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Abstract 

 

Nitrogen-containing molecules, particularly amines, play crucial roles within the molecular sciences. 

Despite their significance throughout the scientific community, the synthesis of these target molecules is 

often hampered by the challenging installation of the amino group. The majority of synthetic strategies 

consisted of the use of pre-functionalised building blocks and tedious protecting-group manipulations. To 

increase synthetic simplicity and versatility, the use of abundant feedstock chemicals such as unsaturated 

hydrocarbons and sulfur compounds, and the installation of unprotected amino groups are highly desired. 

Moreover, the development of difunctionalisation reactions that install a useful functional group in the 

proximity of the amine would accelerate the transformation of simple building blocks into densely 

functionalised molecules, thus reducing synthetic steps and resources. Within this thesis, these concepts 

were followed and resulted in the discovery of novel amination reactions using benign iron-catalysts.  

 

 

Figure I: An aminoazidation reaction of alkenes as an unsymmetrical diamination strategy. 

First, an aminoazidation reaction was established which functioned as an unsymmetrical diamination 

strategy to access unprotected 2-azidoamines from alkenes in a single step.  

Applying this methodology, a broad range of aliphatic alkenes and vinyl arenes were successfully converted 

with excellent regio- and chemoselectivity. Moreover, this reaction displayed immense functional group 

tolerance allowing for the specific transformation of highly complex alkenyl substrates, including a 

tripeptide. Simultaneously, it demonstrated high tolerance towards air and moisture and good scalability, 

making it a practical synthetic tool. Owing to the unprotected nature of the primary amino group, these 

synthesised azidoamines are ideally masked, unsymmetrical vicinal diamines which allowed for sequential 

functionalisation of both amino groups. This behaviour could be harnessed in the (formal) synthesis of three 

different bioactive compounds. Mechanistically, the stereoconvergent transformation of internal alkenes, 

as well as radical clock experiments and the results of a Hammett-plot support a radical pathway. 
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Figure II: An amino-oxygenation reaction of thiols to access unprotected, primary sulfinamides. 

Furthermore, the same hydroxylamine-derived reagent was employed in an iron catalysed amino-

oxygenation reaction of thiols to afford unprotected, primary sulfinamides. A dual role was played by the 

reagent as it acted both as aminating reagent and oxidant in this transformation. This enabled the facile 

conversion of several aliphatic and aromatic thiols, resulting in a broad substrate scope and good functional 

group tolerance. Further investigations led to a proposed mechanism which featured an uncommon 

sulfinimidate-ester. This intermediate would result from a reaction with methanol, thus identifying the 

solvent as the source for the incorporated oxygen.  
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Zusammenfassung 

 

Stickstoffhaltige Moleküle, insbesondere Amine, spielen in den Molekularwissenschaften eine 

entscheidende Rolle. Trotz ihrer Bedeutung in der wissenschaftlichen Gemeinschaft wird die Synthese 

dieser Zielmoleküle häufig durch die schwierige Installation der Aminogruppe erschwert. Die meisten 

Synthesestrategien bestanden in der Verwendung von präfunktionalisierten Bausteinen und der von 

umständlichen Schutzgruppenmanipulationen. Um die Einfachheit und Vielseitigkeit der Synthese zu 

erhöhen, ist die Verwendung reichlich vorhandener chemischer Ausgangsstoffe wie ungesättigte 

Kohlenwasserstoffe und Schwefelverbindungen, sowie der Einbau ungeschützter Aminogruppen sehr 

wünschenswert. Darüber hinaus würde die Entwicklung von Difunktionalisierungsreaktionen, bei denen 

eine nützliche funktionelle Gruppe in der Umgebung des Amins installiert wird, die Umwandlung von 

einfachen Bausteinen in dicht funktionalisierte Moleküle beschleunigen und so Syntheseschritte reduzieren 

und Ressourcen schonen. Im Rahmen dieser Arbeit wurden diese Konzepte beherzigt und führten zur 

Entdeckung neuartiger Aminierungsreaktionen unter Verwendung von umweltfreundlichen 

Eisenkatalysatoren. 

 

 

Abbildung I: Eine Aminoazidierungsreaktion von Alkenen als eine Strategie zur unsymmetrischen 

Diaminierung. 

Zunächst wurde eine Aminoazidierungsreaktion etabliert, die als unsymmetrische Diaminationsstrategie 

fungierte um in einem einzigen Schritt ungeschützte 2-Azidoamine aus Alkenen zu gewinnen.  

Mit dieser Methode konnte ein breites Spektrum aliphatischer Alkene und Vinylarene mit hervorragender 

Regio- und Chemoselektivität erfolgreich umgesetzt werden. Darüber hinaus zeigte diese Reaktion eine 

enorme Toleranz gegenüber funktionellen Gruppen und ermöglichte die spezifische Umwandlung 

hochkomplexer Alkenylsubstrate, einschliesslich eines Tripeptids. Gleichzeitig zeigte sie eine hohe 

Toleranz gegenüber Luftsauerstoff und Feuchtigkeit und eine gute Skalierbarkeit, was sie zu einem 

praktischen Synthesewerkzeug macht. Aufgrund des ungeschützten Charakters der primären Aminogruppe 

sind diese synthetisierten Azidoamine ideal maskierte, unsymmetrische benachbarte Diamine, die eine 

sequentielle Funktionalisierung beider Aminogruppen erlauben. Dieses Verhalten konnte für die (formale) 
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Synthese von drei verschiedenen bioaktiven Verbindungen genutzt werden. Mechanistisch gesehen 

sprechen die stereokonvergente Umwandlung interner Alkene sowie Radikaluhr-Experimente und die 

Ergebnisse eines Hammett-Plots für einen radikalischen Reaktionsablaufs. 

 

 

Abbildung II : Eine Amino-Oxygenierungsreaktion von Thiolen für den Zugang zu ungeschützen, primären Sulfinamiden. 

Darüber hinaus wurde dasselbe Hydroxylamin-Reagenz in einer eisenkatalysierten Amino-

Oxygenierungsreaktion von Thiolen eingesetzt, um ungeschützte, primäre Sulfinamide zu erhalten. Dieses 

vielseitige Reagenz spielte bei der Umwandlung eine doppelte Rolle und fungierte sowohl als 

Aminierungsreagenz als auch als Oxidationsmittel. Dies ermöglichte die einfache Umwandlung 

verschiedener aliphatischer und aromatischer Thiole, was zu einer breiten Substratpalette und einer guten 

Toleranz gegenüber funktionellen Gruppen führte. Weitere Untersuchungen ergaben einen 

vorgeschlagenen Mechanismus, der einen ungewöhnlichen Sulfinimidat-Ester enthielt. Dieses 

Zwischenprodukt könnte aus einer Reaktion mit Methanol resultieren, wodurch das Lösungsmittel als 

Quelle für den eingebauten Sauerstoff identifiziert wurde. 
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1.1 Importance of Amines ï The Basis of Organic Nitrogen 

Amines are ubiquitous structural entities encountered across the molecular sciences and used as versatile 

building blocks by nature and man alike.1 Either on their own or embedded in prominent connectivities like 

amides or N-heterocycles, these privileged nitrogen-containing molecules play pivotal roles in multiple 

disciplines such as agrochemistry,2 medicinal chemistry,3 material sciences,4 catalysis,5 biochemistry,6 and 

many more7 (Figure 1-1). Especially among pharmaceuticals, more than 90% of common small molecules 

contain at least one nitrogen group.8 

 

 

Figure 1-1: Various nitrogen-containing molecules with applications in different fields. 

With a nitrogen-containing target molecule outlined, the planning of its synthetic route often focuses on 

strategies to disconnect CïN bonds.9 Several tools have been established in the previous centuries to be at 

the disposal of a synthetic chemist to unite a nitrogen unit with a carbon fragment.10 However, this important 

class of transformations still faces many limitations today and its improvement and further development is 

a continuous effort in both academia and industry.11 
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1.2 Primary Amination of Aliphatics ï Looking at the First Steps 

One way to differentiate CïN bond formations is by looking at the hybridisation of the targeted carbon 

atom. Whereas nitration/reduction-sequences,12 nucleophilic aromatic substitution13 and cross-coupling 

reactions using transition-metals14 (Buchwald-Hartwig,15 Chan-Evans-Lam,16 Ullmann-Goldberg17) are 

frequently encountered for the construction of anilines with C(sp2)ïN bonds,18 traditional approaches for 

the synthesis of substituted aliphatic amines with C(sp3)ïN bonds differ.19 The latter ones mainly comprise 

carbonyl reductive amination,20 N-alkylation reactions,21 nucleophilic alkylation of imines22 or a 

combination between amide coupling23 and subsequent reduction. To evolve into higher substituted amino 

motifs, primary24 and secondary25 amines are generally employed as starting points, emphasising the 

significance of initial CïN bond formation.   

 

1.2.1 Historic overview of nucleophilic amination 

Conceptually the most apparent route to form a primary amine is by reacting elemental ammonia or a 

nucleophilic amino surrogate with a suitably prefunctionalised carbon electrophile. 

 

 

Figure 1-2: Historic overview of early amino surrogates for nucleophilic amination. 

Early examples of surrogates to be initially implemented for primary aliphatic26 amines include 

nitroalkanes,27 succinimides (Gabriel synthesis),28 urotroponium salts (Delépine synthesis),29 azides30 and 
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cyanides31 (Figure 1-2). However, before the desired primary amino group could be further processed, an 

additional step was necessary to unmask it by means of either reduction32 (for azides, cyanides, and 

nitroalkanes/-alkenes) or cleavage of its pending protecting group (acidic hydrolysis of urotroponium salt 

or treatment of succinimide with base or hydrazine). If no strategic benefit is gained from isolating 

installation and unmasking events, the utilisation of a surrogate lacks step-economy, as an extra detachment 

operation is required.33 This does not only create unnecessary waste as only a small portion of the surrogate 

is incorporated into the target molecule and thus decreases atom economy34 but might also impose 

limitations on functional group tolerance for the overall transformation due to harsh conditions in the 

unmasking step. Therefore, it is highly desirable to explore transformations which obviate the use of 

protecting groups and introduce the amino group directly in its unprotected form, ultimately allowing 

immediate derivatisation.35  

Indeed, many industrial processes have achieved this by using cost-efficient ammonia for the atom-

economic synthesis of low molecular amines from alcohols.36 For the preparation of amines on a smaller 

scale, especially in a laboratory environment, the application of either ammonia or ammonium salts is 

underdeveloped.37 Common drawbacks of these approaches originally consisted of the necessity of high-

pressure equipment, highly Lewis basic character of ammonia, premature reduction of a coupling partner 

in the process or over-reaction of the more reactive primary amine, thus complicating downstream 

purification. However, many of those could be overcome by improvements in the field, such as the use of 

selective imine reducing agents or hydrogen borrowing strategies,38 and the methodology could be extended 

by the development of enantioselective metal39- and enzyme-catalysed40 versions.  

 

1.2.2 The beginning of electrophilic amination 

Instead of using an electrophilic carbon in a traditional disconnection as discussed above, a contrasting 

umpolung-approach41 describes the coupling between a carbon nucleophile with an electrophilic amino 

reagent. These reagents tend to have the nitrogen bound to heteroatomic moieties that are (formally) able 

to act as nucleofuges, preferably as halides, sulfonates, acetates or alkoxides. A list of several of these Nï

LG reagents (LG = leaving group), mostly derived from hydroxylamine,42 are presented below (Table 

1.2-1). 
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Table 1.2-1: Selected electrophilic aminating reagents. 

 

 

In the following, early examples of the combination of such electrophilic NïLG type reagents with 

organometallic species for the coupling of C(sp3)ïN bonds43 to afford unprotected, primary44 amines are 

examined.45  
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Scheme 1.2-1: Electrophilic amination of alkyl zinc by Tcherniak and of Grignard reagents by Coleman. 

 

Inspired by initial reports from Tcherniak on reacting N,N-dichloroethylamine with diethyl zinc,46 

Coleman47 investigated the reactions of monochloramine with Grignard reagents and obtained primary 

amines in very good yields (Scheme 1.2-1). Especially magnesium chloride species afforded the product 

efficiently, whereas magnesium bromide and ïiodide reagents mainly produced ammonia. He discovered 

that aliphatic and particularly benzyl Grignards gave superior yields to aryl species (27% with R = Ph vs. 

85% yield with R = Bn). However, the use of unstable N-chloramines was a significant drawback. 

 

 

Scheme 1.2-2: Electrophilic amination using O-methyl hydroxylamine by Sheverdina & Kocheskov. 

In the search for more stable sources of electrophilic amino surrogates, hydroxylamines were discovered as 

suitable candidates.48 Seminal work by Sheverdina and Kocheskov demonstrated that O-methyl 

hydroxylamine R9a was capable of transferring an ñNH2ò entity to an organometallic species if two 

equivalents of the latter were used (Scheme 1.2-2).49 Later mechanistic investigations supported a rather 

counter-intuitive mechanism where a lithiated amido-species (LiNHOMe) operates as the electrophilic 

species which is activated by a bridging interaction between the NïO bond and lithium ions.50 
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Scheme 1.2-3: Amination of organoborane species by Brown. 

A hydroxylamine-derived reagent that does not require deprotonative pre-activation was reported by Brown 

and co-workers (Scheme 1.2-3).51 Using stable hydroxylamine-O-sulfonic acid (HOSA, R5a) they 

demonstrated the amination of trialkyl boranes. This methodology was especially attractive since alkenes, 

both unactivated and vinyl arenes could initially be transformed via hydroboration to alkylboranes using 

borane and could subsequently be aminated in the same reaction vessel. Though the authors showed equal 

performance with the use of monochloramine, they preferred the stable and commercially available 

hydroxylammonium salt HOSA (R5a). A reason for the low yield was the reluctance of the aminating agent 

to convert the last remaining carbon fragment on the borane. An improved protocol to circumvent this issue 

was reported later which used LiMe2BH2 as the borylating reagent of the starting alkene.52,53 

 

 

Scheme 1.2-4: Electrophilic amination of cyano cuprates by Ricci & Seconi. 

A different hydroxylamine-derived reagent was investigated by Ricci and Seconi (Scheme 1.2-4).54 They 

discovered that N,O-bis(trimethylsilyl)hydroxylamine was able to couple with cyano cuprates to afford 

intermediary N-trimethylsilylated aliphatic and aromatic amines. During a workup with aqueous 

hydrochloric acid, the unprotected amino functionality was revealed. 

 

 

Scheme 1.2-5: Electrophilic amination of organo zirconocene reagents by Srebnik. 
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Another class of organometallic nucleophiles was investigated by Srebnik and co-worker (Scheme 1.2-5).55 

Aliphatic zirconocene reagents were aminated with O-(mesitylsulfonyl)hydroxylamine R5b to afford 

linear, primary amines. These nucleophiles could be conveniently accessed from aliphatic alkenes and vinyl 

arenes by hydrozirconylation with Schwartzó reagent (HZrCp2Cl) with excellent anti-Markovnikov 

selectivity. 56 The following amination step could then be performed in the same pot, in analogy to the 

intermediary hydroboration protocol discussed above (Scheme 1.2-3). A limitation of the protocol, 

however, was the use of a less stable aminating reagent. This limitation would later be overcome by the 

Hartwig group by replacing it with stable HOSA R5a.57 

 

 

Scheme 1.2-6: Electrophilic amination of Grignard and Barbier reagents by Kürti. 

A recent example of an electrophilic amination reaction using organometallic Grignard and Barbier reagents 

was disclosed by Kürti and co-workers (Scheme 1.2-6).58 In their work, they focused on bench-stable 

oxaziridines (R9d) which were suitable for the formation of primary amines. DFT calculations confirmed 

that amination was more feasible than protodemetalation or oxygenation pathways.  
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1.3 An Alternative Approach ï Alkenes as Amination Feedstock 

Despite these advances in the field of classical nucleophilic and electrophilic amination reactions, a 

remaining downside is the required prefunctionalisation of the carbon fragment which hampers step-

efficiency and generates undesired by-products.59 As a result, multiple synthetic methods are aimed at the 

immediate use of readily available and abundant feedstock chemicals such as alcohols60 and 

hydrocarbons.61 Several examples of these transformations are discussed in the following sections, focusing 

on the intermolecular synthesis of primary alkylamines and highlighting different approaches and 

underlying mechanistic working hypotheses to access them.  

 

1.3.1 Allylic amination ï Swapping CïO or CïH bond for a primary amine 

Several metal catalysts can activate the CïO bond of an allylic alcohol to form a ˊ-allyl complex which can 

be then trapped by an amino nucleophile.62 

Whereas previous reports installed the amine in a protected form,63 Carreira and co-workers used sulfamic 

acid in an iridium-catalysed allylic substitution reaction to afford unprotected, primary allyl amines in 

excellent selectivity (Scheme 1.3-1).64  

Mechanistically, the authors proposed that sulfamic acid reacts with N,N-dimethylformamide to release 

ammonia and give a Vilsmeier-type reagent which transforms the allylic alcohol. The sufficiently activated 

CïO bond then undergoes an oxidative addition reaction with the iridium(I) catalyst to furnish an 

iridium(III) -allyl species. This complex is eventually attacked by ammonia and yields the product in very 

good yields. Later investigations by the Carreira group improved the aminative allylic substitution to obtain 

enantiomerically enriched amines.65 

 

Apart from iridium catalysts,66 palladium67 and platinum68 catalysts could transform allylic 

alcohols/carbonates into unprotected, primary allyl amines.  
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Scheme 1.3-1: Allylic substitution of unfunctionalised alcohols to afford unprotected primary amines by Carreira. 
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Scheme 1.3-2: CïH amination of allylic, benzylic and propargylic positions by Arnold. 

Recently, the group of Arnold achieved the direct CïH amination of hydrocarbons to install unprotected, 

primary amines at allylic, benzylic and propargylic positions (Scheme 1.3-2).69 They optimised an iron-

based cytochrome P411 enzyme via directed evolution to obtain the most suitable catalyst. Together with 

a stable hydroxylammonium reagent, they achieved high total turnover numbers of the enzyme and 

excellent enantioselectivity.  

 

1.3.2 Hydroaminomethylation ï Constructing a CïN bond 

An elegant and highly atom-economical way to transform alkenes into primary amines is through the 

addition of ammonia. While the addition in Markovnikov-fashion is applicable for some bulk amines,70 

anti-Markovnikov hydroamination to arrive directly at linear, aliphatic amines presents a major challenge.71  

As a workaround strategy to the direct addition of ammonia, a formal hydroaminomethylation was 

envisioned which consists of a domino reaction combining a hydroformylation step and a subsequent 

reductive amination. An example of simple alkenes using a bis-catalytic system was reported by 

Zimmermann, Herwig and Beller in 1999 (Scheme 1.3-3).72  
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Scheme 1.3-3: Hydroaminomethylation of unactivated alkenes with ammonia by Herwig and Beller. 

In the first step, rhodium-catalysed hydroformylation with pressurised syngas (mixture of CO and H2) 

occurs giving rise to a mixture of linear and branched aldehydes. Depending on the water-soluble phosphine 

ligands used, a ratio between 76:24 and 99:11 was obtained, favouring the linear intermediate. Subsequent 

condensation with ammonia forms an imine which is eventually hydrogenated with an iridium co-catalyst. 

Since the formed primary amine is more nucleophilic than ammonia, deleterious over-reaction to the 

secondary amine occurs.  

Although extensive work was performed to optimise this reaction for tertiary amines,73 

hydroaminomethylation reactions yielding predominantly primary amines remain underdeveloped.74  

 

1.3.3 Hydroaminoalkylation ï Functionalising the Ŭ-Carbon 

Besides the concept of the above-mentioned hydroaminoalkylation to form a CïN bond by reductive 

amination, an alternative hydroaminoalkylation approach focuses on the CïH bond activation of the carbon 

adjacent to the amino nitrogen with subsequent addition to an alkene.75 Using formally the same 

disconnection, the latter strategy is experiencing a renaissance.76 
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Generally, the activation of the targeted CïH bond of the Ŭ-carbon of a primary amine required a 

protecting/directing group which had to be installed beforehand and removed later on.77 A workaround is 

the use of silyl-protected amines which are hydrolysed during an aqueous workup.78 Following this strategy,  

Schafer and co-workers demonstrated the synthesis of Ŭ-branched, primary benzylamines with an early 

transition metal pre-catalyst (Scheme 1.3-4).79  

The authors proposed a mechanistic cycle which is initiated by displacement of two dimethylamino ligands 

on a zirconium pre-catalyst, with starting silylamide to form a zirconaaziridine. Alkene insertion can give 

different zirconapyrrolidines with a strong preference for 2,1-insertion in case of bulky reaction partners. 

Protonolyis with a new silylamide breaks up the aza-zirconacycle to form an acyclic zirconium complex. 

Upon abstraction of a proton, the zirconaziridine is regenerated with concomitant extrusion of desired, Ŭ-

functionalised silylamide. During aqueous workup, the free amine is liberated.  

 

 

Scheme 1.3-4: Hydroaminoalkylation using a Zr-catalyst by Schafer. 

Though the primary amine is efficiently unmasked in the reaction protocol, harsh reaction conditions and 

the strong limitation on vinyl silanes for desired regioselectivity strongly reduce the practicability of the 

reaction.  

An alternative approach to activating the Ŭ-CïH bond under milder reaction conditions is offered by the 

use of photochemistry.80 Shortly after a publication of Schoenebeck, Rovis and co-workers,81 who used an 



Chapter 1 - An Introduction to the Synthesis of Unprotected Primary Amines 

 

14 

 

in situ protection strategy of primary amines with carbon dioxide, the Cresswell82 group published a series 

of three protecting-group free reports for the Ŭ-functionalisation of primary amines (Scheme 1.3-5).  

 

 

Scheme 1.3-5: Hydroaminoalkylation of unprotected primary amines by Cresswell. 

Their main concept was based on the use of a visible light photoredox cycle to initiate an azide anion 

mediated hydrogen atom transfer (HAT) process. An excited photocatalyst oxidises the azide anion to an 

azidyl radical via a single electron transfer. The latter, in turn, then abstracts a hydrogen atom in the alpha 

position of the primary amine. The resulting Ŭ-amino radical adds to the acceptor alkene to generate a 

stabilised C-centered radical which is eventually reduced to the corresponding carbanion. Protonation of 

the anion yielded the desired Ŭ-functionalised primary amine. Depending on the nature of the starting amine, 

mono-alkylation could be reached with an equimolar concentration of amine and vinyl arene, but in several 

cases, a three-fold excess of amine with respect to alkene was used. Generally, a wide range of amines were 

viable substrates to be coupled with vinyl arenes, Ŭ,ɓ-unsaturated esters and phosphonates.83  
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1.3.4 Hydroamination  

In contrast to the above-discussed disconnections which rely on an additional carbon linchpin, the direct 

addition of an amino functionality onto an alkene is known as a hydroamination reaction.84,85   

 

 

Scheme 1.3-6: Photochemical hydroamination by Shu. 

A recent example that installs the amino group in an unprotected fashion on substituted alkenes was 

disclosed by Shu and co-workers (Scheme 1.3-6).86 In their work, they used simple ammonium carbonate 

as a cost-efficient and direct ammonia source87 in a metal-free, photochemical reaction.88,89 Regarding the 

substrate scope, mainly vinyl arenes, vinyl ethers and vinyl amides were transformed to primary amines 

with the nitrogen ending up in the beta-position. However, trisubstituted alkenes were also shown to be 

viable substrates which, in contrast, resulted in Markovnikov products. Mechanistically, they postulate that 

a photocatalyst (PC, of the acridinium family90) is initially excited by blue light and then oxidises the alkene 
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to a radical cation intermediate. This species is trapped by ammonia originating from ammonium carbonate 

and forms the CïN bond and a C-centered radical. The latter radical undergoes a HAT-process and abstracts 

a hydrogen atom which is provided by a parallel cycle involving an aromatic thiol and the re-oxidation of 

the photocatalyst. The final primary amine is eventually obtained after deprotonation. Albeit the reaction 

used convenient amino and hydrido sources and furnished the amine in its unprotected form, only vinyl 

arenes could be used to obtain anti-Markovnikov products. A complementary transformation which would 

result in anti-Markovnikov products of unactivated, aliphatic alkenes was thus sought after. 

 

A different approach using a copper catalysed system with hydroxylamine-derived electrophilic amino 

surrogates eventually allowed for the use of unactivated alkenes and installation of the amino group in an 

anti-Markovnikov fashion.91,92 The group of Miura and Hirano and the group of Buchwald reported 

independently a hydroamination reaction using alkoxysilanes as the hydrido source.93 Even though when 

starting from vinyl arenes the CïN bond was formed at the benzylic position, unactivated, terminal alkenes 

showed excellent anti-Markovnikov selectivity. As aminating reagents, electrophilic benzoyl esters of N,N-

dialkylated hydroxylamines were used which led to the installation of tertiary amines. Further development 

in this field resulted not only in extending the scope of the carbon backbone94 but also of the introduced 

amino moiety,95 including an imine-protected amine (Scheme 1.3-7).96  

Mechanistically,97 the reaction is proposed to start with the formation of the active catalytic species by 

reduction of a copper(II) pre-catalyst by the silane, reaction with a bulky bisphosphine ligand and 

subsequent dissociation into a monomeric copper-hydride species. The following hydro-cupration step was 

observed to be rate-determining when unactivated terminal alkenes were investigated. Interception of this 

intermediate with an electrophilic NïO reagent forms the desired CïN bond. The presumed copper alkoxide 

which is still attached to the product molecule is then reduced via a ůïbond metathesis, regenerating the 

active copper hydride catalyst and liberating the imine product in the process. The imine could be 

hydrolysed in a subsequent step by adding methanolic hydroxylammonium chloride to the reaction mixture. 

If vinyl arenes are utilised in the reaction, the hydro-cupration step installs the metal at the benzylic position, 

enabling an enantioselective Markovnikov hydroamination.98  

Although the resulting imines required an additional step to be unmasked, this step proceeded smoothly 

and in the same reaction vessel. Due to their facile hydrolysis, free and substituted imines are a recurring 

motif in CïN bond-forming reactions to afford primary amines.99  
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Scheme 1.3-7: Copper-catalysed hydroamination by Buchwald. 
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1.4 Aminative Difunctionalisation ï Taking two Steps at once 

Hydroamination reactions of alkenes were discussed above in the context of forming a C(sp3)ïN bond, but 

they are simultaneously part of the broader class of vicinal aminofunctionalisation reactions of alkenes.100 

Instead of installing a hydride alpha to the amine, a different, ideally useful functional handle could be 

introduced to streamline the synthesis of densely functionalised amines. In the following section, several 

aminative (pseudo)halodifunctionalisation reactions ï namely aminochlorination, aminofluorination and 

aminoazidation ï will be presented together with aminohydroxylation reactions. A focus will be laid on the 

terminal installation of primary amino groups on an alkene by an electrophilic, intermolecular three-

component strategy and their development into protecting-group-free transformations. Other 

difunctionalisation reactions, like aminothiolation101, will not be discussed in greater detail. 

 

1.4.1 Aminochlorination of alkenes 

A target for aminofunctionalisation of alkenes has been the aminohalogenation102, especially the 

aminochlorination of alkenes to obtain ɓ-chloroamine products with interesting properties103 or as precursor 

for aziridines.104,105  

The addition of N-chloroamines across a double bond was pioneered by the two groups of Neale106 and 

Minisci107 (Scheme 1.4-1).  

 

 

Scheme 1.4-1: Historic aminochlorination using N-chloroamines by Neale and by Minisci. 

Both groups agreed in general that a radical mechanism was operative, whereas Neale transformed reactive 

alkenes (dienes, diphenylethylene, norbornadiene) under acidic conditions and Minisci and Galli reported 



 

 

19 

 

the use of an iron(III) catalyst with a stoichiometric amount of iron(II) salt. The latter group further 

mentioned that a copper(I)/copper(II) pair was also competent.  

Minisci and Galli identified similarities between N-chloroamines R1b and the aminating agent HOSA 

R5a108 which led to a publication in 1965 about the aminochlorination of alkenes affording unprotected 

primary amines (Scheme 1.4-2).109 Though limited in scope (hex-1-ene, cyclohexene, styrene) and in 

modest yield, it laid the foundation for several other discoveries.110 

Simultaneously, Schrage111 and the group of Swern112 reported a transformation which used either N-

chlorourea or N,N-dichlorourea as aminating agent (Scheme 1.4-2). A variety of alkenes could be used as 

limiting reagent to obtain N-carbamate protected primary, ɓ-chloroamines upon reductive workup with an 

aqueous bisulfite solution. Though a protected amino group was installed, carbamates are conveniently 

deprotected under mild conditions.113  

 

 

Scheme 1.4-2: Unprotected and carbamate protected primary aminochlorination by Minisci and by Swern. 

Over several decades, further work in the field of protected primary aminochlorination of alkenes resulted 

in the use of several protecting groups, such as amides114, azides115, imides116, nitro117, sulfonamides118 

(including the use of NFSI119 and chloramine-T120) and sulfoximines121. 

 

Scheme 1.4-3: Unprotected primary aminochlorination by Morandi. 
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It was not until 2018 that the group of Morandi reported an unprotected aminochlorination using alkenes 

as the limiting reagent (Scheme 1.4-3).122 Inspired by Minisciôs work on HOSA, Legnani, Prina-Cerai et al. 

used a modified ammonium triflate reagent, namely O-pivaloylhydroxylammonium 

trifluoromethanesulfonate, PivONH3OTf or PONT R6a.123 The authors demonstrated that several aliphatic 

alkenes and vinyl arenes could be used as limiting reagents to obtain unprotected, primary ɓ-chloroamines 

in excellent markovnikov selectivity. Further, multiple derivatisations of the primary ɓ-chloroamino motif 

were studied to show its synthetic utility, such as the synthesis of aziridines, and regioselective reduction 

to branched and linear amines. 

 

 

Scheme 1.4-4: Recent unprotected secondary and tertiary aminochlorination reactions by Guan, Bu & Fu 

and Leonori. 

Inspired by these results, recently other research groups explored this field further and reported the synthesis 

of unprotected secondary and tertiary ɓ-chloroamines has emerged (Scheme 1.4-4). 

A collaborative work by the groups of Guan, Bi and Fu used a directing group strategy (8-AQ = 8-

aminoquinoline) with copper catalysis to install tertiary N-chloro- and N-bromoamines onto alkenes.124 

Tertiary and some secondary N-chloroamines were utilised later by Leonori in a photoinduced reaction with 

alkenes.125  

 

  



 

 

21 

 

Extending the concept of iron catalysed aminochlorination reactions, the Morandi group avoided the use 

or in situ synthesis of unstable N-haloalkyl reagents.126 Falk et al. investigated the use of stable N-

substituted O-pivaloyl hydroxyl ammonium reagents and discovered the beneficial effect of Lewis acids 

for these transformations. 

 

 

Scheme 1.4-5: Recent unprotected secondary and tertiary aminochlorination by Morandi. 

 

1.4.2 Aminofluorination 

Similar to the described aminochlorination of alkenes, aminobromination127 and aminoidodination128 

reactions were implemented in related processes. In contrast, however, aminofluorination reactions remain 

a challenge and no reports are known to date which transforms unactivated alkenes into unprotected, 

primary ɓ-fluoroamines. 

After initial nitrofluorination129 of alkenes and multiple intramolecular methods,130 a report about an 

intermolecular aminofluorination of unfunctionalised alkenes using a hydroxylamine derived reagent was 

disclosed by the group of Xu (Scheme 1.4-6).131 For their iron catalysed reaction, aliphatic alkenes, vinyl 

arenes and conjugated dienes were suitable substrates. When using a chiral pybox ligand, enantioselectivity 

could be induced in the aminofluorination of indene. Further, it was demonstrated that the obtained N-

carbamate protected amino functionality could be conveniently deprotected under basic conditions.  

Mechanistically, the authors proposed an initial reductive cleavage of the NïO bond with an iron catalyst 

to form an iron-nitrenoid. Next, this species could add to the alkene to form a C-centered radical. Single 

electron transfer from the radical species to the high valent iron catalyst would result in oxidation to a 

carbocation intermediate with concomitant cleavage of the benzoate. Subsequent trapping with nucleophilic 

fluoride would afford the desired ɓ-fluorocarbamate. An alternative route via intermediary formation of an 

oxazoline which opens up under Lewis-acidic conditions was not ruled out.  
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Scheme 1.4-6: Protected, primary aminofluorination by Xu. 

 

Over the years, many other protected, primary aminofluorination reactions have been reported, many of 

which utilizing azides,132 (bis)sulfonamides,133 sulfoximines,134 and amides135 as very robust protecting 

groups. A comparable carbamate protecting group to the one in Xuôs work was introduced by Studer and 

co-worker in a photochemical transformation (Scheme 1.4-7).136 
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Scheme 1.4-7: Protected primary aminofluorination by Studer. 

Among the synthesis of tertiary ɓ-fluoroamines, the selectfluor based, protected methodology by Lectka137 

and the unprotected version by Fu and co-workers (Scheme 1.4-8) deserve special mention.138 The latter 

approach used a silver fluoride mediated reaction and N-bromodialkylamines.  

 

 

Scheme 1.4-8: Unprotected tertiary aminofluorination by Fu. 

 

1.4.3 Aminoazidation of alkenes 

A common use for the above-presented ɓ-haloamines,139 and also aziridines,140 is as precursors for value-

added vicinal diamines.141 However, considering both the pseudohalogen142 properties and the use as 

masked amine, azides emerged as a prominent target for several diamination reactions. Especially the 
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installation of exactly one azido group next to a different nitrogen functionality is desired to allow for 

subsequent transformation of both (masked) amino groups. 

 

 

Scheme 1.4-9: Unprotected primary aminoazidation by Minisci. 

At the same time as their aminochlorination, Minisci and Galli reported a primary, aminoazidation reaction 

with HOSA (Scheme 1.4-9).143 Unfortunately, again a stoichiometric metal reductant was used and styrene 

as the sole investigated alkene was employed in two-fold excess to be transformed in very low yield.  

 

More than half a century144 passed until a new report about an intermolecular aminoazidation reaction 

emerged (Scheme 1.4-10).145 

 

Scheme 1.4-10: Bissulfonamide protected primary amination by Studer. 
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Studer and Zhang described a copper-catalysed aminoazidation on vinyl arenes to install bissulfonamide 

protected primary amines. As the nitrogen source, they used stable N-fluorobenzenesulfonimide (NFSI). 

Mechanistically, they proposed that the NïF bond is initially reduced by copper(I) chloride to give an 

equilibrium between a copper(III) species and a copper(II) stabilised N-centered radical. The 

bissulfonylamidyl radical could then add to the alkene, followed by a recombination of the C-centered 

radical with the copper catalyst. Direct aminocupration was ruled out since trans-stereochemistry could be 

observed with a geometrically locked substrate. Substitution of the fluoride ligand of the copper(III) 

complex with an azide from trimethylsilyl azide, sets the stage for a reductive elimination to reveal the 

product and the copper(I) catalyst. A radical clock probe opened up under standard reaction conditions 

which hints towards a radical pathway. However, a carbocationic mechanism could not be ruled out. Later, 

the group of Li showed that an iron catalyst could be used as a catalyst instead, enabling the aminoazidation 

of vinyl arenes and unactivated, aliphatic alkenes.146 
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Scheme 1.4-11: Asymmetric iron-catalysed sulfonamidoazidation by Bao. 

Following up on these results, the group of Bao demonstrated an asymmetric, iron-catalysed aminoazidation 

reaction (Scheme 1.4-11).147 Transferring their experience from an asymmetric trifluoromethylazidation 

reaction,148 they used a chiral dbfox ligand to achieve enantiocontrol over the installed azide group. 

Mechanistically, the authors proposed a catalytic cycle reminiscent of the one from Zhang and Studer, using 

an iron(II)/iron(III) cycle instead. The enantioselectivity determining step is claimed to be the transfer of 

an azidyl group from a chiral iron(III) species to a benzylic radical. 

Other aminoazidation reactions that introduce an N,N-bissulfonamide protected amino group made use of 

rhodium catalysis or other aminating reagents.149 Using photochemistry further enables the installation of 

hydrazine or diazo groups as masked amines along with the azide motif.150 
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Scheme 1.4-12: Boc-protected primary aminoazidation by Zhu. 

Using a tert-butyloxycarbonyl (Boc) containing reagent, a more conveniently cleavable protecting group 

was introduced by Zhu and co-workers (Scheme 1.4-12).151 In a recent light-driven reaction, an N-

amidopyridinium salt was used as amino source and limiting reagent. Transforming aryl substituted dienes 

resulted in excellent chemoselectivity, giving 1,2-addition products of the terminal double bond. In contrast, 

alkyl substituted dienes afforded a mixture between 1,2 and 1,3-aminoazides, but the ratio could be 

increased towards the terminal isomer by exploiting a Winstein152 rearrangement with concurrent 

Staudinger reduction.  

 

 

Scheme 1.4-13: Unprotected tertiary aminoazidation by Guan, Bi and Fu. 

In their work on the directed aminofunctionalisation to access tertiary ɓ-chloro- and -bromoamines 

(Scheme 1.4-4), the groups of Guan, Bi & Fu further described the catalytic, protecting-group-free 

aminoazidation reaction to afford tertiary ɓ-azidoamines (Scheme 1.4-13).153 Since N-azidoamines are 

inaccessible, they used N-bromoamines and added exogenous sodium or silver azide to enable this 

transformation. 
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1.4.4 Aminohydroxylation of alkenes 

Similar to vicinal dinitrogen motives, vicinal amino alcohols are an important and frequently encountered 

structural element.154 Synthetically they can be accessed for example via ring opening of a three membered 

aza- or oxa-heterocycle with a suitable nucleophile,155 reduction after a nitroaldol coupling reaction156 or 

by oxidation of a 2-borylalkylamine. The latter could be accessed from an alkene via an aminoborylation 

reaction.157 However, the direct installation of an amino- and hydroxy group simultaneously on an alkene 

is a crucial reaction which attracted the attention of several research groups.  

Pioneers in the field of synthesising O-unsubstituted and N-protected 1,2-aminoalcohols include Sharpless 

and co-workers who developed their eponymous osmium-catalysed aminohydroxylation reaction (Scheme 

1.4-14).158 

 

 

Scheme 1.4-14: N-Protected aminohydroxylation by Sharpless. 

Using Chloramine-T R1f as an amino source allowed for the installation of a sulphonamide protected amino 

group, mainly at the terminal position of an alkene.159 As substrates, alkyl and aryl substituted alkenes were 

transformed with excellent stereoselectivity. However, regioselectivity of the reaction was often low 

(between 3.8:1 to 1:2.3 rr ). A strongly substrate-dependant effect of silver nitrate addition was observed, 

ranging from critical improvement (up to nearly double the yield) to an almost complete shutdown of the 

reaction. 

This silver effect was taken into account when in following studies the Sharpless group developed a protocol 

to install a more easily removable N-Boc protecting group.160  

Among many advances in this field,161 hydroxylamine derived reagents were added to the list of viable N-

protected amino sources.162 However, the main reason this transformation was successfully established as 

a widely used, powerful, synthetic tool is most likely owing to its excellent syn-stereoselectivity and 

asymmetric versions to achieve excellent enantioselectivity.163 
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Figure 1-3: Mechanistic proposal for the osmium catalysed aminohydroxylation by Sharpless. 

The mechanism of this intriguing reaction was carefully studied (Figure 1-3).164 It is assumed that an 

imidotrioxoosmium species adds to an alkene in syn-fashion to form an osmium azaglycolate intermediate. 

Though a stepwise pathway including a formal [2+2] cycloaddition to an osmaazetidine with a subsequent 

1,2-migration of the CïOs bond could be in operation, a concerted (3+2) cycloaddition is preferred on basis 

of studies on the closely related bishydroxylation reaction.165 In the next step, a reoxidation by the nitrogen 

source occurs to afford an oxidised azaglycolate species. This species is then hydrolysed to afford the 

aminoalcohol product and the regenerated osmium(VIII) catalyst. Under some conditions, a secondary, 

deleterious catalytic cycle could be feasible which entails the addition of a second alkene and the formation 

of a bis(azaglycolate)osmium species before hydrolysis. 

Though the reactivity of the osmium-catalysed aminohydroxylation reaction remains unparalleled, the high 

toxicity of the metal catalyst is considered a severe drawback. In the search for alternatives, many research 

groups investigated different approaches, with a focus on the use of less harmful, non-noble metal 

catalysts.166 Especially the studies of the groups of Yoon167 (copper-& iron-catalysis), Xu168 (iron catalysis) 

and Wang169 (copper-catalysis) extended the scope of intermolecular aminooxygenation, albeit yielding 

both amino and hydroxy-functionality in a protected form.170 
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Scheme 1.4-15: Unprotected, primary aminohydroxylation by Legnani et al. 

Reactions which transform an alkene into completely unprotected vicinal amino alcohols have been studied 

in greater detail only in recent years. The group of Morandi got inspired by initial results of Minisci about 

an aminomethoxylation reaction171 and developed an iron-catalysed aminohydroxylation reaction (Scheme 

1.4-15).172 By combining hydroxylammonium reagent PONT R6a as an amino source with an aqueous or 

alcoholic solvent system as hydroxy/alkoxy donor Legnani et al. transformed styrene derivatives and 1,1-

disubstituted alkenes to the corresponding aminoalcohol or, respectively, aminoether. Its synthetic 

significance was later demonstrated in the synthesis of natural products using renewable plant feedstock.173 

 

 

Figure 1-4: Simplified mechanistic proposal for the aminoalkoxylation reaction studied by Chatterjee et al. 

Recently, a collaborative, mechanistic study orchestrated by Dr. Chatterjee et al. about the iron-catalysed 

aminoetherification was published.174 With the help of DFT calculations and an arsenal of several 

spectroscopic methods, a mechanism was proposed (Figure 1-4). Starting from an iron(II) catalyst, the 

hydroxylammonium reagent acts as both oxidant and amino donor to afford an iron(III)-iminyl 

intermediate. This species then is able to aminate vinyl arenes to form aziridines which are prone to 

nucleophilic opening under reaction conditions. However, several aspects of the reaction are still not fully 

understood, i.e. the particular role of the triflate counterion or nucleophilic ring opening. 
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Scheme 1.4-16: Unprotected, enzymatic primary aminohydroxylation by Arnold. 

The iron catalysed aminohydroxylation reaction was further extended by an asymmetric variant using an 

enzymatic approach by Arnold and co-workers (Scheme 1.4-16).175 Through directed evolution they arrived 

at a suitable hemoprotein derived from Rma cytochrome c which efficiently transformed styrene derivatives 

in excellent enantioselectivity and remarkable 2500 TTN.  
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1.5 Amination of Nucleophilic Heteroatoms 
Having thus far discussed several aminative mono- and difunctionalisation reactions of carbon nucleophiles 

with electrophilic NïLG reagents, it should be noted that these reagents further are an important tool in the 

uncatalysed functionalisation of nucleophilic heteroatoms.  

 

1.5.1 N-Amination of Amines 

Indeed, the Raschig synthesis of hydrazine relies on the reaction of ammonia with electrophilic 

monochloramine.176 An extension of this transformation to readily available amines would enable an 

alternative route to substituted hydrazines, instead of N-alkylation.177  

 

Scheme 1.5-1: N-Amination with HOSA and monochloramine. 

Early reports on this type of transformation by the group of Sommer in 1925 described the use of 

hydroxylamine-derived HOSA for the amination of primary as well as secondary amines (Scheme 1.5-1).178 

Later, the substrate class was further extended to tertiary amines and heterocycles as well.179 In a similar 

fashion, monochloramine showed good reactivity with primary amines,180 but also secondary amines181 and 

tertiary amines182 were viable substrates. 
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Scheme 1.5-2: N-Amination of tertiary amines with MSH, DPN and iodine reagents. 

Moreover, O-sulfonyl and O-aryl substituted reagents, like MSH and DPH, were suitable amino surrogates 

to derivatise amines,183 especially tertiary amines184 and heterocycles185  (Scheme 1.5-2). Instead of using a 

hydroxylamine-derived reagent, Bull, Luisi and co-workers recently reported the N-amination of tertiary 

amines by using a hypervalent iodine reagent as oxidant and ammonium carbamate as nitrogen source.186 
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1.5.2 P-Amination of Phosphines 

Within the group of pnictogens, the heavier analogue phosphorous was aminated under similar conditions 

as tertiary amines. Though early pivotal reports by Staudinger on reactions between phosphines and azides 

directly gave iminophosphoranes,187 chloramine188 and other, hydroxylamine derived reagents could be 

used as alternatives (Scheme 1.5-3). Showcasing on the example of triphenylphosphine, a broad spectrum 

of hydroxylamine-derived reagents gave iminophosphoranes in excellent yields. Different O-substitution 

on hydroxylamines, such as O-sulfonate, O-acyl, O-aryl, O-arylsulfonyl or O-phosphinyl groups, resulted 

in potent reagents.189 

 

Scheme 1.5-3: Primary P-Amination of triphenylphosphine. 
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1.5.3 S-Amination of Thioethers 

Another example of heteroatom amination is the formation of sulfilimines from sulfides.190 

Similar in reactivity to amines and phosphines, thioether could be aminated with O-sulfonyl hydroxylamine 

reagents HOSA191 and MSH192 (Scheme 1.5-4). Though in the initial report by Appel, monochloramine was 

listed as viable amino transfer reagent, later contradicting studies by Braude and Cogliano described a 

double amination at the sulfur.193 The scarcity of unprotected amination of sulfides might originate from 

the low stability of alkyl sulfilimines and the consequent use of N-protected alternatives.194 

 

Scheme 1.5-4: S-Amination of sulfides with HOSA and MSH. 
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1.6 Project Aim 

As demonstrated above, the electrophilic amination strategy is a powerful blueprint to construct C(sp3)ïN 

bonds. A series of O-functionalised hydroxylamine-derived reagents are part of a toolbox which enables 

the installation of unprotected amino groups on a variety of functionalities. Especially the class of 1,2-

amino-X-difunctionalisation reactions of alkenes represents a promising field to access densely 

functionalised primary amines. 

Several reports prior to this thesis showed precedents of iron-catalysed reactions for aromatic CïH 

amination and the synthesis of unprotected aminoalcohols as well as 2-chloroamines. However, many 

promising functionalisation reactions remained understudied, despite their potential to unlock further 

synthetically useful transformations.  

 

 

Figure 1-5: Aim towards the exploration of novel amination reactions.  

One example would be further aminative difunctionalisation of alkenes to introduce a second functionality 

vicinal to a primary amine (Figure 1-5). These functionalities could contain versatile (pseudo)halides, such 

as fluoride, azide, cyanide, nitro or thiocyanate. Another promising endeavour could involve amination 

reactions of heteroatoms to afford more complex structures or heterocycles. 
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2 Characteristics of O-

substituted Hydroxyl-

ammonium Reagents 
Parts of the following chapter are based on works published as 

 

S. Makai, E. Falk, B. Morandi, Org. Synth. 2020, 97, 207 ï 216:  

  Preparation of O-Pivaloyl Hydroxylamine Triflic Acid 

 

S. Makai, B. Morandi, Encycl. Reagents Org. Synth., 2021, DOI 10.1002/047084289X.rn02415:  

  O-Pivaloyl Hydroxylamine Triflic Acid   

 

S. Makai, E. Falk, B. Morandi, J. Am. Chem. Soc. 2020, 142, 21548 ï 21555:  

  Direct Synthesis of Unprotected 2-Azidoamines from Alkenes via an Iron-Catalyzed  

  Difunctionalisation Reaction 

 

This content includes results from a collaboration with Eric Falk , who supported the scale-up of PONT 

experimentally and analytically. 

Further, this content includes results from the supervision of student researchers: Alex Vujinoviĺ assisted 

in the screening towards aminothiocyanation and ïfluorination reactions. Suh Hyun Kang focused on the 

amination reaction of 2-phenyl pyridine with MsONH3OTf.   
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2.1 Background and Motivation 

A particularly interesting hydroxylamine-derived electrophilic aminating reagent for the installation of 

primary amines is O-pivaloylhydroxylammonium triflate R6a (for details, see chapters 1.3.1, 1.4.1 and 

1.4.4). This novel compound combines several aspects as óNH2
+ó surrogate which are advantageous for a 

synthetic chemist, such as commercial availability and long-term bench stability.195 PONT is an easily 

weighable colourless solid which exhibits good thermal stability196 (DSC-onset temperature at 165 °C) 

Further, its protonated form prevents a rearrangement from the O-acyl hydroxylamine to the more stable 

N-acyl congener.197 As stated by Marmer, unprotonated, neat O-pivaloyl hydroxylammine rearranges 

within mere hours at room temperature, whereas it is stable as a solution in chloroform or as ammonium 

chloride salt.198  

 

 

Scheme 2.1-1: First reported use of PONT as building block. 

Historically, PONT was first reported by the group of Guimond/Fagnou as a convenient building block 

towards O-acyl hydroxamates (Scheme 2.1-1).199 Their group and the group of Glorius200 pioneered the use 

of this functional group in rhodium catalysed annulation reactions to afford (dihydro)isoquinolones from 

alkenes/alkynes (Scheme 2.1-2). Using N-pivaloxybenzamides, the hydroxamate functioned as both 

directing group and internal oxidant to regenerate the catalyst upon NïO bond cleavage. Based on their 

report, the scope of this transformation was expanded.201 
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Scheme 2.1-2: Rhodium catalysed annulation reaction by Glorius and Guimond/Fagnou. 

Regarding the mechanism, Guimond and co-workers proposed a plausible catalytic cycle based on DFT 

calculations of a simplified reaction (Scheme 2.1-3). 

Starting from a rhodium(III) species, a ligand exchange with an incoming hydroxamate takes place which 

is deprotonated in the process. The N-coordinated rhodium then inserts into a proximal arene CïH bond. 

Subsequent dissociation of an acetic acid molecule gave space for the coordination of an acetylene 

molecule. Insertion of the latter into the carbonïmetal bond is followed by a reductive elimination and 

ultimate CïN bond formation. Rapid oxidative addition into the neighbouring hydroxamate NïO bond 

reoxidises the rhodium catalyst. Deprotonation eventually releases the product isoquinolone, providing the 

rhodium(III) species for the next cycle. 

Apart from the synthesis of isoquinolones, O-pivaloyl hydroxamates found further applications as directing 

group202 or internal oxidant203 in other reactions. 
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Scheme 2.1-3: Proposed mechanism for the rhodium-catalysed annulation reaction by Guimond/Fagnou. 

 

 

Scheme 2.1-4: First reported use of PONT as aminating reagent by Glorius. 

The first use of PONT as aminating agent was reported by Glorius and co-workers (Scheme 2.1-4).204 

During their investigation of a rhodium catalysed 2-pyridyl directed CïH carbamation reaction, they found 

that N-Boc protected O-2,4,6-trichlorobenzoyl hydroxylamine was the most suited reagent to introduce a 

Boc-protected carbamate. However, they demonstrated that PONT could be used to afford an unprotected 

aniline ortho to the directing group. 
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Scheme 2.1-5: Unprotected CïH amination by Morandi. 

An iron-catalysed directing-group-free CïH amination was reported by the Morandi group using a similar 

reagent (Scheme 2.1-5).205 Legnani et al. discovered a novel reagent which had the pivaloyl group 

substituted by a methyl sulfonyl. However, in their screening they disclosed that PONT was also a suitable 

aminating reagent, albeit affording aniline in diminished yield. Later studies of other research groups 

showed the beneficial effect of fluorinated solvent for this transformation and the use of O-benzoyl 

reagents.206 

Altogether, these precedents show that PONT is a privileged reagent which would benefit further from a 

cost-efficient large-scale synthetic route and a more detailed structure-activity-relationship study among its 

O-congeners.  
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2.2 Scale-up of PONT 

Conceptually the synthesis of PONT was planned in two steps using N-boc as protecting group.207 Starting 

from commercially readily available and cost-efficient N-boc hydroxylamine,208 the first step installs a 

pivaloyl group at the O-position. A following deprotection step with triflic acid would cleave the N-boc 

group and simultaneously afford directly the desired ammonium salt.  

 

2.2.1 O-Pivaloylation step of PONT synthesis 

 

Scheme 2.2-1: Reported pivaloylating strategies for N-boc hydroxylamine. 

For the first step, literature precedent listed two pivaloylating reagents (Scheme 2.2-1).209 The use of pivalic 

anhydride in refluxing acetonitrile or chlorinated solvent gave high yields (up to 76% ï 86% yield),210 but 

we found the removal of excess pivalic anhydride211 rather tedious. We therefore opted for the second 

pivaloylating agent pivaloyl chloride which reportedly gave similar yields (84%).212  

We could indeed efficiently scale up a protocol to 47 g 2.3 using equimolar amount of pivaloyl chloride, 

triethylamine and N-boc hydroxylamine in methylene chloride (Scheme 2.2-2). After filtration and 

subsequent washing of the organic phase with water, aqueous NaHCO3 solution and brine, concentration 

of the organic phase yielded pure tert-butyl pivaloyloxy carbamate in 96% yield. Drying under high vacuum 

resulted in the desired product, analytically pure by elemental analysis. 

 

 

Scheme 2.2-2: Scale-up of O-pivaloylation step. 
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However, we later envisioned an improved procedure with a different solvent. As the density of methylene 

chloride is higher than water, washing steps during the work-up procedure required the collection of the 

organic phase for separation from the aqueous layer. To avoid these additional manual operations, we tested 

lower density and simultaneously more benign and cost-efficient Et2O as solvent. Fortunately, this ethereal 

solvent resulted in similar yield. Work-up was further facilitated by the fact that by-product 

triethylammonium chloride has a very low solubility in Et2O. Its major part could be removed by filtration, 

cutting down aqueous washes. Replacing Et2O by less hazardous213 methyl tert-butyl ether resulted in 

comparable yield.  

 

2.2.2 N-Boc deprotection step of PONT synthesis 

The second step of the synthesis consisted of an acid mediated cleavage of the N-boc protecting group. 

Following literature, we opted for Et2O as reaction solvent with additional pentane to precipitate out more 

ammonium salt product at the end of the reaction. Filtration and drying of the resulting precipitate yielded 

PONT on a 45 g scale in 80%, which was shown to be pure by elemental analysis (Scheme 2.2-3). 

 

 

Scheme 2.2-3: Deprotection step with side-product formation. 

To our surprise, we observed two minor impurities in 1H-NMR. One of those unidentified species214 

increased upon standing in deuterated dimethyl sulfoxide which could be avoided by switching to 

deuterated acetonitrile. The other species could be later identified by X-ray crystallography as tert-butyl 

adduct of the free base (R6d), arising from nucleophilic attack on the intermediary tert-butyl cation (Figure 

2-1).215 This adduct could not be removed by recrystallisation with n-butyl acetate, nor by changing the 

reaction solvent.216 Fortunately, solubility of PONT R6a in chlorinated solvents is rather low which allowed 

to remove the tert-butyl adduct from the filter cake by washing with methylene chloride.  

The thus obtained N-tert-butylated reagent R6d was tested in several catalytic reactions but the desired 

product could never be observed. Mostly unreacted reagent was observed, which is surprising given that, 
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based on X-ray structures, the NïO bond of the tert-butyl reagent (1.4371(14) Å)217 is conceived to be 

slightly weaker than the same bond in PONT (1.4234(16) Å)218.  

 

 

Figure 2-1: Crystal structure of R6d. Disorder from rotation of tert-butyl group around CïC bond omitted for clarity. 
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2.3 Targeting SCN and F for an Amino(pseudo)halogenation  

Having established reliable access to aminating reagent PONT R6a, we applied it in the search for further 

protecting-group free aminofunctionalisation reactions of alkenes. Based on a preliminary report by 

Minisci,219 especially (pseudo)halide salts were a promising class of compounds for the introduction of 

versatile functionalities. 

 

Table 2.3-1: Selected screening conditions for an aminothiocyanation reaction. 

 

# Cat. SCN source Solvent 

1 Fe(acac)2, Fe(acac)3, 

FeCl2/bpy, CuI 

NaSCN, KSCN, LiSCN 

Methanol  

(0.4 ï 1 M) 

2 

NH4SCN 
3 

FePc, FeCp2, CeCl3, 

Mn(OTf)3, Cu(OTf)2 

4 Fe(acac)2 
MeCN, MeOH/HFIP, 

TFE 

 

As a first pseudohalide, we probed the reactivity of thiocyanates (Table 2.3-1). This ambidentate salt could 

be incorporated in two different directionalities, either forming a CïS bond or a second, masked amine in 

the vicinal position.220 Unfortunately, no aminated products were obtained through a screening of various 

reaction conditions. 

 

In another approach, we turned towards fluoride and attempted an aminofluorination reaction (Table 2.3-2). 

Seminal iron-catalysed work from the group of Xu demonstrated the use of XtalFluor reagents as suitable 

fluoride surrogates.221 However, testing various reaction parameters, neither inorganic nor organic fluoride 

sources afforded ɓ-fluoroamines. The low solubility of anionic fluoride as a reason for this inactivity could 

be ruled out, as strategies to increase the solubility by the addition of crown-ethers or diaryl urea did not 

improve the reaction.222  
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Table 2.3-2: Selected screening conditions for an aminofluorination reaction. 

 

# Cat. F source Solvent 

1 
Fe(acac)2, 

Fe(acac)3, 

FeCl2/bpy, CuI 

XtalFluor E/M,  

CsF + urea,  

CsF + crown ether, 

NFSI Methanol  

(0.4 ï 1 M) 

  

2 

CsF 
3 

FePc, FeCp2, 

CeCl3, Mn(OTf)3, 

CuI+phen, 

Cu(OTf)2 

4 Fe(acac)2 
MeCN, MeOH/HFIP, 

TFE 

 

 

 

Fortunately, during the investigation of other (pseudo)halide groups, we found that azide salts were suitable 

reaction partners in an aminofunctionalisation reaction to afford 2-azidoamines. The development of this 

transformation will be presented in detail in a later chapter.   
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2.4 Structure-Activity Relationship of PONT O-Analogues  

To study the characteristics of O-substituted hydroxylammonium reagents, several analogues were 

synthesised and tested in an iron-catalysed aminoazidation reaction (Table 2.4-1, see chapter 3 for more 

details). The starting point for the study was PONT (R6a) which afforded the product in 68% NMR yield. 

Aminating reagents which were not based on an O-acyl group (R5a, R7c, R10a) performed poorly, despite 

their use in several aminofunctionalisation reactions.223 The nature of the counter anion had a similar 

important influence. Whereas chloride salt (2.6a) gave almost no product, fluorinated counter anions like 

tetrafluoroborate (2.6b) and trifluoroacetate (2.6c) resulted in moderate product formation (around 40% 

yield), albeit lower than their triflate counterpart. Turning towards different O-acylated 

hydroxylammonium triflate salts, we observed that reduction of the steric bulk (2.6d-f) or tethering (2.6g-

i) on the pivaloyl end lowered the reactivity, but kept product formation relatively high (40ï50%).  

To further investigate the effect of Ŭ-substitution on the reagent, one methyl group of the pivaloyl reagent 

was replaced by an ester (2.6k) or a phenyl (2.6l) functionality. Both reagents underperformed in 

comparison to the parent tert-butyl reagent. To countercheck the changed electronic properties of the 

homobenzoyl reagent, a probe without the geminal dimethyl group was used as a comparison. Lower 

substitution resulted in this case in a slight increase in product formation. 

In conclusion, various alterations were tested, but O-acyl reagents with triflate as counterion remained the 

most privileged candidates for this type of aminofunctionalisation. From this, PONT (R6a) emerged as the 

superior aminating reagent for the studied aminoazidation reaction.  
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Table 2.4-1: Influence of O-substitution of hydroxylamine-derived reagents in an aminoazidation reaction.1 

 

 
1 Unless stated otherwise, 1-dodecene was used as substrate and triflate as counter ion; (a) Fe(OAc)2 was used as 

catalyst, PONT results in 65% yield; (b) 1-octene was used as substrate, PONT with Fe(OAc)2 results in 60% yield.  
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2.5 MsONT as an N-Aminating reagent 

Intrigued by the report of PONT in directed CïH amination (Scheme 2.1-4)224 and having an improved 

reagent for innate, aromatic CïH amination in hand, 225 the group of Morandi was interested to study the 

effect of O-mesylated reagent MsONH3OTf (MsONT, R5d) with a directing group. 

 

  

Scheme 2.5-1: Revisited reaction of MsONT with 2-phenyl pyridine. 

Under rhodium catalysis, 2-phenyl pyridine was reacted by Legnani to a product with the molecular formula 

C13H11N3 in 40% yield (Scheme 2.5-1).226 Initially, a directed CïH amination ortho to the 2-pyridyl 

directing group was assumed with subsequent cyclisation with acetonitrile to form a benzimidazole product 

2.7ô. 

Revisiting the reaction and screening several reaction parameters gave several, puzzling observations. On 

one hand, a pyridyl directing group and potassium carbonate as a base were indispensable for the reaction 

outcome. Even related conditions, like related amido and imino directing group, and inorganic bases like 

lithium carbonate or potassium acetate failed in forming the product. On the other hand, the reaction also 

proceeded in absence of a rhodium-catalyst. Single crystal x-ray structure analysis eventually revealed a 

triazolopyridine structure 2.7.227  

This motif likely arises from an initial N-amination of pyridine by MsONT, followed by deprotonation to 

an ylide and final dipolar (2+3)-Huisgen cycloaddition with acetonitrile as dipolarophile.228 Though similar 
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reactivity was already reported in the literature,229 it highlights the difference in reactivity between O-acyl 

and O-sulfonyl substituted hydroxylamine reagents. 

 

2.6 Conclusion and Outlook 

We could show that the reactivity between O-sulfonyl and O-acyl hydroxylammonium reagents differ 

significantly and could even result in completely different reactivity (N-amination vs CïH amination). From 

a structure-activity relationship study, we concluded that the electronic properties of O-acyl congeners seem 

to have a more pronounced influence than steric demands.  

Fine-tuning by using more or less electron-withdrawing groups on the parent compounds would therefore 

alter the reactivities of O-acyl and O-sulfonyl reagents (Figure 2-2). Especially O-acyl reagents with 

electron-withdrawing O-substituents and electron-releasing substitution on O-sulfonyl reagents might 

exhibit new applications. Having a broader palette of aminating reagents could perhaps enable further 

transformations, such as iron catalysed unprotected, primary amination of benzylic or allylic positions.  

 

 

Figure 2-2: Ideas for the next generation of O-substituted hydroxylammonium reagents. 
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3 Protecting-group-free 

Aminoazidation as a 

Diamination Strategy  

 
Parts of the following chapter are based on works published as 

 

S. Makai, E. Falk, B. Morandi, J. Am. Chem. Soc. 2020, 142, 21548 ï 21555:  

  Direct Synthesis of Unprotected 2-Azidoamines from Alkenes via an Iron-Catalyzed  

  Difunctionalisation Reaction 

E. Falk, S. Makai, T. Delcaillau, L. Gürtler, B. Morandi,  

Angew. Chem. Int. Ed. 2020, 59, 21064 ï 21071: 

 Design and Scalable Synthesis of N-Alkyl-Hydroxylamine Reagents for the Direct, Iron-

 Catalyzed Installation of Medicinally Relevant Amines 

 

This content includes results from a collaboration with Eric Falk , who supported the aminoazidation 

project with the synthesis of starting materials, scope entries and assistance of mechanistic experiments.  

Further, this chapter includes results from the supervision of several student researchers: Alex Vujinoviĺ 

assisted in the synthetic application of quinagolide. Dominique Luder investigated the asymmetric version 

of the reaction using chiral ligands. Gian-Luca Lötscher was involved in the aminocyanation part.  
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3.1 Background and motivation 

Vicinal diamines are an important class of ubiquitous compounds whose synthesis from alkenes attracted 

great attention over the past decades.230 Early examples of diamination reactions include the use of nitrous 

oxides231 or tetrafluorohydrazine232 to achieve dinitration or diaminofluorination of alkenes, respectively. 

To explore alternatives to these hazardous gases or corrosive materials, several organometallic research 

groups studied metal-mediated diamination reactions, using stoichiometric complexes of various metals, 

such as thallium,233 osmium,234 palladium,235 mercury,236 zinc237 and cobalt238. 

 

3.1.1 Diaminative Cyclisation 

 

Scheme 3.1-1: Tethered intramolecular diamination by Chemler and Muñiz. 

In 2005, the research groups of Chemler239 and Muñiz240 independently reported ways to access diamines 

from tethered substrates (Scheme 3.1-1). While the work of Chemler relied on super-stoichiometric amount 

of a copper(II) promoter, cyclic heterocycles were obtained in high yields from alkenyl sulfinamides. Muñiz 

and co-workers disclosed the use of a palladium catalyst with only 5 mol% loading to cyclise alkenyl ureas. 

However, they were required to use a hypervalent iodine reagent as oxidant to drive the reaction and 

regenerate the catalyst. Further studies on this class of tethered, intramolecular diamination reactions 

showed the feasibility of other catalytic systems and oxidants.241 
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Scheme 3.1-2: Intermolecular diaminative cyclisation reactions using urea by Llyod-Jones & Booker-Milburn. 

In the same year, Lloyd-Jones, Booker-Milburn and co-workers demonstrated a catalytic intermolecular 

diamination reaction to afford cyclic ureas (Scheme 3.1-2).242 While they could use simple N,Nô-dialkyl 

ureas as nitrogen sources,243 they had to opt for dienes as a suitable reaction partner in the palladium-

catalysed process. The authors explained the advantage of dienes as they would form electrophilic -́allyl 

palladium intermediates in the process which are less likely to undergo ɓ-hydride elimination, thus 

increasing the selectivity of the reaction. Later work by the group of Han and Gong rendered the reaction 

enantioselective by adding a chiral pyrox ligand.244 

 

 

Scheme 3.1-3: Rhodium-catalysed diamination to a cyclic sulfamide by Du Bois. 

A different approach to obtain a cyclic diamine from alkenes was presented by Du Bois and co-workers 

(Scheme 3.1-3).245 In their rhodium-catalysed process, they initially formed aziridines from alkenes with 

the aid of a hypervalent iodine reagent as an oxidant. In a subsequent step in the same reaction vessel, an 

iodide-mediated rearrangement to the cyclic sulfamide occurred. An advantage of their methodology is that 

the formed mono-carbamate protected cyclic sulfamides are labile enough to be cleaved under relatively 

mild conditions (80 °C in aqueous pyridine). The thus formed mono-N-boc protected vicinal diamines are 

ideal substrates to be sequentially functionalised. 

Apart from these strategies, other diazaheterocycles could be accessed from alkenes using very electron-

deficient alkenes246 or very oxidising conditions.247 
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Scheme 3.1-4: Formation of diaza heterocycles using diaziridinone derivatives by Shi. 

Instead of using an external oxidant, Shi and co-workers pioneered the use of di-tert-butyl diaziridinone 

R4a and its congeners for the construction of diaza heterocycles (Scheme 3.1-4).248 

Using a palladium catalyst on dienes, they demonstrated the highly regio- and stereoselective reaction of 

the internal double bond to give imidazolidinones in a two-component reaction.249 This regioselectivity 

could be inverted if a copper-catalysed system was applied.250 For both transformations, a chiral ligand 

could induce enantioselectivity.251 Keeping the diazirine motif, the same group developed analogues 

reagents which enabled access to cyclic sulfamides252 and cyclic guanidines253.  
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Figure 3-1: Proposed mechanism for the diamination with diaziridinone by Shi. 

The authors propose a catalytic cycle which starts with the oxidative addition of a palladium(0) catalyst 

into the NïN bond of the diaziridinone (Figure 3-1).254 The resulting four-membered palladacycle then 

undergoes a ligand exchange with the diene substrate, followed by a migratory insertion to form a ˊ-allyl 

palladium species. Eventual reductive elimination regenerates the catalyst and concomitantly releases the 

desired imidazolidinone. 

 

3.1.2  Acyclic, symmetrical Diamination 

Instead of installing a cyclic diamine entity on an alkene, two non-tethered amino-functionalities could be 

introduced in vicinal positions. Although the use of three unlinked components complicates the controlled 

assembly of the diamine, these acyclic structures allow for a broader and more versatile range of amino 

motifs to be accessed. This class of dinitrogenation reactions could be further categorised into symmetrical 

or unsymmetrical diamination reactions, respective the nature of both formed (masked) amines. If the amino 

groups are obtained with different protecting groups, their synthesis would be referred to as an 

unsymmetrical diamination reaction. 

A popular reaction class among symmetrical diamination reactions is the direct diazidation reaction of 

alkenes. Early reports of this type of reaction required the use of stoichiometric amounts of iron(II),255 

manganese(III)256 or lead(IV)257 salts to afford the desired product in good yields. However, they were soon 

replaced by more benign reagents, like hypervalent iodine oxidants.258 Although several reports operated 
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well under transition-metal-free conditions,259 the addition of iron(II), copper(I) or palladium(II)260 catalysts 

allowed for generally improved reactivity. 

 

 

Scheme 3.1-5: Iron-catalysed diazidation by Xu. 

An early iron-catalysed example was disclosed by the group of Xu (Scheme 3.1-5).261 Using a pyrox or 

pybox ligand enabled the vicinal installation of two azido groups on unactivated and styrene-derived 

alkenes. Very good diastereoselectivity was achieved on internal alkenes (up to >20:1). As oxidant, initially 

benziodoxole 3.1b was used but it could be later replaced by a bench-stable peroxy ester 3.1c. Xu and co-

workers further assessed the safety parameters of working with diazides and concluded that organic azides 

with a carbon to nitrogen ratio > 1.5 are generally thermally stable, but might be impact-sensitive.262 Their 

work was recently complemented by other iron catalysed reactions and an enantioselective version 

thereof.263 
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Scheme 3.1-6: Copper catalysed diazidation by Greaney. 

At the same time, the group of Greaney published their work about a copper-catalysed diazidation reaction 

(Scheme 3.1-6).264 During their study of a photoredox azidation reaction, they discovered that a diazidation 

reaction of styrene-type alkenes occurs in the absence of irradiation. As azide source and concurrent 

oxidant, they used azidobenziodoxolone (ABX), a cyclic hypervalent iodine reagent initially reported by 

Zhdankin and co-workers.265  

 

 

Scheme 3.1-7: Copper catalysed synthesis of diamines via diazidation by Waser. 

Among the works which expanded the scope of copper-catalysed diazidation reactions,266 particularly the 

report from the Waser group merits special recognition (Scheme 3.1-7).267 They expanded the scope of 

functionalisable bonds beyond the typical CƏC double bonds to strained CïC single bonds.268 Whereas a 

vinyl amide and carbamate afforded vicinal diazides, cyclopropyl- and cyclobutylamides were transformed 

into 1,3- and 1,4-diazides, respectively. An elegant feature of their work was the increased leaving group 

character of the azide moiety which ended up at the aminal position. This enabled facile differentiation 
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between both azido groups and allowed for its replacement by an array of carbanion based nucleophiles to 

formerly result in an overall modular synthesis of N-protected azidoamines. 

 

 

Scheme 3.1-8: Electrochemical diazidation by Lin. 

After early reports in 1970,269 electrochemistry was recently rediscovered and optimised for diazidation 

reactions, thus avoiding the use of external oxidising reagents. Lin and co-workers combined the technology 

with a manganese catalyst and transformed a broad scope of aliphatic and styrene-derived alkenes into their 

respective diazido products (Scheme 3.1-8).270 Later work demonstrated that under similar electrochemical 

conditions the catalyst could be replaced by an organocatalyst or a copper catalyst with only 200 ppm 

loading.271 

 

 

Scheme 3.1-9: Chiral dibissulfonamidation of styrenes by Muñiz. 

A seminal work in the introduction of two identical bissulfonamide-protected amino groups on an alkene 

was reported by the group of Muñiz (Scheme 3.1-9).272 During their studies, they discovered that 

hypervalent iodine reagents are potent oxidants in metal-free diamination reactions. By using a chiral 

oxidant 3.1d, they could demonstrate the enantioselective installation of these amino motifs. Later work by 

the same group showed alternative protocols to reduce the loading of the chiral reagent to a catalytic 

amount.273 Further development of the racemic version also included the use of bistosylimide as an amino 
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surrogate.274 The work of others groups disclosed different metal-catalysed strategies to afford fully p-

benzenesulfonamide-protected amines using NFSI R3.275 

 

 

Scheme 3.1-10: Deprotection conditions of different sulfonamides. 

However, a major drawback of the installation of the tetrasulfonamido-entity is their tedious deprotection 

sequence to reveal unprotected diamines (Scheme 3.1-10). As described by Muñiz and co-workers, the 

methanesulfonamide compound 3.1e can be deprotected following a protocol which includes reductive 

cleavage of two mesyl groups, activation by benzoylation, reductive cleavage of the remaining two mesyl 

protecting groups and eventual hydrolysis of the benzamide esters. The resulting diammonium salt 3.1f is 

obtained in a very high overall yield, albeit the harsh conditions could arguably limit functional group 

tolerance.  

Therefore several groups focused on the introductions of more easily cleavable sulfonamides.276 A valuable 

extension to this reaction class was recently reported by the Minakata group.277 They introduced under 

iodine catalysis mono o-nosyl protected amino motifs which could be removed subsequently in a thiol-

mediated step. 

 

3.1.3 Unsymmetrical Diamination 

Although easily transformable amino moieties could be introduced via symmetrical diamination strategies, 

a major challenge is the subsequent, independent manipulation of both groups. Sometimes internal and 

terminal masked amino functions may be differentiated by careful selection of deprotection conditions,278 

however, this obstacle could be obviated a priori by following an unsymmetrical diamination strategy. This 

would allow for the introduction of two non-identical amino groups with ideally orthogonal unmasking or 

processing protocols. One method to access vicinal diamines is via intermolecular amination reactions of a 
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tethered substrate, resulting in one amino group contained as a cyclic amine.279 To obtain two differently 

protected, acyclic primary amino groups, several approaches have been proposed. One strategy consists of 

the amino azidation reaction manifold discussed earlier in this thesis (cf. chapter 1.4.3). 

 

 

Scheme 3.1-11: Palladium-catalysed unsymmetrical diamination reaction by Muñiz. 

Another class of methodologies were based on the seminal work of the Muñiz group (Scheme 3.1-11).280 

They described a palladium catalysed reaction which installs a bissulfonamide protected amino group at 

the terminal position of an aliphatic alkene together with a saccharin moiety vicinal to it. Besides the 

exploration of this combination for masked diamines,281 the same group displayed the introduction of a 

bissulfonamide/phthalimide pair onto (Z)-alkenes with excellent anti-selectivity.282 In both methods, 

selective cleavage of the saccharide/phthalimide protecting group could be achieved, leaving the 

bissulfonamido group intact. 

Other unsymmetrical diamines could be accessed from alkenes in one operation by opening of in situ 

generated aziridines with a suitable amino nucleophile283 or trapping of an intermediary carbocation with a 

nitrile which eventually hydrolyses to an amido protected segment.284 

However, the concept of an intermolecular unsymmetrical diamination reaction which installs one amino 

group in its unprotected form together with a masked amino motif is underdeveloped, though highly 

desirable. After initial, reliable derivatisation of the unprotected amine, the second amino group could be 

unmasked ï ideally under mild conditions ï and engage subsequently in a second transformation step. A 

reaction manifold of this type would allow for a streamlined synthesis of unsymmetrical diamines.  
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3.2 Design and Optimisation of an Aminoazidation reaction 

Encouraged by precedents in protecting-group-free iron catalysed amination reactions in our group,285 we 

targeted an aminoazidation reaction as an ideal version of an unsymmetrical diamination reaction. To ensure 

broad applicability from the start, we selected an aliphatic alkene as the model substrate in an iron-catalysed 

system. Adapting the conditions of the aminochlorination reaction, we were pleased to observe the 

formation of an azidoamine product in 36% NMR yield which posed a great starting point for further 

optimisation (Table 3.2-1). The remaining mass balance was mostly accounted for by unreacted starting 

material. 

Table 3.2-1: Screening of various iron sources for the aminoazidation reaction.2 

 

# Catalyst Yield #  Catalyst (mol%) Yield 

1 Fe(acac)2
 a 36 11 FeCp2 64 

2 Fe(OTf)2
 a 56 12 [FeCp(CO)2] 2 64 

3 Fe(OAc)2
 a 57 13 FeCp2PF6 - 

4 Fe(OMe)2
 a 56 14 FeCl2+2 AgNTf2

 b 54 

5 FeCl2
 a 48 15 Fe(OTf)2 68 

6 FeCl3
 a 38 16 Fe(OTf)2 (2) 53 

7 FeBr2
 a 51 17 Fe(OAc)2 (5) b 64 

8 Fe(BF4)2 Å 6aq a 37 18 Fe(OAc)2 (10) b 60 

9 Fe(NH4)2(SO4)2 Å6aq
 a 40 19 Fe(OAc)2 (20) b 55 

10 FePc a - 20 Fe(OAc)2, purestb,c 66 

 

Screening different iron(II) salts, a wide range of suitable catalysts was discovered. Iron acetate, iron 

methoxide and iron triflate quickly emerged as the most promising candidates, improving the yield to 57% 

(entries 2-4). Particularly interesting was the fact, that iron(III) salts in general, e.g. FeCl3, also catalysed 

the reaction, albeit with lower efficiency than their iron(II) counterparts (entries 5, 6).  

 
2 Reactions setup under air; (a) n-oct-1-ene was used in a MeOH/CH2Cl2 (3:1) solvent mixture; (b) n-dec-1-ene was 

used; (c) iron(II) acetate, trace metal basis with a purity greater than 99.99% was used. 
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On the contrary, iron(II) phthalocyanine (entry 10) and other nitrogen-based ligands, which performed well 

in the iron-catalysed aminomethoxylation reaction, 286 were detrimental to the current transformation. As 

the only exception, a class of scorpionate-type ligands was found to maintain the reactivity of the reaction 

when added.287 These findings may anticipate that the aminoazidation reaction proceeds via a different 

mechanism than the aminomethoxylation reaction.   

Surprisingly, ferrocene performed well as a catalyst (entry 11), despite strongly bound cyclopentadienyl 

ligands. A hypothesis which included substitution of labile ligands by azido ligands (cf. chapter 3.4) seemed 

not compatible with this catalyst. However, a different mechanism might be in place for this specific 

catalyst, similar to an aromatic CïH imidation reaction reported by Baran et al.288 They proposed that 

ferrocene could act as a single-electron oxidant forming imidoyl radicals which then recombined with 

arenes. Testing ferrocene for an aminoazidation reaction of styrene resulted in a complex mixture of 

products, showing its incompatibility with aromatic substrates and agreeing with a possible single-electron 

pathway.  

A second remarkable discovery among the screened catalysts was the high performance of iron carbonyl, 

an iron compound in the formal oxidation state of +I (entry 12). Together with the good reactivity of 

iron(III) salts, the question arises again if they follow the same mechanistic pathway as iron(II) catalysts. 

However, iron(II) salts were selected as preferred candidates regarding their better performance and more 

convenient handling. Ultimately, iron(II) triflate was chosen over iron(II) acetate as it showed good stability 

under air.289 

A loading of 5% iron catalyst proved to be ideal as in- or decrease of the amount resulted in lower yield 

(entries 17-19). To validate that iron, and not a trace impurity of another metal is responsible for the 

reaction,290 an iron source with a trace metal basis purity level was tested which retained reactivity. 

Screening of other metal salts ï such as copper, cobalt, nickel, manganese, and ruthenium ï confirmed the 

crucial role of iron as no other metal was able to catalyse the reaction.291 

After the selection of a catalytic system, we examined the effect of different aminating reagents (cf. chapter 

2.4). O-Pivaloyl analogue PONT R6a remained the most efficient reagent, but a two-and-half-fold excess 

turned out to be pivotal as the use of fewer equivalents reduced the yield.292 
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Table 3.2-2: Screening of azide sources for the aminoazidation reaction.3 

 

# Azide (equiv) Yield #  Azide (equiv) Yield 

1 NaN3 68 6 [(Me2N)2C(NH2)]N3 
b 54 

2 NaN3 (1.5) 60 7 NBu4N3 
b 46 

3 KN3 
b 61 8 P(O)(OPh)2N3  - 

4 LiN3  72 9 TMSN3  - 

5 LiN3 (2.5) 75 10 TsN3  - 

Since the amino source could not be improved further, we turned towards the azide source (Table 3.2-2). 

Whereas all ionic azide sources resulted in product formation, covalently bound, organic azides failed to 

do so (entries 8-10). This was surprising, considering the common use of trimethylsilyl azide in related 

azidation reactions (cf. chapter 1.4.3). Among azide salts, an inorganic cation was preferred. If sodium azide 

was replaced by anhydrous lithium azide, especially when used in a higher excess, the highest yield 

obtainable was 75% (entries 4, 5). This improvement could be due to the significant higher solubility of 

lithium azide in alcoholic solvents. Whereas 0.81 g sodium azide dissolves in 100 g ethanol,293 20.26 g of 

lithium azide294 can be taken up by the same amount of solvent. However, owing to its higher explosion 

risk295 and lack of commercial sources for anhydrous lithium azide compared to sodium azide, we opted to 

continue the use of the latter as a practical and available azido donor. 

Table 3.2-3: Screening of different solvents for the aminoazidation reaction.4 

 

# Solvent (Molarity) Yield #  Solvent (Molarity) Yield 

1 MeOH (0.4) 68 6 tech. MeOH  66 

2 MeCN  64 7 H2O /hexanes 3:1 - 

 
3 Reactions setup under air; (b) n-dec-1-ene was used with iron(II) acetate. 

4 Reactions setup under air. 
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3 EtOH  19 8 
Micellar H2O 

/hexanes 3:1 
27 

4 HFIP  <5 9 MeOH (1) 50 

5 MeOH/HFIP 9:1 53 10 MeOH (0.2) 44 

 

Intrigued by the improvement with better soluble lithium azide, we assessed different solvent systems 

(Table 3.2-3). Apart from methanol, acetonitrile was a suitable solvent with similar performance (entry 2). 

Ethanol, by contrast, delivered only low amounts of azidoamine product (entry 3). Fluorinated alcoholic 

solvents, like HFIP, are frequently used in hydroxylamine-mediated amination reactions.296 Unfortunately, 

as a solvent for the synthesis of primary azidoamines, HFIP is less suited and a significant amount of 

product is only obtained as a mixture with methanol (entries 4, 5).  

An aspect that further increased the practicality of this methodology is the fact that no anhydrous solvents 

are required. Technical grade methanol performed equally well as dry methanol stored over molecular 

sieves (entry 6). Motivated by the tolerance of moisture, we tested aqueous solvent systems (entries 7, 8). 

Whereas a mixture between water and hexanes delivered no product, a mixture between micellar water 

containing 5 wt.% TPGS-750-M297 and hexanes in the same ratio resulted in product formation, even if in 

only 27% yield.  

As the last solvent parameter, we checked the molarity of the reaction but realised that the existing 0.4 M 

concentration was already ideal for our model reaction (entries 9, 10). 

 

Table 3.2-4: Screening of various additives for the aminoazidation reaction.5 

 

# Additive (mol%)  Yield #  Additive (mol%)  Yield 

1 none 68 11 NEt3 (50) 60 

2 Crown ethers (105) a <57 12 Na2CO3 (25) a 44 

3 LiPF6 (110) 59 13 NaHCO3 (25) a 53 

4 LiBF4 (110) 30 14 NaOAc (25) 60 

 
5 Reactions setup under air; (a) n-oct-1-ene was used in a MeOH/CH2Cl2 (3:1) solvent mixture with 

iron(II) acetate as catalyst. 
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5 LiOTf (110) 69 15 Sc(OTf)3 (7.5) 54 

6 NH4OTf (110) 41 16 CeCl3  Å 7aq (7.5) 35 

7 NH4OAc (25) 46 17 Ca(NTf2)2 (7.5) 45 

8 TsOH Å 1aq (50) 25 18 InCl3 (7.5) 40 

9 Meldrumôs acid (50) 65 19 Inert Atmosphere 65 

10 2,4-dinitrophenol (100) 50 20 Blue LED 40 

 

Continuing our optimisation, we investigated the influence of various additives on our reaction (Table 

3.2-4).  

Knowing about the beneficial effect of lithium azide, we added various crown ethers and additional lithium 

salts to the reaction mixture, although no improvement could be observed (entries 2-5). Additional triflate 

(entries 5,6), or acidic (entries 6-10) and basic additives (entries 11-14) had a similar effect. Several Lewis 

acids in co-catalytic amounts were tested as they reportedly stabilise nitrogen radicals, but they seemed to 

have a negative influence on the performance of this reaction.298  

Considering the reaction environment, we probed several parameters. Temperature in- or decrease reduced 

spectroscopic yield. To exclude any aerial influence, the reaction was tested under an inert atmosphere with 

an identical outcome.  
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3.3 Synthetic Application 

3.3.1 Scope Exploration 

With optimised conditions in hand, we first examined if in addition to aliphatic alkenes vinyl arenes were 

also a suitable substrate class under these conditions (Table 3.3-1).  

Styrene was aminated in good yields (3.4a, up to about 70% isolated yield), albeit completely 

spectroscopical pure compounds could only be isolated in lower yields. Electron-withdrawing substituents 

in para position, such as bromide (3.4b), nitrile (3.4c), trifluoromethyl (3.4d) or triflate (3.4e), as well as 

in meta-position, like nitro- (3.4f) and methoxy groups (3.4g), and fully fluorinated aromatic rings (3.4h) 

were transformed in moderate to good yields (49-72%) to their respective azidoamines. Electron-releasing 

groups like formamide (3.4k) and methoxy (3.4i) in para-position also afforded the desired products, 

however when employing very electron-rich para-methoxy styrene, an N-pivaloyl amino alcohol was 

isolated as an undesired side-product (cf. chapter 3.5.3). Internal vinyl arenes like indene (3.4l) and trans-

ɓïmethyl styrene (3.4m) gave rise to a syn-addition product with excellent stereoselectively (dr > 19:1). 

Surprisingly, the (Z)-isomer of ɓïmethyl styrene resulted in the same product (3.5m), even though in lower 

stereoselectivity (dr > 5:1). Gratifyingly, not only styrene derivatives but also an N-Boc protected vinyl 

indole (3.4n) could be aminated under the same reaction conditions. Lower yields were observed for a 

pinacol borane ester substituted styrene (3.4o) and for vinyl ferrocene (3.4p). Hydrolysis during purification 

via column chromatography could be accounted for the low yield of the former substrate. The low 

performance of organometallic vinyl ferrocene on the other hand is less surprising since poorer reactivity 

was observed with a high loading of iron catalyst and unsubstituted ferrocene was a potent catalyst (cf. 

Table 3.2-1).  
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Table 3.3-1: Vinyl arenes as substrates for the aminoazidation reaction.6 

  

 
6 Reaction setup under air, yields of isolated products; dr by GC-FID; (a) Isolated as a 13:1 mixture with N-pivaloyl 

alcohol side product; (b) partial hydrolysis under purification conditions; (E) (E)-alkene used; (Z) (Z)-alkene used.  
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Table 3.3-2: Under standard conditions unsuccessful vinyl arenes. 

 

Unsuccessful substrates included basic functionalities, like unprotected amino groups or unprotected 

heterocycles (3.6a-d,f,g). para-Aminostyrene (3.6g) displayed some promising reactivity via crude 1H-

NMR analysis, but clean isolation of the highly polar species was not feasible using standard column 

chromatography. For substrates which could result in a zwitterionic structure due to acidic sites, e.g. phenols 

(3.6i) and boronic acids (3.6h), no desired product could be isolated following the standard workup 

protocol. After submitting methyl cinnamate (3.6e) to the reaction conditions, only starting material could 

be isolated. 

Apart from terminal aliphatic alkenes and vinyl arenes, we were curious about the suitability of other 

aliphatic carbon backbones for our aminoazidation reaction (Table 3.3-3). Especially the use of 1,1-

substituted alkenes would offer direct access to monoprotected alpha-tertiary diamines. Alpha-Tertiary 

amines are a prominent, but challenging synthetic motif encountered in elaborated natural products.299 

Fortunately, methylene cyclohexene (3.7a) and ïcyclododecene (3.7b) were transformed regiospecificly to 

afford the primary amino group at the terminal position.  

Cyclic internal alkenes underwent aminoazidation with an intriguing stereoselectivity. Whereas 

cyclopentene (3.7c) predominantly resulted in syn-addition of both amino groups, slightly larger rings 

(3.7d,e) showed a less pronounced and even inverted stereoselectivity. Surprisingly, (Z)-cyclooctene (3.7f) 

afforded again a cis-azidoamine.  

As a representative substrate of an acyclic, unactivated 1,2-disubstituted alkene, oct-4-ene (3.7g) was 

selected. Regarding its stereoselectivity, it followed the same trend as ɓïmethyl styrene (3.7h). For both 

(Z)- and (E)-octene, a mixture of syn- and anti-azidoamines was obtained, favouring the syn-product in both 

cases. Though the selectivity is less distinct compared to ɓïmethyl styrene, a stereoconvergence can be 

confirmed. 
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Further extension of the alkene carbon skeleton demonstrated the possibility to convert a trisubstituted 

alkene with excellent regioselectivity (3.7h). However, no significant amount of aminated species could be 

detected when a tetra-substituted alkene (3.7i) was employed under the reaction conditions. 

 

Table 3.3-3: Differently substituted alkenes as substrates for the aminoazidation reaction.7 

 

To probe the preference of the catalytic system for a certain type of substitution pattern, we submitted an 

Ŭ-ionol-derived polyene substrate (3.7k) to the standard conditions. The monosubstituted, terminal alkene 

was selectively functionalised over the 1,2- or 1,1,2-substituted site. Even though only 37% azidoamine 

could be isolated, the crude 1H-NMR analysis revealed around 60% unreacted starting material. These 

 
7 Reaction setup under air, yields of isolated products; dr by GC-FID; (E) (E)-alkene used; (Z) (Z)-alkene 

used. 
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results are in accordance with the generally lower yield of multisubstituted alkenes (up to 47% yield) in 

comparison to monosubstituted alkenes (up to 72% yield).  

After these geometry-based investigations, we eventually set out to explore the tolerance of various 

functional groups in our aminoazidation reaction (Table 3.3-4). 

 

Our model substrate for the optimisation could be isolated in 62% yield. By replacing the aminating reagent 

with an isotopically enriched congener, we were able to synthesise 15N-labelled azidoamine 3.3a.300 Further, 

reactive structures like a benzylic position (3.2b) or an alkyne (3.2c) were left untouched under the reaction 

conditions. Whereas phthalimido protected amines were not tolerated, tosyl-protected primary amine (3.2d) 

and nitrile (3.2e) represented suitable protecting strategies for an amino group. A free carboxylic acid 

performed well under the conditions, albeit isolation was not realised of the resulting amino acid (3.3f). 

Primary free or silyl protected alcohols were equally well converted to the desired azidoamines (3.2g,h) as 

an unprotected, secondary vinyl alcohol (3.2i). The scope could be further expanded to phosphonates 

(3.2k,l). Whereas oxiranes were not tolerated under the reaction conditions, an oxetane-bearing substrate 

(3.2m) could be transformed, albeit in low yield. When n-alkyl esters were employed with a suitably long 

alkenyl chain, ɔ- and ŭ-lactams 3.3n,o were isolated from the reaction mixture. This outcome could be 

rationalised by activation of the carbonyl group under slightly acidic conditions and the subsequent 

cyclisation to a favourable ring size. If a distal and more sterically congested ester was selected (3.2p), the 

tolerance of the ester moiety without scrambling to a methanol ester could be verified. Apart from esters, 

both a pivaloylamide and acetamide substrate delivered azidoamine products (3.2q,r) with three 

differentiable amino groups  
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Table 3.3-4: Differently functionalised alkenes as substrates for the aminoazidation reaction.8 

 

  

 
8 Reaction setup under air, yields of isolated products; (a) use of an isotopically enriched reagent, 0.1 mmol scale; (b) 

1H-NMR yield of an in situ reaction; (c) starting from an alkyl alkenyl ester. 
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Motivated by the wide functional-group tolerance of the aminoazidation reaction, we turned towards 

complex and more challenging targets (Table 3.3-5). Natural product sclareol, which is a crucial compound 

in the fragrance industry, was converted to a mixture of presumably two diastereomeric azidoamines (3.3s). 

An alkenyl chain-bearing artemether derivative (3.2t) could be transformed into the desired product, leaving 

the highly oxidised trioxane cage structure intact. To our delight, even a tripeptide (3.2u) which 

encompassed an unnatural allyl glycine amino acid could be aminoazidated under slightly diluted reaction 

conditions. Even though only 21% of the product could be obtained, 78% of unreacted starting material 

could be re-isolated, showcasing the excellent chemoselectivity of our reaction. Significantly more complex 

cyclic peptide cyclosporin was not converted to any new detectable product. 

. 

Table 3.3-5: Complex substrates for the aminoazidation reactions.9 

 

 
9 Reaction setup under air, yields of isolated products; (a) slightly modified conditions (smaller scale 

and/or lower concentration), see experimental part. 



 

 

73 

 

Noteworthy limitations of the functional group tolerance contained again basic heterocycles (Table 3.3-6). 

Neither natural product quinineôs two heterocycles (quinoline and quinuclidine, 3.6k), nor a tetrazole 

containing Julia-Kocienski coupling reagent (3.6l) afforded the desired product in more than trace amounts. 

A dithiolane sulfur-heterocycle (3.6m) showed only unreacted starting material. Boronamide-bearing 

alkenyl substrate (3.6n) did also not yield the desired aminated product. Similar to cyclohexylallene, glucal 

resulted in a complex mixture of unidentified products. However, the use of another vinyl ether, namely 

benzyl vinyl ether, gave two interesting products: an azidoamine (3.6q) in very low yield and an amino 

ether (3.6qô) as the major isolated product. The methoxy substituent would result from oxidation of the 

alpha-position of the ethereal oxygen to form a carbocation which subsequently could be trapped by the 

solvent. Diallyl ether on the contrary gave only azidoamine (3.6r) in very low yield, without observation 

of diaminated or cyclised side-products. 

Table 3.3-6: Selected limitation in functional-group-tolerance of the aminoazidation reaction. 

 

Especially the aminoetherification of vinyl ethers, however, could open up a new avenue of research. Since 

a second ether group is installed on the same carbon as the pre-existing oxygen moiety, an acetal protecting 

group emerges. This formal amino-carbonylation reaction would offer an alternative strategy to a reported 

aza-Rubottom reaction which used electron-rich silyl enol ethers to access Ŭ-aminoketones.301 

Unfortunately, neither a preliminary screening of reaction conditions inspired by the general 

aminoetherification reaction302 nor the standard aminoazidation conditions did afford any 

aminomethoxylated products from Ŭ-substituted vinyl ethers (Table 3.3-7). 
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Table 3.3-7: Attempted aminomethoxylation of substituted vinyl ethers. 

 

# Ligand # Ligand 

1 Phthalocyanine 6 Neocuproine 

2 bpy 7 Bathocuproine 

3 4-tBu-bpy 8 Phen 

4 4-Me-bpy 9 4,7-Ph2-Phen 

5 4-MeO-bpy 10 Terpyridine 

 

3.3.2 Various Derivatisation of a Primary Azidoamine 

 

Scheme 3.3-1: Aminoazidation scale-up experiment.303 

Adding to the practicability of the methodology, we performed scale-up experiments to 15 mmol which 

resulted in 1.7 g of product 3.3b (59%) after column chromatography (Scheme 3.3-1). This yield was even 

higher than the isolated yield on a 0.5 mmol scale (51%) which illustrated the scalable character of this 

transformation.  

To improve the synthetic value of the reaction we anticipated using the installed amine as a handle for its 

purification via a salt formation step. This protocol involved treatment of the crude mixture with 

hydrochloric acid in Et2O, filtration of the resulting ammonium salt precipitate, re-basifying with aqueous 

sodium bicarbonate and final extraction. This sequence resulted in unreacted starting material being 

separated from the desired amine product in the precipitation step and subsequent removal of inorganic 

salts during the second aqueous extraction. The resulting product was of equal purity as the product obtained 

through column chromatography.  
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Moreover, column chromatography on this larger scale revealed a new oxazoline side-product 3.3bô. This 

product results likely from intramolecular condensation of an O-pivaloyl aminooxygenated side-product 

which in turn could be formed upon transfer of a pivalate entity instead of an azido group. Its formation in 

trace amounts cannot be excluded using other aliphatic substrates. 

 

 

Scheme 3.3-2: Various derivatisation reactions of an azidoamine.304 

Having generated a substantial amount of azidoamine 3.3b, we demonstrated its synthetic utility in various 

derivatisation reactions (Scheme 3.3-2). Transformation of the unprotected amine via reductive amination 

afforded N-benzylated 3.11a. Alternatively, the amine could engage in a peptide coupling reaction to form 

an amide bond (3.11b). The resulting N-acylated azidoamine can then be reduced to unmask the second 

amino functionality, setting the stage for a controlled functionalisation of the unsymmetric diamino motif 

(3.11c). A completely unprotected diamine 3.11d was obtained after transformation of the azido group via 

a Staudinger reduction. Alternatively, the azido group could construct a triazole 3.11e via a copper-

catalysed azide-alkyne cycloaddition reaction (CuAAC, Click reaction).305  

An elegant, synergistic example which engages both nitrogen functionalities simultaneously is the 

carbonylative cyclisation to urea 3.11f. Reported by the group of Audisio as a strategy for carbon isotopic 

labelling, azidoamines with a terminal azido group were shown to undergo a Staudinger/Aza-Wittig (SAW) 
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reaction.306 During the reaction, an in situ formed iminophosphorane is trapped by carbon dioxide to form 

an intermediary isocyanate which is rapidly quenched by the vicinal amino group. Having a sterically 

slightly less accessible secondary azido group was the reason for us to use smaller trimethyl phosphine. 

 

3.3.3 Targeted Syntheses of Bioactive Compounds 

 

Scheme 3.3-3: Synthetic strategies for the synthesis of RO 20-1724. 

Excited by the possibility of rapidly constructing cyclic ureas from azidoamines and the potential of 

introducing an isotopically labelled carbon atom, we looked for bioactive targets which we could target 

synthetically. With RO 20-1724 (3.12a), we found an appropriate compound with interesting 

pharmacological properties. Investigated as a highly specific inhibitor of cAMP-specific phosphodiesterase 

type IV, it is frequently used in pharmaceutical research.307 The patented route for its synthesis includes a 

very scalable, but lengthy 7-step synthesis.308 That route included a Knoevenagel condensation, reduction 

of the double bond, a two-step installation of an acyl azide, a Curtius rearrangement, nitrile reduction and 

final condensation to afford the desired product.   

Our approach consisted of a two-step preparation of allyl benzene 3.12c which set the stage for an 

aminoazidation reaction followed by a carbonylative Staudinger/Aza-Wittig sequence (Scheme 3.3-3). 

Under standard reaction conditions, the desired azidoamine was obtained on a gram-scale, albeit in only 

30% yield. The low yield arose likely due to poor solubility of the unpolar starting material in the 

methanolic solvent system. Fortunately, consecutive SAW-cyclisation afforded targeted 3.12a efficiently 

in a few minutesô reaction time.  
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Scheme 3.3-4: Synthetic strategies towards hamacanthin B. 

During literature research regarding the construction of other diazaheterocycles from azidoamines, we 

encountered the maritime natural product hamacanthin B (3.13a) with a central dihydropyrazinone core.309 

This compound with antibacterial properties was synthesised by the Jiang group.310 They described the 

synthesis of a chiral azidoamine key intermediate in several steps. Initial osmium-catalysed, 

enantioselective dihydroxylation reaction was followed by tosylation and azidation to connect the first CïN 

bond. After a tin-mediated reduction of the azide and re-protection, the second CïN bond was formed via 

a Mitsunobu reaction. N-Boc deprotection eventually afforded enantiomerically pure azidoamine 3.13b*.  

To intercept the total synthesis, the same key azidoamine was targeted (Scheme 3.3-4). Fortunately, 

standard conditions were able to transform the starting vinyl arene into the corresponding product, albeit as 

a racemic mixture and in low yield. Substituting the indole protecting group with a carbamate increased 

solubility in methanol and thus the yield of the reaction to a moderate 43% yield.  
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Scheme 3.3-5: Synthetic strategies for quinagolide. 

Apart from diazaheterocycles, 3-aminopiperidines are a reoccurring structural element among bioactive 

molecules.311 A representative drug molecule of this substance class is the specific D2 receptor agonist 

quinagolide (3.14a) which is prescribed against hyperprolactinemia.312 Although a brilliant process route 

was disclosed by Bänziger and co-workers,313 this molecule remains an active playground for various 

methodologies and enjoys continued interest as a synthetic target (Scheme 3.3-5).314 The group of Chavan 

recently disclosed a synthetic route with a regioselective azidoalkoxylation reaction as a key step which 

delivers an azidoamine intermediate 3.14b.315  

As an ideal point to cut this synthesis short, we outlined a synthetic route to arrive at this intermediate from 

literature known tetralone 3.14f. For that, we relied on a stereoselective reduction of an alpha substituted 

cyclohexenone to the corresponding cis-alcohol 3.14e. Following a study on a related model substrate by 

Shibasaki,316 we could observe excellent stereochemistry when a boron-based reductant was used (Table 
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3.3-8). However, on the other hand, aluminium-based reductants favoured the trans-product. Conclusively, 

we used N-Selectride® (entry 2) which resulted in the desired alcohol with a diastereomeric ratio greater 

than 20:1 and an isolated yield of 94%. 

 

Table 3.3-8: Screening of reductants for stereoselective ketone reduction. 

 

# Reductant T dr cis/trans 3.14e 1H-NMR yield 

1 L-Selectride ® 0 °C 2.8:1  90 

2 N-Selectride ® 0 °C >20:1 94 

3 K-Selectride ® 0 °C 16:1 90 

4 K-Selectride ® -78 °C >20:1 60 

5 NaBH4 0 °C 1:1.1 88 

6 LiAlH4 -78 °C 1:3.1 83 

7 DIBAL-H -78 °C 1:3.4 94 

8 BINAP & LiAlH4 -78 °C 1:2.9 55 

9 Red-Al ® 0 °C 1:5.5  90 

 

In order to cyclise to a piperidine, the hydroxyl group needed to be changed into a leaving group. Three 

main nucleofuges were examined for the aminoazidation reaction (Table 3.3-9). Using standard conditions, 

a brominated starting material afforded only traces of product. Trifluoroacetate and mesylate precursors 

gave higher yield. With 39% yield and a dr of 1:1, the best results were obtained, when mesylate 3.14d was 

subjected to the reaction conditions in an acetonitrile-methanol solvent mixture. To enhance the solubility 

of the inorganic azide, lithium azide was employed. For this specific substrate class, two major side-

products could be detected which were tentatively assigned as anilines originating from competing aromatic 

CïH amination of the electron-rich arene. 

With the acyclic azidoamine in hand, a basic cyclisation and reported N-propylation of the resulting 

piperidine was achieved. Following literature conditions, the desired cyclic stereoisomer of azidoamine 

3.14b could be separated and thus the formal total synthesis was completed. 
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Table 3.3-9: Screening for the aminoazidation of 3.14c.10 

 

# LG Conditions 1H-NMR yield 

1 

OMs 

4:1 MeCN:MeOH, LiN3 39%* 

2 3:1 MeCN:MeOH, LiN3 30%* 

3 MeOH, NaN3 <15% 

4 
OTFA 

MeOH, NaN3 <21% 

5 4:1 MeCN:MeOH, LiN3 <28% 

6 Br MeOH, NaN3 <6% 

 

  

 
10 Setup under air, 1H-NMR yield, an asterisk (*) indicates isolated yield. 
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3.4 Mechanistic Investigation 

3.4.1 Radical Probes 

Intrigued by the broad synthetic applicability and the robustness of the aminoazidation reaction, we set out 

to gather more mechanistic information about it. Subjecting radical clock probes to the standard reaction 

conditions could give a hint if an intermediary radical species was involved (Scheme 3.4-1).  

 

Scheme 3.4-1: Radical clock probes. 

Vinylarene probe 3.15a afforded not only 2-azidoamine 3.15c, but predominantly aminoether 3.15b. 

Although a significant part of the mass balance is missing, no ring-opened product was detected. Formation 

of the aminoether could be explained via oxidation of a putative tertiary, benzylic radical to a stabilised 

carbocation and subsequent trapping by the solvent methanol. Since the postulated C-centered radical 

would be located at a stabilised position, the rate of ring-opening of a comparable radical is rather slow (kr 

= 4x105 s-1) and an upper limit for the lifetime of the radical can be thus estimated.317  

In contrast, aliphatic alkene probe 3.15f was converted to acyclic amine 3.15g with the cyclopropyl core 

being cleaved. This occurs most likely through the formation of a C-centered radical 3.15h, therefore 

supporting the involvement of a radical species in the mechanism. Having a radical in proximity, the 

cyclopropylring would open up to translocate the radical from a secondary to a more stabilised benzylic 

position. Recombination of the benzylic radical with an azide would result in 1,5-azidoamine 3.15g. Kinetic 
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studies of a comparable radical determined the ring-opening rate to be considerably fast, thus giving a lower 

limit for the lifetime of the putative radical (kr = 7x1010 s-1).318 

 

 

Scheme 3.4-2: Stereoconvergence at internal alkenes. 

Interesting observations regarding a radical species were made during the stereoconvergent aminoazidation 

of internal alkenes (Scheme 3.4-2). Aliphatic (3.7g) and styrene-derived alkenes (3.4m) showed 

predominant conversion to syn-azidoamines. This result could be explained by the postulated formation of 

a C-centered radical species at the former double bond, rotation around the CïC single bond to minimize 

repulsion effects and final recombination with an azido radical to yield the respective azidoamine. This 

hypothesis would be in accordance with the second experiment using styrene 3.4m. The thus resulting 

benzylic radical would be more stabilised and would have more time to reorientate and minimise steric 

hindrance. Ultimately, this would lead to a more pronounced stereoselectivity in the product distribution 

compared to dialkyl alkenes. 
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Table 3.4-1: Alkene ratios of an isomerisation experiment after 2h. 

# 3.7g [N3] [Fe] PONT final (E)/(Z) ratio 

of 3.7g 

anti/syn ratio 

of 3.8g 

1 (Z) X X X 1:11.3 1:2.6 

2 (Z) X X  1:164  

3 (Z)  X X 1:162  

4 (Z) X  X 1:161  

5 (Z)  X  1:150  

6 (E) X X X 47:1 1:3.8 

 

Moreover, careful analysis of the first experiment revealed an intriguing observation. Starting from (Z)-

alkene (Z)-3.7g, rapid isomerisation of the double bond to the (E)-alkene could be detected. This 

phenomenon happened only if all reaction partners were present, namely alkene, azide source, iron catalyst 

and aminating reagent (Table 3.4-1). To our surprise, the isomerisation would not occur if one of the 

components was missing. This isomerisation could be explained by the reversible addition of a radical 

species to the alkene. Recently, the group of Lu and Gong reported an aminoazidation reaction where the 

authors proposed that an azidyl radical could engage in such isomerisation reactions.319  

Apart from the isomerisation effect, this could offer an alternative explanation for the stereconvergent 

transformation of internal alkenes: Initial isomerisation via an azidyl pathway would predominantly form 

an (E)-alkene, which could be followed by a syn-aminoazidation step. However, this working hypothesis 

seems to be less likely considering the diastereomeric mixture resulting from cyclohexene and 

cycloheptene. 
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Scheme 3.4-3: Mechanistic trapping experiments. 

Further support for a radical mechanism is the complete absence of any amino-methoxylated product for 

unactivated, aliphatic alkenes (Scheme 3.4-3). If the mechanism would predominantly operate via the 

formation of a carbocation or an aziridine intermediate, solvolysis with methanol should result in 

nucleophilic trapping, respective opening, with the alcohol to an observable extent. Indeed, aminoethers 

could only be detected with certain, electron-rich vinyl arenes, hinting towards a deleterious oxidative side-

reaction pathway for these substrates. 

The addition of TEMPO to the reaction mixture interfered with the reaction and resulted in significantly 

diminished yield. Unfortunately, no TEMPO-adduct could be detected or isolated which would have been 

a stronger evidence towards a radical mechanism.  

 

 

Scheme 3.4-4: Extraction of PONT degradation product. 

Interested in the fate of the aminating reagent after an aminofunctionalisation reaction, we examined the 

remaining aqueous phase after work-up. To avoid the formation of hazardous and toxic hydrazoic acid, we 

opted for the closely related aminochlorination reaction as the basis for this enquiry (Scheme 3.4-4). 
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Reacidification of the aqueous sodium hydroxide layer with subsequent extraction afforded pivalic acid 

3.15k in a very high yield. In independent reactions, methyl pivalate was often observed as a by-product 

which could form upon acid-catalysed esterification of pivalate or PONT with the solvent methanol. These 

two by-products together likely account for the mass balance of the applied PONT. Decarboxylation of the 

aminating reagent or its by-products could be ruled out, as generally no significant pressure build-up was 

witnessed during the aminochlorination and ïazidation reaction. 

 

3.4.2 Hammett-plot 

 

Scheme 3.4-5: Competitive Hammett-experiment. 

To gain an insight into the electronic dependence of this reaction, we were interested in creating a Hammett-

plot. Since the general reaction kinetic was too fast to reliably determine initial rates (cf. next chapter), we 

opted for a competitive Hammett-study (Scheme 3.4-5). For that, we measured at low conversion the ratio 

between styrene derived azidoamine 3.5a and products formed from various para-substituted styrenes 3.5 

in one flask. To derive more significant information, we selected substrates over a wider electronic range 

which included methyl-, fluoro-, bromo- and trifluoromethyl substituted styrenes. 

The resulting Hammett-plot exhibited a small negative slope, indicating the build-up of a minor positive 

charge in the product determining step. The value of the slope corresponds to a mechanistic study that the 
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Knowles group performed of an N-centred radical addition reaction.320 For the formation of a carbocation, 

a much more negative value would be expected.321 

 

3.4.3 NMR analysis 

 

Scheme 3.4-6: Model reaction for NMR studies. 

In addition to information about the radical character of the reaction, we were interested in its kinetic profile. 

To our surprise, we were able to monitor the reaction by 1H-NMR without interference from a paramagnetic 

species, which a radical pathway could imply.  

For the measurements, we ensured homogeneity by selecting 1-octene as a shorter alkene substrate and 

using anhydrous lithium azide as azido source in deuterated methanol (Scheme 3.4-6). The reaction was 

started by the rapid addition of the aminating agent dissolved in deuterated methanol. Dimethyl sulfone was 

chosen as an internal standard because of its inertness under the reaction conditions and suitable chemical 

shifts. 

 

Figure 3-2: Kinetic profile for the aminoazidation reaction, time in min. 

From the collected NMR data, a very rapid initial kinetic behaviour was revealed. The first measurable data 

point after about 8 minutes already showed >30% yield of azidoamine 3.3v. Over time, the amount of 
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product slowly increased but plateaued at around 70%. Interestingly, at the same time, minor amounts of 

the other regioisomeric product 3.3vô could be detected. Throughout the experiment the ratio of both amines 

remained constant at about 19:1. No formation of other identifiable products was observed. 

 

3.4.4 Conclusion of mechanistic experiments 

Looking at all the combined mechanistic evidence, the involvement of radicals in the reaction mechanism 

can be generally postulated.  

Radical clock experiments are supporting the presence of a short-lived C-centred radical. A radical of this 

kind could further explain the general stereoconvergent reaction of acyclic, internal alkenes. 

Stereoselectivity of cyclic alkenes does not follow an obvious pattern and thus hints more towards a radical 

pathway than a concerted, syn-addition mechanism.  

However, clean analysis via 1H-NMR indicates that no persistent paramagnetic species is formed.  

The absence of any methoxylated product with aliphatic alkenes speaks against the involvement of a 

carbocationic intermediate. The low rho-value derived from a Hammett-plot matches this observation. 

Considering that even pivalate is more preferentially installed than the reaction solvent methanol, hints 

towards the installation of an iron-bound X-type ligand in the process. This hypothesis is further 

corroborated by the limited scope of introducible functionalities. Both chloride and azide are good ligands 

for iron and both can participate in aminofunctionalisation reactions in high yields. Other similar groups 

which are less suitable ligands, like fluoride and cyanide (vide infra), failed to afford primary amines. In 

absence of a nucleophilic reaction partner, an aziridination of the double bond could be expected. However, 

no amination occurs, suggesting a crucial interaction of the nucleophile during the amination step. 
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3.5 Extension of the Diamination Strategy 

3.5.1 Methylaminoazidation of Alkenes 

Motivated by the synthetic utility of the aminoazidation reaction to yield primary amines, we became 

interested in building a platform to access unprotected secondary and tertiary azidoamines.  

After the successful synthesis of unprotected secondary and tertiary chloroamines from alkenes, novel 

mono- and dialkylated hydroxylamine-derived reagents established by Falk et al.322 were considered to 

facilitate the analogous azidation reaction.  

 

Table 3.5-1: Screening of methylaminoazidation reaction.11 

 

# Solvent (Molarity) Lewis acid Yield 

1 MeOH (1) - 33 

2 

MeOH (0.5) 

- 25 

3 Sc(OTf)3 30 

4 InCl3 32 

5 

nBuOH/CH2Cl2 1:1 (1) 

- 45 

6 Ca(NTf2)2 42 

7 Sc(OTf)3 30 

8 InCl3 33 

9 CeCl3 42 

10 -a 28 

11 
nBuOH/CH2Cl2 1:1 (2) 

- 54 

12 CeCl3 49 

 

To screen different conditions for the methylaminoazidation reaction, para-bromostyrene was selected for 

its superior performance in the synthesis of primary azidoamines (Table 3.5-1).  

 
11 Reactions setup under Argon; (a) NaN3 was used instead of LiN3. 
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Methanol as reaction solvent with a 1 M concentration in starting material afforded the desired product in 

33% yield. Lowering the concentration, slightly reduced the yield, but the performance of the reaction could 

be restored upon the addition of Lewis acids. Swapping the solvent system to a mixture of n-butanol and 

methylene chloride resulted in an increase in azidoamine product. However, neither additional Lewis acids, 

nor changing the azide source to a sodium salt, ameliorated the reaction outcome. An increase in 

concentration was eventually found to be beneficial, yielding 54% of the product and formulating the final 

reaction conditions.  

 

 

Scheme 3.5-1: Methylaminoazidation of bromostyrene. 

Applying these optimised conditions on a slightly larger scale for product isolation, gave 51% 1H-NMR 

yield of the crude reaction mixture. However, clean isolation of the desired product was not successful and 

a tainted mixture of the desired azidoamine was obtained along with an O-pivaloyl aminoalcohol side-

product. This type of side reaction was not unknown (cf. chapter 3.3.2), but the high amount compared to 

the desired product was a significant increase from the previous case. 

 

Table 3.5-2: Screening for a morpholinoazidation reaction. 

 

# Conditions 

1 nBuOH/CH2Cl2 (1:1) 

2 CH2Cl2/HFIP (9:1) 

3 MeOH in CH2Cl2 (1:1) 

4 MeOH in CH2Cl2 (1:1), AlCl3 

5 MeCN 
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Attempts to expand the scope to install a tertiary amine together with an azide were not fruitful (Table 

3.5-2). A morpholino group could not be introduced, neither on vinyl arenes nor on 1-dodecene. At this 

point, it is noteworthy to point out the inability of the above presented methylaminoazidation protocol to 

transform aliphatic alkenes. This unveils an intriguing dichotomy between the methylaminochlorination 

reaction which in turn was only able to transform aliphatic alkenes but failed to do so with vinyl arenes. 

 

3.5.2 Attempts for an Asymmetric Aminoazidation 

The aminoazidation reaction of alkenes produced efficiently a broad range of masked diamines, albeit in a 

racemic form. At the same time, a vast proportion of interesting diamines appear in an enantiomerically 

enriched form.323 Motivated by seminal reports of the Bao group (cf. chapter 1.4.3),324 we set out to attempt 

an enantioselective version of the aminoazidation reaction, based on the use of chiral ligands. 

We selected styrene as the model substrate and designed a work-up protocol which would afford the 

azidoamine as an N-benzamide derivatised product, suitable for assessment of an enantiomeric excess via 

chiral RP-HPLC analysis (Table 3.5-3). 

Inspired by the dibenzofuran scaffold that Bao and co-workers successfully applied for their protected 

aminoazidation reaction, we started our investigation with dbfox ligand L1.325 Testing different conditions, 

like equivalents of aminating agent R6a, azide/solvent pairs and reaction times up to 5 days, the aminated 

product was always formed, but only as a racemic mixture. 

Consequently, we expanded our endeavour to other chiral ligand classes which showed privileged 

properties in asymmetric non-noble metal catalysed amination reactions. Other oxazoline-based ligands, 

like Pybox (L2-4),326 box (L5-L8)327 or PyrOx ligands (L10)328 did not affect the reaction outcome. Neither 

scorpionate-type trisox ligand (L9)329 nor salen ligand L11 could establish reliably an asymmetric reaction.  

Faced with these setbacks, we eventually ceased further explorations towards a ligand-induced chiral 

amination reaction, but we would like to highlight at this point the significance of protecting group-free 

chiral amination reactions and encourage interested readers to pursue these transformations further.  

 



 

 

91 

 

Table 3.5-3: Ligand screening for an asymmetric aminoazidation reaction.12 

 

  

 
12 Ligand and iron salt prestirred in CH2Cl2; enantiomeric ratio of N-benzamide protected product analysed by chiral 

RP-HPLC; (a) (S)-enantiomer was used. 
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3.5.3 Towards an Aminocyanation of Alkenes 

With a diaminative strategy established to access masked 1,2-diamines from alkenes, we continued our 

search for aminofunctionalisation reactions targeting different masked diamines. One approach comprised 

the synthesis of unprotected aminonitriles, which simultaneously represent a class of masked 1,3-diamines 

and precursors for ɓ-amino acids. Encouraged by the pseudo-halogenic character of cyanides and copper-

catalysed cyanation reactions,330 we embarked on a screening campaign (Table 4.2-3).  

 

We initially tested both styrene and aliphatic dodecene as alkene scaffolds in acetonitrile. Concerned about 

the strong coordination of cyanide to iron, we mostly investigated stable iron complexes, like iron 

phthalocyanine, biscyclopentadienyl ligated ferrocene, tetra-anionic TAML-complex331 3.21 and using 

scorpionate ligand L13. Unfortunately, no desired nitrile product could be observed. Additional Lewis acid 

or switching to acetone cyanohydrine as cyanide source did not improve the reaction outcome.  

 

Screening several solvents for the reaction with TAML complex 3.21, an aminated side-product could be 

observed when styrene was applied in acetonitrile. Changing the ligand to bpy, the spectroscopic yield of 

this product increased to 30%. Further, based on preliminary results,332 this product was tentatively assigned 

as an imidazoline which likely arises from a combination of a tandem amination-Ritter reaction with 

subsequent cyclisation.333 
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Table 3.5-4: Selected screening conditions for an aminocyanation reaction.13 

 

# R Cat. Solvent Comment 

1 

Ph 

or 

dec 

Fe(OTf)2  or FePc 

MeCN 

 AlCl3 (up to 

1.2 equiv)  

2 
Fe(OTf)2, scorp 

L13, 
 AlCl3 (up to 1.2 eq 

3 FeCp2 
NaCN or 

cyanohydrine 

4 TAML 3.21 e.g. MeCNc  -a 

5 

Ph 

Fe(OTf)2, 

N-ligand d,e 
MeCN up to 30% of 3.22-a 

6 
Fe(OTf)2,  

N-ligand d  CH2Cl2 / HFIP 

9:1 

- b 

7 
FePc  

(up to 20 mol%) 

NaCN (up to 

2.5 equiv) 

8 FePc 
non-nucleophilic 

solv. f / HFIP 9:1 
-b 

9 FePc 
CH2Cl2 / HFIP 

9:1 
NEt4CN, TMSCN 

10 CuCN, phen MeCN TMSCN 

 

 
13 (a) Styrene imidazoline product 3.22 up to 30% was observed; (b) N-pivalamide protected aminoalcohol 

3.23 observed (c) MeOH, HFIP, TBME, CH2Cl2 (d) nitrogen based ligands like bpy, phen; (e) nitrogen 

based ligands, like CySalen L11, KMe2BrTp* L12; (f) non-nucleophilic, aprotiv solvents such as 

methylene chloride, chloroform, 1,1,2,2-tetrachloroethane, tetrachloromethane, N,N-dimethylformamide, 

N,N-dimethylacetamide, N-methylpyrrolidone. 



Chapter 3 - Protecting-group-free Aminoazidation as a Diamination Strategy 

 

94 

 

 

 

Scheme 3.5-2: Postulated formation of aminated side-product. 

Trying to avoid this side-product, non-nucleophilic, polar solvents were screened in combination with 

fluorinated HFIP. Using these conditions, we hoped to harness the beneficial effects of HFIP in amination 

reactions.334 In addition, we continued exclusively with styrene as the model substrate, hoping for a more 

facile introduction of the nucleophilic cyano group on activated alkenes, reminiscent of the 

aminohydroxylation reaction of alkenes.335  

To our surprise, traces of another aminated species could be detected in the reaction mixture which was 

eventually identified as N-pivalated aminoalcohol 3.22 (Scheme 3.5-2). This side-product is postulated to 

form in absence of other nucleophiles from recombination of an intermediary benzylic carbocation with 

pivalate. The resulting aminoester could transfer the pivaloyl group to the free amine, affording a more 

stable amide 3.22. Considering the anhydrous reaction conditions, this presents a highly atom-economic 

approach to obtaining an N-pivalate protected aminoalcohol from an alkene. 

However, despite our efforts, aminonitrile product 3.20 could never be observed under the screened reaction 

conditions which leaves the elusive iron-catalysed cyanoamination outside the scope of implemented 

aminofunctionaliastion reactions. A reason for this inability could be the interfering pKa profile of cyanide, 

which is more basic than ammonium and could therefore deprotonate aminating reagent PONT during the 

course of the reaction. 
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3.6 Conclusion and Outlook 

In conclusion, we have developed a practical iron-catalysed methodology which transforms a broad range 

of alkenes into unprotected, primary azidoamines. The thus obtained compounds represent a class of ideally 

masked unsymmetrical 1,2-diamines suitable for facile derivatisation towards unsymmetrical diamines. 

Several synthetic applications of the aminoazidation manifold impressively demonstrated its versatility. 

Mechanistic investigations of this intriguing reaction hint towards a radical mechanism, but the detailed 

mode of action of how the iron catalyst is involved in the working model remains hidden. 

The aminoazidation reaction could be extended to the synthesis of secondary N-methylazidoamines from 

styrenes but failed to transform aliphatic alkenes and to yield tertiary azidoamines. Attempts to afford an 

asymmetric aminoazidation reaction by employing chiral ligands were unsuccessful. Moreover, the reaction 

class remains limited to the installation of a 1,2-diamino motif as efforts to develop a cyanoamination 

reaction to access masked 1,3-diamines were not fruitful.  

 

 

Figure 3-3 Conclusion and outlook of the diamination strategy. 

 

Future endeavours could be directed at two main targets. 

On one hand, the scope of unprotected unsymmetrical diamination reactions could be extended to other 

masked 1,2-diamines. As masked amino moiety, the nitro group would be a promising candidate. It fulfils 
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the criteria of having pseudohalogenic properties and binding effectively to iron. If a high enough reactivity 

was achieved, synthetic studies could focus on the use of the nitro group as masked carbonyl, accessible 

via a Nef reaction. 

On the other hand, enzymatic platforms could be used to enable an asymmetric version of the 

aminoazidation reaction. Especially the studies by Arnold and co-workers showing the applicability of 

PONT as an aminating reagent in engineered heme protein catalysed processes (cf. 1.3.1, 1.4.4),336 is a 

promising starting point. This basis could be evolved further using artificial metalloenzymes which may 

rely on the use of noncanonical amino acid residues337 or a streptavidin-based technology.338  
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4 Protecting-group-free 

Transformation of Thiols 

into Sulfinamides 

 

 
Parts of the following chapter are based on a work published as 

 

S. Chatterjee, S. Makai, B. Morandi, Angew. Chem. Int. Ed. 2021, 60, 758 ï 765; 

Hydroxylamine-derived Reagent as a Dual Oxidant and Amino Group Donor for the Iron 

Catalyzed Preparation of Unprotected Sulfinamides from Thiols 

 

 

This content includes results from a collaboration with Dr. Sayanti Chatterjee who discovered and 

optimised the amino-oxygenation reaction. She performed several scope entries and conducted the 

mechanistic experiments.  
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4.1 Background and motivation 

Besides carbon-based amines, SïN bond containing compounds are experiencing a rising interest in the 

chemical community.339 Among them, especially sulfoximines340 and sulfinamides341 are valuable 

compounds (Figure 4-1).  

 

Figure 4-1: Selected examples of sulfoximines and sulfinamides. 

With the discovery of methionine sulfoximine342 as the main toxic component in bleached flour, the class 

of sulfoximines got defined and their implementation in designed bioactive molecules started in the 

1970s.343 Since then, this functional group was tested regularly as agrochemical and pharmaceutical active 

ingredients and resulted in candidates such as Sulfoxaflor344 and Ceralasertib345. 

A lower oxidation-state analogue of sulfoximines are sulfinamides which are prevalent as chiral auxiliary 

in organic synthesis. Their ability to easily condense on carbonyls and retain their configurational stability 

made them an indispensable tool in the synthesis of chiral amines. Several primary sulfinamides have 

emerged from pioneering work by the groups of Ellman,346 Davis347 and Han&Senanayake348. In addition 

to their importance in synthetic chemistry, they are gaining value in the development of new 

pharmaceuticals as they populate not just new chemical, but also intellectual space.349  
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Figure 4-2: Viable disconnections for sulfoximines and sulfinamides. 

Being aware of their importance, the exploration of different synthetic strategies for the construction of 

both functional groups is becoming more important (Figure 4-2). The retrosyntheses of sulfoximines and 

sulfinamides can be both categorised into three types according to the nature of their last bond-forming 

event. This last connectivity can be an SïN, SïO or SïC bond. Depending on the nature of the last step, 

different starting materials are required. Precursors for sulfoximines350 are sulfoxides (SïN), sulfimides (Sï

O) or sulfides (SïN & SïO) and sulfinylamines (SïC). Sulfinamides351 could be made from sulfinic acids 

or sulfinate analogues, e.g. sulfinate esters and sulfinyl halides, (SïN) sulfenamides (SïO) and 

sulfinylamines (SïC). 

 

4.1.1 Strategies for the synthesis of sulfoximines 

Early reports on the aminative synthesis of free sulfoximines from sulfoxides involved the reaction with 

hydrazoic acid under strongly acidic conditions.352 A milder method using a hydroxylamine-derived reagent 

was discovered by Tamura and co-workers (Scheme 4.1-1).353 Building upon their work on N-amination 

and amination of sulfides (see chapters 1.5.1 and 1.5.3), they described the use of MSH (R5b) for the 

amination of sulfoxides to sulfoximinium salts. These salts afforded free sulfoximines after basic treatment 

in high yields.  

 

Scheme 4.1-1: Amination of thioethers and sulfoxides with MSH by Tamura. 
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In contrast to several emerging methodologies to synthesise N-protected sulfoximines using hypervalent 

iodine species,354 the group of Richards and Ge disclosed a rhodium-catalysed amination of sulfoxides using 

hydroxylamine-derived DPH (R10a, Scheme 4.1-2).355 

 

 

Scheme 4.1-2: Rhodium catalysed amination of sulfoxides by Ge. 

In the search for a more cost-efficient and safer alternative, Bolm and co-workers screened for an iron-

catalysed, unprotected amination of sulfoxides (Scheme 4.1-3).356 Among the tested hydroxylammonium 

salts, an electron-withdrawing O-benzoyl reagent R7b was found to give the best yields together with 

nitrogen-based ligands (phenanthroline or FePc). Remarkably, not only alkyl and aryl groups but also 

heteroaryl groups were well tolerated. 

 

 

Scheme 4.1-3: Iron catalysed amination of sulfoxides by Bolm. 

Instead of starting from the sulfoxide, the groups of Luisi&Bull, Reboul and Li described independently a 

hypervalent iodine-mediated approach to instal the oxo- and amino group simultaneously on sulfides 

(Scheme 4.1-4).357 This convenient strategy is based on an initial S-amination of the sulfide followed by 

rapid oxidation under the same reaction conditions. Several ammonia sources gave the corresponding 

product and extensions of this methodology allowed for the recycling of the iodine reagent.358 
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Scheme 4.1-4: Synthesis of sulfoximines from sulfides via amino-oxygenation by Luisi&Bull, Reboul and Li. 

 

 

Scheme 4.1-5: Sulfoximine synthesis with a sulfinyl hydroxylamine reagent by Willis. 

A different approach to sulfoximines was considered by Willis and co-workers (Scheme 4.1-5).359 Instead 

of constructing an SïN bond, they combined an electrophilic sulfinylhydroxylamine360 reagent R10c with 

organometallic nucleophiles to form the CïS bond of the target molecule. The reagent was quantitatively 

obtained in one step from the corresponding O-aryl hydroxylamine and showed favourable electronics for 

this transformation.361 The authors propose that upon attack of the first Grignard reagent on the electrophilic 

sulfinyl sulfur, a phenolate is released and a sulfinyl nitrene is obtained as an intermediate. This species is 

again electrophilic enough to be attacked by a second organometallic reagent to yield sulfoximines, or 

sulfonimidamides362 if amines are employed as secondary nucleophiles.  

 

4.1.2 Strategies for the synthesis of sulfinamides 

Though the group of Willis reported a related strategy to form primary sulfinamides with a 

silylsulfinylamine reagent,363 methodologies to form sulfinamides by constructing CïS bonds are scarce.364 

The majority of sulfinamide syntheses finish a CïN bond connecting event (Scheme 4.1-6). Sulfinyl 

halides, sulfinate esters or thiosulfinates are among the most common sulfur electrophiles for coupling with 

amines.365 Especially latter two are attractive intermediates since they can be prepared optically pure with 

the aid of a chiral auxiliary366 or by enantioselective oxidation367. However, all these sulfur electrophiles 
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have to be derived from thiol/disulfide feedstock beforehand and often required metal amides as coupling 

partners. Alternative approaches starting from commonly available sulfonyl chlorides suffer from 

insufficient reduction and thus contamination through sulfur(VI) impurities.368 

 

 

Scheme 4.1-6: Selected sulfur electrophiles for the synthesis of sulfinamides. 

These drawbacks got addressed by Taniguchi who developed an oxidative coupling between aryl thiols or 

aryl disulfides with primary or secondary amines (Scheme 4.1-7).369 In a copper-catalysed system, he 

proposed a working hypothesis which included inital SïN bond formation. The thus produced sulfenamide 

is then oxidised in a halogen-promoted step to the desired sulfinamide. Only traces of sulfenamide and 

sulfonamide were detected, but the scope was limited to thiophenols and their respective disulfides.  

 

 

Scheme 4.1-7: Copper-catalysed coupling of thiols and amines by Taniguchi. 

Other examples to oxidise pre-formed sulfenamides to sulfinamides mainly include the use of mCPBA.370 

When combined with the use of a chiral Brønsted-acid it was possible to induce enantioselectivity.371  

Despite the importance of unprotected, primary sulfinamides (Figure 4-1), practical protocols for their 

synthesis from thiols are rare.372 
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Scheme 4.1-8: One-pot amino-oxygenation of thiols to afford unprotected, primary sulfinamides. 

Sudarikov and co-workers recently disclosed a one-pot protocol to transform 4-caranethiol and a myrtenal-

derived thiol into their respective primary sulfinamides (Scheme 4.1-8).373 N-Chlorosuccinimide was added 

first to condensed ammonia to form monochloramine (R1a) in situ. Then, aliphatic thiol was added to form 

the primary sulfenamide at cryogenic temperatures. After 1 h, mCPBA was eventually added to afford the 

desired sulfinamide in good yield. This protocol showcased an elegant one-pot procedure to obtain primary 

sulfinamides from thiols. However, using liquid ammonia and operating at cryogenic temperatures are 

operational inconvenient and discourage the application of the methodology and the exploration of its 

synthetic utility. 

In conclusion, considering the growing importance of sulfinamides, a faster and more practical method 

could spearhead their development even further. Especially the reduction to a one-step transformation 

would be highly desireable as it would obviate the necessity for pre-functionalisation of the thiol compound.  
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4.2 Development of an Amino-Oxygenation Reaction of Thiols 

Encouraged by the findings of Bolm and co-workers (Scheme 4.1-3) that hydroxylammonium reagents are 

able to aminate sulfoxides, our group became interested in the use of PONT (R6a) for further S-amination 

reactions. Fortunately, a serendipitous discovery revealed that an iron-based catalytic system could 

efficiently transform a wide range of aliphatic and aromatic thiols into unprotected sulfinamides (Scheme 

4.2-1). 

 

Scheme 4.2-1: Amino-oxygenation of thiols to afford unprotected, primary sulfinamides by Dr. 

Chatterjee. 

The optimal reaction conditions for this transformation were examined on para-thiocresol as a model 

substrate (Table 4.2-1). Surprisingly, in all cases, high conversion of starting thiol was observed. The 

missing mass balance between starting material and sulfinamide product was mostly due to the formation 

of the disulfide product. Screening of different reaction parameters revealed that the selection of the iron 

catalyst is crucial for the reaction. For aromatic and benzylic substrates, generally, bipyridine as ligand 

afforded great results (entry 1), while iron phthalocyanine (entry 2) was preferentially used with aliphatic 

thiols. Without any chelating N-heterocyclic ligand, reactivity dropped to 45% (entry 3). Using an iron 

source with trace metal basis purity (99.99 %) resulted in a similar yield, whereas no sulfinamide was 

observed without any catalyst (entries 4, 5). This supports the hypothesis that an actual iron-catalysed 

process is in operation. Of other metal catalysts screened, most systems gave no sulfinamide (ruthenium, 

copper, nickel, manganese, entry 6), but quantitative conversion to the disulfide product. Only cobalt(II) 

nitrate gave small amounts of amino-oxygenated product 4.2a (entry 7). 

A second important factor of this reaction was the selection of solvent. Alcoholic solvents, like a mixture 

between methanol and methylene chloride, as well as ethanol (entry 8), were ideal solvents, whereas other 

alcohols gave lower yield (entry 9). On the contrary, a non-alcoholic acetonitrile/water mixture which was 

efficient in the amino-hydroxylation of styrenes (see Scheme 1.4-15), failed to afford sulfinamide product 

(entry 10). The reaction operated equally well even in absence of aerial oxygen (entry 11), but reducing the 

amount of PONT (R6a) diminished yield significantly. 
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Table 4.2-1: Selected entries for the optimisation of the amino-oxygenation of para-thiocresol.14 

 

# Deviation 4.2a 4.3a 

1 No deviation 95% < 5% 

2 FePc as ligand 60% 40% 

3 No bpy  45% 40% 

4 FeCl2 (trace metal basis), no bpy 46% 38% 

5 No catalyst <5 % 50% 

6 RuCl3, CuCl2, NiCl2, Mn(Pc)Cl < 5% up to 99% 

7 Co(NO3)2 15% 47% 

8 EtOH 95% < 5% 

9 HFIP 30% 55% 

10 MeCN:H2O (2:1) < 5% 94% 

11 Under Argon 92% < 5% 

12 1.5 equiv of PONT 65% 33% 

 

Having optimised conditions at hand, the performance of different thiols was studied (Table 4.2-2). Various 

substitution patterns, including sterically demanding mesitylene thiol (4.1c), were well tolerated (4.1a-c) 

Thiophenols with electron-withdrawing groups (4.1d,e) or with electron releasing groups (4.1f,g) were 

transformed equally well. Even heterocycles like quinoline (4.1h) and pyridine (4.1i) could be tolerated if 

the nitrogen was sterically shielded or distal to the thiol group. Gratifyingly, a broad structural range of 

aliphatic thiols, including benzylic (4.1k), secondary (4.1l) and tertiary (4.1m) thiols, as well as natural 

product derived thiols (4.1n,o) performed very well in the amino-oxygenation reaction. In particular, this 

transformation enables a direct, albeit racemic, transformation of tert-butanethiol to tert-butanesulfinamide 

(4.2m), an auxiliary which was extensively studied by the Ellman group.374 Furthermore, the tolerance for 

benzylic CïH bonds is surprising as oxidation reactions under similar reaction conditions are known.375 

 
14 Reactions performed on 0.2 mmol scale. Yield of disulfide 4.3a reported with respects to the equivalents 

of required thiols. 
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Table 4.2-2: Selected structural scope examples for the amino-oxygenation of thiols.15 

  

 
15 Setup under air, 0.5 mmol scale, isolated yield. FeCl2/bpy system was used, unless stated else; (a) FePc 

system was used. 
























































































































































































































































































































































































































































































































