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Abstract
A series of novel b-lactam containing compounds are described as antiproliferative agents and potential selective modulators
of the oestrogen receptor. The purpose of the study is to evaluate the antiproliferative effects of these compounds on human
MCF-7 and MDA MB-231 breast cancer cells. The compounds are designed to contain three aryl ring substituents arranged
on the heterocyclic azetidin-2-one (b-lactam), thus providing conformationally restrained analogues of the triarylethylene
arrangement exemplified in the tamoxifen type structure. The compounds demonstrated potency in antiproliferative assays
against MCF-7 human breast cancer cell line at low micromolar to nanomolar concentrations with low cytotoxicity and
moderate binding affinity to the oestrogen receptor. The effect of a number of aryl and amine functional group substitutions
on the antiproliferative activity of the b-lactam products was explored and a brief computational structure–activity
relationship investigation with molecular simulation was investigated.
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Introduction

The oestrogen receptor has proven to be an important

target in breast cancer over the last 30 years [1]. The use

of the Selective Estrogen Receptor Modulator (SERM)

tamoxifen 1 for the treatment and prevention of breast

cancer has changed therapeutics [2–4]. The SERM

raloxifene, approved for the treatment of osteoporosis,

lacks the increased risk for endometrial cancer

associated with the use of tamoxifen 1 and has been

evaluated for the prevention of breast cancer [5,6].

Aromatase inhibitors such as the non-steroidal agents

letrozole and anastrole [7], and the steroidal agent

exemestane are reported to be more efficacious than

tamoxifen as first-line therapy and are useful for second-

line therapy and against tamoxifen-resistant disease.

The aromatase inhibitors and the pure antioestrogen

fulvestrant [8] is also effective as second line therapy

against advanced breast cancer in patients who

develop resistance to tamoxifen treatment [9–12].

The oestrogen receptor (comprising of two isoforms

ERa and ERb) is a ligand activated transcript factor

which mediates the physiological effects of the oestrogen

hormones. The ER isoforms have been characterised

and found to have different tissue distribution patterns.

ERa is predominantly found in the uterus, bone,

cardiovascular tissue and liver and is the predominant

ER expressed in breast cancer [13]. ERb is expressed

in many tissues including prostate, breast, vascular

endothelium and ovary. However, ERa and ERb

demonstrate distinct activation properties and may

play different roles in gene expression [14,15].

The oestrogen receptors are widely distributed in

the body tissues and are regarded as attractive

therapeutic agents for diseases such as osteoporosis
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and breast cancer. Design of ligands which can

modulate the activity of the ER in a tissue selective

manner continues to attract interest due to the

regulating effects of the ER on many diseased states.

Tamoxifen 1 is an established oestrogen receptor

antagonist and is a useful endocrine drug in the

treatment of ER positive breast cancer.

The binding modes of several ligands (e.g.

4-hydroxytamoxifen 2 and raloxifene 3) in the ligand

binding domain (LBD) of the ERa and ERb has been

determined by X-ray crystallographic studies and have

shown that the interaction of SERMs with the ER-

LBD results in induction of key conformational

changes to Helix 12 [16–20]. Many different

modifications of the tamoxifen molecular design

have been investigated in an effort to improve its

effectiveness as an antioestrogen and to reduce the

associated side effects [21–24]. 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.

Many alternative novel non-isomerisable scaffolds for

oestrogen receptor modulators have been discovered

[25,26]. Examples of SERMs which contain rigid

cyclic scaffolds are illustrated in Figure 1, e.g.

tetrahydronaphthalene (lasofoxifene) 4 [27], pyrazole

5 [28], tetrahydroisoquinoline 6 [29], benzopyran

EM-652 7 [30] and dihydrobenzoxathiin 8 [26]

We now report the design and synthesis of non-

isomerisable SERMs based on the four membered

b-lactam ring. The b-lactam ring was chosen for this

purpose mainly because it can be easily modified to

incorporate the triaryl structural features necessary for

ER ligand activity. One disadvantage of the b-lactam

ring as a drug is its chemical instability; however most

of its degradation products are non toxic and

appropriate chemical modifications to improve stab-

ility can be considered. Although the primary

biological targets of b-lactam antibiotics are the

transpeptidase penicillin binding proteins, the cyto-

toxic potential of some b-lactam containing com-

pounds have been reported [31–35] together with

activity of some b-lactams as inhibitors of cholesterol

absorption [36], prostate specific antigen [37] and

tryptase enzyme [38].

In this work, a number of different b-lactam

compounds were synthesised having the common

core structure substituted with aromatic rings at the

N-1 and C-4 positions to replace the rings B and C of

tamoxifen and raloxifene. Directly attached to the C-3

position is a carbon bearing a secondary alcohol

group which can also be oxidized to the carbonyl

function. A variety of different aryl groups are

introduced at this carbon site and will mimic Ring A

of the tamoxifen and raloxifene structures. The basic

side chain required for antagonist interaction with

Asp351 of the ER LBD is accommodated on this aryl

ring. The general features of the b-lactam target

compounds selected for synthesis are illustrated in

Figure 1, structural types I and II.

Materials and methods

Chemistry

IR spectra were recorded as thin films on NaCl plates

on a Perkin-Elmer Paragon 100 FT-IR spectrometer.
1H and 13C NMR spectra were obtained on a Bruker

Avance DPX 400 instrument at 208C, 400.13 MHz

for 1H spectra, 100.61 MHz for 13C spectra, in either

CDCl3 (internal standard tetramethylsilane) or

CD3OD. Low resolution mass spectra were run on a

Hewlett-Packard 5973 MSD GC–MS system in an

electron impact mode, while high resolution accurate

mass determinations for all final target compounds

were obtained on a Micromass Time of Flight mass

spectrometer (TOF) equipped with electrospray

ionization (ES) interface operated in the positive ion

mode at the High Resolution Mass Spectrometry

Laboratory in the Department of Chemistry, Trinity

College Dublin. Flash chromatography was carried

out using standard silica gel 60 (230–400 mesh)

obtained from Merck. All products isolated were

homogenous on TLC. HLPC analysis was carried out

using a Waters reverse-phase instrument with Pheno-

monex 250 £ 4.6 mm, 4mm column operating with

the following conditions: flow rate: 1 ml/min; solvent

system: methanol/water; 4:1; UV detector, 254 nM.

Compounds 9a [39], 9b [40], 10a [41], 10b [41], 11a

[42,43] were prepared as previously reported.

General preparation of azetidin-2-ones 11a– l. A solution

of the appropriate azetidin-2-one 10a–b (2.5 mmol)

in dry THF (25 ml) was stirred at 2788C under a N2

atmosphere. Lithium diisopropylamide (2 M, 5 mmol,

2.5 ml) was added quickly and the solution was stirred

at 2788C for 5 min. A solution of the appropriate

aldehyde or ketone (3.75 mmol) in dry THF (12.5 ml)

was added to the reaction mixture at the same

temperature. The mixture was stirred at 2788C for

30 min and then poured into a saturated sodium

chloride solution (50 ml). EtOAc was added and the

organic layer separated and dried (Na2SO4) and the

solvent removed in vacuo to afford the crude product

which was purified by silica gel flash column

chromatography (CH2Cl2/AcOEt, 4:1).

3-[Hydroxy-(2-hydroxyphenyl)-methyl]-1,4-bis-(4-

methoxyphenyl)-azetidin-2-one 11b. Preparation as

above from 10a (0.9 mmol, 0.250 g) and

salicylaldehyde (1.33 mmol, 0.14 ml). Yield 41%,

Orange gel, IR nmax (film) cm21: 1729.9 cm21

(CvO), 3362.1 cm21 (OH). 1H NMR (400 MHz,

CDCl3) d 3.56 (dd, 1H, J ¼ 2.52 Hz, J ¼ 5 Hz), 3.72

Synthesis and cytotoxic effects 669
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(s, 3H), 3.74 (s, 3H), 4.79 (d, 1H, J ¼ 2 Hz), 5.31 (d,

1H, J ¼ 7.52 Hz), 6.71–6.76 (m, 4H), 6.81–6.96 (m,

4H), 7.08–7.24 (m, 4H); HRMS: Found 428.1494;

C24H23NO5 requires 428.1474.

3-[Hydroxy-(3-hydroxyphenyl)-methyl]-1,4-bis-(4-

methoxyphenyl)-azetidin-2-one 11c. Preparation as

above from 10a, (0.9 mmol, 0.250 g) and 3-

hydroxybenzaldehyde (1.33 mmol, 0.162 g). Yield

Figure 1. Structure of tamoxifen, raloxifene and related SERMs.
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42%, Orange gel, IR nmax (film) cm21: 1725.5 cm21

(CvO), 3383.9 (OH). 1H NMR (400 MHz, CDCl3)

d 3.34 (dd, 1H, J ¼ 3.51 Hz), 3.69 (3H, s), 3.72 (s,

3H), 4.7 (d, 0.175H, J ¼ 2 Hz), 4.96, (d, 0.75H,

J ¼ 7.04 Hz), 5.10 (d, 0.25 H, J ¼ 2 Hz), 5.18–5.20

(m, 0.25 H), 6.68–6.77 (m, 5H), 6.81–7.19 (m, 7H).

HRMS: Found 428.1465; C24H23NO5 requires

428.1474.

3-[Hydroxy-(4-hydroxyphenyl)-methyl]-1,4-bis-(4-

methoxyphenyl)-azetidin-2-one 11d. Preparation as

above from 10a (1.5 mmol, 0.426 g) and 4-

hydroxybenzaldehyde (2.25. mmol, 0.27 g). Yield

20%, Orange oil, IR nmax (film) cm21: 1731.7 cm21

(CvO), 3384.0 cm21 (OH). 1H NMR (400 MHz,

CDCl3) d 3.35 (dd, 0.38H, J ¼ 2.04 Hz), 3.41 (dd,

0.62H, J ¼ 3.4 Hz), 3.69 (s, 3H), 3.72 (s, 3H), 4.72

(d, 0.62H, J ¼ 2.04 Hz), 4.98 (d, 0.62H,

J ¼ 6.16 Hz), 5.11 (s, 0.38H), 5.15 (d, 0.38H,

J ¼ 4.08 Hz), 6.72–6.79 (m, 6H), 6.96–7.00 (m,

2H), 7.11–7.23 (m, 4H). HRMS: Found 428.1494;

C24H23NO5 requires 428.1474.

3-[1-Hydroxy-1-(3-hydroxyphenyl)-ethyl]-1,4-bis-(4-

methoxyphenyl)-azetidin-2-one 11e. Preparation as

above from 10a (0.9 mmol, 0.250 g) and 3-

hydroxyacetophenone (1.33 mmol, 0.18 g). Yield

41%, Yellow oil, IR nmax (film) cm21: 1727.2 cm21

(CvO), 3379.9 cm21 (OH). 1H NMR (400 MHz,

CDCl3) d 1.64 (s, 2.55H), 1.73 (s, 0.45H), 3.33 (d,

0.15H, J ¼ 2.52 Hz), 3.48 (d, 0.85H, J ¼ 2 Hz), 3.69

(s, 3H), 3.76 (s, 3H), 4.76 (d, 0.15H, J ¼ 2.48 Hz),

4.87 (d, 0.85H, J ¼ 2 Hz), 6.67–6.72, (m, 4H), 6.83

(d, 2H, J ¼ 8.52 Hz), 6.94 (d, 1H, J ¼ 8 Hz), 7.11–

7.18 (m, 5H). HRMS: Found 442.1630; C25H25NO5

requires 442.1631.

3-[1-Hydroxy-1-(4-hydroxyphenyl)-ethyl]-1,4-bis-(4-

methoxyphenyl)-azetidin-2-one 11f. Preparation as

above from 10a (0.636 mmol, 0.180 g) and 4-

hydroxyacetophenone (0.95 mmol, 0.130 g). Yield

30%, Yellow gel, IR nmax (film) cm21: 1724.6 cm21

(CvO), 3412.5 cm21 (OH). 1H NMR (400 MHz,

CDCl3) d 1.70 (s, 2.4H), 1.79 (s, 0.6H), 3.39 (d,

0.2H, J ¼ 2.48 Hz), 3.54 (d, 0.8H, J ¼ 2.52 Hz), 3.74

(s, 3H), 3.80 (s, 3H), 4.75 (d, 0.2H, J ¼ 2.52 Hz),

4.90 (d, 0.8H, J ¼ 2.48 Hz), 6.72–6.77, (m, 4H),

6.86 (d, 2H, J ¼ 8.2 Hz), 7.17–7.23 (m, 4H), 7.32

(d, 2H, J ¼ 8.88 Hz). HRMS: Found 442.1637;

C25H25NO5 requires 442.1630.

3-[Hydroxy-(3-hydroxyphenyl)-phenylmethyl]-1,4-bis-

(4-methoxyphenyl)-azetidin-2-one 11g. Preparation

as above from 10a (0.9 mmol, 0.250 g) and

3-hydroxybenzophenone (1.33 mmol, 0.263 g). Yield

41%, Yellow oil, IR nmax (film) cm21: 1726.0 (CvO),

3418.7 (OH). 1H NMR (400 MHz, CDCl3) d 3.69 (s,

3H), 3.72 (s, 3H), 4.07 (d, 1H, J ¼ 2.0 Hz), 4.85

(d, 1H, J ¼ 2.52 Hz), 6.58–6.69 (m, 4H), 6.71–6.74

(m, 3H), 6.92–7.07 (m, 2H), 7.17–7.20 (m, 3H),

7.26–7.32 (m, 5H). HRMS: Found 504.1497;

C30H27NO5 requires 504.1787.

3-[Hydroxy-(4-hydroxyphenyl)-phenylmethyl]-1,4-bis-

(4-methoxyphenyl)-azetidin-2-one 11h. Preparation as

above from 10a, (0.62 mmol, 0.175 g) and 4-

hydroxybenzophenone (0.924 mmol, 0.183 g). Yield

18%, Yellow oil, IR nmax (film) cm21: 1720.5 (CvO),

3427.2 (OH). 1H NMR (400 MHz, CDCl3) d 3.71 (s,

3H), 3.76 (s, 3H), 4.14 (s, 0.96H), 4.18 (s, 0.04H),

4.92 (s, 0.96H), 4.97, (s, 0.04H), 6.75–6.80 (m, 8H),

7.19–7.29 (m, 4H), 7.45–7.48 (m, 4H). HRMS:

Found 504.1799; C30H27NO5 requires 504.1787.

3-[1-Hydroxy-3-(4-hydroxyphenyl)-1-methylallyl]-1,4-

bis-(4-methoxyphenyl)-azetidin-2-one 11i. Preparation

as above from 10a, (0.9 mmol, 0.250 g) and 4-

hydroxybenzylideneacetone (1.33 mmol, 0.215 g).

Yield 57%, Orange oil, IR nmax (film) cm21: 1720.5

(CvO), 3317.1(OH). 1H NMR (400 MHz, CDCl3) d

1.47 (s, 2H), 1.55 (s, 1H), 1.99 (s, 0.65H), 2.12 (s,

0.35H), 3.17 (d, 0.35H, J ¼ 2.48 Hz), 3.24 (d,

0.65H, J ¼ 2.52 Hz), 3.63 (s, 3H), 3.68 (s, 1H),

3.71 (s, 2H), 4.85 (d, 0.35H, J ¼ 2.0 Hz), 4.93 (d,

0.65H, J ¼ 2.0 Hz), 5.96 (d, 0.35H, J ¼ 16.04 Hz),

6.23 (d, 0.65H, J ¼ 16.08 Hz), 6.48–6.57 (m, 1H),

6.61–6.69 (m, 4H), 6.77–6.82 (m, 2H), 7.07–7.09

(m, 2H), 7.10–7.15 (m, 2H), 7.30 (d, 2H,

J ¼ 8.56 Hz). HRMS: Found 468.1791; C27H27NO5

requires 468.1787.

3-[Hydroxy-(2-hydroxynaphthalen-1-yl)-methyl]-1,4-

bis-(4-methoxyphenyl)-azetidin-2-one 11j. Preparation

as above from 10a (0.838 mmol, 0.250 g) and

2-hydroxy-1-naphthaldehyde (1.325 mmol, 0.228 g).

Eluant CH2Cl2:MeOH, 19:1; Yield 28%, Yellow gel,

IR nmax (KBr) cm21: 1739.0 (CvO), 3308.9 (OH).
1H NMR (400 MHz, CDCl3) d 3.58 (d, 1H,

J ¼ 2.4 Hz,), 3.65 (s, 3H), 3.68 (s, 3H), 4.04 (d, 1

H, J ¼ 2 Hz), 4.10 (d, 1H, J ¼ 2.08 Hz), 6.64–6.68

(m, 6H), 6.89 (q, 1H, J ¼ 2 Hz), 7.02 (d, 2H,

J ¼ 9.2 Hz), 7.10–7.11 (m, 2H), d 7.48 (q, 1H,

J ¼ 6.3 Hz (av.)), d 7. 46 (d, 1H, J ¼ 7.6 Hz).

3-Hydroxy-(4-hydroxynaphthalen-1-yl)-methyl]-1,4-bis-

(4-methoxyphenyl)-azetidin-2-one 11k. Preparation as

above from 10a (0.838 mmol, 0.250 g) and 4-hydroxy-

1-naphthaldehyde (1.325 mmol, 0.228 g). Eluant

Synthesis and cytotoxic effects 671
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CH2Cl2:MeOH, 19:1; Yield 30%, Red oil, IR nmax

(film) cm21: 1743.3 (CvO), 3365.9 (OH). 1H NMR

(400 MHz, CDCl3) d 3.52 (dd, 1H, J ¼ 4.11 Hz av.),

3.74 (s, 3H), 3.80 (s, 3H), 4.72 (d, 0.5H,

J ¼ 2.04 Hz), 4.80 (d, 0.5H, J ¼ 6.8 Hz), 4.92

(q, 0.5H, J ¼ 2.74 Hz (av.)), 5.04 (d, 0.5H,

J ¼ 6.16 Hz), 6.35 (d, 1H, J ¼ 8.84 Hz), 6.56 (d,

1H, J ¼ 9.56 Hz), 6.69–6.92 (m, 6H), 7.15–7.24 (m,

6H). HRMS: Found 478.1635: C28H25NO5 requires:

478.1630 (Mþ þ Na).

General procedure for alkylation of phenolic b-lactams

To a solution of the appropriate b-lactam 11a–k

(10 mmol) in dry acetone (100 ml) was added

anhydrous potassium carbonate (0.16 mol, 22 g) and

the mixture stirred gently for 10 min under a N2

atmosphere. The corresponding aminoalkyl halide

(40 mmol, 5.78 g) was then added and the reaction

was heated under reflux until reaction was complete

by TLC. The solution was filtered and the solvent was

removed under reduced pressure and the residue

purified using silica gel flash column chromatography,

eluant: CH2Cl2:EtOAc, 4:1.

3-([4-(2-Dimethylaminoethoxy)-phenyl]-hydroxymethyl)-

1,4-diphenylazetidin-2-one 12a. Preparation as above

from 11a (0.23 mmol, 80 mg) and 2-(dimethylamino)-

ethylchloride hydrochloride (0.92 mmol, 0.133 g).

Yield 44%, Orange crystals, m.p. 1688C. IR nmax

(film) cm21: 1749.2 (CvO), 3450.9 (OH). 1H NMR

(400 MHz, CDCl3) d 2.32 (s, 6H), 2.73–2.76 (m, 2H),

3.41–3.47 (m, 1H), 4.02–4.06 (m, 2H), 4.81 (d, 0.5H,

J ¼ 2.52 Hz), 5.09 (d, 0.5H, J ¼ 7.00 Hz), d 5.19

(d, 0.5H, J ¼ 2.48 Hz), 5.31 (d, 0.5H, J ¼ 4.04 Hz),

6.85–6.94 (m, 2H), 7.03–7.06 (m, 3H), 7.21–7.32

(m, 8H), 7.37 (d, 1H, J ¼ 8.8 Hz). 13C NMR

(100 MHz, CDCl3): d 45.43, 55.48, 57.26,

57.75, 65.68, 65.68, 66.51, 68.93, 72.00, 114.16,

114.25, 116.63, 116.71, 123.38, 123.51, 125.26,

128.59, 132.63, 133.29, 136.76, 137.32, 157.94,

165.25. HRMS: Found 417.2198; C26H28N2O3

requires 417.2178.

3-([4-(2-Dimethylaminoethoxy)-phenyl]-hydroxymethyl)-

1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12b. Prepara-

tion as above from 11d (0.247 mmol, 100 mg) and 2-

(dimethylamino)ethylchloride hydrochloride (0.988

mmol, 0.142 g). Yield 48%, Orange gel, IR nmax

(film) cm21: 1729.2 (CvO), 3338.4 (OH). 1H NMR

(400 MHz, CDCl3) d 2.36 (s, 6H), 2.77 (s, 2H), 3.37–

3.41 (m, 1H), 3.73 (s, 3H), 3.76 (s, 3H), 4.06 (s, 2H),

5.05–5.10 (m, 1H), 5.27 (d, 1H, J ¼ 11.6 Hz),

d 6.76–6.97 (m, 8H), 7.20–7.50 (m, 4H).
13C NMR (100 MHz, CDCl3): d 45.22, 54.75,

54.97, 55.19, 57.01, 57.57, 65.22, 65.71, 66.47,

68.75, 71.86, 113.76, 114.15, 117.98–118.05, 126.37,

129.19, 130.59, 132.91, 133.55, 155.46, 155.53,

158.17, 159.04, 165.13. HRMS: Found 477.2413;

C28H32N2O5 requires 477.2389.

3-(Hydroxy-[4-((2-pyrrolidin-1-yl)-ethoxy)-phenyl]-

methyl)-1,4-diphenylazetidin-2-one 12c. Preparation as

above from 11a (0.26 mmol, 90 mg) and 1-(2-

chloroethyl)-pyrrolidine hydrochloride (1.04 mmol,

0.180 g). Yield 50%, Orange gel, IR nmax (film)

cm21: 1750 (CvO, b-lactam); 1H NMR (400 MHz,

CDCl3) d 1.81 (s, 4H), 2.62 (s, 4H), 2.89 (m, 2H),

3.39–3.47 (m, 1H), 4.05–4.19 (m, 2H), 4.80 (d,

0.5H, J ¼ 2.16 Hz), 5.07 (d, 0.5H, J ¼ 6.6 Hz), 5.19

(d, 0.5H, J ¼ 2.2 Hz), 5.28–5.29 (d, 0.5H,

J ¼ 3.68 Hz), 6.84–6.89 (m, 2H), 7.03–7.39 (m,

12H). 13C NMR (100 MHz, CDCl3): d 23.00, 54.29,

54.54, 55.54, 65.52, 66.06, 72.10, 114.20, 114.29,

116.70, 116.63, 125.26, 128.57, 133.17, 137.04,

155.48, 165.41. HRMS: Found 443.2341;

C28H30N2O3 requires 443.2335.

3-(Hydroxy-[4-((2-pyrrolidin-1-yl)-ethoxy)-phenyl]-

methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12d.

Preparation as above from 11d (0.247 mmol, 100 mg)

and 1-(2-chloroethyl)-pyrrolidine hydrochloride

(0.988 mmol, 0.168 g); Yield 45%, Orange gel, IR

nmax(film) cm21 1736.0 (CvO), 3371.3 (OH). 1H

NMR (400 MHz, CDCl3) d 1.82 (s, 4H), 2.62 (s,

4H), 2.88–2.90 (m, 2H), 3.36–3.40 (m, 1H), 3.73,

3.74, 3.76 (3s, 6H), 4.05–4.10 (m, 2H), 4.69 (d,

0.5H, J ¼ 2.92 Hz), 5.04 (d, 0.5H, J ¼ 7.32 Hz), 5.08

(d, 0.5H, J ¼ 2.16 Hz), 5.27 (d, 0.5H, J ¼ 3.68 Hz),

6.74–6.80 (m, 4H), 6.85–6.89 (m, 2H), 6.96

(d, 2H, J ¼ 8.8 Hz), 7.19–7.37 (m, 4H). 13C NMR

(100 MHz, CDCl3): d 22.99, 54.32, 54.59, 54.75,

54.79, 54.97, 57.02, 66.58, 72.05, 113.76, 114.39,

117.95, 118.14, 126.31, 129.27, 130.67, 130.76,

132.70, 155.52, 157.89, 158.37, 165.01. HRMS:

Found 503.2532; C30H34N2O5 requires 503.2546.

3-([4-(2-Diethylaminoethoxy)-phenyl]-hydroxymethyl)-

1,4-diphenylazetidin-2-one 12e. Preparation as

above from 11a (0.29 mmol, 100 mg) and

2-diethylaminoethylchloride hydrochloride (1.16

mmol, 0.2 g). Yield 40%, Yellow gel, IR nmax (KBr)

cm21: 1750.1 (CvO), 3414.3 (OH). 1H NMR

(400 MHz, CDCl3) d 1.06 (t, 6H, J ¼ 7.16 Hz),

2.62 (q, 4H, J ¼ 7.16 Hz), 2.86 (t, 2H, J ¼ 6.5 Hz),

3.40 (q, 0.4H, J ¼ 2.17 Hz), 3.44 (q, 0.6H,

J ¼ 3.19 Hz), 4.03–4.06 (m, 2H), 4.80 (d, 0.6H,

J ¼ 2.04 Hz), 5.09 (d, 0.6H, J ¼ 6.84 Hz), 5.18

(d, 0.4H, J ¼ 2.72 Hz), 5.31 (d, 0.4H, J ¼ 3.44 Hz),

6.67–6.91 (m, 2H), 7.04–7.08 (m, 3H), 7.22–7.40

(m, 9H). 13C NMR (100 MHz, CDCl3): d 11.16,
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11.18, 47.27, 47.29, 51.15, 55.48, 57.25, 66.05,

65.68, 66.52, 68.83, 71.99, 114.09, 116.72, 123.38,

123.52, 125.26, 125.37, 125.26, 126.30, 127.48,

128.59, 133.17, 136.75, 137.33, 157.95, 158.46,

165.32. HRMS: Found 445.2494; C28H32N2O3

requires 445.2491.

3-([4-(2-Diethylaminoethoxy)-phenyl]-hydroxymethyl)-

1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12f. Prepara-

tion as above from 11d (0.247 mmol, 100 mg) and

2-diethylaminoethylchloride hydrochloride (0.988

mmol, 0.170 g). Purified by flash column chro-

matography, eluant: CH2Cl2:MeOH (3:1) afforded

the product as an orange oil, Yield 47%. IR nmax (film)

cm21: 1738.4 cm21 (CvO), 3389.3 (OH). 1H NMR

(400 MHz, CDCl3) d 1.16 (t, 6H, J ¼ 7.2 Hz), 2.82

(d, 4H, J ¼ 7.2 Hz), 3.05–3.06 (m, 2H), 3.34–3.44

(m, 1H), 3.72 (s, 3H), 3.76 (s, 3H), 4.14–4.17

(m, 2H), 4.77 (d, 0.5H, J ¼ 2.04 Hz), 5.07 (d, 0.5H,

J ¼ 6.8 Hz), 5.11 (d, 0.5H, J ¼ 2.08 Hz), 5.26 (d,

0.5H, J ¼ 4.08 Hz), 6.74–6.86 (m, 6H), 6.97–7.04

(m, 2H), 7.19–7.23 (m, 2H), 7.28 (d, 1H,

J ¼ 9.56 Hz), 7.37 (d, 1H, J ¼ 8.2 Hz). 13C NMR

(100 MHz, CDCl3): d 9.99, 47.06, 50.78, 54.78,

55.32, 57.02, 57.91, 64.54, 65.62, 66.37, 68.95,

71.71, 113.77, 114.09, 117.98, 118.04, 126.55,

127.76, 128.60, 130.64, 133.24, 133.80, 155.48,

155.54, 157.26, 159.09, 164.83, 165.00. HRMS:

Found 505.2480; C30H36N2O5 requires 505.2624.

3-(Hydroxy-[4-((2-piperidin-1-yl)-ethoxy)-phenylmethyl)

-1,4-diphenylazetidin-2-one 12g. Preparation as above

from 11a (0.29 mmol, 100 mg) and 2-chloro-

ethylpiperidine hydrochloride (1.16 mmol, 0.210 g).

Purified by flash column chromatography, (eluant:

MeOH); Yield 47%, Orange gel, IR nmax (film) cm21:

1747.4 cm21 (CvO), 3417.6 (OH). 1H NMR

(400 MHz, CDCl3) d 1.47 (s, 2H), 1.62 (d, 4H),

2.52 (s, 4H), 2.76–2.79 (m, 2H), 3.41–3.47, (m, 1H),

4.08–4.11 (m, 2H), 4.83 (d, 0.5H, J ¼ 2.52 Hz), 5.10

(d, 0.5H, J ¼ 7.04 Hz), 5.20 (d, 0.5H, J ¼ 2.48 Hz),

5.31 (d, J ¼ 4.52 Hz, 0.5H), 6.86–7.61 (m, 14H). 13C

NMR (100 MHz, CDCl3): d 23.72, 25.43, 29.26,

54.66, 55.52, 57.26, 57.44, d 65.55, 68.90, 71.96,

114.19, 114.40, 116.30, 116.70, 123.50, 125.28,

128.66, 131.33, 137.05, 158.43, 160.70. HRMS:

Found 457.2494; C29H32N2O3, requires 457.2491.

3-(Hydroxy-[4-((2-piperidin-1-yl)-ethoxy)-phenyl]-

methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12h.

Preparation as above from 11d (0.247 mmol, 100 mg)

and 1-(2-chloroethyl)-piperidine hydrochloride

(0.988 mmol, 0.182 g). Purified by flash column

chromatography, (eluant: CH2Cl2:MeOH, 3:1);

Yield 50%, Orange gel, IR nmax (film) cm21:

1736.6 cm21 (CvO), 3436.0 (OH). 1H NMR

(400 MHz, CDCl3) d 1.48 (s, 2H), 1.67–1.70 (m,

4H), 2.62 (s, 4H), 2.84–2.87 (m, 2H), 3.36–3.42 (m,

1H), 3.74–3.78 (m, 6H), 4.12 (t, 2H, J ¼ 5.8 Hz),

4.77 (d, 0.5H, J ¼ 2.04 Hz), 5.08 (d, 0.5H,

J ¼ 6.16 Hz), 5.11 (d, 0.5H, J ¼ 2.04 Hz), 5.28 (d,

0.5H, J ¼ 4.12 Hz), 6.76–6.87 (m, 6H), 6.98–7.04

(m, 2H), 7.21–7.25 (m, 2H), 7.28 (t, 1H,

J ¼ 6.48 Hz), 7.37 (d, 1H, J ¼ 8.2 Hz). 13C NMR

(100 MHz, CDCl3): d 23.27, 24.80, 25.15, 54.41,

54.53, 54.77, 54.98, 55.32, 57.04, 57.10, 64.92,

65.61, 66.38, 69.09, 71.95, 113.77, 114.22, 117.97,

118.03, 126.45, 127.69, 128.59, 133.42, 155.48,

159.09, 164.70, 164.99. HRMS: Found 517.2708;

C31H36N2O5 requires 517.2702.

3-(Hydroxy-[4-((2-morpholin-4-yl)-ethoxy)-phenyl]-

methyl)-1,4-diphenylazetidin-2-one 12i. Preparation as

above from 11a (0.29 mmol, 100 mg) and 2-

chloroethylpiperidine hydrochloride (1.16 mmol,

0.216 g). Purified by flash column chromatography,

eluant: CH2Cl2:EtOAc (1:1); Yield 47%, Yellow

crystals; m.p. 1208C. IR nmax (KBr) cm21

1739.0 cm21 (CvO), 2956.0 (OH). 1H NMR

(400 MHz, CDCl3) d 2.57 (s, 4H), 2.79 (m, 2H),

3.38–3.48 (m, 1H), 3.71–3.73 (m, 4H), 4.07–4.13,

(m, 2H), 4.81 (d, 0.65H, J ¼ 2.52 Hz), 5.07 (d,

0.65H, J ¼ 6.52 Hz), 5.18 (d, 0.35H, J ¼ 2.52 Hz),

5.26 (s, 0.35H), 6.86 (q, 2H, J ¼ 4.02 Hz), 7.03–

7.09 (m, 3H), 7.21–7.30 (m, 9H). 13C NMR

(100 MHz, CDCl3): d 53.04, 53.59, 57.11,

57.20, 65.25, 65.75, 66.53, 68.71, 71.66, 114.14,

114.22, 116.62, 116.69, 123.40, 123.49, 125.31,

128.56, 132.89, 133.58, 136.83, 137.33, 157.74,

158.19, 165.32, 165.35. HRMS: Found 459.2242;

C28H30N2O4, requires 459.2284.

3-(Hydroxy-[4-((2-morpholin-4-yl)-ethoxy)-pheny]-

methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12j.

Preparation as above from 11d (0.247 mmol,

100 mg) and 4-(2-chloroethyl)-morpholine hydro-

chloride (0.988 mmol, 0.184 g) purified using flash

column chromatography, (eluant: CH2Cl2:MeOH,

19:1); Yield 50%, Yellow oil, IR nmax (film) cm21:

1741.3 cm21 (CvO), 3371.3 (OH). 1H NMR

(400 MHz, CDCl3) d 2.58–2.59 (m, 4H), 2.75–

2.81 (m, 2H), 3.37–3.42 (m, 1H), 3.75–3.77

(m, 10H), 4.09 (t, 2H, J ¼ 5.76 Hz), 4.73 (d, 0.5H,

J ¼ 2.52 Hz), 5.07 (d, 0.5H, J ¼ 7.04 Hz), 5.10 (d,

0.5H, J ¼ 2 Hz), 5.28 (d, 0.5H, J ¼ 4 Hz), 6.75–6.81

(m, 4H), 6.86–6.89 (m, 2H), 6.98–7.02 (m, 2H),

7.22–7.26 (m, 2H), 7.29–7.32 (m, 1H), 7.38–7.41

(m, 1H). 13C NMR (100 MHz, CDCl3): d 40.19,

53.06, 54.76, 55.23, 56.98, 57.14, 59.68, 65.32,
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65.71, 66.34, 66.48, 68.80, 71.81, 113.78,

114.21, 117.94, 117.96, 126.41, 127.67, 128.68,

130.70, 132.94, 133.63, 155.44, 151.51, 157.73,

159.07, 164.80, 164.87. HRMS: Found 519.2488;

C30H34N2O6, requires 519.2417.

3-(Hydroxy-(4-[2-(1-methylpyrrolidin-2-yl)-ethoxy]-

phenyl)-methyl)-1,4-diphenyl azetidin-2-one 12k.

Preparation as above from 11a (0.290 mmol,

100 mg) and 2-(2-chloroethyl)-1-methylpyrroldine

hydrochloride (1.16 mmol, 0.214 g) followed by

purification with column chromatography, (eluant:

CH2Cl2:MeOH, 3:1); Yield 39%, Green gel, IR nmax

(film) cm21: 1743.6 (CvO), 3394.0 (OH). 1H NMR

(400 MHz, CDCl3) d 1.98–2.20 (m, 2H), 2.22–2.27

(m, 1H), 2.31–2.52 (m, 4H), 2.81 (s, 3H), 2.89 (m,

2H), 3.43 (dd, 1H, J ¼ 2.53 Hz), 4.94 (d, 0.75H,

J ¼ 2.8 Hz), 5.14 (d, 0.75H, J ¼ 5.6 Hz), 5.21 (d,

0.25H, J ¼ 2.4 Hz), 5.29 (s, 0.25H), 6.84–6.86 (m,

2H), 7.03–7.10 (m, 3H), 7.15–7.33 (m, 8H), 7.41–

7.43 (m, 1H). 13C NMR (100 MHz, CDCl3): d 18.54,

18.68, 24.68, 28.74, 32.04, 38.86, 49.95, 50.05,

55.54, 55.71, 63.28, 63.86, 65.86, 66.02, 66.43,

68.88, 70.63, 113.85, 116.61, 116.65, 123.41,

125.45, 128.57, 133.88, 134.32, 137.06, 137.27,

155.50, 155.77, 157.18, 157.41, 165.23, 165.36.

HRMS Found 457.2468; C29H32N2O3, requires

457.2491.

3-(Hydroxy-[4-[2-(1-methylpyrrolidin-2-yl)-ethoxy]-

phenyl]-methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-

one 12l. Preparation as above from 11d (0.247 mmol,

100 mg) and 2-(2-chloroethyl)-1-methylpyrrolidine

hydrochloride (0.988 mmol, 0.182 g) followed by

purification using column chromatography, (eluant:

CH2Cl2:MeOH, 3:1); Yield 50%, Orange oil, IR nmax

(film) cm21 1735.6 cm21 (CvO), 3426.4 (OH). 1H

NMR (400 MHz, CDCl3) d 1.97–2.26 (m, 6H),

2.42–2.45 (m, 1H), 2.73 (s, 3H), 3.05–3.29 (m, 2H),

3.37 (dd, 1H, J ¼ 5.45 Hz), 3.73–3.77 (m, 6H),

3.94–4.14 (m, 2H), 4.66 (s, 0.63H), 5.27 (d, 0.37H,

J ¼ 4.08 Hz), 5.09–5.12 (m, 1H), 6.76–6.87 (m,

6H), 7.00–7.07 (m, 2H), 7.20–7.24 (m, 2H), 7.28–

7.36 (m, 1H), 7.40 (d, 1H, J ¼ 8.2 Hz). 13C NMR

(100 MHz, CDCl3): d 19.22, 21.19, 28.59, 31.38,

44.58, 53.02, 54.79, 54.98, 55.39, 55.46, 55.76,

56.80, 64.04, 65.59, 65.70, 66.35, 68.95, 71.28,

71.31, 113.78, 113.93, 115.58, 118.02, 126.75,

127.83, 130.58, 133.54, 134.28, 155.47–159.11,

164.78, 164.84. HRMS: Found 517.2709;

C31H36N2O5 requires 517.2702

3-(Hydroxy-[2-(2-(pyrrolidin-1-yl)-ethoxy)-phenyl]-

methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12m.

Preparation as above from 11b (0.247 mmol, 100 mg)

and 1-(2-chloroethyl)-pyrrolidine hydrochloride

(0.988 mmol, 0.168 g) followed by purification using

column chromatography, (eluant: CH2Cl2:MeOH,

9:1); Yield 16%, Pale orange oil, IR nmax (film) cm21:

1742.3 cm21 (CvO), 3247.9 (OH). 1H NMR

(400 MHz, CDCl3) d 1.76–1.82 (m, 4H), 2.56–

2.58 (m, 4H), 2.82–2.85 (m, 2H), 3.59–3.61 (m,

1H), 3.71–3.73 (m, 6H), 4.12–4.15 (m, 2H), 4.81

(d, 0.85 H, J ¼ 2.0 Hz), 5.10 (q, 0.15 H,

J ¼ 5.26 Hz), 5.34 (d, 0.85 H, J ¼ 6.52 Hz), 5.48

(d, 0.15 H, J ¼ 4.52 Hz), 6.75–6.82 (m, 4H), 6.87–

7.04 (m, 4H), 7.21–7.28 (m, 4H). 13C NMR

(100 MHz, CDCl3): d 22.86, 53.64, 54.99, 55.18,

57.57, 64.92, 65.03, 67.87, 114.18, 114.33, 118.29,

118.40, 121.57, 126.73, 127.12, 127.47, 128.56,

129.12, 155.48, 159.09, 165.05, 165.12. HRMS:

Found 503.2560; C30H34N2O5 requires 503.2546.

3-(Hydroxy-[3-(2-(pyrrolidin-1-yl)-ethoxy)-phenyl]-

methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12n.

Preparation as above from 11c (0.161 mmol, 65 mg)

and 1-(2-chloroethyl)-pyrrolidine hydrochloride

(0.988 mmol, 0.168 g) followed by purification using

column chromatography, (eluant: CH2Cl2:MeOH,

9:1); Yield 63%, Pale orange oil, IR nmax (film) cm21:

1736.4 (CvO), 3430.0 (OH). 1H NMR (400 MHz,

CDCl3) d 1.87 (s, 4H), 2.78 (s, 4H), 2.99–3.02 (m,

2H), 3.39 (dd, 1H, J ¼ 3.17 Hz), 3.74 (s, 3H), 3.74

(s, 3H), 4.16 (d, 2H, J ¼ 4.8 Hz), 4.75 (d, 1H,

J ¼ 2.04 Hz), 5.07 (d, 1H, J ¼ 7.48 Hz), 6.72–6.68

(m, 5H), 6.98–7.28 (m, 7H). 13C NMR (100 MHz,

CDCl3): d 22.87, 50.19, 52.99, 54.15, 54.80, 56.96,

65.55, 65.69, 71.93, 105.73, 112.20, 114.31, 117.78,

118.88, 126.66, 128.55, 129.14, 129.22, 142.26,

155.57, 158.23, 159.06, 165.01. HRMS: Found

503.2542; C30H34N2O5 requires 503.2546.

3-(1-Hydroxy-[3-(2-(pyrrolidin-1-yl)-ethoxy)-phenyl]-

ethyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12o.

Preparation as above from 11e (0.179 mmol, 75 mg)

and 1-(2-chloroethyl)-pyrrolidine hydrochloride

(0.716 mmol, 0.122 g) as described in the general

preparation followed by purification using column

chromatography, (eluant: CH2Cl2: MeOH, 9:1);

Yield 22%, Orange gel, IR nmax (film) cm21: 1736.4

(CvO), 3356.0 (OH). 1H NMR (400 MHz, CDCl3)

d 1.73 (s, 3H), 1.94 (s, 4H), 2.96 (s, 4H), 3.13–3.17

(m, 2H), 3.40 (d, 0.2H, J ¼ 2.72 Hz), 3.49 (d, 0.8H,

J ¼ 2.72 Hz), 3.71 (s, 3H), 3.79 (s, 3H), 4.25–4.29

(m, 2H), 4.74 (d, 0.2H, J ¼ 2.72 Hz), 4.91 (d, 0.8H,

J ¼ 2.72 Hz), 6.69–6.89 (m, 6H), 7.09 (d, 1H,

J ¼ 8.16 Hz), 7.15–7.30 (m, 5H). 13C NMR

(100 MHz, CDCl3): d 22.77, 28.25, 53.19, 54.82,

55.36, 57.22, 64.69, 70.32, 71.55, 111.79, 113.60,

114.42, 118.10, 118.45, 127.38, 128.91, 129.10,
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129.42, 140.70, 158.91, 165.15. HRMS: Found

517.2723; C31H36N2O5 requires 517.2702.

3-(1-Hydroxy-[4-(2-(pyrrolidin-1-yl)-ethoxy)-phenyl]-

ethyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one 12p.

Preparation as above from 11f (0.18 mmol, 75 mg)

and 1-(2-chloroethyl)-pyrrolidine hydrochloride

(0.716 mmol, 0.122 g) followed by purification using

column chromatography, (eluant: CH2Cl2: MeOH,

9:1); Yield 21%, Orange oil, IR nmax (film) cm21:

1734.6 (CvO), 3420.5 (OH). 1H NMR (400 MHz,

CDCl3) d 1.71 (s, 2.4H), 1.79 (s, 0.60H), 1.90 (s,

4H), 2.73 (s, 4H), 2.92–2.96 (m, 2H), 3.39 (d, 0.2H,

J ¼ 2.52 Hz), 3.54 (d, 0.8H, J ¼ 2.48 Hz), 3.74 (s,

3H), 3.80 (s, 3H), 4.76 (d, 0.2H, J ¼ 2.52 Hz), 4.90

(d, 0.8H, J ¼ 2.48 Hz), 6.74–6.79, (m, 4H), 6.84 (d,

2H, J ¼ 8 Hz), 7.13–7.20 (m, 4H), 7.32 (d, 2H,

J ¼ 8.88 Hz). 13C NMR (100 MHz, CDCl3): d 23.12,

27.25, 54.55, 55.12, 54.86, 56.36, 57.22, 65.56,

69.32, 72.16, 113.80, 114.07, 115.56, 115.86,

118.12, 118.24, 125.73, 126.12, 126.56, 126.93,

128.96, 130.20, 136.70, 154.94, 155.65, 160.13,

164.78. HRMS: Found 517.2719; C31H36N2O5

requires 517.2702.

3-(4-Hydroxyphenyl-[3-(2-(pyrrolidin-1-yl)-

ethoxy)phenyl]-methyl)-1,4-bis-(4-methoxyphenyl)-

azetidin-2-one 12q. Preparation as above from 11g

(0.135 mmol, 65 mg) and 1-(2-chloroethyl)-

pyrrolidine hydrochloride (0.54 mmol, 0.09 g)

followed by purification using column chromato-

graphy, (eluant: CH2Cl2: MeOH, 9:1); Yield 49%,

Orange gel, IR nmax (film) cm21: 1738.3 (CvO),

3421.6 (OH). 1H NMR (400 MHz, CDCl3) d 1.86

(s, H), 2.72–2.76 (m, 4H), 2.94–2.99 (m, 2H), 3.74

(s, 3H), 3.76 (s, 3H), 4.07 (d, 1H, J ¼ 2.08 Hz),

4.10–4.15 (m, 2H), 4.83 (d, 1H, J ¼ 2.04 Hz), 6.62–

6.85 (m, 7H), 7.17–7.22 (m, 4H), 7.28–7.36

(m, 6H). 13C NMR (100 MHz, CDCl3): d 22.86,

22.94, 54.06, 54.17, 54.27, 54.71, 54.96, 56.31,

65.05, 68.67, 113.46, 113.73, 118.05, 119.63,

125.55, 126.58, 128.90, 128.58, 144.27, 155.44,

157.74, 158.76, 163.89. HRMS: Found 579.2845;

C36H38N2O5 requires 579.2859.

3-(Hydroxyphenyl-[4-(2-(pyrrolidin-1-yl)-ethoxy)-

phenyl]-methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-

one 12r. Preparation as above from 11h (0.105

mmol, 51 mg) and 1-(2-chloroethyl)-pyrrolidine

hydrochloride (0.42 mmol, 0.071 g) followed by

purification using column chromatography, (eluant:

CH2Cl2: EtOAc,1:1); Yield 30%, Orange oil, IR nmax

(film) cm21: 1738.0 (CvO), 3437.7 (OH). 1H NMR

(400 MHz, CDCl3) d 1.81 (s, 4H), 2.66 (s, 4H), 2.92

(m, 2H), 3.74 (s, 6H), 4.21 (m, 2H), 4.22 (q, 1H,

J ¼ 6 Hz), 4.83 (d, 1H, J ¼ 2.4 Hz), 6.57 (d, 2H,

J ¼ 8.4 Hz), 6.66 (d, 2H, J ¼ 8.8 Hz), 6.75 (d, 2H,

J ¼ 8.8 Hz), 6.83 (d, 2H, J ¼ 8.8 Hz), 7.20 (d, 2H,

J ¼ 8.8 Hz), 7.26–7.35 (m, 4H), 7.48 (d, 2H,

J ¼ 8.8 Hz), 7.78 (dd, 1H, J ¼ 10.9 Hz). 13C NMR

(100 MHz, CDCl3): d 22.92, 54.23, 54.42, 54.72,

54.97, 56.28, 66.10, 68.89, 113.52, 113.65, 113.75,

118.04, 125.59, 126.51, 126.59, 127.72, 128.32,

129.30, 129.70, 136.86, 155.44, 157.75, 163.99.

HRMS: Found 579.2872; C36H38N2O5 requires

579.2859.

3-(1-Hydroxy-1-methyl-3-[4-(2-(pyrrolidin-1-yl)-

ethoxy)-phenyl]-allyl)-1,4-bis-(4-methoxyphenyl)-

azetidin-2-one 12s. Preparation as above from 11i

(0.225 mmol, 100 mg) and 1-(2-chloroethyl)-

pyrrolidine hydrochloride (0.90 mmol, 0.153 g)

followed by purification using column chromato-

graphy, (eluant: CH2Cl2: EtOAc, 4:1); Yield 41%,

Orange oil, IR nmax (film) cm21: 1738.1 cm21

(CvO), 3428.4 (OH). 1H NMR (400 MHz,

CDCl3) d 1.56 (s, 1.5H), 1.64 (s, 1.5H), 1.85 (s,

4H), 2.18 (bs, 0.5H), 2.21 (bs, 0.5H), 2.73 (s, 4H),

2.98–3.02 (m, 2H), 3.21 (s, 0.5H), 3.29 (s, 0.5H),

3.73 (s, 3H), 3.80 (s, 3H), 4.14–4.19 (m, 2H), 4.92

(s, 0.5H), 4.94 (s, 0.5H), 6.06 (d, 0.5H,

J ¼ 15.72 Hz), 6.34 (d, 0.5H, J ¼ 15.68 Hz), 6.59–

6.63 (m, 1H), 6.75–6.95 (m, 6H), 7.16–7.50

(m, 6H). 13C NMR (100 MHz, CDCl3): d 22.91,

26.96, 54.08, 54.85, 54.96, 56.22, 56.47, 65.82,

69.21, 71.68, 113.75, 114.56, 117.99, 124.67,

126.83, 127.01, 127.33, 127.46, 128.18, 129.55,

142.81, 155.40, 160.04. HRMS: Found 543.2845;

C33H38N2O5 requires 543.2859.

3-(Hydroxy-[2-((2-pyrrolidin-1-yl)-ethoxy)-

naphthalen-1-yl]-methyl)-1,4-bis-(4-methoxyphenyl)-

azetidin-2-one 12t. Preparation as above from 11k

(0.178 mmol, 83 mg) and 1-(2-chloroethyl)-

pyrrolidine (0.711 mmol, 0.121 g) followed by

purification using column chromatography, (eluant:

CH2Cl2: MeOH 3:1); Yield 41%, Yellow crystals,

m.p. 208–2128C. IR nmax (KBr) cm21: 1739.1

(CvO), 3437.7 (OH). 1H NMR (400 MHz,

CDCl3) d 1.73 (s, 4H), 2.45 (s, 4H), 2.75 (s, 2H),

3.64 (d, 1H, J ¼ 2.04 Hz), 3.87–3.89 (m, 6H), 3.90–

4.01 (m, 2H), 4.03 (d, 1H, J ¼ 3.4 Hz), 4.10 (d, 1H,

J ¼ 2.08 Hz), 4.11 (s, 2H), 6.64–6.92 (m, 6H),

7.08–7.12 (m, 3H), 7.16–7.20 (m, 1H), 7.42–7.47

(m, 1H), 7.56–7.79 (m, 3H). 13C NMR (100 MHz,

CDCl3): d 22.73, 53.73, 53.99, 54.71, 54.91, 56.23,

65.55, 66.43, 79.88, 113.61, 113.65, 117.98, 120.47,

124.40, 126.49, 128.54, 130.41, 131.38, 139.62,

155.44, 158.58, 159.84, 164.28. HRMS: Found

553.2699; C34H36N2O5 requires 553.2702.
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3-(Hydroxy-[4-((2-pyrrolidin-1-yl)-ethoxy)-napthalen-

1-yl]-methyl)-1,4-bis-(4-methoxyphenyl)-azetidin-2-one

12u. Preparation as above from 11l (0.25 mmol,

114 mg) and 1-(2-chloroethyl)-pyrrolidine (1 mmol,

0.171 g) followed by purification using column

chromatography, (eluant: CH2Cl2:MeOH 3:1);

Yield 35%, Yellow oil, IR nmax (film) cm21:

1740.3 cm21 (CvO), 3306.7 (OH). 1H NMR

(400 MHz, CDCl3) d 1.81 (s, 4H), 2.74 (s, 4H),

3.04 (s, 2H), 3.54 (dd, 1H, J ¼ 4.11 Hz av), 3.74–

3.80 (m, 6H), 4.22 (s, 2H), 4.72 (d, 0.5H,

J ¼ 2.04 Hz), 4.80 (d, 0.5H, J ¼ 6.8 Hz), 4.93 (q,

0.5H, J ¼ 2.74 Hz), 5.04 (d, 0.5H, J ¼ 6.16 Hz), 6.36

(d, 1H, J ¼ 8.84 Hz), 6.57 (d, 1H, J ¼ 9.56 Hz),

6.69–6.92 (m, 6H), 7.15–7.24 (m, 6H). 13C NMR

(100 MHz, CDCl3): d 22.99, 54.29, 54.44, 54.69,

54.97, 57.52, 64.60, 66.60, 68.20, 103.40, 113.74,

113.97, 118.01, 121.84, 122.25, 122.34, 124.54,

124.89, 125.15, 125.36, 128.78, 129.20, 132.81,

141.17, 155.89, 158.56, 159.24, 163.84, 164.38.

HRMS: Found 553.2714; C34H36N2O5 requires

553.2702.

General preparation for oxidation of secondary alcohols

13a–e. A solution of the appropriate alcohol

(15 mmol, 1.5 equiv.) in CH2Cl2 (20 ml) was added

to a suspension of pyridinium chlorochromate (PCC,

10 mmol, 2.114 g) in CH2Cl2 (15 ml) and the mixture

was stirred for 2 h. The reaction mixture was then

diluted anhydrous ether (100 ml). The solvent was

decanted and the black residue was further washed

with ether until the entire product was extracted. The

solvent was then removed in vacuo.

1,4-Bis-(4-methoxyphenyl)-3-[4-((2-morpholin-4-yl)-

ethoxy)-benzoyl]-azetidin-2-one 13a. Preparation as

above from 12j (0.251 mmol, 130 mg) followed by

purification with flash column chromatography

(eluant: CH2Cl2); Yield 35%, Yellow oil, IR nmax

(film) cm21: 1745.9 cm21 (CvO). 1H NMR

(400 MHz, CDCl3) d 2.60 (s, 4H), 2.83–2.86 (m,

2H), 3.76 (s, 3H), 3.77 (s, 3H), 3.82 (s, 4H), 4.19–

4.22 (m, 2H), 4.75 (d, 1H, J ¼ 2 Hz), 5.67 (d, 1H,

J ¼ 2 Hz), 6.80 (d, 2H, J ¼ 9.04 Hz), 6.92 (d, 2H,

J ¼ 8.52 Hz), 6.99 (d, 2H, J ¼ 8.52 Hz), 7.25–7.28

(m, 2H), d 7.38 (d, 2H, J ¼ 8.52 Hz), 8.10 (d, 2H,

J ¼ 5.52 Hz). 13C NMR (100 MHz, CDCl3): d 53.46,

54.88, 54.97, 55.19, 56.83, 66.04, 68.14, 113.84,

114.16, 118.05, 127.15, 130.42, 131.32, 155.75,

159.44, 159.55, 162.61, 188.85. HRMS: Found

517.2344; C30H32N2O6 requires 517.2339

3-[4-(2-Dimethylaminoethoxy)-benzoyl]-1,4-bis-(4-

methoxyphenyl)-azetidin-2-one 13b. Preparation as

above from 12b (0.267 mmol, 127 mg) followed by

purification with flash column chromatography

(eluant: CH2Cl2); Yield 20%, Orange oil, IR nmax

(film) cm21: 1748.2 cm21 (CvO). 1H NMR

(400 MHz, CDCl3) d 2.47 (s, 6H), 2.91 (s, 2H),

3.76 (s, 3H), 3.82 (s, 3H), 4.24 (s, 2H), 4.76 (bs, 1H),

5.68 (bs, 1H), 6.80–7.02 (m, 6H), 7.21–7.38 (m,

4H), 8.11 (s, 2H).

4-Bis-(4-methoxyphenyl)-3-[4-(2-pyrrolidin-1-yl-

ethoxy)benzoyl]-azetidin-2-one 13c. Preparation as

above from 12d (0.177 mmol, 89 mg) followed by

purification with flash column chromatography

(eluant CH2Cl2); Yield 35%, Orange oil, IR nmax

(film) cm21: 1743.6 (CvO), 1740.0 (CvO). 1H

NMR (400 MHz, CDCl3) d 1.85 (s, 4H), 2.69 (s,

4H), 2.97 (s, 2H), 3.75 (s, 3H), 3.81 (s, 3H), 4.22 (s,

2H), 4.76 (bs, 1H), 5.67 (bs, 1H), 6.80 (d, 2H,

J ¼ 8.16 Hz), 6.92 (d, 2H, J ¼ 8.2 Hz), 6.70 (d, 2H,

J ¼ 6.84 Hz), 7.26 (d, 2H, J ¼ 8.2 Hz), 7.28–7.38

(m, 2H), 8.09 (d, 2H, J ¼ 7.52 Hz). 13C NMR

(100 MHz, CDCl3): d 23.00, 54.26, 54.89, 54.97,

55.23, 66.69, 68.11, 113.84, 114.15, 118.05, 127.15,

131.29, 155.72, 159.42, 162.92, 188.89. HRMS:

Found 501.2376; C30H32N2O5 requires 501.2389.

3-[4-(2-Diethylaminoethoxy)-benzoyl]-1,4-bis-(4-

methoxyphenyl)-azetidin-2-one 13d. Preparation as

above from 12f (0.196 mmol, 99 mg) followed by

purification with flash column chromatography

(eluant: CH2Cl2); Yield 20%, Yellow oil, IR nmax

(film) cm21: 1733.6 cm21 (CvO). 1H NMR

(400 MHz, CDCl3) d 1.14 (s, 6H), 2.75 (s, 4H),

2.99 (s, 2H), 3.75 (s, 3H), 3.81 (s, 3H), 4.20 (s, 2H),

4.76 (bs, 1H), 5.67 (bs, 1H), 6.80–6.98 (m, 6H),

7.27–7.38 (m, 4H), 8.09 (s, 2H). 13C NMR

(100 MHz, CDCl3): d 10.89, 30.51, 47.27, 50.89,

54.89, 55.22, 65.88, 68.53, 113.84, 114.16, 118.05,

127.15, 128.34, 130.45, 131.30, 155.32, 159.59,

162.81, 185.60. HRMS: Found 503.2539;

C30H34N2O5 requires 503.2546.

3-[4-(2-Morpholin-4-yl-ethoxy)-benzoyl]-1,4-

diphenylazetidin-2-one 13e. Preparation as above from

12i (0.109 mmol, 50 mg) followed by purification

with flash column chromatography (eluant: CH2Cl2:

MeOH, 9:1); Yield 61%, Yellow crystals, IR nmax

(KBr) cm21: 1750.0 (CvO), 1714.1 (CvO). 1H

NMR (400 MHz, CDCl3) d 2.59–2.63 (m, 4H), d

2.84 (d, 2H, J ¼ 5.52 Hz), 3.75 (d, 4H, J ¼ 4.04 Hz),

4.10–4.21 (m, 2H), 4.80 (bs, 1H), 5.78 (bs,1H),

6.98–7.07 (m, 2H, Ar-H), 7.24–7.32 (m, 5H, Ar-H),

7.35–7.42 (m, 3H), 7.46 (d, 2H, J ¼ 7.04 Hz), 8.10

(d, 2H, J ¼ 8.52 Hz). 13C NMR, (100 MHz, CDCl3):

d 50.46, 52.99, 53.60, 55.35, 59.92, 67.72,

68.16, 114.06, 116.69, 123.81, 125.76, 128.45,
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128.65, 128.81, 130.46, 131.37, 136.52, 136.86,

159.98, 162.89, 188.38. HRMS: Found 457.2115;

C28H31N2O4 requires 457.2127, (Mþ þ 1).

Biochemical evaluation of activity

Antiproliferation studies. All assays were performed in

triplicate for the determination of mean values reported.

Compounds were assayed as the free bases isolated from

reaction. The human breast tumour cell line MCF-7

was cultured in Eagles minimum essential medium in a

95%O2/5% CO2 atmosphere with 10% foetal calf

serum. The medium was supplemented with 1% non-

essential amino acids. Cells were trypsinised and seeded

at a density of 2.5 £ 104 into a 96-well plate and

incubated at 378C, 95%O2/5% CO2 atmosphere for

24 h. After this time they were treated with 2ml volumes

of test compound which had been pre-prepared as stock

solutions in ethanol to furnish the final concentration

range of study, 1 nM–100mM, and re-incubated for a

further 72 h. Control wells contained the equivalent

volume of the vehicle ethanol (1% v/v). The culture

medium was then removed and the cells washed with

100ml phosphate buffered saline (PBS) and 50ml MTT

added, to reach a final concentration of 1 mg/ml MTT

added. Cells were incubated for 2 h in darkness at 378C.

At this point solubilization was begun through the

addition of 200ml DMSO and the cells maintained at

room temperature in darkness for 20 min to ensure

thorough colour diffusion before reading the

absorbance. The absorbance value of control cells

(vehicle treated) was set to 100% cell viability and from

this graphs of absorbance versus cell density per well

were prepared to assess cell viability and from these,

graphs of percentage cell viability versus concentration

of subject compound added were drawn.

Cytotoxicity studies. Human MCF-7 breast cancer cells

were plated at a density of 2.5 £ 104 per well in a 96-

well plate, then incubated at 378C, 95%O2/5% CO2

atmosphere for 24 h. Cells were treated with the

compound of choice at varying concentrations

(1 nM–100mM), then incubated for a further 72 h.

Following incubation 50ml aliquots of medium were

removed to a fresh 96-well plate. Cytotoxicity was

determined using and LDH assay kit obtained from

Promega, following the manufacturer’s instructions

for use. A 50ml per well LDH substrate mixture was

added and the plate left in darkness at room

temperature for equilibration. Stop solution (50ml)

was added to all wells before reading the absorbance at

490 nm. A control of 100% lysis was determined for a

set of untreated cells which were lysed through the

addition of 20ml lysis solution to the media 45 min

prior to harvesting. Data was presented following

calculation, as percentage cell lysis versus concentration

of subject compound.

Oestrogen receptor binding assay. ERa and ERb

fluorescence polarization based competitor assay kits

were obtained from Panvera at Invitrogen Life

Technologies. The recombinant ER (insect expressed,

full length, untagged human ER obtained from

recombinant baculovirus-infected insect cells) and the

fluorescent oestrogen ligand were removed from the

2808C freezer and thawed on ice for one hour prior to

use. The fluorescent oestrogen ligand (2 nM) was added

to the ER (30 nM for ERa and 20 nM for ERb) and

screening buffer (100 mM potassium phosphate (pH

7.4), 100mg /ml BGG, 0.02%NaN3 was added to make

up to a final volume that was dependant on the number

of tubes used (number of tubes (e.g. 50) £ volume of

complex in each tube(50ml) ¼ total volume (e.g.

2500ml). Test compound (1ml, concentration range

1 nM) to 100mM) was added to 49ml screening buffer

in each borosilicate tube (6 mm diameter). To this 50ml

of the fluorescent oestrogen/ER complex was added to

make up a final volume of 100ml and final concentration

range for the test compound of 0.01 nM to 1mM. A

vehicle control contained 1% (v/v) of ethanol and a

negative control contained 50ml screening buffer and

50ml fluorescent oestrogen/ER complex. The negative

control was used to determine the polarisation value

when no competitor was present (theoretical maximum

polarization). The tubes were incubated in the dark at

room temperature for 2 h and were mixed by shaking on

a plate shaker. The polarization values were read on a

Beacon single-tube fluorescent polarization instrument

with 485 nm excitation and 530 nm emission

interference filters. For ERa and ERb, graphs of

anisotropy (mA) versus competitor concentration were

obtained for determination of IC50 values.

Computational procedure

Ligand preparation. Compound 12d was drawn using

ACD/Chemsketch v10 (Advanced Chemistry Labs.

http://www.acdlabs.com/download/chemsk.html) and

SMILES strings generated. A single conformer was

generated ensuring a final MMFF optimisation step for

refinement of the compound, using OMEGA v2.1

(developed and distributed by Openeye Scientific

Software. http://www.eyesopen.com).

Receptor preparation. Protein Data Bank (PDB) entries

3ERT and 1QKN were downloaded from the PDB.

A single bridging water molecule held between

Glu353 (Glu305) and Arg394 (Arg346) was

retained in both isoforms. Addition and optimisation

of hydrogen positions was carried out using

MOE 2005.06 (OMEGA v2.1, developed and

distributed by Openeye Scientific Software. http://

www.eyesopen.com) ensuring all other atom positions

remained fixed.
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Docking. FRED v2.11 (developed and distributed by

Openeye Scientific Software. http://www.eyesopen.

com) was utilized in this study to dock the conformer

in both oestrogen receptor isoforms. All default values

were applied with rigid-body optimisation of each

ligand pose with Chemgauss2. The docked complexes

for both isoforms were imported to Sybyl v6.91

(distributed by Tripos Inc. http://www.tripos.com)

and processed by a flexible ligand and active site

docking run. The active site residues assessed

previously using MOE 2005.06 were allowed to be

flexible during the docking calculation. All other

values were kept as default except the number of

iterations, which was increased to 10,000. Finally the

docked complex was optimised under the MMFF

force field using Szybki v1.1 (developed and

distributed by Openeye Scientific Software. http://

www.eyesopen.com), with optimisation of free rotor

torsions and of polar hydrogen positions close to the

ligand.

Results and discussion

Chemistry

The general procedure for the synthesis of the

required b-lactams is shown in Scheme 1. In the

present work the Reformatsky reaction was used

exclusively for the b-lactam ring synthesis, because it

affords 3-unsubstitued b-lactam products relatively

easily and facilitates the subsequent chemical modi-

fication of the b-lactam at C-3. Surprisingly the

Reformatsky type reaction has received very little

attention within the context for b-lactam antibiotic

synthesis but this is probably due to the low yields

often produced in the ring formation [44]. The

products 10a–b were obtained in moderated yield by

reaction of imines 9a–b (obtained by condensation of

the appropriate arylamine and aryl aldehyde) with

ethylbromoacetate in the presence of zinc and

trimethylchlorosilane, (Scheme 1) using the con-

ditions reported by Palomo et al. [41]. The choice of

aryl substitutents was based on the requirement for

hydrogen bonding substituents on the N-1 and C-4

phenyl rings to facilitate ER binding. The introduction

of the required substituent at the C-3 position of the

b-lactam ring is achieved by means of an aldol type

reaction with a suitable phenolic aldehyde or ketone in

order to introduce an a-(hydroxyaryl)methyl group at

C-3 position of the b-lactam [43]. The reactivity of

protons in position 3 of the b-lactam is rather low, but

by using a strong base (lithium diisopropylamide)

under aprotic conditions it is possible to abstract one

proton for the aldol reaction to proceed.

1,4-Diarylazetidin-2-ones 10a–b were sub-

sequently used as the precursor for the synthesis of a

variety of different 3-substituted b-lactams 11a–k.

4-Hydroxybenzophenone together with 3- and

4-hydroxyacetophenones were initially employed as

the aryl carbonyl components. 2, 3- and 4-Hydroxyben-

zaldehydes, 2- and 4-hydroxynaphthaldehydes and

4-hydroxybenzylideneacetone were also utilized as

carbonyl substrates in this reaction. Attempts to react

the ortho-hydroxybenzophenone and ortho-hydroxya-

cetophenones were not successful, possibly for steric

reasons.

The products 11a–k obtained in the aldol reactions

contain three asymmetric centres (at C-3, C-4 and C-5).

Reaction with the aryl aldehydes and ketones

affordsed the trans b-lactam products in all cases

which is clearly identified from the coupling constant

displayed by the H-3, H-4 protons in the 1H NMR

spectrum(,2 Hz). Each product is obtained as a

diastereomeric mixture which is evident from exam-

ination of the 1H NMR spectra. For example, in the

case of compound 11d, H-3 is observed as two

multiplets d 3.35 (0.38H,) and d 3.41 (0.62H), while

H-4 appears as a two doublets d 4.72 (0.62H)

J ¼ 2.04 Hz), and d 5.15 (d, 0.38H, J ¼ 4.08 Hz).

The two doublets at 4.98 (0.62H, J ¼ 6.16 Hz) and

5.11 (0.38H) are assigned to H-5. The diasteomeric

components could be separated by HPLC, e.g. in the

case of compound 11a, the two components are

observed with retention times of 9.6 min (46%) and

11 min (54%). For each product 11a–k, the diaster-

eomeric mixture was taken forward to the next

reaction.

The nucleophilic addition of the basic side chain,

required for ER antagonist activity onto the product

11a–k is illustrated in Scheme 1. Anhydrous

potassium carbonate (K2CO3) is the most effective

base used for the reaction. A variety of basic alkyl

halide side-chains containing N,N-dimethylamino,

N,N-diethylamino, pyrrolidine, methylpyrrolidine,

piperidine and morpholine groupings were initially

reacted with compounds 11a and 11d to afford the

products 12a– l. Following initial SAR studies on

the antiproliferative activity of products 12a– l with

MCF-7 cells, the pyrrolidine type basic side-chain was

shown to have the optimum effects for cytotoxic

activity therefore the subsequent 3-substituted

b-lactams were designed to contain this heterocyclic

substituent. Table II shows the structures of the series

of b-lactams containing pyrrolidine side chain

products obtained (12m–u). These products were

isolated as diastereomeric mixtures in most cases, and

the daistereomeric ratios could be determined on

examination of the 1H NMR spectrum. For example,

in the case of compound 12a, H-3 is observed as a

multiplet at d3.41-3.47, H-4 occurs as two doublets at

d 4.81 and d 5.31 (each 0.5H, J ¼ 2.52, 4.04 Hz,),

while H-5 was identified as two doublets at d 5.09 and

d 5.19 (each 0.5H, J ¼ 7.00, 2.48 Hz). In the case of

compounds 12r and 12t, only a single diastereomer

was observed in the 1H NMR spectrum, possibly

because of the hindered nature of the alcohol product.
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Compound 12o, which was obtained in a diaster-

eomeric ratio of 4:1 from 1H NMR, was resolved into

its four component stereoisomers by chiral capillary

electrophoresis. Retention times of 11.8 and 12.2 min

(corresponding to each enantiomer of the smaller

component) and 13.0 and 14.0 min for each enantio-

mer of the larger component.

To study the effect on antiproliferative activity of the

introduction of a carbonyl group at C-3, the secondary

alcohol in compounds 12b, 12d, 12f, 12i and 12j was

examined (Scheme 2). This carbonyl hinge type

structural feature ispresent in raloxifeneand contributes

to the binding and ER activity of the drug in orientating

the basic side group to bind to Asp351. The oxidation of

the alcohols 12b, 12d, 12f, 12i and 12j was achieved by

treatment of the appropriate secondary alcohol with

PCC to afford carbonyl products 13a–e with moderate

yield. The trans b-lactam stereochemistry is retained in

the products 13a–e as evident from the 1H NMR spec-

trum, (e.g. for compound 13a H-3 appears as a doublet

at d4.75 which is coupled to H-4 at d5.67 (J ¼ 2 Hz).

Biochemistry

The b-lactam compounds prepared above were

evaluated in a series of in vitro assays which

Scheme 1. Synthesis of b-lactams 12a–u. Scheme Reagents: (a) CH3CH2OCOCH2Br, Zn, TMCS, Benzene, reflux, 6h. (b)

aldehyde/ketone, LDA, THF, 788C, 30min. (c) R3R4N-CH2CH2Cl, Acetone, reflux, 2 h.
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determined their antiproliferative activity in MCF-7

and MDA-MB 231 breast cancer cell lines and also

their affinity for the oestrogen receptor.

Antiproliferative activity in MCF-7 and MDA-MB 231

breast cancer cells. Compounds 12a– l were initially

screened for their antiproliferative activity using the

ER expresing (ER dependent) MCF-7 human breast

cancer cell line. Table I shows the structures of the b-

lactam compounds 12a– l that were initially screened

to identify different antagonist properties depending

on the substiutents on the basic side-chain. The IC50

values of the initial b-lactam products evaluated are

reported in Table I below and compared to that

of tamoxifen1a (IC50 ¼ 2.48mM). Most of the

compounds have values much higher than tamoxifen

however compound 12d (containing the pyrrolidine

type side chain and methoxy groups at the para

position on the phenyl rings at the C-4 and N-1

positions) was found to be the most potent compound

in the series with IC50 value of 4.63mM. This was

the template chosen for the remaining products

synthesised.

Oxidation of the hydroxy group at the C-5 position

resulted in the synthesis of the ketones 13a–e, which

Table I. Antiproliferative and cytotoxic effects of compounds 12a– l in MCF-7 cells.

.

Compound R1 R2, R3 Activity MCF-7 cells IC50 (mM)* Cytotoxicity (% death) 10mM

12a H R2 ¼ R3 ¼ CH3 .100mM 0

12b OCH3 R2 ¼ R3 ¼ CH3 25.20 ^ 16.90 10

12c H R2, R3 ¼ ZCH2CH2CH2CH2Z 15.40 ^ 0.04 4

12d OCH3 R2, R3 ¼ ZCH2CH2CH2CH2Z 4.63 ^ 1.24 14.8

12e H R2 ¼ R3 ¼ CH2CH3 15.9 ^ 0.59 0

12f OCH3 R2 ¼ R3 ¼ CH2CH3 23.9 ^ 17.7 11.5

12g H R2, R3 ¼ ZCH2CH2CH2CH2CH2Z 18.8 ^ 12.9 6.9

12h OCH3 R2, R3 ¼ ZCH2CH2CH2CH2CH2Z 21.20 ^ 9.41 5.6

12i H R2, R3 ¼ ZCH2CH2OCH2CH2Z 14.40 ^ 0.88 0

12j OCH3 R2, R3 ¼ ZCH2CH2OCH2CH2Z 34.10 ^ 5.57 2.9

12k H – 13.46 ^ 3.01 2

12l OCH3 – 21.8 ^ 12.3 7

* IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MCF-7 cells. Values represent the

mean ^ SEM (error values £ 1026) for three experiments performed in triplicate. The IC50 value obtained for Tamoxifen is 2.48 ^ 2.83mM,

with cytotoxiciy value 13.4% (10mM) is in good agreement with the reported IC50 value for tamoxifen using the MTTassay on human MCF-

7 cells.

Scheme 2. Synthesis of b-lactams 13a–e. Scheme Reagents: (a) pyridinium chlorochromate, CH2Cl2, 258C
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were screened to assess whether the ketone had any

positive or negative effect on the antiproliferative

efficacy of these compounds. The SERM raloxifene 3,

Figure 1, contains a carbonyl linking hinge group;

replacement of this carbonyl group with an ether

linkage as in arzoxifene afforded products with similar

efficacy profiles to tamoxifen and also induced a 10-

fold increase in antioestrogen potency both in vivo and

in vitro [45] Methylene groups are also reported as

Ring A linking hinge groups in benzopyranone

SERMs [46]. The antiproliferative and cytotoxic

results for the carbonyl type b-lactam compounds

13a–d are shown in Table II. Oxidation from

secondary alcohol to ketone in 13a–e does not appear

to increase the biochemical activity of the products in

MCF-7 cells although it does alter the molecular

structure of the compounds and alignment of the basic

substituent of Ring A. The most potent compound

in this series 13b (IC50 ¼ 3.95mM) is considerably

more active than the corresponding alcohol 12b

(IC50 ¼ 25.2mM). Comparing 12d (IC50 ¼ 4.63mM)

to its corresponding carbonyl analogue 13c

(IC50 ¼ 37.25mM), there is a significant loss in

activity. Subsequent b-lactam SERMs were developed

as the 5-hydroxy compounds.

Further SAR studies of these 5-hydroxy-b-lactam

compounds were carried out with a variety of

structural modifications, e.g. H-5 was replaced by a

methyl group or a phenyl ring, (compounds 12o–s).

The position of the basic side chain was also examined

at ortho and meta positions of ring A, while fused cyclic

systems were also used in place of the phenyl ring

(compounds 12t–u). These structural variations are

illustrated in Table III. The biochemical results are

displayed in Table III and reveal improved activity

over the previous compounds with IC50 values of

10mM or less for most of the products and no

significant cytotoxicity effect. The presence of the

basic side chain at the para position of Ring A appears

to be the optimum structure with a slight decrease in

activity noted if it is placed in the meta position; a

greater loss in activity is observed if the basic

substituent is located at the ortho position, e.g. for

compound 12d ( para), IC50 ¼ 4.63mM, 12m (ortho),

IC50 ¼ 10.70mM) and 12n (meta), IC50 ¼ 5.74mM.

The replacement of the C-5 hydrogen (R2) in

compounds 12o–p with the methyl group does not

improve activity; however replacement with the

phenyl ring dramatically improves activity for the

para substituted compound 12r resulting in IC50

values in the nanomolar region (IC50 ¼ 130 nM) for

the most potent compound. The presence of the

additional phenyl ring at C-5 might result in greater

displacement of H12 by the ligand and therefore

greater antagonist properties. Inclusion of pheny-

lethylene and naphthyl groups as C-5 substituents also

resulted in products with good antiproliferative

activity (compounds 12s–u). Figure 2 shows the

antiproliferative and cytotoxic results for 12u, a

representative example of these modified b-lactam

type compounds.

Compounds (12m, 12n, 12t) were tested for their

antiproliferative effects in MDA-MB-231 cells. If these

compounds are acting as SERMs they may not show

significant antiproliferative effects in this ER negative

cell line. Tamoxifen has been shown to have some

effects in ER negative cell lines but always at much

higher concentrations (IC50 value approx. 20mM) than

in MCF-7 cells suggesting that some of its effects are

mediated through an alternative mechanism. In the

case of the b-lactam compounds 12m, 12n and 12t

similar results were observed for MDA-MB-231 cell

line (IC50 ¼ 12.40, 12.50 and 3.74mM respectively) as

were observed for the MCF-7 inhibition.

The cytotoxicity of the compounds was determined

in the standard LDH assay to establish that the

antiproliferative effects observed were due to cytos-

tasis rather than cellular necrosis. The results obtained

are displayed in Tables I–III. The majority of the

compounds demonstrated low cytotoxicity indicating

Figure 2. Compound 12u inhibited proliferation and induced

cytotoxicity of MCF-7 cells. Antiproliferative and cytotoxic activity

of compounds 12u on oestrogen sensitive MCF-7 breast cancer

cells, IC50 ¼ 5.51mM. The optical density values are given as a ratio

of the treated cells and control cells £ 100% and are means of at

least 9 replicates. The absence of error bars indicates that the error

was smaller than the size of the symbol.

Table II. Antiproliferative and cytotoxic effects of compounds

13a–e containing carbonyl at C-5 in MCF-7 cells.

Compound

Antiproliferative

activity, MCF-7 cells,

IC50 (mM)*

Cytotoxicity % death,

10mM

13a 20.50 ^ 2.94 0

13b 3.95 ^ 2.19 2

13c 37.25† 0

13d 19.30 ^ 6.75 14.7

* IC50 values are half maximal inhibitory concentrations required to

block the growth stimulation of MCF-7 cells. Values represent the

mean ^ SEM (error values £ 1026) for three experiments per-

formed in triplicate; † Results of single experiment performed in

triplicate.
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that their action is cytostatic rather than cytotoxic.

Cytotoxicity values considerably below that obtained

for tamoxifen, (13.4%, 10mM) were observed, with

the most potent compound 12r, having low cytotox-

icity, (3%, 10mM in MCF-7 cell line). The products

also showed low cytotoxicity in MDA-MB-231 cell

line (e.g. compound 12n 2%, 10 mM).

Oestrogen receptor binding studies. Receptor binding

studies were carried out with ERa and ERb to

determine if the observed antiproliferative effects

were mediated through the oestrogen receptor. A

fluorescence polarisation procedure was employed.

[22]. This is a competitive binding assay which

measures the displacement of fluorescein labelled

estradiol (fluoromone) from the human recombinant

full length ERa and ERb expressed from baculovirus-

infected insect cells. As an example of the series,

compound 12b exhibited moderate binding to both

ERa and ERb with IC50 values ¼ 75.20mM for ERa

and IC50 values ¼ 71.95 mM for ERb. The

compounds did not display oestrogenic alkaline

phosphatase activity in the Ishikawa cell line [47].

Molecular modelling studies of novel b-lactam compounds.

To gain a greater understanding of the mode of

binding of these b-lactam products, a brief

computational docking study was carried out with

ERa and ERb using compound 12d as an example.

The crystal structures used in the docking studies were

obtained from the cocrystallisation of human ERa

with 4-hydroxytamoxifen 2 [16] (3ERT)and rat ERb

with raloxifene 3 (1QKN) [18] which shows raloxifene

bound in a position similar to that observed in the

human ERa complex. The major difference is

observed in the phenolic ring B, where the distal

hydroxy moieties in the two isotypes are 1.4 Å apart.

The result of this orientation of raloxifene 3 in the b-

isotype is that the piperidine ring is directed outward

from the cavity and prevents H12 from adopting its

agonist position. This shift is most probably

responsible for the pure antagonist character of

raloxifene 3 on ERb [17].

To quantify the relative interactions predicted for

the ligand in comparison to the experimental results

observed for 4-hydroxytamoxifen and raloxifene, a

simple ligand-protein contact (LPC) [48] 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 oestrogenic residue in the binding of

diethylstilboestrol and oestradiol) and Asp351 which

is well recognised as an important antioestrogenic

residue associated with the binding of the basic side

chain nitrogen.

As a representative example, compound 12d is

docked in the active site of Era superposed with 4-

hydroxytamoxifen (Figure 3a), and also in ERb

superposed with raloxifene, Figure 3b. Compound

12d appears to show some interaction with the

relevant amino acid residues of the LBDs of both

ERa and Erb as illustrated in Figure 3. The basic side

chain of Ring A, which interacts with the Asp 351,

Table III. Antiproliferative and cytotoxic effects of compounds 12m–u with modifications at the C-5 position in MCF-7 cells

.

Compound Position of substitution R1 R2

Antiproliferative activity, MCF-7 cells,

IC50 value (mM)* Cytotoxicity % death, 10mM

12m C-2 OCH3 H 10.70 ^ 1.22 1

12n C-3 OCH3 H 5.74 ^ 3.80 1.2

12o C-3 OCH3 CH3 7.91 ^ 1.76 0

12p C-4 OCH3 CH3 14.52 ^ 1.24 5

12q C-3 OCH3 C6H5 4.20 ^ 4.33 7.5

12r C-4 OCH3 C6H5 0.13 ^ 0.07 3

12s C-4 OCH3 CH3 5.25 ^ 6.27 2

12t C-2 OCH3 H 3.21 ^ 2.42 7.5

12u C-4 OCH3 H 5.51 ^ 0.02 18

* IC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MCF-7 cells. Values represent the

mean ^ SEM (error values £ 1026) for three experiments performed in triplicate.
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extends further from the binding pocket in ERa than

the corresponding chain in 4-hydroxytamoxifen,

(Figure 3a). However ring B appears in close proximity

to Glu353 and Arg394 while ring C is in the region of

His524 as required. In ERb there also appears to be

good fit for 12d in the ligand binding pocket when

compared with raloxifene, (Figure 3b). When com-

pared with raloxifene 3 which also contains an extended

basic side-chain substituent on Ring A, the pyrrolidine

substituent of the b-lactam 12d would also seem to be

positioned well for binding to Asp303 in ERb.

Conclusion

We have synthesised a number of novel b-lactam

compounds designed as potential oestrogen receptor

ligands, which demonstrate antiproliferative activity

against the MCF-7 human breast cancer cell line. The

effect of a number of aryl and amine functional

group substitutions on the antiproliferative activity of

the b-lactam products was explored. Initial molecular

modelling studies indicate that the compounds may

dock in the expected antioestrogenic mode in the ERa

and ERb ligand binding sites. Because of moderate

affinity shown by these compounds for the ER, these

results appear to confirm that the primary antiproli-

ferative activity may not be exclusively via an ER

pathway. In further work, the optimisation of the aryl

substituent requirements for ER binding will be

investigated. These compounds which are ring fused

analogues of (Z)-tamoxifen expand the structural

diversity of ligands which act as antagonists for the

oestrogen receptor without the possibility of the

metabolic isomerisation of the tamoxifen type anti-

oestrogen structures.
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