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Summary 

Over the course of this work, the build and release of molecular strain was used 

as a tool in organic synthesis. 

 

In the first research project, a proof-of-concept for the synthesis of O-heterocy-

cles from photochemically generated strained intermediates was provided. 

α-Aminoacetophenones were identified as a versatile platform for the systematic 

investigation of the light-driven Norrish-Yang cyclisation. The influence of pro-

tecting groups on the heteroatom and the influence of sterically demanding sub-

stituents on the success of the cyclisation were investigated. Consecutively, the 

synthesis of several 3-azetidinols and a 3-oxetanol was demonstrated. Use of an 

electron-deficient trifluoroacetophenone enabled the formation of stable hemi 

ketals from the synthesised heterocycles. The increased acidity of the formed 

hemi ketals enabled the ring-opening reaction of 3-azetidinols towards diox-

olanes without the need for external activation. Transformation of 3-oxetanols 

into dioxolanes was efficiently realised in a cobalt catalysed dynamic kinetic res-

olution, providing high degrees of diastereo- and enantioselectivity. 

 

During the second research project, the build and release of molecular strain was 

used not for the generation of molecular complexity, but for the storage of light 

energy in chemical bonds. The previous investigation of the Norrish-Yang cyclisa-

tion inspired the use of structurally rigid systems, which resulted in the develop-

ment of an isomer pair ortho-methylacetophenone ⇄ benzocyclobutenol. A 

unique beneficial effect of a trifluoromethyl group on the photocyclisation was 

asserted and the mechanism of the transformation was elucidated. The overall 

robustness of the reaction was confirmed, merely a detrimental influence of oxy-

gen onto the reaction was found. All formed side and degradation products were 

unambiguously identified. Comparison of several previously unknown benzocy-

clobutenols resulted in the emergence of an isomer-pair with several benefits 

compared to literature known reference systems for the chemical storage of light 

energy. By addition of catalytic amounts of organic base, the stored energy was 

found to be releasable under ambient conditions and an immobilised base was 

utilised to showcase the cyclability of the system. Finally, the successful charging 

of the system with solar light was demonstrated, underlining its applicability. 
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Zusammenfassung 

Im Rahmen der vorliegenden Arbeit wurden der Auf- und Abbau von Ringspan-

nung als Werkzeug der Organischen Chemie gezeigt. 

Im Laufe des ersten Projektes wurde die Realisierbarkeit der Synthese von O-He-

terozyklen ausgehend von photochemisch erzeugten gespannten Ringen bewie-

sen. α-Aminoacetophenone wurden als eine vielseitige Plattform für eine syste-

matische Untersuchung der photochemischen Norrish-Yang Zyklisierung identi-

fiziert. Der Einfluss der Schutzgruppe am Heteroatom sowie der Einfluss sterisch 

anspruchsvoller Reste auf den Erfolg der Zyklisierung wurden untersucht. An-

schließend konnte die Synthese einiger 3-Azetidinole und eines 3-Oxetanols ge-

zeigt werden. Unter Reaktion mit einem elektronenarmen Trifluoroacetophenon 

wurden stabile Halbketale aus den hergestellten Heterozyklen gebildet. Eine er-

höhte Azidität der Halbketale erlaubte eine unkatalysierte Ringöffnung von 3-

Azetidinolen zu Dioxolanen, während 3-Oxetanole unter Cobaltkatalyse in einer 

dynamischen kinetischen Racematspaltung mit hoher Diastereo- und Enantiose-

lektivität zu Dioxolanen umgesetzt werden konnten.  

Im Laufe des zweiten Projektes konnte der Auf- und Abbau von Ringspannung 

nicht wie zuvor zur Erzeugung von molekularer Komplexität, sondern zur Spei-

cherung von Lichtenergie in chemischen Bindungen genutzt werden. Die vorher-

gehende Untersuchung der Norrish-Yang Zyklisierung inspirierte die Nutzung 

starrerer molekularer Strukturen und das Isomerenpaar ortho-Methylaceto-

phenon ⇄ Benzocyclobutenol wurde entwickelt. Ein einzigartiger, positiver Ef-

fekt einer Trifluoromethylgruppe auf die Zyklisierung wurde erörtert. Die gene-

relle Robustheit der Reaktion konnte gezeigt werden, jedoch wurde ebenso ein 

negativer Effekt der Sauerstoffkonzentration auf den Erfolg der Reaktion deut-

lich. Alle gebildeten Neben- und Zerfallsprodukte konnten eindeutig identifiziert 

werden. Der Vergleich mehrerer zuvor unbekannter Benzocyclobutenole stellte 

ein Isomerenpaar heraus, welches einige Vorteile im Vergleich zu bekannten Li-

teratursystem zur chemischen Speicherung von Lichtenergie bietet. Unter Zu-

gabe katalytischer Mengen organischer Base erfolgte die kontrollierte Freiset-

zung der gespeicherten Energie und eine immobilisierte Base konnte benutzt 

werden, um die Zyklisierbarkeit des Systems zu zeigen. Zuletzt konnte das Aufla-

den des Systems mit Sonnenlicht demonstriert werden, wodurch eine tatsächli-

che Anwendbarkeit untermauert werden konnte.
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1 Introduction 

Photochemical processes on earth precede organic life itself.[1] Once developed, 

life adapted to a strong constant irradiation with energetic light, ultimately learn-

ing to harness its power.[2] Plants emerged over the millennia, tirelessly combin-

ing the simplest building blocks CO2 and water into complex natural scaffolds and 

oxygen, thus enabling the formation of higher life.[3] From a chemists perspective, 

photosynthesis is a generally inefficient process, with an overall efficiency of  

0.2–0.3% in nature.[4] Yet, photosynthesis achieves the conversion of light energy 

into chemical energy.  

As Ciamician wisely pointed out in his visionary speech “The Photochemistry of 

the Future” in 1912, chemists needs to unravel and conquer the photochemical 

processes of nature.[5] Each hour, the sun delivers an amount of energy to the 

earths surface, that satisfies humanities demand for a whole year.[6] According to 

Ciamician, developments were made in the artificial photosynthesis, copying na-

tures strategy to incorporate the energy into chemical bonds.[7] Evidently, effi-

cient processes for the storage of the light energy need to be further improved. 

Nonetheless, the subsequent access to this stored chemical energy apart from 

combustion remains an additional challenge. Hence, chemists continue to search 

for alternative substances with high chemical energy. An exceedingly elegant way 

to overcome both challenges at once would be the realisation of a photochemical 

build and release approach, which builds up highly energetic strained molecules 

and uses them for subsequent transformations. 

1.1 Build and release of molecular strain 

Molecular strain can be viewed as energy storage within chemical bonds, provid-

ing spring-loaded precursors for the realisation of chemical transformations.[8] In 

this regard, the release of molecular strain is becoming more relevant as a facile 

tool for driving chemical reactions and generating molecular complexity.[9] Har-

nessing the intrinsic high reactivity of strained molecules has allowed chemists to 

broaden chemical space and equipped medicinal chemists with powerful tools for 

elaborate late-stage functionalisation.[10] The increased energy of small saturated 

carbocycles compared to their linear analogues can be partially explained by de-

viations of the bond-angles from the optimal 109.5° of a sp3 centre, a fact already 
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sequence, where the amide of the protonated expected product 2.14 attacks the 

activated azetidine, resulting in a ring-opening reaction and the formation of the 

2-oxazoline 2.13.  

Despite all advancements in the recent years, the Norrish-Yang cyclisation re-

mains relatively underutilised compared to the Paterno-Büchi reaction or [2+2] 

cycloadditions and the range of products, as well as the predictability of the reac-

tion outcome remain a limiting factor. For example, generation of oxetanes via 

the Norrish-Yang cyclisation is still considered to be challenging.[48] 

2.1.2 Ring opening of 4-membered cyclic alcohols 

Several studies concerning the opening of oxetanes[49], azetidines[50] and cyclobu-

tanols[51,19c] were published over the recent years. Although four-membered rings 

possess high ring-strain energies, they are much more stable than their three-

membered counterparts and usually need activation to perform ring opening re-

actions at lower temperatures.[19] With a constant strive for the generation of en-

antiopure material for medicine and biology,[52] desymmetrisation of prochiral 

four-membered rings has proven to be an efficient synthesis strategy.[53] Depend-

ing on the substrate, this might involve the catalytic use of Brønsted acids or ba-

ses, Lewis acids, transition metals or enzymes. Still, exothermic ring-strain re-

lease acts as a driving force for all these transformations. In the following, se-

lected examples from the plethora of ring-opening reactions will be discussed, 

each of which will present a structural element featured in this work.  

For their seminal publication on oxetanes, Jacobsen and coworker were inspired 

by the enantioselective opening of epoxides and developed CoIII·salen complex 

2.15, that efficiently activate oxetanes towards nucleophilic intramolecular ring-

opening reactions yielding enantioenriched tetrahydrofuranes (Scheme 9, 

top).[54] They were able to synthesise several prochiral 3-substituted oxetanes 

containing a tethered oxygen nucleophile and demonstrated the opening of 3,3-

disubstituted quaternary oxetane 2.16 towards tetrahydrofuran 2.17 in excel-

lent enantiomeric ratios (er). Mechanistically, a bimetallic activation was pro-

posed, with simultaneous activation of nucleophile and oxetane. The assumption 

was supported by the successful use of an oligomeric catalyst, which led to en-

hanced enantioselectivities. Using a similar tethering approach, Houk and Sun 

were able to demonstrate the enantioselective intramolecular attack of oxetane 

2.18 to give tetrahydrothiophenes 2.19 under Brønsted acid catalysis using 
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systems. As expected, a red-shift of the n-π* absorption band to the vis region was 

observed (cf. chapter 4.4) for acetonaphthone 2.45 compared to acetophenone 

2.5 as a result of the larger conjugated system.[76] However, the extent of the con-

jugated system might also influence the efficiency of triplet generation and stabi-

lise the biradical species.[77] When probing this theory, tosyl-protected 2-ace-

tonaphtone 2.45 showed low conversion towards azetidinol 2.69 (Table 1, entry 

1, synthesis performed by ) compared to the tosyl protected acetophe-

none 2.5, which gave azetidinol 2.6 in 81% yield with 14% formation of aceto-

phenone 2.70 as the side product (Table 1, entry 2). Therefore, acetophenone 

was chosen to be the core structure and the study was continued by investigating 

the influence of the alkyl substituent. Introduction of N-ethyl and N-benzyl sub-

stituents led to decreased cyclisation yields and gave azetidinols 2.71 (54% yield) 

and 2.72 (63% yield) without a pronounced diasteroselectivity (Table 1, entries 

3 & 4). Additionally, an increased formation of side products was observed via 

1H NMR analysis of the reaction mixture, the main one being acetophenone from 

the Norrish II fragmentation. Clearly, the introduction of substituents does not 

improve the cyclisation yields, with the seemingly stabilising residues leading to 

decreased reactivity and increased fragmentation. When changing the protecting 

group to mesyl, an identical trend was observed (Table 1, entries 5-7). Azetidinol 

2.73 was formed in decreased yield compared to substrate 2.6, and introduction 

of substituents led to a stark increase in side reactions, with azetidinols 2.74 and 

2.75 generated without control over the diasteroselectivity. Next, the protecting 

group was changed to phenyl (Table 1, entry 8) which led to formation of N-phe-

nyl-azetidinol 2.76 in 12% yield, with a drop in conversion and an increased ten-

dency for the formation of unselective side reactions. Ethyl substitution followed 

this trend, with the conversion stalling to 27% and only 2% yield of azetidinol 

2.77 (Table 1, entry 9). The overall lack of diastereocontrol supports the assump-

tion of a diradical triplet intermediate which rapidly undergoes ISC and cyclises, 

before an equilibration to conformations with decreased steric repulsion can oc-

cur.[48] In order to separate the influence of radical stabilisation from the influ-

ence of steric size on the cyclisation efficiency, another set of substrates was de-

vised and then synthesised by  (Table 1, entries 10-12). Formation of 

products 2.78 and 2.79 was unsuccessful, with only the sterically demanding 

benzhydryl group allowing access to azetidinol 2.80 in 10% yield.  
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Table 1:  NMR study of the effect of structural variation on the cyclisation. Reactions were 
performed on 25 µM scale in 0.5 mL CD3CN (50 mM), NMR yield and diastereomeric ra-
tios (dr) based on 1H NMR using mesitylene as internal standard.  

 

Entry Products 
Conver-

sion 
Cyclisation 

Fragmen-

tation 

1 Ar = Nph PG = Ts R = H (2.69)a 23% 11% 4% 

2 Ar = Ph PG = Ts R = H (2.6) >99% 81% 14% 

3 Ar = Ph PG = Ts R = Me (2.71) >99% 54% (dr 54:46) 26% 

4 Ar = Ph PG = Ts R = Ph (2.72) >99% 63% (dr 60:40) 20% 

5 Ar = Ph PG = Ms R = H (2.73) >99% 67% 14% 

6 Ar = Ph PG = Ms R = Me (2.74) >99% 44% (dr 51:49) 42% 

7 Ar = Ph PG = Ms R = Ph (2.75) >99% 37% (dr 52:48) 22% 

8 Ar = Ph PG = Ph R = H (2.76) 90% 12% 3% 

9 Ar = Ph PG = Ph R = Me (2.77) 27% 2% (dr 52:48) 6% 

10 Ar = Ph PG = Me R = H (2.78)b 87% <1% 53% 

11 Ar = Ph PG = Ph R = H (2.79)b >99% <1% 65% 

12 Ar = Ph PG = Bzh R = H (2.80)b 94% 10% 74% 

a Synthesis performed by . b Starting material synthesised by . Nph = naphthyl, Bzh = benzhydryl. 

 

Figure 3: Overview of the obtained 3-azetidinols after irradiation. a Synthesis performed 
by . 

As evident from the obtained data, a delicate balance exists, where sterically de-

manding substituents can either enable or hinder the successful cyclisation 
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3 Development of a molecular solar thermal sys-

tem 

3.1 Introduction 

In the previous chapter, the Norrish-Yang cyclisation of a-substituted acetophe-

nones towards strained four-membered heterocycles was used as the cornerstone 

of a build and release strategy using light (cf. chapter 2). While a proof-of-concept 

of both partial reactions was delivered, the selectivity of the initial photoreaction 

remains a drawback. The use of a structurally more rigid system was envisioned, 

hence limiting fragmentation reactions via the Norrish type II cleavage (cf. chap-

ter 2.1.1). Photoreactions with high selectivity towards strained molecules pro-

vide rapid access to molecular complexity (cf. chapter 1.1). However, when a pho-

tochemical cyclisation towards a strained intermediate is combined with a selec-

tive back-isomerisation, the concept of the build and release of molecular strain 

can also be used for the storage of light energy in chemical bonds. 

3.1.1 Storage of photon energy in molecular isomers 

The concept of storing light energy in chemical bonds was first postulated in 1909 

by Weigert.[85] He investigated the reaction of anthracene with sun light, which 

leads to formation of an insoluble product.[86] Upon heating, the starting material 

could be regenerated and additional thermal energy was released. This process 

was identified as a dimerisation process and hence the first storage of light energy 

inside a molecule was described.[87] Today, systems capable of storing energy dur-

ing the photochemical isomerisation process of a molecule are referred to as mo-

lecular solar thermal (MOST) systems. Essentially, MOST systems follow the pre-

viously described rules of an endergonic build and release strategy (cf. chap-

ter 1.1). However, the chemically stored photon energy is harnessed as heat, and 

not as fuel for endergonic chemical transformations. Following excitation with 

light (Scheme 39, A), a ground state isomer 3.1 is converted to its excited state 

3.2. This isomer can relax via internal conversion to its ground state, or react to 

the metastable isomer 3.3 (Scheme 39, B). The energetic difference (ΔHstorage) 

between 3.1 and 3.3 defines how much energy is stored in the process. Ideally, 
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aimed for.[90] Additionally, the energy storage density ΔHstorage should exceed 

300 kJ/kg to be practically applicable, which is higher than the value of conven-

tional heat storage systems like salt hydrates.[89b,91] In order to maximise the ef-

ficiency of the transformation, the metastable isomer should have a shifted ab-

sorption spectrum compared to the ground state isomer. A lack of competition 

between the isomers for incoming photons reduces the risk of a backreaction or 

degradation of the metastable isomer during the irradiation. Generally, a high 

selectivity and lack of degradation are mandatory in during charging and dis-

charging to allow for a high cycle number, that is repetition of storing and releas-

ing of energy. The last criterion for the system is its sustainability. Hence, all com-

pounds should be nontoxic and environmentally benign.[89a] So far, no system 

which matches all mentioned criteria was developed.  

Prominent examples of advanced MOST systems are the pairs norbornadiene 

(NBD) ⇄ quadricyclane (QC) and E-azobenzene (E-azo) ⇄ Z-azobenzene 

(Z-azo). Cristol and Snell described the first photoreaction of NBD 3.4 towards 

QC 3.5 in a photochemical [2+2] cycloaddition (Figure 4, top).[92] Although 

nearly 1000 J/g are storable in the system NBD ⇄ QC and the possibility of en-

ergy release after heating, or by addition of metal catalysts is given,[93] a signifi-

cant drawback exist. Unsubstituted NBD absorbs light only in the UV region,[94] 

rendering a direct employment as a solar light driven MOST system impossible. 

Attempts to overcome this hurdle were undertaken by addition of sensitisers to 

the process[95] and by molecular engineering. Introduction of substituents allows 

the absorption of NBD-derivatives to be shifted towards the visible spectrum, still 

this usually leads to an increased rate of back-isomerisation or degradation for 

derivatives with a high energy density.[96]  
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structure will change other inherent molecular properties. The quantum yield, for 

example, might drastically change with different substituents and so far, no strat-

egies for its optimisation or tuning are known.[89a]  

The inherent struggle of detrimental interdependency of system properties was 

met with several ideas based on molecular engineering. Two or more pho-

toswitches can be combined in one molecule by a linker, which allows for tuning 

of absorption maximum, energy density and storage time.[104] One example are 

systems sharing an electron donor-acceptor linker, where the energy density is 

increased as the systems share both the benefit of the absorption shift and mo-

lecular weight penalty.[105] Also, selective switching of the different molecules in-

side the system becomes possible and simultaneously allows for a broader ab-

sorption of the solar spectrum, if the chromophores of the systems differ 

enough.[106] The overall system must be taken into account, as solvents and addi-

tional components will negatively influence the overall possible energy density. 

Using very high concentrations is needed in this regard, and molecular liquids 

were designed to use systems neat without any solvent.[107] Still, efforts to intro-

duce solubilising chains increased the molecular weight and led to more side re-

actions or degradation. [108] Actual heat release was shown for a fully charged 

push-pull QC system to reach 85 °C of temperature change in one minute,[109] and 

other examples of the release of more than 50 °C were shown.[110] The solar cap-

ture efficiency can also be increased to 85% by combination of MOST devices with 

traditional solar systems. This was demonstrated with NBD derivatives in a fluid 

reactor, where solar light was first absorbed by the MOST system and the residual 

light used to heat water in a layer below the MOST system.[111]  
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3.3.2 Robustness of the reaction 

The robustness of the reaction was evaluated next, following a literature known 

procedure from Pitzer et al.[117] Here, an initial reaction is performed to establish 

a benchmark performance, and sequentially the individual parameters of the re-

action are changed to determine their influence on the reaction outcome. Highly 

reproducible reaction set-ups and the use of stock-solutions are necessary to 

achieve accurate results und reactions were performed under dry and degassed 

conditions. This allows for easy and measured changes to e.g. the water or oxygen 

content. Additionally, the light intensity was varied by changing the distance of 

samples to the lamp, different concentrations and reaction scales were employed 

and the influence of temperature was evaluated. Reactions were performed on an 

NMR scale and a 370 nm Kessil lamp was used for irradiation (for setup details 

see chapter 4.1, Figure 27).  

At first, the influence of the parameters on the initial rate of the reaction were 

assessed (Table 5, Figure 5). All reactions were terminated after 30 minutes, 

which meant 39% yield in the reference reaction.  The reactions were performed 

sequentially, and control reactions were performed throughout the process to val-

idate the reproducibility of the reaction under unchanged conditions (Table 5, 

entries 5 & 9). The initial rates of the reaction depend most strongly on the inten-

sity of the illumination source (entries 1 & 2), with a clear deviation of –69% re-

spective to the reference for low irradiation intensity (I). A finding, which is in 

accordance to the presumed activation through photon excitation. Still, the reac-

tion shows a dependency of its initial rates on the amount of oxygen inside the 

reaction vessel (entries 3 & 4) and the temperature (T, entries 6 & 7). A high water 

content (entry 8) and the scale of the reaction (entry 13) are not detrimental to 

its initial rates. However, an influence of the concentration was evident (entries 

10 to 12). 
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From these initial rates, no clear conclusions regarding the usability and robust-

ness of the overall system can be drawn. Therefore, another set of experiments 

was envisioned, where the reactions were driven to full conversion, allowing for 

the assessment of the reactions global performance. The reaction time was envi-

sioned to be 8 h for full conversion and the yields were determined via 19F NMR 

spectroscopy (Table 6, Figure 6). The actual set-up of these reactions was per-

formed by  following the developed methods in the initial rates experi-

ment. 

As evident from the data, the overall reaction is very robust with no dependency 

on intensity (Table 6, entries 1 & 2), temperature (entries 6 & 7), concentration 

(entries 9 - 11) or scale (entry 12). Yet, a stark influence of oxygen on the reaction 

was displayed by ~20% diminished yield in both cases (entries 4 & 5). Addition-

ally, no influence of the water content inside the reaction vessel (entry 8) was 

found and a reproducibility under unchanged conditions was validated (entry 3). 
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Figure 9: Plots of the concentration dependent transformation of acetophenone 3.8 to-
wards product 3.26 under irradiation with 370 nm. Starting concentration of acetophe-
none 3.8 A: 2 mM, B: 20 mM, C: 200 mM.  

For all three tested concentrations, a first order reactivity was observed by plot-

ting the negative logarithmic concentration versus the time (Figure 9, right). The 

reaction rates were thus obtained as the slopes of the linear fits of the data points. 

Here, values in the same order of magnitude were obtained, which resembles the 

observed near uniform reactivity for this concentration range (Figure 9, right). 
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3.5 Scope 

Over the course of this study, several ortho-alkylacetophenone derivatives were 

synthesised and their performance in the desired photochemical transformation 

towards benzocyclobutenols was evaluated (Table 12). Standard substrate 3.8 

serves as a benchmark with a good yield of benzocyclobutenol 3.26 to investigate 

the differing effects of varying substrates. At first, the effect of different ortho-

substituents was investigated. Introduction of an ethyl group led to a diminished 

yield of product 3.40 of 27% (entry 2), whereas the sterically demanding isopro-

pyl residue led to no formation of benzocyclobutenol 3.48 (entry 3). The electron 

donating (EDG) methoxy substituent also led to only 30% formation of benzocy-

clobutenol 3.49, which was formed as a single diastereomer (entry 4). Next, the 

influence of para-substitution was investigated. The introduction of an EDG in 

para-position of acetophenone 3.12 led to a strong increase in conversion (91%), 

but also increased the amount mount of unidentified side-products (28%), with 

still 63% formation of product 3.50 (entry 5). Electron withdrawing groups 

(EWGs) increased the conversion, but also showed an increase in side reactions, 

with formation of cyclisation product 3.51 in 60% yield (entry 6) and 3.52 with 

42% yield (entry 7). Introduction of a chlorine atom was beneficial, with an in-

crease in yield to 74% of benzocyclobutenol 3.29 (entry 8). The formation of the 

ortho- and para-substituted products 3.42 was slower (entry 9), therefore ortho-

substitution was abandoned altogether. At last, substitution of the CF3-group was 

evaluated by employing a benzoyl formiate ester. Indeed, the product 3.53 was 

formed in excellent selectivity with a yield of 79% (entry 10). The previously used 

substrates with abstractable hydrogens were included for completeness (entries 

11-13, cf. chapter 3.4). The formation of benzocyclobutenol 3.36 was achieved 

in 48% yield, whereas products 3.37 and 1.10 were only formed in trace 

amounts.  
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attacks of the bases, during or after the transformation.[133] The standard sub-

strate-pair 3.26 ⇄ 3.8 showed no signs of decomposition and was finally estab-

lished as the MOST pair with the best potential for application. 

3.6.3 Determination of the energy storage density  

The energy storage density ΔHstorage of the potential MOST pair 3.8⇄3.26 was 

determined by dynamic scanning calorimetry (DSC) measurements. Measure-

ments were conducted in a micro reaction calorimeter, which features a precision 

syringe and allows for controlled and automated addition of substances. The sy-

ringe is enclosed with the sample cell in an insulative body and equilibrated be-

fore measurements to guarantee isothermal addition of the substance. N-Me-

TBD 3.56 was chosen as a catalyst for the desired transformation, to achieve 

good reactivity. Furthermore base 3.56 is a liquid, which, in combination with 

the calorimeter used, allows for easier handling. As evident from previous exper-

iments (Table 14, entry 7), the ring-opening reaction between benzocyclobutenol 

3.26 and base 3.56 was slow at 30 °C, therefore the reaction temperature was 

elevated to 90 °C. A mixture of base 3.56 in toluene was placed in the sample cell 

and the potential MOST substance 3.26 was added neat to this mixture via the 

syringe in four portions, resulting in the measurement of four data points (Table 

16, entries 1-4). Indeed, a fast reaction occurred, as evident from the spectrum 

(Figure 15, A) and the completeness of the reaction was confirmed by 19F NMR 

after the last addition had reacted according to the DSC device. Accordingly, an-

other experiment was performed with catalytic amounts of base (Table 16, entries 

5-8). Here, base 3.56 was dissolved in toluene in a catalytic amount (0.3 equiva-

lents (eq.)) with respect to each individual injection performed during the exper-

iment (Figure 15, B). 
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3.8 Summary and outlook 

The successful development of a MOST system based on the pair 3.8 ⇄ 3.26 was 

described. Charging of the system proceeds in perfect selectivity without for-

mation of side-products in benzene, and there is no competition in absorption 

between starting material and product. Isolation of benzocyclobutenol 3.26 was 

demonstrated in yields up to 99% as a colourless solid. The reaction is very ro-

bust, and product formation is not restrained by concentration (up to 0.9 mol/l), 

scale (>10 mmol), temperature or light intensity. However, a high sensitivity to-

wards the oxygen content of the reaction vessel was identified. Consequently, the 

mechanism of the reaction was investigated. Formation of benzocyclobutenol 

3.26 follows first order kinetics, and a photoenol formed through [1,5] hydride 

shift was identified as the crucial intermediate of the reaction. The central pho-

toenol was trapped with dienophiles to deliver stereoselective tricycles. A ther-

mally allowed 4-π EC was recognised as the central step of the reaction based on 

diastereoselective reactivity of ortho-ethyl trifluoroacetophenones. This key-step 

explains the acceleration of reaction rates with increased temperature, which is 

reflected in the increased cyclisation quantum yields for the transformation 

(measured by , Ф = 10% at 20 °C, Ф = 17% at 45 °C). For higher tem-

peratures, the 4-π EC becomes faster than an unproductive [1,5] hydride shift 

and thereby higher reaction yields are observed. The competition between 4-π EC 

and another potential [1,5] hydride shift for substrates with abstractable hydro-

gens was investigated. Starting from 2,2,2-trifluoro-substituted ortho-

methylacetophenone 3.8 (CF3-group), substrates were synthesised, where a flu-

orine atom was iteratively exchanged with a hydrogen atom, giving substituted 

acetophenones 3.21 (CHF2-group), 3.18 (CH2F-group) and 1.9 (CH3-group). 

By comparison of the yields of their respective photocyclisation, a unique benefi-

cial effect of a CF3-group for the formation of benzocyclobutenols was substanti-

ated. The aforementioned influence of oxygen was analysed in detail, with eluci-

dation of the formed side products and their degradation products. Additionally, 

unambiguous confirmation of all relevant products by X-Ray diffraction was 

achieved. 

Several other benzocyclobutenols were synthesised over the course of this project, 

from which three substances emerged based on their reactivity. A visualisation of 

the relative reaction rates of the employed substrates to the standard pair 

3.8 ⇄ 3.26 is depicted in a bubble diagram in Figure 20. The energy storage 
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their low synthetic accessibility excludes them as potential MOST candidates. The 

selected visualisation neglects the potential influence of molecular substitution 

on the absolute energetic properties of the molecule, which would in turn alter 

the achievable values of the potential energy density of the different benzocyclo-

butenols. Fortunately, this effect is expected to be small for the three molecules 

3.26, 3.29 and 3.53, underlining their status as auspicious MOST candidates.  

The ring-opening of benzocyclobutenols was investigated. The thermal back-

isomerisation was analysed for the substrate pair 3.8 ⇄ 3.26 at elevated temper-

atures (220–250 °C) and the half-life of benzocyclobutenol 3.26 at room temper-

ature was extrapolated to be 5 × 108 years. Its evident stability renders it practi-

cally inert under uncatalysed conditions at ambient temperatures and makes it 

an excellent candidate for long-term storage. The use of high temperatures for 

the release of the stored energy is impracticable, hence a way to increase the re-

action rate through catalysis was sought after. Indeed, an acceleration of the rate 

of back-isomerisation by addition of catalytic amounts of strong organic bases 

could be demonstrated. Subsequently, the reaction temperature was lowered to 

room temperature. Several bases were successful in catalysing the ring-opening 

of benzocyclobutenols, from which polymer-supported base 3.57 was identified 

as a heterogeneous catalyst for application purposes. Here, the candidates 3.29 

and 3.53 were excluded from the study based on evidence of degradation upon 

their base-catalysed ring opening. DSC measurements of benzocyclobutenol 

3.26 revealed an energy density of 311 J/g. Finally, the use of solar light for the 

formation of benzocyclobutenol 3.26 from acetophenone 3.8 was shown with up 

to 95% yield and the successful cyclisation of the system was demonstrated. 

Thereby, the MOST system 3.8 ⇄ 3.26 is presented, which satisfies Yoshidas pa-

rameters pretty well (Figure 21).[88]  
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established MOST systems. The UV active system NBD⇄QC of starting material 

3.61 can be sensitised by acetophenones, which could allow both systems to react 

under sunlight irradiation.[95] Here an estimated interplay might increase the 

overall quantum yield even further. Incorporating the two systems into one mol-

ecule could improve the spectral coverage of the solar spectrum and overall en-

ergy density. Existing catalysts could be used to selectively release energy of one 

of the systems of product 3.62, or new catalysts would need to be developed if a 

tandem opening under ambient conditions was desired.  

At last, the toxicity of the employed trifluoroacetophenones and trifluoromethyl 

substituted benzocyclobutenols is untested and needs to be determined for po-

tential applications. 
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4 Experimental part 

4.1 General information 

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

the analytical department of the Department Chemie at Johannes Gutenberg-

Universität Mainz. The following spectrometers were used: Avance III HD 300 

(Bruker), Avance II 400 (Bruker), Avance III HD 400 (Bruker), and Avance III 

600 equipped with a cryo-probe head (Bruker). Spectra were recorded at 22 °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, 

C6HD5: δ = 7.16 ppm, (CHD2)(CD3)SO: δ = 2.50 ppm; CHD2CN: δ = 1.94 ppm; 

13C NMR CDCl3: δ = 77.16 ppm, C6D6 δ = 128.06 ppm, (CD3)2SO: δ = 39.50 ppm, 

CD3CN: δ = 118.26 ppm). All carbon spectra were recorded proton decoupled, 

and with additional fluorine decoupling whenever mentioned. Chemical shifts of 

19F NMR are referenced to internal or external standards according to Togni and 

coworkers.[139] The data is reported as follows: chemical shift, multiplicity 

(s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, br = broad, m = mul-

tiplet or combinations of these), coupling constants (Hz) and integration. 

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

and are reported uncorrected.  

 

Infrared (IR) spectra were obtained on a on a FT/IR-4100 (Jasco) or a Tensor 27 

spectrometer (Bruker) using a diamond ATR unit and are reported in wave-

numbers (cm-1). Bands are characterized as broad (br), strong (s), medium (m), 

and weak (w).  

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. 

Analytical HPLC measurements were performed on the following system: Knauer 

HPLC Pump Smartline 1000 with degassing unit, Knauer Autosampler Smartline 
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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.). 

 

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

department of the Department Chemie at Johannes Gutenberg-Universität 

Mainz. Spectra were recorded on a Thermo-Fisher Scientific DFS (GC-MS, ioni-

zation via electron ionization (EI) or chemical ionization (CI)) or on an Agilent 

6545 Q-ToF (LC-MS, ionization via electron spray ionization (ESI), atmospheric-

pressure chemical ionization (APCI)). Signals are reported as mass to charge ratio 

m/z. 

 

Differential scanning calorimetry (DSC) was performed using a μRC® micro Re-

action Calorimeter (Thermal Hazard Technology, THT) and analysis was con-

ducted using the μRC Analysis software 2.6.5. 

 

Purification methods: Purification was performed either with standard col-

umn chromatography techniques using Geduran® Si 60 silica gel (0.063-0.200 

mm, Merck), 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 analytic thin layer chromatography applying either UV light 

(254/366 nm), KMnO4 (1.5 g KMnO4, 5 g NaHCO3 and 5 mL NaOH 10% in 

200 mL H2O) or CAM (0.5g Ce(NH4)2(NO3)6 and 24.0 g of (NH4)6Mo7O24·4H2O, 

28 mL H2SO4 in 200 mL H2O) for detection. 

 

Reaction Set-up: Chemicals were purchased from Alfa Aesar, Acros Organics, 

Sigma Aldrich, BLDpharm, FluoroChem, Carbolution or ABCR and (unless oth-

erwise stated) used as received. All reactions involving air or moisture sensitive 

reagents were carried out in oven- (125 °C) and flame-dried glassware under ni-

trogen atmosphere using standard Schlenk techniques. Dry solvents were 
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collected from an MBraun MB SPS-800 (Et2O: MB-KOL-A and MB-KOL MT2-

250, THF: 2  MB-KOL MT2-150°CCl2: 2  MB-KOL-A). A positive argon pres-

sure was used to pass the solvents through the columns. Unless otherwise noted, 

all work-up and purification procedures were carried out with pre-distilled tech-

nical grade solvents. Photochemical reactions were performed in a Luzchem LZC-

ORG photoreactor equipped with 10  8 Watt Luzchem LZC-355 mercury lamps, 

10  8 Watt Luzchem LZC-420-LED lamps, 10  8 Watt Luzchem LZC-LCW-LED 

lamps or by using a 40 W 370 nm Gen 2 KSPR160L Kessil LED (see Figure 22 to 

Figure 25 for emission spectra and Figure 26 and Figure 27 for reaction set-up). 

 

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. 

 

X-Ray diffraction: Data sets for compounds 3.26, 3.28, 3.30 and 3.42 were 

collected by  with a STOE IPDS-2T Diffractometer system. Pro-

grams used: data collection: X-Area WinXpose 2.0.22.0 [140] (X-RED and X-

AREA, Stoe & Cie, 2019), cell refinement: X-Area Recipe 1.36.0 [140] (X-RED and 

X-AREA, Stoe & Cie, 2019), data reduction: X-Area Integrate 1.78.3 [140] (X-RED 

and X-AREA, Stoe & Cie, 2019), structure solution SHELXT-2014 [141](Shel-

drick, G. M. Acta Cryst., 2015, A71, 3-8); structure refinement SHELXL-2018/3 

[142](Sheldrick, G. M. Acta Cryst., 2015, C71 (1), 3-8) and graphics Platon [143] 

(Spek, A. L. Acta Cryst., 2009, D65, 148-155). R-values are given for observed 

reflections, and wR2 values are given for all reflections. 

 

Emission spectra of the lamps: 
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Figure 22: Emission spectrum of the Luzchem LZC-355 fluorescence lamp.[144] 

 

Figure 23: Emission spectrum of the Luzchem LZC-420 fluorescence lamp.[144] 

 

Figure 24: Emission spectrum of the Luzchem LZC-LCW LED lamp.[144] 

 

Figure 25: Emission spectrum of the Kessil 370 nm Gen 2 KSPR160L LED.[145] 
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Irradiation set-ups: 

Reactions were either performed in a Luzchem Photoreactor (Figure 26) or using 

Kessil lamps (Figure 27). In the photoreactor, samples were placed in a rotatable 

sample holder for uniform irradiation (Figure 26, A) or stirred using the inte-

grated magnetic stirrer (Figure 26, A). The temperature was monitored using a 

temperature probe and maintained by the integrated fan unit at 5 °C above room 

temperature, and the integrated timer was used to ensure that all reactions were 

terminated simultaneously. When using a Kessil lamp, reactions were performed 

inside the Luzchem Photoreactor to benefit from the cooling and shielding it pro-

vides (Figure 27, A) or a water bath was used for maintaining the desired temper-

ature (Figure 27, B). 

 

Figure 26: Irradiation in a Luzchem photoreactor. A: Simultaneous irradiation of several 
samples using a rotatable sample carousel for even distribution of light over time. B: Irra-
diation of samples under oxygen atmosphere, which are agitated using the integrated mag-
netic stirrer and stir bars and connected to an external ballon of oxygen outside the reactor 
with black tubing. 

 

Figure 27: Irradiation set-up using a Kessil lamp (370 nm) from 1 cm distance. b) Irradi-
ation at variable temperatures with 370 nm and 2 cm distance. 
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4.2 Construction and ring-opening of four-membered 

heterocycles 

General procedures 

General procedure A (GP-A) for the preparation of α-aminoacetophe-

nones from α-bromoacetophenones: 

α-Aminoacetophenones were prepared following an adapted literature known 

protocol.[46] A secondary amine (1.00 eq.) was dissolved in acetonitrile (1 M) and 

an α-bromoacetophenone (1.00 eq.) and K2CO3 (2.00 eq.) were added. The mix-

ture was stirred at rt for 16 h, the solids were filtered-off and washed with ace-

tonitrile. The solvent was removed under reduced pressure and the desired prod-

uct was isolated after flash chromatography (FC), automated FC, reversed phase 

medium pressure liquid chromatography (RP-MPLC) or recrystallization. 

 

General procedure B (GP-B) for the preparation of 3-oxetanols from 

oxetan-3-one: 

3-Substituted oxetanols were prepared following a lab-own protocol,[83] adapted 

from literature known reports.[146] A halogenated arene or alkyne (1.20 eq.) was 

dissolved in dry THF (0.1 M) under inert atmosphere and cooled to –78°C at 

which temperature n-BuLi (2.5 M, 1.20 eq.) was added dropwise. After 1 h, ox-

etan-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 rt for 17 h. The solution was diluted with 

Et2O and NH4Cl sat. was added. The organic phase was separated, and the aque-

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

dried over MgSO4 and the solvent was removed in vacuo. The products were iso-

lated after FC or automated FC.  

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

plexes:  

CoII·salen complexes were prepared following a literature known protocol with 

minor alterations.[73] EtOH was deoxygenated by purging with a constant flow of 

nitrogen for 10 min. Co(OAc)2·4H2O (1.00 eq.) was dissolved under inert atmos-

phere in the deaerated EtOH and stirred until the salt was dissolved completely. 
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Then a salen-type ligand (1.00 eq.) was added and the mixture was heated to re-

flux for 17 h. The solution was cooled to −18 °C, the resulting precipitate was fil-

tered off and washed with small portions of ice-cold EtOH. The filtrate was con-

centrated under reduced pressure, and the obtained residue was recrystallised to 

gain a second crop of the complex. 

General procedure D (GP-D) for the synthesis of 3-phenylazetidinols 

from α-aminoacetophenones: 

3-Phenylazetidinols were prepared following a literature known protocol[46]. An 

α-aminoacetophenone was dissolved in acetonitrile or THF (50 mM) and was ir-

radiated using a Luzchem Photoreactor equipped with 10 8 Watt LZC-UVA 

(355 nm) lamps at rt (Figure 26). The solvent was removed under reduced pres-

sure and desired product was isolated after FC, automated FC, or RP-MPLC. 

General procedure E (GP-E) for the synthesis of 3-phenylazetidinols 

from α-aminoacetophenones: 

An α-aminoacetophenone was dissolved in N,N-dimethylformamide (DMF) 

(50 mM) and was irradiated using a Luzchem Photoreactor equipped with 10 8 

Watt LZC-UVA (355 nm) lamps at rt (Figure 26). EtOAc (10 mL) was added and 

the mixture was washed with aq. LiCl solution (5%, 3 x 10 mL) to remove DMF 

and the organic phase was dried over MgSO4. The solvent was removed under 

reduced pressure and desired product was isolated after FC, automated FC, or 

RP-MPLC. 

General procedure F (GP-F) for the desymmetrisation of 3-substituted 

oxetanols: 

Ketone 2.52 (52.8 mg, 0.20 mmol, 1.00 eq.) and CoII·salen complex 2.67 or 

2.68 (1 mol%) were dissolved in dry CH2Cl2 (0.4 M) at rt. A 3-substituted oxeta-

nol (0.20 mmol, 1.00 eq.) was added to this solution. The temperature was main-

tained for 24 h before silica gel was added and the mixture was passed over a 

filter. The resulting silica gel plug was flushed with Et2O, and the filtrate was con-

centrated under reduced pressure. The NMR yield and dr of the crude reaction 

mixture were determined by 19F NMR using PhCF3 (0.10 mmol) as the internal 

standard. The product diastereomers were separated by automated FC or RP-

MPLC. 
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(w), 752 (m), 739 (m), 691 (m), 670 (m), 651 (w), 603 (w), 550 (m). 1H NMR 

(400 MHz, DMSO-d6): δ = 7.87 – 7.82 (m, 2H), 7.78 – 7.73 (m, 2H), 7.67 – 

7.58 (m, 1H), 7.52 – 7.44 (m, 2H), 7.44 – 7.36 (m, 2H), 7.29 – 7.22 (m, 3H), 7.21 

– 7.15 (m, 2H), 4.71 (s, 2H), 4.41 (s, 2H), 2.42 (s, 3H). 13C NMR (101 MHz, 

DMSO-d6): δ = 193.9, 143.1, 137.0, 135.8, 134.6, 133.6, 129.6, 128.7, 128.4, 

128.3, 127.9, 127.6, 127.2, 53.1, 51.6, 21.0. HRMS (ESI): Calculated for 

C22H22NO3S [M+H]+ 380.1315, found: 380.1309. Spectroscopic data (1H NMR) 

was in agreement to those previously reported.[151] 

 

Chemotion ELN sample number: HMA-3-68. 

 

 

N-Methylmethanesulfonamide (4.4) 

 

Methanesulfonyl chloride (1.15 g, 774 μL, 10.0 mmol, 1.00 eq.) was dissolved in 

dry THF under nitrogen atmosphere and methylamine in THF (932 mg, 15.0 mL, 

30.0 mmol, 2.00 M, 3.00 eq.) was added dropwise over 15 min at 0 °C. The mix-

ture was stirred at 0 °C for 15 min and then at rt overnight. The solvent was re-

moved under reduced pressure and the crude product was purified via bulb-to-

bulb distillation (0.87 mbar, 125 °C to 140 °C) to obtain a colourless oil (1.04 g, 

9.53 mmol, 95%). 

IR (neat): ṽ = 3578 (w), 3295 (w), 3020 (w), 2937 (w), 2823 (w), 1633 (w), 1464 

(w), 1406 (w), 1305 (s), 1148 (s), 1130 (s), 1070 (m), 971 (m), 836 (m), 754 (m), 

643 (w), 521 (s), 456 (m). 1H NMR (600 MHz, CDCl3): δ = 4.23 (s, 1H), 2.95 

(s, 3H), 2.84 (s, 3H). 13C NMR (151 MHz, CDCl3): δ = 39.0, 29.5. 

HRMS (ESI): Calculated for C2H6NO2S [M-H]- 108.0125, found: 108.0116. 

Spectroscopic data was in agreement to those previously reported [152]. 

 

Chemotion ELN sample number: HMA-4-26. 
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obtained after automated FC (CyH : EtOAc, 90:10) as an off-white solid (1.48 g, 

4.89 mmol, 60% yield). 

 

IR (neat): ṽ = 3063 (w), 3031 (w), 1696 (m), 1597 (w), 1581 (w), 1495 (w), 1450 

(w), 1409 (w), 1370 (w), 1328 (s), 1226 (m), 1146 (s), 1090 (w), 1062 (w), 1029 

(w), 995 (w), 965 (w), 939 (m), 916 (w), 813 (w), 785 (m), 753 (m), 690 (m), 661 

(w), 594 (w), 520 (m), 504 (m). 1H NMR (400 MHz, CDCl3): δ = 7.85 – 7.80 

(m, 2H), 7.60 (ddt, J = 8.7, 7.0, 1.3 Hz, 1H), 7.50 – 7.40 (m, 2H), 7.37 – 7.28 (m, 

5H), 4.66 (s, 2H), 4.56 (s, 2H), 3.17 (s, 3H). 13C NMR (101 MHz, CDCl3): δ = 

195.3, 135.4, 134.7, 134.3, 129.1, 129.0, 128.7, 128.4, 128.0, 51.8, 51.1, 40.6. 

HRMS (ESI): Calculated for C16H18NO3S [M+H]+: 304.1002, found 304.1002. 

Spectroscopic data was in agreement to those previously reported.[41] 

 

Chemotion ELN sample number: HMA-4-60. 

 

2-(Methyl(phenyl)amino)-1-phenylethan-1-one (2.43) 

 

Following GP-A with minor alterations, using 2-bromoacetophenone (1.99 g, 

10.0 mmol, 1.00 eq.), N-methylaniline (1.07 g, 1.08 mL, 10.0 mmol, 1.00 eq.) 

and K2CO3 (2.07 g, 15.0 mmol, 1.50 eq.) in acetonitrile (10 mL) at 70 °C for 14 h. 

The crude mixture was filtered, the solvent was removed under reduced pressure. 

EtOH (20 mL) was added and an off-white precipitate was formed. The solid was 

filtered, washed with cold EtOH (3 x 5 mL) and pentane (10 mL) and dried under 

reduced pressure. The product was obtained as a bright yellow solid (1.689 g, 

7.50 mmol, 75%). 

 

M.P.: 120 – 122 °C. IR (neat): ṽ = 3062 (w), 2900 (w), 2168 (w), 1697 (s), 1599 

(s), 1579 (w), 1506 (s), 1448 (w), 1371 (w), 1345 (w), 1254 (w), 1221 (s), 1118 

(w), 987 (w), 972 (w), 943 (w), 918 (w), 748 (s), 690 (s), 666 (w), 572 (w), 542 

(w), 519 (w), 494 (w), 482 (w), 447 (w), 439 (w). 1H NMR (600 MHz, CDCl3): 

δ = 8.02 – 7.97 (m, 2H), 7.64 – 7.58 (m, 1H), 7.53 – 7.47 (m, 2H), 7.25 – 7.18 

(m, 2H), 6.73 (tt, J = 7.4, 1.0 Hz, 1H), 6.71 – 6.67 (m, 2H), 4.79 (s, 2H), 3.11 (s, 

3H). 13C NMR (151 MHz, CDCl3): δ = 196.5, 149.2, 135.5, 133.7, 129.4, 
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129.0, 127.9, 117.4, 112.5, 59.1, 39.8. HRMS (ESI): Calculated for C15H16NO 

[M+H]+: 226.1226, found: 226.1218. Spectroscopic data was in agreement to 

those previously reported.[156]  

 

Chemotion ELN sample number: HMA-4-44. 

 

2-(Ethyl(phenyl)amino)-1-phenylethan-1-one (2.44) 

 

Following GP-A, using 2-bromoacetophenone (995 mg, 5.00 mmol, 1.00 eq.), N-

ethylaniline (606 mg, 629 μL, 5.00 mmol, 1.00 eq.) and K2CO3 (1.38 g, 

10.0 mmol, 2.00 eq.) in acetonitrile (10.0 mL). The product was obtained after 

automated FC (CyH : EtOAc, 100:00 to 70:30) and recrystallised from CyH/Tol-

uene (80:20). The product was obtained as a yellow solid (651 mg, 2.72 mmol, 

54%). 

 

M.P.: 89 – 96 °C. IR (neat): ṽ = 3062 (w), 2972 (w), 2927 (w), 1698 (s), 1598 

(s), 1506 (s), 1449 (m), 1427 (w), 1391 (m), 1376 (w), 1353 (m), 1275 (w), 1247 

(m), 1220 (s), 1195 (m), 1160 (w), 1129 (w), 1076 (w), 1041 (w), 1001 (w), 987 

(w), 965 (m), 887 (w), 790 (w), 747 (s), 690 (s), 666 (w), 573 (w), 548 (w), 520 

(w). 1H NMR (400 MHz, CDCl3): δ = 8.08 – 7.94 (m, 2H), 7.67 – 7.57 (m, 

1H), 7.50 (ddd, J = 8.1, 6.6, 1.3 Hz, 2H), 7.24 – 7.15 (m, 2H), 6.74 – 6.68 (m, 

1H), 6.65 (d, J = 8.2 Hz, 2H), 4.75 (s, 2H), 3.52 (q, J = 7.1 Hz, 2H), 1.23 (t, J = 

7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3): δ = 196.5, 148.0, 135.6, 133.7, 

129.4, 129.0, 128.0, 117.1, 112.5, 57.0, 46.4, 12.6. HRMS (ESI): Calculated for 

C16H18NO [M+H]+: 240.1383, found: 240.1382. Spectroscopic data was in agree-

ment to those previously reported.[156]  

 

Chemotion ELN sample number: HMA-4-37. 
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(1.33 mL, 7.68 mmol, 1.10 eq.) was added slowly. The solution was cooled to 0 °C 

and trifluoromethanesulfonic anhydride (1.29 mL, 7.68 mmol, 1.10 eq.) was 

added dropwise. The reaction mixture was allowed to warm up to rt and was 

stirred for 17 h. NH4Cl sat. aq. (40 mL) was added, and the aqueous phase was 

extracted with CH2Cl2 (3x40 mL). The combined organic phases were washed 

with NaCl sat. aq. (3x50 mL) and were dried over Na2SO4. The solvent was re-

moved in vacuo and the crude product was used without further purification.  

Mg-turnings (1.684 g, 69.8 mmol, 10.0 eq.) were activated with I2 in a flame-

dried Schlenk-flask under nitrogen atmosphere and dry THF (35 ml) was added. 

Bromobenzene (3.72 mL, 34.9 mmol, 5.00 eq.) was added dropwise at a rate to 

sustain constant reflux and the mixture was stirred 2 h at rt.  

The crude product from the first step was dissolved in THF (30 mL) under nitro-

gen atmosphere and the freshly prepared Grignard-reagent was added as a solu-

tion at 0 °C via a transfer cannula and the mixture was stirred at 70 °C for 17 h. 

After cooling to rt, NH4Cl sat. aq. (40 mL) was added, and the aqueous phase was 

extracted with Et2O (3x50 mL). The combined organic fractions were washed 

with NaHCO3 sat. aq. (50 mL), NaCl sat. aq. (50 mL), were dried over Na2SO4 

and the solvent was removed under reduced pressure. The product was obtained 

after automated FC (CyH : EtOAc, 95:5 to 80:20) as a colourless foam (1.890 g, 

5.46 mmol, 78%). 

 

1H NMR (400 MHz, CDCl3): δ = 8.09 (d, J = 8.5 Hz, 1H), 7.99 (dt, J = 8.3, 

1.1 Hz, 1H), 7.78 (d, J = 8.5 Hz, 1H), 7.72 (d, J = 8.5 Hz, 1H), 7.52 (ddd, J = 8.1, 

6.0, 2.0 Hz, 1H), 7.36 – 7.27 (m, 3H), 7.23 (ddd, J = 15.0, 6.6, 1.5 Hz, 2H), 7.18 

– 7.11 (m, 3H), 7.12 – 7.02 (m, 4H), 4.84 (s, 1H). 13C NMR (101 MHz, 

CDCl3): δ = 151.1, 141.7, 140.9, 134.3, 133.4, 133.3, 130.0, 129.6, 128.8, 128.7, 

128.7, 128.6, 128.3, 128.2, 127.8, 127.3, 127.1, 126.7, 126.6, 126.5, 125.2, 

123.3, 117.8, 117.3.b HRMS (APCI): Calculated for C26H17O [M-H]-: 345.1279, 

Found: 345.1281. Spectroscopic data was in agreement to those previously re-

ported.[163] 

 

 

b Missing signals under solvent peak. 
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4.2.2 Norrish-Yang cyclisation of alpha-substituted acetophe-

nones 

4.2.2.1 NMR scale experiments 

The investigation of the effect of structural variations on the photoreaction was 

conducted in CD3CN to achieve comparative results after 4 h of irradiation. Sam-

ples of acetophenones (25 µM) were dissolved in CD3CN (0.5 mL, 50 mM) and 

irradiated with 355 nm for 4 h at 25 °C. Mesitylene was added as an internal 

standard and the reaction was analysed by 1H NMR. 

Table 19:  NMR study of the effect of structural variation on the cyclisation. Reactions 
were performed on 25 µM scale in 0.5 mL CD3CN (50 mM), NMR yield and dr based on 1H 
NMR using mesitylene as internal standard.  

 

Entry Products 
Conver-

sion 
Cyclisation 

Fragmen-

tation 

1 Ar = Nph PG = Ts R = H (2.69)a 23% 11% 4% 

2 Ar = Ph PG = Ts R = H (2.6) >99% 81% 14% 

3 Ar = Ph PG = Ts R = Me (2.71) >99% 54% (dr 54:46) 26% 

4 Ar = Ph PG = Ts R = Ph (2.72) >99% 63% (dr 60:40) 20% 

5 Ar = Ph PG = Ms R = H (2.73) >99% 67% 14% 

6 Ar = Ph PG = Ms R = Me (2.74) >99% 44% (dr 51:49) 42% 

7 Ar = Ph PG = Ms R = Ph (2.75) >99% 37% (dr 52:48) 22% 

8 Ar = Ph PG = Ph R = H (2.76) 90% 12% 3% 

9 Ar = Ph PG = Ph R = Me (2.77) 27% 2% (dr 52:48) 6% 

10 Ar = Ph PG = Me R = H (2.78)b 87% <1% 53% 

11 Ar = Ph PG = Ph R = H (2.79)b >99% <1% 65% 

12 Ar = Ph PG = Bzh R = H (2.80)b 94% 10% 74% 

a Synthesis performed by . b Starting material synthesised by . Nph = naphthyl, Bzh = benzhydryl. 
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1-(Methylsulfonyl)-3-phenylazetidin-3-ol (2.73) 

 

Following GP-D, using N-methyl-N-phenacylmethanesulfonamide 2.40 

(455 mg, 2.00 mmol, 1.00 eq.) in acetonitrile (40 mL) for 8 h. The desired prod-

uct was obtained after automated FC (CyH : EtOAc, 50:50 to 15:85) as obtained 

as a colourless solid (269 mg, 1.18 mmol, 59%). 

 

M.P.: 138 – 142 °C. IR (neat): ṽ = 3461 (w), 2935 (w), 1449 (w), 1325 (s), 1146 

(s), 1078 (m), 1029 (w), 963 (w), 761 (m), 701 (m), 602 (w), 555 (w), 523 (m). 

1H NMR (400 MHz, CDCl3): δ = 7.57 – 7.52 (m, 2H), 7.47 – 7.40 (m, 2H), 

7.39 – 7.33 (m, 1H), 4.35 – 4.26 (m, 2H), 4.23 – 4.16 (m, 2H), 2.96 (s, 3H), 2.83 

– 2.72 (m, 1H). 13C NMR (101 MHz, CDCl3): δ = 142.1, 129.0, 128.6, 124.7, 

70.6, 64.7, 36.9. HRMS (ESI): Calculated for C10H14NO3S [M+H]+: 228,0689, 

found 228,0689. 

 

Chemotion ELN sample number: HMA-4-72. 

 

2-Methyl-1-(methylsulfonyl)-3-phenylazetidin-3-ol (2.74) 

 

Following GP-C, using N-ethyl-N-phenacylmethanesulfonamide 2.41 (90.0 mg, 

373 μmol, 1.00 eq.) in DMF (10 mL) for 8 h. The desired product was obtained 

after automated FC (CyH : EtOAc, 100:00 to 60:40) as two diastereomers 

(dr = 40:60 for isolated material) minor-2.74 (8.00 mg, 33.2 μmol, 9%) and 

major-2.74 (12.0 mg, 49.7 μmol, 13%), both a colourless wax. The diastere-

omers were assigned according to 2.71. 

 

Major-2.74 (2S,3R)-2-methyl-1-(methylsulfonyl)-3-phenylazetidin-3-ol: 
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IR (neat): ṽ = 3466 (w), 3027 (w), 3012 (w), 2985 (w), 2932 (w), 2890 (w), 1621 

(w), 1497 (w), 1470 (w), 1451 (w), 1412 (w), 1377 (w), 1322 (s), 1243 (w), 1144 

(s), 1079 (m), 1031 (w), 989 (m), 989 (m), 971 (w), 916 (w), 866 (w), 794 (m), 

765 (m), 743 (w), 701 (m), 701 (m), 598 (w), 548 (w), 526 (m), 506 (w). 1H NMR 

(400 MHz, CDCl3): δ = 7.58 – 7.51 (m, 2H), 7.48 – 7.41 (m, 2H), 7.40 – 7.32 

(m, 1H), 4.46 (qd, J = 6.5, 0.9 Hz, 1H), 4.29 (dd, J = 8.6, 0.9 Hz, 1H), 4.09 (d, J 

= 8.6 Hz, 1H), 2.98 (s, 3H), 2.77 (br s, 1H), 0.92 (d, J = 6.5 Hz, 3H). 13C NMR 

(101 MHz, CDCl3): δ = 139.1, 128.7, 128.5, 125.9, 73.7, 71.6, 62.5, 36.9, 17.1. 

HRMS (ESI): Calculated for C11H16NO3S [M+H]+: 242.0845, found 242.0842. 

 

 

Minor-2.74 (2S,3S)-2-methyl-1-(methylsulfonyl)-3-phenylazetidin-3-ol: 

IR (neat): ṽ = 3468 (w), 3029 (w), 2979 (w), 2932 (w), 1604 (w), 1497 (w), 1449 

(w), 1378 (w), 1315 (s), 1180 (m), 1144 (s), 1076 (m), 1032 (w), 991 (m), 960 

(m), 913 (w), 897 (w), 799 (m), 753 (m), 700 (s), 624 (m), 583 (m), 518 (m), 484 

(m). 1H NMR (400 MHz, CDCl3): δ = 7.46 – 7.38 (m, 4H), 7.37 – 7.29 (m, 

1H), 4.67 (qd, J = 6.4, 1.0 Hz, 1H), 4.38 (d, J = 8.7 Hz, 1H), 3.87 (dd, J = 8.7, 1.0 

Hz, 1H), 2.92 (s, 3H), 2.44 (br s, 1H), 1.48 (d, J = 6.4 Hz, 3H). 13C NMR (101 

MHz, CDCl3): δ =141.9, 129.0, 128.5, 125.1, 73.0, 68.7, 61.8, 38.9, 14.7. 

HRMS (ESI): Calculated for C11H16NO3S [M+H]+: 242.0845, found 242.0841. 

 

Chemotion ELN sample number: HMA-4-77. 

 

1-(Methylsulfonyl)-2,3-diphenylazetidin-3-ol 2.75 

 

Following GP-E, using N-benzyl-N-(2-oxo-2-phenylethyl)methanesulfonamide 

2.42 (96.0 mg, 317 μmol, 1.00 eq.) in DMF (12.7 mL) for 8 h. The desired prod-

uct was obtained after automated FC (CyH : EtOAc, 50:50) as two diastereomers 

(dr = 44:56) minor-2.75 (20.0 mg, 65.9 μmol, 21%) and major-2.75 
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(26.0 mg, 85.7 μmol, 27%) as colourless resigns. The diastereomers were not as-

signed. 

 

Major-2.75: 

IR (neat): ṽ = 3468 (w), 3063 (w), 3030 (w), 2931 (w), 1496 (w), 1450 (w), 1409 

(w), 1320 (s), 1227 (w), 1193 (w), 1146 (s), 1079 (w), 1059 (w), 1027 (w), 965 

(m), 913 (w), 870 (w), 826 (w), 784 (m), 756 (w), 732 (w), 698 (s), 644 (w), 625 

(w), 579 (w), 529 (m), 512 (w), 472 (w), 462 (w), 446 (w), 421 (w), 410 (w). 

1H NMR (400 MHz, CDCl3): δ =7.26 – 7.21 (m, 2H), 7.20 – 7.13 (m, 3H), 

7.09 (q, J = 3.5 Hz, 3H), 7.07 – 7.02 (m, 2H), 5.43 (s, 1H), 4.45 (d, J = 8.7 Hz, 

1H), 4.32 (d, J = 8.7 Hz, 1H), 3.01 (s, 1H), 2.84 (s, 3H). 13C NMR (101 MHz, 

CDCl3): δ = 138.3, 135.2, 128.2, 128.1, 127.1, 126.3, 78.2, 76.0, 59.8, 38.8.j 

HRMS (ESI): Calculated for C16H18NO3S [M+H]+: 304.1002, found: 

304.0999. Spectroscopic data (1H NMR) was in agreement to those previously 

reported. [41] 

Minor-2.75: 

IR (neat): ṽ = 3712 (w), 3652 (w), 3465 (w), 3032 (w), 2933 (w), 2349 (w), 2262 

(w), 2222 (w), 2184 (w), 2168 (w), 2069 (w), 2038 (w), 1991 (w), 1969 (w), 1727 

(w), 1496 (w), 1450 (w), 1313 (s), 1144 (s), 1062 (m), 1027 (m), 963 (m), 908 

(w), 828 (w), 790 (m), 751 (m), 732 (m), 698 (s), 651 (w), 635 (w), 582 (m), 519 

(m), 466 (w), 456 (w), 442 (w), 418 (w). 1H NMR (400 MHz, CDCl3): δ = 7.52 

(d, J = 7.7 Hz, 2H), 7.48 – 7.31 (m, 8H), 5.65 (s, 1H), 4.63 (d, J = 8.7 Hz, 1H), 

3.96 (d, J = 8.8 Hz, 1H), 2.86 (d, J = 1.9 Hz, 3H), 2.09 (s, 1H). 13C NMR (101 

MHz, CDCl3): δ = 142.1, 133.6, 129.4, 129.1, 129.0, 128.5, 127.9, 125.3, 75.1, 

73.3, 60.9, 40.1. HRMS (ESI): Calculated for C16H18NO3S [M+H]+: 304.1002, 

found: 304.0999. Spectroscopic data (1H NMR) was in agreement to those previ-

ously reported.[41] 

 

Chemotion ELN sample number: HMA-4-63. 

 

 

j Signals missing due to signal overlapping. 
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1,3-Diphenylazetidin-3-ol 2.76 

 

Following GP-D, using 2-(methyl(phenyl)amino)-1-phenylethan-1-one 2.43 

(135.2, 600 μmol, 1.00 eq.) in THF for 8 h. The desired product was obtained af-

ter automated FC (CyH : EtOAc, 90:10 to 80:20.) as an off-white solid (75.0 mg, 

333 μmol, 55%). 

 

M.P.: 80 – 84 °C. IR (neat): ṽ = 3370 (w), 3060 (w), 3031 (w), 2929 (w), 2851 

(w), 1599 (s), 1502 (s), 1472 (m), 1449 (w), 1343 (m), 1261 (w), 1228 (w), 1176 

(w), 1155 (w), 1126 (w), 1061 (w), 1028 (w), 912 (w), 874 (w), 828 (w), 752 (s), 

693 (s), 668 (w), 562 (w), 516 (w). 1H NMR (400 MHz, CDCl3): δ = 7.63 – 

7.57 (m, 2H), 7.41 (dd, J = 8.4, 6.8 Hz, 2H), 7.36 – 7.30 (m, 1H), 7.29 – 7.22 (m, 

2H), 6.81 (tt, J = 7.3, 1.1 Hz, 1H), 6.58 – 6.50 (m, 2H), 4.26 (d, J = 7.8 Hz, 2H), 

4.09 (d, J = 7.8 Hz, 2H), 2.62 (s, 1H). 13C NMR (101 MHz, CDCl3): δ = 151.3, 

143.6, 129.1, 128.7, 127.9, 124.8, 118.3, 112.2, 72.5, 67.2. HRMS (ESI): Cal-

culated for C15H16NO [M+H]+: 226.1226, found: 226.1218. Spectroscopic data 

was in agreement to those previously reported. [156] 

 

Chemotion ELN sample number: HMA-4-82. 

 

2-Methyl-1,3-diphenylazetidin-3-ol 2.77 

 

Following GP-E, using 2-(N-ethylanilino)-1-phenylethanone 2.44 (145 mg, 

606 μmol, 1.00 eq.) in DMF (12.1 mL) for 24h. The desired product was obtained 

after automated FC (CyH : EtOAc, 100:00 to 70:30) as two diastereomers 

(dr = 44:56) minor-2.77 (14.0 mg, 58.5 μmol, 10%) and major-2.77 

(18.0 mg, 75.2 μmol, 12%) as colourless waxes. The diastereomers were not as-

signed. 

Major-2.77: 

IR (neat): ṽ = 3416 (w), 3088 (w), 3058 (w), 3027 (w), 2977 (w), 2930 (w), 2865 

(w), 1682 (w), 1599 (s), 1498 (s), 1447 (m), 1374 (m), 1323 (m), 1260 (w), 1178 
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(m), 1142 (m), 1064 (m), 1028 (m), 909 (w), 752 (s), 699 (s), 648 (w), 617 (w), 

585 (w), 507 (w). 1H NMR (400 MHz, CDCl3): δ = 7.48 – 7.41 (m, 2H), 7.40 

– 7.34 (m, 2H), 7.32 – 7.21 (m, 3H), 6.81 (tt, J = 7.4, 1.1 Hz, 1H), 6.61 (dtd, J = 

8.8, 2.1, 1.2 Hz, 2H), 4.38 – 4.30 (m, 1H), 4.19 – 4.14 (m, 1H), 4.08 (d, J = 8.3 

Hz, 1H), 3.65 (br s, 1H), 1.80 – 1.47 (m, 3H). 13C NMR (101 MHz, CDCl3): δ 

= 151.5, 143.3, 129.2, 128.7, 127.9, 125.2, 118.5, 112.8, 74.6, 70.5, 65.6, 15.5. 

HRMS (ESI): Calculated for C16H18NO [M+H]+: 240.1482, found 240.1382. 

Minor-2.77: 

IR (neat): ṽ = 3401 (w), 3060 (w), 3031 (w), 2925 (m), 2855 (w), 1599 (s), 1499 

(s), 1470 (w), 1451 (m), 1377 (w), 1329 (s), 1179 (w), 1147 (m), 1100 (w), 1073 

(m), 1032 (w), 1007 (w), 876 (w), 781 (w), 754 (s), 694 (s), 596 (w), 523 (w), 463 

(w), 427 (w), 411 (w). 1H NMR (400 MHz, CDCl3): δ = 7.68 – 7.61 (m, 2H), 

7.48 – 7.40 (m, 2H), 7.39 – 7.31 (m, 1H), 7.29 – 7.20 (m, 4H), 6.82 (tt, J = 7.3, 

1.1 Hz, 1H), 6.71 – 6.60 (m, 2H), 4.52 (dd, J = 7.9, 1.0 Hz, 1H), 4.21 (q, J = 6.4 

Hz, 1H), 3.83 (d, J = 7.9 Hz, 1H), 2.26 (br s, 1H), 1.02 (d, J = 6.4 Hz, 3H). 

13C NMR (101 MHz, CDCl3): δ = 152.3, 140.8, 129.2, 128.4, 127.8, 126.1, 

118.8, 113.1, 75.5, 72.6, 65.6, 18.2. HRMS (ESI): Calculated for C16H18NO 

[M+H]+: 240.1482, found 240.1382. Spectroscopic data was in agreement to 

those previously reported. [156] 

 

Chemotion ELN sample number: HMA-4-67. 

 

1-Benzhydryl-3-phenylazetidin-3-ol (2.80) 

 

Following GP-D, using 2-(benzhydryl(methyl)amino)-1-phenylethan-1-one pre-

pared by  (284 mg, 900 μmol, 1.00 eq.) in acetonitrile (45 mL) for 12h 

at 22 °C. The solvent was removed under reduced pressure and the crude product 

was purified via automated FC (CyH : EtOAc, 100:00 to 50:50). The product was 

obtained as a colourless solid (37.0 mg, 117 μmol, 13%). 

M.P.: 99 – 102 °C. IR (neat): ṽ = 3363 (w), 3084 (w), 3060 (w), 3027 (w), 2944 

(w), 2836 (w), 1600 (w), 1493 (w), 1450 (m), 1390 (w), 1344 (w), 1308 (w), 1267 

(w), 1212 (m), 1179 (w), 1157 (w), 1076 (w), 1064 (w), 1028 (w), 913 (w), 890 

(w), 858 (w), 754 (m), 741 (m), 698 (s), 638 (w), 623 (w), 614 (w), 550 (w), 472 
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4.3 Development of a molecular solar thermal system 

General procedures 

General procedure G (GP-G) for the preparation of 2,2,2-trifluoroace-

tophenones from halogenated arenes with lithium organyls: 

2,2,2-Trifluoroacetophenones were prepared following an adapted literature pro-

cedure.[113] A halogenated arene (1.00 eq.) was dissolved in dry Et2O or THF 

(0.2 M) under nitrogen atmosphere and was cooled to –78 °C at which tempera-

ture t-BuLi (2.05 eq.) was added dropwise. After 30 min, ethyl trifluoroacetate 

(1.10 eq.) was added dropwise and the mixture was stirred at –78 °C for 3 h. The 

reaction was quenched with aqueous saturated NH4Cl solution, diluted with 

Et2O, and allowed to warm up to rt. 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 under reduced pressure. 

The products were purified via flash chromatography (FC) and bulb-to-bulb dis-

tillation. Bulb-to-bulb distillation was found to be crucial to achieve reproducible 

reactivity in the irradiation. 

General procedure H (GP-H) for NMR scale irradiation experiments in 

deuterated benzene: 

For NMR scale irradiation experiments, oven dried NMR Tubes with a septum 

cap were charged with degassed C6D6 (0.5 mL, 3  freeze-pump-thaw) in a Glove 

Box. An acetophenone was added under inert gas atmosphere via a microsyringe 

through the septum cap and PhCF3 was added as an internal standard. The tubes 

were irradiated using a Luzchem LZC-ORG photoreactor equipped with 10 × 8 

Watt LZC-UVA mercury lamps (355 nm) lamps (cf. chapter 4.1,Figure 26) or a 

Kessil 45W PR160L 370nm Gen2 LED at 1 cm distance (cf. chapter 4.1,Figure 

27). 

General procedure I (GP-I) for large scale irradiation experiments: 

Oven-dried Schlenk-flasks were charged with an acetophenone was added under 

inert gas atmosphere and a respective solvent. The mixture was degassed 

(3  freeze-pump-thaw) and irradiated. The solvent was removed under reduced 

pressure and the sample purified using FC, automated FC or RP-MPLC. 
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HCl (5 M, 10 mL) was added and the mixture was stirred over-night. The mixture 

was extracted with Et2O (3 x 20 mL) and the combined organic phases were 

washed with brine (3 x 20 mL), water (3 x 20 mL) and were dried over Na2SO4. 

The solvent was removed under reduced pressure and the crude product was pu-

rified via FC (pentane : Et2O, 90:10) and bulb-to-bulb distillation (100 °C, 

1.1 mbar) as a colourless oil (401 mg, 2.36 mmol, 40%). 

 

IR (neat): ṽ = 2973 (w), 2360 (w), 2172 (w), 2148 (w), 2108 (w), 2060 (w), 2020 

(w), 1982 (w), 1707 (s), 1602 (w), 1572 (w), 1491 (w), 1458 (w), 1384 (w), 1346 

(w), 1296 (w), 1268 (w), 1236 (w), 1148 (m), 1123 (s), 1065 (s), 967 (w), 873 (w), 

860 (w), 789 (w), 760 (w), 725 (m), 651 (w), 584 (w), 554 (w), 543 (w), 486 (w), 

458 (w), 451 (w), 441 (w), 431 (w), 410 (w). 1H NMR (400 MHz, C6D6): δ = 

7.50 (d, J = 7.7 Hz, 1H), 7.00 – 6.91 (m, 1H), 6.80 (d, J = 7.6 Hz, 2H), 5.65 (t, J 

= 53.7 Hz, 1H), 2.36 (s, 3H). 13C {1H, 19F} NMR (101 MHz, C6D6): δ = 189.5, 

141.4, 133.1, 132.6, 131.5, 130.3, 125.8, 111.0, 21.6. 19F NMR (282 MHz, 

C6D6): δ = -122.31 (dd, J = 53.7, 1.9 Hz, 2F). HRMS (APCI): Calculated for 

C9H7F2O [M-H]-: 169.0470, found: 169.0496. Spectroscopic data was in agree-

ment to those previously reported.[171] 

 

Chemotion ELN sample number: HMA-4-292 and HMA-4-458. 
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Absolute yields 

The sensitivity screening was repeated to access the overall performance of the 

reaction after 8 h using the identical reaction setup (vide supra). Only the execu-

tion of this experiment was conducted by . 

A stock solution was prepared by dissolving 3.8 (27.14 mg, 144 µmol, 1.00 eq.) 

in C6D6 (7 mL, 20 mM) and the solution was degassed (3  freeze-pump-thaw). 

PhCF3 (17.0 µL, 139 µM, 0.96 eq.) was added as an internal reference and the 

concentration verified via 19F NMR. Samples were again prepared in a Glove Box. 

The solution for the big scale was prepared with 3.8 (37.51 mg, 0.2 mmol, 

1.00 eq.) in benzene (10 mL, 20 mM) and the mixture was degassed (3  freeze-

pump-thaw). PhCF3 (5 µL, 41 µmol, 0.21 eq.) was added with a stir bar. For high 

and medium concentration (entries 10 & 11, Table 22), oven dried NMR Tubes 

with a septum cap were charged with degassed C6D6 (0.5 mL, 3  freeze-pump-

thaw) in a Glove Box. 3.8 was added under inertgas atmosphere via a microsy-

ringe through the septum cap and PhCF3 was added as an internal standard. The 

samples were subjected to 19F NMR to verify the concentration before the irradi-

ation. The results are summarized in Table 22 and deviations from the standard 

reaction conditions are listed. 
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Figure 32: Plots of the concentration dependent transformation of acetophenone 3.8 to-
wards product 3.26 under irradiation with 370 nm. Starting concentration of acetophe-
none 3.8 A: 2 mM, B: 20 mM, C: 200 mM.  
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Figure 38: 1H spectrum of 3.40 in C6D6. The relevant protons were assigned by COSY and 
HSQC. 

 

 

Figure 39: 19F 1H HOESY spectrum of 3.40 in C6D6. 
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Figure 40: 1H 1H COSY spectrum of 3.40 in C6D6. 

 

Figure 41: NOESY spectrum of 3.40 in C6D6. Relevant contacts highlighted in red. 
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Figure 42: HSQC spectrum of 3.40 in C6D6. 

 

 

Figure 43: HMBC spectrum of 3.40 in C6D6. 
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the solution was degassed via freeze-pump-thaw cycles (3). The solution was 

irradiated using a Kessil 45W PR160L 370nm Gen2 LED for 8 h (see chapter 4.1 

for set-up). The solvent was removed under reduced pressure, the sample was 

dissolved in CDCl3 and CH2Br2 (43.5 mg, 17.5 μL, 250 μmol, 1.00 eq. was added. 

The mixture was analyzed via NMR (92% NMR yield). The sample was purified 

via automated FC (CyH:EtOAc, 100:0 to 60:40, then C18-RP column: 

H2O/CD3CN (90:10 to 10:90) and the product was obtained as a colourless oil 

(27 mg, 90 μmol, 36%). The diminished isolated yield is due to a difficult separa-

tion from N-methylmaleimide, that eludes together with the product. Relative 

configuration was assigned in analogy to 3.46 CCDC 2371854, synthesised by  

 

IR (neat): ṽ = 3391 (w), 1778 (w), 1684 (s), 1442 (m), 1388 (m), 1287 (m), 1245 

(s), 1164 (s), 1127 (s), 1029 (m), 978 (m), 948 (w), 908 (m), 845 (w), 766 (m), 

729 (s), 650 (w), 520 (w). 1H NMR (400 MHz, CDCl3): δ = 7.88 (dd, J = 7.3, 

2.0 Hz, 1H), 7.41 – 7.28 (m, 2H), 7.18 – 7.09 (m, 1H), 6.04 (q, J = 0.9 Hz, 1H), 

3.66 (d, J = 9.1 Hz, 1H), 3.47 (td, J = 9.4, 8.9, 1.2 Hz, 1H), 3.32 (ddq, J = 16.5, 

9.9, 1.1 Hz, 1H), 3.16 (dp, J = 16.5, 2.0 Hz, 1H), 2.89 (s, 3H). 13C NMR (101 

MHz, CDCl3): δ = 179.0, 178.8, 133.8, 132.4, 130.0, 128.8, 127.9, 127.8, 125.0 

(q, J = 285.5 Hz), 73.6 (q, J = 30.7 Hz), 42.4, 37.9, 29.1 (q, J = 4.3 Hz), 25.6. 19F 

NMR (282 MHz, CDCl3): δ = -80.09 (d, J = 1.6 Hz, 3F). HRMS (ESI): Cal-

culated for C14H11F3NO3 [M-H]-: 298.0697, found: 298.0694. 

 

Chemotion ELN sample number: HMA-4-433. 

 

 

4.3.3.4 Mechanism of the peroxide formation 

A stock solution was prepared by dissolving 3.8 (94.1 mg, 500 μmol, 1.00 eq.) in 

benzene (10 mL, 20 mM) and adding PhCF3 as an internal standard (60.9 µL, 

500 µmol, 1.00 eq.) The solution was divided into 5 × 10 mL vial, of which three 

contained TPP (0.6 mg, 1 µM, 1mol%). Afterwards the solutions were saturated 

with oxygen and irradiated under oxygen atmosphere for 4 h with a combination 

of two different lamps, namely a 355 nm UV lamp and/or a LCW (cool-white, for 

emission spectrum cf. chapter 4.1, Figure 23). The results are depicted in (Table 

11). 
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(m, 1H), 7.01 – 6.95 (m, 2H), 6.90 (dt, J = 7.2, 1.0 Hz, 1H), 3.92 (s, 1H), 3.60 (d, 

J = 13.7 Hz, 1H), 3.26 (d, J = 13.7 Hz, 1H), 3.11 (s, 3H). 13C NMR (101 MHz, 

C6D6): δ = 175.1, 146.5, 143.4, 130.1, 127.9, 123.6, 121.4, 78.5, 52.4, 45.8. 

HRMS (APCI): Calculated for C10H10O3 [M]·+: 178.0624, found 178.0602. 

 

Chemotion ELN sample number: HMA-4-314 and HMA-4-485. 
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𝑑[𝟑. 𝟐𝟔]

[𝟑𝐝]
=  −𝑘𝑑𝑡 (2) 

 ln[𝟑. 𝟐𝟔] = ln[𝟑. 𝟐𝟔]0 − 𝑘𝑡 (3) 

 [𝟑. 𝟐𝟔] = [𝟑. 𝟐𝟔]0 𝑒−𝑘𝑡 (4) 

With [3.26]0 being the starting concentration of 3.26. The concentration-time 

plots are depicted in Figure 46. By plotting −ln[𝟑. 𝟐𝟔] vs t and fitting the data to 

a straight line, the rate constant can be obtained as the slope of the line. 
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temperature (298.15 K). Using equation (7), the thermal half-life can be calcu-

lated from 𝑘4.  

This concludes: 

𝑘4 (298.15 K) =  4.02 × 10−17  
1

s
 

𝜏1/2 = 5.47 × 108 years. 
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Figure 49: 1H NMR corresponding to Table 34, Entry 2. 

 

Figure 50: 19F NMR corresponding to Table 34, Entry 2. 

With the established bases, the ring-opening reaction under base catalysis of the 

three previously determined candidates 3.26, 3.29 and 3.53 was compared (Ta-

ble 15). Samples of benzocyclobutenols (50.0 μmol) were dissolved in C6D6 

(0.5 mL) in an NMR tube and base (25 µmol, 0.5 eq.) was added. The samples 

were placed in a metal heating block and the reaction progress was monitored by 

1H NMR and 19F NMR with PhCF3 as internal standard after 16 h at 30 °C. 
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4.3.7 Crystallographic Data 

All X-ray measurements and structure refinements were performed by  

 

X-ray crystal structure analysis of 3.26 (hma4217) 

A colourless plate of C9H7F3O, approximate dimensions 

0.050 mm × 0.120 mm × 0.210 mm, was used for the X-ray crystallographic 

analysis. The X-ray intensity data were measured on a STOE IPDS-2T Diffrac-

tometer system. CCDC number: 2371853. 

 

 

Figure 54: Graphical representation of the X-Ray structure of 3.26. 
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Table 41: Crystal data and structure refinement for 3.26 (hma4217) 

Identification code hma4217 

Empirical formula C9H7F3O 

moiety formula C9H7F3O 

Formula weight 188.15 

Temperature 120(2) K 

Wavelength, radiation type 0.71073Å, MoKα 

Diffractometer STOE IPDS 2T 

Crystal system Monoclinic 

Space group name, number P 21/n, (14) 

Unit cell dimensions a = 11.1506(5) Å 
 

b = 12.4828(3) Å 
 

c = 18.7500(8) Å 

Volume 2575.06(17) Å3 

Number of reflections 30640 

and range used for lattice parameters 2.47° <=θ<= 28.51° 

Z 12 

Density (calculated) 1.456 Mg/m3 

Absorption coefficient 0.137 mm-1 

Absorption correction Integration 

Max. and min. transmission 0.9930 and 0.9743 

F(000) 1152 

Crystal size, colour and form 0.050 x 0.120 x 0.210 mm3, colourless 
plate 

Theta range for data collection 2.468 to 28.165°. 

Index ranges -14<=h<=14, -16<=k<=14, -
24<=l<=24 

Number of reflections: 

collected  31080 

independent  6251 [R(int) = 0.0290] 

observed [I>2sigma(I)] 4579 

Completeness to theta = 25.2° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6251 / 57 / 442 

Goodness-of-fit on F2 1.133 

Final R indices [I>2sigma(I)] R1 = 0.0579, wR2 = 0.1198 

R indices (all data) R1 = 0.0857, wR2 = 0.1396 

Largest diff. peak and hole 0.475 and -0.265 eÅ-3 

Remark OH’s localized and refined, three inde-
pendent molecules, one is disordered 
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X-ray crystal structure analysis of 3.28 (hma4218) 

A colourless block of C9H7F3O3, approximate dimensions 

0.340 mm × 0.460 mm × 0.460 mm, was used for the X-ray crystallographic 

analysis. The X-ray intensity data were measured on a STOE IPDS-2T Diffrac-

tometer system. CCDC number: 2371855. 

 

Figure 55: Graphical representation of the X-Ray structure of 3.28. 
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Table 42: Crystal data and structure refinement for 3.28 (hma4218) 

Identification code hma4218 

Empirical formula C9H7F3O3 

moiety formula C9H7F3O3 

Formula weight 220.15 

Temperature 120(2) K 

Wavelength, radiation type 0.71073Å, MoKα 

Diffractometer STOE IPDS 2T 

Crystal system Triclinic 

Space group name, number P -1, (2) 

Unit cell dimensions a = 8.2210(5) Å 
 

b = 10.0720(6) Å 
 

c = 11.6095(7) Å 

Volume 908.38(10) Å3 

Number of reflections 12284 

and range used for lattice parameters 2.88° <=θ<= 28.36° 

Z 4 

Density (calculated) 1.610 Mg/m3 

Absorption coefficient 0.158 mm-1 

Absorption correction Integration 

Max. and min. transmission 0.9688 and 0.9058 

F(000) 448 

Crystal size, colour and form 0.340 x 0.460 x 0.460 mm3, colourless 
block 

Theta range for data collection 2.878 to 27.956°. 

Index ranges -9<=h<=10, -13<=k<=13, -15<=l<=15 

Number of reflections: 

collected  8300 

independent  4302 [R(int) = 0.0228] 

observed [I>2sigma(I)] 3700 

Completeness to theta = 25.2° 99.7 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4302 / 0 / 325 

Goodness-of-fit on F2 1.070 

Final R indices [I>2sigma(I)] R1 = 0.0433, wR2 = 0.1057 

R indices (all data) R1 = 0.0527, wR2 = 0.1119 

Largest diff. peak and hole 0.472 and -0.253 eÅ-3 

Remark isotropic refinement for H-atoms  
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X-ray crystal structure analysis of 3.30 (hma4316) 

A colourless block of C9H6ClF3O3, approximate dimensions 

0.110 mm × 0.310 mm × 0.540 mm, was used for the X-ray crystallographic 

analysis. The X-ray intensity data were measured on a STOE IPDS-2T Diffrac-

tometer system. CCDC number: 2371857. 

 

 

Figure 56: Graphical representation of the X-Ray structure of 3.30. Two conformers of the 
6-membered ring containing the cyclic peroxide crystallized together and are depicted 
separately. 
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Table 43: Crystal data and structure refinement for 3.30 (hma4316) 

Identification code hma4316 

Empirical formula C9H6ClF3O3 

moiety formula C9H6ClF3O3 

Formula weight 254.59 

Temperature 120(2) K 

Wavelength, radiation type 0.71073Å, MoKα 

Diffractometer STOE IPDS 2T 

Crystal system Monoclinic 

Space group name, number P 21/c, (14) 

Unit cell dimensions a = 7.1493(6) Å 
 

b = 7.7680(6) Å 
 

c = 17.9137(15) Å 

Volume 974.87(14) Å3 

Number of reflections 9880 

and range used for lattice parameters 2.62° <=θ<= 28.42° 

Z 4 

Density (calculated) 1.735 Mg/m3 

Absorption coefficient 0.426 mm-1 

Absorption correction Integration 

Max. and min. transmission 0.9595 and 0.7963 

F(000) 512 

Crystal size, colour and form 0.110 x 0.310 x 0.540 mm3, colourless 
plate 

Theta range for data collection 2.867 to 27.934°. 

Index ranges -9<=h<=9, -9<=k<=10, -23<=l<=23 

Number of reflections: 

collected  5169 

independent  2313 [R(int) = 0.0207] 

observed [I>2sigma(I)] 2011 

Completeness to theta = 25.2° 99.8 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2313 / 3 / 155 

Goodness-of-fit on F2 1.117 

Final R indices [I>2sigma(I)] R1 = 0.0412, wR2 = 0.1008 

R indices (all data) R1 = 0.0493, wR2 = 0.1081 

Largest diff. peak and hole 0.514 and -0.240 eÅ-3 

Remark O8/O9 disordered, H11 was localized and 
refined with isotropic displacement pa-
rameters  
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X-ray crystal structure analysis of 3.42 (hma4347) 

A colourless needle of C10H8ClF3O, approximate dimensions 

0.030 mm × 0.040 mm × 1.300 mm, was used for the X-ray crystallographic 

analysis. The X-ray intensity data were measured on a STOE IPDS-2T Diffrac-

tometer system. CCDC number: 2371856. 

 

 

Figure 57: Graphical representation of the X-Ray structure of 3.42. 
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Table 44: Crystal data and structure refinement for 3.42 (hma4316) 

Identification code hma4347 

Empirical formula C10H8ClF3O 

moiety formula C10H8ClF3O 

Formula weight 236.61 

Temperature 120(2) K 

Wavelength, radiation type 0.71073Å, MoKα 

Diffractometer STOE IPDS 2T 

Crystal system Monoclinic 

Space group name, number P 21/c, (14) 

Unit cell dimensions a = 11.6109(7) Å 
 

b = 9.4108(5) Å 
 

c = 18.7097(12) Å 

Volume 2009.1(2) Å3 

Number of reflections 7425 

and range used for lattice parameters 2.43° <=θ<= 28.52° 

Z 8 

Density (calculated) 1.564 Mg/m3 

Absorption coefficient 0.392 mm-1 

Absorption correction None 

F(000) 960 

Crystal size, colour and form 0.030 x 0.040 x 1.300 mm3, colourless 
needle 

Theta range for data collection 2.431 to 28.040°. 

Index ranges -15<=h<=15, -12<=k<=12, -
24<=l<=22 

Number of reflections: 
 

collected  10422 

independent  4857 [R(int) = 0.0506] 

observed [I>2sigma(I)] 3304 

Completeness to theta = 25.2° 99.8 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4857 / 2 / 277 

Goodness-of-fit on F2 1.127 

Final R indices [I>2sigma(I)] R1 = 0.0700, wR2 = 0.1362 

R indices (all data) R1 = 0.1171, wR2 = 0.1623 

Largest diff. peak and hole 0.435 and -0.447 eÅ-3 

Remark Structure contains two independent 
molecules 
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Figure 60: UV Spectrum of 2.45 in acetonitrile at ca. 2 x 10-5 mol/l. 

 

Figure 61: UV Spectrum of 2.38 in acetonitrile at ca. 7 x 10-5 mol/l. 
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Figure 62: UV Spectrum of 2.39 in acetonitrile at ca. 6 x 10-5 mol/l. 

 

Figure 63: UV Spectrum of 2.40 in acetonitrile at ca. 1 x 10-4 mol/l. 
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Figure 64: UV Spectrum of 2.41 in acetonitrile at ca. 1 x 10-4 mol/l. 

 

Figure 65: UV Spectrum of 2.42 in acetonitrile at ca. 6 x 10-5 mol/l. 
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Figure 66: UV Spectrum of 2.43 in acetonitrile at ca. 5 x 10-5 mol/l. 

 

Figure 67: UV Spectrum of 2.44 in acetonitrile at ca. 4 x 10-5 mol/l. 
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