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ABSTRACT 

Photo-induced dearomatization reactions offer efficient access to complex molecules 

starting from abundant and inexpensive starting materials. Especially in case of 

intramolecular addition of an olefin to an aromatic core, three-dimensional polycyclic 

structures can be constructed within a single step. In contrast to the meta 

photocycloaddition, synthetic applications of the ortho and para variant remained 

underexplored. Within the scope of this PhD thesis, reaction cascades initiated by an 

ortho photocycloaddition were investigated regarding synthetic applications and the 

photocatalytic potential of this method.  

The first enantioselctive total synthesis of (+)-atlanticone C was completed. A reaction 

cascade induced by an intramolecular ortho photocycloaddition was employed as the 

key step in this synthesis and a chiral resolution protocol was developed to access the 

desired photoproduct in enantiopure form (>98% ee). The total synthesis was 

completed in 10 subsequent steps and with an overall yield of 18%. 

To study the potential of these transformations further, the arene photoactivation of 

benzaldehyde derivatives was investigated. In this context, 2-alk-ω-enyloxy-sustituted 

benzaldehydes did not display photochemical reactivity at the arene core, whereas the 

respective iminium ions were found to undergo photo-induced reactions. Three 

pathways were described and can be performed under visible-light irradiation: a) Most 

commonly, an ortho photocycloaddition led to a yet unprecedented reaction cascade 

generating benzoxacyclic products (13 examples, 44-99% yield). The reaction 

cascade proceeded with high diastereoselectivity and was found to be 

stereoconvergent. b) If the benzene ring was substituted in 3-position, a meta 

photocycloaddition occured furnishing tetracyclic skeletons in excellent regio- and 

diastereoselectivity (2 examples, 58-79% yield). c) If the tethered olefin was internally 

substituted, an aza Paternò-Büchi reaction was preferred (2 examples, 95-98 % yield). 

  



 
 

 
 

KURZZUSAMMENFASSUNG  

Lichtinduzierte Desaromatisierungsreaktionen bieten einen effizienten Zugang zu 

komplexen Molekülen ausgehend von leicht verfügbaren, kostengünstigen 

Ausgangsmaterialien. Insbesondere im Fall der intramolekularen Addition eines 

Olefins an einen Aromaten, können dreidimensionale polycyclische Strukturen in 

einem einzigen Schritt aufgebaut werden. Im Gegensatz zur meta-Photocycloaddition 

sind synthetische Anwendungen der ortho- und para-Variante wenig erforscht. Im 

Rahmen dieser Doktorarbeit wurden Reaktionskaskaden, initiiert durch eine ortho-

Photocycloaddition, hinsichtlich ihrer synthetischen Anwendungen und des 

photokatalytischen Potenzials dieser Methode untersucht. 

Dabei wurde die erste enantioselektive Totalsynthese von (+)-Atlanticon C 

beschrieben. Als Schlüsselschritt dieser Synthese wurde eine Reaktionskaskade 

durchlaufen, die durch eine intramolekulare ortho-Photocycloaddition induziert wurde, 

und es wurde ein Protokoll zur Racematspaltung entwickelt, um das gewünschte 

Photoprodukt in enantiomerenreiner Form (>98 % ee) zu erhalten. Die Totalsynthese 

wurde anschließend in 10 Folgeschritten und mit einer Gesamtausbeute von 18% 

abgeschlossen. 

Um das Potenzial dieser Transformation weiter zu untersuchen, wurde die Aren-

Photoaktivierung von Benzaldehydderivaten untersucht. In diesem Zusammenhang 

zeigten 2-Alk-ω-enyloxy-substituierte Benzaldehyde keine photochemische 

Reaktivität am Aromaten, wohingegen die entsprechenden Iminiumionen 

photoinduzierte Reaktionen eingingen. Drei Reaktionsmuster wurden beschrieben und 

können unter Bestrahlung mit sichtbarem Licht durchgeführt werden: a) Am häufigsten 

beobachtet wurde eine ortho-Photocycloaddition die zu einer bis dahin unbekannten 

Reaktionskaskade führte und benzoxacyclische Produkte lieferte (13 Beispiele, 44–99 

% Ausbeute). Die Reaktionskaskade verläuft mit hoher Diastereoselektivität und ist 

stereokonvergent. b) War der Benzolring in 3-Position substituiert, fand eine meta-

Photocycloaddition statt, die tetracyclische Gerüste mit ausgezeichneter Regio- und 

Diastereoselektivität lieferte (2 Beispiele, 58–79 % Ausbeute). c) Wenn das verknüpfte 

Olefin intern substituiert war, trat bevorzugt eine Aza-Paternò-Büchi-Reaktion auf (2 

Beispiele, 95–98 % Ausbeute).  
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1. INTRODUCTION 

1.1 RELEVANCE OF SMALL MOLECULE SYNTHESIS 

Pharmacological agents and their development are of great social and economic 

importance. Whether it is anti-cancer drugs, substances with an antiviral effect, such 

as drugs against Covid-19 or HIV, or antibiotics, life without them is hard to imagine. 

From a molecular point of view, these pharmacological substances of organic origin 

can be divided into two main groups: On the one hand small molecules which are 

based on a carbon skeleton consisting of about 20-80 carbon atoms with a molecular 

weight below 1000 g/mol (<1 kDa), and on the other hand so called biologics. These 

are larger organic molecules, such as polynucleotides, peptides or antibodies with a 

molecular weight larger than 1000 g/mol (>1 kDa). Small molecules are manufactured 

by chemical synthesis. They are generally thermally and chemically more stable, 

whereas biologics tend to be very target-specific, thereby reducing risks of side-effects, 

but they typically require more complex and costly development processes.[1] Today 

both drug types play important roles in the global drug market, naming Bristol Myers 

Squibb’s small molecule drug lenalidomid (Revlimid®) (1) or AbbVie’s antibody 

adalimumab (Humira®) (2) with $ 12.8 bn and $ 20.7 bn blockbuster sales in 2021, 

respectively (Figure 1a).[2] 

With important advances in biotechnology over the last three decades, biologic drugs 

have become increasingly important. However, due to them being more accessible to 

patients, small molecules still make up the majority of overall global drug sales (90%)[1c] 

as well as of newly approved active ingredients. For example, in 2021 the FDA 

approved 50 new active ingredients in the USA, of which 32 were small molecules 

including e.g. maralixibat (LivmarliTM) (3) against cholestatic pruritus and samidorphan 

(with olanzapine Lybalvi®) (4) for the treatment of schizophrenia (Figure 1b).[3]  

Those active ingredients often feature complex, three-dimensional structures with e.g. 

annulated arene cores and multiple stereogenic centers (highlighted in grey). 

Synthesizing such scaffolds from simple and commercially available starting materials 

is the key challenge in organic synthesis. This process usually involves the breaking 

of existing and the formation of new bonds, which may require several individual 

reactions. Each step usually involves a reaction at only one chemical bond in the 

molecule but can also lead to undesired side reactions. Therefore, organic chemists 
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aim at finding methods that enable the formation of new chemical bonds selectively 

and concisely. 

 

 
Figure 1: a) Two selected blockbuster drugs, the small molecule Revlimid® (1, C13H13N3O3, 259.3 g/mol) 

and the antibody Humira®[2] (2, C6428H9912N1694O1987S46, 144190.3 g/mol) belonging to the class of 

biologic drugs; b) split of FDA newly approved drugs in USA 2021, and two selected SM examples.[3] 

SM = small molecules, B = biologics, O = other (2), stereogenic centers are marked in grey. 

 

Although the research field of organic synthesis is not directly focused on developing 

new drugs, fundamental findings can later be beneficial for the development of new 

pharmaceuticals. The key challenge in organic synthesis, and the basis of this PhD 

work remains developing and understanding new reactions that enable the concise 

assembly of small molecules and natural products with complex structures from simple 

and easily accessible building blocks. 
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1.2 PHOTOCHEMISTRY: ACCESS TO COMPLEX SMALL MOLECULES 
 

In this context, organic synthesis can be divided into several research fields, naming 

for example: bioorganic chemistry, where enzymes can be applied to construct 

complex molecules,[4] or organometallic catalysis, where (transition-) metal catalysts 

enable access to useful scaffolds.[5] However, with respect to this PhD work, special 

focus is put on the research area of organic photochemistry, where light is employed 

to excite certain parts of a molecule (chromophores) selectively and to thereby induce 

chemical reactions. Often this approach enables new chemical routes that would not 

be accessible using thermal protocols.[6] An example is the total synthesis of the natural 

product (−)-grandisol by Bach and coworkers (Scheme 1a).[7] Here, simple ethylene 

gas was reacted with cyclohexanone 5 under light irradiation. Cyclobutene product 6 

was formed which could be transformed into (−)-grandisol in five consecutive steps.  

 

Scheme 1: a) [2+2] Photocycloaddition[9] of ethylene to ketone 5 as key step in the total synthesis of 7. 

Conditions for 5→6:  = 366 nm, 50 mol% chiral Lewis acid catalyst, (CH2Cl2), −75 °C, 24 h;[7] b) general 

energy scheme for photochemical reactions.[8-10] 

 

A central feature of this light-promoted transformations is the electronically excited 

state [5]*, formed upon irradiation.[8] This excitation significantly alters the reactivity of 

cyclohexenone 5 and subsequently allows the addition of simple ethylene by [2+2] 
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photocycloaddition to give product 6.[9] The observed reactivity cannot be achieved 

using thermal energy sources as the highly reactive excited species [5]* can only be 

accessed upon the absorption of photons.[8-10] In this sense photo-induced reactions 

offer powerful and efficient strategies for designing diverse organic frameworks starting 

from material as simple as ethylene gas.[9-11] Among various photochemical 

transformations,[6] photocycloadditions (PCA) and their synthetic potential are of 

particular interest for this work. 
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2. PHOTOCYCLOADDITION REACTIONS 
 

Photocycloadditions (PCA) are reactions in which upon light-induced addition of 

another molecule a new molecular cycle is generated.[12] As shown in the previous 

chapter, PCA reactions between two olefins give a cyclobutane product via a [2+2] 

mechanism.[9] However, these transformations are not limited to four-membered 

carbon-based ring products only, but can be extended to diverse molecular scaffolds. 

Those include heteroatoms and other ring sizes depending on starting materials and 

reaction conditions.[12] However, in all cases flat double or triple bonds (sp2 or sp 

carbon atoms) are transformed into three-dimensional sp3 centers enabling rapid 

access to high structural complexity in a single step. Especially in cases of 

intramolecular reactions, strained polycyclic scaffolds are rapidly constructed, as e.g. 

Hoffmann and Pete demonstrated (Scheme 2).[13] Upon irradiation, flat arene 8 reacts 

intramolecularly with the olefin moiety to polycyclic diene 9 generating three new 

stereogenic centers in a single step (marked in grey).  

 

Scheme 2: Accessing polycyclic ring structures by an intramolecular photocycloaddition.[13]   

 

The depicted example also displays a special type of PCA: An arene core is 

photochemically excited and reacts with the olefin moiety in a formal [2+2]-addition 

mechanism.[14] Aromaticity is broken up and the generated strained carbon scaffold of 

9 is secured by tautomerization to ketone 10, preventing the reverse reaction.[13] With 

respect to the natural abundance of aromatic building blocks and the synthetic potential 

offered by dearomatization reactions, arene photocycloaddtion reactions[14,15] are of 

particular interest in the context of this PhD research. 
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2.1 INTRAMOLECULAR ARENE PHOTOCYCLOADDITIONS AND SYNTHETIC 

APPLICATIONS 
 

Generally, one can imagine three ways of adding an olefine to an aromatic ring: In 

ortho, meta or para position, which are formal [2+2], [3+2], [4+2] photocycloadditions, 

respectively (Scheme 3).[16] As the addition is strongly dependent on electronic 

properties as well as the geometry of the reaction partners, the reaction outcome often 

remains unpredictable. However, as a rule of thumb, one can expect an electron-

deficient arene and an electron-rich olefin – or vice versa – to react in ortho position, 

whereas a small difference in electronic properties favors the meta addition mode.[17] 

The para-PCA is the least frequently observed reaction type, but may for example 

occur when electron-poor arenes are reacted with allene building blocks.[15d] 

 

Scheme 3: Three potential photocycloaddition modes of ethylene to benzene.[16] 

 

In all cases, three-dimensional structures are obtained and the level of molecular 

complexity even increases when the olefin moiety is directly linked to the arene core. 

Such intramolecular PCA reactions lead to polycyclic ring structures (see Scheme 2), 

destined to be applied in total synthesis.[10,11] In the past decades, the meta 

photocycloaddition (mainly as its intramolecular version) has been elegantly applied to 

the total synthesis of multiple natural products,[18] naming Wender’s synthesis towards 

coreolin (13) as an early example (Scheme 4a).[19] Here, the photochemical 

transformation (11→12) represents the key step in constructing the tricyclic carbon 

skeleton of natural product 13.[19,20]   
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In contrast to the meta PCA, applications of ortho and para[21] photocycloaddition 

reactions have remained underexplored. One of the few, yet recent applications of the 

former addition mode was demonstrated by Gaich and co-workers, who elegantly 

employed an intramolecular ortho PCA to access the carbon-core of tetracyclic 

substrate 15 (Scheme 4b).[22] With respect to early reports on reaction cascades 

initiated by intramolecular ortho PCAs,[23] it is remarkable that in this case no 

consecutive thermal reaction of the 1,3-cyclohexadiene moiety of 15 (marked in light 

grey) was observed. Instead, the material could be isolated and transformed into 

canataxpropellane (16) within further synthetic steps.[22]   

 

Scheme 4: Intramolecular arene photocycloadditions as key steps in total synthesis: a) meta PCA 

(newly formed bonds and the central C highlighted in grey) in the total synthesis of 13;[19,20] b)  ortho 

PCA to furnish the carbon skeleton of 16.[22] (1,3-cyclohexadiene moiety marked in grey, TBS = tert-

butyldimethylsilyl). 

 

As mentioned above, strained 1,3-cyclohexadiene intermediates formed upon ortho 

PCA are prone to undergo further reactions. It became apparent that releasing 

molecular strain through thermal ring expansions of the adjacent cyclobutane is the 

preferred pathway and may lead to new intermediates continuing this cascade of 

reactions.[23-25] In some cases, decomposition might be observed eventually, while in 

other cases, unexpected products might be obtained.[25] The unpredictability of such 
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ortho PCA induced reaction cascades might be a reason why chemists have avoided 

their applications in synthesis. However, looking at it from a different perspective, an 

array of intramolecular reactions induced only by light irradiation can offer concise and 

innovative routes to complex molecules. Only in recent years, the synthetic and 

catalytic potential of (intramolecular) ortho photocycloadditions have been further 

investigated and formed the basis for this work. 
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2.2 RECENT ADVANCES IN ORTHO PHOTOCYCLOADDITION CHEMISTRY 
 

The following chapter is divided into two sections: a) recent advances in the synthetic 

application of intramolecular ortho photocycloadditions and b) further development of 

this method with respect to photocatalysis and enantioselective approaches. 

a) SYNTHETIC APPLICATIONS 

Inspired by early work,[23] in 2016 our group became interested in photo-induced 

reaction cascades on salicylic acid derivatives.[26] In particular, esters[26] and 

indanone[27] substrates A were prepared and indeed they were found to undergo an 

intramolecular photochemical reaction cascade, concisely leading to complex 

molecules D (Scheme 5a).[23,26,27] This sequence of reactions is initiated by an ortho 

photocycloaddition leading to the strained 1,3-diene intermediate B. In contrast to 

Gaich’s synthesis (see chapter 2.1),[22] a consecutive thermal disrotatory ring opening 

furnishes triene C, which upon further irradiation generates cyclobutene product D by 

[4] photocyclization. It is worth noting that three stereogenic centers are created within 

this single operation (Scheme 5a, highlighted in grey). Initially, the developed method 

was applied to salicylate derivatives,[26] and was later expanded to indanone 

substrates.[26,27] 

  

Scheme 5: a) ortho PCA initiated intramolecular reaction cascade developed in the group of Bach;[26,27] 

b) protoilludane core E and the key step in the total synthesis of atlanticone C.[27,29,30] 
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If indanone substrates were irradiated, a further photoreactivity was observed[27] and 

synthetically useful structures were obtained. In the particular case, indanone 17 was 

employed to furnish product 18, featuring the carbon core E of protoilludane natural 

products (Scheme 5b).[28,30] With this finding, Bach and coworkers were able to 

synthesize racemic atlanticone C (19), a member of the protoilludane family in nine 

steps and 18% yield.[28]  

 

b) PHOTOCATALYTIC AND ASYMMETRIC APPROACHES  

The previously discussed total syntheses demonstrate how photo-induced 

dearomatization reactions offer an efficient strategy to access complex molecules 

starting from abundant and inexpensive starting materials. However, in all cases 

breaking up aromaticity and constructing chiral molecules requires highly energetic 

UV-light and proceeds racemically. Strategies utilizing visible light ( >400 nm), 

another abundant natural resource,[31] have yet not been fully investigated and 

developing asymmetric variants of such powerful transformations is of high interest in 

the synthetic community.[32] So far, few catalytic protocols for ortho photocycloaddition 

reaction have been developed, but their applicability is limited to naphthalene and 

phenanthrene building blocks.  

One example is the ortho PCA-induced reaction cascade of naphthol 

derivatives 20 under visible-light photocatalytic conditions published by the group of 

Glorius in 2018 (Scheme 6).[33] Here, an iridium-based photocatalyst (photosensitizer) 

facilitates the initial ortho photocycloaddition (20→21). The respective catalyst gets 

excited upon irradiation at  = 455 nm and subsequent triplet energy transfer to ketone 

20 populates the reactive excited state 20* (sensitization).[34] This photocatalytic 

process allows the initial ortho PCA and consecutive reactions to proceed under 

visible-light irradiation.  
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Scheme 6: An ortho PCA-induced reaction cascade of naphthol derivatives under sensitizing 

conditions.[33] 

 

Simultaneously, our group described an enantioselective intermolecular ortho 

photocycloaddition of phenanthrene aldehydes 23 (Scheme 7).[35] In this case, 

coordination of a chiral Lewis acid catalyst (LA) to the carbonyl moiety introduces 

chirality and leads to a bathochromic shift of the chiral complex 24.[36] This concept 

allows for the irradiation with visible light and the formation of enantiomerically enriched 

cyclobutane 25.[35]  

 

Scheme 7: Lewis acid (LA) catalyzed enantioselective intermolecular ortho photocycloaddition of 

phenanthrene aldehydes. Coordination to the chiral Lewis acid catalyst via 24 enables utilizing visible 

light irradiation conditions.[35] 

 

The selected examples showcase how ortho photocycloadditions can be 

photochemically catalyzed through energy transfer or Lewis acid catalysis. Yet, 

attempts to apply the same principles to synthetically valuable intramolecular reaction 

cascades of benzene derivatives (e.g. A→D, Scheme 5a) remained unsuccessful in 

our group so far. 
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3. PROJECT AIM  
 

Within the scope of this PhD thesis, two sub projects were defined: a) developing 

enantioselective synthetic applications of the observed intramolecular ortho 

photocycloaddition and b) further investigating this method with respect to 

photocatalysis and enantioselective approaches. 

 

3.1 OPCA REACTION CASCADE AS KEY STEP IN TOTAL SYNTHESIS 
 

While the racemic total synthesis of atlanticone C was successfully achieved by using 

the photo-induced reaction cascade as key step in 2019 (see chapter 2.2),[28] the aim 

of this work was to develop an enantioselective version of this synthetic route. By 

comparing analytical data of the enantiopure synthetic molecule and the natural 

atlanticone C (19),[30] the absolute configuration of the natural product was to be 

determined.  

For this purpose, we envisioned a slightly modified indanone substrate 26 as compared 

to the racemic version, lacking the gem-dimethyl group to undergo the reaction 

cascade furnishing rac-27 (Scheme 8). The sterically approachable carbonyl group at 

C-10 should then be employed as a handle for  chiral resolution. Utilizing catalyst 28, 

an enantioselective Corey-Bakshi-Shibata (CBS) reduction[37] would generate 

diastereomers 29a and 29b. Chromatographic separation of the two alcohols followed 

by re-oxidation would give access to enantioenriched photoproduct 27. Within ten 

subsequent steps this material could then be transformed to (+)-atlanticone C (19). In 

addition, this approach should give us the opportunity to improve some of the low-

yielding synthetic steps previously reported in the racemic version.[28]  
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Scheme 8: Envisioned approach for the enantioselective total synthesis of (+)-atlanticone C (19). 

Access to enantioenriched photoproduct 27 via chiral resolution: enantioselective CBS reduction[37]  of 

rac-27 followed by separation and re-oxdation of 29a. 

 

3.2 ARENE PHOTOACTIVATION OF BENZALDEHYDE SUBSTRATES 
 

Previous studies in our group on Lewis acid catalysis or the use of energy transfer 

photocatalysts for ortho photocycloadditions of benzene-derived ester and indanone 

substrates 30 remained unsuccessful (Scheme 9a). Seeking to further explore the 

potential of intramolecular ortho photocycloadditions, we turned our attention to 

benzaldehyde derivatives 31. However, early on it became apparent that for such 

substrates reaction at the carbonyl moiety is preferred,[38] which often leads to 

decomposition of starting material and leaves the arene core untouched. However, 

inspired by work on [2+2] photocycloadditions of iminium ions,[39] derived from ,-

unsaturated carbonyl compounds 32,[39a] we planned to investigate this approach 

further. When carbonyl compounds are transformed into iminium ions, they exhibit a 

bathochromic shift of the * absorption and a decrease in triplet energy compared to 

the respective aldehyde and imines.[40] Applying this principle to arene substrates 

would potentially increase population of the reactive triplet state and induce the desired 

reactivity at the aromatic ring (Scheme 9b). We therefore envisioned benzaldehyde-

derived iminium ions 31a to be an alternative substrate class that could undergo ortho 

photocycloaddition reactions and be activated towards energy transfer. 
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Scheme 9: a) Aromatic photosubstrates 30 and 31 with respective photoactivity and the cyclohexene-

derived iminium ion 32 showcasing activation towards energy transfer,[39] LA = Lewis acid; b) envisioned 

approach for arene photoactivation through iminium ions. Photoreactivity marked in grey. 

 

To verify this approach, in a first step we would synthesize iminium ions 31a from 

salicyclic aldehyde derivatives 31 and investigate their photophysical properties. 

Because of the expected bathochromic shift and lower lying triplet state of such 

compounds compared to the respective aldehydes,[40] we expected an intramolecular 

ortho photocycloaddition to occur upon irradiation (31a→33, Scheme 9b). Within 

consecutive reactions, as observed previously (see chapter 2.2), highly reactive 1,3-

cyclohexadiene intermediates 33 could be transformed into complex molecular 

scaffolds. With an appropriate photocatalyst for triplet sensitization,[34] those reactions 

could be carried out with visible-light irradiation. In the long term, developing such a 

method would offer new opportunities for enantioselective ortho photocycloadditions, 

e.g. by using chiral amines,[39a,c] counter ions[32] or a chiral catalyst[41] in this sense. 

Against this background, we defined photochemical arene activation through iminium 

ions as central research in this work.  
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4. ENANTIOSELECTIVE TOTAL SYNTHESIS OF ATLANTICONE C 
 

Title: “Concise Total Synthesis of (+)-Atlanticone C” 

Status: Letter, published online July 31, 2020 

Journal: Synlett 2020, 31, 1598-1602 

Publisher: Georg Thieme Verlag KG 

DOI: 10.1055/s-0040-1707215 

Authors: Johanna Proessdorf, Andreas Zech, Christian Jandl, Thorsten Bach 

Content: While the racemic total synthesis of atlanticone C had successfully been 

achieved previously, this manuscript reports the first enantioselective route towards 

(+)-atlanticone C. The complex protoilludane core was rapidly constructed by the 

known photochemical reaction cascade starting from an easily accessible indanone 

precursor (3 steps). An enantioselective Corey–Bakshi–Shibata reduction allowed for 

catalytic chiral resolution of the racemic photoproduct (45% over two steps; up to 98% 

ee) and gave access to enantiomerically enriched photoproduct. This material was 

efficiently transformed into the (+)-enantiomer of atlanticone C (10 steps; 18% yield), 

and the absolute configuration of naturally occurring (–)-atlanticone C was thereby 

determined. 

  

Author contributions: The conceptual contribution was made by T. Bach and A. 

Zech. Initial test reactions were executed by A. Zech. J. Proessdorf planned, 

performed, and analyzed the synthetic steps in this total synthesis. For determination 

of the absolute configuration J. Proessdorf planned and performed the Mosher ester 

analysis and prepared crystalline material. C. Jandl conducted the X-ray 

crystallographic analysis. J. Proessdorf and T. Bach wrote the manuscript. 
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Content: Here we report on the photoactivation of benzene-derived substrates through 

iminium ions. In particular, benzaldehyde-derived iminium perchlorates were found to 

undergo efficient intramolecular reactions either upon direct irradiation ( = 366 nm) or 

under sensitizing conditions ( = 420 nm) employing a thioxanthone photocatalyst. 

Three pathways were found: a) Most commonly, an ortho photocycloaddition led to a 

yet unprecedented reaction cascade generating benzoxacyclic products (13 examples, 

44-99% yield). The cascade process occurred with high diastereoselectivity and was 

found to be stereoconvergent. b) If the benzene ring was substituted in the 3-position, 

a meta photocycloaddition was observed. Tetracyclic skeletons were obtained in 

excellent regio- and diastereoselectivity and feature five stereogenic centers (2 

examples, 58-79% yield). c) If the tethered olefin was internally substituted, an aza 

Paternò-Büchi reaction was preferred (2 examples, 95-98 % yield). 

  

Author contributions: The conceptual contribution was made by J. Proessdorf and 

T. Bach. J. Proessdorf planned, performed, and analyzed the substrate synthesis and 

photoreactions. Product structures and relative configurations of those were confirmed 

by NMR studies performed by J. Proessdorf. C. Jandl and T. Pickl conducted the X-

ray crystallographic analysis. T. Bach and J. Proessdorf wrote the manuscript. 
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6. SUMMARY 
 
Within this PhD work, two main projects were completed. a) The total synthesis of 

atlanticone C was performed enantioselectively, highlighting the synthetic applicability 

of the employed ortho PCA-induced reaction cascade. And b) benzaldehyde-derived 

iminium ions were found to undergo efficient, yet unprecedented intramolecular 

photoreactions resulting in a diverse range of carbon skeletons. These transformations 

can be performed under direct irradiation or under sensitized conditions utilizing visible 

light.  

a) ENANTIOSELECTIVE TOTAL SYNTHESIS OF ATLANTICONE C 

The synthetic route started similarly to the racemic version[28] with the synthesis of 

photo substrate 26 (Scheme 10).[42,43] Subsequently, the photo-induced reaction 

cascade was optimized, and the best result was obtained at  = 350 nm, in MeOH, 

with a reaction time of 5.5 hours yielding 48% of rac-27 (Scheme 10). In this case, it 

was particularly challenging to suppress the consecutive photoreactivity of ketone rac-

27[27]. The obtained racemic photoproduct lacked the gem-dimethyl group at the -

position and thus enabled a steric distinction of the substituents at C-10.  

 

Scheme 10: Access to enantioenriched photoproduct 27 via chiral resolution: Enantioselective CBS 

reduction[37]  of rac-27 followed by separation, re-oxdation of 29a and gem-dimethylation.  
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Because of the higher enantiomeric purity of 29a, we continued our studies with this 

enantiomer. Thus, we first confirmed the absolute configuration of alcohol 29a both by 

Mosher analysis[44] and anomalous X-ray diffraction and subsequently continued with 

synthetic steps. Upon re-oxidation of the alcohol to ketone 27, followed by a gem-

dimethylation, the desired compound 18 was obtained in enantiopure form (Scheme 

10). 

The completion of the synthetic route remained unchanged compared to the racemic 

version,[28] but allowed the improvement of individual transformations, especially within 

the final steps (Scheme 11). In particular, for the oxidation/dehydration sequence of 

34→35 a 10% increase in yield was achieved by varying substrate concentration in the 

Swern oxidation[45] step, as well as by a reduced reaction time for the dehydration step. 

Next, the obtained aldehyde 35 was reduced to alcohol 36 and acetyl protected. For 

the latter step, we were able to optimize conditions reducing reaction temperature to 

0 °C and reaction time to 10 minutes. This provided efficient access to the relatively 

unstable acetate 37 in 99% yield and we could continue screening various reaction 

conditions for the subsequent allylic oxidation. While 44% yield were reported for this 

step in the racemic synthetic route,[28] we found the combined use of CrO3 and 3,5-

dimethylpyrazole (3,5-DMP)[46] to perform best, furnishing ketone 38 in 87% yield now. 

Finally, saponification of the acetate delivered 84% of the desired enantiopure (+)-

atlanticone C (19 >98% ee). 

 

Scheme 11: From diol 34, the total synthesis of enantiopure (>98% ee) atlanticone C (19) was 

completed in five steps and an overall yield of 47%.  
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Spectroscopic data matched those reported for natural atlanticone C, while the specific 

rotation indicated the absolute configuration to be opposite to the configuration of 

naturally occurring (−)-atlanticone C.[30] The natural product was levorotary 

([]D20 = −224), [30] whereas our compound showed a strongly positive specific rotation 

of []D20 = +147. In summary, starting from enantioenriched photoproduct 27, the first 

enantioselective total synthesis of (+)-altlanticone C was completed in 10 steps and 

with an overall yield of 18%, emphasizing the synthetic utility of this photo-induced 

reaction cascade. 

 

b) ARENE PHOTOACTIVATION THROUGH IMINIUM IONS 

Within this work, we investigated the arene photoactivation through iminium ions of 

benzaldehyde derivatives. We hypothesized that the respective iminium ions display a 

lower triplet state as compared to the benzaldehyde moiety, which might be accessible 

by triplet energy transfer (sensitization).[34] To test this hypothesis, we performed a 

simple condensation/precipitation sequence[47,48] to obtain iminium perchlorate 40 from 

aldehyde 39 (Scheme 12a). To our delight, this material indeed showed a 

bathochromic shift[50] compared to the respective aldehyde and initial irradiation 

experiments led to clean conversion and formation of unexpected photoproduct 41 

(Scheme 12a). 

 

Scheme 12: a) Two step sequence to perchlorate substrate 40[48,49] and the isolated product 41 obtained 

upon initial irradiation experiments; b) proposed mechanism for the formation of 41. 
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We propose the observed reaction pathway to be initiated by an ortho 

photocycloaddition forming 1,3-cyclohexadiene 42 (Scheme 12b). Instead of a 

previously observed disrotatory ring opening (see chapter 2.2), 1,2-migration to 

intermediate 43 releases molecular strain.[48] Next, we propose a ring contraction 

where the increase in ring strain is compensated by additional stabilization of cation 

44 via the adjacent oxygen atom.[49] Finally fragmentation of cyclobutane 44 and 

subsequent hydrolysis furnishes aldehyde 41. 

With this finding, we continued screening irradiation conditions and found 40 to 

undergo the photochemical transformation most efficiently under sensitizing conditions 

(A) or upon direct irradiation (B) (Scheme 13). 

 

Scheme 13: Efficient transformation of perchlorate 40 to 41 under sensitizing conditions A (TXT = 

thioxanthen-9-one) or upon direct irradiation B. 

 

We then turned our attention to the scope of this reaction and found 13 substrates (44-

99% yield) to undergo this yet unprecedented formal carboformylation. The cascade 

process occurred with high diastereoselectivity and was found to be stereoconvergent. 

In addition, we noticed two other reaction pathways to occur under the selected 

conditions (Scheme 14). Firstly, if the benzene ring was substituted in 3-position, 

a meta photocycloaddition was observed, generating tetracyclic skeletons with five 

stereogenic centers in excellent regio- and diastereoselectivity (46, 2 examples, 58–

79 % yield). Secondly, when the tether was internally substituted at the alkene, an aza 

Paternò–Büchi reaction was preferred and the arene core remained untouched (47, 2 

examples, 95–98 % yield). 
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Scheme 14: Within this study, two alternative reaction pathways were found: Structurally different 

products 46 (meta photocycloaddition) and 47 (aza Paternò–Büchi reaction) were observed depending 

on two key substituents (R, R1). 

 

In summary, within this PhD work, the first enantioselctive total synthesis of atlanticone 

C was completed. Employing a reaction cascade induced by an intramolecular ortho 

photocycloaddition as the key step in this synthesis highlights once more which 

enormous synthetic potential dearomatization reactions offer. To investigate this 

powerful method even further, we have turned our attention towards the arene 

photactivation of benzaldehyde derivatives through iminium ions and found yet 

unprecedented photo-induced reaction pathways. Within this work we therefore 

developed a first protocol for intramolecular ortho photocycloadditions of iminium 

perchlorates, that can be performed under visible-light irradiation by triplet 

sensitization. In the long term, these findings offer new opportunities for 

enantioselective approaches, e.g. by using chiral amines,[39a,c] counter ions[32] or a 

chiral catalyst[41] and research in this direction will be continued in the Bach group. 
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7. LICENSES 
 
Work published in the course of this thesis is licensed by the Georg Thieme Verlag KG 

or can be found open access (Angewandte Chemie).  
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