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1. Overview  

1.1 Summary  

 

The work presented herein achieved the application of different facets of visible light 

mediated photocatalysis towards the synthesis of biologically active and hence 

pharmaceutically relevant molecules. It is divided in two parts. 

The first part deals with harvesting the powers of the long known photochemical 

decarboxylation. By means of N-O esters, i.e. N-hydroxyphthalimide esters, primary 

carboxylic acids can be sufficiently activated to be decarboxylated by photochemical means. 

Using this technique, the scope of a Smiles rearrangement initiated by visible light mediated 

decarboxylation previously discovered in this workgroup was expanded. Additionally to the 

compound range shown by Christian Faderl, a scope of various amphetamines was 

synthesized (Scheme 1). In the course of this the possibility for incorporation and 

conservation of enantiomeric information was investigated and successfully demonstrated 

with the synthesis of enantiomerically pure (S)-amphetamine, a widely administered ADHD 

therapeutic. 

 

Scheme 1: Synthesis of amphetamines via visible light initiated decarboxylation/Smiles rearrangement cascade. 

As the general build of the starting material required for such transformation implicated that 

natural aspartic acid could be a viable building block, this possibility was examined. Initial 

results were negative, but sparked the idea of using aspartic acid and its homologue, glutamic 

acid, in decarboxylations. While in literature the latter was target for the decarboxylation of 

its a-carboxy group, its g-carboxy group, representing a primary acid, was the focus of this 

work. Adequate starting materials based on glutamic acid were synthesized, using different 

protection strategies for a-carboxylic acid and amine. The formation of an oxazolidinone or a 

hydantoin heterocycle was key to a successful protection of the two functionalities and 

conservation of the stereoinformation brought in by the naturally enantiopure glutamic acid.  
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Scheme 2: Substituted hydantoin derived from glutamic acid used for photochemical decarboxylation. 

While the oxazolidinone protection strategy was used in decarboxylative intermolecular 

reactions and further explored by Christian Eichinger, the hydantoin protection strategy was 

successfully applied for an intramolecular cyclization, giving rise to six-membered ring 

systems (Scheme 2).  

The second part deals with a photochemical oxygenation of cyclopropanated (hetero-) 

cycles giving rise to annelated peroxides. Suitable starting materials require an aromatic 

system adjacent to the tricycle, which can be oxidized in presence of air and Fukuzumiôs 

catalyst. This generates a radical next to the cyclopropyl group, triggering its opening and 

subsequently leading to the incorporation of oxygen, therefore expanding the cyclopropane to 

a five-membered endoperoxide (Scheme 3).  

 

Scheme 3: Synthesis of endoperoxides from cyclopropanated furan. 

Following the exploration of a broad range of substrates, including differently substituted 

cyclopropanated O- and N-heterocycles as well as carbocycles, an array of endoperoxides was 

tested for activity against the malaria pathogen plasmodium falciparum at the Max Planck 

Institute of colloids and interfaces by Felix Goerdeler of the research group of Prof. P. H. 

Seeberger. The results showed a positive correlation between activity and lipophilicity of the 

tested endoperoxides, revealing the carbocyclic derivatives to be most active. While the best 

IC50 values were found to be in the low micromolar range and thus a factor 1000 higher than 

the current state-of-the-art malaria therapeutic artesunate, these initial results demonstrate the 

biological activity of the generated endoperoxides and point the way to possible further 

research.  
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1.2 Zusammenfassung 
 

Im Rahmen der nachfolgend vorgestellten Arbeit wurde die Anwendung unterschiedlicher 

Facetten der Photokatalyse mit sichtbarem Licht in der Synthese biologisch aktiver Moleküle 

von pharmazeutischer Relevanz erreicht. Die Arbeit teilt sich in zwei Teile. 

 Der erste Teil beschreibt die Verwendung der lange bekannten photochemischen 

Decarboxylierung. Mittels der Aktivierung der Carboxylgruppe als N-O-ester, hier: als N-

Acyloxyphthalimid, können primäre Carboxylgruppen mittels sichtbaren Lichts 

decarboxyliert werden. Durch die Anwendung dieser Strategie konnte die Substratbreite einer 

durch Decarboxylierung eingeleiteten Smiles-Umlagerung, welche schon zuvor im 

Arbeitskreis Reiser untersucht wurde, erweitert werden. Zusätzlich zu den Substraten, an 

denen durch Christian Faderl die Umlagerung erfolgreich durchgeführt wurde, konnte diese 

auch erfolgreich zur Synthese einiger Amphetamin-Derivate eingesetzt werden (Schema 1). 

Im Zuge dessen konnte anhand der erfolgreichen Synthese von enantiomerenreinen (S)-

Amphetamin, welches zur Therapie von ADHS eingesetzt wird, gezeigt werden, dass in 

diesem Falle die Stereoinformation des Startmaterials erhalten bleibt. 

 

Schema 1: Synthese von Amphetaminderivaten mittels einer Kaskade von Decarboxylierung und Smiles-

Umlagerung. 

Da die natürliche Aminosäuren Asparaginsäure und Glutaminsäure die grundsätzlichen 

Voraussetzungen für eine Verwendung als Teil eines geeigneten Startmaterials erfüllen, und 

erhebliche Vorteile wie geringe Kosten und inhärente optische Reinheit mit sich bringen, 

wurden sie als Ziel weiterer Untersuchungen ausgewählt. Während einige Literatur zur 

Decarboxylierung der a-Carboxylgruppe von Asparaginsäure und Glutaminsäure, dem um 

eine CH2-Gruppe verlängerten Homolog, verfügbar ist, wurde im Folgenden auf die 

Decarboxylierung der primären Säuregruppe der beiden Di-Säuren mittels Aktivierung als N-

Acyloxyphthalimid abgezielt. Für Amin und a-Säuregruppe wurden verschiedene 

Schutzgruppen getestet. Hierzu wurden Oxazolidinon- und Hydantoinheterocyclen gebildet, 

welche erfolgreich die beiden unbeteiligten funktionellen Gruppen und die Stereoinformation 

der natürlichen Aminosäuren bewahren. 
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Schema 2: Glutaminsäurebasiertes Hydantoinderivat als Startmaterial einer photochemischen Decarboxylierung. 

Während die Oxazolidinon-Schutzgruppe in decarboxylativen intermolekularen Reaktionen 

verwendet wurde, welche von Christian Eichinger näher untersucht wurden, wurde ein 

geeignetes glutaminsäurebasiertes Hydantoin-Derivat erfolgreich bei einer intramolekularen 

Cyclisierung zu einem sechsgliedrigen Heterozyklus eingesetzt (Schema 2). 

 Im zweiten Teil dieser Dissertation wird die photochemische Oxygenierung von 

cyclopropanierten (Hetero-)zyklen zu annelierten Endoperoxiden beschrieben. Geeignete 

Startmaterialien für eine derartige Reaktion benötigen ein aromatisches System neben dem 

dreigliedrigen Ring, welcher in Gegenwart sichtbaren Lichtes, (Luft)sauerstoff und 

Fukuzumi-Katalysator oxidiert werden kann. Dabei wird ein Radikalzentrum neben dem 

Cyclopropanring gebildet, welcher dessen Öffnung auslöst. Diese Öffnung wird schließlich 

von Disauerstoff überbrückt, was zur Bildung eines fünfgliedrigen Endoperoxids führt 

(Schema 3).  

 

Schema 3: Synthese von Endoperoxiden aus cyclopropaniertem Furan. 

Aus der Reihe verschiedenster auf diesem Wege synthetisierter Endoperoxide wurde eine 

Auswahl am Max Planck Institut für Kolloid- und Grenzflächenforschung von Felix Gördeler 

aus der Arbeitsgruppe von Prof. P. H. Seeberger auf Aktivität gegen den Malaria-Erreger 

plasmodium falciparum untersucht. Die Ergebnisse zeigen eine positive Korrelation zwischen 

Aktivität und Lipophilie der untersuchten Endoperoxide, mit einem annelierten Carbocyclus 

als bestem Derivat. Während die gefundenen IC50-Werte im mikromolaren Bereich liegen, 

belegen sie doch die Wirksamkeit der synthetisierten Endoperoxide und zeigen den Weg zu 

möglichen weiteren Untersuchungen.  
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2. General Introduction  

2.1 Basics of Visible Light Mediated Photoc hemistr y 

 

In the last two decades, visible light mediated photochemistry saw a rapid ascent in 

popularity1, as indicated by the number of publications in this field. It has become a widely 

established activation method, which provides selectivity and versatility and yet is 

operationally simple. Supported by the development of efficient light sources with narrow 

emission bands in the visible region, namely LED-lamps, in the 1990s, photochemistry is now 

commonly found even in industrial-scale processes. Controlled irradiation at a certain 

wavelength with a defined power allows for reproducibility and combined with flow-

chemistry, visible light photochemistry is a valuable tool for greener processes in industrial 

syntheses, as covered in various reviews.2-7 

 

For a long time, with some notable exceptions8, photochemistry relied on the use of UV-light, 

generated by high-pressure mercury lamps, posing a costly safety hazard. Some intriguing 

transformations were achieved8-10, but the applicability was low due to the incompatibility of 

many functional groups with high-energy UV-light and the inconvenient reaction setup.  

 

However, the use of visible light generated by efficient light sources was not only an 

operational improvement, but also paved the path to completely new mechanisms and 

therefore transformations. While UV-light can directly excite organic molecules, these usually 

do not absorb in the visible region, making the use of catalysts mandatory. These colored 

organic dyes11 and transition metal complexes12 can harvest photons from the visible 

spectrum with a wavelength between 400 and 800 nm and then catalyze reactions in colorless 

substrates via different pathways. Combinations with other catalyst systems are possible, 

giving way to an entirely new playground for organic chemists.13-17 
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Scheme 4: Generic mechanism for photocatalytic reactions. 

Said pathways are categorized either as single electron transfer (SET)6 or energy transfer (ET) 

mechanisms (Scheme 4).18 The single electron transfer mechanisms are usually called 

photoredox catalysis, which utilizes the ability of the excited catalyst [Cat]* to either take up 

an electron from a given substrate and therefore act as oxidant (Oxidative Quenching), or 

donate an electron to function as one-electron reductant (Reductive Quenching). To close the 

catalytic cycle, the catalyst then has to take or respectively give an electron to return in its 

ground state, as shown in Scheme 4.  

The energy transfer pathway in contrary does not necessarily produce a charged species, but 

brings the substrate molecule (Q) in an excited state [Q]* , which can trigger e.g. 

intramolecular electron transfer between two functional groups within the substrate molecule, 

generating (di-)radicals.18-19  

 

For the single electron pathway, the above described routes are differentiated by choosing the 

reaction conditions accordingly. To determine these conditions, knowledge about the 

reduction and oxidation potentials20 of all the components in the reaction is required, 

including the catalyst in its ground- and excited state. Only then, the following questions can 

be answered: 

¶ Does the potential of the catalyst match the potential of the substrate, i.e. can a SET 

between them take place?  

¶ Does the reaction require a sacrificial electron donor, and if so, which one? 

¶ Is the desired product stable under the conditions, or will it react further because it can 

also undergo a SET?  
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Analytical methods originally established in the field of electrochemistry and physical 

chemistry give access to the required numbers21, e.g. cyclovoltammetry for the elucidation of 

redox potentials. 

 

The toolbox available for adjusting the reaction conditions holds a variety of catalysts, 

covering a broad range of potentials. Several characteristics determine if a colored molecule 

can become an effective photocatalyst: The molecule needs a high absorption coefficient, 

which shows that of all the incoming photons, a large part is absorbed and can power the 

catalytic cycle. Upon absorption, a potential catalyst is transferred to its excited state, with the 

mechanism differing greatly between heterogeneous22 and homogeneous catalysts, and in the 

latter group again between transition metal based and solely organic catalysts23. It needs to 

remain in the excited state for a sufficiently long time (so-called lifetime) without 

unproductive relaxation to enable interaction with the substrate, as this requires a close 

encounter of the two (distance under 10 Å). All of these properties can be tuned, by so-called 

ñdopingò in heterogeneous inorganic catalysts, changing ligands in transition metal complexes 

or substituents in organic dyes. 

Most commonly employed are transition metal catalysts, which are known for their superior 

stability (Scheme 5). Their properties are determined by the ligands attached. The costly 

ruthenium24-25 (e.g. 1, 2) and iridium26 (e.g. 4, 5) based catalysts operate with an outer sphere 

mechanism, where the radicals generated do not interact with the metal centre. Copper-based 

catalysts (e.g. 3, 6) have shown extraordinary versatility, allowing for additional interaction: 

Substrates can coordinate to the copper and undergo visible light induced homolysis, or the 

radical formed during the reaction can coordinate to the copper, and therefore give rise to an 

inner sphere mechanism. The details of copper photocatalysis are discussed in detail in a 

recent review by Reiser et al..27 
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Scheme 5: Transition metal photocatalysts. 

Next to transition metal catalysts, organic dyes stand as viable alternative (Scheme 6). Despite 

being less stable, they can be used in larger quantities than e.g. Ir-based catalysts, as they are 

more often than not inexpensive and produced in large scale by industry. 

 

Scheme 6: Organic dyes used as photocatalysts. 

The broad range is further enhanced by compounds that cannot be summarized under the two 

groups of catalysts discussed above, such as the heterogeneous anatase modification of 

titanium dioxide28-29 or rather exotic cases, e.g. sodium iodide in combination with 

triphenylphosphine, which has been used as a photocatalyst by Fu et al. (Scheme 7).30 
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Scheme 7: Visible light mediated decarboxylative alkynation with iodide as catalyst. 

Not only tailored catalysts, but also sacrificial electron donors tuned to specific demands ï i.e. 

less prone to side reactions, good solubility or with a special redox potential ï are available 

(Scheme 8). In terms of green chemistry, atom efficiency needs to be improved: The 

sacrificial electron donor should be of low molecular weight, recoverable and recyclable, 

easily accessible or ideally not ñsacrificialò at all, but also transformed into a useful chemical.  

 

Scheme 8: Assorted sacrificial electron donors used in photocatalysis.31 

While a wide range of transformations can be performed using photocatalysis, its utilization 

in industry was hindered due to issues when upscaling lab-scale reactions. Traditional 

activation methods such as heating have been used for a long period of time; hence the 

knowledge on key points to solve in upscaling is there. Photochemistry however requires 

additional thought given to issues such as light penetration into vessels, which is dependent on 

the concentration and on the amount of volume, and cooling when strong lights are used. 

Several methods exist to improve lighting ï e.g. lighting from the inside, or the use of flow 

techniques32-35, which in fact combine well with photocatalytic reactions.  

 

Scheme 9: Synthesis of artemisinin by Seeberger et al.36 

Even two-phase (liquid/liquid and liquid/gas) reactions can be performed in flow37, as shown 

by the continuous flow synthesis of the antimalarial pharmaceutical artemisinin 18 from its 

precursor artemisinic acid 17 by photochemical oxidation in presence of oxygen (Scheme 
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9).36 This process allows for large scale synthesis of the drug, and as the precursor is extracted 

from a plant, the chlorophyll contained in the extraction mixture can be used as photocatalyst, 

making this a prime example of green chemistry. Hence, this much desired treatment for the 

malaria-disease becomes available at a reasonable price to the people even in third-world 

countries. 
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2.2 Photochemical Decarboxylations  
 

Decarboxylations are important reactions in nature and in synthetic chemistry. In nature, 

catalytic decarboxylation is a key reaction in most lifeforms, supplying energy via the Krebs 

cycle.38 In chemistry, decarboxylations are useful reactions due to various carboxylic acids 

being available in large scale but at low cost (amino acids, fatty acids), and therefore a variety 

of starting materials are commercially available. In the laboratory, the extrusion of CO2 from 

carboxylic acids can be achieved by a number of ways, including heating39, electrochemical 

methods40-41, use of various catalysts42, UV-irradiation43 and photoredox catalysis44, the latter 

being the focus of this thesis and therefore discussed in more detail in the following. 

 

Barton et al. first described decarboxylations of active esters by thermal means and upon 

addition of tribuylstannane/AIBN as radical source (Scheme 10).45-46 The radicals could be 

added either to e.g. double bonds, selenides46, or simply abstract hydrogen atoms. With 

further development by Bartons successors, among them Samir Z. Zard, this style of 

decarboxylation became widely used, even more so as the use of toxic tin-based radical-

sources could be avoided by using an alternative ñradical sourceò capable of inducing 

homolytic cleavage of the active ester.47 This ñradical sourceò is of course light, which makes 

the use of the N-O-esters developed by Barton viable even today.48 

 

Scheme 10: Decarboxylation of active esters as described by Barton et al.45 

An important contribution in the area of photochemical decarboxylations was made by the 

group of Okada et al., who used a different activation group constructed from N-

hydroxyphthalimide 19, which is more easily introduced and can be regenerated after 

completion of the reaction (Scheme 11).49 
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Scheme 11: Decarboxylation of N-acyloxyphthalimides as described by Okada et al.49 

This decarboxylation generates free radicals, which can undergo various transformations, 

intramolecular and intermolecular (Scheme 12). 

 

Scheme 12: Application of Okadaôs decarboxylation.49 

Even though new techniques were developed which avoid the use of active-esters altogether, 

the decarboxylation of N-acyloxyphthalimides remains viable due to the ease of preparation 

of the required N-O-esters and the compatibility with modern photoredox chemistry. In the 

example shown below (Scheme 13), Overman et al. use [Ru(bpy)3]
2+ as photocatalyst instead 

of BDMAP, and use a combination of Hantzsch ester 13 and DIPEA 15 as sacrificial electron 

donors to facilitate the key step in their synthesis of (-)-aplyviolene 31.50  

 

Scheme 13: Synthesis of aplyviolene 31 by Overman et al.50 
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For a long time, the use of activation groups was mandatory to achieve successful 

decarboxylation under photoredox conditions, until in 2014 the group of MacMillan et al. 

demonstrated the visible light mediated photocatalytic decarboxylation of plain carboxylic 

acids without the work-around of active esters.51 Employing highly oxidizing fluorinated 

[Ir(dF(CF3)ppy)2(dtbbpy)]PF6 catalyst, salts of carboxylic acids in activated positions (e.g. 

Ŭ to a heteroatom group, secondary or tertiary acids) were decarboxylated upon irradiation. 

Among the tested bases, which were used to deprotonate the acids, forming their respective 

carboxylates, K2HPO4 gave the best results (Scheme 14).  

 

Scheme 14: Decarboxylation as described by MacMillan et al.51 

Since its first description in literature, this technique has been applied as the key step in a 

number of syntheses.52-53  

However, this active-ester free approach fails for unactivated primary carboxylic acids, e.g. 

most fatty acids from natural sources. In contrast, the decarboxylation of N-

hydroxyphthalimide esters is possible also with such substrates and in general requires less 

oxidizing conditions and hence may be more suitable to sensitive substrates. A relevant up-to-

date example is depicted in Scheme 15: Rüping et al. employed radicals generated via visible 

light photoredox decarboxylation from various acyloxyphthalimides for an addition to 

imines54, a transformation for which traditionally organometallic reagents would be 

employed.  

 

Scheme 15: Decarboxylation of N-acyloxyphthalimides for the construction of amines by Rüping et al.54 

In conclusion, visible light mediated decarboxylation represents an important technique in the 

synthesis of complex molecules and an alternative to other activation methods, filling with 

life the term ñtraceless activation groupò coined by D. W. C. MacMillan.51   
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3. Smiles Rearrangement  

3.1 Introduction  
 

The visible light mediated decarboxylation elaborated on in the previous chapter was applied 

by Reiser et al. for a so-called Smiles rearrangement (Scheme 16).55  

 

Scheme 16: Visible light mediated decarboxylation and consecutive rearrangement published by Reiser et al.55 

The term is named after a rearrangement described by Samuel Smiles in 193156 and used to 

describe reactions where a chain on an aromatic system switches its start and end point, most 

commonly via a bicyclic intermediate (41, Scheme 17). As the reaction pathway involves an 

ipso-cyclization, the reaction is only feasible for certain chain lengths. Typically five or six-

membered intermediates give the best results, with longer chains being disfavored and shorter 

chains nearly impossible as per the Baldwin rules.57 Driving force is the higher stability of the 

newly formed bond, and the rearrangement is often triggered by reactions releasing volatile 

groups such as CO2 (compare Scheme 16) or SO2.
58 From the spiro-intermediate an 1,2 shift 

(43) is competing with the ring opening, which can be differentiated from a possible ortho-

cyclization (44) only in presence of other substituents. 
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Scheme 17: Basic representation of a Smiles rearrangement. 

The Smiles rearrangement has been59 and still is60 an interesting option for the construction of 

side-chains of aromatic systems, even more so as visible light mediated photocatalysis 

presents a powerful and selective method to facilitate these reactions in highly functionalized 

molecules.61 Among a number of contemporary examplese.g.62-63, one reported by Stephenson 

et al. 64 is shown in Scheme 18, where the reaction is initiated by radical formation via visible 

light mediated photoredox catalysis. 

 

Scheme 18: Smiles rearrangement as key step in the synthesis of an ORL-1 antagonist.64 

Following the previous work of the Reiser group on this topic (Scheme 16) and drawing 

inspiration from the literature, visible light mediated decarboxylation was applied as key step, 

initiating a Smiles-rearrangement, in the synthesis of bioactive compounds and some 

derivatives. 
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3.2 Studies on Visible Light Mediated Smiles Rearrangement   1 

3.2.1 Initial  Studies : Phenylethylamines, Tetrahydroisoquinolines and 

Benzoazepeninones  ¥ 

 

The results described in this first sub-chapter are results of C. Faderls work, which have been 

published as his Ph.D thesis65, and which are the foundation for the following work of the 

author of this thesis. They are given within this thesis to present a reasonably complete view 

and proper introduction on the subject of the Smiles rearrangement triggered by 

photocatalytic decarboxylation. 

 

Scheme 19: Visible light mediated photocatalysis initiating a Smiles rearrangement. 

It was envisioned that the classes of biologically important phenylethylamines66 (51), 

tetrahyrodoisoquinolines67 (52, n = 1), or benzoazepinones (52, n = 2) could be accessed via a 

Smiles rearrangement from readily available starting materials 49 making use of renewable 

resources, i.e. benzoic and amino acids (Scheme 19).58, 63, 68-70 A photochemical 

decarboxylation of a primary carboxylic acid should trigger the rearrangement, therefore an 

active ester, i.e. an N-acyloxyphthalimide, was used as starting material (49). Furthermore, the 

starting material was comprised from 4-methoxy benzoate, which was linked to b-alanin via 

an amide bond. On the amide-nitrogen, a tbutyl group was attached to ensure a correct 

conformation, as this bulky group forces the starting material into a desirable conformation, 

bringing in close proximity the aromatic systems of the phthalimide and the benzoate (Figure 

1). 

                                                           
1  Parts of this chapter are reproduced from C. Faderl, S. Budde, G. Kachkovskyi, D. Rackl and O. Reiser, J. Org. 
Chem., 2018, 19, 12192-12206; Copyright 2018 American Chemical Society.  
¥ The work presented in this subchapter is work performed by Christian Faderl and was published in his Ph.D 
thesis.  
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Figure 1: Model substrate for photochemical Smiles-rearrangement. 

Under irradiation with a blue LED (lmax = 455 nm) an iridium based photocatalyst 

[Ir (dtbbpy)(ppy)2]PF6 was able to transform the model substrate 53a, yielding the desired 

rearrangement product 54a in 41% yield (Table 1 vide infra). As a competing process, a 

considerable amount of ester hydrolysis was observed, accounting for the complete 

conversion of 53a. A screening of reaction conditions revealed that some amount of water in a 

polar organic solvent is beneficial for the reaction, as the water is coordinating to the 

phthalimide-portion of the molecule, reducing its oxidation potential.71 

Common photocatalysts such as [Ru(bpy)3]Cl2Ā6 H2O or the dye perylene did not facilitate the 

desired rearrangement, while further control experiments suggested that the decarboxylation 

reaction is indeed a photochemically mediated process: In absence of the photocatalyst or 

light or in presence of air, no product formation was observed (entries 9-11). Under UV 

irradiation in absence of a catalyst the reaction proceeded to give the desired product in a 

comparable yield (entry 12) to the visible light / Ir-photocatalyst conditions (entry 3). It can 

therefore be concluded that neither an oxidative nor a reductive quenching cycle, but rather 

energy transfer is operative in this transformation. Either the catalyst can trigger the energy 

transfer, or it takes place intramolecularly under UV-conditions.  
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Table 1: Screening of reaction conditions.a 

 

entry catalyst conditions yield (%)b 

1 [Ir(dtbbpy)(ppy)2]PF6 MeCN traces 

2 [Ir(dtbbpy)(ppy)2]PF6 MeCN/H2O (10/1) 41 

3 [Ir(dtbbpy)(ppy)2]PF6 MeCN/H2O (40/1) 61 

4 [Ir(dtbbpy)(ppy)2]PF6 MeCN/H2O (50/1) 48 

5 [Ru(bpy)3]Cl2 MeCN/H2O (40/1) 0 

6 Perylene MeCN/H2O (40/1) 0 

7c [Ir(dtbbpy)(ppy)2]PF6 40 °C 40 

8c [Ir(dtbbpy)(ppy)2]PF6 80 °C 17 

9c [Ir(dtbbpy)(ppy)2]PF6 no degassing 0 

10c [Ir(dtbbpy)(ppy)2]PF6 no light 0 

11c - no catalyst 0 

12d - UV /  ˂Ó 250 nm 58 

aUnless otherwise specified: 53a (0.1 mmol), photocatalyst (1 mol %), degassed solvent (2 ml), ratio of mixed 

solvent in v/v, room temp., 16 h. bYields were determined by 1H NMR spectroscopy of the crude products with 

4-nitrobenzaldehyde as internal standard. cSolvent: MeCN/H2O (40/1). dAcetone/H2O (20:1), room temp., 6 h. 

With optimized conditions in hands, the reaction scope was evaluated (Table 2). An array of 

different ɓ-phenylethylamines 54a-k was synthesized by introduction of substituents on the 

phenyl ring. These substituents were tolerated well, regardless of the position (para-, meta-, 

ortho-), but electron donating substituents gave higher yields (54a). With respect to variations 

on the alkyl chain, b-substitution was feasible as demonstrated with the synthesis of 54j . 

Changing water to alcohols (primary, secondary or tertiary) in the solvent mixture allowed the 

isolation of the corresponding carbamates 54a-R3, 54b-R3 and 54f-Me. 
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Table 2: Substrate scope of the Smiles rearrangement initiated by decarboxylation. 

 

# n SM R1 R2 R3 product outcome 

1 1 

53a 

53b 

53c 

53d 

53e 

4-OMe 

4-Cl 

4-Br 

4-Me 

4-H 

H H 

 

54a, 61% 

54b, 45% 

54c, 49% 

54d, 45% 

54e, 29% 

2 1 
53f 

53g 

53h 

2-OMe 

3-OMe 

3-Cl 

H H 
54f, 43% 

54g, 33% 

54h, 21% 

3 1 53i 3-Cl, 4-OMe H H 54i, 53% 

4 1 53j 4-OMe Me H 

 

54j , 53% 

5 1 53a 4-OMe H 
CO2Me 

CO2
iPr 

CO2
tBu 

 

54a-Me, 64% 

54a-iPr, 35% 

54a-tBu, 37% 

6 1 53b 4-Cl H 

CO2Et 

CO2
iPr 

CO2
tBu 

CO2
tBn 

54b-Et, 70% 

54b-iPr, 56% 

54b-tBu, 35% 

54b-Bn, 60% 

7 1 53f 2-OMe H CO2Me 54f-Me, 38% 

8 1 53k 3, 4-OMe H - 

 

55a, 82% 

9 1 53l 3, 4, 5-OMe H - 55b, 75% 

10 2 

56a 

56b 

56c 

56d 

56e 

56f 

4-H 

4-OMe 

3, 4-OMe 

3,4,5-OMe 

4-OMe, 3-Cl 

Pyridine 

H - 

 

57a, 43% 

57b, 60% 

57c, 58% 

57d, 43% 

57e, 62% 

57f, 35% 

continue next page  
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notable results: 

11a 2 56g 2, 5-OMe H - 

 

58, 45%; 

No 

rearrangement 

12 1 53m 2, 5-OMe H H 

 

54l, 38%; 

rearrangement 

Reaction scale: SM (1 mmol), [Ir(dtbbpy)(ppy)2]PF6 (1 mol %), 10 ml MeCN (degassed), with up to 13.5 equiv. 

Alkyl OH or a mixture of MeCN/H2O ratio 40/1, room temp., hɜ (455 nm), 16 h. Isolated yields are given. 
aIncomplete conversion after 24 h. 

A further increase of the electron density in the arene ring by introduction of two (53k), or 

even three (53l) methoxy groups led to the exclusive formation of dihydroisoquinolinones 55a 

and 55b, the latter being established by X-ray structure analysis. This supports the proposed 

mechanism, as these products arise from the 1,2-acyl shift in the spiroradical intermediate 

(compare Scheme 17, cmpd. 41) rather than an ortho-cyclization which occurs 

regioselectively towards the sterically less hindered site if an unsymmetrical starting material 

such as 53k is employed. Such a pathway is not feasible when both ortho-positions are 

blocked (53l); in this case, the Smiles rearrangement is observed (54m), albeit in low yield. 

Substrates 56a-f, comprising an alkyl chain in the amine elongated by one methylene unit 

compared to 53, formed tetrahydrobenzazepinones 57. No products arising from 

rearrangement or 1,2-acyl shift were detected, indicating that these substrates followed a 

different mechanistic pathway, which is likely a direct 7-exo/endo-trig ring closure. This 

change in mechanism is supported by the formation of 58 from a substrate where both ortho-

positions are blocked: No rearrangement, but only formal reduction is observed, while the 

analogous reaction towards b-phenylethylamine 54l follows the spirocyclization route. 

Notably, also electron deficient pyridine derivative 56f was successfully transformed to 57f, 

while no such reaction was observed for the analogous derivative with a shorter chain. 

Both major product groups formed by the discussed decarboxylation, i.e. phenylethylamines 

and benzoazepinones, are core parts of a class of natural compounds called capsazepines72 

with anti-inflammatory and anti-nociceptive effects.73 Therefore, a formal synthesis of 

capsazepinoid 61 was developed (Scheme 20, vide infra). Compounds 57b and 54b, being 

obtained from the photorearrangement of 56b and 53b (Table 2) could be readily converted to 

the key intermediates 59 and 60, which can be transformed into the desired capsazepinoid. 
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Scheme 20: Formal synthesis of capsazepinoid 61 according to Sterner et al..72 

The reduction potential of [Ir(dtbbpy)(ppy)2]PF6 photocatalyst (E1/2 (Ir
IV/*III ) = -0.96 V vs. 

SCE) on its own is insufficient to enable an electron transfer to the N-acyloxyphthalimides 

(e.g. E1/2 = -1.32 V vs. SCE for 53a). Albeit the water required for successful transformation 

has been demonstrated to lower the reduction potential of the phthalimides, a photoredox 

mechanism remains unlikely in this case. Instead, an energy transfer mechanism seems more 

plausible. This proposal is supported by the fact that the reaction proceeds under UV-

irradiation in absence of the catalyst (Table 1, entry 12). Furthermore, Schütz et al. calculated 

the analytic energy gradients for the ground and excited states in 53, which showed that the S1 

and T1 state of the excited molecule 62 can undergo such a charge transfer.74 Upon energy 

transfer, N-O bond cleavage triggers the decarboxylation, forming radical 63 and releasing a 

neutral phthalimide molecule (Scheme 21, vide infra). Depending on the length of the alkyl 

chain, a 7-endo/exo-trig cyclization leads to products 57, or the key intermediate 65 is formed 

via spirocyclization. Following the analysis put forward by Chuang75 and Tchabanenko70 for 

spiroradical intermediates, rearomatization of 65 could be accompanied either by a direct 1,2-

acyl shift to the ortho-position of the phenyl ring (observed for electron rich substrates 53k, l), 

or more likely, by ring cleavage. The latter gives rise to carbamoyl cation 66, which then 

transforms to the different types of products depending on the electronic nature of the aryl 

ring (54, 54-alk, 55) and the solvent. In case of water trapping the carbamoyl cation, another 

decarboxylation occurs spontaneously under the reaction conditions, leading to products 54. 

When instead of water an alcohol reacts with the carbamoyl cation, a stable urethane is 

formed (products 54-Alk ). 
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Scheme 21: Mechanistic proposal for Smiles rearrangement triggered by decarboxylation. 

In summary, the photocatalyzed transformation of w-aryl-N-acyloxyphthalimides in presence 

of [Ir(dtbbpy)(ppy)2]PF6 may lead to three different types of products, depending on several 

key structural elements of the starting material: ɓ-phenylethylamines 54, 

dihydroisoquinolinones 55 and tetrahydrobenzoazepinones 57. The preparation of two key 

intermediates for the convergent synthesis of the bronchodilator capsazepinoid 61, 

distinguishing the reactivity of two w-aryl-N-acyloxyphthalimides with different chain 

lengths, shows the power of this synthetic strategy. 
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3.2.2 Broadening the Substrate Scope: Amphetamines and More 2 

 

Members of the phenylethylamin substance class, accessible by the Smiles rearrangement 

presented above (Table 2), exhibit remarkable biological activity. Among these substances, a 

subset of molecules with a special substitution pattern stands out: Amphetamines, which have 

gained widespread attention both as useful pharmaceuticals for the treatment of various 

diseases (ADHD, morbid obesity, etc.) as well as illegal stimulating drugs.66, 76 Members of 

this substance class have in common a methyl substituent in a-position to the amino group. In 

principal, they should be accessible by the Smiles rearrangement discussed herein (Scheme 

22).  

 

Scheme 22: Amphetamines possibly accessible via Smiles rearrangement. 

However, the preparation of the required starting material via the previous route was 

unsuccessful (Scheme 23). Neither does the addition of tert-butylamine 71 to crotonate 76 

take place as readily as to acrylate 72, nor is the coupling of the benzoyl chloride 74 to the 

respective starting material sterically feasible. 

 

Scheme 23: Attempted starting material synthesis. 

                                                           
2  The following work was performed by S. Budde as continuation of the work of C. Faderl presented in the 
previous sub-chapter. 
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An analysis of the key requirements of the starting material determined so far showed the 

necessity of an aromatic group, a sterically demanding substituent on the amine, and a 

suitable chain length for the carboxylic acid (compare Figure 1). Furthermore at least one of 

the substituents on the amine should be electron withdrawing (e.g. Boc, Ts), so to prevent the 

nitrogen from being oxidized under the photochemical conditions (i.e. act as electron donor, 

comparable to the often used DIPEA). Switching the benzoyl part for a benzyl group and 

exchanging the tert-butyl group for a Boc-protection group seemed a reasonable start for the 

investigation. This change would also open up the reaction for introducing chirality in the key 

substituent in a-position to the amine, significantly improving the previous approach (Scheme 

24).  

 

Scheme 24: New starting material synthesis for accessing phenethylamines. 

Transferring the key components of the mechanism suggested for the Smiles photoreaction 

(Scheme 21) on this new substrate (Scheme 25) showed one possible hindrance for the Smiles 

rearrangement. Upon decarboxylation, an ipso cyclization (87) would lead to a product (88), 

where both bonds of the spirocycle that do not derive from the aromatic system are alkyl 

bonds, connecting to a CH2-R group, whereas with the previous substrate, one of the bonds 

would connect to a carbonyl (Scheme 21). For the rearrangement to proceed, an opening of 

the spirocycle 88 is required, and the differentiation between the two bonds would be less 

distinct with the starting material being derived from a benzyl- rather than a benzoyl group.  
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Scheme 25: Proposed mechanism for the Smiles rearrangement leading to amphetamines. 

Also in this reaction water plays a critical role, as it traps the carbocation 88, releasing 

formaldehyde instead of another molecule of carbon dioxide as in the mechanism for the other 

substrate classes (Scheme 21).  

Both possible routes (Scheme 24) for the synthesis of suitable starting materials were 

completed successfully (86a), and to our delight, the Smiles rearrangement took place under 

irradiation in presence of a [Ir] catalyst, so to synthesize Boc-protected racemic (rac-67a) and 

(S)-amphetamine ((S)-67a) in mediocre to good yields (Scheme 26). Consecutively two 

different substituents on the aromatic system were introduced (67b, c), where the electron 

deficient (67c) substrate gave significantly lower yield.  

 

Scheme 26: Synthesis of amphetamines via Smiles rearrangement. 

In order to prove that the stereoinformation introduced by using chiral starting materials is 

conserved, both Boc-amphetamines were subjected to chiral HPLC analysis (Figure 2).  
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Figure 2: HPLC analysis of Boc-amphetamines. 

In addition, more research towards the mechanism was performed by analyzing intensity- and 

lifetime-quenching of mixtures of the catalyst and the substrate. By comparison with a N-

acyloxyphthalimide exhibiting similar core structure, but lacking the bulky substituent on the 

amine, this was thought to give better insight into why the Smiles rearrangement 

demonstrated above is feasible for these starting materials.77-78 For this comparison, N-

hydroxyphthalimide ester of hippuric acid (91) was chosen. 

For the graphs below, the intensity at 560 nm (F) was divided by the intensity of the pure 

catalyst solution (F0) and plotted against nquencher/ncat, which corresponds to the equivalents of 

substrate respective to the catalyst. Similarly, the lifetime of each sample (Ű) was divided by 

the lifetime of the pure catalyst (t0) and plotted against the equivalents of substrate respective 

to the catalyst.  
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Figure 3: Fluorescence lifetime and intensity-quenching of selected substrates. 

As seen from the graphs above, until addition of about 1 equiv. 53b, the fluorescence intensity 

and lifetime of the [Ir] catalyst increase slightly, indicating the formation of a catalyst-

substrate complex, but then drop drastically upon addition of more quencher. For 91, a very 

small increase at the beginning is observed, but only poor quenching upon addition of more 

91. We conclude that a successful interaction between the catalyst and the substrate is only 

possible when the N-acyloxyphthalimide is in a favorable conformation due to the presence of 

the bulky tButyl group, or the Boc-group, respectively. However, the quenching of 53b did 
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not follow a Stern-Volmer type quenching, indicating that more than just one pathway might 

be operative. 

Octyl-NPht 90 (E1/2
red = -1.25 V vs. SCE, irreversible peak) was also investigated as 

completely neutral reference compound. If photoelectron transfer from the photocatalyst 

would occur, it would be expected that fluorescence quenching would be observable for 

Octyl-NPht, which was not the case, supporting our hypothesis of an electron transfer 

mechanism. 
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3.2.3 Consecutive Studies : Incorporating Aspartic and Glutamic acid  

 

In an attempt to further broaden the substrate scope and to employ easily available starting 

materials, optically pure aspartic acid was envisaged as an ideal starting material for the 

Smiles rearrangement. This amino acid would be an affordable source with chiral 

information, leading to phenyl alanin 92 and derivatives, depending on the substituents on the 

aromatic ring (Scheme 27).  

 

Scheme 27: Smiles rearrangement leading to substituted phenylalanines. 

A possible synthesis for the suitable starting material 93a called for the selective hydrolysis of 

the g-ester of aspartic acid dimethyl ester 95 to the free acid 94 (Scheme 28). While a first 

guess would be, that this ester group is less activated then the a-ester, the experiment showed 

that the desired ester is indeed preferentially hydrolyzed in reasonable selectivity.  

 

Scheme 28: Envisioned starting material synthesis. 

Di-ester 95 is synthesized from aspartic acid by benzylation and consecutive protection of the 

amine with a sterically demanding Boc-group. These two steps were attempted consecutively 

and also in one pot, as they both require similar basic conditions. However, while the 

benzylation was successful, a further substitution with a Boc-protection group on this amine 

could not be achieved. Several different bases were tested, and even the reverse order, first 

Boc-protection with consecutive benzylation, was attempted, all unsuccessful. Presumably 

high steric crowding prevented the double substitution at the amine, where in comparison 

with the singular methyl substituent (84, Scheme 23), the methyl carboxylate requires 

significantly more space. 

Hence, the unprotected substrate was tested for possible photoreaction under the standard 

conditions established in the previous chapter, but no desired rearrangement product, but only 

a complex mixture was observed, from which mainly the free acid, stemming from ester 

hydrolysis, was identified.  
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After the miscarriage of this endeavor to incorporate a natural amino acid into the previously 

developed Smiles rearrangement, it was obvious that more drastic changes to the possible 

starting material synthesis were required.  

Summarizing the results so far, a bulky substituent is required to force the starting material 

into the right conformation. Only when the phthalimide and the aromatic residue where the 

rearrangement is to occur are in close proximity, a reaction can take place. High steric 

crowding at the amine may prevent a successful starting material synthesis from natural 

amino acids, calling for different protection strategies. 

Consecutively, other methods were envisioned to incorporate aspartic or glutamic acid into a 

rigid skeleton, borrowing from the Schöllkopf synthesis and others.79-80 These investigations 

are described in the next chapter. 
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3.3 Decarboxylative Transformations of Oxazolidinone Protected 

Natural Amino Acids 
 

Oxazolidinones, which are comparably easy to construct from aspartic and glutamic acid81, 

provide a rigid structure, protect the amine from oxidation, protect the a-carboxylic group of 

the two di-acids, and offer the possibility for introduction of an aromatic residue on the amine. 

 

Figure 4: Envisioned synthesis of suitable precursors incorporating aspartic or glutamic acid within an 
oxazolidinone. 

A possible synthetic route (Figure 4) calls for a condensation reaction of (natural) a-amino 

acids with formaldehyde in presence of an acid catalyst such as toluenesulfonic acid. 

Employing a Dean-Stark apparatus under reflux conditions removes the water and in general 

results in good yields. In case of sensitive starting materials, an inverse Dean-Stark apparatus, 

allowing the use of Chloroform or DCM as refluxing solvent may be used. However, 

oxazolidinones only become stable when the amine is substituted with another electron 

withdrawing group, such as a toluenesulfonate, which need to be introduced beforehand.82 

Based on the oxazolidinones formed from aspartic and glutamic acid, a photochemically 

initiated decarboxylation may give rise to inter- and intramolecular radical additions or 

rearrangements.83  

First, starting from aspartic acid 96, a derivative suitable for decarboxylation and possible 

subsequent intramolecular cyclization (99) was synthesized (Scheme 29). Compound 99 

proved to be very polar and hardly dissolving in the solvent mixture acetonitrile: water 40:1 

determined to be the best conditions for such decarboxylations.  

 

Scheme 29: Synthesis of a tosyl protected oxazolidinone 99 based on aspartic acid 96 as precursor for 
photochemical decarboxylation. 
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However, adding DMSO increased the solubility, and allowed for some test reactions. A new 

compound was isolable, which could not entirely be purified from residues of the phthalimide 

byproduct. However, mass spectroscopy and 2D-NMR allowed for the identification of 

product 101, which is a cyclic sulfonamide (Scheme 30). This product derives from the 

starting material by ortho-cyclization initiated by decarboxylation (100), which had been 

observed for a different class of substrates in the previously discussed Smiles rearrangement 

(Table 2). It can be hypothesized, that due to the rigidity of the oxazolidinone, an ipso-

cyclization is prevented, and therefore no rearrangement can take place. While the yield was 

rather low, and the final product could not be completely purified, the observed product 

skeleton sparked interest as it is found as part of widely used non-steroidal anti-inflammatory 

drugs (NSAIDs).84-85 Apart from being NSAIDs, these compounds were also shown to inhibit 

the growth of certain cancer types.86 

 

Scheme 30: Synthesis of cyclic sulfonamide via visible light mediated decarboxylation. 

Starting from this compound, the core structure of several pharmaceutically used cyclic 

sulfonamides is accessible (102-104, Scheme 31). A possible synthetic route includes an 

oxidation in the first step (A), e.g. via photochemical oxygenation87, followed by opening of 

the oxazolidinone (B), e.g. using zinc bromide in combination with triethylsilane88, which 

directly leads to the methyl substituent on the amine found in many biologically active cyclic 

sulfonamides. 

 

Scheme 31: Some pharmaceutically relevant cyclic sulfonamides and a possible synthesis of their core structure 
from compound 101. 
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The oxidation is essential, as the carbonyl involved in the keto-enol tautomerism is key to 

biological activity of this substance class, but also it nullifies the stereochemical information 

introduced by using chiral starting materials. After all, this substance class is much easier 

accessible via traditional chemistry, involving a Friedel-Crafts acylation, avoiding laborious 

starting material synthesis. Therefore, no further research on the intramolecular cyclization 

found for the oxazolidinone derived from aspartic acid was carried out.  

In contrast, possible intermolecular reactions of oxazolidinones derived from aspartic and 

glutamic acids were investigated, in part as collaboration of Simon Budde with Christian 

Eichinger (Scheme 32). This research is part of the thesis of Christian Eichinger and discussed 

in depth ibidem.89 

 

Scheme 32: Intermolecular reactions induced by photochemical decarboxylation of suitably protected natural 
amino acids developed by C. Eichinger. 

The synthesis developed gave access to pipecolic acid derivatives 107. Pipecolic acid 108 is a 

signal molecule in plants, which plays an important role in defensive activity of plants e.g. 

when being attacked by pests.90-91 Its synthesis has sparked interest, as it might find some 

application in agriculture or as structurally rigid part of peptides.92-93  
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3.4 The Hydantoin Group as Alternative to Oxazolidinone Protecting 

Group  
 

Focus of this work remained on the intramolecular reactions of natural amino acid 

derivatives; in particular, an alternative to Smiles-type reactions and to aromatic residues as 

part of the core skeleton in general was researched. An intramolecular cyclization to a suitable 

residue of a substituent on the nitrogen was desirable, and this substituent should not be an 

amide, i.e. electron withdrawing, so that in the final product, a basic nitrogen-containing 

heterocycle would be formed. As oxazolidinones proved to be adequate protection groups, 

able to conserve the stereochemical information from the starting material, a similar cyclic 

protection group for a-amino acids should be used. Depending on the ring size, either 

piperidine or azepane rings would be accessible, which represent core structures of many 

biologically active compounds (Figure 5).94-95 

 

Figure 5: Envisioned intramolecular cyclization of glutamic acid derivatives. 

Three cyclic protection groups for a-amino acids were compared in respect of ease of 

synthesis, stability and possible functionalization (Figure 6). While 1,3-oxazolidin-4-one 

derivatives are generally regarded as less stable when the nitrogen is substituted with an alkyl 

group (in contrast to an electron withdrawing group such as Boc or Ts), the closely related N-

carboxy anhydrides have found use in transformations of a-amino acids.  

 

Figure 6: Possible cyclic protection groups for a-amino acids. 
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Alternatively, hydantoins, which represent an urea derived structure, can be formed from a-

amino acids by the use of potassium cyanate (route A, Figure 7).96 The two nitrogens vary in 

basicity and can be functionalized separately, or the diacylamine is already introduced with a 

substituent by using organo-cyanates94 instead of cyanate salt. 

 

Figure 7 Synthesis of substituted hydantoins. 

While the hydantoin-formation proceeds well in both routes, the third substituent of the di-

acylated nitrogen is key to the stability of the protection group.97-98 Introducing a Boc group is 

achieved under relatively mild conditions. However, under the strongly basic conditions 

required for the introduction of an alkyl group on the other nitrogen, the hydantoin group 

decomposes and is cleaved. 

Therefore, route B, introducing an aryl or benzyl group, was chosen. The first of which leads 

to the most stable hydantoin, but in consequence is most difficult to remove in the end, while 

the benzyl group is stable in the following steps but requires different and less harsh 

conditions to remove.  

For this thesis, two different alkyl substituents as targets for the envisioned synthesis were 

chosen: a propargyl and a dimethylallyl group, the first of which would avoid the formation of 

a new stereocenter altogether, the latter only creates one new stereocenter. This would be the 

probe for possible stereoinduction by the chiral information brought into the synthesis by 

employing optically pure glutamic acid. As it is suspected that a bulkier substituent such as 

the dimethylallyl group would be more susceptible to chiral induction, it was chosen over a 

simple allyl group. 

Also, the influence of the phenyl or benzyl group were considered: The phenyl substituent 

forces the hydantoin to take a very flat configuration due to conjugation of sp2-centers (both 

nitrogens exhibit high sp2-character), while the benzyl group allows for more flexibility, 
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which might have an impact on stereoinduction. As an energy transfer mechanism was not 

feasible in this case, and the oxidative route described by Glorius et al.71 did not result in any 

conversion, the well-known reductive quenching cycle of [Ru(bpy)3]Cl2 was employed with 

DIPEA 15 as sacrificial electron donor (Scheme 33). Commonly employed conditions 

analogous to reports from Overman et al.50 were adapted, and gave a mixture of two 

compounds in excellent yields (Scheme 33). While the two compounds were inseparable by 

column chromatography, they were successfully identified by 2D-NMR techniques. The 

regioisomer which was formed in higher yields was found to be the product of a 6-exo-dig 

cyclization (110aô, 110bô), while the minor regioisomer was derived from a 7-endo-dig 

cyclization (110aôô, 110bôô). Both cyclizations are feasible in accordance to the Baldwin-

rules57, yet the formation of the seven-membered compound was not expected to occur in the 

observed amount. The difference between phenyl and benzyl substituted hydantoin was found 

to be rather small, as the overall yield was in the same range, and the ratio of regioisomers 

was comparable. 

 

Scheme 33: Intramolecular cyclization of glutamic acid derived hydantoin involving a propargyl residue. 

The starting material containing a dimethylallyl-residue 111 as target of the cyclization was 

also subjected to both oxidative and reductive conditions, but in contrast to the propargyl-

substituted compound, conversion was observed under both conditions (Scheme 34). 

 

Scheme 34: Intramolecular cyclization of glutamic acid derived hydantoin involving a dimethylallyl residue. 
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In this case, no 7-membered product was observed, but still a mixture of two compounds was 

isolated. For the oxidative reaction, compound 112 incorporating a hydroxyl group was 

formed as expected, but apparently this hydroxyl group is eliminated comparably easily, so 

that unsaturated product 113 derived from such reaction is also observed in considerable 

amounts. Elimination may proceed during column chromatography, as the product ratio was 

observed to change. Also, in case of the reductive pathway two cyclization products are 

formed, one being identified as the same unsaturated compound 113 as in the oxidative 

pathway, and one being the expected saturated compound 114. A possible mechanism, 

explaining the formation of each compound, is shown below (Scheme 35). 

 

Scheme 35: Depiction of possible pathways for oxidative (A) and reductive (B) conditions. 

The initial generation of the radical and subsequent decarboxylation is different for oxidative 

and reductive pathway (compare Scheme 4), but both lead to the same intermediate 117 upon 

initial cyclization. From there, pathway A depicts the regeneration of the catalyst by oxidation 

of the cyclized radical (oxidative pathway), whereupon the resulting carbocation 118 may be 

trapped by water (112), which can be eliminated in the following, or the carbocation loses a 

proton directly, both of which leading to the unsaturated product 113. 

In contrast, pathway B calls for the regeneration of the catalyst by reduction of the cyclized 

radical (reductive pathway). The resulting anion 119 may be trapped by a proton, giving the 

saturated product 114. Alternatively, the unsaturated product 113 may be formed by a 

different pathway from the carbanion or even the radical intermediate by abstraction of a 

hydrogen radical or cation, respectively. This involves complementary charged species 

formed from DIPEA (15) under the reaction conditions. 
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In either case, the compound mixture may be homogenized by transforming one of the 

compounds in each mixture to the other. For the oxidative pathway, the unsaturated product is 

accessible from the hydroxyl-compound by acid catalyzed elimination, while for the reductive 

reaction a hydrogenation may lead to solely the saturated compound.  
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3.5 Conclusion  
 

The decarboxylation of carboxylic acids, one of the oldest and arguably most useful reactions 

in the toolbox of photochemistry has been brought to a renaissance by the application of new 

techniques focused on the combination of visible light and organic or transition metal 

catalysts. This allows for a simple reaction setup and smoothes the way to three different 

mechanisms, which depend on the conditions the reaction is performed under: Energy 

transfer, oxidative or reductive pathway (Scheme 4).  

All three pathways were employed as key step in the synthesis of potentially biologically 

active substances or their key skeleton, initiating a decarboxylation of primary N-

acyloxyphthalimides.  

Suitably substituted b-amino acids were decarboxylated, resulting in a Smiles rearrangement 

leading to amphetamine derivatives (Scheme 36). 

 

Scheme 36: Synthesis of amphetamine derivatives via Smiles rearrangement induced by visible light mediated 
decarboxylation. 

Consecutively, the natural b- and g-amino acids aspartic and glutamic acid were investigated 

as possible starting material for intramolecular cyclizations. Working with these di-acids 

required suitable protection strategies for the a-amino acid part of the starting material. This 

resulted in the synthesis of oxazolidinones and hydantoins as protection group. The first of 

which was explored in cooperation with C. Eichinger and is described at length in his thesis, 

the latter was used for the construction of piperidines and also azepanes from glutamic acid 

derivatives (Scheme 37).  

 

Scheme 37: Synthesis of piperidines and azepanes from hydantoin protected glutamic acid. 

Thereby it was shown that visible light mediated decarboxylation of N-acyloxyphthalimides 

today is a viable method applicable in the synthesis of pharmacophores. 
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3.6 Experimental Section 
 

3.6.1 General Information  

 

Solvents and chemicals 

All commercially available compounds were used as received. Anhydrous solvents were 

prepared by established laboratory procedures. Ethyl acetate, hexanes (40/60) and DCM were 

distilled prior to use in chromatography. [Ir(dtbbpy)(ppy)2]PF6 was prepared as described in 

the literature.99  

Light source in photoreactions 

As light source in batch process CREE XLamp XP-E D5-15 LED (l = 450 ï 465 nm) were 

used.  

NMR-spectroscopy 

1H-NMR spectra were recorded on BRUKER Avance 300 (300 MHz), BRUKER Avance III 

400 ñNanobayò (400 MHz) spectrometers. 13C-NMR spectra were recorded on BRUKER 

Avance 300 (75 MHz) and BRUKER Avance III 400 ñNanobayò (100 MHz) spectrometers. 

The spectra were recorded in CDCl3 unless otherwise noted. The Chemical shifts for 1H NMR 

were reported as d, parts per million, relative to the signal of CHCl3 at 7.26 ppm. The 

Chemical shifts for 13C NMR were reported as d, parts per million, relative to the center line 

signal of the CDCl3 triplet at 77.0 ppm.  

Mass spectroscopy 

Mass spectra were recorded at Central Analytical Laboratory of the University of Regensburg 

on a Varian MAT 311A, Finnigan MAT 95, Thermoquest Finnigan TSQ 7000 or Agilent 

Technologies 6540 UHD Accurate-Mass Q-TOF LC/MS.  

Chromatography 

For the column purification silica gel (Merck, Geduran 60, 0.063-0.200 mm particle size) and 

flash silica gel 60 (Merck, 0.040-0.063 mm particle size) was used. The TLC analysis was 

performed on silica gel 60 F254 (Merck) coated on aluminum sheets and visualized with UV, 

ninhydrin or KMnO4. 

FT-IR spectroscopy 

ATR-IR spectroscopy was carried out on a Biorad Excalibur FTS 3000 spectrometer, 

equipped with a Specac Golden Gate Diamond Single Reflection ATR-System. 

Melting points were measured with a Büchi SMP-20 apparatus in silicon oil bath.  
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Cyclic voltammetry was measured on an Autolab PGSTAT 302N setup at 20°C in MeCN 

containing nBu4NBF4 as supporting electrolyte. The electrochemical cell consisted of a glassy 

carbon working electrode, a platinum wire as counterelectrode and a silver wire as reference 

electrode. The solvent was degassed by N2 sparging prior to the measurements, and the redox 

potentials were referenced against ferrocene as internal standard. The values were then 

calculated and reported in reference to SCE electrode.  

Optical Rotation was measured using an Anton Paar MCP500 Polarimeter at 589 nm in the 

specified solvent. 

Chiral HPLC  was carried out on a Varian 920-LC with Chiralpak AS-H, Phenomenex Lux 

Cellulose-1 or 2 as chiral stationary phase (as specified), using mixtures of nheptane and 

iPrOH as eluent. 

Fluorescence intensity was measured with a Horiba Scientific FluoroMax4 

Spectrofluorometer. 

Fluorescence lifetime was measured with a Horiba DeltaPro Fluorescence Lifetime System 

equipped with a 370 nm Deltadiode DD-370. 
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3.6.2 Fluorescence Quenching  

 

For the graphs below, the intensity at 560 nm (F) was divided by the intensity of the pure 

catalyst solution (F0) and plotted against nquencher/ncat, which corresponds to the equivalents of 

53b respective to the catalyst. Similarly, the lifetime of each sample (Ű) was divided by the 

lifetime of the pure catalyst (t0) and plotted against the equivalents of 53b respective to the 

catalyst. As seen from the graphs (Figure 3), until addition of about 1 equiv. 53b, the 

fluorescence intensity and lifetime of the [Ir] catalyst increase slightly, indicating the 

formation of a catalyst-substrate complex, but then drop upon addition of more quencher. For 

53b, a very small increase at the beginning is observed, but only poor quenching upon 

addition of more 91. It can be concluded, that a successful interaction between the catalyst 

and the substrate is only possible when the N-acyloxyphthalimide is in a favorable 

conformation due to the presence of the bulky tButyl group. Furthermore, the quenching of 

53b did not follow a Stern-Volmer type quenching, indicating that more than just one 

pathway might be operative. 

Table 3: Data for substrate 53b. 

Intensity F 1705770,0 1782416,7 1856883,3 1862493,3 1873110,0 1895170,0 

ƭƛŦŜǘƛƳŜ ˍ ώҡǎϐ 4,5846 4,8976 5,0649 5,0366 5,1683 5,1712 

chi2 0,849 0,958 0,999 1,025 1,202 0,999 

V total [L] 0,002000 0,002010 0,002020 0,002030 0,002050 0,002075 

V add [L] - 0,000010 0,000020 0,000030 0,000050 0,000075 

ncat [mmol] 0,0001200 0,0001206 0,0001212 0,0001218 0,0001230 0,0001245 

n1b [mmol] 0,0000000 0,0000240 0,0000480 0,0000720 0,0001200 0,0001801 

n1b/ncat 0,00 0,20 0,40 0,59 0,98 1,45 

F/F0 1,0000 1,0449 1,0886 1,0919 1,0981 1,1110 

ˍκˍ0 1,0000 1,0683 1,1048 1,0986 1,1273 1,1279 

       Intensity F 1904283,3 1819480,0 1592940,0 1320006,7 995600,0 820910,0 

ƭƛŦŜǘƛƳŜ ˍ ώҡǎϐ 5,1123 5,0565 4,3125 3,4935 2,5213 2,0638 

chi2 1,003 1,016 0,856 0,840 0,918 0,936 

V total [L] 0,00213 0,00225 0,00250 0,00300 0,00300 0,00300 

V add [L] 0,00013 0,00025 0,00050 0,00100 0,00200 0,00300 

ncat [mmol] 0,0001275 0,0001350 0,0001501 0,0001801 0,0001801 0,0001801 

n1b [mmol] 0,0003001 0,0006002 0,0012005 0,0024009 0,0048037 0,0072056 

n1b/ncat 2,35 4,44 8,00 13,33 26,68 40,02 

F/F0 1,1164 1,0667 0,9339 0,7738 0,5837 0,4813 

ˍκˍ0 1,1151 1,1029 0,9406 0,7620 0,5500 0,4502 
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Table 4: Data for N-(Octanoyloxy)phthalimide 90. 

Intensity F 1966603,3 1975056,7 1962646,7 1882810,0 1869390,0 

[ƛŦŜǘƛƳŜ ˍ ώҡǎϐ 5,0820 5,1253 5,0915 4,8762 4,7654 

chi2 0,975 0,996 0,9975405 0,967 0,975 

V total [L] 0,00200 0,00201 0,00205 0,00220 0,00250 

V add [L] 0,00000 0,00001 0,00005 0,00020 0,00050 

n cat [mmol] 0,0001200 0,0001206 0,0001230 0,0001320 0,0001501 

n1q [mmol] 0,0000000 0,0001207 0,0006035 0,0024141 0,0060353 

n1q/ncat 0,00 1,00 4,90 18,28 40,22 

F/F0 1,0000 1,0043 0,9980 0,9574 0,9506 

ˍκˍ0 1,0000 1,0085 1,0019 0,9595 0,9377 

 

Octyl-NPht (90, -1.25 V vs. SCE, irreversible peak) was chosen as a reference compound. If 

photoelectron transfer from the photocatalyst would occur, it would be expected that 

fluorescence quenching would be observable for Octyl-NPht, which was not the case. 

 

Table 5: Data for hippuric acid derivative 91. 

Intensity F 1903946,7 1961056,7 1918750,0 1799730,0 1647613,3 

[ƛŦŜǘƛƳŜ ˍ ώҡǎϐ 5,1625 5,1709 5,0286 4,6374 4,1329 

chi2 0,968 1,048 1,058 0,905 0,888 

V total [L] 0,00200 0,00201 0,00205 0,00220 0,00250 

V add [L] 0,00000 0,00001 0,00005 0,00020 0,00050 

ncat [mmol] 0,0001200 0,0001206 0,0001230 0,0001320 0,0001501 

n1q [mmol] 0,0000000 0,0001213 0,0006064 0,0024254 0,0060635 

n1q/ncat 0,00 1,01 4,93 18,37 40,41 

F/F0 1,0000 1,0300 1,0078 0,9453 0,8654 

ˍκˍ0 1,0000 1,0016 0,9741 0,8983 0,8006 

 

The N-hydroxyphthalimide ester of hippuric acid (91) tested, because it closely resembles the 

successful starting material 53b, except that its amine is not functionalized with a bulky 

group. Therefore its two aromatic systems, phenyl ring and phthalimide moiety, are not in 

close proximity, preventing an IET. Thus, no transformation according to the suggested 

mechanism is possible, which is in line with the observed experimental results. 
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3.6.3 Synthesis of Starting Materials  for the Amphetamine Synthesis  

 

Substrates 83a-c were synthesized by one-pot addition of benzyl amines to ethyl crotonate 

(Scheme 38, step Ia) or reductive amination of benzaldehyde with ethyl (S)-3-aminobutanoate 

(step Ib ) and successive Boc-protection (step II ) in a one-pot procedure, giving 84a-c.  

 

Scheme 38: Synthesis procedure for the synthesis of amphetamine precursors. 

Following the saponification of 84a-c to the corresponding acids 85a-c (step III ), the desired 

N-acyloxyphthalimides 86a-c were obtained by esterification with N-hydroxyphthalimide 

(step IV ). 

 

 

Ethyl 3-(benzyl(tert-butoxycarbonyl)amino)butanoate  (±)-84a 

 

Compound (±)-84a was prepared by stirring benzyl amine 80a (2 mL, 18 mmol, 1 equiv.) 

with ethyl crotonate 76, (2.3 mL, 18 mmol, 1 equiv.) for 3 days without additional solvent at 

ambient temperature. Afterwards, the reaction mixture was diluted with 100 mL THF/H2O 

(1/1) and NaHCO3 was added (7.56 g, 90 mmol, 5 equiv.). Upon cooling to 0 °C, Boc2O 
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(4.53 g, 22 mmol, 1.2 equiv.) was added as solution in 20 mL THF. The reaction mixture was 

stirred for 24 h at ambient temperature, then THF was evaporated under reduced pressure and 

the remaining aqueous phase extracted with EtOAc (3x25 mL). The organic phase was 

washed with 1M HCl and brine, dried over Na2SO4, filtered and the solvent was removed 

under reduced pressure, yielding 5.07 g clear viscous oil, which was used in the next step 

without further purification. 

 

3-(benzyl(tert-butoxycarbonyl)amino)butanoic acid (±)-85a 

 

Compound (±)-85a was prepared from ester (±)-84a (5.00 g, 15.6 mmol, 1 equiv.) and 

potassium hydroxide (1.1 g, 20 mmol, 1.26 equiv.), which was dissolved in 10 mL H2O and 

slowly added to a solution of the ester in 100 mL EtOH. After 3 h vigorous stirring the 

mixture was acidified and extracted with 3x25 mL EtOAc. The organic phases were dried 

with MgSO4 and the solvent evaporated under reduced pressure, yielding 3.8 g of viscous oil, 

which was used in the next step without further purification.  

 

1,3-dioxoisoindolin-2-yl 3-(benzyl(tert-butoxycarbonyl)amino)butanoate (±)-86a 

 

Compound (±)-86a was prepared from acid (±)-85a (7.8 g, 26.5 mmol, 1 equiv.), N-

hydroxyphthalimide (5.7 g, 27.8 mmol, 1.05 equiv.), and DCC (4.5 g, 27.8 mmol, 

1.05 equiv.) by stirring in 100 mL dry DCM over night. After reaction completion, the 

mixture was cooled to 0 °C and precipitated DCU was filtered off. Column chromatography 

(hexanes:EtOAc = 4:1 to 1:1) and recrystallization from EtOH gave 6.15 g (14 mmol, 31% 

over three steps) offwhite solid.  

Rf (hexanes:EtOAc = 2:1) = 0.23. 

m.p. = 107-108 °C.  

IR  (neat): 2978, 1825, 1785, 1736, 1684, 1464, 1435, 1341, 1252 1222, 1162, 1133, 1114, 

693 cm-1.  
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1H NMR  (400 MHz, CDCl3): ŭ 7.82 (dd, J = 5.5, 3.1 Hz, 2H), 7.73 (dd, J = 5.5, 3.1 Hz, 2H), 

7.31 ï 7.18 (m, 5H), 4.64 (broad d, 1H), 4.21 (broad m, 2H), 3.05 (broad d, 1H), 2.75 (s, 1H), 

1.42 (s, 9H), 1.25 (s, 3H).  

13C NMR (101 MHz, CDCl3): ŭ 167.7, 161.9 (2 C), 154.9 (2 C), 139.2 (2 C), 134.9 (2 C), 

128.9 (2 C), 128.6, 127.8, 127.5, 124.0 (2 C), 80.4, 76.8, 50.3, 49.7, 37.3, 28.5 (3 C), 18.5.  

HR-MS (ESI-EIC) m/z calculated for C24H27N2O6 [M+Na+]: 461.1683, found 461.1685. 

 

Ethyl (S)-3-(benzyl(tert-butoxycarbonyl)amino)butanoate  (S)-84a 

 

(S)-84a was prepared by stirring benzaldehyde (81, 1.26 mL, 12.4 mmol, 1.05 equiv.) with 

ethyl (S)-3-aminobutanoate (82, 1.8 g, 11.8 mmol, 1 equiv.) for 24 h in 30 mL ethanol. Upon 

cooling to 0 °C, NaBH4 (450 mg, 11.8 mmol, 1 equiv.) was added slowly in portions. When 

gas evolution stoped, the cooling bath was removed and the reaction stirred for another 2 h. 

Excess NaBH4 was quenched by dropwise addition of water, and the Ethanol was removed 

under reduced pressure. The remains were dissolved in DCM (50 mL), and the solution 

washed with water (2x10 mL) and brine (1x10 mL). The organic phase was dried with 

MgSO4 and filtered. NEt3 (1.8 mL, 13 mmol, 1.1 equiv.) was added, then Boc2O (2.84 g, 

13 mmol, 1.1 equiv) in portions. Upon stirring for 16 h at ambient temperature, the reaction 

mixture was washed with 1M HCl(aq) (2x15 mL), saturated NaHCO3(aq) (1x15 mL) solution 

and brine (1x10 mL). The organic phase was dried with MgSO4, filtered and the solvent 

removed under reduced pressure. Purification by column chromatography (hexanes:EtOAc 

5:1, Rf = 0.55) yielded 2.54 g (7.9 mmol, 67 %) clear viscous oil.  

 

3-(benzyl(tert-butoxycarbonyl)amino)butanoic acid  (S)-85a 

 

(S)-85a was prepared from ester (S)-84a (2.23 g, 6.95 mmol, 1 equiv.) and potassium 

hydroxide (460 mg, 8.2 mmol, 1.2 equiv.), which was dissolved in 10 mL H2O and slowly 

added to a solution of the ester in 50 mL EtOH. After 3 h vigorous stirring the mixture was 

acidified and extracted with 3x25 mL EtOAc. The organic phases were dried with MgSO4 and 
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the solvent evaporated under reduced pressure. The product was obtained as 1.91 g of clear 

viscous oil, which was used in the next step without further purification.   
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1,3-dioxoisoindolin-2-yl (S)-3-(benzyl(tert-butoxycarbonyl)amino)butanoate (S)-86a 

 

Compound (S)-86a was prepared from acid (S)-85a (1.87 g, 6.4 mmol, 1 equiv.), N-

hydroxyphthalimide (1.25 g, 7.7 mmol, 1.2 equiv.), and DCC (1.6 g, 7.7 mmol, 1.2 equiv.) by 

stirring in 50 mL dry DCM over night. After reaction completion, the mixture was cooled to 

0 °C and precipitated DCU was filtered off. Column chromatography (hexanes:EtOAc = 3:1 

to 1:1) and recrystallization from EtOH gave an offwhite solid (1.73 g, 3.95 mmol, 39% over 

three steps). Analytical data was identical with rac-86a.  

Optical rotation (DCM) ╪╓  = 31.7 (c = 1.0, 589 nm) 

 

Ethyl 3-((tert-butoxycarbonyl)(4-methoxybenzyl)amino)butanoate 84b 

 

84b was prepared by stirring 4-methoxybenzylamine (1.5 mL, 11.5 mmol, 1 equiv.) with 

ethyl crotonate (1.42 mL, 27 mmol, 1 equiv.) for 4 d without additional solvent at ambient 

temperature. Afterwards, the reaction mixture was diluted with 40 mL DCM and NEt3 was 

added (2.3 mL, 17 mmol, 1.5 equiv.). Upon cooling to 0 °C, Boc2O (3.27 g, 15 mmol, 

1.3 equiv.) was added in portions. The reaction mixture was stirred for 16 h at ambient 

temperature, then washed with 1M HCl(aq) (2x20 mL),  saturated NaHCO3(aq) (1x15 mL) 

solution and brine (1x15 mL). The organic phase was dried with MgSO4, filtered and the 

solvent removed under reduced pressure. Purification by column chromatography 

(hexanes:EtOAc = 5:1, Rf = 0.50) yielded 3.15 g clear viscous oil, which was used in the next 

step without further purification.  

 

3-((tert-butoxycarbonyl)(4-methoxybenzyl)amino)butanoic acid 85b 

 

85b was prepared from ester 84b (2.23 g, 6.95 mmol, 1 equiv.) and potassium hydroxide 

(460 mg, 8.2 mmol, 1.2 equiv.) which was dissolved in 10 mL H2O and slowly added to a 

solution of the ester in 100 mL EtOH. After 3 h vigorous stirring the mixture was acidified 
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and extracted with 3x25 mL EtOAc. The organic phases were dried with MgSO4 and the 

solvent evaporated under reduced pressure. The product was obtained as 2.7 g clear viscous 

oil, which was used in the next step without further purification.  

 

1,3-dioxoisoindolin-2-yl 3-((tert-butoxycarbonyl)(4-methoxybenzyl)amino)butanoate  

86b 

 

Compound 86b was prepared from acid 85b (3.6 g, 11 mmol, 1 equiv.), N-

hydroxyphthalimide (2.4 g, 11.6 mmol, 1.05 equiv.), and DCC (1.9 g, 11.6 mmol, 

1.05 equiv.) by stirring in 100 mL dry DCM over night. After reaction completion, the 

mixture was cooled to 0 °C and precipitated DCU was filtered off. Column chromatography 

(hexanes:EtOAc = 4:1 to 2:1) gave a clear viscous oil (3.34 g, 7.76 mol, 51% over three 

steps).  

Rf (hexanes:EtOAc = 2:1) = 0.26.  

IR  (neat): 2964, 2918, 1795, 1742, 1685, 1612, 1512, 1467, 1364, 1243, 1161, 1028, 970,876, 

831 cm-1. 

1H NMR  (400 MHz, CDCl3): ŭ 7.86 (dd, J = 5.5, 3.1 Hz, 2H), 7.77 (dd, J = 5.5, 3.1 Hz, 2H), 

7.21 (d, J = 7.8 Hz, 2H), 6.84 (d, J = 8.6 Hz, 2H), 4.63 (bs, 1H), 4.22 (bm, 2H), 3.78 (s, 3H), 

3.07 (bd, 1H), 2.77 (bs, 1H), 1.49 (s, 9H), 1.27 (d, J = 4.6 Hz, 3H).  

13C NMR  (101 MHz, CDCl3): ŭ 167.9, 167.8(2 C), 161.9(2 C), 158.9(2 C), 134.9(2 C), 

131.2(2 C), 128.9, 128.7, 124.0(2 C), 113.9, 80.3, 77.4, 55.3, 50.7, 49.6, 28.6(3 C), 18.5.  

HRMS (ESI-EIC): m/z calculated for C25H28N2O7 [M+H+]: 469.1974, found 469.1976. 
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Ethyl 3-((tert-butoxycarbonyl)(4-chlorobenzyl)amino)butanoate 84c 

 

84c was prepared by stirring 4-chlorobenzylamine (1.5 mL, 9.2 mmol, 1 equiv.) with ethyl 

crotonate (1.15 mL, 9.2 mmol, 1 equiv.) for 3 d without additional solvent at ambient 

temperature. Afterwards, the reaction mixture was diluted with 30 mL DCM and NEt3 was 

added (1.9 mL, 13.5 mmol, 1.5 equiv.). Upon cooling to 0 °C, Boc2O (2.8 g, 12.9 mmol, 

1.4 equiv.) was added in portions. The reaction mixture was stirred for 16 h at ambient 

temperature, then washed with 1M HCl(aq) (2x10 mL), saturated NaHCO3(aq) (1x10 mL) 

solution and brine (1x10 mL). The organic phase was dried with MgSO4, filtered and the 

solvent removed under reduced pressure. Purification by column chromatography 

(hexanes:EtOAc = 5:1, Rf = 0.5) yielded 2.52 g clear viscous oil, which was used in the next 

step without further purification.  

 

3-((tert-butoxycarbonyl)(4-chlorobenzyl)amino)butanoic acid  85c 

 

Compound 85c was prepared from ester 84c (2.39 g, 7.31 mmol, 1 equiv) and potassium 

hydroxide (620 mg, 11 mmol, 1.5 equiv.) which was dissolved in 10 mL H2O and slowly 

added to a solution of the ester in 100 mL EtOH. After 3 h vigorous stirring the mixture was 

acidified and extracted with 3x25 mL EtOAc. The organic phases were dried with MgSO4 and 

the solvent evaporated under reduced pressure. The product was obtained as 2.09 g clear 

viscous oil, which was used in the next step without further purification. 

 

1,3-dioxoisoindolin-2-yl 3-((tert-butoxycarbonyl)(4-chlorobenzyl)amino)butanoate 86c 

 

Compound 86c was prepared from acid 85c (1.9 g, 5.8 mmol, 1 equiv.), N-

hydroxyphthalimide (1.00 g, 6.1 mmol, 1.05 equiv.), and DCC (1.95 g, 9.4 mmol, 

1.05 equiv.) by stirring in 100 mL dry DCM over night. After reaction completion, the 

mixture was cooled to 0 °C and precipitated DCU was filtered off. Column chromatography 
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(hexanes:EtOAc = 4:1 to 1:1) and recrystallization from EtOH gave of viscous oil (1.60 g, 

3.4 mmol, 46% over three steps).  

IR  (neat): 2926, 2851, 1739, 1624, 1579, 1450, 1311, 1076, 942, 843 cm-1.  

1H NMR  (300 MHz, CDCl3): ŭ 7.89 (dd, J = 5.5, 3.1 Hz, 2H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 

7.29 (d, J = 8.4 Hz, 2H), 7.22 (d, J = 7.1 Hz, 2H), 4.61 (s, 1H), 4.25 (bm, 2H), 3.11 (bd, 1H), 

2.80 (s, 1H), 1.62 ï 1.38 (bm, 9H), 1.32 ï 1.23 (bm, 3H).  

13C NMR (75 MHz, CDCl3): ŭ 167.7, 161.8, 134.9, 134.8, 128.9, 128.5, 127.7, 127.2, 124.1, 

123.9, 77.3, 58.4, 50.6, 49.9, 28.5, 18.4.  

HRMS (ESI-EIC) m/z calculated for C24H25ClN2O6 [M+H+]: 473.1479 found 473.1480. 
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3.6.4 Synthesis of Boc-amphetamines  

General procedure GP1 

 

A Schlenk tube with a magnetic stir bar was charged with a N-acyloxyphthalimide 1 (1 mmol, 

1 equiv.) and the photocatalyst [Ir(dtbbpy)(ppy)2]PF6 (10 µmol, 1 mol%) in 10 ml 

acetonitrile/water (40/1, v/v) mixture (0.1 M concentration). The solution was degassed using 

three freeze-pump-thaw cycles and closed with a Teflon-sealed inlet for a glass rod, through 

which irradiation with a 455 nm high power LED took place. The photochemical reaction was 

stirred at room temperature and monitored by TLC analysis. After completion the solvent was 

removed under reduced pressure. The residue was purified by flash silica gel column 

chromatography or by extraction. For this the solvent was evaporated, the residue dissolved in 

EtOAc and extracted with 1 M HCl (3 x). The water phase was basified with KOH and 

extracted with dichloromethane (3 x). The side product phthalimide (hexanes:EtOAc = 2:1; Rf 

= 0.51) could be isolated in > 95% yield. 

 

tert-butyl (1-phenylpropan-2-yl)carbamate  (±)-67a 

 

Compound (±)-67a was prepared from (±)-86a (460.0 mg, 1.05 mmol) and [Ir(dtb-

bpy)(ppy)2]PF6 9.1 mg, 10.0 µmol, 1 mol%) following GP1. Yield 133.3 mg (0.567 mmol, 

54%) white solid. 

Analytical data match to the reported data.100 

 

(S)-tert-butyl (1-phenylpropan-2-yl)carbamate  (S)-67a 

 

Compound (S)-85a was prepared from (S)-86a (429.2 mg, 0.98 mmol) and 

[Ir(dtbbpy)(ppy)2]PF6 (9.2 mg, 10.1 µmol, 1.1 mol%) following GP1. Yields 119.8 mg 

(0.509 mmol, 52%) white solid. 

Rf (hexanes:EtOAc = 19:1) =  0.17. 

Optical rotation  (DCM) ὥ  = 12.7 (c = 1.0, DCM, 589 nm). Enantioselectivity was 

determined via HPLC in comparison with rac-67a (Chiralpak AS-H, 4.6x250 mm, 10 µm, 

nHeptane/iPrOH 99:1, r.t., 14.01 min.), ee > 99:1.  
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1H and 13C NMR spectra were identical with rac-67a and in accordance with the 

literature.100 

 

tert-butyl (1-(4-methoxyphenyl)propan-2-yl)carbamate  67b 

 

Compound 67b was prepared from 86b (478.3 mg, 1.02 mmol) and [Ir(dtbbpy)(ppy)2]PF6 

(9.5 mg, 10.4 µmol, 1 mol%) following GP1. Yield 121.5 mg (0.45 mmol, 45%), white solid.  

Rf (hexanes:EtOAc = 19:1) = 0.15. 

m.p.: 78.5-79.5 °C.  

IR  (neat): 3361, 2972, 2923, 1682, 1519, 1454, 1367, 1248, 1165, 1089, 1029, 890 cm-1.  

1H NMR  (400 MHz, CDCl3): ŭ 7.08 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 4.40 (s, 

1H), 3.84 (s, 1H), 3.77 (s, 3H), 2.76 (dd, J = 13.4, 5.4 Hz, 1H), 2.59 (dd, J = 13.5, 7.4 Hz, 

1H), 1.42 (s, 9H), 1.06 (d, J = 6.7 Hz, 3H).  

13C NMR (101 MHz, CDCl3): ŭ 158.3, 155.4, 130.6(2 C), 130.4(2 C), 113.9, 79.2, 77.4, 55.4, 

42.2, 28.6(3 C), 20.3.  

HRMS (ESI-EIC): m/z calculated for C14H22NO2 [M+H+]: 266.1751, found 266.1750. 

 

tert-butyl (1-(4-chlorophenyl)propan-2-yl)carbamate 68c 

 

Compound 68c was prepared from 86c (435 mg, 0.993 mmol) and [Ir(dtbbpy)(ppy)2]PF6 

(9.2 mg, 10.1 µmol, 1.0 mol%) following GP1. Yield 80 mg (0.30 mmol, 30%), beige solid.  

Rf (hexanes:EtOAc = 19:1) = 0.17. 

m.p.: 88-89 °C.  

IR  (neat): 3383, 2968, 1681, 1507, 1443, 1367, 1246, 1168, 1059, 814 cm-1.  

1H NMR  (400 MHz, CDCl3): ŭ 7.21 (d, J = 7.7 Hz, 2H), 7.06 (d, J = 7.3 Hz, 2H), 4.34 (s, 

1H), 3.82 (s, 1H), 2.75 (bd, J = 8.4 Hz, 1H), 2.59 (dd, J = 12.0, 7.3 Hz, 1H), 1.37 (s, 9H), 1.03 

(d, J = 6.0 Hz, 3H).  

13C NMR (101 MHz, CDCl3): ŭ 155.27, 136.9, 132.2, 130.9(2 C), 128.5(2 C), 79.4, 47.5, 

42.5, 28.5(3 C), 20.2.  

HRMS (ESI-EIC): m/z calculated for C14H20ClNONa [M+Na+]: 292.1075, found 292.1074.  
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3.6.5 Synthesis of Hydantoins  

 

Suitable starting material for Photoreaction V was synthesized in four steps. In step I , 

glutamic acid was protected as phenyl hydantoin by stirring with phenyl isocyanate and then 

refluxing the strongly acidified solution. Next, the system for intramolecular cyclization was 

installed in step II  under basic conditions, using either mesitylated propargylic alcohol or 

dimethylallyl bromide as coupling partner (Scheme 39).  

 

Scheme 39: Schematic representation of the synthesis of hydantoin derivatives for photochemical 

decarboxylation. 

Subsequently the methyl ester was cleaved under basic conditions (step III ), and the resulting 

acid transformed to the desired N-acyloxyphthalimide without purification (step IV). 
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Methyl (S)-3-(2,5-dioxo-1-phenylimidazolidin-4-yl)propanoate  S1 

 

Compound S1 was synthesized following the literature procedure96 by dissolving 

dimethylglutamate hydrochloride (7 g, 33.2 mmol, 1 equiv.) in 100 mL MeCN, followed by 

addition of NEt3 (5 mL, 36.5 mmol, 1.1 equiv.). Upon vigorous stirring for 15 min., the white 

precipitate was filtrated off and washed with 50 mL MeCN. The colourless liquid was 

collected and phenyl isocyanate (3.5 mL, 34.8 mmol, 1.05 equiv.) was added slowly over the 

course of three minutes. The now yellowish solution was stirred at room temperature for 3 h, 

and then the solvent was removed under reduced pressure. Next, the residue was dissolved in 

100 mL MeOH, then 75 mL 6M HCl were added and the mixture refluxed for 1 h. The 

majority of the MeOH component of the solution was evaporated under reduced pressure and 

the remaining aqueous solution extracted (3 x 100 mL EtOAc). Upon drying over MgSO4 the 

solution was filtrated, evaporated under reduced pressure and the residue recrystallized from 

EtOH to give the product (6.39 g, 24.2 mmol, 73%) as white crystalline compound. 

IR  (neat): 3267, 3056, 2951, 1699, 1648, 1593, 1495, 1442, 1313, 1230, 1172, 895, 752 cm-1.  

1H NMR  (400 MHz, CDCl3): ŭ 7.50 ï 7.44 (m, 2H), 7.41 ï 7.37 (m, 3H), 6.26 (s, 1H), 4.26 

(ddd, J = 6.5, 5.2, 1.4 Hz, 1H), 3.71 (s, 3H), 2.56 (t, J = 7.0 Hz, 2H), 2.31 (ddd, J = 14.1, 7.2, 

5.2 Hz, 1H), 2.20 ï 2.11 (m, 1H). 

13C NMR (101 MHz, CDCl3): ŭ 177.9, 173.2, 172.3, 156.1, 131.3, 129.2, 129.1, 128.6, 128.3, 

126.3, 126.1, 56.3, 52.1, 29.5, 27.0. 

HRMS (ESI-EIC): m/z calculated for C13H15N2O4 [M+H+]: 263.1026, found 263.1026. 

Analytical data match the reported data.101  

 

Methyl (S)-3-(2,5-dioxo-1-phenyl-3-(prop-2-yn-1-yl)imidazolidin -4-yl)propanoate S2 

 

Compound S2 was synthesized by suspending S1 (1.5 g, 5.7 mmol, 1 equiv.), 

methylsulfonylated propargylic alcohol (0.91 mL, 6.9 mmol, 1.2 equiv.) and potassium 

carbonate (2.36g, 17.1 mmol, 3 equiv.) in a round bottom flask equipped with a reflux 

condenser in 50 mL DMF and stirring the resulting mixture at 80 °C for 5 h. Subsequently, 
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100 mL H2O were added and the mixture extracted with 3 x 30 mL cooled EtOAc. The 

organic phases were combined and washed with brine (3 x 20 mL). Upon drying with MgSO4 

and filtration the solvent was evaporated under reduced pressure. The crude product was 

purified by column chromatography (hexanes:EtOAc = 1:3) to give the product as colourless 

solid (2.9 mmol, 0.87 g, 51%). 

Rf (hexanes:EtOAc = 3:1) = 0.3. 

IR  (neat): 3250, 2983, 1812, 1732, 1444, 1354, 1262, 1154, 1095, 991, 893, 850 cm-1.  

1H NMR  (400 MHz, CDCl3): ŭ 7.50 ï 7.34 (m, 5H), 4.64 (dd, J = 17.9, 2.6 Hz, 1H), 4.40 (dd, 

J = 6.1, 3.5 Hz, 1H), 3.95 (dd, J = 17.9, 2.5 Hz, 1H), 3.68 (s, 3H), 2.52 ï 2.25 (m, 5H). 

13C NMR (101 MHz, CDCl3): ŭ 172.8, 171.0, 155.2, 131.5, 129.2, 128.5, 126.1, 76.6, 74.0, 

57.9, 52.1, 31.1, 28.3, 24.0. 

HRMS (ESI-EIC): m/z calculated for C16H17N2O4 [M+H+]: 301.1183, found 301.1186. 

 

1,3-dioxoisoindolin-2-yl (S)-3-(2,5-dioxo-1-phenyl-3-(prop-2-yn-1-yl)imidazolidin -4-

yl)propanoate  109 

 

Compound 109 was synthesized from S2 in two steps. First, the methyl ester of compound S2 

(790.2 mg, 2.6 mmol) was hydrolyzed by stirring with KOH (180 mg, 3.2 mmol, 1.2 equiv.) 

in a MeOH/H2O mixture (20 mL, 2/1). Upon completion the aqueous mixture was acidified to 

pH ~3 using 1M HCl and subsequently extracted with 3 x 20 mL EtOAc. The organic 

fractions were combined and dried over MgSO4 and the solvent evaporated under reduced 

pressure. Consequently the crude product was used in the next step without further 

purification, calculating the required reagents according to theoretical 100% yield. Therefore, 

the residue was dissolved in 20 mL DCM and N-hydroxyphthalimide (524 mg, 3.2 mmol, 

1.2 equiv.) and DCC (665 mg, 3.2 mmol, 1.2 equiv.) were added. The solution was stirred 

over night, cooled to 0 °C, and the white precipitate (consisting mainly DCU) removed by 

filtration. Upon extraction (2 x 0.5M HCl, 1 x brine) the solution was dired over MgSO4 and 

the solvent removed under reduced pressure. Column chromatography (hexanes:EtOAc = 2:1) 

yielded the product as colourless solid (1.72 g, 3.98 mmol, 66% over two steps). 

Rf (hexanes:EtOAc = 1:1) = 0.4. 

IR  (neat): 3282, 3142, 3056, 2928, 1673, 1437, 1310, 1254, 1203, 1107, 1013, 963, 912 cm-1.  
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1H NMR  (300 MHz, CDCl3): ŭ 7.90 ï 7.84 (m, 2H), 7.81 ï 7.76 (m, 2H), 7.49 ï 7.34 (m, 

5H), 4.57 (dd, J = 18.0, 2.5 Hz, 1H), 4.43 (dd, J = 6.5, 3.7 Hz, 1H), 4.08 (dd, J = 18.0, 2.5 Hz, 

1H), 3.01 ï 2.79 (m, 2H), 2.62 ï 2.50 (m, 1H), 2.49 ï 2.34 (m, 2H). 

13C NMR (75 MHz, CDCl3): ŭ 170.6, 168.6, 161.7, 155.0, 134.9, 131.3, 129.2, 128.8, 128.4, 

126.0, 124.1, 76.5, 74.3, 57.8, 31.3, 25.6, 23.8. 

HRMS (ESI-EIC): m/z calculated for C23H18N3O6 [M+H+]: 432.1190, found 432.1193. 

 

(S)-6-methylene-2-phenyltetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 110aô 

and 

(S)-2-phenyl-5,8,9,9a-tetrahydro-1H-imidazo[1,5-a]azepine-1,3(2H)-dione 110aôô 

 

Compound 109a (301 mg, 0.7 mmol, 1 equiv.), [Ir(dtbbpy)ppy2]PF6 (6.4 mg, 0.07 mmol, 

1 mol%) and DIPEA (130 µL, 0.75 mmol, 1.05 equiv.) were dissolved in 4 mL MeCN and set 

under nitrogen atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk 

tube. The Schlenk tube was closed with a Teflon-sealed inlet for a glass rod, through which 

irradiation with a 455 nm high power LED took place. The solution was subsequently 

irradiated for 2.5 h until all starting material was consumed as judged by TLC, whereupon the 

irradiation was stopped and the solvent evaporated under reduced pressure. The residue was 

purified by column chromatography (hexanes:EtOAc = 5:1 to 1:1) and the inseparable 

product mixture was obtained as colourless crystals (ratio 110aô to 110aôô = 1:2.4, 123.6 mg, 

0.51 mmol, 73%). Further attempts to separate the two regioisomers by crystallization were 

unsuccessful.  

1H NMR  (400 MHz, CDCl3): ŭ 7.49 ï 7.32 (m, 16H), 5.89 ï 5.77 (m, 1H), 5.72 (dddd, J = 

9.7, 4.3, 2.3, 1.1 Hz, 1H), 5.00 (q, J = 1.6 Hz, 2H), 4.93 (q, J = 1.6 Hz, 2H), 4.71 ï 4.57 (m, 

3H), 4.36 ï 4.25 (m, 1H), 4.06 (dd, J = 12.0, 4.1 Hz, 2H), 3.71 (dt, J = 17.6, 2.3 Hz, 1H), 3.60 

(dq, J = 14.4, 1.6 Hz, 2H), 2.61 (dt, J = 14.0, 2.8 Hz, 2H), 2.46 ï 2.15 (m, 9H), 1.68 ï 1.55 

(m, 3H). 

13C NMR (101 MHz, CDCl3): ŭ 172.0, 171.4, 155.1, 153.3, 139.6, 131.8, 131.7, 131.0, 129.0, 

128.1, 128.0, 127.0, 126.0, 126.0, 112.2, 61.5, 56.8, 45.3, 40.9, 31.3, 29.6, 28.9, 24.1. 

HRMS (ESI-EIC): m/z calculated for C14H15N2O2 [M+H+]: 243.1128, found 243.1128. 

Same molecular formular and mass for 110aô and 110aôô.  
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(S)-2-benzyl-6-methylenetetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 110bô 

and 

(S)-2-benzyl-5,8,9,9a-tetrahydro-1H-imidazo[1,5-a]azepine-1,3(2H)-dione 110bôô 

 

Compound 109b (334 mg, 0.75 mmol, 1 equiv.), [Ir(dtbbpy)ppy2]PF6 (7.5 mg, 0.08 mmol, 

1mol%) and DIPEA (150 µL, 0.86 mmol, 1.15 equiv.) were dissolved in 4 mL MeCN and set 

under nitrogen atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk 

tube. The Schlenk tube was closed with a Teflon-sealed inlet for a glass rod, through which 

irradiation with a 455 nm high power LED took place. The solution was subsequently 

irradiated for 2.5 h until all starting material was consumed as judged by TLC, whereupon the 

irradiation was stopped and the solvent evaporated under reduced pressure. The residue was 

purified by column chromatography (hexanes:EtOAc = 5:1 to 1:1) and the product obtained 

as colourless crystals (ratio 110bô to 110bôô = 1:1.9, 133.9 mg, 0.52 mmol, 70%). 

1H NMR  (400 MHz, CDCl3): ŭ 7.38 (ddd, J = 7.8, 3.6, 1.5 Hz, 6H), 7.34 ï 7.27 (m, 8H), 5.72 

(dd, J = 5.1, 2.6 Hz, 1H), 5.68 ï 5.60 (m, 1H), 4.93 (d, J = 1.8 Hz, 2H), 4.86 (d, J = 1.8 Hz, 

2H), 4.66 (s, 2H), 4.64 (s, 4H), 4.58 ï 4.50 (m, 3H), 4.11 (dd, J = 5.8, 4.1 Hz, 1H), 3.88 (dd, J 

= 12.0, 3.9 Hz, 2H), 3.61 (dt, J = 17.8, 2.2 Hz, 1H), 3.50 (dd, J = 14.5, 1.7 Hz, 2H), 2.57 ï 

2.48 (m, 2H), 2.27 (tdd, J = 13.8, 7.7, 2.9 Hz, 5H), 2.18 ï 1.94 (m, 3H), 1.47 ï 1.34 (m, 2H). 

13C NMR (101 MHz, CDCl3): ŭ 172.8, 172.3, 156.1, 154.3, 139.8, 136.3, 136.2, 131.0, 128.7, 

128.6, 128.6, 127.9, 127.0, 112.1, 61.7, 57.1, 45.1, 42.6, 42.4, 40.9, 31.3, 29.4, 28.7, 24.0. 

HRMS (ESI-EIC): m/z calculated for C15H17N2O2 [M+H+]: 257.1285, found 257.1289. 

Same molecular formular for 110bô and 110bôô. 
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Methyl (S)-3-(3-(3-methylbut-2-en-1-yl)-2,5-dioxo-1-phenylimidazolidin-4-yl)propanoate

 S3 

 

Compound S3 was synthesized by suspending S1 (1.5 g, 5.7 mmol, 1 equiv.), 

3,3-dimethylallyl bromide (95% purity, 1.48 mL, 12.2 mmol, 2.1 equiv.) and potassium 

carbonate (2.3 g, 17.1 mmol, 3 equiv.) in a round bottom flask equipped with a reflux 

condenser in 50 mL DMF and stirring the resulting mixture at 80 °C for 5 h. Subsequently, 

100 mL H2O were added and the mixture extracted with 3 x 30 mL cooled EtOAc. The 

organic phases were combined and washed with brine (3 x 20 mL). Upon drying with MgSO4 

and filtration the solvent was evaporated under reduced pressure. The crude product was 

purified by column chromatography (hexanes:EtOAc =  ), yielding the desired compound as 

colourless solid (1.0 g, 3.05 mmol, 54%) 

Rf (hexanes:EtOAc = 4:1) = 0.35. 

IR  (neat): 3267, 3056, 2951, 2856, 1699, 1648, 1593, 1544, 1495, 1442, 1313, 1230, 1172, 

983, 895, 810, 752 cm-1.  

1H NMR  (300 MHz, CDCl3): ŭ 7.49 ï 7.32 (m, 5H), 5.25 ï 5.16 (m, 1H), 4.34 (ddt, J = 15.4, 

6.2, 1.1 Hz, 1H), 4.16 (dd, J = 6.3, 3.1 Hz, 1H), 3.75 (dd, J = 15.3, 8.4 Hz, 1H), 3.68 (s, 3H), 

2.44 (td, J = 7.5, 1.4 Hz, 2H), 2.40 ï 2.29 (m, 1H), 2.24 ï 2.11 (m, 1H), 1.83 ï 1.69 (m, 6H). 

13C NMR (75 MHz, CDCl3): ŭ 172.7, 171.4, 155.2, 131.6, 131.5, 129.2, 129.1, 128.5, 128.2, 

126.1, 119.8, 57.6, 52.0, 43.7, 28.0, 24.0. 

HRMS (ESI-EIC): m/z calculated for C18H22N2O4 [M+H+]: 331.1658, found 331.1654. 

 

1,3-dioxoisoindolin-2-yl (S)-3-(3-(3-methylbut-2-en-1-yl)-2,5-dioxo-1-

phenylimidazolidin -4-yl)propanoate  111 

 

Compound 111 was synthesized from S3 in two steps. First, the methyl ester of compound S3 

(850 mg, 2.57 mmol, 1 equiv.) was hydrolyzed by stirring with KOH (152 mg, 2.7 mmol, 

1.05 equiv.) in a MeOH/H2O mixture (2/1, 20 mL). Upon completion the aqueous mixture 
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was acidified to pH ~3 using 1M HCl and subsequently extracted with 3 x 20 mL EtOAc. The 

organic fractions were combined and dried over MgSO4 and the solvent evaporated under 

reduced pressure. Consequently the crude product was used in the next step without further 

purification, calculating the required reagents according to theoretical 100% yield. Therefore, 

the residue was dissolved in 20 mL DCM and N-hydroxyphthalimide (445.3 mg, 2.73 mmol, 

1.05 equiv.) and DCC (608.2 mg, 2.95 mmol, 1.15 equiv.) were added. The solution was 

stirred over night, cooled to 0 °C, and the white precipitate removed by filtration. Upon 

extraction (2 x 0.5M HCl, 1 x brine) the solution was dired over MgSO4 and the solvent 

removed under reduced pressure. Column chromatography (hexanes:EtOAc =  ) yielded the 

product as colourless solid (746 mg, 1.62 mmol, 63%). 

Rf (hexanes:EtOAc = 3:1) = 0.15. 

IR  (neat): 3059, 2978, 1689, 1419, 1319, 1249, 1183, 1106, 959, 794 cm-1.  

1H NMR  (400 MHz, CDCl3): ŭ 7.89 (dd, J = 5.5, 3.1 Hz, 2H), 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 

7.49 ï 7.33 (m, 5H), 5.24 (tdd, J = 6.6, 2.9, 1.4 Hz, 1H), 4.39 ï 4.30 (m, 1H), 4.22 (dd, J = 

7.2, 3.4 Hz, 1H), 3.85 (dd, J = 15.3, 8.1 Hz, 1H), 2.94 ï 2.82 (m, 2H), 2.51 (dddd, J = 14.5, 

8.6, 7.4, 3.4 Hz, 1H), 2.30 ï 2.20 (m, 1H), 1.76 (t, J = 1.5 Hz, 6H). 

13C NMR (101 MHz, CDCl3): ŭ 171.2, 168.7, 161.8, 155.2, 139.0, 134.9, 131.7, 129.1, 128.9, 

128.2, 126.0, 124.1, 117.6, 57.4, 39.2, 25.8, 25.5, 24.2, 18.1. 

HRMS (ESI-EIC): m/z calculated for C25H23N3O6Na [M+Na+]: 484.1479, found 484.1485. 

 

6-(2-hydroxypropan-2-yl)-2-phenyltetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 

112 and  

2-phenyl-6-(propan-2-ylidene)tetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione 113 

 

Compound 111 (180.0 mg, 0.4 mmol, 1 equiv.), fac-[Ir] (6.7 mg, 0.01 mmol, 2.5 mol%) and 

H2O (90 µL, 5 mmol, 12.5 equiv.) were dissolved in 6 mL MeCN and set under nitrogen 

atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk tube. The Schlenk 

tube was closed with a Teflon-sealed inlet for a glass rod, through which irradiation with a 

455 nm high power LED took place. The solution was subsequently irradiated for 22 h until 

all starting material was consumed as judged by TLC, whereupon the irradiation was stopped 



 

61 
 

and the solvent evaporated under reduced pressure. The residue was purified by column 

chromatography (hexanes:EtOAc = 10:1 to 1:1) and the product obtained as colourless 

crystals (81 mg, yield not calculated).  

Rf (hexanes:EtOAc = 3:1) = 0.4. 

1H NMR  (400 MHz, CDCl3): ŭ 7.53 ï 7.30 (m, 5H), 4.65 (s, 0H), 4.19 (dd, J = 7.0, 3.3 Hz, 

1H), 3.81 (dt, J = 15.4, 8.1 Hz, 1H), 3.39 (d, J = 10.9 Hz, 1H), 3.13 (dt, J = 14.3, 7.2 Hz, 1H), 

2.54 (h, J = 10.4, 9.5 Hz, 2H), 2.39 (dtd, J = 15.2, 7.7, 3.2 Hz, 1H), 2.15 (dq, J = 14.5, 7.1 Hz, 

1H), 1.92 (d, J = 12.3 Hz, 1H), 1.76 ï 1.56 (m, 2H), 1.51 (q, J = 7.4 Hz, 2H), 1.34 (q, J = 12.1 

Hz, 1H), 1.22 ï 1.07 (m, 1H), 0.97 (d, J = 6.4 Hz, 6H). 

13C NMR (101 MHz, CDCl3): ŭ 176.1, 171.6, 155.2, 131.7, 129.1, 128.3, 126.1, 57.5, 49.5, 

39.3, 36.4, 33.8, 27.9, 26.0, 25.6, 25.0, 24.1, 22.7, 22.3. 

LRMS for 112 (APCI-EIC): m/z calculated for C16H21N2O3 [M+H+]: 289.1552, found 

289.1081.  

 

6-isopropyl-2-phenyltetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione  114 

and  

2-phenyl-6-(propan-2-ylidene)tetrahydroimidazo[1,5-a]pyridine-1,3(2H,5H)-dione  113 

 

Compound 111 (183.1 mg, 0.4 mmol, 1 equiv.), [Ir(dtbbpy)ppy2]PF6 (4.4 mg, 4.8µmol, 

1.2 mol%) and DIPEA (73 µL, 0.42 mmol, 1.05 equiv.) were dissolved in 6 mL MeCN and 

set under nitrogen atmosphere by application of 3 x freeze-pump-thaw technique in a Schlenk 

tube. The Schlenk tube was closed with a Teflon-sealed inlet for a glass rod, through which 

irradiation with a 455 nm high power LED took place. The solution was subsequently 

irradiated for 1.5 h until all starting material was consumed as judged by TLC, whereupon the 

irradiation was stopped and the solvent evaporated under reduced pressure. The residue was 

purified by column chromatography (hexanes:EtOAc = 5:1 to 1:1) and the product obtained 

as colourless crystals (85 mg, yield not calculated).  

Rf (hexanes:EtOAc = 3:1) = 0.4. 

1H NMR  (300 MHz, CDCl3): ŭ 7.51 ï 7.31 (m, 6H), 4.87 (p, J = 1.5 Hz, 0H), 4.79 (p, J = 0.9 

Hz, 1H), 4.30 (tdd, J = 12.6, 4.4, 1.8 Hz, 1H), 3.90 (ddd, J = 16.1, 11.9, 4.2 Hz, 1H), 2.74 (dd, 
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J = 13.2, 11.5 Hz, 0H), 2.60 (dd, J = 13.2, 11.1 Hz, 1H), 2.42 ï 2.29 (m, 1H), 2.19 ï 2.02 (m, 

2H), 1.78 (t, J = 1.1 Hz, 2H), 1.59 ï 1.43 (m, 2H), 1.35 ï 1.22 (m, 1H), 0.96 (dd, J = 6.8, 1.4 

Hz, 4H). 

13C NMR (75 MHz, CDCl3): ŭ 172.0, 171.8, 153.6, 145.2, 134.3, 131.9, 129.1, 129.1, 128.1, 

128.0, 126.1, 123.6, 111.3, 57.3, 57.1, 43.7, 43.2, 42.9, 42.4, 30.9, 28.3, 28.0, 27.8, 26.8, 21.5, 

19.97. 

HRMS for 113 (ESI-EIC): m/z calculated for C16H19N2O2 [M+H+]: 271.1447, found 

271.1445.  

HRMS for 114 (ESI-EIC): m/z calculated for C16H21N2O2 [M+H+]: 273.1598, found 

273.1597. 
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3.6.6 Spectra  

N-Acyloxyphthalimides for amphetamine synthesis 

 

Signals broadened due to 

rotamers 



 

64 
 

 

Signals broadened due to 

rotamers 



 

65 
 

 

 

  

Signals broadened due to 

rotamers 



 

66 
 

Boc-amphetamines 
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4. Visible Light Mediated Oxidative Ring Expansion of 

Cyclopropanes ɖ3 

4.1 The Endoperoxide Moiety  

 

Oxygen is by mass the most abundant element in earthôs crust, mainly bound to metals and 

half-metals in their corresponding oxides. In such oxides it is almost exclusively found in its 

oxidation state ïII. Furthermore oxygen constitutes approximately 20% of earthôs atmosphere 

as diatomic molecule O2, taking on the oxidation state 0.102 Life on earth, save some deep-sea 

organisms, is governed by this oxidizing atmosphere and revolves around cleaving and 

forming carbon-oxygen bonds, changing the oxygenôs oxidation state from 0 to ïII or vice 

versa in the process.103 In the ïI state it is only rarely encountered in isolable molecules, and 

mostly found in reactive intermediates. These highly reactive molecules are of particular 

interest for chemistry and some have found widespread attention even in popular science. The 

simplest peroxide, H2O2 (120), has various applications, e.g. as disinfectant, bleach, and as 

part of rocket fuel, all due to its highly oxidizing effect.104  

 

Figure 8: Hydrogen peroxide (left) and organic peroxide (right). 

The general instability of hydrogen peroxide is tamed by replacing the hydrogen with suitable 

carbon residues, tuning the reactivity via electronic and steric effects (Figure 8). These 

organic peroxides show increased stability, but are still rarely found in nature. However, 

many of them exhibit pharmaceutical properties, which was also the case for the first ever 

isolated organic peroxide, ascaridole (121, Figure 9). It was purified in 1908 from goosefoot-

oil105 and synthesized in 1944 by Karl Ziegler and Günther Schenck.106 In pure form it was 

found to explode only when heated above 130 °C, and was used as pharmaceutical for its 

anthelmintic properties.107 

 

Figure 9: Ascaridole. 

                                                           
ɖ Parts of this chapter are reproduced or adapted with permission from the Royal Society of Chemistry from 
Budde, S.; Goerdeler, F.; Floß, J.; Kreitmeier, P.; Hicks, E. F.; Moscovitz, O.; Seeberger, P. H.; Davies, H. M. L.; 
Reiser, O., Visible-light mediated oxidative ring expansion of anellated cyclopropanes to fused endoperoxides 
with antimalarial activity. Org. Chem. Front. 2020, 7, 1789-1795.  
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Ascaridole is, as most naturally occurring peroxides, a cyclic molecule, where the peroxide is 

part of at least one of the cycles.  

More complex organic peroxides, such as the compound artesunate (122), display astounding 

selectivity in a pharmaceutical context, delivering their oxidative power only to certain sites 

in the body (Figure 10). This combination of selectivity and reactivity makes artesunate (122) 

the most effective treatment for Malaria, a disease caused by Plasmodium parasites and 

transferred by Anopheles mosquitos, affecting approximately 200 million humans every 

year.108 

 

Figure 10: Artesunate. 

Cyclic peroxides such as artesunate have been the target of synthetic research for decades, but 

their synthesis from scratch is challenging. While using natural precursors is a very effective 

approach for the large-scale synthesis of artesunate36, 109, the achievable variety of derivatives 

is restricted to a certain degree by the structural diversity of the natural precursors.110 

Synthetically, a number of methods are available to introduce a peroxide bridge as it is found 

in artesunate, and a few reviews on the topic are available.111-113 Often comparably harsh 

conditions, e.g. highly reactive reagents or UV-light, are required, making them unsuitable in 

the synthesis of complex molecules because of incompatibility with functional groups.  

 

The structural peculiarity, that diatomic oxygen molecule exists as diradical with two 

unpaired electrons, points the way to the most commonly used synthetic routes to organic 

peroxides, in which latent or manifest diradicals serve as precursors. This is where 

cyclopropanes come into play. 

In the cyclopropane molecule, the bond angles between the three carbons are bent to 60° from 

the 109.5° in a strain-free tetraeder.114 This distortion stores about 27 kcal/mol of energy, 

making cyclopropane ring-opening or ring expansion an energetically favorable process. 

Cyclopropanes undergo rapid ring-opening when a radical centre is generated in a-position to 

the three-membered ring.115 This observed behavior is exploited in the application of 

cyclopropylmethyl substituents as radical clocks in the elucidation of mechanisms. Not only 
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information on the type of the reaction ï radical or non-radical ï but also information on the 

rate constant of the reaction in question can be obtained, due to the known rate-constant of the 

ring opening of cyclopropylmethyl radical. Adding to their attractiveness as synthetic 

precursors is the relative ease of their synthesis, as numerous routes, including chiral ones, are 

available e.g. 116-119, which lays the foundation for a broad application. Cyclopropane is a latent 

diradical, making it a well-paired reaction partner for the oxygen molecule and one of the 

favorite precursors for peroxide-containing molecules.  

For example, Wimalasena et al. converted aminocyclopropanes 123 to the corresponding 

cyclic peroxides 124 in up to quantitative yields (Scheme 40).120 This strategy was based on 

the one-electron oxidation of the amine moiety adjacent to the cyclopropane, leading to a 

radical-cation, triggering the opening of the cyclopropane. UV-light or a traditional radical 

starter, in this case benzoylperoxide, could initiate the reaction.  

 

Scheme 40: Ring expansion of aminocyclopropanes demonstrated by Wimalasena et al.120. 

A related and widely studied class of molecules, vinylcyclopropanes121-123, can also act as 

precursor for the formation of cyclic peroxides. This strategy was used by Kataoka et al. for 

the synthesis of complex benzothiazine derivatives 126, comprising a spiro-dioxolane as 

shown below (Scheme 41).124 The derivatives were then further examined for potentially 

interesting pharmaceutical applications. The opening of the cyclopropane (125) is triggered 

by the addition of a radical to the double bond. Said radical was generated in situ from 

diphenyldiselenide or diphenylsulfide via homolysis of the respective compound by 

irradiation of visible light. 

 

Scheme 41: Synthesis of a peroxide from a vinylcyclopropane.124 

Starting from cyclopropanes, but treading a completely different path via a hydroperoxide 

compound is also possible. Rodriguez et al. described a strategy which does not rely on the 

generation of a radical adjacent to the cyclopropyl moiety, but the cyclopropane (127) 

scaffold is opened directly (Scheme 42). This introduces a hydroperoxide and a bromide 
























































































































































































































































































































































































