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Synopsis 

Over the course of the work presented herein, novel heterocycle syntheses from 

allylic alcohols and cyclobutanol derivatives were established. The introduced 

work is structured into three major and four minor research projects. 

In the first major research project, a method for the synthesis of O-heterocycles 

through the desymmetrisation of 3-substituted oxetanols was developed. An elec-

tron deficient trifluoroacetophenone was identified to form stable hemi ketals, 

which act as transient nucleophiles in a cobalt catalysed ring-closing and ring-

opening sequence towards dioxolanes through a dynamic kinetic resolution. 

Thereby, densely functionalised and uniquely stable O-heterocycles were pro-

vided with high degrees of enantio- and diastereoselectivity. 

During the second major research project, a first proof-of-concept for an unprec-

edented allylic C–H oxidation via transient hemi ketals yielding dioxolanes was 

established. In this palladium catalysed approach, again, the special abilities of 

electron deficient carbonyls were harnessed. An initial optimisation of the em-

ployed palladium catalyst and additives was performed, revealing the depend-

ency of Lewis acidic additives for a successful transformation.  

The third major research endeavour dealt with the skeletal editing of cyclic alco-

hols with ambiphilic aminating reagents towards a variety of medicinally relevant 

N-heterocycles, including pyrrolidenes and indoles. High functional group toler-

ance was achieved by a mild activation method exploiting the exceptional prop-

erties of fluorinated alcoholic solvents. The developed atom insertion method was 

effectively applied to a range of small and medium sized rings. Moreover, in this 

project, the insertion of unsubstituted as well as substituted N-atoms was 

achieved. 

Furthermore, a series of minor research works was concluded: Trifluoroaceto-

phenones were examined as trifluoromethylating reagents, boronic acids were in-

vestigated as nucleophiles in ring-opening reactions of strained O-heterocycles, 

attempts towards C–C and allylic C–H functionalisation with trichloroacetimi-

dates were undertaken and a first proof for the oxidative rearrangement of sec-

ondary amines towards N-heterocycles was furnished.  
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Zusammenfassung 

Im Rahmen der vorliegenden Arbeit konnten neuartige Heterozyklensynthesen 

ausgehend von Allylalkoholen und Cyclobutanolderivaten verwirklicht werden. 

Die vorgestellte Forschungsarbeit ist in drei Hauptprojekte und vier untergeord-

nete Projekte gegliedert. Im ersten Hauptprojekt wurde eine Methode zur Syn-

these von O-Heterozyklen mittels Desymmetrisierung von 3-substituierten  

Oxetanolen entwickelt. Für ein elektronenarmes Trifluoracetophenon wurde die 

Bildung stabiler Halbketalen festgestellt, die als transiente Nucleophile in einer 

cobaltkatalysierten Ringschluss- und Ringöffnungssequenz zu Dioxolanen in ei-

ner dynamisch kinetischen Racematspaltung fungieren. Es konnten dadurch 

hochfunktionalisierte und einzigartig stabile O-Heterozyklen mit hoher Enantio- 

und Diastereoselektivität hergestellt werden. Während des zweiten Hauptprojek-

tes wurde ein erster Nachweis über die Machbarkeit einer allylischen C–H-Oxi-

dation transienter Halbketale erbracht. In diesem palladiumkatalysierten Ansatz 

wurden wieder die besonderen Eigenschaften elektronenarmer Carbonylverbin-

dungen ausgenutzt, um Dioxolane herzustellen. Eine vorläufige Optimierung der 

Reaktionsbedingungen hinsichtlich der verwendeten Palladiumkatalysatoren 

und Additive deutete die Abhängigkeit einer erfolgreichen Reaktion vom Vorhan-

densein Lewis-saurer Additive an. Das dritte Hauptforschungsvorhaben befasste 

sich mit der Bearbeitung des Molekülgerüsts zyklischer Alkohole mit ambiphilen 

Aminierungsreagenzien für die Synthese einer Vielzahl medizinisch relevanter  

N-Heterozyklen, einschließlich Pyrrolidinen und Indolen. Eine hohe Toleranz 

funktioneller Gruppen wurde durch eine milde Aktivierungsmethode vermittels 

der besonderen Eigenschaften fluorierter alkoholischer Lösungsmittel erreicht. 

Die entwickelte Methode zur Atominsertion wurde erfolgreich bei einer Reihe 

kleinerer und mittlerer zyklischer Moleküle angewandt. Außerdem konnte inner-

halb dieses Projekts die Insertion substituierter und unsubstituierter Stickstoff-

atome verwirklicht werden. In einer Reihe untergeordneter Projekte wurden Trif-

luoracetophenone als Trifluormethylierungsreagenzien und Boronsäuren als Nu-

cleophile für die Ringöffnung gespannter O-Heterozyklen untersucht. Außerdem 

wurden Versuche zu C–C- und allylischen C–H-Funktionalisierungen mit Trich-

loracetimidaten unternommen, sowie eine erste Synthese von N-Heterozyklen 

durch oxidative Umlagerung sekundärer Amine gezeigt. 
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1 Introduction 

Organic chemistry can be defined as the subdomain of the chemical sciences that 

is focused on carbon and its derived compounds. Notwithstanding its simplicity, 

this definition has some ambiguities, as the nature of certain compounds such as 

carbon monoxide or sodium acetate is not entirely distinct as either organic or 

inorganic. However, if one accepts this definition, there is a myriad of known or-

ganic compounds today, with an estimated number of 70 million organic mole-

cules listed in public repositories.[1] This vast amount can undoubtedly be rea-

soned by the special nature of carbon to adapt structures with up to four other 

bound atoms and the possibility to build multiple bonds to the same atom. While 

deeper analysing the immense structural manifold of organic compounds, it is 

therefore intriguingly simple, yet misleading, to only focus on molecules contain-

ing mostly carbon atoms. Certainly, considering only hydrocarbons, carbocycles 

or polymers such as polyethylene or polypropylene as organic compounds would 

lead to immensely different numbers. What is it then, that offers this huge chem-

ical space to explore for organic chemists? Answering this question is straightfor-

ward if one widens one’s view and takes heteroatoms in regard. Including other 

atoms than carbon in a network, increases the structural variety extraordinarily 

as manifested in a combinatorial study by Reymond and coworkers.[2] They con-

ceptualised a theoretical experiment to create molecular skeletons with a set of 

17 atoms. If all of them were carbon atoms, more than five million hydrocarbons 

could possibly be formed, whereas introducing heteroelements, such as nitrogen 

or oxygen, would open a potential chemical space of over 166 billion molecules. 

Introducing heteroatoms is not only increasing the complexity of a given molec-

ular scaffold, but also providing a functional handle for organic chemists to con-

tinuingly broaden the diversity of organic molecules. For instance, carbocyclic cy-

clopentane can be considered as inert towards most chemical transformations. 

Contrarily, its heterocyclic counterpart pyrrolidine is a Brønsted basic and nucle-

ophilic compound which is readily interacting with other molecules, for example 

by hydrogen bond interactions (Figure 1). A more drastic difference can be ob-

served for benzene and its heterocyclic analogue pyridine. Whilst benzene being 

a highly symmetric molecule and slightly nucleophilic in any position, pyridine 

on the contrary is nucleophilic only on the nitrogen atom and otherwise electro-

philic in the 2- and 4-positions (Figure 1). Given this small selection of different 
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supposed to have a critical effect on a compounds chance to pass the different 

phases in drug development (Figure 2).  

 

Figure 2: Graphic representation of Lipinski’s “rule-of-five”. 

Naturally, heteroatoms, such as oxygen or nitrogen atoms, are electronically dif-

ferent to carbon atoms thereby a high count of such heteroatoms increase the 

polarity of a given structure and offer multiple sites for hydrogen bond-interac-

tions. Thereby, the “rule-of-five” predicts a higher success rate of a heterocyclic 

compound compared to its parent carbocyclic compound. 

Another aspect to be further discussed is the degree of molecular complexity, 

which often has a beneficial effect on the medicinal properties of a compound.[10] 

In this context, the trend to higher saturated compounds with a notable degree of 

sp3-centres has to be emphasised.[11] The so-called “escape from flatland” de-

scribes the trend of exchanging benzene-derived or other flat structures for rigid 

sp3-rich cyclic structures to improve the clinical success rate.[12] Again, heterocy-

clic compounds can offer improved abilities, such as higher water solubility and 

altered hydrogen bond interactions.[13] 

1.2 Heterocycles in synthesis 

Given the frequent occurrence of heterocycles in drug molecules, a major re-

search interest for medicinal and organic chemists lies in their preparation. As a 

consequence thereof, a plethora of different methods for heterocycle synthesis 

exist. In the following, only selected reactions are discussed which exemplify gen-

eral strategies for the preparation of heterocycles. Common approaches include 

cycloadditions, ring-closing reactions, rearrangements, and the manipulation of 

an already existing heterocyclic system (Figure 3).[14] 
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2 Cyclic alcohols as platform for the synthesis of 

oxygen rich heterocycles 

2.1 Introduction 

2.1.1 Physical, chemical and medicinal properties of ox-

etanes  

Among the discussed strategies in heterocycle synthesis, the manipulation of an 

already existing heterocycle can be of particular value. Especially, the exceptional 

reactivity of oxiranes can be turned to account as the release of the inherent ring 

strain energy of this small cyclic ether is favouring ring-opening reactions ther-

modynamically.[34] Thus, oxiranes can act as masked leaving groups in ring-clos-

ing reactions, which simultaneously open the three-membered ring resulting in 

larger heterocyclic compounds. Therefore, oxiranes are utilised prominently in 

industrial processes to prepare larger heterocycles.[31e,35] On the other hand, the 

use of oxetanes, although promising, is lesser explored.[36] Nevertheless, in terms 

of ring strain, oxiranes and oxetanes show similar properties (Figure 4, top). Both 

small cyclic ethers have a high ring strain energy, and their bond angles differ 

remarkably from the optimal values of a sp3-hybridised carbon atom, whereas 

5- or 6-membered cyclic ethers can be considered as unstrained.[37]  
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Despite their growing use in medicinal and organic chemistry, synthetic ap-

proaches for the construction of 4-membered cyclic ethers are developed to a 

lesser extent compared to 3-membered oxiranes. In the course of oxetane synthe-

sis, Paterno-Büchi reactions (cf. Figure 3, cycloadditions) or Williamson ether 

syntheses (cf. Figure 3, ring-closures) are prevalent, although novel methods are 

developed recently.[23,63]  

2.1.3 Motivation and aim 

Combining techniques of heterocycle synthesis with the concept of desymmetri-

sation is particularly interesting, as the need for enantiopure material and the 

demand of novel heterocyclic compounds can be fulfilled at once. As discussed 

above, ring-closing reactions with an internal nucleophile is an auspicious way 

for the preparation of oxygen rich heterocycles. When small cyclic ethers are used 

in a ring-closing and ring-opening sequence, additional enthalpic driving force 

through strain-release can be harnessed to design new methodologies, without 

the necessity of installing a leaving group in a synthetic step. Thus, 3-substituted 

oxetanes come into focus. Since the preparation of oxetanes is a sometimes-tedi-

ous venture, 3-oxetanols were identified as a promising starting material, as they 

can be prepared by simple addition of a carbon nucleophile to commercially avail-

able 3-oxetanone. 

For the intended enantioselective desymmetrisation of prochiral 3-oxetanols, a 

dynamic resolution was sought to be developed. Among the many available con-

cepts in asymmetric synthesis, dynamic kinetic resolutions (DKRs) have a special 

position. Generally, transformations based on a DKR can be partitioned in two 

nearly independent half reactions.[64] A fundamental prerequisite for a DKR is the 

presence of a fast equilibrium, which interconverts two enantiomers of the same 

molecule in the first reaction step. While one enantiomer has a higher reaction 

rate in the second step, the other is almost not consumed (Scheme 9, left). Due to 

the fast racemisation in the first step, the more reactive enantiomer is constantly 

rebuilt at the expense of the concentration of the undesired enantiomer. Hence, 

a high selectivity for one enantiomer of the desired product can be achieved com-

bined with a theoretically achievable quantitative conversion. 

For the desymmetrising ring-opening and ring-closing sequence of 3-oxetanols, 

an internal nucleophile is needed. Accordingly, the formation of a hemi ketal was 
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found, which tolerates a wide range of electronically and sterically differing ox-

etanols. Additionally, a catalyst should be found which is not only providing re-

activity, but also allowing control over enantio- and diastereoselectivity in the en-

visaged reaction.  

As a starting point, a short survey on the employed solvents was performed (Ta-

ble 4, entries 1 to 4). Amending the solvent had no effect on the diastereo- or en-

antiocontrol, typically the product 2.105 was obtained in high yields of up to 98% 

with 80:20 dr (dr = diastereomeric ratio) and 60:40 er. Dichloromethane was 

proven best due to practical reasons as it provides the lowest melting point of the 

investigated solvents whereby offering the possibility of decreasing the tempera-

ture to further improve enantiocontrol. Changing the catalyst on the other hand 

had a strong impact on the overall reaction outcome. Expectably, the use of achi-

ral complexes 2.73 and 2.75 led to product formation with minor changes in 

terms of diastereoselectivity (entries 5 and 6), whereas the use of the sterically 

more encumbered achiral catalyst 2.74 completely shut down the reaction (en-

try 7). An increased steric demand in the backbone of the Jacobsen type catalyst 

2.77 also led to lower conversion to the desired product (entry 8). Katsuki type 

catalysts were applied next and the use of (S)-BINOL (BINOL = 1,1′-bi-2-naph-

thol) based catalyst 2.78 led to higher yield of 90% and an increased stereocon-

trol (90:10 dr, 75:25 er). When applying the corresponding epimer epi-2.78 

product formation and enantioselectivity was diminished while the diastereose-

lectivity was unchanged (entries 9 and 10). The sterically more demanding 

Katsuki type catalysts 2.79 and epi-2.79 with a diphenylethane backbone were 

employed with the product almost not being formed (entries 11 and 12), thereby 

illustrating the sensitivity of the overall reaction towards steric bulk in the back-

bone of the utilised catalysts. As a consequence, the BINOL part of the catalyst 

was varied next and the steric demand of the phenyl group in 2'-position was in-

creased by adding a tert-butyl group to the phenyl ring. Therefore, the Katsuki 

type CoII·salen complex 2.106 was prepared by  and used in this opti-

misation. The thereby achieved change in steric size led to a maintained high yield 

of 88% with an increased sterocontrol, thus higher diastereo- and enantioselec-

tivity (96:4 dr, and 86:14 er) was observed in the formation of 1,3-dioxolane 

2.105 (entry 13).  













2 Cyclic alcohols as platform for the synthesis of oxygen rich heterocycles 

38 

 

Figure 11: Left: UV/vis spectra of cobalt complexes after attempted oxidation with acidic 
alcohols, UV/vis spectrum of CoII·salen 2.76 and (OTf)CoIII·salen 2.80 as references. 
Right: Extracted UV/vis spectra of cobalt complexes after attempted oxidation with acidic 
alcohols, UV/vis spectrum of CoII·salen 2.76 and (OTf)CoIII·salen 2.80 as references. 

Therefore, it can be concluded, that the hydrate 2.24 and the structurally related 

in situ formed hemi ketals are capable of oxidising CoII·salen complexes under air 

thus being activated by deprotonation for nucleophilic ring-opening. Moreover, 

the unsuccessful formation of oxolanes from the tethered alcohols 2.61 and 2.65 

can now be reasoned by their low acidity (cf. Chapter 2.3.2, Scheme 32).  

2.4.3 Mechanistic picture for the DKR of hemi ketals for the 

desymmetrisation of 3-oxetanols 

The above discussed findings can be compiled to a mechanistic picture which in-

cludes the transient formation of an acidic hemi-ketal as the first step of the dy-

namic kinetic resolution (Scheme 34).  
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the high efficiency of the ring-opening, which usually requires activation of the 

oxetane ring. The active hemi ketalate CoIII species 2.109 is presumed to be re-

generated by a redox neutral replacement of the more basic primary alkoxide 

2.110 to the acidic hemi ketal 2.100 upon release of the major isomer 2.105. 

This ligand exchange is assumed to proceed sluggish for pre-oxidised CoIII spe-

cies, such as (OTf)CoIII·salen 2.80, due to the differing basicities of the hemi ket-

alate 2.100 and the commonly present anionic ligand in those CoIII·salen com-

plexes. 

2.5 Scope 

With optimised conditions in hand, a study on the applicability of the presented 

method was performed. On that account, CoII·salen complex 2.106, prepared by 

 was utilised in combination with trifluoroacetophenone 2.20 and the 

prepared oxetanols 2.38 to 2.56. In this project, mainly sp2-substituted ox-

etanols, different activated ketones and the limitations of the desired transfor-

mation were investigated.  

A variety of substituted 1,3-dioxolanes were prepared with the optimised condi-

tions (Scheme 35). For instance, tolyl substituted dioxolanes 2.111 to 2.113 

were isolated in high yields. The observed diastereo- and enantioselectivites were 

comparably high and little to no negative effect of the increasing steric demand 

from p-tolyl over m-tolyl to o-tolyl substituted dioxolanes 2.111 to 2.113 was 

noted. From the sp2-substituted oxetanols, the electron-poor trifluoromethylated 

dioxolane 2.114 was prepared with the highest sterocontrol with 98:2 dr and 

96:4 er, respectively. Further, dioxolanes with other electron-withdrawing sub-

stituents such as nitril substituted dioxolane 2.115, or halogenated dioxolanes 

2.116 and 2.117 were synthesised. It was moreover possible to obtain dioxolane 

2.117 in a gram scale synthesis. The molecular structure of bromo substituted 

dioxolane 2.117 was resolved via X-ray diffraction (CCDC 2141905). It was fur-

ther possible to determine the absolute configuration of the two formed stereo-

genic centres by the same means. Accordingly, the structures of the remaining 

dioxolanes are represented likewise. Although comparably yielding, the protected 

ketone substituted dioxolane 2.118 was synthesised with a lower enantiomeric 

ratio in comparison to its unprotected counterpart 2.119. The scope of arene 

substituted dioxolanes was further expanded to other aromatic systems such as 

biaromatic 2.120, naphthyl substituted dioxolane 2.121, or heteroaromatic 
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2.122, whereas pyridine substituted dioxolane 2.123 was not accessible. Sup-

posedly, the pyridine ring is coordinating as an additional ligand to the cobalt 

centre consequently obstructing the hemi ketal to interact with the cobalt cata-

lyst. The presented method is further limited as the trifluoromethyl substituted 

dioxolane 2.124 could not be prepared. Certainly, alkene substituted dioxolane 

2.125 was formed with a medium yield of 52% albeit with comparable diastereo- 

and enantioselectivity to arene substituted dioxolanes. 

The scope of the reaction was further studied by  thereby alkyne or alkyl 

substituted 1,3-dioxolanes were prepared with yields up to 97%. High degrees of 

enantio and diastereoselectivity of up to 92:8 er and 99:1 dr were achieved for 

those substrates. Alkyne and alkyl substituted dioxolanes 2.126 and 2.127 are 

shown exemplarily (Scheme 35). Thereby, it was shown, that the established 

method is as well applicable to sp- and sp3-substituted oxetanols. The desymme-

trisation of oxetanols proceeded with a comparable high degree of enantioselec-

tivity for most of the shown substrates, only reactions with oxetanols with bulky 

substituents on the arene (see entry for 2.118) or alkyl substituted oxetanols (see 

entry for 2.127 provided by  were less selective. Thus, a π interaction 

of the oxetanol with the catalyst is indicated, assisting the enantioselective ring-

opening/ring-closing sequence.  
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2.7 Summary and outlook 

Throughout this project, a method for the synthesis of O-heterocycles, namely 

1,3-dioxolanes, by DKR of transiently formed hemi ketals was established in co-

operation with 82] Therefore, a variety of electron deficient ketones was 

prepared and employed in a thorough analysis of the hemi ketal formation with 

n-pentanol as a model substrate, revealing a strong correlation between the elec-

tronic nature of the ketone and the hemi ketal/ketone equilibrium which was vis-

ualised by a linear free-energy correlation to the Hammett parameters. Thereby, 

the strongly electrophilic 3',5'-dinitro trifluoroacetophenone 2.20 was assigned 

as an ideal reagent to form hemi-ketals. It was furthermore possible to determine 

the molecular structure of a stable acyclic hemi ketal by X-ray analysis (2.96, 

CCDC 2130260).  

After an initial proof of concept for the intramolecular ring-closing and ring-

opening of oxetanols with transient hemi ketals, a careful optimisation of the em-

ployed catalysts was undertaken, resulting in the identification of Katsuki-type 

CoII·salen complexes as active catalysts providing high yields in combination with 

high diastereo- and enantioselectivity. Moreover, the underlying mechanistic 

background of the overall transformation was elucidated by the synthesis and use 

of tethered hydroxy oxetanes which indicated an activation of the nucleophile 

through interaction with the employed CoII complexes to be necessary for a suc-

cessful ring-closing and ring-opening sequence. The corresponding activation 

mode was disclosed by oxidising CoII·salen complexes with acidic groups resem-

bling the transiently formed hemi ketals. Thus, a mechanistic picture was pro-

vided for the desymmetristion of 3-oxetanols by cobalt catalysed DKR. A variety 

of 3-oxetanols with sterically and electronically differing aromatic and aliphatic 

groups was prepared and subsequently used in the established method for the 

DKR to yield 1,3-dioxolanes. 

Generally, high conversion of the starting material for arene substituted ox-

etanols was observed with yields of the two formed diastereoisomers from 

75 to 98% with diasteroselectivities of up to 91:9 dr and 96:4 er (cf. Chapter 2.5, 

Scheme 35 and Scheme 41). The relative configuration of the synthesised diox-

olanes was ascertained by nuclear Overhauser effect spectroscopy (NOESY) ex-

periments. Furthermore, it was feasible to determine the molecular structure and 

absolute configuration of dioxolane 2.117 via X-ray diffraction 

(CCDC 2141905).  
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3 Acyclic alcohols as platform for the synthesis 

of oxygen rich heterocycles  

3.1 Introduction 

3.1.1 C–H activation as a tool in organic chemistry 

One of the common approaches for intramolecular ring-closing reactions in het-

erocycle synthesis necessitates a leaving group to be present in the molecule. 

Classical examples of leaving groups include halogen atoms and functionalised 

alcohols, such as tosylates, showcased in the ring-closing reaction towards ox-

etane 1.7 (cf. Chapter 1.2, Scheme 3). Furthermore, halonium ions can act as 

pseudo leaving groups in alkene difunctionalisations such as iodolactonisa-

tions.[85] Other prominent ring-closing reactions with alkenes proceed through 

activation of the π-bonds with transition metal complexes in intramolecular nu-

cleopalladations or Wacker-type cyclisations.[86] To circumvent the prerequisite 

of such highly functionalised starting materials, a plethora of methods for the di-

rect functionalisation of “inert” C–H bonds were developed,[87] and came to ma-

turity including electrochemical, photochemical, enzymatic or transition metal 

catalysed processes.[88] In this context, a concise terminology for the overall 

transformation was established in the literature.[89]  

Whereas the term C–H activation should strictly be used for a specific mechanis-

tic step including the cleavage of a C–H bond ensuing in a newly formed carbon-

metal bond, the term C–H functionalisation, on the contrary, can be applied in a 

much wider sense. Thereby, the whole process of exchanging a C–H bond by an-

other functional group or element, commonly including a C–H activation com-

bined with a subsequent functionalisation, is defined as a C–H functionalisation 

(Scheme 43). Henceforth, reactions of C–H bonds are categorised as per the def-

initions provided herein.  
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Tsuji type reaction is a competing side reaction,[120] if terminal alkenes are oxi-

dised as shown by the seminal work of Rappoport and Åkermark.[121] These syn-

thetic problems were successfully addressed by White and coworkers in 2004 

(Scheme 48).[122] In their pivotal report, the allylic oxidation of 1-decene 3.4 was 

feasible yielding selectively the linear product 3.5. Key to the selective oxidation 

towards the linear product was the use of dimethyl sulfoxide (dmso) as a solvent 

additive in combination with 1,4-benzoquinone 3.6 as an oxidant. Applying 

other conditions with the bidentate sulfoxide ligated palladium complex 3.7 in a 

solvent mixture consisting out of dichloromethane and acetic acid altered the se-

lectivity and the branched product 3.8 was afforded in a higher amount. The pro-

posed catalytic cycle starts with a C–H activation step, likely via CMD mecha-

nism, thereby an allyl palladium species is formed (for reasons of clarity only the 

η3-palladium species is shown in Scheme 48). Subsequent functionalisation 

through reductive elimination delivers the desired linear or branched products 

and is resulting in a Pd0 species. After association of benzoquinone 3.6, the pal-

ladium catalyst can be reoxidised under acidic conditions, liberating hydroqui-

none 3.9. 
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formed, secondly, a neighbouring C–H bond has to be activated and as a last step, 

the allyl palladium complex has to be attacked by the hemi ketal as an internal 

nucleophile to engage the ring-closing. The envisaged synthesis of oxygen con-

taining heterocycles from simple and benign alcohols by means of C–H oxidation, 

as delineated above (cf. Chapter 3.1.4, Scheme 50), is therefore a difficult under-

taking. As already outlined, the both, Tsuji-Trost type reactions and C–H oxida-

tions, are historically and mechanistically related (Scheme 52, top). Such being 

the case, juxtaposing both palladium catalysed allylic functionalisations exhibits 

a facility for approaching the envisaged intramolecular C–H oxidation via tran-

sient hemi ketals. In both catalytic cycles, the same allyl palladium species is 

formed, either through oxidative addition or by C–H activation. Moreover, it is 

revealed that the same products can be formed in either of the above-mentioned 

reactions. Accordingly, allylic carbonate 3.17 can be transformed via hemi ketal 

formation and subsequent Tsuji-Trost type allylation to a 1,3-dioxolane species. 

The same dioxolane product can likewise be obtained by C–H functionalisation 

of homo allylic alcohol 3.19 after formation of a hemi ketal (Scheme 52, bottom). 

Given the moderate acidity of hemi ketals and acetals, it is likely, that the allylic 

functionalisation steps proceed via outer-sphere mechanisms.  
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other transition metal salen complexes such as manganese complex 2.102 or co-

balt complexes 2.76 or 2.80 had a likewise detrimental effect on the reaction 

outcome (entries 7 to 9). Apart from Lewis acid activation, another activation 

mode through Brønsted bases was probed, but the addition of Hünig’s base failed 

to promote the aspired C–H oxidation (entry 10). 

3.4 Summary and outlook 

The envisaged C–H oxidation towards heterocyclic compounds from benign al-

cohols proved to be a difficult endeavour. This fact is reasoned by the three dif-

ferent reaction steps, namely hemi ketal formation, C–H activation and ring-clos-

ing, to be conducted consecutively. Nonetheless, it was shown that the formidable 

challenge of preparing highly substituted O-heterocycles from simple alcohols 

can be taken up with palladium catalysed allylic functionalisation strategies in 

hand.  

The presented three-step problem (cf. Chapter 3.1.4, Scheme 50) was partially 

simplified through Tsuji-Trost type reactions, as the oxidative addition of a 

Pd0 species into an allylic carbonate is a just as facile as reliable method for the 

generation of the essential allyl palladium species occurring in both Tsuji-Trost 

type reactions and allylic C–H functionalisations. Thereby, 1,3 dioxolanes 3.21 

to 3.24 were prepared from allylic carbonates and allylic acetates, respectively, 

in good to high yields (Scheme 56). For the envisioned oxidative  

C–H functionalisation with a transient hemi ketal or acetal, a first proof of con-

cept was established. Thereby, aldehyde 2.129 and ketone 2.20 both have 

proven their applicability in the desired intramolecular allylic C–H oxidation thus 

acetal 3.22 was obtained in 10% yield and ketal 3.23 in 54% yield, respectively.  
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4.8 (entries 8 and 9), thus highlighting the special properties of fluorinated alco-

hols as solvents.[158] Subsequently, the role of additives was investigated. Re-

markably, adding a strong Lewis acid, such as boron trifluoride diethyl etherate, 

restored the reactivity in dichloromethane to some degree, while it has a marginal 

negative effect on the reactivity in HFIP (entries 10 and 11). On the contrary, the 

addition of a Brønsted acid, namely rac-1,1′-binaphthyl-2,2′-diyl hydrogenphos-

phate, turned out to have no beneficial effect on the reaction outcome in apolar 

dichloromethane, in addition a similar negative effect was observed in HFIP (en-

tries 12 and 13). Interestingly, attempts to scavenge the leaving group as a salt 

with Brønsted bases, such as N,N-diisopropylethylamine or caesium carbonate, 

inhibited the entire reaction (entries 14 and 15). Unlike the addition of Brønsted 

acids or bases and Lewis acids, employing molecular sieves had a negligible effect 

on the formation of pyrrolidene 4.6. Thereby, it was excluded, that trace amounts 

of water are affecting the desired transformation. 









4 Cyclic alcohols as platform for the synthesis of N-heterocycles 

86 

substituted pyrrolidenes 4.63 and 4.64 were afforded with diminished yields of 

31% and 38%, respectively. When steric bulk was introduced by an ortho-substi-

tuted arene, the desired reaction was virtually shut down (See entry for 4.65). 

The same holds true for the inefficient formation of 3,5-diphenyl pyrrolidene 

4.66 from sterically more congested 1,3-disubstituted cyclobutanol 4.33. Con-

trarily, alkenes were tolerated well, therefore the styrene derivative 4.67 was ob-

tained under the standard conditions in a yield comparable to related electron-

rich products. Additionally, electron-withdrawing substituents were surveyed, 

resulting in the isolation of trifluoromethylated pyrrolidene 4.68 and para-cy-

anophenyl pyrrolidene 4.69 in medium yields. Furthermore, halogenated pyr-

rolidene 4.70 was accessible in high yields. Although methoxy substituents gen-

erally increase the electron density in an aromatic system, introducing a methoxy 

group in meta position results in a decrease of negative charge in the benzylic 

position. Accordingly, meta-methoxy phenyl substituted cyclobutanol 4.24 was 

tested alongside other electron-poor substrates and resulted in the isolation of 

derivative 4.71 in comparable yields. Additionally, the influence of different ar-

omatic systems was investigated by exposing naphthalene substituted cyclobuta-

nol 4.27 to the standard reaction conditions. By employing TFE instead of HFIP, 

the π-extended derivative 4.72 was accessed. The scope was further expanded 

towards heterocyclic derivatives, hence benzofuran substituted pyrrolidene 4.73 

and indole derivative 4.74 were both attained in high yields. Even upscaling the 

reaction was feasible, thus affording indole substituted pyrrolidene 4.74 with mi-

nor deviations in yield on a 1 mmol scale. The reactions dependence on benzylic 

stabilisation was examined by subjecting sp- and sp3-substituted cyclobutanols 

to the standard reaction conditions. Interestingly, alkynyl substitution was not 

only tolerated but effectively delivered the desired product 4.75 in 75% yield. 

Moreover, alkyl substituted pyrrolidene 4.76 was achieved by amending the 

standard conditions inasmuch as a greater excess of aminating reagent was uti-

lised and the reaction was allowed to run for 17 h. Stabilisation of the assumed 

cationic intermediate through a β-silyl group could not be harnessed, as cyclobu-

tanol 4.32 was not stable under the standard reaction conditions. Consequently, 

silyl substituted pyrrolidene 4.77 was not formed. The shown method is further 

limited, hence nucleophilic heterocycles like pyridine or strong electron-donating 

substituents such as para-methoxy were not tolerated (See entries for 4.78 and 

4.79). Latent leaving groups attached to the cyclobutane core were similarly not 
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5 Miscellaneous reactions and proof-of-concept 

studies 

Over the course of the projects delineated above, a few findings of mechanistic 

experiments, or observations made during the synthesis of substrate molecules, 

led to the development of new project areas, which go beyond the scope of the 

already discussed transformations. A number of mere serendipitous findings, 

which possibly mark the basis for new project ideas, are outlined briefly in the 

following.  

5.1 Haloform reaction of trifluoroacetophenones and 

its applications 

Motivated by the ubiquitous presence of fluorinated molecules in medicinal,[165] 

agrochemical[166] and material sciences[167] a variety of methods to install fluori-

nated groups into a molecular scaffold including radical,[168] nucleophilic,[169] 

electrophilic,[170] transition metal catalysed[171] or photochemical[172] approaches 

came to fruition. Employing fluoroform as an atom efficient source of a trifluoro-

methyl group is intriguing although careful measures have to be taken due to its 

huge potential as a greenhouse gas.[173] Nevertheless, its use is emerging in the 

chemical literature.[174] Handling gaseous trifluoromethane requires special 

equipment in the laboratory. Therefore, ways to circumvent the use of trifluoro-

methane in nucleophilic perfluoroalkylation reactions were established with a 

number of bench stable trifluoromethane sources reported to the literature with 

trimethylsilyltrifluoromethane as the most prominent representative.[66,175] Fur-

thermore, perfluorinated sulfones,[176] substituted phosphonates,[177] acetals[178] 

and aminals[179] can be used. There is also literature precedent for the direct use 

of trifluoromethyl ketones for the trifluoromethylation of ketones through a halo-

form type fragmentation of the utilised trifluoromethylketones.[180] The haloform 

type fragmentation of trifluoroacetophenones is unlike slower compared to its 

heavier homologues trichloro- or tribromoacetophenone.[181]  

However, this haloform type fragmentation can be synthetically used as shown 

by Langlois and Mikami independently.[180,182] Langlois and coworkers pre-

sented the trifluoromethylation of ketones with limited applicability as only non-
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secondary amine with an electrophilic chlorine source. Thus, one of the bonds of 

the quaternary spiro atom in α-position migrates, resulting in the ring-expanded 

fused product. Initially, a cyclic iminium ion is formed, which is in situ reduced 

in a second reaction step. In following communications, the same group ex-

panded their method by using diazomethanes as a trapping reagent for the imin-

ium species, or by varying the oxidising conditions.[137b,198] Lately, Murai re-

ported the oxidative rearrangement of primary amines like 5.34 with α-quater-

nary carbons in a Stieglitz type 1,2-aryl migration whereby affording secondary 

amines such as aniline 5.35 (Scheme 96, middle).[138] Interestingly, when cyclo-

butylamine 4.1 was treated under the same reaction conditions, with hypervalent 

iodine reagent phenyliodine(III) diacetate (PIDA) 5.36 in combination with a 

base, a skeletal rearrangement occurs ultimately resulting in the formation of pyr-

rolidine 4.2 (cf. Chapter 4.1.1, Scheme 58, top). Thereby, the influence of ring-

strain relief is highlighted as a determining factor for steering chemical reactions.  

Inspired by the work of Murai and others on oxidative amine rearrange-

ments,[29,142b] a general method for the skeletal editing of strained rings with ad-

jacent protected amines should be developed. A strategy, including an oxidative 

rearrangement followed by a subsequent reduction step, is envisaged 

(Scheme 96, bottom). Therefore, a variety of cyclobutyl- and otherwise substi-

tuted amines should be prepared and tested for their reactivity towards oxidative 

heterocycle synthesis.  
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6 Experimental part 

6.1 General information 

Analytical Methods: 1H NMR, 13C NMR and 19F NMR spectra were recorded 

by the analytical departments of the Organisch-Chemisches Institut at the West-

fälische Wilhelms-Universität and of the Department Chemie at Johannes Gu-

tenberg-Universität Mainz. Following spectrometers were used: An Avance II 400 

(Bruker), a DD2 500 (Agilent), a DD2 600 (Agilent), an Avance III HD 300 

(Bruker), an Avance III HD 400 (Bruker). Spectra were recorded at 26 °C (unless 

otherwise noted). Chemical shifts are reported in ppm with the solvent resonance 

as the internal standard (1H NMR CHCl3: δ = 7.26 ppm, CHDCl2: δ = 5.32 ppm, 

C6HD5: δ = 7.16 ppm, (CHD2)(CD3)CO = 2.05 ppm, 

(CHD2)(CD3)SO = 2.50 ppm; 13C NMR CDCl3: δ = 77.16 ppm, CD2Cl2: 

δ = 53.84 ppm, C6D6 δ = 128.06 ppm, (CD3)2CO = 29.84 ppm 

(CD3)2SO = 39.5 ppm). Chemical shifts of 19F NMR are referenced to internal or 

external standards according to Togni and coworkers.[202] The data is reported as 

follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quar-

tet, p = pentet, br = broad, m = multiplet or combinations of these), coupling 

constants (Hz) and integration. In the reported 1H NMR spectra, unless other-

wise noted, multiplets are reasoned from H,H couplings. Apparent multiplicity, 

which occurs as a result of accidental equality of coupling constants to magneti-

cally non-equivalent protons, is marked as app.  

Infrared (IR) spectra were obtained either on a Perkin-Elmer 100 FT-IR spec-

trometer or on a Jasco FT/IR-4100 and are reported in wavenumbers (cm-1). 

Bands are characterized as broad (br), strong (s), medium (m), and weak (w).  

Melting points (m.p.) were measured on a Büchi B-540 melting-point apparatus 

and are reported uncorrected.  

High Resolution Mass Spectrometry (HRMS) was performed by the analytical de-

partments of the Organisch-Chemisches Institut at the Westfälische Wilhelms-

Universität and of the Department Chemie at Johannes Gutenberg-Universität 

Mainz. Spectra were recorded on a Bruker Daltonics MicroTof, on a Thermo-



6 Experimental part 

120 

Fisher Scientific Orbitrap LTQ XL or an Agilent G6545AQ-ToF. Signals are re-

ported as mass to charge ratio m/z.  

Optical rotations were measured on a Perkin-Elmer 241 polarimeter at 589 nm 

wavelength (sodium D-line) using a standard 10 cm cell (1 mL). Specific rota-

tions, [α]D20, are reported in degree mL/(g∙dm) at the specific temperature. Con-

centrations (c) are given in grams per 100 mL of the specific solvent. 

UV/vis absorption spectra were recorded on a V-670 UV-Vis-NIR spectrometer 

from Jasco at ambient temperature in a 10 mm cell. 

Elementary Analysis (EA) was performed by the analytical department of the Or-

ganisch-Chemisches Institut at the Westfälische Wilhelms-Universität using a El-

ementar Analysensysteme Gmbh - Vario EL III. 

Analytical HPLC measurements were performed on the following system: Knauer 

HPLC Pump Smartline 1000 with degassing unit, Knauer Autosampler Smartline 

3950, Knauer UV-detector Smartline 2550, Knauer RI-detector Smartline 2300. 

Separation was performed using Lux® i-Cellulose-5 (4.6 x 250 nm x 5 μm, Phe-

nomenex Ltd.), Lux® Cellulose-1 (4.6 x 250 nm x 5 μm, Phenomenex Ltd.), Lux® 

Amylose-1 (4.6 x 250 nm x 5 μm, Phenomenex Ltd.), Lux® i-Amylose-3 (4.6 x 

250 nm x 5 μm, Phenomenex Ltd.), or Reprosil Chiral-AMS (4.6 x 250 nm x 5 μm, 

Dr Maisch GmBH.). 

Purification methods: Purification was performed either with standard col-

umn chromatography techniques using 60 M silica gel (0.04-0.063 mm, MA-

CHEREY-NAGEL), on an automated flash chromatography system Biotage 

Isolera One utilizing Biotage Sfär Silica D-Duo 60 µm columns (5 g, 25 g, 100 g) 

or on an automated flash chromatography system Teledyne Isco with Biotage 

Sfär Silica C18-Duo 100 Å 30 µm columns (12 g). Glass silica gel plates 60 F254 

(Merck) were used for thin layer chromatography (TLC) using UV light (254/366 

nm), KMnO4 (1.5 g KMnO4, 5 g NaHCO3 and 5 mL NaOH 10% in 200 mL H2O), 

CAM (0.5g Ce(NH4)2(NO3)6 and 24.0 g of (NH4)6Mo7O24·4H2O, 28 mL H2SO4 in 

200 mL H2O), DNPH (12 g 2,4-dinitrophenylhydrazine, 60 mL H2SO4, and 

80 mL of H2O in 200 mL EtOH), FeCl3 (1 g in 2 mL HCl (conc.) and 50 mL of H2O 

in 200 mL EtOH) for detection.  
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Reagents and solvents: Chemicals were purchased from Alfa Aesar, Acros 

Organics, Sigma Aldrich, BLDpharm, FluoroChem, Carbolution or ABCR and 

used as received. All work-up and purification procedures were carried out with 

pre-distilled technical grade solvents. EtOH was purified prior to use applying 

standard techniques (distilled over activated Mg turnings). Dry solvents were ei-

ther dried with standard techniques (CH2Cl2 distilled over P2O5 and stored over 

activated 4Å molecular sieves), or collected from a MBraun MB SPS-800 

(CH2Cl2, Et2O, THF). A positive argon pressure was used to pass the solvents 

through the following columns: 

 

CH2Cl2: 2 x MB-KOL-A  

Et2O:   1 x MB-KOL-A and 1 x MB-KOL MT2-250 

THF:   2  x MB-KOL MT2-150°C 

Reaction set-up: All reactions involving air or moisture sensitive reagents were 

carried out in oven- (125 oC) and flame-dried glassware under nitrogen atmos-

phere using standard Schlenk techniques. Reactions requiring heating were con-

ducted using aluminium blocks as heating source. Photochemical reactions were 

performed in a Luzchem LZC-ORG photoreactor with 10 x 8 Watt Luzchem 

LZC-355 mercury lamps or with a Pyrex filtered Hanovia medium pressure 

Hg-lamp (400 W).  

X-Ray diffraction: Data sets for compounds 2.24 and 2.96 were collected 

with a Bruker D8 Venture PHOTON III diffractometer. Programs used: data col-

lection: APEX3 V2016.1-0 [203] (Bruker AXS Inc., 2016); cell refinement: SAINT 

V8.37A [203] (Bruker AXS Inc., 2015); data reduction: SAINT V8.37A [203] 

(Bruker AXS Inc., 2015); absorption correction, SADABS V2014/7 [203] (Bruker 

AXS Inc., 2014); structure solution SHELXT-2015 [204] (Sheldrick, G. M. Acta 

Cryst., 2015, A71, 3-8); structure refinement SHELXL-2015 [205] (Sheldrick, G. 

M. Acta Cryst., 2015, C71 (1), 3-8) and graphics, XP [206] (Version 5.1, Bruker 

AXS Inc., Madison, Wisconsin, USA, 1998). R-values are given for observed re-

flections, and wR2 values are given for all reflections. 

Data sets for compounds 2.117 were collected with a STOE IPDS-2T Diffractom-

eter system. Programs used: data collection: X-Area WinXpose 2.0.22.0 [207] (X-

RED and X-AREA, Stoe & Cie, 2019), cell refinement: X-Area Recipe 1.36.0 [207] 

(X-RED and X-AREA, Stoe & Cie, 2019), data reduction: X-Area Integrate 1.78.3 
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[207] (X-RED and X-AREA, Stoe & Cie, 2019), structure solution SHELXT-2014 

[204] (Sheldrick, G. M. Acta Cryst., 2015, A71, 3-8); structure refinement 

SHELXL-2018/3 [205] (Sheldrick, G. M. Acta Cryst., 2015, C71 (1), 3-8) and 

graphics Platon [208] (Spek, A. L. Acta Cryst., 2009, D65, 148-155). R-values are 

given for observed reflections, and wR2 values are given for all reflections. 

 

Documentation: The experimental work was partly documented using the 

electronic lab notebook (ELN) Chemotion. A respective sample number is indi-

cated in the corresponding entries. Otherwise, the documentation was carried out 

using conventional lab notebooks in paper form. 

6.2 Cyclic alcohols as platform for the synthesis of ox-

ygen rich heterocycles 

General procedures 

General procedure A (GP-A) for the preparation of 3-substituted ox-

etanols from oxetan-3-one with lithium organyls:  

3-substituted oxetanols were prepared following a lab-own protocol,[82] which 

was adapted from literature known procedures.[69] A halogenated arene (1.20 eq.) 

or monosubstituted alkyne (1.20 eq.) was dissolved in dry THF (0.1 M) under in-

ert atmosphere and cooled to −78 °C at which temperature n-BuLi (2.5 M, 

1.20 eq.) was added dropwise. After 1 h, oxetan-3-one (1.00 eq.) was added 

slowly and the mixture was stirred at −78 °C for 3 h, before it was slowly warmed 

up to room temperature (rt) for 17 h. The solution was diluted with Et2O and 

NH4Cl sat. aq. was added. The organic phase was separated, and the aqueous 

phase was extracted with Et2O (3x). The combined organic fractions were dried 

over MgSO4 and the solvent was removed in vacuo. The products were isolated 

after FC or automated FC.  

General procedure B (GP-B) for the preparation of CoII·salen type com-

plexes:  

Following a literature known protocol with minor alterations,[76] EtOH was de-

aerated by purging with a flow of nitrogen for 10 min. Co(OAc)2·4H2O (1.00 eq.) 

was dissolved under inert atmosphere in the deaerated EtOH and stirred until 
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2H, CH2), 4.19 (t, J = 6.2 Hz, 2H, CH2), 3.17 (pt, J = 7.7, 6.3 Hz, 1H, CH), 2.64 

(d, J = 7.5 Hz, 2H, CH2).13C NMR (101 MHz, C6D6): δ = 197.3 (Cq), 137.2 

(Cq), 132.9 (CH), 128.6 (CH), 128.2 (CH), 76.9 (CH2), 42.3 (CH2), 31.3 (CH). 

HRMS (ESI): Calculated for C11H13O2 [M+H]+: 177.0916, Found: 177.0911.  

Trimethyl((1,1,1-trifluoro-3-(oxetan-3-yl)-2-phenylpropan-2-

yl)oxy)-silane [2.64] 

 

According to a literature known protocol with minor changes,[66] 2-(oxetan-3-yli-

dene)-1-phenylethan-1-one 2.63 (250 mg, 1.42 mmol, 1.00 eq.) and trifluoro-

methyltrimethylsilane (350 µL, 2.36 mmol, 1.66 eq.) were dissolved in dry 

CH2Cl2 (15 mL) and cooled to −78 °C before tetrabutylammonium fluoride (1M 

in THF, 43 µL, 0.43 mmol, 3.00 mol%) was added slowly. The mixture was stirred 

at −78 °C for 2 h and was warmed up to rt over 17 h. NH4Cl sat. aq. (10 mL) was 

added and the aqueous phase was extracted with CH2Cl2 (3x15 mL). The com-

bined organic fractions were dried over Na2SO4. The product was obtained after 

filtration through silica with CH2Cl2 as a colourless solid (374 mg, 1.17 mmol, 

83%). 

m.p.: 54–55 °C. IR (neat): ṽ = 2968 (w), 1268 (w), 1256 (w), 1167 (s), 978 (w), 

915 (w), 844 (s), 759 (w), 697 (w), 670 (m), 656 (m). 1H NMR (400 MHz, 

CDCl3): δ = 7.48 – 7.43 (m, 2H, CHarom.), 7.39 – 7.30 (m, 3H, CHarom.), 4.62 (dd, 

J = 8.3, 5.9 Hz, 1H, CH2), 4.47 (dd, J = 7.6, 5.9 Hz, 1H, CH2), 4.13 (dd, J = 8.1, 

6.1 Hz, 1H, CH2), 4.02 (dd, J = 7.4, 6.1 Hz, 1H, CH2), 3.16 – 3.00 (m, 1H, CH), 

2.52 – 2.27 (m, 2H, CH2), 0.21 (s, 9H, CH3). 13C NMR (101 MHz, CDCl3): 

δ = 137.9 (Cq), 128.5 (CH), 128.3 (CH), 126.3 (CH), 125.6 (q, 1JC,F = 287.4 Hz, 

CF3), 79.9 (app. d, 2JC,F = 28.2 Hz, Cq), 77.7 (CH2), 40.2 (CH2), 30.6 (CH), 1.9 

(CH3).19F NMR (377 MHz, CDCl3) δ = −76.4 (s, 3F, CF3). HRMS (ESI): Cal-

culated for C15H22F3O2Si [M+H]+: 319.1341, Found: 319.1328.  

1,1,1-Trifluoro-3-(oxetan-3-yl)-2-phenylpropan-2-ol [2.65] 
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According to a literature known protocol,[72] trimethyl((1,1,1-trifluoro-3-(ox-

etan-3-yl)-2-phenylpropan-2-yl)oxy)silane 2.64 (250 mg, 0.785 mmol, 1.00 eq.) 

was dissolved in THF (10 mL) and cooled to 0 °C before tetrabutylammonium 

fluoride (1N in THF, 785 µL, 1.00 eq.) was added. The mixture was stirred for 1 h 

at 0 °C and for 2 h at rt before NH4Cl sat. aq. (10 mL) was added. The organic 

phase was separated, and the aqueous phase was extracted with CH2Cl2 

(3x10 mL). The combined organic fractions were dried over Na2SO4 and the sol-

vent was removed. The product was obtained after FC (EtOAc:CyH, 20:80) as a 

slightly yellow solid (154 mg, 0.625 mmol, 80%). 

m.p.: 87–88 °C. IR (neat): ṽ = 3269 (w), 2968 (w), 1273 (w), 1164 (s), 1020 

(w), 965 (w), 957 (w), 914 (m), 767 (w), 704 (s), 661 (s), 634 (s), 618 (s). 

1H NMR (400 MHz, CDCl3): δ = 7.50 – 7.45 (m, 2H, CHarom.), 7.42 – 7.33 (m, 

3H, CHarom.), 4.64 (dd, J = 8.2, 6.1 Hz, 1H, CH2), 4.49 (dd, J = 7.2, 6.1 Hz, 1H, 

CH2), 4.29 (dd, J = 8.2, 6.1 Hz, 1H, CH2), 4.10 (dd, J = 7.2, 6.1 Hz, 1H, CH2), 

3.12 – 3.03 (m, 1H, CH), 3.03 (s, 1H, OH), 2.48 – 2.34 (m, 1H, CH2). 13C NMR 

(101 MHz, CDCl3): δ = 136.4 (Cq), 128.8 (CH), 128.6 (CH), 125.8 (q, 

4JC,F = 1.7 Hz, CH), 125.7 (q, 1JC,F = 286.0 Hz, CF3), 77.9 (CH2), 77.4 (CH2), 77.2 

(q, 2JC,F = 28.1 Hz, Cq), 39.3 (CH2), 30.3 (CH). 19F NMR (377 MHz, CDCl3) 

δ = −79.5 (s, 3F, CF3).  

Trimethyl((3-phenyloxetan-3-yl)oxy)silane [2.66] 

 

According to a literature known protocol,[30] 3-phenyloxetan-3-ol 2.38 (50.0 mg, 

0.33 mmol, 1.00eq.) and imidazole (68.0 mg, 1.00 mmol, 3.00 eq.) were dis-

solved in CH2Cl2 (6 mL) and cooled to 0 °C before TMSCl (105 µL, 0.832 mmol, 

2.50 eq.) was added slowly. The mixture was allowed to warm up to rt over 2 h 

before NH4Cl sat. aq. (5 mL) and CH2Cl2 (5 mL) were added. The organic phase 

was separated and the aqueous phase was extracted with CH2Cl2 (3x5 mL). The 

combined organic fractions were dried over Na2SO4 and the solvent was removed. 

The crude material was filtered through silica with CH2Cl2 to yield the product as 

a colourless oil (65 mg, 0.292 mmol, 88%). 

IR (neat): ṽ = 3057 (w), 2955 (w), 1448 (w), 1277 (w), 1254 (m), 1190 (m), 1079 

(w), 985 (m), 916 (w), 845 (s), 758 (s), 700 (s), 657 (w), 641 (w), 624 (s). 





























6 Experimental part 

157 

 

Figure 21: 1H NMR spectrum of 4'-nitro-2,2,2-trifluoroacetophenone 2.22 with 1-penta-
nol in CDCl3 after 7 days. 

 

Figure 22: 19F NMR spectrum of 4'-nitro-2,2,2-trifluoroacetophenone 2.22 with 1-penta-
nol in CDCl3 after 7 days. 
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The equilibrium constants of the reactions were determined by simple integra-

tion of the corresponding signals in the 1H NMR and 19F NMR spectra (Eq. 6.1). 

 𝑘 =
𝐼(𝑘𝑒𝑡𝑜𝑛𝑒)

𝐼(ℎ𝑒𝑚𝑖𝑎𝑐𝑒𝑡𝑎𝑙)
 (6.1) 

For the corresponding substituents, the σ values used for the calculations in the 

Hammett-equation (Eq. 6.2) are tabulated in the literature.[77]  

 𝑙𝑜𝑔 𝑘 = 𝜎 ⋅ 𝜌 (6.2) 

Table 17: Equilibrium constants and σ values for the Hammett-plot of hemiketal for-
mation of trifluoroacetophenone derivatives. 

Entry Substituent σ I(ketone) I(hemiketal) k log k 

1 4-OMe -0.27 100 0 0.0000 n.d. 

2 4-H 0.00 94 6 0.0638 -1.1950 

3 4-F 0.06 93 7 0.0753 -1.1234 

4 4-Br 0.23 87 13 0.1494 -0.8256 

5 4-CN 0.66 53 47 0.8868 -0.0522 

6 3-NO2 0.71 53 47 0.8868 -0.0522 

7 4-NO2 0.78 41 59 1.4390 0.1581 

 

Figure 23: Hammett-plot of the hemiketal formation of trifluoroacetophenone derivatives 
with 1-pentanol. 
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6.2.2.2 Survey on the role of the nucleophile in the ring-open-

ing of oxetanes 

Investigating the role of hemi ketal and hydrate 

 

Following GP-C, using trimethyl((3-phenyloxetan-3-yl)oxy)silane 2.66 

(22.2 mg, 0.10 mmol, 1.00 eq.) and CoII catalyst 2.73 or 2.78 (1 mol%). The re-

action was monitored through 19F NMR with 0.1 mmol of trifluorotoluene as in-

ternal standard. No product was observed within 24 h of reaction time. 

Deliberately adding water (up to 1.00 eq.) had no influence on the reaction out-

come.  

 

The role of the hydrate as a possible nucleophile was investigated by exchanging 

ketone 2.20 through its hydrate 2.24 and subjecting it to the reaction conditions 

of GP-C with 3-phenyl-oxetan-3-ol 2.38 (30.0 mg, 0.20 mmol, 1.00 eq.) and 

CoII·salen 2.78 (1 mol%) in CH2Cl2. 

Table 18: Reactions were carried out on a 0.1 mmol scale in 0.5 mL solvent with catalyst 
2.78, yield and dr based on 19F NMR experiments using trifluorotoluene as an internal 
standard. 

 

Entry Equivalents of 2.20 Additive Catalyst loading Yield 

1 1.00 - 1 mol% 47% 

2 0.50 0.50 eq. 2.24 1 mol% 9% 

3 0.00 1.00 eq. 2.24 1 mol% 2% 

4 1.00 1.00 eq. H2O 1 mol% 7% 
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The crude mixture was analyzed by 1H NMR with 0.1 mmol mesitylene as an in-

ternal standard. The product was isolated after RP-MPLC (MeCN:H2O, 50:50) as 

a colourless solid (43 mg, 94%).  

1H NMR (300 MHz, acetone-d6): δ = 8.96 (t, J = 2.1 Hz, 1H, CHarom.), 8.78 

– 8.71 (m, 2H, CHarom.), 7.86 – 7.80 (m, 2H, CHarom.), 7.57 – 7.50 (m, 2H, 

CHarom.), 4.89 (dd, J = 8.9, 0.9 Hz, 1H, CH2), 4.67 – 4.61 (m, 1H, CH2), 4.04 (d, 

J = 11.7 Hz, 1H, CH2), 3.89 (d, J = 11.7 Hz, 1H, CH2), 2.48 (s, 3H, CH3). 

19F NMR (282 MHz, acetone-d6) δ = – 82.7 (s, 3F, CF3).  

The obtained spectroscopic data were identical to those of dioxolane 2.119 pre-

pared from oxetanol 2.57. 

Attempted deprotection of the ketal 

Various conditions were applied in a manifold of attempts to cleave the formed 

ketals (Table 19, cf. Chapter 2.6, Table 6). Therefore, 1,3-dioxolane 2.117 or its 

TIPS protected variant was used as model substrates under either, hydrolytic, nu-

cleophilic, reducing or oxidative conditions. For reducing conditions other than 

in Entry 19, solely the TIPS-protected variant of 2.117 was used. The desired 

cleavage of the cyclic ketal was not observed by TLC or NMR analysis of the crude 

reaction mixtures.  

Table 19: Unsuccessful conditions for the deprotection of cyclic ketals. 

Entry  Conditions Yield 

1 hydrolytic PPTS (20 mol%), (MeOH), rt ,17 h 0% 

2  pTsOH (20 mol%), (MeOH), rt, 17 h 0% 

3  HCl aq. (1N), (MeOH), rt, 17 h 0% 

4  HCl aq. (6N), (MeOH), 60 °C, 4 h 0% 

5  TfOH (1.00 eq.), (TFA), rt, 17 hh 0% 

6  KOH aq. (2N), (MeOH), 60°C, 17 h 0% 

7  KOH aq. (2N), (THF), 60°C, 17 h 0% 

8  BBr3 (6.00 eq.), CH2Cl2, rt. 17 h 0% 

9 
nucleo-
philic 

benzo[d]thiazole-2-thiol (2.00 eq.), 
BF3·OEt2 (1.00 eq.), (DCE), 60 °C, 17 h 

0% 

10  EtSH (10.0 eq.), NaOMe (10.0 eq.), (PhMe), 80 °C, 16 h 0% 

11  CH2=CHMgBr (2.00 eq.), 0°C to rt, 17 h 0% 

12  TMSI (1.00 eq.), (CH2Cl2), rt, 17 h 0% 
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Table 19 (continued): Unsuccessful conditions for the deprotection of cyclic ketals. 

Entry  Conditions Yield 

13 reducing Pd/C (5 mol%), H2, (MeOH), rt, 1 h 0% 

14  LiBHEt3, (1.00 eq.), (THF), – 20 °C to rt, 20 h 0% 

15  DIBAL-H (4.00 eq.), (CH2Cl2), rt, 16 h 0% 

16 oxidative CAN (1.00 eq.), (MeCN:H2O, 1:1), rt, 17 h 0% 

17  
RuCl3·H2O (0.20 eq.), NaIO4 (4.00 eq.), 

(MeCN:H2O:CCl4, 1:1.5:1), 40 °C, 3d 
0% 

18  
Cumene hydroperoxide (1.00 eq.), KOtBu (9.00 eq.), 

(CH2Cl2), reflux, 24 h 0% 

19  
K3[Fe(CN)6)] (10.0 eq.), 

(NaHCO3 sat. aq.) 100 °C, 24 h 
0% 

20  
K3[Fe(CN)6)] (10.0 eq.), 

(NaOH aq., 2N). 100 °C, 24 h 
0% 

21  Mn2O7 (2.00 eq.), (EtOAc:CCl4, 1:1), – 40 °C, 30 min 0% 

22 
photo-

chemical 
hν (245 nm), (MeCN:H2O, 95:5), rt, 16 h 0% 
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6.2.4 Crystallographic Data 

X-ray crystal structure analysis of [2.24] (wie 9886): 

The X-ray measurement and structure refinement was performed by 

  

A colourless plate-like specimen of C8H5F3N2O6, approximate dimensions 0.049 

mm x 0.101 mm x 0.197 mm, was used for the X-ray crystallographic analysis. 

The X-ray intensity data were measured on a Bruker D8 Venture PHOTON III 

Diffractometer system equipped with a micro focus tube Cu Ims (CuKα, 

λ = 1.54178 Å) and a MX mirror monochromator. A total of 1609 frames were 

collected. The total exposure time was 14.90 hours. The frames were integrated 

with the Bruker SAINT software package using a wide-frame algorithm. The in-

tegration of the data using an monoclinic unit cell yielded a total of 16992 reflec-

tions to a maximum  angle of 68.15° (0.83 Å resolution), of which 1797 were 

independent (average redundancy 9.456, completeness = 96.8%, Rint = 4.75%, 

Rsig = 2.59%) and 1736 (96.61%) were greater than 2σ(F2).The final cell con-

stants of of a = 6.15030(10) Å, b = 12.5829(3) Å, c = 13.1818(3) Å, 

β = 93.6830(10)°, volume = 1018.01(4) Å3, are based upon the refinement of the 

XYZ-centroids of 9978 reflections above 20 σ(I) with 13.46° < 2 < 136.3°. Data 

were corrected for absorption effects using the Multi-Scan method (SADABS). 

The ratio of minimum to maximum apparent transmission was 0.851. The calcu-

lated minimum and maximum transmission coefficients (based on crystal size) 

are 0.7280 and 0.9200. The structure was solved and refined using the Bruker 

SHELXTL Software Package, using the space group P21/c 1, with Z = 4 for the 

formula unit, C8H5F3N2O6. The final anisotropic full-matrix least-squares refine-

ment on F2 with 180 variables converged at R1 = 3.02%, for the observed data 

and wR2 = 7.53% for all data. The goodness-of-fit was 1.089. The largest peak in 

the final difference electron density synthesis was 0.273 e-/Å3 and the largest hole 

was -0.210 e-/Å3 with an RMS deviation of 0.041 e-/Å3. On the basis of the final 

model, the calculated density was 1.841 g/cm3 and F(000),  

568 e-. The hydrogen atoms at O1 and O2 were refined freely. CCDC Nr.: 

2130259. 
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X-ray crystal structure analysis of [2.96] (wie 9750): 

The X-ray measurement and structure refinement was performed by 

  

A colourless needle-like specimen of C15H12F3N2O4, approximate dimensions 

0.058 mm x 0.101 mm x 0.334 mm, was used for the X-ray crystallographic anal-

ysis. The X-ray intensity data were measured. A total of 1224 frames were col-

lected. The total exposure time was 23.74 hours. The frames were integrated with 

the Bruker SAINT software package using a wide-frame algorithm. The integra-

tion of the data using an orthorhombic unit cell yielded a total of 22240 reflec-

tions to a maximum  angle of 68.36° (0.83 Å resolution), of which 2578 were 

independent (average redundancy 8.627, completeness = 99.4%, Rint = 5.26%, 

Rsig = 3.99%) and 2349 (91.12%) were greater than 2σ(F2).The final cell con-

stants of a = 13.5889(3) Å, b = 9.9317(2) Å, c = 20.9678(4) Å, vol-

ume = 2829.83(10) Å3, are based upon the refinement of the XYZ-centroids of 

9928 reflections above 20 σ(I) with 8.434° < 2 < 136.6°. Data were corrected for 

absorption effects using the multi-scan method (SADABS). The ratio of minimum 

to maximum apparent transmission was 0.747. The calculated minimum and 

maximum transmission coefficients (based on crystal size) are 0.6900 and 

0.9340. The structure was solved and refined using the Bruker SHELXTL Soft-

ware Package, using the space group P b c a, with Z = 8 for the formula unit, 

C15H12F3N2O4. The final anisotropic full-matrix least-squares refinement on F2 

with 212 variables converged at R1 = 3.38%, for the observed data and 

wR2 = 8.27% for all data. The goodness-of-fit was 1.044. The largest peak in the 

final difference electron density synthesis was 0.275 e-/Å3 and the largest hole 

was -0.272 e-/Å3 with an RMS deviation of 0.047 e-/Å3. On the basis of the final 

model, the calculated density was 1.536 g/cm3 and F(000), 1344 e-. The hydrogen 

at O2 atom was refined freely. CCDC Nr.: 2130260. 

X-ray crystal structure analysis of [2.117] (ass6091): 

The X-ray measurement and structure refinement was performed by 

  

A colourless block-like specimen of C17H12F3N2O7, approximate dimensions 

0.080 mm x 0.260 mm x 0.280 mm, was used for the X-ray crystallographic anal-

ysis. The X-ray intensity data were measured on a STOE IPDS-2T Diffractometer 

system. CCDC number: 2141905 
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Table 20: Crystal data and structure refinement for [2.117] (ass6091). 

Identification code ass6091 

Empirical formula C17H12BrF3N2O7 

moiety formula C17H12BrF3N2O7 

Formula weight 493.20 

Temperature 120(2) K 

Wavelength, radiation type 0.71073Å, MoKα 

Diffractometer STOE IPDS 2T 

Crystal system Orthorhombic 

Space group name, number P 212121, (19) 

Unit cell dimensions a = 10.9727(5) Å 
 b = 11.7950(4) Å 
 c = 14.1878(7) Å 

Volume 1836.23(14) Å3 

Number of reflections 9257 

and range used for lattice parame-
ters 

2.87° <=θ<= 28.47° 

Z 4 

Density (calculated) 1.784 Mg/m3 

Absorption coefficient 2.314 mm-1 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.8306 and 0.5223 

F(000) 984 

Crystal size, colour and form 
0.080 x 0.260 x 0.280 mm3, colourless 
block 

Theta range for data collection 2.871 to 27.957°. 

Index ranges -14<=h<=12, -13<=k<=15, -18<=l<=16 

Number of reflections:  

collected 7188 

independent 4369 [R(int) = 0.0314] 

observed [I>2sigma(I)] 4002 

Completeness to theta = 25.2° 99.8 % 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4369 / 0 / 317 

Goodness-of-fit on F2 1.075 

Final R indices [I>2sigma(I)] R1 = 0.0358, wR2 = 0.0778 

R indices (all data) R1 = 0.0425, wR2 = 0.0816 

Absolute structure parameter 0.013(8) 

Largest diff. peak and hole 0.605 and -0.319 eÅ-3 

Remark 
hydrogen atoms localized and refined with 
isotropic thermal displacement parame-
ters 
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Magnesium turnings (1.20 eq.) were activated with iodine vapour prior to reac-

tion. The activated magnesium was placed in a flask and dry THF (2 M) was 

added. Haloarene (1.30 eq.) was added slowly to maintain exothermic reaction. 

The mixture was stirred for 1 h at 60 °C, cooled to −20 °C and diluted with dry 

THF (0.1 M). Cyclobutanone (1.00 eq.) was added slowly and stirred for 3 h, be-

fore it was slowly warmed up to rt for 17 h. The solution was diluted with Et2O 

and NH4Cl sat. aq. was added. The organic phase was separated, and the aqueous 

phase was extracted with Et2O (3x). The combined organic fractions were dried 

over Na2SO4, and the solvent was removed in vacuo. The products were isolated 

after FC or automated FC.  

General procedure H (GP-H) for the preparation of tertiary alcohols 

from benzannulated cyclic ketones:  

Tertiary alcohols were prepared following a lab-own protocol.[82] A benzannu-

lated cyclic ketone (1.00 eq.) was dissolved in dry THF (0.1 M) under inert at-

mosphere and cooled to −20°C at which temperature MeMgBr (3.0 M, 1.2 eq.) 

was added and stirred for 3 h, before it was slowly warmed up to rt for 17 h. The 

solution was diluted with Et2O and NH4Cl sat. aq. was added. The organic phase 

was separated, and the aqueous phase was extracted with Et2O (3x). The com-

bined organic fractions were dried over Na2SO4, and the solvent was removed in 

vacuo. The products were isolated after FC or automated FC.  

General procedure I (GP-I) for the preparation of Boc-protected sul-

fonylhydroxylamines: 

Following a modified procedure of Wang et al.,[157] an arylsulfonyl chloride 

(1.00 eq.) and tert-butyl N-hydroxycarbamate (1.00 eq.) were dissolved in MTBE 

(0.25 M) and cooled to 0 °C. NEt3 (1.10 eq.) was added slowly and the mixture 

was stirred for 1 h at 0 °C, the mixture was warmed to rt and stirred for 2 h. The 

mixture was filtered, and the residue was washed with small portions of cold 

MTBE. The filtrate was reduced to 1/10 of its original volume. Hexane (10-fold 

excess) was added, and the mixture was stirred until precipitation started. The 

precipitate was filtered off and washed with hexane. The residue was dried to 

yield Boc-protected sulfonylhydroxylamines as colourless solids. The products 

were either used without further purification or isolated after recrystallisation 

(RC) or FC. 
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General procedure J (GP-J) for the deprotection of Boc-protected sul-

fonylhydroxylamines: 

Following a modified procedure of Wang et al.,[157] Boc-protected sulfonyl hydrox-

ylamine (1.00 eq.) was dissolved in trifluoroacetic acid (0.8 M) at 0 °C and stirred 

for 3 h. The mixture was poured on ice water and stirred for another 30 min. The 

resulting colourless precipitate was filtered off and washed with cold water. The 

crude product was redissolved in a small portion of Et2O and cooled to 0 °C at 

which temperature pentane (5-fold excess) was added and stirred for 30 min. The 

colourless precipitate was filtered off and dried under vacuum for a short period 

of time to yield the desired product. The products were either used without fur-

ther purification or isolated after RC or FC. 

General procedure K (GP-K) for the N-insertion of cyclic tertiary alco-

hols: 

Cyclobutanol or other cyclic tertiary alcohol (300 µmol, 1.00 eq.) was dissolved 

in HFIP (0.2 M) and O-mesitylsulfonylhydroxylamine 4.8 (84.0 mg, 330 µmol, 

1.30 eq.) was added at 0 °C. The mixture was immediately warmed to rt and 

stirred for 3 h before being cooled to 0 °C. NEt3 (54.4 µL, 330 µmol, 1.30 eq.) was 

added and the solvent was removed. NMR yield of the crude reaction mixture was 

determined by 1H NMR using CH2Br2 (7.0 µL, 0.10 mmol) as the internal stand-

ard. The product was separated by silica gel column chromatography or prepara-

tive TLC.  

General procedure L (GP-L) for the N-insertion of benzannulated cyclic 

tertiary alcohols: 

Cyclic tertiary alcohol (300 µmol, 1.00 eq.) was dissolved in HFIP (0.2 M) and O-

mesitylsulfonylhydroxylamine 4.8 (84.0 mg, 330 µmol, 1.30 eq.) was added at 

0 °C. The mixture was stirred for 3h at rt at which point sodium borohydride 

(45.4 mg, 1.20 mmol, 4.00 eq.) was added, and stirred for 2 h followed by the ad-

dition of NaOH aq. (2N, 2 mL). The aqueous phase was extracted with CH2Cl2 

(3x4 mL). the combined organic fractions were dried over Na2SO4, and the sol-

vent was removed. The residue was subjected to quantitative NMR. The desired 

product was obtained after automated FC. 
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