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ABSTRACT 

 

Terpenes are a class of naturally occurring compounds widely distributed in both animal 

and plant kingdoms; these products have historically played a crucial role in drug 

discovery due to their ability to alter different biochemical processes. Nowadays, 

terpenes are still used as pharmaceuticals, such as the anticancer drug paclitaxel or their 

semisynthetic derivatives like the anti-inflammatory agent bardoxolone methyl. 

However, natural compounds present two main limitations: the first one is the limited 

availability of certain compounds from their natural sources, which complicates their 

extraction and supply. The second one is linked to the decreasing discovery of novel 

and unique scaffolds, which are essential for uncovering new bioactivities and 

advancing drug discovery. 

The aim of this PhD program was to investigate the chemical reactivity of specific 

terpene classes by increasing the complexity of their carbon skeletons, with the goal of 

discovering new bioactivities or enhancing existing ones.  

In particular, the thesis will be divided into two main chapters: the first will focus on 

skeletal editing, addressing new rearrangements of the Tigilanol Tiglate molecule, and 

the second will deal with the construction of a new library of compounds called terpen-

curcuminoids. 

The second chapter will concentrate on the skeletal interconversion of triterpene classes 

through a semisynthetic approach, which includes the use of photochemistry to promote 

key rearrangements. 

All compounds obtained in the reported projects have been subjected to biological 

testing. 
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INTRODUCTION 
 

1) NATURAL PRODUCTS IN DRUG DISCOVERY 

Natural products (NPs) have long been essential in drug discovery, particularly in 

treating cancer and infectious diseases,1 as well as in other therapeutic areas like 

cardiovascular diseases (e.g., statins) and multiple sclerosis (e.g., fingolimod).2,3 

Compared to conventional synthetic molecules, NPs offer distinct features that bring 

both benefits and challenges to the drug discovery process. They are notable for their 

broad scaffold diversity, complex structures and, typically, NPs possess higher 

molecular weights, a greater number of sp3 carbon and oxygen atoms, fewer nitrogen 

and halogen atoms, more hydrogen bond donors and acceptors, lower calculated 

octanol-water partition coefficients (cLogP, indicating higher hydrophilicity), and 

increased molecular rigidity compared to synthetic compound libraries.4, 5   

Nevertheless, these properties can lead to advantages, for instance, the increased rigidity 

of NPs can be valuable in drug discovery, particularly when addressing protein-protein 

interactions.6 Natural products have evolved to be structurally 'optimized' for specific 

biological roles, such as regulating endogenous defence mechanisms and interacting 

(often competitively) with other organisms. This adaptation highlights their role in 

treating infectious diseases and cancer. Additionally, insights into their efficacy and 

safety can be gained from their use in traditional medicine. Overall, the range of 

bioactive compounds found in natural products covers a broader chemical diversity 

compared to conventional synthetic small-molecule libraries.7 

Despite numerous successes in drug discovery, several challenges associated with 

natural products (NPs) have led pharmaceutical companies to scale back NP-based 

research programs. NPs screening often involves libraries of natural extracts, which 

may not be fully compatible with traditional target-based assays.8 Identifying the 
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bioactive compounds of interest is complex and requires dereplication tools to avoid 

rediscovering known compounds. Additionally, obtaining sufficient natural source to 

isolate and characterize a bioactive NP can be difficult.9 Securing intellectual property 

(IP) rights for unmodified NPs with relevant bioactivity is also challenging, as naturally 

occurring compounds in their original form are not always patentable (with legal 

frameworks varying by country)10 simple derivatives may be patentable. Further 

complicating matters are regulations that mandate benefit-sharing with the countries of 

origin of the biological material, as outlined in the 1992 United Nations Convention on 

Biological Diversity and the Nagoya Protocol, which came into effect in 2014, along 

with recent developments concerning benefit-sharing related to the use of marine 

genetic resources.11 Due to these various factors, pharmaceutical companies have lost 

interest in natural products, favouring the adoption of new chemical techniques such as 

combinatorial chemistry for generating compound libraries.12 The awareness of the 

decline in the number of new chemical entities (NCEs) in drug development pipelines 

has likely rekindled interest in "rediscovering natural products"13 and increased 

appreciation for the use of natural product-like models in "improving efficiency" in 

diversity-oriented synthesis (DOS).12 The pressing demand for new treatments for 

cancer, HIV, other infectious and prevalent diseases needs a thorough investigation of 

all methods of drug discovery; in this scenario, it is evident that Nature have been, and 

will remain, crucial in this process.12 

As stated by Danishefsky in 2002  <a small collection of smart compounds may be more 

valuable than a much larger hodgepodge collection mindlessly assembled = .  

In 2006, he and Wilson reaffirmed their stance in a review on the applications of total 

synthesis in neurodegeneration: <We close with the hope and expectation that 

enterprising and hearty organic chemists will not pass up the unique head start that 

natural products provide in the quest for new agents and new directions in medicinal 

discovery. We would chance to predict that even as the currently fashionable "telephone 
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directory" mode of research is subjected to much overdue scrutiny and performance-

based assessment, organic chemists in concert with biologists and even clinicians will 

be enjoying as well as exploiting the rich troves provided by Nature's small 

molecules=.14 

1.1) Going back to Natural Products 

<Natural products have a personality: they come with attractive names, awe-inspiring 

structures and dazzling biological properties, and there are clear molecular, 

evolutionary, and structural bases for their relevance in drug discovery. Because of 

their three-dimensional structural complexity and inbuilt affinity for biological 

surfaces, natural products are in fact privileged structures for drug discovery from both 

a chemical and a biological standpoint and qualify nature not only as the ultimate 

synthetic chemist but also as the ultimate pharmacist.=15 

The renewed interest in natural products in the drug discovery landscape is due to 

multiple factors that continue to make these compounds highly appealing in the 

pharmaceutical field: 

• Target Interaction: macromolecular biological targets, such as proteins and 

nucleic acids, interact with small molecules based on their three-dimensional 

structures, which include specific binding features like charges, polarities, and 

elements for hydrogen bonding. The underlying principle for the significance of 

natural products in biomedical research and drug discovery lies in the inherent 

complementarity between biogenetic enzymes and protein domains in animals.16 

Most natural products are generated through enzymatic processes, and their 

structure must align with the biological protein surfaces that interacted with their 

precursors. Thus, a biosynthetic origin implies an inherent ability to recognize and 

bind to protein surfaces.15 The relationship between biosynthetic enzymes and drug 

targets suggests that small-molecule ligands could potentially be found for all 

druggable human targets, with neuroactive plant alkaloids serving as a notable 
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example. Cocaine (1), for instance, inhibits the reuptake of mammalian biogenic 

amine neurotransmitters such as dopamine, serotonin, noradrenaline, and 

adrenaline, a system absent in plants. Nevertheless, plants contain numerous 

compounds that interact with the cholinergic, adrenergic, dopaminergic, and 

GABAergic systems in animals, which are structures not typically found, even in 

similar forms, in plants.16 

 

 

 

• Evolutionary role of secondary metabolites: the term "secondary" referred to 

secondary metabolites doesn't suggest that they are of lesser importance, rather, it 

refers to a different functional level.17 In fact, natural products have been found in 

fossils and likely emerged very early in the evolution of life, potentially even during 

the RNA world, as many antibiotics are known to bind specific RNA sequences.17 

The synthesis of natural products is a key evolutionary trait that has been highly 

successful. The production of these secondary metabolites often involves many 

specialized enzymes and a substantial amount of protein-coding DNA, indicating 

their significant role for the organisms that produce them. Natural products help 

organisms manage environmental stress, defend against predators, and adapt to 

adverse conditions, with their functions having been refined over millions of years 

of natural selection. However, it is extremely difficult to fully understand the 

ecological role of these metabolites.15 In the context of genomics, there is a close 

relationship with sensitivity to natural products; indeed, it is highly likely that there 
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is adaptive coevolution between the production of secondary metabolites and their 

targets. 

Moreover, it is well established that animals have receptors for natural compounds 

produced by plants, while, conversely, plants produce compounds for receptors 

they lack. Various hypotheses and theories support this but given that the 

evolutionary history of natural products is largely unknown, we lack information 

about the molecular context and the timeframe in which their production evolved. 

Although evolutionary observations and hypotheses about the function of natural 

products may be somewhat vague and simplistic, they can still offer valuable 

insights for drug discovery both in terms of mechanism of action and resistance to 

them.15  

• Structural diversity and complexity: the remarkable structural complexity and 

diversity of natural products surpasses what pharmaceutical companies or chemists 

can design. This enables the exploration of biological spaces that are challenging, if 

not impossible, to reach with compounds derived from random synthesis. Indeed, 

a statistic analysis revealed that the 40% of chemical scaffold of natural compounds 

are absent in the synthetic one.18 The challenge with synthetic libraries is that they 

often lack the structural complexity and diversity required to effectively explore 

biological space. Synthetic compounds frequently lack molecular rigidity, and the 

high number of rotatable bonds prevents conformational constraints, which are 

crucial for enhancing affinity with biological targets.18 As a result, synthetic libraries 

are essentially flat, making them far less effective in exploring biological space 

compared to natural products. Moreover, synthetic products are often shaped by the 

requirements of previous drug discovery programs and/or must adhere to 

predefined criteria such as Lipinski's Rule of Five (RO5)18 and the absence of 

reactive functional groups like epoxides, ³-unsubstituted enones, and furans. 
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In contrast, many pharmacologically active natural products do not conform to 

Lipinski's Rule of Five and often feature reactive functional groups considered 

<undesiderable= that play an important role in the biological activity. 15  

For instance, the alkylation of an epoxide group is crucial for the bioactivity of 

several key drug candidates. This includes fumagillin (2), an inhibitor of methionine 

aminopeptidase 2 (MetAP-2) with antiangiogenic properties;19 trapoxin (3), a 

histone deacetylase (HDAC) inhibitor;20 and epoxomicin (4), a highly selective 

proteasome inhibitor.21 Finally, structural complexity enhances both specificity and 

potency in biological interactions, helping to limit target promiscuity.22 At the same 

time, diversity is crucial for expanding the range of chemical structures explored 

during biological evaluations.15 

 

 

 

Numerous molecular, evolutionary, and structural factors support the notion that natural 

products, having evolved as ligands for structurally conserved but genetically variable 

protein domains, are the most reliable starting point for exploring druggable chemical 

space.15 Although widely accepted in drug discovery, this perspective is challenging to 

quantify precisely, as structural diversity is difficult to measure with objective 

parameters.5 Even with basic structural elements, natural products stand out from 

combinatorial chemistry products. They generally have higher molecular weights (414 

vs. 393), more stereogenic centers (6.2 vs. 0.4), and more rings (4.1 vs. 3.2). 
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Additionally, natural products feature fewer nitrogen, halogen, and sulphur atoms, but 

are richer in oxygen and exhibit greater steric complexity, including not only more rings 

but also more bridgehead carbon atoms.5 Consequently, topological analyses show that 

while combinatorial compounds are concentrated in a narrow region of chemical space, 

natural products are more widely distributed and more diverse.5 

 

1.2) <Bridging the gap between natural product synthesis and drug 

discovery=24 

One of the key challenges in the availability of natural products for SAR studies is their 

low yield from natural sources and the often complex and expensive process of total 

synthesis. 

The total synthesis of natural products, originating with Wöhler's synthesis of urea in 

1828,23 has advanced significantly, enabling access to complex compounds like 

quinine, strychnine, palytoxin, and taxol. As synthetic strategies and methods evolve, 

chemists continue to expand their ability to produce such intricate molecules.24 

Retrosynthetic analysis, introduced by Corey in The Logic of Chemical Synthesis,25 is a 

powerful strategy for simplifying the total synthesis of complex natural products. It 

breaks down intricate molecules into simpler intermediates, ultimately leading to 

commercially available starting materials, and has become a cornerstone of modern 

synthetic chemistry.24 Advancements in retrosynthesis have led to the concept of an 

"ideal synthesis," as introduced by Hendrickson26: this concept emphasizes concise and 

convergent strategies (step economy)27, minimizing waste (atom economy)28, and 

avoiding unnecessary redox reactions (redox economy)29. 

Achieving an ideal synthesis is a key goal for chemists but synthesizing a complex 

natural product while simultaneously gathering information on its biological 

functionality can be challenging. Balancing synthetic efficiency with obtaining 

structure–activity relationship (SAR) data is often difficult.24 Given that many drugs are 
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derived from natural products or inspired by their scaffolds, it is crucial to continue 

exploring the extensive information provided by natural products and their cellular 

receptors. Thus, the main challenge for chemists from the 1980s to the present has been 

to obtain SAR information while maintaining synthetic efficiency. Various approaches 

to this challenge are documented in the literature, as illustrated in the figure 1.  

 

 

 

 

Figure 1: Timeline of the evolution of synthetic strategies that integrate natural 

product total synthesis with biological studies and structure–activity relationship 

information.24 

 

In this PhD program, we aimed to address these challenges by increasing diversity 

within natural products to identify or enhance their biological activity. Our approach 

involved developing new synthetic strategies to broaden the range of natural product 

scaffolds, thereby optimizing their potential for therapeutic use or for studying their 

intrinsic reactivity.  
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Specifically, we employed diversity-oriented synthesis (DOS) for research on forboids 

and terpen-curcuminoids, and a new approach defined Triterpene Class Interconversion 

for projects related to the photochemistry of triterpenes. 

1.2.1) Diversity-Oriented Synthesis (DOS) 

Today, chemists can design synthetic strategies to produce natural products and natural 

product-like compounds with similar size and complexity to the parent compounds. The 

capacity to synthesize complex natural products in vitro, along with the use of diversity-

oriented synthesis (DOS) to rapidly generate extensive libraries of natural product-

based molecules, has significantly accelerated the process of in vitro evolution.30 

DOS aims to efficiently synthesize a diverse array of complex small molecules that can 

be screened for their effects on biological pathways, independent of specific protein 

targets. This approach simultaneously identifies therapeutic targets and small molecules 

that can modulate their functions. DOS uses forward-synthetic analysis31 to produce in 

an efficient and flexible way a diverse range of complex compounds for biological 

testing. By varying stereochemistry and structural frameworks, DOS generates 

compounds with varied three-dimensional chemical features, enhancing the chances of 

finding promising candidates for further development.32 However, it is important to note 

that DOS was not originally designed to produce natural product-like compounds but 

rather to generate small molecule libraries in a rational manner.33 The goal is to provide 

extensive diversity to cover a broad chemical space, aiding in the identification of initial 

hit compounds for specific protein targets.34 An example worth mentioning is the work 

by Shair and colleagues, who developed a DOS of galanthamine-like molecules 

inspired by the biosynthesis of galanthamine (Figure 2).35  Their approach enabled the 

execution of four diversity-generating reactions. 
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Figure 2: Biomimetic DOS parallels biosynthesis of galanthamine and building 

blocks used in the library synthesis.35 
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1.2.2) Triterpene Class Interconversion 

Natural product chemistry is constantly challenged by newly discovered complex 

molecules with unprecedented frameworks frequently characterized by interesting 

biological activity. Unfortunately, they are usually produced in small amounts and, for 

their total synthesis, a limit of what is considered sensible in terms of steps and yield is 

frequently reached. As an alternative, semisynthetic approach could be a solution to 

provide answers to the pressing demand for sustainable, straightforward and concise 

routes even to the most complex targets.  

With the term <Triterpene Class Interconversion= (TCI), we refer to a new 

semisynthetic approach that involves the transformation of a natural product into 

another natural product belonging to two different classes, through the use of simple 

tools such as photochemistry, Lewis acids, and other methods. To provide a concrete 

example, a natural molecule, when triggered by light or any reactive agent, rearranges 

its carbon skeleton to generate the scaffold of a molecule belonging to a different class 

of natural products. This semisynthetic method has dual utility. First, it allows starting 

from easily available natural products to obtain scaffolds that are otherwise nearly 

inaccessible, thereby providing an opportunity to explore their bioactivity. The second 

advantage is that it can serve as a basis for total synthesis, making it valuable in the field 

of synthetic organic chemistry. In this thesis, we will discuss how this method, through 

a photochemical induction, enabled us to discover a common rearrangement of 

pentacyclic triterpenic acids and steroids that we applied to get access to uncommon 

natural compounds. This led to the formation of novel, previously unreported 

compounds as well as triterpenes from different classes. 
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2) TERPENES 

The term 'terpenes' (terpenoids or isoprenoids) refers to one of the largest families of 

naturally occurring compounds, which originate from a common biosynthetic pathway 

displaying a remarkable range of structural diversity arising from the number of carbon 

atoms, usually in multiples of five, along with the various possible isomeric carbon 

skeletons and stereochemical configurations. Initially, these compounds were 

considered to be merely byproducts of plant metabolism without any specific biological 

function, and they are currently defined as secondary metabolites. However, it was later 

discovered that some terpenes act as intermediates in significant biosynthetic processes. 

Furthermore, research has shown that many of them play crucial ecological roles, such 

as in plant defence mechanisms by repelling insects and in symbiotic relationships by 

attracting specific insect species to aid in cross-pollination.36  

Nowadays, approximately 35.000 terpenes have been identified but most of their 

potential functions remain unknown.37 Nevertheless, the diverse range of terpenoid 

structures and functions has generated growing interest in their commercial 

applications. Terpenoids have proven beneficial in the prevention and treatment of 

various diseases, including cancer, and exhibit a wide array of other properties such as 

antimicrobial, antifungal, antiparasitic, antiviral, anti-allergenic, antispasmodic, 

antihyperglycemic, anti-inflammatory, and immunomodulatory effects. Additionally, 

they serve as natural insecticides and can be utilized as protective agents for storing 

agricultural products. 38 
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2.1) Terpenes Biosynthesis 

Terpenoids represent a large and structurally varied family of natural products derived 

from C5 isoprene units (Figure 3) linked in a head-to-tail manner. Their typical carbon 

architectures are characterized by a common motif (C5)n, and they are classified into 

several categories: hemiterpenes (C5), monoterpenes (C10), sesquiterpenes (C15), 

diterpenes (C20), sesterterpenes (C25), triterpenes (C30), and tetraterpenes (C40) (Figure 

4).  

 

Figure 3: Isoprene unit 
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Figure 4: Terpenes classification40 

 

 



15 
 

For a long time, the mevalonate pathway was regarded as the universal source of the 

terpenoid C5 precursors, isopentenyl pyrophosphate (IPP) and dimethylallyl 

pyrophosphate (DMAPP). In this pathway, three acetyl-CoA molecules are combined 

to form 3-hydroxy-3-methylglutaryl-CoA, which is then reduced to mevalonate and 

subsequently converted into IPP and DMAPP. 

In 1999, an alternative mevalonate-independent pathway, known as the <Rohmer 

pathway= or <Non-mevalonate pathway=, was discovered. In this pathway, the initial 

intermediate, 1-deoxy-D-xylulose 5-phosphate, is formed by the condensation of 

glyceraldehyde 3-phosphate and pyruvate, as illustrated in Figure 3. In the subsequent 

step, this intermediate is converted into 2C-methyl-D-erythritol-4-phosphate, which is 

then further processed to produce IPP and DMAPP.39 

 

 

Figure 5: Mevalonate and Rohmer pathway39 
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In the biochemical pathway of terpenoid synthesis, prenyltransferases are involved in 

the condensation of activated isoprene units. Isopentenyl pyrophosphate (IPP) 

combines with an isomer of dimethylallyl pyrophosphate (DMAPP) in a "head-to-tail" 

fashion. The linear chains of prenyl pyrophosphates produced in this reaction can then 

be further modified through dimerization or cyclization by terpene synthases, leading to 

the formation of terpenoids with novel functions.39  

 

2.1.1) Diterpenes biosynthesis – Phorboids 

The biosynthesis of diterpenes begins with the production of geranylgeranyl 

pyrophosphate (GGPP), which is derived from the sequential condensation of three 

molecules of IPP with one molecule of DMAPP. GGPP serves as the central precursor 

in diterpene synthesis. 

The key enzyme in this phase is diterpene synthase (TPS), which catalyses the 

cyclization of GGPP to form the basic structure of diterpenes. This structure can then 

be further modified through a series of enzymatic reactions, leading to the great 

structural and functional diversity of diterpenes.40 

Phorbol is the primary representative of the phorboids class and is extracted from the 

seeds of Euphorbia plants, particularly from species like Croton. It is a diterpene ester 

and is known for its biological activity, particularly as a potent activator of protein kinase 

C (PKC).41 This activation leads to a cascade of cellular events, making phorbol and its 

derivatives, such as phorbol esters, important tools in cancer research and studies of cell 

signalling pathways.42 Due to their ability to promote tumour growth, phorbol esters are 

also classified as tumour promoters in carcinogenesis studies.43 

The exact origins of phorbol are not well-documented, but a plausible biosynthetic 

pathway can be proposed as illustrated in Figure 6. The process begins with the 

cyclization of geranylgeranyl pyrophosphate (GGPP), leading to the formation of a 
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cation that includes a 14-membered ring structure.40 This intermediate can undergo 

proton loss accompanied by the formation of a cyclopropane ring, resulting in the 

production of casbene, a known antifungal compound found in the castor oil plant, 

Ricinus communis (Euphorbiaceae). Subsequent ring closures, as depicted in Figure 4, 

suggest that casbene could serve as a precursor in the biosynthesis of the phorbol ring 

system.40 

 

 

Figure 6: Hypothetical biosynthetic pathway of phorbol40 
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2.1.2) Triterpenes biosynthesis – Pentacyclic triterpenoid acids 

In triterpenes biosynthesis, two molecules of farnesyl pyrophosphate (FPP) are joined 

tail-to-tail to produce squalene. Squalene, initially isolated from the liver oil of sharks 

(Squalus species), was later discovered in rat liver and yeast. These organisms have 

been used to investigate its biosynthetic function as a precursor to triterpenes and 

steroids.40 

The cyclization of squalene, catalysed by the enzyme squalene epoxidase, proceeds 

through the intermediate 2,3-oxidosqualene. This reaction requires O2 and NADPH and 

leads to the formation of a tertiary carbocation. If the oxidosqualene is correctly folded 

on the enzyme's surface, the formation of polycyclic triterpene structures occurs through 

a series of cyclization and concerted migrations of hydride and methyl groups. The 

process involves the sequential formation of six- and five-membered rings, guided by 

the stereochemistry and folding of the substrate on the enzyme, ultimately resulting in 

the production of the tertiary protosteryl cation. 

The protosteryl cation undergoes a series of Wagner–Meerwein 1,2-shifts, involving 

the migration of hydride and methyl groups. This sequence continues until a proton is 

lost, leading to the formation of a double bond and ultimately releasing lanosterol.  

Lanosterol is a common triterpenoid in animals and serves as the precursor for 

cholesterol and other sterols in both animals and fungi. 

In plants, cycloartenol replaces lanosterol as intermediate, featuring a cyclopropane ring 

formed from the methyl group at C-10. For many plant steroids, this cyclopropane ring 

must later be reopened (figure 7) 
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Figure 7: Triterpenes biosynthesis40 

 

Most natural triterpenoids and steroids possess a 3-hydroxyl group, derived from the 

original epoxide oxygen in oxidosqualene. When oxidosqualene is folded into a chair–

chair–chair–boat conformation by a different cyclase enzyme, it follows a similar 

carbocation mechanism. However, the resulting dammarenyl cation has distinct 

stereochemical features compared to the protosteryl one. While Wagner–Meerwein 

migrations can occur, they provide limited chemical benefit as they would disrupt the 

favorable conformation. Instead, the dammarenyl cation typically undergoes additional 

cyclizations without major alterations to the existing ring system. Occasionally, 

migrations do happen, such as in euphol from Euphorbia species (Euphorbiaceae), 

which is a stereoisomer of lanosterol (Figure 8). 
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Figure 8: Triterpenes biosynthesis40 

 

Although this might appear to contradict the earlier explanation for the dammarenyl to 

baccharenyl transformation, the enzyme's role must be considered. A five-membered 

ring is generally not under significant strain, as evidenced by natural examples. The loss 

of a proton from the lupanyl cation results in the formation of lupeol. 

The oleanyl system is formed through ring expansion in the lupanyl cation via bond 

migration and labeling studies have shown that this ion undergoes hydride migrations 

and proton loss, resulting in the formation of the widely distributed ³-amyrin. 

The formation of the isomeric ³-amyrin begins with the migration of a methyl group in 

the oleanyl cation. This is followed by the conversion of the resulting taraxasteryl cation 

through three hydride migrations and the loss of a proton. Alternatively, the loss of a 

proton from the non-migrated methyl group in the taraxasteryl cation can produce a 

neutral molecule, resulting in the formation of taraxasterol (Figure 9).  
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Figure 9: Triterpenes biosynthesis40 

 

Triterpene acids are commonly derived from these hydrocarbons (Figure 8). Oleanolic 

acid, found in olives (Olea europaea), is formed by the oxidation of the C-17 methyl 

group of ³-amyrin to a carboxylic acid. Olive leaves also contain both oleanolic and 

betulinic acid, the latter being an oxidized derivative of lupeol. Ursolic acid, the 

counterpart of ³-amyrin.44,45,46,47,48 
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These acids are likely produced through cytochrome P-450-dependent oxidations, 

though specific mechanisms are not well understood. Additional oxidative 

modifications at other methyl groups or ring carbon atoms are necessary to produce 

triterpenoids such as glycyrrhetic acid. 

 

 

 

Figure 10: Triterpenes40 
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3) PHOTOCHEMISTRY OF NATURAL PRODUCTS 

As outlined in the previous sections, modern synthetic chemists strive for the "ideal 

synthesis," which prioritizes environmental sustainability. This has led to a growing 

emphasis on developing "green" and eco-friendly methods. These processes should 

focus on energy efficiency, minimizing raw material use, and reducing waste. Ideally, 

they would facilitate the transformation of simple feedstocks into highly functionalized, 

complex molecules. Photochemical reactions, driven by photon absorption, present an 

attractive solution. They offer efficient and powerful methods for producing diverse 

organic frameworks that are often difficult to access through conventional means.49,50 

A key aspect of all light-induced transformations is the involvement of electronically 

excited states, generated when photons are absorbed. This excitation creates transient 

reactive intermediates, dramatically changing the reactivity of a compound. By 

controlling this process, the desired product can be obtained in high yield and excellent 

selectivity.51,52 

Unlike thermal reactions, most photochemical reactions do not require additional 

reagents like metal catalysts, Brønsted acids or bases for activation. The energy 

provided by light enables the formation of strained and unique molecules that are 

difficult to produce through thermal methods, opening the doors to complex molecular 

structures in a single step. This makes it possible to design rational and efficient 

synthetic approaches that offer rapid access to diverse molecular scaffolds, often with 

fewer steps compared to traditional multistep processes.53,54 

The use of UV light for bond formation has been recognized for a long time. In the early 

19th century, Trommsdorff observed that sesquiterpene santonin crystals reacted when 

exposed to sunlight, marking the origins of photochemistry.55,56 

Since the mid-20th century, numerous instances have been documented where 

photochemistry has been harnessed to achieve impressive rearrangements and the 

formation of complex molecular frameworks. 
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Given the vast number of photochemical reactions, this thesis will focus solely on the 

key ones relevant to its scope. Specifically, we will examine the photochemical 

reactions of cyclic enones, dienones and ketones.  

3.1) [2+2] Photocycloaddition  

In 1908, Ciamician and Silber documented the [2 + 2] photocycloaddition reaction, 

noting that carvone (5) converted into carvone camphor (6) after being exposed to light 

for a year.57 

 

Figure 11: [2+2] photocycloaddition of carvone61 

 

In the [2 + 2] photocycloaddition of alkenes, ³,³-unsaturated carbonyl compounds are 

typically used due to their efficient photoexcitation. This results in a short-lived singlet 

state, which undergoes intersystem crossing (ISC) to form a triplet state. The triplet state 

interacts with the ground-state alkene, generating a 1,4-biradical. After spin inversion to 

a singlet biradical, the desired cyclobutane ring is formed (Figure 12).58,59,60 
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Figure 12: Enone photoexcitation61 

 

This reaction enables the formation of cyclobutane, a motif commonly found in various 

natural products, making the photocycloaddition a highly valuable method for 

synthesizing and constructing precursors for both cyclic and acyclic systems.61 The use 

of [2 + 2] photocycloaddition of olefins has been applied, for instance, in the total 

synthesis of (−)-biyouyanagin A (Figure 13).62 

 

 

 

Figure 13: Intermolecular [2 + 2] Photocycloaddition in the Synthesis of  

(−) Biyouyanagin A61 
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3.2) Dienone photoreactions 

As previously noted, the application of photochemistry began in 1830 with the 

observation of the rearrangement of a-santonin.55 However, it wasn't until 1965 that the 

structure and stereochemistry of the ñ-photoproducts were fully elucidated.63 

When ñ-santonin (8) is exposed to light in neutral media, it quickly transforms into 

lumisantonin (9), a cyclopropyl ketone. However, if the exposure to light is extended, 

lumisantonin further changes into a linearly conjugated dienone (10).  

This dienone can be isolated from the photolysis of either santonin or lumisantonin 

when using solvents like benzene or ether. In contrast, in nucleophilic solvents such as 

alcohol or water, dienone remains reactive under light and can further convert into an 

ester or photosantonic acid (11).64 In acidic solutions, the conversion of ñ-santonin to 

lumisantonin and eventually to photosantonic acid is less efficient compared to the 

formation of the hydroxy ketone, isophotosantonic lactone (12).  

 

 

 

Figure 14: ñ-santonin photochemical rearrangement 
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Fisch and Richards discovered that benzophenone or Michler's ketone can sensitize the 

photorearrangement of ñ-santonin.65 Additionally, when irradiation of alpha-santonin 

(at 3660 Å) is conducted in piperylene, the photoreaction is entirely quenched. This 

observation suggests that the rearrangements likely proceed through triplet states.64 

 

3.2.1) Dienone to cyclopropyl ketone formation 

To better analyse the photochemical process of santonin, for convenience, we will 

examine 6,6-diphenyl-cyclohexa-2,5-dienone, which undergoes the following 

rearrangement in aqueous dioxane. 

 

Figure 15: 6,6-diphenyl-cyclohexa-2,5-dienone photochemical rearrangement 

Given that the phosphorescence emission of compound (13) (68.8 kcal/mol) closely 

matches that of benzophenone in both energy and vibrational structure, and displays a 

brief lifetime of 0.5 milliseconds, it has been suggested that the photorearrangement 

proceeds via the n → π* triplet state. The formation of the cyclopropyl ketone (14) from 

dienone can be explained by a Zimmerman-like mechanism,66 as outlined in the figure 

below: 
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Figure 16: Zimmerman-like mechanism for cyclopropyl ketone formation 

3.2.2) From Dienone to hydroxy ketone 

In acidic aqueous solutions, cross-conjugated cyclohexadienones are mainly 

photoconverted into one or more hydroxy ketones. For ³-santonin (8), this process 

results in the formation of isophotosantonic lactone (12) with a yield of about 50%. A 

series of investigations by Kropp and his team has played a key role in clarifying this 

reaction.67,68 Their works revealed that the presence of a 4-methyl group (according to 

steroid numbering) favours the formation of a 5-7 fused ring system, leading to 

isophotosantonic lactone. In contrast, when the cyclohexadienone carries a 2-methyl 

substituent, only the spiro compound is produced under the same conditions (Figure 

17). 
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Figure 17: Isophotosantonic lacton formation 
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Kropp proposed also the mechanism shown below (Figure 18): 

 

 

 

Figure 18: Isophotosantonic lactone formation mechanism 
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As can be seen in the figure, the presence of a methyl group at the 4 or 2 position tends 

to stabilize the positive charge at the more substituted site through its inductive effect. 

 

3.2.3) Cyclopropyl ketone 

The cyclopropyl ketones that form during the photolysis of cross-conjugated 

cyclohexadienones are also highly light-sensitive. Typically, these photochemical 

rearrangements involve the breaking of the cyclopropyl bond within the 

cyclopentenone ring, which is then followed by one of two pathways: either a migration 

of a substituent, or a rearrangement via a spiro intermediate (figure 18). There is 

extensive literature on this topic, but we will focus solely on what happens to 

lumisantonin (9) as an example. This latter compound undergoes a photorearrangement 

characterized by a 1,2 shift of its angular methyl group (figure 19).69 

 

Figure 19: lumisantonin 1,2-methyl shift 

Linearly conjugated cyclohexadienones typically photorearrange through ring fusion, 

producing a cis-diene-ketene. The reaction is reversible, so without a nucleophile, 

minimal changes are observed. A key example of this process is the formation of 

photosantonic acid (figure 20). 
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Figure 20: photosantonic acid formation 
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4) AIM OF THE PROJECT 

Natural products have always represented an important source of biological active 

compounds to threat different diseases. Over the years, many pharmaceutical 

companies have tried to reduce the use of natural products in medicinal chemistry due 

to several factors: molecular complexity, the difficulty of sourcing them from nature, 

the fact that they cannot be patented, and the high cost and number of steps required for 

their synthesis. However, natural products remain essential in drug discovery due to 

their evolutionarily optimized structures and their unique ability to interact with 

biological targets. Their biosynthetic origin gives them a natural affinity for biological 

surfaces, and their structural diversity, which surpasses that of synthetic compounds, 

allows them to explore biological spaces otherwise inaccessible. Evolved to perform 

specific biological functions, natural products represent privileged structures for 

pharmaceutical research and are crucial for discovering new, effective, and innovative 

drugs. 

Unfortunately, bioactive natural compounds are usually produced in small amounts 

and, for their total synthesis, a limit of what is considered sensible in terms of steps and 

yield is frequently reached. Today, the goal is to develop synthetic processes that are 

sustainable, straightforward with a minimization of the steps required, addressing the 

need for more eco-friendly and practical solutions in pharmaceutical chemistry.  

All these challenges stimulated us to find new strategies to obtain new compounds with 

unprecedent scaffolds in order to find novel bioactivities. In this PhD program, we have 

explored the chemical space of a small group of terpenes applying two different 

strategies: the DOS approach was used to obtain new phorboids, and to explore the 

pharmacological profile of a new natural-unnatural class of terpene-curcuminoids; on 

the other hand, thanks to the <power= of photochemistry, we applied a new approach 

called, Triterpene Class Interconversion (TCI), to get access to uncommon triterpene 

scaffolds starting from easily available starting material.  
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1) Abstract 
To investigate the role of the secondary 5-hydroxy group in the activity of the anticancer 

drug tigilanol tiglate (2b) (Stelfonta), oxidation of this epoxytigliane diterpenoid from 

the Australian rainforest plant Fontainea picrosperma was attempted. Eventually, 5-

dehydrotigilanol tiglate (3a) proved too unstable to be characterized in terms of 

biological activity and, therefore, was not a suitable tool compound for bioactivity 

studies. On the other hand, a series of remarkable skeletal rearrangements associated 

with the presence of a 5-keto group were discovered during its synthesis, including a 

dismutative ring expansion of ring A and a mechanistically unprecedented dyotropic 

substituent swap around the C-4/C-10 bond. Taken together, these observations 

highlight the propensity of the ³-hydroxy-³-diketone system to trigger complex skeletal 

rearrangements and pave the way to new areas of the natural products chemical space. 

2) Introduction 

Studies spanning over half a century have clarified the basic structure−activity 

relationships (SARs) of phorbol (1a) esters. Early in vivo studies based on cancer 

promotion (7,12-dimethylbenzanthracene-induced formation of papilloma in mice)1 

and irritancy (mouse ear erythema assay)2 highlighted the critical role played by the C-

20 hydroxy and the esterification of the C-12- and C-13-hydroxy groups,3 with potency 

peaking when a long-chain acyl group is present at the secondary C-12 hydroxy and a 

short-chain acyl group at the tertiary C-13 hydroxy.3 The acyl decoration of phorbol 12-

myristate-13-acetate (PMA, 1b) exemplifies these findings,3 and these conclusions 

were confirmed by cellular studies culminating in the identification of protein kinase C 

(PKC), a family of serine-threonine kinases, as the major target of phorbol esters.4,5 

These structure−activity studies were sustained by the availability of phorbol (1a) from 

croton oil, the only abundant source of this otherwise rare diterpene polyol.6 

Paradoxically, none of the more widespread analogues of phorbol (5-deoxyphorbol, 12-

deoxyphorbol, 17-hydroxyphorbol) can be obtained by isolation in amounts sufficient 
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to sustain systematic SAR studies,3 while the total synthesis of phorbol has so far 

remained of exclusive academic relevance.7 This context of limited template 

diversification was overcome by the remarkable discovery of very large amounts of 

tigliane polyesters with a functionalized phorbol framework in the seed kernels of the 

blushwood tree (Fontainea picrosperma C. T. White).8 Phorboids from F. 

picrosperma, a plant endemic to the rainforest of Queensland (Australia),9 share a 5³-

hydroxy-6,7³-epoxyphorbol core (2a), as exemplified by the diester 2b (tigilanol tiglate, 

EBC-46). This compound was successfully developed as a topically veterinary 

anticancer drug (Stelfonta),10,11 and it is currently under phase II clinical study for human 

soft tissue sarcoma (STS) and head-and-neck malignancies (HMN).12 The availability 

of the tigliane polyol 2a provides a unique opportunity to systematically explore point-

like modifications of the pharmacophore and their possible pharmacological 

implications. Tigilanol tiglate (2b) shows a PKC activation profile significantly 

different from the one of PMA (1b), retaining activity on PKC isoforms from the 

conventional family (³, ³1, ³2, ´), but lacking affinity for those from the novel family 

(·, ,̧ ,̧ ·),13 a change associated with the modification of the tigliane ring B 

(epoxidation of the 6,7 double bond and hydroxylation at C-5)13 (Chart 1). The 

biological profile of phorbol esters is substantially retained in their ³-epoxides,13 but 

nothing is known on the effect of the occurrence of the hydroxy group at C-5. This 

functionality, acting as a hydrogen-bonding donor/acceptor, has the potential to perturb 

the delicate network of hydrogen bondings involving the oxygenated functions at C-20, 

a critical element for binding of phorbol esters to PKC.14 Previous attempts at direct 

allylic oxidation of the tigliane scaffold highlighted poor accessibility of the methylenic 

position at C-5, leading to oxidative fragmentations of the diterpenoid.15 Therefore, the 

preparation of 5-dehydro tigilanol tiglate (3a) (chart 1) was perceived as critical for the 

study of the structure−activity relationships of epoxytiglianes. 
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Chart 1 

 

Figure 1: Formation of the rearranged product 4a and its methylated derivative 4b 

from tigilanol tiglate 2b. Bottom left: key COSY and HMBC correlations used to 

deduce their structures. 
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3) Results and discussion 

The direct oxidation of tigilanol tiglate (2b) to its 5-dehydro derivative was first 

investigated. Various reagents have been developed for the chemoselective oxidation 

of secondary alcohols in the presence of primary ones, but these are, in general, 

incompatible with the presence of double bonds.16 On the other hand, examples of 

chemoselective secondary alcohol oxidation have been reported with periodinanes,15 

and, indeed, the treatment of 2b with SIBX (stabilized iodoxybenzoic acid) afforded a 

reaction mixture containing its 5-dehydro derivative 3a. However, the yield was very 

low, and the purification from the reaction mixture was problematic in light also of the 

instability of the compound (vide infra). Therefore, an alternative three-step strategy 

based on protection of the C-20 hydroxy, oxidation of the C-5 alcohol, and removal of 

the protecting group was pursued. The primary hydroxy group at C-20 of tigilanol 

tiglate could be chemoselectively silylated [tert-butyldiphenylsilyl chloride (TBDPS-

Cl)-imidazole] or tritylated (trityl chloride/pyridine), affording, respectively, 

compounds 2c and 2d, which are protected with orthogonally cleavable groups (mildly 

basic fluoridolysis for the silyl group of 2c, acidic conditions for the trityl group of 2d) 

(Figure 1). Oxidation of the 20-silyl derivative 2c with SIBX afforded the 5-dehydro 

derivative 3b as an interconverting mixture of carbonyl- and ·-lactol tautomers. Under 

storage or the mildly basic conditions of fluoridolysis, 3b cleanly rearranged to the ·-

lactone 4a (Figure 1). The most significant changes in the ¹H NMR spectrum of 4a, 

compared to its precursor, were the marked relative shielding of the H-1 signal (from · 

H 7.70 to 6.18) and the presence of a doublet at ·H 4.85 (H-4), coupled to H-10. The ¹³C 

NMR spectrum of 4a showed the evident shielding of C-1 (from ·C 164 to 136.2) and 

of C-3 (from ·C 209 to 161.3) and the presence of an acetal carbon at ·C 103.3. 
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Figure 2: Possible mechanism for the rearrangement affording ·-lactone 4a. 

 

The combined analysis of 2D NMR COSY, HSQC, and HMBC spectra provided 

evidence to deduce the structure of 4a. Key COSY and HMBC correlations detected 

for rings A and B are shown in Figure 1. The strong NOESY cross-peak H-4/H-10 

indicated the configuration at the C-4 stereocenter. 

The ·-lactone 4a seemingly derives from a post-oxidative base-induced dismutative 

process involving the formation of a 3,4-epoxide, which next undergoes fragmentation 

of the C-3−C-4 bond with ring expansion and generation of a 5-enol. After 

tautomerization, the resulting 5-ketone is trapped by the tertiary 9-hydroxy to afford a 

hemiketal (Figure 2). 

Remarkably, the 6,7-epoxide group remained unscathed in the reaction. A literature 

search showed that this mechanistically surprising rearrangement had already been 

documented in other polycyclic ³-hydroxy-³-diketones,17, 18, 19 suggesting its generality. 

Puzzled and intrigued by the dependence of the tautomeric equilibrium of the 5-dehydro 

derivatives on the nature of the group bound at the 20-hydroxy, we tried to trap the lactol 

tautomer of the 20-silyl derivative 3b as a methyl derivative, but the basic conditions of 

the reaction (Ag¢O, MeI) afforded the methyl acetal of the rearranged lactone, 4b 

(Figure 1). 
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Conversely, attempts to trap the lactol tautomer of 3b as an acetate triggered a complex 

novel rearrangement that afforded the spiro-enone 5 as the major reaction product 

(Figure 3). The ¹H NMR spectrum of 5 was analyzed with the help of the 2D NMR 

COSY spectrum and revealed that, while ring C and its appended groups must be 

unscathed, dramatic structural changes have occurred at rings A/B. The most evident 

change was the vicinal coupling of H-1 (·H 7.41) with a broad singlet at ·H 5.51. The 

HMBC cross-peak of H-10 with the acetate ester carbonyl unambiguously indicated 

that acetylation had occurred at C-10. The signal of H-10 showed a network of HMBC 

correlations (Figure 3), including those with two ketone carbonyls, with oxygenated C-

9 and with a quaternary carbon resonating at ·C 64.1. The spiro nature of this latter 

carbon was evidenced by its crucial correlation with H-8. 

The formation of compound 5 could be the result of the acetylation of the C-4 hydroxy 

group of 3b, followed by a type I dyotropic rearrangement along the C-4/C-10 bond of 

C-9 (from C-10 to C-4) and of the acetate group (from C-4 to C-10) (Figure 3), with 

overall inversion of configuration of C-4 and C-10. Cross-peaks of the NOESY 

spectrum of 5 confirmed the configurational arrangement predicted by this mechanism 

(NOE contact of H-10 with H-11 and H-3-18). Dyotropic rearrangements are very rare 

and have been mostly reported in sterically congested polycyclic frameworks, where 

strain relief is the primary driving force.20 In our case, the reaction is seemingly triggered 

by the inherent instability of the ³-hydroxy-³-dicarbonyl system, which features a 

partial positive charge on three adjacent carbons. 

To avoid the pitfall of the basic deprotection, the SIBX oxidation was next carried out 

on the trityl derivative 2d affording the 20-trityl derivative 3c, again as a mixture of a 

carbonyl and a hemiketal tautomers. Acidic deprotection was uneventful and cleanly 

provided 5-dehydro tigilanol tiglate (3a) as a single carbonyl tautomer. However, during 

the purification and the spectroscopic characterization of 3a, it soon became evident that 

this compound is highly unstable. Compound 3a could be stored as a frozen DMSO or 
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benzene solution, but much to our regret, was unstable under the cellular or enzyme 

assay conditions, and therefore not a suitable tool compound for bioactivity studies.²¹ 

No specific degradation product could be isolated, but it does not seem unrealistic to 

assume that rearrangements similar to those observed in the 20-protected derivatives 

could take place, compounded by the presence of a free 20-hydroxy. 

In summary, due to unforeseen instability issues associated with the presence of a 

carbonyl function at C-5, our attempts to shed light on the role of the C-5 hydroxy group 

in the activity of epoxytiglianes have substantially failed. We have, nevertheless, 

discovered some fascinating aspects of the chemistry of tigliane derivatives, describing 

diterpenoid skeletal "programmed" by the reactivity associated with the presence of an 

oxygen function at C-5, and whose occurrence in Nature might therefore have been 

anticipated by our study. 

 

 

 

Figure 3: Possible mechanism for the rearrangement of 3b into the spiro-enone 5. 

Right: COSY and key HMBC correlations of rings A and B of 5. 
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4) Experimental section 

General Experimental Procedures. Optical rotations (CHCl3 and MeOH) were 

measured at 589 nm on a P2000 (JASCO Europe s.r.l.) polarimeter. 1H (600 and 700 

MHz) and 13C (150 and 175 MHz) NMR spectra were measured on a Varian 

spectrometer. Chemical shifts are referenced to the residual solvent signal (CDCl3: ·H 

7.26, ·C 77.0). Homonuclear 1H connectivities were determined by the COSY 

experiments. Through-space 1H connectivities were evidenced by using a NOESY 

experiment with a mixing time of 300 ms. One-bond heteronuclear 1H−13C 

connectivities were determined by the HSQC experiment; two- and three-bond 1H−13C  

connectivities by gradient-HMBC experiments optimized for a 2,3J of 8 Hz. HR-ESI 

MS experiments were performed on an LTQ-Orbitrap mass spectrometer equipped 

with an ESI interface and Excalibur data system. Chemicals were purchased from 

Fluorochem, TCI, or Alfa Aesar and used without any further purification. Solvents 

were purified by distillation and dried according to the standard methods. Thin-layer 

chromatography was performed with 0.2 mm precoated aluminum TLC silica gel 60 

F254 (Merck). Column chromatography was carried out using Merck silica gel 60 

(0.063−0.200 mm). Tigilanol tiglate (2b) was supplied by INDENA s.p.a. or QBiotics 

Group Limited. 

Protection of the 20-Hydroxy of Tigilanol Tiglate (2b). (a) As a silyl derivative: to a 

solution of 2b (1.0 g, 1.77 mmol) in pyridine (10 mL) was added under stirring at room 

temperature (rt) tert-butyldiphenylsilyl chloride (1 M in CH2Cl2, 5 mL, 3 molar equiv). 

The reaction was monitored by TLC until completion. The mixture was next diluted 

with 2M H2SO4 and 10% Na2SO4 (1:1 ratio) and extracted with EtOAc. The combined 

organic phases were dried over Na2SO4, filtered, and evaporated. The course of the 

reaction was followed by TLC (petroleum ether/EtOAc, 4:6, Rf(2c) = 0.46). The 

residue was purified by gravity column chromatography on silica gel (petroleum 

ether/EtOAc, 8:2) to afford 2c (1.44 g, approximately quantitative) as a white 
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amorphous powder. (b) As a trityl derivative: to a stirred solution of 2b (50 mg, 0.089 

mmol) in CH2Cl2 (2 mL) were added at rt triphenylmethyl chloride (124 mg, 0.44 

mmol, 5 equiv), diisopropylethylamine (DIPEA, 57.3 mg, 0.44 mmol, 5 molar equiv), 

and a catalytic amount of 4-dimethylaminopyridine (DMAP). The course of the 

reaction was followed by TLC (petroleum ether/EtOAc, 4:6, Rf(2d) = 0.88). After 16 

h, the reaction mixture was diluted with brine and extracted with EtOAc. The crude 

product was purified by gravity column chromatography (petroleum ether/ethyl acetate, 

8:2), affording 2d (50.0 mg, 0.062 mmol, 70%) as an amorphous pale yellow powder. 

20-tert-Butyldiphenylsilyl tigilanol tiglate (2c): white amorphous solid; 1H NMR (400 

MHz, CDCl3) ·H 7.74−7.66 (m, 5H, phenyl-20-O-TBDPS), 7.45−7.34 (m, 6H, H-1 and 

phenyl-20-O-TBDPS), 6.83 (qq, J = 7.5, 1.6 Hz, 1H, H-32), 5.45 (d, J = 9.9 Hz, 1H, H-

12), 4.41 (s, 1H, H-5), 4.26 (d, J = 11.1 Hz, 1H, H-20a), 4.21 (t, J = 2.8 Hz, 1H, H-10), 

3.46 (d, J = 11.1 Hz, 1H, H-20b), 3.14 (d, J = 6.5 Hz, 1H, H-8), 3.10 (s, 1H, H-7), 2.39 

(m, J = 6.9 Hz, 1H, H-23), 1.97 (dq, J = 9.9, 6.4 Hz, 1H, H-11), 1.82 (d, J = 1.6 Hz, 3H, 

H-52), 1.80 (d, J = 1.2 Hz, 3H, H-22), 1.78 (bd, J = 1.3 Hz, 3H, H-19), 1.73 (m, J = 14.0, 

7.1 Hz, 1H, H-33a), 1.46 (dt, J = 14.0, 7.1 Hz, 1H, H-33b), 1.23 (s, 3H, H-17), 1.19 (s, 

3H, H-16), 1.14 (d, J = 6.5 Hz, 1H, H-14), 1.04 (s, 9H, tert-butyl in 20-O-TBDPS 

moiety), 0.94 (t, J = 7.4 Hz, 3H, H-43), 0.87 (d, J = 6.4 Hz, 3H, H-18); 13C NMR (100 

MHz, CDCl3) ·C 209.7 (C-3), 178.9 (C-13), 167.6 (C-12), 164.3 (C-1), 137.6 (C-32), 

135.7 (Ph in 20-O-TBDPS), 135.7 (Ph in 20-O-TBDPS), 133.5 (C-2), 133.3 (Ph in 20-

O-TBDPS), 133.2 (Ph in 20-O-TBDPS), 129.9 (Ph in 20-O-TBDPS), 129.8 (Ph in 20-

O-TBDPS), 128.6 (C-22), 127.9 (Ph in 20-O-TBDPS), 127.9 (Ph in 20-O-TBDPS), 

77.4 (C-9), 76.9 (C-12), 72.8 (C-4), 69.6 (C-7), 66.76 (C-5), 65.7 (C-20), 65.0 (C-13), 

63.0 (C-6), 48.9 (C-10), 46.1 (C-11), 41.3 (C-23), 36.4 (C-8), 35.9 (Cq tert-butyl in 20-

O-TBDPS moiety), 26.9 (tert-butyl in 20-O-TBDPS moiety), 26.7 (C-15), 26.3 (C-33), 

23.8 (C-17), 17.4 (C-16), 16.3 (C-53), 15.2 (C-18), 14.6 (C-42), 12.4 (C-52), 11.7 (C-43), 

10.0 (C-19); HRESIMS m/z 822.3777 [M + Na]+ (calcd for C46H59O10SiNa, 822.3775). 
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20-Trityl tigilanol tiglate (2d): pale yellow amorphous solid; 1H NMR (400 MHz, 

CDCl3) ·H 7.75 (q, J = 1.2 Hz, 1H, H-1), 7.55−7.45 (m, 15H, 20-O-Trit), 7.38−7.20 

(m, 10H, 20-O-Trit), 6.83 (qq, J = 7.5, 1.6 Hz, 1H, H-32), 6.02 (s, 1H, OH), 5.47 (d, J = 

9.9 Hz, 1H, H-12), 4.55 (s, 1H, H-5), 4.30 (d, J = 1.2 Hz, 1H, H-7), 4.26 (t, J = 2.8 Hz, 

1H, H-10), 3.46 (d, J = 11.1 Hz, 1H, H-20b), 3.16 (d, J = 11.1 Hz, 1H, H-20a), 2.98 (d, 

J = 6.5 Hz, 1H, H-8), 2.35 (m, J = 6.9 Hz, 1H, H-23), 2.01 (dq, J = 9.9, 6.4 Hz, 1H, H-

11), 1.85 (d, J = 1.6 Hz, 3H, H-52), 1.80 (d, J = 1.2 Hz, 3H, H-22), 1.78 (bs, 3H, H-19), 

1.74 (m, J = 14.0, 7.1 Hz, 1H, H-33a), 1.48 (dt, J = 14.0, 7.1 Hz, 1H, H-33b), 1.24 (s, 

3H, H-17), 1.22 (s, 3H, H-16), 1.21 (d, J = 6.5 Hz, 3H, H-18), 1.16 (d, J = 6.4 Hz, 3H, 

H-14), 0.95 (t, J = 7.4 Hz, 3H, H-43); 13C NMR (100 MHz, CDCl3) ·C 209.5 (C-3), 

178.9 (C-13), 167.4 (C-12), 164.5 (C-1), 137.6 (C-32), 135.7 (Ph in 20-O-TBDPS), 135.7 

(Ph in 20-O-TBDPS), 133. 

SIBX Oxidation  

Oxidation of 2b as exemplificative: To a solution of 2b (1 equiv) in EtOAc (1:10 v/v), 

SIBX (3.3 equiv) was added at room temperature (rt). The reaction was stirred overnight 

at 50°C and monitored by TLC until completion. The mixture was worked up by 

filtration on Celite, and the filter cake was washed with EtOAc. The filtrate was diluted 

with an aqueous saturated solution of Na¢S¢O£ and extracted with EtOAc. The 

combined organic phases were dried over Na¢SO¤, filtered, and evaporated. The residue 

was purified by gravity column chromatography on silica gel (petroleum ether/EtOAc, 

6:4), affording 3a as an unstable, white, amorphous powder. When the reaction was 

carried out on 2c and 2d, compounds 3b and 3c were respectively obtained (3b, 73%; 

3c, 40%). Under storage, compound 3b cleanly converted into lactone 4a. 

Acidic Deprotection of 3c: To a solution of 3c (30 mg, 0.037 mmol) in 1.1 mL of 

MeCN/H¢O (10:1), 56 ¿L of an aqueous solution of 0.5 M HClO¤ was added at rt. The 

reaction was stirred for 16 h, with its course being monitored by TLC (petroleum 

ether/EtOAc, 6:4, Rf(3c) = 0.81; Rf(3a) = 0.12). The reaction mixture was quenched 



52 
 

with 400 ¿L of a 10% aqueous solution of NaOAc, diluted with brine, and extracted 

with EtOAc. The combined organic phases were dried over Na¢SO¤, filtered, and 

evaporated. The residue was purified by gravity column chromatography on silica gel 

(petroleum ether/EtOAc, 6:4), affording 3a (11.2 mg, 0.02 mmol, 54%) as a white, 

amorphous powder.  

5-Dehydrotigilanol tiglate (3a): white amorphous powder; 1H NMR (400 MHz, 

CDCl£) ·H 7.79−7.63 (m, 1H, H-1), 6.86−6.76 (m, 1H, H-32), 6.20 (br s, 1H, OH), 5.49 

(d, J = 10.1 Hz, 1H, H-12), 5.09 (t, J = 2.8 Hz, 1H, H-10), 4.13 (d, J = 12.8 Hz, 1H, H-

20a), 3.87 (d, J = 12.9 Hz, 1H, H-20b), 3.58 (d, J = 6.5 Hz, 1H, H-8), 2.84 (d, J = 5.9 

Hz, 1H, H-7), 2.45−2.36 (m, 1H, H-23), 2.02−1.96 (m, 1H, H-11), 1.82 (d, J = 1.01 Hz, 

3H, H-52), 1.79 (dd, J = 7.1, 1.2 Hz, 3H, H-42), 1.77 (dd, J = 2.9, 1.3 Hz, 3H, H-19), 1.72 

(d, J = 7.1 Hz, 1H, H-33a), 1.52−1.43 (m, 1H, H-33b), 1.26 (s, 3H, H-17), 1.21 (s, 3H, 

H-16), 1.15 (d, J = 6.8 Hz, 3H, H-53), 1.07 (d, J = 6.5 Hz, 1H, H-14), 0.95 (t, J = Hz, 

3H, H-43), 0.86 (d, J = 6.5 Hz, 3H, H-18); 13C NMR (100 MHz, CDCl£) ·C 204.73 (C-

3), 201.52 (C-5), 179.26 (C-13), 167.55 (C-12), 161.04 (C-1), 137.91 (C-32), 133.05 (C-

2), 128.51 (C-22), 77.57 (C-9), 76.02 (C-12), 75.86 (C-4), 65.41 (C-13), 65.26 (C-7), 

65.12 (C-20), 60.96 (C-6), 49.51 (C-10), 45.88 (C-11), 41.34 (C-23), 36.45 (C-14), 

36.26 (C-8), 26.75 (C-15), 26.31 (C-33), 23.83 (C-17), 17.06 (C-16), 16.30 (C-53), 

14.60 (C-18), 14.55 (C-42), 12.40 (C-52), 11.76 (C-43), 10.30 (C-19); HRESIMS m/z 

583.2522 [M + Na]⁺ (calcd for C£ H¤ O¡ Na, m/z 583.2519). 

20-tert-Butyldiphenylsilyl 3,4-seco, 3,4-oxa-5-dehydrotigilanol tiglate 9,5 hemiketal 

(4a): colorless oil; [³]²⁰D −2 (c 0.1, CHCl£); 1H NMR (400 MHz, CDCl£) ·H 7.73−7.46 

(10H, m, O-TBDPS), 6.18 (1H, d, J = 2.6 Hz, H-1), 6.82 (1H, qq, J = 7.5, 1.6 Hz, H-32), 

5.77 (1H, d, J = 9.9 Hz, H-12), 4.85 (1H, d, J = 11.9 Hz, H-4), 4.41 (1H, d, J = 12.1 Hz, 

H-20a), 3.78 (1H, d, J = 12.1 Hz, H-20b), 3.38 (1H, d, J = 4.4 Hz, H-7), 3.31 (1H, m, 

H-10), 2.36 (1H, sxt, J = 6.9 Hz, H-23), 1.97 (3H, d, J = 2.6 Hz, H-19), 1.90 (1H, m, H-

8), 1.86 (3H, s, H-52), 1.80 (3H, d, J = 7.0 Hz, H-42), 1.72 (1H, m, H-11), 1.66 (1H, m, 
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H-33b), 1.42 (1H, overlapped, H-15), 1.37 (1H, m, H-33a), 1.33 (3H, s, H-17), 1.19 (3H, 

s, H-16), 1.06 (9H, s, tert-butyl in 20-O TBDPS moiety), 1.02 (3H, d, J = 6.9 Hz, H-18), 

0.88 (3H, t, J = 7.4 Hz, H-43); 13C NMR (CDCl£, 125 MHz) ·C 176.3 (C-13), 167.7 (C-

12), 161.3 (C-3), 136.7 (C-32), 136.2 (C-1), 135.7−127.9 (diphenyl in 20-O TBDPS 

moiety), 128.8 (C-22), 126.7 (C-2), 103.3 (C-5), 85.9 (C-9), 83.7 (C-4), 75.4 (C-12), 

64.6 (C-13), 64.5 (C-20), 60.9 (C-6), 57.4 (C-7), 40.7 (C-11), 40.6 (C-23), 37.7 (C-10), 

31.7 (C-8), 30.1 (C-14), 26.7 (tert-butyl in 20-O TBDPS moiety), 26.4 (C-33), 26.3 (C-

15), 25.0 (C-16), 18.0 (C-52), 17.9 (C-19), 16.5 (C-17), 16.2 (C-53), 14.4 (C-42), 11.7 

(C-43), 11.6 (C-18); HRESIMS m/z 821.3697 [M + Na]⁺ (calcd for C¤¦H¥¨O¡ SiNa, m/z 

821.3698). 

Methylation of 3b: To a solution of 3b (110 mg, 0.137 mmol) in 1 mL of CH¢Cl¢ were 

added 43 mg of Ag¢O (0.185 mmol, 1.35 equiv) and 85 µL of methyl iodide (1.37 

mmol, 10 equiv). The reaction was stirred for 3 h at room temperature in the dark, with 

the reaction course monitored by TLC. The reaction mixture was filtered on Celite, and 

the cake was washed with CH¢Cl¢. The filtrate was dried over Na¢SO¤, filtered, and 

evaporated. The residue was purified by gravity column chromatography on silica gel 

(petroleum ether/EtOAc, 9:1), affording 4b (11 mg, 0.0137 mmol, 10%). 

Methyl 20-tert-Butyldiphenylsilyl-3,4-seco,3,4-oxa-5-dehydrotigilanol tiglate 9→5 

acetal (4b): colorless oil; [³]²⁰  D −9 (c 0.1, CHCl£); 

¹H NMR (400 MHz, CDCl£) ·H 7.73−7.46 (10H, m, diphenyl in 20-O-TBDPS moiety), 

6.18 (1H, d, J = 2.6 Hz, H-1), 6.82 (1H, qq, J = 7.5, 1.6 Hz, H-32), 5.77 (1H, d, J = 9.9 

Hz, H-12), 4.85 (1H, d, J = 11.9 Hz, H-4), 4.41 (1H, d, J = 12.1 Hz, H-20a), 3.78 (1H, 

d, J = 12.1 Hz, H-20b), 3.47 (3H, s, 5-OMe), 3.38 (1H, d, J = 4.4 Hz, H-7), 3.31 (1H, 

m, H-10), 2.36 (1H, sxt, J = 6.9 Hz, H-23), 1.97 (3H, d, J = 2.6 Hz, H-19), 1.90 (1H, m, 

H-8), 1.86 (3H, s, H-52), 1.80 (3H, d, J = 7 Hz, H-42), 1.72 (1H, m, H-11), 1.66 (1H, m, 

H-33b), 1.42 (1H, overlapped, H-15), 1.37 (1H, m, H-33a), 1.33 (3H, s, H-17), 1.19 (3H, 

s, H-16), 1.06 (9H, s, tert-butyl in 20-O-TBDPS moiety), 1.02 (3H, d, J = 6.9 Hz, H-
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18), 0.88 (3H, t, J = 7.4 Hz, H-43). ¹³C NMR (CDCl£, 125 MHz) ·C 176.3 (C-13), 167.7 

(C-12), 161.3 (C-3), 136.7 (C-32), 136.2 (C-1), 135.7−127.9 (diphenyl in 20-O-TBDPS 

moiety), 128.8 (C-22), 126.7 (C-2), 105.3 (C-5), 85.9 (C-9), 83.7 (C-4), 75.4 (C-12), 

64.6 (C-13), 64.5 (C-20), 60.9 (C-6), 57.4 (C-7), 49.7 (5-OMe), 40.7 (C-11), 40.6 (C-

23), 37.7 (C-10), 31.7 (C-8), 30.1 (C-14), 26.7 (tert-butyl in 20-O-TBDPS moiety), 26.4 

(C-33), 26.3 (C-15), 25.0 (C-16), 18.0 (C-52), 17.9 (C-19), 16.5 (C-17), 16.2 (C-53), 14.4 

(C-42), 11.7 (C-43), 11.6 (C-18); HRESIMS m/z 835.3850 [M+Na]+ (calcd for 

C¤§H¦ O¡ SiNa, 835.3853). 

Formation of Compound 5: To a solution of 3b (65 mg, 0.081 mmol) in 1 mL of 

pyridine were added 1 mL of acetic anhydride (2.268 mmol, 28 equiv) and DMAP 

(catalytic amount) at room temperature. The reaction was stirred overnight at 50°C, 

monitored by TLC. The mixture was quenched with MeOH, diluted with 2 M H¢SO¤ 

and 10% Na¢SO¤ (4 mL, 1:1 ratio), and extracted with EtOAc. The combined organic 

phases were dried over Na¢SO¤, filtered, and evaporated. The residue was purified by 

gravity column chromatography on silica gel (petroleum ether/EtOAc, 9:1), affording 

compound 5 (23.2 mg, 0.0288 mmol, 35%). 

Compound 5: colorless oil; [³]²⁰  D−26 (c 0.2, CHCl£); ¹H NMR (600 MHz, CDCl£) ·H 

7.71−7.38 (10H, m, diphenyl in 20-O-TBDPS moiety), 7.41 (1H, overlapped, H-1), 

6.85 (1H, qq, J = 7.5, 1.6 Hz, H-32), 5.51 (1H, bs, H-10), 5.48 (1H, d, J = 9.8 Hz, H-12), 

4.33 (1H, d, J = 12.1 Hz, H-20a), 3.94 (1H, d, J = 12.1 Hz, H-20b), 3.83 (1H, s, H-7), 

2.36 (1H, sxt, J = 6.9 Hz, H-23), 2.07 (3H, s, H-2‴), 2.06 (1H, overlapped, H-8), 1.85 

(3H, s, H-52), 1.84 (3H, bs, H-19), 1.83 (1H, m, H-11), 1.82 (3H, d, J = 7 Hz, H-42), 1.76 

(1H, m, H-33b), 1.45 (1H, m, H-33a), 1.45 (1H, overlapped, H-15), 1.39 (3H, s, H-17), 

1.31 (3H, s, H-16), 1.05 (9H, s, tert-butyl in 20-O-TBDPS moiety), 0.95 (3H, t, J = 7.4 

Hz, H-43), 0.73 (3H, d, J = 6.9 Hz, H-18). 

¹³C NMR (CDCl£, 150 MHz) ·C 202.1 (C-5), 199.0 (C-3), 176.3 (C-13), 169.9 (C-1‴), 

167.7 (C-12), 157.4 (C-1), 140.2 (C-2), 136.7 (C-32), 135.7−127.9 (diphenyl in 20-O-
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TBDPS moiety), 128.8 (C-22), 76.4 (C-12), 76.2 (C-9), 74.4 (C-10), 64.6 (C-13), 64.1 

(C-4), 61.0 (C-6), 58.5 (C-7), 58.4 (C-20), 43.5 (C-11), 40.6 (C-23), 35.9 (C-8), 32.2 (C-

14), 26.7 (tert-butyl in 20-O-TBDPS moiety), 26.4 (C-33), 26.3 (C-15), 23.8 (C-16), 

20.4 (C-2‴), 18.0 (C-52), 16.8 (C-17), 16.2 (C-53), 14.4 (C-42), 13.8 (C-18), 11.7 (C-43), 

10.5 (C-19); HRESIMS m/z 863.3813 [M+Na]+ (calcd for C¤¨H¦ O¡¡SiNa, 863.3803). 
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1) Introduction 

1.1)  Curcuma longa L. and curcumin 

Curcuma Longa L. (Turmeric), belonging to the Zingiberaceae family, is native to 

tropical regions where it is widely cultivated.1 Used for millennia in traditional 

medicine, especially in India and China, it has been employed to treat jaundice and other 

liver-related conditions.2, 3 Its distinctive bright yellow colour has made it a popular dye, 

and it is also a key ingredient in many culinary preparations, such as curry and mustard, 

due to its unique flavour. Additionally, it is well known that turmeric has various 

biological activities, including antioxidant,4 anti-venom,5 anti-parasitic,6 anti-

inflammatory,7 anti-malarial,8 anti-proliferative,9 anti-angiogenic,10 anti-aging11 and 

anti-tumour properties.12 Turmeric is also used to treat ulcers, various skin diseases, 

autoimmune disorders, and symptoms of colds and flu.13 All these biological activities 

are attributed to three molecules known as curcuminoids: curcumin (1), 

demethoxycurcumin (2), and bisdemethoxycurcumin (3).14  

  

 

Figure 1: Curcuminoids 
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These compounds are commonly used as food additives and have been deemed safe by 

the Food and Drug Administration (FDA) in USA. Curcuminoids have garnered 

significant therapeutic interest for the treatment of immune-related and metabolic 

diseases, as well as cancer, due to their wide range of biological targets and minimal 

side effects.15 

Curcuminoids share a similar structure, consisting of two methoxy-substituted benzene 

rings (1, 2) linked by an unsaturated chain. This structure includes three important 

features: an aromatic methoxy phenol group, an ³,³-unsaturated diketone bridge, and 

the ability to undergo keto-enol tautomerism. These compounds are primarily found in 

the enolized form, both in solution and in the solid state (Figure 1).16 In addition, the 

enol form lets the molecule to donate and accept hydrogen bonds, acts as a Michael 

acceptor, and chelates positively charged metals, commonly found in the active site of 

target proteins.17  The aromatic groups make curcuminoids hydrophobic, while the 

unsaturated chain provides flexibility; their tautomeric forms further influence both 

hydrophobicity and polarity, contributing to their low solubility in water.18 

 

1.1.1) Pharmacodynamic and biological effects 

Curcumin is a highly versatile molecule that can interact with numerous molecular 

targets, including proteins, enzymes, DNA, RNA, and carrier molecules. Its ability to 

exert various biological activities arises from a combination of interactions such as 

hydrophobic interactions, p-p interactions, extensive hydrogen bonding, metal 

chelation, and covalent bonding. These interactions enable curcumin to bind directly to 

receptors or to modulate their activity, either by upregulating or downregulating them.13 

The main molecular targets are:  

• Transcription factors: curcumin has been shown to suppress the activation of the 

transcription factor NF-kB, which plays a key role in tumour formation.19  
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• Enzymes: suppression of COX2, 5-LOX and iNOS and upregulation of caspase 

family.20 

• Protein kinase: suppression of mitogen-activated kinases, JNK, PKA, PKC, tyrosin 

kinases, phosphorylase kinase, IkBa kinase and JAK kinase.21 

• Growth factors and cytokines: inhibitory activity on the production of inflammatory 

cytokines, interleukin (IL-1, IL-2, IL-6, IL-8 and IL-12), TNFa (Tumour Necrosis 

Factor) and fibroblast growth factor-2.22 

• Receptors: inhibition of EGFR, HER/2 neu and androgen receptors.23 

Due to its phenolic hydrogen and enol structure, curcumin exhibits antioxidant 

properties and the ability to scavenge free radicals. Research by Priyadarsini et al. (2003) 

demonstrated that curcumin could reduce lipid peroxidation (LPO) by as much as 82%, 

indicating its potential role in suppressing inflammation and preventing LPO in the 

context of inflammation, heart disease, and cancer development.24 

Numerous additional targets and associated biological activities are noteworthy; 

however, it is evident that the selectivity of these molecules is relatively low, which 

poses a significant drawback. 

 

1.1.2) Pharmacokinetics 

A joint FAO/WHO report on food additives recommends a maximum daily intake of 

curcumin at 0–1 mg per kilogram of body weight, without causing side effects. Studies 

on long-term toxicity have demonstrated that curcumin can be safely consumed in oral 

doses as high as 8 grams per day.25  

In rats, after an oral dose of 1g/kg of curcumin, about 75% was excreted unchanged in 

the faeces, with minimal amounts detected in the urine.26  Within 30 minutes of 

ingestion, 90% of curcumin was found in the stomach and intestines, but only 1% 

remained in the kidneys after 24 hours.27 Human studies show that curcumin leads to 

very low serum levels, with peak concentrations varying between 0.51 and 1.77 µM 
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after doses of 4 to 8 mg/day. Long-term studies reveal that free curcumin in the 

bloodstream remains under 25 nmol when doses of 3.6 to 12 g/day are taken for 

extended periods.28 Curcumin undergoes metabolism in two stages: in phase I, it is 

reduced into metabolites such as tetrahydrocurcumin and hexahydrocurcumin13 while 

in phase II, these metabolites are further conjugated into glucuronides and sulfates.29 

Most metabolites are expelled through bile in rats. 

In vitro research has shown that curcumin inhibits several cytochrome P450 (CYP) 

enzymes, which play a key role in drug metabolism, particularly CYP2C19, CYP2B6, 

and CYP2C9. However, a liposomal form of curcumin was found to have a lower 

impact on these enzymes.30,31 

Clinical studies with cancer patients have shown no detectable curcumin or its 

metabolites in urine, possibly due to its accumulation in tumour tissues. Another study 

with 12 healthy participants, who received oral doses of 10 or 12 g of curcumin, found 

that the highest concentration of curcumin in the blood was about 2.3 µg/mL.32 

In summary, curcumin has poor oral bioavailability in humans, estimated to be around 

1%. This is primarily due to its rapid metabolism and short half-life, which limits its 

presence in the bloodstream. 
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1.2) Terpencurcuminoids 

The main compounds found in the rhizome of Curcuma Longa L. are curcuminoids 

and terpenes. Additionally, there is also a third class of compounds, known as 

terpencurcuminoids (terpene conjugated curcuminoids, Figure 2), and so far, at least 30 

distinct molecules have been reported in literature. These compounds feature a 

curcuminoid moiety with a sesquiterpene one through C-C and C-O-C bonds.33 

Regarding the pharmacological activity, this class of compounds has proven to be more 

potent in terms of cytotoxicity against certain cancer cells compared to curcumin. 

Specifically, it exhibits a higher cytotoxicity against human cervical and lung cancer 

cells: this makes them excellent candidates as anti-cancer molecules.33 However, 

despite being a highly promising class of molecules, further studies, such as 

pharmacokinetics and pharmacodynamics, have yet to be conducted. 
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Figure 2: Terpencurcuminoids33 
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1.3) Ferroptosis 

Ferroptosis, a term introduced by Dixon et al. in 2012,34 refers to a form of programmed 

cell death which is characterized by iron overload and the accumulation of lethal lipid 

peroxidation products. Although ferroptosis was first observed in 2003, it was clearly 

defined in relation to erastin, a small molecule identified by Dolma et al.35 as a 

ferroptosis activator. In 2008, Yang et al. discovered another compound, RSL3, which 

activates ferroptosis through an iron-dependent and non-apoptotic mechanism.36 

The process of ferroptosis is triggered by excessive iron accumulation, which catalyses 

the oxidation of phospholipids with polyunsaturated fatty acids (PUFAs) via the Fenton 

reaction.37 This oxidation leads to lipid peroxidation and the generation of lipid reactive 

oxygen species (ROS), which can ultimately reach toxic levels within cells.38 

Additionally, the absence of reducing agents can intensify lipid peroxidation and cell 

death. Cells, which undergo to ferroptosis, typically exhibit swelling and membrane 

rupture before death occurs.39 Ferroptosis has become a crucial area of research because 

of its potential for developing therapies for various diseases through the controlled 

activation or inhibition of the cell death process.40,41 This regulation mainly focuses on 

managing lipid peroxidation levels within cells. Although the mechanisms and 

metabolic pathways of ferroptosis is not completely understood and numerous 

inhibitors and inducers have been identified in studies.42 
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1.3.1) Antiferroptotic activity 

Ferroptosis inhibitors are not as numerous as activators, but they still play a crucial role 

in understanding the biological mechanism of this pathway. These can be used in cancer 

immunotherapy as well as for diseases that cause cellular damage, such as ischemia and 

stroke.41 Inhibitors can be classified based on their mechanism of action: 

• Reduction of iron level 

A direct method to inhibit ferroptosis involves the elimination of excess iron ions. For 

instance, ciclopirox olamine (CPX) functions as an iron chelator and is also known for 

its broad-spectrum antifungal and antibacterial properties (Figure 3).34 Beyond its ability 

to inhibit ferroptosis by chelating iron, CPX-O (the olamine salt of CPX) has been 

shown to promote ferritin degradation in mouse models of polycystic kidney disease.43 

Deferoxamine (DFO), another well-known iron chelator, has demonstrated efficacy in 

preventing ferroptosis and has shown therapeutic potential in treating traumatic spinal 

cord injuries.44 Other iron chelators, including deferiprone (DFP) and deferasirox 

(DFX), have also been reported to inhibit ferroptosis.45 



68 
 

 

Figure 3: Ferroptosis regulator in iron metabolism34 
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• Reduction of lipid peroxide 

Ferrostatin-1 (Fer-1) was identified in 2012 by Dixon et al. as a ferroptosis inhibitor.  

It has been shown to prevent ferroptosis triggered by RSL3 or erastin in HT-1080 cells, 

primarily through the inhibition of lipid peroxidation, a function attributed to its 

aromatic amine structure (Figure 4).34 Additionally, Fer-1 can mitigate ferroptosis 

induced by hyperactive p53, an essential protein that regulates System Xc- and can 

promote embryonic lethality by triggering ferroptosis when activated.46 Studies also 

suggest that Fer-1 can elevate GSH levels, helping to prevent ferroptosis in 

oligodendrocytes.47  

Another effective lipid antioxidant is liproxstatin-1, which, like Fer-1, inhibits 

ferroptosis induced by various compounds, including erastin, and can protect cells even 

in the absence of GPX4, offering protection in several disease models.48 Similarly, ɑ-

tocopherol (Vitamin E) and Fer-1 analogs, such as SRS15-72B, SRS15-72A, SRS16-

80, and SRS16-86, share comparable functions, though they differ in efficacy and 

stability.49  

Recent studies have also highlighted the role of vitamin K (VK), which, when converted 

to its hydroquinone form (VKH2) by FSP1,50 can inhibit lipid oxidation and, 

consequently, ferroptosis.51 
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Figure 5: Regulation of lipid metabolism34 
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• Regulation of GSH/GPX4 axis 

When System Xc− is inhibited, it disrupts the cell's ability to uptake cystine.34 In this 

scenario, ³-mercaptoethanol interacts with cystine to create a mixed disulfide, which is 

then transported into cells via System L, facilitating the rapid production of cysteine.52 

Increasing the expression of GPX4 can effectively prevent ferroptosis.  

This regulation can be influenced by selenium (Se), which activates transcription factors 

such as TFAP2c and Sp1, although their activity can be blocked by specific 

transcriptional inhibitors. Notably, cells with low levels of GPX4 do not receive 

protection from selenium.41 

Additionally, chaperone-mediated autophagy plays a role in the degradation of GPX4. 

Bardoxolone (CDDO), a triterpenoid compound, inhibits the molecular chaperone heat 

shock protein 90 (HSP90) and has been shown to prevent the degradation of GPX4, 

thereby safeguarding cells from ferroptosis.53 
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Figure 6: Regulation of GSH/GPX4 axis34 
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• Nucleic acids and proteins inhibit ferroptosis 

Some nucleic acids and proteins exhibit inhibitory effects on ferroptosis (Figure 3). For 

instance, some proteins are involved in iron metabolism. Prominin2, for example, 

encourages the formation of multivesicular bodies and exosomes. This process aids in 

the secretion of ferritin from cells, thereby enhancing resistance to ferroptosis.54 

Additionally, various non-coding RNAs also play an inhibitory role. LINC00336 is one 

such example, while RP11-89, a long non-coding RNA, inhibits ferroptosis by 

regulating miR-129-5p, which has a known role in promoting ferroptosis (Figure 

4).55,56,57 Similarly, miR-522 prevents ferroptosis by inhibiting the enzyme arachidonate 

lipoxygenase 15 (ALOX15).58 The LKB1-AMPK pathway influences ferroptosis by 

modulating acetyl-CoA carboxylase 1 (ACC1), which is responsible for fatty acid 

biosynthesis. ACC1 is phosphorylated and inhibited when AMPK is activated by 

ferroptosis-related signals.59,60 M1 tumour-associated macrophages, in contrast to the 

M2 subtype, exhibit greater resistance to ferroptosis, even in the absence of GPX4, due 

to an alternate metabolic pathway that reduces lipid ROS production.61 M1 cells also 

produce nitric oxide (NO) through inducible nitric oxide synthase (iNOS), which helps 

neutralize lipid peroxidation and protects them from ferroptosis (Figure 6).62 Dickkopf-

1 (DKK1) has been found to inhibit the Wnt/³-catenin pathway, promoting tumour 

development, and also acting as a ferroptosis inhibitor (Figure 5).63,64 DKK1 protects 

tumour cells from ferroptosis by enhancing the expression of SLC7A11, a component 

of System Xc−, and is crucial for tumour metastasis.65 The inhibition of the Wnt/³-

catenin pathway by DKK1 also reduces the activity of STAT3,66 which regulates 

SLC7A11 expression.67 Additionally, SLC7A11 is stabilized by OTUB1, a 

deubiquitinase highly expressed in human tumour cells, offering further protection 

against ferroptosis.68 NFE2L1, a transcription factor, has been shown to regulate 

proteasomal activity (Figure 6). Ferroptosis inducers have been found to boost 

proteasomal function, thereby enhancing cell survival.69 While the precise mechanisms 
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remain unclear, there is evidence suggesting that this protective effect may be linked to 

the process of ubiquitination.70 

 

 

Figure 6: FSP1/CoQ and other metabolism pathways involved in ferroptosis34 
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2) Aim of the project 
Ferroptosis is a novel form of iron-dependent programmed cell death, characterized by 

iron accumulation and lipid peroxidation. In recent years, it has attracted significant 

interest in disease treatment research due to its potential therapeutic applications for 

conditions driven by excessive inflammation-induced cell death, such as degenerative 

disorders and ischemic organ damage. However, few molecules have been identified as 

ferroptosis inhibitors. In this context, the research group where I am pursuing the PhD, 

has previously studied curcumin derivatives with potential anti-inflammatory activity.71 

Building on this success, we expanded our curcuminoid compound library by 

developing new chimeric molecules featuring both ferulic and terpene moieties.  This 

approach draws direct inspiration from nature's design, as turmeric contains chimeric 

compounds with a highly conjugated ferulic moiety linked to a sesquiterpene structure. 

Therefore, we developed a library of molecules with a specific design that featured a 

planar portion, the ferulic group, and a terpene function that could provide three-

dimensionality to the molecule. Additionally, both derivatives with the diketone linker 

and the corresponding pyrazoles were synthesized. This choice was made because the 

diketone linker allows the molecule rotational freedom, while blocking it as a pyrazole 

has been shown to increase selectivity for the targets.71 All these compounds were tested 

as ferroptosis inhibitors. 

3) Results and Discussion 

The library synthesis sets off with hemi-curcumin (4) which undergoes to a Pabon 

reaction. The reaction involves the interaction between a ³-diketone (acetylacetone) and 

two equivalents of the aromatic aldehyde (vanillin) using boron compounds as catalysts. 

Boron can mitigate the intrinsic reactivity of the carbon located between the two 

carbonyls, thereby stabilizing the enolic tautomer and mitigating the Knoevenagel 

reactivity of the dicarbonyl section in favour of aldolic-type one. The hemi-curcumin 

was subsequently reacted, via another Pabon reaction, with commercially available a-b 
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unsaturated terpene aldehydes such as myrtenal (5), perillaldehyde (8), cuminaldehyde 

(6), ò-cyclocitral (7), safranal (13) and geranial (14).  

 

Figure 7: Terpecurcuminoid synthesis 

Compound (6) was obtained with an almost quantitative yield, due to the use of an 

aromatic terpene aldehyde that makes the product similar to curcumin. Compounds (5) 

and (8) also showed good yields, thanks to the low steric hindrance of the starting 

aldehydes, which allows boron to coordinate effectively and facilitate the reaction. The 

aldehydes used to obtain compounds (7) and (13), however, are likely more sterically 

hindered, preventing effective coordination of oxygen atoms by boron. This results in 
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either low yields, as observed with compound (7), or the absence of final product 

formation, as in the case of compound (13). An attempt was also performed with linear 

aldehydes, such as geranial (14), but this did not lead to the formation of the final 

product. The corresponding pyrazoles for compounds 5-8 were synthesized by treating 

them with hydrazine in acetic acid. Inserting a pyrazole group is a well-established 

approach to increase structural rigidity, boosting both the potency and selectivity of 

curcuminoids.72 

The compounds were subsequently tested as ferroptosis inhibitors, and the preliminary 

data showed promising structure-activity relationships (SARs). Among the compounds 

tested, 9 and 12 emerged as the most potent, displaying strong anti-ferroptotic activity 

with EC50 values in the submicromolar range (~0.1 µM). Notably, the pyrazolo 

derivatives demonstrated significantly higher activity compared to their parent 

conpounds which is 10 times less effective (EC50 = 1 µM). Furthermore, we observed 

that terpencurcumonoid hybrids exhibited greater potency than the series containing 

two aromatic ring systems (Figure 9A). This indicates that the terpenoid scaffold might 

play a crucial role in enhancing anti-ferroptotic activity. Additionally, the presence of 2-

methoxy and 3-hydroxy substituents on the phenyl ring system appears to be essential 

for maintaining activity. Based on these findings, we have chosen 9 for further 

investigation into its molecular mode of action. Given the increased potency observed 

with the hybrid terpenoid-curcuminoid compounds, a question arises: is the terpenoid 

scaffold indispensable for anti-ferroptotic activity, or could the second aromatic ring 

system be reducing activity? In light of this, we wanted to test a compound from our 

series that lacks the terpenoid scaffold or a similar derivative (15) to determine whether 

the anti-ferroptotic effect can be retained or enhanced. Additionally, we decided to also 

test compound 16, 17 and 18 to better understand the terpenoid role. 
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Figure 8 

In figure 9, the dark green circle indicates the anti-ferroptotic activity of the compounds. 

The last synthesized compounds show low or no activity, suggesting that the integration 

of the ferulic moiety with the terpenoid, linked by the pyrazole, is crucial for ferroptosis 

inhibition. 
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Figure 9: Anti-ferroptotic activity scheme 

The iron-binding capacity of the curcumin compounds was evaluated using a 

colorimetric assay (Figure 10). In this assay, the compounds were tested at different 

concentrations (0.5 mM, 1 mM, and 2.5 mM) and mixed with FeCl2 (0.5 mM) to assess 

their ability to bind iron. To measure the amount of unbound iron, Ferene, a tridentate 

iron chelating agent, was used at a concentration of 5 mM. For comparison, the iron 

chelator deferoxamine (DFO) was included as a positive control due to its known high 

iron-binding affinity. The results revealed that, in contrast to DFO, curcumin and the 

curcuminoids exhibited a low iron-binding capacity. This finding suggests that their 

potent anti-ferroptotic activity is not primarily due to iron chelation, indicating that other 

mechanisms may be contributing to their efficacy in inhibiting ferroptosis. 



80 
 

D
FO

C
H
M

61
9 

(C
16

)

C
H
M

62
0 

(C
17

)

C
urc

um
in

 (C
43

)

C
H
M

69
4 

(C
44

)

C
H
M

79
1 

(C
45

)

0

50

100

150

1:1

2:1

5:1

%
 o

f 
F

e
2
+
 c

h
e

la
te

d

P
 =

 0
.0

4
1
1

*

P
 =

 0
.0

1
8
6

P
 =

 0
.3

4
0
5

*

P
 =

 0
.3

6
5
7

P
 =

 0
.5

0
0
8

P
 =

 0
.3

7
4
6

P
 =

 0
.0

9
2
5

P
 =

 0
.0

7
9
9

P
 =

 0
.6

3
7
6

P
 =

 0
.0

1
0
7

P
 =

 0
.0

1
0
6

P
 =

 0
.0

2
9
7

P
 =

 0
.4

7
3
9

P
 =

 0
.2

9
0
1

P
 =

 0
.4

2
1
2

P
 =

 0
.0

0
4
2

**

P
 =

 0
.0

0
1
1

**

P
 =

 0
.0

0
0
9

*** * * *

 

Figure 10: Iron-binding assay 

The antioxidant activity of the compounds was assessed using a cell-free DPPH assay 

(Figure 11), with various concentrations tested (1, 3, 10, 30, and 100 µM). This assay 

measures the ability of the compounds to scavenge free radicals, indicating their 

antioxidant potential. The results showed that curcumin displayed stronger radical 

scavenging activity compared to terpene curcuminoids, suggesting that the presence of 

the terpene moiety might reduce the antioxidant capacity. This finding points to possible 

differences in the mechanisms by which curcumin and terpene curcuminoids exert their 

biological effects. To determine whether the curcuminoids can effectively scavenge 

lipid radicals in a more physiologically relevant environment, we conducted the 

fluorescence-enabled inhibited autoxidation (FENIX) assay. In this assay, we 

monitored lipid peroxidation in liposomes by observing the competitive oxidation of 

STY-BODIPY in egg liposomes, which allowed us to evaluate the curcuminoids' 

ability to inhibit lipid peroxidation. 
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The results revealed that both curcumin and 9 were highly effective, nearly completely 

suppressing lipid peroxidation at a concentration of 10 µM. In contrast, 5 exhibited 

slightly lower activity in this regard (Figure 9B). While these findings indicate that 

curcumin and 9 have strong radical scavenging capabilities, it is important to note that 

the observed radical scavenging activity does not correlate with their anti-ferroptotic 

activity. This suggests that scavenging lipid radicals may not be the primary mechanism 

through which 9 inhibits ferroptosis. Instead, it points to the possibility that other 

mechanisms are at play in mediating the anti-ferroptotic effects of these compounds. 

 

Figure 11: Antioxidant activity assay 

To determine whether the anti-ferroptotic effects of curcuminoids vary across different 

cell types, we evaluated their activity in a range of non-cancerous cell lines from various 

origins. These included three human liver cell lines (HepaRG and LX2 stellate cells), a 

normal lung cell line (BEAS-2B lung epithelial cells), a mouse neuronal cell line (HT22 

hippocampal neurons), and a human embryonic kidney cell line (HEK293).  Among 

the tested compounds, 9 consistently demonstrated strong anti-ferroptotic activity 

across all cell lines, with EC50 values ranging from 0.07 to 0.2 µM, as shown in figure 

9B. This suggests that 9’s anti-ferroptotic efficacy is not limited to a specific cell type 

and may have broad applicability. However, it was noted that at concentrations around 
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3 µM or higher, all three curcuminoids tested (curcumin, 5, and 9) began to exhibit 

toxicity, indicating a potential upper limit for their therapeutic use.  

 

Figure 12: Cytoprotective effects of curcuminoids against ferroptosis in different cell 

lines. 
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Next, we explored the dependency of 9 on several key proteins that are known to protect 

against ferroptosis, including the oxidoreductases FSP1 and NQO1, as well as NRF2, a 

crucial transcription factor that regulates the antioxidant response. In our experiments, 

we used specific inhibitors to assess the role of these proteins. When we inhibited FSP1 

with the iFSP1 inhibitor (Figure 13A), NQO1 with dicoumarol (Figure 13B), and 

NRF2 with ML385 (Figure 13C), we found that the anti-ferroptotic effect of 9 against 

RSL3-induced ferroptosis was largely unaffected by NRF2 inhibition and only 

modestly impacted by the inhibition of FSP1 and NQO1. This suggests that the 

protective effects of 9 are either not dependent on these proteins or only slightly reliant 

on them. Interestingly, at concentrations starting from 10 µM, 9 was found to slightly 

but significantly transactivate NRF2 (Figure 13D). However, this activation was 

relatively low, with an increase of only about 1.4-fold at concentrations that are 

approximately 100 times higher than the EC50. This limited level of NRF2 activation 

indicates that its role in mediating the anti-ferroptotic effects of 9 is likely minimal or 

negligible. Overall, our findings suggest that the mechanism by which 9 exerts its anti-

ferroptotic effects may involve pathways independent of these key protective proteins. 
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Figure 13: The anti-ferroptotic effect of CHM620 does not depend on ferroptotic key 
proteins 
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A hallmark of ferroptosis is excessive membrane lipid peroxidation. We therefore 

investigated the ability of curcuminoids to inhibit lipid peroxidation in HepaRG cells 

using flow cytometric analysis of oxidized C11-BODIPY. In our experiments, we 

found that 9 at a concentration of 10 µM effectively suppressed RSL3-induced lipid 

peroxidation, as indicated by C11-BODIPY staining. Notably, the level of lipid 

peroxidation observed with 9 was comparable to that of the control ferroptosis inhibitor 

liproxstatin-1 (Lip-1) at 1 µM. In contrast, neither curcumin nor 5 demonstrated the 

same inhibitory effect on lipid peroxidation at the 10 µM concentration. This suggests 

that 9 may have a unique ability to mitigate lipid peroxidation in HepaRG cells, 

reinforcing its potential as a strong anti-ferroptotic agent. 

 

Figure 14: CHM620 efficiently prevents ferroptosis-induced lipid peroxidation. 
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4) Conclusions 
The synthesis of terpenecurcuminoids through the Pabon reaction followed by pyrazole 

cyclization proved to be an effective strategy to produce a new class of curcuminoid 

derivatives with a non-planar geometry and increased bioactivity. This approach 

enabled the design of a structurally diverse library, facilitating an in-depth structure-

activity relationship (SAR) analysis. Results indicated that terpene curcuminoids 

display higher anti-ferroptotic potency than those with a dual aromatic ring system, 

suggesting that the terpenoid scaffold plays a critical role in enhancing efficacy. 

Additionally, derivatives containing the pyrazole linker exhibited superior potency and 

stability over traditional diketone-based curcuminoids. Among the tested compounds, 

9 demonstrated exceptional anti-ferroptotic activity, with EC50 values around 0.1 µM 

across multiple cell types, underscoring its broad applicability and therapeutic potential. 

Interestingly, the anti-ferroptotic mechanism of 9 appears independent of common 

ferroptosis pathways, such as free radical scavenging, NRF2 activation, or 

oxidoreductase reliance, suggesting an alternative and potentially novel mode of action. 

Further investigation into 9’s molecular target could reveal unique pathways for 

ferroptosis inhibition, potentially offering new therapeutic strategies for oxidative stress-

related diseases. The unexpected mechanism of action, combined with 9’s potency, 

provides an exciting foundation for future research to uncover novel anti-ferroptotic 

pathways and enhance the therapeutic efficacy of curcuminoid-based compounds.  

To date, our research group has successfully synthesized one gram of compound 9, 

demonstrating that our synthetic strategy is scalable. In addition, in vivo tests are 

currently underway to investigate the novel anti-ferroptotic mechanism of action 

triggered by our product. 
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5) Experimental section 

General experimental procedure 
1H (400 MHz) and 13C (100 MHz) NMR spectra were measured on a Bruker Avance 

400 MHz spectrometer. Low- and high-resolution electrospray ionization mass 

spectrometry data were determined on an LTQ OrbitrapXL (Thermo Scientific) mass 

spectrometer. Chemical reactions were monitored by thin-layer chromatography by 

visualizing educts and products on Merck 60 F254 (0.25 mm) plates upon staining with 

5 % H2SO4 in EtOH and heating. Organic phases were dried with Na2SO4 before 

evaporation. Chemical reagents and solvents were purchased from Merck, TCI Europe 

or Fluorochem and were used without additional purification unless stated 

otherwise. Petroleum ether with boiling point of 40–60 °C was used. Silica gel 60 (70–

230 mesh) was used for gravity column chromatography (GCC). 

General Procedure for the synthesis of terpencurcuminoids 

To a stirred solution of an ñ−ò unsatured terpenic aldehyde (2 eq. mol) in dry DMF 

(2 mL/ mmol)*, a complementary 1,3-diketo derivative (4) (1 eq. mol), B2O3 (1.6 eq. 

mol), B(OCH3)3 (0.73 eq. mol) and n-butyl amine (0.05 eq. mol) were sequentially 

added. The solution was stirred at 90 °C until substantial conversion was observed by 

thin-layer chromatography, then quenched with H2SO4 (2 M) and extracted with 

EtOAc. The organic layer was dried over Na2SO4, filtered, and evaporated. 

Compounds 5-8, were obtained after purification by GCC on silica gel. 

*For only compound 7 Ethyl acetate was used as solvent. 

General Procedure for the synthesis of pyrazole-terpecurcuminoids 

To a stirred solution of the terpecurcuminoids 5-8 (1 eq. mol) in acetic acid (2.5 mL/1 

mmol), hydrazine monohydrate (2.3 eq. mol) was added. The reaction was stirred at 

50 °C overnight, quenched with the addition of brine and extracted with EtOAc. The 

organic layer was dried over Na2SO4, filtered, and evaporated.  

Compounds 9-12, were obtained after purification by GCC on silica gel. 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/electrospray-ionization
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/petroleum-ether
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/silica-gel
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aldehyde
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(1E,4Z,6E)-7-((1S,5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)-5-hydroxy-1-(4-

hydroxy-3-methoxyphenyl)hepta-1,4,6-trien-3-one (5): 1H NMR (400 MHz, 

Chloroform-d) · 7.55 (d, J = 15.8 Hz, 1H), 7.29 (d, J = 15.6 Hz, 1H), 7.10 (dd, J = 8.3, 

1.9 Hz, 1H), 7.03 (d, J = 1.9 Hz, 1H), 6.92 (d, J = 8.2 Hz, 1H), 6.44 (d, J = 15.8 Hz, 

1H), 6.06 (t, J = 3.6 Hz, 1H), 5.95 (dd, J = 15.5, 1.1 Hz, 1H), 5.72 (s, 1H), 3.93 (s, 3H), 

2.60 (td, J = 5.6, 1.5 Hz, 1H), 2.48 (td, J = 5.7, 2.9 Hz, 2H), 2.44 (t, J = 3.2 Hz, 1H), 

2.16 (dtt, J = 4.3, 3.0, 1.4 Hz, 1H), 1.36 (s, 3H), 1.16 (d, J = 9.0 Hz, 1H), 0.79 (s, 3H). 
13C NMR (101 MHz, CDCl3) · 184.06, 183.04, 147.81, 146.81, 146.24, 141.44, 

140.32, 134.61, 127.73, 122.83, 121.87, 120.64, 114.85, 109.63, 101.18, 55.97, 41.16, 

40.69, 37.87, 32.83, 31.19, 26.21, 20.85. 

HRESIMS m/z 367.1904 [M + H]+ (calcd for C23H27O4
+, 367.1904) 

Orange powder. Yield 59% 

(1E,4Z,6E)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-isopropylphenyl)hepta-

1,4,6-trien-3-on (6): 1H NMR (400 MHz, Chloroform-d) · 7.64 (t, J = 16.2 Hz, 2H), 

7.51 (d, J = 8.1 Hz, 2H), 7.32 – 7.25 (m, 2H), 7.15 (dd, J = 8.2, 1.9 Hz, 1H), 7.08 (d, J 

= 1.9 Hz, 1H), 6.96 (d, J = 8.2 Hz, 1H), 6.60 (d, J = 15.8 Hz, 1H), 6.52 (d, J = 15.8 Hz, 

1H), 5.84 (s, 1H), 3.97 (s, 3H), 2.96 (dq, J = 13.8, 6.7 Hz, 1H), 1.30 (s, 3H), 1.28 (s, 

3H). 
13C NMR (101 MHz, CDCl3) · 183.92, 182.82, 151.43, 147.94, 146.83, 140.81, 

140.38, 132.73, 130.39, 128.23, 127.67, 127.07, 126.63, 123.15, 123.01, 121.82, 

114.87, 109.65, 101.41, 55.98, 34.12, 23.80. 

HRESIMS m/z 365.1747 [M + H]+ (calcd for C23H25O4
+, 365.1747) 

Yellow solid. Yield 98% 

(1E,4Z,6E)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(2,6,6-trimethylcyclohex-

1-en-1-yl)hepta-1,4,6-trien-3-one (7): 1H NMR (400 MHz, Chloroform-d) · 7.59 (d, J 

= 15.7 Hz, 1H), 7.43 (d, J = 16.0 Hz, 1H), 7.13 (dd, J = 8.2, 1.9 Hz, 1H), 7.06 (d, J = 

1.9 Hz, 1H), 6.94 (d, J = 8.2 Hz, 1H), 6.48 (d, J = 15.8 Hz, 1H), 6.04 (d, J = 16.0 Hz, 
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1H), 5.73 (s, 1H), 3.96 (s, 3H), 2.05 (t, J = 6.4 Hz, 2H), 1.81 (s, 3H), 1.69 (dd, J = 7.1, 

5.1 Hz, 2H), 1.52 – 1.46 (m, 2H), 1.18 (s, 9H). 
13C NMR (101 MHz, CDCl3) · 183.99, 182.93, 147.82, 146.81, 140.36, 136.62, 

136.08, 127.97, 127.73, 122.87, 121.73, 114.85, 109.61, 100.90, 55.97, 38.60, 33.06, 

31.68, 28.35, 21.65, 18.65. 

HRESIMS m/z 369.2041 [M + H]+ (calcd for C23H29O4
+, 369.4805) 

Orange solid. Yield 19% 

(1E,4Z,6E)-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-(4-(prop-1-en-2-

yl)cyclohex-1-en-1-yl)hepta-1,4,6-trien-3-one (8): 1H NMR (400 MHz, Chloroform-

d) · 7.59 (d, J = 15.8 Hz, 1H), 7.31 (d, J = 15.8 Hz, 1H), 7.13 (dd, J = 8.3, 1.9 Hz, 1H), 

7.06 (d, J = 2.0 Hz, 1H), 6.95 (d, J = 8.2 Hz, 1H), 6.47 (d, J = 15.8 Hz, 1H), 6.27 – 6.22 

(m, 1H), 5.99 (d, J = 15.7 Hz, 1H), 5.75 (s, 1H), 4.77 (dt, J = 11.6, 1.3 Hz, 2H), 3.97 (s, 

3H), 2.39 (d, J = 16.9 Hz, 1H), 2.29 – 2.20 (m, 2H), 1.79 (t, J = 1.0 Hz, 3H), 1.57 (dtd, 

J = 12.8, 11.1, 5.5 Hz, 1H). 

 13C NMR (101 MHz, CDCl3) · 184.05, 183.01, 149.05, 147.80, 146.78, 143.48, 

140.33, 138.32, 135.08, 127.74, 122.86, 121.83, 121.23, 114.82, 109.58, 109.16, 

101.06, 55.97, 40.72, 31.99, 27.05, 24.57, 20.79. 

HRESIMS m/z 367.1904 [M + H]+ (calcd for C23H27O4
+, 367.1902) 

Orange solid. Yield 81% 

4-((E)-2-(5-((E)-2-((1S,5R)-6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)vinyl)-1H-

pyrazol-3-yl)vinyl)-2-methoxyphenol (9): 1H NMR (400 MHz, Chloroform-d) · 7.05 

– 6.95 (m, 3H), 6.92 – 6.86 (m, 2H), 6.79 (d, J = 16.2 Hz, 1H), 6.51 (s, 1H), 6.37 (d, J 

= 16.2 Hz, 1H), 5.75 (t, J = 3.7 Hz, 1H), 3.89 (s, 3H), 2.65 (td, J = 5.6, 1.5 Hz, 1H), 2.51 

– 2.45 (m, 1H), 2.45 – 2.38 (m, 2H), 2.16 (s, 1H), 1.36 (s, 3H), 1.18 (d, J = 8.8 Hz, 2H), 

0.83 (s, 3H). 
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13C NMR (101 MHz, CDCl3) · 147.76, 146.87, 146.80, 146.12, 145.98, 132.55, 

130.75, 129.31, 126.91, 120.66, 115.92, 114.72, 113.22, 108.26, 99.50, 55.88, 40.97, 

40.93, 37.83, 32.23, 31.28, 26.32, 20.84. 

HRESIMS m/z 363.2067 [M + H]+ (calcd for C23H27N2O2
+, 363.2064) 

Orange solid. Yield 96% 

4-((E)-2-(5-((E)-4-isopropylstyryl)-1H-pyrazol-3-yl)vinyl)-2-methoxyphenol (10): 

1H NMR (400 MHz, Chloroform-d) · 7.38 (d, J = 8.3 Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H), 

7.12 – 6.98 (m, 3H), 6.98 – 6.94 (m, 2H), 6.93 (s, 1H), 6.87 (t, J = 7.9 Hz, 1H), 6.61 (s, 

1H), 3.83 (s, 3H), 2.89 (p, J = 6.9 Hz, 1H), 1.26 (s, 3H), 1.24 (s, 3H).  

13C NMR (101 MHz, CDCl3) · 149.05, 147.49, 147.14, 146.81, 146.01, 134.16, 

131.00, 130.96, 129.23, 126.82, 126.58, 120.72, 116.67, 115.57, 114.66, 108.19, 99.73, 

55.82, 33.92, 23.90. 

HRESIMS m/z 361.1907 [M + H]+ (calcd for C23H25N2O2
+, 361.1911) 

Yellow solid. Yield 98% 

2-methoxy-4-((E)-2-(5-((E)-2-(2,6,6-trimethylcyclohex-1-en-1-yl)vinyl)-1H-pyrazol-

3-yl)vinyl)phenol (11): 1H NMR (400 MHz, Chloroform-d) · 7.01 – 6.84 (m, 7H), 

6.71 (d, J = 16.4 Hz, 1H), 6.51 (s, 1H), 6.29 (d, J = 16.5 Hz, 1H), 3.88 (s, 3H), 2.02 (t, 

J = 6.4 Hz, 2H), 1.75 (d, J = 1.0 Hz, 3H), 1.67 – 1.58 (m, 2H), 1.51 – 1.45 (m, 2H), 

1.06 (s, 6H).  
13C NMR (101 MHz, CDCl3) · 147.89, 146.82, 146.63, 145.99, 136.92, 130.88, 

130.82, 130.37, 129.31, 121.23, 120.70, 115.95, 114.65, 108.19, 99.11, 55.90, 39.55, 

34.22, 33.05, 28.88, 21.69, 19.19. 

HRESIMS m/z 365.2221[M + H]+ (calcd for C23H29N2O2
+, 365.2224) 

Brown solid. Yield 54% 
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2-methoxy-4-((E)-2-(5-((E)-2-(4-(prop-1-en-2-yl)cyclohex-1-en-1-yl)vinyl)-1H-

pyrazol-3-yl)vinyl)phenol (12): 1H NMR (400 MHz, Chloroform-d) · 7.05 – 6.95 (m, 

4H), 6.93 – 6.87 (m, 3H), 6.78 (d, J = 16.3 Hz, 1H), 6.52 (s, 1H), 6.38 (d, J = 16.3 Hz, 

1H), 5.95 – 5.91 (m, 1H), 4.77 (dt, J = 11.6, 1.3 Hz, 2H), 3.90 (s, 3H), 2.39 – 2.31 (m, 

2H), 2.20 (d, J = 2.6 Hz, 2H), 1.77 (s, 3H), 1.58 – 1.45 (m, 2H). 
13C NMR (101 MHz, CDCl3) · 149.50, 147.77, 146.87, 146.81, 145.96, 135.10, 

134.34, 131.27, 130.74, 129.32, 120.66, 115.95, 114.66, 113.87, 108.88, 108.19, 99.33, 

60.44, 55.87, 41.06, 31.56, 27.29, 24.66, 20.80. 

HRESIMS m/z 363.2066 [M + H]+ (calcd for C23H27N2O2
+, 363.2067) 

Brown solid. Yield 72%. 

(E)-2-methoxy-4-(2-(5-methyl-1H-pyrazol-3-yl)vinyl)phenol (15): to a stirred solution 

of the hemi-curcuminoid 4 (1 eq. mol) in acetic acid (2.5 mL/1 mmol), hydrazine 

monohydrate (2.3 eq. mol) was added. The reaction was stirred at 50 °C overnight, 

quenched with the addition of brine and extracted with EtOAc. The organic layer was 

dried over Na2SO4, filtered, and evaporated.  

Compounds 15, was obtained after purification by GCC on silica gel as a orange solid 

with 84% yield. 

(1E,4Z,6E)-1,7-bis(6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)-5-hydroxyhepta-1,4,6-

trien-3-one (16): to a stirred solution of an ñ−ò unsatured terpenic aldehyde ((1R)-(-)-

Myrtenal) (2 eq. mol) in dry DMF (2 mL/ mmol)*, acetylacetone (1 eq. mol), 

B2O3 (1.6 eq. mol), B(OCH3)3 (0.73 eq. mol) and n-butyl amine (0.05 eq. mol) were 

sequentially added. The solution was stirred at 90 °C until substantial conversion was 

observed by thin-layer chromatography, then quenched with H2SO4 (2 M) and 

extracted with EtOAc. The organic layer was dried over Na2SO4, filtered, and 

evaporated. Compound 16, was obtained after purification by GCC on silica gel as a 

orange solid (yield 44%).  

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/aldehyde
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1H NMR (400 MHz, Chloroform-d) · 7.26 (d, J = 15.6 Hz, 1H), 6.04 (t, J = 5.8, 3.8 Hz, 

1H), 5.91 (d, J = 15.6 Hz, 1H), 5.63 (s, 0H), 2.58 (td, J = 5.6, 1.6 Hz, 1H), 2.55 – 2.40 

(m, 3H), 2.20 – 2.10 (m, 1H), 1.35 (s, 3H), 1.15 (d, J = 9.0 Hz, 1H), 0.78 (s, 3H). 
13C NMR (101 MHz, CDCl3) · 183.80, 146.22, 141.18, 134.32, 120.71, 101.15, 41.15, 

40.69, 37.86, 32.80, 31.19, 26.21, 20.84. 

HRESIMS m/z 365.1052 [M + H]+ (calcd for C25H33O42
+, 365.2475). 

(E)-3-(2-(6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)vinyl)-5-methyl-1H-pyrazole (17) 

and 3,5-bis((E)-2-(6,6-dimethylbicyclo[3.1.1]hept-2-en-2-yl)vinyl)-1H-pyrazole (18): 

To a stirred solution of the crude compound 16 (1 eq. mol) in acetic acid (2.5 mL/1 

mmol), hydrazine monohydrate (2.3 eq. mol) was added. The reaction was stirred at 

50 °C overnight, quenched with the addition of brine and extracted with EtOAc. The 

organic layer was dried over Na2SO4, filtered, and evaporated.  

Compounds 17 and 18, were obtained after purification by GCC on silica gel as brown 

solids with 49% and 29% yields respectively. 

17: 1H NMR (400 MHz, Chloroform-d) · 6.69 (d, J = 16.3 Hz, 1H), 6.32 (d, J = 16.3 

Hz, 1H), 6.13 (s, 1H), 5.69 (t, J = 7.3, 3.7 Hz, 1H), 2.64 (td, J = 5.6, 1.5 Hz, 1H), 2.46 

(dt, J = 8.8, 5.7 Hz, 1H), 2.39 (dt, J = 14.3, 3.3 Hz, 2H), 2.28 (s, 3H), 2.19 – 2.12 (m, 

1H), 1.35 (s, 3H). 
13C NMR (101 MHz, Acetone) · 146.51, 130.35, 124.46, 115.78, 101.22, 59.66, 40.96, 

40.79, 37.48, 31.80, 30.97, 25.76, 20.28, 13.62, 11.03. 

HRESIMS m/z 229.1700 [M + H]+ (calcd for C25H33N2
+, 229.1699). 

18: 1H NMR (400 MHz, Acetone-d6) · 6.85 (d, J = 16.2 Hz, 2H), 6.55 (s, 1H), 6.44 (d, 

J = 16.3 Hz, 2H), 5.71 (t, J = 6.4, 3.8 Hz, 2H), 2.72 (td, J = 5.6, 1.4 Hz, 2H), 2.51 (dt, J 

= 8.7, 5.7 Hz, 2H), 2.42 (dt, J = 10.3, 3.2 Hz, 4H), 2.20 – 2.14 (m, 2H), 1.38 (s, 6H), 

1.17 (d, J = 8.8 Hz, 2H), 0.84 (s, 6H). 
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13C NMR (101 MHz, Acetone) · 147.06, 146.46, 130.91, 125.06, 114.92, 99.18, 40.94, 

40.79, 37.50, 31.85, 30.99, 25.77, 20.31.HRESIMS m/z 361.2648 [M + H]+ (calcd for 

C25H33N2
+, 361.2638). 
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1) Abstract 
The discovery of new bioactivities is closely related to the generation of novel scaffolds, 

and in the past few years different strategies have been proposed to obtain unknown 

architectures from the manipulation of known compounds. In the present study, we 

exploited a vintage photochemical approach for the discovery of an unexpected 

pathway of reactivity related to Δ1-3-oxo-pentacyclictriterpenic acids gaining access to 

a new class of 5(10→1)abeo-pentacyclic triterpenic acids derivatives. 

2) Introduction 

Natural products have always represented an invaluable source of bioactive molecules, 

many of which have been and are currently used in therapy against important 

diseases.1 Despite the successes achieved by nature-inspired drugs, humanity is still 

afflicted by important pathologies that require new and more powerful compounds. 

However, while the rate of natural products discovery has remained constant, in the past 

decade <new structurally unique compounds represent a decreasing percentage of the 

total number of compounds isolated from natural sources=.2 Given the fact that new 

chemical scaffolds are linked to new bioactivities, this could represent a limiting factor 

in the search for new drugs: it limits the chemical space only to a few but differently 

decorated basic structures. 

Remodelling the carbon skeleton of secondary metabolites represents a powerful tool 

in organic chemistry to rapidly generate new natural-product-like libraries with unique 

architectures useful to study different biological processes.3 Different strategies and 

approaches can be used to exploit the peculiar decoration of the parent compounds to 

increase the structural complexity and to explore their chemical space.4,5 In this field, 

we demonstrated how the treatment of zerumbone with different Lewis acids could 

generate a small library of derivatives with unique skeletons resulting from different 

transannular rearrangements.6 On the other hand, the use of molecular iodine gave us 
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the possibility to expand the biological and chemical space of cannabigerol (CBG), a 

polyphenolic constituent of Cannabis.7  

Photochemistry has proven to be a highly efficient tool in organic synthesis for the 

construction of complex architectures through the cleavage and formation of new 

carbon–carbon bonds.8,9 Among all the photochemical reactions, the lumi-ketone 

rearrangement is one of the earliest photochemical rearrangements discovered, as it was 

noted as early as 1830 studying the reactivity of the sesquiterpene lactone santonin.9,10 In 

the middle of the last century the lumi-ketone rearrangement attracted the attention of 

many chemists in order to test the generality of the reaction and to determine its 

mechanism. The reaction has been tested on simple model compounds as well as on 

more complex steroid structures proving to be general, and its mechanism has been 

identified as a stereospecific [π2a+σ2a] cycloaddition, which allows the transformation 

of the 4,4-dialkylcyclohex-2-enone moiety of the parent compound into the 

bicyclo[3.1.0]hexanone characterizing the lumi-derivative (Figure 1).11,12  

 

 

Figure 1: Representative substrates for the lumi-ketone rearrangement. 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#fig1
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Surprisingly, most of the studies on natural compounds were limited to the 

photoreactivity of Δ4-3-keto- and Δ1,4-3-keto-steroids, overlooking entire groups of 

related secondary metabolites such as pentacyclic triterpenic acids (PCTTAs).13  

PCTTAs are a class of natural compounds derived from squalene oxide cyclization, 

followed by post cyclization oxidation of an exocyclic methyl group.14 They have 

promising pharmacological profiles targeting different macromolecular end points, and 

they are facing a sort of <biological renaissance= after the discovery of two potent 

derivatives advanced in preclinical studies: the antiviral bevirimat15 and the antioxidant 

inflammation modulator bardoxolone methyl16 (Figure 2). 

 

 

Figure 2: Structures of the antiviral agent bevirimat and the inflammation modulator 

bardoxolone methyl. 

Despite the great interest around PCTTAs as a possible source of new 

drugs,17,18,19,20 compared to steroids, they have long been considered as <chemical 

pariahs=, remaining ignored by the greats of chemistry.21 While the reactivity of steroids 

has been largely explored, resulting in the synthesis of remodelled derivatives, PCTTAs 

have been overlooked, leading to semisynthetic derivatives characterized only by a 

different decoration pattern of the pentacyclic ring system. In the search for new ideas 

to fertilize the field, we decided to fill this gap by studying the photoreactivity of Δ1-3-

keto-derivatives of readily available PCTTAs. 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#fig2
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3) Results and discussion 

While steroids have attracted great attention around their intriguing photoreactivity, the 

Δ1-3-keto analogues of PCTTAs were completely overlooked, with limited examples 

and confusing information about their photochemical behaviour.22 From a 

photochemical point of view, Δ1-3-oxo-PCTTAs are a very interesting class of 

compounds: the position of the enone moiety and the presence of the gem-dimethyl 

element adjacent to the carbonyl group do not allow the formation of the typical 

products of lumi-ketone rearrangement, opening up the possibility to obtain new 

compounds. Because the aim of this project was to shed light on this untouched area, 

we decided to use Δ1-3-oxo-oleanolic acid 1 as a model compound. The latter was 

readily prepared from commercially available oleanolic acid as reported in the 

literature,23 and it was irradiated at 254 nm (5.5 W lamp) in a degassed neutral medium 

(MeOH/CH2Cl2, 9:1) until the disappearance of the starting material. The reaction 

induced a reorganization of the A/B system of the parent compound with the 

interconversion of the oleane skeleton into that of the justicane family,24 giving as main 

product compound 2. In addition to the latter, the seco-ester 3 was also obtained, whose 

yield was strongly dependent on the reaction conditions: by using a 5.5 W lamp, small 

scale (100 mg), and short times of irradiation, compound 3 was present only in traces; 

however, on a large scale (1 g) with a 125 W lamp the yield increased to 25% (Scheme 

1). 

 

Scheme 1: Synthesis of compounds 2 and 3 

 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#sch1
https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#sch1
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The structures of compounds 2 and 3 were determined on the basis of NMR data. The 
1H NMR data of compound 2 revealed the signals of six methyl groups and three 

olefinic protons (Table 1). The 13C and DEPT NMR data showed the presence of 30 

signals, which comprise two sp2-oxygenated non-hydrogenated carbons (C-3 and C-

28); four sp2 olefinic carbons (C-10 and C-25 belonging to the exo methylene group); 

five sp3 quaternary carbons (C-4, C-8, C-14, C-17, and C-20); four sp3 methines (C-1, 

C-5, C-9, and C-18); nine sp3 methylenes (C-2, C-6, C-7, C-11, C-15, C-16, C-19, C-

21, and C-22); and six methyl carbons (C-23, C-24, C-26, C-27, C-29, and C-30) (Table 

1).  

From the comparison of the spectra of compounds 1 and 2, the chemical shifts of 

protons and carbons belonging to rings C, D, and E were clearly confirmed, whereas 

differences in the signals (in both chemical shifts and multiplicity) of protons and 

carbons of ring A and B were observed. The deshielded shift of the carbonyl group at 

·C 225.7 pointed out the absence of an ³,³-unsaturated carbonyl system. HMBC 

correlations of H-1 (·H 2.91), H-2a,b (·H 2.63 and 2.51), and H3-23 and -24 (·H 0.99 

and 0.92) to C-3 (·C 225.7) indicated the carbonyl group was located at C-3 (Figure 3). 
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Figure 3: Key 2D NMR data of compounds 2, 3 and 10 



110 
 

 

Table 1: 1H NMR (600 MHz) and 13C NMR (125 MHz) Data for Compounds 2, 3, 

and 10 in CDCl3a 

 

Other significant differences in the NMR spectra were the terminal olefin signals in 2. 

The strong HMBC correlations of H-1/C-10, C-25 (· 2.91/153.6, 111.1) and H-9/C-10, 

C-25 (· 2.43/153.6, 111.1) allowed the assignment of the double bond at C-10 and C-

25 (Figure 3). The COSY analysis led to the construction of the five-membered ring A 

and seven-membered ring B: H-1 (·H 2.91) ⇔ H-2a,b (·H 2.63 and 2.51) ⇔ H-5 (·H 

2.16) ⇔ H-6 (·H 1.50 and 1.25) ⇔ H2-7 (·H 1.60) (Figure 3). The configuration of 2 

was determined by analyzing NOESY data and confirmed by comparing the 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#t1fn1
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experimental and predicted 13C/1H chemical shift values, the latter computed by 

quantum mechanical (QM) calculations (QM/NMR combined approach).25–27 First, the 

NOESY correlations between H-1 and H-5 indicated the cis A–B ring junction, and the 

further correlation between H-1 and H-9 suggested the ³-orientation of the protons. 

NMR chemical shift calculations of the four possible stereoisomers (see Chart S9, 

Supporting Information), taking into account the combinations of R and S 

configurations at C-1 and C-5, were considered for predicting the related 13C/1H 

chemical shift values at the density functional theory (DFT) level (see Computational 

Details, Supporting Information). Comparisons of the calculated and experimental 

shifts confirmed the diastereomer suggested by the NOESY correlations indicating the 

1R,5R,8R,9R,14S,17S,18S configuration for compound 2 (Tables S0, S1, S2, 

Supporting Information).25,26,28 

The 1H and 13C NMR data of 3 were similar to those of 2, except for the signals of 

protons and carbons belonging to ring A. Close inspection of the 1H, 13C, and DEPT 

NMR spectra revealed the presence of 31 carbon atoms (compared to 30 of 

compound 2). Three main differences suggested the ring A opening: the deshielded 

portion of the 13C NMR spectrum showed a shielded shift of the carbonyl group at C-3 

(·C 174.0) and the presence of a methoxy group at C-31 (·C 51.8), indicating a methyl 

ester moiety; the shielded portion of the 1H NMR spectrum showed that two methyl 

groups, H3-23 and H3-24, were split into doublets, originating from an isopropyl group 

in which the H3-23 and -24 were coupling with H-4. Additional evidence for an 

isopropyl moiety was supplied by HMBC correlations of H-4/C-24 and -25 (· 1.84/24.4 

and 18.4), H-4/C-5 (· 1.84/44.9), H-1/C-5 (· 2.91/44.9), H-6/C-5 (· 1.16/.44.9), H-1/C-

3 (· 2.91/174.1), and H-2a,b/C-3 (· 2.67 and 2.52/174.1 (Figure 3). The 1H chemical 

shifts of the segment H-1–H-4 were confirmed by the strong COSY correlations of H-

4 (·H 1.84) ⇔ H-5 (·H 1.59), H-4 (·H 1.84) ⇔ H3-23, and H-4 (·H 1.84) ⇔ H3-24 

(·H 0.88 and 0.81) (Figure 3). 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#fig3
https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#fig3
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Considering the structure and the stereochemical features of compound 2 we proposed 

a possible mechanism (Scheme 2). The first step of the sequence could be the activation 

of the enone moiety furnishing the diradical A, which, being unable to follow the classic 

pathway of lumi-ketone rearrangement due to the strain of the lumi-product that would 

be formed,12,22,29  underwent concerted bond rearrangement through the cleavage of the 

C-5–C-10 bond and the formation of a new C1–C5 bond, giving the stable 

intermediate B with the 5/7 ring system installed. Eventually, intermediate B could 

follow two different pathways to give the final product. In the first one (pathway a) the 

diradical B could undergo a 1,4-HAT (hydrogen atom transfer)30 giving compound 2, 

or it could be subject to an electron demotion (pathway b), as postulated by Zimmerman 

for other cyclohexenones,31–34 to form zwitterion C, which, after proton migration, 

furnished the final product 2 (Scheme 2a). The latter, under prolonged irradiation, could 

be further activated, furnishing compound 3. To corroborate this hypothesis, 

compound 2 was irradiated at 254 nm with a 125 W lamp, giving 3 in 65% yield. A 

possible mechanism behind the formation of the seco-ester could involve a Norrish type 

1 reaction,35 with the cleavage of the C-3–C-4 bond to give the diradical D, which after 

a 1,4-HAT30 furnished the reactive ketene E, which was eventually trapped by the 

solvent (Scheme 2b). 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#sch2
https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#sch2
https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#sch2
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Scheme 2:  (a) Proposed Mechanism for the Synthesis of Compound 2; (b) Proposed 

Mechanism for the Synthesis of Compound 3 
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We finally tested the generality of the reaction by irradiating the corresponding 

derivatives of other readily available PCTTAs, such as betulinic acid, 11-deoxo-

glycirretinic acid, and ursolic acid: Δ1-3-oxo-betulinic acid (4),36 Δ1-3-oxo-11-

deoxoglycyrrhetinic acid (5), and Δ1-3-oxo-ursolic acid (6).37 The aforementioned 

compounds under irradiation furnished the expected lumi derivatives 7, 8, and 9.38 All 

of the rearranged products (2, 7, 8, and 9) were readily reduced by treatment with 

NaBH4 in MeOH/CH2Cl2 (9:1) to the corresponding 5(10→1)abeo-

PCTTAs 10, 11, 12, and 13 (Figure 4). The NMR spectra of compound 10 confirmed 

the reduction of the carbonyl group at C-3 to a secondary alcohol, generating a new 

stereocenter at C-3. The 1H and 13C NMR data of 10 were almost identical to those 

of 2 (Table 1) except for the hydroxy group substituted at C-2 of ring A and the missing 

signal of the sp2 carbon atom. The relative configuration at C-3 was determined by 

analysis of JH,H coupling constants and NOESY data and confirmed by quantum 

mechanical calculations. The NOESY correlation from H-3 to H-5 indicated a cofacial 

relationship (Figure 3). Moreover, the occurrence of H-3 as a doublet of doublets having 

coupling constants with H-2ax (J = 10.8 Hz) and H-2eq (J = 7 Hz) indicated that H-3 was 

in the axial position; this in turn suggested a ³-orientation of the hydroxy group at C-3. 

Comparison with literature data confirmed the NMR assignment and the configuration 

at C-3.24,39 Moreover, the analysis of 13C/1H chemical shifts computed for the isomers 

(see Chart S10, Supporting Information) featuring R and S configurations at C-3, 

respectively, and comparison with the experimental values confirmed the reported 

above outcomes. It can be concluded that we have discovered a new photochemical 

pathway of reactivity related to Δ1-3-oxo-oleanolic acid 1 with the direct transformation 

of the oleanane skeleton into the justicane one in a biomimetic interconversion process. 

The reorganization of the oleanane skeleton into the justicane one has already been 

reported by using a substrate-controlled cationic rearrangement that required four 

synthetic steps with an overall yield of 41%.39 Despite that the two strategies have 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067#fig4
https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#tbl1
https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#fig3
https://pubs.acs.org/doi/suppl/10.1021/acs.jnatprod.3c00067/suppl_file/np3c00067_si_001.pdf
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comparable yields, the photochemical approach required just a single and more 

sustainable step. 

The rearrangement seems general also for other PCTTAs, such as the lupane and the 

ursane families, and it represents a selective way to remodel the pentacyclic triterpenoid 

scaffold, opening up the possibility to evaluate the biological profile of natural 

justicanes, such as justicioside E aglycone, and to get direct access to unknown 

5(10→1)abeo-PCTTAs with possible new biological activities. 

 

 

Figure 4: Preparation of lumi-triterpene derivatives. 
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4) Experimental section 

General Experimental Procedures 

Optical rotations were measured on an Anton Paar polarimeter MCP 100 at 20 °C. 

Infrared spectra were recorded on a FT-IR Bruker Alpha II spectrometer with 

absorption maxima (Àmax) recorded in wavenumbers (cm–1). NMR spectra of 

compounds 2, 3, and 10 were recorded in CDCl3 on a JNM-ECZ 600R (JEOL Ltd., 

Tokyo, Japan) spectrometer operating at 600.17 MHz (1H) and 150 MHz (13C) 

equipped with an autosampler. Proton spectra were referenced to the TMS signal (0.00 

ppm), and the resonance of the centerline of CDCl3 at 77.36 ppm was used as reference 

for 13C spectra. The NMR spectra of all the other compounds (5, 7, 8, 9, 11, 12, and 13) 

were recorded using a Bruker Avance Neo 400 MHz spectrometer. Chemical shifts are 

reported in parts per million (ppm) relative to the residual solvent. A Q-Exactive Plus 

UHMR Hybrid Quadrupole Orbitrap mass spectrometer (Waltham, MA, USA) was 

employed for mass spectrometry. The spectra were recorded by infusion into the ESI 

source using MeOH as the solvent. Commercially available reagents and solvents were 

purchased from Aldrich, TCI, and Fluorochem and were used without further 

purification. Column chromatography was performed on silica gel (Merck Kieselgel 

60, 230–400 mesh ASTM). Thin-layer chromatography (TLC) was carried out on 5 × 

20 cm plates with a layer thickness of 0.25 mm (Merck silica gel 60 F254).  

When necessary, KMnO4 was used for visualization. 

Compounds 1,23 4,36 and 637 have previously been reported. 

General Photochemical Procedure 

Protocol A (5.5 W, high-pressure mercury lamp) 

A degassed solution of 100 mg of Δ1-3-enone (1 equiv/mol) in 15 mL of 

MeOH/CH2Cl2 (9:1) was irradiated until the disappearance of the starting material, 

checked by TLC. The solvent was evaporated at reduced pressure, and the crude was 

purified over silica gel. 
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Protocol B (125 W, high-pressure mercury lamp) 

A degassed solution of 1 g of Δ1-3-enone (1 equiv/mol) in 55 mL of 

MeOH/CH2Cl2 (9:1) was irradiated until the disappearance of the starting material, 

checked by TLC. The solvent was evaporated at reduced pressure, and the crude was 

purified over silica gel. 

lumi-3-Oxo-oleanolic acid (2) (Protocol A) 

Yield: 41%, white powder; [³]20
D +60 (c 0.9 CHCl3); IR (KBr) 2943, 2865, 1732, 1691, 

1452, 1363, 1145, 894, 543, 423; 1H and 13C NMR (CDCl3), Table 1; 

HRESIMS m/z 451.32239 [M – H]− (calcd for C30H43O3
-, 451.32177). 

lumi-A-seco-2-Carboxymethyl-oleanoic acid (3) (Protocol B) 

Yield: 25%, white powder; [³]20
D +5 (c 0.8 CHCl3); IR (KBr) 2947, 2868, 1734, 1697, 

1446, 1160, 888; 1H and 13C NMR (CDCl3), Table 1; HRESIMS m/z 483.34858 [M – 

H]− (calcd for C31H47O4
-, 483.34798). 

Olean-3-oxo-1,12-dien-29-oic acid (5) 

To a stirred solution of 11-deoxo-glycyrrhetinic acid40 (2 gr, 4.38 mmol, 1 molar equiv) 

in benzene/DMSO (4:1) (30 mL) were sequentially added IBX (2-iodoxybenzoic 

acid)41 (6.13 g, 21.9 mmol, 5 molar equiv) and fluorobenzene (420 ¿L, 4.38 mmol, 1 

molar equiv). The reaction was refluxed overnight, quenched with Na2SO3 (saturated 

solution), and extracted with EtOAc. The organic phases were washed with 

NaHCO3 (saturated solution) and brine, dried over Na2SO4, and evaporated. The crude 

was purified over silica gel (petroleum ether/EtOAc, 8:2), affording 1.75 g (88%) as a 

white powder: [³]20
D +138.5 (c 0.70 CHCl3); IR (KBr) 2920, 2862, 1727, 1655, 1452, 

1144, 815, 729; 1H NMR (400 MHz, CDCl3) · 7.07 (1H, d, J = 10.1 Hz), 5.83 (1H, 

d, J = 10.1 Hz), 5.39 7.07 (1H, t, J = 3.6 Hz), 1.23 (3H, s), 1.21 (3H, s), 1.18 (6H, s), 

1.13 (3H, s), 1.08 (3H, s), 0.85 (3H, s) (only signals amenable to a first-order analysis 

were assigned); 13C NMR (101 MHz, CDCl3) · 205.5, 183.5, 159.3, 144.8, 124.9, 

122.0, 53.4, 48.1, 44.5, 44.1, 42.3, 41.8, 41.7, 40.5, 39.3, 38.2, 32.4, 32.0, 31.0, 28.7, 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#tbl1
https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#tbl1
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28.1, 27.7, 26.8, 26.0, 25.9, 23.3, 21.6, 18.9, 18.7, 17.3; HRESIMS m/z 451.32241 [M 

– H]− (calcd for C30H43O3
-, 451.32177). 

lumi-3-Oxo-betulinic acid (7) (Protocol A) 

Yield: 37%, white powder; [³]20
D −10 (c 0.7 CHCl3); IR (KBr) 2951, 2873, 1735, 1684, 

1464, 1379, 1240, 1010, 734, 645, 472; 1H NMR (400 MHz, CDCl3) · 4.87 (2H, brd), 

4.77 (1H, d, J = 2.2 Hz), 4.64 (1H, d, J = 2.2 Hz), 3.03 (2H, m), 2.50 (2H, dq, J = 8.7, 

19.0 Hz), 2.32 (3H, m), 2.04 (3H, m), 1.72 (3H, s), 1.08 (3H, s), 1.06 (6H, s) 0.97 (3H, 

s), 0.88 (3H, s) (only signals amenable to a first-order analysis were assigned); 13C 

NMR (101 MHz, CDCl3) · 223.8, 182.0, 154.0, 150.3, 111.8, 109.7, 56.3, 50.9, 49.1, 

48.7, 47.4, 46.8, 43.4, 42.1, 41.7, 41.5, 38.8, 36.9, 35.6, 32.0, 31.2, 30.6, 29.0, 26.5, 25.2, 

21.1, 21.1, 19.4, 15.3, 14.9; HRESIMS m/z 451.32227 [M – H]− (calcd for C30H43O3
-, 

451.32177). 

lumi-3-Oxo-11-deoxo-glycyrrhetinic acid (8) (Protocol A) 

Yield: 45%, white powder; [³]20
D +80 (c 0.7 CHCl3); IR (KBr) 2944, 2866, 1740, 1380, 

1206, 932, 645, 566; 1H NMR (400 MHz, CDCl3) · 5.345 (1H, brt,), 4.95 (1H, d, J = 

1.0 Hz), 4.82 (1H, brd), 2.95 (1H, dt, J = 9.2, 2.5 Hz), 2.60 (2H, dq, J = 19.0, 9.5, 2.4 

Hz), 2.47 (1H, dd, J = 12.1, 4.8 Hz), 1.25 (3H, s), 1.24 (3H, s), 1.04 (3H, s) 0.99 (3H, 

s), 0.91 (3H, s), 0.86 (3H, s) (only signals amenable to a first-order analysis were 

assigned); 13C NMR (101 MHz, CDCl3) · 225.6, 182.7, 153.3, 143.6, 123.8, 110.8, 

50.7, 49.2, 46.9, 46.6, 44.1, 43.7, 43.1, 42.5, 42.1, 41.3, 38.0, 32.2, 31.1, 30.8, 28.7, 28.2, 

28.2, 27.3, 27.3, 27.2, 24.9, 22.2, 21.0, 15.9; HRESIMS m/z 451.32232 [M – H]− (calcd 

for C30H43O3
-, 451.32177). 

lumi-3-Oxo-ursolic acid (9) (Protocol A) 

Yield: 43%, white powder; [³]20
D +57.5 (c 0.80 CHCl3); IR (KBr) 2942, 2859, 1736, 

1692, 1465, 1380, 1303, 932, 645, 498; 1H NMR (400 MHz, CDCl3) · 5.38 (1H, brt,), 

4.90 (1H, brd), 4.76 (1H, brd), 2.93 (1H, dt, J = 9.2, 2.1 Hz), 2.58 (2H, dq, J = 16.6, 9.5, 

2.1 Hz), 2.42 (1H, dd, J = 12.1, 4.6 Hz), 2.28 (1H, dd, J = 11.4, 1.8 Hz), 1.19 (3H, s), 
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1.01 (3H, s) 0.94 (3H, s), 0.88 (3H, dd, J = 6.4), 0.71 (3H, s) (only signals amenable to 

a first-order analysis were assigned); 13C NMR (101 MHz, CDCl3) · 225.5, 183.7, 

153.4, 137.8, 126.9, 110.7, 53., 50.6, 48.4, 46.7, 46.6, 43.8, 42.9, 42.8, 41.1, 39.1, 38.8, 

36.5, 30.7, 30.7, 29.3, 28.1, 27.1, 24.4, 22.6, 22.2, 21.0, 20.8, 16.8, 16.0; 

HRESIMS m/z 453.33080 [M + H]+ (calcd for C30H45O3
+, 452.32905). 

General Procedure to Obtain Compounds 10, 11, 12, and 13 

To a stirred solution of the corresponding lumi-ketone (1 equiv/mol) in CH2Cl2/MeOH 

(9:1) (7 mL/mol) was added NaBH4 (6 equiv/mol). The reaction was stirred at room 

temperature until the disappearance of the starting material, checked by TLC, quenched 

with H2SO4 (2 N solution), and extracted with CH2Cl2. The organic phases were 

washed with brine, dried over Na2SO4, and evaporated. The crude was purified over 

silica gel. 

lumi-3-β-Oleanolic acid (10) 

Yield: 55%, white powder; [³]20
D +27 (c 1.0 CHCl3); IR (KBr) 2946, 2866, 1724, 1380, 

1153, 1129, 988, 776, 518; 1H and 13C NMR (CDCl3), Table 1; 

HRESIMS m/z 453.33767 [M – H]− (calcd for C30H45O3
-, 453.33742). 

lumi-3-β-Betulinic acid (11) 

Yield: 50%, white powder; [³]20
D +3.7 (c 0.80 CHCl3); IR (KBr) 2950, 2861, 1740, 

1451, 1165, 1187, 1050, 879, 516; 1H NMR (400 MHz, CDCl3) · 5.05 (1H, brd), 4.82 

(1H, brd), 4.76 (1H, d, J = 2.2 Hz), 4.63 (1H, d, J = 1.8 Hz), 3.69 (1H, m), 3.05 (1H, 

dt, J = 10.7, 4.3 Hz), 2.60 (2H, brdq, J = 10.7 Hz), 2.29 (2H, m), 1.72 (3H, s), 1.02 (3H, 

s), 0.96 (3H, s) 0.91 (3H, s), 0.67 (3H, s) (only signals amenable to a first-order analysis 

were assigned); 13C NMR (101 MHz, CDCl3) · 181.22, 152.62, 150.39, 110.12, 

109.64, 80.09, 56.41, 51.18, 50.12, 49.15, 46.83, 45.08, 43.80, 42.04, 40.93, 38.95, 

36.90, 36.48, 35.14, 32.05, 31.29, 30.72, 29.61, 26.70, 25.42, 23.83, 20.99, 19.52, 15.47, 

15.09, 14.52; HRESIMS m/z 453.33742 [M – H]− (calcd for C30H45O3
-, 453.33742). 

 

https://pubs.acs.org/doi/10.1021/acs.jnatprod.3c00067?fig=fig1&ref=pdf#tbl1
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lumi-3-β-11-Deoxo-glycyrrhetinic acid (12) 

Yield: 59%, white powder; [³]20
D +24.0 (c 0.25 CHCl3/MeOH, 1:1); IR (KBr) 2963, 

2859, 1718, 1374, 1187, 960, 813, 662; 1H NMR (400 MHz, DMSO) · 5.24 (1H, brt,), 

5.13 (1H, brd), 5.01 (1H, brd), 4.56 (1H, d, J = 5.2 Hz), 3.49 (1H, m), 2.25 (2H, q, J = 

9.9 Hz), 1.16 (3H, s), 1.08 (3H, s), 0.86 (6H, s) 0.76 (3H, s), 0.57 (3H, s) (only signals 

amenable to a first-order analysis were assigned); 13C NMR (101 MHz, DMSO) · 

178.4, 151.3, 144.2, 123.1, 78.8, 51.8, 49.1, 46.6, 44.5, 43.7, 43.6, 42.6, 42.0, 40.5, 38.3, 

35.6, 34.5, 32.2, 31.1, 29.4, 28.6, 28.5, 27.7, 27.2, 27.2, 25.6, 20.4, 15.9, 15.8; 

HRESIMS m/z 453.33777 [M – H]− (calcd for C30H45O3
-, 453.33742). 

lumi-3-β-Ursolic acid (13) 

Yield: 54%, white powder; [³]20
D +31 (c 1.0 CHCl3); IR (KBr) 2956, 2863, 1735, 1367, 

1064, 944, 662, 574, 518; 1H NMR (400 MHz, CDCl3) · 5.33 (1H, brt,), 5.16 (1H, s), 

5.02 (1H, s), 3.71 (1H, m), 2.63 (2H, q, J = 9.6 Hz), 1.14 (3H, s), 0.96 (3H, d, J = 6.5 

Hz), 0.95 (3H, s), 0.88 (3H, d, J = 6.4), 0.75 (3H, s), 0.69 (3H, s) (only signals amenable 

to a first-order analysis were assigned); 13C NMR (101 MHz, CDCl3) · 183.6, 150.6, 

137.4, 126.8, 110.2, 80.4, 53.4, 52.0, 48.3, 46.8, 44.1, 43.5, 42.3, 40.5, 39.2, 38.8, 36.5, 

35.6, 34.5, 30.7, 29.5, 29.2, 26.5, 24.4, 23.1, 21.0, 19.9, 16.8, 15.9, 15.0; 

HRESIMS m/z 453.33787 [M – H]− (calcd for C30H45O3
-, 453.33742) 
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1) Introduction 

The term <steroids= has been proposed for the first time in 1936 by Callow and Young 

to classify <the group of biologically important compounds containing the reduced 

cyclopentanophenanthrene ring system=, comprising the sterols, cardiac aglycones, bile 

acids, and sex hormones.1 Steroids have long been central to drug discovery due to their 

unique structural rigidity and broad range of pharmacological effects.2 Their lipid 

solubility allows them to easily penetrate cell membranes and interact effectively with 

specific cellular receptors.3 Even slight modifications to their structure can lead to 

significant biological responses, making them a versatile and impactful class of 

compounds.4 These characteristics continue to inspire researchers globally to explore 

and modify steroid structures, seeking new applications across diverse medical fields.5 

The study of steroid reactivity, along with efforts to synthesize more potent and selective 

derivatives, has become an excellent training ground for advancements in organic 

chemistry, driving innovation within the field. 

1.1)  Steroids photochemistry 

In the mid-20th century, the study of the photoreactivity of testosterone-like compounds 

became a topic of great interest due to their complex and intriguing photochemical 

behaviour. The photolabile nature of the cyclohexenone system could undergo different 

rearrangements furnishing compounds that are characterized by unique structures 

unattainable by the more classic organic pathways.6 The irradiation in neutral media 

affords a highly strained product resulting from the lumi-ketone rearrangement, while 

in mild acidic media a mixture of photoproducts is obtained.7 (Scheme 1)  
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Scheme 1: cyclohexanone rearrangement7 

Despite the great interest and the high number of papers on this topic, surprisingly, most 

of the studies on natural compounds were limited to the photoreactivity of 4-3-keto- 

and  1,4-3-keto-steroids neglecting the  1-3-keto-steroids with just limited examples 

and confusing information about their photochemical behaviour. This oversight could 

preclude on one side the discovery of new photorearrangements, and on the other side 

the access to a new class of steroidal architectures with possible interesting 

pharmacological profiles. Given these premises, the aim of this work is to 

mechanistically simplify photo reactivity by removing the double bond responsible for 

the lumi-ketone rearrangement. To fill the gap and to add a new tile to the photochemical 

scenario of testosterone like compounds, we have decided to study the photoreactivity 

of cholest-1-en-3-one (1), as easily accessible representative of this class of steroids. 
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Figure 1: Cholest-1-en-3-one 

1.2) Spirostanols – Ophiopogonol A 

Spirostanols are a class of triterpenes characterized by a typical 6/6/6/5/5/6 ring system 

and are widely distributed in the plant kingdom (ex. diosgenin 2). They exhibit a range 

of biological activities, including antitumor,8 immunomodulatory,9 antimicrobial,10 and 

cardioprotective effects.11 In the past decade, two novel compounds with an 

unprecedented 5/7/6/5/5/6 ring system have been isolated (Figure 2): bufospirostenin A 

(3), derived from the bile and venom of the toad Bufo bufo gargarizans,12 and 

ophiopogonol A (4), extracted from the rhizome of Ophiopogon japonicus.13 Both 

compounds have demonstrated notable biological activity as Na/K ATPase inhibitors;14 

however, they are both limited in natural availability:  

• Bufospirostenin A – from 240 g of gallbladders and 1.5 kg of venom, 1.9 mg 

of compound was extracted.12 

• Ophiopogonol A – from 17.5 kg of Ophiopogon japonicus, 10.4 mg of 

compound was extracted.13 
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Figure 2: Spirostanols 

The low bioavailability of these molecules presents a significant challenge to exploring 

their bioactivity and therapeutic potential. To address this, in the past five years, multiple 

research groups have developed a range of total and semi-synthetic approaches to obtain 

these compounds. In 2020, Li and colleagues achieved the first synthesis of 2 through a 

sophisticated method using a rhodium-catalyzed Pauson−Khand reaction involving an 

alkoxyallene-yne. This innovative approach allowed for the construction of the 

rearranged A/B ring system.15 In 2022, Jighan Gui and co-workers reported a method 

for precisely controlling the conformation of cyclodecenones under non-

Curtin−Hammett conditions, enabling the first cis-selective transannular Prins 

cyclization. This advancement facilitated the efficient synthesis of the 5(10→1)abeo-

steroids 3 and 4 in just seven steps from inexpensive starting materials.14 In a previous 

study by the same research group, the dienone compound (5) was subjected to the 

santonin photorearrangement, a method that was optimized by Barton in 1957.16 This 
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reaction produced a complex mixture of products, including lumiproduct (6), phenol 

(9), spiro ketone (7), and the desired product (8). The distribution of these products was 

influenced by the choice of solvents and the intensity of the light source. However, 

despite numerous attempts with various solvent screenings, the optimization efforts 

were unsuccessful, yielding a maximum of only 16% in acidic conditions (Scheme 

2A).17 To overcome the issue of non-selectivity, the research team implemented a 

strategy of introducing an electron-withdrawing group at C2, which, as reported in the 

literature18, stabilizes the resonance structure to favour the formation of product 8. The 

introduction of an ester group (-COOEt) at C2 leads to the formation of product 11 with 

a 31% yield, but also results in the undesired product 10 with a 39% yield. The solution 

was to introduce a carboxylic acid group (-COOH), which selectively favoured the 

formation of compound 12 with a 58% yield. This compound was then decarboxylated, 

successfully yielding compound 8 (Scheme 2B). 
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Scheme 2: Jighan Gui’s research group optimization strategy of photosantonin 

rearrangement.17 

Thus, despite the final success, this work could not escape the formation of the lumi-

product, as the photochemical reactivity appears to be driven by the C4–C5 double 

bond. 

In our work, we aim to investigate the photoreactivity of the C1–C2 enone on a 

spirostanol substrate (Δ1-3-oxo derivative of diosgenin) to selectively obtain dehydro-

ophiopogonol A under neutral medium conditions. 
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2) Results and Discussion 

Recently we have demonstrated for the 1-3-oxo-oleanolic acid (13) that the presence 

of only one double bond at C1 inhibits the classic lumi-ketone rearrangement in favour 

of the reorganization of the A/B system to get access to new 5(10→1)abeo-oleanolic 

acid (14).19 Although cholest-1-en-3-one (1) and 1-3-oxo-oleanolic acid (13) belong 

to different classes of secondary metabolites, they maintain a high structural and 

stereochemical homology in the A/B ring system having as main differences 

respectively a methylene group in place of a gem-dimethyl element at C4 and a 

hydrogen for a methyl group at C8. Given their structural homology, we wanted to 

check whether they had the same photoreactivity profile, so compound 1 was irradiated 

at 254 nm (5.5 W lamp) in degassed neutral medium (MeOH/CH2Cl2 9:1) until the 

disappearance of the starting material, obtaining compounds 15 and 16 in 14% and 43% 

yield respectively. In light of the role played by the solvent in the formation of the 

products, we decided to irradiate compound 1 in non-nucleophilic solvents with 

different degrees of polarity. The reactions have been performed in toluene, 

dichloromethane, acetone and acetonitrile. While in toluene cholest-1-en-3-one (1) was 

stable after 60 h of irradiation, performing the reaction in acetone led to a complete 

degradation of the starting material. Otherwise, by running the reaction in 

dichloromethane or acetonitrile, neither compounds 15 nor 16 were formed, but 

5(10→1)abeo-colesten-3-one 17 was obtained in 27% and 37% yield respectively 

(Scheme 3). 
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Scheme 3: Photochemical products 

Given the compounds resulted from the irradiation, we proposed a possible mechanism. 

Compound 15 could derive from the activation of the enone moiety leading to diradical 

A that can give intermediate B through the formation of a new C-C bond between C1 

and C3. The latter can rearrange to ketene C eventually trapped by the solvent leading 

to the desired compound. On the other hand, compounds 16 and 17 could share the 

same mechanism starting from diradical A that undergoes to a concerted bond 

rearrangement with the formation of intermediate D through the cleavage of the C5-

C10 bond and the formation of a new C1-C5 bond with the 5/7 ring system installed. 

At this point, intermediate D, depending on the solvent of the reaction, can follow two 

different pathways: in MeOH/DCM it could be subjected to an electron-demotion to 

form zwitterion E with a tertiary carbocation that is stereoselectively trapped by the 

solvent to give compound 16. Otherwise in DCM or AN it could directly undergo a 1,4-

HAT (Hydrogen Atom Transfer) giving compound 17 (Scheme 4). 
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Scheme 4: Proposed mechanism for the synthesis of compounds 15, 16 and 17. 
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ENTRY SOLVENT 1 15 16 17 

1 MeOH/CH2Cl2 9:1 - 14 % 43% - 

2 Toluene 100% - - - 

3 Acetone  Degraded   

4 CH2Cl2 - - - 27% 

5 Acetonitrile - - - 37% 

 

Table 1: Solvent screening 

 

Given the results obtained with compound 1, we then wondered if the same synthetic 

strategy could be applied to the spirostanol class, using widely available substrates like 

diosgenin (2) to obtain the uncommon 5/7/6/5/5/6 framework. Diosgenin has been 

manipulated to obtain the corresponding 1-3-oxo-derivative (18) that has been 

transformed into the rearranged spirostanol analogue 19 by using a telescopic approach 

(irradiation in MeOH/DCM 9:1, then NaBH4) with an overall yield over two steps of 

30%. Having verified our hypothesis, we decided to get closer to ophiopogonol A (7) 

by replacing the methoxy group of compound 19 with a hydroxyl one, so as to directly 

obtain 5,6-dihydro-ophiopogonol A (20). To achieve the result we decided to do the 

reaction in a binary mixture of trifluoroethanol:water 1:1. Trifluoroethanol is transparent 

to UV light, it is not nucleophilic but it is necessary to bring our starting material in 

solution. On the other side, water is the necessary nucleophile for trapping the tertiary 

carbocation preventing any rearrangement and the formation of the double bond such 

as in compound 6. Eventually compound 9 dissolved in trifluoroethanol/water 1:1 has 

been irradiated until the disappearance of the starting material. The reaction has been 

worked-up and the crude dissolved in MeOH in presence of NaBH4 to give the desired 

5,6-dihydro-ophiopogonol A (20) in 25% yield (Scheme 4).  
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Scheme 5: Synthesis of compounds 19 and 20 starting from diosgenin (2) 
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3) Conclusions 

We can conclude that we have <rediscovered= a mid-20th century hot topic (steroid 

photochemistry) while adding a new piece to the puzzle, enabling us to identify a 

potential semisynthetic pathway to rare steroids starting from widely available 

substrates. We further highlighted the role of the C1–C2 enone double bond, showing 

that, through solvent selection, it can lead to selective rearrangements that were 

previously unknown or challenging to achieve. As a proof of concept, we were able to 

get access to the uncommon spirostanol with 5/7/6/5/5/6 cylclo system (compound 19 

and 20) in just four steps, starting from commercially available diosgenin (2). This 

approach could be used to get access to unknown 5(10→1)abeo-steroids with possible 

new bioactivities. 

4) Experimental part 
General experimental procedure 

Optical rotations were measured on an Anton Paar Polarimeter MCP 100 at 20 °C. 

Infrared spectra were recorded on a FT-IR Bruker Alpha II spectrometer with 

absorption maxima (Àmax) recorded in wavenumbers (cm-1).  NMR spectra of 

compounds 15, 16, 17 and 19  were recorded in CDCl3 on a JNM-ECZ 600R (JEOL 

Ltd, Tokyo, Japan) spectrometer operating at 600.17 MHz (1H) and 150 MHz (13C) 

equipped with an autosampler. Proton spectra were referenced to the TMS signal (0.00 

ppm) and the resonance of centerline of CDCl3 at 77.36 ppm was used as reference for 
13C spectra. The NMR spectra of compounds 18 and 20 ware recorded using a Bruker 

Avance Neo 400 MHz spectrometer. Chemical shifts are reported in parts per million 

(ppm) relative to the residual solvent. A Q-Exactive Plus UHMR Hybrid Quadrupole 

Orbitrap™ Mass Spectrometer (Waltham, MA, USA) was employed for mass 

spectrometry. The spectra were recorded by infusion into the ESI source using MeOH 

as the solvent. Commercially available reagents and solvents were purchased from 

Aldrich, TCI and Fluorochem and were used without further purification. Column 
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chromatography was performed on silica gel (Merck Kieselgel 60, 230−400 mesh 

ASTM). Thin-layer chromatography (TLC) was carried out on 5 × 20 cm plates with a 

layer thickness of 0.25 mm (Merck silica gel 60 F254). When necessary, KMnO4 was 

used for visualization. 

Synthesis of (2aS,5'R,6aR,6bS,8aS,8bR,9S,10R,11aS,12aS,12bS)-5',6a,8a,9-

tetramethyl-1,2a,3,3',4',5',6a,6b,6',7,8,8a,8b,9,11a,12,12a,12b-

octadecahydrospiro[naphtho[2',1':4,5] indeno [2,1-b]furan-10,2'-pyran]-4(2H)-one 

(18): A solution of diosgenin (2) (1 gr, 2.41 mmol) and a catalytical quantity of Pd/C 

10% in MeOH/EtOAc 9:1 was stirred under a H2 atmosphere (baloon) overnight. The 

mixture was filtered over a celite® pad, and the organic phases were evaporated under 

vacuum. The crude was dissolved in benzene/DMSO (4:1) (30 mL) and IBX (2-

iodoxybenzoic acid) (3.37 g, 12.05 mmol, 5 molar equiv) and a catalytic amount of 

fluorobenzene were sequentially added. The reaction was heated at 100°C overnight, 

quenched with Na2SO3 (saturated solution), and extracted with EtOAc. The organic 

phases were washed with NaHCO3 (saturated solution), brine, dried over Na2SO4 and 

evaporated. The crude was purified over silica gel (petroleum ether/EtOAc, 9:1), 

affording 490 mg (50%) as a white powder. 1H-NMR (400 MHz, CDCl3) · 7.15 (d, J 

= 10.2 Hz, 1H), 5.87 (dd, J = 10.1, 1.0 Hz, 1H), 4.42 (ddd, J = 8.6, 7.6, 6.2 Hz, 1H), 3.49 

(ddd, J = 10.9, 4.7, 2.0 Hz, 1H), 3.39 (t, J = 10.9 Hz, 1H), 2.39 (dd, J = 17.7, 14.1 Hz, 

1H), 2.24 (ddd, J = 17.7, 4.1, 1.0 Hz, 1H), 1.04 (s, 3H), 0.99 (d, J = 6.9 Hz, 3H), 0.83 (s, 

3H), 0.81 (d, J = 6.4 Hz, 3H); 13C-NMR (101 MHz, CDCl3) · 200.21, 158.32, 127.44, 

109.27, 80.71, 66.87, 62.15, 56.17, 49.99, 44.27, 41.63, 40.98, 40.70, 39.80, 39.07, 

35.34, 31.67, 31.48, 31.37, 30.29, 28.80, 27.55, 21.06, 17.14, 16.61, 14.51, 13.10. 
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General Photochemical procedure to obtain compounds 15, 16 and 17 

A degassed solution of 100 mg of Δ1-3-enone (1 equiv/mol) in 30 mL of solvent was 

irradiated until the disappearance of the starting material, checked by TLC. The solvent 

was evaporated at reduced pressure, and the crude was purified over silica gel. 

Methyl 2-((3R,3aR,5aS,6S,7S,9aS,9bS)-3a,6-dimethyl-3-((R)-6-methylheptan-2-yl)-

6-vinyldodecahydro-1H-cyclopenta[a]naphthalen-7-yl)acetate (15): yield 14% in 

MeOH/DCM (9:1). IR (KBr) 2929, 2867, 2849, 1738, 1435, 1160, 910; HRESIMS 

m/z 439.35455 [M+Na]+ (calcd for C28H48NaO2, 439.35465). 

(3R,3aR,5aS,6S,6aR,9aS,11aS,11bS)-6-methoxy-3a,6-dimethyl-3-((R)-6-

methylheptan-2-yl)hexadecahydro-8H-indeno[5,4-f]azulen-8-one (16): yield 43% in 

MeOH/DCM (9:1). IR (KBr) 2931, 2867, 1731, 1456, 1382, 1168, 1061, 800; 

HRESIMS m/z 439.35475 [M+Na]+ (calcd for C28H48NaO2, 439.35465). 

(3R,3aR,5aS,6aR,9aS,11aR,11bS)-3a-methyl-6-methylene-3-((R)-6-methylheptan-

2-yl)hexadecahydro-8H-indeno[5,4-f]azulen-8-one (17): yield 27% in DCM; yield 

37% in acetonitrile (AN). IR (KBr)  2930, 2867, 1733, 1465, 1443, 1380, 1264, 1167, 

1035; HRESIMS m/z 407.20398 [M+Na]+ (calcd for C27H44NaO, 407.32844). 

 

General procedure to obtain compounds 19 and 20 (telescope reaction) 

A degassed solution of 100 mg of 18 (1 equiv/mol) in 30 mL of solvent was irradiated 

until the disappearance of the starting material, checked by TLC. The solution was then 

stirred with 4 equiv/mol of NaBH4 for two hours at room temperature, quenched with 

H2SO4 (2 N solution), and extracted with CH2Cl2. The organic phases were washed 

with brine, dried over Na2SO4, and evaporated. The crude was purified over silica gel. 

(2R,3S,3aR,3bS,5aS,5'R,6S,6aR,8R,9aS,11aS,11bS,12aS)-6-methoxy-3,3b,5',6-

tetramethyldocosahydrospiro[azuleno[6',5':4,5]indeno[2,1-b]furan-2,2'-pyran]-8-ol 

(19): yield 30% in MeOH/DCM (9:1). IR (KBr) 3416, 2926, 2908, 2870, 2845, 1450, 
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1374, 1174, 1050, 980, 898; HRESIMS m/z 469.32833 [M+Na]+ (calcd for 

C28H46NaO4, 469.32833). 

(2R,3S,3aR,3bS,5aS,5'R,6S,6aR,8R,9aS,11aS,11bS,12aS)-3,3b,5',6-

tetramethyldocosahydrospiro[azuleno[6',5':4,5]indeno[2,1-b]furan-2,2'-pyran]-6,8-

diol (20): A degassed solution of 100 mg of 18 (1 equiv/mol) in 30 mL of TFE/water 

1:1 was irradiated until the disappearance of the starting material, checked by TLC. The 

solution was then stirred with 4 equiv/mol of NaBH4 for two hours at room temperature, 

quenched with H2SO4 (2 N solution), and extracted with CH2Cl2. The organic phases 

were washed with brine, dried over Na2SO4, and evaporated. The crude was purified 

over silica gel. White solid 25% Yield. IR (KBr) 3388, 3325, 2947, 2925, 2870, 1454, 

1259, 1174, 1056, 980, 897, 797; HRESIMS m/z 455.31257 [M+Na]+ (calcd for 

C27H44NaO4, 455.31318). 
1H NMR (400 MHz, Chloroform-d) · 4.40 (td, J = 7.8, 6.2 Hz, 1H), 4.23 – 4.11 (m, 

1H), 3.49 (ddd, J = 10.9, 4.6, 2.0 Hz, 1H), 3.39 (t, J = 10.9 Hz, 1H), 1.28 (s, 3H), 0.99 

(d, J = 6.9 Hz, 3H), 0.84 (s, 2H), 0.81 (d, J = 6.3 Hz, 3H) (only signals amenable to a 

first-order analysis were assigned). 13C NMR (101 MHz, CDCl3) · 109.13, 80.38, 

77.34, 77.02, 72.01, 66.87, 62.28, 57.56, 56.59, 51.45, 43.37, 41.84, 40.63, 39.99, 39.75, 

39.31, 38.25, 33.70, 32.73, 31.39, 30.87, 30.30, 28.82, 23.41, 19.73, 17.15, 16.57, 14.52. 
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H1 NMR Compound 20 
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C13 NMR Compound 20 
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 15 16 

position ·C, type ·H (J in Hz) ·C, type ·H (J in Hz) 
1 148.6,CH 5.51 dd  43.8,CH 2.73 t (6.7) 

  (17.5,10.8)   

2 113.4,CH2 4.88 d (17.5) 41.8,CH2 2.35 m, 

  5.06 d (10.8)  2.74 d (19.8) 

3 174.0,C  220.0,C  

4 36.8,CH2 1.88 m 45.8,CH2 1.99 bd (13.3), 

  2.39 dd(15.2,2.5)  2.33 m 

5 43.0,CH 1.7 m 38.2,CH 2.64 dqd (11.0. 8.4, 6.2) 

6 27.3,CH2 1.22 m ,1.61 m 32.8,CH2 1.34 m ,2.17 dt (14.5, 8.4) 

7 31.4,CH2 0.92 dd(12.5,3.4) 30.2,CH2 1.00 m, 1.80 m 

  1.66 m   

8 34.9,CH 1.27 m 41.9,CH 1.27 m 

9 51.7,CH 0.84 m  52.3,CH 1.33 m 

10 43.5,C  80.2,C  

11 22.9,CH2 1.24 m,1.33 m 23.5,CH2 1.44 m,1.64 m 

12 39.9,CH2 1.1 m,1.9 m 40.2,CH2 1.17 m,2.00 m 

13 43.0,C  43.2,C  

14 56.7,CH 0.99 m 57.1,CH 1.15 m 

15 23.8,CH2 1.12 m,1.31 m 28.2,CH2 1.26 m,1.83 m 

16 28.3,CH2 1.23 m,1.82 m 28.2,CH2 1.26 m,1.83 m 

17 56.2,CH 1.06 m 56.6,CH 1.11 m 

18 12.4,CH3 0.63 s 12.4,CH3 0.72 s 

19 10.5,CH3 0.82 s 19.1,CH3 1.0 s 

20 35.8,CH 1.35 m 35.6,CH 1.38 m 

21 19.1,CH3 0.87 d (6.5) 18.7,CH3 0.92 d (6.4) 

22 36.1,CH2 0.98 m,1.31 m 36.2,CH2  0.99 qnt (4.3),1.33 m 

23 24.1,CH2 1.04 m,1.55 m 25.5,CH2 1.14 m,1.67 

24 39.4,CH2 1.08 m ,1.12 m 39.6,CH2 1.13 m,1.13 m 

25 27.9,CH 1.50 n (6.6) 28.1,CH 1.52 n (6.5) 

26 22.8,CH3 0.84 d (6.4) 22.7,CH3 0.87 d (6.4) 

27 22.9,CH3 0.85 d (6.4) 22.9,CH3 0.87 d (6.4) 

OCH3 51.5 3.62 s 47.6 3.00 s 

 

Table 2: NMR Spectroscopic Data (600 MHz CDCl3) for Compounds 15 and 16 
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 17 19 

position ·C, type ·H (J in Hz) ·C, type ·H (J in Hz) 

1 45.8,CH 3.02 q (7.8) 44.7,CH 2.42 q (9.1)  

2 44.3,CH2 2.38 dd (19.1, 5.0) 37.8,CH2 1.77 m,  

  2.41 dd (19.1, 8.4)  2.18 dt (13.9, 8.3)  

3 220.0,C  72.3,CH 4.15 bqnt (8.1)  

4 44.9,CH2 1.97 m,2.02 m 43.6,CH2 1.3, m,   

    1.96 qnt (5.6)  

5 38.9,CH 2.51 m 39.4,CH 2.05 m  

6 32.1,CH2 1.23 m,1.78 m 31.1,CH2 1.35 m,1.84 m  

7 31.9,CH2 1.17 m,1.77 m 32.7,CH2 1.76m 

    0.85 q (12).0 

8 46.0,CH 1.12 m  40.3,CH 1.48 m  

9 51.6,CH 1.66 dd (9.3, 3.6) 52.4,CH 1.29 m  

10 154.8,C  80.7,C   

11 28.2,CH2 1.45 q (3.6) 23.2,CH2 1.43 m,1.63 m  

  1.85 d (5.6)    

12 40.1,CH2 1.18 d (4.1) 40.3,CH2 1.12 td (12.8, 3.5) 

  2.00 dd (3.1, 1.6)  1.71 dt (12.8, 3.5) 

13 43.0,C  41.0,C   

14 57.3,CH 1.1 m 57.0,CH 1.20 m  

15 24.7,CH2 1.09 m,1.62 m 32.9,CH2 1.31 m,2.05 m  

16 28.3,CH2 1.25 t (11.4) 80.5,CH 4.37 q (7.5)  

  1.83 m     

17 56.3,CH 1.11 m 62.5,CH 1.76 m  

18 12.4,CH3 0.76 m 16.9,CH3 0.82 s  

19 107.9,CH 4.61 s ,4.99 s 19.3,CH3 1.17 s  

20 35.9,CH 1.37 m 41.9,CH 1.88 q (6.8)  

21 18.8,CH3 0.92 d (6.6) 14.7,CH3 0.96 d (6.8)  

22 36.3,CH2 1.20 t (3.8),1.78 m 109.0,C   

23 25.8,CH2 1.06 m,1.84 d (4.8) 31.5,CH2 1.58 m   

    1.66 dd (9.2,4.3)  

24 23.9,CH2 1.14 m,1.33 m 28.9,CH2 1.43 m,1.60 m 

25 28.1,CH 1.51 m 30.4,CH 1.62 m  

26 22.7,CH3 0.86 d (6.4) 17.3,CH3 0.78 d (6.2)  

27 22.9,CH3 0.85 d (6.4) 67.0,CH2 3.37 t (10.8),  

    3.46 bd (10.8)  

OCH3   47.9 3.02 s  
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Table 3: NMR Spectroscopic Data (600 MHz CDCl3) for Compounds 17 

 and 19 
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CONCLUSIONS 
 

In recent decades, natural products (NPs) have played a central role in drug discovery, 

particularly in oncology and infectious diseases, due to their structural diversity, 

molecular complexity, and unique biological interactions that are often absent in 

synthetic compound libraries. Evolved for specific biological functions, NPs exhibit a 

refined capacity to interact with macromolecular targets, providing advantages in 

modulating complex systems such as protein-protein interactions and signalling 

pathways. 

Throughout these three years of my Ph.D., my research has focused on the study of 

terpenes, particularly analyzing their intrinsic chemical reactivity. As outlined in the 

introduction, identifying, isolating, and producing natural products (NPs) on a large 

scale presents significant challenges, such as low yields and the complexity of total 

synthesis. However, approaches like Diversity-Oriented Synthesis (DOS) and 

Triterpene Class Interconversion have allowed us to achieve structural and chemical 

diversity, often starting from widely available natural substrates derived from industrial 

waste (e.g., oleanolic acid). These approaches have enabled the exploration of 

bioactivities in the various compounds obtained. 

In the first chapter, despite the failure to clarify the role of the hydroxyl group at C-5 in 

the activity of epoxytiglianes, we nonetheless described a diterpenic skeleton 

"programmed" by the reactivity of the hydroxyl group, which enabled us to achieve 

new rearrangements and greater chemical diversity through a DOS approach. 

In the second chapter, we designed a new library of compounds inspired by nature’s 

remarkable expertise: the terpencurcuminoids synthesized feature a three-dimensional 

(terpenic) component with a planar (ferulic) moiety linked by a pyrazole group; they are 
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easily obtained with relatively high yields, furthermore, they exhibit significant 

biological activity as anti-ferroptotic agents. 

In the two final projects, we aimed to fill a gap in the literature by investigating the 

photochemical reactivity of Δ1-3-oxo derivatives of pentacyclic triterpenoid acids 

(PCTTA’s) and steroids. The first study introduces a biomimetic photochemical 

pathway that converts Δ1-3-oxo-oleanolic acid and other pentacyclic triterpenoids into 

new structural frameworks, such as the justicane skeleton, in a single step. This 

generalized approach, applicable across various triterpenoid classes, shows significant 

potential for selective remodelling of the triterpenic skeleton, enabling access to 

compounds with complex structural architectures and distinctive biological properties. 

Subsequently, we revisited the field of steroid photoreactivity, demonstrating how the 

C1–C2 enone double bond, through careful solvent selection, can lead to previously 

unknown rearrangements. This approach enabled rapid access to rare, structurally 

complex steroid analogues, such as 5,6-dihydro-ophiopogonol A, starting from 

diosgenin. 

In both studies, we employed the semisynthetic approach of Triterpene Class 

Interconversion, allowing us to access complex scaffolds that are challenging to isolate 

directly from natural sources, using readily available natural substrates. This approach 

not only unlocks opportunities for the discovery of novel bioactivities but it is also useful 

as a versatile tool for total synthesis. It allows the selective generation of diverse carbon 

skeletons from starting materials in just a few synthetic steps, offering a sustainable and 

efficient route to access complex molecules with potential therapeutic applications. 
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