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Vita brevis, ars longa, occasio volucris,  

periculosa experimentia, judicium difficile. 

 

 La vita ¯ breve, lõarte vasta, lõoccasione fuggevole,  

lõesperimento malcerto, il giudizio difficile. 

 

Life is short, and art long, opportunity fleeting, 

experimentations perilous, and judgment difficult 

 

[Ippocrate, Coo, 460 a.C. circa ð Larissa, 377 a.C.] 
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× Defunctionalization of Ouabain 
 

1. Introduction 
 

1.1. Discovery and structure of Ouabain 

 

Ouabain I-1, also known as g-Strophanthin, is a natural product belonging to the 

cardenolides I-2 class. Cardenolides are steroids characterized by an hΣʲ-unsatured five- 

or six- membered lactone ring at C-мтʲ position and a hydroxyl group at C-мпʲ position, 

which causes the cis connection between C and D rings, and a linkage of the aglycone to 

carbohydrates (in this case the cardenolide is known as cardiac glycoside) or to acids at 

the hydroxyl group at C-о ̡position.[1] OuabainΩǎ structure presents a five membered 

lactone ring at C-17 position, a rhamnose as a sugar linked to the hydroxyl group at C-3 

position and two methyl groups at C-10 and C-13 positions (figure 1).  

 

 

Figure 1. Ouabain I-1 and general cardenolide I-2 structures. 

 

In 1888, Ouabain I-1 was discovered by the French chemist Léon-Albert Arnaud,[2] who 

isolated an amorphous substance, that he identified as a glucoside,[3] from the bark and 

roots of the Ouabaio tree, a species of Acocanthera (Acocanthera schimperi). This 

glucoside was used by Somalis of East Africa as an arrow poison for hunting and warfare. 

Arnaud found the same glucoside in another arrow poison, which was prepared from 

the seeds of Strophanthus gratus.[2,4] The presence of those glycosides in the plants is 

extremely important as a defence against predators.[5] In 1904, Herman Thoms isolated 

pure glycosides from S. kombé and S. gratus and assigned them the name k- and 

g-Strophanthin, to distinguish Ouabain from the Strophanthins of other species 

(h-Strophanthin I-3 or k-Strophanthidin I-4) (figure 2).[6,7]  

 



I. Defunctionalization of Ouabain 

[4] 
 

 

Figure 2. h-Strophanthin I-3 and k-Strophanthidin I-4 structures. 

 

1.1.1. From arrow poison to medicine 

 

African healers knew the medical benefits of Strophantus plants very early on. Alcoholic 

extracts were produced by soaking the plant roots with subsequent fermentation and 

the bitter-tasting solutions were administered in small snips over a period of days or 

weeks. To avoid poisoning, the administered amount was carefully dosed by the healer 

and muscle pain, open wounds, constipation, food-poisoning, sexual and heart diseases 

were treated.[8]  

Several researchers have rendered outstanding services in the clarification of the active 

substance contained in Strophanthus and its pharmacological properties[5] and, 

according to canonical explanations, Ouabain and other digitalis derivatives should have 

similar therapeutic effects.  

However, clinical experience clearly indicated that Ouabain was different from other 

digitalis derivatives and one of the main differences was its fast start of action. It was 

showed in 1859 by the English botanist John Kirk, who discovered the fast activity of 

Ouabain by using a toothbrush contaminated with Strophanthus seeds.[9]  

Since 1865, Thomas Richard Fraser, who taught pharmacognosy, pharmacy, 

pharmacology and therapy at the same time in Edinburgh, dealt most intensively with 

the kombé arrow poison and Strophanthus kombé. He isolated the pure cardio active 

ingredient from the seeds of Strophanthus kombé and characterized it as a glycoside in 

1869. He also showed that this active ingredient had an important cardiac effect and 

was suitable for therapy in humans.  

Indeed, in 1885 Fraser published his first experience with Strophanthus tincture in 

patients and recommended its use to treat all forms of cardiac fatigue and as a 

diuretic.[5,10]  

In 1886, Burroughs, Wellcome & Co introduced a S. kombè ŜȄǘǊŀŎǘ ŎŀƭƭŜŘ ά¢ƛƴŎǘǳǊŜ ƻŦ 

StrophanthusέΣ ōŀǎŜŘ ƻƴ ǘƘŜ ǿƻǊƪ ƻŦ Fraser[7] and two years later, Catillon identified 

pure substances from Strophanthus species gratus, hispidus, niger and kombé. He 

isolated a crystalline product only from Strophantus gratus, while he identified only 

amorphous products from the others (kombé in particular).  



I. Defunctionalization of Ouabain 

[5] 
 

Later, Arnaud identified the cardioactive principle from the Strophanthus gratus as 

Ouabain and this highlighted that the glycoside investigated by Fraser was referred to k-

Strophanthidin I-4 (figure 2).  

After the First World War, in France, Ouabain I-1, which was identical to g-Strophanthin, 

largely replaced k-Strophanthidin I-4 preparations in the therapy of heart patients as 

άOuabain Arnaudέ.[5,10] Therefore, in 1904, Schedel reported on positive experiences 

with a Strophantus gratus tincture containing Ouabain and he highlighted the positive 

effects on respiratory distress and pulse in heart patients observed by other clinicians.
[11]  

In 1906, Fraenkel introduced in Germany k-Strophanthidin I-4 into cardiac therapy for 

acute cardiac insufficiency by intravenous administration. He refused oral administration 

of Strophanthin preparations because of the known sensitivity of the k-Strophanthidin 

I-4, which led to the decomposition of the active ingredient in the stomach.  

This was the first time that an arrow poison was used as medication, but it took more 

than three decades until intravenous Strophanthin therapy was generally accepted and 

used.[5,10,12]  

 

1.2.  Ouabain as endogenous hormone, its mechanism of action and 

pharmaceutical use  

 

Many years of practical use of Ouabain I-1 have shown benefits in prevention and 

treatment of acute heart attacks, and its prophylactic and therapeutic use has been 

recommended in insufficiency of the left ventricle.[13] Exceptionally, orally administered 

Ouabain has highlighted a biological activity for the treatment of cardiovascular 

diseases. [14] 

In pharmacological research, Ouabain is used to investigate the multiple functions of the 

sodium-potassium ATPase pump (Na+/K+-ATPase). This pump is an omnipresent 

membrane-bound enzyme and it is involved in many physiological processes. It 

transports sodium ions from the cell and potassium ions into the cell, assuring the vital 

ion gradient between interior of cells and the extracellular fluid. This process requires 

energy that is obtained by hydrolysis of adenosine triphosphate (figure 3).[15] 

 

 

Figure 3. The sodium-potassium exchange pump mechanism. The Na+/K+-ATPase moves two potassium ions from 

outside to inside the cell and three sodium ions from inside to outside the cell by the hydrolysis of ATP molecules.[15] 
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In high concentration, Ouabain is able to inhibit the Na+/K+-ATPase pump, but not 

selectively.[16] Once Ouabain binds to this enzyme, the pump ends to function which 

leads to an increase of intracellular sodium, reducing the activity of the intracellular 

sodium-calcium exchanger (NCX) (which under normal conditions pumps one calcium 

ion out of the cell and three sodium ions into the cell), thus increasing intracellular 

calcium.[17] This results in higher cardiac contractility and an increase in cardiac vagal 

tone. The change in ionic gradients caused by Ouabain can also affect the membrane 

voltage of the cell and results in cardiac arrhythmias. 

Despite the positive clinical experiences with Ouabain in humans, current research 

announces that several disease states seem to be associated with elevated levels of a 

compound into the human body ǘƘŀǘ ƛǎ ŎƭŀƛƳŜŘ ǘƻ ōŜ άŜƴŘƻƎŜƴƻǳǎ Ouabainέ (EO), a 

hormone originated or produced within an organism, tissue, or cell. It has been shown 

to be the main factor not only in the heart pathogenesis but in many common diseases, 

acting as a pro-hypertrophic and growth-promoting hormone, which might lead to 

cardiac remodelling affecting cardiovascular functions and structures.[18]  

In the late 1970s, the ŎƻƴŎŜǇǘ ƻŦ ά9hέ ǿŀǎ ƻǊƛƎƛƴŀǘŜŘ ǿƘŜƴ ƛǘ ǿŀǎ ƘȅǇƻǘƘŜǎƛȊŜŘ ǘƘŀǘ ŀƴ 

endogenous inhibitor of vascular Na+/K+-ATPase could be a natriuretic hormone causing 

hypertension.[19]  

Therefore, this EO concept suggested that Ouabain, as inhibitor of the Na+/K+-ATPase, 

could increase the blood pressure, in contrast to clinical experience, because in more 

than two centuries of clinical use with therapeutic concentrations of Ouabain, no 

hypertensinogenic effects have been observed but only a reduction of high blood 

pressure.[20]  

In 1991, Hamlyn et al. cooperatively with scientists from Upjohn Laboratories in 

Kalamazoo (Michigan) reported the purification of a compound in human plasma 

indistinguishable from Ouabain by mass spectroscopy. Therefore, Ouabain was 

identified as an endogenous hormone and it was intensively re-examinated as a drug, in 

particular its physiological functions and mechanism of action.[21,22,23,24] Subsequent 

work seemed to confirm this observation and indicated that mammalian Ouabain was 

present in multiple body fluids and tissues.[5]  

In 1992, Doursout and coworkers and, a year later, Yuan and colleagues demonstrated 

that prolonged Ouabain administration induced hypertension in normal rats. These 

remarkable observations have been replicated in several laboratories.[25] 

The mutually exclusive effects of Ouabain and the inhibitor activity of the sodium pump 

observed in mammalian tissues have not supported the hypothesis that this inhibitor is 

identical with Ouabain, but have highlighted that the natriuretic hormone is something 

different, which also is able to react with Ouabain antibodies. Indeed, some working 

group has showed that no endogenous Ouabain can be detected in human plasma with 

the help of chromatography methods, initially ignored.  

Vogeser et al. developed a particular and extremely sensitive method (validated 

according to FDA guidelines) to detect Ouabain in human plasma that has showed 
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negative results. These results have confirmed that endogenous Ouabain is different 

from Ouabain, refuting the hypothesis of EO.[5,26]  

Nowadays, there are still studies and contrasting ideas about endogenous Ouabain. New 

research has shown that Ouabain is an endogenous steroidal hormone of mammals, 

synthesized in the adrenal glands and the hypothalamus.[27] 

However, over the years, there have been studies and research questioning what has 

been confirmed so far.  

Based on the hypothesis that Ouabain could cause hypertension (inhibiting 

Na+/K+-ATPase pump), a research group at the University of Maryland, in cooperation 

with the Italian pharmaceutical company Sigma-Tau, has developed an Ouabain 

antagonist that in animal model is able to lower blood pressure, but has been shown to 

be ineffective during clinical trials in humans.[28] 

In-depth research on possible mechanism of OuabainΩǎ ŀŎǘƛƻƴ has highlighted that low 

concentrations of this cardenolide can induce signalling cascades via Na+/K+-ATPase that 

regulates different cell functions, such as cell proliferation, apoptosis, metabolism and 

cell mobility, that are independent effects of the transport of sodium and potassium 

ions by sodium pump.  

Other recent experimental studies indicate cardio-protecting effects of Ouabain, 

preventing hypertrophy of the heart and adrenal cortex in rats exposed to hypoxia, 

ischemia/reperfusion injury. In addition, Ouabain has showed promising effects in 

skeletal muscle motor dysfunction, immune-mediated diseases and neurodegenerative 

disorders, antiproliferative effects on various cancer cells including breast cancer, lung 

cancer, prostate cancer, colon cancer and leukemia by apoptosis, autophagy and 

immunogenic cell death (mechanism not fully elucidated), and protection of kidney 

development from adverse effects of malnutrition.[29,30,31,32,33,34,35,36]  

Due to the pandemic situation of recent years, Ouabain has been one of several drugs 

studied and analyzed in the treatment against SARS-CoV-2 infection and its implications 

for COVID-19, showing interesting antiviral activity.[37,38,39]  

 

1.3.  Structure-Activity Relationship (SAR) 

 

Crystallographic data together with in silico studies have been performed in order to 

study the Structure-Activity Relationship of Ouabain I-1.  

The binding site of Ouabain within Na+/K+-ATPase pump resides ƻƴ ǇǳƳǇΩǎ ŜȄǘǊŀŎŜƭƭǳƭŀǊ 

loops, especially between specific transmembrane domains. There are important 

essential features for the inhibitory activity on sodium pump: the steroid nucleus I-5 has 

to be in a chair configuration (I-6), with A/B and C/D ring bonds in a cis configuration and 

B/C bonds in a trans configuration. Furthermore, a hydroxyl group at C-14 position, a 

sugar at C-3 position and the unsaturated lactone are required (figure 4). 

 



I. Defunctionalization of Ouabain 

[8] 
 

 

Figure 4. Structure with essential features for activity I-1, steroid nucleus I-5 and chair configuration I-6 of Ouabain. 

 

The lactone ring at C-17 position is accommodated near to the residue Val329 and 

Ala330 in the transmembrane domain 4 displacing Gly326, essential for the K+ 

coordination (figures 5, A). Modifying the lactone moiety, such as a saturation of double 

ōƻƴŘ ŀƴŘ ǘƘŜ ŎŀǊōƻƴȅƭΩǎ ǇƻǎƛǘƛƻƴΣ ǘƘŜ Ouabain affinity is remarkably reduced.  

The steroid nucleus interacts directly with the transmembrane. The key factor for a 

correct chair and a cis configuration of the A/B and C/D ring junctions is represented by 

three phenylalanine residues (Phe323, Phe790 and Phe793) (figures 5, A). These 

residues are able to create a close hydrophobic pocket that is replaced by the steroid 

nucleus, allowing for a better accommodation of this group. 

The hydroxyl group at C-14 position forms a hydrogen bond with Thr804, and this proves 

that it is an important residue for the Ouabain binding (figures 5, A). On the contrary, 

the hydroxyl group at C-11 position is not involved with the interactions and could 

reduce the affinity because of a sterical hindrance.[40,41,42]  

 

 

Figure 5. The Na+/K+-ATPase binding cavity for Ouabain. Residues of the Na+/K+-ATPase subunit important for 

coordination and Ouabain are shown in sticks. In A, residues important for Ouabain interaction in the low affinity 

Ouabain-bound crystal structure are shown; in B, the original high affinity Ouabain-bound structure is shown.[43] 

 

The rhamnose residue at C-3 position can interact with Glu319 and Arg887 by hydrogen 

bonding (figures 5, B), giving the Ouabain an higher affinity than Ouabagenin I-7 

(figure 6)Σ ǿƘƛŎƘ ŘƻŜǎƴΩǘ ǇǊŜǎŜƴǘ ŀ ǎǳƎŀǊ ƳƻƛŜǘȅΦ[44]  
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Figure 6. Ouabagenin 
  

Some research present conflicting ideas and studies regarding the involvement of sugar 

for the inhibitory activity of Ouabain.[44]  

 

1.4. Toxicology 

 

Ouabain is a highly toxic compound with a LD50 (lethal dose, the amount of material, 

given all at once, which causes the death of 50% of a group of test animals) of 5 mg/kg, if 

orally administered to rodents.[45]  

Nevertheless, it has a low bioavailability[16] because it is absorbed poorly from the 

alimentary tract, destroying the oral dose. Intravenous administration shows better 

available concentration, with a LD50 to 2.2 mg/kg, also in rodents.[45] Ouabain is 

eliminated by renal excretion, largely unchanged. 

Since the lethal dose is very close to the pharmaceutical dose, an overdose of Ouabain 

can easily occur with the following symptoms: rapid twitching of the neck and chest 

musculature, respiratory distress, increased and irregular heartbeat, rise in blood 

pressure, convulsions, wheezing, clicking, and gasping rattling. Death is caused by 

cardiac arrest.[10] 

 

1.5. Total synthesis 

 

The total synthesis of Ouabain was a challenge for different research groups. The first 

total synthesis was published in 2008 by Deslongchamps et al. (scheme 1).[46]  

Their strategy was based on the initial construction of steroid skeleton which contains 

the functionalities required for Ouabagenin I-7 (the aglycone of Ouabain isolated for the 

first time in 1942 by Mannich and Siewert[47]), and Ouabain I-1. Ouabagenin I-7 was 

obtained after twenty-seven steps from cyclohexanone derivative I-8 and Nazarov 

substrate I-9 through a polyanionic cyclization (double-Michael addition followed by 

aldol condensation) strategy, allowing facile access to a tetracyclic intermediate with the 

desired A/B cis I-10, B/C trans and C/D cis I-11 ring junctions and the formation of the 

key intermediate I-12 in nineteen steps. This derivative led to the preparation of 

Ouabagenin I-7 via eight-steps synthesis. Ouabain I-1 was prepared from Ouabagenin I-7 

in six steps installing the rhamnose sugar successfully. 
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Scheme 1. Total synthesis of Ouabain by Deslongchamps et al. 

 

In 2013, Baran at al. reported the synthesis of Ouabagenin I-7 with an unusual take on 

the age-old practice of steroid semi synthesis based on the strategic interplay of two 

relay elements: redox relay (rapid transfer of redox information from one site to another 

within a framework) and oxidative stereochemical relay (transfer of stereochemical 

information during an oxidative process).[48] Cortisone acetate I-14 was chosen as an 

ideal starting material for its cheap price and was converted into adrenosterone I-15 

(more expensive) (scheme 2). This approach was focused on the evolution of synthetic 

strategy to access hydroxylation at C-19 position of cyclobutanol I-16, achieved via two-

step synthesis from intermediate I-15.  

After fifteen steps, protected Ouabageninone I-18 was formed on a scale of >500 mg 

and few chromatographic purifications were required. Compound I-18 was the ketonic 

core of the target molecule that would allow not only the synthesis of Ouabagenin I-7 

but also the versatile access to analogs carried at C-17 position, bearing a hydroxyl group 

at C-19 position. Then, Ouabagenin I-7 was afforded via five-steps synthesis. 
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Scheme 2. Total synthesis of Ouabagenin by Baran et al. in 2013. 

 

Two years later, Inoue at al. synthesized Ouabagenin I-7 using a convergent synthesis 

based on assembly of the A/B rings, D ring and butenolide moiety. The A/B rings I-21 

were synthesized in fifteen steps using diene I-19 and (R)-perillaldehyde I-20 as starting 

materials, through Diels-Alder reaction and sequential oxidations. The steroidal skeleton 

I-24 was obtained in selective way by intramolecular acetal formation of the A/B ring 

I-21 and D-ring fragments I-22 and a combination of intramolecular radical and aldol 

reactions. At the end, C-17 butenolide was connected by Stille coupling and 

hydrogenation, obtaining Ouabagenin I-7 (scheme 3).[49] 

 

 

Scheme 3. Total synthesis of Ouabagenin by Inoue et al. 

 

1.6.  Structural modifications of Ouabain  

 

The structure of Ouabain presents attractive functional groups, allowing the possibility 

of being modified and of improving its biological activity. Its structure is rich in hydroxyl 

groups and it can be subjected to protection or deprotection, oxidation or dehydration, 
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elimination or deoxygenation reactions. As previously mentioned, the lactone moiety 

has a considerable importance for biological interaction, whereby Ouabain should 

undergoes modifications without losing its pharmacological activity. 

 

1.6.1. Protection and deprotection of hydroxyl group (OH) 

 

A protecting group is a molecular framework introduced into a molecule, by chemical 

modification of a functional group, to obtain chemoselectivity in a subsequent chemical 

reaction, especially in a multifunctional compound.[50]  

In organic chemistry, there is a significant variety of protecting groups which are specific 

to each functional group, such as alcohols, amines, carbonyls, carboxylic acids, 

phosphates, terminal alkynes and so on. The structure of Ouabain contains six hydroxyl 

groups, and in order to selectively work on one of them, it is necessary to protect the 

others by using specific protecting groups, like acetonides, acetates, alkylating groups 

(i.e., MOMCl) or silyl ethers.  

In 1942, Mannich and Siewert[47] published their work on Ouabain, showing the 

possibility to protect the diol, formed by the secondary and primary alcohols at C-1 and 

C-19 positions (I-25), with an acetonide and to cleave the rhamnose moiety by using 

hydrochloric acid in acetone.  

This protecting group was removed using sulfuric acid in water at low temperatures or 

refluxing in alcohol, obtaining Ouabagenin I-7, then converted into the tetra acetate 

compound I-26 if treated with excess of acetic anhydride in pyridine (scheme 4).   

If compound I-25 was directly handled with acetic anhydride in pyridine, the diacetate 

compound I-27 was afforded which was deprotected with sulfuric acid, furnishing 

compound I-28.[47] 
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Scheme 4. Acetonide and acetate protection and deprotection of acetonide Ouabagenin I-7. 

 

Recently, Kirsch et al. discovered a selective protection of the secondary alcohol at C-11 

position of acetonide Ouabagenin I-25, in presence of the free secondary alcohol at C-3 

position (scheme 5) by using a solid phase bound 4-Dimethylaminopyridine (DMAP). The 

sequence of the peptides, with which DMAP is linked to the resin, had a crucial role for 

preventing by-products (double benzoate protection), allowing only the synthesis of 

benzoate compound I-29.[51] 

 

 

Scheme 5. Selective benzoate protection of acetonide Ouabagenin I-25. 

 

The acetonide Ouabagenin I-25 can also be protected using silyl protecting groups, such 

as trimethylsilyl ether (TMS), triethylsilyl ether (TES), tert-butyldimethylsilyl ether 

(TBS/TBDMS), tert-butyldiphenylsilyl ether (TBDPS) and triisopropylsilyl ether (TIPS).  

Selective protection of the secondary alcohol at C-3 position is possible by employing 

TBDMSCl to generate silyl ether compound I-30 (scheme 6).[52] This selectivity is due to 

the high steric bulk of the protecting group.  
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Scheme 6. Selective TBDMS protection of acetonide Ouabagenin. 

 

In 2000, Templeton et al. studied the selective protection of free alcohols in Ouabain, 

including those in rhamnose. The primary alcohol at C-19 position, the most reactive 

one, was protected in all cases. The two tertiary alcohols ŘƛŘƴΩǘ ǊŜŀŎǘ ŀƴŘ ŀƭƭ ǎŜŎƻƴŘŀǊȅ 

alcohols could be protected using seven equivalents of 

trimethylsilyltrifluoromethanesulfonate (TMSOTf) (I-31) (scheme 7).[53]  

However, by using only four equivalents of triisopropylsilyltrifluoromethanesulfonate 

(TIPSOTf), only the alcohols at C-1, C-19 and C-оΩ Ǉƻǎƛǘƛƻƴǎ were protected (I-32). 

 

 

Scheme 7. TMS and TIPS protection of Ouabain. 

 

Another interesting protecting reagent is the chloromethyl methyl ether (MOMCl), by 

which it is possible to protect both secondary alcohols and the tertiary alcohol at C-14 

position (I-33a) of compound I-25 (scheme 8).[44]  
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Scheme 8. MOM protection of acetonide Ouabagenin I-25. 

 

1.6.2. Oxidation of hydroxyl groups (OH) 

 

The oxidation of alcohols is a highly important reaction in organic chemistry, by which 

primary alcohols can be oxidized to aldehydes and carboxylic acids, secondary alcohols 

to ketones and tertiary alcohols, in contrast, canΩt be oxidized without breaking the 

molecule's CςC bond (scheme 9).  

 

 

Scheme 9. Oxidation of alcohols. 

 

Several studies concerning Ouabain have shown the possibility of selective and 

non-selective oxidation of hydroxyl groups at C-3, C-11 and C-19 positions using 

different reaction conditions. 

The hydroxyl group at C-3 position of Ouabagenin I-7, after reducing the unsaturated 

lactone (I-34), can be oxidized with platinum (Pt) under oxygen atmosphere, achieving 

ketone I-35 (scheme 10).[54] 
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Scheme 10. Reduction of Ouabagenin's lactone and oxidation of OH at C-3 position. 

 

For a selective oxidation of the secondary alcohol at C-11 position, the silyl compound 

I-30 can be treated with Dess-Martin periodinane (DMP), obtaining the ketone 

derivative I-36 which, in presence of sodium borohydride (NaBH4), lead to the formation 

of the corresponding alcohol I-37 with an inversion of the stereocenter. It has been 

shown that it is possible to re-synthesize the starting material I-30 by reducing the 

intermediate I-36 with triisobutylaluminium (TIBA) (scheme 11).[52] 

 

 

Scheme 11. Selective oxidation of secondary alcohol at C-11 position and subsequent inversion of stereocenter. 

 

In 1967, Reichstein et al. oxidized selectively the primary alcohol at C-19 position of 

diacetate Ouabagenin I-28 to aldehyde I-38 with Pt under oxygen atmosphere and, 

subsequently, to carboxylic acid I-39 using copper (II) acetate (Cu(Ac)2) in water 

(scheme 12).[55]  
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Scheme 12. Selective oxidation of primary alcohol at C-19 position. 

 

In 1964, J. S. Baran oxidized both secondary alcohols at C-3 and C-11 positions of 

acetonide Ouabagenin I-25 using chromium (VI) oxide (CrO3) to give diketone I-40 

(scheme 13).[56] 

 

 

Scheme 13. Oxidation of secondary alcohols at C-3 and C-11 positions of acetonide Ouabagenin. 

 

1.6.3. Deoxygenation of alcohols (OH) 

  

1.6.3.1. Defunctionalization of hydroxyl groups 

 

The deoxygenation of alcohol is a chemical reaction involving the removal of oxygen 

atoms from a molecule, important for the synthesis of natural product, with or without 

selectivity. There are disparate applicable methods to carry out the deoxygenation, 

compatible with different substrates and functional groups (figure 7).  

Normally, the deoxygenation of alcohols employs a two-step procedure. One method 

consists in replacing the alcohol with a suitable leaving group which is removed in a 

second step: it can be converted into halide (I), followed by dehalogenation (II), or into 

ethers or esters (III) with O-thiocarbonyls, as typical derivative that can be reduced 

either by electron transfer (IV) with alkali metals or with stannanes in the known Barton-

Mc Combie deoxygenation (V). However, undesired radical side reactions and the two-

step procedure render this approach still disadvantageous and the direct deoxygenation 

(VI) and the use of catalysts are far more desirable. The problem of the direct 

deoxygenation is that requires specific reaction conditions and only few functional 

groups are tolerate. The most common two-step deoxygenation of alcohols is the 

elimination (VII), obtaining the alkene, followed by hydrogenation (VIII) to alkane.[57]  
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Figure 7. Different methods of alcohols deoxygenation. 

 

Currently, in literature there are not many deoxygenation reactions applied to Ouabain, 

but mainly to structurally similar steroid compounds. For this reason, some examples of 

steroidal and non-steroidal compounds will be reported. 

Regarding the halogenation reaction, one of the best-known is the Appel reaction, by 

which an alkyl chloride is generated using triphenylphosphine (PPh3) and carbon 

tetrachloride (CCl4).[58] The alkyl chloride can be removed via a radical reaction using a 

hydride source. 

In 2018, Stephenson et al. discovered a photochemical approach obtaining in situ 

halogenation, followed by defunctionalization of alcohol. The reactions were carried out 

in a flow reactor and, combining the Garegg-Samuelsson reaction and photoredox 

catalysis, the alcohol at C-3 position of steroid I-41 was deoxygenated (scheme 14).[59] 

 

 

Scheme 14. Halogenation and defunctionalization in situ of secondary alcohol at C-3 position of steroid I-41. 

 

As mentioned above, the Barton-Mc Combie is one of the best-known reactions for the 

deoxygenation of alcohol. First, the alcohol is substituted by a xanthate and, then, 

radically defunctionalized.[60] Another plausible substituent, in place of xanthate, is the 

phosphorous which can be easily attached and defunctionalized in a similar way of 

xanthates.  
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In scheme 15, the primary alcohol at C-20 position of unsaturated ketone I-43 is 

substituted and then radically removed (I-46) when phosphorylated intermediate I-45 is 

treated with tributyltin hydride (n-Bu3SnH) as hydride source.[61]  

 

 

Scheme 15. Deoxygenation of primary alcohol at C-20 position of unsaturated ketone I-43. 

 

By using indium (III) chloride (InCl3) as catalyst and chlorodiphenylsilane (Ph2SiHCl) as 

reducing agent, alcohols can be defunctionalized through a direct deoxygenation, as 

shown in scheme 16.[62] 

 

 

Scheme 16. Direct deoxygenation of tertiary alcohol of 2-methyl-1-phenylpropan-2-ol I-47. 

 

The dehydration or elimination of alcohols is an important reaction involving the 

ŜƭƛƳƛƴŀǘƛƻƴ ƻŦ ŀ ǿŀǘŜǊΩǎ ƳƻƭŜŎǳƭŜ ŦǊƻƳ ǘƘŜ ǎǘǊǳŎǘǳǊŜ ǘƻ afford alkenes. This can be 

possible when the alcohol has a hydrogen atom on the -hcarbon atom (scheme 17), i.e., 

the carbon atom next to one carrying the hydroxyl group. When there is more than one 

hydrogen on the h-carbon atom, then isomeric alkenes may arise.[63] 
 

 

Scheme 17. Dehydration of an alcohol. 
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Many analyses on dehydration of Ouabagenin ŘŜǊƛǾŀǘƛǾŜΩǎ hydroxyl groups, have 

demonstrated the formation of alkenes or the breaking of the ɹ-lactone. 

Obviously, the selective elimination of alcohols requires the presence of selective 

suitable protecting groups.  

In 1961, Baran et al. discovered that the tertiary alcohol at C-14 position of diacetate 

acetonide Ouabagenin I-27 could be eliminated using thionyl chloride (SOCl2) in pyridine 

obtaining the alkene derivative I-49 without involving the tertiary alcohol at C-5 position. 

The alkene I-49 could be reduced with palladium on activated charcoal (Pd/C) catalyst in 

acetic acid to a diastereoisomer mixture I-50 (scheme 18).[64]  

 

 

Scheme 18. Dehydration of tertiary alcohol at C-14 position of diacetate acetonide Ouabagenin I-27 and subsequent 

hydrogenation. 

 

The hydroxyl group at C-14 position can be also eliminated treating the silyl ether 

substrate I-30 with methanesulfonyl chloride (MsCl) leading to the alkene I-51. Under 

this reaction condition, only this alcohol is eliminated, the others at C-11 and C-5 

positions are not involved (scheme 19).[52]  

 

 

Scheme 19. Dehydration of tertiary alcohol at C-14 of sylil protected Ouabagenin. 

 

Furthermore, the secondary alcohol at C-1 position has been selectively eliminated by 

treating the diketone I-40 with basic alumina (Al2O3) in boiling ethanol. The unsaturated 

diketone I-52 has been hydrogenated using Pd/C under H2 pressure, obtaining the 

intermediate I-53 which has lost the tertiary alcohol at C-5 position after treatment with 

acid (I-54) (scheme 20).[56] 
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Scheme 20. Dehydration of secondary and tertiary alcohols at C-1 and C-5 positions of diketone derivative. 

 

However, Ouabain may undergo aromatization of the ring A, as shown in scheme 21. 

Indeed, by treating ketone I-35 with sodium hydroxide (NaOH), the two alcohols at C-1 

and C-5 positions are eliminated by ̡-elimination. The subsequent retroaldolic reaction 

has resulted in the elimination of primary alcohol at C-19 position as formaldehyde and 

the reduction of ketone at C-3 position to alcohol that is methylated by dimethylsulfate 

((CH3)2SO4), obtaining the final aromatic compound I-55.[54] 

 

 

Scheme 21. Aromatization of ring A of OuabageninΩǎ ketone derivative. 

 

The opening of lactone can be generated by ozonolysis, thus if the tetracetate 

intermediate I-26 is treated with zinc (Zn) in acetic acid and potassium hydrogen 

carbonate (KHCO3), tƘŜ ʰ-hydroxyl ketone I-56 is afforded (scheme 22).[65]  

Recent reactions regarding the opening of the lactone with consequent modification 

date back to 2018.[44,65]  
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Scheme 22. Lactone opening by ozonolysis. 

 

To summarize, in most cases the elimination of an alcohol and the subsequent 

formation of alkene is guaranteed by using dehydrating reagents, like methanesulfonyl 

chloride (MsCl) (I-57), thionyl chloride (SOCl2) (I-58) and phosphoryl chloride (POCl3) 

(I-59). They are the most easily accessible reagents but due to their high reactivity can 

origin other side products. 

Other dehydrating reagent such as Burgess reagent (I-60),[66] MartinΩǎ Sulfurane (I-61)[67] 

and methyltriphenoxyphosphonium iodide (MTPI) (I-62)[68] can offer more selective 

methods (figure 8) because of their mechanism of action and steric bulk. The final alkene 

can be reduced using different hydrogenation methods (i.e., Pd/C and H2). 

 

 

Figure 8. Dehydrating reagents. 

 

1.6.3.2. Defunctionalization of carbonyl group 

 

The deoxygenation can be carried out also involving a carbonyl group (scheme 23). 

 

 

Scheme 23. Deoxygenation of ketone. 

 

The most common reactions are the Clemmensen reduction,[69] which employs zinc in 

acidic conditions, and the Wolff-Kischner reduction,[70] which requires hydrazine and 

strongly basic conditions (scheme 24). 
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Scheme 24. Clemmensen and Wolff-Kischner reactions. 

 

By using the Clemmensen reduction, selective deoxygenation of the ketone at C-3 

position of steroid I-67 can be obtained (scheme 25).[71]  

 

 

Scheme 25. Selective deoxygenation of ketone at C-3 position of derivative I-67. 

 

As an alternative method, the ketone can first be converted into a dithian derivative I-69 

and then desulfurized using Raney nickel as catalyst (scheme 26).[72] 

 

 

Scheme 26. Ketone deoxygenation by using Raney Nickel catalyst. 
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2. Task 

 

The first aim of this project consists of selectively eliminating all six alcoholic functions 

present in OuabainΩǎ ǎǘǊǳŎǘǳǊŜΣ ƻōǘŀƛƴƛƴƎ ǘƘŜ Ŧƛƴŀƭ ŘŜǊƛǾŀǘƛǾŜǎ I-70 to I-75 shown in 

scheme 27, without changing the stereocenter of the remaining hydroxyl groups, the 

ǎǘŜǊƻƛŘ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǘƘŜ ʴ-lactone. 

 

 

Scheme 27. Final desired products should be synthesized by selective defunctionalization of Ouabain. 
 

The second goal of this project consists of selectively removing two of the six alcoholic 

functions present in OuabainΩǎ ǎǘǊǳŎǘǳǊŜΣ achieving the final derivatives I-76 to I-79 

shown in scheme 28.  In this case, it is also important not to change the stereocenter of 

ǘƘŜ ǊŜƳŀƛƴƛƴƎ ƘȅŘǊƻȄȅƭ ƎǊƻǳǇǎΣ ǘƘŜ ǎǘŜǊƻƛŘ ǎǘǊǳŎǘǳǊŜ ŀƴŘ ǘƘŜ ʴ-lactone as well. 
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Scheme 28. Final desired products should be obtained by selectively elimination of two alcoholic functions. 

 

The desired products I-77 and I-78 represent key molecules for the synthesis of 

well-known natural products I-4 and I-80 to I-84, highlighted in the scheme 29. 
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Scheme 29. Final desired natural products. 

 

In order to reach the desired final products, the use of protecting groups and oxidation, 

elimination and deoxygenation reactions, generally described above, are required.  

Before showing how these final products might be synthesized, it is necessary to specify 

that the starting material used for each pathway is represented by acetonide 

Ouabagenin I-25, achieved by treating the Ouabain I-1 with hydrochloric acid (HCl) in 

acetone, in 96% yield (scheme 30). 

 

 

Scheme 30. Synthesis of acetonide Ouabagenin I-25. 

 

Specifically, derivatives I-71, I-73 and I-79 have been previously synthesized by 

Dr. Torsten Cellnik.[73]  
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The deoxygenated product I-71 was obtained from acetonide Ouabagenin I-25 via a 

three-step sequence in 39% overall yield (scheme 31). First, the alcohol at C-3 position 

was selectively eliminated, by using aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (I-61) dehydrating reagent, in 

76% yield. The resulting alkene intermediate I-85 (confirmed by a crystal structure) was 

hydrogenated with WilkinsonΩǎ Ŏŀǘŀƭȅǎǘ in 94% yield. In the last step, the deprotection of 

I-86 with acetic acid in methanol gave the desired product I-71 in 55% yield.   

 

 

Scheme 31. Defunctionalization of acetonide Ouabagenin I-25 at C-3 position (I-71). 

 

Compound I-73 was formed from acetonide Ouabagenin I-25 by a three-step sequence 

in 48% overall yield (scheme 32). At the beginning, the secondary alcohol at C-3 position 

was protected with TIPSCl, obtaining intermediate I-87 in 87% yield. Then, the hydroxyl 

group at C-11 position was eliminated using aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (I-61), achieving alkene 

I-88 in 82% yield. The followed hydrogenation and deprotection led to final compound 

I-73 in 67% yield. 
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Scheme 32. Defunctionalization of acetonide Ouabagenin at C-11 position (I-73). 

 

The final product I-79 was synthesized from acetonide Ouabagenin I-25 through a 

three-step sequence in 31% overall yield (scheme 33). Initially, the secondary alcohol at 

C-3 position was protected with TIPSCl, obtaining intermediate I-87 in 87% yield. Then, 

hydroxyl groups at C-11 and C-14 positions were eliminated using SOCl2 and pyridine, 

achieving intermediate I-89 in 81% yield, followed by a simultaneous hydrogenation and 

deprotection to final compound I-79 in 44% yield. 

 

 

Scheme 33. Defunctionalization of acetonide Ouabagenin at C-11 and C-14 position I-79. 
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3. Results and discussion 

 

3.1 . Defunctionalization of Ouabain: OH at C-1 position  

 

For the deoxygenation of the hydroxyl group at C-1 position, two different approaches 

have been applied, both using acetonide Ouabagenin I-25 as starting material 

(scheme 34).   

A first approach involved the oxidation of the secondary alcohol al C-3 position to 

ketone C-3 intermediate I-90, which should undergo dehydration and acetonide 

deprotection simultaneously, leading to unsaturated ketone I-91. Reduction of resulting 

alkene (I-92) and ketone should give the desired product I-70.  

A second route implicated a triprotected intermediate I-93 which should allow the 

elimination of the secondary alcohol at C-1 position to alkene I-94. Subsequent 

hydrogenation and deprotection should afford the final product I-70.[73] 
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Scheme 34. Two different approaches to synthesize defunctionalized product I-70. 

 

3.1.1. Deoxygenation of OH at C-1 position via ketone C-3 intermediate 

 

The pathway to synthesize intermediate I-92 has already been previously analyzed and 

studied.[73] The oxidation of the alcohol at C-3 position and formation of the 

corresponding ketone I-90 represented one of the most problematic steps and different 

oxidation methods were applied to acetonide Ouabagenin I-25 (table 1).  
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Table 1. Different oxidation conditions of hydroxyl group at C-3 position to achieve ketone I-90. 

 

Entry Reagent (equiv)  Solvent T (°C) t (h) Product [a] 

1 IBX (0.50-1.50) DMSO r.t. 4Ą24 - [d] 

2 IBX (2.0) EtOAc/H2O (5:1) 70 2 - [d] 

3 IBX (3.0) DMSO/H2O (1:1) r.t.Ą40 24 - [d] 

4 MnO2 (5.0-10.0) DCM r.t. 4 Ą24 - [b, c] 

5 MnO2 (5.0-10.0) Acetone r.t. 24 - [b, c] 

6 MnO2 (15.0-50.0) DCM/DMF r.t. 24Ą72 - [b, c] 

7 Ag2CO3 (5.0-15.0) 

Celite 

DMF/Benzene (1:10) reflux 24 - [d] 

8 Oxone (1.20) 

solid-supported catalyst 

based on IBS (0.10) 

ACN/H2O 70 18 - [e, f] 

9 Al(O-i-Pr)3 (3.0) Cyclohexanone/Toluene 
(1:6) 

reflux 3Ą18 - [d] 

10 Al(O-i-Pr)3 (3.0) Cyclohexanone/Toluene 
(1:1.5) 

reflux 3 - [e] 

11 Al(O-i-Pr)3 (3.0) Cyclohexanone/Toluene 
(1:2.5) 

r.t. 20 - [e] 

12 PDC (1.50) DMF r.t. 24 - [c, d] 

13 PtO2 (0.70) EtOAc/H2O (4:1) 50 6 - [d, g, i] 

14 PtO2 (1.50) EtOAc/H2O (4:1) 50 6 - [d, g, i] 

15 PtO2 (1.50) EtOAc/H2O (4:1) r.t. 8 38% [g, i] 

16 PtO2 (0.70) EtOAc/H2O (1.5:1) r.t. 8 60% [g, h] 

17 PtO2 (0.70) EtOAc/H2O (1.5:1) r.t. 15 88% [g, h] 

[a] Isolated yield after column chromatography. [b] No conversion. [c] Traces of impurities. [d] Product mixture.     

[e] No desired product. [f] Lactone degradation. [g] 1 atm O2. [h] PtO2 anhydrous. [i] PtO2 hydrate. 

  

By treating the acetonide Ouabagenin I-25 with different equivalents of the oxidizing 

agent 2-Iodoxybenzoic acid (IBX) (entries 1-3) in dimethyl sulfoxide, it was not possible 

to achieve selective oxidation of alcohol at C-3 position. Indeed, the desired product was 

detected in a mixture with diketone due to simultaneous oxidation of the secondary 

alcohol at C-11 position (I-40), also by changing the reaction time.  

Same results were obtained by using silver carbonate (Ag2CO3) on celite[74,75] (entry 7) 

and pyridinium dichromate (PDC)[74,76](entry 12).  
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By employing the reaction condition of Oppenauer oxidation (entries 9-11),[74,77] the 

reaction time, temperature and solvent mixture played an important role, because by 

using aluminium isopropoxide Al(O-i-Pr)3 in a solvent mixture of cyclohexanone:toluene 

(1:6) under reflux conditions from three to eighteen hours, a mixture of mono and 

diketone  compounds was obtained (entry 9). In contrast, by using a solvent mixture 

cyclohexanone:toluene (1:1.5) at reflux conditions for three hours (entry 10) or 

cyclohexanone:toluene (1:2.5) at room temperature for twenty hours (entry 11), 

decomposition was detected.    

Only starting material or some traces of impurities were achieved by employing 

manganese oxide (MnO2)[74,78] under different reaction conditions (entries 4-6).  

Unfortunately, oxidation and degradation of the lactone were observed by treating the 

acetonide Ouabagenin I-25 with the solid-supported catalyst designed as a variant of 

IBS, in the presence of oxone (entry 8).[74,79]  

By using PtO2 hydrate as catalyst, no selectivity was detected by carrying out the 

reaction at high temperatures, forming a mixture of desired product and diketone 

(entries 13, 14). However, the same reaction at room temperature led to the desired 

ketone I-90 in 38% yield (entry 15). The best results were achieved treating the starting 

material I-25 with PtO2 anhydrous (entries 16, 17) overnight, affording ketone I-90 in 

88% yield selectively. This highlighted that it was possible to obtain selectivity and good 

yield only by using anhydrous PtO2 instead of the hydrated one.  

After optimizing the oxidation conditions, the ketone intermediate I-90 was treated with 

sodium carbonate (Na2CO3) in ethanol, losing the acetonide protecting group and, at the 

same time, eliminating the hydroxyl functionality at C-1 position to yield the unsaturated 

derivative I-91 in 89% yield (scheme 35). Then, the double bond was reduced by 

hydrogenation with Pd/C in acetic acid to generate ketone I-92 in 67% yield. 

 

 

Scheme 35. Deprotection and elimination of hydroxyl group at C-1 position and subsequent hydrogenation of 

intermediate I-91 to yield derivate I-92. 

 

To achieve the desired final product I-70, another step was required: the stereoselective 

reduction of ketone I-92 (table 2).  

The two main problems of this step concerned both the limitation of the compatible 

reducing agent, because of the presence of the lactone, and the stereoselective 

reduction of ketone, avoiding a final mixture of epimers I-70 and epi- I-70.   
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The most plausible reduction turned out to be the known Luche reduction,[80] empolying 

NaBH4, compatible with the lactone moiety being a mild reducing reagent.  

 
Table 2. Different reducing conditions to reduce ketone 1-92 to final compound I-70. 

 

Entry Reagent (equiv) Additive (equiv) Solvent T (°C) t (h) Product[a] 

1 NaBH4 (1.50) CeCl3 (0.25) MeOH 0 Ą r.t. 0.3 - [f] 

2 NaBH4 (1.0) CeCl3 (0.25) MeOH 0 1 - [b] 

3 NaBH4 (2.0) CeCl3 (2.10) MeOH 0 0.5 80%  

d.r. 2.7:1 [d] 

4 NaBH4 (1.0) /  THF/MeOH (1:1) 0 48 - [c] 

5 NaBH4 (1.0) CeCl3 (0.20) THF/MeOH (1:1) 0 72 - [b] 

6 PtO2 (0.50) /  EtOH r.t. 18 - [f, g] 

7 L-Selectride 

solution (1.60) 

/  THF -78 Ą r.t. 2 - [e] 

8 Zn(BH4)2/2NaCl /  ACN r.t. 18 - [b] 

9 NaBH3CN (0.50) /  MeOH r.t. 18 - [f] 

[a] Isolated yield after column chromatography. [b] No conversion. [c] Traces of desired product. 

[d] Product mixture. [e] No desired product. [f] Decomposition. [g] 1 atm H2. 

 

As shown in table 2, the reduction was carried out under different reaction conditions, 

causing decomposition with 1.5 equivalents of NaBH4 in presence of 0.25 equivalents of 

cerium trichloride (CeCl3) in methanol at 0 °C (entry 1) and any conversion was observed 

under the same conditions with only one equivalent of reducing reagent (entry 2).  

By using a solvent mixture of tetrahydrofuran/methanol[81] and one equivalent of 

NaBH4, after two days, only traces of conversion were detected (entry 4), but no 

conversion in the presence of CeCl3 (entry 5).  

The ketone intermediate I-92 was converted into the desired product, by using two 

equivalents of NaBH4, 2.10 equivalents of CeCl3 in methanol at 0 °C, in 80% yield but as 

epimers mixture I-70 and epi-I-70 with a d.r. of 2.7:1 (entry 3).  

Decomposition was detected after reduction with PtO2 in ethanol under H2 pressure 

(entry 6).  

By employing L-selectride and stirring the solution for two hours, still traces of ketone 

I-92 and a new unknown compound were detected (entry 7).  
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A novel Zn(BH4)2/2NaCl[82] reducing system proved to be unsuccessful, resulting in no 

conversion of the starting material (entry 8).  

Decomposition was detected in presence of sodium cyanoborohydride (NaBH3CN) 

(entry 9).   

  

3.1.2. Deoxygenation of OH at C-1 position via protected derivative I-93 

 

This second route involves intermediates in which the hydroxyl groups at C-3, C-11 and 

C-19 positions have been protected with different protecting groups as acetate, 

benzoate and silyl groups. 

First, the secondary alcohols at C-3 and C-11 positions of acetonide Ouabagenin I-25 

were protected by using acetic anhydride in pyridine forming the tetra-protected 

Ouabagenin I-27 in 93% yield, followed by treatment with trifluoracetic acid to 

deprotect the acetonide for achieving diol I-28 in 94% yield.[73] 

Subsequently, the primary alcohol at C-19 position was protected with acetic anhydride 

in pyridine affording the triacetate derivative I-93a in 80% yield. Treatment with 

Martin's sulfurane allowed the elimination of secondary alcohol at C-1 position, leading 

to the unsaturated intermediate I-94a in 67% yield (scheme 36).  

 

 

Scheme 36. Pathway to obtain the unsaturated intermediate I-94a from acetonide Ouabagenin I-25 through triacetate 

intermediate I-93a. 
 

The project focused mainly on selective hydrogenation of the ҟ1,2 double bond, applying 

different reduction condition (table 3). 
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Table 3. Different hydrogenation conditions to synthesize derivative I-95a. 

 

Entry Catalyst (equiv) Additive (equiv) Solvent T (°C) t (h) Product[a] 

1 (PPh3)3RhCl (0.10) /  Toluene r.t. 24 - [b, c, e] 

2 (PPh3)3RhCl (0.10) /  EtOAc r.t. 24 - [e] 

3 [Ru(p-cymene)Cl2]2 (0.30) Cs2CO3 (0.020) iPrOH 70 16 - [d] 

4 RuCl2(PPh3)3 (0.20) Cs2CO3 (0.020) iPrOH 70 16 - [d] 

5 Pd/C (0.20-0.50) /  EtOH r.t. 5 - [b, c, e] 

6 Pd/C (0.20 Ą 0.30) /  AcOH r.t. 24 - [b, e] 

7 Pd/C (0.33) /  EtOAc r.t. 3 - [b, c, e] 

8 Pd/C (0.50) /  AcOH r.t. 3 - [b, e] 

9 Pd/BaSO4 (0.33) /  EtOAc r.t. 3 - [b, c, e] 

10 Pd/BaSO4 (0.33) /  AcOH r.t. 3 - [b, c, e] 

[a] Isolated yield after column chromatography. [b] I-96a formation. [c] Lactone reduction. [d] Decomposition. 

[e] 1 atm H2. 

 

By using the WilkinsonΩǎ Ŏŀǘŀƭȅǎǘ[83] for hydrogenation, the starting triacetate derivative 

I-94a also underwent the reduction of the lactone, without any selectivity (entries 1, 2).  

In addition, by using ruthenium catalysts, compound I-94a was not converted into the 

desired compound but only decomposition was detected, probably because of the 

presence of the base at high temperatures (entries 3, 4).   

Different results were achieved by employing Pd/C under different reaction conditions. 

Indeed, hydrogenation of derivative I-94a with 0.2 or 0.5 equivalents of Pd/C in ethanol 

at room temperature led to the corresponding double hydrogenated compound, also 

attacking the unsaturated lactone (entry 5).  

Surprisingly, the lactone proved to be compatible with Pd/C in acetic acid or ethyl 

acetate at room temperature but derivative I-94a was fully (entry 8), slowly (entry 6) 

and in mixture (entry 7) converted into an unexpected new product I-96a, which didnΩǘ 

show the secondary alcohol at C-3 position in its structure. A mixture of products I-96a 

and the reduced unsaturated lactone were also obtained in presence of palladium on 

barium sulfate (Pd/BaSO4) (entries 9, 10) in different solvents.  

Treatment of the unexpected product I-96a with Na2CO3 in methanol/water for one 

hour at room temperature provided the partially deprotected intermediate I-97a 

(scheme 37), obtaining a useful intermediate for the synthesis of another desired 
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molecule (I-76) without two alcoholic functions and belonging to the second aim of this 

work (scheme 37).  

 

 

Scheme 37. Unexpected hydrogenation of derivative I-94a followed by partial deprotection. 

 

The total deprotection of compound I-96a has shown considerable difficulties, mainly 

due to the lactone, which is extremely sensitive to the required conditions for removing 

the acetate protecting group (table 4).  

 
Table 4. Screening of fully acetate deprotection of compound I-96a. 

 

         [a] Isolated yield after column chromatography. [b] Dirty desired product. [c] Decomposition.  

         [d] Unknown product.  

 

As shown in table 4, different reaction conditions were tested, always using weak bases 

due to the presence of the lactone. The two bases mainly involved are Na2CO3 and 

K2CO3. 

By treating the starting material I-96a with K2CO3, decomposition or desired but 

extremely dirty product were detected (entries 2-5).  

Entry Base (equiv) Solvent T (°C) t (h) Product[a] 

1 Na2CO3 (2.20) MeOH/H2O r.t. 16 - [d] 

2 K2CO3 (3.0) MeOH/H2O 0 Ą  r.t. 4 - [c] 

3 K2CO3 (10.0) MeOH/H2O 0  48 - [b] 

4 K2CO3 (20.0) MeOH/H2O 0 48 - [c] 

5 K2CO3 (2.0) MeOH 0 Ą  r.t. 24 - [c] 

6 Na2CO3 (10.0) MeOH/H2O r.t. Ą 40 6 39% 

7 Na2CO3 (10.0) MeOH/H2O r.t. 16 50%  

8  Sat. solut. Na2CO3 MeOH r.t. 24 - [c] 
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The use of a saturated Na2CO3 solution caused decomposition (entry 8) and by using 

fewer equivalents of this base, the desired product was not detected (entry 1).  

The compound I-76 was obtained only using about 10 equivalents of Na2CO3 in 

methanol/water in 39% yield at 40 °C for six hours (entry 6). 

By carrying out the reaction at room temperature for sixteen hours, the desired product 

I-76 was achieved in 50% yields (entry 7). 

 

By analyzing this unexpected reduction (scheme 37) and assuming that the simultaneous 

elimination of hydroxyl group at C-3 position was promoted by the presence of the 

acetate protecting group as good leaving group, the reduction was also carried out using 

the completely deprotected derivative I-98 as starting material (table 5).  

Different reaction conditions were applied to deprotected the compound I-94a by using 

only Na2CO3 as a weak base because of the presence of the lactone.  

 
Table 5. Deprotection of triprotected intermediate I-94a. 

 

Entry Na2CO3 (equiv) T (°C) t (h) Product[a] 

1 3 40 24 32% 

2 10 r.t. 24 82% [b] 

3 10 r.t. 16 54%  

                             [a] Isolated yield after column chromatography. [b] Partial deprotection. 

 

As shown in table 5, the desired product was obtained in a low yield of 32% using three 

equivalents of Na2CO3 in methanol/water at 40 °C (entry 1).  

By increasing the equivalents to ten and carrying out the reaction at room temperature 

for one day, the yield improved to 54% (entry 3). Under the same conditions, the 

partially deprotected product I-99a was achieved after forty-five minutes in 82% yield 

(entry 2).  

Nevertheless, this alternative route showed the same result as before, thus 

deoxygenation of two different hydroxyl groups (I-76) was achieved instead of the 

desired compound I-70 (scheme 38). 

 



I. Defunctionalization of Ouabain 

[38] 
 

 

Scheme 38. Alternative route to afford defunctionalized final product I-70. 

 

To avoid this problem, different protecting groups than acetate have been tried, initially 

choosing more stable ones as TBS,[73] achieving intermediate I-100 (scheme 39). 

 

 

Scheme 39. Acetonide Ouabagenin protection by using TBSCl. 

 

The TBS protection was followed by acetonide deprotection to achieve diol I-101, but 

this showed to be the most limiting step of the route due to the difficult selective 

deprotection of the acetonide, since both protecting groups are sensitive to acidic 

conditions. For this reason, different reaction conditions were applied, resulting in 

unsatisfactory results (table 6). 

 
Table 6. Acetonide deprotection of intermediate I-100. 

 

Entry Reagent (equiv)  Solvent T (°C) t (h) Product[a] 

1 /  H2O  90 7 - [b] 

2 /  DMSO/H2O (10:1) 90 6 - [c] 

3 CeCl3·7H2O (2.0) 

(COOH)2 (0.05) 

ACN r.t. 5 53% 

[a] Isolated yield after column chromatography. [b] No desired product. [c] No conversion.   
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A first approach consisted of treating compound I-100 only with water (entry 1) at high 

temperatures,[84] obtaining a completely deprotected product, thus involving not only 

the acetonide but also the TBS group. By employing a mixture of 

water/dimethylsulfoxide 1:10 (entry 2),[73,84] no conversion of the starting product was 

noticed.  

It was possible to synthesize the final product I-101 by handling the acetonide product 

I-100 with CeCl3 heptahydrate and oxalic acid in acetonitrile at room temperature 

(entry 3).[85] Unfortunately, the final product proved to be extremely unstable, probably 

due to the TBS group jumping between the hydroxyl groups. Indeed, crude NMR and TLC 

showed several different products without acetonide but with TBS protecting group. 

Subsequently, facing this obstacle, different protecting groups were employed, such as 

the TBDPS to protect the hydroxyl group at C-3 position and the benzoate for the 

hydroxyl group at C-11 position (I-103), as shown in scheme 40.  

Thus, acetonide Ouabagenin I-25 was, first, protected with TBDPSCl giving intermediate 

I-102 that in presence of benzoic anhydride (Bz2O) was converted to protected 

compound I-103.[73] 

 

 

Scheme 40. TBDPS and Bz protection of acetonide Ouabagenin I-25. 

 

Unfortunately, also in this case the selective deprotection of the acetonide protecting 

group represented a limiting step for the simultaneous deprotection of the TBDPS.  

As shown in table 7, several reaction conditions were applied but with unsatisfactory 

results. 
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Table 7. Acetonide deprotection of derivative I-103. 

 

Entry Reagent (equiv)  Solvent T (°C) t (h) Product[a] 

1 CeCl3·7H2O (2.0) 

(COOH)2 (0.05) 

ACN r.t.  16 - [b] 

2 /  H2O  90 48 - [c] 

3 /  H2O/DMSO (1:10) 90 24 - [d] 

4 TFA (2.42) H2O/THF (1:4) r.t. 16 - [e] 

5 PdCl2(CH3CN) (0.10) ACN/H2O (3:1) 65 3 - [d] 

6 PdCl2(CH3CN) (0.10) ACN/H2O (3:1) r.t. 24 - [c] 

7 PdCl2(CH3CN) (0.10) ACN/H2O (10:1) 65 6 31% [b] 

8 PdCl2(CH3CN) (0.10) ACN/H2O (6:1) 65 24 49% [b] 

9 PdCl2(CH3CN) (0.10) ACN/H2O (4:1) 65 6 73% [b] 

        [a] Isolated yield after column chromatography. [b] I-105 formation. [c] No conversion. [d] Decomposition.  

        [e] Full deprotection. 

 

Initially, the same reaction conditions, used previously on compound I-100, were applied 

for the synthesis of derivative I-104, without obtaining the desired results (entries 1-3). 

In case of entry 1, only deprotection of TBDPS was achieved, forming product I-105. 

A non-selective deprotection of the acetonide but also of the TBDPS was achieved in 

presence of TFA in water/ tetrahydrofuran (entry 4).[86] 

After treatment of protected compound I-103 with bis(acetonitrile)dichloropalladium (II) 

(PdCl2(CH3CN)) catalyst, different results by varying the reaction temperature and the 

ratio between acetonitrile and water as solvents were detected.[87]  

A selective deprotection of acetonide was not detected by using a 3:1 acetonitrile/water 

ratio both at room temperature (entry 6) for twenty-fours hours, which indicated no 

conversion, and at 65 °C (entry 5) for three hours after which decomposition was 

observed.  

The desired derivative was synthesized and analyzed using a solvent ratio of 10:1, 6:1 

and 4:1 at 65 °C in 31% (entry 7), 49% (entry 8) and 73% (entry 9) yields, respectively.  

The analysis of the final product showed a compound highly dirty and, in addition, this 

step turned out to be not easily reproducible, because whenever these reaction 

conditions were applied, the desired product was synthesized in a low yield due to the 

simultaneous deprotection of the TBDPS. 
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For this reason, a further pathway was developed (scheme 41) by using the benzoate 

protecting group that is not sensitive to acidic conditions, in order to selectively remove 

the acetonide, and it is bulkier than acetate so as to avoid the double elimination of 

alcohols at C-1 and C-3 positions, as in case of derivative I-96a. 

This route is similar to the one analyzed above, involving the triacetate derivative 

(scheme 36). Therefore, acetonide Ouabagenin I-25 was initially double protected with 

benzoate, achieving intermediate I-106 which, if treated with TFA in methanol, 

underwent deprotection of acetonide achieving product I-107 (scheme 41). 

The primary alcohol at C-19 position was then further protected with acetic anhydride, 

thus obtaining the triprotected intermediate I-93b. By using Martin's Sulfurane, the 

secondary alcohol at C-1 position was eliminated with the formation of the unsaturated 

intermediate I-94b. 

 

 

Scheme 41. Pathway to synthesize unsaturated intermediate I-94b from acetonide Ouabagenin I-25. 

 

The next step, as previously analyzed (table 3), was based on the hydrogenation of the 

double bond of the unsaturated intermediate I-94b to synthesize compound I-95b 

which, following a deprotection, should allow the synthesis of the desired final product 

I-70 (table 8). 
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Table 8. Hydrogenation of unsatured compound I-94b. 

 

Entry Catalyst (equiv) Solvent H2 (atm)  T (°C) t (h) Product[a] 

1 Pd/C (0.20) AcOH 1 r.t. 3 - [d] 

2 Pd/C (0.20) AcOH 1 r.t. 5 - [b, c] 

3 CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ όлΦлн0) DCM 50 r.t. 5 - [d] 

4 CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ όлΦлр0) DCM 1 r.t. 2.5 - [d] 

[a] Isolated yield after column chromatography. [b] I-96b formation. [c] No full conversion. [d] No conversion.   

 

By treating the unsaturated compound I-94b with Pd/C in acetic acid at room 

temperature for three hours, only the starting material was detected (entry 1) but 

increasing the reaction time to five hours, beyond to the starting material I-94b, product 

I-96b was observed (entry 2).  

In the presence of Crabtree's catalyst,[88] the hydrogenation was carried out by using the 

autoclave and no conversion was obtained, despite an increase in catalyst equivalents 

and hydrogen pressure (entries 3, 4). 

This difficult hydrogenation could be due to the steric bulk of the benzoate protecting 

group. Hence, before performing the hydrogenation with Crabtree's catalyst, it was 

decided to completely deprotect this unsaturated compound with Na2CO3 in 

methanol/water, synthesizing the unexpected product I-99b with only partial 

deprotection of the acetate and the benzoate at C-3 position in 67% yield (scheme 42). 

 

 

Scheme 42. Partial deprotection of unsatured intermediate I-94b. 

 

Unfortunately, a total deprotection of compound I-94b was not possible to achieve. The 

increase of Na2CO3 equivalents or temperature did not lead to the desired compound 

and the addition of K2CO3 caused the opening of the lactone. 
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Despite this, hydrogenation of compound I-99b was carried out employing the 

CrabtreeΩǎ catalyst, without obtaining the desired result (table 9). 

 
Table 9. Hydrogenation by using CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ 

 

Entry H2 (atm) t (h) Product[a] 

1 50 5 - [b] 

2 10 2.5 - [b] 

      [a] Isolated yield after column chromatography. [b] No conversion.  
 

When a hydrogen pressure of 10 or 50 atm was used, the starting material I-99b did not 

show any change, only some impurities were detected. 

Since the change in the protecting group did not help in the synthesis of the desired 

product, more attention was paid again on the triprotected intermediate I-94a to study 

and to search for the optimal conditions of hydrogenation with the CrabtreeΩǎ ŎŀǘŀƭȅǎǘΣ a 

reagent extremely difficult to handle because of its extreme sensitivity to oxygen and 

water (scheme 43). 

 As shown previously in table 5, the protected product I-94a could be partially or 

completely deprotected using Na2CO3 and varying the reaction time.  

Both partially I-99 or completely deprotected products I-98 were treated with the 

CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ ŀƴŘ ƘȅŘǊƻƎŜƴŀǘŜŘ ǳƴŘŜǊ ŀ ƘȅŘǊƻƎŜƴ ǇǊŜǎǎǳǊŜ ƻŦ нл ŀǘƳΣ ǎƘƻǿƛƴƎ 

two different results: derivative I-98 did not undergo any conversion while product 

derivative I-99 was hydrogenated and transformed into the desired product I-109. This 

contrasting behavior is probably due to a different solubility in dichloromethane, which 

is in fact higher in the case of intermediate I-99. 

It is also important to highlight the attention that this type of reaction requires: it should 

be carried out in extremely dry conditions, without any presence of oxygen and water 

(degassed and dry solvent) and with extremely long and repeated hydrogen washing, 

prior to the hydrogenation itself. 
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Scheme 43. Hydrogenation with Crabtree's catalyst to reduce ҟ1,2 double bond of intermediate I-94a. 

 

The hydrogenated compound I-109 was then deprotected with Na2CO3 and the desired 

final product I-70 was finally afforded (scheme 44).  

The desired product was confirmed by 1H-NMR, 13C-NMR and HRMS data. The analysis 

of these spectra is reported in the experimental part (pp. 170-171). 

 

 

Scheme 44. Deprotection of hydrogenated compound I-109 to obtain the final product I-70. 

 

3.2.  Defunctionalization of Ouabain: OH at C-5 position  

 

The elimination of hydroxyl at C-5 position encountered considerable obstacles, mainly 

being the most hindered alcohol compared to the others. The total protection of the 

alcohols presented at C-1, C-3, C-11, C-19 and C-14 positions should be required to 

obtain good selectivity.  
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The protected derivative I-33 should be treated with dehydrating reagents to eliminate 

the alcohol, achieving the resulting alkene I-110 which should be stereoselectively 

reduced by hydrogenation (I-111) to give the desired product I-72 after global 

deprotection (scheme 45). 

 

 

Scheme 45. Pathway for deoxygenation of OH at C-5 position. 

 

The total protection of alcohols to compound I-33a was achieved by treating acetonide 

Ouabagenin I-25 with MOMCl protecting group, obtaining the desired protected product 

in 84% yield (scheme 46).[44]  

 

 

Scheme 46. MOM protection of acetonide Ouabagenin I-25. 
 

The protected derivative I-33a was subjected to several dehydration conditions in order 

to remove the alcohol at C-5 position, as shown in table 10.   
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Table 10. Elimination of alcohol at C-5 position. 

 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 DAST (2.0) DCM r.t. 32 - [b] 

2 DAST (4.0) DCM r.t. Ą 45 1.5 Ą 120 - [b] 

3 InCl3 (0.050) 

Ph2SiHCl (2.0) 

DCM r.t. Ą 30 or 80 3 Ą19 or 2.15 - [e, f] 

4 Ph2SiH (1.20) 

TFA (2.0) 

DCM 30/r.t. 3 Ą 18/65 - [e, f] 

5 SOCl2 (1.20 Ą 6.0) 

Pyr (5.0 Ą 10.0) 

DCM 0 5 Ą 16 - [e] 

 

6 

SOCl2 (3.0) 

Pyr (3.0) 

DMAP (4.0) 

 

THF 

 

0 Ą 50 

 

5 

 

- [e] 

7 SOCl2 (8.0 Ą 40.0) Pyridine 0 Ą r.t. 16 Ą 48 - [e] 

 

8 

SOCl2 (3.0) 

DMAP (4.0) 

Pyridine (3.0) 

 

THF 

 

0 Ą 50 

 

24 

 

- [e] 

9 p-TsCl (3.0 Ą6.0) 

SiO2 (1.0) 

DCM 0 °CĄ r.t. 30 - [e] 

10 MsCl (1.50) 

Et3N (3.0) 

DMAP (4 mol%) 

DCM 0 Ą r.t. 16 - [b, e] 

11 POCl3 (1.20) 

Pyridine (5.0) 

DCM 0 120 - [b] 

12 POCl3 (3.0 Ą10.0) 

Pyr (1.0 Ą 7.0) 

DCM 0 Ą r.t. Ą 40 24 Ą 48 - [b] 

13 aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ 
(1.75 Ą5.0) 

THF r.t. Ą reflux 4 Ą 24 - [b, e] 

14 Triphosgene (0.5.0) 

DMAP (2.0) 

DCM/DCE r.t./reflux 3/2 - [c, d, e] 

 

 

15 

 

 

Burgess reagent (5.0) 

THF 

THF 

DCM 

1,4-
dioxane 

reflux 

50 

r.t. 

reflux 

24 

24 

6 

6 

 

- [c, e] 

[a] Isolated yield after column chromatography. [b] No conversion. [c] Not full conversion. [d] Unknown product. 

[e] Decomposition.  [f] Deoxygenation should be achieved 
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Several reagents were used for the desired elimination, but only starting material I-33a, 

impurities and little decomposition were possible to detect by TLC after treatment with 

diethylaminosulfur trifluoride (DAST), POCl3 (I-59), MsCl (I-57) and aŀǊǘƛƴΩǎ Sulfurane 

(I-61) (entries 1, 2, 10-13).  

In case of Burgess reagent (I-60), decomposition was always achieved, except for the 

treatment in THF at 50 °C, where a little conversion to the desired product was noted 

but then followed by decomposition, probably due to partial or complete deprotection 

of the MOM protecting group (entry 15). 

By using SOCl2 (I-58), p-TsCl or silyl reagent like Ph2SiHCl or Ph2SiH, the protected 

derivative I-33a was converted into several new compounds, thus highlighting 

decomposition (entries 3-9). The HRMS and LCMS showed the presence of the desired 

product, whereby a small part is formed during decomposition. 

Similar decomposition was detected by treating intermediate I-33a with triphosgene 

and DMAP under reflux conditions for two hours. However, not full conversion to 

desired products was observed in presence of triphosgene and DMAP at room 

temperature for three hours (entry 14).[89]  

 

3.3 .  Defunctionalization of Ouabain: OH at C-14 position  

 

The alcohol at C-14 position is a tertiary alcohol as the one at C-5 position, but since it is 

sterically less hindered, it should be eliminated easier. 

In scheme 47, the general pathway to synthesize the desired product I-74 is 

summarized. Initially, the acetonide Ouabagenin I-25 was protected with acetic 

anhydride obtaining the diacetate compound I-27, as previously shown for the 

elimination of the alcohol at C-1 position (See paragraph 3.1.2), followed by the 

elimination of alcohol at C-14 position (I-112a) and subsequent hydrogenation of the 

double bond (I-113). The deprotection of protecting groups should lead to the final 

compound I-74. 
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Scheme 47. General pathway for synthesizing desired compound I-74. 

 

Initially, the elimination of alcohol at C-14 position was carried out by using SOCl2 (I-58) 

and pyridine in dichloromethane, achieving the desired compound I-112a in a 

regioisomer mixture of I-112a and I-112b in a ratio of 10:4: ǘƘŜ ŘŜǎƛǊŜŘ ɲ14-15 double 

ōƻƴŘ ŀƴŘ ǘƘŜ ǳƴŘŜǎƛǊŜŘ ɲ14-8 double bond, which could not be separated by column 

chromatography (scheme 48). The reaction was also carried out at -15 °C, without any 

improvement. 

  

 

Scheme 48. Conversion of diacetate starting material I-27 to a regioisomer mixture I-112a and I-112b. 
 

To avoid the formation of the regioisomer mixture, not necessary but desired to 

overpass further problems related to the subsequent diastereoselective reduction of the 

double bond, two other different dehydrating reagents were analyzed: DAST (I-114) and 

Martin's Sulfurane (I-61) (scheme 49).  

Using DAST, despite the full conversion of the compound I-27 was observed quickly as in 

the case of SOCl2 (I-58), a mixture of regioisomers was obtained in different ratio of 4:1.  

Martin's Sulfurane proved to be the most suitable, guaranteeing a conversion of the 

starting material I-27 into the unsaturated derivative I-112a, without any regioisomer 

mixture, in 94% yield.  
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Scheme 49. Optimization for a regioselective elimination of OH at C-14 position. 

 

The diastereoselective reduction of the resulting alkene represented the most difficult 

step due to two main problems: the presence of the unsaturated lactone and the 

stereoselectivity, being the purpose to synthesize a final single diastereoisomer and not 

a mixture. Indeed, different reduction conditions were analyzed, as reported in table 11. 

 
Table 11. Optimization of reaction conditions for diastereoselective alkene reduction. 

 

Entry Catalyst (equiv) Solvent T (°C) t (h) Product[a] 

1 PtO2 (0.50) THF r.t. 18 - [e] 

2 Pd/C (0.50) THF r.t. 18 - [c, e] 

3 Pd/C (0.50/1.0) AcOH/ 

propionic acid 

r.t./0 5/10 d.r. 5:1 [d] 

4 Pd/C (0.60) EtOAc r.t. 24 d.r. 2:1 [d] 

5 Pd/C (0.50) EtOH r.t. 24 - [e, g] 
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Entry Catalyst (equiv) Solvent T (°C) t (h) Product[a] 

6 (PPh3)3RhCl (0.20) THF r.t. 24 - [b] 

7 (PPh3)3RhCl (0.30/2.76) Toluene r.t. 18 - [b] 

8 (PPh3)3RuCl2 (0.30) EtOAc r.t. 18 - [b] 

9 [Ru(p-cymene)Cl2]2  

(0.30) 

EtOAc r.t. 18 - [b] 

10 Rh/Al2O3(0.30) AcOH r.t. 48 - [b] 

11 Rh/Al2O3(0.30) EtOAc r.t. 5 - [e] 

12 Pt/C (0.30) EtOAc/AcOH r.t. 48 - [e] 

13 Pd/BaSO4 (0.30) AcOH r.t. 4 - [e] 

    [a] Isolated yield after column chromatography. [b] No conversion. [c] Not full conversion. [d] Product mixture. 

    [e] No desired product. [f] Decomposition. [g] Hydrogenation of unsaturated lactone. 

 

Under certain reaction conditions, some catalysts showed no selectivity in reducing the 

desired double bond, also causing the reduction or degradation of the lactone, such as 

Pd/C in ethanol (entry 5), Rh/Al2O3 in ethyl acetate (entry 11) and Pt/C in ethyl acetate 

or acetic acid (entry 12). By using Pd/BaSO4 in acetic acid, only acetonide deprotection 

was detected (entry 13). However, a partial or complete conversion to an unknown 

product was obtained using PtO2 and Pd/C in tetrahydrofuran (entries 1, 2).  

Rhodium and ruthenium catalysts reported no interaction with the compound, thus 

detecting no conversion (entries 6-10). The desired product was detected by treating the 

alkene I-112a with Pd/C in presence of acids as solvents such as acetic or propionic acid 

both at room temperature and at 0 °C or in ethyl acetate (entries 3, 4).  

Unfortunately, the reduction occurred without any diastereoselectivity, thus forming a 

mixture of the two diastereoisomers I-113a and I-113b (figure 9) with a d.r. equal to 5:1 

in case of AcOH and propionic acid (entry 3) and to 2:1 in the case of ethyl acetate 

(entry 4). 

 

 

Figure 9. Diastereoisomer mixture obtained after reduction of ɲ14-15 double bond. 

 

This proved that, despite the use of various catalysts, solvents or reaction temperatures, 

a stereoselective hydrogenation was not possible to achieved, hence it was necessary to 

change the route.  
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A second approach was based on a direct hydrogenation of the partially and totally 

deprotected compounds I-115, I-116 and I-117, instead of the fully protected one I-112a 

(scheme 50). 

Therefore, the starting material I-112a should undergo a partial acetonide (I-115) or 

acetate deprotection (I-116) or complete deprotection I-117 to ultimately be treated 

with Pd/C in acetic acid, so that the double bond could be stereoselectively 

hydrogenated (scheme 50). 

 

 

Scheme 50. New pathway to obtain stereoselective reduction and the final product I-74. 

 

The acetonide deprotection was carried out as already highlighted before, using TFA in 

methanol, synthesizing compound I-115 in 66% yield. The unsaturated intermediate 

I-115 was treated with Pd/C in acetic acid, achieving product I-118 in 70% yield as 

diastereoisomer mixture with a d.r. of 3:1 (scheme 51).  
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Scheme 51. Stereoselective hydrogenation via acetonide deprotection. 

 

This route was less effective than the previous one in which the d.r. was equal to 5:1 

(table 10), so the acetonide group proved not to be limiting for stereoselectivity. Acetate 

deprotection proved to be a difficult step because it was not possible to synthesize 

product I-116, as shown in table 12. 

 
Table 12. Acetate deprotection of unsaturated compound I-112a. 

 

Entry Reagent (equiv) Solvent T (°C) t (h) Product[a] 

1 Na2CO3 (10) MeOH/H2O (10:1) r.t. 9 - [b] 

2 K2CO3 (2) MeOH 0 1 - [c] 

3 K2CO3 (2) MeOH r.t. 5 - [d] 

[a] Isolated yield after column chromatography. [b] Decomposition. [c] Unknown product. [d] No lactone.  

 

Both Na2CO3 in water/methanol and K2CO3 in methanol did not give rise to compound 

I-116 but only decomposition (entry 1), formation of unknown product (entry 2) and 

opening of the lactone (entry 3) were detected. 

After performing a partial deprotection with no success, compound I-112a was fully 

deprotected before undergoing a hydrogenation (scheme 52), with an initial 

deprotection of the acetonide followed by acetate deprotection. 

The acetonide was deprotected by using the reaction conditions previously described, 

synthesizing the intermediate I-115 which was treated with Na2CO3 in water/methanol 

furnishing the totally deprotected unsaturated derivative I-117 in 66% yield. 

The hydrogenation with the Pd/C of alkene I-117 gave satisfactory results, converting 

this intermediate to the final desired product I-74 in 45% yield with a d.r. of 93:7. 
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Scheme 52. Stereoselective hydrogenation after fully deprotection of unsaturated starting material I-112a. 

 

The major diastereoisomer was confirmed by crystal structure analysis, showing the 

proton at the C-14 position in trans-configuration compared to the methyl group at C-13 

position (figure 10). 

The analysis of crystal structure (performed by Prof. Dr. F. Mohr) is reported in the 

experimental part (pp. 176-182) 

 

 

Figure 10. The major diastereoisomer and its crystal structure. 

 

3.4.   Defunctionalization of Ouabain: OH at C-19 position  

 

In this section, the sole primary alcohol of Ouabain is analyzed requiring a different 

approach compared to the applied conditions to defunctionalize the secondary and 

tertiary alcohols.  

Initially, acetonide Ouabagenin I-25 was protected by using acetic anhydride with 

followed deprotection of acetonide, obtaining compound I-28, in the same way shown 

for the elimination of secondary alcohol at C-1 position. (See paragraph 3.1.2) 

The primary alcohol of intermediate I-28 should be oxidized to the corresponding 

aldehyde I-119 that should be reduced to alkane I-120. The subsequent deprotection 

should give the desired product I-75 (scheme 53). 
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Scheme 53. General pathway to desired product I-75. 

 

The selective oxidation of primary alcohol (I-28) was carried out by using the oxidizing 

agent 2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO) in presence of 

(diacetoxyiodo)benzene (PIDA),[74] achieving the corresponding aldehyde I-119 in 67% 

yield (scheme 54).  

 

 

Scheme 54. Oxidation of primary alcohol (I-28) to aldehyde (I-119). 

 

By treating the aldehyde intermediate with zinc amalgam (Zn/Hg) (A)[90] under reflux 

conditions (Clemmensen reduction), decomposition was achieved and no desired result 

was obtained.  

Same result was detected by employing the Wolff-Kischner reduction conditions (B),[91] 

by which the aldehyde I-119 was treated with p-toluenesulfonylhidrazide and 

p-toluenesulfonic acid to form the tosylhydrazone intermediate I-119a to be 

subsequently reduced with NaBH3CN (scheme 55).[85] 
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Scheme 55. Unsuccessful reductions from aldehyde I-119 to alkane I-120. 
 

A further approach was opted for converting the aldehyde into a thioacetal derivative, 

to be subsequently reduced to alkane, for example by thioacetal (or thioketal) reduction 

with Raney Nickel.[92,86] Different reaction conditions were applied to synthesize the 

thioacetal derivatives resulting in decomposition or no conversion of the initial aldehyde 

(table 13).  

 
Table 13. Different reaction conditions to synthesize thioacetal derivatives. 

 
 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 1,2-ethanedithiol (1.20) 

CuBr (0.050) 

ACN r.t. Ą 40 28 - [c] 

2 1,2-ethanedithiol (1.0) 

BF3O(C2H5)2 (4.55) 

AcOH r.t. 16 - [b] 

3 1,2-ethanedithiol or Ethanethiol (5.0) 

BF3O(C2H5)2 (9.0) 

AcOH r.t. 16 - [d] 

4 1,2-ethanedithiol (10.0) 

CuBr (0.050) 

ACN r.t. 16 - [b] 

 

5 

1,2-ethanedithiol (1.10) 

Silica gel (27.0) 

TsOH 

 

DCM 

 

reflux 

 

18 

 

- [d] 

     [a] Isolated yield after column chromatography. [b] No conversion. [c] Unknown product. [d] Decomposition. 
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3.5. Defunctionalization of Ouabain: OH at C-1 and C-3 positions 

 

As mentioned above (See paragraph 3.1.2), it is possible to selectively eliminate the 

hydroxy at C-1 and C-3 positions, thus, achieving the desired compound I-76 

(scheme 56), confirmed by crystal structure (performed by Prof. Dr. F. Mohr). The 

analysis of crystal structure is reported in the experimental part (pp. 151-157). 

 

 

Scheme 56. Synthetic route for desired compound I-76. 
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3.6. Defunctionalization of Ouabain: OH at C-1 and C-11 positions 

 

The elimination of the hydroxyl groups at C-1 and C-11 positions pointed out to be a 

challenge.  

The first synthetic approach was based on a simultaneous elimination of the two 

secondary alcohols (scheme 57). The free secondary alcohol at C-3 position was 

protected with a silyl protecting group (I-102) followed by a selective deprotection of 

acetonide, protection of the primary alcohol and elimination of both secondary alcohols. 

A final hydrogenation and silyl deprotection should give the desired product I-78.  

 

 

Scheme 57. Double elimination of OH at C-1 and C-11 positions.  
 

The acetonide deprotection of intermediate I-102, which was synthesized as previously 

shown in scheme 40, presented some obstacles, essentially due to the presence of a 

protecting silyl group also sensitive to the acidic conditions, used for the deprotection of 

the acetonide. As shown in the following table 14, different reaction conditions were 

tested. 
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Table 14. Acetonide deprotection of compound I-102. 

 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 PPTS (0.25 Ą 0.50) MeOH r.t. 48 - [b] 

2 TFA (2.40) THF/H2O 0 Ą r.t. 16 - [c] 

3 CeCl3·тH2O (2.0) 

(COOH)2 (0.050) 

ACN r.t. 45 - [c] 

4 Pd/Cl2(CH3ACN) (0.09) ACN/H2O 65 16 - [c] 

5 InCl3 (2.0) ACN/H2O r.t. 2 90% 

       [a] Isolated yield after column chromatography. [b] Full deprotection. [c] Decomposition. 

 

Decomposition was detected by TLC when silyl etherl I-102 was treated with TFA in 

tetrahydrofuran/water (entry 2),[86] with CeCl3·7H2O  in acetonitrile (entry 3)[85] and with 

Pd/Cl2(CH3ACN) in acetonitrile/water (entry 4).[87] However, in presence of pyridinium 

p-toluenesulfonate (PPTS) in methanol, an incomplete conversion but direct double 

deprotection of the acetonide and  the silyl group was achieved (entry 1). The desired 

product was achieved by treating the silyl derivative I-102 with InCl3 in a mixture of 

acetonitrile/water in 90% yield.[93] 

Subsequently, the primary alcohol at C-19 position was protected as silyl ether 

intermediate I-123, to avoid problems regarding the formation of side products during 

the following elimination reaction (ethers, urethanes, or iodinated intermediates can be 

achieved by treating primary alcohol with Martin's Sulfurane, Burgess reagent or MTPI) 

(table 15). 
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Table 15. Tips protection of OH at C-19 position.  

 

Entry Reagents (equiv) Base (equiv) Solvent T (°C) t (h) Product[a] 

1 TIPSOTf (1.50) 

 

2,6-Lutidine (5.0) THF/DCM 0 0.1 - [b] 

2 TIPSOTf (1.50) 

 

2,6-Lutidine (5.0) DCM 0 1 - [b] 

3 TIPSCl (1.0 Ą 5.0) 

DMAP (0.080) 

Et3N (2.0) 

 

DCM 0 Ą r.t. 120 68%  

4 TIPSCl (1.50) 

DMAP (0.70) 

Et3N (5.0) 

 

DCM/DMF 0 Ą 50  4 71%  

5 TIPSCl (1.50) 

DMAP (0.70) 

Et3N (5.0) 

 

DMF 0 Ą 50  8 89%  

        [a] Isolated yield after column chromatography. [b] No desired product.  

 

By using TIPSOTf in the presence of 2,6-Lutidine, in different solvents, it was not possible 

to synthesize the desired product but different products were detected by TLC after few 

minutes (entries 1, 2). Probably, multiple protection occurred. 

The desired product I-123 was selectively obtained in the presence of TIPSCl, DMAP and 

Et3N in 68% yield with dichloromethane as solvent at room temperature (entry 3). By 

carrying out the reaction in a dichloromethane/dimethylformamide solvent mixture at 

50 °C, the yield was improved to 71% (entry 4).   

An excellent yield of 89% was achieved by employing only DMF as solvent (entry 5).   

The next step consisted in the selective elimination of the two secondary alcohols at C-1 

and C-11 positions for obtaining the dehydrated compound I-124. 

As shown in the following table 16, it was not possible to synthesize the desired product, 

no more than decomposition and mono-elimination of alcohol at the C-1 position were 

detected by crude NMR.  
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Table 16. Dehydration of OH at C-1 and C-11 positions. 

 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 aŀǊǘƛƴΩǎ Sulfurane (5.0) THF r.t. 0.5 - [c] 

2 aŀǊǘƛƴΩǎ Sulfurane (3.0 Ą 10.0) DCM/DMF 0 Ą r.t. Ą 40 72 - [c, e] 

3 aŀǊǘƛƴΩǎ Sulfurane (8.0 Ą 11.0) DMF 0 Ą r.t. 24 - [d] 

4 Burgess reagent (4.0 Ą 5.0) THF reflux 2 Ą 24 - [e] 

 

5 

DEAD (4.0 Ą 8.0) 

PPh3 (4.0 Ą 8.0) 

3,3-dimethylglutarimid (4.0 Ą 8.0) 

 

THF 

 

0 Ą r.t. 

 

18 

 

- [e] 

6 MTPI (2.0) HMPA 75 24 - [b] 

7 MTPI (2.70) DMI 60 24 - [b] 

8 MTPI (3.0) DMF r.t. 16 - [d] 

9 MTPI (3.0) 

DMAP (3.0 Ą 5.0) 

DMF r.t. 16 - [d] 

10 SOCl2 (0.50) 

Pyridine (1.50) 

DCM -78 2 - [b] 

[a] Isolated yield after column chromatography. [b] No conversion [c] Mono elimination. [d] Unknown product.  

[e] Decomposition.   

 

The use of Martin's Sulfurane as dehydrating reagent showed no succes in the formation 

of the desired product I-124, either using different equivalents, different temperatures 

and different solvents, only a mono dehydration or synthesis of no desired and not 

easily recognizable products were observed (entries 1-3). 

Total decomposition was detected when treating starting material I-123 with the 

Burgess reagent, by applying slightly modified Mitsunobu conditions[94] and with SOCl2 in 

pyridine (entries 4, 5, 10). 

The use of another dehydrating reagent such as MTPI (I-62), involved a non-conversion 

of the starting material or the formation of an undesired product which was not 

recognizable by analysis (entries 6-9).[95] Indeed, sylil compound I-123 was isolated when 

the reaction was carried out in Hexamethylphosphoramide (HMPA) or 

1,3-Dimethyl-2-imidazolidinone (DMI) as solvents at high temperatures, while formation 

of the undesired product was observed when dimethylformamide was used. 

Therefore, the simultaneous elimination of the two secondary alcohols proved to be 

difficult and an alternative pathway was necessary. 
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The new route consisted in the initial elimination of the secondary alcohol at C-11 

position (I-125), followed by acetonide deprotection (I-126), protection of the primary 

alcohol with the TIPS protecting group (I-127) and elimination of the secondary alcohol 

at C-1 position (I-128). The final hydrogenation and deprotection should give the desired 

product I-78 (scheme 58). 

 

 

Scheme 58. Alternative route for the elimination of OH at C-1 and C-11 positions. 

 

First, the secondary alcohol at C-11 position was dehydrated by using MartinΩǎ sulfurane. 

However, this elimination showed some difficulties due to the formation of the 

undesired ketone I-125a, with similar retention factor value to that of the desired 

product and extremely difficult to separate (table 17).  
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Table 17. Elimination of OH at C-11 position. 

 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 aŀǊǘƛƴΩǎ Sulfurane (3.0) THF r.t. 2 10% (I-125) [b, c] 

2 aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (1.50) THF r.t. 3 37% (I-125) [b, c] 

3 aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (2.0) THF r.t. 4 35% (I-125) [b, c] 

4 aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (1.75 Ą 6.0) THF 0 Ą 50 72 62% (I-125) [b, c] 

5 aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (3.0) THF -30 24 48% (I-125) [b] 

6 aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (3.0) THF -20 2 76% (I-125) [b] 

7 MTPI (3.0) 

DMAP (3.0) 

DMF r.t. 16 98% (I-125)  

[a] Isolated yield after column chromatography. [b] I-125a formation. [c] Double elimination (OH at C-11, C-14 

positions).    

 

It was possible to synthesize the dehydrated product I-125 by employing 

Martin's Sulfurane, but the yield proved to be extremely unpleasant (entry 1), due to the 

formation of the ketone derivative and a double elimination of the secondary alcohol at 

C-11 and the tertiary one at C-14 positions, as observed in the crude NMR. However, the 

yield was gradually improved by varying temperature and reaction time. 

By carrying out the reaction at -20 °C for two hours, the product I-125 was achieved in 

76% yield, avoiding double elimination and obtaining the desired product as the main 

product. 

The best yield of 95% was obtained after treatment of the starting material with MTPI in 

presence of DMAP.[95] 

The following step consisted in the deprotection of the acetonide, a difficult step due to 

the presence of the TBDPS protecting group, which is also sensitive to the acidic 

conditions used for the deprotection. 
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Table 18. Acetonide deprotection of derivative I-125. 

 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 PPTS (0.25 Ą 0.50) MeOH r.t. 24 - [c] 

2 InCl3 (0.95) ACN/H2O r.t. 24 - [d] 

3 InCl3 (2.0) ACN/H2O r.t. 1.5 - [d] 

4 InCl3 (3.0) ACN/H2O r.t. 7 20% [c, e] 

5 InCl3 (5.0) ACN/H2O 0  Ą50 16 21% [c, e] 

6 InCl3 (8.0) ACN/H2O 0 Ą50 18 37% [d] 

7 InCl3 (2.0 Ą 4.0) MeOH r.t. Ą 50 18 -[c] 

8 CeCl3·7H2O (2.0) 

(COOH)2 (0.050) 

ACN r.t. 45 - [c] 

9 Pd/Cl2(CH3ACN) (0.25 Ą 0.50) ACN/H2O 65 6 - [c] 

10 TBHP (2.0) t-BuOH/H2O reflux 24 - [d] 

11 Et3SiH (10.0) 

BF3·Et2O (9.40) 

DCM r.t. 2 - [d] 

12 CAN solution (quant.) Acetone 68 96 - [b] 

13 /  AcOH 80% r.t. 7 - [d] 

14 FeCl3·6H2O DCM r.t. 2 - [d] 

15 FeCl3·6H2O CHCl3 r.t. 2 - [d] 

16 FeCl3·6H2O ACN r.t. 2 - [d] 

17 In(OTf)3 (0.010) THF/H2O 100 (MW) 0.05 - [e, f, g] 

18 In(OTf)3 (0.010) THF/H2O 100 (MW) 0.16 - [e, g] 

19 In(OTf)3 (0.010) THF/H2O 80 (MW) 0.16 - [d] 

20 /  H2O 100 (MW) 0.5 - [d] 

21 Amberlyst-15 (21.0) MeOH/H2O r.t. Ą 70 16 - [c] 

22 Amberlyst-15 (11.0) 1,4-Dioxane/H2O 70 16 - [c] 

23 Dowex (8.0 Ą 13.0) 1,4-Dioxane/H2O r.t. Ą 70 72 - [c, e, f, g] 

24 Dowex (4.0) 1,4-Dioxane/H2O 80  Ą 90 (MW) 0.16 - [c, e, f, g] 

25 FeCl3{ƛh2 (0.12) DCM r.t. 2 - [d] 

26 CuCl2·2H2O (5.0) iPrOH r.t. 4 - [c, e, f, g] 

27 Yb(OTf)3·3H2O (0.050) ACN r.t. 16 - [d] 

28 TFA (4.0)     DCM r.t. 4 - [d] 
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Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

29 Cu(NO3)2 (1.0) ACN r.t. 24 - [c] 

30 ZnBr2 (20.0) DCM r.t. 24 87% 

  [a] Isolated yield after column chromatography. [b] No conversion. [c] Full deprotection. [d] Decomposition.  

  [e] Desired product. [f] Starting material traces. [g] Impurities. 

 

A total deprotection was obtained by treating the starting material I-125 with PPTS in 

methanol (entry 1), InCl3 in methanol (entry 7),[96] CeCl3·7H2O  in acetonitrile (entry 8),[85] 

Pd/Cl2(CH3ACN) in a mixture of acetonitrile/water (entry 9),[87] Amberlyst-15 in 

methanol/water[97] and 1,4-Dioxane/water[98] (entries 21, 22) and copper nitrate 

(Cu(NO3)2) in acetonitrile (entry 29).[99] The use of the CAN solution (solution of 

ammonium cerium (IV) nitrate in water and pyridine pH = 4.4) in acetone did not show 

any conversion of the derivative I-125 (entry 12).[100]  The desired product was gained 

with incomplete conversion of the acetonide compound I-125 in an extremely low yield, 

because of the formation of the fully deprotected side product, after treatment with 

InCl3 in acetonitrile/water[93] (entries 4, 5) and in an undetectable yield due to formation 

of other unknown impurities by using Dowex in 1,4-dioxane/water mixture 

(entries 23, 24) and with copper dichloride dihydrate (CuCl2·2H2O) in isopropanol 

(entry 26).[101] All the other reaction conditions showed a total decomposition of the 

molecule (entries 2,  3,  10, 11, 13-16, 19, 20, 25, 27, 28).[102,103] Finally, the cleavage of 

the acetonide protecting group led to the formation of the desired product I-126, by 

employing the Lewis acid zinc bromide (ZnBr2) in dichloromethane, in 87% yield.[104]  

Unexpectedly, acetonide deprotection of compound I-125a was achieved by treating the 

mixture of alkene and ketone derivatives I-125 and I-125a with PPTS in methanol. In this 

case, alkene I-125 showed no conversion (scheme 59). 

 

 

Scheme 59. Acetonide deprotection of ketone derivative I-125a. 
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The next step consisted of protecting the primary alcohol with TIPS silyl group, obtaining 

intermediate I-127 in 82% yield (scheme 60).  

 

 

Scheme 60. TIPS protection of primary hydroxyl group (I-126) 

 

Therefore, the subsequent elimination of the secondary alcohol at C-1 position to 

synthesize compound I-128 was studied (table 19).  

 
Table 19. Elimination of OH at C-1 position of intermediate I-127 to achieve alkene I-128. 

 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 aŀǊǘƛƴΩǎ {ǳƭŦǳǊŀƴŜ (3.0) THF -20 Ą 0 1.5 27% [b] 

2 MTPI (3.0) DMF r.t. 16 - [d] 

3 MTPI (3.0) 
DMAP (3.0) 

DMF r.t. 24 61% 

4 MTPI (3.0) 
DMAP (3.0) 

Pyridine r.t. 6 - [d] 

5 MTPI (3.0) 
DMAP (3.0) 

Pyridine/DMF r.t. 6 - [d] 

6 MTPI (3.0) 
DMAP (3.0) 
Et3N (5.0) 

DMF r.t. 6 - [c] 

7 MTPI (2.0) 
2,6 ς Lutidine (5.0) 

DMF r.t. 16 - [c] 

8 MTPI (2.0) 
2,6 ς Lutidine (5.0) 

DMAP (3.0) 

DMF r.t. 16 - [c] 

9 MTPI (3.0) 
Imidazole (5.0) 

DMAP (3.0) 

DMF 40 16 - [d] 

10 MTPI (3.0) 
Imidazole (5.0) 

DMF 40 16 - [d] 
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Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

11 MTPI (3.0) 
Imidazole (5.0) 

DMPU r.t. 16 - [c] 

12 MTPI (5.0) DMPU 50 16 78% 

[a] Isolated yield after column chromatography. [b] Elimination of tertiary alcohol at C-14 position. 

[c] No conversion. [d] Decomposition. 

 

Desired alkene I-128 was achieved using Martin's Sulfurane at low temperatures in 

27% yield due to the formation of the side product as a result of the simultaneous 

elimination of the tertiary alcohol at C-14 position (entry 1). To avoid the formation of 

the side product, the MTPI was used because it is able to react only with primary 

alcohols (achieving iodinated compound) and with secondary alcohols (performing their 

elimination). In presence of this dehydrating reagent, decomposition was detected by 

treating the starting material I-127 in dimethylformamide (entry 2), in association with 

DMAP in pyridine or pyridine/dimethylformamide mixture (entries 4, 5) and by 

employing imidazole in the presence or absence of DMAP in dimethylformamide 

(entries 9, 10). 

No conversion was observed after treatment with Et3N and 2,6-Lutidine as bases, in 

presence or absence of DMAP in dimethylformamide (entries 6-8) or imidazole in 

N,N -Dimethylpropyleneurea  (DMPU) (entry 11). 

Desired product I-128 was achieved by using MTPI and DMAP in dimethylformamide at 

room temperature in 61% (entry 3)[95] and MTPI in DMPU at 50 °C in 78% yield 

(entry 12).[105,106,107]  

 

The first approach, for the hydrogenation of the ɲ1-2 ŀƴŘ ɲ11-12 double bonds, consisted 

in using Crabtree as a homogeneous catalyst, but only hydrogenation of the ɲ1-2 double 

bond (I-129) was detected by crude NMR, despite high hydrogen pressure and 

prolonged reaction time.  

For this reason, a subsequent hydrogenation was tested by using Pd/C in acetic acid, in 

order that the desired hydrogenated and deprotected product could be achieved (I-78), 

but only a partial and total silyl deprotection were obtained, without hydrogenation of 

the ɲ11-12 double bond (scheme 61). 
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Scheme 61. Hydrogenation of ɲ1-2 double bond followed by partial and full deprotection. 

 

A further strategy was based on the selective deprotection of the TIPS silyl group (I-130), 

in order to make the ɲ11-12 double bond less hindered and more accessible for the 

hydrogenation (table 20). This deprotection proved to be a challenge due to the 

concomitant deprotection of the silyl TBDPS group. 

 
Table 20. Selective TIPS deprotection of alkene I-128. 

 

Entry Reagents (equiv) Solvent T (°C) t (h) Product[a] 

1 HF·pyridine (3.0) THF -5 3 - [b, c] 

2 AcOH (3.0) THF/H2O 40 16 91% 

3 TFA (5.0) THF/H2O r.t. 2 - [c] 

4 CSA (0.090) MeOH 0 2 - [b, c] 

5 p-TsOH (0.13) MeOH 40 3 - [b, c] 

  [a] Isolated yield after column chromatography. [b] No full conversion. [c] Full deprotection.  
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It was possible to observe a mixture of the unreacted starting material I-128, mono and 

fully deprotected products using HF·pyridine in tetrahydrofuran, camphorsulfonic acid 

(CSA) or p-TsOH in methanol (entries 1, 4, 5). 

A conversion of the alkene I-128 to a mixture of the mono and fully deprotected 

products was achieved in presence of TFA in tetrahydrofuran/water (entry 3). 

Finally, a selective TIPS deprotection was yielded by treating the derivative I-128 with 

acetic acid in tetrahydrofuran/water at 40 °C for sixteen hours in 91% yield (entry 2). 

As already highlighted above, the hydrogenation of the ɲ11-12 double bond proved to be 

extremely difficult and table 21 shows several reaction conditions carried out in order to 

obtain the desired hydrogenated product I-131. 

 
Table 21. Hydrogenation of both double bonds. 

 

Entry Catalyst  Solvent H2 (atm) T (°C) t (h) Product[a] 

1 CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ  DCM 35 r.t. 72 Ą 120 - [e] 

2 Rh/Al2O3 EtOAc 1-35 r.t. 4 Ą16 - [c, d] 

3 Pd/C EtOAc/MeOH 35 r.t. 16 - [c, d] 

4 Pd/C EtOH 35 r.t. 16 - [c, d] 

5 Pd(OH)2/C EtOAc 35 r.t. 16 - [c, d] 

6 Pd/C EtOAc 1 r.t. 16 - [b] 

7 Pd(OH)2/C EtOAc 1 r.t. 16 - [e] 

8 Pd(OH)2/C EtOAc 7 r.t. 16 - [f] 

9 Pd/C EtOAc 7 r.t. 16 - [d, e, f] 

10 Wilkinson catalyst Toluene 70 r.t. 72 - [b, d] 

11 Pd/BaSO4 EtOAc 1 r.t. 16 - [d, e] 

12 Pd/CaCO3 EtOAc 1 r.t. 16 - [b, d] 

13 Pd/C THF 1 r.t. 4 - [e, f] 

14 Pd/C CH 1 r.t. 4 - [b] 

15 Pd/C MeOH 1 r.t. 4 - [c, d, f] 

16 Pd/C EtOH 1 r.t. 4 - [c, d, f] 

17 Pd/C CAN 1 r.t. 4 - [d, e, f] 

[a] Isolated yield after column chromatography. [b] No conversion. [c] Full hydrogenation. 

[d] No unsaturated lactone.  [e] ɲ1-2 hydrogenation.  [f] TBDPS deprotection.  

 



I. Defunctionalization of Ouabain 

[66] 
 

Employing the Crabtree's catalyst in dichloromethane under H2 pressure (35 atm) or 

Pd(OH)2/C in ethylacetate (1 atm), only the ɲ1-2 double bond hydrogenation was 

achieved (entries 1, 7). Similar results were observed in presence of Pd/C in 

tetrahydrofuran (1 atm) or Pd(OH)2/C in ethylacetate (7 atm), which also led to a partial 

TBDPS deprotection (entry 8, 13).  

A total hydrogenation, also including the double bond of the lactone, was obtained by 

treating the starting material I-130 with Rh/Al2O3 or Pd(OH)2/C in ethylacetate (35 atm), 

Pd/C in ethylacetate/methanol (35 atm) or Pd/C in ethanol (35 atm) (entries 2-5).  

Similar results were observed with Pd/C in ethylacetate (7 atm) and Pd/C in ACN (1 atm), 

which products also presented a partial TBDPS deprotection (entries 9, 17). 

A selective hydrogenation of the lactone was gained by treating the starting material 

I-130 with the Wilkinson catalyst in toluene (70 atm) and Pd/CaCO3 in ethylacetate 

(1 atm) (entries 10, 12). 

By employing Pd/BaSO4 in ethylacetate (1 atm), the unsaturated lactone and ɲ1-2 double 

bond were hydrogenated ƛƴǎǘŜŀŘ ƻŦ ǘƘŜ ɲ11-12 one (entry 11).  

The use of alcohol as solvent like methanol or ethanol in presence of Pd/C led to the 

hydrogenation of ɲ1-2 double bond, almost full hydrogenation of unsaturated lactone 

ŀƴŘ ǇŀǊǘƛŀƭ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƻŦ ɲ11-12 double bond (entries 15, 16).  

No conversion was reached by using Pd/C in cyclohexane (1 atm), probably because of 

the low solubility of starting material in this solvent, and in ethylacetate (1 atm) 

(entries 6, 14).  

Since the classical autoclave hydrogenation was unsuccessfull, this reaction was carried 

out via an H-Cube flow chemistry system, as shown in the table 22. 

 
Table 22. New hydrogenation conditions employing a flow chemistry system. 

 

Entry Catalyst Solvent H2 (atm) T (°C) Flow Product[a] 

1 Pd/C (10%) THF 5 r.t. 2 mL/min - [c] 

2 Pd/C (10%) THF 15 r.t. 2 mL/min - [c] 

3 Pd/C (10%) THF 30 r.t. 2 mL/min - [c] 

4 Pd/C (10%) THF 5 40 2 mL/min - [c] 

5 Pd/C (10%) THF 5 50 2 mL/min - [c] 

6 Pd/C (10%) THF 30 50 2 mL/min - [d, f] 

7 Pt/C (10%) THF 5 50 2 mL/min - [d, f] 
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Entry Catalyst Solvent H2 (atm) T (°C) Flow Product[a] 

8 Pt/C (sulfide) (20%) THF 5 50 2 mL/min - [d, f] 

9 Pt/C (10%) THF 15 r.t. 2 mL/min - [d, f] 

10 Pt/C (sulfide) (20%) THF 15 r.t. 2 mL/min - [d, f] 

11 Ru/C (5%) THF 5 r.t. 2 mL/min - [b] 

12 Rh/C (5%) THF 5 r.t. 2 mL/min - [b] 

13 Pd(OH)2/C (20%) THF 5 r.t. 2 mL/min - [c, d] 

14 Pd(OH)2/C (20%) THF 15 r.t. 2 mL/min - [e] 

15 Pd(OH)2/C (20%) EtOAc 10 r.t. 2 mL/min - [c] 

16 Pd(OH)2/C (20%) EtOAc 15 15 2 mL/min - [c] 

17 Pd/C (10%) EtOAc 15 50 2 mL/min - [c, g] 

18 Pt/C (10%) EtOAc 10 50 2 mL/min - [c, g] 

19 Pt/C (sulfide) (20%) EtOAc 20 50 2 mL/min - [c] 

20 Ru/C (5%) EtOAc 10 50 2 mL/min - [b] 

21 Rh/C (5%) EtOAc 5 r.t. 2 mL/min - [b] 

22 Rh/C (5%) EtOAc 15 r.t. 2 mL/min - [b] 

23 Pd(OH)2/C (20%) EtOAc 30 50 2 mL/min - [c] 

24 Pd/C (10%) EtOAc 35 60 2 mL/min - [c] 

25 Pt/C (10%) EtOAc 30 50 2 mL/min - [c, d] 

  [a] Isolated yield after column chromatography. [b] No conversion. [c] I-132 formation. [d] Aldehyde formation.  

  [e] Decomposition [f] Aldehyde formation. [g] Partial hydrogenation of ҟ1,2 double bond. 

 

Initially, several catalysts were tested in tetrahydrofuran as a solvent, generally showing 

the hydrogenation of the ɲ1-2 double bond (entries 1-5) or the unexpected formation of 

an aldehyde (entries 6-10, 13).  

A non-conversion was noted employing Ru/C and Rh/C (entries 11, 12) and 

decomposition was detected in the presence of Pd(OH)2/C under H2 pressure of 15 atm. 

By replacing the solvent with ethylacetate, the aldehyde formation was prevented but 

without achieving the desired product. Indeed, the starting material I-130 showed no 

conversion to hydrogenated product I-131 in presence of Ru/C and Rh/C (entries 20-22) 

and only ɲ1-2 hydrogenation was obtained with the other catalysts 

(entries 15-19, 23-25). 

A partial formation of the aldehyde was formed only by increasing temperature and H2 

pressure (entries 25), and an incomplete hydrogenation of the ҟ11,12 double bond was 

detected with Pd/C and Pt/C (entries 17, 18). 

Since no desired result was achieved so far, a further study was done using the 

monohydrogenated compound I-132 as starting material (table 23).  
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Table 23. Screening for hydrogenation of ɲ11-12 double bond. 

 

Entry Catalyst (equiv) Solvent H2 (atm) T (°C) t (h) Product[a] 

1 Pd/C AcOH/H2O 1 60 5 - [b, e] 

2 Pd/C AcOH/H2O 1 60 24 - [c, e] 

3 Pd/C AcOH/H2O 1 60 48 - [c, e] 

4 Pd/C AcOH/H2O  7 r.t. 4 - [d] 

5 Pd/C AcOH/H2O 1 75 16 - [c, e] 

6 PtO2 AcOH 1 r.t. 1 - [d] 

[a] Isolated yield after column chromatography. [b] No conversion. [c] Partial hydrogenation of ɲ11-12 duble bond. 

[d] No unsaturated lactone [e] TBDPS deprotection.  

 

By using Pd/C in acetic acid/water mixture (1 atm), only partial TBDPS deprotection was 

achieved after five hours ŀƴŘ ǇŀǊǘƛŀƭ ƘȅŘǊƻƎŜƴŀǘƛƻƴ ƻŦ ɲ11-12 double bond after one or 

two days at 60 °C or 75 °C (entries 1-3, 5). Hydrogenation of lactone was reached by 

employing Pd/C in acetic acid/water under higher H2 pressure (7 atm) or in presence of 

PtO2 in acetic acid (1 atm) (entries 4, 6).  

Since all these reaction conditions also failed to result in the formation of the desired 

product, hydrogenation of monohydrogenated product I-132 was once more studied 

using a flow chemistry system (H-cube), without any successful product I-131 formation 

(table 24).  

 
Table 24. New hȅŘǊƻƎŜƴŀǘƛƻƴ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ɲ11-12 double bond. 

 

Entry Catalyst Solvent H2 (bar) T (°C) Flow Product[a] 

1 Pd/C (10%) AcOH/H2O 3 60 2 mL/min - [b] 

2 Pd/C (10%) AcOH/H2O 15 60 2 mL/min - [b] 
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Entry Catalyst Solvent H2 (bar) T (°C) Flow Product[a] 

3 Pd/C (10%) AcOH/H2O 30 60 2 mL/min - [b] 

4 Pd/C (10%) AcOH/H2O 55 60 2 mL/min - [b] 

[a] Isolated yield after column chromatography. [b] No conversion.  

 

As a result of this difficult hydrogenation, a second route was planned, based on an 

initial mono hydrogenation of intermediate I-130 with CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ, followed by 

deprotection to achieve the final product I-133.  

 

Table 25. Partial hydrogenation of alkene I-130, followed by TBDPS deprotection (I-133). 

 

Entry Reagent (equiv) Solvent T (°C) t (h) Product[a] 

1 p-TsOH (0.13) MeOH 40 3 - [b] 

2 TBAF (5.0) THF 0 Ą r.t. 1 - [d] 

3 HF·pyridine (20.0) THF/MeOH/Pyridine 0 Ą r.t. 12 81% 

  [a] Isolated yield after column chromatography. [b] Decomposition. 

 

By using p-TsOH in methanol or tetrabutylammonium fluoride (TBAF) in 

tetrahydrofuran, decomposition was noticed (entries 1, 2). The fully deprotected 

product I-133 was gained by employing HF·pyridine in tetrahydrofuran/methanol in 81% 

yield.  

The subsequent hydrogenation was carried out using mainly Pd/C or Crabtree as 

catalysts and dichloromethane or a mixture of acetic acid and water as solvents 

(table 26). 

This because the Crabtree showed to be one of the strongest catalysts and not to 

interact with the lactone moiety; the Pd/C in acetic acid/water represents the reaction 

condition that allowed the hydrogenation of the same double bond in previous pathway 

(scheme 30). 

 



I. Defunctionalization of Ouabain 

[70] 
 

Table 26. Hydrogenation of deprotected compound I-133 

 

Entry Catalyst (equiv) Solvent H2 

(atm) 
T (°C) t (h) Product[a] 

1 Pd/C (0.30) AcOH (0.06 M) /H2O (0.95 M) 1 60 16 - [b] 

2 Pd/C (0.30) AcOH (0.06 M) /H2O (0.95 M) 1 60 3 - [c] 

3 Pd/C (0.30) AcOH (0.06 M) /H2O (0.95 M) 35 r.t. 16 I-133:I-78 
10:2.5 [d] 

4 Pd/C (0.30) AcOH (0.06 M) /H2O (0.1 M) 35 r.t. 16 - [b] 

5 Pd/C (0.01) AcOH (0.06 M) /H2O (0.95 M) 35 r.t. 16 - [c] 

6 Pd/C (0.30) AcOH (0.06 M) /H2O (1 drop) 1 60 16 I-133:I-78 
10:2.5 [d] 

7 Pd/C (0.30) AcOH (0.06 M) /H2O (1 drop) 1 60 72 - [b] 

8 Pd/C (0.5) AcOH 1 60 16 - [b] 

9 Pd/C (0.5) AcOH 35 r.t. 16 - [e] 

10 CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ 
(0.02) 

DCM 35 r.t. 16 - [c] 

[a] Isolated yield after column chromatography. [b] Lactone hydrogenation. [c] No conversion. 

[d] Mixture Sm and desired product [e] Unknown product (aromatic). 

 

As shown in table 26, a non-conversion of the starting material I-133 was observed using 

the Crabtree catalyst (entry 10) or the Pd/C in acetic acid/water at 60 °C for three hours 

under H2 pressure (1 atm) (entry 2) and at room temperature for sixteen hours (35 atm). 

By increasing the reaction temperature to 60 °C and stirring for sixteen hours, a full 

hydrogenation was detected under H2 pressure (1 atm). 

The lactone was hydrogenated also after variation of water concentration, hydrogen 

pressure, temperature and reaction time (entries 4, 7, 8).  

An aromatization of the product I-133 was observed in the crude NMR using Pd/C in 

acetic acid under high hydrogen pressure (entry 9). 

A mixture of starting material I-133 and desired product I-78 was detected with Pd/C in 

acetic acid/water at room temperature for sixteen hours under H2 pressure of 35 atm 

and by using acetic acid with a single drop of water at 60 °C for sixteen hours 

(entries 3, 6). 

These results showed that water probably plays an important role in the reaction 

conditions, but without leading to the desired product I-78. 
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All these analyses have shown that it is not possible to obtain the desired product using 

a metal catalyst under hydrogen pressure, so new conditions have been employed, 

including the possibility of forming hydrogen in situ via a diimide hydrogenation.[109] 

As shown in table 27, diimide hydrogenation was applied to the TIPS-protected 

intermediate I-128 but without producing any desired product.  

 

Table 27. Diimide hydrogenation. 

 

Entry Reagent Solvent t (h) T (°C) Product[a] 

1 N2H4  

Propionic acid 

EtOH 4 80 - [b] 

2 N2H4  

O2 

EtOH 4 35 - [b] 

 

3 

N2H4  

H2O2 

CuSO4 

 

EtOH 

 

4 

 

0 

 

- [c] 

  [a] Isolated yield after column chromatography. [b] Lactone hydrogenation. [c] No conversion.  

 

Analysis of the final products showed selective hydrogenation of the unsaturated 

lactone, without working on the other two double bonds (entries 1, 2). A non-conversion 

was determined following treatment with hydrazine hydrate (N2H4), hydrogen peroxide 

(H2O2) and aqueous copper sulfate solution (CuSO4) (entry 3).[108] 

The natural product I-78 could be also obtained from the final product I-73, which was 

previously obtained (scheme 30), but reproduction did not yield the desired results. 

 

Parallel to this route of synthesis, another approach was studied by protecting the 

alcohol at C-3 position with a Troc (2,2,2-Trichloroethoxycarbonyl) protecting group 

(I-135) (scheme 62).  

The protection was carried out by using 2,2,2-Trichloroethyl chloroformate (TrocCl) and 

pyridine in dichloromethane and the protected product I-135 was achieved in 96% yield. 

The subsequent elimination in presence of Martin's Sulfurane, did not lead to the 

desired result I-136 but to the dehydrated product I-137 in 82% yield after elimination of 

tertiary hydroxyl group at C-14 position. 

 



I. Defunctionalization of Ouabain 

[72] 
 

 

Scheme 62. Troc protection and unsuccessful C-11 hydroxy group elimination. 

 

The subsequent deprotection of acetonide gave product I-138 in 99% yield (scheme 63). 

 

 

Scheme 63. Acetonide deprotection of intermediate I-137. 
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4. Summary 

 

As previously mentioned, the purpose of this project is based on the selective 

deoxygenation of each hydroxyl group in the structure of the Ouabain (I-1). This has 

been made possible by using specific protecting groups and oxidizing, dehydrating and 

reducing reagents. The secondary alcohols at C-3 and C-11 positions have been 

previously selectively eliminated,[73] so this project is essentially based on the 

deoxygenation of the hydroxyl groups at C-1, C-5, C-14 and C-19 positions. 

For each route that has been analyzed and carried out, Ouabain I-1 was always 

converted to acetonide Ouabagenin I-25 as first step in 96% yield. Therefore, the sugar 

at C-3 position was removed and the diol formed by the secondary alcohol at C-1 

position and the primary alcohol at C-19 position was protected with an acetonide group 

(scheme 64). 

 

 
Scheme 64. Conversion of Ouabain I-1 to acetonide Ouabagenin I-25. 

 

Alcohol elimination at the C-1 position has been studied through two different 

approaches.  

One was based on the formation of ketone at C-3 position via oxidation of hydroxy at 

C-3 position of acetonide Ouabagenin I-25, followed by acetonide deprotection and 

simultaneous ̡ -elimination of alcohol at C-1 position. The corresponding ɲ1-2 double 

bond was then hydrogenated to ketone intermediate I-92 (scheme 65).  

Currently, the diastereoselective reduction of the ketone is the main cause of failures. 

Derivate I-92 has been synthesized in 52% overall yield (See paragraph 3.1). 

 

 

Scheme 65. Deoxygenation of hydroxyl group at C-1 position through C-3 ketone intermediate. 
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The second approach consisted of an initial diacetate protection of acetonide 

Ouabagenin I-25 with subsequent acetonide deprotection and further acetate 

protection of primary alcohol at C-19 position. The secondary alcohol at C-1 position was 

eliminated using the MartinΩs Sulfurane reagent resulting in ɲ1-2 double bond formation 

that was hydrogenated with CrabtreeΩǎ Ŏŀǘŀƭȅǎǘ ŀŦǘŜǊ ŀ ǇŀǊǘƛŀƭ ŀŎŜǘŀǘŜ ŘŜǇǊƻǘŜŎǘƛƻƴΦ ¢ƘŜ 

last acetate deprotection achieved derivative I-70 in 20% overall yield (scheme 66). 

(See paragraph 3.1) 

 

 

Scheme 66. Deoxygenation of OH at C-1 position through triacetate intermediate. 

 

The deoxygenation of tertiary alcohol at C-5 position has not yet been completely 

developed, but the protection of secondary alcohols at C-3 and C-11 positions and of 

tertiary alcohol at C-14 position of acetonide Ouabagenin I-25 is an adequate starting 

point to work on (I-33a) (scheme 67). (See paragraph 3.2.)  

 

 

Scheme 67. Protection of acetonide Ouabagenin I-25. 

 

The deoxygenation of tertiary alcohol at C-14 position has been successfully achieved. 

The pathway began with the acetate protection of the secondary hydroxyl group at C-3 

and C-11 positions of Ouabagenin I-25, followed by elimination of tertiary alcohol at 

C-14. The subsequent hydrogenation ƻŦ ɲ14-15 double bond, after complete deprotection 

of the intermediate, led to the desired product I-74 in 17% overall yield over 5 steps 

with a d.r. of 93:7 (scheme 68). The major diastereosomer presents the proton at the 

C-14 position in trans-configuration compared to the methyl group at C-13 position, 

confirmed by the crystal structure. (See paragraph 3.3.)   
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Scheme 68. Deoxygenation of C-14 hydroxy. 
 

The defunctionalization of the primary alcohol at C-19 position has not yet been 

achieved. However, the analyzed route involved a first diacetate protection of hydroxy 

group at C-3 and C-11 positions of acetonide Ouabagenin I-25, followed by acetonide 

deprotection. The primary alcohol was then oxidized to form aldehyde I-119 in 56% 

overall yield, an interesting intermediate for applying various deoxygenation reaction 

conditions (scheme 69). (See paragraph 3.4.) 

  

 

Scheme 69. Oxidation of primary alcohol at C-19 position. 

 

The two hydroxyl groups at C-1 and C-3 positions have been satisfactorily deoxygenated 

with an initial diacetate protection of acetonide Ouabagenin I-25 with subsequent 

acetonide deprotection and further acetate protection of primary alcohol at C-19 

position. The elimination of the secondary alcohol at C-1 position resulted in a ɲ1-2 

double bond formation, then hydrogenated with Pd/C in acetic acid which also resulted 

in the deoxigenation of the C-1 protected hydroxy group. The last acetate deprotection 

afforded derivative I-76 in 16% overall yield (scheme 70). (See paragraph 3.5) 
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Scheme 70. Deoxygenation of C-1 and C-3 hydroxyls. 

 

The route for deoxygenation of the two alcohols at C-1 and C-11 positions has been 

deeply investigated. First, alcohol at C-3 position of acetonide Ouabagenin I-25 was 

protected with TBDPS, followed by elimination of hydroxyl group at C-11 position and 

acetonide deprotection. Primary alcohol at C-19 position was protected with TIPS 

protecting group and subsequent elimination of secondary alcohol at C-1 position 

entailed a ɲ1-2 double bond formation that was hydrogenated with CrabtreeΩǎ ŎŀǘŀƭȅǎǘΦ  

Subsequent full deprotection achieved derivative I-78 in 39% overall yield (scheme 71). 

(See paragraph 3.6) 

 

 

Scheme 71. Deoxygenation of OH at C-1 and C-11 positions. 
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5. Outlook 

 

ü Defunctionalization of Ouabain: OH at C-5 position (I-72) 

 

The defunctionalization of tertiary alcohol at C-5 position should be studied and tested 

with different and stronger dehydrating reagents or reaction conditions. 

Once the desired elimination will be achieved, it should be necessary to focus on a 

stereoselective reduction of the ɲ4-5 ƻǊ ɲ5-6 double bond. This hydrogenation should be 

studied by applying a plethora of reaction conditions. The acetonide and MOM 

protecting groups should be simultaneously removed by using acidic conditions (i.e., HCl 

in MeOH) (scheme 72). 

 

 

Scheme 72. Towards the synthesis of derivative I-72. 

 

A second approach could involve the elimination of tertiary alcohol from the ketone 

derivative I-90, under acidic conditions (scheme 73), achieving unsaturated ketone 

I-139.[73] Subsequent hydrogenation, diastereoselective ketone reduction and 

deprotection should give desired final product I-72.  
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Scheme 73. A second approach for synthesizing derivative I-72 

 

ü Defunctionalization of Ouabain: OH at C-19 position (I-75) 

 

In the case of primary alcohol, an appropriate reduction of aldehyde to alkane should be 

examined. Different reaction conditions should be tested in order to synthesize the 

thioacetal derivative which should be a good intermediate to obtain the corresponding 

alkane. 

Furthermore, a direct deoxygenation of the primary alcohol to alkane compatible with 

the free secondary alcohol and with the lactone should be studied (scheme 74). The 

aldehyde I-119 could also be further oxidized to carboxylic acid I-140 which, through a 

reduction to a methyl group, should give the desired product I-75. 
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Scheme 74. Towards the synthesis of derivative I-75. 

 

ü Defunctionalization of Ouabain: OH at C-1,5 position (I-77) 

 

To synthesize desired product I-77, the same pathway considered for the synthesis of 

product I-70 through a ketone intermediate can be used and optimized 

(see paragraph 3.1). The ketone derivative I-92 should be treated with TFA in ethanol[73] 

to eliminate the tertiary alcohol at C-5 position and the subsequent stereoselective 

reduction of the ɲ5-6 ƻǊ ɲ6-7 double bond and the ketone should give the desired product 

I-77 (scheme 75). 
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Scheme 75. Towards the synthesis of compound I-77. 

 

ü Defunctionalization of Ouabain: OH at C-1,11 positions (I-78) 

 

The desired product I-78 should be synthesized by hydrogenating the ɲ11-12 double bond 

of intermediate I-133 (scheme 76). 

 

 

Scheme 76. Towards the synthesis of final desired product I-78. 

 

An in-depth study of hydrogenation was performed with nondesired result, so further 

catalysts should be analyzed or a different pathway should be carried out (scheme 77). 

A total hydrogenation should be applied to the alkene I-128, followed by a selenoxide 

elimination to re-install the double bond within the lactone (I-134).[109] A subsequent 

total deprotection should lead to the desired product I-78. 
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Scheme 77. New pathway for synthesis of I-78. 
 

ü Towards the synthesis of Coroglaucigenin (I-80) 

 

Coroglaucigenin (CGN) I-80 is a natural product isolated from Calotropis gigantean, 

belonging to the cardenolide class.[110] This cardenolide showed excellent anti-cancer 

activities by a significant cytotoxicity against hepatoma carcinoma, gastric and lung 

cancer cells.[111,112]  

CGN I-80 has a special structure extremely similar to that of Ouabain I-1, as shown in 

figure 11.  

Both have a methyl group at C-13 position, a primary alcohol at C-19 position, a 

secondary alcohol at C-3 position, a tertiary alcohol at C-14 position and a lactone at 

C-17 position, with the same stereogenity. Cardenolide I-80 is characterized by the 

absence of the sugar moiety, both secondary alcohols at C-1 and C-11 positions and 

tertiary alcohols at C-5 position. 

 

 

Figure 11. CGN I-80 and Ouabain I-1 structures. 
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This highlights the possibility to synthesize CGN I-80 using Ouabain I-1 as starting 

material. A general pathway is shown in scheme 78.  

First, Ouabain should be converted into acetonide Ouabagenin I-25, as in all the previous 

cases. The most convenient alcohol to be eliminated first, by using dehydrating reagent 

such as MartiƴΩǎ {ǳƭŦǳǊŀƴŜ, should be the secondary one at C-11 position after 

protection of the hydroxyl group at C-3 position (i.e., silyl groups such as TIPS). A 

subsequent deprotection should afford the alkene intermediate I-144.  

Afterward, the secondary hydroxyl group at C-1 position should be eliminated via the 

formation of the ketone derivative at C-3 position. The subsequent elimination, 

deprotection (I-145) and hydrogenation ƻŦ ǘƘŜ ɲ1-2 ŀƴŘ ɲ11-12 double bonds should give 

the ketone I-146. 

The tertiary alcohol at C-5 position should be eliminated by using TFA in ethanol at 

50 °C,[73] ŦƻǊƳƛƴƎ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ɲ5-6 ƻǊ ɲ6-7 double bond (I-147) which should be 

stereoselectively reduced, together with the ketone, giving the natural product I-80. 
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Scheme 78. General pathway to synthesize cardenolide I-80. 

 

ü Towards the synthesis of Procegenin A (I-81) 

 

Procegenin A I-81 (figure 12) is a natural product, in particular it is a secondary 

metabolite from the plant Calotropi procera, an evergreen, perennial shrub of the family 

Apocynaceae.[113]  
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Figure 12. Structure of Procegenin A. 

 

Several studies have shown that C. procera has important pharmacological activities, 

such as the treatment of cold, fever, leprosy, asthma, rheumatism, eczema, indigestion, 

diarrhoea, elephantiasis, skin diseases, and dysentery.[113]  

As shown in scheme 79, the first two steps should be the same involved in the possible 

pathway for synthesis of Coroglaucigenin (CGN) I-80, obtaining the intermediate I-143 

which should undergo the elimination of secondary alcohol at C-11 position, leading to 

compound I-148.  

A selective oxidation at C-12 position should achieve the ketone intermediate I-149 that 

should be converted to compound I-150 after hydrogenation of ɲ9-11 double bond and 

ketone reduction. Next, secondary alcohol at C-12 position should be protected to allow 

the deprotection and subsequent selective oxidation of secondary alcohol at C-3 

position, followed by acetonide deprotection and secondary alcohol elimination at C-1 

position to afford unsaturated ketone I-151. 

RŜŘǳŎǘƛƻƴ ƻŦ ǘƘŜ ɲ1-2 double bond and elimination of tertiary alcohol at C-5 position 

should give alkene derivative I-152. The ŎƻǊǊŜǎǇƻƴŘƛƴƎ ɲ5-6 ƻǊ ɲ6-7 double bond should be 

stereoselectively reduced, together with the ketone, to achieve the natural product I-81 

ŀŦǘŜǊ ǘƘŜ Ŧƛƴŀƭ ŘŜǇǊƻǘŜŎǘƛƻƴ ƻŦ tƎΩΦ  
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Scheme 79. Pathway for the synthesis of Procegenin A I-81. 

 

ü Towards the synthesis of Strophanthidin (I-4) 

 

The natural compound Strophanthidin I-4 should be easily synthesized, starting with the 

final product I-78 because both molecules have a similar structure. Strophantidin should 

be obtained following a simple selective oxidation of the primary alcohol to aldehyde, 

involving an oxidant reagent (i.e., Dess-Martin,[114] TEMPO,[115] RuCl2[116]).  

Three different oxidation conditions that should be tested are shown in scheme 80.  
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Scheme 80. Synthesis of Strophanthidin by oxidation of primary alcohol at C-19 position of product I-78. 

 

ü Towards the synthesis of Strophanthidinic acid (I-82) 

 

The natural product Strophantidinic acid I-82 should be easily synthesized from the 

Strophanthidin I-4, because it should be achieved after aldehyde oxidation to carboxylic 

acid using copper (II) acetate under O2 pressure[55] or permanganic acid in acetone in 

presence of potassium salt followed by treatment with sulfuric acid in a mixure of 

ethanol, chloroform and water (scheme 81).[117] 

 

 

Scheme 81. Synthesis of Strophanthidinic acid by oxidation of compound I-82 

 

ü Towards the synthesis of Periplogenin (I-83) 

 

Periplogenin I-83 is a natural compound with a similar structure to ones described 

above. In fact, it should also be obtained as a result of deoxygenation of aldehyde I-4 to 

alkane by testing some different conditions showed in scheme 82.[118] 

 

 

Scheme 82. Synthesis of Periplogenin by deoxygenation of compound I-83. 
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ü Towards the synthesis of Reevesioside A (I-84) 

 

Reevesioside A I-84 (figure 13) is a cardenolide glycoside isolated from the root of 

reevesia formosana. Recent studies have shown it to display potent antiproliferative 

activity against human hormone-refractory prostate cancer.[119]  

 

 

Figure 13. Reevesioside A structure I-84. 

 

The synthesis of natural product I-84 requires the synthesis of a carbohydrate moiety 

that should be then linked to the hydroxyl group at the C-3 position of Strophanthidin 

(I-4) (scheme 83). 

The route should start with the commercially available reagent 4,6-benzylidene 

derivative of h -D-methylglucopyranoside I-153 that should be first converted to the 

bis(tosylate) intermediate (I-154) and then to the bromobenzoate product (I-155).[120] 

Deoxygenation should be achieved via a two-step procedure: conversion of bromide to 

iodide intermediate (I-156) and hydrogenolysis (I-157). 

Subsequently, the cleavage of the benzoate with epoxide formation should achieve 

intermediate I-158, which ring should be opened by using lithium aluminum hydride and 

subsequent treatment with sodium methoxide should afford the tosylate cleveage.  

The following formation of diol intermediate (I-159) and its protection should lead to the 

desired product (I-160), then treated with potassium carbonate and 

thrichloroacetonitrile to form the acetimidate intermediate (I-162). The final coupling 

between Strophanthidin and carbohydrate should yield the desired final natural product 

(I-84).[46]   
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Scheme 83. Synthesis of Reevesioside A I-84 from Strophanthidin I-4. 
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× Decarboxylation of bistriazol derivatives and synthesis of N-

substituted imines from diazidated malonamides 
 

1. Introduction 

 

1.1. History and synthesis of geminal diazides 

 

Organic azides have several applications in synthesis, despite their structure of three 

nitrogen atoms in linear arrangement attributes to them a potential thermal instability 

and sensitivity to impact or shock. Therefore, they are possible hazardous substances 

that belong to a very high-energy class of compounds. Introducing an azide group into a 

ƳƻƭŜŎǳƭŜΣ ǘƘŜ ŎƻƳǇƻǳƴŘΩǎ ŜƴŜǊƎȅ increases by around 290-355 kJ/mol, because of the 

easily polarization of N3 bond that can dissociate in a highly exothermic process 

releasing nitrogen and reactive nitrenes.[121]  

The chemistry of azides started with the preparation and discovery of the first aromatic 

organic azide II-1, in 1864 by Peter Grieß,[122,123] followed by the rearrangement of acyl 

azides II-2 to the corresponding isocyanates II-3, with loss of nitrogen gas, reported in 

1890 by Theodor Curtius, the grandseigneur of nitrogen chemistry (Curtius 

rearrangement B) (figure 14).[124,125] The isocyanates intermediate can then undergo 

attack by a variety of nuclephile (i.e., water, alcohols and amines) to afford carbamate 

II-4, amine II-5, or urea derivatives II-6.    

 

 

Figure 14. Phenyl azide's structure and Curtius rearrangement. 

 

In 1894, T. Curtius and K. Heidenreich reported the synthesis and the stability of the first 

diazide derivative II-8, by treating an aqueous solution of carbonyl dihydrazide 

dihydrochloride II-7 with sodium nitrite at low temperature (scheme 84).[126,127]  
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Scheme 84. Synthesis of the first carbonyl diazide. 

 

Nowadays, the class of geminal diazides is divided into three subclasses: carbonyl II-9, 

aliphatic II-10 and vinyl II-11 diazides (figure 15). 

 

Figure 15. Geminal diazides subclasses. 

 

In 1908, the first aliphatic geminal diazide II-10 was discovered by Forster et al.[128] who 

synthesized the 2,2-ethyldiazidoacetate II-10a derivative from the dichloride compound 

II-12, by using sodium azide in ethanol (scheme 85). 

 

 

Scheme 85. Synthesis of the first aliphatic geminal diazide. 

 

This accessible method of synthesizing geminal diazides was used in subsequent years to 

ǇǊƻŘǳŎŜ ǎŜǾŜǊŀƭ ʰ-diazido esters,[129] ʰΣʰ-diazido- -̡ketoesters,[130] 

ʰΣʰ-diazidoketone,[131] ʰΣʰ-diazido- -̡ketolactame,[132] 2,2-diazidomalonate,[133] 

heterocyclic[132,134]  and benzylic[135] diazides (scheme 86). 

 

 

Scheme 86. Synthesis of diazido derivatives. 

 

Being extremely substrate specific and having a limited range of applications, other 

methods to convert acetals and ketones into geminal diazide[136]  with trimethylsilyl 

azide, with tin (IV) or tin (II) chloride to convert phosphorylides,[137] with tosyl azide to 

synthesize 2,2-diazido-1,3-diiodopropane from propanediene[138] using iodine azide, 

were employed sporadically.[139]  

Currently, the newest and most used methods involve the use of oxidation conditions.   
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In 2012, Sudalai et al. synthesized the desired geminal diazides II-10b from different aryl 

ketones II-14 by using sodium azide, sodium periodate in dimethylsulfoxide and acetic 

acid (scheme 87).[140]  

 

 

Scheme 87. Synthesis of geminal diazide II-10b from aryl ketones II-14. 

 

Three years later, Yanada et al. demonstrated that geminal diazides II-10b could be also 

synthesized from alkynes II-15 employing N-iodosuccinimide and trimethylsilyl azide 

(scheme 88).[141] 

 

 

Scheme 88. Synthesis of geminal diazide from alkynes. 

 

In 2018, Sharada et al. obtained ǾŀǊƛƻǳǎ ʰΣʰ-diazido- -̡iminoesters II-17 from electron 

poor alkynes II-16 by hydroamination in presence of sodium azide, 

diacetoxyiodobenzene and tetrabutylammonium bromide (scheme 89).[142] 

 

 

Scheme 89. {ȅƴǘƘŜǎƛǎ ƻŦ ʰΣʰ-diazido- -̡iminoesters II-17 from electron poor alkyne II-16. 

 

1.2. Reactivity of geminal diazides 

 

The reactivity of geminal diazides is not a common discussed topic in the literature given 

the limited number of publications. In most cases, diazides are only mentioned as 

by-products or proposed intermediates. Some reports examined thermodynamic and 

kinetic influences of the azido group on the stability of carbocations[143] and calculated 

structures of geminal diazides.[144]  

Classic azide reactions, such as azide-alkine cycloadditions to bistriazole, thermal and 

photolysis reactions to synthesize other nitrogen-containing heterocyclic compounds, 

have been well investigated.[145,146,147,148,149,150]  
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In 1909, Schroeter postulated that the thermal decomposition of 

diazidodiphenylmethane II-10c allowed the formation of the corresponding tetrazole 

II-18 (scheme 90).[135] 

 

 

Scheme 90. Thermal decomposition of diazidodiphenylmethane derivative. 

 

In contrast, Lindemann and Mühlhaus found isoxazoles II-20 and nitriles II-22 applying 

the thermal decomposition to ortho-(II-19) and para-hydroxybenzylic diazides II-21 

(scheme 91). [135c] 

 

 

Scheme 91. Thermal decomposition of ortho- and para-hydroxybenzylic diazides. 
 

Thermal decomposition of 2,2-diazidomalonates and 2,2-diazidomalonamides involved 

the formation of tetrazoles,[146] whereas 2,2-diazido- -̡keto esters (II-23a) gave the 

corresponding 1,3,4-oxadiazoles (II-24a) (scheme 92).[130b]  

 

 

Scheme 92. Thermal decomposition of 2,2-diazido- -̡keto esters. 
 

The photolysis can be involved in several different possible reaction pathways than 

thermolysis, leading to a large number of products. Moriarty et al. showed that 

heterocycles, such as tetrazoles,[146,147,148] oxadiazoles[147] and benzimidazoles,[148] were 

obtained as main products in ca. 50% yield.   
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In scheme 93, the different reactivity of geminal diazides is illustrated: 

diazidodiphenylmethane II-10c is converted into the amide II-25 with strong acids 

following the hydrolysis of the diazide, subsequent nitrene formation and 

rearrangement (scheme 93, A).[135d]  

This can also occur via a nitrene copper-catalyzed cycloamination of 

ʰΣʰ-diazido- -̡iminoesters II-26 to the corresponding quinoxalines II-27 (scheme 93, B).  

This illustrates that in one case, azide function represents a source of nitrene, while, in 

the other, is splitted during the aromatization.[142]  

 

 

Scheme 93Φ ¢ƘŜ ŘƛǾŜǊǎƛǘȅ ƻŦ ǘƘŜ ƴƛǘǊŜƴŜΩǎ ŎƘŜƳƛǎǘǊȅ ƻŦ ƎŜƳƛƴŀƭ ŘƛŀȊƛŘŜǎΦ 

 

Another interesting reactivity of the diazide intermediated is shown in scheme 94, in 

which N,N-bis(phosphane) II-28 and the geminal bis(triaza-1,3-butadiene) II-30 can be 

obtained from (diazidomethyl)benzene II-10d. 

After application of the well-known Staudinger[149] conditions to diazide II-10d and 

protonating the intermediate with trifluoromethanesulfonic acid, derivative II-28 is 

synthesized. The derivative II-30 is formed adding N-heterocyclic carbene II-29 to the 

two azide functions (scheme 94).[150]   

 

 

Scheme 94. Geminal diazide reactivities. 

 

1.3. Synthesis and reactivity of geminal diazides by Kirsch et al. 

 

In 2012, Kirsch et al. ŘŜǾŜƭƻǇŜŘ ŀƴ ƻȄƛŘŀǘƛǾŜ ƳŜǘƘƻŘ ǘƻ ŎƻƴǾŜǊǘ ōƻǘƘ ʰ-substituted II-31 

and unsubstituted 1,3-dicarbonyls II-32 inǘƻ ǘƘŜ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ʰ-mono II-33 or 

ʰΣʰ-diazides II-23. This method included the use of the mild oxidizing agent IBX-SO3K 

(compatible with several functional groups such as aromatics, olefins, epoxides, acetals, 

secondary and primary hydroxyl groups), sodium azide and catalytic amount of sodium 
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iodide (scheme 95).[151] An example was ǊŜǇǊŜǎŜƴǘŜŘ ōȅ ǘƘŜ ŘƛŀȊƛŘŜ ƻŦ ǘƘŜ ʲ-estradiol 

derivative II-23b.  

Using the established known conditions of Click reaction (CuAAC: copper(I)-catalyzed 

alkyne-azide cycloaddition)[152] with phenylacetylene as terminal alkyne, the azide 

intermediates were converted into the corresponding mono (II-34) and bistriazoles 

(II-35) (scheme 95).  

 

 

Scheme 95. hȄƛŘŀǘƛǾŜ ƳŜǘƘƻŘ ǘƻ ǎȅƴǘƘŜǎƛȊŜ ʰ-Ƴƻƴƻ ƻǊ ʰΣʰ-diazides derivatives and corresponding triazoles using 

CuAAC reaction condition. 

 

In 2014, by moderately modifying these conditions, triazidocarbonyl derivatives, a 

previously unknown class of geminal triazides, were prepared from 3-oxocarboxylic 

acids, iodomethyl ketones and terminal olefins.[153] 

The year after, a new and straightforward route to achieve the diazidation of 

1,3-dicarbonyl compounds II-32 to generate the geminal diazides II-23 was provided 

using mild reaction conditions with iodine and sodium azide in aqueous DMSO at room 

temperature (scheme 96). In this way, a plethora of compounds, belonging to this class, 

with a variety of functional groups were synthesized.[154]  This method was also applied 

to cyclic systems, such as oxindoles, obtaining diazidated derivatives for the first 

time.[155] 
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Scheme 96. Diazidation of 1,3-dicarbonyl compounds using mild conditions. 

 

Nevertheless, not all geminal diazides could be converted into the bistriazole II-36. An 

example is showed in scheme 97, in which ethyl 2,2-diazido-3-oxobutanoate II-23c, 

under the same conditions of CuAAC, underwent an additional deacetylation achieving 

different classes of bistriazoles II-36. These unexpected bistriazoles were acidified to 

azidomethylene bistriazoles II-37, important intermediates that provided access to 

geminal tristriazole II-38.[156]   

 

 

Scheme 97. Synthesis of geminal tristriazole. 

 

In 2016, the reactivity of the geminal diazides under thermal conditions was 

investigated. Rank et al. published thermolysis of ethyl 2,2-diazido-3-oxobutanoate 

II-23d to 1,3,4-oxadiazole II-24b (scheme 98).[130] 

 

 

Scheme 98. Thermolysis of ethyl 2,2-diazido-3-oxobutanoate II-23d. 

 

It was demonstrated that 2,2-diazido- -̡keto esters II-23 with aliphatic or aromatic 

substituent under diluted reaction conditions at ca. 140 °C, were converted into 

disubstituted 1,3,4-oxadiazoles II-24 (scheme 99).[157] 
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Scheme 99. Conversion of 2,2-diazido- -̡keto esters II-23 to disubstituted 1,3,4-oxadiazoles II-24. 

 

However, the formation of 3-hydroxypyridine II-39[158] (scheme 100, A) and 

3-hydroxypyrazine II-40[159] (scheme 100, B), instead of the expected oxadiazole, was 

obtained in presence of olefinic side chains.  

 

 

Scheme 100. Synthesis of 3-hydroxypiridine II-39 and 3-hydroxypirazine II-40 under thermolysis conditions. 

 

These results illustrate that geminal diazides allow approach to a variety of highly 

substituted nitrogen-rich heterocycles, representing an alternative to other synthetic 

method such as transition-metal-catalyzed cyclization[160] or multicomponent reactions 

(often also transition metal catalyzed).[161] 

In 2017, the unknown reactivity of the ʰΣʰ-diazido- -̡ketoesters II-23 towards 

nucleophile, in particular primary amines, was analyzed (scheme 101).[162] 

The diazide II-23 reacted with primary amines through a fragmentation to give 

2,2-diazidoacetate II-10, transferring an acyl group to the amine and obtaining the 

amide derivative II-41 as final product. This reaction required mild conditions such as a 

slight excess of amines or with base addition and was compatible with a large number of 

functional groups.  
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Scheme 101Φ wŜŀŎǘƛǾƛǘȅ ƻŦ ʰΣʰ-diazido- -̡ketoesters in presence of primary amines by using three different reaction 

conditions. 

 

An alternative method consisting in a one-pot reaction was also developed, in order to 

not isolate the potentially explosive geminal diazide intermediate and directly obtain the 

final amide II-41 from the ̡ -ketoesters II-32. By using tetrabutylammonium azide, iodine 

and primary amines under basic conditions (scheme 102), the geminal diazide was 

generate in situ. [162]  

 

 

Scheme 102. 5ƛǊŜŎǘ ǎȅƴǘƘŜǎƛǎ ƻŦ Ŧƛƴŀƭ ŎƻǊǊŜǎǇƻƴŘƛƴƎ ŀƳƛŘŜ ŦǊƻƳ ʲ-ketoesters with the formation of geminal diazide in 

situ. 
 

Regarding the side products after treatment of geminal azide II-23 with primary amines, 

using the 2,2-diazido- -̡keto esters II-23f as starting material and treating it with 

benzylamine, the 2,2-diazidoacetate II-10e was isolated in 70% yield and the carbamate 

II-4a in 20% yield (scheme 103). It was assumed that the diazidoacetate II-10e, in 

presence of a slight excess of amine, was slowly converted into the carbamate II-4a, 

because the tert-butyl-2,2-diazidoacetate II-10e reacted with a large excess of 

benzylamine to achieve the corresponding carbamate II-4a in 75% yield. [163]  

 

 

Scheme 103. Synthesis of carbamate II-4a as side product in presence of an excess of primary amine. 
 

Based on these results, cyanides as intermediate step of this reaction were studied and 

detected in the reactions of 2,2-diazido-N,N-dimethyl-3-oxobutanamide II-23g and 

3,3-diazidooxindoles II-43 in presence of amines (scheme 104).[155,163]  
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Scheme 104. Synthesis of cyanide intermediate by treating geminal diazide with amines. 

 

Nevertheless, by treating the 2,2-diazidoacetate II-10a with non-nucleophilic bases, such 

as triethylamine, it was converted into the corresponding tetrazole II-45 

(scheme 105). [163]  

 

 

Scheme 105. Tetrazole formation from II-10a in presence of non-nucleophilic bases. 

 

In 2017, the reactivity of geminal azide under reduction conditions was studied. The 

diazide II-23h could be reduced, in presence of Pd/C under H2 pressure, to amine II-46 or 

to acetylated amine II-47 after addition of acetic anhydride (scheme 106).[164] 

 

 

Scheme 106. Reduction of geminal azide. 

 

Two years later, it was discovered that by treating diazidomalonates II-23i with primary 

amines, the diazidomalonamides II-48 could be achieved (scheme 107, A). This new class 

of substance was turned out to be very interesting to perform new reactions and to 

obtain new different compounds.  

Indeed, treating diazidemalonamide with lithiated or thiol alcohol, N-O acetals II-49 

could be built up after a nucleophilic substitution, in which the azide function acted as 
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leaving group (scheme 107, B).[165] The presence of another azide function in the 

structure can allow further functionalization and synthesis of highly functionalized 

derivatives.  

In presence of diamines, geminal diazide II-23i underwent a polymerization reaction 

(scheme 107, C)[166] and generated polyamides with geminal diazide moiety II-50 that 

could be used as high-energy materials.  

 

 

Scheme 107. Synthesis of diazidomalonamides II-48, N-O acetals II-49 and polyamides II-50. 

 

1.4. Applications of azides 

 

The incorporation of azides into organic molecules is of ever-growing interest, due to 

their great versatility in a broad range of applications like pharmaceutical,[167] 

medicinal,[168] chemical biology[169] and agricultural[170] areas. 
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2. Task 

 

The work was based on the analysis of geminal diazides and mainly divided in two 

projects: 1) decarboxylation of bistriazole derivatives and 2) synthesis of N-substituted 

imines from diazidated malonamides. 

 

2.1. Decarboxylation of bistriazole derivatives 

 

The goal of this project consisted of analyzing a decarboxylation reaction previously 

identified but not investigated by Dr. Phillip Biallas.[171] 

Bistriazole II-35a was treated with a benzylamine to examinate a transamidation 

reaction for synthesizing the malonic acid-derived amide II-51ab. Nevertheless, this 

reaction led to the formation of the acetamide derivative II-52ab via a decarboxylation 

reaction. Consequently, the derivative II-52ab was studied and a scope, using different 

primary and secondary amines, was carried out (scheme 108).  

The amide derivative II-51ab was previously synthesized using a further pathway which 

consisted first in the formation of the diazidomalonamide II-48a from geminal diazide 

II-23i. The intermediate II-48a[172] was converted to amide derivative II-51ab by applying 

standard Click chemistry (CuAAC).[173,174]  

 

 

Scheme 108. Decarboxylation of bistriazole. 

 

Previously, it was shown that bistriazole II-35a could be obtained from geminal diazide 

II-23i (scheme 95) by CuAAC. Therefore, different alkynes should also be tested to obtain 

different bistriazole derivatives II-35, then treated with benzylamine to analyze the 

flexibility of this decarboxylation reaction (scheme 109). 
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Scheme 109. Pathway for synthesizing bistriazole derivatives II-35 and their acetamide derivatives II-52c. 

 

These acetamide derivatives proved to be extremely versatile, therefore the formation 

of triazole compound II-53, by employing acetamides II-52c as starting material, should 

be examined (scheme 110). 

 

 

Scheme 110. Possible synthesis of triazoles derivatives. 

 

2.2. Synthesis of N-substituted imines from diazidated malonamides 

 

The aim of the second project was based on optimizing the reaction conditions, 

previously found by Dr. Phillip Biallas and analyzed by the PhD student Fabia Mittendorf, 

to synthesize substituted imines II-54 (scheme 111) from diazidomalonamide II-48a. 

Subsequently, a scope with different primary amines was carried out. 

 

 

Scheme 111. Synthesis of N-substituted imines from diazidated malonamides. 
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3. Result and discussions 

 

3.1. Decarboxylation of bistriazole derivatives 

 

The synthesis of final acetammide II-52ab began with the preparation of starting 

geminal diazide II-23i from diethylmalonate II-32a by using NaN3 and iodine in aqueous 

dimethylsulfoxide, as previously described (scheme 112).  

The azide functionality of II-23i was perfectly suited for additional linkages to alkynes 

under standard Click reaction conditions with phenylacetylene as alkyne, achieving 

intermediate II-35a in 72% yield.[175]  

 

 

Scheme 112. Synthesis of bistriazole derivative II-35a from diethylmalonate II-32a. 

 

Bistriazole II-35a proved to be sensitive to an excess of the benzylamine, undergoing a 

concomitant decarboxylation reaction at room temperature and resulting in the 

formation of acetamide compound II-52ab (scheme 113). 

Presumably, upon transamidation with one ester unit of II-35a, steric repulsion with the 

bistrazole moiety may favor a carbon-carbon cleavage (via A), in analogy to a previous 

result with diazidated acyl acetates detected by Kirsch et al.[163] 

 

 

Scheme 113. Synthesis of acetamide derivative II-52ab. 
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This decarboxylative reaction was a rather slow reaction, because by treating compound 

II-35a with only two equivalents of benzylamine in tetrahydrofuran at room 

temperature, some product formation was observed overnight, however, complete 

conversion was not achieved under these conditions. A full conversion of II-35a into the 

product II-52ab was possible employing five equivalents of benzylamine, after three 

hours at room temperature.  

A plethora of primary amines were successfully employed to convert the bistriazole 

II-35a into acetamide II-52a, with moderate to good yields reaching from 48% to 96%, as 

summarized in scheme 114.  

The reaction time to achieve complete conversion of the starting material II-35a differed 

significantly, depending on the type of nucleophilic amine employed. First, the primary 

amine isobutylamine was tested obtaining II-52aa in 63% yield. Benzylamine variants 

bearing electron-donating groups (i.e., methoxy) or phenyl furnished II-52ac and II-52ad 

in 96% and 50% yield, respectively, as did 4-fluorobenzylamine II-52ae and 

3-chlorobenzylamine II-52af, although the formation of II-52af was surprisingly slow.  

Furthermore, 2-phenylethylamine and tyramine were employed to produce the 

corresponding acetamides II-52ag and II-52ah in 96% and 89%, respectively. Acetamide 

II-52ai containing piperonylamine was also successfully obtained in 68% yield. 
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Scheme 114. Scope of the reaction leading to acetamide derivatives II-52a using primary amines;  

[a] Isolated yield after column chromatography. [b] 5 h. [c] 3 h. [d] 19 h. [e] 7 h. [f] 1.5 h. [g] 75 h, 0.07 M. [h] 2.5 h. 

 

After employing primary amine as nucleophiles, secondary amines were tested 

(scheme 115).  

While most of the secondary amines or natural aminoacid derivatives tested proved to 

be poor substrates with slow or even no conversion (i.e., dibenzylamine (II-52bd), 

diethylamine (II-52be), diisopropylamine (II-52bf) and sarcosine (II-52bg)), the sterically 

less demanding piperidine gave II-52bc in 65% yield, upon increasing the quantity to 

eight equivalents.  

Surprisingly, 2-(methylamino)ethanol and diethanolamine were effective substrates 

providing II-52ba and II-52bb in good yields of 63% and 74%, with a considerable rate of 

conversion. 

 

 

 






























































































































































































































































































