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Foreword 

In my bachelor’s studies, when I first got introduced to the world of organic 

chemistry, I was full of unrealistic expectations. In my eyes, it was like discovering a new 

language, full of novel signs and ethereal beautiful shapes that I hoped I could once master. 

I remember feeling like an architect that could build anything I could ever imagine. Better 

yet, I remembered thinking how architects needed chemists to build their art. You can build 

a molecule without architecture but you can’t build a house without chemistry. 

During my bachelor thesis, from a metaphorical point of view, it felt like I was 

entering a small pool, warmed by all the new things I learned each day. The same feeling 

persisted in my master’s studies, and at the same time, I felt the pool increasing, stroke by 

stroke, as I learned the intricacies of reactions and the secrets of the lab.  

At the start of the PhD, the edge of the pool already touched the horizon, and it felt 

that no matter how much I tried, it kept eluding me. Now, looking back, I see myself in the 

middle of the lukewarm ocean, looking around not for help but for direction instead. 

How ruthless can science be? Can you drink from the fountain of curiosity without 

feeling endless thirst? 

For me, the crux of the matter, lies not in the ability to swim, but in the capacity to 

cherish the people around you. A large ocean is a cosy place when having a good 

discussion, or better yet, a silly conversation. 

Value the people around you, because despite not keeping in touch forever, pieces 

of them will always follow you. 

 

The weeps of a lucky silly Goose, 

R.  
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Abstract 

The first chapter of this thesis describes our recent efforts on amide 

functionalisation through electrophilic activation. The first subchapter focuses on the 

investigation of amide-derived enolonium ions, formed by the addition of N-oxides to 

keteniminium ions. Harnessing these intermediates allowed for the development of a 

unified approach for the α-functionalization of amides, using halides, as well as, N-, S-, 

and O-centred nucleophiles to functionalise the α-position of amides.  

 

The second part of this chapter revolves around the metal-free α,b-dehydrogenation 

of saturated amides using a simple, selenium-based protocol. This method directly 

transforms keteniminium ions into the desired α,b-dehydrogenated amides. 

The third, and final, part of this chapter describes the combination of the 

keteniminium ions with vinyl sulfoxides, which results in charge-accelerated sulfonium 

rearrangement. The highly nucleophilic nature of the amide moiety not only facilitated its 

initial electrophilic activation, but also enabled capture of the subsequently formed 

thionium intermediate, generating a unique cyclic imidinium ion. Such species could by 

selectively transformed into an array of products.  

 



 

 

Chapter 2 outlines our recent efforts in the transformation of feedstock alkenes into 

valuable amine scaffolds through an acid-mediated reaction called 

hydroaminomethylenation/hydroaminoalkylation. By using electron-deficient iminium 

salts, biologically relevant α-amino acids, α-amino phosphonates and α-trifluoromethyl 

amines could be synthesised. 

Finally, this chapter also describes how iminium salts were used to synthesise valuable α-

aminolactones in a process resembling a (3+2)-cycloaddition.    

 

  



  
 

Kurzzusammenfassung 

Das erste Kapitel dieser Arbeit behandelt neue Ergebnisse zur Funktionalisierung 

von Amiden mittels elektrophiler Aktivierung. Das erste Unterkapitel befasst sich mit 

unseren Untersuchungen der Reaktivität von, von Amiden stammenden, Enoloniumionen.  

Diese nützlichen Intermediate, die durch die Zusammenführung von N-Oxiden mit 

Keteniminiumionen entstehen, ermöglichten die Entwicklung eines allgemeinen Ansatzes 

zur α-Funktionalisierung von Amiden sowohl mit Halogeniden, als auch mit N-, S- und O-

basierten Nukleophilen.  

 

Im zweiten Teil dieses Kapitels geht es um die metallfreie α,β-Dehydrogenierung 

von gesättigten Amiden durch ein einfache Methode basierend auf Selenium. Darin werden 

Keteniminiumionen direkt in die erwünschten α,β-ungesättigten Amide überführt.  

Der dritte und letzte Teil dieses Kapitel beschreibt die Kombination von 

Keteniminiumionen mit Vinylsulfoxiden, wodurch eine ladungsbeschleunigte 

Sulfoniumumlagerung ermöglicht wird. Die hohe Nukleophilie von Amiden ermöglicht 

hierin nicht nur die anfängliche elektrophile Aktivierung, sondern fängt in einem weiteren 

Schritt auch das entstehende Thioniumion ab, wodurch zyklische Imidiniumionen 

entstehen. Diese Spezies lassen sich nachfolgend selektiv in eine Reihe weiterer Produkte 

überführen.  



 

 

Kapitel 2 handelt von der Umsetzung von simplen Alkenen zu nützlichen 

Amingerüsten durch eine Säure-vermittelte Hydroaminomethylenierungs oder –

alkylierungsreaktion. Hierbei kommen elektrophile Iminiumsalze zum Einsatz, mit deren 

Hilfe biologisch relevante α-Aminosäuren, α-Aminophosphonate sowie α-

Trifluoromethylamine zugänglich sind.  

Zuletzt beinhaltet dieses Kapitel noch einen, an eine (3+2)-Zykloaddition 

erinnernden Prozess, in dem Iminiumsalze eingesetzt werden, um wertvolle α-

Aminolactone zu erhalten.  
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TMDAM  tetramethyldiaminomethane 

TMEDA tetramethylethylenediamine 

TMP 2,2,6,6-tetramethyl piperidine 

TMS trimethylsilyl 

TOF  Time-of-flight mass spectrometr 

TPP   Thiamine pyrophosphate 

Ts tosyl (4-toluenesulfonyl) 

UV ultraviolet 

X halogen or generic counteranion 

Xantphos (9,9-dimethyl-9H-xanthene-4,5-diyl)bis(diphenylphosphane) 

Y generic heteroatom 

Z zusammen 

δ  chemical shift 

Δ  heat 

ν wavenumber 
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1 AMIDE ACTIVATION: A TOOL FOR 

UNPRECEDENTED TRANSFORMATIONS 

1.1 GENERAL METHOD FOR THE α-FUNCTIONALISATION OF AMIDES 

USING HETEROATOM NUCLEOPHILES 

1.1.1 Introduction 

1.1.1.1 Structural elucidation of colcichine.  

In the ever-shifting field of chemistry, many things can be learned by studying the 

annals of organic synthesis. One of the most glaring changes concerns the occupation of 

the synthetic chemist, which has gone through many adaptations throughout the years.  

Due to the broad spectrum of tools at the synthetic chemist´s disposal, it is easy to 

forget that today´s job description greatly differs from that of previous centuries. In the 

inception of modern chemistry, fields such as organic, physical, analytical and even 

material chemistry were intertwined - in fact - merged into one. Before researching 

elaborate strategies to synthesise molecules, chemists had first to elucidate their structure, 
1,2 without access to today’s powerful analytical and spectroscopic methods. 

One of the most impactful utensils chemists had to tackle this problem was to 

qualitatively gauge molecules by conducting chemical tests (Scheme 1a)3– most of which 

resulted in fragmentation into (hopefully known) compounds. One example of such a 

process occurred during the initial structural elucidation of colchicine (1.1.1, Scheme 1b) 

– the bio-active component of autumn crocus leaves4 that has been used for centuries to 

treat gout-related symptoms. Throughout the years this molecule was the target of various 

synthetic efforts.5–8  
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Scheme 1.1 – a) Structure elucidation of Colchicine, b) Structure of Colchicine, c) Zeisel test based on demethylation, 
d) Hofmann elimination of quaternary ammonium salts (1.1.10). 

 When Zeisel first tried to establish the structure, he made several interesting 

observations (Scheme 1c).9–11 At first, he discovered a new method to quantify the number 

of methyl ether bonds by cleavage using HI (1.1.5)12,13 – nowadays an eponymous method 

to cleave such functional groups (Scheme 1c). He also observed that, after treatment of 

colchicine with concentrated hydrochloric acid, acetic acid was formed, initially inferring 

that an acetate ester moiety was present in the molecule (1.1.2, Scheme 1a). An observation 

contrasting this deduction was that, unlike colchicine, the product of hydrolysis did not 

stain with FeCl3 – a known staining agent for phenol and enols.14 It would take more than 

a decade for Windaus15 and Zeisel himself to revisit these studies. A sequence of 

experiments that solved the enigma at hand was the addition of MeI (1.1.9) and subsequent 

elevation of the temperature: It was then observed that a Hoffman-type elimination took 

place (Scheme 1d),16,17 thus confirming the presence of an aliphatic amine (1.1.3), which 

in term proved that an acetamide group was present in colchicine. In hindsight, the observed 
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characteristic chemical resilience pointed to the existence of an amide bond.18 Indeed, this 

is one of the many intriguing characteristics this functional group possesses, and we will 

devote the following chapter to identifying and showcasing them in detail.  

1.1.1.2 Carbonyl compounds – the amide bond. 

Carbonyls are one of the most versatile and intensively studied motifs in organic 

chemistry.19 This fact can be substantiated by numerous books and name reactions that are 

specifically devoted to this class of compounds. 

 

Scheme 1.2 – Carbonyl compounds and their relative reactivity  

The reactivity of this amphiphilic species is directly connected to the substituents 

around its C=O bond, electronics and steric effects playing a key role in its modulation. A 

rudimentary way to evaluate the aforementioned effects is by IR spectroscopy,20 where the 

C=O bond stretch can easily be distinguished. Despite no perfect correlation, exists, in 

general a higher C=O vibration implies higher electrophilicity at the carbon atom, such as 

in the case of acetyl chloride (1.1.18, Scheme 1.2).21 

At the opposite end of this spectrum is the amide (1.1.13, Scheme 1.2)– the focal 

point of this chapter. Here, a much lower vibration is observed and, by applying the same 

logic, one can conclude that its carbonyl is less electron-deficient.22,23 The key contributor 

to this effect is the donation by the neighbouring nitrogen atom to the p* orbital of the C=O 

bond (due to its sp2 hybridisation).24 This effect has considerable repercussions on the 

nature of the C–N bond, with a bond order between 1 and 2 and a consequent decrease of 



1.1 General method for the α-Functionalisation of amides using heteroatom nucleophiles  
 

 4 
 

the C=O double bond character. This generates a uniquely nucleophilic (at O) carbonyl 

moiety25 which importantly can be found in about 20 % of all pharmaceutical compounds.26 

1.1.1.3 Unique characteristcs of the amide bond. 

Many special physical features emanate from this phenomenon of partial C=N 

character. Perhaps the clearest one, observable by NMR spectroscopy, is the existence of 

rotamers resulting from slow rotation around the C–N bond (Scheme 1.3a).27  

 

Scheme 1.3 – Characteristics of the amide bond and examples of twistamides. a) Amide bond rotation, b) 
Destabilisation of the amide bond, c) Examples of twistamides 

Exceptions to this general reactivity rule are so-called twistamides28- amides with 

inhibited C–N bond overlap, by having an enforced sp3 hybridized nitrogen (Scheme 

1.3b).29,30 One of the first examples of such compounds was the antibiotic family of the 

Penicillins (1.1.24), whose structure elucidation was awarded the Nobel Prize owing to its 

importance and relative difficulty.31 The proposition of a 1.2.24 b-lactam by Woodward 

was initially challenged by many. 32 Nevertheless, Woodward had shown interest in such 

motifs during its synthesis of Quinine (not shown)33 – an alkaloid that shares a quinuclidine 

core, which might be accessed by reduction from the corresponding amide (1.1.23). Initial 

efforts to synthesize the quinuclidone by amide coupling were unsuccessful; this target 
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would be achieved much later by Stoltz in 2006 by Schmidt rearrangement,34,35 and isolated 

in a salt form, confirming the amine-like nature (sp3 nitrogen) of the compound (1.1.26, 

Scheme 1.3b). 36–38 

More recently, chemists have come across novel ways to take advantage of the 

aforementioned structures. Since the C-N bond is considerably weakened in twistamides, 

an opportunity arose to exploit transition-metal catalysed functionalisation by insertion 

(Scheme 1.3c). 39–41 

1.1.1.4 Electrophilic amide activation – A powerful 
chemoselective method. 

Conventional amides can be activated with potent electrophiles.42,43 In general, 

electrophilic activation has seen numerous applications, with species such as Lewis acids 

and Brønsted acids playing key roles.44 Concerning amides, first efforts date back to 1877 

where attempts towards dehydration were successful albeit limited in scope and 

mechanistic understanding.45 Considerable effort was devoted to studying the activation 

process (N or O attack) – a particularly challenging task considering the available 

spectroscopic tools at the time. 46 
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Scheme 1.4 – Reactions using amide functionalities. a) Bischler-Napieralski, b) Vielsmeier-Haack, c) Acid chloride 
formation. 

Such transformations can be showcased by e.g. the Bischler – Napieralski47,48 or 

Vilsmeier – Haack (Scheme 1.4a, b).49,50A more recent and widely used example is typified 

by use of catalytic dimethylformamide (1.1.35, DMF), to help catalyse the formation of 

acid chlorides with oxalyl or phosphoryl chloride (1.1.31, Scheme 1.4c).51 

Similar electrophilic reagents were used more generally in the electrophilic 

activation of other tertiary amides.52 Importantly, it was observed that the addition of a base 

(1.1.44, Scheme 1.5a) leads to the formation of α-chloro enamines (1.1.45) – precursors for 

keteniminium ions (1.1.46).53 These cationic nitrogen analogues of ketenes54 showed 

enhanced reactivity, especially towards [2+2]-cycloadditions (Scheme 1.5b).55 This effect 

was so dramatic that no harsh conditions were required.56 Instead, the cycloaddition 

reactions occurred at room temperature (1.1.53, Scheme 1.5b). 57,58 
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Scheme 1.5 – a) Electrophilic activation of tertiary amides and b) cycloaddition of ethylene with different ketene 
derivatives. 

Wider adoption of such transformations was hampered by problems concerning 

their high reactivity. The use of hazardous reagents such as triphosgene (1.1.48, Scheme 

1.5a),59,60 and the observation of aldol-type reactions between the two initial intermediates 

were also quite problematic features (1.1.47, Scheme 1.5a).61  

1.1.1.5 A new paradigm in electrophilic activation of amides – 
triflic anhydride and pyridine bases. 

The solution came in the form of a novel combination of reagents - 

trifluoromethanesulfonic anhydride (1.1.55, Scheme 1.6a) as an electrophile and a pyridine 

base (1.1.57) which crucially stabilises the keteniminium intermediate (1.1.60).62,63 While 

the use of unsubstituted pyridine completely halts reactivity, due to formation of a 

surprisingly stable adduct,64,65 modulation of the electronics, sterics of the base enables a 

useful equilibrium to be established between the stabilised adduct (1.1.59) and the reactive 

keteniminium species (1.1.60, Scheme 1.6a). 
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1.1.1.6 C-C bond formation using the keteniminium 
intermediate. 

It would be shown that the use of organometallic reagents66–68 can result in different 

functionalised tertiary amines by sequential addition (1.1.65, Scheme 1.6b).69 The high 

chemoselectivity of amide activation stands out in this case, whereby different 

organometallics can discern the more electrophilic keteniminium ion from other, sensitive 

functional groups.  

 An elegant domino example of C–C bond formation enabled by amide activation 

was reported by Overman.70 In this case, the pendant olefin (1.1.67, Scheme 1.6c) 

undergoes a Prins-type reaction, reminiscent of the work presented in chapter II, instead of 

the predicted [2+2] cycloaddition – most likely due to ring strain (Scheme 1.6c). The 

formed carbocation then collapses in a pinacol-type rearrengement71 to generate a bicyclic 

system. 

 

Scheme 1.6 – a) Contemporary activation of tertiary amides using triflic anhydride and pyridine bases. b) electrophilic 
activation of tertiary amides and addition of organometallic reagents, c) Activation of tertiary amides triggered C-C 

bond formation event by tandem Prins/Pinacol rearrangement. 
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1.1.1.7 Trapping the keteniminium intermediate with 
heteroatom nucleophiles 

Other classes of nucleophiles, e.g. composed of heteroatoms, can also be used in 

conjunction with the keteniminium ion. For example, the use a tethered propargylic ether 

(1.1.71, Scheme 1.7a) leads to the formation of alkynyl lactones (1.1.73) – a motif as 

challenging as synthetically appealing (Scheme 1.7a).72 In addition to showing that these 

types of reactions can occur in an intramolecular manner, it also presents that sigmatropic 

rearrangements can be evolved simultaneously.73 

The reaction of nitrogen-derived nucleophiles, particularly azides (1.1.78, Scheme 

1.7b), was an important stepping-stone for the further understanding of the reactivity of the 

keteniminium ion (1.1.77, Scheme 1.7b).74,75 In initial findings, activated secondary amides 

reacted to form tetrazoles (1.1.79), through a nitrilium intermediate (1.1.76). However, in 

the context of tertiary amide activation, the reaction with organic azides (1.1.82, Scheme 

1.7c) was only explored almost 40 years later and led to the formation of α-amino amides 

(1.1.84).76,77 It was also found that α-amination occurred by formation of an aziridinium 

salt (1.1.83) and subsequent hydrolysis. A specific example stood out: when a tethered ester 

moiety (1.1.85, Scheme 1.7d) was present on the substrate, it reacted intramolecularly with 

the alkyl azide adduct (1.1.87), resulting in the formation of a bicyclic acetal (1.1.88).  
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Scheme 1.7 – Capture of the keteniminium ion using heteroatom nucleophiles. a) Intramolecular capture by propargylic 
ethers, b) and c) capture with azides. d) Selected example leading to the capture of 1.1.87 with a remote ester group. 

1.1.1.8 Strategies for the α-Funtionalisation of amides. 

The chemical stability of amides can be seen as detrimental when we aim for 

functionalization. This is especially true when comparing them  to other classes of carbonyl 

compounds. Most methods for the α-functionalisation rely on the deprotonation of the α-

position, which is comparatively difficult in amides (high pKa, 1.1.90, Scheme 1.8a), 

leading to problems of chemoselectivity when more acidic moieties are present (Scheme 

1.8a). In the specific case of α-hydroxylation (1.1.99), a specific N-sulfonyloxaziridine 

(1.1.100, Scheme 1.8c) – known as Davis reagent,78–80 is one of the most commonly used 

reagents. In fact, by changing the electronic configuration, oxaziridines can also present 

themselves as an electrophilic amination agent (1.1.102).81,82 

An alternative strategy, often out of reach for amides,83 is the prefunctionalisation 

of the carbonyl compounds (Scheme 1.8b). This can be achieved by formation of silyl enol 

ethers (1.1.96) that readily undergo oxidation with electrophilic agents, due to the electron 

rich nature character of the double bond. The most prominent example is the reaction with 
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peracids, termed Rubottom oxidation,84 which was interestingly simultaneously discovered 

by two other research groups (Scheme 1.8b).85,86 Alternatively, the α-position can also be 

decorated with halogens or pseudohalogens (1.1.98)87,88 to be subsequently substituted by 

various nucleophiles. The major problem with this strategy is the known oversubstitution 

due to an increase of reactivity after the initial halogenation takes place. 89,90 

One intriguing and arguably less explored alternative is the use of oxidising 

nucleophiles (Scheme 1.8d). Usually, such species are electron-rich and possess an 

additional leaving group, the departure of which formally oxidises the substrate (1.1.106). 

An example of such a reaction was shown earlier, in the α-amination using organic azides, 

where N2 acted as a leaving group (Scheme 1.7c).82 

 

Scheme 1.8 – a) general strategies for the a-Functionalisation of amides. b) Oxidation of prefunctionalised carbonyl 
compounds, c) Oxidation using oxaziridines, d) oxidation using oxidative nucleophiles. 

An important concept that is used to describe this phenomenon is Umpolung 91,92 – 

a German term introduced by chemist Dieter Seebach, refeering to the inversion of polarity 

of a functional group into one. There are numerous specific examples of such events, many 

of which play a huge role in the modern organic synthesis toolbox. 93–95 One of the most 

relevant example is the cofactor thiamine pyrophosphate (1.1.108, TPP)96 which catalyses 

many processes in our cells,97 one of them being the decarboxylation of pyruvate (1.1.100, 

Scheme 1.9).98 
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Scheme 1.9 – Umpolung catalysed by TPP (Thiamine pyrophosphate) 

The accepted mechanism proceeds by an activated carbenic TPP molecule 

(deprotonated, 1.1.109, Scheme 1.9) that adds nucleophilically to the carbonyl compound 

(1.1.110), generating an O-centred anion (1.1.111) that regenerates (deprotonates) another 

equivalent of TPP (1.1.108). This fleeting intermediate undergoes decarboxylation 

(1.1.112), generating an anion on the former electrophilic position of the carbonyl group 

(1.1.113) – thus deserving its name as a “Umpoled” species. Said species are commonly 

called Breslow intermediates99 and are, known to react with a wide range of electrophiles, 

after which the catalyst is regenerated. This process is reminiscent of the Stetter reaction100  

– one of the main instruments for C–C bond formation. 

1.1.1.9 Oxidation of the keteniminium intermediate 

In the context of amide activation, the use of nucleophilic oxidants was pioneered 

by Leon Ghosez (Scheme 1.10a).76 Pyridine N-oxides were reagents of choice (1.1.117), 

with the proposed mechanism consisting of the addition of the N-oxide to the keteneminum 

ion (1.1.123, Scheme 1.10c), generating a postulated enolonium intermediate (1.1.124) – 

the "Umpoled” derivative of the enolate ion. As it suggests, such an intermediate is 

susceptible to reaction with nucleophiles, or, in the specific case of α-branched amides, 

elimination (1.1.118, Scheme 1.10a). This result was quite surprising as no intermediates 

or by-products were found in this reaction, only the α,β-dehydrogenated products, a 

limitation of the methodology.101 
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Almost 40 years later, this type of oxidative event was extensively studied by the 

Maulide group. One of the initial attempts showed that the use of an excess of oxidant could 

enable the generation of the pyridine N-oxide adduct (1.1.119, Scheme 1.10a).102 This 

versatile intermediate could then be reductively cleaved to generate the α-hydroxyl amide 

(1.1.120). Alternatively, this product can be formely oxidised via a mechanism closely 

resembling the Ganem oxidation,103 thus affording the α-keto amide (1.1.121).  

The intramolecular capture of the enolonium intermediate was achieved by 

employing different aromatic compounds that reacted in a Friedel-Crafts manner (Scheme 

1.10d), yielding dihydroisoquinolinones (1.1.131). A point that raised some scepticism was 

that the yield benefited from high temperatures, a fact that will be discussed in detail 

later.104 

 

Scheme 1.10 – Versatility of the enolonium intermediate. a) initial observation of the intermediate by Ghosez, b) 
synthesis of α-hydroxi and keto amides, c) synthesis of 1,4 dicarbonyl using the enolonium intermediate, d) capture of 

the enolonium intermediate by aromatic nucleophiles.  

Analogously, intermolecular addition of enolates (1.1.125, Scheme 1.10c) to this 

enolonium intermediate successfully enable access to 1,4-dicarbonyl compounds (1.1.126, 

Scheme 1.10c),105 a class of compounds that is challenging to construct,106–109 despite being 

common in numerous natural products and drug scaffolds.110,111 
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 In the context of C–C bond formation, the only examples that have been discussed 

here describe the use of an aromatic ring which reacted in a SEAr fashion or of an enolate. 

Nevertheless, organometallic reagents are very versatile nucleophilic sp3 carbon synthons. 

Their use as nucleophiles in this synthetic strategy would greatly enhance its utility by 

allowing more general Csp3–Csp3 bond formation. Unfortunately, when this reactivity was 

assessed, a substantial amount of halogenation products was formed and with Grignard 

reagents, no alkylation product was detected. This result triggered efforts to fully elucidate 

the mechanism of the reaction. 
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1.1.2 Objective 

This work aimed to elucidate the mechanism of oxidation of keteniminiun ions 

using N-oxides (Scheme 1.11).  

As an additional objective, the limitations concerning the use of heteroatom based 

nucleophiles was to be explored.  In this regard, the functionalisations using sulfonamides, 

and all subsequent transformations were carried out by PhD student Miran Lemmerer, Msc. 

The work described was conducted in colloboration with Miran Lemmerer, Msc Dr. 

Christopher J. Teskey, Dr. Pauline Adler,  Dr. Daniel Kaiser, Dr. Boris Maryasin, Prof.  

Leticia González and was published.112 

 

Scheme 1.11 – Objectives – elucidation of the mechanism and develop a general method for the a-functionalisation of 
amides  
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1.1.3 Results and discussion  

1.1.3.1 Investigation on the enolonium intermediate 

The first logical step was to investigate the mechanism of the reaction. One of the 

most important tools at our disposal was NMR spectroscopy, which allowed us to detect 

most intermediates in solution. As reported, the pyridine adduct of the keteniminiumion 

could be identified.62,63 After addition of the pyridine N-oxide, a new species was formed 

quantitatively, but could not be assigned unequivocally to the enolonium ion. 19F NMR 

helped to identify two species, one of which being undoubtedly the triflate counter anion. 

Initial attempts to isolate the intermediate by flash column chromatography proved 

unfruitful. Fast chromatographical separation in a cooled column (-30 °C) ultimatelly 

allowed isolation of the α-trifloxy amide (1.1.137, Figure 1.1). Additionally, and despite 

being quite sensitive, the high-resolution mass spectra also corroborated the existence of 

this intermediate.  

To fully prove the formation of 1.1.137 in situ (Figure 1.1), the α-trifloxy 

intermediate was independently synthesised. By reaction of an α-hydroxy amide (1.1.139) 

with triflic anhydride in the presence of a sterically hindered pyridine. The comparison 

between the spectral information showed, without any doubt, that the α-trifloxy was the 

“resting state” after oxidation of the keteniminium ion with pyridine N-oxides (Figure 1.1).  

 

 

Figure 1.1 - 1H-NMR overlap of the α-trifloxy species. 

 This species also underwent quantitive substitution when reacted with 

nucleophiles, such as enolates. Of the plethora of different nucleophiles tried, only aromatic 
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compounds seemed to be unable to displace the trifloxy (Scheme 1.12b). Indeed, when α-

trifloxy dibenzyl substituted amides (1.1.145, Scheme 1.12b) were heated no product was 

conversion was observed, even with harsh conditions (110 °C, as in the original conditions, 

Table 1.1, entry 2).  

At this point, the biggest question remained: was the enolonium a real intermediate, 

or did it collapse immediately to the trifloxy under the reaction conditions? To solve this, 

we aimed to mimic the reaction conditions of the Friedel-Crafts addition by adding the 2-

I-pyridine base (Scheme 1.12) to the in situ-generated α-trifloxy (1.1.145). This result 

indicates that several pathways seemed to be at play. One possibilitity was the reaction 

proceeded but not to a large extent (entry 6), which would indicate that the pyridine adduct 

(Scheme 1.13b), in the case of 2-I-py,  could be displaced by the aromatic compounds to 

give the desired product.   
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Scheme 1.12 – α-Triflation of N, N Dibenzyl amide (1.1.141) and subsequent SNAR product (1.1.143). 

Table 1.1 – Formation of the SEAr product (1.1.143). Reaction time 14h. a-reaction time: 3 hours 

Entry Base Temperature (°C) Yield (NMR) 

1 2,6-lutidine 0 - 

2 2,6-lutidine 110 - 

3 2-I-pyridine 0 - 

4 2-I-pyridine 80 - 

5 2-I-pyridine 110a 18 

6 2-I-pyridine 110 47 

 

By following the amide activation of the dibenzyl substituted amide with 1HNMR 

(1.1.141), the major product observed was indeed the expected Friedel-Crafts product 

(1.1.143), a finding which indirectly substantiates the formation of an enolonium 

intermediate (1.1.142, Scheme 1.12a). By heating this very same reaction we could observe 

full conversion, similar to what originally reported (81 % yield, Scheme 1.12a),  indicating 

that high temperatures are necessary. 

The repercussions of this discovery were quite significant, mainly because some 

findings now found new explanations. For example, the substitution of α-trifloxy with 

organometallic reagents is known to undergo substantial halogenation,113 hence Lewis 

acids are usually used in combination with the organomettalic reagents.  
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1.1.3.2 Understanding the oxidation of the keteniminium ion 
with N-oxides – A new mechanism. 

One of the main by-products that are usually found in this type of reaction is the 

product of α-halogenation (Scheme 1.13a). It is likely that the pyridine base (1.1.146) is 

dehalogenated by addition of a nucleophile, releasing one equivalent of halogen into 

solution (1.1.148) to itself act as a nucleophile  (1.1.150). When using 2-I-pyridine in the 

absence of a further nucleophile, we identified an α-pyridinium adduct (1.1.152), which 

undergoes further substitution by the amide moiety (1.1.153), in turn releasing a halogen 

equivalent (iodine, 1.1.148) - this process can therefore be seen as an alternative to that 

mentioned above. Such a hypothesis was additionally substantiated by computational 

experiments that found that such a pathway is, indeed, very plausible (not shown). 

We opted to use that same tool to elucidate the mechanism of oxidation of the 

keteniminium ion, a work performed by Dr. Boris Maryasina and Prof.  Leticia González. 

In summary, the quantum calculations of the proposed enolonium intermediates (1.1.156, 

Scheme 1.13c) indicate that fragmentation to give the α-trifloxy (1.1.158) is entirely 

plausible. Additionally,  it was also observed that the enolonium intermediate would first 

collapse into an epoxide (1.1.157), releasing a lutidine molecule. 

 

Scheme 1.13 – a) Interaction between nucleophiles and pyridine bases, b) Influence of the pyridine base in the reaction 
in in the absence of a nucleophile, c) New proposed mechanism based on computacional calculations. 
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1.1.3.3 α-Functionalisation of amides by nucleophilic 
halogenation. 

With a clearer mechanistic picture in hands, we decided to focus on establishing a 

protocol for the α-functionalisation of amides by using heteroatom nucleophiles. We started 

to explore the scope of the reaction with chloride anion, since we had multiple a wide range 

of counter cation at our disposal. The reaction proceeded quite well, with marginal 

differences in the isolated yields for different counter cations (not shown). Even traditional 

table salt, which is known to have variant degrees of water, worked in good yield (1.1.160, 

Scheme 1.14). The best result was obtained using the tetrabutylammonium counter cation, 

which is known to catalyse several substitution reactions.114 With these results in hand, we 

decided to try other halogen salts to assess if the reaction was indeed general. 

In regards to other reactional parameters, we decided to use a very similar protocol 

to the ones presented in previous iterations of α-functionalisation of amides, in the use of 

enolates, N-oxides and SEAr. The solvent of choice was DCM and the prefered oxidant was 

lutidine N-oxide (LNO). With the use of 2-I-Py, we observed high amounts of conversion 

with all amides. 

One of the outstanding characteristics of electrophilic amide activation is its 

chemoselectivity. The possibility to functionalise amides in the presence of other functional 

groups greatly enhances the applicability of the method. This fact could be observed in our 

halogenation of amides, with substrates containing distal ester functionalities giving the 

corresponding α-halo amides in high yields (1.1.163. 1.1.164, 1.1.165, Scheme 1.14), 

regardless of the halogen salt used. Similarly, an amide containing a ketone (1.1.176) was 

also iodinated in high yields without the formation of by-products, ilustrating  the 

chemoselectivity of amide activation toward amide carbonyls. 
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Scheme 1.14 – α-Halogenation of tertiary amides.  

Primary chlorides (1.1.167, 1.1.168, 1.1.169) were also shown to be tolerated under 

the reaction conditions, with no apparent halogen exchange.  The use of amides containing 

alkynes (1.1.173) and alkenes (1.1.174) also proceeded nicely, affording the corresponding 

α-halo amides in good yields, and no interactions such as halogenation being  observed. 
115,116 In regards to different N-substitutions (1.1.170, 1.1.171, 1.1.172, 1.1.177, Scheme 

1.14), the yield remained excellent, even though the activation process depends on the 

nature of the amide bond.  

Overall, this method proved to be tolerant of various functional groups, with yields 

constantly high. No major byproducts were observed, except for residual iodination from 

the formation of the aforementioned capture of the pyridine base. In theory, employing a 

pyridine base containing the halogen of choice would prevent the formation of any 

noticeable by-products. 

1.1.3.4 α-Functionalisation of amides using O- and S- 
nucleophiles 

When we first turned to on the use of other atom nucleophiles, we knew that 

deprotonation was most likely required for the reaction to succeed due to the existence of 

pyridinium acid that could deactivate the nucleophile. One exception to this fact was the 
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use of mercaptopyridine (1.1.181, Scheme 1.15a) which afforded the desired product in 

very good yields (1.1.182). We also observed that by deprotonation higher, and more 

reproducible yields could be reached. Concerning the other examples, we observed that 

strong bases were necessary to fully deprotonate the nucleophiles. For that reason, it was 

important to use a solvent that could solubilise these types of salts. The two main 

possibilities were DMF and DMSO with the latter being known to be deprotonated by 

NaH,117 which could compete as a nucleophile.  

 

Scheme 1.15 – a) Addition of sulfur nucleophilie (1.1.181) without deprotonation, b) Byproduct formation by attack of 
the solvent (DMF). 

At that point, another byproduct besides the aforementioned halogenation that 

stemmed from the pyridine base was the attack of DMF (1.1.186, Scheme 1.15b). This 

result was not entirely unforeseen, and in some way even desired, as it led to an interesting 

formic acid adduct. 

With the optimised conditions at hand, we decided to investigate several different 

amides, as in the halogenation case. The reaction with benzylic alcohols and the 

corresponding sulfur species, showed to have surprisingly good functional group tolerance. 

As is common with amide activation, carbonyl compounds such as esters (1.1.190, 1.1.191, 

Scheme 1.16), and ketones (1.1.202, 1.1.203) afforded the desired α-functionalised amides 

in good yields. Over all, no indication of deprotonation of sensitive moeities such as nitriles 

(1.1.200, 1.1.201, Scheme 1.16) was found. 
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Scheme 1.16 – α-Functionalisation of amides using oxygen and sulfur nucleophiles (amide scope). 

A remote alkyne (1.1.196, 1.1.197, Scheme 1.16) also remained intact, regardless 

of which heteroatom nucleophile was used. The most surprising and interesting result was 

the tolerance of an alkyl chloride (1.1.192, 1.1.193) that was not substituted by the highly 

nucleophilic thiolate and alkoxide reagents.  

 

Scheme 1.17 - α-Functionalisation of amides using oxygen and sulfur nucleophiles (nucleophile scope). awithout NaH 
deprotonation. 

The successful use of different alcohols and thiols demonstrated the high 

applicability of this reaction. Primary (1.1.205, Scheme 1.17), secondary (1.1.211) and 
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even tertiary thiols (1.1.209) afforded the expected product in good yields. Additionally, 

different functional groups such as esters (1.1.212) and nitro moieties (1.1.207) were 

untouched in the reaction conditions. Interestingly, the use of a keto ester (1.1.208) gave 

exclusively the O-substitution, most likely because of increased steric hindrance from the 

enolate position. Additionally, one could also rationalise by using HSAB theory, in which 

by using a polar solvent, O-alkylation should be favoured due to a higher separation of 

charges, resulting in a more naked oxyanion.118,119 Thioacetic acid also gave a single 

product (1.1.210), being that is the preferred position for the negative charge to be 

stabilised.120 

 

 

 

  



1.1 General method for the α-Functionalisation of amides using heteroatom nucleophiles  

 25 

1.1.3.5 α-functionalisation of amides with of biorelevant 
molecules  

 

Scheme 1.18 - α-Functionalisation of amides using protected sugars and amino acids. 

 

In order to assess the limits of the methodology, different relevant biomolecules 

were subjected to the reaction. The coupling was successful, however, no diastereocontrol 

was observed under the standard reaction conditions. These results point towards a lack of 

stereochemical differentiation in the formation of the α-trifloxy species. Using this 

approach glucose derivative (1.1.213, Scheme 1.18) could be easily synthesised, in higher 

yields. Analogously, protected amino acids with different heteroatom handles could also 

be attached. In the case of threonine, it was also observed that the ester group was 

hydrolysed during  the work-up (1.1.214). The other amino acid examples showed no such 

reactivity (1.2.215 and 1.1.216, Scheme 1.18). Overall the reactions proceeded in high 

yields and with extraordinary functional group tolerance.  
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1.1.4 Conclusion 

The goals of this project were successfully reached. We were able to establish a 

general protocol for the α-functionalisation of amides using different heteroatom 

nucleophiles. The yields of the transformation are exquisitely high, as is the functional 

group tolerance. The sucessfully coupling biomeolcules to the amide scaffold, one could  

extrapolate that this method might be amenable to broad use.  

With respect to nitrogen-derived nucleophiles, it was observed that the amide 

reacted preferentially with the pyridine base, in a manner closely resembling the 

chichababin transformation (1.1.220, Scheme 1.19a).121 For that reason, sulfonamides were 

used as amine surrogates which could undergo facile deprotection. Additionally, the 

sulfonamide products were also found to undergo Smile-type rearrangement, affording 

highly substituted amides (1.1.227, Scheme 1.19c). The bulk of this work was performed 

by Miran Lemmerer, MSc. And is therefore not presented in this thesis.  

 

Scheme 1.19 – Final implications stemming from the elucidation of the mechanism. a) Chichibabin type 
functionalisation of the pyridine base (1.1.220), b) Asymetric arylation of amides using α-trifloxy amide (1.1.221), c) α-

amination using sulphonamides as nucleophiles. 

In regards to the mechanism, empirical data supports the suggested hypothesis, 

which is well substantiated by computational data. More importantly, this sort of 

information is crucial for the further understanding of future projects involving similar 

intermediates. More specifically, work on the cross-coupling of α-trifloxy amides (1.1.221, 

Scheme 1.19b) was only possible after the complete elucidation of the mechanism (Scheme 

1.19b).122  
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1.1.5 Future prospects 

As presented before, the formation of a keteniminium ion by electrophilic activation 

of amides using Tf2O and pyridine base is a well-established concept, nonetheless, the use 

of α,β–unsaturated amides as substrates is limited (1.1.228, Scheme 1.20a). We are 

particularly interested by the prospect of achieving γ–functionalisation using an Umpolung 

strategy. This β,γ–unsaturated enolonium (1.1.231) would be electrophilic in both α–and 

γ–positions. Even known transformations could yield interesting new structures if applied 

to this intermediate in regioselective fashion. The intermolecular attack of a nucleophile 

can also proceed in a 1,3-(1.1.233) or a 1,5-fashion (1.1.234). Hence, it is reasonable to 

assume that the selectivity might correlate with the “soft/hard” character of the employed 

nucleophile, in analogy to the well-known 1,2- versus 1,4-addition.123  

 

Scheme 1.20 – a) Electrophilic activation and Umpolung of α,β-unsaturated amides, b) NHC catalysis in combination 
with keteniminium ions to achieve 1.4-functionalisation 
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N-heterocyclic carbenes (1.1.237, Scheme 1.20b) are bench stable electron-rich 

ligands commonly used in catalysis.124–127 As mentioned before, they can be used as 

organocatalysts, facilitating Umpolung-like reactivity in conjunction with carbonyl 

compounds (cf. Stetter reaction). Additionally, they have been used to generate homo-

enolates from the α,β-unsaturated systems.128,129 

Trapping keteneminium ion (1.1.236, Scheme 1.20b) with 1.1.237 should lead to 

the formation of enamine-like intermediate (1.1.238), which under basic conditions should 

enable electrophilic functionalisation of the g position. Similar type of reactivity should 

also be compatible with α,β-unsaturated systems (1.1.228, Scheme 1.20a), enabling remote 

functionalisation.  
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1.2 CHEMOSELECTIVE α,β DEHYDROGENATION OF TERTIARY AMIDES 

1.2.1 Introduction 

1.2.1.1 The discovery of the Michael addition 

In the late 19th century, the understanding of key aspects in chemistry was at an incipient 

stage.   A focal point was “Chemistry in space”, better known to us as 

“stereochemistry”.130,131  To put things into perspective, significant debate was taking place 

regarding the structures of fumaric (1.2.1, Scheme 1.21a) and maleic (1.2.2) acid, now 

known to be structural isomers. By conducting degradation experiments, usually addition 

reactions, chemists tried to uncover the stereochemical nature of both compounds. At the 

time, common scientific consensus proposed that addition reactions occurred exclusively 

in a cis manner (Wislicenus theory).132 However, Arthur Michael, a young chemist, 

assuredly disagreed with such generalisation of reactivity. His slant allowed him to 

formulate competing arguments, substantiated by empirical data, that helped shape the 

structural theory at the time.133 By conducting close work with such aforementioned 

conjugated species, Michael first described an addition reaction between diethyl 

sodiomalonate (1.2.3, Scheme 1.21b) and ethyl cinnamate (1.2.4), resulting in the 

formation of a covalent bond between both reactants (Scheme 1.21b). Nowadays, the 

notorious term “Michael addition” encompasses all addition reactions to conjugated 

unsaturated systems adjacent to electron-withdrawing groups, colloquially described as 

“Michael acceptors” (1.2.9, Scheme 1.21c).134–136  
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Scheme 1.21 –a) Debate around geometrical isomers, fumaric and maleic acid (1.2.1 and 1.2.2), b) First reported 
addition reaction by Arthur Michael, c) Base-catalysed reactivity between Michael acceptors and Nucleophiles. 

 

Robinson harnessed the synthetic utility of this concept in his eponymous annulation 

reaction (Scheme 1.22),137 a tandem Michael addition/aldol condensation that was 

successfully deployed in the synthesis of various natural products, including steroids.138,139 

Nowadays, stereo-controlled C–C bond forming reactions based on Michael additions are 

a particular focus of the scientific community, with various methodologies utilising chiral 

catalysts to produce enantioselective versions,140–144 Additionally, the described 

transformations are also being applied in the context of bioconjugation, providing a 

particularly valuable tool for the investigation of cell processes.145  

 

Scheme 1.22 - Detailed mechanism for Robinson annulation as one of successful examples of Michael addition 
reactions. 

1.2.1.2 Methods for the synthesis of α,β-unsaturated systems 

The development of novel methods for the formation of α,β-unsaturated systems 

continue to be of high interest to synthetic chemists (Scheme 1.23). Useful strategies 
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relying on cross-metathesis with unactivated alkenes can be successfully achieved in a 

stereoselective manner (Scheme 1.23).146–148 Another common synthetic approach is the 

aldol condensation,149,150  although, it usually relies on strong bases. Direct oxidation from 

the parent carbonyl derivative has become a well-established method (1.2.25). Inspiration 

for the syntheses of α,β-unsaturated species can be also drawn from simple elimination 

reactions, in particular thermal syn elimination (EI) (1.2.22, Scheme 1.23).  

 

Scheme 1.23  - Retrosynthetic approaches for the synthesis of α,β-unsaturated carbonyls. 

Elimination reactions to access alkenes have been well-studied. It was observed that 

alkenes could be obtained via thermolysis of various functional groups such as esters 

(1.2.26, Scheme 1.24),151 xanthates (1.2.29),152,153 halides (1.2.31),154 N-oxides (Cope 

elimination, 1.2.28)155 and sulfoxides (1.2.30).155–157   
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Scheme 1.24 –Different thermal intramolecular elimination approaches (Ei). 

1.2.1.3 Methods for the synthesis of α,β-unsaturated systems 
by dehydrogenation 

However, the use of drastic thermal conditions limits the applicability of some of these 

methods to access α,β-unsaturated systems (1.2.27, Scheme 1.25). A more versatile strategy 

would be to directly transform saturated systems into their α,β-unsaturated congeners. One 

notable strategy in this context is the Saegusa-Ito oxidation (Scheme 1.25a). The reaction 

is catalysed by Pd (II) species to promote a β-hydride elimination (1.2.38). The carbonyl 

moiety is transformed into a silyl enol ether (1.2.34), enabling the trapped enol tautomer to 

form oxoallyl-palladium complex 1.2.37. Subsequent β-hydride elimination furnishes α,β-

unsaturated ketones 1.2.42. Interestingly, when linear silyl enol ethers are applied, the 

reaction predominantly affords the E-isomer even when a mixture of silyl enol ether 

stereoisomers is used.158 This is attributed to reversible coordination of the PdII–H species 

to the enone after the elimination step (1.2.39).32–36 
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Scheme 1.25 – Selected well-established methods for the synthesis of α,β-unsaturated ketones via direct oxidation: a) 
Pd-catalyzed Saegusa-Ito oxidation, b) IBX-mediated oxidation of enones. 

Despite its synthetic utility, the Segussa-Ito oxidation suffers from high catalyst 

loadings, as a result of the strong π-coordination of the catalyst system by the reaction 

product (1.2.39, Scheme 1.25).  

Nicolaou and co-workers described an alternative strategy employing IBX (1.2.45, 

Scheme 1.25b) as an oxidant in a metal-free approach (Scheme 1.25b).159,160 It was 

proposed that the enol tautomer (1.2.44) could participate in the formation of iodine-enolate 

intermediate 1.2.46. Upon SET, the radical cation 1.2.47 is formed. Subsequent elimination 

then takes place furnishing α,β-unsaturated ketones (1.2.49).161–164  However, harsh 

reaction conditions limited the applicability of this method, and resulted in poor 

chemoselectivity in some cases. Furthermore, the formation of tautomer (1.2.44) is crucial 

for the outcome of the transformation, hence most methods rely on ketones and rarely 

esters. 

 

Scheme 1.26 – a) Selenoxide elimination of carbonyl compounds. 

Sharpless investigated the elimination of aromatic selenoxides (1.2.54, Scheme 

1.26),165 resulting from oxidation of the corresponding selenides (1.2.52), usually with 
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hydrogen peroxide (1.2.53). An important feature was the facile elimination that occurs at 

room temperature, which contrasts well with the previously mentioned Ei methods (Scheme 

1.24). The premise of this reaction was also incorporated in other processes such as the 

venerable Grieco elimination,166 which achieves the elimination of primary alcohols167–169 

in a similar fashion. 

1.2.1.4 Recent methods for the dehydrogenation of saturated 
carbonyl systems 

The reliance on α-carbonyl acidity in the synthesis of α,β-dehydrogenated compounds, 

led to the development of novel methods that focused on problematic functional groups 

such as esters, nitriles and carboxyamides. In 2018, Newhouse and co-workers reported a 

zinc enolate-mediated (1.2.58, Scheme 1.27a) dehydrogenation of amides (Scheme 

1.27a),170 which has been shown to tolerate O-H and N-H moieties.171 One key feature of 

the reaction is the use of allyl acetate as an oxidant. The postulated mechanism involves 

intermediate 1.2.59, which preferably undergoes ß-hydride elimination in the presence of 

zinc salts, which have showed experimentally to prevent the traditional Tsuji-Trost type 

allylation products (1.2.66).172–175 Furthermore, this methodology has been applied to the 

dehydrogenation of carboxylic acids176 and the total synthesis of natural products.177,178 In 

the specific case of imides (1.2.62, Dong et al. developed a desaturation procedure by using 

acyl groups to enable facile enolization.170 The method hinged on a boron enolate 

intermediate (1.2.63, Scheme 1.27b) that interacts with the palladium catalyst under mild 

conditions, with the zinc salt being again crucial for the outcome of the transformation. 
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Scheme 1.27 – Recent metal-catalysed, one-step amide dehydrogenation methods. 

In the specific case of g,b-unsaturated systems (1.2.67, Scheme 1.27c), Huang found 

that dehydrogenation was possible in the presence of an iridium catalyst, that enabled a 

facile deprotonation of the α-position.179 The copper co-cocatalyst (1.2.69) acts as an 

oxidant as was found to be crucial for the turnover of the iridinium catalyst under air.180,181 

Nevertheless, a general method for the α,β-dehydrogenation of amides is not yet 

available. The most efficient methods rely either on strong bases or substrate engineering 

to facilitate the deprotonation of the α-position of the carboxamide. Consequently, we 

decided to investigate chemoselective dehydrogenation methodology of amides employing 

electrophilic activation. 

  



1.2 Chemoselective α,β dehydrogenation of tertiary amides  

 37 

1.2.2 Objectives 

The aim of this project was the development of a chemoselective method for the 

synthesis of α,β-unsaturated amides starting from their saturated congeners (Scheme 1.28).  

The work in question was initiated by Dr. Paulide Adler and Dr. Christopher Teskey, 

and both worked on the optimisation of the reaction and the development of the scope. 

Carlos Goncalves focused on the last part of optimisation, extension of the scope and all 

further functionalisation including the synthesis of the natural product. Part of this work 

has been published.182  

 

Scheme 1.28 – Objective: Chemoselective, metal-free approach for the α,β-dehydrogenation of amides. 
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1.2.3 Results and discussion 

1.2.3.1 Initial attemps of α,β-dehydrogenation of amides 

Our approach was predicated on electrophilic activation via of the previously described 

keteniminium intermediate (1.2.75, Scheme 1.29a). Oxidation to the α-triflyloxy amide 

1.2.78 via the enolonium species (1.2.77) could also be seen as a potential pathway towards 

desaturation (1.2.80, Scheme 1.29a).  

 

Scheme 1.29 – a) Umpolung approach to the desaturation of amides.  b) Initial attempts of desaturation with LiOtBu. c) 
Reduction of α-triflyloxy ketone (1.2.85) with LDA. 

What initially seemed like a simple extension proved to be a challenging task. Applying 

LiOtBu (1.2.82) as a base resulted in the formation of the correspondent ether (1.2.84, 

Scheme 1.29b) and only traces of the dehydrogenated amide was observed. The same 

outcome was observed when stronger base such as LDA was used in combination with the 

α-triflyloxy amide. It is important to mention that LDA (1.2.86, Scheme 1.29c) could also 

act as a hydride donor when reacted with α-triflyloxyketone 1.2.85.183,184 In a similar report 

by Creary et al., treatment of α-triflyloxy ketone 1.2.87 with LDA resulted in the formation 

of the starting ketone 1.2.90 (Scheme 1.29c).185,186  
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Thus, we turned our focus into an alternative approach, whereby selenium intermediates 

akin the Sharpless selenoxide methods would be generated.  

1.2.3.2 Selenium based approach for the α,β-dehydrogenation 
of amides 

As seen in Scheme 1.30, initial results were highly promising and addition of an in situ 

generated phenylselenol (1.2.93, PhSeOH, Scheme 1.30), by oxidative cleavage of 

diphenyl diselenide (1.2.94), afforded the corresponding α-selenide species C in 64 % yield 

albeit accompanied by α-hydroxy amide B. The underlying reaction mechanism remained 

elusive as it appeared that a [1,3]-rearrangement had taken place (1.2.92). Further oxidation 

of C should trigger the elimination step and furnish the α,ß-dehydrogenated amide. Our 

aim was the development of a one-pot procedure, selenium species in a higher oxidation 

state was used to favour the elimination directly.  

 

Scheme 1.30 - Initial attempt for the desaturation of amide 1.2.91 with in situ generated “PhSeOH” by oxidative 
cleavage of diphenyldiselenide. 
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Table 1.2 - Optimisation of the one-pot desaturation of amide 1.2.96 with PhSeO2H. “-“: Not detected 

Entry PhSeO2H 

(eq.) 

Base  Oxidant/Add.  T [°C] 1.2.96 

[%] 

A 

[%] 

B 

[%] 

C 

[%] 

1 (3.0 eq.)  – – – – – 38 – 

2 (1.0 eq.) Et3N (1.1 eq.) – – – – 21 50 

3 (1.0 eq.) Ag2CO3 (1.1 eq.) – 23 18 47 16 – 

4 (2.0 eq.) Ag2CO3 (2.2 eq.) – 23 15 40 15 – 

5 (2.0 eq.) Ag2CO3 (2.2 eq.) – 23 15 40 15 – 

6 (1.0 eq.) NEt3 (2.2 eq.) IBX (2.2 eq.) 23 21 29 45 – 

7 (1.0 eq.) NEt3 (2.2 eq.) DMP (2.2 eq.) 23 17 71 – – 

8 (1.0 eq.) NEt3 (2.2 eq.) DMP (2.2 eq.) -78 10 80 – – 

 

When phenyl seleninic acid (PhSeO2H) was used under our standard reaction 

conditions, we did not observe the desaturation product A. Instead, α-hydroxylation (B) 

resulted in moderate yield (Table 1.2, entry 1). In order to facilitate the attack of the 

selenium species, phenyl seleninic acid was treated with a base, prior to addition to the 

reaction mixture (Table 1.2, entry 2). However, α-selenated amide (C) was found to be the 

major product. Interestingly, the use of Ag2CO3 in stoichiometric amounts (Table 1.2, entry 

3) led to the formation of desired product A in 47 % yield. Increasing the amount of base 

and selenium species led to negligible differences in yields (Table 1.2, entries 4 and 5). It 

is important to note that Ag2CO3 can have a dual role in this reaction. Besides acting as a 

base, Ag2CO3 can also act as an oxidant (Fetizon reaction). 187–189 

Thus, we screened different oxidants in combination with Et3N as a base (Table 1.2, 

entries 6-8). IBX resulted in the formation of significant amounts of B (45 %), but 

importantly 20 % of A was also observed. Finally, DMP yielded the dehydrogenated 

product A in 71 % (Entry 7). Higher yield was observed when lower temperature was 
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applied (Table 1.2, entry 8). However, to make this method more user-friendly, we chose 

to run the reaction at room temperature. In both cases, small amount of the starting amide 

was observed. 

1.2.3.3 Scope of the α,β-dehydrogenation of amides 

With optimised reaction conditions in hand, we proceeded to explore the limits of this 

transformation. Generally, separation of the starting materials and the dehydrogenated 

reaction products by column chromatography was challenging., Therefore, we explored 

different purification stationary phases besides “normal” flash silica. Basic alumina led to 

isomerisation of the double bond.190 A particularly appealing alternative involved the use 

of silver-impregnated silica, with which sufficient separation could be achieved.191–193 

Applying our developed procedure, we observed that the reaction proceeded with a 

wide range of tertiary amides (Scheme 1.31). Different cinnamyl derivatives (1.2.102, 

1.2.103) could be formed in good yields. Additionally, a diene (1.2.104) was obtained in 

acceptable yields. The use of a trifluoromethyl-substituted amide gave access to the desired 

product 1.2.106 in 50 % yield. The reaction also proceeded with α-branched amides, 

namely affording indene (1.2.107.) in good yields. The substitution on the nitrogen of the 

amide moiety had little influence on the reaction outcome. Dibenzyl (1.2.108), morpholine 

(1.2.109), pyrrolidine (1.2.100) and azepine (1.2.101) analogues were formed in acceptable 

yields. Notably, also a strained cyclobutene ring (1.2.112) successfully gave the desired 

product in 63 %. Finally, anilines were shown to be suitable reaction partners and 1.2.113 

and 1.2.114 were isolated in 66 and 67 % yield respectively.  
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Scheme 1.31 –Scope of substrates for the one-pot α,ß-dehydrogenation of amides. a yield based on the recovery of 
starting material. 

 

We subsequently investigated the functional group tolerance of our methodology 

(Scheme 1.32). Notably, ketones (1.2.117), nitriles (1.2.118), and esters (1.2.119) were 

well-tolerated and underwent the desired dehydrogenation chemoselectively. Moreover, 

natural product-derived substrates 1.2.123 and 1.2.124 (originating from dehydrocholic and 

oleic acid) also afforded the desired products in 67 and 72 % yield, respectively. 

Additionally, citalopram-based derivative 1.2.125 was successfully transformed into the 

α,β-unsaturated amide. Finally, we could selectively react a tertiary amide in the presence 

of a secondary carboxamide, yielding 1.2.126 in 51 % yield.  
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Scheme 1.32 - Scope of substrates with respect to functional group tolerance in the direct dehydrogenation of amides. a 
yield based on the recovery of starting material. 

1.2.3.4 Applications using α,β-dehydrogenated amides 

We conducted a few post-functionalisation experiments. Employing catalytic Sharpless 

dihydroxylation, we synthesised diol (1.2.128, Scheme 1.33a) in 69% yield.194 Similarly, 

enantioselective cuprate addition was accomplished furnishing 1.2.30 in high yield and 

enantioselectivity (Scheme 1.33b).195  
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Scheme 1.33 – Derivatisation of the product (1.2.129) by hydroxylation and enantioselective Michael addition. 

1.2.3.5 Synthesis of piperine using our method for α,β-

dehydrogenation of amides 

Furthermore, we applied our method to the synthesis of piperine (1.2.137, Scheme 

1.34), an alkaloid in black pepper that reportedly enhances the bioavailability of other 

compounds in food and dietary supplements (Scheme 1.34).196  The short synthetic route 

consisted on the synthesis of allylic alcohol (1.2.131), which subsequently underwent a 

Claisen-Eschenmoser sigmatropic rearrangement,197–199 affording the dehydrogenation 

precursor (1.2.136). By applying our protocol, the target compound piperine (1.2.137) was 

synthesised in 42 % yield over three steps.  

 

Scheme 1.34 –Concise synthesis of piperine(1.2.137) via direct dehydrogenation of the amide 1.2.136 .aBased on 
recovery of starting material. 
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1.2.3.6 Mechanistic elucidation of the transformation 

With respect to the mechanism of the transformation, we established several competing 

pathways that could explain the formation of the product (Scheme 1.36). As described 

before, the use of phenyl seleninic acid led primarily to the α-selenyl product (1.2.139, 

Scheme 1.39a), which could be oxidised with DMP to the desired product (1.2.140, Scheme 

1.35a). This was not high yielding, suggesting that other pathways could be converging in 

the formation of the product. 

The required pre-mixture of the selenium species (Scheme 1.35b) with DMP hinted at 

the formation of a new species (B, Figure 1.2). We attempted to monitor the corresponding 

reaction product by 1HNMR and 77SeNMR. However, all attempts remained unsuccessful.  

Nevertheless, 77SeNMR proved to be particularly useful as it allowed identification of 

several other species in the reaction mixture. By conducting NMR experiments on the 

premixture process and the reaction itself, we observed that different selenium species were 

most likely disproportioning, leading, for example to the formation of diphenyl diselenide 

(C) in high quantities. We also putatively assigned an intermediate Se species (B) that was 

formed, likely interacting with the DMP (B, Figure 1.2). We have concluded it to be 

chemically similar to seleninic anhydride – despite not matching the literature shifts.  

 

 

Figure 1.2 – 77Se-NMR studies of the premixture of the selenium species. Red line– addition of Et3N 

The second pathway is directly connected to the DMP species and its components. 

During the premixture, we assume that acetate is released from DMP, which can 
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subsequently interact with the keteniminium ion to generate an enolate-like intermediate 

(1.2.150, Scheme 1.35b), subsequently reacting with an electrophilic selenium species 

(1.2.151). In addition, when using commercially available DMP, which contains substantial 

amounts of acetic acid, better and more reproducible results were obtained in comparison 

to material synthesised in our laboratories according to literature procedures.200,201 This 

indicates that the acetate ion indeed has an effect on the reaction. It should be noted that 

similar effects have been described before in DMP oxidations, where commonly known 

impurities such as water appeared to facilitate the oxidative process.202 Additionally, the 

use of acetic anhydride in combination with the selenium mixture also afforded the desired 

product in 40 %, again suggesting involvement of acetate species (Scheme 1.35b). When 

we added 18O-labelled water to our reaction mixture, we observed partial 18O-incorporation 

into the final reaction product, eluding to the replacement of the oxygen in the starting 

amide (1.2.144, Scheme 1.35c).  

 

Scheme 1.35 - a) Oxidation of α-selenyl using DMP, b) using Ac2O instead of DMP in the standard conditions, c) 18O-
Labelling study. 

Isotopic labelling of the selenium species would be helpful, however its synthesis 

involves the use of 18O-labelled hydrogen peroxide, which was unfeasible due to practical 

aspects.203,204 Finally, by conducting the aforementioned NMR studies, we observed that 

the reaction was quite fast, with no intermediates being successfully characterised.  
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Scheme 1.36 – Plausible mechanistic pathways. 

 

In retrospect, pathway (i) relies on the nucleophilic attack of seleninic acid and 

subsequent undergoes a [1,3]-shift to afford 1.2.147, prone to elimination (Scheme 1.36). 

The important role of DMP in the outcome of the transformation implied an alternative, 

concurrent pathway (ii), in which the keteniminium can be transformed into a umpolulled 

species 1.2.150. that can react with an electrophilic selenium species, which we postulate 

is attached to the DMP core (1.2.151). Species 1.2.152 should then afford the α,β-

unsaturated imidate 1.2.154 species, subsequently hydrolysed to product (1.2.149, Scheme 

1.36) 

Due to the known disproportionation of selenium derivatives,205,206 multiple pathways 

could be in play. Despite being difficult to ascertain at this juncture the exact mechanism 

of the transformation, a combination of both suggest pathways seems to be a plausible 

statement.   
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1.2.4 Conclusion 

In this work we reported a chemoselective dehydrogenation of amides to the 

corresponding α,β-unsaturated analogues with exceptional functional group tolerance. 

Despite not fully uncovering the mechanism, we suggested different pathways using 

electrophilic selenium species.  

We highlighted the versatility of the obtained α,β-unsaturated amide by several post-

functionalisation reactions. The protocol also enabled the straightforward synthesis of 

natural product piperine in three linear steps. 
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1.2.5 Future Prospects 

One of the most enticing features of this transformation is the underlining mechanistic 

riddle. Due to the fast nature of the transformation, few options remain for total 

comprehension of the process. A possibility is to use direct IR to follow the 

transformation,207 although monitoring is likely hampered by the fleeting nature of the 

intermediates. 

The most likely candidate for the elucidation of the mechanism is NMR technique. 

More specifically, an NMR experiment that deals with very small-time scales and is able 

to detect immediately after addition. In order to suppress the low sensitivity of NMR, in 

elements of interest i.e. H, C,208 an experiment has been specially developed called DNP-

Dynamic nuclear polarisation- which enhances the polarisation of the electron spins, which 

in term can be transferred to the surrounding. One of the nuclei to enhance is 77Se, which 

could prove to crucial in our case (Figure 1.2).  

 

Figure 1.2 – dDNP experiment. Picture has been adapted for better understanding. 

Most common solvents that are used in this type of experiment are water and glycerol, 

although other solvents such as toluene and CCl4 can also be employed.209 In general, these 

experiments could help shed the light on the intermediates involved in this process, and 
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perhaps, ultimately provide tips and hints that would enable the conceptualisation of a new 

selenium-based oxidant. 
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1.3 SYNTHESIS AND REACTIVITY OF IMIDINIUM SALTS – UNEXPLORED 

CHARGED INTERMEDIATES 

1.3.1 Introduction 

1.3.1.1 The unique members of the Chalcogen family 

As shown in the previous chapter, the use of elements such as selenium can offer a 

solution to problems that would otherwise require forcing conditions or the use of metals. 

Selenium is a chalcogen, a class also including sulfur and tellurium. The versatility of 

sulfur, for example, can be illustrated by the fact that it has as many as 20 known 

allotropes,210 a number only matched by carbon.211 Allotropes are substances that, despite 

existing in the same physical state, possess inherently different forms and therefore 

characteristics,212 e.g. carbon nanotubes213 and fullerene214 (1.3.3, 1.3.4, Scheme 1.37a).  

1.3.1.2 Sulfur – An important chemical element 

Sulfur also serves important roles in pharmaceutical chemistry and is the name-

giving constituent of one of the most important drug classes, which paved the way for the 

antibiotic revolution in the 1930s: sulfa‑drugs (Scheme 1.37b).215 These compounds 

provided a solution to the surge of bacterial infections around the world, possibly saving 

millions of lives.216 During wartime, while pneumonia levels reached a record high, a 

shortage of sulfa-drugs impaired treatment,217 as chlorosulfuric acid (1.3.16, Scheme 

1.37c),218 required for the synthesis of sulfa-drugs, grew scarce due to its precursors, 

sulfuric acid (1.3.19) or sulfur trioxide (1.3.18), being devoted exclusively to war efforts. 

Consequently, alternative synthetic pathways had to be discovered in order to meet the high 

demand. Shortly after the war, Shigeru Oae, known for his expertise in the chemistry of 

sulfur, offered a route219 bypassing the scarce chlorosulfuric acid (1.3.16). Therein, 

thiocyanation of aniline (1.3.7),220 followed by acetylation (1.3.9) and subsequent oxidation 

with Br2 or Cl2 (1.3.12, Scheme 1.37c) yields sulfonic acids (1.3.13) as precursors for 1.3.5 

and 1.3.6 (Scheme 1.37b). However, this process never found large-scale application, as 

the market equalised after the strenuous war efforts, leading to the resume of sulfuric acid 

use.221  
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Scheme 1.37 – a) Examples of sulfur and carbon allotropes, b) Examples of early Sulfa-drugs (1.3.5 and 1.3.6), c) 
Synthesis of the precursor for sulfa-drugs.  

The rich chemistry of sulfur is also illustrated by the wide range of sulfur-related 

named reactions and reagents associated with highly useful transformations.222,223  

1.3.1.3 The crucial role of sulfur in chemical biology 

Examples of sulfur’s rich chemistry include bioconjugation, mostly by Michael 

addition (or thiol-ene reaction) of cysteine-containing motifs (1.3.21, Scheme 1.38a) to 

unsaturated reagents (1.3.20). This is a particularly chemoselective process in which 

cysteins residues can be functionalised selectively in the presence of all other amino acids 

(1.3.22, Scheme 1.38a).224–226  

Sulfur also enables reactivity uncommon to any other element. For example, 

dithianes (1.3.24, Scheme 1.38b), containing two C–S bonds to the same carbon atom, 

played a key role in the development of the concept of Umpolung. While initially 

employing dithianes as protecting groups for aldehydes, Corey and Seebach observed that 

structures such as 1.3.24 can be deprotonated by strong bases (1.3.24, Scheme 1.38b). 227 
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The resulting formation of an acyl anion equivalent (cf. 1.3.25)228 and its application to 

retrosynthesis and new possible disconnections helped establish the concept of Umpolung.  

 

Scheme 1.38 – Sulfur: versatile reactivity, a) Bioconjugation using Michael addition, b) Dithiane Umpolung, c) 
Ramberg-Bäcklund reaction, d) Divergent reactivity of different sulfur ylides with enones. 

1.3.1.4 Uses of high oxidation sulfur species – Sulfones and 
Ylides 

Another representative example of the versatile chemistry of sulfur is the reaction 

of α,β-unsaturated systems (1.3.32, Scheme 1.38c) with sulfur ylides, zwitterionic 

molecules (1.3.31 and 1.3.33) that are able to generate small ring systems.229 Depending on 

the nature of the ylide, two distinct reaction pathways dominate: while sulfonium ylides 

(1.3.33) react preferentially with the carbonyl group to form oxiranes (1.3.34) in the so-

called Johnson–Corey–Chaykovsky reaction, sulfoxonium ylides (1.3.31), lead instead to 

cyclopropanation (1.3.30, Scheme 1.38c).230–234   

The chameleonic nature of sulfur is even more evident when looking at its higher 

oxidation states.235 Sulfones, for example, can be engaged in single-electron chemistry as 

well as in two-electron processes where they can display either nucleophilic or electrophilic 

behaviour. In the case of α-halo sulfones, (1.3.26, Scheme 1.38d) SO2-extrusion can occur 

from a three-membered episulfone (1.3.27) formed in situ under basic conditions affording 
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the alkene (1.3.29).236 This skeleton editing process, resulting in a formal fragment 

coupling, is usually referred to as the Ramberg-Bäcklund reaction (Scheme 1.38d).237–239 

1.3.1.5 Sulfoxides – An important chiral functional group 

Sulfoxides are a class of compounds encompassing a large span of particularly 

interesting reactivity. One of the key features of this functional group is the fact that the 

electron pair on sulfur renders sulfoxides chiral if the two carbon substituents are non-

equivalent (1.3.35 and 1.3.36, Scheme 1.39a), with high racemisation barriers (Scheme 

1.39a).240–242 One could describe sulfoxides as “chiral carbonyl groups”, with the 

electrophilic sulfur attached to the nucleophilic oxygen (Scheme 1.39a). Sulfoxides have 

found many applications over the years, one of the most prominent ones being their use as 

chiral auxiliaries (Scheme 1.39b).243,244 The diastereoselective reduction of ketone 1.3.37 

using DIBAL–H (1.3.39) serves as an ideal example of a sulfoxide asserting stereocontrol 

through coordination, leading to the preferential formation of one product (1.3.41, Scheme 

1.39b). In contrast, the use of zinc chloride prevents this complexation and, as a result, 

leads to the opposite diastereoisomer upon reduction (1.3.42, Scheme 1.39b).245 

 

Scheme 1.39 – Sulfoxide chirality and use of sulfoxides as chiral auxiliaries. 

It would be remiss to talk about the reactivity of sulfoxides without highlighting the 

Pummerer reaction,246–248 a process involving electrophilic activation of a sulfoxide 

(Scheme 1.40a). In the classical Pummerer reaction,249 treatment of a sulfoxide (1.3.43) 

with acetic anhydride (1.3.44) leads to the formation of an electrophilic sulfonium 



1.3 Synthesis and reactivity of imidinium salts – unexplored charged intermediates  

 55 

intermediate (1.3.48), followed by an elimination event to reveal a thionium species 

(1.3.49), which is now no longer electrophilic at sulfur, but rather at the α-carbon (Scheme 

1.40). This thionium ion has two possible, sometimes competing, pathways for further 

reaction: on the one hand, capture by a nucleophile (such as acetate, 1.3.46) can lead to the 

formation of a hemithioacetal species (1.3.47), while, on the other hand, an elimination 

reaction can occur, affording the vinyl sulfide 1.3.50. Depending on the nature of the 

sulfonium intermediate (1.3.48), divergent reaction pathways are known that lead to a 

plethora of other pathways Besides the aforementioned addition of a nucleophile α- to the 

sulfoxide (cf. 1.3.47, Scheme 1.40a), the nucleophile can also add directly onto the sulfur 

atom 1.3.45, resulting in a process which has been widely used in combination with 

transition metals and photocatalysis and is generally referred to as an interrupted Pummerer 

reaction.250–252  

 

Scheme 1.40 – Pummerer reaction and the different pathways. Electrophilic activation of vinyl and aryl sulfoxides and 
subsequent reactivity.  

With varying substitution and functionality around the sulfoxide, new reaction 

pathways also become available. In particular, the use of vinyl sulfoxides (1.3.51, Scheme 

1.40b) allows once again for diverting modes of the reaction: while the interrupted 

Pummerer pathway is of course still accessible (not shown), involvement of the carbon–

carbon double bond significantly extends the scope of reactivity. For example, attack by a 
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nucleophile on the double bond initiates a so-called extended Pummerer reaction, in which 

functionalisation α to sulfur takes place (1.3.57, Scheme 1.40b). In fact, the resulting 

thionium ion 1.3.55 can be captured by another nucleophile (1.3.56) in a process referred 

to as the additive Pummerer reaction (1.3.55). A different pathway involves the elimination 

of the γ-proton from the sulfonium ion 1.3.52, generating a conjugated thionium ion 

(1.3.53). Subsequent 1,4-addition completes a transformation known as the vinylogous 

Pummerer reaction (cf. 1.3.54).253 Related reactions can also be applied to aryl sulfoxides 

(aromatic Pummerer reaction, 1.3.58), allowing a direct nucleophilic addition to the ring 

system with concomitant net reduction of the sulfur atom (1.3.59, Scheme 1.40c). 254–256 

1.3.1.6 Sigmatropic rearrangements - An important tool in the 
organic synthesis toolbox 

Sigmatropic rearrangements are a highly coveted way to access complex structures 

through non-intuitive disconnections.257 They encompass the formation of a sigma bond, 

by rupturing of a different sigma bond with concurrent relocation of a π-system in an 

intramolecular setting.258,259 Many examples include sulfur-containing reactions, such as 

textbook rearrangements named Morin-,260 Doyle–Kirmse,261–263 Thia-Sommelet-

Hauser,264–266 and the Stevens reaction.267-268 

A prominent example of sigmatropic rearrangements of sulfoxides was discovered 

independently by Evans and Mislow (Scheme 1.41a),269–271 who observed formation of an 

allylic alcohol (1.3.62, revealed following S–O bond cleavage after treatment with a 

phosphite) from allylic sulfoxides (1.3.60) at elevated reaction temperatures (Scheme 

1.41a). This seemingly simple transposition, proceeding through a [2,3]-sigmatropic 

rearrangement, carries an important feature: chirality of the sulfur atom is transferred to the 

allylic alcohol.272 This remarkable fact has been repeatedly used in the synthesis of natural 

products,273,274 amongst them the prostaglandins (1.3.63, Scheme 1.41a).275  
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Scheme 1.41 – Sigmatropic rearrangements involving sulfoxides, a) Mislow-Evans reaction and its use in the synthesis 
of prostaglandins (1.3.63), b) Addition of sulfoxides to vinyl cations, c) Addition of vinyl sulfoxides to ketene derivatives 

(1.3.75). 

1.3.1.7 Addition of sulfoxides to vinyl cations 

While Scheme 1.40 has shown that sulfonium intermediates such as 1.3.65 (Scheme 

1.41) can be formed by electrophilic activation this can in a broader sense occur by addition 

of a sulfoxide (1.3.64) to a vinylic cation (vide supra, 1.3.68).276–281 Different methods can 

be used to generate such vinyl cation species, many of which include activation of alkyne 

derivatives (1.3.70) with strong electrophiles such as gold (I) complexes or Brønsted acids 

(1.3.69, Scheme 1.41b).282 Upon the formation of the adduct 1.3.65, different pathways 

become accessible. In the case of an aryl substituent 1.3.66, [3,3]-sigmatropic 

rearrangement can take place, resulting in an ortho-functionalisation of the aromatic 

sulfoxide which itself is reduced to the sulfide in the process (1.3.67, Scheme 1.41b).283 

Ketene derivatives such as 1.3.73 can be employed as vinyl cation surrogates in 

such a process (Scheme 1.41c). This was first developed by Marino, who utilised the highly 

reactive dichloroketene (1.3.75, in situ generated by addition of zinc to trichloroacetyl 

chloride (1.3.74).284,285 Using an optically pure, geometrically defined vinyl sulfoxide 

(1.3.76), an α,α-dichloro-lactone product was formed with high enantio– and 

diastereoselectivity (1.3.78, Scheme 1.41b and 1.3.79, Scheme 1.42a). Importantly, it was 
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found that the geometric and optical configuration of the parent vinyl sulfoxide directly 

influenced the stereochemical identity of the product (1.3.80 from 1.3.81 and 1.3.84 from 

1.3.83, Scheme 1.42a).286–288 

 

Scheme 1.42 – a) Selected example on the Marino´s lactone formation, b) Diastereodivergency of the method by 
employing different vinyl sulfoxides, c) mechanism of the lactone formation, d) Efforts towards the total synthesis of 

Physostigmine (1.3.95). 

 

1.3.1.8 Marino´s studies on the formation of lactones 

The chirality transfer observed was explained by a typical chair like transition state 

(1.3.86, Scheme 1.42b). The lone pair on sulfur is preferentially placed in pseudoaxial 

arrangement. Interestingly, different substituents at sulfur play a crucial role in the outcome 

of the transformation. In the specific example shown (1.3.91, Scheme 1.42d), en route to 

the synthesis of Physostigmine, the methyl sulfoxide moiety (1.3.93) gave a satisfying yield 

of 45% whilst the corresponding phenyl sulfoxide (1.3.92) only afforded trace amounts of 

product (1.3.91). In addition, the enantioselectivity was very low both with the methyl and 

the phenyl analogue (1.3.92 and 1.3.93). Finally, the transformation with an isopropyl 

sulfoxide (1.3.94) gave satisfactory results and afforded the product in 73% enantiomeric 

excess.289,290 Despite this reaction being applied in multiple total syntheses, its translation 
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to complex molecules proved difficult, with the reaction conditions, such as temperature 

and solvents, having to be extensively reoptimised.288,291 

Moreover, the limitation to the α,α-dichloro substitution pattern on the lactone 

product meant that extensive manipulations were required in order to obtain the desired 

valuable scaffolds,292–294 with different reductive conditions in some cases only affording 

low yields and leading to side-product formation.295 

 

Scheme 1.43 – Asymmetric arylation of alkynes via chirality transfer from aryl sulfoxides.  

1.3.1.9 Stereodivergent synthesis of 1,4 dicarbonyl by 
sulfonium rearrangements 

Chronologically, the Maulide group successfully applied a related strategy to aryl 

sulfoxides and keteniminium ions (1.3.99, Scheme 1.43a) derived from amides (1.3.97) or 

activated alkynes (1.3.96, Scheme 1.43a). Herein, the use of chiral aryl sulfoxides (1.3.100) 

with activated alkynes (ynamides or thioalkynes 1.3.98) resulted in α-arylated products 

(1.3.103) with high level of S-to-C chirality transfer (1.3.104 and 1.3.105, Scheme 

1.43b).296  

The 1,4 dicarbonyl motif is one of the most challenging dicarbonyl framework to 

prepare, due to the “unnatural” disconnections required (1.3.106, Scheme 1.44a). 

Retrosynthetically, any disconnection reveals carbonyl synthons with reversed polarity, 

e.g. cleavage of the central C–C bond reveals an α-carbonyl cation (1.3.108). Different 
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solutions reported in the literature have struggled to control the stereochemical orientation 

between the two carbons.297–300 Evidently, the use of vinyl sulfoxides in this rearrangement 

reaction (1.3.110)301,302 offered a new potential solution to this longstanding synthetic 

problem. In 2018, Maulide et al. successfully achieved the asymmetric synthesis of 1,4-

dicarbonyl derivatives by combining vinyl sulfoxides (1.3.113, Scheme 1.44b) with 

ynamides (1.3.111, Scheme 1.44b).303 Under acidic catalysis, the reaction led to the 

formation of a wide array of 1,4-dicarbonyl derivatives with excellent levels of ee and dr 

(1.3.114). Importantly, complete chirality transfer from sulfur to carbon was observed in 

all cases. 

 

Scheme 1.44 – a) Disconnections towards 1,4 dicarbonyl compounds, b) Initial results on the synthesis of 1,4 
dicarbonyls, c) and d) Optimisation condtions depending on the configuration of the sulfoxide in the synthesis of 1,4 

dicarbonyls.  

Notably, p-tolyl moiety was the preferred substituent on sulfur for E-vinyl 

sulfoxides (1.3.116, Scheme 1.44c), providing good diastereoselectivities (8:1 d.r. for 

1.3.115, Scheme 1.44c), whilst in the case of Z-vinyl sulfoxides, the preferred sulfur 

substituent was an n-octyl group (cf. 1.3.118, Scheme 1.44d).  
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1.3.1.10 Vinyl sulfoxide in combination with activated 
amides 

The successful results on the use of vinyl sulfoxides in combination with activated 

ynamides prompted us to test the reaction with amides instead. Under standard conditions, 

the major product was assigned to be 1.3.122 (Scheme 1.45a), from 4 different 

diastereoisomers. This appears to result from an internally captured thionium intermediate 

(1.3.123, Scheme 1.45c). We will refer to these species hereinafter as imidinium ions. The 

structure of 1.3.122 was further confirmed by X-ray analysis (Scheme 1.45b), revealing 

that the major diastereomer has an anti-anti configuration on the three newly formed 

stereogenic centres. However, after purification by column chromatography, only two out 

of four possible diastereomers were isolated, which suggests an equilibrium between the 

closed imidinium salt (1.3.123, Scheme 1.45b) and its open form 1.3.124 (Scheme 1.45d), 

resulting in an epimerisation of the sulfur-bearing stereocenter. To the best of our 

knowledge, such a species was only ever observed once in the literature, namely by 

Seebach et al. (1.3.126, Scheme 1.45b), but no study about its stability or reactivity has 

been reported.304 

 

Scheme 1.45 – a) Initial studies on the formation of Imidinium salts, b) X-Ray of the proposed imidinium salt (1.3.122), 
c) equilibrium of the thionium species, d) Seebach’s observation 

The discovery of this intriguing imidinium species prompted us therefore to 

investigate it further, with hopes of fully harnessing its synthetic potential.  

  



1.3 Synthesis and reactivity of imidinium salts – unexplored charged intermediates  
 

 62 
 

1.3.2 Objectives 

The aim of this project can be divided into two sub-goals. First, we were eager to 

explore and optimise the formation of the imidinium ion.  

Second, we wanted to investigate the nature of the newly found imidinium ion 

including a closer understanding of its reactivity in different chemical environments. This 

would include attempts to convert these imidinium intermediates into e.g. aldehydes and 

lactones (Scheme 1.46). 

This work was performed in collaboration with by Dr. Immo Klose, Dr. Bruna 

Simoes Martins, Dr. Simone Placidi and Laurin Pollesböck. 

 

Scheme 1.46 – Studies on the formation and reactivity of the imidinium ion (1.3.130). 
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1.3.3 Results and Discussion 

1.3.3.1 Initial studies on the formation of imidinium salts 

Some initial caveats should be outlined at the start of this section. Generally, the 

diastereomeric ratio was determined by 1HNMR. However, due to the nature of the 

products (4 different stereoisomers), occasionally the complexity of the spectra prevented 

us from assigning all of the stereoisomers. In addition, often times the minor diastereomers 

overlapped with other signals in the 1HNMR spectrum thus complicating accurate 

determination of the d.r. We could putatively assign the different diastereoisomers by 

literature comparison and by isolation of the two major diastereoisomers. 

In regard to the purification process, normal flash chromatography afforded the 

desired imidinium salt after a solvent switch from a conventional ethyl acetate/heptane 

mixture to acetone/heptane. While crude mixtures were soluble in halogenated solvents 

such as deuterated chloroform, after purification, their solubility in these solvents decreases 

significantly, which is why their NMR spectra were recorded in deuterated acetonitrile or 

acetone. With protic solvents such as deuterated water or methanol, decomposition or non-

selective product formation was observed. A commonly found impurity during purification 

were pyridinium salts that coelute with the desired imidinium salts.  

In our initial attempts of optimisation, we probed different substrates – amides and 

vinyl sulfoxides to deduce advantageous substitution patterns for the optimisation of yield 

and diastereoselectivity (Scheme 1.47). From the different amides at our disposal, we 

focused on the influence of the nitrogen moieties. Pyrrolidine (1.3.135) and azepane 

(1.3.136) gave similar results whilst a substantial increase in yield was observed when using 

the dimethyl amide (1.3.137, Scheme 1.47). On the side of the vinyl sulfoxides, the yield 

was also highly dependent on the sulfur substituent with the methyl sulfoxide 1.3.140 

giving the best results compared to the respective p-tolyl (1.3.138) and n-octyl sulfoxides 

(1.3.139).  
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Scheme 1.47 – Initial substrate optimisation on the formation of imidinium salt (1.3.134). 

1.3.3.2 Optimisation studies on the formation of the imidinium 
ion 

Optimisation of amide activation processes usually includes an investigation of 

different halo-pyridine bases. An initial screening did not show any particular outliers – 

most yields remained fairly constant, only marginally higher yields were observed in the 

case of 2-I-Py (71 %, entry 1, Table 1.3).  

An important parameter to describe this reaction is the ratio (A+B)/(C+D) (Table 

1.3), which accurately portrays the ratio of diastereoisomers formed along the C–C bond 

forming event. While only moderate diastereoselectivity was observed for this reaction, we 

focused on improving this aspect of the transformation. Different spectator moieties at the 

sulfur atom of the vinyl sulfoxide partner, showed no significant change in yield and 

diastereoselectivity (Table 1.3, Entry 2-4). On the other hand, temperature revealed to play 

a key role in the transformation (Table 1.3, Entry 5-8), with -78 °C providing a considerable 

increase in the stereochemical outcome. The best conditions were found when 2-F-Py was 

used, generating the desired imidinium intermediate in high diastereoselectivity and yield. 

(Table 1.3, Entry 5). 
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Table 1.3 – Optimisation table for the diastereomeric formation of imidinium ion. aModule of the ratio 

 

In regards to the mechanism of the transformation, we postulate that it proceeds 

analogously to the one proposed in the synthesis of 1,4 dicarbonyls via a chair-like 

transition state (intermediate 1.3.146, Scheme 1.48), with the lone pair on sulfur occupying 

the pseudoaxial orientation (Scheme 1.48). After [3,3]-sigmatropic rearrangement, the third 

stereo-centre is formed during intramolecular capture by the nucleophilic amide to generate 

the imidinium salt 1.3.148. Additionally, we propose that the imidinium 1.3.148 can be in 

equilibrium with the thionium species (1.3.147) under certain conditions such as higher 

temperatures, polar solvents or purification on silica gel.  

 

Scheme 1.48 – Proposed mechanism of the imidinium salt formation (1.3.148) and subsequent stability. 
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1.3.3.3 Scope of the formation of imidinium salts 

Then we moved into exploring the scope of this transformation transformation 

(Scheme 1.49). Several amides acyclic (1.3.155) and cyclic derivatives (1.3.153 and 

1.3.154) were successfully coupled with different E sulfoxides to afford the desired 

imidinium ion, with good diastereoselectivities. Using the dimethyl substituted amide, we 

that the reaction was amenable to gram scale (1.3.152, Scheme 1.49). Substituted vinyl 

sulfoxides, including b,b-disubstituted also lead to good results (1.3.156). The coupling of 

tetrasubstituted reactants with a α-chloro amide gave rise to an imidinium ion bearing 

adjacent quaternary stereocenters (1.3.157), in one step, albeit with low diastereoselectivty.  

Finally, the combination of a cyclopentyl amide and a tetrasubstituted vinyl sulfoxide led 

to exhaustively substituted imidinium species 1.3.158, carrying three contiguous (two of 

which all-carbon) quaternary centres, in moderate yield. When using branched amides, 

dehydrogenation was found to be the main by-product.305,306 

 

Scheme 1.49 – Scope of imidinium salts using different substituted amides and vinyl sulfoxides. 
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1.3.3.4 Functionalisation of the imidinium salt - Basic 
oxidative work-up for the synthesis of amidoaldehydes 

Subsequently, we then turned our attention towards the reactivity of the imidinium 

species. Our initial attempts to hydrolyse the intermediate, resulted in two different 

products, a sulfenyl lactone 1.3.160 and the aldehyde 1.3.161 (Scheme 1.50). A wide range 

of different conditions were tried, including using a long list of buffers, acids and bases, 

and water surrogates,307–309 however, all of these conditions led to mixtures of the two 

products. After several attempts to selectively afford one of the products, we observed that 

lithium hydroxide in conjunction with hydrogen peroxide – commonly used conditions to 

remove the chiral auxiliary oxazolidinone – resulted in the selective formation of 1,4-

amidoaldehydes in good yields. 

 

Scheme 1.50 – Scope using different sulfoxides to afford amidoaldehydes derived from basic workup. 

In this transformation, the use of Z-vinyl sulfoxides afforded significantly better 

yields and diastereomeric values. Since the optimised reaction conditions require elevated 

temperatures, we hypothesise that trans-1,4 dicarbonyl compounds are thermodynamically 

more stable, hence preferentially formed. We next focussed on exploring the scope of this 

reaction with a wide range of cyclic (1.3.164 and 1.3.167, Scheme 1.50) and acyclic amides 
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(1.3.162 and 1.3.163) which all led to the expected product in high yields (Scheme 1.50). 

Sensitive functional groups such as a terminal chloride (1.3.168) and a nitrile (1.3.169) did 

not influence the reaction outcome, even at elevated temperatures. Drug-like amide derived 

from citalopram® was also transformed into its aldehyde derivative (1.3.170), in a reaction 

that resembles the result of a coupling to the drug scaffold. The use of N-allylmethyl amide 

(1.3.165) gave excellent diastereomeric ratios with Z-vinyl sulfoxide, whilst the E-vinyl 

sulfoxide, gave the respective syn-aldehyde albeit in lower yields and slightly decrease 

diastereomeric ratio (1.3.166, Scheme 1.50). 

1.3.3.5 Functionalisation of the imidinium salt – acidic 
oxidative work-up for the synthesis of sulfonolactones 

Alternatively, we found that acidic oxidative conditions cleanly converted the 

imidinium salts into the corresponding sulfonolactones 1.3.172 and 1.3.173 (Scheme 1.51). 

The reagent of choice was mCPBA which contains water in its commercial form, therefore 

both mediating the hydrolysis and concomitantly oxidising the intermediate. This 

transformation was found to be amenable to gram scale, resulting in high isolated yields of 

the sulfonolactone intermediate (1.3.174, 84 %, Scheme 1.51).  

We were also eager to test whether sulfur to carbon chirality transfer was possible. 

By employing a chiral E-vinyl sulfoxide, the sulfonolactone (1.3.174, Scheme 1.51) was 

formed with near perfect enantiomeric excess (97 % ee), thus showcasing one key feature 

of the method – control over the absolute of relative stereo outcome.  

Sensitive synthetic handles such as alkyl chlorides (1.3.176, Scheme 1.51), ketones 

(1.3.182), and esters (1.3.183) were preserved and the respective products formed with high 

diastereomeric ratios. The use of both E- and Z-isomers of the vinyl sulfoxide resulted in 

complementary pairs of diastereomers with slightly inferior yields in the case of Z-vinyl 

sulfoxides (1.3.175, 1.3.177, 1.3.179 and 1.3.181). α-Branched amides were also found to 

be amenable to oxidative hydrolysis, resulting in the formation of branched lactone 1.3.186. 

Dehydrocholic acid (1.3.188) and citalopram scaffolds (1.3.187, Scheme 1.51) were also 

successfully decorated with the sulfonolactone moiety in good yields but moderate 

diastereomeric values. 
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Scheme 1.51 – Scope of sulfonal lactones obtained after oxidative workup (mCPBA). 

Exploring the scope of vinyl sulfoxides, different sterically demanding moieties 

such as a phenyl (cf. 1.3.192, Scheme Scheme 1.52) or an isopropyl moiety (1.3.193) could 

be attached to the vinyl sulfoxide to afford the respective lactones in good yields. In a 

similar fashion, all-carbon quaternary centres could also be generated by using a 

β,β‑disubstituted vinyl sulfoxide (cf. 1.3.194). Gratifyingly, even challenging substrates 

that contain strongly electron-donating (1.3.198) or ‑withdrawing substituents (1.3.197), 

gave the expected product with no observed by-products. Different sulfoxide moieties such 

as the tolyl– (cf. 1.3.199) or isopropyl sulfoxide (cf. 1.3.195) also resulted in the respective 

imidinium salts with good diastereomeric ratios. The latter was also efficient when using 
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the respective Z-isomer to afford the product with opposite configuration (1.3.196) which 

was only slightly inferior compared to the reaction with the corresponding methyl sulfoxide 

(1.3.175, Scheme 1.51).310–312 

 

Scheme 1.52 – Scope of sulfono lactones derived from different sulfoxides after oxidative workup (mCPBA). 

Using a vinyl sulfoxide bearing a silyl protected alcohol moiety (1.3.203, Scheme 

1.53a), we unexpectedly observed the formation of a cyclic ether 1.3.202. in which the 

sulfenyl moiety was cleaved after treatment with mCPBA. Interestingly, when the 

oxidation was conducted at lower temperatures (–78 °C), the initially anticipated sulfono 

lactone was the major product (1.3.200), suggesting that cyclisation to 1.3.202 only occurs 

at higher temperatures.  

1.3.3.6 Functionalisation of sulfono-lactones  

 To demonstrate the utility of the sulfone moiety, we decided to displace it using 

different nucleophiles (Scheme 1.53b). The use of tin triflate (SnOTf2) as a Lewis acid in 

combination with allyl nucleophiles afforded the substituted lactone 1.3.204. with moderate 

diastereoselectivity likely via a cationic intermediate (1.3.207). Reductive cleavage of the 

sulfone moiety with tributyl tin hydride led to a single product (1.3.206). This lends support 
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to our proposal diastereometic ratio of the starting material, due to the exact diastereomeric 

ratio being found after the reaction (Scheme 1.53b). 

 

Scheme 1.53 – a) Divergent conditions for imidinium cyclisation; b) Functionalisation of sulfono lactones with 
Allyltributylstannane 
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1.3.3.7 Versatility of the imidinium intermediate - An array of 
possibilities 

 

Scheme 1.54 – Functionalisation of the imidinium intermediate  

We also had an interest in exploring different reductive protocols. In the event, we 

found that the use of Red-Al led to a partial reduction of the intermediate and afforded a 

cyclic hemiaminal 1.3.213, still carrying the native sulfenyl moiety. Conversely, employing 

DIBAL as the reducing agent additionally excised the sulfur appendage, delivering 

hemiaminal 1.3.216 in 71 % yield (Scheme 1.54). 

The direct addition of nucleophiles to the imidinium ion has a high potential for 

increasing molecular complexity. A substitution reaction that would trigger a ring-opening 

in analogy to the observed aldehydes with basic H2O2 would lead to three contiguous 

stereogenic centres in a linear product. Indeed, nucleophiles such as phthalimide and 

sulfinate salts cleanly opened the imidinium species to the corresponding amide derivatives 

1.3.215 and 1.3.214 respectively with excellent diastereoselectivities.  
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1.3.3.8 Miscellaneous results on the functionalisation of the 
imidinium intermediate 

On the other hand, some preliminary results during the functionalisation of the 

imidinium salts deserves additional efforts. Various carbon nucleophiles were used in 

combination with the imidinium ion, for one of which, namely potassium cyanide, we 

observed that the addition product 1.3.217 decomposed during flash chromatography 

(Scheme 1.55). Efforts could be focused on purifying this intermediate with deactivating 

silica or alumina to potentially avoid its decomposition. Alternatively, we attempted to 

directly perform a cross‑coupling reaction on the imidinium ion (1.3.219) using palladium 

catalysis and an alkynyl Grignard reagent 1.3.212. The product of sulfur displacement by 

the Grignard reagent was detected by mass spectroscopy (1.3.222), however, purification 

proved challenging and the desired product was not isolated. The direct use of these charged 

intermediates in cross-coupling reactions would enable an easy way to introduce 

complexity in these systems and in turn bringing it closer to accessing chemical space of 

biologically relevant molecules. 

 

Scheme 1.55 – Functionalisation of the imidinium intermediate using carbon nucleophiles. 
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1.3.4 Conclusion 

We have successfully achieved most of the aims of this project. The serendipitously 

observed imidinium intermediate was successfully transformed into valuable 1,4-aldehydes 

with high diastereoselectivities. On the other hand, valuable sulfono lactones were obtained 

in high yields from E-vinyl sulfoxides as demonstrated by a large scope of highly 

substituted products. 

With this work, we have showcased the high synthetic applicability of the 

imidinium ion and believe it might find utility in the context of natural product synthesis 

of congested carbon frameworks. 
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1.3.5 Future prospects 

We came across various interesting observations that are worth a closer look, 

potentially leading to new projects. One of these would be the synthesis of sterically 

congested sulfenyl lactones from branched amides (1.3.225, Scheme 1.56). Using basic 

oxidative conditions, the expected aldehyde 1.3.224 was not formed, but instead the 

sulfenyl lactone 1.3.225 was generated as major product without oxidation at sulfur atom 

(Scheme 1.56a). The fully substituted α-position of the carbonyl is crucial as it provides an 

opportunity to greatly expand the accessible molecular complexity. Thus far, a quaternary 

centre in the α-position of the carbonyl is not accessible by other methods that utilise 

keteniminium ions. 

 

Scheme 1.56 – Future projects revolving around C-C bond formation. Potential natural products that could be 
synthesised with this methodology. 

As it was briefly mentioned before, a key stepping stone for this methodology would 

be its implementation in the synthesis of a natural products. One particular case which 

highlights this possibility is the cyclisation when using tethered alcohol on the sulfoxide 

moiety, which upon oxidation, cyclizes to afford the fused lactone (1.3.227, Scheme 1.56b). 

Such motifs, more specifically the THF-fused γ-lactone (1.3.228), has been found in several 

natural occurring products (1.3.229 and 1.3.230, Scheme 1.56c) and is recognised as a 
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privileged scaffold.313–315 Importantly, its synthesis is known to be challenging.316–319 A 

suitable combination of vinyl sulfoxides could swiftly construct such promising scaffolds. 

Last but not least, we can also envision other remote groups undergoing said cyclisation – 

generating different motifs and ring sizes (1.3.231, Scheme 1.56).  
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2 AMINE SYNTHESIS FROM ALKENES – ACID 

MEDIATED HYDROAMINOMETHYLENATION 

AND HYDROAMINOALKYLATION OF 

ALKENES 

2.1 SYNTHESIS OF VALUABLE AMINES FROM FEEDSTOCK ALKENES 

The results presented in this section were obtained in collaboration with Dr. Alberto 

Oppedisano, Dr. Veronica Tona, Dr. Daniel Kaiser, Dr. Saad Shaaban, Dr. Che-Sheng Hsu, 

Dr. Amandine Pons.320,321 

2.1.1 Introduction 

2.1.1.1 Discovery of nitrogen and related compounds. 

Nitrogen-containing compounds see widespread use in pharmaceutical and 

agrochemical contexts. The discovery of nitrogen gas was first credited to Rutherford322 

despite being simultaneously reported by Scheele and Cavendish.323,324 By igniting carbon 

in a closed vessel (2.1.3, Scheme 2.57), and removing the newly formed CO2 (2.1.1) with 

limewater (2.1.5, Ca(OH)2), Rutherford isolated what he called “noxious air”(2.1.6), after 

realising that exposing animals to it led to death.325 Etymologically, Lavoisier adopted the 

word azote, stemming from “no life” in Greek, or in German Stickstoff, due to its apparent 

asphyxiating proprieties. Concurrently, the name nitrogen was proposed in 1790 by Jean-

Antoine Chaptal, after discovering that elemental nitrogen (air) was also present in nitrates 

and nitric acid.  
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Scheme 2.57 – Adapted depiction of Rutherford´s initial discovery of nitrogen gas.  

An important discovery that altered the perception of nitrogen-related compounds 

from a purely academic curiosity to an industry of itself was the Haber-Bosch process 

(Scheme 2.58a).326–328 By employing high pressures of nitrogen (2.1.9) and hydrogen gas 

(2.1.7), in combinations with various heterogeneous catalysts (2.1.8), high amounts of 

ammonia could be efficiently synthesised, 329 which in term enabled the industrial and 

agricultural revolution.330-331 

 

Scheme 2.58 – Synthesis and uses of ammonia (2.1.10). a) Haber-Bosch process, b) Products stemming from ammonia 
(2.1.10). 

2.1.1.2 Ramifications of the Haber Bosch process. Synthesis of 
amines. 

Despite around 80 % of ammonia being devoted to the synthesis of fertilisers, this 

important building block is also used in other crucial endeavours (Scheme 2.58b). Namely, 
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compounds such as hydrogen cyanide (2.1.11),332 hydroxylamine (2.1.12, Raschig 

process),333 urea (2.1.14, Bosch-Meiser),334,335 and hydrazine (2.1.13)336,337 are commonly 

synthesised by their own named processes. The latter compound, hydrazine (2.1.13 or 

2.1.18, Scheme 2.59a),338 which serves various roles339,340  was found to be a mild 

deprotecting agent for phthalimide (2.1.17, Scheme 2.59a), an important intermediate in 

the so-called Gabriel amine synthesis (Scheme 2.59a), devoted to the synthesis of primary 

amines341–344 (2.1.19) from alkyl halides (2.1.15). The harsh conditions required for the 

direct substitution using ammonia, coupled with overalkylation problems, led to the 

development of complementary methods that could tackle these hurdles (Scheme 2.59b). 

 

 

 

 

 

 

 

 

 

Scheme 2.59 – a) Gabriel synthesis of primary amines, b) alternative methods for the synthesis of primary amines. 

An analogous approach to synthesise primary amines is by using 

hexamethylenetetramine (2.1.21, Scheme 2.59b) to generate the correspondent quaternary 

ammonium salt (2.1.22), which can be hydrolysed to the desired amine (2.1.23). Another 

example of a hydrolysis-prone intermediate is the isocyanate (2.1.26), a functional group 

that can be generated from a plethora of starting materials (2.1.28) and readily affords the 

primary amine moiety upon hydrolysis.345–357 The favoured method, especially in an 

industrial context, is reductive amination, a reliable transformation that combines 
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aldehydes (2.1.24) with a wide range of amines (2.1.25) with concomitant reduction of the 

imine/iminium intermediate.358,359 

2.1.1.3 Alkenes as valuable building blocks for the synthesis of 
amines. 

Alkenes are undoubtedly valuable feedstock materials for the chemical industry. 

Such compounds are usually sourced from the steam cracking of hydrocarbons, hence often 

referred to as olefins (derived from oil). They are considered by industry as prime targets360–

362 due to their high abundance, polymerisation ability and ease of manipulation. 

Despite their inherently high chemical stability,363 alkenes are known to be involved 

in a wide range of addition reactions, interacting with a wide range of electrophiles364–368 

or radical species.369–373 

In the context of amine synthesis, hydroamination (Scheme 2.60a), constitutes a 

prime method to use the high availability of alkenes (2.1.29, Scheme 2.60a).374 

 

Scheme 2.60 – a) Hydroamination of alkenes and b) Metal-catalysed approaches for hydroamination of alkenes. 

Different strategies have been developed to enable what is a challenging reaction 

between two electron rich partners. One approach focuses on enhancing the nucleophilicity 

of the N–M bond (2.1.33, Scheme 2.60a), e.g. using rare earth metals such as Li and Na, 

which nevertheless require high pressures and temperatures (usually 200°C and 900 bar, 

Scheme 2.60b).375 Alternatively, by using late transition metals (Rh, Ir,  Ru, Pd, Pt) the p 

system of the double bond can be activated (2.1.37) to favour nucleophilic attack of the 

nitrogen (2.1.36, Scheme 2.60b).376–385 Other catalysts based on Brønsted acids can also be 

used, albeit with lower generality.386 Overall, the main caveat of hydroamination is its 
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underlying substrate dependency, with different classes of alkenes requiring specific 

catalytic systems. 

2.1.1.4 Tandem Hydroaminomethylenation. 

An enticing possibility to achieve the synthesis of amines from alkenes utilises the 

formal insertion of a carbon subunit between the C-H bond of the amine and the alkene, a 

reaction called “hydroaminoalkylation”. This would result in native connectivity between 

the two fragments, hypothetically solving the aforementioned synthetic problems. In its 

simplest iteration, this approach uses a methylene subunit to bind the two different 

fragments, hence called hydroaminomethylenation (HAM). In early reports, 

hydroaminomethylenation was accomplished as a domino hydroformylation387,388/ 

reductive amination (Scheme 2.61).389   

 

Scheme 2.61 – TM-catalysed step-wise hydroaminomethylenation of alkenes. 

More specifically, the hydroformylation process entails the addition of a carbon 

monoxide unit in the presence of synthesis gas (H2 and CO) and TM-catalyst (Ru, Rh or 

Co),390–392 usually affording the Markovnikov addition adduct393,394 likely due to steric 

effects (2.1.39, Scheme 2.61).395 In this context, the main additional challenge consists of 

the careful tuning of the reducing agent, to prevent the reduction of the aldehyde 

intermediate (2.1.39).396,397 This process has been applied industrially in the synthesis of 

various pharmaceuticals,398 with more recent iterations resorting to flow chemistry.399 

2.1.1.5 State of the art of Hydroaminomethylenation. 

 

Scheme 2.62  - Direct metal-catalysed hydroaminomethylenation of alkenes 
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The two main issues associated with direct hydroaminomethylenation pertain to low 

chemo- and regioselectivity,400 owing to the use of late transition metals under harsh 

conditions (Scheme 2.62). One of the most recent efforts was reported by Schafer et al. in 

2019 (Scheme 2.63a).401 Employing a zirconium catalyst (2.1.49), good results were 

obtained in the synthesis of benzylated amines (2.1.50, Scheme 2.63a). The method uses 

N-TMS amines (2.1.48) to stabilise the zirconaziridine intermediate (2.1.53, Scheme 

2.63b), facilitating the formation of the linear product due to the steric bulk of the amine 

(Scheme 2.63b). Despite not showcasing perfect selectivity, this method can be seen as a 

conceptual leap from previous metal-catalysed entries on this field.402–404 Limitations such 

as a narrow scope and a need for super-stoichiometric amounts of alkene remain to be 

answered in future work. 
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Scheme 2.63 –a) Zirconium-catalysed hydroaminoalkylation of alkenes with N-silylbenzylamine (2.1.48), b) proposed 
mechanism for the aforementioned trasnformation. 

One of the pressing issues of most metal-catalysed hydroaminomethylenation 

methods is their reliance on high temperatures, with the obvious repercussion in the 

inability to tolerate many functional groups. Photoredox catalysis offers a solution, by 

presenting a milder alternative based on the formation of an a-amino radical intermediate. 

One of the first reports of such reactivity in the context of hydroaminoalkylation was 

described by Rovis et al. in 2017 (Scheme 2.64).405 By employing a low valent cobalt 

catalyst in combination with an iridium photocatalyst in basic media, the authors observed 

coupling of conjugated dienes 2.1.58 to tertiary amines 2.1.57 (Scheme 2.64).406 The 
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reaction afforded a wide scope of homo-allyl amines (2.1.59) with excellent 

regioselectivity. Such processes, however, are applicable only to alkene substrates which 

are matched in polarity to the intrinsically nucleophilic α-aminoradical, i.e. electron-poor 

alkenes or conjugated dienes. 

 

Scheme 2.64 – Hydroaminoalkylation of dienes using tertiary amines under cobalt and photoredox catalysis. 

2.1.1.6 Prins reaction – alkenes as nucleophiles. 

An important methylene donor for the hydroaminomethylenation reaction is the 

iminium ion. This electrophilic species407–409 can be used in conjunction with alkenes in a 

Prins-type reaction.410–413  The Aza-Prins reaction remains a powerful method for the 

synthesis of amine scaffolds in complex natural products,414–416 a notable example by 

Heathcock,417,418 in shown in Scheme 2.65. The in-situ generated azadiene (2.1.63) engages 

in a [4+2]419,420 reaction, swiftly (2.1.64) setting the stage for subsequent aza-Prins 

cyclisation to generate the complex secondary amine scaffold (2.1.66, Scheme 2.65).  

 

Scheme 2.65 – Heathcock´s serendipitous discoveries on the aza-Prins cyclisation  
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Remarkably, years after this protocol had been reported, the repetition of the 

reaction revealed a different product (2.1.72, Scheme 2.65), a secondary amine, without the 

unsaturation (2.1.66). Puzzled by this result, the co-workers investigated every possibility 

including contaminants, reanalysing all NMR spectra, and reagents alike. The origins of 

this “impossible” product came in a way of necessity. Upon setting up the reaction, the 

chemists borrowed the ammonia bottle from a neighbouring group (Vollhardt), 

unsuspected that it was N-methyl amine instead (2.1.67). A possible explanation then arose: 

a [1,5]-hydride transfer, resulting in an iminium ion (2.1.71, scheme 9), subsequently 

hydrolysed. Serendipitously, Heathcock and co-workers came across an enticing 

transformation, in which the apparent addition of alkyl amine triggered a cyclisation that 

reduced the substrate (2.1.72). 

2.1.1.7 Hydroaminomethylenation of iminium ions.  

Analogously, iminium ions (2.1.73, Scheme 2.66a) have been known to react with 

a plethora of different p-nucleophiles, as deeply investigated by Mayr in the ‘90s (Scheme 

2.66a). Initially, the preferred nucleophiles were allyl silanes (2.1.74), which reacted 

similarly to the aforementioned Heathcock observations. The authors claim that an inverse 

electron demand-ene reaction took place (2.1.75), offering no comment on the exact 

mechanism. It is important to note that, in this case, the iminium ion requires a non-

nucleophilic counterion (SbCl5-) for the reaction to take place,421,422 with the authors 

inferring that the “naked” iminium ion is crucial for this transformation. Additionally, for 

the first time, alkynes (2.1.78, Scheme 2.66b) were also found to react in a similar fashion, 

generating E-allylamines in good yields (2.1.82, Scheme 2.66b).  
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Scheme 2.66 –Hydroaminomethylenation of a) activated alkenes (2.1.74, allyl silanes) b) alkynes to afford E-allyl 
amines 

Another important report was published by Cohen in 1983.423 Initially correcting 

earlier literature results,424 instead of the reported tertiary amines (2.1.90, Scheme 2.67), 

the reaction of in situ generated iminium ions (2.1.85) in combination with alkenes (2.1.86) 

afforded secondary amines (2.1.89). One of the major differences between the 

aforementioned reactions is the origin of the iminium ion. In this case, aminals (2.1.84) are 

used as an iminium source425 in conjunction with a strong acid. In the same article, different 

iminium sources were also explored, most prominently the so-called Eschenmoser´s salt 

(2.1.88, Scheme 2.67), initially developed as a regent for the methylenation of 

carbonyls.426,427 

 

Scheme 2.67 – Cohen´s hydroaminomethylenation of alkenes using aminals 
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Limitations on the method included a generally low yield (below 50 %) and limited 

scope of substrates, mostly activated alkenes (2.1.83, norbornene or styrene derivatives, 

Scheme 2.67). A notorious feature of this method is the anti-Markovnikov selectivity, a 

highly pursued motif in industrial context and described as one of the top 10 challenges for 

catalysis.428 By revisiting these results, the Maulide group aimed to develop a general 

method for the hydroaminomethylenation of unactivated alkenes. 

2.1.1.8 Initial studies on the acid-mediated 
hydroaminomethylenation of alkenes. 

After substantial optimisation, our investigation revealed two useful methods to 

achieve this transformation.  

 

Scheme 2.68 – Hydroaminomethylenation of alkenes using Eschenmoser salt in HFIP (method A) 

HFIP (2.1.93, Scheme 2.68), a polar solvent with strong hydrogen-bonding 

proprieties was demonstrated to facilitate the reaction between Eschenmoser iodide 

(2.1.88) and various alkenes (method A, 2.1.94, 2.1.95, 2.1.96, Scheme 2.68). The reaction 

afforded the products in elevated yields (75 - 95 %), however, whilst being limited to 

terminal alkenes. 

 

Scheme 2.69 – Method B for the acid-mediated hydroaminomethylenation of alkenes 
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By investigating different acids in combination with tetramethyldiaminomethane 

(2.1.97, TMDAM, Scheme 2.69), to generate the iminium ion (2.1.98) in situ, TFA was 

found to give the best results (Scheme 2.69). In comparison to the above conditions, this 

different set of conditions was found to be applicable to a wide range of substrates, from 

unactivated alkenes to complex scaffolds. As displayed by the selected examples, internal 

alkenes were also suitable subtrates.  

2.1.1.9 Scope and limitations of method B for the 
hydroaminomethylenation of alkenes. 

The reaction tolerated a wide range of aminals, from n-butyl to benzyl derivatives 

(2.1.105 and 2.1.107 in Scheme 2.70). The use of a tetraallylaminal (2.1.108) allowed 

formation of the primary amine, following facile Pd-catalysed deallylation (2.1.109).429 

 

Scheme 2.70 – Selected examples on the hydroaminomethylenation of alkenes with aminals using method B 

Notably, good functional tolerance was observed, with functional groups such as 

amines (2.1.122, Scheme 2.71) and halides (2.1.121) not interfering in the reaction outcome 

(Scheme 2.15). The use of other sensitive moieties such as acetates (2.1.119) and 

phosphonates (2.1.120) also gave the desired amines in high yield. When alkynes (2.1.116) 
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were subjected to the reaction conditions, selective formation of E-allyl amines was 

observed (2.1.118). The reaction showed selectivity towards the terminal alkyne when 

enynes were employed as substrates (2.1.125, Scheme 2.71).  

 

 

Scheme 2.71 – Selected examples showing the FG-tolerance of this hydroaminomethylenation on alkenes and alkynes  

One of the key features of this process is the possible functionalisation of the 

resulting iminium intermediate (2.1.130, Scheme 2.72a), instead of simple hydrolysis. 

Using method B, different nucleophiles were directly introduced, namely ketones, resulted 

in the formation of b-amino carbonyls (such as 2.1.135). Electron-rich aromatic compounds 

were also employed in a one-pot procedure (2.1.134).  
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Scheme 2.72 – a) Functionalisation of the resting iminium ion, b) Application of the method in the synthesis of marketed 
drugs. 

Finally, this method was successfully applied to the synthesis of marketed drugs 

such as Cinacalcet (2.1.136, Scheme 2.72b) and Naftifine (2.1.137). 

We then turned our attention to extend this chemistry into the synthesis of α-

branched amines, in a process that would be termed hydroaminoalkylation. 

2.1.1.10 State of the art of the hydroaminoalkylation of 
alkenes. 

 In 2018, Gaunt and co-workers published a multicomponent photocatalytic method 

for the synthesis of amines from alkenes (Scheme 2.73a).430 This powerful 

hydroaminoalkylation method relied on the formation of an a-amino-radical intermediate 

(2.1.140) from the corresponding iminium ion (2.1.141) by single-electron reduction 

(SET). The radical is subsequently captured by a Michael acceptor (2.1.142) to generate 

the complex amine scaffold (2.1.147). Mechanistically, one of the most interesting 

observations was that the final radical (2.1.143) can undergo multiple pathways. Besides 

being directly reduced via HAT by the stoichiometric reductant (Hantzsch-ester, 2.1.146), 

it can also be involved in a 1,5-HAT event, again generating an a-amino radical (2.1.144) 

which can be oxidised to the corresponding iminium (2.1.145, Scheme 2.73). The 
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subsequent reduction by Hantzsch-ester (2.1.146) terminates the reaction. The 

methodology was successfully applied to the synthesis of complex natural products such 

as FR901483 (2.1.148). 

 

Scheme 2.73 –Three component hydroaminoalkylation using: a) photocatalysis. b) Nickel catalysis.  

Similarly, Doyle et al. reported that a-amino radicals (2.1.150, Scheme 2.73b) can 

be coupled with aryl halides (2.1.151) using a nickel catalyst (Scheme 2.73b).430 The 

mechanism is not yet fully understood, but it the method affords a wide range of tertiary 

amines (2.1.149).  

In 2020, the Gaunt group disclosed an alternative method for the synthesis of 

tertiary amines (2.1.160, Scheme 2.74), once again utilising iminium species as a key, in 

situ generated intermediate 2.1.157 (Scheme 2.74).431  Instead of the formation of an a-

amino radical by iminium  reduction, addition of a radical (2.1.158) to the iminium species, 

triggers formation of an aminium radical cation (2.1.158), swiftly trapped by HAT 

furnishing the corresponding ammonium salt (2.1.160). 
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Scheme 2.74 – Three component addition of radicals to iminium ions 

A wide variation of all components of the transformation was showcased, mostly 

by utilising commercially available compounds. One of the pitfalls associated is related to 

the stability of the radical intermediate, which is limited by the rate of its formation. 

Adjacent groups such as esters, nitriles or other electron-withdrawing groups are not easily 

incorporated using this method. 

This motivated us to establish a method of hydroaminoalkylation that could address 

these problematic issues. 
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2.1.2 Objectives:  

Our aim was to develop a method that fills a gap in the synthetic landscape. Our 

premise was based on the use of 1,1 disubstituted aminals (2.1.161, Scheme 2.75) that could 

afford amines (2.1.164) upon reaction with the correspondent alkene (2.1.163). As showed 

in our previous work, acid usually catalyses this transformation. The possibility to use a 

wide range of aminals, derived from unstable aldehydes, was a highly enticing feature of 

this project, due to their products being inaccessible to previously mentioned state of the 

art methods. 

This work was performed in collaboration with Dr. Che-Sheng Hsu, Dr. Veronica 

Tona and Dr. Amandine Pons.320 

 

Scheme 2.75 – Acid-mediated hydroaminoalkylation of alkenes  
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2.1.3 Results and discussion 

2.1.3.1 Initial studies on the acid-mediated 
hydroaminoalkylation of alkenes. 

Our first strategy to tackle this problem, was to use different 1,1-substituted aminals 

(2.1.166 and 2.1.167, Scheme 2.76). Specifically, the use of phenyl derivatives did not lead 

to the formation of the desired product (2.1.168). However, a small amount of product 

2.1.168 (~10 %) was observed when with p-nitrophenyl aminal derivative was employed 

(2.1.167, Scheme 2.76). 

 

Scheme 2.76 – Initial attempts of the hydroaminoalkylation with 1,1aryl-substituted aminals 

Despite not achieving acceptable yields, the use of a more electrodeficient iminium 

ion precursor (2.1.167, Scheme 2.76) seemed to aid the reaction progression. Therefore, we 

hypothesised that the addition of electron withdrawing groups to the iminium should render 

it more susceptible to attack by alkenes. The main problem of this hypothesis is the lack of 

stability of such electrodeficent species. In the case of CF3, the corresponding aldehyde is 

stabilised in form of a hemiacetal, rendering it incompatible to methodologies that rely on 

in-situ formation of the iminium ion. However, the incorporation of a trifluoromethyl 

functionality could prove to be valuable in the context of medicinal chemistry,432–434 

especially given its use as methyl and amide bond bioisosteres.435,436 

2.1.3.2 Methods for the synthesis of a-trifluoromethylamines. 

The state of the art for α-trifluoromethylation of amines (2.1.174, Scheme 2.77) 

usually involves multiple-step procedures,437 resorting to [2+2] of azadiene (2.1.170, 

Scheme 2.77) and fluorinated alkynes (2.1.169),438 or the indirect trifluoromethylation of 

nitroalkenes (2.1.177, Scheme 2.77).439 A common denominator in most strategies is the 

use of the Ruppert-Prakash reagent (2.1.180),440–442 that adds to a wide range of 

electrophiles such as imines, aldehydes and aldimines (2.1.182, Scheme 2.77).443,444 
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Unfortunately, its use is sometimes associated with the formation of undesired by-products 

due to its oxidative nature. Alternatively, radical addition to olefins (2.1.178),445 or opening 

of aziridine intermediate (2.1.173)446 have also been investigated in the synthesis α-

trifluoromethylamines (2.1.174). 

 

 

Scheme 2.77 – Different approaches for the synthesis of a-trifluoromethylated amines. 

2.1.3.3 Development of a method for the synthesis of α-

trifluoromethylamines from alkenes. 

Motivated by the interesting characteristics of the trifluoromethyl group, we 

decided to use the aminal (A, 2.1.184) as benchmark to test our hypothesis. When applying 

the conditions of the aforementioned hydroaminomethylenation (Table 2.4, entry 1), full 

conversion was observed, however in moderate yield. Surprisingly, a similar outcome was 

observed when the reaction was performed at ambient temperature (Entry 2). At lower 

temperatures, the desired product was obtained in higher yields (entries 3 and 4). In fact, 

limited only by the melting point of the solvent (TFA), we found that -10 °C gave the best 

results. Further screening of concentration and reaction time (entries 5-7) led to the 

formation of the desired product in excellent yield (2.1.185, entry 7).  
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Table 2.4 – Optimisation of hydroaminoalkylation using CF3-substituted aminal A (2.1.184). *Mesitylene was used as 
an internal standard. 

Entry Temperature (°C) Time (h) Conc. (M) NMR yield 2.1.185 (%) 

1 75 10 0.6 57 

2 20 10 0.6 53 

3 0 10 0.6 61 

4 -10 10 0.6 64 

5 -10 15 0.6 70 

6 -10 13 0.1 80* 

7 -10 16 0.1 92* 

 

2.1.3.4 Scope of the α-aminotrifluoromethylation of alkenes.  

With optimised conditions in hand, we started to investigate different substrates. 

Despite employing milder conditions, the transformation showed similarly broad scope to 

the previously developed hydroaminomethylenation (Scheme 2.78). Halides (2.1.194, 

Scheme 2.78) and free alcohols were tolerated (2.1.193). Styrene and cyclic derivatives 

(2.1.191 and 2.1.190) gave the desired product in good yield, with room temperature being 

a deciding factor to prevent elimination.  
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Scheme 2.78 – Scope of α-trifluromethylamines by hydroaminoalkylation of alkenes. areaction conducted at ambient 
temperature (20 °C) 

Notably, the use of an in situ generated tetrabenzyltrifluoromethyl aminal (B, 

2.1.197, Scheme 2.79) led to the desired trifluorobenzyl amine 2.1.199 (Scheme 2.79), a 

potential precursor for the free primary amine. 

 

Scheme 2.79 – In situ formation of tetrabenzyltrifluoromethyl aminal B (2.1.197) and use in the hydroaminoalkylation 
reaction to afford a-trifluoromethylbenzylamines (2.1.199). 

Good yields were also found with terminal (2.1.202, 2.1.206 and 2.1.208, Scheme 

2.80) and internal alkynes (2.1.203 and 2.1.205), leading selectively to the formation of E-

allyl amines (Scheme 2.80). Once again, a substrate containing two potential reactive sites, 

proved to react preferentially at the alkyne moiety over an alkene (2.1.204). Additionally, 

we were able to establish that terminal alkynes react more readily than internal ones 

(2.1.207). 
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Scheme 2.80 – Scope of alkynes in the synthesis of a-trifluoromethyl E-allyl amines (2.1.201)  

2.1.3.5 Synthesis of biologically relevant α-
trifluoromethylamines and their biological evaluation.  

Using a tandem hydroaminoalkylation/Eschweiler-Clarke type reduction with 

formic acid,447,448  the 1st generation anti-histaminic chlorpheniramine could be swiftly 

prepared (2.1.212, Scheme 2.81). In a similar way, an analogue closely resembling 

chloroquine was also successfully synthesised (2.1.211) from the corresponding allyl 

amine. Interestingly, in prior studies allyl amine substrates were unresponsive to this 

protocol, presumably due to protonation of the nitrogen and resultingly decrease in 

nucleophilicity of the alkene. 
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Scheme 2.81 – a) Synthesis of biologically-relevant trifluoromethyl amine derivatives (2.1.211 and 2.1.212). b) 
Biological studies on the CF3-quinine analogue. areaction conducted at 75 °C, byield based on recovery of starting 

material. cwith addition of paraformaldehyde and formic acid  

The natural product quinine was also successfully converted into α-trifluoromethyl-

amine 2.1.213 (Scheme 2.81), demonstrating an interesting example of a late-stage 

functionalisation. Our collaborators at the Swiss tropical institute (Basel, Prof. Marcel 

Kaiser) conducted preliminary biological tests on the aforementioned analogue (2.1.213) 

in two distinct cell-lines: the first one containing P. falciparum parasite and the second L6 

rat cells, to check its biological activity and cytotoxicity, respectively (Scheme 2.81b). 

The results were very encouraging – 2.1.213 was found to be non-cytotoxic with 

high antimalarial activity (IC50 = 24 nM). When compared to other compounds targeting 

malaria, 2.1.213 exhibited similar potency to chloroquine sulphate (2.1.214, Scheme 2.81), 

a drug used to treat similar diseases, which recently saw controversy as a possible treatment 

for COVID-19. 449 
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2.1.3.6 State of the art on the synthesis of α-aminoacids from 
alkenes.  

We then turned our attention towards different types of functionalised aminals 

which could enable acid-mediated hydroaminoalkylation. In particular, we were interested 

in the use of a-(carboxyalkyl) derivatives (2.1.228, Scheme 2.82a). This would result in an 

appealing, direct formation of a-amino-acid derivatives from alkenes (2.1.227, 2.1.224, 

Scheme 2.82b). Dominant alternatives to afford this motif are, the Strecker reaction 

(2.1.221 – 2.1.223)450 or radical cross-coupling reactions (2.1.215 and 2.1.216, Scheme 

2.82a).451 These prevalent approaches display some disadvantages such as the use of toxic 

reagents or complex starting materials.452 

The direct use of alkenes (2.1.227, Scheme 2.82a) as feedstocks to prepare α-

aminoacids is a valuable approach. Despite important efforts in this regard, most strategies 

have considerable pitfalls. One of the simplest ways to directly assemble a-aminoacids 

derivatives from alkenes is by aminohydroxylation and subsequent oxidation (2.1.225, 

Scheme 2.82a).453,454 However, due to issues of regioselectivity, its use in a broad context 

is limited. An interesting alternative relies on multistep, high yielding biocatalytic 

transformations (2.1.119 – 2.1.220).455–457 
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Scheme 2.82 – a) Different strategies for the synthesis of a-amino acids (2.1.224), Synthesis of a-amino acids from 
alkenes (2.1.227) via hydroaminoalkylation (2.1.226). 

 

2.1.3.7 Initial studies on the acid-catalysed synthesis of α-
amino acids from alkenes.  

Using our established methodology, we envisioned that an aminal containing an 

ester group could be employed in the direct synthesis of amino acids from alkenes (C, 

2.1.229, Table 2.5). The aminal in question (C, 2.1.229) had already been used previously 

in Ti-catalysed Mannich-type reactions.458,459 In the optimisation process, we found that 

aminal C behaved differently from the trifluoromethyl derivative (2.1.184, Aminal A and 

2.1.197, Aminal B). At low temperatures, almost no conversion was observed (Table 2.5, 

entry 1), and only traces were observed at room temperature (entry 2). Further increase in 

the temperature ultimately led to full conversion (entry 3), albeit in only moderate yield. 

We surmised that the products could be somewhat temperature sensitive, and lowered the 

temperature to 35 °C (entry 4), which in turn only decreased the yield slightly, as well as 

the conversion. At higher concentration, we observed improvement in the yield. Finally, 
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the best conditions were found at 50 °C using a 0.6 M concentration, affording the product 

in 63 % isolated yield (entry 6). 

 

Table 2.5 – Optimisation of conditions for the synthesis of a-amino acid derivatives by hydroaminoalkylation 

 

 

 

 

 

 

 

 

 

We then proceeded to explore the reaction with different alkenes (2.1.231, Scheme 

2.83).  Styrenes with variable electronic properties (2.1.233, 2.1.234 and 2.1.235) 

performed comparably well and were converted to the corresponding α-amino acid 

derivatives. Once again, the high functional group tolerance of the process was showcased, 

and it was possible to obtain α-amino esters bearing a hydroxyl (2.1.238, Scheme 2.83), 

ester (2.1.241) or sulfone (2.1.245) moiety along the aliphatic chain. Even a primary 

bromide (2.1.239) did not undergo solvolysis or nucleophilic substitution under the 

reported conditions, whilst an azide (2.1.247) remained untouched. 

Entry Temperature Conc. (M) Conversion % Product (2.1.230) % 

1 -10 0.1 - - 

2 20 0.1 50 5 

3 50 0.1 100 45 

4 35 0.1 35 20 

5 35 0.6 65 33 

6 50 0.6 100 63 
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Scheme 2.83 – Scope of a-amino ester synthesis via hydroaminoalkylation of alkenes with aminal C (2.1.229). a 
Reaction conducted at 20 °C. 

As a sample application (Scheme 2.84), the presented method enabled a 

straightforward synthesis of the unnatural α-amino acid ‘homophenylalanine’ in only three 

steps from styrene (2.1.250, Scheme 2.84). The hydroaminalkylation can, in this case, be 

conducted as a 3-component coupling of a secondary amine, a glyoxalate and an olefin. 

 

Scheme 2.84 – Application of the method in direct synthesis of homophenylalanine (2.1.250) from styrene using a one 
pot procedure for the in-situ formation of the aminal. 
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2.1.3.8 State of the art on the synthesis of α-
aminophosphonates.  

 

Scheme 2.85 – Hydrophosphonylation of imines (2.1.251). The Pudovik reaction 

In the spirit of designing amines carrying biorelevant functional groups in a-

position, we set our sights on a phosphonate-containing hemiaminal (D, 2.1.255, Scheme 

2.86). The hypothetical products, a-aminophosphonates (2.1.253, Scheme 2.85 or 2.1.256, 

Scheme 2.86), have well-documented biological proprieties,460,461 and are sought-after 

synthetic targets. Most methods rely on hydrophosphonylation, a type of reaction which 

heavily depends on the nature of the amine partner (Scheme 2.85).462 Prominent methods 

are the Pudovik addition of a phosphite (2.1.252) to an imine intermediate (2.1.251), which 

is generated in situ in the Kabachnik-Fields variant.463 
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2.1.3.9 Initial studies on the synthesis of α-aminophosphonates 
from alkenes 

 

Table 2.6 – Optimisation of the synthesis of α-phosphonate amines (2.1.256) by hydroaminoalkylation using aminal D 
(2.1.255). 

 

Instead of using an aminal to reductively couple the iminium surrogate to the alkene, 

we explored to correspondent hemiaminal (D, 2.1.255, Table 2.6), previously characterised 

and isolated.458 In the optimisation process we observed that this compound exhibits 

comparatively intermediate reactivity, being less reactive than aminal A (2.1.184) and more 

reactive than C (2.1.229). At -10 °C only average conversion was observed (Table 2.6, 

entry 1). Under warmer reaction conditions, full conversion was observed, with 50 % of 

the product isolated under those conditions (entry 2). A more concentrated solution led to 

non-selective decomposition (entry 3). The postulated instability of the product (2.1.258) 

was confirmed when the reaction was conducted at 50 °C, leading to substantial decrease 

in yield (entry 4). 

Entry Temperature (°C) Conc. (M) Conversion 2.1.254 % Product (2.1.256) % 

1 -10 0.1 70 15 

2 20 0.1 100 52 

3 20 0.6 100 - 

4 50 0.1 100 33 
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Scheme 2.86 – Scope of α-aminophosphates synthesised via hydroaminoalkylation of alkenes with hemiaminal D 
(2.1.255). a Reaction conducted at -15 °C  

As shown in Scheme 2.86, acidolysis of the hemiaminal D (2.1.255) resulted in the 

selective formation of an iminium reagent able to deliver the α-aminophosphonate product 

by redox-neutral coupling to an alkene. As for the preceding cases, both styrenes (2.1.260 

and 2.1.261) and aliphatic alkenes (2.1.259 and 2.1.262, Scheme 2.86) afforded the desired 

adducts in good yields. 

2.1.3.10 Mechanistic considerations of the acid-catalysed 
hydroaminoalkylation of alkenes. 

In terms of the mechanism, some unexpected observations suggested the 

intermediacy of defined carbocations (Scheme 2.87). 464–466 

Employing 5-chloropent-1-yne (2.1.263, Scheme 2.87a) as a starting material 

afforded chloro-alcohol 2.1.266 in 55 % yield (Scheme 2.87a). The chlorine migration 

observed in the product likely results from the formation of a 5-membered chloronium 

intermediate (2.1.265). This undergoes ring-opening either by trifluoroacetate or by 

adventitious water, to account for the observed product.467 
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Scheme 2.87 – Domino functionalisation from the formation of a vinyl carbocation: a) Chlorine migration, b) Phenyl 
migration, c) Hydrative Mannich in the presence of an ester. 

In a similar fashion (Scheme 2.87b), the presence of a remote phenyl group 

(2.1.267) resulted in an aryl migration with formation of the tetralin 2.1.269 in 74 % yield. 

This can be explained by a domino Prins/Friedel-Crafts process followed by an alkyl shift 

of the spirocyclic intermediate 2.1.268.  

Finally, the presence of an ester was able to arrest the hydride shift event (2.1.270, 

Scheme 2.87c), resulting in the formation of interesting ketone 2.1.273 (Scheme 2.87). 

Instead, this intriguing observation, explained in a similar fashion to the aforementioned 

results, delivers the equivalent to a hydrative Mannich reaction of a terminal alkyne. 
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2.1.4 Conclusion 

In conclusion, we developed a general acid-mediated hydroaminoalkylation of 

alkenes and alkynes for the synthesis of highly functionalised amine derivatives. This work 

enables the direct synthesis of trifluoromethylated amines, aminoesters and 

aminophosphonates through a direct, reductive coupling of simple alkenes/alkynes. Our 

approach can be readily generalised to obtain a wide range of structurally valuable amine 

scaffolds, including antihistaminic, druglike scaffolds, in good yields. 

  Given the extensive interest of the scientific community in the building blocks 

prepared here, allied with simplicity of the method reported, we envisage that the reactions 

described herein will find broad application. 
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2.1.5 Future prospects 

The developed hydroaminoalkylation method has high synthetic potential, 

especially in the realm of medicinal chemistry. The ability to swiftly generate scaffolds 

such as amino acids, amino phosphonates or amino trifluoromethyl derivatives in a direct 

fashion from an unactivated alkene, should enable the synthesis of various important 

derivatives.  

 

Scheme 2.88 – Syntheses of new bio-active quinoline derivatives  

Quinolines are biologically important scaffolds that combat a multitude of diseases, 

from cancer to malaria (Scheme 2.88). Their syntheses have been targeted by many groups 

in the last few years, considering their medicinal value. A wide range of quinoline alkaloids 

could be targeted, leading for the possibility to explore the mechanism of action of such 

compounds by SAR studies (2.1.274, 2.1.275, 2.1.276, Scheme 2.88). Additionally, we 

could also expand this method to include other fluorinated scaffolds, such as CF2H, that are 

known to possess biologically relevant proprieties.468,469  
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2.2 AMINOLACTONISATION OF ALKENES 

2.2.1 Introduction 

2.2.1.1 Total synthesis of natural products, a healthy 

competition?   

The biological activity, combined with natural scarcity, as well as challenging structural 

complexity of certain drug scaffolds or groups of compounds have motivated synthetic 

chemists to construct them artificially, sometimes resulting in races to first synthesise said 

targets.  An important example of such a target is Taxol (2.2.1, Paclitaxel©, Scheme 2.89a), 

a compound originally shown to have promising antitumoral activity,470–474 and which later 

became the most profitable anti-cancer drug of the 2000´s.475 In 1992, 15 years after the 

report of its antitumoral activity, over 40 synthetic research groups were targeting Taxol, a 

“race”476 won simultaneously by Nicolaou477 and R. A. Holton.478,479 Notably, the 

published syntheses spawned multiple different strategies for the synthesis of a wide array 

of analogues.480,481 

Another earlier example of this pursuit towards a family of molecules with 

biological relevance was the prostaglandins, a group of ubiquitous lipid-containing 

compounds that possess important biological activity, such as the vasodilator Alprostadil 

(2.2.2., Scheme 2.89a).482–484 For the elucidation of the structure of these molecules and 

their role in the human body, Bergström was jointly awarded the Nobel prize for physiology 

and medicine in 1982.485  
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Scheme 2.89 – a) Pharmaceutically relevant complex natural products Taxol (2.2.1) and Alprostadil (2.2.2), b) 
Original synthesis of the Corey lactone (2.2.9).  

In order to easily construct this heterogeneous family of molecules, synthetic 

chemists tried to reach a common precursor that would enable a divergent and facile 

synthesis of different analogues. This feat was first accomplished by Corey, developing a 

lactone so vital to all following synthetic efforts towards prostaglandins that it is widely 

referred to as the Corey lactone (2.2.9, Scheme 2.89b).486–490 Notably, this versatile 

intermediate can be formed stereoselectively via a Diels-Alder [4+2]-cycloaddition (2.2.3 

and 2.2.4), with the crucial lactone subsequently built by iodolactonisation (2.2.8).491–494 In 

time, alternative methodologies, involving three-component reactions495 and 

organocatalysed cyclisations496–499—one of which assembling the Corey lactone in a one-

pot procedure lasting less than 3 hours 500 —, were developed. 

2.2.1.2 Synthesis of lactones – important and versatile building 
blocks.  

In addition to being synthetically versatile, lactones are important chemical 

moieties, with studies suggesting their presence in around 10 % of all natural products,501  

mostly containing 5- and 6-membered lactones.502 In terms of biological activity, 

macrocyclic lactones have shown to have particularly promising effects, and have hence 

been the subject of various synthetic efforts.503,504 In pursuit of these targets, several 



2.2 Aminolactonisation of alkenes  
 

 112 
 

methodologies have been developed to access this highly coveted chemical moiety. One of 

the most common approaches for the synthesis of large lactones is macrocyclic 

esterification, termed macrolactonisation. The so-called Corey-Nicolaou lactonisation, 

curiously initially developed for the synthesis of prostaglandins (Scheme 2.90a), involves 

the cyclisation of a hydroxy acid (2.1.10) by formation of a thio ester (2.1.11). This reaction 

proceeds with concomitant activation of the hydroxyl group by H-Bonding, increasing its 

nucleophilic character, and the thioester, rendering it a better electrophile (2.2.11, orange 

circle).505–507 Other methodologies also employ a similar activation of the acid moiety, 

namely the procedures developed by Shiina, relying on electrophilic anhydrides, such as 

TFBA (2.2.13. Scheme 2.90b) under acid catalysis or MNBA (2.2.14) in combination with 

a nucleophilic catalyst (Scheme 2.90b) 508–510 to generate the desired mixed anhydride. 

Alternatively, the Yamaguchi cyclisation uses halobenzoyl acid chlorides such as TCBC 

(2.2.15),511,512 to facilitate the cyclisation step.  

 

Scheme 2.90 – a) Nicolaou-Corey macrocyclisation of 2.2.10 to afford 2.2.12, b) Macrolactonisation methods using 
electrophilic agents (2.1.13 – 2.1.15), c) Baeyer-Villiger oxidation of cyclic ketones (2.2.16). 

An important transformation which combines cyclic ketones (2.2.16, Scheme 

2.90c) with peroxy acids to afford the corresponding lactones (2.2.19) is the Baeyer-

Villiger reaction (Scheme 2.90c).513 Mechanistically, the reaction proceeds via protic 

activation of the carbonyl (by 2.2.17), which is subsequently attacked by the nucleophilic 
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peroxide anion, generating a Criegee-type intermediate (2.2.18). In a concerted fashion, 

one of the substituents of the former ketone migrates from carbon to oxygen, expelling a 

carboxylic acid.514–516 It is thought that the ability to stabilise incipient positive charge 

determines the order of migration, which is also known to occur with retention of the 

configuration.517,518  

2.2.1.3 Synthesis of lactones using alkenes. 

Complementary methods on the synthesis of lactones rely on the addition of a 

radical (2.2.26, Scheme 2.91a), stemming from an a-halocarboxylic acid derivative 

(2.2.28), to alkenes (2.2.25), generating the lactone scaffold by ultimate cyclisation of the 

carboxylic acid (2.2.21, Scheme 2.91a). Such methods rely on the use of photocatalysts to 

generate the radical species by homolytic scission of a C–I bond (2.2.26), usually in 

combination with a base that facilitates the photocatalytic cycle.519,520 One of the preferred 

examples uses ascorbate (2.2.20) as a base. Upon addition of the radical species to the 

alkene, the subsequent radical (2.2.24) can undergo propagation to generate a new C–I bond 

(2.2.23). Displacement of the iodide by the carboxylic acid then furnishes the desired 

lactone (2.2.21). A similar strategy, albeit limited to styrenes (2.2.25, aromatic substituents, 

orange circle), relies on the nature of these particular alkenes to generate a benzylic radical 

(2.2.24) which can be oxidised to the corresponding cation (2.2.29, for example using iron), 

and subsequently cyclised (2.2.30, Scheme 2.91a).521–526527–535 
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Scheme 2.91 – a) Direct lactonisation from alkenes using α-halo carboxylic acids (2.2.28), b) Copper catalysed (3+2) 
cycloaddition of styrenes (2.2.32) with anhydrides (2.2.31). 

Alternatively, it is also possible to catalyse (3+2)-oxidative cycloadditions between 

alkenes (2.2.32, Scheme 2.91b) and anhydrides, (2.2.31) using copper salts that activate the 

alkene under an oxygen atmosphere.536 An important limitation of this methodology is the 

reliance on styrene derivatives, (Scheme 2.91b) rendering it unable to access important 

families of lactones.  

2.2.1.4 Important family of g-lactones – Spirolactones and their 

synthesis. 

A relevant family of g-lactones (Scheme 2.92) are spirolactones, which, as the name 

suggests, are connected to another cycle by a single common carbon atom.537 This 

important group possess a range of intriguing proprieties, with e.g. numerous examples of 

steroids containing spirolactones,538,539 (2.2.36 and 2.2.37, Scheme 2.92) with the 

spirocenter located at different position of the lactone framework.   
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Scheme 2.92 – Important families of Spirolactones. Secochiliolide acid (2.2.36) possessing anti-carcinogenic and 
trypanocidal activities 540 

State of the art protocols for the synthesis of such spirolactones utilise electrophiles 

to facilitate the spirocyclisation of allylic systems, (2.2.39, Scheme 2.93a) usually 

stemming from the corresponding allylic alcohols (2.2.38). Such cyclisation can also be 

promoted by strong acids and the corresponding alcohols (2.2.41, Scheme 2.93a).541 

Gold catalysis also proved successful in triggering spirolactonisation events. One 

example utilises phenolic dearomatisation to trigger the cyclisation event of gold-activated 

ynoates (2.2.43, Scheme 2.93b)542–544, a process also possible using activation with an 

electrophilic halogen source.545–550 Curiously, when the reaction is conducted in anhydrous 

conditions, a coumarin core was formed instead (2.2.44). The rationale for this finding is 

that water was responsible for demethylation of the activated anisole, which is exclusive to 

spirolactone formation. 

A very interesting example involves the reaction between gold-activated alkynols 

(exo, 2.2.46, Scheme 2.93c) and imines derived from glyoxylic acid (2.2.47),551 which react 

in a (3+2)-cycloaddition to generate spiroketals (2.2.48),552,553  yet another biologically 

important lactone-containing moiety.554 Importantly, stereoselective cyclisation was 

achieved by using chiral phosphoric acids (PA – derived from Binol).555 
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Scheme 2.93 – a) Spirolactonisation by intramolecular epoxide opening (2.2.39, b) Synthesis of spiroketals by alkyne 
activation (2.2.43) using gold catalyst, c) Dearomatisation of aryl alkynoate esters (2.2.45) to afford spiroketals 

(2.2.48). 

2.2.1.5 Butenolides and butyrolactones – Enticing chemical 
targets.   

One of the main motivations for the development of new lactonisation methods, is 

the existence of natural products containing this privileged framework (2.2.49, 2.2.50 and 

2.2.51, Scheme 2.94a). Two of the most important examples are g-butyrolactones (2.2.56, 

Scheme 2.94b) and their unsaturated congeners, the butenolides (2.2.54).556–564 From a 

biological point of view, these families exhibit a wide range of effects,565 ranging from 

antibiotic (2.2.49),566–568 and antiparasitic (2.2.50)569 to antitumor (2.2.51, scheme xa).570 

Synthetically, the route towards butenolides (2.2.54) involves the enantioselective 

functionalisation of the g-position (orange circle) of furanones (2.2.52 or 2.2.53). This 

scaffold (2.2.54) can be then functionalised by addition of cuprates, and quenched with an 

electrophile to build fully substituted g-butyrolactones (2.2.56, blue square, Scheme 2.94b).  
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Scheme 2.94  - a) Relevant butenolides and g-butyrolactones – Avenolide (2.2.49), Strigol (2.2.50), Arglabin (2.2.51) b) 
Common strategies for the synthesis of substituted g-lactones (2.2.56), c) Synthesis of butenolides (2.2.57) by 

elimination of α-amino lactones (2.2.59) 

2.2.1.6 Revisiting the aminoacids synthesis from alkenes – An 

interesting side product. 

As mentioned in the previous chapter, during our investigation on the synthesis of 

α-amino esters by hydroaminoalkylation (Scheme 2.95), we observed the formation of a 

lactone product bearing an α-amino group. Apart from being interesting products by their 

own right, one can envisage a straightforward butenolide synthesis from these α-amino 
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lactones (2.2.64, Scheme 2.95 or 2.2.59, Scheme 2.94b) through either Cope or Hofmann 

elimination of the amine (2.2.58).  

 

Scheme 2.95  -  Initial observation on the synthesis of α-aminoacids by hydroaminoalkylation. Formation of multiple 
side products including fused lactone 2.2.64. 

A closer look at our initial results showcases the challenging nature of this 

transformation, with side-products (2.2.61) including those resulting from elimination 

(2.2.62, Scheme 2.95) or capture of the carbocation by adventitious water/TFA (2.2.63). 

Nevertheless, we decided to explore this method for the synthesis of lactones (2.2.64), as it 

would constitute a formal overall cycloaddition, if general applicability could be 

demonstrated. These efforts form the content of the next section. 
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2.2.2 Objectives 

 The aim of this project is to develop a method for the direct aminolactonisation of 

alkenes (2.2.65, Scheme 2.96), resulting in the formation of g-lactones bearing an α-amino 

group (2.2.66), and to investigate their chemistry (e.g. as precursors to butenolides). 

The results described herein were obtained in collaboration with Dr. David Just, Dr. 

Sheng-Hsu, Sergio Armentia Matheu and Laurin Pollesböck. 

 

Scheme 2.96 – Objective –Proposed amino lactonisation of alkenes 
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2.2.3 Results and discussion 

2.2.3.1 Initial studies on the aminolactonisation of alkenes 

During an initial screening of different alkenes in the hydroaminoalkylation 

reaction, we observed low yields when using cyclic substrates containing exo-methylene 

groups. Specifically, the use of methylene cyclohexane (2.2.67, Table 2.7) under our 

standard hydroaminoalkylation conditions (cf section 2.1) afforded the lactone product in 

57 % 1HNMR yield. 

With this encouraging result, we sought to optimise other reaction parameters such 

as solvent, concentration and reaction temperature (Table 2.7). The use of NMP (N-methyl-

2-pyrrolidone) as a co-solvent led to an increase in yield (entry 2). However, the presence 

of NMP rendered isolation challenging, leading us to the pursue alternative solvents.  In 

comparison, ethyl acetate gave slight worse yields at the same temperature (50 °C, entry 

3), while, surprisingly, a decrease in temperature afforded better results (20 °C, entry 4). 

At 20 °C, DME also gave satisfactory results as co-solvent (entry 5), and a mixture of DME 

and TFA, heated to the latter solvent’s boiling point (72.5 °C), also led to good yields. Due 

to concerns about the stability of the aminal at 75 °C, we decided to lower the temperature, 

providing 2.2.68 in 75 % isolated yield (entry 8). Variation of other reaction parameters, 

such as concentration, aminal stoichiometry and reaction time, did not seem to have 

noticeable effects on the reaction outcome (not shown). 
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Table 2.7 – Selected experiments in the optimisation of the aminolactonisation of alkenes. aisolated yield. 

Entry Temperature (°C) Solvent NMR yield 2.2.68 ( %) 

1 50 TFA 57 

2 50 TFA/NMP 75 

3 50 TFA/EtOAC 63 

4 20 TFA/EtOAC 80 

5 20 TFA/DME 63 

7 75 TFA/DME 78 

8 50 TFA/DME 85 (75 %)a 

 

2.2.3.2 Aminolactonisation of alkenes – Scope of the 
transformation. 

With the optimised conditions in hand, we set out to uncover the limitations of this 

methodology by performing experiments with a range of alkenes. As shown in Scheme 

2.97, cyclic alkene resulted in a fused lactone in modest yield (2.2.71). Other exocyclic 

alkenes, namely methylene cycloheptane and -cyclopentadecane, also afforded the desired 

products 2.2.73 and 2.2.75. In terms of functional group tolerance, we surprisingly 

observed that ketal (2.2.74) survived the reaction conditions, despite the use of TFA.  
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Scheme 2.97 – Aminolactonisation of different ring-sized exocyclic alkenes (2.2.69). 
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Scheme 2.98 - Opposite selectivity on the aminolactonisation of caryophyllene 

When subjecting caryophyllene (2.2.76, Scheme 2.98), possessing both an exo-

methylene group and an endocyclic, trisubstituted double bond, to our reaction conditions, 

we observed diverging reactivity (Scheme 2.98). Instead of reaction with the exocyclic 

alkene, we observed conversion of the endocyclic trisubstituted alkene affording 2.2.77. 

The high strain of this E-endocyclic alkene, along with the steric hindrance at the exocyclic 

methylene moiety, could justify the observed reactivity.571,572 
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Scheme 2.99 - Methylenecyclohexane scope on the aminolactonisation of alkenes substitution. b) Pseudo asymmetric 
stereogenic center found on the products of aminolactonisation  

We then decided to study a range of substituted methylenecyclohexane derivatives, 

anticipating that the typical chair-like nature of these substrates would have an effect on 

the diastereomeric ratios obtained (Scheme 2.99a). Tert-butyl (2.2.80) and phenyl (2.2.81) 

substitution at position 4 of the cyclohexane induced moderate diastereoselectivity, while 

the yield remained high. A phenyl substituent at position 2 led to similar results, with a 

diastereomeric ratio of 3:1 (2.2.82). The use of an exocyclic substituted alkene also 

afforded the desired product in good yield, affording the lactone with a trans:cis ratio of 

4:1 (2.2.83). It is important to mention that 1,4 substituted spirocyclohexanes contain a 
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spiro pseudo asymmetric stereogenic center which, is the reason why only two 

diastereoisomers can be found in our experiments instead of 4 (e.g. 2.2.85 is the same as 

2.2.89, Scheme 2.99b). 

 

Scheme 2.100 –Scope for the aminolactonisation reaction using different amines (2.2.95).a 1HNMR yield using 
mesitylene as an internal standard.  

To our delight, the use of different aminals formed in situ also resulted in 

aminolactonisation products (2.2.96, Scheme 2.100). A range of secondary amines (2.2.95, 

Scheme 2.100) could be employed in this manner, including dibenzyl amine (2.2.97) or 

diallyl amine (2.2.100), both of which might lend themselves to facile downstream 

deprotection. Unfortunately, purification issues prevented the isolation of the products, due 

to elevated amounts of amine impurities (2.2.101). Other amines, including morpholine 

(2.2.98) and diethanol amine (2.2.99), gave the desired lactone products in good yields, 

with purification being facilitated by the water solubility of the free amines.  

2.2.3.3 Initial studies on the synthesis of butenolides from α-
amino lactones. 

We then focused on the synthesis of butenolides by elimination from the 

correspondent α-amino lactones (2.2.102, Scheme 2.101). Cope elimination was found to 

afford the desired butenolides in high yield (2.2.103), with low amounts of the undesired 

unsaturated amine (2.2.104), which stemmed from the tautomerisation of the iminium 
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intermediate. Low temperature was found to be crucial in achieving a high ratio of the 

butanolide product.  

 

 

Scheme 2.101 – Cope elimination of α-amino lactones to afford butenolides 

 

2.2.3.4 Aminolactonisation vs Hydroaminoalkylation: a 
competing mechanism. 

As shown previously, the reaction of aminals with alkenes readily affords the 

products of hydroaminomethylation and hydroaminoalkylation (Scheme 2.102). It is 

therefore worth noting that the substrates shown in this section react almost exclusively 

along the aminolactonisation pathway, with almost no hydroaminoalkylation product 

detected in the crude mixtures. Hoping to pinpoint the reason for this selectivity. We 

undertook computational calculations with our collaboration partners (Prof. Leticia 

Gonzalez, Dr. Boris Maryasin and Laurin Pollesböck) (Scheme 2.102). For exocyclic 

alkenes such as those used within this study, preliminary data showed that there are 

substantial energetic differences in the transition states associated with the two competing 

pathways.  
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Scheme 2.102 – Competing pathways on the reaction between aminals and alkenes. Hydroaminoalkylation vs 
aminolactonisation of alkenes. 

The formation of each product involves a single step. The transition state for the 

hydroaminoalkylation (2.2.107, profile I) involves a C–C bond formation concerted with a 

proton transfer, while the transition state for the aminolactonisation (2.2.108, profile II) is 

akin to a [3+2] cycloaddition. In contrast to experimental observations, the obtained energy 

profile shows that the path for the hydroaminoalkylation (profile I) is thermodynamically 

favoured even though both pathways are exergonic (ΔGI = -15.4 kcal/mol, while ΔGII = -

8.3 kcal/mol). Notably, an activation energy of 3.9 kcal/mol for the aminolactonisation 

pathway (TS II) is considerably lower than the barrier obtained for the 

hydroaminoalkylation process (9.6 kcal/mol, TS I). The obtained results thus suggest that 

the studied reaction occurs under kinetic control. This fact also helps to rationalise the 

reason why exocyclic alkenes are favoured. 
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2.2.4 Conclusions 

In summary, we have developed a novel approach to the construction of α-amino 

lactones. The reaction is applicable to a wide range of substrates and different olefinic 

substitution patterns. While some diastereoselectivity is observed, the nature of the 

diastereomeric ratio, as well as the factors controlling diastereoselectivity, are not yet fully 

understood. We also showed that this method tolerates a wide range of aminals, even when 

these are generated in situ. 

The high potential of this reaction motivates us to continue our studies, with the 

goal of achieving the synthesis of relevant natural products and gaining a complete 

understanding of the reaction mechanism.  
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2.2.5 Future prospects 

In expanding this chemistry and the utility of the reaction, there are multiple 

avenues worth pursuing (Fehler! Verweisquelle konnte nicht gefunden werden.). B

esides the enhancement of the substrate scope to include alkenes bearing various functional 

groups or different substitution patterns, this project and following studies could focus on 

the synthesis of drug-like structural motifs, namely different g-butyrolactones and 

butenolides. In terms of product manipulation, one could envision that using the ammonium 

salt (2.2.117, Fehler! Verweisquelle konnte nicht gefunden werden.), one could trigger S

tevens rearrangement573 (A, 2.2.118), leading to the formation of complex α-tertiary 

amines.  

 

Scheme 2.103 - Functionalisation of the amino lactone core. 

On the other hand, methylene g-butyrolactones (2.2.114, Scheme 2.103) can be 

synthesised in various ways. One of the most straightforward approaches involves initial 

deamination574 (B, 2.2.115), followed by an Eschenmoser methylenation (C, 2.2.114).575–

577 Additionally, chlorination of the tertiary amine578 (D, 2.2.112) should also be feasible, 

leading to the formation of the iminium ion (not shown) that can be readily hydrolysed (E, 

2.2.113) and methylenated (F, 2.2.114). An interesting point of this pathway is the 
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formation of the halogenonium amine (2.2.112), which in theory can also undergo different 

types of transformation such as deconstructive functionalisations using different 

nucleophiles (G, 2.2.111).579 

Overall, several intriguing further developments can be envisaged, as a range of 

valuable and potentially biologically interesting structures are closely related to the amino 

lactones generated through our approach.  
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3 EXPERIMENTAL SECTION 

3.1 GENERAL INFORMATION 

General procedures. All reactions were performed in round bottom flasks or vials 

fitted with rubber septa with magnetic stirring, unless otherwise stated. Liquids and 

solutions were transferred via syringe. All reactions were performed using anhydrous 

solvents from Acros Organics or Sigma-Aldrich unless stated otherwise. 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 or 

vanillin. Flash column chromatography was performed using silica gel 60 (230–400 mesh, 

Merck and co.).  

Materials. All reagents were used as received from commercial suppliers and 

stored under an atmosphere of argon, unless otherwise stated.  

Instrumentation. 1H NMR and 13C NMR spectra were recorded using a Bruker 

AV-400, AV-500, AV-600 or AV-700 spectrometer at 300K. Chemical shifts were 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). Coupling constants (J) are reported in Hertz 

(Hz). 1H NMR splitting patterns were designated as singlet (s), doublet (d), triplet (t), 

quartet (q), pentet (p), heptet (hept). Splitting patterns that could not be interpreted or easily 

visualised were designated as multiplet (m) or broad (br). Protons and carbons were 

assigned whenever unambiguously possible - atoms that could not be assigned are denoted 

as HAr or CAr (aryl) for aromatic protons and carbons, HAlk or CAlk (alkyl) for aliphatic 

protons and carbons or similar. 13C shifts that were not detected by 13C NMR but showed 

a crosspeak in the HSQC are denoted as HSQC in parentheses.  

Mass spectra were obtained using a Finnigan MAT 8200 (70 eV), or an Agilent 

5973 (70 eV) or a Bruker maXis UHR-TOF spectrometer, using electrospray ionisation 

(ESI). For cases in which mass was not detected with ESI ionisation, an Agilent 7200B 

GC/Q-TOF Spectrometer with electron impact (EI) ionisation and a TOF mass analyser 

was used. Infra-red (IR) spectra were obtained using Perkin-Elmer Spectrum 100 FT-IR 
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spectrometer. Wavenumbers (νmax= 1/λ) are reported in cm-1. Melting points were 

determined on a capillary apparatus and are uncorrected.  

Given the difficulty of separating the dehydrogenated products from the starting 

materials, we have reported Rf values in a solvent system which we found best provided 

some separation between the starting materials and products. 
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3.2 EXPERIMENTAL SECTION CHAPTER 1.1 

3.2.1.1 Synthesis of the materials for the mechanistic studies 

 

2-hydroxy-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.139) 

A flamed-dried Schlenk tube containing 4-phenyl-1-(pyrrolidin-1-yl)butan-1-one 

(1.1.136, 0.43 g, 2.0 mmol) in 25.0 mL of DCM was cooled down to -78 °C for 15 min 

before the addition of 1.20 eq. of LiHMDS (2.1 mL, 1.0 M in DCM). The mixture was 

stirred for 1 h before the solution was saturated with oxygen gas. After stirring for 3 h at -

78 °C, the reaction was allowed to slowly warm up to 23 °C. At this point, triethylphosphite 

(1.0 g, 6.0 mmol, 3.0 eq.) was added. After 1 h the mixture was quenched with saturated 

NH4Cl and washed with DCM (3x). The combined organic phases were dried using MgSO4 

and evaporated. Purification by column chromatography on silica gel (EtOAc: heptane = 

2:1) yielded the product as a yellow oil (0.251 g, 54 %).  

1H NMR (400 MHz, CDCl3): δ 7.30 - 7.27 (m, 3H, HAr), 7.24 - 7.16 (m, 2H, HAr), 4.17 - 

4.14 (m, 1H, H6), 3.71 (d, J = 7.2 Hz, 1H, H5), 3.55 - 3.52 (m, 1H, H1/4), 3.43 - 3.39 (m, 

1H, H1/4), 3.31 - 3.26 (m, 1H, H1/4), 3.19 - 3.14 (m, 1H, H1/4), 2.89 - 2.77 (m, 2H, H8), 1.95 

- 1.79 (m, 6H, H2/3/7);  

13C NMR (151 MHz, CDCl3): δ 172.9 (C5), 141.6 (CAr), 128.7 (2C, CAr), 128.6 (2C, CAr), 

126.2 (CAr), 68.6 (C6), 46.4 (C1/4), 45.9 (C1/4), 36.2 (C8), 31.4 (C7), 26.2 (C2/3), 24.0 (C2/3);  

HRMS (ESI+): calculated for C14H19NO2 [M+H]+ m/z : 256.1313, found: 256.1316; 

IR (neat) νmax: 3400, 3059, 2936, 1645.  
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Independent formation and isolation of the α-trifloxy amide. (1.1.137) 

To a solution of the amide (1.1.139, 1.0 eq., 0.2 mmol) and distilled lutidine (0.2 

mmol, 1.0 eq.) in d2-DCM (0.1 M, 2.0 mL) at 0 °C, triflic anhydride (1.1 eq., 35.0 µL) was 

added dropwise and the resulting reaction mixture was allowed to warm to room 

temperature while stirring for 1 h. After this time, the reaction mixture was quickly purified 

by column chromatography (ethyl acetate/heptane 1:1 - 3:1) at -30 °C (cryostat / 

isopropanol) to afford the α-trifloxy amide in 70 % yield (1.1.137, 50.0 mg) as a yellow 

oil.  

1-Oxo-4-phenyl-1-(pyrrolidin-1-yl)butan-2-yl trifluoromethanesulfonate (1.1.137) 

1H NMR (400 MHz, CDCl3): δ 7.36 - 7.28 (m, J = 8.5, 1.5 Hz, 2H, H11), 7.25 - 7.17 (m, 

3H, H10/12), 5.21 (dd, J = 8.7, 4.4 Hz, 1H, H6), 3.62 - 3.48 (m, 1H, H1/4), 3.48 - 3.36 (m, 2H, 

H1/4), 3.14 - 3.04 (m, 1H, H1/4), 2.91 - 2.80 (m, 1H, H8), 2.78 - 2.67 (m, 1H, H8), 2.46 - 2.33 

(m, 1H, H7), 2.24 - 2.14 (m, 1H, H7), 1.94 - 1.79 (m, 4H, H2/3);  

13C NMR (151 MHz, CDCl3): δ 164.5 (C5), 139.3 (CAr), 128.9 (CAr), 128.7 (CAr), 128.6 

(CAr), 128.5 (CAr), 126.9 (CAr), 118.6 (q, J= 320 Hz, C13), 83.1 (C6), 46.6 (C1/4), 46.2 (C1/4), 

33.4 (C8), 30.8 (C8), 26.2 (C2/3), 23.9 (C2/3);  

19F NMR (565 MHz, CDCl3): δ -75.4, -78.9 (free OTf-);  

HRMS (ESI+): calculated for C15H19F3NO4S [M+H]+ m/z : 366.0981, found: 366.0969. 
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N,N-Dibenzyl-2-hydroxy-4-phenylbutanamide (1.1.144) 

A flamed-dried Schlenk tube containing N,N-dibenzyl-4-phenylbutanamide 

(1.1.144., 0.69 g, 2.0 mmol) in 25.0 mL of DCM was cooled down to -78 °C for 15 min 

before the addition of LiHMDS (1.2 eq., 2.1 mL, 1.0 M in DCM). The mixture was stirred 

for 1 h before being saturated with oxygen gas. After stirring for 1 h at -78 °C, the reaction 

was allowed to slowly warm up to 23 °C. At this point, triethylphosphite (1.0 mL, 6.0 

mmol, 3.0 eq.) was added. After 1 h the mixture was quenched with saturated NH4Cl and 

washed with DCM (3x). The combined organic phases were dried using MgSO4 and 

evaporated. Purification by column chromatography on silica gel (EtOAc: heptane = 2:1) 

yielded the product as a yellow oil (1.1.144, 0.373 g, 52 %).  

1H NMR (600 MHz, CDCl3): δ 7.38 - 7.26 (m, 6H, HAr), 7.25 - 7.23 (m, 2H, HAr), 7.17 - 

7.15 (m, 3H, HAr), 7.12 - 7.11 (m, 2H, HAr), 7.04 - 7.03 (m, 2H, HAr), 4.98 (d, J = 14.8 Hz, 

1H, H7), 4.39 (dd, J = 8.6, 2.6 Hz, 1H, H5/14), 4.27 (d, J = 16.6 Hz, 1H, H5/14), 4.21 (d, J = 

14.8 Hz, 1H, H5/14), 4.10 (d, J = 16.6 Hz, 1H, H5/14), 3.92 - 3.53 (br., 1H, OH), 2.87 - 2.76 

(m, 2H, H9), 1.97 - 1.92 (m, 1H, H8), 1.92 - 1.82 (m, 1H, H8);  

13C NMR (151 MHz, CDCl3): δ 175.4 (C6), 141.3 (CAr), 136.6 (CAr), 135.4 (CAr), 129.2 

(C2, CAr) , 128.9 (C2, CAr) , 128.7 (C2, CAr) , 128.6 (C2, CAr), 128.4 (C2, CAr) , 128.1 (CAr), 

127.9 (CAr), 126.8 (2C, CAr), 126.2 (CAr), 67.5 (C7), 48.9 (C5/14), 48.4 (C5/14), 37.5 (C9), 

31.4 (C8); 

HRMS (ESI+): calculated for C24H25NONa [M+Na]+  m/z : 366.1834, found: 366.1823; 

IR (neat) νmax: 3062, 3032, 2928, 1644, 1494, 1452. 

 

 

To a mixture of amide 4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.136, 0.2 mmol, 

1.0 eq.), 2-iodopyridine (2.2 eq., 0.44 mmol) in DCM (2 mL) was added triflic anhydride 

(37 µL, 1.1 eq., 0.22 mmol) dropwise under argon at 0 °C. After stirring for 15 min at 0 °C, 
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lutidine N-oxide (22.4 µL, 1.0 eq., 0.20 mmol) was added and the reaction stirred for a 

further 5 min at 0 °C. After 1 h the reaction was quenched with water and extracted with 

DCM (2x). The combined organic layers were dried over anhydrous MgSO4. The solvent 

was removed under reduced pressure. The crude mixture was quickly columned at -30 °C 

(cryostat / isopropanol) to afford the desired compound in 95 % yield (1.1.137, 69.0 mg) 

as a yellow oil. 

Important information about the NMR experiments 

One important fact to disclose was that the formation of the α-triflate from the 

corresponding α-hydroxyamide proved to proceed in consistently higher yields when 2,6-

lutidine was used as a base. For instance, when 2-I-pyridine was used the yield was 

significantly lower and the 1H-NMR spectra was too complex to be fully analysed. 

In order to access whether the intermediate (α-trifloxy) could undertake the 

intramolecular Fridel-Crafts, we attempted a wide array of conditions. We soon realised 

that forcing conditions, such as the one encountered previously in the literature104 were 

ideal. After careful examination we became aware that 2-I-Pyridine as a base, combined 

with high temperatures (110 °C) in acetonitrile were crucial for the reaction to take place 

(vide infra). 
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Entry Base Temperature (oC) NMR yield 1.1.143 (%) 

1 2,6-lutidine 0 - 

2 2,6-lutidine 110 - 

3 2-I-Pyridine 0 - 

4 2-I-Pyridine 80 - 

5 2-I-Pyridine 110 (3 h) 18 

6 2-I-Pyridine 110 (14 h) 47 

  

2-Benzyl-4-phenethyl-1,4-dihydroisoquinolin-3(2H)-one (1.1.143) 

 

1H NMR (600 MHz, CDCl3): δ 7.37 - 7.26 (m, 7H, HAr), 7.25 - 7.19 (m, 2H, HAr), 7.17 

(dd, J = 14.0, 7.0 Hz, 4H, HAr), 7.09 (d, J = 7.7 Hz, 1H, HAr), 4.88 (d, J = 14.8 Hz, 1H, 

H5/14), 4.64 (d, J = 14.8 Hz, 1H, H5/14), 4.54 (d, J = 15.9 Hz, 1H, H5/14), 4.21 (d, J = 15.9 

Hz, 1H, H5/14), 3.70 (t, J = 6.8 Hz, 1H, H7), 2.70 - 2.64 (m, 2H, H9), 2.25 - 2.14 (m, 1H, 

H8), 2.14 - 2.01 (m, 1H, H8);  

13C NMR (151 MHz, CDCl3): δ 171.7 (C6), 141.5 (CAr), 137.0 (CAr), 136.6 (CAr), 131.2 

(CAr), 128.9 (2C, CAr) , 128.6 (2C, CAr), 128.5 (2C, CAr), 128.1 (2C, CAr) , 127.7 (2C, CAr) , 

127.6 (CAr), 126.8 (CAr), 126.1 (CAr), 125.6 (CAr), 50.4 (C5/14), 50.0 (C5/14), 47.6 (C7), 35.7 

(C9), 33.0 (C8);  
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HRMS (ESI+): calculated for C24H23NO [M+H]+ m/z: 342.1852 found: 342.1854;  

IR (neat) νmax: 3060, 3034, 2932, 1655, 1495, 1452. 
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3.2.2 General procedures for the α-functionalisation of amides 

 

3.2.2.1 General procedure 1.1 - Procedure for the α-
halogenation of amides 

To a mixture of amide (0.20 mmol), 2-iodopyridine (2.0 eq., 42.5 µL, 0.44 mmol) 

in DCM (2.0 mL) was added triflic anhydride (1.1 eq., 37.0 µL, 0.22 mmol) dropwise under 

Ar at 0 °C. After stirring for 15 min at 0 °C, 2,6-lutidine N-oxide (1.0 eq., 22.4 µL, 0.20 

mmol,) was added and the reaction stirred for a further 5 min at 0 °C. Then a tetra-

butylammonium halide was added in one portion (3.0 eq.). The reaction mixture was stirred 

at room temperature for 3 h before being quenched with a saturated solution of NH4Cl. The 

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

layers were washed with brine before being dried over anhydrous MgSO4. The solvent was 

removed under reduced pressure. 

 

3.2.2.2 General procedure 1.2 - Procedure for the α-

functionalisation of amides using O- and S-Nucleophiles 

To a mixture of amide (0.20 mmol), 2-iodopyridine (2.0 eq., 42.5 µL, 0.44 mmol) in 

DCM (2.0 mL) was added triflic anhydride (1.1 eq., 37 µL, 0.22 mmol) dropwise under 

argon at 0 °C. After stirring for 15 min, 2,6-lutidine N-oxide (1.0 eq., 22.4 µL, 0.20 mmol) 

was added and the reaction stirred for a further 5 min at 0 °C. Then, a solution of the 

deprotonated nucleophile -generated from addition of the nucleophile (0.60 mmol) to a 
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suspension of NaH (3.0 eq., 0.60 mmol) in DMF (3.0 mL) was added. The reaction mixture 

was stirred at room temperature for 3 h before being quenched with NH4Cl solution. The 

layers were separated and the aqueous extracted with DCM. The combined organic layers 

were washed with brine before being dried over anhydrous MgSO4. The solvent was 

removed under reduced pressure. 
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2-Chloro-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.160) 

 

 

 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (42.0 mg, 84%). When NaCl (95%, purity) was used as the halide source, the 

reaction was stirred for 20 h instead and yielded the product as a yellow oil (45.1 mg, 90 %).  

 
1HNMR (700 MHz, CDCl3): δ 7.29 (t, J = 7.5 Hz, 1H, H3/5), 7.21 - 7.17 (m, 2H, H2/4/6), 

4.14 (t, J = 7.3 Hz, 1H, H9), 3.52 - 3.46 (m, 3H, H11/14), 3.14 (dt, J = 9.8, 7.0 Hz, 1H, H14), 

2.76 (t, J = 7.3 Hz, 2H, H7), 2.47 - 2.45 (m, 1H, H8), 2.37 - 2.35 (m, 1H, H8), 1.95 - 1.93 

(m, 2H, H12/13), 1.88 - 1.85 (m, 2H, H12/13);  

13CNMR (176 MHz, CDCl3): δ 167.0 (C10), 140.4 (C1), 128.7 (2C, C3/5), 128.6 (C2/6), 

126.4 (C4), 46.5 (C11/C14), 44.9 (C9), 36.0 (C8), 33.4 (C7), 26.1 (C12/13), 24.4 (C12/13);  

HRMS (ESI+): calculated for C14H18ClNO [M+Na]+ m/z: 274.0969, found: 274.0971; 

IR (neat) νmax: 3025, 2950, 2874, 1643, 1495, 1433, 1340, 1189. 

2-Bromo-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.161) 

 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (44.2 mg, 75 %). 

1H NMR (400 MHz, CDCl3): δ 7.31 - 7.26 (m, 2H, H3/5), 7.22 - 7.18 (m, 3H, H6/4/2), 4.18 

(dd, J = 7.9, 6.4 Hz, 1H, H9), 3.55 - 3.47 (m, 3H, H11/14), 3.21 - 3.18 (m, 1H, H14), 2.80 - 

2.77 (m, 2H, H7), 2.39 - 2.29 (m, 2H, H8), 1.95 - 1.83 (m, 4H, H12/13). 
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13C NMR (176 MHz, CDCl3): δ  166.9 (C10), 140.5 (C1), 128.7 (C3/5), 128.7 (C2/6), 126.4 

(C4), 55.0 (C9), 46.5 (C11/14), 46.4 (C11/14), 35.6 (C8), 32.3 (C7), 26.2 (C12/13), 24.3 (C12/13); 

HRMS (ESI+): calculated for C14H18BrNO [M+Na]+  m/z: 318.0464, found: 318.0462; 

IR (neat) νmax: 2972, 2875, 1651, 1438, 752, 700. 

2-Iodo-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.162) 

 
The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography as a yellow oil (58.0 mg, 80 %). 
 

1H NMR (600 MHz, CDCl3): δ 7.30 - 7.28 (m, 2H, H2/5), 7.21 (t, J = 7.3 Hz, 1H, H4), 7.17 

(d, J = 7.4 Hz, 2H, H2/6), 4.15 (t, J = 7.4 Hz, 1H, H9), 3.46 (t, J = 6.9 Hz, 2H, H11/14), 3.35 

(dt, J = 9.7, 6.7 Hz, 1H, H14), 3.05 - 3.01 (m, 1H, H14), 2.73 - 2.69 (m, 2H, H8), 2.44 (td, J 

= 14.2, 7.5 Hz, 1H, H7), 2.36 (td, J = 14.5, 7.3 Hz, 1H, H7), 1.98 - 1.91 (m, 2H, H12/13), 1.89 

- 1.81 (m, 2H, H12/13); 

13C NMR (151 MHz, CDCl3): δ 168.5 (C10), 140.3 (C1), 128.7 (C3/5), 128.7 (C2/6), 126.4 

(C4), 46.8 (C9), 46.7 (2C, C11/14), 37.7 (C8), 35.2 (C7), 26.1 (C12/13), 24.4 (C12/13). 

HRMS (ESI+): calculated for C14H18INO [M+Na]+ m/z: 366.0325, found: 366.0331; 

IR (neat) νmax: 2969, 2928, 2873, 1642, 1430, 1341, 750, 700. 

2-Chloro-N,N-dimethyl-4-phenylbutanamide (1.1.170) 

 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-2:1) yielded the product as a 

yellow oil (38.7 mg, 86 %). 
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1H NMR (600 MHz, CDCl3): δ 7.31 - 7.28 (m, 2H, H3/5), 7.22 - 7.18 (m, 3H, H2/4/6), 4.32 

(t, J = 7.0 Hz, 1H, H9), 2.98 (s, 3H, H11/12), 2.97 (s, 3H, H11/12), 2.78 (t, J = 7.3 Hz, H2, H7), 

2.38 - 2.26 (m, 2H, H8); 

13C NMR (151 MHz, CDCl3): δ 168.4 (C10), 140.5 (C1), 128.6 (C3/5), 128.6 (C2/6), 126.4 

(C4), 53.0 (C9), 37.3 (C11), 36.3 (C12), 35.8 (C8), 32.3 (C7); 

HRMS (ESI+): calculated for C12H16ClNO [M+Na]+ m/z: 248.0818, found: 248.0812; 

IR (neat) νmax: 2933, 2867, 1656, 1495, 1545, 1401. 

 

2-Bromo-N,N-dimethyl-4-phenylbutanamide (1.1.171) 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-2:1) yielded the product as a 

yellow oil (49.5 mg, 92 %). 

1H NMR (600 MHz, CDCl3): δ 7.31 - 7.29 (m, 2H, H3/5), 7.22 - 7.19 (m, 3H, H2/4/6), 4.32 

(t, J = 7.0 Hz, 1H, H9), 2.99 (s, 3H, H12/11), 2.99 (s, 3H, H12/11), 2.78 (t, J = 7.3 Hz, 2H, H7), 

2.38 - 2.26 (m, 2H, H8); 

13C NMR (151 MHz, CDCl3): δ 168.5 (C10), 140.5 (C1), 128.7 (C2/6), 128.7 (C3/5), 126.4 

(C4), 53.0 (C9), 37.3 (C11), 36.3 (C12), 35.9 (C8), 32.3 (C7); 

HRMS (ESI+): calculated for C12H16BrNO [M+Na]+ m/z: 292.0313, found: 292.0303; 

IR (neat) νmax: 3026, 2929, 2859, 1652, 1494, 1453, 1400, 1135. 

 

2-Iodo-N,N-dimethyl-4-phenylbutanamide (1.1.172) 
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The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-2:1) yielded the product as a 

yellow oil (57.0 mg, 90 %). (Rotamers present in a 1:3 ratio at room temperature). 

1H NMR (600 MHz, CDCl3): δ 7.30 - 7.28 (m, 2H, H3/5), 7.22 - 7.16 (m, 3H, H6/4/2), 4.32 

(t, J = 7.3 Hz, 1H, H9), 2.97 (s, 3H, H12); 2.87 (s, 3H, H11), 2.70 - 2.65 (m, 2H, H7), 2.45 - 

2.30 (m, 2H, H8); 

13C NMR (151 MHz, CDCl3): δ 170.1 (C10), 140.3 (C1), 128.7 (2C, C2/6), 128.6 (C3/5), 

126.4 (C4), 53.0 (minor, C9), 38.1 (major, C9) , 37.8 (major, C11), 37.3 (minor, C11), 36.6 

(major, C12) , 36.3 (minor, C12), 35.9 (minor, C8) , 35.2 (major, C8) , 32.4 (minor, C7) , 19.9 

(major, C7);  

HRMS (ESI+): calculated for C12H16INO [M+Na]+ m/z: 340.0174, found: 340.0170; 

IR (neat) νmax: 2927, 2857, 1645, 1494, 1453, 1399. 

 

2,6-Dichloro-1-(pyrrolidin-1-yl)hexan-1-one (1.1.167) 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-3:2) yielded the product as a 

yellow oil (44.6 mg, 94 %). 

1H NMR (600 MHz, CDCl3): δ 4.29 - 4.26 (m, 1H, H5), 3.69 - 3.67 (m, 1H, H10), 3.54 - 

3.44 (m, 5H, H1/7/10), 2.12 - 2.06 (m, 1H, H4), 2.03 - 1.93 (m, 3H, H4/8/9), 1.91 - 1.88 (m, 

2H, H8/9), 1.83 - 1.81 (m, 2H, H2), 1.66 - 1.64 (m, 1H, H3), 1.51 - 1.49 (m, 1H, H3); 

13C NMR (151 MHz, CDCl3): δ 166.9 (C6), 55.8 (C5), 46.6 (C7/10), 46.5 (C7/10), 44.8 (C1), 

33.5 (C4), 32.2 (C2), 26.2 (C3), 24.3 (C8/9), 23.9 (C8/9); 

HRMS (ESI+): calculated for C10H17Cl2NO [M+Na]+ m/z: 260.0585, found: 260.0570;  

IR (neat) νmax: 2954, 2875, 1650, 1440, 1314. 

 

2-Bromo-6-chloro-1-(pyrrolidin-1-yl)hexan-1-one (1.1.168) 
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The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-3:2) yielded the product as a 

yellow oil (44.5 mg, 79 %). 

 
1H NMR (600 MHz, CDCl3): δ 4.29 - 4.27 (m, 1H, H5), 3.71 - 3.67 (m, 1H, H10), 3.57 - 

3.43 (m, 5H, H1/7/10), 2.12 - 2.06 (m, 1H, H4), 2.01 - 1.98 (m, 3H, H4/9), 1.91 - 1.87 (m, 2H, 

H8), 1.83 - 1.80 (m, 2H, H2), 1.68 - 1.60 (m, 2H, H3), 1.54 - 1.47 (m, 1H, H3);  

13C NMR (151 MHz, CDCl3): δ 166.9 (C6), 55.8 (C5), 46.6 (C7/10), 46.5 (C7/10), 44.8 (C1), 

33.6 (C4), 32.2 (C2), 26.2 (C3), 24.3 (C8/9), 23.9 (C8/9); 

HRMS (ESI+): calculated for C10H17BrClNO [M+H]+ m/z :282.0260, found: 282.0250; 

IR (neat) νmax: 2954, 2874, 1674, 1438, 1340, 1311, 736, 648. 

2-Iodo-6-chloro-1-(pyrrolidin-1-yl)hexan-1-one (1.1.169) 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-3:2) yielded the product as a 

yellow oil (59.8 mg, 91 %). (Rotamers present with a ratio of 3/2 at room temperature) 

1H NMR (700 MHz, CDCl3): δ 4.27 (t, J = 7.4 Hz, 1H, H5), 3.69 - 3.66 {minor}(m, 0.4H, 

H7/10), 3.57 - 3.50 (m, 3H, H7/10), 3.49 - 3.42 (m, 2H, H1), 3.33 - 3.29 {major}(m, 0.6H, 

H7/10), 2.10 - 2.06 (m, 2H, H4), 2.03 - 1.99 (m, 2H, H2), 1.91 - 1.79 (m, 4H, H8/9), 1.67 - 

1.56 (m, 1H, H3), 1.51 - 1.40 (m, 1H, H3); 

13C NMR (176 MHz, CDCl3): δ 168.6 (major, C6), 166.8 (minor, C6), 55.8 (minor, C5), 

47.0 (C10), 46.8 (C7), 44.8 (C1), 35.6 (C4), 32.0 (C2), 27.1 (C3), 26.2 (C8/9), 24.4 (C8/9), 22.9 

(major, C5);  
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HRMS (ESI+): calculated for C10H17ClINO [M+Na]+ m/z: 351.9941, found: 351.9936;  

IR (neat) νmax: 2951, 2872, 1642, 1431, 1341. 

 

Methyl 8-iodo-9-oxo-9-(pyrrolidin-1-yl)nonanoate (1.1.165) 

 

 

The product was prepared according to general procedure 1.1. Purification by flash 

column chromatography (EtOAc: heptane = 1:4-3:2) yielded the product as a yellow oil 

(64.8 mg, 85 %). (Rotamers present with a ratio of 1/2 at room temperature using 13C 

NMR). 

1H NMR (600 MHz, CDCl3): δ 4.27 (t, J = 7.3 Hz, 1H, H6), 3.66 (s, 3H, H14), 3.51 - 3.48 

(m, 1H, H1), 3.45 - 3.43 (m, 2H, H1/4), 3.32 - 3.28 (m, 1H, H1), 2.30 - 2.27 (m, 2H, H12), 

2.03 - 1.99 (m, 4H, H2/3), 1.90 - 1.85 (m, 2H, H7), 1.61 - 1.59 (m, 2H, H11), 1.35 - 1.25 (m, 

6H, H8/9/10); 

13C NMR (151 MHz, CDCl3): δ 174.4 (C13), 168.8 (major, C5), 167.2 (minor, C5), 56.1 

(minor, C6), 51.7 (C14), 46.9 (major, 2C, C1/4), 46.7 (major, C1/4), 46.6 (minor, C1/4), 46.5 

(minor, C1/4), 36.2 (C7), 34.2 (major, C12), 34.1 (minor, C12), 29.5 (major, CAlk), 29.0 

(minor, CAlk), 28.9 (major, CAlk), 28.7 (minor, CAlk), 26.3 (major, C2/3), 26.2 (minor, 2C, 

C2/3/Alk), 24.9 (minor, C2/3), 24.4 (major, C2/3), 24.3 (major, C6); 

HRMS (ESI+): calculated forC14H24INO3 [M+Na]+ m/z: 404.0693, found: 404.0693; 

IR (neat) νmax: 2924, 2854, 1734, 1642, 1431, 1340, 1249. 

 

Methyl 8-chloro-9-oxo-9-(pyrrolidin-1-yl)nonanoate (1.1.163) 
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The product was prepared according to general procedure 1.1. Purification by flash 

column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a yellow oil 

(49.7 mg, 86 %). (Rotamers present). 

 1H NMR (600 MHz, CDCl3): δ 4.28 - 4.25 (m, 1H, H6), 3.66 (s, 3H, H14), 3.54 - 3.48 (m, 

3H, H1/4), 3.47 - 3.42 (m, 1H, H1/4), 2.30 (t, J = 7.5 Hz, 2H, H12), 2.04 - 1.97 (m, 3H, 

H2/3/7), 1.94 - 1.86 (m, 3H, H2/3/7), 1.64 - 1.60 (m, 2H, H11), 1.48 – 1.44 (m, 1H, H8), 1.37 - 

1.32 (m, 5H, H8/9/10); 

 13C NMR (151 MHz, CDCl3): δ 174.4 (C13), 167.2 (C5), 56.1 (C6), 51.7 (C14), 46.6 (C1/4), 

46.5 (C1/4), 34.2 (C7), 34.1 (C12), 29.0 (C2/3), 28.9 (C2/3), 26.3 (C9), 26.2 (C10), 24.9 (C11), 

24.3 (C8); 

HRMS (ESI+): calculated for C14H24ClNO3 [M+Na]+ m/z: 312.1337, found: 312.1338;  

IR (neat) νmax: 2927, 2856, 1735, 1651, 1436, 1341, 1170. 

 

Methyl 8-iodo-9-oxo-9-(pyrrolidin-1-yl)nonanoate (1.1.164) 

 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (59.9 mg, 90 %).  (Rotamers present with a ratio of 1:3 at room temperature 

using 13CNMR). 

1H NMR (600 MHz, CDCl3): δ 4.27 (t, J = 7.2 Hz, 1H, H6), 3.72 - 3.63 (m, 4H, H14/1), 

3.55 - 3.36 (m, 3H, H1/4), 2.30 (t, J = 7.5 Hz, 2H, H12), 2.01 - 1.87 (m, 6H, H7/4/2), 1.65 - 

1.60 (m, 2H, H11), 1.36 -1.33 (m, 6H, H8/9/10); 

13C NMR (151 MHz, CDCl3): δ 174.4 (C13), 167.3 (minor, C5), 167.2 (major, C5), 56.1 

(C6), 51.7 (C14), 46.7 (major, C1), 46.6 (major, C4), 46.5 (minor, C1/4), 46.5 (minor, C1/4), 

46.1, 34.6, 34.2 (minor, C7), 34.1 (major, C7), 29.0 (minor, C12), 28.9 (major, C12), 28.9 

(major, CAlk), 27.5 (minor, CAlk), 26.3 (minor, major, 2C, CAlk), 26.2 (major, C2/3), 24.9 

(major, C2/3), 24.4 (minor, C2/3), 24.3 (minor, C2/3); 
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HRMS (ESI+): calculated for C14H24BrNO3 [M+Na]+ m/z: 356.0832, found: 356.0832; 

IR (neat) νmax: 2930, 2858, 1734, 1649, 1434, 1340, 1193, 1169. 

 

2-Iodo-1-(pyrrolidin-1-yl)undecane-1,10-dione (1.1.176) 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-3:2) yielded the product as a 

yellow oil (64.8 mg, 85 %). (Rotamers present with a ratio of 1:2 at room temperature 

using 13CNMR). 

1H NMR (600 MHz, CDCl3): δ 4.27 (t, J = 7.3 Hz, 1H, H6), 3.68 - 3.66 (m, 0.7H, major,  

H1/4), 3.53 - 3.42 (m, 3H, H1/4), 3.32 - 3.30 (m, 0.4H, minor, H1/4), 2.41 (t, J = 7.4 Hz, 2H, 

H13), 2.13 (s, 3H, H15), 2.03 - 2.00 (m, 3H, H7/2/3), 1.92 - 1.84 (m, 2H, H2/3), 1.56 - 1.54 (m, 

2H, H12), 1.35 - 1.19 (m, 8H, H8/9/10/11); 

13C NMR (151 MHz, CDCl3): δ 209.5 (C14), 168.8 (major, C5), 167.2 (minor, C5), 56.2 

(C6), 46.9 (major, C1/4), 46.7 (minor, C1/4), 46.6 (minor, C1/4), 46.5 (major, C1/4), 43.9 (C13), 

36.3 (C7), 34.3 (C6), 30.1 (C15), 29.6 (major, CAlk), 29.3 (major, minor, 2C, CAlk), 29.1 

(major, minor, 2C, CAlk), 28.9 (minor, CAlk), 26.4 (major, CAlk), 26.2 (major, C2/3), 24.4 

(minor, C2/3), 24.3 (major, C2/3), 23.9 (minor, C2/3); 

HRMS (ESI+): calculated for C15H26INO [M+Na]+ m/z: 402.0906, found: 402.0897; 

IR (neat) νmax: 2926, 2855, 1721, 1648, 1433, 1358, 1167. 

 

6-Iodo-7-oxo-7-(pyrrolidin-1-yl)heptanenitrile (1.1.175) 
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The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:1-20:1) yielded the product as a 

yellow oil (57.6 mg, 90 %). (Rotamers present with a ratio of 4/1 at room temperature 

using 13C NMR). 

1H NMR (600 MHz, CDCl3): δ 4.27 - 4.25 (m, 1H, H5), 3.70 – 3.66 (m, 0.2H, minor, 

H7/10), 3.51 - 3.43 (m, 3H, H7/10), 3.32 - 3.28 (m, major, 0.8H, H7/10), 2.39 - 2.34 (m, 2H, 

H1), 2.10 - 1.99 (m, 4H, H4/8/9), 1.91 - 1.85 (m, 2H, H8/9), 1.72 - 1.67 (m, 2H, H2), 1.58 - 

1.53 (m, 1H, H3), 1.47 – 1.44 (m, 1H, H3); 

13C NMR (151 MHz, CDCl3): δ 168.4 (major, C6), 168.7 (minor, C6), 119.6 (C11), 55.4 

(minor, C5), 47.0 (major, C7/10), 46.8 (major, C7/10), 46.6 (minor, C7/10), 46.5 (minor, C7/10), 

35.5 (major, C4), 33.4 (minor, C4), 28.8 (CAlk), 26.2 (2C, CAlk), 24.8 (C8,9), 24.4 (C8,9), 22.3 

(major, C5), 17.20 (major, minor, 2C, C1); 

HRMS (ESI+): calculated for C11H17ClNO [M+Na]+ m/z: 343.0283, found: 343.0271; 

IR (neat) νmax: 3362, 2955, 2923, 2853, 2334, 1640, 1432, 1342, 748. 

2-Bromo-1-(pyrrolidin-1-yl)undec-10-en-1-one (1.1.174) 

 

The product was prepared according to general procedure 1.1. Purification by flash 

column chromatography (EtOAc: heptane = 1:3-2:1) yielded the product as a yellow oil 

(53.5 mg, 85 %). 

1H NMR (600 MHz, CDCl3): δ 5.82 - 2.76 (m, 1H, H13), 4.99 - 4.91 (m, 2H, H14), 4.28 - 

4.26 (m, 1H, C6), 3.68 - 3.65 (m, 1H, H1), 3.51 - 3.42 (m, 3H, H1/4), 2.04 - 1.96 (m, 5H, 

H2/3/7/12), 1.93 - 1.86 (m, 3H, H2/3/7/12), 1.37 - 1.29 (m, 10H, H8/9/10/11); 

13C NMR (151 MHz, CDCl3): δ 167.2 (C5), 139.3 (C13), 114.3 (C14), 56.2 (C6), 46.6 (C1/4), 

46.5 (C1/4), 34.3 (C7), 33.9 (C12), 29.4 (CAlk), 29.2 (CAlk), 29.1 (CAlk), 29.0 (CAlk), 26.5 

(CAlk), 26.2 (C2/3), 24.3 (C2/3); 

HRMS (ESI+): calculated for C15H26BrNO [M+Na]+ m/z: 338.1095, found: 338.1073; 

IR (neat) νmax: 2924, 2853, 1738, 1651, 1435, 909. 
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2-Chloro-1-(pyrrolidin-1-yl)hex-5-yn-1-one (1.1.173) 

 

The title compound was prepared according to general procedure 1.1. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-2:1) yielded the product as a 

yellow oil (29.8 mg, 75 %). (Rotamers present with a ration of 1:10 in 13CNMR). 

1H NMR (600 MHz, CDCl3): δ 4.59 - 4.56 (m, 1H, H6), 3.71 - 3.67 (m, 1H, H1/4), 3.55 - 

3.47 (m, 3H, H1/4), 2.47 - 2.42 (m, 1H, H7), 2.39 - 2.35 (m, 1H, H7), 2.27 - 2.22 (m, 1H, 

H8), 2.03 - 1.98 (m, 2H, H8), 1.94 - 1.86 (m, 5H, H2/3/10); 

13C NMR (151 MHz, CDCl3): δ 166.6 (C5), 69.8 (C10), 54.4 (C6), 46.6 (C1/4), 32.8 (C1/4), 

29.9 (C7), 26.2 (C2/3), 24.4 (C2/3), 15.6 (C8); (C9 - not shown) 

HRMS (ESI+): calculated for C10H14ClNO [M+Na]+ m/z: 222.0662, found: 222.0648; 

IR (neat) νmax: 3296, 3239, 2972, 2877, 1737, 1646, 1440, 1342. 

2-(Benzyloxy)-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.188) 

 

The product was prepared according to general procedure 1.2. Purification by flash 

column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a yellow oil 

(52.3 mg, 81 %).  

1H NMR (600 MHz, CDCl3): δ 7.27 - 7.26 (m, 4H, HAr), 7.22 - 7.21 (m, 1H, HAr), 7.17 - 

7.15 (m, 2H, HAr), 7.09 - 7.06 (m, 1H, HAr), 7.05 - 7.03 (m, 2H, HAr), 4.57 - 4.55 (m, 1H, 

H13), 4.29 - 4.27 (m, 1H, H13), 3.91 - 3.89 (m, 1H, H7), 3.41 - 3.36 (m, 2H, H9/12) 3.15 - 
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3.11 (m, 2H, H9/12), 2.77 - 2.76 (m, 1H, H5), 2.61 - 2.58 (m, 1H, H5), 2.08 - 2.03 (m, 1H, 

H6), 1.86 - 1.81 (m, 1H, H6), 1.74 - 1.67 (m, 4H, H10/11); 

13C NMR (151 MHz, CDCl3): δ 170.5 (C8), 141.5 (CAr), 137.8 (CAr), 128.6 (2C, CAr), 

128.5 (2C, CAr), 128.3 (2C, CAr), 128.0 (2C, CAr), 126.1 (2C, CAr), 77.7 (C7), 71.5 (C13), 

46.3 (C12/9), 45.9 (C12/9), 33.8 (C5), 31.9 (C6), 26.5 (C10/11), 23.8 (C10/11); 

HRMS (ESI+): calculated for C21H25NO2 [M+Na]+ m/z: 346.1783, found: 346.1777; 

IR (neat) νmax: 3060, 3027, 2950, 2926, 2871, 1641, 1495, 1433. 

2-(Allyloxy)-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.204) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-2:1) yielded the product as a 

yellow oil (39.3 mg, 72 %).  

1H NMR (600 MHz, CDCl3): δ 7.34  - 7.32 (m, 2H, CAr), 7.26 - 7.25 (m, 3H, CAr), 6.01 - 

5.97 (m, 1H, H14), 5.35 - 5.32 (m, 1H, H15), 5.25 - 5.23 (m, 1H, H15), 4.16 - 4.13 (m, 1H, 

H13), 4.04 - 4.02 (m, 1H, H13), 3.93 - 3.90 (m, 1H, H7), 3.56 - 3.52 (m, 2H, H9/12), 3.48 - 

3.45 (m, 1H, H9/12), 3.38 - 3.35 (m, 1H, H9/12), 2.92 - 2.88 (m, 1H, H5), 2.80 - 2.75 (m, 1H, 

H5), 2.16 - 2.13 (m, 1H, H6), 2.01 - 1.97 (m, 1H, H6), 1.96 - 1.93 (m, 2H, H10/11), 1.87 - 

1.83 (m, 2H, H10/11); 

13C NMR (151 MHz, CDCl3): δ 170.6 (C8), 141.5 (CAr), 134.6 (C14), 128.7 (2C, CAr) , 

128.5 (2C, CAr), 126.1 (CAr), 117.6 (C15), 78.1 (C7), 70.6 (C13), 46.4 (C9/12), 46.0 (C9/12), 

33.7 (C6), 31.8 (C5), 26.5 (C10/11), 23.8 (C10/11);  

HRMS (ESI+): calculated for C17H23NO2 [M+Na]+ m/z: 296.1626, found: 296.1622; 

IR (neat) νmax: 3025, 2952, 2927, 2873, 1637, 1495, 1434. 
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2-((3-Methylbut-2-en-1-yl)oxy)-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.206) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:3-1:1) yielded the product as a 

yellow oil (51.8 mg, 86 %).  

1H NMR (600 MHz, CDCl3): δ 7.28 - 7.26 (m, 2H, HAr), 7.20 - 7.19 (m, 2H, HAr), 7.19 - 

7.17 (m, 1H, HAr), 5.38 - 5.35 (m, 1H, H14), 4.04 - 4.02 (m, 1H, H13), 3.96 - 3.94 (m, 1H, 

H13), 3.90 - 3.88 (m, 1H, H7), 3.50 - 3.47 (m, 2H, H9-12), 3.39 - 3.37 (m, 1H, H9-12), 3.34 - 

3.31 (m, 1H, H9-12), 2.85 - 2.82 (m, 1H, H5), 2.73 - 2.70 (m, 1H, H5), 2.10 - 2.06 (m, 1H, 

H6), 1.94 - 1.92 (m, 1H, H6), 1.88 - 1.86 (m, 2H, H10-11), 1.85 - 1.81 (m, 2H, H10-11), 1.75 

(s, 3H, H16), 1.64 (s, 3H, H16); 

13C NMR (151 MHz, CDCl3): δ 170.9 (C8), 141.6 (CAr), 137.6 (C15), 128.7 (2C, CAr) , 

128.5 (2C, CAr) , 126.1 (CAr), 120.9 (C14), 77.9 (C7), 65.9 (C13), 46.4 (C9/12), 46.0 (C9/12), 

33.7 (C6), 31.9 (C5), 26.6 (C10/11), 26.0 (C10/11), 23.8 (C16), 18.2 (C16); 

HRMS (ESI+): calculated for [M+Na]+ C19H27NO2 m/z: 324.1939, found: 324.1934; 

IR (neat) νmax: 3025, 2952, 2930, 2878, 1639, 1495, 1436. 

 

Methyl 8-(benzyloxy)-9-oxo-9-(pyrrolidin-1-yl)nonanoate (1.1.190) 
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The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:3-1:1) yielded the product as a 

yellow oil (58.5 mg, 81 %). 

1H NMR (600 MHz, CDCl3): δ 7.28 - 7.25 (m, 4H, HAr), 7.22 - 7.19 (m, 1H, HAr), 4.57 - 

4.55 (m, 1H, H15), 4.32 - 4.30 (m, 1H, H15), 3.95 - 3.93 (m, 1H, H6), 3.59 (s, 3H, H14), 3.44 

- 3.42 (m, 2H, H1/4), 3.34 - 3.31 (m, 2H, H1/4), 2.22 (t, J = 7.8 Hz, 2H, H12), 1.82 - 1.80 (m, 

2H, H2/3), 1.75 - 1.69 (m, 3H, H2/3,Alk), 1.47 - 1.42 (m, 1H, HAlk), 1.54 - 1.51 (m, 1H, HAlk), 

1.47 - 1.42 (m, 1H, HAlk), 1.28 - 1.18 (m, 6H, HAlk); 

13C NMR (151 MHz, CDCl3): δ 174.4 (C13), 170.8 (C5), 137.9 (CAr), 128.7 (CAr), 128.5 

(CAr), 128.3 (CAr), 128.1 (CAr), 127.9 (CAr), 79.0 (C6), 71.4 (C15), 66.2 (C14), 51.6 , 46.4 

(CAlk), 46.1 (CAlk), 34.2 (CAlk), 32.1 (CAlk), 29.1 (CAlk), (C2/3), 29.1 (C2/3), 25.6 (CAlk), 25.0 

(CAlk), 23.8 (CAlk);  

HRMS (ESI+): calculated for C21H31NO4 [M+Na]+ m/z: 384.2151, found: 384.2150;  

IR (neat) νmax: 3029, 2932, 2860, 1736, 1646, 1495, 1435. 

 

2-(Benzyloxy)-1-(pyrrolidin-1-yl)undecane-1,10-dione (1.1.202) 

 

The product was prepared according to general procedure 1.2. Purification by flash 

column chromatography (EtOAc: heptane = 1:4-2:1) yielded the product as a yellow oil 

(54.5 mg, 76 %). 

1H NMR (600 MHz, CDCl3): δ 7.28 - 7.25 (m, 4H, HAr), 7.22 - 7.20 (m, 1H, HAr), 4.57 - 

4.55 (m, 1H, H16), 4.32 - 4.30 (m, 1H, H16), 3.95 (m, 1H, H6), 3.46 - 3.43 (m, 2H, H1/4), 

3.41 - 3.32 (m, 2H, H1/4), 2.35 - 2.32 (t, J = 7.8 Hz, 2H, H13), 2.06 (s, 3H, H15), 1.82 - 1.80 

(m, 2H, H12), 1.75 - 1.71 (m, 3H, H2/3), 1.60 - 1.57 (m, 1H, H2/3), 1.48 - 1.43 (m, 2H, HAlk), 

1.26 - 1.18 (m, 8H, HAlk); 
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13C NMR (151 MHz, CDCl3): δ 209.6 (C14), 170.8 (C5), 137.9 (CAr), 128.5 (2C, CAr) , 

128.1 (2C, CAr) , 127.9 (CAr), 79.1 (C6), 71.4, (C16), 46.4 (C1/4), 46.1 (C1/4), 43.9 (C13), 32.1 

(C7), 30.0 (C15), 29.3 (2C, CAlk), 29.2 (CAlk), 26.5 (C2/3), 25.7 (C2/3), 23.9 (CAlk), 23.8 (CAlk); 

HRMS (ESI+): calculated for C22H33NO3 [M+Na]+ m/z: 382.2358, found: 382.2357; 

IR (neat) νmax: 2928, 2856, 1712, 1647, 1435, 1342. 

 

2-(Benzyloxy)-1-(pyrrolidin-1-yl)hex-5-yn-1-one (1.1.196) 

 
The product was prepared according to general procedure 1.2. Purification by flash 

column chromatography (EtOAc: heptane = 1:3-2:1) yielded the product as a yellow oil 

(40.0 mg, 73 %).  

 

(Rotamers present with a ratio of 1:3 at room temperature using 13CNMR). 

 
1H NMR (600 MHz, CDCl3): δ 7.35 - 7.32 (m, 3H, HAr), 7.30 - 7.27 (m, 2H, HAr), 4.66 

(d, J = 11.7 Hz, 1H, H11), 4.42 (d, J = 11.7 Hz, 1H, H11), 4.24 (dd, J = 9.3, 4.0 Hz, 1H, H6), 

3.61 - 3.54 (m, 1H, H10), 3.52 - 3.44 (m, 2H, H1/4), 3.44 - 3.35 (m, 2H, H1/4), 2.46 - 2.33 

(m, 2H, H8), 2.04 - 2.00 (m, 1H, H7), 1.98 - 1.92 (m, 1H, H7), 1.90 - 1.86 (m, 2H, H2/3), 

1.84 - 1.80 (m, 2H, H2/3);  

13C NMR (151 MHz, CDCl3): δ 170.1 (C5), 137.8 (CAr), 128.5 (2C, CAr), 128.2 (2C, CAr), 

128.0 (CAr), 83.6 (C9), 78.5 (C6), 71.6 (major, C10) , 69.1 (major, C11) 69.0 (minor, C10), 

68.0 (minor, C11), 46.4 (C1/4), 46.1 (C1/4), 33.6 (minor, C7), 31.0 (major, C7), 26.5 (major, 

C1/4), 26.2 (major, C1/4), 25.9 (major, C1/4), 24.0 (minor, C1/4), 15.0 (major, C8), 14.7 (minor, 

C8);  

HRMS (ESI+): calculated for C17H21NO2 [M+Na]+ m/z :294.1470, found: 294.1459; 



3.2 Experimental Section Chapter 1.1  

 155 

IR (neat) νmax: 3061, 3028, 2938, 2871, 1632, 1492, 1429. 

 

6-(Benzyloxy)-7-oxo-7-(pyrrolidin-1-yl)heptanenitrile (1.1.200) 

 
The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:1-20:1) yielded the product as a 

yellow oil (52.2 mg, 87 %). 

1H NMR (600 MHz, CDCl3): δ 7.39 - 7.26 (m, 5H, HAr), 4.64 (d, J = 11.8 Hz, 1H, H12), 

4.39 (d, J = 11.8 Hz, 1H, H12), 4.03 (dd, J = 8.5, 4.3 Hz, 1H, H6), 3.57 - 3.43 (m, 3H, H1/4), 

3.41 (t, J = 6.7 Hz, 1H, H1/4), 2.33 (t, J = 6.7 Hz, 2H, H10), 1.94 - 1.86 (m, 2H, H7), 1.86 - 

1.78 (m, 3H, HAlk/2/3), 1.77 - 1.59 (m, 5H, HAlk/2/3);  

13C NMR (151 MHz, CDCl3): δ 170.2 (C5), 137.7 (CAr), 128.6 (2C, CAr), 128.2 (2C, CAr), 

128.1 (CAr), 119.7 (C11), 78.5 (C6), 71.5 (C12), 46.5 (C1/4), 46.2 (C1/4), 31.2 (C7), 26.6 (C9), 

25.3 (C2/3), 25.0 (C2/3), 23.8 (C8), 17.2 (C10); 

HRMS (ESI+): calculated for C18H24N2O2 [M+Na]+ m/z: 323.1735, found: 323.1722;  

IR (neat) νmax: 3023, 3010, 2933, 2845, 1640, 1491, 1430. 

 

2-(Benzyloxy)-1-(pyrrolidin-1-yl)undec-10-en-1-one (1.1.198) 
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The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-2:1) yielded the product as a 

yellow oil (56.9 mg, 83 %). 

1H NMR (600 MHz, CDCl3): δ 7.28 - 7.22 (m, 4H; HAr), 7.21 - 7.19 (m, 1H, HAr), 5.76 - 

5.70 (m, 1H, H14), 4.93 - 4.85 (m, 2H, H15), 4.57 - 4.55 (m, 1H, H16), 4.33 - 4.31 (m, 1H, 

H16), 3.96 - 3.94 (m, 1H, H6), 3.47 - 3.41 (m, 2H, H1/4), 3.35 - 3.32 (m, 2H, H1/4), 1.97 - 

1.94 (m, 2H, H13), 1.82 - 1.80 (m, 2H, H7), 1.75 - 1.71 (m, 2H, HAlk), 1.61 - 1.58 (m, 1H, 

HAlk), 1.44 - 1.43 (m, 1H, HAlk), 1.29 - 1.28 (m, 3H, HAlk/2/3), 1.20 - 1.18 (m, 7H, HAlk/2/3); 

13C NMR (151 MHz, CDCl3): δ 170.9 (C5), 139.3 (C14), 138.0 (CAr), 128.5 (2C, CAr) , 

128.1 (2C, CAr), 127.9 (CAr), 114.3 (C15), 79.2 (C16), 71.4 (C6), 46.4 (C1/4), 46.1 (C1/4), 33.9 

(C13), 32.2 (C7), 29.5 (2C, CAlk/2/3), 29.2 (CAlk/2/3), 29.0 (CAlk/2/3), 26.6 (CAlk), 25.8 (CAlk), 

23.8 (CAlk);  

HRMS (ESI+): calculated for C22H33NO2 [M+Na]+ m/z: 366.2409, found: 366.2404;  

IR (neat) νmax: 3072, 3030, 2971, 2925, 2855, 1639, 1434. 

 

2-(Benzyloxy)-6-chloro-1-(pyrrolidin-1-yl)hexan-1-one (1.1.192) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (51.3 mg, 83 %). 

1H NMR (600 MHz, CDCl3): δ 7.27 - 7.26 (m, 4H, HAr), 7.23 - 7.19 (m, 1H, HAr), 4.57 - 

4.55 (m, 1H, H10), 4.32 - 4.30 (m, 1H, H10), 3.96 - 3.95 (m, 1H, H5), 3.47 - 3.40 (m, 4H, 

H1,4), 3.34 - 3.32 (m, 2H, H9), 1.81 - 1.77 (m, 2H, H6), 1.76 - 1.72 (m, 3H, HAlk, 2, 3), 1.71 - 

1.67 (m, 2H, HAlk, 2, 3), 1.63 - 1.61 (m, 2H, HAlk, 2, 3), 1.45 - 1.42 (m, 1H, HAlk, 2, 3); 
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13C NMR (151 MHz, CDCl3): δ 170.5 (CAr), 137.8 (CAr), 128.5 (2C, CAr) , 128.1 (2C, 

CAr) , 128.0 (CAr), 78.7 (C5), 71.4 (C10), 46.4 (C1/4), 46.2 (C1/4), 44.9 (C9), 32.4 (C6, 8), 31.3 

(C6, 8), 26.5 (C2, 3), 23.8 (C2, 3), 23.2 (C7); 

HRMS (ESI+): calculated for C17H24ClNO2 [M+Na]+ m/z: 332.1393, found: 332.1388; 

IR (neat) νmax: 2942, 2888, 1640, 1494, 1450. 

 

2-(((3aR,5R,6S,6aR)-5-((R)-2,2-Dimethyl-1,3-dioxolan-4-yl)-2,2-

dimethyltetrahydrofuro[2,3-d][1,3]dioxol-6-yl)oxy)-4-phenyl-1-(pyrrolidin-1-

yl)butan-1-one (1.1.213) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:2-7:1) as a yellow oil (87.4 mg, 

92 %, d.r 1:1, determined by crude 1H NMR). 

1H NMR (600 MHz, CDCl3): Diastereoisomers are present δ 7.28 - 7.26 (m, 2H, HAr), 

7.24 - 7.23 (m, 1H, HAr), 7.20 - 7.17 (m, 2H, HAr), 5.77 (d, J = 3.8 Hz, 0.5H, d1, H14), 5.67 

(d, J = 3.5 Hz, 0.5H, d2, H14), 4.57 - 4.54 (m, 1H), 4.40 - 4.38 (m, 0.5H, d1), 4.26 - 4.23 

(m, 1.5H), 4.18 - 4.16 (m, 0.5H, d2), 4.09 - 4.07 (m, 0.5H, d1), 4.05 - 3.98 (m, 2H), 3.85 - 

3.79 (m, 1.5H), 3.53 - 3.49 (m, 0.5H, d1), 3.47 - 3.30 (m, 3H), 2.87 - 2.81 (m, 1H), 2.77 - 

2.74 (m, 0.5H, d1), 2.71 - 2.67 (m, 0.5H, d2), 2.16 - 2.05 (m, 1.5H), 1.99 - 1.96 (m, 0.5H, 

d1), 1.91 - 1.85 (m, 2H), 1.83 - 1.78 (m, 2H), 1.59 (bs, 1.5H, d1), 1.55 (bs, 1.5H, d2), 1.45 

(bs, 1.5H, d1), 1.44 (bs, 1.5H, d2), 1.35 (bs, 4.5H), 1.31 (bs, 1.5H, d1);  

13C NMR (151 MHz, CDCl3): δ 169.9 (d1), 169.5 (d2), 141.8 (d1), 141.5 (d2), 128.7, 

128.6, 128.5, 128.5, 128.4, 126.2 (d1), 126.1 (d2), 113.0 (d1), 113.0 (d2), 109.8 (d1), 109.6 
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(d2), 104.5 (d1), 103.7 (d2), 82.0, 80.3, 78.9, 78.4, 78.1, 77.6, 76.7, 76.5, 75.5, 75.4, 65.7, 

65.0, 46.7, 46.3, 45.9, 45.9, 33.6, 33.3, 31.9, 31.6, 27.1, 27.1, 27.0 (2C), 26.7, 26.5 (2C), 

26.4, 26.4, 25.6, 25.2, 23.9, 23.8;  

HRMS (ESI+): calculated for C26H37NO7 [M+Na]+ m/z: 498.2468, found: 498.2460; 

IR (neat) νmax: 2982, 2933, 2875, 1635, 1631, 1452. 

 

N-(tert-butoxycarbonyl)-O-(1-oxo-4-phenyl-1-(pyrrolidin-1-yl)butan-2-yl)-L-

threonine (1.1.214) 

 

The title compound was prepared according to general procedure 1.2 using N-(tert-

Butoxycarbonyl)-L-threonine methyl ester (commercialy available) as a nucleophile. 

Product Isolated as the free carboxylic Acid. Purification by flash column chromatography 

(EtOAc: heptane = 1:2-5:1) as a yellow oil (72.0 mg, 83 %, 1:1.1 d.r. determined by crude 
1HNMR). 

1H NMR (600 MHz, CDCl3) Diastereoisomers present: δ 7.32 - 7.29 (m, 2H), 7.19 - 7.17 

(m, 3H), 5.56 (d, J = 8.4 Hz, 0.5H, d1), 5.26 (d, J = 8.4 Hz, 0.5H, d2), 5.06 - 5.04 (m, 0.5H, 

d1), 4.99 - 4.98 (m, 0.5H, d2), 4.87 (bs, 0.5H, d1), 4.68 (bs, 0.5H, d2), 4.43 - 4.42 (m, 0.5H, 

d2), 4.29 (bs, 0.5H), 4.22 (m, J = 6.0 Hz, 0.5H), 4.09 (d, J = 9.0 Hz, 0.5H, d1), 3.53 - 3.47 

(m, 1H), 3.41 - 3.29 (m, 2H), 3.13 - 3.06 (m, 1H), 2.90 - 2.84 (m, 1H), 2.74 - 2.67 (m, 1H), 

2.24 - 2.17 (m, 1H), 2.02 - 1.76 (m, 5H), 1.47 (bs, 4.5H), 1.46 (bs, 4.5H), 1.28 (d, J= 6.6 

Hz, 1.5H), 1.25 (d, J= 6.6 Hz, 1.5H); 

13C NMR (151 MHz, CDCl3): δ 172.4 (d1), 172.1 (d2), 169.1 (d1), 169.0 (d2), 156.5 (d1), 

156.4 (d2), 140.4 (d1), 140.3 (d2), 128.8 (2C, d1), 128.8 (2C, d2), 128.7 (2C, d1), 128.6 

(2C, d2) , 126.6, 80.0 (d1), 79.8 (d2), 72.3 (d1), 72.0 (d2), 68.5 (d1), 68.0 (d2), 60.2 (d1), 
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59.4 (d2), 46.5, 45.9, 32.1 (d1), 32.0 (d2), 31.6 (d1), 31.4 (d2), 28.5 (3C, d1), 28.5 (3C, 

d2), 26.2 (d1), 26.2 (d2), 23.9 (d1), 23.9 (d2), 19.5 (d1), 18.6 (d2); 

HRMS (ESI+): calculated for C23H34N2O6 [M+Na]+ m/z: 457.2315, found: 457.2299;  

IR (neat) νmax: 3359, 2975, 2931, 2882, 1745, 1712, 1635, 1496, 1453. 

 

Methyl N-(tert-butoxycarbonyl)-S-(1-oxo-4-phenyl-1-(pyrrolidin-1-yl)butan-2-yl)-L-

cysteinate (1.1.215) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:1-4:1) as a yellow oil (78.3 mg, 

87 %, d.r. 1:1, determined by crude 1H NMR).  

1H NMR (600 MHz, CDCl3): δ 7.38 - 7.36 (m, 2H), 7.29 - 7.25 (m, 3H), 5.48 - 5.44 (m, 

1H), 4.58 - 4.56 (m, 0.5H, d1), 4.50 - 4.47 (m, 0,5H, d2), 3.82 (s, 1.5H, d1), 3.81 (s, 1.5H, 

d2), 3.64 - 3.58 (m, 3H), 3.29 - 3.28 (m, 1H), 3.20 - 3.17 (m, 2H), 3.11 - 3.07 (m, 1H), 2.85 

- 2.83 (m, 1H), 2.76 - 2.73 (m, 1H), 2.46 - 2.43 (m, 1H), 2.11 - 2.08 (m, 1H), 2.03 - 1.91 

(m, 4H), 1.53 (s, 4.5H), 1.52 (s, 4.5H);  
13C NMR (151 MHz, CDCl3): δ 171.6, 169.1 (d1), 168.7 (d2), 155.5 (d1), 155.3 (d2), 

141.0 (d1), 141.0 (d2), 128.6, 128.6, 128.4, 126.2, 125.9, 80.1, 53.8 (d1), 53.3 (d2), 52.6, 

46.6, 46.3, 46.2, 46.2, 45.7, 43.3 (d1), 43.3 (d2), 39.1 (d1), 38.8 (d2), 35.4 (d1), 34.0 (d2), 

33.3, 33.2, 33.2, 30.9 (d1), 30.3 (d2), 28.4, 26.4 (d1), 26.2 (d2), 26.1, 24.5, 24.4 (d1), 24.4 

(d2), 22.8, 14.3;  

HRMS (ESI+): calculated for C23H34N2O5S [M+Na]+ m/z: 473.2086, found: 473.2080; 

IR (neat) νmax: 3289, 2973, 2929, 2875, 1745, 1711, 1628, 1517, 1435. 
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N-(tert-butoxycarbonyl)-O-(1-oxo-4-phenyl-1-(pyrrolidin-1-yl)butan-2-yl)-L-

threonine (1.1.189) 

 
The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (63.7 mg, 94 %). 
1H NMR (600 MHz, MeOD): δ 7.31 - 7.28 (m, 2H, HAr), 7.27 - 7.21 (m, 4H, HAr), 7.19 

(d, J = 7.2 Hz, 2H, HAr), 7.15 (d, J = 7.8 Hz, 2H, HAr), 3.75 (s, 2H, H13), 3.45 - 3.35 (m, 

2H, H1/4), 3.30 - 3.28 (m, 1H, H6), 3.18 - 3.16 (m, 1H, H1/4), 2.86 - 2.82 (m, 1H, H1/4), 2.78 

- 2.72 (m, 2H, H8), 2.61 - 2.56 (m, 1H, H7), 2.35 - 2.29 (m, 1H, H7), 2.09 - 2.03 (m, 1H, 

H2/3), 1.91 - 1.87 (m, 1H, H2/3), 1.80 - 1.74 (m, 2H, H2/3);  

13C NMR (151 MHz, MeOD): δ 171.5 (C5), 142.3 (CAr), 139.7 (CAr), 130.2 (2C, CAr), 

129.7 (2C, CAr), 129.6 (2C, CAr), 129.5 (2C, CAr), 128.1 (CAr), 127.2 (CAr), 47.2 (C6), 47.0 

(C1/4), 44.6 (C1/4), 35.5 (C7), 34.7 (C13), 34.3 (C8), 26.7(C2/3), 25.1 (C2/3);  

HRMS (ESI+): calculated for C21H25NOS [M+Na]+ m/z: 362.1555, found: 362.1549; 

IR (neat) νmax: 3026, 2949, 2872, 1635, 1494, 1428. 

 

2-(Allylthio)-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.205) 
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The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:3-1:1) yielded the product as a 

yellow oil (46.2 mg, 80 %). 

1H NMR (600 MHz, CDCl3): δ 7.28 - 7.26 (m, 2H, HAr), 7.19 - 7.15 (m, 3H, HAr), 5.80 - 

5.74 (m, 1H, H16), 5.03 - 5.00 (m, 2H, H17), 3.52 - 3.46 (m, 3H, H1/4), 3.23 – 3.20 (m, 2H, 

H15), 3.18 - 3.16 (m, 1H, H6), 3.10 - 3.08 (m, 1H, H1/4), 2.79 - 2.75 (m, 1H, H8), 2.66 - 2.61 

(m, 1H, H8), 2.44 - 2.38 (m, 1H, H7), 2.05 - 1.99 (m, 1H, H7), 1.91 - 1.89 (m, 2H, H2/3), 

1.86 - 1.83 (m, 2H, H2/3); 

13C NMR (176 MHz, CDCl3): δ 169.1 (C5), 141.3 (CAr), 134.5 (C16), 128.7 (2C, CAr), 

128.5 (2C, CAr), 126.1 (CAr), 117.4 (C17), 46.3 (C174), 46.2 (C1/4), 43.5 (C6), 33.5 (C15), 33.4 

(C7), 32.7 (C8), 26.2 (C2/3), 24.4 (C2/3);  

HRMS (ESI+): calculated for C17H23NOS [M+Na]+ m/z: 312.1398, found: 312.1396;  

IR (neat) νmax: 3060, 3024, 2948, 2871, 1633, 1494, 1423, 1340. 

 

Ethyl 2-((1-oxo-4-phenyl-1-(pyrrolidin-1-yl)butan-2-yl)thio)acetate (1.1.212) 

 
The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:3-2:3) yielded the product as a 

yellow oil (60.3 mg, 90 %). 
1H NMR (600 MHz, CDCl3): δ 7.28 - 7.26 (m, 2H, HAr), 7.19 - 7.16 (m, 3H, HAr), 4.14 

(q, J = 7.2 Hz, 2H, H15), 3.58 - 3.55 (m, 1H, H1/4), 3.48  - 3.46 (m, 2H, H1/4) 3.44 - 3.34 (m, 

1H, H1/4), 3.34- 3.33 (m, 2H, H13) , 3.11 - 3.08 (m, 1H, H6), 2.78 - 2.75 (m, 1H, H8), 2.69 - 

2.65 (m, 1H, H8), 2.37 - 2.34 (m, 1H, H7), 2.06 - 2.03 (m, 1H, H7), 1.93 - 1.80 (m, 4H, H2/3), 

1.25 (t, J = 7.2 Hz, 3H, H16); 
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13C NMR (151 MHz, CDCl3): δ 170.5 (C14), 168.5 (C5), 141.1 (CAr), 128.6 (2C, CAr), 

128.5 (2C, CAr), 126.2 (CAr), 61.5 (C15), 46.3 (C1/4), 46.2 (C1/4), 43.6 (C6), 33.3 (C13), 33.0 

(C8), 31.2 (C7), 26.1 (C2/3), 24.4 (C2/3), 14.2(C16);  

HRMS (ESI+): calculated for C18H25NO3S [M+Na]+ m/z: 358.1453, found: 358.1448;  

IR (neat) νmax: 2971, 2927, 2874, 1734, 1637, 1432. 

 

4-Phenyl-2-(pyrimidin-2-ylthio)-1-(pyrrolidin-1-yl)butan-1-one (1.1.182) 

 
The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:3-3:1) yielded the product as a 

yellow oil (49.3 mg, 81 %). 

1H NMR (600 MHz, CDCl3): δ 8.52 (d, J = 4.8 Hz, 2H, H14/16), 7.32 (d, J = 7.5 Hz, 2H, 

H10), 7.28 - 7.23 (m, 3H, H11-12), 7.02 (t, J = 4.8 Hz, 1H, H15), 4.76 - 4.73 (m, 1H, H6), 3.68 

- 3.64 (m, 1H, H1/4), 3.61 - 3.51 (m, 2H, H1/4), 3.33 - 3.31 (m, 1H, H1/4), 2.91 - 2.78 (m, 2H, 

H8), 2.55 - 2.47 (m, 1H, H7), 2.35 - 2.23 (m, 1H, H7), 1.98 - 1.92 (m, 2H, H2/3), 1.92 - 1.88 

(m, 2H, H2/3); 

13C NMR (151 MHz, CDCl3): δ 171.7 (C5), 169.3 (C13), 157.4 (2C, C14), 141.2 (CAr), 

128.6 (2C, CAr), 128.6 (CAr), 128.4 (CAr), 126.1 (CAr), 116.8 (C15), 46.6 (C1/4), 46.3 (C1/4), 

45.6 (C6), 34.1 (C8), 33.4 (C7), 26.2 (C2,´/3), 24.4 (C2/3);  

HRMS (ESI+): calculated for C18H21N3OS [M+Na]+ m/z: 350.1303, found: 350.1301; 

IR (neat) νmax: 3112, 3018, 2929, 2855, 1712, 1564, 1547, 1431, 1379, 1186, 748. 

 

S-(1-Oxo-4-phenyl-1-(pyrrolidin-1-yl)butan-2-yl) ethanethioate (1.1.210) 
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The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:3-1:1) yielded the product as a 

yellow oil (55.9 mg, 96 %). 

1H NMR (600 MHz, CDCl3): δ 7.30 - 7.28 (m, 2H, HAr), 7.20 - 7.17 (m, 3H, HAr), 4.29 (t, 

J = 7.5 Hz, 1H, H1/4), 3.50 - 3.41 (m, 3H, H1/4), 3.20 - 3.18 (m, 1H, H6), 2.70 - 2.68 (t, J = 

7.7 Hz, 2H, H8), 2.35 (s, 3H, H15), 2.30 - 2.27 (m, 1H, H7), 2.07 - 2.01 (m, 1H, H7), 1.91 - 

1.86 (m, 2H, H2/3), 1.85 - 1.78 (m, 2H, H2/3); 

13C NMR (151 MHz, CDCl3): δ 195.2 (C14), 169.0 (C5), 140.8 (CAr), 128.5 (4C, CAr), 

126.3 (CAr), 46.6 (C1/4), 46.3 (C1/4), 44.4 (C6), 34.1 (C15), 33.3 (C8), 30.4 (C7), 26.1 (C2/3), 

24.4 (C2/3); 

HRMS (ESI+): calculated for C16H21NO2S [M+Na]+ m/z: 314.1191, found: 314.1182; 

IR (neat) νmax: 2950, 2926, 2874, 1689, 1639, 1428, 1353, 1128. 

 

2-(benzylthio)-1-(pyrrolidin-1-yl)undec-10-en-1-one (1.1.199) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (58.8 mg, 82 %). 
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1H NMR (600 MHz, CDCl3): δ 7.27 - 7.22 (m, 4H, HAr), 7.18 - 7.16 (m, 1H, HAr), 5.79 - 

5.72 (m, 1H, H14), 4.91 (m, 2H, H15), 3.75 (s, 2H, H16), 3.43 - 3.33 (m, 2H, H1/4), 3.25 - 

3.22 (m, 1H, H6), 3.18 - 3.12 (m, 2H, H1/4), 1.99 - 1.92 (m, 3H, HAlk), 1.83 - 1.77 (m, 2H, 

HAlk), 1.76 - 1.73 (m, 2H, HAlk), 1.70 - 1.65 (m, 1H, HAlk), 1.31 - 1.21 (m, 10H, HAlk/2/3l); 

 13C NMR (151 MHz, CDCl3): δ 169.4 (C5), 139.3 (C14), 138.4 (CAr), 129.1 (2C, CAr), 

128.5 (2C, CAr), 127.1 (CAr), 114.3 (C15), 46.2 (C1/4), 46.1 (C1/4), 45.2 (C6), 34.0 (C16), 33.9 

(C13), 31.9 (CAlk), 29.4 (CAlk), 29.4 (CAlk), 29.1 (CAlk), 29.0 (CAlk), 27.6 (C2/3), 26.1 (C2/3), 

24.3 (CAlk); 

HRMS (ESI+): calculated for C22H33NOS [M+Na]+ m/z: 382.2181, found: 382.2177; 

IR (neat) νmax: 3027, 2971, 2853, 2362, 1736, 1639, 1425. 

 

Methyl 8-(benzylthio)-9-oxo-9-(pyrrolidin-1-yl)nonanoate (1.1.191) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-2:3) yielded the product as a 

yellow oil (61.0 mg, 81 %). 

1H NMR (600 MHz, CDCl3): δ 7.27 - 7.23 (m, 4H, HAr), 7.18 - 7.16 (m, 1H, HAr), 3.77 - 

3.72 (m, 2H, H15), 3.61 (s, 3H, H14), 3.41 - 3.39 (m, 1H, H1/4), 3.37 - 3.34 (m, 1H, H1/4), 

3.26 - 3.24 (m, 1H, H6), 3.17 - 3.13 (m, 2H, H1/4), 2.25 - 2.22 (m, 2H, H12), 1.97 - 1.95 (m, 

1H, HAlk), 1.82 - 1.80 (m, 2H, HAlk), 1.76 - 1.74 (m, 2H, HAlk), 1.67 - 1.65 (m, 1H, HAlk), 

1.56 - 1.53 (m, 2H, HAlk), 1.28 - 1.21 (m, 6H, HAlk);  

13C NMR (151 MHz, CDCl3): δ 174.3 (C13), 169.3 (C5), 138.4 (CAr), 129.1 (2C, CAr), 

128.5 (2C, CAr), 127.1 (CAr), 51.6 (C14), 46.2 (C1/4), 46.1 (C1/4), 45.2 (C6), 34.1 (C15), 34.0 

(C12), 31.8 (CAlk), 29.1 (CAlk), 29.0 (CAlk), 27.4 (CAlk), 26.1 (C2/3), 24.9 (C2/3), 24.3(CAlk); 

HRMS (ESI+): calculated for C21H31NO3S [M+Na]+ m/z: 400.1922, found: 400.1912;  
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IR (neat) νmax: 2930, 2876, 1736, 1639, 1431. 

 

2-(Benzylthio)-6-chloro-1-(pyrrolidin-1-yl)hexan-1-one (1.1.193) 

  

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (51.3 mg, 79 %). 

1H NMR (600 MHz, CDCl3): δ 7.32 - 7.28 (m, 4H, HAr), 7.23 - 7.21 (m, 1H, HAr), 3.82 - 

3.76 (m, 2H, H11), 3.54 - 3.31 (m, 5H, H1,4,6), 3.21 - 3.17 (m, 2H, H10), 2.06 - 2.00 (m, 1H, 

HAlk), 1.90 - 1.84 (m, 2H, HAlk), 1.79 - 1.68 (m, 5H, HAlk/2/3), 1.56 - 1.49 (m, 1H, H2/3), 1.45 

- 1.38 (m, 1H, H2/3); 

13C NMR (151 MHz, CDCl3): δ 169.0 (C5), 138.3 (CAr), 129.2 (2C, CAr), 128.5 (2C, CAr), 

127.2 (CAr), 46.2 (C1/4), 46.1 (C1/4), 45.0 (2C, C6/10), 34.0 (C11), 32.4 (C9), 31.1 (C7), 26.1 

(C8), 25.0 (C2/3), 24.3 (C2/3);  

HRMS (ESI+): calculated for C17H24ClNOS [M+Na]+ m/z: 348.1165, found: 348.1152;  

IR (neat) νmax: 2951, 2871, 1634, 1493, 1428. 
 

2-(Benzylthio)-1-(pyrrolidin-1-yl)undecane-1,10-dione (1.1.203) 
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The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:4-1:1) yielded the product as a 

yellow oil (70.5 mg, 94 %). 

1H NMR (600 MHz, CDCl3): δ 7.28 - 7.23 (m, 4H, HAr), 7.19 - 7.17 (m, 1H, HAr), 3.75 - 

3.74 (m, 2H, H16), 3.42 - 3.34 (m, 2H, H1/4), 3.26 - 3.24 (m, 1H, H6), 3.18 - 3.14 (m, 2H, 

H1/4), 2.38 - 2.36 (m, 2H, H13), 2.09 (s, 3H, H15), 1.97 - 1.94 (m, 1H, HAlk), 1.84 - 1.77 (m, 

2H, HAlk), 1.76 - 1.73 (m, 2H, HAlk), 1.69 - 1.65 (m, 1H, HAlk), 1.53 - 1.49 (m, 2H, HAlk), 

1.27 - 1.22 (m, 8H, HAlk);  

13C NMR (151 MHz, CDCl3): δ 209.5 (C14), 169.4 (C5), 138.3 (CAr), 129.1 (2C, CAr), 

128.5 (2C, CAr), 127.1 (CAr), 46.2 (C1/4), 46.1 (C1/4), 45.2 (C6), 43.9 (C13), 34.0 (C16), 31.9 

(CAlk), 30.0 (C15), 29.3 (2C, CAlk), 29.2 (CAlk), 27.6 (C2/3), 26.1 (C2/3), 24.3 (CAlk), 23.9 

(CAlk); 

HRMS (ESI+): calculated for C22H33NO2S [M+Na]+ m/z: 398.2130, found: 398.2121; 

IR (neat) νmax: 2973, 2855, 1713, 1638, 1493, 1427. 

 

6-(Benzylthio)-7-oxo-7-(pyrrolidin-1-yl)heptanenitrile (1.1.201) 

  
The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:2-20:1) yielded the product as a 

yellow oil (52.5 mg, 83 %). 

 
1H NMR (600 MHz, CDCl3): δ 7.27 - 7.25 (m, 4H, HAr), 7.22 - 7.18 (m, 1H, HAr), 3.77 - 

3.71 (m, 2H, H, H12), 3.41 - 3.34 (m, 1H, H1/4), 3.33 - 3.30 (m, 2H, H1/4), 3.16 - 3.11 (m, 

2H, H1/4/6), 2.29 - 2.22 (m, 2H, H10), 1.99 - 1.94 (m, 1H, HAlk), 1.85 - 1.79 (m, 2H, H7), 
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1.77 - 1.72 (m, 2H, HAlk), 1.70 - 1.65 (m, 1H, HAlk), 1.60 - 1.55 (m, 2H, H2/3), 1.49 - 1.44 

(m, 1H, H2/3), 1.40 - 1.35 (m, 1H, H2/3);  

13C NMR (151 MHz, CDCl3): δ 168.7 (C5), 138.2 (CAr), 129.1 (2C, CAr), 128.5 (2C, CAr), 

127.2 (CAr), 119.7 (C11), 46.2 (C1/4), 46.1 (C1/4), 44.9 (C6), 33.9 (C12), 31.0 (C7), 26.7 (C9), 

26.1 (C8), 25.2 (C2/3), 24.3 (C2/3), 17.1 (C10);  

HRMS (ESI+): calculated for C18H24N2O [M+Na]+ m/z: 339.1507, found: 339.1419; 

IR (neat) νmax: 3061, 3028, 2931, 2872, 1634, 1493, 1429. 

 

2-(tert-Butylthio)-4-phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.1.209) 

 

The title compound was prepared according to general procedure 1.2. Purification 

by flash column chromatography (EtOAc: heptane = 1:3-4:1) yielded the product as a 

yellow solid (32.7 mg, 76 %).  

1H NMR (600 MHz, CDCl3): δ 7.27 - 7.25 (m, 2H, HAr), 7.18 - 7.16 (m, 3H, HAr), 3.48 - 

3.46 (m, 2H, H1/4), 3.42 - 3.36 (m, 2H, H1/4), 3.26 - 3.23 (m, 1H, H6), 2.77 - 2.73 (m, 1H, 

H8), 2.67 - 2.63 (m, 1H, H8), 2.39 - 2.33 (m, 1H, H7), 2.07 - 2.02 (m, 1H, H7), 1.91 - 1.86 

(m, 2H, H2/3), 1.83 - 1.77 (m, 2H, H2/3), 1.29 (s, 9H, H13);  

13C NMR (151 MHz, CDCl3): δ 170.7 (C5), 141.3 (CAr), 128.6 (2C, CAr), 128.5 (2C, CAr), 

126.2 (CAr), 46.5 (C1/4), 46.3 (C1/4), 44.0 (C6), 35.8 (C8), 33.8 (C7), 31.7 (3C, C13), 26.3 

(C2/3), 24.2 (C2/3);  

HRMS (ESI+): calculated for C18H27NOS [M+Na]+  m/z: 328.1711, found: 328.1708; 

IR (neat) νmax: 2943, 1734, 1639, 1424, 1275.  
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3.3 EXPERIMENTAL SECTION CHAPTER 1.2 

3.3.1 Synthesis of Amides 

3.3.1.1 General procedure 1.3 - Procedure for the preparation 

of amides used in chapter 1.2:  

 

To a solution of the amine (1.0 eq.) and triethylamine (2.0 eq.) in DCM (0.1 M) at 

0°C, the corresponding acyl chloride (1.2 eq.) was added dropwise and the resulting 

reaction mixture was allowed to warm to 23 °C while stirring overnight (14 h). After this 

time, a saturated aqueous solution of sodium bicarbonate was added and the biphasic 

system was separated. The aqueous phase was extracted with DCM (1×) and the organic 

phases were combined and dried over anhydrous sodium sulfate. The dried solution was 

filtered and concentrated under reduced pressure. The resulting crude material was purified 

by flash column chromatography on silica gel (heptane/ethyl acetate) to afford the desired 

compound. 

3.3.1.2 General procedure 1.4: General procedure for the 
preparation of amides used in chapter 1.2:  

 

To a solution of the amine (1.0 eq.), triethylamine (1.0 eq.), hydroxybenzotriazole 

(HOBt, 1.0 eq.) and 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDCI.HCl, 1.0 eq.) in DCM (0.1 M), the corresponding acid chloride was added and the 

resulting solution was stirred at 23 °C overnight (14 h). After this time, the organic solution 

was washed sequentially with 0.5 M aqueous hydrochloric acid, saturated aqueous sodium 
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bicarbonate and brine. The washed solution was dried over anhydrous sodium sulfate, 

filtered and concentrated under reduced pressure. The resulting crude material was purified 

by flash column chromatography on silica gel (heptane/ethyl acetate) to afford the desired 

compound. 
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3.3.1.3 Characterisation of the starting materials used in 
chapter 1.1. 

4-Phenyl-1-(pyrrolidin-1-yl)butan-1-one (1.2.91) was used in the synthesis of (1.2.100) 

  
General Procedure 1.4 was carried out on 12.0 mmol scale; purification by silica 

gel flash chromatography (EtOAc/heptanes 1:9 to 3:7) yielded the product as a colourless 

oil (2.16 g, 83 %) with Rf = 0.4 (acetone/heptanes 2:3). All analytical data were in good 

accordance with data reported in the literature.580 

 

N,N-Dimethyl-3-phenylpropanamide (1.2.155) was used in the synthesis of (1.2.103) 

  
General Procedure 1.3 was carried out on 3.3 mmol scale (relative to the amine); 

purification by silica gel flash chromatography (EtOAc/heptanes 1:19 to 3:7) yielded the 

product as a pale-yellow oil (586 mg, 95 %) with Rf = 0.25 (acetone/heptanes 2:3). All 

analytical data were in good accordance with data reported in the literature.581 

 

N,N-Diethyl-3-phenylpropanamide (1.2.156) was used in the synthesis of (1.2.116) 

  
General Procedure 1.3 was carried out on 5.0 mmol scale (relative to the amine); 

purification by silica gel flash chromatography (EtOAc/heptanes 1:19 to 2:8) yielded the 

product as a yellow oil (980 mg, 96 %) with Rf = 0.34 (acetone/heptanes 2:3). All analytical 

data were in good accordance with data reported in the literature.581 

 

Cyclobutyl(pyrrolidin-1-yl)methanone (1.2.157) was used in the synthesis of (1.2.112) 
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General Procedure 1.4 was carried out on 2.0 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:19 to 2:8) yielded the product as a colourless oil 

(220 mg, 74 %) with Rf = 0.36 (acetone/heptanes 2:3). All analytical data were in good 

accordance with data reported in the literature.582 

 

1-(Piperidin-1-yl)pent-4-en-1-one (1.2.158) was used in the synthesis of (1.2.104) 

 
General Procedure 1.4 was carried out on 5.0 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:49 to 1:9) yielded the product as a yellow oil 

(753 mg, 90 %) with Rf = 0.46 (acetone/heptanes 2:3). All analytical data were in good 

accordance with data reported in the literature.583 

 

4,4,4-Trifluoro-1-(pyrrolidin-1-yl)butan-1-one (1.2.159) was used in the synthesis of 

(1.2.106) 

  
General Procedure 1.4 was carried out on 1.6 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:4 to 1:1) yielded the product as a yellow oil (310 

mg, 79 %) with Rf = 0.6 (acetone/heptanes 1:2). 

1H NMR (400 MHz, CDCl3): δ 3.47 (t, J = 6.9 Hz, 2H, H6), 3.41 (t, J = 6.8 Hz, 2H, H7), 

2.55 - 2.48 (m, 4H, H1/4), 2.02 - 1.93 (m, 2H, H2/3), 1.87 (qd, J = 6.8, 0.9 Hz, 2H, H2/3); 

13C NMR (151 MHz, CDCl3): δ 168.3 (C5), 127.3 (q, J = 275 Hz, C8), 46.7 (C1/4), 46.0 

(C1/4), 29.4 (q, J = 29.4 Hz, C7), 27.4 (q, J = 2.8 Hz, C6), 26.2 (C2/3), 24.5 (C2/3);  

19F NMR (659 MHz, CDCl3): δ -66.7; 
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HRMS (ESI+): exact mass calculated for C8H13NOF3 [M+H]+ m/z: 196.0944, found: 

196.0945; 

IR (neat) νmax: 2960, 2878, 1639, 1443, 1380, 1344. 

 

N,N-Dibenzylpentanamide (1.2.160) was used in the synthesis of (1.2.108) 

  
General Procedure 1.3 was carried out on 5.0 mmol scale (relative to the amine); 

purification by silica gel flash chromatography (EtOAc/heptanes 1:19 to 2:8) yielded the 

product as a yellow oil (1.40 g, 95 %) with Rf = 0.50 (acetone/heptanes 2:3). All analytical 

data were in good accordance with data reported in the literature.102 

 

1-Morpholinobutan-1-one (1.2.161) was used in the synthesis of (1.2.109) 

  
General Procedure 1.3 was carried out on 3.0 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:5 to 1:1) yielded the product as a yellow oil (480 

mg, 80 %) with Rf = 0.50 (acetone/heptanes 1:2). All analytical data were in good 

accordance with data reported in the literature.584 

 

1-(Piperidin-1-yl)butan-1-one (1.2.162) was used in the synthesis of (1.2.110) 

  
General Procedure 1.3 was carried out on 2 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:19 to 1:4) yielded the product as a colourless oil 
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(310 mg, 99 %) with Rf = 0.44 (acetone/heptanes 2:3). All analytical data were in good 

accordance with data reported in the literature.585 

 

1-(Azepan-1-yl)butan-1-one (1.2.163) was used in the synthesis of (1.2.111) 

  
General Procedure 1.3 was carried out on 2.0 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:5 to 2:3) yielded the product as a yellow oil (330 

mg, 95 %) with Rf = 0.65 (acetone/heptanes 1:2). All analytical data were in good 

accordance with data reported in the literature.585 

 

N-Methyl-N-phenylpentanamide (1.2.164) was used in the synthesis of (1.2.113) 

  
General Procedure 1.3 was carried out on 4.0 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:9 to 1:4) yielded the product as an orange oil 

(650 mg, 85 %) with Rf = 0.48 (acetone/heptanes 2:3). All analytical data were in good 

accordance with data reported in the literature.586 

 

 
 

N-(4-Methoxyphenyl)-N-methylbutyramide (1.2.165) was used in the synthesis of 

(1.2.114) 
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NaH (2.0 eq., 60% in paraffin oil, 248 mg, 6.2 mmol) was added to a solution of N-

(4-methoxyphenyl)butyramide (1.2.166, 1.0 eq., 600 mg, 3.1 mmol) -prepared in 57 % 

yield according to general procedure 1.3- in tetrahydrofuran (15.0 mL, 0.4 M) at 0 °C and 

stirred for 4 h. Subsequently methyl iodide (2.0 eq., 0.39 ml, 6.2 mmol) was slowly added 

to the mixture and stirred for 12 h at 23 °C. The mixture was poured into 50.0 mL of water, 

the aqueous layer extracted with DCM (3 x 25.0 mL) and the organic phases were combined 

and dried over anhydrous sodium sulfate. The dried solution was filtered and concentrated 

under reduced pressure. The resulting crude material was purified by flash column 

chromatography on silica gel (EtOAc/heptanes 1:9 to 3:7) to yield the product as a yellow 

oil (1.2.165, 462 mg, 72 %) with Rf = 0.40 (acetone/heptanes 2:3);  

 
1H NMR (600 MHz, CDCl3): δ 7.08 - 7.05 (m, 2H, H8), 6.92 - 6.88 (m, 2H, H7), 3.81 (s, 

3H, H10), 3.20 (s, 3H, H5), 2.03 - 1.99 (m, 2H, H2), 1.60 - 1.52 (m, 2H, H3), 0.80 (t, J = 7.4 

Hz, 3H, H4); 

13C NMR (151 MHz, CDCl3): δ 173.6 (C1), 158.9 (C9), 137.2 (C6), 128.5 (2C, C7), 114.9 

(2C, C8), 55.6 (C10), 37.5 (C5), 36.0 (C2), 19.0 (C3), 14.0 (C4); 

HRMS (ESI+): exact mass calculated for(C12H17NNaO2) [M+Na]+ m/z: 230.1151, found: 

230.1153; 

IR (neat) νmax: 2961, 2934, 2874, 1651, 1510, 1462, 1420, 1385, 1292, 1246, 1171, 1129, 

1105, 1036, 839; 

N-Allyl-N-benzylbutyramide (1.2.166) was used in the synthesis of (1.2.115) 

  
General Procedure 1.3 was carried out on 6.1 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 3:10 to 1:2) gave the product as a yellow oil (1.43 

g, 82 %) with an Rf = 0.6 (acetone/heptanes 1:2). All analytical data were in good 

accordance with data reported in the literature.102  

 

7-Oxo-7-(pyrrolidin-1-yl)heptanenitrile (1.2.168) was used in the synthesis of (1.2.118) 
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General Procedure 1.4 was carried out on 1.0 mmol scale; purification by silica gel 

flash chromatography (EtOAc/heptanes 1:9 to 1:1) yielded the product as a white 

crystalline solid (155 mg, 88 %) with Rf = 0.44 (acetone/heptanes 1:2); All analytical data 

were in good accordance with data reported in the literature.82 

 

(Z)-1-(Pyrrolidin-1-yl)docos-13-en-1-one (1.2.169)  was used in the synthesis of 

(1.2.123) 

  
General Procedure 1.4 was carried out on a 4.0 mmol scale; purification by silica 

gel flash chromatography (EtOAc/heptanes 1:9 to 1:1) yielded the product as a yellow oil 

(1.62 g, 82 %) with Rf = 0.35 (acetone/heptanes 1:2); 

1H NMR (700 MHz, CDCl3): δ 5.34 (t, J = 4.5 Hz, 2H, H9/10), 3.46 (t, J = 6.9 Hz, 2H, 

H23/26), 3.40 (t, J = 6.8 Hz, 2H, H23/26), 2.27 - 2.22 (m, 2H, H21), 2.01 (dd, J = 12.2, 6.5 Hz, 

4H, H8/11), 1.97 - 1.91 (m, 2H, HAlk), 1.84 (dd, J = 10.7, 4.2 Hz, 2H, HAlk), 1.67 - 1.61 (m, 

2H, HAlk/24/25), 1.38 - 1.20 (m, 28H, HAlk), 0.88 (t, J = 6.9 Hz, 3H, H1); 

13C NMR (151 MHz, CDCl3): δ 172.0 (C22), 130.0 (2C, C9/10), 46.7 (C23/26), 45.7 (C23/26), 

35.0 (C21), 32.0 (CAlk), 29.9 (CAlk), 29.7 (4C, CAlk), 29.6 (CAlk), 29.4 (3C, CAlk), 27.3 (CAlk), 

26.3 (2C, CAlk), 25.1 (2C, CAlk), 24.5 (2C, CAlk), 22.8 (2C, CAlk), 14.2 (C1); 

HRMS (ESI+): calculated for C26H50NO [M+H]+ m/z: 392.3887, found: 392.3890; 

IR (neat) νmax: 2921, 2851, 1646, 1425, 1343. 
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3.3.2 Products of dehydrogenation of saturated amides 

3.3.2.1 General procedure 1.5 – Procedure for the α, b-

dehydrogenation of tertiary amides: 

 
 

All reactions were run on a 0.2 mmol scale unless otherwise indicated. 

 

To a solution of amide 1.2.98 (1.0 eq.) and 2-iodopyridine (2.2 eq.) in DCM (2.0 

mL, 0.1 M) at 0 °C was added trifluoromethanesulfonic anhydride (1.1 eq.) and the resulting 

mixture was stirred at 0 °C and colouration of the solution was observed. After 15 min, a 

previously prepared solution of A (1.0 mL, 0.2 M of PhSeO2H) was added and the reaction 

mixture was stirred at 0 °C for 5 min. The resulting mixture was allowed to warm to ambient 

temperature (23 °C) over the course of 5 min to 1 h, after which time a saturated aqueous 

solution of NaHCO3 (5.0 mL) was added. The biphasic mixture was separated and the 

aqueous phase was extracted with DCM (2 × 5.0 mL). The combined organic phases were 

dried over anhydrous sodium sulfate, the dried solution was filtered and the filtrate was 

concentrated under reduced pressure. The crude residue was purified by flash column 

chromatography (SiO2, heptanes/ethyl acetate) to afford compounds 1.2.99..In most cases, 

the dehydrogenated amide 1.2.99 was isolated with remnants of the corresponding starting 

material (typically 5 – 10%). A further purification was necessary in most cases and was 

carried out on preparative TLC, typically using an acetone/heptanes system – to both 

determine the yield and for full Characterisation of the product – see individual compounds 

for details.  

 

Preparation of solution A: To a suspension of the seleninic acid (1.0 eq.) in DCM 

(1.0 mL for 0.2 mmol of the seleninic acid) was added the triethylamine (3.0 eq.). 



3.3 Experimental Section Chapter 1.2  

 177 

Solubilisation of the suspension was observed and then Dess-Martin periodinane (2.2 eq.) 

was added at 23 °C and stirred 2 h. 
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3.3.2.1 Characterisation of the products of α, b-

dehydrogenation of amides following general procedure 1.5. 

 

(2E,13Z)-1-(pyrrolidin-1-yl)docosa-2,13-dien-1-one (1.2.123)  

 
The title compound was prepared according to the General Procedure for the 

desaturation of tertiary amides on a 0.2 mmol scale. Following purification by silica gel 

flash chromatography (acetone/heptanes 1:5 to 1:1), the product was isolated as a yellow 

oil (51.2 mg, 62%) with Rf = 0.6 (acetone/heptanes 1:2); 

1H NMR (600 MHz, CDCl3): δ 6.95 - 6.87 (m, 1H, H20), 6.94 - 6.88 (m, 1H, H21), 6.08 (d, 

J = 15.2 Hz, 1H, H10/9), 5.62 (m, 1H, H10/9), 4.03 (m, 1H, H26/23), 3.52 (m, 3H, H26/23), 2.20 

(dt, J = 15.2, 7.7 Hz, 2H, H19), 2.02 (m, 2H, H11), 1.96 (dt, J = 13.8, 7.0 Hz, 2H, H8), 1.86 

(m, 2H, H25/24), 1.47 - 1.42 (m, 2H, H25/24), 1.26 (m, 26H, H18-12/7-2); 

13C NMR (101 MHz, CDCl3): δ 165.1 (C22), 146.0 (C20), 130.1 (C10/9), 130.0 (C10/9), 121.7 

(C21), 46.6 (C23/26), 45.9 (C23/26), 32.6 (CAlk), 32.1 (CAlk), 29.9 (CAlk), 29.7 (CAlk), 29.6 

(CAlk), 29.5 (CAlk), 29.4 (CAlk), 28.6 (CAlk), 27.4 (CAlk), 26.3 (CAlk), 24.5 (CAlk), 22.8 (CAlk), 

14.2 (C1); 

HRMS (ESI+): exact mass calculated for C26H47NO [M+Na]+ m/z: 412.3555, found: 

412.3549;  

IR (neat) νmax: 2924, 2853, 1660, 1606, 1439. 

 
(E)-1-(Azepan-1-yl)but-2-en-1-one (1.2.111)  

  

The title compound was prepared according to the general procedure 1.5 for the 

desaturation of tertiary amides on a 0.2 mmol scale. Following purification by silica gel 
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flash chromatography (acetone/heptanes 1:5 to 1:1), the product was isolated as a yellow 

oil (16.8 mg, 51 %) with Rf = 0.6 (acetone/heptanes 1:2);  

1H NMR (600 MHz, CDCl3): δ 6.90 (dq, J = 20.7, 6.9 Hz, 1H, H9), 6.32 - 6.17 (m, 1H, 

H8), 3.59 - 3.54 (m, 2H, H6/1), 3.50 - 3.46 (m, 2H, H6/1), 1.87 (dd, J = 6.9, 1.7 Hz, 3H, H10), 

1.76 - 1.68 (m, 4H, H5/2), 1.60 - 1.51 (m, 4H, H4/3);  

13C NMR (151 MHz, CDCl3): δ 166.5 (C7), 141.1 (C9), 122.1 (C8), 47.9 (C1/6), 46.3 (C1/6), 

29.4 (C5/2), 27.7 (C5/2), 27.1 (C4/3), 26.7 (C4/3), 18.3 (C10);  

HRMS (ESI+): exact mass calculated for C10H17NNaO [M+Na]+ m/z: 190.1202, found: 

190.1200; 

IR (neat) νmax: 2925, 2854, 1659, 1607, 1481, 1448, 1425. 

 
 (E)-4,4,4-Trifluoro-1-(pyrrolidin-1-yl)but-2-en-1-one (1.2.106)  

  

The title compound was prepared according to the general procedure 1.5 for the 

desaturation of tertiary amides on a 0.2 mmol scale. Following purification by silica gel 

flash chromatography (acetone/heptanes 1:5 to 1:1) and a further purification on 

preparative TLC (DCM/methanol 200:3), the product was isolated as a yellow oil (23.0 mg, 

60 %) with Rf = 0.6 (acetone/heptanes 1:2); 

1H NMR (600 MHz, CDCl3): δ 6.86 - 6.74 (m, 2H, H7/6), 3.59 - 3.56 (m, 4H, H4/1), 2.04 - 

1.99 (m, 2H, H3/2), 1.94 - 1.90 (m, 2H, H3/2); 

13C NMR (151 MHz, CDCl3): δ 168.3 (C5), 129.0 (q, J = 5.5 Hz, C6), 129.0 (q, J = 35 Hz, 

C7), 122.8 (q, J = 270 Hz, C8), 46.9 (C4/1), 46.4 (C4/1), 26.2 (C2/3), 24.4 (C2/3); 

19F NMR (565 MHz, CDCl3): δ -64.9 (d, J = 5.0 Hz); 

HRMS (ESI+): exact mass calculated for C8H11NOF3 [M+H]+  m/z: 194.0787, found: 

194.0788; 

IR (neat) νmax: 2929, 2881, 1723, 1684, 1626, 1447, 1344. 

(E)-N-Methyl-N-phenylpent-2-enamide (1.2.113)  
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The title compound was prepared according to the general procedure 1.5 for the 

desaturation of tertiary amides on a 0.2 mmol scale. Following purification by silica gel 

flash chromatography (EtOAc/heptanes 1:9 to 3:7), the product was isolated as a pale-

yellow oil (25.2 mg, 67 %) with Rf = 0.38 (acetone/heptanes 2:3);  

1H NMR (600 MHz, CDCl3): δ 7.40 (t, J = 7.7 Hz, 2H, H9), 7.32 (t, J = 7.4 Hz, 1H, H10), 

7.17 (d, J = 7.3 Hz, 2H, H8), 6.93 (dt, J = 15.1, 6.6 Hz, 1H, H3), 5.72 (d, J = 15.1 Hz, 1H, 

H2), 3.33 (s, 3H, H6), 2.13 - 2.01 (m, 2H, H4), 0.92 (t, J = 7.4 Hz, 3H, H5);  

13C NMR (151 MHz, CDCl3): δ 166.4 (C1), 147.5 (C3), 143.9 (CAr), 129.6 (2C, CAr), 127.5 

(3C, CAr), 120.6 (C2), 37.5 (C6), 25.5 (C4), 12.7 (C5);  

HRMS (ESI+): exact mass calculated for C12H16NO [M+H]+ m/z: 190.1226, found: 

190.1224; 

IR (neat) νmax: 3061, 3037, 3011, 2964, 2931, 2875, 1726, 1661, 1629, 1291, 1119, 851. 

 

 (E)-1-Morpholinobut-2-en-1-one (1.2.109)  

  
The title compound was prepared according to the general procedure 1.5 for the 

desaturation of tertiary amides on a 0.2 mmol scale. Following purification by silica gel 

flash chromatography (acetone/heptanes 1:4 to 1:1) and a further purification on 

preparative TLC (acetone/heptanes 2:3), the product was isolated as an orange solid (15.1 

mg, 49 %) with Rf = 0.4 (acetone/heptanes 1:2); 
1H NMR (600 MHz, CDCl3): δ 6.94 - 6.87 (m, 1H, H6), 6.23 (dq, J = 15.0, 1.6 Hz, 1H, 

H7), 3.62 (d, J = 75.2 Hz, 8H, H1-4), 1.89 (dd, J = 6.9, 1.7 Hz, 3H, H8); 
13C NMR (151 MHz, CDCl3): δ 165.8 (C5), 142.3 (C7), 121.1 (C6), 66.9 (2C, C2/3), 46.2 

(C1/4), 42.3 (C1/4), 18.4 (C8); 
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HRMS (ESI+): exact mass calculated for C8H14NO2 [M+H]+ m/z: 156.1019, found: 

156.1019; 

IR (neat) νmax: 2961, 2851, 1646, 1549, 1530. 

 

(E)-N-Allyl-N-benzylbut-2-enamide (1.2.115)  

  
The title compound was prepared according to the general procedure 1.5 for the 

desaturation of tertiary amides on a 0.2 mmol scale. Following purification by silica gel 

flash chromatography (acetone/heptanes 1:5 to 1:2), and a further purification on 

preparative TLC (acetone/heptanes 1:2), the product was isolated as a yellow oil (17.1 mg, 

40 %) with Rf = 0.60 (acetone/heptanes 1:2); 

1H NMR (700 MHz, CDCl3): (rotameric effects present) δ 7.36 (t, J = 7.2 Hz, 1H, HAr), 

7.32 - 7.28 (m, 1H, HAr), 7.25 - 7.21 (m, 1H, HAr), 7.19 (d, J = 7.3 Hz, 1H, HAr), 7.01 (dq, 

J = 13.6, 6.7 Hz, 1H, H6), 6.23 (d, J = 14.9 Hz, 1H, H5), 5.84 - 5.71 (m, 1H, H3), 5.23 - 5.10 

(m, 2H, H1), 4.64 - 4.54 (m, 2H, H8), 4.04 (d, J = 5.5 Hz, 1H, H2), 3.88 (d, J = 3.3 Hz, 1H, 

H2), 1.87 (dd, J = 34.7, 6.7 Hz, 3H, H7); 

 13C NMR (151 MHz, CDCl3): (rotameric effects present) δ 167.2 (C4), 167.1 (C4), 142.8 

(C6), 142.5 (C6), 137.8 (C9), 137.2 (C9), 133.2 (CAr), 133.0 (CAr), 129.0 (CAr), 128.7 (CAr), 

128.4 (CAr), 127.7 (CAr), 127.4 (C3), 126.6 (C3), 121.8 (2C, C5), 117.6 (C1), 117.0 (C1), 

50.1 (C8), 49.1 (C8), 48.8 (C2), 48.3 (C2), 18.4 (C7);  

HRMS (ESI+): exact mass calculated for C14H18NO [M+H]+ m/z: 216.1383, found: 

216.1380;  

IR (neat) νmax; 2969, 2929, 1661, 1619, 1447, 1416. 
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3.3.3 Derivatization of the products from α, b-dehydrogenation 

of amides 

3.3.3.1 General procedure in the synthesis of piperine  

 

1-(benzo[d][1,3]dioxol-5-yl)prop-2-en-1-ol (1.2.132) 

To a solution of piperonal (2.0 g, 1.3 mmol) in anhydrous THF (50.0 mL) at −78 °C 

was added, under an atmosphere of argon, vinylmagnesium bromide (1.2 eq., 1.6 mL, 1.0 M 

solution in THF) and the reaction mixture was allowed to warm up to rt. On re-cooling to 

0 °C the reaction was quenched by the addition of saturated aqueous ammonium chloride 

(20.0 mL), the organic phase was extracted with ether (3 × 30.0 mL), the combined extracts 

dried with magnesium sulphate and concentrated in vacuo to afford 1-hydroxysafrole 

1.2.132 in 95 % yield. 

Spectral data in accordance with the literature587 

 

(E)-5-(benzo[d][1,3]dioxol-5-yl)-1-(piperidin-1-yl)pent-4-en-1-one (1.2.136) 

A roundbottomed flask was charged with 3.0 mL piperidine (3.0 eq., 30.0 mmol) 

and dimethylacetamide dimethyl acetal (1.0 eq., 1.3 mL, 10 mmol) and was slowly heated 

to 190 °C over 5 hours in a distillation apparatus (to remove all volatile products). After 

cooling to 23 °C, xylenes (5.0 mL) and the allylic alcohol (1.2.132, 1.78 g, 1.0 eq.) were 
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added and the reaction mixture was refluxed until the allylic alcohol was consumed (14 h) 

as determined by TLC. The title compound was isolated in 70 % yield (1.2.137, 2.0 g).588 

Experimental procedure adapted from.589 

(2E,4E)-5-(benzo[d][1,3]dioxol-5-yl)-1-(piperidin-1-yl)penta-2,4-dien-1-one (1.2.137)  

  
The product was prepared according to general procedure 1.5 on 0.2 mmol scale. 

The yield of the reaction was determined to be 48 % by NMR using mesitylene as an 

internal standard (2.0 eq., 24.0 mg). Due to contamination with 2-iodobenzoic acid, a small 

sample was purified by preparative TLC (run twice in solvent system 3:1:1 heptane/ethyl 

acetate/DCM) for analytical purposes; All analytical data were in good accordance with 

data reported in the literature.590 
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3.3.3.1 Procedure for the dihydroxylation of α, b-

dehydrogenation of amides 

 
 

The amide (1.2.129, 62.0 mg, 0.4 mmol) was suspended in a solution of citric acid 

(115 mg, 0.6 mmol) in 10.0 mL of a 1:1 mixture of tert–butyl alcohol/water in a 50.0 mL 

round bottom flask. Potassium osmate (25.0 mg, 0.2 mol%) was then added, followed by 

NMO (1.1 eq., 51.3 mg in 50 % wt. solution in water, 0.6 mmol). The reaction mixture 

turned bright green (this color is characteristic for almost all dihydroxylations performed 

under these acidic conditions) and was stirred at rt for 24 h, after which time it went nearly 

colorless. The precipitate was then filtered and washed with HCl (1.0 M, 10.0 mL), water, 

and dried to afford the pure diol product (1.2.128, 40.0 mg, 69 %).591  
 

 

1-(Azepan-1-yl)-2,3-dihydroxybutan-1-one (1.2.128) xxx 

 
1H NMR (700 MHz, CD3OD): δ 4.24 (d, J = 4.6 Hz, 1H, H8), 3.94 (qd, J = 6.4, 4.7 Hz, 

1H, H10), 3.69 – 3.62 (m, 2H, H1/6), 3.55 (ddd, J = 14.5, 7.0, 5.3 Hz, 1H, H1/6), 3.42 (ddd, J 

= 13.7, 8.0, 4.4 Hz, 1H, H1/6), 2.91 (d, J = 15.7 Hz, 1H, H9), 2.80 (d, J = 15.7 Hz, 1H, H11), 

1.80 - 1.70 (m, 4H, H2/5), 1.60 (tdd, J = 16.6, 12.0, 4.2 Hz, 4H, H3/4), 1.18 (d, J = 6.4 Hz, 

3H, H12);  

13C NMR (176 MHz, CD3OD): δ 173.4, 73.7, 69.8, 47.7, 43.8, 30.3, 28.4, 28.1, 27.3, 19.2;  

HRMS (ESI+): exact mass calculated for C10H20NO3 [M+H]+  m/z: 202.1438, found: 

202.1438; 

IR (neat) νmax: 3411, 3301, 3260, 2929, 2857, 1723, 1608, 1442, 1440, 1373, 1200. 
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3.3.3.2 General procedure for the Enantioselective 

Michael addition to a α, b-dehydrogenation of amides 

 
In a flame-dried Schlenk tube equipped with septum and magnetic stirring bar, 

CuBr·SMe2 and ligand (L1)- were dissolved in DCM (final concentration of enamide 

substrate was 0.1 M) and stirred under argon atmosphere for 20 min. The enamide (1.2.129) 

was added at once. After stirring for 5 min. at 23 °C the reaction mixture was cooled down 

to -78 °C, followed by addition of BF3·Et2O (2.0 eq.). After 20 min., ethyl magnesium 

bromine (4.0 M in Et2O) was added in 1 min. After stirring for 18 h, the reaction was 

quenched with MeOH followed by addition of saturated aqueous NH4Cl solution and 

warming up to 23 °C. The reaction mixture was extracted with DCM (10.0 mL × 3). 

Combined organic phases were dried over MgSO4, filtered and solvents were evaporated 

on a rotary evaporator. The crude was purified by flash chromatography on silica gel. 

Procedure based on Harutyunyan et al.592 

 

(S)-1-(Azepan-1-yl)-3-methylpentan-1-one (1.2.130) 

 
 

The title compound was purified by silica gel flash chromatography 

(acetone/heptanes 1:5 to 1:1), the compound was isolated as a yellow oil (36.0 mg, 91 %, 

96 % ee) with Rf = 0.6 (acetone/heptanes 1:2);  

1H NMR (600 MHz, CDCl3): δ 3.56 - 3.50 (m, 2H, H1/6), 3.47 - 3.41 (m, 2H, H1/6), 2.29 

(dd, J = 14.7, 5.9 Hz, 1H, H8), 2.12 (dd, J = 14.7, 8.0 Hz, 1H, H8), 1.98 (dd, J = 13.4, 6.8 

Hz, 1H, H9), 1.70 (dd, J = 11.3, 5.7 Hz, 4H, H2/5), 1.58 - 1.57 (m, 3H, H3/4/5/10), 1.43 - 1.37 

(m, 1H, H3/4/5/10), 1.30 - 1.14 (m, 2H, H3/4/5/10), 0.95 - 0.88 (m, 6H, H11/12);  
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13C NMR (151 MHz, CDCl3): δ 172.4 (C7), 48.1 (C1/6), 46.1 (C1/6), 40.3 (C9), 32.0 (C8), 

29.8 (C10), 29.4 (C2/5), 27.8 (C2/5), 27.1 (C3/4), 26.9 (C3/4), 19.6 (C12), 11.6 (C11);  

 HRMS (ESI+): exact mass calculated for C12H24NO [M+H]+  m/z: 198.1852, found: 

198.1850; 

 IR (neat) νmax: 2958, 2927, 2855, 1638, 1453, 1424. 
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3.4 EXPERIMENTAL SECTION CHAPTER 1.3 

3.4.1 Procedures for the synthesis of starting material used in 
the chapter 1.3 

3.4.1.1 General procedure 1.6 – Procedure for the preparation 
of Amides used in chapter 1.3. 

 

To a cold solution (0 °C) of carboxylic acid in DCM (1.3.232, 1.0 M) was slowly 

added SOCl2 (1.5 eq.). After adding catalytic amounts of DMF, the mixture was allowed 

to warm to room temperature and stir for 2 h. After carefully evaporating the solvent and 

the remaining SOCl2, the crude was resuspended in DCM and put in an ice bath. The amine 

(1.0 eq.) was then added, followed by triethylamine (2.0 eq.) and the resulting reaction 

mixture was allowed to warm to room temperature while stirring for 14 h. After this time, 

a saturated aqueous solution of NaHCO3 was added and the biphasic system was separated. 

The aqueous phase was extracted with DCM (2×) and then washed with HCl (1.0 M). After 

extracting with DCM (2x) the organic phases were combined and dried over anhydrous 

sodium sulfate. The resulting crude material was purified by flash column chromatography 

on silica gel to afford the desired compound (1.3.233, EtOAc/heptane). 

 

2-chloro-N,N-dimethylpropanamide (1.3.234) was used in the synthesis of (1.3.186) 

 

The title compound was prepared using general procedure 1.6 for the synthesis of 

amides. After flash chromatography, the compound was isolated in 62 % yield as a yellow 

oil. All spectral data was found to be in accordance with the literature.593 
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Methyl 9-(dimethylamino)-9-oxononanoat (1.3.235) was used in the synthesis of 

(1.3.183) 

 

The title compound was prepared using general procedure 1.6 for the synthesis of 

amides. After flash chromatography, the compound was isolated in 72 % yield as a yellow 

oil.  

1H NMR (600 MHz, CDCl3): δ 3.66 (s, 3H, H1), 3.00 (s, 3H, H11), 2.94 (s, 3H, H12), 

2.29 (t, J = 7.5 Hz, 4H, H3/9), 1.66 - 1.58 (m, 4H, H4/8), 1.36 - 1.30 (m, H5/7); 

13C NMR (151 MHz, CDCl3): δ 174.4 (C2), 173.3 (C10), 51.6 (C1), 37.4 (C11), 35.5 (C12), 

34.2 (C9), 33.5 (C3), 29.4 (C5), 29.2 (C6), 29.1 (C7), 25.2 (C4), 25.0 (C8); 

HRMS(ESI+): calculated for C12H23NO3 [M+H]+ m/z: 230.1755 found: 230.1753;  

IR (neat) νmax: 2940, 1736, 1646, 1497, 1437, 1398. 

 

4,4,4-Trifluoro-N,N-dimethylbutanamide (1.3.236) was used in the synthesis of 

(1.3.180 and 1.3.181) 

 

The title compound was prepared using general procedure 1.6 for the synthesis of 

amides. After flash chromatography, the compound was isolated in 45 % yield as a 

colorless oil. All spectral data was found to be in accordance with the literature.594 

 

N,N-Dimethyl-2-phenylacetamide (1.3.237) was used in the synthesis of (1.3.185) 
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The title compound was prepared using general procedure 1.6 for the synthesis of 

amides. After flash chromatography, the compound was isolated in 80 % yield as a white 

solid. All spectral data was found to be in accordance with the literature.595 

N,N-Dimethyl-10-oxoundecanamide (1.3.238) was used in the synthesis of (1.3.182) 

 

The title compound was prepared using general procedure 1.6 for the synthesis of 

amides. After flash chromatography, the compound was isolated in 34 % yield as a yellow 

oil.  

1H NMR (600 MHz, CDCl3): δ 2.99 (s, 3H, H12/13), 2.92 (s, 3H, H12/13), 2.39 (t, J = 7.5 

Hz, 2H, H9), 2.32 - 2.25 (m, 2H, H2), 2.11 (s, 3H, H11), 1.64 - 1.50 (m, 4H, H3/8), 1.34 - 

1.21 (m, 8H, H4-7). 

13C NMR (151 MHz, CDCl3): δ 209.4 (C10), 173.4 (C1), 43.7 (C9), 37.3 (CAlk), 35.4 

(CAlk), 33.3 (CAlk), 29.8 (CAlk), 29.4 (CAlk), 29.2 (CAlk), 29.0 (CAlk), 25.1 (CAlk), 23.8 

(CAlk); 

HRMS (ESI+): calculated for C13H25NO2 [M+Na]+ m/z: 250.1783, found: 250.1689; 

IR (neat) νmax: 2928, 2854, 1713, 1664, 1499, 1460, 1398, 1361, 1264, 1164. 

 

6-Cyano-N,N-dimethylhexanamide (1.3.239) was used in the synthesis of (1.3.169 and 

1.3.178 and 1.3.179) 
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The title compound was prepared using general procedure 1.6 for the synthesis of 

amides. After flash chromatography, the compound was isolated in 89 % yield as a 

colorless oil.  

1H NMR (600 MHz, CDCl3): δ 2.71 (s, 3H, H8/9), 2.62 (s, 3H, H8/9), 2.08 (t, J = 7.1 Hz, 

2H, H2), 2.03 (t, J = 7.4 Hz, 2H, H6), 1.42 - 1.32 (m, 4H, H3/5), 1.24 - 1.16 (m, 2H, H4);  

13C NMR (151 MHz, CDCl3): δ 171.5 (C1), 119.0 (C7), 36.3 (CAlk), 34.4 (CAlk), 31.9 

(CAlk), 27.5 (CAlk), 24.4 (CAlk), 23.3 (CAlk), 16.1 (C6); 

HRMS (ESI+): calculated for C9H16N2O [M+Na]+ m/z: 191.1160, found: 191.1155; 

IR (neat) νmax: 2936, 2865, 1638, 1497, 1461, 1398, 1335, 1265, 1138, 1059.  
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3.4.2 Synthesis of vinyl sulfoxides used in chapter 1.3 

3.4.2.1 General procedure 1.7 – General procedure for the 
preparation of alkynylsulfoxide (1.3.242) 

 

In a dry Schleck tube, alkyne (1.3.243, 1.5-3.0 eq.) was dissolved in THF (0.1 M) 

and EtMgBr solution (0.9 eq. with respect to the alkyne, 3 M in Et2O) was added dropwise 

and the solution was stirred 2 h at 40 °C. After letting the solution cool down to –78 °C, 

the alkynyl Grignard reagent (1.3.241) was added to a second Schlenk tube containing the 

sulfinate (1.3.240, 1.0 eq.) in toluene (0.25 M) at –78 °C. The solution was stirred for 3 – 

12 h at –78 °C after being quenched with sat. NH4Cl solution at this temperature. It was 

extracted with DCM, dried over MgSO4, filtrated and concentrated. The crude product was 

purified by column chromatography on silica gel (Heptane: EtOAc 5:1) to afford the 

alkynyl sulfoxide (1.3.242). 596 

3.4.2.2 General procedure 1.8 – Procedure for the preparation 
of E-vinyl sulfoxides (A, (E))  
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To an acetone bath (–78 °C) containing a solution of alkynyl sulfoxide (1.3.242, 1.0 

eq.) in THF (0.1 M) was added DIBAL-H (1.2 eq., 1.0 M solution in DCM) dropwise. The 

resulting suspension was stirred at –78°C for 30 min before a saturated aqueous NH4Cl 

solution was added. The mixture was diluted with ether (1:1), a saturated aqueous tartrate 

solution was added, and mixture was stirred for 1 h at 23 °C. The mixture was extracted 

with DCM (2x), the organic layers were combined, dried over MgSO4 and concentrated in 

vacuo. Purification by column chromatography (heptane: EtOAc 5:1 to 1:1) afforded the 

E-alkenyl sulfoxide (A, (E)).596 

 (E)-1-(methylsulfinyl)hex-1-ene (1.3.244)  was used in the preparation of (1.3.152, 

1.3.153, 1.3.154, 1.3.155, 1.3.156, 1.3.157, 1.3.158, 1.3.174, 1.3.175, 1.3.176, 1.3.177, 

1.3.178, 1.3.179, 1.3.180, 1.3.181, 1.3.182, 1.3.183, 1.3.184, 1.3.185, 1.3.186, 1.3.187, 

1.3.188, 1.3.192, 1.3.197, 1.3.198, 1.3.212) 

 

The title compound was prepared according to general procedure 1.8 in 36 % yield 

as a yellow oil. Spectral data matched literature. 597 

 (E)-1-(isopropylsulfinyl)hex-1-ene (1.3.245) was used in the preparation of (1.3.195) 

 

Title compound was prepared according to general procedure 1.8 in 74 % yield as 

a yellow oil.  

1H NMR (400 MHz, CDCl3): δ 6.45 (dt, J = 15.2, 6.9 Hz, 1H, H5), 6.12 (dt, J = 15.2, 1.5 

Hz, 1H, H6), 2.77 (hept, J = 6.9 Hz, 1H, H7), 2.30 - 2.23 (m, 2H, H4), 1.50 - 1.41 (m, 2H, 

H3), 1.40 - 1.31 (m, 2H, H2), 1.24 (d, J = 6.9 Hz, 6H, H8/9), 0.91 (t, J = 7.2 Hz, 3H, H1); 

13C NMR (151 MHz, CDCl3): δ 142.9 (C6), 129.6 (C5), 51.9 (C7), 32.1 (C4), 30.5 (C3), 22.3 (C2), 

15.4 (C8), 14.8 (C9), 13.9 (C1); 

HRMS: calculated for C9H18OS [M+H]+ m/z: 175.1156 found: 175.1152; 
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IR (neat) νmax: 2958, 1042.  

 

3.4.2.3 General procedure 1.9 – Procedure for the preparation 
of Z-vinyl sulfoxides.  

 

The alkynylsulfoxide (1.3.242, 5.0 mmol, 1.0 eq.) was dissolved in anhydrous 

toluene (0.1 M) and Wilkinson’s catalyst (5 mol%) was added under hydrogen atmosphere. 

The mixture was stirred under hydrogen atmosphere for 24 h at room temperature under an 

atmospheric pressure. The mixture was diluted with ether and passed through a short 

column of Celite. Removal of the solvent under reduced pressure was followed by 

chromatography of the residue on silica gel (heptane: EtOAc 4:1 to 1:1) to afford the Z-

alkenyl sulfoxide (A, (Z)).596 

 (Z)-1-(isopropylsulfinyl)hex-1-ene (1.3.246)  was used in the preparation of (1.3.196) 

 

The title compound was prepared according to general procedure 1.9 in 60 % yield 

as a yellow oil. 

1H NMR (400 MHz, CDCl3): δ 6.32 - 6.22 (m, J = 9.9, 8.2, 7.1 Hz, 1H, H5), 6.10 (dt, J = 

9.9, 1.4 Hz, 1H, H6), 2.82 (hept, 1H, H7), 2.50 - 2.41 (m, 1H, H4), 2.35 - 2.25 (m, J = 14.7, 

7.2 Hz, 1H, H4), 1.48 - 1.40 (m, 2H, H3), 1.39 - 1.34 (m, 2H, H2), 1.32 (d, J = 6.9 Hz, 3H, 

H8), 1.21 (d, J = 6.9 Hz, 3H, H9), 0.91 (t, J = 7.1 Hz, 3H, H1); 
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13C NMR (151 MHz, CDCl3): δ 144.5 (C6), 132.4 (C5), 52.4 (C7), 31.2 (C4), 29.5 (C3), 

22.3 (C2), 15.5 (C8/9), 15.1 (C8/9), 13.9 (C1); 

HRMS(ESI+): calculated for C9H18OS [M+H]+ m/z: 175.1156 found: 175.1155; 

IR (neat) νmax: 2960, 1669, 1021. 
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3.4.2.4 General procedure 1.10 – Procedure for the synthesis of 
sulfonyl lactones. 

 

To a solution of amide (1.3.171 or 1.3.189, 1.2 eq., 23.4 mg, 0.012 mmol) and 2-

fluoropyridine (2.0 eq., 11.2 µL, 0.131 mmol) in DCM (1.0 mL, 0.1 M) at 0 °C was added 

Tf2O (1.1 eq., 12.1 µL, 0.072 mmol) and the resulting mixture was stirred at 0 °C (by 

addition of Tf2O, the mixture turned intense yellow). After 15 min, the solution was kept 

at -78 °C and a precooled solution of vinyl sulfoxide (A (E) or (Z), 1.0 eq., 15.0 mg, 0.01 

mmol) in DCM (1.0 mL, 0.05 M) was quickly added. The color of the solution changed to 

a pale blue color. After 2 h at this temperature, the reaction was evaporated by reduced 

pressure and analysed by 1HNMR. Solid mCPBA containing water (4.0 eq., 92.0 mg, 0.8 

mmol) was added at 0°C. The resulting mixture was allowed to warm to ambient 

temperature (25 °C) over the course of 2 h, after which time NaHCO3 was added. The 

biphasic mixture was separated and the aqueous phase was extracted with DCM (3 × 5.0 

mL). The combined organic phases were dried over anhydrous magnesium sulfate. The 

solution was filtered and the filtrate was concentrated under reduced pressure. The crude 

residue was purified by flash column chromatography (silica gel, EtOAc in heptanes 5% to 

30%) to afford the desired sulfonal lactone products as a mixture of 4 diastereoisomers in 

different ratios. For simplification, the major diastereosiomer was described when isolated 

separatelly.  
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(3,4)-4-Butyl-5-(methylsulfonyl)-3-phenethyldihydrofuran-2(3H)-one (1.3.174) 

 

The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (27.0 mg, 85 %) 

in 10:1 d.r. 

1H NMR (400 MHz, CDCl3) δ 7.25 - 7.18 (m, 2H, HAr), 7.13 (dd, J = 10.6, 4.4 Hz, 3H, 

HAr), 4.73 (d, J = 4.2 Hz, 1H, H4), 2.93 (s, 3H, H17), 2.75 (t, J = 7.7 Hz, 2H, H6), 2.67 (tdd, 

J = 7.3, 5.7, 4.4 Hz, 1H, H2), 2.34 - 2.26 (m, 1H, HAlk), 2.16 (ddt, J = 13.9, 8.0, 6.8 Hz, 1H, 

HAlk), 2.06 - 1.93 (m, 1H, HAlk), 1.62 - 1.44 (m, 2H, HAlk), 1.33 - 1.13 (m, 4H, HAlk), 0.82 

(t, J = 7.0 Hz, 3H, H16). 

13C NMR (151 MHz, CDCl3): δ 176.3 (C1), 140.4 (CAr), 129.3 (CAr), 128.5 (3C, CAr), 

126.3 (CAr), 91.9 (C4), 43.7 (C2), 42.9 (C17), 38.5 (C6), 38.0 (C13), 34.7 (C2), 32.8 (CAlk), 

32.4 (CAlk), 28.4 (CAlk), 22.3 (CAlk), 13.8 (C16); 

HRMS (ESI+): calculated for C17H24O4S [M+Na]+ m/z: 347.1293, found: 347.1297; 

IR (neat) νmax: 3027, 2957,  2930, 1791, 1314, 1131, 958, 744. 

 

Methyl 7-((3,4)-4-butyl-5-(methylsulfonyl)-2-oxotetrahydrofuran-3-yl)heptanoate 

(1.3.183) 
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The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (25.0 mg, 65 %) in 8:1 

d.r. 

1H NMR (600 MHz, CDCl3): δ 4.80 (d, J = 4.3 Hz, 1H, H4), 3.66 (s, 3H, H12), 3.00 (s, 

3H, H17), 2.74 - 2.66 (m, 1H, H2), 2.35 (dt, J = 8.4, 5.7 Hz, 1H, HAlk), 2.30 (t, J = 7.5 Hz, 

2H, H10), 1.84 (ddt, J = 13.8, 11.2, 5.6 Hz, 1H, HAlk), 1.74 (dddd, J = 13.8, 10.4, 8.5, 5.3 

Hz, 1H, HAlk), 1.69 - 1.58 (m, 4H, HAlk), 1.45 - 1.28 (m, 10H, HAlk), 0.95 - 0.89 (m, 3H, 

H16); 

13C NMR (151 MHz, CDCl3): δ 176.4 (C1), 174.2 (C11), 91.9 (C4), 51.5 (CAlk), 44.9 (CAlk), 

38.3 (CAlk), 38.0 (CAlk), 35.0 (CAlk), 34.0 (CAlk), 30.8 (CAlk), 28.9 (CAlk), 28.8 (CAlk), 28.5 

(CAlk), 26.9 (CAlk), 24.8 (CAlk), 22.4 (CAlk), 13.8 (C16); 

HRMS (ESI+): calculated for C17H30O6S [M+Na]+ m/z; 385.1661, found: 385.1657; 

IR (neat) νmax: 2932, 2860, 1794, 1733, 1461, 1437, 1415, 1317, 1247, 1200, 1162, 1135, 

1074, 1037, 959, 747, 532. 

 

(3,4)-4-Butyl-3-(4-chlorobutyl)-5-(methylsulfonyl)dihydrofuran-2(3H)-one (1.3.176) 
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The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (22.6 mg, 68 %) 

in 1:6:10:47 d.r. 

1H NMR (600 MHz, CDCl3) δ 4.82 (d, J = 4.1 Hz, 1H, H4), 3.60 - 3.47 (m, 2H, H8), 3.00 

(s, 3H, H13), 2.75 - 2.67 (m, 1H, H2), 2.39 - 2.33 (m, 1H, HAlk), 1.93 - 1.74 (m, 4H, HAlk), 

1.73 - 1.53 (m, 5H, HAlk), 1.43 - 1.33 (m, 3H, HAlk), 0.97 -0 0.92 (m, 3H, H12); 

13C NMR (151 MHz, CDCl3): δ 176.2 (C1), 91.9 (C4), 44.8 (CAlk), 44.5 (CAlk), 38.3 (CAlk), 

38.0 (CAlk), 35.0 (CAlk), 32.1 (CAlk), 30.2 (CAlk), 28.5 (CAlk), 24.4 (CAlk), 22.4 (CAlk), 13.8 

(C13); 

HRMS (ESI+): calculated for C13H23ClO4S [M+Na]+ m/z: 333.0903, found: 333.0897; 

IR (neat) νmax: 2955, 2930, 2861, 1795, 1731, 1460, 1377, 1317, 1249, 1163, 1134, 1074, 

1037, 958, 745, 651, 532. 

 

5-(4-Butyl-5-(methylsulfonyl)-2-oxotetrahydrofuran-3-yl)pentanenitrile (1.3.178) 

 

The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (23.1 mg, 77 %) 

in 2:12:10:60 d.r. 

 

1H NMR (600 MHz, CDCl3): δ 4.83 (d, J = 4.1 Hz, 1H, H4), 3.01 (s, 3H, H14), 2.70 (tdd, 

J = 7.3, 5.5, 4.2 Hz, 1H, H2), 2.37 (tdd, J = 9.7, 6.6, 3.5 Hz, 3H, HAlk), 1.93 - 1.86 (m, 1H, 

HAlk), 1.83 - 1.54 (m, 7H, HAlk), 1.44 - 1.33 (m, 4H, HAlk), 0.97 - 0.89 (m, 3H, HAlk); 
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13C NMR (151 MHz, CDCl3): δ 176.0 (C1), 119.3 (C9), 91.9 (C4), 44.7 (C2), 38.3 (CAlk), 

38.0 (CAlk), 35.0 (CAlk), 30.1 (CAlk), 28.5 (CAlk), 26.2 (CAlk), 25.2 (CAlk), 22.4 (CAlk), 17.0 

(CAlk), 13.8 (C13); 

HRMS (ESI+): calculated for C14H23NO4S [M+Na]+ m/z: 324.1245, found: 324.1244; 

IR (neat) νmax: 2959, 2933, 2864, 1796, 1458, 1424, 1318, 1159, 1135, 1057, 1036, 958, 

752, 556, 530. 

 

4-Butyl-5-(methylsulfonyl)-3-(8-oxononyl)dihydrofuran-2(3H)-one (1.3.182) 

 

The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (22.6 mg, 72 %) 

in 2:15:10:80 d.r. 

1H NMR (600 MHz, CDCl3): δ 4.80 (d, J = 4.3 Hz, 1H, H4), 3.00 (s, 3H, H18), 2.70 (td, J 

= 11.7, 7.2 Hz, 1H, H2), 2.41 (t, J = 7.5 Hz, 2H, H11), 2.35 (dt, J = 8.4, 5.7 Hz, 1H, HAlk), 

2.13 (s, 3H13), 1.84 (ddt, J = 13.8, 11.2, 5.7 Hz, 1H, HAlk), 1.74 (dddd, J = 13.8, 10.4, 8.5, 

5.3 Hz, 1H, HAlk), 1.70 - 1.60 (m, 2H, HAlk), 1.60 - 1.52 (m, 3H, HAlk), 1.51 - 1.24 (m, 12H, 

HAlk), 0.98 - 0.90 (m, 3H, HAlk); 

13C NMR (151 MHz, CDCl3): δ 209.2 (C12), 176.5 (C1), 91.9 (C4), 44.9 (CAlk), 43.7 (CAlk), 

38.3 (CAlk), 38.0 (CAlk), 35.0 (CAlk), 30.8 (CAlk), 29.9 (CAlk), 29.1 (CAlk), 29.0 (2C, CAlk), 

28.5 (CAlk), 27.0 (CAlk), 23.7 (CAlk), 22.4 (CAlk), 13.8 (C17); 

HRMS (ESI+): calculated for C18H32O5S [M+Na]+ m/z: 383.1868, found: 383.1864; 

IR (neat) νmax: 2930, 2857, 1795, 1712, 1461, 1412, 1358, 1317, 1162, 1134, 1075, 1038, 

958, 746, 532. 
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(3,4)-4-Butyl-3-cyclopropyl-5-(methylsulfonyl)dihydrofuran-2(3H)-one (1.3.184) 

 

The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (27.0 mg, 85 %) 

in 1:10 d.r. 

1H NMR (400 MHz, CDCl3): δ 5.19 (d, J = 8.5 Hz, 1H, H4), 3.11 - 3.02 (m, 1H, H2), 3.02 

- 2.93 (m, 3H, H12), 2.14 - 2.07 (m, 1H, H3), 2.03 - 1.92 (m, 1H, H5), 1.54 - 1.32 (m, 5H, 

HAlk), 0.94 - 0.92 (m, 3H, H11), 0.91 - 0.82 (m, 1H, H6/7), 0.73 - 0.67 (m, 1H, H6/7), 0.65 - 

0.58 (m, 1H, H6/7), 0.27 - 0.18 (m, 1H, H6/7); 

13C NMR (151 MHz, CDCl3) δ 176.3 (C1), 90.9 (C4), 45.6 (C2), 42.6 (C12), 39.8 (C3), 31.2 

(C8), 24.1 (C9), 22.7 (C10), 13.9 (C11), 8.8 (C5), 6.1 (C6,7), 2.1 (C6,7);   

HRMS (ESI+): calculated for C12H20O4S [M+Na]+ m/z: 283.0980, found: 283.0972; 

IR (neat) νmax: 2958, 2673, 2360, 2342, 1793, 1715, 1637. 

 

(3R,4S)-4-Butyl-5-(methylsulfonyl)-3-(2,2,2-trifluoroethyl)dihydrofuran-2(3H)-one 

(1.3.181) 
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The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (20.1 mg, 67 %) in 1:8 

d.r. 

1H NMR (400 MHz, CDCl3): δ 5.20 (d, J = 7.7 Hz, 1H, H4), 3.23 - 3.09 (m, 1H, H0), 3.01 

- 2.97 (m, 3H, H11), 2.76 - 2.65 (m, 1H, H5), 2.65 - 2.51 (m, 1H, H5), 2.08 - 1.95 (m, 1H, 

H3), 1.79 - 1.67 (m, 1H, H7), 1.52 - 1.44 (m, 1H, H7), 1.43 - 1.27 (m, 4H, H8/9), 0.93 (t, J = 

7.1 Hz, 3H, H10); 

13C NMR (151 MHz, CDCl3): δ 174.3 (C1), 126.0 (q, J = 276.7 Hz, C6), 90.3 (C4), 41.4 

(C2), 39.7 (C7), 34.8 (C11), 31.3 (q, J = 30.5 Hz, C5), 30.0 (C8), 23.9 (C3), 22.5 (C9), 13.7 

(C10); 

19F NMR (565 MHz, CDCl3) δ -64.99; 

HRMS (ESI+): calculated for C11H17O4SF3 [M+Na]+ m/z: 325.0697, found: 325.0693; 

IR (neat) νmax: 2961, 2935, 2875, 1805, 1637, 1320, 1280. 

 

 (3,4)-4-Butyl-3-chloro-3-methyl-5-(methylsulfonyl)dihydrofuran-2(3H)-one (1.3.186) 

 

The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:5), the product was isolated as a yellow oil (15.1 mg, 56 %) in 6:1 

d.r. 

1H NMR (400 MHz, CDCl3):  δ 4.85 (d, J = 8.6 Hz, 1H, H4), 3.07 (s, 3H, H10), 2.81 (td, J 

= 8.5, 5.4 Hz, 1H, H3), 1.97 - 1.92 (m, 2H, H6), 1.89 (s, 3H, H5), 1.51 - 1.42 (m, 2H, HAlk), 

1.40 - 1.36 (m, 2H, HAlk), 0.94 (t, J = 7.3 Hz, 3H, H9); 

13C NMR (151 MHz, CDCl3): δ 170.9 (C1), 90.2 (C4), 66.4 (C2), 45.4 (C10), 39.2 (C3), 

29.1 (C7), 28.7 (C8), 25.8 (C5), 22.6 (C6), 13.7 (C9); 
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HRMS (ESI+): calculated for C10H17O4ClS [M+Na]+  m/z: 291.0434 found: 291.0434; 

IR (neat) νmax: 2959, 2932, 2871, 1800, 1717, 1625, 1320, 1147. 

 

(3,4)-4-Butyl-5-(methylsulfonyl)-3-phenyldihydrofuran-2(3H)-one (1.3.185) 

 

The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:8 to 1:4), the product was isolated as a yellow oil (16.1 mg, 57 %) 

in 15:1 d.r. 

1H NMR (400 MHz, CDCl3): δ 7.39 (t, J = 7.3 Hz, 2H, HAr), 7.35 - 7.31 (m, 3H, HAr), 

4.93 (d, J = 6.7 Hz, 1H, H2), 3.61 (d, J = 9.3 Hz, 1H, H4), 3.23 - 3.15 (m, 1H, H3), 3.09 (s, 

3H, H13), 1.91 - 1.71 (m, 2H, HAlk), 1.37 - 1.20 (m, 4H, HAlk), 0.83 (t, J = 7.1 Hz, 3H, H12); 

13C NMR (151 MHz, CDCl3): δ 174.0 (C1), 135.8 (CAr), 129.7 (CAr), 129.2 (CAr), 129.0 

(CAr), 128.6 (CAr), 128.3 (CAr), 91.0 (C4), 52.2 (C2), 41.7 (C12), 38.6 (C9), 34.1 (C10), 28.5 

(C5), 22.2 (C11), 13.7 (C12); 

HRMS (ESI+): calculated for C17H30O6SNa [M+Na]+ m/z: 319.0980, found: 319.0979 

IR (neat) νmax: 3030, 2956, 2932, 2863, 1802, 1646, 1347, 1156. 

 

5-(Methylsulfonyl)-3-phenethyl-4-phenyldihydrofuran-2(3H)-one (1.3.192) 
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The title compound was prepared according to the general procedure 1.10 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl 

Acetate/heptanes 1:10 to 1:5), the product was isolated as a yellow oil (15 mg, 46 %) in 1:7 

d.r. 

1H NMR (500 MHz, CDCl3): δ 7.41 - 7.32 (m, 3H, HAr), 7.25 (d, J = 7.0 Hz, 2H, HAr), 

7.21 - 7.12 (m, 3H, HAr), 6.95 (d, J = 6.8 Hz, 2H, HAr), 5.11 (d, J = 5.7 Hz, 1H, H4), 3.90 

(dd, J = 7.6, 5.8 Hz, 1H, H3), 3.00 (s, 3H, H19), 2.87 (td, J = 8.4, 5.5 Hz, 1H, HAlk), 2.79 

(ddd, J = 14.3, 8.6, 5.9 Hz, 1H, HAlk), 2.71 - 2.62 (m, 1H, HAlk), 2.33 - 2.26  (m, 1H, HAlk), 

2.20 - 2.10 (m, 1H, HAlk); 

13C NMR (126 MHz, CDCl3): δ 175.5 (C1), 140.1 (C7), 139.4 (C13), 129.7 (CAr), 128.6 

(CAr), 128.6 (CAr), 128.6 (CAr), 127.5 (CAr), 126.4 (CAr), 93.0 (C4), 46.3 (C2), 45.2 (C19), 

38.4 (CAlk), 32.8 (CAlk), 32.41 (CAlk); 

HRMS (ESI+): calculated for C19H20O4S [M+Na]+ m/z: 367.0980, found: 367.0963; 

IR (neat) νmax: 3086, 3060, 3028, 2928, 2865, 1794, 1723, 1620, 1409, 1314, 1030, 1003, 

960, 920. 
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3.4.2.5 General Procedure 1.11 – Procedure for the formation 
and isolation of the imidinium salts. 

 

To a solution of amide (1.3.149, 1.2 eq., 23.4 mg, 0.012 mmol) and 2-fluoropyridine 

(2.0 eq., 11.2 µL, 0.131 mmol) in DCM (1.0 mL, 0.1 M) at 0 °C was added Tf2O (1.1 eq., 

12.1 µL, 0.012 mmol) and the resulting mixture was stirred at 0 °C (by addition of Tf2O, 

the mixture turned intense yellow). After 15 min, the solution was kept at -78°C and a 

precoled solution of vinyl sulfoxide in DCM (1.3.150, 1.0 mL) was quickly added. The 

color of the solution changed to a pale blue color. After 2 h at this temperature, the reaction 

was evaporated by reduced pressure and analysed by 1H-NMR. The crude residue was 

purified by flash column chromatography (silica gel, EtOAc in heptanes 30 % to 100 % 

and then Acetone in Heptane 50 % to 100 %) to afford the desired imidinium salts as a 

mixture of 4 diastereoisomers. For simplification, the two major diastereosiomer were 

described when isolated separately.  

1-((3,4)-4-Butyl-5-(methylthio)-3-phenethyldihydrofuran-2(3H)-ylidene)azepan-1-

ium (1.3.154) 
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The title compound was prepared according to the general procedure 1.11 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Acetone/heptanes 

1:10 to 1:8), the product was isolated as a yellow oil (36 mg, 84 %) in 5:1 d.r. 

1H NMR (500 MHz, CD3CN): δ 7.38 - 7.31 (m, 2H, HAr), 7.31 - 7.20 (m, 3H, HAr), 6.44 

(d, J = 5.2 Hz, 0.2H2, d1), 6.05 - 5.97 (m, 0.8H2, d2), 3.82 - 3.72 (m, 1H), 3.70 - 3.54 (m, 

3H), 3.30 - 3.23 (m, 0.2H4, d1), 3.20 - 3.10 (m, 0.8H4, d2), 2.88 - 2.82 (m, 1H), 2.80 - 2.61 

(m, 2H), 2.50 - 2.45 (m, 1H), 2.39 - 2.30 (m, 3H17, d1,2), 2.21 - 2.13 (m, 1H), 1.87 - 1.75 

(m, 4H), 1.69 - 1.49 (m, 6H), 1.45 - 1.19 (m, 4H), 0.95 - 0.87 (m, 3H); 

13C NMR (126 MHz, CD3CN): δ 181.4 (d1), 180.7 (d2), 141.3 (d1), 141.1 (2C, d1, d2), 

129.7 (2C,  d1, d2), 129.50 (2C, d1, d2), 129.3 (d1, d2), 127.6 (2C, d1, d2), 127.5, 104.7, 

103.2, 102.7, 53.3, 53.1, 52.8, 52.4, 52.1, 51.7, 48.8, 48.5, 48.4, 46.2, 45.6, 44.4, 34.1, 33.9 

(2C, d1,d2), 33.8, 33.4, 31.0, 30.6, 29.5, 29.3, 28,6, 28.5, 28.3, 28.2, 28.1(2C, d1, d2), 27.8, 

27.8, 26.6, 26.6, 26.5, 26.5, 26.4, 26.4, 25.2, 23.2, 23.1, 23.1, 16.0, 15.7, 14.1 (3C); 

19F NMR (565 MHz, CD3CN): δ -79.31; 

HRMS (ESI+): calculated for C23H36ONS [M+]+ m/z: 374.2512, found: 374.2512; 

IR (neat) νmax: 3497, 3029, 2834, 2855, 1714, 1652, 1557, 1392, 1321, 1171. 

 

N-allyl-N-((3R,4R)-4-butyl-5-(methylthio)-3-phenethyldihydrofuran-2(3H)-

ylidene)prop-2-en-1-aminium (1.3.155) 
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The title compound was prepared according to the general procedure 1.11 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Acetone/heptanes 

1:10 to 1:8), the product was isolated as a yellow oil (36 mg, 84 %) in 5:1 d.r. 

1H NMR (500 MHz, Acetone-d6): δ 7.32 - 7.15 (m, 4H), 6.81 (d, J = 5.3 Hz, 0.1H2, d1), 

6.69 – 6.51 (m, 0.7H2, d2), 6.28 (d, 0.20H2, d3), 6.00 - 5.75 (m, 2H19), 5.50 - 5.07 (m, 

4H20), 4.57 - 4.21 (m, 4H18), 4.09 - 3.98 (m, 0.1H4, d1), 3.83 - 3.63 (m, 0.20H4, d2), 3.60 - 

3.54 (m, 0.7H4, d3), 2.78 - 2.67 (m, 2H), 2.56 - 2.48 (m, 1H), 2.02 (s, 3H17), 1.96 - 1.88 (m, 

2H), 1.79 - 1.64 (m, 1H), 1.50 - 1.22 (m, 5H), 0.91 - 0.84 (m, 3H).  

13C NMR (151 MHz, Acetone-d6): δ 207.1, 143.1, 142.8, 131.4, 130.9, 130.6, 130.4, 

130.9, 129.9, 129.9, 129.9, 129.9, 129.8, 129.7, 129.7, 123.6, 123.2, 122.6, 122.4, 122.1, 

121.9, 121.5, 106.7, 105.1, 56.4, 55.8, 55.3, 54.3, 54.2, 53.6, 50.2, 49.4, 49.3, 48.5, 36.9, 

36.4, 36.3, 34.7, 32.6, 32.3, 31.0, 30.9, 30.9, 30.8, 30.8, 30.6, 30.6, 30.5, 30.4, 30.2, 30.2, 

30.1, 30.1, 30.0, 29.7, 23.9, 23.8, 23.7, 16.4, 16.2, 14.8, 14.8, 14.7, 13.1;   

19F NMR (565 MHz, Acetone): δ -78.99; 

HRMS (ESI+): calculated for C23H34OSN [M+]+ m/z: 372.2356, found 372.2357; 

IR (neat,) νmax: 3481, 2936, 1662, 1421, 1249, 1170, 1032.  
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3.4.2.6 General procedure 1.12 – Procedure for the synthesis of 
1,4 amidoaldehydes  

 

 

To a solution of amide (1.3.159, 1.2 eq., 23.4 mg, 0.065 mmol) and 2-fluoropyridine 

(2.0 eq., 11.2 µL, 0.131 mmol) in DCM (1.0 mL) at 0 °C was added 

trifluoromethanesulfonic anhydride (1.1 eq., 12.1 µL, 0.072 mmol) and the resulting 

mixture was stirred at 0 °C (by addition of Tf2O, the mixture turned intense yellow). After 

15 min, the solution was kept at -78 °C and a precooled solution of vinyl sulfoxide (A, Z, 

1.0 eq.) in DCM (1.0 mL) was quickly added. The color of the solution changed to a pale 

blue color. After that time, an aqueous solution of LiOH (5.0 mg, 1.7 eq.) and H2O2 (5.0 

eq.) was added at 40 °C. The resulting mixture was stirred for 18 h and then allowed to cool 

down to ambient temperature (25 °C), after which time saturated NaHCO3 and Na2S2O3 

were added. The biphasic mixture was separated and the aqueous phase was extracted with 

DCM (3 × 5.0 mL). The combined organic phases were dried over anhydrous magnesium 

sulfate, the solution was filtered and the filtrate was concentrated under reduced pressure. 

The crude residue was purified by flash column chromatography (silica gel, EtOAc in 

heptanes 1 % to 20 %) to afford the desired aldehydes as a mixture of 2 diastereoisomers 

in different ratios (1.3.159). For simplification, the major diastereosiomer was described 

when isolated separatelly.  

 

3.4.2.1 Characterisation of the 1,4 amidoaldehydes using 
procedure 1.12. 

(2,3)-3-formyl-N,N-dimethyl-2-phenethylheptanamide (1.3.162) 
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The title compound was prepared according to the general procedure 1.12 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (ethyl acetate: 

heptanes 1:10 to 1:8), the product was isolated as a yellow oil (23.1 mg, 77 %) in 20:1 d.r. 

1H NMR (400 MHz, CDCl3): δ 9.70 (d, J = 3.3 Hz, 1H, H4), 7.31 - 7.24 (m, J = 9.3, 5.8 

Hz, 2H, HAr), 7.20 - 7.15 (m, 1H, HAr), 7.14 - 7.10 (m, 2H, HAr), 3.05 - 3.01 (m, 1H, H2), 

3.00 (s, 3H, H15), 2.94 (s, 3H, H15), 2.68 - 2.58 (m, 2H, H6), 2.49 - 2.42 (m, 1H, H3), 2.13 - 

2.04 (m, 1H, H6), 1.83 - 1.74 (m, 1H, H6), 1.65 - 1.58 (m, 1H, H11), 1.46 - 1.37 (m, 1H, 

H11), 1.34 - 1.14 (m, 4H, H12/13), 0.85 (t, J = 7.2 Hz, 3H, H14); 

13C NMR (151 MHz, CDCl3): δ 204.4 (C4), 173.4 (C1), 141.1 (CAr), 128.4 (2C, CAr), 128.3 

(2C, CAr), 126.1 (CAr), 54.3, (C3), 40.4 (C15), 37.6 (C15), 35.7 (C2), 33.3 (C7), 32.0 (CAlk), 

29.3 (CAlk), 27.5 (CAlk), 22.7 (CAlk), 13.8 (C14); 

HRMS (ESI+): calculated for C18H27O2N [M+Na]+ m/z: 312.1939; found: 312.1943; 

IR (neat,) νmax: 3027, 2956, 2860, 1780, 1742, 1455, 1319. 

 

(2R,3S)-N,N-diallyl-3-formyl-2-phenethylheptanamide (1.3.163) 

 



3.4 Experimental Section Chapter 1.3  
 

 212 
 

The title compound was prepared according to the general procedure 1.12 in a 0.1 

mmol scale. Following purification by silica gel flash chromatography (ethyl acetate: 

heptanes 1:10 to 1:8), the product was isolated as a yellow oil (24.2 mg, 67 %) in 10:1 d.r. 

1H NMR (400 MHz, CDCl3): δ 9.79 (d, J = 1.7 Hz, 0.1H, d1, H4), 9.70 (d, J = 3.5 Hz, 

0.9H, d2, H4), 7.28 - 7.24 (m, 2H, HAr), 7.19 - 7.14 (m, 1H, HAr), 7.14 - 7.10 (m, 2H, HAr), 

5.83 - 5.65 (m, 2H, H16), 5.31 - 5.00 (m, 4H, H17), 4.05 - 3.85 (m, 4H, H15), 2.96 - 2.87 (m, 

1H, H2), 2.63 - 2.49 (m, 3H, H3/6), 1.80 - 1.68 (m, 1H, H5), 1.68 - 1.36 (m, 4HAlk), 1.36 - 

1.17 (m, 3H5/Alk), 0.89 - 0.79 (m, 3H, H14); 

13C NMR (151 MHz, CDCl3): δ 204.5 (C4), 173.6 (C1), 141.9 (2C, CAr/16), 133.1 (2C, 

CAr/16), 128.3 (C2, Ar), 125.8 (CAr), 117.7 (C17), 117.5 (C17), 54.2 (C3), 49.5 (C15), 48.2 

(C15), 41.7 (C3), 36.0 (C7), 30.6 (CAlk), 29.5 (CAlk), 29.2 (CAlk), 27.8 (CAlk), 22.7 (CAlk), 13.8 

(C14);  

HRMS (ESI+): calculated for C23H34O2N [M+Na]+ m/z: 379.2487, found: 379.2464; 

IR (neat) νmax: 3083, 3026, 2930, 2860, 2360, 1720, 1684, 1496. 

N-allyl-3-formyl-N-methyl-2-propylheptanamide (1.3.166) 

 

The title compound was prepared according to the general procedure 1.12 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl Acetate: 

heptanes 1:10 to 1:8), the product was isolated as a yellow oil (13.5 mg, 44 %) in 1:6 d.r. 

 

1H NMR (400 MHz, CDCl3): δ 9.80 (dd, J = 9.9, 1.7 Hz, 1H, H4), 5.89 - 5.65 (m, 1H, 

H13), 5.30 - 5.08 (m, 2H, H14), 4.12 - 3.89 (m, 2H, H12), 3.07 - 2.87 (m, 4H, H5/15), 2.68 - 

2.45 (m, 1H, H3), 1.76 - 1.40 (m, 5H, HAlk), 1.40 - 1.15 (m, 5H, HAlk), 0.98 - 0.80 (m, 6H, 

H7/11); 
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13C NMR (151 MHz, CDCl3): δ 204.7 (C4), 174.6 (C1), 133.0 (C13), 117.2 (C14), 52.9 

(C12), 50.3 (C3), 41.8 (C12), 35.3 (CAlk), 32.8 (CAlk), 29.1 (CAlk), 26.6 (CAlk), 22.9 (CAlk), 

20.3 (CAlk), 14.3 (C7/11), 13.9 (C7/11);  

HRMS (ESI+): calculated for C15H27O2N [M+Na]+ m/z: 276.1939, found: 276.1934; 

IR (neat) νmax: 2958, 2932, 2872, 2560, 1770, 1721, 1636, 1409, 1135, 920; 

 

2-(-1-oxo-4-phenyl-1-(pyrrolidin-1-yl)butan-2-yl)hexanal (1.3.165) 

 

The title compound was prepared according to the general procedure 1.12 in a 0.1 

mmol scale. Following purification by silica gel flash chromatography (Ethyl Acetate: 

heptanes 1:10 to 1:8), the product was isolated as a yellow oil (18.9 mg, 61 %) in 9:1 d.r. 

1H NMR (400 MHz, CDCl3): δ 9.71 (d, J = 3.4 Hz, 1H, H4), 7.28 (m, 1H, HAr), 7.26 - 7.25 

(m, 1H, HAr), 7.18 - 7.13 (m, 3H, HAr), 3.55 - 3.49 (m, 2H, H15), 3.39 - 3.33 (m, 1H, H15), 

3.22 - 3.15 (m, 1H, H15), 2.83 – 2.77 (m, J = 10.5, 8.5, 3.7 Hz, 1H, H2), 2.70 - 2.59 (m, 2H, 

H6), 2.54 - 2.46 (m, J = 14.0, 8.8, 7.7 Hz, 1H, H3), 2.12 - 2.07 (m, 1H, H5), 2.00 - 1.78 (m, 

5H, H5/Alk), 1.68 - 1.52 (m, 2H, HAlk), 1.48 - 1.40 (m, 1H, HAlk), 1.37 – 1.16 (m, 4H, HAlk), 

0.85 (t, J = 7.2 Hz, 3H, H14); 

13C NMR (151 MHz, CDCl3): δ 204.7 (C4), 171.9 (C1), 141.3 (CAr), 128.6 (CAr), 128.5 

(CAr), 128.4 (CAr), 126.4 (CAr), 126.2 (CAr), 54.5 (C2), 47.0 (C3), 45.9 (C15), 43.3 (C15), 33.5 

(C7), 31.9 (CAlk), 29.6 (CAlk), 27.6 (CAlk), 26.2 (CAlk), 24.5 (CAlk), 22.9 (C12), 13.98 (C14); 

HRMS (ESI+): calculated for C17H30O6SNa [M+Na]+ m/z: 338.2096, found; 338.2024; 

IR (neat) νmax: 3026, 2955, 2872, 1721, 1683, 1454, 1341. 
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(2,3)-2-((5-cyano-1-(4-fluorophenyl)-1,3-dihydroisobenzofuran-1-yl)methyl)-3-

formyl-N,N-dimethylheptanamide (1.3.170) 

 

The title compound was prepared according to the general procedure 1.12 in 0.1 

mmol scale. Following purification by silica gel flash chromatography (ethyl acetate: 

heptanes 1:10 to 1:8), the product was isolated as a yellow oil (32.7 mg, 75 %) in 4:4:1:1 

d.r. 

 

1H NMR (600 MHz, CDCl3): δ 9.65 (d, J = 3.3 Hz, 0.7H, H6‘), 9.62 (d, J = 3.3 Hz, 1.0H, 

H6), 7.60 (d, J = 7.8 Hz, 0.7H, H23‘), 7.53 (d, J = 7.9 Hz, 1.0H, H23), 7.49 (s, 0.7H, H25‘), 

7.47 (s, 1.0H, H25), 7.47 – 7.42 (m, 3.4H, H14+H14‘+H18+H18‘), 7.41 (d, J = 8.0 Hz, 0.7H, 

H22‘), 7.32 (d, J = 7.9 Hz, 1.0H, H22), 7.04 (t, J = 8.6 Hz, 2.0H, H15+H17), 6.99 (t, J = 8.6 

Hz, 1.4H, H15‘+H17‘), 5.21 - 5.05 (m, 3.4H, H19+H19‘), 3.15 (t, J = 8.9 Hz, 0.7H, H4‘), 3.11 

(t, J = 8.9 Hz, 1.0H, H4), 2.97 (dd, J = 14.7, 9.7 Hz, 0.7H, H11a‘), 2.78 - 2.71 (m, 4.0H, 

H2+H11a), 2.66 (s, 2.1H, H2’), 2.64 (s, 3.0H, H1), 2.57 (s, 2.1H, H1’), 2.53 – 2.48 (m, 0.7H, 

H5’), 2.48 - 2.43 (m, 1.0H, H5), 2.19 (d, J = 14.6 Hz, 1H, H11b), 2.02 (d, J = 14.6 Hz, 0.7H, 

H11b‘), 1.56 - 1.47 (m, 1.7H, H7a+H7a‘), 1.40 - 1.33 (m, 1.7H, H7b+H7b‘), 1.30 - 1.11 (m, 

6.8H, H8+H8‘+H9+H9‘), 0.86 - 0.81 (m, 5.1H, H10+H10‘); 

13C NMR (151 MHz, CDCl3): δ 204.3 (C6‘), 204.2 (C6), 173.8 (C3), 173.5 (C3‘), 162.4 (d, 

J = 247.1 Hz, C16), 162.3 (d, J = 247.0 Hz, C16‘), 149.7 (C21‘), 148.8 (C21), 140.2 (C20), 

139.7 (C20‘), 138.9 (d, J = 3.1 Hz, C13), 137.8 (d, J = 3.0 Hz, C13‘), 132.3 (C23‘), 131.6 

(C23), 127.3 (d, J = 8.1 Hz, 2C, C14‘+C18‘), 126.9 (d, J = 8.1 Hz, 2C, C14+C18), 125.4 (C25‘), 

125.0 (C25), 123.7 (C22), 122.9 (C22‘), 118.6 (C26), 118.6 (C26‘), 115.7 (d, J = 21.4 Hz, 2C, 

C15+C17), 115.3 (d, J = 21.4 Hz, 2C, C15‘+C17‘), 112.2 (C24‘), 111.9 (C24), 90.7 (C12‘), 90.5 

(C12), 71.1 (C19‘), 70.8 (C19), 55.1 (C5‘), 54.8 (C5), 41.5 (C11‘), 41.0 (C11), 37.4 (C1), 37.4 

(C1‘), 36.6 (C4), 36.5 (C4‘), 35.9 (C2), 35.6 (C2‘), 29.3 (C8+C8‘), 27.1(C7‘), 27.1 (C7), 22.8 

(C9‘), 22.8 (C9), 13.9 (C10+C10‘); 
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19F NMR (565 MHz, CDCl3): δ -114.72; 

HRMS (ESI+): calculated for C26H29O3N2F [M+H]+ m/z: 437.2240, found: 437.2233; 

IR (neat) νmax: 2931, 2860, 2229, 1719, 1686, 1507, 1467, 1418, 1299, 1225.  
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3.4.2.2 General procedure 1.13 - Procedure for the removal of 
the sulfone moiety in lactones. 

 

To a solution of sulfonal lactone (1.3.205, 14:1 d.r., 1.2 eq., 32.4 mg, 0.01 mmol) 

in toluene (1.0 mL) at 0 °C was added SnOTf2 (0.1 mol %.), and tributylallyltin (2.0 eq., 

0.02 mmol) and the resulting mixture was stirred at 110 °C. After that 12 h, the resulting 

mixture was evaporated and the crude was purified by flash column chromatography (silica 

gel, EtOAc in heptanes 1 %) to afford the desired lactone in 75 % yield (1.3.204, 1.8: 1 

d.r.).  

3.4.2.3 Characterisation of the products of procedure 1.13. 

 (3,4)-5-allyl-4-butyl-3-phenethyldihydrofuran-2(3H)-one (1.3.204) 

 

 

1H NMR (400 MHz, CDCl3): δ 7.32 - 7.28 (m, 2H, HAr), 7.23 - 7.17 (m, 3H, HAr), 5.89 - 

5.79 (m, 1H, H19), 5.20 - 5.11 (m, 2H, H18), 4.56 (dd, J = 10.2, 4.2 Hz, 0.5H, H4, d1), 4.37 

(dd, J = 9.7, 4.6 Hz, 0.1H, H4, d2), 4.24 (d, J = 4.4 Hz, 0.1H, H4, d3), 4.11 - 4.07 (m, 0.3H, 

H4, d4), 2.93 - 2.83 (m, 1H, H7), 2.78 - 2.71 (m, 1H, H7), 2.57 - 2.48 (m, 0.5H, d1, H13), 

2.41 - 2.29 (m, 2.5H, H5/13), 2.28 - 2.22 (m, 1H, H3), 2.07 - 1.87 (m, 2H, HAlk), 1.50 - 1.34 

(m, 2H, HAlk), 1.34 - 1.19 (m, 4H, HAlk), 0.95 - 0.86 (m, 3H, H16); 
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13C NMR (151 MHz, CDCl3): δ major dias described, 178.6 (C1), 141.2 (C18), 133.3 

(CAr), 128.5 (2C, CAr), 128.4 (CAr), 126.1 (2C, CAr), 118.7 (CAr), 118.2 (C19), 80.4 (C4), 

44.2 (C2), 43.7 (C3), 38.9 (C17), 34.4 (CAlk), 33.0 (CAlk), 31.0 (CAlk), 29.5 (CAlk), 27.7 (CAlk), 

22.8 (CAlk), 13.9 (C16);    

HRMS (ESI+): calculated for C17H30O6SNa [M+Na]+ m/z: 309.1830, found: 309.1822; 

IR (neat) νmax: 3027, 2929, 2860, 1769, 1497, 1346.  

 

(3,4)-4-butyl-3-phenethyldihydrofuran-2(3H)-one (1.3.206) 

 

The title compound was isolated following procedure 1.13 and isolated in 14:1 d.r. 

in 76 % yield. Tributyltinydride was used instead of tributylallyltin. 

1H NMR (400 MHz, CDCl3): δ 7.31 - 7.27 (m, 2H, HAr), 7.23 - 7.18 (m, 3H, HAr), 4.44 - 

4.33 (m, 1H, H4), 3.88 - 3.76 (m, 1H, H4), 2.90 - 2.83 (m, 1H, H6), 2.83 - 2.71 (m, 1H, H6), 

2.30 - 2.16 (m, 2H, H5), 2.06 - 1.99 (m, 1H, H13), 1.95 - 1.88 (m, 1H, H13), 1.65 - 1.58 (m, 

1H, H3), 1.41 - 1.19 (m, 5H, HAlk), 0.90 (t, J = 7.2 Hz, 3H, H16); 

13C NMR (151 MHz, CDCl3): δ 179.2 (C1), 141.2 (CAr), 128.5 (3C, CAr), 126.1 (2C, CAr), 

71.6, (C4), 44.6 (C2), 41.2 (C3), 32.8 (C7), 32.4 (CAlk), 31.1 (CAlk), 29.2 (CAlk), 22.7 (CAlk), 

13.9 (C16); 

HRMS (ESI+): calculated for C16H22O2 [M+Na]+ m/z: 269.1517, found: 269.1355; 

IR (neat) νmax: 2858, 2872, 1750, 1637.  

 



3.5 Experimental Section Chapter 2.1  
 

 218 
 

3.5 EXPERIMENTAL SECTION CHAPTER 2.1 

3.5.1 Procedures for the Synthesis of Starting Materials 

3.5.1.1 General Procedure 2.1 – Procedure for the synthesis of 

aminals 

 

To a round-bottom flask charged with the corresponding free secondary aminea 

(2.1.227, 2.0 eq.) and a magnetic stir-bar at 0 °C, an aqueous solution of formaldehyde (1.0 

eq., 37 %) was added dropwise and the resulting biphasic mixture was stirred vigorously at 

ambient temperature (23 °C) for 12 h. The following work-up was dependent on the 

volatility of the resulting aminal. 

Work-up Z (for volatile products): Solid KOH was added to the reaction mixture 

until saturation of the aqueous layer was observed. The phases were subsequently 

separated, and the aqueous phase was extracted with Et2O (2 ×). The organic phases were 

combined, dried over anhydrous potassium carbonate and filtered. The filtrate was then 

carefully concentrated under reduced pressure with mild heating, affording the title 

compound in sufficient purity for further use. 

Work-up Y (for non-volatile products): The biphasic mixture was separated, and 

the aqueous phase was extracted with EtOAc (3 ×). The organic phases were combined, 

dried over anhydrous sodium sulfate and concentrated under reduced pressure, in most 

cases affording the title compound in sufficient purity for further use. In the case of 

incomplete conversion, remaining unreacted amine could be removed by subjection to high 

vacuum.  aFor amines available only as the corresponding salts, 2.0 eq. of potassium 

carbonate are added to the reaction mixture. 

 

N,N,N',N'-Tetrabenzyldiaminomethane 2.1.278 was used in the synthesis of 2.1.107 
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The title compound was prepared according to the general procedure for the 

synthesis of tetraaminomethylene aminals. Product was isolated after filtration. 

1H NMR (400 MHz, CDCl3): δ 7.33 - 7.26 (m, 16H, HAr), 7.26 - 7.22 (m, 4H, HAr), 3.63 

(s, 8H, H2), 3.11 (s, 2H, H1); 

13C NMR (100 MHz, CDCl3): δ 139.9 (4C, CAr), 129.1 (8C, CAr), 128.3 (8C, CAr), 126.9 

(4C, CAr), 72.4 (C1), 56.3 (4C, C2);  

HRMS (ESI+): exact mass calculated for [M+H]+ (C29H31N2) found m/z: 407.2482, 

found: 198.1281 (corresponding to N,N-dibenzylamine); 

IR (neat) νmax: 3060, 3026, 2927, 2795, 1493, 1451, 1245, 1125, 1072, 1028, 974, 914.  
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3.5.1.2 General Procedure 2.2.  – Procedure for the 
Hydroaminomethylenation of Alkenes  

 

A round-bottom flask charged with N,N,N’,N’-tetraalkyldiaminomethane (4.0 eq.) 

and a magnetic stir-bar under argon-atmosphere was cooled to 0 °C. After this, 

trifluoroacetic acid (TFA, 0.6 M with respect to the alkene) was added slowly, maintaining 

the low temperature of the contents of the flask. After complete addition of TFA, the alkene 

was added in one portion, the flask was sealed and placed in an oil bath at 75 °C. The 

reaction was vigorously stirred at this temperature for 15 h, after which it was allowed to 

cool to room temperature. Subsequently, volatile components were removed under reduced 

pressure. The crude mixture was then treated with aqueous NaOH (1.0 M 2.0 mL/1 mmol 

substrate) and DCM (1.0 mL/1.0 mmol substrate) and stirred vigorously at room 

temperature for 1 h. After this time, aqueous NaOH (5.0 M) was added until the reaction 

mixture reaches pH 12. The resulting biphasic mixture was separated, and the aqueous 

phase was extracted with DCM (3 x 25 mL). The combined organic phases were then dried 

over anhydrous sodium sulfate and filtered. The filtrate was concentrated under reduced 

pressure to afford the crude product, which was purified by flash column chromatography 

on silica gel (DCM/MeOH/NH4OH 19:1:0.15) to afford the analytically pure desired 

product. 
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3.5.1.3 General Procedure 2.3.  – Procedure for 
Hydroaminomethylenation of Alkynes 

 

A round-bottom flask charged with N,N,N’,N’-tetraalkyldiaminomethane (4.0 eq.) 

and a magnetic stir-bar under argon-atmosphere was cooled to 0 °C and dissolved in DCE 

(1.2 M with respect to the alkyne). After this, trifluoroacetic acid (11.2 eq. with respect to 

the alkyne) was added slowly, maintaining the low temperature of the contents of the flask. 

After completed addition of TFA, the alkene (0.5 mmol) was added in one portion, the flask 

was sealed and placed in an oil bath at 75 °C. The reaction was vigorously stirred at this 

temperature for 15 h, after which it was allowed to cool to room temperature. Subsequently, 

volatile components were removed under reduced pressure. After this time, aqueous NaOH 

(1.0 M) was added until the reaction mixture reaches pH 12 and the mixture was extracted 

with DCM (3 x 25.0 mL). The combined organic phases were then dried over anhydrous 

sodium sulfate and filtered. The filtrate was concentrated under reduced pressure to afford 

the crude product, which was purified by flash column chromatography on silica gel 

(DCM/MeOH/NH4OH 19:1:0.15) to afford the analytically pure desired product. 
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3.5.1.4 Characterisation of the products of 
hydroaminomethylenation of alkenes 

  

tert-Butyl (cycloheptylmethyl)(methyl)carbamate (2.1.112) 

After following general Procedure 2.2 for hydroaminomethylation of alkenes, the 

crude mixture was dissolved in anhydrous chloroform (0.2 M), Et3N (2.0 eq., 139.0 mL) 

and di-tert-butyldicarbonate (2.0 eq., 218 mg) were added. The solution was stirred for 5 

hours at 23 °C, then treated with aqueous NaOH (1.0 M–2 mL/1 mmol substrate) and CHCl3 

(1.0 mL/1 mmol substrate). The resulting biphasic mixture was separated, and the aqueous 

phase was extracted with CHCl3 (3 x 20 mL). The combined organic phases were then dried 

over anhydrous sodium sulfate and filtered. The filtrate was concentrated under reduced 

pressure to afford the crude product, which was purified by flash column chromatography 

on silica gel (toluene) to afford the analytically pure desired product in 78 % yield.  

1H NMR (400 MHz, CDCl3): δ 3.01 - 2.99 (m, 2H, H2), 2.81 (s, 3H, H10), 1.82 - 1.72 (m, 

1H, H3), 1.70 - 1.46 (m, 8H, HAlk), 1.45 (s, 9H, H13), 1.41 - 1.34 (m, 2H, HAlk), 1.17 - 1.07 

(m, 2H, HAlk);  

13C NMR (100 MHz, CDCl3): δ 156.3 (C1), 79.2 (C12), 55.1 (C2), 38.0 (C10), 34.5 (CAlk), 

31.7 (2C, CAlk), 28.8 (2C, CAlk), 28.6 (3C, C13), 26.3 (2C, CAlk);  

HRMS (ESI+): exact mass calculated for [M+Na]+ (C14H27NO2Na) requires m/z 264.1934, 

found m/z 264.1934; 

 IR (neat) νmax: 2919, 2853, 1692, 1479, 1457, 1393, 1364, 1276, 1245, 1161, 1132, 881, 

769. 
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tert-Butyl (((1S,2S,4R)-bicyclo[2.2.1]heptan-2-yl)methyl)(methyl)carbamate (2.1.113) 

 

The title compound was purified by flash column chromatography on silica gel 

(toluene) to afford the analytically pure desired product in 79 % yield. 

 

1H NMR (400 MHz, CDCl3): δ 3.23 - 3.09 (m, 1H, H2), 2.97 - 2.72 (m, 4H, H2/10), 2.21 - 

2.19 (m, 1H, H7), 2.02 - 2.00 (m, 1H), 1.75 - 1.68 (m, 1H), 1.53 - 1.46 (m, 2H), 1.45 (s, 9H, 

H1), 1.33 - 1.28 (m, 2H), 1.16 - 1.06 (m, 3H), 1.00 (br s, 1H);  

13C NMR (100 MHz, CDCl3): δ 156.2 (C1), 79.2 (C12), 53.3 (C2), 40.8 (C4), 38.6, 36.6, 

35.2, 34.9, 34.1, 29.9 (C8), 29.2 (C6), 28.6 (3C, C13);  

IR (neat) νmax:  2951, 2870, 1696, 1454, 1396, 1365, 1158, 1128; 

HRMS (ESI+): exact mass calculated for C14H25NO2 [M+Na]+ m/z: 262.1778, found: 

262.1779. 
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3.5.1.5 Experimental procedures for the Synthesis of Aminals 
in chapter 2.1 

N,N,N',N'-Tetrabenzyl-2,2,2-trifluoroethane-1,1-diamine–hemiaminal B (2.1.197) 

 

 

To a round bottom flask containing trifluoroacetaldehyde methyl hemiacetal (0.56 

mL, 5.25 mmol, 1.0 eq., 90 % in methanol) was added dibenzylamine (1.92 mL, 10 mmol, 

2.0 eq.) and benzene (20 mL) at 0 °C. Afterwards pTsOH.H2O (48 mg, 5 %) was added to 

the solution. A Dean-stark apparatus was then assembled and the reaction heated to reflux 

for 20 h. After cooling, the solvent was evaporated and used as a mixture in the upcoming 

reactions.  

 

Ethyl 2,2-bis(dimethylamino)acetate – aminal C (2.1.229) 

 
A solution of ethyl glyoxalate (1 eq., 10.0 mmol, 50 % in toluene) was gently heated 

to 60 °C for 2 h to prevent polimerisation. After that time, the solution was cooled to 0 °C, 

diluted with THF (3.0 mL) and dimethylamine (4.0 eq., 40 mmol, 2.0 M in THF) was added. 
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After 8 h, the solution was passed through a short plug of basic alumina and flushed with 

diethyl ether as an eluent. Evaporation of the solvent afforded the product in 90 % yield as 

a yellow oil. Spectral data and experimental procedure in accordance with the literature.598 

 

Diethyl ((dimethylamino)(methoxy)methyl)phosphonate – hemiaminal D 

(2.1.255) 

 

 

 To a round bottom flask containing 

dimethylformamide dimethyl acetal (1.0 eq., 0.10 mol) was added diethyl phosphonate (1.0 

eq., 0.10 mol) at 0 °C. After stirring for 5 h at rt, the crude mixture was distilled using 

Kugelrohr distillation to afford the hemiaminal D, 2.1.255 as a colourless liquid (78 %). 

Spectral data and experimental procedure are in accordance with the literature. Hemiaminal 

C was used as such.599  

  

  



3.5 Experimental Section Chapter 2.1  
 

 226 
 

 

3.5.1.6 Characterisation and procedures used in the synthesis 
of starting material in chapter 2.1 

 

Unless otherwise stated, all starting material are commercially available.  
 

(oct-7-en-1-ylsulfonyl)benzene 2.1.279 - used in the synthesis of compound 2.1.245 

 

To a solution of 8-bromo-hexene (2.1.280, 1.0 eq., 5.0 mmol) in DMF (10.0 mL, 

0.44 M) was added sodium benzenesulfinate (1.2 eq., 6.0 mmol). After 6 h at 23 °C, diethyl 

ether (20.0 mL) was added to the reaction mixture and the resulting solution was washed 

with brine (3 x 20 mL). The dried (Na2SO4) extract was concentrated in vacuo and purified 

by chromatography over silica gel, eluting with 2-10 % EtOAc / heptane to give the desired 

sulfone (2.1.279, 0.7 g, 67 %) as a colorless oil. Spectral data is in accordance with the 

literature.600  

 

2-(Oct-7-en-1-yl)isoindoline-1,3-dione 2.1.281 - used in the synthesis of compound 

2.1.246 

 
A suspension of 8-bromo-1-octene (2.1.280, 1.0 eq., 5.96 mmol) and potassium 

phthalimide (1.0 eq., 6.35 mmol) in dry DMF (0.44 M, 14.0 mL) was heated at 60 °C for 24 h. The 

resulting cloudy pale-yellow mixture was allowed to cool to room temperature and then solids were 

filtered off. Brine was added and the mixture was extracted with diethyl ether (3 x 20.0 mL). The 

combined ether extracts were washed with 20 mL of brine and then dried over K2CO3. The ether 
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solution was filtered and the solvent removed in vacuo to give the title compound (2.1.281, 1.2 g, 

80 %) as a pale-yellow liquid. Spectral data is in accordance with the literature.600 

 

8-Azidooct-1-ene 2.1.282 - used in the synthesis of compound 2.1.247 

 
NaN3 (0.78 g, 11.9 mmol, 2.00 eq.) was added in one portion to a stirred solution of 8-

bromo-1-octene (2.1.280, 1.14 g, 5.96 mmol, 1.00 equiv) in dry DMF (0.44 M, 14.0 mL) at 80 °C. 

After 16 h at 80 °C, the solution was poured into H2O (50.0 mL). The reaction mixture was extracted 

with ethyl acetate (3 x 25.0 mL) and the combined organic phases were washed with brine (10.0 

mL). The organic phase was dried over anhydrous MgSO4 and concentrated in vacuo. The title 

compound was isolated (0.80 g, 90 %) as a colorless oil. Spectral data is in accordance with the 

literature.600 
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N-Allyl-7-chloroquinolin-4-amine 2.1.283 - used in the synthesis of compound 2.1.211 

 

A round-bottom flask containing 10 mL of ethanol was charged with 4,7-

dichloroquinoline (2.1.284, 1.0 eq., 5.0 mmol), allylamine (3.0 eq., 15.0 mmol) and 

triethylamine (3.0 eq., 15.0 mmol). The reaction mixture was heated at 90 °C for 16 h. After 

cooling to room temperature, the solvent was removed under reduced pressure and the 

resulting solid was purified by column chromatography. The title compound was isolated 

in 63 % as a yellow solid (2.1.283). Spectral data is in accordance with the literature. 601 

 

2-(1-(4-Chlorophenyl)vinyl)pyridine 2.1.285 – used in the synthesis of compound 

2.1.212 

 

To a THF solution of (4-chlorophenyl)(pyridin-2-yl)methanone (2.1.286, 1.0 eq., 

4.59 mmol) was added, 0 °C dropwise, methyl magnesium bromide (2.0 eq., 3.0 M solution 

in Et2O, 9.19 mmol). After immediate color change, the solution was stirred at 23 °C for 3 

h. The solution was then diluted with NH4Cl and extracted with ethyl acetate (3 x 25.0 mL). 

The combined organic phases were dried over anhydrous MgSO4 and concentrated in 

vacuo. The resulting yellow oil was used in the following step without purification. To a 

round-bottom flask containing the previously obtained tertiary alcohol, were added 10.0 

mL of concentrated HCl (36 %). The resulting solution was then heated to 100 °C. After 

15 h, the acid was neutralized by addition of a 1.0 M NaOH solution, and subsequently 

extracted with DCM (3 x 25.0 mL). The combined organic phases were dried over 
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anhydrous MgSO4 and concentrated in vacuo. The title compound was obtained in 55 % as 

a yellow oil after column chromatography (2.1.285). https://doi.org/10.1021/acs.orglett.7b02262 

3.5.1.7 General procedure 2.4 - Procedure for the preparation 
of α-trifluromethylamines using aminal A or B  

 

To a flame dried Schlenk flask charged with the aminal (A, 2.1.184 or B, 2.1.197 

4.0 eq., 0.8 mmol) was added, at -10 °C (using a cryostat - isopropanol), TFA (0.1 M). After 

5 min, the corresponding alkene/alkyne (1.0 eq., 0.2 mmol) was added to the solution. The 

reaction was vigorously stirred at this temperature (-10 °C unless otherwise stated) for 16 

h, after which it was allowed to warm to 0 °C. Then, aqueous NaOH (1.0 M) was added 

until a pH > 7 was reached. The resulting biphasic mixture was separated and the aqueous 

phase was extracted with DCM (3 x 50 mL/mmol). The combined organic phases were then 

dried over anhydrous K2CO3 and filtered. The filtrate was concentrated under reduced 

pressure to afford the crude product, which was purified by flash column chromatography 

on silica gel with DCM/DMA system (DMA: 24:1:0.15) to afford the analytically pure 

desired product.  
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3.5.1.8 General procedure 2.5 – Procedure for the preparation 
of α-aminoesters using aminal C 

 
To a flame dried Schlenk flask charged with the aminal (C, 2.1.229, 4.0 eq., 0.8 

mmol) was added, at -10 °C (using a cryostat - isopropanol), TFA (0.33 mL, 0.6 M). After 

5 min, the corresponding alkene (1.0 eq., 0.2 mmol) was added to the solution. The reaction 

was heated to 50 °C and vigorously stirred (unless otherwise stated) for 20 h, after which 

it was cooled to 0 °C. Then, aqueous NaOH (1.0 M) was added until a pH > 7 was reached. 

The resulting biphasic mixture was separated and the aqueous phase extracted with DCM 

(3 x 50.0 mL/mmol). The combined organic phases were then dried over anhydrous K2CO3 

and filtered. The filtrate was concentrated under reduced pressure to afford the crude 

product, which was purified by flash column chromatography on silica gel with 

DCM/DMA system (DMA = DCM/MeOH/NH4OH 24:1:0.15) to afford the analytically 

pure desired product.  

3.5.1.9 General procedure 2.6 – Procedure for the preparation 
of α-aminophosphonates using hemiaminal D 

 

To a flame dried Schlenk flask charged with hemiaminal (D, 2.1.255, 4.0 eq., 0.8 

mmol) was added, at 0 °C, trifluoroacetic acid (2.0 mL, 0.1 M). After 5 min, the 

corresponding alkene (1.0 eq., 0.2 mmol) was added to the solution. The reaction was 
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vigorously stirred at 23 °C (unless otherwise stated) for 20 h, after which it was cooled to 

0 °C. Then, aqueous saturated NaHCO3 was added until a pH >7 was reached. The resulting 

biphasic mixture was separated and the aqueous phase extracted with DCM (3 x 25.0 

mL/mmol). The combined organic phases were then dried over anhydrous K2CO3 and 

filtered. The filtrate was concentrated under reduced pressure to afford the crude product, 

which was purified by flash column chromatography on silica gel with DCM/DMA system 

(DMA = DCM/MeOH/NH4OH 24:1:0.15) to afford the analytically pure desired product.  
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3.5.2 Characterisation of products of hydroaminoalkylation of 
alkenes 

3.5.2.1 Characterisation of a - Trifluoromethylamines 

following general procedure 2.4 for hydroaminoalkylation 
using aminal A (2.1.184)  

1,1,1-Trifluoro-N-methyl-6-phenylhexan-2-amine (2.1.188) 

  
The title compound was isolated in 92 % yield (48.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 7.30 - 7.28 (m, 2H, H8), 7.20 - 7.18 (m, 3H, H7/9), 2.87 (dqd, J 

= 15.2, 7.6, 3.8 Hz, 1H, H1), 2.69 - 2.58 (m, 2H, H5), 2.52 (m, 3H, H10), 1.76 - 1.61 (m, 3H, 

H2/4), 1.57 - 1.55 (m, 1H, H2/4), 1.52 - 1.37 (m, 2H, H3), 1.07 (br s, 1H, H11); 

13C NMR (151 MHz, CDCl3): δ 142.4 (C6), 128.5 (CAr), 128.2 (CAr), 127.3 (q, J = 288 Hz, C0), 

125.9 (CAr), 61.0 (q, J = 30 Hz, C1), 35.8 (CAr), 35.0 (C5), 31.4 (C4), 28.5 (C3), 25.4 (C2);  

19F NMR (565 MHz, CDCl3): δ -74.64 (d, J = 8.0 Hz); 

HRMS (ESI+): calculated for C13H19NF3 [M+H]+ m/z: 246.1464, found: 246.1468. 

IR (neat, cm-1): 2925, 2855, 2360, 2341, 1466; 1266. 

1,1,1-trifluoro-N-methyl-6-phenylhexan-2-amine (2.1.199) 

  
The title compound was isolated in 72 % yield (46.0 mg) as a yellow oil, using 

Aminal B. 

1H NMR (600 MHz, CDCl3): δ 7.42 - 7.34 (m, 1H, HAr), 7.34 - 7.27 (m, 6H, HAr), 7.21 - 

7.13 (m, 3H, HAr), 3.99 (d, J = 13.2 Hz, 1H, H12), 3.80 (d, J = 13.2 Hz, 1H, H12), 3.02 - 
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2.96 (m, 1H, H2), 2.64 - 2.53 (m, 2H, H6), 1.72 - 1.63 (m, 1H, H3), 1.61 - 1.52 (m, 2H, H4), 

1.51 -1.43 (m, 1H, H3), 1.39 - 1.24 (m, 2H, H5); 

13C NMR (151 MHz, CDCl3): δ 142.2 (CAr), 139.9 (CAr), 128.9 (CAr), 128.7 (CAr), 128.4 

(3C, CAr), 128.3 (2C, CAr), 127.2 (q, J = 285 Hz, C1), 127.2 (2C, CAr), 125.8 (CAr), 58.2 (q, 

J = 27 Hz, C2), 51.9 (C12), 35.6 (C6), 31.1 (C5), 28.7 (C4), 25.1 (C3); 

19F NMR (565 MHz, CDCl3): δ -74.65 (d, J = 6.0 Hz);  

HRMS (ESI+): calculated for C19H22NF3[M+H]+ m/z: 322.1777, found: 322.1769; 

IR (neat, cm-1): 3064, 3028, 2930, 2860, 1494, 1265, 1146. 

 

1,1,1-Trifluoro-N-methyldodecan-2-amine (2.1.189) 

 
The title compound was isolated in 91 % yield (53.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 2.91 - 2.82 (m, 1H, H2), 2.53 (s, 3H, H15), 1.70 - 1.62 (m, 

1H, H3), 1.54 - 1.42 (m, 2H, HAlk), 1.42 - 1.34 (m, 2H, HAlk), 1.34 - 1.30 (m, 2H, HAlk), 1.30 

- 1.29 (m, 2H, HAlk), 1.28 (d, J = 6.2 Hz, 3H, HAlk), 1.27 - 1.25 (m, 9H, HAlk), 1.01 (br s, 

1H, H14), 0.88 (t, J = 7.0 Hz, 3H, H13); 

13C NMR (151 MHz, CDCl3): δ 127.2 (q, J = 284.5 Hz, C1), 61.0 (q, J = 26.7 Hz, C2), 

34.9 (C15), 31.9 (CAlk), 29.6 (2C, CAlk), 29.5 (CAlk), 29.4 (CAlk), 29.3 (CAlk), 28.5 (CAlk), 

28.4 (CAlk), 25.7 (CAlk), 22.7 (CAlk), 14.1 (C13); 

19F NMR (565 MHz, CDCl3): δ -74.69 (d, J = 8.0 Hz); 

HRMS (ESI+): calculated for C14H29NF3 [M+H]+ m/z: 268.2247, found: 268.2250; 

IR (neat, cm-1): 2925, 2855, 2360, 2341, 1466, 1266. 
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1-cycloheptyl-2,2,2-trifluoro-N-methylethan-1-amine (2.1.190) 

  

The title compound was isolated in 73 % yield (31.0 mg) as a yellow oil. Reaction 

was performed at 23 °C. 

1H NMR (600 MHz, CDCl3): δ 2.84 - 2.74 (m, 1H, H2), 2.55 (s, 3H, H11), 1.93 - 1.85 (m, 

1H, H3), 1.77 - 1.64 (m, 4H, HAlk), 1.62 - 1.54 (m, 3H, HAlk), 1.54 - 1.38 (m, 4H, HAlk), 1.36 

- 1.28 (m, 1H, HAlk), 1.07 (br s, 1H, H10); 

13C NMR (151 MHz, CDCl3): δ 127.4 (q, J = 286.6 Hz, C1), 67.0 (q, J = 24.5 Hz, C2), 

39.7 (C11), 32.6 (CAlk), 28.3 (CAlk), 28.2 (CAlk), 27.7 (CAlk), 27.4 (CAlk), 27.2 (C3); 

19F NMR (565 MHz, CDCl3): δ -70.20 (d, J = 8.3 Hz);  

HRMS (ESI+): calculated for C10H19NF3 [M+H]+ m/z: 210.1464, found: 210.1467;  

IR (neat, cm-1): 2924, 2852, 2359, 2341, 1730, 1464, 1274. 

 

10-Bromo-1,1,1-trifluoro-N-methyldecan-2-amine (2.1.194) 

 

The title compound was isolated in 82 % yield (37.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 3.41 (t, J = 6.8 Hz, 2H, H10), 2.86 (ddd, J = 12.0, 7.8, 3.9 

Hz, 1H, H2), 2.53 (s, 3H, H12), 1.88 - 1.83 (m, 2H, H3), 1.67 - 1.66 (m, 1H, HAlk), 1.45 - 

1.32 (m, 11H, HAlk), 1.02 (br s, 1H, H11); 

13C NMR (151 MHz, CDCl3): δ 127.3 (q, J = 284.6 Hz, C1), 61.1 (q, J = 26.8, C2), 35.0 

(C12), 34.1 (C10), 32.9 (CAlk), 29.5 (CAlk), 29.3 (CAlk), 28.8 (CAlk), 28.6 (q, J = 1.7 Hz, C3), 

28.2 (CAlk), 25.8 (CAlk); 

19F NMR (565 MHz, CDCl3): δ -74.62 (d, J = 7.6 Hz);  

HRMS (ESI+): calculated for C11H22F3Br[M+H]+ m/z: 304.0882, found: 304.0884; 
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IR (neat, cm-1): 2928, 2857, 1461, 1263, 1146, 1111.  

 
Methyl 8,8,8-trifluoro-7-(methylamino)octanoate (2.1.192) 
 

 
The title compound was isolated in 74 % yield (35.0 mg) as a yellow oil. Reaction 

was performed at room temperature. 

1H NMR (600 MHz, CDCl3): δ 3.67 (s, 3H, H9), 2.90 - 2.82 (m, 1H, H2), 2.52 (s, H11), 

2.32 (t, J = 7.5 Hz, 2H, H7), 1.73 - 1.61 (m, 3H, HAlk), 1.56 - 1.47 (m, 1H, HAlk), 1.47 - 1.29 

(m, 4H, HAlk), 1.00 (br s, 1H, H10); 

13C NMR (151 MHz, CDCl3): δ 174.4 (C8), 127.5 (q, J = 284.6 Hz, C1), 61.2 (q, J = 26.8 

Hz, (C2), 51.9 (C9), 35.2 (C11), 34.3 (CAlk), 29.3 (CAlk), 28.7 (CAlk), 25.7 (CAlk), 25.1 (CAlk);  

19F NMR (565 MHz, CDCl3): δ -74.59 (d, J = 7.6 Hz);  

HRMS (ESI+): calculated for C10H19NO2F3 [M+H]+ m/z: 242.1362, found: 242.1367; 

IR (neat, cm-1): 2950, 2893, 1736, 1452. 
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12,12,12-Trifluoro-11-(methylamino)dodecan-1-ol  (2.1.193) 

 

The title compound was isolated in 67 % yield (32.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 3.63 (t, J = 6.6 Hz, 2H, H12), 2.91 - 2.87 (m, 1H, H2), 2.53 

(s, 3H, H14), 1.75 (br s, 1H, H12), 1.71 - 1.65 (m, 1H, HAlk), 1.60 - 1.54 (m, 2H, HAlk), 1.51 

- 1.44 (m, 2H, HAlk), 1.39 - 1.29 (m, 14H, HAlk);  

13C NMR (151 MHz, CDCl3): δ 127.2 (q, J = 285 Hz, C1), 63.2 (C12), 61.0 (q, J = 27.0 

Hz, C2), 34.9 (C14), 32.9 (C11), 29.7 (CAlk), 29.6 (2C, CAlk), 29.5 (CAlk), 29.5 (CAlk), 28.5 

(CAlk), 25.9 (CAlk), 25.8 (CAlk);  

19F NMR (565 MHz, CDCl3): δ -74.36 (d, J = 5.1 Hz);  

HRMS (ESI+): calculated for C13H27NOF3 [M+H]+ m/z: 270.2039, found: 270.2042; 

IR (neat, cm-1): 3338, 2925, 2855, 1676, 1463, 1264, 1148, 1117, 1056.  

 

(E)-4-Cyclohexyl-1,1,1-trifluoro-N-methylbut-3-en-2-amine (2.1.202) 

 

The title compound was isolated in 82 % yield (36.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ  5.76 (dd, J = 15.5, 6.6 Hz, 1H, H4), 5.24 (ddd, J = 15.6, 

8.3, 1.4 Hz, 1H, H3), 3.36 (app p, J = 7.5 Hz, 1H, H2), 2.43 (s, 3H, H10), 2.08 - 1.96 (m, 1H, 

H5), 1.77 - 1.70 (m, 3H, HAlk), 1.69 - 1.62 (m, 1H, HAlk), 1.56 (s, 1H, H9), 1.30 - 1.24 (m, 

2H, HAlk), 1.19 - 1.05 (m, 4H, HAlk); 

13C NMR (151 MHz, CDCl3): δ 144.5 (C3), 125.7 (q, J = 285 Hz, C1), 119.8 (C4), 64.5 (q, 

J = 28 Hz, C2), 40.6 (C5), 34.1 (C10), 32.8 (CAlk), 32.7 (CAlk), 32.7 (CAlk), 26.2 (CAlk), 26.0 

(CAlk); 

19F NMR (565 MHz, CDCl3): δ -75.25 (d, J = 7.0 Hz);  
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HRMS (ESI+): calculated for C11H19F3N [M+H]+ m/z: 222.1464, found: 222.1466; 

IR (neat, cm-1): 2925, 2852, 2360, 2340, 1735, 1450, 1274. 

 

(E)-1,1,1-Trifluoro-N,3-dimethyl-4-phenylbut-3-en-2-amine (2.1.203) 

  
The title compound was isolated in 65 % yield (29.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 7.40 - 7.34 (m, 2H, H7), 7.34 - 7.30 (m, 2H, H6), 7.29 - 

7.25 (m, 1H, H8), 6.61 (s, 1H, H4), 3.60 (q, J = 7.7 Hz, 1H, H2), 2.47 (s, 3H, H11), 1.92 (s, 

3H, H9); 

13C NMR (151 MHz, CDCl3): δ 136.6 (C1), 132.9 (C4), 130.6 (C3), 129.1 (2C, CAr), 128.2 

(2C, CAr), 127.1 (CAr), 125.5 (q, J = 283 Hz, C1), 69.7 (q, J = 28 Hz, C2), 34.0 (C11), 13.6 

(C9);  

19F NMR (565 MHz, CDCl3): δ -72.6 (d, J = 7.6 Hz);  

HRMS (ESI+): calculated for C12H15F3N [M+H]+ m/z: 230.1151, found: 230.1154; 

IR (neat, cm-1): 1447, 1350, 1257, 1154, 1134, 1091, 1014, 836, 752, 697. 

 

(E)-4-(Cyclohex-1-en-1-yl)-1,1,1-trifluoro-N-methylbut-3-en-2-amine (2.1.204) 

 
The title compound was isolated in 37 % yield (14.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 6.31 (d, J = 15.7 Hz, 1H, H4), 5.83 (s, 1H, H6), 5.32 (dd, 

J = 15.8, 8.5 Hz, 1H, H3), 3.46 (app p, J = 7.4 Hz, 1H, H2), 2.45 (s, 3H, H12), 2.17 - 2.11 

(m, 4H, H7/10), 1.72 - 1.66 (m, 2H, H8/9), 1.64 - 1.58 (m, 2H, H8/9), 1.40 (br s, 1H, H11);  
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13C NMR (151 MHz, CDCl3): δ 140.3 (C6), 134.8 (C5), 132.0 (C4), 125.8 (q, J = 282 Hz, 

C1), 117.3 (C3), 64.7 (q, J = 29 Hz, C2), 34.3 (C12), 26.0 (C7/10), 24.5 (C7/10), 22.5 (C8/9), 

22.4 (C8/9); 

19F NMR (565 MHz, CDCl3): δ -75.1 (d, J = 7.2 Hz);  

HRMS (ESI+): calculated for C10H12F3 [M-NHMe]+ m/z: 189.0886, found: 189.0889;  

IR (neat, cm-1): 2928, 2860, 1650, 1450, 1365, 1261, 1155, 1127, 1101, 966, 792. 

 

(Z)-1,1,1-Trifluoro-N-methyl-3-propylhept-3-en-2-amine (2.1.205) 

 
The title compound was isolated in 54 % yield (25.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 5.54 (t, J = 7.2 Hz, 1H, H7), 3.34 (q, J = 7.7 Hz, 1H, H2), 

2.39 (s, 3H, H12), 2.16 - 2.05 (m, 3H, H4/8), 1.94 (ddd, J = 13.9, 10.6, 5.2 Hz, 1H, H4/8), 

1.47 - 1.36 (m, 4H, H5/9), 0.92 (t, J = 7.3 Hz, 6H, H6/10); 

13C NMR (151 MHz, CDCl3): δ 132.9 (C3), 132.7 (C7), 125.9 (q, J = 282 Hz, C1), 67.2 (q, 

J = 28 Hz, (C2), 34.5 (C12), 31.3 (C4/8), 30.0 (C4/8), 22.8 (C5/9), 22.1 (C5/9), 14.5 (C6/10), 13.9 

(C6/10);  

19F NMR (565 MHz, CDCl3): δ -73.2 (d, J = 7.6 Hz);  

HRMS (ESI+): calculated for C11H211F3N [M+H]+  m/z: 224.1621, found: 224.1613; 

IR (neat, cm-1): 2961, 2873, 1459, 1353, 1261, 1156, 1126, 1094, 708. 

 

(E)-1,1,1-Trifluoro-N-methyldodec-3-en-7-yn-2-amine (2.1.207) 
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The title compound was isolated in 43 % yield (21.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 5.86 (dt, J = 15.3, 6.2 Hz, 1H, H3), 5.36 (dd, J = 15.3, 8.3 

Hz, 1H, H4), 3.41 (p, J = 7.4 Hz, 1H, H2), 2.45 (s, 3H, H14), 2.29 - 2.25 (m, 4H, H6/9), 2.15 

- 2.11 (m, 2H, H5), 1.47 - 1.42 (m, 2H, H10), 1.41 - 1.36 (m, 2H, H11), 0.90 (t, J = 7.2 Hz, 

3H, H12);  

13C NMR (151 MHz, CDCl3): δ 136.9 (C3), 125.7 (q, J = 282 Hz, C1), 123.6 (C4), 81.3 

(C7), 78.9 (C8), 64.3 (q, J = 29 Hz, C2), 34.1 (C14), 32.1 (C5), 31.3 (C10), 22.2 (C11), 18.8 

(C6), 18.5 (C9), 13.7 (C12); 

19F NMR (565 MHz, CDCl3): δ -75.2 (d, J = 7.2 Hz);  

HRMS (ESI+): calculated for C13H21F3N [M+H]+ m/z: 248.1621, found: 248.1625; 

IR (neat, cm-1): 2932, 2864, 1455, 1365, 1259, 1180, 1156, 1106, 969, 695.  
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 (E)-2-(8,8,8-Trifluoro-7-(methylamino)oct-5-en-1-yl)isoindoline-1,3-dione (2.1.208) 

 
The title compound was isolated in 38 % yield (26.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 7.86 - 7.81 (m, 2H, H11/12), 7.73 - 7.68 (m, 2H, H11/12), 

5.78 (dt, J = 15.4, 6.8 Hz, 1H, H3), 5.33 - 5.27 (m, 1H, H4), 3.69 (t, J = 7.2 Hz, 2H, H8), 

3.40 - 3.55 (m, 1H, H2), 2.43 (s, 3H, H14), 2.20 - 2.09 (m, 2H, H5), 1.76 - 1.63 (m, 2H, 

H7), 1.52 - 1.41 (m, 2H, H6); 

13C NMR (151MHz, CDCl3): δ 168.6 (2C, C9), 137.9 (C3), 134.0 (2C, C12), 132.3 (2C, 

C10), 125.7 (q, J = 282 Hz, C1), 123.3 (2C, C11), 123.1 (C4), 64.3 (q, J = 29 Hz, C2), 37.8 

(C8), 34.2 (C14), 32.0 (C6), 28.1 (C5), 26.2 (C7); 

19F NMR (565 MHz, CDCl3): δ -75.2 (d, J = 7.2 Hz); 

HRMS (ESI+): calculated for C17H20F3N2O2 [M+H]+ m/z: 341.1471, found: 341.1473; 

IR (neat, cm-1): 2939, 2861, 1771, 1706, 1396, 1369, 1264, 1154, 1130, 1102, 923, 718.  

 

N1-(7-Chloroquinolin-4-yl)-5,5,5-trifluoro-N4-methylpentane-1,4-diamine (2.1.211) 

 

The title compound was isolated in 61 % yield as a yellow oil (40.0 mg, 71 % based 

on recovery of starting material). Reaction was performed at 75 °C.  

1H NMR (600 MHz, CDCl3): δ 8.52 - 8.51 (m, 1H, H9), 7.98 - 7.97 (m, 1H, H14), 7.69 - 

7.68 (m, 1H, H11), 7.38 - 7.37 (m, 1H, H11), 6.41 - 6.40 (m, 1H, H13), 5.68 (br s, 1H, H6), 

3.38 - 3.35 (m, 2H, H5), 3.02 (dd, JH,H = 9.8 Hz, 3.7 Hz; q, JH,F = 7.4 Hz, 1H, H2), 2.57 (s, 

3H, H17), 2.00 - 1.94 (m, 2H, H4), 1.90 (dddd, J = 14.1 Hz, 9.0 Hz, 6.9 Hz, 3.7 Hz, 1H, H3), 

1.64 (dddd, J = 14.0 Hz, 9.8 Hz, 8.4 Hz, 5.6 Hz, 1H, H3); 
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 13C NMR (151 MHz, CDCl3): δ 151.5 (C7), 150.0 (C9), 148.5 (C8), 135.2 (C12), 128.4 

(C11), 126.9 (J = 286 Hz, C1), 125.5 (C9), 121.0 (C14), 117.1 (C13), 99.0 (C15), 60.3 (J = 

26.7 Hz, (C2), 43.2 (C5), 34.1 (C16), 26.1 (C4), 25.0 (C3);  

19F NMR (565 MHz, CDCl3): δ -73.84 (d, J = 7.0 Hz);  

HRMS (ESI+): calculated for C15H18ClN3F3 +[M+H]+ m/z: 332.1130, found. 332.1132;  

IR (neat, cm-1): 3176, 2927, 2885, 2368, 2341, 1621, 1509, 1329, 1227, 1104. 

 

4-(4-Chlorophenyl)-1,1,1-trifluoro-N,N-dimethyl-4-(pyridin-2-yl)butan-2-amine 

(2.1.212) 

 

The title compound was isolated in 61 % yield as a yellow oil (41.0 mg, 1:1 d.r.). 

Reaction was performed at 75 °C.  

1H NMR (600 MHz, CDCl3): δ 8.60 - 8.57 (m, 1H, H9), 7.59 - 7.54 (m, 1H, H7), 7.32 - 

7.28 (m, 3H, H6/12/14), 7.25 - 7.22 (m, 1H, H8/11/15), 7.18 - 7.15 (m, d2, 0.5H, H8/11/15), 7.13 

- 7.10 (m, 1.5H, H8/11/15), 4.32 - 4.30 (m, 2H, H3), 2.77 (dd, J = 10.8 Hz, 4.0 Hz, 0.5H, d2, 

H2), 2.70 (dd, 11.1 Hz, 3.7 Hz, 0.5H, d1, H2), 2.66 - 2.62 (m, 0.5H, d2, H4), 2.45 - 2.43 (m, 

0.5H, d1, H4), 2.41 (s, 3H, d1, H16), 2.38 (s, 3H, d2, H16), 2.36 - 2.34 (m, 1H, d1, H2), 2.17 

- 2.12 (m, 1H, d2); 

13C NMR (151 MHz, CDCl3): δ 162.7 (d1, C5), 161.7 (d2, C5), 149.7 (d2, C9), 149.3 (d1, 

C9), 142.2 (d2, C10), 140.9 (d1, C10), 136.5 (d1, d2, C7), 131.4, 132.6 (d1, C13), 132.4 (d2, 

C13), 129.8 (d1, C11), 129.3 (d2, C11), 128.8 (d1, C12), 128.6 (d2, C12), 123.6 (d2, C6), 122.9 

(d1, C6), 121.7 (d2, C8), 121.6 (d1, C8), 62.4 (q, J = 24.7 Hz, d2, C2), 62.2 (q, J = 24.7 Hz, 

d1, C2), 48.4 (d1, C4), 48.2 (d2, C4), 40.9 (d2, C16), 40.9 (d1, C16), 31.4 (d2, C3), 31.1 (d1, 

C3);  

19F NMR (565 MHz, CDCl3): δ -68.08 (d, J = 7.7 Hz, d1), -68.29 (d, J = 7.7 Hz, d2);  
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HRMS (ESI+): calculated for C17H19ClN2F3 [M+H]+ m/z: 343.1183, found: 343.1186. 

  

(1R)-(6-methoxyquinolin-4-yl)((1S,2R,4S,5R)-5-(4,4,4-trifluoro-3-

(methylamino)butyl)quinuclidin-2-yl)methanol (2.1.213) 

 

The title compound was isolated in 32 % yield as a yellow solid (28.0 mg, 76 % 

based on recovery of starting material). Reaction was performed at 75 °C. Diastereoisomers 

were not clearly visible by 1HNMR or 13CNMR. Diasteriomeric ratio was calculated using 

crude 19F NMR - 1.5 to 1 ratio d1/d2.  

1H NMR (600 MHz, MeOD): δ 8.66 (d, J = 4.6 Hz, 1H, H16), 7.97 - 7.91 (m, 1H, H18), 

7.70 (d, J = 4.6 Hz, 1H, H15), 7.42 (dd, J = 7.8, 2.4 Hz, 2H, H19/21), 5.62 (br s, 1H, H13), 

4.72 (s, 1H, H2), 4.59 (br s, H23), 4.02 - 3.93 (m, 3H, H25), 3.73 (s, 3H, H24), 3.20 - 3.15 

(m, 2H), 2.87 (dtd, J = 11.6, 7.9, 3.8 Hz, 1H, H12), 2.75 (td, J = 12.0, 4.9 Hz, 1H, H6), 

2.51 - 2.41 (m, 1H), 2.34 (s, 3H, H24), 1.98 - 1.97 (m, 2H, H3), 1.81 - 1.80 (m, 1H), 1.66 

(br s, 1H, H23), 1.61 - 1.52 (m, 2H, H10), 1.51 - 1.42 (m, 2H, H6), 1.41 - 1.27 (m, 2H, H3);  

13C NMR (151 MHz, MeOD): δ 159.7 (C20), 150.3 (C14), 148.2 (C16), 144.8 (C17), 131.4 

(C18), 128.4 (q, J = 282 Hz, (C1), 128.1 (C22), 120.1 (C19), 102.5 (C21), 74.4 (C12), 71.9 

(C11), 61.9 (J = 27 Hz, confor, (C2), 61.0 (d1, C6), 60.9 (d2, C20), 59.4 (d2, C25), 59.2 (d1, 

C25), 58.9 (d1), 58.8 (d2), 56.5, 44.3, 36.5 (d2, C5), 36.4 (d1, C5), 34.8 (d2, C24), 34.7 (d1, 

C24), 31.6 (C4), 31.4 (C4), 28.4 (d2, C8) , 28.4 (d1, C8), 27.3 (d2, (C9), 27.3 (d1, C9), 27.2 

(C4), 26.8 (C10), 21.2 (C3); 

19F NMR (565 MHz, CDCl3): δ -75.4 (d, J = 7.9 Hz, 1.5H, d1), -74.6 (d, J = 7.9 Hz, d2);  

HRMS (ESI+): calculated for C23H31N3O2F3 [M+H]+ m/z: 438.2363, found: 438.2367;  

IR (neat, cm-1): 3176, 2927, 2885, 2368, 2341, 1621, 1509, 1329, 1227, 1104.  

(Z)-4-Chloro-6-(dimethylamino)-7,7,7-trifluorohept-4-en-1-ol (2.1.266) 
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The title compound was isolated in 55 % yield (27.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 5.85 (d, J = 9.0 Hz, 1H, H3), 3.84 (dq, J = 8.5, 7.9 Hz, 1H, 

H2), 3.71 (br s, 1H H8), 3.60 (dt, J = 11.0, 4.6 Hz, 1H, H7), 3.52 (ddd, J = 11.5, 9.4, 3.9 Hz, 

1H, H7), 2.69 (ddd, J = 17.2, 9.4, 6.1 Hz, 1H, H5), 2.46 (s, 6H, H9), 2.43 - 2.39 (m, 1H, H5), 

1.91 - 1.80 (m, 2H, H6);  

13C NMR (151 MHz, CDCl3): δ 142.8 (C4), 126.3 (q, J = 289 Hz, C1), 119.9 (C3), 62.7 (q, 

J = 27 Hz, C2), 59.4 (C7), 41.3 (2C, C9), 30.0 (C5), 29.2 (C6);  

19F NMR (659 MHz, CDCl3): δ -67.9 (d, J = 7.6 Hz); 

 HRMS (ESI+): calculated forC9H16ClF3NO  [M+H]+ m/z: 246.0867, found: 246.0855, 

 IR (neat, cm-1): 3386, 2946, 1648, 1459, 1373, 1254, 1157, 1110, 1037, 984, 657. 

 

(Z)-3-(3,4-Dihydronaphthalen-1(2H)-ylidene)-1,1,1-trifluoro-N,N-dimethylpropan-2-
amine (2.1.269) 

 
The title compound was isolated in 74 % yield (33.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 7.66 - 7.60 (m, 1H, HAr), 7.25 - 7.18 (m, 2H, HAr), 7.15 - 

7.11 (m, 1H, HAr), 6.05 (d, J = 9.8 Hz, 1H, H3), 3.95 (dq, J = 9.8, 8.1 Hz, 1H, H2), 2.84 (t, 

J = 6.3 Hz, 2H, H7), 2.61 - 2.56 (m, 2H, H5), 2.46 (s, 6H, H14), 1.92 - 1.86 (m, 2H, H6); 

13C NMR (151 MHz, CDCl3): δ 143.0 (C13), 138.1 (C8), 135.2 (C4), 129.2 (C9), 128.1 

(C10), 126.4 (d, J = 289 Hz, (C1), 126.3 (C11), 124.5 (C12), 112.6 (C3), 62.8 (q, J = 28 Hz, 

C2), 42.4 (2C, C14), 30.3 (C5), 27.2 (C7), 23.4 (C6); 

 19F NMR (659 MHz, CDCl3): δ -70.5 (d, J = 8 Hz); 

HRMS (ESI+): calculated for C13H12F3 [M-NMe2]+ m/z: 225.0886, found: 225.0896;  
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IR (neat, cm-1): 2939, 2870, 1456, 1260, 1152, 1103, 1033, 754. 
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3.5.2.2 Characterisation of a - aminoesters following general 

procedure 2.5. for hydroaminoalkylation using aminal C 
(2.1.229)  

Ethyl 2-(methylamino)-4-phenylbutanoate (2.1.233) 

 

The title compound was isolated in 39 % yield (17.0 mg) as a yellow oil. Reaction 

was conducted at 23 °C.  

1H NMR (600 MHz, CDCl3): δ 7.30 - 7.24 (m, 2H, H7), 7.21 - 7.17 (m, 3H, H6/8), 4.20 (q, 

J = 7.0 Hz, 2H, H11), 3.15 (t, J = 6.8 Hz, 1H, H2), 2.75 - 2.65 (m, 2H, H4), 2.38 (s, 3H, H9), 

2.01 - 1.94 (m, 1H, H3), 1.91 - 1.84 (m, 1H, H3), 1.29 (t, J = 7.0 Hz, 3H, H12); 

13C NMR (151 MHz, CDCl3): δ 175.2 (C10), 141.4 (CAr), 128.4 (2C, CAr), 128.3 (2C, CAr), 

125.9 (CAr), 62.7 (C2), 60.6 (C11), 34.9 (C9), 34.7 (C3), 32.0 (C4), 14.4 (C12);  

HRMS (ESI+): calculated for C13H20NO2 [M+H]+ m/z: 222.1489, found: 222.1487;  

IR (neat, cm-1): 2980, 1739, 1663, 1203, 1028, 751, 701. 

 

Ethyl 2-(methylamino)-4-(p-tolyl)butanoate (2.1.234) 

 

The title compound was isolated in 41 % yield (19.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 7.10 - 7.07 (m, 4H, (H6/7), 4.20 (q, J = 6.5 Hz, 2H, H11), 

3.15 (t, J = 6.6 Hz, 1H, H2), 2.70 - 2.61 (m, 2H, H4), 2.38 (s, 3H, H13), 2.31 (s, 3H, H9), 

1.98 - 1.91 (m, 1H, H3), 1.90 - 1.83 (m, 1H, H3), 1.54 (br s, 1H, H1), 1.30 - 1.25 (m, 3H, 

H12);  
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13C NMR (151 MHz, CDCl3): δ 175.4 (C10), 138.5 (CAr), 135.6 (CAr), 129.2 (2C, CAr), 

128.5 (2C, CAr), 62.9 (C2), 60.8 (C11), 35.2 (C13), 34.9 (C3), 31.7 (C4), 21.1 (C9), 14.5 (C12); 

HRMS (ESI+): calculated for [M+H]+ C14H22NO2+: 236.1645, found 236.1644; 

IR (neat, cm-1): 2980, 2933, 2860, 1731, 1516, 1180, 1037. 

 

Ethyl 4-(4-bromophenyl)-2-(methylamino)butanoate (2.1.235) 

 

The title compound was isolated in 45 % yield (27.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 7.40 (d, J = 8.7 Hz, 2H, H7), 7.06 (d, J = 8.3 Hz, 2H, H6), 

4.19 (q, J =7.2 Hz, 2H, H9), 3.10 (t, J = 6.8 Hz, 1H, H2), 2.70 - 2.61 (m, 2H, H4), 2.37 (s, 

3H, H11), 1.97 - 1.89 (m, 1H, H3), 1.88 - 1.80 (m, 1H, H3), 1.29 (t, J = 7.2 Hz, 3H, H10); 

13C NMR (151 MHz, CDCl3): δ 175.2 (C8), 140.5 (C5), 131.6 (2C, CAr), 130.4 (2C, CAr), 

119.9 (C12), 62.6 (C2), 60.8 (C9), 34.9 (C11), 34.8 (C5), 31.6 (C4), 14.5 (C10);  

HRMS (ESI+): calculated for C13H1979BrNO2 [M+H]+ m/z: 300.0594, found: 300.0591; 

IR (neat, cm-1): 2978, 2931, 2856, 2799, 1729, 1645, 1487, 1180, 1072, 940, 765. 

 

Ethyl 2-(methylamino)undecanoate (2.1.237) 

 

The title compound was isolated in 59 % yield (28.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 4.20 (q, J = 7.2 Hz, 2H, H13), 3.12 (t, J = 6.8 Hz, 1H, H2), 

2.37 (s, 3H, H15), 1.66 - 1.53 (m, 2H, H3), 1.37 - 1.21 (m, 17H, HAlk), 0.87 (t, J = 7.0 Hz, 

3H, H14); 
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13C NMR (151 MHz, CDCl3): δ 175.6 (C12), 63.5 (C2), 60.6 (C13), 34.9 (C15), 33.6 (CAlk), 

32.0 (CAlk), 30.0 (CAlk), 29.6 (CAlk), 29.5 (CAlk), 22.8 (CAlk), 14.5 (C14), 14.2 (C11); 

HRMS (ESI+): calculated for C14H30NO2 [M+H]+ m/z: 244.2271, found: 244.2269; 

IR (neat, cm-1): 2924, 2855, 1733, 1608, 1370, 1339. 

 

Ethyl 12-hydroxy-2-(methylamino)dodecanoate (2.1.238) 

 

The title compound was isolated in 54 % yield (29.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 4.20 (q, J = 6.9 Hz, 2H, H15), 3.63 (t, J = 6.5 Hz, 2H, H12), 

3.12 (t, J = 6.7 Hz, 1H, H2), 2.36 (s, 3H, H17), 1.64 - 1.53 (m, 5H, HAlk), 1.39 - 1.23 (m, 

18H, HAlk); 

13C NMR (151 MHz, CDCl3): δ 175.6 (C14), 63.5 (C2), 63.2 (C15), 60.6 (C12), 34.9 (CAlk), 

33.6 (CAlk), 32.9 (C17), 29.7 (CAlk), 29.6 (CAlk), 29.5 (CAlk), 29.4 (CAlk), 25.9 (CAlk), 25.8 

(CAlk), 14.5 (C16); 

HRMS (ESI+): calculated for C15H32NO3 [M+H]+ m/z: 274.2377, found 274.2375;  

IR (neat, cm-1): 2928, 2854, 1731, 1452, 1182, 1110. 

 

Ethyl 2-(methylamino)-6-phenylhexanoate (2.1.236) 

 

The title compound was isolated in 63 % yield (32.0 mg) as a yellow oil. Reaction 

was conducted at 23  °C. 

1H NMR (600 MHz, CDCl3): δ 7.28 - 7.26 (m, 1H, HAr), 7.25 - 7.24 (m, 2H, HAr), 7.21 - 

7.14 (m, 2H, HAr), 4.18 (q, J = 7.1 Hz, 2H, H12), 3.12 (t, J = 6.7 Hz, 1H, H2), 2.60 (t, J = 
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7.9 Hz, 2H, H6), 2.36 (s, 3H, H14), 1.70 - 1.58 (m, 4H, H3/4), 1.46 - 1.34 (m, 2H, H5), 1.26 

(t, J = 7.1 Hz, 3H, H13); 

13C NMR (151 MHz, CDCl3): δ 175.4 (C11), 142.4 (CAr), 128.4 (2C, CAr), 128.3 (2C, CAr), 

125.7 (CAr), 63.2 (C2), 60.5 (C12), 35.7 (C6), 34.8 (C14), 33.3 (CAlk), 31.3 (CAlk), 25.4 (CAlk), 

14.3 (C13);  

HRMS (ESI+): calculated for [M+H]+ C15H24NO2+: 250.1802, found 250.1800; 

IR (neat, cm-1): 2978, 1730, 1495, 1179, 1028, 749, 699.  

1-Ethyl 8-methyl 2-(methylamino)octanedioate (2.1.241) 

  

The title compound was isolated in 70 % yield (34.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 4.19 (q, J = 7.2 Hz, 2H, H11), 3.66 (s, 3H, H9), 3.11 (t, J = 

6.8 Hz, 1H, H2), 2.36 (s, 3H, H13), 2.30 (t, J = 7.5 Hz, 2H, H7), 1.67 - 1.54 (m, 4H, H3/6), 

1.43 - 1.31 (m, 4H, H4/5), 1.28 (t, J = 7.2 Hz, 3H, H12);  

13C NMR (151 MHz, CDCl3): δ 175.5 (C8), 174.3 (C10), 63.4 (C2), 60.7 (C11), 51.6 (C9), 

34.9 (C7), 34.1 (C13), 33.3 (CAlk), 29.1 (CAlk), 25.6 (CAlk), 24.9 (CAlk), 14.5 (C12);  

HRMS (ESI+): calculated for C12H24NO4 [M+H]+ m/z: 246.1700, found 246.1697; 

IR (neat, cm-1): 2938, 2860, 1732, 1440, 1178, 1027. 

 

Ethyl 6-acetoxy-2-(methylamino)hexanoate (2.1.242) 

 

The title compound was isolated in 38 % yield (18.0 mg) as a yellow oil. 
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1H NMR (600 MHz, CDCl3): δ 4.20 (q, J = 7.2 Hz, 2H, H10), 4.05 (t, J = 6.8 Hz, 2H, H6), 

3.12 (t, J = 6.6 Hz, 1H, H2), 2.37 (s, 3H, H12), 2.04 (s, 3H, H8), 1.71 - 1.61 (m, 4H, H3/5), 

1.49 - 1.37 (m, 2H, H4), 1.29 (t, J = 7.2 Hz, 3H, H11);  

13C NMR (151 MHz, CDCl3): δ 175.4 (C7), 171.3 (C9), 64.4 (C2), 63.3 (C8), 60.7 (C10), 

34.9 (C2), 33.1 (C12), 28.6 (CAlk), 22.5 (CAlk), 21.1 (CAlk), 14.5 (C11); 

HRMS (ESI+): calculated for C11H22NO4 [M+H]+ m/z: 232.1543, found: 232.1540; 

IR (neat, cm-1): 3454, 2985, 2945, 2880, 1734, 1275, 1259, 1135, 1102. 

 

Ethyl 10-bromo-2-(methylamino)decanoate (2.1.239) 

 

The title compound was isolated in 62 % yield (38.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 4.20 (q, J = 6.7 Hz, 2H, H12), 3.40 (t, J = 6.8 Hz, 2H, H10), 

3.12 (t, J = 6.6 Hz, 1H, H2), 2.37 (s, 3H, H14), 1.84 (p, J = 7.2 Hz, 2H, H9), 1.66 - 1.56 (m, 

2H, H3), 1.57 - 1.50 (m, 2H, HAlk), 1.41 - 1.28 (m, 12H, HAlk/13);  

13C NMR (151 MHz, CDCl3): δ 175.6 (C11), 63.5 (C2), 60.6 (C12), 34.9 (C10), 34.1 (C14), 

33.5 (C3), 32.9 (CAlk), 29.5 (CAlk), 29.4 (CAlk), 28.8 (CAlk), 28.3 (CAlk), 25.9 (CAlk), 14.5 

(C13); 

HRMS (ESI+): calculated for C13H27BrNO2 [M+H]+ m/z: 308.1220, found: 308.1216;  

IR (neat, cm-1): 3419, 2927, 2854, 1737, 1464, 1371, 1213, 1158, 1021. 

Ethyl 2-(methylamino)-10-(phenylsulfonyl)decanoate (2.1.245) 

 

The title compound was isolated in 67 % yield (50.0 mg) as a yellow oil. 
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1H NMR (600 MHz, CDCl3): δ 7.91 (d, J = 7.5 Hz, 2H, HAr), 7.65 (d, J = 7.2 Hz, 1H, 

HAr), 7.61 - 7.49 (m, 2H, HAr), 4.19 (q, J = 6.9 Hz, 2H, H15), 3.13 - 3.01 (m, 3H, H2/10), 2.36 

(s, 3H, H17), 1.69 (dt, J = 7.4, 4.0 Hz, 2H, H3), 1.63 - 1.48 (m, 4H, H4/9), 1.39 - 1.18 (m, 

12H, HAlk); 

13C NMR (151 MHz, CDCl3): δ 175.5 (C14), 139.4 (CAr), 133.7 (CAr), 129.4 (2C, CAr), 

128.2 (2C, CAr), 63.4 (C2), 60.6 (C15), 56.4 (C10), 34.9 (C17), 33.5 (CAlk), 29.4 (CAlk), 29.2 

(CAlk), 29.0 (CAlk), 28.4 (CAlk), 25.8 (CAlk), 22.8 (CAlk), 14.5 (C16); 

HRMS (ESI+): calculated for C19H32NO4S [M+H]+ m/z:  370.2047, found: 270.2044;  

IR (neat, cm-1): 2929, 2855, 1729, 1447, 1304, 1180, 1146, 1025, 749, 690. 

 

Ethyl 10-azido-2-(methylamino)decanoate (2.1.247) 

 

The title compound was isolated in 50 % yield (27.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 4.20 (q, J = 6.9 Hz, 2H, H12), 3.25 (t, J = 7.0 Hz, 2H, H10), 

3.12 (t, J = 6.6 Hz, 1H, H2), 2.37 (s, 3H, H14), 1.66 - 1.54 (m, 4H, H3/9), 1.34 (dd, J = 13.2, 

6.0 Hz, 4H, HAlk), 1.32 - 1.23 (m, 10H, HAlk/13); 

13C NMR (151 MHz, CDCl3): δ 175.6 (C11), 63.5 (C2), 60.6 (C10), 51.6 (C10), 34.9 (C14), 

33.5 (CAlk), 29.5 (CAlk), 29.4 (CAlk), 29.2 (CAlk), 29.0 (CAlk), 26.8 (CAlk), 25.9 (CAlk), 14.5 

(C13); 

HRMS (ESI+): calculated for C13H27N4O2 [M+H]+ m/z: 271.2129, found: 271.2128; 

IR(neat, cm-1): 2931, 2856, 2154, 2095, 1731, 1455, 1180, 1028. 

 

Ethyl 2-cycloheptyl-2-(methylamino)acetate (2.1.244) 
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The title compound was isolated in 34 % yield (15.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 4.20 (m, 2H, H11), 2.93 (d, J = 5.6 Hz, 1H, H2), 2.35 (s, 

3H, H13), 1.76 - 1.73 (m, 2H, H4), 1.68 - 1.65 (m, 3H, H3/9), 1.57 - 1.54 (m, 4H, HAlk), 1.48 

- 1.44 (m, 2H, HAlk), 1.39 - 1.32 (m, 3H, HAlk), 1.29 (t, J = 7.2 Hz, 3H, H12); 

13C NMR (151 MHz, CDCl3): δ 175.2 (C10), 69.5 (C2), 60.5 (C11), 43.0 (C3), 35.5 (C13), 

31.5 (CAlk), 30.2 (CAlk), 28.6 (CAlk), 28.1 (CAlk), 27.0 (CAlk), 26.9 (CAlk), 14.6 (C12);  

HRMS (ESI+): calculated for C12H24NO2 [M+H]+ m/z: 214.1802, found: 214.1800; 

IR (neat, cm-1): 2922, 2855, 1729, 1453, 1178, 1105. 

 

Ethyl 2-(benzylamino)-4-phenylbutanoate (2.1.249) 

 

The title compound was isolated in 30 % yield (18.0 mg) as a yellow oil.  

1H NMR (600 MHz, CDCl3): δ 7.36 - 7.30 (m, 4H, HAr), 7.28 - 7.27 (m, 2H, HAr), 7.26 - 

7.24 (m, 1H, HAr), 7.20 - 7.15 (m, 3H, HAr), 4.19 (qd, J = 7.2, 1.7 Hz, 2H, H15), 3.83 (d, J 

= 12.9 Hz, 1H, H9), 3.63 (d, J = 12.9 Hz, 1H, H9), 3.27 (dd, J = 7.5, 5.8 Hz, 1H, H2), 2.80 

- 2.74 (m, 1H, H4), 2.73 - 2.64 (m, 1H, H4), 2.02 - 1.95 (m, 1H, H3), 1.93 - 1.86 (m, 1H, 

H3), 1.29 (t, J = 7.1 Hz, 3H, H16); 

13C NMR (151 MHz, CDCl3): δ 175.5 (C14), 141.7 (CAr), 140.1 (CAr), 128.6 (2C, CAr), 

128.5 (4C, CAr), 128.4 (2C, CAr), 127.2, (CAr), 126.1, (CAr), 60.8 (C2), 60.4 (C15), 52.3 (C9), 

35.3 (C4), 32.2 (C3), 14.5 (C16); 
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HRMS (ESI+): calculated for C19H24NO2 [M+H]+ m/z: 298.1802, found: 298.1799; 

IR (neat, cm-1): 3027, 2932, 2854, 1729, 1454, 1132, 1027, 749, 698. 
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3.5.2.3 Characterisation of a - Aminophosphonates following 

general procedure 2.6. for hydroaminoalkylation using 
aminal D (2.1.255)  

Diethyl (1-(methylamino)-3-phenylpropyl)phosphonate (2.1.256) 

 

The title compound was isolated in 52 % yield (32.0 mg) as a yellow oil. 

1H NMR (600 MHz, CDCl3): δ 7.31 - 7.23 (m, 2H, H9), 7.21 - 7.13 (m, 3H, H8/10), 4.18 - 

4.08 (m, 4H, H11), 2.75 - 2.68 (m, 1H, H2), 2.67 - 2.58 (m, 2H, H6), 2.51 (s, 3H, H13), 1.86 

- 1.75 (m, 1H, H1), 1.69 - 1.54 (m, 4H, H3/5), 1.50 - 1.38 (m, 2H, H4), 1.32 (td, J = 7.2, 4JH,P 

= 1.1 Hz, 6H, H12); 

 13C NMR (151 MHz, CDCl3): δ 142.5 (CAr), 128.4 (2C, CAr), 128.3 (2C, CAr), 125.7 (CAr), 

61.9 (d, 2JC,P = 7.2 Hz, C11), 61.8 (d, 2JC,P = 7.1 Hz, C11), 56.8 (d, 1JC,P = 148.4 Hz, C2), 

35.8 (C6), 35.3 (d, 3JC,P = 6.9 Hz, (C13), 31.4 (C5), 29.3 (d, 4JC,P = 1.6 Hz, (C4), 25.9 (d, 3JC,P 

= 10.6 Hz, (C3), 16.5 (dd, 3JC,P = 5.6, 1.5 Hz, 2C, (C12); 

31P NMR (243 MHz, CDCl3): δ 28.6; 

HRMS (ESI+): calculated for C16H29NO3P [M+H]+ m/z: 314.1880, found: 314.1879; 

IR (neat, cm-1): 3463, 2983, 2933, 1676, 1602, 1152, 1024, 749. 
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3.5.2.4 Procedure and characterisation of the direct synthesis 
of Homophenylalanine (2.1.250) from corresponding alkene 

 

Compound ethyl 2-(benzylamino)-4-phenylbutanoate (2.1.249) (1.0 eq., 0.07 

mmol) was dissolved in absolute MeOH (2.0 mL, 0.035M). After the addition of 5 % Pd/C 

(2 mg), the flask was evacuated and flushed with hydrogen gas (three times). The 

hydrogenation was carried out at 25 °C for 2 h. After pooling two identical batches, the 

catalyst was filtered off and the MeOH was removed at reduced pressure without 

purification to next step. The crude mixture was dissolved in MeOH (0.7 mL) and aqueous 

1.0 M NaOH (5.0 eq., 5.0 mL) was added. The solution was heated at 45 °C for 3 h until 

complete consumption of starting material (checked by TLC). Then aqueous 2.0 M HCl (~1 

mL) was added to this solution until pH was below 7, the resulting mixture was cooled to 

0 °C after which a white precipitate formed. The precipitate was collected by vacuum 

filtration to afford the title compound as a white solid (10.5 mg after drying). 

Hydrochloride salt of 2-amino-4-phenylbutanoate  

 

The title compound was isolated in 70 % yield (10.5 mg) as a yellow solid. 
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3.6 EXPERIMENTAL SECTION CHAPTER 2.2 

3.6.1 Procedure for the synthesis of starting materials 

3.6.1.1 General procedure 2.7 – Procedure for the formation of 
the exocyclic alkenes 

 

 

For the preparation of the desired alkenes a standard protocol was used (ref wittig). 

A solution of methyltriphenylphosphonium bromide (1.0 eq., 5.0 mmol) in Et2O was cooled 

to 0° C under argon atmosphere. TBuOK (2.0 eq., 10.0 mmol) was added to the solution at 

the given temperature and stirred for 30 min, with a noticible color change. After that time 

a solution of the alkene was added (1.0 eq., 5 mmol) in dry Et2O at 0 °C and the reaction 

was left to stir at 23 °C for 14 h. The reaction was followed by TLC, and heated if no 

conversion was observed. After completion, the mixture was quenched using saturated 

NH4Cl and extracted three times with Et2O (20.0 mL). The pooled organic layers were 

dried over Mg2SO4 and concentrated under reduced pressure. The crude product was 

purified by flash column chromatography (silica gel, pentane) to obtain the volatile alkenes. 
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3.6.1.2 General procedure 2.8 for the aminolactonisation of 
exocyclic alkenes 

 

 

 

To a flame dried Schlenk flask charged with the aminal (C, 2.1.229, 4.0 eq., 0.8 

mmol,) was added, at -10 °C (using a cryostat - isopropanol), TFA (0.33 mL, 0.6 M). After 

5 min, the corresponding alkene (2.2.120, 1.0 eq., 0.2 mmol) was added in a solution with 

dry DME (0.33 mL), to the solution. The reaction was heated to 50 °C and vigorously 

stirred (unless otherwise stated) for 20 h, after which it was cooled to 0 °C. Then, aqueous 

NaOH (1.0 M) was added until a pH > 7 was reached. The resulting biphasic mixture was 

separated and the aqueous phase extracted with DCM (3 x 50 mL/mmol). The combined 

organic phases were then dried over anhydrous K2CO3 and filtered. The filtrate was 

concentrated under reduced pressure to afford the crude product, which was purified by 

flash column chromatography on silica gel with DCM/DMA system to afford the 

analytically pure desired product (2.2.121).  

3.6.1.3 Characterisation of the products of aminolactonization 
of exocyclic alkenes 

Methylenecycloheptane (2.2.122) used in the synthesis of (2.2.73) 

 

The title compound was prepared using general procedure 2.7 for the synthesis of 

exocyclic alkenes. After flash chromatography, the compound was isolated in 72 % yield 

as a colorless oil. All spectral data was found to be in accordance with the literature.602 
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8-Methylene-1,4-dioxaspiro[4.5]decane (2.2.123) used in the synthesis of (2.2.74) 

 

The title compound was prepared using general procedure 2.7 for the synthesis of 

exocyclic alkenes. After flash chromatography, the compound was isolated in 65 % yield 

as a colorless oil. All spectral data was found to be in accordance with the literature.603 

1-(tert-Butyl)-4-methylenecyclohexane (2.2.124) used in the synthesis of (2.2.80) 

 

The title compound was prepared using general procedure 2.7 for the synthesis of 

exocyclic alkenes. After flash chromatography, the compound was isolated in 90 % yield 

as a colorless oil. All spectral data was found to be in accordance with the literature.604 

 (4-Methylenecyclohexyl)benzene (2.2.125) used in the synthesis of (2.2.81) 

 

The title compound was prepared using general procedure 2.7 for the synthesis of 

exocyclic alkenes. After flash chromatography, the compound was isolated in 75 % yield 

as a colorless oil. All spectral data was found to be in accordance with the literature.604 

(2-methylenecyclohexyl)benzene (2.2.126) used in the synthesis of (2.2.82) 
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The title compound was prepared using general procedure 2.7  for the synthesis of 

exocyclic alkenes. After flash chromatography, the compound was isolated in 32 % yield 

as a colorless oil. All spectral data was found to be in accordance with the literature. 
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3-(Dimethylamino)-1-oxaspiro[4.5]decan-2-one (2.2.72)  

 

The title compound was prepared using general procedure 2.8 for the 

aminolactonisation of exocyclic alkenes. After flash chromatography, the compound was 

isolated in 82 % yield (30.1 mg) as a colorless oil. 

1H NMR (600 MHz, CDCl3): δ 3.70 (t, J = 10.1 Hz, 1H, H2), 2.40 (s, 6H, H8), 2.23 - 2.16 

(m, 1H, H3), 1.89 (t, J = 12.0 Hz, 1H, H3), 1.77 - 1.63 (m, 4H, H5), 1.56 - 1.49 (m, 4H, H6), 

1.42 - 1.37 (m, 1H, H7), 1.30 - 1.25 (m, 1H, H7); 

13C NMR (151 MHz, CDCl3): δ 174.8 (C1), 82.9 (C4), 63.7 (C2), 41.8 (C2, C8), 38.5 (C5), 

36.7 (C5), 34.4 (C3), 25.1 (C6), 22.7 (C6), 22.6 (C7); 

HRMS (ESI+): calculated for C11H19O2N2 [M+H]+ 198.1494; found 198.1496; 

IR (neat, cm-1): 2939, 2870, 1456, 1260, 1152, 1103, 1033, 754. 

 

11-(Dimethylamino)-1,4,9-trioxadispiro[4.2.48.25]tetradecan-10-one (2.2.74) 

 

The title compound was prepared using general procedure 2.8 for the 

aminolactonization of exocyclic alkenes. After flash chromatography, the compound was 

isolated in 72 % yield (35.0 mg) as a colorless oil.  
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1H NMR: (600 MHz, CDCl3): δ 3.98 - 3.90 (m, 4H, H8), 3.74 - 3.67 (m, 1H, H2), 2.41 (s, 

6H, H9), 2.21 - 2.13 (m, 1H, H3), 2.01 - 1.97 (m, 1H, H3), 1.97 - 1.92 (m, 1H, H5), 1.92 - 

1.85 (m, 4H, H6), 1.83 - 1.74 (m, 1H, H5), 1.68 - 1.63 (m, 2H, H5); 

13C NMR (151 MHz, CDCl3): δ 174.6 (C1), 107.8 (C7), 81.4 (C4), 64.6 (C2), 64.5 (C8), 

63.7 (C8), 41.9 (C2, C9), 36.0 (C6), 34.4 (C6), 34.3 (C3), 31.2 (C5), 30.9 (C5). 

HRMS (ESI+): calculated for C13H21O4N [M+Na]+ m/z: 278.1368, found 278.1361 

IR (neat, cm-1): 2938, 2876, 2832, 2783, 1763, 1447, 1144. 

 

3-(Dimethylamino)-7,7,10a-trimethyl-6-methylenedodecahydro-2H 

cyclobuta[6,7]cyclonona[1,2-b]furan-2-one (2.2.77) 

 

The title compound was prepared using general procedure 2.8 for the 

aminolactonization of exocyclic alkenes. After flash chromatography, the compound was 

isolated in 62 % yield (31.9 mg) as a colorless oil.  

1H NMR: (600 MHz, CDCl3): δ 5.06 (s, 1H, H7a), 4.96 (s, 1H, H7a), 3.33 (d, J = 12.2 Hz, 

1H, H2), 2.50 (s, 6H, H18/19), 2.49 - 2.39 (m, 2H), 2.39 - 2.30 (m, 1H), 2.27 - 2.17 (m, 1H, 

H3), 2.14 - 2.04 (m, 1H), 1.79 (t+m, J = 10.5 Hz, 2H, H12a+HAlk), 1.71 - 1.55 (m, 3H, 

H12b+2HAlk), 1.38 - 1.29 (m, 1H, HAlk), 1.28 (s, 3H, H17), 1.01 (s, 3H, H10), 0.99 (s, 3H, 

H11), 2HAlk; 

13C NMR (151 MHz, CDCl3): δ 174.0 (HMBC, C1), 152.5 (HMBC, C6), 111.8 (C7), 85.7 

(C16), 70.8 (HSQC, C2), , 41.9 (C13), 41.60 (2C, C18+C19), 40.8 (C3), 36.6 (C12), 36.0 

(HSQC, C4/C5/C14/C15), 34.3 (HMBC, C9), 30.1 (C10), 28.1 (HSQC, C4/C5/C14/C15), 22.7 

(HSQC, C4/C5/C14/C15), 22.2 (C11), 21.0 (HSQC, C17), C4,C5,C8,C14,C15 not 

assignable/observed with certainty; 

HRMS (ESI+): calculated for C19H31O2N [M+H]+ m/z: 306.2433, found: 306.2422 
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8-(tert-Butyl)-3-(dimethylamino)-1-oxaspiro[4.5]decan-2-one (2.2.80) 

 

The title compound was prepared using general procedure 2.8 for the 

aminolactonisation of exocyclic alkenes. After flash chromatography, the compound was 

isolated in 70 % yield (31.0 mg), 1:5 d.r. as an off-white solid.  

 

1H NMR: (600 MHz, CDCl3): δ 3.76 - 3.69 (m, 1H, H2), 2.43 (s, 6H, H10), 2.35 (dt, J = 

21.0, 10.5 Hz, 1H, H3), 1.87 - 1.75 (m, 4H, H3/5), 1.69 - 1.60 (m, 1H, H7), 1.19 - 1.03 (m, 

4H, H6), 0.87 (s, 9H, H9). 

13C NMR (151 MHz, CDCl3): δ 174.2 (C1), 83.8 (C4), 63.5 (C2), 46.7 (C7), 41.5 (2C, C10), 

38.9 (C5), 35.8 (C5), 31.5 (C3), 27.5 (3C, C9), 24.6 (C8), 23.6 (C6), 20.6 (C6). 

HRMS (ESI+): calculated for C15H27O2N [M+H]+ m/z: 254.2120, found 254.2113; 

IR (neat, cm-1): 2944, 2865, 2783, 1766, 1457, 1211, 1050. 

3-(Dimethylamino)-4-methyl-1-oxaspiro[4.5]decan-2-one (2.2.83) 

 

The title compound was prepared using general procedure 2.8 for the 

aminolactonisation of exocyclic alkenes. After flash chromatography, the compound was 

isolated in 65 % yield (24.2 mg) in 1:4 d.r. as a off-white oil.  
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1H NMR: (600 MHz, CDCl3): δ 3.27 (d, J = 12.0 Hz, 1H, H2), 2.50 (s, 6H, H9), 2.16 - 

2.05 (m, 1H, H1), 1.76 - 1.68 (m, 2H, H6), 1.67 - 1.54 (m, 6H, H6/7), 1.50 - 1.39 (m, 1H, 

H3), 1.36 - 1.13 (m, 2H, H8), 1.13 - 1.06 (m, 3H, H4). 

13C NMR (151 MHz, CDCl3): δ 174.4 (C1), 84.9 (C2), 69.4 (C5), 42.8 (C3), 41.6 (2C), 36.4 

(C6), 31.4 (C6), 25.5 (C7), 22.3 (C7), 21.4 (C8), 13.3 (C4). 

HRMS (ESI+): calculated for C12H21O2N [M+H]+ m/z: 212.1651, found: 212.1645  

IR (neat, cm-1): 2964, 2931, 2827, 1736, 1468, 877. 

 

3-(bis(2-hydroxyethyl)amino)-1-oxaspiro[4.5]decan-2-one (2.2.99) 

 

The title compound was prepared using general procedure 2.8 for the 

aminolactonisation of exocyclic alkenes. After flash chromatography, the compound was 

isolated in 82 % yield (39.6 mg) as an off-white oil.  

1H NMR: (600 MHz, CDCl3): δ 4.06 (dd, J = 11.5, 9.2 Hz, 1H, H2), 3.66 - 3.57 (m, 4H, 

H9), 3.52 – 3.29 (m, 2H, H10), 2.92 - 2.84 (m, 2H, H8), 2.79 - 2.68 (m, 2H, H8), 2.34 (dd, J 

= 12.8, 9.2 Hz, 1H, H3), 1.89 (t, J = 12.2 Hz, 1H, H3), 1.82 - 1.60 (m, 4H, H5), 1.58 - 1.44 

(m, 4H, H6), 1.43 - 1.35 (m, 1H, H7), 1.33 - 1.19 (m, 1H, H7); 

13C NMR (151 MHz, CDCl3): δ 177.0 (C1), 83.9 (C4), 61.7 (C2), 59.8 (2C, C9), 53.7 (2C, 

C8), 38.6 (C5), 36.5 (C5), 35.8 (C3), 25.0 (C6), 22.7 (C6), 22.5 (C7); 

HRMS (ESI+): calculated for C13H23O4N [M+H]+  m/z: 258.1705, found: 258.1701; 

IR (neat, cm-1): 3403 (Bs), 2933, 2859, 1750, 1206, 1044  
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