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Abstract

4-Aryl-4H-Chromene derivatives have been previously shown to exhibit anti-proliferative, 

apoptotic and anti-angiogenic activity in a variety of tumor models in vitro and in vivo 

generally via activation of caspases through inhibition of tubulin polymerisation. We have 

previously identified by Virtual Screening (VS) a 4-aryl-4H-chromene scaffold, of which two 

examples were shown to bind Estrogen Receptor α and β with low nanomolar affinity and 

<20-fold selectivity for α over β and low micromolar anti-proliferative activity in the MCF-7 

cell line. Thus, using the 4-aryl-4H-chromene scaffold as a starting point, a series of 

compounds with a range of basic arylethers at C-4 and modifications at the C3-ester 

substituent of the benzopyran ring were synthesised, producing some potent ER antagonists 

in the MCF-7 cell line which were highly selective for ERα (compound 35; 350-fold 

selectivity) or ERβ (compound 42; 170-fold selectivity).  
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Abbreviations

1. Introduction

Estrogen Receptors (ER) are hormone regulated receptors that are known to produce their 

long-term effects on cell structure and function via intracellular signalling and subsequent 

modulation of gene expression. In addition to genomic signalling, a rapid non-genomic 

signalling pathway has also been identified which is mediated by cell membrane-associated 

estrogen receptors. In fact a G-Protein Coupled Estrogen Receptor (GPR30/GPER) has been 

identified that binds estrogen, initiating a plasma membrane-initiated signaling cascade 1–4. 

Focusing on ‘classical’ ER, two subtypes exist and are expressed in a wide-range of tissues 

and cells throughout the body; ER alpha (ERα) is predominantly found in the female bone, 

uterus, ovary (thecal cells), mammaries, adipose tissue, cardiovascular system and brain. ER 

beta (ERβ) is found also in the adipose tissue, cardiovascular system and brain but also in the 

lung, bladder, colon and granulosa cells of the ovary 5–14. The concept of Selective Estrogen 

Receptor Modulation (SERM) 15 was first demonstrated with the clinical drug Tamoxifen 16,17 

which was introduced in the 1970s as a treatment for advanced breast cancer in 

postmenopausal women.  Tamoxifen was shown to have anti-estrogenic function in the 

breast, however partial estrogenic effects in other target tissues such as bone and the 

cardiovascular system where it is beneficial but conversely harmful in the endometrium 18–21. 

However a strong association between its use and the development of endometrial carcinoma 

emerged fuelling research for the discovery of alternative compounds with mixed 

agonistic/antagonistic profiles (Figure 1). 

Figure 1. 

Figure 1: Structures of selected SERM structural classes including triarylethylenes tamoxifen 
and endoxifen, benzothiophenes raloxifene and arzoxifene, indoles pipendoxifene and 
bazedoxifene, benzopyran acolbifene and the tetrahydronaphthalene lasofoxifene.   
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It has been since hypothesised that the optimal route to the development of an ‘ideal’ SERM 

can only occur when delineation of the full array of the biological roles orchestrated by ERα 

or ERβ in different tissues is revealed, and this is best achieved through the design of 

subtype-selective ER ligands. To date, a plethora of both ERα and ERβ selective agonists and 

antagonists have been described (compounds 1-12, Figure 2)22–57. The ER agonist 16a-LE2 

(1) has been reported to inhibit cardiac hypertrophy 58. The synthesis and characterisation of a 

series of pyrazole-based compounds resulted in a >400-fold selective agonist for ERα, 1,3,5-

tris(4-hydroxyphenyl)-4-propyl-1H-pyrazole, (2) (PPT)44. Mortenson et al subsequently 

synthesised a library of heterocycle-based (furans, thiophenes, and pyrroles) ER agonists, the 

most ERα selective (65-fold) of which was compound 3 - 2,4,5-tris(4-hydroxyphenyl)-3-

methylfuran39. Several SERMs have also been reported with ERα selectivity, for example; 

benzothiophenes (4), tetrahydroisoquinolines (5)59 and pyrazoles45, with the most selective 

ERα antagonist to date being a pyrazole core incorporating a basic side-chain termed MPP 

(6)(~220-fold)60. To facilitate the study of ERβ specific mechanisms of action, the first 

reported full agonist discovered some time ago by Katzenellenbogen and co-workers, 

diarylpropionitrile(7) (DPN), exhibited 70-fold preferential binding for ERβ over ERα and 

78-fold selectivity in transcriptional assays37. ERB-041 (Prinaberel)(8), WAY-200070 and 

WAY-202196(9) were all developed by Wyeth and reported in 2004-561–63, followed by a 

series of ERβ selective benzopyrans developed by Lilly in 200641,64,65. The wide range of 

activities of these compounds both in vitro and in vivo has made it particularly difficult to 

assign clinical relevance to them and has also been additionally hampered by the existence of 

different isoforms of ERβ. ERβ1 appears to be the isoform displaying the strongest activity, 

however, some variant forms may interact with ERβ1 and also with ERα presenting a 

challenge in understanding the full complexity of the biology of ERβ66. To date, very few 

examples of ERβ antagonists have been reported (Figure 2). Two 30-fold ERβ selective 

antagonists have been described; one based on a triazine scaffold (10) was discovered by 
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GSK 32 and another by researchers at Organon 67 belonging to the class of 10-aryl substituted 

benzo[b]fluorenes (11). The (R,R)-cis-tetrahydrochrysene (12) (THC) was subsequently 

demonstrated by the Katzenellenbogen lab to behave as a full agonist in ERα and full 

antagonist in ERβ36. Surprisingly, as THC lacks a basic side-chain, the term ‘passive 

antagonism’ was proposed for its mechanism of action supported by crystal structures of 

THC bound to both ERα and ERβ ligand binding domains (LBDs)68. 

We have described in earlier work the identification by in silico screening of a novel 4-aryl-

4H-chromene scaffold which was shown to potently bind both ER isoforms69. The two 4-

aryl-4H-chromene analogs (13 and 14) displayed modest ERα selectivity (20-fold) and also 

antiproliferative activity in an ER positive breast cancer cell line, MCF-7, (Figure 3). 

Importantly, it was noted that neither analog incorporated a typical basic arylether and this 

formed the premise of the current study. In the present work, a series of 4-aryl-4H-chromene 

derivatives were designed and synthesised some of whch incorporated the typical basic 

arylethers usually required in ER antagonists (Figure 2). In addition, we have now carried out 

modifications at the C3 ester position of the benzopyran ring to probe potential differences in 

ER binding pockets thereby maximising isoform selectivity. The most active compound in 

the series exhibited 350-fold selectivity for ERα and interestingly one of the series showed 

170-fold selectivity for ERβ. The 4-aryl-4H-chromene scaffold has been reported in 

numerous studies to possess anti-proliferative, apoptotic and anti-angiogenic activity in a 

variety of tumor models in vitro and in vivo, generally via activation of caspases through 

inhibition of tubulin polymerisation70. In addition, the inhibition of insulin-regulated 

aminopeptidase by related 4-aryl-4H-chromenes has been recently reported71.   The 4-aryl-

4H-chromene Crolibulin (15), Figure 3, (a microtubule destabilizing agent that disrupts 

vascular endothelial cells, and in turn, blood flow to the tumor) is currently in Phase I/II 

clinical trials assessing its toxicity levels when co-administered with cisplatin and 

progression-free survival (PFS) in adults with anaplastic thyroid cancer (ATC)72. We 
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envisage that further biochemical analysis of our 4-aryl-4H-chromene compound series could 

potentially lead to the developement of novel clinically relevant ER modulating compounds 

featuring the 4-aryl-4H-chromene scaffold structure.

Figure 2. Subtype selective ER ligands

Figure 3. 4-Aryl-4H-chromenes 13, 14 and Crolibulin (15)

2. Results

2.1 Chemistry

Many approaches to the preparation of 4-aryl-4H-chromenes have been described71,73–76. In 

the present study, the synthetic route to the 4-aryl-4H-chromenes (16-25) initially identified 

for the study is outlined in Scheme 1. These compounds contain methyl ester, ethyl ester or 

nitrile substituents at C-3 of the chromene ring and also benzyl, ethyl, methyl ether or phenol 

substituents on the C-4 aryl ring. The appropriate arylaldehyde is reacted with malononitrile 

or the cyanoacrylate ester and resorcinol in the presence of base (piperidine or triethylamine) 

in a one-pot synthesis. The reaction proceeds through the formation of an intermediate 

cyanoacrylate ester or benzylidene malonitrile by Knoevenagel condensation from the 

cyanoacetate ester, malonitrile and the benzaldehyde. This intermediate cyanoacrylate ester 

can be observed as a solid forming within ten minutes of heating the mixture. Further reaction 

of the resorcinol phenolic OH with the nitrile and subsequent electrophilic ring closure 

afforded the desired final chromene products, 16-25. The cyanoacrylate intermediate product 

was isolated in the case of 26-28 and subsequently reacted with resorcinol to afford the 

desired products. The phenolic methyl ester 19 was also obtained from the benzyl ether 21 by 

hydrogenation (H2/Pd/C) (Scheme 1). 

The series of 4-aryl-4H-chromenes containing a basic ether substituent at C-4 (compounds 
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24-36) were obtained as outlined in Scheme 2. These compounds also contain methyl, ethyl, 

n-butyl or tert-butyl ester or nitrile substituents at C-3 of the chromene. The benzaldehydes 

29-31 were obtained by alkylation of 4-hydroxybenzaldehyde with 1-(2-

chloroethyl)pyrrolidine, 1-(2-chloroethyl)piperidine or 1-(2-chloroethyl)morpholine 

respectively as previously reported77 to afford the pure aldehydes in 65-97% yield. 

Subsequent reaction of the aldehydes 29-31 with malononitrile or the appropriate 

cyanoacrylate ester in the presence of piperidine or triethylamine afforded desired products 

32-44 in moderate yield. The cyanoacrylate intermediate 45 was also isolated on reaction of 

the aldehyde 30 with ethyl cyaoacrylate and subsequently reacted with resorcinol to afford 

the desired product 38. 

While attempting the synthesis of the methyl esters 16, 19, 25, 32, 37, 42 using ethanol as 

solvent, it was noted that the final product isolated in each case was in fact the corresponding 

ethyl ester 17, 20, 21, 33, 38, 43 respectively. It appeared that in the presence of ethanol, a 

facile transesterification was occurring. Several different solvents were then employed in an 

attempt to obtain the methyl ester products, e.g. methanol, ethyl acetate, acetone, 

dichloromethane and tetrahydrofuran. Dichloromethane was found to be successful for the 

synthesis of all other methyl ester compounds (16, 19, 25, 32, 37 and 42), however yields 

were low. Details of the reaction conditions for the synthesis of compounds 16-25 and 32-44 

are presented in Table 1. Attempts to improve the yield using potassium carbonate or 

cetyltrimethylammonium chloride in aqueous conditions were not successful75,76. The most 

efficient method of preparation for the methyl ester products was by replacing the initially 

used triethylamine with piperidine as the base of choice and by performing the reactions 

under microwave conditions. 

The stability of representative examples of the target compounds 38 and 40 was determined 

in phosphate buffer and the half life was determined to be greater than 24 h for each 
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compound at pH values 7.4 and 9. The compounds 38 and 40 degraded at lower pH = 4,  with 

27%  and 32% remaining after 30 min respectively. The compounds showed very high 

stability in human blood plasma, and the half-life was determined to be greater than 24 h.

The molecular structure of a representative example of the 4-aryl-4H-chromenes series, 

compound 22 was determined by single crystal X-ray crystallography (S enantiomer shown).  

The ORTEP diagram is displayed in Figure 4 (thermal ellipsoids at 50% probability).  It can 

be seen that the benzopyran ring is planar, and the aryl ring at C-4 positioned at a dihedral 

angle of 78.403(77) ° with respect to the benzopyran ring (Figure 4). 

Figure 4.  ORTEP representation of the X-Ray crystal structure of 22, ellipsoids at 50% 
probability

Scheme 1. Synthesis of 4-aryl-4H-chromenes 16-25

Scheme 2. Synthesis of 4-aryl-4H-chromenes 32-44

2.2 Biological results and discussion

All compounds were initially evaluated for antiproliferative effects in MCF-7 cells using the 

MTT assay (72 h) and the results are displayed in Table 1. The most potent compound was 

identified as compound 41 (which contains piperidine aryl ether at C-4 and a tert-butyl ester 

at C-3 of the chromene ring) which showed comparative results to that of tamoxifen in the 

antiproliferative assay with IC50 value of 2.65 M (IC50 value determined for control drug  

tamoxifen = 4.12 M). Compounds 16, 21, 35 and 38 also demonstrated low microlmolar 

antiproliferative effects with IC50 values of 10.82, 4.50, 7.73 and 8.75 M respectively. 

Selected compounds were concurrently tested to assess the extent of their cytotoxicity using a 

LDH assay. Compounds displayed negligable cytotoxicity in LDH assay with 0% cell death 

observed for compounds 32, 33, 37, 38, 43 and 44.  



9

Selected compounds from the series 16-23 and 32-44 were then screened for their binding 

affinity to ERα and ERβ in a fluorescence polarisation assay, with tamoxifen as a positive 

control. The results are displayed in Table 1. For compounds 16 and 17 tested, the methyl and 

ethyl ester compounds showed similar affinity to each other for ERα and ERβ.  The cyano 

compound 18 did not show any binding affinity for ERα at concentrations up to 10 µM.  

Compound 19 with the phenolic substituent at C-4 showed a slightly greater affinity for ERα 

than the benzyloxy ether 21, however it showed markedly less affinity for ERβ. The ethyl 

ether compounds 22 and the 3,4,dimethoxyether 23 having little antiproliferative activity, 

were not further evaluated. 

On addition of the basic ether substituent to the core phenol 20, whether pyrolidine, 

piperidine or morpholine, greater ERα binding ability was observed. For the pyrolidine 

containing compounds, the methyl (32), n-butyl (35) and tert-butyl (36) esters all displayed 

similar affinity to ERα with IC50 binding of less than 100 nM each (e.g. 20 nM, 20 nM and 10 

nM respectively).  The ethyl ester (33) demonstrated slightly less affinity with binding of 

1.41 M.  The C-3 cyano compound 34 as observed with the unsubstituted compounds had 

decreased affiniy for ER C50    , and little affinity for ERβ (IC50 > 10 M). All 

compounds showed selectivity for ERα over ERβ with significant difference noted in binding 

affinity, this was consistent across all compounds tested. For the compounds with the 

piperidine containing side chain, the methyl (37), ethyl (38) and tert-butyl (41) esters all 

demonstrated good affinity to ERα with ethyl ester compound 38 showing greatest activity 

with IC50 values of 20 nM and 60 nM for ERα and ER respectively. The tert-butyl ester (41) 

which was the most active in the antiproliferative assay, also demonstrated good affinity for 

ERα (IC50 = 0.090 M) and also sub-micromolar binding to ERβ (IC50 = 370 M). Once 

again the cyano compound 39 was the least effective in the series in the ERα and ER 

binding assays, with IC50 values of 1.47 and 10.42 M respectively. Of the compounds 
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examined containing the morpholine side-chain (42-44), the ethyl ester 43 showed the 

greatest ER binding activity (IC50 = 220 nM), while the methyl ester 42 was the most 

effective as a ligand for ER (IC50 = 0.63 M). 

Table 1. ERα and ERβ binding effects and antiproliferative activity in MCF-7 cells of 

selected 4-aryl-4H-chromenes.

Compound R1 R2 ER
IC50(M)d

ER
IC50(M)d

 Antiproliferative 
activity

MCF-7 cells
IC50(M)a

16 H -CO2CH3 3.30 1.59 0.48 10.82 

17 H -CO2CH2CH3 2.36 0.61 0.26 101.17 

18 H -CN >10 8.39 0.84 182.05 

19 OH -CO2CH3 0.79 10.02 12.67 156.80

20 OH -CO2CH2CH3 nd nd - >100

21 OCH2C6H5 -CO2CH2CH3 40.32 >100 - 4.5

22 OCH2CH3 -CO2CH2CH3 nd nd - >100

23 3,4-(OCH3)2 -CO2CH2CH3 nd nd - >100

32 -CO2CH3 0.02 0.35 14.31 19.60 

33 CO2CH2CH3 1.41 3.10 2.21 27.29 

34 -CN 0.89 >10 11.23 >50

35 -CO2CH2CH2CH2CH3 0.02 6.55 353.34 7.73 

36 -CO2C(CH3)3 0.01 0.67 49.49 10.03

37 -CO2CH3 0.05 0.22 4.77 16.2 
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38 -CO2CH2CH3 0.02 0.06 2.56 8.75 

39 -CN 1.47 10.42 7.10 23.21 

40 -CO2CH2CH2CH2CH3 0.03 2.35 87.29 31.82 

41 -CO2C(CH3)3 0.09 0.37 3.93 2.65 

42 -CO2CH3 109.10 0.63 0.005 103.22 

43 -CO2CH2CH3 0.22 2.44 11.02 18.79 

44 -CN 13.97 >50 3.58 35.31 

Tamoxifenb, c - - 0.070 0.170 2.43 4.12 

aIC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MCF-7 cells.  
Values represent the mean for at least two experiments performed in triplicate. bThe IC50 value obtained for 
Tamoxifen is 4.12 μM is in good agreement with the reported IC50 value for tamoxifen using the MTT assay in 
human MCF-7 cells 78. cThe ER binding values obtained are in agreement with the reported ER IC50 binding data 
for tamoxifen (ER 60.9 nM, ER 188 nM, Panvera/Invitrogen); dValues are an average of at least nine 
replicate experiments, for ER with typical standard errors below 15%, and six replicate experiments for ER, 
with typical standard errors below 15%

 

2.3 Computational 

To rationalise the subtype selectivity observed for compounds 35 (350-fold ERα selective) 

and 42 (170-fold ERβ selective) we carefully selected the most appropriate X-ray structure to 

utilise for subsequent docking experiments, through visual analysis of the binding modes 

made by all co-crystallised SERMs/SERDs with their respective ER isoforms. Lasofoxifene 

co-crystallised with ERα (PDBID 2OUZ) was considered to be the most suitable LBP to dock 

compound 35, however, the electron withdrawing oxygen of the morpholino-ring of 42 has 

the potential to H-bond unlike the other pyrrolidine/piperidine side-chains in the chromene 

series. Taking this into account, we reasoned that PDBID 1R5K whose co-crystallised ligand 

GW5638, uses a bridging water molecule that is perfectly positioned for substitution by the 

morpholino-ring oxygen of 42 to enable H-bonding with the backbone amide N-H of Leu536 
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(H12) would be most appropriate for docking in this case. As no suitable ERβ isoforms of 

these structures existed, we constructed refined models of each as described in the 

experimental section. Briefly, the iTASSER server was used for protein structure prediction 

using 2OUZ and 1R5K as templates to guide the prediction and the co-ordinates of each were 

firstly morphed 79 to the co-ordinates of 2OUZ and 1R5K respectively followed by 

refinement using 3DRefine 80. Reconstruction of any missing residues in 2OUZ and 1R5K 

was also undertaken using the iTASSER server. 

Conformers of all R and S enantiomers of compound 35 and 42 were docked and in the LBP 

our refined models of ERα and β using FRED81, and scored using Chemgauss4. 

Marvin pKa prediction 82 for compound 35 revealed the tertiary amine of the piperidine side-

chain of compound 35 is protonated at pH7.4. Interestingly, Marvin predicted that only 15% 

of compound 42 would have the tertiary amine of its morpholine ring protonated at pH7.4 

with the remaining >80% predominantly neutral. 

Only in the case of compound 35, was there a clear binding preference to both ER subtypes 

for the R enantiomer (see supplementary information) with 1.6 and 1.9-fold differences 

observed in scoring for top scoring docked poses, indicating that enantiomeric separation of 

the R enantiomer might afford additional binding afffinity and selectivity. Figure 5 highlights 

the key interactions made by compound 35 in both isoforms, and as is commonly observed 

with most Selective Estrogen Receptor Modulators (SERMs), it strongly interacts with 

Asp351 (303) via a salt bridge and is stabilised within the binding pocket through a series of 

hydrophobic interactions (e.g. with Phe404 (356), Met343 (295)). Methionine residues are 

relatively unique in the protein core whereby they can form hydrophobic interactions but also 

engage polar oxygen (e.g. carbonyl) as recently reported by Pal et al 83. In the case of 

compound 35, direct contact of the nucleophilic oxygen of the carbonyl group of 35 with 

divalent sulfur of methionine (Met343 and Met421) through a hypervalent nonbonded S---X 
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interaction is apparent contributing approximately 2.5 kcal/mol for this interaction 84. This 

interaction is not present in ERβ as the mutation of Met421  Ile373 allows 35 to slightly 

rotate in the LBP and H-bonding with Phe346, Leu339 and Arg346 occurs rather than H-

bonding to Glu353 and Arg394 observed in ERα 85. This mutation has been reported by 

Nilsson et al 11 as being critical in achieving subtype-selective ER based therapeutics. A 

similar trend is also seen for the bulky tert-butyl moiety of 36 whereby alpha selectivity is 

observed for the same reasons but to a lesser degree than 35 (~50-fold). Interestingly, 

switching from the pyrrolidinyl (36) to piperidinyl basic side-chain (41) led to a marked 

reduction in ERα selectivity (>12-fold) (Table 1).

Figure 5. Top ranked poses of Compound 35 in ERα (green) and ERβ (grey) indicating key 
hydrogen bonding interactions. 

Figure 6. Side-view of top ranked poses of Compound 35 in ERα (green) and ERβ (grey) 
indicating shift in orientation due to Leu384Met336 mutation.

Compound 42 (Figure 7) is stabilised in the binding site of both ERα and ERβ via hydrogen 

bonding interactions with Glu353 (305) and Arg394 (346) and also through additional H-

bonding contacts to the morpholino oxygen of 42 (Leu536; 2.12Å (Val487; 2.32 Å)) and the 

hydroxy group of Thr347 (299) which is well positioned to H-bond with the morpholino 

tertiary amine, irrespective of its protonation state. Interestingly, Figure 7 highlights the 

additional polar contact made between Asp303 and Tyr488 in ERβ as a result of rotation of 

the carboxylate group of Asp303 which potentially would reduce the conformational entropy 

of the ligand bound state of 42, translating to an increase in binding affinity. 

Figure 7. Top ranked poses of Compound 42 (R Enantiomer) in ERα (green) and ERβ (grey) 
indicating key interactions. 



14

4. Conclusion

We have previously demonstrated the utility of the 4-aryl-4H-chromene scaffold as a potent 

modulator of ER activity. Although two 4-aryl-4H-chromene analogues displayed anti-

proliferative activity in the ER positive MCF-7 cell line, ERα/β selectivity was modest 69. 

Following from these findings, the rationale that 4-aryl-4H-chromene analogues 

incorporating a typical basic side-chain could improve ERα/β selectivity was explored.  

Alongside this approach, modifications at the 3-position of the benzopyran ring were also 

investigated with a view to maximising ER isoform selectivity via probing of binding pocket 

topology. Several of these compounds possessed potent ER binding activity indicative of 

potential ER antagonistic effects, the most active compound (35) displayed 350-fold 

selectivity for ERα, whilst another (42) showed 170-fold selectivity for ERβ. Our 

computational study suggests that compound 35 achieves its selectivity in a completely 

different manner to compound 42. In the case of compound 35, selectivity is achieved 

through exploitation of the differing LBP size of each isoform which forms as a result of the 

mutational differences (Met421  Ile373) and results in a hypervalent nonbonded S---X 

interaction with Met343 and Met421 in ERα only. Increasing the size of the carboxylate alkyl 

chain increases the binding affinity and selectivity for ERα. Compound 42 appears to exhibit 

differences in interaction potential to H12 of ERβ via Asp303 (H3) H-bonding to Tyr488 

(H12) which may stabilize the ligand bound state and reduce its conformational entropy in 

order to achieve this selectivity. 
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5. Experimental section

5.1 Chemistry

Uncorrected melting points were measured on a Gallenkamp apparatus.  Infra-red (IR) 

spectra were recorded on a Perkin Elmer FT-IR Paragon 1000 spectrometer.   1H and  13C 

nuclear magnetic resonance (NMR) spectra were recorded at 27 °C on a Brucker DPX 400 

spectrometer (400.13 MHz, 1H; 100.61 MHz, 13C; 376.47 MHz, 19F) in either CDCl3 (internal 

standard tetramethylsilane (TMS)) or CD3OD or DMSO-d6.  For CDCl3, 1H-NMR spectra 

were assigned relative to the TMS peak at 0.00  and 13C-NMR spectra were assigned 

relative to the middle CDCl3 triplet at 77.00 ppm.  For CD3OD, 1H and 13C-NMR spectra 

were assigned relative to the center peaks of the CD3OD multiplets at 3.30  and 49.00 ppm 

respectively. Coupling constants are reported in Hertz.  For 1H-NMR assignments, chemical 

shifts are reported: shift value (number of protons, description of absorption, coupling 

constant(s) where applicable). Low resolution mass spectra were run on a Hewlett-Packard 

5973 MSD GC–MS system in an electron impact mode. Electrospray ionisation mass 

spectrometry (ESI-MS) was performed in the positive ion mode on a liquid chromatography 

time-of-flight mass spectrometer (Micromass LCT, Waters Ltd., Manchester, UK). The 

samples were introduced into the ion source by an LC system (Waters Alliance 2795, Waters 

Corporation, USA) in acetonitrile : water (60:40 %v/v) at 200 μL/min. The capillary voltage 
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of the mass spectrometer was at 3 kV. The sample cone (de-clustering) voltage was set at 40 

V. For exact mass determination, the instrument was externally calibrated for the mass range 

m/z 100 to m/z 1000. A lock (reference) mass (m/z 556.2771) was used. Mass measurement 

accuracies of < 5 ppm were obtained. Rf values are quoted for thin layer chromatography on 

silica gel Merck F-254 plates, unless otherwise stated.  Flash column chromatography was 

carried out on Merck Kieselgel 60 (particle size 0.040-0.063 mm), Aldrich aluminium oxide, 

(activated, neutral, Brockmann I, 50 mesh) or Aldrich aluminium oxide, (activated, acidic, 

Brockmann I, 50 mesh). Chromatographic separations were also carried out on Biotage SP4 

instrument. All products isolated were homogenous on TLC. Microwave experiments were 

carried out with in the Biotage initiator and Discover CEM microwave synthesisers.

5.1.2 General procedures for synthesis of benzopyrans. 

Method A: To the appropriate aldehyde (benzaldehyde, 4-(2-pyrrolidin-1-

ylethoxy)benzaldehyde or 4-(2-piperidin-1-ylethoxy)benzaldehyde) (10 mmol, 1 equiv) was 

added the cyanoacetate ester (10 mmol, 1 equiv) or malononitrile (10 mmol, 1 equiv) and 

resorcinol (10 mmol, 1 equiv). Ethanol (or dichloromethane for methyl ester) (30 mL) was 

added and the reaction was heated briefly to reflux. The solution was then cooled and 

triethylamine (0.5 mL) was added dropwise, and the reaction solution was then heated at 

reflux for 4 h. Solvent was removed in vacuo and the product was recrystallized in ethanol or 

methanol (for the methyl esters). Method B: To the appropriate aldehyde (4-

hydroxybenzaldehyde, 4-benzyloxybenzaldehyde, 4-ethoxybenzaldehyde, 3,4-

dimethoxybenzaldehyde, 4-(2-pyrrolidin-1-ylethoxy)benzaldehyde, 4-(2-piperidin-1-

ylethoxy)benzaldehyde or 4-(2-morpholin-1-ylethoxy)benzaldehyde)) (10 mmol, 1 equiv) 

was added the cyanoacetate ester (10 mmol, 1 equiv) or malononitrile (10 mmol, 1 equiv) and 

resorcinol (10 mmol, 1 equiv).  Ethanol (dichloromethane for methyl ester) (30 mL) was 

added and the reaction was heated briefly to reflux. The solution was then cooled and 
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piperidine (0.5 mL) was added dropwise and the reaction solution was then heated at reflux 

for 4 h. The solvent was removed in vacuo and product was recrystallized in ethanol (or 

methanol for methyl esters). Method C: To the appropriate aldehyde (4-

benzyloxybenzaldehyde, 4-(2-pyrrolidin-1-ylethoxy)benzaldehyde, 4-(2-piperidin-1-

ylethoxy)benzaldehyde or 4-(2-morpholin-1-yl)ethoxybenzaldehyde, (5 mmol, 1 equiv) was 

added the cyanoacetate ester (5 mmol, 1 equiv)  or malononitrile (5 mmol, 1 equiv) together 

with resorcinol (5 mmol, 1 equiv). Ethanol (10 mL), (dichloromethane for methyl esters) was 

added and the reaction heated in the microwave reactor for 5 min. The solution was then 

cooled and piperidine (0.25 mL) was added dropwise and the reaction solution was then 

heated in the microwave reactor for a further 30 min.  The solvent was removed in vacuo and 

the product was recrystallized from ethanol (or methanol for the methyl esters).

5.1.2.1. 2-Amino-7-hydroxy-4-phenyl-4H-chromeme-3-carboxylic acid methyl 

ester (16).

 Preparation following method C from benzaldehyde (5 mmol, 0.51 mL), resorcinol (5 mmol, 

550 mg) and methyl cyanoacetate(5 mmol, 0.50 g).  Yield 5.5%, yellow powder, M.p. 231°C. 

IR ʋmax (KBr) cm-1: 3417.5, 3305.5 (NH2), 1664.7 (C=O) cm-1. 1H NMR (400 MHz, CDCl3): 

δ 3.55 (s, 3H, O-CH3),  4.88 (s, 1H, CH), 6.50 (d, 1H, J=2.52 Hz, Ar-H), 6.55 (dd, 1H, 

J=2.52 Hz, 8.4 Hz, Ar-H), 7.00 (d, 1H, J=8.56 Hz, Ar-H), 7.06-7.09 (m, 1H, Ar-H), 7.20-

7.23 (m, 4H, Ar-H). 13C NMR (100 MHz, CDCl3): δ 39.1 (CH,), 49.4 (O-CH3), 78.1 (C), 

101.8 (CH), 111.6 (CH), 117.3 (C), 125.3 (CH), 126.7 (CH), 127.7 (CH), 129.5 (CH), 149.2 

(C), 156.3 (C), 160.8(C), 168.7(C=O), 168.8 (C-NH2). HRMS: Found 320.0898; 

C17H15NO4Na requires 320.0899(M++Na).

5.1.2.2. 2-Amino-7-hydroxy-4-phenyl-4H-chromeme-3-carboxylic acid ethyl ester 

(17).  
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Preparation following Method A from benzaldehyde (10 mmol, 1.01 mL), resorcinol (1.10 g) 

and ethyl cyanoacetate(10 mmol, 1.13g).  Yield 17%, white powder, M.p. 243°C. IR ʋmax 

(KBr) cm-1: 3306.4, 3300.0 (NH2), 1662.8 (C=O) cm-1. 1H NMR (400 MHz, CDCl3): δ 1.11 

(t, 3H, J=7.02 Hz, -CH3), 2.06 (m, 2H, NH2), 4.00 (q, 2H, J=7.01 Hz, CH2), 4.89 (s, 1H, CH), 

6.51 (d, 1H, J=2.64 Hz, Ar-H), 6.54 (dd, 1H, J=2.52 Hz, 6.00 Hz, Ar-H), 7.00 (d, 1H, J=8.00 

Hz, Ar-H), 7.08-7.11 (m, 1H, Ar-H), 7.19-7.25 (m, 4H, Ar-H). 13C NMR (100 MHz, CDCl3): 

δ 13.33 (CH3), 39.21 (CH), δ 58.18 (CH2), 77.01 (C), 101.84 (CH), 111.59 (CH), 117.12 (C), 

125.24 (CH), 126.87 (CH), 127.55 (CH), 129.58 (CH), 148.48 (C), 149.12 (C), 156.30 (C), 

160.59(C-NH2), 168.37(C=O). HRMS: Found 334.1042; C18H17NO4Na requires 

334.1055(M++Na).

5.1.2.3. 2-Amino-7-hydroxy-4-phenyl-4H-chromeme-3-carbonitrile (18). 

Preparation following Method A from benzaldehyde (10 mmol, 1.01 mL), resorcinol (1.10 g, 

10 mmol) and malononitrile (10 mmol, 0.66 g). Yield 56%, Yellow powder, M.p. 246°C73. 

IR ʋmax (KBr) cm-1: 3401.1 (OH), 3336.3, 3218.99 (NH2), 2180.9 (CN), 1638.46, 

1624.90(C=C) cm-1. 1H NMR (400 MHz, CDCl3): δ 1.54 (s(br), 2H, NH2), 2.76 (s(br), 1H, 

OH), 4.68 (s, 1H, CH), 6.51 (d, 1H, J=2.00 Hz, Ar-H), 6.57 (dd, 1H, J=2.34 Hz, 8.76 Hz, Ar-

H), 6.86 (d, 1H, J=8.76 Hz, Ar-H), 7.22-7.25 (m, 3H, Ar-H), 7.31 (d, 2H, J=7.6 Hz, Ar-H). 

13C NMR (100 MHz, CDCl3): δ 40.21 (CH), 58.21 (C), 101.96 (CH), 111.99 (CH), 113.79 

(CN), 118.99 (C), 126.26 (CH), 127.19 (CH), 128.08 (CH), 129.71 (CH), 145.88 (C), 148.89 

(C), 156.83(C-O), 159.59 (C-NH2). HRMS: C16H12N2NaO2 requires 287.0796, found 

287.0794(M+ +Na).

5.1.2.4. Ethyl 2-amino-7-hydroxy-4-(4-hydroxyphenyl)-4H-chromene-3-

carboxylate 20.

Preparation following the general method B above from ethylcyanoacetate (10 mmol, 1.13 g), 

resorcinol (1.10 g, 10 mmol)  and 4-hydroxybenzaldehyde (10 mmol, 1.22 g). The product 
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was obtained as a dark brown solid which purified by flash column chromatography over 

silica gel (eluent: CH2Cl2 – MeOH; 85:15) and then recrystalised from ethanol. Yield: 1.04 g, 

32%, M.p. 228-230˚C86. IR ʋmax (KBr): 3614.49, 3595.36, (OH), 3485.10, 3357.31 (NH2), 

1659.71 (C=O), 1629.41 (C=C), 1630.48 (C=C), 1591.36, 1538.14 cm-1. 1H NMR (400 MHz, 

DMSO-d6) δ 0.98 (t, 3H, J=7.2, CH3), 4.28 - 4.47 (m, 2H, OCH2), 4.68 (s, 1H, CH), 6.13 - 

6.23 (m, 3H, Ar-H), 6.61 - 6.68 (m, 2H, Ar-H), 6.85 - 6.99 (m, 2H, Ar-H), 8.14 (s (br), 1H, 

OH), 9.15 (s (br), 2H, NH2). 13C NMR (101 MHz, DMSO-d6): δ 14.31 (CH3), 56.03 (CH), 

58.49 (CH2), 76.97 (C), 101.96 (CH), 102.44 (CH), 106.17 (CH), 114.75 (C), 127.81 (CH), 

129.70 (CH), 132.74 (C), 152.56 (C-O), 154.93 (C-OH), 155.24 (C-OH), 158.44 (O-C-N), 

160.88 (C=O). HRMS: C18H17NNaO5 requires 350.1004, found 350.0997(M++Na).

5.1.2.5. 2-Amino-4-(4-benzyloxyphenyl)-7-hydroxy-4H-chromene-3-carboxylic 

acid ethyl ester 21.

Preparation following the general method B above from ethyl cyanoacetate (10 mmol, 1.13 

g), resorcinol (1.10 g, 10 mmol) and 4-benzyloxybenzaldehyde (10 mmol, 2.12 g). The 

product was obtained as yellow powder which was recrystallised from ethanol. Yield: 1.54 g, 

37%. Mp 192-194˚C. IR ʋmax (KBr): 3421.76 (OH), 3304.84, 3248.32 (NH2), 1659.05 (C=O), 

1610.67 (C=C), 1598.45 (C=C), 1503.32, 1454.01, 1311.69 cm-1. 1H NMR (400 MHz, 

DMSO-d6): δ 1.10 (t, 3H, J=7 Hz, CH3), 2.07 (s (br), 2H, NH2), 3.96 (q, 2H, J=7.04 Hz, 

OCH2), 4.75 (s, 1H, CH), 5.01 (s, 2H, OCH2), 6.43 (d, 1H, J=6.52 Hz, Ar-H), 6.47 (d, 1H, 

J=8.04 Hz, Ar-H),4 (d, 1H, J=8.52 Hz, Ar-H),  6.94 (d, 2H, J=8.52 Hz, Ar-H), 7.23 (d, 2H, 

J=8 Hz, Ar-H), 7.31 (d, 1H, J=7.04 Hz, Ar-H), 7.34 - 7.39 (m, 2H, Ar-H), 7.42 (d, 1H, 

J=6.76 Hz, Ar-H), OH not observed. 13C NMR (100 MHz, DMSO-d6): δ 14.78 (CH3), 38.58 

(CH), 58.19 (CH2), 69.58 (CH2), 77.56 (C), 102.46 (CH), 112.53 (CH), 114.80 (C), 117.53 

(CH), 128.08 (CH), 128.35 (CH), 128.85 (CH), 130.24 (CH), 137.68 (C), 141.58 (C), 149.51 
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(C-O), 156.89 (C-OH), 157.09 (C-O), 161.39 (O-C-N), 168.87 (C=O). HRMS: C25H23NNaO5 

requires 440.1474, found 440.1463 (M+ +Na).

5.1.2.6. 2-Amino-4-(4-ethoxyphenyl)-7-hydroxy-4H-chromene-3-carboxylic acid 

ethyl ester 22.

Preparation following the general method B above from ethyl cyanoacetate (10 mmol, 1.13 

g), resorcinol (1.10 g, 10 mmol) and 4-ethoxybenzaldehyde (10 mmol, 1.50 g). The product 

was obtained as yellow crystals following recrystallisation from ethanol, yield 0.78 g, 22%. 

M.p. 258-263˚C. IR ʋmax (KBr): 3563.54 (OH), 3431.59, 3419.15 (NH2), 1660.91 (C=O), 

1634.86 (C=C), 1613.89 (C=C), 1583.43, 1568,42, 1458.83 cm-1. 1H NMR (400 MHz, 

DMSO-d6): δ 1.05 (t, 3H, J=7.04 Hz, CH3), 1.25 (t, 3H, J=7.02 Hz, CH3), 3.93 - 4.18 (m, 

4H, 2xOCH2), 4.72 (s, 1H, CH), 6.42 - 6.50 (m, 2H, Ar-H), 6.73 (d, 2H, J=9.04 Hz, Ar-H), 

6.94 (d, 2H, J=8.04 Hz, Ar-H), 7.01 (d, 1H, J=8.12 Hz, Ar-H), OH not observed, NH2 not 

observed. 13C NMR (100 MHz, DMSO-d6): δ 14.31 (CH3), 14.68 (CH3), 38.09 (CH), 58.51 

(CH2), 62.79 (CH2), 76.81 (C), 101.97 (CH), 112.04 (CH), 113.91 (CH), 117.13 (C), 127.84 

(CH), 129.76 (CH), 140.71 (C), 149.02 (C-O), 156.53 (C-OH), 160.91 (O-C-N), 168.40 

(C=O). HRMS: C20H22NO5 requires 356.1498, found 356.1488(M+ +H).

5.1.2.7. Ethyl 2-amino-7-hydroxy-4-(3,4-dimethoxyphenyl)-4H-chromene-3-

carboxylate 23

(E)-Ethyl 2-cyano-3-(3,4-dimethoxyphenyl)acrylate 28 (10 mmol, 2.62 g) and resorcinol 

(1.10 g, 10 mmol) were dissolved in ethanol and the reaction mixture was briefly heated to 

reflux. Piperidine (0.5 mL) was added dropwise and the reaction solution was heated at reflux 

for 4 h. following the general method B above. The solvent was removed in vacuo and 

product was recrystallized from ethanol. Yield: 0.07 g, 2%, yellow crystals, M.p. 284-288˚C 

71. IR ʋmax (KBr): 3488.34 (OH), 3431.11, 3412.48 (NH2), 1681.40 (C=C), 1642.76 (C=C), 

1629.45 (C=O), 1562.75 cm-1. 1H NMR (400 MHz, DMSO-d6): δ 1.09 (t, 3H, J=7.04 Hz, 
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CH3), 3.66 (s, 3H, OCH3), 3.71 (s, 3H, OCH3), 3.95 (q, 2H, J=7.04 Hz, OCH2), 4.73 (s, 1H, 

CH), 6.42 (s, 1H, Ar-H), 6.46 (dd, 1H, J=2.48, J=7.02 Hz, Ar-H), 6.55 (d, 1H, J=9.04 Hz, 

Ar-H), 6.77 (d, 2H, J=9.04 Hz, Ar-H), 6.99 (d, 1H, J=8.52 Hz, Ar-H), 7.55 (s (br), 2H, NH2), 

9.57 (s (br), 1H, OH). 13C NMR (100 MHz, DMSO-d6): δ 14.36 (CH3), 38.45 (CH), 55.40 

(CH3), 58.53 (CH2), 76.72 (C), 101.97 (CH), 110.23 (CH), 111.15 (CH), 111.86 (C), 117.04 

(CH), 118.64 (CH), 129.73 (CH), 141.44 (C), 146.83 (C-OCH3), 148.19 (C-OCH3), 149.03 

(C-O), 156.60 (C-O), 160.97 (O-C-N), 168.43 (C=O). HRMS: C20H21NNaO6 requires 

394.1267, found 394.1262(M+ +Na).

5.1.2.8. 2-Amino-4-(4-benzyloxyphenyl)-7-hydroxy-4H-chromene-3-carbonitrile 

(24).

Preparation following the general method B above from malononitrile (0.66 g, 10 mmol) and 

resorcinol (1.1 g, 10 mmol) and 4-benxyloxybenzaldehyde (2.12 g, 10 mmol). The product 

was obtained as a pink solid, 2.08 g (56%) following  recrystallisation from ethanol. M.p. 

264-266 oC. IR ʋmax: 3258.49 (OH), 3032.13 (CH), 2191.16 (CN), 1637.44 (C=C) cm-1. 1H 

NMR (400 MHz, DMSO-d6)  9.71 (s, 1H, OH), 7.24 - 7.51 (m, 5H, ArH), 7.11 (d, J = 8.54 

Hz, 2H, ArH), 6.96 (d, J = 8.54 Hz, 2H, ArH), 6.75 - 6.89 (m, 3H, ArH), 6.41 - 6.60 (m, 2H, 

ArH), 5.05 (s, 2H, CH2), 4.59 (s, 1H, CH). 13C NMR (101 MHz, DMSO-d6)   160.2 (O-C-

N), 157.2 (C-O), 157.1 (C-O), 148.8 (C-O), 138.8 (C), 137.1 (C),  130.0 (CH), 128.5 (CH), 

128.4 (CH), 127.8 (CH), 127.7 (CH), 120.8 (CN), 114.8 (CH), 114.1 (CH), 112.4 (C), 102.2 

(CH), 69.3 (CH2), 56.7 (C), 39.3 (CH). HRMS: C23H17N2O3 requires 369.1239; found 

369.1232 [M-H]+. 

5.1.2.9. 2-Amino-4-(4-benzyloxyphenyl)-7-hydroxy-4H-chromeme-3-carboxylic 

acid methyl ester (25). 

Preparation as above using Method C from 4-benzyloxybenzaldehyde (10 mmol, 2.12 g), 

resorcinol (1.10 g, 10 mmol) and methyl cyanoacetate, (10 mmol, 0.99 g). Yield 46%, cream 



22

powder, M.p. 216 - 218°C. IR ʋmax (KBr) cm-1: 3415.4, 3302.9 (NH2), 1660.7 (C=O) cm-1.  

1H NMR (400 MHz, Acetone-d6): δ 3.57 (s, 3H, O-CH3), 4.84 (s, 1H, CH), 5.04 (s, 2H, CH2), 

6.50 (d, 1H, J=2.04 Hz, Ar-H), 6.55 (dd, 1H, J=2.26 Hz, 6.04 Hz, Ar-H), 6.85 (d, 2H, J=8.52 

Hz, Ar-H), 7.00 (d, 1H, J=8.56 Hz, Ar-H), 7.14 (d, 2H, J=8.56 Hz, Ar-H), 7.31 (d, 1H, 

J=7.04 Hz, Ar-H), 7.37 (t, 2H, J=7.78 Hz, Ar-H), 7.44 (d, 2H, J=7.88 Hz, Ar-H). 13C NMR 

(100 MHz, Acetone-d6): δ 38.2 (CH), 49.4 (O-CH3), 68.9 (O-CH2), 77.4 (C), 101.8 (CH),  

111.6 (CH), 113.9 (CH), 117.6 (C), 127.1 (CH), 127.6 (CH), 127.9 (CH), 129.4 (CH), 137.2 

(C), 140.8 (C), 149.2 (C), 156.2 (C), 160.6 (C-O), 160.7 (C-NH2), 168.7 (C=O). HRMS: 

Found 426.1297; C24H21NO5Na requires 426.1317(M+ +Na).

5.1.3. 2-Amino-7-hydroxy-4-(4-hydroxyphenyl)-4H-chromeme-3-carboxylic acid 

methyl ester (19).

 2-Amino-4-(4-benzyloxyphenyl)-7-hydroxy-4H-chromene-3-carboxylic acid methyl ester 

(25) (1.6 mmol, 0.77 g) was dissolved in ethyl acetate (20 mL) and Pd/C (10%, 0.8 g) was 

added. The mixture was stirred under an atmosphere of hydrogen for 12 h until reaction was 

complete as monitored by TLC. The catalyst was removed by filtrations and the residue was 

purified by chromatography to afford the product as a waxy solid, IR: KBr ʋmax:  3415.4, 

3302.9 (NH2), 1660.7 (C=O) cm-1.  1H NMR (400 MHz, CDCl3): δ 3.57 (s, 3H, O-CH3), 4.79 

(s, 1H, CH), 6.49 (d, 1H, J=2.00 Hz, Ar-H), 6.56 (dd, 1H, J=2.02 Hz, 6.00 Hz, Ar-H), 6.69 

(d, 2H, J=8.52 Hz, Ar-H), 6.99-7.04 (m, 3H, Ar-H). 13C NMR (100 MHz, CDCl3): δ 38.2 

(CH), 49.4 (O-CH3),  68.9 (O-CH2),  77.4 (C), 101.8 (CH), 111.6 (CH), 113.9 (CH), 117.6 

(C), 127.1 (CH), 127.6 (CH), 127.9 (CH), 129.4 (CH), 137.2 (C), 140.8 (C), 149.2 (C), 156.2 

(C), 160.6 (C-O), 160.7 (C-NH2), 168.7 (C=O). Found 336.0852; C17H15NO5Na requires 

336.0848(M+ +Na).

5.1.4. General procedure for synthesis of cyanoacrylate esters 26-28.
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A solution of methyl or ethyl cyanoacetate (10 mmol) and the appropriate arylaldehyde (10 

mmol) in methanol 30 mL was heated briefly to reflux. The solution was cooled and 

piperidine (0.5 mL) was added dropwise and the reaction solution was then heated at reflux 

for 4 h.  The solution was cooled and the solvent was removed in vacuo and product was 

recrystallized from ethanol.

5.1.4.1. (E)-Methyl 2-cyano-3-(4-hydroxyphenyl)acrylate 26.

A mixture of methyl cyanoacetate (10 mmol, 1.13 g) and 4-hydroxybenzaldehyde (10 mmol, 

1.22 g) was melted under vacuum in a Kugelrohr short-path vacuum distillation apparatus at 

170 ˚C for 40 min.  The product was then dried at 80 ˚C and then recrystallized from ethanol 

as beige coloured crystals. Yield: 1.802 g, 90%, Mp: 208-210 ˚C69. IR vmax (KBr): 3415.50 

(OH), 2224.80 (CN), 1725.19 (C=O), 1589.33 (C=C) cm-1.  1H NMR (400 MHz, DMSO-d6): 

3.78 (s, 3H, OCH3), 6.91 (d, J=8.54 Hz, 2H), 7.94 (d, J=9.16, Hz, 2H), 8.18 (s, 1H, CH=C). 

13C NMR (100 MHz, CDCl3): δ 51.99 (OCH3), 97.62 (C), 115.53 (CN), 115.88 (CH), 123.06 

(C), 133.50 (CH), 153.89 (CH), 162.08 (C-OH), 162.76 (C=O).

5.1.4.2. (E)-Ethyl 2-cyano-3-(4-benzyloxyphenyl)acrylate 27.

Following the procedure outlined above, a solution of ethyl cyanoacetate (10 mmol, 1.13 g) 

and 4-benzyloxybenzaldehyde (10 mmol, 2.12 g) in benzene (20 mL) was heated briefly to 

reflux and then cooled. Piperidine (0.99 mL) was added dropwise and the reaction solution 

was then heated at reflux for 4 h.  The solution was washed with HCl (10 %) and then 

extracted with dichloromethane. The solvent was removed in vacuo and the product was 

recrystallized from ethanol as cream coloured crystals. Yield: 2.53 g, 83%,  M.p. 99-100 ˚C 

87. IRvmax (KBr): 2221.96 (CN), 1714.07 (C=O), 1688.82 (C=C), 1563.74, 1473.48 cm-1. 1H 

NMR (400 MHz, CDCl3): 1.40 (t, J=7.02 Hz, 3 H, CH3), 4.38 (q, J=7.12 Hz, 2 H, CH2), 5.16 

(s, 2 H, CH2), 7.07 (d, J=9.16 Hz, 2 H, ArH), 7.32 - 7.47 (m, 5 H, ArH), 8.01 (d, J=8.54 Hz, 

2 H, ArH), 8.18 (s, 1 H, CH=C).

http://en.wikipedia.org/wiki/Vacuum_distillation
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5.1.4.3. (E)-Ethyl 2-cyano-3-(3,4-dimethoxyphenyl)acrylate 28.

Following the procedure outlined above, a solution of ethyl cyanoacetate (10 mmol, 1.13 g) 

and 3,4-dimethoxybenzaldehyde (10 mmol, 1.66 g) in ethanol 30 mL was heated briefly to 

reflux and then cooled. Piperidine (0.5 mL) was then added dropwise and the reaction 

solution heated at reflux for 4 h.  The solvent was removed in vacuo and product was 

recrystallized from ethanol to afford the product as yellow crystals. Yield: 0.34 g, 13%, M.p. 

160 ˚C41. IR ʋmax (KBr): 2244.68 (CN), 1673.71 (C=C), 1643.64 (C=O), 1563.74, 1473.48 

cm-1. 1H NMR (400 MHz, DMSO-d6): δ 0.94 (t, 3H, J=7.14 Hz, CH3), 3.72 (s, 6H, 2xOCH3), 

3.86 (q, 2H, J=7.04, CH2), 6.38 (d, 1H, J=2.28, Ar-H), 6.45 – 6.51 (m, 1H, Ar-H), 7.18 - 

7.27 (m, 1H, Ar-H), 8.46 (d, 1H, J=6.98, CH). 13C NMR (100 MHz, DMSO-d6): δ 14.33 

(CH3), 58.85 (OCH3), 62.03 (CH2), 78.01 (C), 106.63 (CH), 112.53 (CN), 120.75 (CH), 

128.77 (C), 148.70 (C-OCH3), 149.77 (C-OCH3), 157.73 (CH), 168.72 (C=O). HRMS: 

C14H16NO4 requires 262.1079, found 262.1086(M+ +H).

5.1.5. General procedure for preparation of 29-31.

4-Hydroxybenzaldehyde (16 mmol (1 equiv)) was dissolved in ethyl acetate (20 mL). To this 

solution was added anhydrous potassium carbonate (18 mmol, 2.50 g) (1.125 equiv) and 

tetra-n-butylammonium bromide (0.054 g, 0.2 mmol). The mixture was then heated at reflux 

for 10 min and the appropriate basic ether was then added (32 mmol, 2 equiv). [The basic 

ethers 1-(2-chloroethyl)pyrrolidine, 1-(2-chloroethyl)piperidine and 1-(2-chloroethyl) 

morpholine were obtained as their HCl salt and were washed with water (45 mL) and sodium 

hydroxide (10.5 g) in toluene (6 mL) to extract the free base for use in the reaction].   The 

reaction mixture was heated at reflux until reaction was complete as monitored by thin layer 

chromatography.  On completion, the solution was filtered and the solvent was removed 

under reduced pressure to afford product, which was used in the following reactions without 

further purification.
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5.1.5.1. 4-(2-Pyrrolidin-1-ylethoxy)benzaldehyde (29).

 The preparation was according to the general procedure above. The product was isolated as 

orange oil77 yield 65%. 1H NMR (400 MHz, CDCl3): δ 1.59 (s, 4H, (CH2)2), 2.41 (s, 4H, 

CH2-N-CH2), 2.70 (2H, t, J=5.78 Hz, -CH2), 3.96 (t, J=5.78 Hz, 2H, O-CH2), 6.79 (d, 2H, 

J=8.56 Hz, Ar-H), 7.58 (d, 2H, J=8.52 Hz, Ar-H), 9.64 (s, 1H, CHO).

5.1.5.2 4-(2-Piperidin-1-ylethoxy)benzaldehyde (30).

 The preparation was according to the general procedure above (32 mmol scale). The product 

was isolated as orange coloured oil, (5.42 g, 73%)77. 1H NMR (400 MHz, CDCl3): δ 1.53-

1.55 (m, 6H, 3xCH2), 2.51-2.66 (m, 6H, CH2), 4.29-4.36 (m, 2H, CH2), 7.13 (d, 2H, J=8.0 

Hz, Ar-H), 7.85 (d, 2H, J=8.0 Hz, Ar-H),  9.89 (s, 1H, CHO). 

5.1.5.3. 4-(2-Morpholin-1-ylethoxy)benzaldehyde (31).

The preparation was according to the general procedure above and the product was isolated 

as an orange coloured oil (97%)77. 1H NMR (400 MHz, CDCl3): δ 2.60 (m, 4H, 2xCH2), 2.68 

(s, 2H, CH2), 3.56 (m, 4H, 2xCH2), 4.05 (m, 2H, 2xO-CH2), 6.86 (m, 2H, Ar-H), 7.67 (m, 

2H, Ar-H), 9.71 (s, 1H, CHO). 

5.1.6.1. 2-Amino-7-hydroxy-4-[4-(2-pyrrolidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic methyl ester (32).

Preparation was as described above from 4-(2-pyrrolidin-1-ylethoxy)benzaldehyde (29) (10 

mmol, 2.19 g), resorcinol (1.10 g, 10 mmol) and methyl cyanoacetate (10 mmol, 0.99 g), 

using general Method C. Yield 10%, M.p. 167°C, yellow crystals. IR νmax (KBr) cm-1: 

3413.53, 3296.89 (NH2), 1701.9(C=O), 1656.4, 1610.6(C=C) cm-1. 1H NMR (400 MHz, 

CDCl3): δ 1.74-1.77 (m, 4H, C-(CH2)2-C), 2.64-2.67 (m, 4H, CH2-N-CH2), 2.87-2.90 (t, 2H, 

J=5.88 Hz, CH2-N), 3.57 (s, 3H, O-CH3), 4.05-4.08 (t, 2H, J=5.90 Hz, CH2-N), 4.83 (s, 1H, 

CH), 6.50-6.51 (d, 2H, J=2.52 Hz, Ar-H), 6.54-6.57 (dd, 1H, J=2.36 Hz, 6.04 Hz, Ar-H), 
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6.77-6.79 (d, 2H, J=8.76 Hz, Ar-H), 6.99-7.02 (m, 1H, Ar-H), 7.11-7.13 (d, 2H, J=8.52 Hz, 

Ar-H). 13C NMR (151 MHz, DMSO-d6)  161.5 (Ar-C), 156.9 (Ar-C), 149.4 (Ar-C), 141.0 

(Ar-C), 128.0 (Ar-CH), 117.6 (Ar-CH), 114.4 (Ar-CH), 112.4 (Ar-CH), 102.4 (Ar-CH), 77.0 

(-C-), 66.9 (NCH2), 54.7 (OCH3), 54.3 (NCH2), 40.37 (CH), 38.3 (CH2), 23.4 (CH2).  HRMS: 

Found 411.1927; C23H27N2O5 requires 411.1920(M++H).

5.1.6.2. 2-Amino-7-hydroxy-4-[4-(2-pyrrolidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic acid ethyl ester (33).

 Preparation was as described above from 4-(2-pyrrolidin-1-ylethoxy)benzaldehyde (29) (10 

mmol, 2.19 g), resorcinol (1.10 g, 10 mmol) and ethyl cyanoacetate (10 mmol, 1.13 g) using 

Method B. Purification was achieved by flash column chromatography over silica gel (eluent: 

dichloromethane:methanol; 9:1) to afford the product as a yellow gel, yield 10%. IR ʋmax 

(film) 1671.15 (C=O) cm-1. 1H NMR (400 MHz, CDCl3): δ 1.15 (t, 3H, J=7.28 Hz, -CH3), 

1.76-1.90 (m, 4H, C-(CH2)2-C), 2.03-2.07 (m, 4H, CH2-N-CH2), 2.93-2.94 (t, 2H, J=5.78 Hz, 

CH2-N), 4.01-4.06 (q, 2H, J=7.02 Hz, CH2-N), 4.22-4.24 (t, 2H, J=4.76 Hz, O-CH2), 4.80 (d, 

1H, CH), 5.12 (bs, 1H, OH), 6.47-6.49 (d, 2H, J=3 Hz, Ar-H), 6.85-6.90 (dd, 3H, J=5.04 Hz, 

8.78 Hz, Ar-H), 7.14 (d, 2H, J=9.04 Hz, Ar-H). 13C NMR (100 MHz, CDCl3): δ 13.09 (CH3), 

22.14 (CH2), 38.40 (CH), 53.32 (CH2), 53.84 (CH2), 58.53 (CH2), 62.56 (CH2), 77.09 (C), 

101.73 (Ar-CH), 111.44 (Ar-CH), 113.62 (Ar-CH), 116.96 (ArC), 127.76 (Ar-CH), 129.22 

(Ar-C), 131.38 (Ar-C), 129.88 (Ar-CH), 138.48 (Ar-C), 148.92 (Ar-C), 155.48 (Ar-C-O), 

156.12 (Ar-C-O), 162.50 (Ar-C-N), 169.209 (C=O). HRMS: Found 425.2081; C24H29N2O5 

requires 425.2076(M++H).

5.1.6.3. 2-Amino-7-hydroxy-4-[4-(2-pyrrolidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carbonitrile (34).

 Preparation following General Method B from 4-(2-pyrrolidin-1-ylethoxy)benzaldehyde (29) 

(1.3 mmol, 0.285 g), resorcinol (143 mg, 1.30 mmol) and malononitrile (1.3 mmol, 85.9 mg).  
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Yield 20.4%, M.p. 181°C, cream powder. IR ʋmax (KBr) 3439.6, 3360.1 (NH2), 2185.1 (CN) 

cm-1. 1H NMR (400 MHz, CDCl3): δ 1.74 (s, 4H, C-(CH2)2-C), 2.64 (t, 4H, J=5.10 Hz, CH2-

N-CH2), 2.80 (t, 2H, J=6.02 Hz, CH2-N), 4.01 (t, 2H, J=6.04 Hz, CH2-N), 4.55 (s, 1H, CH), 

6.10 (bs, 1H, OH), 6.38 (d, 1H, J=2.36 Hz, Ar-H), 6.46 (dd, 1H, J=2.56 Hz, Ar-H), 6.78 (d, 

1H, J=8.48 Hz, Ar-H), 6.85 (d, 2H, J=4.96 Hz, Ar-H), 7.13-7.15 (d, 2H, J=8.52 Hz).  13C 

NMR (100 MHz, CDCl3): δ 23.12 (CH2), 26.45 (CH2), 38.15 (CH), 46.66 (CH2), 53.97 

(CH2), 54.35 (CH2), 56.52 (C), 66.63 (CH2), 102.09 (Ar-CH), 106.15 (CH), 112.35 (CH), 

113.94 (C), 114.40 (CH), 120.75 (CH), 128.42 (CH), 129.88 (CH), 138.48 (C), 148.76 (C), 

157.13 (C), 157.22 (C), 158.49 (C-O), 160.09 (C-N). HRMS: Found 378.1801; C22H24N3O3 

requires 378.1818(M++H).

5.1.6.4. 2-Amino-7-hydroxy-4-[4-(2-pyrrolidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic n-butyl ester (35).

Preparation following the general Method A from 4-(2-pyrrolidine-1-yl-ethoxy)-

benzaldehyde (29) (2.5 mmol, 0.547 g), resorcinol (2.5 mmol, 280 mg),  and n-butyl 

cyanoacetate (2.5 mmol, 353 mg). Yield 14.2%, yellow powder. IR ʋmax (KBr) cm-1. 3407.44, 

3294.68 (NH2), 1673.91 (C=O) cm-1.  1H NMR (400 MHz, DMSO-d6): δ 0.78 (t, 1H, J=7.54 

Hz, CH2), 1.06 (t, 3H, J=3.52 Hz, CH3), 1.40 (m, 1H, CH2), 1.66 (bs, 4H, (CH2)2), 2.51 (d, 

6H, J=11.04 Hz, (CH2)3), 2.73 (t, 2H, J=5.76 Hz, N-CH2), 3.71 (m, 4H, 2 x O-CH2), 4.73 (s, 

1H, CH), 6.42 (d, 1H, J=2.17 Hz, Ar-H), 6.48 (dd, 1H, J=2.24 Hz, 6.04 Hz, Ar-H), 6.78 (d, 

2H, J=8.52 Hz, Ar-H), 6.99 (d, 1H, J=8.28 Hz, Ar-H), 7.03 (m, 2H, Ar-H). 13C NMR (100 

MHz, DMSO-d6): δ 14.32 (CH3), 18.56 (CH2), 23.10 (CH2), 30.50 (CH2), 38.10 (CH), δ 

53.95 (CH3), 54.30 (CH2), 54.32 (CH2), 58.52 (CH2), 62.20 (CH2), 66.50 (CH2), 76.81 (C), 

101.97 (CH), 112.04 (CH), 113.98 (CH), 117.05 (C), 127.74 (CH), 127.86 (CH), 129.75 

(CH), 140.83 (C), 148.85 (CH), 149.02 (C), 156.51 (C), 156.61 (C), 160.91 (C), 160.99 (C), 

168.49 (C=O). HRMS: Found 453.2393; C26H33N2O5 requires 453.2389(M++H).
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5.1.6.5. 2-Amino-7-hydroxy-4-[4-(2-pyrolidine-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic tert-butyl ester (36).  

Preparation following general method A above from 4-(2-pyrrolidine-1-yl-

ethoxy)benzaldehyde (29) (2.5 mmol, 0.547 g), resorcinol (2.5 mmol, 280 mg) and tert-butyl 

cyanoacetate (2.5 mmol, 353 mg). Yield 63%, white powder. IR ʋmax (KBr) cm-1: 3407.03, 

3291.65 (NH2), 1672.28 (C=O) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 1.36 (s, 9H, (CH3)3), 

1.78 (s, 4H, (CH2)2), 2.47 (bs, 4H, (CH2)2), 2.72 (t, 2H, J=6.04 Hz, CH2), 3.97 (t, 2H, J=5.78 

Hz, CH2), 4.65 (s, 1H, CH), 6.39 (d, 1H, J=2.48 Hz, Ar-H), 6.44 (dd, 1H, J=2.26 Hz, 8.52 

Hz, Ar-H), 6.77 (d, 2H, J=8.52 Hz, Ar-H), 6.93 (d, 1H, J=8.56 Hz, Ar-H), 7.01 (d, 2H, 

J=8.52 Hz, Ar-H). 7.48 (s, 2H, NH2), 9.57 (s, 1H, OH). 13C NMR (100 MHz, DMSO-d6): δ 

23.11 (CH2), 28.10 (CH3), 38.58 (CH), 53.99 (CH2), 54.34 (CH2), 56.03 (CH2), 66.59 (CH2), 

77.86 (C), 78.01 (C), 101.90 (CH), 111.92 (CH), 113.90 (CH), 116.93 (C), 127.88 (CH), 

129.82 (CH), 141.19 (C), 148.85 (C), 156.46 (C), 156.52 (C), 160.81 (C), 168.50 (C=O).  

HRMS: Found 453.2393; C26H33N2O5 requires 453.2389(M++H).

5.1.6.6. 2-Amino-7-hydroxy-4-[4-(2-piperidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic methyl ester (37).

Preparation following the general method C above from 4-(2-piperidine-1-ylethoxy)-

benzaldehyde (30) (5 mmol, 1.16 g) and methyl cyanoacetate (5 mmol, 495 mg) and 

resorcinol (5 mmol, 560 mg). Yield 25%, M.p. 180-181°C, yellow powder.  IR ʋmax (KBr) 

cm-1:   3400.00, 3299.51 (NH2), 1660.34 (C=O) cm-1.  1H NMR (400 MHz, DMSO-d6): δ 

1.35 (d, 2H, J=4.88 Hz, CH2), 1.46 (t, 4H, J=5.38 Hz, (CH2)2), 2.39 (bs, 4H, (CH2)2), 2.51 (t, 

2H, J=1.96 Hz, CH2), 3.51 (s, 3H, O-CH3), 3.96 (t, 2H, J=5.86 Hz, CH2), 4.75 (s, 1H, CH), 

6.44 (d, 1H, J=2.44 Hz, Ar-H), 6.48 (dd, 1H, J=2.20 Hz, 6.36 Hz, Ar-H), 6.78 (d, 2H, J=8.80 

Hz, Ar-H), 6.99 (d, 1H, J=8.32 Hz, Ar-H), 7.03 (d, 2H, J=8.80 Hz, Ar-H). 13C NMR (100 

MHz, DMSO-d6): δ 24.39 (CH2), 26.03 (CH2), 38.47 (CH), 50.86 (CH3), 54.85 (CH2), 57.89 
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(CH2), 65.85 (CH2), 77.07 (C), 102.50 (CH), 112.52 (CH), 114.58 (CH), 117.79 (C), 128.12 

(CH), 130.07 (CH), 141.08 (C), 149.54 (C), 157.08 (C), 161.64 (C), 169.20 (C=O).  HRMS: 

Found 425.2082; C24H29N2O5 requires 425.2076(M++H).

5.1.6.7. 2-Amino-7-hydroxy-4-[4-(2-piperidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic ethyl ester (38).

 (i) Following the method outlined above for 28, a solution of ethyl cyanoacetate (10 mmol, 

1.13 g) and 4-(2-piperidin-1-ylethoxy)benzaldehyde (30) (10 mmol, 2.33 g) in ethanol (30 

mL) was heated briefly to reflux and then cooled. Piperidine (0.5 mL) was then added 

dropwise and the reaction solution heated at reflux for 4 h.  The solvent was removed in 

vacuo to afford the product (E)-ethyl 2-cyano-3-[4-(2-piperidin-1-ylethoxy)phenyl]acrylate 

45 which was recrystallized from ethanol as orange coloured crystals and used immediately 

in the next reaction. Yield: 334 mg, 10.2%, M.p. 88-90 ˚C. IR ʋmax (KBr): 2213(CN), 

1702(C=O), 1610(C=C) cm-1. 1H NMR (400 MHz, CDCl3): δ 8.06 (s, 1H, CH=C), 7.92 (d, J 

= 9.16 Hz, 2H, ArH), 6.86 (d, J = 8.54 Hz, 2H, ArH), 4.34 (q, J = 7.12 Hz, 2H, OCH2), 3.45 

(br. s., 4H, 2xCH2), 1.69 (br. s., 6H, 3xCH2), 1.38 (t, J = 7.32 Hz, 3H, OCH2CH3). 13C NMR 

(100 MHz, CDCl3): δ 14.26 (CH3), 24.31 (CH2), 25.32 (CH2), 48.10 (CH2), 61.90 (CH2), 

94.64 (C=CH), 113.24 (CH), 117.38 (CN), 120.08 (C), 134.06 (CH), 154.01 (C), 154.21 

(CH=C), 164.14 (C=O). (ii) Preparation following the general method B above from (E)-

ethyl 2-cyano-3-[4-(2-piperidin-1-ylethoxy)phenyl]acrylate 45 (10 mmol, 2.33 g) and 

resorcinol (10 mmol, 1.13 g). Yield 20%, M.p. 176-178 °C, yellow powder. IR ʋmax (KBr) 

cm-1: 3415.04, 3293.18 (NH2), 1672.17 (C=O) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 1.04 

(m, 9H, CH3, CH2), 1.98 (m, 4H, CH2), 2.78 (2H, CH2), 3.94 (t, 4H, J=6.13 Hz, CH2), 4.74 

(s, 1H, CH), 6.44 (d, 1H, J=2.44 Hz, Ar-H), 6.48 (dd, 1H, J=2.44 Hz, 5.88 Hz, Ar-H), 6.69 

(d, 2H, J=8.80 Hz, Ar-H), 6.88 (d, 1H, J=8.32 Hz, Ar-H), 7.02 (d, 2H, J=6.84 Hz, Ar-H), 

7.09 (d, 1H, J=8.80 Hz, Ar-H). 13C NMR (100 MHz, DMSO-d6): δ 14.32 (CH3), 23.92 (CH2), 
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25.55 (CH2), 38.09 (CH), 54.39 (CH2), 57.41 (CH2), 58.52 (CH2), 65.39 (CH2), 76.81 (C), 

101.99 (CH), 112.05 (CH), 114.02 (CH), 117.12 (C), 127.85 (CH), 129.75 (CH), 140.82(C), 

149.02 (C), 156.53 (C), 156.60 (C), 160.91 (C), 168.39 (C=O). HRMS: Found 439.2227; 

C25H31N2O5, requires 439.2233(M++H).

5.1.6.8. 2-Amino-7-hydroxy-4-[4-(2-piperidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carbonitrile (39).  

Preparation as described for 38 above from 4-(2-piperidine-1-ylethoxy)benzaldehyde (30) (5 

mmol, 1.16 g), malononitrile (5 mmol, 330 mg) and resorcinol (5 mmol, 560 mg) following 

method A. Yield 35%, M.p. 194-196 °C, beige powder. IR ʋmax (KBr) cm-1: 3401.16, 3300.00 

(NH2), 2186.78 (CN) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 1.43 (m, 2H, CH2), 1.56 (m, 

4H, CH2), 2.48 (m, 4H, CH2), 2.68 (t, 2H, J=6.02 Hz, N-CH2), 4.07 (t, 2H, J=6.04 Hz, O-

CH2), 4.63 (s, 1H, CH), 6.52 (d, 1H, J=2.48 Hz, Ar-H), 6.60 (dd, 1H, J=2.52 Hz, 6.00 Hz, 

Ar-H), 6.78 (s, 1H, Ar-H), 6.87 (dd, 2H, J=2.34 Hz, 4.48 Hz, Ar-H), 7.15 (m, 2H, Ar-H). 13C 

NMR (100 MHz, DMSO-d6): δ 24.39 (CH2), 26.03 (CH2), 38.47 (CH), 50.86 (CH3), 54.85 

(CH2), 57.89 (CH2), 65.85 (CH2), 77.07 (C), 102.50 (CH), 112.52 (CH), 114.58 (CH), 117.79 

(C), 128.12 (CH), 130.07 (CH), 141.08 (C), 149.54 (C), 157.08 (C), 161.64 (C), 169.20 

(C=O).  HRMS: Found 392.1957; C23H26N3O3 requires 392.1974(M++H).

5.1.6.9. 2-Amino-7-hydroxy-4-[4-(2-piperidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic n-butyl ester (40).  

Preparation as described for 39 above from 4-(2-piperidine-1-ylethoxy)benzaldehyde (30) (5 

mmol, 1.16 g), n-butylcyanoacetate (5 mmol, 705.8 mg) and resorcinol (5 mmol, 560 mg) 

using general method A. Yield 13%, M.p. 158 °C, yellow powder. IR ʋmax (KBr) cm-1: 

3415.93, 3294.68 (NH2), 1672.10 (C=O) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 1.06 (t, 3H, 

J=7.02 Hz, CH2), 1.45 (m, 8H, (CH2)4), 2.40 (bs, 4H, (CH2)2), 2.51 (s, 2H, CH2), 2.60 (t, 2H, 

J=5.52 Hz, N-CH2), 3.95 (m, 4H, (CH2)2), 4.73 (s, 1H, CH), 6.42 (d, 1H, J=2.48 Hz, Ar-H), 
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6.46 (dd, 1H, J=2.28 Hz, 6.00 Hz, Ar-H), 6.78 (d, 2H, J=8.52 Hz, Ar-H), 6.93 (d, 1H, J=8.52 

Hz, Ar-H), 7.01 (d, 2H, J=8.52 Hz, Ar-H). 13C NMR (100 MHz, DMSO-d6): δ 14.32 (CH3), 

23.88 (CH2), 25.50 (CH2), 30.51 (CH2), 38.10 (CH), 54.36 (CH3), 56.03 (CH2), 57.36 (CH2), 

58.52 (CH2), 62.20 (CH2), 65.35 (CH2), 76.82 (C), 101.99 (CH), 106.17 (CH), 112.06 (CH), 

114.03 (CH), 117.09 (C), 127.73 (CH), 129.74 (CH), 140.84 (C), 149.02 (C), 156.52 (C), 

158.45 (C), 160.91 (C), 168.39 (C=O).  HRMS: Found 467.2558; C27H35N2O5 requires 

467.2546(M++H).

5.1.6.10. 2-Amino-7-hydroxy-4-[4-(2-piperidin-1-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic tert-butyl ester (41).

Preparation as described for 39 above from 4-(2-piperidine-1-ylethoxy)benzaldehyde (30) 

(2.5 mmol, 0.583 g), tert-butycyanoacetate (2.5 mmol, 360 mg) and resorcinol (5 mmol, 560 

mg) using general Method A. Yield 27%, colourless oil. IR ʋmax (KBr) cm-1: 3415.98, 

3289.85 (NH2), 1672.28 (C=O) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 1.27 (s, 9H, (CH3)3), 

1.36 (d, 2H, J=5.28 Hz, CH2), 1.48 (m, 4H, (CH2)2), 2.51 (bs, 4H, (CH2)2), 2.58 (t, 2H, 

J=5.84 Hz, N-CH2), 3.96 (t, 2H, J=5.84 Hz, CH2), 4.65 (s, 1H, CH), 6.39 (d, 1H, J=2.36 Hz, 

Ar-H), 6.45 (dd, 1H, J=2.32 Hz, 6.16 Hz, Ar-H), 6.77 (d, 2H, J=8.48 Hz, Ar-H), 6.93 (d, 1H, 

J=8.48 Hz, Ar-H), 7.01 (d, 2H, J=8.76 Hz, Ar-H). 7.48 (s, 2H, NH2), 9.56 (s, 1H, OH). 13C 

NMR (100 MHz, DMSO-d6): δ 23.93 (CH2), 25.56 (CH2), 28.11 (CH3), 38.58 (CH), 54.42 

(CH2), 57.40 (CH2), 65.46 (CH2), 77.86 (C), 78.02 (C), 101.90 (CH), 111.92 (CH), 113.95 

(CH), 116.94 (C), 127.87 (CH), 129.83 (CH), 141.18 (C), 148.85 (C), 156.47 (C), 156.52 (C), 

160.52 (C), 168.50 (C=O). HRMS: Found 467.2551; C27H35N2O5 requires 467.2546(M++H).

5.1.6.11. 2-Amino-7-hydroxy-4-[4-(2-morpholin-4-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic methyl ester (42).  

Preparation as described for 39 above from 4-(2-morpholine-1-ylethoxy)benzaldehyde (31) 

(5 mmol, 1.176 g), methyl cyanoacetate methyl cyanoacetate (5 mmol, 495 mg) and 
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resorcinol (5 mmol, 560 mg) using general method C. Yield 226 mg, 10.6% as a brown oil. 

IR ʋmax (KBr) cm-1: 3432.55, 3367.14 (NH2), 1663.47 (C=O) cm-1. 1H NMR (400 MHz, 

DMSO-d6): δ 1.07 (t, 3H, J=7.02 Hz, CH3), 2.42 (s, 4H, (CH2)2), 2.62 (t, 2H, J=5.52 Hz, 

CH2), 3.54 (t, 4H, J=4.52 Hz, CH2), 3.96 (m, 4H, 2xCH2), 4.72 (s, 1H, CH), 6.41 (d, 1H, 

J=2.00 Hz, Ar-H), 6.46 (dd, 1H, J=2.26 Hz, 6.04 Hz, Ar-H), 6.78 (d, 1H, J=8.52 Hz, Ar-H), 

6.93 (d, 2H, J=8.04 Hz, Ar-H), 7.01 (d, 2H, J=8.52 Hz, Ar-H), 7.60 (s(br), 2H, NH2), 9.65 (s, 

1H, OH). 13C NMR (100 MHz, DMSO-d6): δ 14.32 (CH3), 38.11 (CH), 53.60 (CH2), 57.04 

(CH2), 58.53 (CH2), 65.13 (CH2), 66.14 (CH2), 76.81 (C), 101.99 (CH), 112.06 (CH), 114.03 

(CH), 117.11 (C), 127.87 (CH), 129.76 (CH), 140.89 (C), 149.03 (C), 156.48 (C), 156.62 (C), 

160.91 (C), 168.40 (C=O).  HRMS: Found 427.1873; C23H27N2O6 requires 427.1869(M++H).

5.1.6.12. 2-Amino-7-hydroxy-4-[4-(2-morpholin-4-ylethoxy)phenyl]-4H-chromeme-

3-carboxylic ethyl ester (43).

Preparation as described for 39 above following the general Method B  from 4-(2-

morpholine-1-ylethoxy)benzaldehyde (31) (5 mmol, 1.176 g), ethyl cyanoacetate (5 mmol, 

565 mg) and resorcinol (5 mmol, 560 mg). Yield 24%, M.p. 144-146 °C, yellow powder. IR 

ʋmax (KBr) cm-1: 3425.00, 3285.02 (NH2), 1674.22 (C=O) cm-1. 1H NMR (400 MHz, DMSO-

d6): δ 1.07 (t, 3H, J=7.02 Hz, CH3), 2.42 (s, 4H, (CH2)2), 2.62 (t, 2H, J=5.52 Hz, CH2), 3.54 

(t, 4H, J=4.52 Hz, CH2), 3.96 (m, 4H, CH2), 4.72 (s, 1H, CH), 6.41 (d, 1H, J=2.00 Hz, Ar-H), 

6.46 (dd, 1H, J=2.26 Hz, 6.04 Hz, Ar-H), 6.78 (d, 1H, J=8.52 Hz, Ar-H), 6.93 (d, 2H, J=8.04 

Hz, Ar-H), 7.01 (d, 2H, J=8.52 Hz, Ar-H), 7.60 (bs, 2H, NH2), 9.65 (s, 1H, OH). 13C NMR 

(100 MHz, DMSO-d6): δ 14.32 (CH3), 38.11 (CH), 53.60 (CH2), 57.04 (CH2), 58.53 (CH2), 

65.13 (CH2), 66.14 (CH2), 76.81 (C), 101.99 (CH), 112.06 (CH), 114.03 (CH), 117.11 (C), 

127.87 (CH), 129.76 (CH), 140.89 (C), 149.03 (C), 156.48 (C), 156.62 (C), 160.91 (C), 

168.40 (C=O).  HRMS: Found 441.2044; C24H29N2O6 requires 441.2026(M++H).
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5.1.6.13. 2-Amino-7-hydroxy-4-[4-(2-morpholin-4-ylethoxy)phenyl]-4H-chromeme-

3-carbonitrile (44).

Preparation was as described for 39 above from 4-(2-morpholine-1-ylethoxy)benzaldehyde 

(31) (5 mmol, 1.176 g), malononitrile (5 mmol, 330 mg) and resorcinol (5 mmol, 560 mg) 

following the general method B. Yield 51%, M.p. 176°C, brown powder. IR ʋmax (KBr) cm-1:  

3400.0, 3333.3 (NH2), 2187.7 (CN) cm-1. 1H NMR (400 MHz, DMSO-d6): δ 2.36 (m, 4H, 

CH2), 2.57 (t, 2H, J=5.76 Hz, CH2), 3.36 (m, 4H, CH2), 3.95 (t, 2H, J=5.76 Hz, CH2), 4.29 

(bs, 2H, NH2), 4.47 (s, 1H, CH), 6.31 (d, 1H, J=2.04 Hz, Ar-H), 6.39 (dd, 1H, J=2.50 Hz, 

6.04 Hz, Ar-H), 6.69 (d, 1H, J=8.04 Hz, Ar-H), 6.77 (t, 3H, J=8.28 Hz, Ar-H), 6.97 (d, 1H, 

J=8.52 Hz, Ar-H). 13C NMR (100 MHz, DMSO-d6): δ 37.8 (CH), 53.61 (CH2), 56.04 (CH2), 

56.53 (C), 65.21 (CH2), 66.16 (CH2), 102.10 (CH), 112.31 (CH), 114.05 (C), 114.45 (CH), 

120.73 (C), 128.41 (CH), 129.91 (CH), 138.54 (C), 148.76 (C), 156.96 (C), 157.19 (C), 

160.08 (C=O).  HRMS: Found 394.1760; C22H24N3O4 requires 394.1767(M++H).

5.2. Stability Study for compounds 38 and 40

Analytical high-performance liquid chromatography (HPLC) stability studies were performed 

using a Symmetry® column (C18, 5 µm, 4.6×150 mm), a Waters 2487 Dual Wavelength 

Absorbance detector, a Waters 1525 binary HPLC pump and a Waters 717plus Autosampler. 

Samples were detected at wavelength of 254 nm. All samples were analysed using 

acetonitrile (80%): water (20%) as the mobile phase over 10 min and a flow rate of 1 

mL/min. Stock solutions are prepared by dissolving 5 mg of compound 38 and 40 in 10 mL 

of mobile phase. Phosphate buffers at the desired pH values (4, 7.4, and 9) were prepared in 

accordance with the British Pharmacopoeia monograph 2016. 30 µL of stock solution was 

diluted with 1 mL of appropriate buffer, shaken and injected immediately. Samples were 

withdrawn and analysed at time intervals of  t=0 min, 5 min, 30 min, 60 min, 90 min, 120 

min and 21 hours.
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5.3. Plasma stability study for compounds 38 and 40

Analytical high-performance liquid chromatography (HPLC) stability studies for plasma 

samples were performed using a Waters HPLC 2965-2487 system with a Hypersil Gold 

column; l=0.15 m, i.d.=4.6 mm, C18, 5 µm with flow rate: 1.0 mL/min, sample temperature: 

25 oC, column temperature: 25 oC; mobile phase H2O:ACN:MeOH. Method 1: (10% DMSO): 

PBS (1.6 mL) added to blood plasma (2.0 mL) and pre-warmed to 37 oC in a water bath. To 

this solution, 400 µL of 1.0 mg/mL stock of compounds 38 and 41 was added.  Immediately a 

100 µL aliquot was withdrawn and added to 900 µL acetonitrile giving a final injection 

concentration of 0.01 mg/mL. The samples were then centrifuged at 5000 rpm for 10 minutes 

and filtered through a 0.2 micron filter and injected according to the HPLC conditions listed 

above. Further samples were taken in the same manner every 15 minutes for the first hour 

and hourly thereafter up to 3 hours. A final sample was taken after 24 hours. 

5.4. Biochemical evaluation of activity

5.4.1. Antiproliferative 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 cancer 

cell line MCF-7 was cultured in Eagles minimum essential medium in air supplemented with 

5% CO2 atmosphere with 10% fetal calf serum, 2 mM L-glutamine and 100 μg/mL 

penicillin/streptomycin The medium was supplemented with 1% non-essential amino acids.  

Cells were trypsinised and seeded at a density of 2.5 x 104 cells/mL into a 96-well plate and 

incubated at 37 °C, in air supplemeted with 5% CO2 atmosphere for 24 h.  After this time 

they were treated with 2 µL volumes of test compound which had been pre-prepared as stock 

solutions in ethanol to furnish the final concentration range of study, 1 nM-100 µM, 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 100 µL 
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phosphate buffer saline (PBS) and 50 µL of 1 mg/mL MTT solution was added.  Cells were 

incubated for 2 h in darkness at 37 °C.  At this point solubilisation was begun through the 

addition of 200 µL DMSO and the cells maintained at room temperature in darkness for 20 

min to ensure thorough colour diffusion before reading the absorbance at 595 nm.  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 

were drawn.  

5.4.2. Lactate Dehydrogenase Assay for Measurement of Cytotoxicity. 

Cytotoxicity was determined using the CytoTox 96 nonradioactive cytotoxicity assay 

(Promega) following the manufacturer’s protocol. In this assay, the release of cytoplasmic 

lactate dehydrogenase (LDH) is used as a measure of cell lysis. MCF-7 cells were seeded at a 

density of 1 x 104 cells/well in a 96-well plate and incubated for 24 hours. The cells were 

then dosed with 2 μL volumes of the test compounds, over the concentration range 1 nM – 50 

μM. After dosing, the plates are incubated for 72 hours. Control wells contained the 

equivalent volume of the vehicle, ethanol (1% v/v). After incubation, 30 μL of medium is 

removed from each well and transferred to a fresh 96-well plate. To this, 30 μL of substrate 

mix from the Promega cytotoxicity assay kit was added. The plate was left in darkness for 20 

minutes at room temperature. Stop solution (30 μL) was added to the wells. The plates were 

read at a wavelength of 490 nm using an automated Molecular Devices micro-plate reader. A 

positive control of 100% lysis was determined for a set of untreated cells, which were lysed 

by the addition of lysis solution to the medium 45 minutes prior to harvesting. The percentage 

cell lysis was calculated for the treated cells relative to the control data. Assays where 

repeated in three experiments performed in triplicate (unless otherwise stated) and reported 

results represent the mean value ± standard error mean. The data was processed using 
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PRISM(Version 4. Graphpad Software, Inc., 2236 Avenida de la Playa, La Jolla, CA 92037, 

USA).

5.4.3. Estrogen Receptor Binding 

ERα and ERβ fluorescence polarization based competitor assay kits were obtained from 

Panvera at Invitrogen Life Technologies, Invitrogen Corporation, 5791 Van Allen Way, PO 

Box 6482, Carlsbad, California 92008. The recombinant ER (insect expressed, full length, 

untagged human ER obtained from recombinant baculovirus-infected insect cells) and the 

fluorescent estrogen ligand were removed from the -80°C freezer and thawed on ice for one 

hour prior to use.  The fluorescent estrogen ligand (2 nM) was added to the ER (40 nM for 

ERα and 30 nM for ERβ) and screening buffer (100 mM potassium phosphate (pH 7.4), 100 

µg/mL BGG, 0.02% NaN3 was added to make up to a final volume that was dependent on the 

number of tubes used (number of tubes (e.g. 50) x volume of complex in each tube (50 µL) 

=total volume (e.g. 2500 µL).  Test compound (1 µL, concentration range 100 nM to 1 mM) 

was added to 49 µL screening buffer in each borosilicate tube (6 mm diameter).  To this 50 

µL of the fluorescent estrogen/ER complex was added to make up a final volume of 100 µL. 

A vehicle control contained 1% (v/v) of ethanol; a negative control was used to determine the 

theoretical maximum polarization (50 μL of screening buffer and 50 μL of fluorescent 

estrogen/ER complex). The tubes were incubated in the dark at room temperature for 2 h and 

were mixed by shaking on a plate-shaker. Polarization values were measured on a Beacon 

single-tube fluorescent polarization instrument fitted with 485 nm excitation and 530 nm 

emission interference filters. For ERα and ERβ, graphs of anisotropy (mA) versus compound 

concentration were obtained for the determination of IC50 values.   

5.5. Computational Procedures.  
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All compounds were drawn in Accelrys Draw v4.1 88 with absolute stereochemistry assigned 

for both R and S enantiomers. Enantiomers were protonated at pH7.4 with MarvinView and 

subsequently converted to 3D using Molconvert (version v15.6.29.0) 82. 10 conformers of 

each 3D structure were subsequently enumerated using OMEGA (version 2.5.1.4) 89,90. 

To establish a reliable model of ERβ, as no X-ray crystal structure of human ERβ in an 

antagonist conformation currently exists, the sequence from Uniprot 91 entry Q92731 

(ESR2_HUMAN) was downloaded and submitted to the iTASSER server 92,93. PDB entry 

1R5K was specified as a template to guide the structure prediction. The resulting model was 

submitted to the Yale Protein Multichain Morphing Server 79 to transform the atomic co-

ordinates to those of PDB entry 1R5K. Finally, 3Drefine 80,94,95 was used to refine our model 

of ERβ. PDB ID 2OUZ was selected for modeling of the compound series in ERα as the co-

crystallised ligand (Lasofoxifene) was structurally similar to compound 35. The iTASSER 

server was also used to model any missing residues with 2OUZ used to guide the structural 

prediction and again 3Drefine 80,94,95 was used to refine our model of ERα. All conformers 

were docked using FRED (OEDocking version 3.0.1) 81,96 into the both Ligand Binding 

Pockets (LBPs). Energy minimisation of the top scoring docked pose for all enantiomers was 

performed using the Amber12:EHT force field (gradient of 0.05kcal/mol) as implemented in 

MOE (version 2012.10) 97.

5.6. X-Ray Crystallography

Crystals of compound 22 were obtained by slow crystallisation from a dilute solution of 

methanol over a period of 4-8 weeks. The data for the crystal structures 22 were collected on 

a Rigaku Saturn 724 CCD Diffractometer. A suitable crystal from each crystal compound 

was selected and mounted using inert oil on a 0.3 mm diameter glass fiber tip or loop and 

placed on the goniometer head in a 150K N2 gas stream. Each data set was collected using 

Crystalclear-SM 1.4.0 software. Data integration, reduction and correction for absorption and 
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polarization effects were all performed using Crystalclear-SM 1.4.0 software. Space group 

determination, structure solution and refinement were obtained using Bruker Shelxtl Ver. 

6.14 software98. Each structure was solved with Direct Methods using the SHELXTL 

program and refined against IF2I with the program XL from SHELX-97 using all data. Non-

hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were 

placed into geometrically calculated positions and refined using a riding model.

Crystal data for 22 are as follows: Empirical formula: C20H21NO5, M = 355.38, T = 108(2) K, 

Wavelength 0.71075 Å, Crystal system: Monoclinic, Space group: P 2/c, Unit cell 

dimensions: a = 16.982(7) Å, b = 5.340(2) Å, c = 20.683(9) Å, α= 90°. β= 91.189(6)°, γ = 

90°. Volume: 1875.2(13) Å3 Z: 4, Density (calculated): 1.259 Mg/m3, Absorption coefficient: 

0.091 mm-1; F(000): 752; Crystal size: 0.240 x 0.210 x 0.180 mm3; Theta range for data 

collection: 2.328 to 24.999°. Index ranges -20≤h≤20, -5≤k≤6, -23≤l≤24; Reflections 

collected: 13677, Independent reflections: 3240 [R(int) = 0.0641]; Completeness to theta = 

25.242°’; 95.2 %; Absorption correction: Semi-empirical from equivalents, max. and min. 

transmission: 1.0000 and 0.6725, Refinement method: Full-matrix least-squares on F2, Data / 

restraints / parameters: 3240 / 0 / 238, Goodness-of-fit on F2 :1.173, Final R indices: 

[I>2sigma(I)]: R1 = 0.0840, wR2 = 0.2055, R indices (all data): R1 = 0.1059, wR2 = 0.2203, 

Extinction coefficient: n/a, Largest diff. peak and hole: 0.216 and -0.253 e.Å-3. CCDC 

deposition CCDC 1014637.
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THF Tetrahydrofuran

TLC Thin Layer Chromatography

TMCS Trimethylchlorosilane

TMS Tetramethylsilane



41

References

(1) Barton, M. Position Paper: The Membrane Estrogen Receptor GPER--Clues and 

Questions. Steroids 2012, 77 (10), 935–942.

(2) Filardo, E. J. GPER and ER: Estrogen Receptors with Distinct Biological Roles in 

Breast Cancer. Immunology, Endocrine & Metabolic Agents - Medicinal Chemistry 

2011, 11 (4), 243–254.

(3) Filardo, E. J.; Quinn, J. A.; Bland, K. I.; Frackelton, A. R., Jr. Estrogen-Induced 

Activation of Erk-1 and Erk-2 Requires the G Protein-Coupled Receptor Homolog, 

GPR30, and Occurs via Trans-Activation of the Epidermal Growth Factor Receptor 

through Release of HB-EGF. Mol. Endocrinol. 2000, 14 (10), 1649–1660.

(4) Maggiolini, M.; Vivacqua, A.; Fasanella, G.; Recchia, A. G.; Sisci, D.; Pezzi, V.; 

Montanaro, D.; Musti, A. M.; Picard, D.; Andò, S. The G Protein-Coupled Receptor 

GPR30 Mediates c-Fos up-Regulation by 17beta-Estradiol and Phytoestrogens in 

Breast Cancer Cells. J. Biol. Chem. 2004, 279 (26), 27008–27016.

(5) Luksha, L.; Kublickiene, K. The Role of Estrogen Receptor Subtypes for Vascular 

Maintenance. Gynecol. Endocrinol. 2009, 25 (2), 82–95.

(6) Ellem, S. J.; Risbridger, G. P. The Dual, Opposing Roles of Estrogen in the Prostate. 

Ann. N. Y. Acad. Sci. 2009, 1155, 174–186.

(7) Thomas, C.; Gustafsson, J.-Å. The Different Roles of ER Subtypes in Cancer Biology 

and Therapy. Nat. Rev. Cancer 2011, 11 (8), 597–608.

(8) Harris, H. A.; Katzenellenbogen, J. A.; Katzenellenbogen, B. S. Characterization of the 

Biological Roles of the Estrogen Receptors, ERalpha and ERbeta, in Estrogen Target 

Tissues in Vivo through the Use of an ERalpha-Selective Ligand. Endocrinology 2002, 

143 (11), 4172–4177.

(9) Shanle, E. K.; Xu, W. Selectively Targeting Estrogen Receptors for Cancer Treatment. 

Adv. Drug Deliv. Rev. 2010, 62 (13), 1265–1276.



42

(10) Nilsson, S.; Gustafsson, J.-Å. Estrogen Receptors: Therapies Targeted to Receptor 

Subtypes. Clin. Pharmacol. Ther. 2011, 89 (1), 44–55.

(11) Nilsson, S.; Koehler, K. F.; Gustafsson, J.-Å. Development of Subtype-Selective 

Oestrogen Receptor-Based Therapeutics. Nat Rev Drug Discov 2011, 10 (10), 778–

792.

(12) Heldring, N.; Pike, A.; Andersson, S.; Matthews, J.; Cheng, G.; Hartman, J.; Tujague, 

M.; Ström, A.; Treuter, E.; Warner, M.; Gustafsson, J.-A. Estrogen Receptors: How Do 

They Signal and What Are Their Targets. Physiol. Rev. 2007, 87 (3), 905–931.

(13) Minutolo, F.; Macchia, M.; Katzenellenbogen, B. S.; Katzenellenbogen, J. A. Estrogen 

Receptor β Ligands: Recent Advances and Biomedical Applications. Med Res Rev 

2011, 31 (3), 364–442.

(14) Mohler, M. L.; Narayanan, R.; Coss, C. C.; Hu, K.; He, Y.; Wu, Z.; Hong, S.-S.; 

Hwang, D. J.; Miller, D. D.; Dalton, J. T. Estrogen Receptor Beta Selective 

Nonsteroidal Estrogens: Seeking Clinical Indications. Expert Opin Ther Pat 2010, 20 

(4), 507–534.

(15) Meegan, M. J.; Lloyd, D. G. Advances in the Science of Estrogen Receptor 

Modulation. Curr. Med. Chem. 2003, 10 (3), 181–210.

(16) Cole, M. P.; Jones, C. T.; Todd, I. D. A New Anti-Oestrogenic Agent in Late Breast 

Cancer. An Early Clinical Appraisal of ICI46474. Br. J. Cancer 1971, 25 (2), 270–275.

(17) Ward, H. W. Anti-Oestrogen Therapy for Breast Cancer: A Trial of Tamoxifen at Two 

Dose Levels. Br Med J 1973, 1 (5844), 13–14.

(18) Jordan, V. C. Antiestrogens and Selective Estrogen Receptor Modulators as 

Multifunctional Medicines. 1. Receptor Interactions. J. Med. Chem. 2003, 46 (6), 883–

908.

(19) Jordan, V. C. Tamoxifen: Toxicities and Drug Resistance during the Treatment and 

Prevention of Breast Cancer. Annu. Rev. Pharmacol. Toxicol. 1995, 35, 195–211.



43

(20) Jordan, V. C. Is Tamoxifen the Rosetta Stone for Breast Cancer? J. Natl. Cancer Inst. 

2003, 95 (5), 338–340.

(21) Jordan, V. C. Tamoxifen: A Most Unlikely Pioneering Medicine. Nat Rev Drug Discov 

2003, 2 (3), 205–213.

(22) Alexi, X.; Kasiotis, K. M.; Fokialakis, N.; Lambrinidis, G.; Meligova, A. K.; Mikros, 

E.; Haroutounian, S. A.; Alexis, M. N. Differential Estrogen Receptor Subtype 

Modulators: Assessment of Estrogen Receptor Subtype-Binding Selectivity and 

Transcription-Regulating Properties of New Cycloalkyl Pyrazoles. J. Steroid Biochem. 

Mol. Biol. 2009, 117 (4–5), 159–167.

(23) Asim, M.; Asim, M.; El-Salfiti, M.; Qian, Y.; Choueiri, C.; Salari, S.; Cheng, J.; 

Shadnia, H.; Bal, M.; Christine Pratt, M. A.; Carlson, K. E.; Katzenellenbogen, J. A.; 

Wright, J. S.; Durst, T. Deconstructing Estradiol: Removal of B-Ring Generates 

Compounds Which Are Potent and Subtype-Selective Estrogen Receptor Agonists. 

Bioorg. Med. Chem. Lett. 2009, 19 (4), 1250–1253.

(24) Bertini, S.; De Cupertinis, A.; Granchi, C.; Bargagli, B.; Tuccinardi, T.; Martinelli, A.; 

Macchia, M.; Gunther, J. R.; Carlson, K. E.; Katzenellenbogen, J. A.; Minutolo, F. 

Selective and Potent Agonists for Estrogen Receptor Beta Derived from Molecular 

Refinements of Salicylaldoximes. Eur J Med Chem 2011, 46 (6), 2453–2462.

(25) Carroll, V. M.; Jeyakumar, M.; Carlson, K. E.; Katzenellenbogen, J. A. 

Diarylpropionitrile (DPN) Enantiomers: Synthesis and Evaluation of Estrogen 

Receptor β-Selective Ligands. J. Med. Chem. 2012, 55 (1), 528–537.

(26) Chen, H. Y.; Dykstra, K. D.; Birzin, E. T.; Frisch, K.; Chan, W.; Yang, Y. T.; Mosley, 

R. T.; DiNinno, F.; Rohrer, S. P.; Schaeffer, J. M.; Hammond, M. L. Estrogen 

Receptor Ligands. Part 1: The Discovery of Flavanoids with Subtype Selectivity. 

Bioorg. Med. Chem. Lett. 2004, 14 (6), 1417–1421.



44

(27) Chesworth, R.; Zawistoski, M. P.; Lefker, B. A.; Cameron, K. O.; Day, R. F.; 

Mangano, F. M.; Rosati, R. L.; Colella, S.; Petersen, D. N.; Brault, A.; Lu, B.; Pan, L. 

C.; Perry, P.; Ng, O.; Castleberry, T. A.; Owen, T. A.; Brown, T. A.; Thompson, D. D.; 

DaSilva-Jardine, P. Tetrahydroisoquinolines as Subtype Selective Estrogen 

Agonists/Antagonists. Bioorg. Med. Chem. Lett. 2004, 14 (11), 2729–2733.

(28) Compton, D. R.; Sheng, S.; Carlson, K. E.; Rebacz, N. A.; Lee, I. Y.; 

Katzenellenbogen, B. S.; Katzenellenbogen, J. A. Pyrazolo[1,5-A]pyrimidines: 

Estrogen Receptor Ligands Possessing Estrogen Receptor Beta Antagonist Activity. J. 

Med. Chem. 2004, 47 (24), 5872–5893.

(29) De Angelis, M.; Stossi, F.; Carlson, K. A.; Katzenellenbogen, B. S.; Katzenellenbogen, 

J. A. Indazole Estrogens: Highly Selective Ligands for the Estrogen Receptor Beta. J. 

Med. Chem. 2005, 48 (4), 1132–1144.

(30) Dykstra, K. D.; Guo, L.; Birzin, E. T.; Chan, W.; Yang, Y. T.; Hayes, E. C.; DaSilva, 

C. A.; Pai, L.-Y.; Mosley, R. T.; Kraker, B.; Fitzgerald, P. M. D.; DiNinno, F.; Rohrer, 

S. P.; Schaeffer, J. M.; Hammond, M. L. Estrogen Receptor Ligands. Part 16: 2-Aryl 

Indoles as Highly Subtype Selective Ligands for ERalpha. Bioorg. Med. Chem. Lett. 

2007, 17 (8), 2322–2328.

(31) García-Becerra, R.; Borja-Cacho, E.; Cooney, A. J.; Smith, C. L.; Lemus, A. E.; Pérez-

Palacios, G.; Larrea, F. Synthetic 19-Nortestosterone Derivatives as Estrogen Receptor 

Alpha Subtype-Selective Ligands Induce Similar Receptor Conformational Changes 

and Steroid Receptor Coactivator Recruitment than Natural Estrogens. J. Steroid 

Biochem. Mol. Biol. 2006, 99 (2–3), 108–114.

(32) Henke, B. R.; Consler, T. G.; Go, N.; Hale, R. L.; Hohman, D. R.; Jones, S. A.; Lu, A. 

T.; Moore, L. B.; Moore, J. T.; Orband-Miller, L. A.; Robinett, R. G.; Shearin, J.; 

Spearing, P. K.; Stewart, E. L.; Turnbull, P. S.; Weaver, S. L.; Williams, S. P.; Wisely, 



45

G. B.; Lambert, M. H. A New Series of Estrogen Receptor Modulators That Display 

Selectivity for Estrogen Receptor Beta. J. Med. Chem. 2002, 45 (25), 5492–5505.

(33) Hsieh, R. W.; Rajan, S. S.; Sharma, S. K.; Guo, Y.; DeSombre, E. R.; Mrksich, M.; 

Greene, G. L. Identification of Ligands with Bicyclic Scaffolds Provides Insights into 

Mechanisms of Estrogen Receptor Subtype Selectivity. J. Biol. Chem. 2006, 281 (26), 

17909–17919.

(34) Kim, S.; Wu, J. Y.; Birzin, E. T.; Frisch, K.; Chan, W.; Pai, L.-Y.; Yang, Y. T.; 

Mosley, R. T.; Fitzgerald, P. M. D.; Sharma, N.; Dahllund, J.; Thorsell, A.-G.; 

DiNinno, F.; Rohrer, S. P.; Schaeffer, J. M.; Hammond, M. L. Estrogen Receptor 

Ligands. II. Discovery of Benzoxathiins as Potent, Selective Estrogen Receptor Alpha 

Modulators. J. Med. Chem. 2004, 47 (9), 2171–2175.

(35) Larrea, F.; García-Becerra, R.; Lemus, A. E.; García, G. A.; Pérez-Palacios, G.; 

Jackson, K. J.; Coleman, K. M.; Dace, R.; Smith, C. L.; Cooney, A. J. A-Ring Reduced 

Metabolites of 19-nor Synthetic Progestins as Subtype Selective Agonists for ER 

Alpha. Endocrinology 2001, 142 (9), 3791–3799.

(36) Meyers, M. J.; Sun, J.; Carlson, K. E.; Katzenellenbogen, B. S.; Katzenellenbogen, J. 

A. Estrogen Receptor Subtype-Selective Ligands: Asymmetric Synthesis and 

Biological Evaluation of Cis- and Trans-5,11-Dialkyl- 5,6,11, 12-Tetrahydrochrysenes. 

J. Med. Chem. 1999, 42 (13), 2456–2468.

(37) Meyers, M. J.; Sun, J.; Carlson, K. E.; Marriner, G. A.; Katzenellenbogen, B. S.; 

Katzenellenbogen, J. A. Estrogen Receptor-Beta Potency-Selective Ligands: Structure-

Activity Relationship Studies of Diarylpropionitriles and Their Acetylene and Polar 

Analogues. J. Med. Chem. 2001, 44 (24), 4230–4251.

(38) Moon, J. T.; Ha, S. H.; Lee, S. H.; Kwon, T. H.; Oh, C. R.; Kim, Y. D.; Kim, J.; Choo, 

D. J.; Lee, J. Y. Total Synthesis and Biological Evaluation of Methylgerambullone. 

Bioorg. Med. Chem. Lett. 2010, 20 (1), 52–55.



46

(39) Mortensen, D. S.; Rodriguez, A. L.; Carlson, K. E.; Sun, J.; Katzenellenbogen, B. S.; 

Katzenellenbogen, J. A. Synthesis and Biological Evaluation of a Novel Series of 

Furans: Ligands Selective for Estrogen Receptor Alpha. J. Med. Chem. 2001, 44 (23), 

3838–3848.

(40) Muthyala, R. S.; Sheng, S.; Carlson, K. E.; Katzenellenbogen, B. S.; 

Katzenellenbogen, J. A. Bridged Bicyclic Cores Containing a 1,1-Diarylethylene Motif 

Are High-Affinity Subtype-Selective Ligands for the Estrogen Receptor. J. Med. 

Chem. 2003, 46 (9), 1589–1602.

(41) Norman, B. H.; Richardson, T. I.; Dodge, J. A.; Pfeifer, L. A.; Durst, G. L.; Wang, Y.; 

Durbin, J. D.; Krishnan, V.; Dinn, S. R.; Liu, S.; Reilly, J. E.; Ryter, K. T. 

Benzopyrans as Selective Estrogen Receptor Beta Agonists (SERBAs). Part 4: 

Functionalization of the Benzopyran A-Ring. Bioorg. Med. Chem. Lett. 2007, 17 (18), 

5082–5085.

(42) Roelens, F.; Heldring, N.; Dhooge, W.; Bengtsson, M.; Comhaire, F.; Gustafsson, J.-

A.; Treuter, E.; De Keukeleire, D. Subtle Side-Chain Modifications of the Hop 

Phytoestrogen 8-Prenylnaringenin Result in Distinct Agonist/Antagonist Activity 

Profiles for Estrogen Receptors Alpha and Beta. J. Med. Chem. 2006, 49 (25), 7357–

7365.

(43) Shiau, A. K.; Barstad, D.; Loria, P. M.; Cheng, L.; Kushner, P. J.; Agard, D. A.; 

Greene, G. L. The Structural Basis of Estrogen Receptor/Coactivator Recognition and 

the Antagonism of This Interaction by Tamoxifen. Cell 1998, 95 (7), 927–937.

(44) Stauffer, S. R.; Coletta, C. J.; Tedesco, R.; Nishiguchi, G.; Carlson, K.; Sun, J.; 

Katzenellenbogen, B. S.; Katzenellenbogen, J. A. Pyrazole Ligands: Structure-

Affinity/Activity Relationships and Estrogen Receptor-Alpha-Selective Agonists. J. 

Med. Chem. 2000, 43 (26), 4934–4947.



47

(45) Stauffer, S. R.; Huang, Y. R.; Aron, Z. D.; Coletta, C. J.; Sun, J.; Katzenellenbogen, B. 

S.; Katzenellenbogen, J. A. Triarylpyrazoles with Basic Side Chains: Development of 

Pyrazole-Based Estrogen Receptor Antagonists. Bioorg. Med. Chem. 2001, 9 (1), 151–

161.

(46) Sun, J.; Baudry, J.; Katzenellenbogen, J. A.; Katzenellenbogen, B. S. Molecular Basis 

for the Subtype Discrimination of the Estrogen Receptor-Beta-Selective Ligand, 

Diarylpropionitrile. Mol. Endocrinol. 2003, 17 (2), 247–258.

(47) Sun, J.; Meyers, M. J.; Fink, B. E.; Rajendran, R.; Katzenellenbogen, J. A.; 

Katzenellenbogen, B. S. Novel Ligands That Function as Selective Estrogens or 

Antiestrogens for Estrogen Receptor-Alpha or Estrogen Receptor-Beta. Endocrinology 

1999, 140 (2), 800–804.

(48) Tan, Q.; Blizzard, T. A.; Morgan, J. D., 2nd; Birzin, E. T.; Chan, W.; Yang, Y. T.; Pai, 

L.-Y.; Hayes, E. C.; DaSilva, C. A.; Warrier, S.; Yudkovitz, J.; Wilkinson, H. A.; 

Sharma, N.; Fitzgerald, P. M. D.; Li, S.; Colwell, L.; Fisher, J. E.; Adamski, S.; 

Reszka, A. A.; Kimmel, D.; DiNinno, F.; Rohrer, S. P.; Freedman, L. P.; Schaeffer, J. 

M.; Hammond, M. L. Estrogen Receptor Ligands. Part 10: Chromanes: Old Scaffolds 

for New SERAMs. Bioorg. Med. Chem. Lett. 2005, 15 (6), 1675–1681.

(49) Veeneman, G. H. Non-Steroidal Subtype Selective Estrogens. Curr. Med. Chem. 2005, 

12 (9), 1077–1136.

(50) Waibel, M.; De Angelis, M.; Stossi, F.; Kieser, K. J.; Carlson, K. E.; 

Katzenellenbogen, B. S.; Katzenellenbogen, J. A. Bibenzyl- and Stilbene-Core 

Compounds with Non-Polar Linker Atom Substituents as Selective Ligands for 

Estrogen Receptor Beta. Eur J Med Chem 2009, 44 (9), 3412–3424.

(51) Waibel, M.; Kieser, K. J.; Carlson, K. E.; Stossi, F.; Katzenellenbogen, B. S.; 

Katzenellenbogen, J. A. Phenethyl Pyridines with Non-Polar Internal Substituents as 



48

Selective Ligands for Estrogen Receptor Beta. Eur J Med Chem 2009, 44 (9), 3560–

3570.

(52) Wang, P.; Min, J.; Nwachukwu, J. C.; Cavett, V.; Carlson, K. E.; Guo, P.; Zhu, M.; 

Zheng, Y.; Dong, C.; Katzenellenbogen, J. A.; Nettles, K. W.; Zhou, H.-B. 

Identification and Structure-Activity Relationships of a Novel Series of Estrogen 

Receptor Ligands Based on 7-thiabicyclo[2.2.1]hept-2-Ene-7-Oxide. J. Med. Chem. 

2012, 55 (5), 2324–2341.

(53) Wilkening, R. R.; Ratcliffe, R. W.; Fried, A. K.; Meng, D.; Sun, W.; Colwell, L.; 

Lambert, S.; Greenlee, M.; Nilsson, S.; Thorsell, A.; Mojena, M.; Tudela, C.; Frisch, 

K.; Chan, W.; Birzin, E. T.; Rohrer, S. P.; Hammond, M. L. Estrogen Receptor Beta-

Subtype Selective Tetrahydrofluorenones: Use of a Fused Pyrazole as a Phenol 

Bioisostere. Bioorg. Med. Chem. Lett. 2006, 16 (15), 3896–3901.

(54) Wilkening, R. R.; Ratcliffe, R. W.; Tynebor, E. C.; Wildonger, K. J.; Fried, A. K.; 

Hammond, M. L.; Mosley, R. T.; Fitzgerald, P. M. D.; Sharma, N.; McKeever, B. M.; 

Nilsson, S.; Carlquist, M.; Thorsell, A.; Locco, L.; Katz, R.; Frisch, K.; Birzin, E. T.; 

Wilkinson, H. A.; Mitra, S.; Cai, S.; Hayes, E. C.; Schaeffer, J. M.; Rohrer, S. P. The 

Discovery of Tetrahydrofluorenones as a New Class of Estrogen Receptor Beta-

Subtype Selective Ligands. Bioorg. Med. Chem. Lett. 2006, 16 (13), 3489–3494.

(55) Xin, D.; Wang, H.; Yang, J.; Su, Y.-F.; Fan, G.-W.; Wang, Y.-F.; Zhu, Y.; Gao, X.-M. 

Phytoestrogens from Psoralea Corylifolia Reveal Estrogen Receptor-Subtype 

Selectivity. Phytomedicine 2010, 17 (2), 126–131.

(56) Yang, W.; Wang, Y.; Ma, Z.; Golla, R.; Stouch, T.; Seethala, R.; Johnson, S.; Zhou, 

R.; Güngör, T.; Feyen, J. H. M.; Dickson, J. K., Jr. Synthesis and Structure-Activity 

Relationship of 3-Arylbenzoxazines as Selective Estrogen Receptor Beta Agonists. 

Bioorg. Med. Chem. Lett. 2004, 14 (9), 2327–2330.



49

(57) Yang, C.; Xu, G.; Li, J.; Wu, X.; Liu, B.; Yan, X.; Wang, M.; Xie, Y. Benzothiophenes 

Containing a Piperazine Side Chain as Selective Ligands for the Estrogen Receptor 

Alpha and Their Bioactivities in Vivo. Bioorg. Med. Chem. Lett. 2005, 15 (5), 1505–

1507.

(58) Pelzer, T.; Jazbutyte, V.; Hu, K.; Segerer, S.; Nahrendorf, M.; Nordbeck, P.; Bonz, A. 

W.; Muck, J.; Fritzemeier, K.-H.; Hegele-Hartung, C.; Ertl, G.; Neyses, L. The 

Estrogen Receptor-α Agonist 16α-LE2 Inhibits Cardiac Hypertrophy and Improves 

Hemodynamic Function in Estrogen-Deficient Spontaneously Hypertensive Rats. 

Cardiovasc Res 2005, 67 (4), 604–612.

(59) Renaud, J.; Bischoff, S. F.; Buhl, T.; Floersheim, P.; Fournier, B.; Geiser, M.; Halleux, 

C.; Kallen, J.; Keller, H.; Ramage, P. Selective Estrogen Receptor Modulators with 

Conformationally Restricted Side Chains. Synthesis and Structure-Activity 

Relationship of ERalpha-Selective Tetrahydroisoquinoline Ligands. J. Med. Chem. 

2005, 48 (2), 364–379.

(60) Sun, J.; Huang, Y. R.; Harrington, W. R.; Sheng, S.; Katzenellenbogen, J. A.; 

Katzenellenbogen, B. S. Antagonists Selective for Estrogen Receptor α. Endocrinology 

2002, 143 (3), 941–947.

(61) Malamas, M. S.; Manas, E. S.; McDevitt, R. E.; Gunawan, I.; Xu, Z. B.; Collini, M. 

D.; Miller, C. P.; Dinh, T.; Henderson, R. A.; Keith, J. C., Jr; Harris, H. A. Design and 

Synthesis of Aryl Diphenolic Azoles as Potent and Selective Estrogen Receptor-Beta 

Ligands. J. Med. Chem. 2004, 47 (21), 5021–5040.

(62) Mewshaw, R. E.; Edsall, R. J., Jr; Yang, C.; Manas, E. S.; Xu, Z. B.; Henderson, R. A.; 

Keith, J. C., Jr; Harris, H. A. ERbeta Ligands. 3. Exploiting Two Binding Orientations 

of the 2-Phenylnaphthalene Scaffold to Achieve ERbeta Selectivity. J. Med. Chem. 

2005, 48 (12), 3953–3979.



50

(63) Hillisch, A.; Peters, O.; Kosemund, D.; Müller, G.; Walter, A.; Schneider, B.; 

Reddersen, G.; Elger, W.; Fritzemeier, K.-H. Dissecting Physiological Roles of 

Estrogen Receptor Alpha and Beta with Potent Selective Ligands from Structure-Based 

Design. Mol. Endocrinol. 2004, 18 (7), 1599–1609.

(64) Richardson, T. I.; Dodge, J. A.; Durst, G. L.; Pfeifer, L. A.; Shah, J.; Wang, Y.; 

Durbin, J. D.; Krishnan, V.; Norman, B. H. Benzopyrans as Selective Estrogen 

Receptor Beta Agonists (SERBAs). Part 3: Synthesis of Cyclopentanone and 

Cyclohexanone Intermediates for C-Ring Modification. Bioorg. Med. Chem. Lett. 

2007, 17 (17), 4824–4828.

(65) Norman, B. H.; Dodge, J. A.; Richardson, T. I.; Borromeo, P. S.; Lugar, C. W.; Jones, 

S. A.; Chen, K.; Wang, Y.; Durst, G. L.; Barr, R. J.; Montrose-Rafizadeh, C.; Osborne, 

H. E.; Amos, R. M.; Guo, S.; Boodhoo, A.; Krishnan, V. Benzopyrans Are Selective 

Estrogen Receptor Beta Agonists with Novel Activity in Models of Benign Prostatic 

Hyperplasia. J. Med. Chem. 2006, 49 (21), 6155–6157.

(66) Leung, Y.-K.; Mak, P.; Hassan, S.; Ho, S.-M. Estrogen Receptor (ER)-Beta Isoforms: 

A Key to Understanding ER-Beta Signaling. Proc. Natl. Acad. Sci. U.S.A. 2006, 103 

(35), 13162–13167.

(67) Veeneman, G.; Loozen, H.; Mestres, J.; De Zwart, E. 10-ARYL-11-HBENZO 

[b]FLUORENE DERIVATIVES AND ANALOGS FOR MEDICINAL USE. 

WO/2002/016316, March 1, 2002.

(68) Shiau, A. K.; Barstad, D.; Radek, J. T.; Meyers, M. J.; Nettles, K. W.; 

Katzenellenbogen, B. S.; Katzenellenbogen, J. A.; Agard, D. A.; Greene, G. L. 

Structural Characterization of a Subtype-Selective Ligand Reveals a Novel Mode of 

Estrogen Receptor Antagonism. Nat. Struct. Biol. 2002, 9 (5), 359–364.



51

(69) Knox, A. J. S.; Meegan, M. J.; Sobolev, V.; Frost, D.; Zisterer, D. M.; Williams, D. C.; 

Lloyd, D. G. Target Specific Virtual Screening: Optimization of an Estrogen Receptor 

Screening Platform. J. Med. Chem. 2007, 50 (22), 5301–5310.

(70) Cai, S. X.; Drewe, J. A.; Kasibhatla, S.; Kemnitzer, W. D.; Tseng, B. Y.; Blais, C.; 

Labrecque, D.; Gourdeau, H. Substituted 4-Aryl-Chromene as Activator of Caspases 

and Inducer of Apoptosis and as Antivascular Agent and the Use Thereof. 7968595, 

June 28, 2011.

(71) Mountford, S. J.; Albiston, A. L.; Charman, W. N.; Ng, L.; Holien, J. K.; Parker, M. 

W.; Nicolazzo, J. A.; Thompson, P. E.; Chai, S. Y. Synthesis, Structure-Activity 

Relationships and Brain Uptake of a Novel Series of Benzopyran Inhibitors of Insulin-

Regulated Aminopeptidase. Journal of medicinal chemistry 2014, 57 (4), 1368–1377.

(72) Cai, S. X.; Drewe, J.; Kemnitzer, W. Discovery of 4-Aryl-4H-Chromenes as Potent 

Apoptosis Inducers Using a Cell- and Caspase-Based Anti-Cancer Screening 

Apoptosis Program (ASAP): SAR Studies and the Identification of Novel Vascular 

Disrupting Agents. Anti-Cancer Agent Me 2009, 9 (4), 437–456.

(73) Kolla, S. R. L., Yong-Rok. Ca(OH)2-Mediated Efficient Synthesis of 2-Amino-5-

Hydroxy-4H-Chromene Derivatives with Various Substituents. Tetrahedron 2011, 67 

(43), 8271–8275.

(74) Shestopalov, A. M.; Emelianova, Y. M.; Nesterov, V. N. One-Step Synthesis of 

Substituted 2-Amino-4H-Chromenes and 2-Amino-4H-Benzo[f]chromenes. Molecular 

and Crystal Structure of 2-Amino-3-Cyano-6-Hydroxy-4-Phenyl-4H-

Benzo[f]chromene. Russ Chem B+ 2002, 51 (12), 2238–2243.

(75) Kidwai, M.; Saxena, S.; Khan, M. K.; Thukral, S. S. Aqua Mediated Synthesis of 

Substituted 2-Amino-4H-Chromenes and in Vitro Study as Antibacterial Agents. 

Bioorganic & medicinal chemistry letters 2005, 15 (19), 4295–4298.



52

(76) Ballini, R.; Bosica, G.; Conforti, M. L.; Maggi, R.; Mazzacani, A.; Righi, P.; Sartori, 

G. Three-Component Process for the Synthesis of 2-Amino-2-Chromenes in Aqueous 

Media. Tetrahedron 2001, 57 (7), 1395–1398.

(77) Yadav, Y.; MacLean, E. D.; Bhattacharyya, A.; Parmar, V. S.; Balzarini, J.; Barden, C. 

J.; Too, C. K. L.; Jha, A. Design, Synthesis and Bioevaluation of Novel Candidate 

Selective Estrogen Receptor Modulators. Eur J Med Chem 2011, 46 (9), 3858–3866.

(78) Bardon, S.; Vignon, F.; Montcourrier, P.; Rochefort, H. Steroid Receptor-Mediated 

Cytotoxicity of an Antiestrogen and an Antiprogestin in Breast Cancer Cells. Cancer 

research 1987, 47 (5), 1441–1448.

(79) Morph2 Server; (http://www2.molmovdb.org).

(80) Bhattacharya, D.; Nowotny, J.; Cao, R.; Cheng, J. 3Drefine: An Interactive Web 

Server for Efficient Protein Structure Refinement. Nucleic Acids Res. 2016, 44 (W1), 

W406-409.

(81) FRED, v3.0.1; OpenEye Scientific Software (www.eyesopen.com): Santa Fe, New 

Mexico, USA.

(82) MarvinView, v15.7.27; Chemaxon (http://www.chemaxon.com): ChemAxon Kft. 

Záhony u. 7, Building HX 1031 Budapest, Hungary.

(83) Pal, D.; Chakrabarti, P. Non-Hydrogen Bond Interactions Involving the Methionine 

Sulfur Atom. J. Biomol. Struct. Dyn. 2001, 19 (1), 115–128.

(84) Iwaoka, M.; Isozumi, N. Hypervalent Nonbonded Interactions of a Divalent Sulfur 

Atom. Implications in Protein Architecture and the Functions. Molecules 2012, 17 (6), 

7266–7283.

(85) Haldosén, L.-A.; Zhao, C.; Dahlman-Wright, K. Estrogen Receptor Beta in Breast 

Cancer. Molecular and Cellular Endocrinology 2014, 382 (1), 665–672.

(86) Elagamey, A. G. A.; Eltaweel, F. M. A. A. Nitriles in Heterocyclic Synthesis - 

Synthesis of Condensed Pyrans. Indian J Chem B 1990, 29 (9), 885–886.



53

(87) Wiles, C. . W., P. ..Haswell, S. J. ..Pombo-Villar, E. The Preparation and Reaction of 

Enolates within Micro Reactors. Tetrahedron 2005, 61 (45), 10757–10773.

(88) Accelrys Draw v4.1; Biovia (http://www.biovia.com): 5005 Wateridge Vista Drive, 

San Diego, CA 92121 USA.

(89) Hawkins, P. C. D.; Skillman, A. G.; Warren, G. L.; Ellingson, B. A.; Stahl, M. T. 

OMEGA, v2.5.1.4; OpenEye Scientific Software (www.eyesopen.com): Santa Fe, New 

Mexico, USA.

(90) Hawkins, P. C. D.; Skillman, A. G.; Warren, G. L.; Ellingson, B. A.; Stahl, M. T. 

Conformer Generation with OMEGA: Algorithm and Validation Using High Quality 

Structures from the Protein Databank and Cambridge Structural Database. J. Chem. 

Inf. Model. 2010, 50 (4), 572–584.

(91) UniProt (Universal Protein Resource); (http://www.uniprot.org/).

(92) Roy, A.; Kucukural, A.; Zhang, Y. I-TASSER: A Unified Platform for Automated 

Protein Structure and Function Prediction. Nat Protoc 2010, 5 (4), 725–738.

(93) Zhang, Y. I-TASSER Server for Protein 3D Structure Prediction. BMC Bioinformatics 

2008, 9, 40.

(94) Bhattacharya, D.; Cheng, J. i3Drefine Software for Protein 3D Structure Refinement 

and Its Assessment in CASP10. PLoS ONE 2013, 8 (7), e69648.

(95) Bhattacharya, D.; Cheng, J. 3Drefine: Consistent Protein Structure Refinement by 

Optimizing Hydrogen Bonding Network and Atomic-Level Energy Minimization. 

Proteins 2013, 81 (1), 119–131.

(96) McGann, M. FRED Pose Prediction and Virtual Screening Accuracy. J. Chem. Inf. 

Model. 2011, 51 (3), 578–596.

(97) Molecular Operating Environment (MOE), 2012.10; Chemical Computing Group 

(http://www.chemcomp.com): Chemical Computing Group Inc., 1010 Sherbooke St. 

West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2015.



54

(98) Sheldrick, G. M. S. An Integrated System for Data Collection, Processing, Structure 

Solution and Refinement. Software Reference Manual; Bruker AXS, Inc: Madison, 

WI. 2001.

For Table of contents only



55



56



57

    O

O

O

NH2HO

O

Figure 4:  ORTEP representation of the X-Ray crystal structure of 22, ellipsoids at 50% 
probability
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Figure 5. Top ranked poses of Compound 35 in ERα (green) and ERβ (grey) indicating key 
hydrogen bonding interactions. 

Figure 6. Side-view of top ranked poses of Compound 35 in ERα (green) and ERβ (grey) 
indicating shift in orientation due to Leu384Met336 mutation.
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Figure 7. Top ranked poses of Compound 42 (R Enantiomer) in ERα (green) and ERβ (grey) 
indicating key interactions. 
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Table 1: ERα and ERβ binding effects and antiproliferative activity in MCF-7 cells of 

selected 4-aryl-4H-chromenes

                                                            

Compound R1 R2 ER
IC50(M)c,d

ER
IC50(M)c,d

 Antiproliferative 
activity

MCF-7 cells
IC50(M)a,e

16 H -CO2CH3 3.30 ±0.30 1.59 ±0.17 0.48 10.82 ±1.15

17 H -CO2CH2CH3 2.36±1.62 0.61 ±0.05 0.26 >100

18 H -CN >10 8.39 ±3.32 0.84 >100

19 OH -CO2CH3 0.79 ±0.40 10.02 ±1.39 12.67 >100

20 OH -CO2CH2CH3 nd nd - >100

21 OCH2C6H5 -CO2CH2CH3 40.32 >100 - 4.5 

22 OCH2CH3 -CO2CH2CH3 nd nd - >100

23 3,4-(OCH3)2 -CO2CH2CH3 nd nd - >100

32 -CO2CH3 0.02 ±0.02 0.35 ±0.25 14.31 19.60 ±20.78

33 CO2CH2CH3 1.41 ±0.40 3.10 ±1.57 2.21 27.29 ±23.78

34 -CN 0.89 ±0.19 >10 11.23 >50

35 -CO2CH2 

CH2CH2CH3

0.02 ±0.01 6.55 ±2.72 353.34 7.73 ± 7.54

36 -CO2C(CH3)3 0.01 ±0.01 0.67 ±0.40 49.49 10.03± 0.48

37 -CO2CH3 0.05 ±0.00 0.22 ±0.14 4.77 16.2 ± 5.72

38 -CO2CH2CH3 0.02 ±0.00 0.06 ±0.02 2.56 8.75 ± 4.19

39 -CN 1.47 ±0.44 10.42 ±8.57 7.10 23.21 ± 2.81
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40 -CO2(CH2)3CH3 0.03 ±0.03 2.35 ±0.47 87.29 31.82 ±30.54

41 -CO2C(CH3)3 0.09 ±0.00 0.37 ±0.02 3.93 2.65 ± 0.15

42 -CO2CH3 109.10 ±6.9 0.63 ±0.03 0.0054 >100

43 -CO2CH2CH3 0.22 ±0.02 2.44 ±0.73 11.02 18.79 ±21.29

44 -CN 13.97 ±1.66 >50 3.58 35.31 ± 10.30

Tamoxifen - - 0.070c 0.170c 2.43 4.12 ± 0.038b

aIC50 values are half maximal inhibitory concentrations required to block the growth stimulation of MCF-7 cells.  
Values represent the mean ± S.E.M (error values x 10-6) for at least two experiments performed in triplicate. 
bThe IC50 value obtained for Tamoxifen is 4.12 ± 0.038 μM is in good agreement with the reported IC50 value 
for tamoxifen using the MTT assay on human MCF-7 cells 78. cThe ER binding values obtained are in agreement 
with the reported ER IC50 binding data for tamoxifen (ER 60.9 nM  ER 188 nM, Panvera/Invitrogen). dValues 
are an average of at least nine replicate experiments, for ER with typical standard errors below 15%, and six 
replicate experiments for ER, with typical standard errors below 15%. e0% cell death observed for  compounds 
32, 33, 37, 38, 43 and 44 in LDH assay at 10 M concentration, 13.4% cell death for tamoxifen in LDH assay at 
10 M concentration.

 


