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Abstract 

The Thesis comprises three major projects. The first project is concerned with the creation of a 

pregnane compound library that can be used to explore the structure-activity relationship with the 

TGR5 and FXR receptors. The project draws structural inspiration from Sato's work and involves the 

compound characterization, digitization, computational methods, and biochemical analysis of a 

historic group collection of steroids. The second project focuses on the synthesis of modified bile acids 

using Grignard, Wittig, cross-coupling, or cycloaddition reactions. The synthesized compounds were 

tested for their TGR5 and FXR activity, leading to the discovery of (E)-7-ethylidene-3α-hydroxy-5β-

cholan-24-oic acid (75), which is known to be the only bile acid with TGR5/FXR dual action. In the 

last part of the Thesis, 16 oxidizing agents were tested on 5 substrates for their selectivity in oxidizing 

axial or equatorial hydroxyl groups.  

Souhrn 

Disertační práce je rozdělena na tři projekty. První projekt se zabývá tvorbou knihovny sloučenin 

steroidních pregnanů, která byla použita k strukturně-aktivitní studii s receptory TGR5 a FXR. Projekt 

čerpá inspiraci z práce Satoa a zahrnuje charakterizaci sloučenin, digitalizaci, výpočetní metody a 

biochemickou analýzu historické kolekce steroidů. Druhý projekt se zaměřuje na syntézu analogů 

žlučových kyselin pomocí Grignardových, Wittigových, cross-coupling nebo cykloadičních reakcí. 

Syntetizované sloučeniny byly testovány na na receptorech TGR5 a FXR, což vedlo k objevu kyseliny 

(E)-7-ethyliden-3α-hydroxy-5β-cholan-24-ové (75), která je zatím jedinná žlučová kyselina s dvojitým 

účinkem na TGR5/FXR. V poslední části práce bylo na 5 substrátech testováno 16 oxidačních činidel 

pro jejich selektivitu v schopnosti oxidace axiálních nebo ekvatoriálních hydroxylových skupin. 

Výsledky ukazují, že u molekul obsahující obě hydroxylové skupiny jsou pro oxidaci ekvatoriálních 

hydroxylů optimální činidla na bázi nitroxidových radikálů, zatímco činidla Stevens nebo 

Dess−Martin jsou lepší pro oxidaci axiálních hydoxylů. 
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1 INTRODUCTION 

1.1 STEROIDS, A BRIEF HISTORY 

Arnold Adolph Berthold can be considered a pioneer in steroid chemistry. In his work from 1839,1 he 

described the different dimorphism in castrated and uncastrated roosters. The reason was unknown up 

to the 1920s when steroids were discovered. The first isolated and characterized steroid hormone was 

estrone (Butenandt, 1929),2-4 which was awarded the Nobel prize (co-awarded with Leopold Ružička, 

1939).5, 6 The discovery of estrone was followed by progesterone (multiple groups, 1934),7-13 

testosterone (multiple groups, 1935),14-16 cortisone (Kendall and Reichstein, 1936),17-19 for which, they 

shared Nobel prize (co-awarded with Philip S. Hench, 1950), and aldosterone (Reichstein, 1953).20-22  

1.2 NOMENCLATURE OF STEROIDS 

According to the 1989 IUPAC23 definition, steroids are:  

“Compounds possessing the skeleton of cyclopenta[a]phenantrene or a skeleton derived 

therefrom by one or more bond scissions or ring expansions or contractions.” 

The document proposes standard steroid ring letters and numbering (Figure 1). As some of its 

recommendations (especially how to draw stereocenters in 3D six-membered systems) are in contrast 

with newer 2006 IUPAC24 documentation, this Thesis uses the 1989 IUPAC nomenclature exclusively 

for naming new steroid compounds and 2006 IUPAC recommendations for the representation of 3D 

structures. 

In steroid nomenclature, it is common to use absolute stereodescriptors alpha (α) and beta (β) rather 

than R and S. The convention is that substituents below the steroid's plane are labeled with a hashed 

bond ( ) and named alpha, while substituents above the plane are marked with a wedged bond ( ), 

and named beta.25 Those stereodescriptors are relevant only if the tetracyclic steroid system's exact 

orientation is agreed upon → ABCD. Therefore, the tetracyclic steroid system must be drawn, as 

shown in Figure 1. 

Because the vast majority of natural steroids related to human metabolisms, such as corticosteroids, 

anabolic steroids, sex hormones, and bile acids, share the exact stereochemistry at chiral centers C8, 

C9, C10, C13, C14, C17, and C20, it is common not to draw those. Other stereocenters, including C5, 

must be explicitly marked in the name and structure. For instance, consider cholane, a triterpene that 

naturally can exist either as 5α-cholane or 5β-cholane.  

Although not all stereocenters are usually marked in steroid drawings, the author deliberately includes 

the full stereochemistry in all illustrations to prevent any ambiguity. 
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Figure 1. A – Cholane with ring letters and steroid ring numbering, B – 5β-cholane and 5α-cholane top view, C – 5β-cholane 

and 5α-cholane side view.  

1.3 PHYSICAL PROPERTIES OF BILE ACIDS 

Bile acids are small molecules (< 500 Da) with a 5β-cholane skeleton, which, when dissolved in water, 

aggregate together into micelles or tiny clumps.26 This is caused by the presence of hydroxyl groups at 

positions C3, C7, and C12, as well as methyl groups at C18 and C19.27 The hydrophilic hydroxyl 

groups are oriented toward the α-side, and the hydrophobic methyl groups are oriented toward the 

β-side. This makes the hydrophilic α-face concave and the hydrophobic β-face convex.28 This unique 

molecule shape gives the bile acids their amphiphilic properties. 

 

Figure 2. Cholic acid with polar and non-polar sides marked. 

1.4 BILE ACIDS METABOLISM 

In the 1940s, Bloch et al.,29 confirmed that bile acids are products of cholesterol metabolism. The dogs 

in the experiment received an intravenous dose of deuterium-labeled cholesterol. The blood, urine, and 

feces samples were analyzed and contained a significantly elevated concentration of deuterated bile 

acids against the control.  

Cholesterol metabolism primarily involves the conversion of cholesterol into bile acids, which occurs 

through two pathways. The major pathway is called classical, and the minor pathway is called 

alternative (Figure 3). The central enzyme is cholesterol-7-alpha-hydroxylase (CYP7A1). It 
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introduces the 7-hydroxy group in position C7. Moreover, hydroxylation at C7 is a rate-limiting step 

of the classical pathway. The importance of CYP7A1 in mice was demonstrated in the 1990s by 

Ishibashi et al.30 A fetus of CYP7A1 gene knockout mice developed symptoms of oily coat, low 

weight, and neurological problems. Approximately 85% of CYP7A1 deficient mice died within the 

first 18 days of life. Interestingly, most deaths could be prevented by adding vitamins and cholic acid 

to the water of nursing mothers. The authors proposed that after three weeks of age, CYP7B1 is 

expressed. Remarkably, the next generations of mice showed high survivability of pups (> 65%, in 

> 10 generations). This was maintained even in the absence of dietary vitamin and bile acids 

supplementation.31 

In humans, neonatal CYP7A1 deficiency is survivable but associated with increased low-density 

lipoprotein (LDL) cholesterol levels, decreased bile acid excretion, hypertriglyceridemia, and 

premature gallstone disease.32-34 

 

Figure 3. Bile acids metabolism. Cholesterol-7-alpha-hydroxylase (CYP7A1), sterol-12-alpha-hydroxylase (CYP8B1), 

sterol-27-hydroxylase (CYP27A1), 25-hydroxycholesterol 7-alpha-hydroxylase (CYP7B1). Adopted and modified.35, 36 
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Catabolism of cholesterol in the liver yields primary bile acids – cholic acid (CA) and 

chenodeoxycholic acid (CDCA), which are conjugated with amino acids glycine or taurine. 

Conjugates are then transported and stored in a gallbladder. Upon food intake, conjugates are released 

into the duodenum to digest fat or fat-soluble vitamins. In the intestine, gut microflora deconjugate 

and dehydroxylate the bile acids to form secondary bile acids - deoxycholic acid (DCA) and 

lithocholic acid (LCA). Around 200–600 mg of bile acids are excreted daily via feces. This accounts 

for approximately 5% of daily turnover and is compensated by de novo synthesis from cholesterol. 

The remaining 95% is reabsorbed by active transport into intestinal erythrocytes and taken to 

hepatocytes via the portal vein. Bile can be recycled up to twelve times per day between hepatocytes 

and erythrocytes. This cycle is called enterohepatic circulation.37-39  

 

Figure 4. Schematic illustration of bile acids enterohepatic circulation, a – conjugation of primary bile acids, CDCA and CA, 

to their taurine and glycol conjugates, b – storage of conjugates in the gallbladder, c – bile duct, d – excretion of bile 

conjugates, e – duodenum, f – portal hepatic vein, g – gut microsome is responsible bile acid deoxygenation, consequently 

producing secondary bile acids – DCA and LCA, h – capillary bed, i – reabsorption of bile acid content, j – bile acid content 

excretion, which is approximately 200–500 mg daily, k – ileum. The picture was drawn in BioRender app40 and is based on a 

medical textbook.41 
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1.5 BILE ACIDS AS SIGNALING MOLECULES 

Bile acids were thought to aid in nutrient absorption because of their amphiphilic nature.42-45 However, 

at high concentrations, bile acids are inflammatory, causing damage to the liver, intestines, and other 

tissues.46 Moreover, bile acids and gut microorganisms are in an intricate relationship. When these 

systems fail, such as during biliary obstruction, the consequences are bacteria overgrowing or gut 

epithelial damage.47 Also, an increase in the concentration of bile acids in the colon causes inhibition 

of bacterial growth, changing the microbiome.48 Therefore, there must be a regulation mechanism to 

control the homeostasis of bile acids. It was shown49-51 that bile acids themselves can regulate their 

biosynthesis and serve as signaling molecules. There are several membranes and nuclear receptors 

collectively known as bile acid receptors (BARs). The most important BARs are the farnesoid x 

receptor (FXR) and Takeda G-protein coupled receptor (TGR5). Because this work aims to discover 

ligands for these two particular receptors without off-targeting other BARs, mainly FXR and TGR5 

are discussed. 

1.6 FARNESOID X RECEPTOR 

FXR is a ligand-activated transcription factor that belongs to the nuclear receptor family.52 It was first 

identified in 1995 as a farnesol-activated receptor, hence the name Farnesoid.53 Four years later, three 

groups independently identified FXR as a natural bile acid receptor.49-51 In humans, it is encoded on 

chromosome 12 in the NR1H4 gene, encoding 476 amino acids.54 There are currently 85 crystal 

structures published in the protein data bank (PDB) related to FXR.55-75 

FXR consists of five domains.76 The N-terminal domain, the DNA binding domain (DBD), the hinge 

region, the ligand-binding domain (LBD), and the C-terminal domain (Figure 5). The DBD recognizes 

a specific DNA sequence called a responsive element (RE) and binds the receptor to this site. The 

DBD contains two zinc fingers that provide the protein's orientation to the large DNA groove and the 

formation of dimer complexes typical of nuclear receptors. A hinge region connects the DBD and 

LBD, providing some flexibility to the receptor.77 In the LBD domain, the ligand interacts with the 

receptor and is the most critical for drug design and relevant to this work. When an agonist binds, the 

LBD adopts an active conformation that can interact with the coactivator and induce transcription of 

the targeted DNA sequence. In contrast, the LBD does not adopt active conformation when the 

antagonist binds, and the coactivator cannot interact and induce transcription. Antagonists block active 

sites for natural agonists, inhibiting the function of the receptor.  
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Figure 5. The tertiary structure of FXR as predicted by AlphaFold.78, 79 DBD – DNA binding domain, LBD – ligand-binding 

domain. AlphaFold produces a predicted local distance difference test (pLDDT) with values between 0 and 100. This 

represents a per-residue confidence score. Some regions below 50 pLDDT may be unstructured in isolation. Deep blue – 

Very high (pLDDT > 90), light blue – confident (90 > pLDDT > 70), yellow – low (70 > pLDDT > 50), orange – very low 

(pLDDT < 50). 

The activation of FXR causes a negative feedback loop in bile acid biosynthesis. For example, when 

the FXR is activated, the small heterodimer partner (SHP) gene is expressed. The SHP protein causes 

the hydrolysis of another nuclear receptor (Liver Receptor Homolog-1, LRH-1). The LRH-1 regulates 

the expression of the CYP7A1 gene. Thus, an increase in bile acid concentration in hepatocytes 

inhibits the production of CYP7A1, a rate-limiting enzyme for bile acid biosynthesis. 

Moreover, FXR is involved in the regulation of expression of many other genes, most notably sterol 

12-alpha-hydroxylase (CYP8B1),80 bile salt export pump (BSEP),81 organic solute and steroid 

transporter (OST alpha, OST beta),82 solute carrier family 10 member 2 (ABST),83 and fibroblast 

growth factor 19 (FGF19).84 Through regulation of the genes mentioned above, FXR plays a role not 

only in bile acids metabolism but is also responsible for the metabolism of high-density lipoprotein 

(HDL), LDL, triacyl glycerides, glucose homeostasis,85 and even plays a role in colorectal cancer86-88 

and hepatocellular carcinoma.89-91 Full role of FXR in systemic metabolism is summarized in Table 1. 

The FXR is therefore considered a promising target for the treatment of cholestasis, a disorder of the 
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mechanism of bile production and excretion that is a significant contributor to the development of 

primary biliary cholangitis (PBC), autoimmune liver disease, and nonalcoholic steatohepatitis 

(NASH), progressive deposition of triacyl glycerides in the liver. These diseases progressively lead to 

cirrhosis and in the final stage, liver transplantation is the only possible therapy today.85, 92, 93 

Table 1. The role of FXR in systemic metabolism. Adopted and modified.94 

Organ Affected functions Related indications Ref. 

Liver 

Bile acid metabolism Cholestasis 95, 96 

Lipid metabolism NASH/NAFLD 97-99 

Glucose metabolism Liver injury and fibrosis 100-102 

Fibrosis 
Alcohol-associated liver 

disease 
103, 104 

Inflammation Drug-induced liver injury 105 

 Liver regeneration 106 

Intestine 

Bile acid transport Inflammatory bowel disease 107 

Inflammation Obesity and insulin resistance 108-110 

Glucose homeostasis NAFLD 111 

Antibacterial activity Mucosal injury 112 

Kidney 

Bile acid transport Diabetic nephrotoxicity 113 

Lipid metabolism Ischemia-reperfusion damage 114 

Fibrosis Renal fibrosis 115 

White adipose tissues 
Adipogenesis Obesity and insulin resistance 115-117 

Insulin sensitivity   

Pancreas 
Lipid metabolism Acute pancreatitis 118 

Β Cell function Pancreatic lipid toxicity 119 

Cardiovascular system Lipid metabolism Atherosclerosis 120 

FXR – Farnesoid X receptor, NAFLD – Nonalcoholic fatty liver disease, NASH – Nonalcoholic steatohepatitis. 

1.7 LIGANDS OF FXR 

The first known FXR ligand was farnesol. However, farnesol activates FXR in supraphysiological 

concentration. In 1999, conjugated and unconjugated bile acids were identified49-51 as ligands that can 

activate FXR in physiological concentrations (ca 10 µM). The order of potency of bile acids is 

CDCA > LCA = DCA > CA. Ursodeoxycholic acid (UDCA) and muricholic acid (MCA) do not 

activate FXR.  

The ligand binding pocket's interior, which faces the α side of the steroid, is relatively lipophilic 

thanks to Ile-122, Leu-287, Leu-348, and Ile-352. A more hydrophilic region is located on the other 

side of the cavity with His-208, Tyr-361, Tyr-369, and Ser-332. Those four amino acids form polar 

interactions with C3-OH and C7-OH groups. The bile acid acidic side chain is stabilized by ionic 

interaction with ARG331 (Figure 6). According to the PubChem database,121-123 in total 9447 unique 

compounds were tested, from which 559 are steroids, and 233 are bile acids derivatives. The published 

data allowed us to propose a pharmacophore for the active compound as follows: the hydroxyl group 

at C3 is likely not crucial for the biological activity as 3-deoxy-CDCA demonstrates a 6-fold higher 

affinity than CDCA.124 Moreover, several 3-deoxy derivatives have lower affinity than their 3-hydroxy 

counterpart.125 Next, the 7α-hydroxy group might be pivotal for activating the receptor, as 7β-hydroxy 

epimers are generally inactive (derivatives of UDCA).126-128 Finally, modifications of the side chain at 

position C17 (e.g., alcohol, amine, amide, sulfonate, carbamate, sulfonamide, thiocarbamate, glycine, 

or taurine conjugates) demonstrated high tolerability towards the biological activity.124, 125, 129, 130 In 

contrast, side-chain shortening decreased the affinity for FXR.124  

In 2002, Pellicciari et al.,131 investigated a variety of bile acid-related compounds that had been 

produced previously in their laboratory. Compound 6α-methyl-chenodeoxycholic acid was found to be 

a more potent FXR agonist than CDCA. This discovery encouraged them to create CDCA analogs 

with increasing bulkiness of C6 substituents (ethyl, propyl, butyl). Compound 6α-ethyl-

chenodeoxycholic acid was identified as the most potent one, and it was given the trivial name 
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obeticholic acid (OCA). In 2016, the Food and Drug Administration (FDA) approved OCA as therapy 

for PBC for adults with an inadequate response to UDCA.132 Unfortunately, the FDA discovered 25 

incidences of significant liver damage resulting in hepatic decompensation or liver failure in patients 

taking OCA. As a result of that, due to the risk of severe liver injury, the FDA announced a restriction 

on the use of OCA for patients with advanced cirrhosis.133  

 

Figure 6. Crystal structure of FXR with CDCA (PDB: 6HL1).66 A: Blue – CDCA, green – FXR residue within 5Å distance, 

white – polar interactions. B: Gaussian protein surface, with a visible lipophilic cavity in the bottom part of the picture, green 

– lipophilic region, red – hydrophilic region. Visualized and edited.134, 135 Lipophilic residues Ile-122, Leu-287, Leu-348, and 

Ile-352 that form Van der Waals interactions with C18 and C19 methyl groups were omitted for clarity.  
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According to the literature, thousands of nonsteroidal analogs have already been prepared with 

combinatorial chemistry. The most prominent steroidal and nonsteroidal compounds are summarized 

in Table 2 and Figure 7. Unfortunately, neither of them has yet been approved by the FDA. 

Table 2. The clinical pipeline of the most prominent FXR ligands. Adopted and modified.94, 136 

Agent Targeted diseases Status Analyzed subjects or animal models Ref. 

FXR agonists 

Steroid compounds 

CDCA 
Cerebrotendinous 

xanthomatosis 
Phase III  

Adult and pediatric patients with Cerebrotendinous 

xanthomatosis (n = 12) 
137 

OCA (INT-747) 

PBC 

FDA-

approved 

(OCALIVA) 

Adults with an inadequate response to UDCA (OCA is used in 

combination with UDCA) or adults unable to tolerate UDCA 

(OCA is used as monotherapy) 

131, 138 

NASH Phase III 
Adults with definite NASH (NAFLD activity score ≥ 4, and 

fibrosis stages F2 or F3; n = 2,480) 
139 

EDP-305 NASH Phase II Subjects with liver-biopsy-proven NASH (n = 336) 140-142 

Non-steroid compounds 

GW4064 
Cholestatic liver 

damage 
Preclinical Bile duct-ligated adult male rats 

143-145 

 

Tropifexor 

NASH 
Phase II 

(completed) 

Adults with histological evidence of the presence of NASH 

(n = 351) 
146, 147 

PBC 
Phase II 

(completed) 
Adults with diagnosed PBC (n = 61) 148 

Fexaramine Insulin resistance Preclinical High-fat diet-fed C57Bl/6 mice 149-151 

Turofexorate isopropyl NASH Preclinical 
Methionine-deficient and choline-deficient diet-fed C57Bl/6 

mice 
60, 150, 152 

Nidufexor 
NASH and diabetic 

nephropathy 
Phase II 

Adults with NASH (n = 122) and adults with diabetic 

nephropathy (n = 116) 
153-155 

PX20606 
Imbalance in bile 

acid synthesis 

Phase III 

(completed) 
Healthy male adults (n = 54) 156, 157 

Cilofexor Non-cirrhotic NASH 
Phase II 

(completed) 
Adults with non-cirrhotic NASH (n = 140) 158-160 

FXR antagonists 

UDCA* PBC 
FDA-

approved 
Patients with PBC 161-164 

GβMCA* NAFLD Preclinical 
High-fat diet-fed wild-type and 

intestine-specific Fxr-null mice 
165 

GUDCA* Insulin resistance Preclinical 
High-fat diet-fed wild-type and 

intestine-specific FXR-null mice 

109, 166-168 

 

Guggulsterone Chronic Hepatitis C Withdrawn 

Male patients infected by HCV genotype 1, with anti-HCV 

antibodies, non-responders to at least one first line of therapy 

(n = 15) 

169 

CDCA – Chenodeoxycholic acid, FXR – Farnesoid X receptor, GβMCA – Glycine-β-muricholic acid, GUDCA – Glycoursodeoxycholic acid, 

NAFLD – Nonalcoholic fatty liver disease, NASH – Nonalcoholic steatohepatitis, OCA – Obeticholic acid; PBC – Primary biliary cholangitis, 

UDCA – Ursodeoxycholic acid, FDA – Food and Drug Administration, HCV – Hepatitis C virus. *Literature is inconclusive whenever those are FXR 

antagonists.  
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Figure 7. Structures of the most prominent FXR ligands. CDCA – Chenodeoxycholic acid, OCA – Obeticholic acid, UDCA 

– Ursodeoxycholic acid, GβMCA – Glycine-β-muricholic acid, GUDCA – Glycoursodeoxycholic acid. 

1.8 TAKEDA G-PROTEIN COUPLED RECEPTOR 

Takeda G-Protein coupled receptor (TGR5), also known as G protein-coupled bile acid receptor 1 

(GPBAR1), G-protein coupled receptor 19 (GPCR19) or membrane-type bile acid receptor (M-BAR), 

is a membrane protein which was identified in 2002.170, 171 In humans, it is encoded on chromosome 2 

in GPBAR1 gene, encoding 330 amino acids. TGR5 is mostly expressed in the small intestine, 

stomach, liver, lung, placenta, and spleen.172, 173  

The receptor structure was unknown until 2020 when the cryogenic electron microscopy (cryo-EM) 

structure was published in Nature.174 This opened the possibility for rational ligand design and 

computer simulation methods. TGR5 consists of seven transmembrane helixes. The ligand binding 

pocket is located on the extracellular side of the membrane (Figure 8). Upon ligand binding to this 

region, a variety of pathways can be activated. This allows a cell to react to outside stimuli.175 For 

example, activation of TGR5 stimulates cyclic adenosine monophosphate (cAMP) synthesis, a well-

known second-messenger,176 regulates the function of cAMP-dependent protein kinases.177 Those 

kinases then regulate glycogen, sugar, and lipid metabolism. Moreover, TGR5 is involved in nuclear 

factor-κB (NF-κB), protein kinase B (AKT), and extracellular signal-regulated kinases (ERK) cell 

signaling pathways.178 Consequently, modulation of TGR5 is considered a promising target for the 

treatment of type 2 diabetes mellitus and other metabolic or digestive diseases.179-190 
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Figure 8. The tertiary structure of TGR5, as predicted by AlphaFold.78, 79 AlphaFold, produces a predicted local distance 

difference test (pLDDT) with values between 0 and 100. This represents a per-residue confidence score. Some regions below 

50 pLDDT may be unstructured in isolation. Deep blue – Very high (pLDDT > 90), light blue – confident (90 > pLDDT > 

70), yellow – low (70 > pLDDT > 50), very low (pLDDT < 50).  

1.9 LIGANDS OF TGR5 

Bile acids are natural ligands for TGR5 with the order of their potency LCA > DCA > CDCA > CA. 

The potency of bile acids is further increased upon conjugation with taurine. UDCA and HDCA do not 

activate the receptor, and MCA affords only weak activation.191  

The interior of the ligand binding pocket is more open as compared to FXR. Phe-161 and Leu-74 are 

facing the α side of the bile acid, while Tyr-240 and Ser-247 are providing polar interactions with 

C3-OH and C7-OH, respectively. The bile acid acidic side chain is not stabilized by any amino acid 

interaction but is sticking out of the transmembrane protein part into the extracellular space (Figure 9). 

According to the PubChem database,121-123 in total 866 compounds were tested, from which 258 are 

steroids and 188 are bile acids derivatives. The published data allowed us to propose a pharmacophore 

for the active compound as follows: position C3 is critical for TGR5 activation. The C3 

deoxygenation, inversion to 3β-OH, or substitution with an acetoxy or sulfate moiety completely 

diminishes the activity.191 The 7α-hydroxy group is probably not important because 7-deoxy 

modification (LCA) is more active than its 7α-hydroxy counterpart (CDCA). It should be noted that 

some substitution on C7 might be beneficial since 7α-methoxy derivatives are more active than 3-

deoxo ones.192 Finally, modifications of the side chain at position C17 (e.g., alcohol, amide, tetrazole, 

nitrile, isoxazole, sulfonamide, sulfonate, carbamate, ureate, 1,3,4-oxadiazolate, amine, glycine or 

taurine conjugates) demonstrate high tolerability towards the biological activity.125, 192-195 Shortening of 

the bile acid side chain decreases ligand activity on TGR5.191  
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Figure 9. Cryo-EM structure of TGR5 with INT-777 (PDB: 7CFN).174 A: Black – INT-777, green – FXR 

residue within 5Å distance, blue – polar interactions. B: Gaussian protein surface with a visible lipophilic cavity 

in the bottom part of the picture, green – lipophilic region, red – hydrophilic region. Visualized and edited.134, 135 

Lipophilic residues Phe-161 and Leu-74 were omitted for clarity. 

In general, TGR5 is a more promiscuous receptor than FXR, and therefore, it can be activated by a 

wider range of hydrophobic compounds, including steroid hormones or neurosteroids, for example, 

pregnanediol.185, 191, 196 Structures of selected TGR5 ligands are summarized in Figure 10. The most 

prominent TGR5 agonist, compound INT-777, was shown to be effective in reducing hepatic steatosis 
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and obesity in obese rats,197 however, there wasn't any clinical follow-up. Non-steroid TGR5 agonists 

were discovered with high-throughput screening of heterocyclic molecules. Compounds TC-G-1005 

and SB-756050 were identified as selective TGR5 agonists,198-200 and the latter with follow-up clinical 

trials.201 Even though no adverse effects were observed for compound SB-756050, the results of the 

clinical trials were inconclusive, and the high variability of study outcomes prevented further clinical 

development.202 Only thirty-four TGR5 antagonists have been identified, such as SBI-115. Compound 

SBI-115 has been shown to reduce polycystic liver disease hepatogenesis.203 

 

Figure 10. Structures of selected TGR5 ligands. LCA – lithocholic acid, TGR5 – Takeda G protein-coupled Receptor 5. 
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2 AIMS OF THE WORK 

2.1 PROJECT 1. PREPARATION OF PREGNANE LIBRARY 

The goal was to create a library of steroid compounds derived from the pregnane skeleton and evaluate 

their TGR5 and FXR activity. Based on the published data described above, we have chosen the 

pregnane skeleton for screening. The pregnane skeleton offers structural variability in A/B rings, 

namely 5α, 5β, Δ4, and Δ5 modifications. This project aimed to use a departmental steroid compounds 

library of approximately 2000 samples (1200 unique) and select, characterize, and purify (if needed) 

those that comply with proposed structural requirements. 

2.2 PROJECT 2. SYNTHESIS OF C7 MODIFIED BILE ACIDS 

The second project of the Thesis aimed to modify CDCA and OCA at position C7. This particular 

modification was selected based on the crystal structure analysis that demonstrated a lipophilic cavity 

in the FXR that was in close vicinity to the C7 hydroxyl group. TGR5 structure was not considered 

since TGR5 tertiary structure was unknown at the time. 

2.3 PROJECT 3. OXIDATION OF AXIAL AND EQUATORIAL HYDROXY GROUPS 

Propose and design a methodological study describing the selectivity of oxidizing agents toward axial 

and equatorial hydroxyl groups. The synthesis of C7-modified bile acids within Project 2 required 

synthetically distinguishing the reactivities of C3 and C7 hydroxyl groups. Therefore, a study targeting 

the selectivity of oxidizing agents was performed.  
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3 PREPARATION OF PREGNANE LIBRARY 

3.1 RESULTS AND DISCUSSION 

The pregnane motif was selected for further characterization of TGR5 receptor requirements. This 

selection was inspired by Sato's work,191 where (20S)-5β-pregnan-3α,20-diol, 5α-pregnandione, and 

progesterone showed the highest activity on TGR5 from tested steroid hormones. 

COMPOUND SELECTION 

There are approximately 2,000 vials with steroid compounds in the group deposit, making up 1,200 

unique molecules. The deposit was created in the late 1960s and was not in electronic form.  

The first task was to create a software database in which structures could be filtered and associated 

with their experimental data. The Microsoft Access database software with the associated Structured 

Query Language (SQL) using Visual Basic for Applications (VBA) programming language was used. 

This setup allows the creation of a graphical interface in a drag-drop manner and the integration of 

ChemDraw structures directly into the database. In brief, SQL commands are used to insert and 

retrieve data from the database. Next, NMR spectra, elemental analysis, or chromatograms are stored 

in separate folders, and they can be accessed with a VBA code. Finally, a custom RDKit204, 205 Python 

script was created to populate the database with molecular properties, such as molecular weight, exact 

mass, SMILES, or inchi. This is convenient because it enables additional database functionalities, such 

as advanced sorting or structure search. A schematic overview of the created database software is 

shown bellow (Figure 11).  

 

Figure 11. Schematic structure of constructed software tool to organize compounds. accdb – Microsoft's Access database, 

SQL – Structured Query Language, VBA – Visual Basic for Applications. 

All 2000 vials and their labels were visually checked, drawn in ChemDraw, and uploaded into the 

database.  

Chemical Analysis 

Compounds that satisfied our structure-related selection criteria were tested on LC-MS for their purity. 

With a wide variety of structures in our library, it was not possible to use only one analytical HPLC 

method for all compounds. Therefore, multiple columns (C4, C8, C18), solvent systems (methanol, 
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isopropanol, acetonitrile), and additives (formic acid, trifluoroacetic acid, ammonium formate) were 

used to evaluate the purity of compounds.  

Compounds with chromatographic purity ≥ 95.0% were further characterized by 1H NMR followed by 

the Attached Proton Test (APT). NMR signals were partially assigned with the help of Correlation 

Spectroscopy (COSY), Heteronuclear Single Quantum Coherence (HSQC), and Heteronuclear 

Multiple Bond Correlation (HMBC) techniques. First, the C18 and C19 methyl groups were assigned 

in proton and carbon NMR. As all pregnane structures are substituted in position C17, shared HMBC 

interactions between H18 ↔ C17 and H21 ↔ C17 allowed the assignment of position C17. Next, the 

assignment of C18 and C19 carbons allowed us to assign C1, C5, C9, C10, C12, C13, and C14 

carbons through HMBC. As the intensities of HMBC cross peaks correlate with coupling constants206 

the shorter interactions of 2JH,C are usually stronger than 3JH,C interactions. Moreover, the quaternary 

carbons usually give low signals in APT. Consequently, the above-mentioned facts allowed the 

assignment of C10 and C13 quaternary carbons. The 3JH,C interactions follow Karplus207 equation, and 

therefore, whenever the dihedral angle is close to 90 degrees, the coupling is very close to zero. As a 

result, missing cross peak is not evidence that carbon-proton are far apart. Taken together, this is the 

main advantage of using methyl groups for assignment because free rotation between C10-C19 and 

C13-C18 allows us to observe all cross peaks near C18 and C19 methyl groups. 

 

Figure 12. Selected HMBC interactions are crucial for determining the structure of steroids using NMR techniques.  

This process yielded 46 compounds, which were clustered into four groups of 5α-, 5β-, Δ4-, and 

Δ5-steroids and are summarized in Figure 13. 
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Figure 13. List of the selected compounds from our library that passed the purity and structure requirements. 

Compound 31 is discussed as a representative example of the analytical process. First, the purity of 31 

was analyzed by HPLC-MS with acetonitrile/water gradient on the C18 column (HPLC Method B, 

section 6.1). The LC-MS analysis (Figure 14) showed only one peak on both detectors and correct 

m/z. Compound 31 was, therefore, suitable for the NMR analysis. 
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Figure 14. Representative HPLC chromatogram of compound 31. 

As illustrated in Figure 15, compound 31 has a good separation of signals in 1H and APT spectra, 

which allows an assignment of the whole molecule. For example, methyl groups C18 and C19 can be 

distinguished by cross-peak interactions of H18-C12, H18-C14, H18-C17, H19-C1, H19-C5, and 

H19-C9 (Figure 15).  
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Figure 15. HMBC analysis of 31. Top – full HMBC spectrum, bottom – the key 2JH,C, and 3JH,C interactions and their cross 

peaks are highlighted in blue. Only key HMBC interactions are shown for clarity. 

Other compounds were analyzed analogously, and their analytical data are summarized in the 

Experimental section 6.3. 
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BIOLOGICAL EVALUATION 

The LanthaScreen assay was performed in collaboration with the group of Dr. Helena 

Mertlíková-Kaiserová by Dr. Jaroslav Kozák. The TGR5 luciferase assay was performed in 

collaboration with the Faculty of Pharmacy in Hradec Králové, Charles University, in the 

group of Prof. Petr Pávek by Dr. Alžběta Štefela. 

 

Figure 16. A: Interaction of ligands with human FXR in TR-FRET FXR Coactivator Assay. Commercially available 

LanthaScreen™ Assay Kit in 384 plate formats (Thermo Fischer Scientific, MA, USA, PV4833) was used according to the 

manufacturer, along with Bravo automated liquid handling platform (Agilent, CA, USA). Compounds were tested against 

DMSO and GW-4064 (activity = 100%) as negative and positive controls, respectively. B: Effects of C7-modified CDCA 

derivatives on the human TGR5. HepG2 cells were co-transfected with a CRE containing luciferase reporter plasmid and a 

TGR5 expression vector. Cells were treated with indicated compounds at 10 μM concentrations for 5 hours. Compounds 

were tested against DMSO and LCA (activity = 100%) as negative and positive controls, respectively. CRE – cAMP 

response element, DMSO – dimethyl sulfoxide, FXR – Farnesoid X receptor, LCA – lithocholic acid, GW-4064 – 3-(2,6-

dichlorophenyl)-4-(3'-carboxy-2-chlorostilben-4-yl)oxymethyl-5-isopropylisoxazole, TGR5 – Takeda G protein-coupled 

Receptor 5, TR-FRET – Time-resolved fluorescence energy transfer. Each measurement is an arithmetic mean from three 

independent experiments (n = 3), with standard deviation marked as error bars. Vehicle (0.1% DMSO) was used as a solvent 

in all samples, including control samples. Created in OriginPro.208 All relevant experimental and calculated compound 

properties are summarized in the Appendix. 

Structure-activity relationship (SAR) was done in the StarDrop™ application.209 The SAR analysis 

was done for both FXR and TGR5 independently. 

Structure-Activity Relationship, FXR 

Unfortunately, our FXR dataset contains only one active compound (39). This prevented us from using 

more sophisticated methods for SAR analysis. For example, machine learning, which heavily depends 

on the data's diversity.210 For this reason, we focus the discussion only on 39. 
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Compound 39 exhibited partial activity on FXR (RLU = 0.56 ± 0.04) as compared to GW-4064. We 

hypothesize that the C2' carboxylic group can mimic the C24 side chain of bile acids, which serve as 

natural ligands for FXR. We supported this hypothesis by demonstrating the binding mode through 

docking (for docking protocols see Experimental, section 6.1). Compound 39's  carboxylic group C2' 

interacts with the basic amino acids Arg-331 and His-294. Additionally, the methyl groups C18 and 

C19 forms interactions with Leu-287, Leu-348, and Met-280. Lastly, the C20 carbonyl group engages 

in hydrogen bonding with Tyr-361. Other carboxylic acids (25, 40–44) were inactive, presumably due 

to their longer linker between the carboxylic acid and the rest of the molecule, and therefore too far 

away to establish polar interactions with basic amino acids Arg-331 and His-294.  

 

 

Figure 17. Ligand 39 and CDCA position within LBD of FXR (PDB: 6HL1).66 Pose of 39 was calculated, while the position 

of CDCA is from the crystal structure.66 CDCA – chenodeoxycholic acid, FXR – Farnesoid X receptor, LBD – ligand-

binding domain, PDB – Protein Data Bank. Ligands: 39 carbon backbone – blue, CDCA carbon backbone – magenta, red – 

oxygen, white – hydrogen. Amino acids: black – carbon, yellow – sulfur, blue – nitrogen, red – oxygen, white – hydrogen. 

Only residues within 5Å distance are shown. Non-exchangeable hydrogens and Tyr-361 were omitted for clarity. Calculated 

with AutoDock vina,211 visualized in Discovery studio,212 and edited in CorelDraw.213 

Structure-Activity Relationship, TGR5 

Compounds 1–46 were clustered into pairs based on their structure similarity. This allowed us to 

pinpoint which modification on the steroid core has a positive or negative effect. The most important 

structural features are summarized in Table 3. 
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Table 3. Compound pairs based on structural similarity. The three most important transformations for TGR5 activity are 

shown with specific examples.  

Transformation Examples, ΔTGR5 Activity 
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To examine this hypothesis and further explore chemical space for possible ligands, we used in-silico 

compound library enumeration. First, we used our experimentally measured compounds 1–46 

activities to train the Quantitative structure-activity relationship model (QSAR_TGR5). After training, 

the model predicts the activity of novel compounds toward TGR5. The protocol for model training, as 

well as model performance, are in Appendix. The ten most active compounds towards TGR5 were 

selected as seeds. The enumeration algorithm generates new compound ideas by applying chemical 

transformations to our seed compounds. This results in all possible compounds that could be made 

from the initial ten molecules within three transformation steps. Each step consists of 30096 possible 

transformations. This would (in ideal case) generate over 1012 compounds, too much for our hardware 

to handle. Therefore, the activity of each compound was predicted with the QSAR_TGR5 model, and 

only the 200 best compounds were selected from each generation for further transformations. To 

mitigate selection bias, the 200 molecules were selected based on QSAR_TGR5 predicted activity and 

structural diversity with weights 85:15, respectively. This yielded 600 non-unique compounds. The 

seed compounds were added as well for comparison. The 610 compounds dataset was stripped of 

duplicates and scored with computationally expensive Non-central nervous system orally taken drugs 

scoring function (NCNSOTD, see Appendix). The purpose of scoring is to consider other important 

parameters such as solubility, metabolic stability, or partition coefficient. The entire process is shown 

graphically below (Figure 18). 

 

Figure 18. Schematic representation of TGR5 drug discovery process. NCNSOTD – Non-central nervous system orally 

taken drugs scoring function, QSAR – Quantitative structure–activity relationship. 

The initial ten seed compounds and the ten highest-scoring predicted compounds are compared below 

(Figure 19). 
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Figure 19. Predicted activities and scores toward TGR5. RLU – Relative luminescence unit, TGR5 – Takeda G protein-

coupled receptor 5, NCNSOTD – Non-central nervous system orally taken drugs scoring function. 
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The cis A/B rings junction stands out as the most critical structural feature. This motif is consistently 

observed in both experimental and predicted molecules (Figure 19). Such a trend aligns with 

expectations, as natural TGR5 ligands – bile acids share this structural characteristic. Our predictive 

model shows a strong preference for oxo substitution at positions C3 and C20. Indeed, in the 

experimental dataset, the hydroxy group at C20 was usually inferior to the oxo group (Table 3). 

Concerning the C3 position, our experimental results demonstrated that both hydrogen bond acceptors 

and donors are viable (Figure 19).  

As shown by calculations, six out of ten predicted ligands exhibit alterations in the C17 side chain. 

This suggests that the C17 position is a promising target for modification. Additionally, our model 

occasionally introduces extra oxo groups at positions C1, C4, C6, or C16. Such additions are likely 

intended to enhance solubility, which ranks as the second most critical factor in the NCNSOTD 

function. 
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3.2 CONCLUSION 

None of the tested molecules showed better activity for FXR or TGR5 than the positive controls. Only 

notable compounds are 39 (FXR activation, 56% ± 4%) and 16 (TGR5 activation, 74% ± 11%). From 

our experimental data, we trained the artificial intelligence (AI) predictive model QSAR_TGR5. The 

model can predict the TGR5 activity of novel steroid ligands. We used the model to select suitable 

molecules from a large pool (> 1012 possibilities) of in-silico-generated compound ideas. Selected 

compounds were further scored for other important drug properties (logP, solubility, etc.) and ranked. 

The highest rank in-silico and experimental compounds were compared to propose general 

requirements for TGR5 agonists. Unfortunately, we were not able to train a complimentary AI model 

(QSAR_FXR) due to a lack of data diversity. Based on our results, we propose a general structure of 

TGR5 agonist (Figure 20). 

 

Figure 20. The proposed general structure of TGR5 agonist. Critical structural features on the steroid core are highlighted. 

Outcomes 

▪ An electronic compound database, designed for internal group use, was developed by a student 

who learned coding by himself. 

▪ A still-growing library of endogenous and synthetic steroids with confirmed purity and structure. 

▪ Rigorous analytical work significantly enhanced the students' expertise, particularly in developing 

LC-MS methods and interpreting 2D NMR spectra. 
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4 SYNTHESIS OF C7-MODIFIED BILE ACIDS 

4.1 RESULTS AND DISCUSSION 

SYNTHESIS 

Position C7 was modified due to the presence of a nearby lipophilic cavity in FXR (Figure 6). 

Furthermore, modifying position C7 is easily achievable when using CDCA as the starting material. 

The TGR5 binding pocket was not considered for ligand design since the TGR5 structure was 

unknown at the time. CDCA was chosen as the starting material for synthesis due to its commercial 

availability and low cost (1 USD/gram ≈ 0.4 USD/mmol). Synthetic protocols for C6 alkylation of 

CDCA were previously developed in our laboratory and are mentioned only briefly. 

 

Scheme 1. Synthetic strategy for C7 modified bile acids. 

Grignard Addition on C7 Carbonyl Group  

7-Ketolithocholic acid (61) was synthesized from CDCA in three steps (Scheme 2). The synthetic 

process began with the esterification of CDCA, which was successfully achieved with either 

diazomethane or Fischer esterification, both yielding quantitatively compound 57. However, it should 

be noted that diazomethane is a toxic and explosive reagent. Therefore, for safety reasons, we 

preferred Fischer esterification. The introduction of the ester moiety aimed to facilitate purification 

after the oxidation step. The good regioselectivity of the oxidation step is determined by the different 

reactivities of the equatorial C3 and axial C7 hydroxy groups. This topic is discussed in more detail in 

section 5.1. The ester 59 was hydrolyzed with an aqueous methanolic NaOH solution to yield free acid 

61. This step was necessary because the carbanionic nature of Grignard and Wittig reagents in the 

following reactions is incompatible with the ester moiety. 
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Scheme 2. Preparation of 61, a starting material for the synthesis of 7-oxo-modified bile acids. 

To synthesize C7 alkylated compounds 62–74, we used Grignard reagents (Scheme 3). In most cases 

(Scheme 3, entry 1–10), we obtained enough material for structure evaluation and biochemistry assays 

after the first batch. For that reason, even low yield reactions were not optimized. Reaction with bulky 

nucleophiles (Scheme 3, entry 11–13) failed, even after extended reaction time.  

 

 

Scheme 3. Synthesis of C7-alkylated ligands. aIsolated yield after 2 hours of reflux. bOnly side products were identified in 

the mixture after 48 hours of reflux. 

Grignard reagents are not only strong nucleophiles but also strong bases. The reaction substrate is a 

free carboxylic acid, therefore the first and fastest reaction is acid-base proton exchange. The first 

exchange is with carboxylic proton and the second with alcoholic one. Given that, an excess of 

Grignard reagent (5 equiv.) was used in all cases. The resulting bile magnesium halide salt was poorly 

soluble in organic solvents and precipitated. Fortunately, with vigorous mixing and reflux, all 

reactions (including  Scheme 3, entry 11–13) achieved full conversion, but harsh reaction conditions 
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led to the formation of side products in all cases. The identified side reactions were the reduction of 

the ketone to alcohol (Scheme 3, entry 2, 5, 7, 9, 10, 11, 12) and the addition on carboxylate (all 

cases). The reduction was likely to be achieved by the hydride transfer from the β-carbon of the 

Grignard reagent to the carbonyl carbon via a cyclic six-membered transition state.214 The addition to 

carbon C24 occurred even though the carboxylate is a very poor electrophile. Other possible side 

reactions are aldol condensations or single electron transfer-induced radical reactions,215 but we didn't 

observe any of those. Observed side products are depicted below (Figure 21). 

 

Figure 21. Observed side product after Grignard reaction with the proposed mechanism of formation. Only reaction with 

ethyl magnesium chloride is shown in each example.  

The alkyl addition to ketone proceeded stereoselectively, and only one diastereoisomer was obtained. 

This diastereoselectivity in alkylation of 7-oxobile acids was first observed by Une et al.216 

“The predominant formation of the 7β-alkylated epimer seems to be reasonable probably 

because the bending of ring A shields the α-side, and the Grignard reagent predominantly 

approaches to 7-keto group from the β-side. 

… 

The β-orientation of the newly introduced 7-alkyl groups of 7-Et-CDA and 7-Pr-CDA was 

tentatively assigned by PMR*. The chemical shifts of 19-CH3 of 7-Et-CDA and 7-Pr-CDA, which 

are at δ 0.94 and δ 0.92, respectively, are almost the same as that (δ 0.97) of 19-CH3 of 7-Me-

CDA but different from that (δ 1.09) of 19-CH3 of 7-methyl-ursodeoxycholic acid†. This result 

strongly suggests that the orientation of C7 alkyl groups in these compounds is the same as that 

of 7-Me-CDA‡.” 

The authors relied solely on comparison of 1H chemical shifts with similar compounds for assigment 

of absolute configuration at C7. However, we should take into consideration that at the end of the 

1980s, 2D NMR techniques were not yet widespread. Therefore, we used ROESY and X-ray to assign 

the absolute configuration on C7. Unfortunately, we were able to conclusively assign only 63, 64, and 

68. All of them have R substituent in the equatorial position. Due to this, the configuration on C7 for 

 
* proton magnetic resonance 
† 7β-hydroxy-7α-methyl-5β-cholan-24-oic acid 
‡ 7α-hydroxy-7β-methyl-5β-cholan-24-oic acid 
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the 62, 65, 66, 67, 69, 70, and 71 was considered the same. This agrees with the chemist's intuition: 

Nucleophile attacks from the less hindered β-side and thermodynamically more stable equatorial 

adduct is formed (see Figure 22). 

 

Figure 22. The rationale for observed diastereoselectivity of Grignard reagent addition on C7 carbonyl double bond within 

compound 61.  

Absolute Configuration on C7 for Compound 63 

Unfortunately, the ROESY spectra of 63 did not exhibit clear resonance correlations between the ethyl 

substituent and the steroid skeleton. Therefore, the structure was confirmed by the catalytic 

hydrogenation on palladium in ethanol of 64 that afforded a compound with an identical 1H and 13C 

NMR spectrum to that of 63.  

 

Scheme 4. Hydrogenation of 64 to compound 63 served as proof of C7 stereochemistry after EtMgCl addition.  
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Absolute Configuration on C7 for Compound 64  

In the ROESY spectrum, the olefinic H1' proton exhibited cross-peaks with axial hydrogens H6β and 

H8, which confirmed that the vinyl substituent was equatorial (7β). (Figure 23) 

 

Figure 23. ROESY spectrum of 64, showing H1'-H6β and H1'-H8 contacts.  
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Absolute Configuration on C7 for Compound 68 

Compound 68 was crystalized from the mixture of DCM and MeOH (100:1). Dichloromethane was 

chosen because it is a nonpolar-aprotic solvent. This forced 68 to aggregate through the formation of 

hydrogen bonds. Because 68 was only slightly soluble in dichloromethane, methanol was added to 

formulate a true solution. Under crystallization conditions, 68 formed a dimer, where polar-protic 

groups were pointing inward, and nonpolar-aprotic groups were pointing outwards (Figure 24). This 

arrangement maximizes lipophilic molecule/solvent surface and demonstrates amphiphilic properties, 

which are typical for bile acids.  

 

Figure 24. ORTEP217 representations of the X-ray structure of 68 displacement ellipsoids are shown with 50% probability. 

Dimer (left) and mono structure (right) confirmed the equatorial position of the isopropyl group. 
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Wittig Reaction with C7 Carbonyl Group 

(E)-7-Ethylidene derivative (75) was prepared by the Wittig reaction from corresponding carbonyl 

using ethyltriphenylphosphonium bromide (Scheme 5). The conditions were inspired by Poša et al.,218 

where authors attempted Wittig reaction on 3α,12α-dihydroxy-7-oxo-5β-cholan-24-oic acid and 

obtained exclusively E-isomer in 8.2% yield. Like Poša et al., we also obtained only E-isomer in a 

comparable 3% yield. The reaction was not optimized, as 6 mg obtained under these reaction 

conditions was sufficient for biological assays.  

 

Scheme 5. Wittig reaction. Inspired by Poša et al.218  

Double bond isomerism was confirmed by ROESY NMR, exhibiting NOE contacts of the H1' olefinic 

proton with protons H14 and H15 (Figure 25).  

 

Figure 25. ROESY spectrum of 75. The double bond stereochemistry was confirmed by H1'-H15 and H1'-H14 NOE 

interactions.  
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Further Modification of C7 Substituents 

Compound 65 was selected for further modifications, as terminal alkyne offers the possibility of cross-

coupling reactions and cycloaddition reactions. For the cross-coupling, we used an established 

Sonogashira reaction with a Pd/Cu catalytic cycle and iodobenzene as the coupling partner. 

 

Scheme 6. Sonogashira reaction. 

For click reaction, we used the perfluoroazide that was developed at our Institute in Dr. Beier's 

group.219 Based on their recommendation, we used C2F5N3, which is more stable and easier to prepare 

than other perfluoro azides. Perfluoro azides cannot be prepared as conventional azides by SN2 

displacement of the leaving group because fluoride atoms shield the α-carbon atom.  

The method developed in Dr. Beier's lab consists of deprotonation of 77 by n-BuLi, which generates 

78. The reaction is quenched with N3
+ electrophilic reagent (tosyl azide). The resulting 79 is 

co-distilled with THF and condensed in cryotrap.  

 

Scheme 7. Preparation of C2F5N3 as developed by Dr. Beier's group and published by Dr. Blastik et al.220  

Tetrahydrofuran solution of 79 was stored in a tightly closed screw-cap vial under an inert atmosphere 

of argon gas, and we did not observe any concentration decline after 5-day storage in the fridge. 

Moreover, Dr. Blastik220 noted that the THF solution of 79 was thermally stable (no sign of 

decomposition at 150 °C after 80 minutes in a sealed tube). The concentration of C2F5N3 was 

determined by 19F NMR with PhCF3 as the internal standard prior to the click reaction. 

 

Scheme 8. Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC). 



4 Synthesis of C7-Modified Bile Acids 

46 

Preparation of C6 Substituted Bile Acids 

Ethyl substituent was introduced in position C6 according to D'Amore et al.221 The sequence starts 

with 7-oxo-lithocholic acid's methyl ester (59) that is converted to a silyl enol ether (82). The resulting 

silyl enol ether acts as a nucleophile in a Mukaiyama aldol condensation, producing aldol and 

eventually an enone. Compound 86 was prepared with Grignard reagent. Starting material 85 was 

prepared from 59 in 4 steps.  

 

Scheme 9. Preparation of 86 from 59 by 5-step sequence. The first three reactions were inspired by D'Amore et al.221 and 

were already optimized in our lab prior to this work. Their stereochemical, mechanistic, and optimization aspects are 

discussed elsewhere.222 
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BIOLOGICAL EVALUATION 

Assays were performed in collaboration with the Faculty of Pharmacy in Hradec Králové, 

Charles University, in the group of Prof. Petr Pávek by Dr. Alžběta Štefela, as described.223 

To assess the combined effect on FXR and TGR5, we employed luciferase gene reporter assays using 

human hepatocyte-derived HepG2 cells. We evaluated a total of 14 compounds for their ability to 

activate both FXR and TGR5. The results of these assays, along with the structures of all synthesized 

compounds, are summarized in Figure 26 and Figure 27, respectively. 

 

Figure 26. A: Interaction of C7-modified CDCA derivatives with human FXR in luciferase reporter gene assay. HepG2 cells 

were co-transfected with the luciferase FXRE-luc construct and with expression vectors. Then, the cells were treated with 

tested compounds at 10 μM concentration for 24 hours. Data were normalized to Renilla luciferase activity and are expressed 

relative to the activity of 10 μM CDCA (set as 100% activation). B: Effects of C7-modified CDCA derivatives on the human 

TGR5. HepG2 cells were co-transfected with a CRE containing luciferase reporter plasmid and a TGR5 expression vector. 

Cells were treated with tested compounds at 10 μM concentration for 5 hours. The efficacy of tested compounds to activate 

CRE-luc was compared to the activity of 10 μM LCA (set as 100% activation). All values are presented as the means ± SD of 

three independent experiments performed in biological triplicates (n = 3). Vehicle (0.1% DMSO) was used as a solvent in all 

samples, including control samples. 
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Figure 27. Compounds generated in this study. 

Structure-Activity Relationship for FXR 

Our results showed that all derivatives lost the ability to activate FXR at a concentration of 10 μM 

(Figure 26, A). Moreover, the introduction of cyclopropyl (69) and nonyl (71) moieties resulted in 

significant inhibition of the basal activation of FXR.§ 

This prompted us to investigate compounds with antagonistic activity. To achieve this, we treated 

HepG2 cells with known FXR agonists, the semisynthetic bile acid OCA (1 μM), the nonsteroidal 

ligand GW4064 (1 μM), and the endogenous bile acid CDCA (20 μM), together with the tested 

compounds. Our results (Figure 28) showed antagonistic behavior. The FXR-antagonizing capacity 

was enhanced with a longer alkyl chain, with the propyl (66) derivative showing lower activity 

compared to the branched isopropyl (68) and cyclopropyl (69) analogs. However, substituents longer 

than C5 (70, 71) impaired cell viability at higher concentrations. This effect was probably due to the 

increased compound lipophilicity. Other compounds showed no effect on cellular viability, with IC50 

values above 100 μM (for toxicity data, see Appendix). 

 
§Only data for OCA are shown in this Thesis; the rest are published229 as supplementary information. 
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Figure 28. Interaction of target compounds with human FXR in luciferase reporter gene assays. HepG2 cells were transiently 

cotransfected with the luciferase FXRE-luc construct and with expression reporter vectors. Cells were treated with indicated 

concentrations for 24 hours with 1 μM OCA as an FXR agonist. Tβ-MCAand Z-GUG were used as known FXR antagonists. 

Data were normalized to Renilla luciferase activity and are expressed relative to 1 μM OCA (100%). *Toxic effect on cells.  

Structure-Activity Relationship for TGR5 

We tested compounds (10 μM) and compared their ability to activate a CRE-luc construct to LCA 

(10 μM), a known TGR5 agonist (Figure 26, B). Only ethylidene derivative (75) significantly 

increased CRE-luc activation. Propyl (66), allyl (67), and cyclopropyl (69) derivatives showed 

comparable activity to LCA. Other compounds did not activate the receptor significantly at 10 μM 

concentrations.  

Figure 29 shows a hydrophilic pocket created by Phe-161, Leu-166, Val-170, Leu-244, Ser-247, and 

Val-248. Ligands with alkyl substituents at the C7 position may fit into the pocket more tightly. The 

C7 alkylation also affects the hydrogen bond formation with Ser-270. Ligands with two-carbon 

substituents on C7 only form one hydrogen bond interaction between the C3 hydroxyl and Tyr-240, as 

the Ser-270 hydroxyl is too far away. The C7 two-carbon substituent drags the ligand towards the 

hydrophobic pocket cleft for hydrophobic interactions. However, compounds with three-carbon 

substituents are wide enough to reach both the hydrophobic pocket cleft with its C7 substituent and the 

polar Tyr-240 and Ser-270 groups with its C3 hydroxyl. LCA, which lacks a C7 alkyl substituent, is 

not strongly attracted towards the hydrophobic pocket cleft. Instead, it prefers to form hydrogen bonds 

with both Tyr-240 and Ser-270. 
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Figure 29. Interactions of 75 with the ligand binding pocket of TGR5. Left – detail of the TGR5 LBD with docked 75. 

Docking was carried out using AutoDock Vina 1.1.2. software. Right – a 2D representation of molecular interactions 

between 75 and TGR5 LBD as generated in LigPlot+. The dashed line in red represents the hydrogen bond between the C3 

substituent of 75 and Tyr-240. Only compound 75 showed clarity. Adopted and modified.223  

Biological Profile of 75 

To determine the specificity of 75, we tested its interaction with a variety of nuclear receptors that 

interact with BAs or regulate metabolic processes: vitamin D receptor (VDR), pregnane X receptor 

(PXR), constitutive androstane receptor (CAR), peroxisome proliferator-activated receptors α, γ, β/δ 

(PPAR α, γ, β/δ), glucocorticoid receptor (GR), liver X receptor α, β (LXR α, β) and thyroid receptor 

(TRα). We found that 75 did not activate any of these nuclear receptors. Furthermore, 75 demonstrated 

superior TGR5 activation in dose-response, with the EC50 value being about two orders of magnitude 

lower than LCA activity (26 ± 6 nM vs. 1.54 ± 0.4 μM, respectively). For dose-response and receptor 

specificity data, see Appendix. 
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4.2 CONCLUSION 

We introduced (E)-7-ethylidene-3α-hydroxy-5β-cholan-24-oic acid (75, Figure 30), which is the first 

bile acid derivative with a unique TGR5/FXR dual effect to the best of our knowledge. With the 

increasing prevalence of metabolic disorders in the Western population, the dual potency of 75 as an 

FXR antagonist and TGR5 agonist presents a promising synergistic pharmacological intervention and 

therapeutic application.  

 

Figure 30. (E)-7-Ethylidene-3α-hydroxy-5β-cholan-24-oic acid, our most successful compound. 

Outcomes 

▪ Discovery of (E)-7-ethylidene-3α-hydroxy-5β-cholan-24-oic acid (75), first know steroid ligand 

with dual FXR/TGR5 mode of action. 

▪ Publication in Frontiers in Pharmacology.223 
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5 OXIDATION OF AXIAL AND EQUATORIAL HYDROXY GROUPS 

5.1 RESULTS AND DISCUSSION 

One of the most significant reactions in a chemist's toolkit is the oxidation of alcohols to aldehydes or 

ketones. The different reactivities between axial and equatorial alcohols were already known in the 

1950s.224-228 Many oxidation methods have since been devised, including approaches with high 

selectivity. For example, chromium(VI) complexes cause quicker oxidation of the axial hydroxy 

groups due to the cleavage of the chromate ester intermediate, which releases a 1,3-diaxial strain in the 

rate-limiting step.229 Another example is the preferential oxidation of hindered alcohols using 

trifluoroacetic acid anhydride-activated DMSO230, 231 or the recent publication by Mikhael et al.232 on 

selective equatorial alcohol oxidation using N-Ligated λ3-Iodanes. While general reactivities and limits 

of most oxidants are well understood,233, 234 to the best of our knowledge, there was no literature to 

compare typical oxidizing reagents for their preference to oxidize axial or equatorial alcohol. 

For discussion purposes, we rated the “effectiveness” of chemical reactions by two parameters: the 

axial/equatorial selectivity factor (A/Ef, eq. 1) and the efficiency factor (Eff, eq. 2). 

 A/Ef =  
𝑛𝑎𝑜𝑝 

𝑛𝑒𝑜𝑝 
 (eq. 1) 

 Eff = 
 𝑛𝑎𝑜𝑝 + 𝑛𝑒𝑜𝑝

𝑛𝑠𝑚+ 𝑛𝑎𝑜𝑝 + 𝑛𝑒𝑜𝑝 + 𝑛𝑖 
 (eq. 2) 

Where 𝑛𝑠𝑚 is the amount of starting material, 𝑛𝑎𝑜𝑝 is the amount of axial oxidation product, 

𝑛𝑒𝑝 is the amount of equatorial oxidation product, and 𝑛𝑖 is the total amount of other observed 

products (usually dioxo compound). Amounts are determined experimentally after quenching, 

as either relative concentrations from HPLC analysis or gravimetrically after isolation. In the 

case of reactions where we did not observe any 𝑛𝑎𝑜𝑝 or 𝑛𝑒𝑜𝑝 we used our HPLC detection 

threshold of 1% in the calculation to avoid division by zero. 

We examined a total of 16 most common oxidants used for the oxidation of secondary alcohols. First, 

we screened the oxidants with methyl chenodeoxycholate (57). In total, 93 reactions were performed. 

To better understand oxidant behavior, we used increasing amounts of oxidant from sub-

stoichiometric (0.25 equiv.) to excess (3.0 equiv.), with exceptions in the case of Fétizon and 

Oppenauer oxidations as both of them are commonly done with an excess of the reagent.234, 235 Please 

note that the amount of oxidizing reagent was calculated as molar equivalents, not the oxidation 

equivalents. For example, the chromium(VI)-type reagent can accept up to 3 electrons as it can be 

reduced to chromium(III). Thus, in this study, 1.0 equivalent chromium(VI) reagent can oxidize up to 

1.5 equivalent of the substrate.  

To speed throughput, the relative composition of most reaction mixtures was determined with the 

analytical HPLC against external calibration curves of authentic standards 57–60. The standards were 

isolated from Jones oxidation and purified to virtual 100% HPLC purity and combustion CHN 

analysis error ≤ 0.2% (for analytics, see Appendix). 

Selected representative reactions were repeated on a 2.5 mmol scale with different substrates: methyl 

chenodeoxycholate (57), cis- and trans-4-tert-butylcyclohexanol (87 and 88), methyl deoxycholate 

(90), and 5α-cholestane-2α,3α-diol (94). Products were separated and weighted. This study aimed to 
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validate the developed analytical HPLC method and demonstrate reaction repeatability, scalability, 

and robustness. The project map is graphically depicted below (Figure 31). 

The reactions were carried out on a 0.5 mmol or 2.5 mmol scale, in 5 mL or 25 mL of solvent, 

respectively, to maintain the concentration of a substrate comparable (0.1 M). The remaining 

conditions (e.g., temperature, reaction time, etc.) were defined with respect to common practice.234 

 

Figure 31. The project map. The main backbone was the oxidation of methyl chenodeoxycholate (57). Results were further 

evaluated on different substrates (87, 88, 90, and 94). In total, 16 oxidants, 5 substrates, and 6 reaction variations were 

evaluated, totaling 122 reactions.  
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OXIDATION OF METHYL CHENODEOXYCHOLATE 

Methyl chenodeoxycholate (57) was selected as the main substrate because it bears both axial (C7) 

and equatorial (C3) hydroxyl groups on its skeleton.  

Chromium-Based Reagents (Table 4) 

Chromium-based reagents are known to oxidize axial alcohols faster.228 Indeed, we observed a clear 

preference for oxidation of the axial hydroxyl group in all three cases. For example, 0.75 equiv. of 

Jones reagent236 provided the product of axial oxidation (59) in 56% yield and the product of the 

equatorial oxidation (58) in 9% yield (entry 3) or A/Ef = 6.2:1. This reaction was scaled up by a factor 

of 34, without loss of selectivity, and with isolated yields comparable to HPLC yields. Pyridinium 

dichromate (entry 7–12) also gave the best result in 0.75 equiv., where we achieved A/Ef = 10.3:1, 

Eff = 0.65 (entry 8). Pyridinium chlorochromate (entry 13–18) gave the best results with 1.0 equiv. 

(entry 16), where we observed improved selectivity compared with the Jones reagent but lower yield. 

Table 4. Chromium-based reagents. 

  

Entry Name reaction Conditions 
Yield (%)b Effectiveness 

57 58 59 60 A/Ef Eff 

1 

Jones 

CrO3 (0.25 equiv.) 56 17 21 6 1.2:1 0.38 

2 CrO3 (0.50 equiv.) 27 18 42 14 2.3:1 0.59 

3 CrO3 (0.75 equiv.) 2 (8)c 9 (6)c 56 (55)c 33 (25)c 6.2:1 0.65 

4 CrO3 (1.0 equiv.) ND ND 33 67 33:1 0.33 

5 CrO3 (2.0 equiv.) ND ND ND 100 1:1 < 0.02 

6 CrO3 (3.0 equiv.) ND ND ND 100 1:1 < 0.02 

7 

Corey–Schmidt 

PDC (0.25 equiv.) 58 13 25 4 1.9:1 0.38 

8 PDC (0.50 equiv.) 29 16 41 14 2.6:1 0.57 

9 PDC (0.75 equiv.) 4 4 41 51 10.3:1 0.45 

10 PDC (1.0 equiv.) ND ND 25 75 25:1 0.25 

11 PDC (2.0 equiv.) ND ND ND 100 1:1 < 0.02 

12 PDC (3.0 equiv.) ND ND ND 100 1:1 < 0.02 

13 

Corey–Suggs 

PCC (0.25 equiv.) 68 9 22 ND 2.4:1 0.31 

14 PCC (0.50 equiv.) 45 12 38 5 3.2:1 0.50 

15 PCC (0.75 equiv.) 27 14 48 10 3.4:1 0.63 

16 PCC (1.0 equiv.) ND 4 44 52 11:1 0.48 

17 PCC (2.0 equiv.) ND ND 19 81 19:1 0.20 

18 PCC (3.0 equiv.) ND ND ND 100 1:1 < 0.02 
aOnly limiting reagents for each reaction are listed. The rest of the reaction conditions were as follows. Jones: aq. H2SO4, acetone, 0 °C, 30 min. Corey–Schmidt: 

3Å sieves, DCM, rt, 16 hours. Corey–Suggs: DCM, rt, 16 hours. bThe ratio of products 57–60 was determined by HPLC with ELSD detection and represents the 

relative composition of 57–60 in the reaction mixture. All reactions were performed on a 0.5 mmol scale unless mentioned otherwise. cIsolated yield from 17 

mmol scale reaction is reported in parentheses. In the case of reactions where no product was detected (ND), we calculated as if 1% was present. Green – most 

effective conditions for axial oxidation. 

Dimethyl Sulfoxide-Based Reagents (Table 5) 

The most popular Swern oxidation showed only a slight preference for equatorial alcohol 

A/Ef = 10.3:1, Eff = 0.65 (entry 3), when the limiting reagent was used in the sub-stochiometric 

amount 0.75 equiv. This oxidation is nevertheless very mild and with 2 equiv. of (COCl)2, proceeded 

smoothly to complete oxidation of both hydroxy groups to yield dioxo derivative 60 quantitatively 

(entry 5). The steric selectivity of Omura–Sharma–Swern modification was discussed in the original 

publication by Huang et al.230 Authors defined the TFAA/DMSO oxidations as superior for oxidation 

of sterically hindered alcohols. In particular, the more hindered the hydroxyl group is, the higher yield 

of carbonyl can be obtained.230 However, under the comparable conditions (entry 7–12), we didn't 

observe any selectivity towards the more hindered axial C7 hydroxyl group over the more accessible 
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equatorial C3 hydroxyl group (entry 7–12). Moreover, the Omura–Sharma–Swern was most 

unpredictable, with A/Ef = 1.2:1 (entry 8 and 9) to opposite selectivity with A/Ef = 1:2.5 (entry 11). 

The selectivity of sulfur trioxide pyridine complex (SO3·pyridine) was observed and noted in the 

original publication237, Parikh et al. wrote: 

“While 11α-hydroxyprogesterone was oxidized to 11-ketoprogesterone (isolated in 70% yield), 

the corresponding 11β epimer was virtually inert.” 

This matches our observations. In neither case, we have observed 59, the product of axial oxidation. 

Instead, we observed a 70% yield of 58, as well as a 30% yield of 60, the product of oxidation of both 

axial and equatorial alcohols (entry 18).  

Table 5. Dimethyl sulfoxide-based reagents. 

 

Entry Name reaction Conditionsa 
Yield (%)b Effectiveness 

57 58 59 60 A/Ef Eff 

1 

Swern 

(COCl)2 (0.25 equiv.), DMSO (0.50 equiv.) 73 18 9 ND 1:2 0.27 

2 (COCl)2 (0.50 equiv.), DMSO (1.0 equiv.) 28 20 48 4 2.4:1 0.68 

3 (COCl)2 (0.75 equiv.), DMSO (1.5 equiv.) 12 17 56 16 3.3:1 0.72 

4 (COCl)2 (1.0 equiv.), DMSO (2.0 equiv.) 5 14 37 44 2.6:1 0.51 

5 (COCl)2 (2.0equiv.), DMSO (4.0 equiv.) ND ND ND 100 1:1 < 0.02 

6 (COCl)2 (3.0 equiv.), DMSO (6.0 equiv.) ND ND ND 100 1:1 < 0.02 

7 

Omura–Sharma–

Swern 

TFAA (0.25 equiv.), DMSO (0.5 equiv.) 85 8 7 ND 1:1.1 0.15 

8 TFAA (0.50 equiv.), DMSO (1.0 equiv.) 71 11 12 7 1.1:1 0.23 

9 TFAA (0.75 equiv.), DMSO (1.5 equiv.) 61 12 14 12 1.2:1 0.26 

10 TFAA (1.0 equiv.), DMSO (2.0 equiv.) 53 17 20 9 1.2:1 0.37 

11 TFAA (2.0 equiv.), DMSO (4.0 equiv.) 11 12 8 69 1:1.5 0.20 

12 TFAA (3.0 equiv.), DMSO (6.0 equiv.) ND 7 5 87 1:1.4 0.12 

13 

Parikh–Doering 

SO3·pyridine (0.25 equiv.) 100 ND ND ND 1:1 0.02 

14 SO3·pyridine (0.50 equiv.) 91 9 ND ND 1:9 0.10 

15 SO3·pyridine (0.75 equiv.) 87 13 ND ND 1:13 0.14 

16 SO3·pyridine (1.0 equiv.) 73 27 ND ND 1:27 0.27 

17 SO3·pyridine (2.0 equiv.) 32 68 ND ND 1:68 0.68 

18 SO3·pyridine (3.0 equiv.) ND 70 ND 30 1:70 0.70 
aOnly limiting reagents for each reaction are listed. The rest of the reaction conditions were as follows. Swern: Et3N (7 equiv.), DCM, -60 °C to rt, 16 hours. 

Omura–Sharma–Swern: Et3N (7 equiv.), DCM, -60 °C to rt, overnight. Parikh–Doering: Et3N (7 equiv.), DCM/DMSO (1:1), 0 °C, overnight. bThe ratio of 

products 57–60 was determined by HPLC against authentic standards and represents the relative composition of 57–60 in the reaction mixture. All reactions were 

performed on a 0.5 mmol scale. In the case of reactions where no product was detected (ND), we calculated as if 1% was present. Green – most effective 

conditions for axial oxidation, orange  – most effective conditions for equatorial oxidation. 
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Nitroxide Radical-Based Reagents (Table 6) 

Oxidants based on nitroxide radicals are known to be sensitive toward steric factors. For example, 

2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) can be used to oxidize primary alcohols in the 

presence of secondary ones.238 In our study, TEMPO oxidations were highly selective towards the less 

hindered equatorial hydroxyl. For example, the Anelli protocol239 (entry 5) using TEMPO (2 mol%) 

and NaOCl (2 equivalents)/NaBr (10 mol%) as the re-oxidant afforded 91% of compound 58 and only 

9% of the overoxidation product 60. Next, the Piancatelli–Margarita protocol240 (entry 12) employing 

bis(acetoxy)iodobenzene (BAIB, 3 equivalents) as re-oxidant afforded exclusively product 58. To 

confirm this remarkable selectivity, we scaled-up the Piancatelli–Margarita protocol (from 0.2 g/0.5 

mmol substrate to 1 g/2.5 mmol), and after the column chromatography, 58 was isolated in an almost 

quantitative yield (95%). We also examined a recent method developed in the Jahn group.241 Authors 

used TEMPO in conjunction with boron trifluoride-ether complex (BF3·Et2O) as pre-catalysts and 

tert-butyl nitrite (tBuONO) as a stoichiometric oxidant (entry 13–18).  In our hands, we unfortunately 

failed to achieve the full conversion even after the extension of reaction time up to 12 hours. A 

mixture of starting material 57 and desired product 58 was obtained in all cases (best case: entry 18, 

A/Ef = 1:69, Eff = 0.69).  

Table 6. Nitroxide radical-based reagents. 

 

Entry Name reaction Conditionsa 
Yield (%)b Effectiveness 

57 58 59 60 A/Ef Eff 

1 

Anelli 

NaOCl (0.25 equiv.) 93 7 ND ND 1:7 0.08 

2 NaOCl (0.50 equiv.) 76 18 6 ND 1:3 0.24 

3 NaOCl (0.75 equiv.) 67 29 5 ND 1:5.8 0.33 

4 NaOCl (1.0 equiv.) 36 54 4 5 1:13.5 0.59 

5 NaOCl (2.0 equiv.) ND (0)c 91 (82)c ND (0)c 9 (12)c 1:91 0.90 

6 NaOCl (3.0 equiv.) ND 85 ND 15 1:85 0.84 

7 

Piancatelli–Margarita 

BAIB (0.25 equiv.) 88 12 ND ND 1:12 0.13 

8 BAIB (0.50 equiv.) 64 36 ND ND 1:36 0.36 

9 BAIB (0.75 equiv.) 51 49 ND ND 1:49 0.49 

10 BAIB (1.0 equiv.) 36 64 ND ND 1:64 0.64 

11 BAIB (2.0 equiv.) 10 90 ND ND 1:90 0.89 

12 BAIB (3.0 equiv.) ND (0)c 100 (95)c ND (0)c ND (0)c 1:100 0.98 

13 

Jahn–Holand 

tBuONO (0.25 equiv.) 94 6 ND ND 1:6 0.07 

14 tBuONO (0.50 equiv.) 84 16 ND ND 1:16 0.17 

15 tBuONO (0.75 equiv.) 67 33 ND ND 1:33 0.33 

16 tBuONO (1.0 equiv.) 52 48 ND ND 1:48 0.48 

17 tBuONO (2.0 equiv.) 42 50 8 ND 1:6.3 0.57 

18 tBuONO (3.0 equiv.) 31 69 ND ND 1:69 0.69 
aOnly limiting reagents for each reaction are listed. The rest of the reaction conditions were as follows. Anelli: TEMPO (2 mol%), NaBr (10 mol%), DCM/H2O, 

(4:1), 0 °C to rt, 4 hours. Piancatelli–Margarita: TEMPO (10 mol%), DCM, 0 °C to rt, 4 hours. Jahn–Holan: TEMPO (5 + 5 mol%), BF3‧Et2O (5 mol%), DCM, 

reflux, 3 hours. bThe ratio of products 57–60 was determined by HPLC with ELSD detection and represents the relative composition of 57–60 in the reaction 

mixture. All reactions were performed on a 0.5 mmol scale unless mentioned otherwise. cIsolated yield from 2.5 mmol scale reaction is reported in parentheses. 

dAll Jahn–Holan oxidations were also analyzed after 12 hours. No improvement in the conversion was identified. In the case of reactions where no product was 

detected (ND), we calculated as if 1% was present. Orange  – most effective conditions for equatorial oxidation. 
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Hypervalent Iodine-Based Reagents (Table 7) 

o-Iodoxybenzoic acid (IBX)242 and Dess–Martin periodinane (DMP)243 both showed remarkable 

selectivity towards oxidation of the axial hydroxy group. The IBX was the most selective axial 

hydroxyl oxidant in our study, as we haven’t observed any 58, the product of equatorial oxidation in 

any case (best case: entry 5, A/Ef = 58:1, Eff = 0.61). However, no reaction with IBX proceeded to full 

conversion, even when an excess of oxidant was used (3 equiv.). We believe it is due to limited IBX 

solubility dichloromethane.244 This limitation was addressed by Dr. Dess and Dr. Martin, which led to 

the discovery of DMP.243 Dess–Martin periodinane was superior for oxidation of axial alcohols (best 

case: entry 10, A/Ef = 14.6:1, Eff = 0.78). To confirm this selectivity, the Dess–Martin protocol was 

scaled-up (from 0.2 g/0.5 mmol substrate to 1 g/2.5 mmol), and after column chromatography, 58 and 

59 were isolated in an 8% and 73% yield, respectively.  

Table 7. Hypervalent iodine-based reagents. 

 

Entry Name reaction Conditionsa 
Yield (%)b Effectiveness 

57 58 59 60 A/Ef Eff 

1 

o-Iodoxybenzoic acid 

IBX (0.25 equiv.) 89 ND 11 ND 11:1 0.12 

2 IBX (0.50 equiv.) 77 ND 23 ND 23:1 0.24 

3 IBX (0.75 equiv.) 66 ND 34 ND 34:1 0.34 

4 IBX (1.0 equiv.) 51 ND 49 ND 49:1 0.49 

5 IBX (2.0 equiv.) 37 ND 58 ND 58:1 0.61 

6 IBX (3.0 equiv.) 37 ND 54 3 54:1 0.58 

7 

Dess–Martin 

DMP (0.25 equiv.) 75 ND 25 ND 25:1 0.25 

8 DMP (0.50 equiv.) 50 4 44 2 11:1 0.48 

9 DMP (0.75 equiv.) 20 4 69 6 17.3:1 0.74 

10 DMP (1.0 equiv.) 12 (8)c 5 (8)c 73 (73)c 10 (7)c 14.6:1 0.78 

11 DMP (2.0 equiv.) ND ND 20 80 20:1 0.21 

12 DMP (3.0 equiv.) ND ND ND 100 1:1 < 0.02 
aOnly limiting reagents for each reaction are listed. The rest of the reaction conditions were as follows. o-Iodoxybenzoic acid: DCM, rt, 24 hours. Dess–Martin: 

DCM, rt, 24 hours. bThe ratio of products 57–60 was determined by HPLC with ELSD detection and represents the relative composition of 1-4 in the reaction 

mixture. All reactions were performed on a 0.5 mmol scale unless mentioned otherwise. cIsolated yield from 2.5 mmol scale reaction is reported in parentheses. 

In the case of reactions where no product was detected (ND), we calculated as if 1% was present. Green – most effective conditions for axial oxidation. 
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Ruthenium-Based Reagents (Table 8) 

Ruthenium tetroxide is a very strong oxidant able to oxidize various functional groups.245 It is so 

reactive that it reacts violently with the ignitable organic solvents.246 Therefore, our solvent selection 

was limited to biphasic CCl4/H2O or CHCl3/H2O. First, we have used the in situ generated RuO4 from 

the NaIO4/RuO2 mixture (entry 1–6). This energetic oxidant resulted in low selectivity with a weak 

preference for oxidation of equatorial alcohol (best case: entry 3, A/Ef = 1:3.3, Eff = 0.64). The milder 

conditions of Ley oxidation (tetrapropylammonium perruthenate/N-methyl morpholine-N-oxide) gave 

an improved ratio of compounds 58 and 59 as demonstrated in entry 12, A/Ef = 1:6.4, Eff = 0.59. 

Table 8. Ruthenium-based reagents. 

 

Entry Name reaction Conditions a 
Yield (%)b Effectiveness 

57 58 59 60 A/Ef Eff 

1 

Catalytic RuO4 

NaIO4 (0.25 equiv.) 60 26 10 3 1:2.6 0.36 

2 NaIO4 (0.50 equiv.) 49 30 14 7 1:2.1 0.44 

3 NaIO4 (0.75 equiv.) 18 49 15 18 1:3.3 0.64 

4 NaIO4 (1.0 equiv.) 9 43 18 31 1:2.4 0.60 

5 NaIO4 (2.0 equiv.) ND 37 ND 63 1:37 0.37 

6 NaIO4 (3.0 equiv.) ND 44 5 51 1:8.8 0.49 

7 

Ley 

NMO (0.25 equiv.) 76 15 6 3 1:2.5 0.21 

8 NMO (0.50 equiv.) 67 20 7 6 1:2.9 0.27 

9 NMO (0.75 equiv.) 58 27 10 6 1:2.7 0.37 

10 NMO (1.0 equiv.) 51 34 8 7 1:4.3 0.42 

11 NMO (2.0 equiv.) 26 48 8 18 1:6 0.56 

12 NMO (3.0 equiv.) 24 51 8 17 1:6.4 0.59 
 aOnly limiting reagents for each reaction are listed. The rest of the reaction conditions were as follows. Catalytic RuO4: RuO2‧H2O (5 mol %), CCl4/H2O (1:1), 

rt, overnight. Ley: TPAP (5 mol %), 3Å sieves, DCM, rt, overnight. bThe ratio of products 57-60 was determined by HPLC with ELSD detection and represents 

the relative composition of 57-60 in the reaction mixture. All reactions were performed on a 0.5 mmol scale. In the case of reactions where no product was 

detected (ND), we calculated as if 1% was present. Orange  – most effective conditions for equatorial oxidation. 
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Other Reagents (Table 9) 

First, the conditions of Fétizon oxidation were tested (entry 1–3). As the reaction of silver carbonate 

(Ag2CO3) proceeds on the surface of Celite, both the reacting hydroxy group and hydrogen must be 

accessible from the surface.235 Consequently, in our study, the equatorial hydroxy group was supposed 

to be more reactive. Indeed, Fétizon oxidation (entry 2) was very selective, providing 72% of 

equatorial oxidation product – 58. However, only 72% conversion was achieved, even though 5 equiv. 

of Ag2CO3/Celite were used, and the reaction time was extended up to 48 hours of reflux in benzene. 

Next, the conditions of Oppenauer (entry 4–9) oxidation were tested. The hydride transfer reactions 

with aluminum isopropoxide Al(OiPr)3 catalysis is a very mild method, utilizing cyclohexanone or 

N-methyl-4-piperidinone as a hydride acceptor. Both cyclohexanone and N-methyl-4-piperidinone 

possess similar oxidation potential, while the latter is easier to remove by washing with aqueous 

acid.247 The protocol utilizing 25 equiv. of cyclohexanone and 1 equiv. of Al(OiPr)3 (entry 5) afforded 

preferential oxidation of the equatorial hydroxyl group, yielding 82% of 58. Similarly, the selective 

oxidation of the equatorial hydroxyl group was achieved with N-methyl-4-piperidinone (entry 7–9). 

However, the HPLC chromatograms demonstrated peak broadening, including tailing and shoulder 

peaks, suggesting the formation of side products that limited the interpretation of the spectra. Finally, 

the conditions of Steven's oxidation were tested (entry 10–15). Sodium hypochlorite (NaOCl) for the 

oxidation of steroids is a convenient method for large-scale synthesis. Indeed, this method is used for 

industrial production248, 249 of 7-ketolithocholic acid. Protocol with 1 equiv. of NaOCl (entry 13), gave 

75% of 59. To confirm this result, the reaction was scaled-up (from 0.2 g/0.5 mmol substrate to 

1 g/2.5 mmol) and after the column chromatography 58 and 59 and were isolated in a 3% and 70% 

yield, respectively. 

Table 9. Other reagents. 

 

Entry Name reaction Conditions a 
Yield (%)b Effectiveness 

57 58 59 60 A/Ef Eff 

1 

Fétizon 

Ag2CO3/celite (1 equiv.) 58 42 ND ND 1:42 0.42 

2 Ag2CO3/celite (5 equiv.) 28 72 ND ND 1:72 0.72 

3 Ag2CO3/celite (10 equiv.) 47 53 ND ND 1:53 0.53 

4 

Oppenauerc 

Cyclohexanone (5 equiv.) 32 38 16 14 1:2.4 0.54 

5 Cyclohexanone (25 equiv.) 6 82 3 9 1:27.3 0.85 

6 Cyclohexanone (50 equiv.) 5 86 5 4 1:17.2 0.91 

7 N-Methyl-4-piperidinone (5 equiv.) 23 62 7 8 1:8.9 0.69 

8 N-Methyl-4-piperidinone (50 equiv.) 69 31 ND ND 1:31 0.31 

9 N-Methyl-4-piperidinone (100 equiv.) 78 22 ND ND 1:22 0.23 

10 

Steven's 

NaOCl (0.25 equiv.) 79 ND 21 ND 21:1 0.22 

11 NaOCl (0.50 equiv.) 58 ND 42 ND 42:1 0.42 

12 NaOCl (0.75 equiv.) 36 5 60 ND 12:1 0.64 

13 NaOCl (1.0 equiv.) 19 (15)d 6 (3)d 75 (70)d ND (2)d 12.5:1 0.81 

14 NaOCl (2.0 equiv.) ND ND 48 52 48:1 0.48 

15 NaOCl (3.0 equiv.) ND ND ND 100 1:1 < 0.02 
aOnly limiting reagents for each reaction are listed. The rest of the reaction conditions were as follows. Fétizon: benzene, reflux, 48 hours. Oppenauer: Al(OiPr)3 

(1 equiv.), toluene, reflux, 16 hours. Steven's: AcOH, rt, 6 hours. bThe ratio of products 57–60 was determined by HPLC with ELSD detection and represents the 

relative composition of 57–60 in the reaction mixture. All reactions were performed on a 0.5 mmol scale unless mentioned otherwise. cAll Oppenauer reactions 

with cyclohexanone were also analyzed after 48 hours. Peak broadening in HPLC chromatograms, including tailing and shoulder peaks, suggests the formation 

of side products, limiting the chromatograms' interpretation. dIsolated yield from 2.5 mmol scale reaction is reported in parentheses. In the case of reactions 

where no product was detected (ND), we calculated as if 1% was present. Green – most effective conditions for axial oxidation, orange  – most effective 

conditions for equatorial oxidation. 
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OXIDATION OF 4-TERT-BUTYLCYCLOHEXANOL 

The selectivity could be significantly affected by the steric influence of the adjacent six-membered 

rings of the steroidal skeleton. Therefore, we have subsequently evaluated the selectivity of oxidizing 

reagents on a 1:1 mixture of cis- and trans-4-tert-butylcyclohexanol. First, the commercially available 

tert-butylcyclohexanol (mixture cis/trans, 1:2.4) was subjected to column chromatography on silica 

gel, followed by crystallization of each isomer. Next, a 1:1 mixture of 87 and 88 was prepared, and 

their ratio was validated by the integration of proton peaks on C1 carbon in the 1H NMR spectra.  

 

Figure 32. 1H NMR spectra of 1:1 mixture of 87 and 88. 

The prepared mixture of 87 and 88 (1:1) was oxidized under various conditions. It is crucial to prevent 

the reaction from reaching full conversion. This imperative arises from the fact that both 87 and 88, 

upon oxidation, yield the identical product, compound 89. We achieved that by using a 

sub-stoichiometric amount of the oxidizing reagent, except for Oppenauer and Fétizon oxidations that 

require an excess of the reagent. Then, the recovered unreacted 87, 88 and yield of prepared 89 

describe the reagent preference for axial or equatorial alcohol. (Table 10). Because 87 and 88 lack 

chromophores and are too volatile to be detected by ELSD, we used isolated yields in all cases.  
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Table 10. Selectivity of common oxidizing reagents on oxidation of cis- and trans-4-tert-butylcyclohexanol  

 

Entry Name reaction Conditionsa 
Yield (%)b Effectiveness 

87 88 89 A/Ef
 c Eff 

Chromium-based reagents 

1 Jones CrO3 (0.5 equiv.), aq. H2SO4, acetone, 0 °C, 30 min 4 32 62 2.6:1 0.65 

2 Corey–Schmidt PDC (0.5 equiv.), 3Å sieves, DCM, rt, 16 h 11 17 62 1.2:1 0.80 

3 Corey–Suggs PCC (0.5 equiv.), DCM, rt, 16 h 16 31 46 1.8:1 0.57 

Dimethyl sulfoxide-based reagents 

4 Swern (COCl)2 (0.5 equiv.), DMSO (1.0 equiv.), Et3N (7 equiv.), DCM, -60 °C to rt, 16 h 32 36 27 1.3:1 0.34 

5 
Omura–Sharma–

Swern 
TFAA (0.5 equiv.), DMSO (1.0 equiv.), Et3N (7 equiv.), DCM, -60 °C to rt, overnight 34 36 26 1.1:1 0.31 

6a Parikh–Doering SO3·pyridine (0.5 equiv.), Et3N (3.5 equiv.), DCM/DMSO (1:1), 0 °C to rt, 8 h 45 36 13 n/ad 

6b Parikh–Doering SO3·pyridine (1.0 equiv.), Et3N (3.5 equiv.), DCM/DMSO (1:1), 0 °C to rt, 8 h 36 17 41 1:2.4 0.50 

Nitroxide radical-based reagents 

7 Anelli NaOCl (0.5 equiv.), TEMPO (2 mol%), NaBr (10 mol%), DCM/H2O, (4:1), 0 °C, 4 h 36 23 40 1:1.9 0.41 

8 
Piancatelli–

Margarita 
BAIB (0.5 equiv.), TEMPO (5 mol%), DCM, 0 °C to rt, 4 h 24 25 47 1:1 0.53 

9 Jahn–Holan tBuONO (0.5 equiv.), TEMPO (5 + 5 mol%), BF3·Et2O (5 mol%), DCM, reflux °C, 3 h 20 40 38 2.0:1 0.41 

Hypervalent iodine-based reagents 

10 
o-Iodoxybenzoic 

acid 
IBX (0.5 equiv.), DMSO, rt, 24 h 26 31 34 1.3:1 0.47 

11 Dess–Martin DMP (0.5 equiv.), DCM, rt, 24 h 22 37 39 2.2:1 0.42 

Ruthenium-based reagents 

12 Catalytic RuO4 NaIO4 (0.5 equiv.), RuO2‧H2O (2.5 mol%), CCl4/H2O (1:1), rt, overnight 16 12 69 1:1.1 0.74 

13 Ley NMO (0.5 equiv.), TPAP (2.5 mol%), 3Å sieves, DCM, rt, overnight 31 30 36 1:1 0.40 

Other reagents 

14 Fétizon Ag2CO3/celite (2.5 equiv.), benzene, reflux, 48 h 36 43 13 2.8:1 0.23 

15 Oppenauer Cyclohexanone (12.5 equiv.), Al(OiPr)3 (0.5 equiv.), toluene, reflux, 16 h 8 16 36 n/ae 

16 Steven’s NaOCl (0.5 equiv.), AcOH, rt, 6 h 31 43 24 2.7:1 0.27 
aAll reactions were performed on a 2.5 mmol scale (1.25 mmol of 87 and 1.25 mmol of 88). bIsolated yields. cAxial/equatorial ratio represents preferential 

reactivity of 87 or 88 towards oxidation. It was calculated as a ratio of converted 87 and 88 that was determined from the isolated yields described in the table. 
dReaction conversion was too low to calculate effectiveness reliably. eDue to the formation of unknown impurities during the Oppenauer oxidation, the 

effectiveness could not be reliably calculated. Green – most effective conditions for axial oxidation, orange  – most effective conditions for equatorial oxidation. 

Chromium-Based Reagents (Table 10, Entry 1−3) 

Similar to the steroid system, the Jones oxidation (entry 1) of 4-tert-butylcyclohexanol exhibited 

selectivity toward the axial hydroxyl group and also showed a high reaction conversion. Indeed, the 

A/Ef was 2.6:1. Similar trend was also demonstrated for the Corey−Suggs oxidation (entry 3), which 

afforded A/Ef
  = 1.8:1. The lowest selectivity was exhibited by the Corey− Schmidt oxidation (entry 2), 

with A/Ef
  = 1.2:1.  

Dimethyl Sulfoxide-Based Reagents (Table 10, Entry 4−6) 

The conditions of Swern oxidation demonstrated low selectivity toward the axial hydroxy group, 

affording A/Ef
  = 1.3:1 (entry 4). This result agrees with the Swern oxidation of steroid 57. The 

Omura−Sharma−Swern oxidation with TFAA as a DMSO activator demonstrated no selectivity, with 

A/Ef
  = 1.1:1 (entry 5). This agrees with data from oxidation on steroid 57, where we also did not 

observe any selectivity. The Parikh−Doering oxidation with 0.5 equiv. of the SO3-py complex 

(entry 6a) only afforded 13% conversion, which did not allow us to calculate A/Ef  and Eff ratios 

reliably. Therefore, the reaction was performed with 1 equiv. of the SO3-py complex (entry 6b). The 

reaction demonstrated significant selectivity toward the equatorial hydroxyl group, with A/Ef
  = 1:2.4 

and Eff  = 0.5. This result was the most prominent selectivity achieved for 4-tert-butylcyclohexanol in 

our study.  
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Nitroxide Radical-Based Reagents (Table 10, Entry 7−9) 

The NaOCl/TEMPO Anelli protocol (entry 7) produced the desired selectivity in the equatorial 

hydroxyl oxidation with an A/Ef = 1:1.9 and an Eff = 0.41, consistent with the oxidation of 57. In 

contrast, the TEMPO/BAIB-mediated oxidation of 4-tert-butylcyclohexanol did not maintain the high 

selectivity observed in the equatorial hydroxyl oxidation of 57. Instead, the reaction resulted in a 

complete lack of selectivity with A/Ef = 1:1 and Eff = 0.53 (entry 8). Interestingly, the Jahn-Holan 

selectivity towards the axial hydroxyl group in 4-tert-butylcyclohexanol with (A/Ef = 2:1) was 

different from the results of the previous experiment on 57 (see Table 6, entry 18). However, this 

outcome is consistent with the original Holan paper,241 where the authors also tested 4-tert-

butylcyclohexanol in substrate-scope. 

Hypervalent Iodine-Based Reagents (Table 10, Entry 10 and 11) 

The oxidation with IBX (entry 10) demonstrated a low selectivity toward the axial hydroxyl group, 

with A/Ef
  = 1.3:1. The Dess−Martin oxidizing reagent, similar to the oxidation of steroid 57, exhibited 

selectivity toward the oxidation of the axial hydroxyl with A/Ef
  = 2.1:1 (entry 11).  

Ruthenium-Based Reagents (Table 10, Entry 12 and 13) 

No selectivity was identified for the oxidation with ruthenium-based reagents. RuO4 generated in situ 

from a NaIO4/RuO2 mixture and TPAP/NMO oxidants gave A/Ef 
 ratios of 1:1.1 and 1:1, respectively. 

Other Reagents (Table 10, Entry 14−16) 

The Fétizon oxidation (entry 14) demonstrated a higher reactivity for the axial hydroxyl group of 87, 

with A/Ef
  = 2.8:1, which is in contrast to the higher reactivity of the equatorial hydroxyl group on 

steroid 57 (for explanation, see section 5.2) It should be noted that the reaction's conversion was low 

compared to those of other reactions. The conditions of Oppenauer oxidation (entry 15) could not be 

reliably described, as unknown impurities formed under the tested reaction conditions even after 

repeated experiments. Finally, we evaluated the protocol of Stevens oxidation (entry 16). We observed 

a clear preference for axial alcohol A/Ef
  = 2.7:1, which agrees with results obtained for the oxidation 

of steroid 57 (see Table 9, entry 10−15).  
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OXIDATION OF METHYL DEOXYCHOLATE 

The high selectivity of TEMPO oxidation towards the equatorial hydroxyl group and Dess–Martin or 

Steven's oxidation towards the axial hydroxyl group was further evaluated on methyl deoxycholate 

(90) that bears the equatorial group at position C3 and the axial group at position C12. Similarly, as 

the oxidation of compound 57, the high selectivity of TEMPO oxidation towards the equatorial 

hydroxyl group and Dess–Martin or Steven's oxidation towards the axial hydroxyl group was 

demonstrated. The results are summarized below (Table 11). In brief, the Anelli protocol afforded 

82% of compound 91, and the Piancatelli–Margarita afforded 87% of compound 91. In contrast, the 

Dess-Martin oxidation afforded 85% of compound 92, and the Steven's oxidation afforded 73% of 

compound 92. All of those results are consistent with previous observations (see Table 4 − Table 10). 

Table 11. Selectivity of oxidizing reagents on oxidation of methyl deoxycholate 

 
Entr

y 
Name reaction Conditionsa 

Yield (%)b Effectivenes

s 90 91 92 93 A/Ef
  Eff 

1 Anelli NaOCl (2.0 equiv.), TEMPO (2 mol%), NaBr (10 mol%), DCM/H2O, (4:1), 0 °C, 4 

h 

5 82 2 6 1:41 0.88 

2 Piancatelli–

Margarita 
BAIB (3.0 equiv.), TEMPO (5 mol%), DCM, 0 °C to rt, 4 h 2 87 1 2 1:87 0.96 

3 Dess–Martin DMP (1.0 equiv.), DCM, rt, 24 h 4 1 85 9 85:1 0.87 

4 Steven's NaOCl (1.0 equiv.), AcOH, rt, 6 h 3 14 73 5 5.2:1 0.92 
aAll reactions were performed on a 2.5 mmol scale. bIsolated yields. Green – most effective conditions for axial oxidation, orange  – most effective conditions for 

equatorial oxidation. 

OXIDATION OF 5α-CHOLESTANE-2α,3α-DIOL 

Finally, the conditions of TEMPO oxidation, Dess–Martin oxidation, and Steven's oxidation were 

tested on 5α-cholestane-2α,3α-diol (94). According to the literature, the selective oxidation250, 251 of 

1,2-diol is challenging. Unfortunately, we did not observe any reasonable selectivity on our model 

1,2-diol system. The results are summarized below (Table 12). 

Table 12. Selectivity of oxidizing reagents on oxidation of 5α-cholestane-2α,3α-diol (94) 

 

Entry 
Name 

reaction 
Conditionsa 

Yield (%)b Effectiveness 

95 96 97 A/Ef Eff 

1 Anelli NaOCl (2.0 equiv.), TEMPO (2 mol%), NaBr (10 mol%), DCM/DMSO/H2O (10:1:2), 0 °C, 4 h 22 21 19 1:1.1 0.40 

2 
Piancatelli–

Margarita 
BAIB (3.0 equiv.), TEMPO (5 mol%), DCM/DMSO (10:1), 0 °C to rt, 4 h 10 25 22 1:1.1 0.47 

3 
Dess–

Martin 
DMP (1.0 equiv.), DCM/DMSO (10:1), rt, 24 h 30 21 23 1.1:1 0.44 

4 Steven's NaOCl (1.0 equiv.), AcOH, rt, 6 h 23 24 25 1:1 0.49 
aAll reactions were performed on a 2.5 mmol scale. bIsolated yields. Compound 5α-cholestan-2,3-dione was isolated in an inseparable mixture with additional 

non-polar compounds and, therefore, is not included in the table.  
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5.2 MECHANISTIC EXPLANATION 

Dess–Martin Periodinane 

The proposed mechanistic explanation is depicted in Figure 33. We propose that the dissociation of 

intermediate A is a slower step than a nucleophile attack at the iodine atom. Consequently, the axial 

hydroxyl group would react faster since the syn-axial strain is released in the rate-limiting step. This 

phenomenon is particularly known for chromium-based reagents228, 252. It should be noted, however, 

that authors also suggest the steric hindrance is a simplified explanation and notify the crucial role of 

the solvent.253 The proposed mechanism would be subject to first-order kinetics. This is consistent 

with the observed behavior of hypervalent iodine species.254 

 

Figure 33. The proposed rationale for observed Dess–Martin periodinane selectivity. 

Sodium Hypochlorite 

Similarly, to DMP or Cr(IV) oxidants, the initial nucleophilic attack is reversible and fast compared to 

the irreversible dissociation of the stable chloride anion. As water is present in the reaction mixture in 

a significant excess, compared to the amount of intermediate A, the reaction is proposed to follow 

pseudo-first-order kinetics (Figure 34). This hypothesis is supported by other researchers who also 

observed the pseudo-first-order kinetics behavior of hypochlorite in redox reactions.255-257 

 

Figure 34. Proposed rationale for observed sodium hypochlorite selectivity. 

TEMPO 

The proposed mechanistic explanation is summarized in the catalytic cycle (Scheme 10). The presence 

of bulky methyl substituent groups in the nitroxide vicinity of the TEMPO reagent determines the rate-

limiting step. Therefore, hydroxyl's ability to attack electrophilic nitrogen in tempoxonium ion A 

dictates selectivity. The decomposition of intermediate B to C is fast enough not to influence overall 

reaction kinetics. The initial attack on tempoxonium is more favorable with equatorial hydroxyl, 

which is less hindered and, therefore, more nucleophilic than the axial one. The proposed mechanism 

would be subject to second-order kinetics.  
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Scheme 10. Proposed rationale for observed TEMPO selectivity. 

It is worth mentioning that Jahn-Holan modification (TEMPO/tBuONO) did not obey this selectivity 

in the case of 4-tert-butylcyclohexanol (compare Table 6, entry 18 with Table 10 entry 9). The 

Jahn-Holan protocol, unlike other TEMPO oxidations, uses reflux. We hypothesize that this particular 

reaction is rather controlled by thermodynamics and a more complex mechanism is present.  

Fétizon 

The Fétizon reagent provided opposite selectivity when used on steroid 57 and trans-4-tert-

butylcyclohexanol 87:88 A/Ef = 1:72 vs A/Ef = 2.8:1 respectively (compare Table 9, entry 2 with 

Table 10, entry 14). Ag2CO3/Celite oxidation is a heterogeneous reaction and takes place on the 

surface of the reagent. The accessibility of α-proton dictates the reaction kinetics.235 In molecule 57, 

the C3 axial α-proton is more accessible than on the 4-tert-butylcyclohexanol because of the adjacent 

B, C rings and C18 C19 methyl groups. (Figure 35). 

 
Figure 35. The explanation for different results in Fétizon oxidation. 
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5.3 CONCLUSION 

In this work, we assessed the selectivity toward axial and equatorial hydroxyl groups for the 

16 popular oxidizing reagents. Reagents were tested in various concentrations on 5 different 

substrates: methyl chenodeoxycholate, methyl deoxycholate, 5α-cholestane-2α,3α-diol, 

cis-4-tert-butylcyclohexanol, and trans-4-tert-butylcyclohexanol. Our findings are summarized below 

(Table 13). 

Table 13. Recommended reagents for required transformation. 

 
Required reaction Recommended Reagent Name Reaction 

A 
TEMPO/NaOCl Anelli 

TEMPO/BAIB Piancatelli–Margarita 

B 

PCC Corey–Suggs 

Dess–Martin Dess–Martin 

NaOCl Stevens 

We recommend TEMPO/NaOCl or TEMPO/BAIB for selective oxidation of equatorial alcohols and 

Dess-Martin, NaOCl, and PCC for selective oxidation of axial alcohols. The limitations are that the 

two hydroxyl groups mustn't be adjacent next to each other (1,2-diol), as we didn't observe any 

selectivity in the oxidation of 5α-cholestane-2α,3α-diol. Moreover, the cyclohexane moiety must be 

“locked” to prevent ring flip.  

Outcomes 

▪ Protocols for selective oxidation of axial or equatorial alcohols without the use of protecting 

groups. 

▪ Publication in the Journal of Organic Chemistry.258 
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6 EXPERIMENTAL 

6.1 GENERAL METHODS 

Chemicals  

Chenodeoxycholic acid and deoxycholic acid were purchased from a commercial supplier (CDCA: 

Carbosynth, UK, no. FC096751801, DCA: TCI Chemicals, JP, no. C0315).  

Compounds for Project 1 were either purchased from commercial vendors or obtained from existing 

group deposits. The chromatographic purity of all final compounds was > 95%. Their analytical data 

are presented in Experimental, section 6.3. 

The concentration of sodium hypochlorite (NaOCl) in bleach solution was determined prior to use 

with indirect iodometry titration.259 Water content in dimethyl sulfoxide was determined prior to each 

reaction with Karl Fischer titration. Reaction solvents were distilled prior to use: dichloromethane 

from phosphorous pentoxide, benzene, tetrahydrofuran, and toluene from Na/benzophenone, methanol 

by distillation over iodine-activated magnesium. Washing of final crystals was done with HPLC grade 

n-pentane, which was distilled from CaH pellets and stored over activated 3Å sieves. o-Iodoxybenzoic 

acid was prepared according to Frigerio protocol.260 Jones reagent (2.67 M) was prepared as described 

in the literature.261 Pentafluoroethane and trifluorotoluene were generous gifts from Dr. Beier's lab. All 

other commercial reagents and solvents were used without purification.  

Instrumentation 

Reactions were conducted in a round bottom flask, or a screw-cap vial equipped with a teflon-coated 

magnetic stirring bar. The laboratory was kept at a constant 23 °C and at ≈40% relative humidity. For 

solvent evaporation, a rotatory evaporator with a water bath set to 50 °C, and tap-water cooling was 

used. Reactions were followed by TLC or with the HPLC-MS system Nexera LC-40 (Shimadzu, 

Japan).  

Melting points were determined with a micro melting point apparatus (Hund/Wetzlar, Germany) and 

were uncorrected. For elemental analysis, PE 2400 Series II CHNS/O Analyzer (Perkin Elmer, MA, 

USA) was used, with microbalance MX5 (Mettler Toledo, Switzerland). For measurement of optical 

rotation, AUTOPOL IV (Rudolph Research Analytical, NJ, USA) was used, all samples were 

measured at 20 °C, at a given concentration c [g · 100 mL-1] in a given solvent at 589 nm, values are 

represented as []D [10-1 · deg · cm2 · g-1].  

Routine NMR experiments (1H, 13C APT, 1H-1H COSY, 1H-13C HSQC, and 1H-13C HMBC) were 

measured with a Bruker AVANCE III™ 400 and/or a Bruker ASCEND III™ 400 both operating at 

400 MHz for 1H and 100.6 MHz for 13C. Advanced NMR experiments (1H-1H ROESY) were 

measured and interpreted by Dr. Dračínský on a Bruker Avance III™ HD 500 and/or a JEOL ECZ500 

spectrometer, both operating at 500 MHz for 1H and 125.7 MHz for 13C. All chemical shifts (δ) are 

given in parts per million (ppm) relative to residual solvent peak: δ chloroform-d1 = singlet 7.26 ppm 

(1H, CHCl3) and triplet 77.16 ppm (13C, CDCl3), δ methanol-d4 = pentet 3.31 ppm (1H, CHD2OD) and 

septet 49.00 ppm (13C, CD3OD), δ dimethyl sulfoxide-d6 = pentet 2.50 ppm (1H, CHD2S(O)CD3) and 

septet 39.52 ppm (13C, (CD3)2SO). Coupling constants (J) are given in Hz, and splitting patterns are 

abbreviated: brs = broad singlet, s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, dd = 
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doublet of doublets, dt = doublet of triplets, ddt = doublet of doublets of triplets, m = multiplet 

(denotes complex pattern). All 13C NMR spectra are 1H-broadband decoupled. For compounds 

insoluble in pure deuterated solvent, a mixture of deuterated solvents has been used. In such a case, the 

specific solvent ratio is given, and the solvent used for referencing is marked with asterisk (*). The 

assignment of 1H and 13C signals was based on a combination of 1D, 2D NMR experiments and 

spectra comparison with known compounds. The aliphatic region's 1H spectra of steroid compounds 

are usually very complex (especially around 1–2 ppm). In such cases, only selected peaks with good 

spectral separation are reported. The HRMS spectra were recorded with LTQ Orbitrap XL (Thermo 

Fischer Scientific, MA, USA) in ESI mode. Thin-layer chromatography (TLC) was performed on 

silica gel (Merck, 60 µm) and visualized with either UV 254 nm or phosphomolybdic acid/ethanol 

stain with gentle heating. Analytical samples were dried in a pre-heated vacuum oven 

(50 °C/0.25 kPa) for at least 8 hours. X-ray crystallographic analyses were performed by Dr. Blanka 

Klepetářová on an Xcalibur PX single-crystal X-ray diffractometer (Oxford Diffraction, United 

Kingdom) at the University of Chemistry and Technology, Prague. Crystallographic data are 

summarized in the Appendix. 

For preparative HPLC and preparative flash chromatography, puriFlash 5.250 instrument (Interchim, 

France) with neutral bare-silica gel (Phenomenex 5 µm for preparative HPLC, and Merck 40–63 µm 

or Interchim 20 µm for flash) and an ELS detector was used. For semi-preparative chromatography, 

HPLC system 33x (Gilson, USA) equipped with an ELS detector with bare-silica gel column (Sigma 

Aldrich, Supelco 5 µm) was used. All chromatography gradient elutions were linear and solvent ratios 

are always reported as the volume/volume (v/v). 

Non-expensive computations were performed locally on a desktop PC with a 64-bit Windows 10 

operating system, 6-core Intel i7-8700 CPU 3.20 GHz, with 16 GB of RAM. More expensive quantum 

mechanical-based calculations were performed on our institutional computation infrastructure. 

Software Tools 

A custom compound database was created in Microsoft Access within the Microsoft Office 

Professional Plus 2019 suite. Raw NMR data (free induction decay) were processed, visualized, and 

interpreted in Mnova asoftware262 (multiple versions). AutoDock v4.2.6 and AutoDock Vina v1.2.0 

algorithms were used along with Molecular Graphic Laboratory (MGL) Tools v1.5.6. Those are 

open-access software for academic use under the Scripps Institute Apache license.211, 263-265 For file 

conversion Chemdraw v20.0, Chem3D v20.0, and OpenBabel v2.4.1 were used. Python scripts were 

written with PyCharm v20.2 IDE. To visualize and review the docking results, the standalone 

application Discovery Studio v21.1.0.20298 or web-based NGL Viewer® was used.134, 135, 212 QSAR 

models training and final compound scoring were done in the StarDrop™ application.209  

The author of this Thesis is aware of the importance of transparency and fairness in the use of AI 

tools. This Thesis adheres to the recommendation of the dean's college for the fair use of artificial 

intelligence.266 Thesis was proofed by Grammarly (Pro) for Microsoft Office v6.8.261. Grammarly is a 

commercial grammar correction tool that uses the generative pre-trained transformer (GPT-4)267 

natural language processing model and is recommended by Charles University's central library.268 The 

software was set to follow the American English convention with a focus on an expert audience and a 

scientific writing tone. Moreover, Grammarly was used to cross-check this thesis for plagiarism 
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against a database of 16 billion web pages and ProQuest269 (Clarivate family) articles database without 

any positive hits. The reference list was created in the EndNote v20.4.1 desktop application270 with the 

provided kaspam@natur.cuni.cz account. The references are formatted according to the ASC style.271 

Ligand Preparation for Docking 

Ligands were drawn in Chemdraw and imported to Chem3D, where structures were minimized with 

the MM2 algorithm and exported as “.mol2” files. Implicit hydrogens were added, as well as a charge 

appropriate to pH 7.4, and structures were converted to “.pdbqt” format via OpenBabel. 

Docking of Ligands into FXR 

The crystal structure of FXR with bound NCoA-2 peptide and CDCA was downloaded from the PDB 

database (6HL1). This particular structure was selected because it offered the best resolution from all 

available (1.60 Å) and is co-crystalized with CDCA, which is structurally close to our ligands. NcoA-2 

peptide, CDCA, and water molecules were deleted from the structure. Hydrogens and Kollman's 

charges were added via MGL software. AutoDock4 parameters: A grid box for docking was selected 

in the LBD cavity for endogenous ligand CDCA. With coordinates x: 11.47, y: -12.74, and z: 12.55 pt. 

as the centroid of the grid map. Box was selected 25 × 25 × 25 pt. with 1.0 Å spacing. Pose parameters 

were selected as follows: a number of individuals in the population: 70, generations: 2.7 · 104, energy 

evaluations: 2.5 · 106, dockings: 40. All other parameters were left default. AutoDock Vina 

parameters: exhaustiveness 25, grid box was selected to be identical as above, and all other parameters 

were left default. Final data were processed through a custom Python script, which extracted the 

lowest binding energies for each ligand. With these settings, calculations took around 2 minutes per 

ligand, and the control CDCA molecule showed a similar pose as in the experimental crystal structure. 

Docking of Ligands into TGR5 

The cryo-EM structure of the INT-777-bound TGR5 complex was downloaded from the PDB 

database (7CFN). All heteroatoms (INT-777, cholesterol, palmitic acid, and water) were deleted from 

the structure, and hydrogens and Kollman charges were added via MGL software. Autodock4 

parameters: A grid box for docking was selected in the cavity where the INT-777 was located, with 

coordinates x: 95.8, y: 123.0, and z: 115.8 pt. as the centroid of the grid map. Box was selected 

20 × 20 × 20 pt. with 1.0 Å spacing. Pose parameters were selected as follows: the number of 

individuals in the population: 70, generations: 2.7 · 104, energy evaluations: 2.5 · 106, dockings: 40, 

and all other parameters were left default. AutoDock Vina parameters: exhaustiveness 20, grid box 

was selected to be identical as above, and all other parameters were left default. Final data were 

processed through a custom Python script, which extracted the lowest binding energies for each 

ligand. With this setting, calculations took around 2 minutes per ligand, and the control INT-777 

molecule showed a similar pose as in the experimental crystal structure. 

HPLC Method A 

Analysis was carried out on an HPLC system 33x (Gilson, USA) equipped with an ELS detector. 

Solvent A was DCM/AcOH (1000:1), and solvent B was MeOH/AcOH (1000:1). Analysis was 

performed in isocratic mode with 5% of solvent B, and flow rate 1.0 mL/min, column: Supelco, bare-

silica LC-SI 5 µm, 150 × 4.6 mm. The sample was prepared by dissolving the material (1 mg) in DCM 

(1 mL) and then sonicated for 5 minutes. The injection volume was usually 20 µL. 
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HPLC Method B  

Analysis was carried out on HPLC-MS system LCQ Advantage (Thermo Fisher Scientific, MA, USA) 

equipped with PDA and MS detector. Ions were detected in ESI or APCI positive or negative ion 

mode, with m/z range from 250 to 2000 Da. Solvent A was water/acetonitrile (98:2), and solvent B 

was acetonitrile/isopropanol/water (95:3:2), with 5 mM ammonium formate in both. Gradient setup: 

0–25–30–30.1–45 min, 50–100–100–50–50% of solvent B and flow rate 150 µL/min, column: 

Phenomenex, C18, Discovery® 5 µm, 250 × 4.6 mm. The sample was prepared by dissolving the 

material (1 mg) in solution A/B (1:3, 1 mL) and then sonicated for 5 min. The injection volume was 

usually 10 µL.  

HPLC Method C  

Analysis was carried out on the HPLC-MS system Nexera LC-40 (Shimadzu, Japan) equipped with 

PDA, ELS, and MS detectors. Ions were detected in positive DUIS (ESI/APCI) ion mode, with an m/z 

range from 250 to 1000 Da. Solvent A was water/methanol/formic acid (950:50:1), and solvent B was 

acetonitrile. Analysis was performed in isocratic mode with 50% of solvent B and flow rate 

0.6 mL/min, column: Shim-pack Scepter, C8-120, 1.9 µm, 100 × 2.1 mm (Shimadzu). The sample was 

prepared by dissolving the material (1 mg) in methanol (1 mL) and then sonicated for 5 min. The 

injection volume was usually 0.5 µL.  

HPLC Method D 

The aliquot (usually 50 µL) from the reaction mixture was quenched with a solution of cold 

MeOH/water (4 °C, 1:4, 0.5 mL) and then extracted into DCM (2 × 0.75 mL). The organic phase was 

dried over MgSO4 and filtered through a pad of cotton. The organic solvents were evaporated by 

nitrogen blowndown to obtain 0.3–3 mg of crude material, which was usually colorless film or thick 

oil. Sample was further redissolved in HPLC-MS grade MeOH (1.5 mL), briefly sonicated (1 min), 

filtered through PTFE filter (0.25 µm) into the HPLC screw vial (1.5 mL), and analyzed on HPLC 

system as follows: solvent A was water/acetone/formic acid (950:50:1) and solvent B was 

acetone/water/formic acid (950:50:1). Gradient setup: 0–10–12–12.1–13 min, 50–95–95–50–50% of 

solvent B and flow rate 0.35 mL/min, column: C18 Shimadzu XR–ODS III, 2.2 µm, 150 × 2.0 mm. 

Sample injection volume varied from 0.5–5 µL, based on the amount of crude material obtained after 

the workup.  

HPLC Method E 

Analysis was carried out on HPLC-MS system LCQ Advantage (Thermo Fisher Scientific, MA, USA) 

equipped with PDA and MS detector. Ions were detected in ESI or APCI positive or negative ion 

mode, with m/z range from 250 to 2000 Da. Solvent A was water/acetonitrile (98:2), and solvent B 

was acetonitrile/isopropanol/water (95:3:2), with 5 mM ammonium formate in both. Gradient setup: 

0–25–30–30.1–45 min, 50–100–100–50–50% of solvent B and flow rate 150 µL/min, column: 

Phenomenex, C4, Jupiter® 5 µm, 250 × 4.6 mm. The sample was prepared by dissolving the material 

(1 mg) in solution A/B (1:3, 1 mL) and then sonicated for 5 min. The injection volume was usually 

10 µL.  
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General Procedure for Grignard Reaction 

 

A three-neck round bottom flask (250 mL), equipped with a magnetic stirring bar, was heat gun dried, 

evacuated, backfilled with nitrogen, and charged with appropriate Grignard reagent (5 equiv., 

6.4 mmol) and dry THF (75 mL). To this, a solution of 3α-hydroxy-7-oxo-5β-cholan-24-oic acid (61, 

1.28 mmol, 500 mg, in 10 mL dry THF) was added dropwise at room temperature through septa under 

counterflow of nitrogen. Upon addition, a cloud-like precipitate formed. The solution was then 

vigorously stirred and heated to reflux. The progress of the reaction was monitored by TLC. After full 

conversion (usually 2 hours), the reaction mixture was acidified to pH 2 (aq. 1 M HCl) and extracted 

with EtOAc (3 × 75 mL). The combined organic extracts were washed with water (50 mL) and brine 

(50 mL), dried over Na2SO4, and the solvents were evaporated. The crude product was purified by 

column chromatography on silica gel (MeOH/DCM, 2:98 to 5:95), followed by purification on semi-

preparative HPLC (column: Luna® 5 µm bare-silica 250 × 21.2 mm, isocratic: MeOH/DCM, 3:97, 

15 mL/min, injected: in DCM, or THF - if insoluble in DCM).  

6.2 OXIDATION OF AXIAL AND EQUATORIAL HYDROXY GROUPS 

Jones Oxidation (Table 4, Entry 1–6) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) was dissolved in acetone (5 mL), and the 

solution was cooled to 0 °C in the ice bath. Jones reagent (0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 equiv.) was 

added dropwise with Hamilton syringe. The reaction mixture was stirred for 30 minutes. Then, the 

aliquot (50 µL) from each reaction mixture was analyzed according to the HPLC Method D, and 

results are summarized in Table 4, entry 1–6. 
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Corey–Schmidt Oxidation (Table 4, Entry 7–12) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) and activated molecular sieves (3Å, finely 

grounded, 500 mg) were suspended in dry DCM (5 mL) under a nitrogen atmosphere. Pyridinium 

dichromate (0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 equiv.) was added in one portion, and the reaction 

mixture was stirred at room temperature for 16 hours. Then, the aliquot (50 µL) from each reaction 

mixture was analyzed according to the HPLC Method D, and results are summarized in Table 4, entry 

7–12. 

Corey–Suggs Oxidation (Table 4, Entry 13–18) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) was dissolved in dry DCM (5 mL) under an inert 

atmosphere. Pyridinium chlorochromate (0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 equiv.) was added in one 

portion, and the reaction mixture was stirred at room temperature for 16 hours. Then, the aliquot 

(50 µL) from each reaction mixture was analyzed according to the HPLC Method D and results are 

summarized in Table 4, entry 13–18. 

Swern Oxidation (Table 5, Entry 1–6) 

 

Dimethyl sulfoxide (0.50, 1.0, 1.5, 2.0, 4.0, or 6.0 equiv., 27 ppm of water) was dissolved in dry DCM 

(4 mL) under a nitrogen atmosphere. Then, the mixture was cooled to -60 °C in the ethanol/dry ice 

bath. Oxalyl chloride (0.25, 0.50, 0.75, 1.0, 2.0 or 3.0 equiv., 1.0 M solution in DCM) was added in 

one portion, and the reaction mixture was stirred at -60 °C for 10 minutes. To this mixture, methyl 

chenodeoxycholate (57, 200 mg, 0.49 mmol, dissolved in 1 mL of dry DCM) was added dropwise, and 

the reaction mixture was stirred at -40 °C for 15 minutes. Then, triethylamine (7 equiv., 3.43 mmol, 

478 µL) was added in one portion, and the reaction mixture was allowed to slowly attain room 
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temperature, followed by stirring for 16 hours. Then, the aliquot (50 µL) from each reaction was 

analyzed according to the HPLC Method D, and results are summarized in Table 5, entry 1–6. 

Omura–Sharma–Swern Oxidation (Table 5, Entry 7–12) 

 

Dimethyl sulfoxide (0.50, 1.0, 1.5, 2.0, 4.0 or 6.0 equiv., 35 ppm of water) was dissolved in dry DCM 

(4 mL) under an inert atmosphere at -60 °C in the ethanol/dry ice bath. To this mixture, trifluoroacetic 

anhydride (0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 equiv. respectively) was added in one portion, and the 

reaction mixture was stirred at -60 °C for an additional 15 minutes. Then, methyl chenodeoxycholate 

(57, 200 mg, 0.49 mmol, dissolved in 1 mL of dry DCM) was added dropwise, and the reaction 

mixture was stirred at -40 °C for 2 hours. Triethylamine (7 equiv., 3.43 mmol, 0.48 mL) was added in 

one portion, and the reaction mixture was allowed to attain room temperature overnight. Then, the 

aliquot (50 µL) from each reaction mixture was analyzed according to the HPLC Method D, and 

results are summarized in Table 5, entry 7–12. 

Parikh–Doering Oxidation (Table 5, Entry 13–18) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) and triethylamine (7 equiv., 3.43 mmol, 478 µL) 

were dissolved in dry DCM/DMSO (5 mL, 1:1, DMSO with 48 ppm of water) under inert atmosphere. 

The mixture was cooled to 0 °C in the ice bath. Then, pyridine sulfur trioxide complex (0.25, 0.50, 

0.75, 1.0, 2.0, or 3.0 equiv.) was added in one portion, and the reaction mixture was allowed to attain 

room temperature. After overnight stirring, an aliquot (50 µL) of each reaction mixture was analyzed 

according to the HPLC Method D, and results are summarized in Table 5, entry 13–18. 
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Anelli Oxidation (Table 6, Entry 7–12) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol), NaBr (0.1 equiv., 0.05 mmol, 6 mg), and 

TEMPO (0.02 equiv., 0.01 mmol, 2 mg) were dissolved in a mixture of DCM/H2O (5 mL, 4:1) under 

an inert atmosphere at 0 °C. To the vigorously stirred reaction mixture, sodium hypochlorite (NaOCl, 

3.5% w/w aq. solution, 0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 equiv.) was added in small portions. The 

reaction mixture was allowed to attain room temperature, followed by stirring for another 3 hours. 

Then, an aliquot (50 µL) of each reaction mixture was analyzed according to the HPLC Method D, and 

results are summarized in Table 6, entry 7–12. 

Piancatelli–Margarita Oxidation (Table 6, Entry 7–12) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol), BAIB (0.25, 0.50, 0.75, 1.0, 2.0 or 3.0 equiv.), 

and TEMPO (0.1 equiv., 0.05 mmol, 8 mg) were dissolved in DCM (5 mL) under inert atmosphere at 

0 °C. The reaction mixture was allowed to attain room temperature. After stirring for 3 hours at room 

temperature, the aliquot (50 µL) of each reaction mixture was analyzed according to the HPLC 

Method D, and results are summarized in Table 6, entry 7–12. 

Jahn–Holan Oxidation (Table 6, Entry 13–18) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) was dissolved in dry DCM (5 mL) under an inert 

atmosphere. Then, boron trifluoride etherate (0.05 equiv., 0.02 mmol, 3 µL) and tert-butyl nitrite 

(0.25, 0.50, 0.75, 1.0, 2.0 or 3.0 equiv.) were added in one portion and the reaction mixture was heated 

to 35 °C. Next, a solution of TEMPO (0.05 equiv., 3 mg, in 0.2 mL DCM) was added. After 1 hour of 

stirring, another portion of TEMPO (0.05 equiv., 3 mg, in 0.2 mL DCM) was added, and the reaction 

mixture was stirred at 35 °C. Then, the aliquot (50 µL) from each reaction was obtained after 2 and 12 
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hours and analyzed according to the HPLC Method D, and results are summarized in Table 6, entry 

13–18. 

o-Iodoxybenzoic Acid Oxidation (Table 7, Entry 1–6) 

 

CAUTION: IBX was reported to be explosive when heated over 200 °C or upon impact.272 Organic or 

oxidizable inorganic impurities may lower this temperature. IBX can be stored at room temperature 

for an excess of six months with no significant degradation, provided light is excluded from the 

container. 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) was dissolved in dry DCM (5 mL) under an inert 

atmosphere. Then, o-iodoxybenzoic acid (0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 equiv.) was added in one 

portion, and the reaction mixture was stirred for 24 hours at room temperature. Then, the aliquot 

(50 µL) from each reaction mixture was analyzed according to the HPLC Method D, and results are 

summarized in Table 7, entry 1–6. 

Dess–Martin Oxidation (Table 7, Entry 7–12) 

 

Dess–Martin periodinane was added in one portion (0.25, 0.50, 0.75, 1.0, 2.0, or 3.0 equiv.) to a 

solution of methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) in DCM (5 mL). After stirring for 

24 hours at room temperature, the aliquot (50 µL) from each reaction mixture was analyzed according 

to the HPLC Method D, and results are summarized in Table 7, entry 7–12. 

Catalytic RuO4 Oxidation (Table 8, Entry 1–6) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) and sodium periodate (0.25, 0.50, 0.75, 1.0, 2.0 

or 3.0 equiv.) were dissolved in CCl4/H2O (5 mL, 1:1). To each reaction vessel, ruthenium(IV) oxide 

hydrate (0.05 equiv., 0.02 mmol, 3 mg) was added in one portion and the reaction mixture was stirred 



6 Experimental 

76 

under an inert atmosphere at room temperature overnight. Then, the aliquot (50 µL of the organic 

layer) from each reaction mixture was analyzed according to the HPLC method D, and results are 

summarized in Table 8, entry 1–6. 

Ley Oxidation (Table 8, Entry 7–12) 

 

N-Methylmorpholine N-oxide (0.25, 0.50, 0.75, 1.0, 2.0 or 3.0 equiv.) and activated molecular sieves 

(3Å, grounded, 100 mg) were added to a solution of methyl chenodeoxycholate (57, 200 mg, 

0.49 mmol) in dry DCM (5 mL) under an inert atmosphere. Then, to each reaction vessel, 

tetrapropylammonium perruthenate (0.05 equiv., 0.02 mmol, 7 mg) was added in one portion, and the 

reaction mixture was stirred under an inert atmosphere at room temperature overnight. Then, the 

aliquot (50 µL) from each reaction mixture was analyzed according to the HPLC Method D, and 

results are summarized in Table 8, entry 7–12. 

Fétizon Oxidation (Table 9, Entry 1–3) 

 

Silver carbonate on Celite (50% w/w loading, 1, 5, or 10 equiv.) was added in one portion (50% w/w 

loading) to a solution of methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) in dry benzene (5 mL) 

under an inert atmosphere. The reaction mixture was refluxed for 48 hours. Then, the aliquot (50 µL) 

from each reaction mixture was analyzed according to the HPLC Method D, and results are 

summarized in Table 9, entry 1–3. 

Oppenauer Oxidation  with Cyclohexanone (Table 9, Entry 4–6) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) and cyclohexanone (5, 25, or 50 equiv.) were 

dissolved in dry toluene (5 mL) under an inert atmosphere. Aluminum isopropoxide (1 equiv., 0.49 

mmol, 100 mg) was added in one portion, and the reaction mixture was stirred under reflux. After 
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16 and 48 h, the aliquot (50 µL) from each reaction mixture was analyzed according to the HPLC 

Method D, and results are summarized in Table 9, entry 4–6. 

Oppenauer Oxidation with N-Methyl-4-piperidinone (Table 9, Entry 7–9) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) and N-methyl-4-piperidinone (5, 50, or 100 

equiv.) were dissolved in dry toluene (5 mL) under an inert atmosphere. Aluminum isopropoxide (1 

equiv., 100 mg, 0.49 mmol) was added in one portion to each reaction vessel, and the reaction mixture 

was refluxed. After 16 and 48 h, an aliquot (50 µL) of each reaction mixture was analyzed according 

to the HPLC Method D, following the acidic quenching with an aqueous solution of hydrochloric acid 

(2 M, 500 µL). Results are summarized in Table 9, entry 7–9. 

Steven's Oxidation (Table 9, Entry 10–15) 

 

Methyl chenodeoxycholate (57, 200 mg, 0.49 mmol) was dissolved in glacial acetic acid (5 mL), and a 

solution of sodium hypochlorite (3.2% w/w aq. solution, 0.25, 0.50, 0.75, 1.0, 2.0 or 3.0 equiv.) was 

added in small portions. The reaction mixture was stirred at room temperature for 6 hours. Then, an 

aliquot (50 µL) of each reaction mixture was analyzed according to the HPLC Method D, and results 

are summarized in Table 9, entry 10–15. 

Jones Oxidation (Table 10, Entry 1) 

 

A mixture of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol) was dissolved in acetone (25 mL), and a 

solution was cooled to 0 °C with an ice bath. Jones reagent was added in portions (2.67 M solution, 

0.5 equiv., 1.25 mmol, total 0.47 mL). After 30 minutes of stirring, the reaction mixture was 

neutralized with a saturated solution of aqueous NaHCO3. Then, water was added (25 mL), and the 

products were extracted with DCM (3 × 25 mL). The organic solvent was dried with MgSO4 and 

evaporated with silica gel (2.5 g). The dry load of crude material was purified by flash 

chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 column 
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volumes) afforded compound 87 (17 mg, 4%), compound 88 (126 mg, 32%) and compound 89 (238 

mg, 62%). 

Corey–Schmidt Oxidation (Table 10, Entry 2) 

 

A mixture of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol) and activated molecular sieves (3Å, finely 

grounded, 500 mg) were suspended in dry DCM (25 mL) under an inert atmosphere. Pyridinium 

dichromate (0.5 equiv., 470 mg, 1.25 mmol) was added, and the reaction mixture was stirred overnight 

at room temperature. After 16 hours, silica gel (2.5 g) was added to the reaction mixture, and the 

organic solvent was evaporated. The dry load of crude material was purified by flash chromatography 

on a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 column volumes) 

afforded compound 87 (42 mg, 11%), compound 88 (86 mg, 17%), and compound 89 (240 mg, 62%). 

Corey–Suggs Oxidation (Table 10, Entry 3) 

 

A mixture of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol) was dissolved in dry DCM (25 mL) under 

an inert atmosphere. Pyridinium chlorochromate (0.5 equiv., 269 mg, 1.25 mmol) was added. After 

16 hours of stirring at room temperature, silica gel (2.5 g) was added to the reaction mixture, and the 

organic solvent was evaporated. The dry load of crude material was purified by flash chromatography 

on a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 column volumes) 

afforded compound 87 (64 mg, 16%), compound 88 (123 mg, 31%), and compound 89 (178 mg, 

46%). 

Swern Reaction Oxidation (Table 10, Entry 4) 

 

Dimethyl sulfoxide (1.0 equiv., 2.5 mmol, 177 µL, 90 ppm of water) was dissolved in dry DCM 

(20 mL) under an inert atmosphere. Then, the mixture of solvents was cooled to -60 °C in the 

ethanol/dry ice bath. Oxalyl chloride (1.0 M solution in DCM, 0.5 equiv., 1.25 mmol, 1.25 mL) was 

added in one portion, and the reaction mixture was stirred at -60 °C for 10 minutes. To this, a mixture 

of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol, dissolved in 5 mL of dry DCM) was added dropwise, 

and the reaction mixture was stirred at -40 °C for 15 minutes. Then, triethylamine (7 equiv., 17.5 

mmol, 2.4 mL) was added in one portion, and the reaction mixture was allowed to slowly attain room 
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temperature, followed by stirring for 16 hours. The reaction was diluted with DCM (50 mL), washed 

with water (2 × 25 mL), brine (25 mL), and dried over Na2SO4. Silica gel (2.5 g) was added to the 

organic fraction, and solvents were evaporated. The dry load of crude material was purified by flash 

chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 column 

volumes) afforded compound 87 (125 mg, 32%), compound 88 (140 mg, 36%), and compound 89 

(105 mg, 27%). 

Omura–Sharma–Swern Oxidation (Table 10, Entry 5) 

 

Dimethyl sulfoxide (1.0 equiv., 2.5 mmol, 177 µL, 90 ppm of water) was dissolved in dry DCM (20 

mL) under an inert atmosphere at -60 °C in the ethanol/dry ice bath. To this mixture, trifluoroacetic 

anhydride (0.50 equiv., 1.25 mmol, 174 µL) was added in one portion, and the reaction mixture was 

stirred at -60 °C for an additional 15 minutes. To this, a mixture of 87 and 88 (1:1 1H NMR, 390 mg, 

2.5 mmol, dissolved in 5 mL of dry DCM) was added dropwise, and the reaction mixture was stirred 

at -40 °C for 2 hours. Triethylamine (7 equiv., 17.5 mmol, 2.4 mL) was added in one portion, and the 

reaction mixture was allowed to attain room temperature overnight. The reaction was diluted with 

DCM (50 mL), washed with water (2 × 25 mL), brine (25 mL), and dried over Na2SO4. Silica gel 

(2.5 g) was added to the organic fraction, and solvents were evaporated. The dry load of crude material 

was purified by flash chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 

50% over 30 column volumes) afforded compound 87 (131 mg, 34%), compound 88 (141 mg, 36%), 

and compound 89 (101 mg, 26%). 

Parikh–Doering Oxidation (Table 10, Entry 6a) 

 

Pyridine sulfur trioxide complex (0.5 equiv., 1.25 mmol, 200 mg) was added into a solution of 87 and 

88 (1:1 1H NMR, 390 mg, 2.5 mmol) in triethylamine (3.5 equiv., 8.75 mmol, 1.2 mL) and dry 

DCM/DMSO (25 mL, 1:1) at 0 °C under an inert atmosphere. The reaction mixture was allowed to 

attain room temperature. After 8 hours of stirring, water was added (25 mL) to quench the reaction.  

The products were extracted with DCM (3 × 25 mL), combined organic fractions were washed with 

water (2 × 25 mL), brine (25 mL), and dried over Na2SO4. Silica gel (2.5 g) was added to the organic 

fraction, and solvents were evaporated. The dry load of crude material was purified by flash 

chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 column 

volumes) afforded compound 87 (175 mg, 45%), compound 88 (142 mg, 36%), and compound 89 

(52 mg, 13%). 
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Parikh–Doering Oxidation (Table 10, Entry 6b) 

 

The reaction was performed in the same manner as Parikh–Doering oxidation, entry 6a but with 

1 equivalent of pyridine sulfur trioxide complex (1.0 equiv., 2.5 mmol, 400 mg). Compound 87 (142 

mg, 36%), compound 88 (68 mg, 17%), and compound 89 (159 mg, 41%) were isolated. 

Anelli Oxidation (Table 10, Entry 7) 

 

A mixture of 87 and (1:1 1H NMR, 390 mg, 2.5 mmol), NaBr (0.1 equiv., 0.25 mmol, 26 mg), and 

TEMPO (0.02 equiv., 8 mg, 0.05 mmol) were dissolved in a mixture of DCM/H2O (25 mL, 4:1) at 

0 °C. To a vigorously stirred solution, sodium hypochlorite (2.8% w/w aq. solution, 0.5 equiv., 

1.25 mmol, 3.0 mL) was added in small portions. The reaction mixture was allowed to attain room 

temperature. After 3 hours of stirring, the organic phase was separated, and the water phase was 

washed with DCM (2 × 25 mL). The combined organic fractions were dried with MgSO4. Silica gel 

(2.5 g) was added to the organic fraction, and solvents were evaporated. The dry load of crude material 

was purified by flash chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 

50% over 30 column volumes) afforded compound 87 (140 mg, 36%), compound 88 (91 mg, 23%) 

and compound 89 (154 mg, 40%). 

Piancatelli–Margarita Oxidation (Table 10, Entry 8) 

 

A mixture of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol), BAIB (0.5 equiv., 411 mg, 1.25 mmol), 

and TEMPO (0.1 equiv., 39 mg, 0.25 mmol) were dissolved in DCM (25 mL). The reaction mixture 

was stirred at 0 °C under an inert atmosphere. The reaction mixture was allowed to attain room 

temperature. After 3 hours of stirring, water was added (25 mL), and the organic phase was separated. 

Then, the water phase was washed with DCM (2 × 25 mL). The combined organic fractions were 

dried with MgSO4. Silica gel (2.5 g) was added to the organic fraction, and solvents were evaporated. 

The dry load of crude material was purified by flash chromatography on a silica gel. The elution with 

a gradient of Et2O in PE (5% to 50% over 30 column volumes) afforded compound 87 (95 mg, 24%), 

compound 88 (97 mg, 25%), and compound 89 (182 mg, 47%). 
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Jahn–Holan Oxidation (Table 10, Entry 9) 

 

A mixture of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol) was dissolved in dry DCM (25 mL) under 

an inert atmosphere. Then, boron trifluoride etherate (0.05 equiv., 0.13 mmol, 17 µL) and tert-butyl 

nitrite (0.5 equiv., 1.25 mmol, 165 µL) were added in one portion, and the reaction mixture was heated 

to 35 °C. Next, a solution of TEMPO (0.05 equiv., 20 mg, 0.13 mmol, in 0.2 mL DCM) was added. 

After 1 hour of stirring, another portion of TEMPO (0.05 equiv., 20 mg, 0.13 mmol, in 0.2 mL DCM) 

was added, and the reaction mixture was stirred at 35 °C for 3 hours. Then, water was added (25 mL), 

the organic phase was separated, and the water phase was washed with DCM (2 × 25 mL). The 

combined organic fractions were dried with MgSO4. Silica gel (2.5 g) was added to the organic 

fraction, and solvents were evaporated. The dry load of crude material was purified by flash 

chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 column 

volumes) afforded compound 87 (77 mg, 22%), compound 88 (158 mg, 40%), and compound 89 (146 

mg, 38%). 

o-Iodoxybenzoic Acid Oxidation (Table 10, Entry 10) 

 

o-Iodoxybenzoic acid (0.5 equiv., 350 mg, 1.25 mmol) was added into a solution of 87 and 88 (1:1 1H 

NMR, 390 mg, 2.5 mmol) in dry DCM (25 mL) under an inert atmosphere. The reaction mixture was 

stirred at room temperature. After 24 hours, DCM (100 mL) was added, and the organic fraction was 

washed with water (3 × 50 mL), brine (50 mL), and dried over Na2SO4. Silica gel (2.5 g) was added to 

the organic fraction, and solvents were evaporated. The dry load of crude material was purified by 

flash chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 

column volumes) afforded compound 87 (130 mg, 33%), compound 88 (170 mg, 44%), and 

compound 89 (53 mg, 14%). 

Dess–Martin Oxidation (Table 10, Entry 11) 

 

Dess–Martin periodinane was added in (0.5 equiv., 530 mg, 1.25 mmol) a solution of 87 and 88 (1:1 
1H NMR, 390 mg, 2.5 mmol) in DCM (25 mL). After stirring at room temperature for 24 hours, silica 

gel (2.5 g) was added to the reaction mixture, and solvents were evaporated. The dry load of crude 

material was purified by flash chromatography on a silica gel. The elution with a gradient of Et2O in 
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PE (linear gradient 5% to 50% over 30 column volumes) afforded compound 87 (86 mg, 22%), 

compound 88 (144 mg, 37%), and compound 89 (150 mg, 39%). 

Catalytic RuO4 Oxidation (Table 10, Entry 12) 

 

Ruthenium(IV) oxide hydrate (2.5 mol%, 9 mg, 0.06 mmol) was added into a solution of 87 and 88 

(1:1 1H NMR, 390 mg, 2.5 mmol), and sodium periodate (0.5 equiv., 267 mg, 1.25 mmol) in 

CCl4/H2O (25 mL, 1:1) under an inert atmosphere. After 12 hours of stirring, the organic phase was 

separated and dried over Na2SO4. Silica gel (2.5 g) was added to the organic phase, and solvents were 

evaporated. The dry load of crude material was purified by flash chromatography on a silica gel. The 

elution with a gradient of Et2O in PE (5% to 50% over 30 column volumes) afforded compound 87 

(61 mg, 16%), compound 88 (47 mg, 12%), and compound 89 (265 mg, 69%). 

Ley Oxidation (Table 10, Entry 13) 

 

N-Methylmorpholine N-oxide (0.5 equiv., 146 mg, 1.25 mmol) and activated molecular sieves (3Å, 

grounded, 200 mg) were added into a solution of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol) in dry 

DCM (25 mL) under an inert atmosphere. Then, tetrapropylammonium perruthenate (2.5 mol%, 

22 mg, 0.06 mmol) was added in one portion, and the reaction mixture was stirred at room temperature 

overnight. Silica gel (2.5 g) was added to the organic phase, and solvents were evaporated. The dry 

load of crude material was purified by flash chromatography on a silica gel. The elution with a 

gradient of Et2O in PE (5% to 50% over 30 column volumes) afforded compound 87 (120 mg, 31%), 

compound 88 (118 mg, 30%), and compound 89 (140 mg, 36%). 

Fétizon Oxidation (Table 10, Entry 14) 

 

Silver carbonate on Celite (50% w/w loading, 2.5 equiv., 3.45 g, 6.25 mmol) was added into a solution 

of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol) in dry benzene (25 mL) under an inert atmosphere. 

The reaction mixture was refluxed for 48 hours. Then, it was filtered through a short column of Celite 

(approx. 5 g) and washed with DCM (3 × 50 mL). Silica gel (2.5 g) was added to the organic phase, 

and solvents were evaporated. The dry load of crude material was purified by flash chromatography on 

a silica gel. The elution with a gradient of Et2O in PE (5% to 50% over 30 column volumes) afforded 

compound 87 (140 mg, 36%), compound 88 (181 mg, 46%), and compound 89 (52 mg, 13%). 
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Oppenauer Oxidation with Cyclohexanone (Table 10, Entry 15) 

 

Aluminum isopropoxide (1 equiv., 511 mg, 2.5 mmol) was added into a solution of 87 and 88 (1:1 1H 

NMR, 390 mg, 2.5 mmol), and cyclohexanone (12.5 equiv., 31.25 mmol, 3.2 mL) in dry toluene 

(25 mL) under an inert atmosphere. After stirring for 16 hours under reflux, a solution of aqueous 

hydrochloric acid (2M, 25 mL) was added, and the reaction mixture was extracted with DCM 

(3 × 50 mL). The combined organic fractions were washed with brine (25 mL) and dried over Na2SO4. 

Silica gel (2.5 g) was added to the organic phase, and solvents were evaporated. The dry load of crude 

material was purified by flash chromatography on a silica gel. The elution with a gradient of Et2O in 

PE (5% to 50% over 30 column volumes) afforded compound 87 (31 mg, 8%), compound 88 (62 mg, 

16%), and compound 89 (140 mg, 36%). 

Steven's Oxidation (Table 10, Entry 16) 

 

A solution of sodium hypochlorite (2.8% w/w aq. solution, 0.5 equiv., 1.25 mmol, 3.0 mL) was added 

in small portions into a solution of 87 and 88 (1:1 1H NMR, 390 mg, 2.5 mmol) in glacial acetic acid 

(25 mL). The reaction was stirred at room temperature for 6 hours. Then, it was neutralized with a 

saturated solution of aqueous NaHCO3 and extracted with DCM (3 × 50 mL). Combined organic 

fractions were washed with water (50 mL), brine (50 mL), and dried over Na2SO4. Silica gel (2.5 g) 

was added to the organic phase, and solvents were evaporated. The dry load of crude material was 

purified by flash chromatography on a silica gel. The elution with a gradient of Et2O in PE (5% to 

50% over 30 column volumes) afforded compound 87 (121 mg, 31%), compound 88 (167 mg, 43%), 

and compound 89 (91 mg, 24%). 

Anelli Oxidation (Table 11, Entry 1) 

 

Methyl deoxycholate (90, 1.0 g, 2.5 mmol), NaBr (0.1 equiv., 0.25 mmol, 26 mg), and TEMPO (0.02 

equiv., 8 mg, 0.05 mmol) were dissolved in a mixture of DCM/H2O (25 mL, 4:1) at 0 °C. To a 

vigorously stirred solution, sodium hypochlorite (2.8% w/w aq. solution, 1.0 equiv., 2.5 mmol, 6.0 
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mL) was added in small portions. The reaction mixture was allowed to attain room temperature. After 

3 hours of stirring, the organic phase was separated, and the water phase was washed with DCM 

(2 × 25 mL). The combined organic fractions were dried with MgSO4. Silica gel (2.5 g) was added to 

the organic fraction, and solvents were evaporated. The dry load of crude material was purified by 

flash chromatography on a silica gel. Elution with a gradient of EtOAc in PE (5% to 50% over 35 

column volumes) afforded compound 90 (52 mg, 5%), compound 91 (824 mg, 82%), compound 92 

(21 mg, 2%), and compound 93 (60 mg, 6%). 

Piancatelli–Margarita Oxidation (Table 11, Entry 2) 

 

Methyl deoxycholate (90, 1.0 g, 2.5 mmol), BAIB (3.0 equiv., 2.47 g, 7.5 mmol), and TEMPO (0.05 

equiv., 20 mg, 0.125 mmol) were dissolved in DCM (25 mL). The reaction mixture was stirred at 0 °C 

under an inert atmosphere. The reaction mixture was allowed to attain room temperature. After 

3 hours of stirring, water was added (25 mL), and the organic phase was separated. Then, the water 

phase was washed with DCM (2 × 25 mL). The combined organic fractions were dried with MgSO4. 

Silica gel (2.5 g) was added to the organic fraction, and solvents were evaporated. The dry load of 

crude material was purified by flash chromatography on a silica gel. Elution with a gradient of EtOAc 

in PE (5% to 50% over 35 column volumes) afforded compound 90 (20 mg, 2%), compound 

91 (868 mg, 87%), compound 92 (12 mg, 1%), and compound 93 (15 mg, 2%). 

Dess–Martin Oxidation (Table 11, Entry 3) 

 

Dess–Martin periodinane (1.0 equiv., 1.06 g, 2.5 mmol) was added to a solution of methyl 

deoxycholate (90, 1.0 g, 2.5 mmol) in DCM (25 mL). After stirring at room temperature for 24 hours, 

silica gel (2.5 g) was added to the reaction mixture, and solvents were evaporated. The dry load of 

crude material was purified by flash chromatography on a silica gel. Elution with a gradient of EtOAc 

in PE (5% to 50% over 35 column volumes) afforded compound 90 (42 mg, 4%), compound 91 (8 mg, 

1%), compound 92 (853 mg, 85%), and compound 93 (91 mg, 9%). 
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Steven's Oxidation (Table 11, Entry 4) 

 

A solution of sodium hypochlorite (2.8% w/w aq. solution, 1.0 equiv., 2.5 mmol, 6.0 mL) was added 

in small portions into a solution of methyl deoxycholate (90, 1.0 g, 2.5 mmol), in glacial acetic acid 

(25 mL). The reaction was stirred at room temperature for 6 hours. Then, it was neutralized with a 

saturated solution of aqueous NaHCO3 and extracted with DCM (3 × 50 mL). Combined organic 

fractions were washed with water (50 mL), brine (50 mL), and dried over Na2SO4. Silica gel (2.5 g) 

was added to the organic phase, and solvents were evaporated. The dry load of crude material was 

purified by flash chromatography on a silica gel. Elution with a gradient of EtOAc in PE (5% to 50% 

over 35 column volumes) afforded compound 90 (31 mg, 3%), compound 91 (142 mg, 14%), 

compound 92 (733 mg, 73%), and compound 93 (51 mg, 5%). 

Anelli Oxidation (Table 12, Entry 1) 

 

5α-Cholestane-2α,3α-diol (94, 1.0 g, 2.5 mmol), NaBr (0.1 equiv., 0.25 mmol, 26 mg), and TEMPO 

(0.02 equiv., 8 mg, 0.05 mmol) were dissolved in a mixture of DCM/H2O (25 mL, 4:1) at 0 °C. To a 

vigorously stirred solution, sodium hypochlorite (2.8% w/w aq. solution, 1.0 equiv., 2.5 mmol, 

6.0 mL) was added in small portions. After full reagent addition, the reaction mixture was allowed to 

attain room temperature. After 3 hours of stirring, the organic phase was separated, the water phase 

was washed with DCM (2 × 25 mL), and the combined organic fractions were dried over MgSO4. 

After filtration, silica gel (2.5 g) was added to the liquor, and solvents were evaporated. The dry load 

of crude material was purified by flash chromatography on a silica gel. Elution with a gradient of 

EtOAc in PE (5% to 50% over 35 column volumes) afforded compound 94 (22 mg, 22%), compound 

95 (21 mg, 21%), and compound 96 (19 mg, 19%), and an inseparable mixture of oily non-polar 

products (9 mg). 
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Piancatelli–Margarita Oxidation (Table 12, Entry 2) 

 

5α-Cholestane-2α,3α-diol (94, 1.0 g, 2.5 mmol), BAIB (3.0 equiv., 2.47 g, 7.5 mmol), and TEMPO 

(0.05 equiv., 20 mg, 0.125 mmol) were dissolved in DCM/DMSO (25 mL, 10:1). The reaction mixture 

was stirred at 0 °C under an inert atmosphere. The reaction mixture was allowed to attain room 

temperature. After 3 hours of stirring, water was added (25 mL), and the organic phase was separated. 

Then, the water phase was washed with DCM (2 × 25 mL). The combined organic fractions were 

dried with MgSO4. Silica gel (2.5 g) was added to the organic fraction, and solvents were evaporated. 

The dry load of crude material was purified by flash chromatography on a silica gel. Elution with a 

gradient of EtOAc in PE (5% to 50% over 35 column volumes) afforded compound 94 (10 mg, 10%), 

compound 95 (25 mg, 25%), and compound 96 (22 mg, 22%) and an inseparable mixture of oily non-

polar products (15 mg). 

Dess–Martin Oxidation (Table 12, Entry 3) 

 

Dess–Martin periodinane (1.0 equiv., 1.06 g, 2.5 mmol) was added in a solution of 5α-cholestane-

2α,3α-diol (94, 1.0 g, 2.5 mmol), in DCM/DMSO (25 mL, 10:1). After stirring at room temperature 

for 24 hours, silica gel (2.5 g) was added into the reaction mixture and solvents were evaporated. The 

dry load of crude material was purified by flash chromatography on a silica gel. Elution with a 

gradient of EtOAc in PE (5% to 50% over 35 column volumes) afforded compound 94 (30 mg, 30%), 

compound 95 (21 mg, 21%), and compound 96 (23 mg, 23%) and an inseparable mixture of oily non-

polar products (21 mg). 
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Steven's Oxidation (Table 12, Entry 4) 

 

A solution of sodium hypochlorite (2.8% w/w aq. solution, 1.0 equiv., 2.5 mmol, 6.0 mL) was added 

in small portions into a solution of 5α-cholestane-2α,3α-diol (94, 1.0 g, 2.5 mmol), in glacial acetic 

acid (25 mL). The reaction was stirred at room temperature for 6 hours. Then, it was neutralized with a 

saturated solution of aqueous NaHCO3 and extracted with DCM (3 × 50 mL). Combined organic 

fractions were washed with water (50 mL), brine (50 mL), and dried over Na2SO4. Silica gel (2.5 g) 

was added to the organic phase, and solvents were evaporated. The dry load of crude material was 

purified by flash chromatography on a silica gel. Elution with a gradient of EtOAc in PE (5% to 50% 

over 35 column volumes) afforded compound 94 (23 mg, 23%), compound 95 (24 mg, 24%), and 

compound 96 (25 mg, 25%) and an inseparable mixture of oily non-polar products (18 mg). 
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6.3 COMPOUND SYNTHESIS AND ANALYTICAL DATA 

3α-Hydroxy-5α-pregnan-20-one (1) 

Compound 1 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 4.04 (t, J = 2.7 Hz, 1H, 

H-3), 2.52 (t, J = 8.9 Hz, 1H, H-17), 2.10 (s, 3H, H-21), 0.77 (s, 3H, H-19), 

0.60 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 209.9 (C20), 66.7 (C3), 

64.0, 56.9, 54.3, 44.4, 39.2, 39.2, 36.3, 36.0, 35.6, 32.3, 32.1, 31.7, 29.1, 28.6, 

24.5, 22.9, 20.9, 13.6 (C18), 11.3 (C19). The NMR analysis is consistent with 

the previous report.273 LRMS (APCI pos): m/z 301.0 (100%, [M-H2O+H]+), 318.9 (60%, [M+H]+). 

Purity 98.9% (HPLC Method B, tR = 19.99 min). 

 (20S)-5α-Pregnan-3α,20-diol (2) 

Compound 2 was purchased from Steraloids (Newport, RI, USA, cat. P1950-

000, Batch L1844). LRMS (DUIS pos): m/z 285.2 (100%, [M-2H2O+H]+), 

303.2 (5%, [M-H2O+H]+). Purity 97.3% (HPLC Method C, tR = 3.35 min). 

(20S)-5α-Pregnan-3β,20-diol (3) 

Compound 3 as purchased from Steraloids (Newport, RI, USA, cat. 

P2050-000, Batch L1286). LRMS (DUIS pos): m/z 285.3 (100%, 

[M-2H2O+H]+), 303.2 (15%, [M-H2O+H]+), 344.2 (5%, [M+Na]+). Purity 

99.9% (HPLC Method C, tR = 2.30 min). 

(20R)-5α-Pregnan-3β,6β,20-triol (4) 

Compound 4 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3/CD3OD*/(CD3)2SO, 

1:1:1): δ 3.57 (q, J = 2.8 Hz, 1H, H-6), 3.48 (dq, J = 11.7, 5.9 Hz, 1H, H-

20), 3.38 (tt, J = 10.6, 4.8 Hz, 1H, H-3), 0.98 (dd, J = 6.1, 1.0 Hz, 3H, H-

21), 0.91 (d, J = 2.8 Hz, 3H, H-19), 0.66 (s, 3H, H-18). 13C NMR (101 MHz, 

CDCl3/CD3OD*/(CD3)2SO, 1:1:1): δ 69.0 (C3), 68.8 (C6), 67.3 (C20), 56.5, 54.2, 52.8, 46.1, 40.9, 

38.1, 37.0, 34.3, 34.2, 33.8, 29.9, 28.7, 24.1, 23.0, 22.2 (C21), 19.2, 14.1 (C19), 10.8 (C18). LRMS 

(APCI pos): m/z 283.1 (60%, [M-3H2O+H]+), 301.3 (100%, [M-2H2O+H]+), 319.0 (35%, 

[M-H2O+H]+). Purity 99.9% (HPLC Method B, tR = 8.60 min). 

*Chemical shift reference solvent. 
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5α-Pregnan-3,20-dione (5) 

Compound 5 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 2.52 (t, J = 9.0 Hz, 1H, 

H-17), 2.11 (s, 3H, H-21), 1.01 (s, 3H, H-19), 0.63 (s, 3H, H-18). 13C NMR 

(101 MHz, CDCl3): δ 212.0 (C3), 209.7 (C20), 63.9, 56.6, 53.8, 46.8, 44.8, 

44.3, 39.1, 38.7, 38.3, 35.8, 35.5, 31.8, 31.7, 29.0, 24.6, 23.0, 21.6, 13.6, 11.6. 

The NMR analysis is consistent with the previous report.274 LRMS (APCI pos): m/z 317.1 (100%, 

[M+H]+). Purity 97.0% (HPLC Method B, tR = 19.57 min).  

21-Hydroxy-5α-pregnan-3,20-dione (6) 

Compound 6 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (500 MHz, CDCl3
*/CD3OD, 1:1): δ 3.88 

(d, J = 18.7 Hz, 1H, Ha-21), 3.81 (d, J = 18.7 Hz, 1H, Hb-21), 2.18 (t, 

J = 8.8 Hz, 1H, H-17), 0.47 (s, 3H, H-19), 0.30 (s, 3H, H-18). 13C NMR 

(126 MHz, CDCl3/CD3OD, 1:1): δ 212.6 (C3), 210.8 (C20), 69.1 (C21), 

59.0, 56.7, 54.0, 44.8, 42.4, 38.7, 35.7, 35.5, 35.2, 35.0, 31.9, 28.3, 28.2, 

24.4, 22.8, 21.1, 13.3 (C19), 11.3 (C18). The NMR analysis is consistent with the previous report.275 

LRMS (ESI pos): m/z 333.2 (100%, [M+H]+). Purity 99.5% (HPLC Method B, tR = 18.04 min). 

*Chemical shift reference solvent. 

5α-Androst-1-en-17-one (7) 

Compound 7 was taken from the group deposit, with the appearance of fine white 

powder. Selected 1H NMR (401 MHz, CDCl3): δ 5.66–5.52 (m, 2H, H-1 and H-2), 

2.44 (ddd, J = 19.1, 9.0, 1.1 Hz, 1H, Ha-16), 2.06 (dt, J = 19.0, 9.0 Hz, 1H, Hb-16), 

0.87 (d, J = 0.5 Hz, 3H, H-19), 0.78 (d, J = 0.7 Hz, 3H, H-18). 13C NMR (101 

MHz, CDCl3): δ 221.6 (C17), 125.92 and 125.88 (C1 and C2), 54.3, 51.6, 47.9, 

41.6, 39.8, 36.0, 35.3, 34.9, 31.7, 30.8, 30.4, 28.6, 21.9, 20.3, 13.9 (C18), 11.8 (C19). The NMR 

analysis is consistent with the previous report.276 LRMS (APCI pos): m/z 255.1 (90%, [M-H2O+H]+), 

273.0 (100%, [M+H]+). Purity 96.8% (HPLC Method B, tR = 26.38 min). 

3α-Hydroxy-5β-pregnan-20-one (8) 

Compound 8 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 3.64 (tt, J = 11.0, 

4.7 Hz, 1H, H-3), 2.53 (t, J = 8.9 Hz, 1H, H-17), 2.11 (s, 3H, H-21), 0.92 (s, 

3H, H-19), 0.59 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 209.9 (C20), 

71.9 (C3), 64.0, 56.9, 44.5, 42.1, 40.6, 39.4, 36.5, 36.0, 35.5, 34.8, 31.7, 30.6, 

27.2, 26.5, 24.6, 23.5 (C19), 23.0, 21.0, 13.6 (C18). The NMR analysis is 

consistent with the previous report.277 LRMS (APCI pos): m/z 301.1 (100%, [M-H2O+H]+), 319.0 

(15%, [M+H]+). Purity 99.9% (HPLC Method B, tR = 18.28 min). 
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(20S)-5β-Pregnan-3α,20-diol (9) 

Compound 9 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CD3OD): δ 3.63–3.49 (m, 2H, 

H-20 and H-3), 1.19 (d, J = 6.2 Hz, 3H, H-21), 0.93 (s, 3H, H-19), 0.65 (s, 

3H, H-18). 13C NMR (101 MHz, CD3OD): δ 72.2 (C3), 70.9 (C20), 59.6 

(C17), 57.6, 43.3, 42.8 (C13), 41.7, 40.4, 36.9, 36.7, 36.3, 35.5 (C10), 31.0, 

28.2, 27.5, 27.3, 25.0, 23.94 (C19), 23.90 (C21), 21.5, 12.9 (C18). LRMS (DUIS pos): m/z 285.3 

(100%, [M-2H2O+H]+), 303.2 (15%, [M-H2O+H]+). Purity 99.9% (HPLC Method C, tR = 3.18 min). 

(20R)-20-Hydroxy-5β-pregnan-3α-yl Acetate (10) 

Compound 10 was taken from the group deposit, with the appearance of 

fine white powder. Selected 1H NMR (401 MHz, CDCl3): δ 4.72 (tt, 

J = 11.4, 4.8 Hz, 1H, H-3), 3.72 (dq, J = 9.8, 5.7 Hz, 1H, H-20), 2.03 (s, 

3H, H-2'), 1.13 (d, J = 6.1 Hz, 3H, H-21), 0.93 (s, 3H, H-19), 0.73 (s, 

3H, H-18). 13C NMR (101 MHz, CDCl3): δ 170.7 (C1'), 74.4 (C3), 70.6 

(C20), 58.7, 56.0, 42.6, 41.9, 40.5, 40.3, 35.7, 35.1, 34.7, 32.3, 27.0, 26.7, 26.4, 25.7, 24.5, 23.6, 23.4, 

21.5, 20.7, 12.6 (C18). The NMR analysis is consistent with the previous report.278 LRMS (APCI pos): 

m/z 285.1 (100%, [M-AcOH-H2O+H]+), 344.9 (30%, [M-H2O+H]+). Purity 99.9% (HPLC Method B, 

tR = 25.43 min).  

3α-Hydroxy-5β-pregnan-20-one-7α-yl Acetate (11) 

Compound 11 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 4.89 (q, J = 3.2 Hz, 

1H, H-7), 3.58–3.44 (m, 1H, H-3), 2.55 (t, J = 9.3 Hz, 1H, H-17), 2.12 (s, 3H, 

H-2'), 2.05 (s, 3H, H-21), 0.92 (s, 3H, H-19), 0.60 (s, 3H, H-18). 13C NMR 

(101 MHz, CDCl3): δ 209.5 (C20), 170.6 (C1'), 71.8 (C7), 71.4 (C3), 63.7, 

50.8, 44.4, 41.2, 39.0, 38.7, 38.1, 35.3, 34.9, 34.3, 31.7, 31.5, 30.7, 23.9, 23.0, 

22.8, 21.7, 20.8, 13.2 (C18). LRMS (APCI pos): m/z 299.1 (100%, [M-AcOH-H]+), 316.9 (45%, 

[M-AcOH+H]+). Purity 95.6% (HPLC Method B, tR = 11.91 min). 

3α-Hydroxy-20-methylene-5β-pregnane (12) 

Compound 12 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 4.84 (brs, 1H, Ha-1'), 

4.70 (brs, 1H, Hb-1'), 3.63 (tt, J = 11.1, 4.7 Hz, 1H, H-3), 2.03 (t, J = 9.1 Hz, 

1H, H-17), 1.75 (s, 3H, H-21), 0.92 (s, 3H, H-19), 0.55 (s, 3H, H-18). 13C 

NMR (101 MHz, CDCl3): δ 145.9 (C20), 110.8 (C1'), 72.0 (C3), 57.5, 56.5, 

43.6, 42.3, 40.8, 39.2, 36.6, 36.4, 35.5, 34.8, 30.7, 27.3, 26.6, 25.6, 24.8, 24.4, 23.5 (C19), 21.0, 13.0 

(C18). The NMR analysis is consistent with the previous report.279 LRMS (APCI pos): m/z 299.1 

(100%, [M-H2O+H]+). Purity 99.9% (HPLC Method B, tR = 17.60 min). 
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(20R)-5β-Pregnan-3β,20-diol (13) 

Compound 13 was purchased from Steraloids (Newport, RI, USA, cat. 

P6140-000, Batch L746 LRMS (DUIS pos): m/z 285.3 (100%, 

[M-2H2O+H]+), 303.3 (15%, [M-H2O+H]+). Purity 99.9% (HPLC Method C, 

tR = 3.65 min). 

(20S)-20-Hydroxy-5β-pregnan-3β-yl Acetate (14) 

Compound 14 was taken from the group deposit, with the appearance of 

fine white powder. Selected 1H NMR (401 MHz, CDCl3): δ 4.72 (tt, 

J = 11.4, 4.8 Hz, 1H, H-3), 3.69 (dq, J = 8.4, 6.2 Hz, 1H, H-20), 2.03 (s, 

3H, H, H-2'), 1.22 (d, J = 6.2 Hz, 3H, H-21), 0.93 (s, 3H, H-19), 0.64 (s, 

3H, H-18). 13C NMR (100 MHz, CDCl3): δ 169.7 (C1'), 71.1 (C3), 69.0 

(C20), 58.6, 56.3, 43.6, 40.6, 39.2, 39.2, 35.8, 35.0, 34.6, 32.3, 27.7, 27.3, 27.0, 26.2, 25.3, 23.6, 22.9, 

21.6, 21.5, 14.0 (C18). LRMS (APCI pos): m/z 285.1 (100%, [M-AcOH-H2O+H]+), 344.9 (20%, 

[M-H2O+H]+). Purity 95.8% (HPLC Method B, tR = 24.78 min). 

(20S)-5β-Pregnan-3β,20-diol (15) 

Compound 15 was purchased from Steraloids (Newport, RI, USA, cat. P6100-

000, Batch 8230). LRMS (DUIS pos): m/z 285.3 (100%, [M-2H2O+H]+), 

303.3 (10%, [M-H2O+H]+), 343.3 (10%, [M+Na]+). Purity 99.1% (HPLC 

Method C, tR = 2.60 min). 

5β-Pregnan-3,20-dione (16) 

Compound 16 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 2.12 (s, 3H, H-21), 1.02 

(s, 3H, H-19), 0.63 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 213.2 (C3), 

209.6 (C20), 63.9, 56.8, 44.4, 44.3, 42.4, 40.9, 39.2, 37.3, 37.1, 35.7, 35.1, 31.7, 

26.6, 25.9, 24.5, 23.0, 22.8, 21.3, 13.6. The NMR analysis is consistent with the 

previous report.274 LRMS (APCI pos): m/z 317.0 (100%, [M+H]+). Purity 99.0% (HPLC Method B, tR 

= 18.78 min). 

(20S)-20-Hydroxy-5β-pregnan-3-one (17) 

Compound 17 was purchased from Steraloids (Newport, RI, USA, cat. P8210-

000, Batch L1437). LRMS (DUIS pos): m/z 283.2 (50%, [M-2H2O+H]+), 301.3 

(100%, [M-H2O+H]+), 319.3 (65%, [M+H]+), 360.3 (65%, [M+ACN+H]+). 

Purity 99.9% (HPLC Method C, tR = 3.40 min). 

16α,17α-Epoxy-5β-androst-3α-ol (18) 

Compound 18 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 3.60 (tt, J = 10.7, 

4.6 Hz, 1H, H-3), 3.33 (dt, J = 3.1, 1.1 Hz, 1H, H-16), 3.08 (d, J = 3.0 Hz, 1H, 

H-17), 0.93 (s, 3H, H-19), 0.71 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 

javascript:
javascript:
javascript:


6 Experimental 

92 

71.9 (C3), 62.4 (C17), 54.0 (C16), 44.3, 42.2, 41.2, 40.8, 36.7, 35.6, 34.9, 34.1, 32.8, 30.7, 27.5, 27.2, 

26.5, 23.4 (C19), 20.6, 15.7 (C18). LRMS (APCI pos): m/z 255.2 (25%, M-2H2O+H+), 273.0 (100%, 

[M-H2O+H]+), 290.9 (2%, [M+H]+), 313.6 (20%, [M+Na]+). Purity 99.9% (HPLC Method B, tR = 

16.64 min). 

3α-Hydroxypregn-4-en-20-one (19) 

Compound 19 was purchased from Steraloids (Newport, RI, USA, cat. 

Q3510-000, Batch B1615). LRMS (DUIS pos): m/z 281.2 (100%, 

[M-2H2O+H]+), 299.2 (10%, [M-H2O+H]+), 615.5 (10%, [2M-H2O+H]+). 

Purity 99.9% (HPLC Method C, tR = 3.18 min). 

3β-Hydroxypregn-4-en-20-one (20) 

Compound 20 was purchased from Steraloids (Newport, RI, USA, cat. Q3540-

000, Batch B0683). LRMS (DUIS pos): m/z 281.2 (10%, [M-2H2O+H]+), 

299.2 (100%, [M-H2O+H]+), 317.2 (15%, [M+H]+). Purity 99.9% (HPLC 

Method C, tR = 2.95 min). 

(20S)-Pregn-4-en-3β,20-diol (21) 

Compound 21 as purchased from Steraloids (Newport, RI, USA, cat. Q1460-

000, Batch L1039). LRMS (DUIS pos): m/z 283.3 (100%, [M-2H2O+H]+), 

301.3 (50%, [M-H2O+H]+). Purity 99.9% (HPLC Method C, tR = 2.12 min). 

Pregn-4-ene-3,20-dione (22), (Progesterone) 

Compound 22 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 5.73 (s, 1H, H-4), 2.53 

(t, J = 9.0 Hz, 3H, H-17), 2.12 (s, 3H, H-21), 1.18 (d, 3H, H-19), 0.66 (s, 3H, 

H-18). 13C NMR (101 MHz, CDCl3): δ 209.4 (C20), 199.6 (C3), 171.1 (C5), 

124.1 (C4), 63.6, 56.2, 53.8, 44.1, 38.8, 38.7, 35.9, 35.7, 34.1, 32.9, 32.0, 31.6, 

24.5, 23.0, 21.1, 17.5, 13.5. The NMR analysis is consistent with the previous report.280 LRMS (ESI 

pos): m/z 315.2 (100%, [M+H]+), 356.3 (10%, [M+ACN+H]+). Purity 99.9% (HPLC Method B, tR = 

22.57 min). 

(20S)-20-Hydroxypregn-4-en-3-one (23) 

Compound 23 was purchased from Steraloids (Newport, RI, USA, cat. P3600-

000, Batch L1739). LRMS (DUIS pos): m/z 317.2 (100%, [M+H]+), 358.2 

(5%, [M+ACN+H]+). Purity 99.8% (HPLC Method C, tR = 2.30 min). 
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(20R)-20-Hydroxypregn-4-en-3-one (24) 

Compound 24 was purchased from Steraloids (Newport, RI, USA, cat. Q3630-

000, Batch B2202). LRMS (DUIS pos): m/z 317.2 (100%, [M-2H2O+H]+), 

358.3 (10%, [M+ACN+H]+), 633.5 (15%, [2M+H]+). Purity 99.4% (HPLC 

Method C, tR = 2.93 min). 

3-(O-(2'-Carboxyethoxy)oxime)-17β-hydroxyandrost-4-ene (25) 

 Compound 25 was taken from the group deposit, with the 

appearance of fine white powder. Selected 1H NMR (401 MHz, 

CDCl3): δ 6.34 (d, J = 1.7 Hz, 1H, H-4), 4.29 (t, J = 6.0 Hz, 2H, 

H-1'), 3.64 (t, J = 8.5 Hz, 1H, H-17), 2.77 (t, J = 5.9 Hz, 2H, H-2'), 

1.10 (s, 3H, H-19), 0.77 (s, 3H, H-18). 13C NMR (101 MHz, 

CDCl3): δ 175.3 (C3'), 161.2 (C5), 154.4 (C3), 110.9 (C4), 81.9 

(C1'), 68.4, 54.2, 50.7, 43.0, 39.2, 36.6, 36.2, 35.9, 35.6, 33.1, 32.1, 30.6, 24.7, 23.5, 20.9, 18.2 (C19), 

11.2 (C18). The NMR analysis is consistent with the previous report.281 LRMS (ESI neg): m/z 374.2 

(100%, [M-H]-), 302.4 (40%, [M-CH2CH2COOH]-). Purity 99.9% (HPLC Method E, tR = 7.30 min). 

Pregna-4,6-dien-3,20-dione (26) 

Compound 26 was purchased from Steraloids (Newport, RI, USA, cat. P0950-

000, Batch B1326). LRMS (DUIS pos): m/z 313.2 (100%, [M+H]+). Purity 

99.9% (HPLC Method C, tR = 2.37 min). 

17α,21-Dihydroxypregna-1,4-dien-3,11,20-trione (27), (Prednisone) 

Compound 27 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3/CD3OD*, 1:1): δ 7.70 (d, 

J = 10.3 Hz, 1H, H-1), 6.17 (dd, J = 10.2, 1.5 Hz, 1H, H-2), 6.06 (s, 1H, 

H-4), 4.58 (d, J = 19.7 Hz, 1H, Ha-21), 4.17 (d, J = 19.6 Hz, 1H, Hb-21), 

2.87 (d, J = 12.3 Hz, 1H, H-9), 1.41 (s, 3H, H-19), 0.61 (s, 3H, H-18). 13C 

NMR (101 MHz, CDCl3/CD3OD*, 1:1): δ 212.1 (C20), 210.3 (C11), 187.5 

(C3), 168.7 (C5), 156.8 (C1), 127.4 (C2), 124.3 (C4), 87.9 (C17), 67.2 (C21), 60.3, 51.6 (C13), 50.2, 

49.7 (C9), 42.9 (C10), 36.5, 34.6, 33.9, 32.5, 23.5, 18.9 (C19), 15.8 (C18). The NMR analysis is 

consistent with the previous report.282 LRMS (ESI pos): m/z 359.1 (100%, [M+H]+), 341.2 (20%, 

[M-H2O+H]+). Purity 96.9% (HPLC Method B, tR = 6.51 min). 

*Chemical shift reference solvent. 

17α,21-Dihydroxypregna-4-en-3,20-dione (28) 

Compound 28 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (500 MHz, CDCl3
*/CD3OD, 1:1): δ 5.40 (t, 

J = 0.8 Hz, 1H, H-4), 4.32 (d, J = 19.4 Hz, 1H, Ha-21), 3.96 (d, J = 19.4 Hz, 

1H, Hb-21), 2.35 (ddd, J = 14.5, 11.5, 2.8 Hz, 1H, Ha-2), 0.89 (s, 3H, H-19), 

0.34 (s, 3H, H-18). 13C NMR (126 MHz, CDCl3
*/CD3OD, 1:1): δ 212.1 

(C20), 200.9 (C3), 173.2 (C4), 122.9 (C5), 88.7 (C17), 66.5 (C21), 53.0, 
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49.9, 47.5, 38.3, 35.3, 35.1, 33.5, 33.2, 32.5, 31.6, 29.9, 23.2, 20.3, 16.6 (C19), 14.2 (C18). The NMR 

analysis is consistent with the previous report.283 LRMS (ESI pos): m/z 347.3 (100%, [M+H]+). Purity 

96.7% (HPLC method B, tR = 10.03 min). 

*Chemical shift reference solvent. 

17α,21-Dihydroxypregn-4-en-3,11,20-trione (29), (Cortisone) 

Compound 29 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (500 MHz, CDCl3
*/CD3OD, 1:1): δ 5.41 (s, 

1H, H-4), 4.30 (d, J = 19.6 Hz, 1H, Ha-21), 3.90 (d, J = 19.6 Hz, 1H, Hb-21), 

2.62 (d, J = 12.3 Hz, 1H, Ha-12), 1.76 (d, J = 12.3 Hz, 1H, Hb-12), 1.10 (s, 

3H, H-19), 0.29 (s, 3H, H-18). 13C NMR (126 MHz, CDCl3
*/CD3OD, 1:1): δ 

211.4 (C20), 210.4 (C11), 200.9 (C3), 170.7 (C5), 123.6 (C4), 87.6 (C17), 66.5 (C21), 62.0, 50.8, 

49.9, 49.3, 37.9, 36.3, 34.1, 34.0, 33.8, 33.0, 31.8, 31.8, 22.7, 16.5 (C19), 15.0 (C18). The NMR 

analysis is consistent with the previous report.284 LRMS (ESI pos): m/z 361.3 (100%, [M+H]+). Purity 

97.2% (HPLC Method B, tR = 6.47 min). 

*Chemical shift reference solvent. 

11β,21-Dihydroxypregn-4-en-3,20-dione (30), (Corticosterone) 

Compound 30 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3
*/CD3OD, 9:1): δ 5.68 (s, 

1H, H-4), 4.44–4.37 (m, 1H, H-11), 4.27–4.09 (m, 2H, H-21), 1.44 (s, 3H, 

H-19), 0.93 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3
*/CD3OD, 9:1): δ 

210.1 (C20), 199.6 (C3), 171.9 (C5), 122.6 (C4), 69.3 (C21), 68.1 (C11), 

59.6, 57.6, 56.4, 48.1, 43.9, 39.3, 35.1, 33.9, 32.7, 32.1, 31.5, 24.6, 22.6, 21.1 (C19), 16.1 (C18). The 

NMR analysis is consistent with the previous report.285 LRMS (ESI pos): m/z 347.2 (100%, [M+H]+). 

Purity 95.9% (HPLC Method B, tR = 9.30 min). 

*Chemical shift reference solvent. 

11β,17α-Dihydroxy-6α,9α-difluoro-3,20-dioxo-16α-methylpregna-1,4-dien-21-yl Pivalate 

(31), (Flumethasone Pivalate) 

Compound 31 was taken from the group deposit, with the appearance 

of fine white powder. Selected 1H NMR (500 MHz, DMSO-D6): δ 

7.27 (dd, J = 10.1, 1.5 Hz, 1H, H-1), 6.29 (dd, J = 10.2, 1.9 Hz, 1H, 

H-2), 6.10 (q, J = 1.5 Hz, 1H, H-4), 5.62 (dddd, J = 48.6, 11.5, 6.7, 

1.9 Hz, 1H, H-6), 5.50 (dd, J = 5.1, 1.5 Hz, 1H, C11-OH), 5.19 (s, 1H, 

C17-OH), 5.00 (d, J = 17.6 Hz, 1H, Ha-21), 4.80 (d, J = 17.5 Hz, 1H, 

Hb-21), 4.19 – 4.11 (m, 1H, H-11), 2.89 (ddd, J = 11.2, 7.3, 4.1 Hz, 

1H, H-16), 1.48 (s, 3H, H-19), 1.19 (s, 9H, H-3''), 0.88 (s, 3H, H-18), 0.79 (d, J = 7.3 Hz, 3H, H-1'). 
13C NMR (126 MHz, DMSO-D6): δ 204.80 (C3), 184.54 (C20), 177.02 (C1''), 163.18 (d, J = 13.3 Hz, 

C5), 152.03 (C1), 129.11 (C2), 119.42 (d, J = 12.8 Hz, C4), 100.24 (d, J = 176.9 Hz, C9), 90.43 

(C17), 86.93 (d, J = 179.9 Hz, C6), 70.32 (d, J = 35.8 Hz, C11), 67.92 (C21), 48.15 (d, J = 26.1 Hz), 

48.01, 43.09, 39.69, 35.46, 35.37, 33.93 (d, J = 18.5 Hz), 32.18 (dd, J = 18.8, 11.2 Hz), 31.78, 27.02 
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(3 × C3''), 22.89 (d, J = 5.3 Hz, C19), 16.19 (C18), 15.17 (C1'). The NMR analysis is consistent with 

the previous report.286 LRMS (ESI pos): m/z 495.4 (100%, [M+H]+). Purity 99.9% (HPLC Method B, 

tR = 14.20 min). 

3-Oxoandrost-4-en-17-yl Cypionate (32), (Testosterone Cypionate) 

Compound 32 was taken from the group deposit, with the 

appearance of fine white powder. Selected 1H NMR (500 MHz, 

DMSO-D6): δ 5.65–5.61 (m, 1H, H-4), 4.52 (dd, J = 9.3, 7.7 Hz, 

1H, H-17), 1.14 (s, 3H, H-19), 0.79 (s, 3H, H-18). 13C NMR (126 

MHz, (CD3)2SO): δ 198.1 (C3), 172.9 (C1'), 170.9 (C5), 123.2 

(C4), 81.6 (C17), 53.1, 49.5, 42.1, 39.1, 38.2, 36.2, 35.2, 34.7, 33.6, 

33.2, 31.96, 31.89, 31.2, 30.8, 27.2, 24.7, 23.1, 20.1, 16.9 (C19), 11.9 (C18). The NMR analysis is 

consistent with the previous report.287 LRMS (APCI pos): m/z 413.3 (100%, [M+H]+). Purity 98.7% 

(HPLC Method B, tR = 23.85 min). 

(20R)-20-Hydroxypregn-5-en-3-yl Acetate (33) 

Compound 33 was taken from the group deposit, with the appearance of 

fine white powder. Selected 1H NMR (401 MHz, CDCl3): δ 5.37 (dd, 

J = 5.1, 2.2 Hz, 1H, H-5), 4.67–4.54 (m, 1H, H-3), 3.73 (dt, J = 10.5, 

5.5 Hz, 1H, H-21), 2.03 (s, 3H, H-2'), 1.14 (d, J = 6.1 Hz, 3H, H-21), 1.03 

(s, 3H, H-19), 0.77 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 170.7 

(C1'), 139.9 (C5), 122.6 (C6), 74.1 (C3), 70.7 (C21), 58.6, 56.3, 50.2, 42.4, 40.0, 38.3, 37.1, 36.8, 

32.1, 31.8, 27.9, 25.8, 24.7, 23.8, 21.6, 21.0, 19.5 (C19), 12.5 (C18). The NMR analysis is consistent 

with the previous report.288 LRMS (APCI pos): m/z 283.1 (100%, [M-AcOH-H2O+H]+), 300.1 (60%, 

[M-AcOH+H]+). Purity 99.9% (HPLC Method B, tR = 25.44 min).  

3β-Hydroxypregn-5-en-20-one (34), (Pregnenolone) 

Compound 34 was taken from the group deposit, with the appearance of fish 

scale crystals. Selected 1H NMR (401 MHz, CDCl3): δ 5.35 (dt, J = 5.5, 1.9 

Hz, 1H, H-6), 3.53 (s, 1H, H-3), 2.53 (t, J = 9.0 Hz, 1H, H-17), 2.12 (s, 3H, 

H-21), 1.01 (s, 3H, H-19), 0.63 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): 

δ 209.7 (C20), 140.9 (C5), 121.5 (C6), 71.9 (C3), 63.9, 57.1, 50.1, 44.2, 42.4, 

39.0, 37.4, 36.7, 32.0, 31.9, 31.8, 31.7, 24.6, 23.0, 21.2, 19.5 (C19), 13.4 (C18). The NMR analysis is 

consistent with the previous report.289 LRMS (APCI pos): m/z 299.0 (100%, [M-H2O+H]+), 317.0 

(10%, [M+H]+). Purity 99.3% (HPLC Method B, tR = 17.85 min).  

(20S)-Pregn-5-en-3β,20-diol (35) 

Compound 35 as purchased from Steraloids (Newport, RI, USA, cat. Q4460-

000, Batch L1039). LRMS (DUIS pos): m/z 283.2 (98%, [M-2H2O+H]+), 

301.3 (100%, [M-H2O+H]+). Purity 99.9% (HPLC Method C, tR = 2.02 min). 
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3β,17α,21-Trihydroxypregn-5-en-20-one (36) 

Compound 36 was taken from the group deposit, with the appearance of 

fine white powder. Selected 1H NMR (500 MHz, CDCl3
*/CD3OD, 1:1): δ 

5.01 (dt, J = 5.4, 1.9 Hz, 1H, H-6), 4.33 (d, J = 19.4 Hz, 1H, Ha-21), 3.97 

(d, J = 19.3 Hz, 1H, Hb-21), 3.17–3.07 (m, 1H, H-3), 0.69 (s, 3H, H-18), 

0.31 (s, 3H, H-19). 13C NMR (126 MHz, CDCl3
*/CD3OD, 1:1): δ 212.6 

(C20), 140.9 (C5), 121.2 (C6), 89.4 (C17), 71.1 (C3), 66.9 (C21), 51.2, 

49.8, 47.9, 41.7, 37.3, 36.5, 34.0, 32.1, 31.9, 31.0, 30.5, 23.8, 20.7, 19.1 (C19), 14.5 (C18). LRMS 

(APCI pos): m/z 313.1 (50%, [M-2H2O+H]+), 330.9 (30%, [M-H2O+H]+). Purity 96.3% (HPLC 

Method B, tR = 7.45 min). 

*Chemical shift reference solvent. 

3β-(Methoxymethoxy)-pregn-5-en-20-one (37) 

Compound 37 was taken from the group deposit, with the appearance of 

fine white powder. Selected 1H NMR (401 MHz, CDCl3): δ 5.35 (dt, 

J = 5.5, 2.0 Hz, 1H, H-6), 4.69 (s, 2H, H-1'), 3.43 (tt, J = 11.4, 4.7 Hz, 

1H, H-3), 3.37 (s, 3H, H-2'), 2.12 (s, 3H, H-21), 1.01 (s, 3H, H-19), 0.63 

(s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 209.6 (C20), 140.7 (C5), 

121.4 (C6), 94.7 (C1'), 77.3, 77.0, 76.8, 76.7, 63.7, 56.9, 55.2, 50.0, 44.0, 

39.5, 38.9, 37.3, 36.8, 31.9, 31.8, 31.6, 29.7, 28.9, 24.5, 22.8, 21.1, 19.4 (C19), 13.2 (C18). The NMR 

analysis is consistent with the previous report.290 LRMS (APCI pos): m/z 299.0 (100%, 

[M-CH3OCH2OH+H]+), 360.9 (5%, [M+H]+). Purity 98.1% (HPLC Method B, tR = 26.33 min).  

(20S)-Pregn-5-en-3β,20-diyl 3-Acetate 20-Benzoate (38) 

Compound 38 was taken from the group deposit, with the appearance 

of fine white powder. Selected 1H NMR (401 MHz, CDCl3): δ 8.06 

(dd, J = 8.4, 1.3 Hz, 2H, H, H-3''), 7.55 (dd, J = 7.4, 1.4 Hz, 1H, H-

5''), 7.44 (t, J = 7.6 Hz, 2H, H-4''), 5.40–5.33 (m, 1H, H-6), 5.13 (dq, 

J = 12.1, 6.1 Hz, 1H, H-20), 4.64–4.54 (m, 1H, H-3), 2.02 (s, 3H, H-

2'), 1.27 (d, J = 6.1 Hz, 3H, H-20), 0.96 (s, 3H, H-19), 0.68 (s, 3H, H-

18). 13C NMR (101 MHz, CDCl3): δ 170.7 (C1'), 165.9 (C1''), 139.9 

(C5), 132.9 (C5''), 130.9 (C2''), 129.8 (C3''), 128.5 (C4''), 122.6 (C6), 74.1, 73.5, 56.2, 55.4, 50.2, 42.4, 

39.2, 38.2, 37.1, 36.7, 32.0, 31.9, 27.9, 25.7, 24.5, 21.6, 21.1, 20.2, 19.4 (C19), 12.6 (C18). LRMS 

(APCI pos): m/z 283.1 (100%, [M-AcOH-BzOH+H]+), 404.8 (95%, [M-AcOH+H]+). Purity 98.4% 

(HPLC Method B, tR = 34.99 min). 

20-Oxopregn-5-en-3β-yl Hemioxalate (39) 

Compound 39 was taken from the group deposit, with the appearance of 

fine white powder. Selected 1H NMR (400 MHz, CDCl3): δ 5.45–5.38 

(m, 1H, H-6), 4.81 (tt, J = 11.6, 4.9 Hz, 1H, H-3), 2.14 (s, 3H, H-21), 

1.04 (s, 3H, H-19), 0.64 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 

210.5 (C20), 158.0, 157.7, 138.9 (C5), 123.4 (C6), 78.4 (C3), 63.8, 

56.9, 50.0, 44.2, 38.9, 37.6, 37.0, 36.7, 2 × 31.9 (overlap), 31.7, 27.4, 
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24.6, 23.0, 21.2, 19.4 (C19), 13.4 (C18). The NMR analysis is consistent with the previous report.291 

LRMS (ESI neg): m/z 387.1 (100%, [M-H]-). Purity 99.9% (HPLC Method B, tR = 9.55 min).  

20-Oxopregn-5-en-3β-yl Hemimalonate (40) 

Compound 40 was taken from the group deposit, with the appearance 

of fine white powder. Selected 1H NMR (400 MHz, CDCl3): δ 5.43–

5.34 (m, 1H, H-6), 4.73–5.68 (m, 1H, H-3), 3.42 (s, 2H, H-2'), 2.54 

(t, J = 8.8, 1H, H-17), 2.13 (s, 3H, H-21), 1.02 (s, 3H, H-19), 0.63 (s, 

3H, H-18). 13C NMR (101 MHz, CDCl3): δ 209.9 (C20), 169.5 (C3'), 

167.4 (C1'), 139.3 (C5), 122.9 (C6), 76.0 (C3), 63.8 (C17), 56.9, 

49.9, 44.1, 40.4, 38.9, 37.9, 37.0, 36.7, 2 × 31.9 (overlap), 31.7, 27.6, 24.6, 22.9, 21.1, 19.4 (C19), 

13.3 (C18). The NMR analysis is consistent with the previous report.291 LRMS (ESI neg): m/z 357.1 

(100%, [M-CO2-H]-), 401.0 (90%, [M-H]-). Purity 99.9% (HPLC Method B, tR = 8.26 min). 

20-Oxopregn-5-en-3β-yl Hemiglutarate (41) 

Compound 41 was taken from the group deposit, with the 

appearance of fine white powder. Selected 1H NMR (400 MHz, 

CDCl3): δ 5.42–5.32 (m, 1H, H-6), 4.67–4.60 (m, 1H, H-3), 2.54 

(t, J = 8.9, 1H, H-17), 2.43 (t, J = 7.3, 2H,  H-4'), 2.37 (t, J = 7.3, 

2H, H-2'), 2.12 (s, 3H, H-21), 1.96 (p, J = 7.3, 2H, H-3'), 1.02 (s, 

3H, H-19), 0.63 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 

209.8 (C20), 177.9 (C5'), 172.4 (C1'), 139.7 (C5), 122.5 (C6), 74.1 (C3), 63.8 (C17), 56.9, 50.0, 44.1, 

38.9, 38.2, 37.1, 36.7, 33.6, 32.9, 2 × 31.9 (overlap), 31.7, 27.8, 24.6, 22.9, 21.1, 20.0, 19.4 (C19), 

13.3 (C18). The NMR analysis is consistent with the previous report.291 LRMS (ESI neg): m/z 429.3 

(100%, [M-H]-). Purity 99.9% (HPLC Method B, tR = 14.40 min). 

20-Oxopregn-5-en-3β-yl Hemiadipate (42) 

Compound 42 was taken from the group deposit, with the 

appearance of fine white powder. Selected 1H NMR 

(400 MHz, CDCl3): δ 5.40−5.32 (m, 1H, H-6), 4.67–4.58 (m, 

1H, H-3), 2.53 (t, J = 9.0, 1H, H-17), 2.40−2.28 (m, 4H, H-2' 

and H-5'), 2.12 (s, 3H, H-21), 1.02 (s, 3H, H-19), 0.63 (s, 3H, 

H-18). 13C NMR (101 MHz, CDCl3): δ 209.7 (C20), 178.0 

(C6'), 172.8 (C1'), 139.8 (C5), 122.5 (C6), 73.9 (C3), 63.8 (C17), 56.9, 50.0, 44.1, 38.9, 38.2, 37.1, 

36.7, 34.3, 33.5, 2 × 31.9 (overlap), 31.7, 27.9, 24.6, 24.5, 24.2, 22.9, 21.2, 19.4 (C19), 13.3 (C18). 

The NMR analysis is consistent with the previous report.291 LRMS (ESI neg): m/z 443.4 (100%, 

[M-H]-). Purity 99.9% (HPLC Method B, tR = 16.37 min). 

20-Oxopregn-5-en-3β-yl Hemipimelate (43)  

Compound 43 was taken from the group deposit, with the 

appearance of fine white powder. Selected 1H NMR 

(400 MHz, CDCl3): δ 5.40−5.31 (m, 1H, H-6), 4.69–4.58 

(m, 1H, H-3), 2.53 (t, J = 8.9, 1H, H-17), 2.26−2.39 (m, 4H, 

H-2' and H-6'), 2.12 (s, 3H, H-21), 1.02 (s, 3H, H-19), 0.63 
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(s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 209.7 (C20), 178.5 (C7'), 173.1 (C1'), 139.8 (C5), 

122.4 (C6), 73.8 (C3), 63.8 (C17), 56.9, 50.0, 44.1, 38.9, 38.2, 37.1, 36.7, 34.5, 33.7, 2 × 31.9 

(overlap), 31.7, 28.6, 27.9, 24.7, 24.6, 24.4, 22.9, 21.1, 19.4 (C19), 13.3 (C18). The NMR analysis is 

consistent with the previous report.291 LRMS (ESI neg): m/z 457.3 (100%, [M-H]-). Purity 99.9% 

(HPLC Method B, tR = 18.07 min).  

20-Oxopregn-5-en-3β-yl Hemisuberate (44) 

Compound 44 was taken from the group deposit, with the 

appearance of fine white powder. Selected 1H NMR 

(400 MHz, CDCl3): δ 5.80−5.72 (m, 1H, H-6), 4.66–4.51 

(m, 1H, H-3), 2.53 (t, J = 9.0, 1H, H-17), 2.37−2.22 (4H, 

m, H-2' and H-7'), 2.12 (s, 3H, H-21), 1.02 (s, 3H, H-19), 

0.63 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 209.7 

(C20), 178.6 (C8'), 173.3 (C1'), 139.8 (C5), 122.4 (C6), 73.7 (C3), 63.8 (C17), 56.9, 50.0, 44.1, 38.9, 

38.2, 37.1, 36.7, 34.7, 33.9, 2 × 31.9 (overlap), 31.7, 28.89, 28.83, 27.9, 24.9, 24.6, 24.6, 22.9, 21.1, 

19.4 (C19), 13.3 (C18). The NMR analysis is consistent with the previous report.291 LRMS (ESI neg): 

m/z 471.3 (100%, [M-H]-). Purity 99.9% (HPLC Method B, tR = 19.38 min).  

17α-Methylandrost-5-en-3β,17β-diol (45) 

Compound 45 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 5.35 (dt, J = 5.3, 

1.9 Hz, 1H, H-6), 3.57–3.43 (m, 1H, H-3), 1.21 (d, J = 0.9 Hz, 3H, H-1'), 

1.03 (s, 3H, H-19), 0.87 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 141.0 

(C5), 121.6 (C6), 81.9 (C17), 71.9 (C3), 51.2, 50.3, 45.4, 42.4, 39.1, 37.4, 

36.7, 33.0, 31.8, 31.8, 31.7, 25.9 (C1'), 23.5, 20.9, 19.6 (C19), 14.0 (C18). The NMR analysis is 

consistent with the previous report.292 LRMS (APCI pos): m/z 269.2 (100%, [M-2H2O+H]+), 287.0 

(60%, [M-H2O+H]+). Purity 95.0% (HPLC Method B, tR = 12.87 min). 

19-Hydroxy-17-oxoandrost-5-en-3β-yl Acetate (46) 

Compound 46 was taken from the group deposit, with the appearance of fine 

white powder. Selected 1H NMR (401 MHz, CDCl3): δ 5.81 (dt, J = 5.3, 

2.0 Hz, 1H, H-6), 4.64 (tt, J = 11.5, 4.8 Hz, 1H, H-3), 3.88 (d, J = 11.5 Hz, 

1H, Ha-19), 3.63 (dd, J = 11.2, 5.9 Hz, 1H, Hb-19), 2.51–2.39 (m, 2H, H-16), 

2.03 (s, 3H, H-2'), 0.93 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 221.2 

(C17), 170.6 (C1'), 135.0 (C5), 127.7 (C6), 73.4 (C3), 62.9 (C19), 52.6, 50.5, 47.9, 41.8, 38.3, 35.9, 

33.4, 33.1, 31.8, 30.3, 28.2, 21.8, 21.5 (C2'), 21.1, 14.1 (C18). The NMR analysis is consistent with 

the previous report.293 LRMS (APCI pos): m/z 287.0 (100%, [M-AcOH+H]+), 495.4 (25%, [M+H]+). 

Purity 96.3% (HPLC Method B, tR = 10.47 min). 
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Methyl 3α,7α-Dihydroxy-5β-cholan-24-oate (57), (Methyl Chenodeoxycholate) 

Chenodeoxycholic acid (10.0 g, 25.47 mmol) and concentrated H2SO4 

(98%, 1 mL) were dissolved in MeOH (150 mL), and the mixture was 

refluxed for 8 hours. Reaction was then quenched by adding saturated 

aqueous solution of NaHCO3 until approximately pH 7 was achieved. 

The solvent was partially evaporated, reducing the volume to 

approximately half of the original solution, and extracted with CHCl3 

(3 × 150 mL). Combined organic fractions were washed with a 

saturated solution of NaHCO3 (2 × 150 mL), water (100 mL), brine (100 mL), and dried over 

anhydrous Na2SO4. After filtration and solvent evaporation, yellow oil was obtained (10.5 g). Column 

chromatography on silica gel (acetone/hexanes, 1:3) gave 57 as gum material (10.3 g, 99%). TLC: 

Rf 0.28 (EtOAc/hexanes, 1:1). [α]D: +11.0 (c 0.23, CHCl3), lit.
294 +12.4 (c 0.5, CHCl3). 

1H NMR (400 

MHz, CDCl3): δ 3.87–3.82 (m, 1H, H-7), 3.66 (s, 3H, H-25), 3.51–3.39 (m, 1H, H-3), 2.39–2.29 (m, 

1H, H-8), 2.27–2.16 (m, 2H, H-23), 0.92 (d, J = 6.5 Hz, 3H, H-21), 0.85 (s, 3H, H-19), 0.65 (s, 3H, 

H-18). 13C NMR (101 MHz, CDCl3): δ 174.9 (C24), 72.2 (C3), 68.7 (C7), 55.9, 51.6 (C25), 50.6, 42.8, 

41.6, 40.0, 39.8, 39.6, 35.5, 35.5, 35.2, 35.7, 33.0, 31.2, 31.1, 30.8, 28.3, 23.9, 22.9, 20.7 (C19), 18.4 

(C21), 11.9 (C18). IR: (CHCl3) 3613 (O-H), 1731 (C=O), 1234 (C-O), 1076 (C-OH). LRMS (ESI 

pos): m/z 371.2 (100%, [M-2H2O+H]+), 389.1 (10%, [M-H2O+H]+), 407.1 (5%, [M+H]+), 424.1 (10%, 

[M+NH4]
+). HRMS (ESI pos): m/z calcd for C25H42O4Na [M+Na]+: 429.2975, found: 429.2976. Calcd 

for C25H42O4: 73.85% C, 10.41% H, found: 73.83% C, 10.43% H. Purity 99.9% (HPLC Method B, tR = 

16.34 min). 

Methyl 7α-Hydroxy-3-oxo-5β-cholan-24-oate (58), Methyl 3α-Hydroxy-7-oxo-5β-cholan-

24-oate (59), and Methyl 3,7-Dioxo-5β-cholan-24-oate (60) 

3α-Hydroxy-7-oxo-5β-cholan-24-oic acid (57, 6.80 g, 16.72 mmol) was dissolved in acetone (200 mL) 

and the solution was cooled to 0 °C in the ice bath. Next, the Jones reagent was slowly added dropwise 

(2.67 M, 0.75 equiv., 4.7 mL, 12.54 mmol). The reaction mixture was stirred at 0 °C for 30 min. Then, 

it was quenched with isopropanol (5 mL). Organic solvents were partially evaporated in vacuo to half 

the original volume. The products were extracted with CHCl3 (3 × 100 mL). Combined organic 

fractions were washed with a saturated solution of NaHCO3 (2 × 100 mL), water (100 mL), brine 

(100 mL), and dried over anhydrous Na2SO4. After filtration and solvent evaporation, thick yellow oil 

(6.95 g) was obtained. The purification of the crude material by column chromatography on silica gel 

(acetone/PE, 17:83) afforded 58 (0.40 g, 6%), 59 (3.75 g, 55%), and 60 (1.70 g, 25%) as oils: 

58: The material (0.40 g) was crystallized from hot EtOAc (60 °C, 

1 mL) to afford tiny flakes (290 mg). Crystals were further 

recrystallized from HPLC grade acetone (1 mL), washed with dry 

pentane (3 × 10 mL), and dried to constant weight, affording small 

prism-shaped crystals of 58 (210 mg, 3%). TLC: Rf 0.48 (EtOAc/PE, 

1:1). Mp: 110–114 °C (acetone), lit.295 123–126 °C (Et2O). [α]D: +2.7 

(c 0.400, CHCl3), lit.295 +20.7 (c 1.46, CHCl3). Selected 1H NMR 

(400 MHz, CDCl3): δ 3.92 (ddd, J1,2,3 = 3.0 Hz, 1H, H-7), 3.66 (s, 3H, H-25), 3.39 (t, J = 15.2 Hz, 1H, 

Ha-4), 1.00 (s, 3H, H-19), 0.93 (d, J = 6.4 Hz, 3H, H-21), 0.70 (s, 3H, H-18). 13C NMR (100 MHz, 
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CDCl3): δ 213.3 (C3), 174.9 (C24), 68.6 (C7), 55.9 (C17), 51.7 (C25), 50.5, 45.8, 43.3, 42.9 (C13), 

39.7, 39.5, 37.1, 37.0, 35.53, 35.48 (C10), 34.0, 33.4, 31.14, 31.09, 28.3, 23.8, 22.1 (C19), 21.1, 18.4 

(C21), 11.9 (C18). LRMS (ESI pos): m/z 387.2 (100%, [M-H2O+H]+), 405.2 (10%, [M+H]+), 422.1 

(85%, [M+NH4]
+). HRMS (ESI pos): m/z calcd for C25H40O4Na [M+Na]+: 427.2819, found: 427.2819. 

Calcd for C25H40O4: 74.22% C, 9.97% H, found: 74.44% C, 9.78% H. Purity 99.9% (HPLC Method B, 

tR = 17.47 min). 

59: The material (3.75 g) was crystallized from boiling EtOAc 

(40 mL). Crystals were washed with dry pentane (3 × 10 mL) and 

dried to constant weight to obtain prism-shaped crystals of 59 (3.26 g, 

48%). TLC: Rf 0.27 (EtOAc/PE, 1:1). Mp: 108–110 °C (EtOAc), lit.295 

107–109 °C, (Et2O/pentane). [α]D: -33.8 (c 0.20, CHCl3), lit.
295 -38.0 (c 

1.63, CHCl3). Selected 1H NMR (400 MHz, CDCl3): δ 3.66 (s, 3H, 

H-25), 3.60 (tt, J = 10.6, 4.6 Hz, 1H, H-3), 2.85 (dd, J = 12.5, 6.0 Hz, 

1H, Ha-6), 1.19 (s, 3H, H-19), 0.91 (d, J = 6.4 Hz, 3H, H-21), 0.65 (s, 3H, H-18). 13C NMR (101 MHz, 

CDCl3): δ 212.1 (C7), 174.8 (C24), 71.1 (C3), 54.9, 51.6 (C25), 49.7, 49.0, 46.2, 45.5, 42.9, 42.8, 

39.1, 37.6, 35.4, 35.3, 34.3, 31.2, 31.1, 30.0, 28.4, 25.0, 23.2 (C19), 21.8, 18.5 (C21), 12.2 (C18). 

LRMS (ESI pos): m/z 387.1 (55%, [M-H2O+H]+), 405.1 (80%, [M+H]+), 422.1 (100%, [M+NH4]
+). 

HRMS (ESI pos): m/z calcd for C25H40O4Na [M+Na]+: 427.2819, found: 427.2808.  Calcd for 

C25H40O4: 74.22% C, 9.97% H, found: 74.20% C, 9.98% H. Purity 99.9% (HPLC Method B, 

tR = 14.75 min). 

60: The material (1.70 g) was crystallized from warm MeOH (10 mL). 

The obtained needle crystals (1.25 g) were further recrystallized from 

HPLC grade acetone (5 mL), washed with dry pentane (3 × 10 mL), and 

dried to constant weight to obtain colorless needle crystals of compound 

60 (1.08 g, 16%). TLC: Rf 0.55 (EtOAc/PE, 1:1). Mp: 160–164 °C 

(acetone), lit.295 163–166 °C, (acetone/Et2O). [α]D: -32.1 (c 0.296, 

CHCl3), lit.294 -38.9 (c 0.55, CHCl3). Selected 1H NMR (401 MHz, 

CDCl3): δ 3.66 (s, 3H, H-25), 2.87 (dd, J = 12.9, 5.5 Hz, 1H, Ha-6), 2.49 (t, J = 11.3 Hz, 1H, H-8), 

1.30 (s, 3H, H-19), 0.92 (d, J = 6.5 Hz, 3H, H-21), 0.69 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 

211.3 (C7), 210.4 (C3), 174.8 (C24), 54.9 (C17), 51.7 (C25), 49.7 (C8), 49.0 (C14), 47.9 (C5), 45.1 

(C6), 43.1, 43.0 (C9), 42.8 (C13), 39.0 (C12), 36.9, 35.6 (C1), 35.6 (C10), 35.3 (C20), 31.2 (C23), 

31.1 (C22), 28.4, 24.9, 22.6 (C19), 22.3, 18.5 (C21), 12.2 (C18). LRMS (ESI pos): m/z 403.3 (100%, 

[M+H]+). HRMS (ESI pos): m/z calcd for C25H38O4Na [M+Na]+: 425.2662, found: 425.2664. Calcd 

for C25H38O4: 74.59% C, 9.51% H, found: 74.43% C, 9.31% H. Purity 99.9% (HPLC Method B, tR = 

15.61 min). 
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3α-Hydroxy-7-oxo-5β-cholan-24-oic Acid (61) 

Methyl 3α-hydroxy-7-oxo-5β-cholan-24-oate (59, 8.2 g, 20.27 mmol) 

was dissolved in 300 mL of 5% NaOH in MeOH/H2O (1:1) and heated 

to 50 °C. After 2 h, HCl (aqueous 1M  solution) was added dropwise to 

pH 3. The product was extracted with EtOAc (3 × 200 mL), combined 

organic extracts were washed with brine (300 mL) and dried over 

anhydrous Na2SO4. After solvent evaporation, the oily residue (8.2 g) 

was purified by flash chromatography (EtOAc/hexanes/AcOH, 30:70:1) and further crystallized from 

boiling EtOAc to afford 61 (7.6 g, 96%). TLC: Rf 0.43 (acetone/hexanes/AcOH, 40:60:1). Mp: 202–

203 °C (EtOAc), lit.224 202–203 °C (no solvent given). [α]D: -29.6 (c 0.28, MeOH). 1H NMR (401 

MHz, CD3OD): δ 3.53 (tt, J = 10.5, 4.7 Hz, 1H, H-3), 2.99 (ddd, J = 12.5, 6.0, 1.1 Hz, 1H, H-6a), 2.54 

(t, J = 11.3 Hz, 1H, H-8), 1.23 (s, 3H, H-19), 0.96 (d, J = 6.5 Hz, 3H, H-21), 0.71 (s, 3H, H-18). 
13C NMR (101 MHz, CD3OD): δ 215.1 (C7), 178.1 (C24), 71.5 (C3), 56.3, 50.7, 50.4, 47.5, 46.4, 44.4, 

43.8, 40.3, 38.2, 36.6, 36.3, 35.2, 32.3, 32.0, 30.6, 29.3, 25.8, 23.5, 22.8, 18.8, 12.5. LRMS (ESI neg): 

m/z 389.3 (100%, [M-H]-), 435.3 (5%, [M+FA-H]-), 779.5 (3%, [2M-H]-). HRMS (ESI neg): m/z calcd 

for C24H37O3 [M-H]-: 389.26938, found: 389.26973. Calcd for C24H38O4: 73.81% C, 9.81% H, found: 

73.72% C, 9.57% H. Purity 99.9% (HPLC Method B, tR = 9.46 min). 

3α,7α-Dihydroxy-7β-methyl-5β-cholan-24-oic Acid (62) 

Compound 62 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 62 was obtained as a white 

solid (153 mg, 29%). TLC: Rf 0.28 (MeOH/DCM/AcOH, 5:95:1). Mp: 

85–88 °C (DCM/MeOH, 200:1), lit.216 96–99 °C (no solvent given). 

[α]D: +29.9 (c 0.15, MeOH). Selected 1H NMR (401 MHz, CDCl3): δ 

3.49 (tt, J = 11.0, 4.5 Hz, 1H, H-3), 1.22 (s, 3H, H-1'), 0.95 (d, J = 6.4 

Hz, 3H, H-21), 0.87 (s, 3H, H-19), 0.68 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 179.0 (C24), 

73.2 (C7), 72.1 (C3), 54.9, 51.5, 44.4, 44.2, 43.3, 42.1, 40.2, 38.5, 36.2, 35.7, 35.5, 34.7, 33.7, 31.0, 

30.9, 30.5, 28.6, 28.2, 23.0, 21.4, 18.6, 12.4. LRMS (ESI neg): m/z 405.3 (100%, [M-H]-), 451.3 

(11%, [2M-H]-). HRMS (ESI neg): m/z calcd for C25H41O4 [M-H]-: 405.30103, found: 405.30043. 

Calcd for C25H42O4: 73.85% C, 10.41% H, found: 73.56% C, 10.52% H. HPLC Method B (ESI neg, 

tR = 12.66 min). Purity 95.6% (HPLC method A, tR = 6.53 min).  

3α,7α-Dihydroxy-7β-ethyl-5β-cholan-24-oic Acid (63) 

Compound 63 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 63 was obtained as a white 

solid (254 mg, 47%). TLC: Rf 0.21 (EtOAc/hexanes/AcOH, 50:50:1). 

Mp: 112–114 °C (EtOAc), lit.216 102–103 °C (no solvent given). [α]D: 

+32.8 (c 0.27, MeOH). 1H NMR (401 MHz, CD3OD): δ 3.41 (tt, 

J = 11.2, 4.5 Hz, 1H, H-3), 0.97 (d, J = 6.5 Hz, 3H, H-21), 0.91–0.83 

(m, 6H, H-19 and H-2'), 0.74 (s, 3H, H-18). 13C NMR (101 MHz, CD3OD): δ 178.3 (C24), 76.1 (C7), 

72.8 (C3), 56.4, 52.6, 45.3, 43.3, 41.6, 40.7, 39.8, 39.4, 37.8, 37.3, 36.9, 36.7, 35.6, 32.3, 32.1, 31.2, 
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29.3, 27.8, 23.4, 22.6, 19.0, 12.6, 9.9. LRMS (ESI neg): m/z 419.3 (100%, [M-H]-), 465.3 (60%, 

[M+FA-H]-), 479.3 (44%, [M+AcOH-H]-), 839.6 (75%, [2M-H]-). HRMS (ESI neg): m/z calcd for 

C26H43O4 [M-H]-: 419.31668, found: 419.31647. Calcd for C26H44O4: 74.24% C, 10.54% H, found: 

74.01% C, 10.38% H. HPLC Method B (ESI neg, tR = 14.36 min). Purity 95.6% (HPLC method A, tR = 

6.44 min).  

3α,7α-Dihydroxy-7β-vinyl-5β-cholan-24-oic Acid (64) 

Compound 64 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 64 was obtained as a white 

solid. (273 mg, 51%). TLC: Rf 0.24 (EtOAc/hexanes/AcOH, 50:50:1). 

Mp: 90–95 °C (DCM/MeOH, 200:1). [α]D: +9.3 (c 0.10, CHCl3). 

Selected 1H NMR (401 MHz, CDCl3): δ 5.92 (dd, J = 17.3, 10.7 Hz, 

1H, H-1'), 5.15 (dd, J = 17.3, 1.1 Hz, 1H, H(z)-2'), 4.91 (dd, J = 10.8, 1.0 

Hz, 1H, H(E)-2'), 3.55–3.45 (m, 1H, H-3), 0.96–0.87 (m, 6H, H-19 and H-21), 0.67 (s, 3H, H-18). 13C 

NMR (101 MHz, CDCl3): δ 179.3 (C24), 150.3 (C1'), 110.2 (C2'), 75.8 (C7), 72.1 (C3), 55.1, 51.2, 

43.8, 43.7, 41.8, 41.3, 40.0, 38.7, 35.6, 35.5, 35.2, 34.6, 31.0, 30.9, 30.5, 28.5, 27.9, 22.9, 21.1, 18.5, 

12.3. LRMS (ESI neg): m/z 417.3 (80%, [M-H]-), 463.3 (100%, [M+FA-H]-), 477.3 (50%, [M+AcOH-

H]-), 835.6 (35%, [2M-H]-). HRMS (ESI neg): m/z calcd for C26H41O4 [M-H]-: 417.30103, found: 

417.30066. Calcd for C26H42O4: 74.60% C, 10.11% H, found: 74.21% C, 10.21% H. HPLC Method B 

(ESI neg, tR = 13.22 min). Purity 96.5% (HPLC method A, tR = 6.00 min). 

7β-Ethynyl-3α,7α-dihydroxy-5β-cholan-24-oic Acid (65) 

Compound 65 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 65 (370 mg) was obtained 

as a white solid that was re-dissolved in DCM (7 mL). After gentle 

evaporation with nitrogen blow-down, the precipitate formed. The solid 

material was filtered, washed with HPLC grade pentane (3 × 5 mL), 

and dried by high vacuum to obtain 65 as a fine white powder (337 mg, 

63%). TLC: Rf 0.35 (MeOH/DCM/AcOH, 5:95:1). Mp: 122–125 °C (DCM/MeOH, 200:1). [α]D: 

+48.6 (c 0.15, MeOH). Selected 1H NMR (401 MHz, CDCl3): δ 3.50–3.37 (m, 1H, H-3), 2.40 (s, 1H, 

H-2'), 0.92 (d, J = 6.6 Hz, 3H, H-21), 0.91 (s, 3H, H-19), 0.69 (s, 3H, H-18). 13C NMR (101 MHz, 

CDCl3): δ 177.4 (C24), 90.7 (C1'), 71.73 (C2'), 71.68 (C7), 69.2 (C3), 55.2, 50.9, 43.7, 43.5, 42.8, 

41.6, 39.8, 38.2, 35.4, 35.3, 34.9, 34.4, 30.9, 30.9, 30.3, 28.4, 26.2, 22.8, 20.9, 18.4, 12.1. LRMS (ESI 

neg): m/z 415.3 (100%, [M-H]-), 461.3 (10%, [M+FA-H]-). HRMS (ESI neg): m/z calcd for C26H39O4 

[M-H]-: 415.28538, found: 415.28490. Calcd for C26H40O4: 74.96% C, 9.68% H, found: 74.59% C, 

9.95% H. HPLC Method B (ESI neg, tR = 12.27 min). Purity 95.4% (HPLC method A, tR = 5.78 min). 
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3α,7α-Dihydroxy-7β-propyl-5β-cholan-24-oic Acid (66) 

Compound 66 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 66 was obtained as a white 

solid (203 mg, 36%). TLC: Rf 0.26 (MeOH/DCM/AcOH, 5:95:1). Mp: 

100–105 °C (DCM/MeOH, 200:1), lit.216 102–103 °C (no solvent 

given). [α]D: +30.1 (c 0.13, CHCl3). Selected 1H NMR (401 MHz, 

CDCl3): δ 3.49 (tt, J = 11.0, 4.5 Hz, 1H, H-3), 0.94 (d, J = 6.4 Hz, 3H, 

H-21), 0.88 (t, J = 6.9 Hz, 3H, H-3'), 0.84 (s, 3H, H-19), 0.70 (s, 3H, H-18). 13C NMR (101 MHz, 

CDCl3): δ 179.2 (C24), 75.4 (C7), 72.1 (C3), 54.9, 51.6, 47.6, 44.4, 41.8, 40.5, 40.3, 39.7, 38.8, 36.3, 

35.7, 35.5, 34.5, 31.1, 30.9, 30.5, 28.5, 27.1, 22.9, 21.6, 18.6, 18.5, 14.7, 12.4. LRMS (ESI neg): m/z 

433.3 (100%, [M-H]-), 479.3 (6%, [M+FA-H]-). HRMS (ESI neg): m/z calcd for C27H45O4 [M-H]-: 

433.33233, found: 433.33180. Calcd for C27H46O4: 74.61% C, 10.67% H, found: 74.32% C, 10.69% 

H. HPLC Method B (ESI neg, tR = 16.63 min). Purity 97.8% (HPLC method A, tR = 6.27 min).  

7β-Allyl-3α,7α-dihydroxy-5β-cholan-24-oic Acid (67) 

Compound 67 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 67 was obtained as a white 

solid (220 mg, 40%). TLC: Rf 0.29 (EtOAc/hexanes/AcOH, 50:50:1). 

Mp: 90–93 °C (DCM/MeOH, 200:1). [α]D: +42.9 (c 0.11, CHCl3). 

Selected 1H NMR (401 MHz, CDCl3): δ 5.82 (ddt, J = 17.3, 10.1, 7.4 

Hz, 1H, H-2'), 5.10 (dd, J = 10.2, 2.2 Hz, 1H, H(E)-3'), 5.04 (dd, J = 

17.1, 2.1 Hz, 1H, H(Z)-3'), 3.50 (tt, J = 11.1, 4.5 Hz, 1H, H-3), 0.95 (d, J = 6.4 Hz, 3H, H-21), 0.82 (s, 

3H, H-19), 0.70 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 179.0 (C24), 134.8 (C2'), 118.6 (C3'), 

74.8 (C7), 72.1 (C3), 54.9, 51.7, 48.9, 44.4, 41.7, 41.2, 40.4, 39.8, 38.6, 36.6, 35.7, 35.5, 34.5, 31.0, 

30.9, 30.5, 28.5, 27.7, 22.9, 21.6, 18.6, 12.4. LRMS (ESI neg): m/z 431.3 (100%, [M-H]-), 477.3 

(50%, [M+FA-H]-), 491.3 (35%, [M+AcOH-H]-), 863.6 (45%, [2M-H]-). HRMS (ESI neg): m/z calcd 

for C27H43O4 [M-H]-: 431.31668, found: 431.31629. Calcd for C27H44O4: 74.96% C, 10.25% H, found: 

74.68% C, 10.35% H. HPLC Method B (ESI neg, tR = 14.92 min). Purity 96.0% (HPLC method A, 

tR = 8.45 min). 

3α,7α-Dihydroxy-7β-isopropyl-5β-cholan-24-oic Acid (68) 

Compound 68 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 68 was obtained as a white 

solid (200 mg, 36%). Crystallization from DCM/MeOH (2 mL/1 drop) 

afforded cubic tiny crystals of 68 (40 mg). TLC: Rf 0.56 

(MeOH/DCM/AcOH, 5:95:1). Mp: 95–100 °C (DCM/MeOH, 200:1). 

[α]D: +34.0, c 0.19, CHCl3. Selected 1H NMR (401 MHz, CDCl3): 

δ 3.50 (tt, J = 11.1, 4.6 Hz, 1H, H-3), 0.95 (d, J = 6.4 Hz, 3H, H-21), 0.89 (d, J = 5.5 Hz, 3H, H-2'), 

0.87 (d, J = 5.5 Hz, 3H, H-2'), 0.83 (s, 3H, H-19), 0.72 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): 

δ 179.3 (C24), 77.48 (C7, CDCl3 overlap), 72.1 (C3), 54.8, 51.6, 44.6, 41.2, 40.4, 39.1, 39.1, 36.9, 
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36.6, 35.8, 35.5, 34.4, 31.8, 31.1, 30.9, 30.5, 28.4, 27.3, 22.9, 21.7, 18.8, 18.6, 16.7, 12.4. LRMS (ESI 

neg): m/z 433.3 (100%, [M-H]+), 479.3 (4%, [M+FA-H]+). HRMS (ESI neg): m/z calcd for C27H45O4 

[M-H]+: 433.33233, found: 433.33195. Calcd for C27H46O4: 74.61% C, 10.67% H, found: 74.59% C, 

10.70% H. HPLC Method B (ESI neg, tR = 15.70 min). Purity 99.1% (HPLC method A, tR = 7.97 min). 

7β-Cyclopropyl-3α,7α-dihydroxy-5β-cholan-24-oic Acid (69) 

Compound 69 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 69 was obtained as a white 

solid (185 mg, 33%). TLC: Rf 0.38 (MeOH/DCM/AcOH, 10:90:1). 

Mp: 78–82 °C (DCM/MeOH, 200:1). [α]D: +28.3 (c 0.37, CHCl3). 

Selected 1H NMR (401 MHz, CDCl3): δ 3.54–3.42 (m, 1H, H-3), 0.95 

(d, J = 6.4 Hz, 3H, H-21), 0.88 (s, 3H, H-19), 0.69 (s, 3H, H-18), 0.58–

0.12 (m, 4H, H-2'). 13C NMR (101 MHz, CDCl3): δ 179.4 (C24), 72.6 (C7), 72.1 (C3), 54.9, 50.8, 

45.5, 44.4, 41.8, 40.0, 39.1, 38.8, 35.9, 35.7, 35.4, 34.7, 31.2, 30.9, 30.4, 28.6, 27.5, 24.8, 23.0, 21.3, 

18.6, 12.3, 4.5, 2.7. LRMS (ESI neg): m/z 431.3 (65%, [M-H]-), 477.3 (100%, [M+FA-H]-), 491.3 

(56%, [M+AcOH-H]+), 863.6 (37%, [2M-H]-). HRMS (ESI neg): m/z calcd for C27H43O4 [M-H]-: 

431.31668, found: 431.31619. Calcd for C27H44O4: 74.96% C, 10.25% H, found: 74.35% C, 10.64% 

H. HPLC Method B (ESI neg, tR = 15.15 min). Purity 96.2% (HPLC method A, tR = 5.74 min). 

3α,7α-Dihydroxy-7β-(pent-4-en-1-yl)-5β-cholan-24-oic Acid (70) 

Compound 70 was prepared from 3α-hydroxy-7-oxo-5β-cholan-24-oic 

acid (61, 500 mg, 1.28 mmol), as described in General Procedure for 

Grignard Reaction, section 6.1. Compound 70 was obtained as white 

solids (198 mg, 34%). TLC: Rf 0.26 (MeOH/DCM/AcOH, 5:95:1), 87–

90 °C (DCM/MeOH, 200:1), [α]D: +34.9 (c 0.34, CHCl3). Selected 
1H NMR (401 MHz, CDCl3): δ 5.78 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H, 

H-4'), 5.00 (dq, J = 17.2, 1.7 Hz, 1H, H(Z)-5'), 4.97–4.93 (m, 1H, 

H(E)-5'), 3.55–3.43 (m, 1H, H-3), 0.94 (d, J = 6.4 Hz, 3H, H-21), 0.84 (s, 3H, H-19), 0.70 (s, 3H, 

H-18). 13C NMR (101 MHz, CDCl3): δ 179.5 (C24), 138.8 (C4'), 114.9 (C5'), 75.3 (C7), 72.1 (C3), 

54.9, 51.6, 44.5, 44.4, 41.7, 40.7, 40.4, 39.6, 38.8, 36.4, 35.7, 35.5, 34.5, 34.4, 31.2, 30.9, 30.5, 28.5, 

27.3, 24.6, 23.0, 21.6, 18.6, 12.5. LRMS (ESI neg): m/z 459.3 (60%, [M-H]-), 505.4 (100%, 

[M+FA-H]-), 519.4 (47%, [M+AcOH-H]-), 919.7 (45%, [2M-H]-). HRMS (ESI neg): m/z calcd for 

C29H47O4 [M-H]-: 459.34798, found: 459.34770. Calcd for C29H48O4: 75.61% C, 10.50% H, found: 

75.56% C, 10.52% H. HPLC Method B (ESI neg, tR = 17.73 min). Purity 99.4% (HPLC method A, tR = 

4.31 min).  
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3α,7α-Dihydroxy-7β-nonyl-5β-cholan-24-oic Acid (71) 

Compound 71 was prepared from 3α-hydroxy-7-oxo-5β-cholan-

24-oic acid (61, 500 mg, 1.28 mmol), as described in General 

Procedure for Grignard Reaction, section 6.1. Compound 71 was 

obtained as a white solid (235 mg, 35%). TLC: Rf 0.27 

(MeOH/DCM/AcOH, 5:95:1). Mp: 78–80 °C (DCM/MeOH, 

200:1). [α]D: +30.6 (c 0.36, CHCl3). Selected 1H NMR (401 MHz, 

CDCl3): δ 3.49 (tt, J = 11.0, 6.2 Hz, 1H, H-3), 0.94 (d, J = 6.4 Hz, 

3H, H-21), 0.87 (t, J = 6.5 Hz, 3H, H-9'), 0.84 (s, 3H, H-19), 0.70 (s, 3H, H-18). 13C NMR (101 MHz, 

CDCl3): δ 179.2 (C24), 75.4 (C7), 72.1 (C3), 54.9, 51.6, 45.1, 44.4, 41.8, 40.5, 40.4, 39.7, 38.8, 36.4, 

35.7, 35.5, 34.5, 32.1, 31.1, 31.0, 30.9, 30.5, 30.3, 29.7, 29.4, 28.5, 27.2, 25.2, 23.0, 22.8, 21.6, 18.6, 

14.2, 12.4. LRMS (ESI neg): m/z 517.4 (58%, [M-H]-), 563.4 (100%, [M+FA-H]-), 577.4 (60%, 

[M+AcOH-H]-), 1035.9 (69%, [2M-H]-). HRMS (ESI neg): m/z calcd for C33H57O4 [M-H]-: 517.4262, 

found: 517.4258. Calcd for C33H58O4: 76.40% C, 11.27% H, found: 75.96% C, 11.15% H. HPLC 

Method B (ESI neg, tR = 25.75 min). Purity 97.9% (HPLC method A, tR = 4.36 min).  

(E)-7-Ethylidene-3α-hydroxy-5β-cholan-24-oic Acid (75) 

Sodium hydride (3.0 equiv., 60% in mineral oil, 59 mg, 1.48 mmol) was 

added to a solution of ethyltriphenylphosphonium bromide (3.0 equiv., 

550 mg, 1.50 mmol) in dry THF (15 mL) under an inert atmosphere. 

The reaction mixture was refluxed until a deep orange color formed. 

Then, the solution was cooled to 50 °C, and a solution of 3α-hydroxy-7-

oxo-5β-cholan-24-oic acid (61, 200 mg, 0.50 mmol) in dry THF 

(10 mL) was slowly added dropwise. After overnight reflux, the reaction 

mixture was poured into a beaker with crushed ice and extracted with EtOAc (3 × 50 mL). The 

combined organic extracts were washed with water (20 mL), brine (20 mL), dried over Na2SO4, and 

solvents evaporated. The crude product was purified by column chromatography on silica gel 

(MeOH/DCM, 2:98 to 5:95, both solvents with 0.01% formic acid), followed by purification on semi-

preparative HPLC (column: Luna® 5 µm bare-silica 250 × 21.2 mm, isocratic: MeOH/DCM, 3:97, 

15 mL/min, injected: in DCM) afforded compound 75 as a slightly yellowish powder (6 mg, 3%). 

TLC: Rf 0.69 (EtOAc/hexanes/AcOH, 50:50:1). Mp: 67–72 °C (DCM/MeOH, 200:1). 1H NMR 

(500 MHz, CD3OD): δ 5.30 (q, J = 6.7 Hz, 1H, H-1'), 3.58–3.50 (m, 1H, H-3), 1.59–1.56 (m, 3H, 

H-2'), 1.08 (s, 3H, H-19), 0.96 (d, J = 6.5 Hz, 3H, H-21), 0.71 (s, 3H, H-18). 13C NMR (126 MHz, 

CD3OD): δ 176.5 (C24), 140.9 (C6), 115.6 (C1'), 72.0 (C3), 56.4, 51.4, 46.5, 44.3, 44.12, 44.09, 40.5, 

37.1, 37.1, 36.6, 36.1, 32.6, 32.3, 31.8, 31.0, 29.1, 26.5, 24.3, 22.1, 18.9, 13.3, 12.7. LRMS (ESI neg): 

m/z 401.3 (76%, [M-H]-), 447.3 (100%, [M+FA-H]-), 803.6 (10%, [2M-H]-). HRMS (ESI neg): m/z 

calcd for C26H41O3 [M-H]-: 401.3061, found: 401.3062. HPLC Method B (ESI neg, tR = 17.45 min). 

Purity 97.5% (HPLC method A, tR = 5.26 min).  
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3α,7α-Dihydroxy-7β-(phenylethynyl)-5β-cholan-24-oic Acid (76) 

 In round bottom flask (100 mL), under nitrogen and at rt, 3α,7α-

dihydroxy-7β-ethynyl-5β-cholan-24-oic acid (65, 150 mg, 

0.37 mmol), Pd(PPh3)4 (0.1 equiv., 43 mg, 0.04 mmol), CuI (0.2 

equiv., 13 mg, 0.07 mmol), iodobenzene (1.0 equiv., 41 µL, 0.37 

mmol) and TEA (2.4 equiv., 124 µL, 0.9 mmol) were dissolved in dry 

DMF (10 mL) and reaction was stirred 2 hours at 70 °C under 

nitrogen atmosphere. After 18 hours, silica (1.5 g) was added into the 

reaction mixture. After solvent evaporation, the resulting brown 

powder was subjected to flash column chromatography on silica gel 

(MeOH/DCM, 0:100 to 8:92, both solvents with 0.01% formic acid), 

followed by purification on semi-preparative HPLC (Column, Luna® 5 µm bare-silica 250 × 21.2 mm, 

Isocratic MeOH/DCM, 3:97, 20 mL/min, injected in THF) affording compound 76 as a white powder 

(30 mg, 16%). TLC: Rf 0.31 (MeOH/DCM/AcOH, 10:100:1). [α]D: +61.1 (c 0.244, MeOH). 1H NMR 

(401 MHz, CD3OD): δ 7.37–7.08 (m, 5H, 2 × H-4' + 2 × H-5' + H-6'), 3.40 (tt, J = 11.2, 4.5 Hz, 1H, 

H-3), 0.98 (s, 3H, H-19), 0.98 (d, J = 6.5 Hz, 3H, H-21), 0.75 (s, 3H, H-18). 13C NMR (101 MHz, 

CD3OD): δ 179.4 (C24), 132.1 (2 × C4'), 129.4 (2 × C5'), 128.9 (C6'), 125.1 (C3'), 97.9 (C1'), 83.8 

(C2'), 72.7 (C3), 70.2 (C7), 56.8 (C17), 52.2 (C14), 45.4, 44.7 (C13), 43.7, 43.3, 41.4 (C12), 39.4, 

36.8 (C20), 36.6, 36.2, 35.7 (C10), 32.4 (C22 + C23), 31.2, 29.5, 27.5 (C15), 23.5 (C19), 22.1, 19.0 

(C21), 12.5 (C18). IR: (KBr) 3081 (O-H, dimer), 1709 (C=O, COOH, dimer), 2221 (C≡C). LRMS 

(ESI pos): m/z 515.3 (100%, [M+Na]+), 457.3 (33%, [M-2H2O+H]+), 475.3 (30%, [M-H2O+H]+). 

HRMS (ESI pos): m/z calcd for C32H44O4Na [M+Na]+): 515.31318, found: 515.31263. Calcd for 

C32H44O4 78.01% C, 9.00% H, found: 77.81% C, 8.96% H. Purity 99.9% (HPLC Method C, tR = 6.13 

min).  

1-Azido-1,1,2,2,2-pentafluoroethane (79) 

The molecule was synthesized with the help of Lukáš Janecký in Dr. Beier's lab.  

A tree neck round bottom flask was oven-dried overnight (100 °C) and flushed with 

nitrogen/vacuum 3 times. The vessel was closed with rubber septa and wrapped with 

parafilm. Under the backstream of the nitrogen, the vessel was charged with dry THF 

(40 mL). The needle with nitrogen backstream was removed, and through septa, C2F5H (1.0 equiv., 

3.0 g, 25 mmol) was bubbled into THF. Then, the solution was cooled with ethanol/dry ice bath 

(-78°C), and n-BuLi was added slowly dropwise (2.5 M in hexanes, 1.0 equiv., 10.0 mL, 25 mmol, 

addition over 30 minutes). The reaction changed color to deep brown and stirring continued for 30 

minutes at -78 °C. A solution of TsN3 (80, 1.0 equiv., 25 mmol, 3.8 mL dissolved in 10 mL THF) was 

slowly added, which turned the reaction color to pinky-brownish. After 30 minutes at -78 °C, the 

reaction content was distilled (gentle flow of nitrogen, 40–67 °C, 760 torr) and collected as one 

fraction into a cryo-trap (-78 °C). This afforded a clear THF solution of 79 (40 mL, 0.15 M, 30%). The 

concentration and yield of azide were determined by 19F NMR with PhCF3 as an internal standard: 

airtight NMR cuvette was filled with THF solution of unknown azide concentration (100 µL), internal 

standard PhCF3 (10 µL), and CDCl3 (400 µL). The concentration is calculated as a ratio of 
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N3CF2CF3/PhCF3 in 19F NMR experiment. 19F NMR (376 MHz, CDCl3): δ -86.3 (s, 2F, CF2), -94.1 (s, 

3F, CF3). The NMR analysis is consistent with the previous report.220  

The THF solution of 79 was stored in a tightly closed screw-cap vial in a freezer (-20 °C) overnight 

without a noticeable concentration decline. 

4-Methylbenzene-1-sulfonyl Azide (80) 

CAUTION: Sodium azide (NaN3) can decompose explosively above its melting point. It forms 

explosive azides with metals such as Cu, Pb, Hg, Ag, and Au and reacts with acids to form hydrazoic 

acid (HN3), which is a toxic, spontaneously explosive gas. Chlorinated solvents should be avoided. All 

work with NaN3 should be conducted behind a shield and in a fume hood. Excess NaN3 is extracted to 

the water phase and destroyed in a fume hood by oxidation with cerium(IV) ammonium nitrate.296 

The round bottom flask (500 mL) was charged with tosyl chloride (15 g, 

78.7 mmol), acetone (150 mL), magnetic stirring bar and cooled down to 0 °C. 

Then, a solution of sodium azide (1.5 equiv., 7.67 g, 118 mmol, in 50 mL of 

water) was added dropwise through a drip funnel, resulting in a milky white 

solution. The reaction was loosely closed with a cap and left stirring at rt overnight. After 18 hours the 

acetone was evaporated (rotavap, 30 °C). The resulting biphasic system was extracted with Et2O 

(2 × 50 mL), combined organic extracts were washed with water (2 × 50 mL), 10% NaHCO3 (50 mL), 

brine (50 mL) and dried over MgSO4. The mixture was stripped of solvents, and the material was 

further dried on a central vacuum line (20 mbar, overnight, rt) to obtain 80 as a sweet-smelling 

colorless liquid (12.5 g, 81%). The material was used immediately without further purification. 
1H NMR (401 MHz, CDCl3): δ 7.84 (d, J = 8.4 Hz, 2H, H-2), 7.41 (d, J = 8.7, 2H, H-3), 2.48 (s, 3H, 

H-5). The NMR analysis is consistent with the previous report.297 

CAUTION: While Tosyl azide is considered a relatively safe azide, it thermally decomposes above 

120 °C and should be handled at room temperature.298-300 

3α-Hydroxy-7β-(1-(perfluoroethyl)-1H-1,2,3-triazol-4-yl)-5β-cholan-24-oic Acid (81) 

Tear flask (50 mL) was charged with magnetic stirring bar, 3α,7α-

dihydroxy-7β-ethynyl-5β-cholan-24-oic acid (65, 215 mg, 0.53 mmol), 

copper(I) 3-methylsalicylate (2 mol%, 2 mg, 0.01 mmol), and freshly 

prepared solution of 1-azido-1,1,2,2,2-pentafluoroethane (79, 0.15 M in 

THF, 4 equiv., 14.1 mL, 2.12 mmol). The reaction turned slightly blue, 

flask was closed with septa and stirred at rt overnight. After 18 hours, 

silica (1.5 g) was added, and the mixture was stripped of solvents. The 

resulting blue powder was subjected to flash column chromatography 

on silica gel (MeOH/DCM, 0:100 to 8:92, both solvents with 0.01% 

formic acid), followed by purification on semi-preparative HPLC 

(column: Luna® 5 µm bare-silica 250 × 21.2 mm, isocratic: MeOH/DCM, 3:97, 20 mL/min, injected: 

in THF) affording compound 81 as a slightly yellowish powder (130 mg, 41%). TLC: Rf 0.34 

(MeOH/DCM/AcOH, 10:100:1). Mp: 198–203 °C (CHCl3/MeOH, 2 mL:1 drop). [α]D: +11.7 (c 0.205, 

MeOH). Selected 1H NMR (401 MHz, CD3OD): δ 8.18 (s, 1H, H‐5'), 3.44 (tt, J = 11.1, 4.5 Hz, 1H, 

H‐3), 2.45 (dd, J = 11.0, 11.0 Hz, 1H, H‐8), 0.94 (d, J = 6.8 Hz, 3H, H‐21), 0.19–0.04 (m, 1H, Ha‐15). 
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13C NMR (101 MHz, CD3OD): δ 178.2 (C24), 161.9 (C4'), 121.7 (C5'), 74.2 (C‐7), 72.6 (C3), 56.4 

(C‐17), 51.9 (C14), 44.7 (C13), 44.0, 43.9 (C8), 43.4, 41.3 (C12), 39.3, 36.7, 36.6, 36.4, 35.8 (C10), 

32.2 (C22), 31.9 (C23), 31.3, 29.2, 26.8 (C15), 23.5 (C19), 22.2, 18.9 (C21), 12.4 (C18). 19F NMR 

(376 MHz, CD3OD): δ -84.04 (s, 3F, F-2''), -98.52 (d, J = 2.9 Hz, 2F, F-1''). IR (KBr): 3436 (O‐H), 

1713, 1696 (C=O, COOH, dimer), 1344, 1321 (CF3), 1196 (CF2), 3139, 1445, 1235 (=C‐H). LRMS 

(ESI pos): m/z 578.3 (100%, [M+H]+, 600.3 (35%, [M+Na]+). HRMS (ESI pos): m/z calcd for 

C28H40O4N3F5 [M+H]+: 578.30317, found: 518.30086. Calcd for C28H42O4N3F5: 58.22% C, 6.98% H, 

7.27% N, found: 57.22% C, 7.14% H, 5.88% N. Purity 98.9% (HPLC Method C, tR = 5.22 min).  

Methyl 3α,7-Bis[(trimethylsilyl)oxy]-5β-chol-6-en-24-oate (82) 

A solution of n-buthyllithium in hexanes (2.5 M, 6 equiv., 31.6 mL, 

79 mmol) was added to the solution of diisopropylamine (6 equiv., 

10.4 mL, 79 mmol) in dry THF (25 mL) at -78 °C under argon 

atmosphere. After 30 minutes, a solution of trimethylsilyl chloride 

was added dropwise (8 equiv., 18.0 mL, 97 mmol), and the reaction 

mixture was stirred at -78 °C another 10 minutes. Then, a solution 

of methyl 3α-hydroxy-7-oxo-5β-cholan-24-oate in dry THF (59, 

5.01 g, 12 mmol, dissolved in 18 mL of dry THF) was added dropwise. The reaction mixture was then 

stirred at -78 °C for 30 minutes. Triethylamine was added (15 equiv., 24.1 mL, 180 mmol), and the 

reaction was allowed to warm to -20 °C and quenched by adding a saturated aqueous solution of 

NaHCO3 (30 mL). After warming to rt, the water phase was extracted with EtOAc (3 × 50 mL). 

Combined organic fractions were washed with a saturated solution of NaHCO3 (50 mL), water 

(50 mL), brine (50 mL), dried over anhydrous Na2SO4, and the solvent was evaporated to obtain thick 

yellow oil (6.85 g). Fast column chromatography on silica gel (EtOAc/hexanes, 3:97) gave compound 

82 (6.62 g, 97%) as yellow oil, which was used immediately for the next reaction without further 

purification. Selected 1H NMR (401 MHz, CDCl3): δ 4.72 (dd, J = 5.9, 1.9 Hz, 1H, H-6), 3.65 (s, 3H, 

H-25), 3.50 (tt, J = 11.0, 4.5 Hz, 1H, H-3), 2.34 (ddd, J = 15.1, 10.0, 5.0 Hz, 1H, Ha-23), 2.21 (ddd, 

J = 15.5, 9.4, 6.6 Hz, 1H, Hb-23), 0.91 (d, J = 6.3 Hz, 3H, H-21), 0.81 (s, 3H, H-19), 0.67 (s, 3H, 

H-18), 0.15 (s, 6H, OTMS), 0.10 (s, 6H, OTMS). 13C NMR (101 MHz, CDCl3): δ 174.9 (C24), 151.8 

(C6), 109.0 (C7), 71.7 (C3), 55.0 (C17), 54.2, 51.6 (C25), 44.5, 42.8, 41.1, 41.1, 40.5, 40.3, 35.4, 34.8, 

33.1, 31.23, 31.17, 30.8, 28.8, 27.2, 22.7 (C19), 21.1, 18.6 (C21), 12.4 (C18), 0.5 (OTMS), 0.4 

(OTMS). 

Methyl (E/Z)-6-Ethylidene-3α-hydroxy-7-oxo-5β-cholan-24-oate (83)  

Methyl 3α,7-bis[(trimethylsilyl)oxy]-5β-chol-6-en-24-oate (82, 6.60 g, 

12.02 mmol) was dissolved in dry DCM (20 mL) under argon. The 

mixture was cooled down to -78 °C. Then, a solution of acetaldehyde 

in dry DCM (1:9, 20.3 mL, 36.07 mmol) was added dropwise, and the 

mixture was stirred for 10 min. A solution of BF3·Et2O (13.4 mL, 

48.09 mmol) was added dropwise over the course of 1 hour, and the 

reaction was stirred at -78 °C for an additional 2 hours and then 

allowed to warm to rt. The reaction was quenched by adding a saturated aqueous solution of NaHCO3 

(50 mL). The water phase was then extracted with DCM (3 × 50 mL). Combined organic fractions 
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were washed with a saturated solution of NaHCO3 (50 mL), water (50 mL), brine (50 mL), dried over 

anhydrous Na2SO4, and the solvent was evaporated to obtain thick yellow oil (4.90 g). Column 

chromatography on silica gel (EtOAc/hexanes, 1:3) gave compound 83 (4.3 g, 83%), slightly 

yellowish powder as a mixture of E/Z-isomers (E/Z, 2:1 from 1H NMR). TLC: Rf 0.52 

(EtOAc/hexanes, 1:1). Selected 1H NMR (400 MHz, CDCl3): δ 6.18 (q, J = 7.1 Hz, 1H, H-1'), 3.69–

3.62 (m, 4H, H-3 and H-25), 2.58 (dd, J = 13.0, 4.2 Hz, 1H, H-5), 1.69 (d, J = 7.1 Hz, 3H, H-2'), 1.00 

(s, 3H, H-19), 0.93 (d, J = 6.4 Hz, 3H, H-21), 0.64 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 

207.4 (C7), 176.3 (C24), 145.3 (C6), 130.4 (C1'), 70.9 (C3), 55.9, 52.0 (C25), 52.0, 50.1, 46.8, 44.7, 

40.7, 40.2, 38.4, 36.5, 35.8, 35.4, 32.2, 31.8, 30.5, 29.4, 27.0, 23.3 (C19), 22.4, 18.9 (C21), 12.7 (C2'), 

12.5 (C18). IR (CHCl3): 3608 (O-H), 1731 (C=O, COOMe), 1685 (C=O), 1632 (C=C), 1220 (C-O, 

COOMe), 1060 (C-OH). HRMS (EI pos): m/z calcd for C27H42O4 [M+H]+•: 430.3083, found: 

430.3080. Calcd for C27H42O4: 75.31% C, 9.83% H, found: 75.18% C, 9.99% H. 

(E/Z)-6-Ethylidene-3α-hydroxy-7-oxo-5β-cholan-24-oic Acid (84) 

Methyl (E/Z)-6-ethylidene-3α-hydroxy-7-oxo-5β-cholan-24-oate (83, 

700 mg, 1.62 mmol) was dissolved in 50 mL of 5% NaOH in 

MeOH/H2O (1:1) and heated to 50 °C. After 2 hours, HCl (aq. 1M) 

was added dropwise to achieve acidic pH. The product was extracted 

with EtOAc (3 × 40 mL), combined organic extracts were washed with 

water, (30 mL), brine (30 mL), and dried over anhydrous Na2SO4. 

Column chromatography on silica gel (EtOAc/hexanes/AcOH, 

20:80:1) gave off-white powder of 84 (670 mg, 99%) as a mixture of 

E/Z-isomers. (E/Z, 2:1 from 1H NMR). TLC: Rf 0.53 (acetone/hexanes/AcOH, 30:70:1).Selected 
1H NMR (400 MHz, CD3OD): δ 6.08 (q, J = 7.1 Hz, 1H, H-1'), 3.60 (tt, J = 11.1, 4.7 Hz, 1H, H-3), 

2.68 (dd, J = 13.0, 4.3 Hz, 1H, H-5), 1.71 (d, J = 7.1 Hz, 3H, H-2'), 1.04 (s, 3H, H-19), 0.98 (d, J = 6.5 

Hz, 3H, H-21), 0.69 (s, 3H, H-18). 13C NMR (101 MHz, CD3OD): δ 207.6 (C7), 178.1 (C24), 145.4 

(C6), 130.4 (C1´), 71.0 (C3), 56.0, 52.0, 50.2, 46.9 (C5), 44.7, 40.7, 40.3, 38.4, 36.6, 35.8, 35.4, 32.3, 

32.0, 30.5, 29.4, 27.0, 23.2 (C19), 22.4, 18.9 (C21), 12.7 (C2´), 12.4 (C18). IR (CHCl3): 3419 (O-H), 

1707 (C=O, COOH), 1690 (C=O), 1624 (C=C), 1290 (C-O, COOH), 1064 (C-OH). HRMS (ESI neg): 

m/z calcd for C26H39O4 [M-H]-: 415.2854, found: 415.2849. Calcd for C26H39O4: 74.96% C, 9.68% H, 

found: 74.81% C, 9.71% H. 

6α-Ethyl-3α-hydroxy-7-oxo-5β-cholan-24-oic Acid (85) 

(E/Z)-6-Ethylidene-3α-hydroxy-7-oxo-5β-cholan-24-oic acid (84, 

500 mg; 1.16 mmol) was dissolved in EtOH (96%, 20 mL), and Pd/C 

(10%, 1 wt.%, 50 mg) was added. The mixture was hydrogenated at 

1 atm. while being vigorously stirred overnight. The catalyst was 

filtered through diatomaceous earth, and the solvent evaporated. 

Column chromatography on silica gel (EtOAc/hexanes/AcOH, 

30:70:1) yielded compound 85 (473 mg, 95%) as a white powder. For 

crystallization, the material (450 mg) was placed in a 4 mL screw-cap vial and dissolved in an 

acetone/MeOH mixture (2 mL, 100:1). The vial was then placed in a 250 mL jar, which was partially 

filled with water (5 mL). The jar was sealed, and the vial was left to stand in the saturated water vapor 
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for two weeks. The obtained prism-shaped crystals (100 mg) were washed with redistilled 

HPLC-grade pentane (2 × 1 mL) and used for analysis after drying. The mother liquors were 

evaporated to dryness, and the residue was dried in a vacuum oven (1 week, 50 °C, 0.25 kPa) and used 

for further synthesis as such. TLC: RF 0.40 (EtOAc/hexanes/AcOH, 50:50:1) [α]D: -54.5 (c 0.08, 

CHCl3). Mp: 182–184 °C (acetone/MeOH/water). Selected 1H NMR (401 MHz, CD3OD): δ 3.55–3.37 

(m, 1H, H-3), 2.85 (dt, J = 7.7, 5.5 Hz, 1H, H-6), 2.52 (t, J = 11.2 Hz, 1H, H-8), 1.28 (s, 3H, H-19), 

0.98 (d, J = 6.5 Hz, 3H, H-21), 0.84 (t, J = 7.4 Hz, 3H, H-2'), 0.73 (s, 3H, H-18). 13C NMR (101 MHz, 

CD3OD): δ 215.4 (C7), 178.0 (C24), 71.6 (C3), 56.3, 53.2, 52.1, 51.1, 50.4, 45.3, 43.8, 40.3, 36.8, 

36.5, 35.2, 32.5, 32.3, 31.9, 30.5, 29.2, 25.6, 23.9 (C19), 22.9, 20.0, 18.8 (C21), 12.5 (C18), 12.2 

(C2'). IR (KBr): 3439 (O-H), 1729 (C=O, COOMe), 1687 (C=O), 1294 (C-O, COOMe), 1061 

(C-OH). LRMS (ESI neg): m/z 417.5 (100%, [M-H]-). HRMS (ESI pos): m/z calcd for C26H42O4Na 

[M+Na]+: 441.2975, found: 441.2976. Calcd for C26H42O4: 74.60% C, 10.11% H, found: 74.37% C, 

10.09% H. Purity 98.1% (HPLC Method B, tR = 13.35 min). 

6α-Ethyl-3α-hydroxy-7-oxo-5β-cholan-24-oic Acid (86) 

A three-neck round bottom flask (100 mL), equipped with a magnetic 

stirring bar, was heat gun dried, evacuated, backfilled with nitrogen, 

and charged with methylmagnesium bromide (5 equiv., 1.7 mL, 

2.4 mmol, 1.4 M in THF/toluene 1:3) and dry THF (20 mL). A solution 

of 6α-ethyl-3α-hydroxy-7-oxo-5β-cholan-24-oic acid (85, 200 mg, 

0.48 mmol in 5 mL dry THF) was added dropwise at room temperature 

through septa under counterflow of nitrogen. Upon steroid addition, a 

cloud-like precipitate formed. The solution was then vigorously stirred 

and heated to reflux. The progress of the reaction was monitored by TLC. After 2 hours, the reaction 

mixture was acidified to pH 2 (aq. 1 M HCl) and extracted with EtOAc (3 × 15 mL). The combined 

organic extracts were washed with water (20 mL), brine (20 mL), dried over Na2SO4, and the solvents 

were evaporated. The crude product was purified by column chromatography on silica gel 

(MeOH/DCM, 2:98 to 5:95), followed by purification on semi-preparative HPLC (column: Luna® 

5 µm bare-silica 250 × 21.2 mm, isocratic: MeOH/DCM, 3:97, 15 mL/min, injected: in DCM). This 

afforded compound 86 as a white powder (40 mg, 32%). TLC: Rf 0.31 (MeOH/DCM/AcOH, 

100:900:1). [α]D: +9.9 (c 0.131, CHCl3). Selected 1H NMR (401 MHz, CDCl3): δ 3.45 (tt, J = 10.5, 5.0 

Hz, 1H, H-3), 2.45–2.33 (m, 1H, Ha-23), 2.31–2.19 (m, 1H, Hb-23), 1.25 (s, 3H, H-1'), 0.95 (d, J = 6.3 

Hz, 3H, H-21), 0.87 (t, J = 6.5 Hz, 3H, H-2'), 0.84 (s, 3H, H-19), 0.70 (s, 3H, H-18). 13C NMR 

(101 MHz, CDCl3): δ 179.1 (C24), 75.3 (C7), 72.5 (C3), 55.0 (C17), 52.1 (C14), 46.2 (C6), 45.4 (C8), 

44.5 (C13), 42.5 (C5), 40.6 (C12), 37.3 (C9), 36.1 (C1), 35.6 (C20), 34.7 (C10), 32.0 (C4), 31.0 

(C23), 30.9 (C22), 30.5 (C2), 29.6 (C1''), 28.7 (C16), 28.6 (C15), 23.4 (C19), 21.8 (C11), 18.6 (C21), 

17.5 (C1'), 12.7 (C18), 12.2 (C2'). IR (CHCl3): 3611 (O-H), 1708 (C=O, COOH), 3517 (O-H, COOH). 

LRMS (ESI neg): m/z 433.3 (100%, [M-H]-), 479.3 (70%, [M+FA-H]-), 867.7 (65%, [2M-H]-). HRMS 

(ESI neg): m/z calcd for C27H45O4 [M-H]-: 417.30103, found: 417.30072. Calcd for C27H46O4: 76.61% 

C, 10.67% H, found: 74.15% C, 10.31% H. Purity 98.5% (HPLC Method C, tR = 7.64 min).  
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cis-4-tert-Butylcyclohexanol (87) and trans-4-tert-Butylcyclohexanol (88) 

Purification of a commercially available mixture of cis- and trans-4-tert-butylcyclohexanol (Merck, 10 

g, 64 mmol) with flash chromatography (gradient 5% to 50% over 30 column volumes of Et2O in PE) 

gave 87 (2.6 g, 26%) and 88 (7.1 g, 71%). Both crystallized directly from the eluting solvent as small 

needles.  

87: TLC: Rf 0.36 (Et2O/PE, 1:1). Mp: 72–75 °C (Et2O/PE), lit.301 78 °C (no solvent 

given). [α]D: 0 (c 0.367, CHCl3). 
1H NMR (401 MHz, CDCl3): δ 4.09–3.97 (m, 1H, 

H-1), 1.89–1.77 (m, 2H, Ha-2), 1.59–1.26 (m, 6H, Hb-2 and H-3), 0.99 (tt, J = 11.6, 

3.1 Hz, 1H, H-4), 0.85 (s, 9H, H-6). 13C NMR (101 MHz, CDCl3): δ 66.0 (C1), 48.2 

(C4), 33.5 (C3), 32.7 (C5), 27.6 (C6), 21.0 (C2). The NMR analysis is consistent with the previous 

report.301 Calcd for C10H20O: 76.86% C, 12.90% H, found: 76.77% C, 12.74% H. 

88: TLC: Rf 0.24 (Et2O/PE, 1:1). Mp: 74–79 °C (Et2O/PE), lit.301 79 °C (no solvent 

given). [α]D: 0 (c 0.333, CHCl3). 
1H NMR (401 MHz, CDCl3): δ 3.51 (tt, J = 10.9, 

4.4 Hz, 1H, H-1), 2.05–1.94 (m, 2H, Ha-2), 1.84–1.73 (m, 2H, Ha-3), 1.30–1.14 (m, 

2H, Hb-3), 1.12–1.00 (m, 2H, Hb-3), 0.99–0.92 (m, 1H, H-4), 0.84 (s, 9H, H-6). 
13C NMR (101 MHz, CDCl3): δ 71.4 (C1), 47.3 (C4), 36.2 (C2), 32.4 (C5), 27.8 (C6), 25.7 (C3). The 

NMR analysis is consistent with the previous report.301 Calcd for C10H20O: 76.86% C, 12.90% H, 

found: 76.66% C, 12.75% H. 

4-tert-Butylcyclohexanone (89) 

A commercially available mixture of cis- and trans-4-tert-butylcyclohexanol (Merck, 

390 mg, 2.5 mmol) was dissolved in acetone (25 mL), and a solution was cooled to 

0 °C with an ice bath. Jones reagent was added dropwise (2.67 M solution, 1.0 equiv., 

2.5 mmol, 0.94 mL). After 30 minutes of stirring, the reaction mixture was neutralized 

with a saturated solution of aqueous NaHCO3. Then, water was added (25 mL), and the product was 

extracted with DCM (3 × 25 mL). The organic solvent was dried with MgSO4 and evaporated with 

silica gel (2.5 g). The dry load of crude material was purified by flash chromatography on a silica gel 

(gradient 5% to 50% over 30 column volumes of Et2O in PE) to afford 89 as a white powder (238 mg, 

62%). TLC: Rf 0.57 (Et2O/PE, 1:1). Mp: 48–51 °C (Et2O/PE), lit.302 48 °C (no solvent given). [α]D: 0 

(c 0.285, CHCl3). 
1H NMR (401 MHz, CDCl3): δ 2.46–2.21 (m, 4H, H-2), 2.17–1.98 (m, 2H, Ha-3), 

1.54–1.34 (m, 3H, Hb-3 and H-4), 0.91 (s, 9H, H-6). 13C NMR (101 MHz, CDCl3): δ 212.8 (C1), 46.8 

(C4), 41.5 (C2), 32.6 (C5), 27.7 (C6), 27.7 (C3). The NMR analysis is consistent with the previous 

report.303 Calcd for C10H18O: 77.87% C, 11.76% H, found: 77.67% C, 11.50% H.  

Methyl 3α,12α-dihydroxy-5β-cholan-24-oate (90), (Methyl Deoxycholate) 

To a solution of 3α,12α-dihydroxy-5β-cholan-24-oic acid (10.0 g, 

25.47 mmol) in MeOH (200 mL), was dropwise added concentrated 

H2SO4 (98%, 1 mL). The mixture was refluxed for 6 hours. The 

reaction was quenched with a saturated aqueous solution of NaHCO3 

until approximately pH 7 was achieved. The solvent was partially 

evaporated, reducing the volume to approximately half of the original 

volume, and extracted with CHCl3 (3 × 150 mL). Combined organic 
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fractions were washed with saturated solution of NaHCO3 (2 × 150 mL), water (100 mL), brine (100 

mL), dried over anhydrous Na2SO4, and the solvent was evaporated to obtain yellow oil (10.0 g). The 

crude product was purified by column chromatography on silica gel (gradient 50% to 100% over 20 

column volumes of EtOAc in PE) to obtain 90 as oily material (9.4 g, 94%) that solidified upon drying 

with the oil pump. TLC: Rf 0.28 (EtOAc/hexanes, 1:1). [α]D: +42.2, (c 0.332, CHCl3), lit.
304 +41.3 (c 

2, CHCl3). 
1H NMR (400 MHz, CDCl3): δ 3.87–3.81 (m, 1H, H-12), 3.65 (s, 3H, H-25), 3.51–3.40 (m, 

1H, H-3), 2.34 (ddd, J = 15.4, 10.1, 5.2 Hz, 1H, Ha-23), 2.26–2.20 (m, 1H, Hb-23), 0.91 (d, J = 6.5 Hz, 

3H, H-21), 0.89 (s, 3H, H-19), 0.65 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 174.9 (C24), 72.2 

(C3), 68.6 (C12), 55.9 (C17), 51.6 (C25), 50.6, 42.8 (C13), 41.6, 39.9, 39.8, 39.5, 35.5 (C20), 35.5, 

35.2 (C10), 34.7, 33.0, 31.1 (C23), 31.1, 30.7, 28.3, 23.8, 22.9 (C19), 20.7, 18.4 (C21), 11.9 (C18). IR 

(CHCl3): COOMe, 1730 (C=O), 1234 (C-O); 3612 (O-H), 1062 and 1039 (C-OH). HRMS (ESI pos): 

m/z calcd for C25H43O4 [M+H]+: 407.31559, found: 407.31548. Calcd for C25H42O4: 73.85% C, 

10.41% H, found: 72.26% C, 10.27% H. 

Methyl 12α-Hydroxy-3-oxo-5β-cholan-24-oate (91), Methyl 3α-Hydroxy-12-oxo-5β-cholan-

24-oate (92), and Methyl 3,12-Dioxo-5β-cholan-24-oate (93) 

The round bottom flask (100 mL) was charged with methyl 3α,12α-dihydroxy-5β-cholan-24-oate (90, 

1.0 g, 2.5 mmol), DCM (25 mL), and a stirring bar. The mixture was stirred for 30 minutes, and then 

Dess–Martin periodinane (1.0 equiv., 1.06 g, 2.5 mmol) was added in one portion. The mixture was 

left open, stirred at rt for 24 hours. Then, silica gel (2.5 g) was added to the reaction mixture, and 

solvents were evaporated. The dry load of crude material was purified by flash chromatography on a 

silica gel. Elution with a gradient of EtOAc in PE (5% to 50% over 35 column volumes) afforded 

recovery of 90 (42 mg, 4%), 91 (8 mg, 1%), 92 (853 mg, 85%), and 93 (91 mg, 9%). 

91: After solvent evaporation, the product solidified as a white powder 

(8 mg, 1%). TLC: Rf 0.25 (EtOAc/PE, 1:1). [α]D: +56.9 (c 0.379, 

MeOH), lit.305 +51.0 (c 0.5, EtOH). Selected 1H NMR (401 MHz, 

CDCl3): δ 3.92 (q, J = 3.1 Hz, 1H, H-12), 3.66 (s, 3H, H-25), 1.00 (s, 

3H, H-19), 0.93 (d, J = 6.5 Hz, 3H, H-21), 0.69 (s, 3H, H-18). 13C NMR 

(101 MHz, CDCl3): δ 213.4 (C3), 174.9 (C24), 68.6 (C12), 56.0 (C17), 

51.6 (C25), 50.5, 45.8, 43.3, 42.9, 39.7, 39.5, 37.1, 37.0, 35.49, 35.45, 34.0, 33.4, 31.12, 31.09, 28.3, 

23.8, 22.1 (C19), 21.1, 18.4 (C21), 11.9 (C18). The NMR analysis is consistent with the previous 

report.306 HRMS (ESI pos): m/z calcd for C25H40O4Na [M+Na]+: 427.28188, found: 427.28163. Calcd 

for C25H40O4: 74.22% C; 9.97% H, found: 73.88% C, 9.76% H. 

92: Product spontaneously crystalized after chromatography upon 

evaporation of solvents to afford white flakes (853 mg, 85%). TLC: Rf 

0.18 (EtOAc/PE, 3:7). Mp: 115–118 °C (EtOAc/PE), lit.304 112–114 

°C (acetone/H2O). [α]D: -16.5 (c 0.260, MeOH). Selected 1H NMR 

(400 MHz, CDCl3): δ 3.65 (s, 3H, H-25), 3.59 (tt, J = 10.8, 4.7 Hz, 

1H, H-3), 2.84 (ddd, J = 12.6, 6.0, 1.1 Hz, 1H, Ha-11), 1.18 (s, 3H, H-

19), 0.91 (d, J = 6.4 Hz, 3H, H-21), 0.64 (s, 3H, H-18). 13C NMR 

(101 MHz, CDCl3): δ 212.1 (C12), 174.8 (C24), 71.0 (C3), 54.9 (C17), 51.6 (C25), 49.6, 49.0, 46.2, 

45.5, 42.9, 42.8, 39.1, 37.5, 35.4, 35.3, 34.3, 31.2, 31.1, 30.0, 28.4, 25.0, 23.2, 21.8 (C19), 18.5 (C21), 
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12.2 (C18). The NMR analysis is consistent with the previous report.307 HRMS (ESI pos): m/z calcd 

for C25H40O4Na [M+Na]+: 427.28188, found: 427.28167. Calcd for C25H40O4: 74.22% C, 9.97% H, 

found: 73.91% C, 9.83% H. 

93: Product spontaneously crystalized after chromatography upon 

evaporation of solvents to afford colorless needles (91 mg, 9%). TLC: 

Rf 0.34 (EtOAc/PE, 3:7). Mp: 133–135 °C (EtOAc/PE), lit.308 134–135 

°C (aq. MeOH). [α]D: +10.8 (c 0.258, MeOH), lit.309 +12.2 (c 0.12, 

DCM). Selected 1H NMR (400 MHz, CDCl3): δ 3.65 (s, 3H, H-25), 

2.87 (ddd, J = 12.9, 5.5, 1.0 Hz, 1H, Ha-11), 2.48 (ddd, J = 11.8, 10.7, 

1.0 Hz, 1H, Ha-4), 1.29 (s, 3H, H-19), 0.92 (d, J = 6.5 Hz, 3H, H-21), 

0.68 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 211.3 (C3), 210.3 (C12), 174.7 (C24), 54.9 (C17), 

51.6 (C25), 49.7, 49.0, 47.9, 45.1, 43.04, 42.98, 42.8, 39.0, 36.9, 35.6, 35.5, 35.3, 31.2, 31.1, 28.4, 

24.9, 22.6 (C19), 22.2, 18.5 (C21), 12.2 (C18). The NMR analysis is consistent with the previous 

report.310 HRMS (ESI pos): m/z calcd for C25H38O4Na [M+Na]+: 425.26623, found: 425.26617. Calcd 

for C25H38O4: 74.59% C, 9.51% H, found: C, 74.18% C, 9.47% H. 

5α-Cholestan-2α,3α-diol (94) 

Compound 94 was taken from the group deposit, with the appearance of 

fine white powder. Selected 1H NMR (400 MHz, CDCl3): δ 3.96 (s, 1H, 

H-3), 3.76 (dt, J = 11.9, 4.3 Hz, 1H, H-2), 0.90 (d, J = 6.6 Hz, 3H, 

H-21), 0.86 (dd, J = 6.6, 1.9 Hz, 6H, H-26 and H-27), 0.80 (s, 3H, 

H-19), 0.65 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): δ 69.5 (C3), 

69.3 (C2), 56.5, 56.4, 54.4, 42.7 (C14), 41.2, 40.1, 39.7, 38.3, 37.1 

(C10), 36.3, 35.9, 35.0, 34.4, 32.0, 28.4, 28.2 (C25), 27.8, 24.4, 24.0, 

23.0 (C26), 22.7 (C27), 21.1, 18.8 (C21), 12.6 (C19), 12.2 (C18). 

3α-Hydroxy-5α-cholestan-2-one (95), 2α-Hydroxy-5α-cholestan-3-one (96) 

Round bottom flask (100 mL) was charged with 5α-cholestan-2α,3α-diol (94, 1.0 g, 2.5 mmol), DCM 

(25 mL), and a stirring bar. The mixture was stirred for 30 minutes and then Dess–Martin periodinane 

(1.0 equiv., 1.06 g, 2.5 mmol) was added in one portion. The mixture was stirred at rt for 24 hours. 

Then, silica gel (2.5 g) was added to the reaction mixture, and solvents were evaporated. The dry load 

of crude material was purified by flash chromatography on a silica gel. Elution with a gradient of 

EtOAc in PE (5% to 50% over 35 column volumes) afforded recovery of 94 (30 mg, 30%), 95 (21 mg, 

21%), 96 (23 mg, 23%), and an inseparable mixture of oily non-polar side products (21 mg). 

95: After solvent evaporation, the product solidified as a white powder 

(21 mg, 21%). TLC: Rf 0.58 (EtOAc/PE, 3:7). Selected 1H NMR 

(401 MHz, CDCl3): δ 4.07 (dd, J = 5.0, 3.2, Hz, 1H, H-3), 2.47 (d, 

J = 14.3 Hz, 1H, Ha-1), 2.27 (d, J = 14.3 Hz, 1H, Hb-1), 0.90 (d, 

J = 6.5 Hz, 3H, H-21), 0.87 (d, J = 1.8 Hz, 3H, H-26), 0.85 (d, 

J = 1.8 Hz, 3H, H-27), 0.82 (s, 3H, H-19), 0.65 (s, 3H, H-18). 13C NMR 

(101 MHz, CDCl3): δ 212.9 (C2), 73.7 (C3), 56.4 (C17), 56.3, 54.5, 
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50.4, 42.7, 40.7, 39.9, 39.8, 39.7, 37.2, 36.3, 35.9, 35.0, 31.7, 28.4, 28.2, 28.0, 24.3, 24.0, 23.0, 22.7, 

21.2, 18.8 (C21), 13.3 (C19), 12.2 (C18). HRMS (ESI pos): m/z calcd for C27H47O2 [M+H]+: 

403.35706, found: 403.35673. 

96: After solvent evaporation, product solidified as a white powder 

(23 mg, 23%). TLC: Rf 0.60 (EtOAc/PE, 3:7). Selected 1H NMR 

(400 MHz, CDCl3): δ 4.22 (ddd, J = 12.2, 7.0, 1.2 Hz, 1H, Ha-2), 1.09 

(s, 3H, H-19), 0.90 (d, J = 6.6 Hz, 3H, H-21), 0.86 (dd, J = 6.6, 1.8 Hz, 

6H, H-26 and H-27), 0.67 (s, 3H, H-18). 13C NMR (101 MHz, CDCl3): 

δ 211.3 (C3), 73.0 (C2), 56.4 (C17), 56.3, 53.9, 48.7, 48.6, 42.8, 42.6, 

40.0, 39.7, 37.2, 36.3, 35.9, 34.8, 31.8, 29.9, 28.8, 28.4, 28.2, 24.4, 24.0, 23.0, 22.7, 21.8, 18.8 (C21), 

13.0 (C19), 12.2 (C18). The NMR analysis is consistent with the previous report.311 HRMS (ESI pos): 

m/z calcd for C27H46O2Na [M+Na]+: 425.33900, found: 425.33858. 

6.4 BIOLOGICAL EVALUATION 

All experiments have been repeated at least three times, and each experiment was performed in 

biological triplicates (n = 3). Results are presented as fold change to control nontreated (NT) samples. 

Dimethyl sulfoxide (0.1%) was used as a vehicle in all samples, including a control sample. Results 

are presented as fold change to the control sample (positive control activity = 100%) with standard 

deviation calculated with the following equation (eq. 3).  

 σ  =  √
∑ |𝑥𝑖 − �̅�|2𝑛

𝑖 = 1

𝑛
  (eq. 3) 

Where 𝑛 is the number of independent experiments, 𝑥 is RLU (relative luminescence unit), and �̅� is 

the arithmetic mean. 

FXR LanthaScreen™ Assay 

The assay was performed in collaboration with the group of Dr. Helena Mertlíková-Kaiserová 

by Dr. Jaroslav Kozák. 

Commercially available LanthaScreen™ TR-FRET FXR Coactivator Assay Kit in 384 plate formats 

(Thermo Fischer Scientific, MA, USA, PV4833) was used according to the manufacturer, along with 

Bravo automated liquid handling platform (Agilent, CA, USA). Compounds were tested against 

DMSO and GW-4064 as negative and positive controls, respectively.  

TGR5 Luciferase Assay 

The assay was performed in collaboration with the Faculty of Pharmacy in Hradec Králové, 

Charles University, in the group of Prof. Petr Pávek by Dr. Alžběta Štefela. 

Human hepatocellular carcinoma HepG2 cells (European Collection of Cell Cultures, ECACC, 

Salisbury, United Kingdom) were cultured in antibiotic-free Dulbecco's modified Eagle's medium 

(DMEM, Merck, Darmstadt, Germany) containing 10% fetal bovine serum, 1% L-glutamine, and 1% 

sodium pyruvate. For transfection, HepG2 cells were seeded at the density of 40,000 cells/cm2. Cells 

were transfected using Lipofectamine 2000® (Thermo Fisher Scientific, MA, USA) with 200 ng CRE 

luciferase reporter vector (pGL4.29[luc2P/CRE/ Hygro], Promega, WI, United States), together with 
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150 ng TGR5 (GPBAR1-pcDNA3.1+/C-(K)-DYK) (Genscript, NJ, USA) or empty vector pcDNA3.1 

and 50 ng pRL-TK Renilla luciferase vector (Promega, WI, USA). The next day, cells were 

challenged with tested ligands in indicated concentrations for 5 hours. Compounds were tested against 

DMSO and LCA as negative and positive controls, respectively.  

FXR Luciferase Assay 

The assay was performed in collaboration with the Faculty of Pharmacy in Hradec Králové, 

Charles University, in the group of Prof. Petr Pávek by Dr. Alžběta Štefela. 

The above-described HepG2 cells were transfected using Lipofectamine 2000® (Thermo Fisher 

Scientific, MA, USA) with the luciferase FXRE-luc construct and with expression vectors. The next 

day, cells were challenged with tested ligands in indicated concentrations for 5 hours. Data were 

normalized to Renilla luciferase activity and are expressed relative to the activity of 10 μM CDCA (set 

as 100% activation).  
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7 APPENDIX 

X-RAY Data 

The experiment was performed and interpreted by Dr. Blanka Klepetářová. 

The Xcalibur PX system, equipped with an Onyx CCD detector and a Cu Kα sealed tube 

(λ = 1.54178 Å) with an enhanced monochromator, using combined φ and ω scans at 180 K. 

CrysAlisProCCD312 was used for data collection, cell refinement, and data reduction. The structure 

was solved by direct methods with SIR92,313 and refined by full-matrix least-squares on F with 

CRYSTALS.314 The positional and anisotropic thermal parameters of all non-hydrogen atoms were 

refined. All hydrogen atoms were found from a Fourier difference map. Hydrogen atoms attached to 

carbon atoms were recalculated into idealized positions and refined with riding constraints. Those 

attached to oxygen atoms were refined isotropically. The asymmetric unit contained two 

crystallographically independent molecules of 68 and a partially occupied (75%) molecule of 

dichloromethane solvent, which was found to be disordered over two positions with equal occupancy. 

Table 14. The crystallographic data and experimental parameters for compound 68. 

Parameter Value 
Formula C27H46O4. 0.375(CH2Cl2) 

Crystal size, mm3 

Crystal system 

0.160 x 0.274 x 0.285 

Orthorhombic 

Space group P212121 

Unit cell dimensions:  

a, Å 12.2954(4) 

b, Å 18.8572(6) 

c, Å 24.5090(7) 

V, Å3 5682.6(3) 

Z 8 

F(000) 2046 

T, K 180 

μ, mm-1 1.181 

Dcalc, g/cm3 1.091 

2Θmax, deg. 133 

Measured reflections 24766 

Independent reflections 9978 

Rint 0.025 

Obs. Reflections I > 2σ(I) 8942 

Parameters 623 

R1 0.0453 

wR2 0.0529 

S 1.0914 

Flack Parameter 0.09(3) 

CCDC number 2012020 
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Molecular Docking 

Table 15. Results of molecular docking for compounds presented in this study. AD – autodock v4.2.6 algorithm, Vina – AutoDock Vina v1.2.0 algorithm. 

Compound 
FXR TGR5 

Smiles 
AD Vina AD Vina 

1 -10.4 -10.5 -7.4 -9.2 CC([C@H]1CC[C@]2([H])[C@@]1(CC[C@]3([H])[C@@]4(C)CC[C@@H](O)C[C@]4([H])CC[C@]32[H])C)=O 

2 -10.0 -10.1 -7.7 -9.0 C[C@@]12[C@]([C@@H](O)C)([H])CC[C@@]1([H])[C@]3([H])CC[C@@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC2 

3 -9.3 -9.1 -7.5 -9.0 C[C@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC[C@@]4([H])C[C@@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

4 -9.1 -9.8 -7.3 -9.0 C[C@@H](O)[C@@]1([H])CC[C@]2([H])[C@@]1(CC[C@]3([H])[C@@]4(C)CC[C@H](O)C[C@]4([H])[C@H](O)C[C@]32[H])C 

5 -10.2 -9.9 -7.6 -9.3 CC([C@H]1CC[C@]2([H])[C@@]1(CC[C@]3([H])[C@@]4(C)CCC(C[C@]4([H])CC[C@]32[H])=O)C)=O 

6 -9.7 -9.6 -7.2 -9.0 C[C@@]12[C@@H](C(CO)=O)CC[C@@]1([H])[C@]3([H])CC[C@]4([H])[C@@](CCC(C4)=O)(C)[C@@]3([H])CC2 

7 -9.7 -10.2 -7.5 -8.8 O=C1CC[C@@]2([H])[C@]3([H])CC[C@@]4([H])CCC=C[C@]4(C)[C@@]3([H])CC[C@]12C 

8 -11.1 -11.0 -8.2 -9.1 CC([C@H]1CC[C@@]2([H])[C@]3([H])CC[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O 

9 -10.3 -9.9 -7.3 -8.6 C[C@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

10 -10.3 -10.0 -7.9 -9.4 C[C@@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC[C@]4([H])C[C@H](OC(C)=O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

11 -10.6 -10.6 -7.9 -9.6 C[C@@]12[C@@H](C(C)=O)CC[C@@]1([H])[C@]3([H])[C@H](OC(C)=O)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC2 

12 -11.1 -11.1 -7.7 -9.1 C[C@@]12[C@@H](C(C)=C)CC[C@@]1([H])[C@]3([H])CC[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC2 

13 -9.3 -9.5 -7.4 -8.7 C[C@@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC[C@]4([H])C[C@@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

14 -10.8 -10.0 -7.7 -8.9 C[C@@]12[C@]([C@H](C)O)([H])CC[C@@]1([H])[C@]3([H])CC[C@]4([H])C[C@@H](OC(C)=O)CC[C@]4(C)[C@@]3([H])CC2 

15 -10.3 -9.9 -7.3 -8.7 C[C@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC[C@]4([H])C[C@@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

16 -11.1 -11.2 -8.2 -9.5 CC([C@H]1CC[C@@]2([H])[C@]3([H])CC[C@]4([H])CC(CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O)=O 

17 -10.8 -10.9 -7.8 -9.3 C[C@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC[C@]4([H])CC(CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O 

18 -10.3 -10.6 -7.3 -9.1 C[C@@]12[C@@]3([H])CC[C@]4(C)[C@H](O5)[C@H]5C[C@@]4([H])[C@]3([H])CC[C@]1([H])C[C@H](O)CC2 

19 -10.9 -11.0 -7.7 -8.9 CC([C@H]1CC[C@@]2([H])[C@]3([H])CCC4=C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O 

20 -10.1 -10.0 -7.8 -8.9 CC([C@H]1CC[C@@]2([H])[C@]3([H])CCC4=C[C@@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O 

21 -10.0 -10.1 -7.4 -8.7 C[C@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CCC4=C[C@@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

22 -10.2 -10.0 -7.8 -9.3 CC([C@H]1CC[C@@]2([H])[C@]3([H])CCC4=CC(CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O)=O 

23 -9.9 -9.3 -7.8 -9.1 C[C@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CCC4=CC(CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O 

24 -10.8 -11.1 -8.1 -9.2 C[C@@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CCC4=CC(CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O 

25 -10.9 -9.4 -7.8 -9.1 C[C@@]12[C@@H](O)CC[C@@]1([H])[C@]3([H])CCC4=C/C(CC[C@]4(C)[C@@]3([H])CC2)=N/OCCC(O)=O 

26 -10.2 -10.2 -7.7 -9.5 CC([C@H]1CC[C@@]2([H])[C@]3([H])C=CC4=CC(CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O)=O 

27 -9.9 -10.5 -7.4 -9.1 C[C@@]1(C2)[C@](C(CO)=O)(O)CC[C@@]1([H])[C@]3([H])CCC4=CC(C=C[C@]4(C)[C@@]3([H])C2=O)=O 

28 -10.0 -9.9 -7.1 -8.9 C[C@@]12[C@](C(CO)=O)(O)CC[C@@]1([H])[C@]3([H])CCC4=CC(CC[C@]4(C)[C@@]3([H])CC2)=O 

29 -10.2 -11.0 -7.6 -9.5 C[C@@]1(C2)[C@](C(CO)=O)(O)CC[C@@]1([H])[C@]3([H])CCC4=CC(CC[C@]4(C)[C@@]3([H])C2=O)=O 

30 -9.3 -9.3 -6.8 -8.8 C[C@@]12[C@@H](C(CO)=O)CC[C@@]1([H])[C@]3([H])CCC4=CC(CC[C@]4(C)[C@@]3([H])[C@@H](O)C2)=O 

31 -10.2 -10.6 -7.7 -10.4 C[C@@]12[C@](C(COC(C(C)(C)C)=O)=O)(O)[C@H](C)C[C@@]1([H])[C@]3([H])C[C@H](F)C4=CC(C=C[C@]4(C)[C@@]3(F)[C@@H](O) 

32 -11.4 -10.7 -8.9 -10.0 C[C@@]12[C@@H](OC(CCC3CCCC3)=O)CC[C@@]1([H])[C@]4([H])CCC5=CC(CC[C@]5(C)[C@@]4([H])CC2)=O 

33 -9.6 -9.8 -7.6 -9.3 C[C@@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC=C4C[C@@H](OC(C)=O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

34 -9.5 -9.7 -7.8 -9.2 CC([C@H]1CC[C@@]2([H])[C@]3([H])CC=C4[C@@](CC[C@H](O)C4)(C)[C@@]3([H])CC[C@]12C)=O 

35 -8.8 -9.2 -7.6 -8.9 C[C@H](O)[C@@]1([H])CC[C@@]2([H])[C@]3([H])CC=C4[C@@](CC[C@H](O)C4)(C)[C@@]3([H])CC[C@]12C 

36 -9.1 -9.5 -7.1 -8.9 C[C@@]12[C@](C(CO)=O)(O)CC[C@@]1([H])[C@]3([H])CC=C4[C@@](CC[C@H](O)C4)(C)[C@@]3([H])CC2 

37 -10.0 -9.7 -7.4 -8.8 CC([C@H]1CC[C@@]2([H])[C@]3([H])CC=C4[C@@](CC[C@H](OCOC)C4)(C)[C@@]3([H])CC[C@]12C)=O 

38 -10.9 -9.9 -9.3 -10.4 C[C@H](OC(C1=CC=CC=C1)=O)[C@@]2([H])CC[C@@]3([H])[C@]4([H])CC=C5C[C@@H](OC(C)=O)CC[C@]5(C)[C@@]4([H])CC[C@]23C 

39 -11.0 -9.9 -7.9 -9.4 C[C@@]([C@@]1([H])CC2)(CC[C@]3([H])[C@@]4(C)CC[C@H](OC(C(O)=O)=O)CC4=CC[C@]31[H])[C@H]2C(C)=O 

40 -11.8 -10.1 -8.3 -9.4 CC([C@H]1CC[C@]2([H])[C@@]1(CC[C@]3([H])[C@@]4(C)CC[C@H](OC(CC(O)=O)=O)CC4=CC[C@]32[H])C)=O 

41 -10.9 -9.9 -7.9 -9.6 C[C@@]12[C@@H](C(C)=O)CC[C@@]1([H])[C@]3([H])CC=C4[C@@](CC[C@H](OC(CCCC(O)=O)=O)C4)(C)[C@@]3([H])CC2 

42 -10.8 -10.1 -8.0 -9.5 CC([C@H]1CC[C@]2([H])[C@@]1(CC[C@]3([H])[C@@]4(C)CC[C@H](OC(CCCCC(O)=O)=O)CC4=CC[C@]32[H])C)=O 

43 -11.0 -10.3 -8.1 -10.0 C[C@@]12[C@@H](C(C)=O)CC[C@@]1([H])[C@]3([H])CC=C4[C@@](CC[C@H](OC(CCCCCC(O)=O)=O)C4)(C)[C@@]3([H])CC2 

44 -10.6 -10.2 -8.4 -9.8 C[C@@]12[C@@H](C(C)=O)CC[C@@]1([H])[C@]3([H])CC=C4[C@@](CC[C@H](OC(CCCCCCC(O)=O)=O)C4)(C)[C@@]3([H])CC2 

45 -9.0 -10.2 -7.4 -8.8 C[C@@]12[C@](O)(C)CC[C@@]1([H])[C@]3([H])CC=C4[C@@](CC[C@H](O)C4)(C)[C@@]3([H])CC2 

46 -8.9 -9.1 -7.1 -8.7 O=C1CC[C@@]2([H])[C@]3([H])CC=C4C[C@@H](OC(C)=O)CC[C@]4(CO)[C@@]3([H])CC[C@]12C 

61 -12.8 -11.3 -8.3 -9.4 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])C(C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C)=O 

62 -11.9 -10.3 -8.0 -9.7 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(C)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

63 -11.3 -9.1 -8.3 -9.7 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(CC)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

64 -11.4 -9.6 -7.9 -9.6 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(C=C)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

65 -9.0 -8.0 -8.0 -9.3 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(C#C)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

66 -10.1 -8.8 -8.0 -9.8 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(CCC)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

67 -9.5 -8.9 -8.0 -9.8 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(CC=C)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

68 -10.0 -7.7 -8.3 -9.6 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(C(C)C)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

69 -9.2 -8.3 -8.2 -9.7 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(C4CC4)C[C@]5([H])C[C@H](O)CC[C@]5(C)[C@@]3([H])CC[C@]12C 

70 -9.1 -8.9 -8.2 -9.5 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(CCCC=C)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

71 -6.2 -7.5 -7.3 -8.6 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])[C@@](O)(CCCCCCCCC)C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C 

75 -11.0 -8.6 -8.0 -9.6 C[C@H](CCC(O)=O)[C@H]1CC[C@@]2([H])[C@]3([H])/C(C[C@]4([H])C[C@H](O)CC[C@]4(C)[C@@]3([H])CC[C@]12C)=C/C 

76 -0.5 -6.4 -8.1 -8.3 O[C@@H]1CC[C@]2(C)[C@@]3([H])CC[C@]4(C)[C@@H]([C@@H](CCC(O)=O)C)CC[C@@]4([H])[C@]3([H])[C@@](O)(C#CC5=CC=CC=C5)C[C@]2([H])C1 

81 -3.1 -5.4 -7.0 -9.0 O[C@@H]1CC[C@]2(C)[C@@]3([H])CC[C@]4(C)[C@@H]([C@@H](CCC(O)=O)C)CC[C@@]4([H])[C@]3([H])[C@@](O)(C5=CN(C(F)(C(F)(F)F)F)N=N5)C[C@]2([H])C1 

86 -12.9 -10.7 -8.3 -9.3 O[C@@H]1CC[C@]2(C)[C@@]3([H])CC[C@]4(C)[C@@H]([C@@H](CCC(O)=O)C)CC[C@@]4([H])[C@]3([H])[C@@](O)(C)[C@H](CC)[C@]2([H])C1 

LCA -9.8 -10.5 -7.9 -9.3 O[C@@H]1CC[C@]2(C)[C@@]3([H])CC[C@]4(C)[C@@H]([C@H](C)CCC(O)=O)CC[C@@]4([H])[C@]3([H])CCC2C1 

CDCA -12.9 -11.2 -7.9 -9.2 C[C@]12CC[C@]3([H])[C@@]4(C)CC[C@@H](O)C[C@@]4([H])C[C@@H](O)[C@@]3([H])[C@]1([H])CC[C@@]2(C(CCC(O)=O)C)[H] 

DCA -12.0 -10.6 -7.7 -9.2 O[C@@H]1CC[C@]2(C)[C@@]3([H])C[C@H](O)[C@]4(C)[C@@H]([C@H](C)CCC(O)=O)CC[C@@]4([H])[C@]3([H])CC[C@@]([H])2C1 



7 Appendix 

118 

Toxicity Data 

The assays were performed and interpreted by Dr. Alžběta Štefela. 

The potential cytotoxicity of 7-alkylated chenodeoxycholic acid derivatives was assessed in different 

human (HepG2, HepaRG, and Huh7) and murine (AML12) hepatocyte-derived cell lines. For this 

purpose, hepatic cells were treated at increasing compound concentrations for 24 hours and analyzed 

by MTS viability assay.  

Table 16. Cell viability was determined using the Cell Titer 96 Aqueous One Solution Cell Proliferation Assay 

(MTS assay) after treatment with test compounds for 24 hours in four different hepatic cell lines. Vehicle (0.1% 

DMSO) and background (10% SDS; v/v, toxic control) controls of cell viability was set to be 100% and 0%, 

respectively. 

Compound 

HepG2 HepaRG Huh7 AML12 

IC50 

(µM) 

Viability at 10 

µM 

IC50 

(µM) 

Viability at 10 

µM 

IC50 

(µM) 

Viability at 10 

µM 

IC50 

(µM) 

Viability at 10 

µM 

75 > 200 99.7±1.2 > 200 119.4±6.0 > 200 110.6±9.5 > 200 107.5±4.8 

62 > 200 99.7±1.2 > 200 119.5±1.0 > 200 105.7±5.8 > 200 107.6±7.7 

63 > 200 100.1±3.9 > 200 116.6±1.3 > 200 113.2±4.8 > 200 104.9±2.0 

64 168.8±1.0 95.9±8.3 > 200 103.9±2.4 > 100 117.3±5.6 > 200 105.7±3.9 

65 > 200 96.5±4.1 > 200 92.9±6.5 > 200 103.4±4.4 > 200 97.5±6.6 

66 106.7±1.1 94.9±11.7 97.3 89.4±2.5 > 100 117.0±2.3 90.8 81.2±1.0 

67 162.3±2.1 97.7±9.1 > 200 125.8±4.5 > 100 93.5±10.0 161.1 108.6±3.2 

68 103.3±1.0 93.4±7.4 180.8 100.9±6.9 > 100 97.6±7.3 143.2 94.0±3.7 

69 178.4±1.0 90.9±0.9 > 200 133.3±12.2 > 200 97.9±10.4 > 200 107.7±3.2 

70 77.3±1.2 87.8±6.7 76.5 93.1±4.4 34.0±1.5 114.0±7.0 75.0 126.6±7.1 

71 ≈10.9 79.8±2.5 18.9 71.6±2.8 21.8 118.0±4.9 12.5 68.0±1.4 

β-MCA > 200 107.2±3.8 > 200 108.3±7.7 > 200 111.2±7.6 > 200 135.1±3.2 
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Dose Response Curves and Receptor Specifity Data 

The assay was performed and interpreted by Dr. Alžběta Štefela. 

 

Figure 36. Concentration-response curves for activation of TGR5 by LCA and 75. EC50 values were calculated using 

nonlinear fitting of concentration-response curves. Adopted and modified.223 
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Biological Specifity Data 

The assay was performed and interpreted by Dr. Alžběta Štefela. 

 

Figure 37. The efficacy of 75 in both agonistic (A) and antagonistic (B) mode. Activities were evaluated using HepG2 cells 

that were temporarily co-transfected with luciferase reporter genes and relevant expression vectors. In experiment (A), cells 

were exposed to 75 for 24 hours, and various standard ligands for nuclear receptors were employed: VDR 

(1α,25(OH)2vitaminD3 at 100 nM), PXR (rifampicin at 10 μM), human CAR (CITCO at 10 μM), PPARα (fenofibrate at 10 

μM), PPARγ (rosiglitazone at 10 μM), PPARδ (GW501516 at 10 μM), GR (dexamethasone at 100 nM), LXRα and LXRβ 

(GW3964 at 10 μM), and TR (thyroxin at 10 μM). In experiment (B), the same nuclear receptor ligands were tested in 

conjunction with 75 using the same procedure, but at different concentrations: VDR (1α,25(OH)2vitaminD3 at 10 nM), PXR 

(rifampicin at 1 μM), human CAR (CITCO at 1 μM), PPARα (fenofibrate at 1 μM), PPARγ (rosiglitazone at 1 μM), PPARδ 

(GW501516 at 1 μM), GR (dexamethasone at 50 nM), LXRα and LXRβ (GW3965 at 1 μM), and TR (thyroxin at 1 μM). The 

results were standardized to Renilla luciferase activity and are expressed as a multiple of the activation compared to untreated 

control cells. The values represent the average ± standard deviation from three separate experiments. Adopted and 

modified.223 
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QSAR_TGR5 

Compounds 1–46 were randomly clustered into training (70%, n = 34), validation (15%, n = 6), and 

test (15%, n = 6) sets. Subsequently, we trained 10 models for predicting TGR5 activity based on their 

structure. GPNEST performed best and was selected.  

Table 17. Summary of training results. 

Model 
Training Validation Testing 

Rsqr RMSE Rsqr RMSE Rsqr RMSE 

RBF Model 0.729 0.09586 -0.2972 0.1313 -1.119 0.1374 

Random Forest 

Regression Model 
0.79 0.08438 0.4445 0.08589 0.2157 0.08362 

PLS Model 0.4517 0.1363 0.1797 0.1044 -0.5717 0.1184 

GPFixed 0.6982 0.1012 0.5693 0.07563 -0.3283 0.1088 

GP2DSearch 0.6684 0.106 0.5913 0.07367 -0.278 0.1067 

GPRFVS 0.664 0.1067 0.2935 0.09687 -1.037 0.1348 

GPFVS 0.6517 0.1087 0.5847 0.07426 -0.4547 0.1139 

GPOPT 0.73 0.09568 0.5724 0.07536 0.2723 0.08054 

GA-RBF Model 0.729 0.09585 -0.8089 0.155 -0.6758 0.1222 

GPNEST 0.5754 0.12 0.602 0.0727 -0.5951 0.1192 

Parameters used: 

Threshold for minimum occurrence: 4%, threshold for minimum standard deviation: 0.0005, threshold 

for maximum correlation between descriptors: 0.95 

Descriptors used: 55 

Training (34 compounds): 1, 2, 4, 5, 8, 10, 11, 13, 14, 15, 16, 17, 18, 20, 22, 23, 24, 26, 27, 28, 29, 

30, 31, 32, 33, 34, 35, 36, 37, 38, 40, 41, 42, 46 

Validation (6 compounds): 6, 9, 12, 19, 25, 43 

Test (6 compounds): 3, 7, 21, 39, 44 

 

Figure 38. Performance of GPNEST, the model that was selected to predict compound activity on TGR5. 
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Non-Central Nervous System Orally Taken Drugs Scoring Function (NCNSOTD) 

 
Figure 39. Non-central nervous system orally taken drugs scoring function (NCNSOTD). TGR5, Takeda G protein-coupled 

Receptor 5. FXR, Farnesoid X Receptor. RLU, Relative luminescence unit. logS pH 7.4 predicts the logarithm of the 

apparent solubility at pH 7.4 in µM. HIA category predicts a classification of '+' for compounds that are ≥30% absorbed and 

'-' for compounds that are < -0.5. logP predicts the logarithm of the octanol/water partition coefficient for neutral compounds. 

P450 predicts Composite Site Lability (CSL). The CSL is an estimate of the efficiency of metabolism for the entire molecule. 

hERG pIC50 predicts the pIC50 values for inhibition of hERG K+ channels expressed in mammalian cells. 2D6 affinity 

category predicts a classification of 'low' for compounds with a pKi7, 2C9 pKi – predicts the pKi values for affinity with 

CYP2C9. P-gp category predicts a classification of 'yes' for substrates and 'no' for non-substrates. PPB90 category predicts a 

classification of 'low' for compounds that are 90% bound. BBB category predicts a classification of '+' for compounds that 

have a log([brain]:[blood]) ≥ -0.5 and '-' for compounds that have a ratio < -0.5. BBB log([brain]:[blood]) predicts the 

logarithm of the brain/blood concentration ratio. 
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HPLC Data for Prepared Analytical Standards 57–60 

 

Figure 40. HPLC trace, compound 57. 
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Figure 41. HPLC trace, compound 58. 
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Figure 42. HPLC trace, compound 59. 
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Figure 43. HPLC trace, compound 60. 
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Figure 44. Representative HPLC trace, mixed standards, 57–60, 500 µg · mL-1 each. 
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Figure 45. Calibration curve for compound 57. 

 

 

Figure 46. Calibration curve for compound 58. 
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Figure 47. Calibration curve for compound 59. 

 

 

Figure 48. Calibration curve for compound 60. 
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8 ABBREVIATIONS 

Ac, Acetate 

AI, Artificial Intelligence 

APCI, Atmospheric Pressure Chemical Ionization 

APT, Attached Proton Test 

aq., aqueous 

BA, Bile Acid 

BARs, Bile Acid Receptors 

CA, Cholic Acid 

CAR, Constitutive Androstane Receptor 

CDCA, Chenodeoxycholic Acid 

COSY, Correlation Spectroscopy 

Cryo-EM, Cryogenic Electron Microscopy 

CuAAC, Cu(I)-catalyzed Azide-alkyne Cycloaddition 

CuMeSal, Copper(I) 3-Methylsalicylate 

DBD, DNA Binding Domain 

DCM, Dichloromethane 

DMP, Dess–Martin Periodinane 

DMSO, Dimethyl Sulfoxide 

DUIS, Dual Ion Source 

EI, electron impact ionization  

ELS, Evaporative Light Scattering 

equiv., equivalent(s)  

ESI, Electrospray Ionization 

et al., et alii (Latin), and others  

Et, ethyl  

EtOAc, Ethyl Acetate 

FA, Formic Acid 

FBS, Fetal Bovine Serum 

FDA, Food and Drug Administration 

FXR, Farnesoid X Receptor  
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GPBAR1, G protein Coupled Bile Acid Receptor 1 

GPCR19, G-protein Coupled Receptor 19 

GPT, Generative Pre-trained Transformer 

GUDCA, Glycoursodeoxycholic Acid 

GβMCA, Glycine-β-Muricholic Acid 

HCV, Hepatitis C Virus 

HDL, High-density Lipoprotein 

HMBC, Heteronuclear Multiple Bond Correlation 

HPLC, High-Pressure Liquid Chromatography 

HRMS, High-Resolution Mass Spectrometry 

HSQC, Heteronuclear Single Quantum Coherence 

IBX, o-Iodoxybenzoic Acid 

IDE, Integrated Development Environment 

LBD, Ligand-Binding Domain 

LC, Liquid Chromatography 

LCA, Lithocholic Acid 

LDL, Low-density Lipoprotein 

LRMS, Low-Resolution Mass Spectrometry 

M3R, Muscarinic Acetylcholine Receptor M3 

M-BAR, Membrane-type Bile Acid Receptor 

Me, Methyl 

MGL, Molecular Graphic Laboratory 

Mp, Melting point 

MS, Mass Spectrometry 

NAFLD, Nonalcoholic Fatty Liver Disease 

NASH, Non-Alcoholic Steatohepatitis 

NCNSOTD, Non-Central Nervous System Orally Taken Drugs  

NMO, N-Methylmorpholine N-oxide 

NMR, Nuclear Magnetic Resonance 

NOE, Nuclear Overhauser Effect 

OCA, Obeticholic Acid 



8 Abbreviations 

132 

ORTEP, Oak Ridge Thermal Ellipsoid Plot  

PBC, Primary Biliary Cholangitis 

PDA, Photodiode Array Detector 

PE, Petroleum Ether 

Ph, Phenyl  

pLDDT, predicted Local Distance Difference Test 

Pr, Propyl  

PXR, Pregnane X Receptor  

RF, Retention Factor  

RLU, Relative Luminescence Unit 

ROESY, Rotating-Frame Overhauser Effect Spectroscopy 

rt, room temperature 

S1PR2, Sphingosine-1-phosphate Receptor 2 

SMILES, Simplified Molecular Input Line Entry System 

TEMPO, 2,2,6,6-Tetramethylpiperidine-1-oxyl 

TFA, Trifluoroacetic Acid 

TFAA, Trifluoroacetic Acid Anhydride 

TGR5, Takeda G protein-coupled Receptor 5 

TGR5, Takeda G-Protein Coupled Receptor 

THF, Tetrahydrofuran 

TLC, Thin Layer Chromatography 

tR, Retention Time 

Ts, Toluene sulfonyl 

UDCA, Ursodeoxycholic Acid 

VDR, Vitamin D Receptor 
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