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Multifactorial and targeted diseases 

The rubric “multifactorial” has been applied to several diseases spanning multiple therapeutic areas, 

e.g. schizophrenia, autism, depression, epilepsy, diabetes, rheumatoid arthritis, hypertension, 

cancer, Alzheimer's and Parkinson's disease, multiple sclerosis and probably hundreds of other 

conditions; such label entails that the disease is influenced by multiple genetic and environmental 

factors, and that its progression is also influenced by a plethora of elements.1 Diseases may earn this 

label either if they are clearly heritable/familial although influenced by environmental factors (as 

is the case for diabetes); alternatively also if genetic liabilities are insufficient to predict whether a 

person will actually develop the disease, while environmental/sporadic factors are (much) more 

relevant for disease development and progression (as is mostly the case for amyotrophic lateral 

sclerosis/ALS). 

The terms complex and multifactorial are also commonly used to describe the architecture of the 

genetic component of disease liability. In these cases, these terms are usually at least implicitly 

equated with the trait being polygenic; in fact, 'complex', 'multifactorial' and 'polygenic' are 

commonly used as synonyms. It is important here to make a distinction in how the term polygenic 

is used: the implication is that a given disorder arises in each individual due to the combined effects 

of a large number of genetic variants (multiple causative factors for a single pathology).2 This 

definition is distinct from a model of genetic heterogeneity, in which many different variants are 

involved across the population, but where each case is caused by a single variant, or a few (a single, 

or few causative factors for a multiplicity of closely related pathologies). 

Multifactorial disorders are difficult to study and treat because the most relevant causative factors 

that mostly influence the establishment and the progression of these disorders have not yet been 

identified. Although many technologies and strategies can be used to detect molecular factors 

influencing complex diseases, these technologies and strategies have inherent limitations.3 In fact, 

the very name “complex disease” suggests that the results from relevant studies will not be simple 

to decipher. 

The absence of a univocally recognized, disease-determining mechanism makes it difficult to 

develop any target-focused drug to treat these diseases, or to rationally improve the therapeutic 

potential of biologically active compounds that have an unknown mode of action.  

The first part of my Ph.D. thesis deals with this issue, that is the synthesis of photoactivatable 

probes (PAPs)4 to help with the identification of molecular targets for the treatment of 

neurodegenerative diseases. More in details: 

• Chapter 1 (pp. 19-85) deals with the synthesis of chemical probes built on edaravone, a 

known anti-oxidant with strong radical-scavenging activity5. Edaravone is commercialized 

in Japan and the US for the treatment of ALS, and was recently identified by an ISS research 

group in Rome (Dr. Agresti) as a remyelinating agent in oligodendrocytes progenitor cells 

(OPCs) with possible MS reverberations6. Several edaravone analogues, including PAL 

moieties, were synthetized in order to investigate together with ISS the existence of a 

putative molecular target specific for the MS-targeted activity. 

• Chapter 2 (pp. 87-152) regards Sephin1, a mono-chlorinated Guanabenz analogue that was 

introduced as a potent inhibitor of inducible PP1-GADD34/PPP1R15A phosphatase 

complex.7 However, recent literature8 seems to question such target identification; and 

recent studies performed in collaboration between my research group and Trento 

University (Prof. Piccoli) hypothesized its interaction with actin, a completely unrelated 
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protein. Thus, several Sephin1-derived chemical probes were synthetized, including azides 

and diazirines as PAPs and biotin-functionalized derivatives for pull-down, affinity 

chromatography9 experiments. 

The treatment of complex, multifactorial diseases often requires a targeted delivery of active 

compounds to the site of action to avoid unwanted side effects. In particular, my efforts refer to 

neurodegenerative diseases, that require permeation of the blood brain barrier (BBB) in order to 

reach their site of action; and to multiple cancer types, where only 

mutated/hyperproliferating/immortalized cancer cells need to be targeted while limiting drug 

exposure for healthy cells. 

The second part of my Ph.D. thesis will thus deal with the targeted delivery of drug candidates, in 

particular suggesting their formulation as self-assembled nanoparticles as a possible solution. More 

in details: 

• Chapter 3 (pp. 179-216) concerns the use of betulinic acid as self-assembly inducer for the 

formation of nanoparticles.10 Among its biological activities, betulinic acid is known as a 

cytotoxic agent. Thus, we wanted to investigate its use not only as a self-assembly inducer 

but also as an anticancer drug, hoping to take advantage of both these abilities. In particular, 

several betulinic conjugates were synthetized with cytotoxic drugs acting on microtubules 

dynamics. 

• Chapter 4 (pp. 217-258) regards the synthesis of trehalose-based, self-assembled 

nanoparticles.11 Trehalose is a disaccharide known to induce autophagy and to reduce 

protein misfolding and aggregation.12 Unfortunately, high mM trehalose concentrations are 

needed in vivo for efficacy, due to its high hydrophilicity and due to trehalase enzymes in 

the gut of humans that inactivate it by hydrolysing it to glucose.13 To improve its 

bioavailability by both preventing its hydrolysis and masking its hydrophilicity, we thought 

that squalene-trehalose conjugates and their self-assembled nanoparticles could be a 

promising approach towards the use of trehalose as an autophagy-inducing, 

neuroprotective drug. 

• Chapter 5 (pp. 259-339) addresses a different aspect of nanoparticles in nanomedicine, that 

is drug targeting. The need to discriminate between healthy and tumoral cells to reduce 

side effects of cytotoxic drugs is among the main issues in the treatment of cancer. We 

exploited folate targeting14 by preparing hetero-nanoparticles bearing both folic acid and an 

anticancer drug in order to have folate recognition/receptor targeting, followed by selective 

internalization of folate-drug conjugates inside tumoral cells.  

While the first two parts of my thesis mostly deal with medicinal chemistry approaches, during my 

Ph.D. I dealt also with total synthesis and chemical methodologies. Total synthesis is important 

both to confirm the structure of largely complex natural products and to obtain them and their 

analogues in significant amounts, expanding the pool of pharma-focused chemical diversity. That’s 

why the third part of my Ph.D. thesis concerns some of these aspects, in particular: 

• Chapter 6 (pp. 357-435) covers the total synthesis of triazole analogue of epothilones. 

Epothilones are a class of macrolides presenting different biological activities, among which 

the stabilization of microtubules that makes them good candidates for cancer treatment.15 

However, since they present issues related to stability, we modified their structure using a 

triazole as bioisostere of their amidic function to improve their physiological stability. 

• Chapter 7 (pp. 437-495) reports the results I obtained during my period abroad, spent at 

the University of Barcelona from April to July 2019. There I obtained some preliminary 
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results in the total synthesis of Schoberine B, a polycyclic alkaloid extracted from 

Myrioneuron faberi,16 and I performed a methodological study on the main reaction involved 

in its total synthesis - in particular, the stereoselective cyclocondensation of trisubstituted 

2,4,6-cyclohexanone derivatives. 

Each Chapter in this Ph.D. thesis is divided in five Sections: 

1) A short introduction on the targeted molecular pathway, and in particular the molecular targets 

involved;  

2) A description of the chemical routes used for the preparation of all target compounds, and their 

key intermediates; 

3) Their virtual and tangible characterization (in-silico docking, in vitro and sometimes in vivo 

profiling);  

4) A critical evaluation of project results, and planned future activities;  

5) An experimental part reporting in details the synthesis, the purification and the analytical 

characterization of each intermediate and of each final, targeted molecule. 
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Target Deconvolution: Virtual and Tangible Methods to Elucidate 
Therapeutically Relevant Mechanisms of Action (MoAs) 

About two decades ago, academia substantially increased its efforts in chemical biology and drug 

discovery, to generate small-molecule tools (chemical probes) to help elucidate the roles of the 

targeted proteins in healthy and diseased cells and tissues.1 These efforts arose in part because of 

the availability of large numbers of uncharacterised potential drug targets emerging from genome 

sequencing efforts, from the development and commoditization of new screening technologies and 

from the possibility of inventing new medicines.2  

A chemical probe (Figure 1) is a small modulator of a protein’s function that allows to answer 

mechanistic and phenotypic questions about such target in cell-free, cell-based or animal studies.  

 

 

Figure 1: Properties of an ideal chemical probe. 

 

The ideal chemical probe must be selective towards other targets; soluble in aqueous environments; 

permeable through cell membranes; potent in vitro and in cellular assays. It shows concentration-

dependent efficacy in reversibly modulating the disease phenotype, determines if target 

modulation is linked to any toxic effect in cellular or animal models, and discriminates between 

causative (curative effects in disease models) and non-causative targets (inactive in disease 

models).3 

Chemical probes are complementary to genetic approaches and have unique advantages. They can 

rapidly and reversibly inhibit a protein in cells or animals, can be used in almost any cell type and 

may reveal time-dependent features of target inhibition.4 They can also be used to study the 

mechanism of action of a new drug, and its interaction with the target. 

Identification of novel, validated targets is a priority in modern drug discovery. A molecular target 

is truly validated in human clinical trials, but earlier, less conclusive validation studies must be 

prioritized to lower the attrition rate in areas with high medical need. 
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Biology-driven target identification (TI) and validation (TV) connect a diseased phenotype with a 

putative molecular target. A direct connection implies an abnormal protein, a mutated/ edited/ 

ablated gene in clinical isolates, in cellular or animal models. An indirect connection requires a 

phenotype-impacting siRNA (short interfering RNA5) sequence, and the identification of its target 

mRNA (messenger RNA) sequence; or a CRISPR-Cas9-driven cleavage/shielding of the coding DNA 

sequence, preventing the expression of a putative target.6 

Chemistry-based TV7 includes observations about endogenous molecules, such as natural products, 

acting as probes to validate unknown targets and target pathways in human diseases. A significant 

percentage of drugs still is approved today for medical usage without a confirmed MoA, that may 

be later determined. A biologically active small molecule (hit) can be submitted to virtual and 

tangible target deconvolution methods. The former implies searching accessible sources (scientific 

literature, bio- and chemo-informatic databases and softwares, etc.) respectively for chemical and 

biological similarity; tangible efforts entail either the use of the hit as such in conjunction with 

biology-driven TV methods (gene expression and protein interaction profiles, RNAi, CRISPR-Cas9, 

etc.), or its chemical modification (detection-friendly interaction with the target, either in vitro and 

in vivo). The former, modification-free approach should be used first to focus on a pathway, or an 

enzyme/receptor class. Tangible methods8 are anyway necessary to experimentally confirm (or 

disprove) computational predictions, by observing putative target-hit interactions in relevant 

models/cell lines/systems, and to discriminate between causative/phenotype-affecting and non-

causative/therapeutically irrelevant interactions. 

Methods relying on unmodified hits include the observation of their effects in cellular assays, where 

their target gene products are dosed via genetic intervention (gene dosage by haploinsufficiency 

profiling/HIP,9 by homozygous deletion profiling/HOP,10 or by multicopy suppression 

profiling/MSP11). Transcriptomic/mRNA profiling12 provides hit-dependent changes in gene 

expression, while metabolomic profiling13 shows hit-induced metabolic changes. Other methods 

relying on unmodified hits include drug affinity response target stability (DARTS),14 based on the 

increased stability of proteins bound to a hit; stability of proteins from rates of oxidation (SPROX),15 

where hit-bound proteins become more resistant to denaturation-induced oxidation; target 

identification by chromatographic co-elution (TICC),16 based on varying liquid chromatography 

(LC) retention times between free and hit-bound target proteins; and size exclusion 

chromatography for target identification (SEC-TID),17 that compares the apparent size of purified 

proteins in presence or absence of an active hit. 

The interaction between a modified hit and its target protein(s) can be observed by chemical 

proteomics,18 requiring its conversion into a detectable probe without loss of affinity. The hit is 

either immobilized onto a support (affinity chromatography),19 or acts as a soluble and cell-

permeable probe (matrix-free affinity reagents20 containing a detectable tag for hit-protein target 

detection, and bio-orthogonal probes21 based on bio-compatible chemical reactions, that take place 

in living cells without affecting them). Finally, active small organic molecules (SOMs) can be 

covalently linked to their targets taking advantage of unselective photoaffinity labelling. 

 

Affinity chromatography  

It is one of the most widely applied methodologies to identify the targets of biologically active 

compounds and is described here in details. It entails the immobilization of an active SOM onto a 

support through a linker (step 1, Figure 2). A suitable group in the active SOM is used for covalent 

binding with the linker-support construct. The supported active SOM is loaded in a column and 
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used as a stationary phase in a chromatographic separation, while a biological extract is passed 

through the column (step 2). The bound proteins/putative targets are then eluted (step 3), 

separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, step 4), and 

structurally deconvoluted using MS-based methods (step 5, Figure 2).19 

 

 
Figure 2: Affinity Chromatography: basic principles, key steps. 

 

Matrix-free affinity reagents 

Another suitable method for activities related to my thesis’ work is represented by soluble matrix-

free affinity reagents,20 containing a suitable tag for hit-protein target detection. A fluorophore tag 

can be used to label an active SOM-interacting protein, but a non-covalent interaction often does 

not stand the conditions for protein target purification and isolation.  

A terminal biotin tag,22 after incubation of the labelled active SOM with a biological sample, 

establishes strong interactions with avidin beads and sequesters the targets from the extracts. 

Biotin is a water-soluble B-vitamin (vitamin B7, Figure 3), formerly known as vitamin H or 

coenzyme R. 

 

2

4

5

Target proteins

1: covalent immobilization of the active SOM 
onto a solid support, support loading into

an affinity column; 2: loading of a cell lysate; 
3: elution of bound protein targets; 

4: SDS-PAGE separation of protein targets;
5: MS structure deconvolution.
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Figure 3: Chemical structure of biotin. 

 

An ureido (tetrahydroimidazolone) ring is fused with a tetrahydrothiophene ring, and a valeric acid 

substituent is attached to one of the carbon atoms of the tetrahydrothiophene ring. Biotin is a 

growth promoter at the cellular level; works as a co-enzyme for carboxylase enzymes in the 

preparation of fatty acids, such as isoleucine, and valine; and participates in gluconeogenesis. It also 

plays essential roles in cell signaling, epigenetic gene regulation, and chromatin structure.23 

Biotin is commonly used as a chemical detection probe, to identify a biologically active lead 

compound. In fact, both streptavidin and avidin bind biotin with high affinity (Kd of 10−14mol/L 

to 10−15mol/L) and specificity, so that biotinylated SOMs complexed with their molecular target(s) 

can be isolated from a sample by exploiting this highly stable interaction, using avidin- or 

streptavidin-decorated supports.23 

Biotinylation of a compound takes place through the functional appendage of a biotin moiety onto 

a bioactive SOM, e.g. Sephin1, for the identification of the intracellular binding partners that are 

responsible for the observed biological activity.  

Biotin is a relatively bulky molecule, whose introduction on a SOM can easily block crucial 

interactions between the SOM and its protein target(s), thus rendering the biotinylated probe 

inactive; it is also largely insoluble in water, causing significant solvation and delivery problems of 

the biotinylated chemical probe in physiological media. Therefore, one must at first select a 

position, in the biologically active SOM, onto which to link the biotin probe. Then, a suitable 

bifunctional tether/linker must be designed; one of its reactive functionalities will be coupled with 

biotin, while the other will serve to react with the bioactive SOM.  

Some available synthetic methods afford the biotinylation of a SOM while preserving the binding 

affinity between biotin and avidin, or streptavidin. The carboxylic group of biotin can be 

functionalized (for example, through coupling with a range of primary amine groups, leading to 

chemically and biologically stable amides).This reaction can be slow, but the rate can be increases 

using excellent leaving groups (such as N-hydroxysuccinimide) on the carboxylic group, or taking 

advantage of peptide coupling reagents (such as HOAT, HATU, HOBt). An alternative and clean 

method is the use of [3+2] cycloaddition between azides and alkynes, i.e. click chemistry.24 This 

solution requires the introduction of one among these groups – usually the azide – onto the biotin 

core. 

The biotin moiety may also be incorporated in trifunctional probes25 which allow the probe first to 

be covalently linked to the target protein (e.g. by means of photo-crosslinking) followed by isolation 

of the target proteins. 

A bulky tag may change the properties of a biologically active compound, either by 

reducing/abolishing its activity, or by modifying its physico-chemical properties. Bio-orthogonal 

probes21 take advantage of bio-compatible chemical reactions, that take place in living cells without 

affecting them. A small group is added onto the active SOM prior to its incubation with a cell line, 

while a cell-permeable bulky tag is added to the incubation mixture after the active SOM-target 
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interaction has taken place. The tag-active SOM-target complex is detected either after cell lysis by 

chemical proteomics, or in living cells by imaging techniques. Live cell imaging highlights the 

cellular localization of bio-orthogonal probes and enables pre-fractionation to simplify biological 

extracts for target isolation and deconvolution. It allows the live cell visualization of protein targets 

with low stability, that may not stand the conditions of cell lysis. 

 

Bio-orthogonal reactions  

They include Cu(I)-catalysed Huysgen cycloaddition/click chemistry of azides with alkynes; 

Staudinger ligation between methyl ester-containing triphenylphosphines and azides; and 

tetrazine ligation/inverse electron demand Diels Alder (IEDDA) between tetrazines and trans-

cyclooctene, or other strained alkenes.26–29 

 

Unselective photoaffinity labelling 
 

 

Figure 4: Chemical structure of photoaffinity probes (PAPs) I-III. 

 

More relevant to my Ph.D. thesis, hits can be linked to their targets through unselective 

photoaffinity labelling. Benzophenones, aryl azides and diazirines (respectively I, II and III, Figure 

4) are linked to hits in photoaffinity probes (PAPs) together with a detection tag.  

PAPs are stable, but can be selectively photo-activated to yield highly reactive intermediates (triplet 

carbonyl states from I at 350-360nm, singlet nitrenes from II at <300nm, singlet carbenes from III 

at 350-380nm).30,31 Such intermediates immediately react with neighbouring residues on the target 

protein, while reporter tags (biotin, fluorophores) simplify the isolation and characterization of 

PAP-bound proteins. Each photolabile group has limitations (bulkiness affecting biological activity 

– benzophenones; sub-optimal wavelength range/damage to biosystems – azides; synthetic 

complexity – diazirines). They are widely used as cell-permeable, bio-orthogonal probes.32,33 

In my Ph.D. thesis I applied both azides (alkyl- and aryl-) and trifluoroethyl-diazirinephenyl PAPs 

to several biologically active drugs and candidates. 
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Alkylazide-based photoaffinity labeling 
Although being of a limited use due to their relative instability compared to the other moieties, 

they are without any doubt the easiest to synthetize, making it worthy the preparation of 

alkylazide-based probes for chemistry-challenging substrates. A few cases have been reported in 

literature, for example the alkylazide analogue of tetrahydrocannabinol that undergoes 

photoaffinity labelling, even though with low selectivity.34 The explanation offered to account for 

multiple labeled enzyme fragments focusses on the possibility of multiple binding sites for THC 

derivatives. There was no mention of the lifetime of the reactive intermediate that results from 

irradiation. Moreover, an azido substituted vitamin D3 has been reported to photolabel a mixture 

of proteins with 3% efficiency,35 and studies on acyl-CoA demonstrated that 12-azido oleoyl-CoA 

labels the same oxidase protein as does 12-(arylazido)dodecanoyl-CoA.36 

 

Phenylazide-based photoaffinity labeling 
Such groups are easy enough to be synthetized, and needed synthons are commercially available. 

They represent the most common photoactivatable group, therefore their photochemistry and 

chemistry were studied in great detail. However, in spite of their widespread use, it has been 

pointed out that this moiety “rarely gives stoichiometric labelling”.37 In fact, yields are generally less 

than 30%,38–40 the few reported exceptions probably resulting from unusually tight binding.41 Low 

cross-linking yields in aryl azide applications can result from several reasons. The first and most 

likely complication arises from chemical off-pathways that follow the irradiation of the aryl azide. 

Its irradiation produces a singlet nitrene, which intersystem crosses to the ground state triplet 

(Figure 5).42 However, the energy barrier for conversion of the singlet to triplet state is sufficiently 

high that at low temperatures the singlet species can be reactive enough. In particular, a singlet 

nitrene undergoes ring expansion to a ketenimine azepine (Figure 5). This compound effectively 

reacts with neighbouring nucleophilic residues in the binding site, although its long lifetime and 

stability are not ideal for rapid reaction. 

 

 

Figure 5: Phenylazide photochemistry. 

 

The triplet nitrene is the ground state of the nitrene, is expected to behave like a diradical and has 

been termed “totally useless in photoaffinity labelling”,43 although radicals produced in a confined 

environment can either recombine or effectively bind by hydrogen atom abstraction and 

subsequent radical coupling. Nitrenes can also rearrange to form benzazirines and 

dehydroazepines 2 as undesired side products.44,45 A second possible reason for low cross-linking 
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yields with phenylazides is the instability of resultant photoproducts. Direct analysis of 

photoaffinity-labeled enzymes, which is usually milder than hydrolysis procedures, can be 

complicated by the alteration of gross enzyme structure after irradiation of phenylazides (especially 

at 254 nm, a wavelength that can substantially damage biological systems). Degradation techniques 

(e.g. Edman degradation) may result in the hydrolysis of the photoprobe from the binding site, with 

a net loss of photoaffinity labeling.46 For example, amide bonds formed from nitrene reactions are 

likely to be cleaved by hydrolytic analysis. A thorough examination of photoproduct stability from 

nitrene reaction with various amino acids,47 sugars, and nucleotides is lacking. A related problem 

may be the instability of the biologically active portion of the probe (radioactive, fluorescent, or 

staining agent) upon photolysis, an outcome that can lower the measured incorporation of label.  

 

Diazirine-based photoaffinity labeling 
Diazirines, first proposed as potential reagents for photolabeling by Smith and Knowles in 1973,48 

are more and more used as photoaffinity groups. Irradiation of a substituted diazirine (3, Figure 6) 

has been shown to give carbene 5 and the corresponding diazo compound 4, which is a longer-lived 

species than 3 at the irradiation wavelengths typically used for such three membered ring (360 nm). 

Although the diazo product usually accounts for >30% of the photochemical pathway, it can also 

act as a carbene precursor. The interrelationships of diazirines, diazo-compounds, and carbenes is 

complex, and further complicated by singlet and triplet considerations. 

 

 

Figure 6: Diazirine photochemistry. 

 

The diazirine unit is small, sterically non hindered, and lipophilic, with a chromophore that extends 

significantly into the 300 nm range. Thus, many applications of photo cross-linking have been 

reported for this moiety.49–52 

Most of the recent work with diazirines exploits the photochemical reactivity of the trifluoroethyl-

diazirinephenyl group 6, first introduced by Brunner (Figure 7).53 This compound yields >30% 

diazo-intermediate 7 upon irradiation. The carbene derived from 6 (or from 7) gave approximately 

50% C-H insertion when photolyzed in cyclohexane (8, Sol = C6H11), or 95% O-H insertion in 

methanol (8, Sol = OCH3). Insertion into O-H is very efficient and is reported to occur from the 

singlet carbene,54 while there is no indication whether the C-H insertion products found in 

cyclohexane arise from singlet or triplet carbenes. However, since no radical coupling byproducts 

were observed,55 one can reasonably assume that the singlet carbene is the reactive intermediate in 

this case as well.  

 



16 

 

Figure 7: Trifluoroethyl-diazirinephenyl photochemistry. 

 

Several complications are associated with use of the trifluoroethyl-diazirinyl group. First, the triplet 

carbene can react with molecular oxygen to give the corresponding ketone.54 Second, the diazo 

intermediate 7, which is present as a significant (>30%) species, may be photoreactive, but not at 

the wavelength typically used for diazirines.56 Thus, the relatively long life of the diazo compound 

coupled with its instability to acid could easily result in side reactions outside the substrate binding 

site, and consequent false labeling information. Furthermore, Platz and Watt have shown that 

amine groups react with this particular type of carbene (6, see Figure 8) via initial N-H insertion, 

followed by loss of HF to give 9, and hydrolysis to the corresponding ketone (10).55,57 This pathway 

represents a net loss of the labeling substrate. Finally, ambient light can also be a significant 

problem for these very photolabile diazirines.58 

 

 

Figure 8: Trifluoroethyl-diazirinephenyl photochemistry in the presence of amines. 

 

Despite these potential pitfalls, significant advantages are associated with diazirines as PAPs. First, 

the high wavelength (350-355 nm) absorbed by the reactive chromophore is clearly a selling point, 

reducing the potential damage to biological molecules. Second, the diazirine nucleus is stable with 

respect to thiol groups,59 and both in mild acidic/basic and oxidative/reducing environments.60 
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1.1 Introduction 

1.1.1 Multiple Sclerosis (MS): a Debilitating Neurodegenerative Disease 
with a High Unmet Medical Need 

An analysis dating 2015 estimates that ≈2.5 million people globally suffer from Multiple Sclerosis 

(MS).1 With growth rate anticipated to reach 7.6 billion by 2020, the prevalence and onset of MS 

in children and particularly adults is expected to rise exponentially. 

MS is vastly a disease of temperate latitudes and of the western hemisphere.2 Principally, it is 

prevalent in Europe, North America, Australia and New Zealand. Regions north of 40 degrees 

latitude have a markedly higher incidence than those south of this divide. Within Europe, 

Scandinavia, the British Isles, the Low Countries and Germany have very high rates. Canada, 

northern USA and New Zealand have an equivalently high prevalence. According to the preliminary 

conclusions of a study by the National Multiple Sclerosis Society, close to 1,000,000 Americans 

have MS.3 In Europe over 500,000 are projected to have MS with large economic implications to 

healthcare providers.4 

The MS burden in 2010 is estimated around 18,000.5 In Africa rates are lower (<0.5 per 100,000 

inhabitants), while they raise 2.8 per 100,000 in South East Asia, 8.3 per 100,000 in the Americas, 

and 80 per 100,000 in Europe,6 with >200 per 100,000 peaks in some Northern European 

populations.2 The number of new cases that develop per year is about 2.5 per 100,000.6  

Patients – women mostly, as the incidence of MS is doubled vs. men - experience their first 

symptoms of MS between the ages of 20 and 50.6 The initial symptom of MS is often blurred or 

double vision, red-green colour distortion, or even blindness in one eye. Most MS patients 

experience muscle weakness in their extremities and difficulty with coordination and balance.7 

These symptoms may be severe enough to impair walking or even standing, up to partial or 

complete paralysis. Most people with MS also exhibit paresthesias, transitory numbness, prickling, 

or "pins and needles" sensations.7 Some may also experience pain. Speech impediments, tremors, 

and dizziness are frequent complaints. Occasionally, people with MS have hearing loss. 

Approximately half MS patients experience cognitive impairments such as difficulties with 

concentration, attention, memory, and poor judgment,8 but such symptoms are usually mild and 

are frequently overlooked. Depression is another common feature of MS.9 

An unpredictable disease of the CNS, MS ranges from relatively benign to somewhat disabling to 

devastating, as communication between the brain and other parts of the body is disrupted.10 MS is 

an autoimmune disease in which the body, through its immune system, launches a defensive attack 

against its own tissues. In the case of MS, the nerve-insulating myelin is assaulted.11 Such assaults 

may be linked to an unknown environmental trigger, perhaps a virus. 

Several patterns of progression have been described and are important for prognosis and also for 

treatment decisions.12 They include Clinically Isolated Syndrome (CIS), Relapsing-Remitting MS 

(RRMS), Primary Progressive MS (PPMS), Secondary Progressive MS (SPMS) and Progressive 

Relapsing MS (PRMS).  

RRMS is characterised by unpredictable relapses followed by periods of months to years of relative 

quiet (remission) with no signs of disease activity. Deficits that occur during attacks may either 

resolve or leave problems, the latter in about 40% of attacks and becoming more common the 

longer a person has had the disease.13 This describes the initial course of 80% of individuals with 

MS. When deficits always resolve between attacks, this is referred to as benign MS, although people 

will still build up some degree of disability in the long term. The term malignant multiple sclerosis 
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is used to describe people with MS having reached significant level of disability in a short period. 

RRMS usually begins with a CIS. During a CIS, a patient has an attack suggestive of demyelination, 

but does not fulfil the MS criteria. 30 to 70% of persons experiencing CIS later develop MS.14 

PPMS occurs in approximately 10–20% of individuals, with no remission after the initial 

symptoms.15 It is characterised by progression of disability from onset, with no, or only occasional 

and minor, remissions and improvements. The usual age of onset for PPMS is later than of the 

RRMS, around 40 years of age, and similar to SPMS usually appearing in relapsing-remitting MS.9 

SPMS occurs in ≈65% of those with initial RRMS, who eventually have progressive neurologic 

decline between acute attacks without any definite periods of remission. The most common length 

of time between disease onset and conversion from RRMS to SPMS is 19 years.16 PRMS, finally, 

shows a similar progression in disability as PPMS, interspersed with acute attacks. A graphical 

representation of RRMS, PPMS, SPMS and PRMS is shown in Figure 1-1. 

There's currently no cure for MS, but it is possible to treat the symptoms with medications and 

other treatments.17 Treatment for MS depends on the symptoms and difficulties the patient has, 

including treating relapses of MS symptoms with steroids, treating specific MS symptoms, and 

treatment to reduce the number of relapses (disease-modifying therapies). 

 

 
Figure 1-1: MS: types, disease onset and duration. 

 

As to treating relapses of MS symptoms, treatment usually involves either a five-day course of 

steroid tablets taken at home, or injections of steroid medication given in hospital for three to five 

days.18 Steroids can speed up recovery from a relapse, but don't prevent further relapses or stop MS 

getting worse over time. They are given for a short period of time, and not more than three times a 

year, to avoid steroid side effects, such as osteoporosis (weak bones), weight gain and diabetes. As 

to treating specific MS symptoms,9 their symptomatic treatment does not prevent MS getting worse 

over time. 

As to disease-modifying therapies,19 although there is no available cure for MS, there are medicines 

that can reduce the number and severity of relapses in some people by reducing the amount of 

damage and scarring to the myelin sheath associated with MS relapses. As of 2017, RRMS 

treatments include injectable (interferon β-1a, interferon β-1b, glatiramer acetate), infused 
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(mitoxantrone, natalizumab, alemtuzumab, ocrelizumab, rituximab/off-label) and oral drugs 

(fingolimod, teriflunomide, dimethyl fumarate).20 Fewer choices are approved for PPMS 

(ocrelizumab, rituximab/off-label)21 and SPMS (mitoxantrone).22 These treatments may slow 

worsening disability in MS, although their long-term benefits are limited. Thus, disease-modifying 

agents with broader application, higher effectiveness, limited adverse events and higher compliance 

are actively sought for in MS.23 The research lab where I carried out my Ph.D. thesis, in particular, 

collaborates with key groups in the MS arena to develop novel, effective small molecules as disease-

modifying MS treatments. 

 

1.1.2 Drug Repurposing: a Faster Route to Clinically Compliant Drugs 

A way to provide patients with novel, effective medicines is drug repurposing (also known as drug 

repositioning),24 according to which a drug already on the market, or a clinically tested candidate 

is approved for a new indication (i.e., a new disease). From aspirin on, repurposing is part of the 

history of the development of successful treatments in medicine.25 

A significant advantage of drug repositioning is that, since the repositioned drug has been already 

pre-clinically and clinically tested, its safety in patients is well known and risk of failure for adverse 

events is greatly reduced.26 Moreover, repurposed drugs can bypass much of the early costs and 

time needed to bring a new molecule to the market.27 For example, Phase 1 clinical studies, where 

drug safety and tolerability are tested on healthy volunteers, are already available from the dossier 

of registered drugs. Further, design of Phase 2, aimed at determining the safety (and, partially, the 

efficacy) of the drug on the new disease-targeted patients’ population, is facilitated by the available 

pharmacokinetic and pharmacodynamic data. Even the design of Phase 3 studies aiming at 

confirming drug efficacy in a larger population cohort takes advantage from the ample number of 

patients receiving it for its first indication, thus allowing better study design and increasing success 

probability. 

Drug repurposing benefits from chemoinformatic,28 bioinformatic29 and information-mining 

approaches,25 that take advantage of the enormous wealth of existing data regarding – inter alia – 

diseases, metabolic pathways, target classes, drugs and mechanisms of action to rationally suggest 

new indications for known, biologically active small molecules. 

Drug repurposing per se faces challenges. An essential condition to consider a known drug for 

another disease/application is to show its efficacy in appropriate in vitro, in vivo and preclinical 

models of the new disease.24 Cell-based, phenotypic screens provide higher throughput, and can be 

used for hit identification among repurposing collections of clinically exposed drugs/candidates,30 

whereas even whole animal in vivo models can be used for screening small sets of known drugs for 

new phenotypic activities.31 The ‘‘best’’ system to use is dependent on the starting point and the 

goals of the project. A “Rule of 3” was introduced for choosing the most appropriate phenotypic 

assays based on the relevance of (1) the system, (2) the stimulus and (3) the readout compared to 

the pathological and clinical endpoints.32 These criteria mainly focus on the assay to ensure a robust 

and consistent phenotypic screening system for the evaluation of many hundreds or a few 

thousands of compounds.33  

A graphical representation of the “classical” R&D process to discover a new drug from target 

discovery and validation to registration (path a, top) is compared with the identification and the 

development of a repurposing candidate (path b, bottom, Figure 1-2). The shorter timespan, and 

the lesser number of operations/steps needed to develop a repurposing candidate are evident. 
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Figure 1-2: Drug discovery and development: comparison between classical (a, top) and repurposing 

approaches (b, bottom). 

 

Although simplification, shortening and cost-effectiveness are key advantages in repurposing vs. 

classical approaches, dealing with intellectual property issues associated with the original drug may 

be complex and not strategically valuable from a commercial point of view. Nevertheless, despite 

the possible failure to take a repurposed drug to the stage it can actually be prescribed, any 

repurposing approach targeted against a human disease with high unmet medical need should 

return an invaluable amount of information about the pathophysiology of the disease itself. The 

research lab where I carried out my Ph.D. thesis, in particular, has previous experience in 

supporting the identification and the chemical modification of active candidates from phenotypic 

screening campaigns, including repurposed candidates. 

 

1.1.3 Repurposing Candidates as Remyelination Inducers Against MS 

MS is an inflammatory autoimmune disease of the nervous system, characterised by disruption of 
myelin (the envelope sheathing neuronal processes) and axonal damage. MS usually starts as a 
relapsing-remitting (RR) disease but can evolve into a chronic progressive phase characterised by 
continuous accumulation of neurological deficits. As mentioned, treatment of RRMS has improved, 
but no drugs promoting remyelination, axonal recovery and neuronal preservation for progressive 
MS are available. Thus, the discovery of agents favouring neuroprotection, remyelination and 
preventing cognitive decline in these patients is highly needed.34 

Remyelination persists throughout adulthood in the CNS and involves the generation of new 

myelinating oligodendrocytes.35 A widespread proliferating population of nerve and glial antigen-2 

(NG2), platelet-derived growth factor receptor alpha (PDGFR-α) positive cells, termed NG2-glia or 

Oligodendrocyte Progenitor Cells (OPCs), are the major source of newly formed mature 

oligodendrocytes required for remyelination.36 Remission in MS is largely dependent on migration 

of OPCs to sites of injury and subsequent differentiation to mature cells capable of repair.37 It is not 

a failure of repopulation or migration of OPCs, but rather inhibition of OPC differentiation at sites 

of injury that contributes to disease progression.38 Thus, small molecules that selectively induce 
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differentiation of OPCs at sites of demyelinated lesions and thereby enhance remyelination would 

possibly represent an effective treatment for MS.39 

 

  
Figure 1-3: OPC differentiation, remyelination agents from repurposing HTS: chemical structures. 

 

A repurposing approach used in three recent studies40–42 identified pharmacological agents able to 

stimulate the differentiation of OPCs into myelinating oligodendrocytes. Antimuscarinic 

compounds benzatropine40 and clemastine,41 the topical corticosteroid clobetasol and the topic 

antifungal agent miconazole42 (Figure 1-3) were characterised in vitro and in vivo as OPC 

differentiation enhancers, myelin regeneration enhancers, and – most important – effective 

treatment in animal models of MS.40–42 Unfortunately, the topical route of administration of 

clobetasol and miconazole does not grant their development as oral/systemic MS treatment 

(efficacy, toxicity); and the multi-targeted nature of benzatropine and clemastine is likely to lead 

to significant side effects in a chronic MS treatment scenario. 

 

1.1.4 Edaravone: a Neuroprotective Anti-Oxidant Drug with Re-
myelinating Properties 

Recently, a group of researchers at the “Istituto Superiore di Sanità” (ISS, Rome) identified three 

small molecules from a 2,000-membered repurposing collection and a staged set of in vitro assays 

aimed at selecting strong remyelinating agents in OPCs.43 Their structure is shown in Figure 1-4.  
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Figure 1-4: OPC differentiation, remyelination agents identified by ISS: chemical structures. 

 

Lovastatin,44,45 as other statins,46 is a cholesterol-reducing drug reported to induce OPC 

differentiation and remyelination, although these effects have been questioned.47 5-Methyl-7-

methoxyisoflavone is a bodybuilding supplement with questionable effects;47 a preliminary 

structure-activity relationship (SAR) by testing commercially available analogues did not show any 

active analogue, either with isoflavone or flavone scaffolds.43 

Edaravone (5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one, 1-1, Figure 1-4)48 is a known anti-

oxidant with strong radical scavenging activity, dependent on the keto-enolic tautomerization 

of/equilibrium between neutral (top, Figure 1-5) and anionic (bottom) edaravone forms.49 

 

 
Figure 1-5: Edaravone 1: keto-enol tautomerism of neutral (top) and anionic forms. 

 

Edaravone is a neuroprotective drug, approved in Japan since 2001 as a treatment against cerebral 

infarction,50 and since 2015 against amyotrophic lateral sclerosis (ALS).51 FDA approval introduced 

edaravone as an ALS treatment in the US in 2017.52 Its neuroprotective mechanism of action (MoA) 

is unknown, but the validated implication of oxidative stress in neuronal death in ALS patients52,53 

suggests that it is anti-oxidant/radical scavenging-dependent. 

The radical scavenging effects of edaravone increase with pH, while its pKa≈7 points to similar 

concentrations of neutral and anionic edaravone at physiological pH (respectively ≈29% and ≈71% 

estimated at pH 7.4).54 Thus, it is reasonable to assume that the anionic forms of edaravone are 

involved in radical scavenging; a proposed mechanism, culminating in the production of linear 2-

oxo-3-(phenylhydrazono)butanoic acid (OPB), is shown in Figure 1-6. 
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Figure 1-6: Radical scavenging by edaravone: proposed anion-driven mechanism leading to OPB. 

 

An early SAR on the edaravone nucleus,55 entailing the synthesis of ≈50 analogues varied on one or 

more position, measuring the impact on the inhibition of lipid peroxidation in a rat brain 

homogenate,56 provided useful hints due both to modulation of radical scavenging (true SAR), and 

to access to the site of action (lipophilicity – access to lipid peroxides and cell/membrane 

permeability). The resulting scenario is shown in Figure 1-7.  

 

A large lipophilic N2-substituent, such as phenyl, is needed to inhibit lipid peroxidation; larger, 

more lipophilic rings (i.e., naphthalene) are slightly more potent. Activity-compliant substitutions 

include lipophilic groups in meta, para or (even more potent) 3,4-disubstituted patterns (i.e., chloro 

and hydroxy substitution patterns, three structures from top left clockwise, top, Figure 1-7). The 

4-position tolerates substitutions with alkyl groups (fourth structure), while the 5-substitution with 

longer alkyl and especially with aryl groups (fifth and sixth structure, top, Figure 1-7) increases the 

inhibition of lipid peroxidation. 

Conversely, either orto-groups or hydrophilic/charged substitutions on the N2-phenyl (i.e., the first 

two structures from top left clockwise, down, Figure 1-7) largely inactivate the edaravone scaffold. 

The same is true when either a hydrophilic group, or a second alkyl group/R3 is introduced in the 

4-substituent (third and fourth structure, down, Figure 1-7).  
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Figure 1-7: SAR on edaravone. Light blue, activity-compliant substitution, top; fucsia, inactive substitution, 

down. 

 

A SAR-by-commercial, preliminary evaluation of the edaravone scaffold 1-1 in terms of OPC 

differentiation and remyelination43 led to active and inactive analogues, as summarized in Figure 

1-8. 

 

 
Figure 1-8: Preliminary SAR-by-commercial evaluation on edaravone 1-1. Green, A, active; red, I, inactive. 

 

Namely, para-2-phenyl substitution (although only with a small F atom) and 5-methyl substitution 

(elongation to ethyl) preserve OPC differentiation and remyelination (green halos, right, Figure 

1-8). Conversely, 4-substitution (Cl), N1-substitution (Me) and their combination (N1-Me, 4-N-iPr 
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or 4-NMe2) prevent the remyelination effect (red halos, right). Either orto- or meta-2-phenyl 

substitution, and 3-carbonyl modification were not evaluated (gray halos, right, Figure 1-8).  

 

1.1.5 Edaravone-Based Chemical Probes for MoA Studies: Synthetic 
Strategy 

While the SAR-by-collection, preliminary findings related to remyelination/MS (Figure 1-8)43 

appear mostly coherent with the SAR observed for a lipid peroxidation-dependent inhibitory effect 

against stroke and ALS (Figure 1-7)55, both the limited sampling and the unexpected inactivity of 

4-chloroedaravone grant further investigation to clarify how exactly edaravone promotes OPC 

differentiation and remyelination. It must be noted that researchers at ISS Rome – with whom the 

research lab where I carried out my Ph.D. thesis collaborate – used virtual tangible deconvolution 

methods through similarity searches with the structure of lovastatin, 5-methyl-7-

methoxyisoflavone and edaravone to find a putative molecular target; unfortunately, the identified 

most likely consensus target (neuropeptide S receptor 1, NPSR1, a validated drug discovery target)57 

was proven by cellular assays not to interact with edaravone. 

The aim of this project was to use tangible target deconvolution methods to identify the molecular 

target(s) of edaravone. In particular, to prepare at least one remyelinating-active, edaravone-based 

chemical probe, to identify its putative MoA (edaravone-interacting protein target(s) leading to 

myelin regeneration in MS-mimicking cells). A comparison between the established SAR on 

edaravone (left, Figure 1-8) and the preliminary SAR-by collection executed by ISS (right, Figure 

1-8) should justify the priorities for our chemistry plans, which are described in more details in the 

next section. 
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1.2 Chemistry 

1.2.1 Aim of this project 

Starting from existing information (see Figure 1-8), as a first priority were targeted 4’/para 

substitutions on the phenyl ring (A, Figure 1-9) and 5 substitutions on the pyrazole ring (B), due 

to remyelination-active compounds belonging to such structural sub-classes.  

 

 

Figure 1-9: Edaravone substitution patterns explored in my Ph.D. project. 

 

In addition, due to both synthetic needs (i.e., enol ethers/O-substitutions C and N-protection/N-

carbamates D), to further exploration (i.e., orto- E and meta-phenyl substitutions F), and to 

confirmation of negative preliminary SARs (i.e., 4-substitutions G), our SAR exploration was largely 

expanded around the edaravone nucleus.  

As to our synthetic efforts, it was largely taken advantage of the known, single step synthesis of 

edaravone 1-1,57,58 which is reported in two similar experimental protocols (Scheme 1-1 and Table 

1-1 below), both leading to excellent reaction yields. 

 

 

Scheme 1-1: Edaravone synthesis. 

 

Table 1-1: Experimental conditions, Scheme 1-1. 

Entry Solvent Temperature (°C) Time (h) Yield  

I AcOH 118°C (reflux) 0.5-3h 97%58 

II EtOH 78°C (reflux) 3 h 90%57 

 

Namely, edaravone 1-1 was obtained in high yields simply by the condensation of commercially 

available ethyl 3-oxobutanoate 1-2a with phenyl hydrazone 1-3a (Scheme 1-1, top and Table 1-1, 

entries I and II); the condensation entails at first imine formation between the ketone and the 

terminal amine, followed by intramolecular attack of the other nitrogen on the ester bond (Scheme 

1-2).  
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Scheme 1-2: Edaravone synthesis: reaction mechanism. 

 

Substituted phenylhydrazines (1-3) as precursors of 4’/A, 2’/E, 3’/F and 2’,3’/EF-substituted 

edaravones were either commercially available or easily synthesized following assessed routes.58 

Similarly, either commercially available or easily synthesizable 4-substituted (R1 ≠ H)55 and 2-

substituted (R2 ≠ H)59 3-oxobutanoates (1-2) would be useful precursors respectively of 4-

substitutions/G and of 5-substitutions/B. Finally, heteroatom substitutions (i.e., enol ethers/O-

substitutions C and N-protection/N-carbamates D) could be easily obtained via direct 

functionalization of the pyrazole ring in edaravone and edaravone analogues following established 

procedures.55 

The next sections of Chapter 1 will cover each substitution pattern in terms of retrosynthesis, 

chemical assessment and successful achievement (or, in a few cases, failure) of variously 

functionalized edaravone analogues. Our strategy entailed then their testing in the remyelination 

assay43 in Rome-ISS (see Section 1.3 for biological results); once an active/activity-tolerating 

substitution pattern was confirmed and/or identified, edaravone-PAL constructs would have been 

synthesized and used in target identification experiments (see Section 1.3). 

 

1.2.2 4’-Phenyl Substitutions 

1.2.2.1 4’-Substituted Edaravones from 4-COOH Edaravone - Pattern A 

 

Scheme 1-3: Planned derivatization strategies – transformations from 4’-COOH edaravone 1-4: an overview. 
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4’-COOH edaravone (1-4, Scheme 1-3, center) is a commercially available compound. Thus, after it 

was bought and sent to biological profiling (see Section 1.3), its transformations into 4’-esters 1-

5a,b and 4’-amides 1-6a-e through one-step procedures was envisaged; in addition, it was planned 

either its direct reduction or the reduction of 4’-methyl ester 1-5a to benzyl alcohol 1-7; and finally, 

the introduction of a leaving group on the benzyl alcohol (i.e., mesylate or tosylate) to be submitted 

to nucleophilic substitution (i.e., to yield azide 1-8, Scheme 1-3). 

 

At first, esterification conditions for methyl ester 1-5a were set up, using thionyl chloride in 

methanol (Scheme 1-4), following a reported procedure60 and obtaining target methyl ester in good 

yields. The compound was sent to biological profiling (see Section 1.3 for results). 

 

 

Scheme 1-4: Synthesis of 4’-carboxymethyl edaravone 1-5a. 

 

We then tried to synthesize another ester, condensing N-Boc ethanolamine with 4’-COOH 

edaravone 1-4 using two experimental protocols (Scheme 1-5).  

 

 

Scheme 1-5: Attempted esterification of 4’-COOH edaravone 1-4 with N-Boc ethanolamine.  

 

At first, we took advantage of an experimental protocol used for amidation of compound 1-4,61 using 

a water soluble carbodiimide and DMAP as catalyst (step a). Unfortunately, TLC monitoring could 

not show complete disappearance of starting 1-4, although a new spot was observed; work-up and 

chromatographic purification led only to starting acid 1-4 and N-Boc ethanolamine. A second 

attempt entailed acidic conditions (formation of the acyl chloride, followed by N-Boc ethanolamine 

addition in basic conditions in a one-pot format, step b); once more, a new spot shown by TLC 

monitoring was not isolated after work-up, obtaining only starting acid 1-4 after chromatographic 

purification.  

While we could hypothesize either an unpredictable instability to work-up conditions for target 

ester 1-5b (assessment of other work-up protocols), and esterification of N-carbamates or O-

enolethers (protection of edaravone, avoidance of side reactions), further esterification attempts 

were put on hold, due to biological profiling results (see Section 1.3 for details). 

We obtained a set of “short” and “long” 4’-edaravone amides (1-6a and 1-6c), and azides (1-6b and 

1-6d) by condensation of the corresponding commercially available mono-Boc 

diamine/azidoamine with carboxylate 1-4 using a water soluble carbodiimide and DMAP (Scheme 
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1-6); Pure amides 1-6a-d were obtained after flash chromatography in poor to moderate, 

unoptimized yields. Note that azides 1-6c and 1-6d, if active in the remyelination assay, could have 

been tested as chemical probes. To complete the set of putative 4’-substituted edaravone amide 

probes, 4’-COOH edaravone was condensed with commercially available trifluoromethyl phenyl 

diazirine, using the same experimental protocol (Scheme 1-6). Pure 4’-diazirinoamide 1-6e was 

obtained after reverse HPLC purification in poor, unoptimized yield. 4’-Edaravone amides 1-6a-e 

were sent to biological profiling (see Section 1.3 for results).  

 

 

Scheme 1-6: Amidation of 4’-COOH edaravone 1-4: synthesis of amides 1-6a-e. 

 

We then attempted to synthesize benzyl alcohol 1-7 either directly by reduction of 4’-COOH 

edaravone 1-4 or of methyl ester 1-5a (Scheme 1-7). Experimental conditions are reported in Table 

1-2. 

 

 

Scheme 1-7: Attempted synthesis of 4’-edaravone benzyl alcohol 1-7. 

 

Table 1-2: Experimental conditions, Scheme 1-7. 

Entry Experimental conditions Results 

I (1-4) 1M BH3 in THF, THF, 0°C to RT, 6h only SM recovered 

II (1-4) 
1)Ethyl chloroformate (1 eq), TEA (1.2 eq), CHCl3, 
rt, 24 h; 2)NaBH4 (2 eq), H2O/THF 1:1, rt, 6h.  

SM + byproducts 

III (1-5a) NaBH4 (2 eq), MeOH, 0°C to rt, 12h only SM recovered 

IV (1-5a) 1M LiAlH4 in n-hex (4 eq), THF, -78°C to rt, 24h only SM recovered 
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V (1-5a) 1M LiAlH4 in n-hex (7 eq), THF, -78°C to 0°C, 12h complex mixture 

VI (1-5a) 
1M DIBAL-H in CH2Cl2 (4 eq), CH2Cl2, -10°C to 
rt, 12h 

only SM recovered 

 

We tried two experimental protocols to reduce carboxylate 1-4 to alcohol 1-7, employing either a 

1M BH3 solution in THF (Table 1-2, entry I) or the “mixed anhydride” method, where such reactive 

intermediate is reduced by NaBH4 (entry II). In the former case, we did not observe any product 

formation by TLC monitoring neither after prolonged reaction time at 0°C, nor after overnight 

stirring at rt. In the latter case, we observed complete conversion of starting 1-4 after treatment 

with ethyl chloroformate, following a reported protocol;55 the following reduction led to multiple 

TLC spots, while purification of the reaction crude led to the recovery of starting 1-4 and to two 

uncharacterised side products. 

In parallel with these attempts, we tried the reduction of methyl ester 1-5a to alcohol 1-7, using 

three reducing agents (Table 1-2, entries III to VI). NaBH4 (entry III), either at 0°C and at rt for 

prolonged time, led only to the recovery of unreacted starting material 1-4. Using stronger LiAlH4 

in a THF solution (entry IV-V), starting at -78°C and gradually warming the reaction mixture up to 

rt, no reaction was observed once more even after prolonged reaction time (IV). For this reason, a 

large excess of LiAlH4 in THF at -78°C was added and the mixture was warmed at 0°C. This led to 

a complex reaction mixture, which by HPLC-MS was shown to contain target alcohol 1-7 in minor 

amounts (V). Finally, using DIBAL-H in THF at -10°C (entry VI), only starting material 1-4 was 

recovered, even after warming up to rt and adding additional equivalents of reducing agent. 

We hypothesized that such synthetic issues with rather simple transformations of the edaravone 

scaffold could be attributed to its equilibrium/resonance forms. Thus, rather than attempting an 

optimization/fine tuning of any of these protocols, we decided to explore the reduction of O-

protected enolethers C and of N-protected carbamates D (see Figure 1-9), hypothesizing that 

blocking the edaravone in one form would allow synthetic access to alcohol 1-7 (and its further 

transformation) after O- and/or N-deprotection. 

 

1.2.3 O Substitutions – Enol Ethers 

1.2.3.1 O-Substituted Edaravones– Patterns C, AC 

Taking into account the unsuccessful attempts to reduce either acid 1-4 and ester 1-5a, we reasoned 

that the well-known equilibrium of edaravone 1-1 with its keto-enol tautomeric forms 1-1a and 1-1b 

(Scheme 1-8) may have contributed to such failures, and could be of hindrance also for other 

transformations and for substituted edaravones. 

 

 

Scheme 1-8: Keto-enol tautomerism of edaravone: structures 1-1a,b. 
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At first, we examined the functionalization of the carbonyl oxygen group, leading to an aromatized 

ring to either produce the trimethylsilyl enolether 1-9a (Scheme 1-9), the methyl enolether 1-9b or 

the benzyl enolether 1-9c (Scheme 1-9); such enolethers would prevent any isomerism, and thus 

possibly should stabilize the edaravone ring. Our attempts to O-protect edaravone 1-1 are 

summarized in  

Table 1-3. 

 

 
Scheme 1-9 Attempted synthesis of enol ethers 1-9a-c from edaravone 1-1. 

 

Table 1-3: Experimental conditions, Scheme 1-9. 

Entry Experimental conditions Work-Up Results 

I 
TEA (2 eq), TMSOTF (2.5 eq), 
CH2Cl2, 20°C to rt, 24h 

Addition of sat. NH4Cl, 
CH2Cl2 extraction  

Only SM 
recovered  

II 
TEA (2 eq), TMSOTF (2.5 eq), 
CH2Cl2, 20°C to rt, 24h 

Addition of water, 
CH2Cl2 extraction 

Only SM 
recovered 

III 
DIAD (1.5 eq), MeOH (1.5 eq), 
PPh3 (1.5 eq), CH2Cl2, 0°C 
(50min), then rt, 24h 

Addition of water, 
CH2Cl2 extraction 

32% yield 
(1-9b) 

IV 
DIAD (1.5 eq), BnOH (1.5 eq), 
PPh3 (1.5 eq), CH2Cl2, 0°C 
(50min), then rt, 24h 

Addition of water, 
CH2Cl2 extraction 

Only SM 
recovered 

 

Our efforts started with TMS protection, assuming a likely easy deprotection for silyl enol ethers in 

mild acidic conditions.62 Two synthetic attempts (Table 1-3, entries I and II) entailed TMS triflate 

as a silylating agent in standard conditions; they differed only in the work-up protocols, being either 

acidic (NH4Cl, entry I) or neutral (water, entry II). In both cases, TLC monitoring after stirring at -

20°C, warming to rt and prolonged reaction time showed a new spot for each TLC; unfortunately, 

both reaction mixtures after work-up did not show any new spot (TLC monitoring), and 1H-NMR 

of the crude did not show the presence of target silyl enol ether 1-9a. 

We then tried to protect edaravone 1-1 as simple alkyl enol ethers 1-9b and 1-9c (Table 1-3, entries 

III and IV). Having considered previous failures with TMS protection possibly being due to acidic 

conditions (either promoting a destabilizing keto-enol tautomerism, or deprotecting in situ the 

acid-labile silyl enolether 1-9a), we opted for a standard Mitsunobu reaction protocol using either 

DIAD, triphenylphosphine and methanol as a solvent (entry III), or adding benzyl alcohol and 

switching to dichloromethane as a solvent (entry IV). Target methyl enol ether 1-9b was obtained 

in poor, unoptimized yields after overnight stirring at rt, and was sent to biological profiling (see 

Section 1.3 for results); conversely, benzyl enol ether 1-9c was not obtained and only starting 
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edaravone 1-1 was recovered, either due to its larger steric hindrance or to the need of a larger excess 

of benzyl alcohol. 

Having determined the feasibility of O-protection through synthesis of methyl enol ether 1-9b, we 

applied the same strategy to key 4’-substituted synthons 1-4 and 1-5a (Scheme 1-10). In addition to 

the Mitsunobu reaction protocol seen for 1-9b, we tried also on both substrates a known 

procedure63 for the synthesis of methyl enolethers, using trimethylsilyl diazomethane. Please note 

that both substrates would be converted to enolether ester 1-9d as a reaction product, as the 

carboxylate of acid 1-4 would be esterified in step b (Scheme 1-10).  

 

 

Scheme 1-10: Synthesis of enol ether 1-9d from acid 1-4 and ester 1-5a. 

 

Obviously, when acid 1-4a was used a larger excess of methylating agent was added to obtain target 

enol ether methyl ester 1-9d. Reaction yields for each attempt towards 1-9d are comparably 

moderate, and could be optimized further. Note that the work-up using TMS-CHN2 is significantly 

simpler, as the removal of poorly soluble triphenylphosphine oxide from Mitsunobu reactions is 

often troublesome. 

Having now reasonable access to O-protected methyl ester 1-9d, we used it as a starting material 

to access previously inaccessible substitution patterns, starting from reduction products (Scheme 

1-11). 

 

 

Scheme 1-11: Synthesis of O-protected benzyl alcohol 1-9e and azide 1-9f. 

 

Namely, a DIBAL-H solution in dichloromethane was used in standard conditions to reduce O-

protected methyl ester 1-9d to target O-protected benzyl alcohol 1-9e in excellent yields (step a). 

The introduction of a mesyl leaving group (step b) was carried out to completion (TLC monitoring); 

finally, the crude mesylate was submitted to nucleophilic substitution with sodium azide in DMSO, 

providing target O-protected azide 1-9f (step c, Scheme 1-11) in moderate yields. Both O-protected 

alcohol 1-9e and O-protected azide 1-9f were sent to biological profiling (see Section 1.3 for results). 
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Another synthetic attempt was targeted towards O-protected N-Boc aminoester 1-9h (Scheme 

1-12). 

 

 

Scheme 1-12: Synthesis of O-protected N-Boc aminoester 1-9h. 

 

O-protected methyl ester 1-9d was hydrolysed in mild aqueous conditions (step a) to yield the 

corresponding O-protected acid 1-9g in good yields. The latter was then esterified with N-Boc 

ethanolamine in standard coupling conditions (step b, Scheme 1-12), providing target O-protected 

ester 1-9h in moderate yields. Both O-protected acid 1-9g and O-protected ester 1-9h were sent to 

biological profiling (see Section 1.3 for results). 

Having proven the synthetic usefulness of O-protection to carry out edaravone synthetic 

modification, what was needed was to find a solid, high yield deprotection protocol to synthesize 

target ester 1-5b, benzyl alcohol 1-7 and azide 1-8. We decided to use O-protected edaravone 1-9b 

as a model compound for deprotection, and we attempted the reaction shown in Scheme 1-13. 

 

 

Scheme 1-13: Attempted deprotection of edaravone enol ether 1-9b. 

 

Namely, O-protected edaravone 1-9b was treated with a boron tribromide solution in 

dichloromethane (Scheme 1-13) at low temperature, to avoid any side reaction (i.e., bromination 

on the 4-position). Unfortunately, after reaction quenching and work-up we only recovered 

unreacted O-protected edaravone 1-9b.  

Rather than optimizing further these experimental conditions, we decided to pursue the more 

promising N-protection (see next Paragraph); nevertheless, we believe that with additional efforts 

a suitable O-deprotection protocol for edaravone enol ethers should be achievable. 

 

1.2.4 N Substitutions – Carbamates 

1.2.4.1 N-Substituted Edaravones– Patterns D, AD, A (deprotection products) 

Another viable protection option for the edaravone ring is its N-functionalization with a suitable 

carbamate, that once more aromatizes the edaravone ring. We chose the acid-labile Boc group, and 

we carried out the protection of both edaravone 1-1 and 4’-methyl ester 1-5a (Scheme 1-14). 
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Scheme 1-14: N1-functionalization of edaravone 1-1 and methyl ester 1-5a: synthesis of carbamates 1-10a and 
1-10b. 

 

Namely, edaravone 1-1 and methyl ester 1-5a were N-acylated with Boc2O in standard conditions 

(step a, Scheme 1-14), leading respectively to N-protected edaravone 1-10a and N-protected 4’-

carboxymethyl edaravone 1-10b in good yields. Both compounds were sent to biological profiling 

(see Section 1.3 for results). 

Rather than proceeding with further functionalization, we immediately checked the deprotection 

reaction on N-protected edaravone 1-10a (Scheme 1-15). 

 

 

Scheme 1-15: Acidic deprotection of edaravone carbamate 1-10a: synthesis of edaravone 1-1. 

 

Due to previously observed instability of the edaravone nucleus (keto-enol tautomerism) in acidic 

conditions, we carried out the deprotection reaction (step a, Scheme 1-15) at low temperature, 

monitoring by TLC the rapid disappearance of starting material 1-10a. Pure edaravone 1-1 was 

obtained in excellent yields, assessing the synthetic usefulness of N-Boc protection for edaravone 

analogues. 

Thus, we attempted the synthesis of N-protected benzyl alcohol 1-10c and azide 1-10d, followed by 

their deprotection respectively to benzyl alcohol 1-7 and azide 1-8. These reactions are shown in 

Scheme 1-16. 
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Scheme 1-16: Synthesis of edaravone benzyl alcohol 1-7 and edaravone azide 1-8. 

 

More in detail, N-protected 4’-methyl ester 1-10b was reduced with a DIBAL-H solution in THF in 

mild conditions (step a, Scheme 1-16), yielding pure N-protected 4’-benzyl alcohol 1-10c in 

moderate, unoptimized yields. Its conversion into 4’-azide entailed – as seen earlier for O-protected 

compounds – the introduction of a mesyl leaving group and its nucleophilic substitution with 

sodium azide (respectively steps b and c). Pure N-protected 4’-azide 1-10d was obtained in 

moderate, unoptimized yields. Both N-protected 4’-benzyl alcohol 1-10c and N-protected 4’-azide 

1-10d were successfully deprotected in acidic TFA conditions at low temperature, obtaining 

respectively 4’-benzyl alcohol 1-7 and 4’-azide 1-8 (step d, Scheme 1-16) in good to excellent yields. 

N-protected compounds 1-10c and 1-10d, 4’-benzyl alcohol 1-7 and 4’-azide 1-8 were sent to 

biological profiling (see Section 1.3 for results). 

 

1.2.5  3’,4’-Phenyl Substitutions 

1.2.5.1 3’,4’-Disubstituted Edaravones from Cyclization between Substituted Phenyl 

Hydrazines and AcAcOEtetate – Pattern E,F 

Due to time constraints, we synthesized a single member of 4’-phenyl substituted edaravones, using 

the in-house 3,4-dichlorohydrazine 1-3b and reacting it with 3-oxobutanoate 1-2a (Scheme 1-17). 

 

 

Scheme 1-17: Synthesis of 3’,4’-dichloro phenyl edaravone 1-11. 
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Pure target 4’-phenyl-disubstituted compound 1-11 was obtained in good yields using the standard 

cyclization protocol (see also Scheme 1-1) and it was sent to biological profiling (see Section 1.3 for 

results). 

 

1.2.6 5 Substitutions 

1.2.6.1 5-Substituted Edaravones from Cyclization between Phenyl Hydrazine and 

4-Substituted AcAcOEtetates – Pattern B 

A key requirement for synthetic accessibility of pattern B, 5-substituted edaravones, is the access 

to ethyl 4-substituted 3-oxobutanoates 1-2. To this regard, we decided to take advantage of 

commercially available 4-chloro- (1-2b) and 4-cyano-3-oxobutanoate (1-2c); the latter was used as 

such in cyclizations with phenyl hydrazines, while the former, in addition to that, was further 

elaborated (steps a and b, Scheme 1-18) into useful synthons. 

Both ethyl 4-substituted 3-oxobutanoates 1-2d58 and 1-2e59 were synthesized in good yields 

following published standard procedures.  

 

 

Scheme 1-18: 4-Substituted 3-oxobutanoates 1-2: Synthesis of ethyl 4-azido-3-oxobutanoate 1-2d and ethyl 
4-(benzyloxy)-3-oxobutanoate 1-2e (left), and structure of ethyl 4-cyano-3-oxobutanoate 1-2c (right). 

 

Moreover, methyl 4-azidophenyl 3-oxobutanoate 1-2f was synthetized in three synthetic steps, 

taking advantage of Meldrum’s acid chemistry, starting from 4-aminophenylacetic acid (Scheme 

1-19). 

 

 

Scheme 1-19: Synthesis of methyl 4-azidophenyl 3-oxobutanoate 1-2f. 

 

Once having in our hands ethyl 4-substituted 3-oxobutanoate synthons 1-2b-f, we carried out a set 

of condensation reactions with phenyl hydrazine 3a (Scheme 1-20, Table 1-4); they are to be 

intended as a preliminary assessment, and by no means as a definitive effort.  
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Scheme 1-20: Attempted synthesis of 5-substituted edaravones 1-12b-f. 

 
Table 1-4: Experimental conditions, Scheme 1-20. 

Entry Experimental conditions Results 

I (1-2b) AcOH, reflux, 12h degradation, complex crude 

II (1-2b) EtOH, rt, 24h only SM recovered 

III (1-2b) EtOH, reflux, 24h degradation, complex crude 

IV (1-2b) cat. HCl, EtOH, rt, 24h only SM recovered 

V (1-2b) Bi(OTf)3, THF, reflux to rt; 17h degradation, complex crude 

VI (1-2c) AcOH, reflux, 12h only SM recovered 

VII (1-2d) AcOH, reflux, 12h major product unknown 

VIII (1-2e) AcOH, reflux, 12h 71% yield (1-12e) 

IX (1-2f) cat. HCl, EtOH, rt, 24h 43% yield (1-12f) 

 

At first, we used commercially available 4-chloro-3-oxobutanoate 1-2b; our aim was to set up a 

modular post-cyclative set of transformations on its chlorine atom on position 5 once the synthesis 

of 5-chloromethyl edaravone 1-12b would have been assessed. We started our efforts by using the 

same AcOH-based experimental protocol successfully employed for the synthesis of edaravone 1-

158 (entry I). By refluxing in AcOH, we initially observed (TLC monitoring) the formation of a new, 

less polar spot; unfortunately, by further refluxing the intensity of such new spot did not increase, 

while significant degradation – appearance of multiple new spots and disappearance of starting 1-

3a – led to a complex reaction mixture, that could not be processed further. 

Thus, we switched to EtOH as a solvent, either at rt (entry II) or at reflux (entry III), or refluxing in 

presence of catalytic HCl (entry IV); we reasoned that a varying panel of milder conditions with 

respect to entry I could have led us to satisfactory results. Unfortunately, entries II and IV led only 

to the recovery of unreacted SMs 1-2b and 1-3a; we may hypothesize that the reaction conditions 

(rt) could not drive the reaction towards the cyclized target 1-12b. Conversely, entry III showed by 

TLC monitoring a similar trend to entry I (appearance of multiple spots, consumption of SMs, 

complex mixture), probably due also to side reactions involving the chloro substituent in 3-

oxobutanoate 1-2b. 
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We then tried the condensation with Bi(OTf)3 as a Lewis acid catalyst in THF, following a reported 

procedure (entry V). TLC monitoring was more promising, as disappearance of SM spots was 

coupled with the appearance of two major reaction products; unfortunately, after solvent 

evaporation the crude showed extensive degradation (multiple, Rf - similar spots) that prevented 

its purification. Once more, we attribute such complexity and instability most to the presence of 

the chlorine atom.  

For time reasons, we decided to run a single condensation attempt using phenyl hydrazine 1-3a and 

the other available 4-substituted 3-oxobutanoates 1-2c-e (respectively entries VI to VIII), using 

entry I-like refluxing AcOH as a reaction medium. Our preliminary goal was to confirm that the 

cyclization was dependent on the nature of the 5-substituent, and to obtain at least a member of 

pattern B edaravones. 

The attempted condensation with 4-cyano 3-oxobutanoate 2c (entry VI) did not show any reaction 

product; this was confirmed by work-up and isolation of unreacted phenyl hydrazine 1-3a. 

Conversely, using 4-azido 3-oxobutanoate 1-2d (entry VII) we observed by TLC the gradual 

formation of a major, more lipophilic spot; unfortunately, after work-up and purification, the 

reaction product was analysed with 1H-NMR and MS, and neither spectrum was coherent with the 

expected target 1-2d. The structure of such unknown compound was not determined. 

At last, both the condensation using 4-benzyloxy 3-oxobutanoate 1-2e and 4-azidophenyl 3-

oxobutanoate 1-2f were successful. The reaction between 4-benzyloxy 3-oxobutanoate 1-2e and 

phenyl hydrazine 1-3a (entry VIII) led with good yields to target 5-benzyloxymethyl edaravone 1-

12e; while the condensation between 4-azidophenyl 3-oxobutanoate 1-2f and phenyl hydrazine 1-

3a (entry IX) led with good yields to target 5-azidophenylmethyl edaravone 1-12f. Both were sent to 

biological profiling (see Section 1.3 for results), with arylazide 1-12f that could also be used as PAP.  

Due to such last, positive result, my final efforts on pattern B edaravones aimed to further modify 

5-benzyloxymethyl edaravone 1-12e through benzyl deprotection (step a, target alcohol 1-12l 

Scheme 1-21) and azidation (step b, target azide 1-12m). 

 

 

Scheme 1-21: Further derivatization of benzyloxymethyl edaravone 1-12e. 

 

Hydrogenolysis (step a) led to target 5-hydroxymethyl edaravone 1-12l in excellent yields, which 

was sent to biological profiling (see Section 1.3 for results). Its mesylation (step b) proceeded 

smoothly at low temperature (TLC and 1H-NMR monitoring); unfortunately, any azide substitution 

attempt at temperatures varying between rt (step c), 40°C (step c’) and 70°C (step c”) was 

unsuccessful, and only the starting mesyl ester was recovered. 
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1.2.7 4 Substitutions 

We envisaged two possible synthetic strategies towards pattern G, 4-substituted edaravones 1-14 

(Scheme 1-22). They could be obtained either by condensation of 2-substituted ethyl 3-

oxobutanoates 1-13 and phenylhydrazine 1-3a (top, similar to the synthesis of edaravone 1-1,58 

described in details in Paragraph 1.2.7.1), or from direct functionalization of the 4-position of 

edaravone 1-1 (bottom, Scheme 1-22, described in details in Paragraph 1.2.7.2). 

 

 

Scheme 1-22: Putative synthetic strategies towards 4-substituted edaravones 1-14. 

 

1.2.7.1 4-Substituted Edaravones from Cyclization between Phenyl Hydrazine and 

2-Substituted AcAcOEtetates – Pattern G 

We chose commercially available diethyl 2-acetylmalonate 1-13a to attempt the synthesis of the 

first pattern G edaravone (ester 1-14a, Scheme 1-23). Three experimental protocols were executed, 

as described in Table 1-5. 

 

Scheme 1-23: General cyclization reaction for G functionalization. 

 
Table 1-5: Experimental conditions, Scheme 1-23. 

Entry Experimental conditions Results 

I AcOH, reflux, 8h decarboxylation, 1-1 

II cat. HCl, EtOH, rt, 24h 63% * 

III cat. HCl, K2CO3, EtOH, rt, 24h 49% * 

IV cat. HCl, 1,4-dioxane, rt, 24h 52% * 

*: enol ether 1-14c. 
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Standard, reflux AcOH conditions (entry I) led to the appearance of a new reaction spot (TLC 

monitoring); after work-up and flash chromatography, only unsubstituted edaravone 1-1 was 

obtained, possibly due to ester hydrolysis and decarboxylation. 

Milder, EtOH-based reaction protocols either in presence of catalytic acid (entry II, to promote 

imine formation) and in presence of both catalytic acid and base (entry III, to promote also the 

intramolecular ester attack) led to the appearance of the same spot by TLC monitoring. After work-

up and flash chromatography, a new compound was isolated in moderate yields. Although its MS 

spectrum showed the correct MW, its 1H-NMR did not show the expected 4-proton signal, and its 

polarity was unexpectedly high (low Rf, TLC monitoring).  

Nevertheless, we submitted the putative 1-14a to basic hydrolysis (Scheme 1-24). 

 

 

Scheme 1-24: Attempted hydrolysis of putative 1-14a: structure determination for 4-COOH edaravone ethyl 
enol ether 1-14c. 

 

Even in presence of a large excess of LiOH and with prolonged reaction times, putative ester 1-14a 

did not react, and its ethyl proton signals were unchanged. This behaviour, and a more accurate 

examination of the NMR spectrum, convinced us that the correct molecular structure of the 

reaction product from Scheme 1-23 is the ethyl enol ether carboxylate 1-14c (Scheme 1-24, right).  

We could postulate either the transposition of the ethyl group in acidic conditions, or ethyl ester 

hydrolysis followed by enol ether formation promoted by EtOH as a solvent; in order to clarify it, 

the reaction was repeated using 1,4-dioxane as a solvent (entry IV), obtaining after work-up pure 1-

14c in moderate yields and ruling out a solvent-driven enol ether formation. 4-COOH ethyl enol 

ether edaravone 1-14c was sent to biological profiling (see Section 1.3 for results). 

A recent publication64 suggested that a long alkyl chain in position 4 could be beneficial for the 

anti-oxidant activity of edaravone. We thus targeted the synthesis of 4-penten-4’-yl-edaravone 1-

14d (Scheme 2.24), taking advantage of the availability in our lab of 5-Br-pent-1-ene, that was used 

to α-alkylate ethyl-3-oxobutanoate 1-2a in standard basic conditions (step a). 
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Scheme 1-25: Synthesis of 4-penten-4’-yl edaravone 1-14d. 

 

The yield in 2-substituted 3-oxobutanoate 1-13f was extremely poor, possibly due to the use of old, 

suboptimal sodium ethoxide; nevertheless, we isolated enough intermediate to perform its 

condensation with phenylhydrazine 1-3a in standard conditions (step b, Scheme 1-25).  

 

 

 

Figure 1-10: Keto-enol equilibrium between keto (1-14d, red) and arylenol form 1-14d’ (blue). Overlapping 
peaks are shown in magenta. 
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Target 4-penten-4’-yl-edaravone 1-14d was obtained in good yields, showing the presence of keto-

arylenol tautomerism (respectively 1-14d and 1-14d’, Figure 1-10, top); their relative ≈ 1:0.7 ratio was 

determined through 1H-NMR in CDCl3 (Figure 1-10, bottom) by measuring the integral of red 

(keto) vs. blue signals (arylenol), and was confirmed by the presence of two peaks with the 

same/correct MW in its UPLC-MS spectrum (see 1.5 Experimental part for further details). 

Target 4-penten-4’-yl-edaravone 1-14d was sent to biological profiling (see Section 1.3 for results). 

 

1.2.7.2 4-Substituted Edaravones from direct derivatization of edaravone -  

Pattern G 

The observed ethyl transposition in refluxing AcOH (Scheme 1-23, Table 1-5) prompted us to try 

the base-promoted direct introduction of an ester group in position 4 of edaravone 1-1 (Scheme 

1-26), in accordance with published results.65 

 

 

Scheme 1-26: Synthesis of 4-carboxybutyl edaravone 14e. 

 

Target 4-carboxybutyl edaravone 1-14e was obtained in poor, unoptimized yield – similar to 

literature results,65 and was sent to biological test (see Section 1.3 for result). 

We then tried to reduce the 4-ester function to the hydroxymethyl derivative 1-14f (Scheme 1-27), 

that could be the gateway to multiple putative chemical probes on position 4. 

 

 

Scheme 1-27: Attempted synthesis of 4-hydroxymethyl edaravone 1-14f. 

 

Due to difficult obtainment of the starting material 1-14e, we only tried this reduction in standard 

DIBAL-H/low temperature conditions. Although a new major spot was detected by TLC 

monitoring, the purification of the crude mixture led to several unknown products, while target 1-

14f was present only in trace amounts. 

We then tried the direct diazotization-nitrogen introduction on the 4-position, in standard sodium 

nitrite acidic conditions (step a, Scheme 1-28). TLC monitoring showed the rapid disappearance of 

starting edaravone 1-1, and the appearance of two close product spots. While they were stable 
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during work-up, their chromatographic purification failed, as it appeared that even pure fraction 

interconverted rapidly to the same mixture of spots. Thus, we submitted this mixture to HPLC-MS, 

and we observed two peaks with the same, oxime-coherent MW. Such mixture of E- and Z- 

geometric oximes 1-14g’, ’’ (Figure 17) was sent to biological test (see Section 1.3 for result). 

 

 

Scheme 1-28: Synthesis of 4-oxime edaravone 1-14g’/1-14g’’. 

 

Once more, we hypothesized the existence of an equilibrium between two forms of target 1-14g 

corresponding to the Z- (1-14g’) and E-oxime form 1-14g”, both shown in Scheme 1-28. 

The oxime equilibrium was studied with 1H-NMR, using the 5-CH3 group as a reference signal to 

calculate relative abundances. We used two solvents (CDCl3 and DMSO-d6), and studied the 

influence of pH, temperature and equilibration time in solution. The obtained results showed a 

solvent dependence, as the ≈1.5:1 ratio did not appear to vary with time or temperature in DMSO-

d6 (Figure 1-11); CDCl3 spectra, in accordance with literature results,66 showed varying equilibria 

between t=0 (Figure 1-13), t=24h in acid (Figure 1-12) and heating at 70°C for 3h (Figure 1-14). 

 

 

Figure 1-11: 4’-Oxime edaravone 1-14g in DMSO-
d6 at t=0 and t=24h. 

 

 

Figure 1-12: 4’-Oxime edaravone 1-14g in CDCl3: 
t=24h, acid.  
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Figure 1-13: 4’-Oxime edaravone 1-14g in CDCl3: 
t=0. 

 

Figure 1-14: 4’-Oxime edaravone 1-14g in CDCl3: 
70°C, 3h.

Finally, we planned the derivatization of 4’-oxime edaravone 1-14g’,” to either reduce it to amine 

(4-amino edaravone 1-14h, step a), and to methylate it (O-methyloxime 1-14i, step b, Scheme 1-29). 

 

 

Scheme 1-29: Attempted transformations of 4-oxime edaravone 1-14g: synthesis of O-methylated 
edaravone 1-14i. 

 

Reduction to amine 1-14h (step a) was attempted using a known experimental protocol.65 

Unfortunately, multiple spots immediately were formed (TLC monitoring). While work-up and 

HPLC-MS analysis of the crude confirmed the presence of target 4-amine 1-14h, we could not 

isolate it, nor could we optimize the reaction conditions due to time constraints. Conversely, O-

methylation (step b, Scheme 1-29) proceeded smoothly, leading to a geometric Z/E mixture of 4-

O-methyloxime 1-14i’,” in excellent yields, and similar E/Z ratio to non-methylated oxime as 
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determined by 1H-NMR (see the Section 1.5: Experimental Part for more details). Such mixture of 

geometric O-methyloximes 1-14i’,” was sent to biological test (see Section 1.3 for results). 

  



50 

1.3 Biology 

1.3.1 In Vitro Profiling 

We already mentioned a staged set of in vitro assays aimed at selecting strong remyelinating agents 

in OPCs43 performed by a group of researchers at the ISS, Rome, that identified among others 

edaravone 1-1 as a potent remyelinating agent and now collaborate with Prof. Seneci’s group in a 

Research Project funded by Fondazione Italiana Sclerosi Multipla (FISM), which aims to clarify the 

mechanism of action of edaravone as a remyelinating agent. 

In more details, such set of assays included a first HTS screening for cellular metabolic activity in 

mouse purified oligodendrocyte progenitor cell (OPC) cultures by the MTT assay,67 and a rapid 

colourimetric test of cell-reducing activity observed using the tetrazolium dye MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) as a substrate. Differences in OPC ability 

to reduce MTT may be due to an effect of tested compounds on viability, proliferation or 

differentiation, all of which are important components of the remyelination process; thus, 

edaravone 1-1 and other positives from the MTT HTS were selected for further biological profiling, 

and submitted to a number of secondary screenings.43 

This chapter of my Ph.D. thesis is the chemistry part of above mentioned FISM Research Project, 

entailing the identification and validation of one or more molecular targets, as previously discussed 

in the introduction. Thus, we decided that – as my compounds are bona fide edaravone analogues 

– we would at first screen them on the MTT reduction / cellular activity assay, to check if they 

would retain the ability to influence the cellular metabolic activity. The assay is described in detail 

in the Experimental Part. 

Once one or more active analogues and substitutions would have been identified (patterns A to G 

Figure 1-15, top), our plan was to prepare several edaravone-linker-PAL constructs containing 

either an azide (Figure 1-15Figure 1-15, bottom left) or a trifluoromethyl phenyl diazirine (Figure 

1-15, bottom right). 

 

 

Figure 1-15: Edaravone substitution patterns (top) and edaravone-linker-PAL constructs (bottom). 

 

1.3.1.1 Re-myelination assay results for edaravone analogues 

A total of 27 analogues were synthesized in this project and sent to biological profiling / MTT 

cellular metabolic assay in Rome-ISS; they were tested and their results are reported here.  

Their structure is depicted in Figure 1-16. 



51 

 

Figure 1-16: Edaravone analogues sent to biological profiling. 

 

The activity of each compound is reported in the following bar graphs (Figure 1-17 to Figure 1-20), 

where each bar represents an Efficacy Ratio (ER), defined as the reducing effect on MTT reduction 

by each compound, divided by the MTT value measured by treating with vehicle. Each edaravone 

analogue was tested in triplicate, and the bar value is the average of the three measurements; 

considering the values observed earlier in the original HTS,43 an ER value ≥1.3 was the threshold 

set to define an active analogue in the MTT/remyelination assay. 

 

 

Figure 1-17: MTT profiling, compounds 1-4, 1-5a, 1-6a-d. 

 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

M
TT

 E
ff

ic
ac

y 
R

at
io



52 

 

Figure 1-18: MTT profiling, compounds 1-5a, 1-6a, 1-6e, 1-9b, 1-9d-g. 

 

 

Figure 1-19: MTT profiling, compounds 1-7, 1-9h, 1-10a-c, 1-14, 1-12e-l, 1-14c,  
1-14e. 

 

 

Figure 1-20: MTT profiling, compounds 1-8, 1-10d, 1-11. 
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As to 4’-carboxyl edaravone 1-4 (Figure 1-17), it resulted to be inactive, possibly due to the poor 

permeability of negatively charged carboxylates at physiological pH; thus, such negative result 

could not exclude a tolerance for 4’-substituents in edaravone analogues. In fact, we were delighted 

to observe significant activity (albeit slightly lower than edaravone 1-1) for 4’-methoxycarbonyl 

edaravone 1-5a (Figure 1-17 and Figure 1-18). Conversely, none among amides 1-6a-e showed any 

sign of activity in the MTT assay (Figure 1-17 and Figure 1-18).  

We reasoned that the small nature of the substituent in 4’ester 1-5a could be tolerated in terms of 

remyelinating activity, while larger amides 1-6a-e (and maybe also the hydrophilic amide group) 

could be detrimental. Thus, we hoped that smaller alcohol 1-7 and azide 1-8 could retain some 

activity; unfortunately, both of them also resulted to be inactive (Figure 1-19 and Figure 1-20). 

Similarly, the single 2’,3’-dichlorosubstituted edaravone 1-11 showed lack of remyelinating activity 

(Figure 1-20). 

As to edaravone methyl enol ethers 1-9b, 1-9d-h (Figure 1-18 and Figure 1-19), we reasoned that 

the prevention of a keto-enol equilibrium by enol ether formation would negatively impact onto 

their re-myelinating potency – as it does on its radical oxygen scavenging (ROS) activity.55 In fact, 

the six methyl enol ethers 1-9b, 1-9d-h were completely inactive, as was the single, 4-substituted 

ethyl enol ether 1-14c (Figure 1-19). 

We expected also N1-carbamates 1-10a-d to be inactive (Figure 1-19 and Figure 1-20), due to the 

same keto-enol equilibrium prevention. Surprisingly, while compounds 1-10a, 1-10c and 1-10d 

resulted to be inactive, 4’-methoxycarbonyl edaravone N1-Boc carbamate 1-10b showed significant 

re-myelinating activity. Further studies / in vitro profiling is currently ongoing in Rome-ISS to 

justify such unexpected result; unfortunately, the azide-containing putative N1-carbamate probe 

1-10d was not active.  

Our hopes to retain re-myelinating activities by introducing O-based functional groups on the 5-

Me position of edaravone were unfortunately proven wrong by the observed inactivity of 

compounds 1-12e,l (Figure 1-19). Conversely, as to 4-substituted edaravones, mild but measurable 

re-myelinating activity was observed for 4-edaravone ester 1-14e (Figure 1-19). 

Finally, as to 4-alkenyl substituted edaravone 1-14d, 4-oxime edaravones 1-14g,i and 5-

azidophenylmethyl edaravone 1-12f they are currently being tested at Rome-ISS, so that their 

results will be shortly available. 

Apparently, among all the derivatives we synthetized only 1-5a and 1-10b seem to maintain a 

certain activity, as measured by MTT assay. 

 

1.3.1.2 Radical scavenger activity of edaravone derivatives (DPPH assay) 

Moreover, the antioxidant potential of edaravone analogues against the DPPH radical was first 

investigated. As expected, 1-4 showed a radical scavenger activity significantly higher than 

edaravone, while compounds with substitutions on the pyrazole in positions C, D or E, including 

1-10b, lost antioxidant activity due to their inability to act as hydrogen donors. Interestingly, 1-6d 

analogue exhibited an effect comparable to that of edaravone, while 1-5a displayed a substantial 

reduction of antioxidant activity (Figure 1-21).  
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Figure 1-21: DPPH assay profiling for edaravone analogues. 

 

1.3.1.3 Edaravone active derivatives: affinity for lipid bilayer 

As efficacy of small molecule drugs highly depends on their ability to cross cell membrane, we then 

assessed the lipophilicity of edaravone and its most active analogues by a liposome-based assay.  

Lipophilicity of active edaravone analogues is shown in Figure 1-22. To assess whether the different 

responses of the analogues in the two previous assays were due to a different affinity for membrane 

lipids, we measured the lipophilicity of edaravone, 1-5a, 1-10b and 1-4 by using a simple liposomal 

system. These experiments demonstrated that chemical modifications of 1-5a and 1-10b, but not 1-

4, that presents a polar carboxylic acid, significantly improved their affinity for membrane lipids 

compared to the unmodified drug.  

 

 

Figure 1-22: Liposomal-buffer partition for compounds 1-4, 1-5a, 1-10b. 
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1.3.1.4 Edaravone active derivatives: protection against free radical mediated lipid 

peroxidation 

We next confirmed the different affinity of edaravone and its analogues for membrane lipids in live 

cells, evaluating their ability to protect the human retinal epithelial cells ARPE-19 from the 

oxidative stress induced by the free radical generator 2,2'-azobis(2-amidinopropane) 

dihydrochloride (AAPH) (Figure 1-23). Our results showed that 1-5a, but not 1-4, was able to 

protect human retinal epithelial cells from oxidative damage even at low concentrations. These 

results indicate that: a) 1-5a is a good drug candidate for the design of additional PAL constructs 

and the development of edaravone optimization strategies; b) the lack of 1-4 activity is due to its 

inability to effectively penetrate the lipid bilayer. Further analyses are required to better define the 

biological and chemical-physical properties of 1-10b derivative and 1-6d PAL-construct. 

 

 

Figure 1-23: Protection against AAPH-mediated lipid peroxidation of compounds 1-4, 1-5a, 1-10b. 

 

1.3.1.5 Mechanism of Action (MoA) Studies 

Our initial plan intended for any azide-bearing (i.e., 1-6d, 1-8, 1-9e, 1-10d), and/or any 

trifluoromethyl phenyl diazirine-bearing (i.e., 1-6e) edaravone-centered probe to be 

photoactivated after incubation, so to covalently bind their unknown target in the putative binding 

site. Then, cells would have been lysed and their content analyzed by Western blot/MS to 

determine any protein whose MW would have been increased due to covalent binding with the 

edaravone probe. 

Unfortunately, none among the putative probes retained significant remyelinating activity; thus, 

MoA studies could not be performed. Conversely, as soon as some of the new, forthcoming 

synthetic targets (see next Chapter, Figure 1-26, edaravone analogues 1-15 to 1-20) will be obtained 

and their re-myelination potency will be evaluated, our planned MoA studies may resume 

depending on their activity. 

0

10

20

30

40

50

60

70

80

90

100

110

CTRL - CTRL + 12 µM 25 µM 50 µM 100 µM

C
el

l 
V

ia
b

il
it

y

(%
 r

es
p

ec
t 

to
 u

n
tr

ea
te

d
 c

el
ls

)

1-5a EDA 1-4 1-10b



56 

1.4 Conclusions and future trends 

In conclusion, 28 different edaravone analogues (a single 4’ acid 1-4; a single 4’ ester 1-5a; five 4’ 

amides 1-6a-e; a single 4’-alcohol 1-7; a single 4’-azide 1-8; seven O-enolethers 1-9b, 1-9d-h and 1-

14c; four N1-carbamates 1-10a-d; a single 2’,3’ dichloro analogue 1-11; three 5-substituted analogues 

1-12e,f,l; and four 4-substituted analogues 1-14d, 1-14e, 1-14g and 1-14i) were sent to biological 

testing during my Ph.D. thesis. They are shown in Figure 1-24. 

 

 

Figure 1-24: Edaravone analogues obtained and tested in this project. 

 

We may already and safely state that most of the executed/assessed derivatizations led to re-

myelination-inactive edaravone analogues. 

By looking in more details to our preliminary, acquired SAR (Figure 1-25, top right), we could 

compare it to earlier SARs regarding the ROS / scavenging activities (Figure 1-25, left), and to the 

limited SAR obtained post-HTS using commercial edaravone analogues (Figure 1-25, bottom 

right).43 

 

 

Figure 1-25: ROS / scavenging SAR (left; light blue/activity-compliant, fucsia/inactive) vs. re-myelinating 
SAR (right; green/activity-compliant, red/inactive). 
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As to 2-phenyl substitutions (PATTERN A), existing ROS SARs state that orto / 2’-substituents are 

detrimental for activity, while meta / 3’, para / 4’ and meta, para / 3’,4’ are tolerated. Both post-

HTS and synthesis-derived SARs confirm the para / 4’-position to be chemically exploitable, 

although small and lipophilic groups should be favored. Thus, 4’-azido edaravone 1-15 (Figure 

1-26) should be a significant synthetic target for the future: if activity would be preserved, it could 

be used as an azide-based chemical probe for MoA studies.  

 

 

Figure 1-26: Prioritized synthetic targets for future efforts. 

 

As to meta / 3’-substituted edaravones (PATTERN F), I did not synthesize any of them during my 

Ph.D. thesis; thus, 3’-azido edaravone 1-16 would be a sensible synthetic target. Conversely, the 

likely detrimental influence of orto / 2’ substitution (PATTERN E) is confirmed by the single, 2’,3’-

substituted dichloro edaravone 1-11; thus, no more efforts should be targeted to this position, and 

to 1-11-like compounds (PATTERN EF).  

As to O- (PATTERN C) and N-protected / functionalized / aromatized edaravones (PATTERN D), 

there is no evidence in literature that they keep any ROS / scavenging activity;55 similarly, N1-

substitutions were deemed detrimental for re-myelination in the post-HTS SAR.43 Thus, the 

research group of Prof. Seneci will continue to use such substitutions to enable chemical 

derivations of edaravone elsewhere (i.e., as protecting groups); meanwhile, a deeper evaluation of 

the only surprising activity result (i.e., 4’-methoxycarbonyl edaravone enolether 1-10b) will 

determine if such result is confirmed or not – in the former scenario, further synthetic and 

biological efforts will be planned. 

As to 5-substituted edaravones (PATTERN B), both ROS / scavenging activity55 and post-HTS 

data43 show tolerance / relevance for this substitution. Although my synthetic efforts led to two 

inactive 5-substituted edaravones, we may infer that their inactivity could be due either to 

hydrophilicity (OH group, 1-12f) or to bulkiness (OBn group, 1-12e); thus, small 5-azidomethyl 

edaravone 1-17 and linear, 5-DAZ methyl edaravone 1-18 should be significant synthetic targets for 

the future. Here too, if activity would be preserved for either or both of them, they could be used 

as azide- and / or DAZ-based chemical probes for MoA studies. 

Finally, as to 4-substituted edaravones (PATTERN G), ROS / scavenging activity55 showed 

tolerance of a single 4-substituent, while scavenging activity was lost when two 4-substituents were 

introduced. As to post-HTS data,43 they show intolerance towards re-myelination activity for the 

single 4-chloro substitution. While taking into consideration that three among four PATTERN G 

edaravone analogues still await for biological characterization, the only tested ester 1-14e has 
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shown signs of biological activity; thus, synthetic targets such as azide 1-18 and DAZ 1-19 (Figure 

1-26) should be considered.  
If the new derivatives will not fulfill the requirements, we will proceed with RNAseq experiments 

in OPC cultures treated with both edaravone and the most active among its derivatives. RNAseq 

technology simultaneously quantifies the expression of thousands of genes by analyzing the entire 

transcriptome and has been successfully applied in the identification of drug molecular targets.68 
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1.5 Experimental part 

1.5.1 Chemistry 

1.5.1.1 General information 

Commercially available reagents (Sigma Aldrich) were used without further purification. Reactions 

requiring anhydrous conditions were performed under nitrogen atmosphere. THF, CH2Cl2 and 

methanol were dried using molecular sieves (3 Å beads, 8-12 mesh). Dry THF, CH2Cl2, methanol, 

DMF, DME and DIPEA were purchased from Sigma Aldrich. 

 

Thin layer chromatography 

Reactions and chromatography purifications were monitored by TLC using silica gel pre-coated 

glass plates (60 F254, Sigma-Aldrich, 0.25 mm thickness). TLC spots were visualized with UV 

lamps (254 n), or with staining reagents such as Potassium permanganate (5 g KMnO4, 30 g 

K2CO3, 7.5 mL NaOH 5%, 400 mL H2O). 

 

Chromatographic purification 

Purification of intermediates and final products was mostly carried out by flash chromatography 

using as stationary phase high purity grade silicagel (Merck Grade, pore size 60 Å, 230-400 mesh 

particle size, Sigma Aldrich). Alternatively, purification was performed by a Biotage® system, both 

in normal and reverse phase. 

Biotage® KP-C18-HS cartridges (6-12 g) were used for reverse phase chromatography. The elution 

method was as follows: flow: 6-15 mL/min; equilibration time of 2 min; monitoring wavelength: 

210 nm, 254 nm; phases: H2O (HiPerSolv Chromanorm VWR Water for HPLC-MS) (A), acetonitrile 

(HiPerSolv Chromanorm VWR Acetonitrile SuperGradient) (B); elution gradient: 0% B for 2 min, 

then 0% B to 100% B in 20 min, then 100% B for 2 min. 

Biotage® Sfär Silica D cartridges (10/25 g) were used for direct phase chromatography. The elution 

method was as follows: flow 40-80 mL/min; equilibration time of 2 min; monitoring wavelength: 

210 nm, 254 nm; phases: Hexane (HiPerSolv Chromanorm VWR Hexane for HPLC-MS) (A), Ethyl 

acetate (HiPerSolv Chromanorm VWR Ethyl acetate SuperGradient) (B); or Dichloromethane 

(HiPerSolv Chromanorm VWR Dichloromethane for HPLC-MS) (A), Methanol (HiPerSolv 

Chromanorm VWR Methanol SuperGradient) (B). 

 

Liquid chromatography and mass spectrometry 

Ultra-high performance liquid chromatography/Mass Spectrometry (UPLC/MS) was performed 

with an AcquityTM UPLC/MS System equipped with a TUV Detector, a single quadrupole SQD mass 

spectrometer and ACQUITY UPLC BEH SHIELD RP18 columns (2.1x100mm, id=1.7 µm). The 

elution method was as follows: flow: 0.5 mL/min, with equilibration time of 2 min; monitoring 

wavelength: 220 nm; column temperature 40°C, sample temperature 25°C; phases: H2O 

(HiPerSolv Chromanorm VWR Water for HPLC-MS) + 0,05% trifluoroacetic acid (spectroscopic 

grade) (A), acetonitrile (HiPerSolv Chromanorm VWR Acetonitrile SuperGradient) + 0,05% 

trifluoroacetic acid (spectroscopic grade) (B): elution gradient 1: 0% B to 40% B in 5 min, then 
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100% B for 1 min; elution gradient 2: 5% B to 100% B in 5 min, then 100% B for 1 min; elution 

gradient 3: 40% B to 100% B in 5 min, then 100% B for 1 min; 

MS-SCAN: 100-1000 uma, SCAN-time: 0.2 sec. ESI+ was used as an ionization technique for MS. 

 

NMR spectroscopy 

Intermediates and final products were structurally characterised by 1H NMR and 13C NMR 

spectroscopy at 300/400 MHz, using a Bruker AC 300/400 spectrometer. Chemical shifts were 

expressed in ppm relative to internal Me4Si as standard.  

1H-NMR spectra are described reporting for each signal: chemical shift; multiplicity; integration; 

attribution (using bi-dimensional experiments COSY and HSQC); coupling constants. 13C-NMR 

spectra are described reporting for each signal their chemical shift.  
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Synthesis of methyl 4-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)benzoate 1-5a 

 

Thionyl chloride (0.99 mL, 14.0 mmol) was added to a stirred solution of 1-4 (500 mg, 2.34 mmol) 

in MeOH (30 mL) at 0°C. The reaction was left stirring at rt for 5 h. Reaction monitoring (TLC, 

eluent mixture: 7:3 n-hexane/AcOEt) confirmed the formation of 1-5a. MeOH was then evaporated 

under reduced pressure, and the crude was dissolved in CH2Cl2 (15 mL). Saturated aqueous 

NaHCO3 (15 mL) was added to the organic layer, and the aqueous layer was extracted with CH2Cl2 

(3 x 15 mL). The organic layer was dried with Na2SO4 and evaporated under reduced pressure to 

obtain pure 1-5a (459 mg, 2.01 mmol, 86% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 8.03 (d, 2H, J = 9.0 Hz, H3’-H5’), 

7.96 (d, 2H, J = 9.0 Hz, H2’-6’), 3.88 (s, 3H, H8’), 3.42 (s, 2H, H4), 2.17 

(s, 3H, H6).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 170.8, 166.6, 157.0, 141.8, 130.5 (2C), 

126.0, 117.6 (2C), 52.0, 43.1, 17.0.  

MS (ESI+), m/z: calcd for C12H12N2O3 232.08, found 233.33 (M+H+). 

 

Synthesis of t-butyl (2-(4-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)benzamido) ethyl) 

carbamate 1-6a 

 

EDC (268 mg, 1.44 mmol), DMAP (171 mg, 1.44 mmol) and tert-butyl(2-aminoethyl)carbamate 

(280 mg, 1.75 mmol) were added to a stirred solution of 1-4 (150 mg, 0.72 mmol) in dry CH2Cl2 (15 

mL) under N2. The mixture was left stirring at rt for 12h. Reaction monitoring (TLC, eluent mixture: 

95:5 CH2Cl2/MeOH) confirmed the disappearance of 1-4. The reaction mixture was washed with 

saturated aqueous NH4Cl (10 mL) and then with saturated aqueous NaHCO3 (10 mL). The aqueous 

phase was extracted with CH2Cl2 (3 x 15 mL). The collected organic layers were dried with Na2SO4 

and evaporated under reduced pressure. The resulting crude was purified by flash chromatography 

(silicagel, eluent mixture: 95:5 CH2Cl2/MeOH) to obtain pure 1-6a (860 mg, 0.238 mmol, 34% 

yield) as a white solid. 
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Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.98 (d, 2H, J = 

8.8 Hz, H3’-H5’), 7.85 (d, 2H, J = 8.7 Hz, H2’-H6’), 

7.20 (s, 1H, H8), 4.99 (s, 1H, H11), 3.55 (dd, 2H, J = 10.7, 

5.1 Hz, H9), 3.41 (dd, 2H, J = 10.9, 5.8 Hz, H11), 2.21 (s, 

3H, H6), 1.43 (s, 9H, H14-H14’-H14’’).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 171.4, 167.8, 158.2, 

157.4, 141.3, 130.8 (2C), 128.6, 118.6 (2C), 43.8, 42.8, 40.7, 29.0, 17.7.  

MS (ESI+), m/z: calcd for C18H24N4O4 360.18, found 361.35 (M+H+). 

 

Synthesis of 4-(3-methyl-5-oxo-4,5-dihydro-1H-pyrazol-1-yl)-N-(4-(3-(trifluoromethyl)-

3H-diazirin-3-yl)benzyl)benzamide 6e 

 

EDC.HCl (130 mg, 0.687 mmol), DMAP (84 mg, 0.687 mmol) and (4-(3-(trifluoromethyl)-3H-

diazirin-3-yl)phenyl)methanamine (230 mg, 0.916 mmol) were added under N2 to a stirred 

solution of 1-4 (100 mg, 0.458 mmol) in dry CH2Cl2 (10 mL). The reaction mixture was left stirring 

at rt for 12 h. Reaction monitoring (TLC, eluent mixture: 95:5 CH2Cl2/MeOH) confirmed the 

disappearance of 1-4. The reaction mixture was then washed with saturated aqueous NH4Cl (10 

mL) and then with saturated aqueous NaHCO3 (10 mL). The collected aqueous phase was extracted 

with CH2Cl2 (3 x 12 mL). The collected organic phases were dried with Na2SO4 and evaporated 

under reduced pressure. The obtained crude was purified by reverse phase chromatography 

(Biotage®, eluent mixture H2O/ACN). Pure title compound 1-6e was obtained as a white solid (29,2 

mg, 0.069 mmol, 15% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.94 (d, 2H, J = 8.8 

Hz, H11-H11’), 7.88 (d, 2H, J = 8.6 Hz, H12-H12’), 7.47 

(d, 2H, J = 8.4 Hz, H3’-H5’), 7.27 (d, 2H, J = 8.0 Hz, H2’-

H6’), 4.51 (d, 2H, J = 5.7 Hz, H9), 2.12 (s, 3H, H6).  

MS (ESI+), m/z: calcd for C20H16F3N5O2 415.13, found 

416.40 (M+H+). 
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Synthesis of 5-methoxy-3-methyl-1-phenyl-1H-pyrazole 1-9b 

 

DIAD (0.321 mL, 1.62 mmol), MeOH (0.063 mL, 1.62 mmol) and triphenylphosphine (430 mg, 1.62 

mmol) were added under nitrogen atmosphere to a stirred solution of 1-1 (200 mg, 1.14 mmol) in 

dry CH2Cl2 (2 mL) at 0°C. The reaction mixture was left stirring at 0°C for 50 min, then at rt 

overnight. The reaction was monitored with TLC (eluent mixture 9:1 n-hex/AcOEt) until 

completion. The solvent was evaporated under reduced pressure, and the resulting solid was 

dissolved in CH2Cl2 (8 mL). The solution was washed with water (3 x 10 mL), and the collected 

aqueous phase was extracted with CH2Cl2 (3 x 10 mL). The collected organic phases were dried 

with Na2SO4 and evaporated under reduced pressure to obtain a crude which was purified by flash 

chromatography (silicagel, eluent mixture 9:1 n-hex/AcOEt). Pure title compound 1-9b was 

obtained as a yellow solid (68.2 mg, 0.365 mmol, 32% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.70 (d, 2H, J = 7.5 Hz, H2’-H6’), 7.42 

(t, 2H, J = 8.0 Hz, H3’-H5’), 7.25 (t, 1H, J = 7.4 Hz, H4’), 5.52 (s, 1 H, H4), 

3.92 (s, 3H, H7), 2.30 (s, 3H, H6).  

MS (ESI+), m/z: calcd for C11H12N2O 188,09, found 189.25 (M+H+). 

 

Synthesis of methyl 4-(5-methoxy-3-methyl-1H-pyrazol-1-yl)benzoate 1-9d 

 

DIAD (0.264 mL, 1.85 mmol), MeOH (0.059 mL, 1.85 mmol) and triphenylphosphine (485 mg, 

1.85 mmol) were added under N2 to a stirred solution of 1-4 (150 g, 0.691 mmol) in dry CH2Cl2 (2 

mL) at 0°C. The reaction mixture was stirred at 0°C for 50 minutes, then at rt 24 h. The reaction 

was monitored with TLC (eluent mixture 9:1 n-hex/AcOEt) until completion. The solvent was 

evaporated under reduced pressure, and the resulting solid was dissolved in CH2Cl2 (8 mL). The 

solution was washed with water (3 x 10 mL), and the collected aqueous phase was extracted with 

CH2Cl2 (3 x 10 mL). The collected organic phase was dried with Na2SO4 and evaporated under 

reduced pressure to obtain a crude which was purified by flash chromatography (silicagel, eluent 

mixture 9:1 n-hex/AcOEt). Pure title compound 1-9d was obtained as a yellow solid (81.3 mg, 0.332 

mmol, 48% yield). 
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Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 8.07 (d, 2H, J = 9.0 Hz, H3’-

H5’), 7.84 (d, 2H, J = 9.0 Hz, H2’-H6’), 5.52 (s, 1H, H4), 3.95 (s, 3H, 

H7), 3.92 (s, 3H, H9), 2.28 (s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 166.7, 156.4, 149.8, 142.5, 130.5 

(2C), 126.7, 120.3 (2C), 86.5, 59.0, 52.1, 14.6.  

MS (ESI+), m/z: calcd for C13H14N2O3 246.10, found 247.22 (M+H+). 

 

Synthesis of methyl 4-(5-methoxy-3-methyl-1H-pyrazol-1-yl)benzoate 1-9d 

 

A 2M solution of (trimethylsilyl)diazomethane in n-hexane (1.605 mL, 3.21 mmol) was added 

dropwise to a stirred solution of 1-4 (200 mg, 0.916 mmol) in dry MeOH (9.2 mL) and dry toluene 

(13.8 mL). The reaction mixture was stirred at rt for 24 h, and the reaction was monitored with 

TLC (eluent mixture 7:3 n-hex/AcOEt) until completion. The reaction mixture was then diluted 

with diethyl ether (13 mL) and 10% AcOH (10 mL). After separation, the aqueous layer was 

extracted with diethyl ether (3 x 20 mL). The collected organic phases were dried with Na2SO4 and 

evaporated under reduced pressure to obtain a crude that was purified by flash chromatography 

(silicagel, eluent mixture 7:3 n-hex/AcOEt). Pure title compound 1-9d was obtained as a yellow 

solid (88.2 mg,0.357 mmol, 39% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 8.07 (d, 2H, J = 9.0 Hz, H3’-

H5’), 7.84 (d, 2H, J = 9.0 Hz, H2’-H6’), 5.52 (s, 1H, H4), 3.95 (s, 3H, 

H7), 3.92 (s, 3H, H9), 2.28 (s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 166.7, 156.4, 149.8, 142.5, 130.5 

(2C), 126.7, 120.3 (2C), 86.5, 58.0, 52.1, 14.6.  

MS (ESI+), m/z: calcd for C13H14N2O3 246.10, found 247.22 (M+H+). 

 

Synthesis of methyl 4-(5-methoxy-3-methyl-1H-pyrazol-1-yl)benzoate 1-9d 

 

A 2M solution of trimethylsilyl diazomethane in n-hexane (0.135 mL, 0.00026 mol) was added to 

a stirred solution of 1-5a (25,0 mg, 0.108 mmol) in dry MeOH (1.07 mL) and dry toluene (1.6 mL). 
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The reaction mixture was stirred at rt for 24 h and monitored with TLC (eluent mixture 7:3 n-

hex/AcOEt) until completion. The reaction mixture was then diluted with diethyl ether (1.5 mL) 

and 10% AcOH (1.16 mL). After separation, the aqueous layer was extracted with diethyl ether (3 x 

20 mL). The collected organic phases were dried with Na2SO4 and evaporated under reduced 

pressure to obtain a crude that was purified by flash chromatography (silicagel, eluent mixture 7:3 

n-hex/AcOEt). Pure title compound 1-9d was obtained as a yellow solid (14.3 mg, 0.0570 mmol, 

53% yield). 

Analytical characterization 

1 H-NMR (400 MHz, CDCl3): δ (ppm) 8.07 (d, 2H, J = 9.0 Hz, H3’-

H5’), 7.84 (d, 2H, J = 9.0 Hz, H2’-H6’), 5.52 (s, 1H, H4), 3.95 (s, 3H, 

H7), 3.92 (s, 3H, H9), 2.28 (s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 166.7, 156.4, 149.8, 142.5, 130.5 

(2C), 126.7, 120.3 (2C), 86.5, 59.0, 52.1, 14.6.  

MS (ESI+), m/z: calcd for C13H14N2O3 246.10, found 247.22 (M+H+). 

 

Synthesis of (4-(5-methoxy-3-methyl-1H-pyrazol-1-yl)phenyl)methanol 1-9e 

 

A solution of 1-9d (57.2 mg, 0.231 mmol) in dry CH2Cl2 (2.31 mL) was stirred under nitrogen 

atmosphere at -20°C, then 1M DIBAL-H in THF (0.694 mL, 0.694 mol) was added under stirring. 

The reaction mixture was then warmed to rt and stirred at for 10 h. The reaction was monitored 

with TLC (eluent mixture 7:3 n-hex/AcOEt) until completion. The reaction was then quenched 

with MeOH (43 µL) and saturated aq. Na2SO4 (187 µL) at -30°C and left stirring for 30 min. The 

solvent was dried under stirring with solid Na2SO4, then the resulting suspension was filtered on 

celite, washing with CH2Cl2 (10 mL). The collected organic phase was evaporated under reduced 

pressure to obtain a crude which was purified by flash chromatography (silicagel, eluent mixture 

7:3 n-hex/AcOEt). Pure title compound 1-9e was obtained as a white solid (47.1 mg, 0.215 mmol, 

93% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.64 (d, 2H, J = 8.6 Hz, H3’-H5’), 

7.41 (d, 2H, J = 8.7 Hz, H2’-H6’), 5.54 (s, 1H, H4), 4.72 (s. 2H, H8), 3.93 

(s, 3H, H7), 2.31 (s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ(ppm) 155.8, 148.8, 139.1, 137.6, 127.2 (2C), 

122.0 (2C), 85.8, 64.4, 58.8, 14.5. 

MS (ESI+), m/z: calcd for C12H14N2O2 218.11, found 219.19 (M+H+). 
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Synthesis of 1-(4-(azidomethyl)phenyl)-5-methoxy-3-methyl-1H-pyrazole 1-9f 

 

TEA (75 μL, 0.540 mmol) was added under nitrogen atmosphere to a stirred solution of 1-9e (59.2 

mg, 0.270 mmol) in dry CH2Cl2 (1.35 mL) at -40°C, then methanesulfonyl chloride (29 μL, 0.378 

mmol) was added dropwise for 45 min. The reaction was monitored with TLC (eluent mixture 8:2 

Hex/AcOEt) until complete conversion of 1-9e. CH2Cl2 was then evaporated using nitrogen flush, 

and the resulting solid crude was dissolved in dry DMSO (1.83 mL). Then, sodium azide (35.1 mg, 

0.540 mmol) was added under stirring to the reaction mixture, which was stirred at rt for 18 h. 

Once more, the reaction was monitored with TLC (eluent mixture 8:2 n-hex/AcOEt) until 

completion. The reaction mixture was then diluted with water (3 mL), and after separation the 

aqueous phase was extracted with AcOEt (3 x 5 mL). The collected organic phase was dried with 

Na2SO4 and evaporated under reduced pressure to yield a crude which was purified by flash 

chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt). Compound 1-9f was obtained as a 

yellow solid (34.9 mg, 0.143 mmol, 53% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.74 (d, 2H, J= 8.6 Hz, H 3’-H5’), 

7.37 (d, 2H, J =8.4 Hz, H2’-H6’), 5.53 (s, 1H, H4), 4.37 (s, 2H, C8) 3.95 (s, 

3H, H7), 2.30 (s, 3H, H5).  

MS (ESI+), m/z: calcd for C12H13N5O 243.11, found 244.27 (M+H+). 

 

 

Synthesis of 4-(5-methoxy-3-methyl-1H-pyrazol-1-yl)benzoic acid 1-9g 

 

LiOH (16.3 mg, 653 mmol) was added to a stirred solution of 1-9d (140 mg, 0.568 mmol) in THF 

(3.8 mL) and water (1.9 mL). The reaction mixture was stirred at rt for 6 h and monitored with TLC 

(eluent mixture 95:5 CH2Cl2/MeOH + 1% formic acid) until completion. The reaction mixture was 

then diluted with 5% aq. NaOH (5 mL). and after separation the aqueous phase was extracted with 

CH2Cl2 (3 x 5 mL). The collected organic phases were then sequentially washed with 5% aq. HCl (7 

mL) and brine (3 x 7 mL). Then they were dried with Na2SO4 and evaporated under reduced 

pressure to yield a crude which was purified by flash chromatography (eluent mixture 95:5 

CH2Cl2/MeOH + 1% formic acid) to obtain pure title compound 1-9g as a white solid (106 mg, 0.454 

mmol, 80% yield). 
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Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 8.12 (d, 2H, J = 8.7 Hz, H3’-H5’), 

7.88 (d, 2H, J = 8.7 Hz, H2’-H6’), 5.53 (s, 1H, H4), 3.96 (s, 3H, H7), 2.29 

(s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 169.5, 156.4, 150.0, 142.6, 131.0 

(2C), 126.8, 120.5 (2C), 86.6, 59.0, 14.5.  

MS (ESI+), m/z: calcd for C12H12N2O3 233.08, found 233.10 (M+H+). 

 

2 Synthesis of -((tert-butoxycarbonyl)amino)ethyl 4-(5-methoxy-3-methyl-1H-pyrazol-1-

yl)benzoate 1-9h 

 

EDC (92.2 mg, 0.481 mmol), DMAP (58.9 mg, 0.481 mmol) and tert-butyl (2-hydroxyethyl) 

carbamate (0.100 mL, 0.646 mmol) were added under N2 to a stirred solution of 1-9g (50.0 mg, 

0.215 mmol) in dry CH2Cl2 (4.3 mL). The reaction mixture was stirred at rt for 24 h and was 

monitored with TLC (eluent mixture 7:3 n-hex/AcOEt) until completion. The reaction mixture was 

then washed with saturated aq. NH4Cl (5 mL), then with saturated aq. NaHCO3 (5 mL). After 

separation, the aqueous phase was extracted with CH2Cl2 (3 x 6 mL). The collected organic phase 

was dried with Na2SO4 and evaporated under reduced pressure to obtain a crude which was 

purified with flash chromatography (silicagel, eluent mixture 7:3 n-hex/AcOEt). Pure title 

compound 1-9h was obtained as a white solid (35.3 mg, 0.0903 mmol, 42% yield). 

Analytical characterization 
1H-NMR (400 MHz, CDCl3): δ (ppm) 8.06 (d, 2H, 

d, J =8.7 Hz, H3’-H5’), 7.84 (d, 2 H, J =8.7 Hz, H2’-

H6’), 5.52 (s, 1H, H4), 4.87 (s, 1H, H11), 4.37 (t, 2H, 

J =5.2 Hz, H9), 3.94 (s, 3H, H7), 3.53 (d, 2H, J =4.9, 

H10), 2.28 (s, 3 H, H5), 1.44 (s, 9 H, H14).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 166.09, 166.06, 156.5, 149.9, 142.7, 130.6 (2C), 126.4, 120.3 

(2C), 86.6, 64.3, 64,2, 59.0, 39.8, 28.4, 14.6.  

MS (ESI+), m/z: calcd for C19H25N3O5 375.18, found 376.23 (M+H+). 
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Synthesis of tert-butyl 5-methyl-3-oxo-2-phenyl-2,3-dihydro-1H-pyrazole-1-carboxylate 

1-10a 

 

A solution of di-tert-butyl dicarbonate (351 mg, 1.61 mmol) in dry CH2Cl2 (3 mL) was added under 

a nitrogen atmosphere to a stirred solution of 1-1 (200 mg, 1.15 mmol) in dry CH2Cl2 (3mL) at 0°C. 

Then, a solution of DMAP (14.3 mg, 0.115 mol) in dry CH2Cl2 (1.5 mL) was added dropwise at 0°C, 

and the solution was gently warmed and stirred at rt for 6 h. The reaction was monitored with TLC 

(eluent mixture 8:2 n-hex/AcOEt) until completion. The reaction mixture was washed with 

saturated aq. NH4Cl (8 mL). The collected organic phases were dried with Na2SO4 and evaporated 

under reduced pressure to obtain a crude which was purified with flash chromatography (silicagel, 

eluent mixture 8:2 n-hex/AcOEt). Pure title compound 1-10a was obtained as a yellow solid (240 

mg, 0.876 mmol, 73% yield). 

Analytical characterization 

1H-NMR (500 MHz, CDCl3): δ (ppm) 7.56 (d, 2H, J =7.5 Hz, H2’-H6’), 

7.42 (t, 2H, J =7.9 Hz, H3’-H5’), 7.30 (t, 1H, J =7.4 Hz, H4’), 6.04 (s, 1H, 

H4), 2.31 (s, 3H, H5), 1.44 (s, 9H, H9).  

13C-NMR (126 MHz, CDCl3) δ(ppm): 148.9, 148.8, 144.9, 138.1, 129.0 (2C), 

127.0, 122.9 (2C), 95.5, 85.2, 27.4, 14.5.  

MS (ESI+), m/z: calcd for C15H18N2O3 274.13, found 275.21 (M+H+). 

 

Synthesis of 5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one 1-1 

 

TFA (1.49 mL, 5.46 mmol) was added under N2 to a stirred solution of 1-10a (50.0 mg, 0.182 mmol) 

in dry CH2Cl2 (7.5 mL) at -30°C. The reaction was stirred at -30°C for 1 h. Then, the solvent and 

TFA were evaporated under reduced pressure to obtain directly the pure target compound 1-1 as a 

white solid (29.1 mg, 0.171 mol, 95% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.93 - 7.83 (m, 2H, H2’-H6’), 7.45 – 

7.37 (m, 2H, H3’-H5’), 7.24 - 7.15 (m, 1H, H4’), 3.46 (s, 2H, H4), 2.23 (s, 3H, 

H5).  

MS (ESI+), m/z: calcd for C10H10N2O 174.04, found 175.16 (M+H+). 
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Synthesis of tert-butyl 2-(4-(methoxycarbonyl)phenyl)-5-methyl-3-oxo-2,3-dihydro-1H-

pyrazole-1-carboxylate 1-10b 

 

A solution of di-tert-butyl dicarbonate (197 mg, 0.91 mmol) in dry CH2Cl2 (2.5 mL) was added 

under nitrogen atmosphere to a stirred solution of 1-5a (150 mg, 0.646 mmol) in dry CH2Cl2 (2.5 

mL) at 0°C. Then, a solution of DMAP (0.7 mg, 0.0646 mmol) in dry CH2Cl2 (1 mL) was added at 

0°C, and the reaction mixture was gently warmed and stirred at rt for 6 h. The reaction was 

monitored with TLC (eluent mixture 8:2 n-hex/AcOEt) until completion. The reaction mixture was 

washed with saturated aq. NH4Cl (7 mL). The collected organic phases were dried with Na2SO4 

and evaporated under reduced pressure to obtain a crude which was purified with flash 

chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt). Pure title compound 1-10b was 

obtained as a white solid (79.2 mg, 0.238 mol, 67% yield). 

Analytical characterization 
1H-NMR (500 MHz, CDCl3): δ(ppm) 8.10 (d, 2H, J =8.8 Hz, H3’-

H5’), 7.70 (d, 2H, J =8.8 Hz, H2’-H6’), 6.09 (s, 1H, H4), 3.91 (s, 3H, 

H11), 2.30 (s, 3H, H5), 1.46 (s, 9H, H9).  

13C-NMR (126 MHz, CDCl3): δ (ppm) 166.5, 149.9, 148.7, 145.4, 

141.9, 130.8 (2C), 128.1, 121.6 (2C), 96.4, 85.7, 52.3, 27.6, 14.6.  

MS (ESI+), m/z: calcd for C17H20N2O5 332.14, found 333.26 (M+H+). 

 

Synthesis of tert-butyl 2-(4-(hydroxymethyl)phenyl)-5-methyl-3-oxo-2,3-dihydro-1H-

pyrazole-1-carboxylate 1-10c 

 

1M DIBAL-H in THF (2.3 mL, 2.37 mmol) was added under nitrogen atmosphere to a stirred 

solution of 1-10b (315 mg, 0.948 mmol) in dry CH2Cl2 (9.4 mL) at -20°C. Then the reaction mixture 

was stirred at rt for 10 h, monitoring the reaction with TLC (eluent mixture 8:2 n-hex/AcOEt) until 

completion. The reaction mixture was then quenched with MeOH (142 µL) and saturated aq. 

Na2SO4 (619 µL) at -20°C for 30 min. Solid Na2SO4 (6.19 g) was added, then the resulting suspension 

was filtered on celite. The plug was washed with CH2Cl2 (10 mL), then the collected organic phase 

was evaporated under reduced pressure to obtain a crude which was purified by flash 

chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt). Pure title compound 1-10c was 

obtained as a white solid (154 mg, 0.507 mmol, 54% yield). 
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Analytical characterization 

1 H-NMR (500 MHz, CDCl3): δ (ppm) 7.47 (d, 2H, J =8.6 Hz, H3’-H5’), 

7.35 (d, 2H, J =8.7 Hz, H2’-H6’), 6.04 (s, 1H, H4), 4.67 (s, 2H, H10), 

2.70 (s, 1H, OH), 2.30 (s, 3H, H5), 1.44 (s, 9H, H9).  

13C-NMR (126 MHz, CDCl3): δ(ppm) 149.0, 145.1, 140.3, 137.1 (2C), 

127.5 (2C), 123.1 (2C), 95.6, 85.4, 64.5, 27.5, 14.5.  

MS (ESI+), m/z: calcd for C17H20N2O5 304.14, found 305.25 (M+H+). 

 

Synthesis of 2-(4-(hydroxymethyl)phenyl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one 1-7 

 

TFA (0.251 mL, 2.95 mmol) was added under nitrogen atmosphere to a stirred solution of 1-10c 

(50.0 mg, 0.164 mmol) in dry CH2Cl2 (1.6 mL) at -30°C. The reaction mixture was stirred at -30°C 

for 1 h, then the solvent and TFA were evaporated under reduced pressure to obtain a crude which 

was purified with flash chromatography (silicagel, eluent mixture 7:3 n-hex/AcOEt). Pure title 

compound 1-7 was obtained as a white solid (20.4 mg, 0.0984 mmol, 60% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.87 (d, 2H, J =8.7 Hz, H3’-H5’), 

7.39 (d, 2H, J =8.9 Hz, H2’-H6’), 4.69 (s, 2H, H7), 3.44 (s, 2H, H4), 2.21 

(s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ(ppm) 170.6, 156.4, 137.5, 137.5, 127.6 (2C), 

118.9 (2C), 65.0, 43.1, 17.0.  

MS (ESI+), m/z: calcd for C11H12N2O2 204.09, found 205.15 (M+H+). 

 

Synthesis of tert-butyl 2-(4-(azidomethyl)phenyl)-5-methyl-3-oxo-2,3-dihydro-1H-

pyrazole-1-carboxylate 1-10d 

 

TEA (0.064 mL, 0.456 mmol) was added under nitrogen atmosphere to a stirred solution of 1-10c 

(70.0 mg, 0.228 mmol) in dry CH2Cl2 (1.15 mL) at -40°C; then, methanesulfonyl chloride (25 μL, 

0.319 mmol) was added slowly, and stirring was continued for 45 min. The reaction was monitored 

with TLC (eluent mixture 7:3 n-hex/AcOEt), until complete conversion of 1-10c. Then, after 
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warming to rt, the solvent was evaporated with a nitrogen flush, the resulting solid was dissolved 

in dry DMSO (2 mL), and sodium azide (29.6 mg, 0.456 mmol) was added to the stirred solution. 

The reaction mixture was stirred at rt for 18 h and was monitored with TLC (eluent mixture 8:2 n-

hex/AcOEt) until completion. Then, the reaction mixture was diluted with water (5 mL), and after 

phase separation the aqueous phase was extracted with AcOEt (3 x 10 mL). The collected organic 

phase was dried with Na2SO4 and evaporated under reduced pressure to obtain a crude which was 

purified by flash chromatography (silicagel, eluent mixture 7:3 n-hex/AcOEt). Pure title compound 

1-10d was obtained as a yellow solid (34.1 mg, 0.103 mmol, 45% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.60 (d, 2H, J =8.6 Hz, H3’-H5’), 

7.47 (d, 2H, J =8.6 Hz, H2’-H6’), 6.08 (s, 1H, H4), 4.62 (s, 2H, H10), 

2.33 (s, 3H, H5), 1.48 (s, 9H, H9). 

MS (ESI+), m/z: calcd for C16H19N5O3 329.15, found 330.16 (M+H+). 

 

 

Synthesis of 2-(4-(azidomethyl)phenyl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one 1-8 

 

TFA (0.324 mL, 4.24 mmol) was added under N2 to a stirred solution of 1-10d (70.0 mg, 0.210 

mmol) in dry CH2Cl2 (2.1 mL) at -30°C. The reaction was gently warmed to 0°C under stirring in 3 

hours. Then, the solvent and TFA were evaporated under reduced pressure to obtain a crude which 

was purified with flash chromatography (silicagel, eluent mixture 7:3 n-hex/AcOEt). Pure title 

compound 1-8 was obtained as a yellow solid (43.3 mg, 0.189 mmol, 90% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.90 (d, 2H, J =8.6 Hz, H3’-H5’), 7.42 

(d, 2H, J =8.6 Hz, H2’-H6’), 4.60 (s, 2H,H7), 3.43 (s, 2H, H4), 2.20 (s, 3H, 

H5).  

13C-NMR (101 MHz, CDCl3): δ(ppm) 170.6, 156.5, 138.1, 133.9, 129.2 (2C), 

118.8 (2C), 46.0, 43.1, 17.0.  

MS (ESI+), m/z: calcd for C11H11N5O 229,10, found 230.29 (M+H+). 
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Synthesis of 2-(3,4-dichlorophenyl)-5-methyl-2,4-dihydro-3H-pyrazol-3-one 1-11 

 

1-3b (100 mg, 0.468 mmol) was added under nitrogen atmosphere to a stirred solution of 1-2a (59 

μL, 0.468 mmol) in AcOH (2.35 mL) at rt. The reaction mixture was then heated at reflux for 12 h 

under stirring, monitoring with TLC (eluent mixture 7:3 n-hex/AcOEt) until completion. Then, 

AcOH was stripped under reduced pressure, the solid residue was dissolved in CH2Cl2 (7 mL) and 

washed with saturated aq. NH4Cl (7 mL). The aqueous phase was extracted with CH2Cl2 (3 x 10 

mL), the collected organic phase was dried with Na2SO4 and evaporated under reduced pressure 

to obtain a crude which was purified with flash chromatography (silicagel, eluent mixture 7:3 n-

hex/AcOEt). Pure title compound 1-11 was obtained as a white solid (77.3 mg, 0.309 mmol, 66% 

yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3); δ(ppm) 8.09 (d, 1H, J =2.5 Hz, H6’), 7.84 (dd, 

1H, J =8.9 Hz, J =2.5 Hz, H2’), 7.45 (d, 1H, J =8.8 Hz, H3’), 3.47 (s, 2H, H4), 

2.23 (s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ(ppm) 170.4, 156.8, 137.4, 132.7, 130.4, 128.1, 

120.1, 117.6, 43.1, 17.0. 

MS (ESI+), m/z: calcd for C10H8Cl2N2O 242.00, found 243.13 (M+H+). 

 

Synthesis of ethyl 4-azido-3-oxobutanoate 1-2d 

 

Sodium azide (0.131 mL, 2.01 mmol) was added under stirring to a solution of 1-2b (0.246 mL, 1.83 

mmol) in 3:1 acetone/water (2.9 mL). The reaction mixture was stirred at reflux for 5 h, while 

monitoring with TLC (eluent mixture 9:1 n-hex/AcOEt) until completion. Then, the reaction 

mixture was diluted with water (1 mL) and, after phase separation, the aqueous phase was extracted 

with AcOEt (3 x 2.5 mL). The collected organic phase was dried with Na2SO4 and evaporated under 

reduced pressure to obtain a crude which was purified with flash chromatography (silicagel, eluent 

mixture 9:1 n-hex/AcOEt). Pure title compound 1-2d was obtained as a brown liquid (232 mg, 1.35 

mmol, 74% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ(ppm) 4.22 (q, 2H, J =7.1 Hz, H3), 4.13 (s, 

2H, H1), 3.52 (s, 2H, H2), 1.30 (t, 3H, J =7.1 Hz, H4). 
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Synthesis of ethyl 4-(benzyloxy)-3-oxobutanoate 1-2e 

 

60% NaH in mineral oil (801 mg, 39.4 mmol) was washed with n-pentane (20 mL x 3) under 

nitrogen atmosphere to remove the oil. Then, dry THF (10 mL) was added, and the suspension was 

stirred at 0°C. BnOH (2.05 mL, 19.7 mmol) was added dropwise, the reaction mixture was stirred 

at rt for 30 minutes. Then, a solution of 1-2b (1.35 mL, 14.7 mmol) in dry THF (10 mL) was added 

at 0°C, and stirring was continued at 0°C for 30 minutes and at rt for 3 hours. The reaction was 

monitored with TLC (eluent mixture 98:2 CH2Cl2/MeOH) until completion. Then, the reaction 

mixture was diluted with 1M HCl (10 mL), and after separation the aqueous phase was extracted 

with AcOEt (3 x 25 mL). The collected organic phase was dried with Na2SO4 and evaporated under 

reduced pressure to obtain a crude which was purified with flash chromatography (silicagel, eluent 

mixture 98:2 CH2Cl2/MeOH). Pure title compound 1-2e was obtained as a brown liquid (3.43 g, 

15.6 mmol, 79% yield).  

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.47 – 7.28 (m, HAr), 4.61 

(s, 2 H, H4), 4.19 (q, 2 H, J =7.5 Hz, H7), 4.16 (s, 2 H, H5), 3.55 

(s, 2 H, H6), 1.27 (t, 3 H, J =7.1 Hz, H8). 

 

 

Synthesis of 5-((benzyloxy)methyl)-2-phenyl-2,4-dihydro-3H-pyrazol-3-one 1-12e 

 

1-3a (88 μL, 0.846 mmol) was added dropwise to a solution of 1-2e (200 mg, 0.846 mmol) in AcOH 

(4 mL) under nitrogen atmosphere. The reaction mixture was stirred at reflux for 8 h, while 

monitoring the reaction with TLC (eluent mixture 8:2 n-hex/AcOEt) until completion. Then, 

AcOH was stripped under reduced pressure, and the resulting solid was dissolved in CH2Cl2 (5 

mL). The solution was washed with saturated aq. NH4Cl (5 mL). After phase separation, the 

aqueous phase was extracted with CH2Cl2 (3 x 10 mL). The collected organic phase was dried with 

Na2SO4 and evaporated under reduced pressure to obtain a crude which was purified with flash 

chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt). Pure title compound 1-12e was 

obtained as a brown solid (216 mg, 0.639 mmol, 71% yield). 
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Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 7.86 (d, 2H, J =7.8 Hz, H3’-

H5’), 7.53 – 7.31 (m, 7H, H2’-H6’-H9-H9’-H10-H10’-H11), 7.22 (t, 

1H, J =7.4 Hz, H4’), 4.63 (s, 2H, H7), 4.40 (s, 2H, H5), 3.55 (s, 2H, 

H4).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 170.5, 156.7, 137.9, 137.1, 128.9 

(2C), 128.6 (2C), 128.2 (2C), 128.0, 125.3, 119.0 (2C), 73.2, 67.3, 

40.5.  

MS (ESI+), m/z: calcd for C17H16N2O2 280.12, found 281.20 (M+H+). 

 

Synthesis of 5-(hydroxymethyl)-2-phenyl-2,4-dihydro-3H-pyrazol-3-one 1-12l 

 

Pd/C (10% w/w, 107 mg) was added to a solution of 1-12e (107 mg, 0.381 mmol) in EtOH (1 mL) 

under hydrogen atmosphere. The reaction mixture was stirred at rt overnight and was monitored 

with TLC (eluent mixture 75:25 n-hex/ AcOEt) until completion. The reaction mixture was then 

filtered on a celite pad, which was washed with EtOH (5 mL). The organic phase was dried with 

Na2SO4 and evaporated under reduced pressure to obtain a crude which was purified with flash 

chromatography (silicagel, eluent mixture 75:25 n-hex/AcOEt). Pure title compound 1-12f was 

obtained as a white solid (58.3 mg, 0.301 mmol, 96% yield).  

Analytical characterization 

1H-NMR (400 MHz, CD3OD): δ(ppm) 7.64 (d, 2H, J =7.7 Hz, H2’-H6’), 

7.44 (t, 2H, J 7.7 Hz, H3’-H5’), 7.30 (t, 1H,  J =7.2 Hz, H4’), 4.93 (s, 2H, 

H5), 4.53 (s, 2H, H2).  

13C-NMR (101 MHz, CD3OD): δ (ppm) 152.9, 152.9, 137.7, 128.6 (2C), 126.2, 

122.1 (2C), 59.3, 57.5.  

MS (ESI+), m/z: calcd for C10H10N2O2 190.07, found 191.06 (M+H+). 

 

Synthesis of methyl 2-acetylhept-6-enoate 1-13b 

 

A solution of sodium ethoxide (1.50 g, 22.0 mmol) and 1-2a (2.53 mL, 20.0 mmol) in EtOH (5.24 

mL) was stirred at reflux for 30 min. Then, a solution of 5-bromopent-1-ene (2.37 mL, 20.0 mmol) 

in THF (4 mL) was added slowly. The reaction mixture was stirred at reflux for 13 h, while 
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monitoring the reaction with TLC (eluent mixture 6:4 n-hex/AcOEt) until completion. The 

reaction mixture was then diluted with 1M HCl until pH=7, then THF and EtOH were evaporated 

under reduced pressure and the aqueous phase was extracted with AcOEt (3 x 10 mL). The 

collected organic phase was dried with Na2SO4 and evaporated under reduced pressure to obtain 

a crude which was purified with flash chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt). 

Pure title compound 1-13b was obtained as a colourless liquid (229 mg, 1.24 mmol, 6% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ(ppm) 5.82 – 5.60 (m, 1H, H6), 5.03 – 4.83 (m, 

2H, H7), 4.21 – 4.05 (m, 2H, H8), 3.35 (td, 1H, J =7.4, J =3.2, H2), 2.22 – 2.12 

(m, 3H, H1), 2.00 (dd, 2H, J =5.3, J = 1.2, H5), 1.86 – 1.72 (m, 2H, H3), 1.45 – 

1.27 (m, 2H, H4), 1.25 – 1.17 (m, 3H, H9). 

 

 

 

Synthesis of butyl 3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazole-4-carboxylate 1-14e 

 

Calcium hydroxide (0.155 g, 0.0021 mol) was added under nitrogen atmosphere to a stirred 

solution of 1-1 (250 mg, 1.44 mmol) in dry dioxane (7 mL). Then, the reaction mixture was stirred 

at reflux for 1 h, and slowly cooled to rt. After that, butyl chloroformate (0.203 mL, 1.58 mmol) was 

added to the stirred solution, and the reaction mixture was stirred at reflux for 2 h. After cooling 

to rt, the reaction mixture was stirred at rt and 3M HCl (14 mL, 0.043 mol) was added. Throughout 

all the steps, the reaction was monitored with TLC (eluent mixture 7:3 n-hex/AcOEt) until 

completion. Then, the reaction mixture was diluted with water (10 mL), dioxane was evaporated 

under reduced pressure and the aqueous phase was extracted with AcOEt (3 x 10 mL). The 

collected organic phase was dried with Na2SO4 and evaporated under reduced pressure to obtain 

a crude which was purified with flash chromatography (silicagel, eluent mixture 7:3 n-hex/AcOEt). 

Pure title compound 1-14e was obtained as a yellow liquid (88.3 mg, 0.331 mmol, 23% yield). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.59 (d, 2H, J =8.4 Hz, H2’H-6’), 7.44 

(t, 2H, J =7.9 Hz, H3’H-5’), 7.31 (t, 1H, J =7.4 Hz, H4’), 6.10 (s, 1H, H4), 4.23 

(t, 2H, J =6.7 Hz, H8), 2.34 (s, 3H, H5), 1.66 (dt, 2H, J =14.6 Hz, J = 6.8 Hz, 

H9), 1.49 – 1.31 (m, 2H, H10), 0.93 (t, 3H, J =7.4 Hz, H11).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 151.0, 148.8, 144.7, 137.9, 129.1 (2C), 

127.1, 122.8 (2C), 95.4, 69.7, 30.4, 18.7, 14.5, 13.5.  

MS (ESI+), m/z: calcd for C15H18N2O3 274.13, found 275.21 (M+H+). 
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Synthesis of butyl 3-methyl-5-oxo-1-phenyl-4,5-dihydro-1H-pyrazole-4-carboxylate 1-14e 

 

Calcium hydroxide (0.155 g, 0.0021 mol) was added under nitrogen atmosphere to a stirred 

solution of 1-1 (0.250 g, 0.0014 mol) in dry dioxane (7 mL). Then, the reaction mixture was stirred 

at reflux for 1 hour, and slowly cooled to rt. After that, butyl chloroformate (0.203 mL, 0.0016 mol) 

was added to the stirred solution, and the reaction mixture was stirred at reflux for two hours. 

After cooling to rt, the reaction mixture was stirred at rt and 3M HCl (14 mL, 0.043 mol) was added. 

Throughout all the steps, the reaction was monitored with TLC (eluent mixture 7:3 n-hex/AcOEt) 

until completion. Then, the reaction mixture was diluted with water (10 mL), dioxane was 

evaporated under reduced pressure and the aqueous phase was extracted with AcOEt (3 x 10 mL). 

The collected organic phase was dried with Na2SO4 and evaporated under reduced pressure to 

obtain a crude (orange oil, 0.192 g), which was purified with flash chromatography (silicagel, eluent 

mixture 7:3 n-hex/AcOEt). Pure title compound 1-14e was obtained as a yellow liquid (0.088 g, 

0.00032 mol, Y=23%). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.59 (d, 2H, J =8.4 Hz, H2’H-6’), 7.44 

(t, 2H, J =7.9 Hz, H3’H-5’), 7.31 (t, 1H, J =7.4 Hz, H4’), 6.10 (s, 1H, H4), 4.23 

(t, 2H, J =6.7 Hz, H8), 2.34 (s, 3H, H5), 1.66 (dt, 2H, J =14.6 Hz, J = 6.8 Hz, 

H9), 1.49 – 1.31 (m, 2H, H10), 0.93 (t, 3H, J =7.4 Hz, H11).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 151.0, 148.8, 144.7, 137.9, 129.1 (2C), 

127.1, 122.8 (2C), 95.4, 69.7, 30.4, 18.7, 14.5, 13.5.  

MS (ESI+), m/z: calcd for C15H18N2O3 274.13, found 275.21 (M+H+). 

 

 

Synthesis of 5-ethoxy-3-methyl-1-phenyl-1H-pyrazole-4-carboxylic acid 1-14c 

 

1-3a (25 μL, 0.249 mmol) and 3M HCl (cat., two drops) were added to a solution of 1-13a (49 μL, 

0.249 mmol) in EtOH (1.85 mL). The reaction mixture was stirred at rt for 6 h, until complete 

disappearance of starting materials. Then, K2CO3 (36.2 mg, 0.261 mmol) was added to the reaction 

mixture, and stirring at rt continued for 18 h. Throughout all steps, the reaction was monitored 

with TLC (eluent mixture 95:5 CH2Cl2/MeOH). Then, EtOH was removed under reduced pressure, 

the resulting solid was dissolved in CH2Cl2 (3 mL), and the solution was washed with saturated aq. 
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NH4Cl (3 mL). The collected organic phases were dried with Na2SO4 and evaporated under reduced 

pressure to obtain a crude which was purified with two subsequent flash chromatographies 

(silicagel, first eluent mixture 9:1 n-hex/AcOEt; second eluent mixture 95:5 CH2Cl2/MeOH). Pure 

title compound 1-14c was obtained as a purple solid (30.0 mg, 0.122 mmol, 49% yield). 

Analytical characterization 

1H-NMR (400 MHz,CDCl3): δ (ppm) 7.81 (d, 2H, J =7.9 Hz, H2’-H6’), 7.47 

(t, 2H, J =7.9 Hz, H3’-H5’), 7.40 – 7.25 (m, 1H, H4’), 4.41 (q, 2H, J =7.1 Hz, 

H7), 2.44 (s, 3H, H5), 1.43 (t, 3H, J =7.1 Hz, H8).  

13C-NMR (101 MHz, CDCl3): δ(ppm) 167.3, 157.44 148.5, 137.5, 129.1 (2C), 

126.7, 121.1 (2C), 93.7, 60.6, 14.4 (2C).  

MS (ESI+), m/z: calcd for C13H14N2O3 246.10, found 247.18 (M+H+). 

 

Synthesis of 5-ethoxy-3-methyl-1-phenyl-1H-pyrazole-4-carboxylic acid 1-14c 

 

1-3a (25 μL, 0.249 mmol) and 3M HCl (cat., two drops) were added to a stirred solution of 1-13a 

(49 μL, 0.249 mmol) in EtOH (1.85 mL). The reaction mixture was stirred at rt for 24 h, while 

monitoring its course with TLC (eluent mixture 95:5 CH2Cl2/MeOH) until completion. Then, 

EtOH was removed under reduced pressure, the resulting solid was dissolved in CH2Cl2 (3 mL), 

and the solution was washed with saturated aq. NH4Cl (3 mL). The collected organic phases were 

dried with Na2SO4 and evaporated under reduced pressure to obtain a crude which was purified 

with flash chromatography (silicagel, eluent mixture 98:2 CH2Cl2/MeOH +1% formic acid). Pure 

title compound 1-14c was obtained as a purple solid (38.7 mg, 0.157 mmol, 63% yield). 

Analytical characterization 

1H-NMR (400 MHz,CDCl3): δ (ppm) 7.81 (d, 2H, J =7.9 Hz, H2’-H6’), 7.47 

(t, 2H, J =7.9 Hz,  H3’-H5’), 7.40 – 7.25 (m, 1H, H4’), 4.41 (q, 2H, J =7.1 Hz, 

H7), 2.44 (s, 3H, H5), 1.43 (t, 3H, J =7.1 Hz, H8).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 167.3, 157.4, 148.5, 137.5, 129.1 (2C), 

126.7, 121.1 (2C), 93.7, 60.6, 14.4 (2C).  

MS (ESI+), m/z: calcd for C13H14N2O3 246.10, found 247.18 (M+H+). 
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Synthesis of 5-ethoxy-3-methyl-1-phenyl-1H-pyrazole-4-carboxylic acid 1-14c 

 

1-3a (25 μL, 0.249 mmol) and 3M HCl (cat., two drops) were added under nitrogen atmosphere to 

a stirred solution of 1-13a (49 μL, 0.249 mmol) in dioxane (1.85 mL). The reaction mixture was 

stirred at rt for 24 h, while monitoring its course with TLC (eluent mixture 95:5 CH2Cl2/MeOH) 

until completion. Then, dioxane was removed under reduced pressure, the resulting solid was 

dissolved in CH2Cl2 (3 mL), and the solution was washed with saturated aq. NH4Cl (3 mL). The 

collected organic phases were dried with Na2SO4 and evaporated under reduced pressure to obtain 

a crude which was purified with flash chromatography (silicagel, eluent mixture 98:2 

CH2Cl2/MeOH +1% formic acid). Pure title compound 1-14c was obtained as a purple solid (32.0 

mg, 0.130 mmol, 52% yield). 

Analytical characterization 

1H-NMR (400 MHz,CDCl3): δ (ppm) 7.81 (d, 2H, J =7.9 Hz, H2’-H6’), 7.47 

(t, 2H, J =7.9 Hz, H3’-H5’), 7.40 – 7.25 (m, 1H, H4’), 4.41 (q, 2H, J =7.1 Hz, 

H7), 2.44 (s, 3H, H5), 1.43 (t, 3H, J =7.1 Hz, H8).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 167.3, 157.4, 148.5, 137.5, 129.1 (2C), 

126.7, 121.1 (2C), 93.7, 60.6, 14.4 (2C).  

MS (ESI+), m/z: calcd for C13H14N2O3 246.10, found 247.18 (M+H+). 

 

Synthesis of (E/Z)-4-(hydroxyimino)-5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one 1-

14g 

 

A solution of conc. HCl (0.541 mL, 6.45 mmol) was added slowly to a stirred solution of 1-1 (750 

mg, 4.30 mmol) in EtOH (16 mL) at 0°C. The reaction mixture was stirred for 30 min at 0°C, then 

20% aq. NaNO2 (448 mg, 6.45 mmol) was added. The reaction was stirred at 0°C for 30 min, 

monitoring with TLC (eluent mixture 17:80:3 n-hex/CH2Cl2/iso-propanol) until completion. Then, 

solvents were concentrated under reduced pressure and the crude residual suspension was filtered. 

The filtrate was purified with flash chromatography (silicagel, eluent mixture 17:80:3 n-

hex/CH2Cl2/iso-propanol). Pure title compound 1-14g was obtained as an orange solid (664 mg, 

3.27 mmol, 76% yield). 
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Analytical characterization 

1-14g’’: 

1H-NMR (400 MHz,CDCl3): δ(ppm) 7.87 (d, 2H, J 

=8.0 Hz, H2’-H6’), 7.52 – 7.34 (m, 2H, H3’-H5’), 

7.36 – 7.17 (m, 1H, H4’), 2.49 (s, 3H, H5).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 160.6, 155.4, 

148.8, 137.4, 129.1 (2C), 126.2, 118.8 (2C), 17.1.  

1-14g’: 

1H-NMR (400 MHz,CDCl3): δ(ppm) 7.87 (d, J =8.0 Hz, 2H, HB’-HF’), 7.52 – 7.34 (m, 2H, HC’-

HE’), 7.36 – 7.17 (m, 1H, HD’), 2.37 (s, 3H, HE).  

13C-NMR (101 MHz, CDCl3): δ (ppm) 160.6, 155.4, 146.0, 136.7, 129.0 (2C), 125.7, 118.8 (2C), 12.2.  

MS (ESI+), m/z: calcd for C10H9N3O2 203.07, found 204.18 (M+H+). 

 

Synthesis of (E/Z) 4-(Methoxyimino)-5-methyl-2-phenyl-2,4-dihydro-3H-pyrazol-3-one 1-

14i 

 

Dimethyl sulfate (23 μL, 0.245 mmol) was added to a stirred solution of 1-14g (50.0 mg, 0.245 

mmol) and K2CO3 (54.1 mg, 0.392 mmol) under N2 in dry CH3CN (0.8 mL). The reaction mixture 

was stirred at rt for 5 h, monitoring it with TLC (eluent mixture 7:3 n-hex/AcOEt) until completion. 

Then, the solution was cooled with an ice bath and it was diluted with water (2 mL). After 

extraction with CH2Cl2 (2 x 2.5 mL), the collected organic phase was dried with Na2SO4 and 

evaporated under reduced pressure to obtain a crude which was purified with flash 

chromatography (silicagel, eluent mixture 7:3 n-hex/AcOEt). Pure title compound 1-14i was 

obtained as an orange solid (44.3 mg, 0.203 mol, 83% yield). 

Analytical characterization 

1-14i’’: 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.88 (d, 2H, 

J =8.0 Hz, H2’-H6’), 7.40 (m, 2H, H3’-H5’), 7.20 

(t, 1H, J =7.4 Hz, H4’), 4.35 (s, 3H, H7), 2.42 (s, 

3H, H5).  

13C-NMR (101 MHz, CDCl3): δ(ppm) 159.1, 147.6, 

143.6, 137.6, 129.0 (2C), 125.4, 118.6 (2C), 66.5, 

17.4.  
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1-14i’: 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.88 (d, 2H, J =8.0 Hz, HB’HF’), 7.40 (m, 2H, HC’-HE’), 7.20 

(t, 1H, J =7.4 Hz, HD’), 4.32 (s, HG), 2.27 (s, HE).  

13C-NMR (101 MHz, CDCl3): δ(ppm) 151.9, 144.1, 141.8, 137.6, 128.9 (2C), 125.4, 118.6 (2C), 66.0, 12.5.  

MS (ESI+), m/z: calcd for C11H11N3O2 217.09, found 218.13 (M+H+). 

 

Synthesis of 5-methyl-4-(pent-4-en-1-yl)-2-phenyl-2,4-dihydro-3H-pyrazol-3-one 1-14d 

 

1-3a (74 μL, 0.756 mmol) was added to a solution of 1-13b (150 mg, 0.756 mmol) in AcOH (1.3 mL) 

at rt under N2. The reaction mixture was stirred at reflux for 12 h, monitoring the reaction with 

TLC (eluent mixture 6:4 n-hex/AcOEt) until completion. Then, AcOH was stripped under reduced 

pressure, the resulting solid was dissolved in CH2Cl2 (3 mL), and the solution was washed with 

saturated aq. NH4Cl (3 mL). The aqueous phase was extracted with CH2Cl2 (2 x 5 mL), the collected 

organic phase was dried with Na2SO4 and evaporated under reduced pressure to obtain a crude 

(orange oil, 0.158 g) which was purified with flash chromatography (silicagel, eluent mixture 75:25 

n-hex/AcOEt). Pure title compound 1-14i was obtained as a white solid (116 mg, 0.479 mmol, 63% 

yield). 

Analytical characterization 

1-13d’: 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.87 (d, 2H, J =7.6 

Hz, H3’/H5’), 7.42 – 7.34 (m, 2H, H2’/H6’), 7.17 (td, 1H, 

J =7.5 Hz, J = 4.3 Hz, H4’), 5.11 – 4.85 (m, 2H, H10), 3.22 

(t, 1H, J =5.6 Hz, H4), 2.13 (s, 3H, H5), 2.12 – 2.04 (m, 

2H, H8), 1.83 (ddt, 1H, J =13.9 Hz, J =11.1 Hz, J = 5.5 Hz, 

H6), 1.50 – 1.34 (m, 2H, H7). 

13C-NMR (101 MHz, CDCl3): δ (ppm) 173.4, 172.3, 138.0, 

137.6, 128.8, 125.0, 118.8, 115.4, 52.3, 33.4, 26.9, 24.6, 15.7. 

1-13d’: 

1H-NMR (400 MHz, CDCl3): δ(ppm) 7.50 (d, 2H, J =7.6 Hz, HB/HF’), 7.17 (td, 2H, J =7.5, 4.0 Hz, 

HC’-HE’), 7.04 (t, 1H, J =7.4 Hz, HD’), 5.74 (ddt, 1H, J =16.9, 10.2, 6.6 Hz, HI), 5.06 – 4.86 (m, 2H, 

HJ), 2.11 – 2.02 (m, 2H, HF), 2.00 (s, 3H, HE), 1.94 (dt, 2H, J =7.9, 7.5 Hz, HH), 1.50 – 1.33 (m, 2H, 

HG). 

13C-NMR (101 MHz, CDCl3): δ (ppm) 160.4, 160.0, 137.4, 137.2, 129.1, 124.9, 119.0, 115.6, 114.5, 35.3, 

28.2, 21.6, 11.2. 

MS (ESI+), m/z: calcd for C15H18N2O 242.14, found 243.026 (M+H+).  
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1.5.2 Biology 

1.5.2.1 MTT assay – cellular metabolic activity 

The MTT assay is a colourimetric test that measures the activity of mitochondrial enzymes that 

reduce the tetrazolium dye 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

to purple formazan dyes. The ability of the cells to reduce MTT provides an indication of 

mitochondrial integrity and cell viability. 

Purified cultures of OPCs were obtained from neonatal mouse brain cortex,70 seeded in 96-well 

plates for 24h and treated with edaravone analogues (10 μM in 0.001% DMSO) for the following 

48h. The tetrazolium salt MTT was added to the cultures during the final 4h of incubation, and 

the formazan crystals were then dissolved in DMSO. The plates were read on a microplate reader 

using a test wavelength of 540 nm, and a reference wavelength of 670 nm. The MTT reduction 

value was quantified by an Efficacy Ratio defined as: ER = absorbance of compound-treated 

OPC/absorbance of vehicle-treated OPC.  

Edaravone derivatives were tested in three independent experiments run in triplicates, and 

edaravone 1-1 was used as positive control (edaravone ER = 1.3 ± 0.04; mean ± SEM of three 

experiments in triplicates). 

 

1.5.2.2 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Assay 

In the DPPH radical scavenging assay appropriate aliquots of antioxidant solutions in methanol 

were mixed with a 100 µm DPPH methanolic solution (antioxidant 25 µM, DPPH 100 µM, FC); the 

reaction mixtures were shaken vigorously and incubated for 30 min in the dark. The absorbances 

of the reaction mixtures and of a DPPH solution used as a negative control were then measured at 

517 nm with a spectrophotometer (BioTek SynergyHT MicroPlate Reader Spectrophotometer) 

against methanol as blank. The percent inhibition of the DPPH radical by antioxidants was 

calculated according to the following equation:  

Inhibition ratio (%) = [(Acontrol - Asample)/Acontrol] x 100 

where Acontrol is the absorbance of the control obtained by adding to the DPPH methanol solution 

a methanol aliquot equal to the antioxidant solution volume added, and Asample is the absorbance 

of the reaction solution at 30 min. All the experiments were repeated at least three times and 

measurements were run in triplicate. 

 

1.5.2.3 Liposomal/Buffer Partitioning 

The liposomal/buffer partitioning was studied by adding appropriate amounts of DMSO solutions 

of Edaravone (1-1) and Edaravone derivatives (1-4, 1-10b and 1-5a) to PC LUV in PBS (0.6 mM, 

antioxidant FC; 6 mM, lipid FC). The liposomal emulsions were vortexed and incubated for 30 min 

at 37 °C. Next, the non-interacting antioxidants were separated from liposomes by size exclusion 

chromatography. After preconditioning with PBS, 1 mL of liposomal suspension were gently added 

on the top of the packed Sephadex G-50 resin column and centrifuged at 500g for 10 min. Free 1-

1, 1-10b, 1-5a and 1-4 were also used as control. After collecting the eluates, the Stewart assay was 

carried out to determine the lipid content in the liposome preparation after gel filtration. To 

evaluate the amount of molecules interacting with liposome membrane, 150 µL samples of purified 

and unpurified liposomes were lysed by addition of Triton X-100 to a final concentration of 1% 
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(v/v) in order to achieve the complete release of the antioxidant. After lysis, the antioxidants 

concentration was estimated by DPPH assay as described above. For the 1-5a MP45 molecule, the 

assay was performed after acid t-Boc removal. All the experiments were repeated at least three 

times and measurements were run in triplicate. 

 

1.5.2.4 Cellular Experiments  

Human Pigmental Retinal (ARPE19) cell line were routinely maintained in 25 cm2 flasks in 

complete DMEM/F12 medium at 37 °C, 5% CO2 and 95% relative humidity. The complete 

DMEM/F12 medium was prepared by adding 10% (v/v) fetal bovine serum (FBS), 2 mM glutamine 

and 100 U/ml penicillin-streptomycin. 

Culture medium was changed every 2 days until cells grew to 90% confluence. The cell cultures 

were detached by trypsinization with 0.5% trypsin in PBS containing 0.025% EDTA.  

For the cytoprotection assay, the cells were treated with increasing concentrations of selected 

molecules (1-1, 1-5a, 1-4 and 1-10b). After 24 h of incubation, the cells were washed twice with PBS 

and treated with 15 mM AAPH for 24 h. The combination of dose/time of AAPH treatments was 

established according to previous cell viability assay for cytotoxicity studies (data not shown).   

Cellular metabolic activity was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) assay. Before the assay, the medium of each well was substituted with DMEM/F12 

supplemented with MTT at a final concentration of 0.1 mg mL-1. After incubation of samples for 3 

h at 37 °C in 5% CO2 atmosphere formazan crystals were formed which were then solubilized by 

adding 0.4 mL of DMSO to each well. Absorbance was read at 570 nm using the extraction buffer 

as blank. The optical density in untreated cells was considered as 100% viability. The relative cell 

viability (%) was calculated as (OD570 of treated cells/OD570 of untreated cells) x 100. Each 

experiment was performed at least five times in triplicate. 
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2.1 Introduction 

2.1.1 Neurodegenerative diseases (NDDs) and protein mis-folding 

Improved sanitary conditions, disease prevention (e.g., vaccinations) and treatment (e.g., 

antibiotics) have increased life expectancy, up to the 67.2 years value in 2010.1 Unfortunately, living 

longer a poor life does not represent anyone’s dream, due to neurodegenerative diseases (NDDs). 

Alzheimer’s Disease International (ADI) estimates in its 2013 report2 that there are more than 35 

million people with dementia worldwide as of 2010, that the number will double by 2030 and 

triplicate to 115 million by 2050. In industrialized countries the prevalence of Parkinson’s disease 

(PD) is about 1% for people over 60, with estimates of up to 4% for people in the highest age 

groups.3  

Treatment strategies for NDDs are inadequate. Limited benefits come from compensation for 

neuronal loss by increasing levels of corresponding neurotransmitters in the central nervous 

system (CNS), without directly slowing or halting neurodegeneration. There is no effective disease-

modifying treatment for any NDD. Pharmaceutical research and development (R&D) dealing with 

CNS, and in particular with NDDs is risky and expensive. ADI estimates that for 2010 the global 

cost of neurodegeneration, including medical costs and cost of formal (e.g., nursing homes and 

skilled nurses) and informal (e.g., relatives) care, will exceed $600 billion (about 1% of world gross 

domestic product), with disproportionately high costs in wealthy countries.4 Are we really sure, 

then, that preclinical and clinical research is not affordable for mankind?  

NDDs are a heterogeneic set of diseases. Modulation of disease-modifying pathways involved in 

the development and/or the progression of NDDs with small molecules should lead to the 

treatment of several NDDs. A mechanism shared by most of the ≈600 characterised NDDs is the 

aggregation and precipitation of mis-folded amyloidogenic proteins. Insoluble polymeric protein 

aggregates accumulate in the cytosolic and/or in the nuclear space of affected brain cells, or in the 

extracellular CNS space, in an NDD- and protein-specific manner.5,6  

Unfolded proteins are synthesized by the ribosome, and require proper folding to assume unique 

three-dimensional structures.7 Folding takes advantage of components of the protein quality 

control (PQC) machinery, and proceeds in parallel with protein synthesis.8 The PQC network 

prevents aspecific interactions among abundant proteins (≈300 mg/mL overall concentration) in 

cells,9 and ensures their folding in physiological conditions.10 

Energy stabilization of properly folded vs. unfolded proteins does not exceed a few kCal/mol. The 

hydrophobic effect11 initiates protein folding by packing their hydrophobic protein cores, and 

directing water molecules to the higher entropy liquid phase of water. Many proteins oscillate 

between folded and unfolded conformations to perform different functions. Conformer switching 

may expose hydrophobic side chains, decreasing solvation and increasing the risk for aggregation 

unless specialized chaperones bind and protect such side chains.12 Timelines are shortened when 

inherited genetic mutations cause the translation of a large population of mis-folded proteins.13 

Accumulation of mis-folded protein copies, of soluble oligomers and insoluble aggregates happens 

faster, while the corresponding PQC activities are rapidly impaired, and the capacity of UPS and 

autophagy is rapidly exceeded.14 

Ageing-dependent processes negatively influence the efficiency of cellular PQC, and increase the 

risk of protein aggregation.15,16 Stress-responsive pathways are activated when PQC in cells and 

tissues is impaired,17,18 but they cannot rescue advanced proteinopathies. Pathological effects of 
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protein aggregates are prevented by cellular turnover in most tissues and organs. Conversely, post-

mitotic neuronal tissues cannot regenerate,19 and protein aggregation and accumulation leads to 

CNS-specific proteinopathies/NDDs.  

 

2.1.1.1 The unfolded protein response (UPR): an endoplasmic reticulum-driven 

protein homeostasis mechanism 

Despite the fact that in most NDDs misfolded proteins are located in the cytosol or nucleus, 

paradoxically one main consequence is interference with processes in the endoplasmic reticulum 

(ER), causing ER stress. In particular, ER-assisted degradation (ERAD) disposes either of misfolded 

or unassembled secretory proteins that have not met the strict criteria set by the ER quality control 

(ERQC) mechanisms, or of those molecules that take too long to reach the native state (Figure 2-1, 

left panel).20–22  

The appearance of misfolded monomers, with exposed aggregation-prone regions (blue, middle 

panel, Figure 2-1) is initially compensated by cytosolic chaperones and proteasomal degradation 

of ubiquitylated proteins. Misfolded monomer association into (neuro)toxic oligomers, more 

resistant to degradation, saturates the capacity of cytosolic chaperones and leads to 

sequestration/inactivation of ERAD factors, causing accumulation of unfolded secretory proteins 

at the ERQC (ER stress).  

 

 

Figure 2-1: The ERAD process in physiological proteostasis (left panel), and under ER stress-induced UPR 
(center, right panels). 

 

A protective stage of the unfolded protein response (UPR) is activated as a response (middle panel, 

Figure 2-1), with induction of ER chaperone expression and transient arrest in protein translation. 

The UPR consists of three transmembrane ER proteins: protein kinase RNA (PKR)-like ER kinase 

(PERK),23 inositol-requiring enzyme 1 (IRE1)24 and activation transcription factor 6 (ATF6).25 In 

resting conditions, all three proteins form a complex with the chaperone GRP78/BiP. When mis-

folded proteins accumulate in the ER, BiP dissociates and instead binds these misfolded proteins. 

Dissociation of BiP activates PERK, IRE1 and ATF6.26 All three sensors direct the cell, through the 

activities of transcription factors, towards transient inhibition of protein synthesis, and then 

upregulation of ER chaperones and ERAD factors.27 

A prolonged ER stress leads to a pro-apoptotic stage of the UPR28,29 causing upregulation of 

phospho-ASK1 downstream of IRE1 and CHOP downstream of PERK. Calcium ions then exit from 

the ER, triggering the release of cytochrome C (cytC) and the mitochondrial apoptotic pathway 
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(right panel, Figure 2-1). The development of ER stress and induction of the UPR has been reported 

in different pathologies.30  

During protein mis-folding and aggregation, cytotoxicity is often due to the soluble-pre-fibrillar 

stage. Large aggregates of amyloid fibrils are a last resort towards neuroprotection. Therefore, 

attempts to inhibit their formation is likely damaging. Neurotoxic oligomeric species sequester 

many proteins affecting multiple cellular pathways. UPR modulation reduces significantly the 

toxicity in several protein mis-folding diseases, where ER stress is a causative factor. Novel drugs 

capable of reducing ER stress by modulating the UPR hold therapeutic promise against NDDs.31 

 

2.1.1.2 PERK-eIF2α and GADD34: a putative pathway and molecular target against 

NDDs 

Upon dissociation of BiP, PERK dimerises, auto phosphorylates and phosphorylates the α-subunit 

of eukaryotic initiating factor 2 (eIF2α – Figure 2-2). Phosphorylating eIF2α disrupts the formation 

of the methionine-bearing ternary complex needed to initiate protein synthesis, thereby blocking 

the initiation of translation.32 This translational repression halts protein synthesis to reduce the 

entrance of newly synthesised proteins into the ER and to relieve the protein load. 

Activating transcription factor 4 (ATF4), a cAMP response element binding (CREB) transcription 

factor that regulates apoptosis, autophagy, aminoacid metabolism and antioxidant responses,33 

escapes eIF2α-induced translational repression. Growth arrest and DNA-damage inducible protein 

(GADD34), the inducible eIF2α-P-specific phosphatase subunit of protein phosphatase 1 (PP1), is 

a target of ATF4. Stress-induced GADD34 promotes eIF2α dephosphorylation (Figure 2-2), 

removing the inhibition on the eIF2B methionine-bearing ternary complex, and allowing initiation 

of translation to be restored.34 As such, GADD34 expression acts as a valuable negative feedback 

loop to protect the cell from sustained translational repression.  

 

 

Figure 2-2: The PERK pathway: key phosphorylation of eIF2α. 
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The UPR must be at the right balance point to protect cells. Too high and prolonged eIF2α 

phosphorylation leads to depletion of essential short-lived proteins, and up-regulates translation 

of ATF4 leading to expression of downstream pro-apoptotic factors. Conversely, low levels of eIF2α 

phosphorylation lead to a continued protein load that does not alleviate ER stress. Each cell type 

has its appropriate level of eIF2α phosphorylation; thus, both long-term inhibition of protein 

synthesis by phosphorylation of eIF2α (PERK branch activation) or prevention of eIF2α 

phosphorylation and consequent absence of transient translation inhibition (PERK branch 

inactivation) can be cytotoxic.  

Elevated amounts of UPR markers were shown in several protein mis-folding diseases and NDDs 

in particular.35 Involvement of the UPR/PERK branch is therefore common to many age-associated 

NDDs. It can be difficult to tease apart whether its activation is inherently cytoprotective or 

neurodegenerative – or both, at different disease stages, or through activation of different UPR 

branches. Activation or inhibition of one, or more UPR branches can have either beneficial or 

detrimental effects in different NDD models – or sometimes even in the same disease model at 

different progression stages. The roles of the UPR in NDD onset and progression, and the use of 

UPR modulation to treat age-associated neurodegeneration, are both highly important and a 

source of significant controversy.36 

 

2.1.2 Small molecule inhibitors of eIF2α dephosphorylation with 
neuroprotective properties 

2.1.2.1 Salubrinal: a non-selective eIF2 dephosphorylation inhibitor 

A HTS campaign on a ≈19,000 compound collection aimed towards compounds protecting the rat 

pheochromocytoma cell line PC12 from ER stress-induced apoptosis led, after hit reconfirmation 

and profiling, to the identification of a CCl3-substituted asymmetric thiourea named salubrinal (2-

1, Figure 2-3).37  

 

 

Figure 2-3: Chemical structure of salubrinal 2-1. 
 

Salubrinal inhibited ER stress-mediated apoptosis induced by the protein glycosylation inhibitor 

tunicamycin with an effective concentration (EC50) of ≈15µM, and was not cytotoxic at high 

concentrations. It reduced the processing of procaspase-7 (CT) to ER stress-activated caspase 7, 

but it did not affect ER-unrelated apoptosis.  

Salubrinal did not affect UPR through the IRE1 and ATF6 pathways. Conversely, it induced rapid 

and robust eIF2α phosphorylation without altering total eIF2α levels (Figure 2-4, top left); and 

elicited eIF2α phosphorylation-dependent effects in the PERK pathway, including dose-dependent 

up-regulation of GADD34 and CHOP (Figure 2-4, bottom left). Salubrinal inhibited eIF2α 

dephosphorylation mediated by both constitutive/CREP and ER stress-induced/GADD34 

phosphatase complexes (Figure 2-4, respectively top right and bottom right); namely, lysates from 
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cells overexpressing each complex caused dose-dependent P-eIF2α de-phosphorylation (left), 

while pre-incubation of said cells with salubrinal largely prevented P-eIF2α de-phosphorylation 

(right). 

 

 

Figure 2-4: Salubrinal potently stimulates eIF2α phosphorylation, elicits its downstream effects, and is 
effective in cellular models. 

 

Salubrinal may induce eIF2α phosphorylation by binding and inhibiting directly the two eIF2α 

phosphatase complexes, or via other indirect mechanisms;38 a preliminary SAR culminating in an 

active biotinylated derivative39 could not clarify the matter. By inducing eIF2α phosphorylation in 

non-stressed cells, salubrinal had undesirable effects because uncontrolled translation inhibition 

is deleterious. It inhibited IκB kinase (IKK) complex phosphorylation and the subsequent NF-κB 

activation without affecting eIF2α phosphorylation;40 and reduced the levels of phosphorylated 

IKK, NF-κB p65 and p38, without changing the level of phosphorylated eIF2α in chondrocytes 

treated with cytokines.41 It showed beneficial effects in in vivo models of PD,42 ALS,43–45 Charcot-

Marie-Tooth disease46 and spinal cord injury;47 conversely, salubrinal showed detrimental in vivo 

effects in models of prion disease48 and cognition.49 

 

2.1.2.2 Guanabenz: a selective eIF2 dephosphorylation inhibitor with off-side 

effects 

A two steps assay was used to screen a collection of 880 drugs/clinical candidates for antiprion 

molecules in Saccharomyces cerevisiae.50 The non-selective α2-adrenergic receptor antagonist 

Guanabenz (2-2, GA, Figure 2-5, top)51 inhibited the accumulation of two yeast prion proteins 

(bottom left) and of ovine Scrapie prion protein (PrpSc) in a dose-dependent manner, without 

affecting non-pathological PrpC species (Figure 2-5, right).  
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Figure 2-5: Guanabenz (GA): anti-prion activity against yeast and ovine prion proteins. 

 

Guanabenz was later found to protect cells from ER-induced stress, acting selectively on the PERK 

pathway and attenuating tunicamycin-induced expression of several ER stress markers in a time-

dependent manner (in particular CHOP, Figure 2-6, top left).52 Guanabenz inhibited eIF2α 

dephosphorylation by disrupting selectively the inducible PP1-GADD34/PPP1R15A phosphatase 

complex, while the constitutive PP1-CREB/PPP1R15B complex remained intact and active (top 

right). Biotinylated Guanabenz 2-3 (bottom left) was used in a pull down experiment, binding 

GADD34 while CREB was not extracted from cell lysates (Figure 2-6, bottom right).52 

Guanabenz showed neuroprotection in models of oculopharingeal muscular dystrophy,53 Bardet-

Biedl syndrome,54 multiple sclerosis,55 and ALS.45,56,57 

 

 

Figure 2-6: Guanabenz: inhibition of inducible PP1-GADD34 dephosphorylation of eIF2α by binding with 
GADD34. 
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A study evaluating both salubrinal and Guanabenz in models of TDP-43 induced 

neurotoxicity/ALS45 showed stronger potency for the former, possibly due both to PERK/eIF2α -

independent effects and to the inactivation of both inducible and constitutive phosphatase 

complexes. Although Guanabenz should ensure more specificity and safety for in vivo testing, its 

adrenergic antagonist activity cause drowsiness and coma, at high dosages.58  

 

2.1.3 Sephin1: a selective eIF2 dephosphorylation inhibitor (?) 

A SAR study, aimed to identify prion/ribosome folding-active Guanabenz analogues devoid of 

adrenergic activity against any human α2-adrenergic receptor, disclosed a small set of hits (i.e., 

aminoguanidines 2-4a-c, Figure 2-7

 

Figure 2-7).59  
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Figure 2-7: Guanabenz analogues: structure of compounds inactive against human α2-adrenergic 

receptors. 

 

Later, mono-chlorinated 2-4c was presented as a potent inhibitor of inducible PP1-

GADD34/PPP1R15A phosphatase complex, and was named SElective holoPHosphatase Inhibitor 1 

(Sephin1).60 Sephin1 reduced tunicamycin-induced expression of several ER stress markers in a 

time-dependent manner (in particular CHOP, Figure 2-8); selectively bound/sequestered PP1-

GADD34/PPP1R15A from cell lysates treated with the biotinylated analogue 2-5 (bottom left); and 

did not antagonize any human α2-adrenergic receptor (Figure 2-8, bottom right).45 
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Figure 2-8: Sephin1: a selective inhibitor of PP1-GADD34/PPP1R15A phosphatase activity devoid of 
antagonism against human α2-adrenergic receptors. 

 

 

Figure 2-9: Guanabenz (top) and Sephin1 (bottom): BBB bioavailability, privileged brain delivery. 

 

Both Guanabenz (100 µg/Kg dosage, iv, Figure 2-9, top)60 and Sephin1, administered orally at 1 or 

10 mg/kg (Figure 2-9, right) cross the blood-brain barrier (BBB) and show accumulation in the 
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brain. In particular, Sephin1 rapidly disappeared from plasma but concentrated in the nervous 

system (bottom left), reaching concentrations 7 to 44 times higher in the brain and sciatic nerve 

(up to ≈1 µM, bottom center and right, Figure 2-9) than in plasma. 

Avoidance of human α2-adrenergic receptor antagonism should provide a cleaner in vivo activity 

profile for Sephin1 in vivo. In fact, mice treated with equal dosage of Guanabenz and Sephin1 

showed in the first case a dose-dependent loss of motor performance (rotarod test, increased 

propensity to fall, Figure 2-10, left) for the former group, and a similar performance in the case of 

Sephin1 (same latency time to fall compared with pre-treatment, Figure 2-10, right). 

 

 

Figure 2-10: Guanabenz (left) and Sephin1 (right): BBB bioavailability, privileged brain delivery. 

 

Sephin1 shows efficacy in two animal models of NDDs. Motor performance (Figure 2-11, top left) 

and biochemical evidence (myelin thickness, top right) were close to wild-type (WT) levels after 3 

(top left) to 5 months (top right) of oral treatment at 1 mg/Kg in a mouse model of Charcot-Marie 

Tooth 1B (CMT1B) disease, a demyelinating neuropathy.60 

 

 

Figure 2-11: Sephin1: in vivo efficacy in models of CMT1B (top) and ALS (bottom). 
 

Sephin1 also largely rescued motor performance deficits in superoxide dismutase 1 (SOD1) mutant 

mice in an ALS model (Figure 2-11,bottom left). It protected the animals from motor neuron loss 

(bottom center, image and tabulated results), and reduced the insoluble fraction/protein 

aggregates composed by mutant SOD1 in spinal cord extracts (Figure 2-11, bottom right).60 
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2.1.3.1 Sephin1: alternative MoAs 

In 2017 Crespillo-Casado et al.,61 to better understand how Sephin1 and Guanabenz work at the 

molecular level, reconstructed in a test tube the phosphatase activity inhibited by Sephin1 and 

Guanabenz according to Das et al.60 To examine their effects on phosphatase activity, they also 

developed assays to measure the association between the components of the catalytically active 

phosphatase assay and checked the effects of the removal of phosphate from the phosphatase’s 

target eIF2α.61 Unexpectedly, Sephin1 did not affect the assembly of the components of the active 

phosphatase, and didn’t appear to inhibit the removal of phosphate from eIF2α. Even more 

strikingly, the neuroprotective effects of Sephin1 were observed both in cells lacking the putative 

phosphatase target eIF2α, and in cells in which eIF2α never acquired a phosphate in the first 

place.61 Such findings do not challenge Sephin1’s role in supressing neurodegeneration, but query 

its ability to work through inhibition of the phosphatase that dephosphorylates eIF2.  

Another finding reported by Crespillo-Casado et al. was the stimulatory dual role of G-actin on 

eIF2α dephosphorylation, observed both in vivo and in vitro:62 by stabilizing the PPP1R15-PP1 

complex,63 G-actin favours the exclusion of regulatory subunits while stimulating enzyme kinetics 

selectively toward eIF2α (Figure 2-12). 

 

 

Figure 2-12: Model depicting PPP1R15A’s role in regulating eIF2α dephosphorylation. 
A: in absence of PPP1R15A, the cellular pool of the catalytic subunit (PP1) is preferentially bound by a variety 
of regulatory subunits (R1, R2, and R3), which direct its phosphatase activity toward their specific substrates 
(S1, S2, and S3), excluding eIF2α. In the Substrate conversion section, note the preferential 
dephosphorylation of substrates S1, S2, and S3 (solid arrows) compared with eIF2α (dotted arrows).  
B: rising levels of PPP1R15A recruit PP1 away from other regulatory subunits, redirecting its phosphatase 
activity toward eIF2α by excluding other substrates. In the Substrate conversion section, observe the inverted 
preferential dephosphorylation of substrates compared with A.  
C: when present, G-actin joins the PPP1R15A–PP1 holophosphatase, increasing its intrinsic eIF2α-directed 
catalytic activity. In the Substrate conversion section, note the increased arrow thickness for eIF2α 
dephosphorylation compared with B. 
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To find the protein target of Sephin1, a biotinylated Sephin1 analogue was originally synthesized 

and used it in an affinity chromatography/pulldown assay, a conventional method to determine 

novel protein-ligand interactions.60 My research group and Prof. Giovanni Piccoli at “Università di 

Trento”, used a similar biotinylated construct64 to better understand the mechanism of action of 

Sephin1, synthesizing the following Sephin1-containing biotinylated chemical probe 2-6 (Figure 

2-13).  

 

 

Figure 2-13: Structure of the Sephin1-containing biotinylated chemical probe 2-6. 
 

A third ether substituent on the phenyl ring in para position with respect to the aminoguanidine 

moiety should not have been detrimental for biological activity according to literature.60 So, 

compound 2-6 was used in a classical pulldown assay (Figure 2-14), using neuronal cell lysates. 

 

 

Figure 2-14: Affinity chromatography with biotinylated Sephin1 analogue 2-2f: the process. 

 

This test, performed by Prof. Piccoli’s research group, led to the isolation and identification of 

actin,65 the major component of thin filaments of muscle cells and of the cytoskeletal system, as a 

Sephin1-binding protein.  

 

2.1.3.2 Sephin1 and actin: biological profiling 

To better understand the molecular interaction between Sephin1 and actin, the ability of the 

former to affect the polymerization (F-actin)/depolymerization (G-actin) equilibrium of actin was 

studied in Trento (Figure 2-15). 
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Figure 2-15: Effect of Sephin1 (50 µM) on actin polymerization in the cytoskeleton. 
 

The assay was carried out using by using phalloidin, a known natural F-actin binder, as an imaging 

tool.66 Due to their tight and selective binding to F-actin, phalloidin derivatives labelled with 

fluorescent tags are used widely in microscopy to visualize F-actin. Here, large bundles of F-actin 

(Figure 2-15, left) were detected in control cells lacking Sephin1. By adding Sephin1 (50 µM, Figure 

2-15, right), phalloidin staining showed mostly the presence of monomeric G-actin. Thus, Sephin1 

seems to interact with actin by binding to G-actin monomers and reducing their polymerization 

tendency / F-actin formation. 

Four Sephin1 analogues were earlier synthesized, in another research project in the lab where I 

spent my Ph.D. internship:64 two butyl ether analogues, in para (2-7a) and meta position (2-7b) 

with respect to the aminoguanidine hydrazone; and two acetamide analogues, similarly in para (2-

8a) and in meta position (2-8b, Figure 2-16, top). The phalloidin assay (Figure 2-16, bottom) 

showed significant amounts of monomeric G-actin for meta-substituted sephin 1 analogues 2-7a, 

2-8a, suggesting that they interact with actin comparably to Sephin1, reducing the formation of 

polymeric F-actin. 

 

 

Figure 2-16: Tri-substituted Sephin1 analogues (top); Effect of Sephin1 analogues (10 µM) on F-actin 
polymerization in the cytoskeleton (bottom). 

 

A recent MSc. thesis67 described in details the experiments run in Trento at Prof. Piccoli’s lab, 

defining Sephin1 an autophagy inducer. A possible link between Sephin1, actin and autophagy 

entails the function of so-called actin comet-tails,68 which trigger autophagy initiation in a 

characterised manner. Thus, we hypothesized that Sephin1 could be able to improve the formation 
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and/or the stabilization of actin comet-tails, although its molecular mechanism of action is still 

unknown.67 

In conclusion, if Sephin1 activity as an autophagy inducer would be confirmed and elucidated at 

the molecular level, such an innovative finding could be pharmaceutically exploited in multiple 

therapeutic applications. For example, cancer and several neurodegenerative diseases may benefit 

from this new development; in particular, as it pertains to this Ph.D. thesis and to Prof. Seneci’s 

lab, Sephin1 probes and derivatives could be tested in Parkinson disease models, due to the 

significant expertise of Prof. Piccoli’s lab in this field. 
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2.2 Chemistry 

2.2.1 Aims of the project 

The above-mentioned data and findings about Sephin1, including our proprietary, preliminary 

observations (Prof. Piccoli, Trento – G-actin as a binding partner) may allow to reconcile the 

GADD34 – actin – autophagy scenario. For example, by binding globular G-actin,69 Sephin1 could 

reduce the free and available G-actin pool; that, on one side, could hinder its binding to GADD34, 

preventing its enhancement of selective dephosphorylating activity on eIF2α, and on the other side 

could improve the formation of actin comet-tails,70 triggering autophagy initiation. Nevertheless, 

this and many possible other theories regarding the molecular mechanism of Sephin1 must be 

substantiated through chemistry-assisted studies. 

In order to validate or disprove any mechanistic theory connecting G-actin and Sephin1, my Ph.D. 

work aimed to assess the chemical routes towards chemical probes inspired by the structure of 

Sephin1 2-4c (Figure 2-17), and of previously described tri-substituted meta (2-7/8b) and para-

Sephin1 derivatives (2-7/8a, Figure 2-17). 

 

 
Figure 2-17: Chemical structure of Sephin1 2-4c, trisubstituted meta (2-7b, 2-8b) and para (2-7a, 2-8a) 

analogues. 

 
We initially focused onto PAPs (azides and diazirines in particular) as detection-friendly structural 

fragments with varying complexity and suitability; the conception and realization of a chemical 

route towards PAP-conjugated para Sephin1 2-9/13a and meta Sephin1 derivatives 2-9/13b (Figure 

2-18), to be described in details in the following sections, will be shortly justified here as a likely 

strategy to provide information about the MoA of Sephin1. 
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Figure 2-18: Chemical structure of PAPs-conjugated (2-9/12a,b) and biotinylated (2-13a,b) Sephin1 
analogues. 

 
Azides 2-9/11a and 2-9/11b were selected due to their easy synthetic accessError! Bookmark not defined.71 

and to take advantage of well known, biocompatible click reactions.66 Their flexibility as PAP 

probes is limited, and should vary among our synthetic targets; namely, alkoxyazides 2-9a and 2-

9b – the simplest to be synthesized – should be relatively unstable, and possibly problematic as 

PAPs; alkoxyarylazides 2-10a and 2-10b should be better suited to work as PAPs, but are endowed 

with a significantly higher steric hindrance to be checked for its effect on actin binding; while 

synthetically challenging arylazides 2-11a and 2-11b should be ideally structured to act as azide-

based PAPs. Finally, diazirines 2-12a and 2-12b should be the most respectful PAPs due to their 

photoactivation wavelength, although their complex synthesis and putative instability could 

reduce their usefulness. 

We also decided to synthesize biotinylated probes 2-13a and 2-13b as matrix-supported Sephin1 

derivatives similar to 2-6 (Figure 2-13), for further affinity chromatography-based MoA studies. 

As it concerns the synthesis of diazirines (2-12a,b) and biotinylated probes (2-13a,b), we took 

advantage of well-known click reactions72 by alkoxyazide probes 2-9a and 2-9b and alkyne-

functionalized diazirine and biotine-based constructs as reagents. Such triazole-forming 

cycloaddition suffers from a lack of regioselectivity, yielding a mixture of 1,4 and 1,5 regioisomers; 

thus, we worked in specific reaction conditions that produce only 1,4-disubstituted 1,2,3-triazoles.  

 

2.2.2 Synthesis of alkoxyazide-bearing Sephin1 probes 2-9a and 2-9b 

At first, we focused on the synthesis of alkoxyazide-bearing probes and, more specifically, on the 

synthesis of para-substituted target 2-9a (Scheme 2-1). 

 

 
Scheme 2-1: Synthesis of para-alkoxyazide PAP 2-5a. 
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Commercial 2-chloro-4-hydroxybenzaldehyde 2-14a (Scheme 2-1, left) was used to synthesize 4-

(2-bromoethoxy)-2-chlorobenzaldehyde 2-15a through a nucleophilic substitution with a large 

excess of 1,2-dibromoethane (step a), to avoid the double substituted side product. We then 

obtained azide 2-16a through another nucleophilic substitution with sodium azide in dry DMF at 

100°C (step b). Its formation was confirmed both by 1H-NMR and IR spectroscopy (peak at 2111 cm-

1). The synthetic route was completed (step c, Scheme 2-1) by the condensation of aminoguanidine 

hydrochloride in previously optimized, acid-catalysed conditions.73 After filtration of the 

precipitate and washings with cold Et2O, the target probe 2-9a was isolated in excellent yields.  

The same reactions were performed to obtain probe 2-9b (isomer bearing the azide substituent in 

meta position), starting from 2-chloro-5-hydroxybenzaldehyde 2-14b (Scheme 2-2). The reactions 

performed on this isomer had a similar outcome, even though we observed a lower nucleophilic 

reactivity for 2-14b (step a). 

 

 

Scheme 2-2: Synthesis of para-alkoxyazide PAP 2-6a. 

 

Aminoguanidine alkoxyazides 2-9a and 2-9b were sent to biological profiling (CIBIO, UniTN, Prof. 

Piccoli; see 2.3: Biological Characterization). 

 

2.2.3 Synthesis of alkoxyarylazide-bearing Sephin1 probes 2-10a and 2-
10b 

As previously mentioned, nitrenes originated by alkylazides are prone to decomposition before 

effectively reacting with a target protein in MoA studies; thus, they represent a sub-optimal option 

among azide-based PAPs. Therefore, we conceived the insertion of an OPh linker between the 

azide group and the ethyl chain of alkoxyazides 2-9a and 2-9b, as in 4-alkoxyarylazides 2-10a and 

2-10b (Figure 2-19). We hoped that their increased steric hindrance could still be tolerated for 

their biological activity, while offering better photoactivation and target selectivity performances. 

 

 

Figure 2-19: 4-Alkoxyarylazides 2-10a and 2-10b. 
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We targeted at first para-substituted probe 2-10a (Scheme 2-3), starting from earlier described 

bromoaldehyde 2-15a. 

 

 

Scheme 2-3: Synthesis of arylazide 2-10a. 

 
Aromatic azide 2-18 was synthesized in quantitative yields from commercially available 4-

aminophenol 2-17 (step a) using a known, light-excluding diazotization-based synthetic procedure 

for aromatic azides.74 The presence of an azide moiety was confirmed through IR spectroscopy 

(peak at 2111 cm-1). Aromatic azide 2-18 was then submitted to a nucleophilic substitution with 

bromoaldehyde 2-15a (step b), which led to target alkoxyazide aldehyde 2-19a in poor yields, due 

to the photo- and thermo-sensitivity of the aromatic azide 2-18 and to some difficulties faced in 

the purification of 2-19a by Biotage® silicagel flash chromatography. The experienced instability of 

such compound induced us to adopt milder temperature (≤40°C) and strict darkness in the 

following reactions involving aromatic azides. At last, alkoxyaryl aldehyde 2-19a was condensed 

with aminoguanidine hydrochloride in slightly adapted conditions (step c, Scheme 2-3), obtaining 

the final target probe 2-10a after filtration and several washings with cold Et2O.  

A similar synthetic pathway was followed for the meta-substituted probe 2-10b (Scheme 2-4). 

Following similar earlier procedures (see Scheme 2-3, step b and c), due to photo- and thermo-

sensitivity of the aromatic azide 2-18, we carried out an aromatic nucleophilic substitution on 

compound 2-15b (Scheme 2-4, step a) increasing reaction time due to its lower reactivity, then 

followed by condensation with aminoguanidine hydrochloride (Scheme 2-4, step b). Target meta-

substituted alkoxyarylazide probe 2-10b was obtained in a comparable, unoptimized yield.  

 

 
Scheme 2-4: Synthesis of arylazide 2-10b. 
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Aminoguanidine alkoxyaryl azides 2-10a and 2-10b were sent to biological profiling (CIBIO, 

UniTN, Prof. Piccoli; see 2.3: Biological Characterization). 

 

2.2.4 Synthesis of arylazide-bearing Sephin1 probes 2-11a and 2-11b 

Inspired by the mentioned concept of nesting,51 we targeted the synthesis of Sephin1-based probes 

bearing an azide group directly bound to the aromatic ring in para- or meta- position (respectively 

2-11a and 2-11b, Figure 2-20). 

 

 
Figure 2-20: Para- and meta-aryl azides 2-11a and 2-11b. 

 
The retrosynthetic approach devised for Sephin1 arylazide probes 2-11a,b is shown in Scheme 2-5. 

 

 
Scheme 2-5: Retrosynthetic analysis for the synthesis of Sephin1 arylazides 2-11a and 2-11b. 

 
We targeted at first the para-substituted probe 2-11a (Figure 2-20), starting from commercial 4-

amino-2-chlorobenzoic acid 2-23a (Scheme 2-6).  

 

 

Scheme 2-6: Attempts in synthesis of alcohol 2-22a. 

 
We attempted its reduction to benzyl alcohol 2-22a using two assessed methods, entailing either 

borane or lithium aluminium hydride as reducing agents. In the former attempt (Scheme 2-6, step 

a), a complex reaction mixture could not be properly purified and structurally characterised. When 

a stronger reducing agent was used (Scheme 2-6, step b), we could isolate pure target 2-22a albeit 

in poor yields. 
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Acknowledging the failed attempts for the direct reduction of carboxylate 2-23a, we decided to 

convert it into ester 2-24a (see retrosynthetic Scheme 2-5, covering also para-substituted targets) 

in accordance with the synthetic strategy reported in Scheme 2-7 (p-substituted 2-11a) and 

Scheme 2.8 (m-substituted 2-11b), attempting then their reduction.  

 

 
Scheme 2-7: Synthesis of para-arylazide target 2-11a. 

 

As to para-substituted target 2-11a (Scheme 2-7), acid 2-23a was converted into methyl ester 2-

24a in good yields using acid catalysis at low temperature (Scheme 2-7, step a); it should be noted 

that harder experimental conditions (i.e., catalytic H2SO4 in refluxing MeOH) led to a major 

impurity, possibly entailing decarboxylation of starting acid 2-23a. We were then delighted to 

observe the smooth reduction of the ester to the benzyl alcohol 2-22a (Scheme 2-7, step b) in 

excellent yields, using a strong reducing agent in carefully controlled conditions. As it concerns 

azide formation (Scheme 2-7, step c), we followed the same procedure and precautions used to 

obtain 2-18 (see Scheme 2-3, step a). Confirmation of the presence of an azide group in 2-21a was 

obtained once again through IR spectroscopy (peak at 2110 cm-1). Then, oxidation of the alcohol 

moiety to aldehyde 2-20a (Scheme 2-7, step d) was accomplished using standard, Dess-Martin 

periodinane conditions. At last, aminoguanidine hydrochloride coupling (Scheme 2-7, step e) to 

yield target azidoaryl probe 2-11a was carried out using the same slightly adapted conditions  used 

on photo- and thermo-sensitive substrates (see Scheme 2-13, step c). After trituration with cold 

Et2O, we obtained the target probe 2-11a in good yields.  
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Scheme 2-8: Synthesis of meta-arylazide target 2-11b. 
 

As to meta-substituted target 2-11b (Scheme 2-8), a similar synthetic pathway from 5-amino-2-

chlorobenzoic acid 2-23b entailed esterification to 2-24b, reduction to benzyl alcohol 2-22b, light-

avoiding diazotation/azidation to azide 2-21b, partial oxidation to aldehyde 2-20b and 

aminoguanidine hydrochloride condensation to target meta-substituted probe 2-11b (Scheme 2-8, 

steps a to e) with similar, good overall yields.  

Arylazides 2-11a and 2-11b were sent to biological profiling (CIBIO, UniTN, Prof. Piccoli; see 2.3: 

Biological Characterization). 

 

2.2.5 Synthesis of diazirine-bearing Sephin1 probes 2-12a and 2-12b 

In addition to azide-based probes 2-9/11a and 2-9/11b, we also targeted at first several diazirine-

based Sephin1 derivatives (2-25a,b and 2-26a,b, Figure 2-21); we intended to assess the chemistry 

towards an amine-bound (2-25a,b) and an ester-bound (2-26a,b) diazirine group onto the para- 

or meta-ether substituent on the aryl ring. Diazirines are justified by their advantageous features 

as PALs, described earlier in the introduction (Paragraph Unselective photoaffinity labeling), 

and validated by multiple successful examples of diazirine probes in literature.75 

 

 

Figure 2-21: Amine- and ester- connected diazirine-containing Sephin1 probes 2-25a,b and 2-26a,b. 
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At first, we focused onto N-linked diazirines, and in particular to para-substituted target 2-25a 

(Scheme 2-9). 

 

 

Scheme 2-9: Attempted synthesis of amine-connected diazirine probe 2-25a. 

 

Our synthesis started from previously described bromoaldehyde 2-15a. Due to the instability of the 

diazirine ring in multiple reaction conditions, and in particular its incompatibility with strong 

acidic environment,76 we anticipated the introduction of a guanyl hydrazone group (Scheme 2-9, 

step a). The condensation was carried out in standard conditions, leading to bromoalkoxy guanyl 

hydrazone 2-27a in good yields after precipitation, filtration and multiple washings with cold Et2O. 

Then, we attempted the alkylation of commercially available benzylamino diazirine 2-28 with 

bromoalkoxy guanyl hydrazone 2-27a in dry DMF, using triethylamine as a base at rt (Scheme 2-9, 

step b). Even by increasing the reaction time to 40 hours, we only recovered unreacted starting 

materials, traces of degradation products (NMR) and no target amine probe 2-25a.  

The negative results observed attempting a nucleophilic substitution/alkylation to connect the 

diazirine moiety to the Sephin1 scaffold via an amine bond prompted us to change such connecting 

strategy. We considered an ester-connecting bond, as in 2-26a,b (Scheme 2-10); in fact, we 

planned to install such ester linkage through a simple condensation between an hydroxyalkoxy 

guanyl hydrazone derivative and a commercially available diazirine carboxylate, taking advantage 

of its putative mild conditions. 

As to the synthesis of new diazirine targets 2-26a,b, we pursued both compounds in parallel from 

previously mentioned p- and m-hydroxybenzaldehyde 2-14a and 2-14b, respectively (Scheme 

2-10).  

 

 

Scheme 2-10: Attempted synthesis of ester-connected diazirine probe 2-26b. 
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A nucleophilic substitution with bromoethanol in standard conditions (Scheme 2-10, step a) led 

to alcohols 2-29a and 2-29b in good yields. Their condensation with aminoguanidine 

hydrochloride in standard conditions (Scheme 2-10, step b) was also successful, leading to 

hydroxyalkoxy guanyl hydrazones 2-30a and 2-30b in excellent yields after precipitation and 

trituration in Et2O. The last esterification step was at first attempted only on the meta isomer 2-

30b using commercial diazirine carboxylate 2-31 through standard coupling conditions (Scheme 

2-10, step c). By varying reaction times between 24 and 72 hours, we could estimate a ≈33% 

reaction yield for the longer time from HPLC-MS analysis of the crude reaction mixture; 

unfortunately, such crude could not be successfully purified due the presence of multiple 

impurities with similar physico-chemical properties. 

Once more, rather than spending time to optimize a potentially troublesome synthetic strategy, 

we felt appropriate to envisage a modification of the connecting strategy between the Sephin1 

scaffold and a diazirine PAL. Namely, we opted for a click chemistry-based strategy, hoping to take 

advantage of the availability of previously reported alkoxyaryl azide probes 2-9a and 2-9b, and 

arylazide probes 2-11a and 2-11b as starting materials. Consequently, our target diazirine-

containing probes 2-32a,b, and 2-12a,b are shown in Figure 2-22. 

 

 

Figure 2-22: Triazole-connected diazirine-containing Sephin1 probes 2-32a,b and 2-12a,b. 

 

At first we targeted the smaller para-substituted probe 2-32a through a key click reaction (Scheme 

2-11, step b) between previously described arylazide probe 2-11a and propargylamide diazirine 2-

33, obtained in good yields through standard amidation with propargylamine of previously 

described, commercial diazirine carboxylate 2-31 (Scheme 2-11, step a); reactions involving 

diazirine-containing reagents were carried out using previously mentioned, light-avoiding 

precautions. Unexpectedly, even after increasing the reaction time to 24 hours we only managed 

to recover starting diazirine 2-33 after purification by Biotage® reverse phase chromatography, with 

no trace of target probe 2-32a. 
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Scheme 2-11: Attempted synthesis of triazole- and N-connected diazirine-containing Sephin1 probe 2-32a. 

 

We hypothesized that the lack of reactivity could result either from solubility problems, due to the 

presence of 2-11a as a hydrochloride salt in the reaction mixture, and/or from a possible copper-

coordination activity by aminoguanidine to complex the copper ions, preventing the reaction. 

Thus, we reverted to the more laborious, but safer introduction of the guanyl hydrazone as a last 

reaction step using neutral condensation conditions,77 which should not have undermined 

diazirine stability. Having run out of 4-azido-2-chlorobenzaldehyde 2-20a, we opted for previously 

described para-alkoxyazide intermediate 2-16a (available in large amounts in our lab), and for its 

meta-regioisomer, 2-16b – vide infra. Thus, with them in hands we set as new targets triazolylalkoxy 

diazirine probes 2-12a and 2-12b (Figure 2-22), hoping that their increased steric hindrance could 

still be tolerated for biological activity. 

As to para-substituted target 2-12a, previously synthesized alkoxyazide intermediate 2-16a (see 

Scheme 2-1) was coupled with earlier introduced propargylamide diazirine 2-33 through a light-

excluding click reaction protocol, producing target para-triazolylalkoky aldehyde 2-34a in 

moderate, unoptimized yields (Scheme 2-12, step a). Target para diazirine probe 2-12a was easily 

obtained in excellent yields by condensation of aminoguanidine in neutral conditions, after 

trituration in cold Et2O of a precipitate (Scheme 2-12, step b). 
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Scheme 2-12: Synthesis of para-triazolylalkoky-connected diazirine 2-12a. 
 

As to meta-substituted target 2-12b (Figure 2-22), following the same procedure used to prepare 

the para regioisomer 2-12a, aldehyde 2-34b was obtained in good yields by coupling previously 

reported azide 2-16b (see Scheme 2-2) with propargylamide diazirine 2-33 (Scheme 2-13, step a). 

Then, we obtained target diazirine probe 2-12b by condensation with aminoguanidine in neutral 

conditions, in good yields (Scheme 2-13, step b). 

 

 

Scheme 2-13 Synthesis of meta-triazolylalkoky-connected diazirine 2-12b. 

 

Triazolylalkoxy-connected diazirine probes 2-12a and 2-12b were sent to biological profiling 

(CIBIO, UniTN, Prof. Piccoli; see 2.3: Biological Characterization). 
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2.2.6 Synthesis of biotinylated Sephin1 probes 2-13a and 2-13b 

In order to broaden the range of target, Sephin1-based chemical probes we decided to pursue also 

the synthesis of biotinylated probes, as matrix-supported Sephin1 derivatives similar to 2-664 

(Figure 2-13) for further affinity chromatography-based MoA studies. Having now acknowledged 

the good results obtained through click chemistry as a connection between the Sephin1 scaffolds 

and probe moieties, we applied similar procedures to synthesize para- and meta-biotinylated 

probes 2-13a and 2-13b (Figure 2-23). 

 

 

Figure 2-23: Biotinylated Sephin1 probes 2-13a and 2-13b. 
 

As it concerns the synthesis of para-substituted triazolylalkoxy biotinylated target 2-13a, we 

coupled biotin propargylamide 2-36 (obtained from standard coupling of biotin 2-35 with 

propargylamine, Scheme 2-14, step a) and previously reported para-alkoxyazido aldehyde 2-16a 

through a standard click chemistry protocol (Scheme 2-14, step b).  

 

 

Scheme 2-14: Synthesis of para-biotinylated Sephin1 probe 2-13a. 
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Expected biotinylated triazolylalkoxy aldehyde 2-37a was obtained in good yields. Finally, we 

obtained the desired para-substituted biotinylated probe 2-13a (Scheme 2-14, step c) in 

quantitative yields by condensation with aminoguanidine in standard catalytic acidic conditions. 

 

 

Scheme 2-15: Synthesis of meta-biotinylated Sephin1 probe 2-13b. 

 

As to regioisomeric meta-substituted biotinylated target probe 2-13b, we followed the same 

strategy used for its para regiosomer 2-13a starting from azidoalkoxy aldehyde 2-16b, synthesizing 

triazolylalkoxy biotinylated aldehyde 2-37b (Scheme 2-15, step a) and finally the desired meta-

biotinylated probe 2-13b (Scheme 2-15, step b), in slightly lower overall yields compared to 2-13a.  

Triazolylalkoxy biotinylated probes 2-13a and 2-13b were sent to biological profiling (CIBIO, 

UniTN, Prof. Piccoli; see 2.3: Biological Characterization). 
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2.3 Biological characterization 

Target Sephin1 probes, whose rational design and synthesis are described in Paragraphs 2.1 and 

2.2 (alkoxyazides 2-9a and 2-9b; alkoxyarylazides 2-10a and 2-10b; arylazides 2-11a and 2-11b; 

diazirines 2-12a and 2-12b; biotinylated probes 2-13a and 2-13b) were sent to our collaborators at 

CIBIO, University of Trento (Prof. G. Piccoli), for biological characterization. Namely, probes 2-

9/12a,b were sent to be first profiled in terms of cytotoxicity and autophagy induction, followed – 

if autophagy induction and lack of toxicity would be confirmed – by photoaffinity activation and 

MS-proteomics experiments; biotinylated probes 2-13a,b were considered to further confirm and 

characterize the putative Sephin1-actin interaction through affinity chromatography. 

As of today, only the biological characterization of alkoxyazides 2-9a and 2-9b, among the 

synthesized PAPs, and of biotinylated probes 2-13a and 2-13b was performed (Figure 2-24) and its 

results are here reported. The other probes will be biologically profiled soon, and then the best 

PAPs will be used in mechanism of action studies. 

 

 

Figure 2-24: Biologically tested probes as of the writing of my Ph.D. thesis. 

 

At first, in vitro safety of Sephin1 derivatives 2-9a and 2-9b was verified after 2 hours of incubation 

with a standard MTT cytotoxicity assay. Both probes induced only limited cytotoxicity at the 

concentration of 50 µM upon 2 hours treatment, as reported in Figure 2-25; thus, a reasonable 

therapeutic window was observed. 
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Alkoxyazides 2-9a and 2-9b were also profiled in HeLa cells for their capability to induce 

autophagy. Autophagy was monitored by tracking the mobility shift from LC3-I to LC3-II, that is a 

proxy for the induction of autophagy;78 and by the amount of LC3-II, that correlates with the 

number of autophagosomes.79 α-tubulin levels as an internal control in our assays were measured 

(Figure 2-26). Remarkably, compounds 2-9a and 2-9b showed even higher autophagy induction 

than free Sephin1, and confirmed both the possibility to create PAPs based on Sephin1, and to 

introduce a third substituent on the phenyl ring while maintaining – possibly even increasing - 

potency as autophagy inducers. 

 

 

Figure 2-26: Evaluation of autophagy induction for alkoxyazido probes 2-9a and 2-9b by measuring LC3-II 
levels in HeLa cells. 

 

Figure 2-25: MTT viability assay results for alkoxyazido probes 2-9a and 2-9b. 
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Preliminary observations suggest that Sephin1 induces autophagy acting via actin-comet tail 

formation.80 Actin-comet tails are modulated by the Arp2/3-WHAMM complex, which can be 

pharmacologically inhibited by fluoro benzamido indole CK666.81 Therefore, HeLa cells were 

treated with alkoxyazides 2-9a and 2-9b in presence of CK666 [250 µM]. Interestingly, we noticed 

that ARP2/3-WHAMM complex inhibition by CK666 significantly hampered the activity of 2-9a, 

as reported in Figure 2-27, thus confirming a role for the Arp2/3-WHAMM complex in the 

autophagy induction caused by Sephin1. 

 

 

Figure 2-27: Evaluation of autophagy induction by measuring LC3-II levels in HeLa cells for alkoxyazido 
probes 2-9a and 2-9b either alone or in presence of Arp2/3 inhibitor CK666. 

 

Furthermore, earlier data82 showed that Sephin1 alters cellular actin organization. In particular, 

the reduction of F-actin positive clusters was observed upon Sephin1 treatment. Therefore, the 

activity on the actin cytoskeleton by alkoxyazides 2-9a and 2-9b was evaluated (Figure 2-28). In 

fact, phalloidin staining on untreated cells (first row), highlights the presence of abundant actin 

filaments. From top down,the other rows show cells treated respectively with Sephin1 (50M), 2-

9a and 2-9b (both 25M). The administration of Sephin1 causes a noticeable shift from F- to G-

actin, which becomes even more evident with both our probes at a halved dosage. Namely, the 

presence of actin filaments is potently reduced in favour of globular actin species; This too confirms 

alkoxyazides 2-9a and 2-9b to be more potent than Sephin1 itself in their interaction with actin. 
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Figure 2-28: Staining for F-actin with phalloidins upon cells treatment with control (top), Sephin1 (second 
lane), 2-9a (third lane) or 2-9b (bottom lane). 

 

To further characterize Sephin1-actin interactions, an in vitro pull-down experiment (Figure 2-29) 

was performed, where purified muscle alpha-actin (250 nM) was incubated with biotinylated 

probes 2-13a (100 µM), and 2-13b. Para-substituted probe 2-13a showed better affinity for the resin, 

compared to its meta regioisomer 2-13b (data not shown), so it was selected to perform a pull-

down assay. 

 

 

Figure 2-29: Sketched representation of a pull-down assay. 
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The actin-biotinylated Sephin1 2-13a complex was retained on streptavidin resins. Western-

Blotting highlighted that biotinylated Sephin1 2-13a (100 M) directly binds to alpha actin (42 KDa 

bands, second columns, Figure 2-30, top). Importantly, the actin-biotinylated Sephin1 2-13a 

interaction was disrupted by competition with soluble Sephin1 (partially at 100 M and fully at 

500 µM, third and fourth columns respectively), suggesting that biotinylated Sephin1 2-13a binds 

to actin at the same site of Sephin1 (Figure 2-30, bottom). 

 

 

Figure 2-30: Western blots from pull-down assays with pure muscle alpha actin (42 KDa), biotinylated 
probe 2-13a and Sephin1. 
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2.4 Conclusions and future trends 

In conclusion, the synthetic achievements of this Ph.D. thesis led to the synthesis of 10 different 

Sephin1 derived probes (alkoxyazides 2-9a,b; alkoxyarylazides 2-10a,b; arylazides 2-11a,b; 

diazirines 2-12a,b; biotinylated probes 2-13a,b, Figure 2-31), which were all sent to biological 

testing during my Ph.D. internship. 

 

 

Figure 2-31: Structure of ten synthesized sephin-1 based, para (2-9/13a) and meta (2-9/13b)-trisubstituted 
probes. 

 

As of today, only the in vitro preliminary / activity characterization of alkoxyazides 2-9a and 2-9b, 

among the synthesized PAPs, and pull down experiments with biotinylated probes 2-13a and 2-13b 

were performed, while the other probes will be tested soon at CIBIO - UniTN. 

Nevertheless, alkoxyazides 2-9a and 2-9b showed higher autophagy induction than Sephin1, which 

is per se a significant result. In fact, during the synthesis of photoaffinity probes, a main goal is to 

add a photo-activable moiety to the biologically active scaffold, trying not to dramatically decrease 

the ligand’s binding and change its physicochemical properties, in order to retain activity as much 

as possible. Having observed an enhancement of activity for 2-9a and 2-9b, we also acquired useful 

information for the establishment of a better SAR. 

As previously reported, aromatic azides and diazirines are better suited to work as photo-activable 

moieties than aliphatic azides. More specifically, although alkoxyarylazides 2-10a and 2-10b 

considerably enhance steric hindrance, arylazides 2-11a and 2-11b could be promising candidates 

due to the marginal modification introduced on Sephin1 scaffold with their synthesis. Diazirines 

2-12a and 2-12b are auspicious probes as well, even though the linker bulkiness could affect their 

activity. Anyway, conclusions could be drawn exclusively after the results of the ongoing tests.  

The most promising/potent PAPs will undergo activation by UV irradiation, in order to covalently 

bind and hopefully identify the binding site on G-actin (Figure 2-32, top). 
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Figure 2-32: Mechanism of synthesized probes: PAPs photocross-linking (top) and biotinylated probes for 
affinity chromatography (bottom). 

 

Biotinylated probes 2-13a and 2-13b have also been tested for affinity chromatography-based MoA 

studies (Figure 2-32, bottom); their preliminary results confirm a direct alpha actin – Sephin1 (and 

derivatives) binding, and suggests a better activity profile / actin binding for para-substituted 

Sephin1 derivatives for future synthetic efforts. 

If unexpected issues in actin binding site identification will surface, possibly due to adverse steric 

hindrance, further synthetic efforts would aim to reduce bulkiness towards a new round of 

photoaffinity labelling probes. 

Otherwise, if the binding interaction between Sephin1 and actin will be determined in a good 

structural detail, our collaboration with a research group specialised in in silico drug design (Prof. 

Marinelli, UniNA Federico II) would direct and support the synthesis of a small library of diverse 

Sephin1 derivatives, to establish a SAR and eventually select an early lead for in vivo studies. 

The mechanism of action of Sephin1 derivatives as autophagy modulators will be better elucidated 

in future, trying to find a liaison between the theories of Bertolotti et al.60 and Crespillo-Casado et 

al..61 Once autophagy-inducing, neuroprotective effects of Sephin1 derivatives will be elucidated at 

the molecular level, such an innovative finding could be pharmaceutically exploited in multiple 

therapeutic applications, positively affecting the treatment of several neurodegenerative diseases 

through the development of combined drug treatments against them. 
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2.5 Experimental part 

2.5.1 Chemistry 

Synthesis of 4-(2-bromoethoxy)-2-chlorobenzaldehyde 2-15a 

 

 

 

 

 

Solid K2CO3 (490 mg, 3.51 mmol) was added to a solution of 2-14a (500 mg, 3.19 mmol) in dry DMF 

(3.5 mL). After 30 min, 1,2-dibromoethane (2.8 mL, 31.93 mmol) was added. The reaction was 

stirred at 100°C for 5 hours. Reaction monitoring (TLC, eluent mixture: 8:2 n-hexane/AcOEt) 

confirmed the formation of 2-15a. After cooling to rt, H2O (20 mL) was added to the mixture, and 

the solution was extracted with AcOEt (3 x 20 mL). The collected organic layers were then washed 

with brine and dried with Na2SO4. The solvent was then removed under reduced pressure. The 

resulting crude was purified by flash chromatography (silicagel, eluent mixture: 85:15 n-

hexane/AcOEt) to obtain pure 2-15a (538 mg, 2.04 mmol, 64% yield) as a yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 10.34 (s, 1H, H7), 7.90 (d, 1H, J = 8.7 Hz, 

H6), 6.96 (d, 1H, J = 2.4 Hz, H3), 6.91 (ddd, 1H, J = 8.7, 2.4, 0.8 Hz, H5), 4.36 (t, 

2H, J = 6.1 Hz, H8), 3.66 (t, 2H, J = 6.1 Hz, H9). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 188.6, 163.1, 139.9, 131.3, 126.7, 116.1, 114.1, 

68.4, 28.3. 

MS (ESI+), m/z: calcd for C9H8BrClO2 261.94, found 262.90 (M+H+). 

 

Synthesis of 4-(2azidoethoxy)-2-chlorobenzaldehyde 2-16a 

 

 

 

 

 

Solid NaN3 (154 mg, 2.37 mmol) was added to a solution of 2-15a (250 mg, 0.95 mmol) in dry DMF 

(11.7 mL). The reaction was stirred at 100°C for 5 hours. Reaction monitoring (TLC, eluent mixture: 

8:2 n-hexane/AcOEt) confirmed the formation of 2-16a. After cooling to rt, saturated NH4Cl (20 

mL) was added to the mixture, and then it was extracted with CH2Cl2 (3 x 20 mL) and the collected 

organic layers were then washed with H2O (3 x 20 mL) and brine. The solution was dried with 

Na2SO4 and the solvent was then removed under reduced pressure to obtain pure 2-16a (132 mg, 

0.59 mmol, 62% yield) as a yellow solid. 
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Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.34 (s, 1H, H7), 7.91 (d, 1H, J = 8.7 Hz, 

H6), 6.96 (d, 1H, J = 2.4 Hz, H3), 6.92 (dd, 1H, J = 8.7, 2.4 Hz, H5), 4.21 (t, 2H, J 

= 4.9 Hz, H8), 3.65 (t, 2H, J = 4.9 Hz, H9). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 188.6, 163.2, 139.9, 131.3, 126.7, 116.0, 114.1, 

67.7, 50.0.  

MS (ESI+), m/z: calcd for C9H8ClN3O2 225.03, found 226.03 (M+H+). 

 

Synthesis of 4-(2-azidoethoxy)-2-chlorophenyl-aminoguanidyl hydrazone hydrochloride 

2-9a 

 

Aminoguanidine∙HCl (35 mg, 0.32 mmol) was added to a solution of 2-16a (75 mg, 0.33 mmol) in 

EtOH (3.1 mL). Then, HCl 1M was added (2 drops). The reaction was stirred at 80°C for 8 h. 

Reaction monitoring (TLC, eluent mixture: 93:7 CH2Cl2/MeOH) confirmed the formation of 2-9a. 

After cooling to rt, the solvent was removed under reduced pressure. Cold Et2O (10 mL) was added, 

then the product filtered and washed with cold Et2O (25 mL) to obtain pure 2-9a (90 mg, 0.28 

mmol, 90% yield) as a yellowish white solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.33 (s, 1H, HCl), 8.46 (s, 1H, H7), 

8.24 (d, 1H, J = 8.9 Hz, H6), 7.88 (bs, 4H, -NH2), 7.12 (d, 1H, J = 2.5 Hz, H3), 

7.02 (dd, 1H, J = 8.9, 2.4 Hz, H5), 4.26 (t, 2H, J = 4.59 Hz, H9), 3.67 (t, 2H, 

J = 4.59 Hz, H10). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 160.2, 155.4, 142.4, 134.4, 128.9, 

123.6, 114.9, 114.8, 67.4, 49.4. 

MS (ESI+), m/z: calcd for C10H13Cl2N7O 317.06, found 282.26 (M-HCl+H+). 

 

Synthesis of 4-(2-bromoethoxy)-2-chlorobenzaldehyde 2-15b 
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Solid K2CO3 (95 mg, 0.684 mmol) was added to a solution of 2-14b (100 mg, 0.639 mmol) in dry 

DMF (2.5 mL). After 30 min, 1,2-dibromoethane (0.56 mL, 6.390 mmol) was added. The reaction 

was stirred at 100°C overnight. Reaction monitoring (TLC, eluent mixture: 8:2 n-hexane/AcOEt) 

confirmed the formation of 2-15b. After cooling to rt, H2O (10 mL) was added to the mixture, and 

the solution was extracted with AcOEt (3 x 6 mL). The collected organic layers were then washed 

with brine (10 mL) and dried with Na2SO4. The solvent was then removed under reduced pressure. 

The resulting crude was purified by flash chromatography (silicagel, eluent mixture: 95:5 n-

hexane/AcOEt) to obtain pure 2-15b (64 mg, 0.243 mmol, 38% yield) as a yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ (ppm) 10.43 (s, 1H, H7), 7.40 (d, 1H, J = 3.2 Hz, 

H6), 7.37 (d, 1H, J = 8.8 Hz, H3), 7.13 (dd, 1H, J = 8.8, 3.2 Hz, H4), 4.33 (t, 2H, J = 

6.1 Hz, H8), 3.64 (t, 2H, J = 6.1 Hz, H9). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 189.6, 157.1, 133.4, 131.8, 130.6, 123.5, 112.9, 

68.5, 28.7. 

MS (ESI+), m/z: calcd for C9H8BrClO2 261.94, found 262.92 (M+H+). 

 

Synthesis of 4-(2-azidoethoxy)-2-chlorobenzaldehyde 2-16b 

 

 

 

 

 

Solid NaN3 (39 mg, 0.608 mmol) was added to a solution of 2-15b (64 mg, 0.243 mmol) in dry 

DMF (3 mL). The reaction was stirred at 100°C overnight. Reaction monitoring (TLC, eluent 

mixture: 8:2 n-hexane/AcOEt) confirmed the formation of 2-16b. After cooling to rt, saturated 

NH4Cl (15 mL) was added to the mixture, and then it was extracted with CH2Cl2 (3 x 15 mL) and 

the collected organic layers were then washed with H2O (3 x 15 mL) and brine (10 mL). The solution 

was dried with Na2SO4 and the solvent was then removed under reduced pressure to obtain pure 

2-16b (43 mg, 0.189 mmol, 78% yield) as a yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.34 (s, 1H, H7), 7.40 (d, 1H, J = 3.0 Hz, H3), 

7.36 (d, 1H, J = 8.7 Hz, H6), 7.13 (dd, 1H, J = 8.7, 3.0 Hz, H5), 4. 14 (t, 2H, J = 4.8 

Hz, H8), 3.62 (t, 2H, J = 4.8 Hz, H9). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 189.6, 157.1, 133.4, 131.8, 129.5, 119.4, 114.7, 

68.0, 47.9.  

MS (ESI+), m/z: calcd for C9H8ClN3O2 225.03, found 226.05 (M+H+). 
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Synthesis of 4-(2-azidoethoxy)-2-chlorophenyl-aminoguanidyl hydrazone hydrochloride 

2-9b 

 

Aminoguanidine∙HCl (67 mg, 0.606 mmol) was added to a solution of 2-16b (144 mg, 0.638 mmol) 

in EtOH (6 mL). Then, HCl 1M was added (3 drops). The reaction was stirred at 80°C overnight. 

Reaction monitoring (TLC, eluent mixture: 93:7 CH2Cl2/MeOH) confirmed the formation of 2-9b. 

After cooling to rt, the solvent was removed under reduced pressure. Cold Et2O (15 mL) was added, 

then the product filtered and washed with cold Et2O (25 mL) to obtain pure 2-9b (177 mg, 0.556 

mmol, 92% yield) as a yellowish white solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 10.21 (s, 1H, HCl), 8.51 (s, 1H, H7), 

7.90 (bs, 4H, -NH2), 7.82 (d, 1H, J = 3.1 Hz, H3), 7.45 (d, 1H, J = 8.9 Hz, H6), 

7.09 (dd, 1H, J = 8.9, 3.1 Hz, H5), 4.25 (t, 2H, J = 4.59 Hz, H9), 3.70 (t, 2H, J = 

4.59 Hz, H10). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 158.2, 156.3, 143.9, 132.5, 132.0, 126.5, 

120.1, 113.5, 68.3, 50.7. 

MS (ESI+), m/z: calcd for C10H13Cl2N7O 317.06, found 282.24 (M-HCl+H+). 

 

Synthesis of 4-azidophenol 2-18 

 

A 1.8 M aq. solution of NaNO2 (4.58 mL, 8.25 mmol) was added dropwise at 0°C to a milky 

suspension/solution of 2-17 (0.300 g, 2.75 mmol) in 1:1 HCl (37%)/AcOH (5.50 mL), protected from 

the light. The mixture became transparent and yellowish and was left stirring for 15 minutes. Then, 

a 1.8 M aq. solution of NaN3 (4.58 mL, 8.25 mmol) was slowly added dropwise. An immediate 

emission of N2 was observed. The mixture became yellow, was allowed to warm to r.t and was left 

stirring for 1 h. Reaction monitoring (TLC, eluent mixture: 1:1 n-hexane/AcOEt) showed that the 

reaction was completed, so AcOEt (10 mL) was added to the solution. The resulting mixture was 

extracted with AcOEt (3 x 20 mL) and then washed with water (3 x 20 mL). The organic layers 

were dried with Na2SO4 and the solvent was removed under reduced pressure. Pure target 2-18 

(368 mg, 2.73 mmol, quant. yield) was isolated as a dark red oil. 
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Analytical characterization 

1H-NMR (400 MHz, CD3OD) δ (ppm): 6.94 – 6.83 (m, 2H, H3-H5), 6.83 – 6.73 

(m, 2H, H2-H6). 

MS (ESI+), m/z: calcd for C6H5N3O 135.04, found 136.25 (M+H+). 

 

Synthesis of 4-(2-(4’-azidophenoxy)ethoxy)-2-chlorobenzaldehyde 2-19a 

 

Solid K2CO3 (221 mg, 1.60 mmol) was added under stirring to a solution of 2-18 (200 mg, 1.48 

mmol) in dry DMF (1.61 mL), in a flask covered in aluminium foil, protected from the light. After 

30 min, 2-15a (325 mg, 1.23 mmol) was added. The reaction was stirred at 60°C for 3 h. Reaction 

monitoring (TLC, eluent mixture: 8:2 n-hexane/AcOEt) confirmed the almost complete 

disappearance of starting material 2-15a, but also the appearance of by-products due to heating, so 

the mixture was cooled to rt. Then, H2O (20 mL) was added to the mixture, and the solution was 

extracted with CH2Cl2 (3 x 20 mL). The collected organic layers were then washed with brine (20 

mL) and dried with Na2SO4. The solvent was then removed under reduced pressure. The resulting 

crude was purified by Biotage® silicagel flash chromatography (eluent mixture: gradient from 95:5 

to 60:40 n-hexane/AcOEt) to obtain pure 2-19a (139 mg, 0.44 mmol, 35% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.34 (d, 1H, J = 0.6 Hz, H7), 7.91 (d, 

1H, J = 8.7 Hz, H6), 7.04 – 6.88 (m, 6H, H3-H5-H2’-H3’-H5’-H6’), 4.43 – 4.36 

(m, 2H, H8), 4.36 – 4.29 (m, 2H, H9).  
13C-NMR (101 MHz, CDCl3) δ (ppm): 188.7, 163.7, 155.9, 139.8, 133.3, 131.2, 

126.5, 120.2 (2C), 116.1 (2C), 116.1, 114.2, 67.3, 66.7. 
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Synthesis of 4-(2-(4’-azidophenoxy)ethoxy)-2-chlorophenyl-aminoguanidyl hydrazone 

hydrochloride 2-10a 

 

Aminoguanidine∙HCl (43 mg, 0.39 mmol) was added to a suspension of 2-19a (130 mg, 0.41 mmol) 

in EtOH (3.9 mL), in a flask covered in aluminium foil, protected from the light. Then 1 drop of 

cat. HCl 1 M was added. The mixture was left stirring at 40°C for 5 h. Reaction monitoring (TLC, 

eluent mixture: 96:4 CH2Cl2/MeOH) confirmed the almost complete disappearance of starting 

material 2-19a, so the mixture was cooled to rt. Then, the resulting precipitate was filtered and 

washed with cold Et2O (25 mL) to obtain pure 2-10a (144 mg, 0.35 mmol, 90% yield) as a white 

solid.  

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.07 (s, 1H, HCl), 8.46 (s, 1H, 

H7), 8.24 (d, 1H, J = 8.9 Hz, H6), 7.73 (bs, 4H, -NH2), 7.18 (d, 1H, J = 2.5 Hz, 

H3), 7.12 – 6.96 (m, 5H, H5-H3’-H5’-H2’-H6’), 4.41 (dd, 2H, J = 5.5, 2.9 Hz, 

H9), 4.32 (dd, 2H, J = 5.5, 2.9 Hz, H10). 

13C NMR (101 MHz, DMSO-d6) δ (ppm): 160.5, 155.7, 155.3, 142.5, 134.4, 

131.8, 128.8, 123.4, 120.2 (2C), 116.0 (2C), 115.0, 114.8, 67.1, 66.5. 

MS (ESI+), m/z: calcd for C16H17Cl2N7O2 409.08, found 374.18 (M -HCl 

+H+). 

 

Synthesis of 5-(2-(4’-azidophenoxy)ethoxy)-2-chlorobenzaldehyde 2-19b 

 

Solid K2CO3 (172 mg, 1.25 mmol) was added to a solution of 2-18 (157 mg, 1.16 mmol) in dry DMF 

(1.5 mL), in a flask covered in aluminium foil, protected from the light. After 30 min, 2-15b (173 

mg, 0.66 mmol) was added. The reaction was stirred at 40°C for 7 h. Reaction monitoring (TLC, 

eluent mixture: 8:2 n-hexane/AcOEt) confirmed the almost complete disappearance of the starting 

material 2-15b. H2O (20 mL) was added to the mixture, and the solution was extracted with AcOEt 

(3 x 20 mL). The collected organic layers were then washed with brine (20 mL) and dried with 

Na2SO4. The solvent was then removed under reduced pressure. The resulting crude was purified 
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by Biotage® silicagel flash chromatography (eluent mixture: gradient from 100:0 to 60:40 n-

hexane/AcOEt) to obtain pure 2-19b (57 mg, 0.18 mmol, 27% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ(ppm): 10.44 (s, 1H, H7), 7.46 (d, 1H, J = 

3.2 Hz, H6), 7.37 (d, 1H, J = 8.8 Hz, H3), 7.16 (dd, 1H, J = 8.8, 3.2 Hz, H4), 

7.02 – 6.88 (m, 4H, H3’-H5’-H2’-H6’), 4.41 – 4.25 (m, 4H, H8-H9). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 189.6, 162.6, 155.7, 139.8, 133.2, 131.5, 

127.6, 123.6, 120.2 (2C), 116.1 (2C), 112.7, 67.2, 66.0. 

 

Synthesis of 5-(2-(4’-azidophenoxy)ethoxy)-2-chlorophenyl-aminoguanidyl hydrazone 

hydrochloride 2-10b 

 

Aminoguanidine∙HCl (15 mg, 0.13 mmol) was added under stirring to a suspension of 2-19b (44 

mg, 0.14 mmol) in EtOH (1.3 mL), in a flask covered in aluminium foil, protected from the light. 

Then 1 drop of cat. HCl 1 M was added. The mixture was left stirring at 40°C for 7 h, then at rt for 

15 h. Reaction monitoring (TLC, eluent mixture: 96:4 CH2Cl2/MeOH) confirmed the almost 

complete disappearance of the starting material 15. The resulting precipitate was filtered and 

washed with cold Et2O (25 mL) to obtain pure 2-10b (48 mg, 0.12 mmol, 90% yield) as a white 

solid.  

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.20 (s, 1H, HCl), 8.49 (s, 1H, 

H7), 7.86 (m, 5H, H6,-NH2), 7.44 (d, 1H, J = 8.9 Hz, H3), 7.12 (dd, 1H, J 

= 8.9, 3.1 Hz, H4), 7.09 – 7.00 (m, 4H, H3’-H5’-H2’-H6’), 4.50 – 4.20 

(m, 4H, H9-H10). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 157.8, 156.2, 155.9, 142.9, 132.2, 

131.8, 131.2, 125.5, 120.7 (2C), 119.0, 116.4 (2C), 113.1, 67.3, 67.1. 

MS (ESI+), m/z: calcd for C16H17Cl2N7O2 409.08, found 374.18 (M -HCl 

+H+). 
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Synthesis of (4-amino-2-chlorophenyl)methanol 2-22a 

 

A solution of 2-23a (100 mg, 0.58 mmol) in dry THF (0.8 mL) was added dropwise at 0°C to a 

stirred solution of 1M LiAlH4 in THF (1.46 mL, 1.46 mmol), under N2. After cooling to rt, the 

reaction mixture was left stirring at rt for 24 h and then was refluxed for 2 h. Reaction monitoring 

(TLC, eluent mixture: 1:1 n-hexane/AcOEt +1% AcOH) showed that the reaction had occurred 

almost completely, so it was quenched at 0°C by dropwise addition of water (0.06 mL), then 5% 

aq. NaOH (0.18 mL). Warming to rt in about an hour was followed by filtration of the resulting 

precipitate on celite and washing with AcOEt (3 x 10 mL). The collected organic phase was then 

evaporated under reduced pressure. The resulting crude was purified by flash chromatography 

(silicagel, eluent mixture: 6:4 n-hexane/AcOEt) to obtain pure 2-22a (28 mg, 0.18 mmol, 31% yield) 

as a light yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, CD3OD) δ (ppm): 7.17 (d, 1H, J = 8.2 Hz, H6), 6.72 (d, 1H,  

J = 1.8 Hz, H3), 6.61 (dd, 1H, J = 8.2, 1.8 Hz, H5), 4.56 (s, 2H, H7). 

13C-NMR (101 MHz, CD3OD) δ (ppm): 150.0, 134.7, 131.3, 128.2, 116.3, 114.7, 62.4. 

MS (ESI+), m/z:  calcd for C7H8ClNO: 157.03, found 158.01 (M +H+). 

 

Synthesis of (4-amino-2-chlorophenyl)methanol 2-22a (Alternative synthesis) 

 

A solution of 2-24a (300 mg, 1.62 mmol) in dry THF (3.2 mL) was added dropwise, at 0°C to a 

solution of 1M LiAlH4 in THF (2.42 mL, 2.42 mmol), under N2, The stirred solution gradually 

solidified while warming; consequently, THF addition (3 mL) allowed partial dissolution of this 

foam and further stirring at rt for 3 h. Reaction monitoring (TLC, eluent mixture: 1:1 n-

hexane/AcOEt) showed that the reaction had occurred completely, so it was quenched at 0°C by 

adding MeOH (0.16 mL) dropwise, then water (0.05 mL) dropwise and a bit of Na2SO4. Warming 

to rt was followed by filtration on celite of the resulting precipitate and washing with AcOEt (3 x 

20 mL). The solvent was then removed under reduced pressure to obtain pure 2-22a (243 mg, 1.54 

mmol, 95% yield) as a light-yellow solid. 
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Analytical characterization 

1H-NMR (400 MHz, CD3OD) δ (ppm): 7.17 (d, 1H, J = 8.2 Hz, H6), 6.71 (d, 1H, J 

= 2.3 Hz, H3), 6.61 (dd, 1H, J = 8.2, 2.3 Hz, H5), 4.56 (s, 2H, H7). 

13C-NMR (101 MHz, CD3OD) δ (ppm): 150.0, 134.7, 131.3, 128.2, 116.3, 114.7, 62.4. 

MS (ESI+), m/z: calcd for C7H8ClNO 157.03, found 158.01 (M +H+). 

 

Synthesis of methyl 4-amino-2-chlorobenzoate 2-24a 

 

SOCl2 (0.76 mL, 10.49 mmol) was added dropwise at 0°C to a stirred solution of 2-23a (300 mg, 

1.748 mmol) in MeOH (22.8 mL). The reaction was stirred at rt for 16 h. Reaction monitoring (TLC, 

eluent mixture: 6:4 n-hexane/AcOEt + 1% AcOH) showed residual starting material, so additional 

SOCl2 (0.13 mL, 1.75 mmol) was added. After 2 h the reaction was completed (TLC monitoring, 8:2 

n-hex/AcOEt), and the solvent was then removed under reduced pressure. The resulting solid was 

dissolved in CH2Cl2 (20 mL), the solution was washed with sat. aqueous NaHCO3 (2 x 20 mL), and 

the aqueous phase was extracted with CH2Cl2 (20 mL). The solvent was then removed under 

reduced pressure obtaining pure 2-24a (221 mg, 1.42 mmol, 68% yield) as a colourless, white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 7.77 (d, 1H, J = 8.6 Hz, H6), 6.69 (d, 

1H, J = 2.3 Hz, H3), 6.52 (dd, 1H, J = 8.6, 2.3 Hz, H5), 4.08 (bs, 2H, -NH2), 

3.86 (s, 3H, H8). 

13C-NMR (400 MHz, CDCl3) δ (ppm): 99.4, 95.6, 92.0, 91.4, 87.5, 87.0, 

86.0, 70.8. 
MS (ESI+), m/z: calcd for C8H8ClNO2 185.02, found 186.08 (M +H+). 

 

Synthesis of methyl 4-amino-2-chlorobenzoate 2-24a (alternative synthesis) 

 

Sulfuric acid (0.086 mL, 1.63 mmol) was added dropwise to a stirred solution of 2-23a (500 mg, 

2.91 mmol) in MeOH (5.8 mL). The reaction was heated to reflux for 8 h. Reaction monitoring 

(TLC, eluent mixture: 6:4 n-hex/AcOEt + 1% AcOH) showed that the reaction had occurred 

completely, so it was cooled to rt and neutralized with solid Na2CO3. The solvent was removed 

under reduced pressure, and then water (20 mL) and AcOEt (20 mL) were added. The resulting 

mixture was extracted with AcOEt (3 x 20 mL), then washed with water (20 mL) and brine (20 
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mL). The organic layers were dried with Na2SO4 and the solvent was removed under reduced 

pressure. The resulting crude was purified by flash chromatography (silicagel, eluent mixture: 8:2 

n-hexane/AcOEt) to obtain pure 2-24a (319 mg, 1.72 mmol, 59% yield) as a colourless, white solid. 

Analytical characterization 

1H NMR (400 MHz, CDCl3) δ (ppm): 7.77 (d, 1H, J = 8.6 Hz, H6), 6.69 (d, 

1H, J = 2.3 Hz, H3), 6.52 (dd, 1H, J = 8.6, 2.3 Hz, H5), 4.07 (bs, 2H, -NH2), 

3.86 (s, 3H, H8). 

13C-NMR (400 MHz, CDCl3) δ (ppm): 99.4, 95.6, 92.0, 91.4, 87.5, 87.0, 

86.0, 70.8. 
MS (ESI+), m/z: calcd for C8H8ClNO2 185.02, found 186.08 (M +H+). 

 

Synthesis of (4-azido-2-chlorophenyl)methanol 2-21a  

 

A [1.8 M] aq. solution of NaNO2 (2.11 mL, 3.81 mmol) was added dropwise at 0°C to a solution of 2-

22a (200 mg, 1.23 mmol) in 1:1 HCl (37%) + AcOH (2.46 mL), in a flask covered in aluminium foil 

to prevent light exposure, and stirring continued for 15 minutes. Then, a [1.8 M] aq. solution of 

NaN3 (2.11 mL, 3.81 mmol) was slowly added dropwise. An immediate emission of N2 was observed. 

The mixture was allowed to warm to rt and was left stirring for 1 hour. Reaction monitoring (TLC, 

eluent mixture: 1:1 n-hexane/AcOEt) showed that the reaction was completed. The solution was 

extracted with AcOEt (3 x 15 mL) and then washed with H2O (2 x 15 mL). The organic layers were 

dried with Na2SO4 and the solvent was removed under reduced pressure. The resulting crude was 

purified by flash chromatography (silicagel, eluent mixture: 8:2 n-hexane/AcOEt) to obtain pure 

2-21a (143 mg, 0.78 mmol, 63% yield) as a yellow solid. 

Analytical characterization 

1H-NMR (300 MHz, CDCl3) δ (ppm): 7.47 (d, 1H, J = 8.4 Hz, H6), 7.05 (d, 1H, 

J = 2.1 Hz, H3), 6.96 (dd, 1H, J = 8.4, 2.1 Hz, H5), 4.75 (s, 2H, H7), 1.81 (bs, 1H, 

-OH). 

 

 

Synthesis of 4-azido-2-chlorobenzaldehyde 2-20a  
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Dess-Martin periodinane (194 mg, 0.46 mmol) was added at rt to a solution of 2-21a (70 mg, 0.38 

mmol) in dry CH2Cl2 (1.08 mL) under N2 in a flask covered in aluminium foil, to avoid light 

exposure. The reaction mixture was left stirring at rt for 5 h. Then, reaction monitoring (TLC, 

eluent mixture: 8:2 n-hexane/AcOEt) showed that the reaction had occurred completely, so the 

solvent was removed under reduced pressure and the resulting solid was dissolved in 5% aq. NaOH 

(20 mL) and AcOEt (20 mL). The mixture was extracted with AcOEt (3 x 20 mL), washed with 

NaOH 5% (1 x 15 mL) and brine (1 x 15 mL), then the combined organic layers were dried with 

Na2SO4 and the solvent was removed under reduced pressure to obtain pure 2-20a (69 mg, 0,38 

mmol, quant. yield) as a yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.37 (s, 1H, H7), 7.92 (d, 1H, J = 8.4 Hz, 

H6), 7.08 (d, 1H, J = 2.1 Hz, H3), 7.02 (dd, 1H, J = 8.4, 2.1 Hz, H5). 

13C-NMR (75 MHz, CDCl3) δ (ppm): 188.2, 146.9, 139.4, 130.9, 129.2, 120.5, 118.0. 

 

 

Synthesis of 4-azido-2-chlorophenyl-aminoguanidyl hydrazone hydrochloride 2-11a 

 

Aminoguanidine∙HCl (26 mg, 0.26 mmol) was added to a solution of 2-20a (50 mg, 0.27 mmol) 

in EtOH (2.54 mL), in a flask covered in aluminium foil to avoid light exposure. Then, 1 drop of 

cat. HCl 1 M was added. The reaction was stirred at 50°C for 5 h. Reaction monitoring (TLC, eluent 

mixture: 8:2 n-hexane/AcOEt) confirmed the almost complete disappearance of starting material 

2-20a. After cooling to rt, the solvent was removed under reduced pressure. The resulting 

precipitate was purified by trituration in cold Et2O (20 mL), to obtain after filtration pure 2-11a (61 

mg, 0.22 mmol, 86% yield) as a yellowish white solid.  

Analytical characterization 

1H-NMR (300 MHz, DMSO-d6) δ (ppm): 12.20 (s, 1H, HCl), 8.48 (s, 1H, 

H7), 8.32 (d, 1H, J = 8.6 Hz, H6), 7.86 (bs, 4H, -NH2), 7.31 (d, 1H, J = 2.1 Hz, 

H3), 7.18 (dd, 1H, J = 8.6, 2.1 Hz, H5). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 155.2, 142.7, 142.0, 134.3, 129.0, 

127.3, 120.1, 118.7. 

MS (ESI+), m/z: calcd for C8H9Cl2N7 273.03, found 238.16 (M -HCl +H+). 
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Synthesis of methyl 5-amino-2-chlorobenzoate 2-24b 

 

SOCl2 (2.22 mL, 30.60 mmol) was added dropwise at 0°C to a solution of 2-23b (0.750 mg, 4.37 

mmol) in MeOH (43.7 mL). The reaction was stirred at rt for 17 h. Reaction monitoring (TLC, 

eluent mixture: 6:4 n-hexane/AcOEt) showed that the reaction had occurred completely. The 

solvent was then removed under reduced pressure. The resulting solid was dissolved in AcOEt (30 

mL), the solution was washed with sat. aqueous NaHCO3 (2 x 30 mL), and the water phase was 

extracted again with AcOEt (2 x 30 mL). The solvent was then removed under reduced pressure. 

The resulting crude was purified by flash chromatography (silicagel, eluent mixture: 1:1 n-

hexane/AcOEt) to obtain pure 2-24b (619 mg, 3.33 mmol, 76% yield) as a yellow liquid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 7.20 (d, 1H, J = 8.6 Hz, H3), 7.12 (d, 1H, 

J = 2.9 Hz, H6), 6.71 (dd, 1H, J = 8.6, 2.9 Hz, H4), 3.91 (s, 3H, H8), 3.76 (bs, 2H, 

-NH2). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 166.5, 145.1, 131.8, 130.5, 122.4, 119.2, 117.4, 

52.5. 
MS (ESI+), m/z: calcd for C8H8ClNO2 185.02, found 186.03 (M +H+). 

 

Synthesis of (5-amino-2-chlorophenyl)methanol 2-22b 

 

A solution of 2-24b (600 mg, 3.23 mmol) in dry THF (12.9 mL) was added dropwise at 0°C to a 

stirred solution of 1M LiAlH4 in THF (4.84 mL, 4.84 mmol), under N2. After cooling to rt, the 

reaction mixture was left stirring at rt for 1 h. Reaction monitoring (TLC, eluent mixture: 1:1 n-

hexane/AcOEt) showed that the reaction had occurred completely, so it was quenched at 0°C by 

dropwise addition of MeOH (0.62 mL), then water (0.2 mL) and a bit of solid Na2SO4. Warming 

to rt was followed by filtration of the resulting precipitate on celite and washing with AcOEt (3 x 

20 mL). The collected organic phase was then evaporated under reduced pressure to obtain pure 

2-22b (486 mg, 3.08 mmol, 95% yield) as a light yellow solid. 
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Analytical characterization 

1H-NMR (400 MHz, CD3OD) δ (ppm): 7.03 (d, 1H, J = 8.5 Hz, H3), 6.89 (d, 1H, J 

= 2.7 Hz, H6), 6.58 (dd, 1H, J = 8.5, 2.7 Hz, H4), 4.58 (s, 2H, H7). 

13C-NMR (101 MHz, CD3OD) δ (ppm): 148.1, 140.2, 130.4, 121.4, 116.2, 116.1, 62.5. 
MS (ESI+), m/z: calcd for C7H8ClNO 157.03, found 157.99 (M +H+). 

 

Synthesis of (5-azido-2-chlorophenyl)methanol 2-21b  

 

A [1.8 M] aq. solution of NaNO2 (2.43 mL, 4.38 mmol) was added dropwise at 0°C to a solution of 

2-22b (230 mg, 1.46 mmol) in 1:1 HCl (37%) + AcOH (2.92 mL), in a flask covered in aluminium 

foil to avoid light exposure. The mixture was left stirring for 15 minutes. Then, a [1.8 M] aq. solution 

of NaN3 (2.43 mL, 4.38 mmol) was slowly added dropwise. An immediate emission of N2 was 

observed. The mixture was allowed to warm to r.t and was left stirring for 1 hour, observing the 

formation of a precipitate. Reaction monitoring (TLC, eluent mixture: 1:1 n-hexane/AcOEt) showed 

that the reaction was completed, so the solid was filtered and washed with water (30 mL). Then, it 

was dissolved in AcOEt (30 mL), dried with Na2SO4 and the solvent was removed under reduced 

pressure. Pure 2-21b (186 mg, 1.01 mmol, 69% yield) was obtained as a light brown solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 7.32 (d, 1H, J = 8.5 Hz, H3), 7.21 (d, 1H, J = 

2.7 Hz, H6), 6.89 (dd, 1H, J = 8.5, 2.7 Hz, H4), 4.77 (s, 2H, H7), 1.91 (bs, 1H, -OH). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 144.6, 137.9, 130.6, 124.8, 119.2, 118.9, 62.5. 

 

 

Synthesis of 5-azido-2-chlorobenzaldehyde 2-20b  

 

Dess-Martin periodinane (222 mg, 0.52 mmol) was added under stirring at rt to a solution of 2-

21b (80 mg, 0.44 mmol) in dry CH2Cl2 (1.27 mL), under N2, in a flask covered in aluminium foil to 

avoid light exposure. The reaction mixture was left stirring at rt for 5 h. Reaction monitoring (TLC, 

eluent mixture: 8:2 n-hexane/AcOEt) showed that the reaction had occurred completely, so the 
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solvent was removed under reduced pressure and the resulting solid was dissolved in 5% aq. NaOH 

(20 mL) and AcOEt (20 mL). The aqueous phase was extracted with AcOEt (3 x 20 mL), then the 

collected organic layers were dried with Na2SO4 and the solvent was removed under reduced 

pressure to obtain pure 2-20b (78 mg, 0.43 mmol, quant. yield) as a yellowish solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.44 (s, 1H, H7), 7.60 (d, 1H, J = 2.8 Hz, H6), 

7.44 (d, 1H, J = 8.6 Hz, H3), 7.16 (dd, 1H, J = 8.6, 2.8 Hz, H4).  

13C-NMR (101 MHz, CDCl3) δ (ppm): 189.0, 140.2, 133.7, 133.4, 132.1, 125.8, 119.1. 

 

 

Synthesis of 5-azido-2-chlorophenyl-aminoguanidyl hydrazone hydrochloride 2-11b 

 

Aminoguanidine∙HCl (23 mg, 0.21 mmol) was added to a solution of 2-20b (40 mg, 0.22 mmol) in 

EtOH (2.07 mL), in a flask covered in aluminium foil to avoid light exposure. Then, 1 drop of cat. 

HCl 1 M was added. The mixture was stirred at 40°C for 12 h. Reaction monitoring (TLC, eluent 

mixture: 9:1 n-hexane/AcOEt) confirmed the almost complete disappearance of starting material 

2-20b. Thus, the solvent was removed under reduced pressure. The resulting solid was purified by 

trituration in cold Et2O (20 mL) to obtain after filtration and drying pure 2-11b (41 mg, 0.15 mmol, 

68% yield) as a white solid.  

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ(ppm): 12.26 (s, 1H, HCl), 8.51 (s, 1H, H7), 

7.95 (m, 5H, H6, -NH2), 7.56 (d, 1H, J = 8.7 Hz, H3), 7.25 (dd, 1H, J = 8.7, 2.8 

Hz, H4). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 157.1, 144.6, 141.3, 133.2, 132.4, 131.4, 

123.6, 118.6. 

MS (ESI+), m/z: calcd for C8H9Cl2N7 273.03, found 238.13 (M -HCl +H+). 
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Synthesis of 4-(2-bromoethoxy)-2-chlorophenyl-aminoguanidyl hydrazone hydrochloride 

2-27a 

 

Aminoguanidine∙HCl (20 mg, 0.18 mmol) was added to a solution of 2-15a (50 mg, 0.19 mmol) in 

EtOH (2 mL). Then, 1 drop of cat. HCl 1 M was added. The mixture was left stirring at 80°C for 2 

h. Reaction monitoring (TLC, eluent mixture: 8:2 n-hexane/AcOEt) confirmed the almost 

complete disappearance of the starting material 2-15a, so the mixture was cooled to rt The solvent 

was removed under reduced pressure. Cold Et2O (10 mL) was added, then the resulting solid was 

filtered and washed with cold Et2O (15 mL) to obtain pure 2-27a (51 mg, 0.14 mmol, 80% yield) as 

a yellowish white solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.10 (s, 1H, HCl), 8.45 (s, 1H, H7), 

8.24 (d, 1H, J = 8.9 Hz, H6), 7.76 (bs, 4H, -NH2), 7.15 (d, 1H, J = 2.5 Hz, H3), 

7.04 (dd, 1H, J = 8.9, 2.5 Hz, H5), 4.42 (t, 2H, J = 5.25 Hz, H9), 3.82 (t, 2H, J 

= 5.25 Hz, H10). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 160.9, 155.7, 143.9, 135.3, 128.5, 123.6, 

115.0, 114.4, 68.4, 28.7. 

MS (ESI+), m/z: calcd for C10H13BrCl2N4O 353.96, found 319.06 (M -HCl +H+). 

 

Synthesis of 2-chloro-4-(2-hydroxyethoxy)benzaldehyde 2-29a 

 

Solid K2CO3 (388 mg, 2.81 mmol) was added to a stirred solution of 2-14a (400 mg, 2.55 mmol) in 

dry DMF (2.79 mL). After 30 min, 2-bromoethanol (0.270 mL, 3.83 mmol) was added dropwise. 

The reaction was stirred at 100°C for 17 hours. Reaction monitoring (TLC, eluent mixture: 1:1 n-

hexane/AcOEt) confirmed the formation of a product. After cooling to rt, the solvent was removed 

under reduced pressure. Then, a 1:1 mixture of AcOEt/H2O (40 mL) was added. After separation, 

the aqueous phase was extracted with AcOEt (3 x 20 mL). The collected organic layers were then 

washed with brine (50 mL) and dried with Na2SO4. The solvent was removed under reduced 

pressure. The resulting crude was purified by flash chromatography (silicagel, eluent mixture: 6:4 
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n-hexane/AcOEt to 1:1 n-hexane/AcOEt) to obtain pure 2-29a (371 mg, 1.85 mmol, 72% yield) as a 

yellowish white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.35 (d, 1H, J = 0.7 Hz, H7), 7.92 (d, 1H, J 

= 8.7 Hz, H6), 6.99 (d, 1H, J = 2.4 Hz, H3), 6.94 (ddd, 1H, J = 8.7, 2.4, 0.7 Hz, 

H5), 4.25 – 4.12 (m, 2H, H8), 4.11 – 3.98 (m, 2H, H9), 2.03 (bs, 1H, -OH).  

13C-NMR (101 MHz, CDCl3) δ (ppm): 188.7, 163.8, 139.9, 131.2, 126.4, 115.9, 114.2, 

70.1, 61.1. 

MS (ESI+), m/z: calcd for C9H9ClO3 200.02, found 201.17 (M +H+). 

 

Synthesis of 2-chloro-4-(2-hydroxyethoxy)phenyl-aminoguanidyl hydrazone 

hydrochloride 2-30a 

 

Aminoguanidine∙HCl (79 mg, 0.71 mmol) was added to a solution of 2-29a (150 mg, 0.75 mmol) in 

EtOH (7.05 mL). Then, 1 drop of cat. HCl 1 M was added. The mixture was left stirring at 80°C for 

4:30 h. Reaction monitoring (TLC, eluent mixture: 1:1 n-hexane/AcOEt) confirmed almost 

complete disappearance of the starting material 2-29a. After cooling to rt, the solvent was removed 

under reduced pressure. The resulting residue was purified by trituration in cold Et2O (30 mL) to 

obtain after filtration and drying pure 2-30a (209 mg, 0.71 mmol, 95% yield) as a yellowish white 

solid.  

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.10 (s, 1H, HCl), 8.45 (s, 1H, H7), 

8.22 (d, 1H, J = 8.9 Hz, H6), 7.80 (bs, 4H, -NH2), 7.11 (d, 1H, J = 2.5 Hz, H3), 

7.01 (dd, 1H, J = 8.9, 2.5 Hz, H5), 4.95 – 4.92 (m, 1H, -OH), 4.12 – 4.04 (m, 

2H, H9), 3.73 – 3.70 (m, 2H, H10). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 163.1, 163.1, 145.5, 136.7, 129.8, 

124.5, 116.2, 115.8, 71.3, 61.4. 

MS (ESI+), m/z: calcd for C10H14Cl2N4O2 292.05, found 257.11 (M -HCl +H+). 
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Synthesis of 2-chloro-5-(2-hydroxyethoxy)benzaldehyde 2-29b 

 

Solid K2CO3 (291 mg, 2.11 mmol) was added to a solution of 2-14b (300 mg, 1.92 mmol) in dry DMF 

(2.1 mL). After 30 min, 2-bromoethanol (0.203 mL, 2.87 mmol) was added. The reaction was 

stirred at 100°C for 11 h. Reaction monitoring (TLC, eluent mixture: 1:1 n-hexane/AcOEt) confirmed 

the formation of a new product, but the reaction hadn’t occurred completely; nevertheless, to avoid 

formation of side products, the reaction was stopped. After cooling to rt, the solvent was removed 

under reduced pressure. Then, a 1:1 mixture of AcOEt/H2O (20 mL) was added. After phase 

separation, the aqueous phase was extracted with AcOEt (3 x 20 mL). The collected organic layers 

were then washed with brine (50 mL) and dried with Na2SO4. The solvent was removed under 

reduced pressure. The resulting crude was purified by flash chromatography (silicagel, eluent 

mixture: 6:4 n-hexane/AcOEt) to obtain pure 2-29b (251 mg, 1.25 mmol, 65% yield) as a white 

solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.43 (s, 1H, H7), 7.42 (d, 1H, J = 3.2 Hz, 

H6), 7.36 (d, 1H, J = 8.8 Hz, H3), 7.13 (dd, 1H, J = 8.8, 3.2 Hz, H4), 4.15 – 4.10 (m, 

2H, H8), 4.02 – 3.96 (m, 2H, H9), 1.99 (bs, 1H, -OH). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 189.8, 157.8, 133.0, 131.6, 130.2, 123.2, 112.8, 

70.0, 61.2.  

MS (ESI+), m/z: calcd for C9H9ClO3 200.02, found 201.17 (M +H+). 

 

Synthesis of 2-chloro-5-(2-hydroxyethoxy)phenyl-aminoguanidyl hydrazone 

hydrochloride 2-30b 

 

Aminoguanidine∙HCl (79 mg, 0.71 mmol) was added to a solution of 2-29b (150 mg, 0.75 mmol) 

in EtOH (7.05 mL). Then, 1 drop of cat. HCl 1 M was added. The mixture was stirred at 80°C for 7 

h. Reaction monitoring (TLC, eluent mixture: 1:1 n-hexane/AcOEt) confirmed almost complete 

disappearance of starting material 2-29b. The solvent was removed under reduced pressure. The 

resulting residue was purified by trituration in cold Et2O (40 mL) to obtain after filtering and 

drying pure 2-30b (216 mg, 0.74 mmol, quant. yield) as a yellowish white solid. 
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Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.22 (s, 1H, HCl), 8.49 (s, 1H, H7), 

7.82 (m, 5H, H6, -NH2), 7.41 (d, 1H, J = 8.9 Hz, H3), 7.06 (dd, 1H, J = 8.9, 3.1 

Hz, H4), 4.92 (t, 1H, J = 4.8 Hz, -OH), 4.07 (t, 2H, J = 5.0 Hz, H9), 3.73 (m, 

2H, H10). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 159.5, 157.2, 145.6, 132.5, 131.8, 127.3, 

120.7, 113.0, 71.2, 61.6. 

MS (ESI+), m/z: calcd for C10H14Cl2N4O2 292.05, found 257.25 (M -HCl +H+). 

 

Synthesis of N-(prop-2-yn-1-yl)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide 2-33 

 

 

HOBt (141 mg, 1.04 mmol), DCC (215 mg, 1.04 mmol) and DIPEA (0,182 mL, 1.04 mmol) were 

added at rt to a stirred suspension of 2-31 (200 mg, 0.87 mmol) in dry CH2Cl2 (3.5 mL) in an 

aluminium-covered flask to avoid light exposure. Then propargylamine (0.067 mL, 1.04 mmol) 

was added and the mixture was left stirring at rt for 2 h. Reaction monitoring (TLC, eluent mixture: 

9:1 CH2Cl2/MeOH) confirmed the complete disappearance of starting material 2-31. After solvent 

evaporation at reduced pressure the resulting crude was purified by flash chromatography 

(silicagel, eluent mixture: 9:1 CH2Cl2/acetone) to obtain pure 2-33 (190 mg, 0.71 mmol, 82% yield) 

as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm):  7.85 – 7.76 (m, 2H, H2-H6), 

7.27 – 7.25 (m, 2H, H3-H5), 6.27 (bs, 1H, -NH), 4.26 (dd, 2H, J = 5.2, 

2.6 Hz, H1’), 2.30 (t, 1H, J = 2.6 Hz, H3’).  
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Synthesis of N-((1-(2-(3-chloro-4-formylphenoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)-4-

(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide 2-34a 

 

CuSO4∙5H2O (9 mg, 0.035 mmol), sodium ascorbate (18 mg, 0.089mmol) and 2-33 (95 mg, 0.35 

mmol) were added to a stirred solution of 2-16a (80 mg, 0.35 mmol) in THF/H2O 1:1 (3.6 mL) at rt 

in a flask covered with aluminium foil, to prevent light exposure . The mixture was left stirring at 

rt for 17 h. Reaction monitoring (TLC, eluent mixture: 95:5 CH2Cl2/MeOH) confirmed reaction 

completion. After solvent evaporation at reduced pressure, the resulting crude was purified by flash 

chromatography (silicagel, eluent mixture: 95:5 CH2Cl2/MeOH) to obtain pure 2-34a (97 mg, 0.20 

mmol, 57% yield) as a yellowish white solid. 

Analytical characterization: 

1H-NMR (400 MHz, CDCl3) δ (ppm): 10.31 (s, 1H, 

H7), 7.87 (d, 1H, J = 8.7 Hz, H6), 7.83 – 7.77 (m, 

3H, H1’’-H2’-H6’), 7.24 (d, 2H, J = 8.6 Hz, H3’-

H5’), 6.95 (t, 1H, J = 4.9 Hz, -NH), 6.91 (d, 1H, J = 

2.3 Hz, H5), 6.86 (dd, 1H, J = 8.7, 2.3 Hz, H3), 4.79 

(t, 2H, J = 5.0 Hz, H8), 4.72 (d, 2H, J = 4.9 Hz, 

H3’’), 4.45 (t, 2H, J = 5.0 Hz, H9). 

13C-NMR (101 MHz, CDCl3) δ (ppm): 188.46, 166.4, 162.6, 139.9, 135.0, 132.8, 131.4, 127.7 (2C), 127.0, 

126.8 (2C), 116.1, 113.9, 66.8, 49.8, 35.4 (detected signals). 

MS (ESI+), m/z: calcd for C8H9Cl2N7 492.84, found 493.33 (M+H+). 
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Synthesis of (Z)-N-((1-(2-(3-chloro-4-(((diaminomethylene)hydrazono)methyl)phenoxy) 

ethyl)-1H-1,2,3-triazol-4-yl)methyl)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide 

hydrochloride 2-12a 

 

Aminoguanidine∙HCl (15 mg, 0.14 mmol) was added to a solution of 2-34a (74 mg, 0.15 mmol) in 

EtOH (2.5 mL), in a flask covered with aluminium foil, to avoid light exposure. The mixture was 

stirred at 50°C for 22 h. Reaction monitoring (TLC, eluent mixture: 9:1 CH2Cl2/MeOH) confirmed 

the almost complete disappearance of starting material 2-34a. The solvent was removed under 

reduced pressure and the resulting crude was purified by trituration in cold Et2O (20 mL), to obtain 

after filtration and drying pure 2-12a (77 mg, 0.12 mmol, 88% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 9.19 

(t, 1H, J = 5.7 Hz, -NH), 8.19 (s, 1H, H7), 8.06 – 

7.95 (m, 4H, H1’’-H6-H2’-H6’), 7.38 (m, 2H, 

H3’-H5’), 6.97 (d, 1H, J = 2.6 Hz, H3), 6.85 (dd, 

1H, J = 8.8, 2.6 Hz, H5), 6.01 (bs, 2H, -NH2), 5.62 

(bs, 2H, -NH2), 4.73 (t, 2H, J = 5.0 Hz, H9), 4.52 

(d, 2H, J = 5.7 Hz, H3’’), 4.43 (t, 2H, J = 5.0 Hz, 

H10). 

13C-NMR (75 MHz, DMSO-d6) δ (ppm): 165.0, 160.0, 155.2, 145.0, 142.4, 135.7, 134.3, 130.3, 128.8, 

128.2 (2C), 126.4 (2C), 123.6, 115.0, 114.9, 66.8, 48.7, 34.9 (detected signals). 

MS (ESI+), m/z: calcd for C22H21Cl2F3N10O2 584.12, found 549.35 (M -HCl +H+). 
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Synthesis of N-((1-(2-(4-chloro-3-formylphenoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)-4-

(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide 2-34b 

 

CuSO4∙5H2O (8 mg, 0.031 mmol), sodium ascorbate (15 mg, 0.076 mmol) and 2-33 (81 mg, 0.31 

mmol) were added under stirring to a solution of 2-16b (69 mg, 0.351mmol) in THF/H2O 1:1 (3.1 

mL) in a flask covered with aluminium foil to avoid light exposure. The mixture was left stirring at 

rt for 42 h. Reaction monitoring (TLC, eluent mixture: 9:1 CH2Cl2/MeOH) confirmed reaction 

completion. The solvent was removed under reduced pressure and the resulting crude was purified 

by flash chromatography (silicagel, eluent mixture: 95:5 CH2Cl2/MeOH) to obtain pure 2-34b (112 

mg, 0.24 mmol, 79% yield) as a yellowish white solid. 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 10.25 (s, 

1H, H7), 9.19 (s, 1H, -NH), 8.07 (s, 1H, H1’’), 7.97 (d, 

2H, J = 8.4 Hz, H2’-H6’), 7.47 (d, 1H, J = 8.8 Hz, H3), 

7.34 (m, 3H, H3’-H6’-H6), 7.22 (dd, 1H, J = 8.8, 3.1 

Hz, H4), 4.75 (t, 2H, J = 4.7 Hz, H8), 4.60 – 4.41 (m, 

4H, H9-H3’’). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 189.5, 165.0, 

157.0, 135.6, 132.6, 131.8, 128.2, 128.1 (2C), 126.4 (2C), 122.6, 114.1, 66.8, 48.7, 34.9 (detected signals). 

MS (ESI+), m/z: calcd for C21H16ClF3N6O3 492.84, found 493.33 (M+H+).  
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Synthesis of (E)-N-((1-(2-(4-chloro-3-(((diaminomethylene)hydrazono)methyl)phenoxy) 

ethyl)-1H-1,2,3-triazol-4-yl)methyl)-4-(3-(trifluoromethyl)-3H-diazirin-3-yl)benzamide 

hydrochloride 2-12b 

Aminoguanidine∙HCl (17 mg, 0.15 mmol) was added under stirring to a solution of 2-34b (83 mg, 

0.17 mmol) in EtOH (2.6 mL) in a flask covered with aluminium foil, to avoid light exposure. The 

mixture was stirred at 50°C for 25 h. Reaction monitoring (TLC, eluent mixture: 9:1 CH2Cl2/MeOH) 

confirmed the almost complete disappearance of starting material 2-34b. Thus, the solvent was 

removed under reduced pressure. The resulting residue was purified by trituration in cold Et2O 

(20 mL) to obtain after filtration and drying pure 2-12b (76 mg, 0.13 mmol, 87% yield) as a white 

solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm) 

detected signals: 12.17 (s, 1H, HCl), 9.24 (s, 

1H, -NH), 8.47 (s, 1H, H7), 8.12 – 7.63 (m, 8H, 

H1’’-H3’-H5’-NH2-H6), 7.38 (d, 3H, J = 7.2 

Hz, H2’-H6’-H3), 7.02 (d, 1H, J = 6.8 Hz, 

H4), 4.75 (s, 1H, H9), 4.50 (s, 4H, H3’’-H10). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 

165.0, 156.9, 155.2, 145.0, 142.6, 135.6, 131.3, 

130.7, 130.3, 128.2 (2C), 126.4 (2C), 125.4, 123.5, 118.9, 112.3, 66.7, 48.8, 34.9. 

MS (ESI+), m/z: calcd for C22H21Cl2F3N10O2 584.12, found 549.42 (M -HCl +H+). 
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Synthesis of 5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(prop-2-

yn-1-yl)pentanamide 2-36 

 

HOBt (332 mg, 2.46 mmol), DCC (507 mg, 2.46 mmol) and DIPEA (0,430 mL, 2.46 mmol) were 

added to a stirred suspension of 2-35 (500 mg, 2.05 mmol) in dry CH2Cl2 (8 mL) in a flask covered 

with aluminium foil, to prevent light exposure. Then propargylamine (0.157 mL, 2.46 mmol) was 

added and the mixture was left stirring at rt for 20 h. Reaction monitoring (TLC, eluent mixture: 

9:1 CH2Cl2/MeOH) confirmed the reaction completion. The resulting crude was purified at first by 

flash chromatography (silicagel, eluent mixture: from 99:1 to 85:15 CH2Cl2/MeOH) and then by 

Biotage® reverse phase flash chromatography (eluent mixture: water/MeCN from 100:0 to 0:100) 

to obtain pure 2-36 (253 mg, 0.90 mmol, 44% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 8.22 (t, 1H, J = 5.2 Hz, -NH), 6.41 

(s, 1H, -NH), 6.35 (s, 1H, -NH), 4.30 (dd, 1H, J = 7.6, 5.1 Hz, H9), 4.18 – 4.07 

(m, 1H, H7), 3.83 (dd, 2H, J = 5.5, 2.5 Hz, H1’), 3.10 (m, 2H, H6-H3’), 2.82 

(dd, 1H, J = 12.4, 5.1 Hz, H10b), 2.57 (d, 1H, J = 12.4 Hz, H10a), 2.08 (m, 2H, 

H2), 1.67 – 1.39 (m, 4H, H3-H5), 1.38 – 1.19 (m, 2H, H4). 

 

 

 

Synthesis of N-((1-(2-(3-chloro-4-formylphenoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)-5-

((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide 2-37a 
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CuSO4∙5H2O (5 mg, 0.018 mmol), Na ascorbate (9 mg, 0.044 mmol) and 2-36 (49 mg, 0.18 mmol) 

were added to a solution of 2-16a (40 mg, 0.18 mmol) in THF/H2O 1:1 (1.8 mL) at rt. The mixture 

was left stirring at rt for 24 h. Reaction monitoring (TLC, eluent mixture: 9:1 CH2Cl2/MeOH) 

confirmed the reaction completion. The solvent was removed under reduced pressure and the 

resulting crude was purified by flash chromatography (silicagel, eluent mixture: 9:1 CH2Cl2/MeOH) 

to obtain pure 2-37a (63 mg, 0.13 mmol, 69% yield) as a yellowish white solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 10.19 (d, 1H, J = 0.6 Hz, 

H7), 8.28 (t, 1H, J = 5.7 Hz, -NH), 7.97 (s, 1H, H1’’), 7.82 (d, 1H, J = 

8.7 Hz, H3), 7.20 (d, 1H, J = 2.2 Hz, H6), 7.07 (dd, 1H, J = 8.7, 2.2 Hz, 

H5), 6.40 (s, 1H, -NH), 6.35 (s, 1H, -NH), 4.76 (t, 2H, J = 5.0 Hz, H8), 

4.55 (t, 2H, J = 5.0 Hz, H9), 4.56 – 4.54 (m, 3H, H3’’-H7’), 4.14 – 4.06 

(m, 1H, H10’), 3.13 – 3.02 (m, 1H, H6’), 2.81 (dd, 1H, J = 12.4, 5.1 Hz, 

H7’a), 2.57 (d, 1H, J = 12.4 Hz, H7’b), 2.09 (t, 2H, J = 7.4 Hz, H2’), 

1.68 – 1.39 (m, 4H, H3’-5’), 1.39 – 1.18 (m, 2H, H4’). 

MS (ESI+), m/z: calcd for C22H27ClN6O4S 507.01, found 507.35 (M 

+H+). 

 

Synthesis of N-((1-(2-(3-chloro-4-((E)-((diaminomethylene)hydrazono)methyl)phenoxy) 

ethyl)-1H-1,2,3-triazol-4-yl)methyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d] 

imidazol-4-yl)pentanamide hydrochloride 2-13a 

 

Aminoguanidine∙HCl (11 mg, 0.099 mmol) was added under stirring to a solution of 2-37a (53 mg, 

0.100 mmol) in EtOH (1.7 mL). Then, 1 drop of cat. HCl 1 M was added. The mixture was stirred at 

70°C for 18 h. Reaction monitoring (TLC, eluent mixture: 9:1 CH2Cl2/MeOH) confirmed the 

reaction completion. The solvent was removed under reduced pressure. The resulting crude was 

purified by trituration in cold Et2O (20 mL) to obtain after filtration and drying pure 2-13a (56 mg, 

0.09 mmol, quant. yield) as a white solid. 
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Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 12.05 (s, 1H, HCl), 8.45 (s, 

1H, H7), 8.31 (t, 1H, J = 5.6 Hz, -NH), 8.22 (d, 1H, J = 8.9 Hz, H6), 

7.97 (s, 1H, H1’’), 7.79 (bs, 4H, -NH2), 7.12 (d, 1H, J = 2.3 Hz, H3), 

6.99 (dd, 1H, J = 8.9, 2.3 Hz, H5), 6.41 (bs, 2H, -NH), 4.75 (t, 2H, J = 

4.8 Hz, H9), 4.49 (t, 2H, J = 4.8 Hz, H10), 4.29 (m, 3H, H3’’-H10’), 

4.11 (dd, 1H, J = 7.6, 4.7 Hz, H8’), 3.08 (dt, 1H, J = 8.4, 6.0 Hz, H6’), 

2.81 (dd, 1H, J = 12.4, 4.7 Hz, H7’a), 2.57 (d, 1H, J = 12.4 Hz, H7’b), 

2.09 (t, 2H, J = 7.4 Hz, H2’), 1.68 – 1.38 (m, 4H, H3’-H5’), 1.37 – 1.18 

(m, 2H, H4’). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 172.0, 162.7, 160.0, 155.2, 

145.2, 142.5, 134.4, 128.8, 123.6, 123.3, 115.0, 114.9, 66.8, 61.0, 59.2, 

55.4, 48.7, 39.8, 35.0, 34.1, 28.2, 28.0, 25.2. 

MS (ESI+), m/z: calcd for C23H32Cl2N10O3S 598.18, found 563.51 (M -

HCl +H+). 

 

Synthesis of N-((1-(2-(4-chloro-3-formylphenoxy)ethyl)-1H-1,2,3-triazol-4-yl)methyl)-5-

((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide 2-37b 

 

CuSO4∙5H2O (8 mg, 0.031 mmol), Na ascorbate (15 mg, 0.076 mmol) and 2-36 (86 mg, 0.31 mmol) 

were added to a stirred solution of 2-16b (69 mg, 0.31 mmol) in THF/H2O 1:1 (3.1 mL). The mixture 

was left stirring at rt for 27 h. Reaction monitoring (TLC, eluent mixture: 9:1 CH2Cl2/MeOH) 

confirmed the reaction completion. The solvent was removed under reduced pressure and the 

resulting crude was purified by flash chromatography (silicagel, eluent: 9:1 CH2Cl2/MeOH) to 

obtain pure 2-37b (93 mg, 0.18 mmol, 59% yield) as a yellowish white solid. 
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Analytical characterization 

1H-NMR (400 MHz, DMSO-d6) δ (ppm): 10.27 (s, 1H, H7), 8.27 (t, 

1H, J = 5.5 Hz, -NH), 7.98 (s, 1H, H1’’), 7.54 (d, 1H, J = 8.8 Hz, H3), 

7.34 (d, 1H, J = 3.2 Hz, H6), 7.26 (dd, 1H, J = 8.8, 3.2 Hz, H4), 6.40 

(s, 1H, -NH), 6.35 (s, 1H, -NH), 4.74 (t, 2H, J = 5.0 Hz, H8), 4.47 (t, 

2H, J = 5.0 Hz, H9), 4.33 – 4.23 (m, 3H, H7’-H3’’), 4.11 (m, 1H, H9’), 

3.08 (m, 1H, H6’), 2.81 (dd, 1H, J = 12.4, 5.1 Hz, H10’a), 2.57 (d, 1H, J 

= 12.4 Hz, H10’b), 2.09 (t, 2H, J = 7.4 Hz, H2’), 1.66 – 1.39 (m, 4H, 

H3’-H5’), 1.38 – 1.20 (m, 2H, H4’).  

13C-NMR (75 MHz DMSO-d6) δ (ppm): 189.6, 172.0, 162.7, 157.0, 

145.2, 132.7, 131.9, 128.2, 123.2, 122.7, 114.2, 66.8, 61.0, 59.2, 55.4, 48.7, 

39.8, 35.0, 34.1, 28.2, 28.0, 25.2. 

MS (ESI+), m/z: calcd for C22H27ClN6O4S 507.01, found 507.86 (M 

+H+). 

 

Synthesis of N-((1-(2-(4-chloro-3-((E)-((diaminomethylene)hydrazono)methyl)phenoxy) 

ethyl)-1H-1,2,3-triazol-4-yl)methyl)-5-((3aS,4S,6aR)-2-oxohexahydro-1H-thieno[3,4-d] 

imidazol-4-yl)pentanamide hydrochloride 2-13b 

 

Aminoguanidine∙HCl (15 mg, 0.14 mmol) was added to a stirred solution of 2-37b (74 mg, 0.15 

mmol) in EtOH (2.5 mL). Then, 1 drop of cat. HCl 1 M was added. The mixture was stirred at 70°C 

for 20 h. Reaction monitoring (TLC, eluent mixture: 9:1 CH2Cl2/MeOH) confirmed reaction 

completion. The solvent was removed under reduced pressure. The resulting crude was purified 

by trituration in cold Et2O (20 mL) to obtain after filtration and drying pure 2-13b (67 mg, 0.11 

mmol, 80% yield) as white solid. 
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Analytical characterization 

1H-NMR (300 MHz, DMSO-d6) δ (ppm): 12.15 (s, 1H, HCl), 8.49 (s, 1H, 

H7), 8.9 (bs, 1H, -NH), 7.76 (m, 6H, H1’’-NH2-H6), 7.43 (d, 1H, J = 8.9 

Hz, H3), 7.05 (dd, 1H, J = 8.9, 2.9 Hz, H4), 6.37 (bs, 2H, -NH), 4.75 (t, 

2H, J = 4.4 Hz, H9), 4.49 (t, 2H, J = 4.4 Hz, H10), 4.29 (m, 3H, H9’-H3’’), 

4.11 (dd, 1H, J = 7.3, 4.4 Hz, H7’), 3.08 (m, 1H, H6’), 2.81 (dd, 1H, J = 12.5, 

4.9 Hz, H7’a), 2.57 (d, 1H, J = 12.5 Hz, H7’b), 2.09 (t, 2H, J = 7.3 Hz, H2’), 

1.68 – 1.15 (m, 6H, H3’-H5’-H4’). 

13C-NMR (101 MHz, DMSO-d6) δ (ppm): 172.0, 162.7, 156.9, 155.2, 145.2, 

142.6, 131.3, 130.8, 125.4, 123.2, 118.9, 112.4, 66.7, 61.0, 59.2, 55.4, 48.8, 

35.0, 34.1, 28.2, 28.0, 25.2. 

MS (ESI+), m/z: calcd for C23H32Cl2N10O3S 598.18, found 563.17 (M -HCl 

+H+). 
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2.5.2 Biology 

2.5.2.1 Cell lines 

HeLa cells (ATCC: CCL-2) were cultured in DMEM (Euroclone) medium, supplemented with 10% 

fetal bovine serum (FBS; Euroclone), 1% penicillin/streptomycin (Gibco, 15140122) and 1% L- 

glutamine (Gibco) in a humidified atmosphere of 5% CO2 at 37°C. Cells were passaged one or two 

times a week depending on confluency, using Trypsin-EDTA 0.05% (Gibco, 25300054). 

 

2.5.2.2 Pharmacological treatment 

Sephin1 (Sigma-Aldrich, SML1356) and Sephin1 derivates were dissolved in DMSO at a 

concentration of 50mM, and then diluted with medium. Cell cultures were treated with Sephin1 

or Sephin1 derivatives for 2 hours at 37°C at the concentrations indicated in the text, while DMSO 

was used as vehicle control for all experiments. 

 

2.5.2.3 Cytotoxicity assay 

The 3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT) assay was performed to 

measure culture vitality. HeLa cells were cultured in a 96-well plate at a concentration of 5∙103 

cell/cm2 and incubated at 37°C for 2 hours with compounds. Afterwards, the cell medium was 

removed and MTT was added diluted in PBS at a final concentration of 0.25 mg/mL for 30 min at 

37°C. Then, the MTT solution was carefully aspirated and formazan precipitates were collected in 

200 µL of DMSO. The absorbance measured at 570 nm using a spectrophotometer reflected cell 

viability expressed as fold over control condition set at 1. 

 

2.5.2.4 Autophagy induction 

Autophagy was assessed by monitoring LC3 conversion through Western-blotting as previously 

described in literature.83 Cells were washed in PBS and lysed in RIPA buffer (150 mM NaCl, 50 mM 

HEPES, 0.5% NP40, 1% sodium-deoxycholate) containing protease inhibitors (Merck). After 

collecting the material, samples were briefly vortexed three times every 10 minutes and then the 

residues were discarded by centrifugation at 10.000xg for 10 minutes. All experimental procedures 

were performed at 4° C. Protein concentrations in the lysates were determined via Bradford assay 

(Bio-Rad, Segrate, Italy). Either samples, blank controls, or standards (BSA 1ug/μL) were added to 

1 mL Bradford reagent containing cuvettes for protein concentration measurement. Absorbance 

was measured using a Tecan plate reader (Tecan M200) at 600 nm, and protein concentration was 

determined using a linear regression of the standard curve. As to Western blotting experiments, 

an equal amount of proteins was diluted with 0.25% 5X Laemmli buffer, heated at 95°C for 10 min 

and loaded onto 15% SDS-PAGE gels. After gel electrophoresis, the proteins were transferred onto 

a polyvinylidene difluoride (PVDF) membrane (Sigma-Aldrich), previously hydrated with 100% 

methanol. The transfer at 4°C lasted 90 minutes at 90 V. Transfer efficiency was controlled with 

Ponceau S staining, then membranes were washed in deuterated water and finally in 1x TBS (20 

mM Tris pH 7,4, 150 mM NaCl), before they were blocked in 5% non-fat dried milk in 1x TBS-

Tween 1% (TBS-T) for one hour. Primary antibodies were incubated in blocking buffer overnight 

at 4°C on an orbital shaker. Primary antibodies used (source in parentheses) included: Mouse anti-

LC3, 1:500 (Enzo Life Sciences AG, Lausen, Switzerland), and mouse anti -tubulin 1:5000 (alpha-
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tub T5168 SIGMA). After three washing steps in TBS-T, the secondary antibodies (HRP-conjugated 

anti-mouse, Jackson ImmunoResearch, UK) were used in a ratio of 1:5000 in blocking solution for 

90 minutes at rt. Then, the membrane was washed three times in TBS-T. Proteins were detected 

using the ECL prime detection system (GE Healthcare) and chemiluminescence images were 

acquired using a ChemiDoc Touch system (Bio Rad Laboratory Italy, Segrate, Italy). The optical 

density of the specific bands was measured with ImageLab software (Bio Rad). 

 

2.5.2.5 Immunofluorescence 

Cells, plated on glass coverslips (12 mm), were fixed in 4% paraformaldehyde (PFA) and 4% sucrose 

in 1x PBS for 10 minutes at rt and then washed 3x5 minutes in 1x PBS. Afterwards, coverslips were 

directly incubated with labelled phalloidin (Invitrogen) diluted in incubation buffer (GDB: 30mM 

phosphate buffer, 0.2% gelatin, 0.5% Triton100X, 0.8M NaCl) at rt for 90 minutes, and then 

washed three times with PBS Triton 0.2%. Nuclei were stained with DAPI. An additional wash in 

distilled water was done before mounting. Fluorescence images were acquired using a ZEISS Axio 

Imager M2 Microscope equipped with a 100x oil immersion objective. Images were analysed with 

ImageJ Software. 

 

2.5.2.6 In vitro pull-down experiments 

Biotinylated Sephin1 (2-13a and 2-13b, see Figure 2-23) at a concentration of 100 µM were 

incubated with 250 nM actin overnight at 4°C under gentle rotation. After the incubation, samples 

were incubated with Strep-Tactin Superflow resin (Iba-Lifescience) for 2 hours at 4°C. Competition 

experiments were run using Sephin1 (SML1356, Merck) at different concentrations (100 µM and 

500 µM). The resin was then extensively washed with actin buffer. Interacting proteins were eluted 

in Laemmli buffer 2X at 95°C for 10 min and subjected to 10% SDS-PAGE. The proteins were then 

transferred onto nitrocellulose membrane (GE Healthcare) at 25V for 10 minutes with Trans-Blot 

Turbo (BIO-RAD). The primary antibody mouse anti alpha-actin (5C5, sc-58670) was applied 

1:1000 overnight in blocking buffer (20 mM Tris, pH 7.4, 150 mM NaCl, 0.1% Tween 20 and 5% 

non-fat dry milk) at 4°C. Membranes were washed three times for 10 min with TBS-Tween buffer. 

The secondary antibodies HRP-conjugated anti-mouse (Jackson Immunoresearch) were used at 

1:5000 dilution. Proteins were detected using the ECL prime detection system (GE Healthcare). 

Images were acquired with the ChemiDoc Touch imaging system (BioRad), and protein 

quantification was performed measuring the optical density of the specific bands with ImageJ 

software (NIH). 
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Nanomedicine 

Nanomedicine is defined as the application of nanoscale materials in medicine, that takes 

advantage of nanomaterials’ unique properties.1 

Despite a century of perpetual discovery and development, present-day formulations still leave 

drugs incapable of localizing en masse specifically at their sites of action. Drug molecules simply 

diffuse and distribute freely throughout the body, resulting in undesirable side effects and 

sometimes delivering insufficient amounts to elicit efficacious responses.2 This inability to reach 

target sites in efficacious concentrations contributes to exceptionally high attrition rates of new 

chemical entities (NCEs) across all therapeutic areas, with only 1 in 9 drugs gaining approval by 

regulatory authorities.3 Lack of efficacy and clinical safety remain the principal causes of NCE 

failure in later-stage clinical trials.  

Nanoparticle-based drug delivery platforms have thus emerged as suitable vehicles for overcoming 

pharmacokinetic limitations associated with conventional drug formulations.4 

Up to 2009, only 1.653 scientific articles on “nanomedicine” were published according to Medline, 

but during 2009–2019 that number soared to 24.885.5 In fact, the last decade saw nanotechnology 

systems being extensively studied, and remarkable progresses were made especially in the fields of 

bioimaging and cancer therapy.6  

The numerous benefits to overcome the limitations of conventional formulations, and the 

promising progresses both in diagnosis and treatment of several diseases make nanomedicine an 

extremely promising theranostic avenue. Indeed, in the last decades, Food and Drug 

Administration (FDA) approved many nanodrug products that are now on the market (Table 1).7 

 
Table 1: Nanoscale systems for drug delivery either commercialized or undergoing clinical trials. 

Drug delivery 
system 

Stage of 
development 

Active agent References 

Liposomes 

Marketed 

Amphotericin B 

Amikacin 

Bupivacaine 

Cytarabine 

Daunorubicin  

Doxorubicin 

Hemaglutinin/ 
neuraminidase 

Hepatitis A virus (inact.) 

Morphine 

Verteporfin 

Vincristine  

[8] 

[9] 

[10] 

[11] 

[12] 

[13] 

 
[14] 

[15] 

[16] 

[17] 

[18] 

Phase III 

Cisplatin 

Irinotecan 

T4N5 

[19] 

[20] 

[21] 
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Phase II 

Alendronate 

Cyclosporin 

Kogenate FS 

Lurtotecan 

L9NC 

Paclitaxel 

Prednisolone 

SN-38 

[22] 

[23] 

[24] 

[25] 

[26] 

[27] 

[28] 

[29] 

Phase I/II 
Annamycin 

Oxaliplatin 

[30] 

[31] 

Phase I 

c-Raf antisense 

Camptothecin 

Docetaxel 

E1A gene 

Mitomycin C 

Ropivacaine 

Topotecan 

Vinorelbine 

[32] 

[33] 

[34] 

[35] 

[36] 

[37] 

[38] 

[39] 

Protein NPs 
(albumin-bound) 

Marketed Paclitaxel [40] 

Phase I/II Rapamycin [41] 

Polymer-drug 
conjugates (PEG) 

Marketed 

Adenosine deaminase 

Asparaginase 

G-CSF 

 Interferon α2a 

Interferon α2b 

Uricase 

[42] 

[43] 

[44] 

[45] 

[46] 

[47] 

Phase II 
Glutaminase 

Irinotecan 

[48] 

[49] 

Phase I 

Docetaxel 

SN-38 

DiFab’ antibody 

[50] 

[51] 

[52] 

Polymer-drug 
conjugates 

(cyclodextran-PEG) 

Phase I/IIa Camptothecin [53] 

Phase I siRNA [54] 
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Polymer-drug 
conjugates (Poly-

glutamic acid) 
Phase III Paclitaxel [55] 

Polymer-drug 
conjugates (HPMA) 

Phase II 
DACH Platinum 

Doxorubicin 

[56] 

[57] 

Polymer-drug 
conjugates 

(poloxamer) 
Phase I 

Doxorubicin 

Raltegravir 

[58] 

[59] 

Micelles 
(polymeric) 

Marketed Paclitaxel [60] 

Phase II 

Docetaxel 

Doxorubicin 

SN-38 

[61] 

[62] 

[63] 

Phase Ib/II Cisplatin [64] 

Phase I Oxaliplatin [65] 

Emulsions 

Marketed 

Cyclosporine  

Difluprednate 

Propofol 

[66] 

[67] 

[68] 

Phase III Rolofylline [69] 

Phase II 

Diclofenac 

Fenretinide 

Paclitaxel 

[70] 

[71] 

[72] 

Phase I SN-38 [73] 

Dendrimers Marketed SPL7013 [74] 

Superparamagnetic
Iron oxide NPs 

(SPIONs) 

Marketed 

Carbohydrate-coated 
SPION 

Dextran-coated SPION 

Polystyrene-Coated 
SPION 

Siloxan-coated SPION 

 
[75] 

[76] 

 
[77] 

[78] 

Phase III USPIO [79] 

Phase II 
Aminosilane-coated 

SPION 
[80] 

Gold NPs Marketed PT-cAu-TNF [81] 

Hafnium oxide NPs Phase I Hafnium oxide crystals [82] 
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Limitations of traditional therapies 

Nanodrug formulations can impart many physical and biological advantages, such as improved 

solubility and pharmacokinetics (PK), enhanced efficacy, reduced toxicity and increased tissue 

selectivity compared with conventional medicines.83 In particular, many anticancer drugs 

commonly used in clinical practice often show, in addition to a high cytotoxic activity, toxic side 

effects that can force treatment delay and dose reduction.84 Furthermore, several traditional 

chemotherapeutic agents have short half-lives, making the therapy ineffective.85 The therapeutic 

window of drugs can be limited by their lack of selectivity against target cells, or by poor solubility 

that makes them unable to penetrate biological barriers, that being particularly true in case of CNS 

targeted drugs.86 In addition, metabolization and degradation may contribute to decrease the drug 

concentration at the biological target.87 Drug accumulation inside the tumour is also prevented by 

the action of P-glycoprotein, a multidrug resistance protein overexpressed on the membrane of 

cancer cells, which act as efflux pump.88 

 

Nanotechnology in drug delivery 

As above said, nanocarriers as drug delivery system can improve their overall pharmacological 

properties: improvements in biodistribution and pharmacokinetics should result in increased 

efficacy of a drug.89,90 Nanobased systems have been also shown to improve the stability of a wide 

range of compounds, such as oligonucleotides, peptides or small molecules. Nanocarriers are often 

developed by exploiting safe and biocompatible materials, in order to replace existing vehicles that 

may cause side effects.91 Furthermore, limited side effects in cancer therapy are observed as a 

consequence of preferential accumulation at tumour sites that have permeable vasculature (EPR 

effect). The dose required for efficacy is then reduced, thanks to selective targeting and decreased 

clearance.92 In addition, nano-formulated drugs can increase water solubility of hydrophobic 

chemotherapeutic agents, allowing their efficient membrane permeation.93 The main advantages 

of nanocarrier formulation in medicine are summarized in Figure 1. 

 



161 

 

Figure 1: Putative advantages of nanoparticle formulations. 

 

Nanoparticle-based targeted drug delivery 

Targeted drug delivery is a method of delivering medications to a patient in a manner that 

increases the concentration of the medication in selected parts of the body, compared to others 

where the drug is not needed.  

With traditional administration routes (e.g. oral ingestion or intravascular injection) the drug is 

distributed throughout the body via systemic blood circulation. Being so, for most therapeutic 

agents only a small portion is able to reach its target, an example being chemotherapy where 

roughly 99% of the drugs administered do not reach the tumour site.94  

The aim of targeted drug delivery is to concentrate the medication in the tissues of interest while 

reducing its presence in the remaining tissues, thus improving its efficacy and reducing its side-

effects. 

The ability of nanoparticles to selectively accumulate in diseased tissue areas is due to two 

fundamental processes: passive and active targeting. Passive targeting exploits the enhanced 

permeability and retention (EPR) effect95,96 to reach a higher concentration of nanoparticles in 

tumour tissues, while active targeting takes advantage of selective molecular recognition of 

antigens (usually proteins) which are often overexpressed on particular cells surface, in order to 

selectively target them.97 

Both processes can be applied either independently or combined to get an increased outcome.98  

Being my Ph.D. thesis mainly focused on the treatment of neurodegenerative diseases and cancer, 

from now on I will focus my attention onto such therapeutic areas – by the way, both being actively 

pursued in literature. 
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Tumour-targeted drug delivery systems 

In recent years, the rapid development of nanotechnology offered the possibility to deliver nano-

formulated chemotherapy drugs to tumour cells with high efficiency and specific targeting, taking 

advantage of both passive and active targeting.99 

 

Passive targeting in cancer therapy 

As to tumours, the main identified mechanism of passive targeting is the enhanced permeation 

and retention (EPR) effect. As established in 1986 by Jain and Maeda’s groups independently,100,101 

under specific conditions (e.g. inflammation/hypoxia, typical for tumours), the blood vessels’ 

endothelium becomes more permeable than in the healthy state. Rapidly growing tumours, in fact, 

recruit new vessels or engulf already existing blood vessels to face hypoxia. Since cancer cells are 

not responsive to signaling for orderly vasculogenesis,102 new vessel formation is leaky and allows 

selective enhanced permeation of macromolecules larger than 40 kDa and nanosystems to the 

tumour stroma (Figure 2).103 

Most solid tumours show a vascular pore cutoff size of 100-780 nm,104,105 while healthy tissue 

vasculature is impermeable to carriers larger than 2-4 nm.106 Therefore, nanoparticles increase 

drug concentration in target tumour sites by extravasation, and significantly reduce drug 

accumulation and toxicity in healthy tissues.  

 

 

Figure 2: Accumulation of nanoparticles in tumour tissues via EPR.  

 

However, recent results from preclinical studies examining the EPR effect have been mixed, with 

some reports supporting preferential, EPR-mediated accumulation of nanomedicines within 

tumours, while others show that the EPR effect is highly dependent on the tumour model.107,108 

Today, EPR remains a controversial topic in nanomedicine, that surely needs deeper investigation.  
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Active targeting in cancer therapy 

As to active targeting, nanodrugs are designed in order to preferentially interact with cancer cells. 

Indeed, tumour tissues possess some unique features that differentiate them from healthy cells. In 

particular, some receptors are overexpressed on the surface of cancerous cells and can thus be used 

as targets.109  

Active targeting is based on molecular recognition. Nanoparticles are functionalized with targeting 

agents, and interact with tumour cells either by ligand-receptor interaction or antibody-antigen 

recognition.110–112 After recognition, nanoparticles are internalized in the cells, by receptor-

mediated endocytosis or phagocytosis, allowing the drug to exert its biological activity.113  

A wide variety of receptors, such as folate ligands,114,115 transferrin,116,117 death receptor (DR) 

complexes,118 epidermal growth factor receptor (EGFR),119 as well as tumour-specific antigens have 

been exploited to selectively target tumour tissues with nanodrugs.  

Besides, nanoparticles have been functionalized with small molecules, monoclonal antibodies120 

and nucleic acid aptamers121 to achieve active targeting by molecular recognition. Ligands can be 

attached to nanoparticles by covalent or non-covalent coupling. Non-covalent binding by physical 

association of targeting ligands to the nanocarrier has the advantage of eliminating the use of hard 

reaction conditions. However, there are potential problems, such as low and weak binding and 

poor control of the reactions. 

 

CNS-targeted drug delivery systems 

The problem of poor drug delivery in the CNS is due to the straight surveillance of the blood brain 

barrier (BBB). This is a physical barrier, formed by the tightly joined endothelial cells of the 

capillaries . These tight junctions impart to the BBB its impermeable nature, necessary to protect 

the brain against the trespassing of xenobiotics and undesirable molecules, and to preserve the 

physiological environment of the brain.122 

Unfortunately, the BBB also prevents the entrance of drugs for CNS disorders. About 98% of small 

molecule drugs, and almost 100% of macromolecule drugs are unable to cross the BBB. Generally, 

the drugs with molecular weight <500 Da and with a high lipophilic character are able to overcome 

the BBB.123 However, this general description of drug overcoming BBB does not hold true in the 

presence of membrane transporters. 

Transport of molecules across the BBB is possible by following five major pathways: (1) paracellular 

pathways through tight junctions for hydrophilic molecules; (2) transcellular diffusive pathways 

for hydrophobic molecules; (3) transporters-mediated specific molecules; (4) receptors-mediated 

transcytosis of ligands or ligand-conjugated carriers; and (5) absorption of positively charged 

molecules.124 Among the pathways, most nanomedicines select strategies of encapsulating their 

payload drugs in the adsorptive molecules, of promoting passive transports, or nanomedicines 

conjugated with transporters, or receptors improving active transports across the BBB (Figure 

3).125 
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Figure 3: Major routes of drug transport across the blood brain barrier. 

 

Passive targeting in neurodegenerative disease treatment 

Electrostatic interaction-mediated adsorption is a passive diffusion for small biomolecules driven 

by a concentration gradient across the BBB.124 One passive diffusion promoter across the BBB is 

albumin. Albumin is an abundant component of human blood and has been widely applied as a 

novel biomaterial for medical applications due to its excellent biocompatibility, long half-life in 

blood (~ 20 days), and ability to pass across the BBB.126 Various albumin-based nanomedicines 

have been clinically approved as drug carrier platforms targeting various diseases (e.g., diabetes, 

brain tumours, multiple sclerosis, etc.) and as precise diagnosis or bioimaging systems (e.g., 

SPECT, PET, MRI, ultrasound imaging, etc.).127 Albumin-based nanoparticles have been decorated 

with targeting antibodies against receptors expressed on brain endothelial cells, such as transferrin 

and insulin.128,129 

Another passive transporting system can be promoted by conjugating ligands of transport proteins 

on the surface of nanoparticles.124 Transport proteins, expressed on the endothelial cells in both 

the abluminal and luminal sides, modulate the influx of essential nutrients, peptides, and ions or 

the efflux of wastes and toxins. For instance, glucose transporters (GLUTs), highly expressed on 

endothelial cells, mediate the influx of sugars to the CNS by facilitated diffusion even against the 

concentration gradient, due to high demands on glucose and other energy sources (e.g., mannose, 

glucosamine, fructose, and other glucose derivatives) in the brain.130 In this regard, the conjugation 

of glucose or glucose analogues, specifically targeting type 1 transporter (GLUT1), has widely 

applied in the nanomedicines to enhance transports across the BBB.131  

 

Active targeting in neurodegenerative disease treatment 

The transporting system based on the receptor-mediated transcytosis (RMT) is the most efficient 

and promising active strategy to promote BBB permeabilization.124 The RMT-mediating receptors 
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expressed on the luminal side of brain endothelial cells include transferrin receptors (TRs),132,133 

scavenger receptors (SRs),134 insulin receptors (IRs),129,135 and lipoprotein receptors (LPRs).136,137  

Nanoparticles carrying ligands that are recognized by these receptors bind onto them and undergo 

endocytosis via membrane invagination, forming intracellular transport vesicles. Such vesicles 

containing ligand-receptor complex are experiencing exocytosis that transports them to the 

basolateral side, so that the vesicles merge with the plasma membrane and release the 

encapsulated components into the CNS.124 Due to the tightly regulated process of RMT, 

nanomedicines conjugated with ligands initiating the RMT process represent ideal platforms for 

selective delivery of cargos to the CNS in comparison with to passive transporting systems.  

To further increase BBB penetration, nanomedicines can be tailored with dual ligand-conjugation 

system using two types of ligands, one for initiating transcytosis of nanomedicines across the BBB 

and another for further promotion of penetration. 

 

Nanoparticles 

Following the IUPAC definition, we can define a nanoparticle as:  

"a particle of any shape with dimensions in the 1x10-9 and 1x10-7 m range”.138  

In this size range, in fact, some novel properties differentiate particles from the bulk material made 

by the same composition. 

However, properties such as transparency or turbidity, ultrafiltration, stable dispersion, etc., show 

nano-sized properties up to 500 nm. Therefore, the term is sometimes extended to this size 

range.139  

Several types of nanoparticles are currently used for biological application and biomedical research 

(Figure 4).140 

 

 

Figure 4: Different types of nanoparticles: composition and shapes. 

 

Inorganic nanoparticles 

Inorganic nanoparticles are typically composed by inorganic materials such as alumina, silica, 

metals, metal oxides and sulfides, and they vary in size, shape and porosity.141,142 Porous inorganic 
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nanoparticles provide a physical encasement to protect a molecular payload from degradation. 

They can also be engineered to evade the reticuloendothelial system by varying size and surface 

composition.143 Many inorganic nanoparticles are currently used for biological applications; 

semiconductor quantum dots are commercially available as a viable alternative to fluorescently 

labelled particles,144 while iron oxide nanoparticles have been approved for human use in magnetic 

resonance imaging applications as contrast enhancers.145 

 

Polymeric nanoparticles  

Polymeric nanoparticles are composed by polymers such as poly(ethylene glycol) (PEG), polylactic 

acid, polyglycolic acid, poly(methylmethacrylate), poly (butyl)cyano acrylate, polylactide (PLA) 

and poly(-lactide-co-glycolide) (PLGA).146 They are usually biodegradable and biocompatible,147 

and offer a good potential for surface modification via chemical transformations.148 Polymeric 

nanoparticles are suitable for delivery of a wide range of therapeutic agents. The US FDA has 

approved biodegradable polymeric nanoparticles, such as PLA and PLGA, for human use.149 

 

Solid lipid nanoparticles 

Solid-lipid nanoparticles are lipid-based colloidal systems characterised by a relatively rigid core 

consisting of hydrophobic lipids that are solid at room and body temperatures, surrounded by a 

monolayer of phospholipids.150 They are less toxic than polymeric or inorganic nanoparticles 

because of their ease of biodegradation.151 

 

Liposomes 

Liposomes are concentric bilayered vesicles with an aqueous nucleus surrounded by a 

phospholipid membrane.152 Their amphiphilic nature, ease of surface modification, and good 

biocompatibility make them a good solution to increase the circulating half-life of proteins and 

peptides.153 Liposomes can adhere to cellular membranes to deliver a drug payload or transfer it by 

endocytosis.154 

 

Nanocrystals 
Nanocrystals are molecular aggregates that are made from a crystalline form of the drug 

surrounded by a thin coating of surfactant.155 The hydrophilic layer aids in the biological 

distribution and bioavailability, and prevents aggregation of the crystalline drug material. These 

factors combine to increase the efficiency of overall drug delivery.156 Drawbacks are the 

requirement to crystallize the drug, and the limited stability of nanocrystals.157 

 

Nanotubes  
Nanotubes are self-assembling sheets of atoms arranged in tubes and characterised by a large 

internal volume.158 Their external surface can be easily functionalized.159 While they are potentially 

promising for pharmaceutical applications, human tolerance of these compounds remains 

unknown.160  
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Dendrimers 
Dendrimers are polymer-based macromolecules formed from monomeric or oligomeric units, so 

that each layer of branching units doubles or triples the number of peripheral groups.161 The void 

area within a dendrimer, the extent of its branching, its ease of modification and preparation, and 

size control offer great potential for drug delivery. For example, water-soluble dendrimers may be 

designed with internal hydrophobicity, suitable for the incorporation of a hydrophobic drug.162 

However, dendrimers require further improvement in cytotoxicity profiles, biocompatibility, and 

biodistribution.163 

 

Self-assembled Nanoparticles  

A small but interesting niche of anticancer nanotechnology is represented by nanosystems from 

spontaneous self-assembly of conjugates between drugs or candidates and an assembly-promoting, 

biologically active entity.164 The self-assembly of drug conjugates into NPs is a process that involves 

the formation of an ordered structure by spontaneous organization of building blocks as a 

consequence of specific local interactions. Molecular assembly can be obtained with different 

methods and conditions, but the amphiphilic nature of the components is often fundamental 

(Figure 5).  

 

In recent years, the use of drug conjugates to obtain NPs has gained considerable attention.165,166,87 

These conjugates are usually obtained by covalent coupling of a drug to biocompatible lipid 

moieties; then, the resulting constructs form NPs by self-assembly. Self-assembly is a process 

mediated by noncovalent interactions between molecules via ionic bonds, H-bonding, 

hydrophobic and van der Waals interactions.167 Different organic molecules, such as biocompatible 

polymeric chains or endogenous molecules (terpenes or polysaccharides), have been used as self-

assembly inducers by covalent linkage to biologically active compounds.164 A small molecule and a 

self-assembly inducer can be directly coupled, or can be connected by a linker which is stable in 

serum but may release the drug intracellularly.168 

The synthesis of compounds able to self-assemble in water to form nanoparticles has been 

developed in our research group. In particular compounds formerly synthesized in our laboratory 

have the structure shown in Figure 6. 

 

Drug Linker Self-assembly inducer
 

Figure 6: Trivalent structure of drug-inducer conjugates. 

Figure 5: Formation and arrangement of self-assembled nanoparticles. 
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Self-assembly inducers 

Multiple organic molecules were used as self-assembly inducers by covalent linkage to drugs, either 

as such or through a linker able to release the drug intracellularly.164 There are several examples 

detailing the use of biocompatible self-assembly inducers, particularly polymeric chains, for the 

formation of NPs: 

▪ Hydrophilic hyperbranched poly(ether-ester) (HPPE): polymeric chain, linked to the 

hydrophobic drug paclitaxel (PTX), self-assembles into micellar nanoparticles with a 50-

120 nm diameter in aqueous media. HPPE nanoparticles are biodegradable, and are easily 

eliminated through excretion pathways in vivo.169 

▪ Hyaluronic acid (HA): is a linear polysaccharide, composed of two alternating units of D-

glucuronic acid and N-acetyl-D-glucosamine, and distributed throughout connective, 

epithelial and neural tissues. HA is suitable as a self-assembly inducer because of its 

biocompatibility and biodegradability.170 

▪ Heparin: is a water-soluble natural polysaccharide made by repeating disaccharide units 

with varying sulfonation patterns. PTX– heparin conjugates self-assembled in aqueous 

solution.171 

▪ Squalene: is a precursor of cholesterol belonging to the terpenoid family. It can be easily 

functionalized at its terminal double-bond, owing to its compact conformation in polar 

solvents that shields the inner double bonds. Squalene-drug conjugates were self-

assembled in water to form self-assembled conjugates with several drugs or candidates.172 

 

Linkers 

As outlined earlier, a linker must act as a spacer between the drug/candidate and the self-assembly 

inducer. It must be stable in physiological media and able to release the biologically active payload 

inside the cells. In our laboratory, we commonly use linear, 10-atom long linkers shown in Figure 

7. 

 

 

Figure 7: General linker structures. 

 

The linker and the drug are usually connected via an ester bond that allows the release of the drug 

inside the cell, thanks to endogenous esterase enzymes. In particular, 4,4′-dithiodibutyric acid (X 

= S, Figure ) is particularly interesting, thanks to the presence of a glutathione (GSH)-sensitive 

disulfide bond to facilitate drug release. Tripeptidic, antioxidant GSH is often over-expressed in 

cancer cell, and acts on our constructs by reducing the disulfide bond and releasing the 

drug/candidate. Successful examples of disulfide-containing linkers in self-assembled 

nanoparticles ensuring GSH-mediated drug release in the intracellular environment are known.172 

Our research group has studied a putative mechanism for drug release for self-assembled drug-

squalene conjugates, proposing a two-step pathway (Scheme 1): 
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Scheme 1: Supposed pathway for drug release from disulfide-containing squalene conjugates. 

 

Self-immolative linkers,173 able to improve drug release in particular conditions, are another 

popular choice. These linkers work by exploiting self-immolative elimination, that is the 

spontaneous and irreversible disassembly of a multicomponent construct into its components. A 

cascade of electronic elimination reactions eventually induces the release of the drug/candidate. 

Self-immolative elimination is driven by an increase in entropy and by the irreversible formation 

of thermodynamically stable products (e.g. CO2). This process is most commonly observed for 

polysubstituted, electron-rich aromatic species that feature an electron-donating substituent (such 

as amino or hydroxy residues) properly placed (ortho or para substitution) with respect to a 

suitable leaving group in a benzylic position. An electron-donating substituent is required to lower 

the energy barrier of dearomatisation. The introduction of a protecting group or trigger is often 

required to modulate the kinetics and occurrence of self-immolative elimination under 

physiological or basic conditions.173 A general self-immolative elimination pathway is shown in 

Figure 8, while a specific example is shown in Scheme 2. 

 

 
Figure 8: Self immolative vs. classical release pathways. 

 

Namely, the labile group in Scheme 2 is the acetyl on the phenolic oxygen. This can be easily 

cleaved by an esterase, producing an electronic cascade that induces the release of the free drug 

through self-immolative 1,6-benzyl elimination. 



170 

 

 
Scheme 2: Self immolative 1,6-benzyl elimination. 

 

Some other examples of self-immolative linkers, and their mechanism of release are summarized 

in Table 2. 

 
Table 2: Self-immolative linkers and their mechanism for drug release. 

Linker Reaction type Release mechanism 

 

1,6-benzyl 

elimination 

 

 

1,4-benzyl 

elimination 

 

 

1,8-elimination 

 

 

β-elimination 

 

 

Cyclization 

(lactonization) 

 

 

Cyclization 

(lactonization) 

 

 

Cyclization 
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= Protecting group; = Drug unit; X, Z = O, NH 

Nanoparticles characterization 

Nanoparticles characterization is based on three main parameters: size, morphology and surface 

charge. These properties affect physical stability and in vivo distribution of nanoparticles.174 

 

Particle size 

The size of nanoparticles, including mean diameter and size distribution, influences their physical 

properties as well as biodistribution and retention in the body.175 It can be determined with 

different techniques. 

▪ Dinamic Light Scattering (DLS): it determines the size of Brownian nanoparticles in 

colloidal suspensions in the nano and submicron ranges.  With DLS, a solution of spherical 

particles in Brownian motion causes a Doppler shift when exposed against shining 

monochromatic light (laser). This monochromatic light exposure hits the moving 

nanoparticle and changes the wavelength of the incoming light. The extent of this change 

in wavelength determines the size of the nanoparticle.176 

▪ Scanning Electron Microscopy (SEM): it determines the size, shape and surface 

morphology with direct visualization of the nanoparticles. A sample is analysed by 

scanning with a focused beam of electrons, and secondary electrons emitted from the 

sample surface determine the surface characteristic of the nanoparticle. Average mean size 

evaluated by SEM is comparable with results obtained by DLS.177 

▪ Transmission Electron Microscopy (TEM): it can provide imaging, diffraction and 

spectroscopic information for a nanoparticle. The surface characteristic of the nanoparticle 

are obtained by scanning a sample with a beam of electrons, and analysing the transmitted 

beam.178  

▪ Atomic Force Microscopy (AFM): it is based on a physical scanning of samples at sub-

micron level using a probe tip of atomic scale. This technique offers a ultra-high resolution 

in nanoparticle size measurement, with reported resolution at the range of fractions of 

nanometre.178 

 

Surface charge 

Surface charge determines the interaction of nanoparticles among themselves, with the biological 

environment as well as their electrostatic interaction with bioactive compounds. The stability of 

colloidal systems is usually analysed through the zeta potential of nanoparticles. The zeta potential 

is an indirect measure of the surface charge and can be evaluated by analysing the potential 

difference between the outer Helmholtz plane and the surface of shear. High zeta potentials (either 

positive or negative) are advantageous to ensure stability and avoid aggregation of the particles 

during storage.179 

 



172 

Nanoparticles Preparation  

A number of approaches have evolved for the preparation of nanoparticles, mainly depending on 

the composition, size, and shape of the nanoparticles to be prepared. Some common methods are 

discussed in detail below. 

▪ Solvent Evaporation Method: this method involves first the dissolution of the 

polymer/drug mixture in an organic solvent (i.e., dichloromethane, chloroform or ethyl 

acetate) and the emulsification of the solution into an aqueous phase containing surfactant 

or emulsifying agents. A second step entails the evaporation of the organic layer either by 

continuous stirring or by reducing the pressure, inducing polymer precipitation as 

nanospheres.180 The size range of nanoparticles is influenced by concentration and type of 

stabilizers, polymer concentration and homogenizer speed. Ultrasonication or high-speed 

homogenization may be often employed in order to produce a small particle size.181 Finally, 

nanoparticles are collected by ultracentrifugation and washed with distilled water to 

remove stabilizer residue or any free drug and lyophilized for storage.42 

▪ Salting Out Method: this method involves the separation of a water-miscible solvent from 

aqueous solution via a salting-out effect.182 The polymer and the payload are dissolved in 

an organic solvent, which is subsequently emulsified into an aqueous gel containing the 

salting out agent (electrolytes, such as magnesium chloride and calcium chloride, or non- 

electrolytes such as sucrose) and a colloidal stabilizer. This leads to the formation of an 

oil/water emulsion which is further diluted with a certain volume of water or aqueous 

solution to enhance the diffusion of solvent into the aqueous phase, inducing the formation 

of nanospheres.183 Parameters such as stirring rate, internal/external phase ratio, 

concentration of polymers in the organic phase, type of electrolyte, concentration and type 

of stabilizer in the aqueous phase can be modulated.184 

▪ Solvent Displacement/Precipitation Method: in this method, the molecule is dissolved 

in a semi-polar water miscible solvent, such as acetone or ethanol, and the solution is then 

poured or injected in an aqueous solution, either in the presence or absence of surfactant, 

under magnetic stirring. Nanoparticles are formed immediately by rapid solvent diffusion, 

then the organic solvent is removed from the suspension under reduced pressure.185 

▪ Polymerization Method: this technique involves the polymerization of monomers to 

form nanoparticles in an aqueous solution. Ultracentrifugation can be used to purify 

nanoparticle suspension by removing various stabilizers and surfactants employed for 

polymerization, followed by re-suspension of nanoparticles in an isotonic surfactant-free 

medium.186 

▪ Supercritical Fluid Technology: Among the various processing techniques involving 

supercritical fluids, supercritical anti-solvent (SAS) and rapid expansion of critical solution 

(RESS) are most common. In SAS, a liquid solvent - commonly methanol - is used because 

of its compatibility with the supercritical fluid (CO2). The solute is dissolved in the organic 

layer, and extraction by the supercritical fluid leads to instantaneous precipitation of the 

solute, since it is insoluble in the supercritical fluid, resulting in the formation of 

nanoparticles.187 In RESS, the solute is dissolved in a supercritical fluid, such as supercritical 

methanol, and then the solution is rapidly expanded into a lower pressure region. This 

dramatically affects the solvent power of supercritical fluid, which is decreased, and the 

solute eventually precipitates.188   
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Chapter 3: 
Betulinic acid-based Nanoparticles 
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3.1 Introduction 

3.1.1 Betulinic acid 

Terpenes, interchangeably referred to as isoprenoids or terpenoids, are naturally occurring 

compounds, widely distributed in a variety of plants.1 Over 40,000 terpenoids were isolated from 

various plants, animals and microbes.2 Terpenes are biosynthetically-derived units of isopentenyl 

pyrophosphate (IPP),3 synthesized by plants through the mevalonic acid pathway or the 

methylerythritol phosphate pathway.  

Isoprenoids consist of five-carbon isoprene units and are classified by their number of isoprene 

units.4 30 Carbon-containing terpenoids are known as triterpenes, or triterpenoids. Most 

triterpenes, predominantly pentacyclic, are widely distributed in seeds, roots, stem bark, leaves or 

in the wax-like coating of numerous fruits and herbs, such as thyme, mistletoe, wild jujube or 

lavender.5 The ubiquity of triterpenoids in natural environments resulted in conducting various 

studies in order to characterize and exploit their therapeutic potential. Although triterpenes were 

considered biologically inactive for a long time, recent reports have revealed, among others, anti-

cancer, anti-inflammatory, antioxidant, antiviral, hepatoprotective, or cytotoxic properties.6 

However, with some exceptions, pentacyclic triterpenes usually account for less than 0.1% of plant 

organs dry weight.7 One of the abovementioned exceptions is the bark from white birch, containing 

circa 34% of the pentacyclic triterpenoid betulin. Betulin is a lupane-type compound, characterised 

by an isopropylidene group and a pentacyclic ring system. In particular, oxidation of betulin yields 

betulinic acid (BA, 3-hydroxy-lup-20(29)-en-28-oic acid, 3-1) (Figure 3-1) 

BA, alongside with betulin, is present in the outer bark of various tree species, in particular the 

white birch (Betula pubescens, from which it gets its name) albeit in relatively small amount. By 

methanolic extraction, BA can be isolated also from Quisqualis fructus, the aerial parts of 

vietnamese Orthosiphon stamineus, from leaves of Vitex negundo, Combretum quadrangulare and 

Eucalyptus camaldulensis, from stem barks of Tetracentron sinense and Physocarpus intermedium, 

and from twigs of Ilex macropoda. BA can also be isolated from ethanolic extracts of plant species 

such as Tovomita krukovii, Ipomoea pes-caprae, Ancistrocladus heyneanus, Diospyros leucomelas, 

from roots of Anemone raddeana and Uapaca nidida, leaves of Doliocarpus schottianus and 

Syzrgium claviforum, and from fruits of Chaenomeles lagenaria.8 

 

3.1.2 Pharmacological activity of betulinic acid 

BA exhibits a wide range of biological and medicinal properties such as antivenom, anti-HIV, 

antibacterial, antimalarial, anti-inflammatory anthelmintic, antinociceptive, anti-HSV-1 and 

anticancer activities (see Figure 3-1).9 

As to its antitumour activity, at first betulinic acid was reported as a pro-apoptotic agent active 

against human melanoma.10 Lately, it was shown to induce apoptosis also in vitro and in vivo 

against human neuroblastoma,11 in vitro against neuroectodermal12 and malignant brain 

tumours,13,14 ovarian carcinoma,13 human leukemia (HL-60 cells),15 and malignant head and neck 

squamous cell carcinoma (SCC25 and SCC9 cell lines).16 Conversely, epithelial tumours, such as 

breast, colon, small cell lung and renal cell carcinomas, as well as T-cell leukemia cells, were 

completely unresponsive to BA treatment.12 
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Figure 3-1: Biological and medicinal properties of BA 3-1. 

 

The effects of BA as an anticancer agent in breast cancer is cannabinoid receptor dependent, as it 

behaves as a CB1 antagonist and CB2 agonist.17 

Little is known about the molecular mechanisms with which BA induces apoptosis and 

antiproliferation. In neuroectodermal tumour cells, BA–induced apoptosis is accompanied by 

caspase activation, mitochondrial membrane alterations and DNA fragmentation.12,16 Caspases are 

produced as inactive proenzymes, which are proteolytically processed to their active forms. These 

proteases cooperate in proteolytic cascades, in which caspases may auto-activate themselves and 

other caspases. The initiation of the pro-apoptotic caspase cascade may lead to activation of 

endonucleases such as caspase-activated DNAase (CAD). After activation, CAD contributes to 

DNA degradation.16 BA induces apoptosis by acting directly on mitochondria, leading to 

cytochrome-C release, which in turn regulates "downstream" caspase activation.16 BA bypasses 

resistance to CD95 and doxorubicin-mediated apoptosis, due to its different pro-apoptotic 

molecular mechanism. 

The role of p53 in betulinic acid-induced apoptosis is controversial. Fulda suggested a p53-

independent pro-apoptotic mechanism, based on no accumulation of WT p53 detected upon BA 

treatment, whereas WT p53 levels strongly increased after treatment with doxorubicin.12 Raisova18 

supported such hypothesis, while Rieber suggested that BA exerts its inhibitory effect on human 

metastatic melanoma at least partially by increasing p53.19 

The last study demonstrated preferential apoptotic BA effects on C8161 metastatic melanoma cells, 

with greater DNA fragmentation and growth arrest and earlier loss of viability than their 

nonmetastatic C8161/neo 6.3 counterparts.19 Comparing BA with other treatments, Zuco showed 

lower potency (<10%) than doxorubicin, but with in vitro antiproliferative activity against 

melanoma and nonmelanoma cell lines, including those resistant to doxorubicin. BA was one-half 

to one-fifth as toxic as doxorubicin on human dermatoblasts.13 The ability of BA to induce both 

cytotoxic and cytostatic effects on two clones derived from the same human melanoma metastasis 

suggests a lower probability to develop resistance to this agent than for conventional cytotoxic 

drugs. Moreover, in spite of its lower potency than doxorubicin, BA seems to be more selective for 

tumour cells and respectful of neighboring normal cells.13 The effect of BA on melanoma cell lines 

is stronger than its growth-inhibitory effect on primary melanocytes,20 while its combination with 

γ-irradiation showed clearly additive effects, likely due to different modes of action.20 
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C-3 esterification of BA led to the discovery of bevirimat, an HIV-1 maturation inhibitor patented 

by Rhone-Poulenc (now Sanofi-Aventis). Its clinical development, however, was stopped due to 

poor pharmacodynamic properties.21 

Regardless of its anticancer activity, the therapeutic efficacy of BA has been difficult to demonstrate 

because of its poor aqueous solubility (21 μg/mL), as well as short half-life in humans.22 Its 

solubility in alcohols increases with their increased MW, as well as with higher temperatures. 

Among organic solvents, tetrahydrofuran is excellent for solubilizing BA, compared with esters and 

acetone. In order to tackle solubility as well as pharmacokinetic  problems, nanoscale-based 

delivery systems have emerged as a powerful tool to improve the therapeutic efficacy of BA.23 

 

3.1.3 Betulinic Acid and Nanoparticles 

To alleviate problems associated with the poor aqueous solubility and bioavailability of BA, there 

is a need to develop suitable drug delivery systems.24 Conventional formulation techniques, such 

as reduction of particle size, pH adjustment, and cosolvents and surfactants can cause significant 

collateral damage to healthy tissues, owing to its nonspecific distribution in the body. Moreover, 

some cosolvents and surfactants used in these formulations are associated with toxicity.25 In recent 

years, encapsulation of therapeutic agents into nanocarrier-based platforms (nanoformulations) 

emerged as a promising drug delivery system to enhance therapeutic efficacy and to reduce toxic 

side effects of administered agents.26 These nanoformulations protect therapeutic agents from 

degradation by escaping the ER system, prolong systemic circulation, enable transport through 

biological barriers and enhance the bioavailability of therapeutic agents at targeted, specific sites, 

thereby reducing toxicity and other adverse effects associated with conventional drug delivery. 

Nanoformulations such as nanoparticles (NPs), liposomes, polymeric conjugates, nanoemulsions 

and carbon nanotubes (CNTs) were exploited in recent years to modulate the pharmacokinetics 

and enhance the therapeutic efficacy of BA (Figure 3-2).23  

 

 

Figure 3-2: Reported drug delivery approaches to improve the therapeutic efficacy of BA. 
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These nanocarriers accumulate in tumour tissues, due to enhanced permeation and retention 

(EPR) effects via passive, as well as active targeting. A wide array of ligands, such as folic acid, 

hyaluronic acid, RGD peptides and monoclonal antibodies, have been explored for achieving 

targeted drug delivery to a given tumour site owing to their receptor overexpression on cancer 

cells.23 
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3.2 Chemistry  

3.2.1 Aim of the project 

Several literature examples report betulinic acid in nanoformulations, but not as a self-assembly 

inducer.23 This is interesting, particularly because pentacyclic triterpenoids like oleanolic acid and 

ursolic acid were previously used as self-assembly inducers.27 Moreover, structurally similar 20-

hydroxyecdysone was previously studied in our group to induce the formation of nanoparticles in 

combination with anticancer drugs.28  

The aim of this work is to investigate BA not only as a drug per se, but also as a self-assembly 

inducer in combination with anticancer drugs, then studying the formation of BA-based 

nanoparticles and their stability. Our goal was the synthesis of BA conjugates with the trivalent 

structure reported in Figure 3-3, and the preparation and characterization of self-assembled 

nanoparticles from them: 

 

 

Figure 3-3: General structure of targeted BA conjugates. 

 

We focused on four BA conjugates, containing three known anticancer drugs whose low 

bioavailability and low water solubility prevent clinic applications: 

N-Desacetyl thiocolchicine (3-2) is a colchicine analogue. Colchicine is an alkaloid derived from 

autumn crocus (Colchicum autumnale) (Figure 3-4), still among the most effective treatments to 

relieve the intense pain associated with acute gout attacks. Such a potent anti-inflammatory 

activity is probably dependent on the the inhibition by colchicine of microtubule dynamics, by 

hampering microtubule polymerization.29 The consequent microtubule paralysis blocks the release 

of pro-inflammatory mediators in leukocytes and other inflammatory cells. In cancer cells, 

microtubule-interacting drugs act as spindle poisons, thereby blocking the cell cycle and inducing 

apoptosis.30 In literature thiocolchicine, a synthetic analogue, shows lower toxicity than colchicine, 

retaining high affinity for tubulin.31 Semisynthetic thiocolchicine hybrids such as paclitaxel–

thiocolchicine, thiocolchicine–podophyllotoxin and vindoline–thiocolchicine, as well as 

thiocolchicine dimers were successfully tested as multifunctional tubulin inhibitors.32,33 Due to its 

toxicity, thiocolchicine has a narrow therapeutic index, that can be improved by formulating the 

drug as a nanoparticle.34 
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Cabazitaxel (3-3) is a synthetic analog of PTX a tetracyclic diterpenoid isolated from Taxus 

brevifolia. (Figure 3-5) Cabazitaxel was designed to overcome resistance of cancer cells to PTX or 

docetaxel. It promotes tubulin assembly and microtubules stabilization, to avoid cold-induced 

depolymerization in cells, with the same efficiency as docetaxel. In vitro, cabazitaxel demonstrates 

cytotoxic activity equivalent to docetaxel, and is also effective against tumour models insensitive 

to several chemotherapy agents, including docetaxel. It is a weak substrate of the P-glycoprotein, 

a plasma membrane protein that functions as an adenosine triphosphate-dependent drug efflux 

pump and plays an important role in multidrug resistance to antineoplastic agents. Compared to 

other taxanes, cabazitaxel appears to be less neurotoxic.35 Its formulation in nanoparticles could 

help improve its almost complete insolubility in water.36 

 

 

Podophyllotoxin (3-4) is a naturally occurring cytotoxic lignan isolated from Podophyllum 

peltatum and other related species. (Figure 3-6) It is able to inhibit the formation of the mitotic 

spindle, causing cell cycle arrest at the G2/M phase and subsequent apoptosis induction.37 

Podophyllotoxin has attracted worldwide interest for years due to its pronounced antiviral, 

antineoplastic, anti-fungal, analgesic and anti-inflammatory biological activity. PPT and its 

derivatives such as etoposide, etopophos, and teniposide were suggested to be used as therapeutic 

agents for cancers and venereal wart.38 However, podophyllotoxin presents low bioavailability, that 

makes it unsuitable as a drug per se. 

Figure 3-4: N-desacetyl thiocolchicine and Colchicum autumnale. 

 

Figure 3-5: Cabazitaxel and Taxus Brevifolia. 
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The structure of BA-based conjugates targeted in this Ph.D. thesis is shown below (Figure 3-7). 

 

 

Figure 3-7: BA conjugates: chosen cytotoxic drugs and linkers. 

 

To assess the putative properties of BA 3-1 as a self-assembly inducer, we conjugated it to the above-

mentioned microtubule-interacting cytotoxic drugs N-desacetyl thiocolchicine (3-2), cabazitaxel 

(3-3) and podophyllotoxin (3-4).  

Such drugs were attached to BA using sebacic acid 3-5 as a linker. Moreover, an additional triazole-

based linker 3-6 was used with N-desacetyl thiocolchicine (two BA-based conjugates) to check its 

influence on the formation and the biological properties of self-assembled nanoparticles.39 Figure 

3-7 recapitulates the structural features drugs and linkers used here. 

The work described in this chapter allowed the publication of a research paper.40  

Figure 3-6: Podophyllotoxin and Podophyllum peltatum. 
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3.2.2 Retrosynthetic Analysis  

We will at first consider the conjugates with the simpler sebacic acid linker: the following Scheme 

3-1 shows the retrosynthetic approach for their preparation.  

Conjugates 3-7a-c should be obtained through a condensation reaction between one among 3-2 – 

3-4 cytotoxic drugs and BA-sebacic acid intermediate 3-8, that itself could derive from the 

deprotection of silyl ester 3-9. The latter should be formed in another condensation reaction, 

between BA methyl ester 3-10 and silyl-protected sebacic acid 3-11. Both 3-10 and 3-11 should be 

obtained from trivial reactions (respectively esterification of BA with TMS-diazomethane 3-12, and 

controlled esterification of one carboxylic acid of sebacic acid with 2-(trimethylsilyl)ethanol 3-13. 

 

 

Scheme 3-1: Retrosynthetic pathway toward BA conjugates 3-7a-c. 

 

As to triazole-connected conjugate 3-7d (Scheme 3-2), it should be obtained through a 1,3-dipolar 

cycloaddition between BA alkyne 3-16 and thiocolchicine azide 3-17. Alkyne 3-16 should be the 

result of an esterification between BA methyl ester 3-10 and acyl chloride 3-18, while the 

condensation of N-desacetyl thiocolchicine 3-2 with carboxylic acid 3-19 should lead to azide 3-17. 



191 

 

Scheme 3-2: Retrosynthetic pathway towards BA-thiocolchicine conjugate 3-7d. 

 

3.2.3 Synthesis of BA methyl ester 3-10 

Our synthetic efforts started with the esterification of BA. The methylation of its carboxylic acid is 

particularly important, to avoid by-products which could be formed in the next condensations due 

to the presence of a free carboxylic acid. Moreover, as reported in literature, a methyl ester should 

improve the solubility of BA and, consequently, its anticancer properties (Scheme 3-3).41  

 

 

Scheme 3-3: Synthesis of BA methyl ester 3-7. 
 

In Aoyama-Shiori experimental protocol, BA 3-1 was treated with TMS-diazomethane 3-12 in a 1:1.5 

methanol/toluene solvent mixture, yielding ester 3-8 in high yields without any purification. The 
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formation of the desired product was confirmed by the appearance in the 1H-NMR spectrum of a 

singlet at 3.56 ppm, characteristic of methyl esters.  

 

3.2.4 Synthesis of sebacic monosilyl ester 3-11 

 

Scheme 3-4: Synthesis of sebacic monosilyl ester 3-11. 

 

The next step of our synthesis (Scheme 3-4) is the selective protection of one of two carboxylic 

acids of sebacic acid 3-5. This reaction was needed because dicarboxylic acids could form dimeric 

side products under condensation conditions, losing precious quantities of BA and complicating 

purification of target products. Here we decided to use 2-(trimethylsilyl)ethanol 3-13 (0.44 eq.) as 

esterifying agent/protective group in a Steglich esterification, using EDC and DMAP as coupling 

agents and a 1:10 mixture of pyridine and dichloromethane as solvent.42  

Even using sub-stoichiometric amounts of esterifying agent 3-13 in order to reduce the di-

esterification that can occur since 3-5 contains two carboxylic acid, we obtained both target 

monoester 3-11 and diester byproduct 3-14., though in small amount (Figure 3-8) 

 

 

Figure 3-8: Possible products of the esterification of sebacic acid 3-5 with 2-(trimethylsilyl)ethanol 3-13. 

 

The desired monoester 3-11 was obtained in good yield (85%) after flash chromatography 

purification. The formation of desired product 3-11 was confirmed by the appearance, in an 

asymmetrical 1H-NMR spectrum, of characteristic ester signals (Figure 3-9). 

 

 
Figure 3-9: Carbon numeration of compound 3-11. 

 

In particular, we observed the appearance of a 9H-singlet at 0.04 ppm, typical of silicon-bound 

methyl groups. Additionally, a 2H-multiplet at 4.21-4.12 ppm and another 2H-one at 1.01-0.97 can 

be attributed respectively to hydrogens in 11 and 12 position. Further signals attributed to 
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hydrogens in position 2 and 9 (the former a 2H triplet at 2.32 ppm, the latter a 2H triplet at 2.38 

ppm) prove that the desired asymmetrical monoester 3-11 was characterised, rather than its 

symmetrical, dimeric counterpart 3-14. 

 

3.2.5 Synthesis of BA-sebacic silyl ester 3-9 

 

Scheme 3-5: Synthesis of intermediate silyl ester 3-9. 

 

The third step of our synthesis (Scheme 3-5) consisted in the formation of the linker-BA structure 

3-9 through a condensation between BA ester 3-10 and sebacic monosilyl ester 3-11 using DCC and 

DMAP. High yields in 3-9 were observed after flash chromatography purification (92%). Its 

structure was confirmed by 1H-NMR, observing a signal shift of the hydrogen in position 3 of the 

BA scaffold (see Scheme 3-4) from 3.07 to 4.48 ppm. This shift confirms the esterification of the 

OH in position 3, and the effect of such electron-withdrawing moiety on the H-3 signal. 

 

3.2.6 Synthesis of BA-sebacic acid 3-8  
 

 

Scheme 3-6: Synthesis of BA-sebacic acid intermediate 3-8. 
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The next step of our synthesis (Scheme 3-6) led to the formation of compound 3-8 through a F-

promoted -elimination - deprotection of silyl ester 3-9. The reaction entailed 

tetrabutylammonium fluoride (TBAF) as reagent and anhydrous THF as solvent, taking advantage 

of the high Si-F affinity to weaken the Si-C bond, eventually producing BA-sebacic acid 3-8 after 

-elimination in high yields and without any purification. Its structure was confirmed by the 

disappearance, in the 1H-NMR spectrum, of the TMS signals (in particular of the singlet at 0.04 

ppm, typical of silicon-bound methyl groups). 

 

3.2.7 Synthesis of BA-sebacic acid-drug conjugates 3-7a-c 

The last step of our synthetic pathway consists in the preparation of final BA-drug conjugates 

having the desired trivalent structure for self-assembly. (Figure 3-10) 

 

 

Figure 3-10: Structure of target BA-sebacic acid-drug conjugates 3-7a-c. 

 

N-desacetyl thiocolchicine (3-2), cabazitaxel (3-3) and podophyllotoxin (3-4), shown earlier, were 

used; we started our coupling efforts with N-desacetyl thiocolchicine (Scheme 3-7). 

 

 

Scheme 3-7: Synthesis of BA-sebacic acid-thiocolchicine conjugate 3-7a. 

 

The condensation between N-desacetyl thiocolchicine 3-2 and earlier described BA-sebacic acid 3-

7 was carried out using two different reagent conditions (Table 3-1). 
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Table 3-1: Reagents and conditions, Scheme 3-7. 

Reagents Solvent Temperature Time (h) Yield 

HATU, DIPEA CH2Cl2 rt 24 - 

DCC, DMAP CH2Cl2 rt 24 77% 

 

At first we used HATU, a widely employed peptide coupling agent, in combination with DIPEA to 

obtain target 3-7a. Unfortunately, the reaction led to a complex mixture of products which showed 

poor stability on silicagel during flash chromatography purification, and could not be characterised 

by NMR. Thus, we switched to Steglich conditions (DCC and DMAP), then observing the formation 

of target 3-7a as a major product in good yields after flash chromatography purification (77%). Its 

structure was confirmed by 1H-NMR, in particular considering the signal shift for the 7-hydrogen 

of thiocolchicine (see Scheme 3-7) due to the conversion from an electron-rich amine-neighboring 

(as in 3-2) to an electron-poor amide-neighboring hydrogen (as in 3-7a). In fact, we noticed a 

significant downfield shift from 3.85 to 4.67 ppm, confirming the amidation reaction. Moreover, 

we noticed the appearance of a broad 1H-doublet relative to the amidic hydrogen (6.81 ppm), and 

MS analysis confirmed the expected MW for 3-7a.  

Then we proceeded by coupling cabazitaxel 3-3 to BA-sebacic acid 3-8 (Scheme 3-8). 

 

 

Scheme 3-8: Synthesis of BA-sebacic acid-cabazitaxel conjugate 3-7b.  

 

Taking advantage of earlier observations with conjugate 3-7a, we attempted a Steglich 

esterification between cabazitaxel 3-2 and BA-sebacic acid 3-8 to obtain the coupling product 3-

7b, exploiting the hydroxylic group on the 2’ position of cabazitaxel and using the same conditions 

used for the preparation of 3-7a . We observed the formation of target BA-sebacic acid-cabazitaxel 
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conjugate 3-7b as a major product in high yields after flash chromatography purification (95%). Its 

structure was confirmed by 1H-NMR, in particular considering the signal shift for the 2’-hydrogen 

of the taxane nucleus (see Scheme 3-8) due to the conversion from an electron-rich hydroxy-

neighboring (as in 3-3) to an electron-poor ester-neighboring hydrogen (as in 3-7b). In fact, we 

noticed a significant downward shift from 4.97 ppm to 5.57 ppm, confirming the esterification 

reaction. Moreover, MS analysis confirmed the expected MW for 3-7b. 

Then we proceeded by considering podophyllotoxin (PPT, 3-4). PPT can undergo, in particular in 

basic conditions, to an opening-closure of its lactone ring, leading to epimerization to obtain 

picropodophyllotoxin (3-15, Scheme 3-9). 

 

 

Scheme 3-9: Basic epimerization of PPT 3-4 to picropodophyllotoxin 3-15. 

 

Picropodophyllotoxin (3-15), a less tensioned, cis-fused analogue of podophyllotoxin, potently 

inhibits IGF-1-stimulated IGF-1R, Akt (Ser 473) and Erk1/2 phosphorylation in intact cells. It also 

inhibits cell growth, and induces apoptosis in cultured IGF-1R-positive tumour cells.43 The frequent 

contamination by picropodophyllotoxin in PPT samples can be quantitated through 1H-NMR 

analysis;44 in particular, the shifts of aromatic hydrogens are significantly different. Namely, in 

PPT, the hydrogen in position 5 is a singlet at 7.11 ppm while in picropodophyllotoxin it moves 

upfield to 7.05 ppm; moreover, the hydrogen of PPT in position 8 is a singlet at 6.51 ppm while in 

picropodophyllotoxin it moves upfield to 6.38 ppm.  

Through thin layer chromatography and 1H-NMR analysis, we confirmed the presence of 

picropodophyllotoxin in our PPT sample. We then purified our sample through flash 

chromatography (eluent mixture 98:2 CH2Cl2/MeOH), and only then we embarked upon Steglich 

esterification of PPT in position 4 with BA-sebacic acid 3-8 to yield target BA-sebacic acid-PPT 

conjugate 3-7c, using the same conditions used for the preparation of conjugates 3-7a and 3-7b 

were used (Scheme 3-10). 
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Scheme 3-10: Synthesis of BA-sebacic acid-PPT conjugate 3-7c. 

 

We obtained target conjugate 3-7c as a major product and with good yields after flash 

chromatography purification (66%). 

Its structure was confirmed by 1H-NMR, in particular considering the signal shift for the 4-

hydrogen of the PPT nucleus (see Scheme 3-10) due to the conversion from an electron-rich 

hydroxy-neighboring (as in 3-4) to an electron-poor ester-neighboring hydrogen (as in 3-7c). In 

fact, we noticed a significant downward shift from 4.77 ppm to 5.89 ppm, confirming the 

esterification reaction together with MS analysis confirming the expected MW for 3-7c. 

 

3.2.8 Synthesis of BA-alkyne 3-16 
 

 

Scheme 3-11: Synthesis of BA-alkyne 3-16. 

 

BA methyl ester 3-10 was condensed in presence of DIPEA and 4-(1-pyrrolidinyl)pyridine to triple 

bond-bearing acyl chloride 3-18 to obtain the alkyne component of our 1,3-dipolar cycloaddition 

(Scheme 3-11). After chromatographic purification, good yields of desired product 3-16 were 

obtained (80%), as confirmed by the 1H-NMR signal shift for its 3-proton from 3.07 to 4.49 ppm. 
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3.2.9 Synthesis of N-desacetyl thiocolchicine-azide 3-17 
 

 

Scheme 3-12: Synthesis of N-desacetyl thiocolchicine-azide 3-17. 

 

The conjugation of N-desacetyl thiocolchicine 3-2 with the azidocarboxylate-linker 3-19 was 

carried out through the same protocol used for the synthesis of conjugates 3-7a-c, using DCC and 

DMAP (Scheme 3-12). Intermediate azidoamide 3-17 was synthetized in quantitative yield, with 

MS and 1H-NMR confirming the formation of the expected product, the latter through the shift of 

signal of hydrogen 7 downfield, precisely from 3.85 to 4.71 ppm (see Scheme 3-12).  

 

3.2.10 Synthesis of BA-sebacic acid-drug conjugate 3-7d 

 

Scheme 3-13: Synthesis of target BA-sebacic acid-drug conjugate 3-7d. 

 

The last synthetic step, a copper-catalysed 1,3-dipolar cycloaddition between N-desacetyl 

thiocolchicine-azide 3-17 and BA-alkyne 3-16, was carried out by adding catalytic DABCO and 

AcOH to standard conditions, to accelerate the reaction.45 The formation of the expected target 3-

7d was confirmed by MS and 1H-NMR, where we can see the appearance of a characteristic triazole 

signal at 7.48 ppm. 
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3.2.11 BA Nanoparticles: preparation and characterization 

The self-assembly properties imparted by BA 3-1 to the obtained trivalent conjugates 3-7a-d were 

then confirmed via the preparation and characterization of nanoparticles (NPs) from each BA-

linker-conjugate (Figure 3-11). 

 

 

Figure 3-11: Self-assembly of NPs 3-20a-d from BA-linker-drug conjugates 3-7a-d. 

 

Self-assembled NPs 3-20a-d were prepared and were characterised by our collaborator Dr. Laura 

Polito, research scientist at CNR Milan. 

Four nanosuspensions – one for each 3-7a-d conjugate - were prepared in accordance with 

standard solvent evaporation protocols.46 Namely, one among the conjugates 3-7a-d (4 mg) was 

first dissolved in THF (1 mL) in a vial while stirring at room temperature. The resulting solutions 

were added dropwise to a round bottom flask containing MilliQ grade distilled water (2 mL) under 

stirring on a magnetic plate. The resulting suspension was stirred for additional 5 minutes, then 

THF was thoroughly evaporated under reduced pressure, obtaining pure NPs 3-20a-d as an 

opalescent suspension (2 mL, 2 mg/mL). 

DLS and Z-potential measurements were carried out on each NP after 30 minutes’ sonication, 

giving the following results (Table 3-2). 

 
Table 3-2: NPs 3-20a-d: structural characterization. 

Compound (NP) 
(mg/mL) 

Polydispersity 
index (PI) 

Hydrodynamic 
Diameters (HD, 

nm) 

Z-Potential 
(mV) 

3-20a (0.1 mg/mL) 0.074±0.012 558±49 -41.03±0.65 

3-20b (0.2 mg/mL) 0.126±0.010 503±104 -35.53±0.51 

3-20c (0.2 mg/mL) 0.088±0.022 340±59 -34.02±0.48 

3-20d (0.2 mg/mL) 0.173±0.015 329±59 -25.66±3.84 

 

DLS confirmed the formation of nanoassemblies in aqueous medium. Namely, the low 

polydispersity index values (PI <0.2) indicated that each BA-linker-drug conjugate 3-7a-d was able 

to give monodisperse suspensions of NPs, with hydrodynamic diameters (HDs) in the 300-560 nm 

range. Even though their dimension is around the higher end of NPs’ definition (500 nm), they 

still should be able to exert their action and be internalized in cells. The zeta potential was negative 

(< -25 mV) for all the nanoassemblies, suggesting that electrostatic repulsion contributes to the 

colloidal stability of each suspension. As to BA-sebacic acid-thiocolchicine conjugate 3-7a, 
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measurements were made at higher dilution (0.1 mg/mL), to obtain reliable values. The obtained 

intensity distribution (a direct measure of the intensity of light scattered by the NPs) is shown in 

Figure 3-12. 

 

 

Figure 3-12: Intensity distribution for self-assembled NPs 3-20a. 

 

Figure 3-12 shows two populations of aggregates with an apparent similar intensity, one with larger 

(over 2000 nm) and another with smaller diameters (around 550 nm). However, since the light 

scattering intensity is proportional to the NP diameter, a small population of large particles in the 

sample influences the results more than a larger population of small particles. In fact, a size-

independent number distribution for the same NPs shows only the smaller population (Figure 

3-13), with an average diameter of 515 nm, compatible with the results shown in Figure 3-12. 

 

 

Figure 3-13: Number distribution for self-assembled NPs 3-20a. 
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Moving to BA-sebacic acid-cabazitaxel conjugate 3-20b, two different dimensional populations at 

500 nm (larger) and at 130 nm. (smaller), were once more observed (Figure 3-14). 

 

 

Figure 3-14: Intensity distribution for self-assembled NPs 3-20b. 

 

Their average HD was calculated by considering only the larger population, that was by far more 

significant in terms of intensity. In this case, the standard deviation for the measurement is 

particularly high, since the diameter distribution is quite wide.  

As to BA-PPT conjugates 3-20c and 3-20d, both intensity (Figure 3-15 and Figure 3-16) and 

number distribution (not shown) are aligned, as we observed a single population centered 

respectively around 340 and 329 nm. 

 

 

Figure 3-15: Intensity distribution for self-assembled NPs 3-20c. 
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Figure 3-16: Intensity distribution for self-assembled NPs 3-20d. 
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3.3 Biology 

The ability of free cytotoxic drugs (N-desacetyl thiocolchicine 3-2, cabazitaxel 3-3 and 

podophyllotoxin 3-4), of their conjugates 3-7a-d and of the NPs 3-20a-d to affect tumour cell 

viability was assayed by trypan blue exclusion test on the ovarian carcinoma cell line A2780. The 

obtained results, expressed as GI50 values (μM), are shown in Table 3-3. 

 
Table 3-3: Cell growth inhibition of A2780 cells by tested drugs, conjugates and NPs. 

Compound A2780 cells (GI50 µM)a 

N-Desacetylthiocolchicine (3-2) 0.0121 ± 0.0003 

3-7d 2.6 ± 0.1 

3-20d 3.0 ± 0.1 

3-7a 14.5 ± 0.6 

3-20a 9.5 ± 1.2 

Podophyllotoxin (3-4) 0.0085 ± 0.0005 

3-7c 16.9 ± 0.3 

3-20c 17.0 ± 3.2 

Cabazitaxel (3-3) 0.000327 ± 0.000023 

3-7b 0.35 ± 0.01 

3-20b 12.0 ± 2.3 

BA methyl ester (3-10) 17.6 ± 1.7 

a Values are the mean ± SD of at least three independent experiments. 

 

Drugs 3-2 – 3-4 are very effective in inducing cytotoxicity, as expected, with GI50 values in the 

nanomolar range. Otherwise, 3-10, the methyl ester of betulinic acid, appears significantly less 

active. Interestingly, the antiproliferative capacity is similarly maintained (micromolar activity) 

both by the monomeric conjugates 3-7a-d and by the corresponding NPs 3-20a-d, even though to 

a lesser extent than free drugs. In particular, thiocolchicine-inspired 3-20d and 3-20a exert the 

highest cytotoxicity, while cabazitaxel-containing NP 3-20b demonstrates the most pronounced, 

≈5 orders of magnitude decrease in biological effect with respect to the starting cabazitaxel. This 

last result may be attributed to a slower disaggregation of the NPs, or to cleavage of the ester 

moiety. Moreover, it is noteworthy the difference in antiproliferative effect between 

thiocolchicine-containing 3-20d and 3-20a. In details, 3-20d shows a GI50 value about three times 

lower than that of 3-20a, which highlights the crucial role played by the linker and, in particular, 

by the insertion of the triazole moiety. 
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The cytotoxic effect exerted by the NPs prompts us to investigate if the mechanism of action is also 

retained. For this purpose, cytofluorimetric analyses were performed on A2780 cells stained with 

propidium iodide and incubated with free 3-2 and NPs 3-20a and 3-20d, and their effect on cell 

cycle was examined. The cytograms of DNA content and the percentage of cells in the different 

cell cycle phases are reported in Figure 3-17, Figure 3-18, Table 3-4Error! Reference source not 

found. and  

Table 3-5. The results indicate that both NPs (bottom line, Figure 3-17 and Figure 3-18) induce 

an increase in G2/M, thus acting, in accordance with the free drug (top right, Figure 3-17 and 

Figure 3-18), as microtubule-targeting agents. 

 

 

Table 3-4: Data relative to Figure 3-17. 

 Control 
N-Desacetyl thiocolchicine (3-2) 

[40nM] 

3-20d 

[5 µM] 

3-20a 

[30 µM] 

PreG0 0.6% 15.5% 6.5% 6.2% 

G0/G1 69.1% 11.4% 15.8% 17.2% 

S 12.8% 16.7% 10% 8.7% 

N-Desacetyl thiocolchicine (3-2) [40 nM] 

3-20d [5 μM] 3-20a [30 μM] 

Control 

Figure 3-17: Cell cycle distribution of A2780 cells incubated in presence of 3-2, 3-
20a and 3-20d for 24h at the indicated concentrations. 
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Table 3-5: Data relative to Figure 3-18. 

 
Podophyllotoxin (3-4) 

[15 nM] 

3-20c 

[40 µM] 

Cabazitaxel (3-3) 
[7.5 nM] 

3-20b 

[30 µM] 

PreG0 9.8% 4.2% 17.4% 12.4% 

G0/G1 39.4% 56.9% 30.8% 30.5% 

S 16.7% 11.5% 15.8% 26.4% 

G2/M 33.2% 27.3% 35.5% 30.5% 

 

  

G2/M 17.2% 55.8% 67.1% 67.4% 

Podophyllotoxin (3-4) [15 nM] 

 

3-20c [30 μM] 

 

Cabazitaxel (3-3) [7.5 nM] 

 

3-20b [30 μM] 

 

 

Figure 3-18: Cell cycle distribution of A2780 cells incubated in the presence of the 
test agents 3-2, 3-20b and 3-20c for 24h at the indicated concentrations. 
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3.4 Conclusions and future perspectives 

In conclusion, three different BA-sebacic acid-drug conjugates 3-7a-c and a BA-triazole connected-

thiocolchicine conjugate 3-7d (Figure 3-19) were synthesised during my Ph.D..  

 

 

Figure 3-19: Structure of synthesized BA-based conjugates 3-7a-d. 

 

Namely, their structural characterization confirmed the suitability of conjugates 3-7a-d to self-

assemble into good quality nanoassemblies (Table 3-6). 

 
Table 3-6: NPs 3-20a-d: structural characterization. 

Compound (NP) 
(mg/mL) 

Polydispersity 
index (PI) 

Hydrodynamic 
Diameter (HD, 

nm) 

Z-Potential 
(mV) 

3-20a (0.1 mg/mL) 0.074±0.012 558±49 -41.03±0.65 

3-20b (0.2 mg/mL) 0.126±0.010 503±104 -35.53±0.51 

3-20c (0.2 mg/mL) 0.088±0.022 340±59 -34.02±0.48 

3-20d (0.2 mg/mL) 0.173±0.015 329±59 -25.66±3.84 

 

More in details, such NPs have a low polydispersity index and high Z-potential values, that indicate 

their good monodispersity and stability. Nanoassemblies 3-20a and 3-20b presents quite large 

HDs, however still compatible with NPs dimensions. Biological experiments on either the BA-

based conjugates 3-7a-d, and on self-assembled NPs 3-20a-d, performed at the Department of 

Pharmaceutical and Pharmacological Science, University of Padova, failed to show comparable 

activity with free drugs 3-2 – 3-4, maybe due to the difficult disassembly of our conjugates in 

cellular media. 
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3.5 Experimental part 

Synthesis of methyl (1R,3aS,5aR,5bR,9S,11aR)-9-hydroxy-5a,5b,8,8,11a-pentamethyl-1-

(prop-1-en-2-yl)-icosahydro-1H-cyclopenta[a]chrysene-3a-carboxylate 3-10 

 

Trimethylsilyl diazomethane (2M in n-hexane, 0.66 mL, 1.312 mmol) was added to a solution of 

betulinic acid 3-1 (500 mg, 1.093 mmol) in dry MeOH (10 mL) and dry toluene (15 mL). The 

reaction was stirred overnight at rt, and reaction monitoring (TLC, eluent mixture 7:3 n-

hexane/AcOEt with 1% HCOOH) confirmed the disappearance of starting material. The reaction 

mixture was diluted with diethyl ether (13 mL) and 10% AcOH (10 mL). The aqueous layer was 

extracted with diethyl ether (3 x 10 mL), and the collected organic phases were washed with sat. 

Na2CO3 (10 mL), dried with Na2SO4 and evaporated under reduced pressure to obtain pure 3-10 as 

a white solid (486.1 mg, 1.032 mmol, 95% yield). 

Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 4.63 (bs, 1H, H29a), 

4.49 (bs, 1H, H29b), 3.56 (s, 3H, H31), 3.07 (dd, J = 11.2, 5.1 

Hz, 1H, H3), 2.89 (td, J = 10.9, 4.4 Hz, 1H, H19), 2.20 – 2.02 

(m, 2H, H13), 1.58 (s, 3H, H30), 0.86 (s, 6H, H24-H23), 0.81 

(s, 3H, H27), 0.71 (s, 3H, H26), 0.65 (s, 3H, H25) (assignable 

peaks). 

13C-NMR: (CDCl3, 75 MHz): δ(ppm) = 176.6, 150.5, 109.5, 

78.9, 56.5, 55.3, 54.2, 50.5, 49.4, 46.9, 42.3, 40.6, 38.8, 38.7, 

38.2, 37.1, 36.9, 34.3, 32.1, 30.6, 29.6, 27.9, 27.4, 25.5, 20.8, 

19.3, 18.3, 16.1, 15.9, 15.3, 14.7. 

[𝜶]𝑫
𝟐𝟎: +5.1. 

MS (ESI+), m/z: calcd for C31H50O3 479.60, found 493.36 (M+Na+). 

 

 

Synthesis of 10-oxo-10-[2-(trimethylsilyl)ethoxy]decanoic acid 3-11 
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Trimethylsilylethanol (313 mL, 2.181 mmol), EDC.HCl (559 mg, 2.909 mmol) and DMAP (89 mg, 

0.727 mmol) were added under stirring at rt to a solution of sebacic acid 3-5 (1 g, 4.942 mmol) in 

dry CH2Cl2 (25 mL) and pyridine (2.5 mL). The reaction mixture was stirred at rt overnight. The 

reaction mixture was then washed with 10% phosphoric acid (2 x 15 mL) and brine (20 mL). The 

organic layer was dried with Na2SO4 and evaporated under reduced pressure, and the crude oil was 

purified by flash chromatography (silicagel, eluent mixture 8:2 n-hexane/AcOEt with 1% HCOOH) 

to obtain pure 3-11 (557 mg, 1,842 mmol, 85% yield). 

Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 4.21-4.12 

(m, 2H, H11), 2.38 (t, J = 4.5 Hz, 2H, H9), 2.32 (t, J 

= 4.3 Hz, 2H, H2), 1.73-1.59 (m, 4H, H3-H8), 1.41-

1.28 (m, 8H, H4-H5-H6-H7), 1.01-0.97 (m, 2H, 

H12), 0.04 (s, 9H, H13). 

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 177.9, 173.6, 62.6, 34.3, 34.2, 29.5, 29.5, 29.3, 29.1, 25.1, 25.1, 

17.1, -1.5 (3C). 

MS (ESI+), m/z: calcd for C15H30O4Si 302.19, found 325.18 (M+Na+). 

 

Synthesis of trimethylsilylethoxy decanoic acid-methyl betulinate 3-9 

 

Dicyclohexylcarbodiimide (DCC, 201 mg, 0.973 mmol) and dimethylaminopyridine (DMAP, 30 

mg, 0.243 mmol) were added under stirring to a solution of compound 3-10 (229 mg, 0.487 mmol) 

and compound 3-5 (221 mg, 0.731 mmol) in dry CH2Cl2 (5 mL) at 0°C. The reaction is left stirring 

at rt overnight. Reaction monitoring (TLC, eluent mixture 9:1 n-hexane/AcOEt) confirmed the 

disappearance of starting materials. The mixture was diluted with CH2Cl2(10 mL) and was filtered 

on a plug of celite. The solvent was removed under reduced pressure, and the resulting crude oil 

was purified by flash chromatography (silicagel, eluent mixture: 96:4 n-hexane/AcOEt) to obtain 

pure 3-9 (339 mg, 0.449 mmol, 92% yield). 
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Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 4.74 (bs, 

1H, H29a), 4.61 (bs, 1H, H29b), 4.48 (dd, J = 10.1, 

6.2 Hz, 1H, H3), 4.21-4.12 (m, 2H, H42), 3.67 (s, 

3H, H31), 3.06-2.95 (m, 1H, H19), 2.33-2.13 (m, 5H, 

H33-H40-H13), 1.69 (s, 3H, H30), 1.47-1.34 (m, 

8H), 0.97 (s, 3H, H23), 0.92 (s, 3H, H24), 0.85 (s, 

3H, H27), 0.84 (s, 6H, H25-H26), 0.05 (s, 9H, 

H44) (assignable peaks). 

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 176.7, 174.0, 

173.6, 150.6, 109.6, 80.6, 62.4, 56.6, 55.4 (2C), 51.2, 

50.5, 49.5, 47.0, 42.4, 40.7, 38.4, 38.3, 37.8, 37.1, 37.0, 34.8, 34.5, 34.3, 32.2, 30.6, 29.7, 29.1 (3C), 

28.0, 25.5, 25.1, 25.0, 23.8, 20.9, 19.4, 18.2, 17.3, 16.6, 16.2, 16.0, 14.7, 1.5 (3C). 

[𝜶]𝑫
𝟐𝟎: +10.2. 

MS (ESI+), m/z: calcd for C15H30O4Si 302.19, found 325.18 (M+Na+). 

 

Synthesis of oxo-decanoic acid-methyl betulinate 3-8 

 

Tetrabutylammonium fluoride (TBAF, 0.61 mL, 2.11 mmol) was added under stirring to a solution 

of compound 3-9 (318 mg, 0.421 mmol) in dry THF (15 mL), and the reaction mixture was stirred 

at rt overnight. The reaction was quenched by addition of sat. NH4Cl (10 mL). The aqueous phase 

was extracted with AcOEt (2 x 10 mL), the collected organic phases were dried with Na2SO4 and 

evaporated under reduced pressure to obtain pure 3-8 (258 mg, 0.393 mmol, 93% yield). 

Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 4.72 (bs, 

1H, H29a), 4.58 (bs, 1H, H29b), 4.44 (dd, J = 10.1, 

6.2 Hz, 1H, H3), 3.65 (s, 3H, H31), 3.03-2.94 (m, 1H, 

H19), 2.23-2.16 (m, 5H, H33-H40-H13), 1.67 (s, 3H, 

H30), 0.95 (s, 3H, H24), 0.90 (s, 3H, H23), 0.84 (s, 

3H, H27), 0.82 (s, 6H, H25-H26) (assignable 

peaks). 

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 180.3, 177.3, 

174.3, 151.1, 110.3, 81.3, 57.2, 56.1 (2C), 51.9, 51.1, 50.1, 
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47.6, 43.0, 41.3, 39.0, 38.9, 38.5, 37.8, 37.6, 35.4, 34.9, 34.7, 32.8, 31.2, 30.3, 29.7 (3C), 28.6, 26.1, 

25.7, 25.3, 24.4, 21.6, 20.0, 18.8, 17.2, 16.8, 16.6, 15.3. 

[𝜶]𝑫
𝟐𝟎: +12.9. 

MS (ESI+), m/z: calcd for C41H66O6 654.48, found 677.48(M+Na+). 

 

Synthesis of N-desacetylthiocolchicine-methyl betulinate 3-7a 

 

Dicyclohexylcarbodiimide (DCC, 63.5 mg, 0.304 mmol) and dimethylaminopyridine (DMAP, 9.2 

mg, 0.076 mmol) were added under stirring to a solution of compound 3-8 (99.1 mg, 0.152 mmol) 

in dry CH2Cl2 (5 mL) at 0°C. Subsequently N-desacetylthiocolchicine 3-2 was added (56 mg, 

0.152mmol) and the reaction mixture was stirred at rt overnight. The mixture was diluted with 

CH2Cl2 (10 mL) and was filtered on a plug of celite. The solvent was removed under reduced 

pressure, and the resulting crude was purified by flash chromatography (silicagel, eluent mixture 

99:1 CH2Cl2/MeOH) to obtain pure 3-7a (118.5 mg, 0.116 mmol, 77% yield). 

Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 7.31 

(d, J = 5.6 Hz, 1H, H12’), 7.27 (d, J = 8.7 Hz, 

1H, H8’), 7.06 (d, J = 10.4 Hz, 1H, H11’), 6.81 

(d, J = 7.1 Hz, 1H, H4’), 6.52 (s, 1H, -NH), 4.73 

(s, 1H, H29a), 4.71 – 4.63 (m, 1H, H7’), 4.59 

(s, 1H H29b), 4.45 (m, 1H, H3), 3.93 (s, 3H, -

OMe), 3.89 (s, 3H, -OMe), 3.66 (s, 6H, -

OMe-H31), 2.99 (m, 2H, H40), 2.57 – 2.48 

(m, 2H, H33), 2.33 (m, 3H, -SMe), 1.95 – 1.78 

(m, 3H), 1.68 (s, 3H, H30), 1.25 (s, 6H, ), 0.95 

(s, 3H, H23), 0.90 (s, 3H, H27), 0.82 (s, 6H, 

H25-H26) (assignable peaks). 

13C-NMR: (CDCl3, 101 MHz): δ(ppm) =182.5, 176.8, 173.8, 172.9, 158.3, 153.7, 151.4, 150.7, 141.9, 138.4, 

134.7, 134.5, 128.7, 126.6, 125.9, 109.7, 107.5, 80.7, 61.8, 61.5, 56.7, 56.2 (2C), 55.6, 52.0, 51.4, 50.6, 

49.6, 47.1, 42.5, 40.8, 38.5, 38.4, 38.0, 37.2, 37.1, 36.5, 34.9, 34.4, 32.3, 31.6, 30.7, 30.1, 29.8 (3C), 

29.4, 29.2 (2C), 28.1, 25.6, 25.2, 23.9, 21.0, 19.5, 18.3, 16.7, 16.3, 16.1, 15.3, 14.8. 
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[𝜶]𝑫
𝟐𝟎: -84.4. 

MS (ESI+), m/z: calcd for C61H87NO9S 1009.61, found 1032.60 (M+Na+). 

 

Synthesis of cabazitaxel-methyl betulinate 3-7b 

  

Dicyclohexylcarbodiimide (DCC, 69.2 mg, 0.332 mmol) and dimethylaminopyridine (DMAP, 10.7 

mg, 0.083 mmol) were added under stirring to a solution of compound 3-8 (109 mg, 0.166 mmol) 

in dry CH2Cl2 (5.5 mL) at 0°C. Subsequently cabazitaxel 3-3 (32 mg, 0.0383 mmol) was added. The 

reaction mixture was stirred at rt overnight. The mixture was diluted with CH2Cl2 (10 mL) and was 

filtered on a plug of celite. The solvent was removed under reduced pressure, and the resulting 

crude was purified by flash chromatography (silicagel, eluent mixture 7:3 n-hexane/AcOEt) to 

obtain pure 3-7b (54.2 mg, 0.0363 mmol, 95% yield). 

Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): 

δ(ppm) = 7.98 (d, J = 7.0 Hz, 2H, 

H7’’), 7.74 (t, J = 7.3 Hz, 1H, H9’’), 

7.66 (t, J = 7.5 Hz, 2H, H8’’), 7.42 (t, 

J = 7.5 Hz, 2H, H23’), 7.37 (d, J = 7.6 

Hz, 2H, H22’), 7.18 (t, J = 7.3 Hz, 1H, 

H24’), 5.78 (d, J = 19.4 Hz, 1H, H13’), 

5.57 (d, J = 7.9 Hz, 1H, H2’’-H2’), 

5.37 (d, J = 7.1 Hz, 1H, -H3’’), 5.06 (d, 

J = 7.0 Hz, 2H, H10’-H1’), 4.95 (d, J 

= 8.4 Hz, 1H, H5’), 4.73 – 4.67 (m, 

2H, H29), 4.58 (t, J = 1.9 Hz, 1H, 

H20’a), 4.38 (dd, J = 11.4, 4.9 Hz, 1H, 

H20’b), 4.02 (s, 2H, H7’), 3.75 (dd, J 

= 10.6, 6.7 Hz, 1H, H19), 2.24 (s, 3H, 
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-SMe), 1.59 (s, 3H, H30), 1.24 (s, 9H, H5’’), 0.85 (s, 3H, H23), 0.83 (s, 3H, H27) 0.77 (s, 6H, H25-

H26) (assignable peaks). 

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 204.6, 175.6, 172.5, 172.2, 169.6, 169.1, 165.2, 156.6, 155.1, 

150.0, 138.4, 137.4, 134.9, 133.4, 129.9, 129.5, 128.6, 128.5, 128.0, 127.4, 109.8, 83.2, 82.0, 80.3, 80.1, 

79.7, 78.4, 76.7, 75.2, 74.9, 74.3, 71.0, 56.6, 56.5, 55.9, 55.9, 55.1, 54.6, 51.2, 49.6, 48.7, 47.5, 46.6, 

46.4, 42.9, 42.0, 37.7, 37.6, 37.4, 36.6, 36.1, 34.4, 33.9, 33.6, 33.3 (2C), 33.1, 31.6, 31.4, 30.0, 29.1, 28.4 

(2C), 28.3, 28.1, 27.6, 26.6, 25.3 (2C), 25.0, 24.6, 24.4 (2C), 24.2, 23.4, 22.5, 21.1, 20.4, 18.9, 17.7, 

16.4, 15.8, 15.6, 14.3, 14.0, 10.1. 

[𝜶]𝑫
𝟐𝟎: -29.1. 

MS (ESI+), m/z: calcd for C86H121NO19 1471.85, found 1494.88 (M+Na+). 

 

Synthesis of podophyllotoxin-methyl betulinate 3-7c 

  

Dicyclohexylcarbodiimide (DCC, 63 mg, 0.304 mmol) and dimethylaminopyridine (DMAP, 9 mg, 

0.076 mmol) were added under stirring to a solution of compound 3-8 (100 mg, 0.152 mmol) in 

dry CH2Cl2 (4 mL) at 0°C. Subsequently podophyllotoxine 3-4 (63 mg, 0.152 mmol) was added. The 

reaction mixture was stirred at rt overnight. The mixture was diluted with CH2Cl2 (10 mL) and was 

filtered on a plug of celite. The solvent was removed under reduced pressure, and the resulting 

crude was purified by flash chromatography (silicagel, eluent mixture 8:2 n-hexane/AcOEt) to 

obtain pure 3-7c (106 mg, 0.101 mmol, 66% yield). 
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Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 6.76 

(s, 1H, H8’), 6.55 (s, 1H, H5’), 6.40 (s, 2H, 

H2’’), 6.02 – 5.96 (m, 2H, H13’), 5.89 (d, J = 

9.1 Hz, 1H, H1’), 4.74 (s, 1H, H4’), 4.61 (s, 2H, 

H29), 4.52 – 4.44 (m, 1H, H3), 4.40 – 4.34 

(m, 1H, H11’a), 4.21 (t, J = 9.8 Hz, 1H, H11’b), 

3.82 (s, 3H, -OMe), 3.77 (s, 6H, -OMe), 3.68 

(s, 3H, H31), 3.06 – 2.93 (m, 1H, H19), 2.33 – 

2.16 (m, 4H, H33-H40), (s, 3H, H23), 0.92 

(s, 3H, H27), 0.85 (s, 6H, H25-H26) 

(assignable peaks). 

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 177.3, 

174.8, 174.3, 153.3, 151.2, 148.8, 148.3, 137.9, 

135.50, 133.01, 129.13, 110.39, 110.28, 108.86 

(2C), 107.6, 102.2, 81.3, 74.1, 72.0, 61.4, 57.2, 56.8 (2C), 56.1, 51.9, 51.1, 50.2, 47.7, 46.3, 44.4, 43.1, 

41.4, 39.4, 39.1, 38.9, 38.5, 37.8, 37.6, 35.4, 35.0, 34.9, 32.8, 32.1, 31.3, 30.9, 30.3 (2C), 29.7 (3C), 

28.6, 26.2, 25.7, 25.6, 24.4, 21.6, 20.0, 18.9, 17.2, 16.8, 16.6, 15.3. 

[𝜶]𝑫
𝟐𝟎: -41.3. 

MS (ESI+), m/z: calcd for C63H86O13 1050.61, found 1073.60 (M+Na+). 

 

Synthesis of methyl (1R,3aS,5aR,5bR,9S,11aR)-9-(hept-6-ynoyloxy)-5a,5b,8,8,11a-

pentamethyl-1-(prop-1-en-2-yl)-icosahydro-1H-cyclopenta[a]chrysene-3a-carboxylate 3-

16 

 

DIPEA (36 µL) and 4-(1-pyrrolidinyl)pyridine (28 mg, 0.19 mmol) were added at 0°C to a stirred 

solution of 3-10 (88.4 mg, 0.19 mmol) in dry CH2Cl2 (0.95 mL). Then 3-18 (27 µL, 0.19 mmol) was 

slowly added and the mixture was stirred overnight. Another aliquot of DIPEA (36 µL, 0.21 mmol) 

and 3-18 (27 µL, 0.19 mmol) were then added at 0°C, and the reaction was stirred for another 5h. 

The reaction was stopped adding 1 mL of water, and the aqueous phase was extracted with CH2Cl2 

(3 x 1 mL). The combined organic phases were washed with NaHCO3 (2 mL), dried over Na2SO4 

and evaporated under reduced pressure. The obtained crude was purified by flash chromatography 

(silicagel, eluent mixture 8:2 n-hexane/AcOEt) to obtain 3-16 (85.7 mg, 0.152 mmol, 80% yield).  
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Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 

4.74 (d, J = 2.4 Hz, 1H, H29a), 4.63 – 4.58 

(m, 1H, H29b), 4.53 – 4.46 (m, 1H, H3), 

3.67 (s, 3H, H31), 1.69 (s, 3H, H30), 0.97 (s, 

3H, H24), 0.92 (s, 3H, H23), 0.89 – 0.82 

(m, 9H, H25-H26-H27) (assignable 

peaks).  

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 

176.6, 173.1, 150.5, 109.6, 80.8, 68.6, 56.6, 

55.4, 51.2, 50.5, 49.5, 47.0, 42.4, 40.7, 38.4, 38.2, 37.8, 37.0, 34.3, 34.2, 32.2, 30.6, 29.7, 28.0, 27.9, 

25.5, 24.2, 23.7, 20.9, 19.4, 18.2, 18.1, 16.6, 16.2, 16.0, 14.7. 

MS (ESI+), m/z: calcd for C63H86O13 578.43, found 601.42 (M+Na+). 

 

Synthesis of 6-azido-N-desacetylthiocolchicine hexanamide 3-17 

 

Compound 3-19 (78.0 mg, 0.503 mmol), DCC (134.9 mg, 0.654 mmol) and DMAP (30.6 mg, 0.252 

mmol) were sequentially added to a stirred solution of 3-2 (188.0 mg, 0.503 mmol) in dry CH2Cl2 

(3.4 mL) at 0°C. After 30 minutes the reaction mixture was brought at rt and stirred overnight. 

Afterwards, the solution was filtered and washed with an aqueous saturated solution of NaHCO3 

(3 mL). The aqueous phase was extracted with CH2Cl2 (2 x 3 mL), the organic layer was dried over 

Na2SO4, filtered and the solvent was removed under reduced pressure. The residue was purified by 

flash chromatography (silicagel, eluent mixture from CH2Cl2 to 95:5 CH2Cl2/MeOH) to gain 3-17 

as a yellow solid (396.3 mg, 0.503 mmol, quant. yield). 

Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 7.52 (d, J = 7.4 Hz, 1H, 

H12), 7.43 (s, 1H, H11), 7.33 – 7.28 (m, 1H, -NH), 7.10 (d, J = 

10.4 Hz, 1H, H8), 6.55 (s, 1H, H4), 4.71 (dt, J = 12.5, 6.7 Hz, 1H, 

H7), 3.96 (s, 3H, -OMe), 3.91 (s, 3H, -OMe), 3.68 (s, 3H, -

OMe), 3.24 (t, J = 7.0 Hz, 2H, H18), 2.54 (dd, J = 13.5, 6.2 Hz, 

1H, H5a), 2.45 (s, 3H, -SMe), 2.38 (dd, J = 13.2, 6.5 Hz, 1H, 

H5b), 2.27 (m, 3H, H6a-H14), 1.99 – 1.80 (m, 1H, H6b), 1.80 – 

1.46 (m, 4H, H17-H22), 1.46 – 1.19 (m, 2H, H16).  

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 183.1, 173.2, 158.8, 154.3, 152.4, 151.9, 142.3, 139.2, 135.4, 135.1, 

129.3, 127.3, 126.4, 108.1, 62.4, 62.1, 56.8, 52.6, 51.9, 49.7, 37.5, 36.7, 30.7, 29.2, 27.0, 25.7, 15.8. 

MS (ESI+), m/z: calcd for C26H32N4O5S 512.21, found 535.20 (M+Na+). 
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Synthesis of N-desacetylthiocolchicine-triazolyl-methyl betulinate 3-7d 

 

Sodium ascorbate (3.6 mg, 0.018 mmol), DABCO (1.36 mg, 0.012 mmol), a drop of glacial acetic 

acid, 3-16 (85.7 mg, 0.151 mmol) and 3-17 (77.2 mg, 0.151 mmol) were added sequentially to a 

solution of CuSO4∙5H2O (1.1 mg, 0.004 mmol) in 1.2:1 H2O/t-BuOH (550µL),. The reaction mixture 

was stirred at rt for 3h. Subsequently, the reaction was diluted with AcOEt (1 mL), an aqueous 

saturated solution of NH4Cl (1 mL) was added and the resulting mixture was vigorously stirred for 

30 min. The aqueous phase was extracted with AcOEt (3 x 2 mL). The combined organic phase was 

dried over Na2SO4, filtered and the solvent was removed under reduced pressure. The residue was 

purified by flash chromatography (silicagel, eluent mixture from CH2Cl2 to 97:3 CH2Cl2/MeOH) 

providing pure 3-7d as yellow solid (82.7 mg, 0.077 mmol, 51% yield). 

Analytical characterization 

1H-NMR: (CDCl3, 400 MHz): δ(ppm) = 7.48 

(s, 1H, H38), 7.33 – 7.27 (m, 2H, H11’-NH), 

7.19 (t, J = 7.2 Hz, 1H, H12’), 7.08 (d, J = 10.5 

Hz, 1H, H4’), 6.55 (s, 1H, H8’), 4.74 (d, J = 2.4 

Hz, 1H, H29a), 4.66 (dd, J = 12.1, 6.4 Hz, 1H, 

H3), 4.61 (d, J = 3.3, 1.9 Hz, 1H, H29b), 4.46 

(dd, J = 9.3, 7.0 Hz, 1H, H7’), 4.40 – 4.19 (m, 

2H, H39), 3.95 (s, 3H, -OMe), 3.92 (s, 3H, -

OMe), 3.68 (s, 6H, H31-OMe), 3.00 (td, J = 

10.9, 4.4 Hz, 1H, H19), 0.97 (s, 3H, H24), 

0.93 (s, 3H, H23), 0.85 (s, 3H, H27), 0.83 (s, 

6H, H25-H26) (assignable peaks). 

13C-NMR: (CDCl3, 101 MHz): δ(ppm) = 182.3, 

176.7, 173.6, 172.4, 158.2, 153.6, 151.2, 150.5, 147.4, 141.8, 138.3, 134.7, 134.3, 128.5, 126.5, 125.8, 121.4, 

109.6, 107.4, 80.9, 61.7, 61.4, 56.6, 56.1, 55.5, 52.1, 51.2, 50.5, 49.9, 49.5, 47.0, 42.4, 40.7, 38.4, 38.3, 

37.8, 37.1, 37.0, 36.7, 35.9, 34.5, 34.3, 32.2, 30.6, 30.0, 29.7, 28.8, 28.0, 26.1, 25.5, 25.3, 25.0, 24.6, 

23.8, 20.9, 19.4, 18.2, 16.6, 16.2, 15.1, 14.7. 

MS (ESI+), m/z: calcd for C64H90N4O9S 1090.64, found 1113.63 (M+Na+). 
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3.5.1.1 Preparation of nanoassemblies 

In a standard procedure the nanoassemblies were prepared by first dissolving drug-betulinic acid 

conjugates (Cs) 3-7a-c in a volume of an appropriate solvent (ethanol, acetone or THF). The 

solution was drop wise added under stirring (500 rpm) into a volume of MilliQ grade water. Finally, 

the organic solvent was completely evaporated using a Rotavapor® at 30°C under reduced pressure. 

The aqueous suspensions of nanoassemblies were stored at 5°C in the dark.  

 

3.5.1.2 Nanoparticles characterization 

NPs were characterised by dynamic light scattering (DLS), using a 90 Plus Particle Size Analyzer 

from Brookhaven Instrument Corporation (Holtsville, NY, USA) operating at 15 mW of a solid-

state laser (λ = 661 nm), using a 90-degree scattering angle. The ζ-potential was determined at 

25°C using a 90 Plus Particle Size Analyzer from Brookhaven Instrument Corporation (Holtsville, 

NY, USA) equipped with an AQ-809 electrode, operating at an applied voltage of 120 V. Ten 

independent measurements of 60 s duration were performed for each sample. HDs were calculated 

using Mie theory, considering the absolute viscosity and refractive index values of the medium to 

be 0.890 cP and 1.33, respectively. The same aqueous samples at a concentration of 0.2 mg/mL 

were used for ζ-potential measurement, without any change for the ionic strength (no addition of 

KCl). The ζ-potential was calculated from the electrophoretic mobility of NPs, by using the 

Smoluchowski theory. 

 

3.5.2 Biology 

3.5.2.1 Inhibition growth assay 

A2780 (human ovarian cancer) cells were grown in RPMI 1640 supplemented with 1.5 g/L NaHCO3, 

10% heat-inactivated foetal bovine serum (Biowest), 100 U/mL penicillin, 100 μg/mL streptomycin, 

and 0.25 μg/mL amphotericin B (Sigma Chemical Co.). Cells were seeded  into 24-well cell culture 

plates (2.5 × 104 cells/well) and incubated for 24 h. Test compounds were added to the complete 

medium at different concentrations and the cells were incubated for a further 72 h. Cell viability 

was determined by the trypan blue exclusion assay and GI50 values, i.e. the concentration (μM) of 

building blocks or NPs that induces 50% reduction in cell number with respect to control cultures, 

were calculated. 

 

3.5.2.2 Analysis of DNA content 

A2780 cells were plated into 6-well cell culture plates (about 5 × 105 cells /well) and incubated for 

24 h of in a drug-free medium. The building block or NP was then added to the complete medium 

at the indicated concentrations and the cells were incubated for a further 24 h. After treatment, 

the cells were harvested, samples of 106 cells per sample were fixed in 70% iced-cold ethanol at -

20°C for 20 min and then washed with phosphate buffered saline (PBS). The obtained cell pellet 

was gently resuspended in PBS in the presence of 0.1 mg/mL RNAse and 38 µg/mL propidium 

iodide. The cell suspension was incubated for 20 min in the dark at room temperature until 

measured. The analysis of DNA fluorescence was measured by flow cytometry on a FACSCanto II 

flow cytometer (Becton–Dickinson, Mountain View, CA).  

https://www-sciencedirect-com.pros.lib.unimi.it/topics/pharmacology-toxicology-and-pharmaceutical-science/organic-solvent
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4.1 Introduction 

Neurodegenerative diseases such as Alzheimer’s disease and Parkinson’s disease trigger neuronal 

cell death through endogenous suicide pathways.1 Clinical semiology has contributed an accepted 

classification of the neurodegenerative diseases (NDDs), among which Alzheimer’s disease (AD), 

Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), fronto-temporal-dementia (FTD) 

and Huntington’s disease HD) are prominent. Recent studies have led us, however, to reconsider 

this clinical classification.2 The presence of -amyloid peptide accumulations in the extracellular 

CNS space is considered a pathophysiological driver of Alzheimer’s disease; conversely, in most 

NDDs similar intraneuronal accumulations of misfolded protein aggregates such as, for example, 

tau (physiologically acting as a microtubule associated protein - AD) and a-synuclein (synaptic 

protein - PD) are observed, and are connected more solidly to the start and the progression of their 

respective NDD.3 Thus, NDDs have in common the progressive, slow neuronal death in various 

brain areas, which contributes to the difficulty of establishing reliable and rapid animal models of 

such diseases.4  

 

4.1.1 Programmed Cell Death (PCD)  

Neuronal death often is regulated by a Programmed Cell Death (PCD) process (Figure 4-1) a set of 

molecular pathways which become often over-activated in post-mitotic old neurons.5  

PCD is a physiological process in which molecular programs, intrinsic to the cell, are activated to 

cause its death due to unresolvable failures in the cell’s properties. This is a fundamental 

mechanism for all multicellular organisms which is crucial for their development, for organ 

morphogenesis, for tissue homeostasis and for protection against infected or damaged cells.6 

However, excessive PCD can cause unwarranted cell death, which might lead to diseases such as 

immunodeficiency and neurodegeneration.7  

 

 

Figure 4-1: Morphological features of different types of cell death. 
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Caspases have long amino-terminal prodomains that contain specific protein–protein interaction 

motifs. Through these domains, initiator caspases 8 and 9 are activated after being complexed by 

the adaptor molecules FADD (Fas-associating protein with death domain) and Apaf1 (apoptotic 

protease-activating factor 1), respectively.8,9 On activation, initiator caspases can cleave effector 

procaspases into their active forms, eventually leading to mitochondrial damage, nuclear 

membrane breakdown, DNA fragmentation, chromatin condensation and, finally, cell death.10 

Three main types of Programmed Cell Death are known: apoptosis, autophagy and cytoplasmic 

cell death. 

 

4.1.1.1 Apoptosis (type 1) 

Apoptosis is a form of programmed death by which cells die causing no disturbance to the 

surrounding tissues, thus facilitating their disposal by neighbouring and immune system cells. 

Apoptosis is a natural process and plays an important role in the development of an organism and 

in adult tissue homeostasis.11 Apoptosis is the best-characterised type of PCD, consisting in 

morphological and histochemical changes that result in the activation of a set of caspases. This 

enzymes, proteolytic cell-suicide cysteine proteases, are in fact key mediators of PCD, attacking 

and cleaving target proteins after specific aspartic acid residues.12 Caspases exist in almost every 

animal cell, and are activated in response to intracellular signalling pathways triggered by major 

cellular perturbations, such as DNA damage and withdrawal of trophic support. The first initiator 

caspases become activated in the PCD cascade, and act on so-called executioner caspases which 

carry out cell dismantling.13 

 

 

Figure 4-2: Diagram showing extrinsic and intrinsic pathways of apoptosis.  

 

The activation of classical apoptosis occurs through two main pathways (Figure 4-2):1 
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The extrinsic pathway, which starts with activation of cell-surface death receptors such as Fas, 

and results in the activation of caspase 8 and 10.14 

The intrinsic pathway, which starts with mitochondrial release of cytochrome c and associated 

activation of caspase 9. Many biochemical responders, both physiological and pathological, act on 

the intrinsic pathway of apoptosis. 

 

4.1.1.2 Autophagy (type 2) 

Autophagy is an evolutionarily conserved physiological process that facilitates the decomposition 

of dysfunctional cytoplasmic components and organelles in the lysosome.15 It is a tightly-regulated 

process, which can lead to the degradation of intracellular material in response to increased energy 

demands, or to the selective elimination of specific cytoplasmic components in response to damage 

or stress. Depending on the substrate subjected to selective degradation, autophagy can be 

categorized in ER-phagy (endoplasmic reticulum),16 mitophagy (mitochondria),17 ribophagy 

(ribosomes),18 lysophagy (lysosomes)19 and pexophagy (peroxisomes).20  

 

 

Figure 4-3: Scheme of autophagy pathways. 

 

Three main types of autophagy have been identified: macroautophagy (MA), microautophagy and 

chaperone-mediated autophagy (Figure 4-3).21 

MA is the most common non-selective autophagy induced by stress stimuli.22 Five MA steps, 

reported in Figure 4-4 can be identified. 1) Initiation of autophagy, 2) nucleation to form 

phagophores/isolation membranes, 3) expansion to form autophagosomes (APs), 4) elongation, 

and finally 5) AP maturation and fusion with lysosomes yield fully degradative autolysosomes and 

complete MA.23–27 
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Figure 4-4: Macroautophagy: main steps. 

 

1) Initiation starts at phagophore assembly sites (PASs)28 and entails the assembly of vesicles and 

cellular material into pre-APs. It is achieved through the action of the UNC-51-like kinase (ULK) 

complex,29 whose translocation creates cytoplasmic PASs. 

2) Nucleation depends on the PAS-bound class III phosphatidylinositol-3-kinase (PI3K) complex30 

to produce a phagophore/isolation membrane. The PI3K complex phosphorylates 

phosphatidylinositol (PI) to yield phosphatidylinositol-3-phosphate (PI3P), a promoter of 

membrane nucleation.31 

3) Expansion (phagophore formation) entails transport and incorporation of membrane material 

into the phagophore.32 The trans-membrane protein carrier mammalian autophagy-related gene 9 

(mAtg9) protein promotes ULK complex-dependent cycling of mAtg9-containing vesicles between 

trans-Golgi network and the endosome (ES).33 

4) Elongation happens through two ubiquitin/UBQ-like (UBL) conjugating systems.34 Atg5-

Atg12-Atg16 multimeric complexes selectively associate to the pre-autophagosomal membrane, 

with a preference for PI3P-containing membranes.35 Their role in elongation is due to the Atg12 

UBL-like protein, and to two UBL domains on Atg5, that recruit and activate components needed 

for phagophore expansion and closure.36 Among them, the complex centered around Atg8-like 

UBL proteins, such as the light chain 3 (LC3) protein.37 The complex conjugates Atg8-like UBL 

proteins with the membrane phospholipid phosphatidylethanolamine (PE), forming an LC3-II 

conjugate.38 LC3-II is an essential element in phagophore expansion and AP formation. The 

induction of autophagy is often measured by monitoring the ratio between LC3-II and LC3-I. 

5) Maturation initiates with the removal of LC3-II from the outer surface of mature APs by the 

protease Atg4.39 Then, fully formed APs initiate a multi-step fusion process with one or more 

endosomal vesicles, to form an amphisome.40 The final fusion step merges amphisomes with dense 

lysosomes (LSs), and the formation of fully degradative autolysosomes. 
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In pathological conditions, in particular during a NDD entailing the uncontrolled accumulation of 

mis-folded, aggregated proteins, the induction of autophagy could be beneficial. Any enzyme, 

receptor or protein complex involved in autophagy pathways may be considered a putative target 

to modulate (or more precisely, induce) autophagic activity in a damaged cellular environment. 

The majority of them have not been targeted yet in drug discovery projects, probably due to the 

lack of structural information or to the complexity of their biochemical pathways. In this work we 

have focused our attention on a specific molecule recently characterised as a pharmacological 

chaperone acting as an autophagy inducer. 

 

4.1.1.3 Cytoplasmic cell death (type 3) 

Cytoplasmic cell death, a necrotic form of programmed cell death, includes swelling of the 

endoplasmic reticulum and mitochondria, and lacks typical apoptotic features such as apoptotic 

bodies and nuclear fragmentation.41 Recently, it has been noted that hyperactivation of tyrosine-

kinase receptor insulin-like growth factor I receptor (IGFR) induces a non-apoptotic cell death 

known as paraptosis.1 Paraptosis is a caspase-independent programmed cell death which begins 

with dilation of the cisternae of RER, and sometimes with the swelling of mitochondria. Ribosomes 

remain attached to the dilated cisternae, and there is no dispersion of polysomes into free 

ribosomes. This PCD type has some characteristics of both apoptosis and necrosis (Figure 4-5).42 

 

 

Figure 4-5: Diagram showing necroptotic pathway. 
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4.1.2 Trehalose: an autophagy inducer 

As earlier said, autophagy is an important process in several age-related NDDs.43 In AD and PD, 

the gradual accumulation of protein aggregates causes neuronal impairment and death; autophagy 

is important for the elimination of aggregated proteins and dysfunctional organelles. Hence, 

autophagy induction is a good target to protect nerve cells from proteotoxicity. For this reason, 

attempts directed to enhancing of autophagy in neurodegenerative research is an interesting topic. 

Several small molecules have been identified as autophagy flux enhancers in preclinical mouse 

models.44 Among them, a promising, naturally occurring compound is -trehalose (trehalose 

from now on, Figure 4-6).  

 

 

Figure 4-6: Structure of −trehalose 4-1. 

 

Trehalose is a disaccharide formed by a 1,1 linkage between two d-glucose molecules.45 It is a non-

reducing sugar that is not easily hydrolysed by acid, and its glycosidic bond is not cleaved by a 

glucosidase. When purified it is usually found in a dihydrate form, which is a commercial and 

cheap reagent. Although α, β (neotrehalose) and β, β (isotrehalose) isomers of trehalose have been 

synthesized, they are rarely found in nature.46 The α,α form is the isomer commonly referred to as 

trehalose, and is widespread throughout the plant and animal kingdoms. Over 80 species 

representing plants, algae, fungi, yeasts, bacteria, insects and other invertebrates biosynthesize 

trehalose.47,48 Interestingly, trehalose has been isolated from any examined species of insects, is 

the main sugar (approximately 80–90%) found in the hemolymph and can constitute about 20% 

of all carbohydrates during specific stages of insect development.49 In lower organisms, trehalose 

is thought to act as an energy source during certain stages of development, such as early 

germination of spores.50 In mycobacteria, trehalose can be incorporated into glycolipids and 

therefore act as a structural component. In other micro-organisms, trehalose derivatives act as 

metabolic intermediates or structural molecules.45 From the wide variety of species that have been 

shown to contain trehalose it seems likely that trehalose should be present / biosynthesized in 

many other organisms; conversely, it is completely absent / not biosynthesized in mammals. 

One of the more fascinating properties of trehalose in extremophile organisms is its participation 

in stabilizing life processes in extreme conditions (i.e., freezing or dehydration]).51–53 In various 

yeast species, for example, the accumulation of trehalose correlates with the ability of the organism 

to survive heat and desiccation stress.54,55 Accordingly, because of some inherent properties of 

trehalose, namely prevention of starch retrogradation and stabilization of proteins and lipids, it 

has proved quite useful in several industries including food processing, cosmetics and 

pharmaceutics.45,56 

Trehalose induces autophagy in vitro and in vivo and reduces protein misfolding and aggregation 

in vitro.57 It induces the clearance of disease-related aggregates by enhancing autophagy associated 

with higher expression of key autophagy-related genes and activation of the transcription factor 

FoxO1, a regulator of autophagy in neurons.58 Moreover, the reduction of aggregated huntingtin 

(HD)59, -synuclein (PD)57 and amyloid species (AD)60 was observed in vitro. Trehalose was tested 
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as a safe, cheap, neuroprotective agent in preclinical and clinical studies.45 Unfortunately, high mM 

trehalose concentrations are needed in vivo for efficacy, due to its high hydrophilicity and to the 

presence of trehalase enzymes, that hydrolyse trehalose in the brush border cells of the small 

intestine and in the proximal tubules of the kidneys, preventing its oral absorption. 61 

 

4.1.3 Self-assembled nanoparticles in NDDs 

In recent years, public and private researchers have given growing attention to new 

nanotechnology strategies to improve drug delivery to the central nervous system (CNS).62 

However, while liposomes, micelles and polymer-based nano-assemblies (NAs) are developed and 

eventually marketed mostly as anti-cancer agents, exploratory efforts up to clinical trials against 

diseases of the CNS were also reported.63 Synthesis and self-assembled formation of nano lipid-

drug conjugates64 could be considered to improve pharmacokinetic properties of blood brain 

barrier (BBB)-impermeable drugs, to decrease toxicity and increase their therapeutic index. In 

particular, squalene-based amphiphilic conjugates have a proven track record for therapeutic 

applications.65  

 

 

Figure 4-7: Structure of squalene 4-2. 

 

Squalene (Sq, 4-2, Figure 4-7), a natural precursor of many steroids, showed the ability - when 

linked to biologically active compounds - to spontaneous form conjugated nanoassemblies in 

water, working as self-assembly inducer. In this way it protects the drugs from environment 

damaging factors and, in some cases, also improves their pharmacokinetic profile. These 

nanoassemblies are internalized by cells via endocytic pathways, and when a biologically labile 

linkage is used it can release the free drug at its site of action – see earlier section Linkers for more 

details. 

  



228 

4.2 Chemistry  

4.2.1 Aim of the project 

Self-assembled NPs could be promising tools for trehalose as a drug, improving its 

pharmacokinetic properties and overcoming problems that make it difficult to use in therapeutic 

treatments. During my Ph.D. we studied the synthesis, the formation and the biological activity of 

different trehalose conjugates as monomers and as NPs. In particular, we synthesized four different 

squalene-trehalose conjugates (Figure 4-8) in 1:1 (4-3a,b) and 2:1 (4-3c,d) stoichiometric ratio. 

 

 

Figure 4-8: Structure of squalene-trehalose conjugates 4-3a-d. 

 

We used two different linkers (sebacic acid - 4-3a,c and 4,4’-dithiodibutyric acid - 4-3b,d) to 

investigate their influence in the release of trehalose inside cells. As said previously (see section 

Linkers for more details) 4,4’-dithiodibutyric acid should provide an easier release of the drug due 

to the presence of a disulfide bond. Moreover, we synthetized another trehalose conjugate (4-3e) 

using earlier described betulinic acid (BA) as a self-assembly inducer (Figure 4-9). 

The synthesis of these compounds, their assembly and characterization of nanoparticles are 

described in the following part of this chapter. Moreover, measurements of cell viability to 

determine the safety of products as monomers and nanoparticles and their biological activity are 

discussed in detail.  

The work described in this chapter allowed the publication of a research paper.66 
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Figure 4-9: Structure of BA-trehalose conjugate 4-5. 

 

4.2.2 Retrosynthetic Analysis 

Here is reported a schematic representation of the targeted conjugates (Figure 4-10). 
 

 

Figure 4-10: Structures of target conjugates 4-3a-e. 

 

We designed the following retrosynthetic pathway for the preparation of all the trehalose 

conjugates (Scheme 4-1).  

Trehalose conjugates 4-3a-e should be obtained through a trimethylsilyl deprotection reaction 

from compounds 4-4, which could be obtained through a condensation reaction between hexa-

trimethylsilylated trehalose 4-6 and the desired pre-constituted inducer-linker constructs 4-5a-c. 

Compound 4-5 should be the result of full trehalose (4-1) silylation, followed by selective 

deprotection of its primary alcohols;. Linker-inducer constructs should result from simple 

amidation reactions (Scheme 4-1). 
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Scheme 4-1: Retrosynthetic pathway for conjugates 4-3a-e. 

 

4.2.3 Synthesis of hexa-trimethylsilyl trehalose 4-6 

Trehalose contains eight hydroxylic groups that have almost identical reactivities, hence the 

necessity to protect some of them to avoid side-products. To do so, we initially protected all the 

hydroxyl group of trehalose 4-1 using trimethylchlorosilane (TMSCl) as a protecting group and dry 

pyridine as a solvent (Scheme 4-2, step a). After 20 h the desired persilylated compound was 

obtained as a white solid, as confirmed by TLC and NMR reaction monitoring.  

Then, we selectively deprotected both primary alcohols using K2CO3 in a 3:1 mixture of 

MeOH/CH2Cl2 as solvent (Scheme 4-2, step a). Potassium carbonate is widely used for the removal 

of trimethylsilyl protecting groups, and the reaction occurs first on primary alcohols, that are more 

reactive.67 We kept monitoring the reaction to control the selective deprotection of only the 

primary alcohols; after 90 minutes the reaction was stopped and, after direct phase 
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chromatography purification, target hexasilyl trehalose 4-6 was obtained in a good overall yield 

(65%). 

 

 

Scheme 4-2: Synthesis of hexa-TMS trehalose 4-6. 

 

The structure of 4-6 was confirmed by the appearance, in its 1H-NMR, of a singlet at 0.16 ppm, 

characteristic of methyl groups on silicon atoms; the signal has an integration of 18 hydrogens, that 

confirms the presence of six trimethylsilyl groups.  

 

4.2.4 Synthesis of linker-S.A. inducers 4-5a,c 

The next step of our synthesis consisted in the preparation of compounds 4-5a-c through a 

condensation reaction between self-assembly inducers – either squalene or BA, right - and linkers 

– either sebacic acid or 4,4’-dithiodibutyric acid, left (Figure 4-11). 

 

 

Figure 4-11: Chosen linker and self-assembly inducer moieties. 

 

Linkers 4-7 and 4-8 are commercially available, while the preparation of BA-based linker-inducers 

4-9 and 4-5c has been already described in Chapter 3. As to the preparation of 1,1',2-tris-nor-

squalene alcohol 4-10 we applied the known synthetic pathway shown below (Scheme 4-3).68  

Namely, commercial squalene 4-2 was sequentially submitted to halohydration (step a) to obtain 

bromohydrine 4-11 and then, to a base-promoted elimination (step b) to give epoxide 4-12. This 

intermediate was submitted to oxidative cleavage (step c) giving aldehyde 4-13, and to a final 

reduction with NaBH4 to obtain the desired alcohol 4-10 (step c, Scheme 4-3). 
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Scheme 4-3: Synthesis of squalene-alcohol 4-10. 

 

Squalene-alcohol 4-10 was then conjugated either with sebacic acid and with 4,4’-dithiodibutyric 

acid to obtain linker-S.A. inducer moieties 4-5 a,b. More in details, said compounds were obtained 

through a condensation reaction between alcohol 4-10 and dicarboxylic acids 4-7 and 4-8 as shown 

in Scheme 4-4, allowing the formation of targets 4-5a,b in 40 to 60% yields. 

 

 

Scheme 4-4: Synthesis of linker-S.A. inducer moieties 4-5a,b. 

 

4.2.5 Synthesis of linker-S.A. inducer hexaTMS-trehalose 4-4a-f 

With linker-Sq (4-5a,b) and linker-BA moieties (4-5c) in our hands, through a condensation 

reaction with hexa-protected trehalose 4-6 we obtained hexa-TMS target conjugates 4-4a-c. More 

in details, we applied the same reaction conditions for the conjugation of two Sq-bearing substrates 

(linker-S.A. inducer 4-5a and 4-5b, step a, Scheme 4-5). An equimolar amount of linker-S.A. 

inducer 4-5 and hexa-TMS trehalose 4-6 was stirred with EDC and DMAP as condensing agents in 

dry toluene at 50°C. The reaction outcomes were comparable, allowing the formation of the 

monomeric constructs (4-4a,b), in which esterification reaction occurs only at one primary 

alcohol, and the dimeric symmetrical constructs (4-4c,d), in which esterification reaction occurs 

on both primary alcohols. 
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Scheme 4-5: Synthesis of hexa-TMS Sq-trehalose conjugates 4-4a-d. 

 

We decided to purify and isolate both mono- and dimeric products, distinguishable from TLC 

analysis as having different polarity. Their structure was then confirmed by 1H-NMR 

characterization and comparing their integrals, as the integration of linker-Sq signals is double in 

the dimeric products 4-4c,d.  

A similar reaction between hexa-TMS trehalose 4-6 and the linker-BA compound 4-5c is shown in 

Scheme 4-6. 

Steglich esterification (step a) occurred using the same protocol used for 4-4a-d, producing the 

same monomeric (4-4e), and dimeric (4-4f) constructs couple. Once again, we isolated both 

products, and as before, their structure was confirmed by 1H-NMR characterization through 

integral measurements. 

 

 

Scheme 4-6: Synthesis of hexa-TMS BA-trehalose conjugates 4-4e,f.  
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4.2.6 Synthesis of target conjugates 4-3a-e 

The final step of the synthesis consisted in the deprotection of silylated conjugates 4-4a-f to obtain 

target conjugates 4-3a-f (Scheme 4-7). 

 

 

Scheme 4-7: Synthesis of final target compounds 4-3a-f. 

 

Intermediates 4-4a-f were submitted to the same reaction conditions, shown in Table 4-1: only 

reaction times were optimized for each substrate. 

 
Table 4-1: Reaction conditions relative to Scheme 4-7. 

Entry Reaction conditions Time (h) Yield 

I (4-4a) AcOH, MeOH, 40°C 23 h quant. 

II (4-4b) AcOH, MeOH, 40°C 72 h 90% 

III (4-4c) AcOH, MeOH, 40°C 24 h 97% 

IV (4-4d) AcOH, MeOH, 40°C 48 h 94% 

V (4-4e) AcOH, MeOH, 40°C 48 h quant. 

VI (4-4f) AcOH, MeOH, 40°C 50 h / 

 

Starting from hexa-TMS protected squalene-trehalose conjugates (4-4a-d) we obtained the 

corresponding target products 4-3a-d (Figure 4-12), through acidic deprotection. 

 

 

Figure 4-12: Sq-trehalose final products 4-3a-d. 
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All the products were obtained in good yields, and their formation was confirmed by the complete 

disappearance, of TMS signals at 0.22-0.11 ppm in their 1H-NMR spectra. 

BA-trehalose conjugates (4-4e-f) shown in Figure 4-13 should have resulted from acidic 

deprotection of constructs 4-4e,f. 

 

 

Figure 4-13: Theoretically obtainable BA-trehalose final products 4-3e-f. 

 

Standard treatment with AcOH led to the formation of monomeric product 4-3e in quantitative 

yield from 4-4e after flash chromatography purification, but the deprotection of dimeric 

compound 4-4f only led to the formation of a series of uncharacterizable degradation products. 

The structure of monomeric 4-3e was confirmed by the disappearance of TMS signals at 0.25-0.14 

ppm in its 1H-NMR spectrum.  

 

4.2.7 Sq-based nanoparticles assembly and structural characterization 

Final target monomeric and dimeric squalene-trehalose conjugates 4-3a-d and monomeric 

betulinic acid-trehalose conjugate 4-3e were assembled into their corresponding nanoparticles (4-

14a-e, Figure 4-14) following an already described, standard experimental procedure (see 

Paragraph 3.2.11).69 

 

 

Figure 4-14: Assembly and graphic representation of final products nanoparticles 4-14a-e. 
 

Self-assembled nanoparticles 4-14a-e were characterised in terms of HD and Z-potential, as shown 

in Table 4-2, by our collaborator Dr. Laura Polito, research scientist at SCITEC-CNR Milan. 
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Table 4-2: NPs 4-14a-e structural characterization. 

Compound (NP) 
(mg/mL) 

Polydispersity 
index (PI) 

Hydrodynamic 
Diameter (HD, 

nm) 

Z-Potential 
(mV) 

4-14a (0.2 mg/mL) 0.121 ± 0.019 90.4 ± 0.7 -25.12 ± 0.79 

4-14b (0.6 mg/mL) 0.167 ± 0.018 188±49 -37.13±0.85 

4-14c (0.2 mg/mL) 0.072 ± 0.010 132.8 ± 0.9 -25.43 ± 0.69 

4-14d (0.6 mg/mL) 0.074 ± 0.013 184±36 -43.55±1.60 

4-14e (0.2 mg/mL) 0.126 ± 0.010 463 ± 29 -23.53 ± 0.29 

 

DLS confirmed the formation of nanoassemblies in aqueous media. The low polydispersity index 

values (PI < 0.2) confirmed the mono-dispersion of the colloidal solution of each nanoparticle, 

while their Z-potential was strongly negative for all nanoassemblies (< -25 mV), suggesting a high 

electrostatic repulsion, i.e. good colloidal stability. HDs are satisfyingly low for Sq-based NPs 4-

14a-d (< 200nm), while self-assembly of BA-trehalose conjugate 4-14e resulted in much larger 

nanoparticles with a mean HD centered at about 460 nm. However, the stability of all NPs resulted 

quite good, as their HD not affected even after 10 days’ storage in aqueous solution. 

 

4.3 Biological profiling 

Finally, the five NPs 4-14a-e were submitted to biological profiling in HeLa cells for cytotoxicity 

(safety determination) and autophagy induction (activity determination). HeLa cultures were 

treated for 2 and 48 h at 37 °C with either 4-14a-e (either estimated 20 µM concentrations of 

trehalose in water for 2h, or estimated 40 µM concentrations for 48h), with their non-assembled 

squalene-trehalose precursors 4-3a-d (either 20 µM in DMSO for 2 h, or 40 µM for 48 h), with BA-

trehalose precursor 4-3e (either 20 µM in EtOH for 2 h, or 40 µM for 48 h), or with each individual 

component (100 mM trehalose in water, 20 µM squalene in DMSO for 2 h, 20 µM BA in EtOH for 

2 h, or 40 µM with both for 48 h), or with the relative vehicle (DMSO or EtOH). Assays were 

carried out for 48 h to ensure the complete release of free trehalose from nanoparticles.  

Firstly, here are reported the results for NPs 4-14a,c,e and their monomers. The in vitro safety 

profile for NPs 4-14a,c,e and their monomers 4-3a,c,e was determined via the MTT cytotoxicity 

assay (Figure 4-15), a colorimetric assay for assessing cell metabolic activity.70 

 



237 

 

Figure 4-15: MTT cytotoxicity assay on NPs 4-14a,c,e and their monomers 4-3a,c,e. 
 

All samples did not elicit an overt toxicity upon 2 h of treatment. Conversely, while the NPs 

confirmed lack of cytotoxicity at 48 h, both the dimeric squalene-trehalose construct 4-3c (≈65% 

viable cells at 48 h) and free BA (≈25% viable cells at 48 h) showed significant cytotoxicity.  

Next, we assessed if any among the tested samples could induce autophagy by western-blotting. In 

accordance with cytotoxicity results, we tested our NPs 4-14a,c,e at both timelines (2 h/Figure 

4-16, and 48 h/Figure 4-17), while non-assembled precursors and individual components were 

tested only at 2 h. Autophagy was monitored by tracking the mobility shift from LC3I to LC3II 

isoforms (Figure 4-16 and Figure 4-17, top right), representing a bona fide reporter of the induction 

of autophagy; and by the amount of LC3II, correlating with the formation of autophagosomes 

(Figure 4-16 and Figure 4-17, top left). α-Tubulin was used as an internal control in the assays. 

Moreover, LC3-II levels were monitored by western blot (Figure 4-16 and Figure 4-17, bottom). 

 

 

Figure 4-16: Autophagy induction effects at 2h LC3BII amount (top left), LC3BII/LC3BI ratio (top right), 2 
h/2 µM; western blot evaluation of autophagy induction by measuring LC3-II levels (bottom).  
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After 2 h, we only observed a moderate autophagy-increasing effect by the squalene-trehalose 

construct 4-14c that did not reach statistical significance (Figure 4-16, top left and right). At 48 h, 

surprisingly, all three NPs did not show any effect on autophagy induction/progress (Figure 4-17, 

top left and right). 
 

 

Figure 4-17: Autophagy induction effects at 48h. LC3BII amount (top left), LC3BII/LC3BI ratio (top right), 
48 h/40 µM; western blot evaluation of autophagy induction by measuring LC3-II levels (bottom). 

 

In order to justify their lack of biological effects, the fate of our NPs in the biological medium used 

for autophagy induction assays was then investigated. Thus, HeLa cell lysates were treated 

following a published procedure,71 obtaining two protein-free aqueous (≈4:3 MeOH/water) and 

organic (≈3:1 MeOH/chloroform) layers. Their LC-MS analysis could neither detect trehalose as 

such at the expected µM concentration, nor the most likely lipid-trehalose intermediate 

compounds. Unfortunately, we could not rule out the presence of trehalose at lower nM 

concentrations that would not elicit an autophagy-inducing effect in cells, due to its relatively low 

detection LC-MS limits; nevertheless, we hypothesize that highly lipophilic lipid-trehalose 

intermediates 4-14a and 4-14e could remain trapped within the protein pellet, and thus go 

undetected in our bioanalytical LC-MS analysis. 

For what regards the nanoparticles containing the disulphide bond, here are reported some 

preliminary results for NPs 4-14b,d. Once again, the in vitro safety profile for NPs 4-14b,d was 

determined via the MTT cytotoxicity assay (Figure 4-18). 
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Figure 4-18: MTT cytotoxicity assay on NPs 4-14b,d. 

 

Upon 24 h treatment building blocks 4-10 and 4-8, and both NPs at 10 μM did not show signs of 

toxicity. However, increasing their concentration, NPs 4-14b and 4-14d started showing a certain 

degree of toxicity, especially evident for 4-14d at 50 μM (≈15% viable cells at 48 h). 

However, we assessed if any among the tested samples could induce autophagy by western-

blotting, testing our NPs 4-14b,d, at different concentrations (10, 25 and 50 μM). Autophagy was 

monitored by tracking the mobility shift from LC3I to LC3II isoforms (Figure 4-19, top and center 

left), representing a bona fide reporter of the induction of autophagy; and by the amount of LC3II, 

correlating with the formation of autophagosomes (Figure 4-19, top and center right). α-Tubulin 

was used as an internal control in the assays. Moreover, LC3-II levels were monitored by western 

blot (Figure 4-19, bottom). 

While for what regards 4-14b no significant activity is detected at the concentration tested, 4-14d 

shows an interesting autophagy induction. In fact, at 50 μM our NPs resulted 1000 times more 

active then trehalose administered as it is. Unfortunately, the high toxicity demonstrated at this 

concentration makes the NPs not suitable for administration, so further studies will be carried out 

in order to improve this issue.  

Our hypothesis regarding this difference in activity between 4-14b and 4-14d concerns the 

improved release of the latter, due to the presence of the disulphide linker that is able to free 

trehalose inside the cells. 
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Figure 4-19: : Autophagy induction effects at 24h. LC3BII/LC3BI ratio (top and center left),LC3BII amount 
(top and center right); western blot evaluation of autophagy induction by measuring LC3-II levels (bottom). 
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4.4 Conclusions and future perspectives 

In conclusion, five different trehalose-self-assembly inducer conjugates 4-3a-e (Figure 4-20) were 

synthesised. 

 

 

Figure 4-20: Trehalose self-assembly inducers conjugates 4-3a-e. 

 

Their ability to form self-assembled nanoparticles has been validated with good results (Table 4-3). 

 
Table 4-3: Nanoparticles 4-14a-e: structural characterization. 

Compound (NP) 
(mg/mL) 

Polydispersity 
index (PI) 

Hydrodynamic 
Diameters (HD, 

nm) 

Z-Potential 
(mV) 

4-14a (0.2 mg/mL) 0.121 ± 0.019 90.4 ± 0.7 -25.12 ± 0.79 

4-14b (0.6 mg/mL) 0.167 ± 0.018 188±49 -37.13±0.85 

4-14c (0.2 mg/mL) 0.072 ± 0.010 132.8 ± 0.9 -25.43 ± 0.69 

4-14d (0.6 mg/mL) 0.074 ± 0.013 184±36 -43.55±1.60 

4-14e (0.2 mg/mL) 0.126 ± 0.010 463 ± 29 -23.53 ± 0.29 

 

Our nanoparticles show low polydispersity and good colloidal stability, as confirmed by their Z-

potential value, and by the stability of their HD which is not affected even after 10 days’ storage in 

aqueous solution. From a biological point of view, dimeric conjugate 4-3c showed a preliminary 

indication of higher potency than trehalose on autophagy induction at much lower, ≈40 µM, 

concentrations. We hypothesize that its higher lipophilicity, compared to monomeric 4-3a, may 

yield better cell permeability after 2 hours of incubation, with a significant effect on autophagy 
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induction. The three NPs didn’t show any cytotoxicity, and did not show any effect upon autophagy 

induction; their inactivity could be justified by the absence of µM-free trehalose concentrations in 

cell lysates (LC-MS determination), possibly due to limited degradation of NPs in 48 h. NPs 4-14d, 

instead, showed high levels of autophagy induction, but its important toxicity makes it unsuitable 

for administration as a drug. Further studies will be carried out to try and decrease this toxicity, to 

take advantage of the high potency shown by 4-14d. The results obtained allowed the publication 

of a paper.66  
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4.5 Experimental part 

Synthesis of hexa-TMS trehalose 4-6 

 

Trimethylchlorosilane (TMSCl, 4.31 g, 39.6 mmol) was added under stirring to a solution of 

compound 4-1 (1.00 g, 2.64 mmol) in dry pyridine (27 mL) at 0°C under nitrogen atmosphere. The 

reaction mixture was stirred at rt overnight. The solvent was removed under reduced pressure, 

water was added (50 mL) and the aqueous phase was extracted with n-hexane (4 x 30 mL). The 

collected organic phases were dried with Na2SO4 and evaporated under reduced pressure after 

filtration. The white solid obtained was dissolved in a 3:1 mixture of MeOH/CH2Cl2(14 mL), cooled 

to 0°C and K2CO3(43 mg, 0.31 mmol) was added. The reaction mixture was stirred at rt for 90 

minutes until reaction monitoring (TLC, eluent mixture: 8:2 n-hexane/AcOEt) confirmed the 

formation of compound 4-6. The reaction was quenched by addition of acetic acid (0.05 mL). The 

solvent was removed under reduced pressure and the crude was purified by flash chromatography 

(silicagel, eluent mixture: 8:2 to 6:4 n-hexane/AcOEt) to obtain pure 4-6 (1.32 g, 1.70 mmol, 65% 

yield) as a white solid. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz,): δ(ppm) = 4.9 (d, J = 3.6 Hz, 2H, 

H1), 3.91 (m, 4H, H3-H5), 3.70 (m, 4H, H6), 3.45 (m, 4H, H2, 

H4), 1.81 (bs, 2H, -OH), 0.15 (s, 54H, -TMS). 

13C-NMR (101 MHz, CDCl3): δ(ppm) = 95.0, 74.3, 73.8, 73.4, 71.9, 

61.1, 0.7, 0.2. 

[𝜶]𝑫
𝟐𝟎: +114.1. 

MS (ESI+), m/z: calcd for C30H70O11Si6 774.35, found 797.34 (M+Na+). 
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Synthesis of (6E,10E,14E,18E)-3-bromo-2,6,10,15,19,23-hexamethyltetracosa-6,10,14, 

18,22-pentaen-2-ol 4-11 

 

Water (7 mL) was added to a solution of squalene (4-2) (8.58 g, 20.9 mmol) in THF (60 mL) and 

then THF was added dropwise until a clear solution was obtained. N-bromosuccinimide (NBS, 4.46 

g, 25.1 mmol) was added portion wise and the reaction mixture was stirred at rt for 90 min. The 

solvent was removed under reduced pressure, brine (250 mL) was added and extracted with AcOEt 

(18 x 90 mL). The collected organic phases were dried with Na2SO4 and evaporated under reduced 

pressure after filtration, and the crude was purified by flash chromatography (silicagel, eluent 

mixture: 1:1 n-hexane/CH2Cl2) to obtain pure 4-11 (3.66 g, 7.21 mmol, 35% yield) as a pale yellow 

oil. 

Analytical characterization 

 1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.25 - 5.10 (m, 5H, H6-

H10-H13-H17-H21), 4.01 (dd, J = 11.3, 1.9 Hz, 1H, H2), 2.35 - 2.32 

(m, 1H, H3), 2.17 - 1.95 (m, 18H, H4-H7-H8-H11-H12-H15-H16-

H19-H20), 1.88 - 1.77 (m, 1H, H3’), 1.70 (s, 3H, H10), 1.63 (bs, 15H, 

H25-H26-H27-H28-H29), 1.37 (s, 3H, H24), 1.36 (s, 3H, H24’). 

13C-NMR (CDCl3, 101 MHz): δ(ppm) = 135.1, 134.9, 133.0, 131.2, 

126.0, 124.5, 124.3 (3C), 72.4, 71.0, 39.7 (3C), 38.2, 32.2, 28.3 (3C), 

26.7 (2C), 25.8 (3C), 17.7, 16.0 (3C), 15.8. 

MS (ESI+), m/z: calcd for C30H51BrO 506.31, found 529.30 (M+Na+). 
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Synthesis of 2,2-dimethyl-3-[(3E,7E,11E,15E)-3,7,12,16,20-pentamethylhenicosa-

3,7,11,15,19-pentaen-1-yl]oxirane 4-12 

 

Solid K2CO3 (1.99 g, 14.4 mmol) was added to a solution of 4-11 (3.66 g, 7.21 mmol) in MeOH (120 

mL) under stirring, and the reaction mixture was stirred at rt for 2 h. The solvent was removed 

under reduced pressure. Water (120 mL) was added and the resulting suspension was extracted 

with AcOEt (5 x 100 mL). The organic layers were dried over Na2SO4 and the solvent was removed 

under pressure after filtration to obtain pure product 4-12 (3.05 g, 7.14 mmol, quant. yield) as a 

yellow oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.17 - 5.06 (m, 5H, H6-

H10-H13-H17-H21), 2.69 (t, J = 6.1 Hz, 1H, H2), 2.19 - 1.95 (m, 

20H, H3-H4-H7-H8-H11-H12-H15-H16-H19-H20), 1.68 (s, 3H, 

H23), 1.58 (bs, 15H, H25-H26-H27-H28-H29), 1.28 (s, 3H, H24), 

1.24 (s, 3H, H24’). 

13C-NMR (CDCl3, 75 MHz): δ(ppm) = 135.1, 134.9 (2C), 134.0, 

131.2, 124.9, 124.3 (4C), 64.2, 58.3, 39.7 (3C), 36.3, 28.2 (2C), 27.5, 

25.7, 24.9 (2C), 18.7, 17.7, 16.0 (3C). 

MS (ESI+), m/z: calcd for C30H50O 426.39, found 449.38 (M+Na+). 

 

Synthesis of (4E,8E,12E,16E)-4,8,13,17,21-pentamethyldocosa-4,8,12,16,20-pentaenal 4-

13 
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A solution of 4-12 (5.28 g, 12.4 mmol) in dioxane (50 mL) was added to a stirred solution of H5IO6 

(5.07 g, 22.2 mmol) in H2O (21 mL) and the reaction was stirred at rt for 2 h. The solvent was 

removed under pressure, water (170 mL) was added and the resulting suspension was extracted 

with AcOEt (3 x 90 mL). The organic layers were washed with brine (20 mL) and H2O (20 mL), 

then dried over Na2SO4and concentrated under pressure after filtration to obtain pure product 3-

13 (4.68 g, 12.2 mmol, 86% yield) as a yellow oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 9.73 (s, 1H, H1), 5.13 - 5.06 

(m, 5H, H5-H9-H12-H16-H20), 2.49 (t, J = 7.1 Hz, 2H, H2), 2.30 

(t, J = 7.1 Hz, 2H, H3), 2.10 - 1.97 (m, 16H, H6-H7-H10-H11-H14-

H15-H18-H19), 1.67 (s, 3H, H22), 1.55 (bs, 15H, H23-H24-H25-

H26-H27). 

13C-NMR (CDCl3, 75 MHz): δ(ppm) = 202.6, 135.1, 134.9, 134.8, 

132.9, 131.2, 125.4, 124.5, 124.4, 124.2 (2C), 67.1, 42.1, 39.7 (2C), 

39.5, 31.8, 28.2 (2C), 26.7, 26.6, 25.7 (2C), 17.7, 16.0 (3C). 

MS (ESI+), m/z: calcd for C27H44O 384.34, found 407.33 (M+Na+). 

 

Synthesis of (4E,8E,12E,16E)-4,8,13,17,21-pentamethyldocosa-4,8,12,16,20-pentaen-1-ol 

4-10 

 

Solid NaBH4 (0.230 g, 6.10 mmol) was added portion wise to a stirred solution of 4-13 (4.68 g, 12.2 

mmol) in MeOH (194 mL), and the mixture was stirred for 2 h at rt. HCl 1M (15 mL) was added to 

quench the unreacted NaBH4. The solvent was then removed under reduced pressure, water (150 

mL) was added and the resulting suspension was extracted with AcOEt (3 x 90 mL). The organic 

layers were dried over Na2SO4 and concentrated under reduced pressure after filtration to obtain 

pure target 4-10 (4.54 g, 11.7 mmol, 91% yield) as a yellow oil. 
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Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.13 - 5.08 (m, 5H, H5-

H9-H12-H16-H20), 3.61 (t, J = 6.3 Hz, 2H, H1), 2.08 - 1.99 (m, 

18H, H3-H6-H7-H10-H11-H14-H15-H18-H19), 1.85 - 1.78 (m, 2H, 

H2), 1.67 (s, 3H, H22), 1.59 (s, 15H, H23-H24-H25-H26-H27). 

13C-NMR (CDCl3, 75 MHz): δ(ppm) = 135.1, 134.9 (2C), 134.5, 131.2, 

125.8, 124.4 (2C), 124.3 (2C), 62.8, 39.7 (3C), 36.0, 30.7, 28.2 (2C), 

26.6 (3C), 25.7 (2C), 17.7, 16.0 (3C). 

MS (ESI+), m/z: calcd for C27H46O 386.35, found 409.34 

(M+Na+). 

 

Synthesis of squalenoyl sebacic acid 4-5a 

 

Sebacic acid (4-7) (402 mg, 1.99 mmol), EDC.HCl (229 mg, 1.19 mmol) and DMAP (84.9 mg, 0.696 

mmol) were added sequentially to a solution of 4-10 (386 mg, 0.995 mmol) in dry CH2Cl2 (10 mL) 

and the reaction mixture was stirred under nitrogen at rt for 22 h. HCl 1M (20 mL) was added and 

the resulting suspension was extracted with AcOEt (4 x 15 mL). The organic layers were dried over 

Na2SO4and the solvent was removed under reduced pressure after filtration. The crude was 

purified with flash chromatography (silicagel, eluant mixture: n-hexane/AcOEt 9:1 + 1% acetic acid) 

to obtain pure 4-5a as a colourless oil (112 mg, 0.199 mmol, 20% yield). 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.13 - 5.06 (m, 5H, 

H15-H19-H22-H26-H30), 4.02 (t, J = 9.0 Hz, 2H, H11), 2.36 

- 2.25 (m, 4H, H9-H2), 2.08 - 1.97 (m, 20H, H12-H13-H16-

H17-H20-H21-H24-H25-H28-H29), 1.84 - 1.59 (m, 22H, 

H32-H33-H34-H35-H36-H37-H3-H8), 1.32 - 1.28 (bs, 8H, 

H4-H5-H6-H7). 

13C-NMR (CDCl3, 75 MHz): δ(ppm) = 178.9, 173.9, 135.1, 

134.9, 133.7, 125.1, 124.3 (4C), 64.0, 39.7 (3C), 35.8, 34.3, 33.8, 

29.7, 29.0 (4C), 28.2 (3C), 26.9, 26.7 (2C), 25.6, 24.9 (2C), 

24.6, 17.7, 16.0 (4C). 

MS (ESI+), m/z: calcd for C37H62O4 570.46, found 593.45 (M+Na+). 
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Synthesis of mono sebacate-squalenoyl-hexaTMS-trehalose 4-4a and bis sebacate-

squalenoyl-hexaTMS-trehalose 4-4c  

 

EDC.HCl (89.0 mg, 0.464 mmol) and DMAP (5.2 mg, 0.0387 mmol) were sequentially added while 

stirring under nitrogen atmosphere to a solution of hexaTMS-protected trehalose 4-6 (300 mg, 

0.387 mmol) in dry toluene (8.3 mL) at rt. After 30 minutes, carboxylated squalene-linker adduct 

4-5a (221 mg, 0.387 mmol) was added, and the reaction mixture was stirred at 50°C for 46 h. 

Reaction monitoring (TLC, eluent mixture: 9:1 n-hexane/AcOEt) confirmed the disappearance of 

hexaTMS-protected trehalose 4-6. The solvent was then removed under reduced pressure, and the 

crude oil was purified by flash chromatography (silicagel, eluent mixture: 9:1 n-hexane/AcOEt) to 

obtain pure 4-4a (233 mg, 0.175 mmol, 45% yield) as a colourless oil and pure 4-4c (101 mg, 0.0542 

mmol, 14% yield) as a colourless oil. 

Analytical characterization 

4-4a: 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.21-5.05 (m, 5H, 

H21-H25-H28-H32-H36), 4.94 (t, J = 2.8 Hz, 2H, H1-H1’), 

4.32 (dd, J = 11.8, 2.1 Hz, 1H, H6a), 4.12-3.98 (m, 4H, H6b-

H5-H17), 3.98-3.82 (m, 3H, H5’-H3-H3’), 3.71 (dd, J = 6.4, 

3.4 Hz, 2H, H6’), 3.54-3.41 (m, 4H, H4-H4’-H2-H2’), 2.41-

2.26 (m, 4H, H8-H15), 2.14-1.96 (m, 16H, H22-H23-H26-

H27-H30-H31-H34-H35), 1.79-1.67 (m, 4H, H18-H19), 1.62-

1.58 (m, 22H, H9-H14-H38-H39-H40-H41-H42-H43), 1.37-

1.29 (m, 8H, H10-H11-H12-H13), 0.22-0.11 (m, 54H, -TMS). 

13C-NMR (CDCl3, 101 MHz): δ(ppm) = 173.3, 173.2, 134.9, 

134.8, 134.1, 132.4, 132.0, 129.3, 129.2, 124.8, 124.6, 124.4, 

93.83, 93.67, 73.77, 73.66, 73.03, 72.05, 71.94, 70.59, 70.10, 

68.3, 63.6, 63.2, 61.3, 39.7 (2C), 35.7, 34.0, 33.9, 29.4, 29.0 (3C), 29.0, 28.9, 28.2, 26.7, 26.4 (2C), 

26.0, 25.0, 24.9, 22.4 (2C), 18.0, 16.3, 16.2, 16.0, (1.4, 1.2, 0.4 = 18C). 

[𝜶]𝑫
𝟐𝟎: -61.9. 

MS (ESI+), m/z: calcd for C67H130O14Si6 1326.81, found 1349.80 (M+Na+). 
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4-4c: 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.16-5.10 (m, 10H, 

H21-H25-H28-H32-H36-H21’-H25’-H28’-H32’-H36’), 4.94 

(d, J = 3.0 Hz, 2H, H1-H1’), 4.31-4.28 (m, 2H, H6a-H6’a), 

4.10-3.99 (m, 8H, H6b-H5-H17-H6b’-H5’-H17’), 3.95-3.90 

(m, 2H, H3-H3’), 3.52-3.44 (m, 4H, H4-H4’-H19-H19’), 

2.38-2.28 (m, 8H, H8-H15-H8’-H15’), 2.13-1.98 (m, 36H, 

H22-H23-H26-H27-H30-H31-H34-H35-H22’-H23’-H26’-

H27’-H30’-H31’-H34’-H35’), 1.77-1.68 (m, 10H, H18-H18'-

H38-H38’), 1.66-1.59 (m, 38H, H9-H14-H9’-H14’-H39-H40-

H41-H42-H43-H39’-H40’-H41’-H42’-H43’), 1.36-1.28 (m, 

16H, H10-H11-H12-H13-H10’-H11’-H12’-H13’), 0.21-0.11 (m, 

54H, -TMS).  

13C-NMR (CDCl3, 101 MHz): δ(ppm) = 173.8 (2C), 173.6 (2C), 

135.0 (2C), 134.9 (2C), 134.8 (2C), 133.6 (2C), 131.2 (2C), 125.1 

(2C), 124.4 (4C), 124.3 (4C), 94.4 (2C), 73.5 (2C), 72.7 (2C), 

71.9 (2C), 70.7 (2C), 63.9 (2C), 63.3 (2C), 39.7 (4C), 35.8 (2C), 34.3 (2C), 34.1 (2C), 29.7 (2C), 29.1 

(6C), 28.8 (2C), 28.2 (4C), 26.9 (2C), 26.8 (2C), 26.6 (4C), 25.7 (4C), 25.0 (2C), 24.8 (2C), 17.7 

(2C), 16.0 (4C), 15.8 (2C), (1.0, 0.9, 0.4, 0.2 = 18C). 

[𝜶]𝑫
𝟐𝟎: -43.9. 

MS (ESI+), m/z: calcd for C104H190O17Si6 1879.26, found 1902.25 (M+Na+). 

 

Synthesis of mono sebacate squalenoyl-trehalose 4-3a 

 

Acetic acid (0.1 mL, 1.73 mmol) was added under stirring at rt to a stirred solution of 4-4a (230 mg, 

0.173 mmol) in MeOH (3 mL), and the reaction mixture was stirred at 40°C overnight. Reaction 

monitoring (TLC, eluent mixture: 9:1 n-hexane/AcOEt) confirmed the disappearance of 4-4a. The 

solvent was then removed under reduced pressure, and the crude solid was purified by flash 

chromatography (silicagel, eluent mixture: 85:15 CH2Cl2/MeOH) to obtain pure target 4-3a (153 

mg, 0.171 mmol, quant. yield) as a white solid. 
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Analytical characterization 

1H-NMR (DMSO-d6, 400 MHz): δ(ppm) = 5.00-4.91 (m, 

6H, H21-H25-H28-H32-H36-OH), 4.75 (d, J = 3.7 Hz, 2H, 

H1-H1’), 4.72 (d, J = 3.6 Hz, 1H,-OH), 4.64 (t, J = 4.7 Hz, 2H, 

-OH), 4.55 (dd, J = 6.2, 1.8 Hz, 2H, -OH), 4.22 (t, J = 6.0 Hz, 

1H, -OH), 4.13-4.10 (m, 1H, H6a), 3.92 (dd, J = 11.8, 5.4 Hz, 

1H, H6b), 3.83 (t, J = 6.6 Hz, 2H, H17), 3.80-3.76 (m, 1H, 

H5), 3.55-3.51 (m, 1H, H3), 3.46-3.40 (m, 3H, H6’-H3’), 3.38-

3.32 (m, 1H, H5’), 3.16-3.10 (m, 2H H2’-H4’), 3.04-2.98 (m, 

2H, H2-H4), 2.17-2.12 (m, 4H, H8-H15), 1.95-1.79 (m, 18H, 

H19-H22-H23-H26-H27-H30-H31-H34-H35), 1.56-1.49 (m, 

5H, H18-H38), 1.44 (bs, 15H, H39-H40-H41-H42-H43), 

1.41-1.37 (m, 4H, H9-H14), 1.13 (bs, 8H, H10-H11-H12-H13). 

13C-NMR (DMSO-d6, 101 MHz): δ(ppm): δ 173.3, 173.2, 

134.83, 134.77, 134.7, 134.0, 131.0, 124.8, 124.6, 124.52, 124.46, 

124.35, 93.8, 93.7, 73.30, 73.26, 73.0, 72.0, 71.9, 70.6 (2C), 70.1, 63.63, 63.56, 61.3, 40.6, 39.64, 39.59, 

39.4, 35.7, 34.0 (2C), 31.6, 30.3, 29.5, 29.1, 29.0, 28.9, 28.2, 26.8, 26.7, 26.4 (2C), 25.9, 24.96, 24.89, 

17.9, 16.2, 16.1. 

[𝜶]𝑫
𝟐𝟎: -59.4. 

MS (ESI+), m/z: calcd for C49H82O14 894.57, found 917.56 (M+Na+). 

 

Synthesis of bis sebacate squalenoyl-trehalose 4-3c 

 

Acetic acid (30 μL, 0.53 mmol) was added under stirring at rt to a stirred solution of 4-4c (100 mg, 

0.0533 mmol) in MeOH (1 mL), and the reaction mixture was stirred at 40°C overnight. Reaction 

monitoring (TLC, eluent mixture: 9:1 n-hexane/AcOEt) confirmed the disappearance of 4-4c. The 

solvent was then removed under reduced pressure, and the crude solid was purified by flash 

chromatography (silicagel, eluent mixture: 85:15 CH2Cl2/MeOH) to obtain pure target 4-3c (69.1 

mg, 0.0472 mmol, 90% yield) as a white solid. 
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Analytical characterization 

1H-NMR (DMSO-d6, 400 MHz): δ(ppm) =5.12-5.04 (m, 

12H, H21-H25-H28-H32-H36-OH-H21’-H25’-H28’-H32’-

H36’-OH), 4.88 (d, J = 4.9 Hz, 2H, -OH), 4.83 (d, J = 3.6 Hz, 

2H, H1-H1’), 4.75 (d, J = 6.1 Hz, 2H, -OH), 4.25-4.21 (m, 2H, 

H6a-H6a’), 4.03 (dd, J = 11.7, 5.6 Hz, 2H, H6b-H6b’), 3.95 

(t, J = 6.6 Hz, 4H, H17-H17’), 3.92-3.87 (m, 2H, H5-H5’), 

3.58-3.52 (m, 2H, H3-H3’), 3.28-3.23 (m, 2H, H2-H2’), 3.15-

3.09 (m, 2H, H4-H4’), 2.28-2.23 (m, 8H, H8-H15-H8’-

H15’), 2.07-1.90 (m, 36H, H19-H22-H23-H26-H27-H30-

H31-H34-H35-H19’-H22’-H23’-H26’-H27’-H30’-H31’-H34’-

H35’), 1.67-1.60 (m, 10H, H18-H38-H18’-H38’), 1.55-1.47 

(m, 38H, H9-H14-H39-H40-H41-H42-H43-H9’-H14’-H39’-

H40’-H41’-H42’-H43’), 1.24 (s, 16H, H10-H11-H12-H13-

H10’-H11’-H12’-H13’). 

13C-NMR (DMSO-d6, 101 MHz): δ(ppm): 173.9 (2C), 173.6 

(2C), 134.8 (2C), 134.7 (2C), 134.6 (2C), 133.6 (2C), 131.1 (2C), 124.9 (2C), 124.6 (2C), 124.52 (2C), 

124.47 (2C), 124.3 (2C), 93.8 (2C), 73.5 (2C), 72.6 (2C), 71.9 (2C), 70.7 (2C),64.0 (2C), 63.3 (2C), 

39.7 (4C), 39.6 (2C), 35.9 (2C), 34.4 (2C), 34.1 (2C), 29.7 (2C), 29.2 (2C), 29.1 (4C), 28.3 (4C), 26.9 

(2C), 26.8 (2C), 26.7 (2C), 26.6 (2C), 25.7 (4C), 25.0 (2C), 24.9 (2C), 17.9 (2C), 16.2 (4C), 16.1 (2C). 

[𝜶]𝑫
𝟐𝟎: -33.7. 

HR-ESI-MS: MW 1470.0147 calcd. for C86H142O17Na, MW 1470.0146 found. 

MS (ESI+), m/z: calcd for C49H82O14 894.57, found 917.56 (M+Na+). 

 

Synthesis of squalenoyl dithio-dibutyroate-sebacic acid 4-5b 

 

4,4’-Dithiodibutyric acid (4-8) (480 mg, 2.02 mmol), EDC.HCl (232 mg, 1.21 mmol) and DMAP 

(86.1 mg, 0.706 mmol) were sequentially added to a solution of 4-10 (390 g, 1.01 mmol) in dry 

CH2Cl2 (12.7 mL) under nitrogen atmosphere, and the reaction mixture was stirred at rt for 24 h. 

1M HCl (20 mL) was added and the resulting suspension was extracted with AcOEt (4 x 15 mL). 

The organic layers were dried over Na2SO4and the solvent was removed under reduced pressure 

after filtration. The crude was purified by flash chromatography (silicagel, eluant mixture: n-

hexane/AcOEt 9:1 + 1% acetic acid) to obtain pure 4-5b as a colourless oil (245 mg, 0.404 mmol, 

41% yield). 



252 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.13 - 5.06 (m, 5H, 

H15-H19-H22-H26-H30), 4.02 (t, J = 9.0 Hz, 2H, H11), 2.68 

- 2.74 (m, 4H, H4-H7), 2.51 – 2.40 (m, 4H, H2-H9), 2.10-1.99 

(m, 22H, H3-H8-H13-H16-H17-H20-H21-H24-H25-H28-

H29), 1.79-1.71 (m, 2H, H12) 1.68 (s, 3H, H32), 1.59 (m, 15H, 

H33-H34-H35-H36-H37). 

13C-NMR (CDCl3, 75 MHz): δ(ppm) = 178.0; 173.1; 135.1; 134.9; 

133.6; 125.1; 124.3 (4C); 64.3; 39.7 (3C); 37.8; 37.6; 35.8; 32.6; 

32.1; 28.2 (3C); 26.8; 26.7 (3C); 25.7; 24.3 (2C); 23.9; 17.7; 16.0 

(3C); 15.9. 

MS (ESI+), m/z: calcd for C35H58O4S2 606.38, found 629.37 (M+Na+). 

 

Synthesis of mono dithio-dibutyroate squalenoyl-hexaTMS-trehalose 4-4b and bis dithio-

dibutyroate squalenoyl-hexaTMS-trehalose 4-4d 

 

EDC.HCl (78.5 mg, 0.409 mmol) and DMAP (5.0 mg, 0.0409 mmol) were sequentially added while 

stirring under nitrogen atmosphere to a solution of hexaTMS-protected trehalose 4-6 (317 mg, 

0.409 mmol) in dry toluene (12.7 mL) at rt. After 30 minutes, carboxylated squalene-linker adduct 

4-5a (298 mg, 0.491 mmol) was added, and the reaction mixture was stirred at 50°C for 46 h. 

Reaction monitoring (TLC, eluent mixture: 9:1 n-hexane/AcOEt) confirmed the disappearance of 

hexaTMS-protected trehalose 4-6. The solvent was then removed under reduced pressure, and the 

crude oil was purified by flash chromatography (silicagel, eluent mixture: 9:1 n-hexane/AcOEt) to 

obtain pure 4-4b (168 mg, 0.123 mmol, 30% yield) as a colourless oil and pure 4-4d (112 mg, 0.0573 

mmol, 14% yield) as a colourless oil. 
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Analytical characterization 

4-4b: 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.19 - 5.05 (m, 5H, 

H19-H23-H26-H30-H34), 4.93 - 4.89 (m, 2H, H1-H1’), 4.31 

(dd, J = 11.8, 2.1 Hz, 1H, H6a), 4.15 - 3.95 (m, 4H, H15-H6b-

H5-H5’), 3.93-3.78 (m, 3H, H3-H3’-H4), 3.71 – 3.66 (m, 2H, 

H6’), 3.53-3.38 (m, 4H, H4-H4’-H2-H2’), 2.73-2.70 (m, 4H, 

H10-H11), 2.52-2.41 (m, 4H, H8-H13) 2.11-1.96 (m, 18H, 

H17-H20-H21-H24-H25-H28-H29-H32-H33), 1.75-1.69 (m, 

2H, H16), 1.68 (s, 3H, H36), 1.62-1.57 (m, 15H, H37-H38-

H39-H40-H41), 1.29-1.22 (m, 4H, H9-H12), 0.34-0.07 (m, 

54H, -TMS). 

13C-NMR (CDCl3, 101 MHz): δ(ppm) 173.0, 172.9, 135.1, 135.0, 

134.9, 133.6, 131.3, 125.1, 124.41, 124.38, 124.29, 124.27, 94.5, 

94.4, 73.4, 73.3, 73.0, 72.8, 72.6, 71.9, 71.4, 70.7, 64.3, 63.5, 61.7, 39.76, 39.73, 39.68, 37.8, 37.6, 35.8, 

32.6, 32.4, 29.7, 28.3, 26.9, 26.8, 26.68, 26.67, 25.7, 24.2, 24.0, 17.7, 16.06, 16.05, 16.01, 15.9, (1.0, 

0.90, 0.86, 0.2, 0.1 = 18C). 

MS (ESI+), m/z: calcd for C65H126O14S2Si6 1362.72, found 1385.71 (M+Na+). 

 

4-4d: 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.21 - 5.08 (m, 10H, 

H19-H23-H26-H30-H34-H19’-H23’-H26’-H30’-H34’), 4.96 

– 4.91 (m, 2H, H1-H1’), 4.34-4.27 (m, 2H, H6a-H6a’), 4.13-

3.97 (m, 8H, H6b-H5-H15-H6b’-H5’-H15’), 3.92 (t, J = 8.9 

Hz, 2H, H3-H3’), 3.53-3.45 (m, 4H, H2-H4-H2’-H4’), 2.78 – 

2.70 (m, 8H, H10-H11-H10’-H11’), 2.56 - 2.44 (m, 8H, H8-

H13-H8’-H13’), 2.15 - 1.95 (m, 36H, H17-H20-H21-H24-

H25-H28-H29-H32-H33-H17’-H20’-H21’-H24’-H25’-H28’-

H29’ -H32’-H33’), 1.80 - 1.72 (m, 4H, H16-H16’), 1.71 (s, 6H, 

H36-H36’), 1.62 (s, 30H, H37-H38-H39-H40-H41-H37’-

H38’-H39’-H40’-H41’), 1.33 - 1.26 (m, 8H, H9-H12-H9’-

H12’), 0.21 - 0.08 (m, 54H, -TMS).  

13C-NMR (CDCl3, 101 MHz): δ(ppm) = 173.8 (2C), 173.6 (2C), 

135.0 (2C), 134.9 (2C), 134.8 (2C), 133.6 (2C), 131.2 (2C), 125.1 

(2C), 124.4 (4C), 124.3 (4C), 94.4 (2C), 73.5 (2C), 72.7 (2C), 71.9 (2C), 70.7 (2C), 63.9 (2C), 63.3 

(2C), 39.7 (4C), 35.8 (2C), 34.3 (2C), 34.1 (2C), 29.7 (2C), 29.1 (6C), 28.8 (2C), 28.2 (4C), 26.9 (2C), 

26.8 (2C), 26.6 (4C), 25.7 (4C), 25.0 (2C), 24.7 (2C), 17.7 (2C), 16.0 (4C), 15.8 (2C), (1.0, 0.9, 0.4, 

0.2 = 18C). 

MS (ESI+), m/z: calcd for C100H182O17S4Si6 1951.09, found 1974.13 (M+Na+). 
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Synthesis of mono dithio-dibutyroate squalenoyl-trehalose 4-3b 

 

Acetic acid (5.3 μL, 0.0880 mmol) was added under stirring at rt to a stirred solution of 4-4b (120 

mg, 0.0880 mmol) in MeOH (1.3 mL), and the reaction mixture was stirred at 40°C for 24 h. 

Reaction monitoring (TLC, eluent mixture: 9:1 n-hexane/AcOEt) confirmed the disappearance of 

4-4b. The solvent was then removed under reduced pressure, and the crude solid was purified by 

flash chromatography (silicagel, eluent mixture: 85:15 CH2Cl2/MeOH) to obtain pure target 4-3b 

(80.2 mg, 0.0854 mmol, quant. yield) as a white solid. 

Analytical characterization 

1H NMR (DMSO-d6, 400 MHz): δ(ppm) = 5.17 – 5.03 (m, 

6H, H19-H23-H26-H30-H34-OH), 4.88 (dd, J = 3.9, 2.4 Hz, 

2H, H1-H1’), 4.85 (t, J = 3.9 Hz, 1H, -OH), 4.77 (dd, J = 5.0, 

2.7 Hz, 2H, -OH), 4.68 (dd, J = 6.1, 2.2 Hz, 2H, -OH), 4.34 

(t, J = 5.9 Hz, 1H, -OH), 4.29 – 4.21 (m, 1H, H6a), 4.10 – 4.02 

(m, 1H, H6b), 3.97 (t, J = 6.6 Hz, 2H, H15), 3.95 – 3.88 (m, 

1H, H5), 3.69 – 3.61 (m, 1H, H3), 3.57 - 3.54 (m, 3H, H6’-

H3’), 3.51 – 3.43 (m, 1H, H5’), 3.30 – 3.21 (m, 2H, H2’-H4’), 

3.19 – 3.08 (m, 2H, H2-H4), 2.76 – 2.66 (m, 5H, H10-H11), 

2.41 (q, J = 6.9 Hz, 4H, H8-H13), 2.07 – 1.83 (m, 22H, H9-

H11-H17-H20-H21-H24-H25-H28-H29-H32-H33), 1.70 – 

1.60 (m, 5H, H36-H16), 1.56 (s, 15H, H37-H38-H39-H40-

H41). 

13C-NMR (DMSO-d6, 101 MHz): δ(ppm): 172.4, 172.2, 
134.43, 134.38, 134.31, 133.6 (2C), 124.4, 124.14, 124.08 (2C), 123.9, 98.22, 98.15, 72.84, 72.77, 72.61, 
71.57, 71.47, 70.1 (2C), 69.6, 63.5, 63.3, 60.8, 39.4, 39.2, 36.7, 36.6, 35.3, 32.0 (2C), 27.8 (2C), 26.3, 
26.2, 26.0 (2C), 25.5, 24.0, 23.9, 17.6, 15.8 (4C), 15.7. 

MS (ESI+), m/z: calcd for C47H78O14S2 930.48, found 953.51 (M+Na+). 
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Synthesis of bis dithio-dibutyroate squalenoyl-trehalose 4-3d 

 

Acetic acid (1.9 μL, 0.0334 mmol) was added under stirring at rt to a stirred solution of 4-4d (65.2 

mg, 0.0334 mmol) in MeOH (1 mL), and the reaction mixture was stirred at 40°C overnight. 

Reaction monitoring (TLC, eluent mixture: 9:1 n-hexane/AcOEt) confirmed the disappearance of 

4-4d. The solvent was then removed under reduced pressure, and the crude solid was purified by 

flash chromatography (silicagel, eluent mixture: 85:15 CH2Cl2/MeOH) to obtain pure target 4-3d 

(51.2 mg, 0.0310 mmol, 93% yield) as a white solid. 

Analytical characterization 

1H-NMR (DMSO-d6, 400 MHz): δ(ppm) = 5.15 – 5.00 (m, 

12H, , H19-H23-H26-H30-H34-OH-H19’-H23’-H26’-H30’-

H34’-OH), 4.95 – 4.85 (m, 2H, -OH), 4.83 (d, J = 3.5 Hz, 2H, 

H1-H1’), 4.80 – 4.73 (m, 2H, -OH), 4.26 (d, J = 10.4 Hz, 2H, 

H6a-H6’a), 4.09 – 4.02 (m, 2H, H6b-H6’b), 3.96 (t, J = 6.6 

Hz, 4H, H15-H15’), 3.94 – 3.86 (m, 2H, H5-H5’), 3.62 – 3.49 

(m, 4H, H3-H3’), 3.32 – 3.23 (m, 4H, H2-H2’), 3.17 – 3.08 

(m, 2H, H4-H4’), 2.71 (td, J = 7.4, 2.7 Hz, 8H, H10-H11-

H10’-H11’), 2.40 (q, J = 7.0 Hz, 8H, H8-H13-H8’-H13’), 1.95 

(ddq, J = 37.7, 21.4, 6.9 Hz, 44H, H9-H11-H17-H20-H21-

H24-H25-H28-H29-H32-H33-H9’-H11’-H17’-H20’-H21’-

H24’-H25’-H28’-H29’-H32’-H33’), 1.68 – 1.61 (m, 10H, H16-

H36-H16’-H36’), 1.55 (s, 30H, H37-H38-H39-H40-H41-

H37’-H38’-H39’-H40’-H41’). 

13C-NMR (DMSO-d6, 101 MHz): δ(ppm): 172.7 (2C), 172.6 

(2C), 134.85 (2C), 134.80 (2C), 134.74 (2C), 134.0 (2C), 131.1 (2C), 124.9 (2C), 124.6 (2C), 124.51 (2C), 

124.47 (2C), 124.36 (2C), 94.1 (2C), 73.2 (2C), 71.9 (2C), 70.5 (2C), 70.2 (2C), 63.9 (2C), 63.7 (2C), 

39.7 (2C), 39.6 (2C), 37.2 (2C), 37.1 (2C), 35.7 (2C), 32.5 (4C), 29.1 (4C), 28.2 (4C), 26.9 (2C), 26.8 

(2C), 26.7 (2C), 26.4 (2C), 25.9 (2C), 24.9 (2C), 24.4 (2C), 18.0 (2C), 16.4 (2C), 16.2 (2C), 16.1 (2C). 

MS (ESI+), m/z: calcd for C82H134O17S4 1518.85, found 1541.84 (M+Na+). 
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Synthesis of mono-hexaTMS trehalose-methyl betulinate 4-4e and bis hexaTMS trehalose-

methyl betulinate 4-4f 

 

EDC.HCl (14.9 mg, 0.0763 mmol) and DMAP (1.2 mg, 0.00763 mmol) were sequentially added 

while stirring under nitrogen atmosphere to a solution of hexaTMS-protected trehalose 4-6 (59.3 

mg, 0.0763 mmol) in dry toluene (4 mL) at rt. After 30 minutes, compound 4-5c (50.0 mg, 0.0763 

mmol) was added, and the reaction mixture was stirred at 50°C overnight. Reaction monitoring 

(TLC, eluent mixture: 7:3 n-hexane/AcOEt) confirmed the disappearance of starting material 4-5c. 

The solvent was then removed under reduced pressure, and the crude oil was purified by flash 

chromatography (silicagel, eluent mixture: 85:15 n-hexane/AcOEt) to obtain pure 4-4e (23.4 mg, 

0.0163 mmol, 21% yield) as a white solid and 4-4f (23.6 mg, 0.0117 mmol, 15% yield) as a white 

solid. 

Analytical characterization.  

4-4e: 

1H-NMR (CD3OD, 400 MHz): δ(ppm) = 4.96 (dd, 

J = 3.0, 1.9 Hz, 2H, H1-H1’), 4.74 (d, J = 2.1 Hz, 1H, 

H29’’a), 4.67-4.58 (m, 1H, H29’’b), 4.47 (dd, J = 

10.6, 5.7 Hz, 1H, H3’’), 4.43-4.34 (m, 1H, H5), 4.12-

4.02 (m, 2H, H6), 3.99 (td, J = 9.0, 3.1 Hz, 2H, H3-

H3’), 3.02 (td, J = 10.8, 4.7 Hz, 1H, H19), 1.36 (s, 3H, 

H30), 1.04 (s, 3H, H24’’), 0.97 (s, 3H, H23’’), 0.92 

(s, 3H, H27’’), 0.89 (s, 3H, H26’’), 0.88 (s, 3H, 

H25’’), 0.25 – 0.14 (m, 54H, -TMS) (assignable 

peaks). 

13C-NMR (CD3OD, 400 MHz): δ (ppm) = 176.7, 

173.9, 173.7, 150.3, 109.0, 94.4, 94.2, 80.8, 73.6, 

73.5, 73.3, 72.7 (2C), 72.0, 71.2, 70.7, 62.9, 60.4, 56.5, 55.4 (2C), 50.4, 49.2, 47.1, 42.2, 40.5, 38.24, 

38.19, 37.5, 36.9, 36.5, 34.2, 34.1, 33.6, 31.7, 30.2, 29.4, 28.8 (2C), 28.7, 28.6, 27.2, 25.4, 24.8, 24.6, 

23.4, 20.7, 18.2, 17.9, 15.8, 15.4, 15.2, 13.8, (0.2, -0.2, -1.0, -1.1 = 18C). 

[𝜶]𝑫
𝟐𝟎 : +  60.3 

MS (ESI+), m/z: calcd for C71H134O16Si6 1410.83, found 1433.82 (M+Na+). 
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4-4f: 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.94 (d, J = 

3.0 Hz, 2H, H1-H1’), 4.76 (d, J = 2.0 Hz, 2H, H29’’a-

H29’’’a), 4.62 (d, J = 3.2 Hz, 2H, H29’’b-H29’’’b), 

4.53 - 4.44 (m, 2H, H3’’-H3’’’), 4.29 (dd, J = 11.8, 2.0 

Hz, 2H, H5-H5’), 1.58 (s, 6H, H30’’-H30’’’), 0.98 (s, 

6H, H24’’-H24’’’), 0.93 (s, 6H, H23’’-H23’’’), 0.86 

(s, 6H, H27’’-H27’’’), 0.85 (s, 12H, H25’’-H26’’-

H25’’’-H26’’’), 0.16 (m, 54H, -TMS) (assignable 

peaks). 

13C-NMR (CDCl3, 100 MHz): δ (ppm) = 176.7 (2C), 

173.7 (2C), 173.6 (2C), 150.6 (2C), 109.6 (2C), 94.4 

(2C), 80.6 (2C), 73.5 (2C), 72.7 (2C), 71.9 (2C), 70.8 

(2C), 63.3 (2C), 56.6 (2C), 55.5 (2C), 51.2 (2C), 50.5 

(2C), 49.5 (2C), 47.0 (2C), 42.4 (2C), 40.7 (2C), 

38.4 (2C), 38.3 (2C), 37.8 (2C), 37.1 (2C), 37.0 (2C), 34.8 (2C), 34.3 (2C), 34.1 (2C), 32.2 (2C), 30.6 

(2C), 29.7 (2C), 29.14 (2C), 29.11 (2C), 29.09 (2C), 28.0 (2C), 25.5 (2C), 25.1 (2C), 24.8 (2C), 23.8 

(2C), 20.9 (2C), 19.4 (2C), 18.2 (2C), 16.6 (2C), 16.2 (2C), 16.0 (2C), 14.7 (2C), 14.1 (2C), (1.1, 0.9, 0.2 

= 18C). 

[𝜶]
𝑫
𝟐𝟎: + 41.2. 

MS (ESI+), m/z: calcd for C112H198O21Si6 2047.30, found 2070.28 (M+Na+). 

 

Synthesis of mono-trehalose-methyl betulinate 4-3e 

 

Acetic acid (18 L, 0.324 mmol) was added under stirring at rt to a solution of 4-4e (23.1 mg, 0.0162 

mmol) in MeOH (1 mL), and the reaction mixture was stirred at 40°C for 48h. Reaction monitoring 

(TLC, eluent mixture: 98:2 CH2Cl2/MeOH) confirmed the disappearance of starting 4-4e. The 

solvent was then removed under reduced pressure to obtain pure target 4-3e (13.2 mg, 0.0133 

mmol, 82% yield) as a white solid. 
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Analytical characterization  

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.98 (dd, J = 

3.0, 1.9 Hz, 2H, H1-H1’), 4.76 (d, J = 2.0 Hz, 1H, 

H29’’a), 4.65-4.59 (m, 1H, H29'’b), 4.52 – 4.42 (m, 1H, 

H3’’), 4.45-4.37 (m, 1H, H5), 4.11-4.02 (m, 2H, H6), 

3.97 (td, J = 8.9, 3.1 Hz, 2H, H3-H3’), 0.98 (s, 3H, 

H24’’), 0.94 (s, 3H, H23’’), 0.87 (s, 3H, H27’’), 0.85 (s, 

6H, H25’’-H26’’) (assignable peaks). 

13C-NMR (CDCl3, 100 MHz): δ(ppm) = 176.6, 173.8, 

173.7, 150.5, 109.6, 94.4, 94.2, 80.7, 73.6, 73.5, 73.3, 

72.7, 72.6, 72.0, 71.2, 70.7, 62.9, 60.4, 56.6, 55.4, 51.2, 

50.5, 49.5, 47.0, 42.4, 40.7, 38.4, 38.3, 37.8, 37.1, 37.0, 

34.8, 34.3, 34.2, 34.12, 34.09, 32.2, 30.6, 29.7, 29.4, 

29.2, 28.0, 25.5, 25.1, 24.8, 23.8, 20.9, 19.4, 18.2, 16.6, 

16.2, 16.0, 14.7. 

[𝜶]
𝑫
𝟐𝟎

: + 70.6. 

MS (ESI+), m/z: calcd for C53H86O16 978.59, found 1001.60 (M+Na+). 
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Chapter 5: 
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5.1 Introduction 

5.1.1 Folate receptor FRα 

FRα is a folate-binding protein located on cellular membranes that was originally identified as a 

minor whey protein known to bind folate in cows’ milk,1 and subsequently found to be a cancer-

associated antigen and was cloned in 1991.2,3 FRα is a 38–40 kDa glycosyl-phosphatidylinositol 

(GPI)-anchored cell-surface glycoprotein4 encoded by FOLR1, with a scarce distribution across 

several non-malignant tissues - the choroid plexus, thyroid, salivary glands, breast, colon and 

bladder. Interestingly, FRα can also be found in pulmonar alveoli and in renal proximal tubules; 

however, the receptors are localized at the surface of the cell facing the alveolar and tubular lumen, 

respectively, potentially reducing their exposure to folates in the circulation.5–7 FRα is part of a 

family of high-affinity FRs also including FRβ, FRγ and FRδ, which are encoded by FOLR2, FOLR3 

and FOLR4, respectively.8 FRα, FRβ and FRδ are all GPI-anchored cell-membrane proteins, 

whereas FRγ lacks a GPI-anchor region and is a secreted protein.9–11 FRδ has been detected in the 

plasma membranes of gametes and is involved in fertilization.12,13  

FRα has a high affinity for reduced folates (such as 5-methyltetrahydrofolate and tetrahydrofolate) 

and folic acid (Kd: 10−9–10−10 M).14 Binding of these folates to FRα promotes clustering of receptor–

ligand complexes in the cell membrane, which then invaginate in a process called potocytosis, 

resulting in internalization of the complexes within vesicles. These vesicles are subsequently fused 

with lysosomes and acidified, thus releasing folate that is then used in several reactions involving 

carbon transfer.14,15 

FRα has a crucial role in embryogenesis, and periconceptional folate supplementation is a widely 

used method of preventing birth defects, such as abnormalities in neural tube closure.16 FRα is 

highly expressed in the yolk sac, which might indicate a role in maternal folate transport during 

neurulation.17 Knockout mice that lack Folr1, the mouse equivalent of FOLR1, are unable to 

reproduce owing to a failure of embryogenesis.18 In another study, dietary supplementation with 

folinic acid rescued this embryonic lethality in Folr1−/−mice and enabled the development of viable 

embryos, albeit with possible neural and cardiovascular defects.19 Interestingly, following 

embryogenesis, FRα might have a less important role in non- malignant human tissues because it 

is not widely expressed and provides less efficient folate uptake than other folate transporters, such 

as RFC.20–22 

FRα seems to have a role in cellular migration and invasion, and its overexpression is associated 

with tumour progression in preclinical models.23 Preclinical studies involving the introduction of 

an anti-FRα single-chain intrabody into ovarian cancer cell lines have demonstrated a reduction in 

cell division, suppression of anchorage- independent growth and decreased adhesive properties of 

cancer cells.24 Similarly, short hairpin RNA-mediated FRα knockdown in ovarian cancer cell lines 

results in impaired cell division, migration and invasion, with the latter effect probably reflecting 

downregulation of E-cadherin.23 The effects of FRα knockdown have also been studied in vitro and 

in patient-derived xenograft models of triple- negative breast cancer (TNBC), in which small 

interfering RNA-mediated silencing of FRα results in a reduction in cellular viability.25 

Furthermore, folic acid has been shown to increase the proliferation of FRα-overexpressing cell 

lines via the JAK–STAT signaling pathway.26 FRα is known to be expressed on the whole surface of 

tumour cells across various cancer types, including ovarian cancer, TNBC, endometrial cancer, 

mesothelioma and lung cancer (Figure 5-1).5, 7,27–32 
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Figure 5-1: Cancers that overexpress FRα (red) and concordant expression of FRα in non-malignant tissues 
(green). 

 

The role of FRα in cancer has probably been best investigated in the context of ovarian cancer. Up 

to 90% of ovarian cancers constitutively express FRα, which is scarcely expressed in non-malignant 

ovarian tissues.29, 31,33 Differential levels of FRα expression have been observed across different 

histological subtypes of ovarian cancer. For example, data from a consortium-based set of 12 

independent studies demonstrate FRα expression in 76% of high-grade serous, 50% of low-grade 

serous and 32% of clear-cell ovarian cancers.30 Literature related to the prognostic effects of FRα 

expression in ovarian cancer is mixed; the aforementioned consortium study30 showed no 

differences in overall survival (OS) in women with high-grade serous ovarian cancer bearing FRα-

positive cancers vs. FRα- negative cancers when not stratified by disease stage and follow-up 

duration, with a reduction in progression-free survival (PFS) in women with FRα-expressing clear-

cell ovarian cancer. In a different study,33 however, patients with FRα-overexpressing ovarian 

cancers of various grades and histology profiles showed resistance to chemotherapy and inferior 

outcomes. Further studies designed to assess the prognostic validity of FR expression and the 

implications for response to chemotherapy in women with high-grade serous ovarian cancer are 

required before robust conclusions can be gathered on the implications of FRα expression for 

patient outcomes.  

Interestingly, when expressed on the surface of mature granulocytes, FRβ is unable to bind its 

folate ligands, possibly owing to specific post- translational modifications of this receptor in these 

cells. However, FRβ- positive leukaemic blasts in bone marrow aspirates obtained from patients 

with acute myeloid leukaemia are capable of binding folate, and attempts have been made to target 

this receptor.34 Furthermore, FRβ is expressed in macrophages located within the stroma of 

multiple solid tumours,35 and targeting macrophages located in the tumour immune milieu is a 

current research strategy.36 However, the relative expression of FRβ in macrophages of different 

phenotypes (M1 and M2) is unknown, and such approaches have not yet identified an agent with 

reproducible anticancer activity either as a monotherapy or in combination with other agents.11, 
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34,35,37 Evidence also exists that certain cancers, such as non-small-cell lung cancer (NSCLC) and 

pancreatic cancer, harbor populations of both tumour and immune cells that co-express FRα and 

FRβ, in addition to FRβ-expressing macrophages;38 however, FRβ-expressing macrophages have 

also been shown to localize to areas of lung inflammation,39 which could potentially lead to 

unacceptable pulmonary toxicity in a subset of patients while leveraging FRβ as a target for the 

delivery of a cytotoxic payload to tumours.  

Thus, FRα can be considered an interesting anticancer target. Firstly, this isoform has a minimal 

physiological role in non- malignant tissues after embryogenesis and is overexpressed in a variety 

of cancer types. FRα also has a high level of affinity for non- physiological substrates, such as folic 

acid, compared with that of other folate transporters, making the development of folic acid 

conjugates a possibility. Finally, FRα can affect the division and migration of cancer cells, and 

inhibition of this receptor provides a degree of direct anticancer activity (Figure 5-2). 

 

 

Figure 5-2: FRα as a treatment target in patients with cancer. 

 

5.1.2 Folates and folic acid 

Folic acid, in particular, has been intensively studied for clinic applications. 

"Folate", or vitamin B9, refers to the many forms of folic acid and its related compounds, including 

tetrahydrofolic acid (the active form), methyltetrahydrofolate (the primary form found in blood), 

methenyltetrahydrofolate, folinic acid, folacin, and pteroylglutamic acid.40 

Chemically, folates consist of three distinct and connected chemical moieties. A pterin (2-amino-

4-hydroxy-pteridine) heterocyclic ring is linked by a methylene bridge to a p-aminobenzoyl group 

that in turn is bound through an amide linkage to either glutamic acid or poly-glutamate. One-
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carbon units in a variety of oxidation states may be attached to the N5 nitrogen atom of the 

pteridine ring and/or the N10 nitrogen atom of the p-aminobenzoyl group (Figure 5-3).41  

 

 

Figure 5-3: Structure of folic acid 5-1. 

 

Folates occur in an oxidized form as folic acid, or in physiologically and biosynthetically active 

reduced tetrahydrofolate forms. Reduced folates are essential for the synthesis of DNA and RNA, 

amino acid metabolism, and methylation reactions; therefore, reduced folates are needed for cell 

growth, proliferation, and survival.42 Dietary folates are absorbed in the upper small intestine, 

metabolized in the liver to 5-methyltetrahydrofolate (the major circulating form of folate), and 

subsequently distributed through the bloodstream and delivered to various tissues and organs. 

Cellular uptake of folates proceeds through three main routes.43,44 

In the first route, uptake occurs via the proton-coupled folate transporter (PCFT/SLC46A1), which 

is responsible for intestinal folate absorption at the acidic pH of the upper small intestine. The key 

role of PCFT in obligatory intestinal folate absorption has been established in studies on hereditary 

folate malabsorption (HFM), a congenital disorder in which loss-of-function mutations in PCFT 

result in low folate levels in the blood and cerebrospinal fluid. HFM manifests within the first few 

months after birth with anemia, recurrent or chronic diarrhea, hypogammaglobulinemia, severe 

infection, and failure to thrive.45,46 The second route involves the ubiquitously expressed reduced 

folate carrier (RFC/SLC19A1), which is the primary pathway for reduced folate uptake into various 

tissues at physiological pH. Unlike PCFT, which is a proton-driven folate co-transporter, RFC 

functions as an anion exchanger capable of recognizing reduced folates (but with very low affinity 

for folic acid) and organic phosphates.47 Finally, as folates cannot directly penetrate the cell 

membrane because of their hydrophilic anionic nature, cellular uptake also occurs via endocytosis 

through folate receptors (FRs). In the cell, the acidic environment of the endosome promotes the 

release of folate from its receptors; the former is then transported into the cytoplasm by proton-

coupled folate transporters.48 

In order to have a correct molecular recognition of folic acid-conjugates by folate receptors, their 

docking in the ligand-receptor has been extensively studied. It appears that folic acid is oriented 

with its basic pteroate moiety docked deep inside of the negatively charged pocket, with the two 

negatively charged carboxyl groups of its glutamate moiety sticking out of the positively charged 

entrance of the ligand-binding pocket.  

5-1 
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Interactions around the pteroate moiety include both hydrogen bonds and hydrophobic 

interactions. First, the pterin ring is stacked between the parallel side chains of Y85 and W171 and 

capped by Y175. Second, the pterin ring N and O atoms form a series of hydrogen bonds with 

receptor residues. The folic acid aminobenzoate is stabilized by hydrophobic interactions with 

Y60, W102 and W134, which align at the middle of the long ligand binding pocket. Extensive 

interactions are also observed for the glutamate group, which engages six hydrogen bonds, 

contributed by the side chains of W102, K136 and W140, as well as by backbone interactions with 

H135, G137 and W138 (Figure 5-4).10  

 

 

To validate such observations, the ligand binding affinities of FRα mutants bearing alanine 

mutations in the key folate-contacting residues have been investigated. The results show that 

replacement of D81 decreased affinity by more than one order of magnitude, consistent with the 

strong interaction of the aspartate carboxyl oxygens with N1 and N2 pterin nitrogens and 

indicating that this is a key contribution to high-affinity ligand binding. By contrast, mutations of 

Y175 and K136 and have little effect, and mutations of any other ligand binding residue have only 

moderate effects on folic acid binding.  

As a whole, the structural and mutational analyses present a structural rationale for the absolute 

requirement of the pterin group to anchor folates in the binding pocket of the receptor and for the 

essential role of the glutamate group for conjugation with drugs and imaging reagents, without 

adversely affecting the interactions between receptor and ligand.10 

 

5.1.3 Targeting FRα 

Imaging and theranostics regarding FRα and its tumour specificity has been explored in the field 

of cancer imaging (Figure 5-5). Companion diagnostic agents that have the potential to enable 

better targeted treatments have been pursued. 

 

Figure 5-4: Docking of folic acid in FRα. 
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Figure 5-5: Clinical applications of FRα-targeting agents in the diagnosis and treatment of cancer. 
 

Multiple approaches for improved imaging of FRα-positive tumours using FRα-targeted contrast 

enhanced MRI have been investigated. For example, a folate-conjugated dendrimer polychelate 

has been developed by attaching folic acid to a polyamidoamine dendrimer; this targeted tracer 

accumulates in FR-expressing tumours resulting in improved contrast enhancement compared 

with non-targeted contrast agents.49 A folic acid derivative coupled with a carboxylate bearing iron 

oxide has been studied using breast cancer cell lines and xenograft models, with good retention 

observed in FR-positive tumour cells.50 Similar results were seen with superparamagnetic iron 

oxide nanoparticles incorporated into heparin-folic acid micelles.51 However, the clinical 

application of these contrast agents is yet to be evaluated.  

Radiolabelled folate derivatives are currently also under investigation. In a phase I/II trial, 111In-

diethylenetriaminepentaacetic acid–folate was administered in order to obtain whole-body single 

photon emission CT images of women with endometrial cancer, confirmed or suspected ovarian 

cancer.52 The radiotracer accumulated in all malignant lesions, with good sensitivity for detection 

of malignancy when used in conjunction with other radiographic methods.52 A peptide derivative 

of folic acid (etarfolatide) conjugated with cheaper and more accessible 99mTc has also shown 

promising results in preclinical models of FR-positive cancer, leading to further clinical 

investigation.53 These clinical studies, thus far, have revealed that 99mTc-ertafolitide is well 

tolerated.54 Tumour uptake of this agent has also been investigated as a predictive biomarker of 

response to folic acid-desacetylvinblastine (vintafolide) in women with recurrent platinum-

resistant ovarian cancer. Improved median progression-free survival (PFS) with vintafolide plus 

pegylated liposomal doxorubicin versus pegylated liposomal doxorubicin plus placebo was 

demonstrated in patients with detectable FR expression in 100% of lesions or 10–100% of lesions, 

but not in those with FR expression in 0% of lesions (Table 5-1).55  
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Table 5-1: Key phase II and phase III trials involving drugs targeting FRα. 

Design Population Results Ref. 

Farletuzumab 

Phase II trial evaluating 
farletuzumab either as a single 
agent or in combination with 

carboplatin plus a taxane 

Platinum- sensitive 
epithelial ovarian, 
fallopian tube or 

primary peritoneal 
cancer (n = 54) 

Best response on single- agent 
farletuzumab was stable disease; 

ORR (including complete or 
partial response) 75% with 

combination therapy; 37% of 
patients had serious adverse events 

56 

Phase III RCT in which 
patients received carboplatin 

and a taxane plus 
farletuzumab (1.25 mg/kg) vs 
farletuzumab (2.5 mg/kg) vs 

placebo 

Platinum- sensitive 
epithelial ovarian 

cancer in first relapse (n 
= 1,100) 

PFS 9.0 months (farletuzumab 1.25 
mg/kg) and 9.5 months 

(farletuzumab 2.5 mg/kg) vs 9.7 
months (HR 0.99, 95% CI 0.81–1.21 

and HR 0.86, 95% CI 0.70–1.06, 
respectively , vs placebo); OS 28.7 
months and 32.1 months vs 29.1 
months (HR 0.99, 95% CI 0.78–
1.27 and HR 0.88, 95% CI 0.68–

1.13); similar toxicity profiles 
observed across the three groups 

57 

Phase III RCT of weekly 
paclitaxel with or without 

farletuzumab 

Platinum- resistant 
ovarian cancer (n = 417) 

Trial terminated as it did not meet 
pre- specified criteria for 

continuation following interim 
futility analysis 

58 

Vintafolide 

Phase II RCT in which patients 
received vintafolide plus PLD 

vs placebo plus PLD 
(PRECEDENT) 

Platinum- resistant 
ovarian cancer (n = 149) 

Median PFS 5.0 months vs 2.7 
months (HR 0.63, 95% CI 0.41–
0.96; P = 0.031); greatest benefit 
observed in patients with 100% 

FRα- positive lesions, median PFS 
5.5 months vs 1.5 months (HR 

0.38, 95% CI 0.17–0.85; P = 0.013); 
grade 3 or 4 adverse events in 76% 

vs 54% of patients 

55 

Phase III RCT evaluating 
vintafolide plus PLD vs 

placebo plus PLD (PROCEED) 

FRα- positive platinum- 
resistant ovarian cancer 

(n = 640)a 

Median PFS 5.3 months vs 4.8 
months (HR 0.98, 95% CI 0.63–
1.51; P = 0.46); trial terminated 
owing to failure to meet pre- 

specified PFS criteria 

59 

Phase II RCT evaluating 
docetaxel vs vintafolide vs 
docetaxel plus vintafolide 

(TARGET) 

FRα- positive NSCLC 
requiring second- line 

therapy (n = 199) 

ORRs 13% vs 6% vs 22%; median 
PFS 3.3 months vs 1.6 months vs 

4.2 months; median OS 8.8 
months vs 8.4 months vs 11.5 

months; grade 3 or 4 neutropenia 
in 72% of patients receiving 

docetaxel plus vintafolide and in 
55% receiving docetaxel; all other 

events occurred in <10% of 
patients 

60 
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Mirvetuximab soravtansine 

Phase III RCT (FORWARD I) 
evaluating chemotherapy 

(paclitaxel, PLD or topotecan) 
vs mirvetuximab soravtansine 

FRα- positive platinum- 
resistant ovarian cancer 

(n = 366) 

Median PFS 4.1 months vs 4.4 
months; median PFS among 

patients with high FRα expression 
3.3 months vs 4.8 months (P = 

0.049); patients receiving 
mirvetuximab soravtansine had 

fewer adverse events 

61 

CI, confidence interval; FRα, folate receptor α; HR, hazard ratio; PFS, progression- free survival; PLD, pegylated liposomal doxorubicin; 
NSCLC, non- small- cell lung cancer; ORR, overall response rate; OS: overall survival; RCT, randomized controlled trial. aestimated 
enrolment. 

 
An antibody- based companion diagnostic, 89Zr-DFO-M9346A, has been used to measure FRα 

expression in mouse xenograft models of ovarian cancer exposed to radiolabelled mirvetuximab 

soravtansine (an antibody–drug conjugate (ADC) targeting FRα). Thus far, this agent has 

demonstrated an encouraging level of tumour-to-background resolution in this model.62 Non-

radiolabelled approaches, such as fluorescent probes linked with folates, enabling the 

intraoperative visualization of tumours in mouse models, became available more than a decade 

ago.63 However, only in the past decade have such approaches been tested in humans. Proof-of-

concept was achieved using a folate-conjugated form of fluorescein isothiocyanate (folate–FITC, 

also known as EC17), which has been tested intraoperatively and in post-surgical specimens from 

women with ovarian cancer.64 Mild self-limiting hypersensitivity reactions to EC17 have been 

noted. Further studies using a lower dose of this compound have extended the possible indications 

to breast cancer surgery.65 Interestingly, this approach enabled the identification and subsequent 

resection of ovarian cancer lesions that would otherwise not have been detected in 12 women 

undergoing surgery; however, autofluorescence at certain wavelengths caused false-positive 

results.65 When optimized, these techniques could provide an important step towards assisting 

surgeons in performing better resections that enable improvements in OS in patients with FRα-

expressing tumours, such as ovarian, lung and breast cancers.66–68  

Folic acid radioconjugates have been proposed as a promising theranostic strategy for patients with 

FRα-positive cancers. However, this targeted approach to radionuclide therapy is associated with 

kidney injury in preclinical models, owing to renal accumulation of the agent.69,70 In such 

instances, strategies such as albumin administration could be used to increase circulation time and 

decrease renal retention, and thus reduce exposure to radioactivity.71 Preclinical proof-of-concept 

has been achieved using 177Lu-cm09, a DOTA–folate conjugate with an albumin-binding entity, 

in a mouse cervical carcinoma (human KB cell) xenograft model.72 

 

5.1.4 Folate receptors in cancer treatment 

Many potential methods for targeting FRα in patients with cancer are available. Approaches 

involving small molecules, folate–drug conjugates, monoclonal antibodies, vaccines and CAR T 

cells are being actively developed. Owing to its highly specific distribution and expression on 

tumour cells, FRα is an attractive target that, theoretically, enables selective drug delivery with 

minimal adverse events. Several phase II and phase III studies involving FRα-targeted agents are 

currently ongoing (Table 5-1).  
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Antibodies  

Farletuzumab is a fully humanized IgG1 antibody that targets FRα and exerts its activity against 

FRα-positive cancer cells via multiple modes of action. Upon binding FRα, farletuzumab does not 

inhibit folate uptake. Instead, farletuzumab promotes cell death via antibody-dependent cellular 

cytotoxicity and complement-dependent cytotoxicity, sustained tumour cell autophagy leading to 

impaired cell proliferation, and inhibition of the Lyn kinase signalling pathway.73–76  

Farletuzumab has been evaluated as a single agent in a phase I clinical trial. The most common 

adverse effects were fatigue, drug hypersensitivity, headache, cough and exertional dyspnoea; the 

drug had a slow rate of clearance owing to a terminal half-life estimated to be between 121h and 

260h.77 Subsequently, a phase II trial involving patients with platinum-sensitive recurrent ovarian 

cancer revealed a promising overall response rate (ORR) in patients receiving a combination of 

farletuzumab, carboplatin and a taxane followed by farletuzumab maintenance therapy (ORR 

75%).56 These results led to the initiation of a phase III trial involving women with recurrent 

platinum-sensitive ovarian cancer requiring second-line therapy, who were randomized to receive 

carboplatin plus a taxane combined with either farletuzumab or placebo. However, the study did 

not meet its primary PFS end point (Table 5-1).57  

MOv18 is another IgG1 antibody that was initially produced by vaccination of mice with human 

ovarian cancer cells. Subsequently, a chimeric version of the antibody was developed.78 The 

radiolabelled form of the mouse MOv18 was originally administered, either intravenously or 

intraperitoneally, to patients with ovarian cancer in an attempt to assess the feasibility of 

radioimmunoscintigraphy.79 This mouse monoclonal antibody was also used to generate the 131I-

MOv18 conjugate, which has been administered to patients with ovarian cancer with minimal 

residual disease. The mean disease-free survival was 10.5 months, with no major toxicities; 

however, anti-mouse human antibodies were observed in 94% of patients.80 The effects of the 

radiolabelled chimeric MOv18 antibody have been evaluated in several early phase trials, and this 

agent has been proven to be safe, with a good capacity to provide images of ovarian cancer lesions 

with no anti-mouse antibodies detected in patients; however, further development of this 

approach has not been pursued.81–84  

An IgE form of MOv18 has been developed, based on the rationale that allergic hypersensitivity 

reactions occur rapidly and are mediated by high-affinity binding reactions between mast cells and 

IgE antibodies. Thus, this approach involves targeting the immunological mechanisms of allergic 

reactions against cancers. Notably, the IgE form of MOv18 was more effective than the IgG1 isotype 

in two preclinical studies involving ovarian cancer xenograft models.85,86 Moreover, evidence from 

an in vitro degranulation experiment involving the co-incubation of the MOv18 IgE with serum 

samples from patients with ovarian cancer suggests that this antibody has a limited propensity to 

cause FcɛRImediated type I hypersensitivity, and thus a low risk of anaphylactic reactions.87 A 

phase I clinical trial testing the MOv18 IgE in patients with advanced-stage solid tumours 

(NCT02546921) is currently recruiting patients.  

 

Antibody–drug conjugates (ADCs) 

ADCs consist of a cytotoxic payload conjugated to an antibody directed against a tumour-

associated antigen, and these agents can be effective in patients with solid tumours. Mirvetuximab 

soravtansine is an ADC consisting of a cytotoxic agent, the maytansinoid DM4, conjugated to a 

humanized anti-FRα monoclonal antibody via a cleavable linker. Preclinical studies have 
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demonstrated in vitro and in vivo antitumour activity of this agent in models of ovarian cancer and 

NSCLC.88 Interestingly, a bystander effect, whereby toxic effects were observed in tumour cells 

lacking FRα expression (Figure 5-2), suggesting potential effectiveness in patients whose tumours 

have heterogeneous expression of FRα.88 Preclinical in vivo studies of mirvetuximab soravtansine 

in combination with other agents used in patients with ovarian cancer, such as bevacizumab, 

doxorubicin and carboplatin, also revealed antiproliferative effects.89 In a first-in-human phase I 

trial,90 this drug was well-tolerated as a single agent, with hypophosphataemia and punctate 

keratitis being the main dose-limiting toxicities. The most common reported adverse events were 

fatigue (in 32% of patients), blurred vision (in 25%) and diarrhoea (in 34%), most of which were 

grade 1 or 2.90 An expansion phase of this study provided proof of concept supporting the use of 

mirvetuximab soravtansine as a single agent in patients with platinum-resistant FRα-

overexpressing ovarian cancers, with an ORR of 26%.91 These results provided the basis for a phase 

III trial (FORWARD I), in which investigators randomized patients with FRαpositive platinum-

resistant advanced-stage epithelial ovarian, primary peritoneal or fallopian tube cancer to receive 

either chemotherapy (paclitaxel, pegylated liposomal doxorubicin or topotecan) or mirvetuximab 

soravtansine. Unfortunately, the trial failed to meet its primary PFS end point (Table 5-1). This 

trial included patients with high or medium levels of FRα expression, defined as >75% and 50–74% 

of cells with detectable membrane staining, respectively, on examination at ×10 magnification. A 

pre-planned analysis of data from the subgroup with high levels of FRα expression revealed a small 

but statistically significant improvement in PFS, favouring mirvetuximab soravtansine (Table 5-1). 

However, the FORWARD I study involved a simplified immunohistochemical test with a cut-off of 

50% membranous staining for FRα, irrespective of staining intensity. In a non-preplanned study, 

data from this trial were re-analysed using a more conventional and stringent 

immunohistochemical test that also took into account cellular staining intensity in addition to the 

percentage of cells that stained positive for FRα, and the results showed a significantly improved 

PFS duration in those with FRα-high disease (5.6 months versus 3.2 months, HR 0.55; P = 0.014)88. 

A repeat phase III trial involving patients with FRα-overexpressing ovarian cancer, with 

stratification conducted using a more conventional immunohistochemical test is currently 

recruiting patients (NCT04209855). 

Multiple early phase clinical trials combining mirvetuximab soravtansine with other anticancer 

drugs are currently ongoing, with preliminary data reported. Trials evaluating the combination of 

mirvetuximab soravtansine with targeted agents or immunotherapies, such as bevacizumab92 and 

pembrolizumab,93 respectively, have provided preliminary data on safety and efficacy. Clinical 

testing of combinations with conventional chemotherapeutic agents, such as carboplatin and 

liposomal doxorubicin, are also ongoing. Judging the early activity of these combinations is 

currently difficult: final conclusions can only be drawn after the completion of adequately powered 

randomized trials. MORAb-202, an ADC comprising farletuzumab linked with the microtubule-

targeting agent eribulin, has potent antitumour activity in cancer cell lines and in patient-derived 

xenograft model. This agent is currently under investigation in a phase I trial (NCT03386942). 

 

Folate–drug conjugates 

Folate-based drug conjugates with a cytotoxic component attached via a cleavable linker could, 

hypothetically, bind to the high-affinity FRs on the cell surface and enter the cell via endocytosis. 

The acidic environment of the endosome would then result in release of the drug conjugate from 

the FR, followed by cleavage of the linker, in turn resulting in the release and diffusion of the 

cytotoxic agent.94,95 In addition to FRα, folate-based drug conjugates could also bind to FRβ, and 
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could merit further exploration as a cancer treatment given that tumour-associated macrophages 

are known to express FRβ.96,97  

The first folate–drug conjugate to be developed was EC131, which consists of a maytansinoid (DM1, 

a potent microtubule-stabilizing agent) linked to folic acid via an intramolecular disulfide bond. 

Preclinical data indicate that this agent has a high affinity for FR-positive cells, with a cytotoxic 

effect. EC145, later known as vintafolide, is a water-soluble folic acid derivative linked through a 

peptide spacer to the potent microtubule-destabilizing agent desacetylvinblastine 

monohydrazide.98,99  

In a phase I clinical trial, EC145 was found to have an acceptable toxicity profile with constipation, 

nausea, fatigue and vomiting being the most common adverse events, mostly of grade 1 or 2. A 

partial response was reported in a patient with metastatic ovarian cancer.100 The randomized phase 

II PRECEDENT study was designed to evaluate the efficacy of EC145 in combination with pegylated 

liposomal doxorubicin versus pegylated liposomal doxorubicin alone in women with platinum-

resistant ovarian cancer. The results revealed a benefit in terms of PFS for the combination (Table 

5-1). Etarfolatide as an imaging agent was effective in identifying patients who were more likely to 

respond to chemotherapy plus anti-folate therapy.55 These promising results led to the phase III 

PROCEED trial, which was designed to compare vintafolide plus pegylated liposomal doxorubicin 

versus liposomal doxorubicin plus placebo in women with predominantly FR-positive platinum-

resistant ovarian cancer. However, this trial was suspended in May 2014 after a prespecified interim 

futility analysis revealed a lack of improvement in PFS (NCT01170650).95 Vintafolide has also been 

evaluated in patients with NSCLC. In the phase II TARGET trial, investigators randomized patients 

with FRα-positive NSCLC (as determined using ertafolide-based imaging) to receive vintafolide, 

vintafolide plus docetaxel or docetaxel alone. The combination of vintafolide plus docetaxel 

resulted in improvements in the ORR and PFS over single-agent docetaxel or vintafolide (Table 

5-1).60 BMS-753493 (also known as epothilone folate) is a folate-conjugated form of the 

microtubule-stabilizing agent epothilone A. This compound was investigated in two parallel phase 

I/IIa studies; no objective responses were seen and the further development of this drug was 

discontinued.101 EC1456, another folate–tubulysin conjugate, demonstrated substantial anti-

proliferative activity in preclinical models of FR-positive tumours and is now being evaluated in a 

phase I trial (NCT01999738).102 

 

Small molecules 

CT900 (also known as BGC 945 or ONX-0801) is an FRα-targeted thymidylate synthase inhibitor 

that lacks the classic small-molecule–linker– payload structure of several other FRα-targeted 

therapies.103 CT900 is transported into FRα-overexpressing tumours owing to its higher level of 

affinity for FRα and lower affinity for the widely expressed RFC. Preclinical experiments involving 

KB-cell xenograft models have shown that the terminal half-life of this agent is longer in tumours 

than in non-malignant tissues, such as those of the liver or kidneys.104 This drug is currently being 

evaluated in a phase I clinical trial (NCT02360345). Preliminary results from the dose-escalation 

cohort of this trial have been released, and suggest that this agent is not associated with the 

toxicities typically associated with other thymidylate synthase inhibitors, such as diarrhoea, 

mucositis and neutropenia; however, pulmonary toxicities, which are not typically associated with 

agents targeting FRα, were noted.105 A retrospective analysis of data from an expansion cohort of 

the same trial suggests that five out of ten patients with FRα-overexpressing high-grade serious 

ovarian cancer had a radiological partial response.105 Further clinical trials with biomarker-based 

stratification are warranted.  
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T cell therapy, vaccines and oncolytic viruses 

Early clinical attempts to target FRα using T cells involved autologous activated peripheral blood-

derived T cells retargeted using a bi-specific monoclonal antibody that crosslinks the T cell CD3 

molecule with FRα, administered in combination with recombinant IL-2. An intraperitoneal 27% 

ORR was observed in 19 patients with ovarian cancer treated using this approach, and three 

patients had a complete response lasting > 1 year.106 Adoptive immunotherapies involving 

genetically modified autologous FRα-targeted T cells have also been assessed in patients with 

advanced-stage ovarian cancer. 

No responses were seen in any patients in a phase I trial; furthermore, several patients had grade 

3 or 4 toxicities, and the autologous T cells could not persist in vivo in sufficient numbers for 

prolonged periods of time.107  

Owing to the differential expression of FRα on the membranes of ovarian cancer cells, interest in 

the development of CAR T cells targeting this receptor is not surprising. Engineered CAR T cells 

containing an FRα-specific scFv (MOv19) coupled to the T cell receptor chain CD3ζ in combination 

with a CD137 (4-1BB) costimulatory motif were successful in inducing tumour regression in 

preclinical models.108,109 These CAR T cells are being tested in a phase I trial that is currently 

recruiting patients with ovarian or fallopian tube cancers, or primary peritoneal carcinoma 

(NCT03585764). CAR T cell-based therapies directed at FRα-expressing gastric cancer cells are 

currently in preclinical development.110 Several preclinical therapies designed to further improve 

the efficacy of anti-FRα CAR T cells have been developed, including adenoviruses capable of 

producing EGFR and CD3-targeting bi-specific T cell engagers (OAd-BiTEs) designed to redirect 

anti-FRα CAR T cells to FRα-negative cancer cells.111  

Anecdotal reports indicate a response in a patient with ovarian cancer vaccinated with FRα-

transfected dendritic cells.112 Further attempts to investigate vaccination-based approaches include 

a novel immunotherapeutic regimen referred to as Folate Immune (an EC90 vaccine administered 

with GPI-0100 adjuvant followed by EC17), which is designed to improve the immunogenicity of 

poorly immunogenic tumours.113 Folate Immune had a modest level of activity in an early phase 

trial, with one partial response observed in a cohort of 28 patients with renal cell carcinoma.113 

Elsewhere, a multi-epitope FRα peptide vaccine admixed with granulocyte–macrophage colony-

stimulating factor elicited immunity, as indicated by substantial increases in the numbers of 

antigen-specific T cells, in women with ovarian or breast cancers who had completed conventional 

treatment and were in remission prior to enrolment.114 Attempts to generate an FRα-targeted viral 

therapy using an attenuated measles virus with a single-chain anti-FRα antibody attached to the 

viral attachment protein have thus far demonstrated selective accumulation of the virus in FRα-

expressing cells and growth delay in xenograft models.115 

 

5.1.4.1 Reasons for success and failure so far 

Success and failure of different agents acting upon a specific target can reflect multiple factors. 

These factors include either pharmacological properties that affect exposure of cancer tissues to 

the drug, toxicities owing to differential effects on tumour and non-malignant tissues, and/or the 

availability of a biomarker that accurately predicts responsiveness.  

The pharmaceutical properties of drugs developed to target FRα thus far reflect the technology 

platforms used. For example, the half-life of antibodies such as farletuzumab is approximately 

120h,77 which enables weekly dosing. The ADC mirvetuximab soravtansine has a similar half-life 
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of 116–139 h and is administered using a 3-weekly schedule to allow recovery of damage to non-

malignant tissues caused by the cytotoxic payload. Small-molecule FRα inhibitors have a range of 

half-lives, some of which are very short, such as that of vintafolide (20–30min),100 which 

necessitates thrice-weekly administration on alternate weeks, making it a challenging regimen to 

deliver in large-cohort studies. The half-life of CT900 is approximately 10 h, enabling weekly and 

alternate weekly dosing schedules to be explored.116 For drugs delivering a cytotoxic payload (such 

as mirvetuximab soravtansine, vintafolide and CT900), achieving a sufficient level of exposure of 

cancer cells to the cytotoxic agent is crucial. For this reason, it is not surprising that drugs such as 

mirvetuximab soravtansine and CT900 have demonstrated to be reproducibly active single-

treatments, whereas drugs with a shorter half-life, such as vintafolide, have not. Antibody-based 

FRα-targeted agents such as farletuzumab have sufficient coverage of the target receptor; however, 

the lack of single-agent activity in clinical trials probably reflects the non-oncogenic properties of 

FRα, which permits cancer cells to function even when this receptor is effectively targeted by the 

antibodies. However, newer molecules that involve the use of antibodies to promote FRα-targeted 

antitumour immunity, such as the IgE antibody MOv18 and FRα-directed CAR T cell therapies, are 

heavily reliant on the specificity of the antibody to target prolonged immune toxicity of the agents. 

Furthermore, the ability of CAR T cells to persist at sufficient numbers in vivo will remain a crucial 

determinant of clinical activity.  
 

Table 5-2: Toxicities specific to individual FRα- targeted agents. 

Drug Notable toxicities Comment 

Farletuzumab Hypersensitivity reactions 

Observed with a wide range of 
therapeutic antibodies and not 

commonly seen with FR- targeted 
ADCs 

Vintafolide Nausea, fatigue and vomiting 
Similar to the toxicities seen with 

systemic chemotherapies 

Mirvetuximab soravtansine Keratitis and diarrhea 
Not seen with other FRα- 

targeting agents, although also 
seen with other, unrelated ADCs 

CT900 Pulmonary toxicities 
Toxicity specific to CT900 and no 

other FRα- targeted therapy 

 

The therapeutic potential of FRα-targeted therapies could also be limited by toxicity. Many cancer 

drugs have overarching toxicities, such as hypertension with antiangiogenic drugs117 or 

hyperglycaemia with inhibitors of PI3K signalling.118 Taking into account the multiple clinical trials 

designed to investigate safety and efficacy of a variety of treatments/approaches, including 

antibodies, ADCs, small molecules and cellular immunotherapies, no clear ‘on-target’ toxicity 

seems to be exclusive to FRα (Table 5-2). For example, common toxicities caused by the 

monoclonal antibody farletuzumab include hypersensitivity reactions in 60% of patients,77 which 

are rarely observed in patients receiving the ADC mirvetuximab soravtansine.91 Gastrointestinal 

disturbances, such as diarrhoea, are known to occur in patients receiving antifolate drugs, such as 

pemetrexed; however, the presence of diarrhoea as an adverse effect of mirvetuximab 

soravtansine,91 constipation as an adverse effect of vintafolide and the lack of gastrointestinal 

adverse effects of farletuzumab77 suggests that no clear FRα-related gastrointestinal toxicities exist. 

Furthermore, the mechanisms of toxicity observed with certain agents, such as the ocular toxicity 

seen in patients receiving mirvetuximab soravtansine, are currently unclear,91 but do not seem to 

be active in those receiving other FRα-targeted agents. Ocular toxicity has also been documented 
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in patients receiving other unrelated ADCs with different targets, such as trastuzumab 

duocarmazine or tisotumab vidotin,119,120 suggesting that these effects are not specific to FRα but 

rather reflect a class-specific effect of ADCs. Similarly, pulmonary toxicities have been noted in 

patients receiving CT900105 but not in those receiving other FRα-targeted drugs, suggesting that 

this is also not a class effect of FRα-targeted therapies. Clinical data on FRα-targeted CAR T cells 

are currently unavailable; however, little reason exists to believe that generic CAR T cell-related 

toxicities, such as cytokine release syndrome or CAR T cell-related encephalopathy syndrome, 

would not occur in subsets of patients.121 Should anti-FRβ CAR T cell therapies be developed, the 

expression of FRβ on macrophages could be a source of on-target toxicities, for example, in 

inflamed non-cancer-related tissues, such as the joint cavities of patients with arthritis. Taken 

together, none of the toxicities observed so far can clearly be described as ‘class effects’ of FRα-

targeted agents. This observation is encouraging because it suggests that, while FRα has a crucial 

role in embryogenesis, this receptor is less crucial to the survival of differentiated non-malignant 

tissues. This observation also implies that FRα-targeting drugs could have a viable therapeutic 

index if therapy can be focused on FRα-overexpressing cancers. Despite promising results from 

early phase trials, no FRα-targeted agents are currently approved for use in patients with cancer. 

The reasons for the current lack of approved agents can be broadly divided into a lack of efficacy 

as single agents and a lack of an adequate biomarker strategy. Drugs such as farletuzumab and 

vintafolide have limited single-agent activity and have also been tested in combination with 

chemotherapy in late-phase clinical trials.  

Despite attempts to select patients and individual lesions within patients using functional imaging, 

these phase III trials57–59 failed to meet the predetermined efficacy outcomes. Combining a drug 

that has only a modest level of single-agent activity with a cytotoxic chemotherapy that lacks a 

strong rationale for a synergistic combination effect, and comparing this combination with 

chemotherapy alone in a randomized trial also arguably carries a high risk of failure. Other agents, 

such as mirvetuximab soravtansine and CT900,91,105 have demonstrated single-agent activity. 

However, mirvetuximab soravtansine did not meet the predefined efficacy end points in phase III 

testing, most likely because the biomarker parameters set to define patients who were likely to 

have a response to therapy were over-ambitious. Investigations designed to identify predictive 

biomarkers early in the drug development cycle are a key aspect of the pharmacological audit trail, 

and such measures might avoid the failure of later-phase trials in the future.122 

 

5.1.5 Nanoparticles in folate targeting 

Disappointingly, to date no folate-based NPs have entered the clinic for cancer therapy. Lack of 

clinical translation may depend on factors such as the heterogeneous FRα expression on tumours 

and whether the molecular characteristics of tumours change over time.123  

However, several examples of folate-conjugated nanovehicles have been published in literature in 

the last years, chasing the dream of obtaining the “magic bullet” as proposed in the early 1900s by 

Paul Ehrlich.124 

 

FR-targeted liposomes 

Low and his group were the first to develop FA-decorated molecular carriers.125,126 Their pioneering 

contribution consisted in advancing technological solutions to overcome the shortcomings of 

liposomes, namely reduced blood circulation time and lower tissue specificity. They solved this 
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conundrum by linking stable, naturally occurring membrane lipids to FA via PEG bridges to 

improve its systemic circulation, and demonstrated that folate-PEG-liposomes can selectively 

deliver encapsulated doxorubicin to KB cells, without affecting normal cells.127 FRα targeted 

liposomal doxorubicin displayed increased antitumour action compared to non-targeted liposomal 

doxorubicin in an FR+KB cell nude xenograft model. Additionally, FRα-targeted liposomes elicited 

cytotoxic activity in FRβ+ cells, indicating that both FRα and β act as targets of FA-conjugated 

liposomes. The enhanced therapeutic efficacy of FR-decorated doxorubicin in solid tumours is 

thought to arise from altered intratumoural drug distribution, leading to selective internalization 

by FRα+ cancer cells and FRβ+ cancer-infiltrating macrophages, enabling increased drug release 

within the tumour microenvironment.128 Liposome-sequestered doxorubicin is not cytotoxic and 

is only activated upon release from the liposome into the acidic milieu of the endosome. The 

efficiency of the carried drug thus depends on internalization of the liposome and subsequent drug 

discharge. In contrast, the non-targeted liposomes might remain extracellular, accumulate within 

the interstitial fluid then release the drug at a slower pace, resulting in a bioavailable drug 

concentration that is not sufficient to induce apoptosis.129 Interestingly, doxorubicin delivery via 

FR-conjugated liposomes eluded Pgp-dependent efflux of the drug in murine FRα+M109 lung 

carcinoma cells, indicating that FR-mediated drug delivery could overcome drug resistance.130 

Recent work by Tong et al. further corroborated this key finding.131 Using FA-coupled nano-PTX 

liposomes, they observed that the intravenous administration of this liposome enhanced apoptosis 

in the peritoneal xenografts of PTX-refractory ovarian cancer cells, thus suggesting that FR-

targeted carriers could offer new solutions to old cancer problems such as chemoresistance. 

The folate conjugated liposomal drug delivery platform has since been employed for delivering 

various therapeutic compounds, including daunorubicin in a murine model of leukemia,132 

carboplatin for localized treatment of a human ovarian cancer xenograft,133 methotrexate (MTX),134 

irinotecan,135 docetaxel,136 cytosine arabinoside,137 PTX,138 imatinib,139 photosensitizers,128 genes,140 

small interfering RNA (siRNA) and antisense oligonucleotides.141 Advances in nanotechnology have 

allowed the design of improved liposomal carriers. To enhance the targeting selectivity of the 

folate-conjugated liposomal system, Xia et al. synthesized a smart polymeric material (F-PEOz-

DSPE) intended for both the receptor and pH-sensitive targeting of FR-overexpressing tumour 

cells.142 Such improved formulation successfully interacted with FRα+ on malignant cells and 

responded to the pH alterations in the endosome-liposome system, resulting in enhanced cellular 

uptake and cumulative drug release in SKOV3, a human OC cell line. Alternatively, He et al. 

engineered, for the first time, cationic folate-modified liposomes for OC gene delivery and 

demonstrated that folate-targeted lipoplexes can effectively shield plasmid DNA in vitro, thus 

constituting promising conduits for gene vector targeting in ovarian cancer therapy.143 Building on 

this discovery, another group tailored FRα-conjugated lipoplexes encapsulating Interleukin12 

plasmid as a conduit for targeted immunogene therapy aimed at treating colon cancer.144 A similar 

approach was adopted to devise a novel translational candidate for treating ovarian cancer, 

consisting of FRα-targeted lipoplexes harboring an hTERT-promoter-modulated plasmid encoding 

a matrix molecule expressed by the vesicular stomatitis virus, F-LP/pMP(2.5).145 The designed 

liposome exhibited increased anti-tumour effects in SKOV-3 cells and a SKOV-3 cancer model. 

Alternative applications of folate-decorated lipoplexes consisted in the fabrication of a FRα-

targeted liposome loaded using short hairpin RNA to target overexpressed claudin3 (CLDN3), 

which correlates with poor prognosis due tumour progression in OC. This formulation elicited 

90% tumour growth inhibition in an in vivo OC model.146  

These observations highlight the promising prospective of personalized gene therapy solutions for 

treating ovarian cancer. These immense technological milestones are reinventing the landscape of 
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drug discovery and forging novel, previously unimaginable strategies of remodeling the disease 

environment and ‘rewiring’ information at the genetic level to sensitize tumour cells to treatments. 

Exploring these principles, Morton et al., published a study describing the generation of a FA-

conjugated liposomal platform that strategically exploits the hydrophilic and hydrophobic 

compartments in liposomes to incorporate hydrophobic erlotinib and hydrophilic doxorubicin 

into the vicinity of one liposome that induces a controlled drug release sequence.147 The rationale 

behind this timed release was to elicit the dynamic rewiring of apoptotic pathways through initial 

exposure to erlotinib (EGFR inhibitor), which sensitizes cells to exposure to the DNA-damaging 

agent doxorubicin, leading to enhanced cancer cell killing in animal models. These state-of-the-

art, futuristic biosystems platforms are pushing the limits of what is feasible and instating novel 

scenarios of drug targeting, based not only on specific targeting to cells but on timed sequential 

delivery of combinations of therapeutic cargo to reprogram cells to respond to specific compounds, 

thus offering solutions for bypassing chemoresistance.148  

Furthermore, new advances in nanoscale technologies have allowed the design of multifunctional, 

theranostic liposomal platforms that enable targeted delivery of drugs coupled to non-invasive 

imaging for effectively monitoring both drug delivery and therapeutic responses. The versatile 

properties of FA were harnessed once again to engineer a sophisticated theranostic nanocarrier 

consisting of a thermosensitive, dual-functional and bubble-generating liposome conjugated with 

folate and a photothermal compound (IR780). The mode of action of this smart nanoscale machine 

consisted in binding to FRα-expressing tumour cells, followed by drug release due to 

decomposition of encapsulated ammonium bicarbonate upon subjection to near-infrared laser 

irradiation. This mechanism engendered permeable flaws in the lipid bilayer leading to drug 

release, as observed in KB and human lung cancer cells.149 Ao et al. devised a novel nanotheranostic 

liposomal structure by coupling therapeutic and magnetic functionalities to a naturally sourced 

targeted polymer vehicle.51 For this purpose, they developed heparin-FA micelles endowed with 

excellent loading capability coupled to specific cancer targeting capacity to concurrently combine 

superparamagnetic iron oxide nanoparticles (SPIONs) and doxorubicin through an 

ultrasonication-based microemulsion strategy. This interface exploited the ability of FA to 

facilitate micelle construction and guide targeted cellular uptake by MCF-7 cells enriched with FRs 

to deliver a platform with high magnetic content, good colloidal stability, improved drug loading 

and continuous drug release, doubling as efficient probe for MRI. These advances and applications 

illustrate the potential of FR-based liposomes in improving targeted anti-cancer drug delivery and 

uptake by cancer cells, thus improving the cytotoxic anti-tumour effects of these agents. 

 

FR-targeted dendrimers 

As the previous sections indicate, the boom in FA-conjugated liposomes has motivated the 

exploration of alternative nano-constructs and nano-scale platforms, such as dendrimers, which 

constitute promising carriers of anti-drug agents using passive and active targeting approaches 

owing to their uniform size (< 5 nm) and multiple surface valencies.150 The schematic illustration 

of folate conjugated dendrimer is presented in Figure 5-6.  
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Weiner et al. were the first to develop and deliver folate-conjugated dendrimeric magnetic 

resonance contrast agents to tumour cells, reporting a 650% rise in fluorescence in cancer cells 

expressing FRα upon treatment with this theranostic nano-compound.151 This milestone initiated 

various experimental studies aimed at ameliorating dendrimeric structures for maximized cellular 

targeting and drug release. Shukla et al. soon snatched this opportunity to fabricate FA-conjugated 

nanostructures that could serve as contrast agents for boron neutron capture therapy (BNCT).152 

For this purpose, they engineered a FA-acid decorated polyamidoamine (PAMAM) for the first 

time by using FA conjugates of PEG containing and boronated PAMAM dendrimers in order to 

achieve the 10B concentrations required for BNCT. Although PAMAM dendrimers demonstrated 

high levels of hepatic uptake in KB cells and demanded further optimization endeavors, this study 

paved the way for future technical iterations based on a similar premise. Building on this technical 

framework, the Baker group devised a novel strategy aimed at developing new-generation DNA-

conjugated dendrimeric clusters suitable for both imaging and therapeutics that exploit FR 

targeting.153 Their approach consisted in interlinking generation 5 PAMAM dendrimers conjugated 

to two distinct moieties, one that bears folate with another carrying the imaging compound 

fluorescein isothiocyanate (FITC), using complementary DNA oligonucleotides to obtain FR-

targeted particulate carriers. The self-assembling bi-functional dendrimers demonstrated specific 

binding and internalization in KB cells, thus establishing a successful method for designing 

supramolecular arrays of dendrimers using oligonucleotide bridges. The group described their 

nanostructure as a ‘mix and match’ platform that could be expanded to explore various cancer-

specific biomarkers and enable the delivery of customized combinations of drugs. Most 

importantly, they explained that the attractiveness of these multifunctional platforms arises from 

their key ability to break the barriers imposed by the tumour microenvironment on classical 

therapeutic agents, including multi-drug resistance and immunological hurdles such as drug 

clearance by blood monocytes or by macrophages from the reticuloendothelial system (RES).153 

Molecular modeling by the same group explored the optimal interface modifications required to 

improve the function and performance of these nanodevices. They determined that an optimal 

form enabling the maximal interaction between FA and the dendrimer can be attained by capping 

amine groups using acetyl groups and experimentally confirmed enhanced cellular intake by 

acetamide-capped dendrimers, in comparison with carboxyl- and hydroxyl-terminated 

dendrimers.154 They also demonstrated that generation of 5 PAMAM dendrimers decorated with 

2.5 FA molecules at their surface displayed increased cellular uptake in the KB cells as compared 

to non-targeted dendrimers.155 Building on their own concepts, the group tested FA-linked MTX 

Figure 5-6: Schematic representation of a folate conjugated 
dendrimer. 
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dendrimers in immunodeficient mice and reported that the folate-conjugated nanoparticles, 

constructed using different methods, accumulated in liver and tumour tissues over four days after 

administration, in contrast to nontargeted polymers, and achieved up to 10 fold improved 

antitumour activity coupled to decreased toxicity.156–160 These findings suggest that FR-targeted 

dendrimeric nanovehicles can improve drug uptake and efficiency in tested models and warrant 

further development for clinical purposes.  

Studies by other groups have also confirmed the safety and effective tumour targeting abilities of 

PEGylated-FA-PAMAMs, and their reduced hemolytic toxicity in tumour bearing mice, where they 

achieved a sustained drug release pattern coupled to higher accumulation in the tumour 

microenvironment.161 The Baker group also performed in vivo mouse experiments to establish the 

effectiveness of the nanoscale delivery method, targeting capabilities of FA-conjugated devices and 

systemic toxicity of the nanovehicles, and reported that these bioconjugates delayed tumour 

growth by at least 30 days, highlighting their relevance for therapeutic human applications.162 The 

group also tailored other nanoformulations including FA-conjugated PAMAM dendrimers loaded 

with doxorubicin that release their therapeutic payload via a photochemical mechanism.163 Other 

nanotheranostic platforms developed by the Baker group include superparamagnetic, organic-

coated, iron oxide nanoparticles targeted to cells with FA-associated dendrimers (DC-SPIONs).164 

Documented FA-decorated PAMAM interfaces with theranostic potential now include 

gadolinium-conjugated dendrimeric nanoclusters functioning as tumour-targeting magnetic T1 

imaging contrast agents,165 technetium-99m labelled PEGylated PAMAM-FA conjugates for SPECT 

imaging166 and folate-functionalized amphiphilic dendrimer like star polymers as carriers for 

targeted drug delivery.167 Another study focused on the construction of a polyvalent theranostic 

nanocarrier consisting of SPIONs decorated with FA-PAMAM and loaded with a potent 

hydrophobic antitumour agent, i.e. 3,4-difluorobenzylidene-curcumin (CDF), as shown in Figure 

5-7a. The resulting nanoparticles exhibited high MRI contrast and accumulation coupled to 

improved antitumour activity compared to non-targeted compounds (Figure 5-7b and c). 

Additionally, they yielded increased apoptosis caused by the upregulation of phosphatase and 

tensin homolog, caspase-3 and NFKB suppression in SKOV3 and HeLa cells, thus corroborating 

their multifunctional theranostic character as imaging and therapeutic agents.168 This novel nano-

vehicle could thus have valuable clinical applications.  
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Shen et al.,169 on the other hand, exploited the selectivity of FR targeting to address a key feature 

of the tumour microenvironment, e.g. its acidity or low pH, to elicit drug release in the intra-

tumoural space. They developed an integrated multifunctional nanoplatform composed of a pH-

sensitive FA-PAMAM that harnesses the selectivity of FR targeting, long circulation and the EPR 

effect. The nano-vehicle exhibited enhanced drug accumulation coupled to increased suppression 

of malignant growth in mice, thus showing that the peculiarities of the tumour microenvironments 

can be exploited to improve drug delivery, thus transforming them into opportunities. Further 

bridging the micro- and nano- worlds, Liu et al. utilized FA-PAMAM to effectively deliver miR-7 

into glioma cells, thus developing a nanoscale platform for targeted microRNA (miRNA) 

delivery.170Another exciting technical feat consisted in synthetizing and grafting FA-PEG-PAMAM 

conjugates on quantum dots (QDs). QDs harbor unique electrical and optical characteristics such 

Figure 5-7: Pictorial representation of the folate receptor mediated endocytosis followed by drug release 
of the targeted theranostic SPIONs@FA-PAMAM-CDF formulation in cancer cells overexpressing FR, (b) 
T2-weighted MR images of the aqueous dispersion of SPIONs@PAMAM and SPIONs@FA-PAMAM with 
the T2 relaxation rate (1/T2) as a function of iron concentration, (c) MR images of SKOV3 and HeLa cell 
pellets after 30 min incubation with the nontargeted SPIONs@PAMAM and the targeted SPIONs@FA-

PAMAM nanoparticles. 
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as size-tunable and narrow emission spectra superior photostability and broad absorption profiles 

that can be exploited for molecular, cellular and therapeutic avenues. Zhao et al. expanded FA 

technologies to a futuristic level by engineering FA-PAMAMQD interfaces devised as stable 

targeting, water-soluble and biocompatible nanoscale imaging reagents for theranostic 

application.171  

The suitability of FA-PAMAM nanodevices as platforms for DNA and siRNA delivery was explored 

by Arima et al.172 The group engineered FA-PEG-appended dendrimers conjugated with α-

cyclodextrin as potential DNA carriers, and demonstrated that this nanocarrier displayed efficient 

cellular uptake and improved gene transfer activity in KB cells, thus establishing their promising 

potential as FR-targeted cell-selective DNA carriers. A recent cancer-type specific take on this 

concept consisted in the development of an FA-PAMAM platform for delivering siRNA against 

vascular endothelial growth factor A (VEGF-A) in head and neck squamous cell carcinoma mouse 

model (HNSCC). Intratumourally injected nanoparticles displayed increased tumour uptake and 

sustained localized retention profile, rendering them a suitable strategy for targeting cancers that 

are readily accessible for the injection of therapeutics such as HNSCC. Other applications included 

1) pH-responsive FA-conjugated nanocarriers composed of grafted PAMAM devices for active 

controlled targeting and gemcitabine release in A43 epidermoid carcinoma cells, resulting in 

enhanced uptake by cancerous cells173 and 2) FA-altered, dendrimer-entrapped, gold nanoparticles 

as nanoprobes for computed tomography imaging in lung adenocarcinoma.174 These various 

studies depict the versatility of FR-decorated nano-platforms and their potential clinical 

applications in developing targeted nanosystems for personalized cancer treatment strategies 

characterised by improved specificity and enhanced survival outcomes. 

 

FR-targeted nanoparticles as targeted treatments in various cancer types 

The versatility of FA as a biomaterial, and the therapeutic interest of FRα overexpression in 

epithelial tumours is proven by the number of publications that can be found on the topic, by the 

scientific community's wide interest in exploiting the peculiarities of this natural compound to 

design state-of-the-art next-generation therapeutic solutions and by the breadth of sophisticated 

techniques employed to develop these nanodevices. Here are reported the meaningful advances in 

the field in the past five years, which account for more than 70% of the published literature 

focusing on the exploitation of folate conjugation to design specific nanoscale solutions aimed at 

ameliorating targeted drug delivery to specific cancers. Examples include a novel polymer 

composed of FA-conjugated mPEG-PEI600 and loaded with plasmid DNA, yielding positively 

charged polyplexes. The DNA-polymer nanocomplexes succesfully delivered encapsulated DNA to 

melanoma cell lines through the FR endocytic pathway, delineating its efficiency as a nonviral gene 

carrier.175 In another technological achievement, Wang et al. fabricated nanoparticles composed of 

grapefruit-derived lipids, or ‘grape-fruit derived nanovectors’, decorated with FA, for selectively 

delivering therapeutic compounds to cancer models.176 The enhanced anti-tumour activity 

achieved by these nanovectors highlighted their potential as smart drug shuttles capable of 

navigating through the tumour microenvironment to their precise destinations. Another 

therapeutic nanoformulation consisted in fluorescently modified magnetic 

Fe3O4@mSiO2@YPO4:Tb3 particles using β-cyclodextrin and FA with glutathione as a linker, then 

loading them with 5-fluoroacil (5-FU) forming a 5-FU-CD inclusion complexion. The conjugate 

achieved enhanced release at low pH due to inclusion complex instability, demonstrating that 

multifunctional nanocomposites might be harnessed for magnetically guided delivery of 

therapeutic agents.177 
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The following sections explore the diverse, pioneering applications of FR-tagged nanoparticles 

aimed at refining current 1) screening tools, 2) chemotherapeutic regimens and 3) targeted therapy 

strategies in cancers that overexpress FRs in various cancer types, such as breast, brain, GI and 

gynecological cancers to name a few.  

 

FR-targeted nanoparticles for breast cancer treatment  

Breast cancer represents a heterogeneous malignancy characterised by diverse pathological 

entities that reflect multiple underlying genetic, epigenetic and signaling alterations leading to 

distinct clinical behaviors. Current therapeutic strategies for treating breast cancer encompass 

chemotherapeutics and targeted compounds, among which monoclonal antibodies (trastuzumab) 

and small molecule inhibitors such as lapatanib.178 Clinical advances have highlighted the need for 

integrative therapeutic strategies that selectively attack multiple targets to maximize efficacy and 

overcome drug resistance. To translate these concerns into a co-delivery platform that harnesses 

the joint powers of FR-targeted drug delivery, chemotherapy and small molecule inhibition in 

breast cancer, Qian et al. developed a novel nanocarrier incorporating doxorubicin and BCL2 

siRNA.179,180 The nanoparticle consisted of a novel hydrophilic folate-decorated  cationic star-block 

terpolymer, PGAH-b-PDMAPMA)3-g-PEG, containing disulfide bonds between PDMAPMA and 

PEG. It allowed fast co-delivery of the therapeutic load through the FR endocytic route under 

reducing acidic conditions (pH 5) of the tumour microenvironment, and achieved higher 

cytotoxicity compared to non-targeted nanomicelleplexes. The combination of cisplatin and 

docetaxel using FA-conjugated crystalline liquid nanoparticles, assessed in vitro and in vivo, was 

also tested as a possible treatment modality for folate overexpressing metastatic breast cancer 

treatment.181 Cisplatin conjugated to FA-decorated gold nanocluster constituted another potential 

interface for imaging and targeted therapy in breast cancer.182 An additional nanoscale siRNA 

delivery approach was attempted using shell/core nanoparticles that are cross-linked with 

polyetherimide-FA carriers enclosing Notch-1 shRNA. The nanoparticles shielded the silencing 

RNA from degradation by DNA nucleases and successfully delivered Notch-1 silencing RNA to 

human breast cancer MDA-MB231 cells, exhibiting reduced Notch-1 expression and elevated 

apoptosis. The magnetic targeting capabilities of this nanoparticle, enabling direct monitoring of 

drug administration coupled to its selective targeting capabilities, render it an attractive non-viral 

solution for imaging and gene therapy in breast tumours and cancer in general.183 FR-targeting was 

also exploited to enhance the delivery of FDA-approved monoclonal antibody trastuzumab. The 

tested FA-conjugated redox responsive and random multiblock copolymeric nanocarriers carrying 

the drug elicited increased anti-cancer activity both in vitro and in animal models.184 This study 

illustrates how FR-targeted platforms can be harnessed to improve the cytotoxic activity of current 

FDA-approved therapies such as trastuzumab, thus potentially revitalizing these old treatments.  

Magnetic nanoparticles harbor unique features, including quantum size effect, magnetic character 

and increased surface to volume ratio, rendering them useful vehicles for magnetic fluid 

hyperthermia and drug targeting, as well as contrast agents for MRI.185 To address the 

shortcomings of chemotherapy, characterised by poor discrimination between healthy and tumour 

cells leading to adverse side effects, and the pitfalls of chemoresistance, Gunduz et al. packaged 

the anti-cancer drug idarubicin into FA-PEG-decorated magnetic nanoparticles.186 Targeted 

idarubicin exerted higher toxicity than free idarubicin in MCF-7 breast cancer cells, suggesting that 

targeted delivery of therapeutic agents using nanovehicles could fight chemoresistance and rewire 

cells to the toxic effects of specific drugs. A multifunctional therapeutic drug delivery platform 

composed of chlorin e6 (Ce6)/FA-loaded, branched PPC nanoparticles was also designed for 
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targeted photodynamic therapy in treatment-refractory breast cancer. The vehicle improved 

cellular uptake of photosensitizers and led to high photocytotoxicity in MCF-7/ADR cells at very 

low dosages.187 These findings thus suggest that this novel FR-targeted nano-vehicle could offer yet 

another promising solution to drug-resistance in breast cancer.  

Researchers have also employed FR-targeting to address the therapeutic limitations of existing 

drugs, or to evaluate the clinical relevance of new formulations. For instance, Saxena et al., loaded 

the HSP90 antagonist, 17-allylamino-17-demethoxy geldanamycin (17-AAG), into poly (lactide-co-

Glycolide) (PLGA)-PEG-FA nanoparticles to ameliorate its therapeutic efficiency and cytotoxicity 

in breast cancer cells.188 They reported increased cellular uptake yielding about 80% nanoparticle 

release over 10 days as well as two-fold enhanced antitumour activity of the folate-targeted 

nanoparticles in MCF-7 cells in comparison to nontargeted particles, indicating that these 

nanocarriers could serve as targeted delivery vehicles for treating breast tumours and other 

cancers. Additionally, selenium nanoparticles constitute promising materials for the treatment of 

cancer. To test their antitumour activity in breast cancer, Pi et al. injected FA-modified selenium 

nanoparticles in MCF-7 cell lines.189 The internalized nanoparticles were transported to the 

mitochondria where they elicited mitochondrial-dependent apoptosis involving oxidative stress, 

calcium stress changes and mitochondrial dysfunction leading to mitochondrial damage. Folate 

decorated nanoparticles were subsequently trafficked into the nucleus and nucleolus, inducing 

MCF-7 cell cycle arrest. Furthermore, they provoked cytoskeletal disorganization and cell 

membrane morphology alterations. Another successful platform for targeting breast cancer cells 

consisted in FA-functionalized PEG-PPSu copolymers enclosing the novel antitumour drug 

ixabepilone (IXA).190 These examples illustrate the therapeutic potential of nanoscale FR- targeted 

nanocarriers in breast cancer therapy, opening new avenues of drug transport to cancer cells.  

Quercetin is a natural flavonoid with useful antitumour activity limited by poor water solubility 

and bioavailability, necessitating innovative technological solutions to its shortcomings. FA-armed 

mesoporous silica nanoparticles packaging quercetin demonstrated increased cellular uptake and 

bioavailability leading to cell cycle arrest and death by modulating the AKT and Bax signaling 

pathways, coupled to anti-migratory effects. This novel formulation provided a versatile platform 

for harnessing the cytotoxic effect of quercetin while ameliorating its bioavailability through 

selective targeted delivery to cancer cells.191 To examine the theranostic value of FA-nanoparticles 

in breast cancer screening, Heidar et al. also devised folate-conjugated fluoromagnetic 

nanoparticles destined for MCF-7 cells imaging.192 The group thus established the versatility of this 

formulation as a companion test for monitoring and guiding treatment options in breast and other 

epithelial cancers.  

Treatment of the highly aggressive and recalcitrant triple negative breast cancer (TNBC) poses 

formidable challenges to clinicians and researchers alike. To address these hurdles, Feng et al. 

designed an approach based on novel FA-conjugated gold nanorods (GNRs) harboring covalent 

cisplatin-polypeptide decoration for targeted chemotherapy and photothermal therapy in TNBC.193 

These nanoparticles weave the FNR photothermal conversion property, the improved PGA 

biocompatibility, cisplatin chemotoxicity and the targeting abilities of FA into a unified nano-

platform. When combined to localized near infrared laser illumination, these hybrid nanoparticles 

achieved significant growth inhibition of TNBC following systemic administration and inhibited 

metastasis from primary tumour sites to the lung by eradicating peripheral cancer blood vessels. 

These findings indicate that integrative strategies represent attractive approaches for the 

eradication of TBNC. Metal oxide nanoparticles constitute another upcoming therapeutic 

approach whose clinical use is hindered by toxicity. Ahir et al. developed a Cuo Nanowire 

conjugated with FA to enable its selective drug uptake in tumours while limiting its toxicity against 
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normal cells.194 The nanowire induced apoptosis and retarded migration in TNBC cells, thus 

delineating a novel strategy for maximizing anti-tumour activity of oxide nanoparticles and 

tempering their side effects. In recent years, drug repurposing has emerged as a powerful strategy 

to unmask novel uses for old drugs. To determine whether the anti-obesity drug orlistat can be 

repositioned as a new drug against TNBC, the compound was packaged into FR-conjugated 

micellar nanoparticles. This strategy resulted in increased apoptosis through caspase-3 and PARP 

inhibition and significant antitumour activity in mice, indicating that well-tailored packaging 

solutions are a viable approach for channeling the therapeutic potential of existing drugs against 

new diseases.195 Another old and inexpensive drug, disulfiram, was encapsulated in FA-targeted 

PLGA-PEG nanoparticles for its delivery to breast cancer cells, and exhibited significantly reduced 

breast cancer tumour growth rate, highlighting its potential as a platform suited for targeted 

delivery into BC cells and other tumours.196 These studies highlight the promising potential of FR-

targeted nanovehicles and platforms in improving drug delivery, uptake and cytotoxicity as well as 

overcoming mechanisms of chemoresistance in breast cancer, thus paving the way for more 

efficient targeted therapies for this malignancy.  

 

FR-targeted solutions for the treatment of brain cancers  

Folate conjugation might be of therapeutic use for hardly treatable brain cancers. Delivering 

therapeutics to the central nervous system constitutes a major clinical issue that has not yet been 

resolved. Current treatments are hampered by the lack of effective strategies for transporting drugs 

across the BBB, thus hindering their cellular uptake and effect.197 Overexpressed FRs provide a 

cunning strategy for eluding the brain's natural fences and selectively targeting drugs to brain cells 

(Figure 5-8). To develop nanoformulations that curb the hurdles of classical therapeutics, the 

Diwan group146 designed a nanoscale formulation aimed at delivering docetaxel to the brain, a 

process usually impeded by P-glycoprotein efflux. The group exploited the drug-drug interactions 

between ketoconazole and docetaxel, which counteracts P-gp efflux of docetaxel at the BBB, by co-

encapsulating both compounds into FA-modified solid lipid nanoparticles. The tested nanocarriers 

accomplished successful delivery of docetaxel coupled to increased retention time in the brain, 

enabled by ketoconazole-mediated suppression of P-gp efflux of docetaxel at the BBB in animal 

models. This successful approach illustrates how mechanistic nanoscale solutions can improve 

drug delivery to the TME of the brain to potentiate antitumour activity in this clinically challenging 

milieu. Another nanotherapeutic strategy for treating malignant human brain glioblastoma 

consisted in selective etoposide delivery using both FA- and lactoferrin-grafted poly(lactide-co-

glycolide) nanoparticles, which achieved sustained drug release and enhanced antiproliferative 

activity.198 This platform thus warrants further investigation in pre-clinical trials. 
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Figure 5-8: Nanocarrier-dependent approaches for crossing the BBB to address brain tumours. 

 

Although MRI constitutes the standard method for diagnosing and monitoring patients with brain 

tumours, conventional MRI approaches are plagued with two limitations: the inability to establish 

the full tumour extent, and to differentiate malignant tissue mirroring disease progression or 

recurrence from non-specific treatment-induced alterations following surgery, chemotherapy or 

immunotherapy.199 Ameliorated bioimaging techniques are thus required to refine disease 

detection and management. Chen et al. exploited the versatility of FA-tagging to devise a new 

theranostic tool for brain gliomas.200 They designed a nanointerface interweaving oleic capped 

MnO nanoparticles conjugated to FA. The synthesized particles enhanced MRI contrast and 

yielded a clearer detection margin, demonstrating the clinical relevance of this interface for early 

detection of brain gliomas. FA-conjugated bovine serum albumin (BSA) decorated SPIONs, also 

proved to be promising, non-toxic, target-specific carriers for labeling and for intracellular dual 

modal imaging aiding diagnosis in the human brain.201 As these studies illustrate, advances in FR-

coated nanoparticles could provide effective, innovative strategies for overcoming the obstacles 

posed by drug delivery across the blood-brain barrier, thus potentially improving clinical outcomes 

in the highly aggressive brain cancers.  

 

FR-targeted nanoparticles in lung cancer 

To overcome the shortcomings of SPIONs, characterised by instability, rapid blood clearance and 

active targeting that hinder their suitability for clinical investigations, Yoo et al. synthesized 

FAPEG-SPIONs for lung cancer imaging.202 Such nanoparticles yielded enhanced optical imaging, 

indicating that this platform is a suitable theranostic agent for tumour imaging and monitoring. A 

combinatorial anti-cancer approach coupling the combined delivery of baicalein and paclitaxel 

with FA- and hyaluronic acid-decorated nanoparticles also yielded synergistic anti-tumour effects 

in human lung cancer cells and xenografts, indicating that combination treatment through 

targeted codelivery of therapeutic compounds can circumvent multidrug resistance in lung cancer 

and warrants further development.203 Synchronized cisplatin and PTX delivery using FA-modified 

PEG-PLGA copolymer nanoparticles was also tested in a non-small lung cancer model in vitro and 

in animal models, and resulted in greater anti-tumour efficacy with reduced side-effects, indicating 

that targeted simultaneous delivery of chemotherapeutic drugs could constitute a safer approach 

than traditional methods.204,205 FR-decorated nanovehicles thus constitute attractive and 
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promising clinical strategies for improving targeted drug delivery and overriding chemoresistance 

in lung cancer.  

 

FR-targeted nanovehicles for drug delivery in the gut  

Gastroenterological malignancies encompass multiple tumour types, including esophageal, 

stomach, biliary, pancreas and intestinal malignancies. A recent report by the World Health 

Organization revealed that gastric and colon cancers constitute two of the most aggressive and 

lethal gastroenterological malignancies worldwide.206 This dismal prognosis is due to the fact that 

most patients suffering from these tumours are diagnosed in advanced stages and is further 

aggravated by increased rates of cancer recurrence and mortality within 5 years of treatment. 

Additionally, although gastroenterological cancer therapies have undergone various 

improvements and developments in the past decades, tumour recurrence and metastasis remain a 

major obstacle hampering the success of current treatment regimens. Hence, there is a true, urgent 

need for improved, complementary and targeted therapeutic strategies following surgery to 

improve survival outcomes for these malignancies.207 Interestingly, FRα has been found to be 

upregulated in 30–40% of colorectal carcinoma patients and is directly related to decreasing 

overall survival.208 Furthermore, greater than one third of gastric cancer patients overexpress 

FRα.209 In light of these statistics, packaging therapeutic compounds into FR targeted nano-

vehicles could constitute a promising approach for improving drug delivery and overcoming 

chemo and drug resistance in colon and gastric cancers. Various studies have assessed the clinical 

relevance and feasibility of this strategy in colon and gastric cancers, and will be discussed below.  

 

FR-targeted nanovehicles for drug delivery and immunotherapy in colon cancer  

FR-targeted nanoformulations have been designed for homing of drugs to colon cancer cells. For 

instance, Sharma et al. engineered FA-conjugated guar gum nanoparticles (GGNP) loaded with 

MTX to enhance drug targeting of colon cancer tissue.210 The constructed FA-GGNP elicited 

enhanced growth inhibition in Caco-2 cells and limited MTX release in the upper gastrointestinal 

tract, while maximizing its release in colonic fluids of pH6.8 in an in vivo model. This targeted 

nanocarrier presents two advantages over classical therapeutic formulations: it specifically releases 

the compound in the colon showing a colonic tumour microenvironment, and exhibits specific 

localization and targeting due to FR overexpression in colorectal carcinoma. Ameliorated activity 

was also observed for the classic anticancer drug doxorubicin using folate-terminated polyrotaxane 

nanoparticles (Figure 5-9), indicating that selective targeting through the FR route constitutes a 

viable solution for overcoming multi-drug resistance in colon cancer.211 To further address this 

hurdle, Amjad et al. developed a co-delivery platform consisting of VEGF siRNA and doxorubicin 

loaded onto FA-conjugated cholic acid-polyethylenimine micelles and observed increased 

apoptosis and necrosis.212 Zhang et al. synthesized another nanovector composed of ginger-derived 

lipids for the targeted doxorubicin delivery.213 To further investigate the efficacy of 

chemotherapeutic drug delivery using nanoparticles, the Wang group developed folate-chitosan 

nanoparticles incorporating leucovorin and 5-fluoroacil, and microencapsulated by enteric 

polymers.214 Enteric coating achieved pH-dependent release and precluded drug discharge in 

gastric and intestinal fluids, signifying that this approach could reduce the side-effects of 

chemotherapeutic agents in colon disease. These various strategies could be harnessed to 

ameliorate drug delivery and cytotoxicity and to bypass drug resistance in colon cancer, thus 

potentially ameliorating disease outcomes.  
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Figure 5-9: Intracellular release of doxorubicin by targeting the mitochondria and nucleus of colon cancer 
cells with FA functionalized, doxorubicin-loaded PEGylated nanoparticles. 

 

FR-targeted nanovehicles for drug delivery and immunotherapy in gastric cancer  

FR-decorated solutions have also been investigated in the context of gastric cancer. For instance, 

gene therapy delivery using nanocarriers was also applied to developing novel targeted solutions 

that overcome the limitations and harmful side-effects of conventional therapies in gastric cancer. 

For this purpose, Cui et al. coupled RNA nanotechnology with FR-mediated delivery to synthetize 

novel folate-conjugated 3WJ- siRNA-pRNA nanoparticles loaded with BRCAA1 siRNA (Figure 

5-10).215  

These nanocarriers generated selective fluorescent imaging, highly effective siRNA delivery, 

significant antitumour activity in MGC803 cells and regression of gastric cancer xenografts. As 

shown in Figure 5-10, FA-decorated RNA vehicles displayed remarkable accumulation in the 

tumour but little buildup in key organs such as spleen, liver and kidneys, thus protecting non-

cancer tissues from cytotoxic damage. This innovative approach institutes a novel paradigm for 

applying RNA nanoparticles to cancer cells by maximizing therapeutic activity and minimizing 

toxicity through selective targeting of the tumour microenvironment, thus warranting further 

investigation in the pre-clinical setting. Another promising nanotheranostic solution for treating 

advanced gastric cancer consisted in designing multifunctional FA-decorated, pH-sensitive 

magnetic-polymer nanocarriers loaded with doxorubicin. The nanocarriers were readily monitored 

using MRI and allowed a higher efficiency of doxorubicin internalization at pH6.6 as compared to 

their non-targeted counterparts.216 Finally, Wu et al. explored the efficacy of PTZ-loaded, folate-

targeted, polymeric micelles in esophageal human cancer cells following intravenous 

administration.217 Coated PTX inhibited subcutaneous xenograft tumours and improved survival 

in tumour-bearing mice more efficiently than plain or free PTX micelles, indicating that polymeric 

micelles carrying a chemotherapeutic load could improve the therapeutic efficiency of human 

esophageal cancer drugs. Hence, FR-coated nanocarriers could be used for packaging and 

delivering various drug agents to gastric cancer cells to enhance their delivery and cytotoxicity.  
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Figure 5-10: (a) Design of RNA nanoparticles used in the animal trial (left), or to prepare the AFM images 
(right); (b) AFM image of extended 3WJ RNA nanoparticles;d (c) HE immunostaining of important organs, 

showing lack of damage. 

 

FR-targeted nanovehicles for drug delivery in liver cancer  

Similarly, Shao et al. exploited the advances in nanotechnology to design a novel theranostic 

platform for combating liver cancer.218 They merged suicide gene therapy, an effective liver cancer 

treatment, near-infrared quantum dots, which facilitate tumour imaging, and FR-targeted delivery, 

to engineer a folate-modified nanoplatform consisting of a HSV-TK/GCV suicide gene system 

combined to near infrared fluorescent CdSeTe/ZnS core/shell quantum dots. This multifunctional 

system displayed highly specific tumour imaging and potent anti-tumour activity in mouse 

xenografts without systemic cytotoxicity, thus opening new horizons of research based on novel 

premises. Another clinically relevant multifunctional study developed folate-conjugated 

PEGylated PLGA nanoparticles (SRF/FA-PEG-PLGA NP) co-encapsulating the anti-cancer drug 

sorafenib and magnetic SPIONs. Such nanoparticles yielded enhanced cellular uptake and anti-

tumour activity in BEL7402 cancer cells, highlighting their potential as bioimaging and therapeutic 

strategies for liver cancer.219 Surface-enhanced Raman scattering (SERS)-labelled nanovectors 

based on gold nanoparticle biofunctionalization with FA were also tested in cancer cells versus 

normal cells, resulting in higher SERS imaging signals in cancer cells and indicating potential uses 

for early cancer detection, which is illustrated in Figure 5-11.220  
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Figure 5-11: ATP and FA conjugation with Gold-nanoparticles, used as a screening tool for micro-imaging. 

 

To improve the biomedical application of siRNA in liver cancer, the Mao group221 synthesized a 

reduced molecular weight polyethyleneimine (PEI-600 Da) that was cross-linked to 2-

hydroxypopyl-β-cyclodextrin (HP-β-CD) and FA enclosing VEGF siRNA for delivery to HeLa cells 

and tumour-bearing mice. The siRNA system had no in vitro or in vivo toxicity and displayed 

increased siRNA transfection efficacies coupled to superior gene silencing efficiency in vitro, thus 

offering a road-map for the translation of targeted siRNA delivery and gene therapy to clinical 

treatments in the near future. Another groundbreaking strategy for bypassing drug resistance in 

liver tumours consisted in integrating monoclonal P-glycoprotein (P-gp) antibodies, miR122-

loaded gold nanoparticles and FA and into graphene nanocomposites (GGMPN). This formulation 

harnessed the power of drug targeting and sustained release to promote apoptosis in drug 

refractory HepG2 cells and xenograft tumour model, thus establishing the relevance of targeted 

miRNA therapeutics in liver cancer.222 These examples explore how FR-targeted nanovehicles can 

be exploited to deliver various therapeutic compounds, ranging from small-molecule inhibitors to 

siRNA therapeutics, to liver cancer cells, thus potentially improving therapeutic outcomes for this 

disease.  

 

FR-targeted nanoformulations for gynecologic malignancies  

The appeal of FR-targeted solutions has also extended to gynecologic malignancies, such as ovarian 

cancer. In fact, ovarian cancer constitutes the deadliest gynecologic tumour and ranks fifth in 

cancer mortalities among women. Epithelial ovarian cancer (EOC) represents its most common 

histologic type, presenting a 5-year survival evaluated at 45.6%.223 The success of therapeutic 

interventions is often hampered by the unavailability of sensitive early detection tools and the 

emergence of platinum-resistance during treatment. Early detection of ovarian cancer could thus 

greatly accrue overall survival by improving the rate of cure.224 FRα is overexpressed in up to 90% 

of EOCs, implying that FR-targeted nanotheranostic approaches could be useful in developing 

novel screening and intraoperative imaging techniques that palliate these unmet needs. To address 

this challenge, Liu et al. tailored a novel FR-targeting perfluorooctylbromide nanoparticle as a 

selective CT contrast agent.225 They reported high targeting ability and sustained circulation, thus 

offering a possible clinical approach for early EOC detection. Furthermore, FA-conjugated, 

magnetic iron oxide nanoparticles were employed to detect malignant cells in female whole blood, 

and the schematic illustration is shown in Figure 5-12.  
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Figure 5-12: Schematic representation of the detection of ovarian cancer cells in whole blood. 

 

Nanovehicles successfully tethered to FR-overexpressing cells and detached from the blood matrix, 

with no evident destruction using a magnetic field, allowing successful detection of 5 out of 10 

metastatic patient's whole blood.226 Another successful approach utilized FA targeted Fe3O4 iron 

oxide nanoparticles as a MRI contrast in an intraperitoneal xenograft model, demonstrating 

promising potential as a bio-imaging agent.227 The Kircher group, on the other hand, sought to 

address the lack of sensitive intraoperative imaging techniques for the detection of microscopic 

implants and residual tumours before metastasis by engineering FR-targeted, SEERS 

nanoparticles.228 The method, termed “topically applied surface enhanced resonance Raman 

ratiometric spectroscopy” (TAS3RS), enabled the identification of small tumours in an ovarian 

adenocarcinoma model. If clinically successful, this approach might reduce disease recurrence in 

OC and other malignancies characterised by peritoneal spread. Another theranostic approach 

developed by Patel et al. consisted in folate-targeted platinum-loaded nanoemulsions for imaging 

and targeted therapy in EOC.229  

The success of chemotherapeutic regimens in EOC is often hindered by the development of 

chemoresistance prior or during treatment due to the clonal heterogeneity of the tumour. FA-

coupled nano-PTX liposomes bypassed drug resistance and restored PTX activity in PTX-refractory 

SKOV3/TAX OC cells in vitro and in vivo when administered intraperitoneally, signifying that the 

localized FR-targeted chemoagent administration could prolong survival times in chemo-

refractory OC patients, thus offering an innovative solution to reverse drug resistance.131 Desale et 

al., on the other hand, designed a nanostrategy aimed at improving the selective delivery of 

cisplatin and PTX, a platinum-taxane drug combination frequently used for treating advanced 

OC.230 FA-conjugated nanogels encapsulating the drug combination significantly repressed 

ovarian tumour xenografts growth and outperformed nontargeted counterparts without affecting 

normal tissues. The authors concluded that the synchronized delivery of this taxane-platinum 

combination using a single vehicle to the same cellular targets constitutes a more valuable 

approach than the combination of single targeted therapeutic formulations with a similar drug 

ratio. This suggests that multifunctional drug delivery carriers enabling localized and synchronized 

chemotherapy constitute an improved approach for treating OC. Jones et al. devised an alternative 

co-delivery platform composed of folate conjugated triblock copolymers enclosing Toll-like 

receptor 4 (TLR4) siRNA and PTX.231 TLR4 silencing in SKOV3 cells rewired them toward PTX 

treatment, thus providing a novel potential solution for overcoming chemoresistance. 

Furthermore, 188Re-folate-CDDP/HAS MNP elicited enhanced tumour activity in SKOV3 and 

tumour bearing mice, indicating that the combination of chemotherapy, magnetic hyperthermia 
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and selective radionuclide of radiation exposure could suppress OC development.232 These studies 

thus highlight the potential theranostic applications of FR-targeted carriers for ovarian cancer 

treatment.  

The quest for novel ovarian cancer therapies has led to potential drug targets, such as the mRNA-

binding protein HuR (ELAVL10), whose overexpression correlates with poor prognosis. To test the 

efficiency of a targeted approach against HuR, HuR siR was combined to a novel FA-derivatized, 

DNA dendrimer nanocarrier (3DNA). Systemic administration to ovarian cancer-bearing mice 

repressed tumour and ascites growth and effectively prolonged lifespan. These results are the first 

to reveal 3DNA nanoparticle suitability for targeted delivery of cancer therapeutics, indicating that 

siHuR targeted therapy constitutes a promising strategy against ovarian cancer,233 and were 

corroborated by experiments using FR-targeted nanoparticles loaded with HuR-RNAi in lung 

cancer.234 Li et al. explored a siRNA delivery strategy for treating OC, achieved by FA-PEG-COL 

nanoparticles.235 The particles yielded superior compatibility with erythrocytes, greater 

aggregation and haemolytic activity, facilitated the uptake of nanoparticles and elicited greater 

gene silencing in vitro and in animal models, indicating that approach may effectively target and 

treat ovarian cancer using gene therapy. FA-conjugated nanoceria, e.g. nanoparticles of cerium 

oxide, also demonstrated promising potential as anti-ovarian cancer compounds, both alone or 

combined with standard chemotherapy.236 Another approach for drug delivery to OC cells 

consisted in dual CD44 coupled to folate-receptor targeted nanoparticles using HACE-FA for 

improved diagnosis and potential drug delivery.237 These studies demonstrate the versatility of FR-

coated platforms, which can be used to package and deliver an array of diverse and innovative drug 

agents to ovarian cancer cells, thus potentially offering new improved therapeutic solutions to the 

treatment of this aggressive malignancy. 

Adaptive T cell immunotherapy has also surfaced as a promising approach for treating epithelial 

OC. However, the success of this approach is hampered by the overexpression of PDL-1, which 

causes immunosuppression by interacting with programmed cell death protein 1 (PD-1) on T cells. 

Overcoming the PDL-1/PD-1 block is thus a pre-requisite for enhancing T cell killing. To bypass 

this barrier, Teo et al. devised FA-functionalized polyethylenimine polymers that selectively 

transport PD-L1 siRNA to the SKOV-3-Luc EOC cells, thus resensitizing them to T cell killing.238 

The combination of these two approaches resulted in twofold increased sensitivity to adoptive T 

cell immunotherapy compared to scrambled siRNA control. Most importantly, this study was the 

first to demonstrate that PDL-1 silencing using a FA/siRNA nanocarrier delivery system can rewire 

EOC cells for T cell therapy. To further explore targeted immunotherapy, Lee et al. conducted an 

investigation that examines the feasibility of loading chemokines onto upconversion fluorescent 

nanoparticles (UCNs) to regulate the migration of T cells in the TMA.239 The group developed 

FA/secondary, CCL21/UCNs as a targeted delivery vehicle in order to attract immune cells into FR-

positive OVCAR-3 cells. The nanoconjugates efficiently triggered T cell migration in vitro, 

signifying that FA-conjugates can be harnessed to elicit immunotherapeutic responses by 

modulating T cells as well as other immune cells trafficking.  

The suitability of FR-targeted interfaces was also investigated in other gynecologic malignancies. 

For instance, Palantavida et al. developed a novel screening tool for cervical cancer based on 

ultrabright fluorescent silica nanoparticles that were decorated using FA, reporting improved 

sensitivity (95–97% versus 30–80%) as well as sustained specificity (94–95%) as compared to 

existing clinical tests.240 This finding prompted the journal's editor to comment that this test 

should achieve expedited clinical usage in the near future. Folate modified nanostructured lipid 

carriers carrying cisplatin were also investigated as a strategy for the targeted delivery of 

therapeutic compounds in cervical cancer and yielded efficient selective cellular uptake through 
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the FR-endocytic pathway as well as greater anti-tumour capacity in vitro and in vivo.241 These 

findings highlighting how packaging common drugs into novel platforms enabling targeted 

delivery can improve the therapeutic activity of traditional therapeutic agents and potentially limit 

their side effects.  

 

FR-targeted nanoformulations for prostate malignancies  

Similarly to gynecologic malignancies, FRs are also overexpressed in epithelial prostate 

adenocarcinomas, warranting the study of FR-targeted nanoformulations for the treatment of 

these male neoplasms. Hence, the efficiency of nano-targeted drug delivery was tested in nude 

mice that bear human prostate cancer xenografts. Multifunctional gold nanospheres containing 

docetaxel and conjugated to FA increased antitumour potency and decreased drug resistance in 

the tested model, indicating the suitability of nanocarrier delivery in fighting advanced prostate 

cancer.242 Another interesting study in prostate cancer investigated the efficacy of FA-associated 

gold nanoparticles in delivering siRNA to malignant cells and revealed enhanced gene silencing, 

indicating the versatility of this platform for non-viral gene delivery in prostate cancer.243 These 

studies indicate FR-decorated nano-solutions could aid in developing more personalized 

treatment options and strategies for prostate cancer.  

 

5.1.6 Hetero-Nanoparticles 

Self-assembly opens various possibilities for what regards the synthesis of our nanoparticles. As 

was experimentally confirmed in our research group in fact, different conjugates can be mixed 

together in various proportions to get hetero-nanoparticles (hetero-NPs) as long as they present 

the same self-assembly inducer.244–246 

This can lead to some interesting applications; for example, a nanosystem expressing two or more 

drug moieties could induce a multiple or empowered therapeutic response, enabling a new type of 

combination therapy.244 In the case of a mixture of drug and fluorescent conjugates, the 

nanoparticle could be used for both therapy and imaging, allowing the tracking of the 

pharmaceutical through the various stages of adsorption, diffusion and elimination.247 Moreover, 

and this is the topic our project wants to cover, we envisaged the possibility to prepare hetero-NPs 

that combine therapeutic and targeting agents, thus generating an efficient drug delivery system.  

In literature some works already exploit this strategy. Couvreur and colleagues reported the 

formation of hetero-NPs by co-self-assembly of three squalene-based conjugates: gemcitabine–

squalene (therapeutic component), rhodamine– squalene (fluorescent moiety) and biotin–

squalene (targeting agent). These hetero-NPs demonstrated improved internalization in MCF7, 

M109 (murine lung cancer) and HeLa cell lines, which overexpress biotin receptors, and a stronger 

cytotoxic activity than nonbiotinylated NPs.248 

Our research group studied the formation of hetero-NPs by co-self-assembly of two squalene-

based conjugates with the drugs paclitaxel and cyclopamine.245 Biological evaluation of hetero-NPs 

on OVCAR5 (ovarian cancer), #83 and #110 (ovarian tumour-initiating), and U251 (glioblastoma) 

cell lines demonstrated a combined efficacy in apoptosis induction. Furthermore, we reported the 

formation of fluorescent hetero-NPs by co-self-assembly of the above-mentioned drug–squalene 

conjugates with a tetramethylrhodamine–squalene conjugate. Cell internalization was measured 

through multiple fluorescence microscopy methods – three-dimensional confocal microscopy 
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allowed the identification of fluorescent NPs in the cytoplasm of the cells, and super-resolution 

microscopy (dSTORM) permitted calculation of the diameters of the bright particles.245 

Notably, hetero-NPs are easy to obtain from the chosen conjugates, by mixing them together in 

the desired proportions; the classical solvent displacement method is then used to prepare the 

nanoparticles. More in details, conjugate compounds are mixed with the chosen ratio, dissolved in 

an appropriate solvent, dropped in the aqueous phase and evaporated under reduced pressure. The 

simplicity of this approach can lead to important applications in the field of personalized medicine, 

since the formulation of an individualized therapeutic does not require much effort or expertise. 
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5.2 Chemistry 

5.2.1 Aim of the project 

The main objective of the work described here is the synthesis of hetero-NPs formed by the self-

assembly of two different conjugates: one based on folic acid, with the role of directing the 

nanoparticle to the tumour site, and the other bearing as active moiety an anticancer drug to act 

as the therapeutic agent (Figure 5-13). 

 

 

Figure 5-13: Hetero-NP structure. 

 

Both conjugates are constituted of an active fragment (either folic acid or a drug) linked to a 

lipophilic self-assembly inducer via a specific linker.  

The linker itself is designed to be quite stable for the folic acid conjugate, while being labile for the 

drug conjugate, to prevent the nanoparticle from losing its targeting agent while being able to 

release the drug at the desired site of action. 

 

5.2.2 Folic acid conjugate 

The first targeted conjugate 5-2 (Figure 5-14) described in more details in the following paragraph.  

 

 

 

Figure 5-14: Structure of the folic acid conjugate 5-2. 

5-2 
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Self-assembly inducer: 4-(1,2-diphenylbut-1-en-1-yl)aniline (Figure 5-15) is a tamoxifen 

analogue, as it shares the same triphenylethylene 

backbone, while the phenoxy group is substituted 

with a methylaniline, ideal as an anchor point for 

the linker. 

As stated in our previous work,249,250 this 

compound is able to induce self-assembly when 

incorporated in both amphiphilic and lipophilic 

conjugates, leading to the formation of spherical 

NPs.  

Moreover, since tamoxifen itself shows an 

antiproliferative activity, being a non-steroidal antiestrogen used to treat estrogen receptor 

positive breast cancers, this self-assembly inducer could lead to a dual action construct acting both 

due to the drug payload and to the tamoxifen-derived self-assembly inducer. 

Linker: 4-[(4-amino-1-oxobutyl)amino] butanoic acid results from the condensation of two 

molecules of γ-aminobutyric 

acid (GABA) (Figure 5-16). 

This linker has an intermediate 

length, long enough to achieve 

a good separation between the 

lipophilic self-assembly inducer 

and the hydrophilic folic acid, but not too long to cause the formation of undesired secondary 

structures. In addition, the presence of a terminal amine and a carboxylic acid enables its direct 

condensation with the other two components of the conjugate. 

Active compound: Folic acid (Figure 5-17) is a water-soluble vitamin of the B group, displaying 

high affinity for the FRs e 

overexpressed on the surface of 

various tumour types and 

representing an efficient 

delivery system for 

oncotherapy, as described in 

details in Paragraph 5.1.3. 

 

5.2.3 Drug conjugate 

The drug conjugate has a different structure, but maintains the same division in three building 

blocks, as shown in the following picture (Figure 5-18). 

Figure 5-15: Structure of a tamoxifen-derived self-
assembly inducer moiety. 

Figure 5-16: Structure of the linker moiety. 

Figure 5-17: Structure of the folic acid moiety. 
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Self-assembly inducer: The same self-assembly inducer 

(Figure 5-19) was used, in order to preserve homogeneity 

of the inner, lipophilic layer of the nanoparticle. 

Linker: 4,4'-dithiodibutyric acid (Figure 5-20), also 

known as 4,4'-disulfanyldibutanoic acid, is an organic 

disulfide resulting from formal oxidative dimerization of 

4-sulfanylbutanoic acid. It was chosen as the drug-

conjugate linker because it can facilitate drug release 

thanks to its disulfide bond, easily reduced by GSH, a 

tripeptide compound with antioxidant properties 

overexpressed in cancer cell. 

Active compound: PTX (Figure 

5-20), a tetracyclic diterpenoid, 

was first isolated in 1971 from the 

Western Yew Taxus brevifolia by 

Wani, Wall and co-workers, who 

established its structure by X-ray 

crystallographic methods.251 

PTX acts as a microtubule-stabilizing drug, hindering cellular mitosis by preventing cytoskeletal 

microtubule depolymerization to free 

tubulin, disrupting the balance between 

polymerization and depolymerization, 

and thus leading to cessation of the cell 

cycle with arrest at the G2/M phase. 252 

Despite its promising cytotoxic activity, 

many limitations hinder its clinical use. 

First of all, PTX is a substrate of P-

glycoprotein (P-gp), which actively 

pumps it out of the cells and induces drug 

resistance.253 Secondly, due to its low 

water solubility, PTX is usually 

formulated in adjuvant Cremophor EL, 

Figure 5-18: Structure of the drug conjugate 5-3. 

Figure 5-19: Structure of the self-
assembly inducer moiety. 

Figure 5-20: Structure of the linker moiety. 

5-3 

Figure 5-21: Structure of the drug moiety. 
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that has been reported to cause serious side effects, including hypersensitivity reactions, 

nephrotoxicity, cardiotoxicity and neurotoxicity.254 Furthermore, significant side effects are 

induced due to PTX non-specific, indiscriminate biodistribution in the body after administration. 

Therefore, many PTX analogues have been prepared,255 on the base of SAR studies, in order to 

improve water solubility while maintaining its activity. Different approaches, obtained from SAR 

studies, for the preparation of paclitaxel analogues can be summarized as in Figure 5-22.256,257   

 

 

Namely, the 2’-hydroxyl group, used as a preferential site of conjugation, needs to be free in order 

to keep the biological activity. Therefore, it is important to have an efficient removal of the linker 

once the nanoparticle accesses the tumour site and the drug moiety is cleaved. 

PTX is approved for ovarian, breast, lung, bladder, prostate, melanoma, esophageal, and other 

types of solid tumour cancers. As seen previously (see Paragraph 5.1.4Figure 5-22), many of these 

are the same solid tumours which overexpress folic receptors FRα. That is the reason why PTX is 

often seen as the drug moiety of folic acid conjugates in literature works concerned with the 

formulation of targeting antitumoural nanoparticles.258,259 On the basis of these works, PTX was 

chosen as the drug cargo of our hetero-nanoparticles.  

 

5.2.4 Retrosynthetic analysis for PTX-diphenylbutenyl aniline 5-3 

The retrosynthetic approach conceived for the preparation of target PTX-diphenylbutenyl aniline 

conjugate 5-3 is shown in Scheme 5-1). 

Target conjugate 5-3 was to be obtained through a condensation reaction between PTX 5-4 and 

diphenylbutenyl aniline 5-5, that should derive from another condensation between the 4,4'-

dithiodibutyric acid linker 5-7 and the self-assembly inducer 5-6. The latter was to be achieved 

through a McMurry reaction between 4-aminobenzophenone 5-8 and propiophenone 5-9 

(Scheme 5-1). 

 

Figure 5-22: SAR studies for PTX. 
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Scheme 5-1: Retrosynthetic analysis for target conjugate 5-3. 

 

5.2.5 Synthesis of self-assembly inducer 4-(1,2-diphenylbut-1-en-1-
yl)aniline 5-6 

At first we focused our attention on the synthesis of 4-(1,2-diphenylbut-1-en-1-yl)aniline, as earlier 

done in our laboratories.250,260 The tamoxifen analogue was obtained through a McMurry reaction 

that entails the reductive coupling of 4-aminobenzophenone 5-8 and propiophenone 5-9 (Scheme 

5-2). 

 

 

Scheme 5-2: Synthesis of 4-(1,2-diphenylbut-1-en-1-yl)aniline 5-6. 
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At first, Zn dust was suspended in dry THF and TiCl4 was added to be reduced to TiCl2, the reactive 

species in this reaction. Then the two ketones were added and the desired target compound 5-6 

was obtained with good yield (74%) after flash chromatography purification. 

 

5.2.6 Synthesis of self-assembly inducer-linker conjugate 5-5 

The following reaction was the condensation of the self-assembly inducer 5-6, with the linker 5-7, 

in a 1:5 ratio, to reduce the amount of unwanted bis-amidation. The reaction was carried out using 

HATU as the coupling agent and DIPEA as the base, while dry THF was the solvent of choice 

(Scheme 5-3). 

 

 

Scheme 5-3: Synthesis of self-assembly inducer-linker conjugate 5-5. 

 

As already discussed in Paragraph 3.2.4 bicarboxylic acids can form with amines undesirable 

dimeric compounds under amidation conditions. As expected, the reaction resulted in the 

synthesis of target mono-conjugated compound 5-5 in a low 30% yield after chromatography, while 

the less polar, undesired bis-conjugated 5-10 was obtained in 34% yield (Scheme 5-3).  

We tried to confirm the structure of our target, expected to be the lower spot in the TLC, by 1H-

NMR analysis. Unfortunately, its attribution proved to be difficult as the two products presented 

an almost identical spectrum. Nevertheless, the ratio of the integrals of aromatic signals, 

attributable to the self-assembly inducer, compared to the aliphatic signals was 0.5:1 for the lower 

spot, and 1:1 for the higher one. This, and mass analysis gave us the confirmation that the lower, 

more polar TLC spot was the target 5-5. 

 

5.2.7 Synthesis of target drug-conjugate 5-2 

The last step of this synthetic pathway consisted in the preparation of target drug-conjugate 5-2. 

through an esterification reaction between PTX 5-4 and tamoxifen-based carboxylic acid conjugate 

5-5 (Scheme 5-4). 
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Scheme 5-4: Synthesis of target conjugate 5-2. 

 

We performed the reaction using EDC as coupling agent and DMAP as base, obtaining target 

compound 5-2 as single product in moderate yield after flash chromatography purification (52%). 

The formation of target drug conjugate 5-2 was confirmed by 1H-NMR and COSY characterization, 

in particular looking at the hydrogen in position 2’ of PTX, where we observed a signal shift from 

4.78 ppm to 5.51 ppm. Moreover, mass analysis of this product confirmed the formation of the 

desired compound 5-2. 

 

5.2.8 Retrosynthetic analysis of folic acid-based conjugate 5-3 

We decided to follow the same synthetic strategy used for the drug conjugate (see Paragraph 

5.2.4), using 4-(1,2-diphenylbut-1-en-1-yl)aniline 5-6 as the self-assembly inducer, 4-[(4-amino-1-

oxobutyl)amino] butanoic acid as the linker and folic acid 5-1 as the biologically active moiety 

(Scheme 5-5). 
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Scheme 5-5: Retrosynthetic strategy for conjugate 5-2. 

 

The target conjugate was to be obtained through a direct condensation reaction between folic acid 

5-1 and linker-self assembly inducer hybrid 5-11, which was to be the result of two sequential 

condensations of self-assembly inducer 5-6 with two molecules of Boc-protected γ-aminobutyric 

acid 5-12. 

 

5.2.9 Synthesis of self-assembly inducer-linker conjugate 5-11 

The synthesis of the self-assembly inducer-linker conjugate 5-11 is illustrated in Scheme 5-6 and 

described below. 
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Scheme 5-6: Synthesis of self-assembly inducer-linker conjugate 5-11. 

 

The first synthetic step entailed the protection of the amino group of γ-aminobutyric acid 5-13, 

using tert-butyloxycarbonyl (Boc) carbamate as the protecting group (step a, Scheme 5-6), to 

avoid unwanted side reactions. 

The reaction was carried out under aqueous conditions, using di-tert-butyl dicarbonate and 

sodium hydroxide as the base. Then, acidic quenching and chromatography led to the isolation of 

protected aminoacid 5-12 in quantitative yields, as confirmed by 1H-NMR analysis, in particular by 

the presence of the Boc signal at 1.43 ppm. 

The next reaction entailed a condensation of 4-(1,2-diphenylbut-1-en-1-yl)aniline 5-6 with Boc-

protected GABA 5-13 (step b, Scheme 5-6), using DIPEA and HATU as condensing agents. 

N-protected amide 5-14 was obtained in good yields after flash chromatography purification (94%). 

The structure was confirmed by 1H-NMR analysis, through the disappearance of the carboxylic acid 

signal, at around 11 ppm in the spectrum of starting material 5-12, and by the presence of the 

signature aromatic signals of target compound 5-14 at 6.84-7.36 ppm. 

The next reaction entailed the deprotection of the amino group of compound 5-14 in order to free 

it for a further condensation with another molecule of GABA (step c, Scheme 5-6Error! Reference 

source not found.). 

Boc removal was achieved in dry CH2Cl2 with trifluoroacetic acid (TFA) at 0°C. Trifluoroacetate 

salt 5-15 was obtained in quantitative yield without any further purification, and Boc removal was 

confirmed by 1H-NMR analysis, through the disappearance of the Boc signal at 1.44 ppm in the 

spectrum of starting compound 5-14. 

Then, the condensation between amine 5-15 and another GABA molecule 5-13 was carried out using 

HATU as the coupling agent and DIPEA as a base (step d, Scheme 5-6). 

The synthesis of compound 5-16 was achieved in quite good yields after flash chromatography 

purification (73%). The result was attested by 1H-NMR analysis, through the disappearance of the 
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carboxylic acid signal, previously at around 11 ppm in the spectrum of 5-13, and the reappearance 

of the Boc signal in 5-15 at 1.42 ppm. 

The final reaction of the synthesis of the self-assembly inducer-linker conjugate 5-11 was the 

deprotection of compound 5-16 (step e, Scheme 5-6). 

Once again, Boc removal was achieved in dry CH2Cl2 using TFA at 0°C. Target compound 5-11 was 

obtained in good yields after flash chromatography purification (90%), as confirmed by 1H-NMR 

analysis, through the disappearance of the Boc signal, previously present at 1.42 ppm in the 

spectrum of starting compound 5-16. 

 

5.2.10 Synthesis of folic acid conjugate 5-2 – Direct approach 

The final reaction of the synthesis of folic acid conjugate 5-2 entailed the direct condensation of 

folic acid 5-1 with the self-assembly inducer-linker construct 5-11 (Scheme 5-7); literature data261–

263 indicated that both the free amino group and the α-carboxylate group on folic acid would not 

have interfered during the amidation of its -carboxylate group. 

 

 

Scheme 5-7: First attempted synthesis of target conjugate 5-2. 

 

At first, EDC was used as the coupling agent together with DMAP as a base. Dry DMSO was 

employed as the solvent, as it was the only organic solvent in which folic acid was sufficiently 

soluble (step a, Scheme 5-7).  

The reaction was left stirring for 24 h, and was checked via TLC revealing that almost only starting 

material was present. After 47 h and no improvement, additional equivalents of EDC and DMAP 

were added; only minor amounts of reaction products appeared by TLC. After 120 h, further EDC 

and DMAP were added, and the same was repeated after 144 h. At 162 h the reaction was stopped, 

although the reaction mixture was composed mostly by starting materials 5-1 and 5-11 together 
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with different products, as testified by mass analysis. We tried to separate them without success, 

because of the complexity of the mixture and the difficulty of dissolving the reaction crude in 

solvents compatible with direct phase chromatographic purification methods. 

We tried then a two step published procedure,264,265 first activating the γ-carboxylate in folic acid 

5-1 using DCC, n-hydroxysuccinimide (NHS) and TEA in dry DMSO, to then carry out the coupling 

with linker-self-assembly inducer conjugate 5-11 (step b, Scheme 5-7). Even though activated-folic 

acid 5-17 was formed, once more, as can be seen by the appearance of NHS-signals in 1H-NMR, 

after 48 hours the reaction mixture was mostly starting material, in addition to minor products 

which could not be identified. 

This was unexpected because, according number of papers in literature, folic acid can be directly 

coupled to different substrates without problems or side reactions, by first selectively activating its 

γ-carboxylic acid .261–263,266–270  

Searching for possible explanations and synthetic alternatives we came across a recent paper by C. 

Figliola et al.271 which emphasizes the ineffectiveness of a direct synthetic approach to couple 

unmodified folic acid with a desired amine, in contrast with the vast literature. They unequivocally 

showed that a direct approach, despite its wide use, gives rise to mixtures that include both ester 

regioisomers, featuring an amine to be coupled to both carboxylates of folic acid. Furthermore, as 

conjugates containing folic acid are often only soluble in DMSO, the separation of the two 

regioisomers represents a considerable challenge They rather suggested a stepwise construction of 

the linker-self assembly inducer on the folate core, to achieve conjugation only at the desired γ-

carboxylic acid and thus preserving the free α-carboxylic site for FRα recognition. 

 

 

Figure 5-23: Structures of α- and γ-conjugated folates. 

 

Thus, according to Figliola’s work, we recognized that we suffered the lack of regioselectivity in 

condensation reactions involving folic acid caused by multiple reactive groups (amine, carboxylic 
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acids) present in the molecule, and its scarce solubility in organic solvents which could hinder the 

purification process. 

At this point, in order to access the required γ-conjugate, we decided to switch our plan of action 

and adopt a new synthetic strategy, as suggested by the cited article:271 a stepwise reconstruction 

of the dicarboxylate side chain of  folic acid starting from its two core components, pteroic acid 

and L-glutamic acid, proceeding through a sequential protection/activation route, and 

maintaining the α-carboxylic acid protected until a final deprotection. 

Moreover, the need to protect several two polar functional groups (amine and α-carboxylic acid) 

was exploited by choosing two protecting groups that could decrease the molecule’s polarity and 

improve its overall solubility. 

Two possible retrosynthetic strategies, involving the stepwise construction of suitably protected 

and activated folic acid from pteroic acid and L-glutamic acid, were conceived, allowing for the 

selective conjugation of pharmacophore at the desired γ-carboxyl site (Scheme 5-8, A and B). 

Strategy A would require at first a coupling of a γ-activated, α-protected glutamic acid derivative 

with the linker-self-assembly inducer prior to their reaction with pteroatic acid. Strategy B would 

require the γ-activated, α-protected glutamic acid moiety to be firstly coupled with the carboxy-

activated pteroate portion to create a γ-activated, α-protected folate, and reacting it only later with 

a self-assembly linker-glutamate construct (Scheme 5-8).272  

 

 

Scheme 5-8: Retrosynthetic pathways A and B; pteroate fragment in blue, L-glutamic acid fragment in red, 
linker-self-assembly inducer fragment in fucsia. 
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5.2.11 Retrosynthetic analysis of folic acid conjugate 5-2 - Pathway A 

We decided to try first pathway A, as it required fewer synthetic steps. A detailed retrosynthetic 

approach for the preparation of desired compound 5-2 is shown in Scheme 5-9. 

 

 

Scheme 5-9: Retrosynthetic pathway A for conjugate 5-2. 

 

Folic acid conjugate 5-2 was to be supposedly obtained by removal of F--labile 2-

(trimethylsilyl)ethyl (TMSE) and trimethylsilylethoxycarbonyl (Teoc) protecting groups from 

advanced intermediate 5-18, which should have been the result of a condensation between CDI-
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activated pteroic acid 5-19 and diphenylbutenyl aniline-glutamic acid 5-20. Compound 5-19 could 

be obtained by activation of the free carboxyl group with CDI, and Teoc-protection of the primary 

amine of pteroic acid 5-21. Diphenylbutenyl aniline-glutamic acid 5-20 could result from coupling 

of then- and C-protected amino acid 5-22 with the linker-self-assembly inducer conjugate 5-11. 

Lastly, amino acid 5-22 should be achieved by esterification of commercial -benzyl ester 5-23 and 

deprotection of its α-position. 

 

5.2.12 Synthesis of protected L-glutamic acid 5-22 

The first steps of synthetic strategy A were focused on preparing a suitably protected L-glutamic 

acid moiety to be coupled onto pteroic acid. The initial reaction (step a, Scheme 5-10) was the 

protection of commercially available Boc-L-glutamic acid 5-benzyl ester derivative 5-23 as a 2-

(trimethylsilyl)ethyl (TMSE) ester. 

 

 

Scheme 5-10: Synthesis of bis-protected L-glutamic acid 5-22. 

 

The esterification was carried out with a two steps procedure, in which the starting compound was 

first converted into its activated carbonyl imidazole at the α-position using CDI in dry CH2Cl2, , 

and then treated with 2-(trimethylsilyl)ethanol to obtain protected ester 5-24 with moderate 54% 

yield after flash chromatography purification (step a, Scheme 5-10). Formation of the desired 

product was confirmed by 1H-NMR analysis, especially by the appearance of a characteristic TMS 

peak at 0.04 ppm. 

The following step entailed the cleavage of benzyl ester 5-24 to achieve the selective deprotection 

of the γ-carboxylic acid group (step b, Scheme 5-10). This step was accomplished via catalytic 

hydrogenolysis, using hydrogen gas and palladium on carbon. Free -carboxylate 5-22 was 

obtained with good yields (91%) after flash chromatography purification, as testified by 1H-NMR 

analysis through the disappearance of arylic  signals, previously present at 7.35 ppm. 

 

5.2.13 Synthesis of L-glutamic acid-linker conjugate 5-20 

The next step entailed the condensation of N- and -protected L-glutamic acid moiety 5-22 with 

earlier described linker-self-assembly inducer conjugate 5-11 (step a, Scheme 5-11).  

The reaction was carried out using HBTU and DMAP in dry CH2Cl2. The coupling was reasonably 

efficient, as compound 5-25 was afforded with a moderate yield (56%) after Biotage® silicagel 

chromatography purification. The result was confirmed by 1H-NMR analysis, with the presence of 

signature aromatic signals for compound 5-11 at 6.79-7.38 ppm, and especially by mass analysis. 

The following step entailed the Boc-deprotection of compound 5-25, leading to free amine 5-20 

(step b, Scheme 5-11). The reaction was carried out adding p-toluenesulfonic acid in a 1:1 mixture 

of dioxane/water and heating up the reaction mixture. These mild reaction conditions were chosen 
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instead of a classic TFA protocol, as they are more suitable for chemoselective deprotection of Boc-

protected primary amines and do not affect the stability of other amide or ester groups. 

 

 

Scheme 5-11: Synthesis of protected L-glutamic acid-linker-self assembly inducer conjugate 5-20. 

 

The reaction proceeded smoothly, leading to target compound 5-20 in medium yield (62%) after 

flash chromatography purification. The product was characterised to confirm its identity by 1H-

NMR and 13C-NMR analysis. Boc removal was testified by the disappearance of the corresponding 

signal, previously present at 1.43 ppm in the spectrum of starting compound 5-25. 

 

5.2.14 Synthesis of activated pteroic acid 5-19 

We focused then on the synthesis of the third and last building block of the pathway, i.e. the 

pteroate moiety. At first, we activated its carboxylic group, and subsequently protected the amine 

group of pteroic acid 5-21 (step a, Scheme 5-11). 
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Scheme 5-12: Synthesis of N-protected, C-activated pteroic acid 5-19. 

 

The reaction was carried out by first treating with CDI and TEA as a base in dry DMSO to obtain 

an activated intermediate carbonyl imidazole, with the primary amine also converted into a 

carbamoyl imidazole group. Subsequently, 2-(trimethylsilyl)ethanol was added to obtain the 

nucleophilic acyl substitution of the carbamoyl imidazole, de facto providing a Teoc-protection for 

the amine group. 

The Teoc group was supposed to serve two purposes: to protect the amino group, to decrease the 

nucleophilicity of the nitrogen and thus avoid side reactions, and, being a lipophilic protecting 

group, to improve the solubility of the resulting molecule 5-19 in organic solvents.  

The reaction turned out to be trickier than expected, as pteroic acid was very difficult to solubilize 

even in DMSO, and this affected various aspects of the reaction, from reactivity to monitoring and 

purification. A first few reaction attempts were unsuccessful, as we only recovered starting 

material. Realizing it was probably due to poor solubility we heated up the reaction to50°C., with 

an immediate colour change from light brown to almost black, and homogeneization of the 

reaction mixture. Thanks to this adjustment the reaction was effective, but the purification of the 

crude mixture, which still contained a good amount of unreacted pteroic acid, was tricky. Being 

pteroic acid only partially soluble in organic solvents, both manual and automated flash 

chromatography could not provide a completely pure product, as the starting material permeated 

the whole column during the entire elution. Anyhow, as expected, the desired product was now 

soluble in organic solvents such as CH2Cl2-MeOH. 

In the most successful attempt, we obtained target compound 5-19 with a medium yield (51%) after 

flash chromatography purification. This was confirmed by 1H-NMR through the disappearance of 

the free carboxylic acid signal around 11 ppm, and the appearance of a TMS peak at 0.05 ppm. 

 

5.2.15 Synthesis of protected folic acid conjugate 5-18 

The following, critical step of this synthetic pathway required the condensation of protected and 

activated pteroic acid 5-19 with previously reported L-glutamate-linker-self-assembly inducer 

construct 5-20 (step a, Scheme 5-13). 
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Scheme 5-13: Attempted synthesis of protected folic acid conjugate 5-18. 

 

The coupling was carried out in dry DMSO, with 7-Methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene  

(MTD) as the base of choice. In fact, various bases were investigated to achieve this reaction on 

similar substrates, and MTD provided the best results.272 Unfortunately, this reaction did not work 

on our substrates, as we only recovered starting materials even after forcing reaction conditions. 

Thus, rather than further optimizing strategy A, we decided to switch to the second possible 

synthetic pathway B, hoping to have more success. 

 

5.2.16 Retrosynthetic analysis of folic acid conjugate 5-2 - Pathway B 

The second retrosynthetic approach for the preparation of desired folic acid conjugate 5-2 is shown 

in Scheme 5-14).  

The difference with the first approach is that we to obtain the folic acid conjugate B at first the L-

glutamic acid moiety and the pteroic acid moiety are connected, de facto reforming the folate, and 

then the linker-self-assembly inducer conjugate is attached. 
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Scheme 5-14: Retrosynthetic pathway B to conjugate 5-2. 

 

Folic acid conjugate 5-2 could be obtained by deprotection of both amino and -carboxyl groups 

of protected compound 5-18. Conjugate 5-18 could result from a coupling reaction between the 

linker-self-assembly inducer conjugate 5-11 and protected and activated folic acid 5-26, to be 

obtained by NHS-activation of the -carboxyl group of protected folic acid 5-27. Protected folic 
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acid 5-27 could be achieved by condensation of protected and activated pteroic acid 5-19 with -

protected L-glutamic acid 5-28, formerly obtained by Boc-deprotection of N- and C-protected 

aminoacid 5-22.  

 

5.2.17 Synthesis of C-activated, protected folic acid derivative 5-26 

 

Scheme 5-15: Synthesis of the C- activated, protected folic acid 5-26. 

 

Previously described, Boc- and C-protected L-glutamic acid 5-22, was deprotected in acidic 

conditions to provide free amine 5-28 as a trifluoroacetate salt (step a, Scheme 5-15). 

Once again, the reaction was carried out adding p-toluenesulfonic acid in a 1:1 mixture of 

dioxane/water and heating up the reaction mixture. These mild reaction conditions are more 

suitable for chemoselective deprotection of Boc-protected primary amines, and do not affect the 

silylester group in . 
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The reaction was very efficient, yielding compound 5-28 in quantitative yield after flash 

chromatography purification. The product was characterised by 1H-NMR analysis, which 

confirmed the occurred deprotection as the Boc signal, previously present at 1.44 ppm, 

disappeared. 

The next step was the reconstruction of a folic acid scaffold, achieved through the coupling of the 

free amine of α-protected L-glutamic acid 5-28 with pre-activated pteroic acid 5-19 (step b, 

Scheme 5-15). As in the earlier attempts to synthesize compound 5-18, the coupling was carried 

out in dry DMSO and MTBD was chosen as the base. The reaction was successful, although the 

crude contained several compounds with a similar Rf that were difficult to separate by direct flash 

chromatography. After several attempts, we successfully isolated compound 5-27 in a poor 33% 

yield. 

Then, protected folic acid 5-27 was condensed with NHS to give the activated ester 5-26 (step c, 

Scheme 5-15). 

NHS-activation was performed in dry DMF, using EDC as the coupling reagent. The reaction 

required to double the initial amount of EDC and NHS, in order to consume all the unreacted 

starting material. We obtained target compound 5-26 with good yields (94%) after a simple work-

up. The result was confirmed by 1H-NMR analysis, which showed the presence of NHS signals at 

2.80 ppm. 

 

5.2.18 Synthesis of target folic acid conjugate 5-2 

The key synthetic step of our strategy B entailed the coupling of the activated protected folic acid 

5-26 with previously synthetized linker-self-assembly inducer conjugate 5-11 (step a, Scheme 5-16). 

This condensation was run in dry DMSO, using TEA as a base. The reaction was successfully 

completed, affording compound 5-18 in moderate 40% yield after flash chromatography 

purification, and accessing the complete structure of the desired folic-linker-self assembly inducer 

conjugate.  

At last, the folic acid conjugate target 5-2 was obtained by simultaneous deprotection of both the 

amino and the α-carboxyl group of compound 5-18 in a two-step procedure as shown in Scheme 

5-16 (step b). 

At first, treatment with tetrabutylammonium fluoride caused the cleavage of both TMSE and Teoc 

protecting groups; then, addition of a NaOAc solution caused the precipitation of the desired folic 

acid conjugate as a sodium salt in good yield (66%) and without necessity of further purification, 

thus achieving the synthesis of the second target conjugate of this Ph.D. thesis.  
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Scheme 5-16: Synthesis of target folic acid conjugate 5-2. 

 

5.3 Conclusions and future perspectives 

In conclusion, we successfully completed the synthesis of two desired targets: conjugate 5-3, 

functionalized with the anticancer drug PTX, and conjugate 5-2, functionalized with targeting 

agent folic acid (Figure 5-24). 
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Figure 5-24: Structure of target conjugates 5-2 and 5-3. 

 

In the near future, these conjugates will be tested to evaluate their ability to form self-assembled 

hetero-nanoparticles. Different nanosuspensions will be prepared using standard solvent 

evaporation protocols, combining the two final products in different proportions.  

The percentage of folic acid needed to gain a targeting advantage will be estimated, considering 

that literature shows different successful strategies; namely, Reddy et. al. discussed that a 0.03 

molar percentage of folic acid on a liposome is enough for targeting, while higher molar 

percentages of FA on the surface of nanoparticles could prompt the formation of FA dimers and 

trimers, thus decreasing cellular binding of the liposomes.140 Conversely other groups, suggest to 

use considerably higher percentages, up to 13% (w/w) of FA, to obtain good targeting results.273  

The resulting suspensions will be characterised to attest their stability and properties. In particular, 

DLS and Z-potential measurements will be performed to evaluate the polydispersity index (PI), 

hydrodynamic diameters and Z-potential of these nanoassemblies. 

Subsequently, in vitro biological tests will be performed to assess transport, internalization and 

drug release profiles of the nanoparticles, and  to evaluate a possible improvement in the cellular 

uptake of the nanosystem compared to the free drug. Several cancer cell lines have been already 

employed for in vitro studies of folic acid-functionalized nanoparticles, such as Caco-2 (intestinal 

barrier model),258 MCF-7 and MDAMB 231 (human breast adenocarcinoma cancer),273,274 SKOV-3 

and IGROV-1 (human ovarian cancer),275 and HeLa-KB (epidermoid carcinoma);276 Caco-2 cells 

were also used to determine their permeability through an intestinal barrier model,258 

Useful future improvements regarding this project could be the improvement of some low-yielding 

synthetic steps in the synthesis of conjugates 5-3 and 5-2; the synthesis of new conjugates 

functionalized with different anticancer drugs, such as the fluorescent anthracycline antibiotic 

doxorubicin or the synthesis of a conjugate functionalized with a fluorophore, such as fluorescein 

or rhodamine, could allow the formulation of a therapeutic hetero-nanoparticle capable of being 

studied via fluorescent imaging and spectroscopy.   
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5.4 Experimental part 

5.4.1 Chemistry 

Synthesis of 4-[1,2-diphenylbut-1-en-1-yl]aniline 5-6 

 

TiCl4 (3.85 g, 0.0203 mol) was added dropwise under nitrogen atmosphere to a stirred suspension 

of Zn dust (3.20 g, 0.0489 mol) in dry THF (43 mL) at -10°C. The mixture was left stirring at 0°C 

for 10 min until a blue colouration developed, then it was heated to reflux for 2 h. After being 

cooled down to 0°C, 4-aminobenzophenone 5-8 (1.00 g, 5.07 mmol) and propiophenone 5-9 (749 

mg, 5.58 mmol), previously dissolved in dry THF (57 mL), were added. The reaction was left stirring 

at reflux for 2 h. The mixture was then poured into Na2CO3 10% (72 mL) and was vigorously stirred 

at rt for 15 min. It was then filtered on celite, extracted with AcOEt (3 x 30 mL), washed with water 

(30 mL) and brine (30 mL). The collected organic phases were then dried over Na2SO4 and 

concentrated. The crude was purified by flash chromatography (silicagel, eluent mixture 8:2 n-

hex/AcOEt) to obtain pure 5-6 (1.12 g, 3.75 mol, 74% yield) as a beige solid. 

Analytical characterization 

 1H-NMR (400 MHz, CDCl3): δ = 7.37 (t, J = 7.2 Hz, 2H, HAr), 7.31 – 7.27 

(m, 3H, HAr), 7.23 – 7.13 (m, 5H, HAr), 6.69 (d, J = 8.8 Hz, 2H, H3-H5), 

6.40 (d, J = 8.8 Hz, 2H, H2-H6), 3.47 (bs, 2H, -NH2), 2.48 (q, J = 7.6 Hz, 

2H, H3’), 0.950 (t, J = 7.6 Hz, 3H, H4’). 

13C-NMR (400 MHz, CDCl3): δ = 144.7, 144.0, 143.5, 141.4, 139.4, 134.7, 

132.3, 130.4, 130.1, 128.6, 128.4, 127.0, 126.5, 115.2, 29.6, 14.0. 
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Synthesis of 4-{[3-({4-[(1Z)-1,2-diphenylbut-1-en-1-yl]phenyl}carbamoyl)propyl] 

disulfanyl}butanoic acid 5-5 

 

Solid HATU (210 mg, 0.551 mmol) and DIPEA (130 mg, 1.00 mmol) were added to a stirred solution 

of 4,4'-dithiodibutyric acid 5-7 (120 mg, 0.501 mmol) in dry THF (1.75 mL) under nitrogen 

atmosphere. The mixture was left stirring for 30 min, then 4-(1,2-diphenylbut-1-en-1-yl)aniline 5-

6 (150 mg, 0.501 mmol) was added and the reaction mixture was left stirring at rt for 18 h. The 

solvent was evaporated under reduced pressure, AcOEt (3 mL) was added and the organic phase 

was washed with water (3 mL) and brine (3 mL). The collected organic phases were dried over 

Na2SO4 and concentrated under reduced pressure. The crude was purified by flash 

chromatography (silicagel, eluent mixture 6:4 n-hex/AcOEt) to obtain pure 5-5 (0.052 g, 0.100 

mmol, 20% yield) as a yellow oil. 

Analytical characterization 

 1H-NMR (300 MHz, CDCl3): δ = 7.38-7.13 (m, 12H, 

HAr), 6.84 (d, J = 8.5 Hz, 2H, HAr), 2.77-2.71 (m, 4H, 

H10-H11), 2.69 – 2.45 (m, 6H, H8-H13-H3’), 2.08-2.01 

(m, 4H, H9-H12), 0.96 (t, J = 7.7 Hz, 3H, H4’). 

13C-NMR (100 MHz, CDCl3): δ = 178.3, 170.6, 143.4, 

142.2, 139.2, 138.1, 135.4, 131.4, 129.7, 129.5, 128.2, 127.9, 

126.7, 126.2, 118.8, 37.8, 37.5, 35.4, 32.3, 29.0, 24.5, 

24.0, 13.5. 
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Synthesis of paclitaxel-dithiodibutyroate-diphenylbutenylphenylamide 5-3 

 

EDC∙HCl (0.027.2 mg, 0.141 mmol) and DMAP (6.4 mg, 0.047 mmol) were added to a stirred 

solution of 5-5 (52.3 mg, 0.100 mmol) in dry CH2Cl2 (5 mL) under nitrogen atmosphere. Then 5-4 

(56.9 mg, 0.0673 mmol) was added and the reaction mixture was left stirring at rt overnight. After 

reaction completion (TLC monitoring, eluent mixture 1:1 n-hex/AcOEt), 1M HCl (30 mL) was 

added, and the mixture was extracted with CH2Cl2 (5 x 10 mL). The collected organic phases were 

dried over Na2SO4 and concentrated under reduced pressure. The crude was purified by flash 

chromatography (silicagel, eluent mixture 1:1 n-hex/AcOEt) to obtain pure target 5-3 (70.2 mg, 

0.0348 mmol, 52% yield) as a white solid. 

Analytical characterization 

 1H-NMR (400 MHz, CDCl3): δ = 8.19 

- 8.10 (m, 2H, HAr), 7.79 - 7.68 (m, 

2H, HAr), 7.65 - 7.57 (m, 1H, HAr), 

7.49 (m, 4H, HAr), 7.45 - 7.29 (m, 9H, 

HAr), 7.24 - 7.20 (m, 2H, HAr), 7.17 - 

7.06 (m, 5H, HAr), 7.04 - 6.95 (m, 1H, 

HAr), 6.79 (d, J = 8.2 Hz, 1H, HAr), 

6.33 - 6.19 (m, 2H, H10’’-CONH), 5.96 

(dd, J = 9.1, 3.4 Hz, 1H, H3’’’), 5.68 (d, J 

= 7.1 Hz, 1H, H2’’’), 5.51 (d, J = 3.4 Hz, 

1H, H2’’’), 4.96 (t, J = 9.5 Hz, 1H, H5’’), 

4.49 - 4.37 (m, 1H, H7’’), 4.31 (d, J = 8.5 

Hz, 1H, H20’’a), 4.20 (d, J = 8.5 Hz, 1H, 

H20’’b), 4.12 (q, J = 7.1 Hz, 1H, H13’’), 

3.80 (d, J = 7.1 Hz, 1H, H3’’), 2.75 – 2.52 (m, 5H, H11-H12-H6’’a), 2.51 – 2.39 (m, 2H, H8-H3’), 2.22 

(m, 2H, H13), 2.06 – 2.02 (m, 3H, -OAc), 1.93 (s, 3H, H18’’), 1.90 – 1.85 (m, 1H, H6’’b), 1.29 - 1.18 

(m, 5H, H14’’-H17’’), 1.17 – 1.09 (m, 3H, H16’’), 0.92 (t, J = 7.5 Hz, 3H, H4’). 

13C-NMR (400 MHz, CDCl3): δ = 204.0, 197.1, 196.5, 171.4, 171.3, 170.0, 167.7, 167.2, 133.8, 132.2, 

131.6, 130.4, 129.80, 129.77, 129.73, 129.6, 129.3, 129.2, 128.9, 128.7, 128.5, 128.30, 128.26, 128.05, 
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128.02, 127.3, 127.2, 126.8, 126.73, 126.66, 126.3, 118.9, 118.7, 84.6, 81.2, 80.6, 78.9, 76.7, 76.6, 75.7, 

75.2, 75.1, 74.2, 73.4, 72.5, 72.3, 72.0, 62.0, 61.8, 58.7, 55.2, 53.0, 45.8, 43.3, 38.9, 37.7, 37.4, 37.2, 

36.5, 35.7, 35.0, 32.1, 30.6, 29.8, 29.7, 29.2, 26.9, 24.52, 24.47, 24.1, 22.8, 22.2, 22.0, 21.0, 20.9, 15.0, 

13.7, 13.6, 9.8. 

MS (ESI+), m/z: calcd for C77H82N2O16S2 1354.51, found 1377.39 (M+Na+). 

 

Synthesis of [(tert-butoxycarbonyl)amino]butanoic acid 5-12 

 

Solid Boc2O (3.18 g, 14.5 mmol) was added to a stirred solution of γ-aminobutyric acid 5-13 (1.00 g, 

9.71 mmol) in NaOH 1M (10 mL) and dioxane (2 mL). The reaction mixture was left stirring at rt 

overnight, and after reaction completion (TLC monitoring, eluent mixture 7:3 n-hex/AcOEt) it was 

extracted with n-hexane (3 x 10 mL). The collected organic phases were washed with sat. NaHCO3 

(2 x 8 mL); the combined aqueous phases were acidified with dil. HCl (5 mL) and extracted with 

AcOEt (7 x 20 mL). The reunited organic phases were then dried over Na2SO4 and concentrated 

under reduced pressure. The crude was purified by flash chromatography (silicagel, eluent mixture 

7:3 n-hex/AcOEt) to obtain pure target 5-12 (1.97 g, 9.68 mmol, quantitative yield) as a beige solid. 

Analytical characterization 

 1H-NMR (400 MHz, CDCl3): δ = 10.88 (bs, 1H, -COOH), 4.73 (bs, 1H, 

-CONH), 3.27 – 3.04 (m, 2H, H4), 2.38 (t, J = 7.2 Hz, 2H, H2), 1.81 (p, 

J = 7.0 Hz, 2H, H3), 1.43 (s, 9H, H6). 

13C-NMR (400 MHz, CDCl3) δ 178.5, 156.3, 79.6, 39.9, 31.4, 28.5, 25.3. 

 

Synthesis of tert-butyl N-[3-({4-[(1Z)-1,2-diphenylbut-1-en-1-yl]phenyl}carbamoyl) 

propyl]carbamate 5-14 

 

HATU (1.03 g, 2.71 mmol) and DIPEA (0.86 mL, 4.92 mmol) were added to a stirred solution of 5-

12 (0.500 g, 2.46 mmol) in dry THF (39 mL) under nitrogen atmosphere. The reaction mixture was 

left stirring at rt for 30 min. 5-6 (0.742 g, 2.46 mmol) was then added, and the solution was stirred 

at rt overnight. After reaction completion (TLC monitoring, eluent mixture 1:1 n-hex/AcOEt) the 

solvent was evaporated under reduced pressure, 1M HCl (15 mL) was added and the aqueous phase 
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was extracted with CH2Cl2 (3 x 15 mL). The collected organic phases were dried over Na2SO4 and 

concentrated under reduced pressure. The crude was purified by flash chromatography (silicagel, 

eluent mixture 1:1 n-hex/AcOEt) to obtain pure target 5-14 (1.12 g, 2.31 mmol, 94% yield) as a beige 

solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ = 8.45 (bs, 1H, -CONH), 7.32 – 

7.23 (m, 2H, HAr), 7.32 – 7.23 (m, 5H, HAr), 7.22 – 7.10 (m, 5H, 

HAr), 6.84 (d, J = 8.5 Hz, 2H, HAr), 4.76 (bs, 1H, -CONH), 3.21 

(q, J = 6.3 Hz, 2H, H10), 2.49 (q, J = 7.5 Hz, 2H, H3’), 2.31 (t, J = 

6.6 Hz, 2H, H8), 1.88 – 1.78 (m, 2H, H9), 1.44 (s, 9H, H12), 0.95 

(t, J = 7.4 Hz, 3H, H4’). 

13C-NMR (400 MHz, CDCl3): δ = 171.0, 143.7, 142.4, 142.0, 138.8, 

138.4, 131.4, 131.0, 130.2, 129.8, 129.6, 128.2, 128.0, 127.9, 127.4, 

126.7, 126.3, 118.7, 86.6, 79.9, 39.4, 34.8, 29.2, 28.53, 28.50, 27.4, 13.7. 

 

Synthesis of 4-amino-N-{4-[(1Z)-1,2-diphenylbut-1-en-1-yl]phenyl}butanamide 5-15 

 

TFA (3.39 mL, 0.044 mol) was added to a stirred solution of 5-14 (0.980 g, 2.02 mmol) in dry 

CH2Cl2 (68 mL) at 0°C, under nitrogen atmosphere. The reaction mixture was then left stirring at 

rt overnight, and after reaction completion (TLC monitoring, eluent mixture 1:1 n-hex/AcOEt) the 

solvent was evaporated under reduced pressure to obtain target trifluoroacetate 5-15 (1.01 g, 2.00 

mmol, quant. yield) as a beige solid, without further purification. 

Analytical characterization 

 1H-NMR (400 MHz, CDCl3): δ = 7.88 (bs, 1H, -CONH), 7.38-7.29 

(m, 2H, HAr), 7.29-7.16 (m, 5H, HAr), 7.16-7.00 (m ,5H, HAr), 

6.83 (d, J = 8.5 Hz, 2H, HAr), 3.89 (bs, 3H, -NH3), 3.11 - 2.86 (m, 

2H, H10), 2.45 (q, J = 6.6 Hz, 4H, H8-H3’), 2.00 – 1.77 (m, 2H, H9), 

0.92 (t, J = 7.4 Hz, 3H, H4’). 

13C-NMR (400 MHz, CDCl3): δ = 171.7, 143.3, 142.9, 142.2, 140.4, 

138.0, 134.6, 131.4, 130.8, 129.8, 129.5, 128.4, 128.1, 127.6, 126.9, 

126.4, 119.8, 85.5, 81.6, 39.8, 34.2, 29.2, 23.2, 13.6. 
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Synthesis of b 5-16 

 

HATU (1.82 g, 4.79 mmol) and DIPEA (1.24 g, 9.58 mmol) were added to a stirred solution of N-

protected γ-aminobutyric acid 5-12 (0.491 g, 2.40 mmol) in dry THF (40 mL), and the reaction 

mixture was left stirring at rt for 30 min under nitrogen atmosphere. A solution of 5-15 (1.20 g, 

2.40 mmol) in dry THF (5 mL) was then added, and the reaction was stirred at rt overnight until 

completion (TLC monitoring, eluent mixture 2:8 n-hex/AcOEt). The solvent was evaporated under 

reduced pressure and the crude was purified by flash chromatography (silicagel, eluent mixture 

2:8 n-hex/AcOEt) to obtain pure target 5-16 (1.00 g, 1.75 mmol, 73% yield) as a beige solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ = 7.33 (m, 2H, 

HAr), 7.29-7.21 (m, 5H, HAr), 7.19-7.05 (m, 5H, 

HAr), 6.80 (d, J = 8.6 Hz, 2H, HAr), 4.72 (bs, 1H, -

CONH), 3.33 (q, J = 6.1 Hz, 2H, H14), 3.14 (q, J = 6.4 

Hz, 2H, H10), 2.47 (q, J = 7.4 Hz, 2H, H3’), 2.30 (t, 

J = 6.6 Hz, 2H, H8), 2.20 (t, J = 6.7, 2H, H12), 1.90 

– 1.81 (m, 2H, H13), 1.81 – 1.72 (m, 2H, H9), 1.42 (s, 

9H, H16), 0.93 (t, J = 7.4 Hz, 3H, H4’). 

13C-NMR (400 MHz, CDCl3): δ = 173.8, 171.5, 171.3, 

156.8, 143.6, 143.2, 142.3, 142.0, 139.3, 138.8, 138.5, 138.4, 137.2, 136.2, 131.4, 130.9, 130.1, 129.8, 129.6, 

128.2, 128.0, 127.9, 127.7, 127.4, 126.7, 126.24, 126.19, 125.8, 119.6, 118.8, 79.6, 39.6, 38.6, 34.8, 33.6, 

29.8, 29.2, 29.1, 28.5, 26.6, 26.4, 13.7. 

 

Synthesis of 4-amino-N-[3-({4-[(1Z)-1,2-diphenylbut-1-en-1-yl]phenyl}carbamoyl)propyl] 

butanamide 5-11 

 

TFA (4.47 mL, 0.0584 mol) was added to a stirred solution of 5-16 (1.66 g, 2.92 mmol) in dry CH2Cl2 

(98 mL) at 0°C under nitrogen atmosphere. The reaction mixture was then left stirring at rt 
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overnight. After reaction completion (TLC monitoring, eluent mixture 1:1 n-hex/AcOEt), sat. 

NaHCO3 was added (50 mL) and the aqueous phase was extracted with CH2Cl2 (50 mL) and AcOEt 

(2 x 50 mL). The collected organic phases were dried over Na2SO4 and concentrated under reduced 

pressure. The crude was purified by flash chromatography (silicagel, eluent mixture 8:2 

CH2Cl2/MeOH) to obtain pure target 5-11 (1.23 g, 2.63 mmol, 90% yield) as a beige solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ = 7.33 (m, 2H, HAr), 

7.28-6.92 (m, 10H, HAr), 6.84 (d, J = 8.0 Hz, 2H, 

HAr), 4.45 (bs, 3H, -NH3), 3.27 – 2.95 (m, 2H, H10), 

2.84 – 2.76 (m, 2H, H14), 2.62 – 2.42 (m, 2H, H3’), 

2.29 – 1.99 (m, 4H, H8-H12), 1.95 – 1.75 (m, 2H, H9), 

1.75 – 1.53 (m, 2H, H13), 0.96 (t, J = 7.2 Hz, 3H, H4’). 

13C-NMR (101 MHz, CDCl3): δ = 173.8, 171.8, 140.2, 

139.3, 138.6, 137.6, 136.3, 132.8, 130.8, 130.5, 129.9 

128.6, 128.0, 127.6, 117.9, 40.3, 39.5, 35.3, 35.0, 26.8, 26.7, 24.7, 15.1. 

 

Synthesis of 5-benzyl 1-[2-(trimethylsilyl)ethyl] (2S)-2-{[(tert-butoxy)carbonyl]amino} 

pentanedioate 5-24 

 

Solid CDI (0.982 g, 6.07 mmol) was added to a stirred solution of 5-23 (2.05 g, 6.07 mmol) in dry 

CH2Cl2 (28 mL) at 0°C, and the mixture was left stirring at rt for 1 h under nitrogen atmosphere. 

2-(Trimethylsilyl)ethanol (0.871 mL, 6.07 mmol) was then added and the reaction mixture was 

stirred at rt overnight until reaction completion (TLC monitoring, eluent mixture 3:1 n-

hex/AcOEt). Then it was washed with water (15 mL), and the collected organic phases were dried 

over Na2SO4 and concentrated under reduced pressure. The crude was purified by flash 

chromatography (silicagel, eluent mixture 3:1 n-hex/AcOEt) to obtain pure target 5-24 (1.42 g, 3.28 

mmol, 54% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ = 7.35 (m, 5H, HAr), 5.12 (s, 

2H, H6), 5.09 (bs, 1H,-OCONH), 4.37 – 4.26 (m, 1H, H2), 

4.25 – 4.17 (m, 2H, H1’), 2.45 (m, 2H, H4), 2.29 – 2.12 (m, 1H, 

H3a), 1.95 (ddt, J = 14.4, 8.5, 6.3 Hz, 1H, H3b), 1.43 (s, 9H, H7), 

1.06 – 0.94 (m, 2H, H2’), 0.04 (s, 9H, H3’). 

13C-NMR (101 MHz, CDCl3): δ = 172.5, 172.1, 156.0, 135.8, 128.5, 

128.3, 128.0, 79.4, 66.0, 63.4, 52.9, 30.6, 28.3, 27.3, 17.8, -1.6. 
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Synthesis of (4S)-4-{[(tert-butoxy)carbonyl]amino}-5-oxo-5-[2-(trimethylsilyl)ethoxy] 

pentanoic acid 5-22 

 

10% Pd/C (0.132 g, 1.24 mmol) was added to a stirred solution of 5-24 (0.965 g, 2.21 mmol) in dry 

EtOH (10 mL). The reaction mixture was left stirring under H2 atmosphere at rt for 3 h, until 

reaction completion (TLC monitoring, eluent mixture 1:1 n-hex/AcOEt). The suspension was then 

filtered on celite and then concentrated under reduced pressure. The crude was purified by flash 

chromatography (silicagel, eluent mixture 9:1 n-hex/AcOEt) to obtain pure target 5-22 (0.705 g, 

2.01 mmol, 91% yield) as a white solid. 

Analytical characterization 

1H-NMR (300 MHz, CDCl3): δ = 5.17 (bs, 1H, -OCONH), 4.42 – 4.27 

(m, 1H, H2), 4.28 – 4.17 (m, 2H, H1’), 2.57 – 2.34 (m, 2H, H4), 2.31 – 

2.09 (m, 1H, H3a), 2.03 - 1.82 (m, 1H, H3b), 1.44 (s, 9H, H6), 1.07 – 

0.97 (m, 2H, H2’), 0.06 (s, 9H, H3’) 

13C-NMR (400 MHz, CDCl3): δ = 177.9, 172.2, 155.4, 80.1, 64.0, 52.8, 

30.1, 28.3, 27.8, 17.4, -1.5. 
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Synthesis of N-Boc-trimethylsilylethylglutamide-bisGABA- diphenyl butenylphenylamide 

5-25 

 

Compound 5-11 (0.155 g, 0.330 mmol), HBTU (0.150 g, 0.396 mmol) and DMAP (48.3 mg, 0.396 

mmol) were added to a stirred solution of 5-22 (0.115 g, 0.330 mmol) in dry CH2Cl2 (33 mL) under 

nitrogen atmosphere. The reaction mixture was left stirring at rt overnight, until reaction 

completion (TLC monitoring, eluent mixture 99:1 AcOEt/MeOH). The solvent was evaporated 

under reduced pressure and the crude mixture was partitioned between AcOEt (20 mL) and sat. 

NaHCO3 (20 mL). The aqueous layer was extracted with AcOEt (3 x 15 mL), the combined organic 

layers were washed with water (5 x 10 mL), brine (10 mL), dried over Na2SO4 and concentrated 

under reduced pressure. The crude was purified by flash chromatography (silicagel, eluent mixture 

99:1 AcOEt/MeOH) to obtain pure target 5-25 (0.148 g, 0.185 mmol, 56% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ = 

7.38 - 7.19 (m, 6H, HAr), 7.19 - 7.03 

(m, 6H, HAr), 6.79 (d, J = 8.6 Hz, 

2H, HAr), 6.40 (bs, 1H, HAr), 5.28 

(d, J = 8.5 Hz, 1H, -OCONH), 4.31 - 

4.10 (m, 3H, H2’’-H1’’’), 3.51 – 3.32 

(m, 2H, H10), 3.32 – 3.17 (m, 2H, 

H14), 2.54 - 2.38 (m, 2H, H3’), 

2.38-2.25 (m, 4H, H8-H4’’), 2.25 – 

2.09 (m, 3H, H12-H3’’a), 1.99 - 1.71 (m, 5H, H3’’b-H9-H13), 1.43 (s, 9H, H6’’), 1.02 - 0.85 (m, 4H, 

H4’-H2’’’), 0.02 (s, 9H, H3’’’). 
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13C-NMR (400 MHz, CDCl3): δ = 171.4, 149.6, 142.4, 131.4, 129.8, 129.6, 128.2, 128.0, 127.4, 126.7, 

126.3, 119.5, 118.6, 106.8, 90.9, 77.5, 77.2, 76.8, 64.4, 53.7, 52.9, 38.6, 35.0, 33.2, 32.6, 29.6, 29.2, 

28.5, 26.7, 26.0, 17.6, 16.1, 13.7, -1.4.  

MS (ESI+), m/z: calcd for C45H62N4O7 793.43, found 821.44 (M+Na+). 

 

Synthesis of trimethylsilylethylglutamide-bisGABA- diphenyl butenylphenylamide 5-20 

 

Solid pTsOH.H2O (0.218 mL, 1.43 mmol) was added to a stirred solution of 5-25 (0.459 g, 0.575 

mmol) in a 1:1 mixture of water and dioxane (3 mL). The reaction mixture was left stirring at 60°C 

for 3 h, then more pTsOH.H2O (0.218 mL, 1.43 mmol) was added. The reaction was stirred at 60°C 

overnight, until reaction completion (TLC monitoring, eluent mixture 93:7 CH2Cl2/MeOH). The 

solvent was evaporated under reduced pressure, and the crude was purified by flash 

chromatography (silicagel, eluent mixture 93:7 CH2Cl2/MeOH) to obtain pure target 5-20 (0.402 

g, 0.356 mmol, 62% yield) as a white solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3): δ = 7.33 (dd, 

J = 8.0, 6.6 Hz, 2H, HAr), 7.29 - 7.20 (m, 

5H, HAr), 7.18 – 7.06 (m, 5H, HAr), 6.80 

(d, J = 8.6 Hz, 2H, HAr), 6.56 (t, J = 6.0 Hz, 

1H, -CONH), 4.27 – 4.11 (m, 2H, H1’’’), 3.47 

– 3.35 (m, 1H, H2’’), 3.31 (q, J = 6.1 Hz, 2H, 

H10), 3.25 (q, J = 6.4 Hz, 2H, H14), 2.53-

2.38 (m, 2H, H3’), 2.38 - 2.27 (m, 3H, H8-

H4’’), 2.26-2.15 (m, 2H, H12), 2.13 – 2.02 

(m, 2H, H3’’a), 1.98 (bs, 2H, -NH2), 1.91 - 1.72 (m, 5H, H9-H13-H3’’b), 1.04 - 0.93 (m, 2H, H2’’’), 

0.96 – 0.81 (m, 3H, H4’), 0.04 (s, 9H, H3’’’). 
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13C-NMR (400 MHz, CDCl3): δ = 175.6, 173.7, 173.6, 171.3, 143.7, 142.4, 142.0, 138.8, 138.4, 136.4, 131.5, 

131.4, 131.0, 130.1, 130.0, 129.92, 129.89, 129.87, 129.82, 129.78, 129.75, 129.73, 129.70, 129.67, 129.63, 

129.58, 128.31, 128.28, 128.24, 128.19, 128.17, 128.14, 128.11, 128.07, 128.03, 127.99, 127.96, 127.94, 

127.90, 127.87, 127.4, 126.7, 126.3, 125.8, 119.6, 118.73, 118.69, 63.7, 54.1, 38.7, 38.6, 34.8, 33.7, 33.3, 

33.2, 30.3, 29.8, 29.2, 29.1, 26.6, 26.4, 26.3, 26.2, 17.6, 13.7, -1.4. 

 

Synthesis of trimethylsilylethyl-imidazolyl pteroic acid 5-19 

 

TEA (0.534 mL, 3.84 mmol) and CDI (0.623 g, 3.84 mmol) were added under nitrogen atmosphere 

to a stirred solution of pteroic acid 5-21 (0.200 g, 0.640 mmol) in dry DMSO (6.4 mL), heating the 

flask with a heat gun between each addition, until a darker colouration developed. The reaction 

mixture was left stirring at 50°C for 4 h. 2-(Trimethylsilyl)ethanol (1.10 mL, 7.68 mmol) was then 

added, and the reaction mixture was stirred at 50°C overnight until reaction completion (TLC 

monitoring, eluent mixture 9:1 CHCl3/MeOH). The mixture was poured in a stirred suspension of 

water (44 mL), AcOH (1.28 mL) and Et2O (11.6 mL). The resulting precipitate was filtered, dried 

and purified by flash chromatography (silicagel, eluent mixture 9:1 CHCl3/MeOH) to obtain pure 

target 5-19 (0.165 g, 0.326 mmol, 51% yield) as a yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6): δ = 11.76 

(bs, 1H, -OH), 11.68 (bs, 1H, -OCONH), 

8.88 (s, 1H, H7), 8.14 (s, 1H, H18), 7.66 (t, 

J = 6.1 Hz, 1H, H20), 7.61 (d, J = 8.0 Hz, 

2H, H13-H15), 7.61 – 7.58 (s, 1H, H19), 

7.09 (s, 1H, -NH), 6.77 (d, J = 8.8 Hz, 2H, 

H12-H16), 4.65 (d, J = 6.1 Hz, 2H, H9), 

4.34 - 4.25 (m, 2H, H22), 1.09 - 1.00 (m, 

2H, H23), 0.05 (s, 9H, H24); 

13C-NMR (400 MHz, DMSO-d6): δ = 164.9, 159.4, 159.2, 154.9, 154.6, 153.0, 151.4, 149.2, 138.0, 132.7, 

130.1, 129.7, 118.7, 117.6, 111.7, 64.6, 45.6, 17.0, -1.5. 
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Synthesis of (4S)-4-amino-5-oxo-5-[2-(trimethylsilyl)ethoxy]pentanoic acid 5-28 

 

pTosOH (0.550 g, 2.89 mmol) was added to a stirred solution of 5-22 (0.669 g, 1.93 mmol) in a 1:3 

water-dioxane mixture (4.6 mL). The reaction mixture was left stirring at 60°C for 3 h until reaction 

completion (TLC monitoring, eluent mixture 8:2 CH2Cl2/MeOH). The reaction was then quenched 

with a NaOH solution (2 mL), the solvent was evaporated under reduced pressure and the crude 

was purified by flash chromatography (silicagel, eluent mixture 8:2 CH2Cl2/MeOH) to obtain pure 

target 5-28 (0.447 g, 1.90 mmol, quant. yield) as a white solid. 

Analytical characterization  

 1H-NMR (400 MHz, CDCl3): δ = 4.36 - 412 (m, 3H, H2-H1’), 2.70 – 2.52 (m, 

2H, H4), 2.36 – 2.11 (m, 2H, H3), 1.07 – 0.94 (m, 2H, H2’), 0.05 (s, 9H, H3’). 

13C-NMR (400 MHz, DMSO-d6): δ = 174.6, 174.1, 62.3, 53.2, 30.8, 29.1, 16.9, -

1.4. 

 

 

Synthesis of bis-trimethylsilylethyl-folic acid 5-27 

 

MTBD (0.116 mL, 0.809 mmol) was added under nitrogen atmosphere to a stirred solution of 5-19 

(0.102 g, 0.202 mmol) and 5-28 (0.100 g, 0.404 mmol) in dry DMSO (1 mL). The reaction was left 

stirring at rt overnight. The mixture was then poured in a mixture of 1M AcOH (54 mL), MeOH 

(23 mL) and CHCl3 (54 mL). After being extracted, the organic phase was washed with a 1:1 mixture 

of 1M AcOH/MeOH (36 mL) and with 2:1 water/MeOH (2 x 54 mL); then it was dried over Na2SO4 
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and concentrated under reduced pressure. The crude was purified by flash chromatography 

(silicagel, eluent mixture 17:1:2:0.08 CHCl3/MeOH/AcOEt/AcOH) to obtain pure 5-27 (46.2 mg, 

0.0667 mmol, 33% yield) as a yellow solid. 

Analytical characterization 

 1H-NMR (400 MHz, CDCl3): δ = 

11.91 (bs, 1 H, -OH), 8.75 (s, 1H, H7), 

7.55 (d, J = 7.9 Hz, 2H, H13-H15), 

7.12 (s, 1H, -NH), 6.48 (s, 2H, H12-

H16), 4.78 – 4.72 (m, 1H, H19), 4.55 

(s, 1H, H9), 4.37 (t, J = 8.7 Hz, 3H, 

H28), 4.23 (t, J = 8.4 Hz, 3H, H24), 

2.53 – 2.48 (m, 2H, H21), 2.40 – 

2.27 (m, 1H, H20a), 2.18 – 2.14 (m, 

1H, H20b), 1.12 (t, J = 8.8 Hz, 3H, 

H29), 1.02 (t, J = 8.7 Hz, 3H, H25), 0.08 (s, 9 H, H30), 0,03 (s, 9H, H26). 

13C-NMR (400 MHz, DMSO-d6): δ = 173.6, 172.1, 166.2, 159.3, 154.8, 154.4, 151.9, 150.5, 149.0, 148.9, 

129.8, 128.9, 121.2, 111.1, 64.6, 62.4, 52.0, 46.0, 30.2, 25.8, 17.1, 16.8, -1.43, -1.45; 

 

Synthesis of bis-trimethylsilylethyl-hydroxysuccinimide folate 5-26 

 

NHS (9.2 mg, 0.084 mmol) and EDC∙HCl (13.4 mg, 0.067 mmol) were added to a stirred solution 

of 5-27 (45.8 mg, 0.067 mmol) in dry DMF (0.940 mL) under nitrogen atmosphere. The reaction 

mixture was left stirring at rt overnight, then more NHS (0.5 eq) and EDC∙HCl (0.5 eq) were added 

and stirring was continued for 4 h until reaction completion (TLC monitoring, eluent mixture 9:1 

CH2Cl2/MeOH). The reaction mixture was then poured in water (5 mL) and the formed precipitate 

was filtered and dried to obtain pure 5-26 (49.4 mg, 0.0630 mmol, 94% yield) as a yellow solid. 
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Analytical characterization 

 1H-NMR (400 MHz, DMSO-

d6): δ = 11.72 (bs, 1H, -OH), 

8.84 (s, 1H, H7), 8.31 (d, J = 7.4 

Hz, 1H, H18), 7.66 (d, J = 8.3 

Hz, 2H, H13-H15), 7.04 (t, J = 

6.2 Hz, 1H, -OCONH), 6.66 

(d, J = 8.3 Hz, 2H, H12-H16), 

4.59 (d, J = 6.1 Hz, 2H, H9), 

4.47 – 4.37 (m, 1H, H19), 4.29 

(t, J = 8.5 Hz, 2H, H28), 4.13 

(t, J = 8.3 Hz, 2H, H24), 2.87 – 2.74 (m, 6H, H21-H32-H33), 2.14 - 2.05 (m, 2H, H20), 1.05 (t, J = 

8.5 Hz, 2H, H29), 0.93 (t, J = 8.4 Hz, 2H, H25), 0.06 (s, 9H, H30), 0.00 (s, 9H, H26). 

 

Synthesis of bistrimethylsilyl-diphenylbutenylamido folate 5-18 

 

TEA (41 μL, 0.308 mmol) was added under nitrogen atmosphere to a stirred solution of 5-26 (0.133 

g, 0.169 mmol) and 5-11 (0.0722 g, 0.154 mmol) in dry DMSO (3.1 mL), and the reaction mixture 

was left stirring at rt for 5 h until reaction completion (TLC monitoring, eluent mixture 9:1 

CH2Cl2/MeOH). Water (4.5 mL) was added until formation of a precipitate, which was centrifuged, 

washed with water (3 x 5 mL) and dried. The crude was purified by flash chromatography (silicagel, 

eluent mixture 96:4 CH2Cl2/MeOH) to obtain pure target 5-18 (70.8 mg, 0.0616 mmol, 40% yield) 

as a light brown solid. 
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Analytical characterization 

 1H-NMR (400 MHz, DMSO-d6): δ = 

9.77 (s, 1H, -OH), 8.70 (s, 1H, H7’’), 

8.29 (d, J = 7.3 Hz, 1H, H18’’), 7.81 (dt, 

J = 11.9, 5.5 Hz, 2H, -CONH), 7.67 - 

7.55 (m, 3H, H13’’-H15’’), 7.41 - 7.34 

(m, 2H, HAr), 7.32 - 7.15 (m, 7H, HAr), 

7.15 - 7.05 (m, 3H, HAr), 7.04 - 6.93 

(m, 2H, H10’’), 6.75  -6.69 (m, 2H, 

HAr), 6.65 (d, J = 8.4 Hz, 2H, H12’’-

H16’’), 4.52 (d, J = 5.9 Hz, 2H, H9’’), 

4.29 (ddd, J = 9.6, 7.2, 4.7 Hz, 1H, 

H19’’), 4.21 - 4.05 (m, 4H, H24’’-

H28’’), 3.11 – 2.91 (m, 4H, H10-H14), 

2.41 - 2.32 (m, 2H, H3’), 2.25 – 1.96 (m 

,6H, H8-H12-H21’’), 1.91 – 1.87 (m, 1H, 

H20’’), 1.67 - 1.52 (m, 4H, H9-H13), 

1.03 – 0.88 (m, 4H, H25’’-H29’’), 0.87 - 0.81 (m, 3H, H4’), 0.05 (s, 9H, H30’’), 0,02 (s, 9H, H26’’). 

 

Synthesis of diphenylbutenylamido folate 5-2 

 

1 M TBAF (0.562 mL, 0.562 mmol) was added to a stirred solution of 5-18 (63.8 mg, 0.0562 mmol) 

in dry DMSO (0.56 mL) under nitrogen atmosphere, and the reaction mixture was left stirring at 

rt for 19 h. AcOH (0.703 mL) was then added and the mixture was poured in a 4:1 mixture of 

CHCl3/AcOEt (14.05 mL) in a failed attempt to precipitate the product. Solvents were then 
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evaporated under reduced pressure and the solid residue was dissolved in a 1:1 mixture of 

EtOH/MeOH (3.93 mL). 0.2M NaOAc in MeOH (0,90 mL) was then added, observing the 

formation of a precipitate, which was then centrifuged, washed with a 1:1 mixture of MeOH/EtOH 

(3 x 5 mL) and dried to obtain pure target 5-2 (34.2 mg, 0.0371 mmol, 66% yield) as a yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, DMSO-d6): δ = 9.94 (s, 1H, 

-OH), 8.98 (s, 1H, H7’’), 8.64 (s, 1H, H18’’), 7.88 

(s, 2H, -CONH), 7.61 (m, 2H, HAr), 7.38 (t, J = 7.4 

Hz, 3H, HAr), 7.28 (d, J = 8.4 Hz, 2H, HAr), 7.20 

(dd, J = 14.0, 7.2 Hz, 2H, HAr), 7.12 (d, J = 7.8 Hz, 

2H, HAr), 6.86 (d, J = 5.8 Hz, 1H, HAr), 6.74 (d, J 

= 7.9 Hz, 2H, HAr), 6.67 (d, J = 8.1 Hz, 2H, H12’’-

H16’’), 4.49 (d, J = 5.9 Hz, 2H, H9’’), 4.12 (bs, 2H, 

-NH2), 3.09 – 2.96 (m, 4H, H10-H14), 2.44 – 2.31 

(m, 2H, H3’), 2.20 – 1.97 (m, 6H, H8-H12-H21’’), 

1.76 – 1.69 (m, 1H, H20’’), 1.68-1.49 (m, 4H, H9-

H13), 0.86 (t, J = 7.0 Hz, 3H, H4’). 

MS (ESI+), m/z: calcd for C49H52N10O7 892.40, 

found 915.39 (M+Na+). 
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Total synthesis of natural products 

In our days, the chemistry of natural products attracts a very lively interest. New substances, more 

or less complicated, more or less useful substances are constantly discovered and investigated. For 

the determination of their structure, the architecture of each molecule, we have today very 

powerful tools, often borrowed from Analytical Chemistry. Organic chemists of the year 1900 

would have been greatly amazed if they heard of the methods now at hand.1 However, one cannot 

say that the work is easier; the steadily improving methods make it possible to face more and more 

difficult problems, as the ability of nature to build up complicated substances has, as it seems, no 

limits. 

During the study of a complicated molecule, the investigator is sooner or later confronted with the 

problem of the preparation of the substance by chemical methods. The scope of such synthesis can 

be various: to check the correctness of the discovered structure, to improve the knowledge of the 

reactivity and the chemical properties of the molecule, or, if the substance is of practical 

importance, to verify whether the synthetic compound will be less expensive or more easily 

accessible than the natural product. It may also be desirable to modify some details in the 

molecular structure, to identify more potent analogues. For example, an antibiotic substance of 

medical importance is often first isolated from a microorganism, perhaps a mould or a germ. There 

ought to exist a number of related compounds with similar effects; they may be more or less potent, 

some may perhaps have undesirable secondary effects. It is by no means, or even probable, that 

the compound produced by the microorganism is the very best from the medicinal point of view. 

If it is possible to synthesize the compound, it will also be possible to modify its structure and to 

find the most effective remedies.2 

The synthesis of a complicated molecule is, however, a very difficult task; every group, every atom 

must be placed in its proper position, and this should be taken in its most literal sense. Indeed, 

unlike many one-time discoveries or inventions, the endeavor of total synthesis is in a constant 

state of effervescence and flux.3–5 It has been on the move and at center stage throughout the 

twentieth century, and continues to provide fertile ground for new discoveries and inventions. Its 

central role and importance within chemistry will undoubtedly ensure its present preeminence 

into the future. The practice of total synthesis demands the following virtues from, and cultivates 

the best in, those who practice it: ingenuity, artistic taste, experimental skill, persistence, and 

character.6 In turn, the practitioner is often rewarded with discoveries and inventions that impact, 

in major ways, not only other areas of chemistry, but most significantly material science, biology, 

and medicine. The harvest of chemical synthesis touches upon our everyday lives in a myriad ways: 

medicines, high-tech materials for computers, communication and transportation equipment, 

nutritional products, vitamins, cosmetics, plastics, clothing, and tools for biology and physics.7  

But why is it that total synthesis has such a lasting value as a discipline within chemistry? There 

must be several reasons for this phenomenon. To be sure, its dual nature as a precise science and 

a fine art provides excitement and rewards of rare heights.6 Most significantly, this discipline is 

continually being challenged by new structural types isolated from nature’s seemingly unlimited 

library of molecular architectures. Happily, the practice of total synthesis is being constantly 

enriched by new tools such as new reagents and catalysts as well as analytical instrumentation for 

the rapid purification and characterization of compounds.  

Thus, the original goal of total synthesis during the first part of the twentieth century, i.e. to 

confirm the structure of a natural product, has been gradually replaced with objectives related 

more to the exploration and discovery of new chemistry along the pathway to the target molecule. 
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More recently, biology issues have become extremely important drivers for programs in total 

synthesis.  

Following a short historical perspective of total synthesis in the nineteenth century, an overview 

of the art and science of total synthesis during the twentieth century will be reported. This period 

can be divided into the pre-World War II Era, the Woodward Era, the Corey Era, and the 

Contemporary era. There are clearly overlaps in the last eras, and many more practitioners deserve 

credit for contributing to the evolution of the science during these periods than the ones 

mentioned here. The labeling of these eras is arbitrary -notwithstanding the tremendous impact 

Woodward and Corey had in shaping the discipline of total synthesis during their time.  

 

Total Synthesis in the Nineteenth Century  

The birth of total synthesis occurred in the nineteenth century. The first intended total synthesis 

of a natural product targeted urea (Figure 1) in 1828 by Wöhler.8 Significantly, this event also 

marks the beginning of organic synthesis and the first instance in which an inorganic substance 

(NH4CNO: ammonium cyanate) was converted into an organic substance. The synthesis of acetic 

acid from elemental carbon by Kolbe in 18459 is the second major achievement in the history of 

total synthesis. It is historically significant that, in his 1845 publication, Kolbe used the word 

“synthesis” for the first time to describe the process of assembling a chemical compound from other 

substances. The total syntheses of alizarin (1869) by Graebe and Liebermann10 and indigo (1878) 

by Baeyer11 spurred the legendary German dye industry and represented two landmark 

accomplishments in the field.  

 

 

Figure 1: Selected nineteenth century landmark total syntheses of natural products. 

 

But perhaps, after urea, the most spectacular total synthesis of the nineteenth century was that of 

(+)-glucose (Figure 1) by E. Fischer.12 This total synthesis is remarkable not only for the complexity 

of the target, which included, for the first time, stereochemical elements, but also for the 

considerable stereochemical control that accompanied it. With its oxygen-containing monocyclic 

structure (pyranose) and five stereogenic centers (four amenable to enantiomeric control), glucose 

represented the state-of-the-art in terms of target molecules at the end of the nineteenth century. 

E. Fischer became the second winner of the Nobel Prize for chemistry (1902), after J. H. van’t Hoff 

(1901). 

 

Total Synthesis in the Twentieth Century  

The twentieth century has been an age of enormous scientific advancements and technological 

progress. Advances in medicine, computer science, communication, and transportation have 

dramatically changed the way we live and the way we interact with the world around us. An 

enormous amount of wealth has been created, and opportunities for new enterprises abound. 
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Science stands at the heart of this technological revolution, and one cannot deny that basic 

research has provided the foundation for this to occur. Chemistry has played a central and decisive 

role in shaping the twentieth century. Oil, for example, has reached its potential only after 

chemistry allowed its analysis, fractionation, and transformation into myriad of useful products 

such as kerosene and other fuels. Synthetic organic chemistry is perhaps the most expressive 

branch of the science of chemistry, in view of its creative power and unlimited scope. To appreciate 

its impact on modern humanity, one only has to look around and recognize that this discipline is 

a pillar behind pharmaceuticals, high-tech materials, polymers, fertilizers, pesticides, cosmetics, 

and clothing.7 The engine that drives forward and sharpens our ability to create such molecules 

through chemical synthesis (from which we can pick and choose the most appropriate for each 

application) is total synthesis. In its quest to build the most complex and challenging among 

nature’s products, this endeavor becomes the prime driving force for the advancement of the art 

and science of organic synthesis. Thus, its value as a research discipline extends beyond providing 

a tool for state-of-the-art research needs. It also offers the opportunity to discover and invent new 

science in chemistry and related disciplines, as well as to train, in a most rigorous way, young 

practitioners whose expertise may feed many peripheral areas of science and technology.3  

 

The Pre-World War II Era  

The syntheses of the nineteenth century were relatively simple and, with a few exceptions, were 

directed towards benzenoid compounds. The starting materials for these target molecules were 

other benzenoid compounds, chosen for their resemblance to the targeted substance and the ease 

by which the synthetic chemist could connect them by simple functionalization chemistries. The 

twentieth century was destined to bring dramatic advances in the field of total synthesis. The pre-

World War II Era began with impressive strides, and with increasing molecular complexity and 

sophistication in strategy design.  

 

 

Figure 2: Selected landmark totals syntheses of natural products from 1901 to 1939. 
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Some of the most notable examples of total synthesis of this era are α-terpineol (Perkin, 1904),13 

camphor (Komppa, 1903; Perkin, 1904),14 tropinone (Robinson, 1917; Willstätter, 1901),15,16 haemin 

(H. Fischer, 1929),17 pyridoxine hydrochloride (Folkers, 1939),18 and equilenin (Bachmann, 1939)20 

(Figure 2). Particularly impressive were Robinson’s one-step synthesis of tropinone (1917)15 from 

succinyldialdehyde, methylamine, and acetone dicarboxylic acid; and H. Fischer’s synthesis of 

haemin17 (1929). These total syntheses are among those which will be highlighted below. Both men 

went on to win a Nobel Prize for Chemistry (Fischer, 1929; Robinson, 1947). 

 

The Woodward Era  

In 1937 R. B. Woodward became an assistant professor in the Department of Chemistry at Harvard 

University, where he remained for the rest of his working life. Since that time, total synthesis and 

organic chemistry would never be the same. A quantum leap forward was about to be taken, and 

total synthesis would be elevated to a powerful science and a fine art. Woodward’s climactic 

contributions to total synthesis included the conquest of some of the most fearsome molecular 

architectures of the time. One after another, diverse structures of unprecedented complexity 

succumbed to synthesis in the face of his ingenuity and resourcefulness. The following structures 

(some are shown in Figure 3) are amongst his most spectacular synthetic achievements: quinine 

(1944),21 patulin (1950),22 cholesterol and cortisone (1951),23 lanosterol (1954),24 lysergic acid 

(1954),24 strychnine (1954),25 reserpine (1958),26,27 chlorophyll a (1960),28,29 colchicine (1965),30 

cephalosporin C (1966),31,32 prostaglandin F2α (1973),33 vitamin B12 (with A. Eschenmoser) (1973),34–

38 and erythromycin A (1981).39,40  

Woodward brought his towering intellect to bear on these daunting problems of the 1940s, 1950s, 

and 1960s with distinctive style and unprecedented glamour. His spectacular successes were often 

accompanied by appropriate media coverage, and his lectures and seminars remain legendary for 

their intellectual content, precise delivery, and mesmerizing style, not to mention their colourful 

nature and length! What distinguished him from his predecessors was not just his powerful 

intellect, but the mechanistic rationale and stereochemical control he brought to the field. If 

Robinson introduced the curved arrow to organic chemistry (on paper), Woodward elevated it to 

the sharp tool that it became for teaching and mechanistic understanding, and used it to explain 

his science and predict the outcome of chemical reactions. He was master not only of the art of 

total synthesis, but also of structure determination, an endeavor he cherished throughout his 

career.6 He clearly influenced the careers not only of his students, but also of his peers and 

colleagues, for example J. Wilkinson (sandwich structure of ferrocene), K. Block (steroid 

biosynthesis), R. Hoffmann (Woodward and Hoffmann rules), all of whom won the Nobel Prize 

for chemistry.  

His brilliant use of rings to install and control stereochemical centers and to unravel functionality 

by rupturing them is an unmistakable feature of his syntheses. This theme appears in his first total 

synthesis, that of quinine,21 and appears over and over again as in the total synthesis of 

reserpine,26,27 vitamin B12,3, 35–38,41 and, remarkably, in his last synthesis, that of erythromycin.39,40 

Woodward’s mark was that of an artist, treating each target individually with total mastery as he 

moved from one structural type to another. He exercised an amazing intuition in devising 

strategies toward his targets, magically connecting them to suitable starting materials through 

elegant, almost ballet-like, maneuvers. However, the avalanche of new natural products appearing 

on the scene as a consequence of the advent and development of new analytical techniques 

demanded a new and more systematic approach to strategy design. A new school of thought was 
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appearing on the horizon, which promised to take the field of total synthesis, and that of organic 

synthesis in general, to its next level of sophistication.  

 

 

Figure 3: Selected syntheses by the Woodward group (1944 - 1981). 

 

The Corey Era  

In 1959 E. J. Corey arrived at Harvard as a full professor of chemistry from the University of Illinois, 

Urbana-Champaign. His dynamism and brilliance were to make him the natural recipient of the 

total synthesis baton from R. B. Woodward, even though the two men overlapped for two decades 

at Harvard. Corey’s pursuit of total synthesis was marked by two distinctive elements, 

retrosynthetic analysis and the development of new synthetic methods as an integral part of the 

endeavor, even though Woodward (consciously or unconsciously) must have been engaged in such 

practices.6 It was Corey’s 1961 synthesis of longifolene42 that marked the official introduction of the 

principles of retrosynthetic analysis.4 He practiced and spread this concept throughout the world 

of total synthesis, which became a much more rational and systematic endeavor. Students could 

now be taught the “logic” of chemical synthesis4 by learning how to analyze complex target 

molecules and devise possible synthetic strategies for their construction. New synthetic methods 

are often incorporated into the synthetic schemes towards the target, and the exercise of the total 
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synthesis becomes an opportunity for the invention and discovery of new chemistry. Combining 

his systematic and brilliant approaches to total synthesis with the new tools of organic synthesis 

and analytical chemistry, Corey synthesized hundreds of natural and rationally designed products 

within the thirty-year period stretching between 1960 and 1990 (Figure 4),-the year of his Nobel 

Prize.  

 

 

Figure 4: Selected syntheses by the Corey group (1961 - 1999). 

 

Corey brought a highly organized and systematic approach to the field of total synthesis by 

identifying unsolved and important structural types and pursuing them until they fell. The benefits 

and spin-offs from his endeavors were even more impressive: the theory of retrosynthetic analysis, 

new synthetic methods, asymmetric synthesis, mechanistic proposals, and important 

contributions to biology and medicine. The 1950 - 1990 period saw total synthesis experiencing an 

explosive growth, as evidenced by inspection of the primary chemical literature. In addition to the 
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Woodward and Corey schools, a number of other groups contributed notably to this rich period 

for total synthesis,3–5 and some continue to do so today. Indeed, throughout the second half of the 

twentieth century a number of great synthetic chemists made significant contributions to the field, 

as natural products became opportunities to initiate and focus major research programs and served 

as ports of entry for adventures and rewarding voyages. Among these great chemists are G. Stork, 

A. Eschenmoser, and Sir D. H. R. Barton, whose sweeping contributions began within the 

Woodward era and spanned over half a century. The Stork - Eschenmoser hypothesis43–45 for the 

stereospecific course of biomimetic - cation cyclizations, such as the conversion of squalene into 

steroidal structures, stimulated much synthetic work (for example, the total synthesis of 

progesterone by W. S. Johnson, 1971).46 Stork’s elegant total syntheses (for example, steroids, 

prostaglandins, tetracyclins)47–54 decorate beautifully the chemical literature, and his useful 

methodologies (for example, enamine chemistry, anionic ring closures, radical chemistry, 

tethering devices)55–66 have found important and widespread use in many laboratories and 

industrial settings. Similarly, Eschenmoser’s beautiful total syntheses (for example, colchicine, 

corrins, vitamin B12, designed nucleic acids)41,67–70 are often accompanied by profound mechanistic 

insights and synthetic designs of such admirable clarity and deep thought. His exquisite total 

synthesis of vitamin B12 (with Woodward), in particular, is an extraordinary achievement and will 

always remain a classic3 in the annals of organic synthesis. The work of D. H. R. Barton,71 starting 

with his contributions to conformational analysis and biogenetic theory and continuing with 

brilliant contributions both in total synthesis and synthetic methodology, was instrumental in 

shaping the art and science of natural products synthesis as we know it today. Among his most 

significant contributions are the Barton reaction, which involves the photocleavage of nitrite 

esters,72–74 its application to the synthesis of aldosterone-21-acetate,74 and his deoxygenation 

reactions and related radical chemistry,75–78 which has found numerous applications in organic and 

natural product synthesis. It seemed for a moment, in 1990, that the efforts of the synthetic 

chemists had conquered most of the known structural types of secondary metabolites - 

prostaglandins, steroids, β-lactams, macrolides, polyene macrolides, polyethers, alkaloids, 

porphyrinoids, endiandric acids, palitoxin carboxyclic acid, and gingkolide; all fell as a result of the 

awesome power of total synthesis. Tempted by the lure of other unexplored and promising fields, 

some researchers even thought that total synthesis was dead, and declared it so. They were wrong. 

To the astute eye, a number of challenging and beautiful architectures remained unconquered, 

daring the synthetic chemists of the time and inviting them to a feast of discovery and invention.6 

Furthermore, several new structures were soon to be discovered from nature that offered 

unprecedented challenges and opportunities. To be sure, the final decade of the twentieth century 

proved to be a most exciting and rewarding period in the history of total synthesis.  

 

Contemporary Era 

The climactic productivity of the 1980s in total synthesis boded well for the future of the science, 

and the seeds were already sown for continued breakthroughs and a new explosion of the field. 

Entirely new types of structures were on the minds of synthetic chemists, challenging and 

presenting them with new opportunities. These luring architectures, whose synthesis was planned 

and achieved by the brilliant minds of some of the most prominent chemists of the contemporary 

era (above all K.C. Nicolaou), included enediynes such as calicheamicin and dynemicin,79 polyether 

neurotoxins exemplified by brevetoxins A and B,80 the immunosuppressants cyclosporine,81 

FK506,82 rapamycin,83 and sanglifehrin A,84 taxol85 and other tubulin-binding agents, such as 
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epothilones,86 eleutherobin87 and sarcodictyins, ecteinascidin, manzamines,88 glycopeptide 

antibiotics such as vancomycin,89 the CP molecules, and everninomicin 13,384-1 (see Figure 5).90  

 

 

Figure 5: Selected landmarks in the post-1990 total synthesis of natural products. 

 

Most significantly, total synthesis assumed a more serious role in biology and medicine. A more 

aggressive incorporation of this new dimension to the enterprise was aided and encouraged by 

combinatorial chemistry and the new challenges posed by discoveries in genomics. Thus, new 

fields of investigation in chemical biology were established by synthetic chemists, taking advantage 

of the novel molecular architectures and biological action of certain natural products. Besides 

culminating in the total synthesis of the targeted natural products, some of these new programs 
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expanded into the development of new synthetic methods as in the past, but also into the areas of 

chemical biology, solid phase chemistry, and combinatorial synthesis. Synthetic chemists were 

moving deeper into biology, particularly as they recognized the timeliness of using their powerful 

tools to probe biological phenomena and make contributions to chemical and functional 

genomics. Biologists, in turn, realized the tremendous benefits that chemical synthesis could bring 

to their science and adopted it, primarily through interdisciplinary collaborations with synthetic 

chemists. A new philosophy for total synthesis as an important component of chemical biology 

began to take hold, and natural products continued to be in the center of it all.6  

The art and science of total synthesis has a long and glorious history.91 Its emergence and evolution 

is almost synonymous with the more general and broader discipline of organic synthesis, of which 

it is a branch, from which it benefits and to which it decisively contributes.92,93 Each is driven by 

the other, and synergistically they constitute the foundation on which material sciences and 

technologies dealing with organic compounds are based. The enabling power of organic synthesis 

stems from the creative nature and unique capability of manipulating matter at the molecular level, 

replicating the molecules of nature in the laboratory, and delivering new chemical entities for all 

kinds of applications. Such applications include healthcare items in the form of vitamins, 

diagnostics and medicines, high tech machines and devices such as computers, cars, spaceships, 

and medical devices, and cosmetics such as perfumes, dyes and clothing, as well as numerous 

reagents and probes for biomedical research. Synthesis also contributes to agriculture through 

pesticides and other molecules that improve food production, as well as to energy and the 

environment in a variety of direct and indirect ways. 

The advancement of organic synthesis is, therefore, of paramount importance to science and 

society. Endeavors in total synthesis serve to enrich and advance the mother field of organic 

synthesis, thereby serving as the locomotive that drives it forward and stands as the barometer and 

symbol of its power at any given time. As demonstrated above, total synthesis endeavors provide 

opportunities to test the applicability and scope of newly developed synthetic methods, to discover 

and develop new reactions, and to render natural and designed molecules readily available for 

biological investigations. It also serves to test proposed biosynthetic hypotheses and to design and 

execute biomimetic synthetic strategies in the laboratory.94 Besides the obvious benefits of these 

endeavors, the practice of total synthesis provides unique opportunities for education and training 

of young students in science. It does so by requiring and demanding the best in human nature, 

including creativity and imagination, strong experimental skills, resourcefulness, discipline and 

persistence, and the ability to emerge from the abyss of failure with renewed strength, new ideas, 

and determination to succeed. Education and training under such conditions are, therefore, ideal 

for selecting and working on important problems, acquiring problem solving skills to provide 

solutions, and making discoveries and inventions. 

As with other areas of research, total synthesis is constantly moving into new domains and evolving 

into new paradigms. Indeed, from its original aims in the 19th century to confirm the structures of 

natural products, total synthesis moved in the latter part of the last century to include method 

development and to embrace biology and medicine through interdisciplinary collaborations. It is 

currently moving even closer to biology and medicine through research programs of 

transdisciplinary nature in which scientists from various disciplines in academia and industry fuse 

their knowledge and expertise toward mission-oriented research. Such activities are of great 

importance in accelerating inventions and applications, resulting in new products and economic 

growth. But they should be carefully crafted so as to allow trans-infusion of methods and their 

applications to the benefit of the overall goal of the mission, often defined as a grand challenge. 

Indeed, humanity faces many such challenges, including food production, healthcare, energy, 
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climate change and environmental protection.94 Central to the field of total synthesis is trans-

disciplinary research directed toward drug discovery and development. Indeed, empowered by the 

advances in the art of synthesis, synthetic organic chemists are poised to enter into such 

collaborations with biologists, clinicians, bioinformaticians, and logicians in order to improve the 

drug discovery and development process and apply it to deliver better and broader medications, 

which includes unmet needs, orphan diseases, and personalized medicine. 
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6.1 Introduction 

6.1.1 Tubulins and microtubules  

Tubulins are a superfamily of globular proteins present in eukaryotic cells. This superfamily 

contains six families of proteins: α, β, γ, δ, ε and ζ-tubulins.1  

γ-Tubulins are important in nucleation and polar orientation of microtubules, and can be primarily 

found in centrosomes and spindle pole bodies.2 

δ- And ε- tubulins are localized at centrioles and are likely to play a role in centriole structure and 

function, although neither is as well-studied as α- and β- families.3 

ζ-Tubulins aren’t found in all eukaryotes and are associated to the structure of centrioles in 

multiciliated epithelial cells.4 

Among them, α and β-tubulins are the most important classes, being fundamental components of 

the cytoskeleton of eukaryotes for many processes, including structural support, intracellular 

transport and DNA segregation.5 In eukaryotic cells α and β-tubulins assemble into dimers that 

subsequently polymerize into microtubules (MTs). They are typically nucleated and organized by 

dedicated organelles called microtubule-organizing centres (MTOCs), that lower the critical 

concentration of tubulin required for polymerization. In most cell types, MTOCs are little 

organelles called centrosomes. Heterodimers of α- and β-tubulin attach in a head-to-tail fashion 

to form polar protofilaments, and 13 of these protofilaments join together to form a closed tube 

(Figure 6-1).6 

 

 

Figure 6-1: Structural characteristics of microtubule components. 

 

MTs have a distinct polarity that is critical for their biological function. Tubulin polymerizes head 

to end, with the β-subunits of one tubulin dimer contacting the α-subunits of the next dimer. 

Therefore, in a protofilament, one end will have the α-subunits exposed while the other end will 

have the β-subunits exposed. These ends are designated the (−) and (+) ends, respectively. The 

protofilaments bundle parallel to one another with the same polarity, so, in a MT, there is one end, 

the (+) end, with only β-subunits exposed, and the other end, the (−) end, with only α-subunits 

exposed. While microtubule elongation can occur at both the (+) and (-) ends, it is significantly 

more rapid at the (+) end.7  

Tubulin needs to bind guanosine triphosphate (GTP) in order to polymerize, and hydrolysis of this 

bound nucleotide is a crucial factor in the growth and stability of MTs.8 Since tubulin adds onto 
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the end of the MT in the GTP-bound state, a cap of GTP-bound tubulin is proposed to exist at the 

tip of the MT, protecting it from disassembly. When hydrolysis catches up to the tip of the MT, it 

starts a rapid depolymerization and shrinkage. This switch from growth to shrinking is called a 

catastrophe. GTP-bound tubulin can begin adding to the tip of the MT again, providing a new cap 

and protecting the MT from shrinking. This is referred to as "rescue".  

 

 

Figure 6-2: Polymerization/depolymerization cycles of microtubules. 

 
It’s obvious that MTs are highly dynamic structures, that are prone to polymerization and 

depolymerization cycles (Figure 6-2).6 

This characteristic is essential for MT functions. Besides having a major structural role in cilia and 

flagella and being responsible for cells migration, their main role is in mitosis. MTs, with MTOCs 

and microtubule-associated proteins (MAPs), compose the mitotic spindle, a structure used by 

eukaryotic cells to segregate their chromosomes during cell division. An alteration in tubulin 

polymerization-depolymerization cycle could disrupt the mitotic spindle, halting cell replication 

and eventually resulting in cellular apoptosis. Because of that, nowadays tubulin is a more and 

more common target for anticancer drugs, that take advantage of this mechanism to destroy cancer 

cells.9 

 

6.1.2 Cell cycle 

The basic function of the cell cycle is to duplicate the cell DNA in chromosomes and divide the 

copies in two genetically identical daughter cells. Its duration depends on the species and the type 

of the cell, varying form 24 hours for epithelial cells to 20 minutes for embryonal ones.10 In 

eukaryotic cells, the stages of the cell cycle are divided into two major phases: cell growth and DNA 

duplication occurs during the interphase, which in a typical mammalian cell occupies the major 

part of the cell-cycle time, then during the M phase (mitotic) the cell separates its DNA into two 

sets and divides its cytoplasm into two new cells. 11 
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Figure 6-3: Schematic representation of mitosis. 

 

During the interphase, divided into three steps, a series of changes occurs in the cell, necessary to 

make it able to replicate itself. In G1 phase (first gap phase) the cell is metabolically active, grows 

larger and begins synthetizing organelles and proteins, such as ribosomes and mitochondria. The 

duration of this phase is variable, not only depending on the species but also on external factors. 

The next step is the S phase (synthesis) where the cell synthetizes a complete copy of the DNA 

contained in its chromosomes. At the end of this phase chromosomes are doubled and each is 

formed by two chromatids. In third phase, G2 (second gap phase), cells still grow and have intense 

metabolic activity, in particular synthetizing proteins and enzymes necessary for the forthcoming 

division.10  

The last step is M phase, where the cell divides its duplicated DNA and its cytoplasm to form two 

daughter cells (Figure 6-3). M phase involves two different processes: mitosis and cytokinesis. 

Mitosis is a complex and strictly regulated stage, that consists of four phases. In prophase 

thickening and coiling of chromosomes happens, while the nucleolus shrinks and disappears. It 

begins the organization of a group of fibres of tubulin to create the mitotic spindle, and the nuclear 

membrane is disintegrated. Chromosomes line up along the midline of the cell at metaphase. In 

anaphase, each chromatid pair separates into two identical chromosomes that are pulled to 

opposite ends of the cell by the spindle fibres. During telophase, the spindle begins to decondense, 

breaks down and the nuclear membrane and nucleoli re-form.12 Mitosis is immediately followed 

by cytokinesis, a process which divides the nuclei, cytoplasm and cell membrane into two cells 

containing roughly equal amounts of these cellular components that can start again the cycle 

(Figure 6-4).13 An additional phase of cell cycle is G0 (resting phase), where the cell remains in an 

inactive, non-cycling state. It can be a reversible state (cell is quiescent) or irreversible (senescent), 

that occurs because of proliferation limits such as deprivation of nutrients, degradation or DNA 

damage. 
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Figure 6-4: Schematic representation of cell cycle phases. 

 

6.1.2.1 Regulation and control 

Regulation of the cell cycle is necessary for its survival, since it involves detection and reparation 

of genetic damage and prevents uncontrolled cell division.14 

The cell cycle is regulated by two families of proteins: cyclins and cyclin-dependent kinases (Cdks). 

Cyclin-dependent kinases, as the name suggests, are enzymes that phosphorylate different target 

proteins leading to a signal cascade that regulates cell cycle by binding to cyclins. Cdk-cyclin 

complexes specific for each phase do exist, and in each step of the cycle only one catalytically active 

complex is present.15 

During the cell cycle, there are three fundamental checkpoints, stages in cycle where the cell 

examines internal and external cues and can choose whether to proceed through the cycle.16 The 

first is located at the G1/S transition, and verifies whether the environment in which the cell is 

situated is favourable, in particular for cell size, presence of nutrients, growth factors and DNA 

damage. If these requisites aren’t met the cell can leave the cycle entering G0 phase permanently 

or until conditions will improve.17 

The second checkpoint is between G2 and M, when it’s necessary to control if the cell presents 

DNA damage and if DNA had been copied completely. In case errors or damages are detected, the 

cell will stop in G2 phase to allow for repairs; if the damage is irreversible, the cell may undergo 

apoptosis, i.e. programmed cell death.18 

The last checkpoint is the spindle checkpoint, situated into the M phase between metaphase and 

anaphase, when sister chromatids align themselves at the equator of the cell and attach to the 

spindle MTs. The cell can’t pass this restriction point if there are problems with the position of 

chromatids and, in case these aren’t reversible, will undergo apoptosis.18 

Several antimitotic anticancer drugs take advantage of this system of checkpoints by inducing the 

arrest of the cell at one of them, with consequent cancer cell apoptosis.19 
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6.1.3 Antimitotic drugs 

Antimitotic drugs interfere with mitosis by inhibiting polymerization and depolymerization 

dynamics of MTs, essential for cells replication. In cancer cells replication is continuous and rapid, 

making them more sensitive to inhibition than healthy cells.20 

There are two classes of drugs that are based on different mechanisms of action on MTs: 

microtubule-destabilizing agents and microtubule-stabilizing agents.21 

Both types induce damages in the mitotic spindle or defects in spindle-kinetochore attachment, 

thus activating the spindle assembly checkpoint, arresting cells prior to the metaphase-anaphase 

transition and eventually leading to cell apoptosis. Different tubulin or MT binders were tested as 

potential antimitotic agents, but clinical studies have shown several limits such as a high level of 

neurological and bone marrow toxicity, the overexpression of different β-tubulin isotypes, tubulin 

mutations and, more importantly, the emergence of drug-resistant tumour cells.22 Multidrug 

resistance (MDR) is due to the overproduction of ATP-binding cassette transporters, in particular 

P-glycoprotein (Pgp), which induces drug efflux outside the cancer cells.23 

In recent years new MT-targeting agents were discovered that exhibit an improved efficacy in 

comparison to traditional drugs. Some of them in addition showed antiangiogenic and antivascular 

activity, others the ability to overcome multi-drug resistance. 

 

6.1.3.1 Microtubule-destabilizing agents 

 

Figure 6-5: Structure of microtubule-destabilizing agents. 
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Destabilizing drugs inhibit MT polymerization by interacting with various β-tubulin sites when 

administered at high concentration. Tthese drugs may bind either the vinca domain or the 

colchicine domain.24 Vinca-site binders include Vinca alkaloids (Vinblastine, Vincristine, 

Vinorelbine, Vindesine and Vinflunine), cryptophycins and dolastatins (Eribulin, Spongistatin, 

Rhizoxin, Maytansinoids and Tasidotin).25 Colchicine-site binders include colchicine and its 

analogues, podophyllotoxin, combretastatins, 2-methoxyoestradiol, phenylahistins 

(diketopiperazine), CI-980, steganacins and curacins.26 More recently, chalcones have been 

discovered to have, among all their other properties, the ability to strongly inhibit tubulin 

polymerization by binding to its colchicine site. 

Vinca alkaloids: found by serendipity, are the oldest and to these days most diversified MT-targeted 

agents. They interfere with MT dynamics, blocking polymerization at the end of the mitotic spindle 

and leading to metaphase arrest.27 Thanks to their peculiar mechanism of action, Vinca alkaloids 

have been widely used in anticancer therapy, usually in combination with other chemotherapeutic 

agents which do not have cross-resistance with them. First-generation Vinca alkaloids such as 

vinblastine have been included in the treatment protocol of both Hodgkin and non-Hodgkin 

lymphomas and testicular carcinoma, while vincristine has been approved for several years in the 

treatment of hematological tumours such as acute leukemia and multiple myeloma, but also of 

rare tumours such as rhabdomyosarcoma and neuroblastoma. However, Vincristine treatment was 

associated with a severe neurotoxicity, while the suppression of the bone marrow was more 

frequently reported during Vinblastine therapy.28 Second-generation semisynthetic Vinca 

alkaloids, Vinorelbine and Vindesine, have shown a broader spectrum of antitumour activity in 

vitro, along with decreased neurotoxicity. Vinorelbine was approved as single agent and in 

combination therapy for the treatment of both hematological and solid tumours, including lung 

cancer, breast cancer, and gynecological tumours.29 Recently, another synthetic Vinca alkaloid, 

vinflunine, has been approved in Europe for the second-line treatment of metastatic urothelial 

carcinoma. It is the first fluorinated microtubule inhibitor, which was associated with a higher 

antitumour activity than other Vinca alkaloids, showing also an excellent safety profile.30 In order 

to overcome the clinical limits of these agents, in the last years attention has been focused on 

natural and synthetic compounds with a different structure but acting in a similar way. 

Cryptophycins: are synthetic derivatives of macrocyclic depsipeptides. They block cell division and 

prevent the correct formation of the mitotic spindle by inhibiting tubulin polymerization, probably 

at the binding site of the Vinca alkaloids.31 In particular, C-52 and C-55 induce apoptosis by means 

of Bcl-2 hyperphosphorylation and inactivation. These compounds are able to induce this 

phosphorylation at a greater extent than other MT inhibitors.32 The first form discovered was 

epoxide Cryptophycin 1, which showed antitumoural activity both in preclinical in vitro (colon, 

breast, ovarian, lung, and nasopharyngeal carcinomas) and in vivo (lung, breast, and prostate 

tumours) models. This has led to isolation and synthesis of cryptophycin analogues, divided into 

epoxides, chlorohydrins, and glycinate chlorohydrins.33 

Cryptophycin 52 (LY355703) is a synthetic epoxide, used in phase II clinical trials, which presents 

a cytotoxic effect 400 times stronger than paclitaxel and Vinca alkaloids. It shows in vitro dose-

dependent antitubulin, antimitotic, and cytotoxic activity against tumour cells. Furthermore, its 

activity has been evaluated both in murine tumour models and in human tumour xenografts. C-52 

resulted to be also effective against multidrug-resistant tumours.34 

Dolastatins, originally identified as marine peptides from the ocean shell-less mollusc Dolabella 

auricularia, include Dolastatin 10, Cemadotin, Tasidotin (ILX651), soblidotin and Malevamide E.35 
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Although Dolastatin 10 itself was not active in patients with various tumours, including advanced 

breast cancer or pancreaticobiliary cancers, its analogue Soblidotin induced minor responses in 

patients with non-small cell lung cancer and a partial response in a patient with advanced 

oesophageal cancer in a Phase I trial, but was not further evaluated in a Phase II trial.36 Romidepsin, 

a Dolastatin 15 analogue, which also possesses activity as a histone deacetylase inhibitor, was 

recently discovered to be active in cutaneous T cell lymphoma with a 34% objective response rate.37 

Maytansine is originally isolated from an Ethiopian shrub Maytenus ovatus and exerts extremely 

high anti-mitotic potency. Maytansinoids are microtubule-targeting agents that share same 

binding site with vinca and function by depolymerizing microtubules and arresting cells in the 

mitosis stage.38 Maytansinoids reveal over 100-fold elevated cytotoxicity in cells than vinca 

alkaloids, making them suitable candidates in anti-cancer therapies utilizing tissue-specific drug 

delivery strategies. However, in human clinical trials, maytansine showed a small therapeutic 

window due to its neurotoxicity and harmful effects on the gastrointestinal tract.39 

Colchicine was first extracted from the poisonous meadow saffron Colchicum autumnale. 

Colchicines have a low therapeutic index with several toxicities - neutropenia, gastrointestinal 

upset, bone marrow damage and anaemia.40 Thus, Colchicine is not the best anticancer candidate; 

however, it has been FDA approved for the treatment of gout and familial Mediterranean fever. 

Other agents have been discovered (combretastatins) or designed (BNC105) to target the 

colchicine domain, and are being developed as vascular disrupting agents against cancer.26  

Combretastatins are analogues in structure to Colchicine, and were isolated from the Combretum 

caffrum tree.41 They are a family of MT-targeted agents, lead compounds of the vascular-targeting 

agents. They produce rapid disruption of tumour blood flow, probably by their effects on the MT 

cytoskeleton of endothelial cells. In fact, combretastatins can induce shape modification in 

vasculature endothelial cells, which rapidly assume a balloon shape, causing necrosis of the tumour 

core. The tumour edge, instead, being supported by normal vasculature remains unaffected.42 For 

this reason, combretastatins are used in combination with other drugs. The best known 

combretastatin is Combretastatin A-4.43 This molecule is administrated as combretastatin A-4 3-

O-phosphate (CA-4-P), a water-soluble prodrug, which is converted into its active form by 

endogenous phosphatases. I is cytotoxic in different tumour cell lines and in human endothelial 

cells, justifying the therapeutic use as antiangiogenic agent. By interfering with mitotic spindle 

assembly, CA-4 induces cell cycle arrest at the G2/M checkpoint, causing cell apoptosis. A 

promising variant is Combretastatin A1 phosphate, another prodrug soluble in water, which shows 

a powerful antivascular activity.44 Tests performed on different human cell lines demonstrated 

that, compared to CA-4-P, lower doses are required and lead to a drastic reduction of blood flow, 

accompanied by necrosis. Its antitumoural activity is higher and allows complete regression of 

human tumours even at extremely low doses. In addition, CA-1-P causes an increase in vessel 

permeability, in VEGF (vascular endothelial growth factor) production and apoptosis induction in 

endothelial cells. Excellent results have been obtained with combined treatments involving several 

chemotherapy agents. Other combretastatins are currently in clinical trials. 

Chalcones are a wide family of compounds active, among others, as anti-hypertensive, anti-

malarial, anti-inflammatory, anti-viral and as promising anti-cancer agents.45 They bind rapidly 

and reversibly to the colchicine-binding site, leading to inhibition of the assembly of MTs and 

consequently cellular apoptosis. 
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6.1.3.2 Microtubule-stabilizing agents 

MT-stabilizing drugs enhance MT polymerization and prevent Ca2+- or cold-induced 

depolymerization and subsequent disassembly.46 

Since the discovery of the first defined MT-stabilizing agent Paclitaxel in the 1960s, a variety of 

others have been derived primarily from natural resources. At the molecular level, all agents share 

two common features, that is that at micromolar concentrations MT-stabilizing agents reduce the 

equilibrium concentration of free tubulin (critical concentration) in the in vitro system of tubulin 

polymerization, while at sub-micromolar or nanomolar concentrations, they suppress MT 

dynamics, thus leading to the formation of more stable filaments. It is worth noting that MT-

stabilizing agents apparently share the same mechanism of MT dynamics suppression with MT-

destabilizing agents at low concentrations.47 Different binding sites and modes exist on MTs for 

various MT-stabilizing agents. To date, at least two binding sites have been confirmed - the taxoid-

binding site located in β-tubulin at the luminal side of MTs, and the laulimalide/peloruside site 

also located in β-tubulin but on the outer surface of MTs.48 

 

 

Figure 6-6: Structures of microtubule-stabilizing agents mentioned. 

 

Taxanes are the most important classes of microtubule-stabilizing chemotherapy agents. The first 

MT-stabilizing agent used in anticancer chemotherapy was Paclitaxel, a diterpene isolated from 

the Pacific yew tree (Taxus brevifolia).49 Tests in the early stages demonstrated the antileukemic 

and antitumour activities of Paclitaxel. In subsequent preclinical and clinical studies, Paclitaxel 

showed significant activity against some solid tumours. A semisynthetic analogue of Paclitaxel, 

Docetaxel, was subsequently approved in 1996.50 Since Paclitaxel was first approved in clinical 

settings, the two clinically available taxanes represented the most important first-line 

chemotherapeutic agents to treat solid tumour malignancies. However, the occurrence of MDR is 

their major limitation, and taxanes are also associated with side effects, namely peripheral 

neuropathy, myelosuppression, arthralgias and skin reactions including flushes and rashes 

(urticarial). Since these side effects accumulate throughout the course of therapy and affect the 

patient’s quality of life, adjunctive medications are required to minimize subsequent side effects.51 
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Epothilones are a family giving promising results.52 Their interaction with MTs induces the 

formation of an aberrant mitotic spindle, arresting mitosis and leading to cellular apoptosis. 

Epothilones are the principal subject of this project and will be treated extensively below. 

Laulimalide is a cytotoxic natural product extracted from a marine sponge.53 Like Paclitaxel, 

Laulimalide binds to tubulin and enhances MT assembly and stabilization. It exhibits potent 

inhibition of cellular proliferation with IC50 values in the low nM range against numerous cancer 

cell lines. In contrast to Paclitaxel, however, Laulimalide is also very potent against multidrug-

resistant (MDR) cancer cell lines which overexpress P-glycoprotein (PgP).53 It has unique structural 

and biological properties, and attempts at its synthesis have attracted considerable effort in recent 

years, resulting in more than ten published total syntheses. However, despite demonstrating 

promise in cell-based and pharmacokinetic studies, Laulimalide exhibited only minimal tumour 

growth inhibition in vivo and was accompanied by severe toxicity and mortality.53 The 

unfavourable efficacy to toxicity ratio in vivo suggests that Laulimalide may have limited value for 

development as a new anticancer therapeutic agent. 

Dictyostatin had previously been isolated from a marine sponge of the genus Spongia sp. and 

described as a cytotoxic agent to murine and human cancer cells, but its mechanism of activity was 

unknown.54 It was later discovered that this naturally occurring compound binds to MTs, causes 

cell cycle arrest in G2/M at nanomolar concentrations, and retains antiproliferative activity in 

Paclitaxel-resistant cell lines, making itself an attractive candidate for development as an 

antineoplastic agent.55 

Peloruside is a novel secondary metabolite isolated from a New Zealand marine sponge, Mycale 

hentscheli, that has potent Paclitaxel-like MT-stabilizing activity and is cytotoxic at nanomolar 

concentrations.56 Its 16-membered macrolide ring is similar to that of epothilones. Like paclitaxel, 

peloruside A arrests cells in the G2-M phase of the cell cycle and induces apoptosis. Its relatively 

simple structure makes it suitable for the design and synthesis of analogues with improved tumour 

targeting and reduced tumour cross-resistance.57 

 

6.1.4 Tubulin and neurodegenerative diseases 

Tubulin not only plays a key role in the cell cycle, but also in neuronal development. Axonogenesis 

and dendritogenesis are essential processes in normal neuronal development, and their correct 

functionality depends on the coordinated organization and dynamics of the actin and MT 

cytoskeleton.58 The involvement of MT dynamic cycle in neuronal development has been 

demonstrated considering that during neuronal differentiation MTs are highly dynamic, in order 

to guarantee outgrowth and branching, while in mature neurons they tend to be more stable. 

It results that a MTs’ dynamic proper control is essential for many neuronal activities, which are 

regulated by tubulin post translational modifications.59 

In fact, although nowadays the mechanisms of axonal degeneration haven’t been totally clarified, 

MTs fragmentation is the first detectable event during neuronal degeneration, and disorganized 

and bent MTs are often present during axonal retraction, stressing MTs importance in neuronal 

disease progression.60 

For this reason, molecules able to interfere with MT dynamics could be promising for the treatment 

of different neurodegenerative disease, as Parkinson’s and Alzheimer’s disease. 
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The first is probably the most common motor neurodegenerative disorder. Its symptoms derive by 

the reduction in dopamine levels in the striatum. Recent studies have demonstrated that many 

Parkinson linked proteins, such as α-synuclein, parkin, and leucine-rich repeat kinase 2, modulate 

MT stability. In addition, Parkinson’s disease is caused by environmental toxins, such as 1-methyl-

4-phenylpiridinium (MPP1) or rotenone, which are known for their MT destabilizing action.61 

Therefore, MT stabilizing agents could act well as potential therapy for Parkinson’s disease. 

Paclitaxel was one of the first MTs stabilizing drug to be tested, but gave poor results due to 

problems dealing with pharmacokinetic properties, deriving from the impossibility of passing 

through the blood brain barrier.62 

On the contrary, epothilone D displayed a potent neuroprotective action, accompanied by the 

ability to improve axonal MTs density, reduce axonal dystrophy and alleviate cognitive deficits. In 

addition to these beneficial characteristics, the blood-brain barrier appears to be permeable to this 

epothilone, making it a better drug candidate than Paclitaxel. Epothilone D proved to be 

therapeutically valuable also for the treatment of different tauopathies, a class of 

neurodegenerative diseases among which Alzheimer’s is the most known. 63 

These diseases are characterised by the presence of fibrillar inclusions composed by 

hyperphosphorylated tau protein in brain neurons. This protein is normally diffused in axons, 

where it plays a role in MT polymerization. Probably, its hyperphosphorylated version gives a 

worse binding with MTs and this leads to negative effects on axonal transport and neuronal 

function. 

This fact justifies the use of MT stabilizing agent, and in particular of Epothilone D, as possible 

therapeutic strategy for the cure of Alzheimer’s and other correlated tauopathies.64 

Different experiments performed on mice demonstrated that epothilone D is safe both in 

prevention and intervention treatments. It is noteworthy that dosages are very low compared to 

the ones required in anticancer therapy, and this leads to a very low occurrence of the most 

common side effects associated with the administration of MT stabilizing agents, such as 

neutropenia and sensory nerve neuropathy. 

Epothilone D shows also an atypical set of pharmacokinetic properties, including prolonged brain 

retention, that may make it a potentially good candidate for the treatment of these diseases.65 

However, it has become increasingly evident that single drugs cannot fully cure complex diseases, 

such as cancer or neurodegenerative diseases. As consequence, in the last years multi-target 

therapies emerged as a new possibility for the improvement of different drugs therapeutic index.66 

In fact, drugs combination often increases efficacy and contrasts the development of acquired 

multi-drug resistance, thanks to the multiple effect deriving by the presence of different 

components which bind to separate sites in drug receptors. 

In this field, MTs-targeting bivalent compounds (MTBCs) are an emerging class of molecules which 

should show great pharmacological potential.67 However, surprisingly, the majority of MTBCs 

reported in literature exhibit equal or less efficacy than the corresponding monomers, as results 

from in vitro and in cell tests. This could depend by the lack of knowledge about structural and 

biochemical interactions between these class of drugs and MTs. Different efforts are ongoing, 

aimed at elucidating the structural features required for a successful MTBCs rational design. In this 

field, multidisciplinary tests are essential and include for example the determination of the 

crystallographic structure of tubulin complexes with mono and bivalent compounds, the 

calculation of binding affinity between tubulin and the two class of drugs, dynamic simulations 
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aimed at correlating the binding affinity with the peculiar structural characteristics of the different 

drug candidates, and cytotoxicity assays performed on specific cell lines. Recent studies stressed 

the fundamental importance in the choice of the linker that connects the two active moieties in 

the MTBCs, which could determine the final performance of the resulting bifunctional compound. 

In fact, a linker should present an appropriate length, which maintains the two active parts at the 

correct distance to allow good interaction in the binding site. A linker shouldn’t be too bulky or 

rigid, in order to avoid unfavourable steric interactions. Moreover, its chemical nature should be 

carefully evaluated, because the linker must be compatible with the channel in which it will lie 

during the binding with the protein.67 

The general criteria for the rational design of MTBCs compounds that emerged in this study could 

be fundamental for future perspectives, for the synthesis of new active and more potent 

compounds. 

 

6.1.5 Epothilones  

Epothilones are naturally occurring polyketide macrolides, originally isolated from Sorangium 

cellulosum, a soil-dwelling Gram-negative myxobacterium (Figure 6-7). They were originally 

discovered by Hoefle, Reichenbach et al. in 199368 at the “Gesellshaft fur Biotechnologische 

Forschun” of Braunschweig and, two years later, independently by Bollang and his collaborators.52 

 

 

Figure 6-7: Typical colony formation of Sorangium cellulosum bacteria. 

 
The structure of epothilones is characterised by a methyl thiazolic unit bound to a 16-membered 

macrocycle through a small olefinic spacer. The name derives from their structural characteristics: 

they contain an epoxide, a side chain containing a thiazole and a ketone. 

The epothilone family is composed of four major classes - Epothilones A, B, C and D, each one 

different for a particular functional group (Figure 6-8).69 Among them probably the most widely 

known is Ixabepilone, an aza-derivative of epothilone B, the only compound of this family 

approved by Food and Drugs Administration (FDA) as an anticancer agent.70 
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Figure 6-8: Structural classification of epothilones. 

 

When they were first discovered, epothilones were identified as secondary antifungal metabolites. 

It was only after further studies, aimed at the research of new compounds able to overcome 

taxanes’ typical MDR, that their cytotoxic activity was demonstrated. 

 

6.1.5.1 Epothilones as Taxanes substitutes 

The structure of epothilones isn’t related to that of taxanes, but it has been demonstrated that both 

promote MT polymerization71 and share common regions of β-tubulin binding site72 although 

interacting with different aminoacids of the binding pocket.73 This may have important 

implications, causing different effects on tubulin polymerization and cellular cytotoxicity. 

Epothilones and taxanes apparently seemed to be equally useful in cancer treatment, but it was 

later found out that the former ones are also active against taxanes-resisting cancer cells, therefore 

becoming important pharmaceutical agents to develop. Furthermore, they showed other 

important properties, such as lower sensibility towards common multidrug resistance mechanisms 

that affect the clinical applicability of taxanes, including P-glycoprotein overexpression;74 higher 

activity compared to taxanes, for several tumour types (including MDR cells); easier synthesis and 

higher water solubility than taxanes, so there is no need of solubilization vehicles that may cause 

hypersensitivity reactions. 

 

6.1.5.2 Action mechanism on tubulin 

Epothilones interact with tubulin with a mechanism similar to that of taxanes, although the 

interactions into the shared binding site aren’t exactly identical. Both these two MT-stabilizing 

agents bind to β-tubulin and can induce MTs polymerization in absence of Guanosine 

Triphosphate (GTP) or other proteins naturally associated with this process. 21 

Interaction of epothilones with tubulin causes the formation of highly stable microtubular 

structures, halting the dynamic polymerization/depolymerization process necessary for the correct 

mitotic spindle formation (Figure 6-9). The cell cycle is consequently arrested at the G2/M 

restriction point, leading finally to cellular apoptosis. This mechanism is at the base of the taxanes 

and epothilones therapeutic effect.75 
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Figure 6-9: Mechanism of action of Epothilones, through stabilization of microtubules. 

 

6.1.5.3 Conformational studies and Structure-Activity Relationship (SARs) 

Determination of the conformation of epothilones in solution, in both organic and biological 

media, is of primary importance because it could contribute to the elucidation of the spatial 

arrangement of key functionalities, necessary for the correct binding with tubulin and the 

consequent MTs-stabilization. Different studies, computational and NMR spectroscopy, have been 

performed on Epothilone A, aimed at investigating the relationship between conformation and 

biological activity. Computational studies demonstrated that in solution Epothilone A exists as two 

different conformers: A and B.76 

These two conformations are essentially identical:  

• in the epoxide region, with the epoxide that prefers to be exo respect to the macrolide ring, 

• in the relative position of the thiazole side chain and the plane of the 16-membered ring.  

On the other end, differences concern: 

• the orientation of C3 hydroxyl respect to the plane of the macrolide ring; 

• the dihedral angle of the C5-C6-C7-C8 torsion (almost 60° in A and 180° in B). 

These characteristics cause a difference in energy between the two conformers: in conformer A, 

the more stable one, the hydroxylic group is involved in a hydrogen bond with the carbonyl group 

on C5, while in conformer B the same hydroxyl group is located on the plane of the macrolide and 

involved in a hydrogen bond with the C1 ester carbonyl group. Furthermore, conformation A allows 

a minimization of unfavourable syn-pentane interactions. 

NMR studies, in particular NOE experiments, showed that in solution Epothilone A is present as a 

mixture of both the conformers, in a 4:1 ratio in favour of A. In addition, the energy difference 

between A and B at room temperature is almost 1 kcal/mol (Figure 6-10). 
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Figure 6-10: Conformations in solution of Epothilone A in CD2Cl2. Selected NOEs that support the 
presence of each conformation are included. The direction of the arrows is arbitrary. 

 

The same analysis performed on Epothilone B resulted in identical conformational preferences, 

suggesting that differences in biological activity between Epothilone A and B aren’t related to their 

conformations. 

 

6.1.5.4 Epothilone conformation in Tubulin-binding site 

Since the epothilone conformation while bound to MTs may not be similar to the solution 

structure, or the reported X-ray structure, it is important to use computational modelling methods 

to gain insight into the available conformational space.77 

The hypothesis of a common pharmacophore between taxanes and epothilones had been discarded 

because of the different interaction of the two molecules with tubulin. Due to their dimensions, in 

fact, they occupy the cavity in a different fashion, with the epothilone occupying only part of the 

zone occupied by Taxol.  

In 2003, further studies compared the spatial structure of Epothilone A in the tubulin-binding site 

with an Epothilone A free conformation determined by X-ray crystallography (Figure 6-11).78  

 

Figure 6-11: Conformational differences between unbound (in gray) and tubulin-bound Epothilone A (in 
green). 

 

The two structures are similar, but it’s evident the change in position of the thiazole with respect 

to the C16-C17 double bond and the shift of the hydroxyl group on C3. In particular, while 

elsewhere this group is oriented inside the macrocycle making the oxygen less prone to a hydrogen 

bond, in the conformation bound to tubulin the group points outwards, becoming available for 

hydrogen bonds with tubulin side-chains. However, this group isn’t necessary for the bond with 

tubulin, in fact the analogue α,β-unsaturated is as active as the natural compound. As it regards 

the other conformational change, the C16-C17-C18-C19 dihedral angle shifts from an antiperiplanar 
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to a synperiplanar conformation. Even though the eclipsed rotamer could appear disfavoured, 

considering the steric hindrance between the methyl on C27 and H19, in this conformation the 

thiazole ring nitrogen atom becomes more accessible for potential hydrogen-bond interactions 

with protein functional groups, possibly overcoming the negative interactions of steric 

hindrance.79  

In 2007 the interaction of Epothilone A with non-polymerized tubulin in solution was extensively 

described.80 This conformation was deduced from conformational studies and is in contrast with 

the conformation determined in solution by NMR studies. The only conformation that satisfies 

experimental NOESY data is presented in (Figure 6-12). 

 

 

Figure 6-12: Epothilone A conformation inside the tubulin binding site. 

 

In this conformation: 

• the thiazole ring occupies the same position of the phenyl ring of the benzamide in 

paclitaxel. Thiazole and imidazole ring of residue H227 are face to face and the nitrogen 

atom isn’t involved in any hydrogen bond; 

• residue R276 in loop M of tubulin is located alongside C15-C18, ending with an interaction 

between the thiazole and a guanidine group. A salt bridge is formed between the plus 

charge of an arginine residue and the negative charge of the residue D224; 

• the positive charge on residue R282 interacts with the hydroxyl group on C7, thus the side 

chain where the residue belongs is forced into an optimal position to form a hydrogen bond 

with the residue T274; 

• the epoxide is situated into a hydrophobic pocket where residue F270 is located, preventing 

possible interactions. Small substituents improve the activity of epothilones because they 

fill the cavity and interact with residues F270 and L369.  

• Epothilones induce tubulin polymerization by stabilizing the strained conformation of the 

protofilament in absence of GTP, blocking the H7 helix and M loop e acting as a linker 

between these two structural elements.  

All these evidences agree with SARs data proposed for epothilones. 
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6.1.5.5 Structure-Activity Relationships (SARs) 

Structure-Activity Relationships studies, performed on Epothilone A, Epothilone B and 

Ixabepilone help in the elucidation of the structural features that constitute their pharmacophore 

(Figure 6-13).81 

 

 

Figure 6-13: Epothilones characteristic structural elements in SARs studies. 

 

Epothilones are sensitive to chemical modification in the C4-C8 region, in particular the 

configuration of C6-C8 is essential for biological activity, probably because it exerts high influence 

on the global macrolide formation. 

The epoxide moiety isn’t strictly required in order to obtain an active compound, while the 

configuration of C13 and the presence of a substituent on C12, particularly a methyl group, appears 

to be of primary importance. The stereochemistry of C12 isn’t relevant, probably because the 

flexibility ensured by the C9-C11 trimethyl chain allows the fitting of both diastereomers into the 

binding site. 

The position of the nitrogen atom on thiazole and C15 stereochemistry are essential for a good 

interaction, and C3 stereochemistry appears to be relevant too. Inversion of C3 stereochemistry 

results in a considerable potency loss in polymerization induction of tubulin. It’s interesting to 

note that an Epothilone A analogue in which the OH group on C3 was substituted by a CN group 

maintained high biological activity.82 The same occurs with α,β-unsaturated (trans C2=C3 double 

bond) analogues of Epothilone A and B, which are almost as active as the natural products. This 

demonstrates that the hydroxyl present on C3 is important but not essential for the interaction 

with tubulin.83 

 

6.1.6 Epothilone analogues 

The importance of epothilones in cancer treatment, in particular against multi-drug resistant 

cancer cells, triggered research towards the design and synthesis of their analogues, in order to 

obtain derivatives presenting better activity and pharmacokinetics. This process has contributed 

to a progressive SARs elucidation for this class of natural compounds. 

The first studies dealt with differentiation of the side chain of epothilones B and D, substituted 

with benzoheterocyclic moieties. This led to the individuation of several new active analogues 

(Figure 6-14).84  
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Figure 6-14: Epothilones B (left) and D (right) analogues. 

 

All the synthetized products showed potent antiproliferative activity, in some cases greater than 

their natural precursor. They proved also to be active against Taxol resistant cancer cells. The 

increase in cytotoxic activity resulted more evident in Epothilone D analogues, which appear to be 

very promising from a therapeutic point of view also considering the absence of the epoxide 

moiety, which is responsible for unspecific toxicity.85 

Aza-epothilones constitute a class of epothilone interesting analogues, derived from the 

macrolactone conversion into a macrolactam. This substitution is justified by the fact that being 

the amide bond less degradable in vivo than the ester bond, this could lead to an improvement in 

drug pharmacokinetic profile. For example, two deoxyepothilone A aza-derivatives were 

synthetized and tested on different cell lines, including multi-drug resistant ones.86 However, 

biological tests weren’t so favourable: in fact, although both analogues maintained a certain 

biological activity, they were found to be less potent tubulin polymerization inducers than 

deoxyepothilone A, and presented also a lower antiproliferative activity. This decrease in 

anticancer activity resulted to be particularly marked for the methyl aza-analogue. 

It’s surprising, considering these results, that a structurally similar aza-analogue, Ixabepilone, is 

the most active antimitotic agent and the only one epothilone-like compound to be approved by 

FDA for the treatment of different tumour types. This molecule was synthetized by Bristol-Myers 

Squibb Pharmaceutical Research Institute during a study aimed at the evaluation of compounds 

which could show an epothilone-like anticancer activity towards multi-drug resistance cells and, 

at the same time, could maintain in vivo activity.74 In fact, despite their in vitro high 

antiproliferative activity, epothilones tend to be less in vivo active, probably for their poor stability 

in metabolic conditions or unfavourable pharmacokinetics properties. Among the more than 300 

semisynthetic analogues obtained and tested in various in vitro and in vivo assays, Ixabepilone 

resulted to be the best candidate (Figure 6-15). 

 

 

Figure 6-15: Epothilone B and Ixabepilone structures. 
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In these studies, Ixabepilone demonstrated a broad in vitro activity spectrum against different 

cancer cell lines, showing a similar behaviour to Epothilone B for what concern potency and 

antimitotic efficacy. Ixabepilone proved to be very effective in overcoming Taxol multi-drug 

resistance, contrasting both the main mechanisms - MDR resistance derived from P-glycoprotein 

overexpression and MDR caused by β-tubulin mutation. In fact, it retained its cytotoxicity against 

all the tested cell lines. Also in vivo it clearly demonstrated a superior antitumour activity than 

Taxol, in both Taxol-resistant and Taxol-sensitive tumours. An additional advantage for 

Ixabepilone over other MT-stabilizing agents, is its oral bioavailability, with comparable efficacy 

with intravenous administration. The availability of an oral dosage presents different advantages, 

such as lower costs and higher convenience, because it permits the patients to take the therapy at 

home.  

Nowadays Ixabepilone is used for the cure of ovarian carcinoma, non–small cell carcinoma of the 

lung, breast carcinoma, melanoma, colon carcinoma and also for some paediatric tumours, using 

majorly two different administration schedules: a weekly dosage of 30 mg/m2 and an every 3-week 

schedule with a dosage of 50 mg/m2. The dose-limiting toxicity for Ixabepilone weekly was of grade 

3 fatigue and includes additional side effects, as cumulative neuropathy, arthralgia, myalgia, 

anorexia, nausea, and diarrhea.87 

In between the wide number of epothilone analogues synthetized in the last years is worth to be 

mentioned the triazole derivative shown in Figure 6-16. 

 

 

Figure 6-16: Structure of a triazole-epothilone published in 2011. 
 
This analogue was synthetized in 2011 by Duan et al. as an analogue of epothilone D, where the 

double bond is replaced with a 1,4-substituted triazole.88  

 

6.1.7 Bioisosterism  

Bioisosterism is a strategy used in medicinal chemistry for the design of new drugs based on already 

existent ones. It consists in the molecular modification of a certain lead compound in order to 

improve its pharmacological activity, its selectivity for a particular receptor or enzyme and, at the 

same time, to reduce certain side effects and optimize its pharmacokinetic properties.89  

In order to apply this approach, the lead should be characterised by a completely elucidated 

chemical structure and mechanism of action, and also its type of interactions with the receptor 

and the characteristics of its pharmacophoric unit have to be well known. 

Furthermore, the pathways of metabolic inactivation, and the physico-chemical properties which 

regulate the lead bioavailability and side effects should be totally clarified, to orient the choice 

towards an ideal bioisosteric substitution. 



381 

This strategy, widely used in the pharmaceutical industry to find new active analogues of 

commercially available compounds, was developed by Langmuir in 1919.90 At the time, he was 

studying the chemical behaviour and reactivity of determined substances characterised by the 

presence of atoms and groups with the same valence number, discovering that they maintain the 

same characteristics. In this case the correct definition is “isosterism”. 

Some years later, in 1925, Grimm formulated the so called “Hydride displacement law”, an empiric 

rule which states that the addition of a hydride moiety to an atom produces a “pseudoatom” which 

displays the physical properties typical of the elements of the following group in the Periodic Table 

of the Elements (Figure 6-17).91 

 

 

Figure 6-17: Table that represents Grimm’s “Hydride displacement law”. The members of a same column 
are isosteres. 

 

The word “bioisosterism” was coined by the pioneering work of Friedman and Thornber. The first 

recognized the utility of the isosteric approach in the context of bioactive molecules design; thus, 

he defined bioisosteres as compounds which fit in the definition of isosteres and maintain the 

biological activity of the original compound.92 Later, Thornber broadened this concept defining 

bioisosteres as subunits or groups of molecules which possess physicochemical properties which 

lead to similar biological effect, without strict requirements about isoelectronic characteristics.93 

However, the application of the bioisosteric approach requires careful theoretical previsions, in 

order to foresee as far as possible which alterations can be induced by the substitution. 

In particular, any bioisosteric replacement should be preceded by the analysis of the following 

parameters: 

• size, volume and electronic distribution of the atoms, degree of hybridization, 

polarizability and bond angles; 

• degree of lipidic and aqueous solubility, in order to allow a prediction of physicochemical 

properties alteration (e.g. logP and pKa); 

• chemical reactivity of bioisosteric subunits, to predict significant alterations in the 

biotransformation processes (e.g. toxicity profile alteration, relative to the main 

metabolites); 

• conformational factors, including the ability to form inter- or intra-molecular hydrogen 

bonds. 

Some classical bioisosteres are reported in Table 6-1 and Table 6-2: 
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Table 6-2 

 

 

6.1.7.1 Amide bond bioisosterism 

In recent years, different studies were performed to find amide bond bioisosteres. The aim was to 

increase drugs bioavailability and to limit the action of endogenous hydrolysing enzymes such as 

peptidases. Different examples of amide bond isosteres are reported in (Figure 6-18 A). One of the 

most popular solutions involved the replacement of the amide bond with a 1,2,3-triazole (Figure 

6-18 B).94,95 

 

 

Figure 6-18: Examples of amide bioisosteres (A); 1,2,3-triazole as amide bioisostere (B). 

 

This substitution is justified considering a resemblance in: 

• spatial disposition and bond length (distances between R and R1 substituents are 3.8-3.9 Å 

for the amide and 5.0-5.1 Å in triazole); 

• dipolarity (4 Debye for the amide and 5 Debye for the triazole); 

• the ability to act as hydrogen bond acceptors, thanks to the lone pairs on nitrogen atoms, 

similar that of the amide oxygen. 

The triazole C5 proton can act as a hydrogen bond donor, as well as amidic N-H group. In addition, 

X-ray crystallography demonstrated that 1,2,3-triazoles could form a network of H-bonds in the α-

helix of a peptide, justifying the triazole application in peptidomimetic studies. 1,2,3-triazole rings 

are also characterised by high chemical stability, in particular towards hydrolytic, reductive and 

oxidizing conditions. For this reason, this approach could give more stable compounds in vivo. 

For what concern the synthesis of this important bioisosteric motif, Huisgen cyclization is one of 

the most used strategies, and represents also a typical example of the so called “Click Chemistry”.  

Table 6-1 



383 

6.2 Chemistry  

6.2.1 Aim of the project 

An improvement of poor pharmacokinetic properties of existing early leads is typically achieved 

via chemical analoging, among others addressing poor solubility or poor cellular uptake, which 

limit their therapeutic applications.  

More specifically here, the substitution of some functional groups may lead to more active 

compounds by the identification of the essential structural features of the pharmacophore. In our 

case, the total synthesis of a triazole bioisostere of Ixabepilone, an anticancer drug belonging to 

epothilones family, aimed to evaluate the effect of such substitution on biological activity and 

bioavailability. This is coherent with our research group interests, which include the study and 

synthesis of putative binders of tubulin and microtubules. Furthermore, the bioisosteric 

substitution of amide bonds with 1,2,3-triazoles is a strategy commonly used in our research group, 

that has recently reported the synthesis of triazole-containing active analogues of anticancer drugs, 

such as Imatinib,96 Triflorcas,97 Vismodegib,98 and of an already existing active analogue of 

Migrastatine,99 with promising results (Figure 6-19).  

 

 

Figure 6-19: Triazole analogues of active anticancer drugs synthetized by our group. 

 

In our intentions, the triazole-containing Ixabepilone analogue should present an improved 

pharmacokinetic profile, maintaining at the same time its potent anticancer activity. This 

hypothesis was supported by computational studies, which are more extensively treated in the next 

Section.  

In order to better assess a structure-activity relationship, we decided to synthetize also a simplified 

analogue of Ixabepilone without substituents on the macrocycle. (Figure 6-20) This molecule was 

synthetized as a negative control to confirm the importance of such functional groups on the 

macrocycle, as predicted by modeling studies. Since the synthesis of epothilones is quite long and 

challenging, the synthesis of both triazole analogues was carried on in parallel. 

 

 

Figure 6-20: Structure of target triaza-epothilone 6-G and its simplified analogue 6-A. 
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6.2.2 Modeling studies  

Modeling studies performed in collaboration with Prof. M. Sironi and Dr. S. Pieraccini of the 

Università degli Studi di Milano revealed that a triazole analogue could bind to tubulin, with some 

differences in spatial disposition compared to Ixabepilone (Figure 6-21). Namely, both molecules 

establish mostly hydrophobic interactions with tubulin; in addition, there is an important 

interaction between the C7 hydroxylic group of Ixabepilone and an arginine residue of tubulin. A 

similar weak hydrogen bond should be established between the C7 hydroxylic group in our 

analogue 6-G and a histidine residue. 

The triazole nitrogens of analogue 6-G are oriented inside the macrocycle changing its three-

dimensional disposition. Furthermore, the thiazole-containing side chain is oriented inside the 

binding pocket of tubulin for Ixabepilone, while in our triazole analogue it points outside (Figure 

6-21). From further docking simulations, we observed a thiazole side chain disposition for the 

triazole analogue 6-G more similar to epothilone B than to Ixabepilone, as is noticeable comparing 

panels C and D in Figure 6-21.  

 

Figure 6-21: A) Spatial disposition of Ixabepilone and B) triazole analog in the same tubulin binding site; 
C) Superimposition of spatial orientations, into the binding site, of Ixabepilone (blue) and Triazole analog 

(red), showing differences in thiazole disposition; D) Superimposition of spatial orientations, into the 
binding site, of Triazole analog (red) and Epothilone B (green). In figures C and D the representation of 

tubulin binding site is omitted for better clarity. 

 

In conclusion, these preliminary modeling simulations confirmed a possible relevance for triazole-

containing analogue XX; thus, the total synthesis of both triazole Ixabepilone analogues 6-A and 

6-G was initiated. 
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6.2.3 Retrosynthetic analysis of epothilone macrocyclic scaffold 

Our retrosynthetic strategy toward a naked triazole-containing, epothilone-like scaffold 6-A is 

depicted in Scheme 6-1. 

 

 

Scheme 6-1: Retrosynthesis of epothilone macrocyclic scaffold. 

 

Namely, macrolide 6-A could be obtained through an intramolecular Ring Closing Metathesis 

reaction of compound 6-B, that derives from a triazole-forming Huisgen 1,3-dipolar cycloaddition 

between thiazolyl azide 6-C and alkyne 6-D. Thiazolyl azide 6-C should derive from a Wittig 

olefination between thiazole ylide 6-E and N-protected ketoamine 6-F, controlling the 

configuration of the newly formed double bond by using an appropriate ylide. Finally, alkyne 6-D 

could be obtained by a Grignard reaction between trimethylsilyl acetylene and the Weinreb amide 

of undecylenic acid, followed by deprotection of the trimethylsilyl moiety. 

 

6.2.4 Synthesis of ketoalkyne 6-D 

We conceived two strategies to target ketoalkyne 6-D; the first aimed to generate a suitable 

alkynecarbonyl compound through Grignard addition on a Weinreb amide, yielding ketone 6-3; 

the second would have considered a partial reduction of acid 6-1 to aldehyde, followed by a 

Grignard reagent to obtain an alkynol finally oxidized to ketone 6-3. The first strategy was 

prioritized (Scheme 6-2) since it needed a fewer number of steps.  
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Scheme 6-2: Synthesis of fragment 6-D. 

 

The first step (step a) entailed the formation of the Weinreb amide 6-2 from commercially available 

undecylenic acid 6-1, Then, a Grignard reagent was synthetized in situ from EtMgBr and 

trimethylsilyl acetylene, and was reacted with 6-2 (step b). The reaction proceeded in good yields 

and the product was confirmed by 1H-NMR, due to a characteristic peak for the CH3 on silyl at 0.27 

ppm. Finally TMS deprotection was carried out in standard conditions (step c, Scheme 6-2) 

yielding target alkyne 6-D that was used as such in the next step (see Paragraph 6.2.6) due to its 

instability during silicagel purification. 

 

6.2.5 Synthesis of azide 6-C 

6.2.5.1 Synthesis of amino-ketone 6-F 

The synthesis of amino-ketone 6-F is shown in Scheme 6-3. 

 

Scheme 6-3: Synthesis of amino-ketone 6-F. 

 

Commercially available L-allylglycine 6-4 was converted to the corresponding methyl ester 6-5 in 

quantitative yields (step a), then the amino group was protected as Boc (step b), giving compound 

6-6 quantitatively. The methyl ester was partially reduced to aldehyde 6-7 in excellent yield using 

weaker, chemoselective DIBAL-H (step c). Grignard reaction of resulting protected aminoaldehyde 

6-7 with methylmagnesium bromide led to racemic alcohol 6-8 (step d), which was finally oxidized 

with Dess Martin periodinane to the corresponding ketone 6-F in good yields (step e, Scheme 6-3). 
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6.2.5.2 Synthesis of thiazole 6-E 

The synthesis of thiazole-ylide 6-E is shown in Scheme 6-4. 

 
Scheme 6-4: synthesis of thiazole 6-E. 

Hantzsch reaction between commercially available 1,3-dichloroacetone 6-9 and thioacetamide 6-

10, in presence of ZnCl2 led to the quantitative formation of chloro thiazole 6-11 (step a). Then, its 

use as alkylating agent with tributyl phosphine led to the formation of target thiazole 

phosphonium salt 6-E (step b, Scheme 6-4). 

 

6.2.5.3 Synthesis of thiazole-azide 6-C 

The synthesis of thiazole-azide 6-C is shown in Scheme 6-5. 

 

 

Scheme 6-5: Synthesis of azide 6-C. 

 

The synthesis of fragment 6-C (Scheme 6-5) was completed in three steps. The first step involved 

a Wittig olefination between the aminoketone 6-F and the phosphonium salt 6-E (step a), which 

was previously converted in situ to the corresponding ylide. The use of a stabilized ylide allowed 

the formation of a new E-double bond in protected 6-12 in good yields.  
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Figure 6-22: Spatial disposition of 6-14. 

 

The formation of the desired E-olefin was confirmed by a NOESY experiment. In fact, the spatial 

proximity between the N-H proton and the alkenyl H6, between the allylic H8 and H6 and between 

both allylic H9 and H6, is justifiable only in the case of trans configuration  

Figure 6-22). 

Subsequently, acid cleavage of the Boc protecting group (step b) was performed to yield thiazole 

amine 6-13. Either a saturated HCl solution in MeOH or TFA were used, and both reagents led to 

product 6-13 in quantitative yield. TFA was eventually preferred for a simpler work up procedure. 

Finally, the amino group in 6-13 was converted to the target thiazole azide 6-C in good overall 

yields using imidazole-1-sulfonyl azide 6-14 as an azide transfer agent (step c, Scheme 6-5). This 

azidation reagent presents several advantages compared with similar agents, as 

trifluoromethanesulfonic azide; in fact, the latter is explosive when dried up and needs to be used 

in large excess, while 6-14 can be used in stoichiometric amount, is stable enough to be isolated, 

and yields easily removable byproducts.  

However, imidazole-1-sulfonyl azide 6-16 is not commercially available and needs to be synthetized 

as shown in Scheme 6-6, by first treating sodium azide with SO2Cl2 (step a) and subsequently 

adding an excess of imidazole. The product could be isolated as the corresponding hydrochloride 

salt, precipitating it by adding saturated HCl in MeOH, or as a hydrogensulfate salt by adding 

concentrated H2SO4 (step b, Scheme 6-6). This latter salt resulted to be more stable, giving better 

yields in the azide transfer reaction.  

 

 

Scheme 6-6: Synthesis of imidazole-1-sulfonyl azide 6-14. 

 

6.2.6 Synthesis of bis-olefin 6-B 

The synthesis of bis-olefin 6-B is shown in Scheme 6-7. 
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Scheme 6-7: Synthesis of bis-olefin 6-B. 

A Huisgen 1,3 cycloaddition between thiazole azide 6-C and ketoalkyne 6-D (step a, Scheme 

6-7)gave compound 6-B in moderate yields, as was confirmed by the presence of a singlet 

corresponding to the triazole proton at 8.13 ppm in the 1H-NMR spectrum. 

The reaction catalysed by Cu(I) gave only the 1,4-disubstituted product, as reported in literature100 

and in analogy to what was verified by NOESY NMR for triazole 6-J, a 6-B analogue (see Paragraph 

6.2.11 below). 

 

6.2.7 Synthesis of compound 6-A 

The synthesis of target macrocycle 6-A is shown in Scheme 6-8. 

 

 

Scheme 6-8: Synthesis of compound 6-A. 

The macrolide 6-A was synthetized in good yields by a Ring Closing Metathesis reaction catalysed 

by a Hoveyda-Grubbs 2nd generation catalyst; the expected product was confirmed both by the 

presence of two cis-protons of the cyclic olefin in the 1H-NMR spectrum and by mass spectrometry. 

In conclusion, we obtained the macrocycle-unsubstituted target 6-A with an overall 11% yield. 

 

6.2.8 First retrosynthetic analysis of triazole-containing Ixabepilone 
analogue 6-G 

The first proposed retrosynthesis of target triazole-containing Ixabepilone analogue 6-G is shown 

in Scheme 6-9. 
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Scheme 6-9: Retrosynthesis of triazole analogue of Ixabepilone 6-G. 

 

The macrolide structure 6-G can be obtained from bis-terminal alkene 6-H through a Ring Closing 

Metathesis reaction followed by diastereoselective epoxidation. Compound 6-H derives from an 

aldol condensation between alkenyl aldehyde 6-I and the hydroxyketone obtained from the regio- 

and stereo-selective reduction of the C3 carbonyl of triazolyl diketone 6-J. 

Compound 6-J can be synthetized by exploiting a regioselective Huisgen 1,3-dipolar cycloaddition 

between earlier described thiazole azide 6-C and diketoalkyne 6-K. 6-C derives from a Wittig 

olefination between previously described thiazolyl phosphonium salt 6-E and protected 

aminoketone 6-F, controlling the E-configuration of the newly formed double bond using an 

appropriate ylide.  

Finally, diketoalkyne 6-K can be obtained by a Barbier reaction between commercially available 

acetaldehyde 6-L and dimethylallyl bromide 6-M, followed by an ozonolysis and alkylation with 

the appropriate Grignard reagent. 

The most challenging step of this synthetic pathway is the regio- and stereo-selective reduction of 

triazolyl diketone 6-J, because two very similar carbonyl groups have to be differentiated. However, 

further modeling studies33 have suggested that the C3 hydroxy group is not strictly required for a 

good interaction with the tubulin binding site. For this reason, we decided to prioritize the 

synthesis of a new target molecule 6-N characterised by the presence of a synthetically more 

accessible carbonyl group in the C3 position (Figure 6-23). 
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Figure 6-23: Structures of Ixabepilone and two target molecules 6-G and 6-N. 

 

Obviously, the only difference in the simplified retrosynthetic pathway is that the aldol reaction is 

performed directly on compound 6-J, avoiding the regio- and stereo-selective reduction (Scheme 

6-10). 

 

 

Scheme 6-10: Retrosynthesis of target Ixabepilone analogue 6-N. 

 

 

6.2.9 Synthesis of diketoalkyne 6-K 

 

Scheme 6-11: Synthesis of alkyne 6-K. 
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To obtain target intermediate 6-K, the first step entailed a Barbier reaction between commercially 

available propionaldehyde 6-L and 3,3-dimethylallyl bromide 6-M, in the presence of zinc powder 

(Scheme 6-11, step a). This reaction allows the formation of allylic alcohol 6-15 in good yields 

through a nucleophilic attack of the organozinc reagent on an electrophilic carbonyl group. The 

one-pot reaction is similar to an alkylation performed with Grignard reagents, with the difference 

that the active organometallic species is generated in situ.  

The obtained racemic alcohol 6-15 was then oxidized to the corresponding ketone 6-16 (step b) 

with Dess-Martin Periodinane, with high yields and without the need to purification the crude. 

Then, the terminal alkene in compound 6-16 was ozonized (step c), obtaining after a reductive 

work up with dimethyl sulfide the formation of ketoaldehyde 6-17 in moderate yields, as confirmed 

by its 1H-NMR signal at 9.60 ppm. 

Ketoaldehyde 6-17 is too instable to be purified, so it was directly alkylated with ethynylmagnesium 

bromide (step d) to accomplish the introduction of an alkyne moiety in alkynyl hydroxyketone 6-

18, as confirmed by the presence of an 1H-NMR signal at 3.34 ppm (alkyne proton). 

Finally, the racemic alcohol 6-18 was oxidized with DMP, leading to diketoalkyne 6-K in moderate 

yields. 

 

6.2.10 Synthesis of azide 6-C 

The synthetic pathway followed here was presente earlier in Paragraph 6.2.5 for the preparation 

of the unsubstituted macrocycle 6-A. 

 

6.2.11 Synthesis of triazole 6-J 

The synthesis of target triazolyl diketone 6-J is shown in Scheme 6-12. 

 

Scheme 6-12: Synthesis of triazole 6-J. 

 

A Huisgen 1,3 cycloaddition between thiazole azide 6-C and diketo alkyne 6-K, performed in a 1:1 

tBuOH:H2O mixture in standard conditions led to the formation of triazolyl diketone 6-J (step a, 

Scheme 6-12) in good yields. 

In fact, the reaction actually gave only the 1,4-disubstituted product, as was confirmed by NOESY 

analysis where cross peaks between the signal of the triazolic proton at 8.13 ppm and of H6, H8, H9 

protons are justified only by the desired 1,4-product (Figure 6-24).  
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Figure 6-24: 3D spatial disposition of compound 6-J, as confirmed by the analysis of the reported NOESY 

spectra. 

 

6.2.12 Synthesis of alkenyl aldehyde 6-I 

The synthesis of target alkenyl aldehyde 6-I is shown in Scheme 6-13. 

 

 

Scheme 6-13: Synthesis of alkenyl aldehyde 6-I. 

 

The route to aldehyde 6-I synthesis partially follows a procedure reported by Schinzer,86 aimed at 

the total synthesis of Epothilone B. The two syntheses differ only in the first steps. 

A Wittig reaction on commercially available 6-oxoheptnanoic acid 6-19 in standard conditions 

(step a) led in good yields to alkenyl carboxylate 6-20. The carboxylic group was then converted 

into the corresponding acyl chloride, which reacted with (S)-4-isopropyl oxazolidinone (step b) 

leading to the formation of an amide bond in compound 6-21. The Evans’ oxazolidinone acts as 

chiral auxiliary, allowing to introduce stereoselectivity in the next alkylation step (step c). After 

the formation of -methylated 6-22, the synthesis mirrored the one reported in literature.604  



394 

The chiral auxiliary allowed the enantioselective formation of compound 6-22. Stereoselectivity 

arose from the formation of a chelated six membered ring after enolate formation, as reported in 

Scheme 6-14. As a consequence, methylation occurred on the less hindered side of the rigid 

chelated structure, opposite to the isopropyl group (attack on the enolate Si face). For this reason, 

only the enantiomer with the newly formed stereocenter in (S)-configuration was formed. 

 

 

Scheme 6-14: Structure of chelated intermediate that allows formation of compound 6-22. 

 

The chiral auxiliary was then removed in good yields using LiAlH4 (step d), leading to the formation 

of hydroxyalkene 6-23 without interfering with the stereocenter configuration. Finally, 

hydroxyalkene 6-23 was oxidized to unsaturated aldehyde 6-I, using again DMP as oxidizing agent 

(step d, Scheme 6-13).  

The determination of specific optical rotation values for each chiral compound, and their 

comparison with the ones reported by Schinzer confirmed the enantiopurity up to unsaturated 

aldehyde 6-I. 

 

6.2.13 Synthesis of bis-olefin 6-O 

The aldol condensation between unsaturated aldehyde 6-I and the enolate generated on 6-J 

resulted to be the critical step of this entire synthesis. Inspired again by a similar reaction reported 

by Schinzer,86 we initially used the conditions reported in Scheme 6-15. 

 

Scheme 6-15: First attempted synthesis of bis-olefin 6-O. 

 

In details, one equivalent of triazolyl diketone 6-J was added dropwise to a solution of LDA in dry 

THF (0.95 equivalents), in order to obtain the corresponding enolate. After 1 h, one equivalent of 

unsaturated aldehyde 6-I was dropwise added to the reaction mixture. The use of a slight defect of 

a strong base should have avoided the presence of unreacted LDA when the aldehyde was added, 

preventing aldehyde enolization. Unfortunately, the analysis of the main reaction products 
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indicated that the expected aldol reaction didn’t occur. In fact, NMR spectra didn’t show any of 

the expected aldehyde signals, while the triazole proton signal disappeared. 

Mass spectrometry revealed the formation of a main bicyclic product 6-24 with the same molecular 

weight of starting material 6-J, as demonstrated by its [M+1]+, [M+Na]+ and [2M+Na]+ peaks, 

respectively at 387.15, 409.09 and 795.27 Da. These observations suggest that the triazole moiety 

had been deprotonated by LDA, and then the corresponding anion gave an intramolecular attack 

on the electrophilic C5 carbonyl, with the formation of a favored 5 membered ring, as reported in 

Scheme 6-16. 1H-NMR and 13C-NMR spectra are consistent with this hypothesis. 

We also isolated a minor product, in very low amount and purity. This compound presents the 

same mass of the cyclized product and similar NMR spectra, suggesting the structure of a 

diasteroisomer of 6-24. 

This aldol condensation was then repeated using 1.95 equivalent of LDA (step b), in order to 

generate a dianion on 6-J. We expected that the nucleophilic attack of the more basic anion (the 

enolate) on the aldehyde 6-I should have been favored, however, also this amended reaction 

protocol led to 6-24 as a main product, and to its structurally unidentified diastereomer.  

Another attempt was tried: on compound 6-J a boron enolate was formed using Bu2BOTf and 

DIPEA (Scheme 6-16, step c), but we were not able to observe the formation of the desired product 

as we could only recover unreacted started materials. 

 

Scheme 6-16: Attempts to perform aldol condensation on compound 6-J. 

 

These failed attempts convinced us to develop an alternative retrosynthesis to triazole-containing 

Ixabepilone analogue 6-N (Scheme 6-17). 

 

6.2.14 Second retrosynthetic analysis of Ixabepilone analogue 6-N 

The second hypothesized retrosynthesis of target triazole-containing Ixabepilone analogue 6-N is 

shown in (Scheme 6-17). 
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Scheme 6-17: Alternative retrosynthesis of triazole analogue of Ixabepilone 6-N. 

 

We decided to perform an aldol condensation between unsaturated aldehyde 6-I and protected 

diketoalkyne 6-R before the Huisgen cyclization, in order to avoid putative collateral reactions 

caused by the acidity of the triazole proton. 

After trimethylsilyl cleavage, the aldol reaction product 6-Q undergoes Huisgen cyclization with 

thiazole azide 6-C. The last two steps, then, are identical to the first retrosynthetic Scheme, and 

involve Ring Closing Metathesis and diastereoselective epoxidation.  

 

6.2.15 Synthesis of protected diketoalkyne 6-R 

The synthesis of diketoalkyne 6-R is shown in Scheme 6-18. 

 

Scheme 6-18: Synthesis of fragment 6-R. 

 
In details, trimethylsilyl acetylene was converted in situ to the corresponding Grignard reagent 

following a reported protocol.101 The Grignard reagent was then used for aldehyde 6-17 alkylation 

(step a), leading to racemic alcohol 6-26, as can be seen in 1H-NMR by the disappearance of the 
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aldehydic proton at 9.60 ppm and by the appearance of a signal at 4.50 ppm corresponding to the 

-proton to the newly formed alcohol. The oxidation of this alcohol to ketone (step b, Scheme 

6-18) gave protected diketoalkyne 6-R in poor unoptimized yields, at least partially due to the low 

stability of the TMS-protecting group in mildly acidic purification conditions. 

 

6.2.16 Synthesis of protected hydroxy diketoalkyne 6-Q 

 

Scheme 6-19: Synthesis of protected hydroxy diketoalkyne 6-Q. 

 

The enolate of diketoalkyne 6-R was formed using 0.95 eq of LDA, and reacted with unsaturated 

aldehyde 6-I to give desired target 6-Q (Scheme 6-19). However, after 16 h TLC monitoring of the 

reaction showed four main spots that were found out to be unreacted 6-I, TMS-deprotected 

diketoalkyne and two uncharacterizable compounds that did not correspond to protected 

diketoalkyne 6-Q.  

The reaction was repeated several times but never obtaining the desired product 6-Q. Thus, we 

envisaged a novel, third retrosynthetic pathway (Scheme 6-20).  

 

6.2.17 Final retrosynthetic pathway 

Here is reported a new retrosynthetic pathway for the synthesis of target triazolic ixabepilone 

analogue 6-G (Scheme 6-20). 

 

 

Scheme 6-20: Retrosynthetic pathway for triazole analogue 6-G. 
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We planned to perform the aldolic condensation as soon as possible, since it appeared to be the 

most problematic reaction. More in details, the first part of the retrosynthesis remained the same, 

where our target Ixabepilone analogue 6-G is obtained once again from bis-terminal alkene 6-H 

via a RCM followed by a diastereoselective epoxidation. Compound 6-H is still obtained through a 

1,3-dipolar cycloaddition between already introduced azide 6-C and an alternative, mono-O-

protected dihydroxy ketoalkyne 6-S, that results from an aldolic condensation between earlier 

described aldehyde 6-I and protected hydroxyketone 6-T (Scheme 6-20). 

 

6.2.18 Synthesis of protected hydroxyketone 6-T 

The synthesis of protected hydroxyketone 6-T is shown in Scheme 6-21. 

 

 

Scheme 6-21: Synthesis of protected hydroxyketone 6-T. 

 

The planned synthesis of protected ketone 6-T takes advantage of already introduced ketoaldehyde 

6-17. Instead of being directly alkylated to introduce the alkyne moiety and only later subjected to 

aldolic condensation, such steps were now inverted. Namely, ketoaldehyde 6-17 was converted to 

hydroxyketone 6-27 using NaBH4 (step a); even though we tried to predominantly reduce the 

aldehyde by performing the reaction at -78°C, both the desired mono and the bis-reduced alcohol 

6-28 were obtained, in a poor ≈1:3.8 ratio. Since the obtained primary ketoalcohol 6-27 needed to 

be protected before proceeding with the aldol reaction, and we wanted to recover and recycle also 

the bis-reduced side product, a bulky O-protecting t-butyldiphenylsilyl group was chosen, to react 

specifically only with the primary alcohol; a standard protection protocol (step b) led to target 

protected hydroxyketone 6-T in quantitative yields. As to recycling of side product 6-28, it was at 

first regioselectively protected on its primary alcohol (step b, quantitative yield of mono-protected 

6-29), and then oxidized with DMP to yield in good yields an additional amount of target 6-T (step 

c, Scheme 6-21).  

 

6.2.19 Synthesis of monoprotected dihydroxyketone 6-30 

The synthesis of monoprotected dihydroxyketone 6-T is shown in Scheme 6-22. 
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Scheme 6-22: Synthesis of diastereomeric monoprotected diketones 6-30 and 6-30’. 

 

Once we obtained ketone 6-T, and taking advantage of already introduced unsaturated aldehyde 

6-I, their aldolic condensation in standard conditions proceeded with the formation of two 

diastereomeric products 6-30 and 6-30’. Their stereochemistry was at first hypothesized based on 

reaction mechanism and transition state (Scheme 6-23). 

 

 

Scheme 6-23: Transition states justifying the synthesis of both diastereomers 6-30 and 6-30’. 

 

Namely, enolate formation occurred avoiding allylic strain, thus leading to the Z-enolate, that 

implies the subsequent formation of reaction products having the 2,3-syn relative stereochemistry. 

Then, since the electrophile possesses an alpha stereocenter, two transition states are possible, as 

shown in Scheme 6-23. The first one, that leads to our desired 2,3-syn-3,4-anti product (left), 

presents an anti-Felkin approach; the second, leading to the 2,3-syn-3,4-syn byproduct (right), 

presents a Felkin approach that should be favored, but also the presence of unfavourable syn-

pentane (also known as double-gauche) interactions. These mismatched contributions are in line 

with the outcome of our reaction, where we in fact obtained both the diastereomers in a 1:1 ratio. 

The two diastereomers were separated through flash chromatography, and to unambiguously 

assign their stereochemistry, in collaboration with Prof. Vasile of Università degli Studi di Milano, 
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we recorded some one-dimensional (1H and 13C-APT) and two-dimensional NMR spectra, using 

COSY, HSQC and HMBC techniques to assign each peak to its atom. Once the assignment was 

finished, the coupling constants were calculated for both diastereomers, but the results were not 

sufficient for an unequivocal structural attribution to each compound. Figure 6-25 shows the 

structure and atom numbering for the two diastereomers. 

 

 
Figure 6-25: Structure and atom numbering for diastereomers 6-30’ and 6-30. 

 

2D-NOESY (Nuclear Overhauser Effect Spectroscopy) spectra were then recorded for each of the 

two diastereomers. Using this technique, it was in fact possible to identify the dipolar coupling 

between the protons of interest and to evaluate the intensity of these couplings. 

Dipolar coupling is an effect that: 

• is transmitted through space, regardless of the scalar coupling; 

• depends on the distance (up to 5Å). 

NOE signals are positive for small molecules in low-viscosity solvents and negative for very large 

molecules or very viscous solvents relative to a negative diagonal. In this case, considering that the 

molecule is small, the NOEs visible in the spectrum are positive and with opposite phase with 

respect to the diagonal. Figure 6-26 and Figure 6-27 show the two-dimensional NOESY spectra 

of compounds 6-30’ and 6-30 respectively. 

 

For what regards 6-30’, the proton and carbon signals of positions 7 and 8 were observed (the 

assignment of which is reported in Table 6-3). As we can see in the NOESY spectrum, the 

correlations between the protons 7/6, 7/8, 7/13 and the correlations between the protons 8/13 and 

8/6 are observed. Following the assignment of the two forms, it was possible to calculate the 

intensities of each NOE (shown in Table 6-3Table 6-1). 

 
Table 6-3: 6-30’ intensity map. 

Atom 1H (ppm) 13C (ppm) NOE NOE intensity 

7 3.4519-3.4733 (d) 74.57 7/13 1.612e+0.5 

7 3.4519-3.4733 (d) 74.57 7/6 1.887e+0.5 

7 3.4519-3.4733 (d) 74.57 7/8 2.501e+0.5 

8 3.2789-3.2957 (d) 40.06 8/13 3.194e+0.5 

8 3.2789-3.2957 (d) 40.06 8/6 6.299e+0.4 

6-30’ 6-30 
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Figure 6-26: NOESY spectrum of 6-30’. 

 

 
Figure 6-27: NOESY spectrum of 6-30. 
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Similarly, the same procedure was used for target diastereomer 6-30 (its assignments and the 

intensities are reported in Table 6-4). With respect to what is observed in the NOESY spectrum of 

the 6-30’ diastereomer, there is no dipolar coupling between protons 8 and 6. 

 
Table 6-4: 6-30 intensity map. 

Atom 1H (ppm) 13C (ppm) NOE NOE intensity 

7 3.5207-3.5420 (d) 74.91 7/13 3.151e+0.5 

7 3.5207-3.5420 (d) 74.91 7/6 1.460e+0.5 

7 3.5207-3.5420 (d) 74.91 7/8 2.772e+0.5 

8 3.2867-3.3062 (d) 40.87 8/13 1.009e+0.5 

8 3.2867-3.3062 (d) 40.87 8/6 / 

 

By studying the intensity of the NOEs, it was unequivocally determined which one of the two 

reaction products corresponded to 6-30’ and 6-30. More in details, it is possible to notice that for 

the dipolar coupling between protons 7 and 6, the most intense NOE is seen in the spectrum of 

diastereomer 6-30’, which means that protons 7 and 6 are spatially closer. The same goes for the 

couplings between the 8/13 and 8/6 protons. 

Conversely, as for the dipolar couplings between protons 7/13 and 7/8, the most intense NOEs were 

observed in the spectrum of the desired target 6-30. This evidence was also confirmed by the 

calculation of the coupling constants of the proton in position 7. 

Table 6-5 recaps the coupling constants calculated by TopSpin relative to protons 6, 7 and 8 for 

diastereomers 6-30’ and 6-30. 

 
Table 6-5: Coupling constants related to compounds 6-30’ and 6-30. 

Compound 3JH7, H6 3JH7, H8 

6-30’ 1.4 Hz 7.3 Hz 

6-30 7.90 Hz 2.88 Hz 

 

Through the Maestro software, the distances (Å) between the atoms of interest were measured, in 

order to verify if there is a coherence with the intensity of previously calculated NOEs, knowing 

that the more intense is the NOE signal, the shorter the distance between the atoms considered. 

Table 6-6 shows the values of the calculated distances, respectively for the compounds 6-30’ and 

6-30.  
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Table 6-6: Distances calculated through the Maestro software. 

Atoms Distances (Å) in 6-30’ Distances (Å) in 6-30 

7/6 2.50 3.05 

7/13 4.33 2.80 

7/8 3.03 2.46 

8/13 3.89 3.99 

8/6 3.28 3.91 

 

By comparison between the NOE intensities of the and the distances acquired with Maestro, the 

consistency of the data obtained up to this point was verified (Table 6-7). 

 
Table 6-7: Comparison between NOE intensities and distances calculated by Maestro. 

Atoms 
Distances (Å) 

in EC28a 
Distances (Å) 

in EC28b 
Higher NOE 

intensity 
Consistency 

7/6 2.50 3.05 EC28a Yes 

7/13 4.33 2.80 EC28b Yes 

7/8 3.03 2.46 EC28b Yes 

8/13 3.89 3.99 EC28a Yes 

8/6 3.28 3.91 EC28a Yes 

 

Through Maestro it was also possible to confirm the chirality of the two diastereomers as follows:  

• 6-30’: 6S,7R,8S; 

• 6-30: 6S,7S,8R. 

The tridimensional structures of the two diastereomers as obtained with the Maestro software are 

shown in Figure 6-28. 

 

 

Figure 6-28: Structures obtained using Maestro software of diastereomers 6-30’ (left) and 6-30 (right). 



404 

Although now the structural assignation for both diastereomers was complete, clarifying to us 

which diastereomer stereochemically corresponded to our target, we decided to carry on with the 

total synthesis on both diastereomers till its end. 

 

6.2.20 Synthesis of monoprotected dihydroxyketone alkynes 6-S’a,b 

The synthesis of monoprotected, diastereomeric dihydroxyketone alkynes 6-S’a and 6-S’b is shown 

in Scheme 6-24. 

 

 

Scheme 6-24: Synthesis of monoprotected, diastereomeric dihydroxyketone alkynes 6-S’a and 6-S’b. 

 

To proceed with the synthesis, and in particular foreseeing the necessity to selectively oxidize the 

primary alcohol at a later stage, we first protected the free hydroxyl group of 6-30’ as an acetate in 

standard conditions (Scheme 6-23, step a). Then, TBDPS was removed with TBAF (step b) and the 

alcohol obtained (6-32’) was partially oxidized to aldehyde 6-33’ (step c) in overall good yields. As 

a last step aldehyde 6-33’ was alkylated with ethynylmagnesium bromide. Being this reaction non-

stereoselective, a mixture of two diastereomeric monoprotected dihydroxyketone alkynes 6-S’a 

and 6-S’b were obtained. Unfortunately, this mixture of diastereomers could not be separated 

through chromatography, so we carried on with the synthesis using the mixture of the two. 

 

6.2.21 Synthesis of triazole-containing bis-terminal alkenes 6-H’a,b 

The synthesis of triazole-containing bis-terminal alkenes 6-H’a and 6-H’b is shown in Scheme 

6-25. 



405 

 

Scheme 6-25: Synthesis of triazole-containing bis-terminal alkenes 6-H’a,b. 

 

Once again, a Huisgen 1,3 cycloaddition was performed in a 1:1 tBuOH:H2O mixture in standard 

conditions between already introduced thiazole azide 6-C and monoprotected, diastereomeric 

dihydroxyketone alkynes mixture 6-S’a,b led to the formation of desired linear precursors 6-H’a 

and 6-H’b (Scheme 6-25). As already discussed, the only triazole formed is the 1,4-disubstituted, 

but the two diastereomeric products aren’t separable even this time. 

 

6.2.22 Synthesis of target Ixabepilone analogues 6-G’a,b 

The attempted synthesis of triazole-containing Ixabepilone analogues 6-G’a and 6-G’b is shown in 

Scheme 6-26. 

 

 

Scheme 6-26: Attempted synthesis of triazole-containing Ixabepilone analogues 6-G’a,b. 

 

The key step to obtain the macrocyclic structure is a RCM, reaction that we found out to be more 

challenging than we thought. We tried several experimental conditions, changing both the 

catalyst, the solvent and reaction temperature (see Table 6-8), but without success. We started 

with the classical RCM conditions (Table 6-8, entry I) the same used for the synthesis of epothilone 

analogue 6-A, but this time we couldn’t see any trace of the desired product as we recovered only 

unreacted triazole-containing bis-terminal alkenes 6-H’a,b. We tried then stronger conditions, 

either increasing the amount of catalyst and the temperature (entries II and III), still recovering 

only starting material. As last chance we also tried changing the catalyst with Stewart Grubbs, that 
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is particularly recommended for RCM with sterically hindered olefins (entry IV), but once again 

we couldn’t obtain the target compound.  

In the end, we attributed our failure to the presence of a free hydroxylic group in 6-H’a,b, that 

several papers refer to potentially sequestrate the Ru-catalyst.102,103 

 
Table 6-8: Ring closing metathesis reaction conditions. 

Entry Catalyst Molar ratio Solvent Temperature 

I Hoveyda Grubbs II gen. 0.1 : 1 CH2Cl2 r.t. 

II Hoveyda Grubbs II gen. 0.2 : 1 CH2Cl2 r.t. 

III Hoveyda Grubbs II gen. 2.5 : 1 DCE 60°C 

IV Stewart Grubbs 0.15 x 3 : 1 toluene 80°C 

 

Thus, future attempts will aim to protect the free hydroxylic group before repeating the RCM. 

 

6.2.23 Synthesis of monoprotected dihydroxyketone alkines 6-Sa,b 

In parallel we carried on with the synthesis of our “stereochemically correct” target, starting from 

monoprotected dihydroxyketone 6-30. The synthesis of monoprotected, diastereomeric 

dihydroxyketone alkynes 6-Sa and 6-Sb is shown in Scheme 6-27. 

 

 

Scheme 6-27: Synthesis of monoprotected, diastereomeric dihydroxyketone alkynes 6-Sa and 6-Sb. 

 

Mirroring what we did for the synthesis of monoprotected, diastereomeric dihydroxyketone 

alkynes 6-S’a and 6-S’b, we proceeded with the protection of the free hydroxyl group of 6-30 as an 

acetate in standard conditions (step a). Then, TBDPS was removed using TBAF (step b) and the 

obtained alcohol was partially oxidized to the aldehyde-containing monoprotected 

dihydroxyketone 6-33 (step c) in overall good yields. Lastly, an alkylation with ethynylmagnesium 

bromide led once again to the obtainment of a couple of diastereomers 6-Sa and 6-Sb. The two 

diastereomers could be separated by flash chromatography, and we now plan to continue the 

synthesis only on 6-Sa, that possesses the correct stereochemistry. Diastereomer 6-Sb instead 

could be reconverted, inverting its newly formed stereocenter with a Mitsunobu reaction. 
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6.3 Conclusions and future perspectives 

In conclusion, we were able to obtain a simplified, unsubstituted macrocycle 6-A with an overall 

11% yield. 

As it regards the synthesis of the proper triaza-epothilone, we managed to synthetize up to the 

advanced intermediate 6-H’a,b. As already discussed, before trying again to perform the RCM we 

plan to try and protect the free hydroxylic group present on this intermediate, that can interfere 

in the reaction. Our plan is to introduce another acetyl group so that after the RCM both this and 

the one in position 7 can be removed simultaneously (Scheme 6-28). 

 

 

Scheme 6-28: Planned synthesis starting from diastereomeric mixture 6-H’a,b. 

 

Once the RCM protocol will have been successfully executed, the final diasteroselective 

epoxidation can be performed using m-CPBA, as different studies reported.83,104 The macrocycle 

conformation favors the epoxidation of the α face over the β epoxidation, with a satisfactory 4:1 

ratio. However, the diastereoselctivity could be enhanced using chiral catalysts; for example, 

complexes of manganese (V) with chiral diimines are widely employed and require the use of a 

stoichiometric amount of an oxidizing agent, usually NaOCl.105 

Biological tests will be eventually performed on our analogues, in order to study their activity on 

tubulin polymerization and their potential antiproliferative activity on different cancer cell lines, 

in particular on taxol multi-drug resistant ones; applications in the field of neurodegenerative 

disease could be also taken into account. The results will contribute to gather useful SAR data on 

the epothilone scaffold. We plan to synthetize all the triaza-epothilone diastereomers obtainable, 

in order to test them and verify how their biological activity varies depending on the 

stereochemistry of the substituents. 

Even the advanced macrocycles obtained before the epoxidation will undergo the same tests, as in 

fact the biological activity of epoxide-free Epothilones C and D demonstrates that the epoxide 

moiety isn’t strictly required for interaction with tubulin and microtubules.  
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6.4 Experimental part 

6.4.1 Chemistry 

Synthesis of N-methoxy-N-methylundec-10-enamide 6-2 

 

HOBt (88.0 mg, 0.652 mmol) and EDC.HCl (125 mg, 0.652 mmol) were sequentially added to a 

solution of undecylenic acid (100 mg, 0.543 mmol) in dry CH2Cl2 (6 mL) at 0°C under nitrogen 

atmosphere. After stirring for 30 minutes at 0°C MeNHOMe (39.8 mg, 0.652 mmol) was added. 

The reaction was stirred for 4 h at rt. After reaction completion (TLC monitoring, eluent mixture; 

8:2 n-hex/AcOEt) CH2Cl2 (5mL) was added and the organic phase was washed with sat. aqueous 

NH4Cl (8 mL) and brine (8 mL). The organic phase was dried over Na2SO4, concentrated under 

reduced pressure and purified by flash chromatography (silicagel, eluent mixture 8:2 n-

hex/AcOEt), to obtain pure target 6-2 (98.7 g, 0.434 mmol, 80% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.86-5.72 (m, 1H, H2), 

5.00-4.89 (m, 2H, H1), 3.68 (s, 3H, -OCH3), 3.18 (s, 3H, -

NCH3), 2.43-2.39 (t, J = 7.6 Hz, 2H, H10), 2.06-2.01 (m, 2H, 

H3), 1.65-1.61 (m, 2H, H9), 1.38-1.30 (m, 10H, H4-H5-H6-H7-

H8). 

MS (ESI+), m/z: calcd for C13H25NO2 221.19, found 250.20 (M+Na+). 

 

Synthesis of 1-(trimethylsilyl)tridec-12-en-1-yn-3-one 6-3 

 

Trimethylsilyl acetylene (1.22 mL, 8.64 mmol) was added to a 1 M solution of ethylmagnesium 

bromide 1M in THF (8.64 mL, 8.64 mmol) in dry THF (16 mL) at 0°C under nitrogen atmosphere. 

The solution was stirred for 15 min at 0°C and 1 h at rt. The resulting Grignard solution was then 

added dropwise to a solution of 6-2 (983 mg, 4.32 mmol) in dry THF (12 mL) at 0°C. The reaction 

was stirred at 0°C for 15 min, then overnight at rt. After reaction completion (TLC monitoring, 

eluent mixture 7:3 n-hex/CH2Cl2), the reaction was quenched with sat. aqueous NH4Cl (5 mL), 

THF was evaporated under reduced pressure and the aqueous phase was extracted with AcOEt (3 

x 5 mL). The organic phase was dried over Na2SO4, concentrated under reduced pressure and 

purified by flash chromatography (silicagel, eluent mixture 8:2 n-hex:CH2Cl2), to obtain pure target 

6-3 (901 mg, 3.41 mmol, 79% yield) of as colourless oil. 



409 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 5.88-5.78 (m, 1H, 

H2), 5.03-4.94 (m, 2H, H1), 2.57-2.54 (t, J = 7.6 Hz, 2H, 

H9), 2.09-2.02 (m, 2H, H3), 1.75-1.69 (m, 2H, H9), (m, 

2H, H9), 1.42-1.29 (m, 10H, H4-H5-H6-H7-H8), 0.26 (s, 

9H, H11). 

MS (ESI+), m/z: calcd for C16H28OSi 264.19, found 287.21 (M+Na+). 

 

Synthesis of tridec-12-en-1-yn-3-one 6-D 

 

1 M TBAF in THF (0.43 mL, 0.429 mmol) was added under stirring to a solution of 6-3 (300 mg, 

1.14 mmol) in THF (16 mL) at -20°C, under nitrogen atmosphere. The reaction was stirred for 30 

min at -20°C, and after its completion (TLC monitoring, eluent mixture 7:3 n-hex/CH2Cl2) it was 

quenched with sat. aqueous NH4Cl (10 mL) and extracted with CH2Cl2 (3 x 7 mL). The organic 

phase was dried over Na2SO4 and concentrated under reduced pressure. The crude product 6-D 

was used directly for the next step without any purification. 

 

Synthesis of methyl (2S)-2-aminopent-4-enoate hydrochloride 6-5 

 

SOCl2 (1.85 g, 15.6 mmol) was added dropwise to a stirred solution of L-allyl glycine (300 mg, 2.60 

mmol) in MeOH (26 mL). The reaction mixture was stirred overnight at rt, then the solvent was 

evaporated under reduced pressure. Pure product 6-5 (435 mg, 2.59 mmol, quant. yield), obtained 

as white solid, didn’t require any further purification. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 8.64 (bs, 3H, NH3
+), 5.82 (s, 1H, H2), 

5.32-5.24 (m, 2H, H1), 4.24-4.02 (m, 1H, H4), 3.78 (s, 3H, -OCH3), 2.82 (bs, 2H, 

H3).  

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 169.2, 130.2, 121.4, 53.3, 53.0, 34.5.  

MS (ESI+), m/z: calcd for C6H12ClNO2 165.06, found 152.09 (M-HCl+Na+). 

[𝜶]𝑫
𝟐𝟎 = +6.36. 
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Synthesis of methyl (2S)-2-{[(tert-butoxy)carbonyl]amino}pent-4-enoate 6-6 

 

Boc2O (1.06 g, 8.92 mmol) and dry TEA (0.932 mg, 6.69 mmol) were added to a stirred solution of 

6-5 (739 mg, 4.46 mmol) in dry MeOH (6 mL) under nitrogen atmosphere. The reaction mixture 

was stirred overnight at rt. After reaction completion (TLC monitoring, eluent mixture 3:1 n-

hex/AcOEt), the solvent was evaporated under reduced pressure. The crude product was purified 

through flash chromatography (silicagel, eluent mixture 3:1 n-hex/AcOEt), to obtain pure target 6-

6 (884 mg, 3.89 mmol, 87% yield), as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.65–5.71 (m, 1H, H2), 5.12 (d, J = 13.3 

Hz, 2H, H1), 5.00 (1H, bs, NH), 4.36–4.60 (1H, m, H4), 3.73 (3H, s, -OCH3), 

2.41–2.58 (2H, m, H3), 1.43 (9H, s, -Boc). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 172.5, 155.1, 132.3, 119.1, 79. 9, 52.9, 52.2, 

37.8, 28.3. 

MS (ESI+), m/z: calcd for C11H19NO4 229.13, found 252.09 (M+Na+). 

[𝜶]𝑫
𝟐𝟎 = +17.50. 

 

Synthesis of tert-butyl N-[(2S)-1-oxopent-4-en-2-yl]carbamate 6-7 

 

A solution of 1M  DIBAL-H 1M in toluene (5.01 mL, 5.01 mmol) was added to a solution of 6-6 (884 

mg, 3.81 mmol) in dry CH2Cl2 (26 mL), previously cooled at -78°C, under nitrogen atmosphere. 

The reaction mixture was stirred at -78°C for 6 h, then quenched with MeOH (7mL). A saturated 

solution of Na2SO4 (7 mL) was added and the reaction mixture was stirred overnight at rt. After 

the addition of Na2SO4 (1.2 g), the reaction mixture was filtered through a plug of celite, 

concentrated under reduced pressure and purified by flash chromatography (silicagel, eluent 

mixture 4:1 n-hex/AcOEt). Pure target compound 6-7 was obtained (395 mg, 1.98 mmol, 86% yield 

based on recovered started material) as a colourless oil. 
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Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 9.59 (s, 1H, -CHO), 5.63–5.78 (m, 1H, 

H2), 5.06–5.19 (m, 3H, H1-NH), 4.25–4.27 (m, 1H, H4), 2.44-2.62 (m, 2H, H3), 

1.44 (s, 9H, -Boc). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 199.6, 131.9, 119.5, 77.4, 59.0, 33.7, 28.3.  

[𝜶]𝑫
𝟐𝟎 = +3.02. 

 

Synthesis of tert-butyl N-[(3S)-2-hydroxyhex-5-en-3-yl]carbamate 6-8 

 

 

A solution of 3M MeMgBr in Et2O (2.98 mL, 8.93 mmol) was added dropwise under nitrogen 

atmosphere to a stirred solution of 6-7 (593 mg, 2.98 mmol) in dry Et2O (38 mL), cooled at -78°C. 

The temperature was raised to 0°C and, after 30 minutes, to rt. After quenching with sat. aqueous 

NH4Cl (7 mL), the two layers were separated and the organic phase was dried over Na2SO4 and 

concentrated under reduced pressure. Pure target 6-8 (598 mg, 2.78 mmol, 93% yield) was 

obtained as a colourless oil which didn’t require further purification. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.72–5.86 (m, 1H, H2), 5.05–5.13 (m, 

2H, H1), 4.74 (bs, 1H, -NH), 3.78–3.85 (m, 1H, H5), 3.65 (bs, 1H, -OH), 3.50 (bs, 

1H, H4), 2.05–2.37 (m, 2H, H3), 1.42 (s, 9H, -Boc), 1.15–1.21 (m, 3H, H7). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 156.5, 134.7, 117.7, 79.4, 68.9, 55.3, 36.9, 

28.4, 20.5. 

 

 

Synthesis of tert-butyl N-[(3S)-2-oxohex-5-en-3-yl]carbamate 6-9 

 

Solid DMP (977 mg, 2.30 mmol) was added under nitrogen atmosphere to a stirred solution of 6-

8 (413 mg, 1.92 mmol) in dry CH2Cl2 (27 mL). The reaction mixture was stirred at rt overnight, and 

after reaction completion (TLC monitoring, eluent mixture 3:1 n-hex/AcOEt) a saturated solution 

of NaHCO3 (10 mL) was added. The layers were separated and the aqueous one was extracted with 

CH2Cl2 (3 x 7 mL). The collected organic phases were dried over Na2SO4, concentrated under 
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reduced pressure and purified by flash chromatography (silicagel, eluent mixture 3:1 n-hex/AcOEt, 

to obtain pure target 6-9 (266 mg, 1.25 mmol, 65% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.58–5.71 (m, 1H, H2), 5.08–5.19 (m, 

3H, H1-NH), 4.31–4.37 (m, 1H, H4), 2.34–2.63 (m, 2H, H3), 2.18 (s, 3H, H7), 

1.42 (s, -9H, Boc). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 206.5, 155.3, 132.2, 119.0, 79.8, 59.3, 35.7, 

28.3, 27.2. 

MS (ESI+), m/z: calcd for C11H19NO3 213.14, found 236.15 (M+Na+). 

[𝜶]𝑫
𝟐𝟎 = +2.27. 

 

Synthesis of 4-(chloromethyl)-2-methyl-1,3-thiazole 6-12 

 

1,3-Dichloro acetone (2.00 g, 15.7 mmol) and thioacetamide (1.18 g, 15.7 mmol) were separately 

dissolved in the minimum amount of acetone. The two solutions were mixed and a precipitate (the 

imine) was immediately formed and filtered. A solution of the resulting imine in dry MeOH (80 

mL) was prepared under nitrogen atmosphere and, after the addition of ZnCl2 (428 mg, 3.14 mmol), 

was heated at reflux under nitrogen atmosphere until reaction completion (TLC monitoring, eluent 

mixture 1:1 n-hex/AcOEt). The solvent was evaporated under reduced pressure, then AcOEt (30 

mL) was added under stirring. Pure product 6-12 (2.30 g, 15.6 mmol, quant. yield) was obtained as 

a yellow solid after precipitation, filtration and drying, and was used without further purification. 

Analytical characterization 

1H-NMR (CD3OD, 300 MHz): δ(ppm) = 7.78 (s, 1H, H3), 4.78 (s, 2H, H5), 2.87 (s, 3H, 

H1). 

13C–NMR (CD3OD, 75 MHz): δ(ppm) = 176.2, 145.9, 123.0, 37.3, 17.1. 

MS (ESI+), m/z: calcd for C5H6ClNS 146.99, found 170.02 (M+Na+). 

 

Synthesis of 2-methyl-4-[(tributyl-λ⁵-phosphanyl)methyl]-1,3-thiazole hydrochloride 6-13 

 

P(n-Bu)3 (895 mg, 4.42 mmol) was added under nitrogen atmosphere to a stirred suspension of 6-

12 (650 mg, 4.42 mmol) in dry PhCH3 (7.8 mL). The reaction mixture was refluxed for 8 h, until 



413 

reaction completion (TLC monitoring, eluent mixture 9:1 CH2Cl2/MeOH). The solvent was 

evaporated under reduced pressure and the crude product was purified through flash 

chromatography (silicagel, eluent mixture 95:5 CH2Cl2/MeOH), yielding pure target 6-13 (1.28 g, 

3.67 mmol, 83% yield) as a yellow oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 7.77 (d, 1H, H3), 4.39 (d, 2H, H5), 

2.66 (3H, s, H1), 2.36-2.61 (m, 6H, 3xCH2), 1.46-1.48 (m, 12H, 6xCH2), 0.94 

(s, 9H, 3xCH3). 

13C–NMR (CDCl3, 100 MHz): δ(ppm) = 166.9, 142.9, 120.0, 23.8, 22.8, 19.7, 

13.4. 

MS (ESI+), m/z: calcd for C17H33ClNPS 349.18, found 314.21 (M-Cl-). 

 

Synthesis of tert-butyl N-[2-methyl-1-(2-methyl-1,3-thiazol-4-yl)hexa-1,5-dien-3-

yl]carbamate 6-14 

 

1.6 M n-BuLi in n-hexane, (1.81 mL, 2.91 mmol) was added dropwise, under nitrogen atmosphere, 

to a stirred solution of 6-13 (885 mg, 2.53 mmol) in dry THF (3.9 mL), previously cooled at 0°C. 

After 15 min, a solution of 6-9 (254 mg, 1.26 mol) in dry THF (3.0 mL) was added and, after 5 min, 

the temperature was raised to rt. The reaction mixture was stirred at rt overnight until reaction 

completion (TLC monitoring, eluent mixture 4:1 n-hex/AcOEt), then a saturated solution of NH4Cl 

(5 mL) was added. The two layers were separated and the aqueous one was extracted with AcOEt 

(3 x 3 mL), then the collected organic phases were washed with brine (5 mL), dried over Na2SO4 

and concentrated under reduced pressure. The crude product was purified through flash 

chromatography (silicagel, eluent mixture 4:1 n-hex/AcOEt), giving pure target 6-14 (294 mg, 

0.954 mmol, 76% yield) as a white solid. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 6.96 (s, 1H, H3), 6.49 (s, 1H, H5), 

5.72-5.83 (m, 1H, H9), 5.10-5.18 (m, 2H, H10), 4.72 (bs, 1H, -NH), 4.24 

(bs, 1H, H7), 2.76 (s, 3H, H1), 2.35-2.46 (m, 2H, H8), 2.07 (s, 3H, H14), 

1.48 (s, 9H, H13). 

13C–NMR (CDCl3, 100 MHz): δ(ppm) = 164.9, 155.3, 140.4, 134.0, 118.3, 

118.0, 115.4, 79.5, 56.8, 38.1, 28.4, 18.9, 16.1. 

MS (ESI+), m/z: calcd for C16H24N2O2S 308.16, found 331.20 (M+Na+). 

[𝜶]𝑫
𝟐𝟎 = -21.5. 
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Synthesis of 2-methyl-1-(2-methyl-1,3-thiazol-4-yl)hexa-1,5-dien-3-amine hydrochloride 

6-15 

 

TFA (1.09 mL, 14.4 mmol) was added under nitrogen atmosphere to a stirred solution of 6-14 (170 

mg, 0.549 mmol) in dry CH2Cl2 (18 mL). The reaction mixture was stirred at rt for 30 min, then 

the solvent was evaporated under reduced pressure. The crude product 6-15 (159 mg, 0.522 mmol) 

was directly used for the next step. 

Analytical characterization 

1H-NMR (CD3OD, 300 MHz): δ(ppm) = 7.81 (s, 1H, H3), 6.59 (s, 1H, H5), 

5.71-5.85 (m, 1H, H9), 5.20-5.30 (m, 3H, -NH2-H10), 4.03 (t, J = 7.4 Hz, 

1H, H7), 2.95 (s, 3H, H1), 2.58-2.65 (m, 2H, H8), 2.08 (s, 3H, H11). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 168.1, 154.8, 138.1, 132.7, 123.1, 119.2, 

116.0, 115.4, 58.1, 41.3, 19.4, 15.1. 

 

Synthesis of 1H-imidazole-1-sulfonyl azide hydrogensulfonate 6-16 

 

SO2Cl2 (1.026 g, 7.60 mmol) was added dropwise to a stirred solution of NaN3 (500 mg, 7.60 mol) 

in CH3CN (7.6 mL), previously cooled at 0°C, then the reaction mixture was stirred overnight at rt. 

The temperature was then lowered to 0°C and the imidazole (1.02 g, 15.2 mol) was added slowly 

under stirring, in little portions. The reaction mixture was stirred at rt for 3 h, then AcOEt (5 mL) 

was added. The solution was washed with H2O (5 mL) and sat. aqueous NaHCO3 (5 mL). The 

organic phase was dried over Na2SO4 and filtered. Concentrated H2SO4 (1 mL) was added dropwise 

to the filtrate, in order to precipitate the hydrogen sulfate product 6-16 (1.40 g, 5.17 mol, 68% yield) 

as a white solid, which was filtered and used as such without further purification.  

Analytical characterization 

1H-NMR (D2O, 300 MHz): δ(ppm) = 9.09 (s, 1H, H1), 7.93 (s, 1H, H2), 7.51 

(s, 1H, H3). 

13C-NMR (100 MHz, D2O): δ(ppm) = 137.6, 122.4, 118.9. 
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Synthesis of 4-(3-azido-2-methylhexa-1,5-dien-1-yl)-2-methyl-1,3-thiazole 6-C 

 

6-16 (250 mg, 1.10 mmol) was added to a stirred solution of 6-15 (167 mg, 0.550 mmol), K2CO3 (375 

mg, 2.73 mmol) and CuSO4‧5H2O (14.0 mg, 0.00550 mmol) in MeOH (3 mL). The reaction mixture 

was stirred at rt until reaction completion (TLC monitoring, eluent mixture 9:1 n-hex/AcOEt). The 

solvent was then evaporated under reduced pressure, H2O (2 mL) was added, the solution was 

acidified with 1M HCl (1 mL) and extracted with AcOEt (3 x 2 mL). The collected organic phases 

were dried over Na2SO4, concentrated under reduced pressure and purified by flash 

chromatography (silicagel, eluent mixture 95:5 n-hex:AcOEt). Pure target 6-C (112 mg, 0.478 

mmol, 87% yield) was obtained as a yellow oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 7.01 (s, 1H, H3), 6.54 (s, 1H, H5), 

5.68-5.82 (m, 1H, H9), 5.08-5.17 (m, 2H, H10), 4.01-4.06 (m, 1H, H7), 2.74 

(s, 3H, H1), 2.31-2.44 (m, 2H, H8), 2.07 (s, 3H, H11). 

13C-NMR (CDCl3, 100 MHz): δ(ppm) = 162.9, 151.9, 136.8, 133.8, 122.0, 

117.9, 116.6, 70.7, 37.3, 19.4, 14.4. 

IR peak: 2094 cm-1 

[𝜶]𝑫
𝟐𝟎= -48.26. 

 

Synthesis of 1-{1-[(1E,3S)-2-methyl-1-(2-methyl-1,3-thiazol-4-yl)hexa-1,5-dien-3-yl]-1H-

1,2,3-triazol-4-yl}undec-10-en-1-one 6-B 

 

CuSO4‧5H2O (5.65 mg, 0.0226 mmol) and sodium ascorbate (11.2 mg, 0.0565 mmol) were added 

to a stirred solution of 6-C (132 mg 0.565 mmol) and 6-D (217 mg, 1.13 mmol) in a 1:1 tBuOH:H2O 

mixture (16 mL) and THF (3 mL). The reaction mixture was stirred at rt until reaction completion 

(TLC monitoring, eluent mixture 9:1 n-hex/AcOEt) of the reaction, then organic solvents were 

evaporated under reduced pressure. The residue was extracted with CH2Cl2 (3 x 7 mL) and the 

collected organic phases were washed with brine (5 mL), concentrated under reduced pressure and 

purified by flash chromatography (silicagel, eluent mixture 3:1 Hex/AcOEt). Pure target 6-B (113 

mg, 0.265 mmol, 47% yield) was obtained as a colourless oil. 
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Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 8.09 (s, 1H, H3), 7.04 

(s, 1H, H12), 6.62 (s, 1H, H5), 5.85-5.74 (m, 1H, H9), 5.74-5.68 

(m, 1H, H21), 5.19 (t, J = 8 Hz, 1H, H7), 5.13 (m, 2H, H10), 

5.04-4.92 (m, 2H, H22), 3.15-3.11 (t, J = 7.2 Hz, 2H, H13), 3.12-

2.92 (m, 2H, H8), 2.73 (s, 3H, H1), 2.05 (s, 3H, H11), 2.08-

2.02 (m, 2H, H20), 1.80-1.72 (m, 2H, H14), 1.44-1.28 (m, 10H, 

H15-H16-H17-H18-H19). 

 

 

Synthesis of (2S,4Z)-2-[(1E)-1-(2-methyl-1,3-thiazol-4-yl)prop-1-en-2-yl]-1,16,17-triaza 

bicyclo[13.2.1]octadeca-4,15(18),16-trien-14-one 6-A 

 

A solution of Hoveyda-Grubbs 2nd generation catalyst (5.90 mg, 0.00938 mmol) in dry CH2Cl2 (1.3 

mL) was added under nitrogen atmosphere to a stirred solution of 6-B (40.0 mg, 0.0937 mmol) in 

dry CH2Cl2 (50 mL). The reaction was stirred at rt overnight until completion (TLC monitoring, 

eluent mixture 3:1 n-hex/AcOEt), then solvent was concentrated under reduced pressure. The 

crude was purified by flash chromatography (silicagel, eluent mixture 7:3:0.1 n-

hex/CH2Cl2/MeOH) to obtain pure target 6-A (28.0 mg, 0.0703 mmol, 75% yield) as a colourless 

oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 8.07 (s, 1H, H3), 7.01 

(s, 1H, H12), 6.59 (s, 1H, H5), 5.32-5.24 (m, 3H, H9-H10-H7), 

3.30-3.24 (m, 2H, H13), 2.93-2.81 (m, 2H, H8), 2.73 (s, 3H, 

H1), 2.11 (s, 3H, H11), 2.05-1.95 (m, 2H, H20), 1.87-1.81 (m, 

2H, H14), 1.38-1.18 (m, 10H, H15-H16-H17-H18-H19). 

ESI/MS : 399 [M + 1]+ 

 

Synthesis of 4,4-dimethylhex-5-en-3-ol 6-18 
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3,3-Dimethylallyl bromide (2.33 mL, 20.1 mmol) was added under nitrogen atmosphere to a stirred 

suspension of zinc (2.63 g, 40.3 mmol) and propionaldehyde (2.9 mL, 40.3 mmol) in dry THF (30 

mL). A saturated solution of NH4Cl (30 mL) was then added to the reaction mixture and stirred 

for 2 h at rt. After reaction completion (TLC monitoring, eluent mixture 9:1 n-hex/AcOEt), the zinc 

powder was filtered off, then the solvent was evaporated under reduced pressure. The residue was 

dissolved in Et2O (20 mL) and the organic phase was washed with 1M HCl (15 mL). The combined 

organic phases were dried over Na2SO4, concentrated under reduced pressure and purified by flash 

chromatography (silicagel, eluent mixture 9:1 n-hex/AcOEt), to obtain pure target 6-18 (2.06 g, 

16.0 mmol, 80% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.76-5.85 (m, 1H, H2), 4.98-5.08 (m, 2H, 

H1), 3.14 (dd, J = 10.8, 1.8 Hz, 2H, H4), 1.49-1.61 (m, 1H, H5), 1.18-1.26 (m, 1H, H5’), 

0.95-0.99 (m, 9H, H6). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 145.6, 113.1, 80.0, 41.7, 24.3, 23.1, 11.6. 

 

Synthesis of 4,4-dimethylhex-5-en-3-one 6-19 

 

Solid DMP (8.09 g, 19.0 mmol) was added under nitrogen atmosphere to a stirred solution of 6-18 

(2.05 g, 15.8 mmol) in dry CH2Cl2 (70 mL) then the reaction mixture was stirred at rt for 4 h. After 

the reaction completion (TLC monitoring, eluent mixture 9:1 n-hex/AcOEt), the solvent was 

evaporated under reduced pressure. 10% aqueous NaOH (20 mL) was added to the residue and 

was extracted with Et2O (3 x 10 mL). The organic phase was washed with 10% NaOH (10mL) and 

water (10 mL), then the collected aqueous phases were extracted with Et2O (2 x 10 mL). The 

collected organic phases were dried over Na2SO4 and concentrated under reduced pressure. Pure 

target 6-19 (1.29 g, 10.27 mmol, 65% yield) was obtained as a yellow oil that didn’t require further 

purification. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 5.84-5.93 (m, 1H, H1), 5.01-5.12 (dd, J = 14.3, 

3.0 Hz, 2H, H2), 2.41-2.48 (m, 2H, H5), 1.19 (s, 6H, 2xCH3), 0.97 (t, J = 15.0 Hz, 3H, 

H6).  

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 213.8, 142.8, 114.0, 50.7, 30.6, 23.6, 8.3. 

 

Synthesis of 2,2-dimethyl-3-oxopentanal 6-20 
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A stirred solution of 6-19 (1.50 g, 11.9 mmol) in a 1:1 mixture of CH2Cl2/MeOH (74 mL), was cooled 

at -78°C, in a double neck balloon with a CaCl2 trap on the side neck. O3 was fluxed for 1 h until a 

persistent blue-coloured reaction mixture was observed, then the ozone excess was removed by 

fluxing nitrogen for 10 min, and Me2S (3.71 g, 59.6 mol) was added under stirring. The temperature 

was raised to rt and the reaction mixture was stirred overnight. Then, the solvent was evaporated 

under reduced pressure and the crude product 6-20 (2.32 g, yellow oil) was used directly for the 

next reaction.  

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 9.60 (s, 1H, -CHO), 2.41-2.49 (m, 2H, H4), 

1.34 (s, 6H, 2xCH3), 0.97-1.06 (m, 3H, H6). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 209.9, 201.2, 60.2, 32.3, 19.3, 7.6. 

 

Synthesis of 5-hydroxy-4,4-dimethylhept-6-yn-3-one 6-21 

 

0.5M Ethynylmagnesium bromide in THF (36.2 mL, 18.11 mmol) was added dropwise under 

nitrogen atmosphere to a stirred solution of 6-20 (2.32 g, 18.11 mol) in dry THF (15 mL), cooled to 

0°C. The temperature was raised to rt and the reaction mixture was stirred overnight. After 

reaction completion (TLC monitoring, eluent mixture 4:1 n-hex/AcOEt), it was quenched with 

saturated aqueous NH4Cl (10 mL), the layers were separated and the aqueous one was extracted 

CH2Cl2 (3 x 7 mL). The combined organic phases were dried over Na2SO4, concentrated under 

reduced pressure and purified by flash chromatography (silicagel, eluent mixture 4:1 n-

hex/AcOEt), to obtain the pure product 6-21 (1.11 g, 7.24 mmol, 40% yield) as a yellow oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 4.50 (s, 1H, H4), 3.34 (s, 1H, H1), 

2.51-2.58 (m, 2H, H7), 1.21-1.37 (m, 6H, 2xCH3), 0.85-0.90 (m, 3H, H8). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 216.7, 82.2, 74.2, 68.3, 51.5, 31.3, 22.3, 

19.4, 7.7. 

 

Synthesis of 4,4-dimethylhept-1-yne-3,5-dione 6-K 

 

Solid DMP (1.79 g, 4.21 mmol) was added under nitrogen atmosphere to a stirred solution of 6-21 

(461 mg, 3.01 mmol) in dry CH2Cl2 (19 mL), then the reaction mixture was stirred at rt overnight. 

After reaction completion (TLC monitoring, eluent mixture 4:1 n-hex/AcOEt), the solvent was 

evaporated under reduced pressure. A solution of 10% NaOH (10 mL) was added to the residue 
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and was extracted with Et2O (3 x 7 mL). The organic phase was washed with aqueous 10% NaOH 

(10 mL) and water (10 mL), then the collected aqueous phases were extracted with Et2O (2 x 7 mL). 

The collected organic phases were dried over Na2SO4 and concentrated under reduced pressure. 

Pure target 6-K (247 mg, 1.63 mol, 55% yield) obtained as an orange oil, didn’t required further 

purification. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 3.30 (s, 1H, H1), 2.44-2.51 (m, 2H, 

H6), 1.41 (s, 6H, 2xCH3), 1.03-1.11 (m, 3H, H7). 

13C–NMR (CDCl3, 75 MHz): δ(ppm) = 210.0, 185.7, 80.0, 79.2, 66.5, 31.6, 

19.8, 8.2. 

 

Synthesis of 2,2-dimethyl-1-{1-[(1E,3S)-2-methyl-1-(2-methyl-1,3-thiazol-4-yl)hexa-1,5-

dien-3-yl]-1H-1,2,3-triazol-4-yl}pentane-1,3-dione 6-J 

 

CuSO4‧5H2O (8.40 mg, 0.0444 mmol) and sodium ascorbate (17.0 mg, 0.0838 mmol) were added 

to a stirred solution of 6-C (104 mg, 0.444 mmol) and 6-K (128 mg, 0.838 mmol) in a 1:1 mixture 

of tBuOH:H2O (16 mL). The reaction mixture was stirred at rt until completion (TLC monitoring, 

eluent mixture 3:1 n-hex/AcOEt), then tBuOH was evaporated under reduced pressure. The 

aqueous residue was extracted with CH2Cl2 (3 x 5 mL) and the collected organic phases were 

washed with brine (5 mL), concentrated under reduced pressure and purified by flash 

chromatography (silicagel, eluent mixture 3:1 n-hex/AcOEt). Pure target 6-J (135 mg, 0.350 mmol, 

79% yield) was obtained as a yellow oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 8.13 (s, 1H, H11), 7.09 (s, 

1H, H3), 6.71 (s, 1H, H5), 5.67-5.77 (m, 1H, H9), 5.11 – 5.20 (m, 

3H, H7-H10), 3.05 – 3.12 (m, 1H, H8), 2.92 – 2.99 (m, 1H, H8’), 

2.80 (s, 3H, H1), 2.67 – 2.64 (m, 2H, H16), 2.03 (s, 3H, H18), 1.5 

(s, 6H, H19’-H19’), 1.09 (t, J = 1.4 Hz, 3H, H17). 

13C–NMR (CDCl3, 100 MHz): δ(ppm) = 211.2, 194.3, 166.3, 150.4, 

145.8, 136.4, 132.1, 126.2, 122.3, 119.3, 117.6, 68.9, 60.0, 36.3, 29.7, 

22.4, 18.6, 15.0, 7.9. 

MS (ESI+), m/z: calcd for C20H26N4O2S 384.18, found 409.16 (M+Na+). 

 [α]D
25 = 4.402. 
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Synthesis of 6-methylhept-6-enoic acid 6-23 

 

1.6M n-BuLi in n-hex (4.22 mL, 6.76 mmol) was added under nitrogen atmosphere to a stirred 

solution of MePPh3I (2.73 g, 6.76 mmol) in dry DMSO (6.7 mL), previously cooled at 0°C. The 

reaction mixture was stirred at rt for 1 h and then added dropwise to a solution of 6-oxoeptanoic 

acid 6-22 (0.750 g, 5.20 mmol) and 1.6M n-BuLi in n-hex (3.25 mL, 5.20 mmol) in dry THF (5.2 

mL). The mixture was stirred at rt for 45 min, until reaction completion (TLC monitoring, eluent 

mixture 8:2 n-hex/AcOEt + 0.5% of formic acid), then diluted with H2O (5 mL) and acidified with 

2N HCl (2 mL). The aqueous phase was extracted with AcOEt (3 x 5 mL). The collected organic 

phases were dried over Na2SO4, concentrated under reduced pressure and purified by flash 

chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt + 0.5% of formic acid), yielding pure 

target 6-18 (481 mg, 3.38 mmol, 65% yield) as colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.68 (d, J = 10.2 Hz, 2H, H8), 2.36 

(t, J = 7.34 Hz, 2H, H2), 2.02 (t, J = 7.43 Hz, 2H, H5), 1.68 (s, 3H, H7), 1.63 

- 1.47 (m, 2H, H3), 1.43 - 1.38 (m, 2H, H4). 

13C-NMR (CDCl3, 100 MHz): δ(ppm) =180.6, 145.6, 110.4, 37.5, 34.3, 27.1, 

24.4, 22.5. 

 

Synthesis of (4S)-3-(6-methylhept-6-enoyl)-4-(propan-2-yl)-1,3-oxazolidin-2-one 6-24 

 

(COCl)2 (2.59 g, 20.4 mmol) was added dropwise under nitrogen atmosphere to a stirred solution 

of 6-23 (1.31 g, 9.20 mmol) in dry CH2Cl2 (21 mL). The reaction mixture was stirred at rt for 90 min, 

then the solvent was evaporated under nitrogen flux and the crude product was used directly for 

the next reaction step. 

 

 

1.6M n-BuLi in n-hex (1.27 mL, 8.36 mmol) was added dropwise under nitrogen atmosphere to a 

stirred solution of (S)-4-isopropyl oxazolidinone (1.08 g 8.36 mmol) in dry THF (15 mL), cooled at 
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-78°C. After 15 minutes, a solution of acyl chloride (1.48 g, theoretical 9.20 mmol) in dry THF (17 

mL) was added dropwise. The reaction mixture was stirred at -78°C for 30 min, warmed to 0 °C 

and stirred for additional 15 min. The reaction was quenched with NH4Cl (10 mL), then the solvent 

was evaporated under reduced pressure. The aqueous residue was extracted with Et2O (3 x 10 mL), 

the collected organic phases were washed with sat. aqueous NaHCO3 (10 mL) and brine (7 mL), 

dried over Na2SO4, concentrated under reduced pressure and purified through flash 

chromatography (silicagel, eluent mixture 9:1 n-hex/AcOEt), giving pure target 6-24 (1.32 g, 5.18 

mmol, 62% yield) as a yellow oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm)= 4.67 (d, J = 7.1 Hz, 2H, H8), 4.42 

(dt, J = 3.58, 7.31 Hz, 1H, H10), 4.27 - 4.21 (m, 2H, H9), 3.05 - 3.02 (m, 

2H, H2), 2.42 - 2.43 (m, 1H, H11), 2.03 (t, J = 7.42 Hz, 2H, H5), 1.71 (s, 

3H, H7), 1.61-1.47 (m, 4H, H3-H4), 0.92 – 0.84 (m, 6H, H12-H12’). 

13C-NMR (CDCl3, 100 MHz): δ(ppm)= 173.2, 154.0, 145.5, 109.9, 63.3, 

58.3, 37.4, 35.3, 28.3, 26.9, 24.0, 22.3, 17.9, 14.6. 

MS (ESI+), m/z: calcd for C14H23NO3 253.17, found 276.18 (M+Na+). 

[α]D
20= +64.3. 

 

Synthesis of (4S)-3-[(2S)-2,6-dimethylhept-6-enoyl]-4-(propan-2-yl)-1,3-oxazolidin-2-one 

6-25 

 

A solution of 6-24 (227 mg, 0.896 mmol) in dry THF (0.96 mL), was cooled at 0°C and added 

dropwise under nitrogen atmosphere to a stirred 1M solution of NaHMDS in THF (1 mL, 0.985 

mmol), cooled at -78°C. After stirring for 30 min, a solution of MeI (636 mg, 4.48 mmol) in dry 

THF (0.1 mL) was added dropwise. The reaction mixture was stirred at -78 °C for 6 h, then 

quenched with sat. aqueous NH4Cl (1 mL). The layers were separated and the aqueous one was 

extracted with Et2O (4 x 2 mL). The collected organic phases were dried over Na2SO4, concentrated 

under reduced pressure and purified through flash chromatography (silicagel, eluent mixture 9:1 

n-hex/AcOEt), giving pure target 6-25 (111 mg, 0.42 mol, 48% yield) as colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 4.66 (d, J = 8.94 Hz, 2H, H8), 

4.48-4.42 (m, 1H, H10), 4.27-4.20 (m, 2H, H9), 3.80-3.70 (m, 1H, H2), 

2.41-2.30 (m, 1H, H11), 2.01 (t, J = 7.11 Hz, 2H, H5), 1.70 (s, 3H, H7), 

1.60-1.32 (m, 4H, H3-H4), 1.21 (d, J = 6.87 Hz, 3H, H13), 0.91 – 0.77 (m, 

6H, H12-H12’), 0.87 (d, 3H, H12’). 

13C-NMR (CDCl3, 100 MHz): δ(ppm) = 117.2, 153.7, 145.6, 110.0, 63.2, 58.4, 37.7, 37.6, 32.6, 28.4, 

25.2, 22.3, 17.9, 17.8, 14.7. 
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MS (ESI+), m/z: calcd for C15H25NO3 267.18, found 268.18 (M+H+). 

[α]D
20= +93.75. 

 

Synthesis of (2S)-2,6-dimethylhept-6-en-1-ol 6-26 

 

1M LiAlH4 in THF (2.8 mL, 2.79 mmol) was added in small portions during 3 h under nitrogen 

atmosphere to a stirred solution of 6-25 (373 mg, 1.39 mmol) in dry Et2O (10 mL), within a period 

of 3 h. The reaction mixture was stirred for 24 h at rt and then quenched by dropwise addition of 

H2O (0.5 mL), 10% NaOH (0.5 mL) and H2O again (1 mL). A white precipitate was immediately 

formed; it was filtered on a small plug of celite and washed with Et2O (5 mL). The two layers of the 

filtrate were separated and the aqueous one was extracted with Et2O (3 x 2 mL). The collected 

organic phases were dried over Na2SO4 and concentrated under reduced pressure. Purification of 

the residue by flash chromatography (silicagel, eluent mixture 4:1 n-hex/AcOEt), afforded pure 

target 6-26 (135 mg, 0.950 mmol, 70% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm) = 4.73-4.65 (d, J = 8.32 Hz, 2H, H8), 

3.52-3.38 (m, 2H, H1), 2.05-1.97 (t, J = 7.41 Hz, 2H, H5), 1.71 (s, 3H, H7), 

1.69-1.35 (m, 5H, H2-H3-H4), 1.05 (bs, 1H, -OH), 0.93 (d, J = 6.75 Hz,3H, 

H9). 

13C-NMR (CDCl3, 100 MHz): δ(ppm) = 146.0, 109.8, 68.3, 38.0, 35.7, 32.7, 24.9, 22.3, 16.5. 

MS (ESI+), m/z: calcd for C9H18O 142.14, found 143.16 (M+H+). 

[α]D
20= -8.6. 

 

Synthesis of (2S)-2,6-dimethylhept-6-enal 6-I 

 

Solid DMP (395 mg, 0.931 mmol) was added under nitrogen atmosphere to a stirred solution of 6-

26 (88.3 mg, 0.621 mmol) in dry CH2Cl2 (3 mL). The reaction mixture was stirred for 3 h at rt, until 

reaction completion (TLC monitoring, eluent mixture 9:1 n-hex/AcOEt), and worked up by adding 

10% NaOH (2 mL) and extracting with CH2Cl2 (3 x 2 mL). The collected organic phases were dried 

over Na2SO4 and concentrated under reduced pressure. Purification by flash chromatography 

(silicagel, eluent mixture 9:1 n-hex/AcOEt) provided pure target 6-I (67.9 mg, 0.484 mmol, 78% 

yield) as a colourless oil. 
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Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 9.62 (s, 1H, H1), 4.73-4.65 (d, J = 

17.95 Hz, 2H, H8), 2.40-2.30 (m, 1H, H2), 2.03 (t, J = 7.34 Hz, 2H, H5), 1.71 

(s, 3H, H7), 1.53-1.18 (m, 4H, H3-H4), 1.10 (d, 3H, H9). 

13C-NMR (CDCl3, 100 MHz): δ(ppm) =205.2, 145.3, 110.2, 46.2, 37.6, 30.0, 24.8, 22.2, 13.3. 

MS (ESI+), m/z: calcd for C9H16O 140.12, found 141.15 (M+H+). 

[α]D
20= +20.50. 

 

Synthesis of 6-ethyl-6-hydroxy-5,5-dimethyl-1-[(1E,3S)-2-methyl-1-(2-methyl-1,3-thiazol-

4-yl)hexa-1,5-dien-3-yl]-1H,4H,5H,6H-cyclopenta[d][1,2,3]triazol-4-one 6-27 

 

A solution of 6-J (83.6 mg, 0.220 mmol) in dry THF (2 mL) was added dropwise under nitrogen 

atmosphere to a stirred 2M solution of LDA in THF (0.10 mL, 0.210 mmol), previously cooled at -

78°C. The reaction mixture was stirred at -78°C for 1 h, then a solution of 6-I (30.3 mg, 0.220 mol) 

in dry THF (2 mL) was added dropwise. The reaction mixture was stirred at -78°C and after 3 h, 

quenched through the addition of sat. aqueous NH4Cl (2 mL). The aqueous phase was extracted 

with Et2O (3 x 4 mL) and the collected organic phases were dried over Na2SO4 and concentrated 

under reduced pressure. Purification by gradient flash chromatography (silicagel, eluent mixture 

from 95:5 to 7:3 n-hex/AcOEt) provided pure product 6-27 (9.20 mg, 0.023 mmol, 11% yield) as a 

brown oil, without any trace of expected target 6-H. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 7.02 (s, 1H, H19), 6.46 (s, 

1H, H17), 5.78-5.68 (m, 1H, H13), 5.26-5.22 (m, 1H, H15), 5.22-

5.06 (m, 1H, H12), 3.28-3.22 (m, 1H, H14), 3.08-2.96 (m, 2H, H14’-

H6), 2.82-2.71 (m, 1H, H6’), 2.76 (s, 3H, H21), 2.05 (s, 3H, H22), 

1.35-1.20 (m, 6H, H23-H23’),1.14 – 1.11 (m, 3H, H7). 

13C-NMR (CDCl3, 100 MHz): δ(ppm) =199.8, 166.0, 150.6, 144.4, 

137.4, 137.3, 136.8, 122.3, 119.1, 117.6, 82.3, 66.0, 56.4, 37.0, 36.0, 

18.8, 18.5, 18.4, 14.7, 7.5. 

MS (ESI+), m/z: calcd for C20H26N4O2S 386.18 found 387.20 (M+H+) and 409.18 (M+Na+). 

[α]D
20= -46.29. 
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Synthesis of 5-hydroxy-4,4-dimethyl-7-(trimethylsilyl)hept-6-yn-3-one 6-29 

 

Trimethylsilyl acetylene (1.70 mL, 12.0 mmol) was added dropwise under nitrogen atmosphere to 

a stirred solution of 1M ethylmagnesium bromide in THF (12 mL, 12.0 mmol) in dry THF (28 mL) 

at 0°C. The solution was stirred for 15 min at 0°C and 1 h at rt, then it was added to a solution of 6-

20 (1.54 g, 12.0 mmol) in dry THF (28 mL) at -30°C. The reaction was stirred at -30°C for 30 min, 

then overnight at rt. After reaction completion (TLC monitoring, eluent mixture 8:2 n-hex/AcOEt), 

the reaction was quenched with sat. aqueous NH4Cl (10 mL), the solvent was evaporated under 

reduced pressure and the aqueous phase was extracted with AcOEt (3 x 10 mL). The organic phase 

was dried over Na2SO4, concentrated under reduced pressure and purified by flash 

chromatography (silicagel, eluent mixture 8:2 n-hex/CH2Cl2), to obtain pure target 6-29 (840 mg, 

3.72 mmol, 31% yield) as colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm) = 4.50 (m, 1H, H5), 2.57-2.50 (m, 

2H, H2), 1.30 (s, 3H, H6), 1.18 (s, 3H, H6’), 1.12-1.08 (m, 3H, H1), 0.15 (d, 

9H, H7). 

 

 

Synthesis of 4,4-dimethyl-1-(trimethylsilyl)hept-1-yne-3,5-dione 6-R 

 

Solid DMP (3.215 g, 7.58 mmol) was added under nitrogen atmosphere to a stirred solution of 6-

29 (1.350 g, 5.83 mmol) in dry CH2Cl2 (48 mL). The reaction mixture was stirred for 4 h at rt, until 

reaction completion (TLC monitoring, eluent mixture 8:2 n-hex/AcOEt). The solvent was 

evaporated under reduced pressure and the residue was dissolved in aqueous 5% NaOH (25 mL) 

and extracted with Et2O (3 x 20 mL). Reunited organic phases were washed with aqueous 5% 

NaOH (25 mL) and H2O (25 mL), then the aqueous phase was extracted again with Et2O (2 x 15 

mL). The collected organic phases were dried over Na2SO4 and concentrated under reduced 

pressure. Pure target 6-R (1.304 g, 0.291 mmol, quant. yield) was obtained as a colourless oil 

without further purification. 
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Analytical characterization 

1H-NMR (CDCl3, 300 MHz): δ(ppm)= 2.48 (q, J = 8.0 Hz, 2H, H2), 1.40 (s, 

6H, H6), 1.07-1.03 (t, J = 8.0 Hz, 3H, H1), 0.23 (s, 9H, H7). 

 

 

Synthesis of 1-hydroxy-2,2-dimethylpentan-3-one 6-30 and 2,2-dimethylpentane-1,3-diol 

6-31 

 

A solution of NaBH4 (1.55 g, 0.0412 mol) in MeOH (50 mL) is added dropwise to a stirred solution 

of 6-20 (4.80 g, 0.0374 mol) in CH2Cl2 (230 mL) at -78°C. The reaction mixture is left stirring at -

78°C for 2 h. The reaction is then quenched by adding H2O (25 mL), the aqueous layer is extracted 

with AcOEt (3 x 15 mL), dried over Na2SO4 and concentrated under reduced pressure. After flash 

chromatography purification (silicagel, eluent mixture 9:1 n-hex/AcOEt) target compound 6-30 

(487 mg, 3.74 mmol, 10% yield) and 6-31 (1.85 g, 0.0140 mol, 38% yield) were obtained as colourless 

oils. 

Analytical characterization 

6-30: 

1H-NMR (CDCl3, 300 MHz): δ(ppm)= 3.58 (s, 2H, H5), 2.55 (q, J = 7.2 Hz, 2H, 

H2), 1.18 (s, 6H, H6-H6’), 1.06 (t, J = 7.2 Hz, 3H, H1). 

 

6-31: 

1H-NMR (CDCl3, 300 MHz): δ(ppm)= 3.59 (d, J = 10.7 Hz, 1H, H5a), 3.49 (d, J = 

10.7 Hz, 1H, H5b), 3.41 (dd, J = 10.6, 2.0 Hz, 1H, H3), 1.66 – 1.57 (m, H2a), 1.43 – 

1.33 (m, 1H, H2b), 1.04 (t, J = 7.4 Hz, 3H, H1), 0.92 (d, J = 6.7 Hz, 6H, H6-H6’). 

 

Synthesis of 1-[(tert-butyldiphenylsilyl)oxy]-2,2-dimethylpentan-3-one 6-T 

 

TBDPSCl (988 mg, 3.59 mmol) is added dropwise under nitrogen atmosphere to a stirred solution 

of 6-30 (500 mg, 3.78 mmol) in CH2Cl2 (25 mL) at 0°C. The reaction mixture is left stirring at 0°C 

for 4 h until reaction completion (TLC monitoring, eluent mixture 8:2 n-hex/AcOEt), then H2O 

(10 mL) was added, the aqueous layer was extracted with CH2Cl2 (3 x 10 mL), dried over Na2SO4 

and concentrated under reduced pressure. After flash chromatography purification (silicagel, 
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eluent mixture 8:2 n-hex/AcOEt) target compound 6-T (1.385 g, 3.76 mmol, quant. yield) was 

obtained as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 7.66 - 7.63 (m, 4H, H8), 7.49 – 7.34 

(m, 6H, H9-H10), 3.65 (s, 2H, H5), 2.61 – 2.51 (m, 2H, H2), 1.15 (s, 6H, 

H6-H6’), 1.07 – 1.03 (m, 12H, H1-H12). 

 

 

 

 

Synthesis of 1-[(tert-butyldiphenylsilyl)oxy]-2,2-dimethylpentan-3-ol 6-32 

 

TBDPSCl (3.741 g, 0.0151 mol) was added dropwise under nitrogen atmosphere to a stirred solution 

of 6-31 (2.100 g, 0.0159 mol) in CH2Cl2 (70 mL) at 0°C. The reaction mixture was left stirring at 

0°C for 4 h until reaction completion (TLC monitoring, eluent mixture 8:2 n-hex/AcOEt), then 

H2O (25 mL) was added, the aqueous layer was extracted with CH2Cl2 (3 x 15 mL), dried over 

Na2SO4 and concentrated under reduced pressure. After flash chromatography purification 

(silicagel, eluent mixture 8:2 n-hex/AcOEt), pure target compound 6-32 (3.901 g, 0.0105 mol, 66% 

yield) was obtained as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 7.93 – 7.77 (m, 4H, H8), 7.54 – 7.39 

(m, 6H, H9-H10’), 3.71 – 3.51 (m, 3H, H3-H5), 1.64 (dqd, J = 14.9, 7.4, 1.8 

Hz, 1H, H2a), 1.47 (ddq, J = 14.0, 10.4, 7.1 Hz, 1H, H2b), 1.30 – 1.13 (m, 12H, 

H12-H1), 0.99 (d, J = 21.9 Hz, 6H, H6-H6’). 

13C-NMR (CDCl3, 101 MHz): δ(ppm)= 135.8 (4C), 133.0 (2C), 130.0 (2C), 

128.0 (4C), 80.3, 73.3, 39.2, 27.1 (3C), 24.7, 22.3 (2C), 19.6, 11.6. 

MS (ESI+), m/z: calcd for C23H34O2Si 370.23 found 393.22 (M+Na+). 

 

Synthesis of 1-[(tert-butyldiphenylsilyl)oxy]-2,2-dimethylpentan-3-one 6-T 

 

Solid DMP (5.420 g, 0.0128 mol) was added under nitrogen atmosphere to a stirred solution of 6-

26 (3.644 g, 0.0983 mol) in dry CH2Cl2 (80 mL). The reaction mixture was stirred overnight at rt, 

until the completion of reaction, and worked up by adding NaOH 10% (20 mL) and extracting with 
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CH2Cl2 (3 x 15 mL). The collected organic phases were dried over Na2SO4 and concentrated under 

reduced pressure. Purification by flash chromatography (silicagel, eluent mixture 8:2 n-

hex/AcOEt) provided pure target 6-T (2.824 g, 0.0767 mol, 78% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 7.66 - 7.63 (m, 4H, H8), 7.49 – 7.34 

(m, 6H, H9-H10), 3.65 (s, 2H, H5), 2.61 – 2.51 (m, 2H, H2), 1.15 (s, 6H, 

H6-H6’), 1.07 – 1.03 (m, 12H, H1-H12). 

 

 

 

 

Synthesis of (4R,5S,6S) and (4S,5R,6S)-1-[(tert-butyldiphenylsilyl)oxy]-5-hydroxy-

2,2,4,6,10-pentamethyl undec-10-en-3-one 6-30 and 6-30’ 

 

A solution of 6-T (3.480 g, 9.40 mmol) in dry THF (70 mL) was added dropwise under nitrogen 

atmosphere to a stirred solution of 1M LDA in THF (8.97 mL, 8.97 mmol), previously cooled at -

78°C. The reaction mixture was stirred at -78°C for 1 h, then a solution of 6-I (1.324 g, 9.40 mmol) 

in dry THF (40 mL) was added dropwise. The reaction mixture was stirred at -78°C overnight until 

reaction completion (TLC monitoring, eluent mixture 9:1 n-hex/AcOEt), then quenched through 

the addition of sat. aqueous NH4Cl (20 mL). The aqueous phase was extracted with Et2O (3 x 15 

mL) and the collected organic phases were dried over Na2SO4 and concentrated under reduced 

pressure. Purification by flash chromatography (silicagel, eluent mixture 96:4 n-hex/AcOEt) 

provided pure products 6-30 (1.642 g, 3.23 mmol, 34% yield) and 6-30’ (1.536 g, 3.02 mmol, 32% 

yield) as colourless oils. 

Analytical characterization 

6-30: 

1H-NMR (500 MHz, CDCl3): δ (ppm)= 7.77 - 7.66 (m, 

4H, H17), 7.47 - 7.40 (m, 6H, H18-H19), 4.70 (d, J = 16.0 

Hz, 2H, H12), 3.73 - 3.68 (m, 2H, H11), 3.54 - 3.52 (dd, J 

= 7.8, 2.7 Hz, 1H, H7), 3.29 (qd, J = 7.0, 2.8 Hz, 1H, H8), 

2.07-2.00 (m, 2H, H3), 1.75 (s, 3H, H1), 1.58 – 1.54 (m, 

2H, H6-H4a), 1.46 - 1.42 (m, 1H, H4b), 1.38 – 1.34 (m, 1H, H5), 1.18 (d, J = 8.8 Hz, 6H, H15), 1.12 (d, 

J = 6.9 Hz, 3H, H14), 1.09 (s, 9H, H21), 1.04 - 1.01 (m, 1H, H5b), 1.00 - 1.01 (d, 3H, J = 6.8 Hz, H13) 
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13C-NMR (125 MHz, CDCl3): δ (ppm)= 220.8, 145.8, 135.8 (4C), 133.2 (2C), 129.8 (2C), 127.7 (4C), 

110.0, 74.9, 70.3, 50.7, 40.9, 37.9, 35.4, 32.5, 26.9 (3C), 24.8, 22.4, 21.6, 21.5, 19.3, 15.4, 11.0. 

MS (ESI+), m/z: calcd for C32H48O3Si 508.34 found 531.35 (M+Na+). 

6-30’: 

1H-NMR (500 MHz, CDCl3): δ (ppm)= 7.67-7.65 (m, 

4H, H17), 7.47 - 7.40 (m, 6H, H18-H19), 4.71 (d, J = 6.4 

Hz, 2H, H12), 3.73-3.67 (m, 2H, H11), 3.46 (d, J = 9.2 

Hz, 1H, H7), 3.28 (q, J = 6.9 Hz, 1H, H8), 2.03 (td, J = 

14.8, 7.6 Hz, 2H, H3), 1.78-1.75 (m, 1H, H5a), 1.74 (s, 3H, 

H1), 1.60-1.52 (m, 1H, H6), 1.56-1.55 (m, 1H, H4a), 1.42-1.29 (m, 1H, H4b), 1.17 (d, J = 4.4 Hz, 6H, 

H15), 1.16-1.12 (m, 1H, H5b), 1.09-1.10 (d, J = 7.4 Hz 3H, H14), 1.08 (s, 9H, H21), 0.82 (d, J = 6.8 Hz, 

3H, H13). 

13C-NMR (125 MHz, CDCl3): δ (ppm)= 221.6, 146.2, 135.7 (4C), 133.0 (2C), 129.8 (2C), 127.7 (4C), 

109.6, 74.6, 70.3, 50.8, 40.1, 38.2, 35.4, 32.5, 26.9, 24.8, 22.4, 21.5, 21.4, 19.3 (3C), 15.3, 9.8. 

MS (ESI+), m/z: calcd for C32H48O3Si 508.34 found 531.34 (M+Na+). 

 

Synthesis of (4S,5R,6S)-1-[(tert-butyldiphenylsilyl)oxy]-2,2,4,6,10-pentamethyl-3-

oxoundec-10-en-5-yl acetate 6-31’ 

 

Acetyl chloride (0.700 mL, 10.6 mmol) and DMAP (0.324 g, 2.65 mmol) were added under 

nitrogen atmosphere to a stirred solution of 6-30’ (1.350 g, 2.65 mmol) in dry pyridine (10.8 mL). 

The reaction mixture was left stirring overnight until reaction completion (TLC monitoring, eluent 

mixture 9:1 n-hex/AcOEt), then AcOEt (5 mL) was added and the organic layer was washed with a 

solution of 5% HCl (2 x 5 mL), sat. aqueous NaHCO3 (5 mL) and brine (5 mL). The organic phase 

was dried over Na2SO4 and concentrated under reduced pressure. Purification by flash 

chromatography (silicagel, eluent mixture 9:1 n-hex/AcOEt) provided pure target 6-31’ (1.430 g, 

2.60 mmol, quant. yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 7.58 – 7.53 (m, 

4H, H17), 7.40 – 7.26 (m, 6H, H18-H19), 5.02 – 4.88 

(m, 1H, H7), 4.60 (d, J = 17.7 Hz, 2H, H12), 3.59 (d, J = 

9.7 Hz, 1H, H11), 3.43 (d, J = 9.7 Hz, 1H, H11’), 3.31 (td, J 

= 6.8, 5.0 Hz, 1H, H8), 1.98 (s, 3H, H23), 1.94 – 1.83 (m, 

2H, H3), 1.69 – 1.54 (m, 4H, H1-H6), 1.53 – 1.40 (m, 3H, 

H4-H5a), 1.40 – 1.27 (m, 1H, H5b), 1.21 (d, J = 13.3 Hz, 

6H, H15), 0.98 – 0.96 (m, 9H, H21), 0.89 – 0.75 (m, 6H, H13-H14). 
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Synthesis of (4S,5R,6S)-1-hydroxy-2,2,4,6,10-pentamethyl-3-oxoundec-10-en-5-yl acetate 

6-32’ 

 

1M TBAF in THF (24.0 mL, 24.2 mmol) was added dropwise under nitrogen atmosphere to a stirred 

solution of 6-31’ (1.329 g, 2.42 mmol) in dry THF (33.5 mL) at 0°C. The reaction mixture was left 

stirring overnight at rt until reaction completion (TLC monitoring, eluent mixture 8:2 n-

hex/AcOEt), and the reaction was then quenched with addition of sat. aqueous NH4Cl (10 mL). 

After phase separation, the aqueous phase was extracted with CH2Cl2 (3 x 7 mL). Collected organic 

phases were dried over Na2SO4 and concentrated under reduced pressure, and purification by flash 

chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt) yielded pure target 6-32’ (0.733 g, 

2.35 mmol, quant. yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 4.98 – 4.92 (m, 1H, H7), 

4.69 (d, J = 18.2 Hz, 2H, H12), 3.63 – 3.48 (m, 2H, H11), 3.37 – 

3.26 (m, 1H, H8), 2.07 (d, J = 8.5 Hz, 3H, H17), 2.03 – 1.92 (m, 

1H, H6), 1.70 (d, J = 7.5 Hz, 4H, H1–H3a), 1.56 – 1.49 (m, 3H, 

H3b, H4), 1.45 – 1.39 (m, 1H, H5a), 1.25 (s, 3H, H15), 1.16 (s, 3H, 

H15’), 1.15 – 1.07 (m, 1H, H5b), 1.05 (d, J = 6.8 Hz, 3H, H14), 0.96 

(d, J = 6.8 Hz, 3H, H13). 

13C-NMR (101 MHz, CDCl3): δ (ppm)= 217.0, 171.0, 145.4, 124.1, 109.9, 76.6, 69.3, 50.2, 40.8, 37.9, 

34.5, 31.4, 24.6, 21.8, 21.2, 20.8, 16.1, 11.5. 

MS (ESI+), m/z: calcd for C18H32O4 312.23 found 335.22 (M+Na+). 

 

Synthesis of (4S,5R,6S)-2,2,4,6,10-pentamethyl-1,3-dioxoundec-10-en-5-yl acetate 6-33’ 

 

Solid DMP (891 mg, 2.10 mmol) was added under nitrogen atmosphere to a stirred solution of 6-

32’ (0.547 g, 1.75 mmol) in dry CH2Cl2 (14.5 mL). The reaction mixture was stirred overnight at rt 

until reaction completion (TLC monitoring, eluent mixture 95:5 n-hex/AcOEt), then aqueous 10% 

NaOH (10 mL) was added and the aqueous layer was extracted with Et2O (3 x 7 mL). The collected 

organic phases were dried over Na2SO4 and concentrated under reduced pressure. Purification by 

flash chromatography (silicagel, eluent mixture 98:2 n-hex/AcOEt) provided pure target 6-33’ 

(0.364 g, 1.17 mmol, 67% yield) as a colourless oil. 
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Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 9.66 (s, 1H, H11), 4.85 (dd, 

J = 8.2, 3.8 Hz, 1H, H7), 4.72 – 4.59 (m, 2H, H12), 3.22 (qd, J = 

6.8, 3.9 Hz, 1H, H8), 2.06 (d, J = 1.0 Hz, 3H, H17), 1.99 (q, J = 7.6 

Hz, 1H, H6), 1.72 (s, 3H, H1), 1.61 - 1.58 (m, 2H, H3), 1.55 – 1.42 

(m, 1H, H4a), 1.40 (s, 3H, H15), 1.39 – 1.36 (m, 1H, H4b) 1.35 (s, 

3H, H15’), 1.32 – 1.23 (m, 1H, H5a), 1.14 – 1.05 (m, 1H, H5b), 1.04 (d, J = 6.8 Hz, 3H, H14), 0.93 (d, J 

= 6.8 Hz, 3H, H13). 

13C-NMR (101 MHz, CDCl3): δ (ppm)= 209.5, 201.4, 171.0, 145.6, 124.0, 110.0, 42.2, 37.9, 34.4, 31.7, 

24.6, 22.3, 20.9, 19.6, 19.3 (2C), 15.8, 10.6. 

MS (ESI+), m/z: calcd for C18H30O4 310.21 found 333.21 (M+Na+). 

 

Synthesis of (6S,7R,8S,11S) and 6S,7R,8S,11R)-11-hydroxy-2,6,8,10,10-pentamethyl-9-

oxotridec-1-en-12-yn-7-yl acetate 6-S’a and 6-S’b  

 

0.5M Ethynylmagnesium bromide in THF (1.54 mL, 0.770 mmol) was added dropwise under 

nitrogen atmosphere to a stirred solution of 6-33’ (240 mg, 0.770 mmol) in dry THF (2.4 mL) at 

0°C. The reaction mixture was left stirring at rt overnight until reaction completion (TLC 

monitoring, eluent mixture 92:8 n-hex/AcOEt). The reaction was quenched by addition of sat. 

aqueous NH4Cl (2 mL), phases were separated and the aqueous one was extracted with CH2Cl2 (3 

x 2 mL). The collected organic phases were dried over Na2SO4, concentrated under reduced 

pressure and purified by flash chromatography (silicagel, eluent mixture 92:8 n-hex/AcOEt), 

providing an inseparable mixture of targets 6-S’a and 6-S’b (212 mg, 0.631 mmol, 82% yield) as a 

colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 5.04 – 4.98 (m, 1H), 

4.95 (dd, J = 7.7, 4.0 Hz, 1H), 4.74 – 4.65 (m, 4H), 4.51 (dd, J = 

5.9, 2.2 Hz, 1H), 3.35 (dtt, J = 13.6, 6.9, 3.0 Hz, 2H), 3.15 (d, J = 

6.0 Hz, 1H), 2.98 (dd, J = 4.9, 2.3 Hz, 1H), 2.48 (dd, J = 3.1, 2.3 

Hz, 2H), 2.09 (d, J = 1.1 Hz, 6H), 2.03 – 1.95 (m, 2H), 1.75 – 1.65 

(m, 6H), 1.60 (d, J = 7.5 Hz, 4H), 1.57 – 1.45 (m, 2H), 1.47 – 1.36 

(m, 7H), 1.36 – 1.26 (m, 4H), 1.22 (s, 3H), 1.14 – 1.02 (m, 7H), 0.97 (dd, J = 6.8, 2.2 Hz, 6H). 
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Synthesis of (4S,5R,6S)-1-hydroxy-2,2,4,6,10-pentamethyl-1-{1-[(1E,3S)-2-methyl-1-(2-

methyl-1,3-thiazol-4-yl)hexa-1,5-dien-3-yl]-1H-1,2,3-triazol-4-yl}-3-oxoundec-10-en-5-yl 

acetate 6-H’ 

 

CuSO4‧5H2O (7.4 mg, 0.0284 mmol) and sodium ascorbate (139 mg, 0.703 mmol) were added to 

a stirred solution of 6-C (164 mg, 0.703 mmol) and 6-S’a,b (236 mg, 0.703 mmol) in a 1:1 mixture 

of tBuOH:H2O (6 mL). The reaction mixture was stirred at rt until reaction completion (TLC 

monitoring, eluent mixture 7:3 n-hex/AcOEt), then tBuOH was evaporated under reduced 

pressure. The residue was extracted with CH2Cl2 (3 x 5 mL) and the collected organic phases were 

washed with brine (5 mL), concentrated under reduced pressure and purified through flash 

chromatography (silicagel, eluent mixture 7:3 n-hex/AcOEt). Pure targets 6-H’a and 6-H’b (239 

mg, 0.418 mmol, 59% yield) were obtained in a mixture of unseparable diastereomers as a 

colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 7.50 (dd, J = 

12.0, 3.6 Hz, 2H), 6.99 (s, 2H), 6.58 (s, 2H), 5.70 

(ddtd, J = 17.0, 10.0, 6.9, 3.1 Hz, 2H), 5.24 – 4.87 (m, 

10H), 4.66 (d, J = 18.1 Hz, 4H), 3.74 – 3.66 (m, 1H), 

3.41 – 3.24 (m, 3H), 3.04 (dq, J = 13.9, 7.0 Hz, 2H), 

2.91 (tdd, J = 12.6, 6.9, 3.6 Hz, 2H), 2.70 (s, 6H), 2.06 

(d, J = 2.0 Hz, 6H), 2.01 – 1.90 (m, 8H), 1.67 (d, J = 

10.3 Hz, 6H), 1.60 – 1.44 (m, 3H), 1.39 (ddt, J = 13.4, 

7.0, 3.0 Hz, 3H), 1.26 (d, J = 11.9 Hz, 4H), 1.23 – 1.13 (m, 12H), 1.00 (ddd, J = 14.3, 6.7, 3.7 Hz, 8H), 

0.93 (d, J = 6.8 Hz, 6H). 

 

Synthesis of (4R,5S,6S)-1-[(tert-butyldiphenylsilyl)oxy]-2,2,4,6,10-pentamethyl-3-

oxoundec-10-en-5-yl acetate 6-31 
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Acetyl chloride (0.921 mL, 13.0 mmol) and DMAP (0.396 g, 3.24 mmol) were added under nitrogen 

atmosphere to a stirred solution of 6-30 (1.650 g, 3.24 mmol) in dry pyridine (13 mL). The reaction 

mixture was left stirring overnight until reaction completion (TLC monitoring, eluent mixture 9:1 

n-hex/AcOEt), then AcOEt (5 mL) was added and the organic layer was washed with 5% HCl (2 x 

5 mL), sat. aqueous NaHCO3 (5 mL) and brine (5 mL). The organic phase was dried over Na2SO4 

and concentrated under reduced pressure. Purification by flash chromatography (silicagel, eluent 

mixture 9:1 n-hex/AcOEt) provided pure target 6-31 (1.713 g, 3.11 mol, 96% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 7.68-7-63 (m, 

4H, H17), 7.51 – 7.35 (m, 6H, H18-H19), 5.24 (dd, J = 

7.4, 4.3 Hz, 1H, H7), 4.69 (d, J = 15.6 Hz, 2H, H12), 3.69 

(d, J = 9.7 Hz, 1H, H11), 3.56 (dd, J = 9.7, 4.0 Hz, 1H, 

H11’), 3.38 (td, J = 7.0, 4.3 Hz, 1H, H8), 2.09 (s, 3H, 

H23), 2.01 – 1.92 (m, 2H, H3), 1.70 (d, J = 12.1 Hz, 3H, 

H1), 1.61 (d, J = 2.3 Hz, 2H), 1.59 – 1.50 (m, 1H, H6), 1.52 

– 1.42 (m, 2H, H4), 1.42 – 1.29 (m, 1H, H5a), 1.29 – 1.26 (d, J = 2.5 Hz, 3H, H15), 1.11 – 1.04 (m, 16H, 

H-5b-H14-H15’-H21), 0.88 (d, J = 6.7 Hz, 3H, H13). 

 

Synthesis of (4R,5S,6S)-1-hydroxy-2,2,4,6,10-pentamethyl-3-oxoundec-10-en-5-yl acetate 

6-32 

 

1M TBAF in THF (37.4 mL, 37.4 mmol) was added dropwise under nitrogen atmosphere to a stirred 

solution of 6-31 (2.058 g, 3.74 mmol) in dry THF (52 mL) at 0°C. The reaction mixture was left 

stirring overnight at rt until reaction completion (TLC monitoring, eluent mixture 8:2 n-

hex/AcOEt). The reaction was then quenched by the addition of sat. aqueous NH4Cl (15 mL), 

phases were separated and the aqueous one was extracted with CH2Cl2 (3 x 10 mL). The collected 

organic phases were dried over Na2SO4, concentrated under reduced pressure, and purification by 

flash chromatography (silicagel, eluent mixture 8:2 n-hex/AcOEt) provided pure target 6-32 (1.028 

g, 3.29 mmol, 88% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 5.13 (dd, J = 6.6, 5.0 Hz, 

1H, H7), 4.74 – 4.65 (m, 2H, H12), 4.14 (q, J = 7.1 Hz, 2H, H11), 

3.36 – 3.26 (m, 1H, H8), 2.09 (s, 3H, H17), 2.03 – 1.97 (m, 1H, 

H6), 1.71 (d, J = 11.0 Hz, 3H, H1), 1.64 – 1.52 (m, 2H, H3), 1.52 – 

1.43 (m, 2H, H4), 1.38 – 1.30 (m, 1H, H5a), 1.21 (d, J = 11.6 Hz, 

3H, H15), 1.09 (s, 4H, H5b-H15’), 1.05 (dd, J = 6.8, 2.4 Hz, 3H, 

H14), 0.91 (d, J = 6.7 Hz, 3H, H13). 
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Synthesis of (4R,5S,6S)-2,2,4,6,10-pentamethyl-1,3-dioxoundec-10-en-5-yl acetate 6-33 

 

Solid DMP (1.12 g, 2.64 mmol) was added under nitrogen atmosphere to a stirred solution of 6-32 

(0.547 g, 2.20 mmol) in dry CH2Cl2 (18 mL). The reaction mixture was stirred overnight at rt until 

reaction completion (TLC monitoring, eluent mixture 95:5 n-hex/AcOEt), then aqueous 10% 

NaOH (15 mL) was added and the aqueous layer was extracted with Et2O (3 x 10 mL). The collected 

organic phases were dried over Na2SO4 and concentrated under reduced pressure. Purification by 

flash chromatography (silicagel, eluent mixture 98:2 n-hex/AcOEt) provided pure target 6-33 

(0.661 g, 2.13 mmol, quant. yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 9.65 (s, 1H, H11), 5.04 (t, J 

= 5.9 Hz, 1H, H7), 4.77 – 4.63 (m, 2H, H12), 3.21 (p, J = 6.8 Hz, 

1H, H8), 2.07 (s, 3H, H17), 2.03 – 1.97 (m, 1H, H6), 1.74 (s, 3H, 

H1), 1.65 – 1.55 (m, 2H, H3), 1.55 – 1.41 (m, 2H, H4), 1.38 (d, J = 

11.1 Hz, 6H, H15), 1.35 – 1.24 (m, 1H, H5a), 1.09 (ddd, J = 13.5, 9.4, 

6.9 Hz, 1H, H5b), 1.03 (d, J = 6.8 Hz, 3H, H14), 0.88 (d, J = 6.7 

Hz, 3H, H13). 

 

Synthesis of (6S,7S,8R,11S) and (6S,7S,8R,11R)-11-hydroxy-2,6,8,10,10-pentamethyl-9-

oxotridec-1-en-12-yn-7-yl acetate 6-Sa and 6-Sb 

 

0.5M Ethynylmagnesium bromide in THF (3.87 mL, 1.93 mmol) was added dropwise under 

nitrogen atmosphere to a stirred solution of 6-36 (600 mg, 1.93 mmol) in dry THF (6 mL) at 0°C. 

The reaction mixture was left stirring at rt overnight until reaction completion (TLC monitoring, 

eluent mixture 92:8 n-hex/AcOEt). The reaction was quenched by addition of sat. aqueous NH4Cl 

(5 mL), phases were separated and the aqueous one was extracted with CH2Cl2 (5 x 2 mL). The 

collected organic phases were dried over Na2SO4, concentrated under reduced pressure and 

purified by flash chromatography (silicagel, eluent mixture 92:8 n-hex/AcOEt), providing an 

inseparable mixture of targets 6-Sa (328 mg, 0.974 mmol, 50% yield) and 6-Sb (284 mg, 0.844 

mmol, 44% yield) as colourless oils. 
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Analytical characterization 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 5.15 (dd, J = 6.7, 4.8 Hz, 

1H, H7), 4.70 (d, J = 15.5 Hz, 2H, H14), 4.61 (d, J = 2.2 Hz, 1H, 

H11), 3.34 (p, J = 6.8 Hz, 1H, H8), 2.47 (d, J = 2.2 Hz, 1H, H13), 

2.09 (s, 3H, H19), 2.00 (t, J = 7.6 Hz, 1H, H6), 1.73 (s, 3H, H1), 

1.68 – 1.57 (m, 2H, H3), 1.55 – 1.43 (m, 2H, H4), 1.41 (s, 3H, 

H17), 1.38 – 1.26 (m, 3H, H17’), 1.19 – 1.10 (m, 2H, H5), 1.08 (dd, 

J = 6.8, 2.1 Hz, 3H, H16), 0.91 (d, J = 6.7 Hz, 3H, H15). 

1H-NMR (CDCl3, 400 MHz): δ(ppm)= 5.21 (dd, J = 7.4, 4.2 Hz, 

1H, H7), 4.70 (d, J = 16.2 Hz, 2H, H14), 4.52 (d, J = 2.2 Hz, 1H, 

H11), 3.30 (p, J = 6.9 Hz, 1H, H8), 2.48 (d, J = 2.2 Hz, 1H, H13), 

2.09 (s, 3H, H19), 2.03 – 1.95 (m, 1H, H6), 1.73 (s, 3H, H1), 1.60 

– 1.52 (m, 1H, H3a), 1.52 – 1.43 (m, 2H, H3b-H4a), 1.40 (s, 3H, 

H17), 1.37 – 1.27 (m, 2H, H4b-H5a), 1.26 (s, 3H, H17’), 1.19 – 

1.09 (m, 1H, H5b), 1.08 (d, J = 6.8 Hz, 3H, H16), 0.92 (d, J = 6.8 Hz, 3H, H15). 
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Total synthesis of Schoberin B 
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7.1 Introduction 

7.1.1 Alkaloids 

An accurate classification of alkaloids is far from straightforward and, in many cases, is a source of 

academic controversy. This controversy was especially active at the beginning of 20th century, 

when major progress in chemical research on alkaloids occurred. Many new achievements in the 

field faced strong opposition, and were critically discussed. Nowadays, scientific discussions 

around alkaloids still continue.1,2  

Alkaloids were fascinating subject both in the past and now, as they are related to strong scientific 

and economic interest, especially in medicine and in the pharmaceutical industry. Attempts to 

define an alkaloid structure started as the first among them were discovered. Friedrich Sertürner, 

an apothecary’s assistant from Westphalia, first isolated morphine (Figure 7-1), one of the most 

useful alkaloids in practice, in 1805.3 This discovery represented a significant step forward in both 

chemistry and pharmacology.4,5  

 

 

Figure 7-1: Chemical structure of morphine. 

 

Using the method developed by Sertürner, pharmaceutical researchers Pierre Joseph Pelletier and 

Joseph Benaimé Caventou isolated, between 1817 and 1821, a remarkable range of other alkaloids 

(Figure 7-2), such as brucine (a close relative of strychnine), febrifuge, quinine, caffeine, and 

veratrine.3,6 Then, the first attempts to synthesize alkaloids in the labs took place in the middle of 

1800s, starting with an attempt to produce synthetic quinine. However, other alkaloids were 

successfully synthetized earlier than quinine, whose synthesis was accomplished only in 1900s. 

Nowadays, the synthetic production of pharmaceutically relevant alkaloids is more common than 

their isolation from natural sources, where they can be found only in scarce amounts. Moreover, 

the progress in both theoretical and applied chemistry led to the synthesis of new alkaloid-inspired 

compounds, which do not exist as such in the nature. 

The term alkaloid was first mentioned in 1819 by W. Meissner, an apothecary from Halle. He 

observed that these compounds appeared to have alkali-like reactivity, even though they differed 

considerably from them in terms of structure.7 This description was put forward at a time, when 

only few flora-derived amines (such as morphine) were known, and those only in impure form. 

Specular terms for plant-extracted acids, such as “acidoids”, have never been proposed. 

However, until 1890 these basic plant substances were hardly classified, and the term alkaloid 

became established only in 1882. By then, although a great deal had already been found out about 

alkaloids, still as good as nothing was known as far as their molecular structures were concerned. 
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Figure 7-2: Structures of some alkaloids isolated by Pelletier and Caventou between 1817 and 1821. 

 

From a biological point of view, an alkaloid is any biologically active heterocyclic compound that 

contains at least one nitrogen, may have some pharmacological activity and, in many cases, 

medicinal use.4 This wide, application-based definition can be criticized but presents a general 

picture of the chemical class of compound under consideration here. Their biological and chemical 

nature leads to the conclusion that each definition of alkaloids is either too broad or too narrow; 

in other word, a short and precise definition is not possible without a long list of 

exceptions.5,45,54,55,46–53 Winterstein and Trier stressed that alkaloids had such characteristics as (1) 

greater or lesser toxicity, acting primarily on the central nervous system (CNS); (2) a basic chemical 

character; (3) one or more heterocyclic nitrogens; (4) synthetic access from amino acids, or their 

close derivatives; and (5) a limited availability in nature.11 In another definition, Waller and 

Nowacki10 mentioned many characteristics of alkaloids, especially drawing attention to the fact 

that alkaloids contain a basic nitrogen and possess at least one ring, which is not necessarily 

heterocyclic. The authors also stated that alkaloids could not be structural units of macromolecular 

cellular substances, vitamins, or hormones. 

For the medical researcher, the term alkaloids means any group of nitrogenous substances of 

vegetable origin, often of complex structure and high molecular weight.20 Moreover, alkaloids are 

often heterocyclic, and contain primary, secondary, or tertiary bases or contain quaternary 

ammonium groups. Certainly, the fact that alkaloids are only slightly soluble in water but soluble 

in ethanol, benzene, ether, and chloroform is also extremely important and highlighted in their 

medical definition. Finally, medicine draws attention to the fact that alkaloids cause an intense 

physiological response, and they are widely used as curative drugs. Some alkaloids can also be 

highly toxic, even in very small doses.20 In the National Library of Medicine database, alkaloids are 

defined as nitrogenous bases occurring in the animal and vegetable kingdoms, while only few of 

them have been synthesized.21 Another definition of alkaloids entails nitrogenous organic 

compounds with pharmacological effects on humans and other animals, whose name is derived 

from the world alkaline.22  

Chemistry provides a definition of alkaloids as any group of complex heterocyclic nitrogen 

compounds, which have strong physiological activity, are often toxic, and retain basic chemical 

properties, with limited exceptions to this definition.23 A simpler chemical definition states that 

alkaloids are nitrogen-containing compounds derived from plants and animals.24 Later, chemists 

stressed that alkaloids were biogenic, nitrogen-containing, and mostly N-heterocyclic compounds. 
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This definition implies that amino acids, peptides, nucleosides, amino sugars, and antibiotics are 

not considered alkaloids.25 

In spite of differences between biology, medicine, and chemistry and some remaining differences 

in alkaloid definitions, scientists recognize the vital importance of these products in biology, 

medicine. and chemistry. Without alkaloids, major achievements in the fight against malaria, 

leukaemia, and cancer as well as Parkinson disease would not have been possible. Alkaloids will 

surely play an important role in future for the development of new applications protecting human 

health and welfare, in accordance with new recent promising results.26–31 The pharmaceutical 

industry has succeeded in the use of natural plant alkaloids for the development of antimalarial 

agents (quinine and chloroquinine), anticancer agents (taxol, vinblastine, and vincristine), agents 

promoting blood circulation in the brain (vincamine) and psychotropic agents (opium latex, 

papaverine, morphine, cocaine) (Figure 7-3). Nowadays, more than 10,000 natural compounds 

and their synthetic analogues are recognized as alkaloids, and each year, scientists around the 

globe discover new such molecules. They frequently occur as salts, but some also occur in 

combination with sugars, whereas others are used as amides or esters, quaternary salts or tertiary 

amine oxides.32 

 

 
Figure 7-3: Structures of alkaloids used in cancer therapy. 

 

7.1.2 Classification of alkaloids  

The total number of alkaloids so far isolated from (or detected in) plant and animal organisms, 

fungi, or natural folk medicine is enormous. To cope with so many compounds it is necessary to 

establish some sort of sub-classification. This is difficult, though, since there is probably no other 

class of organic natural products that displays such a huge breadth of structural variation.  
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The purpose of any classification of bioactive chemical compounds is to encase similar molecules 

into similar groups according to their physical and biological characteristics, and to help their 

morphological recognition and possible use for both scientific and applied uses. Alkaloids can be 

classified in the terms of their (1) biological and ecological activity, (2) relation to chemical and 

technological innovations, (3) chemical structure, and (4) biosynthetic pathway. 

 

7.1.2.1 Bioecological classification of alkaloids  

Alkaloids can be divided into (1) plant alkaloids (the vast majority), (2) animal-derived alkaloids 

(e.g., anuran, mammalian and arthropod alkaloids), (3) marine alkaloids, (4) moss alkaloids, (5) 

fungal and bacterial alkaloids, and (6) non-natural alkaloids (structurally modified analogues). 

Nowadays, so-called non-natural alkaloids are growing especially rapidly in number as a result of 

bio-organic and stereochemistry research. Pharmacological research and the drug industry rapidly 

advance and promote the most promising new molecules through preclinical and clinical 

development for possible applications. This is necessary, since the sources of infections 

(microorganisms) and cancer types are constantly changing their nature, infectivity and resistance 

ability, becoming refractory to medicines and antibiotics. 

 

7.1.2.2 Chemotechnological classification of alkaloids  

Alkaloids can be divided into three large groups on the basis of their relation to innovations in 

chemistry and technology: (1) natural alkaloids, (2) biomimic and bionic alkaloids, and (3) 

synthetic alkaloids. This division serves the scientific and practical needs well. 

Natural alkaloids exist in nature, presently known or still unknown to science. They are natural 

products synthesized and bioevolved in time by living organisms as a result of the evolution of life 

on Earth.  

Biomimic alkaloids are natural alkaloids synthesized by chemists in the laboratories, thus being 

identical in structure to natural alkaloids. Bionic alkaloids are those biomimic molecules being 

evolved by the chemists and engineers using natural models and cutting edge technology; bionic 

alkaloids are not identical to natural alkaloids.  

Synthetic alkaloids are conceived by chemists using cutting edge technology and equipment, 

computational guidance, and lab synthesis. Synthetic alkaloids are not biosynthesized by any living 

organisms. 

 

7.1.2.3 Chemo-molecular classification of alkaloids  

Alkaloids can be divided into different classes according to their chemical structures, pointing first 

at the alkaloid basic chemical nucleus.32 Namely, it’s possible to draw distinctions between the 

following five alkaloid classes, according to the position of an N-atom in one of its main structural 

elements: (1) heterocyclic alkaloids, (2) alkaloids with N-atoms in exocyclic position including 

aliphatic amines, (3) putrescine, spermidine and spermine alkaloids, (4) peptide alkaloids and (5) 

terpene and steroid alkaloids. 
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Heterocyclic alkaloids  

 

Figure 7-4: Examples of heterocyclic alkaloids. 

 

In this class, the N-atom is embedded into a cycle. Some examples are: 

• Pyrrolidine alkaloids (besides simple, variously N-acylated derivatives of pyrrolidine, a few 

alkylated compounds also belong to this group);33,34 

• Indole alkaloids (one of the most represented class, includes both compounds that 

incorporate a true indole chromophore and those containing its derivatives, namely 

indoline, indolenine, α-methylideneindoline, pseudoindoxyl and oxindole);35 

• Piperidine alkaloids (the N-atom being part of a six-membered saturated ring);36 

• Tropane alkaloids and related bases (bicyclic systems of both the tropinone and the ψ-

pelletierine types, also featuring a piperidine ring);37 

• Histamine, imidazole and guanidine alkaloids (relatively small group, features a five- or 

six-membered ring containing two N-atoms);38  

• Isoquinoline alkaloids (another widely represented class, as indole alkaloids including also 

compounds containing isoquinoline-derived rings);39 

• Quinoline alkaloids (including alkaloids containing 2- and 4-quinolone, 1,2,3,4-

tetrahydroquinoline, furoquinoline and furoquinolone chromophores);40 

• Quinazoline alkaloids (containing both bicyclic structures and derivatives containing one 

or two additional rings);41 
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• Benzoxazines and benzoxazoles (ubiquitously present in the flora kingdom);42 

• Pyrrolizidine alkaloids (further subdivided in four different alkaloid types: (a) bases 

containing a necine skeleton, (b) monoesters, (c) diesters and (d) cyclic diesters);43,44 

• Indolizidine alkaloids (containing slaframine, elaeokanine E, elaeocarpine, crepidamine 

serratinine and securitinine alkaloids);45 

• Quinolizidine alkaloids (further subdivided in lupinine, camoensine, spartein, α-pyridone, 

matrine and ormosanin types);46,47,48 

• Pyrazine alkaloids (derived from the biogenetic condensation of α-aminoacids with 1,2-

diones, mainly isolated from insects where they are attractant pheromones);49 

• Purine alkaloids (a borderline case of alkaloid-like natural substances, nevertheless 

presenting a number of compounds with unambiguous alkaloidal character);50 

• Pteridine alkaloids (found in great number in the animal kingdom, particularly in the wing 

pigments of butterflies).51 

 

Alkaloids with exocyclic N-atoms and aliphatic amines 

 

Figure 7-5: Examples of alkaloids with exocyclic N-atoms and aliphatic amines. 

 

Alkaloids possessing exocyclic N-atoms are differentiated into six categories: 

• Erythrophleum alkaloids (derivative of aminoethanol, display Digitalis-like activity on the 

heart);52 

• Phenylalkylamine derivatives (whose origin can be biosynthetically explained by Hoffman 

degradation of the corresponding isoquinoline alkaloids);53 

• Benzylamine-type alkaloids (a small group of compounds whose main example is 

capsaicine);54 

• Colchicine alkaloids (biogenetically closely related to isoquinoline alkaloids);55 

• Khat alkaloids (extracted from the shrub Catha edulis, structurally related to the pyridine 

ester alkaloids evonine and maytoline);56 

• Muscarine alkaloids (a group of diastereoisomers extracted from poisonous mushrooms).57 
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Putrescine, spermidine and spermine alkaloids 

 

Figure 7-6: Examples of putrescine, spermidine and spermine alkaloids. 

 

These three aliphatic bases belong to the ubiquitously occurring biogenic amines; their derivatives 

are also widely distributed, but their occurrence becomes rarer with increasing structural 

complexity.58,59 

 

Peptide alkaloids 

 

Figure 7-7: Examples of peptide alkaloids. 

 

Some among them are classified as indole alkaloids (e.g. ergot alkaloids). They can be further 

divided into cyclic peptide alkaloid, embodying an ansa structure, and linear peptide alkaloids, 

formally derived from cyclic peptide alkaloids by scission of a bridge bond in an elimination 

reaction.60 

 

Terpene and steroid alkaloids 

They are characterised by a carbon skeleton biosynthetically derived from mevalonic acid. They 

can be furtherly divided into 4 categories: 
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Figure 7-8: Examples of terpene and steroid alkaloids. 

 

• Diterpene alkaloids (two large groups, containing either a C20 or a C19 skeleton, all derived 

from substituent variations of four basic skeletal types, (1) veatchine, (2) atisine, (3) 

lycoctonine and (4) heteratisine);61 

• Daphniphyllum alkaloids (about 40 alkaloids isolated from Daphniphyllum species, 

belonging to six different ring system types);62 

• Taxus alkaloids (roughly 50 alkaloids extracted from Taxus species, structurally defined as 

mono- or oligoesters of diterpene alkaloids);63 

• Steroid alkaloids (a class of compounds distinguished by their steroid skeletons in 

conjunction with one or more amine functionalities. N-atoms can be either a part of a ring, 

or attached to the main scaffold as side chains).64–66 

 

Dimeric alkaloids 

 

Figure 7-9: Examples of dimeric alkaloids. 
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In addition to monomeric alkaloids, dimeric, more rarely trimeric and in very few cases even 

tetrameric alkaloids are formed upon condensation of two, three, and four monomeric alkaloids. 

Dimeric alkaloids are usually formed from monomers of the same type; accordingly, dimeric 

bisindole, bisisoquinoline, bisisoquinolizidine alkaloids, and so on. The observed preference for 

combinations of similar ring system types may be at least partly explained by the composition of 

the “monomer” populations contained in each plant. This dimerization can occur through the 

following mechanisms:22 

• A Mannich reaction, resulting in, e.g., voacamine; 

• A Michael reaction (villalstonine); 

• A condensation of aldehydes with amines (toxiferine); 

• An oxidative addition of phenols (dauricine, turbocurarine); 

• A lactonization (carpaine). 

Heterodimeric alkaloids formed from two distinct monomers are nevertheless known; among 

them  the vinca alkaloids vinblastine and vincristine,67,68 which are formed from the coupling of 

catharanthine and vindoline.69,70 

 

7.1.2.4 Biosynthetic shape-classification of alkaloids  

Alkaloids are generally classified by their common molecular precursors, based on the biological 

pathway used to construct the molecule. From a structural point of view, alkaloids are divided 

according to shape, structure, and precursors - namely (1) true alkaloids, (2) protoalkaloids, and 

(3) pseudoalkaloids. True alkaloids and protoalkaloids derive from amino acids, whereas 

pseudoalkaloids are biosynthesized from other sources. 

 

True alkaloids  

 

Figure 7-10: Examples of true alkaloids. 

 

True alkaloids derive from amino acid and share a nitrogen-containing heterocyclic ring. Such 

alkaloids are highly reactive substances with biological activity even at low dosages, have a bitter 
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taste and appear as a white solid, with the exception of nicotine which is a brown liquid. Moreover, 

most of them are well-defined crystalline substances that unite with acids to form water-soluble 

salts. True alkaloids may occur in plants (1) as a free base, (2) as salts, and (3) as N-oxides. These 

alkaloids occur in a limited number of species and families, and result from the condensation of 

decarboxylated amino acids with a non-nitrogenous structural moiety. The primary amino acids 

precursors of true alkaloids are L-ornithine, L-lysine, L-phenylalanine/L-tyrosine, L-tryptophan, 

and L-histidine.32,71 Examples of true alkaloids include such biologically active alkaloids as cocaine, 

quinine, dopamine, morphine and usambarensine (Figure 7-10). True alkaloids can be natural, 

biomimic, bionic and synthetic alkaloids.  

 

Protoalkaloids  

 

Figure 7-11: Examples of protoalkaloids. 

 

Protoalkaloids are compounds in which the N atom derived from an amino acid is not part of the 

heterocyclic ring.25 Such alkaloids include compounds derived from L-tyrosine and L-tryptophan. 

Protoalkaloids are a minority of structurally simple alkaloids with a closed ring. Hordenine, 

mescaline (Figure 7-11), and yohimbine are good examples of these kinds of alkaloid. Chini et al. 

recently found stachydrine and 4-hydroxystachydrine, derived from Boscia angustifolia, a plant 

belonging to the Capparidacea family.72 These alkaloids have a pyrroline nucleus and are basic 

alkaloids in the genus Boscia, previously exploited by folk medicine in East and South Africa. Boscia 

angustifolia is used for the treatment of mental illness and occasionally to combat pain and 

neuralgia. Protoalkaloids can be either natural, biomimic, bionic, and synthetic alkaloids. 

 

Pseudoalkaloids  

 

Figure 7-12: Examples of pseudoalkaloids. 

 

Pseudoalkaloids are compounds whose basic carbon skeletons are not derived from amino acids.25 

In reality, pseudoalkaloids are connected with amino acid pathways, deriving from precursors or 

post-cursors (derivatives of the degradation process) of amino acids. They can also result from 

amination and transamination reactions of the different pathways connected with precursors or 

post-cursors of amino acids.71 These alkaloids can also be derived from non-aminoacid precursors. 
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The N atom is inserted into the molecule at a relatively late biosynthetic stage, for example, in the 

case of steroidal or terpenoid skeletons. Certainly, the N atom can also be provided by an amino 

acid source across a transamination reaction, if there is a suitable aldehyde or ketone. 

Pseudoalkaloids can be acetate-and phenylalanine-derived or terpenoid, as well as steroidal 

alkaloids. Examples of pseudoalkaloids include coniine, capsaicin, ephedrine, solanidine, caffeine, 

theobromine, and pinidine (Figure 7-12). Pseudoalkaloids can be natural, biomimic, bionic, and 

synthetic alkaloids. 

 

7.1.3 Distribution in nature 

Alkaloids are generated by various living organisms, especially by higher plants (about 10 to 25% 

of those contain alkaloids).73,74 Therefore, especially in the past, the term "alkaloid" was strongly 

associated with flora.22 

The alkaloid content in plants is usually within a few percent, and is inhomogeneous over the plant 

tissues. Depending on the type of plants, the maximum concentration is observed in leaves (black 

henbane), fruits or seeds (Strychnine tree), root (Rauvolfia serpentina) or bark (cinchona).75 

Furthermore, different tissues of the same plants may contain different alkaloids.74 

Besides plants, alkaloids are found in certain types of fungi, such as psilocybin in the fungus of the 

genus Psilocybe, and in animals, such as bufotenin in the skin of some toads22 and a number of 

insects, markedly ants.76 Many marine organisms also contain alkaloids.77 Some amines, such as 

adrenaline and serotonin, which play an important role in higher animals, are similar to alkaloids 

in their structure and biosynthesis and are sometimes considered alkaloids.73 

 

7.1.4 Myrioneuron alkaloids 

The Myrioneuron alkaloids are a small but growing group of plant metabolites which have a 

common biosynthesis starting from lysine.78 These alkaloids generally have a cis-

decahydroquinoline moiety embedded in their structures, and also incorporate 1,3-oxazine and/or 

1,3-diazine rings (Figure 7-13). These metabolites range from simple tricyclic systems like (+)-

myrioxazine A (1) and B (2),79 to tetracyclic compounds such as (-)-schoberine (3) and (+)-

myrionamide (4),80 pentacycles such as (+)-myriberine A (5)81 and the hexacyclic compound (+)-

myrobotinol (6).82 An architecturally pleasing feature of these molecules is the fact that they 

contain a series of tightly fused chair six-membered rings, as can be seen in the conformational 

depiction of (+)-myrobotinol (6). 
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Figure 7-13: Structures of some representative Myrioneuron alkaloids. 

 

Myrioneuron alkaloids display different types of biological activity. For example, (+)-myriberine A 

(5) was reported to effectively inhibit the hepatitis C virus.81 Moreover, some alkaloids, including 

an ester derivative of (+)-myrobotinol (6),82 show cytotoxicity against KB cells.81,83 (+)-

Myrioneurinol (7) showed only weak inhibitory activity against KB cells but does have moderate 

antimalarial activity against Plasmodium falciparum.84 

Relatively little synthetic work has appeared in this area to date. Bodo et al. described syntheses of 

both the natural and unnatural enantiomers of myrioxazines A and B.79 In addition, this group 

synthesized a similar tricyclic alkaloid, (−)-myrionine,79 from a myrioxazine A intermediate and 

converted myrionine into (−)-schoberine (3) as well as the closely related amidinium alkaloid (−)-

myrionidine.85 In 2009, Burrell and co-workers reported a total synthesis of racemic myrioxazine 

A.86 Shortly thereafter, the same group published an approach to a model compound incorporating 

the A/B/C-ring system of myrioneurinol.87 

 

7.1.5 Schoberine B 

A novel Myrioneuron alkaloid, schoberine B (7-1, Figure 7-14) was isolated from the aerial part of 

Myrioneuron faberi as an ultra-trace constituent (2 mg from 30 kg plant material).83 Schoberine B 

is the first example among lysine-derived alkaloids to possess a ring-free C5 fragment as a side 

chain. Its structure was elucidated using analyses of extensive NMR and MS spectra. Schoberine B 

was also evaluated in vitro against hepatitis C virus (HCV), showing a therapeutic index 

(CC50/EC50) higher than 36.2. 

 

 

Figure 7-14: Structure of Schoberine B. 
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Myrioneuron alkaloids comprise a family of fascinating lysine-based metabolites produced by 

plants of the genus Myrioneuron R. Br. (Rubiaceae).78,79, 81, 85,88–90 C5 units originating from lysine 

often incorporate into Myrioneuron alkaloids as building blocks, and construct intricate polycyclic 

ring systems (tricyclic-, tetracyclic-, pentacyclic-, hexacyclic-, and decacyclic-type).81,88–90 Besides 

their structural features, a number of these alkaloids show remarkable antimalarial,85 and good 

anti-HCV activities,89,90 and have attracted great organic synthesis interest.79, 85,86,91,92 The C5 

building blocks originating from lysine were produced after decarboxylation, oxidation, and 

cyclization procedures.93,94 Afterwards, these reactive C5 intermediates were incorporated into the 

ring systems of various Myrioneuron alkaloids.95  

A hypothetical biosynthetic pathway for Schoberine B is proposed in Scheme 7-1. The starting 

material for the Myrioneuron alkaloids biosynthesis was deemed to be lysine.79,85 The four C5 

building blocks a, b, c, and d could originate from lysine.88 The C10 intermediate 1a could result 

from the condensation between a and c, which could give the C15 intermediate 1bvia condensation 

with another molecule c. Then, 1b could be transformed into the C20 framework 1c through a 

Mannich reaction with b. Consequently, 7-1 could be reached after the selective reduction of 1c.  

 

 

Scheme 7-1: Biosynthetic pathway for Schoberine B. 

 

7.1.6 Dynamic resolution 

The importance of chirality is well recognised, mainly as all natural products are chiral and their 

physiological or pharmacological properties depend upon their recognition by chiral receptors, 

which will interact only with molecules bearing the proper absolute configuration.96 The use of 

chiral drugs in enantiopure form is now a standard requirement for virtually every new chemical 

entity, and the development of new synthetic methods to obtain enantiopure compounds has 

become a key goal for pharmaceutical companies. Indeed, the preparation of chiral compounds is 

an important and challenging area of contemporary synthetic organic chemistry.97 The broad 

utility of synthetic chiral molecules as single-enantiomer pharmaceuticals,98 in electronic and 

optical devices, as components in polymers with novel properties and as probes of biological 

function, has made asymmetric synthesis a prominent area of investigation.99 While tremendous 

advances have been made in asymmetric synthesis, either substrate-driven or catalytically induced 

resolution of racemates is still the most important industrial approach to the synthesis of 
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enantiomerically pure compounds. A kinetic resolution is defined as a process where the two 

enantiomers of a racemate are transformed into products at different rates.100–103 If a kinetic 

resolution is efficient, one of the enantiomers of the racemic mixture is transformed into the 

desired product, while the other is recovered unchanged in high enantiomeric excess (Scheme 

7-2). 

 

 

Scheme 7-2: Classical kinetic resolution. 

 

An intrinsic limitation of this approach is that the maximum yield of one enantiomeric product 

can never exceed 50%. This problem can be solved by a re-iterative process of enantiomer 

separation, racemization and KR, giving a theoretical yield of almost 100%. This overall process 

would allow the conversion of a racemic mixture into a single enantiomer through an in situ 

stereoinversion.  

In recent years, considerable efforts towards such a concurrent and non-sequential system have 

been made, primarily based on a biochemical method proposed by Dudley and Bius in 1973. They 

proposed that one enantiomer of 5-phenylhydantoin could undergo a ring-opening reaction, 

whereas the remaining enantiomer racemized either spontaneously and/or enzymatically in 

vivo.104 This concept was demonstrated, in 1989, as a ‘dynamic kinetic resolution (DKR)’ in the 2,2′ 

-bis(diphenylphosphanyl)-1,1′ -binaphthyl (BINAP)–Ru-catalysed hydrogenation of α-substituted 

β-keto esters.105 Over the last two decades, a large number of DKR processes have been developed 

for stoichiometric asymmetric reactions and asymmetric catalysis, using both chemical and 

biochemical catalysts, as well as many other related methodologies.106–109 These processes have 

been classified by Faber as DKR, dynamic thermodynamic resolution (DTR), dynamic kinetic 

asymmetric transformation (DYKAT), stereoinversion, cyclic deracemization and 

enantioconvergent transformations.110,111  

DKR is defined as an enantiomer-selective reaction accompanying racemization of a chiral 

substrate. The basic pattern of DKR, where each enantiomeric substrate SR and SS is transformed 

into the corresponding enantiomeric product (PR and PS) with the different rate constants kR and 

kS, respectively, is illustrated in Scheme 7-3. The simplest case involves the stereoselective 

synthesis of the enantiomeric products, PR or PS, when the stereomutation rate for S is sufficiently 

high with respect to the reaction rate (i.e. kinv > kR or kS); in principle, a second kind of asymmetric 

reaction can lead to enantiomerically pure PR or PS in 100% yield, rather than 50%, starting from 

racemic S (see Paragraph 7.1.7).110,112 
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Scheme 7-3: Dynamic kinetic resolution. 

 

The utility of DKR is not limited to the selective synthesis of enantiomers. When a reaction occurs 

with the generation of new stereogenic centre(s), the enantioselective synthesis of a diastereomer 

is possible (Scheme 7-4). In this particular case, SR is converted to diastereomers PRR and PRS (with 

a rate constant of kR), while SS reacts to give diastereomers PSR and PSS (with rate constant kS). This 

methodology can, under appropriate conditions, convert a racemic compound into one 

stereoisomer (out of a maximum of four stereoisomers).105  

 

 

Scheme 7-4: Enantioselective synthesis of diastereoisomer via DKR. 

 

This strategy can also be applied to complex reactions in which eight stereoisomeric outcomes are 

possible, provided that two new stereogenic centres are simultaneously created with a chiral 

substrate using a chiral reagent. The number of stereoisomers can generally be expressed by 2n 

(n>1), although n=1 or 2 is the more likely of these scenarios. The efficiency of such a DKR-based 

synthesis depends on the kinetic parameters of the parallel reaction (kR and kS) and racemization 

(kinv). This is determined not only by the structural parameters of the catalyst and substrate, but 

also by the conditions that facilitate or enforce in situ racemization of the chiral substrate. Here, 

examples of DKR have been classified into five categories according to the method of racemization: 

(i) tautomerization, (ii) internal motion (pyramidal inversion, and deformation and rotation), (iii) 

elimination–addition and addition–elimination, (iv) nucleophilic substitution and (v) 

miscellaneous. The representative equilibrium for each type of racemization is shown in Figure 

7-15. 

Tautomerism is represented by the keto–enol equilibrium, through which the stereochemistry of 

the α-position of an α-substituted carbonyl derivative (X: carbon, Y: oxygen and C: hydrogen) is 

inverted via the corresponding achiral enol form (see Figure 7-15a). The degree of internal motion 

is enhanced at higher temperatures, leading to the racemization of some chiral compounds (see 

Figure 7-15b). The stereogenic nitrogen atom of tertiary amines (X=nitrogen; A, B and C=different 

alkyl or aryl groups) can easily invert when vibrational deformation increases. Simple bond 

rotation also causes racemization of axially chiral biaryl compounds. The rotational barrier is 

dependent on steric and electronic factors of the substituents; A, B, C and D. An elimination–

addition process (Figure 7-15c) generally involves an intermolecular elimination of an AB molecule 
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from an enantiomeric substrate to give an sp2-hybridized prochiral intermediate. The re-addition 

of AB leads to the original racemic substrate. For example, hydrogen (H2) could be a representative 

AB molecule, leading to a redox process involving derivative combinations, such as alcohol–

ketone–alcohol and amine–imine–amine. In addition, hydrogen cyanide (HCN) and RSH have also 

been used as AB substitutes.113–116 An intramolecular elimination–addition sequence has also been 

used for this type of racemization. A Michael–retro-Michael sequence also belongs to this category. 

Chiral allenes can be racemized by addition–elimination sequence, in the opposite order from the 

others. The configuration of a chiral center is inverted via bimolecular nucleophilic substitution, 

as shown in Figure 7-15d. When the nucleophile and leaving group are identical, racemization 

clearly occurs. For example, within a Payne-type rearrangement, isomerization of 2,3-

epoxyalcohols or its derivatives inverts the C(2) configuration, which can lead to racemization.  

 

 

7.1.7 Mathematical expression 

The DKR of chirally unstable racemic substances represents a viable strategy for obtaining chiral 

compounds of high enantiomeric purity in high yield. In addition to the appropriate molecular 

Figure 7-15: Classification of DKR. (a) Tautomerization; (b) pyramidal inversion, deformation and 
rotation; (c) elimination–addition and addition–elimination; (d) nucleophilic substitution. 
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recognition between catalyst and substrate, the selection of suitable reaction conditions is 

imperative for achieving a highly efficient process. Optimization of conditions for improving the 

selectivity generally requires an empirical approach. In this context, an appraisal system based on 

mathematical formulation and graphic display is particularly useful in determining the ideal 

conditions for stereoselective synthesis, or for improving the efficiency on demand.105,117 Among 

many possible kinetic models for DKR, the simplest and most basic framework is depicted in 

Scheme 7-3, where SR and SS are stereospecifically converted to PR and PS, respectively.118. In this 

model: 

• reactions of SR and SS, with rate constants kR and kS, and stereoinversion of the substrate 

(kinv) proceed by first or pseudo-first-order kinetics; 

• SR reacts faster than SS, and hence, PR is the prevailing enantiomeric product; 

• SR and SS racemize with the same rate constant; 

• the reaction is irreversible, and PR and PS are stable under the reaction conditions. 

Assuming these four conditions, the rate of consumption of SR and SS can be expressed as 

−
𝑑[𝑆𝑅]

𝑑𝑡
= (𝑘𝑅 + 𝑘𝑖𝑛𝑣)[𝑆𝑅] − 𝑘𝑖𝑛𝑣[𝑆𝑆] 

and 

−
𝑑[𝑆𝑆]

𝑑𝑡
= (𝑘𝑆 + 𝑘𝑖𝑛𝑣)[𝑆𝑆] − 𝑘𝑖𝑛𝑣[𝑆𝑅] 

respectively, as SR is consumed with rate constants kR and kinv, supplied from SS with constant kinv. 

The mathematical treatment of the two equations gives the concentration of each component, SS, 

SR, PS and PR, as a function of time with the parameters kR, kS and kinv. Therefore, the selectivity 

profile, 

𝑒𝑒𝑃(𝑡) =  
(𝑃𝑆(𝑡) − 𝑃𝑅(𝑡))

(𝑃𝑆(𝑡) + 𝑃𝑅(𝑡))
 

as enantiomeric excess of product, and 

𝑐𝑜𝑛𝑣𝑛(𝑡) =  
(𝑃𝑆(𝑡) + 𝑃𝑅(𝑡))

(𝑆𝑅(0) + 𝑆𝑆(0))
 

as conversion is also expressed. 

Experimental determination of the kR/kS and kinv/kS ratios allows for a time-parametric graphical 

representation of, for example, the convn(t)/eeP(t) relationship in a given DKR (see Scheme 7-3). 

Figure 7-16 graphically illustrates the relationship in virtual DKR processes with kR/kS =95/5 and 

some kinv/kS ratios. The kR/kS ratio is nearly identical with the PR/PS ratio at an early stage of the 

reaction, and the kinv/kS ratio is determined by using an equation, 

𝑘𝑖𝑛𝑣

𝑘𝑆
=  

(
𝑘𝑅
𝑘𝑆

) 𝑒𝑒𝑃(100)

{(
𝑘𝑅
𝑘𝑆

− 1) − 𝑒𝑒𝑃(100) (
𝑘𝑅
𝑘𝑆

+ 𝑒𝑒𝑃(100))}

 

which uses experimentally available values, kR/kS and eeP(100).  

Under ideal conditions, where the stereoinversion is infinitely faster than the reaction (kinv ≫ kR 

and kS) and the Curtin–Hammett principle safely applies, SR and SS are present in equal amounts 

at any given conversion and the kR/kS ratio is equivalent to the product ratio, realizing 

eeP(0)=eeP(100). In reality, however, the final PR/PS ratio at 100% conversion or eeP(100) deviates 

from the initial values as illustrated in Figure 7-16 (kinv/kS =100 vs 0.1). The above equation 
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correlates with the degree of this deviation. The mathematical expression also holds for the 

reaction given in Scheme 7-4 simply by introducing w, x, y and z partition coefficient parameters 

for the four stereoisomers, PRR, PRS, PSR and PSS, where SR and SS are assumed to be present in equal 

amounts at any given time (ideal conditions).119 Similarly, except for the use of PRR(t)+PRS(t) and 

PSR(t)+PSS(t) instead of PR(t) and PS(t), the quantities SR, SS, PRR, PRS, PSR and PSS are now represented 

by time-dependent functions using w, x, y, z, kR/kS and kinv/kS as parameters, enabling the 

simulation of any selectivity profile of Scheme 7-4.  

 

 

Values w to z can be determined through two experiments. First, the PRR/PRS and PSR/PSS ratios, at 

any conversion, of a reaction performed with an enantiomerically pure catalyst simply correspond 

to the w/x and y/z ratios, respectively. Secondly, (w+z)/(y+x) is equivalent to the 

diastereoselectivity, (PRR+PSS)/(PSR +PRS), obtainable by the use of a racemic catalyst. Such a mutual 

KR condition gets close to ideal where the concentrations of SR and SS remain equal throughout 

the reaction. As w+x+y+z=1, these three experimentally obtained values lead to the four partition 

coefficients. With these values, the kR/kS ratio is calculated as (w+x)/(y+z). Substitution of the kR/kS 

value into (kR/kS)eeP(100)/{(kR/kS−1)−eeP(100) (kR/kS+eeP(100))} gives the kinv/kS ratio. 

Furthermore, the w, x, y and z values quantify the catalyst control (i.e. Ccat, the ability of a catalyst 

to differentiate the hypothetical enantiofaces of the substrate) and substrate control (i.e. Csub, 

diastereoselectivity of reaction between the chiral substrate and a hypothetical achiral catalyst) via 

(wy/xz)1/2 and (wz/xy)1/2, respectively. In the asymmetric reaction of a chiral substrate with a chiral 

catalyst (or reagent), the stereoselectivity is often presumed to be the combined effects of Ccat and 

Csub. These values, together with the kinv/kS and kR/kS ratio, increase our understanding of the 

selectivity profile of a given DKR-based asymmetric reaction. The relationship of kinv/kS, kR/kS and 

SEL(100) (defined as PRR/(PRR+PRS+PSR+PSS) at 100% conversion) is illustrated in Figure 7-8 using 

a 3D graph. In this instance, although the stereochemical factors Ccat and Csub are quite high (i.e. 

10), the picture indicates that the stereoselective formation of PRR requires further optimization. 

The top corner denotes the ideal situation (%SEL(100)=98.0) obtained with kR/kS=100 and 

kinv/kS=1000, while the front corner is the worst-case scenario (%SEL(100)=49.5) where kR/kS=1 

and kinv/kS=0.01.  

The mathematical expression makes it possible for the organic synthetic chemist to evaluate a DKR 

process using a simple set of experiments, thereby providing a guideline for improving efficiency. 

Figure 7-16: Enantiomeric purities of the product as a function of 
conversion with kR/kS =95/5 with various kinv/kS ratios. 
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The validity of this approach is demonstrated by a correlation between the experimental and 

simulated results in the BINAP–Ru-catalysed hydrogenation of stereochemically labile ketonic 

substrates.106,118,119 More detailed quantification of a variety of DKR or DKR-related systems have 

been reported in literature.117 

 

 

7.1.8 DKR-Related Methods  

An enantiomer-selective reaction accompanied by in situ stereoinversion of the racemic substrate 

generates a non-racemic product. Theoretically, this process can give 100% yield without 

repetition of sequential processes, such as separation of the slow-reacting enantiomer, 

racemization and KR. Over the past decade, the number of examples utilizing DKR has increased 

due to the use of a variety of racemization techniques. The efficiency of these processes can be 

evaluated by analysing kR/kS, kinv/kR, w, x, y and z values as described in Paragraph 7.1.7. The 

kinetic schemes for transformation of a racemic substrate to a non-racemic product are, however, 

not limited to the DKR schemes shown in Scheme 7-3. As previously anticipated, Faber has 

classified strategies other than DKR into six different patterns: 1) DYKRT of two diastereomeric 

intermediates; 2) DYKRT through a single enantiomeric intermediate; 3) DTR of two 

diastereomeric intermediates; 4) stereoinversion; 5) cyclic deracemization; and 6) 

enantioconvergent transformation.110,111  

 

7.1.8.1 DYKAT of two diastereomeric intermediates 

Two enantiomers of the starting material (SR, SS) are subjected to the action of a chiral catalyst 

(C*), forming diastereomeric complexes SRC* and SSC*. The latter intermediates are 

configurationally stable on the time scale of the subsequent reaction forming final products PR and 

PS. To this point, the whole process would constitute of a kinetic resolution. This “static” system 

can be made “dynamic”, if an equilibration of intermediates SRC* and SSC* via SC* is taken into 

account and, as a consequence, a 100% theoretical yield of a single stereoisomer (PR) can be 

Figure 7-17: 3D-graphic demonstration of the relationship of kinv/kS, kR/kS, and 
SEL(100) with Ccat = 10 and Csub = 10. 
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envisaged. In these processes, the selectivity depends not only on the ratio of kC*R/kC*S, but also on 

the relative population of the (diastereomeric) intermediates SRC* and SSC*.120,121 The latter is 

determined by a) the relative rate of formation (kRC*/kSC*) and b) the (unequal) interconversion 

(kRC*C*/kSC*C*) through a single enantiomeric intermediate SC*.  

 

 

Despite some similarities to dynamic (kinetic) resolution, these systems show some distinct 

differences which are:  

• The SRC* and SSC* species are diastereomers (rather than enantiomers) and the 

intermediate SC* during equilibration is chiral (rather than achiral);  

•  As a consequence, kRC*C* and kSC*C* are not equal and the interconversion between SRC* 

and SSC* reflects epimerization (rather than racemization). Since these facts determine the 

relative (unequal) population of intermediates SRC* and SSC*, the kinetics of a dynamic 

(kinetic) resolution developed by Noyori et al. do not apply;122,123  

• In contrast to dynamic (kinetic) resolution, which generally depends on two different 

catalysts, only a single catalytic species is active in DYKAT. 

 

7.1.8.2 DYKAT through a Single Enantiomeric Intermediate  

This asymmetric transformation includes neither racemization nor epimerization. Both 

enantiomeric substrates, SR and SS, are converted to a single enantiomeric intermediate I*, having 

two diastereotopic reaction sites through the interaction with a chiral catalyst or reagent. 

Selectivity is determined only by the rate ratio in the two reaction pathways to PR and PS, while the 

rate of formation of I* from SR and SS and their equilibrium affect only the overall rate of the 

reaction; Scheme 7-6 shows a typical example.124 A chiral Pd complex reacts with racemic 2-

cyclohexenyl acetate to form a chiral π-allyl intermediate, in which the stereogenic centre of the 

substrate is lost. The reaction with a lithium salt of dimethyl malonate gives the alkylated malonate 

in 91% yield and 98% ee. 

Scheme 7-5: Dynamic (Kinetic) Asymmetric Transformation. 
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7.1.8.3 DTR of Two Diastereomeric Intermediates  

At first glance, strategy 3 is not easily discriminated from that of strategy 1, involving a DKR of two 

diastereomeric intermediates (Scheme 7-5). In both cases, the diastereomeric intermediates, 

generated from SR and SS using a chiral catalyst, are in equilibrium and undergo epimerization. 

When the equilibration is sufficiently fast in comparison to the subsequent reaction rate, the 

kinetic scheme of strategy 1 is fulfilled. Selectivity depends on the rate ratio and the concentration 

ratio of the diastereomeric intermediates. By contrast, the intermediates in strategy 3 are 

configurationally stable within the time scale of the subsequent reaction. Therefore, when the rates 

are not significantly different, selectivity is controlled mainly by the relative population of the two 

intermediates. An illustrative example of this strategy is shown in Scheme 7-7.125 When the dilithio 

species is exposed to (−)-sparteine, diastereomeric complexes are formed. Nucleophilic 

substitution with TMSCl provides the benzylsilane product with enantiomeric ratios that 

significantly depend on the reaction temperature. At −78°C, the enantiomeric ratio of the (R)-/(S)-

benzylsilane product increased from 56:44 to 92:8 when the reaction was carried out initially at 

−78°C, warmed to −25°C and then cooled to −78°C before addition of the electrophile. This change 

in enantiomeric composition is best understood in terms of DTR of two diastereomeric 

intermediates.126 

 

 

Scheme 7-6: Example of DYKAT. 

Scheme 7-7: Example of dynamic thermodynamic resolution. 
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7.1.8.4 Stereoinversion  

Although the transformation from SR+SS to 2SR (or 2SS) is energetically unfavourable due to 

entropy, the reaction can proceed if the stereochemistry of one enantiomer SR (or SS) is specifically 

inverted to SS (or SR) via a chemically stable achiral or prochiral intermediate. For example, 

Geotrichum candidum IFO 5767 can convert a racemic mixture of 1-phenylethanol in water to the 

(R)-enantiomer in 96% yield after 24 h (Scheme 7-8).127 It is interesting to note that oxidation to 

prochiral acetophenone occurs in an extremely poor 4% yield. Recovered 1- phenylethanol was 

shown to be a 99.5:0.5 mixture of the (R)- and (S)-enantiomers. The origin of irreversibility, which 

provides the driving force to overcome the entropy balance, is still unknown. 

 

 

7.1.8.5 Cyclic Deracemization  

An example of this technique is shown in Scheme 7-9, where a chemoenzymatic 

enantiomerization occurs through the involvement of enantiomer-selective oxidation and non-

selective hydride reduction.128 It has been shown that one enantiomer of a racemic sec-amine can 

be enantiospecifically oxidized by an enzyme, giving an achiral intermediary imine. This is 

simultaneously reduced to the racemic starting amine in a non-selective manner. Repetition of the 

sequence leads to an overall chiral inversion of the faster-reacting enantiomer to the slower 

reacting enantiomer to give the final product in 100% theoretical chemical and optical yields. 

 

Scheme 7-8: Example of stereoinversion. 

Scheme 7-9: Example of cyclic deracemization. 
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7.1.8.6 Enantio-Convergent Transformation  

This process only becomes possible when both enantiomers are converted by two independent 

enantioselective reactions to the same enantiomeric product. Both pathways must exhibit an 

opposite sense of enantioselectivity. For example, as shown in Scheme 7-10, whole-cell microbial 

transformation of a racemic epoxide using two different organisms, each harbouring a hydrolase 

that performs the enantioselective hydrolysis of the epoxide ring (with opposite stereocontrol), 

gives a single enantiomeric 1,2-diol as the sole product in high yield with excellent enantiomeric 

excess.129 

 

  

Scheme 7-10: Example of enantio-convergent transformation. 
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7.2 Chemistry 

7.2.1 Aim of the project 

The work described in this chapter was performed during the four months (April-July 2019) that I 

spent abroad at the Universitat de Barcelona, under the supervision of Prof. Mercedes Amat.  

This research group is known for its work in the field of total synthesis of natural alkaloids, in 

particular presenting a decahydroquinolinic core.130–135 In recent works, the Amat’s group described 

the stereoselective synthesis of tricyclic lactams, derived from (R)-phenylglycinol, as chiral 

scaffolds for the preparation of enantiopure C-5 and C-6 substituted cis-decahydroquinolines. 136,137 

Thus, the main objective of the work described in this chapter concerned the total synthesis of the 

decahydroquinolinic natural alkaloid Schoberine B (Figure 7-18), starting from a mixture of 

diastereomeric tri-substituted cyclohexanones and taking advantage of dynamic kinetic resolution. 

in order to do so, it was necessary to further explore the key reaction involved in this dynamic 

resolution, that is a cyclocondensation between said mixture of cyclohexanones and enantiopure 

aminoalcohols.  

Thus, the specific goals of this work were: 

• A methodological study of the cyclocondensation reaction, testing differently substituted 

cyclohexanones and chiral aminoalcohols to investigate the efficacy of the dynamic 

resolution and define the best reaction conditions. Differently substituted cyclohexanones 

were thus synthetized in a non-stereoselective fashion, and their cyclocondensation was 

studied using as chiral inducers both (R)-(−)-2-phenylglycinol and (1S,2R)-(−)-cis-1-amino-

2-indanol. The obtained tricyclic lactams were then further modified to obtain 

decahydroquinolines that were characterised to verify the stereochemical outcome of the 

overall process (Scheme 7-11); 

 

 

Scheme 7-11: Synthesis of deacahydroquinolines via tricyclic lactams. 

 

• To plan and start working towards the total synthesis of Schoberine B, taking advantage of 

the results from the methodology study (Figure 7-18).  

 

 

Figure 7-18: Structure of target Schoberine B. 
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7.2.2 Previous work in Amat’s research group 

The development of new and efficient methodologies for the generation or two or more stereogenic 

centers with high diastereo- and enantioselectivity in a single synthetic step is one of the most 

challenging subjects in organic synthesis, particularly in the field of bioactive natural or synthetic 

products. The preparation of a single enantiomer from a racemate may be achieved via a 

conventional resolution, or by exploiting the differences in reactivity (kinetic resolution). Although 

enzyme-catalysed kinetic resolution of racemates has become a classical approach for the synthesis 

of enantiopure compounds,138 it suffers, like conventional resolution processes, from the drawback 

that the maximum yield of one enantiomer is always limited to 50%. This situation dramatically 

changes when the racemic substrate, or the two diastereomers resulting from the initial reaction 

with a chiral reagent have a chirally labile stereogenic center capable of undergoing in situ 

racemization139 or epimerization during the reaction to form a chirally stable 4 enantiopure 

product in up to 100% chemical yield (dynamic kinetic resolution).140,141  

Although these processes represent a viable and useful tool for preparing enantiopure chiral 

compounds, they have been scarcely used in synthetic sequences due to the structural restrictions 

imposed by the substrate. When the reaction involves the generation of additional stereogenic 

centers, this methodology can convert a racemic compound into one of several possible 

enantiopure stereoisomers. On the other hand, although enzyme-mediated desymmetrizations of 

prochiral or meso substrates, generally diesters, also constitute classical approaches for the 

synthesis of enantiopure compounds and have become powerful synthetic tools,142 the chemical, 

non-enzymatic, differentiation of two enantiotopic functional groups is still poorly developed in 

spite of the impressive advances in this field over the last years. Since a piperidine ring is the central 

structure of many biologically active alkaloid natural products33 and therapeutic agents, much 

effort has been devoted in Prof. Amat’s research group to the development of general methods and 

strategies for the enantioselective synthesis of piperidine derivatives.143 

Since the final aim is their application to the total synthesis of natural products, it is important to 

have access to scaffolds as diversely functionalized as possible. At first, a variety of 

oxazolopiperidone-based bicyclic lactams have been easily synthetized in a single step by 

cyclocondensation of methyl 5-oxopentanoate and enantiopure aminoalcohols.144,145 These 

enantiomeric scaffolds, identified as “first-generation oxazolopiperidone lactams”, allow the regio- 

and stereocontrolled introduction of substituents at different positions of the piperidines ring, 

thanks to their tactical functionalization and conformational rigidity (Scheme 7-12).  

 

 

Scheme 7-12: First generation oxazolopiperidone lactams. 

 

Although these “first-generation oxazolopiperidone lactams” gave excellent results from a 

stereochemical point of view, access to enantiopure complex piperidines had two considerable 

drawbacks: 1) the step-by-step introduction of the substituents and 2) the impossibility to 
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introduce functionalization of piperidines at the C-5 position. Hence, a more straightforward 

procedure for the synthesis of enantiopure polysubstituted piperidines needed to be developed, 

involving the direct generation of chiral nonracemic oxazolopiperidone lactams that already 

incorporate carbon substituents at different positions of the heterocyclic ring. In these cases, the 

preferred generation of one of the possible diastereoisomers of the corresponding bicyclic lactam 

during the cyclocondensation reaction involves a dynamic kinetic resolution and/or the 

differentiation of the enantiotopic/diastereotopic acetate or propionate chains (Scheme 7-13). 

 

 

Scheme 7-13: Second generation oxazolopiperidone lactams. 

 

My contribution is part of this investigation towards the synthesis of more complex scaffolds, 

namely synthetized from a diastereomeric mixture of tri-substituted cyclohexanones to obtain 

target bis-substituted enantiopure decahydroquinolines (Scheme 7-4Scheme 7-14). 

 

 

Scheme 7-14: Proposed mechanism for the synthesis of target enantiopure decahydroquinolines. 
 

An initial step involves the generation of enamine B, which is in equilibrium via enamines C and 

D with 16 diastereomeric oxazolidines E. The final irreversible lactamization occurs through a 

chair-like six-membered transition state, in which the propionate chain avoids repulsive 

interaction with the substituent at the carbocyclic ring and the C6H5 group. It should be noted that 
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no lactams with trans ring fusion are detected by any chance. According to computational studies 

on said transition state, it should be possible, starting from 8 diastereomeric cyclohexanones, to 

obtain only two enantiopure decahydroquinolines out of the 16 that could theoretically result 

(Scheme 7-18).  

 

7.2.3 Synthesis of trisubstituted cyclohexanones 

The three differently trisubstituted cyclohexanones that were prepared in a non-stereoselective 

manner to investigate the cyclocondensation reaction are reported in Figure 7-19. 

 

 

Figure 7-19: Structure of trisubstituted cyclohexanones 7-2a-c. 

 

Note that each of them carries a carbonyl chain that is necessary for the cyclocondensation 

reaction, and that all reactions performed to obtain these compounds were non-stereospecific, that 

is, products were obtained as a mixture of all possible stereoisomers (8 in total). 

In particular, methyl ester 7-2a and its corresponding carboxylic acid 7-2b were obtained starting 

from commercially available 4-methyl cyclohexanone through a first introduction of the carbonyl 

chain alkylating the corresponding enamine of 7-3 with methyl acrylate (step a, Scheme 7-15). 

Then, a fourth ring substituent is introduced by another α-alkylation using methyl iodide, leading 

to target mixture of diastereo-cyclohexanones 7-2a (step b, Scheme 7-15). This compound was 

finally hydrolysed in KOH to obtain the corresponding free carboxylic acid 7-2b (step c, Scheme 

7-15).  

 

 
Scheme 7-15: Synthesis of cyclohexanones 7-2a and 7-2b. 

 

Regarding cyclohexanone 7-2c, it was synthetized in poor yields through an α-alkylation with 

methyl iodide on commercially available bis-substituted cyclohexanone 7-5 (Scheme 7-16). 



468 

 

Scheme 7-16: Synthesis of target cyclohexanone 7-2c. 

 

Once trisubstituted cyclohexanones 7-2a-c were synthetized, they were used to investigate the 

cyclocondensation reaction, in particular the efficiency of the dynamic resolution. As previously 

anticipated, the reaction involves the reaction of a substituted cyclohexanone with an enantiopure 

aminoalcohol in the presence of an acidic catalyst.  

The purpose of this methodology screening was both to identify the best reaction conditions and 

to verify on a simpler scaffold than Schoberine B the stereochemical outcome of the process. 

To do so, the reaction was performed with commercially available chiral aminoalcohols (R)-(−)-2-

phenylglycinol and (1S,2R)-(−)-cis-1-amino-2-indanol; the reaction was carried out in the presence 

of either AcOH or pTsOH to hydrolyze the methyl ester on the propionate chain, or in their 

absence when the carboxylic acid was used, and in toluene or benzene as solvent (Scheme 7-17). 

The results obtained are reported in Table 7-1. 

 

 

Scheme 7-17: Synthetic strategy used in the methodological study. 

 

All reactions were carried out at reflux in the presence of a Dean-Stark apparatus, in order to 

remove the water formed from the condensation. Almost all attempts gave, out of the obtainable 

16 stereoisomers, only the two products 7-6 (7-7) and 7-6’ (7-7’) shown in Scheme 7-17. Only in 

one case we were able to find traces of another diastereoisomer 7-6’’ (entry 4, Table 7-1), or to 

recover unreacted starting material (entries 1 and 2, Table 7-1), probably due to shorter reaction 

times. Both chiral inducers led to the formation of the expected products, but while the 

diastereomers presenting phenylglycinol as chiral inducer could be separated by silica 

chromatography, the ones bearing aminoindanol were unfortunately present as an inseparable 
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mixture, their separation being possible only after the reduction step. The reaction was effective 

also in the absence of the catalyst (entries 3 and 4), while unexpectedly the presence of pTsOH 

prevented the formation of the products. As to the solvents, reactions carried out in benzene seem 

to provide better yields. Overall, similar results were obtained using the two chiral inducers, while 

benzene was identified as the best solvent. 

 
Table 7-1: Reaction conditions relative to Scheme 7-17. 

  Chiral inducer Solvent Acid 7-6/7-7 7-6’/7-7’ other 

1 7-2a1 (R)-(−)-2-phenylglycinol Toluene AcOH 27% 23% 31%(7-2a) 

2 7-2a11 (R)-(−)-2-phenylglycinol Benzene AcOH 39% 27% 26%(7-2a) 

3 7-2b2 (R)-(−)-2-phenylglycinol Toluene - 26% 34% - 

4 7-2b2 (R)-(−)-2-phenylglycinol Benzene - 26% 21% 5%(7-6’’) 

5 7-2a2 (R)-(−)-2-phenylglycinol Toluene pTsOH - - - 

6 7-2a2 (R)-(−)-2-phenylglycinol Benzene pTsOH - - - 

7 7-2c2 (R)-(−)-2-phenylglycinol Benzene AcOH 34% 44% - 

8 7-2a2 (1S,2R)-(−)-cis-1-amino-2-indanol Toluene AcOH 52% - 

9 7-2a2 (1S,2R)-(−)-cis-1-amino-2-indanol Benzene AcOH 66% - 

10 7-2b2 (1S,2R)-(−)-cis-1-amino-2-indanol Toluene - 67% - 

11 7-2b2 (1S,2R)-(−)-cis-1-amino-2-indanol Benzene - 73% - 

1 only one addition of the chiral inducer (after 24h), total time of reflux 48h. 
2 three additions of the chiral inducer (after 24, 48 and 55h), total time of reflux 72h. 

 

As already discussed, the selective formation of these two products is due to the irreversible 

lactamization step that takes place under kinetic control, selectively providing the isomers that are 

formed faster. 

The transition states for the cyclocondensation reaction are shown in Scheme 7-18: A dynamic 

kinetic resolution, with isomerization of the configurationally labile stereocenters, takes place. 8 

TS‡ cannot proceed since they would give a trans-fused cycle, which was never obtained. Among 

the remaining products that could be formed (A,B,F,E,I,K,N,P), A and N are the preferred ones as 

they give the most stable chair, where all substituents are in equatorial position. Actually, as can 

be seen from experimental results (Scheme 7-17), these predictions were confirmed. 
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Scheme 7-18: Transition states involved in the cyclocondensation reaction. 
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The relative stereochemistry of the obtained tricyclic lactams was determined by NOESY 

experiments. As a last step, we decided to remove the chiral auxiliary to obtain the target 

decahydroquinolines (Scheme 7-19). 

 

 

Scheme 7-19: Synthesis of target decahydroquinolines. 

 

In this sequence we performed a reduction with alane on lactam 7-6a to obtain the opening of the 

oxazolidine ring with retention of configuration at C-8a and simultaneous reduction of the lactam 

(step a, Scheme 7-19). Then, a hydrogenation using Pd(OH)2 with N-Boc protection led to the 

formation of desired targets 7-9a (step b, Scheme 7-19). This route was performed on both 

compounds 7-6a and 7-6’a to obtain enantiomers  7-9a and 7-9’a. 

A similar procedure was applied to lactams 7-7a and 7-7a’, obtained as an inseparable mixture by 

silica chromatography. The same reduction with alane was performed to obtain diastereomers 7-

10a and 7-10’a (Scheme 7-20). 

 

 

Scheme 7-20: Synthesis of indanol-decahydroquinolines 7-10a and 7-10’a. 

 

Luckily, these diastereomers were easily separated by silica chromatography. The last steps that 

should be performed on compounds 7-10a and 7-10’a are their hydrogenation and Boc-protection, 

to obtain once more enantiomers 7-9a and 7-9’a.  
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Scheme 7-21: Planned synthesis for compounds 7-9a and 7-9’a. 

 

7.2.4 Retrosynthesis of Schoberine B 

In the meantime, we considered different approaches for the synthesis of Schoberine B. Our 

proposed retrosynthesis is reported in Scheme 7-22. 

 

 

Scheme 7-22: Proposed retrosynthesis for Schoberine B. 

 

Target Schoberine B (7-1) should be obtained from an intramolecular condensation reaction 

between the valerolactam moiety and the decahydroquinolinic amine in 7-11, followed by a 

reduction of the formed double bond. The valerolactam moiety could derive from a nucleophilic 
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substitution on the hydroxyl group of 7-12, that could derive form the removal of the chiral inducer 

present in tricyclic lactam 7-13, followed by a N-Boc-protection. At last, as already seen in Scheme 

7-17, the tricyclic lactam could be obtained from the cyclocondensation of trisubstituted 

cyclohexanone 7-14 with phenylglycinol. 

The first building block to be synthetized is trisubstituted cyclohexanone 7-14. As discussed before 

in Paragraph 7.2.3, the cyclohexanone should be synthetized as a mixture of 8 diastereomer, that 

will be resolved in the cyclocondensation step. 

However, the synthesis of target trisubstituted cyclohexanone 7-14 resulted to be more challenging 

than we thought. Scheme 7-23 reports some of our synthetic efforts towards its preparation. 

 

 

Scheme 7-23: Initial attempt towards the synthesis of 7-14. 

 

At first we started from ethyl-4-oxocycloexane carboxylate 7-15 and protected its ketone as an 

acetal (step a, Scheme 7-23) in order to selectively reduce its ester moiety using LiAlH4 (step b, 

Scheme 7-23). We then deprotected the ketone moiety of intermediate 7-17 and tried to protected 

the resulting alcohol as a benzyl (step d, Scheme 7-23). Unfortunately, the reaction didn’t give the 

expected results; moreover, since work-up of compound 7-19 resulted particularly difficult we 

decided to slightly modify the synthetic route, as shown in Scheme 7-24. 

 

 

Scheme 7-24: Second attempt towards the synthesis of 7-14. 
 

We switched the order of deprotection-protection steps on 7-17 (step a and b, Scheme 7-24). We 

managed to obtain target O-protected compound 7-19, on which preliminary functionalization 

attempts in position 2 were unsuccessful. We couldn’t understand if the problem was in the 

formation of compound 7-22 or in the formation of the imine (step c, Scheme 7-24). In fact, we 

couldn’t follow the reaction by TLC because of instability in acidic media of intermediate 7-21, and 

because its 1H-NMR of compound wasn’t diagnostic. 
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Scheme 7-25: Third attempt towards the synthesis of 7-14. 

 

In the meantime, we tried to introduce first the propionate chain, needed for the 

cyclocondensation (Scheme 7-25). In order to do so, starting from protected 4-

hydroxymethylcyclohexanone 7-19 we synthetized its silyl enol ether (step a, Scheme 7-25) and we 

reacted it with Eschenmoser’s salt to obtain 7-24 in excellent yields. However, we failed introduce 

the carboxylic moiety (step c, Scheme 7-25), obtaining from the reaction only starting material 

and a mixture of uncharacterizable products. 

 

 

Scheme 7-26: Last attempt towards the synthesis of 7-14. 

 

The last approach we were able to try during my stay was to start by introducing directly the chain 

in position 4 of the cyclohexanone ring. To do so, we performed a Wittig reaction on protected 4-

hydroxyciclohexanone 7-26 (step a, Scheme 7-26). We tried using KOtBu, BuLi and NaH as bases, 

with only the latter providing good results; then, we deprotected the acetal in acidic conditions in 

a one pot reaction protocol, and we isolated the carboxylic acid 7-27. Finally, its methyl ester (step 

b, Scheme 7-26) was synthesized in standard conditions. At this stage of the planned synthesis of 

7-14, my period in Barcelona came to an end. 

From here, it will be necessary to introduce the 2- and 6-chains and to perform the 

cyclocondensation reaction, taking advantage of the methodological study we completed. The 

tricyclic lactam will be then further functionalized, to obtain target compound Schoberine B. 

 

7.3 Conclusions 

During the four months I spent in Prof. Amat’s research group I focused my efforts towards the 

total synthesis of the natural alkaloid Schoberine B, taking advantage of dynamic kinetic 

resolution. The key step of the conceived synthetic pathway is a cyclocondensation reaction, that 
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should allow the transformation of a diastereomeric mixture of trisubstituted cyclohexanones in a 

couple of enantiopure tricyclic lactams.  

At first, I performed some methodology studies to identify the best reaction conditions for said 

reactions, trying the cyclocondensation on different substrates and with the help of either (R)-(−)-

2-phenylglycinol and (1S,2R)-(−)-cis-1-amino-2-indanol as chiral inducers. I managed to obtain 

target decahydroquinolines in good yields. 

Then, I started to investigate possible synthetic pathways towards the proper synthesis of 

Schoberine B. Due to some difficulties we faced with some of our proposed synthetic pathways, I 

was only able to validate the strategy up to the introduction of substituents on cyclohexanone 

rings, in order to obtain intermediate 7-14 that should undergo the cyclocondensation reaction in 

the same reaction conditions we studied earlier.  
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7.4 Experimental part 

7.4.1 Chemistry 

Synthesis of methyl 3-(3,5-dimethyl-2-oxocyclohexyl)propanoate 7-2a 

 

1M LiHMDS in THF (10.1 mL, 10.1 mmol) was added dropwise to a stirred solution of 7-4 (2.00 g, 

10.1 mmol) in dry THF (23 mL) at -78°C under nitrogen atmosphere, and the reaction was left 

stirring for 1 h. Then, MeI (3.14 mL, 50.5 mmol) was added dropwise, the mixture was left stirring 

15 min at -78°C and then at rt overnight. The reaction was quenched with sat. aqueous NH4Cl (15 

mL) and the aqueous phase was extracted with AcOEt (3 x 15 mL). The resulting crude was purified 

by flash chromatography, (silicagel, eluent mixture 95:5 n-hex/AcOEt) to obtain target product 7-

2a (0.904 g, 4.26 mmol, 39% yield) as a colourless oil containing an inseparable diastereomeric 

mixture. Residual starting material 7-4 was also recovered (0.546 g, 2.75 mmol). 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 3.66 (s, 9H), 2.66-2.51 (m, 4H), 

2.49-2.26 (m, 8H), 2.20-2.11 (m, 2H), 2.07-1.95 (m, 6H), 1.94-1.82 (m, 

3H), 1.80-1.70 (m, 1H), 1.67-1.58 (m, 4H), 1.58-1.42 (m, 6H), 1.25 (d, J = 7.2 

Hz, 3H), 1.20 (d, J = 7.4 Hz, 3H), 1.00 – 0.95 (m, 12H) (diastereomeric 

mixture). 

 

Synthesis of ethyl 3-(3-methoxy-3-oxopropyl)-5-methyl-4-oxocyclohexane-1-carboxylate 

7-2c 

 

1M LiHMDS in THF (1.95 mL, 1.95 mmol) was added dropwise to a stirred solution of 7-5 (0.500 g, 

1.95 mmol) in dry THF (4.5 mL) at -78°C under nitrogen atmosphere, and the reaction was left 

stirring for 1 h. Then, MeI (0.607 mL, 9.75 mmol) was added dropwise, the mixture was left stirring 

15 min at -78°C and then overnight at rt. The reaction was quenched with sat. aqueous NH4Cl (5 

mL) and the aqueous phase was extracted with AcOEt (3 x 3 mL). The obtained crude was purified 

by flash chromatography (silicagel, eluent mixture 85/15 n-hex:AcOEt) to yield target compound 

7-2c (0.122 g, 0.452 mmol, 23% yield) as a colourless oil containing an inseparable diastereomeric 

mixture. Residual starting material 7-5 was also recovered (0.148 g, 0.581 mmol). 
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Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 4.29-4.18 (m, 2H), 4.19-4.10 (m, 

4H), 3.66 (s, 9H), 3.03-2.79 (m, 3H), 2.69-2.16 (m, 18H), 2.15-1.95 (m, 

5H), 1.71-1.45 (m, 7H), 1.32-1.24 (m, 9H), 1.22-1.18 (m, 3H), 1.06-1.00 (m, 

6H). 

 

 

Synthesis of 3-(3,5-dimethyl-2-oxocyclohexyl)propanoic acid 7-2b 

 

7-2a (0.400 g, 1.89 mmol) was dissolved in a stirred solution of KOH in 2:1 MeOH:H2O (7.5 mL), 

and stirring at rt continued overnight. Acetic acid (150 µL) was added, and the mixture was 

extracted with CH2Cl2 (3 x 5 mL). The organic layer was dried and evaporated, yielding pure 

product 7-2b (0.3715g, 1.87 mmol, quant. yield) as colourless oil containing an inseparable 

diastereomeric mixture. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 2.65-2.53 (m, 1H), 2.52-2.31 (m, 

8H), 2.32-2.18 (m, 1H), 2.13-1.95 (m, 8H), 1.92-1.69 (m, 2H), 1.69-1.56 (m, 

1H), 1.56-1.44 (m, 2H), 1.38-1.28 (m, 1H), 1.28-1.18 (m, 3H), 1.11 (q, J = 13.0 

Hz, 3H), 1.02-0.92 (m, 12H). 

 

 

General method A for the synthesis of tricyclic lactams 

 

Chiral inducer (1.5 eq) and AcOH (1.5 eq) were sequentially added to a stirred solution of 

trisubstituted cyclohexanone (1 eq) in adequate solvent (16.5 mL/mmol). The mixture was heated 

at reflux with azeotropic elimination of water by a Dean-stark apparatus. Chiral inducer (0.5 eq) 

was added successively, and the reaction was left at reflux. After cooling at rt the mixture was 

concentrated at reduced pressure and the resulting residue was dissolved in AcOEt (15 mL/mmol). 

The organic solution was washed with sat. aqueous NaHCO3 (2 x 10 mL/mmol), dried and 

evaporated under reduced pressure. The crude was purified via flash chromatography (silicagel, 

eluent mixture 7:3 n-hex/AcOEt) to obtain the pure diastereomers. 
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General method B for the reduction of tricyclic lactams 

 

1M LiAlH4 in THF (6.5 eq) was slowly added to a stirred suspension of AlCl3 (2 eq.) in dry THF 

(26.6 mL/mmol) at 0°C. The mixture was stirred at 0°C for 1h, then cooled at -78°C. A solution of 

the lactam (1 eq) in dry THF (5.6 mL/mmol) was added dropwise, stirring was continued at -78°C 

for 90 min and at rt for 2 h. Cold water (10 mL/mmol) was slowly added and the resulting mixture 

was filtered over a celite pad. The filtrate was concentrated and the residue was taken up with 

CH2Cl2 (21 mL/mmol). The organic solution was washed with brine (2 x 21 mL/mmol), dried and 

concentrated under reduced pressure. The crude was purified by flash chromatography (silicagel, 

eluent 9:1 n-hex/AcOEt) to obtain pure target. 

 

Synthesis of phenylglycinol tricyclic lactams 7-6a and 7-6’a (entry 1) 

 

The reaction was performed according to general method A, using (R)-(-)-2-phenylglycinol (131 

mg, 0.950 mmol), AcOH (54 μL, 0.950 mmol) and 7-2a (0.135 g, 0.642 mmol) in toluene (10.6 

mL). The mixture was heated at reflux with azeotropic elimination of water by a Dean-stark 

apparatus. Additional (R)-(-)-2-phenylglycinol (43.9 mg, 0.321 mmol) was added, after 24 h and 

the reaction was refluxed for a total of 48 h. 7-6a (52.1 mg, 0.173 mmol, 27% yield) and 7-6’a (44.8 

mg, 0.147 mmol, 23% yield) were obtained as colourless waxes, and residual starting material 7-2a 

(42.9 mg, 0.204 mmol) was recovered as a colourless oil.  

Analytical characterization 

7-6a: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.36-7.28 (m, 4H, HAr), 7.22 (ddd, J 

= 6.9, 3.8, 1.6 Hz, 1H, HAr), 5.48 (dd, J = 7.4, 4.7 Hz, 1H, H10), 4.33 (dd, J = 

9.0, 4.7 Hz, 1H, H9a), 4.24 (dd, J = 9.0, 7.4 Hz, 1H, H9b), 2.57-2.51 (m, 2H, 

H3), 1.93-1.72 (m, 5H, H4-H4a-H6-H8), 1.63-1.45 (m, 3H, H5-H7a), 1.12 (dd, 

J = 25.4, 12.5 Hz, 1H, H7b), 0.90 (d, J = 6.4 Hz, 3H, H11), 0.53 (d, J = 6.8 Hz, 

3H, H12). 
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13C-NMR (101 MHz, CDCl3) δ (ppm) = 172.2, 139.3, 128.2 (2C), 127.0, 126.8 (2C), 98.4, 68.5, 59.3, 

40.4, 39.6, 35.7, 35.6, 29.2, 25.9, 21.8, 20.4, 16.4. 

MS (ESI+), m/z: calcd for C19H25NO2 299.19, found 300.20 (M+H+). 

[𝜶]𝑫
𝟐𝟎: +25.7 

IR: 2950, 2919, 2358, 1657, 1495, 1459, 1389, 1343, 1276, 1183, 1071, 1030, 951, 925, 724, 698 cm-1. 

7-6’a: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.34-7.19 (m, 5H, HAr), 5.07 (dd, J = 

7.8, 4.0 Hz, 1H, H10), 4.55 (dd, J = 8.6, 7.8 Hz, 1H, H9a), 3.90 (dd, J = 8.6, 

4.0 Hz, 1H, H9b), 2.47-2.27 (m, 2H, H3), 2.23-2.12 (m, 1H, H8), 2.00-1.86 

(m, 2H, H4), 1.86-1.76 (m, 2H, H4a-H6), 1.70-1.52 (m, 3H, H5-H7a), 1.28-

1.20 (m, 1H, H7b), 1.01 (d, J = 6.9 Hz, 3H, H11), 0.94 (d, J = 6.4 Hz, 3H, H12). 

13C-NMR (101 MHz, CDCl3) δ (ppm) = 168.1, 141.4, 128.5, 127.3, 126.5, 96.9, 

74.9, 61.8, 40.7, 40.1, 38.4, 36.0, 29.8, 26.0, 21.9, 21.9, 16.3. 

MS (ESI+), m/z: calcd for C19H25NO2 299.19, found 300.20 (M+H+). 

[𝜶]𝑫
𝟐𝟎: -130.3 

IR: 2952, 2914, 2359, 1661, 1492, 1454, 1402, 1349, 1283, 1206, 1071, 1028, 958, 920, 761, 699 cm-1. 

 

Synthesis of phenylglycinol tricyclic lactams 7-6a and 7-6’a (entry 2) 

 

The reaction was performed according to general method A, using (R)-(-)-2-phenylglycinol (97.2 

mg, 0.714 mmol), AcOH (40 μL, 0.714 mmol) and 7-2a (100 mg, 0.473 mmol) in benzene (7.8 mL). 

Additional (R)-(-)-2-phenylglycinol (32.4 mg, 0.238 mmol) was added after 24 h, and the reaction 

was refluxed for a total of 48 h. 7-6a (54.8 mg, 0.179 mmol, 39% yield) and 7-6’a (38.3 mg, 0.132 

mmol, 27% yield) were obtained as colourless waxes, and residual starting material 7-2a (26.7 mg, 

0.120 mmol) was recovered as a colourless oil.  
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Synthesis of phenylglycinol tricyclic lactams 7-6a and 7-6’a (entry 3) 

 

The reaction was performed according to general method A, using (R)-(-)-2-phenylglycinol (0.239 

g, 1.74 mmol) and 7-2b (0.230 g, 1.16 mmol) in toluene (19 mL). Additional (R)-(-)-2-phenylglycinol 

(79.6 mg, 0.580 mmol) was added after 24, 48 and 55 h and the reaction was refluxed for a total 

of 72 h. 7-6a (90.4 mg, 0.302 mmol, 26% yield) and 7-6’a (0.117 g, 0.394 mmol, 34% yield) were 

obtained as colourless waxes.  

 

Synthesis of phenylglycinol tricyclic lactams 7-6a, 7-6’a and 7-6’’a (entry 4) 

 

The reaction was performed according to general method A, using (R)-(-)-2-phenylglycinol (0.1159 

g, 0.845 mmol and 7-2b (0.112 g, 0.564 mmol) in benzene (9.2 mL). Additional (R)-(-)-2-

phenylglycinol (38.4 mg, 0.282 mmol) was added after 24, 48 and 55 h and the reaction was 

refluxed for a total of 72 h. 7-6a (43.0 mg, 0.142 mmol, 26% yield), 7-6’a (36.0 mg, 0.119 mmol, 

21% yield) and traces of 7-6’’a (8.9 mg, 0.0293 mmol, 5% yield) were obtained as colourless waxes.  

 

Synthesis of aminoindanol-tricyclic lactams 7-7a and 7-7’a (entry 8) 

 

The reaction was performed according to general method A, using (1S,2R)-(−)-cis-1-amino-2-

indanol (0.211 g, 1.41 mmol), AcOH (82 μL, 1.41 mmol) and 7-2a (0.200 g, 0.940 mmol) in toluene 
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(15.6 mL). Additional (1S,2R)-(−)-cis-1-amino-2-indanol (0.070 g, 0.47 mmol) was added after 24, 

48 and 55 h and the reaction was refluxed for a total of 72 h. An inseparable mixture of the two 

diastereomers 7-7a and 7-7’a (0.152 g, 0.489 mmol, 52% yield) was obtained as a colourless wax.  

Analytical characterization 

Selected spectroscopic data from the mixture, for 

compound 7-7a: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.48 (d, J = 6.0 

Hz, 1H, HAr), 5.87 (d, J = 5.7 Hz, 1H, H10), 4.79-4.71 (m, 

1H, H-9). 

Selected spectroscopic data from the mixture, for 

compound 7-7’a: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 8.05 (d, J = 8.3 Hz, 1H, HAr), 5.72 (d, J = 5.9 Hz, 1H, H-10), 

5.11 (dt, J = 6.1, 3.5 Hz, 1H, H9). 

 

Synthesis of aminoindanol-tricyclic lactams 7-7a and 7-7’a (entry 9) 

 

The reaction was performed according to general method A, using (1S,2R)-(−)-cis-1-amino-2-

indanol (0.211 g, 1.41 mmol), AcOH (82 μL, 1.41 mmol) and 7-2a (0.200 g, 0.945 mmol) in benzene 

(15.6 mL). Additional (1S,2R)-(−)-cis-1-amino-2-indanol (0.0702 g, 0.473 mmol) was added after 

24, 48 and 55 h and the reaction was refluxed for a total of 72 h. A mixture of the two diastereomers 

7-7a and 7-7’a that cannot be separated (0.194 g, 0.624 mmol, 66% yield) was obtained as a 

colourless wax.   

 

Synthesis of aminoindanol-tricyclic lactams 7-7a and 7-7’a (entry 10) 
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The reaction was performed according to general method A, using (1S,2R)-(−)-cis-1-amino-2-

indanol (0.210 g, 1.40 mmol) and 7-2b (0.186 g, 0.937 mmol) in benzene (15.5 mL). Additional 

(1S,2R)-(−)-cis-1-amino-2-indanol (0.0690 g, 0.486 mmol) was added after 24, 48 and 55 h and 

the reaction was refluxed for a total of 72 h. A mixture of the two diastereomers 7-7a and 7-7’a that 

cannot be separated (0.197 g, 0.615 mmol, 67% yield) was obtained as a colourless wax.   

 

Synthesis of aminoindanol-tricyclic lactams 7-7a and 7-7’a (entry 11) 

 

The reaction was performed according to general method A, using (1S,2R)-(−)-cis-1-amino-2-

indanol (0.210 g, 1.40 mmol) and 7-2a (0.185 g, 0.937 mmol) in benzene (15.5 mL). Additional 

(1S,2R)-(−)-cis-1-amino-2-indanol (0.0702 g, 0.468 mmol) was added after 24, 48 and 55 h and the 

reaction was refluxed for a total of 72 h. A mixture of the two diastereomers 7-7a and 7-7’a that 

cannot be separated (0.215 g, 0.690 mmol, 73% yield) was obtained as a colourless wax.   

 

Synthesis of ethyl 11-methyl-5-oxo-3-phenyl-decahydro-[1,3]oxazolo[3,2-j]quinoline-9-

carboxylate 7-6c and 7-6’c (entry 7) 

 

The reaction was performed according to general method A, using (R)-(-)-2-phenylglycinol (92.6 

mg, 0.684 mmol), AcOH (40 μL, 0.68 mmol) and 7-2c (0.123 g, 0.450 mmol) in benzene (7.5 mL). 

Additional (R)-(-)-2-phenylglycinol (30.9 mg, 0.228 mmol) was added after 24, 48 and 55 h and 

the reaction was refluxed for a total of 72h. After cooling at rt the mixture was concentrated and 

the resulting residue was dissolved in AcOEt (6 mL). 7-6c (41.3 mg, 0.153 mmol, 34% yield) and 7-

6’c (54.0 mg, 0.198 mmol, 44% yield) were obtained as colourless waxes.  
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Analytical characterization 

7-6c: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.35-7.30 (m, 4H, HAr), 7.23 (dd, 

J = 6.4, 4.3 Hz, 1H, HAr), 5.50 (dd, J = 7.4, 4.5 Hz, 1H, H10), 4.36 (dd, J 

= 9.0, 4.5 Hz, 1H, H9a), 4.25 (dd, J = 9.0, 7.4 Hz, 1H, H9b), 4.13 (q, J = 

7.1 Hz, 2H, -CH2CH3), 2.69-2.51 (m, 3H, H3-H6), 2.11 (td, J = 13.3, 4.5 

Hz, 1H, H8), 2.02-1.93 (m, 1H, H4a), 1.93-1.74 (m, 4H, H4-H5), 1.65-1.53 

(m, 2H, H7), 1.25 (t, J = 7.1 Hz, 3H, -CH2CH3), 0.58 (d, J = 6.7 Hz, 3H, H12). 

MS (ESI+), m/z: calcd for C21H27NO4 357.19, found 358.20 (M+H+). 

[𝜶]𝑫
𝟐𝟎: -102.7 

IR: 2931, 2360, 1728, 1655, 1496, 1462, 1392, 1262, 1179, 1151, 1073, 1033, 991, 935, 875, 700 cm-1. 

7-6’c: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.35-7.23 (m, 5H, HAr), 5.07 (dd, 

J = 7.8, 4.0 Hz, 1H, H10), 4.55 (t, J = 8.3 Hz, 1H, H9a), 4.15 (q, J = 7.1 Hz, 

2H, -CH2CH3), 3.92 (dd, J = 8.8, 4.0 Hz, 1H, H9b), 2.70-2.61 (m, 1H, 

H3a), 2.44-2.35 (m, 2H, H3b-H6), 2.30-2.17 (m, 2H, H4), 1.99-1.85 (m, 

4H, H4a-H5-H8), 1.85-1.70 (m, 2H, H7), 1.27 (t, J = 7.1 Hz, 3H, -

CH2CH3), 1.06 (d, J = 6.7 Hz, 3H, H12). 

MS (ESI+), m/z: calcd for C21H27NO4 357.19, found 358.20 (M+H+). 

[𝜶]𝑫
𝟐𝟎: +27.2 

IR: 2934, 2359, 1728, 1660, 1493, 1455, 1403, 1281, 1182, 1153, 1068, 1035, 989, 936, 872, 700 cm-1. 

 

Synthesis of (2R)-1-[6,8-dimethyl-decahydroquinolin-1-yl]-2,3-dihydro-1H-inden-2-ol 7-

10a and 7-10’a 

 

The reaction was performed according to general method B, using 1M LiAlH4 in THF (4.12 mL, 4.12 

mmol), AlCl3 (0.169 g, 1.27 mmol) in dry THF (17 mL), and a solution of the lactams 7-7a and 7-7’a 

(0.197 g, 0.634 mmol) in dry THF (3.6 mL). The two pure diastereomers 7-10a (0.0723 g, 0.234 

mmol, 37% yield) and 7-10’a (0.0513 g, 0.165 mmol, 26% yield) were obtained as colourless waxes. 
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Analytical characterization 

7-10a: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.53 (d, J = 7.4 Hz, 1H, HAr), 7.25 – 

7.18 (m, 3H, HAr), 4.33 (q, J = 7.4 Hz, 1H, H10), 4.15 (d, J = 7.1 Hz, 1H, H9), 

3.14 (dd, J = 16.0, 7.5 Hz, 1H, H2a), 2.87-2.77 (m, 1H, H11a), 2.77-2.65 (m, 

1H, H11b), 2.41-2.30 (m, 2H, H2b-H8a), 1.80-1.51 (m, 6H, H3-H4-H6-H8), 

1.44-1.32 (m, 1H, H4a), 1.32-1.14 (m, 1H, H5a), 1.16-1.02 (m, 5H, H5b-H7a-

H12), 0.85 (d, J = 6.3 Hz, 3H, H13), 0.78 (t, J = 12.2 Hz, 1H, H7b). 

7-10’a: 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.44 (d, J = 7.4 Hz, 1H, HAr), 7.30-

7.17 (m, 3H, HAr), 4.40 (d, J = 5.9 Hz, 1H, H10), 4.25 (dd, J = 12.0, 5.9 Hz, 

1H, H9), 3.07-2.89 (m, 2H, H2a-H11a), 2.86 (dd, J = 16.1, 5.4 Hz, 1H, H11b), 

2.58-2.45 (m, 1H, H2b), 2.24-2.11 (m, 2H, H8a, H3a), 1.99-1.90 (m, 1H, 

H3b), 1.81-1.51 (m, 6H, H4-H6-H8-H5), 1.50-1.35 (m, 2H, H4a), 1.07-1.02 (m, 

3H, H12), 1.02-0.92 (m, 1H, H7a), 0.78 (d, J = 6.3 Hz, 3H, H13), 0.62 (q, J = 12.9 Hz, 1H, H7b). 

 

Synthesis of (2R)-2-[(4aS,6R,8S,8aR)-6,8-dimethyl-decahydroquinolin-1-yl]-2-phenylethan 

-1-ol 7-8a 

 

The reaction was performed according to general method B, using 1M LiAlH4 in THF (4.60 mL, 

4.59 mmol), AlCl3 (0.189 g, 1.42 mmol) in dry THF (19 mL) and a solution of 7-6a (0.212 g, 0.714 

mmol) in dry THF (4 mL). Pure target 7-8a (0.116 g, 0.386 mmol, 54% yield) was obtained as a 

white wax. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.40-7.36 (m, 2H, HAr), 7.35-7.24 

(m, 3H, HAr), 4.03 (t, J = 5.0 Hz, 1H, H9), 3.82 (dd, J = 10.8, 5.1 Hz, 1H, 

H10a), 3.74 (dd, J = 10.8, 5.1 Hz, 1H, H10b), 2.71-2.59 (m, 1H, H8a), 2.57-

2.44 (m, 2H, H2), 2.21-2.08 (m, 1H, H8), 2.04-1.94 (m, 1H, H3a), 1.74-1.53 

(m, 3H, H3b-H4), 1.48 (ddd, J = 13.3, 5.9, 2.5 Hz, 1H, H6), 1.34-1.24 (m, 2H, 

H5), 1.17 (dd, J = 12.5, 4.8 Hz, 1H, H4a), 1.13-1.06 (m, 1H, H7a), 1.04 (d, J = 

6.5 Hz, 3H, H11), 0.83 (d, J = 6.4 Hz, 3H, H12), 0.74 (q, J = 12.0 Hz, 1H, H7b). 

13C-NMR (101 MHz, CDCl3) δ (ppm) = 141.9, 128.5 (2C), 128.4 (2C), 127.5, 65.8, 64.3, 63.2, 44.6, 41.1, 

40.6, 30.6, 28.8, 26.7, 25.8, 22.5, 21.5, 19.7. 

MS (ESI+), m/z: calcd for C19H29NO 287.22, found 288.23 (M+H+). 

[𝜶]𝑫
𝟐𝟎: -23.4 
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IR: 3080, 3026, 2922, 2360, 1600, 1490, 1453, 1371, 1273, 1226, 1174, 1142, 1059, 1028, 984, 937, 907, 
850, 756, 701, 674 cm-1. 

 

Synthesis of (2R)-2-[(4aR,6S,8R,8aS)-6,8-dimethyl-decahydroquinolin-1-yl]-2-phenylethan 

-1-ol 7-8’a 

 

The reaction was performed according to general method B, using 1M LiAlH4 in THF (5.00 mL, 

5.03 mmol), AlCl3 (0.206 g, 1.55 mmol) in dry THF (21 mL) and a solution of lactam 7-6’a (0.232 

g, 0.77 mmol) in dry THF (4.5 mL). Pure 7-8’a (0.105 g, 0.350 mmol, 45% yield) was obtained as a 

white wax. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.42-7.35 (m, 2H, HAr), 7.35-7.23 

(m, 3H, HAr), 4.10-4.02 (m, 1H, H9), 3.85 (dd, J = 10.7, 5.4 Hz, 1H, H10a), 

3.72 (dd, J = 10.7, 4.1 Hz, 1H, H10b), 2.95-2.88 (m, 2H, H8a-H2a), 2.07-1.97 

(m, 2H, H2b-H8), 1.81-1.66 (m, 3H, H3-H4a), 1.58-1.51 (m, 2H, H4), 1.36-

1.25 (m, 3H, H5-H6), 0.87 (d, J = 6.1 Hz, 3H, H11), 0.80 (td, J = 13.4, 3.7 Hz, 

1H, H7a), 0.71 (d, J = 6.3 Hz, 3H, H12), 0.45 (q, J = 12.8 Hz, 1H, H7b). 

13C-NMR (101 MHz, CDCl3) δ (ppm) = 141.7, 128.6 (2C), 128.3 (2C), 127.5, 

64.9, 63.6, 61.6, 44.4, 42.8, 40.8, 30.1, 28.4, 26.6, 26.1, 22.4, 21.4, 19.6. 

MS (ESI+), m/z: calcd for C19H29NO 287.22, found 288.23 (M+H+). 

[𝜶]𝑫
𝟐𝟎: -64.4 

IR: 2945, 2921, 2360, 1452, 1363, 1052, 751, 700 cm-1. 

 

Synthesis of tert-butyl (4aS,6R,8S,8aR)-6,8-dimethyl-decahydroquinoline-1-carboxylate 7-

9a 

 

A solution of 7-8a (0.116 g, 0.401 mmol) and Boc2O (0.106 g, 0.481 mmol) in CH3OH (9 mL) was 

hydrogenated at rt for 8h at atmospheric pressure in the presence of 40% Pd(OH)2 (45.8 mg). The 

catalyst was removed by filtration on a celite pad, and the solvent was evaporated under reduced 
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pressure. The crude was purified via flash chromatography (silicagel, eluent mixture 6:4 n-

hex/AcOEt) to obtain pure target 7-9a (87.9 mg, 0.312 mmol, 79% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400MHz) δ (ppm): 4.12 – 3.87 (m, 1H, H2a), 3.74 (ddd, J = 

78.2, 11.5, 4.8 Hz, 1H, H2b), 2.65 (dtd, J = 30.9, 13.1, 2.7 Hz, 1H, H8a), 2.01 – 1.90 

(m, 1H, H8), 1.85 – 1.77 (m, 1H, H4a), 1.72 – 1.48 (m, 5H, H3-H4-H6), 1.45 (s, 

10H, -Boc-H5a), 1.42 – 1.34 (m, 1H, H5b), 1.33 – 1.17 (m, 1H, H7a), 0.84 (dd, J = 

6.4, 4.1 Hz, 3H, H9), 0.80 (d, J = 6.6 Hz, 3H, H10), 0.77 – 0.63 (m, 1H, H7b). 

 

Synthesis of tert-butyl (4aR,6S,8R,8aS)-6,8-dimethyl-decahydroquinoline-1-carboxylate 7-

9’a 

 

A solution of 7-8’a (106 mg, 0.372 mmol) and Boc2O (96.9 mg, 0.443 mmol) in CH3OH (8.5 mL) 

was hydrogenated at rt for 8 h at atmospheric pressure in the presence of 40% Pd(OH)2 (43.5 mg). 

The catalyst was removed by filtration on a celite pad, and the solvent was evaporated under 

reduced pressure. The crude was purified by flash chromatography, (silicagel, eluent mixture 6:4 

n-hex/AcOEt) to obtain the pure product 7-9’a (63.6 g, 0.227 mmol, 61% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400MHz) δ (ppm): 4.12 – 3.87 (m, 1H, H2a), 3.74 (ddd, J = 78.2, 

11.5, 4.8 Hz, 1H, H2b), 2.65 (dtd, J = 30.9, 13.1, 2.7 Hz, 1H, H8a), 2.01 – 1.90 (m, 1H, 

H8), 1.85 – 1.77 (m, 1H, H4a), 1.72 – 1.48 (m, 5H, H3-H4-H6), 1.45 (s, 10H, -Boc, 

H5a), 1.42 – 1.34 (m, 1H, H5b), 1.33 – 1.17 (m, 1H, H7a), 0.84 (dd, J = 6.4, 4.1 Hz, 3H, 

H9), 0.80 (d, J = 6.6 Hz, 3H, H10), 0.77 – 0.63 (m, 1H, H7b). 

 

Synthesis of ethyl 1,4-dioxaspiro[4.5]decane-8-carboxylate 7-16 

 

Ethylene glycol (0.820 mL, 14.7 mmol) was added to a stirred solution of ethyl-4-oxocycloexane 

carboxylate (1.86 mL, 11.8 mmol) and pTsOH (0.182 mL, 1.18 mmol) in toluene (17 mL). The 

reaction mixture was heated at reflux with azeotropic elimination of water by a Dean-stark 

apparatus overnight. The cooled mixture was diluted with Et2O, washed with sat. aqueous NaHCO3 

(2 x 10 mL) and brine (10 mL). The organic layer was dried and evaporated to obtain pure target 
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compound 7-16 (2.502 g, 11.7 mmol, quant. yield) as a yellow oil that was used without further 

purification. 

Analytical characterization 

1H-NMR (CDCl3, 400MHz) δ (ppm): 4.13 (q, J = 7.1 Hz, 2H), 3.94 (s, 4H), 2.39-2.25 (m, 

1H), 1.97-1.90 (m, 2H), 1.87-1.70 (m, 4H), 1.59-1.52 (m, 2H), 1.25 (t, J = 7.1 Hz, 3H). 

 

 

 

 

Synthesis of {1,4-dioxaspiro[4.5]decan-8-yl}methanol 7-17 

 

1M LiAlH4 in THF (17.5 mL) was slowly added to a stirred solution of 7-16 (2.50 g, 11.7 mmol) in dry 

THF (23 mL) at 0°C under nitrogen atmosphere. The mixture was stirred at rt overnight. The 

reaction mixture was quenched by addition of brine (10 mL). The resulting gel was filtered through 

a plug of celite and the layers were separated. The aqueous phase was extracted with Et2O (3x 10 

mL), and the combined organic layers were dried and evaporated to obtain the pure product 7-17 

(1.790 g, 10.4 mmol, 88% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400MHz) δ (ppm): 3.94 (s, 4H), 3.50-3.47 (m, 2H), 1.79-1.76 (m, 4H), 

1.59-1.51 (m, 3H), 1.32-1.22 (m, 2H). 

 

 

 

 

Synthesis of 4-(hydroxymethyl)cyclohexan-1-one 7-18 

 

7-17 (1.790 g, 10.4 mmol) was dissolved in 1M HCl (52 mL), and the mixture was stirred at rt for 2 

h. The reaction mixture was extracted with AcOEt (3 x 15 mL), washed with sat. aqueous NaHCO3 
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(15 mL) and brine (15 mL). The combined organic layers were dried and evaporated. Flash 

chromatography, (silicagel, eluent mixture 100% AcOEt) yielded pure target 7-18 (0.880 g, 6.86 

mmol, 66% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400MHz) δ (ppm): 3.59 (d, J = 6.4 Hz, 2H), 2.51-2.29 (m, 4H), 2.18-

2.06 (m, 2H), 2.02-1.92 (m, 1H), 1.54-1.36 (m, 2H). 

 

 

 

Synthesis of 8-[(benzyloxy)methyl]-1,4-dioxaspiro[4.5]decane 7-20  

 

Solid NaH (0.279 g, 11.6 mmol) was slowly added to a stirred solution of 7-17 (1.00 g, 5.80 mmol) 

in dry THF (20 mL) at 0°C under nitrogen atmosphere, and the resulting suspension was stirred 

at 0°C for 15 min. Then, TBAI (0.064 g, 0.174 mmol) and BnBr (0.828 mL, 6.96 mmol) were 

sequentially added and the mixture was heated at reflux overnight. The reaction mixture was 

quenched by addition of water (15 mL). The resulting mixture was extracted with Et2O (3 x 10 mL), 

and the combined organic layers were dried and evaporated. The crude was purified by flash 

chromatography (silicagel, eluent mixture 9:1 n-hex/AcOEt) to obtain pure 7-20 (1.465 g, 5.58 

mmol, 96% yield) as a colourless oil. 

Analytical characterization 

 1H NMR (CDCl3, 400MHz) δ (ppm): 7.44 – 7.18 (m, 3H), 7.07 – 6.77 (m, 2H), 4.56 – 

4.42 (m, 1H), 3.98 – 3.83 (m, 2H), 3.63 – 3.48 (m, 1H), 3.38 – 3.17 (m, 1H), 2.99 – 2.87 

(m, 1H), 1.94 – 1.64 (m, 3H), 1.64 – 1.49 (m, 2H), 1.49 – 1.33 (m, 2H), 1.33 – 1.03 (m, 3H), 

1.03 – 0.75 (m, 1H). 

 

 

Synthesis of 7-19 
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7-20 (1.465 g, 5.44 mmol) was dissolved in 1M HCl (27 mL) and the mixture was stirred at rt for 

2h. The reaction mixture was extracted with AcOEt (3 x 15 mL), washed with NaHCO3 (15 mL) and 

brine (15 mL). The combined organic layers were dried and evaporated under reduced pressure. 

The obtained crude was purified by flash chromatography, (silicagel, eluent mixture 9:1 n-

hex/AcOEt) to obtain pure 7-19 (1.105 g, 6.86 mmol, 93% yield) as a colourless oil. 

Analytical characterization 

1H-NMR (CDCl3, 400 MHz) δ (ppm): 7.42-7.23 (m, 5H), 4.53 (s, 2H), 3.39 (d, J = 6.3 

Hz, 2H), 2.47-2.25 (m, 4H), 2.20-2.02 (m, 3H), 1.54-1.39 (m, 2H).  

 

 

 

 

Synthesis of 4-[(benzyloxy)methyl]-N-cyclohexylcyclohexan-1-imine 7-21 

 

Cyclohexylamine (1.05 mL, 9.16 mmol) was added to a stirred mixture of 7-19 (1.00 g, 4.58 mmol) 

and pTsOH (87.2 mg, 0.458 mmol) in dry CH2Cl2 (14 mL) under nitrogen atmosphere in the 

presence of 4 Å molecular sieves. The mixture was stirred at rt for 4h. The reaction was quenched 

with TEA (0.500 mL) and the resulting solution was washed with 2M KOH (2 x 10 mL). The organic 

phase was dried and concentrated to obtain the crude product 7-21 (1.379 g) as a colourless oil, 

impure with cyclohexylamine,that was used without further purification. 

Analytical characterization 

The 1H-NMR of the crude shows unclear signals that may be attributed to the product mixed with 

cyclohexylamine 

 

Synthesis of ({4-[(benzyloxy)methyl]cyclohex-1-en-1-yl}oxy)trimethylsilane 7-23 

 

2M LDA in THF (0.229 mL, 0.458 mmol) was added to a stirred solution of 7-19 (0.100g, 0.458 

mmol) in dry THF (1 mL) at -78°C under nitrogen atmosphere. The mixture was left stirring for 90 

min, then TMSCl (0.070 mL, 0.550 mmol) was added. The reaction was left for 15min at -78°C, 
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and then at rt for 3 h. n-Hexane (1 mL) was added and the suspension was filtered over a celite pad. 

The solvent was evaporated under reduced pressure to obtain the pure product 7-23 (0.130 g, 0.450 

mmol, quant.), that was used as such due to its instability on silicagel. 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.23 – 7.13 (m, 5H), 4.72 – 4.63 (m, 1H), 4.40-4-

33 (m, 2H), 3.27 – 3.12 (m, 2H), 2.02 – 1.89 (m, 2H), 1.77 – 1.66 (m, 2H), 1.43 – 1.34 (m, 

1H), 1.13 – 1.04 (m, 2H), 0.00 (s, 9H). 

 

 

 

Synthesis of 4-[(benzyloxy)methyl]-2-[(dimethylamino)methyl]cyclohexan-1-one 7-24 

 

Eschenmoser’s salt (42.3 mg, 0.458 mmol) was added to a stirred solution of 7-23 (0.130 g, 0.450 

mmol) in dry CH2Cl2 (1 mL) under nitrogen atmosphere. The reaction was left stirring at rt 

overnight, then 2M aqueous HCl was added (0.500 mL) and the mixture was left stirring for 1h. 

The mixture was then poured into sat, aqueous NaHCO3 (3 mL) until pH 10-12, and stirring was 

continued for 15 min. The phases were separated and the aqueous layer was extracted with CH2Cl2 

(3 x 3 mL). The combined organic phases were dried and evaporated to obtain the pure product 7-

24 (0.120 g, 0.432 mmol, 94% yield) as a colourless wax. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 7.42 – 7.28 (m, 5H), 4.56 – 4.45 (m, 2H), 

3.41 – 3.36 (m, 2H), 2.82 – 2.49 (m, 1H), 2.48 – 2.00 (m, 10H), 1.91 – 1.35 (m, 5H). 

 

 

 

 

Synthesis of 5-(4-oxocyclohexylidene)pentanoic acid 7-27 
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(4-Carboxybutyl)triphenyl-phosphonium bromide (14.76 g, 33.3 mmol) was added to a stirred 

solution of 1,4-cyclohexanedione monoethylene acetal 7-26 (4.00 g, 25.6 mmol) in dry DMF (58 

mL) under nitrogen atmosphere at rt. Solid NaH (1.60 g, 66.6 mmol) was added in small portions 

and the resulting slurry was diluted with DMF (58 mL). The mixture was stirred at rt overnight, 

then the reaction was quenched with 2M HCl (50 mL) and was left stirring for 30 min. The mixture 

was then extracted with Et2O (2 x 20 mL), and the organic layers were dried and evaporated. The 

obtained crude was purified by flash chromatography (silicagel, eluent mixture 1:1 n-hex/AcOEt) 

to obtain pure target 7-27 (4.02 g, 20.5 mmol, 80%) as a colourless oil. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 5.33 (t, J = 7.4 Hz, 1H), 2.50-2.44 (m, 4H), 

2.42-2.32 (m, 6H), 2.11 (q, J = 7.3 Hz, 2H), 1.79-1.65 (m, 2H). 

 

 

 

 

 

 

Synthesis of methyl 5-(4-oxocyclohexylidene)pentanoate 7-28 

 

TMSCl (2.43 mL, 19.2 mmol) was added to a stirred solution of 7-27 (2.51 g, 12.8 mmol) in dry 

MeOH (16 mL) under nitrogen atmosphere. The mixture was left stirring at rt overnight. The 

solvent was removed under reduced pressure, the residue was dissolved in AcOEt (15 mL) and 

washed with sat. NaHCO3 (10 mL). The organic phase was dried and evaporated under reduced 

pressure. Purification by flash chromatography (silicagel, eluent mixture 85:15 n-hex/AcOEt) 

afforded pure 7-28 (2.45 g, 11.6 mmol, 91% yield) as a yellow solid. 

Analytical characterization 

1H-NMR (400 MHz, CDCl3) δ (ppm) = 5.32 (t, J = 7.4 Hz, 1H), 3.68 (s, 3H), 2.51-

2.46 (m, 4H), 2.44-2.36 (m, 4H), 2.33 (t, J = 7.4 Hz, 2H), 2.10 (q, J = 7.4 Hz, 2H), 

1.72 (p, J = 7.4 Hz, 2H). 
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