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Abstract: The combination of antiestrogens and histone deacetylase inhibitors (HDACi) has been found to 

be antiproliferative in breast cancer models.  We designed and synthesized hybrid structures which combined 

structural features of the pure antiestrogen ICI-164,384 and HDACi’s SAHA and entinostat in a single 

bifunctional molecule. The hybrids retained antiestrogenic and HDACi activity and, in the case of benzamide 

hybrids, were selective for Class I HDAC3 over Class II HDAC6.  The hybrids possessed low micromolar to 

high nanomolar activity against both ER+ MCF-7 and ER– MDA-MB-231 breast cancer cell models. 

Introduction. 

Breast cancer is the most common form of 

neoplasia in women in the Western world and second 

cause of mortality after lung cancer.1 Estrogens, 

mainly 17-estradiol (E2, 1, Figure 1), play a crucial 

role in the development of female secondary sexual 

characteristics including normal breast growth.2 

Estrogen signaling is mediated by intracellular 

estrogen receptors (ER and ER), members of the 

nuclear receptor superfamily that regulate gene 

expression through binding to DNA response elements 

associated within target genes.3 While ER is 

expressed at low levels in normal tissues, it is 

overexpressed in about 67% of hormone-dependent 

tumors, which represent 75% of breast cancers.4 

Estrogenic stimulation of ER is a major contributor 

of mammary tumorigenesis and is thus an important 

target in the treatment of breast cancer.5 

Two classes of competitive ER inhibitors have been developed for breast cancer treatment, selective 

estrogen receptor modulators (SERMs),6 exemplified by tamoxifen (2)7 and raloxifene (3),8 and pure 

antiestrogens, which act as selective estrogen receptor downregulators (SERDs),9 exemplified by ICI-

164,384 (4)9b and fulvestrant (ICI-182,780, 5).10 SERMs display partial agonist activity in a tissue- and gene-

specific manner.11 For instance, tamoxifen is an antagonist in breast cancer cells but has estrogenic effects 

on the uterus and bone mass, while raloxifene has less uterotrophic activity but retains agonist activity in 

bone.12 In contrast, pure antiestrogens like fulvestrant are antagonists in all tissues. In addition, fulvestrant 

induces ubiquitination and degradation of ER via the proteasome pathway.13 Our recent studies showed that 

induction of ER SUMOylation also correlates with full antiestrogenicity.13c SERMs are used as first-line 

therapy with about 50% response rate overall (21-33% in patients with metastatic disease).14 Fulvestrant is 

used mainly in second line treatment after progression on prior hormonal therapy, with an objective response 



rate evaluated at 7.4% in the EFECT trial.15 While these drugs have revolutionized breast cancer treatment, 

there is still a need for improved therapies. 

Histone deacetylases (HDACs) and histone acetyltransferases (HATs) regulate the acetylation pattern of 

histones and non-histone proteins.16 In normal cells HDACs and HATs play an important role as 

transcriptional regulators by controlling compaction of DNA in the nucleosome. Aberrant expression of these 

enzymes has been observed in different cancer cell 

lines, including breast cancer.17 In recent years, histone 

deacetylase inhibitors (HDACi’s) have emerged as 

potential therapeutic agents for the treatment of 

cancer.18 Preclinical studies of HDACi’s have 

indicated roles in the regulation of differentiation, gene 

expression, cell cycle arrest, inhibition of proliferation 

and the promotion of apoptosis in a variety of cancer 

cell lines, including breast cancer cells.19 Currently, 

four HDAC inhibitors have been approved by the FDA, 

SAHA (6, Figure 2) and romidepsin (9) for cutaneous 

T-cell lymphoma, belinostat (8) and romidepsin (9) for 

peripheral T-cell lymphoma, and panobinostat (7) for 

the treatment of multiple myeloma. Other HDACi’s 

such as entinostat (MS-275, 10) are in clinical trials.20 

HDACi’s have shown promise in combination with other anti-cancer agents to improve treatment of solid 

tumors and also to combat development of resistance to these agents.21  Tamoxifen was found to cooperate 

with different HDACi’s for suppression of ER+ breast cancer cell proliferation.22 A separate study showed 

that the combination of SAHA and fulvestrant was more potent in regulating the expression of cell cycle 

proteins, inducing downregulation of ER, and decreasing the transcription of ER targets in MCF-7 cells 

than fulvestrant alone.23 Subsequently, a phase II study of SAHA with tamoxifen in patients with ER-positive 

tumors progressing on endocrine therapy indicated a 19% objective response rate and a 40% clinical benefit 

rate.24 

Although combination therapy is the most common method for taking advantage of synergistic or additive 

effects between two drugs,25 our group and others have explored the concept of hybrid drugs, agents that 

combine two activities in a single molecule.26 Our group pioneered the incorporation of an HDACi 

pharmacophore into a nuclear receptor ligand.27 We developed triciferol, a hybrid molecule that possesses 

agonism for the vitamin D receptor and HDACi activity and shows enhanced cytostatic and cytotoxic activity 

against a number of cancer cell lines. We subsequently designed a wide variety of similar hybrids, based on 

both secosteroidal and non-secosteroidal cores.28  Subsequently, other groups have reported hybrids 

combining HDACi activity with inhibitory activity for EGFR/Her2, PI3K, and Abl/PDBFRb/c-Kit kinases.29 

Recently, three groups have shown that it is possible to combine HDACi activity into the side-chains of 

SERMs.30 Here we describe novel bi-functional SERD/HDACi hybrids based on the ICI-164,384 and 

fulvestrant structures as potential therapeutic molecules for breast cancer. 

Results and Discussion 

Design and synthesis. Significant structural overlap between HDACi’s and estradiol-based pure 

antiestrogens suggested that the preparation of bifunctional hybrid molecules would be feasible. Pure 

antiestrogens generally possess a long alkyl chain attached to the core of estradiol at either the 7 or 11 

positions.9b In the structure of ICI-164,384 (4), the side chain attached at position 7 is an eleven carbon 

aliphatic chain terminating in a tertiary amide. This side chain disrupts the normal folding of ER helix 12 

over the ligand binding pocket, a requirement for recruitment of transcriptional co-activators through LXXLL 

motifs.31 Structural studies on HDACi’s bound to HDACs have identified a canonical pharmacophore 

comprised of three distinct motifs:32 a) a zinc binding group (ZBG), commonly a hydroxamic acid or 



benzamide, required for chelation to the zinc ion in the active site, b) a hydrophobic linker that occupies a 

hydrophobic tunnel connecting the active site to the surface, and c) a bulky, generally aromatic, cap group 

that interacts with the surface of the enzyme. In designing hybrids, we envisioned the estradiol core 

functioning as both a binding motif for the ER ligand-binding pocket and a cap group for HDACi function. 

The side chain of ICI-164,384 could serve both as an antiestrogenic structural element as well as the linker 

in an HDACi. Finally, the tertiary amide of ICI-164,384 might be replaced with a hydroxamic acid (e.g. 11, 

Figure 3), N-butyl-hydroxamate or ortho-amino-anilide to impart the necessary zinc-binding activity of an 

HDACi.  

 

 

The synthesis of our first three hybrids was modeled on the work of Zhu et al.33 using bis-MOM-protected 

6-oxoestradiol (12), available in three steps from estradiol, as a starting point to prepare carboxylic acid 18 

as a common intermediate (Scheme 1). Alkylation of 12 by treatment with tBuOK and 1-benzyloxy-11-

iodoundecane, afforded 13 in 52% yield as a single stereoisomer after removal of minor amounts of the -

isomer and O-alkylation products. Treatment of 13 with concentrated acid removed the MOM groups, 

affording 14 in 95% yield. Ionic reduction of the benzylic ketone was carried out with Et3SiH and BF3•OEt2, 

providing diol 15 in 90% yield.  After protection of 15 as a diacetate, hydrogenolysis of the benzyl group 

followed by oxidation of the resulting primary alcohol to the carboxylic acid in a two-step fashion 

(Swern/Pinnick) completed the synthesis of carboxylic acid 18 in 31% yield from 12. 

 

Figure 3. Pharmacophores of pure antiestrogen ICI-164384 and SAHA and their combination into a potential hybrid molecule. 

 

Scheme 1. Synthesis of common precursor 18 



 

Carboxylic acid 18 served as a common intermediate for hybrids RMS-70 (11), RMS-162 (20) and RMS-

234 (22) (Scheme 2). Treatment of 18 with acidic methanol simultaneously cleaved the acetyl groups and 

esterified the carboxylic acid, and the resulting methyl ester 19 was directly transformed to the corresponding 

hydroxamic acid by treatment with hydroxylamine under basic conditions to give RMS-70 (11) in 66% yield 

over two steps. Alternatively, carboxylic acid 18 was coupled with 2-aminoaniline using HBTU/DIPEA 

followed by treatment with K2CO3 in methanol to cleave the acetyl groups to provide RMS-162 (20) in 92% 

yield. Finally, 18 was coupled with N-butyl-O-benzylhydroxylamine using HBTU/DIPEA conditions 

followed by sequential deprotection of the acetyl and benzyl groups with K2CO3/methanol and H2/Pd-C to 

give RMS-234 (22) in 63% yield over three steps. 

 

A fourth hybrid, RMS-575, was synthesized following a strategy employed extensively in our SAR studies 

on ER SUMOylation (Scheme 3).13c, 34 7-Mercaptoestradiol (23) was synthesized in a five step protocol 

from 12 (see Supporting Information).34 Thiol 23 was coupled with alkyl halide 26, prepared in 2 steps from 

3-aminobenzoic acid (24), followed by debenzylation to afford hybrid RMS-575 (27) in 35% yield over 2 

steps.  

Antiestrogenic profile of hybrids. The antiestrogenic activity of our hybrids was initially assessed using 

a bioluminescence resonance energy transfer (BRET) assay35 in transiently transfected HEK293 cells (Figure 

 

Scheme 2. Synthesis of hybrids RMS-70 (9), RMS-162 (20) and RMS-234 (22) 

 

 

Scheme 3. Synthesis of RMS-575 (27) 



4 and Table 1). In this assay, luciferase is fused to ER and an enhanced yellow fluorescent protein (eYFP) 

is fused to an LXXLL-containing coactivator peptide. In the presence of E2 or other ER agonists, the 

coactivator peptide associates with the ER ligand-binding domain, resulting in energy transfer from 

luciferase to eYFP, while antagonists prevent coactivator association induced by agonists and thus reduce the 

BRET signal. Our four hybrids RMS-70 (11), RMS-162 (20), RMS-234 (22) and RMS-575 (27) showed 

suppression of BRET signal induced by E2 in a dose-dependent manner, consistent with antiestrogenic 

activity and similar to controls 4-hydroxytamoxifen (4-OHT) and ICI-164,384. In addition, transcriptional 

activity of ER was measured using a luciferase reporter assay in T47D-KBLuc cells (ATCC® CRL2865™), 

which carry a stably integrated ERE3-TATA-Luciferase construct.36,37 While none of the hybrids were as 

potent as either ICI-164,384 or 4-OHT, all four hybrids displayed strong antiestrogenic activity (Table 1), 

with RMS-575 (27) again being the most potent. 

 

 

HDAC inhibition.  The HDAC inhibitory activity of our hybrids was assessed in vitro using a competition 

assay against a standard fluorescent substrate using purified human recombinant HDAC3 and HDAC6 as 

models for Class I and II HDACs, respectively.38 Although displaying weaker potency than either SAHA or 

entinostat, all four hybrids displayed inhibitory activity against HDAC3, RMS-70 (11) being the most potent 

Table 1.  Antiestrogenic activity of hybrids measured by BRET and Luciferase assays, HDACi activity measured in vitro vs. 

purified HDAC3 and HDAC6, and antiproliferative activity of hybrids vs E2 promoted growth of MCF7 cells. 

 Antiestrogenic Activity 

 

HDAC Activity Antiproliferative 

Activity 

Compound BRET  

(IC50 in µM) 

Luciferase 

(IC50 in µM) 

HDAC3 

(IC50 in µM) 

HDAC6 

(IC50 in µM) 

MCF7 

(IC50 in µM) 

ICI-164,384 (4) 0.34 0.05 ND ND 0.93 

4-OHT 0.07 0.01 ND ND 0.15 

SAHA (6) ND ND 0.17 0.35 0.32 

entinostat (10) ND ND 0.31 ND 0.35 

RMS-70 (11) 0.51 1.06 0.96 1.15 2.93 

RMS-162 (20) 0.21 0.72 3.18 >50.0 1.90 

RMS-234 (22) 2.55 2.10 >5.0 >50.0 9.11 

RMS-575 (27) 0.05 0.18 1.55 43.7 0.34 
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Figure 4.  Induced release of eYFP-coactivator peptide from Luc-ER in HEK293 cells by hybrids RMS-70 (11), RMS-162 

(20), RMS-234 (22) and RMS-575 (27) as measured by BRET. 



(0.96 µM, Table 1).  Against HDAC6, only RMS-70 (11) had a potency within one order of magnitude of 

SAHA, whereas the remaining hybrids were significantly less potent (Table 1).  The selectivity of RMS-162 

for HDAC3 is consistent with the general observation of benzamides as Class I selective HDACi’s.39  Class 

I HDACs generally have a larger active site compared to Class II that allows access of the larger benzamides; 

this presumably also reflects the selectivity of RMS-234 and -575 for HDAC3 over HDAC6. 

 

 

   D 
                0     RMS-575 

     

Figure 5. Antiproliferative activity of a) ICI-164,384, b) SAHA and c) RMS-575 in MCF-7 and MDA-MB-231 cell lines. 

IC50 values of 0.96 μM and 5.02 μM were measured for SAHA and RMS-575, respectively, in MDA-MB-231.  d) Effect of 

RMS-575 (4.0 µM) on survival of MDA-MB-231 cells. 

-9 -8 -7 -6 -5 -4
0.00

0.25

0.50

0.75

1.00

1.25

1.50
MCF-7

MDA-MB-231

-9 -8 -7 -6 -5 -4
0.00

0.25

0.50

0.75

1.00

1.25

1.50
MCF-7

MDA-MB-231

Log(M)

R
e
la
ti
ve

p
ro
lif
e
ra
ti
o
n

R
e
la
ti
ve

p
ro
lif
e
ra
ti
o
n

R
el
at
iv
e
p
ro
lif
e
ra
ti
o
n

-9 -8 -7 -6 -5 -4
0.00

0.25

0.50

0.75

1.00

1.25

1.50
MCF-7

MDA-MB-231

-9 -8 -7 -6 -5 -4
0.00

0.25

0.50

0.75

1.00

1.25

1.50
MCF-7

MDA-MB-231

-9 -8 -7 -6 -5 -4
0.00

0.25

0.50

0.75

1.00

1.25

1.50
MCF-7

MDA-MB-231

A

B

C



Antiproliferative studies. The studies above established that the four hybrids possessed both 

antiestrogenic and HDACi activity.  We subsequently assessed the antiproliferative effects of the hybrids. 

All four hybrids were able to inhibit E2-induced proliferation of MCF-7 cells, with RMS-575 (27) possessing 

an IC50 of 0.34 M (Table 1).  This antiproliferative effect was similar to those of SAHA, entinostat, ICI-

164,384 and 4-OHT. This result demonstrates that bifunctional molecules have anti-proliferative activity in 

an ER+ cell line. 

We further examined the antiproliferative effect of RMS-575 in ER– MDA-MB-231 cells.  This cell line 

is sensitive to SAHA but not to antiestrogens. Intriguingly, MDA-MB-231 cells were sensitive to RMS-575 

(Figure 5) with an IC50 within one order of magnitude of that of SAHA. This result demonstrates that the 

incorporation of an HDACi function affords antiproliferative activity to antiestrogen-based hybrids against 

ER– cell lines. 

Docking studies. In order to study the binding modes of our hybrids, we performed molecular docking 

studies using Glide (Glide 5.0, Shrodinger LLC), which we previously used for antiestrogen SAR studies,13c 

and with FITTED (part of the FORECASTER virtual screening suite), which has recently been parameterized for 

modeling HDAC.40 To model interactions with ER, 

we chose the crystal structure of ICI-164,384 bound 

to ER (PDB code 1HJ1)31 as a model as the co-

activator binding regions of ERa and ER are very 

similar and would allow us to probe the effects of 

changing the side-chains of the antiestrogens. In this 

crystal structure, H12 is disordered and the long side 

chain interacts with the coactivator binding groove. 

Using Glide, we docked RMS-70 (11), RMS-162 

(20), RMS-234 (22) and RMS-575 (27) in rigid 

mode along with ICI-164,384 (Figure 6). ICI-

164,384 self-docked in a conformation similar to 

that observed in the original crystal structure, with 

the side chain occupying the coactivator binding 

groove along the surface of the protein. A visual 

inspection of the poses of the hybrids showed a 

relationship between the polarity of the zinc binding 

group and the docking mode of the side chain. All 

side chains were sufficiently long to reach the highly 

hydrophobic coactivator-binding groove. The less 

polar benzamide, N-butyl hydroxamate and aryl N-

butyl hydroxamate of RMS-162, -234 and -575, 

respectively, were able to interact with the coactivator 

binding groove in a manner analogous to ICI-164,384 

(green).  However, when the side chain was 

functionalized with a hydroxamic acid (RMS-70, 11, 

orange), the side chain did not interact with the CBG, 

but instead formed a hydrogen bond with Asp258 in 

H2. 

In the absence of an x-ray crystal structures of 

HDAC3, we used for docking of our hybrids a 

homology model developed by Wiest.41 Using the 

parameters developed for HDAC docking in FITTED, 

we docked SAHA and hybrids RMS-70, -162, 234 and 

-575. As expected, docking of SAHA produced a pose 

 

Figure 7. Docking RMS-70 in an HDAC3 homology 

model. 

 

Figure 6. Docking overlay of RMS-70 (9, orange), RMS-162 

(20, yellow), RMS-234 (22, violet) and RMS-575 (27, pink), 

with ICI-164,384 (green) bound to ER 

 



similar to that found in HDAC2,42 with the hydroxamic acid forming a bidentate chelate with the active site 

zinc, the alkyl chain spanning the tube and the aromatic group binding in a groove at the surface. Docking of 

all four hybrids resulted in conformations leading to the expected bidentate chelates to zinc. The side chain 

of the most potent hybrid, RMS-70, effectively mimicked that of SAHA and formed a clear bidentate chelate 

to Zn. The A,B-portion of the estradiol unit in RMS-70 fit into a slot on the surface near the opening to the 

active site (Figure 7).  The other three hybrids docked in a similar manner with either the A,B or C/D portions 

binding in the surface slot. In the case of both N-butyl hydroxamates, the butyl group occupied the space 

normally filled by the aromatic ring of the benzamides. Importantly, the docking results strongly suggest that 

simultaneous binding of the hybrids to both targets is unlikely.  In particular, the length of the chain between 

the zinc binding group and the estradiol unit is sufficiently short that the latter is closely associated with the 

HDAC surface (Figure 7) and would not be able to enter the ligand binding pocket of ER.  Thus these hybrids, 

like those in the vitamin D class,27,28 are presumably interacting with both targets separately. 

Conclusions. 

Our results demonstrate that it is feasible to synthesize hybrid molecules that have inhibitory activity 

against both HDAC’s and estrogen receptor. Starting from the ICI-164,384 backbone, modification of the 

side chain by inclusion of a zinc binding group resulted in gain of HDACi activity while retaining 

antiestrogenic activity. Given the use of HDACi’s in combination with antiestrogens in breast cancer 

treatment, these molecules may constitute new leads for combined therapies. Future studies will aim at 

improving affinity for each target and testing efficacy in preclinical models. 

Experimental Protocols 

Synthesis of hybrid molecules 

General Experimental. CH2Cl2 was distilled from CaH2 under argon. THF was distilled from sodium 

metal/benzophenone ketyl under argon. Acetonitrile was distilled from 4 Å molecular sieves. DMF was dried 

over 4.0 Å molecular sieves. All other commercial solvents and reagents were used as received from the 

Aldrich Chemical Company, Fischer Scientific, EMD Chemicals, BDH, and Steraloids. All glassware was 

flame dried and allowed to cool under a stream of dry argon. Silica gel (60Å, 230–400 mesh) used in flash 

column chromatography was obtained from Silicycle and used as received. Analytical TLC was performed 

on precoated silica gel plates (Ultra Pure Silica Gel Plates purchased from EMD), visualized with a 

Spectroline UV254 lamp, and stained with either a 20% phosphomolybdic acid in ethanol solution or a basic 

solution of KMnO4. Octadecyl-functionalized silica was used in flash chromatography was purchased from 

Sigma-Aldrich and used as received. 1H and 13C NMR, recorded at 300 MHz and 75 MHz respectively, were 

performed on a Varian Mercury 300 spectrometer. 1H and 13C NMR, recorded at 400 MHz and 100 MHz, 

respectively, were performed on a Varian Mercury 400 spectrometer. 1H and 13C NMR, recorded at 500 MHz 

and 126 MHz, respectively, were performed on a Varian Dante 500 spectrometer. Proton chemical shifts 

were internally referenced to the residual proton resonance in CDCl3 (7.26 ppm), CD3OD ( 3.31 ppm). 

Carbon chemical shifts were internally referenced to the deuterated solvent signals in CDCl3 ( 77.2 ppm) 

and CD3OD (  49.0 ppm). MS and HRMS were obtained at the McGill University chemistry department 

MS facilities using electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI). 

Infrared (IR) spectra were obtained using Nicolet Avatar 360 FT-IR infrared spectrophotometer. HPLC was 

used to verify the purity of compounds on an Agilent 1100 Series instrument equipped with a VWD detector, 

C18 column (Agilent, Zorbax Eclipse XDB-C18 150mm × 4.6 mm, 5um), UV detection at 220 nm.  

(7S,8R,9S,13S,14S,17S)-7-(11-(benzyloxy)undecyl)-3,17-bis(methoxymethoxy)-13-methyl-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-6-one (13). A solution of potassium 

tert-butoxide (381 mg; 3.4 mmol; 1.5 equiv.) in tetrahydrofuran (5 mL) was added dropwise to a solution of 

1233 (850 mg; 2.27 mmol; 1 equiv.) in tetrahydrofuran (20 mL) at 0ºC. The reaction mixture was stirred at 

0ºC for 15 min. followed by the addition of a solution of 1-benzyloxy-11-iodoundecane (3.53 g; 9.08 mmol; 

4 equiv.) in tetrahydrofuran (5 mL) via cannula. The reaction mixture was slowly warmed up to r.t. overnight. 



The reaction was quenched with water (10 mL), extracted with ethyl acetate and washed with a saturated 

aqueous solution of ammonium chloride and brine. The organic layer was dried over anhydrous sodium 

sulfate, filtered and concentrated. The residue was purified by chromatography on silica gel eluting a gradient 

of 5% to 15% of ethyl acetate in hexanes increasing 5% every two column volumes to give 13 as a colourless 

oil (749 mg, 52%). 1H NMR (400 MHz; CDCl3): δ  7.68 (d, J = 2.7 Hz, 1H), 7.34-7.28 (m, 6H), 7.19 (dd, J 

= 8.6, 2.7 Hz, 1H), 5.20 (s, 2H), 4.68-4.64 (m, 2H), 4.50 (s, 2H), 3.65 (t, J = 8.4 Hz, 1H), 3.48-3.44 (m, 5H), 

3.37 (s, 3H), 2.71 (td, J = 10.9, 3.9 Hz, 1H), 2.47-2.35 (m, 2H), 2.13-1.99 (m, 3H), 1.63-1.17 (m, 28H), 0.81 

(s, 3H). IR (thin film) 3005, 2925, 2853, 1668, 1453, 1275, 906, 764. HRMS (ESI) m/z calcd for [(M+Na)+] 

= 657.4131, found = 657.4133 

(7S,8R,9S,13S,14S,17S)-7-(11-(benzyloxy)undecyl)-3,17-dihydroxy-13-methyl-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-6-one (14). A 6M HCl solution (10 

mL) was added to a solution of 13 (650 mg, 1.02 mmol, 1.0 equiv.) in tetrahydrofuran (10 mL) at 0ºC. The 

reaction mixture was allowed to warm up to r.t. and stirred for 20 h. The reaction was cooled to 0ºC and the 

acid was neutralized with a 6M aqueous solution of NaOH (9.5 mL). The reaction was extracted with ethyl 

acetate (30 mL X 2) and the mixed organic layers were washed with a saturated aqueous solution of 

ammonium chloride (20 mL) and brine (20 mL). The organic layer was dried over anhydrous sodium sulfate, 

filtered and concentrated. The residue was purified by chromatography on silica gel eluting 10% ethyl acetate 

in toluene to obtain 14 as a colourless oil (502 mg; 90% yield). 1H NMR (500 MHz; CDCl3): δ 7.59 (d, J = 

2.9 Hz, 1H), 7.34-7.27 (m, 6H), 7.06 (dd, J = 8.5, 2.9 Hz, 1H), 4.51 (s, 2H), 3.79 (t, J = 8.5 Hz, 1H), 3.47 (t, 

J = 6.7 Hz, 2H), 2.68 (td, J = 11.3, 4.5 Hz, 1H), 2.45 (dt, J = 11.6, 3.2 Hz, 1H), 2.38 (dt, J = 9.7, 3.7 Hz, 1H), 

2.17-2.05 (m, 2H), 1.99-1.95 (m, 2H), 1.63-1.45 (m, 8H), 1.39-1.14 (m, 19H), 0.78 (s, 3H). 13C NMR (126 

MHz; CDCl3): δ 202.1, 155.1, 138.6, 138.2, 132.2, 128.5, 127.82, 127.64, 127.4, 121.7, 113.6, 81.8, 73.0, 

70.6, 48.9, 45.4, 43.4, 42.8, 37.5, 36.6, 30.4, 29.81, 29.72, 29.63, 29.60, 29.58, 29.54, 29.50, 27.4, 26.7, 26.2, 

23.8, 22.4, 11.1. HRMS (APCI) m/z calcd for [(M+H)+] = 547.3787, found = 547.3776 

(7R,8R,9S,13S,14S,17S)-7-(11-(benzyloxy)undecyl)-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthrene-3,17-diol (15). Boron trifluoride diethyl ether (680 µL; 5.41 

mmol; 6 equiv.) was added dropwise to a solution of 14 (480 mg; 0.901 mmol; 1 equiv.) in dichloromethane 

(20 mL) at 0ºC, followed by the addition of triethylsilane (1.44 mL; 9.01 mmol; 10 equiv.). The mixture was 

stirred at r.t. for 15h. The reaction was quenched with a saturated aqueous solution of sodium bicarbonate 

until reaching pH 8. The aqueous phase was extracted with dichloromethane (20 mL) and the combined 

organic layers were washed with brine (30 mL). The organic layer was dried over anhydrous sodium sulfate, 

filtered and concentrated. The residue was purified by chromatography on silica gel eluting 10% ethyl acetate 

in toluene to obtain 15 as a colourless oil (403 mg, 86%). 1H NMR (500 MHz; CDCl3): δ 7.35-7.27 (m, 5H), 

7.14 (d, J = 8.6 Hz, 1H), 6.62 (dd, J = 8.4, 2.6 Hz, 1H), 6.54 (d, J = 2.4 Hz, 1H), 4.52 (s, 2H), 3.76 (t, J = 7.1 

Hz, 1H), 3.48 (t, J = 6.7 Hz, 2H), 2.86 (dd, J = 16.7, 5.0 Hz, 1H), 2.71 (d, J = 16.6 Hz, 1H), 2.33-2.28 (m, 

2H), 2.17-2.09 (m, 1H), 1.92-1.89 (m, 1H), 1.75-1.70 (m, 1H), 1.64-1.13 (m, 29H), 0.79 (s, 3H). 13C NMR 

(126 MHz; CDCl3): δ 153.6, 138.7, 137.3, 131.9, 128.5, 127.83, 127.66, 127.2, 116.3, 112.96, 112.95, 82.2, 

73.0, 70.6, 46.6, 43.5, 42.1, 38.2, 37.0, 34.7, 33.3, 30.6, 30.00, 29.81, 29.75, 29.74, 29.64, 29.56, 28.2, 27.4, 

26.3, 25.7, 22.8, 11.2  HRMS (APCI) m/z calcd for [(M+H)+] = 533.3995, found = 533.3973 

(7R,8R,9S,13S,14S,17S)-7-(11-(benzyloxy)undecyl)-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthrene-3,17-diyl diacetate (16). Acetic anhydride (320 µL; 3.35 

mmol; 10 equiv.) was added to a solution of 15 (355 mg; 0.67 mmol; 2 equiv.) in pyridine (5 mL) with a 

catalytic amount of 4-dimethylaminopyridine and stirred at r.t. for 5 h. The reaction was concentrated and 

directly purified by chromatography on silica gel eluting 10% ethyl acetate in hexanes to obtain 16 as a 

colourless oil (406 mg, 99%). 1H NMR (500 MHz; CDCl3): δ 7.34 (d, J = 4.4 Hz, 4H), 7.29-7.28 (m, 1H), 

7.27-7.26 (m, 1H), 6.84 (dd, J = 8.5, 2.5 Hz, 1H), 6.78 (d, J = 2.5 Hz, 1H), 4.70 (t, J = 8.5 Hz, 1H), 4.50 (s, 

2H), 3.46 (t, J = 6.7 Hz, 2H), 2.90 (dd, J = 17.0, 5.3 Hz, 1H), 2.76 (d, J = 16.7 Hz, 1H), 2.40-2.29 (m, 3H), 

2.28 (s, 3H), 2.23 (dq, J = 14.0, 4.6 Hz, 1H), 2.06 (s, 3H), 1.85 (dt, J = 12.4, 2.9 Hz, 1H), 1.77-1.74 (m, 1H), 

1.68-1.21 (m, 27H), 0.82 (s, 3H). 13C NMR (126 MHz; CDCl3): δ 171.3, 170.0, 148.6, 138.8, 137.29, 137.25, 

128.5, 127.74, 127.57, 127.1, 122.5, 118.8, 82.9, 73.0, 70.7, 46.4, 43.1, 41.5, 38.2, 37.2, 34.6, 33.2, 30.08, 



29.91, 29.89, 29.78, 29.72, 29.61, 28.3, 27.6, 27.1, 26.3, 25.8, 22.9, 21.34, 21.30, 12.2. IR (thin film) 2923, 

2852, 1763, 1733, 1368, 1275, 1206, 764 HRMS (ESI) m/z calcd for [(M+Na)+] = 639.4025, found = 

639.4025 

(7R,8R,9S,13S,14S,17S)-7-(11-hydroxyundecyl)-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-

6H-cyclopenta[a]phenanthrene-3,17-diyl diacetate (17). Palladium (10% on carbon; 0.10 equiv.) was 

added to a solution of 16 (406 mg; 0.66 mmol; 1 equiv.) in ethanol (3 mL), and was stirred at r.t. for 8 h under 

a hydrogen atmosphere. The reaction mixture was filtered through celite and concentrated. The residue was 

purified by chromatography on silica gel eluting 15% ethyl acetate in hexanes to obtain 17 as a colourless oil 

(320 mg, 92%). 1H NMR (500 MHz; CDCl3): δ 7.27 (d, J = 9.0 Hz, 1H), 6.84 (dd, J = 8.5, 2.5 Hz, 1H), 6.78 

(d, J = 2.4 Hz, 1H), 4.69 (t, J = 8.5 Hz, 1H), 3.63 (t, J = 6.7 Hz, 2H), 2.92-2.87 (m, 1H), 2.75 (d, J = 16.8 Hz, 

1H), 2.39-2.29 (m, 2H), 2.27 (s, 3H), 2.22 (dq, J = 13.6, 4.7 Hz, 1H), 2.05 (s, 3H), 1.85 (dt, J = 12.4, 2.9 Hz, 

1H), 1.76-1.74 (m, 1H), 1.66-1.17 (m, 28H), 0.82 (s, 3H). 13C NMR (126 MHz; CDCl3): δ 171.2, 169.8, 

148.4, 137.1, 126.9, 122.3, 118.6, 82.8, 63.0, 46.2, 42.9, 41.3, 38.1, 37.0, 34.5, 33.1, 32.8, 29.9, 29.64, 29.56, 

29.53, 29.40, 28.1, 27.5, 26.9, 25.72, 25.58, 22.7, 21.19, 21.15. IR (thin film) 3443, 2922, 2852, 1763, 1733, 

1370, 1243, 750 HRMS (ESI) m/z calcd for [(M+Na)+] = 549.3556, found = 549.3555 

11-((7R,8R,9S,13S,14S,17S)-3,17-diacetoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-7-yl)undecanoic acid (18): A solution of dimethylsulfoxide (130 µL; 1.81 

mmol ; 3.0 equiv.) in dichloromethane (2.0 mL) at -78ºC was slowly added via cannula over 5 min to a 

solution of oxalyl chloride (80 µL, 0.92 mmol, 1.5 equiv.) in dichloromethane (2.0 mL) at -78ºC. The reaction 

was stirred 15 min at -78ºC. A solution of 17 (320 mg; 0.61 mmol; 1 equiv.) in dichloromethane (2 mL) was 

slowly added to the reaction mixture and stirred 1 h at -78ºC. Triethylamine (426 µL; 3.05 mmol; 5.0 equiv) 

was added to the reaction mixture in one portion and the mixture was allowed to warm up to r.t. for 15 min. 

Water (3 mL) was added and the aqueous phase was extracted with dichlorometane (5 mL). The organic 

phases were combined, concentrated and further dissolved in ethyl acetate (20 mL), washed with a 0.1 M 

solution of hydrochloric acid (2) and brine. The organic phase was dried under anhydrous sodium sulfate, 

filtered and concentrated. The residue and 2-methyl-2-butene (2.6 mL; 24.4 mmol; 40 equiv.) were dissolved 

in tert-butanol (7.0 mL) and a solution of sodium chlorite (165 mg; 1.83 mmol; 3 equiv.) and sodium 

dihydrogen phosphate (415 mg; 3.05 mmol; 5 equiv.) in water (3.2 mL) was added in one portion to the 

reaction mixture. This biphasic mixture was stirred vigorously for 3 h. The reaction was extracted with diethyl 

ether (3) and the combined organic layers were washed with brine (30 mL). The residue was purified by 

chromatography on silica gel eluting 5% ethyl acetate and 1% acetic acid in toluene to obtain 18 as a 

colourless oil (275 mg; 84% yield). 1H NMR (500 MHz; CDCl3): δ 7.27 (d, J = 8.9 Hz, 1H), 6.84 (dd, J = 

8.5, 2.5 Hz, 1H), 6.78 (d, J = 2.5 Hz, 1H), 4.70 (t, J = 8.5 Hz, 1H), 2.90 (dd, J = 16.9, 5.4 Hz, 1H), 2.75 (d, J 

= 16.6 Hz, 1H), 2.39-2.29 (m, 4H), 2.28 (s, 3H), 2.22 (dq, J = 13.6, 4.7 Hz, 1H), 2.06 (s, 3H), 1.85 (dt, J = 

12.3, 2.8 Hz, 1H), 1.76-1.74 (m, 1H), 1.67-1.15 (m, 29H), 0.82 (s, 3H). 13C NMR (126 MHz; CDCl3): δ 

179.7, 171.5, 170.0, 148.6, 137.29, 137.24, 127.1, 122.5, 118.8, 82.9, 46.4, 43.1, 41.5, 38.2, 37.2, 34.6, 34.1, 

33.2, 30.0, 29.80, 29.67, 29.53, 29.34, 29.17, 28.3, 27.6, 27.1, 25.8, 24.8, 22.9, 21.34, 21.30, 12.2 IR (thin 

film) 2923, 2853, 1762, 1732, 1706, 1370, 1275, 1206, 764 HRMS (ESI) m/z calcd for [(M+Na)+] = 

539.3349, found = 539.3349 

Methyl 11-((7R,8R,9S,13S,14S,17S)-3,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-7-yl)undecanoate (19): 18 (150 mg; 0.28 mmol; 1.0 equiv.) 

was dissolved in MeOH. Two drops of concentrated HCl were added to the mixture and the reaction was 

stirred overnight. The reaction was then concentrated and purified by chromatography over silica gel eluting 

40% ethyl acetate in hexanes and gave 19 as an oil (123 mg; 94%). 1H NMR (400 MHz; CDCl3): δ  7.14 (d, 

J = 8.5 Hz, 1H), 6.63 (dd, J = 8.4, 2.6 Hz, 1H), 6.55 (d, J = 2.4 Hz, 1H), 5.27 (s (br), 1H), 3.76 (t, J = 8.5 Hz, 

1H), 3.67 (s, 3H), 2.86 (dd, J = 16.9, 5.1 Hz, 1H), 2.71 (d, J = 16.8 Hz, 1H), 2.30 (m, 4H), 2.18-2.06 (m, 1H), 

1.90 (dd, J = 12.3, 2.8 Hz, 1H), 1.74-1.17 (m, 28H), 0.78 (s, 3H). 13C NMR (75 MHz; CDCl3): δ 174.78, 

153.7, 137.3, 131.9, 127.2, 116.3, 113.0, 82.2, 51.7, 46.6, 43.5, 42.1, 38.2, 37.0, 34.7, 34.3, 33.3, 30.7, 30.0, 



29.69, 29.57, 29.50, 29.37, 29.24, 28.2, 27.4, 25.6, 25.1, 22.8, 11.2 HRMS (ESI) m/z calcd for [(M+Na)+] = 

493.3294, found = 493.3270 

11-((7R,8R,9S,13S,14S,17S)-3,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-7-yl)-N-hydroxyundecanamide (11): Hydroxylamine (50% v/v in water, 2.0 

mL, 31.85 mmol, 500 equiv.) at 0 ºC was added to 19 (30 mg, 0.064 mmol, 1 equiv.) dissolved in a 1:2:3 

mixture of H2O/MeOH/THF followed by the addition potassium hydroxide (3.0 M, 150 µL, 0.45 mmol, 7.0 

equiv.). The reaction mixture was kept in an ice bath and was slowly warmed up to r.t. and stirred for 24 h.  

The reaction mixture was acidified to pH 2-3 with a 0.5 M HCl and the biphasic mixture was concentrated 

in vacuum in the presence of celite to dry load the product for purification by reverse phase chromatography 

eluting 30 – 95% methanol in water to obtain 11 as a colourless oil (21 mg; 70% yield). Purity by HPLC: 

>99%, tr= 13.89, conditions: linear gradient from 95% H2O and 5% MeOH to 100% MeOH with 0.1% formic 

acid over 20 min.  1H NMR (500 MHz; CD3OD): δ  7.08 (d, J = 8.5 Hz, 1H), 6.54 (dd, J = 8.4, 2.5 Hz, 1H), 

6.46 (d, J = 2.3 Hz, 1H), 3.67 (t, J = 8.6 Hz, 1H), 2.84-2.79 (m, 1H), 2.69 (d, J = 16.5 Hz, 1H), 2.33-2.25 (m, 

3H), 2.08-2.02 (m, 3H), 1.93-1.90 (m, 1H), 1.75-1.72 (m, 1H), 1.62-1.20 (m, 24H), 0.78 (s, 3H). 13C NMR 

(126 MHz; CD3OD): δ 169.8, 156.0, 137.6, 131.9, 127.9, 116.9, 113.9, 82.6, 47.8, 44.5, 43.7, 39.7, 38.3, 

35.8, 34.7, 33.8, 31.0, 30.70, 30.61, 30.59, 30.4, 30.2, 29.1, 28.6, 26.8, 26.5, 23.6, 11.7. HRMS (ESI): m/z 

calcd for [(M+Na)+] = 494.3246, found = 494.3238 

N-(2-aminophenyl)-11-((7R,8R,9S,13S,14S,17S)-3,17-dihydroxy-13-methyl-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-7-yl)undecanamide (20): HBTU 

(89 mg, 0.24 mmol, 1.1 equiv.) was added at r.t. in one portion to a solution of carboxylic acid 18 (116 mg, 

0.21 mmol, 1.0 equiv.), o-aminoaniline (23 mg, 0.21 mmol, 1.0 equiv.) and DIPEA (111 µL, 0.64 mmol, 3.0 

equiv.) in dry DMF (3 mL) under an argon atmosphere. The reaction was stirred for 2 h at r.t. and was 

quenched with brine (5 the reaction volume). The reaction was extracted with ethyl acetate (2) and the 

combined organic layers were washed with water (4), aqueous 0.1 M HCl, saturated solution of ammonium 

chloride and brine. The organic layer was dried over anhydrous sodium sulfate, filtered and concentrated. 

The reaction mixture from the peptide coupling was dissolved in MeOH (5 mL) and K2CO3 (89 mg, 0.64 

mmol, 3.0 equiv.) were added to the solution and the reaction was stirred for 5 h at r.t. and concentrated. The 

residue was dried loaded into silica and purified by chromatography on silica gel eluting 15% ethyl acetate 

in toluene to obtain 20 as a colourless oil (108 mg, 92%). Purity by HPLC: 97%, tr= 8.08, conditions: linear 

gradient from 50% H2O and 50% MeOH to 100% MeOH with 0.1% formic acid over 20 min. 1H NMR (500 

MHz; CDCl3): δ  7.24 (s, 1H), 7.17 (dd, J = 8.1, 1.3 Hz, 1H), 7.12 (d, J = 8.4 Hz, 1H), 7.07 (td, J = 7.7, 1.3 

Hz, 1H), 6.81 (m, 2H), 6.62-6.60 (m, 1H), 6.54 (d, J = 2.6 Hz, 1H), 3.88 (s (br), 2H), 3.74 (t, J = 8.5 Hz, 1H), 

2.84 (dd, J = 16.7, 5.1 Hz, 1H), 2.70 (d, J = 16.7 Hz, 1H), 2.39 (t, J = 7.6 Hz, 2H), 2.32-2.27 (m, 2H), 2.16-

2.10 (m, 1H), 1.92-1.88 (m, 1H), 1.72 (dt, J = 14.9, 7.5 Hz, 2H), 1.64-1.56 (m, 2H), 1.50-1.14 (m, 19H), 0.77 

(s, 3H). 13C NMR (75 MHz; CDCl3): δ 172.4, 153.9, 140.8, 137.2, 131.7, 127.4, 127.1, 125.4, 124.6, 119.9, 

118.5, 116.3, 113.0, 82.2, 46.6, 43.5, 42.2, 38.3, 37.23, 37.07, 34.8, 33.4, 30.7, 29.7, 29.42, 29.38, 29.34, 

29.30, 27.9, 27.4, 26.0, 25.4, 22.8, 11.3HRMS (APCI): m/z calcd for [(M+H)+] = 547.3900, found = 547.3879 

N-(benzyloxy)-N-butyl-11-((7R,8R,9S,13S,14S,17S)-3,17-dihydroxy-13-methyl-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-7-yl)undecanamide (21): HBTU 

(105 mg, 0.28 mmol, 1.1 equiv.) was added at r.t. in one portion to a solution of carboxylic acid 18 (30 mg, 

0.06 mmol, 1.0 equiv.), N-butyl-O-benzyl hydroxylamine (10 mg, 0.06 mmol, 1.0 equiv.) and DIPEA (30 

µL, 0.17 mmol, 3.0 equiv.) in dry DMF (3.0 mL) under an argon atmosphere. The reaction was stirred for 2 

h at r.t. and was quenched with brine (15 mL). The reaction was extracted with ethyl acetate (2) and the 

combined organic layers were washed with water (4), aqueous 0.1 M HCl, saturated solution of ammonium 

chloride and brine. The organic layer was dried over anhydrous sodium sulfate, filtered and concentrated. 

The resulting crude reaction was dissolved in methanol (3.0 mL) and K2CO3 (23 mg, 0.17 mmol, 3.0 equiv.) 

was added to the solution and stirred for 4. The reaction mixture was acidified to pH 4-5 and was concentrated 

over silica gel. The residue was purified by chromatography on silica gel eluting 15% ethyl acetate in toluene 

to give 21 as a colourless oil (37 mg, 90%). Purity by HPLC: 96%, tr= 4.58, conditions: linear gradient from 



50% H2O and 50% MeOH to 100% MeOH with 0.1% formic acid over 15 min. 1H NMR (500 MHz; CDCl3): 

δ  7.38 (t, J = 4.2 Hz, 5H), 7.13 (d, J = 8.5 Hz, 1H), 6.65 (dd, J = 8.4, 2.7 Hz, 1H), 6.57 (d, J = 2.6 Hz, 1H), 

6.01 (s (br), 1H), 4.80 (s, 2H), 3.75 (td, J = 8.2, 4.7 Hz, 1H), 3.66 (s, 2H), 2.85 (dd, J = 16.8, 5.2 Hz, 1H), 

2.71 (d, J = 16.3 Hz, 1H), 2.39 (t, J = 7.2 Hz, 2H), 2.34-2.27 (m, 2H), 2.16-2.09 (m, 1H), 1.92-1.89 (m, 1H), 

1.74-1.11 (m, 28H), 0.91 (t, J = 7.4 Hz, 3H), 0.78 (s, 3H). 13C NMR (126 MHz; CDCl3): δ 167.7, 154.0, 

137.1, 134.7, 131.5, 129.21, 129.05, 128.85, 127.1, 116.3, 113.1, 82.2, 76.4, 46.6, 43.5, 42.2, 38.3, 37.1, 34.8, 

33.4, 30.7, 29.64, 29.54, 29.48, 29.41, 29.32, 27.9, 27.4, 25.4, 24.8, 22.8, 20.1, 13.9, 11.3 HRMS (APCI) m/z 

calcd for [(M+H)+] = 618.4522, found = 618.4507 

N-butyl-11-((7R,8R,9S,13S,14S,17S)-3,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-7-yl)-N-hydroxyundecanamide (22): Palladium on carbon 

(10% w/w, 13 mg, 0.012 mmol, 0.4 equiv.) was added to a solution of 21 (20 mg, 0.03 mmol, 1.0 equiv.) in 

ethanol (2.0 mL), and was stirred at r.t. for 45 min under a hydrogen atmosphere. The reaction mixture was 

filtered through celite and concentrated. The residue was purified by chromatography on octadecyl-

functionalized silica gel eluting a gradient of 50% to 100% methanol in water giving 22 as a colourless oil 

(12 mg, 70%). 1H NMR (400 MHz; CD3OD): δ 7.08 (d, J = 8.5 Hz, 1H), 6.54 (dd, J = 8.4, 2.5 Hz, 1H), 6.46 

(d, J = 2.2 Hz, 1H), 3.67 (t, J = 8.5 Hz, 1H), 3.59 (t, J = 7.0 Hz, 2H), 2.84-2.79 (m, 1H), 2.69 (dd, J = 16.6, 

0.4 Hz, 1H), 2.44 (t, J = 7.5 Hz, 2H), 2.35-2.25 (m, 2H), 2.06-1.89 (m, 3H), 1.76-1.15 (m, 34H), 0.98-0.90 

(m, 3H), 0.78 (s, 3H). 13C NMR (126 MHz; CDCl3): δ 166.6, 148.7, 137.4, 129.30, 129.07, 129.07, 128.9, 

127.2, 122.58, 118.9, 83.0, 46.5, 43.1, 41.6, 38.3, 37.3, 34.7, 33.3, 30.2, 30.0, 29.85, 29.65, 28.4, 27.75, 

27.19, 25.9, 24.9, 23.0, 21.4, 14.0, 11.2. HRMS (ESI) m/z calcd for [(M+H)+] = 550.3872, found = 550.3871 

3-amino-N-(benzyloxy)-N-butylbenzamide (25): HBTU (3.2 g, 8.37 mmol, 1.6 equiv.) was added at r.t. 

in one portion to a solution of carboxylic acid 24 (715 mg, 5.21 mmol, 1.0 equiv.), O-benzyl-hydroxylamine 

(1.4 g, 7.82 mmol, 1.5 equiv.) and DIPEA (4.5 mL, 26.05 mmol, 5.0 equiv.) in dry DMF (10 mL) under an 

argon atmosphere. The reaction was stirred for 2 h at r.t. and was quenched with brine (5 the reaction 

volume). The reaction was extracted with ethyl acetate (2) and the combined organic layers were washed 

with water (4), aqueous 0.1 M HCl, saturated solution of ammonium chloride and brine. The organic layer 

was dried over anhydrous sodium sulfate, filtered and concentrated. The residue was purified by 

chromatography on silica gel eluting 25% ethyl acetate in toluene to give 25 as a solid (1.35 g, 87%). 1H 

NMR (400 MHz; CDCl3): δ  7.32-7.28 (m, 3H), 7.18-7.14 (m, 3H), 6.99 (d, J = 7.6 Hz, 1H), 6.91 (t, J = 1.8 

Hz, 1H), 6.76 (ddd, J = 8.0, 2.4, 1.0 Hz, 1H), 4.69 (s, 2H), 3.69 (m, 4H), 1.73-1.65 (m, 3H), 1.36 (dd, J = 

15.0, 7.5 Hz, 2H), 0.91 (t, J = 7.4 Hz, 3H). 13C NMR (101 MHz; CDCl3): δ 170.3, 146.3, 135.9, 129.6, 129.0, 

128.8, 128.6, 118.3, 117.0, 114.7, 76.5, 29.5, 20.0, 13.9. IR (thin film) 3347, 2006, 2970, 1738, 1366, 764 

HRMS (ESI) m/z calcd for [(M+Na)+] = 321.1579, found = 321.1579 

N-(benzyloxy)-3-(6-bromohexanamido)-N-butylbenzamide (26): EDC•HCl (475 mg, 2.48 mmol, 1.5 

equiv.) was added to a solution of 6-bromohexanoic acid (386 mg, 1.98 mmol, 1.2 equiv.), aniline 25 (491 

mg, 1.65 mmol, 1.0 equiv.) and DMAP (80 mg, 0.66 mmol, 0.4 equiv.) in dry DCM (10 mL) at 0ºC. Upon 

addition, the cold bath was removed and the reaction mixture was stirred for 4 h at r.t.. Upon completion, the 

reaction mixture was quenched with water. The reaction was extracted with ethyl acetate (2) and the 

combined organic fractions were washed with 0.1 M HCl, water and brine. The organic layer was dried over 

sodium sulfate, filtered and concentrated.The resulting residue was purified by chromatography on silica gel 

eluting 15 - 25% ethyl acetate in toluene to obtain 26 as a viscous oil (636 mg, 81% yield). 1H NMR (400 

MHz; CDCl3): δ  8.05 (s, 1H), 7.94 (d, J = 6.4 Hz, 1H), 7.53 (s, 1H), 7.30 (sextet, J = 5.8 Hz, 5H), 7.10 (s, 

2H), 4.68 (s, 2H), 3.72 (s, 2H), 3.40 (t, J = 6.7 Hz, 2H), 2.35 (t, J = 7.4 Hz, 2H), 1.88 (quintet, J = 7.2 Hz, 

2H), 1.76-1.67 (m, 4H), 1.49 (dt, J = 15.3, 7.6 Hz, 2H), 1.36 (dq, J = 14.8, 7.4 Hz, 2H), 0.92 (t, J = 7.3 Hz, 

3H). 13C NMR (75 MHz; CDCl3): δ 171.4, 169.7, 138.2, 135.0, 134.1, 129.4, 128.81, 128.68, 128.50, 123.4, 

122.0, 119.3, 77.5, 77.0, 76.61, 76.48, 37.2, 33.61, 33.46, 32.45, 32.36, 29.3, 27.7, 24.6, 19.9. IR (thin film) 

3276, 2930, 1763, 1705, 1656, 1275, 1043, 738. HRMS (ESI) m/z calcd for [(M+Na)+] = 497.1416, found = 

497.1415 



N-butyl-3-(6-(((7R,8R,9S,13S,14S,17S)-3,17-dihydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-7-yl)thio)hexanamido)-N-hydroxybenzamide (27): K2CO3 

(261 mg, 1.89 mmol, 6.0 equiv.) was added to a mixture of thiol 23 (100 mg, 0.315 mmol, 1.0 equiv.) and, 

alkyl bromide 26 (600 mg, 1.26 mmol, 4.0 equiv.) in degassed acetonitrile (10.0 mL) at r.t. under argon 

atmosphere and stirred for 12 h at r.t.. The reaction was monitored via TLC and upon reaction completion, 

the reaction mixture was quenched with 0.1 M HCl until reaching pH 3-5 and the organic solvent was 

concentrated under vacuum. The resulting residue was dissolved in ethyl acetate. NaCl was added to the 

mixture until reaching saturation of the aqueous phase and the resulting mixture was extracted with ethyl 

acetate (2). The combined organic extracts were dried over anhydrous sodium sulfate, filtered and 

concentrated. The resulting residue was purified by chromatography on octadecyl-functionalized silica gel 

eluting 25 - 85% methanol in water. The resulting thioether was dissolved in a 1:1 mixture of ethanol/ethyl 

acetate (5 mL) and palladium on carbon (10% w/w, 33 mg, 0.063 mmol, 0.1 equiv.) was to solution and was 

stirred at r.t. for 25 min. The reaction mixture was then filtered through Celite and concentrated under 

vacuum. The residue was purified by chromatography on octadecyl-functionalized silica gel eluting a 

gradient of 50% to 100% methanol in water giving 27 as an oil (67 mg, 35% yield). Purity by HPLC: 99%, 

tr= 4.75, conditions: linear gradient from 50% H2O and 50% MeOH to 100% MeOH with 0.1% formic acid 

over 15 min.  1H NMR (400 MHz; CD3OD): δ  7.84 (s, 1H), 7.63 (d, J = 7.1 Hz, 1H), 7.37 (t, J = 7.9 Hz, 

1H), 7.30 (s, 1H), 7.08 (d, J = 8.4 Hz, 1H), 6.56 (dd, J = 8.4, 2.5 Hz, 1H), 6.47 (d, J = 2.3 Hz, 1H), 3.69 (s, 

1H), 3.64 (t, J = 8.5 Hz, 1H), 3.13 (m, 2H), 2.96 (d, J = 17.0 Hz, 1H), 2.57 (dq, J = 11.9, 6.1 Hz, 2H), 2.43-

2.29 (m, 4H), 2.03 (dtd, J = 13.5, 8.8, 5.0 Hz, 1H), 1.92-1.88 (m, 1H), 1.77-1.19 (m, 16H), 0.99-0.90 (m, 

3H), 0.76 (s, 3H). 13C NMR (126 MHz; CD3OD): δ 174.8, 171.9, 156.2, 140.1, 136.60, 136.51, 131.7, 129.8, 

127.8, 124.5, 123.0, 120.6, 116.9, 114.3, 82.5, 51.2, 48.1, 44.7, 44.4, 44.2, 40.1, 38.4, 38.06, 37.97, 31.9, 

30.88, 30.73, 30.4, 29.6, 28.3, 26.5, 23.6, 21.0, 14.2, 11.9. IR (thin film) 3274, 3013, 29830, 1735, 1708, 

1656, 1275, 1259, 764. HRMS (ESI) m/z calcd for [(M+Na)+] = 631.3182, found = 631.3165 

Biological protocols 

Cell lines, reagents and plasmids 

Cell lines were ordered from ATCC. SAHA were purchased from Tocris Cookson Ltd (Minneapolis, MN). 

ERα-Rluc was cloned as previously descried.36 LXXLL-eYFP was generated by cloning of SRC2 residues 

690 to 694 into the peYFP-N1 vector described in Breton et al 43. 

Cell transfection and BRET assays 

HEK293 cells were grown to confluence, trypsinized and plated at a density of 0.5 million cells per well 

(12-well plates) in DMEM supplemented with 10% charcoal-treated FBS (FBS-T). The following day, cells 

were transfected with PEI using 0.1μg of ERα-RLuc vector and 1μg of NCoA1-eYFP vector. 48 h post-

transfection, cells were co-treated with hybrid compounds and E2 (1 nM) for 2 h before taking BRET 

measurements. Luminescence was measured using a TriStar LB 941 (berthold Technology, Bad Wildbad, 

Germany) with detection channels centered on 485 and 530 nm for Donor and Acceptor emissions, 

respectively. IC50s were calculated using GraphPad (R2 values all above .96) from 3 experiments and standard 

error is less than 2.5%.  

Luciferase assay 

T47D-KBLuc cells (ATCC) were maintained in phenol red-free RPMI medium (10% dextran-charcoal 

treated FBS, 2.5 g/L D-glucose, 10 mM HEPES, 1 mM sodium pyruvate, 2% L-glutamine, 1% Pen/Strep) 

for 72 h. Cells were seeded at a density of 10 000 cells per well in 96-well white luminescence plates in 

triplicates (BD Falcon). The following day, medium was changed for medium containing antiestrogens, 

HDACis or hybrid molecules in combination with E2 (0.1 nM) or an equal volume of DMSO. For the 

calculation of IC50 values, molecules were tested starting with a maximum of 5 µM (hybrids) or 2 µM (OHT), 

and 1:2 dilutions thereafter across twelve concentrations. Cells were incubated for 24 h at 37°C. Cells were 

washed once with PBS, and lysis buffer containing 705 µM D-luciferin (Nanolight Technologies) was added. 



Plates were read on a luminescence counter following 8 minutes of incubation at r.t.. Each experiment was 

performed 2-3 times.  

HDACi assay  

Boc-Lys(Ac)-7-amino-4-methylcoumarin (Boc-Lys(Ac)-AMC) was used as substrate for the HDAC 

assays. Substrate solution was prepared as follows: Boc-Lys(Ac)-AMC was dissolved in DMSO and diluted 

with HDAC buffer (15 mM Tris–HCl [pH 8.1], 250 µM EDTA, 250 mM NaCl, 10% glycerol) to give 1 mM 

solutions containing 1.7% DMSO. HDAC enzyme solutions were prepared by diluting HDAC3 and HDAC6 

(Cayman Chemical) to concentrations of 0.02 ng/µL and 0.05 ng/µL in HDAC buffer (above). A trypsin 

solution (10 mg/mL) in HDAC buffer was used for development. Release of AMC was monitored by 

measuring the fluorescence at 460 nm (ex = 390 nm) with a microplate reader (SpectraMax Gemini) at 37 

°C. The AMC signals were recorded against a blank with buffer, substrate and trypsin but without the enzyme. 

All experiments were carried out at least in triplicate.  

For HDAC assays, inhibitor (or none for control) diluted in 50 µL of HDAC buffer was mixed with 10 µL 

of diluted HDAC2, -3 or -6 solution in HDAC buffer at r.t.. The assay was begun by adding 40 µL of substrate 

solution in HDAC buffer followed by incubation with stirring at 37 °C. After 30 min, 100 µL of trypsin 

solution was added. After a further 10 min incubation period with stirring at 37 °C, the release of AMC was 

monitored by measuring the fluorescence.  

Cell growth measurement 

Cell were plated at 0.4 million cells per well (6-well plate) in DMEM 5% FBS-T for all cell lines. Cells 

were treated every 48 h and media was refreshed every 96 h. After 10 days of treatment, cells were harvested 

in 0.1 N NaOH and growth was quantified by analyzing protein content of lysates with a Lowry assay. 
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