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General Introduction 

3 

1.1 Sphingolipids 

Lipids are a heterogeneous group of biomolecules that have traditionally been associated 

with structural functions and energy storage roles in the cell. However, this paradigm has 

changed gradually over the years and, nowadays, they are recognized as important 

effectors in a variety of signalling events. The mammalian lipidome comprises thousands 

of lipid molecules that can be categorized into various classes, based on their core 

structure.1 Fatty acids, glycerolipids, sterols, glycerophospholipids and sphingolipids are 

some of the most well-studied families of lipids (Figure 1.1). 

 

Figure 1.1 Main lipid families of the mammalian lipidome. Representative examples of each family are 

illustrated. The basic scaffold that defines each of the lipid families is shown in red colour. Within each 

lipid family, chemical diversity is achieved by different combinations of polar head groups (R) and fatty 

acyl chains, which can vary both in terms of chain length and number of unsaturations. MAG: 
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monoacylglycerol; DAG: diacylglycerol; TAG: triacylglycerol; PE: phosphatidylethanolamine; PS: 

phosphatidylserine; PC: phosphatidylcholine; PI: phosphatidylinositol. Adapted from ref.1 

Sphingolipids (SLs) are one of the major classes of lipids in eukaryotes. From a chemical 

point of view, SLs are characterized by a 2–amino–1,3–diol eighteen-carbon backbone, 

known as the sphingoid base. In mammals, most SLs arise from sphingosine (So), which 

has a (2S,3R)–erythro configuration and a trans double bond across C4 and C5 (Figure 

1.1). However, some mammalian SL species also derive from its saturated form, 

dihydrosphingosine (dhSo), or its 4-hydroxy analogue phytosphingosine (PHS). The 

modification of this core structure gives rise to the vast family of SLs. In this context, the 

acylation of the 2-amino group with fatty acids of variable chain length and number of 

unsaturations affords (dihydro)ceramides, (dh)Cer.2 Further functionalization at the 

primary hydroxyl group of Cer with different polar head groups leads to the formation of 

the so-called complex SLs (Figure 1.1). For instance, O-glucosylation of ceramide leads 

to glucosylceramide (GlcCer), the precursor of glycosphingolipids (GSLs), whereas 

esterification with phosphorylcholine gives rise to sphingomyelin (SM).3 

In addition to being essential structural components of eukaryotic cell membranes, some 

SLs, including Cer, So, and their phosphorylated forms ceramide-1-phosphate (C1P) and 

sphingosine-1-phosphate (S1P), also play capital roles in the regulation of many key 

biological processes, such as angiogenesis, apoptosis, cell adhesion, proliferation, 

differentiation, migration, senescence and intracellular trafficking.4 Thus, deciphering the 

way bioactive SLs are produced and degraded in the cell, as well as the mechanisms by 

which they effect their actions, is fundamental to understand the molecular basis of these 

cellular processes and, therefore, the study of SLs has emerged as a major field of research 

in recent years.  
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1.1.1 Metabolism and compartmentalization 

The SL metabolic pathway comprises a complex, although highly organized, network of 

biosynthetic and degradative biochemical reactions distributed throughout the different 

cellular compartments (Figure 1.2). Several of the enzymes governing these 

transformations are either peripheral or integral membrane proteins, owing to the 

lipophilicity of their substrates and products.5 In the SL metabolic pathway, Cer, which 

is technically a class of molecules rather than a single molecule, occupies a central 

position between the various anabolic and catabolic routes and, thus, it is considered as a 

metabolic hub.4 

 

Figure 1.2 Compartmentalization of the reactions of the SL metabolic pathway. Adapted from ref.6 
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The biosynthesis of SLs begins with the “de novo” synthesis of Cer in the endoplasmic 

reticulum (ER). In the first step, L-serine is condensed with palmitoyl-CoA to form 

3-ketodihydrosphinganine (3-kdhSo), through the action of serine palmitoyltransferase 

(SPT). This enzyme also tolerates other amino acids (alanine, glycine) and fatty acyl 

CoAs (myristoyl, stearoyl-CoA) as alternative substrates to give the corresponding 

condensation adducts. Next, a reductase catalyses the stereospecific reduction of the 

ketone group in 3-kdhSo to afford dhSo. Subsequently, dhSo is N-acylated by various 

ceramide synthase (CerS) enzymes leading to dhCer, which is finally desaturated to Cer 

by dihydroceramide desaturase (Des1).6 

Cer can be further metabolised at the Golgi apparatus to form SL species of higher 

complexity. There are two alternative mechanisms by which Cer is transported from the 

ER to the Golgi, that is either vesicular transport or specific transport by means of the 

ceramide transfer protein (CERT).7 Cer mobilized via specific transport can be 

transformed into SM or C1P in the trans-Golgi apparatus by sphingomyelin synthase 

(SMS) or ceramide kinase (CerK), respectively. Alternatively, after vesicular transport to 

the cis-Golgi, Cer is converted into GlcCer by glucosyl ceramide synthase (GCS). Next, 

GlcCer is translocated to the trans-Golgi apparatus by FAPP2, where it serves as an 

advanced precursor for the biosynthesis of complex GSL.8 Newly generated SM and 

complex GSLs are then trafficked to the cytoplasmic membrane trough vesicles, whereas 

the transport of C1P is mediated by the specific transfer protein CPTP.6 

In the catabolic pathway, SM at the membrane is broken down to So through the 

sequential action of neutral sphingomyelinase (nSMase) and neutral ceramidase 

(nCDase). Upon certain stimuli, So is phosphorylated by a kinase (SK1) to form S1P, a 

major promoter of cell survival that is also involved in inflammation and tumorigenesis.4 

S1P can be transported across the cell membrane to trigger many different signaling 

cascades through the interaction with specific receptors. On the other hand, membrane 

SLs can also be internalized by the endocytic pathway and transferred to the lysosome, 

where they are degraded by the acidic forms of SMase, glycosidase (GCase) and CDase. 

As a result of its relative amphiphilic character, So arising from SL catabolism can easily 

diffuse across membranes and travel to other organelles, such as the ER, where it can be 

reacylated by one of the CerS to Cer through the so-called salvage pathway.9 To a lesser 

extent, Cer synthesis has also been reported in the mitochondria through the action of 
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CerS and a reverse nCDase. Accumulation of Cer in the mitochondria is associated with 

the activation of the intrinsic apoptotic pathway.10 Alternatively, So in the ER can also be 

phosphorylated to S1P and subsequently cleaved into 2-hexadecenal and ethanolamine 

phosphate (EAP) by sphingosine-1-phosphate lyase (S1PL) in a reaction that has been 

regarded as the exit way to SL metabolism.4 

1.1.2 Ceramides 

Cer(s) are a class of bioactive SLs consisting of a sphingoid base moiety linked to a fatty 

acid (FA) of variable chain length (typically between 16-24 carbon atoms) via an amide 

bond (Figure 1.1). Due to their metabolic inter-connections with other SL species, Cer(s) 

are considered key intermediates in the SL pathway (see above). 

Cer(s) have a fundamental structural and physical role in cell membranes, regulating 

intracellular vesicle transport11 and lipid raft composition and dynamics.12 Under normal 

conditions, SM, the most prevalent SL in cell membranes, is intimately associated with 

cholesterol, transmembrane proteins and other lipids forming organized membrane 

microdomains, termed lipid rafts. Upon certain stimuli (e.g. cytokines, chemotherapeutic 

drugs, infectious agents…), SMases are activated, leading to the breakdown of SM into 

Cer and phosphocholine. Then, Cer molecules spontaneously self-assemble to form small 

Cer-enriched membrane microdomains, which tend to fuse into larger platforms, 

dramatically changing the biophysical properties of the rafts.13 Cer-enriched membrane 

platforms promote the clustering of receptors, the recruitment of intracellular signalling 

molecules and the exclusion of inhibitory signalling factors, ultimately facilitating the 

transmission of the biological effect triggered by the specific stimulus.13 

Cer(s) are also important second messengers in several cellular processes. In this regard, 

Cer(s) have been reported to activate apoptosis in response to a variety of cell stress 

inducing agents.14–16 One of the mechanisms through which this occurs involves the 

formation of Cer channels in the mitochondrial outer membrane (MOM), causing MOM 

permeabilization and enabling the release into the cytosol of specific mitochondrial 

proteins that activate the caspase cascade, a key event in apoptosis.17 Consistent with the 

role of Cer(s) in apoptosis, various types of cancer cells have been shown to reduce their 

Cer levels as a survival strategy through the overexpression of CDase enzymes.18 

Furthermore, Cer(s) also participate in the regulation of autophagy, and stimulate cell 
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cycle arrest, cell differentiation,19 and senescence, the latter by modifying the telomerase 

activity.20 

1.1.3 Ceramide synthases 

CerS are a family of enzymes responsible for the N-acylation of dhSo (from the de novo 

pathway) and So (from the SL catabolism) to form dhCer and Cer, respectively (Figure 

1.3). Six isoforms of the enzyme have been identified in mammals, each one of them 

encoded by a unique gene (CerS1–6).21 

 

Figure 1.3 Ceramide synthases catalyse the N-acylation of (dihydro)sphingosine to give 

(dihydro)ceramides. Each ceramide synthase isoform has preference for a small subset of acyl-CoAs and, 

thus, each one of them produces (dh)Cer populations with specific acyl chain lengths (see Table 1.1). 

CerS are primarily localized in the ER, although they have also been found in 

mitochondrial-enriched fractions.21 From a structural point of view, CerS are integral 

membrane proteins, with their active site probably facing the cytosol.22 The 

transmembrane topology of mammalian CerS has not yet been resolved experimentally 

and no crystal structures of CerS are available, so far. However, bioinformatic prediction 

software suggest that mammalian and yeast CerS have anywhere between five and eight 

transmembrane domains, depending on the algorithm that is used.23 

One of the most notable peculiarities of CerS enzymes is their substrate specificity. CerS 

are relatively permissive towards the sphingoid chain, since they are able to N-acylate a 

variety of natural (dhSo, So and PHS) and non-natural (spisulosin, NBD-So, Fumonisin 

B1 and FTY720) long chain bases (LCB).22 Furthermore, the six mammalian CerS 

isoforms show a similar Michaelis-Menten constant (KM) towards dhSo irrespective of 

the FA, indicating that the LCB binding site must be similar in the various enzymes.24 

Conversely, CerS display a high specificity towards the acyl CoA chain length. Each 

isoform utilizes a small subset of FA-CoAs of defined chain lengths and, thus, each CerS 

enzyme produces distinct Cer populations (Figure 1.3, Table 1.1).25 Attempts to 

understand the structural features underlying the acyl-CoA specificity of CerS are 
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hindered by the lack of available crystal structures. In this regard, subtle differences 

within a 11-residue region in CerS2 and CerS5 have been recently postulated as the 

determinant for the discrepancies in FA specificity between these two isoforms.26 

CerS enzymes are expressed differently in various tissues (Table 1.1) and their levels of 

expression change during development, suggesting that populations of Cer with particular 

acyl chain lengths might be generated to meet the specific physiological needs of each 

tissue.23 Only a few antibodies for immunofluorescence staining of specific CerS proteins 

are commercially available and, therefore, most studies regarding the tissue distribution 

of CerS are based on profiling transcript expression of whole organs or specific cell 

types.27 Interestingly, mRNA expression levels of CerS in specific tissues does not always 

correlate with protein activity, based on the analysis of the ceramidome. For instance, 

despite the high mRNA expression of CerS2 in the kidney, C16-Cer is the most abundant 

Cer species in this organ.27 These findings support the idea that CerS activity must be 

regulated at various levels.28 

CerS activity can be modulated through the binding to certain molecules. For instance, 

the increase in the production of Cer at the MOM during UV irradiation-induced 

apoptosis (see above) has been attributed to the formation of a complex between CerS 

and the pro-apoptotic protein BAK.29 Conversely, S1P is believed to act as a 

non-competitive inhibitor of CerS2 (see below sections for CerS inhibitors).27 CerS 

enzymes have also been shown to undergo post-translational modifications such as 

glycosylation and phosphorylation. However, whether these modifications affect CerS 

activity is still unclear. Notably, CerS1 activity has been demonstrated to be regulated, to 

some extent, through proteasome-mediated turn-over.30 Furthermore, CerS enzymes can 

form homo- and hetero-dimers that affect their activity.22 A detailed discussion regarding 

the known mechanisms of regulation of the different mammalian CerS enzymes can be 

found in refs31,32. 

1.1.4 Roles of ceramides and ceramide synthases in human disease 

In the recent years, it has become apparent that Cer(s) with different acyl chains vary in 

their biophysical properties and in the signalling pathways they participate.25 The 

development of modern lipidomic techniques33 has allowed to determine the relative 

abundance of the various Cer species in a range of biological contexts, and has provided 

some insight into the effect of the acyl chain composition on the role of Cer(s) in 
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physiology and physiopathology.28 These studies have been very useful, for example, to 

unravel the effect of individual Cer(s) in regulating the balance between death and 

survival in cancer cells. In this line, CerS1-generated C18-Cer and CerS5-generated C16-

Cer were shown to have opposing roles as pro-apoptotic and pro-survival molecules, 

respectively, in head and neck squamous cell carcinoma (HNSCC).34 Another proof of 

the specific roles of Cer(s) with defined acyl chain lengths originated in the study of CerS 

null mice, since these models have shown that the loss of a specific CerS cannot be 

compensated for by the activity of another CerS isoform, and each of the CerS null mice 

that have been generated so far, leads to the development of a characteristic phenotype.25 

Cer(s) with defined acyl chain lengths have been found to be implicated in the onset of a 

wide variety of human diseases, including cancer, type-2 diabetes mellitus,35 Alzheimer’s 

disease,35 multiple sclerosis36 and cardiomyopathy37 and, thus, they have recently been 

proposed as potential biomarkers for diagnostics.38 A detailed discussion about the 

modulation of Cer species in various diseases can be found in recent review articles.25,38 

Since CerS are key enzymes in the generation of bioactive lipids (both dhCer39 and Cer), 

changes in the expression or the activity of CerS have also been associated with 

pathological processes, in most cases, as a down-stream response to other metabolic 

alterations.25 For example, there appears to be a correlation between the levels of 

expression of specific CerS isoforms and the extent of proliferation and cell death in some 

cancers.25 Moreover, there are evidences indicating that CerS play a capital role in 

regulating the sensitivity to cancer chemotherapy and radiotherapy.21 In Table 1.1 are 

highlighted some examples of human diseases, the pathogenesis of which have been 

reported to be affected by a variation in the levels of a particular Cer species or in the 

expression or activity of an individual CerS enzyme. 

There is less information about the involvement of CerS as the direct cause of human 

disease via mutations in their coding sequence. This is the case of certain mutations in the 

CerS3 gene, which lead to a skin disorder called ichthyosis.40 Patients with these 

mutations show little expression of CerS3 in keratinocytes, resulting in reduced levels of 

Cer(s) carrying ultra-long acyl chains, such as C26:0-Cer, which play major roles in 

epidermal differentiation, barrier integrity and in the formation of the cornified lipid 

envelope.25 
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Table 1.1 Fatty acyl-CoA specificity, tissue distribution and involvement in human disease of the different 

isoforms of CerS. Data obtained from ref.38 

CerS FA specificity Tissue distribution 
Human diseases with changes in CerS 

expression or activity 

CerS1 C18 Brain, testis and skeletal muscle 
Head and neck cancer 

Epilepsy 

CerS2 C22-C24 Liver and kidney 

Breast cancer 

Multiple sclerosis 

Alzheimer’s disease 

CerS3 ≥ C26 Skin and testis Epidermal defects 

CerS4 C18-C22 Skin, liver and heart 
Breast cancer 

Alzheimer’s disease 

CerS5 C16 Lung epithelium 
Leukemia 

Colorectal cancer 

CerS6 C14-C16 
Intestine, spleen, lymph nodes 

and thymus 

Breast cancer 

Multiple sclerosis 

Colitis 

 

1.1.5 Chemical tools to investigate ceramide synthases 

Considering that both CerS enzymes and the metabolites they produce (i.e. (dh)Cer(s)) 

have been associated with a number of pathologies, the development of methods to 

determine and to modulate the CerS activity represent an interesting field of research and 

is the main goal of the present doctoral thesis. A selection of the most relevant chemical 

tools that are currently available for the study of CerS enzymes are presented in this 

section. 

1.1.5.1 CerS inhibitors 

Many fungal secondary metabolites have been identified as CerS inhibitors, the most 

notable of which are fumonisins,41 the structurally-related AAL toxins42 and 

australifungin43 (Figure 1.4). All these molecules are considered general CerS inhibitors, 

given that they show no specificity towards the different CerS isoforms. Since they do 

not directly interfere with the activity of any other SL-metabolising enzymes, these 

compounds, and in particular Fumonisin B1 (FB1), have been extensively used in 

biological studies to inhibit the biosynthesis of Cer(s) and to distinguish the effects of 

Cer(s) produced in the de novo pathway from those of Cer(s) generated through the 

catabolism of complex SL.23 
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Fumonisins are a class of mycotoxins produced by Fusarium monoliforme and related 

fungi, commonly found as contaminants of corn and some other grains.41 The most 

representative compound of this family is FB1, which consists of an aminoicosapentol 

backbone with two hydroxyl groups esterified to tricarballylic acid (TCA).44 The TCA 

groups can be removed to give the so-called hydrolysed fumonisins (HF), also called 

aminopentols (AP). Fumonisins inhibit CerS via competitive-like inhibition. Several 

studies suggest that these compounds are able to simultaneously bind to the sphingoid 

LCB recognition domain and to the acyl-CoA recognition domain of CerS through the 

AP scaffold and the TCA side chain, respectively.44 The hydrolysed form of FB1 (HFB1) 

is a weak inhibitor of CerS. However, HFB1 can be acylated by CerS, and the resulting 

N-acyl metabolites are potent inhibitors CerS.44 AAL toxins are a class of mycotoxins 

produced by the fungus Alternaria alternata f. sp. Lycopersici, structurally similar to 

fumonisins, responsible for stem canker disease on tomatoes.45 The best studied 

compound of this family is the AAL toxin A1 (AAL-TA1). In the same way as FB1, 

AAL-TA1 inhibits the activity of CerS with a competitive mechanism, resulting in a 

concomitant decrease of (dh)Cer(s) and an elevation of the levels of sphingoid bases. 

Australifungin is a mycotoxin isolated from Sporomiella australis with broad spectrum 

antifungal activity against human pathogenic fungi.43 Even though its chemical structure 

is quite different from that of SLs, australifungin is a very potent inhibitor of CerS. 

Nevertheless, the use of australifungin has been very limited due to its low chemical 

stability, owing to the high reactivity of the β-ketoaldehyde moiety.44 

The compound FTY720 (Figure 1.4), also known as Fingolimod, is an 

immunomodulating drug derived from myriocin that is currently used in the treatment of 

multiple sclerosis.22 In cells, FTY720 is phosphorylated by SK to FTY720-1-P, a potent 

agonist of the S1P receptors responsible for most of the biological effects of FTY720. 

Moreover, FTY720 can inhibit CerS activity through a complex mechanism involving 

non-competitive inhibition towards acyl-CoAs and uncompetitive inhibition towards 

dhSo.22 Even though FTY720 is a non-specific CerS inhibitor, the modification of its 

backbone has led to the first isoform-specific CerS inhibitors. Schiffmann et al. described 

a series of (oxy)derivatives of FTY720 with heterogeneous amine variations showing 

different preferences for the various CerS isoforms.46 The FTY720 analogues ST1058 

and ST1074 inhibited predominantly CerS2 and CerS4, whereas ST1060 inhibited 

exclusively CerS2 and ST1072 seemed to inhibit preferentially CerS4 and CerS6.46 In a 
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different study, Turner et al. reported a non-phosphorylatable chiral oxyderivative of 

FTY720 with an aryl tail (Figure 1.4, compound P053) as a selective inhibitor of CerS1 

with nanomolar potency.47 

 

Figure 1.4 Chemical structure of known ceramide synthase inhibitors. 

1.1.5.2 Chemical probes to monitor the CerS activity 

The first reported methods to monitor the activity of CerS were based on the use of 

radioactive substrates, primarily [3H](dh)So (combined with non-radioactive FA-CoAs) 

or [14C]-labelled FA-CoAs (together with non-radioactive LCBs), and the subsequent 

separation of the corresponding Cer products by thin layer chromatography (TLC).48–51 

The main advantages of these methods were the commercial availability of the 

radiolabelled FA-CoAs and the existence of straightforward procedures to prepare 

radiolabelled sphingoid bases, such as [4,5-3H]dhSo (Figure 1.5). However, the 

inconveniencies associated with the use of radioisotopes, that is the safety issues and the 

need for special infrastructure, prompted researchers to develop more suitable 

alternatives. Thus, Spassieva et al.52 described the non-natural C17-So and C17-dhSo 

analogues (Figure 1.5) as probes for the mass spectrometry (MS) analysis of SL 

metabolism. The probes could be successfully applied to determine CerS and SK 

activities in vitro with high sensitivity and accuracy, even when crude extracts were used 

as enzyme sources.52 Along this line, our group reported on the use of stereochemically 

defined 1-deoxydihydrosphingosine (doxdhSo) and 1-deoxysphingosine (doxSo) 

analogues as probes for the measurement of CerS activity by UPLC-TOF in intact cells.53 
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Among the various isomers, the (2S,3R)-configured 4,5-dihydro derivative spisulosine 

(ES285), RBM1-73 (2S,3S; 4,5-ene) and RBM1-77 (2S,3S; 4,5-dihydro) (Figure 1.5) 

were the best suited compounds for CerS profiling. Since these probes lack the C1(OH) 

group, they cannot undergo further metabolic transformations at this position. Studies 

carried out in MDA MB 468 breast cancer cells showed that, once N-acylated, the rate of 

acyl exchange promoted by amide hydrolases is very low and, therefore, the resulting 

amide composition reflects accurately the overall CerS activity in the experimental 

conditions under study. Due to its higher N-acylation rates, compound ES285 was chosen 

as the chemical probe of reference to evaluate CerS activity in cells under a given set of 

conditions, through the analysis of the relative abundance of the corresponding 

N-acylated species. 

 

Figure 1.5 Chemical structure of known chemical probes to determine the ceramide synthase activity. 

The use of sphingoid probes bearing either a fluorescent group or a bioorthogonal reporter 

amenable to derivatization with an appropriate fluorescent reagent represents another 

interesting approach for the analysis of CerS activity. Fluorescence-based protocols are 

particularly convenient since they do not rely on hazardous radioactive substrates nor they 

require the use of expensive MS equipment. In this context, the commercially available 

fluorescent LCB NBD-dhSo (Figure 1.5) has proven to be a suitable substrate of CerS 

enzymes,54 and has been used to develop various fluorescent assays to screen for CerS 

activity.54–57 These methods have been claimed to be much more sensitive than the 

above-mentioned radioactive assays, with a detection limit in the pM range, based on the 

direct quantitation on TLC plates.54 In a different study, a group of alkyne-functionalized 

lipids were proposed as an alternative to radiolabeled substrates to investigate various 

enzymes of the lipid metabolism in vitro.58 Notably, kinetic analysis using microsomes 

from mouse tissues showed that the ω-alkyne-dhSo analogue (Figure 1.5) was acylated 
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by CerS enzymes with a KM similar to that of the natural substrate.58 After the enzymatic 

reaction, the corresponding amide metabolites were reacted with the fluorogenic dye 

3-azido-7-hydroxycoumarin through a Cu(I)-catalysed alkyne-azide reaction and 

subsequently separated by TLC, prior to their quantitation by fluorescence detection.58 

 

1.2 Bioorthogonal chemistry 

In order to understand biological processes at the molecular level, we need tools that allow 

us to identify, localise and manipulate the key biomolecules that are involved in them, 

preferably within their native environment. One of the most popular techniques for the 

study of proteins in living systems involves the use of genetically encoded fluorescent 

proteins, such as the green fluorescent protein (GFP).59 These fluorescent tags can be 

fused to a protein of interest (POI) enabling its visualization and quantification through 

standard optical methods. Although fluorescent protein fusions represent a very powerful 

tool for the study of many cellular processes, they have some limitations. Their relatively 

large size can affect the function and the subcellular localization of the studied protein. 

What is more, they cannot be used to tag other biologically relevant molecules, such as 

glycans, lipids or nucleic acids. 

An alternative, more organic chemistry-oriented strategy to label all sorts of 

biomolecules, known as the bioorthogonal chemical reporter strategy,60 has emerged over 

the last decades. As illustrated in Figure 1.6, a bioorthogonal reactive group A, also 

known as the chemical reporter, that is a special functional group non-existing in nature, 

is first introduced into the target biomolecule; then, the target biomolecule can be 

selectively labelled through a reaction with a synthetic probe bearing a complementary 

bioorthogonal group B equipped with the desired tag (fluorophore, biotin, radiolabel…).60 

Biorthogonal chemical reactions, as defined by Carolyn Bertozzi and collaborators,61 are 

those reactions that proceed selectively in living systems and other complex biological 

milieu without interfering with native biomolecules.62 Furthermore, similarly to the 

criteria established by Sharpless and collaborators for “click” reactions,63 bioorthogonal 

reactions should also be high yielding, generate minimal and inoffensive by-products, 

such as water or nitrogen gas, and have good reaction kinetics under physiological 

conditions. Fast kinetics are especially important when studying biological processes that 



16 

occur on a very short time scale or those involving biomolecules of low abundance.60 

Furthermore, fast reactions do not require the addition of a large excess of any of the 

reactants to assure an efficient labelling of the target biomolecule, which is economically 

advantageous and avoids possible cellular toxicity.64 

 

Figure 1.6 Schematic representation of a general two-step bioorthogonal labelling protocol. (1) The 

chemical reporter (bioorthogonal reactive group A) is first introduced into the target biomolecule, usually 

through metabolic incorporation; (2) The desired tag (red star) is subsequently installed on the target 

biomolecule through a selective reaction between the bioorthogonal reactive groups A (biomolecule) and 

B (synthetic probe). Cell image from freepik.com. 

The vast majority of bioorthogonal reactions involve two reaction partners (in Figure 1.6, 

bioorthogonal functional groups A and B), that must be mutually reactive, while being 

inert to common functionalities found in Nature (e.g. amines, thiols, phosphates and 

ROS), stable under physiological conditions, non-toxic to cells and small enough not to 

disrupt the structure of the target biomolecule.62 Only a small number of chemical motifs 

are known to meet the conditions required for their use as bioorthogonal chemical 

functions. Some of the most prominent examples of bioorthogonal groups are displayed 

in Table 1.2. 

As explained above, the two-step bioorthogonal labelling strategy requires the initial 

installation of a primary bioorthogonal functional group on the target biomolecule that 

serves as a chemical handle for the subsequent selective derivatization with a 

conveniently substituted chemical probe. Depending on the nature of the target 

biomolecule, there are different strategies that can be used to incorporate the primary 

bioorthogonal group. 

 

  

(1)

A

A A
B

(2)

B

https://www.freepik.com/free-vector/animal-cell-diagram-colors_2480897.htm#page=1&query=cell%20membrane&position=1
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Table 1.2 Most frequently used bioorthogonal functional groups and reactions. a) The rate constant varies 

significantly depending on the strained cycloakyne or cycloalkene that is used. CuAAC: Cu(I)-catalyzed 

azide alkyne cycloaddition; SPAAC: Strain-promoted azide alkyne cycloaddition; IEDDA: Inverse electron 

demand Diels-Alder reaction. Adapted from ref65. Rate constants extracted from ref64. 

 

Automated synthesis is probably the simplest way to produce relatively long peptide or 

oligonucleotide chains with non-natural building blocks carrying bioorthogonal 

functional groups embedded in their structure. Since the sequence can be programmed, 

the position of the modified amino acid or nucleotide, respectively, can be defined at will. 

The only limitations of this method are the synthetic accessibility of the non-natural 

building blocks (amino acid or phosphoramidite), the compatibility of the bioorthogonal 

groups with the conditions used for the automated synthesis and the fact that it can only 

be applied to oligomers.59 Alternatively, intrinsic bioconjugation reactions, such as thiol-

maleimide additions or amine-activated ester acylations, enable the site-specific 

modification of larger proteins taking advantage of the special reactivity of the side chains 

and termini of the natural amino acids. Unfortunately, since most of these reactions have 

poor rates and their chemoselectivity highly depends on having a controlled pH, these 

methods are very valuable for in vitro applications but not suitable for in vivo studies.62 
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However, the most general approach to append bioorthogonal functional groups to 

biomolecules in vivo relies on the metabolic incorporation of modified metabolites.59 This 

strategy exploits the ability of some biosynthetic enzymes to tolerate structural analogues 

of their natural substrates. In this way, non-natural metabolic precursors (e.g. amino acids, 

nucleoside triphosphates, fatty acids or monosaccharides) bearing a bioorthogonal 

function are first obtained by common organic synthesis, subsequently added to cells, 

where they are processed by the endogenous biosynthetic machinery, and are finally 

incorporated into the target biomolecule.59 This method has been used to label most types 

of biomolecules, comprising proteins, glycans, lipids and nucleic acids.59,60 

In recent years, the field of bioorthogonal chemistry has gained much attention from 

researchers due to the enormous potential of the bioorthogonal reporter strategy to 

interrogate biological processes at the molecular level and, as a result, the number of 

available bioorthogonal functional groups and reactions has grown considerably. In the 

following sections, two types of chemical reactions that have become particularly popular 

amongst chemical biologists, namely the 1,3-dipolar cycloaddition between azides and 

alkynes and the Diels-Alder reaction, will be briefly presented. For a more detailed 

overview about these and other existing bioorthogonal reactions and their different 

biological applications the reader is referred to several excellent review papers.62,66–72 

1.2.1 1,3-Dipolar cycloadditions between alkynes and azides 

The 1,3-dipolar cycloaddition is a chemical reaction occurring between a 1,3-dipole and 

a dipolarophile to form a five-membered ring (Scheme 1.1). Such transformations are 

particularly well suited for bioorthogonal chemistry due to their favourable properties of 

high atom efficiency, inherent selectivity, biocompatibility and absence in Nature of the 

participating functional groups, as well as a significant enhancement of the reaction rate 

in aqueous media.59 

 

Scheme 1.1 a) Schematic representation of a 1,3-dipolar cycloaddition between a dipole and a dipolarophile 

to form a new five-membered ring. b) Resonance structures of 1,3-dipoles. Adapted from ref.59 
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Among the various existing 1,3-dipoles, the azide group has long fascinated organic 

chemists for its exceptional reactivity and its unique properties. The azide group has a 

small size, a neutral overall charge and possesses a high intrinsic energy while being 

kinetically stable under physiological conditions.73 Neither azide nor its reaction partners 

are present in biological systems. Furthermore, in spite of the considerable toxicity of 

inorganic azides, organic azides are harmless to living organisms. All these features make 

the azide group an ideal chemical reporter for bioorthogonal chemistry. 

The reactivity of organic azides has been extensively studied. Some of the reactions 

employing azides include the Staudinger reduction, the aza-Wittig reaction and the 

Curtius rearrangement.74 Moreover, due to its relative chemical stability, the azide group 

is sometimes used in organic synthesis as a masked form of an amine and it is reduced at 

a late stage of a synthetic sequence.75 However, the most prominent chemical reaction 

involving organic azides is probably the 1,3-cycloaddition with terminal alkynes to form 

1,2,3-triazoles (Scheme 1.2), first reported by Arthur Michael in 189376 and further 

developed by Rolf Huisgen in the 1960s.77 The original uncatalyzed version required 

elevated temperature or pressure to overcome the activation barrier, precluding its use for 

bioconjugation, and had a poor regioselectivity, thus, affording a mixture of the 1,4- and 

the 1,5-regioisomers, unless highly electron-deficient terminal alkynes were used.78 

Fortunately, in the recent years, two improved versions of the reaction have been 

described capable of overcoming these drawbacks, namely the Cu(I)-catalysed alkyne-

azide cycloaddition (CuAAC) and the strain-promoted alkyne-azide cycloaddition 

(SPAAC) (see below sections). 

 

Scheme 1.2 Schematic representation of the three versions of the 1,3-dipolar cycloaddition between azides 

and alkynes. (1) Huisgen’s version: requires high temperature (or pressure) and affords the two possible 

regioisomers; (2) CuAAC: proceeds rapidly at ambient temperature and affords only the 1,4-regioisomer; 

(2) SPAAC: proceeds rapidly at ambient temperature and affords a single product, provided the cyclooctyne 

reagent is symmetric. Adapted from ref.59 
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1.2.1.1 Cu(I)-catalysed alkyne-azide cycloaddition 

In 2002, the groups of Sharpless and Meldal independently reported that the rate of the 

cycloaddition between azides and terminal alkynes could be dramatically accelerated by 

adding catalytic amounts of a Cu(I) salt.79,80 In addition to the enhanced kinetics, the 

Cu-catalysed version of the reaction proceeds with a remarkable regioselectivity only 

producing the 1,4-subsituted regioisomer (Scheme 1.2). Moreover, this reaction displays 

a broad substrate scope and high yields, it is compatible with multiple solvent systems, 

including water, it is insensitive to oxygen and pH (in the range 4-12), and its two reaction 

partners do not interfere with biomolecules. For all these reasons, CuAAC is widely 

considered as the gold standard among bioorthogonal reactions. 

The major downside of this reaction resides in the toxicity of copper salts, which limit its 

application in living systems. Cu(I) ions promote the generation of reactive oxygen 

species (ROS) that can disrupt the functional and structural integrity of cellular 

components.59 Common strategies to reduce copper-mediated cytotoxicity include the use 

of Cu-stabilizing ligands and Cu-chelating azide reagents (Figure 1.7). 

 

Figure 1.7 Examples of (a) Cu-stabilizing ligands and (b) Cu-chelating azide reagents. 

Several Cu(I)-stabilizing ligands with differing levels of structural complexity have been 

reported to date.81 These ligands have the ability to strongly bind to Cu ions and stabilize 

the Cu(I) oxidation state by blocking all possible coordination sites, this resulting both in 

a reduced Cu toxicity and in an improvement in the reaction kinetics. 
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In 2009, the Zhu group demonstrated that the CuAAC could be further accelerated by 

using azide reagents containing a nitrogen-based auxiliary ligand such as a pyridine ring 

next to the azido group.82,83 The higher reactivity of Cu-chelating azide reagents has been 

attributed to their capability to facilitate the Cu(I)-azide association, which is considered 

the rate-determining step in the CuAAC catalytic cycle.81 By improving the reaction 

kinetics, Cu-stabilizing ligands and Cu-chelating azide reagents allow for a reduction in 

catalyst loading without a decrease in the reaction yield. These tools have enabled the use 

of CuAAC to label biomolecules on the surface of living cells.81 

1.2.1.2 Strain-promoted alkyne-azide cycloaddition 

In the 1960s, Wittig and Krebs reported that cyclooctyne, the smallest stable cycloalkyne, 

reacted ‘‘explosionsartig’’ (like an explosion) when combined with phenylazide.84,85 The 

bond angle of the sp-hybridized carbons in cyclooctyne is 160º (Scheme 1.3), compared 

to the typical 180º bond angle of sp-hybridized carbons in linear alkynes, which generates 

a ring strain of ca. 18 kcal/mol.86 Furthermore, the bond geometry of the acetylene moiety 

of cyclooctyne is distorted towards that of the transition state of the 1,3-dipolar 

cycloaddition reaction, resulting in a dramatic rate acceleration due to a reduction of the 

activation energy.86 Based on these findings and seeking to improve the biocompatibility 

of the azide-alkyne cycloaddition, the group of Carolyn Bertozzi decided to explore the 

use of ring strain to activate alkynes as an alternative to copper catalysts, which lead to 

the development of the so-called strain-promoted azide-alkyne cycloaddition (SPAAC). 

 

Scheme 1.3 Comparison between the bond angles of a linear alkyne and a strained cyclooctyne used in 

SPAAC. The decreased distortion energy required for cyclooctyne to adopt the geometry of the 

cycloaddition transition state (158-166º) compared to the linear alkyne accounts for the lower activation 

energy of the strain-promoted alkyne-azide cycloaddition (SPAAC), which proceeds spontaneously at 

ambient temperature without the need of any metal catalyst. Adapted from ref59. 

The first cyclooctyne reagent evaluated by the Bertozzi group, called OCT (Figure 1.8), 

spontaneously underwent cycloaddition with benzyl azide at room temperature to give 

the corresponding triazole with a second-order rate constants k2
 of 0.0012 M-1·s-1.87 The 

relative slow reaction kinetics, compared to CuAAC, required large excesses of reagents 

and long incubation times to guarantee an efficient labelling. As a result, in the following 
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years, many researchers focused on the synthesis and evaluation of more reactive 

cycloalkyne reagents that could help accelerate the kinetics of SPAAC. 

Two different strategies have been used to increase the reactivity of cyclooctynes, namely 

the addition of electron withdrawing groups at the propargylic position (MOFO, DIFO), 

and the increase of ring strain energy through aryl (COMBO, DIBO, DIBAC, BARAC) 

or cyclopropyl (BCN) ring fusion, or through ring contraction (TMTH) (Figure 1.8).62 

One of the main difficulties of designing cyclooctyne reagents is balancing reactivity and 

stability. For example, while BARAC and DIFBO display outstanding rate constants, 

their use is very limited due to their high instability.86 Aside from reactivity, two other 

critical parameters that define cyclooctyne reagents are size and lipophilicity. Even 

though benzoannulation has proven to be beneficial for cyclooctyne reactivity, it 

generally leads to bulky and highly lipophilic compounds, which is not desirable for 

biological applications. In this context, although less reactive than most diaryl 

cyclooctynes, the bicyclo[6.1.0]non-4-yne (BCN) reagent developed by the van Delft 

group88 still has a more than acceptable rate constant, while it displays a much lower steric 

hinderance. Furthermore, BCN is also reasonably stable and, unlike most cyclooctyne 

reagents, its synthesis is exceptionally short and simple. 

 

Figure 1.8 Overview of the evolution of strained cyclooctyne reagents for SPAAC. Cyclooctynes are 

shown in order of reactivity. The second order rate constants correspond to reactions with benzyl azide or 

similar aliphatic azides and are expressed in M-1·s-1.86 

SPAAC has become a very attractive alternative to CuAAC for the in vivo derivatization 

of intracellular targets both in cells and whole organisms. Some of its most relevant 

biological applications have been reviewed recently.62,68 
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1.2.2 Diels-Alder reaction 

The Diels–Alder (DA) reaction is defined as a pericyclic [4+2]-cycloaddition reaction 

between a 4π electron system (a conjugated diene) and a 2π electron system (a dienophile) 

to form a new six-membered ring product (Scheme 1.4). The first report of this reaction 

appeared in 1928, when Otto Diels and Kurt Alder identified the products of the reaction 

between cyclopentadiene and quinone.89 The DA reaction is deemed as one of the most 

important existing reactions to form carbon-carbon bonds, since it constitutes a reliable 

way to build six-membered rings with a high degree of predictability regarding the 

regio- and stereochemical outcomes. Since its discovery, it has found countless 

applications90 and its importance was acknowledged with the Nobel Prize in chemistry in 

1950.59 

 

Scheme 1.4 Diels-Alder reaction between buta-1,3-diene (diene) and ethylene (dienophile) to form 

cyclohexene showing a concerted mechanism. 

The DA reaction is controlled by the energy gap between the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the reactants 

(Figure 1.9).59 However, the type of HOMO/LUMO interaction can vary depending on 

the electronic effects of the substituents on the diene and the dienophile. From this 

perspective, DA reactions can be divided in two categories: (1) the normal electron-

demand DA reaction, where an electron-rich diene (HOMO) reacts with an 

electron-deficient dienophile (LUMO), and (2) the inverse electron-demand DA reaction, 

in which an electron-deficient diene (LUMO) reacts with an electron-rich dienophile 

(HOMO) (Figure 1.9).91 

The DA reaction fulfils the essential requirements to be qualified as a “click” and 

bioorthogonal chemical reaction. In this line, in addition to the inertness and 

chemoselectivity of the reactants, its rate is greatly accelerated in polar solvents such as 

water, due to hydrophobic stabilization of the transition state, and can be tuned 

significantly by adjusting the substituents on the reactants. These appealing properties 

have prompted the inclusion of the DA reaction in the repertoire of chemical tools for 

biomolecule labelling. 
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Figure 1.9 Frontier molecular orbital analysis of the two variants of the Diels-Alder reaction. EDG: electron 

donating group; EWG: electron withdrawing group. Adapted from ref.59 

1.2.2.1 Normal electron-demand Diels-Alder reaction 

Maleimides are probably the most common dienophiles used in normal electron-demand 

Diels-Alder (NEDDA) reactions in the context of bioconjugation.92 These 

electron-deficient cycloalkenes readily react with electron-rich conjugated dienes, such 

as furans, under physiological conditions (Scheme 1.5, a). Maleimides have been 

effectively used to label diene-containing nucleic acids,93,94 to immobilize proteins and 

oligonucleotides,95,96 and to generate peptide-oligonucleotide97 and antibody-drug 

bioconjugates.98 Unfortunately, maleimides also undergo Michael addition reactions with 

naturally occurring nucleophiles, especially with thiols and, therefore, they cannot be 

considered as entirely bioorthogonal functions. Interestingly, the reactivity of maleimides 

towards thiols has been extensively exploited for the selective tagging of 

cysteine-containing proteins, especially in vitro.59 

Another dienophile that is commonly employed in NEDDA is 4-phenyl-1,2,4-triazole-

3,5-dione (PTAD), together with its derivatives. PTAD reacts smoothly with electron-rich 

conjugated dienes under mild conditions, but it also reacts with endogenous tyrosine 

residues through electrophilic aromatic substitution (Scheme 1.5, b). As with maleimides, 

the two alternative modes of reactivity of PTAD have been applied to chemically modify 

biomolecules.99,100 

As illustrated in the previous examples, the typical dienophiles used in NEDDA suffer 

from side reactivity with endogenous biomolecules, limiting their utilisation in living 
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cells. Moreover, under particular circumstances, DA cycloadducts can decompose into 

their precursors, i.e. diene and dienophile, through a chemical process known as retro-DA 

reaction, which precludes the application of this chemistry in those cases where the 

formation of thermally stable products is a prerequisite.59 Luckily, this obstacle can be 

circumvented by using precursors that afford stable cycloadducts, as in the inverse 

electron-demand DA reaction between tetrazines and strained cycloalkenes.59 

 

Scheme 1.5 (a) Maleimide derivatives participate in DA reactions with diene-containing biomolecules, but 

they also undergo Michael-type addition reactions with naturally occurring thiol nucleophiles (cysteine 

residues, glutathione). (b) PTAD derivatives participate in DA reactions with diene-containing 

biomolecules, but they also undergo electrophilic aromatic substitution (SEAr) with tyrosine residues. 

1.2.2.2 Inverse electron-demand Diels-Alder reaction 

The term inverse electron-demand Diels-Alder (IEDDA) comprises many different [4+2] 

cycloaddition reactions between electron-deficient dienes and electron-rich dienophiles. 

However, the most popular IEDDA reaction used for biomolecule tagging is that of 

1,2,4,5-tetrazines (Tz) with various dienophiles, commonly known as tetrazine ligation. 

The first applications of the tetrazine ligation as a bioorthogonal reaction were 

independently reported by the groups of Fox101 and Hilderbrand102 in 2008, building on 

pioneering work by Sauer et al.103 
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Scheme 1.6 Mechanism of the IEDDA reaction cascade between 1,2,4,5-tetrazines (Tz) and strained 

alkenes. In the initial step, an IEDDA [4+2] cycloaddition (1) results in a highly strained bicyclic adduct 

that rapidly undergoes a retro-DA process (2), with the concomitant evolution of nitrogen gas, to form the 

corresponding 4,5-dihydropiridazine (4,5-DHPyz). A subsequent 1,3-prototropic isomerization (3) leads to 

a 1,4-DHPyz that can be further oxidised (4), either spontaneously or upon the addition of an oxidant, to 

afford the final pyridazine (Pyz) adduct. 

Tetrazines and suitable dienophiles react through an IEDDA cascade process to form 

dihydropyiridazines (DHPyz) that might be further oxidized to the corresponding 

pyridazines (Pyz), as shown in Scheme 1.6.92 The first step, namely the [4+2] 

cycloaddition between the tetrazine and the olefin, is the rate-limiting step of the cascade. 

The resulting highly strained bicyclic adduct rapidly undergoes a retro-DA, to produce 

the corresponding DHPyz. Due to the concomitant extrusion of a dinitrogen molecule, 

the whole process becomes irreversible and leads to highly stable cycloadducts, in 

contrast to the conventional DA reaction, being this one of the many attractive features 

of the tetrazine ligation. 

Another key feature of the IEDDA reactions is the ability to tune the reaction rates by 

many orders of magnitude (k2 = 0.002 – 3,300,000 M-1s-1) by modifying the reagents.92 In 

the last decade, several tetrazines and dienophiles have been developed (Figure 1.10) and 

have been thoroughly investigated from a kinetic perspective with the aim of gaining a 

deeper understanding of the factors that determine the reactivity of the two reaction 

partners. As in any IEDDA reaction, EWG at the 3- and 6- positions of the tetrazine lower 

the LUMOdiene and, therefore, accelerate the reaction kinetics, while EDG have an 

opposite effect. On the other hand, dienophiles bearing EDG that raise the HOMOdienophile 

are preferred. Regarding steric effects, bulky substituents on both reaction partners tend 

to hamper the reactivity. Consequently, mono-substituted tetrazines are generally more 
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reactive than di-substituted ones, even if the second substituent is a strong EWG.70 

Similarly, for linear dienophiles, terminal alkenes and alkynes react more rapidly than 

their internal counterparts. In the case of cyclic dienophiles, however, there is another 

parameter that has a greater influence on the IEDDA reaction rate than electronic and 

steric effects, namely ring strain. As a rule of thumb, a higher degree of ring strain of the 

dienophile enhances the IEDDA reaction kinetics by reducing the activation energy, since 

ring strain raises the HOMOdienophile and reduces the distortion energy that is needed for 

the reactants to adopt the transition state geometry.104 Notably, the fastest tetrazine 

ligation reported to date uses the highly strained fused derivative 

trans-bicyclo[6.1.0.]nonene (s-TCO, Figure 1.10).105 It should be noted, however, that 

the use of extremely reactive dienes and dienophiles for biological applications is often 

unadvisable, since high reactivity often comes at the expense of lower chemical stability. 

This is the case of many trans-cyclooctene (TCO) dienophiles, which isomerize to the 

more thermodynamically stable, although less reactive, cis isomer in thiol-rich 

environments.106 Similarly, a number of mono-substituted tetrazines tend to decompose 

under physiological conditions.59 

The fast reaction rates in water media, the bioorthogonality of its reaction components, 

the lack of need for transition metal catalysts, the potential to develop fluorogenic probes 

when combined with certain dyes, and the compatibility with other bioorthogonal 

reactions (discussed below) are among the unique characteristics that have made the 

tetrazine ligation an irreplaceable tool in modern day life sciences. A selection of recent 

advances in the application of tetrazine chemistry to study biomolecules can be found in 

references70,91,92,107. 
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Figure 1.10 Examples of tetrazine and dienophile reagents commonly used for IEDDA. The dienophiles 

are shown in order of reactivity. The second order rate constants have been measured with the tetrazine 

indicated in parenthesis and are expressed in M-1·s-1.70,108 

1.2.3 Dual modification of biomolecules 

In the search of novel tools to label biomolecules, there is a growing interest in developing 

strategies that allow the combined use of more than one bioorthogonal chemistries, either 

simultaneously or in tandem (Figure 1.11). To this end, the chemical groups and 

transformations that are employed must be selective enough in order not to interfere either 

with cellular components (i.e. bioorthogonality) or among them (i.e. mutual 

orthogonality). The development of mutually orthogonal bioorthogonal reactions has a 

lot of potential and offers a vast number of opportunities. For instance, this sort of 

chemistries can be applied to investigate two different biological processes or to track 

different components of a metabolic cascade at the same time. Moreover, mutually 

orthogonal bioorthogonal reactions also enable the introduction of two different tags, such 

as fluorophores, in a single biomolecule. The double fluorescent labelling of 
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biomolecules can be used, for example, for the development of FRET experiments (see 

Section 1.3.4). Recent advances on dual modification of biomolecules have been 

reviewed by Maruani et al.109 

 

Figure 1.11 Schematic representation of two different labelling protocols using mutually 

orthogonal bioorthogonal reactions. A) Each reaction is used to singly label one target 

biomolecule. B) Both reactions are used to introduce two different labels on the same target. In 

both protocols, (1) the chemical reporters are first incorporated on the target biomolecule and 

then, (2) the tags are subsequently attached through bioorthogonal chemical reactions. The two 

mutually compatible reactions can be either performed simultaneously (one-pot) or sequentially. 

Cell image from freepik.com. 

There are different strategies that can be used to design pairs (or multiplex) of 

bioorthogonal reactions. One approach is to combine reactions that require different 

stimuli (e.g. a metal catalyst, UV light) for their activation. Another popular strategy takes 

advantage of the different rate constants that certain reagents display towards various 

chemical transformations. The orthogonality between the SPAAC reaction of azides with 

DBCO derivatives, and the IEDDA reaction of tetrazines and TCO is based on this 

principle (Figure 1.12). These two reactions can be carried simultaneously in the same 

biological system without noticeable cross-reactivity. On the one hand, DBCO 

derivatives do not react with tetrazines, as opposed to cyclooctynes, due to steric effects 

that increase the distortion energy.69 On the other hand, the preference of TCO for 

tetrazines compared to azides has been attributed to the fact that the activation energy for 

the cycloaddition between TCO and azides is considerably higher than that for the 

reaction with tetrazines, which results in a much higher reaction rate (about three orders 
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of magnitude) for the IEDDA compared to the SPAAC reaction.69 For a comprehensive 

overview about the orthogonality of the different existing bioorthogonal reactions, the 

reader is referred to the following articles.69,110,111 

 

Figure 1.12 Mutual orthogonality between azide-alkyne cycloadditions (CuAAC and SPAAC) and the 

tetrazine ligation. Adapted from ref.104 

 

 

1.3 Fluorescence-based techniques in biomedical research 

Fluorescence-based techniques have become crucial tools in modern life sciences due to 

their robustness, high sensitivity, high speed of response, non-invasiveness and high 

spatial-resolution. Fluorescence imaging is commonly used in basic science research as a 

non-destructive way to investigate the production, localization, trafficking, and biological 

roles of relevant biomolecules in living organisms.112 In addition, fluorescence has also 

proved to be very useful in more applied scientific disciplines including biotechnology, 

flow cytometry, medical diagnostics, DNA sequencing, forensics and genetic analysis.113 

In this section, a brief introduction to the basic principles of fluorescence is presented. 
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1.3.1 Basic principles of fluorescence 

Luminescence is defined as the spontaneous emission of radiation, in the form of light, 

by a substance following the absorption of energy and its entrance into an excited state. 

There are different types of luminescence, depending on the source of excitation energy, 

including photoluminescence (excitation by light, usually UV-Vis), radioluminescence 

(excitation by ionizing radiation), chemiluminescence (excitation due to a chemical 

reaction), triboluminescence (excitation resulting from a mechanical force) and 

sonoluminescece (excitation by ultrasounds).114 Based on the nature of the excited state 

involved in the emission processes, photoluminescence can be further subdivided into 

fluorescence and phosphorescence. 

Fluorescence is a complex physical process that occurs in three consecutive stages, 

namely excitation (1), excited-state lifetime (2) and fluorescence emission (3), as 

illustrated in Figure 1.13. At room temperature, most fluorescent molecules (otherwise 

called fluorophores) are in a low-energy and relatively stable electronic state known as 

the ground state. When irradiated with an external light source, fluorescent molecules are 

capable of absorbing photons. If the absorbed photons have enough energy, one of the 

electrons of the fluorophore is promoted to a higher energy level and the molecule is said 

to be in an excited state. For most fluorophores, the ground state (S0) has a singlet spin 

configuration (i.e. all the electrons are paired, and the net angular momentum equals zero) 

and, due to conservation of angular momentum during photoexcitation, the resulting 

excited state is also a singlet state (S1). Fluorescent molecules reside in the excited state 

for a limited time, known as the excited-state lifetime or fluorescence lifetime, before 

they return to the ground state. The electronic transition of a fluorophore molecule from 

a singlet excited state to the ground state S0, with the concomitant emission of a photon, 

is called fluorescence. Since the excited state and the ground state have the same spin 

multiplicity (both are singlet states), fluorescence is a spin-allowed electron transition 

and, thus, it occurs very rapidly, within picoseconds to nanoseconds. 
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Figure 1.13 Jablonski diagram showing the electronic transitions involved in the phenomena of 

fluorescence and phosphorescence. In fluorescence, the return from the S1 excited state to the S0 ground 

state is spin-“allowed” and, therefore, it occurs rapidliy (10-10–10-7 sec). In contrast, the return from the T1 

excited state to the S0 ground state is spin-“forbidden” and, thus, phosphorescence occurs on a much slower 

time-scale (10-4–103 sec). Radiative transitions (i.e. those where the energy difference is absorbed or emitted 

in the form of photons) are represented by straight arrows, whereas non-radiative transitions (i.e. those not 

involving neither the absorption nor emission of photons) are represented by undulating arrows. IC: internal 

conversion; ISC: intersystem crossing; VR: vibrational relaxation. Adapted from “edinst.com” and 

“enzolifesiciences.com” websites. 

Alternatively, electrons in the excited state can undergo intersystem crossing, the non-

radiative transition between iso-energetic electronic states with inversion of the electron 

spin, to an excited triplet state (T1). In this case, the radiative transition from the T1 excited 

state to the S0 ground state, a phenomenon known as phosphorescence, is spin 

“forbidden”, since the two electronic states have different spin multiplicity and, therefore, 

the process is much slower (microseconds to hours). 

Electronic states (S0, S1, S2…) are subdivided in various vibrational levels (v0, v1, v2…). 

During photoexcitation, electrons are generally promoted from the lowest-energy 

vibrational level of the ground state (S0v0) to a higher vibrational level of an excited state 

(Figure 1.13). Nevertheless, according to the Kasha’s rule,113 fluorescence and 

phosphorescence always occur from the lowest-energy vibrational level of the lowest 

excited state (S1v0 or T1v0, respectively). In this way, during the excited lifetime, electrons 

lying in energy levels higher than S1v0 (or T1v0) rapidly undergo non-radiative transitions, 

such as vibrational relaxation and internal conversion (Figure 1.13), before their radiative 

decay to the ground state. As a result of this energy dissipation in the excited state, the 
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photons emitted during fluorescence and phosphorescence have a lower energy than those 

absorbed during excitation. This energy difference results in a shift of the emission 

spectrum to longer wavelengths compared to the excitation spectrum, which is called 

Stokes shift. Furthermore, electrons in the excited state can fully dissipate the absorbed 

excitation energy through non-radiative transitions alone (Figure 1.13). In this case, the 

molecule will neither fluoresce nor phosphoresce; instead, the excitation energy will be 

entirely returned to the system through heat. The probability at which a fluorophore in 

the excited state undergoes radiative transitions instead of fully non-radiative relaxation 

defines its quantum efficiency (Φ) and its brightness. 

Besides the previously discussed electronic transitions, there are numerous additional 

pathways of energy conversion and/or dissipation, as well as environmental factors, that 

can influence the final outcome of the fluorescence process, including quenching, energy 

and charge transfer, fluorescence anisotropy, intermittency, and photobleaching, to name 

a few examples.115,116 At first sight, these mechanisms simply come across as 

interferences that might difficult the accurate detection of fluorescence. However, the 

understanding of these mechanisms has led to the development of many advanced 

fluorescence techniques that successfully exploit some of these particular aspects of the 

fluorescence process, comprising fluorescence recovery after photobleaching (FRAP), 

the related fluorescence loss in photobleaching (FLIP), fluorescence localization after 

photobleaching (FLAP), Förster resonance energy transfer (FRET) and the various 

existing methods to measure it in microscopy, such as acceptor photobleaching, sensitized 

emission, polarization anisotropy, and fluorescence lifetime imaging microscopy 

(FLIM).116 In the following section we will introduce the basic principles of FRET and 

highlight some of the recent applications of this powerful technique for studying 

metabolic pathways, in particular, in the field of lipid research. 

1.3.2 Förster Resonance Energy Transfer 

Förster resonance energy transfer (FRET) is a physical phenomenon by which energy is 

transferred from an excited fluorophore (the donor) to a nearby chromophore (the 

acceptor), which does not necessarily have to be fluorescent, through long range 

dipole-dipole interactions.116 FRET is a non-radiative process, thus, it does not involve 

the emission of a photon from the donor and the subsequent absorption of the photon by 

the acceptor. Moreover, unlike other non-radiative transitions, it does not rely on 
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molecular collisions or the production of heat. The direct photophysical consequences of 

FRET are a decrease in donor fluorescence emission (quenching), an increase in acceptor 

fluorescence emission (sensitization), a reduction of the donor’s excited state lifetime and 

a decrease in the polarization of the emitted light.117 The mechanism of FRET is 

represented in the below Jablonski diagram (Figure 1.14). 

 

Figure 1.14 Jablonski diagram illustrating the different electronic transitions occurring during the FRET 

process. (1) First, the donor (D) absorbs a photon of a particular wavelength, producing an excited state 

(D*); (2) If an acceptor molecule is nearby, the excitation energy of the donor is transferred to the acceptor 

through a non-radiative process (FRET); (3) Finally, if the acceptor molecule is a fluorophore, its decay 

causes the emission of a photon of a longer wavelength (fluorescence of the acceptor). FRET competes 

with many possible donor deexcitation processes including donor fluorescence, fluorescence quenching 

and vibrational relaxation. The FRET efficiency is determined by the amount of energy absorbed by the 

donor that is transferred to the acceptor. In the diagram, radiative transitions are represented by straight 

arrows, whereas non-radiative transitions are represented by undulating arrows. Excited electronic states 

are represented with a superscript asterisk. VR: vibrational relaxation; FRET: Förster resonance energy 

transfer. 

The FRET phenomenon was first observed by Jean Perrin in the 1920s,118 but it was 

Theodor Förster who proposed a quantitative theory and defined the critical parameters 

that influence energy transfer efficiency, namely the physical distance between the two 

chromophores, the overlap between the donor emission and the acceptor absorption 

spectra and the relative orientation of the donor emission and the acceptor absorption 

dipole moments.119–122 According to Förster’s theory (Equation 1.1), the efficiency of 

the FRET process (E), that is the amount of energy absorbed by the donor transferred to 

the acceptor, depends on the inverse sixth power of the distance between the donor and 

the acceptor (R). 
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 𝐸 =
𝑅0

6

𝑅6 + 𝑅0
6 Equation 1.1 

Since FRET efficiency is largely affected by interchromophoric distance, FRET can be 

used as a molecular “ruler” to determine the spatial proximity among suitably labelled 

biomolecules.123 The interval of distances that can be measured through FRET for a given 

donor-acceptor pair is defined by the Förster radius (𝑅0), i.e. the critical distance at which 

the FRET efficiency is half-maximal. As illustrated in Figure 1.15b, changes in FRET 

efficiency can be accurately detected within the range of distances from 0.5·𝑅0 to 1.5·𝑅0. 

𝑅0 is calculated following the Equation 1.2. 

𝑅0 = 0.211 × [𝜅2 × 𝛷𝐷 × 𝐽(𝜆) × 𝜂−4]
1
6⁄  Equation 1.2 

where 𝛷𝐷 is the fluorescence quantum yield of the donor in the absence of the acceptor, 

𝐽(𝜆) is the spectral overlap integral between the donor emission and the acceptor 

absorbance, 𝜂 is the refractive index of the solvent and 𝜅 is the angular orientation factor. 

𝛷𝐷 and 𝜂 are parameters that can be easily found in the literature, while 𝐽(𝜆) is calculated 

using the Equation 1.3. 

𝐽(𝜆) = ∫ 𝐹𝐷(𝜆) × 𝜀𝐴(𝜆) × 𝜆4𝑑𝜆
∞

0

 Equation 1.3 

where 𝐹𝐷(𝜆) is the donor normalized fluorescence emission spectrum, 𝜀𝐴(𝜆) is the 

acceptor absorption spectrum, in molar extinction coefficient units, and 𝜆 is the 

wavelength. Although a significant spectral overlap integral is required for an efficient 

donor-acceptor energy transfer, if the involved chromophores have wide spectral bands, 

prominent spectral overlaps often lead to undesired background noise due to the existence 

of emission bleed-through and excitation crosstalk (see Section 3.3.2.3). 

The angular orientation factor 𝜅2 is a constant that describes the spatial relationship of 

the donor’s emission dipole moment and the acceptor’s absorption dipole moment during 

the excited state lifetime, according to the Equation 1.4. 
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𝜅2 = [cos(𝜃𝐷𝐴) − 3 × cos(𝜃𝐷) × cos(𝜃𝐴)]
2 Equation 1.4 

where 𝜃𝐷𝐴 is the angle between the transition dipoles of the donor and the acceptor, and 

𝜃𝐷 and 𝜃𝐴 are the angles between the line that connects the centres of the two 

chromophores (Figure 1.15, c; R distance vector) and the transition dipoles of the donor 

and the acceptor, respectively.124 For theoretical reasons, 𝜅2 values are in the range 

between 0 and 4. Energy transfer between donor and acceptor is most likely to occur when 

the two transition dipoles are aligned parallel to the R vector (𝜅2 = 4). Conversely, when 

both transition dipoles are perpendicular to each other (𝜅2 = 0), FRET does not take place. 

The value of 𝜅2 cannot be measured directly and, when the donor and the acceptor have 

a certain degree of rapid rotational freedom, it is generally assumed to be 2/3, i.e. an 

average value of all the possible angle combinations.124 

From the above equations, it can be concluded that, in order for FRET to occur between 

a given donor-acceptor pair of chromophores, the following conditions must be fulfilled: 

(1) the donor emission spectrum must overlap with the absorption spectrum of the 

acceptor; (2) the two chromophores must be within a close distance (typically in the range 

of 1-10 nm); (3) the donor emission dipole and the acceptor absorbance dipole must have 

a favourable relative orientation (Figure 1.15). 
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Figure 1.15 Critical factors that determine the efficiency of the FRET process. a) Spectral overlap integral 

between the donor emission and the acceptor absorption spectra; b) Physical distance between the donor 

and the acceptor chromophores; c) Spatial orientation of the donor and the acceptor transition dipoles. 

1.3.3 Fluorescent labelling of lipids 

Certain molecules found in Nature, such as aromatic amino acids, some cofactors (e.g. 

nicotinamide, flavin, pyridoxal and pholate), photosynthetic pigments and the various 

members of the GFP family, are naturally fluorescent.113 However, this is not the case of 

most biomolecules, which need to be artificially labelled with extrinsic fluorophores 

(synthetic dyes, quantum dots or fluorescent protein fusions) so they can be detected 

through fluorescence-based techniques. Several fluorescent analogues of natural lipids 
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have been synthesized to date. The most representative fluorescent dyes used to label SLs 

are illustrated in Figure 1.16. 

 

Figure 1.16 Chemical structure of synthetic fluorescent dyes commonly used to study lipids. 

Nitrobenzo-2-oxa-1,3-diazole (NBD) is one of the most popular organic dyes used to 

label lipids, either at the C-terminus of the hydrocarbon chain or at the polar head group. 

NBD is weakly fluorescent in aqueous media but presents a strong fluorescence with a 

high degree of environmental sensitivity in lipid bilayers.125 Even though NBD is not 

charged at neutral pH, it is a fairly polar group. Thus, when attached to the C-terminus of 

lipid chains, NBD tends to loop back to the polar surface of the membrane, distorting the 

lipid native conformation.126 However, this is hardly ever a concern, since the exact 

position of the NBD group in the lipid membrane is not a critical factor for many 

applications. Furthermore, NBD polarity is precisely the responsible for the rapid 

incorporation of NBD-labelled probes into living cells.127 Another advantage of NBD is 

the fact that the metabolism and intracellular translocation of NBD-tagged lipids mimic 

quite well those of the endogenous lipids.56 A selection of the biological applications of 

NBD-labelled lipids is discussed in the following articles.127,128 

9-Diethylamino-5H-benzo[α]phenoxazine-5-one, popularly known as Nile red, is a 

red-emitting phenoxazine dye with a high affinity for lipidic phases, where its 

fluorescence emission is substantially increased compared to polar media. The free form 

of Nile red has been applied to stain intracellular lipid droplets.129 Moreover, since the 

absorption band of Nile red matches the emission band of NBD, these two fluorophores 

have been combinedly used in FRET experiments (see below section). 
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4,4-Difluoro-4-bora-3a,4a-diaza-s-indacene (BODIPY) dyes are a broad family of 

organoboron fluorescent compounds that have been heavily exploited to obtain 

fluorescent lipid analogues due to their remarkable photophysical properties.130,131 

BODIPY dyes display a high quantum yield, an excellent photostability and a 

fluorescence emission that is insensitive to solvent polarity and pH.113 Another interesting 

feature of BODIPY dyes is the fact that the spectral position of the maximum emission 

wavelength can be tuned within the range of 510 to 675 nm by changing the substituents 

on the boron-dipyrromethene scaffold. 

Coumarin dyes, such as 7-hydroxycoumarin (umbelliferone), have been used in our 

research group to design various fluorogenic SL probes.132–135 Coumarins have excellent 

photophysical properties and, thanks to their relatively small size, they do not interfere 

with the metabolic processing of the corresponding labelled lipids. 

Pyrene is yet another chromophore that is frequently used in lipid studies. As a result of 

its hydrophobic nature, pyrene does not significantly alter the conformation of the 

resulting labelled lipid analogues.136 Furthermore, pyrene presents a high quantum yield 

and excited state lifetime. One of the drawbacks of pyrene is its complex fluorescence 

pattern, characterized by the generation of excimers (excited state dimers) that form at 

high dye concentrations and present an altered (red-shifted) emission compared to their 

monomers.136 

1,6-Diphenylhexatriene (DPH) is a cylindrical shaped fluorescent dye, whose 

fluorescence quantum yield is enhanced in hydrophobic environments such as lipid 

bilayers. The fluorescence polarization of DPH is greatly affected by slight changes in 

the orientation of the surrounding lipids and, therefore, it has been used for membrane 

fluidity measurements.137 

Conjugated polyenes, and particularly pentaene systems, are especially attractive for the 

development of fluorescent SLs since the structure and biophysical properties of 

polyene-tagged lipids resemble those of their natural counterparts.138 Unfortunately, 

polyene tags have a limited utility for lipid imaging due to their poor photophysical and 

photochemical properties, i.e. conjugated pentaenes display a low fluorescence quantum 

yield and are prone to photobleaching.138 Moreover, the introduction of polyene tags into 

the sphingoid chain, which is essential for the study of non-acylated SL species, has 
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proven very challenging from a synthetic point of view, as a result of their poor chemical 

stability.139 

1.3.4 Applications of FRET in the study of lipid metabolism 

Fluorescence-based techniques are widely used in biology to investigate cellular 

processes and to track biomolecules in their native environment. In particular, FRET has 

become a very popular tool among scientists due to its potential to study the structural 

features and the dynamics of biomolecules, which arises from its remarkable sensitivity 

towards intermolecular distances and orientations. Some examples of biological 

applications of FRET include the structural and conformational study of proteins140 and 

nucleic acids,141 the interrogation of intermolecular interactions (receptor-ligand,142 

protein-protein,143 lipid-protein144), the design of small molecule biosensors145 and the 

visualization of the distribution and transport of lipids.146 FRET has also been 

successfully employed to monitor the catalytic activity of many different enzymes, 

including several proteases, glycosidases, glycosyltransferases, protein kinases, DNA 

polymerases, nucleases, phosphodiesterases and nucleases, to name a few.147 

Of particular relevance for the present doctoral thesis is the development of FRET based 

probes targeting enzymes of the lipid metabolism (Figure 1.17).148 The first examples of 

FRET probes in the field of lipids were reported by the group of Carsten Schultz, who 

synthesized a set of doubly fluorescently labelled phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) analogues to determine the activity of phospholipase A2 

(PLA2).149–151 These probes contained an NBD moiety as the donor in one of the lipid 

tails and a Nile red group as the acceptor in the second lipid tail. In order to achieve 

selectivity towards PLA2, the natural ester bond at the sn-1 position of the 

phosphoglycerolipid backbone was replaced by a non-hydrolyzable ether group, thus, 

preventing the unwanted cleavage of the probes by PLA1 or any unspecific lipase. Their 

most promising probe, the PE PENN/SATE (Figure 1.17, a), displayed a 30-fold FRET 

response (expressed in the form of the variation in the λem(d)=530 / λem(a)=630 emission 

ratio) after 30 min incubation with bee venom PLA2.151 Furthermore, PENN/SATE could 

also be used to monitor PLA2 activity in live cells and Madaka fish embryos.151 In order 

to improve the cell permeability of the probe, the PE charged head group was masked 

with the bioactivatable S-acetyl-2-thioethyl (SATE) function. 
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Figure 1.17 FRET probes targeting enzymes of the lipid metabolism. Acronyms: STATE = S-acetyl-2-

thioethyl; PLA2 = phospholipase A2; CDase = ceramidase; ASMase = acid sphingomyelinase. 

Using the same NBD/Nile red donor-acceptor pair, the group of Christoph Arenz 

described the preparation of a bichromophoric ceramide as a FRET probe for the 

determination of the CDase activity (Figure 1.17, b).152 The probe was cleaved by acid 

and neutral CDase in vitro, with relatively slow kinetics (360 min incubation), showing a 

λem(d)=530 / λem(a)=630 emission ratio of 7-fold and 5-fold, respectively, corresponding to 

a cleavage rate of about 10-15 %. Interestingly, a similar probe bearing the NBD moiety 

in the sphingoid base and the Nile red group in the acyl chain was not metabolized by any 

of the CDase enzymes. When added to HeLa cells, the initial probe was accumulated in 

the Golgi apparatus and, therefore, no cleavage was observed, since the acid CDase 
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resides in the lysosomal membrane and the neutral CDase locates in the plasma 

membrane. 

The Arenz group has also reported various FRET probes to monitor the acid 

sphingomyelinase (ASMase).153,154 First, they designed a sphingomyelin analogue 

bearing an NBD group at the head group position and a Nile red at the end of the acyl 

chain, hoping to mimic the polarity of the natural sphingosine. This probe was readily 

cleaved by recombinant human ASMase (recASMase) in a Triton X-100 micellar buffer 

solution. However, the resulting FRET response was very weak. While the acceptor (Nile 

red) emission declined by a factor of 3-fold, a concomitant increase in the donor (NBD) 

emission was not detected, owing to the quenching of NBD upon the release of the 

NBD-labelled aminoethyl phosphate from the hydrophobic micelles into the aqueous 

media. To take advantage of the behaviour of NBD, they designed a second probe where 

NBD acted as the acceptor chromophore, and the Nile red group was replaced by a 

coumarin dye (MCC), which played the role of the donor (Figure 1.17, c). After cleavage 

with recASMase, this probe presented the expected decrease in the acceptor emission, 

alongside with a pronounced enhancement of the donor emission, leading to a remarkable 

80-fold variation in the λem(d)=410 / λem(a)=560 emission ratio. In cell lysates from 

different cell types, the authors also demonstrated that the probe was selectively 

metabolised by ASMase and not by neutral sphingomyelinase. Furthermore, coincubation 

with different ASM inhibitors caused a dose-dependent inhibition of the FRET response. 

Finally, the SM probe could be successfully used to determine the ASM activity in live 

cells using two-photon excitation microscopy. Very recently, the Arenz group developed 

yet another ASM FRET probe with fluorescein and a BODIPY dye as the donor-acceptor 

pair, used to establish a flow cytometry-based assay for ASM in living cells.154 
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1.4 Protein degradation 

In cells, proteins are constantly being hydrolysed and resynthesized in a dynamic state 

commonly referred to as “protein turn-over”. The breakdown of cellular proteins, called 

proteolysis, is a highly complex and tightly regulated process that plays major roles in 

numerous key biological events such as the control of cell cycle,155,156 regulation of gene 

transcription,157 antigen presentation in the immune response,158 receptor-mediated 

endocytosis,159 and modulation of a broad number of signalling pathways.155,160 

Furthermore, proteolysis pathways are essential for the protein quality control, since they 

eliminate defective proteins resulting from errors in translation, misfolded proteins or 

proteins that have been damaged by oxidative stress.161 

The degradation of intracellular proteins is carried out in a cooperative manner162 mainly 

by two complementary proteolytic systems, namely the autophagy-lysosome pathway163 

and the ubiquitin-proteasome system (UPS).164,165 In addition, there are other cytosolic 

proteases that contribute to intracellular proteolysis, such as the calpains and the caspases, 

being the latter a class of cysteine-proteases that are crucial in the destruction of cell 

constituents during apoptosis.166 

1.4.1 The Ubiquitin-Proteasome System 

The UPS is the main proteolytic pathway for intracellular proteins in eukaryotic 

organisms.167 Proteins to be degraded through this mechanism are previously labelled 

with several units of a small (76 residues) and highly evolutionary conserved protein 

called ubiquitin.168 The ubiquitination of a protein substrate is carried out in three 

sequential steps called the ubiquitination cascade (Figure 1.18), a process controlled by 

the ubiquitin-activating enzyme (E1), the ubiquitin-conjugating enzyme (E2) and the 

ubiquitin-protein ligase (E3).169,170 The human genome encodes two E1 enzymes,171 38 

E2 enzymes,172 and over 600 E3 enzymes.173,174 The E3 ligases are the key regulatory 

components of the cascade since they are responsible for the control of both the efficiency 

and substrate specificity of the ubiquitination reaction.175 
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Figure 1.18 Enzymatic cascade of the ubiquitin-proteasome system. 

The ubiquitination cascade (Figure 1.18) begins with the ATP-dependent activation of 

ubiquitin through the adenylation of its C-terminal glycine residue, mediated by the E1 

enzyme. The activated ubiquitin is, then, transferred to a cystein residue in the E1 active 

site, forming a thioester linkage.176 The activated ubiquitin is subsequently passed on to 

the catalytic cystein of the E2 enzyme through a transthiolation reaction.176 Finally, the 

E3 enzyme transfers ubiquitin from E2 to the ε-amino group of an acceptor lysine residue 

on the protein substrate to form an isopeptide bond. Depending on the class of E3 enzyme, 

this can occur via two different mechanisms: HECT (Homologous to E6APC-Terminus) 

domain E3s covalently bind to ubiquitin through a catalytic cystein residue prior to its 

transfer to the protein substrate; conversely, RING-domain E3s promote the direct 

transfer of ubiquitin to the substrate.177 The ubiquitination cascade can be repeated over 

multiple cycles, eventually forming a polymeric ubiquitin chain, in which the different 

ubiquitin units can be linked either through any of the lysine residues (K6, K11, K27, 

K29, K33, K48 and K63) or, less frequently, through the N-terminal methionine residue 

(M1) (Figure 1.19).178 The various types of linkage result in specific polyubiquitin chain 

topologies, which are associated with distinct cellular functions.179 In this sense, the 

canonical signal for proteasomal degradation is the K48-linked polyubiquitin motif.180 
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Figure 1.19 Ribbon model of ubiquitin showing the seven lysine residues, together with the C- and N- 

terminus, that might be involved in ubiquitination reactions. Image taken from ref181. 

The ubiquitination process is dynamic and reversible. There are nearly 100 

deubiquitinating enzymes (DUBs) that cleave ubiquitin from proteins and disassemble 

polyubiquitin chains. DUBs not only allow the recycling of ubiquitin molecules attached 

to proteins about to be degraded but also play a capital role in the remodelling of 

polyubiquitin chains, having, thus, the capability of changing the protein fate.170,182 

The digestion of the ubiquitinated proteins that have been targeted for destruction is 

carried out by the 26S proteasome, a 2.5-MDa multisubunit ATP-dependent proteolytic 

molecular machine consisting of two components: a central barrel-shaped 20S core 

particle and a 19S regulatory particle at either or both of its ends (Figure 1.20).183 

 

Figure 1.20 Representation of the structure of the 26S proteasome. The 20S core particle consists of 

four stacked hollow rings, each containing seven subunits. The components of the two outer rings are called 

α subunits, whereas those of the two inner rings are called β subunits. The proteolytic activity of the 20S 

core particle resides in the β1, β2 and β5 subunits, which display caspase-like, trypsin-like and 

chymotrypsin-like activity, respectively. The 19S regulatory particle, which comprises two different 

elements known as the base and the lid, controls the access of protein substrates to the interior of the 20S 

core particle. The base, which adjoins the α ring of the 20S complex, contains a ring formed by six ATPases 

and the outer lid contains subunits that recognize and bind to the polyubiquitin chain, in addition to two 

DUBs.184 
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Once a ubiquitinated protein binds to the lid of the 19S regulatory particle, the 

polyubiquitin chain is cleaved off and disassembled by the DUBs, so that the free 

ubiquitin molecules can be reutilised in the degradation of further proteins.155 Then, the 

ATPases located at the base of the 19S complex unfold and translocate the substrate 

protein through the gated entry channel, formed by the α subunits, and into the central 

degradative chamber of the 20S core. There, the substrate is cleaved by the protease-

active β subunits and reduced to small peptides ranging from three to twenty residues in 

length. Finally, the peptide fragments exit the 26S proteasome and are released into the 

cytosol, where endopeptidases and aminopeptidases further digest them into amino acids, 

which can be reused to synthesize new proteins or metabolized to produce energy.185 

1.4.2 Targeted protein degradation 

One of the main goals of biomedical research is to understand the function of proteins 

and their roles in signalling pathways, and to apply this knowledge to finding new relevant 

targets for therapeutic intervention. Protein function is usually investigated through the 

partial or total disruption of either the activity of the POI or the gene that encodes it to 

search for changes in the phenotype, signalling or gene expression patterns.186 Typically, 

this has been achieved with small molecule inhibitors, or by means of gene silencing 

(RNAi) and genome editing (CRISPR/Cas9) techniques, respectively. 

Small molecule inhibitors cause the loss of protein function by occupying a binding 

pocket or the active site of the POI. Despite its widespread use, the concentrations 

required may cause undesirable off-target effects.187 Furthermore, this strategy can only 

be applied to druggable proteins, which only account for around 20 % of the human 

proteome.187 On the other hand, CRISPR/Cas9 and RNAi act at a genomic and post-

transcriptional level, respectively, and, therefore, their use is not limited to druggable 

proteins. Nevertheless, these tools are not free of limitations 186 and they are also prone 

to off-target effects.188 

Over the last decades, a new approach has emerged to study protein function through 

protein silencing at the post-translational level, namely induced (or targeted) protein 

degradation.189 Taking advantage of the cells’ native protein quality control system 

(mainly the UPS), these tools are able to destroy the POI in a selective manner. Targeted 

proteolysis can be useful both for basic research and therapeutic applications, and has the 

potential to circumvent some of the challenges of the above mentioned methods.186 
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Post-translational protein silencing methods are not limited by protein turn-over and, thus, 

can be effectively applied to targeting long-lived proteins, overcoming some of the 

limitations of RNAi.186 Furthermore, most of these tools share the desirable 

pharmacokinetic features of drug-like small molecules, while they have the potential to 

expand the traditional druggable space due to their different mode of action.188,190 

A great number of technologies with therapeutic potential based on chemical protein 

knockdown have been described lately.191,192 These include selective estrogen receptor 

downregulators,193 immunomodulatory phthalimide drugs (IMiDs),194 androgen receptor 

degraders containing a hydrophobic tag195, PROteolysis TArgeting Chimeras 

(PROTACs) (see below) and, very recently, ENDosome TArgeting Chimeras 

(ENDTACs)196 and LYsosome TArgeting Chimeras (LYTACs)197. Furthermore, other 

technologies have been reported that require the prior genetic modification of the target 

gene. The most recent examples have been covered in the following review 

articles186,188,189. 

1.4.3 Proteolysis Targeting Chimeras 

The PROTAC approach is a post-translational protein silencing technology capable of 

hijacking the enzymatic machinery of the UPS to target proteins for degradation.189 

PROTACs are heterobifunctional molecules consisting of three distinct elements: (1) a 

ligand that binds to the POI, (2) a ligand that recruits an E3 ligase and (3) a linker that 

connects the two moieties (Figure 1.21).198 These molecules bind simultaneously to the 

POI and the E3 ligase forming a ternary complex (POI:PROTAC:E3 ligase) that results 

in the polyubiquitination and ultimate proteasomal degradation of the POI.189 

 

Figure 1.21 Mechanism of PROTACs 
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1.4.3.1 Peptide-based PROTACs 

The first PROTAC,199 developed jointly at the laboratories of Craig Crews and Raymond 

Deshaies, consisted of the methionine aminopeptidase-2 (MetAP-2) covalent inhibitor 

ovalicin, a phosphopeptide derived from IκBα to recruit the SCFβ-TRCP E3 ligase complex, 

and a linker to connect both elements (Figure 1.22, a). This initial PROTAC 

demonstrated ternary complex (MeAP-2:PROTAC:SCFβ-TRCP) formation, ubiquitination 

and subsequent 26S proteasome-dependent degradation of the target protein in Xenopus 

egg cell extracts.192,199 Soon thereafter, the same phosphopeptide was combined with 

either estradiol or dihydroxytestosterone, to develop two new PROTACs (Figure 1.22, b 

and c) targeting the estrogen receptor (ER) and the androgen receptor (AR), two hormone 

receptors implicated in the progression of breast and prostate cancer, respectively.200 

Despite their lack of cell permeability, low potency (µM) and sensitivity towards 

endogenous phosphatase, these molecules provided the first evidence that the PROTAC 

approach does not require covalent interactions to induce the proteolysis of a substrate.192 

 

Figure 1.22 Chemical structure of relevant peptide-based PROTACs. The ligand of the POI (in 

parentheses) is marked in red, whereas the peptide E3 ligase recruiting moiety is shown in a grey box. 

The PROTAC technology was substantially improved by switching from the 

IκBα-derived phosphopeptide element to a phosphatase non-sensitive 7-amino acid 

fragment of the hypoxia inducible factor 1α (HIF-1α)192, which recruited the von Hippel-
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Lindau (VHL) protein component of the CRL2VHL E3 ligase complex.189 Furthermore, an 

8-poly-D-Arginine tag was later added to the C-terminus of the HIF peptide to improve 

cell permeability and prevent non-specific proteolysis.189 By linking the HIF-poly(D-Arg) 

element to suitable ligands, several peptide-based PROTACS were designed and used to 

degrade some clinically relevant proteins, including the AR (Figure 1.22, d), the aryl 

hydrocarbon receptor, the X-protein of the hepatitis B virus, and Tau.192 

Although peptide-based PROTACs are powerful tools for basic research purposes, they 

are not likely to become effective therapeutic agents due to their high molecular weight, 

poor cell penetration, low potency (typically in the micromolar range) and metabolic 

instability in cells due to high protease susceptibility, which highlights the need for new 

PROTACs with better pharmaceutical properties.201 

1.4.3.2 Small molecule PROTACs 

The advent of small molecule ligands that bind E3 ubiquitin ligases (Figure 1.23) has 

made possible the development of small-molecule PROTACs. Notably, these compounds 

display much better metabolic stability, passive cellular entry and cell biodistribution than 

their peptide-based counterparts.202 To date, four E3 ubiquitin ligases or substrate 

recognition proteins of CRL (cullin-ring E3 ligase173) complexes, namely the MDM2, 

cIAP1, CRBN, and VHL, have been successfully utilised to develop small-molecule 

PROTACs.201 

 

Figure 1.23 Chemical structure of the most common ubiquitin E3 ligase recruiting elements used in the 

development of small-molecule PROTACs. 
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i. MDM2-based PROTACs 

Murine double minute 2 homolog (MDM2) is a heterodimeric RING-type E3 ligase that 

targets the tumour suppressor p53 for degradation and, as a result, has become an 

interesting target for cancer therapy.192 The discovery of nutlins, a class of small 

molecules that bind MDM2 at the p53 interaction interface disrupting the MDM2-p53 

protein interaction without altering the E3 ligase activity of MDM2, has been essential 

for the development of MM2-based PROTACs.203 The first all-small molecule PROTAC 

consisted of a non-steroidal selective androgen receptor modulator (SARM) tethered via 

a polyethylene linker to a nutlin-3a headgroup.204 The SARM-nutlin 3a construct 

(Figure 1.24) induced AR depletion in prostate tumour cells, albeit with a lower efficacy 

than its VHL peptide-based counterparts.201 More recently, a new MDM2-based 

PROTAC, called A1874 (Figure 1.24) was reported comprising the bromodomain 

containing protein 4 (BRD4) ligand JQ1 linked to the nanomolar-potent MDM2-binder 

idasanutlin.205 BRD4, a member of the bromodomain and extra-terminal domain (BET) 

family, is a transcriptional and epigenetic regulator that plays a pivotal role in cancer 

development by regulating the expression of several key oncogenes.202,206 BRD4 has 

attracted great interest in the field of cancer therapy, since BRD4 inhibition by small 

molecules has been shown to induce early cell cycle arrest and apoptosis in leukemic cell 

lines.202 A1874 was able to degrade BRD4 with a nanomolar potency and displayed an 

remarkable antiproliferative activity against various cancer cell lines, due to the 

stabilization of p53.201 

ii. IAP-based PROTACs 

The inhibitors of apoptosis (IAP) are a family of functionally and structurally related 

proteins that are involved in several signalling pathways that control cell fate.207 Five of 

the eight IAPs described in humans, namely X-linked IAP (XIAP), cellular IAP 1 and 2 

(cIAP1 and cIAP2), Livin (ML-IAP) and IAP-like protein 2 (ILP2), contain a RING-type 

E3 ligase domain.208 The discovery that methyl bestatin was able to bind to the 

baculovirus IAP repeat 3 (BIR3) domain of cIAP1, inducing its self-ubiquitination and 

degradation,186 stimulated the development of the first generation of IAP-based 

PROTACs, also referred to as specific non-genetic IAP-dependent erasers (SNIPERs), 

such as the compound SNIPER-2 (Figure 1.24), which aimed the degradation of the 

cellular retinoic acid binding proteins CRABP-I and CRABP-II.209 The main limitations 
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of the first generation of SNIPERs are low potency, off-target side effects due to the 

inhibition of arginyl aminopeptidases and leukotriene A4 hydrolase by bestatin and self-

degradation of cIAP1.186,201 More recently, the replacement of bestatin by the IAP 

antagonist LCL161, which preferentially recruits XIAP instead of cIAP, has led to an 

improved new generation of IAP-based PROTACs with nanomolar potencies 

(SNIPER(ER)-87, Figure 1.24). 

iii. CRBN-based PROTACs 

Cereblon (CRBN) is a substrate recognition component of CRL4CRBN, a 

cullin-RING-type E3 ligase complex consisting of CRBN, the damage-specific DNA-

binding protein 1 (DDB1), the cullin-4A/B protein (CUL4) and the regulator of cullins 1 

(ROC1, also known as ring-box 1 or RBX1).202,210 Recently, thalidomide and its 

derivatives pomalidomide and lenalidomide were found to bind to CRBN, thus altering 

the surface of its substrate recognition pocket (CULT domain) and promoting the 

recruitment of other protein substrates for ubiquitination and degradation.186 Even though 

CRBN binding is partly responsible for the teratogenicity of thalidomide,211 this 

interaction is also implicated in several of its therapeutic effects, as well as those of other 

immunomodulatory imide drugs (IMiD).212 Taking advantage of the ability of IMiDs to 

hijack the CRL4CRBN E3 ligase complex for protein degradation, the research groups of 

Bradner and Crews developed independently two CRBN-based PROTACs, named 

dBET1213 and ARV-825214 (Figure 1.24), respectively, targeting the transcriptional 

regulator BRD4. Both compounds, consisting of a derivative of thalidomide coupled to a 

BRD4 inhibitor (OTX015 for dBET1 and JQ1 for ARV-825), provoked the almost 

complete degradation of BRD4 and the concomitant reduction of downstream signalling 

at nanomolar concentrations. Moreover, the two PROTACs exhibited a more pronounced 

proliferation inhibition and apoptosis induction than the corresponding non-coupled 

BRD4 inhibitor in blood cancer cells.202,213,214 Several other successful CRBN-based 

PROTACs have been reported targeting different disease-related proteins.201,215 
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iv. VHL-based PROTACs 

The von Hippel-Lindau (VHL) protein is the substrate recognition component of the 

CRL2VHL E3 ligase complex, responsible for the ubiquitination and degradation of the 

hypoxia-inducible factor 1α (HIF1α), a transcription factor that plays essential functions 

in the regulation of gene expression by oxygen levels.216 Under normoxic conditions, 

HIF1α is hydroxylated by prolyl hydroxylases at the P564 position, leading to its constant 

recognition and polyubiquitination by the CRL2VHL ligase complex.202,217,218 The 

interaction between the key hydroxyproline residue in HIF1α and VHL was used to 

design the above-mentioned early peptide VHL-based PROTACs.202 Through a 

combination of in silico and fragment-based screening techniques, using the 

hydroxyproline scaffold as a starting point, the research groups of Alessio Ciulli and 

Craig Crews rationally designed a peptidomimetic VHL ligand with nanomolar binding 

affinity (Figure 1.23).192,219–222 The first non-peptide VHL-based PROTACs, called 

PROTAC_RIPK2 (Figure 1.24), effectively induced the degradation of the receptor-

interacting serine/threonine protein kinase 2 (RIPK2), an important mediator of innate 

immune response signalling, with a nanomolar potency.223 Notably, PROTAC_RIPK2 

was used to develop an in vitro ubiquitination assay, which showed that sub-stochiometric 

amounts of the PROTAC were enough for RIP2K ubiquitination, thereby demonstrating 

the catalytic nature of PROTACs.223 In different studies, the VHL ligand was also tethered 

to the BET inhibitor JQ1 to generate the compound ARV-771 (Figure 1.24), a 

nanomolar-active pan-BET (i.e. active against BRD2/3/4) degrader.224 As in the case of 

CRBN-based BET-degraders dBET1 and ARV-825 (see above), ARV-771 was more 

potent than the corresponding non-coupled BET inhibitor. Remarkably, ARV-771 was 

the first example of small-molecule BET degrader with efficacy against a solid-tumour 

malignancy, causing tumour regression in a CRPC mouse xenograft model.224 



General Introduction 

53 

 

Figure 1.24 Selection of representative small molecule PROTACs. The POI ligand is highlighted in red 

(POI shown in parentheses), whereas the ubiquitin E3 ligase recruiting moiety is shown in a grey box. 
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1.4.4 Key features of PROTACs 

Recent advances in PROTACs have brought to light the advantages of induced protein 

degradation over conventional target protein inhibition, unveiling their potential to 

develop new therapeutic strategies.225 Some of the most relevant features that characterize 

this emerging post-translational protein knockdown technology are discussed below. 

1. Small molecule inhibitors function by occupying either the active site or other 

functional binding pockets on the target. Unfortunately, a large proportion of the 

human proteome, cannot be targeted in such manner. Conversely, the POI recruiting 

element of a PROTAC, called warhead, does not need to occupy a binding site 

involved in protein function, since binding to any “nook” or “cranny” on the target 

is typically sufficient to induce protein degradation.191 In this way, PROTACs have 

the potential to expand the traditional druggable space. 

2. The half-maximal concentration of a small-molecule PROTAC required for 

degrading a target protein (DC50) is usually lower than that of the corresponding 

protein ligand required for inhibition (IC50).215 Moreover, PROTACs have been 

reported to induce proteolysis at sub-stoichiometric concentrations owing to a 

catalytic mode of action, whereby one molecule of PROTAC can degrade multiple 

molecules of the target protein.223 

3. PROTACs cause a more potent and prolonged loss of target protein function, as well 

as inactivation of downstream signalling cascades in comparison with inhibitors, 

since the restoration of protein function, resulting from PROTACs, requires the 

re-synthesis of the protein.215 Furthermore, it has been speculated that PROTACs 

could be less susceptible to some of the compensatory mechanisms often associated 

with protein inhibition, such as protein overexpression and intracellular protein 

accumulation.201 

4. Small molecules typically disrupt only the activity of one domain of multidomain 

scaffolding proteins, while functional activities of other domains and their 

interactions with other proteins are preserved. Instead, PROTACs cause the 

degradation of the entire protein, thus, being able to address also the scaffolding 

functions of target proteins.198,215 
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5. Unlike traditional pharmacology, which relies on the design of highly selective small 

molecules to avoid undesired off-target effects, targeted protein degradation may 

provide an additional level of specificity over conventional inhibitors.226 Notably, in 

order to achieve protein degradation, the ability of a PROTAC to form a stable 

ternary complex with a suitable geometry that favours substrate ubiquitination is 

more determinant than having a high affinity POI ligand.226,227 The fact that non-

selective POI ligands can lead to selective protein degradation, based on the chosen 

E3 ligase recruiter, is illustrative of this phenomenon. In addition, the linker moiety 

can also form relevant cooperative interactions with the protein surface, 

demonstrating its non-negligible contribution to the thermodynamics of the ternary 

complex formation.228 

1.4.5 In-cell click-formed Proteolysis Targeting Chimeras 

Small-molecule PROTACs are more promising than their peptide-based predecessors in 

terms of potency, metabolic stability and physicochemical properties. However, they still 

possess relatively large sizes (typically 700-1100 Da) and high polar surface areas 

(~200 Å2) that can limit their cellular uptake and compromise their bioavailability and 

pharmacokinetic properties, especially regarding their distribution across the central 

nervous system (CNS).229 Additionally, in order to achieve optimal protein degradation, 

a significant linker fine-tuning process is required, since an overly short linker may 

sterically prevent the formation of the POI:PROTAC:E3 ligase ternary complex, while 

an exceedingly long linker may fail to mediate the formation of the protein-protein 

interactions that are required for the ubiquitination reaction to take place.229 

To overcome these limitations, the team led by Tom Heightman reported an advanced 

PROTAC technology named in-cell click-formed proteolysis targeting chimeras 

(CLIPTACs), consisting of CRBN-based PROTACs that are assembled intracellularly 

through a biorthogonal IEDDA reaction between two smaller precursors, namely a 

tetrazine-tagged thalidomide derivative (Tz-thalidomide) and a TCO-tagged POI ligand 

(Figure 1.25).215,229 The individual CLIPTAC precursors had smaller sizes and showed a 

better cell permeability than previous PROTACs (dBET1, ARV-825, MZ1). 

Furthermore, when added sequentially to cells, the two click reaction partners were able 

to form a fully functional PROTAC. Following this approach, the two key oncoproteins 

BRD4 and ERK1/2 were successfully targeted for ubiquitination by the CRL4CRBN ligase 
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complex and subsequent proteasomal degradation.229 However, no protein degradation 

was observed when cells were treated with the pre-clicked CLIPTAC, suggesting that if 

the biorthogonal cycloaddition occurs outside the cell, the resulting cycloadduct cannot 

cross the cytoplasmic membrane.229 

 

 

Figure 1.25 Top: Chemical structure of the two CLIPTAC precursors: the TCO-tagged BRD4 ligand JQ1-

TCO and the tetrazine-tagged CRBN ligand Tz-Thalidomide. Bottom: Schematic diagram of the 

mechanism of CLIPTACs: two precursor molecules sequentially added penetrate the cytoplasmatic 

membrane and form a fully functional PROTAC (CLIPTAC) intracellularly through an IEDDA reaction, 

resulting in the proteasome degradation of BRD4. Cell image from freepik.com. 

In a different study, Wurz et al.230 exploited another click reaction, namely the CuAAC 

reaction, to generate a 10-membered library (5 CRBN-based and 5 VHL-based) of small 

molecule PROTACs targeting the BRD4 oncoprotein. This click chemistry-based 

approach proved useful to study in a systematic way the relationship between linker 

length and proteolytic activity, and the relationship between strong ternary complex 

formation and protein degradation, highlighting, once more, the importance of linker 

optimization to obtain effective PROTACs. 
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As discussed in the general introduction, CerS and their metabolic products, (dh)Cer(s), 

participate in several biological functions and are also involved in the onset of various 

human diseases. Therefore, the discovery of new tools to monitor and to modulate the 

CerS activity is crucial to decipher the molecular mechanisms underlying these processes. 

Along this line, the main objectives of the present doctoral thesis are: 

1. The development of a FRET-based fluorescence assay to determine the activity of 

CerS (Figure 2.1). This goal involves: 

▪ The design and synthesis of a fluorescently labelled (or labelable) sphingoid-like 

probe derived from spisulosine. The lack of the C1(OH) group should prevent 

any further metabolic transformations at this position, thus, allowing for a more 

accurate monitoring of the CerS activity. 

▪ The design and synthesis of a small library of FA analogues of different chain 

lengths, bearing a chemical reporter for their subsequent derivatization by means 

of a bioorthogonal reaction with an appropriate fluorescent reagent. Small-sized 

chemical groups that involve only minor changes in the biophysical properties 

of the FAs will be used in order not to interfere with the enzyme substrate 

recognition. 

▪ The design and synthesis of the fluorescent reagents required for the labelling of 

the FA analogues. These reagents will carry a fluorophore with spectral 

properties matching those of the fluorescent group used for the doxdhSo probe, 

so that they form a donor-acceptor FRET pair. 

▪ The characterization of the fluorescent properties of the synthesized compounds 

in cuvette experiments to obtain an initial experimental evidence of the existence 

of FRET. 

▪ The validation of the previous 1-deoxy LCB probes and the FA analogues as 

CerS substrates by means of LC-MS analysis, the optimization of the 

bioorthogonal reactions required for the introduction of the fluorescent moieties 

and the design and optimization of the conditions of the biological assay to 

measure the CerS activity through the detection of FRET. 
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Figure 2.1 Schematic representation of the proposed FRET-based CerS activity assay. 1. A fluorescently 

labelled (or labelable) doxdhSo probe and a clickable FA analogue will be sequentially added to cells. 2. 

Inside the cell, upon the endogenous activation of the FA analogue as a FA-CoA, the two compounds should 

be enzymatically conjugated by CerS to generate the corresponding doxdhCer_F1; 3. Subsequently, it 

should be possible to fluorescently label the acyl chain of the doxdhCer molecule by means of a 

bioorthogonal reaction with a suitable fluorescent reagent; 4. In the bichromophoric doxdhCer molecule, if 

the two fluorescent groups F1 and F2 are close enough, upon excitation of the donor, fluorescence emission 

from the acceptor, due to FRET, should be detected. Therefore, by measuring the differences in 

fluorescence emission arising from FRET we should be able to determine the activity of CerS. Groups A 

and B must be mutually reactive bioorthogonal groups. F1 and F2 must be two fluorophores with matching 

spectral properties, so they form a donor-acceptor FRET pair. Note that, if a non-fluorescent doxdhSo probe 

is used, an additional bioorthogonal reaction will be required in order to introduce the second fluorescent 

label on the 1-deoxy LCB. In this case, the two bioorthogonal reactions must be mutually compatible. 

2. The development of new SPAAC-based CLIPTACs targeting CerS, as an alternative 

to small molecule inhibitors for the modulation of the CerS activity (Figure 2.2). 

This will involve the design and synthesis of a small family of bicyclo[6.1.0]nonyne 

derivatives containing ligands for recruiting different E3 ubiquitin ligases. In further 

studies, these BCN-tagged E3 ligase recruiters will be used in combination with an 

azido-functionalized analogue of Jaspine B, a marine natural product with affinity 

for CerS, to obtain the desired CLIPTACs. 

 

Figure 2.2 Schematic representation of the CLIPTAC strategy to induce the proteolysis of CerS. The BCN-

tagged E3 ubiquitin recruiter (E3R) and the azido-tagged Jaspine B (JB) analogue will be sequentially 

administered to cells. Once they penetrate the cytoplasmic membrane, they are expected to react through a 

SPAAC reaction to form a fully functional PROTAC that should trigger the ubiquitination and proteasomal 

degradation of CerS.
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3.1 Design of the assay 

Spisulosine (also known as ES285 and doxdhSo) is a natural product that was first 

isolated from the marine mollusc Spisula polynyma by Cuadros et al.231 Initially, this 

compound was postulated as a promising anticancer agent due to its cytotoxic properties 

in various cancer cell lines.232,233 More recently, the endogenous production of ES285 and 

other 1-deoxysphingolipids (doxSLs) in mammalian cells has been related to a mutation 

in the gene encoding the serine palmitoyltransferase (SPT) enzyme that causes hereditary 

sensory autonomic neuropathy type 1 (HSAN1).234,235 Moreover, doxSLs have also been 

postulated as a novel class of biomarkers for type II diabetes.236,237  

These findings have prompted researchers to investigate the cellular properties and the 

metabolism of ES285 and other doxSLs. In this context, our group reported that ES285 

is extensively metabolised by CerS, with acylation rates comparable to those of the 

natural substrates So and dhSo, to form the corresponding 1-deoxydihydroceramide 

(doxdhCer).53 Then, doxdhCer is converted into doxCer by the introduction of a cis 

double bond at the unusual Δ-14,15 position, most likely through the action of the atypical 

desaturase enzyme FADS3.238 However, dox(dh)Cer(s) cannot be further transformed 

into more complex SLs, since they lack the OH group at the C1 position. Furthermore, 

for the same reason, dox(dh)So cannot be degraded through the canonical SL catabolic 

pathway, namely its cleavage to hexadecenal by S1PL.239 

On the basis that doxSLs can be virtually considered as “dead-end” metabolites, we 

envisioned that a doxSL probe derived from ES285, together with a suitable FA analogue, 

could be used to develop a FRET-based assay to monitor the enzymatic activity of CerS. 

To this end, two alternative approaches were proposed, as illustrated in Figure 3.1, c and 

Figure 3.2.  

In the first approach, we expected that the ω-azido doxSo RBM5-019 would be acylated 

by CerS with an appropriate clickable FA analogue. The resulting doxdhCer would then 

be subjected to two successive mutually orthogonal biocompatible click reactions to 

install the required donor and acceptor fluorophore partners. Then, by analysing the 

fluorescence emission arising from FRET, that is the emission of the acceptor fluorophore 

produced after excitation at the donor-specific excitation wavelength, we should be able 

to quantitate the CerS activity. As shown in Figure 3.1, for this approach, we proposed 
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that the donor fluorophore (BODIPY) could be attached to the sphingoid moiety through 

a SPAAC reaction of the terminal azide with the fluorescent reagent CO-1240, which 

contains a BCN group. On the other hand, the acceptor fluorophore (Cy3) would be 

incorporated using a fluorescent dye bearing a reactive group complementary to that of 

the ω-position of the acyl group. In this sense, Cy3 was selected as the acceptor 

fluorophore partner not only because of the prominent overlap that exists between its 

absorption spectrum and the emission spectrum of BODIPY (Figure 3.1, b), which 

should lead to a highly efficient FRET process, but also because of the commercial 

availability of several Cy3 dyes bearing functional groups amenable to multiple different 

click reactions.  

A. B. 

 

C. 

 

Figure 3.1 A) Normalized absorption (dotted line) and emission spectra (solid line) of BODIPY FL (black) 

and Cyanin 3 (grey), generated based on literature data240,241; B) Representation of the overlap integral 

between the emission spectrum of BODIPY FL and the excitation spectrum of Cyanin 3; C) Design of the 

FRET-based assay to measure the CerS activity using the doxdhSo probe RBM5-019 (Approach 1). (1) 

RBM5-019 is acylated with the FA analogue (functionalized with a diene, an alkyne or an alkene at the 
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terminal position) by CerS; (2) The resulting doxdhCer is subjected to two sequential “click” reactions: 

first, a SPAAC reaction between the terminal azide in the sphingoid chain of the doxdhCer and the 

fluorescent dye CO-1 (which contains a strained alkyne group); then, a compatible click reaction (D-A, 

CuAAC or IEDDA) between the terminal group of the acyl chain and a suitable Cy3 reagent (maleimide, 

azide or tetrazine, respectively). (3) The fluorescence emission of the double fluorescently labelled 

doxdhCer at 570 nm (acceptor-specific emission wavelength) upon excitation at 490 nm (acceptor-specific 

emission wavelength) arising from FRET is measured to quantitate the CerS activity. 

The fluorescent properties of the NBD and Nile red (NR) groups have been reported to 

be remarkably sensitive to the polarity of the surrounding environment. In this sense, 

these two groups are strongly fluorescent in hydrophobic media, but they exhibit very 

weak fluorescence in water. The reduction of NBD fluorescence in water has been 

attributed to the formation of hydrogen bonding interactions between the fluorophore and 

the solvent, which results in an increase in the rate of non-radiative decay.242,243 On the 

other hand, the lower fluorescence of NR in water has been explained by its poor aqueous 

solubility, which results in the formation of micelle-like aggregates that undergo self-

quenching.244 As a result of this particular behaviour, NBD and NR have been extensively 

used as fluorescent labels to develop lipid probes for a wide variety of biological 

applications.127,245 For example, a fluorescent analogue of dhSo bearing an NBD moiety 

at the ω-position (NBD-dhSo, Figure 3.2) was successfully used to develop an assay to 

quantify the CerS activity in cell and tissue extracts by TLC or HPLC.54,56,57 Interestingly, 

the authors claimed that NBD-dhSo shows an affinity for CerS comparable to that of the 

natural substrate (unlabelled dhSo), based on measurements of the Michaelis-Menten 

constant (KM).54 Due to the existing overlap between the emission band of NBD and the 

absorption band of NR, these two fluorophores have also been incorporated in lipids 

simultaneously as a donor-acceptor fluorophore pair to perform FRET experiments.149–

152 Alternatively, 7‐methoxycoumarin‐3‐carboxylate (MCC) has also been used as a 

fluorophore partner for NBD in FRET experiments.153 In this case, however, NBD played 

the role of the acceptor fluorophore, whereas MCC was used as the donor.  

Based on the above considerations, we envisioned a second approach by which an 

NBD-labelled doxdhSo (RBM5-129 or RBM5-155) should be acylated by CerS with the 

ω-azido FA RBM5-065, as displayed in Figure 3.2. In this case, the resulting doxdhCer 

would be subjected to a single SPAAC reaction with a BCN-based fluorescent dye 

(RBM5-142(MCC) or RBM5-143(NR)) in order to introduce the second fluorescent 

label in the acyl chain. Once more, the analysis of the fluorescence emission arising from 

FRET should provide a means of quantification of the CerS activity (Figure 3.2). 
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Alternatively, the same NBD-labelled doxdhSo probes could also be used in combination 

with an ω-alkene FA (RBM5-097) or a MCP-tagged FA, and the appropriate Tz-based 

fluorescent staining reagent (RBM5-122(NR), RBM5-140(MCC) or RBM5-142(NR)), 

which would react through a IEDDA reaction, to develop a similar assay. 

 

Figure 3.2 Design of the FRET-based assay to measure the CerS activity using the NBD-labelled doxdhSo 

probes (Approach 2). (1) RBM5-155 (or the shorter RBM5-129, not shown) is acylated with the ω-azido 

PA analogue RBM5-065 by CerS5; (2) The resulting doxdhCer is subjected to a SPAAC reaction with a 

fluorescent dye containing a BCN group (RBM5-142(MCC) or RBM5-143(NR)); (3) The CerS activity is 

quantitated by measuring the fluorescence emission arising from FRET (See specific λExc/λEm in the 

scheme). 
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3.2 Synthesis of the compounds required for the assay 

The chemical synthesis of the different doxdhSo probes, FA analogues and fluorescent 

reagents (Figure 3.3) that were planned for the development of the fluorescence CerS 

activity assay are described in this section. 

 

Figure 3.3 Overview of the different spisulosine-based doxdhSo probes, FA analogues and fluorescent 

reagents synthesized in this section. NR: Nile red; MCC: 7-methoxycoumarin-3-carboxylic acid. 

3.2.1 Spisulosine-based doxdhSo probes 

3.2.1.1 Synthetic strategy using the aldehyde RBM5-003 

Our retrosynthetic analysis of RBM5-019 (Scheme 3.1), identified the aldehyde RBM5-

003 and a silyl protected alkynol (either RBM5-005 or RBM5-013) as suitable 

precursors. The former could be easily prepared by oxidation of commercial N-Boc L-

alaninol, while both silyl ethers were expected to be accessible from propargyl alcohol, 

9-bromononane and the appropriate trialkyl silyl chloride through a reported 3-step 

procedure.246  
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Scheme 3.1 Synthetic strategy for the doxdhSo probe RBM5-019. 

For the construction of the C15 amino alcohol backbone, two approaches were proposed 

from the above precursors. Initially, we envisioned that the addition of the lithium 

acetylide derived from RBM5-005 to aldehyde RBM5-003 could afford the intermediate 

RBM5-006 as an anti-enriched diastereomeric mixture.247,248 Conversely, we suggested 

that the addition of the vinylzinc derivative resulting from the hydrozirconation–

transmetallation of RBM5-013 to the same aldehyde would provide the allylic alcohol 

RBM5-014 as a syn-enriched diastereomeric mixture.53 In both cases, the catalytic 

hydrogenation of the C-C multiple bond, followed by an intramolecular carbamoylation, 

through a retention (for RBM5-006) or an inversion mechanism (for RBM5-014),53 

should afford a separable mixture of diastereomeric oxazolidinones that would furnish 

the primary alcohol RBM5-017 after cleavage of the silyl protecting group. Finally, the 

introduction of an azide group at the terminal position of the aliphatic chain, followed by 

the alkaline hydrolysis of the cyclic carbamate should deliver the required probe RBM5-

019. 

3.2.1.2 Synthesis of the azide-tagged doxdhSo probe RBM5-019 

i. Preparation of the alkynol precursors RBM5-005 and RBM5-013 

According to the methodology described by Xue et al.,246 the terminal alkynol RBM5-

002 was prepared in two steps from propargyl alcohol (Scheme 3.2). In the first step, 1-

bromononane was reacted with propargyl alcohol in the presence of n-BuLi and HMPA 

to afford the internal alkynol RBM5-001 in moderate yields. Since the reaction was 

carried out without protecting the hydroxyl group, small amounts of the corresponding 
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nonyl ether (not quantified) were also formed as a result of the competing O-alkylation 

reaction. Subsequently, RBM5-001 was subjected to an alkyne zipper reaction with 

potassium 3-aminopropylamide (KAPA) to form the terminal alkyne RMB5-002. KAPA 

was generated in situ through a cation exchange reaction by adding KOt-Bu to freshly 

prepared lithium 3-aminopropylamide, formed by dissolving Li metal in 

1,3-diaminopropane (DAP).249 Finally, treatment of the terminal alkynol RBM5-002 with 

either TBDMSCl or TBDPSCl in the presence of imidazole uneventfully afforded the 

corresponding silylated alcohols RBM5-005 and RBM5-013, respectively, in high to 

quantitative yields. 

 

Scheme 3.2 Synthesis of the alkynol precursors RBM5-005 and RBM5-013. Reagents and conditions: (a) 

(i) n-BuLi, THF, HMPA, -78 ºC to -30 ºC, 30 min. (ii) 9-bromononane, -30 ºC to rt, overnight, 63 %; (b) 

Li, KOtBu, 1,3-diaminopropane, 70 ºC to rt, overnight, 77 %; (c) TBSCl, imidazole, CH2Cl2, rt, 2 h, 98 %; 

(d) TBDPSCl, imidazole, CH2Cl2, rt, 2 h, 93 %. 

ii. Preparation of the aldehyde precursor RBM5-003 

The N-Boc-protected L-alaninal (RBM5-003) is a well-known building block in the 

literature, and several methodologies have been reported for its preparation.250–254 

According to the protocol reported by Ocejo et al.,254 commercially available N-Boc L-

alaninol was oxidised with 2-iodoxybenzoic acid (IBX) to yield the aldehyde RBM5-003 

in good yield (85 %) and optical purity, as determined by comparing our experimental 

optical rotatory power (𝛼𝐷) value with those reported in the literature.255 To avoid any 

possible racemization, the aldehyde was used immediately.  

 

Scheme 3.3 Synthesis of the aldehyde RBM5-003. Reagents and conditions: (a) IBX, EtOAc, reflux, 

overnight, 85 %. 
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iii. Construction of the C15 2,3-aminoalcohol backbone 

Approach A: Addition of a lithium acetylide to aldehyde RBM5-003 

With both precursors in hand, we next explored two different ways of introducing the 

alkyl chain through the addition of an appropriate organometallic carbon nucleophile to 

the aldehyde RBM5-003. It is well established that the addition of lithium acetylides to 

the N-Boc L-serinal acetonide (commonly known as Garner’s aldehyde) at low 

temperatures provides primarily the anti-(2S,3R)-configured propargylic alcohol in a 

highly stereoselective fashion, due to the operation of the Felkin-Ahn model.256 Thus, our 

initial attempts involved the addition at -78 ºC of the lithium acetylide of the alkynol 

RBM5-005 to the aldehyde RBM5-003 in a mixture of THF/HMPA.  

 

Scheme 3.4 Synthesis of the intermediate RBM5-006. Reagents and conditions: (a) (i) BuLi, HMPA, 

THF, -20 ºC, 30 min (ii) RBM5-003, THF, -78 ºC, 2 h, 29 %, dr = 2:1 (syn:anti); (b) NaH, THF, 55 ºC, 

overnight. 

Deceivingly, in our case, the reaction proceeded in poor yields and with a very low 

diastereoselectivity. We speculated that the more flexible nature of aldehyde RBM5-003, 

in comparison with the rigid bicyclic structure of Garner’s aldehyde, might offer less 

substrate control, which probably accounts for the low diastereoselectivity observed in 

the addition of the lithium acetylide. The diastereomeric ratio (dr) of the reaction was 

determined by the relative integration of the two doublets at 1.18 ppm and 1.22 ppm, 

corresponding to the C1 methyl groups of the two diastereomers, in the 1H NMR spectrum 

of the crude reaction mixture (see Figure 3.4).  

Moreover, after comparing the spectroscopic data of (2S,3RS)-RBM5-006 to that of a 

similar pair of diastereomers described in the literature (Table 3.1), we suspected that the 

reaction could have proceeded with a reversal in the diastereoselectivity favouring the 

syn-(2S,3S) adduct, as reported by Ichihashi et al. for the synthesis of (+)-Xestoaminol 

C.257 In order to confirm the proposed configuration of the two diastereomeric propargylic 

alcohols by means of nOe experiments, their cyclization to the corresponding 
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oxazolidinones was attempted (Scheme 3.4). However, much to our regret, compound 

RBM5-006 decomposed under the reaction conditions.  

 

Figure 3.4 1H NMR spectrum of the crude mixture of the reaction leading to (2S,3RS)-RBM5-006. 

 

Table 3.1 Comparison of the 1H NMR chemical shifts of RBM5-006 to those of the model compounds A. 

ª Ichihashi et al.257 assigned the absolute configuration of the two stereoisomers by nOe experiments from 

a rigid acetonide derivative.  

 

 

Entry Compound δ C1(H3) (ppm) Abundance C3 configuration 

1 (2S,3RS)-RBM5-006 1.18 Minor (1/3) R (proposed) 

2 (2S,3RS)-RBM5-006 1.22 Major (2/3) S (proposed) 

3 (2S,3RS)-A 1.08 Minor (1/3) R ª 

4 (2S,3RS)-A 1.14 Major (2/3) S ª 
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Approach B: Addition of a vinylzinc nucleophile to aldehyde RBM5-003 

As an alternative approach, we suggested that the nucleophilic addition of an appropriate 

organozinc reagent to the aldehyde RBM5-003 could deliver the syn-(2S,3S) adduct in a 

more stereoselective manner. As proposed by Abad et al.,53 the synthesis of the desired 

anti-(2S,3R) isomer would require an additional step to invert the configuration at the C3 

position. Furthermore, in this case, the use of the more robust TBDPS-protected alkynol 

RBM5-013 was preferred.258 

In this way, the addition of the vinylzinc species resulting from the sequential treatment 

of the terminal alkyne RBM5-013 with Schwartz’s reagent and Et2Zn, to the aldehyde 

RBM5-003 in CH2Cl2 at -40 ºC afforded the corresponding allylic alcohol RBM5-014 as 

a highly syn-enriched (only E) inseparable mixture of diastereoisomers in modest yield 

(Scheme 3.5).  

 

Scheme 3.5 Synthesis of intermediate RBM5-014. Reagents and conditions: (a) (i) Cp2Zr(H)Cl, CH2Cl2, 0 

ºC, 30 min (ii) Et2Zn, RBM5-003, CH2Cl2, -40 ºC to rt, 3 h, 19 %, dr = 5:1 (syn:anti), only the E isomer.  

The higher preference for the syn-product can be rationalized by the operation of the 

Cram’s chelation control model. According to this model, the zinc ion coordinates to both 

the aldehyde and the carbamate carbonyl groups, driving the direction of the nucleophilic 

attack to the Si-side (see Scheme 3.6).259 Alternative mechanisms involving an H-bond 

mediated Cram-chelate-like transition state or a coordinated delivery from a non-chelated 

transition state have also been reported to explain the syn-selectivity of similar 

reactions.259,260 

Once more, the dr was determined by the relative integrations of the two doublets at 1.08 

ppm and 1.14 ppm, corresponding to the C1 methyl groups of the two diastereomers, in 

the 1H NMR spectrum of the crude reaction mixture (Figure 3.5). In this case, the 

configurational assignments were confirmed by means of nOe experiments using a cyclic 

derivative (Scheme 3.7). 
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Scheme 3.6 Stereochemical outcome of the nucleophilic addition reaction to the aldehyde RBM5-003. 

Adapted from Ref.259. 

 

Figure 3.5 1H NMR spectrum of the crude mixture of the reaction leading to (2S,3RS)-RBM5-014. 
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iv. Preparation of the optically pure advanced intermediate RBM5-016a 

The Rh-catalyzed hydrogenation of the allylic alcohol RBM5-014 afforded the saturated 

derivative RBM5-015 (Scheme 3.7) in high yields, as evidenced by the complete 

disappearance of the characteristic olefin CH signals at 5.85 and 5.50 ppm in the 1H NMR 

spectrum. 

 

Scheme 3.7 Synthesis of the cyclic derivatives RBM5-016. Reagents and conditions: (a) H2, 5 wt. % Rh 

on Al2O3, EtOAc, rt, 3 h, 86 %; (b) (i) MsCl, NEt3, CH2Cl2, rt, 2 h (ii) NEt3, ClCH2CH2Cl, reflux, overnight, 

61 % of RBM5-016a and 16 % of RBM5-016b (isolated yield). 

To continue our synthesis, the oxazolidinone RBM5-016a (Scheme 3.7) was postulated 

as a key intermediate for various reasons. First, the carbamate group would serve as a 

protecting group for both the amine and the secondary alcohol, preventing unwanted side 

reactions in the subsequent steps. Second, previous experience in our group53 showed that 

mixtures of diastereomeric oxazolidiones can be easily separated by column 

chromatography. Furthermore, inversion of the configuration at C3 could be achieved by 

the conversion of the secondary alcohol into a good leaving group, followed by 

intramolecular cyclization via N-Boc-promoted SN2 displacement. Finally, the rigid 

nature of the oxazolidinone ring would allow the use of nOe experiments to 

unambiguously assign the absolute configuration of our synthetic intermediates. Hence, 

the alcohol RBM5-015 was converted into the corresponding mesylate, which cyclized, 

after refluxing overnight in 1,2-dichloroetane, to give an anti-enriched mixture of 

oxazolidinones that could be successfully separated by flash chromatography.  

The relative configuration of the stereogenic centers at C2 and C3 positions of the 

oxazolidinones RBM5-016a and RBM5-016b was assigned by nOe experiments. 

Thereby, the observation of a 1.5 % nOe enhancement between C(2)H and C(3)H (and 

the absence of nOe between C(3)H and CH3) in RBM5-016a confirmed a syn disposition 

for C(2)H and C(3)H. In the same way, the observation of a 2.1 % nOe enhancement 

between C(3)H and CH3 (and the absence of nOe between C(2)H and C(3)H) in RBM5-

016b confirmed an anti-disposition for C(2)H and C(3)H (Figure 3.6). 
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Figure 3.6 Stereochemical assignments of RBM5-016a and RBM5-016b by nOe observation. 

In general, a nOe experiment only allows the determination of the relative configuration 

(syn/anti). However, in this case, given the fact that the configuration of the stereocenter 

at C2 is conserved from the starting material (N-Boc L-alaninol), the absolute 

configuration of the two stereocenters could be easily assigned both in RBM5-016a and 

RBM5-016b (Figure 3.6, Table 3.2). Furthermore, the chemical shifts for C2(H) and 

C3(H) in RBM5-016a and RBM5-016b were in agreement with those of the reported 

compounds (4S,5R)-A and (4S,5S)-A, previously obtained in our group53 (Table 3.2). 

Table 3.2 Comparison of the 1H NMR chemical shifts of RBM5-016a and b to those of the model 

compounds A.53 

 

 

v. Synthesis of RBM5-019 from the advanced intermediate RBM5-016a 

The synthesis of the spisulosine-based probe RBM5-019 was carried out as shown in 

Scheme 3.8. Thereby, the fluoride-mediated cleavage of the TBDPS protecting group in 

RBM5-016a yielded the alcohol RBM5-017, which was successfully converted into the 

corresponding azide RBM5-018, following the one-pot protocol reported by Stefaniak et 

Entry Compound (*) C3 configuration δC2(H) δC3(H) 

1 RBM5-016a R 3.89 4.55 

2 (4S,5R)-A R 3.89 4.55 

3 RBM5-016b S 3.46 4.09 

4 (4S,5S)-A S 3.56 4.07 
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al.261 consisting in the sequential treatment of the alcohol with PPh3, NBS and NaN3. IR 

spectroscopy confirmed the presence of an azido group in the product, as evidenced by 

the characteristic absorption band at 2092 cm–1, associated with a – N = N+ = N– bond 

stretching.262 Finally, the alkaline hydrolysis of the cyclic carbamate in RBM5-018 

delivered the required amino alcohol RBM5-019. 

 

Scheme 3.8 Synthesis of RBM5-019. Reagents and conditions: (a) TBAF, THF, 0 ºC, 2 h, 86 %; (b) (i) 

NBS, PPh3, DMF, 0 ºC to rt, 1 h, (ii) NaN3, DMF, 80 ºC, 3 h, 71 % (over two steps); (c) NaOH(aq.): EtOH 

(1:1), reflux, 8 h, 66 %. 

3.2.1.3 Synthetic strategy using the vinyl alcohol RBM5-084 

In search for a shorter and more stereoselective synthetic strategy that would furnish 

primarily the naturally configured (2S,3R) stereoisomer, an alternative retrosynthetic 

disconnection was considered for the remaining spisulosine-based probes (Scheme 3.9). 

Thereby, the olefin cross-metathesis (OCM) reaction between the building blocks 

RBM5-084 and RBM5-092 or RBM5-149 was postulated as an appropriate alternative 

method to construct the sphingoid backbone of RBM5-093 and RBM5-150, respectively. 

On the one hand, the anti-configured allylic alcohol RBM5-084 is readily accessible from 

N-Boc L-alanine.263 The key step of this sequence is the highly diastereoselective 

reduction of the ketone group in RBM5-082, which arises from the nucleophilic attack 

of vinylmagnesium bromide to the Weinreb amide derived from N-Boc L-alanine.263 On 

the other hand, the bromoalkene RBM-092 could be purchased directly from commercial 

sources, whereas the bromoalkene RBM5-149 would be obtained from pentadecanolide 

following reported protocols.264 In this context, the acid catalysed methanolysis of 

pentadecanolide, followed by the formal terminal dehydration of the aliphatic chain and 

the hydride-mediated reduction of the ester group should give the alkenol RBM5-148, 

which could be transformed into RBM5-149 by means of a variant of the Appel reaction. 

The catalytic hydrogenation of the double bond in RBM5-093 and RBM5-150, and the 

subsequent functional group modification at the ω-position of the alkyl chain would 

furnish the key amine intermediates RBM5-127 and RBM5-153 (Scheme 3.9, top). In 
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the case of the amine RBM5-113 (Scheme 3.9, bottom), an additional step would be 

required to replace the Boc group with a protecting group removable under conditions 

compatible with the 1-methylcyclopropene (MCP) moiety. 

Finally, a nucleophilic substitution reaction between the previous amine intermediates 

and 4-chloro-7-nitrobenzofurazan (NBD-Cl) or the in-situ generated CDI-activated 

carbamate of the cyclopropenyl alcohol RBM5-108265,266 would form the desired 

spisulosine-based probes RBM5-129, RBM5-155 and RBM5-115 upon removal of the 

protecting groups. 

 

Scheme 3.9 Synthetic strategy for the spisulosine-based doxdhSo probes RBM5-115, RBM5-129 and 

RBM5-155. 

3.2.1.4 Synthesis of the MCP-tagged doxdhSo probe RBM5-115 

i. Preparation of the vinyl alcohol RBM5-084 

The vinyl alcohol RBM5-084 was obtained according to the methodology reported by 

Mina et al.263 As depicted in Scheme 3.10, the synthesis started with the transformation 

of N-Boc L-alanine into the Weinreb amide RBM5-080. Subsequently, the vinyl moiety 
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was introduced through the nucleophilic addition of vinylmagnesium bromide to 

RBM5-080 and the subsequent acidic hydrolysis of the corresponding chelation-

stabilised tetrahedral intermediate at low temperature.267A frequent by-product of this 

reaction is the β-aminoketone that originates from the conjugated addition of the liberated 

N,O‒dimethylhydroxylamine to RBM5-082. The formation of this by-product could be 

minimised by carrying out an “inverse” acidic work-up at 0 ºC (see the Experimental 

section 6.1.3, ii).268 

 

Scheme 3.10 Synthesis of the intermediate RBM5-084. Reagents and conditions: (a) 

N,O-Dimethylhydroxylamine (HCl), EDC·HCl, NMM, CH2Cl2, -15 ºC to rt, 4 h, 97 %; (b) vinylmagnesium 

bromide, THF, 0 ºC to rt, 3 h, 78 %; (c) LiAlH(OtBu)3, EtOH, -78 ºC to 0ºC, 3 h, 77 % (dr = 97:3). 

Lastly, the α,β-insaturated ketone RBM5-082 was reduced to the corresponding vinyl 

alcohol RBM5-084 using LiAlH(OtBu)3 in EtOH at ‒78 ºC.263 The reaction proceeded 

with an excellent anti diastereoselectivity (dr =97:3) to furnish the desired anti-(2S,3R) 

configured stereoisomer as the major product. The minor syn-(2S,3S) configured 

stereoisomer could be easily removed by flash chromatography. The spectroscopic data 

and the optical rotation of RBM5-084 were identical to the literature values.263 

The high anti-selectivity of the reduction step can be explained by the operation of a 

Cram’s chelation control model (Scheme 3.11). It has been suggested that the aluminium 

atom can coordinate simultaneously to the ketone carbonyl oxygen and the nitrogen atom 

of the protected amine, imposing a syn-periplanar disposition of the two groups and 

forcing the hydride anion to attack from the si‒side (Scheme 3.11), thus leading to the 

formation of the anti-stereoisomer.268 Hoffman et al.269 suggested that the use of EtOH 

as solvent is essential for a good stereoselectivity. They argued that the small amounts of 

ethoxide that are formed by reaction with the metallic hydride might be able to 
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deprotonate the carbamate NH group of the protected amino ketone to initiate the chelate 

formation.  

 

Scheme 3.11 Proposed mechanism for the diastereoselective reduction of the α,β-insaturated ketone 

RBM5-082 using LiAlH(OtBu)3 in EtOH. Adapted from Refs.268,269 

ii. Preparation of the advanced intermediates RBM5-111 and RBM5-113 

As shown in Scheme 3.12, the OCM between RBM5-084 and 8-bromo-1-octene using 

the Grubbs’ second-generation catalyst afforded the allylic alcohol RBM5-093 in 

moderate yields as a highly E-enriched E:Z mixture, as evidenced by the C4(H)-C5(H) 

3Jtrans value of 15.5 Hz, which was in agreement with the literature.263 The homo-coupling 

by-products formed during the reaction could be easily removed by flash 

chromatography. The previous mixture of E/Z stereoisomers was subjected to catalytic 

hydrogenation on Rh/Al2O3 to give the corresponding saturated intermediate RBM5-104. 

Subsequent nucleophilic displacement of the bromine atom with sodium azide furnished 

RBM5-105, as indicated by the slight change in the chemical shift of the C11 methylene 

triplet (from 3.40 to 3.24 ppm) in the 1H NMR spectrum. 

 

Scheme 3.12 Synthesis of the intermediates RBM5-129 and RBM5-155. Reagents and conditions: (a) 8-

bromo-1-octene (RBM5-092), Grubbs' 2nd gen. catalyst, CH2Cl2, reflux, 2 h, 61 %, E/Z = 95:5; (b) H2, 5 

wt. % Rh on Al2O3, MeOH, rt, 3 h, 86 %; (c) NaN3, DMF, 80 ºC, 3 h, 88 %; (d) (i) TFA : CH2Cl2 (1:1), 0 

ºC to rt , 2 h; (ii) FmocCl, THF : NaHCO3 (aq.) (3:1), 0 ºC to rt , 2 h, 73 %; (e) (i) TFA : CH2Cl2 (1:1), 0 ºC 

to rt , 2 h; (ii) TeocOSu, acetone : NaHCO3 (aq.) (2:1), 0 ºC to rt, 2 h, 84 % (f) TES, Pd-C, MeOH : CHCl3 

(9:1), rt, 10 min, 73% (RBM5-111) and 86 % (RBM5-113). 

At this point, it was deemed necessary to change the Boc-amino protecting group to 

prevent the decomposition of the cyclopropene ring under the required acidic conditions 

for Boc deprotection.270,271 Exploratory experiments along this line showed the 

decomposition of the model compound RBM5-109(NHBoc) (Scheme 3.13) after short 
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reaction times under the classical conditions for Boc deprotection used in our group, as 

evidenced by TLC and 1H NMR analysis of the crude reaction mixture. 

 

Scheme 3.13 Exploratory studies for the conjugation of the 1-methylcyclopropene group and the 

subsequent Boc deprotection reaction using compound RBM5-108 and a model mono-protected diamine. 

In light of the above evidences, we suggested that either the fluoride-labile amino 

protecting groups 9-fluorenylmethyloxycarbonyl (Fmoc) or the 2-

(trimethylsilyl)ethoxycarbonyl (Teoc) could be good alternatives to the Boc group, since 

our proposed synthetic scheme already contemplated a final fluoride-mediated TMS 

deprotection step. Thereby, the Boc-protected RBM5-105 was transformed into the 

corresponding Fmoc-protected and Teoc-protected derivatives RBM5-106 and RBM5-

112 following previously described methods.272,273  

Initial attempts to reduce the azide group in RBM5-106 by means of the Staudinger 

reduction (PPh3 in THF–H2O) or Pd-catalysed hydrogenation (10 % w/w Pd/C in MeOH 

with cat. AcOH) were unsuccessful due to the instability of the Fmoc group. However, 

the reduction of both azides RBM5-106 and RBM5-112 to the corresponding amine 

hydrochlorides RBM5-111 and RBM5-113, respectively, was possible via the Pd-C 

induced catalytic transfer hydrogenation with triethylsilane (TES).274 Based on various 

experimental observations, Mirza-Aghayan et al.275 postulated that the mechanism of the 

hydrogenation reaction catalysed by the Pd/C-TES system begins with the oxidative 

addition of Et3SiH to the Pd(0) species to form the Et3SiPdH complex, with the 

simultaneous production of molecular hydrogen (Scheme 3.14). Subsequent 

displacement of this complex by MeOH leads to the formation of the corresponding 

triethylsilyl ether with the concomitant production of additional molecular hydrogen and 

the regeneration of the Pd catalyst. The generated molecular hydrogen is then adsorbed 

onto the catalyst surface and further transfered to the azide group, as reported by Kara et 

al.276 Proton migration, followed by nitrogen elimination, affords the corresponding 

amine, which is protonated under the reaction conditions.277 
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Scheme 3.14 Proposed mechanism for the reduction of azides by the Pd–C/TES system. Adapted from 

Refs.275,276 

iii. Attempts towards the preparation of RBM5-115 

The cyclopropene derivative RBM5-108 was synthesized following previously reported 

protocols.265,266 Thus, 1-TMS-propyne (Scheme 3.15) was subjected to rhodium-

catalyzed cyclopropenation with ethyl diazoacetate to give the ester RBM5-107. In this 

reaction, Rh(II) catalyses the decomposition of ethyl diazoacetate to generate a carbene 

species that readily reacts with the alkyne to form the corresponding cyclopropene. 

However, this reaction is competing with the dimerization of the carbene species to give 

a mixture of diethyl fumarate and diethyl maleate. This side reaction can be avoided by 

keeping the concentration of ethyl diazoacetate low,278,279 which, in our case, was 

achieved by adding the diazoacetate at a controlled slow rate (0.5 mL/h) by means of a 

syringe pump. Subsequent hydride-mediated reduction of the ester function using 

DIBAl-H delivered the primary alcohol RBM5-108 in 76 % yield over two steps. 

 

Scheme 3.15 Synthesis of the methylcyclopropene-tagged spisulosin-base probe RBM5-115. Reagents and 

conditions: (a) Ethyl diazoacetate, Rh2(OAc)4, rt, overnight; (b) DIBAl-H, Et2O, -78 ºC, 2 h, 76 %; (c) (i) 

CDI, THF, rt, 3 h; (ii) RBM5-113, Et3N, rt, overnight; 22 % (d) TBAF, THF, 0 ºC to rt, overnight, no 

desired product. 

Once obtained both the sphingoid and the cyclopropene precursors, we focused on their 

assembly through a carbamate linkage. Encouraged by the results reported by Elliott,280 

our initial attempts involved the precursor RBM5-111 (Fmoc-protected amine). Thus, 

alcohol RBM5-108 was reacted with CDI in THF to produce the corresponding activated 

carbamate, as demonstrated by a series of observations in the 1H NMR spectrum of the 



82 

reaction crude mixture (Figure 3.7), such as: 1) Release of free imidazole (peaks marked 

in grey) from CDI as a result of the nucleophilic addition of the alcohol; 2) Integration of 

the signals corresponding to the imidazolyl and the (2-methylcycloprop-2-en-1-yl)methyl 

moieties matching the expected values; 3) Deshielding of the signal corresponding to 

the -OC(H2)- from 3.49 (RBM5-108) to 4.25 ppm, as a result of the electron withdrawing 

effect of the carbonyl group. 

 

Figure 3.7 1H NMR spectrum of the crude mixture of the reaction between the alcohol RBM5-108 and 

CDI. 

Subsequently, RBM5-111 and triethylamine were sequentially added to the previous 

intermediate, in order to obtain the corresponding carbamate. Unfortunately, the 

C3-amino protecting group was cleaved in the course of the reaction, leading to the 

formation of a number of unidentified side-products. We argued that, although the 

intermediate RBM5-111 was chemically stable as an amine hydrochloride, the free amine 

formed after the treatment with triethylamine might be capable of cleaving the Fmoc 

group (Scheme 3.16). Conversely, when we assessed the same reaction conditions with 

the Teoc-protected precursor RBM5-113, the reaction proceeded to give the required 

carbamate in modest yields. Deceivingly, the final TBAF-mediated deprotection step did 

not go to completion, even after long reaction times and the desired RBM5-115 could not 

be detected in any of the collected fractions, after purification of the crude mixture by 

flash column chromatography. These results were utterly surprising to us, considering 
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that there are multiple examples of this reaction with similar substrates reported in the 

literature.266,281–284 In light of the above results, we decided to abandon the synthesis of 

the cyclopropene spisulosine-based probe RBM5-115, assuming that its presumed lack 

of chemical stability could be a serious issue for its subsequent biological applications. 

 

Scheme 3.16 Proposed mechanism for the spontaneous cleavage of the Fmoc group in RBM5-111.285 Upon 

the treatment with trimethylamine, the free amine of RBM5-111 might be responsible for an intermolecular 

proton abstraction that triggers the elimination of the dibenzofulvene (DBF) group. Furthermore, the DBF 

group might be subsequently trapped by any of the nucleophilic amines present in the reaction mixture, 

leading to the formation of multiple by-products. 

3.2.1.5 Synthesis of the NBD-tagged doxdhSo probes RBM5-129 and RBM5-155 

i. Preparation of the ω-bromoalkene precursor RBM5-149 

The bromoalkene RBM5-149 was obtained from commercially available 

pentadecanolide, according to previously reported methods.264 As shown in Scheme 3.17, 

the ring opening of pentadecanolide in refluxing MeOH, in the presence of catalytic 

H2SO4, gave the methyl ester RBM5-110 in quantitative yields. The terminal hydroxyl 

group was then converted into the ω-iodomethyl ester RBM5-146 using PPh3/NIS. 

Treatment of this iodide with an excess of KOtBu resulted in its dehydroiodination, with 

the concomitant transesterification, to furnish the ω-alkenyl tert-butyl ester RBM5-147, 

as reported by Hostetler et al.264 Even if the tert-butyl ester group was partially cleaved 

during the acidic work-up, both the ester and the carboxylic acid readily underwent 

hydride-mediated reduction with LAH to produce the ω-alkenol RBM5-148 in excellent 

yields. Finally, the bromination of the primary alcohol under Appel-type reaction 

conditions uneventfully delivered the required ω-bromoalkene precursor RBM5-149 in 

31 % overall yield from pentadecanolide. 
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Scheme 3.17 Synthesis of the intermediate RBM5-149. Reagents and conditions: (a) H2SO4, MeOH, reflux, 

overnight, 95 %; (b) NIS, PPh3, CH2Cl2, 0 ºC to rt, overnight, 89 %; (c) KOtBu, THF, rt, 3 h, 57 %; (d) 

LiAlH4, Et2O, 0 ºC to rt, 5 h, 86 %; (e) NBS, PPh3, CH2Cl2, 0 ºC to rt, 1 h, 75 %. 

ii. Preparation of the probes RBM5-129 and RBM5-155 

As expected, the azide intermediate RBM5-152 could be easily accessed from the 

precursors RBM5-084 and RBM5-149 using the same synthetic scheme as for 

RBM5-105 (see above in this section).  

 

Scheme 3.18 Synthesis of RBM5-129 and RBM5-155. Reagents and conditions: (*) See above (Scheme 

3.12); (a) RBM5-149, Grubbs' 2nd gen. catalyst, CH2Cl2, reflux, 2 h, 44 %, E/Z = 95:5; (b) H2, 5 wt. % Rh 

on Al2O3, MeOH, rt, 3 h, 86 %; (c) NaN3, DMF, 80 ºC, 3 h, 95 %; (d) TES, Pd-C, MeOH : CHCl3 (9:1), rt, 

10 min, 86 % (RBM5-127) and 85 % (RBM5-153); (e) NBD-Cl, DIPEA, MeOH, 0 ºC to rt, overnight, 82 

% (RBM5-128) and 84 % (RBM5-154); (f) AcCl, MeOH, 0 ºC to rt, overnight, 87 % (RBM5-129) and 80 

% (RBM5-155). 

Once we had both advanced intermediates RBM5-105 and RBM5-152, the synthesis of 

the two NBD-tagged probes continued as shown in Scheme 3.18. First, the azido group 

was reduced using the Pd/C–TES system274 to afford the amine hydrochlorides RBM5-

127 and RBM5-153 with no need of any purification step. The NBD moiety was next 

introduced through a nucleophilic substitution of commercial NBD-Cl with the previous 

amines, as reported by Bhabak et al.152 Lastly, the acid-mediated cleavage of the Boc 

amino protecting group in RBM5-128 and RBM5-154 provided the desired spisulosine-

based probes RBM5-129 and RBM5-155 in 28 % and 21 % overall yield, respectively, 
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from the vinyl alcohol RBM5-084. Both probes were isolated in the amine hydrochloride 

form, since the NBD moiety showed an apparent sensitivity to alkaline conditions. In this 

sense, our early attempts to obtain the free amine by washing the organic extracts with 

0.5 M NaOH resulted in the formation of unidentified by-products, as evidenced by the 

appearance of new UV-active spots in the TLC plate, and a poor recovery after column 

chromatography of the crude. 

3.2.2 Fatty acid analogues 

3.2.2.1 General synthetic strategy 

Access to the different series of “clickable” FA analogues was planned from a common 

ω-alkynol precursor (Scheme 3.19), which could be obtained by nucleophilic substitution 

of the appropriate ω-haloalkane with the lithium acetylide of propargyl alcohol and the 

subsequent isomerization of the internal alkyne through an alkyne zipper reaction, using 

the same strategy as for the preparation of compound RBM5-002 (see Scheme 3.2, 

Section 3.2.1.2). 

The oxidation of the hydroxyl group in the previous ω-alkynol using Jones’ reagent 

(Scheme 3.19, pathway A) was expected to afford the alkyne FAs series. On the other 

hand, the conversion of the primary alcohol into the corresponding bromide, followed by 

oxidative cleavage of the alkyne moiety using KMnO4 (Scheme 3.19, pathway B) should 

furnish a carboxylic acid that could be transformed into the advanced ω-bromoester 

precursor shown in Scheme 3.19 by straightforward Fischer esterification. 

Two different approaches were proposed for the preparation of the alkene FA RBM5-097 

(Scheme 3.19), namely the partial hydrogenation of the alkyne group in RBM5-053 using 

Lindlar’s catalyst and the base-promoted dehydrohalogenation of methyl 16-

bromohexadecanoate, followed by the alkaline hydrolysis of the ester group. 

The azide-tagged and the diene-tagged FAs series would be obtained by nucleophilic 

displacement of the appropriate ω-bromoester with either sodium azide or the in situ 

generated sodium alkoxide of sorbyl alcohol, respectively, and the subsequent hydrolysis 

of the ester group. The reduction of the azido group in RBM5-065 could then provide an 

ω-aminoester that should be possible to convert into the corresponding MCP-tagged 

palmitic acid (PA) through a carbamoylation reaction using a suitable activated carbonate 

ester of the alcohol RBM5-108 (see Scheme 3.15, Section 3.2.1.4). 
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Scheme 3.19 Synthetic strategy for the access to the different classes of clickable FA analogues. 

3.2.2.2 Synthesis of the diene-tagged fatty acids RBM5-029, RBM5-035 and RBM5-

044 

As shown in Scheme 3.20, the reaction between the in situ generated lithium acetylide of 

propargyl alcohol with 7-bromoheptane afforded the internal alkyne RBM5-036 in 

modest yields. Subsequent isomerization of the triple bond with freshly prepared KAPA 

furnished the ω-alkynol RBM5-038.246 The hydroxyl function was then replaced with a 

bromide atom through an Appel-type reaction, followed by the oxidative cleavage of the 

terminal alkyne with KMnO4 to provide the intermediate RBM5-041. This carboxylic 

acid was refluxed in MeOH, in the presence of catalytic H2SO4, to yield the corresponding 

ω-bromo methyl ester RBM5-042, which was spectroscopically in agreement with the 

literature.286 
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Scheme 3.20 Synthesis of the diene-tagged FAs RBM5-029, RBM5-035 and RBM5-044. Reagents and 

conditions: (a) (i) n-BuLi, THF, HMPA, -78 ºC to -30 ºC, 30 min. (ii) 7-bromoheptane, -30 ºC to rt, 

overnight, 45 %; (b) Li, KOtBu, 1,3-diaminopropane, 70 ºC to rt, 3 h, 72 %; (c) NBS, PPh3, DMF, 0 ºC to 

rt, 1 h, 86 %; (d) KMnO4, CTAB, H2O/CH2Cl2/AcOH (10:4:1), 0 ºC to rt, overnight, 98 %; (e) H2SO4, 

MeOH, reflux, 4 h, 88-98 %; (f) Sorbyl alcohol, NaH, NaI, DMF, 0 ºC to rt, 3 h; (g) LiOH, THF/H2O (3:1), 

0 ºC, 2 h, 34 % (over two steps). The dienic acids RBM5-029 (*) and RBM5-035 (**) were synthesized 

from commercially available 7-bromoheptanoic acid and RBM5-002 (Scheme 3.2), under the same 

reaction conditions as steps e-g and c-g, respectively. 

Several reaction conditions were assessed for the Williamson etherification reaction using 

6-bromohexanoic acid as a model compound, as summarised in Table 3.3. The reaction 

between the sodium alkoxide of sorbyl alcohol and the methyl ω-bromoester RBM5-042, 

using the optimized reaction conditions (Entry 4), resulted both in the nucleophilic 

displacement of the halogen and the partial transesterification of the methyl ester group 

to deliver an inseparable mixture of esters that uneventfully underwent alkaline 

hydrolysis to give the desired ω-dienic carboxylic acid RBM5-044. Similarly, the diene-

tagged FA analogues RBM5-029 and RBM5-035 were obtained from 7-bromoheptanoic 

acid and RBM5-002, respectively, following a slightly modified synthetic plan (Scheme 

3.20). 

Table 3.3 Optimization of the reaction conditions for the Williamson etherification reaction between sorbyl 

alcohol and 6-bromohexanoic acid. a Isolated product yield; b TLC analysis. 

Entry Leaving group Solvent Temp./Time NaI (0.1 eq/mol) Yield 

1 Br THF rt / overnight –  10 % a 

2 Br DMF 60 ºC / 3 h – Low conversion b 

3 Br DMF 60 ºC / 3 h – Low conversion b 

4 Br DMF rt / overnight + 32 % a 

5 I DMF rt / overnight – Low conversion b 
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3.2.2.3 Synthesis of the alkyne-tagged fatty acids RBM5-053 and RBM5-072 

Similar to the previous cases, the ω-alkynols RBM5-052 and RBM5-071 were planned 

to be synthesized by nucleophilic displacement of an ω-bromoalkane of the appropriate 

chain length with a suitable acetylenic alcohol, and subsequent base-induced 

isomerization of the alkyne to the terminal position. Considering that our synthetic targets 

contained an even number of carbon atoms, we assumed that, for this series, 3-butyn-1-ol 

would be a better precursor, since it would allow us the use of even carbon-numbered 

bromoalkanes, which are readily available and inexpensive, compared to their 

odd-numbered counterparts.  

Thereby, as shown in Scheme 3.21, the lithium acetylide derived from 3-butyn-1-ol was 

reacted with either 1-bromododecane or 1-bromoeicosane at low temperature in a mixture 

of THF and HMPA to provide the homopropargyl alcohols RBM5-051 and RBM5-070. 

When using 3-butyn-1-ol, the reaction proceeded with much lower yields than the 

expected, compared to the reactions with propargyl alcohol, due to the formation of 

considerable amounts of different O-alkylation and polymerization by-products. This 

issue has been previously solved by blocking the undesired reactivity of the primary 

alcohol with a tetrahydropyranyl (THP)287,288 or a tert-butyldimethylsilyl (TBS)289 

protecting group. However, this approach was disregarded because the 

protection-deprotection scheme would substantially lengthen the synthesis.  

 

Scheme 3.21 Synthesis of the terminal alkyne FAs RBM5-053 and RBM5-072. Reagents and conditions: 

(a) (i) n-BuLi, THF, HMPA, -78 ºC to -30 ºC, 30 min. (ii) 1-bromododecane or 1-bromoeicosane, -30 ºC 

to rt, overnight, 26-28 % (In alternative route, 43-60 %); (b) Li, KOtBu, 1,3-diaminopropane, 70 ºC, 

overnight, 42-64 %; (c) H2SO4, CrO3, acetone, rt, 30 min, 65-85 %. 

Since we had enough material to continue, we preferred moving forward with the 

synthesis. Hence, the homopropargyl alcohols RBM5-051 and RBM5-070 were 

isomerized with in situ generated KAPA to afford the terminal alkynols RBM5-052 and 

RBM5-071, respectively. To our surprise, the reaction conditions used for the preparation 

of similar compounds (e.g. RBM5-002) were not effective in these cases and some 

methodological modifications had to be introduced (Table 3.4). First, the concentration 
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was lowered to guarantee an efficient stirring; second, freshly distilled 1,3-DAP and, in 

some cases, freshly sublimed KOtBu were used. Furthermore, larger excesses of Li and 

KOtBu were also required, together with longer reaction times and higher temperatures. 

Under these conditions, the required ω-alkynyl alcohols RBM5-052 and RBM5-071 

were obtained in 68 and 52% yield, respectively. Finally, the oxidation of the primary 

alcohol using Jones’ reagent delivered the desired ω-alkyne FAs RBM5-053 and RBM5-

072 in 15 and 10 % overall yields, respectively, from 3-butyn-1-ol. 

Table 3.4 Different reaction conditions used for the alkyne “zipper” reaction. a Freshly distilled 1,3-DAP; 
b Freshly sublimed KOtBu. 

An alternative route using propargyl alcohol as starting material was designed in an 

attempt to improve the overall yield of RBM5-072 (Scheme 3.22). In this case, the 

terminal alkynol RBM5-074, with a chain length of C23, was obtained with a slightly 

better yield, compared to RBM5-071. Then, an additional carbon atom was introduced 

by converting the hydroxyl group in RBM5-074 into the corresponding mesylate RBM5-

075, followed by the nucleophilic substitution with potassium cyanide to afford the 

C24-intermediate RBM5-076. Lastly, the alkaline hydrolysis of the nitrile afforded the 

alkyne FA RBM5-072 in 13 % overall yield. We considered that the alternative route was 

not worth it, since only a marginal 4% yield improvement was achieved. 

 

Entry ω-Alkynol 1,3-DAP 
Li 

(eq./mol) 

KOtBu 

(eq./mol) 
Temp.; Time Yield 

1 RBM5-002 (C12) 0.4 M 5 3 rt; 3 h 77 % 

2 RBM5-038 (C10) 0.4 M 5 3 rt; 3 h 72 % 

3 RBM5-052 (C16) 0.2 M 5 3 rt; on - 

4 RBM5-052 (C16) 0.2 M 5 3 50 ºC; on - 

5 RBM5-052 (C16) 0.1 M 10 5 70 ºC; on 52 % 

6 RBM5-052 (C16) 0.1 M a 10 5 70 ºC; on 68 % 

7 RBM5-071 (C24) 0.1 M a 5 3 rt; on - 

8 RBM5-071 (C24) 0.1 M a 10 3 70 ºC; on - 

9 RBM5-071 (C24) 0.1 M a 20 6 b 70 ºC; on 52 % 

10 RBM5-074 (C23) 0.1 M a 20 6 b 70 ºC; on 48 % 



90 

 

Scheme 3.22 Alternative route for the synthesis of the terminal alkyne FA RBM5-072. Reagents and 

conditions: (a) (i) n-BuLi, THF, HMPA, -78 ºC to -30 ºC, 30 min. (ii) 1-bromoeicosane, -30 ºC to rt, 

overnight, 43 %; (b) Li, KOtBu, 1,3-diaminopropane, 70 ºC to rt, overnight, 48 %; (c) MsCl, NEt3, CH2Cl2, 

rt, 2 h, 86 %; (d) KCN, DMSO, 45 ºC, overnight, 88 %; (e) KOH(aq.) : EtOH (1:1), reflux, 3 h, 85 %. 

3.2.2.4 Synthesis of the azide-tagged fatty acids RBM5-068 and RBM5-065 

Even though many azido-functionalized lipids have already been described in the 

literature,290–295 it is still unclear how the azido group emulates a carbon chain, and 

authors often differ in whether the nitrogen atoms of the azide should or should not be 

counted when designing an ω-azido fatty acid analogue of a particular chain length. 

Therefore, both RBM5-065 and RBM5-068 were synthesized as potential palmitic acid 

surrogates.  

Starting from erucic acid (Scheme 3.23), epoxidation using hydrogen peroxide, followed 

by the alkaline ring opening,296 gave a mixture of diastereomeric vicinal diols that was 

directly subjected to pinacol cleavage with NaIO4 to furnish RBM5-066 in 67 % yield 

over three steps. Subsequent hydride reduction of the aldehyde group gave the 

corresponding ω-hydroxyacid RBM5-067.297 Finally, the primary alcohol was 

sequentially treated with NBS, PPh3 and NaN3 in DMF to form the ω-azido derivative 

RBM5-068.  

On the other hand, commercial 16-hydroxypalmitic acid was converted into the 

corresponding methyl ester RBM5-063 by means of standard protocols. Subsequently, 

the reaction with diphenylphosphoryl azide (DPPA) in the presence of DBU,298 followed 

by the alkaline hydrolysis of the ester delivered the remaining azide-tagged fatty acid 

RBM5-065294. 

As explained in the general introduction, for the CerS enzymatic reaction to take place, 

FAs must be first converted into their activated coenzyme A thioesters. Based on 

preliminary metabolic incorporation studies performed on cell lysates (see Section 3.4), 

the CoA thioester RBM5-194 was required and, thus, its synthesis from the 

ω-azidocarboxylic acid RBM5-065 was carried out following reported protocols.299,300 
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Scheme 3.23 Synthesis of the terminal azide-tagged FAs RBM5-065 and RBM5-068. Reagents and 

conditions: (a) (i) H2O2, HCOOH, rt, overnight; (ii) KOH, H2O, rt, overnight (b) NaIO4, CHCl3, H2O, rt, 

overnight, 67 % (over three steps); (c) NaBH4, EtOH, rt, 2 h, 85 %; (d) (i) NBS, PPh3, DMF, 0 ºC to rt, 1 

h, (ii) NaN3, DMF, 80 ºC, 3 h, 59 % (over two steps) (RBM-068). For RBM5-065: (e) H2SO4, MeOH, 

reflux, 4 h, 78 %; (f) DPPA, DBU, DMF, rt, overnight, 81 %; (g) LiOH, THF : H2O (3:1), 0 ºC, 2 h, 78 %; 

(h) CoA trilithium salt, CDI, THF, CH2Cl2, rt, overnight, 28 %. 

3.2.2.5 Synthesis of the alkene-tagged fatty acid RBM5-097 

Initially, we envisioned that the partial hydrogenation of the triple bond in RBM5-053 

(Scheme 3.24, step e) using Lindlar’s catalyst would be the most direct way to access the 

ω-alkene FA RBM5-097.  

 

Scheme 3.24 Synthesis of the terminal alkene FA RBM5-097. Reagents and conditions: (a) H2SO4, MeOH, 

reflux, overnight, 93 %; (b) NIS, PPh3, CH2Cl2, 0 ºC to rt, overnight, 98 %; (c) KOtBu, THF, rt, 3 h, 78 %; 

(d) TFA : CH2Cl2 (1:1), 0 ºC to rt, 2 h, 84 %; (e) H2, Pd-CaCO3-quinoline, EtOAc, rt, 2 h. 

However, as previously reported by Crombie et al.,301 this methodology is far from 

optimal. First, reaction completion could not be achieved, even after long reaction times 

and using high catalyst loadings, as determined by the observation in the 1H NMR 

spectrum of a persistent triplet signal at 2.18 ppm, corresponding to the terminal alkyne 

CH. Moreover, the formation of a small amount of the fully saturated by-product was 

unavoidable, as evidenced by the appearance of a triplet at 0.88 ppm in the 1H NMR 

spectrum, corresponding to the terminal CH3 (Figure 3.8). The reaction, thus, produced 

mixtures of RBM5-097, palmitic acid and unreacted RBM5-053, which were impossible 
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to separate, even as the corresponding methyl esters, in different solvent systems. Taking 

all the above in consideration, we soon decided to change our strategy.  

 

Figure 3.8 1H NMR spectrum of the crude reaction mixture of the partial hydrogenation reaction of RBM5-

053 with Lindlar’s catalyst after 2 h reaction time. 

Alternatively, we anticipated that the required olefin could be produced by means of the 

base-promoted elimination of an appropriate terminal haloalkane, as reported by 

Hostetler et al.264 Thereby, commercially available 16-hexadecanoic acid was converted 

into the corresponding methyl ester RBM5-063 under typical Fischer esterification 

conditions. Subsequent iodination of the primary alcohol using NIS/PPh3 gave the ω-

iodoester RBM5-098 in excellent yields. As expected, the treatment with an excess of 

KOt-Bu resulted both in the elimination of HI and the transesterification of the methyl 

ester to form RBM5-099. Finally, the acid-mediated removal of the tert-butyl ester group 

delivered the desired alkenyl FA RBM5-097.  

3.2.2.6 Attempts towards the synthesis of the MCP-tagged fatty acid RBM5-157 

In an attempt to obtain a FA derivative bearing a highly reactive dienophile moiety for 

IEDDA ligations with tetrazines, we planned the preparation of the MCP RBM5-157 

from the advanced intermediate RBM5-064. In this sense, the Pd/C-TES hydrogenation 

of the azido group274 delivered the corresponding amine hydrochloride RBM5-156, as 

depicted in Scheme 3.25. However, the preparation of the desired MCP-tagged FA 
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remained unachievable, since the amine was reluctant to undergo carbamoylation with 

the alcohol RBM5-108 under a range of reaction conditions, that is using the 

chloroformate of RBM5-108 or by direct coupling of RBM5-108 with the amine RBM5-

156 in the presence of CDI or DSC as coupling agents. Even though CDI led to the 

formation of the corresponding imidazolyl carbamate intermediate, as observed by 1H 

NMR, no trace of the desired final carbamate RBM5-157 was formed. In light of these 

discouraging results, we did not attempt to obtain any further MCP-tagged FA analogues.  

 

Scheme 3.25 Attempts to synthesize the MCP-tagged PA analogue. Reagents and conditions: (a) TES, 

Pd-C, MeOH : CHCl3 (9:1), rt, 1 h, 89 %; (b) 1,1’-carbonyldiimidazole (CDI), TEA, CH2Cl2 , 0 ºC to rt, 2 

h; (c) N,N′-disuccinimidyl carbonate (DSC), TEA, CH2Cl2 , 0 ºC to rt, 2 h; (d) p-nitrophenyl chloroformate, 

pyridine, CH2Cl2 , 0 ºC to rt, 1.5 h; (e) TEA, CH2Cl2 , rt, overnight; (f) KOH, MeOH : H2O (4:1), 0ºC to rt, 

overnight.283 

3.2.3 Fluorescent reagents 

3.2.3.1 General synthetic strategy 

As summarized in Scheme 3.26, we anticipated that the tetrazine dye RBM5-122 could 

be easily accessed from the amine RBM5-118 and the carboxylic acid RBM5-121 

through an EDC-HOBt amide coupling. On the one hand, the carboxylic acid RBM5-121 

could be prepared by means of a Williamson etherification reaction between tert-butyl 6-

bromohexanoate and the phenol RBM5-133 (2-hydroxy Nile Red302), upon hydrolysis of 

the ester functionality. On the other hand, the amine RBM5-118 would be synthesised 

from the nitrile RBM5-116, obtained from commercially available 4-cyanobenzylamine 

hydrochloride, via a modification of Devaraj’s one-pot metal-catalysed method for the 

synthesis of disubstituted 1,2,4,5-tetrazines.303 
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Scheme 3.26 Synthetic strategy for the tetrazine dye RBM5-122. 

Similarly, an amide coupling between the activated ester RBM5-138304 and the amine 

RBM5-135 or RBM5-136 was envisaged as a suitable way to synthesize the tetrazine 

dyes RBM5-139 and RBM5-140, respectively (Scheme 3.27). Alternatively, the BCN-

based dyes RBM5-142 and RBM5-143 could arise from the carbamoylation reaction 

between the previous amine precursors and the activated carbonate ester RBM5-14188. 

An amide coupling between N-Boc-1,6-hexanediamine and 7-methoxycoumarin-3-

carboxylic acid (MCC) could deliver the amine precursor RBM5-135, whereas the 

O-alkylation of the phenol RBM5-133 with N-Boc 6-bromohexanamine was expected to 

lead to the amine precursor RBM5-136. 
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Scheme 3.27 Synthetic strategy for the Tz-based dyes RBM5-139 and RBM5-140, and the BCN-based 

dyes RBM5-142 and RBM5-143. 

3.2.3.2 Synthesis of the fluorescently labelled precursors RBM5-121, RBM5-135 and 

RBM5 136 

The synthesis of the precursors RBM5-121 and RBM5-136 began with the preparation 

of Nile red, as reported by Yang et al.302 Thus, the nitrosation of 3-(diethylamino)phenol 

provided RBM5-132 (Scheme 3.28), which was subsequently reacted in refluxing DMF 

with naphthalene-1,6-diol to afford Nile Red (RBM5-133) in modest yields, after a 

tedious chromatographic separation from a series of unidentified coloured by-products. 

Next, the nucleophilic displacement of the bromide group in either tert-butyl 

6-bromohexanoate or N-Boc-6-bromohexanamine by the potassium phenoxide of 

RBM5-133 furnished the ethers RBM5-120 and RBM5-136, respectively. Further acidic 

treatment delivered the corresponding unprotected precursors RBM5-121 and 

RBM5-136·TFA in excellent yields. As expected, the EDC-HOBt amide coupling 
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between 7-methoxycoumarin-3-carboxylic acid and N-Boc-1,6-hexanediamine, followed 

by the TFA-mediated removal of the Boc amino protecting group gave the remaining 

amine precursor RBM5-135·TFA. 

 

Scheme 3.28 Synthesis of the precursors RBM5-121, RBM5-135 and RBM5-136. Reagents and 

conditions: (a) NaNO2, HCl (aq.), 0 ºC, 5 h, 67 %; (b) naphthalene-1,6-diol, DMF, 160 ºC, 4 h, 19 %; (c) 

For RBM5-136, N-Boc-6-bromohexanamine, K2CO3, DMF, 85 ºC, overnight, 78 %; for RBM5-120, 

tert-butyl 6-bromohexanoate, K2CO3, DMF, 85 ºC, overnight, 82 %; (d) TFA : CH2Cl2 (1:2), 0 ºC to rt, 1 

h, quantitative; (e) N-Boc-1,6-hexanediamine, EDC, HOBt, NEt3, CH2Cl2, rt, 2 h, 57 %. 

3.2.3.3 Synthesis of the fluorescent reagents RBM5-122, RBM5-139, RBM5-140, 

RBM5-142 and RBM5-143 

As depicted in Scheme 3.29, 4-cyanobenzylamine hydrochloride was treated with Boc 

anhydride in the presence of TEA to give the protected amine RBM5-116, which was 

reacted with acetonitrile and hydrazine hydrate under Ni catalysis to form the 1,2,4,5-

tetrazine RBM5-117.283,305 The formation of the unwanted symmetrical diaryl tetrazine 

was avoided by using an excess of acetonitrile. This resulted in the production of a 

substantial amount of the symmetrical dimethyl tetrazine, which could be easily removed 

taking advantage of its high volatility.306 Subsequent removal of the tert-butyl carbamate 

moiety under acidic conditions, followed by an amide coupling with the carboxylic acid 

RBM5-121 using EDC and HOBt as the coupling agents delivered the first tetrazine-

based fluorescent reagent RBM5-122. 
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Scheme 3.29 Synthesis of the tetrazine-based fluorescent reagent RBM5-122. Reagents and conditions: (a) 

Boc2O, NEt3, CH2Cl2, 0 ºC to rt, overnight, 98 %; (b) (i) ACN, NiCl2, hydrazine hydrate, 60 ºC, overnight, 

(ii) NaNO2, HCl (aq.), 0 ºC, 2 h, 49 %; (c) TFA : CH2Cl2 (1:1), 0 ºC to rt, 2 h, 96 %; (d) RBM5-121, EDC, 

HOBt, NEt3, CH2Cl2, rt, 2 h, 44 %. 

On the other hand, the preparation of the remaining fluorescently labelled tetrazines was 

carried out according to the methodology reported by Beckmann et al.304 Thereby, 4-

cyanobenzoic acid, 2-cyanopyrimidine and hydrazine hydrate were refluxed in EtOH 

(Scheme 3.30), without the use of any metal catalyst, to produce a mixture of tetrazines 

that, in this case, required a much more elaborated work-up to isolate the desired 

asymmetric tetrazine RBM5-137 (see Experimental Section 6.1.3.4). Next, the carboxylic 

acid was converted into the corresponding activated N-hydroxysuccinimidyl ester 

RBM5-138, which readily underwent an addition-elimination reaction with the amines 

RBM5-135·TFA and RBM5-136·TFA, upon addition of triethylamine, to provide the 

desired dyes RBM5-139 and RBM5-140. The low isolated yield observed for RBM5-

139 was due to its poor solubility in a wide range of organic solvents, which caused a low 

recovery during the work-up and chromatographic purification steps. 

 

Scheme 3.30 Synthesis of the tetrazine-based fluorescent dyes RBM5-139 and RBM5-140. Reagents and 

conditions: (a) (i) 2-cyanopyrimidine, hydrazine hydrate, EtOH, reflux, overnight, (ii) NaNO2, AcOH, 0 

ºC, 2 h, 21 %; (b) HOSu, EDC, DMSO, pyridine, 40 ºC, 3 h, 80 %; (c) For RBM5-139: RBM5-135·TFA, 

NEt3, CH2Cl2, rt, overnight, 25 %; RBM5-140 was obtained from RBM5-136·TFA following the same 

procedure (95 %). 

Both BCN-based fluorescent reagents RBM5-142 and RBM5-143 could be obtained in 

excellent yields by reaction of the amine precursors RBM5-135·TFA and RBM5-
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136·TFA with the p-nitrophenyl carbonate mixed ester RBM5-141, as previously 

reported by Dommerholt et al. 88 These compounds were spectroscopically characterized 

in DMSO-d6, since a substantial decomposition of the cycloalkyne moiety was noticed 

when using CDCl3. 

 

Scheme 3.31 Synthesis of the BCN-based fluorescent reagents RBM5-142 and RBM5-143. Reagents and 

conditions: (a) 4-nitrophenyl chloroformate, pyridine, CH2Cl2, rt, 30 min, 84 %; (b) For RBM5-142: 

RBM5-135·TFA, NEt3, CH2Cl2, rt, overnight, 89 %; RBM5-143 was obtained from RBM5-136·TFA and 

RBM5-141 following the same procedure (90 %). 

3.2.4 Ceramide analogues RBM5-077, RBM5-130 and RBM5-159 

The doxdhCer analogues RBM5-077, RBM5-130 and RBM5-159 were obtained from 

the appropriate spisulosine-based probe and the ω-functionalized FA analogues by means 

of an EDC–HOBt amide coupling (Scheme 3.32), as standards for quantitative lipidomics 

(LC-MS) assays.  

 

Scheme 3.32 Synthesis of the doxdhCer analogues RBM5-077, RBM5-130 and RBM5-159. Reagents and 

conditions: (a) EDC, HOBt, NEt3, CH2Cl2, rt, 2 h, 67-85 %.  
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3.2.5 Click reaction adducts 

Prior to their application in the biological studies, the different bioorthogonal reactions 

were assessed in organic solvents at a preparative scale. The resulting cycloadducts were 

planned to be utilised as standards in the fluorescence studies, as well as for an accurate 

LC-MS quantification in the biological experiments. 

3.2.5.1 IEDDA cycloadducts 

In spite of the large number of examples described in the literature highlighting the virtues 

of the IEDDA reaction, disappointingly, in our hands, this reaction was far from 

straightforward, leading in most cases to complex mixtures of products. Although the 

model cycloadduct RBM5-131 could be successfully obtained, the conditions required 

for the reaction to proceed (Table 3.5, Entry 1) would be unsuitable for the planned 

biological assays. 

 

Scheme 3.33 Scheme 15: Synthesis of the IEDDA reaction adduct RBM5-131. Reagents and conditions: 

(a) ACN, 65 ºC, 48 h, 52 %; (b) No desired product was formed under various reaction conditions.  

Furthermore, when using the supposedly more reactive tetrazine RBM5-140,106 the 

reaction did not go to completion under a plethora of reaction conditions, as summarised 

in Table 3.5 (entries 2-7). Although LC-MS analysis of the crude reaction mixture after 

72 h revealed the formation of traces of the desired product under the conditions described 

in Entry 2, most of the starting material remained unreacted.  
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Table 3.5 Reaction conditions for the different IEDDA reactions. a Yield based on isolated product. 

After a thorough examination of the literature, we reasoned that the sluggish reactivity 

could be attributed to the nature of our dienophile. In this context, IEDDA reactions 

involving terminal alkenes are known to proceed with much slower kinetics than those 

with strained olefins, such as cyclopropenes, norbornenes or TCO.106 Being unable to 

obtain the MCP-tagged FA RBM5-157, and anticipating that the CerS enzymes would 

not tolerate FA analogues bearing bulkier reacting groups such as norbornene or TCO, 

we decided to disregard this approach.  

3.2.5.2 SPAAC cycloadducts RBM5-160, RBM5-161 and RBM5-196 

To our delight, the SPAAC reactions of the azido-tagged FA RBM5-065 and doxdhCer 

RBM5-159 with the BCN–based fluorescent reagents RBM5-142 and RBM5-143 

proceeded smoothly in CH2Cl2 under mild conditions (Scheme 3.34) to form the 

corresponding cycloadducts RBM5-160, RBM5-161 and RBM5-196 in excellent yields. 

All these compounds could be obtained in enough quantities for their chemical (1H NMR 

and LC-MS) and photochemical characterization. 

Entry Dienophile (equiv.) Tetrazine (equiv.) Solvent Temp./Time Yield 

1 RBM5-099 (40.0) RBM5-122 (1.0) CH3CN 65 ºC / 48 h 52 % a 

2 RBM5-130 (1.0) RBM5-130 (10.0) CH3CN 70 ºC / 72 h Traces 

3 RBM5-130 (1.0) RBM5-130 (10.0) MeOH 70 ºC / 72 h – 

4 RBM5-130 (1.0) RBM5-130 (10.0) DMF 70 ºC / 72 h – 

5 RBM5-130 (1.0) RBM5-130 (10.0) DMSO 70 ºC / 72 h – 

6 RBM5-130 (1.0) RBM5-130 (10.0) Dioxane 70 ºC / 72 h – 

7 RBM5-130 (1.0) RBM5-130 (10.0) Dioxane–PBS (1:1) 70 ºC / 72 h – 
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Scheme 3.34 Synthesis of the SPAAC reaction adducts RBM5-196, RBM5-160 and RBM5-161. Reagents 

and conditions: (a) RBM5-142 (for RBM5-160) or RBM5-143 (for RBM5-196 and RBM5-161), CH2Cl2, 

rt, overnight, 84-93 %. 

 

 

3.3 Spectroscopic studies 

3.3.1 Absorption and fluorescence properties of the monochromophoric 

compounds 

3.3.1.1 Absorption and fluorescence spectra of the monochromophoric compounds 

The first step in the photochemical characterisation of the synthesised fluorescent probes 

and reagents was the measurement of their absorption and emission spectra in various 

solvent systems. To this end, the different compounds were dissolved in DMSO, EtOH 

and Dulbecco’s phosphate saline (PBS) buffer solution containing 1 % DMSO and 0.1 % 

Triton X-100 at multiple concentrations ranging from 0.25 µM to 25 µM. First, we 

recorded the UV-Vis absorption spectra of the different solutions, in order to identify the 

absorption maxima (𝜆𝑚𝑎𝑥
𝐴𝑏𝑠 ) (Table 3.6), which were later used to select an appropriate 

excitation wavelength to obtain the corresponding fluorescence emission spectra. In order 

to avoid reabsorption effects, only the solutions affording an absorbance below 0.1 at the 

excitation wavelength were considered in the fluorescence studies. In this section, unless 

otherwise stated, spectra are shown at a single concentration for the sake of clarity. All 

the other spectra can be found in the Supplementary Material I.  
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Figure 3.9 Chemical structure of the MCC-labelled compounds RBM5-139 and RBM5-142. 

The normalised absorption and emission spectra of the MCC-labelled dyes RBM5-139 

and RBM5-142 (Figure 3.9) in different solvents are shown in Figure 3.10. To our 

regret, the tetrazine-based dye RBM5-139 could only be characterised in DMSO due to 

solubility issues. The absorption spectra of the two MCC-labelled dyes exhibited an 

intense band with its maximum at approximately 346 nm, corresponding to the 7-

methoxycoumarin moiety.307,308 Additionally, compound RBM5-139 presented another 

absorption band with its maximum at 300 nm that overlapped with the blue side of the 

coumarin absorption band, owing to the presence of the diaryl-tetrazine group.309 

Although the nature of the solvent did not substantially affect the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  of RBM5-142 

(346 nm in DMSO, 348 nm in EtOH and 350 nm in PBS), it had a prominent effect on its 

molar extinction coefficient (ε) (Table 3.6), a parameter indicative of the capacity of a 

particular chromophore to absorb light at a specific wavelength per molar 

concentration.113 In this context, the ε measured for RBM5-142 at the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  in DMSO 

and PBS buffer (21,296 and 20,558 M-1cm-1, respectively) were comparable to that of 

RBM5-139 in DMSO (22,389 M-1cm-1), whereas the value obtained for RBM5-142 in 

EtOH was much higher (45,370 M-1cm-1), in line with the results reported by Biswas et 

al. for a series of MCC-labelled depsipeptides (~ 20,000-23,000 M-1cm-1 in PBS; 24,000-

37,000 in MeOH)307. 

 

Figure 3.10 Normalised absorption (dotted line) and emission (solid line) spectra (excitation at 340 nm) of 

the MCC-labelled fluorescent dyes RBM5-139 at 10 µM in DMSO (left) and RBM5-142 at 5 µM in DMSO 
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(blue), EtOH (black) and PBS (red) (right). The absorption and emission spectra of RBM5-139 in DMSO 

and PBS were normalised to those of the same compound in EtOH.  

The emission spectra of the two MCC-labelled dyes upon excitation at 340 nm had almost 

identical profiles, with only one intense band around 400 nm, corresponding to the 

coumarin group.307,308,310 The fluorescence of 7-methoxycoumarins is known to be 

sensitive to the polarity of the environment.311 In this regard, a slight bathochromic shift 

(i.e. change in the position of the spectrum to longer wavelengths) was observed in the 

maximum emission wavelength (𝜆𝑚𝑎𝑥
𝐸𝑚 ) of RBM5-142 in protic solvents as the polarity 

increased (399 nm in EtOH compared to 403 nm in PBS buffer). Moreover, there was a 

noticeable change in the fluorescence intensity of RBM5-142 depending on the solvent 

used, as evidenced by the different values obtained for the fluorescence quantum yield 

(Φ) (Table 3.6), a parameter that is indicative of the efficiency of the fluorescence 

process.113 In general, the 7-methoxycoumarin derivatives present high Φ values in polar 

solvents such as water,153,308,311 although there are some exceptions.307 In our case, whilst 

the Φ of RBM5-142 in EtOH was considerably high (Φ = 0.70), it was dramatically 

reduced in DMSO (Φ = 0.07) and PBS buffer (Φ = 0.06). The reduced fluorescence of 

RBM5-142 in PBS and DMSO were attributed to a lack of solubility of the dye in these 

solvents, which might cause its aggregation into lesser fluorescing forms. 

 

Figure 3.11 Chemical structure of the NBD-labelled compounds RBM5-130, RBM5-154 and RBM5-159. 

The normalised absorption and emission spectra of the NBD-labelled doxdhCer(s) 

RBM5-130, RBM5-154 and RBM5-159 (Figure 3.11) in different solvents are shown in 

Figure 3.12. Since the tetrazine-based dyes that were intended to react with RBM5-130 

were insoluble in most solvents other than DMSO, this particular NBD-labelled probe 

was only characterised in DMSO. Furthermore, RBM5-159 was only studied in EtOH, 

owing to the facts that the amount of available material was very little and that EtOH 

could be completely removed after the spectroscopy experiments allowing the recovery 

of the compound. Assuming that the fatty acid chain should not greatly affect the optical 

properties of these molecules, other than changing their solubility, compound RBM5-154 
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was selected as an appropriate substitute for the doxdhCer RBM5-159 to perform a more 

thorough spectroscopic characterization in different solvent systems.  

The absorption spectra of the various NBD-labelled probes contained two distinct bands 

with their maxima around 340 nm and 470 nm, respectively, corresponding to two 

different electronic transitions of the fluorophore,243 the position of which was strongly 

conditioned by the polarity of the solvent (see Figure 3.12 and Table 3.6). In this sense, 

we observed a bathochromic shift of the absorption spectrum of RBM5-154 in protic 

solvents when the polarity was increased (absorption bands shifted from 334/465 nm in 

EtOH to 340/475 nm in PBS buffer). As expected, the absorption spectra of RBM5-154 

and RBM5-159 in EtOH were practically identical. Strikingly, the shape of the absorption 

spectrum of RBM5-154 in DMSO changed depending on the concentration. At low 

concentrations (0.25 µM to 2.5 µM), the spectrum presented a poorly resolved profile 

showing only one apparent band with its maximum around 455 nm. As the concentration 

was increased from 5 µM to 50 µM, the long-wavelength absorption band moved 

gradually to 476 nm and a shorter-wavelength band appeared around 350 nm. This 

peculiar behaviour was also noticed at different concentrations of compound RBM5-130 

in DMSO (Figure 3.12). The ε of the various NBD-labelled probes in EtOH and DMSO 

calculated at the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  corresponding to the long-wavelength absorption band (Table 3.6) 

were in the same range as those of analogous compounds described in the literature125,312 

(~21,000 for compounds RBM5-130 and RBM5-154 in DMSO, and ~ 25,000 M-1cm-1 

for probes RBM5-154 and RBM5-159 in EtOH). Only the ε of RBM5-154 in PBS buffer 

(16,121 M-1cm-1) was slightly lower than the values reported for similar NBD derivatives 

(28,000 M-1cm-1 for N-propylamino-NBD in water;125 24,000 M-1cm-1 for 

(α-N-L-Ala)-NBD in PBS buffer313). 

As previously reported,125 even though RBM5-130, RBM5-154 and RBM5-159 had 

more than one absorption band, their corresponding emission spectra displayed only one 

band with its maximum around 535 nm, thus contravening the mirror image rule.113 Once 

more, the position of this band underwent a red shift in more polar protic media (Figure 

3.12). For compound RBM5-154, the maximum of the emission band was situated at 529 

nm in EtOH (idem for RBM5-159) and 535 nm in PBS. The emission band of RBM5-

154 in DMSO had its maximum at 540 nm (idem for RBM5-130) and the shape remained 

unchanged at different concentrations, unlike in the absorption spectra. The nature of the 
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solvent had also an impact on the fluorescence intensity and the Φ (Table 3.6). In this 

sense, compound RBM5-154 displayed a moderate Φ in EtOH (Φ = 0.35), comparable 

to that of RBM5-159 in EtOH (Φ = 0.34), whereas its Φ in PBS and DMSO were much 

weaker (Φ = 0.13 and 0.10, respectively). The Φ of RBM5-130 in DMSO was in the same 

order (Φ = 0.18).  

 

 

Figure 3.12 Normalised absorption (dotted line) and emission (solid line) spectra (excitation at 470 nm) of 

NBD-labelled doxdhCer(s) RBM5-130 at 5µM (dark blue) and 25µM (light blue) in DMSO (top left), 

RBM5-154 at 5µM in DMSO (blue), EtOH (black) and PBS (red) (top right) and RBM5-159 at 5µM in 

EtOH (bottom). The absorption and emission spectra of RBM5-154 in DMSO and PBS were normalised 

to that of the same compound in EtOH. 
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Figure 3.13 Chemical structure of the NR-labelled compounds RBM5-122, RBM5-140 and RBM5-143. 

The normalised absorption and emission spectra of the NR-labelled dyes RBM5-122, 

RBM5-140 and RBM5-143 (Figure 3.13) in different solvents are represented in Figure 

3.14. As in the case of the MCC-labelled tetrazine dye RBM5-139, the NR-labelled 

tetrazine dyes RBM5-122 and RBM5-140 were poorly soluble in most solvents. 

Consequently, the spectroscopic data for these compounds were only recorded in DMSO. 

The absorption spectra of the various NR derivatives were characterised by the presence 

of a single relatively wide absorption band (the band width at half maxima values for the 

different NR dyes at 2.5 µM were 87-105 nm), compared to those of the previously 

discussed fluorescent compounds (the main absorption band of MCC and NBD 

derivatives were of ~50 nm and ~63 nm, respectively), with its maximum around 550 nm. 

Additionally, compound RBM5-140 presented another absorption band near 300 nm 

corresponding to the tetrazine group, the same as for the parent compound RBM5-139 

(vide supra). Nile red is often regarded as a highly environment-sensitive fluorophore 

and, thus, it is prone to solvatochromism.129,244,314,315 On this subject, we noticed a 

bathochromic shift of 15 nm in the maximum absorption wavelength when comparing the 

spectra of compound RBM5-143 in EtOH (𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  = 543 nm) and PBS buffer (𝜆𝑚𝑎𝑥

𝐴𝑏𝑠  = 558 

nm) at low concentrations (0.25 to 0.5 µM). However, this red shift became almost 

imperceptible at higher concentrations, since the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  in PBS buffer moved to shorter 

wavelengths and to higher ones in EtOH (Figures S14 and S15 of the Supplementary 

Material I). The ε of the two tetrazine-based NR dyes RBM5-122 and RBM5-140 in 

DMSO were very similar (28,966 and 31,095 M-1cm-1, respectively). As for the BCN-

based NR dye RBM5-143, the ε was discreetly higher in DMSO and EtOH (~40,000 M-

1cm-1) than in PBS buffer (30,244 M-1cm-1). These values were consistent with the data 

reported for a similar NR derivative (NR12S: ε = 45,000 M-1cm-1 at 550 nm in 

EtOH).316,317 
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The fluorescence emission spectra of the synthesised NR-labelled dyes presented a single 

band with its maximum situated around 630 nm. Although the fluorescence of NR is 

generally considered as remarkably polarity-sensitive,129,244,314,315 the spectral shifts 

detected in the emission spectra of RBM5-143 in different media were very subtle (i.e. 

the 𝜆𝑚𝑎𝑥
𝐸𝑚  in DMSO, EtOH and PBS buffer were 626, 629 and 631 nm, respectively). That 

being said, the differences in the fluorescence intensity and the fluorescence quantum 

yield of RBM5-143 in different solvents were more evident (Figure 3.14, Table 3.6). As 

reported for similar NR derivatives,317,318 these two parameters had lower values as the 

polarity increased (Φ in DMSO, EtOH and PBS buffer were 0.43, 0.28 and 0.21, 

respectively). In particular, the fluorescence of this compound in PBS buffer was strongly 

reduced at concentrations greater than 2.5 µM, causing the emission band to become 

wider (Figure S15, Supplementary Material I). This was attributed to the poor solubility 

of NR-labelled compounds in aqueous media and its tendency to form aggregates that 

undergo fluorescence self-quenching.244 In this line, our initial attempts to study the 

spectroscopic properties of RBM5-143 in pure distilled water and PBS with 5 % EtOH 

were in vain, since the compound was almost insoluble and, as a result the fluorescence 

was practically undetectable (data not shown). Only when we used a PBS buffer solution 

containing 1 % DMSO and 0.1 % Triton X-100 was the characterization of RBM5-143 

possible. The poor solubility of tetrazines RBM5-122 and RBM5-140 in most solvent 

systems probably accounts for their lower quantum efficiencies in DMSO (Φ = 0.29 and 

0.36, respectively), compared to that of RBM5-143. 
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Figure 3.14 Normalised absorption (dotted line) and emission (solid line) spectra (excitation at 550 nm) of 

the NR-labelled fluorescent dyes RBM5-122 at 2.5 µM in DMSO (top left), RBM5-140 at 2.5 µM in 

DMSO (top right) and RBM5-143 (bottom) at 2.5 µM in DMSO (blue), EtOH. The absorption and emission 

spectra of RBM5-143 in EtOH and PBS were normalised to that of the same compound in DMSO. 
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Table 3.6 Photophysical properties of the synthesised fluorescent compounds. a Wavelength of maximum 

absorption (nm). b Molar extinction coefficients (ε) were calculated at the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  following Lambert-Beer’s 

law (see Experimental Section 6.2.2). cWavelength of the emission maximum upon excitation at the 𝜆𝑒𝑥 

indicated in parentheses. dDulbecco’s phosphate saline (PBS) buffer solution containing 1 % DMSO and 

0.1 % Triton X-100. Fluorescence quantum yields (Φ) were determined according to the comparative 

method319 using either equinine sulfate (𝜆𝑒𝑥 = 340 nm, Φ = 0.546 in 0.5 M aq. H2SO4), ffluorescein (𝜆𝑒𝑥 = 

470 nm, ΦF = 0.91 in 0.01 M aq. NaOH) or hrhodamine B (𝜆𝑒𝑥 = 510 nm, Φ = 0.7 in EtOH) as a standard 

(See experimental Section 6.2).  

 

  

Compound Solvent 𝝀𝒎𝒂𝒙
 𝒃𝒔  a ε (M-1·cm-1) b 𝝀𝒎𝒂𝒙

𝑬𝒎  (𝝀𝒆𝒙) c Φ 

RBM5-139 DMSO 346 22,389 403 (340) 0.04 e 

RBM5-142 

DMSO 346 21,296 404 (340) 0.07 e 

EtOH 348 45,370 399 (340) 0.70 e 

PBSd 350 20,558 403 (340) 0.06 e 

RBM5-130 DMSO 474 20,654 538 (470) 0.18 f 

RBM5-154 

DMSO 476 21,543 539 (470) 0.10 f 

EtOH 465 25,882 529 (470) 0.35 f 

PBSd 475 16,121 535 (470) 0.13 f 

RBM5-159 EtOH 466 24,959 529 (470) 0.34 f 

RBM5-122 DMSO 547 28,966 626 (510) 0.29 g 

RBM5-140 DMSO 550 31,095 626 (510) 0.36 g 

RBM5-143 

DMSO 550 41,242 626 (510) 0.43 g 

EtOH 548 40,269 629 (510) 0.28 g 

PBSd 550 30,244 631 (510) 0.21 g 
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3.3.1.2 Calculation of the spectral overlap integral and the Förster radius 

As explained above, the rate of the FRET process relies on many different factors, but the 

most important ones are: (1) the distance between the donor and the acceptor, and (2) the 

overlap between the emission spectrum of the donor and the absorption spectrum of the 

acceptor, also known as the spectral overlap integral (𝐽(𝜆)). The shorter the distance 

between the two fluorescent partners, and the greater the spectral overlap between them, 

the more efficient is the energy transfer. In order to have a theoretical estimate value for 

the energy transfer efficiency that would confirm the suitability of the selected dyes for 

the projected FRET experiments, we calculated the 𝐽(𝜆) of the two possible donor-

acceptor pairs from the spectral data of the corresponding monochromophoric 

compounds, according to the Equation 6.3 described in the Experimental Section 6.2.4. 

For the MCC/NBD donor-acceptor pair, the 𝐽(𝜆) was calculated using the emission 

spectra of compound RBM5-142 and the absorption spectra of RBM5-154 in DMSO, 

EtOH and PBS buffer. Similarly, for the NBD/NR pair, the 𝐽(𝜆) was determined from the 

emission spectra of compound RBM5-154 and the absorption spectra of RBM5-143 in 

the same solvent systems. For these calculations, the absorption spectra were converted 

into ε units (M-1cm-1) and the emission spectra were normalised to an area of 1. A 

demonstrative example of spectral overlap for each donor-acceptor pair is represented in 

Figure 3.15.  

 

Figure 3.15 Left: Overlap between the emission spectrum of RBM5-142 (solid line) and the absorption 

spectrum of RBM5-154 (dotted line) in DMSO. Right: Overlap between the emission spectrum of RBM5-

154 (solid line) and the absorption spectrum of RBM5-143 (dotted line) in DMSO. The shaded area in grey 

indicates the spectral overlap integral.  

The 𝐽(𝜆) calculated for NBD/NR (𝐽(𝜆)NBD-NR ~ 2.2-2.8 x 1015 nm4 M-1 cm-1) were 

approximately 10 times greater than those of MCC/NBD (𝐽(𝜆)MCC-NBD ~ 1.6-2.8 x 1014 
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nm4 M-1 cm-1), as evidenced in Table 3.7. Although there were no dramatical differences 

in the overlap integral amongst the different investigated solvents, the highest values were 

obtained in DMSO, and the lowest in PBS buffer for both donor-acceptor pairs (See Table 

3.7). 

𝐽(𝜆) values were subsequently used to determine the Förster radius (R0) (Equation 6.4, 

Experimental Section 6.2.5), which corresponds to the critical distance between the donor 

and the acceptor at which the efficiency of the energy-transfer is half-maximal.113 As 

anticipated, the R0 for NBD/NR (36-47 Å) amounted to greater values than those obtained 

for MCC/NBD (22-35 Å), since the critical distance R0 directly depends on the 𝐽(𝜆) 

between the two fluorescent partners and the quantum yield of the donor, and both 

parameters have higher values for the NBD/NR pair. For both fluorescent pairs, the 

highest values of R0 were obtained in EtOH, meaning that in this solvent the efficiency of 

the energy transfer process should be higher. It is worth noting that the calculated Förster 

critical distances R0 are in the same order as those of other fluorescent pairs commonly 

used for FRET experiments.320 Furthermore, although we cannot be absolutely certain 

about the relative spatial orientation of the bichromophoric compounds when they are 

located in biological membranes, it is expected that the distance between the two 

fluorophores will be shorter than R0, thus, leading to a highly efficient FRET process. 

Table 3.7 Calculated spectral overlap integrals and Förster critical distances for the two possible donor-

acceptor pairs in DMSO, EtOH and PBS buffer. 

 

 

Fluorescent partners Solvent 
Spectral overlap integral ( 𝑱(𝝀))  

(nm4·M-1·cm-1) 
R0 (Å) 

Donor: RBM5-142 (MCC) 

Acceptor: RBM5-154 (NBD) 

DMSO 2.79E+14 23.5 

EtOH 2.34E+14 35.1 

PBS 1.61E+14 22.0 

Donor: RBM5-154 (NBD) 

Acceptor: RBM5-143 (NR) 

DMSO 2.77E+15 36.0 

EtOH 2.60E+15 46.8 

PBS 2.23E+15 39.1 
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3.3.2 Absorption and fluorescence properties of the bichromophoric compounds 

3.3.2.1 Absorption and fluorescence spectra of compounds RBM5-160 and RBM5-161 

After confirming the suitability of the selected fluorescent partners for their use in FRET 

experiments we carried out the spectroscopic characterization of the bichromophoric 

compounds RBM5-160 and RBM5-161 (Figure 3.16), following the same procedure as 

for the fluorescent probes and dyes discussed earlier in this section. 

 

Figure 3.16 Chemical structure of the bichromophoric compounds RBM5-160 and RBM5-161.  

The normalised absorption and emission spectra of the compounds RBM5-160 and 

RBM5-161 in DMSO, EtOH and PBS buffer are displayed in Figure 3.17. As expected, 

the absorption spectra of these compounds presented two absorption bands owing to the 

presence of two fluorescent labels. In the case of compound RBM5-160, the two 

absorption bands had their maxima at around 350 nm (corresponding to the MCC moiety) 

and 470 nm (corresponding to the NBD moiety). For compound RBM5-161, the 

wavelengths of maximum absorption were located around 485 nm (NBD moiety) and 550 

nm (NR moiety). For both compounds, the position and shape of the spectra were slightly 

modified in the different solvents, due to the above discussed solvatochromic effect. 

Furthermore, there were also considerable deviations in the absorption spectra of 

compounds RBM5-160 and RBM5-161, when compared with the spectra of the related 

monochromophoric compounds, probably arising from the intramolecular attractive 

interactions occurring between the two fluorescent groups in each compound.321 The ε of 

compounds RBM5-160 and RBM5-161 calculated at their corresponding two absorption 

maxima in DMSO and EtOH are summarised in Table 3.8. In aqueous media, these 

molecules displayed a low solubility accompanied by a poor linearity between absorption 

and concentration and, therefore, it was not possible to calculate their ε in PBS buffer. 



A FRET-based assay to monitor the CerS activity 

113 

 

Figure 3.17 Normalised absorption (left panels) and emission (right panels) spectra for the bichromophoric 

compounds RBM5-160 (top) and RBM5-161 (bottom) at 5 µM in DMSO (blue), EtOH (black) and PBS 

(red). Excitation at 340 and 455 nm, respectively. The absorption and emission spectra of RBM5-160 in 

DMSO and PBS were normalised to those of the same compound in EtOH. The absorption spectra of 

RBM5-161 in EtOH and PBS were normalised to those in DMSO. The emission spectra of RBM5-161 in 

DMSO and PBS were normalised to those in EtOH. 

As shown in Figure 3.17 (right panels), the fluorescence emission spectra of RBM5-160 

and RBM5-161 also presented two maxima each. The 𝜆𝑚𝑎𝑥
𝐸𝑚  of RBM5-160 were located 

around 400 nm (MCC) and 540 nm (NBD), whereas those of RBM5-161 were around 

540 nm (NBD) and 630 nm (NR). Not surprisingly, the fluorescence intensity was 

strongly affected by the solvent. In this sense, the highest fluorescence intensities were 

recorded in EtOH for both compounds. Instead, the emission of these compounds in PBS 

buffer was significantly reduced as a result of their low aqueous solubility (Figures S19 

and S22 of the Supplementary Material I). The decrease of the fluorescence intensity of 

the donor component in the emission spectra of RBM5-160 and RBM5-161 with respect 

to those of the monochromophoric related compounds (RBM5-142 and RBM5-154, 

respectively), which is particularly evident in the case of compound RBM5-161, suggest 

that a highly efficient donor to acceptor energy transfer is taking place. 
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Table 3.8 Photophysical properties of the bichromophoric compounds RBM5-160 and RBM5-161.  

a Wavelength of the absorption maximum (nm). b Molar extinction coefficients (ε) at the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠 . c Wavelength 

of the emission maximum upon excitation at the 𝜆𝑒𝑥 indicated in parentheses. d The ε of the compounds 

RBM5-160 and RBM5-161 could not be determined in PBS due to a lack of linearity between Abs and 

concentration, allegedly due to solubility issues.  

 

3.3.2.2 Calculation of the FRET efficiency 

The FRET efficiency of a donor–acceptor pair (E), which is defined as the fraction of the 

photon energy absorbed by a fluorescent molecule (donor) that is transferred to an 

acceptor,113,322 can be measured experimentally from either (1) the decrease of the donor 

fluorescence intensity, (2) the enhancement of the acceptor fluorescence intensity or (3) 

the decrease in the donor excited state lifetime.117 There are also alternative methods that 

rely on the ability of FRET to affect the fluorescence polarization.323 

In this work, the intramolecular FRET efficiencies of compounds RBM5-160 and 

RBM5-161 were estimated in DMSO and EtOH using the first method, namely from the 

loss of donor fluorescence in the presence of the acceptor. To this end, we compared the 

integrated fluorescence intensities (I), within the donor-specific wavelength interval, of 

the donor-alone (D) compounds (RBM5-142 and RBM5-154) to those of the related 

donor+acceptor (DA) compounds (RBM5-160 and RBM5-161, respectively). The pair 

RBM5-142 / RBM5-160 was studied at one sole excitation wavelength (340 nm), 

Compound Solvent 𝝀𝒎𝒂𝒙
 𝒃𝒔  a ε (M-1·cm-1) b 𝝀𝒎𝒂𝒙

𝑬𝒎  (𝝀𝒆𝒙) c 

RBM5-160 

DMSO 
348 25,594 

403/538 (340) 
469 17,466 

EtOH 
345 26,928 

399/529 (340) 
466 19,244 

PBS 
349 - d 

399/544 (340) 
484 - d 

RBM5-161 

DMSO 
495 29,482 

 543/625 (470) 
551 35,577 

EtOH 
479 23,736 

528/629 (470) 
549 30,389 

PBS 
492 - d 

630 (470) 
548 - d 
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whereas the pair RBM5-154 / RBM5-161 was studied at two different excitation 

wavelengths (455 nm and 470 nm). The donor-specific emission wavelength intervals 

used for the former pair were [365,495] in DMSO and [360,490] in EtOH, whereas those 

used for the latter pair were [490,670] in DMSO and [480,660] in EtOH. 

It is generally considered that, for a pair of D and DA samples yielding the same 

absorbance value at the 𝜆𝑒𝑥, provided that the spectral data of the two samples are 

recorded under the same conditions, E can be calculated as: 

𝐸 = 1 −
𝐼𝐷𝐴
𝐼𝐷

 Equation 3.1 

where IDA and ID are the integrated fluorescence intensities of the donor+acceptor and the 

donor, respectively. However, this approach is prone to error, since it is very unlikely that 

the two experimental samples (D and DA) have the same exact absorbance. Instead, we 

suggested that using the slope (Grad) of the plot of the absorbances (at the 𝜆𝑒𝑥) versus 

the integrated fluorescence intensities, generated from a set of solutions covering a wider 

range of absorbance values (~0.01-0.1), would be much more accurate. Accordingly, E 

could be calculated following the Equation 6.6 from Experimental Section 6.2.7. 

For donor-acceptor fluorophore pairs where the emission bands of the donor and the 

acceptor are greatly overlapping, the emission spectra of compounds DA must be 

subjected to deconvolution (see Experimental Section 6.2.6), so that only the emission of 

the donor component is considered in 𝐺𝑟𝑎𝑑𝐷𝐴 (Figure 3.18). For the same reason, when 

the absorption bands of the donor and the acceptor in a fluorophore pair are greatly 

overlapping, deconvolution of the absorption spectra of compounds DA is highly 

advisable. Therefore, the absorption and emission spectra of compounds RBM5-160 and 

RBM5-161 in DMSO and EtOH were subjected to deconvolution to isolate the 

absorbance and fluorescence belonging to the donor component from that of the acceptor 

component. Then, the spectral data of each isolated donor component was used to 

generate the plots required to calculate the corresponding 𝐺𝑟𝑎𝑑𝐷𝐴. Alongside, the spectral 

data of compounds RBM5-142 and RBM5-154 were used to determine the 

corresponding 𝐺𝑟𝑎𝑑𝐷. All the generated plots can be found in the Supplementary 

Material I.  
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Figure 3.18 Deconvoluted absorption spectrum (left) and emission spectrum (right) upon excitation at 470 

nm of compound RBM5-161 at 5 µM in DMSO. The original spectra are represented with a black solid 

line whereas the spectra of the donor component (NBD) and the acceptor component (NR) are shown as a 

blue and green-colored shadowed area, respectively. 

As expected from the values of R0, the calculated FRET efficiency of the NBD/NR pair 

(ENBD/NR = 0.88-0.96) was higher than that of the MCC/NBD pair (EMCC/NBD = 0.56-0.88). 

For both fluorophore pairs, the FRET process was more efficient in EtOH than in DMSO 

and, in the case of the NBD/NR pair, the two studied excitation wavelengths gave the 

same E value (Table 3.9). 

 

3.3.2.3 Calculation of the donor and acceptor bleed-through 

As explained above, an efficient FRET process requires the extensive overlap between 

the donor emission spectrum and the acceptor absorption spectrum. However, since most 

fluorophores have broad absorption and emission bands and relatively short Stokes shifts, 

such overlap is usually accompanied by the undesired overlaps between the emission 

spectra of the pair of fluorophores and those between the absorption spectra.324 As a result 

of the overlap between the donor and acceptor emission spectra, the acceptor emission is 

contaminated with donor emission, an interference known as donor emission bleed-

through (DEB) or emission cross-talk.324 On the other hand, an overlap between the 

absorption spectra (or more precisely, the excitation spectra) of the donor and the acceptor 

causes the acceptor to emit fluorescence upon excitation at the donor-specific excitation 

wavelength (𝜆𝑒𝑥
𝐷 ), arising not only from FRET but also from the direct excitation of the 

acceptor at that particular wavelength. This interference is known as acceptor excitation 

bleed-through (AEB) or excitation cross-talk.324 Both the DEB and the AEB, when not 

properly corrected can lead to an overestimation of the actual FRET signal. A 
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representation of these undesired overlaps occurring in the two selected donor-acceptor 

fluorophore pairs is presented in the below figure. 

  

Figure 3.19 Normalised absorption (dotted line) and emission (solid line) spectra of the RBM5-142 (MCC) 

/ RBM5-154 (NBD) donor-acceptor pair (left) and the RBM5-154 (NBD) / RBM5-143 (NR) donor-

acceptor pair (right) in DMSO. The spectra of the donor-alone compounds (D) are shown in grey and those 

of the acceptor-alone compounds (A) are shown in black. The blue shadowed areas represent the overlaps 

between the absorption spectra of the D and the A responsible for the AEB (excitation cross-talk), while 

the green shadowed areas denote the overlap between the emission spectra of D and the A that causes the 

DEB (emission cross-talk). 

As shown in Figure 3.19, the overlap between the emission spectra of RBM5-142 and 

RBM5-154 is minor and, thus, the DEB for the MCC/NBD pair should be negligible. 

Conversely, the overlap between the emission spectra of RBM5-154 and RBM5-143 is 

considerable at the intersection of the two spectra, however, it becomes less relevant at 

the 𝜆𝑚𝑎𝑥
𝐸𝑚  of RBM5-143 (~630 nm) and, therefore, we envision that the DEB for the 

NBD/NR pair will not be an issue. On the other hand, excitation cross-talk (AEB) might 

be more problematic in the two fluorescent pairs since the overlaps between the 

absorption spectra of RBM5-142 and RBM5-154 and between those of RBM5-154 and 

RBM5-143 are much more evident, especially in the spectral region near the 

corresponding donor-specific excitation wavelengths (𝜆𝑒𝑥
𝑀𝐶𝐶 = 340 nm; 𝜆𝑒𝑥

𝑁𝐵𝐷 = 455/470 

nm). 

In light of the above observations, we deemed it essential to quantify experimentally the 

DEB and AEB occurring for compounds RBM5-160 and RBM5-161 in DMSO and 

EtOH. In this context, the DEB were calculated from the spectral data of the two 

bichromophoric compounds as the ratio, in form of a percentage, between the integrated 

fluorescence intensity, within the acceptor-specific wavelength interval, of the isolated 

donor component (i.e. upon spectral deconvolution) and that of the composite spectrum 

(i.e. original spectral data), as detailed in the Experimental Section 6.2.8. Once more, we 

300 400 500 600 700 800
0

20

40

60

80

100

Wavelength (nm)

%
 I

n
te

n
s

it
y

 (
a

.u
.)

MCC Abs

MCC Em

NBD Abs

NBD Em

300 400 500 600 700 800
0

20

40

60

80

100

Wavelength (nm)

%
 I

n
te

n
s

it
y

 (
a

.u
.)

NBD Abs

NR Abs

NR Em

NBD Em



118 

preferred using the slope of an absorbance (at the 𝜆𝑒𝑥) versus the integrated fluorescence 

intensity plot, generated from a group of samples covering a wider range of 

concentrations (0.01<Abs<0.1), rather than using the integrated fluorescence intensities 

corresponding to a single concentration. The acceptor-specific emission wavelength 

intervals used for compound RBM5-160 were [490,665] in DMSO and [480,655] in 

EtOH, while that used for compound RBM5-161 was [570,730 nm] in both solvents. Not 

surprisingly, the experimental values of DEB (Table 3.9) were almost negligible for both 

compounds (< 1 % for compound RBM5-160 and < 2 % for compound RBM5-161). 

The AEB of compounds RBM5-160 and RBM5-161 in DMSO and EtOH were 

calculated from spectral data of both the bichromophoric compounds and the acceptor-

alone compounds (RBM5-154 and RBM5-143) as the ratio, in form of a percentage, 

between the integrated fluorescence intensity, within the acceptor-specific emission 

wavelength interval (idem as for the DEB), of the acceptor component arising from its 

direct excitation at the 𝜆𝑒𝑥
𝐷 , and that of the original composite spectrum. The fluorescence 

arising from the direct excitation of the acceptor at 𝜆𝑒𝑥
𝐷  was calculated mathematically 

using an approach similar to that described by Bykova et al.324 (see Experimental Section 

6.2.9). To our regret, as summarized in the below table, the AEB calculated for the two 

studied compounds were quite substantial (in the range 24-46 %). Notably, both 

compounds presented a lower value of AEB in EtOH compared to that in DMSO. 

Moreover, moving the 𝜆𝑒𝑥
𝐷  of compound RBM5-161 to shorter wavelengths (from 470 

nm to 455 nm), where the overlap between the emission spectra of RBM5-154 and 

RBM5-143 is somewhat smaller, resulted in a moderate reduction of the AEB without 

affecting the FRET efficiency. We did not consider moving the 𝜆𝑒𝑥
𝐷  to even shorter 

wavelengths to avoid a potential loss of the FRET signal due to a weaker donor excitation. 
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Table 3.9 Study of the intramolecular FRET process of the bichromophoric compounds RBM5-160 and 

RBM5-161. a FRET efficiencies (E) were calculated from the decrease of the donor emission, according to 

the methodology described in the Experimental Section 6.2.7. b Donor emission bleed-through is expressed 

as a percentage over the total integrated fluorescence intensity observed within the acceptor-specific 

emission wavelength interval. c Acceptor emission bleed-through is expressed as a percentage over the total 

integrated fluorescence intensity observed within the acceptor-specific emission wavelength interval. The 

values outside and inside the parentheses were calculated from the “ratio A” and “ratio B” coefficients, 

respectively (Experimental Section 6.2.9). 

 

  

Compound Solvent 𝝀𝒆𝒙 (nm) 𝑬a DEBb (%) AEBc (%) 

RBM5-160 

DMSO 340 0.56 0.73 44.17 (44.01) 

EtOH 340 0.86 0.65 28.42 (28.41) 

RBM5-161 

DMSO 

470 0.90 1.74 46.14 (46.36) 

455 0.88 1.92 39.01 (39.03) 

EtOH 

470 0.96 1.73 36.28 (36.33) 

455 0.96 1.93 24.44 (24.48) 
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3.4 Biological studies 

The doxdhSo probes and FA analogues described in Section 3.2 were first evaluated in 

various biological contexts in order to assess their suitability as CerS substrates. 

Following the two alternative strategies presented in Section 3.1, these compounds were 

later used in combination with the appropriate fluorescent “click” reagents in a series of 

attempts aiming at the development of a FRET-based fluorescence assay to measure the 

CerS activity. All the experiments that afforded the results discussed in this section were 

carried out by Mr. Pedro Rayo (studies with doxdhSo probes RBM5-019 and 

RBM5-129) and Dr. Mireia Casasampere (studies with doxdhSo probe RBM5-155) in 

the cell biology laboratories of the Research Unit of BioActive Molecules (RUBAM), at 

the Institut de Química Avançada de Catalunya (IQAC-CSIC). 

3.4.1 Approach 1: Studies with the azide-tagged doxdhSo probe RBM5-019 

3.4.1.1 Evaluation of RBM5-019 as a CerS substrate 

The suitability of compound RBM5-019 as a CerS substrate was first investigated by 

examining its N-acylation with the endogenous natural FAs in human lung 

adenocarcinoma A549 cells. Not surprisingly, the probe was efficiently uptaken by the 

cells and metabolized by the different CerS isoforms to form the corresponding pool of 

doxdhCer species, as shown in Figure 3.20 (left panel). 

In order to verify that the doxdhSo probe RBM5-019 could also be acylated with an 

externally administered FA, A549 cells were co-incubated with RBM5-019 and 

ω-trideuterated palmitic acid (d3-PA). A series of experiments were performed to 

optimize the critical parameters of the assay, namely the number of cells, the incubation 

times, and the concentrations of the probe and the FA. The best conditions found for d3-

PA, detailed in Figure 3.20, were also used for the other FA analogues (see below). 

Strikingly, after lipid extraction, not only the expected C16(d3)-doxdhCer was detected 

by LC-MS, but also substantial amounts of doxdhCer incorporating longer chain d3-FAs, 

this suggesting that d3-PA is also a substrate of FA elongases (Figure 3.20, right panel) 

(see Section 3.4.1.3). 
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Figure 3.20 N-acylation of the doxdhSo probe RBM5-019 by CerS with endogenous natural FAs (left) and 

with the externally administered d3-PA (right). A549 cells were incubated for 90 min with RBM5-019 (5 

µM) in the presence of d3-PA (0.5 mM), complexed in 0.5% acid-free BSA, before the lipids were extracted 

and analysed by UPLC-MS. Left: amount of doxdhCers containing endogenous natural FA(s). Right: 

Percentage of doxdhCers containing d3-PA and elongated d3-FA(s). The results correspond to the mean ± 

standard deviation of at least two independent experiments with triplicates. 

3.4.1.2 N-acylation of RBM5-019 with the clickable fatty acid analogues 

Based on the results obtained for d3-PA, we next studied the acylation of RBM5-019 with 

our synthetic FA analogues. In this sense, the metabolic incorporation of the “clickable” 

FAs to the doxdhSo probe was qualitatively compared to that of the reference compound 

d3-PA, which was used as a positive control in all the experiments. 

i. Unsaturated fatty acid analogues 

We initially tested the FA analogues functionalized for click reactions that were 

orthogonal to the SPAAC reaction that would be used to fluorescently label the LCB. 

These included dienes with chain lengths of 13, 14, 16, and 18 atoms, terminal alkynes 

of 16 and 24 atoms and a terminal alkene of 16 atoms (Figure 3.21). 

 

Figure 3.21 Chemical structures of the “clickable” unsaturated FAs used in this study. 
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Whereas the diene FA RBM5-025 (13-atom chain length) was not metabolized and 

RBM5-029 (14-atom chain length) was a poor CerS substrate (Table 3.10), the dienes 

RBM5-044 (16-atom chain length) and RBM5-035 (18-atom chain length) were 

successfully incorporated into RBM5-019 to form the corresponding doxdhCers (Figure 

3.22 and Table 3.10). However, as shown in Figure 3.22, both RBM5-044 and 

RBM5-035 were also metabolized by FA elongases, prior to their incorporation into the 

doxdhSo probe. Thus, in both cases, substantial amounts of the doxdhCer metabolites 

containing longer acyl chains, particularly those with 22 and 24 atoms, were also found. 

 

Figure 3.22 N-acylation of the doxdhSo probe RBM5-019 with the diene FA analogues RBM5-035 (top 

left) and RBM5-044 (top right), the terminal alkyne FA RBM5-053 (bottom left) and the terminal alkene 

FA RBM5-097 (bottom right). A549 cells were incubated for 90 min with RBM5-019 (5 µM) and the 

corresponding FA analogue (0.5 mM), complexed in 0.5% acid-free BSA, before the lipids were extracted 

and analysed by UPLC-MS. The results are presented in the form of percentage of doxdhCers containing 

the administered FA and those derived from the incorporation of the corresponding elongated FAs. The 

data correspond to the mean ± standard deviation of at least two independent experiments with triplicates. 

The acylation reaction with the alkyne FA RBM5-053 (16C chain length) was also 

investigated. Although a substantial incorporation was observed in this case (Table 3.10), 

the most abundant doxdhCer species detected was that arising from the incorporation of 

an elongated C24 alkyne (Figure 3.22). Independent experiments carried out with the 

C24 alkyne FA RBM5-072 showed lower levels of elongation in comparison with the 
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shorter analogue RBM5-053. However, the use of RBM5-072 in the CerS assay was soon 

abandoned due to its poor cell penetration, which resulted in an almost negligible overall 

metabolic incorporation (Table 3.10). 

Last, the alkene FA RBM5-097 was efficiently incorporated into the sphingoid probe 

RBM5-019, as evidenced by the total amount of doxdhCers measured (Table 3.10). Once 

more, this FA analogue was metabolized by elongases leading to a pool of doxdhCer 

species similar to that of the related unsaturated FA described above (Figure 3.22).  

ii. Azido fatty acid analogues 

The incorporation of an azido FA analogue into the ω-azido doxdhSo probe RBM5-019 

was not suitable for the fluorescent labelling approach that was initially planned, which 

should take place via two mutually orthogonal biocompatible click reactions (Figure 3.1). 

All the same, the study of the acylation reactions with the different azido FAs was 

considered of interest to compare the extent of their metabolic incorporation to that of the 

above discussed unsaturated FAs. Furthermore, the most promising azido FAs could still 

be used as counterparts for an alternative doxdhSo probe lacking the azido functionality 

(see below in this section). Accordingly, the acylation of RBM5-019 with the four azido 

FAs depicted in Figure 3.23 was investigated. 

 

Figure 3.23 Chemical structures of the azido FAs used in this study. 

The branched α-azido FA RBM5-081 (16-atom chain length) and the ω-azido FA 

RBM5-068 (16-atom chain length) were deemed as poor CerS substrates since only 

modest amounts of the corresponding doxdhCers were formed under the standard assay 

conditions (Table x). Conversely, the branched (ω-1)-azido FA RBM5-083 and the 

ω-azido FA RBM5-065 (19-atom chain length), were efficiently incorporated into the 

probe RBM5-019 (Table 3.10). Intriguingly, although the two latter compounds are 

structurally very similar, their metabolic behaviour regarding the chain elongation was 

different (Figure 3.24), evidencing that the elongation process is highly unpredictable.  
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Figure 3.24 N-acylation of the doxdhSo probe RBM5-019 with the azido FAs RBM5-065 (Left) and 

RBM5-083 (Right). A549 cells were incubated for 90 min with RBM5-019 (5 µM) and the azido FA 

analogue RBM5-065 (0.5 mM) or RBM5-083 (0.5 mM) complexed in 0.5% acid-free BSA. The results 

are presented in the form of percentage of doxdhCers containing the administered FA and those derived 

from the incorporation of the corresponding elongated FAs. The data correspond to the mean ± standard 

deviation of at least two independent experiments with triplicates. 

The results of the study of the N-acylation of the doxdhSo probe RBM5-019 with all the 

different clickable FA analogues, expressed in total doxdhCers (sum of the different 

doxdhCer species), are summarized in Table 3.10 and Figure 3.25. 

Table 3.10 Incorporation of the different FAs into the ω-azido probe RBM5-019 (pmol equiv/1 106 cells). 

Compound Functional group Tot doxdhCers (Mean ± SD) 

d3-PA – 465.3±119.8 

RBM5-025 Diene ND 

RBM5-029 Diene 3.1±1.2 

RBM5-035 Diene 151.2±14.6 

RBM5-044 Diene 27.3±4.5 

RBM5-053 Alkyne 141.4±4.5 

RBM5-072 Alkyne 8.0±2.1 

RBM5-097 Alkene 367.3±52.9 

RBM5-065 Azide 202.6±36.8 

RBM5-068 Azide 33.2±9.3 

RBM5-081 Azide 6.0±2.0 

RBM5-083 Azide 281.3±65.6 
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Figure 3.25 Incorporation of the different FA analogues into the doxdhSo probe RBM5-019. A549 cells 

were incubated for 90 min with RBM5-019 (5 µM) and the corresponding FA analogue (0.5 mM) 

complexed in 0.5% acid-free BSA. After the incubation time, lipids were extracted and the amount of 

doxdhCers formed was quantified by UPLC-TOF (pmol equiv/1. 106 cell). The results are expressed in 

total doxdhCers species (original and elongated). The data correspond to the mean ± standard deviation of 

at least two independent experiments with triplicates. 

 

3.4.1.3 Attempts to reduce the elongation of the clickable fatty acid analogues 

FAs are synthesized de novo through a series of reactions regulated by acetyl-CoA 

carboxylase (ACC), an enzyme responsible for the carboxylation of acetyl-CoA to form 

malonyl-CoA, and fatty acid synthase, a multifunction homodimeric enzyme that 

elongates acetyl-CoA by two carbon atoms using malonyl-CoA as the 2-carbon donor 

and NADPH as the reducing agent.325 This reaction takes place in the cytosol and is 

repeated in multiple cycles to give palmitate (16:0) as the primary end product and, to a 

lesser extent, myristate (14:0) and stearate (18:0).326 FAs produced by fatty acid synthase, 

as well as those taken up from the diet, can be further modified at the ER by elongase and 

desaturase enzymes.327 These enzymes are essential for the maintenance of lipid 

homeostasis, since the chain length and the unsaturation pattern of the FAs are crucial to 

their cellular function.328,329 Fatty acid elongation at the ER requires four sequential steps, 

each of them regulated by a different enzyme type (Figure 3.26). The rate-limiting step 

of this sequence is the initial condensation reaction between malonyl-CoA and the fatty 

acyl-CoA to be elongated, a reaction catalysed by elongases of very long chain fatty acids 

(ELOVL). Seven ELOVL enzymes have been identified in mammals (ELOVL1-7), each 

of them showing a different FA substrate preference and tissue distribution.328 
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Figure 3.26 Elongation of FAs. FAs up to C16 are synthesized in the cytosol by a multifunctional enzymatic 

complex called fatty acid synthase, whereas further elongation into longer FAs (≥ C18) takes place in the 

ER through the action of four different enzymes, namely elongases of very long chain fatty acid (ELOVL), 

3-ketoacyl-CoA reductase (KAR), PTPLA homolog involved in sphingolipid biosynthesis protein 1 (PHS1) 

and trans-2,3,-enoyl CoA reductase (TER). Nevertheless, the sequence of biochemical reactions is 

essentially the same in both cases, starting with a condensation reaction (1) followed by a reduction (2), 

dehydration (3) and finally a second reduction (4). 327 

One of the main shortcomings of the clickable FA analogues used in this study is the fact 

that they are not exclusively metabolized by CerS, but they also enter other lipogenic 

pathways such as FA elongation and phosphoglyceride synthesis (see Section 3.4.2.3). 

As discussed above, the elongation of our FA analogues prior to their incorporation into 

the doxdhSo probe results in the formation of a collection of doxdhCer species containing 

acyl chains of different lengths, which makes it impossible to monitor individually the 

activity of the different CerS isoforms.  

Our initial attempts to reduce the FA elongase activity involved the use of two known 

inhibitors of the FA biosynthesis, namely TOFA (5-(tetradecyloxy)-2-furoic acid)330,331 

and cerulenin ((2R,3S,E,E)-2,3-epoxy-4-oxo-7,10-dodecadienamide)332 (Figure 3.27, 

left). In particular, cell treatment with TOFA (30 µM) for 30 min prior to the incubation 

with the doxdhSo probe RBM5-019 (5 µM) and the FA RBM5-053 (0.5 mM) did not 

significantly alter the profile of doxdhCer species compared to the control (Figure 3.27, 

right). Likewise, the pre-treatment with cerulenin (50 µM) for 24 h was also ineffective, 

since it failed to reduce the amount of doxdhCer metabolites incorporating elongated acyl 

chains (Figure 3.27, right). Independent experiments conducted with the azido FAs 

RBM5-065 and RBM5-083 afforded similar results (results not shown). 
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Figure 3.27 Left: Chemical structures of the inhibitors of the FA biosynthesis TOFA and cerulenin. Right: 

Effects of TOFA and cerulenin on the elongation of the alkyne FA RBM5-053. A549 cells were incubated 

for 90 min with RBM5-019 (5 µM) and alkyne RBM5-053 (0.5 mM) after a 30 min pretreatment with 

TOFA (30 µM) or a 24 h pretreatment with cerulenin (50 µM). Results are expressed in the form of 

percentage of doxdhCers containing the administered FA and those derived from FA elongation. The data 

correspond to the mean ± standard deviation of at least two independent experiments with triplicates. 

Alternatively, we also investigated the effect of using cell lysates instead of intact cells 

on the elongation of our FA analogues. We argued that the deficiency of cofactors that 

are essential for the biosynthesis of FAs in the lysates could result in a reduction of the 

elongase activity.333 This experimental design required the addition of external coenzyme 

A (0.2 mM) to guarantee that the CoA thioester of the administered FA analogue, 

indispensable for the CerS enzymatic reaction, was formed. In this context, A549 cell 

lysates were incubated for 90 min with the doxdhSo probe RBM5-019 (20 µM) and the 

FA analogue d3-PA (0.2 mM), used as the positive control, RBM5-053 (C16 alkyne at 

0.2 mM) or RBM5-097 (C16 alkene at 0.2 mM). Under these conditions, the elongated 

doxdhCer species were considerably reduced. Although the C18 elongated doxdhCer was 

still detected in all cases by UPLC-TOF, it represented less than a 10 % of the total 

doxdhCers. Nevertheless, the overall formation of doxdhCer metabolites in lysates 

(Figure 3.28), particularly those with the unsaturated FAs RBM5-053 and RBM5-097, 

was very low compared to the experiments carried on intact cells, probably due to an 

inefficient formation of the required acyl-CoA thioesters. In light of these results, this 

approach was not considered any further.  
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Figure 3.28 N-acylation of the doxdhSo probe RBM5-019 in A549 cell lysates. A549 cell lysates (92 µg 

total protein) were incubated for 90 min with RBM5-019 (20 µM) and the different FAs analogues (0.2 

mM). After lipid extraction, the amount of doxdhCer formed (exclusively that containing the administered 

FA) was quantified by UPLC-TOF (pmol equiv/mg prot). The results correspond to the mean ± standard 

deviation of at least two independent experiments with triplicates. 

As soon as the administered FA analogues penetrate the cell membrane, they are both 

being elongated (Scheme 3.35, 1) and incorporated into RBM5-019 (Scheme 3.35, 2). 

Accordingly, considerable amounts of elongated doxdhCer species are formed even after 

short incubation times. However, since the N-acylation reaction is a reversible process, 

we speculated that the elongated doxdhCers could also be generated from the initial 

doxdhCer resulting from the incorporation of the originally administered FA analogue 

through an alternative transacylation mechanism (Scheme 3.35, 3). In this case, the initial 

doxdhCer should be cleaved by a ceramidase enzyme (CDase) to recover the free amine 

RBM5-019, which would be subsequently reacylated by CerS using an elongated FA. 

 

Scheme 3.35 Proposed mechanisms for the generation of the elongated doxdhCer species. 

To investigate whether the formation of elongated doxdhCer metabolites could be 

reduced by blocking the CDase activity, which should preclude the transacylation 

mechanism (Scheme 3.35), a series of comparative experiments were carried on mouse 
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embryonic fibroblasts (MEF). In this sense, mutant MEF cells defective in the ASAH2 

gene codifying for neutral ceramidase (MEF5), and wild type MEF cells (MEF6) were 

incubated for 90 min with the doxdhSo probe RBM5-019 (5 µM) and d3-PA (0.5 mM), 

used as the positive control, or the C16 terminal azide FA analogue RBM5-065 (0.5 mM). 

The relative amounts of elongated doxdhCer species (%) formed in MEF cells incubated 

with d3-PA and RBM5-065 were smaller to those obtained in A549 cells, confirming that 

the elongase activity is highly dependent on the cell line. Nevertheless, the distribution of 

doxdhCer species in MEF5 and MEF6 cells was very similar, suggesting that the neutral 

CDase is not responsible for the transacylation mechanism. 

 

Figure 3.29 Comparative study of the formation of elongated doxdhCer species in different cell lines. 

A549, MEF5 (ASAH2(-/-)) and MEF6 (WT) cells were incubated for 90 min with the doxdhSo probe RBM5-

019 (5 µM) and the fatty acid d3-PA (0.5 mM) (Left) or RBM5-065 (0.5 mM) (Right). Results are expressed 

in the form of percentage of doxdhCers containing the administered FA and those derived from FA 

elongation. The data correspond to the mean ± standard deviation of one independent experiment with 

triplicates. 

Even though the elongation of the clickable FAs precluded our initial goal of developing 

an assay to monitor the various CerS isoforms individually, the synthesized doxdhSo 

probes and FA analogues could still be used to measure changes in the overall CerS 

activity. 

3.4.1.4 Bioorthogonal reactions with commercial fluorescent reagents 

After confirming by UPLC-TOF that the doxdhSo probe RBM5-019 was acylated with 

the different FA analogues, our next experiments were aimed at the optimization of the 

bioorthogonal reactions that would be applied to install the fluorophores in the doxdhCer 

resulting from the enzymatic reaction. For these experiments, only the FA analogues 

exhibiting an acceptable acylation rate, namely the compounds RBM5-035 (diene FA 
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with 18-atom chain), RBM5-053 (alkyne FA with 16-atom chain) and RBM5-097 

(alkene FA with 16-atom chain) were used.  

The azide in the sphingoid chain was planned to react through a SPAAC reaction with 

the BCN group of the BODIPY-based fluorescent reagent CO-1240,334,335 (Figure 3.30). 

As explained above, to fulfill the condition of spectral overlap between the donor 

emission and the acceptor absorption bands required for the observation of FRET, a series 

of commercially available fluorescent reagents bearing the fluorophore Cyanine 3 (Cy3) 

and a suitable reactive group were selected to label the acyl chain. In particular, the diene 

FA RBM5-035 was planned to react through a NEDDA reaction with Cy3-maleimide. 

On the other hand, the alkyne FA RBM5-053 should react with the compound Cy3-azide 

via a CuAAC reaction, whereas the alkene FA RBM5-097 would be reacted with 

Cy3(Sulfo)-tetrazine in an IEDDA cycloaddition, as illustrated in Figure 3.30. 

 

Figure 3.30 Schematic representation of the various bioorthogonal reactions considered for the fluorescent 

labelling of the doxdhCer resulting from the enzymatic reaction catalysed by CerS. 
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i. Fluorescent labelling of the sphingoid chain through a SPAAC reaction 

The suitability of CO-1 as a fluorescent reagent to label the doxdhSo probe RBM5-019 

was directly tested on cells, encouraged by the results reported by Alamudi et al.240,334,335 

In this way, A549 cells were incubated for 30 min with RBM5-019 (5 µM) prior to the 

addition of CO-1 (2 µM, 1 h treatment). The detection of the corresponding triazole 

adduct in the lipid extracts by UPLC-TOF confirmed that the reaction had taken place. 

The fluorescent labelling of the probe RBM5-019 in live cells was also studied by 

fluorescence confocal microscopy. A549 cells containing RBM5-019 (5 µM, 30 min pre-

incubation) exhibited a very efficient labelling upon treatment with CO-1 (1 µM) at 

reaction times as short as 20 min. Gratifyingly, cells treated with CO-1 in the absence of 

RBM5-019 were not fluorescent, indicating that the staining is highly specific and that 

the unreacted fluorescent dye can be completely removed from the cells. In a similar 

study, A549 cells pre-incubated with the azide RBM5-019 (5 µM, 30 min pre-incubation) 

and stained with CO-1 (1 µM, 30 min treatment) were fixed with paraformaldehyde and 

subsequently analysed by fluorescence microscopy. Surprisingly, in this case, the 

unreacted CO-1 could not be completely removed and, thus, a significant background 

fluorescence was observed (results not shown). 

A. CO-1 – RBM5-019 B. CO-1 + RBM5-019 

  

Figure 3.31 Confocal microscopy images of the fluorescent staining of A549 cells with the reagent CO-1 

(1 µM, 30 min treatment) in the absence (A) or the presence (B) of the doxdhSo probe RBM5-019 (5 µM, 

30 min pre-incubation). 
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ii. Attempts to fluorescently label the acyl chain 

The different bioorthogonal reactions that were proposed to introduce the fluorescent 

group Cy3 in the acyl chain were next investigated both in cells and in cell-free systems, 

as detailed below. 

a. Through a NEDDA reaction 

The reactivity of the two counterparts involved in the NEDDA reaction was first studied 

in solution with the model diene (E,E)-2,4-hexadien-1-ol and the two alternative model 

dienophiles N-ethylmaleimide (NEM)336,337 and 4-phenyl-1,2,4-triazole-3,5-dione 

(PTAD)338,339, as shown in Scheme 3.36. Optimization experiments were carried under 

different conditions of temperature (rt or 37 ºC), time (1, 3, 24 h), solvent system (CH3CN 

H2O-DMSO mixtures or physiological buffer solutions) and diene-dienophile ratios (2:1, 

1:1, 1:2, 1:3, 1:5). In all cases, the formation of the corresponding cycloaddition adduct 

was confirmed by LC-MS. 

 

Scheme 3.36 Diels-Alder reaction between the model compounds (E,E)-2,4-hexadien-1-ol and N-

ethylmaleimide (NEM) or 4-Phenyl-1,2,4-triazole-3,5-dione (PTAD). (*) Various reaction conditions. 

The optimal conditions were next tested for the reaction between the diene FA 

RBM5-035 and Cy3-maleimide in cells. To this end, A549 cells were incubated for 90 

min with the doxdhSo probe RBM5-019 (5 µM) and the diene FA RBM5-035 (0.5 mM), 

complexed in 0.5% acid-free BSA, followed by the sequential addition of CO-1 (2 µM, 

1 h treatment) and maleimide-Cy3 (1 µM, 1.5 h treatment). In both steps, after the reaction 

time, the cells were thoroughly washed with fresh culture medium to remove the 

unreacted fluorescent reagent. Moreover, prior to the addition of Cy3-maleimide, the 

protein free thiol groups were capped with 2-iodoacetamide (IAA) (1 mM, 25 min), so as 

to prevent their unwanted fluorescent labelling.340 We tried to confirm the formation of 

the doubly fluorescently labelled doxdhCer through the analysis of the FRET signal in a 

microplate reader, i.e. by measuring the emission of Cy3 (acceptor) at 570 nm upon 

excitation of BODIPY (donor) at 490 nm. Deceivingly, the observed fluorescence signal 



A FRET-based assay to monitor the CerS activity 

133 

was very low and not very different from that of the negative control samples lacking the 

fluorescent dye CO-1, the doxdhSo probe or the diene FA. Furthermore, in a parallel 

experiment, cells treated with Cy3-maleimide in the presence or the absence of diene FA 

RBM5-035 were analysed by confocal fluorescence microscopy (Figure 3.32). The 

detection of a high background fluorescence signal in the samples lacking the diene FA 

suggested that Cy3-maleimide dye was prone to non-specific staining, even after the 

treatment with IAA. On this basis, the diene-maleimide D-A reaction was not used any 

further in subsequent studies. 

A. Cy3-Mal – RBM5-035 B. Cy3-Mal + RBM5-035 

  

Figure 3.32 Confocal microscopy images of the fluorescent staining of A549 cells with the reagent Cy3-

maleimide (1 µM, 1 h treatment) in the absence (A) or in the presence (B) of the diene FA RBM5-035 (0.5 

mM, 16 h pre-incubation). After the derivatization with Cy3-maleimide, the cells were thoroughly washed 

with fresh DMEM culture medium (3 x 5 min at 37 ºC, 5 % CO2) before their observation. 

b. Through a CuAAC reaction 

The CuAAC reaction has been extensively used as a synthetic tool in chemical biology 

for bioconjugation ex situ and in fixed cells.78 However, its application to living systems 

has been limited as a result of the cytotoxicity of Cu(I), which promotes the degradation 

of biomolecules through oxidative processes.341 The use of certain Cu(I)-stabilizing 

ligands, such as the triazole-based tris(3-hydroxypropyltriazolylmethyl)-amine 

(THPTA), has been shown to enhance the reaction kinetics, thus lowering the required 

amounts of metal-catalyst, and to reduce the formation of reactive oxygen species (ROS) 

associated to Cu(I) ions. This and other improvements over the last years have allowed 

the use of the CuAAC reaction to label different types of biomolecules on the surface of 

living cells with very limited cytotoxicity.342–346 Nonetheless, carrying the reaction in the 
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cytosol still remains very challenging, with very few successful examples described in 

the literature.78  

Bearing in mind the above considerations, we explored different methodologies to 

perform the CuAAC reaction between the alkynyl FA RBM5-053 and the fluorescent 

reagent Cy3-azide in live cells, since the use of CO-1 (required for the fluorescent-

labelling of the sphingoid moiety) was not compatible with cell fixation (see above). Our 

initial experiments were carried in cell-free systems using the model compound RBM5-

085, a doxdhCer that resembles the metabolite resulting from the acylation of RBM5-019 

with the FA RBM5-053 but lacks the azido group on the sphingoid chain to avoid cross-

reactivity. First, the doxdhCer RBM5-085 (10 µM) was reacted with an excess of 

azido-Cy3 (100 µM) in the presence of CuSO4 (250 µM), sodium ascorbate as the 

reducing agent (5 mM or higher) and the Cu(I) ligand THPTA (1.25 mM) in various 

DMSO-H2O mixtures (1:1, 1:2, 1:4), under different conditions of temperature (rt or 37 

ºC), time (1, 2, 20 h) and agitation (slow, medium or in an ultrasonic bath). The formation 

of the corresponding triazole adduct was confirmed by UPLC-TOF in all the different 

conditions, albeit in poor yields in all cases (there was still a considerable amount of 

unreacted starting alkyne). The best results, however, were obtained when the reaction 

was carried for 1 h at 37 ºC in the ultrasonic bath using a 1:1 DMSO-H2O mixture. 

Alternatively, the non-toxic heterogeneous catalyst system, based on entrapped Cu (I) 

nanoparticles (E-Cu-NP), described by Clavadetscher et al.347 was also tested under 

various reaction conditions. Unfortunately, only traces of the triazole adduct were formed 

(based on UPLC-TOF analysis) in all cases, this indicating, once more, poor reaction 

yields.  

 

Scheme 3.37 CuAAC reaction between the doxdhCer RBM5-085 and Cy3-azide. Reaction conditions: a) 

CuSO4, THPTA, sodium ascorbate, DMSO-H2O; b) E-Cu-NPs, DMSO-H2O. 

In a different experiment, A549 cells were incubated with the doxdhCer RBM5-085 (50 

µM) for 90 min and subsequently treated with a CuAAC reaction cocktail containing 

Cy3-azide (25 µM), CuSO4 (0.5 mM), THPTA (0.5 mM) and sodium ascorbate (100 mM) 
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for 30 min. Subsequently, the cells were thoroughly washed with PBS buffer solution and 

analysed by fluorescence microscopy. Unfortunately, the cells incubated with RBM5-085 

displayed a fluorescence staining pattern very similar to that of the negative control 

lacking the alkyne doxdhCer RBM5-085 (Figure 3.33). These results were attributed to 

the low cell permeability of RBM5-085 and to the existence of non-specific binding of 

the Cy3-azide reagent to cellular components.  

A. Cy3-N3 – RBM5-085 B. Cy3-N3 + RBM5-085 

  

Figure 3.33 Microscopy images of the fluorescent staining of A549 cells with the CuAAC reaction cocktail 

containing the reagent Cy3-azide (25 µM, 30 min treatment), in the absence (A) or the presence (B) of the 

doxdhCer RBM5-085 (50 µM, 90 min pre-incubation). 

Alternatively, we also attempted to quantify the formation of the doubly fluorescently 

labelled doxdhCer resulting from the N-acylation of RBM5-019 with the alkyne FA 

RBM5-053 and the subsequent reaction with CO-1 and Cy3-azide by measuring the 

efficiency of the FRET process through an acceptor-photobleaching assay.348 As 

explained in previous sections, when the two partners of a donor-acceptor fluorophore 

pair are in close proximity, there is an attenuation of the donor fluorescence as a result of 

the energy-transfer process. However, if the acceptor dye is photobleached, i.e. it is 

chemically altered with a high intensity laser light in a way that it loses permanently the 

ability to fluoresce, the fluorescence of the donor is recovered. Thereby, an increase in 

the donor fluorescence upon acceptor photobleaching is indicative of donor-acceptor 

energy transfer. To this end, A549 cells pre-incubated with RBM5-019 and RBM5-053 

(5 µM and 0.5 mM, respectively; 90 min incubation), were sequentially treated with CO-

1 (2 µM, 1 h treatment) and the CuAAC reaction cocktail (Cy3-azide, CuSO4, THPTA 

and sodium ascorbate, 30 min treatment), and subsequently analysed by fluorescence 

confocal microscopy. After each labelling step, the cells were thoroughly washed with 
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fresh culture medium in order to remove the unreacted fluorescent dye. Although a 

modest increase in the fluorescence of the donor (~ 4 %) was observed after the 

photobleaching of the acceptor dye (Cy3), the strong fluorescence background arising 

from the non-specific binding of Cy3-azide prevented the accurate determination of the 

FRET efficiency.  

A. CO-1 B. Cy3 C. Merge 

   

   

Figure 3.34 Confocal microscopy images of the fluorescent staining of A549 cells, pre-incubated with the 

doxdhSo probe RBM5-019 and the alkyne FA RBM5-053 (5 µM and 0.5 mM, respectively; 90 min pre-

incubation), with the reagents CO-1 (2 µM, 1 h treatment) and Cy3-azide. The white boxes indicate the 

fluorescence of CO-1 (left), Cy3 (middle) and the overlay of the two images (right), before (top panels) 

and after (bottom panels) the photobleaching of the acceptor (Cy3) by a high intensity laser light. The white 

bar measures 10 µm. 

c. Through an IEDDA reaction 

The reaction between the terminal alkene FA RBM5-097 and the fluorescent reagent 

Cy3(Sulfo)-tetrazine was directly tested in cells. Accordingly, A549 cells were incubated 

with the doxdhSo probe RBM5-019 (5 µM) and the FA RBM5-097 (500 µM) for 90 min, 

prior to the addition of the fluorescent dyes CO-1 (2 µM, 1 h treatment) and Cy3(Sulfo)-

Tetrazine (8 µM, 2 h treatment). We tried, once more, to confirm the formation of the 

doubly fluorescently labelled doxdhCer through the analysis of the FRET signal in a 

microplate reader, i.e. by measuring the Cy3 emission at 570 nm upon excitation of the 
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BODIPY at 490 nm. Unfortunately, the observed fluorescence signal was very low and 

not very different from that of the negative control samples lacking the fluorescent dye 

CO-1, the doxdhSo probe or the terminal alkene FA. Furthermore, when the cells were 

irradiated at the acceptor-specific excitation wavelength (550 nm), the fluorescence 

emission at 570 nm was still very low, this suggesting that the reaction with the tetrazine 

was not very efficient. These results were also observed by fluorescence confocal 

microscopy analysis (Figure 3.35). The use of higher concentrations of the tetrazine 

reagent (up to 50 µM) did not afford any better results and only caused an increase of the 

background fluorescence. We suggested that the low reactivity of terminal aliphatic 

alkenes towards the IEDDA reaction with tetrazines (see Section 3.2.5.1) could account 

for the poor derivatization in the second labelling step. Moreover, the two fluorescent 

dyes displayed different staining patterns, with almost no colocalization (Figure 3.35, C), 

which explains the fact that no FRET signal could be detected in the microplate reader 

assay. 

A. CO-1 B. Cy3 C. Merge 

   

Figure 3.35 Confocal microscopy images of the fluorescent staining of A549 cells, pre-incubated with the 

doxdhSo probe RBM5-019 and the alkyne FA RBM5-053 (5 µM and 0.5 mM, respectively; 90 min pre-

incubation), with the reagents CO-1 (2 µM, 1 h treatment) and Cy3-tetrazine (17 µM, 2 h). 

Based on the above results, the first approach involving two different mutually orthogonal 

biocompatible reactions was not considered any further for the development of the FRET-

based assay to measure the CerS activity. 
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3.4.2 Approach 2: Studies with the NBD-labelled doxdhSo probes RBM5-129 and 

RBM5-155 

The fluorescent probe NBD-dhSo (Figure 3.36) has been previously applied to assay the 

CerS activity.40,54,55,57 Furthermore, there are also precedents that support the use of the 

combinations of dyes MCC+NBD and NBD+NR as donor-acceptor fluorophore pairs for 

FRET studies.151–153 On this basis, our next experiments involved the use of an NBD-

doxdhSo probe (RBM5-129 or RBM5-155) and the ω-azido FA RBM5-065, together 

with the two alternative BCN-based fluorescent reagents RBM5-142 and RBM5-143 to 

develop the FRET-based CerS activity assay. 

 

Figure 3.36 Chemical structures of the compounds used in the second approach. 

 

3.4.2.1 Evaluation of RBM5-129 and RBM5-155 as CerS substrates 

The suitability of the NBD-doxdhSo probes RBM5-129 and RBM5-155 as CerS 

substrates was evaluated by examining the extent of their N-acylation with the 

endogenous natural FAs, as well as with externally administered FA analogues in various 

cell lines. The shorter (C11) doxdhSo probe RBM5-129 was soon ruled out, since various 

experiments with A549 cells under the previously optimized conditions revealed an 

almost negligible acylation with both the endogenous pool of FAs and the externally 
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added d3-PA (Figure 3.37), affording in each case a total amount of doxdhCer species of 

approximately 75 and 26 pmol. equiv/106 cells, respectively (UPLC-TOF analysis). 

Moreover, in the latter case, the C16(d3)-doxdhCer made up for less than the 10 % of the 

total doxdhCers, whilst the most abundant species were those incorporating the elongated 

C22(d3) and C24(d3) acyl chains. 

 

Figure 3.37 N-acylation of the doxdhSo probe RBM5-129 by CerS with the endogenous natural FAs (left) 

or the externally administered d3-PA (right). A549 cells were incubated for 90 min with RBM5-129 (5 

µM) in the absence (left) the presence (right) of d3-PA (0.5 mM) complexed in 0.5% acid-free BSA. After 

lipid extraction, the different doxdhCer species were quantified by UPLC-TOF. Left: Amount of doxdhCers 

containing endogenous natural FAs. Right: Amount of doxdhCers containing d3-PA and elongated d3-FAs. 

The results correspond to the mean ± standard deviation of at least two independent experiments with 

triplicates. 

The N-acylation of the C18 NBD-doxdhSo probe RBM5-155 with the ω-azido FA 

analogue RBM5-065 was initially investigated in A549 and MEF cells (results not 

shown). Even though the total amount of doxdhCers was very similar in the two cell lines 

(~120-130 pmol equiv / 106 cells), the profile of the different doxdhCer species differed 

considerably. In A549 cells, there was a high proportion of C18N3 and C20N3 elongated 

doxdhCer species, whereas the doxdhCer containing the original C16N3 acyl chain 

(RBM5-159) accounted for less than a third of the total doxdhCers (~ 28 %). Conversely, 

in MEF cells, RBM5-159 was the most abundant metabolite (85 % of the total 

doxdhCers) whereas the formation of elongated species was minimal. These results show, 

once more, that the elongation process is unpredictable and highly dependent on the cell 

line.  

Since the formation of the desired C16N3 doxdhCer in the previous cell lines was too low 

for practical purposes, we decided to start using cells overexpressing CerS5 to improve 

the signal-to-noise ratio of the assay. In this way, human embryonic kidney cells 

C14 C16 C18 C20 C22 C24 C24:1
0

10

20

30

RBM5-129 + natural FAs

Endogenous fatty acids

p
m

o
l 
e
q

u
iv

 /
 1

.1
0

6
 c

e
ll
s

d3-PA +C2 +C4 +C6 +C8
0

5

10

15

RBM5-129 + d3-PA

Endogenous fatty acids

p
m

o
l 
e
q

u
iv

 /
 1

.1
0

6
 c

e
ll
s



140 

(HEK293T) were transfected with a plasmid containing the human CerS5 gene using the 

cationic polymer polyethylenimine (PEI),349 and were subsequently incubated with the 

doxdhSo probe RBM5-155 and the ω-azido FA analogue RBM5-065, following the 

conditions described above. The N-acylation of RBM5-155 with the endogenous pool of 

natural FAs, as well as with RBM5-065 and the corresponding elongated forms, was then 

evaluated in the HEK293T cells transfected with human CerS5 (Figure 3.38, orange 

bars), through UPLC-TOF analysis of the lipid extracts, and compared to that in 

non-transfected HEK293T cells (Figure 3.38, grey bars). As anticipated, the cells 

overexpressing CerS5 exhibited a higher production of doxdhCers derived from 

RBM5-155, and particularly of those containing a C16 acyl chain, this indicating an 

efficient transfection. There were a 60-fold and a 40-fold increments in the formation of 

the doxdhCers RBM5-155+PA and RBM5-159, respectively, compared to the 

non-transfected cells. The higher proportion of C16-doxdhCer species in the transfected 

cells is in agreement with the expected preference of the CerS5 isoform for the C16 

FAs.350 Notably, as a result of the high abundance of the doxdhCer RBM5-159, the 

presence of the elongated doxdhCer species in the transfected cells became almost 

insignificant (< 15 % of the total doxdhCers) and, thus, we expected that they would not 

interfere in the CerS activity assay. 

 

Figure 3.38 N-acylation of the doxdhSo probe RBM5-155 with the endogenous natural FAs or the ω-azido 

FA RBM5-065. HEK293T cells transfected with the plasmid containing human CerS5 (bars in orange) or 

simply treated with the transfection reagent PEI (bars in grey) were incubated for 90 min with RBM5-155 

(5 µM) in the absence (Left) or the presence (Right) of RBM5-065 (0.5 mM) complexed in 0.5% acid-free 

BSA. After lipid extraction, the different doxdhCer species were quantified by UPLC-TOF. Left: Amount 

of doxdhCers containing endogenous natural FAs; Right: Amount of doxdhCers containing the 

administered FA RBM5-065 and the corresponding elongated FAs. The results correspond to the mean ± 

standard deviation of at least two independent experiments with triplicates. 
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3.4.2.2 Preliminary studies in cell-free contexts 

i. Detection of FRET in multi-well plates 

In order to complement the results obtained in Section 3.3 (experiments in quartz cuvette), 

and to better understand the behaviour of the two selected fluorophore pairs in solvent 

mixtures compatible with bioassays, we ran a series of test experiments in multi-well 

plates with the ω-NBD doxdhCer RBM5-159, and the bichromophoric SPAAC 

cycloadducts RBM5-160 and RBM5-161. To this end, the three compounds were 

dissolved at multiple concentrations ranging from 3 to 50 µM in five different solvent 

systems (DMSO, PBS, FluoroBrite DMEM culture medium, acetate buffer, and acetate 

buffer : DMSO (1:1)) and subsequently analysed using a Spectramax microplate reader.  

 

Figure 3.39 Representation of the FRET transitions occurring in the bichromophoric compounds RBM5-

160 (donor: MCC; acceptor: NBD) and RBM5-161 (donor: NBD; acceptor: NR). 

The results of the fluorescence spectroscopy experiments carried out in multi-well plates 

with the compounds RBM5-159, RBM5-160 and RBM5-161 in DMSO are shown in 

Figure 3.40. The compound RBM5-160 displayed a strong fluorescence emission at 535 

nm (NBD moiety) upon irradiation at 345 nm. However, under the same irradiation 

conditions, the emission of this compound at 405 nm (MCC moiety) was much weaker. 

As explained in previous sections, these two observations, namely the enhancement of 

the acceptor emission and the attenuation of donor emission upon irradiation at the 

donor-specific excitation wavelength, are indicative of energy transfer from the donor to 

the acceptor. Similarly, upon irradiation at 455 nm, the compound RBM5-161 showed a 

strong emission at 625 nm (NR moiety), while its emission at 535 nm (NBD moiety) was 

strongly quenched. Finally, the fluorescence emission of the doxdhCer RBM5-159 at 535 

nm (NBD group) was not only detected upon irradiation at 455 nm, i.e. the excitation 

wavelength selected for the NBD group, but also upon its irradiation at 345 nm, that is 

the excitation wavelength of MCC. These results were attributed to the partial overlap 
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existing between a secondary absorption band of the NBD group (λmax ~ 330 nm) and the 

main absorption band of MCC (λmax ~ 345 nm). This phenomenon, known as excitation 

cross-talk, was also observed in the cuvette-based experiments and, thus, has been 

extensively discussed in Section 3.3.2.3. 

 

Figure 3.40 Fluorescence intensity vs. concentration plots of the compounds RBM5-159 (black line), 

RBM5-160 (blue line) and RBM5-161 (red line) in DMSO under different excitation/emission conditions 

(indicated in the graphs). Excitation and emission wavelengths selected to analyse the various fluorescent 

groups used in this approach: MCC (λex = 345 nm / λem = 405), NBD (λex = 455 nm / λem = 535 nm), NR 

(λex = 550 nm / λem = 625 nm). The results correspond to the mean ± standard deviation of at least two 

independent experiments with triplicates. 

The experiments in the remaining solvent systems (PBS, fluorobrite DMEM culture 

medium, acetate buffer, and acetate buffer : DMSO (1:1)) afforded much lower values of 

fluorescence intensity. For instance, the fluorescence emission of RBM5-160 at 535 nm 

upon irradiation at 345 nm in PBS was about 15 times lower than in DMSO, whereas the 

emission of compound RBM5-161 at 625 nm upon irradiation at 455 nm in PBS was 
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almost negligible. These results were not surprising, since the quenching of fluorescence 

emission of NBD and NR in aqueous media have already been reported.242–244  

ii. Monitorization of the SPAAC reaction through fluorescence spectroscopy 

The reactivity between the azide-tagged doxdhCer RBM5-159 and the two alternative 

BCN-tagged fluorescent dyes RBM5-142 and RBM5-143 was first studied in DMSO. 

Optimization experiments were carried under different conditions of temperature, time 

and azide-cyclooctyne ratios. The reaction progress was monitored by analysing the 

changes in the fluorescence emission of the mixture. We assumed that the formation of 

the corresponding cycloaddition adduct could be confirmed by the observation of an 

increase in the acceptor emission arising from FRET, together with a decrease in the 

donor emission. 

To investigate the reaction between the compounds RBM5-159 and RBM5-142, 

increasing concentrations of the BCN reagent RBM5-142 (0, 5, 10, 20, 50 µM) were 

added to wells containing the azide RBM5-159 at a concentration of 5 or 20 µM. The 

mixtures were gently stirred at room temperature in a microplate shaker and the 

fluorescence emissions at 405 nm (donor) and 535 nm (acceptor) resulting from the 

excitation at 345 nm were analysed at different reaction times (1, 3, 24 h), and compared 

to those of a solution of the desired cycloadduct RBM5-160 (at 5 or 20 µM). As shown 

in Figure 3.41, the fluorescence emission at 405 nm increased gradually at higher 

concentrations of RBM5-142, but it remained constant after 1 h reaction time. However, 

at equal concentrations of compound RBM5-142, the wells containing a higher 

concentration of RBM5-159 displayed slightly lower fluorescence intensity values at 405 

nm, especially at longer reaction times (24 h). The attenuation of the donor emission, as 

explained above, could be a manifestation of the FRET phenomenon. However, since the 

fluorescence emission at 535 nm did not change significantly with the addition of 

RBM5-142, we could not confirm the formation of RBM5-160 and, thus, the quenching 

of the donor fluorescence could be explained by the existence of intermolecular FRET. 
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Figure 3.41 Bar diagram representing the changes in fluorescence emission at 405 nm (top) and 535 nm 

(bottom), resulting from the excitation at 345 nm, of mixtures containing different ratios of compounds 

RBM5-159 and RBM5-142 in DMSO at various reaction times. Compound RBM5-159 was used as the 

negative control, equivalent to 0 % conversion, whereas compound RBM5-160 was used as the positive 

control, equivalent to 100 % conversion. The results correspond to the mean ± standard deviation of at least 

two independent experiments with triplicates. 

The reaction between the compounds RBM5-159 and RBM5-143 was studied in the 

same way. Thus, increasing concentrations of the BCN reagent RBM5-143 (0, 5, 10, 20, 

50 µM) were added to wells containing the azide RBM5-159 at a concentration of 5 or 

20 µM. The fluorescence emissions at 535 nm (donor) and 625 nm (acceptor) resulting 

from the excitation at 455 nm were analysed at different reaction times (1, 3, 24 h), and 

compared to those of a solution of RBM5-161 (at 5 or 20 µM). As shown in Figure 3.42, 

higher concentrations of RBM5-143 led to a decrease in the emission at 535 nm, whilst 

the emission at 625 nm was dramatically enhanced. These changes in the fluorescence 

emission, which were more evident after longer reaction times (24 h), were attributed to 

the formation of the desired cycloadduct RBM5-161. The fact that the wells containing 

5 µM of RBM5-159 and 50 µM of RBM5-143 displayed higher fluorescence intensity 

values at 625 nm than the control solution corresponding to a 100 % conversion 

(RBM5-161 at 5 µM) was explained by the existence of excitation cross-talk (see Section 

3.3.2.3, AEB). 
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Figure 3.42 Bar diagram representing the changes in fluorescence emission at 535 nm (top) and 625 nm 

(bottom), resulting from the excitation at 455 nm, of mixtures containing different ratios of compounds 

RBM5-159 and RBM5-143 in DMSO at various reaction times. Compound RBM5-159 was used as the 

negative control, equivalent to 0 % conversion, whereas compound RBM5-161 was used as the positive 

control, equivalent to 100 % conversion. The results correspond to the mean ± standard deviation of at least 

two independent experiments with triplicates. 

Similar experiments were also performed in MeOH, EtOH and sodium acetate buffer 

(NaOAc 250 mM, NaCl 200 mM, 0.1 % Triton X-100) to evaluate the effect of the solvent 

on the formation of the corresponding triazole adduct and on the fluorescence emission 

intensity. In this way, the azide RBM5-159 (25 µM) was reacted with the BCN-tagged 

fluorescent dye RBM5-142 (50 µM) or RBM5-143 (50 µM) for 1 h at 37 ºC in each of 

the solvents, and the fluorescence emission upon the irradiation at the appropriate 

donor-specific excitation wavelength was compared to those of the corresponding starting 

materials and cycloaddition adducts (RBM5-160 and RBM5-161). In agreement with the 

previous results, regarding the reaction between the compounds RBM5-159 and 

RBM5-142, no evidence that the corresponding cycloadduct RBM5-160 was formed 

could be obtained from examining the fluorescence emission data (Figure 3.43, top 

panels).  

Gratifyingly, that was not the case for the reaction between the compounds RBM5-159 

and RBM5-143. The attenuation of the fluorescence emission at 535 nm (λexc = 455 nm) 
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in the reaction well compared to the well containing only the doxdhCer RBM5-159 (25 

µM), together with the remarkable enhancement of the emission at 625 nm (λexc = 455 

nm) in the reaction well compared to that of RBM5-159, suggested, once more, that the 

desired cycloadduct RBM5-161 was formed very efficiently (Figure 3.43, bottom 

panels). The highest fluorescence emission intensities were obtained in EtOH, as 

previously observed in the cuvette-based fluorescence spectroscopy experiments. It 

should be noted, however, that the strong background emission observed for RBM5-143, 

as a result of the excitation cross-talk, might difficult the quantification in the CerS 

activity assay. In light of these results, the use of the fluorescent reagent RBM5-142 was 

disregarded and, thus, the rest of the biological studies were carried only with the 

BCN-tagged fluorescent dye RBM5-143.  

 

Figure 3.43 Top: Bar diagram representing the fluorescence emission at 405 nm (left) and 535 nm (right), 

resulting from the excitation at 345 nm, of a mixture containing the compounds RBM5-159 (25 µM) and 

RBM5-142 (50 µM) after 1 h reaction at 37 ºC in DMSO, EtOH and MeOH (Results in sodium acetate 

buffer are not shown). Bottom: Bar diagram representing the fluorescence emission at 535 nm (left) and 

625 nm (right), resulting from the excitation at 455 nm, of a mixture containing the compounds RBM5-

159 (25 µM) and RBM5-143 (50 µM) after 1 h reaction at 37 ºC in DMSO (black), EtOH (light grey) and 

MeOH (dark grey) (Results in sodium acetate buffer are not shown). The corresponding starting materials 

(RBM5-159 at 25 µM and RBM5-142/143 at 50 µM) were used as the negative controls, that is equivalent 

to 0 % conversion, whereas the appropriate cycloadduct (RBM5-160/161 at 25 µM) was used as the 

positive control, that is equivalent to 100 % conversion. The results correspond to the mean ± standard 

deviation of at least two independent experiments with triplicates. 
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3.4.2.3 Attempts to develop the CerS activity assay in cells 

After confirming that the doxdhSo probe RBM5-155 was acylated with the azido FA 

RBM5-065 in HEK293T transfected cells overexpressing CerS5, and that the SPAAC 

reaction between the resulting doxdhCer RBM5-159 and the BCN-tagged fluorescent 

reagent RBM5-143 could be monitored through fluorescence spectroscopy, our next 

experiments focused on the application of these compounds to develop the CerS activity 

assay in cells. 

Initially, we tried the same assay conditions that had been successfully used for the 

SPAAC reaction between RBM5-019 and CO-1 in live A549 cells (see Section 3.4.1.4). 

Unfortunately, even though a considerable amount of the doxdhCer metabolite 

RBM5-159 was formed (based on UPLC-TOF), only a small fraction reacted with 

RBM5-143 to afford the corresponding SPAAC adduct RBM5-161 (data not shown).  

On this basis, a series of modifications were introduced. First, we decided to change the 

concentrations of the doxdhSo probe and the azido FA, hoping that this would enhance 

the formation of the doxdhCer RBM5-159 over other possible metabolites. Moreover, 

since the BCN reagent RBM5-143 was extremely insoluble in aqueous media, we 

suggested that performing the SPAAC reaction in EtOH could be a better option. 

Accordingly, HEK293T cells transfected with human CerS5 and non-transfected cells, 

i.e. only treated with the transfection reagent PEI, were incubated for 90 min at 37 ºC 

with the doxdhSo probe RBM5-155 (25 µM) and the azido FA RBM5-065 (100 µM), 

complexed in 0.5% acid-free BSA. Subsequently, the cells were harvested, washed with 

PBS and resuspended in EtOH containing the BCN reagent RBM5-143 (50 µM, 1 h 

treatment at 37 ºC). After the SPAAC labelling reaction, the cells were washed with PBS, 

resuspended in fresh EtOH and the fluorescence emission resulting from FRET (λex=455 

nm; λex=625 nm) was measured in a fluorescence microplate reader. Although the cells 

overexpressing CerS5 displayed a strong fluorescence emission (data not shown), 

comparable to that of a standard solution of the compound RBM5-161 (25 µM in EtOH), 

it was not very different from that of the wild-type cells or that of the negative control 

group, i.e. cells that had not been preincubated with the doxdhSo probe RBM5-155. Due 

to the strong background signal, we were not able to guarantee that the SPAAC reaction 

had taken place from the fluorescence emission data. Luckily, mass spectrometry 

(UPLC-TOF) analysis of the lipid extracts confirmed the formation of RBM5-161, but 
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also of the side product RBM5-196 (Figure 3.45, left). Since the standard protocol used 

for lipid extraction included a saponification step with aqueous KOH, we argued that 

RBM5-196 could be formed during the extraction process due to the hydrolysis of 

phospholipids that had incorporated the azido FA RBM5-065 and had reacted with 

RBM5-143. Indeed, mass spectrometry analysis of the lipid extracts obtained under 

neutral conditions revealed the presence of different phosphatidylcholine species, such as 

the PC 34:1, where the palmitoyl chain had been substituted by RBM5-065 or RBM5-196 

(Figure 3.45, right).  

 

Figure 3.44 Chemical structures of the FA RBM5-196, the phosphatidylcholines PC 32:1, PC 32:1(N3) 

and PC 32:1(N3)+RBM5-143 and the GPAT inhibitor FSG67. 

 

Figure 3.45 Left: N-acylation of the doxdhSo probe RBM5-155 with the azido FA RBM5-065 and 

subsequent derivatization with the BCN-tagged reagent RBM5-143. HEK293T cells transfected with the 

plasmid containing human CerS5 (bars in orange) or simply treated with the transfection reagent PEI (bars 

in grey) were incubated for 90 min with RBM5-155 (25 µM) and RBM5-065 (100 µM), complexed in 

0.5% acid-free BSA. Subsequently, the cells were harvested, washed with PBS and resuspended in EtOH 

containing RBM5-143 (50 µM, 1 h at 37 ºC). Finally, lipid extracts obtained under saponification 

conditions (+KOH, striped bars, to study SLs) or non-saponification conditions (-KOH, filled bars, to study 

phospholipids) were analysed by UPLC-TOF. Right: Illustrative example of the incorporation of RBM5-

065 into a phosphatidylcholine (PC 34:1(N3)) and subsequent derivatization with RBM5-143 (PC 

34:1(N3)+RBM5-143). The amounts (expressed in pmol equiv. / 106 cells) were compared to the naturally 

occurring PC 34:1 (palmitoyl-oleyl-phosphatidylcholine). The results correspond to the mean ± standard 

deviation of at least two independent experiments with triplicates. 
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We reasoned that the presence of NR-labelled lipids, other than RBM5-161, could be 

partly responsible for the strong emission background that prevented the monitoring of 

the SPAAC reaction by fluorescence spectroscopy. Therefore, our efforts were next 

directed at minimizing the background emission signal through different strategies 

(Scheme 3.38).  

Our first approach involved the use of the glycerol 3-phosphate acyltransferase (GPAT) 

inhibitor FSG67351 (Figure 3.44). Since GPAT catalyses the rate-limiting step of the 

glycerolipid biosynthesis, namely the acylation of glycerol 3-phosphate with saturated 

long-chain acyl-CoAs,351 we argued that its inhibition should block the formation of 

phospholipids incorporating RBM5-065. Unfortunately, the pre-treatment with FSG67 

(160 μM) for 24 h prior to the incubation with the probes did not significantly reduce the 

presence of the side product RBM5-196, as evidenced by UPLC-TOF analysis of the lipid 

extracts.  

 

Scheme 3.38 Proposed strategies to reduce the background fluorescence resulting from the NR-labelled 

phospholipids: a) The GPAT inhibitor FSG67 should block the biosynthesis of phospholipids incorporating 

the azido-tagged FA RBM5-065; b) The azidomethyl ChemMatrix® resin should trap the excess of 

unreacted BCN fluorescent reagent RBM5-143; c) The aminomethyl ChemMatrix® resin should trap the 

NR-labelled FA RBM5-196 released during the alkalinisation step of the lipid extraction. 
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We also suggested that the background fluorescence should be reduced using 

appropriately functionalized resins. The side product RBM5-196 could be entrapped 

using a commercial amino functionalized resin, whereas an in-house prepared azido 

functionalized resin could help eliminate the excess of unreacted RBM5-143. The 

capability to entrap RBM5-196 of the PEG-based resin aminomethyl ChemMatrix® was 

evaluated by measuring the fluorescence emission at 625 nm, upon excitation at 545 nm, 

of standard solutions of the compounds RBM5-196, RBM5-143 and RBM5-161 at 100 

µM in EtOH after the incubation with different amounts of the resin (from 0 to 4 mg). 

The best results were obtained using 4 mg of the resin, which removed nearly 80 % of 

RBM5-196 (based on fluorescence intensity) without significantly sequestering the other 

compounds. Other amino resins, such as the polystyrene-based Amberlite® IRA-400 and 

IRA-900, were also tested but afforded less satisfactory results. The capability to entrap 

RBM5-143 by the azidomethyl ChemMatrix resin, obtained from the previous amine 

resin through the copper-free imidazole-1-sulfonyl azide hydrochloride-based 

diazo-transfer method described by Castro et al,352 was assessed in a similar way. To our 

delight, after the incubation with 2 mg of the azido resin, the solution of RBM5-143 

showed an almost negligible fluorescence emission, whereas that of compound 

RBM5-161 remained unaltered, this demonstrating that the azido resin was not only 

effective but also extremely specific. The most relevant results obtained in these studies 

are summarized in the below figure. 

 

Figure 3.46 Study of the ability of the amino and azido ChemMatrix resins to entrap different compounds. 

Increasing amounts of the amino or the azido ChemMatrix resins (0, 1, 2 or 4 mg) were added to 200 µL 

of a solution of the compounds RBM5-143, RBM5-161 and RBM5-196 at a concentration of 100 µM in 

EtOH, and the mixtures were incubated overnight at rt in agitation. Subsequently, the resins were filtered 

off and the fluorescence emission of the supernatants at 625 nm upon irradiation at 455 nm was measured. 

Only the conditions affording the best results (i.e. addition of 4 mg of the amine resin or 2 mg of the azido 

resin) are shown in the figure. The results correspond to the mean ± standard deviation of one independent 

experiment with duplicates. 
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Encouraged by the above results, we next tested the application of the ChemMatrix resins 

to reduce the fluorescence background of the CerS assay. To this end, HEK293 cells 

transfected with the plasmid containing human CerS5, or simply treated with the 

transfection reagent PEI (negative control), were incubated with RBM5-155 and 

RBM5-065, followed by the derivatization with RBM5-143 either directly on the cell 

pellets or after lipid extraction (Figure 3.47). The lipid extracts obtained from the assay 

were sequentially incubated with the amine and the azide ChemMatrix resins prior to their 

analysis by mass spectrometry of fluorescence spectroscopy. As shown in Figure 3.47, 

in both protocols, the amount of RBM5-196 could be substantially reduced after two 

successive washings with the amino resin. Unexpectedly, under the new assay conditions 

the formation of the desired SPAAC adduct RBM5-161 was also much smaller. As a 

result, the fluorescence emission of the corresponding lipid extracts (λexc = 455 nm; λem = 

625 nm) was very weak and not very different from that of the negative control lacking 

the doxdhSo probe RBM5-155, this suggesting that there was still a residual background 

fluorescence that made it impossible to quantify the formation of RBM5-161.  

 

Figure 3.47 Removal of the excess of SPAAC reagent RBM5-143 and the side product RBM5-196 using 

the azido and the amino functionalized ChemMatrix resins. HEK293T cells transfected with the plasmid 

containing human CerS5 (bars in orange) or simply treated with the transfection reagent PEI (bars in grey) 

were incubated for 2 h with RBM5-155 (10 µM) and RBM5-065 (500 µM), complexed in 0.5% acid-free 

BSA. Subsequently, the cells were harvested, washed with PBS and the SPAAC reaction with RBM5-143 

(50 µM in EtOH, 3 h at 37 ºC) was either performed directly on the cell pellets (filled bars) or on the lipid 

extracts (striped bars). In the first case, after the derivatization, the lipids were also extracted. Finally, the 

lipid extracts were resuspended in EtOH and sequentially treated with the amino resin (2 mg, 8 h, 37 ºC) 

and the azido resin (2 mg, 16 h, 37 ºC) once (left) or twice (right) before they were quantified by mass 

spectrometry (UPLC-TOF). The amounts of the different species are expressed in pmol equiv. / 106 cells. 

The results correspond to the mean ± standard deviation of at least two independent experiments with 

triplicates. 
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At this point, we chose not to spend more effort on this project. Taking into account, inter 

alia, the variability of the FA elongation rates in the different cell lines tested, the 

generally low estimated yields for the in situ SPAAC click reactions, and the strong 

fluorescence background arising from the concomitant incorporation of the labelled FAs 

into PL metabolism, a very limited scope for this approach can be expected, this 

hampering its routinary use as a quantitative assay for CerS activity in cells.  
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4.1 Background 

As explained in previous sections, CerS are associated with various pathologies and, 

therefore the modulation of CerS activity represents an attractive goal in biomedical 

research. The development of isoform-specific CerS knock-out25 and knock-down353 

models has improved tremendously our understanding of CerS biology. However, the 

number of chemical tools available for modifying the CerS activity is still very limited 

and most existing inhibitors are not specific for the different CerS isoforms. Known 

generic inhibitors include fumonisin B1 (FB1), AAL toxin, australiafungin and FTY720 

(see Section 1.1.5.1), being FB1 the best characterized and most widely used. In addition, 

in 2017 our group reported that Jaspine B (JB), a cyclic anhydrophytosphingosine isolated 

from the marine sponges Pachastissamine sp. and Jaspis sp., inhibits CerS at low 

micromolar concentrations with no apparent preference for any particular isoform of the 

enzyme.354 Furthermore, JB seems to affect the equilibrium of other SL species, resulting 

in the ultimate induction of cell death through a non-apoptotic mechanism that has not 

been entirely understood.354 

PROTACs as a tool for targeted protein degradation have already been successfully 

applied to several biologically relevant proteins, including nuclear receptors, protein 

kinases, transcriptional regulators and other regulatory proteins. However, to the best of 

our knowledge, this technology has not been exploited in the field of SL research. In this 

context, due to our interest in expanding the chemical toolbox for the study of CerS we 

planned the design and synthesis of new PROTACs aiming at the degradation of CerS. 

4.2 Design of the CLIPTAC platform 

One of the most common limitations of PROTACs is their relatively high molecular 

weight and polar surface area, which often correlate with poor cellular uptake and 

hampered tissue distribution. This issue has been previously circumvented by dividing 

the active PROTAC molecule into two smaller fragments that can assemble inside the 

cell through a bioorthogonal IEDDA click reaction (CLIPTACs).229 Furthermore, the 

CuAAC reaction has been used to generate PROTAC libraries in vitro, and has also been 

shown to facilitate the linker optimization process.230 

Inspired by these pioneering works, we envisioned that the well-known SPAAC reaction 

between bicyclo[6.1.0]nonyne (BCN) and azides could also be used as an alternative 
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bioorthogonal reaction to form PROTACs. This reaction has been shown to be fast and 

high yielding, it does not require the presence of any metal catalyst, and has found 

numerous biological applications.86 Furthermore, the azide group is much smaller than 

the tetrazines previously used to generate CLIPTACs, which could be an additional 

advantage in terms of steric interference with the protein of interest (POI). Thereby, we 

designed a series of BCN-tagged E3 ligase recruiters (E3R) that could react with an azide-

tagged JB analogue. We expected that the cycloadduct arising from the SPAAC reaction 

between the two elements would be able to form a fully functional PROTAC capable of 

bringing into close proximity the corresponding E3 ligase and CerS, causing its 

ubiquitination and subsequent proteasome-dependent degradation (Figure 4.1). 

 

Figure 4.1 Schematic representation of the CLIPTAC strategy to induce the proteolysis of CerS. The BCN-

tagged E3 ubiquitin recruiter (E3R) and the azido-tagged Jaspine B (JB) analogue will be sequentially 

administered to cells. Once they penetrate the cytoplasmic membrane, they are expected to react through a 

SPAAC reaction to form a fully functional PROTAC that should trigger the degradation of CerS. 

Since the molecular basis for POI and E3 ligase recruitment and ternary complex 

formation are still not fully understood, the design of PROTACs remains an empirical 

process. It is already known that not all ligases are suitable for degrading every target 

protein and that linker chemistry and attachment play a capital role both in cell 

permeability and in target ubiquitination. However, no robust guidelines for the rational 

design of effective PROTACs have been reported so far. Since no preceding literature 

supported the recruitment of any particular ligase, and with no available structural 

information of CerS, we decided to synthesize four different BCN-tagged E3Rs (Figure 

4.2) containing ligands for the most widely used E3 ligases, namely CRBN, IAPs and 

VHL, to be used in further studies in combination with the azido-JB analogue RBM1-123, 

already synthesized in our group, to induce the degradation of CerS in cells. Thus, 

compounds RBM5-145 and RBM5-176 consist of a 4-hydroxythalidomide moiety to 

recruit CRBN, attached to the BCN group through an hexamethylene or a PEG linker, 

respectively. Compound RBM5-182 contains a bestatin molecule to recruit IAPs, linked 
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to the BCN group via a PEG linker. Although the most recent IAP-based PROTACs, 

using the LCL161 ligand instead of bestatin, have been reported to be more potent, we 

preferred the use of bestatin, being aware of its limitations, due to its commercial 

availability. The amide bond connecting the bestatin moiety with the PEG linker is 

expected to confer a better metabolic stability compared to an ester group.208,209 Lastly, 

compound RBM5-193 comprises the so-called VHL ligand developed by the Ciulli 

group,220–222 to recruit the homonymous E3 ligase, a PEG linker and the BCN group 

required for the bioorthogonal reaction. 

 

Figure 4.2 Chemical structure of the BCN-tagged ubiquitin E3 ligase recruiters and the azido-tagged 

Jaspine B analogue RBM1-123 used in this study. 

4.3 Synthesis of the E3 ubiquitin ligase recruiters 

4.3.1 Synthetic strategy 

Based on our previous experience, we planned to obtain the four BCN carbamates A from 

the corresponding key amine intermediates B via an addition-elimination reaction with 

the known activated p-nitrophenyl carbonate ester RBM5-14188 (Scheme 4.1). The free 

amine functionality in B could arise from either the reduction of an azide group or the 

cleavage of a protecting group. Furthermore, our retrosynthetic analysis disconnected 
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precursor B into two fragments, namely the E3R ligand and the linker, which could be 

assembled through either an amide or an ether bond. 

 

Scheme 4.1 General synthetic approach for the preparation of the E3 ubiquitin ligase-recruiting recruiters. 

In this context, the amine RBM5-144-NH2 was expected to be accessible from RBM5-

123355 through a Williamson etherification reaction with N-Boc bromohexylamine, 

followed by removal of the Boc protecting group (Scheme 4.2, top). Similarly, we 

envisaged that the O-alkylation of RBM5-123 with the alkyl bromide RBM5-164, 

obtained through the acylation of the corresponding PEG amine (RBM5-163) with the 

appropriate 2-bromoacetyl halide, could furnish the required intermediate RBM5-175 

after reduction of the terminal azido group (Scheme 4.2, bottom). 

 

Scheme 4.2 Synthetic approach for the intermediates RBM5-144-NH2 (top) and RBM5-175 (bottom). 

The synthesis of the intermediate RBM5-180 was planned by an amide coupling between 

the amine RBM5-163 and RBM5-178, an appropriately N-protected derivative of 

bestatin, followed by reduction of the terminal azide (Scheme 4.3, top). Likewise, we 

anticipated that an amide coupling between the VHL inhibitor RBM5-189, accessible 

from commercially available building blocks by standard Boc solution phase peptide 
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chemistry,220 and the ω-azido acid RBM5-190, followed by reduction of the terminal 

azide would furnish RBM5-192 (Scheme 4.3, bottom). The synthesis of the linker 

RBM5-190 was designed by O-alkylation of the corresponding primary alcohol356 with 

tert-butyl bromoacetate, followed by the removal of the tert-butyl group. 

 

Scheme 4.3 Synthetic approach for the intermediates RBM5-180 (top) and RBM5-192 (bottom). 

 

4.3.2 Synthesis of the BCN-tagged thalidomide derivatives RBM5-145 and RBM5-

176 

The synthesis of the CRBN recruiters RBM5-145 and RBM5-176 began with the 

preparation of the two key amine intermediates RBM5-144-NH2 and RBM5-175, in 

accordance with our retrosynthetic analysis (Scheme 4.2). Thereby, 3-hydroxyphthalic 

anhydride was condensed with 3-aminopiperidine-2,6-dione hydrochloride in refluxing 

AcOH in the presence of KOAc to afford 4-hydroxythalidomide355 (RBM5-123) in 80 % 

yield (Scheme 4.4). The alkylation of RBM5-123 with N-Boc-6-bromohexanamine 

furnished RBM5-144, together with an N,O-dialkylated by-product that could be easily 

separated by flash column chromatography. The formation of the dialkylation by-product 

can be explained by the considerable acidity of the imide proton in RBM5-123, which 

can also be abstracted by K2CO3 under the reaction conditions. 
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Scheme 4.4 Synthesis of the thalidomide-linker intermediate RBM5-144-NH2. Reagents and conditions: 

(a) 3-Aminopiperidine-2,6-dione·HCl, KOAc, AcOH, reflux, overnight, 80 %; (b) N-Boc-6-

bromohexanamine, K2CO3, DMF, 70 ºC, overnight, 62 %; (c) TFA : CH2Cl2 (1:1), 0 ºC to rt, 2 h, quant. 

The PEG amine linker RBM5-163 was obtained following the methodology reported by 

Goswami et al.,357 as depicted in Scheme 4.5. Thus, tetraethylene glycol was reacted with 

an excess of MsCl (3.0 eq.) to give the corresponding dimesylated intermediate, which 

readily underwent double nucleophilic substitution with NaN3 to produce RBM5-162 in 

good yields. Subsequent Staudinger reduction of RBM5-162 with 1.0 eq. of PPh3 in a 

biphasic mixture of Et2O : 0.5 M aq. HCl (1:1) delivered a complex mixture containing 

the desired amino azide RBM5-163, together with small amounts of unreacted starting 

material, the over-reduced diamine and triphenylphosphine oxide (TPPO). The desired 

amino azide RBM5-163 could be effectively isolated by means of simple acid-base 

extractions (see Figure 6.1 in Experimental section 6.1.4.1). Finally, the acylation of 

RBM5-163 with bromoacetyl bromide afforded RBM5-164. 

 

Scheme 4.5 Synthesis of the PEG linker RBM5-163. Reagents and conditions: (a) (i) MsCl, Et3N, CH2Cl2, 

0 ºC to rt, 3 h, (ii) NaN3, DMF, 85 ºC, overnight, 89 % (over two steps); (b) PPh3, 0.5 M HCl (aq.) : Et2O 

(1:1), rt, overnight, 62 %; (c) 2-bromoacetyl bromide, CH2Cl2 : NaOH (1.0 M) (2:1), ), 0 ºC to rt, overnight, 

60 %. 

Regarding the preparation of the amine intermediate RBM5-175, two different strategies 

were assessed, as shown in Scheme 4.6. Initially, we attempted the direct O-alkylation of 

RBM5-123 with RBM5-164. However, to our surprise, no formation of the desired 

product was observed under these conditions, even after long reaction times. Based on 

the methodology described by Remillard et al.,358 our second strategy started with the 

alkylation of the hydroxyl group of RBM5-123 with tert-butyl bromoacetate to give 

RBM5-172. In this case, the formation of the dialkylation by-product could be minimised 
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by lowering the amount of base (1.5 eq.) and alkylating reagent (1 eq.), and by carrying 

out the reaction at room temperature. After removal of the tert-butyl protecting group 

under acidic conditions, the carboxylic acid RBM5-173 was subjected to EDC–HOBt 

amide coupling with PEG amine RBM5-163 to yield RBM5-174. Finally, the catalytic 

transfer hydrogenation of the terminal azide with TES274 furnished the desired amine 

hydrochloride RBM5-175 in excellent yields. 

 

Scheme 4.6 Synthesis of the thalidomide-linker intermediate RBM5-175. Reagents and conditions: (a) 

tert-butyl bromoacetate, K2CO3, DMF, rt, 3 h, 70 %; (b) TFA : CH2Cl2 (1:1), 0 ºC to rt, 4 h, 95 %; (c) 

RBM5-163, EDC, HOBt, Et3N, CH2Cl2, rt, 2 h, 85 %; (d) TES, Pd-C, MeOH : CHCl3 (9:1), rt, 1 h, 88 %; 

(e) RBM5-164, K2CO3, DMF, rt, 3 h. 

The acid-mediated cleavage of the Boc protecting group in RBM5-144 (Scheme 4.4) 

afforded the corresponding ammonium TFA salt (RBM5-144-NH2·TFA) with no need 

of purification. Finally, the crude amine was reacted with the p-nitrophenyl ester RBM5-

14188 (see Scheme 3.31, Section 3.2.3.3) to give the desired carbamate RBM5-145 in 

excellent yields. Similarly, the amine RBM5-175 was reacted with RBM5-141 to 

produce the carbamate RBM5-176 (Scheme 4.7). The progress of the addition-

elimination reaction could be easily monitored by observing the gradual change of colour 

(from colourless to bright yellow) of the reaction mixture, as a result of the release of the 

4-nitrophenolate anion (yellow at alkaline pH). 
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Scheme 4.7 Synthesis of the BCN-tagged thalidomide derivatives RBM5-145 and RBM5-176. Reagents 

and conditions: (a) RBM5-144-NH2·TFA, CH2Cl2, Et3N, rt, overnight, 88 % (RBM5-145); (b) RBM5-

175, CH2Cl2, Et3N, rt, overnight, 67 % (RBM5-176). 

4.3.3 Synthesis of the BCN-tagged bestatin derivative RBM5-182 

For the synthesis of the IAP recruiter RBM5-182, an appropriately N-protected derivative 

of bestatin was required. The N-protecting group should remain stable throughout the 

entire synthetic route, but its removal should be possible under relatively mild conditions 

so as not to compromise the stability of the BCN moiety. We chose the 2-

(trimethylsilyl)ethoxycarbonyl (Teoc) group for its known stability towards the attack of 

amine nucleophiles and under reducing conditions.258 In addition, the BCN motif has been 

reported to tolerate the conditions used for Teoc deprotection,359,360 which typically 

involve the treatment with tetrabutylammonium fluoride (TBAF). 

Thereby, commercial bestatin was treated with Teoc N-hydroxysuccinimidyl carbonate 

under basic aqueous conditions to give the corresponding N-protected derivative RBM5-

178 (Scheme 4.8). Subsequent amide coupling with the PEG amine RBM5-163 using 

EDC–HOBt as the activating agents furnished the amide RBM5-179 in 85 % yield. 

Following the same strategy as for the preparation of the compound RBM5-176, catalytic 

hydrogenation of the terminal azide in RBM5-179 with Pd–C/TES274 delivered the amine 

hydrochloride RBM5-180 in excellent yields. Then, carbamoylation of the crude amine 

with the p-nitrophenyl activated carbonate ester RBM5-141, followed by 

TBAF-mediated cleavage of the Teoc protecting group furnished the desired IAP 

recruiter RBM5-182.  
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Scheme 4.8 Synthesis of the BCN-tagged bestatin derivative RBM5-182. Reagents and conditions: (a) 

TeocOSu, acetone : NaHCO3 (aq.) (2:1), 0 ºC to rt, 2 h, 82 % (b) RBM5-163, EDC, HOBt, Et3N, CH2Cl2, 

rt, 2 h, 85 %; (c) TES, Pd-C, MeOH : CHCl3 (9:1), rt, 1 h, 98 %; (d) RBM5-141, CH2Cl2, Et3N, rt, overnight, 

94 %; (e) TBAF, THF, 0 ºC to rt, overnight, 53 %. 

4.3.4 Synthesis of the BCN-tagged VHL ligand derivative RBM5-193 

As explained above, our retrosynthetic analysis of the E3 ligase recruiter RBM5-193 

identified three main fragments, namely the VHL ligand, the PEG linker and the BCN 

moiety, that could be synthesized independently and then combined at a later stage, using 

a convergent synthetic strategy.  

The synthesis of the PEG linker started with the desymmetrisation of tetraethylene glycol 

to form the azido alcohol RBM5-170 (Scheme 4.9, step a). To this end, two different 

methodologies were assessed. First, we tried to monomesylate tetraethylene glycol with 

a substoichiometric amount of mesyl chloride (0.9 equiv.) in the presence of a slight 

excess of TEA (1.5 equiv.), followed by the treatment of the crude reaction mixture with 

sodium azide.357 Unfortunately, under these conditions, the mesylation reaction was not 

selective enough and, as a result, we obtained a mixture of unreacted starting material, 

the monomesylated product (RBM5-170, 36 % yield) and the dimesylated product. Silver 

(I) oxide (Ag2O) has been previously used to improve the selectivity of the 

monoalkylation361 and monoacylation362 reactions of symmetrical alcohols. Indeed, 

Goswami et al.357 reported a substantial improvement in the yield of the monomesylation 

of tetraethylene glycol when using Ag2O (from 36 % to 69 %). Nevertheless, for our 

second strategy we used the protocol developed by the group of Prof. Jiang, which 

proceeds through a key macrocyclic sulfate intermediate.363,356,364 In this way, the 
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macrocyclization of tetraethylene glycol with SOCl2 in the presence of TEA and catalytic 

DMAP gave a 14-membered macrocyclic sulphite that was directly oxidized with 

ruthenium tetraoxide generated in situ to form the macrocyclic sulphate RBM5-169 in 78 

% yield over two steps (Scheme 4.9, steps b-d). The nucleophilic ring opening of RBM5-

169 with NaN3, followed by the acidic hydrolysis of the corresponding sulfate salt 

intermediate, provided the azido alcohol RBM5-170 in excellent yields. Then, the 

O-alkylation with tert-butyl bromoacetate, in the presence of NaH, and the subsequent 

acidic cleavage of the tert-butyl ester with TFA furnished the PEG linker RBM5-190. 

 

Scheme 4.9 Synthesis of the PEG linker RBM5-190. Reagents and conditions: (a) (i) MsCl, Et3N, CH2Cl2, 

0 ºC to rt, 2 h, (ii) NaN3, DMF, 65 ºC, 36 % (b) SOCl2, DMAP, Et3N, CH2Cl2, 0 ºC to rt, 2 h, 72 %; (c) 

NaIO4, RuCl3·3H2O, H2O : ACN : CH2Cl2 (3:2:2), 0 ºC to rt, overnight, 78 %; (d) (i) NaN3, DMF, 85 ºC, 5 

h, (ii) H2SO4 (aq.), THF, 0 ºC to reflux, 2 h, 93 %; (e) NaH, tert-butyl bromoacetate, THF, 0 ºC to rt, 

overnight, 63 %; (f) TFA : CH2Cl2 (1:1), 0 ºC to rt, 2 h, 98 %. 

The VHL ligand RBM5-189 was synthesized according to a modification of the six-step 

procedure described by Galdeano et al.221 Thus, as depicted in Scheme 4.10, 4-

methylthiazole was combined with 4-bromobenzonitrile through a Pd-catalyzed Heck 

coupling, followed by the reduction of the nitrile group with NaBH4–CoCl2
365,366 to give 

the amine RBM5-186. Then, Boc-L-hydroxyproline and Boc-L-tert-leucine were 

sequentially introduced through two amide coupling cycles using EDC-HOBt, followed 

by acid-mediated N-Boc deprotection, to furnish RBM5-189. Subsequently, RBM5-189 

and RBM5-190 were brought together by means of an amide coupling to form the 

intermediate RBM5-191 (Scheme 4.10). Finally, as in the preparation of the previous E3 

ubiquitin-ligase recruiters, the azide group underwent Pd-catalyzed hydrogenation and 

the resulting amine was reacted with the activated carbonate mixed ester RBM5-141 to 

provide the VHL recruiter RBM5-193. 
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Scheme 4.10 Synthesis of the BCN-tagged VHL ligand derivative RBM5-193. Reagents and conditions: 

(a) 4-bromobenzonitrile, KOAc, Pd(OAc)2, DMA, 140 ºC, overnight, 82 % (b) NaBH4, CoCl2·6H2O, 

MeOH, 0 ºC to rt, 2h, 47 %; (c) N-Boc-trans-4-hydroxy-L-proline, EDC, HOBt, Et3N, CH2Cl2, rt, 2 h, 63 

%; (d) TFA : CH2Cl2 (1:1), 0 ºC to rt, 1 h, quant.; (e) N-Boc-L-tert-leucine, EDC, HOBt, Et3N, CH2Cl2, rt, 

2 h, 81 %; (f) RBM5-190, EDC, HOBt, Et3N, CH2Cl2, rt, 2 h, 32 %; (g) TES, Pd-C, MeOH : CHCl3 (9:1), 

rt, 1 h, 87 %; (h) RBM5-141, CH2Cl2, Et3N, rt, overnight, 77 %.
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The most relevant conclusions of the present doctoral thesis are highlighted in this 

section. 

• Conclusions from Section 3: 

A) Chemical synthesis (Section 3.2) 

1. The diastereoselective addition of a vinylzinc nucleophile derived from the 

O-protected alkynol RBM5-013 to the aldehyde RBM5-003 proved to be an 

efficient method for the synthesis of the sphingoid backbone of RBM5-019. The 

intramolecular cyclization of the intermediate RBM5-015, through a 

C3-inversion mechanism, was crucial to obtain the key (2S,3R) anti-configured 

oxazolidinone intermediate RBM5-016a in an optically pure fashion. The use of 

nOe experiments from the cyclic intermediates RBM5-016a and RBM5-016b 

allowed the configurational assignment of the stereogenic centers at the C2 and 

C3 positions of the sphingoid backbone.  

2. The OCM reaction between the optically pure (2S,3R)-anti vinyl alcohol RBM5-

084 and an appropriate ω-bromoalkene was useful for the synthesis of the 

sphingoid backbone required for the probes RBM5-129 and RBM5-155. In these 

probes, the NBD group could be introduced at a later stage of the synthesis by 

reaction of the corresponding terminal amine with NBD-Cl. 

3. Our attempts to obtain the MCP-tagged doxdhSo probe RBM5-115 through a 

similar approach as for the NBD-tagged probes were unsuccessful, allegedly due 

to the poor stability of the MCP moiety under the reaction conditions of the last 

steps of the synthetic sequence. 

4. A small library of FA analogues with different chain lengths and chemical 

reporters amenable to different bioorthogonal reactions were designed and 

synthesized. The nucleophilic substitution of appropriate ω-bromoester 

precursors with sorbyl alcohol, followed by alkaline hydrolysis of the resulting 

esters, was the method of choice for the synthesis of the diene-tagged FAs RBM5-

044, RBM5-029 and RBM5-035, whereas the oxidation of ω-alkynol precursors 

was suitable to obtain the alkyne-tagged FAs RBM5-053 and RBM5-072. The 

preparation of the azide-tagged FAs RBM5-065 and RBM5-068, as well as that 

of the alkene FA RBM5-097, was carried out from the corresponding ω-

hydroxyacids following standard protocols. The synthesis of the MCP-tagged 
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palmitic acid could not be accomplished due to the impossibility to find an 

appropriate methodology to perform the last carbamoylation reaction. 

5. Three Tz-based and two BCN-derived fluorescent reagents bearing either the 

MCC or the NR fluorescent groups were synthesized for their use in IEDDA or 

SPAAC bioorthogonal reactions, respectively. All of them were obtained 

uneventfully by standard amide coupling from suitable precursors. 

6. The SPAAC cycloadducts RBM5-160, RBM5-161 and RBM5-196 could be 

successfully obtained from the reaction between the corresponding BCN 

precursors and terminal azides. However, the IEDDA reactions between terminal 

alkene FA and tetrazines were too sluggish and, thus, the corresponding 

cycloaddition adducts could not be synthesized. 

B) Fluorescence studies (Section 3.3) 

1. The fluorescence spectroscopic properties of the monochromophoric MCC-based 

staining reagents RBM5-139 (Tz) and RBM5-142 (BCN), the NBD-labelled 

doxdhCer probes RBM5-130, RBM5-154 and RBM5-159, and the NR-based 

staining reagents RBM5-122 (Tz), RBM5-140 (Tz) and RBM5-143 (BCN), as 

well as those of the bichromophoric compounds RBM5-160 and RBM5-161 were 

analysed in various solvent systems. The different Tz staining reagents could only 

be properly characterized in DMSO due to solubility issues. 

2. The MCC-based staining reagents RBM5-139 (Tz) and RBM5-142 (BCN) had 

their maximum absorption and emission wavelengths around 346 and 400 nm, 

respectively. The molar extinction coefficient and the fluorescence quantum yield 

of compound RBM5-142 were greatly affected by the nature of the solvent, 

showing the highest values in EtOH. 

3. The absorption spectra of the NBD-labelled doxdhCer probes RBM5-130, 

RBM5-154 and RBM5-159 displayed two absorption bands with their maxima at 

about 340 and 470 nm, whereas their emission spectra only presented a single 

band with its maximum wavelength around 535 nm. A bathochromic shift was 

observed both in the main absorption band and in the emission band of compound 

RBM5-154 when the polarity of the solvent was increased. The highest 

fluorescence quantum yield values for these compounds were obtained in EtOH. 
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4. The NR-based staining reagents RBM5-122 (Tz), RBM5-140 (Tz) and RBM5-

143 (BCN) had their maximum absorption and emission wavelengths at around 

550 nm and 630 nm, respectively. The absorption band of these compounds was 

considerably wide, and the location of its maxima was influenced by the polarity 

of the solvent. As expected, the fluorescence of RBM5-143 was strongly 

quenched in aqueous media.  

5. The theoretical values of the spectral overlap integral (𝐽(𝜆)) and the Förster radius 

(R0) for the two possible donor-acceptor fluorophore pairs (i.e. MCC/NBD and 

NBD/NR) were calculated from the absorption and fluorescence spectral data of 

the monochromophoric compounds. These parameters anticipated an efficient 

FRET process, especially for the NBD/NR pair, provided that the 

interchromophoric distances were in the appropriate range. 

6. The compounds RBM5-160 and RBM5-161 presented two absorption bands and 

two emission bands each, owing to the presence of two fluorescent groups in each 

molecule. The shapes of the absorption bands of the two bichromophoric 

compounds were slightly different from those of the related monochromophoric 

compounds, suggesting the presence of intramolecular attractive interactions 

between the two fluorophores in each compound. Furthermore, the decrease of 

the fluorescence intensity of the donor component in the emission spectra of 

RBM5-160 and RBM5-161, when compared with those of the related 

monochromophoric compounds, which was particularly evident in the case of 

RBM5-161, was indicative of a highly efficient FRET process. For both 

bichromophoric compounds, the highest fluorescence emission intensities were 

observed in EtOH. 

7. The FRET efficiencies of the compounds RBM5-160 and RBM5-161 were 

estimated by measuring the quenching of the donor emission in the presence of 

the acceptor. Due to the considerable overlapping of the absorption and the 

emission bands of the donor and the acceptor components of RBM5-160 and 

RBM5-161, the spectra of these compounds were subjected to deconvolution in 

order to isolate the different components, previous to their use for the calculation 

of the FRET efficiency. The calculated FRET efficiencies for RBM5-160 and 

RBM5-161 were in the range of 0.56-0.88 and 0.88-0.96, respectively. For both 
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compounds, the FRET process in EtOH seemed to be more efficient than in 

DMSO. 

8. An estimation of the DEB and the AEB occurring in the compounds RBM5-160 

and RBM5-161 was calculated from the available spectroscopic data. For both 

compounds, the DEB was practically negligible (< 2% of the total integrated 

fluorescence intensity). Conversely, the two compounds displayed a considerable 

AEB (24-46 % of the total integrated fluorescence intensity), which could 

potentially lead to an overestimation of the FRET efficiency, if not considered. 

C) Biological studies (Section 3.4) 

1. The ω-azido doxdhSo probe RMB5-019 was validated as a suitable CerS 

substrate in A549 cells. In the different experiments performed, RMB5-019 was 

N-acylated by CerS enzymes with the endogenous FAs, the reference FA d3-PA, 

and the various FA analogues that were synthesized, as demonstrated by the 

LC-MS analysis of the lipid extracts. The clickable FA analogues that showed the 

highest metabolic incorporation into the probe RBM5-019 were RBM5-035 

(diene), RBM5-053 (alkyne), RBM5-097 (alkene) and RBM5-065 (azide). 

However, these FA analogues were not only metabolised by CerS enzymes, but 

also by FA elongases, leading to the unwanted formation of elongated FA 

analogues and the corresponding elongated doxdhCer species. Unfortunately, our 

different attempts to reduce the elongation of the FA analogues, including the 

pre-treatment with the FA synthesis inhibitors TOFA and cerulenin, were 

unsuccessful. 

2. The compound CO-1 was found to be an excellent staining reagent for the 

fluorescent labelling of the doxdhSo probe RBM5-019, as evidenced by the 

confocal microscopy experiments in A549 cells. Unfortunately, the fluorescent 

labelling of the FA analogues using various Cy3-based reagents proved to be 

exceptionally challenging and, thus, the first approach involving two 

bioorthogonal reactions was deemed unfit for developing the CerS assay. 

3. The C11 NBD-tagged doxdhSo probe RBM5-129 was a poor CerS substrate, 

showing an almost negligible N-acylation with both the endogenous FAs and the 

reference FA d3-PA in A549 cells. Even though the C18 NBD-doxdhSo probe 

RBM5-155 displayed a better metabolic incorporation, the formation of the 
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doxdhCer resulting from its N-acylation with the azido-tagged FA RBM5-065 

(the doxdhCer RBM5-159) in A549 cells and MEF cells was still far from ideal. 

Fortunately, this issue could be solved by using HEK293T cells transfected with 

human CerS5. Furthermore, as a result of the high abundance of the desired 

doxdhCer RBM5-159, the formation of elongated doxdhCer species in the 

HEK293T transfected cells became almost insignificant. 

4. Preliminary studies carried out in cell-free systems suggested that the SPAAC 

reaction between the doxdhCer RBM5-159 and the NR-based reagent RBM5-143 

could be monitored by measuring the changes in donor/acceptor fluorescence 

emission. When we used the compound RBM5-143 to fluorescently label the 

doxdhCer RBM5-159 generated in the CerS assay, the formation of the 

corresponding triazole adduct RBM5-161 could be confirmed by LC-MS. 

Unfortunately, we were unable to measure the fluorescence emission arising from 

FRET due to the existence of a high background noise. A thorough examination 

of the lipididome revealed that the background noise was likely produced as a 

result of the incorporation of the FA analogue RBM5-053 into phospholipids and 

its subsequent fluorescent labelling with RBM5-143. Unfortunately, our attempts 

to solve this issue by using the inhibitor of PL synthesis FSG67 or by using various 

scavenger resins were unfruitful and, thus, our main goal of developing a 

FRET-based fluorescence assay to determine the CerS activity remains 

unachieved.  

• Conclusions from Section 4: 

1. Four novel BCN-tagged E3Rs have been synthesized by an addition-elimination 

reaction between a set of key amine intermediates, comprising the linker and the 

E3 ligase ligand, with the activated p-nitrophenyl carbonate ester RBM5-141. The 

final compounds RBM5-145 and RBM5-176 contain the CRBN ligand 

thalidomide, whereas RBM5-182 and RBM5-193 contain a bestatin moiety and 

the peptidomimetic VHL ligand for recruiting the IAP and the VHL E3 ligases, 

respectively. These derivatives are expected to be used in future studies in 

combination with azide-tagged SL analogues synthesized in our group, such as 

the Jaspine B analogue RBM1-123, to obtain new CLIPTAC platforms targeting 

the ubiquitination and proteasomal degradation of SL metabolising enzymes. 
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6.1 Chemistry 

6.1.1 General remarks 

Reactions were performed under Ar atmosphere, unless otherwise specified. 

Commercially available reagents and solvents were used without any further purification. 

Anhydrous THF, Et2O, CH3CN, DMF and CH2Cl2 were obtained by passing through an 

activated alumina column on a Solvent Purification System and subsequently degassed 

with inert gas. Anhydrous EtOH, Et3N, pyridine and 1,3-DAP were prepared by 

distillation over an appropriate drying agent367 and stored over 4 Å molecular sieves under 

argon atmosphere. Molecular sieves were previously activated at 150 ºC under high 

vacuum for 5 h and kept under Ar atmosphere. Potassium tert-butoxide was sublimed 

prior to its use.  

All reactions were monitored by TLC analysis, using ALUGRAM® SIL G/UV254 

(Macherey–Nagel) silica gel pre–coated aluminium sheets (Layer: 0.2 mm, silica gel 60). 

UV light was used as the visualising agent (at λ = 254 nm or λ = 365 nm), and a 5 % (w/v) 

ethanolic solution of phosphomolybdic acid was used as the developing agent. Flash 

column chromatography purifications were carried out with the indicated solvent systems 

using flash-grade silica gel (Chromatogel 60 Å, 35–75 μm) as the stationary phase. Yields 

refer to chromatographically and spectroscopically pure compounds, unless otherwise 

stated. 

NMR spectra were recorded at room temperature on a Varian Mercury 400 (1H NMR at 

400 MHz and 13C NMR at 100.6 MHz) spectrometer using CDCl3, CD3OD, DMSO-d6, 

CD3CN or D2O as solvent. The chemical shifts are reported in parts per million (ppm) 

relative to the deuterated solvent, and the coupling constants (J) are given in Hertz (Hz). 

The multiplicities in the 1H NMR spectra have been defined using the following 

abbreviations: s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of doublets, 

ddd = doublet of doublet of doublets, m = multiplet and br = broad signal. Specific optical 

rotations were measured at room temperature on a digital Perkin Elmer 341 polarimeter 

in a 1–dm cell, using a sodium light lamp (λ=589 nm). Specific optical rotation ([α]D) 

values are expressed in deg–1·cm3·g–1, and concentrations (c) are reported in g/100 mL of 

solvent. HRMS analysis were performed on an Acquity UPLC system coupled to an LCT 

Premier orthogonal accelerated time-of-flight mass spectrometer (Waters) through 

electrospray ionization (ESI). Samples were analysed by FIA (Flow Injection Analysis), 
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using ACN/water (70:30) as the mobile phase, and a 10 μL injection volume. M/z ratios 

are reported in atomic mass units.  

6.1.2 General methods 

General procedure 1: Alkylation of terminal alkynes with alkyl halides  

A stirred solution of the selected terminal alkyne (17.2 mmol) in anhydrous THF (25 mL) 

containing 3.5 equiv of HMPA was treated dropwise with n‐BuLi (2.5 M in hexanes, 2 

equiv) at –78 °C under argon atmosphere. After stirring for 30 min at –30 °C, the 

appropriate alkyl halide (1.1 equiv) was added neat. Then, the solution was allowed to 

warm to rt and further stirred overnight. The reaction was quenched with saturated 

aqueous NH4Cl (25 mL), and the resulting mixture was extracted with EtOAc (3 x 50 

mL). The combined organic extracts were washed with brine (2 x 50 mL), dried over 

anhydrous MgSO4, concentrated to dryness, and the crude product was purified by flash 

column chromatography to give the corresponding internal alkyne.  

General procedure 2: Alkyne zipper reaction  

Lithium (5 equiv) was added to a flame-dried round bottom flask containing freshly 

distilled 1,3-DAP (8 mL) under argon atmosphere, and the resulting dark blue solution 

was heated to 70 ºC for 4 h. The reaction mixture, which turned into a milky white 

suspension, was then cooled to rt and KOtBu (3 equiv) was added all at once. After 

stirring for 15 min, the selected internal alkyne (2.8 mmol) was added in one portion, and 

the resultant brown slurry was stirred overnight at rt. The reaction mixture was poured 

into ice‐water (50 mL) and extracted with EtOAc (3 x 25 mL). The combined organic 

extracts were washed with 1 M HCl (aq) (2 x 20 mL), brine (2 x 20 mL), dried over 

anhydrous MgSO4, concentrated under reduced pressure, and the crude was purified by 

flash column chromatography to afford the desired terminal alkyne.  

General procedure 3: Catalytic hydrogenation of double bonds  

A solution of the required allylic alcohol (1.6 mmol) in degassed MeOH (60 mL) was 

hydrogenated at 1 atm and rt in the presence of 15 % (w/w) Rh/Al2O3. After stirring for 

3 h, the catalyst was removed by filtration through a Celite® pad, and the particles were 

rinsed with MeOH (3 x 10 mL). The combined filtrates were concentrated in vacuo, and 
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the resulting residue was subjected to flash chromatography on silica gel to yield the 

corresponding compound. 

General procedure 4: Bromination of primary alcohols with NBS–PPh3  

A stirred solution of the selected alcohol (4.7 mmol) and PPh3 (1.1 equiv) in anhydrous 

CH2Cl2 (45 mL) was cooled to 0 ºC, and NBS (1.2 equiv) was added in small portions 

over 10 min. The resultant dark yellow solution was allowed to warm to rt and stirred for 

1 h, after which the solvent was removed by vacuum evaporation. The residue was then 

diluted with water (50 mL), extracted with hexanes (3 x 50 mL), and the combined 

organic layers were washed with brine (2 x 25 mL), dried over anhydrous MgSO4 and 

concentrated to dryness to give a crude, which was purified as indicated for each 

compound. 

General procedure 5: Nucleophilic substitution reactions with NaN3  

To a stirred solution of the appropriate alkyl halide, mesylate or cyclic sulphate (0.5 

mmol) in anhydrous DMF (5 mL) was added NaN3 (3 equiv). The mixture was heated to 

80 ºC and stirred for 3 h under argon atmosphere. After the reaction was complete, water 

was added (20 mL), and the aqueous layer was extracted with Et2O (3 x 20 mL). The 

combined organic extracts were thoroughly washed with brine (3 x 20 mL), dried over 

MgSO4, filtered, and concentrated in the rotavapor. The crude was purified by flash 

column chromatography to give the required aliphatic azide compound. 

General procedure 6: Acid-catalysed formation of methyl esters  

A solution of the selected carboxylic acid (5 mmol) in MeOH (10 mL) was treated with 

a catalytic amount of concentrated H2SO4 at rt and the mixture was then refluxed for 4 h. 

The reaction was quenched by the addition of a few drops of saturated aqueous NaHCO3 

and the volatiles were removed under reduced pressure. The residue was taken up in water 

(50 mL), extracted with EtOAc (3 x 50 mL), and the combined extracts were washed with 

brine (2 x 25 mL), dried over MgSO4, filtered, and concentrated in vacuo. The crude 

mixture was purified by flash chromatography on a silica column to yield the 

corresponding methyl ester. 
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General procedure 7: Base-promoted dehydrohalogenation of terminal haloalkanes  

To a freshly prepared 1 M solution of KOtBu (5 equiv) in dry THF (25 mL) was added a 

solution of the appropriate alkyl halide (5 mmol) in dry THF (5 mL), and the resulting 

suspension was stirred at rt under argon atmosphere. After 4 h, the reaction was quenched 

by the slow addition of 1 M aqueous HCl (30 mL) at 0 ºC, and the mixture was extracted 

with Et2O (3 x 25 mL). The combined organic layers were washed with brine (2 x 20 

mL), dried over MgSO4, and concentrated to give a crude, which was purified as indicated 

for each compound. 

General procedure 8: Catalytic hydrogenation of aliphatic azides with TES/Pd−C  

To a solution of the selected azide (1.4 mmol) and Pd-C (20 % w/w) in degassed 

MeOH-CHCl3 (9:1) (20 mL) was added dropwise neat TES (10 equiv), and the resultant 

suspension was stirred at rt under an argon-filled balloon. After stirring for 1 h, the 

reaction mixture was filtered through a Celite® pad, and the particles were rinsed with 

MeOH (3 x 5 mL). The combined filtrates were concentrated in vacuo and the residue 

was triturated with hexanes (4 x 2 mL) to give the desired amine hydrochloride without 

the need of further purification.  

General procedure 9: Base-catalysed hydrolysis of esters  

LiOH (3 equiv) was added in one portion to a stirred solution of the appropriate ester (0.8 

mmol) in THF–H2O (3:1) (80 mL) at 0 ºC. After stirring at the same temperature for 2 h, 

the reaction mixture was acidified with 1M aqueous HCl until pH 2 and extracted with 

EtOAc (3 x 20 mL). The combined organic extracts were dried over anhydrous MgSO4, 

filtered and concentrated under vacuum. The crude mixture was purified by flash column 

chromatography to give the corresponding carboxylic acids. 

General procedure 10: Acid‒mediated removal of N‒Boc protecting groups  

To an ice-cooled solution of the selected N‒Boc protected amine (0.2 mmol) in CH2Cl2 

(1 mL) was added dropwise neat TFA (1 mL). After stirring at rt for 2 h, the reaction 

mixture was concentrated in vacuo to give a crude, which was purified as indicated for 

each compound. 
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General procedure 11: EDC/HOBt coupling for amide‒bond formation (EIG290) 

EDC·HCl (1.6 equiv) and HOBt (1.3 equiv) were sequentially added to an ice-cooled 

solution of the corresponding carboxylic acid (1.1 equiv) in anhydrous CH2Cl2 (25 mL), 

and the resulting mixture was vigorously stirred at rt under argon atmosphere. After 15 

min, the previous mixture was added dropwise to a solution of the selected amine (5 

mmol) and TEA (5 equiv) in anhydrous CH2Cl2 (25 mL), and the reaction was stirred at 

rt for 2 h. The mixture was next diluted with CH2Cl2 (50 mL) and washed with brine (2 x 

25 mL). The organic layer was dried over MgSO4, filtered, and the volatiles were removed 

under reduced pressure. Purification of the crude mixture by flash column 

chromatography afforded the corresponding amide. 

General procedure 12: Ru‒catalysed olefin cross metathesis (EIG167) 

To a stirred solution of RBM5-084 (1.0 mmol) and the other required olefin (3.5 

equiv/mol) in degassed CH2Cl2 (10 mL), 2nd generation Grubbs’ catalyst (0.03 equiv/mol) 

was added in one portion at rt. The resulting mixture was refluxed in the dark for 2 h, 

cooled to rt and concentrated in vacuo to afford a crude, which was purified as indicated 

for each compound. 

6.1.3 Synthesis and characterization of the compounds from Section 3 

6.1.3.1 Spisulosin-based probes 

i. Azide-tagged doxdhSo probe RBM5-019 

Dodec-2-yn-1-ol (RBM5-001)246 

 

Compound RBM5-001 (light yellow oil, 3.25 g, 63 %) was obtained from prop-2-yn-1-

ol (1.7 mL, 28.54 mmol), n‐BuLi (2.5 M solution in hexanes, 24.5 mL, 61.36 mmol) and 

1‐bromononane (5.8 mL, 29.97 mmol) in anhydrous THF (40 mL) containing HMPA 

(17.4 mL, 99.90 mmol) according to the general procedure 1. The title compound was 

purified by flash chromatography on silica gel (from 0 to 12 % EtOAc in hexanes). 
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1H NMR (400 MHz, CDCl3) δ 4.27 – 4.23 (m, 2H), 2.21 (tt, J = 7.2, 2.2 Hz, 2H), 1.53 – 

1.46 (m, 2H), 1.41 – 1.33 (m, 2H), 1.32 – 1.22 (m, 10H), 0.88 (t, J = 6.8 Hz, 3H).  

13C NMR (101 MHz, CDCl3) δ 86.7, 78.4, 51.5, 32.0, 29.6, 29.4, 29.3, 29.0, 28.7, 22.8, 

18.9, 14.2. 

HRMS calcd. for C12H22NaO ([M+Na]+): 205.1563, found: 205.1559. 

 

Dodec-11-yn-1-ol (RBM5-002)246 

 

Compound RBM5-002 (light yellow oil, 2.77 g, 77 %) was obtained from RBM5-001 

(3.60 g, 19.75 mmol), lithium (680 mg, 98.74 mmol) and KOtBu (6.65 g, 59.24 mmol) in 

freshly distilled 1,3-DAP (45 mL) according to the general procedure 2. The title 

compound was purified by flash chromatography on silica gel (from 0 to 16 % EtOAc in 

hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.63 (t, J = 6.6 Hz, 2H), 2.17 (td, J = 7.1, 2.7 Hz, 2H), 

1.93 (t, J = 2.7 Hz, 1H), 1.60 – 1.46 (m, 4H), 1.42 – 1.26 (m, 12H). 

13C NMR (101 MHz, CDCl3) δ 84.7, 68.1, 62.7, 32.7, 29.6, 29.4, 29.4, 29.1, 28.7, 28.5, 

25.8, 18.4. 

HRMS calcd. for C12H23O ([M+H]+): 183.1743, found: 183.1732. 

 

tert-Butyl(dodec-11-yn-1-yloxy)diphenylsilane (RBM5-013) 

 

Neat TBDPSCl (7.0 mL, 26.44 mmol) was added dropwise to an ice–cooled suspension 

of RBM5-002 (4.00 g, 21.94 mmol) and imidazole (2.99 g, 43.88 mmol) in anhydrous 

CH2Cl2 (80 mL). After stirring for 2 h at rt, the reaction was quenched by the addition of 
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water (50 mL), and the resulting mixture was extracted with CH2Cl2 (3 x 50 mL). The 

combined organic extracts were washed with brine, dried over anhydrous MgSO4, and 

concentrated under reduced pressure. The crude product was purified by flash column 

chromatography (from 0 to 2 % Et2O in hexanes) to give compound RBM5-013 (7.76 g, 

84 %) as a colourless oil. 

 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.65 (m, 4H), 7.44 – 7.35 (m, 6H), 3.65 (t, J = 6.5 

Hz, 2H), 2.18 (td, J = 7.1, 2.6 Hz, 2H), 1.94 (t, J = 2.6 Hz, 1H), 1.61 – 1.46 (m, 4H), 1.36 

(dt, J = 21.3, 7.6 Hz, 4H), 1.26 (s, 8H), 1.05 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 135.7, 134.3, 129.6, 127.7, 84.9, 68.2, 64.1, 32.7, 29.7, 

29.6, 29.5, 29.2, 28.9, 28.6, 27.0, 25.9, 19.4, 18.5.  

 

tert-butyl (S)-(1-Oxopropan-2-yl)carbamate (RBM5-003) 

 

IBX (11.99 g, 42.80 mmol) was added in one portion to a stirred solution of commercial 

N-Boc-L-alaninol (5.00 g, 28.53 mmol) in EtOAc (80 mL) and the resulting white 

suspension was heated at reflux temperature. After stirring overnight, the reaction was 

cooled to 0 ºC (ice/water bath), filtered over a pad of Celite®, and the filter cake was 

rinsed with ice–cold EtOAc. The filtrates were 

 concentrated under reduced pressure and the crude product was purified by flash column 

chromatography (from 0 to 18 % EtOAc in hexanes) to afford RBM5-003 (4.18 g, 85 %) 

as a white solid. 

 

[α]20
D = +23.1 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 9.56 (s, 1H), 5.09 (br s, 1H), 4.30 – 4.16 (m, 1H), 1.45 (s, 

9H), 1.33 (d, J = 7.4 Hz, 3H). 
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13C NMR (101 MHz, CDCl3) δ 199.9, 155.4, 80.2, 55.7, 28.4, 15.0. 

HRMS calcd. for C8H15NNaO3 ([M+Na]+): 196.0944, found: 196.0951. 

 

tert-butyl ((2S,E)-15-((tert-butyldiphenylsilyl)oxy)-3-Hydroxypentadec-4-en-2-

yl)carbamate (RBM5-014) 

 

Neat RBM5-013 (1.79 g, 4.24 mmol) was added to an ice–cooled suspension of 

Cp2Zr(H)Cl (1.30 g, 5.05 mmol) in anhydrous CH2Cl2 (5 mL) under argon. After stirring 

at rt for 40 min, the resulting orange solution was cooled to ‒40 ºC and then treated with 

Et2Zn (1.0 M in hexanes, 5.7 mL, 5.7 mmol), followed by the dropwise addition of a 

solution of RBM5-003 (700 mg, 4.04 mmol) in anhydrous CH2Cl2 (3 mL). After stirring 

for 2 h at 0 ºC, the reaction mixture was poured onto ice-water and extracted with CH2Cl2 

(3 x 50 mL). The combined organic extracts were washed with brine, dried over 

anhydrous MgSO4, filtered and concentrated in vacuo. Purification of the crude product 

by flash column chromatography (from 0 to 30 % EtOAc in hexanes) furnished 

RBM5-014 (450 mg, 19 %, inseparable 5:1 mixture of syn/anti diastereomers) as a 

light-yellow thick oil. 

 

1H NMR (400 MHz, CDCl3) (syn diastereomer) δ 7.69 – 7.65 (m, 4H), 7.44 – 7.35 (m, 

6H), 5.71 (dtd, J = 15.4, 6.7, 1.0 Hz, 1H), 5.47 (ddt, J = 15.4, 7.1, 1.5 Hz, 1H), 4.63 (br 

s, 1H), 3.96 – 3.91 (m, 1H), 3.65 (app t, J = 6.5 Hz, 3H), 2.26 (s, 1H), 2.08 – 2.00 (m, 

2H), 1.60 – 1.51 (m, 2H), 1.45 (s, 9H), 1.40 – 1.31 (m, 4H), 1.25 (t, J = 3.4 Hz, 10H), 

1.14 (d, J = 6.8 Hz, 3H), 1.05 (s, 9H). 

13C NMR (101 MHz, CDCl3) (syn diastereomer) δ 156.2, 135.6, 134.2, 133.8, 129.6, 

129.5, 127.6, 79.3, 75.8, 64.0, 51.0, 32.6, 32.4, 29.7, 29.6, 29.5, 29.4, 29.3, 29.2, 28.5, 

26.9, 25.8, 19.2, 17.6. 

HRMS calcd. for C36H58NO4Si ([M+H]+): 596.4130, found: 596.4130. 
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tert-butyl ((2S)-15-((tert-butyldiphenylsilyl)oxy)-3-Hydroxypentadecan-2-

yl)carbamate (RBM5-015) 

 

Compound RBM5-015 (light yellow oil, 260 mg, 86 %, inseparable 5:1 mixture of 

syn/anti diastereomers) was obtained from alkene RBM5-014 (300 mg, 0.50 mmol), and 

Rh/Al2O3 (30 mg) in degassed EtOAc (10 mL) according to the general procedure 3. The 

title compound was purified by flash chromatography on silica gel (from 0 to 18 % EtOAc 

in hexanes). 

 

1H NMR (400 MHz, CDCl3) (syn diastereomer) δ 7.69 – 7.65 (m, 4H), 7.44 – 7.35 (m, 

6H), 4.66 (br s, 1H), 3.65 (app t, J = 6.5 Hz, 3H), 3.51 – 3.44 (m, 1H), 1.59 – 1.51 (m, 

2H), 1.48 – 1.40 (m, 11H), 1.36 – 1.22 (m, 18H), 1.17 (d, J = 6.8 Hz, 3H), 1.05 (s, 9H). 

13C NMR (101 MHz, CDCl3) (syn diastereomer) δ 156.3, 135.7, 134.3, 129.6, 127.7, 79.4, 

75.0, 64.1, 50.3, 34.3, 33.6, 32.7, 29.8, 29.8, 29.8, 29.7, 29.7, 29.5, 28.5, 28.5, 27.0, 26.2, 

25.9, 25.8, 19.3, 18.5.  

HRMS calcd. for C36H60NO4Si ([M+H]+): 598.4286, found: 598.4270. 

 

(4S,5R)-5-(12-((tert-butyldiphenylsilyl)oxy)dodecyl)-4-Methyloxazolidin-2-one 

(RBM5-016a) and (4S,5S)-5-(12-((tert-butyldiphenylsilyl)oxy)dodecyl)-4-

methyloxazolidin-2-one (RBM5-016b) 

  

Neat methanesulfonyl chloride (109 μL, 1.40 mmol) was added to an ice–cooled stirred 

solution of RBM5-015 (560 mg, 0.94 mmol) in anhydrous CH2Cl2 (20 mL) containing 

Et3N (260 μL, 1.87 mmol). After stirring for at rt for 2 h, the reaction mixture was 
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quenched by adding water (15 mL) and extracted with CH2Cl2 (3 x 25 mL). The combined 

organic extracts were washed with brine (25 mL), dried over anhydrous MgSO4, and 

evaporated to dryness. The resulting solid residue was taken up in 1,2–DCE (20 mL), 

treated with Et3N (653 μL, 4.7 mmol) and heated to reflux. After stirring overnight, the 

reaction was allowed to cool to rt, water was added (15 mL), and the resulting mixture 

was extracted with CH2Cl2 (3 x 25 mL). The combined organic extracts were washed with 

brine (25 mL), dried over anhydrous MgSO4, filtered and concentrated under reduced 

pressure. Flash column chromatography of the residue (from 0 to 30 % EtOAc in hexanes) 

yielded RBM5-016a (300 mg, 61 %), and RBM5-009b (80 mg, 16 %) as light-yellow 

oils. 

 

RBM5-016a  

[α]20
D = +6.5 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.65 (m, 4H), 7.44 – 7.34 (m, 6H), 4.88 (br s, 1H), 

4.56 (ddd, J = 9.0, 7.1, 3.8 Hz, 1H), 3.88 (app p, J = 6.7 Hz, 1H), 3.65 (t, J = 6.5 Hz, 2H), 

1.78 – 1.69 (m, 1H), 1.60 – 1.46 (m, 5H), 1.39 – 1.21 (m, 16H), 1.16 (d, J = 6.5 Hz, 3H), 

1.04 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 160.0, 135.6, 134.3, 129.5, 127.6, 80.3, 64.1, 51.2, 32.7, 

29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 29.5, 29.2, 27.0, 26.0, 25.9, 19.3, 15.9. 

HRMS calcd. for C32H50NO3Si ([M+H]+): 524.3554, found: 524.3544. 

 

RBM5–016b  

[α]20
D = –19.4 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 7.69 – 7.65 (m, 4H), 7.45 – 7.34 (m, 6H), 5.36 (br s, 1H), 

4.09 (ddd, J = 7.8, 6.4, 4.9 Hz, 1H), 3.65 (t, J = 6.5 Hz, 2H), 3.60 – 3.52 (m, 1H), 1.77 – 

1.68 (m, 1H), 1.67 – 1.60 (m, 1H), 1.59 – 1.45 (m, 3H), 1.38 – 1.21 (m, 20H), 1.05 (s, 

9H). 
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13C NMR (101 MHz, CDCl3) δ 159.1, 135.7, 134.4, 129.6, 127.7, 84.4, 64.2, 53.7, 34.3, 

32.7, 29.8, 29.7, 29.7, 29.7, 29.6, 29.5, 29.5, 27.0, 25.9, 25.0, 20.8, 19.4. 

 

(4S,5R)-5-(12-Hydroxydodecyl)-4-methyloxazolidin-2-one (RBM5-017) 

 

A solution of RBM5-016a (220 mg, 0.42 mmol) in anhydrous THF (10 mL) was treated 

with TBAF (1.0 M in THF, 840 μL, 0.84 mmol). After stirring for 2 h at 0 ºC, the reaction 

was quenched by adding saturated aqueous NH4Cl (10 mL) and extracted with Et2O (3 x 

25 mL). The combined organic extracts were washed with brine (2 x 10 mL), dried over 

anhydrous MgSO4, concentrated under reduced pressure purified by flash column 

chromatography (from 0 to 100 % EtOAc in hexanes) to give RBM5–017 (110 mg, 92 

%) as an off-white solid. 

 

[α]20
D = +12.3 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 6.09 (br s, 1H), 4.53 (td, J = 9.3, 8.4, 3.5 Hz, 1H), 3.87 

(app p, J = 6.7 Hz, 1H), 3.61 (t, J = 6.7 Hz, 2H), 1.87 (br s, 1H), 1.77 – 1.64 (m, 1H), 

1.59 – 1.43 (m, 3H), 1.37 – 1.19 (m, 18H), 1.13 (d, J = 6.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 159.9, 80.4, 63.1, 51.2, 32.9, 29.7, 29.6, 29.6, 29.5, 29.5, 

29.5, 29.5, 29.2, 25.9, 25.8, 16.0. 

HRMS calcd. for C16H32NO3 ([M+H]+): 286.2377, found: 286.2360. 
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(4S,5R)-5-(12-Azidododecyl)-4-methyloxazolidin-2-one (RBM5-018) 

 

A solution of NBS (49 mg, 0.23 mmol) in DMF (1 mL) was added dropwise to an ice–

cooled solution of RBM5-017 (65 mg, 0.23 mmol) and triphenylphosphine (66 mg, 0.25 

mmol) in DMF (2 mL). After stirring at rt for 2 h, NaN3 (44 mg, 0.68 mmol) was added 

in one portion and the mixture was heated to 75 ºC and stirred for additional 5 h. After 

completion (TLC), the reaction was diluted with brine (10 mL) and the resulting 

suspension was extracted with Et2O (3 x 20 mL). The combined organic extracts were 

thoroughly washed with brine (3 x 5 mL), dried over anhydrous MgSO4, concentrated to 

dryness and the residue was purified by flash column chromatography (from 0 to 34 % 

EtOAc in hexanes) to afford RBM5-018 (50 mg, 71 %) as an off-white solid. 

 

[α]20
D = +12.3 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 5.89 (br s, 1H), 4.54 (ddd, J = 9.5, 7.4, 3.9 Hz, 1H), 3.88 

(app p, J = 6.7 Hz, 1H), 3.24 (t, J = 7.0 Hz, 2H), 1.76 – 1.67 (m, 1H), 1.62 – 1.54 (m, 

2H), 1.54 – 1.44 (m, 2H), 1.39 – 1.21 (m, 17H), 1.14 (d, J = 6.5 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 159.9, 80.3, 51.6, 51.2, 29.6, 29.6, 29.6, 29.5, 29.5, 29.5, 

29.2, 29.2, 28.9, 26.8, 26.0, 16.0. 

HRMS calcd. for C16H31N4O2 ([M+H]+): 311.2442, found: 311.2432. 
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(2S,3R)-2-Amino-15-azidopentadecan-3-ol (RBM5-019) 

 

RBM5-018 (55 mg, 0.18 mmol) was dissolved in EtOH – 2.0 N aq. NaOH (1:1) (6 mL) 

and the resulting solution was heated to reflux temperature. After stirring for 4 h, the 

reaction mixture was concentrated to dryness and the residue was diluted with water (5 

mL) and extracted with EtOAc (3 x 20 mL). The combined organic extracts were dried 

over anhydrous MgSO4, evaporated and the crude product was purified by flash column 

chromatography (from 0 to 20 % MeOH in CH2Cl2) to furnish RBM5-019 (40 mg, 79 %) 

as an off-white sticky solid.  

 

[α]20
D = +5.2 (c = 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 3.42 (ddd, J = 8.0, 4.7, 3.5 Hz, 1H), 3.24 (t, J = 7.0 Hz, 

2H), 2.96 (qd, J = 6.5, 3.5 Hz, 1H), 1.76 – 1.64 (m, 3H), 1.63 – 1.55 (m, 2H), 1.39 – 1.22 

(m, 20H), 1.00 (d, J = 6.6 Hz, 2H). 

13C NMR (101 MHz, CDCl3) δ 74.9, 51.6, 50.5, 32.6, 29.9, 29.7, 29.7, 29.7, 29.7, 29.6, 

29.3, 29.0, 26.9, 26.4, 17.0. 

HRMS calcd. for C15H33N4O ([M+H]+): 285.2649, found: 285.2640. 
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ii. NBD–tagged doxdhSo probes RBM5-129 and RBM5-155 

8-Bromooct-1-ene (RBM5-092)368 

 

To a stirred solution of 1,8-dibromooctane (20.00 g, 73.52 mmol) in anhydrous Et2O (80 

mL) was added solid KOtBu367 (10.73 g, 95.58 mmol) in small portions, over a period of 

15 min, and the resulting mixture was boiled under reflux for 6 h. The reaction was then 

cooled to rt, quenched with water (70 mL) and the organic layer was washed with brine 

(2 x 25 mL) and dried over anhydrous MgSO4. After removal of the drying agent, the 

solvent was evaporated under gentle vacuum and the residue was subjected to fractional 

distillation369 (bp: 60-63 °C / 5 mbar) using a vacuum-jacketed Vigreux column to afford 

RBM5-092 (5.16 g, 37 %) as a colourless thin oil. The spectral data were in agreement 

to those reported in the literature. 

 

1H NMR (400 MHz, CDCl3) δ 5.80 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.03 – 4.96 (m, 1H), 

4.94 (ddt, J = 10.2, 2.2, 1.2 Hz, 1H), 3.41 (t, J = 6.8 Hz, 2H), 2.10 – 1.99 (m, 2H), 1.91 – 

1.81 (m, 2H), 1.49 – 1.29 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 139.0, 114.5, 34.1, 33.8, 32.9, 28.8, 28.3, 28.1. 

HRMS calcd. for C8H16Br ([M+H]+): 191.0430, 193.0409, found: 191.0434, 193.0439. 

 

tert-butyl (S)-(1-(Methoxy(methyl)amino)-1-oxopropan-2-yl)carbamate (RBM5-

080)263,370–372 

 

A stirred solution of N-Boc L-alanine (10.00 g, 52.85 mmol) in anhydrous CH2Cl2 (300 

ml) was sequentially treated with N-methylmorpholine (7 ml, 63.42 mmol) and N,O-

dimethylhydroxylamine hydrochloride (6.19 g, 63.42 mmol) at –15 °C. EDC·HCl (12.16 

g, 63.42 mmol) was added in small portions at the same temperature and then the reaction 
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was slowly allowed to warm to rt while stirring over the course of 4 h. The reaction 

mixture was poured onto ice-cooled 1.0 M aq. HCl (100 mL), followed by extraction with 

CH2Cl2 (2 x 100 mL). The combined organic layers were washed with brine (2 x 100 

mL), dried over MgSO4, filtered, and concentrated in vacuo to give the crude Weinreb 

amide RBM5-080 (white solid, 11.85 g, 97 %), which was used in the next step without 

further purification. Spectral data were in agreement with those reported in the literature. 

 

[α]20
D = –28.00 (c 1, MeOH).   Lit.372 [α]20

D = –28.00 (c= 1.0, MeOH). 

1H NMR (400 MHz, CDCl3) δ 5.30 – 5.20 (m, 1H), 4.72 – 4.63 (m, 1H), 3.76 (s, 3H), 

3.20 (s, 3H), 1.43 (s, 9H), 1.31 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 173.8, 155.3, 79.7, 61.8, 46.7, 32.3, 28.5, 18.8. 

HRMS calcd. for C10H21N2O4 ([M+H]+): 233.1496, found: 233.1495. 

 

tert-butyl (S)-(3-Oxopent-4-en-2-yl)carbamate (RBM5-082)263,373,374 

 

Vinylmagnesium bromide (1.0 M in THF, 98 mL, 98.00 mmol) was added dropwise to a 

solution of RBM5-080 (6.50 g, 27.98 mmol) in anhydrous THF (60 mL) at 0 °C. After 

stirring for 3 h at rt, the reaction mixture was poured onto ice-cold 1.0 M aq. HCl (20 

mL), followed by extraction with EtOAc (3 x 25 mL). The combined organic layers were 

washed with brine, dried over MgSO4, filtered, and evaporated under reduced pressure. 

The crude material was subjected to flash column chromatography on silica gel (from 0 

to 20 % EtOAc in hexanes) to obtain RBM5-082 (4.35 g, 78 %) as a white solid. Spectral 

data were in agreement with those reported in the literature. 

 

[α]20
D = –30.1 (c 1, MeOH).   Lit.374 [α]20

D = –31.30 (c = 0.68, MeOH). 
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1H NMR (400 MHz, CDCl3) δ 6.46 (dd, J = 17.5, 10.1 Hz, 1H), 6.37 (dd, J = 17.5, 1.7 

Hz, 1H), 5.88 (dd, J = 10.0, 1.7 Hz, 1H), 5.36 (br s, 1H), 4.65 – 4.57 (m, 1H), 1.42 (s, 

9H), 1.32 (d, J = 7.2 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 198.8, 155.3, 132.9, 130.3, 79.9, 53.2, 28.5, 18.6. 

HRMS calcd. for C10H18NO3 ([M+H]+): 200.1281, found: 200.1285. 

 

tert-butyl ((2S,3R)-3-Hydroxypent-4-en-2-yl)carbamate (RBM5-084)263,375 

 

A solution of RBM5-082 (1.00 g, 5.02 mmol) in ethanol (15 mL) was added dropwise to 

a suspension of lithium tri‒tert‒butoxyaluminum hydride (2.81 g, 11.04 mmol) in ethanol 

(30 mL) at ‒78 ºC. After stirring at this temperature for 2 h, the reaction mixture was 

allowed to warm to 0 ºC and was quenched with 10 % (w/w) aq. citric acid (20 mL). The 

resulting mixture was filtered through a pad of Celite®, rinsed with EtOAc (4 x 5 mL) 

and the filtrate was transferred to a separating funnel and extracted with EtOAc (3 x 50 

mL). The combined organic layers were washed with brine (2 x 50 mL), dried over 

anhydrous MgSO4, filtered, and concentrated in vacuo to give a 98:2 anti/syn mixture of 

diastereomers. Flash chromatography of the crude (from 0 to 20 % Et2O in hexanes) gave 

pure anti-RBM5-084 (922 mg, 90 %) as a white solid. Spectral data were in agreement 

with those reported in the literature. 

 

[α]20
D = –17.6 (c 1, CHCl3).   Lit.375 [α]25

D = –14.49 (c= 0.95, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 5.84 (ddd, J = 17.3, 10.6, 5.5 Hz, 1H), 5.32 (dt, J = 17.3, 

1.6 Hz, 1H), 5.22 (dt, J = 10.6, 1.5 Hz, 1H), 4.71 (br s, 1H), 4.18 (tdt, J = 5.0, 3.1, 1.5 Hz, 

1H), 3.87 – 3.75 (m, 1H), 3.00 – 2.87 (m, 1H), 1.43 (s, 9H), 1.07 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.4, 137.0, 116.6, 79.9, 75.9, 50.9, 28.5, 15.4. 

HRMS calcd. for C10H19NNaO3 ([M+Na]+): 224.1257, found: 224.1255. 
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tert-butyl (S)-(11-Bromo-3-hydroxyundec-4-en-2-yl)carbamate (RBM5-093) 

 

Compound RBM5-093 (inseparable mixture of E/Z isomers, off-white solid, 220 mg, 61 

%) was obtained from RBM5-084 (200 mg, 0.99 mmol), RBM5-092 (665 mg, 3.48 

mmol) and 2nd generation Grubbs’ catalyst (25 mg, 0.03 mmol) in dry CH2Cl2 (10 mL) 

according to the general procedure 12. The title compound was purified by flash 

chromatography on silica gel (from 0 to 24 % Et2O in hexanes). The early eluting 

fractions were independently collected to give a sample of pure E‒alkene, from which the 

following data were acquired. 

 

1H NMR (400 MHz, CDCl3) δ 5.71 (dtd, J = 14.9, 6.8, 1.2 Hz, 1H), 5.44 (ddt, J = 15.4, 

6.5, 1.4 Hz, 1H), 4.64 (br s, 1H), 4.11 (ddd, J = 6.7, 3.2, 1.2 Hz, 1H), 3.78 (br s, 1H), 3.41 

(t, J = 6.8 Hz, 2H), 2.06 (ap q, J = 7.1 Hz, 2H), 1.85 (ap p, J = 6.9 Hz, 2H), 1.45 (s, 9H), 

1.49 – 1.26 (m, 6H), 1.08 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.1, 133.1, 128.9, 79.4, 75.3, 51.0, 33.8, 32.6, 32.1, 

28.9, 28.4, 28.2, 27.9, 15.2. 

HRMS calcd. for C16H31BrNO3 ([M+H]+): 364.1482, 366.1461, found: 364.1478, 

366.1454. 

 

tert-butyl ((2S,3R)-11-Bromo-3-hydroxyundecan-2-yl)carbamate (RBM5-104) 

 

Compound RBM5-104 (white solid, 495 mg, 84 %) was obtained from RBM5-093 (585 

mg, 1.61 mmol) and Rh/Al2O3 (88 mg) in degassed MeOH (60 mL) according to the 

general procedure 3. The title compound was purified by flash chromatography on silica 

gel (from 0 to 1 % MeOH in CH2Cl2). 
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[α]20
D = –4.85 (c 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 4.73 (br s, 1H), 3.69 (br s, 1H), 3.66 – 3.61 (m, 1H), 3.40 

(t, J = 6.9 Hz, 2H), 1.85 (dt, J = 14.6, 6.9 Hz, 2H), 1.44 (s, 9H), 1.53 – 1.35 (m, 6H), 1.30 

(s, 6H), 1.08 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.0, 79.6, 74.6, 50.8, 34.1, 33.5, 32.9, 29.7, 29.5, 28.8, 

28.6, 28.3, 26.1, 14.5. 

HRMS calcd. for C16H33BrNO3 ([M+H]+): 366.1638, 368.1618, found: 366.1635, 

368.1609. 

 

tert-butyl ((2S,3R)-11-Azido-3-hydroxyundecan-2-yl)carbamate (RBM5-105) 

 

Compound RBM5-105 (off-white wax, 370 mg, 88 %) was obtained from RBM5-104 

(470 mg, 1.28 mmol) and NaN3 (250 mg, 3.85 mmol) in dry DMF (14 mL) according to 

the general procedure 5. Purification of the crude material by flash chromatography on 

silica gel (from 0 to 20 % EtOAc in hexanes) furnished the title compound. 

 

[α]20
D = –5.44 (c 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 4.81 (br s, 1H), 3.70 – 3.64 (m, 1H), 3.64 – 3.59 (m, 1H), 

3.24 (t, J = 6.9 Hz, 2H), 2.42 – 2.25 (m, 1H), 1.63 – 1.53 (m, 2H), 1.42 (s, 9H), 1.51 – 

1.21 (m, 12H), 1.06 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.0, 79.5, 74.5, 51.6, 50.7, 33.5, 29.6, 29.5, 29.2, 28.9, 

28.5, 26.8, 26.1, 14.4. 

HRMS calcd. for C16H33N4O3 ([M+H]+): 329.2547, found: 329.2543. 
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tert-butyl ((2S,3R)-11-Amino-3-hydroxyundecan-2-yl)carbamate (RBM5-127) 

 

Compound RBM5-127 (off-white wax, 55 mg, 85 %) was obtained from RBM5-105 (70 

mg, 0.21 mmol), TES (340 µL, 2.13 mmol) and Pd–C (14 mg) in degassed MeOH (4 mL) 

according to the general procedure 8. Upon 1H–NMR analysis, the crude material was 

deemed sufficiently pure to be carried onto the next step without further purification. 

 

1H NMR (400 MHz, CD3OD) δ 3.53 – 3.48 (m, 1H), 3.48 – 3.43 (m, 1H), 2.69 (t, J = 6.8 

Hz, 2H), 1.57 – 1.48 (m, 4H), 1.45 (s, 9H), 1.40 – 1.30 (m, 10H), 1.09 (d, J = 6.6 Hz, 

3H). 

13C NMR (101 MHz, CD3OD) δ 157.8, 79.9, 75.3, 51.8, 42.2, 34.8, 32.9, 30.7, 30.6, 30.5, 

28.8, 27.9, 27.0, 15.5. 

tert-butyl ((2S,3R)-3-Hydroxy-11-((7-nitrobenzo[c][1,2,5]oxadiazol-4-

yl)amino)undecan-2-yl)carbamate (RBM5-128)  

 

To a stirred solution of 4-chloro-7-nitrobenzo[c][1,2,5]oxadiazole (NBD-Cl) (40 mg, 

0.20 mmol) in MeOH (3 mL) containing DIPEA (158 µL, 0.91 mmol) at 0 ºC was added 

dropwise a solution of RBM5-127 (55 mg, 0.18 mmol) in MeOH (2 mL). After the 

addition was complete, the mixture was allowed to warm to rt and stirred overnight. Then, 

the volatiles were removed under reduced pressure and the residue was directly subjected 

to flash chromatography on silica gel (from 0 to 1 % MeOH in CH2Cl2) to provide pure 

RBM5-128 (70 mg, 83 %) as a shiny orange wax. 

 

1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 8.6 Hz, 1H), 6.44 (br s, 1H), 6.18 (s, 1H), 4.76 

(br s, 1H), 3.73 – 3.66 (m, 1H), 3.66 – 3.58 (m, 1H), 3.49 (ap q, J = 6.6 Hz, 2H), 2.01 (br 
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s, J = 20.4 Hz, 1H), 1.80 (ap p, J = 7.3 Hz, 2H), 1.53 – 1.44 (m, 2H), 1.43 (s, 9H), 1.41 – 

1.29 (m, 10H), 1.07 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.1, 144.4, 144.1, 136.7, 123.9, 98.7, 79.7, 74.5, 50.8, 

44.1, 33.4, 29.5, 29.4, 29.1, 28.6, 28.5, 27.0, 26.0, 14.5. 

HRMS calcd. for C22H36N5O6 ([M+H]+): 466.2660, found: 466.2669. 

 

(2S,3R)-2-Amino-11-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)undecan-3-ol 

hydrochloride (RBM5-129) 

 

An ice–cooled solution of RBM5-128 (8 mg, 17 µmol) in MeOH (2 mL) was treated with 

neat AcCl (6 µL, 86 µmol) and the resulting mixture was allowed to warm to rt and stirred 

overnight in the dark. Then, the solvent was evaporated in vacuo and the residue was 

purified by flash chromatography on silica gel (from 0 to 15 % MeOH in CH2Cl2) to 

afford RBM5-129 (6 mg, 87 %) as a shiny orange wax. 

 

1H NMR (400 MHz, CD3OD) δ 8.47 (d, J = 8.9 Hz, 1H), 6.30 (d, J = 8.9 Hz, 1H), 3.77 – 

3.65 (m, 1H), 3.50 (br s, 2H), 3.30 – 3.24 (m, 1H), 1.77 (app p, J = 7.4 Hz, 2H), 1.56 – 

1.27 (m, 12H), 1.21 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CD3OD) δ 146.7, 145.7, 145.5, 138.5, 122.7, 119.6, 116.7, 99.5, 

71.6, 52.6, 44.8, 34.0, 30.5, 30.3, 29.2, 28.0, 26.9, 12.0. 

HRMS calcd. for C17H28N5O4 ([M+H]+): 366.2136, found: 366.2131. 
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Methyl 15-hydroxypentadecanoate (RBM5-110)264 

 

Compound RBM5-110 (white solid, 10.75 g, 95 %) was prepared from 15-

pentadecanolide (10.00 g, 41.60 mmol) in MeOH (50 mL) containing a catalytic amount 

of H2SO4 (50 µL), according to the general procedure 6. The title compound was purified 

by flash chromatography on silica gel (from 0 to 16 % EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) 3.66 (s, 3H), 3.63 (t, J = 6.6 Hz, 2H), 2.29 (t, J = 7.6 Hz, 

2H), 1.66 – 1.50 (m, 4H), 1.36 – 1.21 (m, 20H). 

13C NMR (101 MHz, CDCl3) δ 174.5, 63.2, 51.6, 34.3, 32.9, 29.7, 29.7, 29.7, 29.6, 29.4, 

29.3, 25.9, 25.1. 

HRMS calcd. for C16H33O3 ([M+H]+): 273.2424, found: 273.2423. 

 

Methyl 15-iodopentadecanoate (RBM5-146)264 

 

NIS (7.83 g, 34.80 mmol) was added in small portions, over a period of 10 min, to a 

stirred solution of RBM5-110 (7.90 g, 29.00 mmol) and PPh3 (8.37 g, 31.90 mmol) in 

anhydrous CH2Cl2 (60 mL) at 0 ºC. After the addition was complete, the resultant dark 

brown solution was allowed to warm to rt. After stirring overnight, the solvent was 

evaporated in vacuo, and the residue was diluted with water (50 mL), extracted with 

hexanes (3 x 50 mL), and the combined organic layers were washed with brine (2 x 25 

mL), dried over anhydrous MgSO4 and concentrated to dryness. Purification of the crude 

product by flash column chromatography (from 0 to 5 % EtOAc in hexanes) yielded 

RBM5-146 (9.90 g, 89 %) as a white solid. 
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1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.18 (t, J = 7.1 Hz, 2H), 2.30 (t, J = 7.5 Hz, 

2H), 1.88 – 1.76 (m, 2H), 1.65 – 1.58 (m, 2H), 1.42 – 1.34 (m, 2H), 1.32 – 1.22 (m, 18H). 

13C NMR (101 MHz, CDCl3) δ 174.5, 51.6, 34.3, 33.7, 30.7, 29.7, 29.7, 29.7, 29.7, 29.6, 

29.6, 29.4, 29.3, 28.7, 25.1, 7.5. 

HRMS calcd. for C16H32IO2 ([M+H]+): 383.1441, found: 383.1438. 

 

tert-butyl Pentadec-14-enoate (RBM5-147a)264 and pentadec-14-enoic acid (RBM5-

147b) 

   

RBM5-146 (8.40 g, 21.97 mmol), and KOtBu (12.33 g, 109.85 mmol) were reacted in 

dry THF (120 mL) according to the general procedure 7. Purification of the crude by flash 

chromatography on silica gel (from 0 to 40 % MTBE in hexanes) furnished RBM5-147a 

(colourless oil, 3.70 g, 57 %) together with the carboxylic acid RBM5-147b (white solid, 

600 mg, 11 %). 

 

RBM5-147a: 

1H NMR (400 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, J = 17.2, 

1.8 Hz, 1H), 4.92 (ddt, J = 10.1, 2.2, 1.1 Hz, 1H), 2.19 (t, J = 7.5 Hz, 2H), 2.07 – 2.00 (m, 

2H), 1.62 – 1.52 (m, 2H), 1.44 (s, 9H), 1.41 – 1.33 (m, 2H), 1.32 – 1.23 (m, 16H). 

13C NMR (101 MHz, CDCl3) δ 173.5, 139.4, 114.2, 80.0, 35.8, 34.0, 29.8, 29.7, 29.7, 

29.6, 29.6, 29.5, 29.3, 29.3, 29.1, 28.3, 25.3. 

HRMS calcd. for C19H37O2 ([M+H]+): 297.2788, found: 297.2779. 
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RBM5-147b: 

1H NMR (400 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, J = 17.1, 

1.8 Hz, 1H), 4.93 (dq, J = 10.2, 1.5 Hz, 1H), 2.35 (t, J = 7.5 Hz, 2H), 2.07 – 2.00 (m, 2H), 

1.67 – 1.59 (m, 2H), 1.39 – 1.24 (m, 18H). 

 

Pentadec-14-en-1-ol (RBM5-148) 

 

A solution of RBM5-147a (3.60 g, 12.14 mmol) in anhydrous Et2O (20 mL) was added 

dropwise to an ice–cooled stirred suspension of LiAlH4 (1.61 g, 42.50 mmol) in 

anhydrous Et2O (80 mL). The mixture was first stirred at 0 ºC for 30 min and then slowly 

allowed to warm to rt while stirring overnight. The reaction was carefully quenched at 0 

ºC by the addition of saturated aqueous Na2SO4 and further stirred at the same temperature 

until gas evolution ceased. The resulting white precipitate was filtered off through a pad 

of Celite® and the filter cake was thoroughly rinsed with Et2O (3 x 10 mL). The filtrate 

was evaporated to dryness to give the crude product, which upon purification by flash 

column chromatography on silica-gel (from 0 to 15 % Et2O in hexanes) gave the desired 

alcohol RBM5-148 (2.35 g, 86 %) as an off-white waxy solid. 

Following the same procedure, RBM5-147b (600 mg, 2.5 mmol) was reduced with 

LiAlH4 (332 mg, 8.74 mmol) in anhydrous Et2O (20 mL) to obtain RBM5-148 (450 mg, 

80 %). 

1H NMR (400 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, J = 17.1, 

1.8 Hz, 1H), 4.92 (dq, J = 10.2, 1.6 Hz, 1H), 3.64 (t, J = 6.6 Hz, 2H), 2.04 (dt, J = 8.1, 

6.7 Hz, 2H), 1.60 – 1.52 (m, 2H), 1.42 – 1.22 (m, 20H). 

13C NMR (101 MHz, CDCl3) δ 139.4, 114.2, 63.2, 34.0, 33.0, 29.8, 29.8, 29.7, 29.7, 29.6, 

29.3, 29.1, 25.9.  
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15-Bromopentadec-1-ene (RBM5-149) 

 

Compound RBM5-149 (colourless oil, 2.62 g, 74 %) was obtained from alcohol RBM5-

148 (2.77 g, 12.23 mmol), PPh3 (3.53 g, 13.46 mmol) and NBS (2.61 g, 14.68 mmol) in 

anhydrous CH2Cl2 (100 mL) according to the general procedure 4. The title compound 

was purified by flash chromatography on silica gel (isocratic 100 % hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 4.99 (dq, J = 17.1, 

1.9 Hz, 1H), 4.93 (ddt, J = 10.2, 2.4, 1.4 Hz, 1H), 3.41 (t, J = 6.9 Hz, 2H), 2.08 – 2.00 

(m, 2H), 1.85 (dt, J = 14.5, 7.0 Hz, 2H), 1.46 – 1.33 (m, 3H), 1.32 – 1.25 (m, 16H). 

13C NMR (101 MHz, CDCl3) δ 139.4, 114.2, 34.2, 34.0, 33.0, 29.8, 29.8, 29.7, 29.7, 29.6, 

29.3, 29.1, 28.9, 28.3. 

 

tert-butyl (S)-(18-Bromo-3-hydroxyoctadec-4-en-2-yl)carbamate (RBM5-150) 

 

Compound RBM5-150 (inseparable mixture of E/Z isomers, colourless thick oil, 485 mg, 

44 %) was obtained from RBM5-084 (480 mg, 2.38 mmol), RBM5-149 (1.59 g, 5.49 

mmol) and 2nd generation Grubbs’ catalyst (101 mg, 0.12 mmol) in dry CH2Cl2 (20 mL) 

according to the general procedure 12. The title compound was purified by flash 

chromatography on silica gel (from 0 to 5 % MTBE in CH2Cl2). 

 

1H NMR (400 MHz, CDCl3) (E isomer) δ 5.71 (dt, J = 14.6, 6.7 Hz, 1H), 5.42 (dt, J = 

15.0, 7.5 Hz, 1H), 4.76 (br s, 1H), 4.11 (dd, J = 6.4, 3.0 Hz, 1H), 3.73 – 3.58 (m, 1H), 

3.40 (t, J = 6.9 Hz, 2H), 2.09 – 1.96 (m, 2H), 1.85 (dt, J = 14.5, 6.9 Hz, 2H), 1.44 (s, 9H), 

1.43 – 1.23 (m, 20H), 1.07 (d, J = 6.9 Hz, 3H). 
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13C NMR (101 MHz, CDCl3) (mixture of E/Z isomers) δ 156.1, 155.7, 134.2, 133.5, 

129.4, 128.7, 125.6, 124.9, 79.4, 79.2, 75.4, 73.5, 51.0, 50.0, 37.3, 33.9, 33.4, 32.8, 32.6, 

32.3, 29.6, 29.5, 29.5, 29.4, 29.2, 28.7, 28.4, 28.1, 15.2, 14.3. 

 

tert-butyl ((2S,3R)-18-Bromo-3-hydroxyoctadecan-2-yl)carbamate (RBM5-151) 

 

Compound RBM5-151 (white solid, 395 mg, 87 %) was obtained from RBM5-150 (450 

mg, 0.97 mmol) and Rh/Al2O3 (60 mg) in degassed MeOH (45 mL) according to the 

general procedure 3. The title compound was purified by flash chromatography on silica 

gel (from 0 to 1 % MeOH in CH2Cl2). 

 

[α]20
D = –3.65 (c 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 4.74 (br s, 1H), 3.70 – 3.67 (m, 1H), 3.64 (td, J = 8.0, 7.2, 

2.7 Hz, 1H), 3.41 (t, J = 6.9 Hz, 2H), 1.85 (dt, J = 14.5, 7.0 Hz, 2H), 1.71 (br s, 1H), 1.44 

(s, 9H), 1.43 – 1.35 (m, 4H), 1.34 – 1.23 (m, 22H), 1.08 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.0, 79.6, 74.6, 50.8, 34.2, 33.6, 33.0, 29.8, 29.7, 29.6, 

28.9, 28.6, 28.3, 26.2, 14.5. 

HRMS calcd. for C23H47BrNO3 ([M+H]+): 464.2734, 466.2713, found: 464.2729, 

466.2718. 

 

tert-butyl ((2S,3R)-18-Azido-3-hydroxyoctadecan-2-yl)carbamate (RBM5-152) 

 

Compound RBM5-152 (off-white wax, 346 mg, 95 %) was obtained from RBM5-151 

(395 mg, 0.85 mmol) and NaN3 (166 mg, 2.55 mmol) in dry DMF (8 mL) according to 
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the general procedure 5. Purification of the crude material by flash chromatography on 

silica gel (from 0 to 1 % MeOH in CH2Cl2) furnished the title compound. 

 

[α]20
D = –4.13 (c 1, CHCl3). 

1H NMR (400 MHz, CDCl3) δ 4.75 (s, 1H), 3.71 – 3.67 (m, 1H), 3.66 – 3.61 (m, 1H), 

3.25 (t, J = 7.0 Hz, 2H), 1.75 (br s, 1H), 1.66 – 1.54 (m, 2H), 1.44 (s, 9H), 1.40 – 1.35 

(m, 4H), 1.34 – 1.23 (m, 22H), 1.07 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.0, 79.6, 74.6, 51.6, 50.7, 33.6, 29.8, 29.8, 29.7, 29.7, 

29.7, 29.7, 29.6, 29.3, 29.0, 28.5, 26.8, 26.2, 14.4. 

HRMS calcd. for C23H47N4O3 ([M+H]+): 427.3643, found: 427.3636. 

 

tert-butyl ((2S,3R)-18-Amino-3-hydroxyoctadecan-2-yl)carbamate (RBM5-153) 

 

Compound RBM5-153 (off-white wax, 243 mg, 86 %) was obtained from RBM5-152 

(300 mg, 0.70 mmol), TES (1.1 mL, 7.03 mmol) and Pd–C (60 mg) in degassed MeOH 

(16 mL) according to the general procedure 8. Upon 1H–NMR analysis, the crude material 

was deemed sufficiently pure for the next step. 

 

1H NMR (400 MHz, CD3OD) δ 3.53 – 3.47 (m, 1H), 3.47 – 3.41 (m, 1H), 2.67 (t, J = 7.1 

Hz, 2H), 1.53 – 1.46 (m, 4H), 1.44 (s, 9H), 1.30 (s, 24H), 1.08 (d, J = 6.6 Hz, 3H). 

13C NMR (101 MHz, CD3OD) δ 157.8, 79.9, 75.3, 51.8, 42.3, 34.8, 33.0, 30.8, 30.7, 30.6, 

28.8, 28.0, 27.1, 15.5. 

HRMS calcd. for C23H49N2O3 ([M+H]+): 401.3738, found: 401.3742. 
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tert-butyl ((2S,3R)-3-Hydroxy-18-((7-nitrobenzo[c][1,2,5]oxadiazol-4-

yl)amino)octadecan-2-yl)carbamate (RBM5-154) 

 

Compound RBM5-154 (shiny orange wax, 278 mg, 82 %) was synthesised according to 

the procedure described for compound RBM5-128 from primary amine RBM5-153 (240 

mg, 0.60 mmol), NBD-Cl (132 mg, 0.66 mmol) and DIPEA (522 µL, 3.00 mmol) in 

MeOH (25 mL). The title compound was purified by flash chromatography on silica gel 

(from 0 to 1 % MeOH in CH2Cl2). 

 

1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 8.6 Hz, 1H), 6.31 (br s, 1H), 6.17 (d, J = 8.7 

Hz, 1H), 4.75 (br s, 1H), 3.73 – 3.66 (m, 1H), 3.66 – 3.62 (m, 1H), 3.49 (ap q, J = 6.7 Hz, 

2H), 1.86 (br s, 1H), 1.81 (dt, J = 14.9, 7.4 Hz, 2H), 1.53 – 1.44 (m, 2H), 1.44 (s, 9H), 

1.41 – 1.35 (m, 4H), 1.33 – 1.23 (m, 20H), 1.07 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 156.0, 144.3, 144.2, 144.0, 136.7, 123.7, 98.6, 79.6, 74.6, 

50.8, 44.2, 33.6, 29.8, 29.7, 29.7, 29.7, 29.6, 29.6, 29.5, 29.3, 28.6, 28.5, 27.0, 26.1, 14.5. 

HRMS calcd. for C29H50N5O6 ([M+H]+): 564.3756, found: 564.3761. 

 

(2S,3R)-2-Amino-18-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)octadecan-3-ol 

hydrochloride (RBM5-155) 

 

Compound RBM5-155 (shiny orange wax, 65 mg, 86 %) was synthesised according to 

the procedure described for compound RBM5-129 from N–Boc protected intermediate 

RBM5-154 (85 mg, 0.15 mmol) and AcCl (54 µL, 0.75 mmol) in MeOH (10 mL). The 

title compound was purified by flash chromatography on silica gel (from 0 to 20 % MeOH 

in CH2Cl2). 
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1H NMR (400 MHz, CD3OD) δ 8.52 (d, J = 8.7 Hz, 1H), 6.35 (d, J = 8.9 Hz, 1H), 3.75 – 

3.65 (m, 1H), 3.53 (br s, 2H), 3.31 – 3.22 (m, 1H), 1.77 (app p, J = 7.4 Hz, 2H), 1.55 – 

1.37 (m, 8H), 1.36 – 1.25 (m, 18H), 1.22 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CD3OD) δ 146.7, 145.8, 145.5, 138.6, 122.7, 99.6, 71.7, 52.6, 44.8, 

34.0, 30.7, 30.6, 30.3, 29.2, 28.0, 27.0, 12.1. 

HRMS calcd. for C24H42N5O4 ([M+H]+): 464.3231, found: 464.3228. 

 

6.1.3.2 Fatty acid analogues 

i. Diene-tagged FAs RBM5-029, RBM5-035 and RBM5-044 

Methyl 7-bromoheptanoate (RBM5-027) 

 

Compound RBM5-027 (light yellow oil, 3.13 g, 98 %) was obtained from 

7-bromoheptanoic acid (3.00 g, 14.35 mmol) in refluxing MeOH (30 mL) containing a 

catalytic amount of H2SO4 (30 µL) according to the general procedure 6. Upon 1H-NMR 

analysis, the crude of the reaction was deemed sufficiently pure for the next step. 

 

1H NMR (400 MHz, CDCl3) δ 3.66 (d, J = 1.7 Hz, 3H), 3.39 (t, J = 6.8 Hz, 2H), 2.31 (t, 

J = 7.5 Hz, 2H), 1.90 – 1.79 (m, 2H), 1.69 – 1.58 (m, 2H), 1.50 – 1.40 (m, 2H), 1.39 – 

1.28 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 174.2, 51.6, 34.0, 33.9, 32.7, 28.4, 27.9, 24.8. 

HRMS calcd. for C8H16BrO2 ([M+H]+): 223.0328, 225.0308, found: 223.0331, 225.0315. 
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Methyl 7-(((2E,4E)-hexa-2,4-dien-1-yl)oxy)heptanoate (RBM5-028a) and (2E,4E)-

hexa-2,4-dien-1-yl 7-(((2E,4E)-hexa-2,4-dien-1-yl)oxy)heptanoate (RBM5-028b) 

   

Sorbyl alcohol (660 mg, 6.72 mmol) was added carefully at 0 °C to a stirred suspension 

of NaH (60 % (w/w) in mineral oil, 296 mg, 7.40 mmol) in dry DMF (18 mL) and the 

mixture was allowed to warm to rt and stirred for additional 30 min. Then, the temperature 

was lowered again to 0 °C followed by the sequential addition of NaI (101 mg, 0.67 

mmol) and RBM5-027 (1.50 g, 6.72 mmol). After stirring at rt for 4 h, the reaction was 

quenched by the dropwise addition of ice-cold water (20 mL). When the evolution of gas 

ceased, the mixture was extracted with Et2O (3 x 50 mL) and the combined organic 

extracts were washed with brine (3 x 20 mL), dried over anhydrous MgSO4, filtered and 

evaporated under vacuum. The residue was subjected to flash column chromatography 

(from 0 to 4 % EtOAc in hexanes) to afford an inseparable mixture of esters RBM5-028a 

and RBM5-028b (colourless oil, 704 mg). First-eluting fractions (RBM5-028b) and last-

eluting fractions (RBM5-028a) were independently collected to give a sample of the pure 

products, from which the following data were acquired. 

 

RBM5-028a: 

1H NMR (400 MHz, CDCl3) δ 6.23 – 6.15 (m, 1H), 6.10 – 6.01 (m, 1H), 5.75 – 5.65 (m, 

1H), 5.64 – 5.57 (m, 1H), 3.96 (d, J = 6.4 Hz, 2H), 3.66 (s, 3H), 3.40 (t, J = 6.6 Hz, 2H), 

2.31 (t, J = 7.5 Hz, 2H), 1.75 (d, J = 6.2 Hz, 3H), 1.69 – 1.61 (m, 2H), 1.60 – 1.55 (m, 

2H), 1.43 – 1.34 (m, 2H), 1.28 – 1.20 (m, 2H). 

RBM5-028b: 

1H NMR (400 MHz, CDCl3) δ 6.28 – 6.12 (m, 2H), 6.10 – 5.98 (m, 2H), 5.79 – 5.67 (m, 

2H), 5.66 – 5.56 (m, 2H), 4.56 (d, J = 6.6 Hz, 2H), 3.95 (d, J = 6.3 Hz, 2H), 3.39 (t, J = 

6.5 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.78 – 1.71 (m, 6H), 1.68 – 1.61 (m, 2H), 1.60 – 

1.54 (m, 2H), 1.42 – 1.33 (m, 2H), 1.28 – 1.20 (m, 2H). 
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HRMS calcd. for C19H31O3 ([M+H]+): 307.2268, found: 307.2268. 

 

7-(((2E,4E)-Hexa-2,4-dien-1-yl)oxy)heptanoic acid (RBM5-029) 

 

Compound RBM5-029 (white solid, 466 mg, 22 % over two steps) was obtained from 

the previous mixture of esters RBM5-028a and RBM5-028b (704 mg) and LiOH (175 

mg, 7.30 mmol) in THF-H2O (3:1) (240 mL) according to the general procedure 9. The 

title compound was purified by flash column chromatography on silica gel (from 0 to 50 

% EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 6.18 (dd, J = 15.1, 10.4 Hz, 1H), 6.05 (ddd, J = 14.8, 10.4, 

1.8 Hz, 1H), 5.70 (dt, J = 14.8, 6.9 Hz, 1H), 5.62 (dt, J = 15.1, 6.2 Hz, 1H), 3.96 (d, J = 

6.3 Hz, 2H), 3.40 (t, J = 6.6 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 1.75 (dd, J = 6.7, 1.6 Hz, 

3H), 1.68 – 1.61 (m, 2H), 1.60 – 1.53 (m, 2H), 1.39 – 1.33 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 180.0, 133.2, 131.0, 130.0, 127.0, 71.3, 70.2, 34.1, 29.7, 

29.0, 26.0, 24.7, 18.2. 

HRMS calcd. for C13H21O3 ([M–H]-): 225.1496, found: 225.1476. 

 

12-Bromododec-1-yne (RBM5-031) 

 

Compound RBM5-031 (colourless oil, 1.35 g, 67 %) was obtained from primary alcohol 

RBM5-002 (1.50 g, 8.23 mmol), PPh3 (2.37 g, 9.05 mmol) and NBS (1.76 g, 9.87 mmol) 

in anhydrous DMF (40 mL) according to the general procedure 4. The title compound 

was purified by flash chromatography on silica gel (from 0 to 5 % Et2O in hexanes). 
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1H NMR (400 MHz, CDCl3) δ 3.41 (t, J = 6.9 Hz, 2H), 2.18 (td, J = 7.1, 2.7 Hz, 2H), 

1.94 (t, J = 2.7 Hz, 1H), 1.91 – 1.79 (m, 2H), 1.57 – 1.48 (m, 2H), 1.41 (ddt, J = 12.9, 

9.3, 4.8 Hz, 4H), 1.33 – 1.25 (m, 8H). 

13C NMR (101 MHz, CDCl3) δ 84.9, 68.2, 34.2, 33.0, 29.5, 29.2, 28.9, 28.9, 28.6, 28.3, 

18.5. 

 

11-Bromoundecanoic acid (RBM5-032) 

 

To an ice-cooled solution of alkyne RBM5-031 (1.30 g, 5.30 mmol) in CH2Cl2–AcOH 

(4:1) (25 mL) was slowly added an aqueous solution of KMnO4 (3.35 g, 21.21 mmol in 

50 mL H2O) via a dropping funnel. Next, cetrimonium bromide (CTAB) (386 mg, 1.06 

mmol) was added and the resulting mixture was allowed to warm to rt. After stirring 

overnight, the reaction mixture was cooled to 0 ºC, treated with solid Na2SO3 (5.35 g, 

42.41 mmol) and acidified with 1.0 M aq. HCl (ca. 7 mL) until pH 2. The mixture was 

further stirred at 0 ºC for 15 min until it turned from a dark brown suspension to a 

colourless solution with the formation of a white precipitate. The precipitate was 

dissolved by adding water (25 mL) and the aqueous layer was subsequently separated and 

extracted with CH2Cl2 (3 x 50 mL). The combined organic extracts were dried over 

anhydrous MgSO4, filtered and concentrated to dryness to give a residue which was 

purified by flash column chromatography on silica gel (from 0 to 45 % EtOAc in hexanes) 

to obtain the desired carboxylic acid RBM5-032 (1.22 g, 87 %) as a pale-yellow solid. 

 

1H NMR (400 MHz, CDCl3) δ 11.23 (br s, 1H), 3.40 (t, J = 6.9 Hz, 2H), 2.35 (t, J = 7.5 

Hz, 2H), 1.85 (dt, J = 14.5, 6.9 Hz, 2H), 1.68 – 1.59 (m, 2H), 1.46 – 1.38 (m, 2H), 1.36 – 

1.25 (m, 10H). 

13C NMR (101 MHz, CDCl3) δ 179.8, 34.2, 34.1, 33.0, 29.5, 29.4, 29.3, 29.2, 28.9, 28.3, 

24.8. 
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Methyl 11-bromoundecanoate (RBM5-033) 

 

Compound RBM5-033 (light yellow oil, 1.20 g, 93 %) was obtained from RBM5-032 

(1.22 g, 4.60 mmol) in refluxing MeOH (20 mL) containing a catalytic amount of H2SO4 

(20 µL) according to the general procedure 6. Upon 1H-NMR analysis, the resulting crude 

was deemed sufficiently pure to be used in the next step without further purification. 

 

1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.40 (t, J = 6.9 Hz, 2H), 2.30 (t, J = 7.5 Hz, 

2H), 1.85 (dt, J = 14.6, 6.9 Hz, 2H), 1.66 – 1.57 (m, 2H), 1.46 – 1.37 (m, 2H), 1.34 – 1.24 

(m, 10H). 

13C NMR (101 MHz, CDCl3) δ 174.5, 51.6, 34.2, 34.2, 33.0, 29.5, 29.5, 29.3, 29.3, 28.9, 

28.3, 25.1. 

HRMS calcd. for C12H24BrO2 ([M+H]+): 279.0954, 281.0934, found: 279.0951, 

281.0929.  

 

Methyl 11-(((2E,4E)-hexa-2,4-dien-1-yl)oxy)undecanoate (RBM5-034a), (2E,4E)-

hexa-2,4-dien-1-yl 11-(((2E,4E)-hexa-2,4-dien-1-yl)oxy)undecanoate (RBM5-034b) 

and 11-(((2E,4E)-hexa-2,4-dien-1-yl)oxy)undecanoic acid (RBM5-035) 

 

Sorbyl alcohol (422 mg, 4.30 mmol), NaH (60 % (w/w) in mineral oil, 189 mg, 4.73 

mmol), NaI (64 mg, 0.43 mmol) and RBM5-033 (1.20 g, 4.30 mmol) were reacted in dry 

DMF (18 mL) according to the procedure described for RBM5-028a. The crude material 

was subjected to flash column chromatography (from 0 to 5 % EtOAc in hexanes) to 

afford an inseparable mixture of esters RBM5-034a and RBM5-034b (colourless oil, 

354 mg). 
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Compound RBM5-035 (white solid, 284 mg, 18 % over two steps) was obtained from 

the previous mixture of esters RBM5-034a and RBM5-034b (354 mg) and LiOH (86 mg, 

3.58 mmol) in THF–H2O (3:1) (120 mL) according to the general procedure 9. The title 

compound was purified by flash column chromatography on silica gel (from 0 to 50 % 

EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 11.18 (br s, 1H), 6.23 – 6.14 (m, 1H), 6.09 – 6.01 (m, 1H), 

5.74 – 5.66 (m, 1H), 5.66 – 5.58 (m, 1H), 3.97 (d, J = 6.3 Hz, 2H), 3.40 (t, J = 6.7 Hz, 

2H), 2.33 (t, J = 7.5 Hz, 2H), 1.74 (d, J = 7.1 Hz, 3H), 1.67 – 1.59 (m, 2H), 1.59 – 1.52 

(m, 2H), 1.37 – 1.23 (m, 12H). 

13C NMR (101 MHz, CDCl3) δ 180.1, 133.1, 131.0, 129.9, 127.1, 71.3, 70.4, 34.2, 29.9, 

29.6, 29.6, 29.5, 29.3, 29.2, 26.3, 24.8, 18.2. 

HRMS calcd. for C17H29O3 ([M–H]-): 281.2122, found: 281.2131. 

 

2-Decyn-1-ol (RBM5-036) 

 

Compound RBM5-036 (light yellow oil, 1.21 g, 45 %) was obtained from prop-2-yn-1-

ol (1.0 mL, 17.39 mmol), n‐BuLi (2.5 M solution in hexanes, 17.4 mL, 43.48 mmol) and 

1‐bromoheptane (3.0 mL, 18.26 mmol) in anhydrous THF (20 mL) containing HMPA 

(9.1 mL, 52.17 mmol) according to the general procedure 1. The title compound was 

purified by flash chromatography on silica gel (from 0 to 20 % EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 4.23 (t, J = 2.2 Hz, 2H), 2.19 (tt, J = 7.1, 2.2 Hz, 2H), 1.89 

(br s, 1H), 1.54 – 1.44 (m, 2H), 1.40 – 1.22 (m, 8H), 0.89 – 0.84 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 86.8, 78.4, 51.6, 31.9, 29.0, 28.9, 28.8, 22.8, 18.9, 14.2. 
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9-Decyn-1-ol (RBM5-038) 

 

Compound RBM5-038 (light yellow oil, 796 mg, 72 %) was obtained from RBM5-036 

(1.10 g, 7.13 mmol), lithium (248 mg, 35.66 mmol) and KOtBu (2.40 g, 21.39 mmol) in 

freshly distilled 1,3‐DAP (20 mL) according to the general procedure 2. The title 

compound was purified by flash chromatography on silica gel (from 0 to 20 % EtOAc in 

hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.61 (t, J = 6.7 Hz, 2H), 2.16 (td, J = 7.1, 2.6 Hz, 2H), 

1.92 (t, J = 2.7 Hz, 1H), 1.69 (br s, J = 13.5 Hz, 1H), 1.60 – 1.44 (m, 4H), 1.42 – 1.26 (m, 

8H). 

13C NMR (101 MHz, CDCl3) δ 84.8, 68.2, 63.1, 32.8, 29.4, 29.2, 28.8, 28.5, 25.8, 18.5. 

 

10-Bromo-1-decyne (RBM5-040) 

 

Compound RBM5-040 (colourless oil, 970 mg, 86 %) was obtained from primary alcohol 

RBM5-038 (800 mg, 5.19 mmol), PPh3 (1.50 g, 5.71 mmol) and NBS (1.11 g, 6.22 mmol) 

in anhydrous DMF (25 mL) according to the general procedure 4. The title compound 

was purified by flash chromatography on silica gel (from 0 to 5 % Et2O in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.40 (t, J = 6.8 Hz, 2H), 2.18 (td, J = 7.1, 2.7 Hz, 2H), 

1.94 (t, J = 2.6 Hz, 1H), 1.90 – 1.81 (m, 2H), 1.52 (dt, J = 14.4, 7.0 Hz, 2H), 1.47 – 1.37 

(m, 4H), 1.35 – 1.29 (m, 4H). 

13C NMR (101 MHz, CDCl3) δ 84.8, 68.3, 34.1, 32.9, 29.0, 28.8, 28.7, 28.5, 28.2, 18.5. 
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9-Bromononanoic acid (RBM5-041) 

 

According to the procedure described for compound RBM5-032, compound RBM5-041 

(colourless oil, 1.02 g, 96 %) was prepared from alkyne RBM5-040 (970 mg, 4.47 mmol) 

and CTAB (326 mg, 0.89 mmol) in CH2Cl2–AcOH (4:1) (25 mL). The resulting crude 

was used in the next step without further purification. 

 

1H NMR (400 MHz, CDCl3) δ 3.40 (t, J = 6.8 Hz, 2H), 2.35 (t, J = 7.5 Hz, 2H), 1.85 (dt, 

J = 14.5, 6.9 Hz, 2H), 1.69 – 1.58 (m, 2H), 1.47 – 1.39 (m, 2H), 1.39 – 1.28 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 178.4, 33.9, 33.8, 32.7, 29.0, 28.9, 28.5, 28.0, 24.6. 

 

Methyl 9-bromononanoate (RBM5-042) 

 

Compound RBM5-042 (colourless oil, 820 mg, 86 %) was obtained from RBM5-041 

(900 mg, 3.80 mmol) in refluxing MeOH (20 mL) containing a catalytic amount of H2SO4 

(20 µL) according to the general procedure 6. The title compound was purified by flash 

column chromatography on silica gel (from 0 to 16 % EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.40 (t, J = 6.8 Hz, 2H), 2.30 (t, J = 7.5 Hz, 

2H), 1.89 – 1.79 (m, 2H), 1.65 – 1.57 (m, 2H), 1.46 – 1.38 (m, 2H), 1.35 – 1.27 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 174.4, 51.6, 34.2, 34.1, 32.9, 29.2, 29.1, 28.7, 28.2, 25.0. 
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Methyl 9-(((2E,4E)-hexa-2,4-dien-1-yl)oxy)nonanoate (RBM5-043a) and (2E,4E)-

hexa-2,4-dien-1-yl 9-(((2E,4E)-hexa-2,4-dien-1-yl)oxy)nonanoate (RBM5-043b) 

   

Sorbyl alcohol (309 mg, 3.15 mmol), NaH (60 % (w/w) in mineral oil, 138 mg, 3.46 

mmol), NaI (47 mg, 0.31 mmol) and RBM5-033 (790 mg, 3.15 mmol) were reacted in 

dry DMF (18 mL) according to the procedure described for RBM5-028a. The crude 

material was subjected to flash column chromatography (from 0 to 4 % EtOAc in 

hexanes) to afford an inseparable mixture of esters RBM5-043a and RBM5-043b 

(colourless oil, 350 mg). 1H NMR signals were assigned from the spectrum of the mixture 

by analogy to the NMR spectra of pure RBM5-028a and RBM5-028b. 

 

1H NMR (400 MHz, CDCl3) (signals corresponding to RBM5-043a) δ 6.28 – 6.14 (m, 

1H), 6.09 – 6.00 (m, 1H), 5.80 – 5.67 (m, 1H), 5.67 – 5.57 (m, 1H), 3.96 (d, J = 6.2 Hz, 

2H), 3.66 (s, 3H), 3.39 (t, J = 6.7 Hz, 2H), 2.29 (t, J = 7.5 Hz, 2H), 1.75 (d, J = 5.6 Hz, 

3H), 1.66 – 1.51 (m, 4H), 1.38 – 1.25 (m, 8H). 

1H NMR (400 MHz, CDCl3) (signals corresponding to RBM5-043b) δ 6.28 – 6.14 (m, 

2H), 6.10 – 6.00 (m, 2H), 5.80 – 5.66 (m, 2H), 5.66 – 5.56 (m, 2H), 4.56 (d, J = 6.6 Hz, 

2H), 3.96 (d, J = 6.3 Hz, 2H), 3.39 (t, J = 6.7 Hz, 2H), 2.29 (t, J = 7.5 Hz, 2H), 1.75 (dd, 

J = 6.6, 1.6 Hz, 6H), 1.65 – 1.52 (m, 4H), 1.35 – 1.27 (m, 8H). 

13C NMR (101 MHz, CDCl3) (mixture of products RBM5-043a and RBM5-043b) δ 

174.4, 173.7, 134.9, 133.0, 131.3, 131.0, 130.6, 129.9, 127.2, 124.0, 71.3, 70.4, 64.9, 

51.6, 34.5, 34.2, 29.9, 29.4, 29.3, 29.2, 26.3, 25.1, 18.3, 18.2. 

HRMS calcd. for C21H35O3 ([M+H]+): 335.2581, found: 335.2586. 

  



Experimental Section 

213 

9-(((2E,4E)-Hexa-2,4-dien-1-yl)oxy)nonanoic acid (RBM5-044) 

 

Compound RBM5-044 (white solid, 275 mg, 26 % over two steps) was obtained from 

the previous mixture of esters RBM5-043a and RBM5-043b (350 mg) and LiOH (94 mg, 

3.91 mmol) in THF-H2O (3:1) (120 mL) according to the general procedure 9. The title 

compound was purified by flash column chromatography on silica gel (from 0 to 50 % 

EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 6.22 – 6.13 (m, 1H), 6.09 – 6.00 (m, 1H), 5.74 – 5.64 (m, 

1H), 5.64 – 5.57 (m, 1H), 3.98 – 3.94 (m, 2H), 3.39 (t, J = 6.7 Hz, 2H), 2.32 (t, J = 7.5 

Hz, 2H), 1.74 (dd, J = 6.8, 1.6 Hz, 3H), 1.66 – 1.59 (m, 2H), 1.59 – 1.51 (m, 2H), 1.37 – 

1.25 (m, 8H). 

13C NMR (101 MHz, CDCl3) δ 180.1, 133.1, 131.0, 129.9, 127.0, 71.3, 70.3, 34.2, 29.8, 

29.4, 29.3, 29.1, 26.2, 24.8, 18.2. 

HRMS calcd. for C15H25O3 ([M–H]-): 253.1809, found: 253.1814. 

 

ii. Alkyne-tagged FAs RBM5-053 and RBM5-072 

3-Hexadecyn-1-ol (RBM5-051) 

 

Compound RBM5-051 (pale-yellow wax, 848 mg, 26 %) was obtained from 3-butyn-1-ol 

(1.0 mL, 13.55 mmol), n‐BuLi (2.5 M solution in hexanes, 13.6 mL, 33.89 mmol) and 

1-bromododecane (3.4 mL, 14.23 mmol) in anhydrous THF (20 mL) containing HMPA 

(7.1 mL, 40.66 mmol), according to the general procedure 1. The title compound was 

purified by flash chromatography on silica gel (from 0 to 12 % EtOAc in hexanes). 
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1H NMR (400 MHz, CDCl3) δ 3.71 – 3.64 (m, 2H), 2.43 (tt, J = 6.2, 2.4 Hz, 2H), 2.15 (tt, 

J = 7.2, 2.4 Hz, 2H), 1.80 (br s, 1H), 1.53 – 1.43 (m, 2H), 1.40 – 1.33 (m, 2H), 1.33 – 

1.20 (m, 16H), 0.91 – 0.84 (m, 3H). 

13C NMR (101 MHz, CDCl3) δ 83.0, 76.4, 61.5, 32.1, 29.8, 29.8, 29.8, 29.7, 29.5, 29.3, 

29.1, 29.1, 23.4, 22.8, 18.9, 14.3. 

HRMS calcd. for C16H31O ([M+H]+): 239.2369, found: 239.2377. 

 

15-Hexadecyn-1-ol (RBM5-052) 

 

Compound RBM5-052 (off-white wax, 210 mg, 68 %) was obtained from RBM5-051 

(310 mg, 1.30 mmol), lithium (90 mg, 13.00 mmol) and KOtBu (730 mg, 6.50 mmol) in 

freshly distilled 1,3-diaminopropane (12 mL) according to the general procedure 2. The 

title compound was purified by flash chromatography on silica gel (from 0 to 16 % EtOAc 

in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.64 (t, J = 6.6 Hz, 2H), 2.18 (td, J = 7.1, 2.7 Hz, 2H), 

1.93 (t, J = 2.6 Hz, 1H), 1.60 – 1.47 (m, 4H), 1.43 – 1.23 (m, 20H). 

13C NMR (101 MHz, cdcl3) δ 85.0, 68.2, 63.2, 33.0, 29.8, 29.8, 29.7, 29.7, 29.6, 29.6, 

29.3, 28.9, 28.6, 25.9, 18.6. 

HRMS calcd. for C16H31O ([M+H]+): 239.2369, found: 239.2381. 
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15-Hexadecynoic acid (RBM5-053)376 

 

Jones’ reagent377 was added dropwise to a stirred solution of RBM5-052 (130 mg, 0.55 

mmol) in acetone (4 mL) until the characteristic deep orange red colour persisted. After 

stirring for 20 min at rt, 2-propanol was added dropwise until the mixture turned light 

green. The Cr3+ salts were filtered off through a pad of Celite® and the filtrate was 

concentrated to dryness. The residue was taken up in EtOAc (25 mL), washed with 1.0 

M aq. HCl (4 x 5 mL), dried over anhydrous MgSO4, filtered and evaporated in vacuo. 

The crude material was purified by flash column chromatography (from 0 to 20 % EtOAc 

in hexanes) to furnish RBM5-053 (120 mg, 87 %) as a white solid. 

 

1H NMR (400 MHz, CDCl3) δ 11.07 (br s, 1H), 2.35 (t, J = 7.5 Hz, 2H), 2.18 (td, J = 7.1, 

2.7 Hz, 2H), 1.93 (t, J = 2.6 Hz, 1H), 1.69 – 1.57 (m, 2H), 1.52 (dt, J = 15.0, 7.0 Hz, 2H), 

1.43 – 1.22 (m, 18H). 

13C NMR (101 MHz, CDCl3) δ 179.7, 85.0, 68.2, 34.1, 29.7, 29.6, 29.6, 29.4, 29.3, 29.2, 

28.9, 28.7, 24.8, 18.6. 

HRMS calcd. for C16H27O2 ([M–H]-): 251.2017, found: 251.2018. 

 

1-Bromoeicosane (RBM5-069)378 

 

Compound RBM5-069 (white solid, 9.05 g, 88 %) was obtained from 1-eicosanol (8.50 

g, 28.47 mmol), PPh3 (8.21 g, 31.32 mmol) and NBS (6.08 g, 34.17 mmol) in anhydrous 

CH2Cl2 (250 mL) according to the general procedure 4. The title compound was purified 

by flash chromatography on silica gel (isocratic 100% hexanes). Spectral data were in 

agreement with those reported in the literature. 
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1H NMR (400 MHz, CDCl3) 3.40 (t, J = 6.9 Hz, 2H), 1.85 (dt, J = 14.5, 7.0 Hz, 2H), 1.46 

– 1.37 (m, 2H), 1.35 – 1.22 (m, 32H), 0.88 (t, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 34.2, 33.0, 32.1, 29.9, 29.8, 29.8, 29.8, 29.7, 29.6, 29.5, 

28.9, 28.3, 22.9, 14.3. 

 

3-Tetracosyn-1-ol (RBM5-070) 

 

Compound RBM5-070 (pale-yellow solid, 851 mg, 28 %) was obtained from but-3-yn-

1-ol (648 µL, 8.56 mmol), n‐BuLi (2.5 M solution in hexanes, 9.4 mL, 23.54 mmol) and 

RBM5-069 (3.40 g, 9.42 mmol) in anhydrous THF (20 mL) containing HMPA (4.5 mL, 

25.68 mmol), according to the general procedure 1. The title compound was purified by 

flash chromatography on silica gel (from 0 to 10 % EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.67 (t, J = 6.2 Hz, 2H), 2.43 (tt, J = 6.2, 2.4 Hz, 2H), 2.15 

(tt, J = 7.2, 2.4 Hz, 2H), 1.82 (br s, 1H), 1.54 – 1.42 (m, 2H), 1.39 – 1.31 (m, 2H), 1.31 – 

1.21 (m, 32H), 0.88 (t, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 83.0, 76.4, 61.5, 32.1, 29.9, 29.8, 29.8, 29.7, 29.5, 29.3, 

29.2, 29.1, 23.3, 22.8, 18.9, 14.3. 

HRMS calcd. for C24H47O ([M+H]+): 351.3621, found: 351.3619. 
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23-Tetracosyn-1-ol (RBM5-071) 

 

Compound RBM5-071 (white solid, 130 mg, 52 %) was obtained from RBM5-070 (250 

mg, 0.71 mmol), lithium (99 mg, 14.26 mmol) and KOtBu (480 mg, 4.28 mmol) in freshly 

distilled 1,3-diaminopropane (6 mL) according to a slight modification of the general 

procedure 2 (the reaction mixture was stirred overnight at 75 ºC). The title compound was 

purified by flash chromatography on silica gel (from 0 to 12 % Et2O in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.64 (t, J = 6.6 Hz, 3H), 2.18 (td, J = 7.1, 2.7 Hz, 2H), 

1.93 (t, J = 2.6 Hz, 1H), 1.62 – 1.47 (m, 4H), 1.45 – 1.18 (m, 36H). 

13C NMR (101 MHz, CDCl3) δ 85.0, 68.2, 63.3, 33.0, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 

29.3, 28.9, 28.7, 25.9, 18.6. 

 

23-Tetracosynoic acid (RBM5-072) 

 

Method A: Compound RBM5-072 (white solid, 41 mg, 66 %) was synthesised according 

to the procedure described for compound RBM5-053 from primary alcohol RBM5-071 

(60 mg, 0.17 mmol) and excess Jones’ reagent377 in acetone (4 mL). The title compound 

was purified by flash chromatography on silica gel (from 0 to 24 % EtOAc in hexanes). 

Method B: A solution of 2.5 M aq. KOH (1 mL, 2.50 mmol) was added to a stirred 

solution of nitrile RBM5-076 (55 mg, 0.16 mmol) in ethanol (2 mL). The reaction mixture 

was stirred under reflux for 3 h, poured onto an ice-water mixture (10 mL), and acidified 

to pH 2 with concentrated aqueous HCl. The mixture was extracted with EtOAc (3 x 15 

mL), and the combined organic extracts were dried over anhydrous MgSO4, filtered and 

evaporated under vacuum. Flash column chromatography of the crude material (from 0 

to 24 % EtOAc in hexanes) provided RBM5-072 (49 mg, 85 %) as a white solid.  
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1H NMR (400 MHz, CDCl3) δ 10.84 (br s, 1H), 2.35 (t, J = 7.5 Hz, 2H), 2.18 (td, J = 7.1, 

2.7 Hz, 2H), 1.93 (t, J = 2.6 Hz, 1H), 1.68 – 1.59 (m, 2H), 1.56 – 1.48 (m, 2H), 1.44 – 

1.18 (m, 34H). 

13C NMR (101 MHz, CDCl3) δ 179.4, 85.0, 68.2, 34.1, 29.9, 29.8, 29.8, 29.8, 29.8, 29.8, 

29.7, 29.6, 29.4, 29.3, 29.2, 28.9, 28.7, 24.8, 18.6. 

HRMS calcd. for C24H43O2 ([M–H]-): 363.3269, found: 363.3267. 

 

2-Tricosyn-1-ol (RBM5-073) 

 

Compound RBM5-073 (pale-yellow solid, 700 mg, 42 %) was obtained from prop-2-yn-

1-ol (283 µL, 4.91 mmol), n‐BuLi (2.5 M solution in hexanes, 5.4 mL, 13.49 mmol) and 

1‐bromoeicosane (1.95 g, 5.40 mmol) in anhydrous THF (12 mL) containing HMPA (2.6 

mL, 14.72 mmol) according to the general procedure 1. The title compound was purified 

by flash chromatography on silica gel (from 0 to 10 % EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 4.25 (t, J = 2.2 Hz, 2H), 2.20 (tt, J = 7.1, 2.2 Hz, 2H), 1.56 

(br s, 1H), 1.54 – 1.46 (m, 2H), 1.41 – 1.32 (m, 2H), 1.32 – 1.20 (m, 32H), 0.90 – 0.85 

(m, 3H). 

13C NMR (101 MHz, CDCl3) δ 86.8, 78.4, 51.6, 32.1, 29.9, 29.8, 29.8, 29.8, 29.7, 29.5, 

29.3, 29.0, 28.8, 22.8, 18.9, 14.3.  
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22-Tricosyn-1-ol (RBM5-074) 

 

Compound RBM5-074 (white solid, 140 mg, 47 %) was obtained from RBM5-073 (300 

mg, 0.89 mmol), lithium (62 mg, 8.91 mmol) and KOtBu (600 mg, 5.35 mmol) in freshly 

distilled 1,3-diaminopropane (7.5 mL) according to a slight modification of the general 

procedure 2 (the reaction mixture was stirred overnight at 75 ºC). The title compound was 

purified by flash chromatography on silica gel (from 0 to 12 % Et2O in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.64 (t, J = 6.6 Hz, 2H), 2.18 (td, J = 7.1, 2.6 Hz, 2H), 

1.93 (t, J = 2.6 Hz, 1H), 1.61 – 1.48 (m, 4H), 1.43 – 1.21 (m, 34H). 

13C NMR (101 MHz, CDCl3) δ 85.0, 68.2, 63.3, 33.0, 29.8, 29.8, 29.8, 29.8, 29.8, 29.8, 

29.7, 29.6, 29.3, 28.9, 28.7, 25.9, 18.6. 

 

22-Tricosyn-1-yl methanesulfonate (RBM5-075) 

 

A solution of methanesulfonyl chloride (41 µL, 0.53 mmol) in anhydrous CH2Cl2 (4 mL) 

was added dropwise to an ice-cooled solution of RBM5-074 (120 mg, 0.36 mmol) in 

anhydrous CH2Cl2 (6 mL) containing Et3N (100 μL, 0.71 mmol). After stirring for 2 h at 

rt, the reaction mixture was quenched with saturated aqueous NaHCO3 (5 mL) and 

extracted with CH2Cl2 (3 x 10 mL). The combined organic extracts were dried over 

MgSO4, evaporated in vacuo, and the resulting crude was purified by flash 

chromatography on silica gel (from 0 to 20 % EtOAc in hexanes) to give RBM5-075 as 

a white solid (127 mg, 86 %). 

 

1H NMR (400 MHz, CDCl3) δ 4.22 (t, J = 6.6 Hz, 2H), 3.00 (s, 3H), 2.17 (td, J = 7.1, 2.7 

Hz, 2H), 1.93 (t, J = 2.7 Hz, 1H), 1.78 – 1.70 (m, 2H), 1.56 – 1.47 (m, 2H), 1.43 – 1.34 

(m, 4H), 1.34 – 1.21 (m, 30H). 
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13C NMR (101 MHz, CDCl3) δ 85.0, 70.3, 68.2, 37.5, 29.8, 29.8, 29.8, 29.8, 29.7, 29.7, 

29.6, 29.3, 29.3, 29.2, 28.9, 28.6, 25.6, 18.5. 

 

23-Tetracosynenitrile (RBM5-076) 

 

Solid KCN (28 mg, 0.42 mmol) was added in one portion to a solution of RBM5-075 

(110 mg, 0.26 mmol) in DMSO (5 mL) and the mixture was stirred overnight at 45 °C. 

After cooling to rt, water (10 mL) was added and the mixture was extracted with Et2O (3 

x 10 mL). The combined organic extracts were washed with brine (2 x 10 mL), dried over 

MgSO4, filtered, and concentrated under vacuum. Flash chromatography of the crude on 

silica gel (from 0 to 10 % EtOAc in hexanes) afforded RBM5-076 (81 mg, 88 %) as a 

white solid. 

 

1H NMR (400 MHz, CDCl3) δ 2.33 (t, J = 7.1 Hz, 2H), 2.17 (td, J = 7.1, 2.7 Hz, 2H), 

1.93 (t, J = 2.7 Hz, 1H), 1.70 – 1.60 (m, 2H), 1.56 – 1.48 (m, 2H), 1.48 – 1.34 (m, 4H), 

1.33 – 1.22 (m, 30H). 

13C NMR (101 MHz, CDCl3) δ 120.0, 85.0, 68.2, 29.8, 29.8, 29.8, 29.8, 29.8, 29.7, 29.6, 

29.4, 29.3, 28.9, 28.8, 28.6, 25.5, 18.5, 17.3. 
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iii. Azide-tagged FAs RBM5-068 and RBM5-065 

Methyl 16-hydroxyhexadecanoate (RBM5-063) 

 

Compound RBM5-063 (white solid, 980 mg, 93 %) was obtained from 

16-hydroxyhexadecanoic acid (1.00 g, 3.67 mmol) in refluxing MeOH (20 mL) 

containing a catalytic amount of H2SO4 (20 µL) according to the general procedure 6. 

The title compound was purified by flash column chromatography on silica gel (from 0 

to 20 % EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.64 (t, J = 6.7 Hz, 2H), 2.30 (t, J = 7.6 Hz, 

2H), 1.65 – 1.52 (m, 4H), 1.38 – 1.22 (m, 22H). 

13C NMR (101 MHz, cdcl3) δ 174.5, 63.2, 51.6, 34.2, 32.9, 29.8, 29.7, 29.7, 29.7, 29.6, 

29.4, 29.3, 25.9, 25.1. 

 

Methyl 16-azidohexadecanoate (RBM5-064) 

 

Method A: Compound RBM5-064 (white solid, 460 mg, 85 %) was obtained from 

primary alcohol RBM5-063 (500 mg, 1.75 mmol), NBS (373 mg, 2.09 mmol), PPh3 (504 

mg, 1.92 mmol) and NaN3 (340 mg, 5.24 mmol) in dry DMF (18 mL) according to the 

procedure described for compound RBM5-018. The title compound was purified by flash 

column chromatography on silica gel (from 0 to 14 % Et2O in hexanes). 

Method B: DBU (339 µL, 2.27 mmol) and DPPA (489 µL, 2.27 mmol) were sequentially 

added to an ice–cooled solution of the primary alcohol RBM5-063 (500 mg, 1.75 mmol) 

in dry DMF (3.5 mL) and the resulting mixture was allowed to warm to rt. After stirring 

overnight, water (10 mL) was added and the mixture was extracted with Et2O (3 x 25 

mL). The combined organic extracts were washed with brine (3 x 10 mL), dried over 
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anhydrous MgSO4, filtered and concentrated under reduced pressure. The residue was 

subjected to flash column chromatography on silica gel (from 0 to 14 % Et2O in hexanes) 

to afford RBM5-064 (440 mg, 81 %) as a white solid. 

 

1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.25 (t, J = 7.0 Hz, 2H), 2.30 (t, J = 7.6 Hz, 

2H), 1.66 – 1.53 (m, 4H), 1.40 – 1.22 (m, 22H). 

13C NMR (101 MHz, CDCl3) δ 174.5, 51.6, 51.6, 34.3, 29.8, 29.8, 29.7, 29.7, 29.6, 29.6, 

29.4, 29.3, 29.0, 26.9, 25.1. 

 

16-Azidohexadecanoic acid (RBM5-065) 

 

Compound RBM5-065 (off-white solid, 335 mg, 78 %) was obtained from methyl ester 

RBM5-064 (450 mg, 1.44 mmol) and LiOH (104 mg, 4.33 mmol) in THF–H2O (3:1) 

(160 mL) according to the general procedure 9. The title compound was purified by flash 

column chromatography on silica gel (from 100:0:1 to 80:20:1 hexanes/Et2O/AcOH). 

 

1H NMR (400 MHz, CDCl3) δ 11.34 (br s, J = 0.3 Hz, 1H), 3.25 (t, J = 7.0 Hz, 2H), 2.34 

(t, J = 7.5 Hz, 2H), 1.68 – 1.55 (m, 4H), 1.40 – 1.22 (m, 22H). 

13C NMR (101 MHz, CDCl3) δ 180.3, 51.6, 34.2, 29.8, 29.8, 29.7, 29.7, 29.7, 29.6, 29.6, 

29.4, 29.3, 29.2, 29.0, 26.9, 24.8. 

HRMS calcd. for C16H30N3O2 ([M–H]-): 296.2344, found: 296.2337. 
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16-Azidohexadecanoyl Coenzyme A (RBM5-194) 

 

A solution of CDI (13 mg, 80 µmol) in CH2Cl2 (1.0 mL) was added dropwise to a stirred 

solution of RBM5-065 (19 mg, 64 µmol) in anhydrous THF (1.0 mL) The reaction 

mixture was stirred at rt for 30 min before removing all volatiles under vacuum. The 

residue was taken up in anhydrous THF (2.0 mL) and treated with a solution of CoA-SH 

trilithium salt (50 mg, 64 µmol) in 0.5 M aq. NaHCO3 (5.0 mL). After stirring overnight 

at rt, the THF was evaporated under a N2 flow and the remaining aqueous phase was 

lyophilized. The residue was purified by preparative RP chromatography (from 0 to 100 

% CH3CN in 10 mM NH4OAc pH 5.2) to give RBM5-194 (19 mg, 28 %) as an off-white 

solid. 

 

1H NMR (400 MHz, D2O–CD3CN (3:1)) δ 8.62 (s, 1H), 8.33 (s, 1H), 6.20 (d, J = 5.8 Hz, 

1H), 4.92 – 4.84 (m, 2H), 4.63 (s, 1H), 4.34 – 4.21 (m, 2H), 4.10 (s, 1H), 3.94 (dd, J = 

9.7, 4.9 Hz, 1H), 3.60 (dd, J = 9.8, 4.5 Hz, 1H), 3.57 – 3.44 (m, 2H), 3.38 (td, J = 6.8, 2.8 

Hz, 4H), 3.06 (t, J = 6.7 Hz, 2H), 2.68 (t, J = 7.4 Hz, 2H), 2.49 (t, J = 6.9 Hz, 2H), 1.74 

– 1.62 (m, 4H), 1.36 (s, 22H), 1.02 (s, 3H), 0.82 (s, 3H). 

13C NMR (101 MHz, D2O–CD3CN (3:1)) δ 182.4, 174.7, 173.4, 155.5, 152.7, 152.0, 

140.1, 129.4, 86.6, 83.6, 74.4, 74.1, 74.0, 72.0, 65.3, 51.3, 43.8, 38.8, 35.5, 29.2, 28.8, 

28.5, 28.0, 26.4, 25.5, 21.2, 18.0. 

31P NMR (162 MHz, D2O–CD3CN (3:1)) δ -0.07, -10.77 (d, J = 21.0 Hz), -11.33 (d, J = 

20.3 Hz).  
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13,14-Dihydroxydocosanoic acid and 13-oxotridecanoic acid (RBM5-066)296,297,379 

   

A solution of H2O2 (30 % w/w in H2O, 15.0 mL, 147.11 mmol) in formic acid (50 mL) 

was added dropwise to a suspension of erucic acid (5.00 g, 14.77 mmol) in formic acid 

(50 mL) and the resultant mixture was stirred overnight at rt. Solid Na2SO3 (18.61 g, 

147.68 mmol) was next added in small portions to destroy the excess of H2O2 and the 

solvent was evaporated under reduced pressure. The residue was taken up in 1.0 M aq. 

KOH (100 mL) and boiled under reflux for 4 h. Then, the reaction mixture was cooled to 

0 ºC and 2.0 M aq. HCl was slowly added until pH 1 (ca. 100 mL). The resulting slurry 

was extracted with EtOAc (3 x 100 mL), and the combined organic layers were washed 

with brine (2 x 100 mL), dried over MgSO4, filtered and concentrated to dryness to afford 

the corresponding diol (5.02 g) as a white solid, which was used in the next step without 

further purification. 

A solution of NaIO4 (0.5 M in H2O, 120 mL, 60 mmol) was added to a suspension of the 

above crude diol (5.02 g) in CHCl3 (40 mL) and the resultant mixture was vigorously 

stirred overnight at rt. The reaction mixture was transferred to a separating funnel and the 

aqueous layer was extracted with CHCl3 (2 x 100 mL). The combined organic layers were 

washed with brine (2 x 50 mL), dried over MgSO4 and evaporated in vacuo. The residue 

was purified by column chromatography on silica gel (from 0 to 40 % EtOAc in hexanes) 

to obtain RBM5-066 (1.50 g, 71 %) as a white solid.  

 

1H NMR (400 MHz, CDCl3) δ 11.18 (br s, 1H), 9.76 (t, J = 1.9 Hz, 1H), 2.41 (td, J = 7.4, 

1.9 Hz, 2H), 2.34 (t, J = 7.5 Hz, 2H), 1.67 – 1.57 (m, 4H), 1.38 – 1.22 (m, 14H). 

13C NMR (101 MHz, CDCl3) δ 203.2, 180.1, 44.0, 34.2, 29.6, 29.5, 29.5, 29.3, 29.3, 29.2, 

24.8, 22.2. 
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13-Hydroxytridecanoic acid (RBM5-067)297 

 

Sodium borohydride (464 mg, 12.26 mmol) was added in one portion to a stirred solution 

of aldehyde RBM5-066 (1.40 g, 6.13 mmol) in EtOH (15 mL) and the mixture was stirred 

at rt for 2 h. The reaction was quenched by adding a few drops of 1.0 M aq. HCl and, 

when the evolution of gas ceased, the solvent was removed in vacuo. The residue was 

taken up in water (20 mL) and extracted with Et2O (3 x 10 mL) and the combined organic 

extracts were dried over MgSO4, filtered and concentrated to dryness. The resulting crude 

was subjected to flash column chromatography (from 0 to 40 % EtOAc in hexanes) to 

afford RBM5-067 (1.20 g, 85 %) as a white solid. 

 

1H NMR (400 MHz, CDCl3) δ 5.97 (br s, 1H), 3.64 (t, J = 6.6 Hz, 2H), 2.33 (t, J = 7.5 

Hz, 2H), 1.67 – 1.59 (m, 2H), 1.59 – 1.51 (m, 2H), 1.38 – 1.21 (m, 16H). 

13C NMR (101 MHz, CDCl3) δ 179.6, 63.2, 34.2, 32.8, 29.7, 29.6, 29.6, 29.5, 29.5, 29.3, 

29.1, 25.8, 24.8. 

 

13-Azidotridecanoic acid (RBM5-068) 

 

Compound RBM5-068 (white solid, 130 mg, 59 %) was prepared from primary alcohol 

RBM5-067 (200 mg, 0.87 mmol), NBS (185 mg, 1.04 mmol), PPh3 (250 mg, 0.96 mmol) 

and NaN3 (169 mg, 2.60 mmol) in dry DMF (10 mL) according to the procedure described 

for compound RBM5-018. The title compound was purified by flash column 

chromatography on silica gel (from 100:0:1 to 80:20:1 hexanes/Et2O/AcOH). 

 

1H NMR (400 MHz, CDCl3) δ 11.17 (br s, 1H), 3.25 (t, J = 7.0 Hz, 2H), 2.34 (t, J = 7.5 

Hz, 2H), 1.67 – 1.54 (m, 4H), 1.40 – 1.22 (m, 16H). 
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13C NMR (101 MHz, CDCl3) δ 180.5, 51.6, 34.2, 29.6, 29.6, 29.6, 29.5, 29.3, 29.3, 29.2, 

29.0, 26.8, 24.8. 

HRMS calcd. for C13H24N3O2 ([M+H]+): 254.1874, found: 254.1867. 

 

iv. Alkene-tagged FA RBM5-097 

15-Hexadecenoic acid (RBM5-097) 

 

Neat TFA (5 mL) was added dropwise to an ice-cooled solution of tert-butyl ester RBM5-

099 (350 mg, 1.13 mmol) in dry CH2Cl2 (5 mL). After stirring at rt for 2 h, the reaction 

mixture was concentrated in vacuo to give a crude, which was subjected to flash column 

chromatography on silica gel (from 0 to 10 % EtOAc in hexanes) to afford RBM5-097 

(240 mg, 84 %) as a pale-yellow wax. 

 

1H NMR (400 MHz, CDCl3) δ 11.11 (br s, 1H), 5.81 (ddt, J = 16.9, 10.2, 6.7 Hz, 1H), 

4.99 (dd, J = 17.1, 1.7 Hz, 1H), 4.95 – 4.90 (m, 1H), 2.35 (t, J = 7.5 Hz, 2H), 2.04 (app 

q, J = 7.0 Hz, 2H), 1.63 (app p, J = 7.5 Hz, 2H), 1.41 – 1.20 (m, 20H). 

13C NMR (101 MHz, CDCl3) δ 180.2, 139.4, 114.2, 34.2, 34.0, 29.8, 29.7, 29.7, 29.6, 

29.4, 29.3, 29.2, 29.1, 24.8. 

HRMS calcd. for C16H29O2 ([M–H]-): 253.2173, found: 253.2169. 
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Methyl 16-iodohexadecanoate (RBM5-098) 

 

NIS (2.54 g, 11.31 mmol) was added in small portions, over a period of 10 min, to a 

stirred solution of RBM5-063 (2.70 g, 9.43 mmol) and PPh3 (2.72 g, 10.37 mmol) in 

anhydrous CH2Cl2 (20 mL) at 0 ºC. After the addition was complete, the resultant dark 

brown solution was allowed to warm to rt. After stirring overnight, the solvent was 

evaporated in vacuo, and the residue was diluted with water (50 mL), extracted with 

hexanes (3 x 50 mL), and the combined organic layers were washed with brine (2 x 25 

mL), dried over anhydrous MgSO4 and concentrated to dryness. Purification of the crude 

product by flash column chromatography (from 0 to 10 % EtOAc in hexanes) yielded 

RBM5-098 (3.68 g, 98 %) as a pale-yellow wax. 

 

1H NMR (400 MHz, CDCl3) δ 3.66 (s, 3H), 3.18 (t, J = 7.1 Hz, 2H), 2.29 (t, J = 7.6 Hz, 

2H), 1.86 – 1.77 (m, 2H), 1.66 – 1.56 (m, 2H), 1.42 – 1.33 (m, 2H), 1.33 – 1.22 (m, 20H). 

13C NMR (101 MHz, CDCl3) δ 174.5, 51.6, 34.3, 33.7, 30.7, 29.8, 29.7, 29.7, 29.7, 29.6, 

29.6, 29.4, 29.3, 28.7, 25.1, 7.5. 

HRMS calcd. for C17H34IO2 ([M+H]+): 397.1598, found: 397.1605. 

 

tert-Butyl 15-hexadecenoate (RBM5-099) 

 

Compound RBM5-099 (colourless oil, 1.23 g, 79 %) was obtained from RBM5-098 (2.00 

g, 5.05 mmol), and KOtBu (2.83 g, 25.23 mmol) in anhydrous THF (25 mL) according 

to the general procedure 7. The title compound was purified by flash chromatography on 

silica gel (from 0 to 1 % MTBE in hexanes). 
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1H NMR (400 MHz, CDCl3) δ 5.81 (ddt, J = 17.0, 10.2, 6.7 Hz, 1H), 4.99 (ddt, J = 17.1, 

2.2, 1.6 Hz, 1H), 4.92 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H), 2.20 (t, J = 7.5 Hz, 2H), 2.08 – 

2.00 (m, 2H), 1.62 – 1.52 (m, 2H), 1.44 (s, 9H), 1.41 – 1.33 (m, 2H), 1.32 – 1.22 (m, 

18H). 

13C NMR (101 MHz, CDCl3) δ 173.3, 139.3, 114.0, 79.8, 35.6, 33.8, 29.6, 29.6, 29.5, 

29.5, 29.3, 29.1, 29.1, 28.9, 28.1, 25.1. 

 

6.1.3.3 Ceramide analogues 

N-((2S,3R)-15-Azido-3-hydroxypentadecan-2-yl)hexadec-15-ynamide (RBM5-077) 

 

Compound RBM5-077 (off-white wax, 12 mg, 66 %) was obtained from amine RBM5-

019 (10 mg, 35 µmol), carboxylic acid RBM5-053 (10 mg, 40 µmol), EDC·HCl (11 mg, 

57 µmol), HOBt (6 mg, 46 µmol) in anhydrous CH2Cl2 (2 mL) containing Et3N (25 µL, 

0.18 mmol) according to the general procedure 11. Purification of the crude material by 

flash column chromatography on silica gel (from 0 to 3 % MeOH in CH2Cl2) afforded 

the title compound. 

 

1H NMR (400 MHz, CDCl3) δ 5.72 (d, J = 8.0 Hz, 1H), 4.06 – 3.97 (m, 1H), 3.62 (dtd, J 

= 8.0, 5.3, 2.6 Hz, 1H), 3.25 (t, J = 7.0 Hz, 2H), 2.33 (d, J = 5.8 Hz, 1H), 2.20 – 2.12 (m, 

4H), 1.93 (t, J = 2.6 Hz, 1H), 1.65 – 1.45 (m, 6H), 1.42 – 1.22 (m, 38H), 1.09 (d, J = 6.9 

Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 173.3, 85.0, 74.6, 68.2, 51.6, 49.6, 37.1, 33.7, 29.8, 29.8, 

29.7, 29.7, 29.7, 29.7, 29.7, 29.6, 29.6, 29.6, 29.5, 29.4, 29.3, 29.3, 29.0, 28.9, 28.6, 26.9, 

26.1, 26.0, 18.6, 14.3. 

HRMS calcd. for C31H59N4O2 ([M+H]+): 519.4633, found: 519.4637. 
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N-((2S,3R)-3-Hydroxy-11-((7-nitrobenzo[c][1,2,5]oxadiazol-4-yl)amino)undecan-2-

yl)hexadec-15-enamide (RBM5-130) 

 

Compound RBM5-130 (shiny orange solid, 21 mg, 83 %) was obtained from amine 

hydrochloride RBM5-129 (17 mg, 42 µmol), carboxylic acid RBM5-097 (12 mg, 46 

µmol), EDC·HCl (13 mg, 68 µmol), HOBt (7 mg, 55 µmol) in anhydrous CH2Cl2 (6 mL) 

containing Et3N (29 µL, 0.21 mmol) according to the general procedure 11. Purification 

of the crude material by flash column chromatography on silica gel (from 0 to 25 % 

EtOAc in CH2Cl2) afforded the title compound. 

 

1H NMR (400 MHz, CDCl3) δ 8.49 (d, J = 8.6 Hz, 1H), 6.59 (br s, 1H), 6.17 (d, J = 8.7 

Hz, 1H), 5.88 – 5.73 (m, 2H), 4.98 (dq, J = 17.1, 1.6 Hz, 1H), 4.91 (ddt, J = 10.2, 2.2, 1.1 

Hz, 1H), 4.07 – 3.95 (m, 1H), 3.68 – 3.60 (m, 1H), 3.54 – 3.45 (m, 2H), 2.21 – 2.15 (m, 

2H), 2.12 (br s, 1H), 2.06 – 1.99 (m, 2H), 1.80 (p, J = 7.2 Hz, 2H), 1.66 – 1.57 (m, 2H), 

1.52 – 1.43 (m, 2H), 1.42 – 1.19 (m, 30H), 1.09 (d, J = 6.9 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 173.5, 144.4, 144.2, 144.1, 139.4, 136.7, 123.9, 114.2, 

98.6, 74.3, 49.7, 44.1, 37.0, 33.9, 33.5, 29.8, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3, 29.3, 29.3, 

29.1, 29.1, 28.6, 26.9, 25.9, 25.9, 14.2. 

HRMS calcd. for C33H56N5O5 ([M+H]+): 602.4276, found: 602.4274. 
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16-Azido-N-((2S,3R)-3-hydroxy-18-((7-nitrobenzo[c][1,2,5]oxadiazol-4-

yl)amino)octadecan-2-yl)hexadecanamide (RBM5-159) 

 

Compound RBM5-159 (shiny orange solid, 22 mg, 74 %) was obtained from amine 

hydrochloride RBM5-155 (20 mg, 40 µmol), carboxylic acid RBM5-065 (13 mg, 44 

µmol), EDC·HCl (12 mg, 64 µmol), HOBt (7 mg, 52 µmol) in anhydrous CH2Cl2 (6 mL) 

containing Et3N (89 µL, 0.20 mmol) according to the general procedure 11. Purification 

of the crude material by flash column chromatography on silica gel (from 0 to 14 % 

EtOAc in CH2Cl2) afforded the title compound. 

 

1H NMR (400 MHz, CDCl3) δ 8.48 (d, J = 8.6 Hz, 1H), 6.49 (br s, 1H), 6.17 (d, J = 8.7 

Hz, 1H), 5.81 (d, J = 7.9 Hz, 1H), 4.05 – 3.96 (m, 1H), 3.66 – 3.59 (m, 1H), 3.53 – 3.45 

(m, 2H), 3.24 (t, J = 7.0 Hz, 2H), 2.51 (br s, 1H), 2.17 (t, J = 7.6 Hz, 2H), 1.80 (app p, J 

= 7.4 Hz, 2H), 1.69 – 1.53 (m, 4H), 1.49 – 1.20 (m, 48H), 1.09 (d, J = 6.8 Hz, 3H). 

13C NMR (101 MHz, CDCl3) δ 173.4, 144.4, 144.1, 144.1, 136.7, 123.9, 98.6, 74.5, 51.6, 

49.6, 44.2, 37.0, 33.7, 29.7, 29.7, 29.5, 29.5, 29.4, 29.3, 29.0, 28.6, 27.1, 26.8, 26.1, 25.9, 

14.3. 
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6.1.3.4 Fluorescent reagents 

i. Tetrazine-based fluorescent reagents RBM5-122, RBM5-139 and RBM5-140 

5-(Diethylamino)-2-nitrosophenol (RBM5-132)302 

 

A solution of NaNO2 (5.26 g, 76.25 mmol) in water (10 mL) was added dropwise to an 

ice–cooled suspension of 3-(diethylamino)phenol (12.0 g, 72.62 mmol) in 6.0 M aq. HCl 

(40 mL). After stirring at 0 ºC for 4 h, the resulting precipitate was filtered and dried 

under high vacuum to yield RBM5-132 (9.50 g, 67 %) as a brown solid that was used in 

the next steps without any further purification. 

 

1H NMR (400 MHz, CD3OD) δ 7.70 (d, J = 9.6 Hz, 1H), 7.22 (d, J = 9.9 Hz, 1H), 6.42 

(s, 1H), 3.98 (q, J = 6.8 Hz, 2H), 3.89 (q, J = 7.0 Hz, 2H), 1.41 (t, J = 6.6 Hz, 6H). 

13C NMR (101 MHz, CD3OD) δ 167.0, 163.9, 145.8, 124.8, 121.0, 98.9, 49.9, 49.9, 14.8, 

13.2. 

 

9-(Diethylamino)-2-hydroxy-5H-benzo[a]phenoxazin-5-one (Nile Red OH) (RBM5-

133)302,380 

 

1,6-Dihydroxynaphthalene (2.47 g, 15.45 mmol) was added portionwide to a solution of 

RBM5-132 (3.00 g, 15.45 mmol) in DMF (60 mL) and the mixture was refluxed for 4 h 

under nitrogen atmosphere. After evaporating the solvent, the residue was purified by 

column chromatography on silica gel (from 0 to 100 % EtOAc in CH2Cl2) to yield RBM5-

133 (1.20 g, 23 %) as a dark green powder. 1H NMR spectral data matched that reported 

previously in the literature.380  
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1H NMR (400 MHz, DMSO-d6) δ 10.41 (br s, 1H), 7.97 (d, J = 8.6 Hz, 1H), 7.88 (d, J = 

2.5 Hz, 1H), 7.59 (d, J = 9.0 Hz, 1H), 7.09 (dd, J = 8.6, 2.5 Hz, 1H), 6.81 (dd, J = 9.1, 2.7 

Hz, 1H), 6.65 (d, J = 2.7 Hz, 1H), 6.16 (s, 1H), 3.50 (q, J = 7.0 Hz, 4H), 1.16 (t, J = 7.0 

Hz, 6H). 

13C NMR (101 MHz, DMSO-d6) δ 181.5, 160.6, 151.5, 150.6, 146.3, 138.7, 133.7, 130.7, 

127.4, 123.8, 118.3, 109.8, 108.1, 104.0, 96.0, 44.4, 12.4. 

HRMS calcd. for C20H19N2O3 ([M+H]+): 335.1390, found: 335.1391. 

 

tert-butyl (4-Cyanobenzyl)carbamate (RBM5-116)305 

 

Neat Et3N (6.2 mL, 44.48 mmol) and Boc2O (4.27 g, 19.57 mmol) were sequentially 

added to an ice-cooled solution of 4-(aminomethyl)benzonitrile (HCl) (3.00 g, 17.79 

mmol) in CH2Cl2 (50 mL). The resultant mixture was stirred overnight at rt and next it 

was diluted with water (50 mL) and extracted with CH2Cl2 (3 x 50 mL). The combined 

organic extracts were washed with ice-cool 0.5 M aq. HCl (50 mL), dried over anhydrous 

MgSO4, filtered and concentrated in vacuo. The residue was flash chromatographed on 

silica gel (from 0 to 20 % MTBE in hexanes) to yield RBM5-116 (4.03 g, 98 %) as a 

white solid. 

 

1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.0 Hz, 2H), 7.38 (d, J = 8.0 Hz, 2H), 4.98 (br 

s, 1H), 4.36 (d, J = 6.0 Hz, 2H), 1.46 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 156.0, 144.8, 132.5, 127.9, 118.9, 111.3, 80.2, 44.3, 28.5. 

HRMS calcd. for C13H17N2O2 ([M+H]+): 233.1285, found: 233.1295. 
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tert-butyl (4-(6-Methyl-1,2,4,5-tetrazin-3-yl)benzyl)carbamate (RBM5-117)303,305 

 

A high-pressure reaction tube was charged with RBM5-116 (2.10 g, 9.04 mmol), CH3CN 

(4.7 mL, 90.41 mmol), NiCl2 (586 mg, 4.52 mmol) and hydrazine hydrate (50-60 % 

NH2NH2, 18.3 mL, 226.02 mmol). The tube was sealed, and the reaction mixture was 

heated to 60 °C under stirring for 24 h. After cooling to rt, the resulting deep purple slurry 

was transferred to an Erlenmeyer flask and treated with a solution of NaNO2 (12.48 g, 

180 mmol) in H2O (50 mL). Then, the mixture was cooled to 0 ºC, followed by the 

dropwise addition of 4.0 M aq. HCl until pH 3. When evolution of nitrous gases ceased, 

the bright red mixture was extracted with EtOAc (3 x 50 mL), and the combined organic 

layers were washed with brine (2 x 25 mL), dried over MgSO4, filtered, and evaporated 

under reduced pressure to yield a bright pink oil as crude. The product was purified by 

flash column chromatography (from 0 to 20 % EtOAc in hexanes) to give tetrazine 

RBM5-117 (1.34 g, 49 % yield) as a bright pink solid. 

 

1H NMR (400 MHz, CDCl3) δ 8.52 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.1 Hz, 2H), 5.05 (br 

s, 1H), 4.42 (d, J = 5.0 Hz, 2H), 3.07 (s, 3H), 1.47 (s, 9H). 

13C NMR (101 MHz, CDCl3) δ 167.3, 164.0, 156.0, 144.1, 130.9, 128.3, 128.1, 79.9, 

44.5, 28.5, 21.3. 

 

tert-butyl 6-Bromohexanoate (RBM5-119)153 

 

Neat Boc2O (2.69 g, 12.30 mmol) was added in small portions to an ice-cooled solution 

of 6-bromohexanoic acid (1.20 g, 6.15 mmol) and DMAP (226 mg, 1.85 mmol) in tBuOH 

(20 mL). After stirring at rt for 2 h, the reaction mixture was concentrated to dryness and 

the residue was flash column chromatographed (from 0 to 10 % Et2O in hexanes) to give 
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RBM5-119 (1.00 g, 65 %) as a colourless oil. 1H NMR spectral data matched that 

reported previously in the literature. 

 

1H NMR (400 MHz, CDCl3) δ 3.40 (t, J = 6.8 Hz, 2H), 2.22 (t, J = 7.3 Hz, 2H), 1.91 – 

1.83 (m, 2H), 1.65 – 1.56 (m, 2H), 1.51 – 1.42 (m, 2H), 1.44 (s, 9H). 

 

tert-butyl 6-((9-(Diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-yl)oxy)hexanoate 

(RBM5-120)153,380 

 

To a stirred solution of RBM5-133 (300 mg, 0.90 mmol) in dry DMF (15 mL) were 

sequentially added K2CO3 (298 mg, 2.15 mmol) and RBM5-119 (248 mg, 0.99 mmol) 

and the resulting mixture was protected from the light and heated to 85 ºC. After stirring 

overnight at the same temperature, the reaction mixture was diluted with water (20 mL) 

and extracted with Et2O (3 x 25 mL). The combined organic layers were washed with 

brine (3 x 20 mL), dried over MgSO4, filtered and evaporated in vacuo. The residue was 

purified by flash column chromatography (from 0 to 35 % EtOAc in hexanes) to give 

RBM5-120 (370 mg, 0.73 mmol) as a dark red powder. 1H NMR spectral data matched 

that reported by Briggs et al.380 

 

1H NMR (400 MHz, CDCl3) δ 8.22 (d, J = 8.7 Hz, 1H), 8.05 (d, J = 2.6 Hz, 1H), 7.62 (d, 

J = 9.1 Hz, 1H), 7.16 (dd, J = 8.7, 2.6 Hz, 1H), 6.67 (dd, J = 9.1, 2.7 Hz, 1H), 6.48 (d, J 

= 2.7 Hz, 1H), 6.31 (s, 1H), 4.18 (t, J = 6.4 Hz, 2H), 3.48 (q, J = 7.1 Hz, 4H), 2.28 (t, J = 

7.4 Hz, 2H), 1.93 – 1.84 (m, 2H), 1.75 – 1.66 (m, 2H), 1.63 – 1.50 (m, 2H), 1.45 (s, 9H), 

1.27 (t, J = 7.1 Hz, 6H).  
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6-((9-(Diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-yl)oxy)hexanoic acid 

(RBM5-121)153 

 

Neat TFA (5 mL) was added to an ice-cooled solution of tert-butyl ester RBM5-120 (200 

mg, 0.40 mmol) in dry CH2Cl2 (5 mL). After stirring at rt for 3 h, the reaction mixture 

was concentrated to dryness to afford RBM5-121 (245 mg) as a dark blue solid that was 

used without any further purification. 

 

1H NMR (400 MHz, CDCl3) δ 8.17 (d, J = 8.7 Hz, 1H), 8.01 (d, J = 2.6 Hz, 1H), 7.59 (d, 

J = 9.0 Hz, 1H), 7.13 (dd, J = 8.7, 2.6 Hz, 1H), 6.65 (dd, J = 9.0, 2.7 Hz, 1H), 6.44 (d, J 

= 2.6 Hz, 1H), 6.29 (s, 1H), 4.15 (t, J = 6.3 Hz, 2H), 3.48 (q, J = 7.1 Hz, 4H), 2.37 (t, J = 

7.4 Hz, 2H), 1.91 – 1.83 (m, 2H), 1.78 – 1.68 (m, 2H), 1.61 – 1.52 (m, 2H), 1.24 (t, J = 

6.9 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 183.7, 176.5, 162.0, 152.3, 151.0, 147.0, 139.8, 134.2, 

131.2, 131.0, 128.9, 127.8, 118.4, 109.9, 106.7, 105.1, 96.4, 68.2, 45.2, 34.0, 29.0, 25.7, 

24.7, 12.7. 

HRMS calcd. for C26H29N2O5 ([M+H]+): 449.2071, found: 449.2073. 
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(4-(6-Methyl-1,2,4,5-tetrazin-3-yl)phenyl)methanamine trifluoroacetate (RBM5-

118) and 6-((9-(Diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-yl)oxy)-N-(4-(6-

methyl-1,2,4,5-tetrazin-3-yl)benzyl)hexanamide (RBM5-122)305 

   

Neat TFA (10 mL) was added dropwise to an ice-cooled solution of N‒Boc protected 

amine RBM5-117 (337 mg, 1.12 mmol) in dry CH2Cl2 (10 mL). After stirring at rt for 2 

h, the reaction mixture was concentrated to dryness to afford crude RBM5-118 (340 mg, 

96 %) as a bright pink solid that was used in the following step without any further 

purification. 

Compound RBM5-122 (shiny red solid, 35 mg, 44 %) was obtained from crude amine 

trifluoroacetate RBM5-118 (40 mg, 127 µmol), carboxylic acid RBM5-121 (63 mg, 140 

µmol), EDC·HCl (49 mg, 254 µmol), and HOBt (21 mg, 152 µmol) in anhydrous CH2Cl2 

(10 mL) containing Et3N (80 µL, 571 µmol) according to the general procedure 11. 

Purification of the crude material by flash column chromatography on silica gel (from 0 

to 2 % MeOH in CH2Cl2) afforded the title compound. 

 

RBM5-118: 

1H NMR (400 MHz, DMSO-d6) δ 8.50 (d, J = 8.4 Hz, 2H), 8.46 (br s, 3H), 7.74 (d, J = 

8.5 Hz, 2H), 4.20 (s, 2H), 3.01 (s, 3H). 

13C NMR (101 MHz, DMSO-d6) δ 167.3, 163.0, 138.4, 131.9, 129.8, 127.6, 42.0, 20.9. 

HRMS calcd. for C10H12N5 ([M+H]+): 202.1087, found: 202.1080. 
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RBM5-122: 

1H NMR (400 MHz, CDCl3) δ 8.50 (d, J = 8.3 Hz, 2H), 8.15 (d, J = 8.7 Hz, 1H), 7.98 (d, 

J = 2.5 Hz, 1H), 7.55 (d, J = 9.0 Hz, 1H), 7.47 (d, J = 8.3 Hz, 2H), 7.10 (dd, J = 8.7, 2.6 

Hz, 1H), 6.63 (dd, J = 9.1, 2.6 Hz, 1H), 6.42 (d, J = 2.6 Hz, 1H), 6.24 (s, 1H), 6.16 (t, J 

= 5.5 Hz, 1H), 4.56 (d, J = 5.9 Hz, 2H), 4.15 (t, J = 6.3 Hz, 2H), 3.46 (q, J = 7.1 Hz, 4H), 

3.06 (s, 3H), 2.35 (t, J = 7.5 Hz, 2H), 1.93 – 1.85 (m, 2H), 1.85 – 1.77 (m, 2H), 1.67 – 

1.54 (m, 2H), 1.26 (t, J = 7.1 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 183.3, 173.1, 167.3, 163.9, 161.8, 152.1, 150.9, 146.9, 

143.5, 140.0, 134.1, 131.2, 131.0, 128.6, 128.3, 127.8, 125.6, 124.9, 118.3, 109.7, 106.7, 

105.3, 96.4, 68.2, 45.2, 43.4, 36.7, 29.0, 26.0, 25.6, 21.3, 12.8. 

HRMS calcd. for C36H38N7O4 ([M+H]+): 632.2980, found: 632.2975. 

 

tert-butyl (6-Bromohexyl)carbamate (RBM5-134) 

 

Compound RBM5-134 (colourless oil, 3.10 g, 86 %) was obtained from 

N-Boc-6-hydroxyhexylamine (2.80 g, 12.88 mmol), PPh3 (3.72 g, 14.17 mmol) and NBS 

(2.75 g, 15.46 mmol) in anhydrous CH2Cl2 (25 mL) according to the general procedure 

4. The title compound was purified by flash chromatography on silica gel (from 0 to 15 

% EtOAc in hexanes). 

 

1H NMR (400 MHz, CDCl3) δ 4.50 (br s, 1H), 3.39 (t, J = 6.8 Hz, 2H), 3.10 (t, J = 7.1 

Hz, 2H), 1.90 – 1.80 (m, 2H), 1.52 – 1.39 (m, 13H), 1.38 – 1.30 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 156.1, 79.2, 40.6, 33.9, 32.8, 30.1, 28.6, 28.0, 26.1. 

HRMS calcd. for C11H23BrNO2 ([M+H]+): 280.0907, 282.0886, found: 280.0884, 

282.0885. 
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tert-butyl (6-(7-Methoxy-2-oxo-2H-chromene-3-carboxamido)hexyl)carbamate 

(RBM5-135) 

 

Compound RBM5-135 (white solid, 200 mg, 57 %) was obtained from N-Boc-1,6-

hexanediamine (187 µL, 0.83 mmol), 7-methoxycoumarin-3-carboxylic acid (202 mg, 

0.92 mmol), EDC·HCl (255 mg, 1.33 mmol), and HOBt (146 mg, 1.08 mmol) in 

anhydrous CH2Cl2 (40 mL) containing Et3N (580 µL, 4.16 mmol) according to the general 

procedure 11. Purification of the crude material by flash column chromatography on silica 

gel (from 0 to 5 % MeOH in CH2Cl2) afforded the title compound. 

 

1H NMR (400 MHz, CDCl3) δ 8.81 (s, 1H), 8.74 (br s, 1H), 7.56 (d, J = 8.6 Hz, 1H), 6.92 

(d, J = 8.2 Hz, 1H), 6.85 (s, 1H), 4.55 (br s, 1H), 3.90 (s, 3H), 3.48 – 3.36 (m, 2H), 3.09 

(m, 2H), 1.66 – 1.56 (m, 2H), 1.52 – 1.31 (m, 15H). 

13C NMR (101 MHz, CDCl3) δ 164.9, 162.1, 162.0, 156.7, 156.1, 148.3, 131.0, 115.0, 

114.1, 112.6, 100.4, 79.1, 56.1, 40.6, 39.8, 30.1, 29.5, 28.5, 26.8, 26.5. 

HRMS calcd. for C22H31N2O6 ([M+H]+): 419.2177, found: 419.2181. 

 

tert-butyl (6-((9-(Diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-

yl)oxy)hexyl)carbamate (RBM5-136) 

 

Compound RBM5-136 (red solid, 500 mg, 78 %) was obtained from RBM5-133 (500 

mg, 1.20 mmol), K2CO3 (397 mg, 2.87 mmol) and RBM5-134 (369 mg, 1.32 mmol) in 

dry DMF (30 mL) according to the methodology described for RBM5-120. The title 
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compound was obtained after flash column chromatography of the crude material 

(isocratic 6:4 hexane/EtOAc).  

 

1H NMR (400 MHz, CDCl3) δ 8.21 (d, J = 8.7 Hz, 1H), 8.04 (d, J = 2.6 Hz, 1H), 7.61 (d, 

J = 9.1 Hz, 1H), 7.16 (dd, J = 8.7, 2.6 Hz, 1H), 6.66 (dd, J = 9.1, 2.7 Hz, 1H), 6.47 (d, J 

= 2.7 Hz, 1H), 6.31 (s, 1H), 4.53 (br s, 1H), 4.17 (t, J = 6.4 Hz, 2H), 3.47 (q, J = 7.1 Hz, 

4H), 3.19 – 3.09 (m, 2H), 1.91 – 1.82 (m, 2H), 1.58 – 1.51 (m, 4H), 1.44 (s, 11H), 1.26 

(t, J = 7.1 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 183.4, 161.9, 156.1, 152.2, 150.8, 146.9, 140.2, 134.2, 

131.2, 127.8, 125.7, 124.8, 118.4, 109.6, 106.7, 105.4, 96.4, 79.2, 68.3, 45.2, 40.7, 30.2, 

29.3, 28.6, 26.7, 25.9, 12.8. 

HRMS calcd. for C31H40N3O5 ([M+H]+): 534.2962, found: 534.2965. 

 

4-(6-(Pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)benzoic acid (RBM5-137)304,381,382 

 

Hydrazine hydrate (50-60 % NH2NH2, 23.1 mL, 237.87 mmol) was added to a solution 

of 2-pyrimidinecarbonitrile (5.00 g, 47.57 mmol) and 4-cyanobenzoic acid (7.00 g, 47.57 

mmol) in EtOH (30 mL). The resulting solution was heated to reflux temperature and 

stirred for 24 h. After cooling to rt, the orange precipitate was collected by filtration, 

washed with small volumes of EtOH, stirred in refluxing acetone (30 mL) and finally 

filtered while still hot. The remaining solid was taken up in AcOH (100 mL), followed 

by the dropwise addition of a solution of NaNO2 (16.41 g, 237.87 mmol) in H2O (60 mL) 

at 0 °C. When the evolution of nitrous gases stopped (ca. 2 h), the purple precipitate was 

collected, washed with water (3 × 20 mL), and taken up in hot DMF (25 mL). After 

cooling to rt, the DMF solution was diluted with Et2O (200 mL) and filtered. The 

precipitate was washed with Et2O (3 x 20 mL) and dried under vacuum to give the crude 

tetrazine RBM5-137 (2.80 g, 21 %) as a purple solid. This material was used in the next 

step without any further purification. 
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1H NMR (400 MHz, DMSO-d6) δ 9.19 (d, J = 4.8 Hz, 1H), 8.52 (d, J = 8.4 Hz, 1H), 8.13 

(d, J = 8.3 Hz, 1H), 7.83 (t, J = 4.9 Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 162.3, 158.5, 129.9, 127.4, 122.9. (Carbon atoms with 

non bonded hydrogens were undetected due to the scarce solubility of the sample). 

HRMS calcd. for C13H7N6O2 ([M–H]-): 279.0636, found: 279.0636. 

 

2,5-Dioxopyrrolidin-1-yl 4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)benzoate 

(RBM5-138)304 

 

N-hydroxysuccinimide (616 mg, 5.35 mmol) and EDC·HCl (1.03 g, 5.35 mmol) were 

sequentially added to a stirred suspension of tetrazine RBM5-137 (1.00 g, 3.57 mmol) in 

DMSO/pyridine (19:1, 40 mL) and the mixture was stirred at 40 ºC for 2 h. After the 

solvent was removed in vacuo, the residue was taken up in CH2Cl2/H2O (1:1, 100 mL), 

the organic layer was collected, and the water layer was further extracted with CH2Cl2 (2 

x 50 mL). The combined organic extracts were dried over MgSO4, filtered and 

concentrated to dryness. The residue was taken up in CH2Cl2 (65 mL) and precipitated by 

the addition of Et2O (500 mL). The precipitate was collected by filtration, washed with 

Et2O (2 x 10 mL) and dried under vacuum to yield RBM5-138 (1.08 g, 80 %) as a red 

crystalline solid. 

 

1H NMR (400 MHz, DMSO-d6) δ 9.22 (d, J = 4.9 Hz, 2H), 8.85 (d, J = 8.2 Hz, 2H), 8.43 

(d, J = 8.2 Hz, 2H), 7.86 (t, J = 4.9 Hz, 1H), 2.94 (s, 4H). 

13C NMR (101 MHz, DMSO-d6) δ 170.3, 162.9, 161.4, 159.0, 158.6, 137.8, 131.0, 129.1, 

127.9, 123.1, 25.6. 

HRMS calcd. for C17H12N7O4 ([M+H]+): 378.0945, found: 378.0946. 
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7-Methoxy-2-oxo-N-(6-(4-(6-(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-

yl)benzamido)hexyl)-2H-chromene-3-carboxamide (RBM5-139) 

 

Neat TFA (1.5 mL) was added dropwise to an ice-cooled solution of N‒Boc protected 

amine RBM5-135 (100 mg, 0.24 mmol) in dry CH2Cl2 (3 mL). After stirring in the dark 

at rt for 2 h, the reaction mixture was concentrated to dryness to afford the corresponding 

crude amine trifluoroacetate (75 mg). This crude was taken up in CH2Cl2/Et3N (10:1, 11 

mL), followed by the addition of N-hydroxysuccinimide ester RBM5-138 (90 mg, 0.24 

mmol). After stirring overnight at rt in the dark, the reaction mixture was evaporated in 

vacuo and the residue was subjected to flash column chromatography (from 0 to 5 % 

MeOH in CH2Cl2) to give RBM5-139 (35 mg, 25 %) as a pale pink solid. 

 

1H NMR (400 MHz, CDCl3) δ 9.15 (d, J = 4.8 Hz, 2H), 8.82 (d, J = 8.0 Hz, 2H), 8.79 (s, 

1H), 8.08 (d, J = 8.3 Hz, 2H), 7.61 (s, 1H), 7.55 (d, J = 8.9 Hz, 1H), 7.52 (s, 1H), 6.92 (d, 

J = 9.3 Hz, 1H), 6.86 (s, 1H), 6.59 (br s, 1H), 3.91 (s, 3H), 3.57 – 3.46 (m, 4H), 1.70 – 

1.28 (m, 8H). 

HRMS calcd. for C30H29N8O5 ([M+H]+): 581.2255, found: 581.2253. 
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N-(6-((9-(Diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-yl)oxy)hexyl)-4-(6-

(pyrimidin-2-yl)-1,2,4,5-tetrazin-3-yl)benzamide (RBM5-140) 

 

Neat TFA (1.5 mL) was added dropwise to an ice-cooled solution of N‒Boc protected 

amine RBM5-136 (100 mg, 0.19 mmol) in dry CH2Cl2 (3 mL) After stirring at rt for 2 h 

in the dark, the reaction mixture was concentrated to dryness to afford the corresponding 

crude amine trifluoroacetate (82 mg). This crude was taken up in CH2Cl2/Et3N (10:1, 11 

mL), followed by the addition of N-hydroxysuccinimide ester RBM5-138 (70 mg, 0.19 

mmol). After stirring overnight at rt in the dark, the reaction mixture was evaporated in 

vacuo and the residue was subjected to flash column chromatography (from 0 to 5 % 

MeOH in CH2Cl2) to give RBM5-140 (125 mg, 99 %) as a dark red solid. 

 

1H NMR (400 MHz, CDCl3) δ 9.15 (d, J = 4.8 Hz, 2H), 8.78 (t, J = 4.9 Hz, 2H), 8.20 (d, 

J = 8.7 Hz, 1H), 8.03 (d, J = 2.6 Hz, 1H), 8.01 (d, J = 8.4 Hz, 2H), 7.61 (t, J = 9.6 Hz, 

1H), 7.59 (d, J = 9.5 Hz, 2H), 7.15 (dd, J = 8.7, 2.6 Hz, 1H), 6.66 (dd, J = 9.1, 2.7 Hz, 

1H), 6.45 (d, J = 2.7 Hz, 1H), 6.37 (t, J = 5.7 Hz, 1H), 6.32 (s, 1H), 4.19 (t, J = 6.3 Hz, 

2H), 3.56 (q, J = 6.8 Hz, 2H), 3.46 (q, J = 7.1, 6.5 Hz, 4H), 1.95 – 1.86 (m, 2H), 1.79 – 

1.49 (m, 6H), 1.26 (t, J = 7.1 Hz, 6H). 

13C NMR (101 MHz, CDCl3) δ 183.7, 166.8, 162.0, 158.6, 152.3, 151.0, 139.9, 131.3, 

129.1, 128.0, 128.0, 125.0, 122.8, 118.4, 111.8, 109.8, 106.8, 105.2, 96.4, 68.3, 45.2, 

40.4, 29.7, 29.2, 25.9, 25.6, 12.8 (some of the carbon atoms with non bonded hydrogens 

were undetected due to the scarce solubility of the sample). 

HRMS calcd. for C39H38N9O4 ([M+H]+): 696.3041, found: 696.3043. 
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ii. Bicyclononyne-based fluorescent reagents RBM5-142 and RBM5-143 

((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (4-nitrophenyl) carbonate (RBM5-

141)88 

 

To a stirred solution of (1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethanol (100 mg, 0.66 

mmol) in anhydrous CH2Cl2 (15 mL), pyridine (134 μL, 1.66 mmol) and p-nitrophenyl 

chloroformate (168 mg, 0.83 mmol) were sequentially added. After stirring at rt for 30 

min, the mixture was quenched with saturated aqueous NH4Cl (15 mL) and extracted with 

CH2Cl2 (3 x 20 mL). The combined organic layers were dried over MgSO4, filtered and 

concentrated in vacuo. The residue was purified by flash column chromatography on 

silica gel (from 0 to 12 % EtOAc in hexanes) to afford RBM5-141 (175 mg, 83 %) as a 

white solid.  

 

1H NMR (400 MHz, Chloroform-d) δ 8.28 (d, J = 9.2 Hz, 2H), 7.39 (d, J = 9.2 Hz, 2H), 

4.40 (d, J = 8.3 Hz, 2H), 2.39 – 2.20 (m, 6H), 1.67 – 1.56 (m, 2H), 1.56 – 1.46 (m, 1H), 

1.12 – 1.01 (m, 2H). 

13C NMR (101 MHz, cdcl3) δ 155.7, 152.7, 145.5, 125.4, 121.9, 98.8, 68.2, 29.2, 21.5, 

20.7, 17.4.  
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((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (6-(7-methoxy-2-oxo-2H-chromene-

3-carboxamido)hexyl)carbamate (RBM5-142) 

 

To an ice-cooled solution of N‒Boc protected amine RBM5-135 (93 mg, 0.22 mmol) in 

dry CH2Cl2 (6 mL) was added dropwise neat TFA (1.5 mL). After stirring at rt for 2 h in 

the dark, the reaction mixture was concentrated to dryness to afford the corresponding 

crude amine trifluoroacetate (71 mg). This crude was taken up in CH2Cl2 (10 mL), 

followed by the sequential addition of Et3N (108 µL, 0.78 mmol) and p-nitrophenol 

activated carbonate ester RBM5-141 (70 mg, 0.22 mmol). After stirring overnight at rt in 

the dark, the reaction mixture was evaporated in vacuo and the residue was subjected to 

flash column chromatography (from 0 to 20 % EtOAc in CH2Cl2) to give the desired 

carbamate RBM5-142 (98 mg, 89 %) as an off-white solid. 

 

1H NMR (400 MHz, CDCl3) δ 8.83 (s, 1H), 8.76 (br s, 1H), 7.58 (d, J = 8.7 Hz, 1H), 6.93 

(dd, J = 8.7, 2.4 Hz, 1H), 6.86 (d, J = 2.4 Hz, 1H), 4.69 (br s, 1H), 4.13 (d, J = 8.1 Hz, 

2H), 3.91 (s, 3H), 3.44 (td, J = 7.1, 5.8 Hz, 2H), 3.20 – 3.12 (m, 2H), 2.34 – 2.15 (m, 6H), 

1.67 – 1.24 (m, 11H), 0.99 – 0.86 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 164.9, 162.1, 162.1, 156.9, 156.8, 148.3, 131.0, 115.0, 

114.1, 112.6, 100.4, 99.0, 62.7, 56.2, 41.0, 39.7, 30.0, 29.5, 29.2, 26.7, 26.5, 21.6, 20.2, 

18.0. 

HRMS calcd. for C28H35N2O6 ([M+H]+): 495.2490, found: 495.2496. 
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((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (6-((9-(diethylamino)-5-oxo-5H-

benzo[a]phenoxazin-2-yl)oxy)hexyl)carbamate (RBM5-143) 

 

To an ice-cooled solution of N‒Boc protected amine RBM5-136 (100 mg, 0.19 mmol) in 

dry CH2Cl2 (6 mL) was added dropwise neat TFA (1.5 mL). After stirring at rt for 2 h in 

the dark, the reaction mixture was concentrated to dryness to afford the corresponding 

crude amine trifluoroacetate (81 mg). This crude was taken up in CH2Cl2 (10 mL), 

followed by the sequential addition of Et3N (93 µL, 0.67 mmol) and p-nitrophenol 

activated carbonate ester RBM5-141 (60 mg, 0.19 mmol). After stirring overnight at rt in 

the dark, the reaction mixture was evaporated in vacuo and the residue was subjected to 

flash column chromatography (from 0 to 20 % EtOAc in CH2Cl2) to give the desired 

carbamate RBM5-143 (104 mg, 90 %) as a shiny dark-red solid. 

 

1H NMR (400 MHz, CDCl3) δ 8.21 (d, J = 8.7 Hz, 1H), 8.03 (d, J = 2.6 Hz, 1H), 7.60 (d, 

J = 9.0 Hz, 1H), 7.15 (dd, J = 8.7, 2.6 Hz, 1H), 6.65 (dd, J = 9.1, 2.7 Hz, 1H), 6.45 (d, J 

= 2.7 Hz, 1H), 6.29 (s, 1H), 4.70 (br s, 1H), 4.19 – 4.11 (m, 4H), 3.46 (q, J = 7.1 Hz, 5H), 

3.25 – 3.15 (m, 2H), 2.34 – 2.16 (m, 6H), 1.90 – 1.82 (m, 2H), 1.67 – 1.30 (m, 10H), 1.26 

(t, J = 7.0 Hz, 6H), 0.97 – 0.87 (m, 2H). 

13C NMR (101 MHz, CDCl3) δ 183.4, 161.9, 156.9, 152.2, 150.9, 147.0, 140.3, 134.2, 

131.2, 127.9, 125.7, 124.8, 118.4, 109.6, 106.7, 105.5, 99.0, 96.5, 68.3, 62.8, 45.2, 41.1, 

30.1, 29.3, 29.2, 26.6, 25.9, 21.6, 20.2, 17.9, 12.8. 

HRMS calcd. for C37H44N3O5 ([M+H]+): 610.3275, found: 610.3279. 
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6.1.3.5 Click reaction adducts 

i. IEDDA reaction adduct RBM5-131 

tert-butyl 14-(3-(4-((6-((9-(Diethylamino)-5-oxo-5H-benzo[a]phenoxazin-2-

yl)oxy)hexanamido)methyl)phenyl)-6-methylpyridazin-4-yl)tetradecanoate 

(RBM5-131) 

 

The tetrazine-based dye RBM5-122 (8 mg, 13 µmol) was added to a stirred solution of 

the terminal alkene RBM5-099 (157 mg, 506 µmol) in CH3CN (2.5 mL) and the mixture 

was heated under reflux for 48 h in a sealed tube protected from the light. After cooling 

to rt, the reaction mixture was concentrated to dryness and the residue was subjected to 

flash column chromatography on silica gel (isocratic 6:4 hexanes/EtOAc) to afford 

RBM5-131 (6 mg, 52 %) as a shiny dark-red solid. 

 

1H NMR (400 MHz, CDCl3) δ 8.20 (d, J = 8.7 Hz, 1H), 8.05 (d, J = 2.6 Hz, 1H), 7.60 (d, 

J = 9.1 Hz, 1H), 7.47 (d, J = 7.9 Hz, 2H), 7.39 (d, J = 7.9 Hz, 2H), 7.21 (s, 1H), 7.15 (dd, 

J = 8.7, 2.6 Hz, 1H), 6.66 (dd, J = 9.1, 2.7 Hz, 1H), 6.47 (d, J = 2.7 Hz, 1H), 6.30 (s, 1H), 

5.88 (s, 1H), 4.54 (d, J = 5.7 Hz, 2H), 4.18 (t, J = 6.3 Hz, 2H), 3.53 – 3.43 (m, 4H), 2.73 

(s, 3H), 2.56 (t, J = 7.9 Hz, 2H), 2.32 (t, J = 7.5 Hz, 2H), 2.19 (t, J = 7.4 Hz, 2H), 1.95 – 

1.86 (m, 2H), 1.85 – 1.77 (m, 2H), 1.68 – 1.53 (m, 4H), 1.50 – 1.39 (m, 11H), 1.30 – 1.16 

(m, 24H). 

13C NMR (101 MHz, CDCl3) δ 131.2, 129.9, 129.7, 127.9, 127.3, 118.4, 109.7, 106.8, 

105.5, 96.5, 81.0, 77.5, 68.2, 45.2, 43.5, 36.8, 35.8, 31.8, 29.7, 29.6, 29.6, 29.4, 29.4, 

29.2, 29.1, 29.0, 28.3, 26.0, 25.6, 25.3, 22.0, 12.8 (carbon atoms with non bonded 

hydrogens were undetected due to the low concentration of the sample). 

HRMS calcd. for C56H74N5O6 ([M+H]+): 912.5634, found: 912.5657. 
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ii. SPAAC reaction adducts RBM5-160, RBM5-161 and RBM5-196 

Compound RBM5-160  

 

The bicyclononyne-based dye RBM5-142 (7 mg, 15 µmol) was added to a stirred solution 

of the terminal azide RBM5-159 (9 mg, 12 µmol) in CH2Cl2 (4 mL). After stirring 

overnight at rt in the dark, the reaction mixture was concentrated to dryness and the 

residue was subjected to flash column chromatography on silica gel (from 0 to 5 % MeOH 

in CH2Cl2) to afford the desired SPAAC reaction adduct RBM5-160 (14 mg, 93 %, 

inseparable mixture of diastereomers) as a dark-orange solid. 

 

1H NMR (400 MHz, DMSO-d6) (mixture of diastereomers) δ 9.54 (s, 1H), 8.81 (s, 1H), 

8.63 (t, J = 5.7 Hz, 1H), 8.50 (d, J = 9.1 Hz, 1H), 7.90 (d, J = 8.7 Hz, 1H), 7.49 (d, J = 

8.5 Hz, 1H), 7.14 – 7.04 (m, 2H), 7.04 (dd, J = 8.7, 2.3 Hz, 1H), 6.41 (d, J = 9.3 Hz, 1H), 

4.47 (d, J = 6.1 Hz, 1H), 4.18 (t, J = 7.0 Hz, 2H), 4.07 – 3.96 (m, 2H), 3.89 (s, 3H), 3.66 

– 3.58 (m, 1H), 3.50 – 3.39 (m, 2H), 3.34 – 3.26 (m, 2H), 3.26 – 3.17 (m, 1H), 2.99 – 

2.88 (m, 4H), 2.77 – 2.61 (m, 2H), 2.15 – 2.05 (m, 3H), 2.01 (t, J = 7.3 Hz, 2H), 1.73 – 

1.60 (m, 4H), 1.56 – 1.05 (m, 60H), 0.97 (d, J = 6.7 Hz, 3H), 0.94 – 0.82 (m, 2H). 

HRMS calcd. for C68H105N10O11 ([M+H]+): 1237.7959, found: 1237.7983. 
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Compound RBM5-161  

 

The bicyclononyne-based dye RBM5-143 (10 mg, 15 µmol) was added to a stirred 

solution of the terminal azide RBM5-159 (10 mg, 13 µmol) in CH2Cl2 (4 mL) . After 

stirring overnight at rt in the dark, the reaction mixture was concentrated to dryness and 

the residue was subjected to flash column chromatography on silica gel (from 0 to 5 % 

MeOH in CH2Cl2) to afford the desired SPAAC reaction adduct RBM5-161 (16 mg, 88 

%, inseparable mixture of diastereomers) as a dark-red solid. 

 

1H NMR (400 MHz, DMSO-d6) (mixture of diastereomers) δ 9.53 (br s, 1H), 8.48 (d, J = 

8.9 Hz, 1H), 8.03 (d, J = 8.6 Hz, 1H), 7.94 (d, J = 2.5 Hz, 1H), 7.64 – 7.59 (m, 1H), 7.49 

(d, J = 8.6 Hz, 1H), 7.25 (dd, J = 8.7, 2.5 Hz, 1H), 7.10 (t, J = 5.7 Hz, 1H), 6.81 (d, J = 

9.2 Hz, 1H), 6.64 (d, J = 2.4 Hz, 1H), 6.38 (d, J = 9.0 Hz, 1H), 6.18 (s, 1H), 4.47 (d, J = 

6.1 Hz, 1H), 4.21 – 4.10 (m, 4H), 4.02 (d, J = 7.8 Hz, 2H), 3.67 – 3.57 (m, 1H), 3.50 (q, 

J = 7.0 Hz, 4H), 3.46 – 3.39 (m, 2H), 3.25 – 3.18 (m, 1H), 3.15 – 3.04 (m, 4H), 3.05 – 

2.95 (m, 2H), 2.94 – 2.86 (m, 2H), 2.78 – 2.59 (m, 2H), 2.13 – 1.90 (m, 7H), 1.83 – 1.73 

(m, 2H), 1.70 – 1.59 (m, 4H), 1.54 – 1.10 (m, 58H), 0.96 (d, J = 6.7 Hz, 3H), 0.93 – 0.82 

(m, 2H). 

HRMS calcd. for C77H114N11O10 ([M+H]+): 1352.8745, found: 1352.8760. 
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Compound RBM5-196  

 

The bicyclononyne-based dye RBM5-143 (12 mg, 20 µmol) was added to a stirred 

solution of the terminal azide RBM5-065 (10 mg, 34 µmol) in CH2Cl2 (6 mL) . After 

stirring overnight at rt in the dark, the reaction mixture was concentrated to dryness and 

the residue was subjected to flash column chromatography on silica gel (from 0 to 1 % 

MeOH in CH2Cl2) to afford the desired SPAAC reaction adduct RBM5-196 (15 mg, 84 

%, racemic mixture) as a dark-red solid. 

 

1H NMR (400 MHz, CD3OD) (racemic mixture) δ 8.02 (d, J = 8.7 Hz, 1H), 7.92 (d, J = 

2.6 Hz, 1H), 7.51 (d, J = 9.1 Hz, 1H), 7.11 (dd, J = 8.8, 2.6 Hz, 1H), 6.77 (dd, J = 9.1, 2.7 

Hz, 1H), 6.51 (d, J = 2.6 Hz, 1H), 6.14 (s, 1H), 4.22 (t, J = 7.2 Hz, 2H), 4.16 – 4.08 (m, 

4H), 3.52 (q, J = 7.1 Hz, 4H), 3.15 (td, J = 6.8, 2.2 Hz, 2H), 3.05 – 2.88 (m, 2H), 2.83 – 

2.63 (m, 2H), 2.26 (t, J = 7.4 Hz, 2H), 2.20 – 2.09 (m, 3H), 1.91 – 1.83 (m, 2H), 1.78 – 

1.70 (m, 2H), 1.63 – 1.52 (m, 8H), 1.51 – 1.44 (m, 2H), 1.31 – 1.20 (m, 28H), 1.03 – 0.95 

(m, 2H). 

HRMS calcd. for C53H75N6O7 ([M+H]+): 907.5692, found: 907.5684; calcd. for 

C53H73N6O7 ([M–H]): 905.5546, found: 905.5558. 
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6.1.4 Synthesis and characterization of the compounds from Section 4 

6.1.4.1 BCN-tagged thalidomide derivatives RBM5-145 and RBM5-176 

2-(2,6-Dioxopiperidin-3-yl)-4-hydroxyisoindoline-1,3-dione (RBM5-123)355 

 

To a stirred solution of 3-hydroxyphthalic anhydride (2.00 g, 12.19 mmol) and 3-

aminopiperidine-2,6-dione hydrochloride (2.01 g, 12.19 mmol) in acetic acid (30 mL) 

was added KOAc (2.99 g, 30.47 mmol) at rt, and the resulting solution was refluxed 

overnight under stirring. After cooling to rt, the solvent was removed under reduced 

pressure and the resulting residue was taken up in water (15 mL), filtered and purified by 

flash column chromatography (from 0 to 5 % MeOH in CH2Cl2) to obtain RBM5-123 

(2.67 g, 80 %) as a pale-yellow solid that matched the reported spectral data.355 

 

1H NMR (400 MHz, DMSO-d6) δ 11.16 (s, 1H), 11.09 (s, 1H), 7.65 (app t, J = 8.0 Hz, 

1H), 7.31 (d, J = 7.2 Hz, 1H), 7.25 (d, J = 8.4 Hz, 1H), 5.07 (dd, J = 12.9, 5.4 Hz, 1H), 

2.95 – 2.82 (m, 1H), 2.64 – 2.44 (m, 2H), 2.02 (ddd, J = 10.5, 5.2, 3.0 Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) 172.8, 170.0, 167.0, 165.8, 155.5, 136.4, 133.2, 123.6, 

114.4, 114.3, 48.7, 31.0, 22.1.  

HRMS calcd. for C13H9N2O5 ([M-H]-): 273.0517, found: 273.0584. 

 

tert-butyl (6-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-

yl)oxy)hexyl)carbamate (RBM5-144) 
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K2CO3 (455 mg, 3.28 mmol) was added to a stirred solution of RBM5-123 (300 mg, 1.09 

mmol) in dry DMF (5 mL) and the mixture was stirred at rt for 30 min. Subsequently, a 

solution of 6-(Boc-amino)hexyl bromide (490 mg, 1.75 mmol) in dry DMF (5 mL) was 

added dropwise and the reaction mixture was stirred at 80 ºC for 5 h. After cooling to rt, 

water (20 mL) was added and the mixture was extracted with Et2O (3 x 25 mL). The 

combined organic extracts were washed with brine (2 x 25 mL), dried over MgSO4, 

filtered, and concentrated in vacuo. Flash chromatography purification of the crude on 

silica gel (from 0 to 50 % EtOAc in hexanes) afforded RBM5-144 (320 mg, 62 %) as a 

white solid. 

 

1H NMR (400 MHz, CDCl3) δ 8.27 (br s, 1H), 7.66 (dd, J = 8.4, 7.2 Hz, 1H), 7.44 (d, J = 

7.3 Hz, 1H), 7.20 (d, J = 8.5 Hz, 1H), 4.98 – 4.92 (m, 1H), 4.59 (br s, 1H), 4.16 (t, J = 6.4 

Hz, 2H), 3.11 (t, J = 6.9 Hz, 2H), 2.93 – 2.58 (m, 3H), 2.13 (tdd, J = 10.2, 6.7, 2.5 Hz, 

1H), 1.92 – 1.83 (m, 2H), 1.56 – 1.47 (m, 4H), 1.43 (s, 9H), 1.41 – 1.37 (m, 2H). 

13C NMR (101 MHz, cdcl3) δ 171.1, 168.3, 167.2, 165.8, 156.8, 156.2, 136.6, 133.9, 

119.1, 117.3, 115.9, 79.2, 69.5, 49.2, 40.7, 31.5, 30.1, 28.9, 28.6, 26.5, 25.7, 22.8.  

HRMS calcd. for C24H31N3NaO7 ([M+Na]+): 496.2054, found: 496.2044. 

 

((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (6-((2-(2,6-dioxopiperidin-3-yl)-1,3-

dioxoisoindolin-4-yl)oxy)hexyl)carbamate (RBM5-145) 

 

Trifluoroacetic acid (1 mL) was added dropwise to an ice-cooled solution of the N‒Boc 

protected compound RBM5-144 (50 mg, 0.11 mmol) in anhydrous CH2Cl2 (2 mL). After 

stirring at rt for 2 h, the solvents were removed under vacuum to give the corresponding 

amine trifluoroacetate salt. The crude material was then taken up in dry CH2Cl2 (3 mL) 
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and treated sequentially with Et3N (100 µL, 0.72 mmol) and a solution of RBM5-141 (26 

mg, 0.083 mmol) in dry CH2Cl2 (2 mL). After stirring overnight at rt, the reaction mixture 

was concentrated in vacuo, and the crude was purified by flash chromatography (from 0 

to 5 % MeOH in CH2Cl2) to furnish RBM5-145 (40 mg, 88 %) as a colorless foamy solid. 

 

1H NMR (400 MHz, CDCl3) δ 8.35 (br s, 1H), 7.68 – 7.61 (m, 1H), 7.43 (d, J = 7.3 Hz, 

1H), 7.19 (d, J = 8.5 Hz, 1H), 4.95 (dd, J = 12.0, 5.1 Hz, 1H), 4.78 (br s, 1H), 4.22 – 3.95 

(m, 4H), 3.21 – 3.10 (m, 2H), 2.99 – 2.63 (m, 3H), 2.32 – 2.16 (m, 6H), 2.15 – 2.07 (m, 

1H), 1.87 (app p, J = 6.5 Hz, 2H), 1.62 – 1.36 (m, 6H), 1.46 – 1.37 (m, 2H), 1.36 – 1.29 

(m, 1H), 0.92 (app t, J = 9.7 Hz, 2H). 

 13C NMR (101 MHz, CDCl3) δ 171.2, 168.3, 167.2, 165.8, 156.8, 156.7, 136.6, 133.9, 

119.1, 117.3, 115.9, 99.0, 69.5, 62.7, 60.5, 49.2, 41.0, 31.5, 30.0, 29.2, 28.8, 26.5, 25.7, 

22.8, 21.5, 21.2, 20.2, 17.9, 14.3. 

  

1-Azido-2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethane (RBM5-162)357 

 

MsCl (7.2 mL, 92.68 mmol) was added dropwise to a stirring solution of tetraethylene 

glycol (6.00 g, 30.89 mmol) and TEA (13 mL, 92.68 mmol) in anhydrous CH2Cl2 (200 

mL) at 0 ºC. After the addition was complete, the mixture was allowed to warm to rt and 

stirred for 3 h. The reaction mixture was then poured into 0.5 M aqueous HCl (100 mL) 

and extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were washed with 

brine, dried over anhydrous MgSO4, filtered and evaporated to dryness. The resulting 

residue was dissolved in DMF (120 mL) and NaN3 (10.04 g, 154.46 mmol) was added 

portion-wise. After stirring overnight at 70 ºC, DMF was removed in vacuo and the 

residue was taken up in Et2O (50 mL), filtered over a pad of Celite®, and rinsed with Et2O 

(2 x 25 mL). The combined filtrates were concentrated under vacuum to yield crude 

RBM5-162 (6.75 g, 90 %) as a pale-yellow oil, which was used in the next step without 

further purification. 
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1H NMR (400 MHz, CDCl3) δ 3.70 – 3.65 (m, 12H), 3.39 (t, J = 5.1 Hz, 4H). 

 13C NMR (101 MHz, CDCl3) δ 70.84, 70.83, 70.2, 50.8.  

HRMS calcd. for C8H17N6O3 ([M+H]+): 245.1357, found: 245.1380. 

 

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-amine (RBM5-163)357 

 

A solution of triphenyl phosphine (5.80 g, 22.11 mmol) in Et2O (120 mL) was added 

dropwise to an ice-cooled solution of RBM5-162 (6.00 g, 24.56 mmol) in 0.5 M aq. HCl 

(120 mL). After stirring overnight at rt, the reaction mixture was washed with EtOAc (3 

x 100 mL) and the aqueous layer was treated at 0ºC with 1 M aq. KOH until pH~12 and 

extracted with CH2Cl2 (3 x 100 mL). The combined organic extracts were dried over 

anhydrous MgSO4, filtered and concentrated to dryness to afford crude RBM5-163 (3.34 

g, 62 %) as a pale-yellow oil, which was used in the following step without further 

purification. 

 

Figure 6.1 Acid-base work-up used to separate RBM5-163 from the starting material and the side products. 

 

1H NMR (400 MHz, CDCl3) δ 3.69 – 3.65 (m, 8H), 3.65 – 3.61 (m, 2H), 3.51 (t, J = 5.2 

Hz, 2H), 3.39 (t, J = 5.1 Hz, 2H), 2.86 (t, J = 5.2 Hz, 2H), 1.52 (br s, 2H).  

13C NMR (101 MHz, CDCl3) δ 73.4, 70.8, 70.74, 70.71, 70.4, 70.1, 50.8, 41.8.  

HRMS calcd. for C8H19N4O3 ([M+H]+): 219.1452, found: 219.1441. 
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tert-butyl 2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetate 

(RBM5-172)358 

 

K2CO3 (1.13 g, 8.20 mmol) was added portionwise to a stirred solution of RBM5-123 

(1.50 g, 5.47 mmol) in dry DMF (50 mL) and the mixture was stirred at rt for 30 min. 

Then, a solution of tert-butyl 2-bromoacetate (808 µL, 5.47 mmol) in dry DMF (5 mL) 

was added dropwise and the reaction mixture was stirred at rt. After stirring for 3 h, water 

(100 mL) was added and the mixture was extracted with Et2O (3 x 50 mL). The combined 

organic extracts were washed with brine (2 x 50 mL), dried over MgSO4, filtered, and 

concentrated in vacuo. Flash chromatography purification of the crude on silica gel (from 

0 to 100 % EtOAc in hexanes) afforded RBM5-172 (1.49 g, 70 %) as a pale-yellow solid. 

1H NMR (400 MHz, CDCl3) δ 8.33 (s, 1H), 7.65 (dd, J = 8.4, 7.4 Hz, 1H), 7.49 (d, J = 

7.2 Hz, 1H), 7.09 (d, J = 8.4 Hz, 1H), 4.97 (dd, J = 12.0, 5.4 Hz, 1H), 4.77 (s, 2H), 2.95 

– 2.68 (m, 3H), 2.18 – 2.05 (m, 1H), 1.47 (s, 9H).  

13C NMR (101 MHz, CDCl3) δ 171.3, 168.2, 167.0, 166.9, 165.6, 155.6, 136.4, 134.0, 

119.9, 117.7, 117.0, 83.2, 66.6, 49.3, 31.5, 28.1, 22.7.  

HRMS calcd. for C19H20N2NaO7 ([M+Na]+): 411.1163, found: 411.1189. 

 

2-((2-(2,6-Dioxopiperidin-3-yl)-1,3-dioxoisoindolin-4-yl)oxy)acetic acid (RBM5-

173)358 

 

tert-butyl Ester RBM5-172 (965 mg, 2.48 mmol) was dissolved in TFA (25 mL, 0.1 M) 

and the solution was stirred at rt for 4 h. The reaction mixture was diluted with CH2Cl2 

(50 mL) and concentrated to dryness to afford the crude carboxylic acid RBM5-173 (780 
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mg, 95 %) as a cream-colored solid. Upon 1H–NMR analysis, the crude material was 

deemed sufficiently pure to be carried onto the next step without further purification. 

 

1H NMR (400 MHz, DMSO-d6) δ 13.21 (s, 1H), 11.11 (s, 1H), 7.79 (dd, J = 8.6, 7.3 Hz, 

1H), 7.47 (d, J = 7.2 Hz, 1H), 7.39 (d, J = 8.6 Hz, 1H), 5.10 (dd, J = 12.9, 5.4 Hz, 1H), 

4.99 (s, 2H), 2.89 (ddd, J = 17.2, 13.9, 5.4 Hz, 1H), 2.65 – 2.52 (m, 2H), 2.05 (dddd, J = 

9.6, 7.9, 5.2, 1.9 Hz, 1H). 

13C NMR (101 MHz, DMSO-d6) δ 172.8, 169.9, 169.5, 166.8, 165.2, 155.1, 136.8, 133.3, 

119.9, 116.3, 115.8, 65.0, 48.8, 31.0, 22.0. 

HRMS calcd. for C15H13N2O7 ([M+H]+): 333.0717, found: 333.0740. 

 

N-(2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethyl)-2-((2-(2,6-dioxopiperidin-3-yl)-1,3-

dioxoisoindolin-4-yl)oxy)acetamide (RBM5-174)  

 

Compound RBM5-174 (white solid, 681 mg, 85 %) was obtained from carboxylic acid 

RBM5-173 (500 mg, 1.50 mmol), amine RBM5-163 (394 mg, 1.81 mmol), EDC·HCl 

(462 mg, 2.41 mmol), HOBt (264 mg, 1.96 mmol) and TEA (1 mL, 7.52 mmol) in CH2Cl2 

(150 mL) according to the general procedure 11. The title compound was purified by flash 

chromatography on silica gel (from 0 to 5 % MeOH in CH2Cl2). 

 

1H NMR (400 MHz, CDCl3) δ 8.69 (br s, 1H), 7.76 – 7.70 (m, 1H), 7.60 (br s, 1H), 7.54 

(d, J = 7.3 Hz, 1H), 7.18 (d, J = 8.4 Hz, 1H), 4.95 (dd, J = 12.0, 5.4 Hz, 1H), 4.64 (s, 2H), 

3.70 – 3.61 (m, 12H), 3.60 – 3.54 (m, 2H), 3.41 – 3.37 (m, 2H), 2.92 – 2.69 (m, 3H), 2.15 

(dt, J = 10.4, 4.1 Hz, 1H).  
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13C NMR (101 MHz, CDCl3) δ 171.1, 168.2, 167.0, 166.8, 165.9, 154.6, 137.1, 133.8, 

119.5, 118.2, 117.4, 70.9, 70.6, 70.5, 70.3, 70.0, 69.6, 68.1, 50.8, 49.4, 39.2, 31.5, 22.8.  

HRMS calcd. for C23H29N6O9 ([M+H]+): 533.1991, found: 533.2209. 

 

N-(2-(2-(2-(2-Aminoethoxy)ethoxy)ethoxy)ethyl)-2-((2-(2,6-dioxopiperidin-3-yl)-

1,3-dioxoisoindolin-4-yl)oxy)acetamide hydrochloride (RBM5-175) 

 

Compound RBM5-174 was obtained as a cream-colored wax (252 mg, 88 %) from azide 

RBM5-174 (280 mg, 0.53 mmol), TES (0.85 mL, 5.26 mmol), and Pd–C (70 mg) in a 

mixture of MeOH (13.5 mL) and CHCl3 (1.5 mL) according to the general procedure 8. 

Upon 1H–NMR analysis, the crude material was deemed sufficiently pure to be carried 

onto the next step without further purification. 

 

1H NMR (400 MHz, CD3OD) δ 7.86 – 7.79 (m, 1H), 7.56 (d, J = 7.3 Hz, 1H), 7.45 (d, J 

= 8.4 Hz, 1H), 5.14 (dd, J = 12.5, 5.4 Hz, 1H), 4.79 (s, 2H), 3.71 – 3.67 (m, 2H), 3.67 – 

3.60 (m, 10H), 3.52 (t, J = 5.2 Hz, 2H), 3.15 – 3.09 (m, 2H), 2.97 – 2.72 (m, 2H), 2.70 

(dd, J = 13.4, 4.2 Hz, 1H), 2.16 (dd, J = 8.8, 3.7 Hz, 1H). 

13C NMR (101 MHz, CD3OD) δ 174.5, 171.3, 170.0, 168.2, 167.7, 156.1, 138.3, 134.9, 

121.6, 119.1, 118.0, 71.5, 71.5, 71.3, 71.2, 70.4, 69.3, 67.9, 50.6, 40.8, 40.1, 32.2, 23.7. 

HRMS calcd. for C23H31N4O9 ([M+H]+): 507.2086, found: 507.2121. 
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((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (1-((2-(2,6-dioxopiperidin-3-yl)-1,3-

dioxoisoindolin-4-yl)oxy)-2-oxo-6,9,12-trioxa-3-azatetradecan-14-yl)carbamate 

(RBM5-176) 

 

A solution of RBM5-141 (41 mg, 0.129 mmol) in dry CH2Cl2 (2 mL) was added dropwise 

to a stirred solution of RBM5-175 (70 mg, 0.129 mmol) and TEA (54 µL, 0.387 mmol) 

in dry CH2Cl2 (3 mL) at rt. After overnight stirring, the reaction mixture was concentrated 

in vacuo, and the resulting crude was purified by flash chromatography (from 0 to 5 % 

MeOH in CH2Cl2) to furnish RBM5-176 (59 mg, 67 %) as a cream-colored wax. 

 

1H NMR (400 MHz, CD3OD) δ 7.81 (dd, J = 8.4, 7.4 Hz, 1H), 7.53 (d, J = 7.1 Hz, 1H), 

7.43 (d, J = 8.4 Hz, 1H), 5.13 (dd, J = 12.5, 5.5 Hz, 1H), 4.78 (s, 2H), 4.15 – 4.08 (m, 

2H), 3.68 – 3.59 (m, 8H), 3.60 – 3.55 (m, 2H), 3.54 – 3.47 (m, 4H), 3.25 (t, J = 5.5 Hz, 

2H), 2.96 – 2.74 (m, 2H), 2.70 (dd, J = 13.2, 4.0 Hz, 1H), 2.27 – 2.12 (m, 7H), 1.65 – 

1.51 (m, 2H), 1.35 (app p, J = 8.4 Hz, 1H), 0.91 (app t, J = 9.7 Hz, 2H). 

13C NMR (101 MHz, CD3OD) δ 174.6, 171.3, 169.9, 168.3, 167.6, 159.2, 156.2, 138.2, 

134.9, 121.5, 119.2, 117.9, 99.5, 71.6, 71.6, 71.4, 71.3, 71.0, 70.3, 69.2, 63.7, 50.6, 41.7, 

40.2, 32.2, 30.1, 23.7, 21.9, 21.4, 18.9.  

HRMS calcd. for C34H43N4O11 ([M+H]+): 683.2923, found: 683.2941. 
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6.1.4.2 BCN-tagged bestatin derivative RBM5-182 

((2S,3R)-2-Hydroxy-4-phenyl-3-(((2-(trimethylsilyl)ethoxy)carbonyl)amino) 

butanoyl)-L-leucine (RBM5-178) 

 

N-[2-(Trimethylsilyl)ethoxycarbonyloxy]succinimide (TeocOSu) (547 mg, 2.11 mmol) 

was added portionwise to a solution of bestatin (500 mg, 1.62 mmol) in a mixture of 

acetone and 1.0 M aq. NaHCO3 (2:1 v/v, 15 mL. After stirring for 2 h at rt, the reaction 

mixture was diluted with water (15 mL) and EtOAc (30 mL). The organic layer was 

separated, and the aqueous layer was extracted with ethyl acetate (3 × 25 mL). The 

combined organic extracts were dried over MgSO4, filtered and the solvent was removed 

in vacuo to yield crude RBM5-178 (600 mg), which was used in the following step 

without further purification. 

 

1H NMR (400 MHz, DMSO-d6) δ 7.70 (d, J = 8.6 Hz, 1H), 7.29 – 7.16 (m, 5H), 6.45 (d, 

J = 9.4 Hz, 1H), 4.27 (td, J = 9.0, 4.4 Hz, 1H), 4.05 – 3.86 (m, 3H), 3.85 – 3.81 (m, 1H), 

2.86 – 2.80 (m, 1H), 2.64 (dd, J = 13.3, 7.9 Hz, 1H), 1.64 – 1.43 (m, 3H), 0.88 – 0.77 (m, 

8H), -0.01 (s, 9H).  

13C NMR (101 MHz, DMSO-d6) δ 171.7, 170.0, 155.6, 138.8, 129.2, 128.2, 126.1, 71.4, 

61.5, 54.9, 49.7, 40.4, 37.3, 24.1, 23.0, 21.4, 17.3, -1.5.  
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2-(Trimethylsilyl)ethyl ((14S,17S,18R)-1-azido-17-hydroxy-14-isobutyl-13,16-

dioxo-19-phenyl-3,6,9-trioxa-12,15-diazanonadecan-18-yl)carbamate (RBM5-179) 

 

Compound RBM5-179 (colorless oil, 670 mg, 84 %) was obtained from carboxylic acid 

RBM5-178 (550 mg, 1.22 mmol), amine RBM5-163 (292 mg, 1.34 mmol), EDC·HCl 

(373 mg, 1.94 mmol), HOBt (197 mg, 1.46 mmol) and TEA (0.85 mL, 6.08 mmol) in 

CH2Cl2 (25 mL) according to general procedure 11. The title compound was purified by 

flash chromatography on silica gel (from 0 to 5 % MeOH in CH2Cl2). 

 

1H NMR (400 MHz, CDCl3) δ 7.31 – 7.18 (m, 6H), 6.66 (br s, 1H), 5.43 (br s, 1H), 5.22 

(d, J = 8.0 Hz, 1H), 4.45 (td, J = 9.1, 5.2 Hz, 1H), 4.15 – 4.02 (m, 4H), 3.69 – 3.50 (m, 

12H), 3.41 – 3.38 (m, 4H), 3.03 (d, J = 6.5 Hz, 2H), 1.74 – 1.51 (m, 3H), 0.94 – 0.87 (m, 

8H), 0.02 (s, 9H).  

13C NMR (101 MHz, CDCl3) δ 172.63, 172.55, 156.8, 138.0, 129.4, 128.4, 126.4, 72.1, 

70.59, 70.56, 70.4, 70.1, 70.0, 69.4, 63.2, 55.2, 51.2, 50.6, 41.3, 39.3, 37.4, 24.7, 23.1, 

21.8, 17.7, -1.5.  

HRMS calcd. for C30H53N6O8Si ([M+H]+): 653.3689, found: 653.3732. 
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2-(Trimethylsilyl)ethyl ((14S,17S,18R)-1-amino-17-hydroxy-14-isobutyl-13,16-

dioxo-19-phenyl-3,6,9-trioxa-12,15-diazanonadecan-18-yl)carbamate 

hydrochloride (RBM5-180) 

 

Compound RBM5-180 (cream-colored wax, 624 mg, quantitative) was obtained from 

azide RBM5-179 (620 mg, 0.95 mmol), TES (1.5 mL, 9.5 mmol), Pd–C (150 mg) in a 

mixture of MeOH and CHCl3 (9:1 v/v, 20 mL) according to general procedure 8. Upon 

1H–NMR analysis, the crude material was deemed sufficiently pure to be carried onto the 

next step without further purification. 

 

1H NMR (400 MHz, CD3OD) δ 7.32 – 7.23 (m, 4H), 7.22 – 7.15 (m, 1H), 6.62 (d, J = 9.4 

Hz, 1H), 4.42 (dd, J = 9.5, 5.0 Hz, 1H), 4.24 (app t, J = 6.9 Hz, 1H), 4.12 – 3.89 (m, 3H), 

3.73 – 3.68 (m, 2H), 3.68 – 3.57 (m, 8H), 3.53 (t, J = 5.4 Hz, 2H), 3.38 – 3.34 (m, 2H), 

3.16 – 3.10 (m, 2H), 2.92 (dd, J = 13.4, 7.7 Hz, 1H), 2.84 (dd, J = 13.5, 7.8 Hz, 1H), 1.71 

– 1.48 (m, 3H), 0.98 – 0.85 (m, 8H), 0.02 (s, 9H). 

13C NMR (101 MHz, CD3OD) δ 175.1, 174.7, 158.5, 139.6, 130.5, 129.4, 127.4, 73.0, 

71.4, 71.0, 70.3, 67.7, 63.9, 56.3, 52.6, 42.3, 40.7, 40.3, 39.4, 25.6, 23.7, 22.0, 18.6, -1.5.  

HRMS calcd. for C30H55N4O8Si ([M+H]+): 627.3784, found: 627.3807. 
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((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl (2-(trimethylsilyl)ethyl) 

((14S,17S,18R)-17-hydroxy-14-isobutyl-13,16-dioxo-19-phenyl-3,6,9-trioxa-12,15-

diazanonadecane-1,18-diyl)dicarbamate (RBM5-181) 

 

Compound RBM5-181 (colorless oil, 102 mg, 94 %) was prepared according to the 

methodology described for compound RBM5-176 from crude amine RBM5-180 (90 mg, 

0.136 mmol) and RBM5-141 (43 mg, 0.136 mmol) in dry CH2Cl2 (5 mL) containing TEA 

(57 µL, 0.407 mmol). Flash chromatography on silica gel (from 0 to 5 % MeOH in 

CH2Cl2) furnished the title compound. 

 

1H NMR (400 MHz, CD3OD) δ 7.85 (d, J = 8.8 Hz, 1H), 7.27 (app d, J = 4.3 Hz, 4H), 

7.22 – 7.16 (m, 1H), 4.46 (dd, J = 9.4, 5.4 Hz, 1H), 4.23 (td, J = 7.7, 1.8 Hz, 1H), 4.16 – 

3.77 (m, 5H), 3.66 – 3.57 (m, 8H), 3.55 – 3.49 (m, 4H), 3.35 (t, J = 5.8 Hz, 2H), 3.28 (t, 

J = 5.5 Hz, 2H), 2.92 (dd, J = 13.5, 7.8 Hz, 1H), 2.83 (dd, J = 13.4, 7.9 Hz, 1H), 2.29 – 

2.13 (m, 6H), 1.67 – 1.50 (m, 5H), 1.43 – 1.27 (m, 1H), 0.96 – 0.86 (m, 10H), 0.02 (s, 

9H).  

13C NMR (101 MHz, CD3OD) δ 174.8, 174.6, 159.2, 158.4, 139.6, 130.5, 129.4, 127.4, 

99.5, 73.0, 71.6, 71.2, 71.0, 70.4, 63.9, 63.7, 56.3, 52.5, 42.7, 41.6, 40.4, 39.4, 30.1, 25.7, 

23.7, 22.1, 21.9, 21.4, 18.9, 18.7, -1.5.  

HRMS calcd. for C41H67N4O10Si ([M+H]+): 803.4621, found: 803.4625. 
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((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl ((14S,17S,18R)-18-amino-17-

hydroxy-14-isobutyl-13,16-dioxo-19-phenyl-3,6,9-trioxa-12,15-

diazanonadecyl)carbamate (RBM5-182) 

 

A solution of RBM5-181 (55 mg, 69 µmol) in anhydrous THF (2 mL) was treated with 

TBAF (1.0 M in THF, 275 µL, 275 µmol) and stirred overnight at rt under argon. The 

reaction mixture was concentrated under reduced pressure and the crude was purified by 

flash chromatography on silica gel (from 0 to 15 % MeOH in CH2Cl2) to yield RBM5-

182 (24 mg, 53 %) as a colorless oil. 

 

1H NMR (400 MHz, CD3OD) δ 7.34 – 7.19 (m, 5H), 4.42 (dd, J = 8.9, 5.6 Hz, 1H), 4.14 

(d, J = 8.1 Hz, 2H), 3.96 (d, J = 3.0 Hz, 1H), 3.64 – 3.56 (m, 8H), 3.54 – 3.50 (m, 4H), 

3.42 – 3.33 (m, 3H), 3.30 – 3.26 (m, 2H), 2.93 (dd, J = 13.4, 7.0 Hz, 1H), 2.70 (dd, J = 

13.4, 7.7 Hz, 1H), 2.30 – 2.12 (m, 6H), 1.71 – 1.56 (m, 5H), 1.39 (dt, J = 17.6, 8.0 Hz, 

1H), 0.96 (dd, J = 8.3, 6.2 Hz, 8H).  

13C NMR (101 MHz, CD3OD) δ 175.2, 174.6, 159.3, 139.7, 130.4, 129.7, 127.6, 99.5, 

73.3, 71.6, 71.6, 71.2, 71.0, 70.5, 63.7, 56.6, 53.1, 42.2, 41.7, 40.4, 40.3, 30.2, 26.0, 23.4, 

22.2, 21.9, 21.4, 19.0. 

HRMS calcd. for C35H54N4NaO8 ([M+Na]+): 681.3834, found: 681.3852. 
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6.1.4.3 BCN-tagged VHL ligand derivative RBM5-193 

1,3,6,9,12-Pentaoxa-2-thiacyclotetradecane 2-oxide (RBM5-168)363,364 and 

1,3,6,9,12-pentaoxa-2-thiacyclotetradecane 2,2-dioxide (RBM5-169)363,364 

 

A solution of SOCl2 (3 mL, 41.19 mmol) in CH2Cl2 (125 mL) was added over 30 min to 

an ice-cooled solution of tetraethylene glycol (4.00 g, 20.59 mmol) in CH2Cl2 (400 mL) 

containing TEA (13.6 mL, 97.8 mmol) and DMAP (126 mg, 1 mmol). After stirring for 

2 h at rt, the reaction mixture was poured onto ice/water (200 mL) and extracted with 

CH2Cl2 (3 x 100 mL). The combined organic extracts were washed with water (2 x 100 

mL) and concentrated under reduced pressure to provide the crude macrocyclic sulfite 

intermediate RBM5-168 (3.54 g) as a brown oil. A solution of this intermediate (3.3 g, 

13.7 mmol) in a mixture of H2O, CH2Cl2 and CH3CN (3:2:2 v/v, 560 mL) was cooled to 

0 °C and sequentially treated with NaIO4 (3.67 g, 17.17 mmol) and RuCl3·xH2O (29 mg, 

137 µmol). After stirring overnight at rt, the reaction mixture was extracted with CH2Cl2 

(3 x 100 mL) and the organic layers were combined, washed with water (2 x 100 mL), 

filtered through Celite® and evaporated in vacuo. The crude mixture was purified by flash 

column chromatography (from 0 to 100 % MTBE in hexanes) to yield the macrocyclic 

sulfate RBM5-169 (2.75 g, 78 %) as a white solid. The spectroscopic data match those 

reported in the literature.363 

 

RBM5-168 (crude):  

1H NMR (400 MHz, CDCl3) δ 4.33 (ddd, J = 10.8, 6.0, 4.6 Hz, 2H), 4.12 – 4.03 (m, 2H), 

3.83 – 3.76 (m, 4H), 3.70 – 3.62 (m, 8H).  

13C NMR (101 MHz, CDCl3) δ 71.0, 70.7, 69.7, 61.9.  
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RBM5-169:  

1H NMR (400 MHz, CDCl3) δ 4.50 – 4.44 (m, 4H), 3.86 – 3.80 (m, 4H), 3.68 (dd, J = 

4.6, 2.7 Hz, 4H), 3.66 – 3.63 (m, 4H).  

13C NMR (101 MHz, CDCl3) δ 72.3, 70.9, 70.8, 68.6.  

HRMS calcd. for C8H16NaO7S ([M+Na]+): 279.0509, found: 279.0538. 

 

2-(2-(2-(2-Azidoethoxy)ethoxy)ethoxy)ethan-1-ol (RBM5-170)356 

 

NaN3 (1.03 g, 15.86 mmol) was added portionwise to a stirred solution of the macrocyclic 

sulfate RBM5-169 (2.54 g, 9.91 mmol) in DMF (150 mL). After stirring at 80 °C for 5 

h, the reaction mixture was cooled to rt, excess NaN3 was removed by filtration and DMF 

was evaporated under vacuum. The resulting residue was taken up in THF (250 mL), 

followed by the addition of H2O (535 μL, 29.73 mmol) and conc. H2SO4 (845 μL, 15.86 

mmol), and the resulting mixture was refluxed for 1 h. The reaction was quenched by the 

addition of sat. aq. NaHCO3 (100 mL) and then extracted with CH2Cl2 (4 x 100 mL). The 

combined organic layers were dried over anhydrous MgSO4, filtered and concentrated in 

vacuo. Purification of the crude by flash chromatography on silica gel (from 0 to 3 % 

MeOH in CH2Cl2) afforded the desired azido alcohol RBM5-170 (2.02 g, 93 % yield) as 

a colorless oil.  

 

1H NMR (400 MHz, CDCl3) δ 3.72 – 3.68 (m, 2H), 3.67 – 3.64 (m, 10H), 3.60 – 3.57 (m, 

2H), 3.37 (t, J = 5.1 Hz, 2H), 2.65 – 2.59 (m, 1H).  

13C NMR (101 MHz, CDCl3) δ 72.6, 70.8, 70.7, 70.7, 70.4, 70.1, 61.8, 50.7.  

HRMS calcd. for C8H18N3O4 ([M+H]+): 220.1292, found: 220.1302. 

  



Experimental Section 

265 

tert-butyl 14-Azido-3,6,9,12-tetraoxatetradecanoate (RBM5-171)383 

 

A solution of RBM5-170 (1.25 g, 5.7 mmol) in THF (40 mL) was added dropwise to a 

suspension of NaH (344 mg, 60 % in mineral oil, 8.59 mmol) in dry THF (20 mL) at 0 

°C under argon atmosphere. After stirring at rt for 30 min, tert-butyl bromoacetate (1.7 

mL, 11.45 mmol) was added and the resulting mixture was stirred overnight at rt. The 

reaction mixture was quenched with water (200 mL), extracted with EtOAc (3 x 100 mL), 

and the combined organic extracts were dried over anhydrous MgSO4 and concentrated 

to dryness. The resulting crude was purified by flash chromatography on silica gel (from 

0 to 30 % EtOAc in CH2Cl2) to give RBM5-171 (1.21 g, 63 %) as a colorless oil.  

 

1H NMR (400 MHz, CDCl3) δ 4.02 (s, 2H), 3.73 – 3.65 (m, 14H), 3.39 (t, J = 5.1 Hz, 

2H), 1.47 (s, 9H).  

13C NMR (101 MHz, CDCl3) δ 169.8, 81.6, 71.0, 70.8, 70.8, 70.8, 70.7, 70.7, 70.7, 70.1, 

69.1, 66.5, 50.8, 28.2. 

 

14-Azido-3,6,9,12-tetraoxatetradecanoic acid (RBM5-190)384  

 

A solution of tert-butyl ester RBM5-171 (300 mg, 0.90 mmol) in a mixture of CH2Cl2 

and TFA (1:1 v/v, 6 mL) was stirred at rt for 2 h. The reaction mixture was next diluted 

with CH2Cl2 (25 mL) and evaporated to dryness. Purification of the crude by flash 

chromatography (from 0 to 5 % MeOH in CH2Cl2) yielded the required compound 

RBM5-190 (250 mg, quant.) as a colorless oil. 

 

1H NMR (400 MHz, CD3OD) δ 4.13 (s, 2H), 3.73 – 3.61 (m, 14H), 3.37 (t, J = 5.2 Hz, 

2H). 
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13C NMR (101 MHz, CD3OD) δ 174.0, 71.7, 71.6, 71.6, 71.6, 71.5, 71.1, 69.1, 51.8.  

HRMS calcd. for C10H20N3O6 ([M+H]+): 278.1347, found: 278.1369. 

 

4-(4-Methylthiazol-5-yl)benzonitrile (RBM5-183)220,221,385 

 

KOAc (5.93 g, 60.43 mmol) and Pd(OAc)2 (68 mg, 0.30 mmol) were added to a solution 

of 4-bromobenzonitrile (5.50 g, 30.22 mmol) and 4-methylthiazole (5.99 g, 60.43 mmol) 

in degassed DMAc (30 mL). The resulting mixture was heated to 140 °C and stirred 

overnight under argon. After cooling to rt, the reaction mixture was diluted with water 

and extracted with CH2Cl2 (3 x 100 mL). The combined organic layers were dried over 

MgSO4, evaporated under reduced pressure, and the crude was purified by flash column 

chromatography on silica gel (from 0 to 24 % EtOAc in CH2Cl2) to obtain the 

corresponding cyano derivate RBM5-183 (4.95 g, 82 %) as a beige solid that matched 

the reported spectral data.385 

 

1H NMR (400 MHz, CDCl3) δ 8.77 (s, 1H), 7.72 (d, J = 8.6 Hz, 2H), 7.56 (d, J = 8.5 Hz, 

2H), 2.57 (s, 3H).  

13C NMR (101 MHz, CDCl3) δ 151.7, 150.1, 136.9, 132.6, 130.2, 129.8, 118.5, 111.6, 

16.4.  

HRMS calcd. for C11H9N2S ([M+H]+): 201.0481, found: 201.0482. 
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(4-(4-Methylthiazol-5-yl)phenyl)methanamine (RBM5-184)220,221,385 

 

NaBH4 (3.66 g, 96.87 mmol) was added potionwise to an ice-cooled solution of RBM5-

183 (3.88 g, 19.37 mmol) in degassed MeOH (195 mL) containing CoCl2·6H2O (6.91 g, 

29.06 mmol). After the addition, the reaction mixture became black and an apparent 

bubbling was observed. After stirring for 2 h at rt, the reaction mixture was quenched 

with water (50 mL) and 30 % (w/w) aq. NH4OH (50 mL), and the mixture was extracted 

with CHCl3 (6 × 100 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated to dryness. The resulting crude was purified by flash column 

chromatography (from 0 to 50 % 0.5 M methanolic NH4OH in CH2Cl2) to yield 

RBM5-184 (2.04 g, 52 %) as a yellow oil that matched the reported spectral data.385 

 

1H NMR (400 MHz, CD3OD) δ 8.88 (s, 1H), 7.47 (s, 4H), 3.90 (s, 2H), 2.48 (s, 3H).  

13C NMR (101 MHz, CD3OD) δ 152.8, 149.1, 141.2, 133.2, 131.9, 130.5, 129.4, 45.6, 

15.9. 

HRMS calcd. for C11H13N2S ([M+H]+): 205.0794, found: 188.0617 (fragmentation 

artifact221). 

 

(2S,4R)-1-(tert-butoxycarbonyl)-4-Hydroxypyrrolidine-2-carboxylic acid (Boc-L-

Hyp-OH) (RBM5-185)386 

 

A stirred solution of (2S,4R)-4-hydroxypyrrolidine-2-carboxylic acid (6.50 g, 49.57 

mmol) in a mixture of THF/H2O (2:1) (100 mL) was treated with 10 % (w/w) aq. NaOH 

(20 mL), followed by the portionwise addition of Boc2O (16.23 g, 74.35 mmol). After 
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stirring overnight at rt, THF was removed under vacuum, and the resulting suspension 

was diluted with EtOAc. The aqueous layer was acidified with 1.0 M aq. HCl (until 

pH=2), extracted with EtOAc (3 × 100 mL), and the combined organic extracts were dried 

over MgSO4, filtered and concentrated to dryness to give crude RBM5-185 (colorless 

waxy syrup, 11.00 g, 96 %), which was deemed sufficiently pure to be carried onto the 

next step without further purification. Spectral data were in agreement with those reported 

in the literature.386 

 

1H NMR (400 MHz, DMSO-d6) (E/Z 66:34, major isomer given) δ 5.06 (s, 1H), 4.23 (s, 

1H), 4.15 – 4.08 (m, 1H), 3.44 – 3.20 (m, 2H), 2.16 – 2.04 (m, 1H), 1.89 (ddt, J = 12.2, 

8.2, 4.1 Hz, 1H), 1.34 (s, 9H).  

13C NMR (101 MHz, DMSO-d6) (mixture of E/Z isomers) δ 174.4, 173.9, 153.8, 153.2, 

78.8, 68.5, 67.8, 57.7, 57.5, 54.7, 54.4, 38.0, 28.1, 27.9. 

HRMS calcd. for C10H17NNaO5 ([M+Na]+): 254.0999, found: 254.1018. 

 

tert-butyl (2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl) 

pyrrolidine-1-carboxylate (RBM5-186)220 

 

Compound RBM5-186 (colorless foamy wax, 450 mg, 63 %) was obtained from (2S,4R)-

1-(tert-butoxycarbonyl)-4-hydroxypyrrolidine-2-carboxylic acid (Boc-L-Hyp-OH) (475 

mg, 2.06 mmol), amine RBM5-184 (350 mg, 1.71 mmol), EDC·HCl (526 mg, 2.74 

mmol), HOBt (301 mg, 2.23 mmol) and TEA (0.96 mL, 6.85 mmol) in CH2Cl2 (20 mL), 

according to the general procedure 11. Purification of the crude by flash chromatography 

on silica gel (from 0 to 8 % MeOH in CH2Cl2) yielded the desired compound. Spectral 

data were in agreement with those reported in the literature.220 



Experimental Section 

269 

 

1H NMR (400 MHz, CD3OD) δ 8.94 (s, 1H), 8.72 – 8.56 (m, 1H), 7.47 – 7.38 (m, 4H), 

4.54 – 4.29 (m, 4H), 3.59 (ddd, J = 11.7, 8.5, 4.1 Hz, 1H), 3.54 – 3.46 (m, 1H), 2.47 (s, 

3H), 2.31 – 2.20 (m, 1H), 2.03 (ddd, J = 13.1, 8.5, 4.5 Hz, 1H), 1.32 (s, 9H).  

13C NMR (101 MHz, CD3OD) δ 175.5, 156.5, 156.1, 153.1, 148.7, 148.5, 140.4, 133.5, 

131.6, 131.2, 130.5, 130.3, 129.7, 128.9, 81.6, 81.4, 70.7, 70.0, 60.8, 60.6, 56.3, 56.0, 

43.9, 43.8, 43.5, 40.8, 39.9, 28.7, 28.5, 15.6.  

HRMS calcd. for C21H28N3O4S ([M+H]+): 418.1795, found: 418.1799. 

 

(2S,4R)-4-Hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-carboxamide 

trifluoroacetate (RBM5-187)220,221 

 

Compound RBM5-187 (colorless foamy wax, 410 mg, quant.) was obtained from 

RBM5-186 (400 mg, 0.96 mmol) in a mixture of TFA and CH2Cl2 (1:1 v/v, 20 mL) 

according to the general procedure 10. Purification of the crude by flash chromatography 

on silica gel (from 0 to 20 % MeOH in CH2Cl2) afforded the desired compound. Spectral 

data were in agreement with those reported in the literature.220  

 

1H NMR (400 MHz, CD3OD) δ 8.87 (s, 1H), 7.38 (s, 4H), 4.70 – 4.55 (m, 2H), 4.47 (s, 

2H), 3.50 (dd, J = 12.2, 3.6 Hz, 1H), 3.39 (d, J = 12.2 Hz, 1H), 2.53 (dd, J = 13.4, 7.4 Hz, 

1H), 2.42 (s, 3H), 2.11 (ddd, J = 14.1, 10.8, 4.0 Hz, 1H).  

13C NMR (101 MHz, CD3OD) δ 169.6, 152.9, 148.8, 139.5, 133.2, 131.7, 130.4, 129.1, 

71.2, 60.0, 55.0, 43.9, 39.9, 15.8. 

HRMS calcd. for C16H20N3O2S ([M+H]+): 318.1271, found: 318.1273. 
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tert-butyl ((S)-1-((2S,4R)-4-Hydroxy-2-((4-(4-methylthiazol-5-yl)benzyl)carbamoyl) 

pyrrolidin-1-yl)-3,3-dimethyl-1-oxobutan-2-yl)carbamate (RBM5-188)220,221 

 

Compound RBM5-188 (colorless foamy wax, 310 mg, 70 %) was obtained from (S)-2-

((tert-butoxycarbonyl)amino)-3,3-dimethylbutanoic acid (Boc-L-tert-Leu-OH) (232 mg, 

1.00 mmol), amine trifluoroacetate RBM5-187 (360 mg, 0.83 mmol), EDC·HCl (256 mg, 

1.34 mmol), HOBt (147 mg, 1.08 mmol) and TEA (0.58 mL, 4.17 mmol) in CH2Cl2 (10 

mL) according to the general procedure 11. Flash chromatography on silica gel (from 0 

to 10 % MeOH in CH2Cl2) furnished the title compound. 

 

1H NMR (400 MHz, CD3OD) δ 8.86 (s, 1H), 7.44 (d, J = 8.4 Hz, 2H), 7.39 (d, J = 8.4 

Hz, 2H), 6.39 (d, J = 9.3 Hz, 1H), 4.63 (t, J = 8.3 Hz, 1H), 4.52 (d, J = 15.5 Hz, 2H), 4.40 

– 4.27 (m, 2H), 3.88 (d, J = 11.0 Hz, 1H), 3.80 (dd, J = 10.8, 3.7 Hz, 1H), 2.45 (s, 3H), 

2.22 (dd, J = 13.1, 7.8 Hz, 1H), 2.10 (ddd, J = 13.0, 8.9, 3.9 Hz, 1H), 1.43 (s, 9H), 1.01 

(s, 9H). 

13C NMR (101 MHz, CD3OD) δ 174.3, 172.7, 157.7, 152.7, 148.9, 140.1, 133.3, 131.4, 

130.3, 128.9, 80.5, 71.0, 60.7, 60.3, 57.9, 49.0, 43.6, 38.8, 36.8, 28.7, 26.9, 15.9. 

HRMS calcd. for C27H38N4NaO5S ([M+Na]+): 553.2455, found: 553.2469 . 
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(2S,4R)-1-((S)-2-Amino-3,3-dimethylbutanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-

yl)benzyl)pyrrolidine-2-carboxamide (RBM5-189)221,385 

 

Compound RBM5-189 (light cream-colored foamy wax, 400 mg, quant.) was obtained 

from RBM5-188 (390 mg, 0.74 mmol) in a mixture of TFA and CH2Cl2 (1:1 v/v, 6 mL) 

according to the general procedure 10. Purification of the crude by flash chromatography 

on silica gel (from 0 to 40 % MeOH in CH2Cl2) afforded the desired compound. Spectral 

data were in agreement with those reported in the literature.385 

 

1H NMR (400 MHz, CD3OD) δ 8.88 (s, 1H), 8.79 (br s, 1H), 7.45 (d, J = 8.1 Hz, 2H), 

7.39 (d, J = 8.1 Hz, 2H), 4.68 (t, J = 8.5 Hz, 1H), 4.60 – 4.49 (m, 2H), 4.36 (dd, J = 15.5, 

4.1 Hz, 1H), 4.07 (s, 1H), 3.85 (d, J = 11.2 Hz, 1H), 3.71 (dd, J = 11.1, 3.4 Hz, 1H), 2.46 

(s, 3H), 2.30 (dd, J = 13.1, 7.7 Hz, 1H), 2.09 (ddd, J = 13.4, 9.7, 4.2 Hz, 1H), 1.13 (s, 

9H).  

13C NMR (101 MHz, CD3OD) δ 174.1, 168.6, 152.9, 148.9, 140.2, 131.4, 130.6, 130.3, 

128.9, 71.1, 61.0, 60.3, 58.0, 43.7, 39.0, 35.7, 26.7, 15.8. 

HRMS calcd. for C22H31N4O3S ([M+H]+): 431.2111, found: 431.2123. 
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(2S,4R)-1-((S)-17-Azido-2-(tert-butyl)-4-oxo-6,9,12,15-tetraoxa-3-

azaheptadecanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-

carboxamide (RBM5-191) 

 

Compound RBM5-191 (colorless waxy foam, 150 mg, 30 %) was obtained from 

carboxylic acid RBM5-190 (238 mg, 0.86 mmol), amine trifluoroacetate RBM5-189 

(390 mg, 0.72 mmol), EDC·HCl (220 mg, 1.15 mmol), HOBt (126 mg, 0.93 mmol) and 

TEA (0.50 mL, 3.58 mmol) in CH2Cl2 (20 mL) according to the general procedure 11. 

Flash chromatography on silica gel (from 0 to 30 % MeOH in EtOAc) furnished the title 

compound. 

 

1H NMR (400 MHz, CD3OD) δ 8.88 (s, 1H), 8.65 (t, J = 6.0 Hz, 1H), 7.66 (d, J = 9.4 Hz, 

1H), 7.46 (d, J = 8.3 Hz, 2H), 7.42 (d, J = 8.3 Hz, 2H), 4.70 (d, J = 9.4 Hz, 1H), 4.62 – 

4.48 (m, 3H), 4.37 (dd, J = 15.5, 4.0 Hz, 1H), 4.05 (d, J = 3.1 Hz, 2H), 3.88 (d, J = 11.1 

Hz, 1H), 3.80 (dd, J = 11.0, 3.7 Hz, 1H), 3.73 – 3.58 (m, 14H), 3.38 – 3.33 (m, 2H), 2.47 

(s, 3H), 2.23 (dd, J = 13.1, 7.7 Hz, 1H), 2.09 (ddd, J = 13.3, 9.2, 4.5 Hz, 1H), 1.05 (s, 

9H). 

13C NMR (101 MHz, CD3OD) δ 174.4, 172.1, 171.6, 152.8, 149.0, 140.2, 133.3, 131.4, 

130.3, 128.9, 72.2, 71.6, 71.6, 71.6, 71.5, 71.4, 71.1, 71.0, 60.7, 58.2, 58.0, 51.7, 43.7, 

38.9, 37.0, 27.0, 15.9. 

HRMS calcd. for C32H48N7O8S ([M+H]+): 690.3280, found: 690.3275. 
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(2S,4R)-1-((S)-17-Amino-2-(tert-butyl)-4-oxo-6,9,12,15-tetraoxa-3-

azaheptadecanoyl)-4-hydroxy-N-(4-(4-methylthiazol-5-yl)benzyl)pyrrolidine-2-

carboxamide hydrochloride (RBM5-192) 

 

Compound RBM5-192 (cream-colored wax, 110 mg, 87 %) was obtained from azide 

RBM5-191 (125 mg, 0.18 mmol), TES (290 µL, 1.81 mmol), Pd–C (26 mg) in a mixture 

of MeOH and CHCl3 (9:1 v/v, 6 mL) according to the general procedure 8. Flash 

chromatography on silica gel (from 0 to 30 % MeOH in CH2Cl2) gave the title compound. 

 

1H NMR (400 MHz, CD3OD) δ 8.89 (s, 1H), 7.47 (d, J = 8.0 Hz, 2H), 7.41 (d, J = 8.3 

Hz, 2H), 4.66 (s, 1H), 4.61 – 4.55 (m, 1H), 4.54 – 4.49 (m, 2H), 4.37 (d, J = 15.5 Hz, 

1H), 4.11 (s, 2H), 3.91 (d, J = 11.1 Hz, 1H), 3.81 (dd, J = 10.9, 3.8 Hz, 1H), 3.75 – 3.72 

(m, 2H), 3.71 – 3.60 (m, 12H), 3.17 – 3.12 (m, 2H), 2.47 (s, 3H), 2.26 (dd, J = 13.2, 7.6 

Hz, 1H), 2.09 (ddd, J = 13.4, 9.4, 4.3 Hz, 1H), 1.05 (s, 9H). 

13C NMR (101 MHz, CD3OD) δ 174.3, 172.2, 171.8, 152.9, 149.0, 140.3, 131.5, 130.3, 

129.4, 129.0, 71.9, 71.4, 71.3, 71.2, 71.0, 70.8, 70.7, 67.8, 60.9, 58.6, 58.1, 43.6, 40.5, 

39.1, 36.7, 27.0, 15.9.  

HRMS calcd. for C32H50N5O8S ([M+H]+): 664.3375, found: 664.3381. 
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((1R,8S,9s)-Bicyclo[6.1.0]non-4-yn-9-yl)methyl ((S)-16-((2S,4R)-4-hydroxy-2-((4-(4-

methylthiazol-5-yl)benzyl)carbamoyl)pyrrolidine-1-carbonyl)-17,17-dimethyl-14-

oxo-3,6,9,12-tetraoxa-15-azaoctadecyl)carbamate (RBM5-193) 

 

Compound RBM5-193 (cream-colored wax, 74 mg, 77 %) was prepared according to the 

methodology described for compound RBM5-176 from amine hydrochloride RBM5-192 

(80 mg, 114 µmol) and RBM5-141 (36 mg, 114 µmol) in dry CH2Cl2 (5 mL) containing 

TEA (48 µL, 343 µmol). Flash chromatography on silica gel (from 0 to 10 % MeOH in 

CH2Cl2) provided the title compound. 

 

1H NMR (400 MHz, CD3OD) δ 8.88 (s, 1H), 7.47 (d, J = 8.4 Hz, 2H), 7.42 (d, J = 8.4 

Hz, 2H), 4.70 (s, 1H), 4.63 – 4.54 (m, 1H), 4.51 (d, J = 8.8 Hz, 2H), 4.37 (d, J = 15.5 Hz, 

1H), 4.17 – 4.09 (m, 2H), 4.05 (d, J = 3.3 Hz, 2H), 3.88 (d, J = 11.1 Hz, 1H), 3.80 (dd, J 

= 11.0, 3.7 Hz, 1H), 3.74 – 3.55 (m, 12H), 3.51 (t, J = 5.5 Hz, 2H), 3.26 (t, J = 5.5 Hz, 

2H), 2.48 (s, 3H), 2.30 – 2.04 (m, 8H), 1.66 – 1.51 (m, 2H), 1.34 (td, J = 19.5, 18.3, 9.1 

Hz, 1H), 1.05 (s, 9H), 0.96 – 0.87 (m, 2H).  

13C NMR (101 MHz, CD3OD) δ 174.3, 172.0, 171.6, 159.2, 152.8, 149.0, 140.2, 131.5, 

130.4, 129.5, 128.9, 99.5, 72.3, 71.6, 71.6, 71.5, 71.2, 71.1, 71.0, 71.0, 63.7, 60.8, 58.1, 

43.7, 41.7, 38.9, 37.1, 30.1, 27.0, 21.9, 21.4, 18.9, 15.9.  

HRMS calcd. for C43H61N5NaO10S ([M+Na]+): 862.4031, found: 862.4033.  
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6.2 Spectroscopic studies 

6.2.1 Absorption and emission spectra 

Absorbtion spectra were recorded on a Jasco V-730 UV-Vis spectrophotometer using a 

spectral bandwidth of 1 nm, a response time of 0.24 sec, a data interval of 1 nm (except 

for quinine sulphate and compounds RBM5-139 and RBM5-142, in which case the data 

interval was of 0.2 nm) and a scan rate of 200 nm/min. Measurements were carried under 

inert atmosphere (continuous flow of nitrogen gas) at a constant temperature of 20 ºC. 

The temperature was maintained with a MultiTemp III Thermostatic Circulator from 

Pharmacia Biotech. 

Fluorescence emission spectra were recorded on a Photon Technology International (PTI) 

QuantaMaster fluorometer at room temperature. The excitation and emission 

monochromators were set at 0.5 mm, giving a spectral bandwidth of 2 nm (except for 

fluorescein and compounds RBM5-130, RBM5-155 and RBM5-159, in which case the 

monochromators were set at 0.35 mm, giving a spectral bandwidth of 1.4 nm). The data 

interval was 1 nm and the integration time was 1 sec. 

All measurements were carried using a Hellma 1.5 mL PTFE-stoppered fluorescence 

quartz cuvette (4 clear windows) with a 1 cm path length. 

6.2.2 Molar extinction coefficient 

The molar extinction coefficients (ε) were calculated according to Lambert-Beer’s law, 

represented in Equation 6.1, where A is absorbance, ε is the molar extinction coefficient, 

l is the pathlength of the cuvette (cm) and c is the concentration (M).  

𝐴 =  𝜀 · 𝑙 · 𝑐 Equation 6.1 

In this way, a series of solutions at concentrations ranging between 0.25 and 25 µM was 

prepared in the appropriate solvent system (spectrophotometric grade solvents), and the 

absorption spectrum of each solution was measured following the methodology described 

above. The absorbance value at the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  was then plotted against the corresponding 

concentration and adjusted to a linear regression function forced through the origin (i.e. 

the line was forced to intercept (0,0)) using GraphPad Prism version 7.00 for Windows 
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(GraphPad Software Inc., La Jolla, USA). Only the absorbance values in the range 

between 0.05 and 1 were used. Since we used a 1 cm path length cuvette, 𝜀 equals the 

slope of the graph. The plots generated to calculate the different 𝜀 values can be found in 

the Supplementary Material I (Figures S23-S26). 

6.2.3 Fluorescence quantum yield 

The fluorescence quantum yields (𝛷𝐹) were measured following the comparative method 

described by Resch-Genger and Rurack319 (IUPAC technical report). In this way, a series 

of solutions of the test compounds and standards were prepared such that the Abs value 

at the corresponding 𝜆𝐸𝑥 was approximately between 0.01 and 0.1, in order to avoid re-

absorption effects. The absorption and emission spectra of each solution were recorded 

using a 1 cm path length quartz cuvette, as described above. The test compounds and their 

standard were analysed under the same conditions.  

The integrated fluorescence intensity (i.e. the area under the curve of the emission 

spectrum) was plotted against the corresponding Abs value at the 𝜆𝐸𝑥 and adjusted to a 

linear regression function forced through the origin using GraphPad Prism version 7.00 

for Windows (GraphPad Software Inc., La Jolla, CA, USA). Then, 𝛷𝐹 was calculated 

using Equation 6.2, where the subscripts x and Std. denote sample and standard, 

respectively, 𝐺𝑟𝑎𝑑 equals the slope of the plot of the integrated fluorescence intensity vs 

absorbance at the 𝜆𝐸𝑥 and η is the refractive index of the solvent. 

𝛷𝐹,𝑥 = 𝛷𝐹,𝑆𝑡𝑑. × (
𝐺𝑟𝑎𝑑𝑥
𝐺𝑟𝑎𝑑𝑆𝑡𝑑.

) × (
𝜂𝑥

2

𝜂𝑆𝑡𝑑.
2
) Equation 6.2 

The plots generated to calculate 𝐺𝑟𝑎𝑑x and 𝐺𝑟𝑎𝑑Std. can be found in the Supplementary 

Material I (Figures S27-S29). The fluorescence quantum yields of the standards and the 

refractive indices of the solvents used in the calculations were obtained from the literature 

and are outlined below: 

• Quinine sulphate in 0.5 M aq. H2SO4 after excitation at 340 nm (𝛷𝐹 = 0.5 6).387 

• Fluorescein in 0.01 M aq. NaOH after excitation at 470 nm (𝛷𝐹 = 0.91).388 

• Rhodamine B in EtOH after excitation at 510 nm (𝛷𝐹 = 0.7).389 

• Solvents: water (𝜂 = 1.33336), ethanol (𝜂 = 1.3611), DMSO (𝜂 = 1.4793).390 
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6.2.4 Spectral overlap integral 

The spectral overlap integrals (𝐽(𝜆)) of the donor-acceptor pairs were calculated using 

the specific 𝐽(𝜆) calculator tool from a|e UV-Vis-IR Spectral Software version 2.2 for 

Windows from FluorTools. Prior to the calculations, for each FRET pair, the 

experimental fluorescence emission spectrum of the donor was normalised to an 

integrated area of 1, and the experimental absorption spectrum of the acceptor was 

converted to molar extinction coefficient units (M-1·cm-1) using Lambert-Beer’s law 

(Equation 6.1), as required by the software instructions. Furthermore, all the absorption 

spectra were scaled to match the value of ε at the maximum absorption wavelength 

reported in Table 3.6 (Section 3.3.1).  

 

Figure 6.2 Screenshot of the a|e UV-Vis-IR Spectral Software 2.2 from FluorTools showing how the 

spectral overlap integrals are calculated. 

To calculate 𝐽(𝜆), a|e UV-Vis-IR Spectral Software uses the Equation 6.3, where 𝐹𝐷 is 

the normalised donor emission spectrum, 𝜀𝐴 is the extinction coefficient spectrum of the 

acceptor, and 𝜆 is the wavelength. 

𝐽(𝜆) = ∫ 𝐹𝐷(𝜆) × 𝜀𝐴(𝜆) × 𝜆4𝑑𝜆
∞

0

 Equation 6.3 

 

Tool to automatically calculate spectral overlap integral (J(λ))

Acceptor abs spectrum

(in M-1·cm-1)

Donor fluo spectrum 

(normalised to 1)

Calculated J(λ) (in nm4·M-1·cm-1)
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6.2.5 Förster radius 

The Förster radius (𝑅0) of the two different donor-acceptor pairs were calculated using 

the Equation 6.4, where 𝛷𝐷 is the quantum yield of the donor, 𝐽(𝜆) is the spectral overlap 

integral, 𝜂 is the refractive index of the solvent and 𝜅 is a constant that reflects the relative 

orientation of the excited donor’s electric field and the acceptor’s absorption dipole. For 

molecules where the rotational diffusion of the dyes is faster than the donor’s fluorescence 

lifetime 𝜅 takes a value of 2/3.117 𝑅0 was expressed in Å. 

𝑅0 = 0.211 × [𝜅2 × 𝛷𝐷 × 𝐽(𝜆) × 𝜂−4]
1
6⁄  Equation 6.4 

6.2.6 Composite spectra deconvolution 

The absorption and emission spectra of compounds RBM5-160 and RBM5-161 are a 

mixture of the spectra of the two fluorophores present in the molecule (i.e. the donor and 

the acceptor). Accordingly, they can be expressed as the linear combination of the spectra 

of their individual components, as in the general Equation 6.5, where 𝑥1 and 𝑥2 are the 

spectra of the donor and the acceptor, respectively, multiplied for an appropriate 

coefficient (𝑎1 and 𝑎2). 

𝑦 = 𝑎1𝑥1 + 𝑎2𝑥2 Equation 6.5 

The absorption and emission spectra of RBM5-160 and RBM5-161 were, thus, 

decomposed into their individual components using the Composite Spectrum Regression 

App for OriginPro version 2018 (OriginLab Corporation, Northampton, MA, USA). To 

this end, for each composite spectrum: (1) we designated the appropriate experimental 

spectra of the donor component (𝑥1: RBM5-142 or RBM5-154) and the acceptor 

component (𝑥2: RBM5-154 or RBM5-143) to be used as the reference spectra. As a 

general rule, we chose the component spectra at the concentration yielding the best fitting 

(i.e. highest R-square value); (2) we performed the deconvolution regression forcing an 

intercept with the origin, thereby obtaining a fitted curve (xi,yi values), the values for the 

𝑎1 and 𝑎2 coefficients and a fitting score (R-square and SE); (3) the reference spectra of 

the individual components (𝑥1 and 𝑥2) were then multiplied for the 𝑎1 and 𝑎2 coefficients 

to obtain the calculated RBM5-160_donor component and RBM5-160_acceptor 
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component (idem for RBM5-161) spectra. All the results of the deconvolution 

regressions can be found in the Supplementary Material I (Figures S32-S41). 

 

Figure 6.3 Screenshot of the OriginPro 2018 software showing how the spectral 

deconvolution is performed.  

Dataset of the donor 

component (x1) 

Data set of the acceptor 

component (x2) 

Data set of the 

composite spectrum 

Deconvolution 

regression App 

Fitted curve plot 

(xi,yi values) 

R-square 

a1 and a2 coefficients 

(with SE) 
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6.2.7 FRET efficiency 

The FRET efficiencies of the donor-acceptor pairs were determined by comparing the 

integrated fluorescence intensities of the donor alone (D) and in the presence of the 

acceptor (DA). For this purpose, a series of solutions of the D compounds (RBM5-142 

and RBM5-154) and the DA compounds (RBM5-160 and RBM5-161) was prepared 

such that the Abs value at the corresponding 𝜆𝐸𝑥 was approximately between 0.01 and 

0.1, in order to avoid re-absorption effects. The absorption and emission spectra of each 

solution were recorded using a 1 cm path length quartz cuvette, as described above. Both 

D and DA compounds were analysed under the same conditions. The absorption and 

emission spectra of the DA compounds were subjected to deconvolution regression, as 

explained above, to isolate the spectra of the donor component (RBM5-160_donor and 

RBM5-161_donor). 

The integrated fluorescence intensity was then plotted against the Abs value at the 𝜆𝐸𝑥 

and adjusted to a linear regression function forced through the origin using GraphPad 

Prism version 7.00 for Windows (GraphPad Software Inc., La Jolla, CA, USA). Then, the 

FRET efficiency was calculated using Equation 6.6, where 𝐺𝑟𝑎𝑑𝐷 and 𝐺𝑟𝑎𝑑𝐷𝐴 are the 

slopes of the plots of the integrated fluorescence intensity vs absorbance at the 𝜆𝐸𝑥 of the 

donor alone and the donor component (upon spectral deconvolution) in the presence of 

the acceptor, respectively. 

𝐸 = 1 −
𝐺𝑟𝑎𝑑𝐷𝐴
𝐺𝑟𝑎𝑑𝐷

 Equation 6.6 

The plots generated to calculate 𝐺𝑟𝑎𝑑DA and 𝐺𝑟𝑎𝑑D can be found in the Supplementary 

Material I (Figures S42 and S43). 
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6.2.8 Donor emission bleed-through 

The donor emission bleed-through (DEB) is the contamination of the FRET signal due to 

the partial overlap of the emission spectrum of the donor component with that of the 

acceptor (Figure 6.4).  

 

Figure 6.4 Emission spectrum (excitation at 470 nm) of compound RBM5-161 at 0.5 µM in DMSO upon 

spectral deconvolution. Legend: total emission spectrum (black), emission of the donor component (blue), 

DEB ≡ emission of the donor component within the acceptor-specific wavelength interval [570,700 nm] 

(red), emission of the acceptor component (green). 

The DEB for the different donor-acceptor pairs were calculated as the ratio, in the form 

of a percentage, between the slope of the plot of absorbance at the 𝜆𝐸𝑥 vs. integrated 

fluorescence intensity of the donor component upon spectral deconvolution (𝐺𝑟𝑎𝑑𝐷𝐴
𝐷 ), 

and that of the original non-deconvoluted spectrum (𝐺𝑟𝑎𝑑𝐷𝐴
𝑇𝑜𝑡) (See Equation 6.7). In 

both cases, the fluorescence intensity was integrated for the wavelength interval 

corresponding to the emission of the acceptor. The data and the method used to generate 

the plots were the same as for the calculation of FRET efficiencies. All the plots can be 

found in the Supplementary Material I (Figures S44 and S45). 

𝐷𝐸𝐵 =
𝐺𝑟𝑎𝑑𝐷𝐴

𝐷

𝐺𝑟𝑎𝑑𝐷𝐴
𝑇𝑜𝑡 × 100 Equation 6.7 

6.2.9 Acceptor emission bleed-through 

The acceptor emission bleed-through (AEB) occurs when there is a partial overlap 

between the absorption spectrum of the acceptor component and that of the donor and, 

for this reason, it is also known as excitation cross-talk. As a result, the emission spectrum 

of the acceptor component contains not only the emission arising from the resonance 
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energy transfer from the donor (FRET), but also the emission coming from the direct 

excitation of the acceptor at the donor-specific excitation wavelength (Figure 6.5). 

  

Figure 6.5 Absorption (left) and emission spectrum (excitation at 470 nm) (right) of compound RBM5-

161 at 1 µM in DMSO upon spectral deconvolution. Legend: total absorption (or emission) spectrum 

(black), absorption (or emission) of the donor component (blue), absorption (or emission) of the acceptor 

component (green), AEB ≡ emission of the acceptor component as a result of its direct excitation at 470 

nm (red). Note in the left panel that there is an evident overlap between the absorption bands of the donor 

and the acceptor between 450-500 nm which is responsible for the appearance of AEB. 

Since, to the best of our knowledge, it is not possible to measure the AEB experimentally, 

we tried to make an estimate through the following approach.324 We assumed that the 

ratio between the fluorescence intensity of the acceptor only (A) compounds (RBM5-154 

and RBM5-143) upon excitation at the wavelengths corresponding to the acceptor (𝐹𝐴
𝑎) 

and to the donor (𝐹𝐴
𝑑) (Figure 6.6, Ratio a) should have an almost identical value as the 

ratio between the fluorescence intensity (integrated for the wavelength range 

corresponding to the acceptor emission) of the DA compounds (RBM5-160 and RBM5-

161) upon excitation at the wavelength corresponding to the acceptor (𝐹𝐷𝐴
𝑎 ) and the AEB 

resulting from the excitation at the wavelength corresponding to the donor (𝐹𝐷𝐴(𝐴𝐸𝐵)
𝑑 ) 

(Figure 6.6, Ratio a’). In the same way, we speculated that the ratio between 𝐹𝐴
𝑎 and 𝐹𝐷𝐴

𝑎  

(Figure 6.6, Ratio b) should be almost identical to the ratio between the 𝐹𝐴
𝑑 and 𝐹𝐷𝐴(𝐴𝐸𝐵)

𝑑  

(Figure 6.6, Ratio b’). Therefore, we envisioned that a good estimate of the AEB spectra 

for the two donor-acceptor pairs could be calculated either by multiplying the 𝐹𝐴
𝑑 spectra 

for the “Ratio b” coefficient, or by dividing the 𝐹𝐷𝐴
𝑎  spectra for the “Ratio a” coefficient. 
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Figure 6.6 Emission spectra of RBM5-143 and RBM5-161 at 1 µM in DMSO upon excitation at 470 nm 

(blue) and 550 nm (green). Note that the emission spectrum of RBM5-161 upon excitation at 470 nm 

(𝐹𝐷𝐴(𝑇𝑜𝑡)
𝑑 ) contains both the emission arising from FRET and from AEB (red dotted line). 

Taking this into consideration, we focused on finding the values for the “Ratio a” and 

“Ratio b” coefficients. With this regard, we recorded the absorption and fluorescence 

emission spectra upon excitation at the 𝜆𝑚𝑎𝑥
𝐴𝑏𝑠  of the donor and that of the acceptor of a set 

of solutions of the A compounds (RBM5-154 emission upon excitation at 340 and 470 

nm; RBM5-143 emission upon excitation at 455, 470 and 550 nm) and the DA 

compounds (idem). The spectra were measured in a 1 cm pathlength quartz cuvette, as 

described above, and the solutions were prepared such that the Abs value at the 

corresponding 𝜆𝐸𝑥 was below 0.1, in order to prevent re-absorption effects. 

We then used the Composite Spectrum Regression App for OriginPro version 2018 

(OriginLab Corporation, Northampton, MA, USA) to calculate the various coefficients in 

the following manner: (1) To establish the value for the “Ratio a” coefficients we paired 

the emission spectra corresponding to 𝐹𝐴
𝑎 (“composite”) with those corresponding to 𝐹𝐴

𝑑 

(“component”) and performed a deconvolution regression calculation. This step was 

repeated for all the paired solutions at the different concentrations and in the different 

solvents. The coefficients resulting from the regression are equivalent to “Ratio a”; (2) 

Similarly, we paired the emission spectra corresponding to 𝐹𝐷𝐴
𝑎  (“composite”) with those 

corresponding to 𝐹𝐴
𝑎 (“component”). In this case, the coefficients obtained after 

performing the deconvolution regression are equivalent to “Ratio b”; (3) By multiplying 

the emission spectra of 𝐹𝐴
𝑑 for the “Ratio B” coefficients (at the different concentrations), 

and by multiplying the emission spectra of 𝐹𝐷𝐴
𝑎  for the “Ratio A” coefficients (at the 

different concentrations) we obtained two alternative sets of calculated AEB spectra; (4) 
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The Abs value at the 𝜆𝐸𝑥 was then plotted against the integrated fluorescence intensity of 

the different calculated AEB spectra (for the wavelength interval corresponding to the 

acceptor emission) and adjusted to a linear regression function forced through the origin 

using GraphPad Prism version 7.00 for Windows (GraphPad Software Inc., La Jolla, CA, 

USA); the corresponding plots of Abs at the 𝜆𝐸𝑥 vs. the integrated fluorescence intensity 

using the data from the 𝐹𝐷𝐴(𝑇𝑜𝑡)
𝑑  full spectra were also generated; (5) Finally, the AEB for 

the different donor-acceptor pairs were calculated as the ratio, in the form of a percentage, 

between the slopes of the plots of absorbance at the 𝜆𝐸𝑥 vs. integrated fluorescence 

intensity corresponding to the calculated AEB spectra and to those corresponding to 

𝐹𝐷𝐴(𝑇𝑜𝑡)
𝑑  (Equation 6.8).  

𝐴𝐸𝐵 =
𝐺𝑟𝑎𝑑𝐷𝐴(𝐴𝐸𝐵)

𝑑

𝐺𝑟𝑎𝑑𝐷𝐴(𝑇𝑜𝑡)
𝑑 × 100 Equation 6.8 

The data used to generate the various “ratio A” and “ratio B” coefficients, the calculated 

AEB spectra and the different plots can be found in the Supplementary Material I 

(Figures S46-S55, S56-58 and S59-S61, respectively). 
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6.3 Biological studies 

6.3.1 CerS assay 

To overexpress CerS5, 24 h before transfection, HEK293T cells were seeded in 6-well 

plates (2×105 cells per well). Then, cells were transfected with 2.5 μg/well of plasmid 

harbouring the human CerS5 gene using 0.01 mg/mL PEI in opti-MEM for 6 h. Complete 

DMEM medium supplemented with 10% FBS was added and cells were incubated for 48 

h. After transfection, cells were treated with RBM5-155 (10 μM final concentration) and 

RBM5-065 (500 μM final concentration) for 2 h. Medium was removed; cells were 

washed with 400 μL PBS and harvested with 400 μL Trypsin-EDTA and 600 μL of 

medium. The following incubation with RBM5-143 (50 μM final concentration) in 

ethanol for 3 h were done directly on cell pellets or after lipid extraction performed as 

mentioned below. In the case of cell pellets, after RBM5-143 treatment, lipids were 

extracted as well. Lipid extracts were incubated with 2 mg of the amino resin in ethanol 

for 8 h in agitation. Samples were then centrifuged at 9,300 g for 3 min and the 

supernatants were evaporated under N2 flux. 2 mg of the azido resin in ethanol were added 

to the samples and incubated overnight in agitation. After centrifugation and evaporation, 

samples were suspended in 70 μL of ethanol and transferred to a 384 well plate to FRET 

measurement at an excitation wavelength of 455 nm and the emission wavelength at 625 

nm. Samples were collected from the plate to an eppendorf tube and solvent was removed 

under N2 flux. UPLC-MS analysis was performed as mentioned below. With the objective 

of improving RBM5-065 entrapment, samples were treated twice more with 2 mg of 

amino resin overnight in agitation. FRET fluorescence was measured in the supernatants 

in a 384 well plate at the same wavelengths described. Samples were collected and 

analysed by UPLC-MS. 

6.3.2 Lipid extraction 

Cell pellets were suspended with 100 μL of H2O and mixed with 750 μL of methanol: 

chloroform, 2:1. Samples were heated at 48°C overnight and next day, 75 μL of 1 M KOH 

in methanol were added, followed by 2 h incubation at 37°C. Afterwards, the 

saponification was neutralised with 75 μL of 1 M acetic acid and solvent was removed 

using a Speed Vac Savant SPD131DDA (Thermo Scientific).  
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6.3.3 Lipid analysis by UPL-TOF 

Sphingolipid extracts, fortified with internal standards (N-dodecanoylsphingosine, N-

dode-canoylglucosylsphingosine, N-dodecanoylsphingosylphosphorylcoline and C17-

sphinganine 0.2 nmol each) were solubilised in 150 μL of methanol. Samples were then 

centrifuged at 9,300 g for 3 min and 130 μL of the supernatant were injected to a Waters 

Aquity UPLC system connected to a Waters LCT Premier Orthogonal Accelerated Time 

of Flight Mass Spectrometer (Waters, Milford, MA, USA) operated in positive 

electrospray ionisation mode. Full scan spectra from 50 to 1500 Da were acquired and 

individual spectra were summed to produce data points every 0.2 s. Mass accuracy and 

reproducibility were maintained by using an independent reference spray by the 

LockSpray interference. The analytical column was a 100 mm x2.1 mm i.d., 1.7 μm C8 

Acquity UPLC BEH (Waters). The two mobile phases were phase A: 

methanol/water/formic acid (74/25/1 v/v/v); phase B: methanol/formic acid (99/1 v/v), 

both also contained 5 mM ammonium formate. A linear gradient was programmed—0.0 

min: 80 % B; 3 min: 90 % B; 6 min: 90 % B; 15 min: 99 % B; 18 min: 99 % B; 20 min: 

80 % B. The flow rate was 0.3 mL min−1. 
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The supplementary data related to the present doctoral thesis can be found in the attached 

USB flash drive. The following material is included: 

• PDF file of the Doctoral Thesis. 

• Plots and graphs obtained in the fluorescence spectroscopy studies described in 

Section 3.3 (Supplementary Material I). 

• NMR spectra of the compounds from Sections 3.2 and 4.3 (Supplementary 

Material II).





 


	Abbreviations
	1. GENERAL INTRODUCTION
	1.1 Sphingolipids
	1.1.1 Metabolism and compartmentalization
	1.1.2 Ceramides
	1.1.3 Ceramide synthases
	1.1.4 Roles of ceramides and ceramide synthases in human disease
	1.1.5 Chemical tools to investigate ceramide synthases
	1.1.5.1 CerS inhibitors
	1.1.5.2 Chemical probes to monitor the CerS activity


	1.2 Bioorthogonal chemistry
	1.2.1 1,3-Dipolar cycloadditions between alkynes and azides
	1.2.1.1 Cu(I)-catalysed alkyne-azide cycloaddition
	1.2.1.2 Strain-promoted alkyne-azide cycloaddition

	1.2.2 Diels-Alder reaction
	1.2.2.1 Normal electron-demand Diels-Alder reaction
	1.2.2.2 Inverse electron-demand Diels-Alder reaction

	1.2.3 Dual modification of biomolecules

	1.3 Fluorescence-based techniques in biomedical research
	1.3.1 Basic principles of fluorescence
	1.3.2 Förster Resonance Energy Transfer
	1.3.3 Fluorescent labelling of lipids
	1.3.4 Applications of FRET in the study of lipid metabolism

	1.4 Protein degradation
	1.4.1 The Ubiquitin-Proteasome System
	1.4.2 Targeted protein degradation
	1.4.3 Proteolysis Targeting Chimeras
	1.4.3.1 Peptide-based PROTACs
	1.4.3.2 Small molecule PROTACs
	i. MDM2-based PROTACs
	ii. IAP-based PROTACs
	iii. CRBN-based PROTACs
	iv. VHL-based PROTACs


	1.4.4 Key features of PROTACs
	1.4.5 In-cell click-formed Proteolysis Targeting Chimeras


	2. OBJECTIVES
	3. RESULTS AND DISCUSSION, Pt. I  A FRET-based assay to monitor the CerS activity
	3.1 Design of the assay
	3.2 Synthesis of the compounds required for the assay
	3.2.1 Spisulosine-based doxdhSo probes
	3.2.1.1 Synthetic strategy using the aldehyde RBM5-003
	3.2.1.2 Synthesis of the azide-tagged doxdhSo probe RBM5-019
	i. Preparation of the alkynol precursors RBM5-005 and RBM5-013
	ii. Preparation of the aldehyde precursor RBM5-003
	iii. Construction of the C15 2,3-aminoalcohol backbone
	iv. Preparation of the optically pure advanced intermediate RBM5-016a
	v. Synthesis of RBM5-019 from the advanced intermediate RBM5-016a

	3.2.1.3 Synthetic strategy using the vinyl alcohol RBM5-084
	3.2.1.4 Synthesis of the MCP-tagged doxdhSo probe RBM5-115
	i. Preparation of the vinyl alcohol RBM5-084
	ii. Preparation of the advanced intermediates RBM5-111 and RBM5-113
	iii. Attempts towards the preparation of RBM5-115

	3.2.1.5 Synthesis of the NBD-tagged doxdhSo probes RBM5-129 and RBM5-155
	i. Preparation of the ω-bromoalkene precursor RBM5-149
	ii. Preparation of the probes RBM5-129 and RBM5-155


	3.2.2 Fatty acid analogues
	3.2.2.1 General synthetic strategy
	3.2.2.2 Synthesis of the diene-tagged fatty acids RBM5-029, RBM5-035 and RBM5-044
	3.2.2.3 Synthesis of the alkyne-tagged fatty acids RBM5-053 and RBM5-072
	3.2.2.4 Synthesis of the azide-tagged fatty acids RBM5-068 and RBM5-065
	3.2.2.5 Synthesis of the alkene-tagged fatty acid RBM5-097
	3.2.2.6 Attempts towards the synthesis of the MCP-tagged fatty acid RBM5-157

	3.2.3 Fluorescent reagents
	3.2.3.1 General synthetic strategy
	3.2.3.2 Synthesis of the fluorescently labelled precursors RBM5-121, RBM5-135 and RBM5 136
	3.2.3.3 Synthesis of the fluorescent reagents RBM5-122, RBM5-139, RBM5-140, RBM5-142 and RBM5-143

	3.2.4 Ceramide analogues RBM5-077, RBM5-130 and RBM5-159
	3.2.5 Click reaction adducts
	3.2.5.1 IEDDA cycloadducts
	3.2.5.2 SPAAC cycloadducts RBM5-160, RBM5-161 and RBM5-196


	3.3 Spectroscopic studies
	3.3.1 Absorption and fluorescence properties of the monochromophoric compounds
	3.3.1.1 Absorption and fluorescence spectra of the monochromophoric compounds
	3.3.1.2 Calculation of the spectral overlap integral and the Förster radius

	3.3.2 Absorption and fluorescence properties of the bichromophoric compounds
	3.3.2.1 Absorption and fluorescence spectra of compounds RBM5-160 and RBM5-161
	3.3.2.2 Calculation of the FRET efficiency
	3.3.2.3 Calculation of the donor and acceptor bleed-through


	3.4 Biological studies
	3.4.1 Approach 1: Studies with the azide-tagged doxdhSo probe RBM5-019
	3.4.1.1 Evaluation of RBM5-019 as a CerS substrate
	3.4.1.2 N-acylation of RBM5-019 with the clickable fatty acid analogues
	i. Unsaturated fatty acid analogues
	ii. Azido fatty acid analogues

	3.4.1.3 Attempts to reduce the elongation of the clickable fatty acid analogues
	3.4.1.4 Bioorthogonal reactions with commercial fluorescent reagents
	i. Fluorescent labelling of the sphingoid chain through a SPAAC reaction
	ii. Attempts to fluorescently label the acyl chain
	a. Through a NEDDA reaction
	b. Through a CuAAC reaction
	c. Through an IEDDA reaction



	3.4.2 Approach 2: Studies with the NBD-labelled doxdhSo probes RBM5-129 and RBM5-155
	3.4.2.1 Evaluation of RBM5-129 and RBM5-155 as CerS substrates
	3.4.2.2 Preliminary studies in cell-free contexts
	i. Detection of FRET in multi-well plates
	ii. Monitorization of the SPAAC reaction through fluorescence spectroscopy

	3.4.2.3 Attempts to develop the CerS activity assay in cells



	4. RESULTS AND DISCUSSION, Pt. II A CLIPTAC approach to induce the degradation of CerS
	4.1 Background
	4.2 Design of the CLIPTAC platform
	4.3 Synthesis of the E3 ubiquitin ligase recruiters
	4.3.1 Synthetic strategy
	4.3.2 Synthesis of the BCN-tagged thalidomide derivatives RBM5-145 and RBM5-176
	4.3.3 Synthesis of the BCN-tagged bestatin derivative RBM5-182
	4.3.4 Synthesis of the BCN-tagged VHL ligand derivative RBM5-193


	5. SUMMARY AND CONCLUSIONS
	6. EXPERIMENTAL SECTION
	6.1 Chemistry
	6.1.1 General remarks
	6.1.2 General methods
	6.1.3 Synthesis and characterization of the compounds from Section 3
	6.1.3.1 Spisulosin-based probes
	i. Azide-tagged doxdhSo probe RBM5-019
	ii. NBD–tagged doxdhSo probes RBM5-129 and RBM5-155

	6.1.3.2 Fatty acid analogues
	i. Diene-tagged FAs RBM5-029, RBM5-035 and RBM5-044
	ii. Alkyne-tagged FAs RBM5-053 and RBM5-072
	iii. Azide-tagged FAs RBM5-068 and RBM5-065
	iv. Alkene-tagged FA RBM5-097

	6.1.3.3 Ceramide analogues
	6.1.3.4 Fluorescent reagents
	i. Tetrazine-based fluorescent reagents RBM5-122, RBM5-139 and RBM5-140
	ii. Bicyclononyne-based fluorescent reagents RBM5-142 and RBM5-143

	6.1.3.5 Click reaction adducts
	i. IEDDA reaction adduct RBM5-131
	ii. SPAAC reaction adducts RBM5-160, RBM5-161 and RBM5-196


	6.1.4 Synthesis and characterization of the compounds from Section 4
	6.1.4.1 BCN-tagged thalidomide derivatives RBM5-145 and RBM5-176
	6.1.4.2 BCN-tagged bestatin derivative RBM5-182
	6.1.4.3 BCN-tagged VHL ligand derivative RBM5-193


	6.2 Spectroscopic studies
	6.2.1 Absorption and emission spectra
	6.2.2 Molar extinction coefficient
	6.2.3 Fluorescence quantum yield
	6.2.4 Spectral overlap integral
	6.2.5 Förster radius
	6.2.6 Composite spectra deconvolution
	6.2.7 FRET efficiency
	6.2.8 Donor emission bleed-through
	6.2.9 Acceptor emission bleed-through

	6.3 Biological studies
	6.3.1 CerS assay
	6.3.2 Lipid extraction
	6.3.3 Lipid analysis by UPL-TOF


	7. REFERENCES
	8. ANNEX

