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Abstract 

Within this doctoral thesis, two distinct types of pericyclic reactions, whose application allows 

for the synthesis of structurally diverse molecules with remarkable efficiency, will be explored. 

 

In the first chapter, a general introduction into pericyclic reactions will be presented, with a firm focus 

placed on the chemistry enabled by sigmatropic rearrangements of organochalcogen compounds. The 

synthesis of para-aminophenols through a double [2,3]-sigmatropic rearrangement mediated by a 

selenium-based catalyst will be presented and the mechanism of the transformation will be elucidated 

via combined experimental and computational investigation and more far-reaching applications will be 

explored. 

 

In the second chapter, the total synthesis of immunosuppressive natural products enabled by a domino 

reaction process will be introduced. The key step of the successful synthesis occurs through electrocyclic 

ring opening, another type of pericyclic reaction, and allows for the synthesis of a range of fully synthetic 

analogues. These analogues are thoroughly probed with regards to their immunosuppressive properties 

in a range of biological systems and highly-active compounds are evaluated more deeply. The chapter is 

concluded with the discovery of a surprising byproduct, which results from electrocyclic ring opening and 

whose occurrence is systematically studied by the synthesis of model system. 
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Kurzzusammenfassung 

In dieser Dissertation werden zwei unterschiedliche Arten der pericyclischen Reaktionen 

erkundet, deren Anwendungen es erlauben strukturell vielfältige Moleküle mit bemerkenswerter Effizienz 

zu erschaffen. 

 

Im ersten Kapitel wird eine generelle Einführung in die pericyclischen Reaktionen präsentiert, mit einem 

Fokus auf der Chemie, welche durch sigmatrope Umlagerungen von Organochalkogenverbindungen 

ermöglicht wird. Die Synthese von para-Aminophenolen mittels zweifacher [2,3]-sigmatroper 

Umlagerung eines selenhaltigen Katalysators wird vorgestellt und der Mechanismus dieser Reaktion, 

mittels experimentellen Untersuchungen und computergestützter Berechnungen, sowie weitere 

Anwendungen werden erkundet. 

 

Im zweiten Kapitel wird die Totalsynthese immunsupprimierender Naturstoffe, die durch einen Domino-

Reaktionsprozess ermöglicht wird, vorgestellt. Die Schlüsselreaktion der erfolgreichen Synthese verläuft 

über eine elektrozyklische Ringöffnung und erlaubt die Synthese einer Reihe an vollsynthetischen 

Analoga. Jene Verbindungen werden bezüglich ihrer immunsupprimierenden Fähigkeiten in 

verschiedenen biologischen Systemen untersucht und hochaktive Verbindungen werden tiefergehend 

analysiert. Abschließend wird ein überraschendes Nebenprodukt, welches der elektrozyklischen 

Ringöffnung entspringt, eingehend systematisch aufgearbeitet und es werden eine Reihe an 

Modelsystemen synthetisiert und untersucht. 
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1. Para-Aminophenols via a Se-catalysed Rearrangement 

1.1. Introduction 

1.1.1. Rearrangements in Organic Chemistry 

Organic chemistry is the field within the natural science of chemistry that is concerned with the 

properties, structure and reactions of carbon-based molecules. Such reactions can occur through either 

an intermolecular process (reacting with a second molecule to elicit change) or an intramolecular process, 

(eliciting change from within a given molecular framework). Often, these processes are interlinked, with 

an intermolecular reaction setting the stage for an intramolecular reaction, typically in the form of a 

rearrangement. For example, cyclohexanone (1.001) can be consumed in an intermolecular reaction, 

forming 2-bromocyclohexan-1-one (1.002) upon treatment with N-bromosuccinimide (NBS) and an acid 

(Scheme 1.1).[1] Treating the resulting 2-bromocyclohexan-1-one (1.002) with a base, such as sodium 

methoxide, leads to deprotonation of the starting material in an intermolecular reaction step, which sets 

the stage for the intramolecular reaction, particularly a Favorskii rearrangement, leading to the methyl 

ester of cyclopentane carboxylic acid (1.004).[2,3] 

 

Scheme 1.1: Reaction of cyclohexanone (1.001) with NBS under acid catalysis to 2-bromocyclohexan-1-one (1.002) 

in an intermolecular reaction. A following intermolecular deprotonation generates enolate 1.003, which then can 

undergo an intramolecular rearrangement, known as the Favorskii rearrangement, to form methyl 

cyclopentanecarboxylate (1.004). The mechanism of the reaction is abbreviated. 

Rearrangement reactions are processes in which the carbon skeleton of a molecule changes, leading to a 

different connectivity within the product compared to its starting material. These processes may involve 
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leaving groups (such as the bromide in the case of the Favorskii rearrangement) or reactive intermediates, 

such as in the case of the Masamune-Bergman cyclisation, where a highly reactive diradical species is the 

immediate product of the rearrangement process.[4,5] Interestingly, it was discovered that this type of 

rearrangement/cyclisation was at the heart of the mechanism of action of some of the most potent 

cytotoxic natural products, so-called enediyne antibiotics such as dynemicin A (1.010) or 

neocarzinostatin chromophore (1.011) (Scheme 1.2).[6,7] 

 

Scheme 1.2: A) Overview reaction of the Masamune-Bergman cyclisation, leading to isomerisation of the 

bisdeuterated enediyne (1.005/1.006) via a diradical intermediate 1.007. In the presence of a hydrogen atom donor, 

such as 1,4-cyclohexadiene (1.008), this intermediate can be trapped to ultimately generate benzene-1,2-d2 (1.009). 

B) Selected examples of natural products bearing enediyne structural motifs (highlighted in blue). 

The examples highlighted above illustrate the two major families of rearrangement processes: polar 

versus apolar rearrangements. In the case of the Favorskii reaction, an anionic intermediate undergoes 

rearrangement and the charge is ultimately transposed to the leaving group, in this case a bromide anion. 

Generally, polar rearrangements can involve either cationic or anionic intermediates, depending on the 

reaction conditions. A range of other polar rearrangements, such as Wagner-Meerwein rearrangements,[8] 

Seyferth-Gilbert homologations,[9,10] or the Ramberg-Bäcklund rearrangement,[11] all rely on the activation 

of a starting material by an external reagent to then generate the reactive intermediate capable of 

undergoing the desired rearrangement process. 



 

3 

In contrast to this, apolar rearrangements feature neutral or zwitterionic intermediates, which are 

transformed into the products. In addition to the aforementioned Masamune-Bergman cyclisation, the 

Sommlet-Hauser rearrangement,[12] or the Claisen rearrangement,[13] are to be highlighted as exemplary 

members of this class of transformations. Both the Sommlet-Hauser and the Claisen rearrangement are 

sigmatropic rearrangements – concerted reactions that belong to the larger family of pericyclic reactions.  

 

1.1.2. Sigmatropic Rearrangements 

Sigmatropic rearrangements are part of a class of reactions called pericyclic reactions. These 

reactions are defined by the involvement of a cyclic transition state and a concerted progress of the 

reaction via overlap of the molecular orbitals involved in the process. Pericyclic reactions have no isolable 

or stable intermediates, as the concerted nature of the reaction directly converts starting material into 

product. As formally reversible processes, pericyclic reactions can progress in both reactional directions, 

meaning that a driving force has to be applied to enable the full conversion of starting materials to the 

desired products.[2,14,15] Typically, four types of pericyclic reactions are defined: cycloadditions, group 

transfer reactions, electrocyclic reactions and sigmatropic rearrangements. While the chemistry enabled 

by each of these classes of reactions is diverse,[16–18] the work presented within this thesis is mostly 

concerned with electrocyclic reactions (Chapter 2) and sigmatropic rearrangements.  

Sigmatropic rearrangements occur when a group bound by a -bond migrates to the other end of a 

flanking -system, leading to the transposition of the groups attached via the -bond to the other end of 

the -system.[14] The first example of a sigmatropic rearrangement was disclosed by Ludwig Claisen in 

1912 and reports the conversion of, among others, the ether O-allyl guaiacol (1.012) to its ortho-allyl 

derivative (1.013) (Scheme 1.3) in a strictly intramolecular reaction. 
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Scheme 1.3: First example of a sigmatropic rearrangement, as described by Claisen. 

Sigmatropic rearrangements are defined by their order, typically depicted in the form of [i,j], where i and 

j correspond to the number of atoms in the migrating fragment and in the -system, respectively.[14] In the 

aforementioned Claisen report, this would correspond to a [3,3]-sigmatropic rearrangement, as a three 

atom fragment forms a new -bond, which is three atoms removed from the previously cleaved -bond, 

as depicted and highlighted in Scheme 1.4. 

 

Scheme 1.4: Mechanistic overview on a general [3,3]-sigmatropic (Claisen) rearrangement of O-allyl phenol (1.014) 

to o-allyl phenol 1.017 via transition state 1.015 and a dearomatised intermediate 1.016. The distance between the 

cleaved (orange) and newly formed -bond (blue) determines the order of the sigmatropic rearrangement. 

Generally, sigmatropic rearrangements, like other pericyclic reactions, can be “allowed” or “forbidden” 

based on the symmetry of the orbitals involved in the rearrangement process.[19,20] These reactions can 

occur in either a suprafacial or antarafacial manner, depending on whether the migrating group remains 

on the same face of the -system throughout the reaction (suprafacial) or if the migrating group changes 

face to the opposing side during the reaction (antarafacial). One additional consideration relates to 

stereochemically distinct migrating groups, as these may react with either inversion or retention of 

stereochemistry. All of these aspects, together with the number of electrons involved in the reaction, can 

determine whether a given sigmatropic rearrangement is allowed or forbidden. The generalised rules for 

the feasibility of sigmatropic processes based on orbital symmetry, as established by Woodward and 

Hoffmann, are summarised in Table 1.1. 



 

5 

 

Table 1.1: Summary of the general selection rules for sigmatropic rearrangements. i, j and n are natural numbers, 

where i and j correspond to the aforementioned order of the sigmatropic rearrangement and n to the number of 

electrons involved in the rearrangement process. 

The orbital symmetry prerequisites of a given sigmatropic reaction can be evaluated by considering the 

interactions between the frontier molecular orbitals (FMO) of the -system and those of the migrating 

fragment. The simplest sigmatropic rearrangement, the hypothetical [1,3]-hydrogen shift can be used to 

illustrate the concept. One can view it as the transfer of the hydrogen 1s orbital along the allyl 2 orbital 

(HOMO; highest occupied molecular orbital), which treats the system as a hydrogen radical interacting 

with an allyl radical, as depicted in Scheme 1.5A. However, the [1,3]-hydrogen shift, while theoretically 

feasible, is not possible, as the necessary antarafacial transfer would require the system to severely 

distort. This requirement arises from the presence of a node in the allyl 2 orbital, which leaves the orbital 

lobes at the terminal carbons with opposing signs. In order to connect to the correct orbital lobe, the 

hydrogen atom would need to cross the plane of the molecule, while forcing a cyclic transition state 

(1.021). The activation barrier to induce such severe distortion is beyond achievable under experimental 

conditions and therefore the reaction is deemed impossible. In the case of the [1,5]-hydrogen shift, 

migration of the hydrogen atom can happen suprafacially, therefore no distortion is required and for 

larger cases, such as the antarafacial [1,7]-hydrogen shift, distortion is feasible. Similar orbital 

considerations can be applied to other [i,j]-sigmatropic rearrangements and an overview can be found in 

Scheme 1.5B. 
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Scheme 1.5: Overview of different types of generalised sigmatropic rearrangements. A) [1,3]-hydrogen shift is allowed 

for the antarafacial pathway, however since distortion of the orbitals would be required to facilitate this reaction, it 

is not possible to progress and remains a theoretical reaction under this mechanism. B) Various types of sigmatropic 

rearrangements, featuring [1,5]- and [1,7]-alkyl shifts as well as [2,3]- and [3,3]-sigmatropic rearrangements. For 

every reaction type, the orbitals of the TS are visualised on the right side of the scheme. 
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1.1.3. [3,3]-Sigmatropic Rearrangements 

As sigmatropic rearrangements are predictable in their reaction outcome and are often reliably 

conducted providing the starting material possesses the correct structural elements, they have become 

a staple in the synthesis of functionally diverse and difficult to access scaffolds.[21–29]  

As previously discussed, the first example of a [3,3]-sigmatropic rearrangement was reported by Ludwig 

Claisen in 1912.[13] Since this seminal discovery, several variations and modification of the eponymous 

Claisen reaction have been developed, enabling the synthesis of different functionalised products and 

ultimately finding application in the total synthesis of natural products. If the oxygen atom, which is 

typically present within the rearranging scaffold is replaced by a carbon, the reaction is then referred to 

as a Cope rearrangement, a [3,3]-sigmatropic rearrangement of 1,5-dienes (1.037, Scheme 1.6).[30] As 

depicted in Scheme 1.6, the simplest Claisen rearrangement product is driven by the formation of a 

carbonyl species (1.036), whereas the parent Cope rearrangement is in fact degenerate: starting material 

and product are identical in the absence of substituents (1.037/1.039). 

 

Scheme 1.6: Overview on the Claisen rearrangement for allyl vinyl ethers (1.034, X = O) and the Cope rearrangement 

for 1,5-dienes (1.037, X = CH2). 

1.1.3.1. The Claisen Rearrangement and its Variations 

The Claisen rearrangement is capable of producing all-carbon quaternary centres with 

predictable stereochemistry. The scope of accessible products has been greatly expanded since the 

original discovery. 

A recent example was presented by Kawamoto et al. in their total synthesis of (−)-lucidumone (1.045).[31] 

The key Claisen rearrangement, which is part of a two-step process (Claisen rearrangement followed by 

intramolecular aldol addition) that established the core skeleton of the natural product is shown in 
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Scheme 1.7B. Through this sequence, the sole stereocentre of the starting allylic alcohol (1.040) transfers 

chiral information through the sigmatropic rearrangement and ultimately establishes all stereocentres 

of (−)-lucidumone (1.045) over the course of the total synthesis. 

 

Scheme 1.7: A) General Claisen rearrangement of allyl vinyl ethers to yield ,-unsaturated carbonyls. B) Key Claisen 

rearrangement in the total synthesis of (−)-lucidumone (1.045) from chiral allyl alcohol 1.040. 

Variations to the Claisen rearrangement were introduced to either produce different types of carbonyl 

products in a single step or to enable less harsh reaction conditions (room temperature or below). Among 

these variations or modifications are the Carroll-Claisen,[32–35] Eschenmoser-Claisen,[36] Johnson-

Claisen,[37] Ireland-Claisen,[38–40] and other reactions,[41] which have been developed and applied to 

complex synthetic problems in the last century. An overview of different Claisen-type rearrangements is 

given in Scheme 1.8. 
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Scheme 1.8: Summary of the most commonly applied variations on the Claisen rearrangement in chronological order 

of discovery. A) the Carroll-Claisen rearrangement, which converts -keto allyl esters such as 1.046 to ,-

unsaturated ketones (1.049) through a [3,3]-sigmatropic rearrangement followed by decarboxylation. B) 

Eschenmoser-Claisen rearrangement starting from an allylic alcohol 1.050, which upon reaction with N,N-

dimethylacetamide dialkyl acetal 1.051 and formation of N,O-ketene acetal 1.053, produces ,-unsaturated amide 

1.054. C) The Johnson-Claisen reaction, using an ortho ester leading to ,-unsaturated ester 1.058. D) Ireland-

Claisen variation, starting from O-allyl alkyl ester 1.059, which is converted to silyl ketene acetal 1.060 capable of 

undergoing [3,3]-sigmatropic rearrangement at low temperature to deliver ,-unsaturated acid 1.062 after workup. 

The Carroll-Claisen rearrangement was first published in 1940 and was further studied in the 1980’s and 

1990’s.[32–35,42] The starting materials of the reaction are -keto allyl esters, such as 1.046, which are prone 

to tautomerisation to form the corresponding ketene hemiacetal 1.047, which can undergo [3,3]-

sigmatropic rearrangement to deliver the -keto carboxylic acid intermediate 1.048. The latter can evolve 

through extrusion of CO2 via a retro-ene reaction to provide ,-unsaturated ketone 1.049 after an 

additional tautomerisation step (Scheme 1.8A). This variation of the Claisen rearrangement can also be 

conducted at lower temperatures with the aid of a Pd-catalyst, which is able to bind to the allyl moiety to 

convert it into an excellent leaving group,[43] or via formation of the doubly-deprotonated form of the 

acetoacetate starting materials, mediated by LDA.[35] 
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In the Eschenmoser variation of the Claisen rearrangement, allyl alcohol 1.050 is reacted with a N,N-

dimethylacetamide dialkyl acetal, such as 1.051, to form a N,O-ketene acetal (1.053), which can undergo 

[3,3]-sigmatropic rearrangement delivering a ,-unsaturated amide such as 1.054 (Scheme 1.8B). This 

reaction was first discovered by Meerwein et al. as an undesired process in the context of their research 

and was later formalised by Eschenmoser et al.[36,44] Heating of the reaction mixture is typically required 

to force the transesterification and introduction of the allyl alcohol to form 1.052.[41] 

 

Closely related to the Eschenmoser-Claisen rearrangement is the Johnson-Claisen rearrangement. In this 

reaction, the allyl alcohol 1.050 is reacted with an ortho ester, such as 1.055, to form 1.056 through 

transesterification. This intermediate then undergoes elimination to form the ketene acetal 1.057, which 

proceeds through the [3,3]-sigmatropic rearrangement to yield ,-unsaturated ester 1.058 (Scheme 

1.8C).[37,41] 

 

The last variation of the Claisen rearrangement to be highlighted herein is the Ireland-Claisen 

rearrangement. Here, an allyl ester 1.059 is first deprotonated by LDA and the enolate is captured with 

TMSCl to form silyl ketene acetal 1.060 (Scheme 1.8D). The latter undergoes [3,3]-sigmatropic 

rearrangement to form ,-unsaturated acid 1.062 after the hydrolysis of silylcarboxylate 1.061 upon 

workup. Since the Ireland-Claisen reaction utilises enolates, it is related to the enol ester variation of the 

Carroll-Claisen process previously mentioned. 

1.1.3.2. [3,3]-Sigmatropic Rearrangements involving Chalcogens 

Since the Claisen rearrangement relies on the driving force of carbonyl formation from an allyl 

vinyl ether, interest in the replacement of oxygen by other chalcogens has arisen in order to explore the 

chemistry of thio- or selenocarbonyls. This has led to the development of the thio- and seleno-Claisen 

rearrangements, both of which, however, have limited applicability (Scheme 1.9).[45–49] 
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Scheme 1.9: Abbreviated overview on the thio- and seleno-Claisen rearrangements. A) thio-Claisen rearrangement 

from S-allyl vinyl sulfide 1.063 to the thioaldehyde 1.064. B) seleno-Claisen rearrangement from selenoamide 1.066, 

which undergoes Se-allylation before the [3,3]-sigmatropic rearrangement takes place to deliver the ,-unsaturated 

selenoamide 1.068. 

Given the instability of thioaldehydes towards hydrolysis, the synthesis of ,-unsaturated aldehydes 

(1.065) from S-allyl vinyl sulfides such as 1.063 via a thio-Claisen rearrangement merely constitutes 

another approach to compounds similar to 1.065, should the standard Claisen rearrangement of the 

corresponding allyl ether fail to deliver the desired product (Scheme 1.9A). It additionally offers the 

possibility to mask a putative aldehyde as a vinyl sulfide to be revealed at a later point in a synthetic 

sequence. 

Interestingly, the reaction of selenoamide 1.066 with LDA and allyl bromide leads to 1.067, a species that 

could be seen as the seleno analogue of the Eschenmoser-Claisen intermediate 1.053 (cf. Scheme 1.8). 

This species can undergo [3,3]-sigmatropic rearrangement to form a ,-unsaturated selenoamide 1.068, 

which could theoretically be hydrolysed to the corresponding carboxamide. The benefit of using 

selenoamides in this process is that the reaction can be carried out at 0°C, whereas Eschenmoser-Claisen 

rearrangements are typically conducted at elevated temperatures in order to form the required N,O-

ketene acetals. 

As previously described, sigmatropic rearrangements have proven powerful in asymmetric synthesis, as 

stereoinformation is generally faithfully relayed from starting material to product due to the typically 

organised, cyclic transitions states involved. 
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Recently, Maulide et al. reported processes hinging on the [3,3]-sigmatropic rearrangement of sulfonium 

intermediates to deliver valuable products, in which the chirality of the starting materials is translated 

into the products.[27,50] Of particular interest is the synthetic access to 1,4-dicarbonyls, a class of 

compounds which are highly sought after, but are intrinsically challenging to synthesise due to their 

inherent polarity mismatch.[26] In this case, chiral vinyl sulfoxides (1.070) were reacted with activated 

ynamides (1.069) to form an activated sulfonium intermediate 1.071 (Scheme 1.10). This intermediate 

undergoes charge-accelerated [3,3]-sigmatropic rearrangement, followed by in situ hydrolysis of the 

thionium intermediate 1.072, to deliver 1,4-dicarbonyl products (1.073) in an enantiospecific reaction. 

The choice of (E)- or (Z)-vinyl sulfoxide (1.070), paired with the choice of sulfoxide configuration ((SS)- or 

(Rs)), allows full control over the reaction’s stereochemical outcome. The generation of a similar 

sulfonium intermediate such as 1.071 through Au-mediated activation of the ynamide was published 

recently by Voituriez et al.[28,29] 

 

Scheme 1.10: Charge accelerated [3,3]-sigmatropic rearrangement of sulfonium intermediates (1.071) derived from 

Brønsted acid-activated ynamide 1.069 and chiral sulfoxide 1.070. 
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1.1.4. [2,3]-Sigmatropic Rearrangements and Chalcogen-mediated 

Processes 

Similarly to the aforementioned [3,3]-sigmatropic rearrangements, [2,3]-sigmatropic 

rearrangements are concerted reactions involving the reorganisation of six electrons and the realm of 

[2,3]-sigmatropic rearrangements is typically divided into formally neutral rearrangements and anionic 

rearrangements.[14] Formally neutral [2,3]-sigmatropic rearrangements involve ylides or oxides (1.076, 

Scheme 1.11A), whereas anionic [2,3]-sigmatropic rearrangements are defined by the rearrangement of 

an anion (1.079, Scheme 1.11B). 

 

Scheme 1.11: Generalised overview on the two classes of [2,3]-sigmatropic rearrangements, A) formally neutral 

rearrangements of ylides and oxides (1.076) and B) anionic rearrangements of carbanions (1.079, Z = electron-

withdrawing group). 

The propensity for the reaction to proceed hinges on the ability of X to act as a good leaving group while 

Y begins bond formation to the allylic system. If X and Y bear formal charges, the rearrangement 

progresses readily, with the most developed examples of [2,3]-sigmatropic rearrangements being 

centred around the rearrangements of allyl sulfoxides,[51–54] selenoxides,[55,56] ammonium ylides,[57–60] and 

sulfonium ylides.[57,61,62] In the following chapter some specific [2,3]-sigmatropic rearrangements will be 

explored, with a focus on rearrangements involving chalcogens.
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1.1.4.1. Sommelet-Hauser Rearrangement 

The Sommelet-Hauser rearrangement describes the [2,3]-sigmatropic rearrangement of 

quaternary benzylic ammonium ylides (1.082) to yield (o-methylbenzyl) amine products (1.084, Scheme 

1.12). Initially discovered in 1937 by Sommelet,[63] and formalised by Hauser in 1951,[3,12] this process 

suffers from the harsh reaction conditions necessary for the deprotonation of the ammonium salt to 

initiate the rearrangement. This hurdle can be overcome by the use of silylated ammonium species 

(R’
3SiCH2NR’’

3
+), which may be converted into the reactive intermediate upon treatment with a fluoride 

source.[64] Additionally, asymmetric versions of the Sommelet-Hauser rearrangement have been 

developed, enabling stereoselective synthesis in more structurally complex products.[65] 

 

Scheme 1.12: Sommelet-Hauser [2,3]-sigmatropic rearrangement of ammonium salts via ammonium ylides to form 

o-methylbenzyl amines. 

A commonly encountered side reaction of the Sommelet-Hauser rearrangement is the Stevens 

rearrangement, a [1,2]-alkyl shift, leading to an -secondary amine product (1.085). 

1.1.4.2. Mislow-Evans Rearrangement 

One of the most important [2,3]-sigmatropic rearrangements involving chalcogens is the Mislow-

Evans rearrangement. Initially observed by Mislow et al.,[66,67] this reaction was further developed by Evans 

et al. to exploit is synthetic utility.[51,68] It consists of the rearrangement of an allylic sulfoxide (1.086) to a 

sulfenate allyl ester (1.088), which can be cleaved to yield the often desired allylic alcohol product (1.089) 

(Scheme 1.13A). The synthetic utility of this rearrangement again stems from its predictable 

stereochemical outcome, allowing for chirality transfer in both directions of the rearrangement. For 
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example, if a chiral allylic alcohol is reacted with an arylsulfenyl species to form the sulfenate ester 

(1.091), the following retro-Mislow-Evans rearrangement yields a chiral sulfoxide (1.093), in which the 

chiral information of the starting material is transferred from carbon to sulfur. In a similar fashion, if chiral 

allyl sulfoxides are rearranged and the sulfenate allyl ester cleaved by a thiophile, the resulting allylic 

alcohols carry forward the stereoinformation encoded in the sulfoxide, given that the substitution pattern 

yields a chiral allyl alcohol.[66,69] The direction into which the equilibrium is shifted, is determined by the 

stability of the resulting products, with sulfoxides (such as 1.086) being more stable than sulfenate esters 

(such as 1.088), favouring retro-Mislow-Evans rearrangement, while the presence of a thiophile (a species 

capable of cleaving the sulfenate esters and therefore removing them from the equilibrium) leads to 

allylic alcohols (such as 1.089). 

 

Scheme 1.13: A) General overview of the Mislow-Evans rearrangement starting from an allyl sulfoxide 1.086, which 

undergoes [2,3]-sigmatropic rearrangement to form sulfenate allyl ester 1.088, which can be converted to the allylic 

alcohol 1.089 through the action of a thiophile. B) Chirality transfer from carbon to sulfur as observed by Mislow et 

al. in a retro-Mislow-Evans rearrangement. C) Application of the Mislow-Evans rearrangement by Myers et al. in the 

total synthesis of (−)-doxycycline (1.098), transforming allylic sulfide 1.094 into the enantioenriched allylic sulfoxide 

1.096 through diastereoselective oxidation using a chiral oxaziridine reagent (1.095). 
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A synthetic application of this rearrangement can be found in the synthesis of (−)-doxycycline (1.098) and 

analogues reported by Myers et al.[70] In the event, a Mislow-Evans rearrangement is used to set a key 

allylic alcohol stereocentre through the rearrangement of the corresponding allylic sulfoxide 1.096. to 

ultimately form 1.097 after the action of the thiophile P(OMe)3, which releases the hydroxyl moiety 

(Scheme 1.13C). In this case, the [2,3]-sigmatropic rearrangement progresses with sulfur-to-carbon 

chirality transfer. 

1.1.4.3. Seleno-Mislow-Evans Rearrangement 

Replacing the sulfoxide of the Mislow-Evans rearrangement with a selenoxide (1.099) leads to 

one of the most widely applied variations of this reaction. Arylselenium species are readily incorporated 

into the molecular scaffold and, following oxidation to the corresponding selenoxide and given an 

adjacent allylic group, the [2,3]-sigmatropic rearrangement proceeds, even at cryogenic temperatures. 

Typically, the selenenic acid esters (1.101) are readily hydrolysed, thereby not requiring an additional 

reagent to release the desired product, in contrast to the sulfur-based Mislow-Evans rearrangement 

(Scheme 1.14).[54,56,71–73]  

 

Scheme 1.14: General overview on the seleno-Mislow-Evans rearrangement of allylic selenoxides (1.099) to form 

allylic alcohols (1.089) via a [2,3]-sigmatropic rearrangement followed by hydrolysis of the allyl selenenate 1.101. 

It is noteworthy that selenoxides are capable of undergoing [2,3]-sigmatropic rearrangement 

preferentially given the choice between the aforementioned process and a potential syn elimination to 

form an olefin (1.102), a process that is well established for organoselenoxide species (Scheme 1.15).[56,74–

76]  

 

Scheme 1.15: Visualisation of the reactivity of allyl selenoxides (1.103) if presented with two possible reaction 

pathways. 
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The ease with which both selenoxide [2,3]-sigmatropic rearrangements and syn-eliminations proceed, 

compared to the corresponding sulfur versions of the reactions, is a result of the weaker C–Se bond in 

comparison to the C–S bond. This property lends itself well to the incorporation into complex synthetic 

problems, as exemplified by the total synthesis of (−)-13-oxyingenol (1.109) by Kigoshi et al., as presented 

in Scheme 1.16.[77] In the event, mesylate 1.105 was converted to phenyl selenide 1.106 through a 

nucleophilic substitution process using an in situ generated selenide anion. The newly introduced phenyl 

selanyl moiety was carried forward through eight synthetic transformations, including oxidative 

conditions, before finally being oxidised, triggering a [2,3]-sigmatropic rearrangement to reveal, after 

cleavage of the selenate ester, allylic alcohol 1.108. 1.108 is subsequently deprotected to furnish the 

natural product (−)-13-oxyingenol (1.109). 

 

Scheme 1.16: Total synthesis of (−)-13-oxyingenol (1.109) through a key late-stage [2,3]-sigmatropic rearrangement.  

Much like their sulfur congeners, organoselenides can be enantioselectively oxidised with enantiopure 

oxidants, such as the previously mentioned variation of Davis’ oxaziridine (1.095),[78] or under oxidative 

conditions reminiscent of Sharpless’ asymmetric allylic epoxidation.[79] 
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1.1.4.4. Se-mediated Double [2,3]-Sigmatropic Rearrangement of N-

aryloxyacetamides 

The capabilities of aromatic selenoxides to undergo sigmatropic rearrangements are 

underdeveloped compared to their allylic counterparts. Naturally, since organoselenide moieties are 

typically introduced into molecular scaffolds in their phenyl selenide form, the aromatic moiety bound to 

the selenium atom is looked upon as a mere bystander in the chemistry that is happening on the other 

side of the CAr–Se bond. Recently, however, it was established by Zhao et al. that organoselenides are 

capable of undergoing a double [2,3]-sigmatropic rearrangement process on an aromatic scaffold to lead 

to p-aminophenol derivatives (such as 1.111) as their products.[80] If the para-position of the starting 

material is blocked, the double [2,3]-sigmatropic rearrangement occurs but leads to the formation of 

dearomatised products such as 1.120. 

 

Scheme 1.17: A) Selected scope entries for the synthesis of p-aminophenols and 4-oxocyclohexa-2,5-dien-1-yl amides 

derivatives starting from N-aryloxyacetamides (1.110) through a double [2,3]-sigmatropic rearrangement process. B) 

Synthesis of N-aryloxyacetamides from arylboronic acid (1.122) and N-hydroxyphthalimide. 
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While the developed methodology is mechanistically intriguing, its broad application is hindered by the 

laborious synthesis of the starting materials, requiring three steps from N-hydroxyphthalimide and 

arylboronic acid 1.122, with the intermittent use of stoichiometric amounts of a copper reagent. The 

authors also demonstrate that an analogous process using a sulfur-based reagent (N-(phenylthio)-

phthalimide) leads to the double [2,3]-sigmatropic rearrangement. However, release of the sulfur species 

does not occur, thereby requiring stoichiometric use of the sulfur reagent.[80] 
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1.1.5. Rearrangement Reactions of Hydroxylamines and Hydroxamic Acids 

1.1.5.1. Bamberger Rearrangement 

The aforementioned double [2,3]-sigmatropic process is far from the only or first synthetic 

method to access p-aminophenols in a selective fashion. One of the first reactions to enable the synthesis 

of p-aminophenol (1.128) was discovered by Eugen Bamberger in 1894 in a reaction now known as the 

Bamberger rearrangement.[81,82] Here, phenylhydroxylamine (1.125) is treated with 5% sulfuric acid and 

heated at reflux, leading to the formation of a nitrenium ion (1.126/1.127) via the loss of water. This 

nitrenium ion can then be attacked by water in the p-position to yield p-aminophenol after loss of the 

catalytic proton (Scheme 1.18). 

 

Scheme 1.18: The Bamberger rearrangement with conditions taken from Bamberger’s 1894 publication.[81,82] 

The Bamberger rearrangement, while of fundamental interest, does not bear synthetic utility in a modern 

setting. Industrially, p-aminophenols are synthesised from readily available phenols through nitration 

(H2SO4/NaNO3) and reduction.[83] 

1.1.5.2. ortho-Selective Reactions of Hydroxamic Acids 

While it has been established that hydroxylamines and hydroxamic acids may undergo 

unproductive N–O bond cleavage in acidic media, the influence of Lewis acids on hydroxamic acids and 

esters has not been extensively studied. In 1989, Kikugawa et al. reported that phenylhydroxamic acid 

esters, such as 1.129, undergo a rearrangement to yield the o-methoxy product 1.131 (Scheme 1.19).[84] 

The p-product, which could theoretically also be formed from a hypothetical nitrenium intermediate 
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1.130 was not observed. This phenomenon is rationalised through the formation of a contact-ion pair 

between the nitrenium ion and the AlCl3-OMe− anion (Scheme 1.19), in which the anion can also bind to 

the carbonyl oxygen. This forces proximity to the o-position and therefore enables regioselective o-

substitution. Interestingly, one side product that was observed during the reaction was p-chloroanilide 

1.132, indicating the possibility of the nitrenium ion to be quenched by addition of a chloride anion to 

the p-position before the methoxy moiety can be reintroduced. 

 

Scheme 1.19: Lewis acid-mediated o-selective migration of a methoxy moiety starting from hydroxamic acid ester 

1.129 and leading to the product 1.131 through a putative contact ion pair intermediate (1.130). 

 

Several years later, the same group reported an analogous process starting from hydroxamic acids 

(1.133) to yield o-aminophenols (1.134). This process does not rely on the use of Lewis acids to mediate 

the rearrangement but rather a mixture of CCl4 and P(nBu)3, leading to the assumed intermediate 1.135, 

which ultimately forms the products (Scheme 1.20).[85] 

 

Scheme 1.20: Rearrangement of hydroxamic acid 1.133 to o-aminophenol 1.134 through a rearrangement process 

mediated by P(nBu)3 and CCl4. The observed side products are shown below the dashed line.  

While this process was not fully studied mechanistically, the formation of trace amounts of p-

chloroanilide (1.138) and p-aminophenol (1.136) again suggested the intermediacy of a nitrenium ion, 

presumably as a result of the cleavage of the N–O bond in 1.135. Interestingly, the phosphine species 

does not simply react with the starting material to form the stable phosphine oxide, but rather acts as a 

mediator of the reaction and the final products can be isolated upon aqueous workup of the reaction. 
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Another interesting approach to the rearrangement of hydroxamic acid ester derivatives was published 

by Ngai et al. in 2014.[86] In this approach, a range of O-CF3 arylhydroxamic acid esters (1.139) were heated 

to 120°C in nitromethane to induce a thermal rearrangement process (Scheme 1.21). The scope of the 

reaction is mostly limited to scaffolds bearing electron-withdrawing substituents on the aromatic system, 

with only a sole example bearing an electron-donating substituent (1.147) being includeds. 

 

Scheme 1.21: Thermally induced rearrangement of O-CF3 hydroxamic acid esters such as 1.139 to o-OCF3 products 

(1.141). Selected scope entries are shown (1.143 – 1.147) alongside an isolated byproduct, benzoxazole (1.142), 

which is potentially formed through the self-quenching of the putative nitrenium ion (1.140). 

Mechanistically, the rearrangement process seems to be of polar rather than radical nature, hinting at a 

heterolytic cleavage of the highly polarised N–O bond. The authors also reported the formation of a 

benzoxazole side product (1.142), which most probably arises from the intermediate nitrenium ion. The 

high ortho-selectivity is again rationalised by invoking the formation of a contact ion pair between the 

nitrenium ion (1.140) and the OCF3
− anion, although traces of the p-OCF3 product could also be detected. 

 

In 2017, Nakamura et al. published two catalytic methods for the rearrangement of hydroxamic acid 

derivatives to o-functionalised products.[87,88]  

In a first approach, O-carboxyl-N-arylhydroxamic acids (1.148) underwent a cobalt-catalysed 

rearrangement to yield O-carboxyl-o-aminophenols (1.150). The process leading to these products could 

be envisioned to proceed through a [3,3]-sigmatropic rearrangement, as had been established in the past 

for similar processes.[89] However, 18O-labeling experiments revealed the reaction to proceed through a 

concerted [1,3]-shift, enabled by the cobalt catalyst (1.149, Scheme 1.22A). The reaction works well on 

electron-neutral or electron-poor aromatic scaffolds, while electron-rich substrates were not 

prominently featured in the scope of the reaction. 
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In their second publication, Nakamura et al. presented a reaction related to the methodology published 

by Kikugawa et al. for the rearrangement of hydroxamic acid esters (1.155) to form o-alkoxyaminophenol 

products (1.156).[84,88] This version of the reaction utilised a copper-NHC catalyst to achieve the o-selective 

rearrangement of a number of substrates. The reaction worked well across a range of scaffolds, however 

diminished yields were observed for electron-poor substrates, such as 1.159. With regard to mechanism, 

the authors were able to show that a cross-over of alkoxy moieties between two different substrates did 

not occur, meaning that the putative intermediates stay in close proximity (as was also postulated by 

Kikugawa et al.).[84] 

 

Scheme 1.22: A) [1,3]-Shift catalysed by Co(II) to transform O-carboxyl-N-arylhydroxamic acid esters (1.148) into N-

acyl-O-carboxyl-o-aminophenols (1.150). Selected scope entries are shown. B) Rearrangement of hydroxamic acid 

esters (1.155) to o-alkoxyaminophenol products (1.156) through Cu-catalysis using an NHC ligand. Selected scope 

entries are shown. 
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1.2. Aims of the Project 

The report detailing proposed double [2,3]-sigmatropic rearrangement process of N-aryloxy 

acetamides (1.110) to p-aminophenols (1.111) catalysed by PhSeBr, as described by Zhao et al., did not 

explore the potential of Se-catalysis to form p-aminophenols. While their work demonstrated the 

feasibility of transposing an amide moiety from the phenolic to the para-position of an aromatic system 

through a sigmatropic rearrangement, the inverse process—where a hydroxamic acid (1.161) would 

undergo transposition of its hydroxy group from the nitrogen to the para-position of the aromatic 

system— was not documented (Scheme 1.23). In this regard, our specific aims of the project included: 

a) Establishment of broadly applicable, catalytic and mild conditions for the conversion of 

hydroxamic acids to p-aminophenols and exploration of the scope of the reaction. 

b) Application of the developed synthetic method to the synthesis of pharmaceutically relevant 

products. 

c) Determination of the reaction mechanism using a combination of experimental and theoretical 

approaches. 

d) Comparison of the efficiency between PhSeBr- and PhSBr-catalysis. 

e) Exploration of a possible extension by employing hydroxamic acid esters or protected 

hydrazines as starting materials. 

 

Scheme 1.23: Comparative depiction of the approach of Zhao et al. towards p-aminophenols (1.111) starting from N-

aryloxy acetamides (1.110),[80] and the approach described herein starting from hydroxamic acids (1.161). 





 

27 

1.3. Results & Discussion 

The results described in this chapter were acquired in collaboration with Dr. Hsiang-Yu Chuang 

(experimental), Ricardo Meyrelles (theoretical) and Boris Maryasin (theoretical), and have been published 

as a communication in Angew. Chem. Int. Ed. 2021, 60, 13778 – 13782,[90] and as a research article in Chem. 

Eur. J. 2023, doi: 10.1002/chem.202302386.[91] 

1.3.1. Reaction Optimisation 

N-phenylbenzhydroxamic acid (1.162) was chosen as a model substrate and several reaction 

parameters were investigated, such as the nature as well as the stoichiometry of the organoselenium 

source, and the role of the reaction solvent. Highlights of the reaction condition screening are 

summarised in Table 1.2. 

First, it was discovered that the use of PhSeBr in a stoichiometric amount smoothly led to the formation 

of the desired p-aminophenol (1.163) with 72% isolated yield (entry 1). Remarkably, the amount of 

PhSeBr could be reduced to 10 mol% with only a slight decrease in the NMR yield to 66% (entry 2). All 

following screening reactions for different organoselenium species were carried out at 10 mol% loading 

and employed PhSeCl (67% NMR yield, entry 3), N-(phenylseleno)-phthalimide (40% NMR yield, entry 4), 

2-nitrophenyl selenocyanate (Grieco reagent, 35% NMR yield, entry 5),[74] PhSeCl+AgOTf (25% NMR yield, 

entry 6) and PhSeSePh (no reaction, entry 7). For some reagents, the reaction time had to be extended 

from three up to 18 hours to ensure full consumption of the starting materials (or the lack thereof – entry 

7). The investigation of different solvents at a fixed concentration of 0.2 M revealed that different polar, 

aprotic solvents are suitable for the reaction, while the use of a polar, protic solvent such as MeOH leads 

to lower yields. Ultimately, the optimised reaction conditions were found to require 10 mol% of PhSeBr 

in 1,4-dioxane at 0.2 M concentration. The choice of 1,4-dioxane as the ideal reaction solvent was 

reinforced during scope development, as this solvent allowed the reaction mixture to be heated to a 
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higher temperature (boiling point (bp.) of 1,4-dioxane: 101°C) to force conversion of less reactive 

substrates. 

 

Table 1.2: Optimisation table for the conversion of hydroxamic acid 1.162 into p-aminophenol 1.163. The 

concentration of the reaction mixture was kept at 0.2 M across all solvents. Yields in brackets refer to isolated 

material. 

The reaction mechanism was proposed to involve a double [2,3]-sigmatropic rearrangement process, 

initially leading to an intermediate o-selenoxide (1.165), which then undergoes a second rearrangement 

to the desired product (1.163, Scheme 1.24). Mechanistic details will be discussed in chapter 1.3.4. and 

experimental as well as computational evidence will be presented. 

 

Scheme 1.24: Proposed mechanism of the reaction starting from hydroxamic acid 1.162, which undergoes double 

[2,3]-sigmatropic rearrangement to yield p-aminophenol 1.163.  
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1.3.2. Scope of the Se-catalysed Rearrangement Reaction 

After establishing optimised reaction conditions, the focus was placed on developing a broad 

substrate scope and exploring the limitations of the reaction at hand. Following the logical disconnection 

of hydroxamic acids, the investigation was split into i) modifications of the acyl moiety (1.114, 1.136, 

1.163 – 1.171) and ii) modifications of the N-aryl moieties (1.115, 1.172 – 1.182), as depicted in Scheme 

1.25, which also includes some substrates which did not undergo the desired rearrangement (1.183 – 

1.186). 

Sterically hindered substrates such as pivalamide and adamantylamide (yielding 1.114 and 1.166 

respectively) underwent the rearrangement smoothly, only requiring heating to 100°C in the case of 

1.114. Hydroxamic acids derived from cyclobutane carboxylic acid (producing 1.167) and acetic acid 

(delivering 1.136) were also able to undergo the rearrangement process, providing the desired products. 

Subsequently, different aromatic acyl substituents were investigated. Starting with p-nitro-

benzylphenylhydroxamic acid, which smoothly provided the desired p-aminophenol 1.168 in 83% yield, 

the influence of electron-withdrawing (EWG) and -donating groups (EDG) on the acyl moiety of the 

hydroxamic acid were investigated. The electron-neutral standard substrate provided the corresponding 

product 1.163 in 76% isolated yield, while the introduction of an electron-donating methoxy group in the 

p-position led to a reduced yield of 62% of 1.169. This trend seemed to correlate with the strength of the 

N–O bond, which is weakened through further polarisation by the presence of an EWG in the benzamide 

fragment. Interestingly, two substrates bearing double bonds were also found to be tolerated, providing 

1.170 and 1.171, albeit with a slightly diminished yield in the case of 1.171. This points towards the fact 

that the electrophilic selenium species is more prone to react with the oxygen, rather than add to the 

double bond. Some modifications of the acyl moiety were not accepted, such as the introduction of a 

pyridine (1.183) or the use of cyclic hydroxamic acids such as 1.184 and 1.185, which did not undergo 

any reaction. These limitations potentially arise from the basicity of the pyridine moiety disturbing the 

facile protonation/deprotonation steps within the proposed reaction mechanism. The same may be true 

for cyclic hydroxamic acids, as these structures are less flexible and may therefore be unable to adopt the 

conformation required by the transition states. 
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Turning the attention to the N-aryl substituent, the introduction of an N-naphthyl group was well 

tolerated, providing 1.115 in 62% yield. Different alkyl substitution patterns on the N-aryl moiety were 

also accepted, in some cases leading to sterically highly encumbered products such as 1.175 and 1.176. 

In terms of functional groups, a methoxy group (1.173) as well as a methyl ketone (1.174) substituent on 

the aromatic system posed no obstacle to the reaction and various halogen-containing substrates also 

underwent the desired double sigmatropic rearrangement, providing densely functionalised products 

(1.177 – 1.182). Substrates bearing electron-deficient substituents on the N-arene required heating to 

100°C, while most other substrates were converted at room temperature. The introduction of a p-methyl 

group on the arene was not possible (1.186), as rearomatisation at the end of the catalytic cycle (vide 

infra) is impeded and, again, the introduction of a basic heterocycle, this time in the form of a quinoline 

(1.187) suppressed the reaction. 
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Scheme 1.25: Summary of the scope of the Se-catalysed rearrangement leading to p-aminoalcohols. 
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1.3.3. Gram-scale Syntheses and Applications 

After having developed a mild and regioselective rearrangement reaction leading to p-

aminophenols, this method was applied to the synthesis of pharmaceutically relevant molecules, such as 

paracetamol (1.136), practolol (1.188) and diloxanide furoate (1.191). 

Several p-aminophenols possess biological activity, which enable their use in medicine as i.e., non-opioid 

analgesics (painkillers) or beta-adrenergic blocking agents (heart medication, so-called beta blockers).[92] 

Practolol (1.188) can be prepared through different routes,[93–95] but in this case, the synthesis of practolol 

(1.188) started from N-phenlyacetylhydroxamic acid (1.133) which was converted to paracetamol (1.136) 

through the catalytic rearrangement with PhSeBr in 72% yield on a scale of 2.00 g (13.2 mmol, Scheme 

1.26), thereby enabling the synthesis of paracetamol in a single step from a simple starting material. 

Paracetamol (1.136) was then mixed with epichlorohydrin and potassium carbonate and heated without 

any additional solvent to produce a crude epoxide (not shown), which was subsequently opened by iso-

propylamine to form practolol (1.188) in 56% yield over two steps, delivering 1.42 g (5.18 mmol) of the 

desired beta blocker. 

 

Scheme 1.26: Application of the Se-catalysed sigmatropic rearrangement to the gram-scale synthesis of the 

pharmaceutically relevant compounds paracetamol (1.136), practolol (1.188) and diloxanide furoate (1.191). 
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Diloxanide furoate (1.191) is a luminal amoebicide, commonly used to treat amoeba infections in the 

intestine. It is a prodrug to the active metabolite diloxanide, a p-aminophenol, after hydrolysis of the 

furoate ester and it is listed on the WHO list of essential medicines.[96] The use of diloxanide in the form of 

its furoate as a prodrug has proven beneficial with regards to its metabolic availability, as the furoate is 

cleaved in the gut to release the active agent. Starting from hydroxamic acid 1.189, which was 

synthesised from N-phenylhydroxylamine and dichloroacetyl chloride, the desired product 1.190 was 

isolated in 57% yield after the double [2,3]-sigmatropic rearrangement process. The p-aminophenol 

1.190 was then esterified with 2-furoyl chloride in 82% yield and subsequently methylated on the 

nitrogen to provide 1.34 g of diloxanide furoate (1.191) (80% yield) in a single run. 
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1.3.4. Mechanistic Experiments 

Thus far, the Se-catalysed conversion of hydroxamic acids to p-aminophenols has been 

described as a double [2,3]-sigmatropic rearrangement process, however no experimental evidence has 

been provided. This is also the case for the publication by Zhao et al., where the authors propose such a 

mechanism and underline its feasibility with computational studies, but lack experimental evidence for 

an intramolecular reaction pathway.[80] In theory, an intramolecular rearrangement process would lead to 

the desired products, however, so would an intermolecular process, where a selenoxide intermediate 

could be cleaved from the substrate to form a contact-ion pair, such as 1.192, before reengaging to form 

the products. 

To give a definitive answer to the question of whether dissociation of an intermediate takes place or 

whether the reaction is truly intramolecular, a cross-over experiment was performed, employing 18O-

labeled hydroxamic acid 1.133*, the synthesis of which is described in the experimental procedures 

(chapter 1.5). The labelled hydroxamic acid 1.133* was mixed with the unlabelled standard substrate 

1.162 in a 1:1 ratio and the mixture was subjected to the reaction conditions (Scheme 1.27). 

 

Scheme 1.27: Experimental set-up and results of the 18O-cross-over experiment.  

In this scenario, if the reaction involves an intermediate dissociation of a putative selenoxide, it may result 

in the transfer of an 18O from the labelled intermediate to the unlabelled intermediate, leading to 18O-

labelled 1.163. In the event it was found that no 18O was transferred between the two products and that 

the 18O-content did not change between the labelled starting material 1.133* and the labelled product 
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1.136*. This very strongly suggests an intramolecular double [2,3]-sigmatropic rearrangement, where no 

dissociation of intermediates takes place. In an additional experiment, the unlabelled hydroxamic acid 

1.162 was subjected to the reaction conditions in the presence of an excess of 18O-water in order to try 

and label a putative dissociated intermediate selenoxide, however no incorporation of 18O into the 

product of the reaction was observed (Scheme 1.28). Interestingly, the reaction worked with a yield 

identical to that of the reference reaction even in the presence of water. 

 

Scheme 1.28: Mechanistic experiment using labelled 18O-H2O to attempt labelling. 
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1.3.5. Computational Study of the Reaction Mechanism 

In order to provide a reasonable mechanistic explanation for the aforementioned double [2,3]-

sigmatropic rearrangement of hydroxamic acids to p-aminophenols, a computational study of the 

mechanism was performed by Ricardo Meyrelles and Dr. Boris Maryasin. The computed mechanism 

would have to agree with the experimental results, namely that the reaction can be performed with a 

catalytic amount of PhSeBr at room temperature and that no cross-over between substrates or 

intermediates takes place (vide supra). 

The calculations revealed the following: the catalytic reaction begins with hydroxamic acid 1.133, which 

undergoes reaction with PhSeBr to form intermediate I while releasing a bromide ion. During this process, 

the proton from the hydroxy group tautomerises to the carbonyl oxygen, a process that moves charge 

primarily onto the nitrogen atom (Scheme 1.29). Intermediate I then undergoes the first [2,3]-sigmatropic 

rearrangement with a barrier of 9 kcal∙mol−1, gaining 7 kcal∙mol−1 in the process, leading to o-selenoxide 

II. Intermediate II undergoes low barrier H+-transfers from the hydroxyl group to the selenoxide and back 

to the nitrogen to form III. This selenoxide-containing intermediate then undergoes the second [2,3]-

sigmatropic rearrangement with a small barrier of 4 kcal∙mol−1, releasing 2 kcal∙mol−1 in the process to 

form intermediate IV. Next, a second substrate molecule is engaged in an intermolecular proton transfer, 

restoring aromaticity to form V and releasing 28 kcal∙mol−1 in the process. This last intermediate reacts 

with the protonated second substrate in the rate-limiting step to turn over the organoselenium species 

in exchange for a proton, forming product 1.136 and regenerating the catalytically active intermediate I. 

The barrier for this step is 25 kcal∙mol−1, while 3 kcal∙mol−1 are released. This may also serve as an 

explanation for the empirical finding that some substrates require heating and additional reaction time 

to fully consume the starting materials and produce the product in sufficient amounts, such as the methyl 

ketone 1.174 and the fluorinated substrates leading to 1.177, 1.178 and 1.179. These substituents on the 

aromatic system stabilise negative charges on the phenolic oxygen (making the system less prone to 

protonation), thereby suppressing the turnover of new substrates in the last step of the catalytic cycle. 
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Scheme 1.29: Computed catalytic cycle for the double [2,3]-sigmatropic rearrangement at the PBE0-D3BJ-

SMD(THF)/def2-TZVP//PBE0-D3BJ-SMD(THF)/def2-SVP level of theory. The activation energies (G‡) and Gibbs free 

energies (G) are presented for each individual step in parentheses. Rearrangement reactions are highlighted in 

orange. 
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1.3.6. Introduction of a para-Substituent into the Hydroxamic Acid 

Further experiments were conducted to investigate the potential of displacing substituents at 

the para-position in order to eventually form the p-aminophenol product (1.136). Moreover, these 

experiments aimed to determine whether, in cases where displacement was not achievable, an oxidised 

product such as 1.196 could be formed. To this end, two substrates were synthesised using the 

established method starting from the corresponding nitrophenols (Scheme 1.30).[86] 

 

Scheme 1.30: Synthesis of p-substituted hydroxamic acids 1.186 (X = Me) and 1.195 (X = F) from the corresponding p-

nitrophenyl starting materials.  

Both thus generated starting materials were subjected to the rearrangement reaction conditions. Tolyl 

substrate 1.186 formed neither of the hypothetical products, but rather most of the material remained 

unconsumed, while 10% of the starting material was converted to p-Me-acetanilide 1.197 (Scheme 1.31). 

 

Scheme 1.31: Experimental results employing p-tolyl substrate 1.186 in the reaction, leading to recovery of starting 

material and partial loss of the hydroxy moiety, leading to 1.197. 

In contrast, the p-F-phenylhydroxamic acid 1.195 underwent a transformation when subjected to the 

reaction conditions. However, the results were challenging to interpret, leading to a decision not to 

pursue these investigations further. When 1.195 was subjected to the optimised reaction conditions, as 
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well as conducting the reaction at 100°C, a mixture of two products (1.197 and 1.198) and unreacted 

starting material was produced (Scheme 1.32). 

 

Scheme 1.32: Investigation of p-F substituted hydroxamic acid 1.195 at different temperatures. The reaction led to 

small amounts of the desired rearrangement product (1.136) but failed to convert all starting material. 

Deoxygenation of the hydroxamic acid leading to 1.198 was observed as a side reaction. 

The experimental results were followed-up with an NMR investigation to find out why the product was 

only formed in amounts similar to the catalyst loading. To this end, the reaction was repeated inside an 

NMR tube and the reaction was monitored by 1H-NMR, 19F- NMR and 77Se-NMR, employing a solvent 

system of 1,4-dioxane:TDF in a ratio of 10:1 (vide supra). This study revealed the formation of PhSeF as a 

by-product of the reaction, as detected by 19F-NMR (470 MHz, 1,4-dioxane/THF-d8,  = −192 ppm; 

Literature: 376 MHz, MeCN-d3,  = −182 ppm).[97] Additionally, when running the reaction at room 

temperature over three days, an increase in NMR yield of 1.136 to 22% was observed, with the remaining 

78% of material being converted to the deoxygenated product 1.198. 
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1.3.7. Application of Phenylsulfenyl Bromide as a Reagent 

With the clear and mostly complete mechanistic picture on the Se-catalysed double 

[2,3]-sigmatropic rearrangement in hand, the next task was found in the translation of the reaction to the 

use of other organochalcogen species, in order to probe whether they may be able to provide similar 

reactivity. While organotellurides are known to undergo [2,3]-sigmatropic rearrangements,[79] the 

equivalent PhTeBr was not investigated due to its instability.[98] 

The use of phenylsulfenyl bromide in the reaction, freshly prepared from thiophenol and Br2, provided 

another interesting result. It was found that the intermediate o-sulfoxide does not undergo the second 

rearrangement, delivering o-sulfoxoaniline 1.200 as product of the reaction (Scheme 1.33).[99] The 

sulfoxide product 1.200 was independently prepared through an alternative route to ensure correct 

assignment. 

 

Scheme 1.33: Difference in reactivity between the catalytically active PhSeBr leading to p-aminophenol 1.163 and 

the stoichiometric reagent PhSBr leading to o-sulfoxide 1.200. 

With this experimental result, computational investigation of the reaction was commenced. On a surface 

level, this is well understood, since the C–Se bond is weaker than the C–S bond, enabling the second [2,3]-

sigmatropic rearrangement.[56,100,101] It was found that the intermediate II/IIb is formed through a process 

with a lower barrier and a lower overall energy in the case of X = S (G‡ = 3.6 kcal∙mol−1, 

G = −15.2 kcal∙mol−1, blue pathway to IIb), compared to X = Se (G‡ = 8.7 kcal∙mol−1, G = -7.1 kcal∙mol−1, 

black pathway to II) (Scheme 1.34). However, the proton transfer to arrive at III/IIIb, a two-step process 

in the case of PhSeBr, is highly disfavoured in the case of PhSBr, with a barrier of 29.9 kcal∙mol−1 which is 
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not readily overcome at room temperature. Intermediate IIb is therefore consumed through an 

alternative pathway, where a second substrate molecule (1.133) is recruited to abstract the o-proton in 

order to restore aromaticity to intermediate VI, which then tautomerises to the o-sulfoxide product 1.200. 

 

Scheme 1.34: Simplified overview on the computed pathway to p-aminophenol via Se-catalysis (black), the 

hypothetical pathway to p-aminophenol via S-catalysis (blue) and the computed pathway to the o-sulfoxide (red). All 

energies are given in kcal∙mol−1 at the PBE0-D3/def2-TZVP,SMD(THF)//PBE0-D3/def2-SVP,SMD(THF) level of theory. 

Comparable intermediates and transition state energies are aligned vertically for the black and blue pathway. 

Dashed lines indicate a change in the system by introduction or removal of reaction partners. 
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1.3.8. Translation to Hydroxamic Acid Esters and Hydrazides 

As part of the investigation into the double [2,3]-sigmatropic rearrangement of hydroxamic 

acids, hydroxamic acid methyl esters and hydrazides were tested as potential substrates of the reaction 

and the results are summarised in Table 1.3. Neither hydroxamic acid methyl ester (X = OMe) nor the 

hydrazides (X = NH2 or NHBoc) underwent the desired reaction under any of the tested reaction 

conditions and no conversion of starting material was observed. The lack of reactivity of the hydroxamic 

acid methyl ester is readily explained by the necessity of the starting material to bind to the PhSeBr 

catalyst, which is not possible in the case of the methyl ester. 

In the case of the hydrazides, the inability for the starting material to be converted to the desired product 

could potentially come down to the lower azaphilicity of selenium compared to its high oxophilicity (as 

estimated from BDE (Se–N) = 370 ± 11 kcal∙mol−1; BDE (Se–O) = 465 ± 21 kcal∙mol−1),[102] as well as the 

missing polarisation of the N–N bond in the hydrazides compared to the polarised N–O bond of the 

hydroxamic acids. 

 

Table 1.3: Studies towards the conversion of hydroxamic acid esters and hydrazides via organoselenium-catalysis to 

yield products of double [2,3]-sigmatropic rearrangement. 
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1.4. Conclusions & Outlook 

In summary, an organoselenium-catalysed, regioselective double [2,3]-sigmatropic 

rearrangement reaction of N-arylhydroxamic acids for the synthesis of p-aminophenols was developed. 

The reaction was optimised and, ultimately, a 10 mol% loading of PhSeBr and 1,4-dioxane as the solvent 

proved to be the best conditions. Using a system capable of being heated to high temperatures enabled 

flexibility towards converting substrates which are less prone to undergo the desired reaction. Several 

substrates were subjected to the optimised reaction conditions to afford the desired p-aminophenols as 

single regioisomers, leading to a scope of 22 successful examples. The method was additionally applied 

to the synthesis of pharmaceutically relevant p-aminophenols, such as paracetamol (1.136), practolol 

(1.188) and diloxanide furoate (1.191) on gram-scale without a decrease in yield. The mechanism was 

supported by 18O-labeling experiments as well as computational methods, supporting an intramolecular 

reaction pathway. Generally, the reaction is robust against the presence of air and water, as the reaction 

can be set up under ambient atmosphere with no decrease in yield and the presence of water was also 

found not to have any deleterious effect. 

The translation of the selenium-catalysed process to one catalysed by sulfur failed, as the reaction halted 

after the first [2,3]-sigmatropic rearrangement, leading to o-substituted diaryl sulfoxides as the sole 

products, consuming the catalyst in the process. Extending the scope of the reaction to hydroxamic acid 

esters or hydrazides was similarly unsuccessful. In the case of the former, replacing the nucleophilic 

hydroxyl moiety with a methoxy group, void of nucleophilic character, led to unreactive starting 

materials. In the case of the latter, the lack of polarisation in the N–N bond paired with the decreased 

azaphilicity of selenium compared to its oxophilicity renders these hydrazides unreactive.  

Going forward, the investigation on hydrazides could be intensified, as the p-aminoaniline products are 

of high value for material science. An approach trying to force the double [2,3]-sigmatropic 

rearrangement of hydrazides in a similar fashion would have to rely on a more azaphilic mediator of the 

reaction and the polarisation of the N–N bond would need to be increased to ease heterolytic cleavage, 
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initiating the rearrangement cascade. In the realm of organoselenium compounds, this transformation 

could potentially occur using high-valent selenium species, such as 1.207. A related activation process, 

forming a hypervalent selenium species (1.204) has been developed by Michael et al. for allylic  C–H 

amination (Scheme 1.35).[103] 

 

Scheme 1.35: Proposed extension of the work outlined in this chapter on the regioselective double [2,3]-sigmatropic 

rearrangement towards the utilisation of hydrazides with a hypervalent selenium species, with precedent from 

Michael et al.[103] 
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1.5. Experimental Procedures and Data 

1.5.1. General Information 

Unless otherwise stated, all solvents were distilled from appropriate drying agents prior to use or, if 

purchased in anhydrous form, used as received. Unless otherwise stated, all glassware was flame-dried 

under low pressure prior to use and all reactions were performed under a positive pressure of Argon. All 

reagents were used as received from commercial suppliers unless otherwise stated. Reaction progress 

was monitored by thin layer chromatography (TLC) performed on aluminium plates coated with silica gel 

F254 with 0.2 mm thickness. Chromatograms were visualised by fluorescence quenching with UV light at 

254 nm or by staining using potassium permanganate. Flash column chromatography was performed 

using silica gel 60 (230-400 mesh, Merck and co.) or prepacked columns (Chromabond silica) using a 

Biotage Selekt Flash Purification System. Neat infrared spectra were recorded using a Perkin-Elmer 

Spectrum 100 FT-IR spectrometer. Wavenumbers (νmax) are reported in cm−1. Mass spectra were obtained 

using a Finnigan MAT 8200 or (70 eV) or an Agilent 5973 (70 eV) spectrometer, using electrospray 

ionisation (ESI). All 1H-NMR. 13C-NMR, 19F-NMR and 77Se-NMR spectra were recorded using Bruker AV-400, 

AV-600 or AV-700 spectrometers at 300K. Chemical shifts are given in parts per million (ppm, δ), 

referenced to the solvent peak of CDCl3, defined at δ = 7.26 ppm (1H-NMR) and δ = 77.16 ppm (13C-NMR), 

MeOH-d4, defined at δ = 3.31 ppm (1H-NMR) and δ = 49.00 ppm (13C-NMR), DMSO-d6, defined at δ = 2.50 (1H-

NMR) and δ = 39.52 ppm (13C-NMR), and THF-d8, defined at δ = 3.62 and 1.79 (1H-NMR) and δ = 68.03 and 

26.19 ppm (13C-NMR). Coupling constants are quoted in Hz (J). 1H, 13C and 19F NMR splitting patterns are 

designated as singlet (s), doublet (d), triplet (t), quartet (q) as they appeared in the spectrum. If the 

appearance of a signal differs from the expected splitting pattern, the observed pattern is designated as 

apparent (app). Splitting patterns that could not be interpreted or easily visualised are designated as 

multiplet (m) or broad (br). Room temperature refers to 20°C. 
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1.5.2. General Procedures 

1.5.2.1. Synthesis of Hydroxamic Acids 

 

To a solution of nitrobenzene 1.S01 (1.00 eq.) in THF (0.3 M) at 0°C was added 5-wt% Rh/C (0.30 mol% Rh, 

0.003 eq.) and hydrazine monohydrate (1.20 eq.). The reaction was allowed to warm to room temperature 

and stirred until the starting material had been consumed (indicated by TLC analysis, typically < 3 h). The 

reaction mixture was passed through a short pad of Celite®, the filter cake was washed with EtOAc and 

the solvents were evaporated under reduced pressure to afford the crude hydroxylamine 1.S02. The 

crude material was used in the acylation step without further purification. 

 

To a solution of crude hydroxylamine 1.S02 (1.00 eq.) in Et2O (0.3 M) at 0°C was added NaHCO3 (1.20 eq.) 

and the corresponding acyl chloride (1.20 eq.). The reaction mixture was allowed to warm to room 

temperature and stirred until all starting material had been consumed (indicated by TLC analysis, 

typically between 2 – 12 h). The reaction mixture was passed through a paper filter, which was washed 

with EtOAc, and the solvents were evaporated under reduced pressure to afford crude hydroxamic 

acid 1.161. The crude product was purified by flash column chromatography (SiO2, heptane/EtOAc) in 

order to isolate the pure hydroxamic acid 1.161. 
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1.5.2.2. Se-catalysed Sigmatropic Rearrangement to para-Aminophenols 

 

To a solution of arylhydroxamic acid 1.161 (1.00 eq.) in 1,4-dioxane (0.2 M) at room temperature was 

added PhSeBr (10.0 mol%). The resulting reaction mixture was subsequently stirred at room temperature 

or at 100°C until all starting material had been consumed (indicated by TLC analysis, typically 3 – 24 h). 

Afterwards, the solvents were evaporated under reduced pressure and the crude material was purified by 

flash column chromatography (SiO2, heptane/EtOAc) to afford the pure para-aminophenol 1.111. 

 

1.5.3. Synthesis and Characterisation of Hydroxamic Acids 

Analytical data of hydroxamic acids 1.114sm,[104] 1.133,[104] 1.172sm,[104] 1.173sm,[104] 1.168sm,[105] 

1.160sm,[105] 1.115sm,[106] 1.175sm,[107] 1.176sm,[108] 1.178sm,[86] 1.180sm,[86] 1.179sm,[109] 1.182sm,[109] 

1.181sm[110] were in accordance with the literature. 
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1.5.3.1. 2-((3r,5r,7r)-adamantan-1-yl)-N-hydroxy-N-phenylacetamide (1.166sm) 

 

To a solution of phenylhydroxylamine (200 mg, 1.87 mmol, 1.00 eq.) and 1-adamantaneacetic acid 

(371 mg, 2.06 mmol, 1.10 eq.) in DCM (0.35 M) at 0°C was added EDCI∙HCl (394 mg, 2.06 mmol, 1.10 eq.). 

The resulting reaction mixture was subsequently allowed to warm to room temperature and was stirred 

for 12 h. After the starting materials had been consumed, the reaction was diluted with H2O (5.00 mL) and 

the layers were separated. The aqueous layer was extracted with DCM (3 x 5.00 mL) and the combined 

organic layers were dried over anhydrous MgSO4. The solvents were removed in vacuo and the crude 

material was purified by flash column chromatography (SiO2, heptane/EtOAc) to afford 2-((3r,5r,7r)-

adamantan-1-yl)-N-hydroxy-N-phenylacetamide 1.166sm (201 mg, 0.710 mmol, 38%) of as an 

amorphous solid. 

1H-NMR (600 MHz, CDCl3):  7.26-7.42 (m, 5H, H6-10), 2.10 (s, 2H, H11) 1.57-1.97 (m, 16H, H12-20) ppm. 

13C-NMR (125 MHz, CDCl3):  177.3 (C1), 129.4 (C5), 125.6 (3C, C6,8,10), 122.5 (2C, C7,9), 48.9 (C21), 42.6 (C11), 

36.8 (3C, C18,19,20), 28.71 (3C, C12,14,16), 28.69 (3C, C13,15,17) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C18H24NO2
+) required m/z 286.1802; found m/z 286.1802. 

FT-IR (neat) max: 3100, 2900, 1590, 1250, 1021, 795 cm−1. 
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1.5.3.2. N-hydroxy-N-phenylcyclobutanecarboxamide (1.167sm) 

 

To a solution of phenylhydroxylamine (218 mg, 2.00 mmol, 1.00 eq.) and cyclobutanecarboxylic acid 

(220 mg, 2.20 mmol, 1.10 eq.) in DCM (0.35 M) at 0°C was added EDCI∙HCl (422 mg, 2.20 mmol, 1.10 eq.). 

The reaction mixture was subsequently allowed to warm to room temperature and was stirred for 12 h or 

until all starting material had been consumed. Afterwards, H2O (5.00 mL) was added and the layers were 

separated. The aqueous layer was extracted with DCM (3 x 5.00 mL) and the combined organic layers were 

dried over anhydrous MgSO4. The solvents were removed in vacuo and the crude material was purified by 

column chromatography (SiO2, heptane/EtOAC) to afford N-hydroxy-N-phenylcyclobutanecarboxamide 

1.167sm (145 mg, 0.710 mmol, 38%) as a pale yellow oil. 

1H-NMR (600 MHz, CDCl3):  10.34 (s, 1H, H4), 7.63-7.60 (br. s, 2H, H6,10), 7.36 (t, J = 7.9 Hz, 2H, H7,9), 7.14 (br. 

s, 1H, H8), 3.63 (br. s, 1H, H11), 2.26-2.20 (m, 2H, H12,14), 2.15-2.05 (br. s, 2H, H12,14), 1.95-1.90 (m, 1H, H13), 

1.80-1.77 (m, 1H, H13) ppm. 

13C-NMR (125 MHz, CDCl3):  173.5 (minor rotamer, C2), 172.9 (major rotamer, C2), 142.0 (Cx), 128.4 (3C, C7-

9), 124.4 (C6), 119.8 (C10), 37.6 (C11), 24.6 (2C, C12,14), 17.6 (C13) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C11H14NO2
+) required m/z 192.1019; found m/z 192.1012. 

FT-IR (neat) max: 3190, 2984, 1627, 1444, 1392, 1209, 756, 692 cm−1. 
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1.5.3.3. N-hydroxy-N-phenyl-4-vinylbenzamide (1.171sm) 

 

Following the general procedure for the synthesis of hydroxamic acids (chapter 1.5.2.1.) starting with 

phenylhydroxylamine (164 mg, 1.50 mmol, 1.00 eq.), 4-vinylbenzoyl chloride (300 mg, 1.80 mmol, 

1.20 eq.) and NaHCO3 (151 mg, 1.80 mmol, 1.20 eq.). The reaction mixture was stirred at room 

temperature for 18 h to yield N-hydroxy-N-phenyl-4-vinylbenzamide 1.171sm (137 mg, 0.570 mmol, 38%) 

as an off-white solid. 

1H-NMR (400 MHz, CDCl3):  10.7 (s, 1H, ), 7.62 (d, J = 8.2 Hz, 2H, ), 7.53 (dd, J = 13.3, 8.1 Hz, 4H, ), 7.39 (t, J 

= 7.9 HZ, 2H, ), 7.20 (t, J = 7.4 Hz, 1H, ), 6.77 (dd, J = 17.7, 11.0 Hz, 1H, ), 5.93 (d, J = 17.7 Hz, 1H, ), 5.36 (d, J = 

11.0 Hz, 1H, ) ppm. 

13C-NMR (100 MHz, CDCl3):  167.5 (C2), 138.9 (C11), 136.0 (C17), 134.7 (C5), 129.7 (C14), 128.9 (2C, C13,15), 128.5 

(2C, C12,16), 126.2 (2C, C6,10), 125.5 (2C, C7,9), 122.2 (C8), 116.0 (C18) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C15H13NO2Na+) required m/z 262.0838; 

found m/z 262.0844. 

FT-IR (neat) max: 3181, 1677, 1617, 1433, 1404, 1385, 991, 752 cm−1. 

 

1.5.3.4. N-(3-acetylphenyl)-N-hydroxyacetamide (1.174sm) 

 

Following the general procedure for the synthesis of hydroxamic acids (chapter 1.5.2.1.) starting with 3-

acetyl phenylhydroxylamine (203 mg, 2.00 mmol, 1.00 eq.), acetyl chloride (0.171 mL, 2.40 mmol, 

1.20 eq.) and NaHCO3 (202 mg, 2.40 mmol, 1.20 eq.). The reaction mixture was stirred at room 
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temperature for 18 h to yield N-(3-acetylphenyl)-N-hydroxyacetamide1.174sm (226 mg, 1.16 mmol, 58%) 

as a yellow oil. 

1H-NMR (600 MHz, DMSO-d6):  10.78 (s, 1H, H4), 8.19 (s, 1H, H6), 7.90 (dd, J = 8.1, 1.3 Hz, 1H, H8), 7.75 (d, 

J = 7.7 Hz, 1H, H10), 7.52 (t, J = 7.9 Hz, 1H, H9), 2.58 (s, 3H, H13), 2.24 (s, 3H, H11) ppm. 

13C-NMR (150 MHz, DMSO-d6):  197.6 (C12), 170.3 (C2), 142.0 (C5), 137.0 (C7), 128.9 (2C, C6,8), 124.5 (C9), 118.9 

(C10), 26.8 (C13), 22.5 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C10H12NO3
+) required m/z 194.0812; found m/z 194.0812. 

FT-IR (neat) max: 3171, 2917, 1682, 1372, 1105, 959, 686 cm−1. 

 

1.5.3.5. N-(3-fluoro-5-iodophenyl)-N-hydroxyacetamide (1.177sm) 

 

Following the general procedure for the synthesis of hydroxamic acids (chapter 1.5.2.1.) starting with 3-

fluoro-5-iodo phenylhydroxylamine (506 mg, 2.00 mmol, 1.00 eq.), acetyl chloride (0.171 mL, 2.40 mmol, 

1.20 eq.) and NaHCO3 (202 mg, 2.40 mmol, 1.20 eq.). The reaction mixture was stirred at room 

temperature for 18 h to yield N-(3-acetylphenyl)-N-hydroxyacetamide 1.177sm (517 mg, 1,74 mmol, 87%) 

as a yellow solid. 

1H-NMR (600 MHz, DMSO-d6):  10.88 (s, 1H, H4), 7.92 (br. s, 1H, H6), 7.54 (dt, J = 11.6, 2.2 Hz, 1H, H10), 7.40 

(ddd, J = 7.8, 2.3, 1.4 Hz, 1H, H8), 2.23 (s, 3H, H11) ppm. 

13C-NMR (150 MHz, DMSO-d6):  170.9 (C2), 161.5 (d, JCF = 246.7 Hz, C9), 143.8 (d, JCF = 11.0 Hz, C5), 123.2 (C6), 

119.4 (d, JCF = 23.7 Hz, C10), 105.6 (d, JCF = 27.3 Hz, C8), 94.1 (d, JCF = 9.4 Hz, C7), 22.8 (C11) ppm. 

19FNMR (565 MHz, DMSO-d6):  −110.59 (dd, J = 11.6, 7.8 Hz). 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H8FINO2
+) required m/z 295.9578; found m/z 295.9569. 

FT-IR (neat) max: 3161, 2917, 1627, 1424, 1367, 1110, 751, 671 cm−1. 



54 

1.5.4. Syntheses of other Starting Materials 

1.5.4.1. Synthesis of 18O-Hydroxamic Acid 1.133* 

 

To a 10 mL round-bottom flask equipped with a Teflon-coated magnetic stir bar was added 18O-H2O 

(0.300 mL, 15.0 mmol, 9.74 eq.), followed by fuming nitric acid (0.101 mL, 2.40 mmol, 1.56 eq.). The flask 

was tightly sealed and stirred at room temperature for 4 d. After this reaction time, a solution of NaOH 

(382 mg, 8.20 mmol, 5.30 eq.) in 18O-H2O (0.344 mL; c = 24 M) was carefully added and the resulting 

suspension was stirred for 24 h at room temperature. The 18O-H2O was distilled off and, following full 

evaporation, fuming nitric acid (0.016 mL, 0.380 mmol, 0.590 eq.) was once again added. The flask was 

again tightly sealed and the reaction mixture was heated at 70°C for 24 h while being continuously stirred. 

Subsequently, the pH of the reaction mixture was controlled to find pH > 7 (required) and the remaining 

liquids were distilled off to yield crude NaN18O3, which was used in the next step without further 

purification. 

Crude NaN18O3 (8.20 mmol, 5.30 eq.) was dissolved in TFA (7.65 mL, 103 mmol, 66.9 eq.) and benzene 

(0.14 mL, 1.54 mmol, 1.00 eq.) was added (Nota bene: the use of HPLC-grade TFA from sealed glass 

ampoules is recommended, as atmospheric H2O contaminations in opened bottles of TFA lead to a decrease 

in 18O-content). The resulting reaction mixture was stirred at 20°C for 24 h before being quenched by 

addition of a saturated aqueous solution of NaOH in 18O-H2O until pH > 10 was reached. The mixture was 

subsequently extracted with Et2O (3x10.0 mL) and the combined organic layers were dried over Na2SO4. 

The solvents were removed in vacuo to yield 18O-nitrobenzene 1.S03* (185 mg, 1.50 mmol, 98%; 18O-

content = 39.7% by GC-MS) as a yellow oil which was used without further purification.[87] 

To a solution of 18O-nitrobenzene (86.2 mg, 0.700 mmol, 1.00 eq.) in THF/18O-H2O (2.30 mL, 2:1 (v/v), 0.3 M) 

was added NH4Cl (150 mg, 2.80 mmol, 4.00 eq.). The resulting mixture was cooled to 0°C before Zn0 
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powder (183 mg, 2.80 mmol, 4.00 eq.) was carefully added. The reaction slurry was stirred at 0°C for 

150 min before being filtered through a short pad of Celite®, which was washed with EtOAc. The solvents 

were removed from the filtrate in vacuo to yield the crude 18O-phenylhydroxylamine, which was used in 

the next step without further purification. 

To a solution of crude 18O-phenylhydroxylamine (76.4 mg, 0.700 mmol, 1.00 eq.) in Et2O (0.2 M) at 0°C was 

added NaHCO3 (70.6 mg, 0.840 mmol, 1.20 eq.). Afterwards, AcCl (59.7 µL, 0.840 mmol, 1.20 eq.) was 

added dropwise at 0°C and the resulting mixture was allowed to warm to room temperature with stirring 

over the course of 18 h. After all starting material had been consumed (as indicated by TLC analysis), the 

solids were removed by filtration through a cotton plug, which was subsequently washed with DCM. The 

filtrate was concentrated in vacuo and the resulting crude material was purified by flash column 

chromatography (SiO2, heptane/EtOAc) to afford 18O-labeled hydroxamic acid 1.133* (83.0 mg, 

0.550 mmol, 78%) as a dark orange oil with an 18O-content of 29% (calculated from HRMS [M+H+]) with 

methylanilidine as an inseparable impurity. 

1H-NMR (400 MHz, DMSO-d6):  10.61 (br. s, 1H, H4), 7.62 (d, J = 7.8 Hz, 2H, H6,10), 7.36 (t, J = 7.9 Hz, 2H, H7,9), 

7.14 (t, J = 7.1 Hz, 1H H8), 2.20 (s, 3H, H11) ppm. 

13C-NMR (100 MHz, DMSO-d6):  168.3 (C1), 141.7 (C5), 128.4 (C7,9, 2C), 124.6 (C8), 119.0 (C6,10, 2C), 22.5 (C11) 

ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H10NO18O+) required m/z 154.0749; found m/z 154.0746. 

FT-IR (neat) max: 2918, 1643, 1595, 1547, 1308, 1100, 1033, 906, 691 cm−1. 

 

1.5.4.2. Synthesis of Hydroxamic acid ester 1.S04 

 

To a solution of N-phenylbenzhydroxamic acid (1.162) (2.18 g, 1.00 mmol, 1.00 eq.) in DMF (0.5 M) at 20°C 

was added K2CO3 (1.66 g, 1.20 mmol, 1.20 eq.), followed by the dropwise addition of MeI (0.755 mL, 
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1.20 mmol, 1.20 eq.). The resulting reaction mixture was stirred at 20°C for 20 h or until full conversion 

was observed (as indicated by TLC analysis). Afterwards, the reaction mixture was diluted with H2O and 

EtOAc (equal volume to DMF) and the layers were separated. The aqueous layer was extracted with EtOAc 

(3 x 20.0 mL) and heptane (3 x 20.0 mL). The combined organic layers were washed with brine (1 x 5.00mL), 

dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo to yield the crude 

hydroxamic acid ester. The crude product was purified by flash column chromatography (SiO2, 

hepantes/EtOAc) to afford the pure O-methyl-N-phenylbenzhydroxamic acid ester 1.S04 (2.26 g, 

9.96 mmol, 99.6%) as a colourless solid. 

All spectroscopic data are in accordance with the reported literature.[88] 

 

1.5.4.3. Synthesis of 1-Boc-2-acetyl-2-phenylhydrazide (1.S05) 

 

To phenylhydrazine (0.985 mL, 10.0 mmol, 1.00 eq.) at 0°C, neat Boc2O (2.23 g, 10.2 mmol, 1.02 eq.) was 

carefully added (lively gas evolution). The yellow reaction mixture was stirred for 1 h until a white 

precipitate formed. The reaction mixture was diluted by addition of DCM (10.0 mL) and water (10.0 mL). 

The layers were separated and the organic layer was washed with brine (1 x 10.0 mL). The organic layer 

was dried over Na2SO4, the solids were filtered off and the solvents were evaporated to afford 1-Boc-2-

phenylhydrazine as a white solid which was used without further purification in the next step. 

To a solution of 1-Boc-2-phenylhydrazine (2.08 g, 10.0 mmol, 1.00 eq.) in DCM (0.1 M) at room temperature 

was added NaHCO3 (5.04 g, 60.0 mmol, 6.00 eq.), followed by dropwise addition of acetyl chloride 

(2.13 mL, 30.0 mmol, 3.00 eq.). The resulting mixture was stirred for 1 h or until all starting material had 

been consumed (as indicated by TLC analysis). Afterwards, the reaction was diluted with DCM (100 mL) 

and water (100 mL). The layers were separated and the organic layer was washed with brine (40.0 mL). 
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The organic layer was dried over Na2SO4, the solids were filtered off and the solvents were removed in 

vacuo to afford the product 1-Boc-2-acetyl-2-phenylhydrazide 1.S05 (2.17 g, 8.68 mmol, 87%) as a white 

solid in pure form. 

All spectroscopic data are in accordance with the reported literature.[111] 

1H-NMR (600 MHz, DMSO-d6):  7.36 (br. s, 5H, H6-10), 7.19 (br. s, HNH4), 2.13-2.08 (m, 3H, H11), 1.43 (s, 9H, 

H21-23) ppm. 

13C-NMR (150 MHz, DMSO-d6):  171.7 (C17), 154.6 (C2), 141.7 (C5), 128.5 (2C, C6,10), 125.7 (C7), 123.8 (C8), 

123.3 (C9), 80.6 (C20), 28.0 (3C, C21-23), 21.7 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C13H18N2O3Na+) required m/z 273.1215; 

found m/z 273.1209. 

 

1.5.4.4. Synthesis of N-phenylacetohydrazide (1.S06) 

 

To a solution of 1-Boc-2-acetyl-2-phenylhydrazide (50.1 mg, 0.200 mmol, 1.00 eq.) in DCM (0.05 M) at 0°C 

was added TFA (0.297 mL, 4.00 mmol, 20.0 eq). After the reaction was stirred for 30 minutes at 0°C, the 

temperature was increased to 4°C and stirring at the indicated temperature was continued for 18 h. The 

reaction mixture was then poured into an ice-cold saturated aqueous solution of NaHCO3 (4.00 mL) and 

the resulting mixture was stirred for five minutes. The pH was adjusted to >9 by addition of an aqueous 

solution of NaOH. The aqueous layer was extracted with DCM (3 x 5.00 mL) and the combined organic 

layers were washed with brine (1 x 5.00 mL). The organic layers were dried over Na2SO4, the solids were 

filtered off and the solvents were evaporated to afford the crude product, which was subsequently 

purified by flash column chromatography (SiO2, DCM/MeOH) to afford N-phenylacetohydrazide 1.S06 

(21.7 mg, 0.144 mmol, 72%) as a viscous brown oil. 

All spectroscopic data are in accordance with the reported literature.[111] 
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1.5.5. Synthesis and Characterisation of para-Aminophenols 

1.5.5.1. N-(4-hydroxyphenyl)benzamide (1.163) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-phenyl-

benzhydroxamic acid 1.162 (50.0 mg, 0.230 mmol, 1.00 eq.) at 20°C for 3 h to afford N-(4-

hydroxyphenyl)benzamide 1.163 (37.0 mg, 0.175 mmol, 76%) as a white solid. 

1H-NMR (600 MHz, DMSO-d6):  10.01 (br. s, 1H, H10), 9.26 (br. s, 1H, H1), 7.92 (d, J = 7.8 Hz, 2H, H6,8),  

7.57-7.49 (m, 5H, H12-16), 6.73 (d, J = 8.7 Hz, 2H, H5,9) ppm. 

13C-NMR (150 MHz, DMSO-d6):  165.0 (C2), 153.7 (C7), 135.2 (C11), 131.3 (C4), 130.7 (C14), 128.4 (2C, C13,15), 

127.5 (2C, C12,16), 122.3 (2C, C5,9), 115.0 (2C, C6,8) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C13H12NO2
+) required m/z 214.0863; found m/z 214.0867. 

FT-IR (neat) max: 3169, 2191, 1631, 1507, 1384, 1098, 818 cm−1. 

 

1.5.5.2. N-(4-hydroxyphenyl)pivalamide (1.114) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

phenylpivalamide 1.114sm (61.0 mg, 0.310 mmol, 1.00 eq.) at 100°C for 8 h to afford  

N-(4-hydroxyphenyl)pivalamide 1.114 (42.0 mg, 0.217 mmol, 70%) as a white solid. 

1H-NMR (600 MHz, DMSO-d6):  9.11 (br. s, 1H, H10), 8.92 (br. s, 1H, H1), 7.36-7.34 (m, 2H, H6,8), 6.68-6.65 (m, 

2H, H5,9), 1.19 (s, 9H, H12-14) ppm. 

13C-NMR (150 MHz, DMSO-d6):  175.9 (C2), 153.3 (C7), 130.8 (C4), 122.3 (2C, C5,9), 114.7 (2C, C6,8), 38.9 (C11), 

27.4 (3C, C12-14) ppm. 
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HRMS (ESI+): exact mass calculated for [M+H]+ (C11H16NO2
+) required m/z 194.1176; found m/z 194.1176. 

FT-IR (neat) max: 3299, 1666, 1614, 1594, 1554, 1489, 1371, 1300, 1264, 783, 692 cm−1. 

 

1.5.5.3. 2-(adamant-1-yl)-N-(4-hydroxyphenyl)acetamide (1.166) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

phenyl-adamant-2-ylamide 1.166sm (60.0 mg, 0.220 mmol, 1.00 eq.) at 60°C for 7 h to afford  

2-(adamant-1-yl)-N-(4-hydroxyphenyl)acetamide 1.166 (43.0 mg, 0.158 mmol, 72%) as a white solid. 

1H-NMR (600 MHz, DMSO-d6):  9.46 (br. s, 1H, H10), 9.12 (s, 1H, H1), 7.34 (d, J = 12.0 Hz, 2H, H6,8), 6.66 (d, 

J = 6.0 Hz, 2H, H5,9), 1.98 (s, 2H, H11), 1.91 (br. s, 3H, H12,14,16), 1.67-1.57 (m, 12H, H13,15,17,18,19,20) ppm. 

13C-NMR (150 MHz, DMSO-d6):  168.4 (C2), 153.1 (C7), 131.0 (C4), 121.0 (2C, C5,9), 115.0 (2C, C6,8), 66.4 (C21), 

50.8 (C11), 42.1 (3C, C12,14,16), 36.5 (3C, C18,19,20), 28.1 (3C, C13,15,17) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C18H24NO2
+) required m/z 286.1802; found m/z 286.1795. 

FT-IR (neat) max: 3188, 2922, 1605, 1254, 1028, 839 cm−1. 

 

1.5.5.4. N-(4-hydroxyphenly)cyclobutanecarboxamide (1.167) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

phenylcyclobutanecarboxamide 1.167sm (1.01 mg, 5.28 mmol, 1.00 eq.) at 20°C for 1 h before being 
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heated to 100°C for 2 h to afford N-(4-hydroxyphenyl)cyclobutanecarboxamide 1.167 (711 mg, 

3.70 mmol, 70%) as a white solid. 

1H-NMR (600 MHz, DMSO-d6):  9.42 (s, 1H, H10), 9.11 (s, 1H, H1), 7.37-7.35 (m, 2H, H6,8), 6.68-6.65 (m, 2H, 

H5,9), 3.15 (pd, J = 8.6, 0.7 Hz, 1H, H11), 2.23-2.16 (m, 2H, H12,14), 2.09-2.03 (m, 2H, H12,14), 1.95-1.87 (m, 1H, 

H13), 1.81-1.75 (m, 1H, H13) ppm. 

13C-NMR (150 MHz, DMSO-d6):  172.1 (C2), 153.1 (C7), 131.0 (C4), 120.9 (2C, C5,9), 115.0 (2C, C6,8), 39.5 (C11), 

24.6 (2C, C12,14), 17.8 (C13) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C11H14NO2
+) required m/z 192.1019; found m/z 192.1016. 

FT-IR (neat) max: 3300, 2946, 1738, 1643, 1605, 1546, 1511, 1440, 1367, 1219, 833 cm−1. 

 

1.5.5.5. N-(4-hydroxyphenyl)-4-nitrobenzamide (1.168) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-4-

nitro-N-phenylbenzamide 1.168sm (60.0 mg, 0.230 mmol, 1.00 eq.) at 20°C for 4 h to afford N-(4-

hydroxyphenyl)-4-nitrobenzamide 1.168 (50.0 mg, 0.191 mmol, 83%) as a white solid. 

1H-NMR (600 MHz, DMSO-d6):  10.34 (br. s, 1H, H10), 9.38 (br. s, 1H, H1), 8.33 (d, J = 8.7 Hz, 2H, H13,15), 8.15 

(d, J = 8.6 Hz, 2H, H12,16), 7.54 (d, J = 8.8 Hz, 2H, H6,8), 6.76 (d, J = 8.9 Hz, 2H, H5,9) ppm. 

13C-NMR (150 MHz, DMSO-d6):  163.4 (C2), 154.2 (C10), 149.0 (C14), 140.9 (C11), 130.3 (C4), 129.1 (2C, C12,16), 

123.6 (2C, C13,15), 122.5 (2C, C5,9), 115.2 (2C, C6,8) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C13H11N2O4
+) required m/z 259.0713; found m/z 259.0709. 

FT-IR (neat) max: 3247, 1625, 1584, 1521, 1348, 834, 718, 693 cm−1. 
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1.5.5.6. N-(4-hydroxyphenyl)-4-methoxybenzamide (1.169) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-4-

methoxy-N-phenylbenzamide 1.169sm (60.0 mg, 0.250 mmol, 1.00 eq.) at 20°C for 2 h to afford N-(4-

hydroxyphenyl)-4-methoxybenzamide 1.169 (37.0mg, 0.155 mmol, 62%) as a white solid. 

1H-NMR (600 MHz, DMSO-d6):  9.85 (br. s, 1H, H10), 9.22 (br. s, 1H, H1), 7.93-7.91 (m, 2H, H12,16), 7.51-7.48 

(m, 2H, H6,8), 7.05-7.02 (m, 2H, H12,16), 6.73-6.71 (m, 2H, H5,9), 3.83 (s, 3H, H18) ppm. 

13C-NMR (150 MHz, DMSO-d6):  164.0 (C2), 161.7 (C14), 153.6 (C10), 130.8 (C4), 129.4 (2C, C12,16), 127.2 (C11), 

122.3 (2C, C5,9), 115.0 (2C, C13,15), 113.6 (2C, C6,8), 55.4 (C18) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C14H14NO3
+) required m/z 244.0968; found m/z 244.0966. 

FT-IR (neat) max: 3188, 2922, 1605, 1254, 1028, 839 cm−1. 

 

1.5.5.7. N-(4-hydroxy-2,3-dimethylphenyl)cinnamamide (1.170) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-(2,3-

dimethylphenyl)-N-hydroxycinnamamide 1.170sm (60.0 mg, 0.220 mmol, 1.00 eq.) at 20°C for 8 h to 

afford N-(4-hydroxy-2,3-dimethylphenyl)cinnamamide 1.170 (44.0 mg, 0.161 mmol, 73%) as a white 

solid. 

1H-NMR (600 MHz, DMSO-d6):  9.43 (s, 1H, H10), 9.22 (s, 1H, H1), 7.61, (d, J = 7.2 Hz, 2H, H14,18), 7.53 (d, 

J = 15.8 Hz, 1H, H12), 7.40-7.37 (m, 3H, H15-17), 6.98 (d, J = 8.5 Hz, 1H, H9), 6.89 (d, J = 15.8 Hz, 1H, H11), 6.66 

(d, J = 8.5 Hz, 1H, H8), 2.08 (s, 3H, H19), 2.06 (s, 3H, H20) ppm. 
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13C-NMR (150 MHz, DMSO-d6):  164.0 (C2), 153.1 (C7), 139.5 (C12), 135.1 (C13), 133.0 (C4), 129.6 (C5), 129.1 

(2C, C14,18), 127.7 (2C, C15,17), 127.6 (C16), 124.0 (C6), 122.8 (C11), 122.5 (C9), 112.0 (C8), 14.7 (C19), 12.3 (C20) 

ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C17H18NO2
+) required m/z 268.1332; found m/z 268.1322. 

FT-IR (neat) max: 3360, 1660, 1620, 1578, 1528, 1269, 1203, 1048, 1022, 795, 539 cm−1. 

 

1.5.5.8. N-(4-hydroxyphenyl)-4-vinylbenzamide (1.171) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

phenyl-4-vinylbenzamide 1.171sm (55.0 mg, 0.230 mmol, 1.00 eq.) at 20°C for 8 h to afford N-(4-

hydroxyphenyl)-4-vinylbenzamide 1.171 (31.0 mg, 0.129 mmol, 56%) as an off-white solid. 

1H-NMR (600 MHz, DMSO-d6):  9.99 (s, 1H, H10), 9.24 (s, 1H, H1), 7.92 (d, J = 8.3 Hz, 2H, H12,16), 7.60 (d, 

J = 8.3 Hz, 2H, H13,15), 7.52 (d, J = 8.8 Hz, 2H, H6,8), 6.81 (dd, J = 17.7, 11.0 Hz, 1H, H17), 6.73 (d, J = 8.9 Hz, 2H, 

H5,9), 6.98 (d, J = 17.8 Hz, 1H, H18), 5.39 (d, J = 11.1 Hz, 1H, H18) ppm. 

13C-NMR (150 MHz, DMSO-d6):  164.4 (C2), 153.7 (C7), 139.8 (C14), 135.9 (C17), 134.2 (C11), 130.7 (C4), 127.9 

(2C, C13,15), 126.0 (2C, C12,16), 122.3 (2C, C5,9), 116.3 (C18), 115.0 (2C, C6,8) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C15H13NO2Na+) required m/z 262.0839; 

found m/z 262.0844. 

FT-IR (neat) max: 3316, 2925, 2362, 1692, 1641, 1608, 1539, 1515, 1258, 1125, 918 cm−1. 
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1.5.5.9. N-(4-hydroxyphenyl)acetamide, paracetamol (1.136) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

phenylacetamide 1.133x (62.0 mg, 0.410 mmol, 1.00 eq.) at 20°C for 3 h to afford N-(4-

hydroxyphenyl)acetamide 1.136 (47.0 mg, 0.312 mmol, 76%) as a white solid. 

1H-NMR (600 MHz, DMSO-d6):  9.66 (s, 1H, H10), 9.20 (s, 1H, H1), 7.33 (d, J = 8.6 Hz, 2H, H6,8), 6.67 (d, 

J = 8.6 Hz, 2H, H5,9), 1.97 (s, 3H, H11) ppm. 

13C-NMR (150 MHz, DMSO-d6):  167.9 (C2), 153.3 (C10), 131.1 (C4), 121.1 (2C, C5,9), 115.2 (2C, C6,8), 23.8 (C11) 

ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H10NO2
+) required m/z 152.0706; found m/z 152.0697. 

FT-IR (neat) max: 3320, 3157, 2353, 2233, 1652, 1540, 1437, 1230, 969, 834, 682 cm−1. 

 

1.5.5.10. N-(4-hydroxynaphthalene-1-yl)acetamide (1.115) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

(naphthalene-1-yl)acetamide 1.115sm (90.0 mg, 0.440 mmol, 1.00 eq.) at 20°C for 12 h to afford N-(4-

hydroxynapthalene-1-yl)acetamide 1.115 (57.0 mg, 0.273 mmol, 62%) as an off-white solid. 

1H-NMR (600 MHz, DMSO-d6):  10.08 (s, 1H, H10), 9.62 (s, 1H, H1), 8.14 (d, J = 8.0 Hz, 1H, H15), 7.88 (d, 

J = 8.3 Hz, 1H, H12), 7.51 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H, H13), 7.46 (ddd, J = 7.9, 6.8, 1.0 Hz, 1H, H14), 7.30 (d, 

J = 8.0 Hz, 1H, H9), 6.83 (d, J = 8.0 Hz, 1H, H8), 2.33-2.10 (m, 3H, H11) ppm. 
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13C-NMR (150 MHz, DMSO-d6):  168.9 (C2), 151.2 (C7), 129.8 (C4), 126.0 (C6), 125.0 (C5), 124.7 (C14), 124.6 

(C13), 123.6 (C15), 122.8 (C12), 122.3 (C8), 107.3 (C9), 23.1 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C12H12NO2
+) required m/z 202.0863; found m/z 202.0868. 

FT-IR (neat) max: 3256, 1657, 1553, 1511, 1257, 1236, 1047, 1023, 833 cm−1. 

 

1.5.5.11. N-(4-hydroxy-3-methylphenyl)acetamide (1.172) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

(m-tolyl)acetamide 1.172sm (60.0 mg, 0.360 mmol, 1.00 eq.) at 20°C for 8 h to afford N-(4-hydroxy-3-

methylphenyl)acetamide 1.172 (42.0 mg, 0.252 mmol, 70%) as an off-white solid. 

1H-NMR (600 MHz, MeOH-d4):  7.17 (d, J = 2.2 Hz, 1H, H5), 7.14 (dd, J = 8.5, 2.2 Hz, 1H, H9), 6.67 (d, J = 8.5 Hz, 

1H, H8), 2.16 (s, 3H, H12), 2.07 (s, 3H, H11) ppm. (The NH and OH protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  171.3 (C2), 153.5 (C7), 131.4 (C4), 125.8 (C6), 124.7 (C5), 120.6 (C9), 115.4 (C8), 

23.5 (C11), 16.3 (C12) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C9H12NO2
+) required m/z 166.0863; found m/z 166.0866. 

FT-IR (neat) max: 3284, 1636, 1617, 1503, 1415, 1263, 1209, 1114, 818 cm−1. 
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1.5.5.12. N-(4-hydroxy-2,6-dimethylphenyl)acetamide (1.175) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

(2,6-dimethylphenyl)acetamide 1.175sm (60.0 mg, 0.360 mmol, 1.00 eq.) at 100°C for 8 h to afford N-(4-

hydroxy-2,6-dimethylphenyl)acetamide 1.175 (28.0 mg, 0.169 mmol, 47%) as an off-white solid. 

1H-NMR (600 MHz, MeOH-d4):  6.51 (s, 2H, H6,8), 2.13 (s, 3H, H11), 2.12 (s, 6H, H12,13) ppm. (The NH and OH 

protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  172.6 (C2), 157.3 (C7), 138.0 (2C, C5,9), 127.4 (C4), 115.2 (2C, C6,8), 22.3 (C11), 

18.4 (2C, C12,13) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C10H14NO2
+) required m/z 180.1019; found m/z 180.1023. 

FT-IR (neat) max: 3254, 2954, 1704, 1637, 1597, 1523, 1291, 1150, 1028, 830 cm−1. 

 

1.5.5.13. N-(4-hydroxy-3,5-dimethylphenyl)acetamide (1.176) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

(3,5-dimethylphenyl)acetamide 1.176sm (60.0 mg, 0.360 mmol, 1.00 eq.) at 100°C for 8 h to afford N-(4-

hydroxy-3,5-dimethylphenyl)acetamide 1.176 (36.0 mg, 0.216 mmol, 60%) as an off-white solid. 

1H-NMR (600 MHz, MeOH-d4):  7.06 (s, 2H, H5,9), 2.18 (s, 6H, H12,13), 2.06 (s, 3H, H11) ppm. (The NH and OH 

protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  171.3 (C2), 151.1 (C7), 131.5 (C4), 126.0 (2C, C6,8), 122.1 (2C, C5,9), 23.5 (C11), 

16.8 (2C, C12,13) ppm. 
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HRMS (ESI+): exact mass calculated for [M+H]+ (C10H14NO2
+) required m/z 180.1019; found m/z 180.1019. 

FT-IR (neat) max: 3297, 2954, 2923, 2853, 1639, 1619, 1552, 1508, 1325, 1114, 964, 794, 757 cm−1. 

 

1.5.5.14. N-(4-hydroxy-3-methoxyphenyl)acetamide (1.173) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-hydroxy-N-

(3-methoxyphenyl)acetamide 1.173sm (56.0 mg, 0.310 mmol, 1.00 eq.) at 20°C for 18 h to afford N-(4-

hydroxy-3-methoxyphenyl)acetamide 1.173 (38.0 mg, 0.211 mmol, 68%) as a purple solid. 

1H-NMR (700 MHz, DMSO-d6):  9.66 (s, 1H, H10), 8.66 (s, 1H, H1); 7.23 (dd, J = 1.8 Hz, 1H, H5), 6.91 (dd, J = 8.5, 

1.9 Hz, 1H, H9), 6.66 (d, J = 8.5 Hz, 1H, H8), 3.71 (s, 3H, H13), 1.97 (s, 3H, H11) ppm. 

13C-NMR (175 MHz, DMSO-d6):  167.5 (C2), 147.1 (C7), 142.3 (C6), 131.5 (C4), 115.1 (C8), 111.6 (C9), 104.7 (C5), 

55.5 (C13), 23.8 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C9H12NO2
+) required m/z 182.0812; found m/z 182.0812. 

FT-IR (neat) max: 3304, 3169, 2965, 2841, 1658, 1620, 1549, 1513, 1452, 1418, 967 cm−1. 

 

1.5.5.15. N-(3-acetyl-4-hydroxyphenyl)acetamide (1.174) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-(3-

acetylphenyl)-N-hydroxyacetamide 1.174sm (48.0 mg, 0.250 mmol, 1.00 eq.) at 100°C for 10 h to afford N-

(3-acetyl-4-hydroxyphenyl)acetamide 1.174 (22.0 mg, 0.113 mmol, 45%) as a white solid. 
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1H-NMR (600 MHz, DMSO-d6):  10.1 (s, 1H, H10), 8.14 (t, J = 1.8 Hz, 1H, H1), 7.84 (ddd, J = 8.1, 2.0, 0.8 Hz, 1H, 

H5), 7.64 (ddd, J = 7.7, 1.5, 1.1 Hz, 1H, H8), 7.44 (t, J = 7.9 Hz, 1H, H9), 2.55 (s, 3H, H14), 2.06 (s, 3H, H11) ppm. 

13C-NMR (150 MHz, DMSO-d6):  197.7 (C12), 168.6 (C2), 139.7 (C7), 137.3 (C4), 129.1 (C6), 123.5 (C9), 123.1 

(C5), 118.1 (C8), 26.7 (C14), 24.0 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C10H12NO3
+) required m/z 194.0812; found m/z 194.0815. 

FT-IR (neat) max: 3245, 2922, 1681, 1372, 1275, 797, 687 cm−1. 

 

1.5.5.16. N-(3-fluoro-4-hydroxy-5-iodophenyl)acetamide (1.177) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-(2-fluoro-6-

iodophenyl)-N-hydroxyacetamide 1.177sm (60.0 mg, 0.200 mmol, 1.00 eq.) at 100°C for 18 h to afford N-

(3-fluoro-4-hydroxy-5-iodophenyl)acetamide 1.177 (31.0 mg, 0.104 mmol, 52%) as an off-white solid. 

1H-NMR (600 MHz, MeOH-d4):  7.63-7.61 (m, 1H, H9), 7.46 (dd, J = 12.5, 4.4 Hz, 1H, H5), 2.08 (s, 3H, H11) ppm. 

(The NH and OH protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  171.4 (C2), 151.0 (d, JCF = 241.2 Hz, C6), 142.9 (d, JCF = 16.0 Hz, C7), 133.4 (d, 

JCF = 10.0 Hz, C4), 126.6 (d, JCF = 3.3 Hz, C9), 109.7 (d, JCF = 24.2 Hz, C5), 85.7 (C8), 23.6 (C11) ppm. 

19F-NMR (565 MHz, MeOH-d4):  –133.41 - –133.43 (m) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H8NO2FI+) required m/z 295.9578; found m/z 295.9575. 

FT-IR (neat) max: not measured. 
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1.5.5.17. N-(3-fluoro-4-hydroxyphenyl)acetamide (1.178) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-(3-

fluorophenyl)-N-hydroxyacetamide 1.178sm (60.0 mg, 0.360 mmol, 1.00 eq.) at 100°C for 12 h to afford N-

(3-fluoro-4-hydroxyphenyl)acetamide 1.178 (34.0 mg, 0.205 mmol, 57%) as an off-white solid. 

1H-NMR (700 MHz, DMSO-d6):  9.82 (br. s, 1H, H10), 9.50 (br. s, 1H, H1), 7.50 (dd, J = 13.6, 2.4 Hz, 1H, H5), 

7.04 (dd, J = 8.7, 1.3 Hz, 1H, H8), 6.85 (t, J = 9.3 Hz, 1H, H9), 1.99 (s, 3H, H11) ppm. 

13C-NMR (175 MHz, DMSO-d6):  167.9 (C2), 150.2 (d, JCF = 238.6 Hz, C6), 140.3 (d, JCF = 12.3 Hz, C7), 131.5 (d, 

JCF = 9.2 Hz, C5), 117.5 (d, JCF = 3.8 Hz, C4), 115.2 (d, JCF = 3.1 Hz, C9), 107.6 (d, JCF = 22.8 Hz, C8), 23.8 (C11) ppm. 

19F-NMR (659 MHz, DMSO-d6):  –135.00 ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H9NO2F+) required m/z 170.0612; found m/z 170.0611. 

FT-IR (neat) max: 3314, 1642, 1517, 1287, 755, 694 cm−1. 

 

1.5.5.18. N-(2-fluoro-4-hydroxyphenyl)acetamide (1.179) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-(2-

fluorophenyl)-N-hydroxyacetamide 1.179sm (60.0 mg, 0.360 mmol, 1.00 eq.) at 100°C for 12 h to afford N-

(2-fluoro-4-hydroxyphenyl)acetamide 1.179 (33.0 mg, 0.198 mmol, 55%) as a white solid. 

1H-NMR (600 MHz, MeOH-d4):  7.39 (td, J = 8.9, 0.6 Hz, 1H, H9), 6.58-6.55 (m, 2H, H6,8), 2.11 (s, 3H, H11) ppm. 

(The NH and OH protons are not observed in MeOH-d4). 
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13C-NMR (150 MHz, MeOH-d4):  172.2 (C2), 157.7 (d, JCF = 11.0 Hz, C7), 157.4 (d, JCF = 245.5 Hz, C5), 127.9 (d, 

JCF = 3.0 Hz, C9), 118.1 (d, JCF = 12.7 Hz, C4), 111.9 (d, JCF = 2.9 Hz, C8), 103.8 (d, JCF = 22.6 Hz, C6), 22.9 

(C11) ppm. 

19F-NMR (470 MHz, MeOH-d4):  –112.67 ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H9NO2F+) required m/z 170.0612; found m/z 170.0612. 

FT-IR (neat) max: 3163, 1634, 1591, 1437, 1378, 1262, 1108, 862, 846, 775, 680 cm−1. 

 

1.5.5.19. N-(4-hydroxy-3-(trifluoromethyl)phenyl)acetamide (1.180) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from  

N-(3-(trifluoromethyl)phenyl)-N-hydroxyacetamide 1.180sm (74.0 mg, 0.340 mmol, 1.00 eq.) at 100°C for 

12 h to afford N-(4-hydroxy-3-(trifluoromethyl)phenyl)acetamide 1.180 (37.0 mg, 0.170 mmol, 50%) as a 

white solid. 

1H-NMR (600 MHz, MeOH-d4):  7.39 (td, J = 8.9, 0.6 Hz, 1H, H5), 6.58-6.55 (m, 2H, H8,9), 2.11 (s, 3H, H11) ppm. 

(The NH and OH protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  171.5 (C2), 153.6 (d, JCF = 1.6 Hz, C7), 131.5 (C4), 126.6 (C9), 125.2 (d, 

JCF = 271.4 Hz, C12), 120.0 (q, JCF = 5.4 Hz, C5), 117.9 (C8), 117.7 (q, JCF = 30.8 Hz, C6), 23.5 (C11) ppm. 

19F-NMR (565 MHz, MeOH-d4):  –63.95 ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C9H9NO2F3
+) required m/z 220.0580; found m/z 220.0585. 

FT-IR (neat) max: 3125, 1630, 1580, 1410, 1251, 1100, 810, 732, 580 cm−1. 
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1.5.5.20. N-(3-bromo-4-hydroxy-2-methylphenyl)acetamide (1.181) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-(3-bromo-2-

methylphenyl)-N-hydroxyacetamide 1.181sm (225 mg, 0.920 mmol, 1.00 eq.) at 20°C for 3 h and at 100°C 

for 1 h to afford N-(3-bromo-4-hydroxy-2-methylphenyl)acetamide 1.181 (96.8 mg, 0.396 mmol, 43%) as 

a white solid. 

1H-NMR (600 MHz, MeOH-d4):  7.02 (d, J = 8.6 Hz, 1H, H9), 6.76 (d, J = 8.6 Hz, 1H, H8), 2.28 (s, 3H, H12), 2.12 

(s, 3H, H11) ppm. (The NH and OH protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  172.7 (C2), 154.3 (C7), 136.8 (C4), 127.8 (2C, C5,6), 114.1 (2C, C8,9), 22.7 (C11), 

18.9 (C12) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C9H11NO2
79Br+) required m/z 243.9968; found m/z 243.9969. 

FT-IR (neat) max: 3297, 3251, 1738, 1642, 1524, 1433, 1371, 1290, 1217, 1026, 811 cm−1. 

 

1.5.5.21. N-(4-hydroxy-2-iodophenyl)acetamide (1.182) 

 

Synthesised according to the general procedure described in chapter 1.5.2.2 starting from N-(2-

iodophenyl)-N-hydroxyacetamide 1.182sm (199 mg, 0.720 mmol, 1.00 eq.) at 20°C for 12 h to afford N-(4-

hydroxy-2-iodophenyl)acetamide 1.182 (140 mg, 0.504 mmol, 70%) as a white solid. 

1H-NMR (600 MHz, MeOH-d4): 7.30 (d, J = 2.7 Hz, 1H, H6), 7.13 (d, J = 8.6 Hz, 1H, H9), 6.79 (dd, J = 8.6, 2.7 Hz, 

1H, H8), 2.12 (s, 3H, H11) ppm. (The NH and OH protons are not observed in MeOH-d4). 
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13C-NMR (150 MHz, MeOH-d4):  172.6 (C2), 157.9 (C7), 132.1 (C4), 129.5 (C9), 126.4 (C6), 116.8 (C8), 97.9 (C5), 

22.9 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H9NO2I+) required m/z 277.9672; found m/z 277.9674. 

FT-IR (neat) max: 3244, 1702, 1655, 1519, 1425, 1346, 1250, 1029, 806, 503 cm−1. 
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1.5.6. Synthesis of pharmaceutically relevant para-Aminophenols 

1.5.6.1. Synthesis of paracetamol (1.136) and practolol (1.188) 

 

To a solution of hydroxamic acid 1.133 (2.00 g, 13.2 mmol, 1.00 eq.) in 1,4-dioxane (0.2 M) at room 

temperature was added PhSeBr (312 mg, 1.32 mmol, 0.100 eq.). The resulting mixture was stirred at room 

temperature for 24 h, after which the solvent was removed in vacuo. The crude product was subsequently 

purified by flash column chromatography (SiO2, heptane/EtOAc) to afford paracetamol (1.136) (1.44 g, 

9.50 mmol, 72%) as a white solid. 

All spectroscopic data are in accordance with the reported literature.[112] 

 

Paracetamol (1.136) (1.44 g, 9.50 mmol, 1.00 eq.) was dissolved in epichlorhydrin (2.18 mL, 27.8 mmol, 

3.00 eq.). To the solution was then added K2CO3 (306 mg, 2.20 mmol, 0.23 eq.) and the resulting mixture 

was heated to 120°C for 5 h. Afterwards, the solution was allowed to cool to room temperature and was 

subsequently concentrated under reduced pressure. The crude epoxide was used in the next step without 

further purification. 

The crude epoxide (1.97 g, 9.50 mmol, 1.00 eq.) was dissolved in isopropanol (0.3 M) at room temperature 

and isopropylamine (7.60 mL, 92.8 mmol, 9.77 eq.) was added. The reaction mixture was heated to 100°C 

for 6 h. After the reaction time had elapsed, the solution was concentrated in vacuo to yield crude 

practolol. The crude product was purified by flash column chromatography (SiO2, heptane/EtOAc) to 

afford practolol (1.188) (1.42 g, 5.18 mmol, 56% over two steps) as a white solid. 

1H-NMR (600 MHz, MeOH-d4):  7.40 (d, J = 8.9 Hz, 2H, H6,8), 6.90 (d, J = 9.0 Hz, 2H, H5,9), 4.05-4.01 (m, 1H, 

H13), 3.96-3.91 (m, 2H, H12), 2.86-2.81 (m, 2H, H14), 2.67-2.64 (dd, J = 11.9, 8.6 Hz, 1H, H17), 2.09 (s, 3H, H10), 

1.11-1.09 (m, 6H, H18,19) ppm. (The NH and OH protons are not observed in MeOH-d4). 
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13C-NMR (125 MHz, MeOH-d4):  171.3 (C2), 157.0 (C4), 133.2 (C7), 123.0 (2C, C5,9), 115.7 (2C, C6,8), 72.2 (C13), 

69.8 (C17), 50.9 (C12), 49.9 (C14), 23.6 (C10), 22.7 (C18), 22.5 (C19) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C14H23N2O3
+) required m/z 267.1703; found m/z 267.1707. 

FT-IR (neat) max: 3250, 2952, 1700, 1632, 1540, 1280, 1120, 1021, 829 cm−1. 
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1.5.6.2. Synthesis of diloxanide furoate 1.191 

 

To a solution of nitrobenzene (2.00 g, 16.2 mmol, 1.00 eq.) in THF (0.2 M) at 0°C was added Rh/C (5-wt%) 

(100 mg, 0.3 mol%) followed by hydrazine hydrate (0.900 mL, 19.5 mmol, 1.20 eq.) and the resulting 

reaction mixture was stirred at 0°C for 4 h. Afterwards, the reaction mixture was filtered through a pad of 

Celite® and the filtrate was concentrated under reduced pressure. 

The crude hydroxylamine was redissolved in Et2O (0.2 M) and cooled to 0°C. To the solution was then 

added NaHCO3 (1.64 g, 19.5 mmol, 1.20 eq.) and dichloroacetyl chloride (1.90 mL, 19.5 mmol, 1.20 eq.). 

The resulting reaction mixture was allowed to warm to room temperature while being continuously 

stirred for 12 h. After the starting material had been consumed (as indicated by TLC analysis), the reaction 

mixture was filtered through a paper filter. The filtrate was concentrated to yield the crude hydroxamic 

acid 1.189 (2.40 g, 10.9 mmol, 66% over two steps). As 1.189 is unstable, it was used in the next step 

without further purification. 

To a solution of crude hydroxamic acid 1.189 (2.40 g, 10.9 mmol, 1.00 eq.) in 1,4-dioxane (0.2 M) at room 

temperature was added PhSeBr (264 mg, 1.09 mmol, 0.100 eq.). The resulting reaction mixture was 

stirred at room temperature for 18 h. After the reaction time had elapsed, the solvent was removed in 

vacuo and the crude p-aminophenol was purified by flash column chromatography (SiO2, heptane/EtOAc) 

to afford p-aminophenol 1.190 (1.40 g, 6.21 mmol, 57%) as a white solid. 

To a solution of p-aminophenol 1.190 (1.40 g, 6.21 mmol, 1.00 eq.) in THF (0.17 M) at 0°C was added Et3N 

(1.08 mL, 7.82 mmol, 1.26 eq.) and 2-furoyl chloride (0.77 mL, 7.82 mmol, 1.26 eq.). The resulting reaction 
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mixture was stirred for 12 h, during which time it was allowed to warm to room temperature. After the 

reaction time had elapsed, the reaction mixture was diluted with water (20.0 mL) and EtOAc (20.0 mL) and 

the layers were separated. The aqueous layer was extracted with EtOAc (3 x 20.0 mL) and the combined 

organic layers were dried over MgSO4, the solids were filtered off and the solvents were removed in vacuo 

to yield the crude furoate 1.190b. The crude product was purified by flash column chromatography (SiO2, 

heptane/EtOAc) to afford the pure product (1.60 g, 5.09 mmol, 82%) as a white solid. 

The furoate 1.190b (1.60 g, 5.09 mmol, 1.00 eq.) was dissolved in DMF (0.21 M) and cooled to 0°C. To the 

cold solution was then added NaH (60-wt% in paraffin oil, 244 mg, 6.11 mmol, 1.20 eq.) and the resulting 

reaction mixture was stirred for 30 min at 0°C before MeI (0.380 mL, 6.11 mmol, 1.20 eq.) was added 

dropwise. The reaction mixture was allowed to warm to room temperature and was continuously stirred 

for 18 h. The reaction was quenched by careful addition of water (20.0 mL; Nota bene: on larger scale it is 

recommended to cool the reaction mixture to 0°C before quenching carefully with water) and EtOAc 

(20.0 mL) was added. The layers were separated and the aqueous layer was extracted with EtOAc 

(3 x 20.0 mL). The combined organic layers were dried over MgSO4, the solids were filtered off and the 

solvents were removed in vacuo to yield the crude diloxanide furoate. The crude product was purified by 

flash column chromatography (SiO2, heptane/EtOAc) to afford diloxanide furoate (1.191) (1.34 g, 

4.07 mmol, 80%) as a white solid. 

 

 

1H-NMR (600 MHz, MeOH-d4):  7.39-7.37 (m, 2H, H6,10), 6.79-6.76 (m, 2H, H7,9), 6.34 (s, 1H, H11) ppm. (The 

NH and OH protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  164.1 (C2), 156.2 (C8), 130.3 (C5), 123.4 (2C, C7,9), 116.4 (2C, C6,10), 

68.2 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C8H8NO2
35Cl2

+) required m/z 219.9927; found m/z 219.9925. 

FT-IR (neat) max: 3290, 1669, 1608, 1513, 1439, 1363, 1222, 1167, 832, 812, 664 cm−1. 
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1H-NMR (600 MHz, MeOH-d4):  7.86 (dd, J = 1.7, 0.8 Hz, 1H, H19), 7.69-7.67 (m, 2H, H6,10), 7.46 (dd, J = 3.5, 

0.8 Hz, 1H, H21), 7.25-7.22 (m, 2H, H7.9), 6.70 (dd, J = 3.5, 1.8 Hz, 1H, H20), 6.39 (s, 1H, H11) ppm. (The NH and 

OH protons are not observed in MeOH-d4). 

13C-NMR (150 MHz, MeOH-d4):  164.4 (C2), 158.4 (C15), 149.3 (C8), 148.5 (C16), 145.1 (C19), 136.7 (C5), 123.3 

(2C, C7,9), 122.5 (2C, C6,10), 120.9 (C21), 113.4 (C20), 68.2 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C13H10NO4
35Cl2

+) required m/z 313.9981; 

found m/z 313.9979. 

FT-IR (neat) max: 1697, 1611, 1567, 1537, 1509, 1470, 1393, 1295, 1198, 1173, 1089, 1015, 929, 885, 806, 764 

cm−1. 

 

1H-NMR (600 MHz, MeOH-d4):  8.00 (d, J = 3.2 Hz, 1H, H19), 7.71 (d, J = 4.7 Hz, 1H, H6 or 10), 7.37-7.33 (m, 4H, 

H6 or 10, 7,9,21), 7.21-7.20 (m, 1H, H20), 5.91 (s, 1H, H11), 3.35 (s, 3H, H22) ppm. 

13C-NMR (150 MHz, MeOH-d4):  164.1 (C2), 160.2 (C15), 150.8 (C19), 139.2 (C8), 135.3 (C5), 134.3 (C16), 132.2 

(C21), 128.43 (2C, C7,9), 128.35 (C20), 123.8 (2C, C6,8), 63.6 (C11), 38.8 (C22) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C14H12NO4
35Cl2

+) required m/z 328.0138; 

found m/z 328.0137. 

FT-IR (neat) max: 1739, 1682, 1503, 1470, 1391, 1234, 1232, 1199, 1170, 1086, 929, 884, 805, 769, 753, 664 

cm−1. 

  



 

77 

1.5.7. Crossover Experiment 

 

The labelled starting material 1.133* (27.0 mg, 0.180 mmol, 1.00 eq.) and 1.162 (38.4 mg, 0.180 mmol, 

1.00 eq.) were dissolved in 1,4-dioxane (0.1 M). To the solution was then added PhSeBr (8.49 mmol, 

0.0360 mmol, 20 mol% overall, 10 mol% per substrate) and the resulting mixture was stirred at 20°C for 

3 h. After the reaction time had elapsed, an internal standard was added (1,3,5-trimethoxybenzene) and 

the NMR yields were determined (41% 1.136*, 74% 1.163). The crude product mixture was analysed by 

HRMS to analyse the 18O-content for each of the products. 

HRMS (ESI+): exact mass calculated for [M+H]+ 

- 1.136* (C8H10NO18O+) required m/z 154.0749; found m/z 154.0758. 

- 1.163 (C13H12NO2
+) required m/z 214.0863; found m/z 214.0867. 

- 1.163* (C13H12NO18O+, hypothetical) required m/z 216.0905; found: no fitting mass found within 

error range. 

No signal in HRMS consistent with the formation of the labelled crossover product 1.163* could be 

detected, while no loss of 18O incorporation from hydroxamic acid 1.133* to the corresponding product 

1.136* was detected. It was therefore concluded that no crossover of intermediates took place.
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1.5.8. Computational Details 

Conformational space analysis of all molecules has been initially established using meta-dynamics 

simulations based on tight-binding quantum chemical calculations in CREST.[90,113,114] Structures within 

CREST were then subjected to PBE0-D3BJ/def2-SVP geometry optimisation.[115–119] The nature of 

stationary points (transition states and minima) was verified through the computation of vibrational 

frequencies. Thermal correction to Gibbs free energy were combined with single point energies 

calculated at the PBE0-D3BJ/def2-TZVP level of theory to give Gibbs free energies (“G298”) at 298.15 K. All 

energies are given in kcal∙mol-1. The polarisable continuum model (PCM) with SMD parameters was 

applied to consider solvent effects (THF) for both geometries and energies.[120,121] Free energies in solution 

were corrected to a reference state of 1 mol∙L-1 at 298.15 K through the addition of 

RTln/24.46) = +7.925 kJ∙mol-1 to the gas phase (1 atm) free energies. DFT calculations were performed 

with Gaussian 16-program package. 
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2. Synthesis and Biological Evaluation of FR252921 and 

Derivatives thereof 

2.1. Introduction 

2.1.1. Human Health and the Immune System 

Over the past centuries, human health care has undergone several revolutions, which have 

raised the life expectancy dramatically. Such revolutions can be found in the advancement of 

vaccination,[122] the implementation of stricter hygiene,[123] development of medical imaging 

technologies,[124] or the discovery of antibiotics,[125–127] which have overall reduced mortality from diseases 

at different points in life, but have also had a tremendous impact on the fight for reducing child mortality. 

However, in everyday life, these medical interventions are only required or should only be applied after a 

first line of defence has been overcome, namely the immune system. 

The immune system consists of all cells and molecules involved in immunity, and their coordinated 

response against foreign pathogens or substances is referred to as the immune response.[128] It can be 

divided into the innate immune system, responsible for a first unspecific response, and the adaptive 

immune system, which is highly specific and capable of generating immunologic memory. The innate arm 

of the immune system is typically active within hours of infection, with the adaptive arm taking over on a 

timescale of days (Figure 2.1). The adaptive immune system is the specific part of the immune system 

which can be trained by vaccination and by previous infection, and is therefore capable of suppressing 

reinfection with a similar pathogen even years after the first encounter. 
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Figure 2.1: Overview of the components and time scale involved in innate and adaptive immunity. Figure adapted 

from Ref.[128] 

Cells belonging to the immune system are found in virtually all tissues of the body, as they are part of the 

blood and lymphatic system and thus circulate throughout the organism. This dispersion of immune cells 

to all parts of the body is of critical importance in detecting and fighting off pathogens in a timely manner, 

regardless of their localisation within the body. Within the immune system, there is a large range of 

different cell types, which can be identified by their surface antigens (i.e. CD4+ T cells or CD8+ T cells, B 

cells, NK cells, dendritic cells, macrophages, neutrophils, basophils and others) and are readily separated 

or sorted by modern purification techniques; among these, a commonly experimentally employed group 

of immune cells are known as peripheral blood mononuclear cells (PBMCs). PBMCs consist, as the name 

suggests, of all peripheral blood cells with a round nucleus, which are mostly lymphocytes such as B cells, 

T cells, NK cells, dendritic cells and macrophages.[128] 

Immune cells communicate through signalling molecules, typically called cytokines or interleukins (IL), 

or through the immunological synapse. Cytokine production within immune cells and release of those 

cytokines can be induced through activation of the immune cells, for example by binding to an infected 

cell displaying foreign antigens on its surface. Upon activation, immune cells produce and release more 

cytokines and start proliferating rapidly to expand the immune cell population capable of recognising the 
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foreign antigen and which are therefore able to adequately respond to the threat. The activation of 

immune cells is tightly regulated within the human body, as a full-blown immune response can inflict 

severe damage onto the responding organisms as well.[128]  

However, in some cases, the immune system can be triggered against its own organism, leading to what 

is typically referred to as autoimmune disease. Additionally, while a fully functional immune system is 

irreplaceable as a means to fight off pathogens, it can be detrimental for patients that require organ 

transplantation for survival. In both cases, autoimmune disease and organ transplantation, the immune 

system must be suppressed to ensure the survival of those affected by the condition.[128] 

A detailed explanation of the mechanism at play in immune response would go beyond the scope of this 

thesis and the interested reader is referred to textbooks on immunology for further study.[128]
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2.1.2. Immunosuppression, Immunosuppressive Natural Products and 

their Applications 

While an intact immune system is a perfect line of defence for healthy individuals, it can be 

detrimental in cases where a disease burden can only be lifted through organ transplantation, for 

example in cases of acute heart or kidney failure. In transplantation settings, the donor tissue or organ is 

referred to as the graft, while the patient receiving the graft is termed host. 

A first approach to immunosuppression was found in the application of the endogenous (i.e. produced 

and found within the human body) glucocorticoid cortisol (2.001) (Scheme 2.1). Glucocorticoids like 

cortisol enact their immunomodulatory properties through binding to the glucocorticoid receptors, 

which in turn influence the expression of several genes involved in immune response, leading to 

inhibition of the immune system.[128–130] Glucocorticoids remain an effective treatment option today to 

modulate the immune system, and derivatives of cortisol, in particular dexamethasone, found 

widespread application in the COVID-19 pandemic, saving countless lives.[131,132] 

Cortisol (2.001) remained the only immunosuppressive natural product applied in a clinical setting until 

the late 1970’s, with synthetic drugs being introduced in the meantime (Scheme 2.1). These exhibit their 

immunosuppressive properties mostly through interference with general DNA synthesis and stability and 

are therefore most efficacious in rapidly dividing cells, which is one part of the immune response in the 

proliferation of effector cells. 
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Scheme 2.1: Overview of different molecules capable of suppressing or modulating the immune response. Natural 

products are connected to the time scale with a green bar, while synthetic molecules are connected with a red bar. 

The year in parentheses give the year in which the immunomodulating capabilities of the structures were discovered, 

not the year in which the molecule was discovered or first synthesised. 

The discovery of cyclosporin A (CsA, 2.006) and its immunosuppressive properties sparked research into 

its clinical application, which ultimately succeeded in the 1980’s. It was shown to be more efficacious in 

preventing graft rejection compared to the previously employed azathioprine (2.003), ensuring patient 

survival after receiving the transplantation.[133–136] Later, the mode of action of CsA was elucidated, 

showing that CsA exhibits its immunosuppressive properties by binding to a protein called cyclophilin A, 

which then leads to binding of the CsA-cyclophilin complex to a phosphatase named calcineurin. 

Calcineurin is responsible for dephosphorylation of a signalling protein (transcription factor) NFAT 

(nuclear factor of activated T cells). The activation of NFAT through dephosphorylation leads to the 

transcription of genes responsible for the production of interleukin-2 (IL-2). IL-2 is one of the main 

signalling molecules required for the activation of T cells, therefore the suppression of the activation of 

NFAT by inhibition of calcineurin leads to immunosuppression (Figure 2.2).[129,130,136,137] However, it was 

also found that CsA can be toxic to the kidneys and therefore it is commonly employed in combination 

with corticosteroids, enabling application of a lower dose, thus leading to reduced toxicity. These toxicity 

issues also led to the desire to find other immunosuppressive agents, which could be applied in the 

clinic.[129,136] 

Following the success of the calcineurin inhibitor CsA (2.006) in suppressing the immune response after 

organ transplantation, interest in the field of immunosuppressive natural products grew and led to the 

discovery and application of two other natural products which are still applied as immunosuppressants 

today: tacrolimus (2.009, also referred to as FK506) and rapamycin (2.007, also referred to as sirolimus) 

(Scheme 2.1). Tacrolimus (2.009) was first isolated in 1987 and its immunosuppressive properties were 

discovered alongside its isolation.[138–140] Following initial publication, tacrolimus was quickly enrolled in 

clinical trials to evaluate its immunosuppressive properties in patients, ultimately being applied 

successfully and enabling rescue of graft rejection under CsA treatment.[141] Soon after its discovery and 

the publication of its structure, tacrolimus (2.009) became a target for the synthetic community to 

achieve a total synthesis of this compound, with several total syntheses having been published since.[142–

145] Crucially, the synthesis of tacrolimus enabled synthetic material and derivatives to be employed in 
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mechanistic assays, which led to elucidation of the mode of action of the parent compound.[142,146] It was 

found that, while structurally distinct from CsA, tacrolimus also suppresses the immune response 

through inhibition of calcineurin; however, tacrolimus is not capable of binding to calcineurin directly. 

First, tacrolimus binds to a protein named FKBP-12 (FK506 binding protein), leading to a FK506-FKBP-12 

complex capable of binding to calcineurin, which results in immunosuppression.[130,146–148] In this sense, 

CsA and tacrolimus are similar, in that they first bind to immunophilin proteins (cyclophilin A or FKBP-12) 

and the thusly formed complexes are capable of binding calcineurin, thereby suppressing the activation 

of NFAT and ultimately suppressing the T cell response of the immune system (Figure 2.2). 

The last immunosuppressive natural product currently used clinically is rapamycin (2.007) (Scheme 2.1). 

Interestingly, rapamycin was discovered more than a decade prior to the discovery of tacrolimus (2.009), 

albeit research interest was initially low, a fact that remained unchanged despite the discovery of its 

immunosuppressive properties in 1977.[149–151] Rapamycin and tacrolimus (FK506) share some structural 

similarities which mediate their binding to FKBP-12. However, while the FK506-FKBP12-complex binds to 

calcineurin, the rapamycin-FKBP12 complex does not. Rapamycin mediates its immunosuppressive 

properties through the binding of the rapamycin-FKBP12-complex to a protein deemed the mechanistic 

target of rapamycin (mTOR).[152,153] Again, the elucidation of the mode of action of rapamycin was enabled 

by the synthetic effort of several working groups, providing synthetic rapamycin as well as derivatives.[154–

161] mTOR is a serine-threonine kinase with several functions and is crucial in cell proliferation. Under 

physiological conditions without inhibition, mTOR is, among other functions, involved in the activation 

of the S6 kinase through phosphorylation and the activated S6 kinase then phosphorylates S6, a 

ribosomal protein which is involved in cell proliferation.[162] As a result of this crucial activity of mTOR, its 

inhibition by the rapamycin-FKBP12 complex leads to inactivated S6 kinase and ultimately to the arrest 

of cell proliferation in the transition of the G1 to S phase of the cell cycle. While cell proliferation is affected 

throughout the whole organism, the effects are most detrimental in rapidly dividing cell populations, 

including stimulated T cells, thereby leading to immunosuppression (Figure 2.2). 
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Figure 2.2: Schematic depiction of the cellular signalling pathways inhibited by cyclosporin A (2.006), tacrolimus 

(2.009, FK506) and rapamycin (2.007). Structurally similar features in tacrolimus and rapamycin are highlighted in 

blue, as this part of the molecule binds to FKBP12. Activation of a T lymphocyte (green) by an APC (yellow) through 

MHC-TCR binding is depicted, leading to the activation of calcineurin and subsequent pathways. The activity of 

calcineurin can be blocked through the action of CsA-cyclophilin or FK506-FKBP12 complexes. The T lymphocyte can 

alternatively be activated through the binding of IL-2 to the IL-2-Receptor (IL-2R), leading to activation via an mTOR-

mediated pathway. This activation can be blocked through the action of the rapamycin-FKBP12 complex, leading to 

cell cycle arrest. Information presented in this scheme was taken and heavily adapted from Kahan.[130] 

The seminal discoveries of these immunosuppressive natural products and their unique modes of action 

have inspired research ever since. Based on these molecules, the field of molecular glue degraders has 

been established and research into other, novel immunosuppressive natural products with new modes 

of action has been stimulated, revealing the promising properties of compounds such as (−)-pateamine A 

(2.011), sanglifehrin A (2.012), (−)-isoscopariusin A (2.015), among many others.[161,163–174] The discovery 

of novel modes of action additionally bears the potential to reveal further mechanisms at play in 

immunology and may help alleviate patient suffering, if translated into the clinic. 
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2.1.3. Electrocyclisations and Torquoselectivity 

Electrocyclic reactions are part of the larger class of pericyclic reactions, as introduced in chapter 

1.1.,[20,163] and electrocyclic reactions typically involve electrocyclisations, leading to the formation of a 

cyclic compound, and electrocyclic ring opening reactions, going from a cyclic starting material to an 

open-chain product. Both processes are theoretically interlinked through an equilibrium, favouring the 

most thermodynamically stable product. In an electrocyclisation, a new -bond is formed, connecting 

two ends of a conjugated -system, with the electrocyclic ring opening causing the reverse process, the 

cleavage of a -bond to form a linear (unbranched), conjugated -system. One of the simplest systems in 

which such a process can occur is the interconversion of 1,3-butadiene and cyclobutene, however the 

consideration of substituted p-systems, such as in the case of (E.E)-2,4-hexadiene (2.016) is more 

insightful (Scheme 2.2).  

 

Scheme 2.2: Representation of conrotatory and disrotatory electrocyclisations from (E,E)-2,4-hexadiene (2.016) to 

the trans- and cis-cyclobutene products (2.018). Depending on the orbitals involved, the reaction occurs in a 

stereoselective fashion to yield a single product through the mechanism depicted above, where n is a natural number 

or 0. 

Much like other pericyclic reactions, the fate of electrocyclic reactions can also be anticipated by 

consideration of the Woodward–Hoffmann rules for the conservation of orbital symmetry.[20,175] Due to 

this required conservation of orbital symmetry, electrocyclic reactions can occur in either a conrotatory 

or disrotatory fashion, depending on the number of electrons involved and the mode of activation 
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dictating the orbitals involved in the process (Scheme 2.2, Table 2.1). Systems involving larger -systems 

are amenable to the same processes and the same rules apply. 

In the example above, the use of a (Z,E)-2,4-hexadiene would lead to similar products, which are 

accessible through the other mode of rotation, meaning that trans-2.018 would be the product of 

disrotatory electrocyclisation and cis-2.018 being the product of conrotatory electrocyclisation. The 

terms disrotatory and conrotatory refer to the direction of rotation the orbitals involved in bond 

formation undergo. If these orbitals rotate in the same direction, the process is termed conrotatory, while 

rotation in different directions is termed disrotatory. 

When considering the reverse process, the electrocyclic ring opening of substituted cyclobutenes, one 

has to consider the direction of dis- or conrotation, as well as the orientation of substituents in the 

cyclobutene (cis- or trans-configured), as a range of products is theoretically possible from the 

electrocyclic ring opening. For the context of the topics discussed within this thesis, the thermal, 

conrotatory electrocyclic ring opening of substituted cyclobutenes involving four -electrons will be 

considered going forward. 

As described by the Woodward-Hoffmann rules and outlined above, the thermal electrocyclic ring 

opening of cyclobutenes has to follow a conrotatory mechanism to afford the open-chain products. 

Within this limitation, the conrotation may still proceed through two pathways, as R1 can potentially 

rotate either inward or outward and, depending on the configuration of the starting material (cis or 

trans-2.020), all four possible isomers of the resulting diene are theoretically accessible (2.021, Scheme 

2.3). As the whole process is conrotatory, the rotation of R1 determinates the rotation of R2 and vice versa. 

 

Scheme 2.3: All possible modes of 4-electrocyclic ring opening of trans- and cis-configured disubstituted 

cyclobutenes in a conrotatory fashion. 
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After the theoretical groundwork had been established by Woodward and Hoffmann, establishing that 

thermal 4-electrocyclic ring openings progress in a conrotatory fashion, its predictions were confirmed 

through experimental work by many groups.[176] However, while only the predicted products of 

conrotatory 4-electrocyclic ring openings for thermal processes were detected,[176–178] it remained 

unexplained why only one of the two possible products of conrotatory ring opening was found for 

unsymmetrically 3,4-disubstituted cyclobutenes (not shown). 

Later, Frey found that 3,3-disubstituted cyclobutenes underwent thermal conrotatory 4-electrocyclic 

ring opening to preferentially form the product resulting from inward rotation of the larger 

substituent,[179] and these studies were later expanded Curry and Stevens, who conducted systematic 

studies of 3,3-disubstituted cyclobutenes (2.022) to find that the observed products could not be 

explained by sterics alone (2.023 and 2.024, Scheme 2.4). 

 

Scheme 2.4: Systematic study of Curry and Stevens on the conrotatory opening of 3,3-disubstituted cyclobutenes 

(2.022) to find a change in selectivity for product formation across different substituents. 

These results were taken as inspiration by Houk et al. to develop what is today known as the principle of 

torquoselectivity, which describes the preference of a given substituent to rotate inward or outward in 

electrocyclic ring opening reactions.[176,180–184] Within torquoselective electrocyclic ring-opening reactions 

it was established that the direction of rotation of substituents depends on steric as well as electronic 

effects. Outside of the fairly obvious steric explanation, i.e. that very large substituents are required to 

rotate outward due to their respective size, the electronic side of the substituent effect is more complex. 

For a given substituent R, the outward rotation of the substituent is favoured if it: a) stabilises the overlap 

between the bonding (C3–R) orbital and the antibonding *(C3–C4) orbital and b) leads to a reduction in 

repulsion between the (C3–R) and (C3–C4) orbitals (Scheme 2.5A). These conditions are fulfilled well if 

R is of electron-donating character and in the case that R is a strong electron acceptor, the inward rotation 

is favoured. In extreme cases, these electronic requirements trump steric effects, as was demonstrated 

by Houk et al. using 3-(tBu)-3-methoxycyclobutene (2.026, X = OMe). This molecule underwent thermal 



90 

conrotatory 4-electrocyclic ring opening to yield 2.027, resulting from inward rotation of the sterically 

encumbered tert-butyl moiety, demonstrating the strong electronic effects displayed by the electron-

donating methoxy moiety, forcing its own outwards rotation over that of the significantly more 

demanding tBu group (Scheme 2.5B).[185] 

 

Scheme 2.5: A) Orbital considerations for the propensity of substituents to force outward rotation upon electrocyclic 

ring opening. B) Strong electronic influence overcoming steric demand to force a tBu group to rotate inward. 
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2.1.4. The Chemistry of Cyclobutenes 

Among the several syntheses for cyclobutenes, the 4-electrocyclisation of 2-pyrone (2.029) 

under photochemical conditions, leading to 2-oxabicyclo[2.2.0]hex-5-en-3-one (2.030, referred to as 

bicyclo[2.2.0]lactone), which contains the desired cyclobutene moiety has proven particularly useful 

(Scheme 2.6). This method was first developed by Corey et al. and has recently been modernised to be 

amenable to flow chemistry.[186–188] Photochemical electrocyclisation is possible via the predicted 

disrotatory pathway, as described by the Woodward-Hoffmann rules from the 4 orbital of 2.029, with a 

corresponding thermal disrotatory process being impossible due to the required trans-configuration of 

the product, which is not possible in a four membered ring. The bicyclo[2.2.0]lactone could also be 

viewed as the smallest possible allylic lactone, as the double bond is in the allylic position relative to both 

the oxygen as well as the carbonyl-C of the molecule. When viewing this substituted cyclobutene as an 

allylic system, the reactions used to modify allylic systems in general could be considered to be applied 

here. 

 

Scheme 2.6: Synthesis of bicyclo[2.2.0]lactone 2.030 from 2-pyrone (2.029) via a photochemical disrotatory process 

enabled by the 4 orbital of 2.029. The allylic character of 2.030 is highlighted by numbering with respect to the 

carbonyl-C (pink numbers) or the hydroxy-O (green numbers) and comparative allylic systems (2.031 and 2.032) are 

given. 

A prime example of reactions on allylic systems is the venerable Tsuji-Trost reaction, which describes the 

modification of allylic substrates bearing a leaving group via a palladium catalyst and a nucleophile to 

deliver the product of nucleophilic substitution (Scheme 2.7).[189,190] The reaction can be rendered 

enantioselective by the use of chiral ligands to coordinate the catalytically active Pd species, which has 

led to the broad application of this reaction within the context of total synthesis and beyond.[191,192] Two 

representative examples are displayed in Scheme 2.7, showcasing the application of the Tsuji-Trost 

reaction. In a first example, the asymmetric Tsuji-Trost reaction is applied in the total synthesis of wine 
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lactone, (−)-2.036, starting from allylic acetate 2.033. The OAc moiety can act as a leaving group upon the 

addition of the chiral palladium species to form the required allyl palladium intermediate. Addition of the 

nucleophile then leads to the highly enantioselective formation of the desired product (2.035) in 

excellent yield (Scheme 2.7A; general mechanism depicted in Scheme 2.10).  

 

Scheme 2.7: A) Representative asymmetric allylic alkylation of rac-2.033 to form (+)-2.035 using a malonate 

nucleophile. B) Asymmetric allylic alkylation of rac-bicyclo[2.2.0]lactone (2.030) using a chiral phosphoramidite 

ligand (2.037). 

Showing how closely related the bicyclo[2.2.0]lactone (2.030) is to open-chain allylic systems, a similar 

transformation was realised by Maulide et al. in their diastereo- and enantioselective asymmetric allylic 

alkylation of a racemic starting material to yield the alkylated cyclobutenecarboxylic acid product 

2.038.[193] The reaction progresses in a similar fashion to the typical Tsuji-Trost reaction, with the added 

benefit that the leaving group, the carboxylate, remains in the molecule to form the carboxylic acid of the 

product (Scheme 2.7B). It could be shown that the asymmetric allylic alkylation of racemic 

bicyclo[2.2.0]lactone 2.030 could be conducted in a diastereo- and enantiodivergent manner, meaning 

that from one racemic starting material, 2.030, each and every of the four diastereo- and enantiomers 

could be synthesised, with the outcome being determined solely by the choice of ligand for the palladium 

species (Scheme 2.8). 
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Scheme 2.8: Diastereo- and enantiodivergent synthesis of alkylated cyclobutenecarboxylic acids through an 

asymmetric Tsuji-Trost reaction as presented by Maulide et al. 

When trying to expand the developed methodology to a broader range of nucleophiles, as is possible for 

the Tsuji-Trost reaction on regular allylic systems, it was found that for some nucleophiles the desired 

cyclobutenecarboxylic acids are not the products of the reaction, but rather a range of diene products 

was afforded (Scheme 2.9).[194,195] In the event, the attack of the nucleophile on the allylic system leads to 

the expected formation of the cis- or trans-configured product, depending on the character of the 

nucleophile (vide infra, Scheme 2.10). Subsequently, some products undergo spontaneous thermal 

conrotatory 4-electrocyclic ring opening to yield dienecarboxylic acids (Scheme 2.9). Together, these 

methods to synthesise functionalised cyclobutenes have been expanded upon to yield valuable building 

blocks, such as aryl vinyl ether 2.043, dieneyne 2.046 and vinyl azide 2.048.[188,193–200]  
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Scheme 2.9: Functionalisation of bicyclo[2.2.0] lactone 2.030 with phenolic (2.042), acetylenic (2.044) and azide 

nucleophiles, leading to the formation of either cis- or trans-cyclobutenecarboxylate intermediates, which undergo 

spontaneous thermal conrotatory 4-electrocyclic ring opening to yield functionalised dienecarboxylic acids. 

To fully understand how different stereoisomers of dienes, (E,E) and (Z,E), can be obtained from the same 

starting material under seemingly similar conditions, the mechanism of the Tsuji-Trost reaction needs to 

be more deeply examined (Scheme 2.10). The oxidative addition of a Pd0-species to an allylic system 

bearing a leaving group X occurs with inversion of configuration to yield the 3-allyl palladium(II) complex 

(2.050). This 3-complex is capable of isomerisation, allowing (in the case of substrates possessing the 

required symmetry) the kinetic resolution of material and enantioselective transformations. In the 

special case of cyclobutene substrates, the putative 3-allyl complex is symmetrical and therefore 

enantioselective reactions are enabled by the ability of chiral ligands to direct the trajectory of incoming 

nucleophiles to form the enantiomerically pure products from a symmetric intermediate (2.054). As 

mentioned, the 3-complex is consumed by the nucleophile employed in the reaction. Here, nucleophiles 

can be grouped according to the stabilisation of their negative charge, with “hard” nucleophiles referring 

to species in which the charge is not stabilised, while “soft” refers to nucleophiles with a stabilised 
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negative charge.[201,202] Soft nucleophiles tend to engage the 3-allyl palladium complex from outside of 

the coordination sphere (so-called outer-sphere addition), leading to inversion of configuration upon 

reductive elimination of the Pd0-species. Since the addition of Pd0 also occurred with inversion of 

configuration, this second inversion leads to global retention of configuration. In contrast to this, hard 

nucleophiles are more prone to attack the metal center of the complex, an inner-sphere addition, and 

subsequently engage the allylic system from the same face as the palladium upon reductive elimination, 

a process with retention of configuration relative to the palladium complex. Since, as previously 

mentioned, oxidative addition to the allylic system occurs with inversion of configuration, hard 

nucleophiles lead to products with inverted configuration, as reductive elimination does not lead to a 

second inversion. 

 

Scheme 2.10: Simplified overview of the stereochemical considerations for the Tsuji-Trost allylic alkylation reaction. 

Oxidative addition to form the 3-allyl palladium species (2.050) occurs with inversion of configuration. 2.050 can 

then be attacked by the nucleophile present. Depending on the character of the nucleophile, hard or soft, the attack 

occurs either with a second inversion of configuration, as is the case for soft nucleophiles, to directly form 2.051 

under global retention or, for hard nucleophiles, the attack occurs on the metal center to form 2.052. This 

intermediate can then undergo reductive elimination under retention of configuration to yield the product 2.053 

with global inversion of configuration. 

Lastly, in order to synthesise cyclobutenecarboxylic acid building blocks to enable further 

functionalisation and application as building blocks in complex synthetic sequences, Maulide et al. 

surmised that simple nucleophiles, such as halides, are capable of opening the bicyclo[2.2.0]lactone to 

furnish either cis- or trans-halocyclobutenecarboxylic acids (2.055 or 2.057).[196] These can directly be 

applied as building blocks in their own right or the cyclobutenes can be thermally opened under 

microwave irradiation to yield the corresponding dienes (Scheme 2.11). 



96 

 

Scheme 2.11: Synthesis of halogenated cyclobutenecarboxylic acids and open diene products as a result of thermal 

electrocyclic ring opening. 

 



 

97 

2.1.5. Different Approaches towards Macrocyclisations 

When exploring the realm of biologically active natural products, regardless whether in an 

immunosuppressive, antiproliferative, antibacterial or other context, one is quick to notice the ubiquity 

of compounds containing cyclic structures or substructures. For example, if Figure 2.1 from within this 

thesis is recalled, all of the natural products depicted therein contain cyclic structural features with most 

of the immunosuppressive natural products, such as rapamycin (2.007), CsA (2.006), tacrolimus (2.009) 

or sanglifehrin A (2.012), containing a macrocyclic core. This observation is most commonly explained by 

the structural preorganisation of the molecular structure lowering the entropic penalty arising from 

binding of the natural product to its target protein. Such entropic influences on the biological activity of 

macrocyclic compounds can be quite dramatic and, if reduced through introducing more degrees of 

freedom, the biological activity may be completely lost.[203] The term “macrocycles” typically refers to a 

cyclic structure of twelve atoms or more, but in the context of this thesis, cyclic moieties of ten or more 

atoms shall be considered. 

A comparison of the open-chain and macrocyclic forms of a given molecule showcases the higher degree 

of freedom of the former and the ring strain of the latter, macrocyclisation events are typically key 

strategic events in a given synthetic sequence towards the construction of biologically active natural 

products bearing macrocyclic structures. Among the established macrocyclisation techniques to forge 

the cores of complex natural products, macrolactonisations,[166,204–208] macrolactamisations,[209–211] and 

alkene or alkyne ring-closing metathesis reactions are dominant.[212–220] These reactions typically need to 

be conducted at high dilution of the linear precursors, as the macrocyclisation inevitably competes with 

dimer formation. 

With respect to the large class of macrolactonisation reactions, three commonly employed named 

macrolactonisation reactions are the Yamaguchi,[221] Mukaiyama,[222] and Shiina 

macrolactonisations.[223,224] Each of these methods relies on the generation of a mixed acid anhydride to 

activate the carboxylic acid, facilitating intramolecular attack of the hydroxy moiety to enable ring 

closure. For example, a Shiina macrocyclisation process was used in the recent synthesis of the antibiotic 
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macrolide luminamicin (2.062) by Sunazuka et al. to cyclise the precursor 2.059, yielding product 2.061, 

which contains a 10-membered ring (Scheme 2.12). 

 

Scheme 2.12: Crucial Shiina cyclisation event in the total synthesis of luminamicin (2.062). 

The Larock indole synthesis,[225] typically conducted catalytically and intermolecularly and not often used 

to form macrocyclic structures, has been recently applied by Sarlah et al. and Baran et al. in their 

independent approaches towards darobactin A (2.064),[226,227] a natural product with promising activity 

against Gram-negative bacteria.[228] In the final steps of the Sarlah synthesis of darobactin A, an advanced 

precursor carrying an alkyne and a bromoaniline moiety (2.063) was engaged in an intramolecular Larock 

reaction to yield the western macrocycle of the natural product darobactin A (Scheme 2.13). Interestingly, 

the Larock reaction seemed to be the only viable option to forge the two macrocycles present in 

darobactin A, as both the Sarlah and the Baran syntheses applied Larock reactions for the formation of 

all macrocycles. 

 

Scheme 2.13: Late-stage Larock cyclisation as applied by Sarlah et al. in their approach to darobactin A (2.064), a 

novel antibiotic active against Gram-negative pathogens. 

Staying on the topic of Pd-catalysed reactions, two more natural product total syntheses with remarkable 

macrocyclisation steps shall be considered, namely the syntheses of sanglifehrin A (2.012),[171,229] and 

rapamycin (2.007), two immunosuppressive polyene natural products.[154–160,220–226] While there are several 

completed total synthesis campaigns for both natural products,[154–160,173,230–235] the total syntheses by 
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Nicolaou et al. for both sanglifehrin A as well as rapamycin include inspiring macrocyclisation 

approaches. 

The discovery of sanglifehrin A (2.012) was disclosed in 1999 and soon after, the first synthetic 

approaches were published. As depicted in Scheme 2.1, sanglifehrin A bears immunosuppressive 

biological activity and was therefore also investigated in a biological context to reveal its capability to 

bind to calcineurin.[172,236–238] In terms of the synthetic approach towards sanglifehrin A by Nicolaou et al., 

one key aspect in the synthetic sequence was found in the selective macrocyclisation of bis-vinyl iodide 

2.065 (Scheme 2.14).[173,231] This compound, when subjected to Pd-catalysis at high dilutions, was found 

to form the desired 22-membered macrocycle in a regioselective fashion, differentiating between the two 

vinyl iodide moieties present within the precursor. 

 

Scheme 2.14: Total synthesis of sanglifehrin A (2.012) as carried out by Nicolaou et al. to forge the 22-membered 

macrocyclic core via a regioselective Stille coupling of bis-vinyl iodide 2.065. 

Another stunning feat in total synthesis can be found in the “stitching” approach to rapamycin by 

Nicolaou et al.[154,156–160] In this synthesis of rapamycin (2.007), the 29-memebered macrocyclic core of the 

natural product was closed at the very end of the synthetic sequence. To achieve this, the unprotected 

bis-vinyl iodide 2.068 was reacted with vinyl-1,2-bisstannane 2.069 to form the desired macrocycle to 
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yield rapamycin (2.007) without the need for further deprotection operations after a double Stille-

coupling. Additionally, unreacted starting material could be reisolated alongside the intermediate 

vinylstannane 2.070. This by-product grants insight into the order of regioselective Stille couplings 

occurring in the reaction mixture. First, the intermolecular Stille coupling between 2.069 and the more 

accessible iodide of 2.068 takes place to deliver the lynchpin-precursor for the anticipated 

macrocyclisation. Since the reaction is carried out at high dilution, the second Stille coupling occurs, this 

time in an intramolecular fashion to form the desired macrocycle and deliver rapamycin (2.007). 

 

Scheme 2.15: Late-stage “stitching” double Stille-coupling / macrocyclisation of 2.068 towards rapamycin (2.007) 

via the intermediate vinylstannane 2.070, which can be isolated as part of the product mixture. 

Rapamycin (2.007) itself has sparked highly creative synthetic approaches, summarised in Scheme 

2.16.[154] For example, while Nicolaou’s first total synthesis of rapamycin relied on the “stitching” double 

Stille coupling process to facilitate formation of the 29-membered macrocyclic core of the natural 

product, Schreiber et al. forged the macrocycle through an adaptation of Mukaiyama macrolactonisation 

conditions to their precursor, resulting in smooth macrolactamisation of the amino acid precursor 

2.071.[156] Danishefsky et al., also publishing their work in 1993, chose an entirely different route to 

achieve macrocyclisation. In this approach, the use of a Lewis acid (TiCl3(OiPr)) enabled an intramolecular 

aldol reaction of aldehyde 2.072, which simultaneously closed the macrocycle and set one of the 
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stereocentres of rapamycin.[157] Later, Ley et al. chose a catechol-templated macrocyclisation approach 

starting from 2.073. In this case, the catechol is later eliminated from the intermediate to ultimately yield 

rapamycin.[231–233] Finally, Smith et al. published their synthesis of rapamycin, which featured a more 

traditional Stille coupling to close the macrocycle from the open-chain precursor 2.074.[159,160] 

 

Scheme 2.16: Alternative approaches to rapamycin (2.007) by Schreiber et al., Danishefsky et al., Smith et al. and Ley 

et al. The various approaches feature Mukaiyama-type macrolactamisation (Schreiber), intramolecular aldol reaction 

(Danishefsky), Stille macrocyclisation (Smith) and a templated macrocyclisation (Ley). 
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2.1.6. The FR252921 Family of Immunosuppressive Natural Products 

2.1.6.1. Discovery of the FR Molecules and their Immunosuppressive 

Properties 

After the breakthroughs enabled by the application of immunosuppressive natural products in 

medicine, several research programs were initiated aiming at discovering the next generation of 

immunosuppressive agents. One of these research programs, conducted at Fujisawa Pharmaceutical Co., 

Ltd. in Japan, ultimately led to the discovery of the FR252921 family of natural products, which includes 

three compounds, FR252921 (2.013), FR252922 (2.075) and FR256523 (2.076), which will be referred to 

as the “FR molecules” for the remainder of this thesis (Scheme 2.17). The FR molecules were isolated from 

a cultural broth of the Gram-negative bacterial species Pseudomonas fluorescens No. 408813 (abbreviated 

P. fluorescens) and were subsequently shown to possess immunosuppressive biological activity in a range 

of biological assays.[239–241]  

 

Scheme 2.17: The FR252921 family of natural products with its three members, FR252921 (2.013), FR252922 (2.075) 

and FR256523 (2.076). 

Structurally, the FR molecules are composed of a 19-memberd macrocyclic core, to which a side-chain, 

differentiating the three natural products, is attached. While the side-chain does bear functional groups 

through the presence of (E)-configured double bonds, the main structural features of the FR molecules 

are located within the 19-membered macrocyclic core. The macrocycle contains all three stereocentres 

(12S, 13R, 18R), as well as two lactams (C-11 and C-16) and one lactone (C-1). Crucially, the macrocycle 

also contains three conjugated double bonds adjacent to the lactone carbonyl, forming a trienoate. All 

double bonds are of (E)-orientation, thereby potentially exerting strain onto the macrocycle. 
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The FR molecules were deemed of high interest following their isolation, as their immunosuppressive 

biological activity was found to be synergistic with tacrolimus (2.009) in a murine skin graft experiment. 

Therein, the combination of tacrolimus with FR252921 was shown to prolong, when compared to either 

drug alone, survival of the hosts receiving the allograft. Since the use of tacrolimus can be assumed to 

fully block the calcineurin pathway, this would indicate a mode of action for FR252921 that is distinct. 

However, whether the immunosuppressive action of FR252921 is mediated through the mTOR pathway 

was not investigated originally.[240,241] 

2.1.6.2. Synthetic Approaches towards FR252921 

As is the case for most biologically interesting natural products, soon after the publication of the 

structure and biological activity of the FR molecules, the first synthetic efforts were disclosed. In 2007, 

both Falck et al.[242] and Cossy et al.[243,244] reported their approaches towards FR252921. Several other 

approaches featuring semisynthesis,[245] alternative total synthesis,[246,247] and formal syntheses have since 

been reported.[248,249] 

In their synthetic efforts towards FR252921, both Falck et al. and Cossy et al. aimed to construct the core 

19-membered all-(E)-triene macrocycle through a macrolactonisation reaction. Both approaches 

employed Shiina conditions on a linear hydroxy acid (2.077), as depicted in Scheme 2.18.[242,243] However, 

while these reaction conditions were capable of eliciting ring-closure, the desired product of the reaction, 

FR252921 (2.013), could only be observed in low yields, while the main product of the macrolactonisation 

was found to be the (Z,E,E)-stereoisomer of FR252921 (2.078). The authors argued that this product was 

likely formed through isomerisation of the double bond adjacent to the carboxylic acid following a 

Michael/Retro-Michael reaction of the C-18 hydroxy moiety. While the C-13 hydroxyl moiety might also be 

capable of inducing a Michael/Retro-Michael process, the undesired (Z,E,E)-product was also formed in 

the presence of a OTIPS-protected C-13 hydroxyl moiety.[243] The formation of this byproduct is further 

rationalised to arise from the reduced ring-strain evoked by a (Z)-olefin, compared to FR252921, thereby 

favouring isomerisation before macrocyclisation. 
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Scheme 2.18: Shiina macrolactonisation of linear acid 2.077 leading to FR252921 in low yield. The main competitive 

pathway for isomerisation appears to be a Michael/Retro-Michael reaction by the C-18 hydroxyl moiety leading to 

2.078. 

As the natural product FR252921 could only be obtained in low amounts, no further biological 

explorations or investigations of potential derivatives of FR252921 were undertaken. 

2.1.6.3. The Cyclobutene Approach to FR252921 

The investigation of the chemistry of cis- and trans-cyclobutene acids by Maulide et al., as 

outlined in chapter 2.1.4, led to the serendipitous discovery that some cyclobutene products underwent 

spontaneous, thermal 4-electorcyclic ring opening upon formation of the lactone. Further investigations 

revealed that the reaction of cis-chlorocyclobutene acid methyl ester (2.079) with vinyl-Bpin species 

(2.080) in a Suzuki-Miyaura cross-coupling reaction also did not enable isolation of the anticipated trans-

vinylcyclobutene species 2.081, but rather the product of concomitant 4-electrocyclic opening of said 

trans-cyclobutene, the all-(E)-triene carboxylic acid methyl ester 2.082 (Scheme 2.19).[250–253] 
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Scheme 2.19: Domino reaction cascade of Suzuki-Miyaura cross-coupling between cis-chlorocyclobutene acid 

methyl ester (2.079) and vinyl-Bpin species 2.080 to form all-(E)-triene product 2.082 via trans-vinylcyclobutene 

intermediate 2.081. 

The discovery of a synthetic tool allowing for the synthesis of all-(E)-triene carbonyl species spurred 

research into the total synthesis of FR252921, which ultimately culminated in the first generation total 

synthesis reported by Maulide et al. in 2019.[253] Dissecting the target molecule retrosynthetically, the 

forward synthesis was envisioned to construct the natural product from four distinct building blocks, with 

2.057, 2.084 and 2.087 being used to construct the macrocycle, while 2.086 was used to introduce the 

side-chain of the FR molecules (Scheme 2.20).  

 

Scheme 2.20: Retrosynthetic analysis of the FR molecules by Maulide et al. featuring key domino Suzuki-Miyaura 

cross-coupling / 4-electrocyclic ring opening. 

Scheme 2.21 shows the synthetic approach to FR252921 as carried out by Maulide et al. The first building 

block, homoallyl-Bpin amine (2.084/2.091), was constructed starting from commercially available 

pentynoic acid (2.088) in three steps. First, pentynoic acid 2.088 was converted to the N-Boc-protected 

amine 2.089 via a Curtius rearrangement enabled by diphenylphosphoryl azide (DPPA) and tert-butanol. 

Subsequently, the alkyne was converted to the required vinyl-Bpin moiety by an E-selective 

hydroboration using Schwartz’s reagent to form 2.090. Afterwards, the N-Boc protecting group was 

removed by the action of trifluoroacetic acid (TFA) to yield the required building block 2.091. 
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The synthesis of the second building block, azidoacid 2.094, started from commercially available, 

enantiopure chlorohydroxy ester 2.092. First, the chloride moiety was displaced by an azide through SN2 

reaction in DMF, yielding an azidoalcohol, which was subsequently methylated  to the carbonyl through 

diastereoselective Fráter-Seebach alkylation, to yield the methylated product 2.093.[254,255] Protection of 

the hydroxyl moiety in 2.093 with TBSOTf and 2,6-lutidine was followed by hydrolysis of the ester, leading 

to azidoacid 2.094. 

With acid 2.094 and amine 2.091 in hand, a HATU-mediated amide coupling was conducted to form 

2.095, after reduction of the azide moiety with Zn dust and ammonium chloride. Next, the side-chain was 

introduced using another amide coupling reaction with 2.096 promoted by a substoichiometric amount 

of 4-dimethylaminopyridine (DMAP) to yield linear secondary alcohol 2.097, setting the stage for the last 

three steps of the total synthesis. 

The first of these was the crucial esterification between secondary alcohol 2.097 and cis-

chlorocyclobutenecarboxylic acid 2.057. It was found that this reaction is highly sensitive to 

epimerisation of the cyclobutenecarboxylic acid, often leading to the formation of undesired trans-

cyclobutene ester (not shown). Following extensive optimisation, the authors identified the combination 

of Ghosez’s reagent and pyridine as optimal, enabling the reproducible synthesis of cis-cyclobutene ester 

2.098 as a mixture of two cis-diastereomers (a result of the use of racemic cis-cyclobutene acid). Having 

introduced the last building block, the macrocyclisation precursor 2.098 was consumed in the 

anticipated key step, the domino Suzuki-Miyaura / 4-electrocyclic ring opening macrocyclisation 

reaction. This reaction proceeded smoothly under Pd-catalysis, employing the commonly utilised 

combination of Pd(PPh3)4 and Cs2CO3, to yield the macrocyclic all-(E)-triene product in high yield and with 

excellent selectivity. Comparing this macrocyclisation approach to the previous total syntheses, it is clear 

that avoiding ring-strain before cyclisation is key to ensuring high (E,E,E)-selectivity. In the final step, the 

C-13 hydroxyl moiety was deprotected to yield FR252921 (2.013) after ten steps in the longest linear 

sequence. 
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Scheme 2.21: Total synthesis of FR252921 by Maulide et al. via a key macrocyclisation event consisting of a domino 

Suzuki-Miyaura cross-coupling / 4-electrocyclic ring opening. 
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Since the natural FR molecules only differentiate in the side-chain, all three natural products alongside a 

range of synthetic analogues were produced by simple exchange of the side-chain precursor and their 

biological activity was tested in an antiproliferation assay against EL4 T cells, a murine T cell-derived 

cancer cell line. This enabled a first evaluation of the structure-activity relationship (SAR) of the FR 

molecules and their derivatives (Scheme 2.22).[253] 

 

Scheme 2.22: First generation SAR as evaluated in an antiproliferation assay against EL4 T cells. 

From these SAR considerations, it was concluded that the C-13 hydroxyl moiety was crucial for biological 

activity (2.102), while the influence of the C-12 methyl group was found to be negligible (2.101). The side-

chain, while generally required for activity, could be modified and activity was retained (2.099, 2.103). In 

one stunning example, it was found that the CF3-side-chain-modified analogue 2.100 even showed higher 

activity than the natural products themselves. 
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2.2. Aims of the Project 

Within this project, several synthetically and biologically relevant properties of the FR252921 

family of natural products and their derivatives are to be explored. Our aims were: 

a) Reoptimising the total synthesis of FR252921 and synthesising novel analogues to establish a 

second-generation structure-activity-relationship (Scheme 2.23A). 

b) Probing the immunosuppressive biological activity of all FR analogues in human primary cell 

material and their interactions with approved medication (Scheme 2.23B). 

c) Understanding the mechanistic details of the domino macrocyclisation reaction (Scheme 2.23C). 

These aims separate this chapter into three subchapters, which will be explored below. 

 

Scheme 2.23: Overview on the different aims of the FR project as presented within this thesis. A) Synthesis of 

FR252921 (2.013) and novel immunosuppressive natural products analogues. B) Biological evaluation of the 

synthesised compounds within different cellular settings. C) Towards a general application of the domino Suzuki-

Miyaura/4-electrocyclic ring opening macrocyclisation towards macrocyclic all-(E)-triene lactones. 
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2.3. Results & Discussion 

The results described in this chapter were acquired in collaboration with: 

a) Synthetic results: Dr. Iakovos Saridakis, Haoqi Zhang, Dr. Thomas Leischner, Martina Drescher, Dr. 

Yong Chen, Dr. Guilhem Coussanes, Dr. Margaux Riomet, Filip Gallob (CeMM), Herwig Weißinger, 

Florian Doubek, Anne Fischer and Quentin Riedl. 

b) Biological experiments: Laura Marie Gail (CeMM / Medical University of Vienna), Dr. Tuan-Anh 

Nguyen (CeMM), Anna Koren (CeMM), Assoc. Prof. Dr. Georg Stary (CeMM / Medical University of 

Vienna), Dr. Stefan Kubicek (CeMM). 

c) Computational studies: Jingran Shan (UCLA), Dr. Xiangyang Chen (UCLA), Prof. Dr. Kendall N. Houk 

(UCLA) 

2.3.1. Revisiting and Reoptimisation of the Synthesis of FR252921 

When embarking on the repetition of the total synthesis of FR252921 and the translation towards 

the development of a discovery platform for novel immunosuppressive natural product analogues, some 

key reaction steps in the synthetic sequence were revisited in order to improve their robustness. Two out 

of the three last synthetic operations are particularly sensitive to perform and a successful 

macrocyclisation requires a clean cis-cyclobutene ester starting material. This is the result of the fact that, 

during the esterification reaction, some amount of cis-chlorocyclobutenecarboxylic acid (2.057) may be 

epimerised to the trans-isomer, leading to the undesired trans-ester of 2.098. While the two trans-

diastereomers can be separated from the two desired cis-diastereomers, this process is tedious, time 

consuming and suboptimal. The trans-isomers are undesired byproducts, as a hypothetical 

macrocyclisation reaction via the aforementioned domino process would inevitably lead to the (Z,E,E)-

macrocyclic product, whereas only the two cis-diastereomers lead to the all-(E)-product, as outlined in 

chapter 2.1.4. 
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In the initial publication,[253] Ghosez’s reagent was used to activate acid 2.057 under mild conditions, 

avoiding epimerisation in the process. However, significant amounts of the trans-acid were still formed 

through impurities or sub-par quality of the Ghosez’s reagent. While the amount of trans-product formed 

can be reduced by distillation of both pyridine and Ghosez’s reagent, the need for the latter distillation to 

be performed immediately before the reaction led to a desire to find a suitable alternative. The desire was 

met by the use of T3P® (propanephosphonic acid cyclic anhydride), a reagent commonly applied in amide 

coupling reactions.[256,257] An added benefit to the use of T3P® over Ghosez’s reagent (aside the cis-/trans-

diastereomer issue) is the ease of purification, as the byproducts of T3P® hydrolysis are water soluble and 

therefore readily washed out during workup (whereas Ghosez’s reagent hydrolyses to the corresponding 

N,N-dimethylisopropylamide, which co-elutes with the desired products of the reaction during 

purification by flash column chromatography). A brief overview of the reoptimisation process and its 

results is presented in table 2.2, within Scheme 2.24. The lower rate of epimerisation leading to the 

undesired trans-products can be rationalised by consideration of the potential acidity of the -proton of 

the intermediate activated acids 2.108 and 2.109. Indeed, with the acid chloride 2.108 derived from 

2.057 and Ghosez’s reagent is likely more acidic—and therefore more prone to epimerisation—than its 

T3P®-derived counterpart 2.109, as the more electronegative chlorine substituent is more capable of 

further stabilisation of a negative charge than the phosphate substituent. Additionally, when comparing 

the pKa values of the corresponding acids, hydrochloric acid and phosphoric acid, a similar picture 

emerges, as hydrochloric acid posses pKa = −7.0, while phosphoric acid is much less acidic with 

pKa = 2.16.[258] 

Overall, the replacement of Ghosez’s reagent with T3P® was implemented without further adjustments 

to the optimal reaction conditions. Additional experiments conducted on a model scaffold (chapter 

2.3.4.), concerned with changing the order of addition of different reagents as well as the equivalents of 

reagents used, did not lead to a further increase in yield or suppression of epimerisation. The general 

optimised reaction procedure for the esterification can be found in chapter 2.5.2.17., and due to limited 

availability of the linear precursors and similar behaviour of these compounds across different analogues, 

various different linear alcohols (ent-2.097, 2.104, 2.106) were used for the reoptimisation endeavours. 
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Scheme 2.24: Optimisation of esterification conditions through the application of freshly distilled reagents or 

replacing Ghosez’s reagent with T3P®. 
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2.3.2. Second-Generation Structure-Activity Relationship 

The first generation of fully synthetic FR252921 analogues, as published by Maulide et al. in 2019, 

did establish two rules for the design of further compounds, namely the necessity to include both the 

C-13 hydroxyl moiety and the requirement for all structures to bear a side-chain. However, this leaves 

large parts of the molecule unexplored, and several new analogues were envisioned to address the open 

questions posed in Scheme 2.25. The synthetic access to these novel, second generation analogues is 

outlined in the following chapter, followed by their biological evaluation. 

 

Scheme 2.25: Representative depiction of the points of modification explore for the second generation of structure-

activity relationship investigations. HBD = hydrogen-bond donor; HBA = hydrogen-bond acceptor. 

These investigations are made possible by the high convergence of the synthetic route towards FR252921. 

As outlined in chapter 2.1.6.3., our approach builds upon the synthesis of four building blocks, which are 

then joined together during the final stages of the synthesis. Using this building block-based synthesis 

logic allows for the rapid generation of novel product structures by systematically replacing one of the 

aforementioned building blocks, thereby reducing the requirement to repeat every step of the synthetic 

sequence. A visualisation of this idea is shown in Scheme 2.26, depicting how changing the building 

blocks influences the outcome at the end of the synthetic sequence without deviating from the main 

pathway. 

 

Scheme 2.26: Depiction of the idea of transforming the total synthesis of one molecule into a discovery platform 

capable of producing a range of different analogues without tedious repetition of every synthetic transformation. 
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2.3.2.1. Novel Side-chain Analogues of FR252921 

As previously discussed, the FR molecules are three natural products which are similar in their 

macrocyclic core but differentiate in their side-chain. Taking inspiration from this, most of the 

first-generation structure-activity relationship investigation was spent systematically permutating the 

properties of said side-chain, ultimately finding an analogue of improved activity in the EL4 T cell assay. 

This analogue, henceforth referred to as FR5 (2.100), contains a shortened side-chain, replacing the n-

heptyl chain with a simple CF3-moiety, which was found to increase the activity three-fold (Scheme 2.22). 

Other modifications of the side-chain, such as the inclusion of aromatic moieties, were also tested, but 

these analogues presented higher IC50 values or no inhibition, while also giving an indication that an 

electron-withdrawing group appended to the side-chain may be beneficial.[253] 

Taking these results into consideration, several analogues were designed to bridge the gaps between the 

synthetic analogues and the natural products, as well as to explore new ideas in analogue design (Scheme 

2.27). As the removal of the double bonds had been previously found to be detrimental, it was decided to 

tune the electronic properties of an analogous side-chain through the variation of the -substituent 

present in FR252921 (Scheme 2.27). To this end, several possible changes were explored, particularly in 

the form of removal of the -substituent altogether (H-FR, 2.110) or in the form of replacement of the 

methyl group with electron-withdrawing substituents such as an -F moiety (F-FR, 2.111) or an -CF3 

group (CF3-FR, 2.112). 
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Scheme 2.27: Comparison between the previously synthesised natural product FR252921 (2.013), FR5 (2.100) and 

2.114, bearing an aromatic side-chain and the newly designed analogues. H-FR (2.110), F-FR (2.111) and CF3-FR 

(2.112) explore the modification of the −Me group of the natural product, whereas sc (short-chain)-FR (2.113) and 

Cy-FR (2.115) are aimed at bridging the gaps between previously synthesised compounds and the natural product. 

Taking into consideration the success of the first generation analogue FR5 (2.100), bearing a shortened  

-CF3 side-chain, the short-chain FR analogue sc-FR (2.113) was proposed to bridge the gap between the 

long, aliphatic sidechain of the natural product FR252921 and the shortened, electron-withdrawing side-

chain present in FR5. 

Lastly, several fully synthetic analogues bearing aromatic side-chains, such as 2.114 were previously 

synthesised, but all led to lower antiproliferative activity compared to the natural product FR252921. 

Again, the gap between the aliphatic sidechain of the natural product and the analogues bearing an 

aromatic side-chain was bridged by the design of an analogue bearing a side-chain capped by a 

cyclohexyl group (2.115). This serves as a saturated benzene analogue, thus posing the question whether 

it is a cyclic substituent or an aromatic character, that led to lowered activity in 2.114. 

The side-chain building blocks required for these investigations are synthesised through a short sequence 

starting from commercial aldehydes and the -substituents are typically introduced via a Horner-

Wadsworth-Emmons[259,260] or Wittig[261] olefination. Further manipulations include redox operations to 
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yield the required aldehyde for a diastereoselective Evans–Crimmins-type aldol reaction.[262] The 

aldehydes required for the synthesis of Cy-FR and sc-FR (2.129 and 2.131, Scheme 2.29) were prepared 

from commercially available starting materials by the standard route and without any noteworthy 

complication, and aldehyde 2.125 was sourced from a commercial supplier.[253] The two side-chain 

aldehydes bearing electron-withdrawing substituents, 2.119 and 2.123, were synthesised as outlined in 

Scheme 2.28. 

 

Scheme 2.28: Synthesis of the F- and the CF3-side-chain aldehyde (2.119 and 2.123) from commercially available 

trans-decene-2-al (2.116). 

With the required aldehydes in hand, the Evans–Crimmins aldol reaction was conducted, converting the 

aldehydes (2.119, 2.123, 2.125, 2.129, 2.131) to the -hydroxy carbonyl building blocks amenable to 

amide formation with the core FR precursor (2.095) (Scheme 2.29). In some cases, the crude 

diastereomeric ratio could not be determined due to overlap in 1H-NMR, however the observed 

diastereomeric ratio upon isolation of the two isomers was typically in the range of >10:1 to 3:1. 
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Scheme 2.29: Aldol reaction to synthesise the side-chain building blocks to be applied in the syntheses of novel 

FR252921 analouges. 

After successful isolation of the diastereomerically pure precursors (2.126, 2.127, 2.128, 2.130, 2.132), 

these building blocks, in combination with the core building block 2.095, were used in the synthesis of 

novel FR analogues without any alteration of the previously discussed reaction conditions to afford five 

new final compounds (H-FR (2.110), F-FR (2.111), CF3-FR (2.112), Cy-FR (2.115) and sc-FR (2.113)), 

as outlined in Scheme 2.30. 

 

Scheme 2.30: Synthesis of five novel FR analogues from the side-chain precursors following the standard synthetic 

route. 
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2.3.2.2. Novel Core Analogues of FR252921 

Apart from modifications of the side-chain to generate analogues for the second-generation 

evaluation of the structure-activity relationship of FR252921, new core modifications were envisioned to 

probe the influence of different functional groups within the macrocyclic core. These analogues can be 

grouped according to the hemisphere of the macrocycle they aim to modify, into northern and southern 

modifications, as depicted in Scheme 2.31. 

 

Scheme 2.31: Grouping of core modifications applied to FR252921 to generate novel analogues for biological testing. 

2.3.2.2.1. Northern Macrocycle Modification of FR252921 

Overall, five analogues were designed and synthesised, addressing the functionality located 

within the northern hemisphere of the macrocyclic core of FR252921. Among these is the synthesis of a 

hydrolysed analogue, possessing the terminal carboxylic acid as well as the C-18 hydroxyl moiety, as well 

as different analogues surveying changes in the configuration and presence of the iconic all-(E)-triene. 

Lastly, a bioisosteric replacement of the lactone by a lactam was attempted and synthetic progress 

towards this goal is described.
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2.3.2.2.1.1. Open-FR252921 

To mediate a biological effect, effector molecules typically need to bind to a cellular target. For 

some natural products, this target is the DNA, the key genetic information at the heart of the cell. Such 

compounds, for example enediyne antibiotics, typically show very high activity against a range of cell 

lines, as the presence of DNA, and therefore of the target, is the same across cell lines.[263,264] However, 

most biologically active molecules convey their action by binding to a protein through different binding 

modes (reversible, covalent, allosteric etc.). When binding to a protein, several thermodynamic barriers 

have to be overcome, such as the binding enthalpy and the entropy associated with the process. One 

major contributor to the entropic barrier is associated with the orientation of the binding moieties within 

the ligand, as these need to reside in an optimal orientation. However, if the functional groups necessary 

for binding are fixed in place by virtue of a macrocycle, the entropic penalty dwindles in importance.[265,266] 

This theoretical consideration is typically confirmed experimentally by comparing the binding affinities 

of macrocyclic ligands and their open-chain counterparts. 

As FR252921 (2.013) contains a 19-membered macrocyclic core, itself containing the C-13 hydroxy group, 

which has been shown to be key for biological activity, several questions about the significance of said 

macrocycle were raised. The entropic consideration as outlined above was taken into account, as well as 

the potential for metabolic inactivation of FR252921 by virtue of ester-hydrolysing enzymes. The sum of 

these considerations led to the design of a route to open-FR252921 (2.133). In the event, its synthesis was 

swiftly accomplished from the commonly employed advanced FR252921 precursor 2.097 (Scheme 2.32). 
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Scheme 2.32: Synthesis of the open-chain FR252921 analogue (open-FR252921, 2.133) from the standard precursor 

2.097 and cis-chlorocyclobutenecarboxylic acid methyl ester 2.079. 

The linear vinyl-Bpin precursor 2.097 was first engaged in an intermolecular domino Suzuki-Miyaura/4-

electrocyclic ring opening process with 2.079 to yield an all-(E)-triene carboxylic acid methyl ester (not 

shown). Subsequent cleavage of the silyl ether, mediated by TBAF, followed by hydrolysis of the ester 

yielded 2.133 (“open-FR252921”), with no change in the length of the longest linear sequence (10 steps). 

2.3.2.2.1.2. EZE-FR252921 

During investigations to establish generality for the domino macrocyclisation process (cf. 

chapter 2.3.4.), it was found that the macrocyclisation reaction is capable of producing an unexpected 

isomer in the form of the (E,Z,E)-triene macrolactone—a particularly stark contrast to the reports by Falck 

and Cossy, which highlighted the observation of the (Z,E,E)-triene.[242,243] While this isomer had not been 

detected in the total synthesis of FR252921 on the typically applied scale (20 µmol), scaling the reaction 

to 58 µmol led to the discovery of the undesired (E,Z,E)-isomer (2.135) as a byproduct of the 

macrocyclisation event (Scheme 2.33). 
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Scheme 2.33: Synthesis of EZE-FR252921 (2.136) from the undesired macrocyclisation product 2.135. 

This discovery is interesting for two major theoretical considerations. First, the formation of an (E,Z,E)-

isomer should be ruled out by the Woodward-Hoffmann rules as well as the torquoselectivity 

considerations outlined in chapter 2.1., as this undesired product would be the result of a counter-

torquoselective thermal disrotatory 4-electrocyclic ring opening of a trans-vinylcyclobutene derivative. 

Second, the (E,Z,E)-product, while thermodynamically favoured over the all-(E)-triene, is not the most 

thermodynamically stable product for FR252921. It has been established via quantum chemical 

calculations that the unnatural (E,E,Z)-isomer would be thermodynamically favoured, if accessible; 

however, these calculations were conducted on the natural product scaffold, meaning that the C-13 

hydroxyl moiety was able to contribute to the overall stabilisation by intramolecular hydrogen 

bonding.[253] As, within the synthetic sequence, at the time of macrocyclisation, this functionality is 

protected as the corresponding silyl ether (TBS), the results of the computational considerations should 

be seen as an orientation rather than a definitive answer. 

However, outside of theoretical considerations on how the product may be formed, which were 

conducted in collaboration with Houk et al., deprotection of 2.135 by means of TBAF yielded EZE-

FR252921 (2.136) in quantities allowing for biological evaluation of this unexpected isomer. 
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2.3.2.2.1.3. Saturated-FR252921 and Anti-Michael-FR252921 

As previously alluded to, the shape of the macrocycle present in FR252921 may be crucial for 

high-affinity binding to its target, with the overall appearance of the core scaffold being mostly shaped 

by rigid structural features located therein. When considering modifications to the rigidifying parts of the 

macrocycle, the removal of double bonds would result in a more flexible macrocycle, enabling the 

investigation of the influence of ring shape. 

A first foray into probing the role of the double bonds was found in a fully saturated analogue, a molecule 

aptly named saturated-FR252921 (2.142), the synthesis of which is outlined in Scheme 2.34. Starting from 

commercially available acid 2.137, first the carboxylic acid moiety was converted to a N-Boc protected 

amine followed by deprotection to yield ammonium salt 2.138. Subsequent amide bond formation with 

common precursor 2.094 and reduction of the azide moiety produced amine 2.139, which was reacted 

with the common side-chain building block 2.096 to furnish the macrocyclisation precursor 2.140 after 

ester hydrolysis mediated by LiOH. Unlike the regular synthetic route, the macrocycle was forged by a 

Shiina macrolactonisation, mediated by 2-methyl-6-nitrobenzoic anhydride (MNBA) and DMAP, swiftly 

followed by TBS removal to yield the saturated FR252921 analogue 2.142. 
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Scheme 2.34: Synthesis to access the saturated FR252921 analogue (2.142). The key step is a Shiina 

macrolactonisation of precursor 2.140. 

One major concern with regard to the stability of the FR compounds is the possibility of transannular 

Michael addition by attack of the C-13 hydroxyl moiety onto any of the conjugated double bonds on the 

opposing side of the macrocycle, as depicted in Scheme 2.35A. To render this process impossible, as well 

as to probe the potential immunosuppressive properties of the resulting analogue, so-called “anti-

Michael-FR252921” (2.147) was envisioned. The removal of the ,-double bond adjacent to the carbonyl 

would result in a compound unable to undergo Michael addition to any of the atoms highlighted in 

Scheme 2.35A, while still retaining some of the rigidity instilled by the presence of an sp2-carbon-rich 

chain. 
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Scheme 2.35: A) Simplified depiction for the hypothetical transannular Michael/retro-Michael process from 2.013 to 

lead to an isomer such as 2.078. B) Synthesis of anti-Michael-FR252921 starting from the standard FR252921 building 

block 2.097 via intermolecular Suzuki-Miyaura coupling followed by ester hydrolysis, Shiina macrolactonisation and 

TBS removal to yield 2.147. 

The synthesis of anti-Michael-FR252921 (2.147) started with the standard building block developed for 

the synthesis of FR252921 (2.097), once more highlighting the flexibility and modularity of our approach 

to analogue synthesis (Scheme 2.35B). The vinyl-Bpin moiety is reacted with vinyl iodide 2.144 in a 

Suzuki-Miyaura cross-coupling to yield 2.145, which is converted to the macrolactonisation precursor by 

means of LiOH-mediated hydrolysis of the ester. Following successful synthesis of the linear carboxylic 

acid (not shown), this substrate was consumed in a Shiina macrolactonisation to yield the TBS-protected 

precursor 2.146, which was readily converted to anti-Michael-FR252921 (2.147) following removal of the 

silyl protecting group. 

It should be noted that in the approaches to FR252921 by Falck et al. and Cossy et al. isomerisation of the 

,-double bond occurred in the presence of a protected C-13 hydroxyl group, indicating that the 
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observed isomerisation arose from the attack of the C-18 hydroxy group. As the macrocyclisation strategy 

by Falck et al. and Cossy et al. relies on this moiety being unprotected, isomerisation is inevitable in their 

case and arises during macrolactonisation of the linear precursor rather than being caused by 

transannular Michael addition. 

2.3.2.2.1.4. Trilactam-FR252921 

Nature typically produces biologically active compounds in order for the producing organism to 

gain an advantage over competitors in the relevant biological niche. However, since it was discovered 

that natural products may be isolated and applied to humans in order to elicit their effects for the cure or 

treatment of diseases, it was also found that not every natural product can be applied in medicine without 

modification. One of the cases where modification was required to convert a biologically active natural 

product into a drug suitable for clinical application can be found in the development of epothilone B 

(2.148) towards its application in cancer therapy. 

Epothilone B is part of the epothilone family of natural products, which were found to possess powerful 

cytotoxic activity through a mode of action similar to taxol (2.150) and (+)-discodermolide (2.151), 

namely the induction of tubulin polymerisation and stabilisation of microtubules, leading to cell cycle 

arrest.[267–269] During investigation into the application of epothilone B, it was found that, while the natural 

product was highly active in vitro, this activity was not reflected in vivo; an observance which was 

reasoned to arise from cleavage of the macrolactone core of epothilone B. In order to overcome this 

metabolic barrier, scientists at Bristol-Myers-Squibb (BMS) developed a macrolactam analogue (2.149, 

BMS-247550, azaepothilone B or ixabepilone), replacing the labile lactone with a more stable, 

bioisosterically matching lactam, resulting in a molecule which is sold today as Ixempra for the treatment 

of advanced breast cancer (Scheme 2.36).[269–272] 
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Scheme 2.36: Overview on the range of antiproliferative natural products, which elicit their biological effects through 

interference with microtubule assembly and stability, namely epothilone B (2.148), taxol (2.150) and 

(+)-discodermolide (2.151). Additionally, the macrolactam analogue of epothilone B, azaepothilone B (2.149) is 

shown. 

As the FR molecules are macrolactones similar to epothilone B (2.148), a process similar to the 

development of azaepothilone B (2.149) was envisioned to lead to a novel analogue of FR252921 in the 

form of Trilactam-FR252921 (2.152) as depicted in Scheme 2.37. 

 

Scheme 2.37: Proposed conversion of the macrolactone FR252921 to its trilactam analogue (2.152). 

In order to achieve the synthesis of this analogue, several strategies were investigated to synthesise an 

advanced precursor and the different approaches to Trilactam-FR252921 (2.152) are explored in the 

following chapters. 

2.3.2.2.1.4.1. The BMS-like Approach to Trilactam-FR252921 

The synthesis of azaepothilone B (2.149) by Bristol-Myers-Squibb relies on the semisynthetic 

modification of the natural product epothilone B (2.148), which can be acquired from its natural source 

organism Sorangium cellulosum. The conversion of epothilone B to its lactam analogue can be carried 

out in three synthetic steps, all conducted without isolation of intermediates, to yield the desired 



130 

product.[269] Starting with epothilone B (2.148), the allylic lactone is opened through the action of a 

palladium catalyst (Scheme 2.38A) and the resulting Pd-complex is substituted by an azide anion in a 

Tsuji-Trost reaction to form 2.153 with retention of stereochemistry. The newly introduced azide moiety 

is subsequently reduced in a Staudinger reduction to yield amino acid 2.154, which undergoes 

macrolactamisation mediated by HOBt and EDCI to yield azaepothilone B (2.149). This reaction sequence 

can be applied on larger scales (5.06 g of epothilone B) and can be conducted in a one-pot fashion without 

isolation of the intermediates, to deliver the desired product 2.149 in 23% yield. 

 

Scheme 2.38: A) BMS-Synthesis of azaepothilone B (2.149) from epothilone B (2.148) via a three-step-one-pot 

approach featuring Tsuji-Trost ring opening/allylic substitution, Staudinger reduction and macrolactamisation. B) 

Analogous application of reaction conditions to FR252921 (2.013) failed to deliver Trilactam-FR252921 (2.152). 

When applying the exact same reaction conditions to FR252921, in order to convert it to Trilactam-

FR252921 (2.152), it was found that the allylic ester in FR252921 does not undergo ring-opening mediated 

by the palladium catalyst. Rather than forming a novel complex and being consumed in the desired 
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fashion, the starting material FR252921 was found to be entirely unreactive under the employed reaction 

conditions and could be reisolated from the reaction mixture (Scheme 2.38B), leading to the exploration 

of other possibilities to access Trilactam-FR252921. 

2.3.2.2.1.4.2. Modifications of the Side-chain Building Block to access 

Trilactam-FR252921 

The failure of the direct route to Trilactam-FR252921 (2.152) as inspired by the synthesis of 

azaepothilone B (2.149) led to the reconsideration of the synthetic approach towards this FR analogue. 

Since the concept of a diversifiable synthetic platform is at the heart of the synthetic efforts, modification 

of the side-chain building block to access Trilactam-FR252921 was explored next (Scheme 2.39). 

 

Scheme 2.39: Outlined synthetic plan to convert the side-chain hydroxyl moiety to a nitrogen-containing functional 

group to then serve as a building block in the approach towards Trilactam-FR252921 (2.152). 

The experiments towards probing the feasibility to convert the regular FR252921 side-chain building 

block (2.096) into a modified building block carrying either a leaving group amenable for displacement 

or a nitrogen-containing moiety are summarised in Table 2.3. First, attempts to convert the hydroxyl 

moiety into a leaving group amenable to Tsuji-Trost reaction or SN2 displacement were explored. 

Converting the hydroxyl moiety into a tosylate, hoping to invoke its properties as a leaving group, either 

led to decomposition (reagent grade pyridine, entry 1) or to no conversion of the starting material when 

distilled pyridine was employed (entry 2). However, conversion of 2.096 to acetate 2.156 (X = OAc) was 

achieved in mediocre yield through reaction with acetic anhydride in distilled pyridine (entry 3) and the 

thusly generated acetate was used in a Tsuji-Trost reaction with sodium azide, aiming to introduce an 

azide moiety (entry 4). To our dismay, this reaction failed to produce the desired product and resulted in 

decomposition of the starting material. In cases where the products of decomposition could be analysed, 
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it was found that decomposition could occur via the hydrolysis of the auxiliary, resulting in a carboxylic 

acid, or via elimination of the hydroxyl moiety to yield a triene decomposition product. 

 

Diphenylphosphoryl azide (DPPA) is a commonly employed reagent to convert hydroxyl moieties to the 

corresponding azides, hinging on the high oxophilicity of phosphorus enabling sufficient activation of the 

hydroxyl group to enable displacement by the azide. However, when applied to the side-chain building 

block 2.096, DPPA was found to lead to immediate decomposition of the starting material without 

producing any trace of the desired product (entry 5 and 6). Switching to TMSN3, an alternative activating 

agent bearing an azide moiety, led to disappointing outcomes. Its use in conjunction with a Cu(II) catalyst 

returned only byproducts of unspecific decomposition (entry 7), whereas using TMSN3 together with 

catalytic amounts of BF3∙OEt2 led to no reaction at all (entry 8). Aiming to activate the secondary alcohol 

in 2.096 prior to the addition of DPPA, which previously led to immediate decomposition, conditions 

reminiscent of a Mitsunobu reaction were employed (entry 9). Here, the alcohol was activated with PPh3 

and diisopropyl azodicarboxylate (DIAD), followed by addition of DPPA. It was found that this 

combination of reagents led to no reaction. 

 

Table 2.3: Summary of the experiments to convert secondary alcohol 2.096 to any of the proposed products (2.156). 

Since the modification of the side-chain building block 2.096 proved to be cumbersome, primarily due to 

the instability of the precursor under various reaction conditions, we considered two new approaches, 

described in the following subchapters. 



 

133 

2.3.2.2.1.4.3. The Isoxazolin-Approach to Trilactam-FR252921 

The synthesis of Trilactam-FR252921 is in essence a problem of selective synthesis of a chiral -

amino acid building block, in which the amino group is both secondary as well as adjacent to a (E,E)-diene 

system. One promising approach towards the synthesis of such a building block can be found in the total 

synthesis of epothilone A and B by Carreira et al., in which a directed 1,3-dipolar cycloaddition (Huisgen 

reaction) of a nitrile oxide onto an olefin is used to construct the northern half of epothilone B 2.148 

(Scheme 2.40A).[208] Precedent for this reaction was found in research conducted by Kanemasa et al. and 

was further developed towards general applicability and ultimately -amino acid synthesis by Carreira et 

al. and Mapp et al.[273–278] One key advantage of the directed nitrile-oxide Huisgen reaction is that 

phosphonates are accepted as bystander moieties in the substrate, resulting in the retrosynthetic 

approach towards Trilactam-FR252921 (2.152) outlined in Scheme 2.40B. Therein, Trilactam-FR252921 is 

deconstructed using the disconnections established for the synthesis of the FR molecules, namely 

Domino Suzuki-Miyaura macrocyclisation (green), introduction of a cis-chlorocyclobutene acid (orange) 

and amide bond formation (blue). 

 

Scheme 2.40: A) Simplified approach to epothilone B (2.148) as reported by Carreira et al. B)Retrosynthetic approach 

towards Trilactam-FR252921 (2.152) via a directed 1,3-dipolar cycloadditon followed by HWE-olefination and 

opening of the isoxazoline 2.162. 
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The forward synthesis followed literature precedent,[208] and started from commercially available diethyl 

ethylphosphonate (2.166), which was deprotonated using nBuLi, reacted with DMF to form a hemiaminal 

and hydrolysed upon workup to yield an aldehyde (not shown). This aldehyde was subsequently 

condensed with hydroxylamine to yield aldoxime 2.157 (Scheme 2.41). Aldoxime 2.157 was then 

converted through reaction with freshly generated tBuOCl to its corresponding hydroxyimidoyl chloride 

(2.165, Scheme 2.40B), which, due to its instability, was used in the next step without isolation. The newly 

synthesised hydroxyimidoyl chloride was reacted in a directed 1,3-dipolar cycloaddition with 1-buten-3-

ol after being converted to the corresponding nitrile oxide in situ, a process requiring deprotonation 

(mediated by the excess amount of Grignard reagent — EtMgBr) and elimination of a chloride anion. Due 

to the presence of the Grignard reagent additionally leading to the deprotonation of 1-buten-3-ol, the 

charged species coordinate the magnesium ions present in the reaction mixture (cf. Scheme 2.40A). This 

induced proximity of the dipole nitrile oxide and the dipolarophile 1-buten-3-ol led to the regioselective 

1,3-dipolar cycloaddtion yielding phosphonate 2.167 with a 1,2-syn relation of the hydroxyl 

substituents.[274,275] The phosphonate 2.167 was engaged in a Horner-Wadsworth-Emmons (HWE) 

olefination reaction with trans-2-decenal (2.116), the precursor for the regular FR252921 side-chain, to 

form the advanced Trilactam-FR252921 side-chain precursor 2.168. In order to progress 2.168 further 

towards the desired -amino acid building block (2.160), the isoxazoline ring needed to be reductively 

opened to yield 2.169. The required reduction was extensively explored, as outlined in Table 2.4, 

however, the desired product 2.169 could not be formed in sufficient amounts for isolation and full 

characterisation. LiAlH4 at temperatures between 0 and 20°C was the only reductant capable of producing 

detectable amounts of the desired product, in either protected or unprotected form (entries 1, 2 and 9), 

while other reductants, including mixed nickel(II) borohydride species, led to overreduction by reducing 

the diene in the side-chain (entries 3 – 5). Lastly, LiAlH4 at cryogenic temperatures, as well as DIBAL 

(entries 6-8), were not effective at reducing the starting material. These efforts were further complicated 

by the high polarity of the anticipated product 2.169, which, paired with its generation in only trace 

amounts, thwarted efforts of isolation and characterisation and brought this synthetic route to a halt. 
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Scheme 2.41: Synthesis of isoxazoline side-chain precursor (2.168) over five steps from commercially available 

phosphonate 2.166. Following successful synthesis of 2.168, the reductive opening of the isoxazoline to form 2.169 

was investigated and the approaches towards this are summarised in Table 2.4. 

While the synthetic challenges encountered in this route towards Trilactam-FR252921 may eventually be 

overcome, another strategy based on D-homoserine, which will be discussed in the following subchapter, 

was also formulated. 

2.3.2.2.1.4.4. The Homoserine-Approach to Trilactam-FR252921 

Another promising approach towards Trilactam-FR252921 was identified to arise from the use of 

D-homoserine (2.170), which by itself solves the problem of setting the desired stereochemistry at C-18 

of the anticipated analogue, as the stereocentre is set by the starting material. The retrosynthetic 

approach, with regard to the requirement of a -amino acid side-chain building block (2.160), is similar 

to the one presented in Scheme 2.40, therefore only the forward synthesis will be presented below in 

Scheme 2.42 and Table 2.5. 
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The commercially available starting material D-homoserine was first cyclised to the corresponding 

lactone in the presence of HCl, and the primary amine was protected with a Boc group to yield 2.171 in 

83% yield over two steps. Subsequently, the lactone was converted to the Weinreb amide 2.172 through 

the action of AlMe3 in near-quantitative yield. The primary alcohol of Weinreb amide 2.172 was then 

protected with a TBS-group and the Weinreb amide was converted to the methyl ketone to ultimately 

form 2.173. 

Overall, olefination of the methyl ketone 2.173 proved to be more complex than anticipated. First, the 

venerable HWE reaction was explored (Table 2.5, entries 1 – 13), as a review of the literature seemed 

promising for the olefination of methyl ketones with this reaction.[279,280] Aiming for the synthesis of the 

required building block 2.174, methyl ketone 2.173 and phosphonate 2.177 were reacted with a range of 

strong bases, however the anticipated product was not formed (entries 1 – 4). In order to explore whether 

the methyl ketone 2.174 was at all capable of undergoing HWE olefination, commercially available 

phosphonate 2.179 was used and it could be shown that the test product 2.180 was formed through HWE 

olefination (entries 5 – 8). The phosphonate 2.179 is distinct from the required phosphonate 2.177 by the 

presence of an ester moiety in the -position to the phosphorous atom. This makes the -proton of 

phosphonate 2.179 much more acidic compared to aliphatic or allylic phosphonates, resulting in a more 

reactive phosphonium ylide capable of converting the methyl ketone 2.173 to the olefin 2.180. 

Having established that methyl ketone 2.173 is in principle able to undergo HWE olefination, more forcing 

conditions and the application of different bases were explored (entries 9 – 13), but were unsuccessful, 

except for the detection of the mass of the expected product 2.174 in trace amounts (entry 11). Following 

the limited success of the exploration of the HWE olefination, the approach was changed to involve a 

Wittig olefination. To this end, phosphonium ylide 2.178 was synthesised and tested in the reaction (entry 

14), with the first attempt leading to the formation of the desired product 2.174 in 50% yield on 0.1 mmol 

scale.[281] Upon scale-up to 3.4 mmol (1.13 g), the yield increased to 67% to afford the desired olefination 

product 2.174. With the fully protected diene 2.174 in hand, the attention was turned to the oxidation 

towards the carboxylic acid.  
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Scheme 2.42: Synthetic route to the advanced Trilactam-FR252921 precursor 2.176 over nine steps, starting from 

D-homoserine (2.170). The optimisation required for successful installation of the aliphatic side-chain is summarised 

in Table 2.5, with entries 1 to 13 exploring the HWE olefination and entries 14 and 15 exploring Wittig olefination. 

LiHMDS, NaHMDS and nBuLi were used as solutions either in THF (1 M; LiHMDS, NaHMDS) or hexanes (1.6 M; nBuLi). 

This was achieved by removing the TBS protecting group to reveal the primary alcohol (2.175), which was 

then oxidised by virtue of the Jones reagent (CrO3 in H2SO4) to afford the crude carboxylic acid, which was 
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used without further purification in a HATU-mediated amide coupling with FR core precursor 2.095 to 

afford the linear Trilactam-FR252921 precursor 2.176 in 7% over two steps. The low yield can be 

attributed to the unoptimised oxidation protocol to generate the carboxylic acid, which could be further 

explored in the future. Alternatively to Jones oxidation,[282] DMP oxidation followed by Pinnick 

oxidation,[283–286] or other oxidation methods could be explored in order to increase the yield of the key 

building block 2.176.[287,288] 

Due to the scarcity of the available material, as well as requirements to deliver other analogues for 

biological testing, the synthetic efforts towards Trilactam-FR252921 were concluded after demonstrating 

that 2.176 could be accessed. In order to complete the synthesis, it is required to cleave the N-Boc 

protecting group (TFA) and form an amide with cis-chlorocyclobutene acid (2.057), followed by the key 

macrocyclisation event, catalysed by Pd(0), and TBS deprotection to yield Trilactam-FR252921 (2.152). 
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2.3.2.2.2. Southern Macrocycle Modification of FR252921 

Four modifications of the southern hemisphere of the macrocyclic core of FR252921 were 

completed and are described herein. First, the synthesis of the enantiomer of FR252921 is described, 

followed by the preparation of a bioisoster of FR252921. Lastly, two modifications of the C-13 hydroxyl 

moiety are explored. 

2.3.2.2.2.1. Ent-FR252921 

One key theory within biochemistry and drug design is the idea that an effector molecule binds tightly 

into the pocket of a protein, leading to an observable impact, i.e. inhibition of an enzyme or mediation of 

protein-protein interactions. This “lock and key” principle is at the heart of modern drug development 

efforts. Since proteins are themselves chiral and given a ligand which itself is also chiral, it is generally 

expected that one enantiomer binds while the other does with reduced affinity or not at all. 

To probe whether FR252921 poses its biological effects through protein binding or through alternative 

pathways (e.g. metabolic disturbance, oxidative stress), the assumption that the enantiomers possess 

different levels of activity was tested through the synthesis of ent-FR252921 (ent-2.013). Since 

enantiomers behave identically in a non-chiral environment, the synthesis of ent-FR252921 was 

conducted in an identical manner, starting from the opposite enantiomers of the starting building blocks 

(Scheme 2.43). The synthesis of ent-FR252921 is listed herein as a modification of the southern 

hemisphere, although it may be considered a global modification of the macrocycle. 

 

Scheme 2.43: Simplified depiction of the synthesis of ent-FR252921 (ent-2.013) from the opposite enantiomer of 

commercially available ent-2.092. 
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2.3.2.2.2.2. OMe-FR252921 and OTBS-FR252921 

Based on the prior publication of Maulide et al., the removal of the C-13 hydroxyl moiety led to 

inactive FR analouges. However, it remained unclear whether the lack of activity arose from the missing 

potential hydrogen bond donor (hydrogen attached to the oxygen) or if the hydrogen bond acceptor 

properties of the oxygen atom are crucial to the activity. Calculations indicated the presence of 

intramolecular hydrogen bonding between the oxygen of the hydroxyl moiety located at C-13 and NH-15 

(Scheme 2.44).[253] Additionally, it was expected that these analogues should be more stable compared to 

the parent FR molecule, as the removal of the nucleophilic hydroxy moiety renders the transannular 

Michael addition impossible. 

 

Scheme 2.44: Logic behind the proposed analogues 2.181 and 2.182 to probe the influence of the HBA/HBD 

properties of the C-13 hydroxyl moiety. The calculated hydrogen bond between NH-15 and the C-13 alcohol is 

depicted in blue. 

To probe this, two analogues were envisioned, one of which was found in the TBS-protected precursor to 

FR252921 (2.182). This compound allows for the evaluation of activity for a sterically encumbered HBA-

oxygen atom at C-13, while also being readily available through the synthesis of FR252921 (Scheme 2.21). 

Synthetic access to OMe-FFR252921 (2.181) was ultimately achieved by an early alteration of the 

synthetic sequence. Starting from the previously described azidoalcohol 2.093 (Scheme 2.21),[253] the 

route was altered to introduce a methylation event (Scheme 2.45). Successful methylation was 

conducted using MeI and Ag2O to yield 2.183. Notably, hydrolysis of the ester using LiOH led to 

epimerisation of the methyl group in the -position, which could be circumvented by replacing LiOH with 

an excess Me3SnOH, a mild reagent for the hydrolysis of epimerisable esters,[289] affording -methoxy acid 

2.184 in quantitative yield. The acid was then engaged in an amide coupling reaction mediated by HATU 

to be joined with ammonium salt 2.091 to furnish amidoazide 2.185. Reduction of azide 2.185 was 

achieved using Staudinger reduction conditions (PEt3 in THF/H2O), as the reduction using Zn dust led to 

decomposition of the material. Consequently, a second amide coupling with the side-chain building 
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block 2.096 yielded the linear secondary alcohol 2.186, amenable to esterification. Cis-

chlorocyclobutene ester 2.187 was formed from alcohol 2.186 and cis-chlorocyclobutenecarboxylic acid 

2.057 applying the improved esterification protocol using T3P as an activation reagent. Finally, the 

domino Suzuki-Miyaura cross-coupling / 4-electrocyclic ring opening macrocyclisation reaction was 

conducted to yield OMe-FR252921 (2.181) over nine steps in the longest linear sequence and modification 

of three steps. 

 

Scheme 2.45: Synthesis of OMe-FR252921 (2.181) through a modification of the established route to introduce the 

methoxy moiety early in the synthesis. The presence of a methoxy group rendered the molecule sensitive to 

epimerisation, requiring the choice of Me3SnOH to mediate the hydrolysis of the ester. The reduction of the azide had 

to be conducted using Staudinger conditions, as the reduction using Zn dust (cf Scheme 2.21) led to decomposition. 
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2.3.2.2.2.3. Bioiso-FR252921 

One concept of biological and medicinal chemistry previously briefly introduced is the 

introduction of structural modifications which aim to mimic the steric and electronic properties of the 

parts of the molecule being replaced, while allowing for alteration of the properties of the molecule. 

These replacements are especially relevant in contexts where the conversion of a metabolically labile 

group into a more stable moiety can convert an inactive compound into an important drug, as has been 

the case for azaepothilone B (2.149; Scheme 2.38). In general, this concept is referred to as bioisosteric 

replacement and is commonly applied in the development of drug molecules.[290] One of the most 

commonly encountered types of bonds in biomolecules are amide bonds, as they are ubiquitous in 

proteins as well as other biologically relevant molecules. The bioisosteric replacement of amide bonds is 

a widely used strategy to improve the properties of a given molecule in a pharmaceutical context. Having 

two amide bonds in the FR molecules, it was envisioned that a bioisosteric replacement could be of 

interest. Replacing the western lactam within the macrocycle by a triazole seemed to be synthetically 

feasible given the building block-based approach to FR analogues and the resulting Bioiso-FR252921 

(2.188) is shown in Scheme 2.46 alongside a visualisation of the HBA/HBD-properties of an amide bond 

and a triazole. 

 

Scheme 2.46: Proposed modification of FR252921 (2.013) by replacing the highlighted western lactam with a triazole, 

a moiety which possesses similar HBA/HBD-properties, leading to Bioiso-FR252921 (2.188). 

The synthesis of bioiso-FR252921 (2.188) began with the side-chain building block 2.096, which is 

available in diastereomerically pure form in multi-gram amounts due to its ubiquity in FR analogues and 

is depicted in Scheme 2.47. First, the allylic hydroxy group was protected using TBSOTf and 2,6-lutdine to 

yield 2.189, which was subsequently reduced to aldehyde 2.190 using DIBAL at −78°C in excellent yield. 

Aldehyde 2.190 was subjected to the Bestmann-Ohira modification of the Seyferth-Gilbert reaction to 

yield terminal alkyne 2.192 after removal of the TBS protecting group.[10,291,292] With terminal alkyne 2.192 
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in hand, the Cu(I)-mediated cycloaddition between alkyne 2.192 and azide 2.193 was conducted to yield 

the linear bioiso-FR252921 precursor 2.194 in good yield. The use of copper ensures the synthesis of the 

desired 1,4-triazole, whereas the use of ruthenium would be expected to lead to mixture of 1,4- and 1,5-

triazoles, favouring the latter.[293–295] Triazole 2.194 was then taken forward in the last three steps of the 

synthetic sequence without alteration of reaction conditions to first form the cis-chlorocyclobutene ester, 

followed by the key macrocyclisation event and TBS removal to yield bioiso-FR252921 (2.188) over twelve 

steps in the longest linear sequence. 

 

Scheme 2.47: Synthetic route to Bioiso-FR252921 (2.188) from the common side-chain building block 2.096 via 

Bestmann-Ohira reaction and Cu(I)-mediated azide-alkyne cycloaddition. 

The synthesis of bioiso-FR252921 (2.188) concludes the synthetic work conducted on novel analogues of 

FR252921. In summary, the synthesis of fourteen novel analogues was attempted and thirteen analogues 

could be produced. The finished analogues, together with FR252921, FR4 and FR5, were evaluated in a 

range of biological assays to determine their immunosuppressive properties. 
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2.3.3. Biological Evaluation of FR252921 and its Analogues 

When evaluating natural products or synthetic biologically active molecules, modern biology 

offers a range of possibilities to gather information on different aspects of the investigated compounds. 

Generally, biological experiments can be conducted on immortalised cell lines, which have been 

generated from an originator cell. The cell can originate from the tissue of interest or from primary 

samples taken directly from a healthy or diseased donor to evaluate the activity of a certain molecule. 

Cell lines derived from primary material are also common practise and they are typically not immortal, 

meaning that the cells start to die off after a certain number of cell divisions. Each model system has 

benefits as well as drawbacks (i.e. availability, reproducibility, closeness to relevant disease, cost, ethics 

considerations), which have to be taken into account when designing biological experiments. 

For example, evaluation of presumed immunosuppressive compounds against so-called EL4 T cells, an 

immortalised T lymphocyte derived cancer (lymphoma) cell line originating from a C57BL mouse (a breed 

of laboratory mice), is used to gain a first understanding of the properties of the molecule.[239,253] 

Alternatively, immunosuppressive properties can be evaluated against so-called PBMCs, the fraction of 

white blood cells with one nucleus, which can be readily isolated from fresh whole blood of donors. In 

either case, the evaluation could be based on cell survival or proliferation, cytokine production, protein 

expression (so-called transcriptomics) or a number of different experimental parameters. 

We originally planned to evaluate our novel analogues against EL4 T cells, as had been the case for the 

first generation of analogues.[253] As chapter 2.3.3.1. will describe, some reproducibility problems were 

encountered when running a number of analogues against the EL4 T cells, leading to a decreased activity 

of the FR molecules and their analogues. Following these results, a novel experimental setup was 

envisioned using human PBMCs, moving the evaluation of immunosuppressive properties closer to 

human application and allowing for a much deeper evaluation of bioactivity, as shall be detailed in 

chapter 2.3.3.2 and 2.3.3.3. 
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2.3.3.1. Evaluation of FR molecules against EL4 T cells 

These experiments were conducted in close collaboration with Dr. Tuan-Anh Nguyen, Anna Koren and 

Dr. Stefan Kubicek at CeMM. 

 

Following the previously established protocol, a panel of analogues was evaluated for their 

antiproliferative activity against EL4 T cells. First, the novel saturated-FR252921 (2.142) analogue was 

tested alongside FR252921 (2.013) at a range of concentrations from 5 nM to 20 µM. It was found that 

FR252921 showed activity with an IC50 = 1.2 µM, which is a five-fold decrease compared to the data 

published in 2019, whereas saturated-FR252921 showed no inhibition of proliferation across the range of 

concentrations tested (Figure 2.3). 

 

Figure 2.3: EL4 T cell proliferation assay of FR252921 (2.013, left) and saturated-FR252921 (2.142, right). 

Following up on these results, a second panel of analogues was subjected to the same assay to evaluate 

their antiproliferative activity against EL4 T cells in order to derive information on the structure-activity 

relationship of these compounds and the results are shown in Figure 2.4. In summary, the results showed: 

i) no analogue possesses good activity against EL4 T cells at relevant concentrations (< 0.5 µM) and ii) the 

activity of FR252921 was 30-fold lower compared to the published data. As a result of this experiment, it 

was decided to cease the evaluation of novel analogues against EL4 T cells. In addition to the low 

reproducibility paired with the decrease in observed activity for the natural product, expanding the 

investigations towards human PBMCs enables a deeper investigation of the immunosuppressive 

properties of these compounds. 
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Figure 2.4: Structure-activity relationship exploration for a panel of eight new analogues as well as FR252921. 
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2.3.3.2. PBMC Assays, Validation Experiments and Synergy Experiment 

These experiments were conducted in close collaboration with Laura Marie Gail, and Assoc. Prof. Dr. Georg 

Stary at CeMM and the Medical University of Vienna. 

2.3.3.2.1. Establishment of Biological Activity against PBMCs 

The translation from one biological model system, EL4 T cells, towards human PBMCs was first 

explored by the evaluation of three compounds, namely FR252921 (2.013), FR4 (2.102) and FR5 (2.100). 

These compounds were selected as they represent a range of activity according to the EL4 T cell assay. 

FR4 is expected to be inactive, whereas FR5 is expected to be more active than FR252921, with FR252921 

being expected to show immunosuppressive activity in a range between the two fully synthetic 

analogues. Additionally, this first evaluation allowed for a thorough investigation of different cytokines 

and cell surface markers to inform the design of the antibody panel prior to evaluation of the full analogue 

array (vide infra). 

In this first assay, PBMCs were isolated from one healthy donor’s whole blood and were incubated with 

the FR compounds (FR252921, FR4 and FR5; Figure 2.5) at concentrations of 10 nM, 500 nM and 1µM. The 

cells were then activated with a cell activation cocktail (CAC) containing phorbol 12-myristate 13-acetate, 

a protein kinase C activator capable of activating T cells, and ionomycin, an ionophore which raises 

intracellular Ca2+ levels, which leads to activation of the remaining lymphocytes.[296] After several hours, 

the cells were stained for viability, cell surface markers and intracellular cytokines in order to enable 

further analysis by fluorescence-based cell sorting. Before the potentially immunosuppressive effects of 

the FR molecules could be evaluated, the viability of the stimulated CD45+ cells was controlled, in order 

to exclude severely cytotoxic molecules, leading to the results displayed in Figure 2.5. It was shown that 

FR4 possesses no cytotoxic properties, while FR252921 and FR5 are slightly cytotoxic in a dose-dependent 
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manner. None of the compounds presented with severe cytotoxic effects and they could therefore be 

further evaluated with regards to their immunosuppressive properties within the viable fraction of cells. 
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Figure 2.5: Viability readout for FR252921, FR4 and FR5 against stimulated CD45+ cells at concentrations of 1 µM (solid 

bars), 500 nM (checkered bars) and 10 nM (dotted bars). Negative control (left) and positive control (second from left) 

refer to untreated, unactivated cells (negative control) or untreated, activated cells (positive control). The p values 

for statistical significance are depicted as: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001 and refer to the 

likeliness of an error in the correlation. 

The small panel of three FR compounds was then evaluated in their capability to suppress the response 

of different types of immune cells following incubation and activation. As depicted in Figure 2.6, the 

presence of FR252921 and FR5 has a pronounced effect on IFN- expression, while FR4 shows a distinct 

lack of activity. The picture is less clear for the suppression of TNF-, as FR252921 only exhibits non-

significant activity, however FR5 is again highly active in suppressing TNF- at 1 µM and 500 nM 

concentrations. IL-6, IFN- and TNF- are cytokines which are produced by immune cells upon activation 

and can therefore be used as an indicator of the immune response or its suppression. 
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Figure 2.6: Influence of FR252921, FR4 and FR5 on the expression of IFN- and TNF- in NK cells at the indicated 

concentrations. Negative control (left) and positive control (second from left) refer to untreated, unactivated cells 

(negative control) or untreated, activated cells (positive control). The p values for statistical significance are depicted 

as: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001 and refer to the likeliness of an error in the correlation. 

Next, a similar behaviour of the tested FR compounds in their immunosuppressive activity could be 

established across T cells and antigen-presenting cells (APCs). It was shown that both FR252921 and FR5 

possess potent immunosuppressive activity at 1 µM and 500 nM concentrations (Figure 2.7), with FR5 

showing some activity against IL-6 production in APCs at 10 nM. Additional cytokines in different cell types 

were evaluated as well, but are omitted for sake of brevity. 
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Figure 2.7: Effects of FR252921 (green), FR4 (red) and FR5 (blue) on the expression of TNF- and IFN- in T cells and of 

TNF- and IL-6 in APCs at 1µM (solid), 500 nM (checkered) and 10 nM (dotted). Negative control (left) and positive 

control (second from left) refer to untreated, unactivated cells (negative control) or untreated, activated cells 

(positive control). The p values for statistical significance are depicted as: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; 

**** = p < 0.0001 and refer to the likeliness of an error in the correlation. 
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2.3.3.2.2. Evaluation of diverse FR252921 Analogues against PBMCs and 

Determination of IC50 values for the most active Compounds 

After developing experimental conditions to evaluate the immunosuppressive properties of the 

FR compounds against human PBMCs, a large panel of analogues was prepared and the 

immunosuppressive properties as well as cytotoxicity of all analogues were evaluated in order to derive 

additional information with regards to their structure-activity relationship. The full panel of FR analogues 

is depicted in Figure 2.8 and consists of sixteen unique compounds. 

 

Figure 2.8: Panel of FR compounds to be tested against human PBMCs in a dose-response experiment. 

All analogues were tested in a range of six concentrations (10 nM, 50 nM, 100 nM, 500 nM, 1 µM, 10 µM) in 

triplicate against positive and negative controls in order to generate dose-response curves amenable to 

determination of IC50 values. Thirteen different antibodies were used to label various cellular features and 

every compound was tested in triplicate at every concentration. Overall, deducting markers needed for 

cell type definition, this led to 36 data points per compound for each concentration or 216 data points per 

compound across six concentrations or 3456 data point excluding positive and negative controls overall. 

Due to the large amount of data generated, most activity data was preliminarily analysed at a 

concentration of 100 nM. Importantly, the natural product FR252921 produced strong 



152 

immunosuppressive effects against a range of cytokines and cell types at 100 nM while being non-

cytotoxic. A first evaluation of cytotoxicity at 100 nM concentration is depicted in Figure 2.9. 
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Figure 2.9: Cell viability evaluation of the panel of FR compounds at 100 nM concentration. Positive control (green) 

and negative control (red) refer to untreated, activated cells (positive control) or untreated, unactivated cells 

(negative control). The dashed blue line corresponds to the viability of cells in the presence of FR252921 at 100 nM. 

The p values for statistical significance are depicted as: * = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001 and 

refer to the likeliness of an error in the correlation, with ns = not significant (p ≥ 0.05). 

The data presented in Figure 2.9 clearly showed that most of the novel FR analogues as well as FR252921, 

FR4 and FR5 are not cytotoxic at 100 nM concentration and these data suggest that the observed 

immunosuppressive effects across a range of assays are not due to antiproliferative activity of the FR 

compounds but that the observed effects arise from ligand-protein interactions within the cells. Two 

compounds appear to possess some cytotoxic properties at 100 nM concentration, namely F-FR and ent-

FR252921, albeit at a low level. The observation of cytotoxic effects of ent-FR252921 is counterintuitive at 

first, as one would expect both compounds to exhibit similar cytotoxic properties, if these properties were 

enabled through the generation of radical oxygen species or metabolic disturbances. However, the 

increased cytotoxicity of ent-FR252921 may be rationalised as it is, within the chiral environment of 

proteins within a cell, a compound entirely different from FR252921 and may therefore engage with other 
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proteins. This is supported by the finding that ent-FR252921 possesses little to no immunosuppressive 

activity, as would be expected if the interaction of two chiral partners, ligand and protein, is required for 

immunosuppression. 

Next, the immunosuppressive activity of the FR compounds was evaluated against a range of cells and 

cytokines and strong dose-response dependency was found for TNF- (T cells and NK cells), IFN- (T cells 

and NK cells) and IL-6 (B cells), which showed consistent results for each analogue, meaning that e.g. FR5 

behaved as an immunosuppressant at 100 nM across all five cytokine/cell combinations rather than 

exhibiting strong effects in one but not the other. Figure 2.10 depicts the observed effects of the FR 

compound panel at 100 nM against the expression of TNF- in T cells, IFN- in NK cells and IL-6 in B cells, 

which were selected to represent the more extensive results. 
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Figure 2.10: Immunosuppressive effects of the FR compounds against TNF- in T cells, IFN- in NK cells and IL-6 in B 

cells at 100 nM concentration. Positive control (green) and negative control (red) refer to untreated, activated cells 

(positive control) or untreated, unactivated cells (negative control). The dashed blue line corresponds to the 

immunosuppressive potency of FR252921 at 100 nM. The p values for statistical significance are depicted as: 

* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001 and refer to the likeliness of an error in the correlation, with 

ns = not significant (p ≥ 0.05). 

At 100 nM, three compounds were identified to possess immunosuppressive biological activity across all 

cell types, which are FR252921, FR5 and F-FR, with the latter two surpassing the activity of FR252921. 

Other analogues, such as ent-FR252921, CF3-FR, sc-FR and Cy-FR exhibit limited activity in certain 

settings, but their activities are not consistent across different cell types. This may serve as a benefit in 

future settings, as it would allow for the targeted suppression of certain cell types, however, the 

compounds consistently were less active compared to FR252921 and were therefore not considered in 

subsequent experiments. 

Conclusions for SAR consideration could be drawn from these experiments, underlining previous findings 

in that modification of the side-chain of FR252921 is tolerated, leading to compounds of comparable 
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activity (CF3-FR, sc-FR and Cy-FR) or higher activity (FR5 and F-FR). Modifications on the core of 

FR252921 are not tolerated, as only ent-FR252921 showed limited activity, with the remaining analogues 

(bioiso-FR252921, saturated-FR252921, anti-Michael-FR252921, OMe-FR252921, OTBS-FR252921, EZE-

FR252921 and open-FR252921) displayed no immunosuppressive activity at 100 nM. 

These results point towards a well-optimised macrocycle shape being required for binding to the target 

of FR252921, while the side-chain appears to benefit from electron-withdrawing substituents. 

The four most active compounds (FR252921, FR5, F-FR and ent-FR252921) were further evaluated with 

the data generated from the assay against PBMCs. Their immunosuppressive potency at different 

concentrations was graphed, aiming at estimation of an IC50 value could be attempted and the results are 

depicted in Figure 2.11. 
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Figure 2.11: Dose-response curves for FR252921 (blue), FR5 (pink), F-FR (yellow) and ent-FR252921 at six 

concentrations from 10 nM to 10 µM. The red area corresponds to the negative control (unactivated, untreated cells), 

while the green area corresponds to the positive control (activated, untreated cells). Each data point is depicted with 

the corresponding error bar. 

Considering ent-FR252921, its dose-response dependant immunosuppressive activity appears to be 

unstable, fluctuating up and down with no correlation to concentration, and is mostly within the reach of 

the positive control. Therefore, it can be concluded that ent-FR252921 is not active as a non-cytotoxic, 

immunosuppressive analogue of FR252921. For all three remaining compounds, FR252921, FR5 and 

F-FR, the dose-response curves adhere to the gradient of concentrations and the error appears to be 
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mostly small. FR252921 and FR5 exhibit a drop in activity at lower concentrations, with FR252921 

decreasing in activity below 100 nM, whereas FR5 trails off below 50 nM concentration. Surprisingly, F-

FR appears to retain its activity at the lowest concentration tested (10 nM) across all four combinations 

of cell types and cytokines and, due to the retained activity at 10 nM, no IC50 could be determined for this 

analogue in the assay presented. FR252921 and FR5 however were taken forward and preliminary IC50 

values could be determined, ultimately giving IC50 = 68 nM / 65 nM for FR252921 (IFN- in NK cells / IL-6 in 

B cells) and IC50 = 29 nM / 22 nM for FR5 (IFN- in NK cells / IL-6 in B cells). The IC50 values were deemed 

preliminary, as the inclusion of more concentrations would allow more accurate determination. 

Next, FR252921, FR5 and F-FR were evaluated at ten concentrations (0.5 nM, 1 nM, 5 nM, 10 nM, 25 nM, 

50 nM, 100 nM, 250 nM, 500 nM, 1 µM) in triplicate against the established cell types and cytokines (vide 

supra). In between experimental runs, the cell activation cocktail had to be replaced, and the newly 

acquired CAC was found to perform as expected in a preliminary assay. However, when conducting the 

experiment to more accurately determine the IC50 values of the three most active FR molecules, it was 

found that the activation of T cells and NK cells was not sufficient to lead to observable effects, yet it was 

possible to determine the IC50 values for FR252921, FR5 and F-FR in B cells against expression of IL-6 and 

are as follows (Figure 2.12): IC50 (FR252921) = 306 nM (95% range: 154 to 621 nM), IC50 (FR5) = 15.4 nM 

(95% range: 8.1 to 29.3 nM), IC50 (F-FR) = 6.5 nM (95% range: 3.4 to 12.2 nM). 

 

Figure 2.12: Dose-response curves for FR252921 (2.013), FR5 (2.100) and F-FR (2.111). Experimentally determined 

measurements are depicted as hallow circles and the data is fitted with sigmoidal functions to determine the IC50 

values, which are depicted below the corresponding molecules. 
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2.3.3.2.3. Validation Experiments and Synergistic Effects with Rapamycin 

and Cyclosporin A 

The previously presented data was produced from the PBMCs of a sole healthy donor. While the 

observed effects were pronounced and consistent across different experiments, expanding these 

experiments to additional healthy donors is required in order to strengthen the relevance of the findings. 

To this end, three healthy donors were recruited, bringing the number of total donors to four (gender 

distribution: two male & two female, age distribution: male (29, 43), female (30, 27)) and the effects of 

FR252921, FR5 and F-FR on PBMCs isolated from these individuals were evaluated at 100 nM and 10 nM 

across the previously established cell types and cytokines (T cells (TNF-, IFN-), NK cells (TNF-, IFN-), 

B cells (IL-6)). In order to further investigate the initially published finding on FR252921 exhibiting 

synergistic effects with the calcineurin inhibitor tacrolimus (2.009), the immunosuppressants cyclosporin 

A (2.006, calcineurin inhibitor) and rapamycin (2.007, mTOR inhibitor) were evaluated independently 

from the FR molecules. Selected results are depicted in Figure 2.13. 

 

Figure 2.13: Three healthy donor evaluation of FR252921 (FR-NP), FR5, F-FR, rapamycin (rapa) and cyclosporin A 

(CSA) at 100 nM (solid sphere) and 10 nM (hallow sphere). FR4 was used as positive control in this assay and activities 

of the other compounds are depicted relative to FR4. The p values for statistical significance are depicted as: 

* = p < 0.05; ** = p < 0.01; *** = p < 0.001; **** = p < 0.0001 and refer to the likeliness of an error in the correlation, with 

ns = not significant (p ≥ 0.05). 

In summary, it could be confirmed across three additional individuals that FR5 and F-FR possess 

immunosuppressive biological activity surpassing FR252921 and that all FR compounds surpass the 

immunosuppressive potency of rapamycin and cyclosporin A in certain cell types (NK cells, B cells). 
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Lastly, the synergistic experiments were conducted at 100 nM concentration for FR252921, rapamycin 

and cyclosporin A across three healthy donors. These experiments were aimed to understand the 

interactions between different immunosuppressive natural products, as both rapamycin and 

cyclosporin A are known to be mostly active against T cells through two distinct mechanisms. Given the 

high activity of either of these two commercially used immunosuppressants, the presence of an 

additional molecule aiming to bind to the same targets should not impact the observed 

immunosuppressive effects, as rapamycin and cyclosporin A possess high affinities for their respective 

targets. The results of the combination experiments are depicted in Figure 2.14. 

 

Figure 2.14: Synergy experiments between FR252921 (FR-NP), rapamycin (rapa) and cyclosporin A (CSA) at 100 nM 

concentration across three healthy donors. The p values for statistical significance are depicted as: * = p < 0.05; 

** = p < 0.01; *** = p < 0.001; **** = p < 0.0001 and refer to the likeliness of an error in the correlation, with ns = not 

significant (p ≥ 0.05). 

Significant synergies could be observed in NK cells and B cells, while the combination of 

immunosuppressants in T cells did not lead to a significant increase in the immunosuppressive potency 

of the compounds. These results reinforce the observation that FR252921 appears to have broad activity 

across different cell types in suppressing the immune response, while eliciting its effects through a mode 
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of action that is distinct to the ones utilised by rapamycin (mTOR pathway) and cyclosporin A (calcineurin 

pathway). 

 

In summary, the results presented in this chapter reveal the potential for the FR compounds to be further 

evaluated as potent immunosuppressants. It could be shown that analogues which could be readily 

generated from a building block-based discovery platform surpass the natural product in 

immunosuppressive potency while avoiding excess cytotoxicity. The evaluation of FR compounds was 

translated to human material for the first time and the FR compounds were highly active within healthy 

donor PBMCs. These results warrant further research into the biochemistry of FR compounds and should 

inspire the elucidation of the mode of action. 
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2.3.4. Cyclisation model systems to form all-(E)-triene macrolactones 

Across the realm of natural products, many natural products feature one or more double bonds 

and these structural features can bear a significant synthetic challenge, especially if they are located with 

a strained macrocyclic scaffold (chapter 2.1.5.).[297,298] Finding a way to generalise the domino Suzuki-

Miyaura/4-electrocyclic ring opening macrocyclisation as developed by Maulide et al. towards different 

ring sizes, exploring its limitations and understanding the underlying mechanism promise were the 

objectives of the following subchapters. 

2.3.4.1. Aliphatic cyclisation models 

The synthesis of simplified macrocyclisation models started from commercially available 

terminal alkynes (2.195) which were deprotonated using nBuLi at −78°C to form the corresponding 

acetylide (Scheme 2.48). Following deprotonation, paraformaldehyde (PFA) was added to form the 

propargylic alcohols (2.196) in typically quantitative yields. The internal triple bond of the propargylic 

alcohols was isomerised to the -terminal position through the so-called alkyne zipper reaction. In this 

transformation, the sp3-carbon atoms adjacent to the triple bond are deprotonated to form a propargyl 

anion, which is then reprotonated to either reform the triple bond at the starting position or on the other 

end of the allene, thereby moving the triple bond along one carbon on the chain. This process is 

terminated by the isomerisation of the triple bond to the terminal position, as deprotonation then leads 

to an acetylide which is not reprotonated under the reaction conditions, removing it from the 

equilibrium.[299,300] It is noteworthy that the reverse process, isomerisation of a terminal alkyne to an 

internal position, is also possible.[301] Following successful isomerisation to yield terminal alkynes (2.197), 

these compounds were subjected to (E)-selective hydroboration using Schwartz’s reagent ((Cp)2ZrHCl) to 

yield vinyl-Bpin-containing alcohols (2.198),[302] which were subsequently esterified with (±)-cis-

chlorocyclobutene acid (2.057) to furnish the corresponding esters (2.199). This synthetic sequence was 
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applied to linear terminal alkynes of varying lengths, starting with nonye (2.195 for n = 5) and ending with 

pentadecyne, ultimately delivering macrocyclisation precursors probing ring sizes ranging from 15- to 22-

membered macrocyclic triene lactones. 

 

Scheme 2.48: Synthesis of all-(E)-macrolactone cyclisation model substrates through a four step sequence involving 

addiditon of PFA to an acetylide, alkyne zipper reaction, hydroboration and esterification with (±)-cis-

chlorocyclobutene acid (2.057). 

The linear macrocyclisation precursors (2.199) were then subjected to the optimised macrocyclisation 

conditions as established for the synthesis of FR252921 and its analogues (vide infra) using 5 mol% 

Pd(PPh3)4 and 5.00 eq. of Cs2CO3 in a THF/water mixture at 20°C in the dark (Scheme 2.49).[151,239,296,302,303] 

Upon treatment with a Pd-catalyst, the models were expected to undergo the desired Suzuki-Miyaura 

reaction through an oxidative addition – transmetallation – reductive elimination sequence to yield the 

trans-vinylcyclobutene ester intermediate (2.200). This would then trigger strain-induced 

torquoselective conrotatory electrocyclic 4-ring opening to yield the desired all-(E)-triene 

macrolactones (2.201) of sizes ranging from 15- to 22-membered. 

 

Scheme 2.49: Domino Suzuki-Miyaura/4-electrocyclic ring opening model macrocyclisation of linear cis-

cyclobutene esters (2.199) to deliver all-(E)-triene macrolactones (2.201) of different sizes. 

As per the introduction to this chapter (chapter 2.1.), the ring-opening of cyclobutene esters should follow 

a torquoselective process to yield the aforementioned all-(E) trienes as the sole products. Surprisingly, 
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the results of the macrocyclisation study provided an unexpected outcome with several products being 

formed as a result of the macrocyclisation event (Scheme 2.50). 

 

Scheme 2.50: Summary of the NMR yields of the macrocyclisation model study. NMR yields (white) are determined as 

an average of three experiments. The major product is depicted in bold and selected representative product 

structures are shown on the right. NMR yields were determined using CHBr3 as an internal standard. 

Contrary to the anticipated outcome of the yield increasing with ring size as the ring strain of the triene 

macrolactones diminishes and of consistently obtaining the all-(E)-triene product, it was found that the 

reaction produces significant amounts of unexpected (E,Z,E)-trienemacrolactones, such as (EZE)-2.202. 

Notably, the smallest macrocycle studied herein (15-membered triene) gave the 15-membered 

macrocycle in 72% overall yield with minimal dimerisation product observed (9%). However, the major 

product of the macrocyclisation could be shown to be the undesired (E,Z,E)-macrolactone in 40% NMR 

yield, while the desired all-(E)-macrolactone was produced in 32% NMR yield as the minor product. A 

similar result was observed for the 16-membered macrocycle model, in which both all-(E)-product and 

(E,Z,E)-product were produced in similar amounts (35% and 30% NMR yield) favouring the desired isomer 

in this case. Overall yield and production of dimer were comparable to the 15-membered model 

substrate. Moving to yet larger ring sizes, the 17-membered precursor showed high propensity to undergo 

the desired macrocyclisation (overall quantitative NMR yield) with no dimerisation; however, the reaction 

displayed a surprising 1:3 selectivity between the expected all-(E)-triene product and the (E,Z,E)-product 

at room temperature, delivering the products in 25% and 75% NMR yield respectively. This selectivity 

trend towards the undesired (E,Z,E)-triene macrolactone sharply inverts at the 18-membered model 

substrate. For this ring size and all following larger macrocycles, the (E,Z,E)-triene becomes the minor 
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product, with the all-(E)-triene being the major product. In the case of the 18-membered model substrate, 

the overall cyclisation efficiency was good with 54% combined NMR yield (50% NMR yield all-(E) + 4% NMR 

yield (E,Z,E)) albeit with 29% of dimer forming as a byproduct. The ease of formation of the 18-membered 

all-(E)-triene macrolactone stands in stark contrast with the unsuccessful outcome of progress towards a 

strained FR252921 analogue, possessing a 18-membered macrocycle, as will be discussed later in this 

thesis. Moving into the realm of the ring size found in FR252921, the 19-membered macrolactone was 

formed with high selectivity with only trace amounts of the undesired (E,Z,E)-product. While dimer 

formation could not be suppressed, it was only formed in 11% NMR yield. For the next two ring sizes, 20- 

and 21-membered macrolactones, the results are quite close. In both cases, the all-(E)-triene 

macrolactone was formed as the major product (55% and 58% NMR yield), while the (E,Z,E)-triene was 

observed in 16% and 4% yield, respectively. These results point towards the alleviation of ring strain from 

the system, as the large macrocycle allows the triene to be unstrained, whereas for smaller ring sizes the 

triene is likely distorted out-of-plane. For the largest ring size tested herein, the 22-membered 

macrocyclisation model, it was found that the all-(E) product is formed in an amount similar to the dimer, 

indicating macrocyclisation rates which are in a similar order of magnitude to the diffusion of the reactive 

intermediates in solution. 

Taken together, these results provide a decent rationalisation in the avoidance of ring strain as to why 

polyene-macrocyclic natural products are typically found with ring sizes of 18 atoms or more, such as is 

the case for rapamycin (2.007), amphotericin B, stubomycin or FR252921 (2.013).[151,239,297,303,304] 

It remained unclear how the observed (E,Z,E)-trienes were formed, as the presumed torquoselective ring 

opening would exclusively lead to the all-(E)-triene macrolactones, such as (EEE)-2.202. To investigate 

different aspects of the macrocycle formation, a range of mechanistic experiments were conducted 

(Scheme 2.51 A-D). 
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Scheme 2.51: Validation experiments to probe different possibilities for the formation of the (E,Z,E) byproduct. 

First, it was investigated whether the (±)-trans-chlorocyclobutene ester 2.204 could also undergo the 

macrocyclisation to deliver the corresponding (Z,E,E)-triene macrolactone (ZEE)-2.202 (Scheme 2.51A). 

However, (ZEE)-2.202 was not obtained. Nevertheless, the starting material was slowly consumed but no 

clear product formation of any expected species could be observed. This could be rationalised as the 

oxidative addition step is happening from the backside of the allyl chloride moiety, leading to inversion 

of the configuration of the carbon atom. If the starting allyl chloride is trans to the carbonyl, an oxidative 

addition would lead to a syn-Pd species in relation to the carbonyl. Potential coordination of the Pd(II)-

species by the carbonyl is assumed to stabilise this complex and hamper further reaction towards the 

macrolactone product.[305] 
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In two further experiments, the necessity of the cyclobutene moiety was investigated. To this end, cis- 

and trans-chlorocyclobutene ester were thermally opened to the corresponding (Z,E)-diene ((ZEE)-2.205) 

(Scheme 2.51B) and (E,E)-diene ((EEE)-2.205) (Scheme 2.51C). Both dienylchloride species were capable 

of undergoing macrocyclisation, albeit in lower yields and with remaining unreacted starting material. 

This reaction provided genuine samples of the corresponding (Z,E,E)- and (E,E,E)-triene macrolactones 

((ZEE)-2.202 and (EEE)-2.202) and could also show, that such a coupling is slower than the standard 

cyclobutene-involving reaction sequence. This is potentially due to the presence of a cyclobutene-tether, 

which allows the initial Suzuki-Miyaura process to take place without considerations towards ring strain, 

before releasing the fully strained all-(E) system in the following 4-electrocyclic ring opening. For (E,E)-

starting material ((EEE)-2.205), significant amounts of dimer were formed (27%) alongside 32% of 

recovered starting material, pointing again towards avoidance of macrocyclisation in favour of 

dimerisation, as a path to circumvent ring strain. 

Additional control experiments were conducted in order to further elucidate the processes at play in the 

formation of the (E,Z,E)-products. To this end, the 17-membered macrocyclisation precursor 2.206 was 

subjected to the macrocyclisation conditions at −10°C to study the influence of the temperature on the 

formation of different isomers. While at 20°C the 17-membered macrocycle (2.207) was produced in a 3:1 

ratio favouring the undesired (E,Z,E)-isomer over the all-(E)-isomer, this was inverted when performing 

the macrocyclisation at −10°C, leading to a 2:1 ratio between all-(E)-triene ((EEE)-2.207) and the (E,Z,E)-

product (Scheme 2.51D). This result strongly suggests that the kinetic product is the all-(E)-triene, while 

the (E,Z,E)-product appears to be the thermodynamic product of the macrocyclisation reaction. It 

remains unclear how the (E,Z,E)-products are formed. 

Finally, the potential for an isomerisation of the all-(E)-trienes after their formation through interaction 

with the catalyst was investigated. To achieve this, isolated, pure all-(E)-trienes of the 16- and 17-

membered macrocycle were subjected to i) exact macrocyclisation conditions (16-membered all-(E)-

triene macrolactone) or ii) conditions featuring a stoichiometric amount of a Pd(II) species (17-membered 

all-(E)-triene macrolactone) as depicted in Scheme 2.51E. In neither of the tested conditions could any 

trace of isomerisation be observed, pointing towards the potential formation of the (E,Z,E)-products prior 

to reductive elimination or disengagement of the catalytically active palladium species. These results 
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were taken into consideration for the calculation of a potential reaction mechanism as presented in 

chapter 2.3.4.3. 

2.3.4.2. Lactam-containing cyclisation models 

Since the aliphatic cyclisation models indicated a crucial role for the ring strain in the selectivity 

towards the desired all-(E)-triene, it was assumed that the presence of lactam moieties within the natural 

product FR252921 may play a role in stabilising the desired product through e.g., intramolecular 

hydrogen bonding or the sp2 character of the amide bond. To investigate this, several amide-containing 

macrocyclisation models were envisioned as derived from FR252921 (Scheme 2.52). 

 

Scheme 2.52: Overview of the four envisioned lactam models to probe the selectivity of the macrocyclisation. 

The lactam models consist of four 19-membered macrocyclic lactams, featuring a northern lactam model 

2.210, which replaces the lactone with a lactam, the western (2.211) and eastern (2.212) lactams, which 

each contain one of the two lactams found in FR252921 and finally a bislactam-lactone (2.213), 

reminiscent of FR252921 if most functionality was removed. The synthetic route design for each lactam 

borrowed from the experience acquired during the total synthesis of FR252921. 

The synthesis of the northern lactam (2.210) started with the vinyl-Bpin-containing primary alcohol 

(2.214), which has previously been used to study the effect of ring size in the previous chapter as 

presented in Scheme 2.53A. The primary alcohol was converted to an azide (2.215) through the action of 

diphenylphosphoryl azide (DPPA) and DBU. Following successful incorporation of the azide, the primary 

amine was synthesised by its reduction, yielding 2.216 in quantitative yield. Amine 2.216 was subjected 

to the standard conditions for esterification (chapter 2.5.2.17) to form cis-chlorocyclobutene amide 

2.217, the required precursor for the macrocyclisation. 
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Western lactam precursor 2.223 was synthesised in a similar fashion to the northern lactam precursor. 

Vinyl-Bpin-containing primary alcohol 2.218 was converted to the corresponding azide (2.219) and 

subsequently reduced to the primary amine (2.220) as before (Scheme 2.53B). The amine was then 

reacted with -propiolactone (2.221) to form the western amide bond delivering 2.222, which also 

contained the crucial primary alcohol required for the following esterification step. Alcohol 2.222 was 

then coupled with cis-chlorocyclobutene acid (2.057) to form the macrocyclisation precursor 2.223.  

The synthesis of the eastern lactam model (2.226) started from commercially available acid 2.224. The 

acid was subjected to amide bond formation with the FR252921 precursor 2.091, conveniently produced 

in gram-scale for the synthesis of FR252921 (Scheme 2.53C). Amide 2.225 contained a primary alcohol at 

the distal end of the aliphatic chain, which was esterified using the established protocol to yield cis-

chlorocyclobutene ester 2.226. 

Lastly, synthesis of the bislactam lactone progenitor 2.229 started from intermediate 2.227, which is 

required for the synthesis of FR4. Amine 2.227 was reacted with -propiolactone 2.221, followed by 

esterification of the newly released primary alcohol 2.228 with cis-chlorocyclobutene acid to form the 

macrocyclisation precursor 2.229 (Scheme 2.53D). 
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Scheme 2.53: Synthesis of four different lactam containing model substrates. 

With all required all-(E)-triene macrolactam precursors in hand, the key cyclisation step was investigated. 

All four precursors were subjected to the standard macrocyclisation conditions to yield the 

corresponding 19-membered macrolactams and the results are summarised in Scheme 2.54. 
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Scheme 2.54: Summary of the lactam macrocyclisation study. All tested precursors delivered the desired all-(E)-triene 

macrocycle as the sole product in mediocre to good NMR yield. NMR yield is averaged across three runs using CHBr3 

as an internal standard. NMR yields are given in bold. 

Interestingly, these model substrates delivered the expected 19-membered (E,E,E)-triene macrocycles as 

single isomers in a range of yield from 25% for the bislactam lactone (2.213, incomplete conversion within 

24 h) to 77% for the eastern lactam (2.212), with the northern lactam (2.210) and western lactam (2.211) 

being in between. This points towards the importance of the presence of lactams within the macrocycle 

to stabilise the product of the reaction, however the mechanism through which the byproducts are 

formed remains unclear. The observed low yield for the bislactam lactone model is difficult to rationalise 

alongside its slower reaction, as this model is closest to FR252921 or FR4 in structure, both of which in 

turn undergo macrocyclisation much more smoothly. 

In order to further elucidate this mechanism, a cooperation with the group of Prof. Dr. Kendall N. Houk at 

UCLA was initiated and the investigation is still ongoing. 
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2.4. Conclusion & Outlook 

This chapter has dealt with three aspects of the FR molecules in order to expand the synthesis, 

biology and synthetic methodology derived from the FR molecules. 

First, several synthetic steps of the path towards natural product FR252921 were improved and the 

reoptimised protocol was taken forward to synthesise fourteen novel fully synthetic analogues and 

precursors, demonstrating the flexibility and efficiency of this building block-based approach. 

Second, the fully synthetic analogues were evaluated alongside the natural product and two previously 

synthesised analogues, FR4 and FR5, in order to evaluate their biological activity both in terms of 

cytotoxicity and immunosuppressive activity. In PBMCs, it was found that FR252921 and some of its 

analogues possess impressive immunosuppressive properties at low concentrations without observable 

cytotoxicity. Additionally, it could be shown that the trend in activity could be translated from EL4 T cells 

to PBMCs and the application of the FR molecules in PBMCs represents the first experiments conducted 

on human material of this natural product and its analogues. Within the analogue panel evaluated, two 

analogues surpassed the activity of FR252921, leading to compounds with IC50 values below 50 nM in the 

form of FR5 and F-FR. Interestingly, across the analogue panel, these two highly active compounds are 

some of the few which are not accessible to nature. However, most of the analogues which could 

theoretically be synthesised within a living organism showed decreased activity compared to FR252921. 

Third, the observed formation of an isomer of the anticipated all-(E)-triene macrolactones in the form of 

(E,Z,E)-triene macrolactones was investigated. The cyclisation was applied across a range of model 

substrates to probe the influence of ring size as well as the influence of lactams present in the macrocycle, 

leading to stabilisation of certain confirmations. In addition, this process is being evaluated 

computationally in collaboration with the group of Prof. Dr. Kendall N. Houk at UCLA in order to elucidate 

the intriguing isomerisation process at play, delivering compounds which are not expected to be formed 

through classical torquoselective considerations of electrocyclic ring opening. 
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The future of the FR project should be concerned with the elucidation of the biological mode of action of 

these fascinating compounds. Since the FR molecules seem to act against a protein which is neither 

calcineurin nor mTOR, finding its biological target could unravel pathways within the immune system, 

which have thus far not been discovered or at least explored for immunosuppression. The potential 

discovery of a novel pathway to immunosuppression may stimulate research outside of the FR molecules 

and would be a milestone in the field.  

One potential molecule capable of being ligated to a target molecule could be the diazirine-modified 

photo-FR25921 (2.230) (Scheme 2.55A). The diazirine moiety is readily cleaved by UV light irradiation to 

form a carbene via N2-extrusion and the highly reactive carbene can bind to different amino acid residues 

within the target protein. The resulting conjugates can in turn be detected by proteomics 

approaches.[306,307] 

Outside of the biological evaluation of FR analogues, the chemistry of cyclobutenes and cyclobutanes 

could be further explored in order to establish their properties as bioisosteres of m- or p-disubstituted 

benzene derivatives (2.231, Scheme 2.55B). The replacement of phenyl moieties by aliphatic isosteres 

has grown as an area of research over the past years, leading to the development of funtionalised 

cubanes,[308] and other complex aliphatic scaffolds.[309] To this end, modified cyclobutanes (2.232) could 

be synthesised from cyclobutenes (2.233) and the introduction of differentially protected carbonyl 

species would allow for a range of functionalised derivatives.[310] 

 

Scheme 2.55: A) proposed analogue photo-FR252921 (2.230) for photoaffinity labelling of potential target proteins. 

B) Proposed funtionalisation of cyclobutenes towards their application as isosteres for benzene derivatives. 
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2.5. Experimental Procedures and Data 

2.5.1. General Information 

Unless otherwise stated, all solvents were distilled from appropriate drying agents prior to use or used as 

received, if anhydrous. All reactions were carried out under an atmosphere of Argon in flame-dried glass 

vessels, unless otherwise stated. All reagents were used as received from commercial suppliers unless 

otherwise stated. For cyclobutene esterification reactions (Chapter 2.5.2.17.) pyridine was distilled prior 

to use from CaH2 under an atmosphere of Argon and was subsequently stored in the dark under an 

atmosphere of Argon. For aldol reactions (Chapter 2.5.2.5) DIPEA was distilled prior to use twice 

(distillation from ninhydrin followed by distillation from KOH) under an atmosphere of Argon and was 

subsequently stored in the dark under an atmosphere of Argon. TiCl4 (1 M in DCM) was used as received 

from the supplier after being transferred to a Schlenk flask for storage. Ghosez’s reagent (1-Chloro-N,N,2-

trimethyl-1-propenylamine) was distilled prior to use under an atmosphere of Argon and used without 

intermediate storage. Reaction progress was monitored by thin layer chromatography (TLC) performed 

on aluminium plates coated with silica gel F254 with 0.2 mm thickness. Chromatograms were visualised 

by fluorescence quenching with UV light at 254 nm or by staining using potassium permanganate, 

phosphomolybdic acid or ninhydrin. Flash column chromatography was performed using silica gel 60 

(230-400 mesh, Merck and co.) or prepacked columns (Chromabond silica) using a Biotage Selekt Flash 

Purification System. Neat infrared spectra were recorded using a Perkin-Elmer Spectrum 100 FT-IR 

spectrometer. Wavenumbers (νmax) are reported in cm−1. Mass spectra were obtained using a Finnigan MAT 

8200 or (70 eV) or an Agilent 5973 (70 eV) spectrometer, using electrospray ionisation (ESI). Optical 

rotation measurements were performed on a Perkin Elmer 341 polarimeter using a 100 mm path-length 

cell at  = 589 nm (c given in g/100 mL). All 1H-NMR, 13C-NMR and 19F-NMR spectra were recorded using 

Bruker AV-400, AV-600 or AV-700 spectrometers at 300K. Chemical shifts are given in parts per million 

(ppm, δ), referenced to the solvent peak of CDCl3, defined at δ = 7.26 ppm (1H-NMR) and δ = 77.16 ppm 
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(13C-NMR), MeOH-d4, defined at δ = 3.31 ppm (1H-NMR) and δ = 49.00 ppm (13C-NMR), and DMSO-d6, 

defined at δ = 2.50 ppm (1H-NMR) and δ = 39.52 ppm (13C-NMR). Coupling constants are quoted in Hz (J). 

1H, 13C and 19F NMR splitting patterns are designated as singlet (s), doublet (d), triplet (t), quartet (q) as 

they appeared in the spectrum. If the appearance of a signal differs from the expected splitting pattern, 

the observed pattern is designated as apparent (app). Splitting patterns that could not be interpreted or 

easily visualised are designated as multiplet (m) or broad (br). Room temperature refers to 20°C.  
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2.5.2. General Procedures 

2.5.2.1. Horner-Wadsworth-Emmons Olefination 

 

Phosphonate 2.S02 (1.10 eq.) was added to a suspension of NaH (60 wt% in paraffin) (1.20 eq.) in THF 

(0.2 M) at 0°C. The resulting mixture was stirred for one hour or until evolution of H2 ceased before a 

solution of aldehyde 2.S01 (1.00 eq.) in THF (0.2 M) was added dropwise at 0°C. After 2–10 hours at 0°C, 

the starting material had been consumed (as indicated by TLC analysis) and the reaction mixture was 

carefully quenched by the dropwise addition of water at 0°C. The quenched reaction mixture was further 

diluted with water and was subsequently extracted with EtOAc (3 x equal volume to THF). The combined 

organic layers were dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo 

to yield the crude product. The crude product was purified by flash column chromatography (SiO2, 

heptane/EtOAc) to yield the allylic esters 2.S03. 

2.5.2.2. Reduction of Allylic Esters to Allylic Alcohols 

 

To a solution of allylic ester 2.S03 (1.00 eq.) in DCM (0.1 M) at 0°C was carefully added DIBAL (1 M in solvent; 

DCM, toluene or Et2O) (2.20 eq.). Stirring was maintained at 0°C for 4 h or until the starting material had 

been consumed (as indicated by TLC analysis) before the reaction was quenched by either of two 

methods. 

Method A: The reaction was quenched by careful addition of 0.2 mL of water and stirring was continued 

for 30 min. Then, MgSO4 was added to dry the quenched reaction mixture and stirring was continued until 

an opaque gel formed (typically 15 to 30 min). The gel was filtered over a short pad of Celite® and the filter 

cake was washed with EtOAc. The filtrate was concentrated and the thusly afforded crude material was 
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purified by flash column chromatography (SiO2, heptane/EtOAc) to afford the allylic alcohol 2.S04. (Nota 

bene: This method works well on smaller scales, up to typically 2 mmol. The method is limited by the 

capabilities to efficiently filter and wash large amounts of the formed opaque gel to extract the desired 

product.) 

Method B: The reaction was quenched by careful addition of (2 x solvent volume) mL of a saturated 

aqueous solution of Rochelle’s salt (NaK tartrate) at 0°C and stirring was continued until two phases 

formed. The layers were separated and the aqueous layer was extracted with EtOAc (3 x equal volume to 

DCM). The combined organic layers were dried over Na2SO4, the solids were filtered off and the solvents 

were removed in vacuo to yield the crude product. The crude material was purified by flash column 

chromatography (SiO2, heptane/EtOAc) to yield the pure allylic alcohols 2.S04. (Nota bene: This method 

works well for large scale reactions, typically > 2 mmol. The amount of Rochelle’s salt solution necessary to 

quench the reaction and lead to separation should be considered when setting up the reaction and a 

suitable vessel should be selected) 

2.5.2.3. Oxidation of Allylic Alcohols to Allylic Aldehydes 

 

To a solution of allylic alcohol 2.S04 (1.00 eq.) in DCM (0.1 M) at 20°C was added MgSO4 (1 g/mmol) 

followed by addition of MnO2 (10.0 eq.). The reaction mixture was subsequently stirred at 20°C for 12-16 h 

or until the starting material had been consumed (as indicated by TLC analysis or 1H-NMR). Subsequently, 

the reaction mixture was filtered through a short pad of Celite® to remove the solids and the filtrate was 

concentrated to yield the crude product. The crude material was subsequently purified by flash column 

chromatography (SiO2, heptane/EtOAc) to yield the desired allylic aldehydes 2.S05. 
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2.5.2.4. Synthesis of the Evans-Crimmins Auxiliary  

 

To an aqueous solution of KOH (10.0 eq.) in water (5 M) at 20°C was added enantiopure alcohol 2.S06 

(1.00 eq.) followed by CS2 (5.00 eq.). The resulting reaction mixture was heated to 100°C and stirring at 

the indicated temperature was continued for 72 h. Afterwards, the reaction mixture was allowed to cool 

to room temperature and was extracted with DCM (4 x equal volume to H2O). The combined organic layers 

were dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo to yield the 

crude material. The crude product was purified by recrystallisation from Et2O to yield 

4-benylthiazolidine-4-thione (not shown). 

 

4-benylthiazolidine-4-thione (1.00 eq.) was dissolved in THF (0.3 M) and the resulting yellow solution was 

cooled to 0°C. NaH (60 wt% in paraffin) (1.10 eq.) was carefully added to the cold solution and the 

resulting mixture was stirred at 0°C for one hour or until H2 evolution ceased. Subsequently, AcCl (1.50 eq.) 

was added to the cold reaction mixture and the resulting solution was allowed to warm to room 

temperature. Stirring was continued for two hours or until the starting material had been consumed (as 

indicated by TLC analysis) and the reaction mixture was subsequently quenched by careful addition of a 

saturated aqueous solution of NH4Cl. The quenched reaction mixture was diluted with EtOAc and the 

layers were separated. The aqueous layer was extracted with EtOAc (3 x equal volume to THF) and the 

combined organic layers were washed with brine (1 x equal volume to THF). The organic layers were dried 

over Na2SO4, the solids were filtered off and the solvents were removed in vacuo to yield the crude 

auxiliary 2.124. Purification was achieved by recrystallisation from Et2O to yield 2.124 as yellow crystals. 
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2.5.2.5. Evans-Crimmins Aldol Reaction 

 

To a flame-dried Schlenk-tube under Argon containing activated molecular sieves 4Å (1 g/mmol) was 

added auxiliary 2.124 (1.00 eq.) and DCM (0.3 M). The resulting yellow solution was cooled to −78°C before 

TiCl4 (1 M in DCM) (1.10 eq.) was carefully added dropwise to yield a dark orange slurry and stirring was 

continued for 10 min after complete addition. To the activated reaction mixture DIPEA (1.10 eq.) was 

subsequently carefully added dropwise at −78°C resulting in a change of colour to deep red/dark brown 

of the reaction mixture. The resulting reaction mixture was stirred for 30 min at −78°C before a solution 

of aldehyde 2.S05 (1.03 eq.) was carefully added dropwise (Nota bene: the addition may occur more 

quickly if the solution of aldehyde is cooled to −78°C prior to addition and is added via transfer cannula. This 

is especially recommended on scales exceeding 2.00 mmol). After the aldehyde had been added, the 

reaction was stirred at −78°C for 4 to 7 h or until all starting material had been consumed (as indicated by 

TLC analysis). The reaction was quenched by careful addition of a sat. aq. solution of NH4Cl at −78°C (equal 

volume to reaction solvent) and stirring was continued for 5 min before the reaction was warmed to room 

temperature. The reaction mixture was filtered into a separatory funnel to remove the molecular sieves 

and the layers were separated. The aqueous layer was extracted with DCM (4 x reaction solvent volume) 

and the combined organic layers were washed with brine (1 x reaction solvent volume). The combined 

organic layers were dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo. 

The crude material was purified by flash column chromatography (SiO2, heptane/EtOAc) to yield the aldol 

product 2.086. 
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2.5.2.6. Curtius Rearrangement 

 

A flame-dried two-neck round bottom flask under Argon was fitted with a reflux condenser and a septum 

and to it were added carboxylic acid 2.S07 (1.00 eq.), MS 4Å (1 g/mmol) and tBuOH (0.3 M). The resulting 

mixture was stirred at room temperature for 30 min before DPPA (1.10 eq.) and Et3N (1.10 eq.) were 

added. Subsequently, the reaction mixture was heated to reflux and stirring was continued for 18 h. 

Afterwards, the reaction was allowed to cool to room temperature, the solids were filtered off and the 

filtrate was concentrated in vacuo to afford the crude material. The crude material was purified by flash 

column chromatography (SiO2, heptane/EtOAc) to afford primary N-Boc-protected amine 2.S08. 

 

2.5.2.7. Hydroboration of Alkynes 

 

To a flame-dried three-neck round bottom flask under Argon fitted with a reflux condenser and two septa 

was added alkyne 2.S09 (1.00 eq.) and DCM (0.6 M). To the resulting mixture was added HBpin (1.50 eq.) 

followed by Zr(Cp)2HCl (10 mol%, Schwartz’s reagent) and Et3N (10 mol%). The reaction mixture was 

heated to reflux (typically 60°C) and stirring was continued for 16 h or until the starting material had been 

consumed (as indicated by 1H-NMR analysis). Afterwards, the reaction mixture was cooled to room 

temperature and the solvents were removed in vacuo. The crude material was purified by flash column 

chromatography (SiO2, heptane/EtOAc) to yield vinyl-Bpin species 2.S10. 
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2.5.2.8. Removal of N-Boc Protecting Group 

 

To a solution of N-Boc protected amine 2.S08 (1.00 eq.) in DCM (0.5 M) was added TFA (5.00 eq.) and the 

reaction mixture was stirred at room temperature until the starting material had been consumed (as 

indicated by TLC analysis). Afterwards, the volatiles were removed in vacuo and the resulting ammonium 

trifluoroacetate 2.S11 was directly used without further purification. 

 

2.5.2.9. Synthesis of Azidoalcohols 

 

To a solution of chlorohydrine 2.092 (1.00 eq.) in DMF (0.4 M) was added NaN3 (3.00 eq.) and the resulting 

mixture was heated to 100°C. Stirring was continued at 100°C until the starting material had been 

consumed (as indicated by 1H-NMR analysis). Afterwards, the reaction mixture was cooled to room 

temperature and the solids were removed by filtration. The residue was washed with EtOAc and the 

filtrate was concentrated under reduced pressure. The afforded crude material was purified by flash 

column chromatography (SiO2, heptane/EtOAc) to yield azidoalcohol 2.S12. 

 

2.5.2.10. Fráter-Seebach Alkylation 

 

To a solution of azidoalcohol 2.S12 (1.00 eq.) in THF (1.8 M) at −60°C was slowly added dropwise LiHMDS 

(1 M in THF) (2.05 eq.) and the resulting mixture was stirred at −60°C for an additional 30 min after 
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complete addition of LiHMDS. Afterwards, the reaction mixture was warmed to −35°C and stirred at the 

indicated temperature for 30 min before being cooled to −60°C. After reaching −60°C, MeI (2.00 eq.) was 

added dropwise and the resulting reaction mixture was stirred at −60°C for 2 h. Subsequently, the 

reaction solution was warmed to −40°C and stirred for 2 h and then to −20°C and was stirred at −20°C for 

2 h. After the reaction time had elapsed, the reaction was quenched by addition of an aqueous solution 

of citric acid (15 wt%) at −20°C and the pH was adjusted to pH = 3-4. The quenched reaction mixture was 

warmed to room temperature and the layers were separated. The aqueous layer was extracted with 

EtOAc (3 x double reaction solvent volume) and the combined organic layers were dried over NasSO4. The 

solids were filtered off, the solvents were removed in vacuo and the crude material was purified by flash 

column chromatography (SiO2, heptane/EtOAc) to yield methylated azidoalcohol 2.093. 

 

2.5.2.11. TBS-Protection of Alcohols 

 

To a solution of unprotected alcohol 2.S13 in DCM (0.1 M) at 0°C was added TBSOTf (1.30 eq.) followed by 

addition of 2,6-lutidine (2.00 eq.). The resulting mixture was stirred at 0°C for 1 to 4 h or until the starting 

material had been consumed (as indicated by TLC analysis). The reaction was quenched by addition of a 

sat. aq. solution of NH4Cl (1 x reaction solvent volume) and the layers were separated. The aqueous layer 

was extracted with DCM (3 x reaction solvent volume) and the combined organic layers were washed with 

brine (1 x reaction solvent volume). The combined organic layers were dried over NaSO4, the solids were 

filtered off and the solvents were removed in vacuo to afford the crude material. The product was isolated 

through flash column chromatography (SiO2, heptane/EtOAc) to yield protected alcohol 2.S14. 
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2.5.2.12. Hydrolysis of Carboxylic Acid Ester with LiOH 

 

To a solution of ester 2.S15 (1.00 eq.) in THF/MeOH/H2O (2:2:1, 0.2 M) was added LiOH (4.00 eq., either 

LiOH or LiOH∙H2O) and the resulting reaction mixture was stirred at room temperature until the starting 

material had been consumed (typically 4 to 16 h, as indicated by TLC analysis). Afterwards, THF and MeOH 

were removed under reduced pressure and the remaining slurry was adjusted to pH = 2-3 by addition of 

1 M HCl. The slurry was diluted with EtOAc and H2O and the layers were separated. The aqueous layer (at 

pH = 2-3) was extracted with EtOAc (5 x reaction solvent volume) and the combined organic layers were 

washed with brine (1 x reaction solvent volume). The combined organic layers were dried over Na2SO4, 

the solids were filtered off and the solvents were removed in vacuo to afford the carboxylic acid 2.094 

which was used without further purification. 

 

2.5.2.13. Amide Coupling mediated by HATU 

 

To a solution of carboxylic acid 2.S16 (1.00 eq.) and ammonium salt 2.S11 (1.20 eq.) in DCM (0.1 M) at 0°C 

was added Et3N (10.0 eq.) followed by addition of HATU (1.20 eq.). The reaction mixture was allowed to 

warm to room temperature and was stirred for 12 to 24 h. Afterwards, the reaction was quenched by 

addition of 1 M HCl (11.0 eq) and the aqueous layer was extracted with DCM (3 x reaction solvent volume). 

The combined organic layers were washed with brine (1 x reaction solvent volume), dried over Na2SO4, 

the solids were filtered off and the solvents were removed in vacuo to afford the crude amide. The crude 

material was purified by flash column chromatography (SiO2, heptane/EtOAc) to afford amide 2.S17. 
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2.5.2.14. Reduction of Azide with Zn dust 

 

To a solution of azide 2.193 (1.00 eq.) in THF/MeOH/H2O (1:1:1, 0.1 M) was added activated Zn dust 

(4.00 eq.) followed by addition of NH4Cl (8.00 eq.). The resulting slurry was stirred at room temperature 

for 4 h or until the starting material had been consumed (as indicated by TLC analysis). Afterwards, the 

volatiles were removed under reduced pressure and the resulting slurry was basified by addition of a sat. 

aq. solution of NaHCO3 to pH = 9 and the resulting aqueous phase was extracted with DCM (5 x reaction 

solvent volume). The combined organic layers were washed with brine, dried over Na2SO4, the solids were 

filtered off and the solvents were removed in vacuo to yield primary amine 2.095 which was used without 

further purification. 

 

2.5.2.15. Amide Coupling mediated by DMAP 

 

Side-chain precursor 2.S18 (1.00 eq.) and primary amine 2.095 (1.30 eq.) were dissolved in DCM (0.1 M) 

and DMAP (50 mol%) was added at room temperature. The resulting mixture was stirred for 24 h or until 

the starting material had been consumed (as indicated by TLC analysis). The reaction was quenched by 

addition of water (1 x reaction solvent volume) and the layers were separated. The aqueous layer was 

extracted with DCM (5 x reaction solvent volume) and the combined organic layers were washed with 

brine (1 x reaction solvent volume), dried over Na2SO4, the solids were filtered off and the solvents were 
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removed under reduced pressure to yield the crude material. The product was isolated by flash column 

chromatography (SiO2, heptane/EtOAc to heptane/iPrOH) to yield amide 2.S19. 

 

2.5.2.16. Esterification with Cyclobutene Acid mediated by Ghosez’s Reagent 

 

To a solution of carboxylic acid 2.057 (3.00 eq.) in CHCl3 (0.3 M relative to the alcohol) at 20°C was added 

freshly distilled Ghosez’s reagent (3.10 eq.). The resulting mixture was stirred at 20°C for 40 min before a 

solution of alcohol 2.S20 (1.00 eq.) in CHCl3(0.3 M) was added followed by freshly distilled pyridine 

(3.50 eq.). The resulting reaction mixture was stirred for 7 h or until the starting material had been 

consumed (as indicated by TLC analysis). Afterwards, the reaction was quenched by addition of a sat. aq. 

solution of NaHCO3 and the layers were separated. The aqueous layer was extracted with DCM 

(2 x reaction solvent volume) and the combined organic layers were dried over Na2SO4. The solids were 

removed by filtration and the solvents were evaporated under reduced pressure (Nota bene: the bath 

temperature must not exceed 25°C to avoid opening of the cyclobutene) to yield the crude ester. The crude 

material was purified by flash column chromatography (SiO2, heptane/EtOAc, 10-15 mL cv per 0.1 mmol 

of alcohol, gradient: 30% EtOAc (3 cv) → 35% (2 cv) → 40% (4 cv) → 45% (2 cv) → 50% (4 cv)) to yield the 

pure cis-cyclobutene esters 2.S21. 
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2.5.2.17. Esterification with Cyclobutene Acid mediated by T3P 

 

To a solution of carboxylic acid 2.057 (3.00 eq.) in CHCl3 (0.3 M relative to the alcohol) at 20°C was added 

T3P (50 wt% in EtOAc) (3.00 eq.) and freshly distilled pyridine (3.50 eq.). The resulting mixture was stirred 

at 20°C for 40 min before a solution of alcohol 2.S20 (1.00 eq.) in CHCl3(0.3 M) was. The resulting reaction 

mixture was stirred for 7 h or until the starting material had been consumed (as indicated by TLC 

analysis). Afterwards, the reaction was quenched by addition of 1.00 mL of MeOH and stirring was 

continued for 15 min before water was added. The aqueous layer was extracted with DCM (3 x reaction 

solvent volume) and the combined organic layers were washed with a sat. aq. solution of NaHCO3 

(2 x reaction solvent volume) and brine (2 x reaction solvent volume) before being dried over Na2SO4. The 

solids were removed by filtration and the solvents were evaporated under reduced pressure (Nota bene: 

the bath temperature must not exceed 25°C to avoid opening of the cyclobutene). The crude material was 

purified by flash column chromatography (SiO2, heptane/EtOAc, 10-15 mL cv per 0.1 mmol of alcohol, 

gradient: 30% EtOAc (3 cv) → 35% (2 cv) → 40% (4 cv) → 45% (2 cv) → 50% (4 cv)) to yield pure cis-

cyclobutene esters 2.S21. 
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2.5.2.18. Domino Suzuki-Miyaura Macrocyclisation 

 

To a solution of linear macrocyclisation precursor 2.S22 (1.00 eq.) in THF/H2O (3:1, 0.002 M) at 20°C was 

added Cs2CO3 (5.00 eq.) and the resulting reaction mixture was degassed for 20 min. Afterwards, 

Pd(PPh3)4 (5 mol%) was added and the reaction vessel was covered with aluminium foil and the reaction 

mixture was stirred in the dark at room temperature for 24 h. After the reaction time had elapsed, the 

reaction was quenched by addition of a sat. aq. solution of NH4Cl and the layers were separated. The 

aqueous layer was extracted with DCM (5 x 25% of reaction solvent volume) and the combined organic 

layers were washed with brine (1 x 25% of reaction solvent volume). The combined organic layers were 

dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo to yield the crude 

macrocycle. The crude material was purified through flash column chromatography (SiO2, 

heptanes/EtOAc) to yield 2.S23. 

 

2.5.2.19. Deprotection of TBS-protected Alcohols 

 

To a solution of protected alcohol 2.S24 (1.00 eq., typically 5 – 15 mg) in THF (1.00 mL) at 0°C was added 

TBAF (1 M in THF) (1.20 eq.) and the resulting mixture was stirred at 0°C for 10 to 30 min or until the starting 

material had been consumed (as indicated by TLC analysis, 10% MeOH in CHCl3). The reaction was 

quenched by addition of one drop of a sat. aq. solution of NH4Cl and the solvents were removed. The 
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crude material was purified by flash column chromatography (SiO2, 5% MeOH in CHCl3) to yield the 

desired natural product analogues 2.S25. 

 

2.5.2.20. Synthesis of Propargylic Alcohols 

 

To a solution of terminal alkyne 2.S26 (1.00 eq.) in THF (0.7 M) at −78°C was added nBuLi (2.5 M in hexanes) 

(1.22 eq.) and the resulting reaction mixture was warmed to 0°C and stirred for 1 h. Afterwards, the 

reaction mixture was cooled to −78°C before paraformaldehyde (1.20 eq.) was added. Following addition, 

the reaction mixture was allowed to warm to room temperature and was stirred for 18 h. The reaction 

was quenched by addition of a sat. aq. solution of NH4Cl (60 mL/100 mmol) and the aqueous layer was 

extracted with Et2O (3 x reaction solvent volume). The combined organic layers were dried over Na2SO4, 

the solids were filtered off and the solvents were removed to yield the propargylic alcohol 2.S27 typically 

in pure form. If required, the product can be purified by flash column chromatography (SiO2, 

heptane/EtOAc or pentane/Et2O). 

 

2.5.2.21. Alkyne Zipper Reaction  

 

To a flame-dried two-neck round bottom flask capable of pressure release under Argon was added 1,3-

diaminoproane (0.3 M, 41.0 eq.) and the flask was cooled to 0°C. To the cold diaminopropane was carefully 

portion wise added NaH (60 wt% in paraffin) (5.00 eq.). After addition of NaH and after gas evolution had 

ceased, the reaction mixture was heated to 60°C for 3 h. Subsequently, the reaction mixture was cooled 
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to 45°C and propargylic alcohol 2.S28 (1.00 eq.) was added (Nota bene: for solid propargylic alcohols, 

2.S28 was dissolved in a small amount of heptane prior to addition). After full addition of the propargylic 

alcohol, the reaction mixture was heated to 60°C and stirring was continued for 12 to 48 h (Nota bene: 

longer chains need longer reaction times to fully isomerise to the terminal position). After the reaction time 

had elapsed, the reaction mixture was cooled to 0°C before being quenched by careful addition of conc. 

HCl and the pH was adjusted to pH = 1 – 2. The aqueous layer was then extracted with Et2O (3 x reaction 

solvent volume) and the combined organic layers were dried over Na2SO4, the solids were filtered off and 

the solvents were removed in vacuo to afford the crude material, which was subsequently purified by 

flash column chromatography (SiO2, heptane/EtOAc or pentane/Et2O) to afford terminal alkyne 2.S29. 

 

2.5.2.22. Hydroboration of Alkynes in the Presence of unprotected Alcohols 

 

To a solution of alkyne 2.S29 (1.00 eq.) in DCM (0.75 M) at room temperature was added HBpin (2.50 eq.) 

(gas evolution) followed by Zr(Cp)2HCl (10 mol%) and Et3N (10 mol%). The reaction was heated to 60°C, 

covered with aluminium foil and stirred for 16 h. After the starting material had been consumed (as 

indicated by 1H-NMR analysis), the reaction was cooled to room temperature and the volatiles were 

removed in vacuo. The thusly afforded crude material was purified by flash column chromatography 

(SiO2, heptane/EtOAc) to afford the hydroboration product 2.S30. 



 

187 

2.5.3. Synthesis of general FR Building Blocks 

2.5.3.1. (±)-cis-Chlorocyclobutene carboxylic acid (2.057) 

 

To a flame-dried 250 mL Schlenk-tube under Argon was added benzene (180 mL, 0.038 M) was added 2-

pyrone 2.029 (650 mg, 6.76 mmol, 1.00 eq). The resulting solution was degassed while being sonicated 

for 15 min by bubbling with Argon before being placed in a 300 nm Rayonet apparatus for 72 h. After the 

starting material had been consumed (as indicated by 1H-NMR analysis), the vessel was removed from the 

Rayonet and the solution of bicyclo[2.2.0]lactone was used in the next step without further purification. 

 

To a flame-dried two-neck flask under Argon containing activated 4Å molecular sieves (1 g/mmol) was 

added a solution of bicyclo[2.2.0]lactone (0.038 M in benzene) and the mixture was stirred at room 

temperature for 10 min before HCl (2.0 M in Et2O) (10.1 mL, 20.3 mmol, 3.00 eq.) was added. The resulting 

reaction mixture was stirred at 20°C for 2 h, after which HCl was removed under reduced pressure 

(aspirator pump). The solvents were removed under reduced pressure (Nota bene: the bath temperature 

must not exceed 25°C to avoid ring opening) to yield the crude carboxylic acid. The crude material was 

purified by flash column chromatography (SiO2, 77% heptanes/20% EtOAc/3% AcOH) to yield (±)-cis-

chlorocyclobutene carboxylic acid 2.057 (450 mg, 3.40 mmol, 50%) as a white powder. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (50% EtOAc in heptane) = 0.40 (tailing); heating prior to KMnO4 stain. 
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2.5.3.2. Ethyl (2E,4E)-2-methyldodeca-2,4-dienoate (2.S31) 

 

The side-chain building block ethyl (2E,4E)-2-methyldodeca-2,4-dienoate (2.S31) was synthesised 

according to the general procedure outlined in chapter 2.5.2.1. on 30.0 mmol scale to yield 2.S31 (6.66 g, 

27.9 mmol, 93%) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (20% EtOAc in heptane) ~ 0.80; KMnO4 stain. 

 

2.5.3.3. (2E,4E)-2-Methyldodeca-2,4-dien-1-ol (2.S32) 

 

The side-chain building block (2E,4E)-2-methyldodeca-2,4-dien-1-ol (2.S32) was synthesised according 

to the general procedure outlined in chapter 2.5.2.2. on 27.9 mmol scale to yield 2.S32 as a colourless oil, 

which was used without purification. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (20% EtOAc in heptane) = 0.40; KMnO4 stain. 
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2.5.3.4. (2E,4E)-2-Methyldodeca-2,4-dienal (2.S33) 

 

The side-chain building block (2E,4E)-2-methyldodeca-2,4-dienal (2.S33) was synthesised according to 

the general procedure outlined in chapter 2.5.2.3. on 27.9 mmol scale to yield 2.S33 (3.99 g, 20.5 mmol, 

74% over two steps) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[310] 

TLC:  Rf (20% EtOAc in heptane) ~ 0.80; KMnO4 stain. 

 

2.5.3.5. (S)-1-(4-Benzyl-2-thioxothiazolidin-3-yl)ethan-1-one (2.124) 

 

The chiral auxiliary (S)-1-(4-benzyl-2-thioxothiazolidin-3-yl)ethan-1-one (2.124) was synthesised 

according to the general procedure outlined in chapter 2.5.2.4. on 54.4 mmol scale to yield 2.124 (12.9 g, 

51.3 mmol, 94%) as yellow crystals. 

 

All spectroscopic data are in accordance with the reported literature.[311] 
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2.5.3.6. ((R,4E,6E)-1-((S)-4-Benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-4-

methyltetradeca-4,6-dien-1-one (2.096) 

 

The side-chain building block (R,4E,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-4-

methyltetradeca-4,6-dien-1-one (2.096) was synthesised according to the general procedure outlined in 

chapter 2.5.2.5. on 20.2 mmol scale to yield 2.096 (7.29 g, 16.4 mmol, 81%, single diastereomer) as a 

yellow oil (overall: 13:1 d.r, 7.83 g, 17.6 mmol, 87%.). 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  desired diastereomer: Rf (20% EtOAc in heptane) = 0.22; KMnO4 stain; 

 undesired diastereomer: Rf (20% EtOAc in heptane) = 0.33; KMnO4 stain. 

 

2.5.3.7. tert-Butyl but-3-yn-1-ylcarbamate (2.089) 

 

tert-Butyl but-3-yn-1-ylcarbamate (2.089) was synthesised according to the general procedure outlined 

in chapter 2.5.2.6. on 81.5 mmol scale to yield 2.089 (6.36 g, 37.6 mmol, 46%) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (20% EtOAc in heptane) = 0.44 (light tailing); KMnO4 stain. 
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2.5.3.8. tert-Butyl (E)-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-

yl)carbamate (2.090) 

 

tert-Butyl (E)-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)carbamate (2.090) was 

synthesised according to the general procedure outlined in chapter 2.5.2.7. on 37.6 mmol scale to yield 

2.090 (9.30 g, 29.0 mmol, 77%) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (20% EtOAc in heptane) = 0.40; KMnO4 stain. 

 

2.5.3.9. (E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-ammonium 

trifluoroacetate (2.091) 

 

(E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-ammonium trifluoroacetate (2.091) was 

synthesised according to the general procedure outlined in chapter 2.5.2.8. on 29.0 mmol scale to yield 

2.091 (9.06 g, 29.0 mmol, quantitative) as a colourless, viscous oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 
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2.5.3.10. Ethyl (R)-4-azido-3-hydroxybutanoate (2.S12) 

 

Ethyl (R)-4-azido-3-hydroxybutanoate (2.S12) was synthesised according to the general procedure 

outlined in chapter 2.5.2.9. on 180 mmol scale to yield azidoalcohol 2.S12 (19.4 g, 112 mmol, 62%) as a 

colourless, viscous oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (30% EtOAc in heptane) = 0.33; KMnO4 stain. 

 

2.5.3.11. Ethyl (2S,3R)-4-azido-3-hydroxy-2-methylbutanoate (2.093) 

 

Ethyl (2S,3R)-4-azido-3-hydroxy-2-methylbutanoate (2.093) was synthesised according to the general 

procedure outlined in chapter 2.5.2.10. on 53.4 mmol scale to yield 2.093 (5.65 g, 30.2 mmol, 57%) as a 

colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (30% EtOAc in heptane) = 0.44; KMnO4 stain. 
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2.5.3.12. Ethyl (2S,3R)-4-azido-3-((tert-butyldimethylsilyl)oxy)-2-methylbutanoate (2.S34) 

 

Ethyl (2S,3R)-4-azido-3-((tert-butyldimethylsilyl)oxy)-2-methylbutanoate (2.S34) was synthesised 

according to the general procedure outlined in chapter 2.5.2.11. on 47.8 mmol scale to yield 2.S34 (14.4 g, 

47.8 mmol, quantitative) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (20% EtOAc in heptane) = 0.80; KMnO4 stain. 

 

2.5.3.13. (2S,3R)-4-Azido-3-((tert-butyldimethylsilyl)oxy)-2-methylbutanoic acid (2.094) 

 

(2S,3R)-4-Azido-3-((tert-butyldimethylsilyl)oxy)-2-methylbutanoic acid (2.094) was synthesised 

according to the general procedure outlined in chapter 2.5.2.12. on 26.1 mmol scale to yield 2.094 (6.90 g, 

25.2 mmol, 97%) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (20% EtOAc in heptane) = 0.20; KMnO4 stain. 
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2.5.3.14. (2S,3R)-4-Azido-3-((tert-butyldimethylsilyl)oxy)-2-methyl-N-((E)-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)butanamide (2.193) 

 

(2S,3R)-4-Azido-3-((tert-butyldimethylsilyl)oxy)-2-methyl-N-((E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxa-

borolan-2-yl)but-3-en-1-yl)butanamide (2.193) was synthesised according to the general procedure 

outlined in chapter 2.5.2.13. on 16.4 mmol scale to yield 2.193 (5.79 g, 12.8 mmol, 78%) as a colourless 

oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (40% EtOAc in heptane) = 0.40; KMnO4 stain. 

 

2.5.3.15. (2S,3R)-4-amino-3-((tert-butyldimethylsilyl)oxy)-2-methyl-N-((E)-4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)butanamide (2.095) 

 

(2S,3R)-4-amino-3-((tert-butyldimethylsilyl)oxy)-2-methyl-N-((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)butanamide (2.095) was synthesised according to the general procedure 

outlined in chapter 2.5.2.14. on 9.95 mmol scale to yield 2.095 (3.40 g, 7.97 mmol, 80%) as a colourless, 

viscous oil. 
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All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (50% EtOAc in heptane) = 0.05; KMnO4 stain. 

 

2.5.3.16. (R,4E,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-3-

hydroxy-4-methyltetradeca-4,6-dienamide (2.097) 

 

(R,4E,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-3-hydroxy-4-methyltetradeca-4,6-dienamide (2.097) was 

synthesised according to the general procedure outlined in chapter 2.5.2.15. on 1.25 mmol scale to yield 

2.097 (360 mg, 0.543 mmol, 43%) as a colourless, viscous oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (20% iPrOH in heptane) = 0.70; PMA stain. 
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2.5.3.17. (R,4E,6E)-1-(((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)amino)-

4-methyl-1-oxotetradeca-4,6-dien-3-yl (1R,4R)-4-chlorocyclobut-2-ene-1-

carboxylate (2.098) 

 

(R,4E,6E)-1-(((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)amino)-4-methyl-1-oxotetradeca-4,6-dien-3-yl (1R,4R)-4-

chlorocyclobut-2-ene-1-carboxylate (2.098) was synthesised according to the general procedure 

outlined in chapter 2.5.2.17. on 280 µmol scale to yield 2.098 (53.1 mg, 68.3 µmol, 24%) as a colourless, 

viscous oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  trans1-2.098: Rf (50% EtOAc in heptane) = 0.43, heating prior to KMnO4 or PMA stain; 

 trans2-2.098: Rf (50% EtOAc in heptane) = 0.39, heating prior to KMnO4 or PMA stain; 

 cis1-2.098: Rf (50% EtOAc in heptane) = 0.29, heating prior to KMnO4 or PMA stain; 

 cis2-2.098: Rf (50% EtOAc in heptane) = 0.24, heating prior to KMnO4 or PMA stain; 

 alcohol 2.097: Rf (50% EtOAc in heptane) = 0.20, KMnO4 or PMA stain. 
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2.5.3.18. (2R,7R,8S,13E,15E,17E)-7-((tert-butyldimethylsilyl)oxy)-2-((2E,4E)-dodeca-2,4-

dien-2-yl)-8-methyl-1-oxa-5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione 

(2.182) 

 

(2R,7R,8S,13E,15E,17E)-7-((tert-butyldimethylsilyl)oxy)-2-((2E,4E)-dodeca-2,4-dien-2-yl)-8-methyl-1-oxa-

5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione (2.182) was synthesised according to the general 

procedure outlined in chapter 2.5.2.18. on 24.8 µmol scale to yield 2.182 (7.80 mg, 12.7 µmol, 51%) as a 

colourless, viscous oil. 

 

All spectroscopic data are in accordance with the reported literature.[253] 

TLC:  Rf (50% EtOAc in heptane) = 0.30, KMnO4 stain. 

2.5.3.19. (2R,7R,8S,13E,15E,17E)-2-((2E,4E)-dodeca-2,4-dien-2-yl)-7-hydroxy-8-methyl-1-

oxa-5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione, FR252921 (2.013) 

 

FR252921 (2.013) was synthesised according to the general procedure outlined in chapter 2.5.2.19. on 

12.7 µmol scale to yield 2.013 (4.90 mg, 9.79 µmol, 77%) as a white powder. 

 

All spectroscopic data are in accordance with the reported literature.[311] 

TLC:  Rf (10% MeOH in CHCl3) = 0.30, KMnO4 stain. 
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2.6. Synthesis of FR Analogues 

2.6.1. Synthesis of H-FR 

2.6.1.1. H-FR ((2R,7R,8S,13E,15E,17E)-7-hydroxy-8-methyl-2-((1E,3E)-undeca-1,3-dien-

1-yl)-1-oxa-5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione), H-FR 

(2.110) 

 

H-FR (2.110) was synthesised according to the general procedure outlined in chapter 2.5.2.19. on 

8.00 µmol scale to yield 2.110 (1.60 mg, 3.29 µmol, 41%) as a white powder. 

1H-NMR (700 MHz, CHCl3):  7.27-7.25 (m, 1H, H33), 6.49 (dd, J = 14.9, 10.8 Hz, 1H, H31), 6.31 (dd, J = 15.3, 

10.5 Hz, 1H, H19), 6.26 (d, J = 8.5 Hz, 1H, HNH), 6.18 (dd, J = 14.9, 11.3 Hz, 1H, H32), 6.07 (dd, J = 14.8, 11.6 Hz, 

1H, H30), 6.00 (dd, J = 15.1, 10.5 Hz, 1H, H9), 5.81-5.72 (m, 4H, H8+12+29+34), 5.68 (d, J = 7.2 Hz, 1H, HNH), 5.60 

(dd, J = 15.3, 6.5 Hz, 1H, H11), 4.10 (ddd. J = 17.4, 14.9, 5.1 Hz, 1H, H19), 3.80 (t, J = 10.0 Hz, 1H, H27), 3.35-3.28 

(m, 1H, H20), 3.04 (d, J = 13.8 Hz, 1H, H19), 2.65-2.60 (m, 1H, H27), 2.58 (dd, J = 13.8, 2.8 Hz, 2H), 2.48 (dd, 

J = 13.9, 11.3 Hz, 2H), 2.29-2.18 (m, 2H, H28), 2.07 (dd, J = 14.0, 6.8 Hz, 2H, H7), 1.39-1.35 (m, 2H, H6), 1.31-

1.24 (m, 8H, H2-5), 0.98 (d, J = 7.1 Hz, 3H, H24), 0.88 (t, J = 7.1 Hz, 3H, H1) ppm. 

13C-NMR (175 MHz, CHCl3):  176.0 (C23), 169.2 (C16), 165.6 (C35), 144.8, 140.9, 137.3, 136.1, 133.3 (C10), 132.9 

(C30), 129.1 (C9), 128.6 (C32), 127.4 (C11), 121.1, 72.3 (C12), 71.6 (C20), 44.1 (C27), 43.1 (C21), 43.0, 37.0 (C19), 34.6, 

32.8, 32.0 (C7), 29.3 (C2-5), 29.3 (C2-5), 29.3 (C2-5), 22.8 (C2-5), 14.2 (C1), 11.2 (C24) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C28H42N2O5Na+) required m/z 509.2991; found 

m/z 509.2985. 

FT-IR (neat) max: 3314, 2957, 2921, 2851, 1739, 1702, 1645, 1630, 1614, 1540, 1234, 1216, 1009, 774 cm−1. 

[a]D
20 = −67.1° (c = 0.07, CHCl3). 

TLC:  Rf (10% MeOH in CHCl3) = 0.30, KMnO4 stain. 
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2.6.2. Synthesis of F-FR 

2.6.2.1. Ethyl (2Z,4E)-2-fluorododeca-2,4-dienoate (2.S35) 

 

To a solution of triethyl 2-fluoro-2-phosphonoacetate (11.8 g, 44.0 mmol, 1.10 eq.) in THF (0.2 M) at 20°C 

was added Et3N (11.2 mL, 80.0 mmol, 2.00 eq.), followed by MgBr2 (7.36 g, 40.0 mmol, 1.00 eq.) and the 

resulting mixture was stirred for 10 min. Afterwards, trans-2-decenal (7.34 mL, 40.0 mmol, 1.00 eq.) was 

added and the reaction was heated to reflux for 12 h. Upon full consumption of the starting material (as 

indicated by 19F-NMR analysis), the reaction was allowed to cool to room temperature before being 

diluted with Et2O and the resulting suspension was filtered over a short pad of Celite®. The filtrate was 

washed with a sat. aq. solution of NH4Cl (100 mL) and the aqueous layer was extracted with Et2O 

(2 x 100 mL). The combined organic layers were washed with brine (1 x 100 mL), dried over Na2SO4, the 

solids were filtered off and the solvents were removed in vacuo to yield the crude material with a Z/E ratio 

of 3:1, which was used in the next step without further purification. 

1H-NMR (400 MHz, CHCl3):  6.98-6.89 (m, 1H, E isomer), 6.58 (dd, J = 31.6, 11.3 Hz, 1H, E isomer), 6.45-6.31 

(m, 1H, E + Z isomer), 6.14-5.96 (m, 1H, E + Z isomer), 4.30 (app dq, J = 14.3, 7.1 Hz, 2H, E + Z isomer), 2.18 

(q, J = 7.1 Hz, 2H, E + Z isomer), 1.47-1.39 (m, 2H, E + Z isomer), 1.33-1.24 (m, 10H, E + Z isomer), 0.88 (t, 

J = 6.8 Hz, 3H, E + Z isomer) ppm. 

19F-NMR (376 MHz, CHCl3):  −126.9 (d, J = 20.1 Hz, E isomer), −131.2 (d, J = 31.7 Hz, Z isomer) ppm. 

TLC:  Rf (20% EtOAc in heptane) = 0.80 (Z isomer), KMnO4 stain; 

 Rf (20% EtOAc in heptane) = 0.75 (E isomer), KMnO4 stain. 



202 

2.6.2.2. (2Z,4E)-2-fluorododeca-2,4-dien-1-ol (2.118) 

 

(2Z,4E)-2-fluorododeca-2,4-dien-1-ol (2.118) was synthesised according to the general procedure 

outlined in chapter 2.5.2.2. on 40.0 mmol scale to yield 2.118 (4.44 g, 22.2 mmol, 56% over two steps) as 

a colourless oil. 

1H-NMR (600 MHz, CHCl3):  6.26 (dd, J = 15.4, 10.8 Hz, 1H, H9), 5.76-5.68 (m, 1H, H8), 5.48 (dd, J = 35.3, 

10.8 Hz, 1H, H10), 4.15 (dd, J = 15.8, 6.4 Hz, 2H, H12), 2.10 (q, J = 7.2 Hz, 2H, H7), 1.63 (t, J = 6.4 Hz, 1H, HOH14), 

1.38 (m, 2H, H6), 1.28 (dd, J = 7.5, 3.1 Hz, 8H, H2-5), 0.88 (t, J = 6.9 Hz, 3H, H1) ppm. 

13C-NMR (150 MHz, CHCl3):  156.2 (d, JCF = 261 Hz, C11), 136.0 (d, JCF = 3.2 Hz, C8), 120.9 (d, JCF = 4.6 Hz, C9), 

108.9 (d, JCF = 10.7 Hz, C10), 61.5 (d, JCF = 31.1 Hz, C12), 33.0 (C7), 32.0 (C6), 29.3 (3C, C3-5), 22.8 (C2), 14.2 

(C1) ppm. 

19F-NMR (565 MHz, CHCl3):  −118.95 (dt, J = 32.4, 15.9 Hz, F13) ppm. 

TLC:  Rf (20% EtOAc in heptane) = 0.30 (Z isomer), KMnO4 stain; 

 Rf (20% EtOAc in heptane) = 0.25 (E isomer), KMnO4 stain. 

 

2.6.2.3. (2Z,4E)-2-fluorododeca-2,4-dienal (2.119) 

 

(2Z,4E)-2-fluorododeca-2,4-dienal (2.119) was synthesised according to the general procedure outlined 

in chapter 2.5.2.3. on 3.98 mmol scale to yield 2.119 (642 mg, 3.24 mmol, 81%) as a colourless oil and was 

used in the next step without further purification. 
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1H-NMR (400 MHz, CHCl3):  9.21 (dd, J = 18.4 Hz, 1H, H14), 6.51 (ddt, J = 13.6, 10.8, 1.2 Hz, 1H, H9), 6.35 (dd, 

J = 30.1, 10.5 Hz, 1H, H10), 6.32-6.24 (m, 1H, H8), 2.24 (q, J = 7.2 Hz, 2H, H7), 1.52-1.41 (m, 2H, H6), 1.35-1.22 

(m, 8H, H2-5), 0.88 (t, J = 6.9 Hz, 3H, H1) ppm. 

19F-NMR (376MHz, CHCl3):  −134.01 (dd, J = 30.6, 18.3 Hz, F13) ppm. 

TLC:  Rf (20% EtOAc in heptane) = 0.63, KMnO4 stain. 

 

2.6.2.4. (R,4Z,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-4-fluoro-3-

hydroxytetradeca-4,6-dien-1-one (2.127) 

 

(R,4Z,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-4-fluoro-3-hydroxytetradeca-4,6-dien-1-one (2.127) 

was synthesised according to the general procedure outlined in chapter 2.5.2.5. on 3.15 mmol scale to 

yield 2.127 (942 mg, 2.09 mmol, 66%) as a yellow oil (overall: d.r. 5.3:1, 78%). 

1H-NMR (600MHz, CDCl3):  7.36-7.34 (m, 2H, H26+30), 7.29-7.26 (m, 3H, H27-29), 6.26 (ddt, J = 15.2, 10.9, 

1.3 Hz, 1H, H9), 5.77–5.72 (m, 1H, H10), 5.59 (dd, J = 36.2, 10.8 Hz, 1H, H8), 5.39 (ddd, J = 10.7, 7.0, 4.1 Hz, 1H, 

H19), 4.76-4.71 (m, 1H, H15OH), 3.72 (dd, J = 17.7, 2.8 Hz, 1H, H14), 3.51 (dd, J = 17.7, 9.0 Hz, 1H, H14), 3.42 

(ddd, J = 11.5, 7.2, 0.7 Hz, 1H, H20), 3.23 (dd, J = 13.2, 3.9 Hz, 1H, H24), 3.05 (dd, J = 13.2, 10.5 Hz, 1H, H24), 

2.93 (d, J = 1.6 Hz, 1H, H12), 2.91 (d, J = 8.1 Hz, 1H, H20), 2.10 (q, J = 7.1 Hz, 2H, H7), 1.42-1.36 (m, 2H, H6), 

1.31-1.25 (m, 8H, H2-5), 0.88 (t, J = 7.0 Hz, 3H, H1) ppm. 

13C-NMR (151MHz, CDCl3):  201.4 (C22), 172.1 (C16), 156.7 (d, J = 261.7 Hz, C11), 136.5 (C25), 136.2 (d, 

J = 3.0 Hz, C8), 129.6 (2C, C27&29), 129.1 (2C, C26&30), 127.5 (C28), 120.7 (d, J = 5.0 Hz, C9), 107.7 (d, J = 9.7 Hz, 

C10), 68.5 (C19), 66.7 (d, J = 31.2 Hz, C12), 43.1 (C14), 37.0 (C24), 33.0 (C7), 32.3 (C20), 32.0 (C2), 29.3 (3C, C4-6), 

22.8 (C3), 14.2 (C1) ppm. 

19F-NMR (576MHz, CDCl3):  −121.89 (dd, J = 36.3, 11.7 Hz, F13) ppm. 
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HRMS (ESI+): exact mass calculated for [M+Na]+ (C24H32NO2FS2Na+) required m/z 472.1756, found 

m/z 472.1725. 

FT-IR (neat) νmax: 2954, 2923, 2853, 1686, 1496, 1454, 1437, 1357, 1341, 1318, 1291, 1261, 1192, 1165, 1136, 

1087, 1045, 969, 914, 890, 854, 744, 701, 683, 658, 641, 591, 554, 504, 480 cm−1. 

[α]D
20 = +115 (c = 1.00, CDCl3). 

TLC:  Rf (20% EtOAc in heptane) = 0.26, KMnO4 stain. 

 

2.6.2.5. (R,4Z,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-4-

fluoro-3-hydroxytetradeca-4,6-dienamide (2.S36) 

 

(R,4Z,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-4-fluoro-3-hydroxytetradeca-4,6-dienamide (2.S36) was 

synthesised according to the general procedure outlined in chapter 2.5.2.15. on 0.700 mmol scale to yield 

2.S36 (179 mg, 0.268 mmol, 38%) as a yellow foam. 

1H-NMR (600MHz, CDCl3):  6.55 (dt, J = 18.0, 6.5 Hz, 1H, H30), 6.46 (m, 1H, HNH17), 6.22 (dd, J = 15.4, 10.9 Hz, 

1H, H9), 6.14 (t, J = 5.5 Hz, 1H, HNH25), 5.73-5.68 (m, 1H, H8), 5.58 (dd, J = 36.6, 10.9 Hz, 1H, H10), 5.52 (d, 

J = 18.0 Hz, 1H, H29), 4.55 (t, J = 9.4 Hz, 1H, H12), 4.33 (d, J = 3.7 Hz, 1H, H15), 3.89-3.85 (m, 1H, H20), 3.68 (ddd, 

J = 13.6, 7.4, 4.3 Hz, 1H, H18), 3.45 (td, J = 13.3, 6.6 Hz, 1H, H28), 3.27 (td, J = 12.3, 6.4 Hz, 1H, H28), 2.96 (ddd, 

J = 12.6, 7.6, 4.6 Hz, 1H, H18), 2.59 (dd, J = 15.2, 3.3 Hz, 1H, H14), 2.49 (dd, J = 15.2, 8.5 Hz, 1H, H14), 2.41 (ddd, 

J = 14.4, 7.2, 4.9 Hz, 1H, H22), 2.36 (dd, J = 13.2, 6.6 Hz, 2H, H27), 2.08 (dd, J = 14.2, 7.0 Hz, 2H, H7), 1.38-1.34 

(m, 2H, H6), 1.29-1.25 (m, 20H, H2-5&36-39), 1.14-1.12 (m, 3H, H23), 0.92-0.86 (m, 12H, H1&44-46), 0.14-0.09 (m, 

6H, H41&42) ppm. 
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13C-NMR (151MHz, CDCl3):  174.6 (C24), 171.5 (C16), 157.1 (d, J = 261.5 Hz, C11), 150.4 (C30), 135.8 (d, 

J = 2.8 Hz, C8), 120.75 (d, J = 5.0 Hz, C9), 120.72 (C29, deducted from HSQC), 107.3 (d, J = 9.4 Hz, C10), 83.4 

(2C, C33+34), 72.1 (C20), 67.3 (d, J = 31.8 Hz, C12), 44.8 (C22), 42.9 (C18), 39.7 (C14), 37.9 (C28), 35.8 (C27), 33.0 (C7), 

32.0 (2C, C3-5), 29.32 (Cpin), 29.29 (Cpin), 26.00 (3C, C44-46), 25.01 (Cpin), 24.92 (2C, C3-5), 24.91 (Cpin), 22.8 (C2), 

18.1 (C43), 15.3 (C23), 14.2 (C1), -4.4 (C41), -4.8 (C42) ppm. 

19F-NMR (576MHz, CDCl3):  −122.73 (ddd, J = 73.8, 36.5, 11.0 Hz) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C35H64N2O6BFSiNa+) required m/z 689.4503, found 

m/z 689.4494. 

FT-IR (neat) νmax: 3307, 2975, 2954, 2927, 2856, 1640, 1540, 1463, 1397, 1388, 1359, 1321, 1254, 1183, 1143, 

1099, 1026, 1003, 970, 952, 847, 836, 812, 778, 750, 721, 680, 667, 648, 577 cm−1. 

[α]D
20 = +215 (c = 1.00, CHCl3). 
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2.6.3. Synthesis of CF3-FR 

2.6.3.1. ethyl (2Z,4E)-2-(trifluoromethyl)dodeca-2,4-dienoate (2.122) 

 

All reaction steps and work-up procedures were carried out in the dark. To a solution of ethyl 

(triphenylphosporanylidene)acetate (2.120) (16.3 g, 46.8 mmol, 1.95 eq.) in DCM (0.25 M) at −20°C was 

added NIS (11.9 g, 52.8 mmol, 2.20 eq.) and the resulting reaction mixture was stirred at −20°C for 20 min. 

Afterwards, K2CO3 (16.6 g, 120 mmol, 5.00 eq.) was added followed by trans-2-decenal (2.116) (4.40 mL, 

24.0 mmol, 1.00 eq.). The resulting reaction mixture was allowed to warm to room temperature and 

stirring was continued for 17 h. After the reaction time had elapsed, the reaction mixture was filtered 

through a short pad of Celite® and the filter cake was washed with copious amounts of DCM. The filtrate 

was concentrated and the crude material was purified by flash column chromatography (SiO2, 

heptane/EtOAc) to afford a mixture of trans-2-decenal and C11-I-2.122 which was used in the next step 

without further purification. 

 

C11-I-2.122 (5.25 g, 15.0 mmol, 1.00 eq.) was dissolved in DMF (0.3 M) at room temperature and HMPA 

(11.3 mL, 65.2 mmol, 4.35 eq., 14 v% relative to DMF) and CuI (574 mg, 3.00 mmol, 0.200 eq.) were added. 

The resulting reaction mixture was heated to 75°C before MFSDA (3.94 mL, 30.0 mmol, 2.00 eq.) was 

added. Stirring was continued at 75°C for 14 h, after which the reaction mixture was allowed to cool to 

20°C. The reaction mixture was diluted with Et2O (50.0 mL) and the layers were separated. The organic 

layer was washed with water (5 x 50.0 mL), EDTA solution (1 x 50.0 mL) and brine (1 x 50.0 mL), dried over 

Na2SO4, the solids were filtered off and the solvents were removed in vacuo to yield the crude product as 
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a mixture with trans-2-decenal. The crude product was purified by flash column chromatography (SiO2, 

heptanes/DCM) to yield 2.122 (2.49 g, 8.52 mmol, 36%; 57% brsm) as a colourless oil. 

1H-NMR (700MHz, CDCl3):  7.50 (d, J = 11.9 Hz, 1H, H10), 6.68 (dddd, J = 15.1, 13.4, 3.2, 1.4 Hz, 1H, H9), 6.44-

6.39 (m, 1H, H8), 4.28 (q, J = 7.1 Hz, 2H, H16), 2.26 (q, J = 7.3 Hz, 2H, H7), 1.49-1.43 (m, 2H, H6), 1.34-1.24 (m, 

11H, H2-5,17), 0.88 (t, J = 7.1 Hz, 3H, H1) ppm. 

13C-NMR (176MHz, CDCl3):  163.75 (d, J = 4.0, 2.0 Hz, C12), 153.61 (app. d, J = 1.4 Hz, C8), 147.78 (dd, J = 3.9, 

1.9 Hz, C10), 124.61 (q, J = 3.8 Hz, C9), 123.05 (q, J = 273.6 Hz, C13), 117.53 (q, J = 31.4 Hz,C11), 61.62 (C16), 

33.64 (C7), 31.88 (C2-5,), 29.29 (C2-5), 29.19 (C2-5), 28.55 (C6), 22.76 (C2-5), 14.26 (C17), 14.20 (C1) ppm. 

19F-NMR (658MHz, CDCl3):  −58.09 (s, F13) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C15H23F3O2Na+) required m/z 315.1548, found 

m/z 315.1541. 

TLC:  2.122  Rf (20% DCM in heptane) = 0.32, KMnO4 stain; 

 trans-2-decenal Rf (20% DCM in heptane) = 0.23, KMnO4 stain. 

 

2.6.3.2. (2Z,4E)-2-(trifluoromethyl)dodeca-2,4-dien-1-ol (2.S37) 

 

(2Z,4E)-2-(trifluoromethyl)dodeca-2,4-dien-1-ol (2.S37) was synthesised according to the general 

procedure outlined in chapter 2.5.2.2. on 5.00 mmol scale and was used in the next step without further 

purification. 
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2.6.3.3. (2Z,4E)-2-(trifluoromethyl)dodeca-2,4-dienal (2.123) 

 

(2Z,4E)-2-(trifluoromethyl)dodeca-2,4-dienal (2.123) was synthesised according to the general procedure 

outlined in chapter 2.5.2.3. on 5.00 mmol scale to yield 2.123 (233 mg, 0.938 mmol, 19%) as a colourless 

oil. 

1H-NMR (400MHz, CDCl3):  9.52 (q, J = 1.7 Hz, 1H, H14), 7.26 (d, J = 11.7 Hz, 1H, H10), 6.74 (dddd, J = 13.1, 

11.6, 2.7, 1.4 Hz, 1H, H9), 6.63-6.54 (m, 1H, H8), 2.32 (q, J = 7.2 Hz, 2H, H7), 1.55-1.40 (m, 2H, H6), 1.37-1.22 

(m, 8H, H2-5), 0.92-0.81 (m, 3H, H1) ppm. 

19F-NMR (376MHz, CDCl3):  −59.55 (s, F13) ppm. 

 

2.6.3.4. (R,4Z,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-4-

(trifluoromethyl)tetradeca-4,6-dien-1-one (2.128) 

 

(R,4Z,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-4-(trifluoromethyl)tetradeca-4,6-dien-1-

one (2.128) was synthesised according to the general procedure outlined in chapter 2.5.2.5. on 

0.920 mmol scale to yield 2.128 (247 mg, 0.494 mmol, 54%) as a yellow oil (overall: d.r. 2:1, 81%). 

1H-NMR (400MHz, CDCl3):  7.39-7.26 (m, 5H, H26-30), 6.64 (d, J = 11.5 Hz, 1H, H10), 6.53-6.42 (m, 1H, H9), 6.04 

(dt, J = 14.5, 7.1 Hz, 1H, H8), 5.43-5.36 (m, 1H, H19), 4.92 (d, J = 9.2 Hz, 1H, H12), 2.73 (dd, J = 17.9, 2.2 Hz, 1H, 

H14), 3.45-2.85 (m, 6H, H14,15,20,24), 2.17 (q, J = 7.2 Hz, 2H, H7), 1.46-1.36 (m, 2H, H6), 1.33-1.22 (m, 8H, H2-5), 

0.90-0.84 (m, 3H, H1) ppm. 
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19F-NMR (376MHz, CDCl3):  −58.16 (s, F13) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C25H32F3NO2S2Na+) required m/z 522.1724, found 

m/z 522.1716. 

TLC:  Rf (20% EtOAc in heptane) = 0.21, KMnO4 stain (desired); 

 Rf (20% EtOAc in heptane) = 0.26, KMnO4 stain (undesired). 

 

2.6.3.5. (R,4Z,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-3-

hydroxy-4-(trifluoromethyl)tetradeca-4,6-dienamide (2.S38) 

 

(R,4Z,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-3-hydroxy-4-(trifluoromethyl)tetradeca-4,6-dienamide 

(2.S38) was synthesised according to the general procedure outlined in chapter 2.5.2.15. on 0.494 mmol 

scale to yield 2.S38 (217 mg, 0.303 mmol, 61%) as a yellow foam. 

1H-NMR (600MHz, CDCl3):  6.67 (d, J = 116. Hz, 1H, H10), 6.55 (dt, J = 17.9, 6.5 Hz, 1H, H29), 6.44 (app. t, 

J = 12.6 Hz, 1H, H9), 6.29 (br. s. 1H, HNH17), 6.08 (t, J = 5.4 Hz, 1H, HNH25), 6.06-5.97 (m, 1H, H8), 5.52 (d, 

J = 18.0 Hz, 1H, H30), 4.73 (d, J = 8.9 Hz, 1H, H20), 3.91-3.87 (m, 1H, H14), 3.71-3.65 (m, 1H, H15), 3.48-3.36 (m, 

2H, H18,29), 3.31-3.24 (m, 1H, H29), 3.00-2.94 (m 1H, H14), 2.56 (dd, J = 15.4, 2.5 Hz, 1H, H28), 2.42-2.32 (m, 4H, 

H18,22,28), 2.16 (q, J = 7.1 Hz, 2H, H7), 1.43-1.35 (m, 2H, H6), 1.33-1.22 (m, 20H, H2-5,36-39), 1.14 (t, J = 7.2 Hz, 3H, 

H23), 0.92-0.83 (m, 12H, H1,44-46), 0.17-0.02 (m, 6H, H41,42) ppm. 

13C-NMR (151MHz, CDCl3):  174.4 (C24), 171.8 (C16), 150.3 (C29), 144.6 (C8), 135.6 (d, J = 3.3 Hz, C10), 126.8 (q, 

J = 27.9 Hz, C11), 124.5 (C9), 124.3 (q, J = 275.4 Hz, C13), 121.6 (C30, deduced from HSQC), 83.4 (2C, C33,34), 72.0 

(C20), 68.3, 66.8 (q, J = 3.0 Hz, C12), 42.9 (C14), 42.3 (C28), 38.0 (C29), 35.7 (C22), 33.1 (C7), 31.9 (C2-5), 29.3 (C2-5), 



 

211 

29.2 (C2-5), 29.0 (C6), 26.0 (C2-5), 25.0 (3C, C44-46), 24.92 (2C, C36-39), 24.91 (2C, C36-39), 22.8 (C43), 15.2 (C23), 14.2 

(C1), −4.38 (C41), −4.81 (C42) ppm. 

19F-NMR (565MHz, CDCl3):  −57.97 (s, F13) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C36H64BF3N2O6SiNa+) required m/z 739.4477, found 

m/z 739.4455. 

TLC:  Rf (30% iPrOH in heptane) = 0.80, KMnO4 stain. 
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2.6.4. Synthesis of sc-FR 

2.6.4.1. Ethyl (2E,4E)-2-methylhexa-2,4-dienoate (2.S39) 

 

Ethyl (2E,4E)-2-methylhexa-2,4-dienoate (2.S39) was synthesised according to the general procedure 

outlined in chapter 2.5.2.1. on 18.2 mmol scale to yield 2.S39 (2.25 g, 14.6 mmol, 81%) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  7.15 (d, J = 11.3 Hz, 1H, H4), 6.36 (ddq, J = 14.6, 11.3 ,1.6 Hz, 1H, H3). 6.12-6.06 

(m, 1H, H2), 4.20 (q, J = 7.1 Hz, 2H, H10), 1.92 (s, 3H, H7), 1.87 (d, J = 6.8 Hz, 3H, H1), 1.30 (t, J = 7.1 Hz, 3H, 

H11) ppm. 

13C-NMR (151MHz, CDCl3):  168.9 (C6), 138.6 (C4), 137.7 (C2), 127.6 (C3), 125.1 (C5), 60.6 (C10), 19.0 (C1), 14.5 

(C11), 12.7 (C7) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C9H14O2Na+) required m/z 177.0892, found m/z 177.0894. 

FT-IR (neat) νmax: 2983, 2957, 2927, 2853, 1740, 1702, 1642, 1444, 1390, 1367, 1290, 1230, 1167, 1101, 968, 

745, 732 cm−1. 

TLC:  Rf (20% EtOAc in heptane) = 0.68, KMnO4 stain. 

 

2.6.4.2. (2E,4E)-2-methylhexa-2,4-dien-1-ol (2.S40) 

 

(2E,4E)-2-methylhexa-2,4-dien-1-ol (2.S40) was synthesised according to the general procedure outlined 

in chapter 2.5.2.2. on 20.0 mmol scale to yield 2.S40 (2.21 g, 19.7 mmol, 99%) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[312] 
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2.6.4.3. (2E,4E)-2-methylhexa-2,4-dienal (2.131) 

 

(2E,4E)-2-methylhexa-2,4-dienal (2.131) was synthesised according to the general procedure outlined in 

chapter 2.5.2.3. on 10.0 mmol scale to yield 2.131 (841 mg, 7.63 mmol, 76%) as a colourless oil. 

 

All spectroscopic data are in accordance with the reported literature.[313] 

 

2.6.4.4. (R,4E,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-4-methylocta-4,6-dien-

1-one (2.132) 

 

(R,4E,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-hydroxy-4-methylocta-4,6-dien-1-one (2.132) was 

synthesised according to the general procedure outlined in chapter 2.5.2.5. on 10.0 mmol scale to yield 

2.132 (841 mg, 7.63 mmol, 76%) as a yellow oil. 

1H-NMR (600MHz, CDCl3):  7.37-7.34 (m, 2H, H20&24), 7.30-7.27 (d, J = 7.3 Hz, 3H, H21-23), 6.27 (ddd, J = 14.9, 

10.9, 1.6 Hz, 1H, H3), 6.10 (d, J = 11.0 Hz, 1H, H4), 5.74 (dq, J = 13.4, 6.6 Hz, 1H, H2), 5.38 (ddd, J = 10.8, 7.1, 

4.0 Hz, 1H, H13), 4.63 (d, J = 9.6 Hz, 1H, H7), 3.56 (dd, J = 17.4, 2.6 Hz, 1H, H8), 3.44-3.39 (m, 2H, H ppm. 

13C-NMR (151MHz, CDCl3):  201.5 (C16), 173.0 (C10), 136.6 (C19), 135.0 (C5), 130.5 (C2), 129.6 (C21&23), 129.1 

(C20&24), 127.4 (C22), 127.3 (C3), 125.8 (C4), 72.9 (C7), 68.6 (C13), 44.5 (C8), 37.0 (C18), 32.3 (C14), 18.6 (C1), 13.0 

(C6) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C19H23NO2S2Na+) required m/z 384.1062, found 

m/z 384.1061. 
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FT-IR (neat) νmax: 3510, 3474, 3025, 2924, 2852, 1693, 1495, 1453, 1437, 1342, 1318, 1292, 1257, 1227, 1191, 

1163, 1136, 1092, 1043, 964, 894, 748, 723, 702, 620, 565, 555, 510, 482, 466 cm−1. 

[a]D
20 = +59.2° (c = 1.00, CHCl3). 

 

2.6.4.5. (R,4E,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-3-hydroxy-

4-methylocta-4,6-dienamide (2.S41) 

 

(R,4E,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-3-hydroxy-4-methylocta-4,6-dienamide (2.S41) was 

synthesised according to the general procedure outlined in chapter 2.5.2.15. on 1.82 mmol scale to yield 

2.S41 (557 mg, 0.963 mmol, 53%) as a colourless foam. 

1H-NMR (600MHz, CDCl3):  6.55 (dt, J = 17.9, 6.6 Hz, 1H, H24), 6.42-6.40 (m, 1H, HNH12), 6.25 (ddd, J = 14.9, 

10.9, 1.5 Hz, 1H, H3), 6.12 (t, J = 5.4 Hz, 1H, HNH20), 6.07 (d, J = 10.8 Hz, 1H, H4), 5.71 (dq, J = 13.6, 6.7 Hz, 1H, 

H2), 5.52 (d, J = 18.0 Hz, 1H, H23), 4.43 (d, J = 8.8 Hz, 1H, H7), 3.90-3.86 (m, 1H, H14), 3.72 (ddd J = 13.7, 7.6, 

4.2 Hz, 1H, H13), 3.49 (d, J = 2.7 Hz, 1H, H8), 3.44 (td, J = 13.4, 6.7 Hz, 1H, H22), 3.27 (dt, J = 12.0, 6.5 Hz, 1H, 

H22), 2.93 (ddd, J = 13.5, 7.5, 4.4 Hz, 1H, H13), 2.47-2.32 (m, 5H, H9/16/21), 1.78 (d, J = 6.6 Hz, 3H, H1), 1.74 (s, 

3H, H6), 1.25 (s, 12H, H30-33), 1.14-1.13 (d, J = 7.2 Hz, 3H, H17), 0.90 (s, 9H, H38-40), 0.15-0.07 (m, 6H, 

H35&36) ppm. 

13C-NMR (151MHz, CDCl3):  174.4 (C18), 172.1 (C10), 150.3 (C24), 135.2 (C5), 130.1 (C2), 127.1 (C3), 125.4 (C4), 

121.6 (C23, deducted from HSQC), 83.3 (2C, C27&28), 73.5 (C7), 72.0 (C14), 44.7 (C16), 42.8 (C13), 41.5 (C9), 37.8 

(C22), 35.6 (C21), 25.9 (3C, C38-40), 25.0 (C37), 24.9 (2C, C30-33), 24.8 (2C, C30-33), 18.4 (C1), 15.2 (C17), 12.6 (C6), 

−4.54 (C35), −5.00 (C36) ppm. 
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HRMS (ESI+): exact mass calculated for [M+Na]+ (C30H55BN2O6SiNa+) required m/z 601.3820, found 

m/z 601.3829. 

FT-IR (neat) νmax: 3309, 2976, 2953, 2929, 2884, 2856, 1642, 1541, 1471, 1462, 1446, 1397, 1389, 1360, 1322, 

1255, 1144, 1102, 1028, 1004, 967, 937, 884, 837, 812, 778, 679, 666, 641, 623 cm−1. 

[a]D
20 = +30.1° (c = 1.00, CHCl3). 

TLC:  Rf (30% iPrOH in heptane) = 0.85, KMnO4 or PMA stain. 

 

2.6.4.6. (R,4E,6E)-1-(((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)amino)-4-

methyl-1-oxoocta-4,6-dien-3-yl (1R,4R)-4-chlorocyclobut-2-ene-1-carboxylate (2.S42) 

 

(R,4E,6E)-1-(((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)amino)-4-methyl-1-oxoocta-4,6-dien-3-yl (1R,4R)-4-

chlorocyclobut-2-ene-1-carboxylate (2.S42) was synthesised according to the general procedure 

outlined in chapter 2.5.2.17. on 0.200 mmol scale to yield 2.S42 (54.0 mg, 77.9 µmol, 39%) as a colourless 

foam. 

1H-NMR (600MHz, CDCl3):  6.55 (dt, J = 18.0, 6.5 Hz, 1H, H23), 6.29-6.24 (m, 2H, H37,39), 6.22-6.17 (m, 2H, 

H3,NH12), 6.19-6.15 (m, 1H, HNH20), 6.12 (d, J = 11.0 Hz, 1H, H4), 5.74 (dq, J = 13.3, 6.6 Hz, 1H, H2), 5.63 (dd, 

J = 7.5, 5.9 Hz, 1H, H6), 5.51 (dt, J = 17.9, 1.3 Hz, 1H, H24), 5.08 (d, J = 4.3 Hz, 1H, H36), 4.07 (dd, J = 4.3, 0.7 Hz, 

1H, H38), 3.82-3.79 (m, 1H, H14), 3.79-3.74 (m, 1H, H13), 3.42 (td, J = 13.3, 6.9 Hz, 1H, H21), 3.27 (qd, J = 12.3, 

6.7 Hz, 1H, H21), 2.82-2.76 (m, 1H, H13), 2.67 (dd, J = 14.4, 7.8 Hz, 1H, H8), 2.50 (dd, J = 14.3, 5.7 Hz, 1H, H8), 

2.36 (m, 3H, H16,22), 1.76 (d, J = 7.9 Hz, 6H, H1,7), 1.25 (s, 12H, H30-33), 1.10 (d, J = 7.2 Hz, 3H, H17), 0.90 (s, 9H, 

H45-47), 0.15 (s, 3H, H43), 0.08 (s, 3H, H44) ppm. 
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13C-NMR (151MHz, CDCl3):  174.7 (C18), 169.3 (C10), 168.8 (C34), 150.3 (C23), 140.6 (C37), 136.6 (C39), 131.5 

(C2), 130.7 (C5), 128.9 (C4), 127.0 (C3), 121.4 (C24, deduced from HSQC), 83.4 (2C, C27,28), 77.0 (C6), 72.1 (C14), 

56.4 (C36), 54.0 (C38), 44.5 (C16), 43.0 (C13), 40.9 (C8), 38.0 (C21), 35.8 (C22), 26.0 (3C, C45-47), 24.9 (4C, C30-33), 

18.6 (C1), 18.1 (C42), 15.5 (C17), 12.7 (C7), −4.3 (C43), −4.9 (C44) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C35H58BClN2O7SiNa+) required m/z 715.3692, found 

m/z 715.3695. 

FT-IR (neat) νmax: 3345, 2930, 2857, 1733, 1642, 1536, 1470, 1358, 1322, 1288, 1257, 1234, 1168, 1141, 908, 

727 cm−1. 

[a]D
20 = +16.6° (c = 1.30, CHCl3). 

TLC:  alcohol 2.S41: Rf (60% EtOAc in heptanes) = 0.30; PMA stain; 

 trans1-2.S42:  Rf (60% EtOAc in heptanes) = 0.66; PMA stain; 

 trans2-2.S42:  Rf (60% EtOAc in heptanes) = 0.57; PMA stain; 

 cis1-2.S42:  Rf (60% EtOAc in heptanes) = 0.52; PMA stain; 

 cis2-2.S42:  Rf (60% EtOAc in heptanes) = 0.48; PMA stain. 

 

2.6.4.7. (2R,7R,8S,13E,15E,17E)-7-((tert-butyldimethylsilyl)oxy)-2-((2E,4E)-hexa-2,4-dien-2-

yl)-8-methyl-1-oxa-5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione (2.S43) 

 

(2R,7R,8S,13E,15E,17E)-7-((tert-butyldimethylsilyl)oxy)-2-((2E,4E)-hexa-2,4-dien-2-yl)-8-methyl-1-oxa-

5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione (2.S43) was synthesised according to the general 

procedure outlined in chapter 2.5.2.18. on 33.0 µmol scale to yield 2.S43 (10.6 mg, 20.0 µmol, 61%) as a 

colourless foam. 



218 

1H-NMR (700MHz, CDCl3):  7.25 (dd, J = 15.1, 10.9 Hz, 1H, H27), 6.45 (dd, J = 14.9, 10.8 Hz, 1H, H25), 6.25 

(ddd, J = 15.0, 11.0, 1.5 Hz, 1H, H3), 6.16 (dd, J = 14.9, 11.2 Hz, 1H, H26), 6.12-6.07 (m, 2H, H4,24), 6.02 (d, 

J = 10.1 Hz, 1H, HNH12), 5.90 (ddd, J = 14.6, 10.9, 3.4 Hz, 1H, H23), 5.86 (d, J = 5.4 Hz, 1H, HNH20), 5.75 (dd, 

J = 15.0, 6.8 Hz, 1H, H2), 5.71 (d, J = 15.4 Hz, 1H, H28), 5.62 (dd, J = 11.2, 3.2 Hz, 1H, H6), 4.13-4.07 (m, 2H, 

H13,14), 4.00 (bs, 1H, H13), 3.52-3.40 (m, 2H, H21), 2.96 (m, 1H, H22), 2.55-2.50 (m, 1H, H22), 2.47 (ddd, J = 14.3, 

7.2, 3.0 Hz, 1H, H8), 2.45-2.36 (m, 2H, H8,16), 1.79 (d, J = 5.6 Hz, 6H, H1,7), 1.13 (d, J = 7.9 Hz, 3H, H17), 0.87 (s, 

9H, H35-37), 0.08 (s, 3H, H32), 0.05 (s, 3H, H33) ppm. 

13C-NMR (176MHz, CDCl3):  174.2 (C18), 169.9 (C10), 166.3 (C29), 146.6 (C27), 143.2 (C25), 138.8 (C23), 132.0 

(C5), 131.6 (C24), 131.0 (C2), 127.6 (C26), 127.1 (C3), 126.4 (C4), 119.6 (C28), 76.4 (C6), 72.4 (C13), 71.3 (C21), 45.3 

(C8), 43.0 (C16), 42.3 (C22), 37.5 (C14), 18.7 (C17), 18.6 (C1), 18.0 (C34), 14.4 (3C, C35-37), 13.3 (C7), −4.5 (C32), −4.8 

(C33) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C29H46N2O5SiNa+) required m/z 553.3074, found 

m/z 553.3065. 

FT-IR (neat) νmax: 3385, 2955, 2927, 2854, 1712, 1646, 1552, 1540, 1467, 1437, 1389, 1361, 1259, 1240, 1218, 

1094, 1052, 1021, 985, 965, 873, 838 cm−1. 

[a]D
20 = −142° (c = 0.45, CHCl3). 

TLC:  Rf (60% EtOAc in heptanes) = 0.30; KMnO4 stain. 
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2.6.4.8. (2R,7R,8S,13E,15E,17E)-2-((2E,4E)-hexa-2,4-dien-2-yl)-7-hydroxy-8-methyl-1-oxa-

5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione, sc-FR (2.113) 

 

(2R,7R,8S,13E,15E,17E)-2-((2E,4E)-hexa-2,4-dien-2-yl)-7-hydroxy-8-methyl-1-oxa-5,10-diazacyclo-

nonadeca-13,15,17-triene-4,9,19-trione (2.133) was synthesised according to the general procedure 

outlined in chapter 2.5.2.19. on 20.0 µmol scale to yield 2.133 (5.40 mg, 13.0 µmol, 65%) as a white solid. 

1H-NMR (600MHz, CDCl3):  7.29-7.23 (m, 1H, H27), 6.51 (dd, J = 14.9, 10.8 Hz, 1H, H25), 6.22 (ddd, J = 25.9, 

15.0, 9.7 Hz, 3H, HNH+3+26), 6.13 (d, J = 10.9 Hz, 1H, H4), 6.07 (dd, J = 14.9, 11.2 Hz, 1H, H24), 5.81-5.64 (m, 5H, 

HNH+2+6+23+28), 4.13 (ddd, J = 23.5, 13.4, 5.1 Hz, 1H, H14), 3.82-3.76 (m, 1H, H21), 3.36-3.30 (m, 1H, H13), 3.01 (d, 

J = 15.0 Hz, 1H, H13), 2.66-2.47 (m, 4H, H8+21+22), 2.29-2.18 (m, 2H, H8+16), 1.78 (app. d, J = 7.4 Hz, 6H, H1+7), 

0.98 (d, J = 7.1 Hz, 3H, H17) ppm. 

13C-NMR (151MHz, CDCl3):  176.0 (C18), 169.4 (C10), 165.4 (C29), 144.6 (C27), 140.8 (C25), 136.0, 133.0, 131.8 

(C5), 130.9, 128.7, 127.1, 126.6, 121.3, 76.1 (C6),71.6 (C14), 44.1 (C13), 43.1 (C16), 42.0, 36.9 (C21), 34.6, 18.6 (C1), 

13.1 (C7), 11.1 (C17) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C23H32N2O5Na+) required m/z 439.2209, found 

m/z 439.2206. 

FT-IR (neat) νmax: 2957, 2922, 2852, 1709, 1648, 1639, 1613, 1552, 1537, 1465, 1435, 1377, 1338, 1299, 1259, 

1233, 1214, 1101, 1062, 1008, 964, 927, 884, 836 cm−1. 

[a]D
20 = −10.0° (c = 0.100, CHCl3). 

TLC:  Rf (10% MeOH in CHCl3) = 0.53; KMnO4 stain. 
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2.6.5. Synthesis of Cy-FR 

2.6.5.1. Methyl (2E,4E)-5-cyclohexyl-2-methylpenta-2,4-dienoate (2.S44) 

 

(E)-3-cyclohexylacrylaldehyde (3.41 g, 24.7 mmol, 1.00 eq) and methyl 2-(triphenyl-5-

phosphaneylidene)propanoate (25.8 g, 74.1 mmol, 3.00 eq) were dissolved in toluene (0.5 M) and the 

resulting mixture was heated to reflux for 18 h. Afterwards, the reaction mixture was concentrated and 

filtered through a short pad of silica, which was washed with 20%EtOAc in heptane. The filtrate was 

concentrated and the resulting crude material was used without further purification in the next step. 

 

2.6.5.2. (2E,4E)-5-cyclohexyl-2-methylpenta-2,4-dien-1-ol (2.S45) 

 

(2E,4E)-5-cyclohexyl-2-methylpenta-2,4-dien-1-ol (2.S45) was synthesised according to the general 

procedure outlined in chapter 2.5.2.2. on 14.8 mmol scale to yield 2.S45 (821 mg, 4.55 mmol, 31% over 

two steps) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  6.21 (ddd, J = 15.2, 10.8, 1.0 Hz, 1H, H8), 5.99 (d, J = 10.8 Hz, 1H, H9), 5.64 (dd, 

J = 15.2, 7.1 Hz, 1H, H2), 4.03 (s, 2H, H11), 2.03-1.99 (m, 1H, H1), 1.76 (s, 3H, H12), 1.73-1.70 (m, 4H, H3-7), 1.66-

1.62 (m, 1H, H3-7), 1.30-1.26 (m, 1H, H3-7), 1.19-1.06 (m, 4H, H3-7) ppm. 

13C-NMR (151MHz, CDCl3):  141.1 (C2), 135.0 (C10), 125.7 (C9), 123.4 (C8), 68.8 (C11), 41.2 (C1), 33.1 (2C, C3-7), 

26.3 (C3-7), 26.1 (C3-7), 21.1 (C3-7), 14.3 (C12) ppm. 

HRMS (ESI−): exact mass calculated for [M]− (C12H19O−) required m/z 179.1441, found m/z 179.1429. 

FT-IR (neat) νmax: 3307, 3023, 2921, 2850, 1447, 1386, 1349, 1302, 1259, 1222, 1066, 1005, 966, 892, 749, 

667, 624 cm−1. 
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TLC:  Rf (20% EtOAc in heptane) = 0.34; KMnO4 stain. 

 

2.6.5.3. (2E,4E)-5-cyclohexyl-2-methylpenta-2,4-dienal (2.129) 

 

(2E,4E)-5-cyclohexyl-2-methylpenta-2,4-dienal (2.129) was synthesised according to the general 

procedure outlined in chapter 2.5.2.3. on 3.00 mmol scale to yield 2.129 (408 mg, 2.29 mmol, 76%) as a 

colourless oil. 

1H-NMR (600MHz, CDCl3):  9.41 (s, 1H, H13), 6.81 (d, J = 11.1 Hz, 1H, H9), 6.47 (ddd, J = 15.2, 11.1, 1.2 Hz, 

1H, H8), 6.18 (dd, J = 15.2, 7.1 Hz, 1H, H2), 2.16 (dtd, J = 14.2, 7.3, 3.6 Hz, 1H, H1), 1.82 (d, J = 0.8 Hz, 3H, H11), 

1.80-1.74 (m, 4H, H4+6), 1.69-1.67 (m, 1H, H5), 1.32-1.27 (m, 2H, H5+7), 1.22-1-13 (m, 3H, H3+7) ppm. 

13C-NMR (151MHz, CDCl3):  195.2 (C12), 151.4 (C2), 149.9 (C9), 136.2 (C10), 123.5 (C8), 41.7 (C1), 32.4 (2C, C3-7), 

26.1 (2C, C3-7), 25.9 (C3-7), 9.52 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C12H18ONa+) required m/z 201.1250, found m/z 201.1248. 

FT-IR (neat) νmax: 2922, 2850, 1674, 1630, 1447, 1405, 1379, 1355, 1328, 1260, 1223, 1202, 1173, 1148, 1128, 

1098, 1009, 993, 964, 898, 834, 792, 774, 687, 563, 528, 490, 452, 441, 426 cm−1. 

TLC:  Rf (20% EtOAc in heptane) = 0.75; KMnO4 stain. 

 

2.6.5.4. (R,4E,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-7-cyclohexyl-3-hydroxy-4-

methylhepta-4,6-dien-1-one (2.130) 
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(R,4E,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-7-cyclohexyl-3-hydroxy-4-methylhepta-4,6-dien-1-one 

(2.130) was synthesised according to the general procedure outlined in chapter 2.5.2.5. on 3.94 mmol 

scale to yield 2.130 (504 mg, 1.17 mmol, 30%) as a yellow oil. 

1H-NMR (600MHz, CDCl3):  7.37-7.34 (m, 2H, H25+29), 7.30-7.27 (m, 3H, H26-28), 6.22 (ddd, J = 15.1, 10.8, 

1.1 Hz, 1H, H8), 6.10 (bd, J = 10.9 Hz, 1H, H9), 5.68 (dd, J = 15.1, 7.1 Hz, 1H, H2), 5.38 (ddd, J = 10.7, 7.0, 

4.0 Hz, 1H, H18), 4.64 (dt, J = 10.0, 2.8 Hz, 1H, H12), 3.55 (dd, J = 17.2, 2.6 Hz, 1H, H13), 3.43 (dd, J = 17.4, 

9.6 Hz, 1H, H13), 3.42-3.39 (m, 1H, H19), 3.25 (dd, J = 13.2, 3.8 Hz, 1H, H23), 3.05 (dd, J = 13.2, 10.5 Hz, 1H, 

H23), 2.90 (d, J = 11.5 Hz, 1H, H19), 2.50 (d, J = 3.6 Hz, 1H, HOH14), 2.06-2.01 (m, 1H, H1), 1.79 (s, 3H, H11), 1.73 

(bd, J = 10.5 Hz, 4H, H3-7), 1.65 (d, J = 12.8 Hz, 1H, H5), 1.31-1.06 (m, 5H, H3-7) ppm. 

13C-NMR (151MHz, CDCl3):  201.5 (C21), 173.0 (C15), 142.0 (C2), 136.6 (C24), 135.4 (C10), 129.6 (2C, C26/28), 129.1 

(2C, C25/29), 127.4 (C27), 126.2 (C9), 123.3 (C8), 72.9 (C12), 68.7 (C18), 44.5 (C13), 41.3 (C1), 37.0 (C23), 33.1 (C3-7), 

32.3 (C19), 26.3 (2C, C3-7), 26.1 (2C, C3-7), 13.1 (C11) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C24H31NO2S2Na+) required m/z 452.1688, found 

m/z 452.1694. 

FT-IR (neat) νmax: 2922, 2850, 2362, 2335, 1692, 1633, 1495, 1448, 1342, 1318, 1292, 1259, 1226, 1191, 1163, 

1137, 1075, 1043, 1012, 966, 894, 748, 724, 701, 668, 580, 521, 511, 478, 418 cm−1. 

[a]D
20 = +8.20° (c = 1.00, CHCl3). 

TLC:  Rf (20% EtOAc in heptane) = 0.20; KMnO4 stain. 
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2.6.5.5. (R,4E,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-7-

cyclohexyl-3-hydroxy-4-methylhepta-4,6-dienamide (2.S46) 

 

(R,4E,6E)-N-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-7-cyclohexyl-3-hydroxy-4-methylhepta-4,6-dienamide 

(2.S46) was synthesised according to the general procedure outlined in chapter 2.5.2.15. on 0.97 mmol 

scale to yield 2.S46 (364 mg, 0.563 mmol, 58%) as a colourless foam. 

1H-NMR (600MHz, CDCl3):  6.55 (dt, J = 18.0, 6.5 Hz, 1H, H29), 6.44 (dd, J = 7.1, 4.3 Hz, 1H, HNH16), 6.19 (ddd, 

J = 15.2, 10.8, 1.0 Hz, 1H, H8), 6.14 (t, J = 5.5 Hz, 1H, HNH24), 6.07 (d, J = 10.8 Hz, 1H, H9), 5.65 (dd, J = 15.1, 

7.0 Hz, 1H, H2), 5.52 (d, J = 18.0 Hz, 1H, H28), 4.43 (dd, J = 8.9, 3.0 Hz, 1H, H12), 3.88 (dt, J = 7.7, 4.4 Hz, 1H, 

H19), 3.72 (ddd, J = 13.7, 7.7, 4.2 Hz, 1H, H18), 3.47-3-42 (m, 1H, H27), 3.30-3.24 (m, 1H, H27), 2.93 (ddd, 

J = 13.6, 7.6, 4.5 Hz, 1H, H18), 2.44-2.34 (m, 5H, H13/21/26), 2.05-1.99 (m, 1H, H1), 1.75-1.71 (m, 7H, H3-7/11), 

1.27-1.25 (m, 15H, H3-7,35-38), 1.16-1-06 (m, 3H, H3-7), 1.14 (d, J = 7.2 Hz, 3H, H22), 0.92-0.88 (m, 9H, H43-45), 

0.17-0.07 (m, 6H, H40+41) ppm. 

13C-NMR (151MHz, CDCl3):  174.6 (C23), 172.3 (C15), 150.4 (C29), 141.8 (C2), 135.7 (C10), 126.0 (C9), 123.3 (C8), 

121.7 (C28, deducted from HSQC), 83.4 (2C, C32/33), 73.7 (C12), 72.2 (C19), 44.8 (C21), 43.0 (C18), 41.6 (C13), 41.3 

(C1), 38.0 (C27), 35.8 (C26), 33.1 (2C, C3-7), 26.3 (2C, C35-38), 26.1 (3C, C43-45), 26.0 (3C, C3-7), 25.0 (C35-38), 24.9 

(C35-38), 18.1 (C42), 15.4 (C22), 12.8 (C11), −4.4 (C40), −4.8 (C41) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C35H63BN2O6SiNa+) required m/z 669.4441, found 

m/z 669.4450. 
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FT-IR (neat) νmax: 3335, 3307, 2976, 2927, 2854, 2361, 2340, 1643, 1540, 1471, 1448, 1397, 1389, 1360, 1322, 

1257, 1144, 1102, 1042, 1023, 1003, 967, 836, 812, 778, 749, 681, 667, 655, 579 cm−1. 

[a]D
20 = +27.6° (c = 1.00, CHCl3). 

TLC:  Rf (30% iPrOH in heptane) = 0.75; KMnO4 or PMA stain. 

 

2.6.5.6. (R,4E,6E)-1-(((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)amino)-7-

cyclohexyl-4-methyl-1-oxohepta-4,6-dien-3-yl (1R,4R)-4-chlorocyclobut-2-ene-1-

carboxylate (2.S47) 

 

(R,4E,6E)-1-(((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)amino)-7-cyclohexyl-4-methyl-1-oxohepta-4,6-dien-3-yl 

(1R,4R)-4-chlorocyclobut-2-ene-1-carboxylate (2.S47) was synthesised according to the general 

procedure outlined in chapter 2.5.2.17. on 79.0 µmol scale to yield 2.S47 (26.3 mg, 34.5 µmol, 44%) as a 

colourless foam. 

1H-NMR (600MHz, CDCl3):  6.55 (dt, J = 17.9, 6.4 Hz, 1H, H23), 6.29-6.23 (m, 2H, H37+39), 6.17 (t, J = 5.7 Hz, 

1H, H20), 6.16-6.09 (m, 3H, H3+4+12), 5.69-5.65 (m ,1H, H2), 5.63 (dd, J = 7.8, 5.4 Hz, 1H, H6), 5.51 (d, J = 18.0 Hz, 

1H, H24), 5.08 (d, J = 4.2 Hz, 1H, H36), 4.08 (d, J = 4.3 Hz, 1H, H38), 3.83-3.80 (m, 1H, H13), 3.75 (ddd, J = 13.4, 

8.0, 4.0 Hz, 1H, H13), 3.45-3.39 (m, 1H, H21), 3.27 (td, J = 12.5, 6.7 Hz, 1H, H21), 2.81 (ddd, J = 13.5, 7.7, 4.2 Hz, 

1H, H14), 2.66 (dd, J = 14.5, 7.9 Hz, 1H, H8), 2.50 (dd, J = 14.5, 5.3 Hz, 1H, H8), 2.38-2.33 (m, 3H, H16+22), 

2.03-1.97 (m, 1H, H1), 1.77 (s, 3H, H7), 1.70 (s, 5H, H48-51), 1.64 (d, J = 12.6 Hz, 1H, H50), 1.25 (s, 12H, H30-33), 
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1.14 (d, J = 6.4 Hz, 2H, H48-52), 1.10 (d+m, J = 7.1 Hz, 5H, H17,48-52), 0.90 (s, 9H, H45-47), 0.14 (s, 3H, H43), 0.08 (s, 

3H, H44) ppm. 

13C-NMR (151MHz, CDCl3):  174.5 (C18), 169.3 (C10), 168.8 (C34), 150.4 (C23), 142.9 (C2), 140.6 (C37), 136.7 (C39), 

130.9 (C5), 129.2 (C4), 122.9 (C3), 121.7 (C24, deduced from HSQC), 83.6 (2C, C27,28), 77.0 (C6), 72.1 (C13), 56.4 

(C36), 54.1 (C38), 44.6 (C16), 43.0 (C14), 41.3 (C1), 40.9 (C8), 38.0 (C21), 35.9 (C22), 33.0 (C48-52), 32.9 (C48-52), 26.3 

(C48-52), 26.1 (C48-52), 26.0 (3C, C45-47), 25.9 (C48-52), 24.94 (4C, C30-33), 18.1 (C42), 15.5 (C17), 12.8 (C7), −4.3 (C43), 

−4.9 (C44) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C40H66BClN2O7SiNa+) required m/z 783.4319, found 

m/z 783.4324. 

TLC:  alcohol 2.S46: Rf (60% EtOAc in heptane) = 0.15; PMA stain; 

 trans1-2.S47:  Rf (60% EtOAc in heptane) = 0.35; PMA stain; 

 trans2-2.S47:  Rf (60% EtOAc in heptane) = 0.30; PMA stain; 

 cis1-2.S47:  Rf (60% EtOAc in heptane) = 0.25; PMA stain; 

 cis2-2.S47:  Rf (60% EtOAc in heptane) = 0.20; PMA stain. 

 

2.6.5.7. (2R,7R,8S,13E,15E,17E)-7-((tert-butyldimethylsilyl)oxy)-2-((2E,4E)-5-cyclohexylpenta-

2,4-dien-2-yl)-8-methyl-1-oxa-5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione 

(2.S48) 

 

(2R,7R,8S,13E,15E,17E)-7-((tert-butyldimethylsilyl)oxy)-2-((2E,4E)-5-cyclohexylpenta-2,4-dien-2-yl)-8-

methyl-1-oxa-5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione (2.S48) was synthesised according 

to the general procedure outlined in chapter 2.5.2.18. on 15.8 µmol scale to yield 2.S48 (8.30 mg, 

13.9 µmol, 88%) as a colourless foam. 
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1H-NMR (700MHz, CDCl3):  7.29-7.23 (m, 1H, H27), 6.45 (dd, J = 14.9, 10.9 Hz, 1H, H25), 6.22-6.17 (m, 1H, H3), 

6.15 (dd, J = 13.2, 9.5 Hz, 1H, H26), 6.14-6.07 (m, 3H, H4+20+24), 6.02 (bs, 1H, H12), 5.90 (ddd, J = 14.7, 10.9, 

3.4 Hz, 1H, H23), 5.71 (d, J = 15.6 Hz, 1H, H28), 5.69 (dd, J = 15.3, 6.9 Hz, 1H, H2), 5.62 (dd, J = 11.1, 3.2 Hz, 1H, 

H6), 4.11-4.04 (m, 1H, H21), 3.51-3.40 (m, 2H, H13), 2.96 (bd, J = 13.9 Hz, 1H, H21), 2.56-2.36 (m, 4H, H14+16+22), 

2.23-2.15 (m, 1H, H22), 2.05-1.99 (m, 1H, H1), 1.79 (s, 3H, H7), 1.72 (bd, J = 10.2 Hz, 4H, H38-42), 1.68-1.63 (m, 

2H, H38-42), 1.25 (s, 3H, H38-42), 1.14 (dd, J = 6.9, 3.4 Hz, 3H, H17), 1.12-1.05 (m, 2H, H38-42), 0.87 (s, 9H, H35-37), 

0.09 (s, 3H, H32), 0.06 (s, 3H, H33) ppm. 

13C-NMR (176MHz, CDCl3):  176.6 (C18), 174.4 (C10) 170.0 (C29), 166.4 (C28), 146.7 (C27), 143.2 (C25), 142.4 (C2), 

138.7 (C23), 132.3 (C24), 131.6 (C5), 127.7 (C26), 126.8 (C20), 123.1 (C3), 119.5 (C4), 76.4 (C6), 72.4 (C13), 45.2 

(C16), 43.1 (C14), 42.2 (C21), 41.3 (C22), 37.5 (C38-42), 34.4 (C38-42), 33.9 (C38-42), 29.9 (C1), 25.9 (C38-42), 19.4 (C38-42), 

18.7 (C17), 18.0 (C34), 14.3 (3C, C35-37), 13.4 (C7), −4.5 (C32), −4.8 (C33) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C34H54N2O5SiNa+) required m/z 621.3700, found 

m/z 621.3685. 

FT-IR (neat) νmax: 2957, 2925, 2853, 1712, 1651, 1614, 1538, 1467, 1378, 1361, 1256, 1228, 1218, 1186, 1144, 

1101, 1009, 966, 837, 776, 751 cm−1. 

[a]D
20 = −85.9° (c = 0.300, CHCl3). 

TLC:  Rf (60% EtOAc in heptanes) = 0.25; KMnO4 or PMA stain. 

 

2.6.5.8. (2R,7R,8S,13E,15E,17E)-2-((2E,4E)-5-cyclohexylpenta-2,4-dien-2-yl)-7-hydroxy-8-

methyl-1-oxa-5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione, Cy-FR (2.115) 

 

Cy-FR (2.115) was synthesised according to the general procedure outlined in chapter 2.5.2.19. on 

17.9 µmol scale to yield 2.115 (6.30 mg, 13.0 µmol, 73%) as a white solid. 
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1H-NMR (700MHz, CDCl3):  7.28-7.25 (m, 1H, H27), 6.50 (dd, J = 14.8, 10.8 Hz, 1H, H24), 6.26 (d, J = 8.5 Hz, 

1H, HNH12), 6.21-6.16 (m, 2H, H3+26), 6.12 (d, J = 10.8 Hz, 1H, H4), 6.07 (dd, J = 14.6, 11.2 Hz, 1H, H25), 5.96 (bs, 

1H, HNH20), 5.81-5.74 (m, 1H, H23), 5.76 (d, J = 15.4 Hz, 1H, H28), 5.71-5.65 (m, 3H, H2,6,14), 4.14 (tdd, J = 13.6, 

10.4, 5.1 Hz, 1H, H21), 3.83-3.78 (m, 1H, H13), 3.33 (td, J = 10.5, 2.9 Hz, 1H, H13), 3.04-2.98 (m, 1H, H21), 

2.65-2.61 (m, 1H, H14), 2.61-2.56 (m, 1H, H22), 2.56 (dd, J = 14.0, 3.2, Hz, 1H, H8), 2.50 (dd, J = 13.8, 11.4 Hz, 

1H, H8), 2.29-2.23 (m, 1H, H15), 2.23-2.17 (m, 1H, H22), 2.06-2.00 (m, 1H, H1), 1.79 (s, 3H, H7), 1.72 (d, 

J = 10.5 Hz, 1H, H39,41), 1.64 (dt, J = 15.1, 7.5 Hz, 3H, H39,41), 1.34-1.25 (m, 4H, H38,40,42), 1.12-1.05 (m, 2H, 

H38,42), 0.98 (d, J = 7.1 Hz, 3H, H17) ppm. 

13C-NMR (176MHz, CDCl3):  176.0 (C18), 169.4 (C10), 165.4 (C29), 144.5 (C27), 142.4 (C2), 140.8 (C24), 136.0 (C23), 

133.0 (C25), 132.2 (C5), 128.7 (C26), 127.0 (C4), 123.1 (C3), 121.3 (C28), 76.1 (C6), 71.6 (C13), 44.1 (C14), 43.1 (C16), 

42.0 (C8), 41.3 (C1), 36.9 (C21), 34.6 (C22), 32.1 (C38/40/42), 29.9 (C38/40/42), 26.1 (C39/41), 24.9 (C39/41), 22.9 (C38/40/42), 

13.3 (C7), 11.1 (C17) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C28H40N2O5Na+) required m/z 507.2835, found 

m/z 507.2838. 

FT-IR (neat) νmax: 3020, 2961, 2923, 2852, 2359, 1705, 1643, 1630, 1613, 1540, 1249, 1229, 1218, 1005, 767, 

755 cm−1. 

[a]D
20 = −242° (c = 0.050, CHCl3). 

TLC:  Rf (10% MeOH in CHCl3) = 0.50; KMnO4 stain. 
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2.6.6. Synthesis of EZE-FR252921 

2.6.6.1. (2R,7R,8S,13E,15Z,17E)-2-((2E,4E)-dodeca-2,4-dien-2-yl)-7-hydroxy-8-methyl-1-oxa-

5,10-diazacyclononadeca-13,15,17-triene-4,9,19-trione, EZE-FR252921 (2.136) 

 

EZE-FR252921 (2.136) was synthesised according to the general procedure outlined in chapter 2.5.2.19. 

on 7.30 µmol scale to yield 2.136 (0.800 mg, 1.60 µmol, 22%) as a white solid. 

1H-NMR (600MHz, CDCl3):  7.73 (ddd, J = 15.3, 11.8, 0.7 Hz, 1H, H33), 6.64 (dd, J = 15.1, 11.5 Hz, 1H, H30), 

6.36 (t, J = 5.6 Hz, 1H, HNH25), 6.31 (app. t, J = 10.9 Hz, 1H, H31), 6.24-6.16 (m, 2H, H9+NH17), 6.11 (d, J = 10.9 Hz, 

1H, H10), 6.04 (app. t, J = 11.2 Hz, 1H, H32), 5.91 (ddd, J = 15.1, 8.5, 6.2 Hz, 1H, H29), 5.83 (d, J = 15.3 Hz, 1H, 

H34), 5.76-5.70 (m, 1H, H8), 5.50 (dd, J = 8.7, 3.3 Hz, 1H, H12), 3.74 (tdd, J = 8.3, 4.5, 2.3 Hz, 1H, H20), 3.59-3.54 

(m, 1H, H19), 3.50 (ddd, J = 13.9, 5.7, 4.4 Hz, 1H, H27), 3.34-3.24 (m, 2H, H19+27), 3.10 (d, J = 4.5 Hz, 1H, HOH22), 

2.71 (dd, J = 14.9, 8.8 Hz, 1H, H14), 2.62 (dd, J = 14.8, 3.5 Hz, 1H, H14), 2.48-2.43 (m, 1H, H28), 2.38 (p, 

J = 7.1 Hz, 1H, H21), 2.32-2.25 (m, 1H, H28), 2.10 (q, J = 7.2 Hz, 2H, H7), 1.79 (s, 3H, H13), 1.41-1.35 (m, 2H, H6), 

1.41-1.35 (m, 8H, H2-5), 1.16 (d, J = 7.1 Hz, 3H, H24), 0.88 (t, J = 7.0 Hz, 3H, H1) ppm. 

13C-NMR (151MHz, CDCl3): 176.6 (C16/23), 174.6 (C16/23), 165.4 (C25), 139.3 (C33), 137.2 (Colefin), 137.0 (C8), 136.1 

(Colefin), 131.6 (Colefin), 128.2 (C30), 127.8 (Colefin), 126.8 (Colefin), 125.8 (Colefin), 125.5 (Colefin), 121.5 (C34), 75.3 

(C12), 72.4 (C20), 44.9 (C21), 43.6 (C27), 41.1 (C14), 37.9 (C19), 33.2 (C7), 33.0 (C28), 32.0 (C2-5), 29.5 (C2-5), 29.4 

(C2-5), 29.3 (C2-5), 14.6 (C24), 14.3 (C1), 13.5 (C13) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C29H44N2O5Na+) required m/z 523.3148, found 

m/z 523.3143. 

FT-IR (neat) νmax: 3324, 3305, 2922, 2851, 1709, 1692, 1641, 1547, 1536, 1241, 1217, 969, 760 cm−1. 

TLC:  Rf (10% MeOH in CHCl3) = 0.50; KMnO4 stain. 
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2.6.7. Synthesis of Trilactam-FR252921 precursors 

2.6.7.1. Diethyl (syn-1-(5-(1-hydroxyethyl)-4,5-dihydroisoxazol-3-yl)ethyl)phosphonate 

(2.167) 

 

To a solution of Diethyl elthylphosphonate (2.166) (3.25 mL, 20.0 mmol, 1.00 eq.) in THF (0.8 M) at −60°C 

was added nBuLi (1.6 M in hexanes) (13.1 mL, 21.0 mmol, 1.05 eq.) and the resulting mixture was stirred 

at −60°C for 15 min before DMF (1.70 mL, 22.0 mmol, 1.10 eq.) was added. The reaction mixture was 

subsequently allowed to slowly warm to 20°C over the course of two hours to give a clear solution. The 

reaction was quenched by addition of 2 M HCl (21.0 mL, 42.0 mmol, 2.10 eq.) followed by addition of 

0.100 mL of a sat. aq. solution of Na2S2O3. The layers were separated and the aqueous layer was extracted 

with DCM (3 x 15.0 mL) and the combined organic layers were washed with brine (1 x 15.0 mL), dried over 

Na2SO4, the solids were filtered off and the solvents were removed in vacuo to provide the product diethyl 

(1-oxopropan-2-yl)phosphonate which was used in the next step without further purification. 

 

To a solution of diethyl (1-oxopropan-2-yl)phosphonate (3.88 g, 20.0 mmol, 1.00 eq.) in EtOH (0.45 M) at 

20°C was added a solution of NH2OH∙HCl (2.78 g, 40.0 mmol, 2.00 eq.) in water (2 M). The resulting 

reaction mixture was stirred at 20°C for 18 h before being diluted with water and DCM. The layers were 

separated and the aqueous layer was extracted with DCM (5 x 20.0 mL). The combined organic layers were 

washed with brine (1 x 20.0 mL), dried over Na2SO4, the solids were filtered off and the solvents were 

removed in vacuo to yield the crude product. The crude material was purified by flash column 

chromatography (SiO2, EtOAc/heptane) to yield diethyl (E)-(1-(hydroxyimino)propan-2-yl)phosphonate 

(2.157) (2.93 g, 14.1 mmol, 71% over two steps) as a yellow oil. 

All spectroscopic data are in accordance with the reported literature.[314] 
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To a solution of oxime 2.157 (1.05 g, 5.00 mmol, 1.00 eq.) in DCM (0.1 M) at −78°C was dropwise added 

tBuOCl (543 mg, 5.00 mmol, 1.00 eq.) to yield a clear blue solution. The reaction mixture was stirred at 

−78°C for 60 min before being allowed to slowly warm to room temperature over a span of 90 min. The 

resulting solution containing diethyl (Z)-(1-chloro-1-(hydroxyimino)propan-2-yl)phosphonate (2.165) 

was used in the next step immediately. 

 

To a solution of 1-buten-3-ol (0.563 mL, 6.50 mmol, 1.30 eq.) and iPrOH (1.26 mL, 16.5 mmol, 3.30 eq.) in 

DCM (0.025 M relative to diethyl (Z)-(1-chloro-1-(hydroxyimino)propan-2-yl)phosphonate (1.00 eq.)) at 0°C 

was added EtMgBr (3 M in Et2O) (5.36 mL, 15.0 mmol, 3.00 eq.) and the resulting mixture was stirred at 0°C 

for 30 min. Afterwards, the previously prepared solution of diethyl (Z)-(1-chloro-1-(hydroxyimino)propan-

2-yl)phosphonate (2.165) (1.22 g, 5.00 mmol, 1.00 eq) in DCM (0.1 M) was added at 0°C. The resulting 

reaction mixture was allowed to warm to 20°C and was subsequently stirred for 36 h. After the reaction 

time had elapsed, the reaction was quenched by addition of a sat. aq. solution of NH4Cl (75% of reaction 

solvent volume) and water (25% of reaction solvent volume) and the layers were separated. The aqueous 

layer was extracted with EtOAc (3 x 100 mL) and the combined organic layers were washed with brine 

(1 x 50.0 mL), dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo to 

yield the crude product. The crude material was purified by flash column chromatography (SiO2, 

acetone/EtOAc) to yield diethyl (syn-1-(5-(1-hydroxyethyl)-4,5-dihydroisoxazol-3-yl)ethyl)phosphonate 

(2.167) (842 mg, 3.01 mmol, 60% over two steps) as a colourless oil. 

All spectroscopic data are in accordance with the reported literature.[208,314] 

TLC:  Rf (15% acetone in EtOAc) = 0.15; KMnO4 stain. 
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2.6.7.2. ((2E,4E)-Dodeca-2,4-dien-2-yl)-4,5-dihydroisoxazol-5-yl)ethan-1-ol (2.168) 

 

To a solution of phosphonate 2.167 (637 mg, 2.28 mmol, 1.00 eq.) in THF (0.1 M) at 0°C was added NaH 

(60 wt% in paraffin) (228 mg, 5.70 mmol, 2.50 eq.) and the resulting mixture was stirred for 15 min at 0°C. 

To the thusly formed solution of phosphor ylide was added dropwise trans-2-decanal (0.660 mL, 555 mg, 

3.42 mmol, 1.50 eq.) at 0°C. After the addition of trans-2-decanal was completed, the reaction was 

allowed to warm to room temperature and was stirred for 18 h or until the starting material had been 

consumed (as indicated by TLC analysis). The reaction mixture was quenched through careful addition of 

a sat. aq. solution of NH4Cl and the layers were separated. The aqueous layer was extracted with EtOAc 

(3 x 25.0 mL) and the combined organic layers were washed with brine (1 x 25.0 mL) before being dried 

over Na2SO4. The solids were filtered off and the solvents were evaporated to provide crude 2.168. The 

crude product was subsequently purified by flash column chromatography (SiO2, 0 to 40% EtOAc in 

heptanes) to provide 2.168 (547 mg, 1.96 mmol, 86%) as an orange oil. 

1H-NMR (600MHz, CDCl3):  6.42-6.39 (m, 1H, H9), 6.21 (d, J = 10.9 Hz, 1H, H10), 5.93-5.87 (m, 1H, H8; 

expected dt, J = 15.0, 7.1 Hz), 4.45 (ddd, J = 10.7, 7.2, 6.0 Hz, 1H, H16), 3.71 (p, J = 6.2 Hz, 1H, H18), 3.16 (dd, 

J = 16.2, 10.7 Hz, 1H, H14), 2.92 (dd, J = 16.2, 7.3 Hz, 1H, H14), 2.17 (dd, J = 14.5, 7.2 Hz, 2H, H7), 2.04 (s, 3H, 

H13), 1.45-1.39 (m, 2H, H6), 1.33-1.28 (m, 8H, H2-5), 1.24 (d, J = 6.4 Hz, 3H, H19), 0.88 (t, J = 7.0 Hz, 3H, H1) 

ppm. 

13C-NMR (151MHz, CDCl3):  160.4 (C12), 140.1 (C8), 133.7 (C10), 126.0 (C9), 125.4 (C11), 85.0 (C16), 69.4 (C18), 

36.5 (C14), 33.4 (C7), 32.0 (C5), 29.32 (C6), 29.28 (2C, C3,4), 22.8 (C2), 19.0 (C19), 14.2 (C1), 13.3 (C13) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C17H29NO2Na+) required m/z 302.2096, found 

m/z 302.2094. 

FT-IR (neat) νmax: 3401, 2923, 2853, 1637, 1457, 1375, 963, 907, 736 cm−1. 

TLC:  Rf (30% EtOAc in heptane) = 0.33; KMnO4 stain. 
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2.6.7.3. Diethyl (E)-dec-2-en-1-ylphosphonate (2.177) 

 

To (E)-1-bromodec-2-ene (1.95 g, 8.90 mmol, 1.00 eq.) was added triethylphosphite (7.40 g, 44.6 mmol, 

5.00 eq.) and the resulting reaction mixture was stirred and heated to reflux for 16 h. After the starting 

material had been consumed (as indicated by TLC analysis), triethylphosphite was removed under 

reduced pressure and the crude phosphonate was further purified by Kugelrohr distillation (4 bulbs, 

145°C, 10 mBar) to yield 2.177 (1.21 g, 2.80 mmol, 31%) as a colourless oil. (Nota bene: overall purification 

attempts: 3 columns and 4 Kugelrohr distillations). 

1H-NMR (600MHz, CDCl3):  5.64-5.56 (m, 1H, H8), 5.39 (dq, J = 14.6, 7.1 Hz, 1H, H9), 4.14-4.04 (m, 4H, H15+17), 

2.54 (dd, J = 21.4, 7.3 Hz, 2H, H10), 2.05-2.00 (m, 2H, H7), 1.38-1.33 (m, 2H, H6), 1.31 (t, J = 7.1 Hz, 6H, H16+18), 

1.29-1.25 (m, 8H, H2-5), 0.88 (t, J = 7.0 Hz, 3H, H1) ppm. 

13C-NMR (151MHz, CDCl3):  136.5 (d, J = 14.3 Hz, C8), 118.5 (d, J = 11.1 Hz, C9), 61.9 (d, J = 6.7 Hz, 2C, C15+17), 

32.8 (d, J = 2.0 Hz, C7), 32.0 (2C, C2-5, 2-5), 30.6 (d, J = 139.6 Hz, C10), 29.33 (d, J = 3.3 Hz, C2-5), 29.26 (d, 

J = 9.9 Hz, C2-5), 22.8 (C2-5), 16.62 (C16), 16.58 (C18), 14.2 (C1 ppm. 

31P-NMR (162MHz, CDCl3):  28.1 ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C14H29O3PNa+) required m/z 299.1752, found 

m/z 299.1748. 

FT-IR (neat) νmax: 3483, 2957, 2924, 2854, 1459, 1443, 1392, 1367, 1251, 1163, 1097, 1024, 960, 833, 781, 

722, 665, 530, 445, 429 cm−1. 

TLC:  Rf (100% EtOAc) = 0.55; PMA stain. 
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2.6.7.4. (E)-Dec-2-en-1-yltriphenylphosphonium bromide (2.178) 

 

To (E)-1-bromodec-2-ene (2.26 g, 10.3 mmol, 1.00 eq.) in toluene (0.5 M) was added triphenylphosphine 

(2.70 g, 10.3 mmol, 1.00 eq.) and the resulting mixture was stirred and heated to reflux for 18 h. 

Afterwards, the reaction mixture was cooled to 0°C to precipitate the phosphonium salt. The crude 

product was filtered and washed with cold toluene and subsequently dried under vacuum to yield 2.178 

(3.40 g, 7.06 mmol, 69%) as an off-white waxy solid. 

All spectroscopic data are in accordance with the reported literature.[315] 

1H-NMR (600MHz, CDCl3):  7.86-7.81 (m, 6H, Ho-Ar), 7.80-7.75 (m, 3H, Hp-Ar), 7.70-7.65 (m, 6H, Hm-Ar), 

5.95-5.87 (m, 1H, H8), 5.28-5.22 (m, 1H, H9), 4.72 (dd, J = 14.7, 7.3 Hz, 2H, H10), 1.95-1.89 (m, 2H, H7), 

1.27 1.13 (m, 8H, H2-6), 1.10-1.04 (m, 2H, H2-6), 0.85 (t, J = 7.3 Hz, 3H, H1) ppm. 

13C-NMR (151MHz, CDCl3):  143.3 (d, J = 13.3 Hz, C8), 135.0 (d, J = 3.0 Hz, 3C, Cp-Ar), 134.1 (d, J = 9.7 Hz, 6C, 

Cm-Ar), 130.4 (d, J = 12.5 Hz, 6C, Co-Ar), 118.7 (Ci-Ar), 118.2 (2C, Ci-Ar), 113.8 (d, J = 9.9 Hz, C9), 33.0 (d, J = 2.6 Hz, 

C7), 31.9 (C2-6), 29.1 (2C, C2-6), 28.8 (d, J = 3.6 Hz, C2-6), 28.1 (d, J = 48.9 Hz, C10), 22.7 (C2-6), 14.2 (C1) ppm. 

31P-NMR (243MHz, CDCl3):  21.4 ppm. 

HRMS (ESI+): exact mass calculated for [M]+ (C28H34P+) required m/z 401.2398, found m/z 401.2392. 

FT-IR (neat) νmax: 3408, 3386, 3362, 3054, 3009, 2953, 2924, 2853, 1667, 1587, 1484, 1463, 1437, 1403, 1188, 

1161, 1112, 996, 973, 743, 722, 690, 542, 508, 489, 458, 442, 431, 416 cm−1. 
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2.6.7.5. tert-Butyl (R)-(1-((tert-butyldimethylsilyl)oxy)-4-oxopentan-3-yl)carbamate (2.173) 

 

tert-Butyl (R)-(1-((tert-butyldimethylsilyl)oxy)-4-oxopentan-3-yl)carbamate (2.173) was prepared using a 

modified procedure from the literature.[316] 

 

A flame-dried Schlenk-flask under Argon was charged with MeOH (75.0 mL, 0.4 M) and cooled to 0°C. To 

the cold MeOH was added AcCl (6.40 mL, 90.0 mmol, 3.00 eq.) and the resulting mixture was stirred at 0°C 

for 15 min. Afterwards, D-homoserine (2.170) (3.57 g, 30.0 mmol, 1.00 eq.) was added in one portion and 

the resulting mixture was slowly heated to 65°C. Reflux and stirring was maintained for 2 h before the 

reaction mixture was cooled to 20°C. The solvent was removed under reduced pressure to yield the crude 

homoserine lactone hydrochloride, which was used in the next step without further purification. 

 

Crude homoserine lactone (4.13 g, 30.0 mmol, 1.00 eq.) was dissolved in THF (0.3 M) at 20°C and Et3N 

(9.20 mL, 66.0 mmol, 2.20 eq.) was added. The resulting white suspension was cooled to 0°C before a 

solution of Boc2O (6.48 g, 29.7 mmol, 0.990 eq.) in THF (0.6 M) was slowly added dropwise. After the 

addition was completed, stirring was maintained for additional 10 min at 0°C before the reaction was 

warmed to 20°C and stirring was continued at 20°C for 24 h. After the reaction time had elapsed, the 

solvents were removed in vacuo and the remaining residue was redissolved in Et2O (100 mL) and sat. aq. 

NaHCO3 solution (100 mL). The layers were separated and the aqueous layer was extracted with Et2O 

(3 x 70.0 mL). The combined organic layers were dried over Na2SO4, the solids were filtered off and the 
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solvents were removed under reduced pressure to yield crude N-Boc homoserine lactone 2.171. The 

crude product was purified by flash column chromatography (SiO2, EtOAc/heptane) to yield 2.171 (5.34 g, 

24.8 mmol, 83%) as a white solid. 

All spectroscopic data are in accordance with the reported literature.[316] 

TLC:  Rf (60% EtOAc in heptane) = 0.60; KMnO4 stain. 

 

To a solution of N,O-dimethylhydroxylamine hydrochloride (7.26 g, 74.4 mmol, 3.00 eq.) in DCM 

(1 M relative to N,O-dimethylhydroxylamine, 74.4 mL) was added pyridine (4.41 mL, 54.6 mmol, 2.20 eq.) 

followed by slow, careful addition of AlMe3 (2 M in toluene) (37.2 mL, 74.4 mmol, 3.00 eq.) (gas evolution). 

The resulting mixture was stirred additional 15 min upon completion of addition of AlMe3 at 20°C before 

a solution of N-Boc-homoserine lactone (2.171) (5.34 g, 24.8 mmol, 1.00 eq.) in DCM (1 M, overall 

concentration 0.25 M) was added dropwise. The resulting mixture was stirred at 20°C for 24 h or until the 

starting material had been consumed (as indicated by TLC analysis). Subsequently, the reaction mixture 

was cooled to 0°C prior to the addition of a small amount of a sat. aq. solution of Rochelle salt until gas 

evolution ceased. The quenched reaction mixture was diluted with a sat. aq. solution of Rochelle salt 

solution and EtOAc and the layers were separated. The aqueous layer was extracted with EtOAc 

(3 x 100 mL) and the combined organic layers were dried over Na2SO4, the solids were filtered off and the 

solvents were removed in vacuo to provide the crude weinreb amide 2.172. The crude product was 

purified by flash column chromatography (SiO2, EtOAc/heptane) to yield 2.172 (6.44 g, 24.5 mmol, 99%) 

as a colourless oil. 

All spectroscopic data are in accordance with the reported literature.[316] 

TLC:  Rf (70% EtOAc in heptane) = 0.30; KMnO4 stain. 

 

Weinreb amide 2.172 was protected following the general procedure outlined in chapter 2.5.2.11 on 

24.5 mmol scale to yield TBS-protected tert-butyl (R)-(4-hydroxy-1-(methoxy(methyl)amino)-1-

oxobutan-2-yl)carbamate (6.48 g, 17.2 mmol, 70%) as a colourless oil. 

All spectroscopic data are in accordance with the reported literature.[316] 

TLC:  Rf (30% EtOAc in heptane) = 0.31; KMnO4 stain. 
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To a solution of TBS-protected tert-butyl (R)-(4-hydroxy-1-(methoxy(methyl)amino)-1-oxobutan-2-

yl)carbamate (753 mg, 2.00 mmol, 1.00 eq.) in THF (0.4 M) at −78°C was carefully added MeLi (1.6 M in Et2O) 

(3.75 mL, 6.00 mmol, 3.00 eq.) (gas evolution) and the resulting reaction mixture was stirred at −78°C for 

4 h or until the starting material had been consumed (as indicated by TLC analysis). Afterwards, the 

reaction was quenched at −78°C by addition of a sat. aq. solution of NH4Cl (50% reaction solvent volume) 

and the quenched reaction mixture was warmed to 20°C. Water was added to dissolve the white residue 

and the layers were separated. The aqueous layer was extracted with Et2O (5 x reaction solvent amount) 

and the combined organic layers were dried over Na2SO4, the solids were filtered off and the solvents were 

removed under reduced pressure to yield crude methyl ketone 2.173. The crude product was purified by 

flash column chromatography (SiO2, EtOAc/heptane) to yield 2.173 (572 mg, 1.73 mmol, 83%) as a 

colourless oil. 

All spectroscopic data are in accordance with the reported literature.[316] 

TLC:  Rf (20% EtOAc in heptane) = 0.56; KMnO4 stain. 

 

2.6.7.6. tert-Butyl ((R,4E,6E)-1-((tert-butyldimethylsilyl)oxy)-4-methyltetradeca-4,6-dien-3-

yl)carbamate (2.174) 

 

To a suspension of Wittig salt 2.178 (3.27 g, 6.80 mmol, 2.00 eq.) in THF (0.15 M) at 0°C was added nBuLi 

(2.5 M in hexanes) (2.72 mL, 6.80 mmol, 2.00 eq.) and the resulting deep red mixture was stirred at 0°C for 

30 min during which the colour lightened to yellow. To the activated ylide solution was subsequently 

added a solution of methylketone 2.173 (1.13 g, 3.40 mmol, 1.00 eq.) in THF (0.15 M) at 0°C. The reaction 

mixture was then stirred for 16 h, during which time it was allowed to warm to 20°C. After the starting 

material had been consumed (as indicated by TLC analysis), the reaction was quenched by addition of a 
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sat. aq. solution of NH4Cl (20.0 mL) and the layers were separated. The aqueous layer was extracted with 

DCM (3 x 20.0 mL) and the combined organic layers were washed with brine (1 x 20.0 mL). The combined 

organic layers were dried over Na2SO4 and the solids were filtered off. The solvents were removed in vacuo 

and the crude product was purified by flash column chromatography (SiO2, EtOAc/heptane) to afford 

2.174 (1.03 g, 3.40 mmol, 67%) as a colourless oil. 

1H-NMR (400MHz, CDCl3):  6.22 (dd, J = 15.0, 10.8 Hz, 1H, H9), 5.95 (d, J = 10.8 Hz, 1H, H10), 5.69-5.58 (m, 

1H, H8), 5.54 (bs, 1H, H15), 4.26-4.00 (b, 1H, H12), 3.72-3.57 (m, 2H, H16), 2.09 (dd, J = 13.9, 6.8 Hz, 2H, H7), 

1.86-1.75 (b, 1H, H14), 1.70 (s, 4H, H13+14), 1.43 (s, 9H, H22-24), 1.40-1.34 (m, 2H, H6), 1.27 (b, 8H, H2-5), 0.91 (s, 

9H, H29-31), 0.88 (t, J = 6.9 Hz, 3H, H1), 0.04 (s, 6H, H26+27) ppm. 

TLC:  Rf (20% EtOAc in heptane) = 0.62; KMnO4 stain. 

 

2.6.7.7. tert-butyl ((R,4E,6E)-1-hydroxy-4-methyltetradeca-4,6-dien-3-yl)carbamate (2.175) 

 

To a solution of TBS-protected alcohol 2.174 (454 mg, 1.00 mmol, 1.00 eq.) in THF (0.2 M) at 0°C was added 

TBAF (1 M in THF) (1.10 mL, 1.10 mmol, 1.10 eq.) dropwise., upon which the reaction colour turned from 

colourless to yellow/brown. Afterwards, the reaction was stirred at 0°C for 2 h or until the starting material 

had been consumed (as indicated by TLC analysis). The reaction was quenched by addition of a sat. aq. 

solution of NH4Cl (5.00 mL) and the layers were separated. The aqueous layer was extracted with DCM 

(4 x 5.00mL) and the combined organic layers were washed with brine (1 x 5.00 mL). The organic layers 

were dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo. The crude 

alcohol was subsequently purified by flash column chromatography (SiO2, EtOAc/heptane) to afford pure 

alcohol 2.175 (245 mg, 0.722 mmol, 72%) as a colourless oil which solidified upon cooling to 4°C. 

1H-NMR (600MHz, CDCl3):  6.21 (ddt, J = 14.8, 10.6, 1,2 Hz, 1H, H9), 5.97 (d, J = 10.6 Hz, 1H, H10), 5.74-5.64 

(m, 1H, H8), 4.67 (bd, J = 7.7 Hz, 1H, H15), 4.23 (bs, 1H, H15), 3.71-3.62 (m, 2H, H16), 2.94 (b, 1H, H17), 2.09 (q, 
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J = 7.2 Hz, 2H, H7), 1.92-1.85 (m, 1H, H14), 1.76 (s, 3H, H13), 1.55 (b, 1H, H14), 1.44 (s, 9H, H22-24), 1.40-1.36 (m, 

2H, H6), 1.33-1.22 (m, 8H, H2-5), 0.88 (t, J = 7.0 Hz, 3H, H1) ppm. 

13C-NMR (151MHz, CDCl3):  156.7 (C18), 135.8 (C8), 134.2 (C11), 125.9 (C9), 125.8 (C10), 80.0 (C21), 59.3 (C16), 

53.8 (C12), 36.8 (C14), 33.1 (C6), 32.0 (C2-5), 29.6 (C2-5), 29.4 (C2-5), 29.3 (C2-5), 28.5 (3C, C22-24), 22.8 (C2-5), 14.6 

(C13), 14.3 (C1) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C20H37NO3Na+) required m/z 362.2671, found 

m/z 362.2661. 

FT-IR (neat) νmax: 3347, 2956, 2924, 2854, 1689, 1503, 1455, 1390, 1365, 1248, 1169, 1052, 963, 873, 757, 

722, 667 cm−1. 

TLC:  Rf (50% EtOAc in heptane) = 0.51; KMnO4 stain; 

 Rf (50% EtOAc in heptane) = 0.95, KMnO4 stain (starting material). 

 

2.6.7.8. (R,4E,6E)-3-((tert-butoxycarbonyl)amino)-4-methyltetradeca-4,6-dienoic acid (2.S49) 

 

To a solution of primary alcohol 2.175 (197 mg, 0.580 mmol, 1.00 eq.) in acetone (0.1 M) at 0°C was added 

Jones reagent (CrO3, 2.5 M in H2SO4) (0.510 mL, 1.28 mmol, 2.20 eq.) and the resulting dark red solution 

was stirred at 0°C for 1 h or until the starting material had been consumed (as indicated by TLC analysis). 

Afterwards, the reaction was diluted with Et2O and water at 0°C and pH was controlled (pH = 2-3). The 

layers were separated and the aqueous layer was extracted with Et2O (3 x 5.00 mL). The combined organic 

layers were washed with water (1 x 5.00 mL) and brine (1 x 5.00 mL). The combined organic layers were 

dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo to yield crude 

carboxylic acid 2.S49, which was used in the next step without further purification. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C20H35NO4Na+) required m/z 376.2464, found 

m/z 376.2458. 
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TLC:  Rf (50% EtOAc in heptane) = 0.25; KMnO4 stain; 

 Rf (50% EtOAc in heptane) = 0.51, KMnO4 stain (starting material). 

 

2.6.7.9. tert-Butyl ((R,4E,6E)-1-(((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-

(((E)-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-

yl)amino)butyl)amino)-4-methyl-1-oxotetradeca-4,6-dien-3-yl)carbamate (2.176) 

 

To a solution of carboxylic acid 2.S49 (205 mg, 0.580 mmol, 1.00 eq.) and FR core amine 2.095 (297 mg, 

0.696 mmol, 1.20 eq.) in DCM (0.1 M) at 0°C was added Et3N (0.243 mL, 1.74 mmol, 3.00 eq.) and HATU 

(270 mg, 0.696 mmol, 1.20 eq.). The resulting reaction was mixture allowed to warm to room temperature 

and was stirred for 18 h or until the starting materials had been consumed (as indicated by TLC analysis). 

Afterwards, the reaction was quenched by addition of 1 M aqueous HCl (5.00 mL) and the layers were 

separated. The aqueous layer was extracted with DCM (3 x 5.00 mL) and the combined organic layers were 

washed with brine (1 x 5.00 mL). The organic layers were dried over Na2SO4, the solids were filtered off, 

the solvents were removed under reduced pressure and the crude product was purified by flash column 

chromatograph (SiO2, 3:1EtOAc/EtOH in heptane) to afford 2.176 (34 mg, 44.6 µmol, 8%) as a yellow foam. 

Analysis and assignment of signals is impeded due to the presence of rotamers. 

1H-NMR (700MHz, CDCl3):  6.55 (dt, J = 18.0, 6.5 Hz, 1H, H36), 6.23-6.17 (m, 3H, H9+NH32+NH15), 5.95 (d, 

J = 10.4 Hz, 1H, H10), 5.71-5.64 (m, 1H, H8), 5.51 (ddd, J = 18.0, 3.3, 1.5 Hz, 1H, H37), 4.33 (b, 1H, HNH17), 3.89 

(dt, J = 8.0, 4.4 Hz, 0.5H, H26), 3.88-3.83 (m, 1H, H25), 3.76-3.73 (m, 0.5H, H14), 3.73-3.69 (m, 0.5H, H26), 

3.48-3.40 (m, 1H, H34), 3.30-3.21 (m, 1H, H34), 2.88 (ddd, J = 13.6, 7.7, 4.5 Hz, 0.5H, H14), 2.85-2.82 (bm, 0.5H, 

Hx), 2.50-2.46 (m, 1H, H14), 2.43-2.38 (m, 1.5H, Hx), 2.38-2.33 (m, 4H, H25+28+35), 2.16 (td, J = 7.4, 3.2 Hz, 1H, 
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Hx), 2.10-2.05 (m, 2H, H7), 1.73 (s, 3H, H13), 1.61 (s, 6H, Hx), 1.42 (s, 9H, H22-24), 1.40-1.34 (m, 2H, H6), 1.33-

1.21 (m, 29H, H2-5, 43-46, 51-53) 1.09 (d, J = 7.2 Hz, 3H, H31), 0.92-0.77 (m, 6H, H48+49) ppm. 

13C-NMR (176MHz, CDCl3):  174.60 (C30), 174.55 (C16), 173.55 (Cx), 155.5 (C18), 150.4 (C36), 135.8 (C8), 133.6 

(C11), 125.9 (2C, C9+10), 121.4 (C37; deduced from HSQC), 83.38 (C40), 83.36 (C41), 72.2 (C25), 72.0 (C26), 44.9 (Cx), 

44.6 (C28), 43.1 (Cx), 42.6 (C14), 40.7 (Cx), 38.1 (Cq), 38.0 (C34), 37.9 (Cx), 36.8 (Cx), 35.9 (Cq?), 35.8 (C35), 33.2 

(C7), 32.0 (C2-5, 43-46, 51-53), 31.8 (C2-5, 43-46, 51-53), 29.85 (C2-5, 43-46, 51-53), 29.56 (C2-5, 43-46, 51-53), 29.42 (C2-5, 43-46, 51-53), 

29.38 (C2-5, 43-46, 51-53), 29.33 (C2-5, 43-46, 51-53), 29.15 (C2-5, 43-46, 51-53), 28.6 (C22-24), 26.04 (C2-5, 43-46, 51-53), 26.02 (C2-5, 

43-46, 51-53), 25.8 (C50), 24.98 (C2-5, 43-46, 51-53), 24.93 (C2-5, 43-46, 51-53), 22.81 (C2-5, 43-46, 51-53), 22.75 (C2-5, 43-46, 51-53), 18.1 

(Cq), 15.6 (C31), 15.2 (C31?), 14.25 (C1), 14.22 (C13), −4.34 (C48+49), −4.38 (C48+49), −4.80 (C48+49), −4.87 

(C48+49) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C41H76BN3O7SiNa+) required m/z 784.5443, found 

m/z 784.5445. 

FT-IR (neat) νmax: 3306, 2976, 2954, 2927, 2855, 1642, 1536, 1462, 1390, 1362, 1323, 1251, 1217, 1167, 1145, 

1100, 1049, 1026, 1004, 968, 848, 837, 808, 776, 667 cm−1. 

TLC:  Rf (40% 3:1EtOAc/EtOH in heptane) = 0.61; KMnO4 stain. 

 

2.6.8. Synthesis of OMe-FR252921 

2.6.8.1. (2S,3R)-4-azido-3-methoxy-2-methylbutanoic acid (2.184) 

 

To a solution of ethyl (2S,3R)-4-azido-3-methoxy-2-methylbutanoate (2.183) (1.06 g, 5.00 mmol, 1.00 eq.) 

in DCE (0.2 M) was added Me3SnOH (4.52 g, 25.0 mmol, 5.00 eq.) and the resulting mixture was heated to 

80°C for 72 h. Afterwards, the reaction was allowed to cool to room temperature and the solvents were 

removed under reduced pressure. The concentrated crude material was dissolved in EtOAc (50.0 mL) and 

was washed with 5% HCl (3 x 50.0 mL), water (1 x 50.0 mL) and brine (1 x 50.0 mL). The organic layer was 
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dried over Na2SO4, the solids were filtered off and the solvents were removed in vacuo to yield carboxylic 

acid 2.184 amenable to be used without further purification. 

1H-NMR (400MHz, CDCl3):  3.58 (ddd, J = 7.2, 5.6, 3.4 Hz, 1H, H2), 3.54-3.45 (m, 4H, H1+5), 3.30 (dd, J = 13.2, 

5.5 Hz, 1H, H1), 2.85 (p, J = 7.2 Hz, 1H, H3), 1.19 (d, J = 7.2 Hz, 3H, H6) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C6H11N3O3Na+) required m/z 196.0698, found 

m/z 196.0690. 

 

2.6.9. Synthesis of Bioiso-FR252921 

2.6.9.1. (R,4E,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-((tert-butyldimethylsilyl)oxy)-4-

methyltetradeca-4,6-dien-1-one (2.189) 

 

(R,4E,6E)-1-((S)-4-benzyl-2-thioxothiazolidin-3-yl)-3-((tert-butyldimethylsilyl)oxy)-4-methyltetradeca-

4,6-dien-1-one (2.189) was synthesised according to the general procedure outlined in chapter 2.5.2.11. 

on 2.00 mmol scale to yield 2.189 (883 mg, 1.58 mmol, 79%) as a yellow oil. 

1H-NMR (600MHz, CDCl3):  7.35 (t, J = 7.4 Hz, 2H, H26,30), 7.29 (d, J = 7.5 Hz, 3H, H27-29), 6.20 (dd, J = 15.0, 

10.8 Hz, 1H, H9), 5.98 (d, J = 10.8 Hz, 1H, H10), 5.66 (dt, J = 15.1, 7.5 Hz, 1H, H8), 5.19 (ddd, J = 10.6, 6.9, 

3.6 Hz, 1H, H20), 4.70 (dd, J = 9.1, 3.5 Hz, 1H, H12), 3.91 (dd, J = 15.8, 9.2 Hz, 1H, H15), 3.32 (dd, J = 11.3, 7.1 Hz, 

1H, H21), 3.26 (dd, J = 13.2, 2.4 Hz, 1H, H24), 3.03 (dd, J = 13.1, 10.9 Hz, 1H, H24), 2.95 (dd, J = 15.8, 3.6 Hz, 1H, 

H21), 2.87 (d, J = 11.5 Hz, 1H, H15), 2.09 (q, J = 7.2 Hz, 2H, H7), 1.73 (s, 3H, H13), 1.38-1.36 (m, 2H, H6), 1.32-1.27 

(m, 8H, H2-5), 0.89-0.84 (m, 12H, H1,35-37), 0.06 (s, 3H, H32), 0.01 (s, 3H, H33) ppm. 

13C-NMR (151MHz, CDCl3):  201.3 (C22), 172.1 (C16), 136.8 (C11), 136.6 (C25), 135.6 (C8), 129.6 (2C, C27,29), 129.1 

(2C, C26.30), 127.3 (C28), 126.1 (C10), 126.0 (C9), 75.3 (C12), 69.1 (C20), 45.5 (C15), 36.7 (C24), 33.1 (C7), 32.4 (C21), 
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32.0 (C2), 29.5 (C6), 29.4 (C3-5), 29.3 (C3-5), 25.9 (3C, C35-37), 22.8 (C3-5), 18.2 (C34), 14.2 (C1), 12.1 (C13), −4.6 (C32), 

−5.0 (C33) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C31H49NO2S2SiNa+) required m/z 582.2872, found 

m/z 582.2862. 

FT-IR (neat) νmax: 3027, 2953, 2925, 2854, 1698, 1496, 1455, 1438, 1359, 1340, 1283, 1251, 1225, 1190, 1161, 

1136, 1076, 1039, 1006, 965, 941, 894, 835, 811, 776, 744, 701, 666, 610, 561, 548, 508, 483 cm−1. 

TLC:  Rf (20% EtOAc in heptane) = 0.90; KMnO4 stain. 

 

2.6.9.2. (R,4E,6E)-3-((tert-butyldimethylsilyl)oxy)-4-methyltetradeca-4,6-dienal (2.190) 

 

To a solution of TBS-aldol product 2.189 (1.71 g, 3.05 mmol, 1.00 eq.) in Et2O (0.1 M) at −78°C was added 

dropwise over five minutes DIBAL-H (1 M in toluene) (3.08 mL, 3.08 mmol, 1.01 eq.). The resulting mixture 

was stirred at −78°C for 60 min or until full conversion of the starting material was observed (as indicated 

by 1H-NMR or TLC analysis). After the starting material had been consumed, the reaction was quenched 

by addition of 0.200 mL of water. The resulting mixture was stirred at −78°C for 5 min before being allowed 

to warm to 20°C. Afterwards, MgSO4 was added and the reaction mixture was stirred until an opaque gel 

formed. The opaque gel was then filtered through a short pad of Celite® and the filter cake was washed 

with Et2O. The filtrate was concentrated under reduced pressure and the crude product was purified by 

flash column chromatography (SiO2, EtOAc/heptane or Et2O/pentane) to afford 2.190 (897 mg, 

2.54 mmol, 83%) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  9.75 (t, J = 2.5 Hz, 1H, H17), 6.19 (dd, J = 15.0, 10.9 Hz, 1H, H9), 6.01 (d, 

J = 10.8 Hz, 1H, H10), 5.68 (dt, J = 14.9, 7.4 Hz, 1H, H8), 4.55 (dd, J = 8.2, 4.1 Hz, 1H, H12), 2.67 (ddd, J = 15.4, 

8.3, 2.9 Hz, 1H, H15), 2.42 (ddd, J = 15.4, 4.1, 2.0 Hz, 1H, H15), 2.10 (q, J = 7.2 Hz, 2H, H7), 1.71 (s, 3H, H13), 
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1.40-1.37 (m, 2H, H6), 1.31-1.27 (m, 8H, H2-5), 0.89-0.87 (m, 12H, H1,35-37), 0.05 (s, 3H, H32), 0.00 (s, 3H, H33) 

ppm. 

13C-NMR (151MHz, CDCl3):  202.1 (C16), 135.9 (C8), 135.8 (C11), 126.1 (C10), 125.7 (C9), 73.8 (C12), 50.2 (C15), 

33.2 (C7), 32.0 (C2), 29.5 (C6), 29.4 (C3-5), 29.3 (C3-5), 25.9 (3C, C35-37), 22.8 (C3-5), 18.2(C34), 14.2 (C1), 12.1 (C13), 

−4.5 (C32), −5.1 (C33) ppm. 

FT-IR (neat) νmax: 2954, 2923, 2853, 1728, 1681, 1599, 1461, 1377, 1252, 1075, 1002, 965,836, 776, 740, 

669 cm−1. 

[a]D
20 = +2.13° (c = 1.00, CHCl3). 

TLC:  Rf (10% EtOAc in heptane) = 0.65; KMnO4 stain. 

 

2.6.9.3. tert-butyldimethyl(((R,5E,7E)-5-methylpentadeca-5,7-dien-1-yn-4-yl)oxy)silane 

(2.S50) 

 

To a solution of aldehyde 2.190 (896 mg, 2.54 mmol, 1.00 eq.) in MeOH (0.1 M) at 0°C was added dimethyl-

(1-diazo-2-oxopropyl)phosphonate (Bestmann-Ohira reagent, 10 wt% in MeCN) (9.15 mL, 3.81 mmol, 

1.50 eq.) and K2CO3 (1.05 g, 7.62 mmol, 3.00 eq.). The resulting mixture was stirred at 0°C for 3 h before 

being diluted with Et2O (25.0 mL) and water (25.0 mL). The layers were separated and the aqueous layer 

was extracted with Et2O (3 x 25.0 mL) and the combined organic layers were washed with brine 

(1 x 25.0 mL). The combined organic layers were dried over Na2SO4, the solids were filtered off and the 

solvents were removed under reduced pressure. The crude product was purified by flash column 

chromatography (SiO2, EtOAc/heptane) to afford 2.S50 (526 mg, 1.51 mmol, 59%) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  6.21 (dd, J = 15.0, 10.9 Hz, 1H, H9), 5.97 (d, J = 10.8 Hz, 1H, H10), 5.67 (dt, 

J = 15.0, 7.5 Hz, 1H, H8), 4.18 (t, J = 6.5 Hz, 1H, H12) 2.40 (ddd, J = 16.6, 7.2, 2.6 Hz, 1H, H15), 2.35 (ddd, 
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J = 16.6, 6.0, 2.6 Hz, 1H, H15), 2.10 (q, J = 7.2 Hz, 2H, H7), 1.94 (t, J = 2.6 Hz, 1H, H39),1.69 (s, 3H, H13), 1.30-

1.37 (m, 2H, H6), 1.31-1.26 (m, 8H, H2-5), 0.90-0.84 (m, 12H, H1,35-37), 0.07 (s, 3H, H32), 0.01 (s, 3H, H33) ppm. 

13C-NMR (151MHz, CDCl3):  136.1 (C11), 135.3 (C8), 126.3 (C10), 125.9 (C9), 82.1 (C16), 77.2 (C12), 69.8 (C38), 

33.2 (C7), 32.0 (C2), 29.9 (C6), 29.5 (C3-5), 29.4 (C3-5), 27.2 (C15), 25.9 (3C, C35-37), 22.8 (C3-5), 18.4 (C34), 14.3 (C1), 

11.7 (C13), −4.6 (C32), −4.8 (C33) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C22H40OsiNa+) required m/z 371.2746, found 

m/z 371.2739. 

FT-IR (neat) νmax: 3314,2954, 2925, 2854, 1713, 1683, 1462, 1361, 1251, 1221, 1073, 1006, 965, 936, 890, 

836, 810, 776, 739, 668, 635 cm−1. 

[a]D
20 = −7.35° (c = 1.00, CHCl3). 

TLC:  Rf (10% Et2O in pentane) = 0.87; KMnO4 stain. 

 

2.6.9.4. (R,5E,7E)-5-methylpentadeca-5,7-dien-1-yn-4-ol (2.192) 

 

(R,5E,7E)-5-methylpentadeca-5,7-dien-1-yn-4-ol (2.192) was synthesised according to the general 

procedure outlined in chapter 2.5.2.19. on 0.220 mmol scale in THF (0.2 M) to yield 2.192 (45.0 mg, 

0.192 mmol, 87%) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  6.23 (ddt, J = 14.9, 10.8, 1.4 Hz, 1H, H9), 6.08 (d, J = 10.9 Hz, 1H, H10), 5.75-5.71 

(m, 1H, H8), 4.23 (t, J = 6.4 Hz, 1H, H12), 2.48 (dd, J = 6.4, 2.6 Hz, 2H, H15), 2.11 (q, J = 7.1 Hz, 2H, H7), 2.05 (t, 

J = 2.6 Hz, 1H, H39), 1.95 (b, 1H, H14), 1.75 (d, J = 0.7 Hz, 3H, H13), 1.39-1.38 (m, 2H, H6), 1.30-1.26 (m, 8H, 

H2-5), 0.91 (s, 3H, H1) ppm. 

13C-NMR (151MHz, CDCl3):  136.4 (C8), 135.0 (C11), 126.6 (C10), 125.7 (C9), 81.0 (C16), 75.4 (C12), 70.8 (C38), 

33.2 (C7), 32.0 (C2-5), 29.5 (C2-5), 29.34 (C6), 29.32 (C2-5), 26.1 (C14), 22.8 (C2-5), 14.2 (C1), 12.4 (C13) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C16H26ONa+) required m/z 257.1881, found m/z 257.1874. 

FT-IR (neat) νmax: 3312, 2923, 2853, 1462, 1378, 1252, 1016, 964, 630 cm−1. 
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TLC:  Rf (5% Et2O in pentane) = 0.50; KMnO4 stain. 

 

2.6.9.5. (2S,3R)-3-((tert-butyldimethylsilyl)oxy)-4-(4-((R,3E,5E)-2-hydroxy-3-methyltrideca-

3,5-dien-1-yl)-1H-1,2,3-triazol-1-yl)-2-methyl-N-((E)-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)but-3-en-1-yl)butanamide (2.194) 

 

To a solution of FR core azide 2.193 (103 mg, 0.192 mmol, 1.00 eq.) in THF (0.15 M) at 20°C was added 

alkyne 2.192 (45.0 mg, 0.192 mmol, 1.00 eq.), followed by addition of DIPEA (66.9 µL, 0.384 mmol, 

2.00 eq.) and CuI (36.8 mg, 0.192 mmol, 1.00 eq.). The resulting cloudy reaction mixture was stirred at 20°C 

for 22 h. Afterwards, the solvents were removed in vacuo and the resulting crude product was purified by 

flash column chromatography (SiO2, 10 mL/0.1mmol Cv, MeOH in DCM gradient, 0% (1 Cv) → 1% (1 Cv) → 

2% (2 Cv) → 4% (2 Cv) → 7% (2 Cv) → 10% (2 Cv)) to afford 2.194 (104 mg, 0.151 mmol, 79%) as a white 

foam. 

1H-NMR (600MHz, CDCl3):  7.53 (s, 1H, H17), 6.55 (dt, J = 18.0, 6.5 Hz, 1H, H31), 6.23 (dd, J = 15.0, 10.9 Hz, 

1H, H9), 6.07 (d, J = 10.7 Hz, 1H, H10), 5.95 (t, J = 5.3 Hz, 1H, H28), 5.72-5.64 (m, 1H, H8), 5.52 (d, J = 18.0 Hz, 

1H, H32), 4.51 (dd, J = 14.0, 4.9 Hz, 1H, H21), 4.38 (d, J = 8.1 Hz, 1H, H12), 4.32 (dd, J = 14.0, 5.7 Hz, 1H, H21), 

4.24 (dd, J = 10.4, 5.2 Hz, 1H, H22), 3.48 (dt, J = 13.5, 6.7 Hz, 1H, H29), 3.24 (td, J = 12.1, 6.5 Hz, 1H, H29), 2.97 

(dd, J = 15.0, 3.8 Hz, 1H, H15), 2.94-2.87 (m, 2H, H14,15), 2.42-2.29 (m, 2H, H30), 2.09 (q, J = 7.1 Hz, 3H, H7,23), 

1.81 (s, 3H, H13), 1.41-1.36 (m, 2H, H6), 1.31-1.24 (m, 20H, H2-5,38-40), 1.18 (d, J = 7.1 Hz, 3H, H26), 0.90 (s, 12H, 

H1,46-48), 0.08 (s, 3H, H44), 0.01 (s, 3H, H45) ppm. 

13C-NMR (151MHz, CDCl3):  173.4 (C25), 150.4 (C31), 145.0 (C16), 136.1 (C11), 135.6 (C8), 126.0 (C9), 125.8 (C10), 

123.9 (C17), 121.9 (C32, deduced from HSQC), 83.4 (2C, C36,37), 76.1 (C12), 73.0 (C22), 53.5 (C21), 44.9 (C23), 38.0 
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(C29), 35.8 (C30), 33.2 (C7), 32.0 (C5), 31.9 (C15), 29.6 (C6), 29.4 (C2-4,38-41), 29.3 (C2-4,38-41), 26.0 (C1,46-48), 25.0 (2C, 

C2-4,38-41), 24.92 (C2-4,38-41), 24.91 (C2-4,38-41), 22.8 (C2-4,38-41), 18.1 (C43), 14.9 (C26), 14.3 (3C, C1,46-48), 12.9 (C13), 

−4.64 (C44), −4.83 (C45) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C37H67N4O5BSiNa+) required m/z 709.4871, found 

m/z 709.4870. 

FT-IR (neat) νmax: 2978, 2956, 2927, 2855, 1657, 1640, 1552, 1545, 1468, 1460, 1431, 1400, 1359, 1320, 1256, 

1216, 1144, 1111, 1085, 1050, 1006, 992, 967, 941, 848, 834, 811, 779, 759 cm−1. 

[a]D
20 = +10.7° (c = 0.45, CHCl3). 

TLC:  Rf (10% MeOH in DCM) = 0.88; PMA stain. 

 

2.6.9.6. (R,3E,5E)-1-(1-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-1H-1,2,3-

triazol-4-yl)-3-methyltrideca-3,5-dien-2-yl (1R,4R)-4-chlorocyclobut-2-ene-1-

carboxylate (2.S51) 

 

(R,3E,5E)-1-(1-((2R,3S)-2-((tert-butyldimethylsilyl)oxy)-3-methyl-4-oxo-4-(((E)-4-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)but-3-en-1-yl)amino)butyl)-1H-1,2,3-triazol-4-yl)-3-methyltrideca-3,5-dien-2-yl 

(1R,4R)-4-chlorocyclobut-2-ene-1-carboxylate (2.S51) was synthesised according to the general 

procedure outlined in chapter 2.5.2.17. on 0.141 mmol scale to yield 2.S51 (65.2 mg, 92.0 µmol, 65%) as a 

colourless foam. 

1H-NMR (700MHz, CDCl3):  7.60 (s, 1H, H17), 6.54 (dt, J = 17.9, 6.5 Hz, 1H, H31), 6.31 (t, J = 5.5 Hz, 1H, H28), 

6.23 (d, J = 2.3 Hz, 1H, H52), 6.18-6.16 (m, 2H, H9,54), 6.09 (d, J = 10.8 Hz, 1H, H10), 5.75-5.69 (m, 1H, H8), 5.52 
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(dd, J = 9.1, 4.4 Hz, 1H, H12), 5.49 (d, J = 18.0 Hz, 1H, H32), 5.05 (d, J = 4.3 Hz, 1H, H50), 4.61 (dd, J = 14.2, 

3.8 Hz, 1H, H21), 4.23 (dd, J = 14.2, 4.6 Hz, 1H, H21), 4.17 (dt, J = 8.2, 4.2 Hz, 1H, H22), 4.07 (d, J = 4.2 Hz, 1H, 

H53), 3.47 (dd, J = 13.6, 6.5 Hz, 1H, H29), 3.22 (dd, J = 14.9, 9.3 Hz, 1H, H15), 3.14 (dt, J = 13.2, 7.0 Hz, 1H, H29), 

3.04 (dd, J = 14.9, 4.4 Hz, 1H, H15), 2.34 (ddd, J = 7.5, 3.5, 1.6 Hz, 2H, H30), 2.09 (dd, J = 13.7, 6.5 Hz, 2H, H7), 

1.83 (m, 4H, H13,23), 1.39-1.35 (m, 2H, H6), 1.28-1.24 (m, 20H, H2-5,38-41), 1.11 (d, J = 7.0 Hz, 3H, H26), 0.92 (s, 

9H, H46-48), 0.88 (t, J = 7.1 Hz, 3H, H1), 0.10 (s, 3H, H44), 0.08 (s, 3H, H45) ppm. 

13C-NMR (176MHz, CDCl3):  173.6 (C25), 150.5 (C31), 143.6 (C16), 140.7 (C52), 137.0 (C8), 136.6 (C54), 131.5 (C11), 

128.8 (C10), 126.0 (C9), 123.9 (C17), 121.8 (C32, deduced from HSQCs), 83.3 (2C, C36,37), 79.5 (C12), 73.0 (C22), 

56.2 (C50), 54.1 (C53), 53.5 (C21), 44.1 (C23), 38.2 (C29), 35.7 (C30), 33.2 (C7), 32.0 (C2), 30.2 (C15), 29.47 (Cx), 29.37 

(Cx), 29.31 (C6), 26.0 (4C, C38-41), 24.9 (2C, C4,5), 22.8 (C3), 18.1 (C43), 14.8 (C26), 14.3 (3C, C46-48), 12.9 (C13), −4.4 

(C44), −5.0 (C45) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C42H70N4O6BSiClNa+) required m/z 823.4744, found 

m/z 823.4742. 

TLC:  cis1-2.S51: Rf (60% EtOAc in heptane) = 0.36; KMnO4 stain; 

 cis2-2.S51: Rf (60% EtOAc in heptane) = 0.28; KMnO4 stain. 

 

2.6.9.7. (14Z,3R,6E,8E,10E,16S,17R)-17-((tert-butyldimethylsilyl)oxy)-3-((2E,4E)-dodeca-2,4-

dien-2-yl)-16-methyl-11H-4-oxa-14-aza-1(4,1)-triazolacyclooctadecaphane-6,8,10-

triene-5,15-dione (2.S52) 

 

(14Z,3R,6E,8E,10E,16S,17R)-17-((tert-butyldimethylsilyl)oxy)-3-((2E,4E)-dodeca-2,4-dien-2-yl)-16-methyl-

11H-4-oxa-14-aza-1(4,1)-triazolacyclooctadecaphane-6,8,10-triene-5,15-dione (2.S52) was synthesised 
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according to the general procedure outlined in chapter 2.5.2.18. on 50.0 µmol scale to yield 2.S52 

(21.2 mg, 33.2 µmol, 66%) as a colourless foam. 

1H-NMR (600MHz, CDCl3):  7.24 (s, 1H, H17), 6.69 (dd, J = 15.3, 11.3 Hz, 1H, H35), 6.41 (dd, J = 14.9, 10.6 Hz, 

1H, H32), 6.26 (dd, J = 14.9, 10.8 Hz, 1H, H9), 6.16 (d, J = 10.8 Hz, 1H, H10), 6.14-6.08 (m, 1H, H33), 6.04 (dd, 

J = 15.0, 11.5 Hz, 1H, H34), 6.03-5.97 (m, 1H, H31), 5.83 (dd, J = 8.6, 4.1 Hz, 1H, HNH28), 5.78-5.71 (m, 1H, H8), 

5.51 (dd, J = 9.1, 5.3 Hz, 1H, H12), 5.49 (d, J = 15.5 Hz, 1H, H36), 4.63 (ddd, J = 9.6, 3.7, 2.8 Hz, 1H, H22), 

4.04-3.88 (m, 4H, H21,29), 3.14-3.08 (m, 2H, H15), 2.61 (qd, J = 7.2, 4.0 Hz, 1H, H24); 2.54 (bd, J = 14.2 Hz, 1H, 

H30), 2.28-2.20 (m, 1H, H30); 2.14-2.08 (m, 2H, H7), 1.87 (s, 3H, H13), 1.41-1.35 (m, 2H, H6), 1.31-1.25 (m, 8H, 

H2-5), 1.21 (d, J = 7.3 Hz, 3H, H25), 0.92 (t, J = 7.4 Hz, 3H, H1), 0.78 (s, 9H, H43-45), −0.07 (s, 3H, H40), −0.41 (s, 

3H, H41) ppm. 

13C-NMR (151MHz, CDCl3):  172.5 (C26), 166.2 (C37), 145.6 (C35), 144.0 (C16), 141.8 (C32), 138.6 (C9), 136.4 (C8), 

132.8 (C11), 131.4 (C33), 127.5 (C34), 126.6 (C10), 125.8 (C31), 123.5 (C17), 120.0 (C36), 78.1 (C12), 76.4 (C15), 71.8 

(C22), 53.2 (C21), 45.8 (C24), 37.8 (C29), 34.5 (C30), 33.18 (C7), 33.15 (C6), 32.0 (C2-5), 29.5 (C2-5), 29.3 (C2-5), 25.8 

(C42), 25.0 (C2-5), 14.3 (3C, C43-45), 13.3 (2C, C1+13), 10.0 (C25), −5.1 (C40), −5.5 (C41) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C36H58N4O4SiNa+) required m/z 661.4125, found 

m/z 661.4119. 

FT-IR (neat) νmax: 2956, 2925, 2854, 1710, 1654, 1640, 1616, 1533, 1528, 1467, 1462, 1432, 1387, 1360, 1298, 

1249, 1234, 1216, 1144, 1111, 1080, 1051, 1007, 965, 939, 886, 837, 830, 809 cm−1. 

[a]D
20 = −13.9° (c = 0.054, CHCl3). 

TLC:  Rf (60% EtOAc in heptane) = 0.30; KMnO4 stain. 
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2.6.9.8. (14Z,3R,6E,8E,10E,16S,17R)-3-((2E,4E)-dodeca-2,4-dien-2-yl)-17-hydroxy-16-methyl-

11H-4-oxa-14-aza-1(4,1)-triazolacyclooctadecaphane-6,8,10-triene-5,15-dione, Bioiso-

FR252921 (2.188) 

 

Bioiso-FR252921 (2.188) was synthesised according to the general procedure outlined in chapter 2.5.2.19. 

on 24.0 µmol scale to yield 2.188 (10.1 mg, 19.2 µmol, 80%) as a white solid. 

1H-NMR (700MHz, CDCl3):  7.54 (s, 1H, H17), 6.99 (dd, J = 15.3, 11.3 Hz, 1H, H25), 6.43 (dd, 15.0, 10.7 Hz, 1H, 

H33), 6.25 (dd, J = 14.9, 10.9 Hz, 1H, H9), 6.17 (d, J = 10.8 Hz, 1H, H10), 6.15 (dd, J = 15.0, 11.3 Hz, 1H,H34), 6.09 

(dd, J = 15.1, 10.7 Hz, 1H, H32), 5.87 (dt, J = 15.0, 7.5 Hz, 1H, H31), 5.75 (dd, J = 14.6, 7.2 Hz, 1H, H8), 5,71 (d, 

J = 15.3 Hz, 1H, H36), 5.66 (t, J = 6.5 Hz, 1H, H28), 5.48 (dd, J = 10.8, 3.2 Hz, 1H, H12), 4.61 (d, J = 13.5 Hz, 1H, 

H21), 3.99 (dd, J = 13.7, 10.5 Hz, 1H, H21), 3.95-3.89 (m, 1H, H22), 3.59-3.52 (m, 1H, H29), 3.47 (dtd, J = 11.6, 

6.7, 5.0 Hz, 1H, H29), 3.41 (d, J = 3.3 Hz, 1H, H23), 3.12 (dd, J = 14.8, 3.5 Hz, 1H, H15), 3.04 (dd, J = 14.9, 10.9 Hz, 

1H, H15), 2.40-2.29 (m, 3H, H24,30), 2.11 (q, J = 7.2 Hz, 2H, H7), 1.85 (s, 3H, H13), 1.41-1.36 (m, 2H, H6), 1.33-1.26 

(m, 8H, H2-5), 1.22 (d, J = 7.0 Hz, 3H, H25), 0.88 (t, J = 7.0 Hz, 3H, H1) ppm. 

13C-NMR (176MHz, CDCl3):  174.3 (C26), 166.0 (C37), 144.5 (C35), 143.7 (C16), 140.4 (C33), 136.6 (C31), 136.5 

(C8), 132.6 (C11), 132.0 (C32), 128.8 (C34), 126.9 (C10), 125.7 (C9), 124.7 (C17), 120.9 (C36), 77.6 (C12), 72.4 (C22), 

54.5 (C21), 45.5 (C24), 38.1 (C29), 34.4 (C30), 33.2 (C7), 32.0 (C6), 30.7 (C15), 29.9 (C2-5), 29.5 (C2-5), 29.3 (C2-5), 22.8 

(C2-5), 14.26 (C1), 14.24 (C25), 13.3 (C13) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C30H44N4O4Na+) required m/z 547.3260, found 

m/z 547.3265. 

FT-IR (neat) νmax: 3348, 2959, 2921, 2851, 1710, 1685, 1658, 1616, 1588, 1519, 1466, 1430, 1356, 1332, 1297, 

1271, 1261, 1237, 1217, 1196, 1172, 1136, 1100, 1053, 1021, 998, 960, 878, 839, 795, 759, 720, 671, 616 cm−1. 

[a]D
20 = −1.08° (c = 0.012, CHCl3). 
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TLC:  Rf (10% MeOH in CHCl3) = 0.50; KMnO4 stain. 
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2.7. Synthesis of Macrocyclisation Models 

2.7.1. Synthesis of the 19-membered Macrocycle Model Precursor 

2.7.1.1. Tridec-2-yn-1-ol (2.S53) 

 

Tridec-2-yn-1-ol (2.S53) was synthesised according to the general procedure outlined in chapter 2.5.2.20. 

on 20.0 mmol scale to yield 2.S53 (3.93 g, 20.0 mmol, quantitative) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  4.25 (s, 2H, H13), 2.20 (t, J = 7.1 Hz, 2H, H10), 1.72 (bs, 1H, H14), 1.53-1.48 (m, 2H, 

H9), 1.39-1.33 (m, 2H, H8), 1.29-1.22 (m, 12H, H2-7), 0.87 (t, J = 6.9 Hz, 3H, H1) ppm. 

13C-NMR (151MHz, CDCl3):  86.8 (C11), 78.4 (C12), 51.5 (C13), 32.0 (C2-8), 29.71 (C2-8), 29.65 (C2-8), 29.44 (C2-8), 

29.27 (C2-8), 29.01 (C2-8), 28.75 (C9), 22.8 (C2-8), 18.9 (C10), 14.2 (C1) ppm. 

FT-IR (neat) νmax: 3309, 2922., 2853, 1464, 1377, 1137, 1010, 721, 558 cm−1. 

 

2.7.1.2. Tridec-12-yn-1-ol (2.S54) 

 

Tridec-12-yn-1-ol (2.S54) was synthesised according to the general procedure outlined in chapter 

2.5.2.21. on 5.28 mmol scale to yield 2.S54 (693 mg, 3.53 mmol, 67%) as a colourless oil. 

1H-NMR (400MHz, CDCl3):  3.64 (dd, J = 11.7, 5.9 Hz, 2H, H13), 2.18 (t, J = 6.6 Hz, 2H, H3), 1.93 (t, J = 2.6 Hz, 

1H, H1), 1.61-1.47 (m, 4H, H11,12), 1.43-1.24 (m, 14H, H4-11), 1.20 (t, J = 4.9 Hz, 1H, H14) ppm. 

13C-NMR (101MHz, CDCl3):  85.0 (C2), 68.” (C1), 63.2 (C13), 33.0 (C3-12), 29.7 (C3-12), 29.7 (C3-12), 29.6 (C3-12), 

29.6 (C3-12), 29.2 (C3-12), 28.9 (C3-12), 28.6 (C3-12), 25.9 (C3-12), 18.5 (C3-12) ppm. 

FT-IR (neat) νmax: 3309, 2922., 2853, 1464, 1377, 1137, 1010, 721, 558 cm−1. 
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2.7.1.3. (E)-13-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridec-12-en-1-ol (2.S55) 

 

(E)-13-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridec-12-en-1-ol (2.S55) was synthesised according 

to the general procedure outlined in chapter 2.5.2.22. on 5.24 mmol scale to yield 2.S55 (1.19 g, 

3.68 mmol, 70%) as a colourless oil. 

1H-NMR (400MHz, CDCl3):  6.63 (dt, J = 17.9, 6.4 Hz, 1H, H2), 5.42 (d, J = 18.0 Hz, 1H, H1), 3.63 (t, J = 6.6 Hz, 

3H, H13,14), 2.18-2.09 (m, 2H, H3), 1.61-1.49 (m, 4H, H4,12). 1.44-1.17 (m, 26H, H5-11,20-23) ppm. 

HRMS (ESI+): exact mass calculated for [M]+ (C19H37BO3
+) required m/z 347.2733; found m/z 347.2731. 

FT-IR (neat) νmax: 3362, 2978, 2924, 2853, 1638, 1464, 1398, 1361, 1317, 1270, 1215, 1144, 1103, 1056, 998, 

970, 897, 850, 733, 647, 578, 523, 446 cm−1. 

 

2.7.1.4. (E)-13-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridec-12-en-1-yl 4-

chlorocyclobut-2-ene-1-carboxylate (2.S56) 

 

(E)-13-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tridec-12-en-1-yl 4-chlorocyclobut-2-ene-1-

carboxylate (2.S56) was synthesised according to the general procedure outlined in chapter 2.5.2.17. on 

0.500 mmol scale to yield 2.S56 (187 mg, 0.426 mmol, 61%) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  6.62 (dt, J = 17.9, 6.4 Hz, 1H, H2), 6.26 (dd, J = 8.0, 2.6 Hz, 2H, H28/29), 5.41 (d, 

J = 16.6, 1.3 Hz, 1H, H1), 5.08 (d, J = 4.2 Hz, 1H, H25), 4.20-4.09 (m, 2H, H13), 4.06 (d, J = 4.2 Hz, 1H, H27), 2.19-

2.07 (m, 2H, H3), 1.69-1.63 (m, 2H, H12), 1.49-1.21 (m, 28H, H4-11, 20-23) ppm. 
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13C-NMR (151MHz, CDCl3):  170.1 (C24), 155.0 (C2), 140.4 (C28/29), 136.7 (C28/29), 118.1 (C1, deduced from 

HSQC), 83.1 (2C, C17,18), 65.4 (C13), 56.4 (C25), 54.1 (C27), 36.0 (C3), 29.7 (C4-12), 29.7 (C4-12), 29.6 (C4-12), 29.6 

(C4-12), 29.4 (C4-12), 29.3 (C4-12), 28.7 (C4-12), 28.4 (C4-12), 26.0 (C4-12), 24.9 (4C, C20-23) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C24H40BClO4Na+) required m/z 461.2606; found 

m/z 461.2597. 

FT-IR (neat) νmax: 2926, 2854, 1738, 1638, 1466, 1397, 1362, 1331, 1289, 1268, 1234, 1177, 1145, 1119, 1048, 

999, 971, 913, 850, 773, 736 cm−1. 
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2.7.2. Synthesis of the 20-membered Macrocycle Model Precursor 

2.7.2.1. Tetradec-2-yn-1-ol (2.S57) 

 

Tetradec-2-yn-1-ol (2.S57) was synthesised according to the general procedure outlined in chapter 

2.5.2.20. on 5.00 mmol scale to yield 2.S57 (1.05 g, 5.00 mmol, quantitative) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  4.28-4.21 (m, 2H, H13), 2.21 (tt, J = 7.3, 2.2 Hz, 2H, H10), 1.61-1.16 (m, 18H, H1-9), 

0.88 (t, J = 6.8 Hz, 3H, H15) ppm. 

13C-NMR (151MHz, CDCl3):  86.9 (C11), 78.4 (C12), 51.6 (C13), 32.1 (C1-9), 29.8 (2C, C1-9), 29.7 (C1-9), 29.5 (C1-9), 

29.3 (C1-9), 29.0 (C1-9), 28.8 (C1-9), 22.8 (C1-9), 18.9 (C10), 14.2 (C15) ppm. 

HRMS (ESI+): exact mass calculated for [M+H]+ (C14H27O+) required m/z 211.2062; found m/z 211.2056. 

FT-IR (neat) νmax: 3285, 2916, 2848, 1472, 1461, 1070, 1056, 1042, 1026, 1005, 730, 719, 682, 665, 652, 629, 

535 cm−1. 

 

2.7.2.2. Tetradec-13-yn-1-ol (2.S58) 

 

Tetradec-13-yn-1-ol (2.S58) was synthesised according to the general procedure outlined in chapter 

2.5.2.21. on 5.33 mmol scale to yield 2.S58 (576 mg, 2.74 mmol, 51%) as a colourless oil. 

1H-NMR (400MHz, CDCl3):  3.64 (dd, J = 11.0, 6.4 Hz, 2H, H13), 2.18 (td, J = 7.1, 2.6 Hz, 2H, H2), 1.94 (t, 

J = 2.6 Hz, 1H, H15), 1.62-1.44 (m, 6H, H3,11,12), 1.43-1.24 (m, 14H, H4-10), 1.18 (t, J = 4.9 Hz, 1H, H14) ppm. 

13C-NMR (101MHz, CDCl3):  85.0 (C1), 68.2 (C15), 63.3 (C13), 33.0 (C2-12), 29.7 (2C, C2-12), 29.7 (C2-12), 29.6 (C2-12), 

29.6 (C2-12), 29.2 (C2-12), 28.9 (C2-12), 28.6 (C2-12), 25.9 (C2-12), 18.5 (C2-12) ppm. 
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FT-IR (neat) νmax: 3285, 2916, 2848, 1472, 1461, 1070, 1056, 1042, 1026, 1005, 730, 719, 682, 665, 652, 629, 

535 cm−1. 

 

2.7.2.3. (E)-14-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetradec-13-en-1-ol (2.S59) 

 

(E)-14-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetradec-13-en-1-ol (2.S59) was synthesised 

according to the general procedure outlined in chapter 2.5.2.22. on 2.74 mmol scale to yield 2.S59 

(740 mg, 2.19 mmol, 80%) as a colourless oil. 

1H-NMR (400MHz, CDCl3):  6.63 (dt, J = 18.0, 6.4 Hz, 1H, H1), 5.42 (dt, J = 17.9, 1.5 Hz, 1H, H15), 3.64 (t, 

J = 5.5 Hz, 2H, H13), 2.14 (td, J = 8.0, 1.5 Hz, 2H, H2), 1.61-1.52 (m, 2H, H12), 1.43-1.19 (m, 30H, H3-11,21-24) ppm. 

13C-NMR (101MHz, CDCl3):  155.0 (C1), 118.1 (C15, deduced from HSQC), 83.1 (2C, C19,20), 63.3 (C13), 36.0 (C2), 

33.0 (C12), 29.8 (C3-11), 29.7 (C3-11), 29.7 (C3-11), 29.7 (C3-11), 29.6 (C3-11), 29.6 (C3-11), 29.4 (C3-11), 28.4 (C3-11), 25.9 

(C3-11), 24.9 (4C, C21-24) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C20H39BO3Na+) required m/z 361.2890; found 

m/z 361.2884. 

FT-IR (neat) νmax: 3428, 2978, 2924, 2853, 1638, 1465, 1398, 1361, 1318, 1271, 1215, 1145, 1104, 1056, 997, 

970, 910, 850, 735, 648, 578 cm−1. 
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2.7.2.4. (E)-14-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetradec-13-en-1-yl 4-

chlorocyclobut-2-ene-1-carboxylate (2.S60) 

 

(E)-14-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)tetradec-13-en-1-yl 4-chlorocyclobut-2-ene-1-

carboxylate (2.S60) was synthesised according to the general procedure outlined in chapter 2.5.2.17. on 

0.700 mmol scale to yield 2.S60 (122 mg, 0.269 mmol, 39%) as a colourless oil. 

1H-NMR (600MHz, CDCl3):  6.63 (dt, J = 17.9 Hz, 1H, H1), 6.28 (d, J = 2.7 Hz, 1H, H30), 6.27 (d, J = 2.5 Hz, 1H, 

H29), 5.42 (d, J = 18.0 Hz, 1H, H15), 5.09 (d, J = 4.3 Hz, 1H, H26), 4.20-4.13 (m, 2H, H13), 4.07 (d, J = 4.2 Hz, 1H, 

H28), 2.14 (td, J = 7.8, 1.3 Hz, 2H, H2), 1.70-1.63 (m, 2H, H12), 1.44-1.33 (m, 2H, H3), 1.33-1.19 (m, 28H, H4-11, 

21-24) ppm. 

13C-NMR (151MHz, CDCl3):  170.1 (C25), 155.0 (C1), 140.4 (C30), 136.7 (C29), 118.5 (C15, deduced from HSQC), 

83.1 (2C, C19,20), 65.5 (C13), 56.5 (C26), 54.1 (C28), 36.0 (C2), 29.8 (C3-12), 29.8 (C3-12), 29.7 (C3-12), 29.7 (C3-12), 29.4 

(C3-12), 29.4 (C3-12), 28.8 (C3-12), 28.4 (C3-12), 26.0 (C3-12), 25.0 (C3-12), 24.9 (4C, C21-24) ppm. 

HRMS (ESI+): exact mass calculated for [M+Na]+ (C25H42BClO4Na+) requiv.uired m/z 475.2762; found 

m/z 475.2744. 

FT-IR (neat) νmax: 2977, 2926, 2854, 1738, 1638, 1466, 1397, 1362, 1321, 1289, 1268, 1234, 1176, 1145, 1119, 

1049, 998, 971, 915, 850, 773, 736 cm−1. 
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2.8. Biological Experiments 

2.8.1. EL4 T Cell Assay 

EL4 T cell experiments were planned and conducted by Dr. Tuan-Anh Nguyen and Anna Koren. The 

procedure is included within this thesis for sake of completeness of information. 

 

EL4 T cells (ATCC® TIB-39™) were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Thermo Fisher 

Scientific, D5030-10L) supplemented with 10% heat inactivated fetal bovine serum (FBS, Thermo Fisher 

Scientific, 10500). 

Compounds were dissolved in DMSO (16 mM) and were dispensed with a Labcyte Echo 550 to 96-well 

plates (Corning, CLS3904-100EA). For each compound multiple volumes were plated to achieve six final 

assay concentrations ranging from 20 µM to 6.4 nM in 5-fold dilutions. The volume of DMSO in each well 

was adjusted to 0.25 µL. Eight wells per plate were filled with DMSO only to serve as negative control. 

2000 EL4 T cells in 100 µL of medium were plated per well and after 72 h of incubation, cell viability was 

measured using a CellTiter-Glo Luminescent Cell Viability Assay (Promega, G7572). After equilibration of 

the plates and the reagent to room temperature, the Cell-Titer-Glo reagent was added to the wells using 

a Multidrop™ Combi Reagent Dispenser (Thermo Fisher Scientific) and cells were lysed by shaking. The 

luminescence signal was read after 20 min incubation at room temperature using an EnVision™ Multilabel 

Plate Reader (PerkinElmer). Signals were normalised to negative control wells on each plate and dose-

response curves and IC50 values were calculated using GraphPad Prism 7. 

2.8.2. PBMC Assay 

PBMC experiments were planned by Laura Marie Gail and Manuel Schupp and were carried out by Laura 

Marie Gail. The procedure is included within this thesis for sake of completeness of information. 

 

Peripheral blood mononuclear cells (PBMC) were isolated from whole blood of healthy donors on a Ficoll 

gradient and resuspended in RPMI (Gibco, #52400-025). Subsequently, 2.5∙105 cells were seeded per well 

in a 96-well U-bottom plate and treated with the corresponding compounds at the desired concentration. 
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DMSO (Sigma-Aldrich, #41639) was added to untreated wells as solvent control. Cells were incubated with 

the compounds for 30 min at 37°C under an atmosphere containing 5% CO2. Following incubation, the 

cells were stimulated with 1X Cell Activation Cocktail (CAC) containing Brefeldin A (Biolegend, #423303) 

or 1X Brefeldin A (Biolegend, #420601) only. Cells were incubated at 37°C under an atmosphere containing 

5% CO2 for 3 h. Afterwards, the cells were harvested and stained following a procedure described by Stary 

et al.[317] In short, cells were stained for 15 min at 20°C in the dark with a fixable viability dye (eBioscience 

eFluor 780; ThermoFisher, #65-0865-14 or Biolegend, #423107) and subsequently stained for 30 min at 

4°C with surface marker antibodies (Table S1). After fixation and permeabilisation (Fixation Buffer, 

Biolegend #420801; Intracellular Staining Permeabilization Wash Buffer (10X), Biolegend #421002) cells 

were stained for 25 min at 20°C with intracellular cytokine antibodies (Table S 1). Washing was performed 

between each staining step. Stained cells were acquired on a CYTEK Aurora spectral flow cytometer 

equipped with five lasers and data analysis was performed inside FlowJo v10.8.1 and GraphPad Prism 

9.0. Cell subsets were identified by gating on live single cells expressing canonical immune cell markers, 

including CD45 for leukocytes, CD3 for T cells, CD56 for NK cells and HLA-DR for APCs. Statistical 

differences between groups were determined by one-way ANOVA with multiple comparison. 

CD (cluster of differentiation) and HLA-DR are surface markers for different cell types; IFN-, IL-6 and 

TNF- are intracellular cytokines. BV = Brilliant Violet; AF = AlexaFluor; FVD = Fixable viability dye.
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Antigen (Purpose) Antibody/Fluorophore Supplier Catalogue Nr. Dilution 

FVD eFluor780 Thermo-Fisher 65-0865-14 1:2000 

Zombie UV™ FVD ZombieUV™ Biolegend 423107 1:2000 

CD3 (all T cells) mouse IgG1  / PerCP Biolegend 344814 1:300 

CD4 (T helper cells) Mouse Anti-Human / BUV563 BD Biosciences 750979 1:200 

CD8 (T killer cells) mouse IgG1  / BV 510™ Biolegend 300934 1:200 

CD14 (monocytes) mouse IgG1  / PerCP-Cy5.5 Biolegend 325622 1:500 

CD20 (B cells) mouse IgG1  / AF 700 Biolegend 302322 1:300 

CD45 (leukocytes) mouse IgG1  / BV570 Biolegend 304033 1:100 

CD56 (NK cells) mouse IgG1  / PE-Cy5 Biolegend 362515 1:200 

CD86 (APCs) mouse IgG1  / BV605 Biolegend 374231 1:100 

HLA-DR (APC) mouse IgG1  / APC-Cy7 Biolegend 307618 1:200 

IFN- mouse IgG1  / BV785 Biolegend 502542 1:80 

IL-6 rat IgG1  / PE-Dazzle™ 594 Biolegend 501122 1:100 

TNF- mouse IgG1  / APC Biolegend 502912 1:100 

Table S 1: Antibodies and FVD used in the PBMC assay with supplier information and dilution. 
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