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1. Introduction 

 

1.1 Lysosomes 

The lysosome is a field of research that has long been underestimated but is now receiving 

more and more attention. The growing interest in lysosomes and the endolysosomal system 

(ELS) can be attributed to the numerous processes they regulate, which in turn affect human 

health and disease. 

Lysosomes are membrane-bound organelles found in eukaryotic cells. With an intraluminal pH 

of < 5, their interior milieu is acidic. They were first discovered by CHRISTIAN DE DUVE[1], who 

eventually received the Nobel Prize in Physiology or Medicine for his findings in 1974. 

Lysosomes are equipped with a comprehensive set of hydrolytic enzymes that can break down 

various biomolecules like peptides, nucleic acids, lipids and polysaccharides. The lumen of the 

lysosome is encircled by a cholesterol-poor and heavily glycosylated membrane, which 

segregates the aggressive acidic environment from the rest of the cell. The membrane is 

traversed by various ion channels (Figure 1). Autodigestion of the membrane by the hydrolytic 

enzymes is prevented by the glycocalix[2, 3]. The enzymes work best in a specific, acidic 

environment, which is maintained in the lysosomal lumen by an ATP-consuming proton pump 

(VATPase)[4].  
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Figure 1: Depiction of the lysosome with selected digestive enzymes and ion channels 

(cf. l it. [5 ]) 

 

One of the main functions of lysosomes is the digestion of macromolecules. These 

macromolecules reach the lysosomes by various routes, including the endocytotic and the 

autophagic pathway[6]. Both itineraries mainly lead to the fusion of cargo loaded vesicles with 

the lysosomes to form hybrid organelles.  

In the endocytotic pathway, in brief, extracellular molecules or surface proteins are internalized 

by endocytosis and then delivered to early endosomes (EE) where they are efficiently sorted. 

For recycling, the cargo can be transported back to the plasma membrane through recycling 
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endosomes (RE). For degradation, the EE matures to a late endosome (LE), which can fuse 

with a lysosome to form an endolysosome, where the eventual degradation takes place[7-10]. 

The autophagic pathway is divided into three different types: macroautophagy, 

microautophagy and chaperone-mediated autophagy. In the following, the focus is on 

macroautophagy and the term autophagy refers to this subject. Succinctly, the autophagy 

process consists of the sequestration of cytoplasmic material like macromolecules, organelles 

and misfolded proteins into an autophagosome that is delivered to a lysosome. The fusion of 

the two vesicles creates an autolysosome in which the cargo is finally degraded and recycled[11] 

(Figure 2). Autophagy is a pivotal catabolic process associated with the maintenance of 

cellular and tissue homeostasis[12, 13]. 

 
Figure 2 : The process of macroautophagy (cf. l it. [14 ]) 

 

Lysosomes have emerged as an important subject of research, involved in various biochemical 

processes and diseases. For a long time merely recognized as the trash can or the recycle bin 

of the cell, in recent years lysosomes have been shown to transcend this role by far[15, 16]. They 

possess several functions within the cell: They participate in immunity, plasma-membrane 

repair, cell adhesion and cell migration. Furthermore, they act as a sophisticated regulatory 

and signaling hub that is responsive to environmental cues as well as cellular and organismal 

needs[6]. They are also involved in nutrient sensing, metabolic signal transduction[17] and cell 
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death[18]. With a Ca2+ concentration which is 5000 fold higher than in the cytosol (~ 0.5 mM in 

the lysosome vs ~ 100 nM in the cytosol) lysosomes are small Ca2+ stores in the cell[19]. 

In particular, the role of autophagy in health and disease has arisen as a substantial topic of 

scientific investigations over the last two decades. Several studies have emphasized the role 

of autophagy in longevity[20, 21], cancer[22, 23], neurodegeneration[24, 25] and a myriad of other 

biochemical processes. 

A master transcriptional regulator of autophagy and lysosomal biogenesis is transcription 

factor EB (TFEB). In brief, the regulatory function of this protein works by translocation from 

the cytosol to the nucleus, resulting in the activation of genes including those of the CLEAR 

(Coordinated Lysosomal Expression and Regulation) network[26-28]. The cellular localization 

and the activity of TFEB are primarily controlled by its phosphorylation status. The two main 

kinases known to phosphorylate TFEB are mechanistic target of rapamycin complex 1 

(mTORC1) and extracellular signal-regulated kinase 2 (ERK2), both master regulators of 

cellular growth. Phosphorylated TFEB is kept inactive in the cytosol[29]. Dephosphorylation by 

the phosphatase calcineurin initiates its nuclear translocation and thus promotes activation[30] 

(Figure 3). A crucial element in the process of autophagy and in the ELS is the endolysosomal 

ion channel TRPML1. 
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Figure 3 : Regulation of autophagy and gene expression by TFEB and lysosomal 

signaling, Cn = Calcineurin, MCOLN1=TRPML1 (cf . l it. [31]) 

 

1.2 TRPML1 

TRPML (transient receptor potential mucolipin) is a sub-family within the transient receptor 

potential (TRP) cation channel superfamily. The TRP group comprises the seven members 

TRPML, TRPA, TRPC, TRPM, TRPV, TRPP and TRPN, whereby the first six are found in 

mammals. TRPML in turn is composed of the three isoforms TRPML1, TRPML2 and TRPML3. 

TRPML1, encoded by the MCOLN1 gene and often also referred as Mucolipin-1 (MCOLN1), 

is an unselective, inwardly rectifying cation channel predominantly localized in the membrane 

of late endosomes and lysosomes in all mammalian cell types. Mainly known as a Ca2+
 release 

channel in the lysosome, it is also permeable for Na+, Fe2+, Zn2+ and other cations. The channel 

is a tetrameric protein with six transmembrane domains[32] whose trafficking to lysosomes and 

late endosomes is regulated by two di-leucine motifs at the cytosolic N- and C-terminal tails 

(Figure 4)[33].  
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Figure 4 : The TRPML1 ion channel with its six transmembrane domains, red : di- leucin 

motif, purple: proline r ich domain, blue: serine lipase motif, P: pore region cf. l it [ 34]  

 

The endolysosomal inositol lipid phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2), a major 

constituent of the lysosomal membrane, has been described as an endogenous activator of all 

TRPML channels. In contrast, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2), which is 

mainly found in the plasma membrane, has been identified as endogenous inhibitor of 

TRPML1[35] (Figure 5). A study by ZHANG et al. suggests that reactive oxygen species (ROS) 

are also capable of activating TRPML1 and that the channel acts as a ROS sensor in 

lysosomes[36]. 

 
Figure 5 : Endogenous ligands of TRPML1, left: phosphatidylinositol 3,5 -bisphosphate 

(activator), r ight: phosphatidylinositol 4,5-bisphosphate ( inhibitor)  

 

Moreover, the regulation of TRPML1 by Ca2+ and pH has been described[37]. Although the 

channel has been shown to be impermeable for protons, TRPML1-mediated currents are 

potentiated by low luminal pH[38, 39] and loss of TRPML1 reportedly affects the lysosomal 

luminal pH[40, 41]. Loss or mutation of TRPML1 with dysfunction causes Mucolipidosis Type IV 

(ML-IV), a neurodegenerative lysosomal storage disorder. Most ML-IV patients suffer from 

psychomotor delay, progressive visual impairment and achlorhydria[42]. 

TRPML1 exhibits several functions in different physiological processes, albeit its role in many 

of them is still not fully understood. It is involved in membrane trafficking, fission and fusion of 
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vesicles, lysosomal exocytosis and regulates mTORC1 activity as well as lysosomal motility 

and positioning[43-47]. Autophagy is mediated by TRPML1 through activation of calcineurin and 

the resulting induction of TFEB (see Figure 3) as well as via a pathway independent of TFEB[30, 

48]. The ion channel is involved in sarcolemma repair, osteoclastogenesis and bone 

remodeling[49, 50]. In the immune system, TRPML1 controls the migration of dendritic cells[51] 

and is implicated in the education of natural killer (NK) cells[52, 53]. These processes are mainly 

mediated by the channel through calcium signaling, whereby recent studies also emphasize 

the relevance of TRPML1 in governing the flux and homeostasis of Fe2+ and Zn2+[38, 54-56]. 

Likewise, TRPML1 is associated with various human diseases. Its role in different 

neurodegenerative diseases is discussed. It has been shown that TRPML1 affects the 

clearance of accumulated tau in Alzheimer's disease by lysosomal exocytosis through 

regulation of TFEB[57]. Recent studies revealed that activating the channel with a synthetic, 

subtype-unselective agonist rescues Alzheimer related alterations[58] and protects human 

dopaminergic neurons from α-synuclein toxicity, which is part of the pathogenesis of 

Parkinson’s disease[59]. TRPML1 is also linked to infectious diseases: It is involved in viral 

infections such as HIV[60] and the bacterial Helicobacter pylori infection[61]. Finally, one of the 

most investigated subjects in the research on TRPML1 is its role in cancer. It has been shown 

that the loss of TRPML1 function impairs growth of melanoma cells[62] and suppresses the 

growth of triple negative breast cancer (TNBC)[63, 64]. Moreover, TRPML1 regulates cancer cell 

migration[65] and cancer cells driven by the small GTPase HRAS are vulnerable to TRPML1 

inhibition[66]. In contrast, activation of TRPML1 was found to reduce cell viability and induce 

apoptosis in glioma cells[67]. 

In conclusion, TRPML1 contributes to a myriad of physiological processes and diseases. Due 

to its intricate and elusive role in many of them, chemical tools for studying TRPML1 as a vital 

component of lysosomes and the ELS are highly sought after. Chemical tools in general are 

essential for research on a biological target, in particular if the functions and the mechanisms 

of the addressed target are not yet fully explored. Potent and selective modulators of TRPML1 

as chemical tools would not only provide the opportunity for further investigation of the channel 

but may also evolve into attractive lead structures and drug candidates in clinical 

pharmacology. They could then represent potential options for pharmacotherapy in the 

future[68-70]. 

The endogenous ligands PI(4,5)P2 and PI(3,5)P2 are too polar and therefore not suitable 

chemical tools apart from their use in selected biological experiments like endolysosomal 

patch-clamp. Hence, several low-molecular activators and inhibitors of TRPML1 with better 

pharmacokinetic properties have been developed in recent years. The field of agonists 

includes the unselective TRPML activators MK6-83[71], SF-51 and ML-SA1[72] as well as the 
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TRPML1 selective activator ML1-SA1[73] (Figure 6), most of them developed by the BRACHER 

group. With the not specifically named tetrazole compounds 1 and 2 very recently described 

by PENG et al., more activators have been added to the toolbox[74]. Regarding synthetic 

inhibitors, only the indoline derivative ML-SI1, an inhibitor with undisclosed structure named 

ML-SI2 and the 1,2-diaminocyclohexane derivative ML-SI3 were known, but poorly 

characterized examples in the literature[75, 76]. SAMIE et al. and WANG et al. who described ML-

SI1 and ML-SI3 in their publications did not provide any information regarding stereochemistry, 

although both molecules possess two stereocenters. Recent work by members of the BRACHER 

group shed light on the stereochemistry of ML-SI3 and identified (-)-(R,R)-trans-ML-SI3 as the 

most potent enantiomer[77, 78]. Given that all ML-SI compounds lack TRPML isoform-selectivity, 

there remained an evident need for selective TRPML1 inhibitors. 
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Figure 6:  Selection of l iterature known TRPML1 modulators , *: selectivity only 
confirmed by TRPML1 knock-out experiments, effect on other channels was not 

determined 

 

With this in mind, our cooperation partners Prof. Dr. Dr. CHRISTIAN GRIMM from the Walther-

Straub-Institut in Munich and Prof. Dr. MICHAEL SCHAEFER from the Rudolf-Boehm-Institut in 
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Leipzig together with their respective groups conducted a high-throughput screening (HTS) of 

a library of 2430 drug-like small molecules, including numerous FDA approved drugs, to 

identify TRPML isoform-selective inhibitors. The screening and the subsequent retesting 

revealed one promising hit: The steroidal compound 17β-estradiol methyl ether (EDME) 

(Figure 7), which showed an IC50 value of 0.5 µM for TRPML1 inhibition and a good isoform-

selectivity. EDME is not only selective, but also much more potent than the two literature known 

unselective inhibitors ML-SI1 (IC50: 15 µM) and (-)-trans-ML-SI3 (IC50: 1.6 µM)[77]. The 

inhibitory effect of EDME was confirmed by both whole-cell and endolysosomal patch-clamp 

experiments performed by the group of Prof. Dr. Dr. CHRISTIAN GRIMM. Taken together, this 

molecule was identified as the first potent and selective TRPML1 inhibitor. 
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Figure 7 : HTS and the result ing hit EDME. For the HTS, substances were analyzed by 

a fluorimetric Ca2+  influx assay. Primary hits were subsequently retested to be 
confirmed or falsif ied. Dose-response measurements and evaluation of TRPML isoform-

selectivity revealed the final hits, of which EDME was by far the most promising 
compound due to its high potency and selectivity.  
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2. Objectives 

 

As the molecule EDME has been identified as a potent TRPML1 inhibitor with a decent isoform-

selectivity, its general suitability as a pharmacological tool or even as a future drug candidate 

had to be investigated. Due to the structural similarity to 17β-estradiol a possible activity on 

estrogen receptors was expectable. Furthermore, the phenolic methyl ether moiety is known 

to be cleaved in vivo by CYP enzymes to give the free phenol. In the case of EDME, a study 

has shown that this process leads to 17β-estradiol[79], which is not only exceedingly less active 

on TRPML1 but also the endogenous ligand for estrogen receptors. Consequently, EDME 

can’t be considered as a drug candidate for this target. 

Rather, the systematic structural variation of this molecule was a promising strategy to gain 

access to better eligible TRPML1 inhibitors. The aim of this approach was to minimize or, if 

possible, eliminate estrogenic activity while simultaneously maintaining or even improving 

potency and selectivity on the desired target. In order to gather first insights into structure-

activity relationships, a second screening campaign was initiated in which several other 

pharmacologically active synthetic estrogens and antiestrogens as well as natural steroidal 

compounds were tested for their TRPML1 inhibitory activity. It was found that molecules 

without aromaticity in ring A (sterols e.g. cholesterol, pregnanes e.g. pregnenolone), which is 

the distinctive structural motif for steroidal estrogens, lacked notable activity. Only 

melengestrol acetate, a synthetic progestogen, and testosterone showed very weak inhibition 

of TRPML1. Antiestrogens (e.g. tamoxifene) were inactive. Among the estrogens tested, 

estradiol (3) showed a much weaker inhibitory effect, while only Mestranol, the 3-methyl ether 

of ethinylestradiol and 17α-ethynyl analog of EDME, showed a noteworthy inhibition. 

Moreover, estrogens bearing esters or a ketone instead of an alcohol at C-17 were found to 

be virtually inactive (Figure 8). 
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Figure 8: Results of the screening and the consecutive tests. Selected substances and  

their activity on TRPML1 are shown 
 

As none of these substances could match the TRPML1 inhibitory activity of EDME, the 

preliminary structure-activity relationship derived from these results can be resumed as 

follows: Aromaticity in ring A is crucial for the activity and variations at ring D are most likely 

critical. Since ring B and C are hardly accessible for synthetic variations, the most favorable 

positions for structural modifications were C-2 and C-3 of ring A. Furthermore, inversion of the 
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configuration of the secondary alcohol at C-17 had to be considered to elucidate whether the 

stereochemistry at this position is essential. In addition, substitution of the phenyl ring by 

suitable bioisosteres was a promising strategy of structural modification to alter the 

physicochemical and pharmacological properties of the molecule. In general, the design and 

synthesis of potential new inhibitors was limited by the availability of appropriate synthetic 

precursors. 

 
Figure 9: EDME, numbering and ring annotation 

 

On these premises, the aim of this work was to synthesize and biologically evaluate 

systematically modified analogs of EDME in order to get access to new potent and isoform-

selective TRPML1 inhibitors that are less active on estrogen receptors than the initial screening 

hit. 
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3. Strategy of synthesis 

 

The principle structure of potential inhibitors, as determined by the results of the preceding 

tests, is composed of an estrane-type scaffold with an aromatic ring A and a secondary alcohol 

at C-17. Taking all the information into account, the most reasonable structural modifications 

can be displayed as follows: 

 
Figure 10: Potential structural modifications of EDME 

 

Since the stereochemistry of potential new inhibitors was predefined by the estrane-type 

scaffold and the intention was to synthesize each compound in an enantiomerically pure form, 

the starting material generally had to be chosen in accordance with a “chiral pool”[80] synthesis 

approach. De novo synthesis was not considered a favorable option as it was too inefficient 

due to the complexity of the steroidal structure and the large number of possible stereoisomers 

formed during the process. 

The first idea was to synthesize the 17α-epimer of EDME, since molecules with this 

configuration were not included in the previous tests. It is known that the configuration at this 

position has a strong impact on estrogen receptor activity. In the case of estradiol, its 17α-

epimer alfatradiol shows a significantly lower binding affinity to estrogen receptors[81] and is 

recognized to have much weaker estrogenic effects[82]. Given that a change in configuration at 
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this position was seen as a opportunity to diminish effects on estrogen receptors, it was of 

great relevance how this modification affects the activity on TRPML1. 

All other planned novel analogs can essentially be divided into two sets of substances: Firstly, 

molecules with ammended, deleted and/or additional side chains and secondly, molecules with 

a heteroaromatic ring A. This distinction is made because each set requires a separate strategy 

of synthesis starting from completely different starting materials.  

The strategy for the first group was to modify the decoration of ring A. Estradiol (3) was selected 

as the perfect starting material for this approach as it has the required stereochemical 

properties, is commercially available and relatively inexpensive. Since it’s a phenol, it is 

accessible for various synthetic procedures and therefore a promising synthetic precursor for 

most of the above-mentioned approaches (see Figure 10). Substitution of the methyl ether 

with other ethers of different chain length and composition can be accomplished by 

etherification of estradiol (3). With regard to a possible in vivo use of the substances, metabolic 

stability was also a criterion for the design of potential analogs. As regular phenol ethers would 

presumably be cleaved by metabolic enzymes, it was also intended to synthesize compounds 

that are most likely not affected by this process. Examples for this type of molecules would be 

diaryl ethers or fluorinated alkyl ethers. Besides and also with this aspect in mind, it was 

planned to replace the methyl ether by other functional groups. Since this is not feasible with 

phenols directly, it was necessary to derivatize the starting material estradiol (3) in order to 

create a new useful building block that is accessible for this type of modification. The most 

promising option was to convert the phenol to a reasonable leaving group, preferably an aryl 

halide or aryl triflate, which could then undergo palladium-catalyzed cross-coupling or similar 

reactions. This would allow the introduction of a wide variety of functional groups at C-3. Lastly, 

it was planned to attach different substituents at C-2 of the phenyl ring. Analogous to the 

approach above, the preferred strategy was to first create an aryl halide or aryl triflate that 

could then be employed for palladium-catalyzed coupling reactions. In this case, halogenation 

of estradiol (3) at C-2 should provide the appropriate building block. This systematic 

modification of substituents should furnish further insights into the structure-activity 

relationships. 
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Scheme 1 : Retrosynthesis of the first set of compounds  

 

The idea behind the second group of compounds was to exchange the phenyl motif of ring A 

with adequate bioisosteres. The principle of “bioisosteres”[83] is a well-established strategy in 

medicinal chemistry to alter physicochemical and pharmacological properties of a bioactive 

molecule by replacing single atoms or functional groups by more or less similar moieties. This 

change affects toxicity, metabolism and pharmacokinetic and can at best enhance potency 

and improve selectivity. There are two different categories for the bioisosteric replacement of 

phenyl rings. The classical option is to implement neutral aromatic rings (thiophene, furan) or 

azaarenes (pyridine, pyrimidine). Besides, also non-classical bioisosteres (acetylene, bridged 

aliphatic ring systems) have been developed. For this work, the azaarene bioisosteres pyridine 

(4-aza analog of EDME) and pyrimidine (2,4-diaza anlalog of EDME) were chosen as the most 

favorable options as they can introduce basicity as well as H-bond donor and/or H-bond 

acceptor properties. This could lead to either an increase or a decrease in the interaction with 

the target protein and thus further elucidate the structure-activity relationships. For the 

synthesis of these compounds neither estradiol (3) nor EDME were suitable starting materials 

due to the lack of synthetic methods to convert phenols or phenol ethers into heterocyclic 

compounds. Instead, the also commercially available and affordable compound 19-

nortestosterone (nandrolone, 4) was chosen as the starting point for this set of analogs. As a 

homochiral molecule, it already possesses the required configurations at the stereocenters in 
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rings C and D, and above all its ring A is a cyclohexenone which can be cleaved by oxidation. 

This allows the introduction of nitrogen moieties. In addition, unlike testosterone and similar 

molecules, it does not bear a methyl group at C-10, which would prevent aromatization of ring 

A. Hence, it could later be recyclized to obtain the desired azaarenes. 

 
Scheme 2 : Starting material 19-nortestosterone (4) and the two azaarenes 

 

All in all, comprehensive modifications of EDME were designed under the aspects of feasibility 

and reasonability. The successful and unsuccessful synthesis attempts for all analogs derived 

from the above strategies as well as the biological evaluation of the resulting compounds are 

described and analyzed in the following chapters. 
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4. Results and discussion 

 

In this section, the experiments performed in the course of this work are shown and discussed. 

The first segment contains all conducted synthetic procedures and the results that have been 

published in scientific journals. In the second segment, the biological tests (mostly done by 

cooperation partners) and their individual outcome are presented.  

 

4.1 Synthesis 

As outlined above, the original synthesis concept was divided in separate parts based on the 

different type of modification. Further, the molecules can be categorized by their “generation”. 

The first generation is defined as all compounds that were synthesized and biologically 

evaluated in the course of the first publication in Scientific Reports in 2021[84]. All compounds 

prepared thereafter are classified as analogs of the second generation. 

 

4.1.1 First generation of analogs 

The first part of the investigations was the synthesis of analogs by substitution of residues at 

C-3 and the variation of stereochemistry at C-17 of the estrane-type scaffold. The synthesis 

and biological evaluation of EDME and the first 10 analogs are described in the publication in 

Scientific Reports in 2021[84], which is displayed in Chapter 4.1.3. The substances contained 

in this paper are published and referred as PRU-compounds. 

As the focus of this publication is more on the biological evaluation of the compounds, the 

design and synthesis concept of the analogs could not be presented in full detail. In the 

following two chapters, the synthesis routes to EDME and two of the analogs of the first 

generation are explicitly shown in detail in order to illustrate the specific contexts of their design 

and preparation. The design and synthesis of the other eight analogs does not require 

additional context and is therefore sufficiently covered in the publication. 

 

4.1.1.1 Synthesis of EDME and 17α-EDME 

Due to its combination of high selectivity and activity, EDME was in great demand by our 

cooperation partners for use in various biological experiments. Even though it is commercially 

available, due to its high price it was more reasonable to find a practical and effective synthesis 

protocol to produce the required quantities. EDME was successfully prepared in 69 % yield by 

O-methylation of estradiol (3) with dimethyl sulfate under alkaline conditions[85] (Scheme 3). 
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The same protocol was applied to alfatradiol (5), the 17α-epimer of estradiol, to obtain the 17 

α-analog PRU-2 in 51 % yield[85].  

 
Scheme 3: Preparation of EDME and PRU-2 

 

Unfortunately, reaction conditions for this method could not be optimized, as neither 

prolongation of the reaction time nor a higher amount of the alkylating agent led to better 

results. Because of the rather unsatisfying yield for this simple phenol methylation, the difficult 

handling and the high quantities of dimethylsulfate required, an alternative approach described 

by MUDDANA et al. was carried out with estradiol (3)[86] (Scheme 4). In this case, iodomethane 

was used as the alkylating agent and potassium carbonate as the base. With this protocol, the 

yield could be increased to 96 %. 

 
Scheme 4: Alternative, high-yielding preparation of EDME 

 

The target for the next series of syntheses was to substitute the methyl ether with other ethers 

of different chain lengths and/or different physicochemical properties.  
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4.1.1.2 Synthesis of fluorinated ethers 

As mentioned above, a big concern regarding EDME was the probable metabolic cleavage of 

its methyl ether group in vivo by CYP enzymes. To address this issue, it was intended to 

exchange this moiety by a metabolically stable bioisosteric group. Examples for such 

bioisosteres are the trifluoromethoxy group[87-90] as contained in the drug riluzole, and the 

difluoromethoxy group[91-93], as contained in the proton pump inhibitor pantoprazole and in 

roflumilast, an inhibitor of the enzyme phosphodiesterase-4. The rate-limiting step in an O-

demethylation reaction is the abstraction of a hydrogen atom from the CH3O group[87]. Since 

the C-F bond is much stronger than the C-H bond, such modifications should impede metabolic 

cleavage of this type. 

The first approach was to prepare estradiol-3-trifluoromethyl ether (6) by silver-catalyzed O-

trifluoromethylation of estradiol  with the Ruppert–Prakash reagent (CF3SiMe3) and a mixture 

of various oxidants following the procedure of LIU et al.[94] (Scheme 5 A). In contrast to the 

findings of LIU et al. (56 % yield), in our case only traces of a substance which possesses the 

appropriate mass could be found, but the amount was too low for a proper NMR analysis. TLC 

reaction control indicated complete consumption of the starting material, but due to the many 

employed reagents, most of them detectable on the TLC plate under UV irradiation, it was 

arduous to identify potential products. The number of partially overlapping spots on TLC as 

well as complicated flash column chromatography hampered the isolation and purification 

process. Beside the substance above mentioned, small amounts of one other product could 

be obtained. The detected mass corresponds to the mass of a molecule with two CF3 groups, 

albeit this could not be confirmed by NMR-analysis, since sufficient purity could not be reached 

for this product. Variation of the order in which the components were added or variations in 

temperature or reaction time failed to provide better results. In their publication, LIU et al. 

propose a possible mechanism of the reaction including a competitive side pathway, which 

leads to the formation of  trifluoruoromethylated arenes by a radical mechanism (Scheme 5 

B). The key step for this is the homolytic cleavage of  intermediate Ag-CF3. Another mentioned 

side product is the respective benzenesulfonate (7), which could be created by reaction of the 

phenol with N-fluorobenzenesulfonimide (NFSI). To impede these two pathways, the protocol 

of LIU et al. was slightly amended by carrying  out the reaction under exclusion of light and with 

the addition of antioxidant 2,4-di-tert-butylphenol (2,4-DTBP). In the paper, LIU et al. stated 

that for phenols bearing electron-donating substituents, the addition of this antioxidant inhibited 

side product formation and increased the yield of the desired trifluoromethyl ethers, but in the 

case of estradiol they refrained from adding 2,4-DTBP. However, none of these measures 

changed the outcome of the reaction in our case. A possible explanation could be lacking 

robustness of this method. LIU et al. did not only perform all reactions under an inert argon 

atmosphere but also used a glovebox for addition of all components. In our case, the reaction 
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was only carried out under a nitrogen atmosphere, which may not be sufficient for a successful 

reproduction of their results. After this approach failed, an alternative protocol for 

trifluoromethylation was explored. Usage of a method for the trifluoromethylation of phenols 

with 5-(trifluoromethyl)dibenzothiophenium trifluoromethanesulfonate under alkaline 

conditions[95] left 3 untouched (Scheme 5 C). Higher temperature (60°C – 100 °C) and a 

change of the base (K2CO3, Cs2CO3, triethylamine) did not lead to a different result. 
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Scheme 5: Attempted O-trifluoromethylations of estradiol (3), A: Attempt following the 

protocol of L IU et al. [94] B: Possible competitive reaction with NFSI and mechanism 
proposed by L IU et al. [94] blue: desired pathway, red: undesired pathway (own depiction)  

C: Attempt using 5-(tr ifluoromethyl)dibenzothiophenium tr if luoromethanesulfonate 

 

Since the preparation of the 3-trifluoromethoxy analog of EDME 6 was not successful, the 

alternative approach was to synthesize the 3-difluoromethoxy analog. Therefore, the method 
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for direct difluoromethylation of phenols under alkaline conditions described by ZAFRANI et 

al.[96] was applied to estradiol (3) to give 3-difluoromethoxy analog PRU-4 in 35 % yield. In this 

procedure, diethyl bromodifluoromethylphosphonate is used as a precursor for 

difluorocarbene. According to ZAFRANI et al., the key step of this process is the hydrolysis-

based P-C bond cleavage which leads to the bromodifluoromethyl anion. After elimiation of 

bromide,  the carbene is formed which then reacts with the respective phenolate to form the 

difluoromethyl ether (Scheme 6). 

 
Scheme 6: Mechanism of the dif luoromethylation proposed by ZAFRANI et al. [96 ] applied 

to estradiol (3) (own depiction) 
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4.1.1.3 Estradiol analogs attenuate autophagy, cell migration and invasion by direct and 

selective inhibition of TRPML1 

Rühl P., Scotto Rosato A., Urban N., Gerndt S., Tang R., Abrahamian C., Leser C., Sheng J., 

Jha A., Vollmer G., Schaefer M., Bracher F., Grimm C., Scientific Reports 2021, 11 (1)  8313 

 

Summary 

During this study, a substance library of 2430 drug-like small-molecule compounds was 

screened for TRPML1 isoform-selective inhibitors. Screening hit 17β-estradiol methyl ether 

(EDME) is described as the first highly potent and subtype-selective antagonist of TRPML1. 

The inhibitory effect of EDME and its superiority over the literature known inhibitor ML-SI3 was 

confirmed by whole cell patch-clamp experiments. TRPML1 inhibition of EDME was 

additionally demonstrated by endolysosomal patch-clamp. Further, EDME was chemically 

modified. In addition to the aforementioned analogs PRU-2 and PRU-4, eight more analogs 

with different substitution at C-3 were synthesized (Figure 11) in order to improve 

characteristics and explore structure-activity relationships. EDME and the prepared analogs 

were tested and biologically evaluated. This evaluation includes single cell Fura-2 Ca2+ 

imaging and fluorescence imaging plate reader (FLIPR) assisted Fluo-4 Ca2+ imaging for 

determination of TRPML1 activity and subtype-selectivity and a yeast estrogen screen (YES) 

assay with saccharomyces cerevisiae, stably transfected with estrogen receptor α, for the 

assessment of effects at ERα. Taking all results of these tests together, 3-vinylestrane PRU-

10 and methyl ketone PRU-12 were identified as the analogs with the best characteristics, 

offering a better selectivity profile and lower effects at ERα compared to EDME. EDME and 

these two analogs were shown to inhibit TFEB translocation to the nucleus and block 

autophagy by direct and selective inhibition of TRPML1. In addition, EDME was found to 

reduce cell migration and invasion in human estrogen receptor (ER-) negative breast cancer 

cells (MDA-MB-231). This result confirms that these compounds can effectively interfere with 

cancer hallmarks by inhibiting TRPML1, but independently of estrogen receptors. 
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Figure 11:  EDME and the first ten synthesized analogs (f irst generation of analogs)  
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4.1.2 Second generation of analogs 

4.1.2.1 Insertion of different functional groups at C-3 of the estrane scaffold 

The plan for the next series of compounds was to build on the results of the biological 

evaluation of the first generation and introduce other functional groups with different physico-

chemical properties at C-3 of the estrane scaffold.  

Since 3-vinylestrane PRU-10 and methyl ketone PRU-12 (Scheme 7) showed the best 

characteristics of all substances of the first generation, the first task for the next generation of 

compounds was to synthesize more analogs with a C-C instead of a C-O bond at C-3. One 

idea was to introduce lipophilic alkyl residues that would prevent the molecule from building H-

bonds at this site but, unlike PRU-10, would  not carry a double bond. The first approach of 

this concept was the catalytic hydrogenation of the above described olefin PRU-10 in 

methanol, which gave ethyl analog 8 in excellent yield[97]. 

 
Scheme 7: Best analogs of the first generation and synthesis of ethyl analog 8 

 

To get access to more analogs with comparable or also completely different structural features 

at C-3, the basic plan was to perform various palladium-catalyzed cross-couplings or similar 

reactions using estradiol 3-triflate (PRU-9) as the key intermediate.  

Following this principle, the 3-methyl analog of EDME 9, bearing a truncated alkyl chain 

compared to 8, should be prepared according to a procedure for palladium-catalyzed 

methylation of aryl halides and pseudohalides developed by COOPER et al.[98]. In this protocol, 

the (AlMe3)2·DABCO adduct (DABCO = 1,4-diazabicyclo[2.2.2]octane) is used as a transmitter 

of methyl carbanions (Scheme 8). In our case, the methyl analog could not be obtained as this 

approach merely led to decomposition of the reactant. Even though the authors pointed out 

that this method is applicable to a wide range of aryl halides and pseudohalides and that 

alcohols are tolerated, more complex and bigger molecules have not been investigated. Only 
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one example for a primary alcohol (4-bromobenzyl alcohol) was shown, secondary and tertiary 

alcohols were not included. Most likely, the utilized reagent is too reactive and decomposes 

the reactant PRU-9 before it can undergo the desired reaction.  

 
Scheme 8 : Failed attempt to synthesize the 3-methyl analog 9 

 

After preparation of the vinyl analog PRU-10 and the ethyl analog 8 (see Scheme 7), the next 

reasonable modification in this series was the corresponding alkyne. Like alkene and alkane, 

the alkyne moiety is lipophilic, but it also brings in various other effects. The alkyne bond is 

shorter than a C-C single or double bond and its hyperconjugated π-system provides donor-

acceptor interactions similar to those observed with the phenyl ring[99]. Therefore, it is classified 

as a bioisostere of a phenyl group[100], but can also mimic a variety of other functional groups 

including chloro, iodo and carboxamide[99]. Moreover, it is a weak electron withdrawing function 

and thus slightly changes electron density in ring A.  

The classic method for the synthesis of arylalkynes is SONOGASHIRA coupling. Coupling of 

estradiol 3-triflate (PRU-9) with trimethylsilylacetylene[101] led to the intermediate 10. 

Subsequent splitting of the trimethylsilyl group with tetrabutylammonium fluoride (TBAF) gave 

the aryl alkyne 11 with 61 % yield over two steps (Scheme 9). These two molecules have 

already been described by WANG et al.[102], however, their approach necessitates an additional 

reduction step as they used estrone 3-triflate as reactant. 
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Scheme 9 : Preparation of 11 via trimethylsilyl intermediate 10 

 

Since 3-acetyl analog PRU-12 provided good biological results, the synthesis of an analog 

bearing an aldehyde function at C-3 was also of great interest. This aldehyde would not only 

form similar hydrogen bonds like ketone PRU-12, but could in principle also act as reversible 

covalent inhibitor.  

The concept of covalent inhibition of enzymes or other target proteins is well established in 

medicinal chemistry as multiple approved drugs act as covalent inhibitors. The mode of action 

of these inhibitors is the creation of covalent bonds with nucleophilic amino acid residues or 

nucleobases. This principle of drug design can provide several advantages. Covalent inhibitors 

might require lower doses due to their high biochemical efficiency, which could result in 

decreased off-target effects. Due to the covalent binding, even high concentrations of 

endogenous substrate can’t easily displace the inhibitor from the binding site and the prolonged 

duration of action at the target might enable less-frequent drug dosing[103-105]. Covalent 

inhibitors can be divided into two classes: The irreversible covalent inhibitors and the reversible 

covalent inhibitors. 

The irreversible covalent inhibitors form permanent bonds with the target protein, which results 

in complete disactivation thereof. Prominent approved drugs belonging to this category are the 

NSAR ASS, the propargylamine rasagilin, the epoxide carfilzomib and the nitrogen mustard 

derivative bendamustin. The main disadvantage of these drugs is their high reactivity, which 

can lead to unwanted side effects and drug-induced toxicity like hepatotoxicity, mutagenicity 

or carcinogenicity[105]. The covalent modification of host proteins can also trigger an immune 

response, leading to idiosyncratic drug toxicity (IDT)[106]. Another issue of these inhibitors is 
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that the function of the biological target can only be restored by de novo synthesis of the 

affected protein, which strongly differs from target to target. If the affected protein is rapidly 

turned over by protein biosynthesis, the benefits of these drugs are limited, if the turnover 

occurs extremely slow, the long lasting time could again lead to toxicity[107]. Mechanism-based 

inhibitors like esomeprazol, fluoruracil, clopidogrel, clavulanic acid and finasteride are more 

specific as they are only converted into their active form by the target protein itself or at certain 

conditions that prevail almost exclusively in the target compartment (i.e. activation of 

esomeprazol in the highly acidic conditions of the canaliculi of parientel cells)[108]. The problem 

in drug design of these inhibitors is that such transformations only occur at particular targets, 

mainly enzymes, and are hard to predict. Additionally, dependence on the protein turnover is 

still a drawback. Above all, this mechanism of action is often only discovered 

retrospectively[109]. Hence, this principle is merely applicable in particular cases.  

The reversible covalent inhibitors also form covalent bonds with the target protein, the decisive 

difference to the irreversible inhibitors is that this bond is rather labile and can be cleaved to 

restore the affected protein, resulting in an equilibrium between the bound and unbound form.  

At the target protein, this bound form is stabilized by complex molecular interactions (i.e. H-

bounds) with the inhibitor, whereas the inhibitor can rather easily be released from off-target 

proteins due to the minor strength or absence of this effect. Thereby, enhanced selectivity and 

a reduced risk of off-target effects und undesirable activation of the immune system can be 

achieved[110]. The principle of reversible covalent inhibition is gaining more and more interest 

in medicinal chemistry and the number of approved drugs possessing this mechanism is 

increasing. Outstanding examples of these are the lactone orlistat (inhibitor of pancreatic 

lipase), the carbamate rivastigmine (AChE inhibitor), the nitriles saxagliptine and vildagliptine 

(DPP IV inhibitors) and the boronic acid bortezomib (proteasome inhibitor). One of the most 

important functional groups accessible for reversible covalent binding are aldehydes. Despite 

no approved covalent reversible inhibitor with an aldehyde as active warhead currently on the 

market, the ability of aldehydes to form these bonds is well known and widely utilized in 

pharmaceutical research. Especially in the field of proteasome inhibitors, aldehydes play an 

important role and were the first compounds investigated for this purpose, Calpain Inhibitor I 

(CAL I) being the most prominent example. The clinical drug candidate roblitinib (FGFR4 

inhibitor) is another covalent reversible inhibitor with an aldehyde as the active function. The 

reversible covalent inhibition of aldehydes works by the formation of a hemiacetal with a serine 

or threonine residue, or a hemithioacetal with a cysteine residue (Figure 12)[111, 112].  
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Figure 12: CAL I and roblit inib, mechanisms of reversible covalent binding  

Aldehyde-R1 = CAL 1, Aldehyde-R3 = roblit inib 

 

With this in mind, the EDME-derived aromatic aldehyde 12 (Scheme 10) was considered as 

an interesting compound for our project. 

The preparation of this analog was performed according to a method for palladium-catalyzed 

reductive carbonylation using N-formylsaccharine as a carbon monoxide surrogate, as 

published by KONISHI et al.[113]. Aldehyde 12 was obtained from aryl triflate PRU-9 in 20 % 

yield. 

 
Scheme 10: Synthesis of aldehyde analog 12 
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The advantage of this method is that it avoids working with carbon monoxide gas, which is 

extremely toxic and difficult to handle. Instead, the stable, inexpensive and easy-to-handle 

solid N-formylsaccharine is used as a CO source. The proposed mechanism of this formylation 

is depicted in Scheme 11. 

 
Scheme 11: Proposed mechanism according to KONISHI et al. [113]  applied to PRU-9 

(own depiction) 

 

According to KONISHI et al., a plausible mechanism involves reaction of N-formylsaccharine 

with a base to produce carbon monoxide (CO) and saccharinate. Oxidative addition of the 

substrate (in our case PRU-9) to Pd (0) generates Pd (II) intermediate A, which is followed by 

coordination and migratory insertion of CO to form intermediate B. From this stage, the authors 

suggest two possible paths to afford the desired aldehyde product (in our case 12): 

Intermediate B could either react directly with triethylsilane to produce the aldehyde and 



64 
 

recover palladium (0), or it could first exchange the triflate with saccharinate to form 

intermediate C, which then reacts with triethylsilane to generate the desired product.  

Even though TLC monitoring suggested a high conversion rate, the final yield was 

unexpectedly low. Since aromatic aldehydes are known to be sensitive molecules, the most 

plausible explanation is that the formed product decomposes partly during the work up or the 

purification process. The  aromatic aldehyde function could be oxidized under the influence of 

oxygen and temperature (rotary evaporator) or react with the free silanol groups of the silica 

gel in the column during flash column chromatography. As sufficient purity could not be 

achieved with column chromatography, a bisulfite extraction protocol, which is used as a 

specific method for the purification of aldehydes[114] was also employed. By combination of 

these two procedures, a purity of 92 % could be attained. 

After successful preparation of the aldehyde compound, the next target was the synthesis of 

nitrile analogs. As mentioned above, some nitriles are also able to act as reversible covalent 

inhibitors, with the DPP IV inhibitors vildagliptine and saxagliptine being the most prominent 

representatives. Nitriles can undergo reversible PINNER reactions, in the case of vildagliptine 

and saxagliptine reaction with an active site serine generates an imidate[105, 107]. The 

investigational drug odanacatib (inhibitor of cathepsin K) reversibly forms a thioimidate ester 

with a cysteine residue[115] (Figure 13). 

 
Figure 13: DPP IV inhibitors vildagliptin and saxagliptin and cathepsin K inhibitor 

odanacatib, mechanisms of reversible covalent binding  
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In order to obtain the desired nitrile analogs of EDME, palladium-catalyzed coupling 

approaches were again conducted with PRU-9. Two protocols from a publication by SHI et al. 

afforded the nitriles 13 and 14[97]. Compound 13 was prepared by palladium-catalyzed 

cyanation with potassium cyanide in N-methyl-2-pyrrolidinone (NMP) with good yield (80 %). 

A HECK reaction of PRU-9 with 2-propenenitrile gave the vinylogous nitrile 14 as an inseparable 

mixture of E- and Z-isomers in moderate yield (34 %) (Scheme 12).  

 
Scheme 12: Preparation of the nitr i les 13 and 14 

 

With these two nitriles and the aldehyde 12, three compounds were synthesized which could 

possibly act as reversible covalent inhibitors. 

The next envisaged modification was to substitute the oxygen of the original screening hit 

EDME by a nitrogen and thus generate amino analogs. These analogs would bring different 

physicochemical properties and also possess a basic character. Through systematic 

modification of the substitution of these analogs, different H-bond donor and/or H-bond 

acceptor properties can be implemented. The plan was to synthesize the unsubstituted aniline 

analog 15 and the N-methyl aniline analog 16, which would be both H-bond donors and 

acceptors and as well as the N,N-dimethylaniline analog 17 (Figure 14), which would only act 

as H-bond acceptor, but carry two methyl groups at the nitrogen. The favored strategy was to 

establish one pathway to get access to all three analogs. 
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Figure 14: Structure of the anil ine analogs of EDME 

 

WEIDNER et al. described a method for the preparation of 3-aminoestratrienes starting from 19-

nortestosterone (4) by a optimized SEMMLER-WOLFF rearrangement[116]. This protocol should 

be reproduced as described in order to receive the 3-amino analogs of EDME. The first step 

was the condensation of the ketone function of 19-nortestosterone with hydroxylamine, which 

gave in our case a mixture of the syn- and anti-oximes 18 and 19 in 83 % yield. SEMMLER-

WOLFF rearrangement of these oximes by heating in acetic anhydride at 110 °C for 39 hours 

and subsequent hydrolysis with hydrochloric acid gave the N- and O-acetylated estrane 20 

(Scheme 13). This process proved to be problematic for a number of reasons. Firstly, the 

results of this key step were highly inconsistent. In three approaches with different batch sizes, 

the yields ranged from 11 % to 37 %. Secondly, purification of the crude product could not be 

done as described in the paper, as recrystallization was not successful. Instead, two runs of 

elaborate column chromatography were performed to obtain the substance in at least 

moderate purity. The high amount of resulting side products and impurities aggravated the 

process. 

 
Scheme 13: Preparation of 20 following the protocol of WEIDNER et al. [116 ]  

The inconvienience of this step could be caused by the harsh conditions and possible side 

reactions. The BECKMANN rearrangement is known as a competing reaction under comparable 
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conditions[117, 118]. Albeit strong acids are normally used for this method, it is quite plausible that 

the reaction can also take place under these conditions, since the used acetic anhydride could 

not only contain acetic acid as an impurity, but also produces it in the course of the SEMMLER-

WOLFF reaction. As depicted in Scheme 14 the SEMMLER-WOLFF reaction starts with O-

acetylation of the employed oxime A to generate B. This molecule is protonated to afford C. 

This protonation is usually done with strong acids like hydrochloric acid, in the protocol of 

WEIDNER et al. exclusively acetic acid is used. Formal abstraction of acetic acid from tautomer 

D generates intermediate E which can subsequently be deprotonated by the resulting acetate 

to produce acetic acid and the desired aniline (F)[119]. In the BECKMANN rearrangement, starting 

material A is protonated to generate species G which subsequently proceeds to split off water. 

Nitrilium ion H is formed due to the migration of one alkyle residue to the nitrogen. Nucleophilic 

attack of a water molecule is followed by the abstraction of a proton to produce imidate J. 

Tautomerization of J finally generates amide K as the final product[120]. 
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Scheme 14: Proposed mechanisms for desired SEMMLER-WOLFF  rearrangement and 
competing BECKMANN  rearrangement shown on cyclohexenone oxime [119 ,  120]  (own 

depiction) 

 

Acetylated aniline 20 (see Scheme 13) as product of the SEMMLER-WOLFF rearrangement was 

considered as a possible synthetic precursor for the preparation of the N-monomethylated 

amino analog 16 (see Figure 14). The preparation of N-monomethyl anilines in general is often 

challenging. In most cases, it is not possible to start from unsubstituted anilines since classic 

methylation using alkylating agents as well as reductive alkylation with formaldehyde usually 

provide the N,N-dimethyl aniline exclusively, since the intermediate N-monomethyl anilines are 

stronger nucleophiles than the unsubstituted anilines and thus directly continue to react again. 

Hence, the preferred strategy for the synthesis of N-monomethyl anilines is to start from single 
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protected anilines. The protective group prevents the second methylation and can 

subsequently be cleaved to obtain the desired N-monomethyl aniline.  

Consequently, two small scale (10 mg) experiments for N-methylation of N-arylacetamide 

compound 20 were carried out. Treatment with sodium hydride and iodomethane led to 

decomposition of the molecule, mainly because the ester at C-17 interferes with this reaction. 

Although this outcome was to be expected, an attempt was made since there are examples in 

literature in which comparable esters were left untouched under these conditions [121, 122]. An 

alternative monoselective N-methylation method for amides[123] using phenyl 

trimethylammonium iodide as donor of a methyl group and cesium carbonate as base did not 

result in any conversion (Scheme 15). After failure of these approaches this strategy was no 

longer pursued. 

 
Scheme 15: Failed attempts for N-methylation of N-arylacetamide 20 

 

To continue this route nonetheless, 20 was treated with aqueous hydrochloric acid in ethanol 

to hydrolyze the acetate and the amide generating the hydrochloride salt 22, which was 

obtained in 70 % yield. (Scheme 16). Just like its precursor, this compound could not be 

isolated completely pure. 
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Scheme 16: Preparation of primary aromatic amine 22 

 

Due to bad atom economy, difficult purification caused by concomitant side-products as well 

as impurities and poor reproducibility, this SEMMLER-WOLFF method was not deemed a 

promising route for the synthesis of the three targeted amino analogs. 

Consequently, an alternative strategy for the synthesis of these molecules had to be 

developed. A standard method for preparation of aromatic amines is the BUCHWALD-HARTWIG 

coupling. It belongs to the  palladium-catalyzed coupling reactions and is widely used in 

medicinal chemistry. The main difference to SUZUKI, NEGISHI, STILLE or similar cross-couplings 

is that BUCHWALD-HARTWIG reactions form C-N bonds instead of C-C bonds. To realize this, 

the usage of special and complex phosphane ligands, highly dependent of the individual 

substrate, is necessary. The choice of bases is also limited, in most cases very strong and 

bulky bases like sodium tert-butoxide (NaOtBu) or lithium bis(trimethylsilyl)amide (LiHMDS) 

are required to achieve the amination[124, 125]. Since it is applicable to aryl halides and aryl 

pseudohalides, trifluoromethanesulfonate PRU-9 was again chosen as a suitable reactant. The 

substance should be converted with the two corresponding alkylamines under classical 

BUCHWALD-HARTWIG conditions to obtain N-monomethyl- and N,N,-dimethylamines 16 and 17 

(Scheme 17). Unfortunately, both attempts failed. Neither with N-methylamine nor with N,N-

dimethylamine the desired product was formed. Tris(dibenzylideneacetone)dipalladium (0) 

with 2-(dicyclohexylphosphino)-2',4',6'-triisopropyl-1,1'-biphenyl (XPhos)[126] and palladium (II) 

acetate with 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl (BINAP)[127] were used as catalysts. 

Since the secondary alcohol function at C-17 could be deprotonated by the frequently used 

base sodium tert-butoxide and thus consume one equivalent thereof, the usage of two 

equivalents was tested as well. To exclude a negative influence of the alcoholate function, the 

weaker bases cesium carbonate and potassium phosphate were also tried as alternatives to 

sodium tert-butoxide[128]. In all cases, either no conversion, decomposition or hydrolysis of the 

trifluoromethanesulfonate, which led to the formation of the original starting material estradiol 

(3), was observed.  
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Scheme 17: Failed attempts of BUCHWALD-HARTWIG amination, a: Pd2(dba)3  and XPhos 

b: Pd(OAc)2 and BINAP  

 

Since the conditions and catalyst systems used are well established[126-128], the failure of this 

approach could be determined by two components: The amine and the reactant. Regarding 

the amine, it has to be noted that the BUCHWALD-HARTWIG coupling is markedly superior for 

cyclic amines and benzyl amines. Even though many protocols and catalyst systems for 

application of various amines have been described in recent years, the coupling of acyclic and 

especially primary amines tends to be more critical. The major problem in this case is the β-

hydride elimination as a possible side reaction. The mechanism of the BUCHWALD-HARTWIG 

amination and the competing β-hydride elimination are shown in Scheme 18. After oxidative 

addition of the aryl halide or aryl pseudohalide (Ar-X) to a Pd (0) species and the following 

addition of the employed amine, an intermediate of the formula “LnPd (II)-NCH3(R2)” is formed. 

If the BUCHWALD-HARTWIG amination proceeds correctly, this species undergoes reductive 

elimination to afford the desired aryl amine, regenerating the Pd (0) catalyst concurrently. 

However, this intermediate can also be subjected to β-hydride elimination. In this process, a 

hydrogen of the alkyl group in β-position to the palladium gets transferred to the metal center 

as a hydride, forming an imine and a “Ar-Pd (II)-H” species which can reductively eliminate and 

thus produce the Ar-H side product, whereby the Pd (0) catalyst is regenerated[124]. Over time, 

more complex ligands have been developed to diminish the reaction rate of this unwanted 

pathway and make primary and secondary alkyl amines accessible for the BUCHWALD-

HARTWIG amination. Among them, especially chelating (i.e. BINAP[127, 129] and more bulky (i.e. 

Xphos[126, 130]) ligands increased the yields, when primary and secondary amines were 
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employed. Nevertheless, this method still has limitations, since the result of the reaction is 

heavily substrate-dependent, as can be seen in our case. 

 
Scheme 18: Reaction mechanism of the BUCHWALD-HARTWIG  coupling including β-

hydride elimination as unproductive side reaction  as proposed by the group of 
BUCHWALD [124]  transferred to a acyclic primary or secondary amine (own depiction), Ar: 

aryl, X: halide or pseudohalide, R1 : H or methyl, L: Ligand 

 

Regarding the reactant PRU-9, one of the problems could be the secondary alcohol function 

at C-17. The classical procedure involves usage of strong bases like sodium tert-butoxide or 

lithium bis(trimethylsilyl)amide, which may not be compatible with the alcohol. The employment 

of weaker bases such as carbonates and phosphates is also well established [128, 131], but in 

most cases leads to a lower conversion rate. The sole product that could be isolated was 

identified as estradiol (3), indicating that triflate hydrolysis is a major side reaction. This process 

can take place when triflates are treated with bases at higher temperatures. Stronger bases 

promote hydrolysis[132], but the weaker base cesium carbonate is also known to be capable of 

triflate hydrolysis[133]. Since this reaction competes with the desired conversion, the outcome 

of the approach is determined by the kinetics of both reactions. For a good result, it would be 
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crucial that the BUCHWALD-HARTWIG coupling proceeds faster than the hydrolysis as the 

emerging estradiol can not take place in this reaction and as a phenol with a pKa value of about 

10 also consumes one more equivalent of base. These circumstances together may have led 

to the failure of this approach. 

To address these issues, two changes had to be made. The first concerned the choice of the 

amine used. This had to fulfill two criteria: The amine should be more reactive under the applied 

conditions than those previously used and, at the same time, offer feasible synthetic 

possibilities for conversion to the unsubstituted aniline, N-monomethyl- and N,N-

dimethylaniline. Regarding these aspects, benzylamine emerged as the most promising 

option. As already mentioned, it is a well established building block for BUCHWALD-HARTWIG 

couplings. In addition, the generated N-benzylaniline compound could serve as a precursor for 

all three analogs, since the benzyl group should allow N-monomethylation of the nitrogen and 

can usually be easily split off. The second change is the introduction of a suitable protective 

group for the secondary alcohol at C-17. This group should sustain the conditions of the 

coupling step and ideally also subsequent N-methylation or reductive alkylation of the amine 

in order to obtain N-monomethylamine analog 16. Since the theoretical product of the 

BUCHWALD-HARTWIG reaction would already carry a benzyl group at the nitrogen, the plan was 

to protect the alcohol (17-OH) with a benzyl group beforehand in order to obtain the benzyl 

protected triflate 23, and after the coupling step ultimately cleave off both benzyl groups in one 

single step (Scheme 19).  
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Scheme 19: Planned synthesis route to amines 15, 16 and 17 via benzyl protection of 

the C-17 alcohol and BUCHWALD-HARTWIG coupling with benzylamine 

 

Excursus: Investigation on suitable benzylation methods for the benzyl protection of 

estradiol derivatives and 19-nortestosterone 

In the course of this project, the introduction of appropriate protective groups played an 

important role. All starting materials used for the synthesis of EDME analogs carried a 

secondary alcohol at C-17. In many cases, protection of this group was decisive for the 

success of the subsequent reactions.  

The benzyl group is one of the most favored and most utilized protective groups for alcohols. 

Besides the triflate PRU-9, two more compounds were planned to be converted into their 

corresponding benzyl ethers: carbamate 24 and 19-nortestosterone (4) (Scheme 20). The two 

latter substances and the associated reactions are part of the following chapters. Despite this, 

they are also included in this excursus, since the investigation on the most effective benzylation 
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method contained experiments with these compounds. The goal was to find one general 

procedure which is applicable to all three substances. Since 19-nortestosterone (4) was readily 

available in high amounts, pilot reactions were mostly conducted with this substance as starting 

material. 

 
Scheme 20: Depiction of the three compounds and their potential benzylation products   

 

The standard method for the benzyl protection of aliphatic alcohols is using the WILLIAMSON 

ether synthesis. Deprotonation with strong bases like sodium hydride generates an alcoholate, 

which subsequently undergoes a nucleophilic substitution reaction with a benzyl halide or 

benzyl triflate to form the desired benzyl ether. In the case of the three shown compounds, 

small scale test reactions indicated that none of the substances is suitable for this protocol. In 

all three cases, treatment of the respective starting material in DMF with sodium hydride led to 

its decomposition (Scheme 21).  



76 
 

 
Scheme 21: First benzylation approach with a classic W ILLIAMSON ether synthesis  

 

Since sodium hydride was deemed to be too reactive for our purpose, an alternative option 

was to use the milder base silver (I) oxide[134, 135]. Consequently, two small scale experiments 

in DMF and DCM were conducted under a nitrogen atmosphere using 19-nortestosterone (4), 

benzyl bromide (1.1 eq) and silver (I) oxide (1.5 eq) as base (Scheme 22). After stirring for 15 

hours at ambient temperature, TLC monitoring showed no conversion in either solvent. Even 

after increase of the temperature to 80 °C and gradual addition of another two equivalents of 

base and benzyl bromide, the starting material remained untouched. 
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Scheme 22: Attempt with silver(I) oxide 

 

After failure of these approaches under basic conditions, benzyl protection under acidic 

conditions should be examined. Benzyl 2,2,2-trichloroacetimidate is a reagent which allows 

acid-catalyzed benzylation of alcohols[136, 137]. To judge suitability of this reagent, a method 

published by SKAANDERUP et al.[138] using the LEWIS acid zinc trifluoromethanesulfonate as 

catalyst was tested on 19-nortestosterone (4) (Scheme 23). Generation of the potential 

product could be observed by TLC monitoring, but the reaction did not run until completion. 

The yield could not be accurately determined because a large amount of by-product 

trichloroacetamide (27) was produced, which could not be effectively separed by flash column 

chromatography.  

 
Scheme 23: Benzylation of 4 with benzyl 2,2,2-trichloroacetimidate and the generated 

by-product 27 

 

Nevertheless, identity of 26 could be confirmed by NMR and mass spectrometry analysis. The 

estimated yield based on NMR data was 50 %. Since the conversion rate was only moderate, 

the same reaction was again carried out using higher amounts of  benzyl 2,2,2-
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trichloroacetimidate. Unfortunately, addition of more equivalents of the reagent did not lead to 

a significant increase of the yield. Improved dissolution of the starting material could be 

reached by changing the solvent from diethyl ether to THF, but had no effect on the yield.  

Further on, another approach to receive a better result was usage of a BRØNSTED acid as 

catalyst. Hence, a protocol published by TARIQ RIAZ et al. conducting the reaction with 

trifluoromethanesulfonic acid and a 1:1 mixture of DCM and hexanes as solvent[139] was 

applied to 4 (Scheme 24). The outcome of this change was an even lower yield (20 % based 

on NMR data), while at the same time more side products were formed.  

 
Scheme 24: Benzylation attempt with tr if luoromethanesulfonic acid catalysis  

 

In order to assess transferability of the more successful LEWIS acid protocol with zinc 

trifluoromethanesulfonate, this reaction was also conducted with carbamate 24 (Scheme 25). 

Since the reaction could not be carried out in diethyl ether due to the extremely low solubility 

of 24 in this solvent, a mixure of diisopropyl ether (DIPE) and chloroform (7:1) was used 

instead. Benzyl ether 25 was obtained in 30 % yield (estimated based on NMR data), but again 

separation from by-product 27 could not be fully achieved. Due to the only moderate yields 

and the separation issue, this method was not considered ideal for our purposes and was 

correspondingly not pursued further. 

 
Scheme 25: Benzylation of 24 using the method by SKAANDERUP et al. [ 138]  
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In addition to benzylation under basic and acidic conditions, new methods have been 

developed in the last two decades that enable benzyl protection under neutral conditions. The 

group of DUDLEY described the benzylation of alcohols using pyridinium salt 2-benzyloxy-1-

methyl-pyridinium triflate (Dudley’s reagent) as donor of a benzyl group and magnesium oxide 

as acid scavenger[140]. The authors showed that several different substrates could be converted 

into their corresponding benzyl ethers in predominantly high yields. To investigate whether this 

protocol could provide better results than the method by SKAANDERUP et al., it should first be 

applied to 4 (Scheme 26). Heating the steroid 4, benzyl group donor 2-benzyloxy-1-methyl-

pyridinium triflate, which was previously prepared according to the method described in the 

paper[140] and magnesium oxide in trifluorotoluene gave the desired benzyl ether 26 in 82 % 

yield (shown in the later displayed publication in Molecules in 2023[141], substance number 7 in 

the paper). After this success, carbamate 24 and triflate PRU-9 were also subjected to this 

procedure yielding the desired benzyl ethers 25 (57 %) and 23 (90 %). 

 
Scheme 26: Successful strategy for the benzylation of the three compounds using the 

method by the group of DUDLEY [140]  



80 
 

The mechanism proposed in the publication assumes either a SN2 or a SN1 type pathway 

(Scheme 27), whereby the authors consider a SN1 mechanism to be more likely. Benzylation 

reagent 2-benzyloxy-1-methyl-pyridinium triflate reacts with an alcohol to produce the 

respective benzylether and 1-methyl-2-pyridone. Magnesium oxide is used as an acid 

scavenger to trap the released protons. 

 
Scheme 27: Mechanism of the benzylation with 2-benzyloxy-1-methyl-pyridinium tr if late 

proposed by the group of DUDLEY [140]  (own depiction) 

 

In conclusion, the O-benzylation method developed by the group of DUDLEY has proven to be 

suitable for the benzyl protection of all three compounds. The three resulting benzyl ethers 

could later be used for different synthesis approaches. The synthesis and characterization of 

26 is shown in detail in the publication in Molecules in 2023[141] which is depicted in Chapter 

4.1.2.3 (substance 7 in the paper). 

With benzyl protected triflate 23 now in hand, the BUCHWALD-HARTWIG coupling route could be 

proceeded. Compound 23 should be converted into amine 28 via coupling with benzylamine 

(Scheme 28). For the determination of the ideal reaction conditions for the BUCHWALD-

HARTWIG coupling, five test approaches were performed using varying combinations of 

temperature, base and catalyst (Table 1). All reactions were carried out with triflate 23 and 

benzylamine as reactants. 
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Method Catalyst Base Time, 

temperature 

Solvent Result/Yield of 

28 

1 Pd2(dba)3, 

XPhos 

K3PO4 

 

100 °C, 24 h dioxane 19 % 

2 Pd(OAc)2, 

XPhos 

Cs2CO3 160 °C, 10 min 

(microwave) 

DMF Hydrolysis to 

estradiol 17-

benzyl ether (28) 

3 Pd(OAc)2, 

XPhos 

Cs2CO3 100 °C, 24 h DMF 68 % 

4 Pd(OAc)2, 

BINAP 

NaOtBu 80 °C, 24 h toluene 27 % 

 
Table 1: Conditions of the test approaches of the BUCHWALD-HARTWIG coupling with 23 

and benzylamine 

 

Methods 1[142] and 4[143] provided rather low yields with 23. Microwave-assisted method 2[144] 

resulted in nearly quantitative hydrolysis of the triflate to give estradiol 17-benzyl ether (29). 

The same procedure, carried out at a lower temperature in an oil bath without microwave 

assistance (method 3), provided the key intermediate 28 in good yield (68 %). 

 
Scheme 28: BUCHWALD-HARTWIG coupling with benzylamine: Hydrolysis of 23 and most 

successful method 3 using an oil bath instead of microwave irradiation  
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Reductive N-methylation with formaldehyde and sodium cyanoborohydride in acetonitrile and 

acetic acid[145] gave 30 in 53 % yield. The subsequent catalytic hydrogenation merely cleaved 

the benzyl group bound to the nitrogen, while the benzyl ether at C-17 remained untouched. 

To accomplish the second debenzylation, the formed product 31 was treated with boron 

trichloride[146] giving the desired N-methyl aniline 16 in 70 % yield (Scheme 29). 

 
Scheme 29: Preparation of N-methyl anil ine analog 16 

 

For the synthesis of the primary aromatic amine 15 (see Figure 14, Scheme 19), BUCHWALD-

HARTWIG product 28 had to be debenzylated in the same manner. In contrast to the previous 

debenzylation sequence, 28 was first treated with boron trichloride, which resulted in selective 

cleavage of the benzyl ether to form benzyl amine 32 in 86 % yield. This time, the benzyl group 

bound to the nitrogen was left untouched. Subsequent catalytic hydrogenation of 32 finally 

yielded primary aromatic amine analog 15 (90 %). Reductive alkylation of this compound with 

formaldehyde and sodium cyanoborohydride[145] gave the N,N-dimethylamino analog 17 in 56 

% yield (Scheme 30). 
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Scheme 30: Synthesis of primary aromatic amine 15 and its N ,N-dimethyl derivative 17 

 

Since the cleavage of the two benzyl groups in this procedure again takes two steps, another 

approach was made with the goal to achieve this in one single step. While treatment with boron 

trichloride turned out to be selective for O-benzyl cleavage, catalytic hydrogenation can 

normally accomplish both N-benzyl and O-benzyl deprotection. Therefore, catalytic 

hydrogenation of 28 was attempted. As cleavage of the benzyl ether was not observed under 

classical conditions with the similar amine 30 (see Scheme 29), a few changes were 

implemented to the method. The first one was the degasification of the solvent with the Freeze-

Pump-Thaw method (FPT). In this procedure, the solvent is cooled to -78 °C in a dry 

ice/acetone bath and the headspace of the then frozen solvent is evacuated. The solvent is 

allowed to warm and thaw in order to draw the dissolved gases into the headspace. The entire 

process is repeated three times to achieve proper degassing. After that, the catalytic 

hydrogenation was done using the analogous method as with 30. The idea behind this 

pretreatment is to saturate the solvent with hydrogen. As indicated by TLC, one benzyl group 

was removed while the other one again remained intact. Addition of acetic acid did also not 

change the result, thus after a short work-up, the crude product was combined with palladium 

on charcoal and triethylsilane according to a procedure published by MANDAL et al.[147]. The 

principle of this hydrogenation method is the in situ generation of hydrogen from triethylsilane, 

though this strategy was not successful either since only substance 33 with an intact benzyl 

ether at C-17 could be isolated (Scheme 31). In conclusion, the synthesis route to 15 and 17 

(see Scheme 30) could not be abridged as still two steps were required for the removal of both 

benzyl groups. 
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Scheme 31: Alternative unsuccessful approach for simultaneous cleavage of both 

benzyl groups leading to single debenzylated compound 33  

 

After successful exchange of the oxygen at C-3 of the estrane scaffold by a nitrogen atom, one 

more interesting structural modification at C-3 was the construction of a thio analog of EDME. 

Sulfur as a chalcogen possesses similar physicochemical properties compared to oxygen but 

is a weaker hydrogen bond acceptor and has a bigger atom radius. These differences could 

influence binding and interaction of the molecule with the target protein and estrogen receptors. 

YOU et al.[148] described a palladium-catalyzed coupling reaction with potassium thioacetate 

starting from estrone 3-triflate to give the corresponding thioacetate, which could then be 

hydrolyzed to yield the 3-thio analog of estrone. However, application of this protocol to 

estradiol 3-triflate (PRU-9) did not lead to the formation of the desired product 34, but instead 

to the decomposition of the starting material in the first step (Scheme 32). 

 
Scheme 32: Unsuccessful approach to a thio analog of EDME using the procedure by 

YOU et al. [ 148 ]  

 

In general, palladium-catalyzed reactions with sulfur containing reagents rarely proceed 

smoothly due to the catalyst poisoning effect of sulfur[149]. An alternative approach for the 

synthesis of the target substance was the NEWMAN-KWART rearrangement. This reaction is 

used as a standard method for the synthesis of thiophenols starting from their corresponding 

phenols. The first step of this process is the conversion of a phenol into the O-aryl 

thiocarbamate. This is followed by the actual rearrangement step which usually takes place at 
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very high temperatures (250 - 300 °C) and leads to the S-aryl thiocarbamate. Hydrolysis 

thereof then yields the thiophenol. Following a procedure published by BROESE et al., estradiol 

(3) was converted into thiocarbamate 35 in 76 % yield by addition of N,N-

dimethylthiocarbamoyl chloride after deprotonation with sodium hydride[150] (Scheme 33). 

 
Scheme 33: Preparation of O-aryl thiocarbamate  35 using the protocol by BROESE et 

al. [150 ]  

 

In order to realize the subsequent rearrangement step, it was crucial to select practicable 

conditions for this reaction. The NEWMAN-KWART rearrangement can basically be classified as 

an intramolecular aromatic nucleophilic substitution (see Scheme 34). Substrates bearing 

electron withdrawing groups in para- or ortho- position provide better results at lower 

temperatures because of the lower electron density on the aromatic ring, whereas electron-

rich aromatic substrates require harsher conditions[151]. 

  
Scheme 34: Proposed mechanism of the NEWMAN-KWART rearrangement [151]  (own 

depiction) 

 

Due to the +I effect of the alkyl substituents in para- and meta-position to the estradiol-derived 

thiocarbamate, 35 belongs to the second category of substrates. Therefore, the thermic 

rearrangement would demand temperatures up to 300 °C. LI et al. described the NEWMAN-

KWART rearrangement of the 17-keto analog of 36, which they prepared from estrone. They 

heated a suspension of this compound in mineral oil at 280 °C for 5 hours to obtain S-aryl 

thiocarbamate 37[152] (Scheme 35). 
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Scheme 35:  NEWMAN-KWART rearrangement described by L I  et al. [152]  (own depiction)  

 

One disadvantage of this method is the challenging removal of the high boiling solvent. 

Furthermore, due to technical limitations, this exceptionally high temperature cannot be easily 

reached using convenient laboratory equipment such as a magnetic stirrer with heating plate 

and oil bath. Most importantly, an analogous treatment of 35 could lead to degradation of the 

molecule or isomerization of the secondary alcohol function at C-17.  

HARVEY et al. described a method for palladium-catalyzed NEWMAN-KWART rearrangement[153]. 

The addition of a palladium catalyst allows a significant decrease of the reaction temperature 

to 100 °C and the utilization of the lower boiling solvent toluene. NEWMAN-KWART 

rearrangement product 38 was prepared according to this protocol in moderate yield (Scheme 

36). 

 
Scheme 36: Synthesis of S-aryl thiocarbamate  38 using the NEWMAN-KWART  

rearrangement method of HARVEY et al. [153]  

 

To review the issues regarding the thermal NEWMAN-KWART rearrangement conditions, two 

additional attempts were made applying these classical conditions to 35. The highest 

reachable temperature using a magnetic stirrer with heating plate and a metal heating block or 

an oil bath in our case was 260 °C. After 24 hours, small amounts of potential product could 

be detected, but not characterized or quantified as the resulting residue could not be purified 

sufficiently for a proper NMR analysis. This result confirms that 35 is not suitable for the 

application of these harsh conditions with convenient laboratory equipment. 

Thiophenol 39 was obtained by hydrolysis of previously prepared S-aryl thiocarbamate 38 with 

aqueous sodium hydroxide in ethanol. This intermediate was S-methylated with iodomethane 

after deprotonation with sodium hydride to obtain the 3-methylthio analog of EDME 40 in poor 

yield (Scheme 37). 
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Scheme 37: Synthesis of 3-methylthio analog 40 

 

In summary, nine more analogs were designed and synthesized by structural modification at 

C-3 of the estrane scaffold. These represent one of three series of compounds that together 

constitute the second generation of EDME analogs (Figure 15). 

 
Figure 15: Overview of the new analogs carrying various substituents at C-3 
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4.1.2.2 Insertion of substituents at C-2 of the estrane scaffold 

The next series of analogs is characterized by introduction of substituents at C-2. Since none 

of the substances tested up to this point carried substituents at this position, it was of utmost 

interest to introduce this mode of structural alteration. The intention was to construct molecules 

of this type by first synthesizing a building block bearing a halide or a pseudohalide at this 

position and then, similar to the procedure conducted with the triflate at C-3 (PRU-9), 

submitting this building block to various palladium-catalyzed coupling reactions. Thereby it 

should be possible to implement different functional groups and residues. Hence, the first step 

was to design and synthesize this building block. The most auspicious starting material for this 

strategy was again estradiol (3). A halogen can easily be introduced at C-2 by means of an 

electrophilic substitution reaction. To assure monoselective halogenation at C-2, it was crucial 

to select suitable conditions. ZHOU et al. published a method for the mild iodination of arenes 

with N-iodosuccinimide and indium (III) trifluoromethanesulfonate[154]. Among their examples, 

the authors showed that estradiol could be monoselectively iodinated at C-2. Consequently, 

this method was used to convert estradiol (3) into aryl iodide 41 (Scheme 38). The desired 

product 41 and the double iodinated side product 42 could be isolated in 63 % and 8 % yield, 

respectively. Since the formation of 4-iodoestradiol could not be observed, 42 must have been 

generated from 41 by further halogenation. 

 
Scheme 38: Preparation of aryl iodide 41 and its 2,4-diiodo derivative 42 [154]  

 

With this building block in hand, different substitutions at C-2 could be approached.  

The first type of modification was to retain the methyl ether moiety at C-3 while inserting simple 

residues at C-2 to learn if additional substituents at this position are beneficial in inhibiting 

TRPML1 and/or reducing estrogenic effects. Additional substituents at C-2 could possibly allow 

more interaction with the target protein but also change the geometry of the molecule and 

exhibit steric effects. The envisaged substituents were functional groups accessible by cross-

coupling protocols analogous to the modifications performed at C-3. To acquire a suitable 

synthetic precursor for this plan, it was advisable to first convert phenol 41 (see Scheme 38) 
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into the aryl methyl ether, as this structure motif of EDME should be conserved and the phenol 

could impede the subsequent steps. Consequently, a standard phenol ether synthesis 

protocol[155] was applied to 2-iodoestradiol (41) to obtain the desired O-methylated 2-iodoarene 

compound 43 in high yield (Scheme 39). This is not only a useful building block for the next 

reaction, but also the 2-iodo analog of EDME and thus itself represents an interesting 

compound. 

 
Scheme 39: Synthesis of the 2-iodo analog of EDME 43 

 

The first two designated molecules accessible with the aid of 2-iodoarene 43 were the 2-vinyl 

analog 44 and the 2-acetyl analog 46, which could be synthesized by two STILLE cross-coupling 

protocols (Scheme 40). For the preparation of 2-vinyl analog 44, a method of SHI et al.[97], 

which was originally used for the synthesis of 3-vinyl analog PRU-10, was conducted with 43 

to give the desired product in 77 % yield. Another STILLE protocol by CARRO et al.[156] employing 

tributyl(1-ethoxyvinyl)tin was applied to 43 to first form enol ether 45. Subsequent hydrolysis, 

which occurred during the aqueous work-up process, gave 2-acetyl analog 46 in 43 % yield. 
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Scheme 40: Preparation of 2-vinyl analog 44 and 2-acetyl analog 46 by means of 

STILLE coupling with 2-iodoarene 43 

 

The next goal was the preparation of the 2-phenyl substituted analog 47, which was intended 

to be achieved by means of SUZUKI coupling. Consequently, 2-iodinated EDME (43) was 

subjected to a classic SUZUKI protocol[157] using phenylboronic acid, 

bis(triphenylphosphine)palladium (II) chloride and triethylamine to afford the desired product 

47 (Scheme 41 A). Due to the similar polarity of reactant 43, product 47 and another 

unidentified side product, repeated flash column chromatography did not lead to a complete 

separation and 2-phenyl substituted analog 47 could not be retrieved in pure form. 

Recrystallization attempts in various solvents were equally fruitless. To avoid this separation 

issue, an alternative approach was taken: The idea was to first conduct the SUZUKI coupling 

with 2-iodo phenol 41 and subsequently attach the methyl group to obtain the phenol ether 47 

(Scheme 41 B). The purpose of this twist was to facilitate purification in anticipation that 2-

iodo phenol 41 and the SUZUKI product 48 are separable. The biaryl coupling was 

accomplished using the same SUZUKI method[157] to give 2-phenyl substituted compound 48 in 

74 % yield. This time the purification proceeded smoothly, as the reactant and the product 

could be easily separated by column chromatography. Downstream methylation under 

standard conditions[155] led to the formation of the target compound 47. Unexpectedly, 47 could 

again not be isolated in analytically pure form. Although only one spot was visible on standard 
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TLC plates, NMR and HPLC analysis indicated the presence of an unknown impurity (ratio 

product:impurity estimated on basis of NMR data = 3-4:1). As separation could not be attained 

even by repeated column chromatography with common silica gel, an additional attempt of 

column chromatography was conducted using C18-reversed phase silica gel (Merck, 

Darmstadt, Germany). This minimized the amount of the unknown impurity. Accordingly, a 

purity of 92 % was achieved for 2-phenyl analog 47. 

 
Scheme 41: Synthesis routes to the 2-phenyl analog of EDME 47,  A : SUZUKI  coupling of 
2-iodinated EDME 43,  B: SUZUKI coupling of 2-iodinated estradiol 41 and subsequent O-

methylation 

 

Another objective was the preparation of annulated benzofuran analog 53 (Scheme 42). This 

molecule differs from all previous ones in that the construction of the furan moiety entails 

modification of both C-2 and C-3.  

The substance has already been synthesized and described by CUSHMAN et al.[158] and 

TEDESCO et al.[159]. Interestingly, TEDESCO et al. investigated on the relative binding affinity 
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(RBA) of this compound to the wild type estrogen receptor (ER). They found a RBA value of 

1.6 % compared to estradiol (100 %). Since this indicates a strongly decreased estrogenic 

effect, 53 was a valuable target compound for our purposes. CUSHMAN et al. started from 

double TBDMS protected compound 49 (Scheme 42), which then underwent a SONOGASHIRA 

coupling with pure propyne gas to form 50 in poor yield (12 %). They treated this compound 

with TBAF to obtain double deprotected compound 51 in 15 % yield and single deprotected 

phenol 52 in 38 % yield. They finally afforded benzofuran compound 53 by another TBAF 

treatment at high temperature and a reaction time of 22 hours. TEDESCO et al. also first 

introduced two TBDMS protective groups to produce 49 and obtained 2-propynyl compound 

50 by NEGISHI coupling of this compound with the in situ generated propynyl zinc halide. They 

afforded benzofuran 53 by deprotection and cyclization using TBAF. The combined yield over 

these three steps was 54 %.  
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Scheme 42: Synthesis of 53 published by CUSHMAN et al. [ 158 ] and TEDESCO et al. [159]  
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As the synthesis protocols in both publications contain at least three steps, the target was to 

find an abbreviated route for the preparation of 53. Notably, both groups used the double 

TBDMS protected compound 49 for the palladium-catalyzed coupling step. The idea was to 

omit the TBDMS protection step and directly conduct SONOGASHIRA coupling with building 

block 2-iodoestradiol (41). Consequently, 41 was subjected to a standard SONOGASHIRA 

coupling protocol published by OHNO et al.[160] to create 2-propynyl substituted steroid 51. The 

advantage of this method compared to the method of CUSHMAN et al. is the utilization of a 

commercially available solution of propyne in DMF instead of the explosive and highly 

flammable propyne gas. A proper characterization of substance 51 and the determination of 

the yield were not possible because separation from reactant 41 could not be accomplished. 

The reaction did not run until completion and the two substances showed the same Rf value 

on TLC with several mixtures of eluents, thus they are eluted simultaneously during flash 

column chromatography. Recrystallization attempts in different solvents also failed to deliver 

good results. The formation of the desired product could only be confirmed by NMR analysis 

of the obtained mixture. The preserved spectrum consists of two sets of coherent peaks, one 

of which contains the characteristic methyl peak of the propynyl group. Analysis of the mixture 

by mass spectrometry provided no further evidence for the presence of 51. Independent of the 

applied ionization technique, only the mass of 41 was found, presumably the mass peaks of 

51 were superimposed or suppressed by the mass signal of the reactant and the associated 

fragment signals. Because of these circumstances, the inseparable mixture of both substances 

was used for the following cyclization step. This was accomplished by intramolecular 

condensation of the phenol with the alkyne using a solution of KOH in a mixture of water and 

methanol. Benzofuran analog 53 could be easily separated from 41 and was obtained in 36 % 

yield over these two steps (Scheme 43). All in all, the synthesis pathway to 53 was successfully 

shortened, with the overall yield being only slightly lower (this protocol 36% vs 54% of TEDESCO 

et al.). 

  



95 
 

 
Scheme 43: Preparation of benzofuran analog 53 

 

The next envisaged analog was the 2-methoxy estrane 54 (Scheme 44). This molecule carries, 

in contrast to EDME, the methoxy group at C-2 instead of C-3, changing the geometry of the 

molecule and the location of possible interactions between the molecule and amino acid 

residues. This could affect activity on the three TRPML channels as well as on estrogen 

receptors. The first step was to find a suitable synthetic precursor. This precursor would ideally 

bear a hydroxy group or any other group which can be converted into a methoxy group at C-2 

and contain the required estrane scaffold with the secondary alcohol function at C-17. 

Unfortunately, most molecules fulfilling these criteria are hardly accessible in the required 

amounts and extraordinary expensive to purchase. Among these, only 2-methoxyestradiol (55) 

was a considerable option. It is a natural metabolite of 17β-estradiol, which is built in the human 

body by biochemical hydroxylation by cytochrome enzymes and subsequent methylation by 

the enzyme catechol-O-methyl transferase (COMT)[161]. It is commercially available, albeit only 

small quantities of this substance are orderable and the price is still pretty high. For these 

reasons, it was more rational to first attempt synthesis of a suitable building block. In general, 

appropriate and feasible synthetic precursors for 54 would be 2-hydroxy or 2-methoxy 

substituted 17β-estradiol triflates (Scheme 44 A), since the triflate group could be exchanged 

by a hydrogen using a palladium-catalyzed reduction procedure. The key step was to insert a 

hydroxy or methoxy group at C-2 of the estrane scaffold. Temporary protection of both hydroxy 

groups at C-3 and C-17 also had to be considered. The big advantage of this route would be 

that it could start from readily available and inexpensive 17β-estradiol (3). 
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Scheme 44: Potential precursor 2-methoxyestradiol (55) and retrosynthesis of 54,   

R  =H or CH3  

 

BA et al. described the synthesis of above mentioned 2-methoxyestradiol (55)[162]. The protocol 

of BA et al. also started from 17β-estradiol (3) which was converted into carbamate 24 

(Scheme 45). The subsequent synthesis proceeded via a ruthenium-catalyzed C-2 

hydroxylation to form 2-hydroxylated compound 56. Since 56 could act as intermediate B and 

the synthesis route of BA et al. seemed favorable and efficient, the procedure should be 

reproduced. Carbamate 24 was successfully prepared in quantitative yield by treatment of 

estradiol (3) with N,N-dimethylcarbamoyl chloride, using potassium carbonate as an auxiliary 

base to neutralize the generated hydrochloric acid. The carbamate should act as directing 

group for the crucial subsequent ring hydroxylation step, establishing a weak coordination of 

the ruthenium catalyst with the carbonyl oxygen[163]. For this key reaction, catalyst dichloro(p-

cymene) ruthenium (II) dimer and oxidant iodobenzene diacetate were added to carbamate 24 

in a 1:1 mixture of trifluoroacetic acid and trifluoroacetic anhydride. Unfortunately, the results 

of this step were not identical to the findings of BA et al., who described a pretty good yield (65 

%). In our case, multiple products were formed. The main product was assumed to be 

trifluoroacetic ester 57. As it could not be obtained in pure form and the NMR and mass data 
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were ambiguous, identity of the substance could not be confirmed. Attempts of alkaline 

hydrolysis with aqueous sodium hydroxide in methanol both at ambient and higher temperature 

left the material unchanged. Thus, this product could neither be characterized nor was useful 

for further synthetic approaches. The desired product 56 was indeed found in small quantities, 

albeit purification and NMR analysis turned out to be complicated. Only after tedious flash 

column chromatography it was possible to obtain sufficiently pure samples for NMR analysis. 

 
Scheme 45: Attempted synthesis of 2-hydroxylated compound 56 and potential 

structure of substance 57 

 

Depending on the concentration and minor impurities, two different NMR spectra of the same 

product were received. Excerpts of the two spectra are depicted in Figure 16. On the upper 

side, the spectrum corresponds to the expected peak split. In contrast, there is a double set of 

peaks on the spectrum on the lower side. The regioselectivity of the hydroxylation could be 

approved by the obtained NMR spectra, since hydroxylation at C-4 alongside the desired 

hydroxylation at C-2 would lead to different peaks with varying multiplicity instead of a 

homogenous double set. The most likely explanation is that the carbamate forms different 

types and extents of hydrogen bonds with the phenolic hydroxyl group depending on the 
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surroundings. Due to the restricted rotatability of the carbonyl bond, this might result in the 

formation of two conformational isomers, which split differently in the NMR spectrum.  

 
Figure 16: Excerpts of the two different NMR spectra  of 56. The region between 9.50 

ppm to 4.29 ppm is depicted. Left peak: phenolic OH, middle peaks: aromatic Hs,  
 right peak: aliphatic OH 
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Under the circumstances of the reaction, the stability and reactivity of the aliphatic alcohol at 

C-17 was pondered to be a factor for the generation of side products. One strategy for 

mitigating the risk of side reactions was thus the introduction of a suitable protective group on 

the C-17 alcohol. Due to the aforementioned acidic conditions and the applied high 

temperature, the selection of practicable protective groups was limited, since they were 

required to sustain these. With that in mind, two protective groups were considered: An acetic 

ester and a benzyl group. The conversion of 24 into its corresponding benzyl ether 25 was 

previously shown (see Scheme 26). The hydroxylation procedure by BA et al. conducted with 

this compound led to the cleavage of the benzyl ether and in consequence again to the 

formation of numerous side products, among them the previously discussed unidentified 

substance 57 (see Scheme 45). Introduction of the acetic ester could be accomplished by 

treatment of carbamate 24 with acetic anhydride in pyridine (Scheme 46), leading to the 

formation of acetic ester 58 in 76 % yield. Ester 58 was then also subjected to the hydroxylation 

procedure, resulting in the formation of 2-hydroxylated compound 59. It could be observed that 

the generation of side products was significantly decreased compared to the analogous 

reaction conducted with 24. Nevertheless, the product was still hard to purify and the NMR 

spectrum showed a double set of peaks, making it hard to estimate the yield and characterize 

the substance. Above all, the yield of the reaction was still too low to pursue this route further.  
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Scheme 46: Attempts with the acetyl and benzyl protected compounds. *Yields of 56 

and 59 were estimated 

 

In summary, all approaches utilizing the protocol of BA et al. failed to provide reasonable 

amounts of the desired product in pure form. Alternative methods for hydroxylation of 17β-

estradiol (3) like formylation followed by DAKIN oxidation[164, 165] (Scheme 47 A) or methoxy 

methyl (MOM) directed lithiation and subsequent oxidation[166] (Scheme 47 B) were not 

deemed attractive. Method A lacks regioselectivity and contains multiple steps, method B 

requires stringent conditions and the usage of highly flammable sec-butyllithium (s-BuLi) as 

well as expensive and toxic chloromethyl methyl ether. 
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Scheme 47: Examples of alternative methods for C-2 hydroxylation of 17β-estradiol (3) 

 

Since only 100 mg of 2-methoxyestradiol (55, see Scheme 44) were estimated to be sufficient 

for the synthesis of 54, the purchase of 55 was regarded as more economical than further 

elaborate synthesis attempts. With 55 now in hand, the envisaged synthesis pathway could be 

progressed. Phenol 55 was smoothly converted into triflate 60 in 77 % yield by reaction with 

4-nitrophenyl trifluoromethanesulfonate and potassium carbonate in DMF (Scheme 48). The 

used method was originally published for the synthesis of estradiol triflate (PRU-9)[167]. A 

standard protocol for palladium-catalyzed reduction of aryl triflates[168] using formic acid, 

triethylamine (TEA), palladium (II) acetate and triphenylphosphine enabled conversion of 60 

into the desired 2-methoxy analog 54, whereby 27.7 mg (57 % yield) of the product could be 

isolated. 
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Scheme 48: Preparation of 2-methoxy analog 54  starting from commercially acquired 2-

methoxyestradiol (55) 

 

Altogether, six analogs could be successfully prepared by introduction of various substituents 

at C-2 of the estrane scaffold. With annulated benzofuran 53 and 2-methoxy compound 54, 

two among them simultaneously contain modifications at C-3. 

 
Figure 17:  Overview of the synthesized C-2 substituted analogs 
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4.1.2.3 Aza analogs of the TRPML1 inhibitor estradiol methyl ether (EDME) 

Rühl P., Bracher F., Molecules  2023; 28 (21)  7428 

Summary 

Building on our preliminary findings[84], the target of this study was to further elucidate the effect 

of different modifications of ring A of the estrane scaffold and expand our knowledge on 

structure-activity relationships. Whilst our previous work focused on the variation of 

substituents at C-3, this study covers structural alteration of ring A by bioisosteric replacement 

of the benzenoid ring. Specifically, the azaarenes pyridine and pyrimidine as bioisosteres of 

the phenyl group were of great interest, since the incorporated nitrogen atoms implement basic 

as well as H-bond acceptor and/or H-bond donor properties and can thus influence the 

interactions with the target protein. Starting from commercially available 19-nortestosterone 

(4), the 4-aza (pyridine) analog 61 (compound number 1 in the publication) and the 2,4-diaza 

(pyrimidine) analog 62 (compound number 2 in the publication) were successfully synthesized 

in an enantiomerically pure form in six and eight steps, respectively. Well-considered selection 

of suitable protective groups and the oxidative cleavage of the cyclohexenone-type ring A of 

19-nortestosterone (4) were the basis for the development of two practical synthesis routes 

that provided the two analogs via different intermediates. In addition, pyridone analog 63 

(compound number 6 in the publication) could be isolated as a side product generated in the 

course of one synthesis pathway. Biological testing of the three analogs by Fluo-4 Ca2+ imaging 

revealed an IC50 value of 1.0 µM for the 4-aza analog 61 and 8.8 µM for the 2,4-diaza analog 

62. Compared to EDME (0.60 µM), TRPML1 inhibitory activity of 61 is slightly reduced, 

whereas 62 showed only very weak TRPML1 inhibition. The pyridone analog 63 was virtually 

inactive.  

 
Figure 18: Synthesized aza analogs of EDME 

 

Personal contribution 

My contribution was the synthesis of all compounds. I further contributed to the development 

of the methodology, the data curation and visualization, writing of the original draft and 

reviewing and editing the manuscript. 
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FRANZ BRACHER created the concept, contributed to the development of the methodology, the 

data curation and visualization, writing of the original draft and reviewing and editing the 

manuscript. He provided the resources and supervised and supported all chemical work. 
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Reproduction of this article is in accordance with MDPI. It is printed in the original wording. 
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4.2 Biological evaluation 

To characterize the pharmacological profile of the synthesized analogs, they were subjected 

to a profound biological evaluation. The main focus was on the determination of the inhibitory 

activity on the ion channel TRPML1 and the selectivity towards the two isoforms TRPML2 and 

TRPML3. As mentioned before, a major downside of the original screening hit EDME was the 

expectable estrogenic effect. Thus, examination of estrogenic effects of EDME and the 

consistently steroidal compounds synthesized throughout this work was another substantial 

subject. Consequently, the biological evaluation comprised four main aspects: Activity on 

TRPML1, selectivity within the TRPML subfamily, estrogenic effects and the obligatory test for 

cytotoxicity. Additionally, a screening for antimicrobial activity was performed using a standard 

agar diffusion (AD) assay, as this is part of the in-house routine of biological analysis in the 

BRACHER group.  

All studies on ion channel activity were performed in close cooperation with the groups of Prof. 

Dr. MICHAEL SCHÄFER (Rudolf-Boehm-Institut in Leipzig) and Prof. Dr. Dr. CHRISTIAN GRIMM 

(Walther-Straub-Institut in Munich). Fluo-4 Ca2+ imaging experiments were performed by 

NICOLE URBAN from the group of Prof. Dr. MICHAEL SCHÄFER at the Rudolf-Boehm-Institut in 

Leipzig. For the first generation of analogs and the original screening hit EDME, Fura-2 Ca2+ 

imaging experiments were performed by myself in the lab of Prof. Dr. Dr. CHRISTIAN GRIMM at 

the Walther-Straub-Institut in Munich. Patch-clamp, cell invasion and migration as well as 

autophagy experiments for selected first-generation analogs were conducted by members of 

the group of Prof. Dr. Dr. CHRISTIAN GRIMM (see Chapter 4.1.1.3 for further details). The 

screening on estrogenic effects was conducted by Dr. SEBASTIAN DUNST and Dr. VERENA FETZ 

(Bundesinstitut für Risikobewertung, BfR, Berlin). MTT and AD assays were performed in-

house by MARTINA STADLER from the BRACHER group. 

 

4.2.1 TRPML1 inhibitory activity and isoform-selectivity 

Activity of the final compounds on the desired target TRPML1 and selectivity over TRPML2 

and TRPML3 were investigated by Ca2+ imaging experiments. For all assays, transfected 

HEK293 cells stably expressing the respective ion channel were used. In the cases of TRPML2 

and TRPML3, the ion channel is located in the plasma membrane, hence HEK293 cells stably 

expressing hTRPML2-YFP and hTRPML3-YFP could be used. Since wild-type TRPML1 is not 

located in the plasma membrane, a mutant variant of TRPML1 that lacks the two late 

endosome/lysosome (LEL) directing di-leucine motifs (hTRPML1ΔNC-YFP) was used for 

transfection. Thereby, the channel is localized to the plasma membrane in the transfected 

cells[169], providing the desired HEK293 cells stably expressing plasma membrane-targeted 

TRPML1.  
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Ca2+ imaging is the optical measurement of calcium levels by quantification of calcium 

indicators. The cells are loaded with a fluorescent Ca2+ chelator, referred as calcium-dye. In 

most cases, binding of Ca2+ results in a measurable wavelength shift or increase of 

fluorescence intensity. To ensure membrane permeability of the dye, the respective lipophilic 

acetoxymethyl esters (AM) are used, which are finally converted into the active form by 

intracellular esterases (Figure 19).  

 
Figure 19:  A: Fura-2-AM and conversion into the active form Fura-2, B: Principle of 
Ca2+  imaging using cells stably expressing membrane targeted TRPML1. Binding of 
Ca2+  leads to a shift of excitation wavelength or increased fluorescence at a defined 

wavelength 

 

Two types of Ca2+ imaging assays were performed in the course of this work: Microscopic 

single cell Fura-2 Ca2+ imaging and fluorescence imaging plate reader (FLIPR) assisted Fluo-
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4 Ca2+ imaging. While the Fura-2 Ca2+ imaging assay only allowed the measurement of one 

substance at a fixed concentration (in our case 10 µM), the Fluo-4 Ca2+ imaging assay enabled 

a large number of substances at different concentration to be analyzed simultaneously. 

Concentration-response measurements in the Fluo-4 routine also provided IC50 values for 

each compound for all three TRPML channels.  

The first generation of analogs was subjected to both single-cell Fura-2 and FLIPR assisted 

Fluo-4 Ca2+ imaging. The results of all these as well as patch-clamp, cell migration and invasion 

and autophagy experiments are depicted and analyzed in the publication in Scientific Reports 

in 2021[84] which is shown in Chapter 4.1.1.3.  

Since the Fura-2 Ca2+ imaging procedure we used only allowed investigation of effects at one 

single concentration (10 µM) and most of the compounds were already active in a lower 

concentration range the information content of these experiments was in our case limited for 

further research. For this and economic reasons, all analogs synthesized after this publication 

(referred as second generation of analogs) were solely subjected to the Fluo-4 Ca2+ imaging 

routine and tested by NICOLE URBAN from the group of Prof. Dr. MICHAEL SCHÄFER in the 

Rudolf-Boehm-Institut in Leipzig. The advantage of this procedure was that it could directly 

provide IC50 values and selectivity data for each compound. Figures 20 and 21 show the Fluo-

4 Ca2+ imaging results of the final compounds of the second generation. 
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Figure 20: Activity and selectivity curves of the second-generation compounds 
generated by Fluo-4 Ca2+ imaging concentration-response experiments. Compound 

number in brackets. A : Original screening hit EDME,  B-S: second-generation analogs. 
T: DMSO control, Compound number in brackets, Red: TRPML1, purple: TRPML2, 

green: TRPML3. Data are calculated from 3 to 5 independent experiments, each, and 
represented as means ± SEM. Cells were activated with ML-SA1 (5 µM) 

[11] (µM) [EDME] (µM) [63] (µM) [13] (µM) 

[14] (µM) [53] (µM) [54] µM [43]  (µM) 

[47] (µM) [44] (µM) [46] (µM) [12] (µM) 

[61] (µM)  [8] (µM) [62] (µM) [40] (µM) 

[17] (µM) [15] (µM) [16] (µM) [solvent] (%) 
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Figure 21: IC50  values for TRPML1 inhibit ion of the second-generation compounds 

assessed with Fluo-4 Ca2+ imaging. Original screening hit EDME as a comparison is 
depicted in blue. Data are calculated from 3 to 5 independent experiments, each, and 

represented as means ± SEM. Cells were activated with ML-SA1 (5 µM) 
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Figure 22: Overview of all synthesized analogs  

 

All tested substances apart from the pyridone analog 63 are TRPML1 inhibitors. Except for the 

benzofuran analog 53, the analogs carrying additional substituents at C-2 showed only poor 

activity. The pyrimidine analog 62, the 3-methylthio analog 40 and the primary aromatic amine 

15 also only exhibit a weak inhibitory effect. Nitriles 13 (IC50: 0.4 µM) and 14 (IC50: 0.3 µM), 

benzofuran analog 53 (IC50: 0.2 µM) and N,N-dimethylamine analog 17 (IC50: 0.1 µM) revealed 

lower IC50 values than the original screening hit EDME (IC50: 0.5 µM). The two most potent 

compounds are 53 and 17 with IC50 values of 0.2 µM and 0.1 µM. The comparison of the three 
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3-amino analogs 15, 16 and 17 indicates that deletion of methyl groups within this series is 

detrimental for TRPML1 inhibitory activity. While the N,N-dimethylamino analog 17 is highly 

potent, the activity of the N-monomethylamino analog 16 is lower, yet still moderate. Whereas 

primary aromatic amine 15 with an IC50 over 2 µM shows the weakest inhibition of these three 

compounds. 

All analogs exhibiting moderate to good TRPML1 inhibitory activity (IC50 < 1.50 µM) possess 

a decent isoform-selectivity profile. Among them, acrylonitrile 14 (Figure 20 E) is the least 

selective with a 4.0-fold selectivity over TRPML2 and a 5.3-fold selectivity over TRPML3. The 

most potent TRPML1 inhibitors 53 (Figure 20 F) and 17 (Figure 20 S) show excellent isoform-

selectivity concomitantly. Interestingly, 2-iodo analog 43 is more active on TRPML3 than on 

TRPML1. Unfortunately, it is not TRPML3 selective as the inhibitory curves for both these 

channels are in a similar concentration range (Figure 20 H). 

Figure 23 and Table 2 present the activity on TRPML channels for the first and the second 

generation of analogs together and thus provide an overview of the overall results: 

 
Figure 23: IC50 for TRPML1 inhibit ion of all compounds assessed with Fluo -4 Ca2+ 

imaging, blue: EDME, purple: f irst generation of analogs, red: second generation of 
analogs. Data are calculated from 3 to 5 independent experiments, each, and 

represented as means ± SEM. Cells were activated with ML-SA1 (5 µM) 
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Table 2: Depiction of the IC50 values of all f inal compounds at the three TRPML 

isoforms assessed by Fluo-4 Ca2+  imaging. In parentheses: fold selectivity at TRPML1 
over the respective isoform, n.d.: not determined  

 

The results of the Fluo-4 Ca2+ imaging can be resumed as follows: Triflate PRU-9, 3-

vinylanalog PRU-10, 3-acetyl analog PRU-12, benzofuran analog 53 and N,N-dimethylamine 

analog 17 are the five best compounds as they are more potent than EDME and 

Compound IC50 TRPML1 IC50 TRPML2 IC50 TRPML3 

EDME 0.5 5.9       (9.8 fold) 20        (33 fold) 

PRU-2 14 37        (2.6 fold)           > 50      (n.d.) 

PRU-4 0.5 5.2       (10 fold) 4.8       (9.6 fold) 

PRU-5 0.8 3.4       (4.3 fold) 15        (19 fold) 

PRU-6 0.4 3.6       (9.0 fold) 7.9       (20 fold) 

PRU-7 0.7 2.6       (3.7 fold) 15        (22 fold) 

PRU-8 0.7 15        (22 fold) 39        (55 fold) 

PRU-9 0.2 2.5       (13 fold) 6.0       (30 fold) 

PRU-10 0.4 54        (135 fold) 16        (40 fold) 

PRU-11 0.4 2.4       (6.0 fold) 32        (80 fold) 

PRU-12 0.3 5.3       (18 fold) 14        (47 fold) 

8 0.6 14        (23 fold) 11        (19 fold) 

11 0.8 11        (13 fold) 25        (31 fold) 

12 0.9 8.3       (9.2 fold) 12        (13 fold) 

13 0.4 6.1       (15 fold) 5.2       (13 fold) 

14 0.3 1.2       (4.0 fold) 1.6       (5.3 fold) 

15 2.1 18        (8.5 fold) 30        (14 fold) 

16 0.7 33        (47 fold) 41        (58 fold) 

17 0.1 6.9       (69 fold) 3.6       (36 fold) 

40 9.4 13        (1.3 fold) 13        (1.4 fold) 

43 2.4 36        (n.d.) 1.4       (n.d.) 

44 1.5 37        (25 fold) 2.6       (1.7 fold) 

46 5.7 31        (5.4 fold) 9.5       (1.7 fold) 

47 2.1 41        (20 fold) 16        (7.6 fold) 

53 0.2 3.6       (18 fold) 3.6       (18 fold) 

54 1.7 12        (6.8 fold) 6.0       (3.5 fold) 

61 1.0 12        (12 fold) 17        (17 fold) 

62 8.8 35        (3.9 fold) 38        (4.4 fold) 

63 40 42        (n.d.) 45        (n.d.) 
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simultaneously possess an excellent selectivity profile. Though it has to be mentioned, that 

triflate PRU-9 can’t be characterized as suitable chemical tool due to the instability of the 

molecule. Among these five top hits, 17 and 53 can be classified as the two most promising 

analogs as they have the lowest IC50 value for TRPML1 inhibition. 

 
Figure 24: The five most potent TRPML1 inhibitors  

 

4.2.2 Estrogenic effects 

To assess estrogenic effects of EDME and all synthesized final compounds, they were 

subjected to the E-Morph screening assay[170]. The assay leverages an estrogen-dependent 

and clinically relevant phenotypic readout to measure ERα signaling activity in MCF-7 breast 

cancer cells via high-throughput confocal microscopy and automated image analysis[171-173]. In 

the E-Morph screening assay, MCF-7/E-Cad-GFP are treated with the antiestrogen fulvestrant 

(Fulv). This results in a profound restructuring of cell-cell contacts, such as altered E-Cadherin 

membrane distribution and increased E-Cadherin-GFP signal intensity (SI) within 48 h. This 

effect can be prevented by co-treatment of the cells with Fulv and estrogenic test substances 

like 17β-estradiol (E2) in a concentration-dependent manner. In brief, the cells were co-

exposed with 10 nM Fulv and the respective compound at six different concentrations (0.001-

100 µM). After 48 hours, the SI was measured and the EC50 values were determined with the 

help of the resulting concentration-response curves. 

The results of the E-Morph screening assay for all final compounds are depicted in the 

following table: 
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Compound Estrogenic effect EC50 [µM] Categorization 

Estradiol (E2) < 0.001 Positive control, strong 

EDME < 0.001 strong 

PRU-5 < 0.001 strong 

54 < 0.001 strong 

PRU-6 < 0.001 strong 

47 < 0.001 strong 

PRU-7 < 0.001 strong 

PRU-12 0.002 strong 

16 0.01 strong 

14 0.01 strong 

17 0.02 strong 

12 0.02 strong 

8 0.03 strong 

13 0.06 strong 

15 0.07 strong 

53 0.10 moderate 

PRU-2 0.10 moderate 

PRU-11 0.12 moderate 

PRU-4 0.13 moderate 

PRU-10 0.15 moderate 

43 0.16 moderate 

PRU-8 0.25 moderate 

11 0.31 moderate 

PRU-9 0.39 moderate 

61 1.02 weak 

44 1.45 weak 

46 1.72 weak 

40 2.76 weak 

63 3.97 weak 

62 11 weak 

 
Table 3: Estrogenic effects of the synthesized compounds assessed with the E -Morph 
screening assay. Based on their respective EC 50 the compounds are categorized into 

the groups “strong” (< 0.1 µM), “moderate” (0.1 µM ≤ EC50  < 1.0 µM) and “weak”  
(EC50 ≥ 1.0 µM)  
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The original screening hit EDME exhibited a strong estrogenic effect in the assay. EDME, 2-

methoxy estrane 53, 2-phenyl analog 47 and the 3-phenolethers PRU-5, PRU-6 and PRU-7 

lie in the same range as the positive control and endogenous ligand E2. They cannot be further 

distinguished as their EC50 is below the lowest applied concentration. The three amines 15, 16 

and 17 as well as the two nitriles 13 and 14 also displayed strong estrogenic effects. The 

benzofuran 53, diphenylether PRU-8, biphenyl PRU-11, triflate PRU-9 and vinyl analog PRU-

12 belong to the “moderate” group. The group of “weak” agonists comprises 2-vinyl compound 

44, 2-acetyl compound 46, 3-methylthio analog 40 and the three azaanalogs 61, 62 and 63. 

Of all the tested substances, the pyrimidine 62 showed the weakest estrogenic effect with an 

EC50 of 11 µM. 

 
Figure 25: Selected compounds of the three groups. R 1=CH3: EDME; R1=C2H5 : PRU-5; 
R1=isopropyl: PRU-7; R1=allyl: PRU-8; R2=R3=H: 15; R2=CH3 , R3=H: 16; R2=R3= CH3: 

17 
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4.2.3 MTT assay 

Since the synthesized substances were investigated using cell experiments, it was essential 

to evaluate their cytotoxicity. The results of these can only be correctly interpreted if the 

molecules do not exhibit noteworthy cytotoxicity in the used concentration range. Hence, all 

final compounds were subjected to a routine MTT assay according to a protocol of 

MOSMANN[174] performed by MARTINA STADLER from the BRACHER group. The assay was 

conducted in human leukemia cell line HL-60, TritonTM
 X-100 was used as positive control. It 

is based on the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) to 5-(4,5-dimethylthiazol-2-yl)-1,3- diphenylformazan in living cells. More precisely, the 

soluble yellow tetrazolium salt MTT is converted into the insoluble blue formazan by 

dehydrogenases (Scheme 49). This reaction only occurs in metabolically active cells provided 

that NADH and NADPH are present.  

 
Scheme 49: Reduction of MTT to the formazan in l iving, metabolically active cells  

 

Consequently, the amount of produced formazan, which can be measured photometrically 

correlates with cell viability. By means of concentration-response experiments, an IC50 value 

for cytotoxic activity can be determined for each compound.  

Compound IC50 [µM]  Compound IC50 [µM]  Compound IC50 [µM] 

EDME 25  PRU-12 22  43 > 50 

PRU-2 23  8 > 50  44 > 50 

PRU-4 28  11 > 50  46 > 50 

PRU-5 28  12 > 50  47 > 50 

PRU-6 20  13 > 50  53 > 50 

PRU-7 27  14 > 50  54 > 50 

PRU-8 24  15 > 50  61 > 50 

PRU-9 18  16 > 50  62 > 50 

PRU-10 18  17 > 50  63 > 50 

PRU-11 13  40 > 50  

 
Table 4: Cytotoxicity of all f inal compounds assessed with the MTT assay 
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For all the substances, the IC50 value for TRPML1 inhibition is far below the IC50 of the MTT 

assay. Thus, none of the compounds exhibits any significant toxicity in the employed 

concentrations. 

 

4.2.4 Agar diffusion assay 

To assess potential antimicrobial effects, all final compounds were submitted to a standard 

agar diffusion assay. The assay carried out by MARTINA STADLER of the BRACHER group 

included tests against Gram‐positive (Streptococcus entericus, Staphylococcus equorum) and 

Gram‐negative bacteria (Escherichia coli, Pseudomonas marginalis) as well as against fungi 

(Yarrowia lipolytica, Saccharomyces cerevisiae). As a reference, tetracycline was used for 

antibacterial activity and clotrimazole for antifungal activity as a positive control.  

In none of the tests an inhibition zone could be observed for any of the compounds. 

Accordingly, no compound exhibits antimicrobial activity against any of the listed germs. 

 

4.2.5 Conclusions for structure-activity relationships 

For the concluding evaluation of the synthesized compounds, it is important to consolidate the 

information from the Fluo-4 Ca2+ imaging and the E-Morph assay. The combined results of the 

respective best compounds from both assays are depicted in the following table: 
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Entry Compound IC50 

TRPML1 

[µM] 

IC50 

TRPML2 

[µM] 

IC50 

TRPML3 

[µM] 

Estrogenic 

effect (EE) 

EC50 [µM] 

Relative 

activity  

(LogIC50 TRPML1 

- LogIC50 EE) 

1 EDME 0.5 5.9 19.5 < 0.001 (strong) > 2.69 

2 61 1.0 12         17        1.02 (weak) -0.01 

3 44 1.5 37         2.6        1.45 (weak) 0.01 

4 46 5.7 31         9.5       1.72 (weak) 0.52 

5 40 9.4 13         13         2.76 (weak) 0.53 

6 63 40 42         45         4.0 (weak) 1.01 

7 62 8.8 35         38         11 (weak) -0.1 

8 PRU-9 0.2 2.5        6.0        0.39 (moderate) -0.29 

9 PRU-10 0.4 54         16         0.15 (moderate) 0.43 

10 53 0.2 3.6        3.6        0.10 (moderate) 0.30 

11 PRU-12 0.3 5.3       14         0.002 (strong) 2.14 

12 17 0.1 6.9        3.6        0.02 (strong) 0.72 

 
Table 5: Combined results of the Fluo-4 Ca2+ imaging and the E-Morph assay. Entries 

2-7 represent the substances that had the weakest effect in the E-Morph assay. 
Entries 8-12 represent the best hits in the Fluo-4 Ca2+  imaging. A negative relative 

activity suggests higher inhibitory activity on TRPML1 than agonistic activity in the E -
Morph assay 

 

From the group of weak ER agonists (EC50 ≥ 1.0 µM), only the 2-vinyl analog 44 and pyridine 

61 are moderate to decent TRPML1 inhibitors. While 44 is slightly more active on estrogen 

receptors (EC50 = 1.45 µM vs IC50 on TRPML1 = 1.5 µM), the effects of 61 in both assays were 

nearly balanced (EC50 = 1.02 µM vs IC50 on TRPML1 = 1.0 µM). Out of the top compounds of 

the Fluo-4 Ca2+ imaging, only PRU-9 shows a negative relative activity, meaning that the ER 

agonistic effect in the E-Morph assay is lower than the inhibitory effect on TRPML1. The 3-

vinyl analog PRU-10 and the benzofuran 53 belong to the group of moderate ER agonists (0.1 

µM ≤ EC50 < 1.0 µM) but still exhibit a positive relative activity. The 3-acetyl analog PRU-12 

was strongly active in the E-Morph assay and thus showed the highest relative activity of this 

selection. The N,N-dimethylamino analog 17 as the most potent TRPML1 inhibitor also ranks 

among the strong ER agonists (< 0.1 µM) with an EC50 value of 0.02 µM and a resulting relative 

activity of 0.72. Still, all the top compounds displayed significantly lower estrogenic effects than 

the original screening hit EDME. 
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In conclusion, none of the compounds is a potent TRPML1 inhibitor and at the same time 

shows weak or no estrogenic effects. Nevertheless, it was possible to synthesize isoform-

selective analogs that show both higher activity at TRPML1 and lower estrogenic effects than 

EDME. The N,N-dimethylamino analog 17 and the benzofuran analog 53 all in all provided the 

best results and therefore represent the best TRPML1 inhibitors synthesized during this 

project.  

 
Figure 26: The two best TRPML1 inhibitors  

 

Taking all data into account, several assertions can in general be drawn about structure-activity 

relationships. 

Modifications at C-17: 

 

As discussed in the Objectives Chapter, the preliminary screening already indicated that 

alterations of functional groups at C-17 lead to a decrease in activity at the target ion channel 

TRPML1. Since the 17α-analog PRU-2 was only marginally active, stereochemistry at this 

position also proved to be crucial for TRPML1 inhibitory activity and should definitely be 

conserved. 
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Modifications at C-3:  

  

Replacement of the methyl ether by other substituents predominantly retained activity on 

TRPML1. Several different functional groups are tolerated, among them various ethers as well 

as compounds carrying a C-C bond, a C-N bond or a triflate at this position. The IC50 values 

for TRPML1 inhibition of the substances of this series are in a range of 0.1 µM - 0.9 µM. The 

only two exceptions are the primary aromatic amine 15 (2.1 µM) and the 3-methylthio analog 

40 (9.4 µM) which are only weak TRPML1 inhibitors. Regarding ER agonistic activity, the 

phenol ethers with aliphatic chains showed the strongest effect. Aromatic substituents or 

substituents bearing heteroatoms caused a decrease in estrogenic activity. The compounds 

with a C-C instead of a C-O bond at C-3 exhibited strong to moderate estrogenic effects and 

were all less active than the phenol ethers in the E-Morph assay. 
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Modifications at C-2: 

 

The insertion of an iodine, phenyl, vinyl or acetyl substituent at C-2 each led to a strong 

reduction in TRPML1 inhibitory activity. The 2-iodo analog 43, the 2-vinyl analog 44 and the 2-

acetyl analog 46 exhibited minor estrogenic effects, while the 2-phenyl analog 47 was highly 

estrogenic. The 2-methoxyestrane 54 showed a 2.8-fold lower inhibition of TRPML1 compared 

to its constitutional isomer EDME, but with an EC50 of < 0.001 a similarly strong activity in the 

E-Morph assay. In this group, solely the benzofuran analog 53 is superior to the original 

screening hit EDME as it is more active on TRPML1 and at the same time exerts a weaker 

estrogenic effect in the E-Morph assay. 

Azaarenes: 

 

All three azaarenes are less active at TRPML1 but also have a much weaker estrogenic effect 

than EDME. While the pyrimidine 62 and the pyridone 63 do not even exhibit noteworthy 

TRPML1 inhibition, the pyridine 61 with an IC50 of 1.0 µM is still a decent TRPML1 inhibitor. As 

discussed above, this analog provides the most balanced profile between TRPML1 inhibition 

and estrogenic potential with a relative activity of -0.01. Referring to the results of the two 

bioisosteric analogs 61 and 62, replacement of benzenoid ring A by the basic azaarenes 

pyridine and pyrimidine attenuates both the TPRML1 inhibitory activity and estrogenic effects. 
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5. Summary 

 

This project was designed to develop new potent and selective inhibitors for the lysosomal 

cation channel TRPML1, which has emerged as a promising biological target, particularly in 

cancer research and in the study of neurodegenerative diseases. The basis for this work was 

a high-throughput screening of a substance library of 2430 drug-like small molecules carried 

out by our cooperation partners Prof. Dr. MICHAEL SCHAEFER, Prof. Dr. Dr. CHRISTIAN GRIMM 

and their respective groups, whereby the steroid 17β-estradiol methyl ether (EDME) was 

identified as the first highly potent and isoform-selective TRPML1 inhibitor. Due to its close 

structural similarity to natural estrogens and the derivable estrogenic potential as well as its 

metabolic lability, EDME itself as a chemical tool entails notable disadvantages and does not 

fulfill the criteria of a drug candidate for the desired target. The aim of this work was hence to 

synthetically modify EDME to generate and subsequently biologically evaluate various 

analogs. In this way, the structure-activity relationships should be elucidated and chemical 

tools be developed that are superior to the initial screening hit. The main objective of the 

synthetic approaches was to maintain or even increase potency and selectivity at TRPML1 

and at the same time decrease the estrogenic effect.  

 
Figure 27: Screening hit EDME, numbering and ring annotation 

 

In a consecutive screening campaign, which included several other pharmacologically active 

synthetic and natural steroidal compounds as well as synthetic estrogens and antiestrogens, 

a first framework of structure-activity relationships was established. The results indicated that 

the steroidal estrane scaffold had to be conserved and that exchange of the secondary alcohol 

at C-17 by a ketone or ester was detrimental for the activity at TRPML1. 

The first envisaged analog was PRU-2, the 17α-epimer of EDME. The intention behind this 

structural modification was to investigate the importance of the stereochemistry at C-17. Since 

the 17α-epimer of estradiol (alfatradiol, 5) is a significantly weaker estrogen than estradiol 

itself, this modification would represent a potential way to synthesize analogs with weaker 

estrogenic effects. PRU-2 could be easily prepared from alfatradiol (5) via O-methylation at 

ring A with dimethyl sulfate under alkaline conditions (Scheme 50). 
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Scheme 50: Synthesis of 17α-epimer PRU-2 

 

Because the phenol ether moiety of EDME is susceptible to metabolic cleavage by CYP 

enzymes, one aim was to replace this function with a metabolically stable bioisosteric group. 

To obtain difluoromethylether PRU-4, 17β-estradiol (3) was treated with potassium hydroxide 

and diethyl bromodifluoromethylphosphonate (Scheme 51). 

 
Scheme 51 Preparation of difluoromethyl ether PRU-4 

 

The next consideration was to introduce a couple of different ethers at C-3 to investigate if 

other chain lengths and substituents are tolerated. Consequently, the three ether compounds 

PRU-5 (ethyl), PRU-6 (isopropyl) and PRU-7 (allyl) were prepared from 3 by standard 

WILLIAMSON ether synthesis protocols. Diphenylether PRU-8 was prepared from estradiol (3) 

by nucleophilic addition of benzyne, which was generated in situ from 2-(trimethylsilyl)phenyl 

trifluoromethanesulfonate and cesium fluoride. Treatment of 3 with 4-nitrophenyl 

trifluoromethanesulfonate and potassium carbonate allowed preparation of triflate PRU-9 

(Scheme 52).  
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Scheme 52: Synthesis of EDME analogs by derivatization of estradiol (3), a:  alkyl 

halide, base; b : 2-(tr imethylsilyl)phenyl tr ifluoromethanesulfonate , CsF, c: 4-nitrophenyl 
trifluoromethanesulfonate, K2CO3  

 

The next intention was to prepare analogs carrying a C-C bond instead of a C-O bond at C-3. 

This substitution should impede metabolic cleavage by CYP enzymes at this position and 

additionally after biological evaluation provide more profound information about SAR. 

Furthermore, these analogs were assumed to be less estrogenic, as the oxygen motif at this 

position is typical for estrogens. Hence, palladium-catalyzed coupling reactions were 

conducted with previously synthesized triflate PRU-9. The first three compounds derived from 

this synthesis strategy were the 3-vinyl analog PRU-10, the 3-phenyl estrane PRU-11 and the 

3-acetyl analog PRU-12. PRU-10 and PRU-12 were prepared by STILLE coupling under 

palladium catalysis: Reaction of PRU-9 with tributyl(vinyl)tin provided PRU-10, whereas PRU-

12 was accessible via coupling of PRU-9 with tributyl(1-ethoxyvinyl)tin and subsequent 

hydrolysis of the generated enol ether intermediate (Scheme 53 A). SUZUKI coupling of PRU-

9 with phenylboronic acid and K3PO4 afforded biphenyl PRU-11.  

To gather information about the TRPML1 inhibitory activity of this first generation of 

compounds, the substances were tested by Fura-2 and Fluo-4 Ca2+ imaging assays. 

Furthermore, estrogenic effects were measured by a simple yeast estrogen screen (YES) 

assay. Since the 3-vinyl analog PRU-10 and the 3-acetyl analog PRU-12 delivered the best 

results, the successive synthetic approaches built on these data and focused on the 

replacement of the ether bond at C-3 through other functional groups.  
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The 3-ethyl analog 8 was easily accessible from PRU-10 by catalytic hydrogenation on Pd/C. 

Analogous to the preparation of PRU-10 and PRU-12, palladium catalyzed coupling 

procedures based on triflate PRU-9 allowed for a number of additional variations (Scheme 53 

A). A SONOGASHIRA like coupling reaction of PRU-9 with trimethylsilylacetylene and 

subsequent cleavage of the trimethylsilyl group with TBAF afforded the 3-ethynyl analog 11. 

Aromatic aldehyde 12 was synthesized by a method for formylation of aryl triflates under 

palladium catalysis using N-formylsaccharine as a carbon monoxide surrogate. Nitrile 13 was 

obtained by palladium-catalyzed cyanation of PRU-9 with KCN. A HECK-type reaction of PRU-

9 with acrylonitrile gave the vinylogous nitrile 14. Aldehyde 12 and the two nitriles 13 and 14 

were synthesized as potential reversible covalent inhibitors of TRPML1.  

The three aromatic amines 15, 16 and 17 could not be directly synthesized from PRU-9 by 

BUCHWALD-HARTWIG coupling with amines. Instead, the C-17 alcohol of PRU-9 had to be 

benzylated beforehand for this reaction to succeed. As conventional benzylation methods 

failed to furnish satisfactory results, it took several different approaches before benzylation 

with benzyloxy-1-methyl-pyridinium triflate was found to be the best method for this purpose. 

Thus, the desired benzyl-protected building block 23 could eventually be synthesized from 

PRU-9 (Scheme 53 B). Based on this, the three amines could be prepared by BUCHWALD-

HARTWIG coupling with benzylamine followed by sophisticated N-debenzylation and reductive 

N-alkyation  sequences. 
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Scheme 53:  Systematic variation of substituents at C-3 by palladium-catalyzed coupling 

reactions  

 

As 3-methylthio analog 40 could not be prepared directly by a palladium-catalyzed coupling 

reaction, a palladium-catalyzed NEWMAN-KWART rearrangement procedure via O-aryl 

thiocarbamate 35 was conducted instead. Alkaline hydrolysis of the formed S-aryl 

thiocarbamate 38 followed by S-methylation with iodomethane and sodium hydride afforded 

the desired product 40 (Scheme 54). 
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Scheme 54: Preparation of 3-methylthio analog 40 

 

To investigate the effect of substituents at C-2 of the estrane and thus expand knowledge 

about SAR, the next series of compounds was designed to vary this position. For this purpose, 

estradiol (3) was iodinated with NIS at C-2 with the aid of LEWIS acid Indium (III) triflate to give 

2-iodoestradiol (41, Scheme 55). Subsequent methylation of the phenol group with 

iodomethane and cesium carbonate yielded the key intermediate 43. Analogous to PRU-9, this 

building block could serve as a starting material for palladium-catalyzed coupling reactions. 

Hence, the 2-vinyl analog 44 and the 2-acetyl analog 46 were prepared by STILLE coupling, 

while 2-phenyl analog 47 could be obtained by SUZUKI coupling. Furthermore, 2-iodoestradiol 

(41) was also directly subjected to SONOGASHIRA coupling using a solution of propyne in DMF 

to receive 2-propynyl estrane 51. Cyclization of this intermediate with NaOH in methanol 

yielded annulated benzofuran 53. 
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Scheme 55: Modifications at C-2 by means of iodination and subsequent palladium-

catalyzed coupling reactions 

 

Another envisaged analog was 2-methoxy estrane 54, the constitutional isomer of EDME 

carrying the methoxy group at C-2. For the preparation of this compound, commercially 

acquired starting material 2-methoxyestradiol (55) was converted into triflate 60 using 4-

nitrophenyl trifluoromethanesulfonate and potassium carbonate. Subsequent reductive 
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cleavage of the generated triflate with formic acid under palladium catalysis yielded the desired 

2-methoxy analog 54 (Scheme 56). 

 
Scheme 56: Synthesis of 2-methoxy analog 54 

 

After modification of substituents at the aromatic ring A, another objective was to replace the 

benzenoid ring by suitable bioisosteres. Pyridine and pyrimidine were considered as promising 

candidates for this bioisosteric replacement as they would add new physicochemical properties 

to the molecule due to their basic nitrogen atoms and could thus impact interactions with the 

target protein and/or estrogen receptors. For both azaarenes, commercially available 

androgen 19-nortestosterone (4) was selected as starting material, as this homochiral 

compound already has the required configurations at the stereocenters in rings C and D and 

unlike related steroids lacks a methyl group at C-10, which would prevent aromatization of ring 

A after the preceding oxidative cleavage. In this way, the two azaarenes were successfully 

synthesized in 6 and 8 steps, respectively (Scheme 57).  

For the synthesis of pyridine analog 61, the previously shown benzylation method utilizing 2-

benzyloxy-1-methyl-pyridinium triflate and magnesium oxide was applied to 4 to obtain benzyl 

protected steroid A. The introduction of a protective group at this position was crucial for the 

following reactions since the unprotected secondary alcohol was found to interfere with 

oxidants and other reagents used for dehydrogenation at a later stage. The benzyl group was 

selected as the preferred option as it is more resilient to acidic conditions than other protective 

groups, such as TBDMS ether, yet it can be deprotected selectively under relatively mild 

conditions. Oxidative cleavage of the cyclohexenone-type ring A with sodium periodate, 

potassium permanganate and potassium carbonate gave ketocarboxylic acid B, which was 

then recyclized with ammonium acetate in acetic acid to obtain a mixture of the two unsaturated 
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lactams C1 and C2. The next step was the aromatization of these lactams. The lactam mixture 

was treated with copper (II) bromide, lithium bromide, 1,3-dimethoxybenzene and 

methanesulfonic acid to accomplish aromatization and yield pyridone D along with small 

amounts of the debenzylated pyridone compound 63, which was generated as a side product. 

This reaction was the result of a comprehensive and laborious evaluation of numerous 

approaches for the dehydrogenation of lactams C1 and C2 including treatment with various 

oxidants and several published dehydrogenation protocols and reagents used for the synthesis 

of pyridones or related fields. Of all these experiments, only the method described above, 

which was originally used for a cyclohexenone-to-phenol conversion in 19-norandrost-4-en-3-

ones, succeeded in producing the pyridone. To continue the route to azaarene 61, the benzyl 

protected pyridone D was O-methylated utilizing silver (I) carbonate and iodomethane to give 

benzyl protected methoxy pyridine E. Deprotection of the benzyl group with boron trichloride 

finally yielded methoxy pyridine analog 61.  

The synthesis route to the pyrimidine analog 62 directly started with the oxidative cleavage of 

the cyclohexenone moiety of 19-nortestosterone (4) to obtain ketocarboxylic acid F. 

Intermediate F was converted into its methyl ester G using a standard methylation protocol 

with Cs2CO3 and iodomethane. After conversion of the keto group into the dioxolane H, the C-

17 alcohol was converted into the TBDMS ether to give TBDMS protected seco-steroid I. In 

this case, the TBDMS ether was favored over the benzyl group since the deprotection of both 

the TBMDS group and the dioxolane could later be smoothly achieved in one single step. The 

TBDMS group was not introduced until this stage, as the preceding reactions did not require 

protection of the secondary alcohol, but the TBDMS ether could have been cleaved by the 

acidic conditions during the insertion of the dioxolane. The next step of the route involved the 

conversion of the methyl propionate side chain of I into the α,β-unsaturated ester J by a 

selenation-selenoxide elimination protocol including treatment with LDA/diphenyldiselenide 

and oxidation with H2O2. Two-carbon degradation to yield the aldehyde K was accomplished 

by ozonolysis. The treatment of K with acetic acid in THF/water resulted in simultaneous 

deprotection of the dioxolane and the TBDMS ether to provide the ketoaldehyde L. Finally, 

cyclization of L using O-methylisourea and sodium methoxide gave the target methoxy 

pyrimidine analog 62. 
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Scheme  57: Synthesis routes to the azaarene analogs of EDME  
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All EDME analogs were analyzed for their TRPML1 inhibitory activity, selectivity over the two 

isoforms TRPML2 and TRPML3, and for estrogenic effects. TRPML1 inhibitory activity as well 

as isoform-selectivity was determined by Fluo-4 Ca2+ imaging experiments performed by 

NICOLE URBAN from the group of Prof. Dr. MICHAEL SCHÄFER at the Rudolf-Boehm-Institut in 

Leipzig. Estrogenic effects were assessed by an E-Morph assay performed by Dr. VERENA 

FETZ and Dr. SEBASTIAN DUNST at the Bundesinstitut für Risikobewertung (BfR, Berlin). The 

IC50 values derived from Fluo-4 Ca2+ imaging showed that most of the analogs represent potent 

and selective TRPML1 inhibitors. Replacement of the ether moiety at C-3 by other functional 

groups led to minor changes in TRPML1 inhibitory activity but in all cases to a decrease of 

estrogenic effects. The only exception is 3-methylthio analog 40 which is a very weak TRPML1 

inhibitor with an IC50 of 8.8 µM. The 3-vinyl analog PRU-10 (IC50 for TRPML1 inhibition: 0.4 

µM), the 3-acetyl analog PRU-12 (IC50: 0.3 µM) and the N,N-dimethylamine analog 17 (IC50 for 

TRPML1 inhibition: 0.1 µM) provided the best results of this group and were superior to the 

original screening hit EDME (IC50: 0.5 µM). Triflate PRU-9 showed an excellent activity and 

selectivity profile as well as a merely moderate estrogenic effect but is not considered a 

promising TRPML1 blocker since it is not drug-like due to the lability of the triflate group. 

Modifications at C-2 were detrimental for TRPML1 inhibitory activity, solely benzofuran analog 

53 which comprises a modification of both C-2 and C-3 was highly active at TRPML1 (IC50: 0.2 

µM) and also only exhibited a moderate estrogenic effect. None of the azaarene analogs 

(pyridine 61, pyrimidine 62, pyridone 63) is a highly potent TRPML1 inhibitor, but all of them 

showed comparably low estrogenic effects. With an IC50 of 1.0 µM, solely pyridine analog 61 

exhibited noteworthy TRPML1 inhibition. Its ER agonistic activity was in the same 

concentration range (EC50: 1.02 µM). 

In summary, new potent and isoform-selective TRPML1 inhibitors have been successfully 

developed in this project. The original screening hit EDME was improved both in terms of its 

TRPML1 inhibitory activity, which was increased and its undesired estrogenic effect, which 

was decreased, through systematic structural variations and profound biological evaluation 

with the help of our cooperation partners. Furthermore, valuable information on SAR was 

gathered in this work. In particular, the N,N-dimethylamino analog 17 and the benzofuran 

analog 53 as the two best compounds represent promising chemical tools for the investigation 

of TRPML1 ion channels. 

 
Scheme 58: The two best analogs of this work  
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However, it was not possible to synthesize an analog that combines a very weak or even no 

estrogenic effect with a high activity at TRPML1. The compounds that showed a weak 

estrogenic effect were in all cases found to have only a moderate or weak inhibition of 

TRPML1. Consequently, off-target effects on estrogen receptors remain to be considered in 

this structural class of TRPML1 inhibitors. 
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6. Experimental part 

 

6.1 Biological methods 

MTT assay 

The MTT assay was performed by MARTINA STADLER (BRACHER group). HL-60 cells were 

maintained under standard cell culture conditions in RPMI 1640 medium supplemented with 

10 % fetal bovine serum (FBS) without antibiotics. Cells were grown and incubated at 37 °C in 

a 5 % CO2 atmosphere. HL-60 cells were seeded in 96-well plates at 9 x 104 cells/well and 

incubated for 24 h before treatment with test compounds for 24 h with a final well volume of 

100 μL, 1 % DMSO; three technical replicates; the cosolvent control was treated with 1 % 

DMSO only. Triton-X 100 was used as a positive control. 3-[4,5-Dimethylthiazole-2-yl]-2,5-

diphenyltetrazolium bromide (MTT; 5 mg in 1.0 mL PBS) was added to the cells for 2 h. Then 

DMSO (190 μL) was added. After 1 h, absorbance of the MTT metabolite formazan was 

measured at 570 nm using an MRX Microplate Reader (Dynex Technologies, Chantilly, USA). 

Absorbance data was averaged over the technical replicates, then normalised to viable cell 

count from the cosolvent control cells (% control) as 100 %, where 0 % viability was assumed 

to correspond to absorbance zero. 

 

Agar diffusion assay 

Agar diffusion tests were performed by MARTINA STADLER (BRACHER group). Solutions with 1 

% (m/V) compound in DMSO were prepared. Of these solutions 3.0 μL were given on a test 

platelet (diameter 6 mm, Macherey-Nagel), equivalent to 30 μg substance. The same was 

done for the reference substances clotrimazole (antifungal) and tetracycline (antibacterial). A 

blind control was conducted with DMSO. The test platelets were then dried for 24 h at room 

temperature. Microorganisms were obtained from Deutsche Sammlung von Mikroorganismen 

und Zellkulturen GmbH (DSMZ) in Braunschweig and cultivated according to the DSMZ 

recommendations in liquid culture. For the agar diffusion assay, different agars were required. 

For Candida glabrata (DSM number: 11226), Hyphopichia burtonii (DSM number: 70663), 

Yarrowia lipolytica (DSM number: 1345), Escherichia coli (DSM number: 426), and 

Pseudomonas marginalis (DSM number: 7527) all-culture agar (AC-agar) of Sigma Aldrich 

was used. 35.2 g AC-agar and 20 g agar were suspended in 1.0 L water and autoclaved. For 

Staphylococcus equorum (DSM number: 20675) and Streptococcus entericus (DSM number: 

14446) an agar is likewise prepared from 10.0 g casein peptone, 5.0 g yeast extract, 5.0 g 

glucose and 5.0 g sodium chloride in 1.0 L water. For Aspergillus niger (DSM number: 1988) 

32 g potato dextrose agar and 20 g agar in 1.0 L water were used. After treatment in the 

autoclave, 15 mL each of the warm, liquid agar was filled into petri dishes under aseptic 
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conditions and cooled to 8 °C for 1 h. The germs were then brought onto the different agars 

using cotton swabs. The platelets containing the substances, the reference, and the blind 

control were put onto the agar. The agar plates were incubated for 36 h at 32 °C (bacteria) or 

28 °C (yeasts). Then the diameters of growth inhibition were measured manually. 

 

Yeast estrogen screen (YES) assay 

Performed Prof. Dr. GÜNTHER VOLLMER as described in our publication[84] 

 

E-Morph screening assay  

The E-Morph Screening assay was performed by Dr. SEBASTIAN DUNST and Dr. VERENA FETZ 

(BfR, Berlin) as described in KLUTZNY et al., 2022[170]. A JANUS Automated Liquid Handling 

Workstation (PerkinElmer), customized treatment protocols written in WinPREP (PerkinElmer), 

and an ELx405 Select CW Microplate Washer (BioTek Instruments, Winooski, VT, USA) were 

used for all liquid handling procedures. MCF-7/E-Cad-GFP cells were coexposed with 10 nM 

Fulv in combination with the compounds at six different concentrations (0.001 - 100 µM) for 48 

h and the SI (primary readout) at the cell membrane as a measure for the ER agonist activity 

of the test substances was measured. The potencies (half-maximal effective concentrations 

(EC50)) of the compounds were calculated by fitting the SI concentration-response curves for 

all non-cytotoxic concentrations using the non-linear fit algorithm (four parameters, variable hill 

slope). MCF-7/E-Cad-GFP cells were routinely maintained at 37 °C with 5% CO2 in cell culture 

medium containing Dulbecco's modified Eagle's medium (DMEM, low glucose, pyruvate, no 

glutamine, no phenol red) (Gibco/Thermo Fisher Scientific, Waltham, MA, USA), 5% (v/Merck, 

Darmstadt, Germany), 2 mM stable glutamine (Gibco/Thermo Fisher Scientific), 100 µg/ml 

streptomycin / 100 U/ml penicillin (Biochrom/Merck), and 0.4 mg/ml geneticin (Gibco/Thermo 

Fisher Scientific). The final background estradiol concentration in the FBS-containing medium 

was 4.1 pM. For preparation of compound plates for the first range-finding run, 2 µl of a 

compound stock solution in DMSO (100 mM) were dissolved 1:100 in a 96-well microplate 

(Greiner Bio-One) containing 198 µl cell culture medium and the anti-estrogen fulvestrant 

(Fulv) (Sigma-Aldrich/Merck, Darmstadt, Germany) at 100 nM. From this start concentration 

(1 mM), a total of five serial dilutions (1,000 – 100 – 10 – 1 – 0.1 µM) were generated at a 1:10 

ratio in 200 µl cell culture medium containing 100 nM Fulv (10X compound plates). For the 

second and third confirmatory runs, the compound stock solution was readjusted to 10 mM in 

DMSO to avoid precipitation in the cell culture medium and cytotoxic effects resulting in 10X 

compound plates containing serial compound dilutions of 100 – 10 – 1 – 0.1 – 0.01 µM. 

For preparation of assay plates, 11,000 cells were seeded per well into PhenoPlate™ 384-well 

microplates (PerkinElmer, Waltham, MA, USA) in 90 µl cell culture medium and grown until 

80-90% confluency for 24 h. Subsequently, 10 µl of the exposure medium containing the 
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diluted compounds (start concentrations: 1000 or 100 µM) were transferred from the 

compound plates to the assay plates containing 90 µl cell culture medium to achieve a final 

compound concentration series of 100 - 0.1 µM or 10 – 0.01 µM, a final Fulv concentration of 

10 nM, and a maximal DMSO concentration of 0.1%. The exposure of cells with the 

compounds was performed with two technical replicates per plate for 48 h without an additional 

medium exchange. 

Experimental controls included the solvent control (0.1% DMSO), the Fulv control containing 

10 nM Fulv only, and the co-treatment (reactivity) control containing 10 nM Fulv + 100 nM 17β-

estradiol (E2) (Sigma-Aldrich/Merck). 

 

Single cell calcium imaging 

Performed as described in our publication[84] 

 

High-throughput screening (HTS) 

Performed by NICOLE URBAN (Rudolf-Boehm-Institut, Leipzig) as described in our publication[84] 

 

Fluo-4 calcium imaging (screening and concentration-response experiments) 

Performed by NICOLE URBAN (Rudolf-Boehm-Institut, Leipzig) as described in our publication[84] 

 

6.2 Instruments and materials 

Solvents and reagents 

All chemicals used were of analytical grade and were purchased from abcr (Karlsruhe, 

Germany), Fischer Scientific (Schwerte, Germany), Sigma-Aldrich (now Merck, Darmstadt, 

Germany), TCI (Eschborn, Germany) or Th. Geyer (Renningen, Germany). HPLC grade and 

dry solvents were purchased from VWR (Darmstadt, Germany) or Sigma-Aldrich, isohexane, 

ethyl acetate and methylene chloride were purified by distillation.  

 

Microwave assisted synthesis 

Microwave assisted synthesis was carried out in a Discover (S-Class Plus) SP (CEM, USA) 

microwave reactor. 

 

Hydrophobic filters 

Hydrophobic phase separation filters (MN 617 WA, 125 mm) were obtained from Macherey 

Nagel (Düren, Germany).  
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Thin layer chromatography (TLC)  

All reactions were monitored by thin-layer chromatography (TLC) using pre-coated plastic 

sheets POLYGRAM® SIL G/UV254 from Macherey-Nagel (Düren, Germany) and detected by 

irradiation with UV light (254 nm or 366 nm) or visualized by staining with CAM (ceric 

ammonium molybdate), vanillin-sulfuric acid, DNPH (2,4-dinitrophenylhydrazine) or 

Dragendorff’s reagent (K(BiI4) solution in acetic acid/water). 

 

Flash column chromatography (FCC)  

Flash column chromatography was performed on Merck silica gel Si 60 (0.015 – 0.040 mm) if 

not otherwise stated. The used solvent systems are indicated in the synthesis details and 

analytical data section. 

 

Nuclear magnetic resonance spectroscopy  

All NMR spectra (1H, 13C, DEPT, H-H-COSY, HSQC, HMBC) were recorded at 23 °C on an 

Avance III 400 MHz Bruker BioSpin or Avance III 500 MHz Bruker BioSpin instrument. 

Chemical shifts δ are stated in parts per million (ppm) and are calibrated using residual protic 

solvents as an internal reference for proton (CDCl3: δ = 7.26 ppm, CD2Cl2: δ = 5.32 ppm, 

CD3OD: δ = 3.31 ppm, (CD3)2SO: δ = 2.50 ppm) and for carbon the central carbon resonance 

of the solvent (CDCl3: δ = 77.16 ppm, CD2Cl2: δ = 53.84 ppm, CD3OD: δ = 49.00 ppm, 

(CD3)2SO: δ = 39.52 ppm). Peak assignments were based on 2D NMR experiments using 

standard pulse programs (COSY, HSQC/HMQC, DEPT, HMBC). Multiplicity is denoted as s = 

singlet, d = doublet, t = triplet, q = quartet, m = multiplet. NMR spectra were analyzed with 

NMR software MestReNova, version 12.0.1-20560 (Mestrelab Research S.L.). 

 

Mass spectrometry  

High resolution mass spectra were performed by the LMU Mass Spectrometry Service 

applying a Thermo Finnigan MAT 95 or Joel MStation Sektorfeld instrument at a core 

temperature of 250 °C and 70 eV for EI or a Thermo Finnigan LTQ FT Ultra Fourier Transform 

Ion Cyclotron Resonance device at 250 °C for ESI.  For reaction monitoring low resolution 

mass spectra were recorded on an expression LCMS device (Advion, USA) by atmospheric 

pressure solids analysis probe (ASAP) and atmospheric-pressure chemical ionization (APCI) 

for the analysis of samples in solution or neat solids. For the analysis of spots on a TLC plate, 

the measurement was carried out in combination with a Plate Express® TLC Plate Reader 

device (Advion, USA) using APCI or ESI ionization method. 
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Infrared spectroscopy  

IR spectra were recorded on a Jasco FT/IR-4100 (type A) instrument (Jasco, Germany) 

equipped with a diamond ATR unit (Jasco PRO450-S) as neat materials. Absorption bands 

were reported in wave number (cm-1) with ATR PRO450-S. 

 

Melting points 

Melting points were determined by the open tube capillary method on a Büchi melting point B-

540 apparatus and are uncorrected. 

 

High pressure liquid chromatography  

HPLC purities were determined using an HP Agilent 1100 HPLC with a diode array detector. 

The substances (1.0 mg) were dissolved in ACN (1 mL) and diluted with ACN (1:10). HPLC 

purity measurements were performed by ANNA NIEDRIG from the BRACHER group and myself. 

 

Method 1: Column InfinityLab Poroshell 120EC-C18 4,6x1000mm 2,7µm 

a) Eluent ACN/H2O: 70:30 

b) Eluent ACN/0.1%TFA in H2O: 50:50 

c) Eluent ACN/H2O: 80:20 

d) Eluent ACN/H2O: 50:50 

e) Eluent: MeOH/phosphate buffer pH 9: 85:15 

Method 2: Column Zorbax Eclipse Plus C18 4,6x150mm, 5µm, eluent ACN/H2O: 70:30 

 

Software 

ChemDraw Professional® 16.0 (PerkinElmer, USA) was used for drawing structures or reaction 

schemes. MestReNova® 10.0 (Mestrelab Research, Spain) was used for processing and 

analysis of NMR spectra. GraphPad Prism® 5.0 and 8.4.3 (GraphPad Software Inc., USA) was 

used for data visualization and statistical analysis. 

 

Numbering of the compounds 

The numbering of atoms is based on the IUPAC nomenclature system of steroids. Atoms of 

secosteroids and derivatives thereof are numbered according to their initial position in the intact 

ring. 
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6.3 Synthesis details and analytical data 

 

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

cyclopenta[a]phenanthren-17-ol (8) 

C20H28O 

 Mw: 284.44 g/mol 

To 48.0 mg (0.170 mmol, 1.00 eq) of vinyl compound PRU-10, dissolved in 12.5 mL of ethanol, 

9.05 mg (0.00850 mmol, 5 mol%) of Pd/C (10 %) was added under a nitrogen atmosphere. 

The flask was equipped with a rubber septum and a balloon, the system was purged with 

hydrogen and stirred at ambient temperature for 1 h. Then the reaction mixture was filtered 

through a pad of celite, which was washed with 10 mL of ethanol afterwards. The filtrate was 

concentrated in vacuo and the residue was purified by flash column chromatography to yield 

46.0 mg (0.162 mmol, 95 %) of compound 8 as a colorless solid.  

m.p.: 85 °C 

1H NMR (400 MHz, CD2Cl2) δ/ppm = 7.19 (d, J = 8.0 Hz, 1H, 1-H), 6.94 (dd, J = 8.2, 1.9 Hz, 

1H, 2-H), 6.90 (s, 1H, 4-H), 3.69 (t, J = 8.4 Hz, 1H, 17-H), 2.83 (dd, J = 8.3 Hz, 2.8 Hz, 2H, 6-

H), 2.55 (q, J = 7.6 Hz, 2H, ethyl CH2), 2.33 (dq, J = 13.3 Hz, 3.9 Hz, 1H, 11-Ha), 2.20 (m, 1H, 

9-H), 2.08 (dtd, J = 12.6 Hz, 9.2 Hz, 5.3 Hz, 1H, 16-Ha), 1.92 (ddd, J = 12.5 Hz, 3.9 Hz, 2.8 Hz, 

1H, 12-Ha), 1.86 (m, 1H, 7-Ha), 1.69 (dddd, J = 12.5 Hz, 10.1 Hz, 6.7 Hz, 2.6 Hz, 1H, 15-Ha) 

1.49 (m, 1H, 11-Hb), 1.46 (m, 1H, 16-Hb), 1.44 (m, 1H, 8-H), 1.36 (m, 1H, 15-Hb), 1.33 (m, 1H, 

7-Hb), 1.29 (m, 1H, 12-Hb), 1.19 (t, J = 7.6 Hz, 3H, ethyl CH3), 0.76 (s, 3H, 18-H) 

13C NMR (101 MHz, CD2Cl2) δ/ppm = 141.80 (C-3), 138.09 (C-5 or C-10), 137.00 (C-5 or C-

10), 128.71 (C-4), 125.59 (C-1), 125.44 (C-2), 82.17 (C-17), 50.54 (C-14), 44.71 (C-9), 43.60 

(C-13), 39.23 (C-8), 37.18 (C-12), 30.95 (C-16), 29.94 (C-6), 28.69 (ethyl CH2), 27.71 (C-7), 

26.67 (C-11), 23.47 (C-15), 16.02 (ethyl CH3), 11.25 (C-18) 

IR (ATR): ṽmax/cm-1 = 3344, 2921, 2868, 1498, 1444, 1336, 1247, 1135, 1073, 886, 823 

HRMS (EI): m/z = [M•+] calcd. for C20H28O •+: 284.2135; found: 284.2135 

Purity (HPLC): > 97 % (λ = 210 nm) (Method 1a) 

Literature known compound [97 ] 
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(8R,9S,13S,14S,17S)-13-Methyl-3-((trimethylsilyl)ethynyl)-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (10) 

C23H32OSi 

Mw: 352.59 g/mol 

To a solution of triflate PRU-9 (93.0 mg, 0.230 mmol, 1.00 eq) in 2.5 mL DMF in a round bottom 

flask were added triethylamine (0.192 mL, 1.38 mmol, 6.00 eq), ethynyltrimethylsilane (27.1 

mg, 0.276 mmol, 1.20 eq) and Pd(PPh3)2Cl2 (9.69 mg, 0.0138 mmol, 6 mol%). The flask was 

purged with nitrogen for three times and capped with a rubber septum. The resulting 

suspension was heated at 50 °C and stirred for 12 h under a nitrogen atmosphere. The reaction 

mixture was quenched with saturated aqueous ammonium chloride solution and extracted with 

dichloromethane (3 x 10 mL). The combined organic extracts were washed with water (20 mL) 

and brine (20 mL), dried over anhydrous sodium sulfate and concentrated in vacuo. The crude 

product was purified by flash column chromatography (isohexane/ethyl acetate 4:1) to yield 

compound 10 (70.0 mg, 0.199 mmol, 86 %) as a light yellow solid. 

m.p.: 136 °C  

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.23 (d, J = 8.1 Hz, 1H, 1-H), 7.19 (d, J = 8.6 Hz, 1H, 2-

H) 7.16 (s, 1H, 4-H), 3.69 (t, J = 8.5 Hz, 1H, 17-H), 2.82 (m, 2H, 6-H), 2.31 (dq, J =  13.2 Hz, 

3,9 Hz, 1H, 11-Ha), 2.23 (td, J = 11.2 Hz, 4.3 Hz, 1H, 9-H), 2.08 (dtd, J = 12.7 Hz, 9.2 Hz, 5.5 

Hz, 1H, 16-Ha), 1.93 (m. 1H, 12-Ha), 1.88 (m, 1H, 7-Ha), 1.70 (dddd, J = 12.4 Hz, 9.9 Hz, 7.0 

Hz, 3.1 Hz, 1H, 15-Ha) 1.51 (m, 1H, 11-Hb), 1.47 (m, 1H, 16-Hb), 1.45 m, 1H, 8-H), 1.35 (m, 

1H, 15-Hb), 1.31 (m, 1H, 7-Hb), 1.27 (m, 1H, 12-Hb), 1.19 (m, 1H, 14-H), 0.76 (s, 3H, 18-H), 

0.23 (s, 9H, trimethylsilyl)  

13C NMR (126 MHz, CD2Cl2) δ/ppm = 141.91 (C-10), 137.45 (C-5), 132.62 (C-4), 129.24 (C-

2), 125.73 (C-1), 120.38 (C-3), 105.77 (ethynyl, α-silyl), 93.32 (ethynyl, α-C-3), 82.09 (C-17), 

50.55 (C-14), 44.88 (C-9), 43.54 (C-13), 38.82 (C-8), 37.08 (C-12), 30.92 (C-16), 29.60 (C-6), 

27.41 (C-7), 26.39 (C-11), 23.45 (C-15), 11.22 (C-18), 0.07 (trimethylsilyl)  

IR (ATR): ṽmax/cm-1 = 2924, 1248, 1060, 865, 757 

HRMS (EI): m/z = [M•+] calcd. for C23H32OSi •+: 352.2217; found: 352.2218 

Literature known compound [102 ]  
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(8R,9S,13S,14S,17S)-3-Ethynyl-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-17-ol (11) 

C20H24O 

 Mw: 280.4 g/mol 

To a solution of silylated alkyne 10 (56.4 mg, 0.160 mmol, 1.00 eq) in THF (5 mL) was added 

TBAF·3 H2O (55.5 mg, 0.176 mmol, 1.10 eq) at 0 °C. The mixture was allowed to come to 

room temperature and then stirred for 1h. Thereafter saturated aqueous ammonium chloride 

solution was added and the resulting mixture was extracted with dichloromethane (3 x 10 mL). 

The combined organic extracts were washed with water (20 mL), 1 M aqueous NaOH solution 

(20 mL) and brine (20 mL), dried over anhydrous sodium sulfate and concentrated in vacuo. 

The crude product was purified by flash column chromatography (isohexane/ethyl acetate 4:1) 

to yield compound 11 (32.0 mg, 0.114 mmol, 71 %) as a light yellow solid.  

m.p.: 90 °C 

1H NMR (400 MHz, DMSO) δ/ppm = 7.28 (d, J = 8.2 Hz, 1H, 1-H), 7.19 (dd, J = 8.1 Hz, 1.9 

Hz, 1H, 2-H) 7.15 (s, 1H, 4-H), 4,50 (d, J = 4,8 Hz, 1H, OH), 4.04 (s, 1H, alkyne CH), 3.52 (td, 

J = 8.4 Hz, 4.5 Hz, 1H, 17-H), 2.78 (m, 2H, 6-H), 2.28 (m, 1H, 11-Ha), 2.18 (m, 1H, 9-H), 1.89 

(m, 1H, 16-Ha), 1.85 (m. 1H, 12-Ha), 1.81 (m, 1H, 7-Ha), 1.59 (m, 1H, 15-Ha) 1.38 (m, 1H, 16-

Hb), 1.35 (m, 1H, 11-Hb), 1.32 m, 1H, 8-H), 1.26 (m, 1H, 7-Hb), 1.24 (m, 1H, 15-Hb), 1.17 (m, 

1H, 12-Hb), 1.12 (m, 1H, 14-H), 0.66 (s, 3H, 18-H)  

13C NMR (101 MHz, DMSO) δ/ppm = 141.33 (C-10), 136.84 (C-5), 131.88 (C-4), 128.80 (C-

2), 125.58 (C-1), 118.72 (C-3), 83.70 (alkyne C-C), 79.97 (C-17), 79.79 (alkyne C-H), 49.57 

(C-14), 43.92 (C-9), 42.73 (C-13), 38.03 (C-8), 36.50 (C-12), 29.85 (C-16), 28.57 (C-6), 26.50 

(C-7), 25.60 (C-11), 22.75 (C-15), 11.19 (C-18) 

IR (ATR): ṽmax/cm-1 = 3298, 2925, 1692, 1602, 1493, 1249, 1053, 898 

HRMS (EI): m/z = [M•+] calcd. for C20H24O •+: 280.1822; found: 280.1827  

Purity (HPLC): > 95 % (λ = 210 nm), > 96 % (λ = 254 nm) (Method 2) 

Literature known compound [175 ]  
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(8R,9S,13S,14S,17S)-17-Hydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthrene-3-carbaldehyde (12) 

C19H24O2 

 Mw: 284.40 g/mol 

Palladium (II) acetate (11.2 mg, 0.0500 mmol, 5 mol%), 1,1′-bis(diphenylphosphino)ferrocen 

(dppf) (41.6 mg, 0.0800 mmol, 8 mol%), N-formylsaccharin (317 mg, 1.50 mmol, 1.50 eq) and 

acetonitrile (5.0 mL) were combined in a flame dried 25 mL round bottom flask equipped with 

a reflux condenser, a septum with a nitrogen balloon and a magnetic stirring bar. The system 

was purged with nitrogen for three times. Triflate PRU-9 (404 mg, 1.00 mmol, 1.00 eq), 

triethylsilane (0.240 mL 1.50 mmol, 1.50 eq) and sodium carbonate (159 mg, 1.50 mmol, 1.50 

eq) were added to the suspension under a nitrogen flow. The mixture was heated to 80 °C 

under stirring for 16 h. After cooling to room temperature, dichloromethane (5 mL) and water 

(5 mL) were added to the mixture and it was extracted with dichloromethane (3 x 5 mL). The 

combined organic extracts were washed with water (10 mL) and brine (10 mL), filtered through 

a hydrophobic filter and concentrated under reduced pressure. The crude product was purified 

by flash column chromatography (isohexane/ethyl acetate 2:1) to yield 57.1 mg (0.201 mmol, 

20 %) of compound 12 as a colorless oil. 

1H NMR (500 MHz, DMSO) δ/ppm = 9.92 (d, J = 1.2 Hz, 1H, aldehyde), 7.64 (dd, J = 8.1 Hz, 

1.8 Hz, 1H, 2-H), 7.58 (d, J = 1.9 Hz, 1H, 4-H), 7.51 (d, J = 8.1 Hz, 1H, 1-H), 4.52 (br s, 1H, 

OH), 3.53 (t, J = 8.5 Hz, 1H, 17-H), 2.89 (dd, J = 10.3, 6.6 Hz, 2H 6-H), 2.35 (dt, J = 13.2, 3.7 

Hz, 1H, 11-Ha), 2.26 (m, 1H, 9-H), 1.88 (m, 1H, 16-Ha), 1.86 (m, 1H, 12-Ha), 1.83 (m, 1H, 7-

Ha), 1.60 (dtd, J = 9.7 Hz, 7.2 Hz, 3.3 Hz, 1H, 15-Ha), 1.42 (m, 1H, 11-Hb), 1.38 (m, 1H, 8-H), 

1.37 (m, 1H, 16-Hb), 1.31 (m, 1H, 7-Hb), 1.26 (m, 1H, 15-Hb), 1.22 (m, 1H, 12-Hb), 1.15 (m, 1H, 

14-H), 0.67 (s, 3H, 18-H) 

13C NMR (126 MHz, DMSO) δ/ppm = 192.84 (aldehyde), 147.55 (C-5), 137.47 (C-10), 133.85 

(C-2), 129.98 (C-4), 126.63 (C-1 or C-2), 126.14 (C-1 or C-2), 79.96 (C-17), 49.63 (C-14), 

44.39 (C-9), 42.71 (C-13), 37.86 (C-8), 36.51 (C-12), 29.85 (C-16), 28.75 (C-6), 26.41 (C-7), 

25.62 (C-11), 22.78 (C-15), 11.18 (C-18) 

IR (ATR): ṽmax/cm1 = 3426, 2924, 2868, 1603, 1569, 1422, 1379, 1226, 1137, 1050, 1010 

HRMS (EI): m/z = [M•+] calcd. for C19H24O2
•+: 284.1771; found: 284.1770 
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Purity (HPLC): > 93 % (λ = 210 nm), > 95% (λ = 254 nm) (Method 1b) 

 

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

cyclopenta[a]phenanthrene-3-carbonitrile (13) 

C19H23NO 

 Mw: 281.40 g/mol 

404 mg (1.00 mmol, 1.00 eq) of triflate PRU-9, 130 mg (2.00 mmol, 2.00 eq) of potassium 

cyanide, 20.7 mg (0.0200 mmol, 2 mol%) of tris(dibenzylideneacetone) dipalladium (0)-

chloroform adduct and 55.4 mg (0.100 mmol, 0.100 eq) of 1,1‘-bis(diphenylphosphino) 

ferrocene (dppf) were combined in a round bottom flask. Then 0.5 mL of 1-methyl-2-

pyrrolidinone was added and the resulting mixture was stirred at 60 °C for 6 h under a nitrogen 

atmosphere. After cooling, the mixture was filtered through a small pad of celite, evaporated 

to dryness and purified by flash column chromatography (isohexane/ethyl acetate 3:1) to yield 

224 mg (0.796 mmol, 80 %) of compound 13 as a light yellow solid.  

m.p.: 131 °C 

H NMR (400 MHz, DMSO) δ/ppm = 7.55 (dd, J = 8.1 Hz, 1.9 Hz, 1H, 2-H), 7.52 (d, J = 1.6 Hz, 

1H, 4-H) 7.47 (d, J = 8.1 Hz, 1H, 1-H), 4,52 (d, J = 4,8 Hz, 1H, OH), 3.53 (td, J = 8.5 Hz, 4.8 

Hz, 1H, 17-H), 2.83 (m, 2H, 6-H), 2.32 (dq, J = 12.8 Hz, 3.7 Hz, 1H, 11-Ha), 2.24 (m, 1H, 9-H), 

1.88 (m, 1H, 16-Ha), 1.85 (m. 1H, 12-Ha), 1.81 (m, 1H, 7-Ha), 1.60 (dddd, J = 12.0 Hz, 9.7 Hz, 

6.8 Hz, 3.1 Hz, 1H, 15-Ha), 1.39 (m, 1H, 16-Hb), 1.36 (m, 1H, 11-Hb), 1.33 (m, 1H, 8-H), 1.28 

(m, 1H, 7-Hb), 1.24 (m, 1H, 15-Hb), 1.18 (m, 1H, 12-Hb), 1.13 (m, 1H, 14-H), 0.67 (s, 3H, 18-H)  

13C NMR (101 MHz, DMSO δ/ppm = 146.16 (C-10), 138.15 (C-5), 132.24 (C-4), 129.11 (C-2), 

126.47 (C-1), 119 (nitrile C),108.24 (C-3), 79.91 (C-17), 49.55 (C-14), 44.07 (C-9), 42.68 (C-

13), 37.64 (C-8), 36.42 (C-12), 29.83 (C-16), 28.43 (C-6), 26.15 (C-7), 25.40 (C-11), 22.72 (C-

15), 11.14 (C-18),  

IR (ATR): ṽmax/cm-1 = 3507, 2865, 2229, 1602, 1248, 1138, 1058, 1002, 900, 782 

HRMS (EI): m/z = [M•+] calcd. for C19H23NO •+: 281.1774; found: 281.1775  

Purity (HPLC): > 98 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 2) 

Literature known compound [97 ]  
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(E/Z)-3-((8R,9S,13S,14S,17S)-17-Hydroxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-3-yl)acrylonitrile (14) 

C21H25NO 

 Mw: 307.44 g/mol 

A flame dried Schlenk flask was evacuated and backfilled with nitrogen three times prior to the 

addition of 283 mg (0.700 mmol, 1.00 eq) of triflate PRU-9, 0.07 mL (1.05 mmol, 1.50 eq) of 2-

propenenitrile, 89.9 mg (2.10 mmol, 3.00 eq) of lithium chloride, 1.00 mg of 2,6-di-tert-butyl-4-

methylphenol, 0.4 mL (0.280 mmol, 0.400 eq) of triethylamine and 2 mL of DMF. Then 49.1 

mg (0.0700 mmol, 0.100 eq) of bis(triphenylphosphine)palladium dichloride was added under 

a nitrogen flow. The resulting suspension was then heated at 90 °C under a nitrogen 

atmosphere and stirred rapidly for 14 h. After cooling, the reaction mixture was extracted with 

ethyl acetate (3 x 10 mL) and the combined organic extracts were washed with brine (2 × 10 

mL), dried over anhydrous sodium sulfate and concentrated in vacuo. The residue was purified 

by flash column chromatography to yield 72.0 mg (0.234 mmol, 34 %) of compound 14 as a 

mixture of E/Z-isomers.  

m.p.: 170 °C  

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.61-7.08 (3H, 1-H, 2-H, 4-H; 1H, Ar-CH), 5.84 (d, J = 

16.6 Hz, 0.53H, CH-CN E-isomer), 5.38 (d, J = 12.1 Hz, 0.46H, CH-CN Z-isomer), 3.70 (m, 

1H, 17-H), 2.88 (m, 2H, 6-H), 2.34 (m, 1H), 2.25 (m, 1H), 2.08 (m, 1H), 1.95 (m, 1H), 1.90 (m, 

1H), 1.80 (m, 1H), 1.50-1.42 (m, 3H), 1.38-1.29 (m, 3H), 1.18 (m, 1H, 12-H), 1.21 (m, 1H, 14-

H), 0.76 (2s, 3H, 18-H)  

13C NMR (126 MHz, CD2Cl2 δ/ppm = 150.96 and 148.98 (Ar-CH), 144.86 and 144.52 (C-10), 

138.50 and 138.00 (C-5) 131.52 and 131.31 (C-3), 130.09-124.86 (6 peaks, C-1, C-4, C-2), 

118.89 and 118.03  (CN), 95.38 and 94.33 (CH-CN), 82.05 (C-17), 50.54 (C-14), 45.06 (C-9), 

43.53 (C-13), 38.78 (C-8), 37.06 (C-12), 30.90 and 30.09 (C-16), 29.77 (C-6), 27.35 (C-7), 

26.41 (C-11), 23.44 (C-15), 11.20 (C-18) 

IR (ATR): ṽmax/cm-1 = 2853, 2215, 1738, 1616, 1453, 1261, 1054, 1022, 814, 788 

HRMS (EI): m/z = [M•+] calcd. for C21H25NO •+: 307.1931; found: 307.1931  

Purity (HPLC): > 95 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 2) 
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Literature known compound [97 ] 

 

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

cyclopenta[a]phenanthren-17-ol (15) 

C18H25NO 

 Mw: 271.40 g/mol 

Benzylamine 32 (97.6 mg, 0.270 mmol, 1.00 eq), Pd/C (10 %) (14.4 mg, 0.0135 mmol, 5 mol%) 

and methanol (1.2 mL) were combined in a flame dried flask under a nitrogen atmosphere. 

The resulting suspension was brought under a hydrogen atmosphere and stirred at room 

temperature for 6 h. The catalyst was removed by filtration through a small pad of celite and 

after evaporation of the solvent, the crude product was purified by flash column 

chromatography (isohexane/ethyl acetate 1:1 with 1 % triethylamine) to yield 66.0 mg (0.243 

mmol, 90 %) of compound 15 as a white solid. 

m.p.: 92 °C 

1H NMR (500 MHz, CD3OD) δ/ppm = 7.06 (d, J = 8.3 Hz, 1H, 1-H), 6.57 (dd, J = 8.3 Hz, 2.5 

Hz, 1H, 2-H), 6.51 (d, J = 2.4 Hz, 1H, 4-H), 3.66 (t, J = 8.7 Hz, 1H, 17-H), 2.77 (td, J = 9.7 Hz, 

6.3 Hz, 2H, 6-H), 2.30 (dq, J = 13.3 Hz, 3.9 Hz, 1H, 11-Ha), 2.14 (m, 1H, 9-H), 2.04 (m, 1H, 

16-Ha), 1.96 (m, 1H, 12-Ha), 1.88 (ddt, J = 12.5 Hz, 5.7 Hz, 2.5 Hz, 1H, 7-Ha), 1.71 (m, 1H, 15-

Ha), 1.54 (m, 1H, 16-Hb), 1.43 (m, 1H, 11-Hb), 1.39 (m, 1H, 8-H), 1.35 (m, 1H, 15-Hb), 1.31 (m, 

1H, 7-Hb), 1.26 (m, 1H, 12-Hb), 1.19 (m, 1H, 14-H), 0.78 (s, 3H, 18-H) 

13C NMR (126 MHz, CD3OD) δ/ppm = 144.61 (C-3), 138.38 (C-5), 132.59 (C-10), 126.97 (C-

1), 117.57 (C-4), 115.25 (C-2), 82.52 (C-17), 51.33 (C-14), 45.44 (C-9), 44.39 (C-13), 40.60 

(C-8), 38.05 (C-12), 30.71 (C-6 or C-16), 30.70 (C-6 or C-16), 28.58 (C-7), 27.58 (C-11), 24.04 

(C-15), 11.69 (C-18) 

IR (ATR): ṽmax/cm-1 = 3336, 2923, 1738, 1614, 1502, 1445, 1259, 816 

HRMS (ESI): m/z = [M+H]+ calcd. for C18H26NO+: 272.2009; found: 272.2010 

Purity (HPLC): > 96 % (λ = 210 nm), > 96 % (λ = 254 nm) (Method 1d) 

Literature known compound [176 ]  
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(8R,9S,13S,14S,17S)-13-Methyl-3-(methylamino)-7,8,9,11,12,13,14,15,16,17-decahydro-

6H-cyclopenta[a]phenanthren-17-ol (16) 

C19H27NO 

 Mw: 285.43 g/mol 

Under a nitrogen atmosphere amine 31 (75.1 mg, 0.200 mmol, 1.00 eq) was dissolved in 

dichloromethane (4.0 mL) and cooled to -78 °C. Then boron trichloride solution (1 M in 

dichloromethane, 2.34 mL, 2.34 mmol, 3.00 eq) was added dropwise and the resulting solution 

was allowed to warm up to 0 °C and stirred at this temperature for 2 h. Thereafter the mixture 

was quenched with methanol (4 mL) and filtered through a small pad of celite. After evaporation 

of the solvent, the crude product was purified by flash column chromatography 

(isohexane/ethyl acetate 2:1 with 1 % triethylamine) to yield 40.4 mg (0.142 mmol, 71 %) of 

compound 16 as a white solid. 

m.p.: 137 °C 

1H NMR (400 MHz, CD2Cl2) δ/ppm = 7.07 (d, J = 8.4 Hz, 1H, 1-H), 6.40, (dd, J = 8.4 Hz, 2.6 

Hz, 1H, 2-H), 6.32 (d, J = 2.6 Hz, 1H, 4-H), 3.68 (dd, J = 9.0 Hz, 7.9 Hz, 1H, 17-H), 2.80 (m, 

2H, 6-H), 2.77 (s, 3H, NCH3), 2.28 (m, 1H, 11-Ha), 2.14 (m, 1H, 9-H), 2.05 (m, 1H, 16-Ha), 1.89 

(m, 1H, 12-Ha), 1.84 (m, 1H, 7-Ha), 1.69 (m, 1H, 15-Ha), 1.47 (m, 1H, 16-Hb), 1.43 (m, 1H, 11-

Hb), 1.41 (m, 1H, 8-H), 1.38 (m, 1H, 15-Hb), 1.30 (m, 1H, 7-Hb), 1.26 (m, 1H, 12-Hb), 1.17 (m, 

1H, 14-H), 0.76 (s, 3H, 18-H) 

13C NMR (101 MHz, CD2Cl2) δ/ppm = 147.80 (C-3), 137.82 (C-5), 129.80 (C-10), 126.29 (C-

1), 112.72 (C-4), 110.84 (C-2), 82.21 (C-17), 50.44 (C-14), 44.39 (C-9), 43.65 (C-13), 39.58 

(C-8), 37.17 (C-12), 31.17 (NCH3), 30.96 (C-16), 30.23 (C-6), 27.83 (C-7), 26.86 (C-11), 23.46 

(C-15), 11.28 (C-18) 

IR (ATR): ṽmax/cm-1 = 3393, 2923, 2847, 1613, 1505, 1452, 1349, 1262, 1092, 729 

HRMS (ESI): m/z = [M+H]+ calcd. for C19H28NO+: 286.2165; found: 286.2167 

Purity (HPLC): > 98 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 1d) 

Literature known compound [177 ]  
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(8R,9S,13S,14S,17S)-3-(N,N-Dimethylamino)-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (17) 

C20H29NO 

 Mw: 299.46 g/mol 

To a solution of 16.3 mg (0.060 mmol, 1.00 eq) of primary amine 15 in 0.7 mL of acetonitrile, 

formaldehyde (37 % aqueous solution, 40 µL, 0.54 mmol, 9.0 eq), acetic acid (17 µL, 0.30 

mmol, 5.0 eq) and sodium cyanoborohydride (19.8 mg, 0.300 mmol, 5.00 eq) were added and 

the resulting mixture was stirred for 1 h at ambient temperature. Thereafter the reaction was 

quenched with 1 mL of saturated aqueous sodium bicarbonate solution and the mixture 

extracted with ethyl acetate (3 x 2.5 mL). The combined organic phases were washed with 

water (5 mL) and brine (5 mL), filtered through a hydrophobic filter and evaporated to dryness. 

The crude product was purified by flash column chromatography (isohexane/ethyl acetate 2:1 

with 1 % triethylamine) to yield 10.0 mg (0.0334 mmol, 56 %) of compound 17 as a white solid. 

m.p.: 97 °C 

1H NMR (400 MHz, CD2Cl2) δ/ppm = 7.12 (d, J = 8.6 Hz, 1H, 1-H), 6.55 (dd, J = 8.6, 2.8 Hz, 

1H, 2-H), 6.46 (s, 1H, 4-H) 3.68 (t, J = 8.3 Hz, 1H, 17-H), 2.86 (s, 6H, N(CH3)2), 2.80 (m, 2H, 

6-H), 2.29 (dq, J = 13.2 Hz, 3.9 Hz, 1H), 2.29 (m, 1H, 11-Ha), 2.16 (m, 1H, 9-H), 2.07 (m, 1H, 

16-Ha), 1.90 (m, 1H, 12-Ha), 1.85 (m, 1H, 7-Ha), 1.68 (m, 1H, 15-Ha), 1.45 (m, 1H, 16-Hb), 1.43 

(m, 1H, 11-Hb), 1.39 (m, 1H, 8-H), 1.34 (m, 1H, 15-Hb), 1.29 (m, 1H, 7-Hb), 1.24 (m, 1H, 12-

Hb), 1.18 (m, 1H, 14-H), 0.76 (s, 3H, 18-H) 

13C NMR (101 MHz, CD2Cl2) δ/ppm = 149.38 (C-3), 137.55 (C-5), 129.47 (C-10), 126.16 (C-

1), 113.57 (C-4), 111.31 (C-2), 82.22 (C-17), 50.46 (C-14), 44.34 (C-13), 43.67 (C-9), 41.08 

(N(CH3)2), 39.60 (C-8), 37.19 (C-12), 30.96 (C-16), 30.43 (C-6), 27.90 (C-7), 26.83 (C-11), 

23.47 (C-15), 11.29 (C-18) 

IR (ATR): ṽmax/cm-1 = 2923, 1974, 1665, 1610, 1509, 1422, 1352, 1208, 806 

HRMS (ESI): m/z = [M+H]+ calcd. for C20H30NO+: 300.2322; found: 300.2324 

Purity (HPLC): > 95 % (λ = 210 nm), > 97 % (λ = 254 nm) (Method 1d) 

Literature known compound [178 ]  
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(8R,9S,13S,14S,17S,E)-17-Hydroxy-13-methyl-1,2,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-3H-cyclopenta[a]phenanthren-3-one oxime (18)  

C18H27NO2 

 Mw: 289.42 g/mol 

(8R,9S,13S,14S,17S,Z)-17-Hydroxy-13-methyl-1,2,6,7,8,9,10,11,12,13,14,15,16,17-

tetradecahydro-3H-cyclopenta[a]phenanthren-3-one oxime (19) 

C18H27NO2 

 Mw: 289.42 g/mol 

19-Nortestosterone (4) (0.988 g, 3.60 mmol, 1.00 eq) and hydroxylamine hydrochloride (0.963 

g, 13.9 mmol, 3.85 eq) were added to a round bottom flask and dissolved in a 20 mL of a 

mixture of pyridine and ethanol (1:1). The resulting solution was heated at reflux for 4 hours. 

Then the solvent was removed under reduced pressure and the residue was poured into water 

(50 mL). The precipitate was collected by filtration and dried in vacuo. The crude product was 

purified by flash column chromatography to yield 0.866 g (2.99 mmol, 83 %) of a mixture of 

partially separable E-(18) and Z-(19) oximes (ratio estimated on basis of NMR data: E:Z = 3:1) 

as a beige solid. 

18: 

m.p.: 168 °C 

1H NMR (400 MHz, DMSO) δ/ppm = 10.41 (s 1H, NOH), 5,78 (s, 1H, 4-H), 4.44 (d, J = 4,8 Hz, 

1H, OH), 3.44 (td, J = 8.5 Hz, 4.4 Hz, 1H, 17-H), 2.86 (dt, J = 16.5 Hz, 4.2 Hz, 1H, 2-Ha), 2.34 

(dt, J = 14.5 Hz, 3.2 Hz, 1H, 6-Ha), 2.14 (m, 1H, 6-Hb), 2.03 (m, 1H, 1-H or 15-H), 1.90 (m. 1H, 

10-H), 1.86 (m, 1H, 2-Hb), 1.81 (m, 1H, 16-Ha) 1.76  (m, 1H, 1-H or 15-H), 1.72 (m, 1H, 12-Ha), 

1.66 (m, 1H, 7-Ha), 1.49 (m, 1H, 11-Ha), 1.34 (m, 1H, 16-Hb), 1.26 (m, 1H, 8-H), 1.21 (m, 1H, 

1-H or 15-H), 1.17 (m, 1H, 11-Hb), 1.14 (m, 1H, 1’-H), 0.98 (m, 1H, 12-Hb), 0.92 (m, 1H, 14-H) 

0.84 (m, 1H, 7-Hb), 0.67 (s, 3H, 18-H), 0.64 (m, 1H, 9-H)  
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13C NMR (101 MHz, DMSO) δ/ppm = 154.40 (C-3), 148.35 (C-5), 118.63 (C-4), 80.01 (C-17), 

49.42 (C-14), 49.27 (C-9), 42.61 (C-13), 41.37 (C-10), 40.10 (C-8), 36.42 (C-12), 34.36 (C-6), 

30.63 (C-7), 29.79 (C-16), 25.84 (C1 or C-15), 25.73 (C1 or C-15), 22.92 (C-11), 20.72 (C-2), 

11.22 (C-18) 

IR (ATR): ṽmax/cm-1 = 3269, 2922, 2861, 1641, 1446, 1347, 1132, 1053, 959, 711 

 

HRMS (ESI): m/z = [M+H]+ calcd. for C18H28NO2
+: 290.2115; found: 290.2116 

19: 

m.p.: 188 °C 

1H NMR (400 MHz, DMSO) δ/ppm = 10.15 (s 1H, NOH), 6.39 (s, 1H, 4-H), 4,44 (d, J = 4,8 Hz, 

1H, OH), 3.44 (td, J = 8.7 Hz, 1H, 17-H), 2.34 (d, J = 14 Hz, 1H, 6-Ha), 2.23 (m. 1H. 1-H or 15-

H), 2.15 (m, 1H, 6-Hb), 2.08 (m, 1H, 1-Ha or 15-Ha), 2.03 (m, 1H, 1-Ha or 15-Ha), 1.96 (m. 1H, 

10-H), 1.83 (m, 1H, 16-Ha), 1.76 (m, 1H, 11-Ha), 1.73 (m, 1H, 12-Ha) 1.69  (m, 1H, 7-Ha), 

1.49 (m, 1H, 2-Ha), 1.32 (m, 1H, 16-Hb), 1.24 (m, 1H, 8-H), 1.21 (m, 1H, 2-Hb or 1-Hb or 15-

Hb), 1.18 (m, 1H, 2-Hb or 1-Hb or 15-Hb), 1.14 (m, 1H, 11-Hb), 0.98 (m, 1H, 12-Hb), 0.92 (m, 1H, 

14-H) 0.86 (m, 1H, 7-Hb), 0.68 (s, 3H, 18-H), 0.65 (m, 1H, 9-H)  

13C NMR (101 MHz, DMSO) δ/ppm = 152.24 (C-3), 151.33 (C-5), 111.61 (C-4), 79.98 (C-17), 

49.56 (C-9), 49.35 (C-14), 42.62 (C-13), 42.45 (C-10), 39.94 (C-8), 36.38 (C-12), 35.03 (C-6), 

30.89 (C-7), 29.79 (C-16), 27.16 (C1 or C-15), 27.00 (C1 or C-15), 25.65 (C-11), 22.91 (C-2), 

11.22 (C-18)  

IR (ATR): ṽmax/cm-1 = 3206, 2913, 2861, 2360, 1631, 1429, 1336, 1277, 1054, 879 

HRMS (ESI): m/z = [M+H]+ calcd. for C18H28NO2
+: 290.2115; found: 290.2112 

Literature known compounds [116 ]  

 

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

cyclopenta[a]phenanthren-17-yl acetate (20) 

C22H29NO3 
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Mw: 355.48 g/mol 

A mixture of 0.269 g (0.930 mmol) of oximes 17 and 18 was dissolved in 5 mL of acetic 

anhydride under a nitrogen atmosphere. The resulting solution was stirred at 110 °C overnight. 

After cooling, the solvent was evaporated and the resulting dark oil was dissolved in a mixture 

of 3 mL of ethanol, 1.5 mL of water and 0.15 mL of acetic acid. This mixture was then heated 

at reflux for 15 hours. Thereafter it was cooled to room temperature, concentrated under 

reduced pressure and the resulting dark slurry was dissolved in dichloromethane (20 mL), 

washed with water (10 mL), 1 M aqueous NaOH (10 mL), again water (10 mL) and brine (10 

mL). The solution was dried over anhydrous sodium sulfate, concentrated in vacuo and purified 

by flash column chromatography (isohexane/ethyl acetate 3:1) to yield 121 mg (0.340 mmol, 

37 %) of compound 20 as a yellow solid.  

m.p.: 200 °C 

1H NMR (500 MHz, DMSO) δ/ppm = 9.74 (s, 1H, NH), 7.28 (s, 1H, 4-H), 7.26 (m, 1H, 2-H) 7.16 

(d, J = 8.4 Hz, 1H, 1-H), 4,60 (dd, J = 9,2 Hz, 7.7 Hz, 1H, 17-H), 2.76 (m, 2H, 6-H), 2.27 (m, 

1H, 11-Ha), 2.15 (m, 1H, 9-H), 2.11 (m, 1H, 16-Ha),  2.01 (s, 3H, CH3 at ester), 1.99 (s, 3H,  

CH3 at amide), 1.81 (m. 1H, 7-Ha), 1.76 (m, 1H, 12-Ha), 1.67 (m, 1H, 15-Ha) 1.49 (m, 1H, 16-

Hb), 1.37 (m, 1H, 15-Hb), 1.34 (m, 1H, 8-H), 1.33 (m, 1H, 12-Hb), 1.31 (m, 1H, 11-Hb), 1.28 (m, 

1H, 7-Hb), 1.24 (m, 1H, 14-H), 0.78 (s, 3H, 18-H)  

13C NMR (126 MHz, DMSO δ/ppm = 170.37 (carbonyl of ester), 168.01 (carbonyl of amide), 

136.84 (C-3), 136.32 (C-5 or C-10), 134.55 (C-5 or C-10), 125.42 (C-1), 119.11 (C-4), 116.66 

(C-2), 81.89 (C-17), 49.09 (C-14), 43.42 (C-9), 42.51(C-13), 38.07 (C-8), 36.45 (C-12), 29.16 

(C-6), 27.18 (C-16), 26.76 (C-7), 25.68 (C-11), 23.96 (CH3 at amide), 22.79 (C-15), 20.90 (CH3 

at ester), 11.19 (C-18)  

IR (ATR): ṽmax/cm-1 = 3286, 2914, 2862, 2359, 1731, 1659, 1430, 1374, 1052, 878 

HRMS (EI): m/z = [M•+] calcd. for C22H29NO3
 •+: 355.2142; found: 355.2142 

Literature known compound [116 ]  
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(8R,9S,13S,14S,17S)-17-(Benzyloxy)-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-

6H-cyclopenta[a]phenanthren-3-yl trifluoromethanesulfonate (23) 

C26H29F3O4S 

 Mw: 494.57 g/mol 

Triflate PRU-9 (615 mg, 1.52 mmol, 1.00 eq), 2-benzyloxy-1-methylpyridinium triflate (1.06 g, 

3.04 mmol, 2.00 eq) and magnesium oxide (vacuum dried, 126 mg, 18.0 mmol, 2.00 eq) were 

combined in a round bottom flask. Trifluoro toluene (5.0 mL) was added and the resulting 

suspension was heated at 83 °C under stirring for 24 h. After cooling to room temperature, the 

reaction mixture was diluted with dichloromethane (5 mL) and filtered through a small pad of 

celite. After evaporation of the solvent, the crude product was purified by flash column 

chromatography (isohexane/ethyl acetate 20:1) to yield 671 mg (1.36 mmol, 90 %) of 

compound 23 as a white solid.  

m.p.: 63 °C  

1H NMR (400 MHz, CD2Cl2) δ/ppm = 7.36 (m, 1H, 1-H), 7.34 (m, 4H, benzyl aromatic ortho 

and meta Hs), 7.27 (ddt, J = 8.6, 5.6 Hz, 2.9 Hz, 1H, benzyl aromatic para H), 7.03 (dd, J = 8.7 

Hz, 2.8 Hz, 1H, 2-H), 6.98 (d, J = 2.7 Hz, 1H, 4-H), 4.54 (s, 2H, benzyl CH2), 3.52 (t, J = 8.3 

Hz, 1H, 17-H), 2.88 (m, 2H, 6-H), 2.31 (m, 1H, 11-Ha), 2.24 (m, 1H, 9-H), 2.11 (m, 1H, 12-Ha), 

2.06 (m, 1H, 16-Ha), 1.91 (m, 1H, 7-Ha), 1.71 (m, 1H, 15-Ha), 1.60 (m, 1H, 16-Hb), 1.55 (m, 1H, 

11-Hb), 1.48 (m, 1H, 8-H), 1.43 (m, 1H, 12-Hb), 1.39 (m, 1H, 15-Hb), 1.36 (m, 1H, 7-Hb), 1.21 

(m, 1H, 14-H), 0.86 (s, 3H, 18-H) 

13C NMR (101 MHz, CD2Cl2) δ/ppm = 147.84 (C-3), 141.71 (C-5 or C-10 or benzyl, quarternary 

carbon), 140.25 (C-5 or C-10 or benzyl, quarternary carbon), 139.92 (C-5 or C-10 or benzyl, 

quarternary carbon), 128.57 (C-1 or benzyl aromatic ortho or meta), 127.74 (C-1 or benzyl 

aromatic ortho or meta), 127.62 (benzyl, aromatic para), 121.43 (C-4), 118.39 (C-2), 1121.51-

117.58 (qu, triflate), 88.85 (C-17), 72.03 (benzyl CH2), 50.59 (C-14), 44.51 (C-9), 43.67 (C-13), 

38.41 (C-8), 38.15 (C-12), 29.93 (C-6), 28.33 (C-16), 27.13 (C-7), 26.62 (C-11), 23.46 (C-15), 

11.93 (C-18) 

IR (ATR): ṽmax/cm-1 = 2935, 1486, 1402, 1250, 1137, 1080, 913, 838, 694 
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HRMS (EI): m/z = [M•+] calcd. for C26H29F3O4S •+: 494.1733; found: 494.1733. 

 

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

cyclopenta[a]phenanthren-3-yl N,N-dimethylcarbamate (24) 

C21H29NO3 

 Mw: 343.47 g/mol 

5 mL of acetonitrile was added to a mixture of 501 mg (1.75 mmol, 1.00 eq) of 17β-estradiol 

(3) and 434 mg (2.63 mmol, 1.50 eq) of potassium carbonate in a round bottom flask. After 

addition of 0.24 mL (2.63 mmol, 1.50 eq) N,N-dimethylcarbamoyl chloride, the mixture was 

stirred for 3 h at 90 °C. It was then cooled to room temperature and concentrated in vacuo. 

Thereafter water (10 mL) was added and the resulting mixture was extracted with 

dichloromethane (3 × 10 mL). The combined organic extracts were washed with water (10 mL) 

and brine (10 mL), dried over anhydrous sodium sulfate and concentrated in vacuo. The crude 

product was purified by flash column chromatography (isohexane/ethyl acetate 3:1) to yield 

600 mg (1.75 mmol, quant.) of compound 24 as a white solid.  

m.p.: 188 °C 

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.26 (d, J = 8.5 Hz, 1H, 1-H), 6.83 (dd, J = 8.5 Hz, 2.5 

Hz,1H, 2-H), 6.78 (d, J = 2.6 Hz, 1H, 4-H), 3.69 (t J = 8.5 Hz, 1H, 17-H), 3.06 (s, 3H, NCH3), 

2.95 (s, 3H, NCH3’), 2.86 (m, 2H, 6-H), 2.33 (m, 1H, 11-Ha), 2.23 (td, J = 11.3 Hz, 4.3 Hz, 1H, 

9-H), 2.08 (dtd, J = 12.5 Hz, 9.2 Hz, 5.4 Hz, 1H, 16-Ha), 1.93 (m, 1H, 12-Ha), 1.88 (m, 1H, 7-

Ha), 1.70 (dddd, J = 12.4 Hz, 9.9 Hz, 7.0 Hz, 3.0 Hz, 1H, 15-Ha), 1.50 (m, 1H, 11-Hb), 1.48 (m, 

1H, 8-H), 1.45 (m, 1H, 16-Hb), 1.36 (m, 1H, 15-Hb), 1.32 (m, 1H, 7-Hb), 1.28 (m, 1H, 12-Hb), 

1.20 (m, 1H, 14-H), 0.77 (s, 3H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 155.49 (carbonyl), 149.83 (C-3), 138.52 (C-5), 137.84 

(C-10), 126.42 (C-1), 122.20 (C-4), 119.28 (C-2), 82.13 (C-17), 50.47 (C-14), 44.55 (C9), 43.57 

(C-13), 39.00 (C-8), 37.12 (C-12) 36.84 (NCH3), 36.62 (NCH3’), 30.94 (C-16), 29.94 (C-6), 

27.48 (C-7), 26.68 (C-11), 23.46 (C-15), 11.23 (C-18) 

IR (ATR): ṽmax/cm-1 = 2923, 1720, 1392, 1225, 1135, 1080. 1009, 886, 758 

HRMS (EI): m/z = [M•+] calcd. for C21H29NO3
 •+: 343.2142; found: 343.2139 
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Literature known compound [162 ]  

 

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

6H-cyclopenta[a]phenanthren-3-yl N,N-dimethylcarbamate (25) 

C28H35NO3 

 Mw: 433.59 g/mol 

Carbamate 24 (0.797 g, 2.32 mmol, 1.00 eq), Dudley Reagent (2-benzyloxy-1-

methylpyridinium triflate) (1.62 g, 4.64 mmol, 2.00 eq) and magnesium oxide (vacuum dried, 

0.190 g, 4.64 mmol, 2.00 eq) were combined in a round bottom flask. Trifluoro toluene (2.5 

mL) was added and the resulting suspension was heated under stirring at 83 °C for 24 h. After 

cooling to room temperature, the reaction mixture was diluted with dichloromethane (10 mL) 

and filtered through a small pad of celite. After evaporation of the solvent, the crude product 

was purified by flash column chromatography (isohexane/ethyl acetate 20:1) to yield 0.577 g 

(1.33 mmol, 57 %) of compound 25 as a white solid.  

m.p.: 169 °C  

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.34 (m, 4H, benzyl aromatic ortho and meta Hs), 7.27 

(m, 2H, benzyl aromatic para H and 1-H), 6.82 (dd, J = 8.5 Hz, 2.5 Hz, 1H, 4-H), 6.78 (d, J = 

2.6 Hz, 1H, 2-H), 4.55 (s, 2H, benzyl CH2), 3.52 (t, J = 8.3 Hz, 1H, 17-H), 3.06 (s, 3H, NCH3), 

2.96 (s, 3H, NCH3’), 2.86 (m, 2H, 6-H), 2.31 (m, 1H, 11-Ha), 2.23 (td, J = 11.1, 4.1 Hz, 1H, 9-

H), 2.10 (m, 1H, 12-Ha), 2.06 (m, 1H, 16-Ha), 1.89 (ddt, J = 12.1 Hz, 5.8 Hz, 2.7 Hz, 1H, 7-Ha) 

1.70 (dddd, J = 12.3, 9.7, 7.0, 3.2 Hz, 1H, 15-Ha), 1.61 (m, 1H, 16-Hb), 1.56 (m, 1H, 11-Hb), 

1.49 (m, 1H, 8-H), 1.43 (m, 1H, 12-Hb), 1.39 (m, 1H, 15-Hb), 1.35 (m, 1H, 7-Hb), 1.22 (m, 1H, 

14-H), 0.86 (m, 1H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 155.48 (carbamate, quarternary carbon), 149.82 (C-3), 

139.99 (benzyl, quarternary carbon), 138.50 (C-5), 137.86 (C-10), 128.56((benzyl, aromatic 

para), 127.75 (2C, benzyl aromatic ortho or meta), 127.60 (2C, benzyl aromatic ortho or meta), 

126.42 (C-1), 122.19 (C-2), 119.26 (C-4), 89.00 (C-17), 72.03 (benzyl CH2), 50.65 (C-14), 
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44.55 (C-9), 43.75 (C-13), 38.78 (C-8), 38.32 (C-12), 36.82 (NCH3), 36.64 (NCH3‘), 29.94 (C-

6), 28.38 (C-16), 27.46 (C-7), 26.79 (C-11), 23.49 (C-15), 11.98 (C-18) 

IR (ATR): ṽmax/cm-1 = 2932, 2869, 1711, 1493, 1453, 1384, 1226, 1121, 1027, 732, 694 

HRMS (EI): m/z = [M•+] calcd. for C28H35NO3
•+: 433.2611; found: 433.2608 

 

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

decahydro-6H-cyclopenta[a]phenanthren-3-amine (28) 

C32H37NO 

 Mw: 451.65 g/mol 

Aryl triflate 23 (742 mg, 1.50 mmol, 1.00 eq), palladium (II) acetate (33.7 mg, 0.15 mL, 10 

mol%), XPhos (71.5 mg, 0,150 mmol, 0.100 eq) and cesium carbonate (489 mg, 1.50 mmol, 

1.00 eq) were combined in a flame dried Schlenk flask and suspended in toluene (4.5 mL). 

Benzylamine (0.246 mL, 241 mg, 2.25 mmol, 1.50 eq) was added and the suspension was 

heated at 100 °C under stirring for 24 h. After cooling to ambient temperature, water (2.5 mL) 

was added and the resulting mixture was extracted with ethyl acetate (3 x 5 mL). The combined 

organic phases were washed with water (10 mL) and brine (10 mL), filtered through a 

hydrophobic filter and evaporated to dryness. The crude product was purified by flash column 

chromatography (isohexane/ethyl acetate 10:1) to yield 458 mg (1.01 mmol, 68 %) of 

compound 28 as a white solid. 

m.p.: 95 °C 

1H NMR (400 MHz, CDCl3) δ/ppm = 7.34 (m, 8H, N-benzyl ortho and meta Hs, O-benzyl 

aromatic ortho and meta Hs), 7.28 (m, 1H, O-benzyl or N-benzyl aromatic para H), 7.25 (m, 

1H, O-benzyl or N-benzyl aromatic para H),  7.10 (d, J = 8.4 Hz, 1H, 1-H), 6.46 (dd, J = 8.4 

Hz, 2.6 Hz, 1H, 2-H), 6.39 (d, J = 2.5 Hz, 1H, 4-H), 4.57 (s, 2H, O-benzyl CH2), 4.30 (s, 2H, N-

benzyl CH2), 3.49 (t, J = 8.3 Hz, 1H, 17-H), 2.79 (m, 2H, 6-H), 2.25 (m, 1H, 11-Ha), 2.14 (m, 

1H, 9-H), 2.08 (m, 1H, 12-Ha), 2.04 (m, 1H, 16-Ha), 1.83 (m, 1H, 7-Ha),1.66 (m, 1H, 15-Ha), 
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1.59 (m, 1H, 16-Hb), 1.48 (m, 1H, 11-Hb), 1.43 (m, 1H, 8-H), 1.38 (m, 1H, 15-Hb), 1.32 (m, 1H, 

12-Hb), 1.26 (m, 1H, 7-Hb), 1.17 (m, 1H, 14-H), 0.86 (s, 3H, 18-H) 

13C NMR (101 MHz, CDCl3) δ/ppm = 146.23 (C-3), 139.90 (O-benzyl or N-benzyl, quarternary 

carbon), 139.52 (O-benzyl or N-benzyl, quarternary carbon), 137.72 (C-5), 129.98 (C-10), 

128.73-127.28 (6 peaks, 8C, O-benzyl and N-benzyl aromatic C-Hs), 126.33 (C-1), 113.10 (C-

4), 110.97 (C-2), 88.54 (C-17), 71.80 (O-benzyl CH2), 50.38 (C-14), 48.72 (N-benzyl CH2), 

44.12 (C-9), 43.61 (C-13), 38.96 (C-8), 38.16 (C-12), 30.00 (C-6), 28.18 (C-16), 27.50 (C-7), 

26.61 (C-11), 23.28 (C-15), 11.99 (C-18) 

IR (ATR): ṽmax/cm-1 = 2922, 2851, 2360, 1613, 1502, 1452, 1070, 1027, 734 

HRMS (ESI): m/z = [M+H]+ calcd. for C32H38NO+: 452.2948; found: 452.2952 

 

(8R,9S,13S,14S,17S)-N-Benzyl-17-(benzyloxy)-N,13-dimethyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-3-amine (30) 

C33H39NO 

 Mw: 465.68 g/mol 

To a solution of 203 mg (0.450 mmol) of amine 28 in 10 mL of acetonitrile formaldehyde (37 

% aqueous solution, 0.124 mL, 4.50 mmol, 10.0 eq), acetic acid (0.371 mL, 6.48 mmol, 14.4 

eq) and sodium cyanoborohydride (38.7 mg, 0.585 mmol, 1.30 eq) were added and the 

resulting mixture was stirred for 1 h at ambient temperature. After quenching with 1 mL of 

saturated aqueous sodium bicarbonate solution the mixture was extracted with ethyl acetate 

(3 x 5 mL). The combined organic phases were washed with water (10 mL) and brine (10 mL), 

filtered through a hydrophobic filter and evaporated to dryness. The crude product was purified 

by flash column chromatography (isohexane/ethyl acetate 10:1) to yield 110 mg (0.236 mmol, 

53 %) of compound 30 as colorless oil. 

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.30 (m, 10H, O-benzyl and N-benzyl aromatic Hs), 7.09 

(d, J = 8.6 Hz, 1H, 1-H), 6.54 (dd, J = 8.6 Hz, 2.7 Hz, 1H, 2-H), 6.47 (d, J = 2.8 Hz, 1H, 4-H), 

4.54 (s, 2H, O-benzyl CH2), 4.48 (s, 2H, N-benzyl CH2), 3.51 (t, J = 8.3 Hz, 1H, 17-H), 2.96 (s, 
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3H, NCH3), 2.78 (m, 2H, 6-H), 2.26 (m, 1H, 11-Ha), 2.15 (td, J = 10.8 Hz, 4.1 Hz, 1H, 9-H), 

2.07 (m, 1H, 16-Ha), 2.05 (m, 1H, 12-Ha), 1.85 (ddt, J = 12.6 Hz, 5.8 Hz, 2.4 Hz, 1H, 7-Ha), 

1.69 (dddd, J = 12.4 Hz, 9.7 Hz, 7.1 Hz, 3.2 Hz, 1H, 15-Ha), 1.59 (m, 1H, 16-Hb), 1.44 (m, 1H, 

11-Hb), 1.41 (m, 1H, 8-H), 1.37 (m, 1H, 15-Hb), 1.32 (m, 1H, 7-Hb), 1.27 (m, 1H, 12-Hb), 1.20 

(m, 1H, 14-H), 0.85 (s, 3H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 148.08 (C-3), 140.04 (O-benzyl or N-benzyl, quarternary 

carbon), 140.02, (O-benzyl or N-benzyl, quarternary carbon) 137.70 (C-5), 129.27 (C-10), 

128.79-127.08 (6 peaks, 8C, O-benzyl and N-benzyl aromatic C-Hs), 126.27 (C-1), 113.02 (C-

4), 110.86 (C-2), 89.08 (C-17), 72.02 (O-benzyl CH2), 56.99 (N-benzyl CH2), 50.63 (C-14), 

44.33 (C-9), 43.85 (C-13), 39.36 (C-8), 38.94 (NCH3), 38.41 (C-12), 30.46 (C-6), 28.39 (C-16), 

27.86 (C-7), 26.93 (C-11), 23.48 (C-15), 12.04 (C-18) 

IR (ATR): ṽmax/cm-1 = 2919, 2864, 1611, 1510, 1451, 1351, 1216, 1138, 1098, 956, 730 

HRMS (ESI): m/z = [M+H]+ calcd. for C33H40NO+: 466.3104; found: 466.3094 

 

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

decahydro-6H-cyclopenta[a]phenanthren-3-amine (31) 

C26H33NO 

 Mw: 375.56 g/mol 

Amine 30 (40.0 mg, 0.086 mmol, 1.00 eq), Pd/C (10 %); 4.58 mg, 0.00430 mmol, 5 mol%) and 

methanol (1.2 mL) were combined in a flame dried flask under a nitrogen atmosphere. The 

resulting suspension was brought under a hydrogen atmosphere and stirred at room 

temperature for 6 h. Thereafter the catalyst was removed by filtration through a small pad of 

celite and after evaporation of the solvent, the crude product was purified by flash column 

chromatography (isohexane/ethyl acetate 3:1 with 1 % triethylamine) to yield 29.1 mg (0.0775 

mmol, 90 %) of compound 31 as a colorless oil. 

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.34 (m, 4H, benzyl aromatic ortho and meta Hs), 7.26 

(td, J = 6.6 Hz, 6.1 Hz, 2.6 Hz, 1H, benzyl aromatic para H), 7.07 (d, J = 8.4 Hz, 1H, 1-H), 6.40 

(dd, J = 8.5 Hz, 2.6 Hz, 1H, 2-H), 6.32 (d, J = 2.6 Hz, 1H, 4-H), 4.54 (s, 2H, benzyl CH2), 3.51 
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(t, J = 8.3 Hz, 1H, 17-H), 2.77 (s, 3H, NCH3), 2,77 (m, 2H, 6-H), 2.26 (dt, J = 11.5 Hz, 3.5 Hz, 

1H, 11-Ha) 2.13 (m, 1H, 9-H), 2.07 (m, 1H, 16-Ha), 2.04 (m, 1H, 12-Ha), 1.85 (ddd, J = 12.8 Hz, 

5.7 Hz, 2.8 Hz, 1H, 7-Ha), 1.69 (dddd, J = 12.4 Hz, 9.7 Hz, 7.1 Hz, 3.3 Hz, 1H, 15-Ha), 1.58 (m, 

1H, 16-Hb), 1.46 (m, 1H, 11-Hb), 1.41 (m, 1H, 8-H), 1.37 (m, 1H, 15-Hb), 1.33 (m, 1H, 12-Hb), 

1.29 (m, 1H, 7-Hb), 1.20 (m, 1H, 14-H), 0.85 (s, 3H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 147.79 (C-3), 140.03 (benzyl, quarternary carbon), 

137.81 (C-10), 129.83 (C-5), 128.56 (2C, benzyl aromatic ortho or meta), 127.74 (2C, benzyl 

aromatic ortho or meta), 127.58 (benzyl aromatic para), 126.29 (C-1), 112.70 (C-4), 110.83 

(C-2), 89.09 (C-17), 72.02 benzyl CH2), 50.63 (C-14), 44.39 (C-9), 43.83 (C.13), 39.36 (C-8), 

38.41 (C-12), 31.17 (NCH3), 30.23 (C-6), 28.39 (C-16), 27.81 (C-7), 26.99 (C-11), 23.49 (C-

15), 12.03 (C-18) 

IR (ATR): 2919, 2864, 1611, 1510, 1451, 1351, 1098, 1070, 956, 861, 780, 730 

HRMS (ESI): m/z = [M+H]+ calcd. for C26H34NO+: 376.2635; found: 376.2634 

 

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

6H-cyclopenta[a]phenanthren-17-ol (32) 

C25H31NO 

 Mw: 361.53 g/mol 

Under a nitrogen atmosphere amine 28 (176 mg, 0.390 mmol, 1.00 eq) was dissolved in 

dichloromethane (7.8 mL) and cooled to -78 °C. Then boron trichloride solution (1 M in 

dichloromethane, 2.34 mL, 2.34 mmol, 3.00 eq) was added dropwise and the resulting solution 

was allowed to warm up to 0 °C and stirred at this temperature for 2 h. Thereafter the mixture 

was quenched with methanol (5 mL) and filtered through a small pad of celite. After evaporation 

of the solvent, the crude product was purified by flash column chromatography 

(isohexane/ethyl acetate 5:1) to yield 121 mg (0.335 mmol, 86 %) of compound 32 as a white 

solid. 

m.p.: 145 °C 

1H NMR (400 MHz, CD2Cl2) δ/ppm = 7.34 (m, 4H, benzyl aromatic ortho and meta Hs), 7.26 

(m, 1H, benzyl aromatic para H), 7.05 (m, 1H, 4-H), 6.42 (dd, J = 8.4 Hz, 2.7 Hz, 1H, 2-H), 
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6.36 (d, J = 2.6 Hz, 1H, 1-H), 4.30 (s, 2H, benzyl CH2), 3.68 (t, J = 8.5 Hz, 1H, 17-H), 2.75 (m, 

2H, 6-H), 2.26 (dq, J = 13.3 Hz, 4.0 Hz, 1H, 11-Ha), 2.13 (m, 1H, 9-H), 2.05 (m, 1H, 16-Ha), 

1.89 (m, 1H, 12-Ha), 1.84 (m, 1H, 7-Ha), 1.68 (tdd, J = 10.1 Hz, 6.9 Hz, 2.8 Hz, 1H, 15-Ha), 

1.44 (m, 1H, 16-Hb), 1.41 (m, 1H, 11-Hb), 1.38 (m, 1H, 8-H), 1.34 (m, 1H, 15-Hb), 1.30 (m, 1H, 

7-Hb), 1.27 (m, 1H, 12-Hb), 1.16 (m, 1H, 14-H), 0.75 (s, 3H, 18-H) 

13C NMR (101 MHz, CD2Cl2) δ/ppm = 146.41 (C-3), 140.52 (benzyl, quarternary carbon), 

137.92 (C-5), 130.18 (C-10), 128.87 (2C, benzyl aromatic ortho or meta), 127.77 (2C, benzyl 

aromatic ortho or meta), 127.37 (benzyl aromatic para), 126.36 (C-4), 113.34 (C-1), 111.16 

(C-2), 82.19 (C-17), 50.43 (C-14), 48.63 (benzyl CH2), 44.39 (C-9), 43.63 (C-13), 39.52 (C-8), 

37.15 (C-12), 30.95 (C-16), 30.20 (C-6), 27.78 (C-7), 26.82 (C-11), 23.45 (C-15), 11.27 (C-18) 

IR (ATR): ṽmax/cm-1 = 3402, 2919, 1614, 1505, 1451, 1261, 1053, 1021, 811, 737 

HRMS (ESI): m/z = [M+H]+ calcd. for C25H32NO+: 362.2478; found: 362.2476 

 

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

decahydro-6H-cyclopenta[a]phenanthren-3-amine (33) 

 C25H31NO 

 Mw: 361.53 g/mol 

Amine 28 (135 mg, 0.300 mmol, 1.00 eq), Pd/C (10 %) (16.0 mg, 0.0150 mmol, 5 mol%) and 

methanol (1.5 mL) were combined in a flame dried Schlenk flask under a nitrogen atmosphere. 

The flask was put in a dry ice/acetone bath until the solvent was frozen. The bath was removed 

and the headspace in the flask was evacuated until the solvent thawed. This process was 

repeated three times. The degassed suspension was then brought under a hydrogen 

atmosphere and stirred at room temperature for 6 h. Thereafter the catalyst was removed by 

filtration through a small pad of celite and after evaporation of the solvent, the crude product 

was purified by flash column chromatography (isohexane/ethyl acetate 3:1 with 1 % 

triethylamine) to yield 44.0 mg (0.122 mmol, 41 %) of compound 33 as a colorless oil. 
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1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.33 (m, 4H, benzyl aromatic ortho and meta Hs), 7.26 

(ddd, J = 8.7 Hz, 5.5 Hz, 2.4 Hz, 1H, benzyl aromatic para H), 7.04 (d, J = 8.3 Hz, 1H, 1-H), 

6.45 (dd, J = 8.3 Hz, 2.5 Hz, 1H, 2-H), 6.39 (d, J = 2.6 Hz, 1H, 4-H), 4.54 (s, 2H, benzyl CH2), 

3.51 (t, J = 8.3 Hz, 1H, 17-H), 2.75 (m, 2H, 6-H), 2.25 (dq, J = 12.3 Hz, 3.5 Hz, 3.1 Hz, 1H, 11-

Ha) 2.12 (m, 1H, 9-H), 2.07 (m, 1H, 16-Ha), 2.04 (m, 1H, 12-Ha), 1.84 (ddt, J = 12.5 Hz, 5.8 Hz, 

2.5 Hz, 1H, 7-Ha), 1.68 (dddd, J = 12.4 Hz, 9.7 Hz, 7.0 Hz, 3.3 Hz, 1H, 15-Ha), 1.59 (m, 1H, 

16-Hb), 1.45 (m, 1H, 11-Hb), 1.39 (m, 1H, 8-H), 1.35 (m, 1H, 15-Hb), 1.30 (m, 1H, 12-Hb), 1.27 

(m, 1H, 7-Hb), 1.20 (m, 1H, 14-H), 0.85 (s, 3H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 144.67 (C-3), 140.03 (benzyl, quarternary carbon), 

138.01 (C-5), 130.97 (C-10), 128.58 (2C, benzyl aromatic ortho or meta), 127.76 (2C, benzyl 

aromatic ortho or meta), 127.60 (benzyl aromatic para), 126.45 (C-1), 115.46 (C-4), 113.08 

(C-2), 89.08 (C-17), 72.04 (benzyl CH2), 50.64 (C-14), 44.40 (C-9), 43.83 (C-13), 39.28 (C-8), 

38.40 (C-12), 30.05 (C-6), 28.40 (C-16), 27.74 (C-7), 26.95 (C-11), 23.50 (C-15), 12.04 (C-18) 

IR (ATR): 2923, 2876, 1611, 1471, 1081, 1037, 956, 824, 739 

HRMS (ESI): m/z = [M+H]+ calcd. for C25H32NO+: 362.2478; found: 362.2476 

 

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

6H-cyclopenta[a]phenanthren-3-yl) N,N-dimethylcarbamothioate (35) 

C21H29NO2S 

 Mw: 359.53 g/mol 

17β-Estradiol (3) (1.00 g, 3.67 mmol, 1.00 eq) was added to a flame dried round bottom flask 

and dissolved in 10 mL of dry DMF under a nitrogen atmosphere. The solution was cooled to 

0 °C and sodium hydride (60 wt% in mineral oil, 147 mg, 3.67 mmol, 1.00 eq) was slowly added 

in portions under a continuous nitrogen flow. The flask was equipped with a rubber septum 

and a balloon and purged with nitrogen for three times. After 30 min of stirring at 0 °C, N,N-

dimethylcarbamoyl chloride (499 mg, 4.04 mmol, 1.10 eq) was added via syringe. The reaction 

mixture was allowed to warm up to room temperature and then stirred for 2 h. Then the mixture 

was slowly poured in 0.1 M aqueous HCl (50 mL), followed by extraction with ethyl acetate (3 

x 30 mL). The combined organic layers were washed with water (3 x 50 mL) and brine (25 mL), 

filtered through a hydrophobic filter and concentrated in vacuo. The crude product was purified 
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by flash column chromatography (isohexane/ethyl acetate 2:1) to yield 1.00 g (2.78 mmol, 76 

%) of compound 35 as a white solid. 

m.p.: 180 °C  

1H NMR (500 MHz, DMSO) δ/ppm = 7.27 (d, J = 8.6 Hz, 1H, 1-H), 6.78 (dd, J = 8.5 Hz, 2.5 

Hz, 1H, 2-H), 6.72 (d, J = 2.6 Hz, 1H, 4-H), 4.51 (d, J = 4.8 Hz, 1H, OH), 3.53 (td, J = 8.5 Hz, 

4.7 Hz, 1H, 17-H), 3.34 (s, 3H, NCH3), 3.27 (s, 3H, NCH3‘), 2.78 (m, 2H, 6-H), 2.30 (dt, J = 

12.5 Hz, 3.6 Hz, 1H, 11-Ha), 2.16 (td, J = 10.9 Hz, 10.5 Hz, 4.0 Hz, 1H, 9-H), 1.90 (m, 1H, 16-

Ha), 1.85 (m, 1H, 12-Ha), 1.80 (m, 1H, 7-Ha), 1.59 (qt, J = 9.6, 7.4, 3.1 Hz, 1H, 15-Ha), 1.40 (m, 

1H, 11-Hb), 1.37 (m, 1H, 16-Hb), 1.33 (m, 1H, 8-H), 1.27 (m, 1H, 7-Hb), 1.23 (m, 1H, 15-Hb), 

1.18 (m, 1H, 12-Hb), 1.12 (m, 1H, 14-H), 0.68 (s, 3H, 18-H) 

13C NMR (126 MHz, DMSO) δ/ppm = 186.57 (C=S), 151.52 (C-3), 137.34 (C-5 or C-10), 137.31 

(C-5 or C-10), 125.85 (C-1), 122.23 (C-4), 119.81 (C-2), 80.03 (C-17), 49.57 (C-14), 43.72 (C-

9), 42.79 (C-13), 42.76 (NCH3), 38.39 (NCH3‘), 38.28 (C-8), 36.57 (C-12), 29.89 (C-16), 28.97 

(C-6), 26.66 (C-7), 25.89 (C-11), 22.79 (C-15), 11.25 (C-18) 

IR (ATR): ṽmax/cm-1 = 3440, 2922, 2854, 1727, 1538, 1494, 1396, 1292, 1253, 1228, 1136, 

1010, 818 

HRMS (EI): m/z = [M•+] calcd. for C21H29NO2S •+: 359.1914; found: 359.1913 

Literature known compound [150 ]  

 

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

6H-cyclopenta[a]phenanthren-3-yl) N,N-dimethylcarbamothioate (38) 

C21H29NO2S 

 Mw: 359.53 g/mol 

O-aryl thiocarbamate 35 (920 mg, 2.56 mmol, 1.00 eq) and dry toluene (5.0 ml) were combined 

in a flame dried tube with a magnetic stirring bar. The tube was closed with a rubber septum, 

a nitrogen balloon was added and the system was purged three times with nitrogen before it 

was placed in an oil bath preheated to 100 °C. After stirring for 5 minutes, the suspension 

turned into a yellow solution. Then bis(tri-tert-butylphosphin)palladium (0) (26.2 mg, 0.0512 

mmol, 2 mol%) was added under a nitrogen flow. The reaction mixture was stirred at 100 °C 
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for 4 hours. After cooling to room temperature, the mixture was diluted with dichloromethane 

(5 mL) and filtered through a small pad of celite. The solvent was evaporated and the crude 

product was purified by flash column chromatography (isohexane/ethyl acetate 2:1) to yield S-

aryl thiocarbamate 38 as a yellow solid (267 mg, 0.743 mmol, 29 %). 

m.p.: 160 °C 

1H NMR (400 MHz, DMSO) δ/ppm = 7.30 (d, J = 8.2 Hz, 1H, 2-H), 7.15 (dd, J = 8.0 Hz, 2.0 

Hz, 1H, 4-H), 7.10 (d, J = 1.9 Hz, 1H, 1-H), 4.51 (d, J = 4.8 Hz, 1H, OH), 3.53 (td, J = 8.5 Hz, 

4.8 Hz, 1H,17-H), 3.01 (s, 3H, NCH3), 2.91 (s, 3H, NCH3‘), 2.79 (dd, J = 8.6, 4.2 Hz, 2H, 6-H), 

2.31 (dd, J = 13.4 Hz, 3.6 Hz, 1H, 11-Ha), 2.20 (t, J = 11.6 Hz, 1H, 9-H), 1.91 (m, 1H, 16-Ha), 

1.85 (m, 1H, 12-Ha), 1.81 (m, 1H, 7-Ha), 1.58 (m, 1H, 15-Ha), 1.42 (m, 1H, 16-Hb), 1.37 (m, 1H, 

8-H or 11-Hb), 1.33 (m, 1H, 8-H or 11-Hb), 1.29 (m, 1H, 7-Hb), 1.24 (m, 1H, 15-Hb), 1.18 (m, 

1H, 12-Hb), 1.12 (m, 1H, 14-H), 0.67 (s, 3H, 18-H) 

13C NMR (101 MHz, DMSO) δ/ppm = 165.35 (C=O), 141.38 (C-10), 137.17 (C-5), 135.70 (C-

1), 132.67 (C-4), 125.95 (C-2), 124.96 (C-3), 80.00 (C-17), 49.59 (C-4), 43.89 (C-9), 42.76 (C-

13), 38.09 (C-8), 36.53 (C-12), 36.44 (2C, NCH3, NCH3‘), 29.87 (C-16), 28.75 (C-6), 26.58 (C-

7), 25.69 (C-11), 22.77 (C-15), 11.21 (C-18) 

IR (ATR): ṽmax/cm-1 = 3477, 2917, 2863, 1652, 1361, 1096, 1073, 906, 688 

HRMS (EI): m/z = [M•+] calcd. for C21H29NO2S •+: 359.1914; found: 359.1912 

Literature known compound [150 ]  

 

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

cyclopenta[a]phenanthren-17-ol (39) 

C18H24OS 

 Mw: 288.45 g/mol 

A round bottom flask was charged with S-aryl thiocarbamate 38 (262 mg, 0.730 mmol, 1.00 

eq), ethanol (30 mL) and a solution of sodium hydroxide (819 mg, 14.6 mmol, 20.0 eq) in water 

(3.6 mL). The flask was equipped with a reflux condenser, a rubber septum and a balloon and 

purged with nitrogen for three times. The resulting mixture was heated at reflux under a 

nitrogen atmosphere for 3 hours. After cooling to room temperature, 2 M aqueous hydrochloric 
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acid was added until pH 7 was reached. The mixture was concentrated under reduced 

pressure and the residue was poured into water (5 mL) and extracted with dichloromethane (3 

x 5 mL). The combined organic layers were washed with water (10 mL) and brine (10 mL) and 

filtered through a hydrophobic filter. After evaporation of the solvent, the crude product was 

purified by flash column chromatography (isohexane/ethyl acetate 3:1) to yield 173 mg (0.600 

mmol, 82 %) of compound 39 as a yellow solid. 

m.p.: 85 °C 

1H NMR (500 MHz, CDCl3) δ/ppm = 7.16 (d, J = 8.1 Hz, 1H, 1-H), 7.06 (dd, J = 8.1 Hz, 2.1 Hz, 

1H, 2-H), 7.02 (d, J = 2.1 Hz, 1H, 4-H), 3.73 (t, J = 8.5 Hz, 1H, 17-H), 3.34 (s, 1H, SH), 2.81 

(m, 2H, 6-H) , 2.30 (dtd, J = 13.4 Hz, 4.2 Hz, 2.7 Hz, 1H, 11-Ha), 2.19 (m, 1H, 9-H), 2.13 (m, 

1H, 16-Ha), 1.95 (ddd, J = 12.6 Hz, 3.9 Hz, 2.7 Hz, 1H, 12-Ha), 1.88 (m, 1H, 7-Ha), 1.70 (m, 

1H, 15-Ha), 1.49 (m, 1H, 11-Hb), 1.45 (m, 1H, 16-Hb), 1.40 (m, 1H, 8-H), 1.37 (m, 1H, 15-Hb), 

1.33 (m, 1H, 7-Hb), 1.30 (m, 1H, 12-Hb), 1.19 (ddd, J = 12.2 Hz, 10.9 Hz, 7.3 Hz, 1H, 14-H), 

0.78 (s, 3H, 18H) 

13C NMR (126 MHz, CDCl3) δ/ppm = 138.34 (C-5 or C-10), 137.95 (C-5 or C-10), 130.27 (C-

4), 127.23 (C-2), 127.11 (C-3), 126.36 (C-1), 82.01 (C-17), 50.22 (C-14), 44.24 (C-9), 43.36 

(C-13), 38.70 (C-8), 36.79 (C-12), 30.73 (C-16), 29.47 (C-6), 27.19 (C-7), 26.22 (C-11), 23.25 

(C-15), 11.18 (C-18) 

IR (ATR): ṽmax/cm-1 = 2924, 1974, 1592, 1484, 1445, 1217, 1136, 815, 756 

HRMS (EI): m/z = [M•+] calcd. for C18H24OS •+: 288.1542; found: 288.1542 

Literature known compound [179 ]  

 

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

cyclopenta[a]phenanthren-17-ol (40) 

C19H26OS 

 Mw: 302.48 g/mol 

Thiophenol 39 (121 mg, 0.420 mmol, 1.00 eq) was dissolved in 7.0 mL of dry DMF in a round 

bottom flask equipped with a rubber septum and a balloon filled with nitrogen. The flask was 

purged with nitrogen three times. A suspension of sodium hydride (60 wt% in mineral oil, 20.0 
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mg, 1.20 eq) in dry DMF (1 mL) was drawn up using a syringe with a 10 G cannula. The content 

of the syringe was slowly added to the flask. A further 0.3 mL of DMF were drawn up with the 

syringe to float up the remaining residue and the resulting suspension was again added 

through the septum. This step was repeated three times in order to transfer the entire amount 

of sodium hydride to the flask. After the evolution of hydrogen gas had ceased, the flask was 

cooled to 0 °C and iodomethane (80 µL, 0.50 mmol, 1.2 eq) was added. The resulting mixture 

was then allowed to warm to room temperature and stirred for 3 hours. Thereafter it was poured 

into 2 M aqueous NaOH (10 mL). Water (10 mL) was added and the mixture was extracted 

with ethyl acetate (3 x 10 mL). The combined organic layers were washed with water (3 x 10 

mL) and brine (10 mL), filtered through a hydrophobic filter and concentrated in vacuo. The 

crude product was purified by flash column chromatography (isohexane/ethyl acetate 3:1) to 

yield 42.0 mg (0.139 mmol, 33 %) of compound 40 as a white solid.  

m.p.: 121 °C 

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.21 (d, J = 8.2 Hz, 1H, 1-H), 7.02 (dd, J = 8.1 Hz, 2.1 

Hz, 1H, 2-H), 6.97 (d, J = 2.4 Hz, 1H, 4-H), 3.69 (td, J = 8.5 Hz, 5.7 Hz, 1H, 17-H), 2.83 (m, 

2H, 6-H), 2.44 (s, 3H, SCH3), 2.31 (dtd, J = 13.3 Hz, 4.2 Hz, 2.8 Hz, 1H, 11-Ha), 2.20 (td, J = 

11.1 Hz, 4.2 Hz, 1H, 9-H), 2.08 (dtd, J = 12.8 Hz, 9.1 Hz, 5.5 Hz, 1H, 16-Ha), 1.92 (m, 1H, 12-

Ha), 1.88 (m, 1H, 7-Ha), 1.69 (m, 1H, 15-Ha), 1.46 (m, 1H, 11-Hb), 1.44 (m, 1H, 16-Hb), 1.42 

(m, 1H, 8-H), 1.35 (m, 1H, 15-Hb), 1.31 (m, 1H, 7-Hb), 1.27 (m, 1H, 12-Hb), 1.19 (m, 1H, 14-H), 

0.76 (s, 3H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 138.15 (C-5 or C-10), 138.01 (C-5 or C-10), 135.25 (C-

3), 127.59 (C-4), 126.28 (C-1), 124.57 (C-2), 82.12 (C-17), 50.49 (C-14), 44.57 (C-13), 43.58 

(C-9), 39.06 (C-8), 37.10 (C-12), 30.93 (C-16), 29.86 (C-6), 27.53 (C-7), 26.57 (C-11), 23.45 

(C-15), 16.31 (SCH3), 11.24 (C-18) 

IR (ATR): ṽmax/cm-1 = 3323, 2921, 2867, 2362, 1485, 1438, 1262, 1136, 1055, 815 

HRMS (EI): m/z = [M•+] calcd. for C19H26OS •+: 302.1699; found: 302.1698 

Purity (HPLC): > 99 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 1e) 

Literature known compound [180 ]  
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(8R,9S,13S,14S,17S)-2-Iodo-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthrene-3,17-diol (41) 

C18H23IO2 

 Mw: 398.28 g/mol 

17β-Estradiol (3) (2.18 g, 8.00 mmol, 1.00 eq), N-iodosuccinimide (2.04 g, 8.80 mmol, 1.10 eq) 

and indium (III) trifluoromethanesulfonate (450 mg, 0.800 mmol, 0.100 eq) were combined in 

a round bottom flask. Acetonitrile (40 mL) was added and the resulting mixture was stirred for 

8 h at ambient temperature. The progress of the reaction was monitored by TLC control. After 

completion, the solvent was evaporated and dichloromethane (50 mL) and water (25 mL) were 

added. The organic layer was separated and washed with water (2 x 25 mL) and brine (25 

mL). The crude product was purified by flash column chromatography (isohexane/ethyl acetate 

4:1) to yield 2.00 g (5.02 mmol, 63 %) of compound 41 as a white solid and 323 mg (0.615 

mmol, 8 %) of side product 42 (characterization shown in the next entry) as a yellow solid.  

Characterization of 41: 

m.p.: 136 °C 

1H NMR (400 MHz, DMSO) δ/ppm = 9.87 (s, 1H, phenol), 7.45 (s, 1H, 1-H), 6.55 (s, 1H, 4-H), 

4.49 (br s, 1h, OH), 3.52 (t, J = 8.5 Hz, 1H, 17-H) , 2.67 (dt, J = 8.4, 3.9 Hz, 2H, 6-H), 2.17 (dt, 

J = 13.3 Hz, 3.3 Hz, 1H, 11-Ha), 2.05 (m, 1H, 9-H), 1.88 (m, 1H, 16-Ha), 1.81 (m, 1H, 12-Ha), 

1.75 (m, 1H, 7-Ha), 1.55 (m, 1H, 15-Ha), 1.37 (m, 1H, 16-Hb), 1.30 (m, 1H, 11-Hb), 1.25 (m, 1H, 

8-H), 1.22 (m, 1H, 15-Hb), 1.19 (m, 1H, 7-Hb), 1.14 (m, 1H, 12-Hb), 1.06 (m, 1H, 14-H), 0.64 (s, 

3H, 18-H) 

13C NMR (101 MHz, DMSO) δ/ppm = 154.15 (C-3), 137.81 (C-10), 135.24 (C-1), 133.31 (C-

5), 114.82 (C-4), 81.24 (C-2), 79.99 (C-17), 49.41 (C-14), 43.05 (C-9), 42.74 (C-13), 38.32 (C-

8), 36.45 (C-12), 29.86 (C-16), 28.72 (C-6), 26.66 (C-7), 25.99 (C-11), 22.74 (C-15), 11.20 (C-

18) 

IR (ATR): ṽmax/cm-1 = 3393, 2925, 2864, 1613, 1505, 1452, 1349, 1262, 1092, 863, 730 

HRMS (EI): m/z = [M•+] calcd. for C18H23IO2
•+: 398.0737; found: 398.0744 

Literature known compound [154 ]  
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(8R,9S,13S,14S,17S)-2,4-Diiodo-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthrene-3,17-diol (42) 

C18H22I2O2 

 Mw: 524.18 g/mol 

Side product of the above procedure. 

m.p.: 164 °C  

1H NMR (500 MHz, DMSO) δ/ppm = 9.20 (s, 1H, phenol), 7.59 (s, 1H, 1-H), 4.49 (br s, 1H,OH), 

3.50 (m, 1H, 17-H), 2.69 (m, 2H, 6-H), 2.21 (dt, J = 12.2 Hz, 3.4 Hz, 1H, 11-Ha) 2.11 (m, 1H, 

9-H), 1.90 (m, 1H, 16-Ha), 1.85 (m, 1H, 7-Ha), 1.81 (m, 1H, 12-Ha), 1.57 (m, 1H, 15-Ha), 1.37 

(m, 1H, 16-Hb), 1.30 (m, 1H, 11-Hb), 1.25 (m, 1H, 15-Hb), 1.22 (m, 1H, 8-H), 1.19 (m, 1H, 7-

Hb), 1.15 (m, 1H, 12-Hb), 1.07 (m, 1H, 14-H), 0.64 (s, 3H, 18-H) 

13C NMR (126 MHz, DMSO) δ/ppm = 153.00 (C-3), 140.22 (C-5), 136.50 (C-10), 135.38 (C-

1), 96.61 (C-4), 83.56 (C-2), 79.93 (C-17), 49.31 (C-14), 43.34 (C-9), 42.66 (C-13), 37.44 (C-

8), 37.18 (C-6), 36.43 (C-12), 29.89 (C-16), 27.61 (C-7), 26.21 (C-11), 22.69 (C-15), 11.14 (C-

18) 

IR (ATR): ṽmax/cm-1 = 3298, 2917, 2865, 2359, 1450, 1382, 1265, 1178, 1123, 1012, 746 

HRMS (EI): m/z = [M•+] calcd. for C18H22I2O2
•+: 523.9704; found: 523.9700 

Literature known compound [181 ]  

 

(8R,9S,13S,14S,17S)-2-Iodo-3-methoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (43) 

C19H25IO2 

 Mw: 412.31 g/mol 
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Iodoestrane 41 (1.20 g, 3.00 mmol, 1.00 eq), cesium carbonate (1.96 g, 6.00 mmol, 2.00 eq) 

and acetonitrile (35 mL) were combined in a round bottom flask. Iodomethane (1.49 mL, 24.0 

mmol, 8.00 eq) was added dropwise and the resulting mixture was stirred and heated at reflux 

for 2.5 h. After cooling to room temperature, the reaction mixture was poured into water and 2 

M aqueous hydrochloric acid was added until pH 7 was reached. The mixture was extracted 

with ethyl acetate (3 x 20 mL) and the combined organic layers were washed with water (30 

mL) and brine (30 mL). After filtration through a hydrophobic filter, the solvent was evaporated 

and the crude product was purified by flash column chromatography (isohexane/ethyl acetate 

4:1) to yield 1.01 g (2.45 mmol, 82 %) of compound 43 as a colorless solid.  

m.p.: 167 °C 

1H NMR (400 MHz, DMSO) δ/ppm = 7.55 (s, 1H, 1-H), 6.68 (s, 1H, 4-H), 4.49 (d, J = 4.8 Hz, 

1H, OH), 3.76 (s, 3H, OCH3), 3.51 (td, J = 8.4 Hz, 4.7 Hz, 1H, 17-H), 2.77 (m, 2H, 6-H), 2.20 

(dd, J = 13.7 Hz, 3.3 Hz, 1H, 11-Ha), 2.09 (t, J = 11.2 Hz, 1H, 9-H), 1.89 (m, 1H, 16-Ha), 1.83 

(m, 1H, 12-Ha), 1.79 (m, 1H, 7-Ha), 1.57 (m, 1H, 15-Ha), 1.37 (m, 1H, 16-Hb), 1.31 (m, 1H, 11-

Hb), 1.26 (m, 1H, 8-H), 1.24 (m, 1H, 7-Hb or 15-Hb), 1.21 (m, 1H, 7-Hb or 15-Hb), 1.16 (m, 1H, 

12-Hb), 1.12 (m, 1H, 14-H), 0.65 (s, 3H, 18-H) 

13C NMR (101 MHz, DMSO) δ/ppm = 155.46 (C-3), 138.22 (C-10), 135.56 (C-1), 134.75 (C-

5), 111.75 (C-4), 82.57 (C-2), 79.98 (C-17), 56.20 (OCH3), 49.41 (C-14), 43.10 (C-9), 42.76 

(C-13), 38.25 (C-8), 36.47 (C-12), 29.87 (C-16), 29.11 (C-6), 26.61 (C-7), 25.97 (C-11), 22.74 

(C-15), 11.21 (C-18) 

IR (ATR): ṽmax/cm-1 = 3470, 2923, 2862, 1975, 1590, 1486, 1462, 1387, 1253, 1022, 879 

HRMS (EI): m/z = [M•+] calcd. for C19H25IO2
•+: 412.0894; found: 412.0898 

Purity (HPLC): > 95 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 2) 

Literature known compound [182 ]  

 

(8R,9S,13S,14S,17S)-3-Methoxy-13-methyl-2-vinyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (44) 

C21H28O2 

Mw: 312.45 g/mol 
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A flame-dried Schlenk flask was evacuated and backfilled with nitrogen five times prior to the 

addition of 206 mg (0.500 mmol, 1.00 eq) of iodoestrane 43, 91.0 mg (2.13 mmol, 4.25 eq) 

lithium chloride, 1.10 mg (0.00500 mmol, 1 mol%) of 2,6-di-tert-butyl-4-methylphenol and 35.1 

mg (0.0500 mmol, 0.100 eq) of bis(triphenylphosphine)palladium (II) chloride. The mixture was 

suspended in 3.0 mL DMF and 0.19 mL (206 mg, 0.650 mmol, 1.30 eq) tributyl(vinyl)tin were 

added dropwise. The resulting suspension was stirred for 4 h at 90 °C under a nitrogen 

atmosphere, then cooled to room temperature and treated with 0.2 mL of pyridine and 0.4 mL 

of hydrogen fluoride-pyridine (Olah’s reagent). The resulting mixture was stirred at room 

temperature overnight and then diluted with 15 mL diethyl ether and filtered to remove the 

catalyst. The filtrate was washed with 10 mL of water, 10 mL of 2 M aqueous hydrochloric acid, 

again 10 mL of water and 10 mL of brine. The organic layer was dried over anhydrous sodium 

sulfate and concentrated under reduced pressure. The crude product was suspended in cold 

isohexane and cooled to 5 °C overnight. The precipitated solid was collected by filtration and 

purified by silica gel column chromatography (isohexane/ethyl acetate 4:1) to yield 44 as a 

colorless solid (120 mg, 0.384 mmol, 77 %).  

m.p.: 186 °C 

1H NMR (500 MHz, DMSO) δ/ppm = 7.35 (s, 1H, 1-H), 6.88 (dd, J = 17.7 Hz, 11.3 Hz, 1H, vinyl 

CH), 6.66 (s, 1H, 4-H), 5.72 (dd, J = 17.8 Hz, 1.8 Hz, 1H, vinyl CH2), 5.14 (dd, J = 11.2 Hz, 1.8 

Hz, 1H, CH2’), 4.50 (m, 1H, OH), 3.74 (s, 3H, OCH3), 2.78 (dd, J = 8.9 Hz, 4.1 Hz, 2H, 6-H), 

2.34 (dd, J = 13.8 Hz, 3.9 Hz, 1H. 11-Ha), 2.10 (t, J = 11.0 Hz, 1H, 9-H), 1.89 (m, 1H, 16-Ha), 

1.85 (m, 1H, 12-Ha), 1.80 (m, 1H, 7-Ha), 1.59 (m, 1H, 15-Ha), 1.39 (m, 1H, 16-Hb), 1.34 (m, 1H, 

11-Hb), 1.30 (m, 1H, 8-H), 1.27 (m, 1H, 7-Hb), 1.23 (m, 1H, 15-Hb), 1.19 (m, 1H, 12-Hb), 1.14 

(m, 1H, 14-H), 0.67 (s, 3H, 18-H) 

13C NMR (126 MHz, DMSO) δ/ppm = 154.33 (C-3), 137.53 (C-5), 132.05 (C-10), 131.62 (vinyl 

CH), 123.09 (C-1), 122.93 (C-2), 113.45 (vinyl CH2), 111.37 (C-4), 80.09 (C-17), 55.40 (OCH3), 

49.57 (C-14), 43.51 (C-9), 42.84 (C-13), 38.60 (C-8), 36.61 (C-12), 29.92 (C-16), 29.33 (C-6), 

26.88 (C-7), 26.04 (C-11), 22.81 (C-15), 11.30 (C-18) 

IR (ATR): ṽmax/cm1 = 3448, 2924, 1738, 1647, 1602, 1494, 1264, 1227, 1134, 1076, 1010, 916 

HRMS (EI): m/z = [M•+] calcd. for C21H28O2
•+: 312.2084; found: 312.2084 

Purity (HPLC): > 96 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 2) 
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1-((8R,9S,13S,14S,17S)-17-Hydroxy-3-methoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-2-yl)ethan-1-one (46) 

C21H28O3 

Mw: 328.45 g/mol 

A flame dried Schlenk flask was evacuated and backfilled with nitrogen five times prior to the 

addition of 124 mg (0.300 mmol, 1.00 eq) of iodoestrane 43, 38.5 mg (0.900 mmol, 3.00 eq) 

lithium chloride and 21.1 mg (0.0300 mmol, 0.100 eq) of bis(triphenylphosphine)palladium (II) 

chloride. The mixture was suspended in 3 mL of DMF and tributyl(1-ethoxyvinyl)tin (0.100 mL, 

108 mg, 0.300 mmol, 1.00 eq) was added dropwise. The resulting suspension was stirred at 

110 °C for 14 h under a nitrogen atmosphere. After cooling to room temperature, the mixture 

was treated with 5 mL of water and 5 mL of ethyl acetate. The organic phase was separated 

and washed with cold water (3 × 10 mL), brine (10 mL) and 1 M aqueous LiCl solution (10 mL), 

dried over anhydrous sodium sulfate and concentrated in vacuo. The crude product was 

suspended in cold isohexane and cooled to 5 °C overnight. Then the solid was collected by 

filtration and purified by silica gel column chromatography (isohexane/ethyl acetate 4:1) to yield 

42.0 mg (0.128 mmol, 43 %) of compound 46 as a colorless solid. 

m.p.: 179 °C 

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.64 (d, J = 1.2 Hz, 1H, 1-H), 6.70 (s, 1H, 4-H), 3.86 (s, 

3H, OCH3), 3.69 (t, J = 8.5 Hz, 1H, 17-H), 2.88 (m, 2H, 6-H), 2.54 (s, 3H, ketone CH3), 2.37 

(dtd, J = 13.4 Hz, 4.2 Hz, 2.7 Hz, 1H, 11-Ha), 2.17 (td, J = 10.9 Hz, 10.5 Hz, 4.0 Hz, 1H, 9-H), 

2.07 (dtd, J = 12.9 Hz, 9.2 Hz, 5.6 Hz, 1H, 16-Ha), 1.93 (m, 1H, 12-Ha), 1.89 (m, 1H, 7-Ha), 

1.69 (m, 1H, 15-Ha), 1.47 (m, 1H, 11-Hb), 1.43 (m, 1H, 16-Hb), 1.40 (m, 1H, 8-H), 1.36 (m, 1H, 

15-Hb), 1.32 (m, 1H, 7-Hb), 1.27 (m, 1H, 12-Hb), 1.19 (m, 1H, 14-H), 0.75 (s, 3H, 18-H) 

13C NMR (126 MHz, DMSO) δ/ppm = 199.35 (carbonyl), 157.43 (C-3), 144.01 (C-5), 133.12 

(C-10), 127.68 (C-1), 125.90 (C-2), 112.24 (C-4), 82.07 (C-17), 55.82 (OCH3), 50.39 (C-14), 

44.14 (C-9), 43.58 (C-13), 39.16 (C-8), 36.98 (C-12), 32.08 (ketone CH3), 30.87 (C-16), 30.39 

(C-6), 27.39 (C-7), 26.69 (C-11), 23.42 (C-15), 11.22 (C-18) 

IR (ATR): ṽmax/cm1 = 3412, 2928, 2864, 1659, 1603, 1495, 1404, 1226, 1060, 1023, 864 

HRMS (EI): m/z = [M•+] calcd. for C21H28O3
•+: 328.2033; found: 328.2032 

Purity (HPLC): > 98 % (λ = 210 nm), > 95 % (λ = 254 nm) (Method 2) 
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Literature known compound [183 ]  

 

(8R,9S,13S,14S,17S)-3-Methoxy-13-methyl-2-phenyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-17-ol (47) 

C25H30O2 

 Mw: 362.51 g/mol 

Method A: Iodoestrane 43 (219 mg, 0.530 mmol, 1.00 eq), phenylboronic acid (96.9 mg, 0.795 

mmol, 1.50 eq), bis(triphenylphosphine)palladium (II) chloride (18.6 mg, 0.0265 mmol, 5 

mol%), triethylamine (0.220 mL, 1.60 mmol, 3.00 eq) and DMF (2.0 mL) were combined in a 

flame dried Schlenk flask under a nitrogen atmosphere. The resulting suspension was heated 

at 80 °C and stirred at this temperature for 6 h. After cooling to room temperature, water (2 

mL) was added and the mixture was extracted with dichloromethane (3 x 10 mL). The 

combined organic layers were washed with water (10 mL) and brine (10 mL), filtered through 

a hydrophobic filter and concentrated under reduced pressure. The crude product was purified 

by flash column chromatography (isohexane/ethyl acetate 4:1) to yield 37.0 mg (0.102 mmol, 

19.3 %) of compound 47 as a colorless solid. 

Method B: Biphenyl 48 (105 mg, 0.300 mmol, 1.00 eq), cesium carbonate (195 mg, 0.600 

mmol, 2.00 eq) and acetonitrile (3.5 mL) were combined in a round bottom flask. Iodomethane 

(0.150 mL, 2.40 mmol, 8.00 eq) was added dropwise and the resulting mixture was stirred and 

heated at reflux for 2.5 h. After cooling to room temperature, the reaction mixture was poured 

into water and 2 M aqueous hydrochloric acid was added until pH 7 was reached. The mixture 

was extracted with ethyl acetate (3 x 5 mL) and the combined organic layers were washed with 

water (10 mL) and brine (10 mL). After filtration through a hydrophobic filter, the solvent was 

evaporated and the crude product was purified by flash column chromatography 

(isohexane/ethyl acetate 4:1) to yield 57.0 mg (0.157 mmol, 52.4 %) of compound 47 as a 

colorless solid.  

m.p.: 105 °C 

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.48 (d, J = 1.5 Hz, 1H, phenyl, aromatic ortho or meta 

H), 7.46 (d, J = 1.2 Hz, 1H, phenyl, ortho or meta H), 7.37 (m, 2H, phenyl, ortho or meta Hs), 

7.28 (td, J = 7.2 Hz, 1.4 Hz, 1H, phenyl, para H), 7.20 (s, 1H, 1-H), 6.71 (s, 1H, 4-H), 3.76 (s, 

3H, OCH3), 3.70 (t, J = 8.4 Hz, 1H, 17-H), 2.90 (m, 2H, 6-H), 2.33 (m, 1H, 11-Ha), 2.23 (td, J = 
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11.1 Hz, 4.2 Hz, 1H, 9-H), 2.09 (J = 12.4 Hz, 9.0 Hz, 5.2 Hz, 1H, 16-Ha), 1.92 (m, 1H, 12-Ha), 

1.90 (m, 1H, 7-Ha), 1.71 (m, 1H, 15-Ha), 1.52 (m, 1H, 11-Hb), 1.48 (m, 1H, 16-Hb), 1.46 (m, 1H, 

8-H), 1.38 (m, 1H, 15-Hb), 1.36 (m, 1H, 7-Hb), 1.29 (m, 1H, 12-Hb), 1.21 (m, 1H, 14-H), 0.79 (s, 

3H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 154.65 (C-3), 139.52 (C-5), 137.79 (phenyl, quarternary 

carbon), 133.13 (C-10), 129.90 (2 C, phenyl, ortho or meta Cs or C-1), 128.24 (2C, phenyl, 

ortho or meta Cs or C-1), 128.23 (phenyl, ortho or meta C or C-1), 128.22 (C-2), 126.91 

(phenyl, para C), 111.91 (C-4), 82.16 (C-17), 55.86 (OCH3) 50.44 (C-14), 44.36 (C-9), 43.62 

(C-13), 39.37 (C-8), 37.12 (C-12), 30.95 (C-16), 30.14 (C-6), 27.72 (C-7), 26.83 (C-11), 23.47 

(C-15), 11.26 (C-18) 

IR (ATR): ṽmax/cm-1 = 2925, 1963, 1738, 1610, 1486, 1444, 1218, 1132, 1053, 750 

HRMS (EI): m/z = [M•+] calcd. for C25H30O2
•+: 362.2240; found: 362.2240 

Purity (HPLC): > 92 % (λ = 210 nm), > 99% (λ = 254 nm) (Method 2) 

 

(8R,9S,13S,14S,17S)-13-Methyl-2-phenyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthrene-3,17-diol (48) 

C24H28O2 

Mw: 348.49 g/mol 

Iodoestrane 41 (482 mg, 1.21 mmol, 1.00 eq), phenylboronic acid (221 mg, 1.81 mmol, 1.50 

eq) and potassium phosphate (771 mg, 3.63 mmol, 3.00 eq) were combined in a round bottom 

flask. Then 1,2-dimethoxyethane (20 mL), water (5 mL) and tetrakis-

(triphenylphosphine)palladium (0) (69.9 mg, 0.0605 mmol, 5 mol%) were added and the 

resulting mixture was stirred at 50 °C for 24 hours under a nitrogen atmosphere. After cooling 

to room temperature, water (10 mL) was added and the mixture was extracted with ethyl 

acetate (3 x 20 mL). The combined organic layers were washed with saturated aqueous 

ammonium chloride solution, filtered through a hydrophobic filter and evaporated to dryness. 

The crude product was purified by flash column chromatography (isohexane/ethyl acetate 3:1) 

to yield 310 mg (0.890 mmol, 74 %) of compound 48 as a colorless solid. 

m.p.: 111 °C 
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1H NMR (400 MHz, CDCl3) δ/ppm = 7.47 (m, 4H, phenyl ortho and meta Hs), 7.38 (m, 1H, 

aromatic para H), 7.17 (s, 1H, 1-H), 6.73 (s, 1-H, 4-H), 5.30 (s, 0.82H, methylene chloride), 

5.05 (s, 0.86H, methylene chloride), 3.73 (m, 1H, 17-H), 2.88 (m, 2H, 6-H), 2.32 (m, 1H, 11-

Ha), 2.23 (td, J = 11.0 Hz, 4.2 Hz, 1H, 9-H), 2.12 (m, 1H, 16-Ha), 1.95 (m, 1H, 12-Ha), 1.90 (m, 

1H, 7-Ha), 1.72 (dddd, J = 12.3 Hz, 9.9 Hz, 7.0 Hz, 2.9 Hz, 1H, 15-Ha), 1.52 (m, 1H, 11-Hb), 

1.49 (m, 1H, 16-Hb), 1.46 (m, 1H, 8-H), 1.38 (m, 1H, 15-Hb), 1.36 (m, 1H, 7-Hb), 1.27 (m, 1H, 

12-Hb), 1.21 (m, 1H, 14-H), 0.79 (s, 3H, 18-H) 

13C NMR (101 MHz, CDCl3) δ/ppm = 150.30 (C-3), 138.19 (C-5), 137.66 (phenyl, quarternary 

carbon), 133.02 (C-10), 129.35 (2C, phenyl ortho or meta Cs), 129.24 (2C, phenyl ortho or 

meta Cs), 127.75 (phenyl, para C), 127.39 (C-1), 125.78 (C-2), 115.82 (C-4), 82.07 (C-17), 

50.21 (C-14), 44.09 (C-9), 43.40 (C-13), 39.01 (C-8), 36.84 (C-12), 30.76 (C-16), 29.55 (C-6), 

27.38 (C-7), 26.53 (C-11), 23.29 (C-15), 11.21 (C-18) 

IR (ATR): ṽmax/cm-1 = 2924, 1985, 1738, 1586, 1469, 1443, 1353, 1054, 750, 700 

HRMS (EI): m/z = [M•+] calcd. for C24H28O2
•+: 348.2084; found: 348.2085 

Literature known compound [180 ]  

 

(8R,9S,13S,14S,17S)-13-Methyl-2-(prop-1-yn-1-yl)-7,8,9,11,12,13,14,15,16,17-decahydro-

6H-cyclopenta[a]phenanthrene-3,17-diol (51) 

C21H26O2 

 Mw: 310.44 g/mol 

A flame dried round bottom flask was evacuated and backfilled with nitrogen three times prior 

to the addition of iodoestrane 41 (370 mg, 0.930 mmol, 1.00 eq), propyne (1 M in DMF, 0.974 

mL, 0.974 mmol, 1.05 eq), diisopropylamine (0.390 mL, 2.79 mmol, 3.00 eq) and toluene (5.00 

mL). Then copper (I) iodide (3.54 mg, 0.0186 mmol, 2 mol%) and 

bis(triphenylphosphine)palladium (II) dichloride (6.53 mg, 0.00930 mmol, 1 mol%) were added 

under a nitrogen flow. The mixture was stirred for 5 h at ambient temperature under a nitrogen 

atmosphere. Thereafter ethyl acetate (10 mL) was added and the organic layer was washed 

with water (3 x 10 mL) and brine (2 x 10 mL) and dried over anhydrous sodium sulfate. After 

evaporation of the solvent, the crude product was purified by flash column chromatography 
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(isohexane/ethyl acetate 4:1) to yield an inseparable mixture (270 mg) of reactant 41 and 

compound 51 as a yellow to orange solid.  

m.p.: 149 °C (mixture)  

IR (ATR): ṽmax/cm-1 = 2925, 2360, 1973, 1726, 1480, 1217, 1042 (mixture) 

HRMS (EI): calcd. for C21H26O2 (M) •+: 310.1927; found: not found due to superimposition or 

suppression by 41 

 

(1S,3aS,3bR,10bS,12aS)-8,12a-Dimethyl-2,3,3a,3b,4,5,10b,11,12,12a-decahydro-1H-

cyclopenta[7,8]phenanthro[2,3-b]furan-1-ol (53) 

C21H26O2 

 Mw: 310.44 g/mol 

The above-described mixture of 51 and 41 (248 mg, 0.800 mmol (calculated as 51, 1.00 eq) 

was dissolved in 4 mL methanol in a round bottom flask equipped with a magnetic stirring bar. 

Then a solution of KOH (135 mg, 2.40 mmol, 3.00 eq) in water (0.5 mL) was added. The 

resulting mixture was stirred overnight at room temperature. Thereafter it was concentrated in 

vacuo, ethyl acetate (10 mL) and water (10 mL) were added and the phases were separated. 

The aqueous phase was further extracted with ethyl acetate (2 x 10 mL). The combined organic 

layers were washed with brine (25 mL), dried over anhydrous sodium sulfate and evaporated 

to dryness. The crude product was purified by flash column chromatography (isohexane/ethyl 

acetate 3:1) to yield 134 mg (0.432 mmol, 36 % from 41 over two steps) of compound 53 as a 

yellow solid. 

m.p.: 152 °C 

1H NMR (400 MHz, DMSO) δ/ppm = 7.38 (s, 1H, 1-H), 7.12 (s, 1H,4-H), 6.43 (s, 1H, furan H), 

4.49 (d, J = 4.8 Hz, 1H, OH), 3.53 (td, J = 8.5, 4.8 Hz, 1H, 17-H), 2.89 (m, 2H, 6-H), 2.38 (s, 

3H, furan CH3), 2.34 (m, 1H, 7-Ha), 2.22 (m, 1H, 9-H), 1.90 (m, 1H, 16-Ha), 1.86 (m, 1H, 12-

Ha), 1.81 (m, 1H, 7-Hb), 1.59 (m, 1H, 15-Ha), 1.44 (m, 1H, 11-Ha), 1.38 (m, 1H, 16-Hb), 1.33 

(m, 1H, 8-H), 1.31 (m, 1H, 11-Hb), 1.26 (m, 1H, 15-Hb), 1.21 (m, 1H, 12-Hb), 1.13 (m, 1H, 14-

H), 0.67 (s, 3H, 18-H) 
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13C NMR (101 MHz, DMSO) δ/ppm = 154.49 (furan, quarternary carbon), 152.73 (C-3), 134.92 

(C-10), 132.05 (C-5), 126.66 (C-2), 116.25 (C-1), 109.65 (C-4), 102.54 (furan CH), 80.03 (C-

17), 49.77 (C-14), 43.92 (C-9), 42.76 (C-13), 38.53 (C-8), 36.60 (C-12), 29.89 (C-16), 29.41 

(C-6), 26.94 (C-11), 26.24 (C-7), 22.85 (C-15), 13.74 (furan CH3), 11.23 (C-18) 

IR (ATR): ṽmax/cm-1 = 3479, 2938, 1601, 1467, 1262, 1052, 930, 810  

HRMS (EI): m/z = [M•+] calcd. for C21H26O2
•+: 310.1927; found: 310.1929 

Purity (HPLC): > 99 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 2) 

Literature known compound [158 ]  

 

(8R,9S,13S,14S,17S)-2-Methoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-decahydro-6H-

cyclopenta[a]phenanthren-17-ol (54) 

C19H26O2 

 Mw: 286.42 g/mol 

Aryl triflate 60 (73.9 mg, 0.170 mmol, 1.00 eq), palladium (II) acetate (3.82 mg, 0.0170 mmol, 

0.100 eq), formic acid (0.02 mL, 0.425 mmol, 2.50 eq), triethylamine (0.070 mL, 0.51 mmol, 

3.0 eq), triphenylphosphine (8.92 mg, 0.0340 mmol, 0.200 eq) and DMF (0.8 mL) were 

combined in a flame dried Schlenk flask. The flask was purged with nitrogen three times and 

resulting mixture was stirred at 60 °C overnight under a nitrogen atmosphere. After cooling to 

room temperature, the mixture was concentrated in vacuo and water (5 mL) and saturated 

aqueous ammonium hydroxide solution were added to the residue until pH 9 was reached and 

the mixture was extracted with dichloromethane (3 x 5 mL). The combined organic layers were 

washed with water (3 x 5 mL) and brine (5 mL) and dried over anhydrous sodium sulfate. After 

evaporation of the solvent, the crude product was purified by flash chromatography 

(isohexane/ethyl acetate 3:1) to yield 27.7 mg (0.0967 mmol, 57 %) of compound 54 as a 

colorless solid.  

m.p.: 133 °C  

1H NMR (400 MHz, DMSO) δ/ppm = 6.94 (d, J = 8.4 Hz, 1H, 4-H), 6.79 (d, J = 2.6 Hz, 1H, 1-

H), 6.66 (dd, J = 8.3Hz, 2.6 Hz, 1H, 3-H), 4.50 (d, J = 4.9 Hz, 1H, OH), 3.69 (s, 3H, OCH3), 

3.52 (td, J = 8.4 Hz, 4.8 Hz, 1H, 17-H), 2.72 (m, 2H, 6-H), 2.27 (m, 1H, 11-Ha), 2.14 (t, J = 11.9 
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Hz, 1H, 9-H), 1.88 (m, 1H, 16-Ha), 1.86 (m, 1H, 12-Ha), 1.79 (m, 1H, 7-Ha), 1.58 (m, 1H, 15-

Ha), 1.40 (m, 1H, 11-Hb), 1.34 (m, 1H, 16-Hb), 1.29 (m, 1H, 8-H), 1.26 (m, 1H, 15-Hb), 1.22 (m, 

1H, 7-Hb), 1.19 (m, 1H, 12-Hb), 1.12 (m, 1H, 14-H), 0.67 (s, 3H, 18-H)  

13C NMR (101 MHz, DMSO) δ/ppm = 157.30 (C-2), 141.18 (C-10), 129.51 (C-3), 128.10 (C-

5), 111.19 (C-4), 110.66 (C-1), 80.02 (C-17), 54.88 (OCH3), 49.66 (C-14), 44.20 (C-9), 42.76 

(C-13), 38.30 (C-8), 36.59 (C-12), 29.90 (C-16), 28.18 (C-6), 26.97 (C-7), 25.80 (C-11), 22.80 

(C-15), 11.23 (C-18) 

IR (ATR): ṽmax/cm-1 = 3298. 2932, 2850, 1743, 1604, 1575, 1497, 1242, 1057, 856, 802 

HRMS (EI): m/z = [M•+] calcd. for C19H26O2
•+: 286.1927; found: 286.1917 

Purity (HPLC): > 99 % (λ = 210 nm), > 99 % (λ = 254 nm) (Method 2) 

Literature known compound [184 ]  

 

(8R,9S,13S,14S,17S)-3-((N,N-Dimethylcarbamoyl)oxy)-13-methyl-

7,8,9,11,12,13,14,15,16,17-decahydro-6H-cyclopenta[a]phenanthren-17-yl acetate (58) 

C23H31NO4 

 Mw: 385.50 g/mol 

501 mg (1.46 mmol, 1.00 eq) of carbamate 24 were dissolved in pyridine (3 mL). Then 0.27 

mL (298 mg, 2.00 eq) of acetic anhydride were added and the resulting solution was stirred at 

60 °C overnight. After cooling, the mixture was poured into ice-water (10 mL). The precipitate 

was collected by filtration and dissolved in ethyl acetate (30 mL). The resulting solution was 

washed with saturated aqueous CuSO4 solution (2 x 20 mL), water (20 mL) and brine (20 mL), 

dried over anhydrous sodium sulfate and concentrated in vacuo. The residue was purified by 

flash column chromatography (isohexane/ethyl acetate 3:1) to yield compound 58 (423 mg, 

1.10 mmol, 75 %) as a white solid.  

m.p.: 188 °C  

1H NMR (500 MHz, CD2Cl2) δ/ppm = 7.25 (dd, J = 8.6 Hz, 1.1 Hz, 1H, 1-H), 6.82 (dd, J = 8.5, 

2.6 Hz, 1H, 2-H), 6.79 (d, J = 2.6 Hz, 1H, 4-H), 4.66 (dd, J = 9.2, 7.8 Hz, 1H, 17-H), 3.06 (s, 

3H, NCH3), 2.95 (s, 3H, NCH3‘), 2.86 (td, J = 7.7, 7.1, 4.1 Hz, 2H, 6-H), 2.31 (m, 1H, 11-Ha), 
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2.25 (m, 1H, 9-H), 2.18 (m, 1H, 16-Ha), 2.02 (s, 3H, acetyl), 1.91 (m, 1H, 7-Ha), 1.87 (m, 1H, 

12-Ha), 1.75 (dddd, J = 12.4 Hz, 9.8 Hz, 7.0 Hz, 3.1 Hz, 1H, 15-Ha), 1.53 (m, 1H, 16-Hb), 1.50 

(m, 1H, 11-Hb), 1.45 (m, 1H, 8-H), 1.41 (m, 1H, 15-Hb), 1.38 (m, 1H, 12-Hb), 1.33 (m, 1H, 7-

Hb), 1.28 (m, 1H, 14-H), 0.84 (s, 3H, 18-H) 

13C NMR (126 MHz, CD2Cl2) δ/ppm = 171.29 (carbonyl of ester), 155.47 (carbonyl of 

carbamate), 149.85 (C-3), 138.44 (C-5), 137.69 (C-10), 126.43 (C-1), 122.20 (C-4), 119.29 (C-

2), 82.99 (C-17), 50.20 (C-14), 44.39 (C-9), 43.25 (C-13), 38.71 (C-8), 37.30 (C-12), 36.81 

(NCH3), 36.63 (NCH3‘), 29.90 (C-6), 27.96 (C-16), 27.45 (C-7), 26.57 (C-11), 23.58 (C-15), 

21.31 (acetyl CH3), 12.19 (C-18) 

IR (ATR): ṽmax/cm-1 = 2952, 2929, 2856, 1666, 1462, 1360, 1248, 1138, 1082, 888, 831 

HRMS (ESI): m/z = [M+H]+ calcd. for C23H32NO4
+: 386.2326; found: 386.2327 

 

(8R,9S,13S,14S,17S)-17-Hydroxy-2-methoxy-13-methyl-7,8,9,11,12,13,14,15,16,17-

decahydro-6H-cyclopenta[a]phenanthren-3-yl trifluoromethanesulfonate (60) 

C20H25F3O5S 

Mw: 434.47 g/mol 

2-Methoxyestradiol (55) (96.8 mg, 0.320 mmol, 1.00 eq) was dissolved in DMF (1.5 mL). K2CO3 

(106 mg, 0.640 mmol, 2.00 eq) was added, followed by 4-nitrophenyl trifluoromethanesulfonate 

(91.1 mg, 0.336 mmol, 1.05 eq) and the resulting suspension was stirred for 2 h at room 

temperature. Then water (5 mL) and diethyl ether (5 mL) were added and the aqueous layer 

was separated and extracted with diethyl ether (3 × 5 mL). The combined organic layers were 

washed with cold 1 M aqueous hydrochloric acid (5 mL), 1 M aqueous NaOH solution (3 × 5 

mL), water (3 × 5 mL), brine (5 mL) and 1 M aqueous LiCl solution (5 mL) and then dried over 

anhydrous sodium sulfate. After evaporation of the solvent, the crude product was purified by 

flash column chromatography (isohexane/ethyl acetate 3:1) to yield 108 mg (0.247 mmol, 77 

%) of compound 60 as a colorless solid.  

m.p.: 184 °C  



221 
 

1H NMR (500 MHz, DMSO) δ/ppm = 7.13 (s, 1H, 1-H), 7.07 (s, 1H, 4-H), 4.52 (d, J = 4.9 Hz, 

1H, OH), 3.86 (s, 3H, OCH3), 3.53 (td, J = 8.5 Hz, 4.8 Hz, 1H, 17-H), 2.75 (dt, J = 10.6 Hz, 4.6 

Hz, 2H, 6-H), 2.37 (m, 1H, 11-Ha), 2.19 (td, J = 11.1 Hz, 4.2 Hz, 1H, 9-H), 1.91 (m, 1H, 16-Ha), 

1.86 (m, 1H, 12-Ha), 1.80 (m, 1H, 7-Ha), 1.59 (m, 1H, 15-Ha), 1.44 (m, 1H, 11-Hb), 1.39 (m, 1H, 

16-Hb), 1.35 (m, 1H, 8-H), 1.26 (m, 1H, 15-Hb), 1.22 (m, 1H, 7-Hb), 1.19 (m, 1H, 12-Hb), 1.12 

(m, 1H, 14-H), 0.68 (s, 3H, 18-H) 

13C NMR (126 MHz, DMSO) δ/ppm = 148.28 (C-2), 142.01 (C-10), 135.86 (C-3), 129.60 (C-

5), 121.71 (C-4), 118.22 (q, triflate), 111.03 (C-1), 79.97 (C-17), 56.33, (OCH3), 49.54 (C-14), 

44.14 (C-9), 42.74 (C-13), 37.87 (C-8), 36.53 (C-12), 29.90 (C-16), 28.04 (C-6), 26.45 (C-7), 

25.83 (C-11), 22.75 (C-15), 11.21 (C-18)  

IR (ATR): ṽmax/cm-1 = 3186, 2915, 1991, 1606, 1513, 1422, 1259, 1205, 1098, 1058, 875, 803 

HRMS (EI): calcd. for C20H25F3O5S (M) •+: 434.1369, found: 434.1370 

Literature known compound [185 ]  
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7. Appendices 

 

7.1. Abbreviations 

2,4-DTBP  2,4-Di-tert-butylphenol 

Ac   acetyl 

ACN   acetonitrile 

AChE   acetylcholinesterase 

AD   agar diffusion 

AM    acetoxymethyl  

APCI    atmospheric-pressure chemical ionization  

aq.    aqueous  

Ar   aryl 

ASAP    atmospheric pressure solids analysis probe  

ATP   adenosine triphosphate 

ATR   attenuated total reflexion 

BHT   butylated hydroxytoluene 

BINAP   2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 

Bn    benzyl 

CAL I   Calpain Inhibitor I 

calcd.    calculated  

CAM   cerium ammonium molybdate 

cf.   confere 

CLEAR   Coordinated Lysosomal Expression and Regulation 

Cn   Calcineurin 

CO   carbon monoxide 

COMT   Catechol-O-methyltransferase 
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COSY   correlation spectroscopy 

CYP    cytochrome P  

d   doublet 

DABCO   1,4-diazabicyclo[2.2.2]octane 

dba    dibenzylideneacetone 

DCM    dichloromethane 

DEPT   Distortionless Enhancement by Polarization Transfer 

DIPE   diisopropyl ether 

DMF    dimethylformamide  

DMSO   dimethyl sulfoxide  

DNA   deoxyribonucleic acid 

DNPH   2,4-dinitrophenylhydrazine  

DPP IV  dipeptidyl peptidase 4 

dppf   1,1′-bis(diphenylphosphino)ferrocene 

EC50    half maximal effective concentration 

E-Cad   E-Cadherin 

EDME   17β-estradiol methyl ether 

EE   early endosome 

e.g.   exempli gratia (for example) 

EI    electron ionization  

ELS   endolysosomal system 

eq.    equivalents 

ER   estrogen receptor 

ERK2   extracellular signal-regulated kinase 2  

ESI    electron spray ionization  

Et   ethyl 
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EtOAc   ethyl acetate  

EtOH   ethanol 

FBS   fetal bovine serum 

FCC    flash column chromatography 

FDA   Food and Drug Administration 

FLIPR   fluorescence imaging plate reader 

FGFR4  fibroblast growth factor 4 

FPT   Freeze-Pump-Thaw 

Fulv   fulvestrant 

GFP   green fluorescent protein 

h    hour  

HEK293   human embryonic kidney cells 

HIV    human immunodeficiency virus  

HOAc   acetic acid 

HPLC    high-performance liquid chromatography  

HRMS   high-resolution mass spectrometry  

HMQC   heteronuclear multiple quantum correlation 

HSQC    heteronuclear single quantum correlation 

HRAS   Harvey Rat sarcoma virus  

HTS    high-throughput screening  

Hz    hertz  

IC50    half maximal inhibitory concentration 

KO   knock-out 

IDT   idiosyncratic drug toxicity 

IR    infrared spectroscopy  

LCMS   liquid chromatography mass spectrometry 
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LDA    lithium diisopropylamide  

LE   late endosome 

LEL   late endosome/lysosome 

LiHMDS   lithium bis(trimethylsilyl)amide  

lit   literature 

m    meta  

m    multiplet (NMR)  

M    molar  

MCF-7   breast cancer cell line 

MCOLN1  Mucolipin-1 

MDA-MB-231  breast cancer cell line 

Me    methyl  

MeOH    methanol 

min    minutes  

ML-IV   Mucolipidosis type VI 

mmol    millimole  

mol    mole  

MOM   methoxy methyl 

m.p.    melting point  

mTORC1   mechanistic target of rapamycin complex 1 

MTT    3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromid 

Mw   molecular weight 

mw    microwave 

m/z   mass-to-charge ratio 

NAD    nicotinamide adenine dinucleotide 

NADP    nicotinamide adenine dinucleotide phosphate 
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NFSI   N-fluorobenzenesulfonimide 

NIS    N-iodosuccinimide 

NK   natural killer 

NMP   N-methyl-2-pyrrolidinone 

NaOtBu   sodium tert-butoxide 

n.d.    not determined  

NMR    nuclear magnetic resonance  

ns    not significant 

NSAR   non-steroidal anti-inflammatory drug  

o    ortho  

OTf   triflate 

p    para  

PBS   phosphate buffered saline 

PG    protective group 

ph    phenyl 

PhI(OAc)2   iodobenzene diacetate  

PhOH   phenol 

PI(3,5)P2   phosphatidylinositol 3,5‐bisphosphate 

PI(4,5)P2  phosphatidylinositol 4,5‐bisphosphate 

pKa   acid dissociation constant 

ppm    parts per million  

pTsOH   p-Toluenesulfonic acid 

q    quartet (NMR)  

RBA   relative binding affinity 

RE   recycling endosome 

Rf    retardation factor 



227 
 

ROS   reactive oxygen species 

RP   reversed phase 

rt    room temperature  

s    singlet (NMR)  

SAR    structure-activity relationships 

s-BuLi    sec-butyllithium 

SEM    standard error of the mean 

SI   signal intensity 

TBAF    tetra-n-butylammonium fluoride 

TBDMS  tert-butyldimethylsilyl 

TEA   triethylamine 

TFA    trifluoroacetic acid  

TFAA   trifluoroacetic acid anhydride 

TFEB    transcription factor EB  

THF    tetrahydrofuran  

TLC    thin-layer chromatography 

TNBC   triple negative breast cancer 

TRP   transient receptor potential 

TRPA    transient receptor potential channel ankyrin  

TRPC    transient receptor potential channel canonical  

TRPM    transient receptor potential channel melastatin  

TRPML   transient receptor potential cation channel  

TRPN transient receptor potential cation channel no mechanoreceptor 

potential C 

TRPP   transient receptor potential cation channel polycystic 

TRPV    transient receptor potential channel vanilloid 

quant.   quantitative  
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UV   ultraviolet 

VATPase  vacuolar-type ATPase 

ṽ   wavenumber 

XPhos   2-(dicyclohexylphosphino)-2',4',6'-triisopropyl-1,1'-biphenyl 

YES   yeast estrogen screen 

YFP   yellow fluorescent protein 
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