 5 153.33 (Ar-C-0 (3”,5”)), 6  164.01 

(C=0, C2 ). EIMS (HR): C 1 9 H2 1 NO6 , Calculated M" + 1: 360.1447, Observed M" + 1: 

360.1449, Error: + 0.6 ppm

7.7.8 4-(3-Hydroxy-4-methoxyphenyl)-3-methyl-1-{3,4,5-trimethoxyphenyl)-azetidin- 

2-one (262) was prepared from 4-([3-terf-butyldimethylsilanyloxy]-4-methoxyphenyl)-3- 

methyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (258) (8 mmol, 3.901 g) using the 

general method. Evaporation of the solvent yielded a brown solid residue which was

296



purified using column chromatography. DCM was the solvent used and the P-lactam was 

obtained as a brown gel. (yield 45 %).

IR: KBr u: 1724.2 cm ' (C=0), 3240.2 (OH). NMR (400 MHz, CDCI3): 6  0.90-0.92 (d, 

2H, J=7.52 Hz , -CH3), 5 1.42-1.46 (d, 1H, J=7 Hz, -CH3), 6 3.09-3.14 (d,q, 0.33H, J=2.24 

Hz (av.), 5.02 Hz (av.), H3), 5 3.59-3.67 (d,q, 0.67H, J=7.52 Hz (av,), 6.02 Hz (av.), H3), 5 

3.72-3.73 (d, 6 H, J=2.52 Hz, O-CH 3 ), 6  3.76 (s, 1H, O-CH 3 ). 6  3.78 (s, 2H, O-CH 3 ), 5 3.89 

(s, 3H, O-CH 3 ), 6  4.44-4.45 (d, 0.33H, J=2 Hz, H4), 6  5.06-5.08 (d, 0.67H, J=5.6 Hz, H4), 6  

5.81 (bs, 1H, OH), 5 6.55 (s, 0.67H, Ar-H (2’,6’)), 6  6.57 (s, 1.33H, Ar-H (2’,6’)), 5 6.71- 

6.74 (q, 1H, J=2.02 Hz (av.), 6.52 Hz, Ar-H (2”)), 5 6.81-6.83 (t, 1H, J=2.5 Hz (av.), Ar-H 

(5”), 6  6.85-6.86 (q, 1H, J=2.33 Hz(av ), Ar-H (6 ”)). NMR (100 MHz, CDCI3): 6  9.15 (- 

CH3), 6  12.62 (-CH3), 6  45.51 (C3, CH), 6  54.61 (C3, CH), 5 55.47 (O-CH 3), 6  55.56 (O- 

CH 3 ), 5 56.62 (O-CH 3), 6 57.90 (C4, CH), 5 62.31 (C4, CH), 5 94.14-94.37 (Ar-C-H (2’,6’)), 

5 110.17-110.49 (Ar-C-H (5”)), 6  112.71 (Ar-C-H (2”)), 6  118.24 (Ar-C-H (6 ”)), 6  127.36 

(Ar-C-0 (4')), 6  130.48 (Ar-C-C (1”)), 6  133.64 (Ar-C-N (1’)), 5 145.33 (Ar-C-OH (3”)), 6  

146.29 (Ar-C-O (4”)), 6  152.98 (Ar-C-O (3’,5’)), 5 167.94-168.10 (C=0, C 2 ). EIMS (HR): 

C 2 0 H2 3 NO6 , Calculated + Na: 396.1423, Observed + Na: 396.1419, Error: -1 .0  ppm

7.7.9 4-(3-Hydroxy-4-methoxyphenyl)-3,3-dimethyl-1-(3,4,5-trimethoxyphenyl)- 

azetidin-2-one (263) was prepared from 4-([3-tert-butyldimethy-silanyloxy]-4- 

methoxyphenyl)-3,3-dimethyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (259) ( 8  mmol,

4.01 g) using the general method. Evaporation of the solvent yielded a brown solid 

residue which was purified using column chromatography. DCM was the solvent used and 

the p-lactam was obtained as a light brown powder, (yield 53 %).

IR: KBr v: 1747.4 cm ' (C=0), 3460.1 (OH), 'h  NMR (400 MHz, CDCI3): 6  0.79 (s, 3H, - 

CH 3 ), 6  1.40 (s, 3H, -CH 3 ), 5 3.63 (s, 6 H, O-CH 3 ), 6  3.69 (s, 3H, O-CH3 ), 5 3.79 (s, 3H, O- 

CH 3 ), 6  4.60 (s, 1H, H4 ), 6  6.50 (s, 2H, Ar-H (2’,6’)), 6  6.60-6.62 (q, 1H, J=2.02 Hz (av.), 6  

Hz, (Ar-H (6 ”)), 6  6.70-6.71 (d, 1H, J=2 Hz (av.), Ar-H (2”)), 5 6.74-6.76 (d, 1H, J=8.52 Hz, 

Ar-H (5”)). ■'̂ C NMR (100 MHz, CDCI3): 6  17.24 (-CH3 ), 5 22.27 (-CH3 ), 6  54.89 (CH3-C- 

CH 3 , C3), 6  55.53 (O-CH3), 6  55.56 (O-CH 3), 5 60.46 (O-CH3), 6  66.06 (C4 , CH), 6  94.54 

(Ar-C-H (2’,6 ’)), 5 110.24 (Ar-C-H (5”)), 5 112.45 (Ar-C-H (2”)), 5 117.80 (Ar-C-H (6 ”)), 5 

127.87 (Ar-C-O (4’)), 6  133.63 (Ar-C-C (1”)), 5 133.73 (Ar-C-N (1’)), 6  145.38 (Ar-C-OH 

(3"), 5 146.12 (Ar-C-O (4”)), 6  152.96-153.17 (Ar-C-O (3’,5’)), 6  171.56 (C=0, C 2 ). EIMS 

(HR): C 2 1 H2 5 NO6 , Calculated M'" + Na: 410.1580, Observed M'" + Na: 410.1588, Error: +

2 . 1  ppm
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7.7.10 1-(3-Hydroxy-4-m ethoxyphenyl)]-3-m ethyl-4-(3,4,5-trim ethoxyphenyl)- 

azetidin-2-one (264) was prepared from 1-[3-(fe/t-butyldimethylsilanyloxy)-4- 

methoxyphenyl]-3-methyl-4-(3,4,5-trimethoxyphenyl)-azetidin-2-one (260) (0.149 mmol, 

0.072 g) as described in the general preparation. Evaporation of the solvent yielded a 

brown residue which was purified using column chromatography. DCM was the solvent 

used and the P-lactam was obtained as a brown/red solid, (yield 81.82 %, Rf: 0.51 

(DCM), m.p. 165“C).

IR: NaCI film u: 1739.6 cm ' (C =0), 3409.0 cm ’ (OH). NMR (400 MHz, CDCI3): 6  

0.92-0.94 (d, 2H, J=7.52 Hz, -C H 3 ), 5 1.46-1.47 (d, 1H, J=7.56 Hz, -C H 3 ), 5 3.08-3.13  

(d,q, 0.36H, J=2.35 Hz (av.), 5.17 Hz (av.), H 3 ), 6  3.61-3.68 (q, 0.64H, J=7.52 Hz (av.), 

H 3 ), 5 3.79 (s, 3H, O -C H 3), 6  3.82-3.85 (q, 9H, J=4.17 Hz (av.), O -CH 3), 6  4 .42-4.43 (d, 

0.36H, J=2 Hz, H 4 ), 5 5.04-5.05 (d, 0.64H, J=5.52 Hz, H4 ), 6  5.81 (bs, 1H, OH), 6  6.41 (s, 

1H, Ar-H (2”)), 6  6.53 (s, 1H, Ar-H (6 ”)), 6  6 .73-6.76 (q, 1H, J=4.19 Hz (av.), Ar-H (2 ’)), 6  

6.84-6.90 (dq, 1H, J=2.38 Hz (av.), 5.69 Hz (av.), Ar-H (6 ’), 5 6.91-6.96 (q, 1H, J=2.26  

Hz(av.), 8.04 Hz (av.), Ar-H (5’)). '’’ C NMR (100 MHz, CDCI3): 6  9.16 (-CH 3 ), 6  12.66 (- 

CH 3 ), 5 48.86 (C 3 , CH), 6  54.81 (C 3 , CH), 6  55.70 (O -C H 3), 6  55.73 (O -CH 3 ), 5 58.41 (C 4 , 

CH), 5 60.42 (O -CH 3 ), 6  62.80 (C 4 , CH), 6  102.01-103.34 (Ar-C-H (2”,6”)), 6  103.81- 

103.90 (Ar-C-H (2’)), 5 108.28-108.39 (Ar-C-H (6 ’)), 6  110.51-110.51 (Ar-C-H (5’)), 5 

130.23 (A r-C -0 (4”)), 5 131.46 (Ar-C-C (1”)), 6  133.22 (Ar-C-N (1’)), 6  142.73-142.79 (Ar- 

C-OH (3’)), 6  145.41 (A r-C -0 (4 ’)), 5 153.02-153.39 (A r-C -0 (3”,5”)), 6  167.69 (C = 0 , C 2 ). 

EIMS (HR): C 2 0 H2 3 NO 6 , Calculated M" + Na: 396.1423, Observed M" + Na: 396.1443, 

Error: + 5.0 ppm

7.7.11 1-(3-Hydroxy-4-m ethoxyphenyl)]-3 ,3-dim ethyl-4-(3,4,5-trim ethoxyphenyl)- 

azetid in-2-one (265) was prepared from 1-[3-(terf-butyldimethylsilanyloxy)-4- 

methoxyphenyl]-3,3-dimethyl-4-(3,4,5-trimethoxyphenyl)-azetidin-2-one (261) (0.7 mmol, 

0.352 g) as described in the general preparation. Evaporation of the solvent yielded a 

brown residue which was purified using column chromatography. DCM was the solvent 

used and the P-lactam was obtained as a silver powder, (yield 58.85 %, Rf 0.19 (CH 2 CI2 : 

MeOH (19: 1), m.p. 174-178°C).

IR: KBr v: 1724.5 cm ' (C =0), 3367.7 cm ' (OH). 'H  NMR (400 MHz, CDCI3): 5 0.91 (s, 

3H, -C H 3), 5 1.51 (s, 3H, -C H 3 ), 5 3.78 (s, 6 H, O -CH 3 ), 6  3.83 (s, 3H, O -C H 3), 6  3.85 (s, 

3H, O -CH 3), 5 4.67 (s, 1H, H4 ), 6  6.39 (s, 2H, Ar-H (2”,6”)), 6  6.73-6.75 (d, 1H, J=8.52 Hz, 

(Ar-H (2')), 6  6.78-6.81 (q, 1H, J=4.52 Hz (av.), Ar-H (6 ’)), 6  7.08-7.09 (d, 1H, J=2.52 Hz,
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Ar-H (5’)). NMR (100 MHz, CDCI3): 5 17.20 (-CH3), 5 22.34 (-CH3), 6 54.91 (CH3-C- 

CH3, C3), 6  55.66 (O-CH3), 6  55.69 (O-CH3), 6  60.38 (O-CH3), 6  66.60 (C4, CH), 5 103.06 

(Ar-C-H (2”,6 ”)), 6  104.37 (Ar-C-H (2’)), 5 108.27 (Ar-C-H (6 ’)), 6  110.62 (Ar-C-H (6 ’)), 6  

130.79 (Ar-C-0 (4”)), 5 131.44 (Ar-C-N (1’)), 6  137.05 (Ar-C-C (1”)), 6  143.00 (Ar-C-0 (3’), 

6  145.60 (Ar-C-0 (3”,5”)), 6  153.00 (Ar-C-0 (4’)), 6  170.98 (C=0, C2 ). EIMS (HR): 

C 2 1 H2 5 NO6 , Calculated M" + Na: 410.1580, Observed M" + Na: 410.1591, Error; + 2.8 

ppm

7.7.12 4-(3-Hydroxy-4-methoxyphenyl)]-3-phenyl-1-(3,4,5-trimethoxyphenyl)-

azetidin-2-one (275) was prepared from 4-[3-(fe/t-butyldimethylsilanyloxy)-4- 

methoxyphenyl]-3-phenyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (269) (0.806 mmol, 

0.443 g) as described in the general preparation. Evaporation of the solvent yielded an 

orange solid residue which was purified using column chromatography. DCM was the 

solvent used and the 3-lactam was obtained as a red solid, (yield 51%, Rf (DCM), m.p. 

68-70“C).

IR: NaCI film d : 1747.3 cm^ (C=0), 3410.9 cm '(OH). 'H  NMR (400 MHz, CDCI3): 6  

3.72 (s, 6 H, O-CH 3), 5 3.77 (s, 3H, O-CH 3 ), 6  3.87 (s, 3H, O-CH 3 ), 6  4.27-4.28 (d, 1H, 

J=2.48 Hz, H3 ), 5 4.81-4.82 (d, 1H, J=2.52 Hz, H4 ), 6  6.62 (s, 2H, Ar-H (2’,6’)), 6  6.85-6.87 

(d, 1H, J=8.52 Hz, (Ar-H (2”)), 6  6.90-6.93 (q, 1H, J=2 Hz, 8.52 Hz, Ar-H (6 ”)), 6  6.99-6.99 

(d, 1H, J=2 Hz, Ar-H (2”)), 5 7.31-7.36 (m, 5H, Ar-H (2”’,3”’,4”’,5”’,6’'')). NMR (100 

MHz, CDCI3): 5 55.56 (O-CH3 ), 6  60.50 (O-CH3), 5 63.37 (C3 , CH), 5 64.45 (C4 , CH), 5 

94.42 (Ar-C-H (2’,6 ’)), 5 110.64 (Ar-C-H (2”)), 6  111.59 (Ar-C-H (5”)), 6  117.42 (Ar-C-H 

(6 ”)), 6  126.97 (Ar-C-H (4”’)), 6  127.43 (Ar-C-H (3”’,5” ’)), 6  128.57 (Ar-C-H (2”’,6 ”’)), 6  

130.00 (Ar-C-0 (4’), 6  133.27 (Ar-C-N (1’)), 6  134.31 (Ar-C-C (1”,1”’)), 6  145.98 (Ar-C-OH 

(3”)), 5 146.55 (Ar-C-0 (4”)), 6  153.04 (Ar-C-0 (3’,5’)), 5 165.19 (C=0, C 2 ). EIMS (HR): 

C 2 5 H2 5 NO 6 , Calculated + Na: 458.1580, Observed + Na: 458.1587, Error: + 1.6 

ppm
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7.8 General preparation for oxidation of secondary alcohol

R2

Pyridinium Chlorochromate (10 mmol, 2.114 g) was suspended in 15 ml of anhydrous 

DCM. The corresponding alcohol (15 mmol, 1.5 equiv.) was dissolved in 20 ml of DCM 

and then added at the suspension. The solution became briefly homogeneous before 

depositing the black insoluble reduced reagent and was stirred for 2 hours. The reaction 

mixture was then diluted with 5 volumes of anhydrous ether. The solvent was decanted 

and the black residue was further washed with ether until the entire product was removed. 

The solvent was then removed in vacuo.

7.8.1 1,4-S/s-(4-methoxyphenyl)-3-[4-(2-morpholin-4-yl-ethoxy)-benzoyl]-azetidin-2- 

one (179) was prepared from 3-(hydroxy-[4-(2-morpholin-4-yl-ethoxy)-phenyl]-methyl)-1,4- 

b/s-(4-methoxyphenyl)-azetidin-2-one (165) (0.251 mmol, 130 mg) as described in the 

general preparation. Evaporation of the solvent yielded an orange residue which was 

purified using column chromatography. DCM was the solvent system used and the (3- 

lactam was obtained as a yellow gel. (yield 35 %, Rf baseline (DCM)).

IR: NaClfilm u: 1745.9 cm ' (C=0 ). NMR (400 MHz, CDCI3): 6 2.60 (s, 4H, C-CH2- 

N-CH2-C), 5 2.83-2.86 (m, 2H, N-CH2), 6 3.76-3.77 (d, 6H, J=5.04 Hz, O-CH3), 6 3.82 (s, 

4H, C-CH2-O-CH2-C), 5 4.19-4.22 (m, 2H, O-CH2), 6 4.75-4.76 (d, 1H, J=2 Hz, H3), 6 

5.67-5.68 (d, 1H, J=2 Hz, H4), 6 6.79-3.81 (d, 2H, J=9.04 Hz, Ar-H (3”,5”)), 6 6.91-6.93 (d, 

2H, J=8.52 Hz, Ar-H (3’,5’)), 6 6.98-7.00 (d, 2H, J=8.52 Hz, Ar-H (3”,5”)), 5 7.25-7.28 (m, 

2H, Ar-H (2’,6’)), 5 7.37-7.39 (d, 2H, J=8.52 Hz, Ar-H (2”,6”)), 6 8.08-8.11 (d, 2H, J=5.52 

Hz, Ar-H (2”’,6”’)). NMR (100 MHz, CDCI3): 5 53.46-54.88 (-CH2, -N-CH2-C), 5 54.97- 

55.19 (C4, CH), 6 56.83 (CH2-N-CH2), 5 66.04 (O-CH2), 6 68.14 (C3, CH), 6 113.84- 

114.16 (Ar-C-H (3’,5’,3”,5”,3”’,5”’)), 6 118.05 (Ar-C-H (2’,6’)), 6 127.15 (Ar-C-H (2”,6”)), 5 

130.42 (Ar-C-C ( IM ’M ’”)), 6 131.32 (Ar-C-H (2”’,6”’)), 6 155.75 (Ar-C-0  (4’)), 5 159.44 

(Ar-C-0  (4”)), 6 159.55 (Ar-C-O (4”’)), 5 162.61 (C2, C=0 ), 5 188.85 (C5, C=0 ). EIMS
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(HR): C 3 0 H 3 2 N2 O6 , Calculated M "+  1: 517.2339, Observed M "+  1: 517.2344, Error: + 1.0 

ppm

7.8.2 3-[4-(2-Dimethylaminoethoxy)-benzoyl]-1,4-d/s-(4-methoxyphenyl)-azetidin-2- 

one (180) was prepared from 3-([4-2-dimethylaminoethoxy)-phenyl]-hydroxymethyl)-1,4- 

/3 /s-(4 -methoxyphenyl)-azetidin-2 -one (157) (0.267 mmol, 127 mg) as described in the 

general preparation. Evaporation of the solvent yielded a brown residue which was 

purified using column chromatography. DCM was the solvent used and the P-lactam was 

obtained as an orange gel. (yield 20 %, Rf 0.77 (DCM)).

IR: N aC lfilm  v: 1748 2 cm '(C = 0 ) . NMR (400 MHz, CDCI3): 5 2.47 (s, 6 H, CH 3-N- 

CH 3 ), 5 2.91 (s, 2H, N-CH 2-C-O), 6  3.76 (s, 3H, O-CH 3 ), 6  3.82 (s, 3H, O-CH 3), 6  4.24 (s, 

2H, C-CHz-O-Ar), 6  4.76 (s, 1H, H3) ,5 5.68 (s, 1H, H4), 6  6.80-7.02 (m, 6 H, Ar-H

(3’,5’,3”,5”,3” ’,5’” )), 5 7.21-7.38 (m, 4H, Ar-H (2’,6’,2” ,6”), 6  8.11 (s, 2H, Ar-H (2” ’,6” ’)).

7.8.3 4-8;s-(4-methoxyphenyl)-3-[4-(2-pyrrolidin-1-yl-ethoxy)-benzoyl]-azetidin-2-one 

(181) was prepared from 3-(hydroxy-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-methyl)-1,4-t)/s- 

(4-methoxyphenyl)-azetidin-2-one (159) (0.177 mmol, 89 mg) as described in the general 

preparation. Evaporation of the solvent yielded a brown residue which was purified using 

column chromatography. DCM was the solvent used and the 3-lactam was obtained as a 

yellow gel. (yield 35 %, R, 0.23 (DCM)).

IR: NaCI film v: 1743.6 cm ' (C=0), 1740 cm ' (C=0). 'H  NMR (400 MHz, CDCI3): 5 

1.85 (s, 4H, C-CH 2-N-CH 2-C), 6  2.69 (s, 4H, C-CH 2-CH 2-C), 6  2.97 (s, 2H, N-CH2 ), 6  3.75 

(s, 3H, O-CH 3 ), 5 3.81 (s, 3H, O-CH 3), 5 4.22 (s, 2 H, O-CH 2), 5 4.76 (s, 1 H, H3), 6  5.67 (s, 

1H, H4), 6  6.79-3.81 (d, 2H, J=8.16 Hz, Ar-H (3”’,5”’)), 6  6.91-6.93 (d, 2H, J=8.2 Hz, Ar-H 

(3”,5”)), 6  6.99-7.01 (d, 2H, J=6.84 Hz, Ar-H (3’,5’)), 5 7.25-7.27 (d, 2H, J=8.2 Hz, Ar-H 

(2’,6’)), 5 7.28-7.38 (m, 2H, Ar-H (2”,6 ”)), 6  8.08-8.10 (d, 2H, J=7.52 Hz, Ar-H (2”’,6”’)).

NMR (100 MHz, CDCI3): 5 23.00 (-CH2, C-CH2-CH2-C), 6  54.26-54.89 (-CH2, N- 

(CH2)3, 6 54.97 (O-CH3), 5 55.23 (C4, CH), 5 66.69 (O-CH2), 5 68.11 (C3, CH), 5 113.84- 

114.15 (Ar-C-H (3’,5’,3’’,5” ,3”’,5”’)), 6  118.05 (Ar-C-H (2’,6 ’)), 6  127.15 (Ar-C-C (1’,1”,1’”)), 

6 131.29 (Ar-C-H (2’’,6”, r ”,2”’,6”’)), 5 155.72 (Ar-C-O (4’)), 6 159.42 (Ar-C-0 (4”,4”’)), 6 

162.92 (C2, C =0), 6 188.89 (C5, C=0). EIMS (HR): C30H32N2O5, Calculated M" + 1: 

501.2389, Observed M'" + 1: 501.2376, Error: + 2.7 ppm
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7.8.4 3-[4-(2-D iethylam inoethoxy)-benzoyl]-1,4-6/s-(4-m ethoxyphenyl-azetid in-2-one  

(182) was prepared from 3-([4-2-diethylaminoethoxy)-phenyl]-hydroxymethyl)-1,4-b/s-(4- 

methoxyphenyl)-azetidin-2-one (161) (0.196 mmol, 99 mg) as described in the general 

preparation. Evaporation of the solvent yielded an orange residue which was purified 

using column chromatography. DCM was the solvent used and the P-lactam was 

obtained as a yellow gel. (yield 20 %, Rf 0.23 (DCM)).

IR: N aC lfilm  u: 1733.6 cm ' (C = 0 ). 'H  NMR (400 MHz, CDCIj): 5 1.14 (s, 6 H, (CH 3 )2 ), 

6  2.75 (s, 4H, CH 2 -N -CH 2 ), 5 2.99 (s, 2H, N-Chb-C-O), 6  3.75 (s, 3H, O -C H 3 ), 6  3,81 (s, 

3H, O -CH 3 ), 6  4.20 (s, 2H, C-Chb-O-Ar), 6  4.76 (s, 1H, H 3 ) ,5 5.67 (s, 1H, H4 ), 5 6.80-6.98  

(m, 6 H, Ar-H (3’,5’,3”,5”,3”',5”’)), 6  7.27-7.38 (m, 4H, Ar-H (2’,6 ’,2”,6 ”), 6  8.09 (s, 2H, Ar-H 

(2 ”. 6 ”')) i 3 q  nm R ( 1 0 0  MHz, CDCI3): 6  10.89 (-CH 3 , C -(C H 3 )2 ), 6  30.51(CH, C 4 ), 5 47.27  

(C -(CH 2 )2 ), 5 50.89 (N -CH 2 ), 54.89-55.22 (O -CH 3 ), 6  65.88 (C 3 , CH), 6  68.53 (O -CH 2 ), 6  

113.84-114.16 (Ar-C-H (3’,5’,3”,5”,3”’,5”’)), 6  118.05 (Ar-C-H (2’,6 ’)), 6  127.15 (Ar-C-H  

(2”,6 ”)), 6  128.34 (Ar-C-C (1”’)), 6  130.45 (Ar-C-C/N (1’,1”)), 6  131.30 (Ar-C-H (2”’,6 ”’)), 6  

155.32 (A r-C -0 (4’)), 5 159.59 (A r-C -0 (4”,4”’)), 6  162.81 (C 2 , C = 0 ), 6  185.60 (C 5 , C = 0 ). 

EIMS (HR): C 3 0 H 3 4 N2 O 5 . Calculated M "+  1: 503.2546, Observed M "+  1: 503.2539, Error: 

- 1 . 4  ppm

7.8.5 3-[4-(2-M orpholin-4-yi-ethoxy)-benzoyl]-1,4-diphenylazetid in-2-one (183) was

prepared from 3-(hydroxy-[4-(2-morpholin-4-yl-ethoxy)-phenyl]-methyl)-1,4-

diphenylazetidin-2-one (164) (0.109 mmol, 50 mg) as described in the general 

preparation. Evaporation of the solvent yielded a brown residue which was purified using 

column chromatography. DCM:MeOH (9:1) was the solvent system used and the p-lactam  

was obtained as yellow crystals, (yield 60.7 %, Rf 0.80 (DCM:MeOH)).

IR: KBr t>: 1750.0 cm ' (C =0), 1714.1 cm ' (C =0). 'H  NMR (400 MHz, CDCI3 ): 6  2.59- 

2.63 (m, 4H, C -CH 2 -N -CH 2 -C), 6  2.84-2.85 (d, 2H, J=5.52 Hz, N-CHg-C-O), 5 3.75-3.76 (d, 

4H, J=4.04 Hz, C -CH 2 -O -CH 2 -C), 6  4.10-4.21 (m, 2H, C-CHg-O-Ar), 6  4.80 (s, 1H, H 3 ) ,5 

5.78 (s, 1H, H4 ), 5 6.98-7.07 (m, 2H, Ar-H (3”’,5”’)), 6  7.24-7.32 (m, 5H, Ar-H 

(2 ’,6’,2”,4”,6”), 5 7.35-7.42 (m, 3H, Ar-H (4’,3”,5”)), 6  7.45-7.47 (d, 2H, J=7.04 Hz, Ar-H  

(3',5’)), 5 8.09-8.11 (d, 2H, J=8.52 Hz, Ar-H (2'”,6”’)). ''^0 NMR, (100 MHz, C D C I3 ): 6  

50.46 (CH, C 4 )), 6  52.99 (C -N-CH 2 -C), 6  53.60 (CH 2 -N-C), 5 55.35 (CH, C 3 ), 5 59.92 (N- 

CH 2 -C), 6  67.72 (CH 2 -O -C H 2-), 6  68.16 (C -CH 2 -O), 6  114.06 (Ar-C-H (3”’,5”’), 5 116.69  

(C-Ar-H (2’,6’)), 5 123.81 (Ar-C-H (4’,)), 5 125.76 (Ar-C-H (4”)), 6  128.45 (Ar-C-H (2”,6 ”)), 

6  128.65 (Ar-C-H (3”,5”)), 6  128.81 (Ar-C-H (3’,5’)), 5 130.46 (Ar-C-C (1”')), 6  131.37 (Ar-
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C-H (2'” ,6”’)), 5 136.52 (Ar-C-N (1’)), 5 136.86 (Ar-C-C (1”)), 5 159.98 (Ar-C-0 (4”’)), 6 

162.89 (C2, C=0), 6 188.38 (C5, C=0). EIMS (HR): C28H30N2O4, Calculated M" + 1: 

457.2127, Observed M" + 1: 457.2115, Error: - 2.7 ppm

7.8.6 4-[4-(fert-Butyldimethylsilanyloxy)-phenyl]-3-(4-methoxybenzoyl)-1-(4-methoxy 

phenyl)-azetidin-2-one (197) was prepared from 4-[4-terf-butyldimethylsilanyloxy)- 

phenyl]-3-[hydroxy-(4-methoxyphenyl)-methyl]-1-(4-methoxyphenyl)-azetidin-2-one (194) 

(1 mmol, 0.519 g) as described in the general preparation. Evaporation of solvent yielded 

an orange residue which was purified using column chromatography. DCM was the 

solvent system used and the p-lactam was obtained as an orange gel. (yield 53.47%, Rf 

0.344 (DCM)).

IR: NaClfilm d : 1701.9 cm '(C = 0 ), 1722.5 cm \  Ĥ NMR (400 MHz, CDCI3): 6 0.21 

(s, 6H, CHj-Si-CHs), 6 0.99 (s, 9H, C-(CH3)3), 6 3.76 (s, 3H, O-CH3), 5 3.90 (s, 3H, O- 

CH3), 6 4.77-4.78 (d, 1H, J=2 Hz, H3) ,6 5.67-5.68 (d, 1H, J=2.52 Hz, H4), 6 6.78-3.81 (d, 

2H, J=8.88 Hz, Ar-H (3",5”)), 6 6.85-6.88 (d, 2H, J=8.88 Hz, Ar-H (3’,5’)), 5 6.97-6.99 (d, 

2H, J=8.88 Hz, Ar-H (3’” ,5”’)), 5 7.26-7.28 (d, 2H, J=8.88 Hz, Ar-H (2”,6”)), 6 7.32-7.35 (d, 

2H, J=8.88 Hz, Ar-H (2’,6’)), 5 8.11-8.13 (d, 2H, J=8.88 Hz, Ar-H (2”’,6”’)). NMR 

(100MHz, CDCI3): 6 -4.87 (CHs-Si-CHa), 6 17.73 (CH3-C-CH3), 5 25.17 (C-(CH3)3), 5 

54.97 (O-CH3), 5 55.10 (O-CH3), 6 55.24 (CH, C4), 5 68.19 (CH, C3), 6 113.50-113.81 (Ar- 

C-H (3’,5’,3”’,5”’)), 5 118.05 (Ar-C-H (3”,5”)), 5 120.27 (Ar-C-H (2',6’)), 6 127.11 (Ar-C-H 

(2”,6”)), 5 128.48 (Ar-C-C (1”’)), 5 129.03 (Ar-C-N (1’)), 5 130.51 (Ar-C-C (1”)), 6 131.33 

(Ar-C-H (2”’)), 6 155.61 (Ar-C-O-Si (4”)), 5 155.72 (Ar-C-0 (4’)), 5 159.60 (Ar-C-0 (4”’)), 6 

163.73 (C=0, C2), 6 188.86 (C=0, C5).
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7.9 General preparation of 3-substituted azetidin-2-ones using acetyl 

chloride

A solution consisting of appropriate acetyl chloride [7.5 mmol, 0.99 ml] in dry DCM [50 ml] 

was added dropwise to a stirring solution containing the appropriate imine [5 mmol] and 

triethylamine [15 mmol, 2.091 ml] in dry DCM [50 ml] at 50°C (reflux). The solution was 

refluxed for 10 hours and then washed with saturated sodium bicarbonate solution [50 ml], 

dilute (10 %) HCL [50 ml] and brine [50 ml]. The organic layer was dried and evaporated 

in vacuo.

7.9.1 4-[4-#ert-Butyldimethylsilanyloxy)-phenyl]-1-(4-methoxyphenyl)-3-phenyl- 

azetidin-2-one (186) was prepared from [4-(ferf-butyldimethylsilanyloxy)-benzylidene]-(4- 

methoxy-phenyl)-amine (185) [6 mmol, 2.046 g] and phenylacetyl chloride [6 mmol, 

0.79ml] as described in the general preparation. Evaporation of solvent yielded a brown 

solid residue which was purified using column chromatography. DCM:MeOH (9:1) was 

the solvent system used and the (3-lactam was obtained as brown gel. (yield 77.56 %, Rf 

baseline (DCM)).

IR: NaClfilm  v: 1750.1 cm ' (C=0, |3-lactam). 'H  NMR (400 MHz, CDCI3): 6 0.28 (s, 

6 H, Si-(CH3)2), 6 1.03 (s, 9H, Si-C-(CH3)3), 6 3.70 (s, 3H, O-CH3), 5 4.218-4.224 (d, 1H, 

J=2.52 Hz, H3) ,5 4.97-4.98 (d, 2H, J=2 Hz, H4), 5 6.97-7.42 (m, 13H, Ar-H).

7.9.2 4-[4-Benzyloxyphenyl)-1-(4-methoxyphenyl)-3-phenyl-azetidin-2-one (189) was

prepared from (4-benzyloxybenzylidene)-(4-methoxyphenyl)-amine (188) (0.02 mol, 6.347 

g) and phenylacetyl chloride (0.02 mol, 2.63 ml) as described in the general preparation. 

Evaporation of solvent yielded a brown solid residue which was purified using column 

chromatography. DCM:MeOH (19:1) was the solvent system used and the (3-lactam was 

obtained as brown crystals, (yield 77.56%, Rf 0.32 (DCM:MeOH)).
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IR: KBr v: 1735.2 cm'^ (C=0, (3-lactam). NMR (400 MHz, CDCI3): 5 3.69 (s, 3H, O- 

CH3), 6  4.19-4.20 (d, 1H, J=2.52 Hz, H3), 5 4.81-4.82 (d, 1H, J=2.0 Hz, H4), 6  6.74-6.77 

(m, 2H, Ar-H (3”,5”)), 6  6.93-6.99 (m, 2H, Ar-H (3’,5’)), 6  7.15-7.28 (m, 9H, Ar-H 

(2’,6’,2” ,6”,2”’,3”’,4”’,5”’,6”’)), 5 7.30-7.36 (m, 5H, Ar-H (2”” ,3”” ,4””,5”” ,6””)). ''^C NMR (100 

MHz, CDCI3): 6  55.02-55.06 (O-CH3), 5 63.10 (CH, C3), 6  64.76 (CH, C4), 6  69.67 (CH2 - 

Ar), 6  113.90-113.93 (Ar-C-H (3”,5”)), 5 114.62-115.10 (Ar-C-H (3’,5’)), 5 118.15 (Ar-C-H 

(2’,6’)), 5 126.62-127.69 (Ar-C-H (2”” ,6 ””)), 6  127.06-127.69 (Ar-C-H (4” ’,4””)), 5 127.93- 

129.25 (Ar-C-H (2”,6”,3” ’,5” ’,3”” ,6””)), 6  129.90 (Ar-C-N (1’)), 6  130.60 (Ar-C-H (2”’,6 ”’)), 6  

134.50 (Ar-C-C (1” ,1”’)), 5 136.25 (Ar-C-CH 2 ), 5 155.67 (Ar-C-0 (4’)), 5 157.57 (Ar-C-0 

(4”)), 6  164.82 (C2 , C=0).

7.9.3 1-(4-Fluorophenyl)-3-phenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2- 

one (204) was prepared from (4-fluorophenyl)-[4-(2-pyrrolidin-1-yl-ethoxy)-benzylidene)- 

(206) [2 mmol, 0.624 g] as described in the general preparation. Evaporation of solvent 

yielded a brown solid residue which was purified using column chromatography. 

DCM:MeOH (95:5) was the solvent system used and the (3-lactam was obtained as an 

orange gel. (yield 23.10 %, R, 0.22 (DCM:MeOH (95:5)).

IR: NaClfilm d : 1751.2 c m ' (C=0, (3-lactam). Ĥ NMR (400 MHz, CDCI3): 6 1.82 (s, 

4H, C-CH 2 -CH 2 -C), 6  2.66 (s, 4H, C-CH 2 -N-CH 2 -C), 5 2.91-2.94 (t, 2H, J=5.76 Hz (av.), 

CH 2 -N), 6  4.11-4.14 (t, 2H, J=5.78 Hz (av.), CH 2 -C), 5 4.26-4.27 (d, 1H, J=2.04 Hz, H3 ), 6  

4.873-4.879 (d, 1H, J=2.04 Hz, H4 ), 5 6.93-6.98 (d(t), 4H, J=1.50 Hz (av.), 7.28 Hz (av.), 

Ar-H (2”,3”,5”,6”)), 6  7.26-7.39 (m, 9H, Ar-H (2’,3’,5’,6’,2”’,3”’,4”’,5”’,6”’)). ''̂ C NMR (100 

MHz, CDCI3): 6  23.01 (C-(CH 2 )2 -C), 6  54.23 (CH2 -N-CH 2 ), 6  54.49 (C-N-CH 2 , 5 63.20 

(C 3 , CH), 6  64.91 (C4 , CH), 6  65.54 (O-CH2 ), 5 114.89 (Ar-C-H (3”,5”)), 6  115.31 (Ar-C-H 

(3’,5’)), 6  118.16 (Ar-C-H (2’,6 ')), 6  126.80 (Ar-C-H (2” ,6”)), 5 126.97 (Ar-C-H (3’” ,5”’)), 5 

127.46 (Ar-C-H (4”’)), 6  128.60 (Ar-C-H (2",6’”), 6  133.27 (Ar-C-C (1”), 5 133.30 (Ar-C-C 

(1’”)), 6  134.20 (Ar-C-N (1’)), 5 157.42 (Ar-C-0 (4”)), 5 158.76 (Ar-C-F (4’), 5 165.08 

(C=0, C 2 ). EIMS (HR): C 2 7 H2 7 FN2 O 2 , Calculated + 1: 431.2135, Observed M" + 1: 

431.2131, Error: - 0.9 ppm

7.9.4 1 -(4-Fluorophenyl)-3-(4-methoxyphenyl)-4-[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]- 

azetidin-2-one (205) was prepared from (4-fluorophenyl)-[4-(2-pyrrolidin-1-yl-ethoxy)- 

benzylidene) (206) [2 mmol, 0.624 g] as described in the general preparation. 

Evaporation of solvent yielded a brown solid residue which was purified using column
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chromatography. DCM:MeOH (9:1) was the solvent system used and the (3-lactam was 

obtained as an orange gel. (yield 21.10 %, Rf 0.38 (DCM:MeOH(9:1)).

IR: KBr u: 1747.8 cm '(C = 0 , (3-lactam), NMR (400 MHz, CDCI3): 5 1.84 (s, 4H, C- 

C H 2 -C H 2 -C), 5 2.77 (m, 4H, C -CH 2 -N -CH 2 -C), 5 2.99-3.02 (t. 2H, J=5.52 Hz, CH 2 -N), 6  

3.79 (s, 3H, O-CH3), 6  4.13-4.16 (t, 2H, J=5.52 Hz, C H 2 -C), 6  4 .201-4.207 (d, 1H, J= 2.48  

Hz, H3), 6 4.81-4.82 (d, 1H, J=2.52 Hz, H4), 6 6.89-6.97 (m, 6 H, Ar-H (2”,3”,5’',6”,3”',5’”)), 

6  7.20-7.31 (m, 6 H, Ar-H (2’,3’,5’,6’,2”’,6”)). NMR (100 MHz, CDCI3): 5 22.90 (C- 

(CH 2 )2 -C), 5 53.99 (CH 2 -N -CH 2 ), 5 54.16 (C -N-CH 2 ), 5 54.88 (O-CH3), 6 63.53 (C3, CH), 6 

64.37 (C4, CH), 6 65.90 (O -CH 2 ), 5 113.99 (Ar-C-H (3”,5”)), 6 114.85 (Ar-C-H (3”’,5”’)), 5 

115.52 (Ar-C-H (3’,5’)), 5 118.16 (Ar-C-H (2’,6’)), 5 126.19 (C-C (1”), 5 128.14 (Ar-C-H  

(2”,6 ”), 5 133.31 (Ar-C-N (1’), 5 158.46 (Ar-C -0 (4”)), 6  158.82 (Ar-C-F (4’ ), 6  159.81 (Ar- 

C -0  (4”')), 5 165.52 (C = 0 , C 2 ). EIMS (HR): C 2 8 H2 9 FN 2 O 3 , Calculated M" + 1: 461.2240, 

Observed + 1: 461.2218, Error: - 4.9 ppm

7.9.5 1 -(4-Benzyloxyphenyl)-3-phenyl-4-[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-azetidin  

-2-one (212) was prepared from (4-benzyloxyphenyl)-[4-(2-pyrroldiin-1-yl-ethoxy)- 

benzylidene]-amine (211) [3 mmol, 1.202 g] as described in the general preparation. 

Evaporation of solvent yielded a brown solid residue which was purified using column 

chromatography. DCM:MeOH (5 %) was the solvent system used and the (3-lactam was 

obtained as an orange gel. (yield 61.47 %, Rf 0.28 (DCM:MeOH (5 %)).

IR: NaCI film d: 1744.9 cm '(C = 0 ,  (3-lactam). 'H  NMR (400 MHz, CDCI3): 5 1.86 (s, 

4H, C -CH 2 -CH 2 -C), 5 2.77 (s, 4H, C-CH 2 -N -CH 2 -C), 6  2 .99-3.04 (m, 2H, C H 2 -N), 6  4 .19- 

4.21 (m, 2H, CH 2 -C), 6  4 .18-4.19 (d, 1H, J=3.0 Hz, H 3 ), 6  4.846-4.851 (d, 1H, J=2.04 Hz, 

H4 ), 5 5.06 (s, 2H, C H 2 ), 6  6 .8 6 -6 . 8 8  (d, 2H, J=9.04 Hz, Ar-H (3”,5”)), 5 6.96-7.01 (m, 4H, 

Ar-H (2’,3’,5’,6’)), 5 7.18-7.21 (d, 2H, J=8,52 Hz, Ar-H (2”,6”)), 6  7.27-7.44 (m, 10H, Ar-H 

(2”’,3”’,4”’,5”’,6”’,2””,3””,4””,5””,6””). ''^0 NMR (100 MHz, CDCI3): 6  22.89 (C-(CH 2 )2 -C), 5

53.71 (CH 2 -N -CH 2 ), 6  54.12 (N-CH 2 ), 6  63.07 (C 3 , CH), 6  64.69 (C 4 , CH), 6  66.34 (C -CH 2 - 

O), 6  69.79 (O -CH 2 ), 5 114.60 (Ar-C-H (3”,5”), 5 115.08 (Ar-C-H (3’,5’)), 6  118.10 (Ar-C-H  

(2 ’,6’)), 5 126.85 (Ar-C-H (2”,6”)), 6  127.02-128.55 (Ar-C-H (2'”,3”’,4”’,5”’,6”’, 2””, 3””, 4 ”” 

5””, 6 ””)), 6  132.10 (Ar-C-N (1’)), 6  134.45 (Ar-C-C (1”,1”’)), 5 136.21 (Ar-C-C (1””)), 5 

158.64 (A r-C -0 (4’,4”)), 5 165.78 (C 2 , C =0 ). EIMS (HR): C 3 4 H 3 4 N 2 O 3 , Calculated M" +1: 

519.2648, Observed +1: 519.2641, Error: - 1 . 3  ppm
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7.9.6 1 -(4-Benzyloxyphenyl)-3-(4-methoxyphenyl)-4-[4-(2-pyrrolidin-1 -yl-ethoxy)-

phenyl]-azetidin-2-one (213) was prepared from (4-benzyloxyphenyl)-[4-(2-pyrroldiin-1- 

yl-ethoxy)-benzylidene]-amine (211) [3 mmol, 1.202 g] as described in the general 

preparation. Evaporation of solvent yielded a brown solid residue which was purified 

using column chromatography. DCM:MeOH (5 %) was the solvent system used and the 

(3-lactam was obtained as a brown gel. (yield 33,05 %, Rf 0.44 (DCM:MeOH (5 %)).

IR: N aC lfilm  v: 1744.2 cm '(C = 0 , p-lactam). 'H  NMR (400 MHz, CDCI3): 5 1.80 (s, 

4H, C-CH 2 -CH 2 -C), 5 2.65 (s, 4H, C-CH 2 -N-CH 2 -C), 5 2.89-2.92 (t, 2H, J=5.78 Hz (av.) 

CH 2 -N), 5 3.76 (s, 3H, O-CH3), 5 4.08-4.11 (t, 2H, J=5.78 Hz (av.), CH 2 -C), 5 4.15-4.16 (d, 

1H, J=2 Hz, H3), 6  4.783-4.788 (d, 1H, J=2 Hz, H4), 6  4.96 (s, 2H, CH2), 5 6,84-6.92 (m, 

6 H, Ar-H (3’,5’,3”,5”,3”’,5”’)), 6  7,21-7.23 (d, 2H, J=8.52 Hz, Ar-H (2’,6’)), 6  7.26-7.38 (m, 

9H, Ar-H (2”,6”,2”’,6”’,2"” ,3””,4””,5”” ,6””). NMR (100 MHz, CDCI3): 6  22.97 (C-(CH2 )2 - 

C), 6  54.17 (CH 2 -N-CH 2 ), 6  54,41 (N-CH 2 ), 6  54,88 (O-CH3), 5 63,47 (C3, CH), 5 64.23 

(C4, CH), 6  66.29 (C-CH 2 -O), 8  69.77 (O-CH 2 ), 6  113.97 (Ar-C-H (3”,5”), 6  114.79 (Ar-C-H 

(3’,5’)), 5 114.90 (Ar-C-H (3’” ,5”’)), 5 118.12 (Ar-C-H (2’,6’)), 5 126.52 (Ar-C-C (1”’)), 6  

126.82 (Ar-C-H (2”” , 6 ””)), 6  127.02 (Ar-C-H (2",6 ”)), 6  127.56 (Ar-C-H (4””)), 6  128.15 (Ar- 

C-H (3””,5””)), 6  128.20 (Ar-C-H (2”',6 ”’)), 6  129.11 (Ar-C-N (1’)), 6  130.85 (Ar-C-C (1”)), 6  

136.40 (Ar-C-C (1””)), 6  154.80 (Ar-C-0 (4”)), 6  158.53 (Ar-C-0 (4’)), 6  158.76 (Ar-C-0 

(4”’)), 6  165.28 (C2 , C=0). EIMS (HR): C 3 5 H3 6 N2 O 4 , Calculated M" + 1: 549.2753, 

Observed + 1: 549.2777, Error: + 4.3 ppm

7.9.7 1-(4-Benzyloxyphenyl)-3-(4-benzyloxy-phenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)- 

phenyl]-azetidin-2-one (214) was prepared from (4-benzyloxyphenyl)-[4-(2-pyrroldiin-1- 

yl-ethoxy)-benzylidene]-amine (211) [3 mmol, 1.20 g] as described in the general 

preparation. Evaporation of solvent yielded a brown solid residue and purification was 

attempted using column chromatography however due to the small amounts present this 

was not possible. DCM :MeOH (5 %) was the solvent system used and the P-lactam was 

obtained as a brown gel. (yield < 5 %)

'H NMR (400 MHz, CDCI3): 5 4.187-4,193 (d, 1H, J=2,48 Hz, H 3 ), 5 4.806-4.812 (d, 1H, 

J=2,52 Hz, H4)

7.9.8 4-(4-Benzyloxyphenyl)-3-phenyl-1-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin 

-2-one (218) was prepared from (4-benzyloxybenzylidene)-[4-(2-pyrroldiin-1-yl-ethoxy)- 

phenyl]-amine (216) [5 mmol, 2.088 g] as described in the general preparation.
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Evaporation of solvent yielded a brown solid residue which was purified using column 

chronnatography. DCM;MeOH (5 %) was the solvent system used and the (3-lactam was 

obtained as an orange gel. (yield 14.47 %, Rf 0.31 (DCM:MeOH (5 %)).

IR: NaCI film v: 1746.6 cm^ (C =0 , p-lactam). NMR (400 MHz, CD CIj): 6  1.81-1.83  

(q, 4H, J=3.26 Hz (av.), C -CH 2 -C H 2 -C), 6  2.66 (m, 4H, C -CH 2 -N -CH 2-C), 6  2 .89-2.92 (t, 

2H, J=5.76 Hz (av.), CH2-N), 6  4.05-4.08 (t, 2H, J=5.78 Hz (av.), C H 2-C), 6  4 .22-4.23 (d, 

1H, J=2.52 Hz, H3), 6  4 .853-4.859 (d, 1H, J=2.52 Hz, H4), 6  6.80-6.83 (q, 2H, J=3.51 Hz 

(av.), Ar-H (3”,5”)), 6  6 .83-7.00 (t, 2H, J=9.04 Hz, 2.52 Hz, Ar-H (3’,5’)), 5 (m, 14H, Ar-H  

(2 ’,6’,2”,6”,2”’,3”’,4”’,5”’,6”’,2””,3””,4””,5”’’,6’”’). ''^C NMR (100 MHz, CDCI3): 6  22.91 (C- 

(CH 2 )2-C), 5 54.02 (N -CH 2 , CH 2-N -C H 2 ), 5 63.07 (C3, CH), 6 64.75 (C4, CH), 6 65.01 (C- 

C H 2-O), 6  69.66 (O -CH 2 ), 6  114.60 (Ar-C-H (3”,5”), 5 115.08 (Ar-C-H (3’,5’)), 5 118.10 (Ar- 

C-H (2’,6’)), 6  126.85-128.55 (Ar-C-H (2”,6”,2”’,3”’,4”’,5”’,6”’,2””,3””,4””,5””,6””)), 8  132.10 

(Ar-C-N (1’)), 6  134.45 (Ar-C-C (1”,1'”,)), 6  136.21 (Ar-C-C (1””)), 6  158.64 (Ar-C-O (4’,4”)), 

6  164.79 (C 2 , C = 0 ). EIMS (HR): C 3 4 H 3 4 N 2 O 3 , Calculated M" + 1: 519.2648, Observed M" 

+ 1: 519.2641, Error: - 1 . 3  ppm.

7.9.9 4-(4-Benzyloxyphenyl)-3-(4-m ethoxyphenyl)-1 -[4-(2-pyrrolidin-1 -yl-ethoxy)-

phenyl]-azetidin-2-one (219) was prepared from (4-benzyloxybenzylidene)-[4-(2- 

pyrroldiin-1-yl-ethoxy)-phenyl]-amine (216) [3 mmol, 1.253 g] as described in the general 

preparation. Evaporation of solvent yielded a brown solid residue which was purified using 

column chromatography. DCM:MeOH (5 %) was the solvent system used and the p- 

lactam was obtained as a brown gel. (yield 10.47 %, Rf (DCM:MeOH (5 %)).

IR: NaCI film  v: 1741,9 cm ' (C = 0 , p-lactam). 'H  NMR (400 MHz, CDCI3): 5 1.82 (s, 

4H, C-CH 2 -CH 2 -C), 5 2.69 (s, 4H, C -CH 2-N -C H 2-C), 6  2.92-2.94 (t, 2H, J=5.4 Hz, CH 2 -N), 

5 3.80 (s, 3H, O CH 3 ), 6  4.05-4.08 (t, 2H, J=5.8 Hz, CH 2 -C), 6  4 .171-4.176 (d, 1H, J=2 Hz, 

H3), 6 4.79-4.80 (d, 1H, J=2 Hz, H4), 6 5.05 (s, 2H, O -C H 2 ), 5 6.79-6.81 (d, 2H, J=9.2 Hz, 

Ar-H (3”,5”)), 6  6.88-6.91 (d, 2H, J=8 . 8  Hz, Ar-H (3”’,5”')), 6  6 .98-6.99 (d, 2H, J=8.4 Hz, 

Ar-H (3’,5’)), 5 7.23-7.24 (d, 2H, J=8.0 Hz, Ar-H (2’,6’)), 5 7.28-7.30 (d, 2H, J= 8  Hz, Ar-H 

(2”,6”)), 6  7.37-7.39 (d, 2H, J=7.6 Hz, Ar-H (2”’,6”’)), 5 7.40-7.44 (m, 5H, Ar-H 

(2 ”” 3 ”” 4 ”” 5 ”” 6 ””)) i3q ^ < 1 0 0  mHz, CDCI3): 5 23.36 (C-(CH 2 )2-C), 6  54.51 (CH 2 -N- 

CH 2 ), 6  54.77 (N -CH 2 ), 6  55.31 (O -C H 3), 6  63.85 (C 3 , CH), 5 64.66 (C4, CH), 5 70.06 (C- 

C H 2-O, 0 -CH 2-phenyl), 6  114.36 (Ar-C-H (3”,5”), 6  115.01 (Ar-C-H (3’,5’)), 5 115.46 (Ar- 

C-H (3”’,5”’)), 6  118.49 (Ar-C-H (2’,6’)), 6  126.96 (Ar-C-H (4””)), 6  127.22 (Ar-C-H (2””, 

6 ””)), 5 127.48 (Ar-C-H (2”,6”)), 5 128.08 (Ar-C-H (3””,5””), 6  128.60 (Ar-C-H (2”’,6”’)), 5
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129.72 (Ar-C-C (1”’)), 5 130.24 (Ar-C-N (1’)), 6  131.22 (Ar-C-C (1”)), 6  136.65 (Ar-C-C 

(1””)), 5 155.08 (Ar-C-0 (4’)), 6  159.00 (Ar-C-0 (4")), 5 159.17 (Ar-C-0 (4”’)), 6  165.59 (C2 , 

C=0). EIMS (HR): C 3 5 H3 6 N2 O4 , Calculated M" + 1: 549.2753, Observed M" + 1: 

549.2764, Error: + 1.9 ppm

7.9.10 4-[4-Fluorophenyl]-3-phenyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (266)

was prepared from (4-fluorobenzylidene)-(3,4,5-trimethoxyphenyl)-amine (228) [5 mmol, 

1.447 g] as described in the general preparation. Evaporation of solvent yielded a brown 

solid residue which was purified using column chromatography. Hexane:diethyl ether 

(1 :1 ) was the solvent system used and the p-lactam was obtained as an orange gel. 

(yield 10.72 %, R, 0.21 (Hex:Ether)).

IR: KBr v: 1706.1 cm'^ (C=0, p-lactam). ^H NMR (400 MHz, CDCI3): 5 3.72 (s, 6 H, O- 

CH3), 6 3.78 (s, 3H, O-CH3), 6 4.26-4.27 (d, 1H, J=2.48 Hz, H3), 6 4.91-4.92 (d, 1H, 

J=2.52 Hz, H4 ), 5 6.61 (s, 2H, Ar-H (2’,6 ’)), 5 7.14 (m, 2H, Ar-H (3” ,5”)), 5 7.31-7.45 (m, 

7H, Ar-H (2”,6”,2”’,3”’,4”’,5”’,6”’)). NMR (100 MHz, CDCI3): 6 55.57 (O-CH3), 5 60.51 

(O-CH3), 5 62.98 (C3, CH), 6 64.66 (C4, CH), 5 94.35 (Ar-C-H (2’,6 ’), 5 115.86-116.07 (Ar- 

C-H (3”,5”)), 6  126,97-128.68 (Ar-C-H (2”,6”,2'” ,3’” ,4’” ,5”’,6”’)), 6  132.80 (Ar-C -0 (4’)), 5 

133.05 (Ar-C-N (1’,)), 6  133.99 (Ar-C-C (1”’)), 5 134.17 (Ar-C-C (1”’)), 6  153.15 (Ar-C-0 

(3’,5’)), 5 163.62 (Ar-C-F (4”), 8 164.88 (C 2 , C=0). EIMS (HR): C 2 4 H2 2 FNO 4 , Calculated 

M"' + Na: 407.1431, Observed M"' + Na: 430.1395, Error: - 3.1 ppm

7.9.11 4-[4-Dimethylaminophenyl]-3-phenyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2- 

one (267) was prepared from (4-dimethylaminobenzylidene)-(3,4,5-trimethoxyphenyl)- 

amine (229) [10 mmol, 3.143 g] as described in the general preparation. Evaporation of 

solvent yielded a brown solid residue which was purified using column chromatography. 

Hexane: diethyl ether (1:1) was the solvent system used and the P-lactam was obtained 

as an orange powder, (yield 6  %, Rf 0.08 (Hex:Ether), m.p. 118°C).

IR: NaCI film v: 1745.1 cm ' (C=0, p-lactam). ^H NMR (400 MHz, CDCI3 ): 5 2.99 (s, 

6 H, N-CH3), 6  3.75 (s, 6 H, O-CH3), 5 3.80 (s, 3H, O-CH3), 6  4.33-4.34 (d, 1H, J=2.52 Hz, 

H3), 5 4.86-4.87, (d, 1H, J= 2.48 Hz, H4), 6  6.69 (s, 2H, Ar-H (2’,6 ’)), 5 6.75-6.77 (d, 2H, 

J=8.52 Hz, Ar-H (3”,5”)), 5 7.31-7.33 (m, 2H, Ar-H (2”,6 ”)), 6 7.35-7.39 (m, 5H, Ar-H 

(2”’,3”’,4”’,5”’,6’'’)). ■'̂ 0 NMR (100 MHz, CDCI3 ): 6  9.96 (N-(CH3)2), 5 55.55-55.61 (O-CH3), 

6  60.49 (O-CH3), 5 63.81 (C3, CH), 6  64.42 (C4, CH), 5 94.45 (Ar-C-H (2’,6 ’), 5 112.26 (Ar- 

C-H (3”,5”)), 5 123.75 (Ar-C-0 (4’)), 5 126.74 (Ar-C-H (4”’)), 6  127.32-129.19 (Ar-C-H
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(2”,6 ”,2”’,3”’,5”’,6 ”’)), 5 133.51-134.65 (Ar-C-N/C (1M ’',1'” )), 6  150.34 (Ar-C-N (4”)), 6  

153,00 (Ar-C-0 (3’,5’), 6 165.59 (C2 , C=0). EIMS (HR): C 1 8 H1 8FNO4 , Calculated M" + 1: 

432.5116, Observed M^+ 1: 433.2112, Error: - 3.5 ppm

7.9.12 4-(4-Methoxyphenyl)-3-phenyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (268)

was prepared from (4-methoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (231) [3 

mmol, 0.904 g] as described in the general preparation. Evaporation of solvent yielded a 

brown solid residue, which was purified using column chromatography. DCM was the 

solvent system used and the P-lactam was obtained as an orange gel. (yield 11.48 %, Rf 

0.325 (DCM)).

IR: NaCI film v: 1747.7 cm'^ (C=0, (3-lactam). NMR (400 MHz, CDCIj): 6 3.71 (s, 

6H, O-CH3), 6 3.77 (s, 3H, O-CH3), 6 3.79 (d, 3H, J=2 Hz, O-CH3), 5 4.28-4.29 (d, 1H, 

J=2.48 Hz, H3), 6 4.88-4.89, (d, 1H, J= 2.52 Hz, H4), 6 6.64 (s, 2H, Ar-H (2’,6’)), 5 6.86- 

6.88 (d, 1H, J=8.52 Hz, Ar-H (3”,5”), 6 6.92-6.94 (d, 2H, J= 8.52 Hz, Ar-H (2”,6”), 6 7.26- 

7.28(m, 5H ,A r-H (2”’ ,3’” ,4”’,5”',6”’). ■'^CNMR(100MHz, CDCI3): 6 54.82 (O-CH3 ), 5 

54.85 (O-CH3 ), 6  55.49 (O-CH3), 6  60.39 (O-CH3), 6  63.28 (C3, CH), 6  64.54 (C4, CH), 6  

94.45 (Ar-C-H (2’,6’), 6  113.96 -114.23 (Ar-C-H (3”,5”)), 5 124.49 (Ar-C-H (4”’)), 6  126.93 

(Ar-C-H (2”,6”)), 6  127.44 (Ar-C-O (4’)), 6  128.32 (Ar-C-H (3”’,5”’)), 6  129.52 (Ar-C-H 

(2”’,6’”)), 8  133.31 (Ar-C-C(1”)), 5 134.04 (Ar-C-N (1’)), 6  134.35 (Ar-C-C (1”’)), 6  153.06 

(Ar-C-0 (5’)), 6  159.51 (Ar-C-0 (3’), 5 161.14 (Ar-C-0 (4”)), 6  165.15 (C2 , C=0). EIMS 

(HR): C2 5 H2 5 NO5 , Calculated M" + Na: 442.1630, Observed M" + Na: 442.1615, Error; - 

1.5 ppm

7.9.13 4-[3-(fert-Butyldimethylsilanyloxy)-4-methoxyphenyl]-3-phenyl-1-(3,4,5- 

trimethoxyphenyl)-azetidin-2-one (269) was prepared from [3-(tert- 

butyldimethylsilanyloxy)-4-methoxybenzylidene]-(3,4,5-trimethoxyphenyl)-amine (239) [5 

mmol, 2.158 g] as described in the general preparation. Evaporation of solvent yielded a 

brown solid residue, which was purified using column chromatography. DCM:EtOAc 

(19:1) was the solvent system used and the P-lactam was obtained as a yellow gel. (yield 

21.47 %, Rf 0.14 (DCM)). 4-[3-(feAt-butyldimethylsilanyloxy)-4-methoxyphenyl]-3- 

phenyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (269) was also prepared using the 

Reformatsky reaction conditions method 1, section 7.3. [3-(fert-Butyldimethylsilanyloxy)- 

4-methoxybenzylidene]-(3,4,5-trimethoxyphenyl)-amine (239) [5 mmol, 2.158 g] was 

treated with ethyl-a-bromophenylacetate [ 6  mmol, 1.489 g], refluxed for 8  hours. DCM
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was the solvent system used and the (3-lactam was obtained as a yellow gel (yield 35 %) 

Both methods yielded the trans product.

IR: KBr v: 1754.23 cm '(C = 0 , (3-lactam). 'H NMR (400 MHz, CDCI3): 6  0.072 (s, 3H, 

Si-CHa), 6  0.095 (s, 3H, Si-CHj), 5 0.94 (s, 9H, Si-(CH3)3), 6  3.71 (s, 6 H, O-CH3), 5 3.77 

(s, 3H, O-CH3), 5 3.81 (s, 3H, O-CH3), 6  4.26-4.27 (d, 1H, J=2.52 Hz, H3), 5 4.81-4.82 (d, 

1H, J=2.52 Hz, H4), 6  6.62 ( s, 2H, Ar-H (2’,6’)), 5 6 .8 6 -6 . 8 8  (m, 2H, Ar-H (5”,6”)), 5 6.97- 

6.99 (q, 1H, J=4.26Hz (av), Ar-H (2”)), 5 7.29-7.33 (m, 5H, Ar-H (2”’,3”’,4”’,5”’,6”’)).

NMR (100 MHz, CDCI3): 6  -5.17 (SI-CH3 ), 5 -5.14 (SI-CH3), 5 18.02 (Si-C-C), 5 25.18 (C- 

((CH3)3), 5 55.07 (O-CH3), 6  55.51 (O-CH3), 6  60.47 (O-CH3), 5 63.28 (C3, CH), 6  64.48 

(C4 , CH), 5 94.45 (Ar-C-H (2’,6’), 6  112.01(Ar-C-H (2”)), 5 118.01 (Ar-C-H (5”)), 6  119.17 

(Ar-C-H (6 ”)), 5 126.97 (Ar-C-H (4'”)), 6  127.43 (Ar-C-H (3”',5”’)), 6  128.58 (Ar-C-H 

(2”’,6”’)), 6  129.27 (Ar-C-0 (4’)), 5 133.23 (Ar-C-N (1’)), 6  133.97 (Ar-C-C (1”)), 6  134.37 

(Ar-C-C (1”’)), 5 145.29 (Ar-C-0 (3”)), 6  150.94 (Ar-C-0 (3’,5’)), 5 153.04 (Ar-C-0 (4”)), 5 

165.15 (C2 , C=0). EIMS (HR): C 3 iH 3 9 FNOeSi, Calculated M" + Na: 572.2444, Observed 

M^+ Na: 572.2461, Error: + 2.9 ppm

7.9.14 3-Phenyl-4-(2,3,4-trimethoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one 

(270) was prepared from (2,3,4-trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine 

(233) [3 mmol, 1.084 g] as described in the general preparation. Evaporation of solvent 

yielded a brown solid residue, which was purified using column chromatography. Hexane: 

diethyl ether (1:1) was the solvent system used and the (3-lactam was obtained as a yellow 

solid, (yield 9.5 %, R, 0.625 (DCM), m.p. 92 C).

IR: NaCI film v: 1749.2 cm '(C = 0 , p-lactam). 'H NMR (400 MHz, CDCI3 ): 6  3.74 (s, 

6 H, O-CH 3 ), 5 3,77 (s, 3H, O-CH 3 ), 5 3.80 (s, 3H, O-CH 3 ), 5 3.86 (s, 3H, O-CH 3 ), 6  3.88 

(s, 3H, O-CH 3 ). 5 4.36-4.37 (d, 1H, J=2.52 Hz, H3), 6  5.21-5.22 (d, 1H, J= 2.52 Hz, H4 ), 5 

6.63 (s, 2H, Ar-H (2’,6’)), 6  7.03-7.06 (d, 1H, J=8.56 Hz, Ar-H (5”)), 6  7.14-7,16 (d, 1H, 

J=6.52 Hz, Ar-H (6 ”)), 6  7.25-7,35 (m, 5H, Ar-H (2”’,3”’,4”’,5”’,6 ”’)). NMR (100 MHz,

CDCI3): 6  55.56 (O-CH3 ), 5 58.11 (C3 , CH), 6  60.40 (O-CH3), 6  60.51 (O-CH 3), 6  61.12 

(O-CH 3 ), 6  63.39 (C4 , CH), 5 94.30 (Ar-C-H (2’,6'), 6  107.34 (Ar-C-H (5”)), 6  121.07 (Ar-C- 

H (6 ”)), 6  126.59 (Ar-C-H (4”’)), 6  127.02-127.30 (Ar-C-H (3”’,5”’)), 5 128.24-128.76 (Ar-C- 

H (2”’,6 ”’)), 5 129.58 (Ar-C-C (1”)), 6  130.18 (Ar-C-0 (4’)), 6  133.31 (Ar-C-O (3”)), 6  134.55 

(Ar-C-N (1’)), 6  135.49 (Ar-C-C (1”’)), 5 153.07 (Ar-C-0 (2”), 6  153.60 (Ar-C-0 (4”)), 6  

160.03-161.70 (Ar-C-0 (3’,5’)), 6  165.46 (C2 , C=0). EIMS (HR): C 2 7 H2 9 NO7 , Calculated 

+ Na: 502.1842, Observed M" + Na: 502.1823, Error:- 3.7 ppm
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7.9.15 3-Phenyl-4-(2,4,6-trimethoxyphenyl)-1 -(3,4,5-trimethoxyphenyl)-azetidin-2-one 

(271) was prepared from (2,4,6-trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine 

(234) [3 mmol, 1.084 g] as described in the general preparation. Evaporation of solvent 

yielded a brown solid residue, which was purified using column chromatography. Hexane: 

diethyl ether (1:1) was the solvent system used and the (3-lactam was obtained as a yellow 

solid, (yield 52%, Rf0.13(DCM: EtOAc(19:1), m.p. 112-114°C)).

IR: KBr v: 1746.6 cm ’ (C=0, (3-lactam). NMR (400 MHz, CDCI3): 5 3.73 (s, 3H, O-

CH3 ), 5 3.75 (s, 3H, O-CH3 ), 6  3.81 (s, 3H, O-CH3), 6  3.85 (s, 3H, O-CH3 ), 5 3.86 (s, 6 H, 

O-CH3), 5 4.86-4.87 (d, 1H, J=2.52 Hz, H3 ). 5 5.52-5.53 (d, 1H. J=2.52 Hz, H4 ), 5 6.07 (s, 

2H, Ar-H (3”,5”)), 5 6.64 (s, 2H, Ar-H (2’,6 ’)), 6  7.34-7.37 (m, 5H, Ar-H (2”’,3”',4”’,5”’,6”’)).

NMR (100 MHz, CDCI3): 5 54.44 (O-CH3), 6  54.89 (O-CH3), 5 55.05 (O-CH3), 5 55.27 

(O-CH3 ), 6  55.48 (O-CH3), 5 55.51 (C4, CH), 6  58.88 (O-CH3), 5 60.42 (C3 , CH), 5 89.76 

(Ar-C-H (3”,5”), 6  90.38 (Ar-C-H (6 ’)), 5 93.72 (Ar-C-H (2')), 6  105.11 (Ar-C-C (1”)), 6  

126.83 (Ar-C-H (4”’)), 6  127.09 (Ar-C-H (3”’,5”’)), 6  128.29 (Ar-C-H (2”’,6 ”’)), 6  133.76 (Ar- 

C -0 (4’)), 5 136.13 (Ar-C-N/C (1’,1”’)), 5 152.83 (Ar-C-0 (3’,5’)), 6  159.86 (Ar-C-O (4”), 6

161.36 (Ar-C-0 (2”)), 6  163.83 (Ar-C-0 (6 ”)), 5 165.83 (C2 , C=0).

7.9.16 3-Phenyl-1,4-b/s-(3,4,5-trimethoxyphenyl)-azetidin-2-one (272) was prepared 

from (3,4,5-trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine (221) [3 mmol, 1.084 

g] as described in the general preparation. Evaporation of solvent yielded a brown solid 

residue, which was purified using column chromatography. DCM:EtOAc (19:1) was the 

solvent system used and the p-lactam was obtained as a yellow powder, (yield 6.72 %, Rf 

0.55 (DCM:EtOAc), m.p. 231 °C).

IR: KBr v: 1747.2 cm '(C = 0 , (3-lactam). 'H NMR (400 MHz, CDCI3): 6 3.74 (s, 6 H, O- 

CH3 ). 6  3.79 (s, 3H, O-CH3 ), 5 3.83 (s, 6 H, O-CH3 ), 6  3.87 (s, 3H, O-CH3), 6  4.31-4.32 (d, 

1H, J=2.52 Hz, H3). 6 4.81-4.82 (d, 1H, J= 2.52 Hz, H4), 5 6.62-6.63 (d, 4H, J=5 Hz, Ar-H 

(2’,6’,2”,6”)), 6  7,34-7.39 (m, 5H, Ar-H (2'” ,3”’,4”’,5”',6”')). ''^C NMR (100 MHz, CDCI3): 6  

55.60 (O-CH3 ), 6  55.87 (O-CH3 ), 5 60.47 (O-CH3 ), 6  60.53 (O-CH3), 5 64.10 (C3 , CH), 6  

64.48 (C4, CH), 5 94.42 (Ar-C-H (2’,6’), 6 102.28 (Ar-C-H (2”,6 ”)), 5 127.03 (Ar-C-H (4”’)), 

6  127.58 (Ar-C-H (3”’,5'” )), 6  128.25 (Ar-C-0 (4’)), 6  128.66 (Ar-C-H (2”',6”’), 6  129.05 (Ar- 

C-O (4”)), 5 133.26 (Ar-C-N (1’)), 6  134.17 (Ar-C-C (1”’)), 6  134.19 (Ar-C-C (1”)), 5 153.09 

(Ar-C-0 (3’,5’)), 6  153.59 (Ar-C-0 (3”,5”), 5 165.20 (C2 , C=0). EIMS (HR): C 1 8 H1 8FNO4 , 

Calculated M" + Na: 502.1842, Observed + Na: 502.1849, Error: + 1.4 ppm

312



7.9.17 3-Phenyl-4-(2,4,5-trimethoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one

(273) was prepared from (2,4,5-trimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine 

(230) [4 mmol, 1.445 g] as described in the general preparation. Evaporation of solvent 

yielded a brown solid residue, which was purified using column chromatography. DCM 

was the solvent system used and the 3 -lactam was obtained as a yellow powder, (yield 

5.52 %, Rf 0.26 (DCM) m.p. 126-128°C)).

IR: NaCI film d : 1740.0 c m ' (C=0, p-lactam). 'H  NMR (400 MHz, CDCIj): 5 3.74 (s, 

6 H, O-CH 3 ), 6  3.77-3.78 (d, 6 H, J=4.52 Hz, O-CH 3 ), 6  3.82 (s, 3H, O-CH 3 ), 6  3.91 (s, 3H, 

O-CH 3 ) 6  4.39-4.40 (d, 1H, J=2 Hz, H3). 5 5.30-5.31 (d, 1H, J= 2 Hz, H4 ), 5 6.58 (s, 1H, 

Ar-H (3”)), 6  6 . 6 6  (s, 2H, Ar-H (2’,6 ’)), 6  6.85 (s, 1H, Ar-H (6 ”)), 6  7.27-7.35 (m, 5H, Ar-H 

(2 ”> 3 .” 4 .” 5 ”. 6 ”’)) 13c NMR (100 MHz, C D C I 3 ) :  6  55.54 (C3 , CH), 6  55.60 (O-CH 3 ), 6

56.02 (O-CH3 ), 6  56.31 (O-CH 3), 6  57.59 (O-CH 3 ), 6  60.52 (O-CH3 ), 6  61.11 (O-CH 3), 6  

62.84 (C4 , CH), 6  94.25 (Ar-C-H (2’), 5 96.93 (Ar-C-H (6 ’)), 5 110.05 (Ar-C-H (3”)), 5 

115.65 (Ar-C-H (6 ”)), 5 126.65 (Ar-C-C (1”)), 5 127.73 (Ar-C-H (4”’)), 6  128.23 (Ar-C-H 

(3”’,5”’)), 6  129.83 (Ar-C-H (2”’,6”’)), 6  133.39 (Ar-C-0 (4’)), 5 133.92 (Ar-C-N (1’)), 6  

134.01 (Ar-C-C (1”’)), 6  143.15 (Ar-C-O (5”)), 6  149.56 (Ar-C-O (4”)), 5 151.50 (Ar-C-0 

(3’,5’), 6  153.03 (Ar-C-0 (2”)), 5 165.64 (C 2 , C=0). EIMS (HR): C 2 7 H2 9 NO7 . Calculated M" 

+ Na; 502.1842, Observed M'" + Na: 502.1835, Error: - 1.3 ppm

7.9.18 4-(3,4-Dimethoxyphenyl)-3-phenyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one

(274) was prepared from (3,4-dimethoxybenzylidene)-(3,4,5-trimethoxyphenyl)-amine 

(235) [4 mmol, 1.325 g] as described in the general preparation. Evaporation of solvent 

yielded a brown solid residue, which was purified using column chromatography. 

DCM:EtOAc (19:1) was the solvent system used and the P-lactam was obtained as an 

orange solid, (yield 5 %, Rf 0,61 (DCM), m.p. 106-108°C).

IR: NaCI film v: 1738.9 cm '(C = 0 , p-lactam). ^H NMR (400 MHz, C D C I 3 ) :  5 3.72 (s, 

6 H, O-CH 3), 6  3.78 (s, 3H, O-CH 3), 5 3.85 (s, 3H, O-CH 3), 6  3.89 (s, 3H, O-CH 3), 5 4.30- 

4.31 (d, 1H, J=2.52 Hz, H3 ), 6  4.85-4.86 (d, 1H, J=2.52 Hz, H 4 ) ,  6  6.63 (s, 2H, Ar-H 

(2’,6’)), 5 6.89-6.91 (m, 2H, Ar-H (2”,6”)), 6  6.99-7.01 (q, 1H, J=2 Hz, 6  Hz, Ar-H (5”)), 5 

7.31-7.40 (m, 5H, Ar-H (2”’,3”’,4”’,5”’,6”’)). ''^0 NMR (100 MHz, C D C I 3 ) :  6  55.58 (O-CH3), 

6  60.44 (O-CH3 ), 5 63.68 ( C 3 ,  CH), 6  64.47 ( C 4 .  CH), 5 94.34 (Ar-C-H (2’,6’), 6  107.90 

(Ar-C-H (2”)), 5 111.01 (Ar-C-H (5”)), 6  118.31 (Ar-C-H (6 ”)), 6  126.94 (Ar-C-H (4”’)), 5 

127.43 (Ar-C-H (3”’,5”’)), 6  128.56 (Ar-C-H (2”’,6 ”’)), 6  129.31 (Ar-C-0 (4’)), 6  133.27 (Ar- 

C-N (1’)), 5 134.23 (Ar-C-C (1”,1”’)), 6  148.94 (Ar-C-0 (3”)), 6  149.32 (Ar-C-O (4”)), 5
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153.01 (Ar-C-0 (3’,5’), 5 165.21 (C2 , C=0). EIMS (HR): C2 6 H2 7 NO6 , Calculated + Na: 

472.1736, Observed + Na: 472.1752, Error: + 3.4 ppm

7.10 Removal of benzyloxy group

,0

10% Pd/C

( 2  mmol) of the benzyloxy protected compound was dissolved in 1 : 1  ethanol: ethyl acetate 

(50mls) and hydrogenated over 1.2g of 10 % palladium on carbon over 2 hours. After 

filtering the catalyst, the solvent was removed under vacuum and product was columned 

as required.

7.10.1 1-(4-Hydroxyphenyl)-3-phenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin 

-2-one (207) was prepared from 1-(4-benzyloxyphenyl)-3-phenyl)-4-[4-(2-pyrrolidin-1-yl- 

ethoxy)-phenyl]-azetidin-2-one (212) [1 mmol, 0.518 g] as described in the general 

preparation. Evaporation of solvent yielded an orange residue which was purified using 

column chromatography. DCM:MeOH (5 %) was the solvent system used and the (3- 

lactam was obtained as a yellow gel. (yield 50 %, Rf baseline (DCM:MeOH (5 %)).

IR: NaClfilm v: 1738.82 cm’’ (C=0, (3-lactam), 3434.80cm ' (OH). NMR (400 MHz, 

CDCI3): 6  1.89 (s, 4H, C-CH2 -CH2 -C), 6  2.83 (s, 4H, C-CH2-N-CH2-C), 5 3.14-3.16 (m, 2H, 

CH2-N), 6  4.204-4.209 (d, 1H, J=2.48 Hz, H3 ), 6  4.23-4.29 (m, 2H, CH2-C), 6  4.83-4.84 (d, 

1H, J=2 Hz, H4 ), 5 6.69-6.71 (d, 2H, J=9 Hz, Ar-H (3”,5”), 6  6.87-6.89 (d, 2H J=8.52 Hz 

Ar-H (3',5’)), 5 6.98-7.01 (d, 2H, J=8.52 Hz Ar-H (2’,6’)), 5 7.17-7.19 (d, 2H, J=9.04 Hz, Ar- 

H (2”,6”)), 6  7.26-7.39 (m, 5H, Ar-H (2”’,3”’,4”’,5”’,6”’). ''"C NMR (100 MHz, CDCI3): 6  

22.83 (C-(CH2 )2 -C), 5 54.13 (CH2-N-CH2 ), 5 54.22 (N-CH2 ), 5 63.01 (C3 , CH), 6  64.59 (C4 , 

CH), 5 66.09 (C-CH2-O), 6  114.40 (Ar-C-H (3”,5”), 6  115.63 (Ar-C-H (3’,5’)), 6  118.35 (Ar- 

C-H (2’,6’)), 6  126.91 (Ar-C-H (4”’)), 6  127.03 (Ar-C-H (2”,6”)), 6  128.57 (Ar-C-H ((3”’,5”’)), 

5 129.51 (Ar-C-N (1’)), 6  129.62 (Ar-C-C (1”)), 5 131.58 (Ar-C-H (2”’,6’”)), 6  134.42 (Ar-C- 

C (1”’)), 5 153.18 (Ar-C-OH (4’)), 6  157.99 (Ar-C-0 (4’’)), 6  164.75 (C2 , C=0). EIMS (HR): 

C2 8 H3 0 N2 O4 : Calculated M" +1: 429.2178, Observed M" +1; 429.2184, Error: + 1.4 ppm
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7.10.2 1-(4-Hydroxyphenyl)-3-(4-methoxyphenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)- 

phenyl]-azetidin-2-one (208) was prepared from 1-(4-benzyloxyphenyl)-3-(4- 

methoxyphenyl)-4-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin-2-one (213) [0.7 mmol,

0.384 g] as described in the general preparation. Evaporation of solvent yielded an 

orange residue which was purified using column chromatography. DCM:MeOH (5 %) was 

the solvent system used and the p-lactam was obtained as a yellow gel. (yield 77.88 %, 

R,0.11 (DCM:MeOH (5% )).

IR; NaClfilm  v: 1737.6 cm \  3387.0cm ' (OH). NMR (400 MHz, CDCIj): 5 1.85 (s, 

4H, C-CH 2-CH 2 -C), 6  2.84 (s, 4H, C-CH 2 -N-CH 2 -C), 6  3.04-3.06 (t, 2H, J=5.28 Hz (av.) 

CH 2 -N), 6  3.77 (s, 3H, O-CH3), 5 4.113-4.118 (d, 1H, J=2 Hz, H3), 5 4.12-4.15 (t, 2H, 

J=5.5 Hz (av.), CH2 -C). 5 4.75-4.76 (d, 1H, J=2 Hz, H4), 5 4.78 (bs, 1H, OH), 6 6.69-6.71 

(d, 2H, J=8.56 Hz, Ar-H (3’,5’), 5 6.82-6.88 (q, 4H, J= 8 . 8  Hz (av.), 6  Hz, Ar-H 

(3”,5”,3”’ ,5”’)), 5 7.14-7.20 (m, 6 H, Ar-H (2’,6’,2” ,6”,2”’,6’” ). NMR (100 MHz, CDCI3): 5 

22.75 (C-(CH2)2-C), 5 54.03 (CH 2 -N-CH 2 ), 6 54.12 (N-CH 2 ), 6 54.88 (O-CH3), 6 63.41 (C3, 

CH), 6  63.96 (C4 , CH), 5 65.11 (C-CH 2 -O), 5 113.95 (Ar-C-H (3”,5”), 6  114.69 (Ar-C-H 

(3”’,5” ’)), 6  115.55 (Ar-C-H (3’,5’)), 5 118.36 (Ar-C-H (2’,6’)), 6  126.42 (Ar-C-C (1”’)), 6  

126.86 (Ar-C-H (2”,6”)), 6  128.18 (2’” ,6”’)), 6  129.38 (Ar-C-N/C (1’,1”)), 6  153.34 (Ar-C-OH 

(4’)), 5 158.01 (Ar-C-0 (4’’)), 5 158.72 (Ar-C-0 (4”’)), 6  165.35 (C2 , C=0). EIMS (HR): 

C 2 8 H3 0 N2 O4 , Calculated + 1: 459.2284, Observed + 1: 459.2276, Error: -1 .7  ppm

7.10.3 4-(4-Hydroxyphenyl)-3-phenyl)-1-[4-(2-pyrrolidin-1-yl-ethoxy)-phenyl]-azetidin 

-2-one (220) was prepared from 4-(4-benzyloxyphenyl)-3-phenyl)-1-[4-(2-pyrrolidin-1-yl- 

ethoxy)-phenyl]-azetidin-2-one (218) [0.11 mmol, 0.057 g] as described in the general 

preparation. Evaporation of solvent yielded an orange residue which was purified using 

column chromatography. DCM:MeOH (10 %) was the solvent system used and the (3- 

lactam was obtained as a yellow gel. (yield 36.62 %, Rf 0.19 (DCM:MeOH (10 %)).

IR: NaCI film d : 1745.1 cm '  (C=0), 3437.5 cm '  (OH), 'H  NMR (400 MHz, CDCI3): 5 

1.88 (s, 4H, C-CH 2 -CH 2-C), 6  2.95 (s, 4H, C-CH 2 -N-CH 2 -C), 5 3.11 (bs, 2H, CH 2 -N), 5 

4.07 (bs, 2H, O-CH 2 ), 6 4.216-4.220 (d, 1H, J=1.6 Hz, H3), 5 4.803-4.808 (d, 1H, J=2 Hz, 

H4), 5 5.06 (bs, 1H, OH), 6  6.65-6.68 (d, 2H, J= 8 . 8  Hz, Ar-H (3”,5"), 5 6.77-6.79 (d, 2H. 

J= 8 . 8  Hz, Ar-H (3’,5’)), 5 7.15-7.17 (d, 2H, J=8.0 Hz, Ar-H (2”,6”)), 5 7.23-7.25 (d, 2H, 

J= 8 . 8  Hz, (Ar-H (2’,6’)). 5 7.30-7.36 (m, 5H, Ar-H (2”’,3”’,4”’,5”’,6”’). EIMS (HR): 

C2 7 H2 8 N2 O 3 , Calculated M'" + 1: 429.2178, Observed M"' + 1: 429.2177, Error: - 0.3 ppm
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7.10.4 4-(4-Hydroxyphenyl)-3-(4-methoxyphenyl)-1-[4-(2-pyrrolidin-1-yl-ethoxy)- 

phenyl]-azetidin-2-one (221) was prepared from 4-(4-benzyloxyphenyl)-3-(4- 

methoxyphenyl)-1 -[4-(2-pyrrolidin-1 -yl-ethoxy)-phenyl]-azetidin-2-one (219) [0.153

mmol, 0.084 g] as described in the general preparation. Evaporation of solvent yielded an 

orange residue which was purified using column chromatography. DCMilVleOH (5 %) was 

the solvent system used and the p-lactam was obtained as an orange gel. (yield 15.43 

%, Rf baseline (DCM:MeOH (5 %)).

IR: NaCI film d: 1740.0 cm ' (C=0), 3233.2 cm ' (OH). NMR (400 MHz, CDCIj): 6 

1.91 (s, 4H, -C-CH2 -CH2 -C), 6  2.93 (s, 4H, C-CH2-N-CH2 -C), 6  3.12 (s, 2H, CH2 -N), 6  3.81 

(s. 3H, O-CH3 ). 6  4.12-4.15 (t, 2H, J=5.26 Hz (av.), CH2 -C), 6  4.185-4.191 (d, 1H, J=2.48 

Hz, H3 ), 5 4.783-4.788 (d, 1H, J=2 Hz, H4 ), 5 5.13 (bs, 1H, OH), 5 6.71-6.74 (d, 2H, 

J=9.04 Hz, Ar-H (3",5”)), 6  6.81-6.83 (d, 2H, J=8.04 Hz Ar-H (3”’,5”’)), 5 6.89-6.91 (d, 2H, 

J=8.52 Hz (Ar-H (3’,5’)). 6  7.18-7.20 (d, 2H, J=8.04 Hz, Ar-H (2”,6"), 6  7.23-7.24 (m. 4H 

Ar-H (2’,6’,2”’,6”’)). EIMS (HR): C2 8 H3 0 N2 O4 , Calculated M" + 1: 459.2284, Observed M" + 

1: 459.2294, Error: + 2.2 ppm

7.11 General procedure for synthesis of thiones
Ri

Y "

(0.6 mmol) of the p-lactam and Lawesson’s reagent (0.4 mmol, 0.162 g) [0.68 equiv] were 

refluxed in toluene (5 mis) at 135°C under N2  for 3 hours. The solvent was evaporated 

and column chromatography was carried out.

7.11.1 4-(4-Methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-thione (276) was

prepared from 4-(4-methoxyphenyl)-1-(3,4,5-trimethoxyphenyl)-azetidin-2-one (247) 

[0.206 g, 0.6 mmol] using the above method. Evaporation of the solvent yielded a brown 

solid residue which was purified using column chromatography. DCM was the solvent 

used and the p-lactam was obtained as a yellow solid, (yield 47.52 %, Rf 0.89 (DCM: 

MeOH (19:1), m.p. 84“C).
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IR: N aC lfilm  v: 1595.75 cm '(C =S ). NMR (400 MHz, CDCI3): 6  2.98-3.02 (q, 1H, 

J=7.78 Hz (av.), H3), 6 3.48-3.53 (q, 1H, J=7.03 Hz (av.), H3), 6 3.72 (s, 6 H, O-CH3), 6 

3.78 (s, 3H, O-CH3), 6  3.80 (s, 3H, O-CH3), 6  5.42-5.44 (q, 1H, J=2.35 Hz (av.), H4), 6  

6.91-6.93 (d, 2H, J=8.52 Hz, Ar-H (3”,5”)), 5 7.19 (s, 2H, 6.04 Hz, Ar-H (2’,6 ’)), 5 7.30-7.32 

(d, 2H, J=9.04 Hz, Ar-H (2”,6”)). ''̂ C NMR (100 MHz, CDCI3): 6 49.30 (C3, CH 2 ), 6 54.90 

(O-CH3), 6 55.58 (O-CH3), 5 60.43 (O-CH3), 5 62.13 (C4, CH), 6 95.26 (Ar-C-H (2’,6 ’), 5 

114.21 (Ar-C-H (3”,5”)), 6  127.04 (Ar-C-H (2”,6”)), 6  128.29 (Ar-C -0 (4’)), 5 134.11 (Ar-C- 

N (1’)), 6  135.17 (Ar-C-C (1”)), 6  152.63 (Ar-C-0 (3’,5’)), 5 159.65 (Ar-C-0 (4”)), 6  196.01 

(C2 , C=S) EIMS (HR): C 1 9 H2 1 NO4 S, Calculated M" + Na: 382.1089, Observed M" + Na: 

382.1076, Error: - 3.4 ppm

7.11.2 4-(4-Methoxyphenyl)-3-methyl-1-(3,4,5-trimethoxyphenyl)-azetidin-2-thione 

(277) was prepared from 4-(4-methoxyphenyl)-3-methyl-1-(3,4,5-trimethoxyphenyl)- 

azetidin-2-one (254) [0.214 g, 0.6 mmol] and the above method was followed. 

Evaporation of the solvent yielded a brown solid residue which was purified using column 

chromatography. DCM was the solvent used and the P-lactam was obtained as a yellow 

gel. (yield 63.84 %, R, 0.86 (DCM: MeOH (19:1)).

IR; NaCI film v: 1591.11 cm ' (C=S). NMR (400 MHz, CDCI3): 5 0.95-0.97 (d, 2H, 

J=7.52 Hz, CH3), 6  1.46-1.48 (d, 1H, J=7.52 Hz, -CH3), 5 2.99-3.05 (q, 0.33H, J=7.2 Hz 

(av.), H3), 6  3.48-3.51 (q, 0.67H, J=4.35 Hz (av.), H3), 5 3.71 (s, 6 H, O-CH 3 ), 6  3.77 (s, 

1H, O-CH3), 5 3.80 (s, 5H, O-CH3), 6  5.02 (s, 0.33H, H4), 6  5.67-5.68 (d, 0.67H, J=5 Hz, 

H4), 5 6.89-6.91 (t, 2H, J=6.76 Hz, Ar-H (2’,6’)), 5 7.13-7.15 (d, 1H, J=9.04 Hz, Ar-H (3”)), 

5 7.19 (s, 1H, Ar-H (5”)), 6  7.23 (s, 1H, Ar-H (2”)), 5 7.29-7.31 (d, 1H, J=8.52 Hz, Ar-H 

(6 ”)). ■'̂ C NMR (100 MHz, CDCI3): 5 11.31 (-CH3), 6  14.59 (-CH3), 6  50.66 (C3, CH), 6  

54,80 (O-CH 3 ), 6  54.89 (O-CH 3), 5 55.56 (O-CH3 ), 5 55.61 (O-CH 3 ), 5 56.06 (C3, CH), 5 

60.43 (O-CH 3 ), 5 66.31 (C4. CH), 5 70.38 (C4, CH), 5 95.50-95.61 (Ar-C-H (2’,6’)), 6 

113.73-114.16 (Ar-C-H (3” ,5”)), 5 125.21 (Ar-C-0 (4’)), 5 127.06-127.77 (Ar-C-H (2”,6”)), 6 

133.93 (Ar-C-C (1”)), 6 135.07 (Ar-C-N (1’)), 5 152.61 (Ar-C -0 (3’,5’)), 5 158.19-159.59 

(Ar-C-0 (4”)), 6 201.72-202.21 (C=S, C2 ). EIMS (HR): C 2 0 H2 3 NO 4 S, Calculated M" + Na: 

396.1245, Observed M'" + Na: 396.1235, Error: - 2.7 ppm

7.11.3 4-(4-Methoxyphenyl)-3,3-dimethyl-1 -(3,4,5-trimethoxyphenyl)-azetidin-2- 

thione (278) was prepared from 4-(4-methoxyphenyl)-3,3-dimethyl-1-(3,4,5- 

trimethoxyphenyl)-azetidin-2-one (255) [1.065 g, 2.868 mmol] and the above method was
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followed. Evaporation of the solvent yielded a brown solid residue which was purified 

using column chromatography. DCM was the solvent used and the p-lactam was 

obtained as a yellow solid, (yield 46.69 %, Rf 0.85 (DCM: MeOH (19:1), m.p. 94°C).

IR: NaClfilm  v: 1595.23 cm '(C =S). NMR (400 MHz, CDCIj): 6 0.88 (s, 3 H , -CH3), 

5 1.48 (s, 3H, -CH3), 5 3.71 (s, 6 H, O-CH3), 6  3.792-3.795 (d, 3H, J=1 Hz, O-CH3), 6  5.29 

(s, 1H, H4), 6  6.88-6.90 (d, 2H, J=8.56 Hz, Ar-H (2’,6’)), 5 7.11-7.13 (d, 1H, J=8.52 Hz, Ar- 

H (3”,5”)), 6  7.23 (s, 2H, Ar-H (2”,6”)). NMR (100 MHz, CDCI3): 6  19.37 (-CH 3 ), 6  

24.34 (-CH3 ), 6  54.79 (O-CH 3 ), 5 51.14 (C3, C-C), 5 56.60 (O-CH3 ), 6  60.42 (O-CH 3 ), 5 

73.85 (C4, CH), 5 95.91 (Ar-C-H (2’,6’)), 6  113.69 (Ar-C-H (3”,5”)), 6  125.85 (Ar-C-0 (4’)),

5 127.46 (Ar-C-H (2”,6”)), 6  133.99 (Ar-C-C (1”)), 6  135.03 (Ar-C-N (1’)), 6  152.62 (Ar-C-0 

(3’,5’)), 5 159.11 (Ar-C-O (4”)), 6  206.80 (C=S, C 2 ). EIMS (HR): C2 1 H2 5 NO4 S, Calculated 

M" + 1: 388.1583, Observed M" + 1: 388.1586, Error: + 0.9 ppm

7.11.4 4-(4-Methoxy phenyl)-3-phenyl-1 -(3,4,5-trimethoxyphenyl)'azetidin-2-thione 

(279) was prepared from 4-(4-methoxyphenyl)-3-phenyl-1-(3,4,5-trimethoxyphenyl)- 

azetidin-2-one (268) [0.251 g, 0.6 mmol] following the above method. Evaporation of the 

solvent yielded a brown solid residue which was purified using column chromatography. 

DCM was the solvent used and the p-lactam was obtained as a yellow gel. (yield 80.91 

%, R,0.91(DCM: MeOH (19:1)).

IR: NaClfilm  v: 1592.5 cm ' (C=S). 'H NMR (400 MHz, CDCI3): 6  3.72 (s, 6 H, O-CH 3 ),

6  3.79 (s, 6 H, O-CH3), 6  4.12-4.13 (d, 1H, J=2 Hz, H3), 5 5.32-5.33 (d, 1H, J=2.04 Hz, H4),

5 6.92-6.94 (d, 2H, J=8.52 Hz, Ar-H (3”,5”)), 5 7.28 (s, 2H, 6.04 Hz, Ar-H (2’,6’)), 5 7.31- 

7.33 (m, 3H, Ar-H (2”,6”,4”’)), 6  7.35-7.36 (d, 4H, J=4 Hz, Ar-H (2”’,3”',5”’,6”’)). ’’^C NMR 

(100 MHz, CDCI3): 5 54.94 (O-CH3), 6 55.62 (O-CH3), 5 60.47 (O-CH3), 6 65.36 (C3, CH),

6  71.28 (C4, CH), 6  95.70 (Ar-C-H (2’,6’), 6  114.35 (Ar-C-H (3”,5”)), 6  127.12-128.55 (Ar- 

C-H (2",6”,2”’,3”’,4”’,5”’,6’”)), 5 133.87 (Ar-C-0 (4')), 6  135.34 (Ar-C-C/N (1’,1’’,1’”)), 8  

152.71 (Ar-C-0 (5’)), 6  159.77 (Ar-C-0 (4”)), 5 198.03 (C2 , C=S). EIMS (HR): 

C25H25NO4S, Calculated M" + Na: 458.1402, Observed M" + Na: 458.1417, Error: + 3.3 

ppm
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7.12 Stability Study

HPLC: Column: 250 X 4.6mm

Stationary Phase: Spherisorb, ODS-2 5|im

Wavelength of UV detector: 254 nm, pressure = 900 psi

Attenuation was set at 10 to 15 depending on the particular compound, Flow: 1.0 ml/min 

Mobile Phase was acetonitrile: distilled water 80:20, which was prepared by mixing in a 1 

litre graduated cylinder, sonicating for 10 minutes and then filtering.

Injection volume: 20 1̂ using sample injection loop.

Stock solution: Approx 5 mg of sample was weighed into a 10 ml volumetric flask. This 

was then brought up to the mark with acetonitrile.

Procedure

Standard Calibration Curve: 10 1̂, 20 |il, 30 1̂, 40 )il and 50 (il of stock was placed into 

five small screw cap vials respectively and 1 ml of acetonitrile was added to each vial. 

Each standard was then injected at least twice.

Sample Analyses: 30 ).J of stock was placed in three of the small screw cap vials. 1 ml 

of appropriate buffer was preheated to 37°C. The buffer was added to the vial, shaken 

and injected immediately. The vial was then placed in a water bath at the same 

temperature and readings were taken at 30 minutes, 1 hour, 2 hours etc.

Buffers

B.P. 2000 Phosphate Buffer Solution pH 7.4 -  add 250 ml of 0.2 M potassium dihydrogen 

orthophosphate to 393.4 ml of sodium hydroxide.

B.P. 2001 Phosphate Buffer pH 6 -  mix 50 ml of 0.2 M potassium dihydrogen 

orthophosphate with 5.7 ml of 0.2 M sodium hydroxide and dilute to 200 ml with water.

B.P. 2001 Buffer pH 5 -  mix 48.5 ml of 0.1 M citric acid with sufficient 0.2 M disodium 

hydrogen orthophosphate to produce 100 ml.

Buffer pH 4 & 9 were commercial products.
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Procedure for plasma study

50 ml of blood was taken from a healthy male. The blood type was O and Rhesus 

Positive. This was centrifuged at 10,000 rpm for 10 minutes and cooled, to make sure 

that degradation was minimal.

The following steps were carried out to prepare the plasma for the stability study;

1. Plasma: buffer 1:9 = 10 % plasma, diluted with pH 7.4 buffer (4 mis in total)

2. Buffered plasma was placed in water bath at 37°C in screw cap container.

3. 10 Eppendorf tubes were placed in rack (1.5 ml capacity)

4. 500 1̂ of ZnS0 4 .7H20  solution (2 % w/v ZnS04  solution in acetonitrile: water, 1:1) 

was transferred into each eppendorf tube

5. A solution of test compound in acetonitrile was prepared.

6. 360 îl of this test solution was transferred to buffered plasma at 37°C. The clock 

was started and 250 |il of the mixture was taken at the specified time intervals and 

transferred into the eppendorf tube containing the zinc sulphate solution.

7. The tube was vortexed.

8. This was then centrifuged for three minutes at 10,000 rpm

9. Finally the product was injected into HPLC machine.
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