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In this thesis, the relative configuration of racemates is represented by straight lines (bold or 

hashed). The absolute configuration of enantiomerically pure or enriched compounds is 

represented by wedge-shaped lines (bold or hashed).  
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Abstract 

Driven by the demand of the pharmaceutical industry for enantiomerically pure, complex 

organic molecules, asymmetric photocatalysis emerged in recent years as a powerful synthetic 

platform. Among several important classes of photocatalysts, photochemically active chiral 

phosphoric acids (PACPAs) gained notable attention. However, in the case of reactions 

mediated by triplet energy transfer, they have mainly been used for [2+2] photocycloadditions.  

In this work, the reaction scope of PACPAs was expanded to the enantioselective cis-trans 

isomerization of cyclohept-2-enone-3-carboxylic acid (up to 38% ee) as well as the 

photochemical deracemization of 2,3-allenoic acids (up to 71% ee).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

  



 

 
 

Zusammenfassung 

Angesichts der Nachfrage der pharmazeutischen Industrie nach enantiomerenreinen, 

komplexen organischen Molekülen hat sich die asymmetrische Photokatalyse in den letzten 

Jahren zu einer leistungsstarken synthetischen Plattform entwickelt. Unter den verschiedenen 

wichtigen Klassen von Photokatalysatoren haben photochemisch aktive chirale Phosphorsäuren 

(PACPAs) besondere Aufmerksamkeit erlangt, obwohl sie im Fall von Reaktionen, die durch 

Triplett-Energietransfer vermittelt werden, hauptsächlich für [2+2]-Photocycloadditionen 

verwendet wurden.  

In dieser Arbeit wurde die Reaktionsbreite von PACPAs um die enantioselektive cis-trans-

Isomerisierung von Cyclohept-2-enon-3-carbonsäure (bis zu 38% ee) sowie die 

photochemische Deracemisierung von 2,3-Allencarbonsäuren (bis zu 71% ee) erweitert. 
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1. Synthetic Chemistry as a Driver of Innovation in Drug Discovery   

Historically, pharmaceuticals beneficial to mankind were obtained from natural sources as 

plants or fungi and have been in use since thousands of years.[1] Only the development of the 

chemical industries around the world at the beginning of the 20th century gave rise to new and 

more efficient drugs: Synthetically modified, naturally occurring molecules, or by the means of 

organic synthesis de novo constructed scaffolds.[2] Since the early days of drug discovery, 

advancements have been sparked by innovations in synthetic methods.  

In modern times (21st century) this is reflected by five Nobel Prizes awarded for the 

development of groundbreaking synthetic tools: The development of asymmetric 

hydrogenation and oxidation reactions in 2001,[3] the development of metathesis reactions 

awarded in 2005,[4] palladium-catalyzed cross couplings in 2010,[5] asymmetric organocatalysis 

in 2021[6] and most recently for the development of click chemistry and bioorthogonal 

chemistry in 2022.[7]  

All these reactions significantly contributed to tackle the problems associated with the synthesis 

of new, more efficient drugs, although certain challenges remain. Among these, small-molecule 

drugs often contain heterocycles or unprotected, polar functional groups which are not well 

tolerated by many synthetic methods.[8] For example, highly desirable late-stage 

functionalization of already complex molecules (giving fast access to broad libraries of 

compounds) are only feasible, if specific functional groups are tolerated. Furthermore, 

medicinal chemists discovered that Escaping from Flatland (changing sp2-rich, achiral aromatic 

molecules towards more three-dimensional compounds containing sp3-hybridized carbon 

atoms) increases the chance of a drug candidate to become a marketed drug.[9] Due to the lack 

of commercially available building blocks, and the absence of suitable methods for the 

connection of these, Escaping Flatland still is considered a notable challenge.  

Conclusively, in many cases molecules are investigated that chemists can synthesize, and not 

necessarily the most promising candidates they could think of.[10] Nevertheless, there are trends 

in the current research community to address these issues (Figure 1).  

Maybe the most fundamental development of the last years is the rise of AI (Artificial 

Intelligence), which connects all areas of industry and has the potential to change the day-to-

day life of everyone. More specifically, AI could help accelerating discovery timelines for 

example through faster target validation or fewer cycles of molecule design and optimization.[11]  
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One of the more synthetic trends observed over the past years is the use of bioisosteres a) to 

replace aromatic moieties through more sp3-rich mimics.[12] This trend is fueled by a flow of 

publications addressing the synthesis of useful bioisostere building blocks.[13]  

 

Figure 1. Selection of synthetic and technological developments fueling innovation in drug discovery.  

HTE (High Throughput Experimentation) b) enables chemists to screen reaction conditions for 

a fraction of the cost and time of earlier days, allowing for rapid optimization of challenging 

synthetic steps. Furthermore, HTE facilitates the accelerated screening of compound libraries 

against therapeutical targets.[14] 

Synthetically, another significant trend is skeletal editing c), which enables the modification of 

the core skeleton of a target molecule at a late-stage, allowing for rapid access to the chemical 

space around a lead compound. The de novo synthesis of each molecule is thereby 

circumvented.[15]   

Photochemistry d), the main topic of the following chapters and this thesis, addresses synthetic 

challenges in many unique ways. Certainly, of special value for the pharmaceutical industry are 

novel methods for the formation of C-C bonds and other photoredox-mediated processes[16] but 

also processes involving singlet excited states[17] or triplet energy transfer[18] are of special 

interest. Considering the substantial need for homochiral compounds in the pharmaceutical 

industry, methods leading to enantiopure molecules are highly desirable.[19]  
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2. Principles of Enantioselective Photocatalysis 

In contrast to conventional (thermal) enantioselective catalytic processes, enantioselective 

photocatalysis provides unique challenges, which often cannot be addressed by the same means 

as in the realm of thermal catalysis. Most importantly, upon irradiation with light, molecules 

gain a notable energy sufficient for fast subsequent reactions, which proceed without further 

catalysis. Therefore, it is crucial for a successful enantioselective photochemical reaction to 

ensure a chiral environment for the substrate molecule already in the excitation step.[20] 

Some of the most important concepts to achieve this goal are summarized in Scheme 1.[21]  

 

Scheme 1. Selected mechanisms of enantiocontrol in photocatalytic processes. PC = photocatalyst, S = substrate, 

P = product, C = catalyst (without photocatalytic activity). 

While historically exciplex formation a) played an important role in the development of some 

of the first enantioselective photochemical reactions,[22] ground-state assembly b)[23–25] and 

chromophore activation c)[26] are the more widely applied principles today.  

In general, it is important to prevent racemic background reactions by selective excitation of 

the substrate molecule (either by energy transfer or direct irradiation) within the vicinity of the 

chiral catalyst. If the rate of excitation is higher for substrate molecules bound to the catalyst 

than for non-complexed substrate and if the rate of the photoreaction is higher than the rate of 

dissociation of the catalyst-substrate complex, this is the case. 

Along these lines, another key aspect to prevent racemic background reactions is the appropriate 

choice of the irradiation wavelength.  

Figure 2 aims to give an overview of typical structures of chiral photocatalysts. They can be 

divided into three classes: a) organocatalysts (1-4),[22,27–29] b) semimetal and metal-based 

catalysts (5-8)[30,31,32] and c) macromolecular catalysts as 9[33] which also include 

photocatalytically active enzymes.[34]  

Apart from the distinction based on structural features, it is reasonable to further divide the most 

often applied catalytic systems into three groups:  

i) Chiral, non-photochemically active catalysts 
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Figure 2. Selected examples of catalysts used for enantioselective photochemical reactions across a plethora of 

structural diversity. Me = methyl, TMS = trimethylsilyl,  tBu, = tert-Butyl, Ph = phenyl, acac = acetylacetonate. 

ii) Chiral, non-photochemically active catalysts in combination with achiral 

photocatalysts (Dual Catalysis approach) 

iii) Chiral catalysts with photocatalytic activity 

In the design of new catalysts for enantioselective photochemical transformations, thermal 

enantioselective chemistry has certainly been an inspiration in terms of available structural 

motives. In the design of a promising catalyst or catalyst class different factors play an 
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important role, but accessibility and price, as well as generality in terms of the reactions the 

catalyst can perform, are among the main points of interest. Given the overwhelming success 

of phosphoric acids and their derivatives in conventional enantioselective catalysis, it is little 

surprise that this class of catalysts also conquered the field of enantioselective photochemistry 

readily.  
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3. Chiral Phosphoric Acids as Privileged Catalysts for Enantioselective Photochemical 

Transformations 

While the use of chiral Lewis acids for enantioselective photochemical transformations was 

established rather early,[30] the use of chiral Brønsted acids stayed underexplored for longer. An 

early example is the asymmetric aza-pinacol cyclization reported by Knowles in 2013 [see 

chapter 3.2 b)],[35] operating in the regime of photoredox catalysis. Other pioneering 

contributions were made by Sibi and Sivaguru in 2014,[29] when they used a chiral thiourea 

derivative for an enantioselective intramolecular [2+2] photocycloaddition. Notably, in this 

work the concept of chromophore activation was extended from Lewis acids towards Brønsted 

acids, as the employed chiral catalyst led to a bathochromic shift in the absorption of the 

substrate coumarins, allowing for a selective direct irradiation of the substrate-catalyst complex. 

Other important seminal work by our group centered around the activation of dithianes by 

strong Brønsted acids, although in this case the reactions stayed racemic.[36]  

The Yoon group showed in 2020, that a dual catalysis approach involving a Brønsted acid in 

combination with a ruthenium-based triplet sensitizer can lead to an improved racemic reaction. 

The findings in this study led to the conclusion that under certain circumstances Brønsted acid 

catalysts can lead to an improved rate of triplet energy transfer from a triplet sensitizer to an 

activated substrate.[37] 

Based on these fundamental publications, the rapidly evolving field of enantioselective 

photochemistry relying on chiral Brønsted acids formed. The following chapters aim to describe 

the most recent developments with a focus on the most relevant chiral Brønsted acids, namely 

chiral phosphoric acids and their derivatives.  

3.1. Non-Photochemically Active Chiral Phosphoric Acids 

The Yoon group extensively exploited the principle of chromophore activation for a variety of 

highly enantioselective [2+2] photocycloadditions involving substrates like 10 (Scheme 2). The 

basic idea involves protonation of the 3-alkyl imidazole unit of 10 by the chiral Brønsted acid 

CPA 1, leading to a bathochromic shift of its absorption. By choosing a suitable irradiation 

wavelength of λ > 400 nm, the catalyst-substrate complexes are selectively excited leading to 

high enantioselectivities.  

In the first publication of this series [Scheme 2 a)], 2-acyl imidazole 10 was reacted with an 

excess of styrene (11) in the presence of 20 mol% of the acid catalyst leading to the 

corresponding enantioenriched cyclobutane 12 (33 examples, 37-85% yield, 62-99% ee).[38] 
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Scheme 2. Synthetic work by the Yoon group: a) Chromophore activation by chiral Brønsted acid, b) Synthesis of 

Truxinate natural products, c)[2π + 2σ] photocycloaddition.    

In a follow-up project [Scheme 2 b)], the same group elegantly demonstrated how the same 3-

alkyl imidazole was homo-dimerized under similar reaction conditions to the cyclobutane 13 

(12 examples, 48-81% yield, 93-99% ee).[39] In a single step, they accessed the natural product 

δ-truxinic acid (14) from 13, underlining the synthetic utility of the developed methodology. 

Impressively, not only the problem of enantioselectivity was addressed, but the reactions 

proceeded also in a chemo-, regio- and diastereoselective fashion. 

In the most recent synthetic study in this specific area [Scheme 2 c)], Plachinski et al. used the 

closely related 3-alkyl imidazole 15 in a highly enantioselective [2π + 2σ] photocycloaddition 

with BCB (bicyclobutane) 16.[40] The thereby generated bicyclo[2.1.1]hexanes such as 17 were 

afforded with exceptional enantioselectivities (22 examples, 35-87% yield, 88-98% ee). They 

are considered important building blocks for the development of new pharmaceutical and 

agrochemical active ingredients. Changing the substrate from 3-methyl imidazole 10 to 3-

isopropyl imidazole 15 reportedly led do a decreased rate of unproductive homodimerization. 
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Utilizing slightly different reaction conditions, it was shown that also the medicinally relevant 

products 18 and 19 were accessible with excellent enantioselectivities (93% ee and 98% ee).  

In a conceptually similar approach, the Akiyama group demonstrated the enantioselective 

[2+2] photocycloaddition between the alkenyl 2-pyrrole ketones 20 and 21 to the respective 

cyclobutane 22 upon irradiation with violet light (20 examples, 11-84% yield, 72-98% ee).[41] 

Key for the successful reaction was the use of 10 mol% of the BINOL (1,1’-bi-2-naphthol) 

based phosphoric acid CPA 2, which can interact in a two-point hydrogen bond with the 

substrates (Scheme 3).  

 

Scheme 3. [2+2] photocycloaddition between the alkenyl 2-pyrrole ketones 20 and 21 catalyzed by CPA 2 upon 

irradiation with purple light. pTol = para-tolyl, MVK = methyl vinyl ketone, Cy = cyclohexyl. 

This interaction leads to a bathochromic shift in the absorption of 20, as previously described 

in the context of chromophore activation, facilitating a selective excitation of the substrate-

catalyst complex. The authors proposed the formation of the shown dimer complex 

CPA 2 ∙ 20 ∙ 21 ∙ CPA 2 involving two molecules of catalyst CPA 2 in accordance with the 

results of a non-linear correlation study. Furthermore, it was suggested that the reaction 

proceeds from the singlet hypersurface, as it proceeds smoothly under oxygen.  

In some cases, reactions are only possible or perform better, if the chiral phosphoric acid 

catalyst employed in the reaction is supported by an (achiral) photocatalyst which facilitates the 

photochemical reaction. Especially catalysts for triplet energy transfer (EnT) or photoredox 

catalysis are commonly used.  
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3.2. Chiral Phosphoric Acids in Combination with Photocatalysts 

a) Reactions mediated by EnT 

Photochemical reactions operating by EnT typically involve the transfer of triplet energy from 

a suitable sensitizer (which is directly excited) to a substrate molecule with a matching triplet 

energy. For successful sensitization it is beneficial if the sensitization process is exergonic, 

which is the case if the triplet energy (ET) of the sensitizer is higher than the triplet energy of 

the substrate.[42] 

The Yoon group showed in 2022 how the [2+2] photocycloaddition between vinylpyridine 23 

and styrene (11) produces cyclobutane 24 (15 examples, 37-95% yield, 63-96% ee) in an 

efficient way (Scheme 4).[43]  

 

Scheme 4. Cooperative stereoinduction in the [2+2] photocycloaddition between vinylpyridine 23 and styrene 

(11) mediated by a combination of chiral irrdium catalyst Δ-25 and CPA 3. 

Key for the stereoselective reaction outcome was the combination of CPA 3 and the chiral 

iridium-based sensitizer Δ-25 in a matched fashion, meaning the right combination of the 

enantiomers of both sensitizer and acid (when Δ-25 was used for the reaction, 95% ee were 

observed for 24, while Λ-25 only lead to 34% ee). CPA 3 coordinates 23 via the nitrogen atom 

in its chiral cavity, presumably lowering the ET of 23 and thereby generating a situation in which 

energy transfer towards the substrate is only feasible in the chiral environment of CPA 3. The 

authors explain the matching influence of the chiral sensitizer with the formation of a transient 

complex Δ-253 ∙ CPA 3 ∙ 23 between the triplet3 excited sensitizer Δ-253 and the pre-associated 

complex CPA 3 ∙ 23, which reacts more efficiently with styrene than the respective 

diastereomeric complex Λ-253 ∙ CPA 3 ∙ 23. 



 

10 
 

The same group, together with the Mayer group and the Miller group, demonstrated the utility 

of the vinyl pyridine binding motif in a similar study involving an enantioselective [2+2] 

photocycloaddition event.[44]  

Furthermore, the Yoon group showed how enantioselective di-π-methane rearrangements are 

possible through the combination of a CPA and an achiral triplet sensitizer.[45] 

The Jiang group made a notable contribution in the field using anthracene (26) in a dearomative 

[4+2] cycloaddition with alkenylazaarene 27 to afford the cycloadduct 28 with remarkable ee 

(62 examples, 43-99% yield, 66-99% ee). In this study, CPA 4 was used in combination with 

the dicyano pyrazine based triplet sensitizer 29 (Scheme 5).[46] 

 

Scheme 5. Dearomative [4+2] cycloaddition between anthracene (26) and alkenylazaarene 27 under visible light 

photocatalysis.  

Mechanistically, the authors propose triplet energy transfer from 29 towards anthracene (26), 

followed by addition of the resulting anthracene diradical to the ground state association 

complex between CPA 4 and alkenylazaarene 27. The formed diradical 30 undergoes 

intersystem crossing (ISC) and after radical recombination product 28 is formed.  

Further important contributions from the Jiang group include the enantioselective formation of 

spirocyclic compounds,[47] as well as an enantioselective version of the De Mayo reaction,[48] 

although in this case a mechanism involving both triplet energy transfer as well as electron 

transfer is proposed. Furthermore, they showed very recently how the Dual Catalysis approach 

was used successfully for the deracemization of axially chiral azaarylidene cycloalkanes.[49] 
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b) Photoredox-mediated Reactions  

Processes involving a catalyst which is able to undergo redox reactions in its excited state, in 

combination with a subsequent turnover step, resulting in a light-driven catalytic redox cycle 

are referred to as photoredox reactions.[50] As previously described, this reactions possess a 

significant synthetic potential for many applications and enantioselective variants have been 

excessively studied.  

A seminal contribution by the Knowles group is the asymmetric aza-pinacol cyclization of 

hydrazone 31 to the alcohol 32 (14 examples, 45-96% yield, 77-95% ee) using HEH (Hantzsch 

dihydropyridine) as a stoichiometric reductant and employing CPA 5 as well as photoredox 

catalyst 33 as the catalytic system (Scheme 6).[35] 

 

Scheme 6. Aza-pinacol cyclization of hydrazone 31 to the alcohol 32 using enantioselective photoredox catalysis.  

Catalyst 33 becomes easily reducible by HEH in its excited state and the resulting IrII species 

forms key intermediate 34 by PCET (proton-coupled electron transfer). The obtained ketyl 

radical readily cyclizes in the chiral environment of CPA 5, determining the enantioselectivity 

of the overall process. After HAT (hydrogen atom transfer) from HEH, the product 32 is formed.  

A few years later, the group of Phipps elegantly combined photoredox catalyst 35 with CPA 6 

to achieve a Minisci-type addition of the radical precursors 36 onto the heteroaromatic 

compound 37 yielding the chiral coupling product 38 (30 examples, 58-98% yield, 84-97% 

ee).[51] Mechanistically, the prochiral secondary radical 39 is formed from 36 in the usual 

way,[52] and CPA 6 coordinates the respective radical as well as the quinolone electrophile 37, 

facilitating the C-C bond formation. The authors suggested a reversible addition, making this 

step not the enantioselectivity determining step of the overall reaction. Instead, they assume the 

subsequent deprotonation step to be decisive for the observed enantioselectivity (Scheme 7). 
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Scheme 7. Photoredox mediated enantioselective Minisci reaction by the Phipps group.  

Apart from strategies involving separate CPA and photocatalyst, also single catalyst approaches 

combining both features are feasible. Research in this area is inspired by previous combinations 

of chiral fragments with photocatalysts by our group[27,53] and others.[32,54] 
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3.3. Photochemically Active Chiral Phosphoric Acids 

The intriguing idea, to combine a CPA with a photocatalyst to form a bifunctional hybrid 

catalyst was sparked by the wide repertoire of available binding motifs known from thermal 

chemistry,[55,56] giving access to a wide range of potential substrates. Considering the somewhat 

limited number of available binding motifs for established photocatalytic systems, this seemed 

highly desirable.  

a) Reactions mediated by EnT 

The initial report in this field was published in 2020 by our group and exploited preliminary 

studies by the List group,[56] which demonstrated how carboxylic acids can form heterodimers 

with CPAs. The (R)-BINOL-based bifunctional PACPA 1 (PACPA = photochemically active 

chiral phosphoric acid) catalyzed the reaction of carboxylic acid 40 with an excess of alkene 41 

to afford, under irradiation with visible light and after benzylation of carboxylic acid 42, the 

cyclobutane 43 (Scheme 8).[57] 

 

Scheme 8. First example of a PACPA, employed in the intermolecular enantioselective [2+2] photocycloaddition 

between carboxylic acid 40 and alkene 41. 

Mechanistically, a combination of NMR (nuclear magnetic resonance) spectroscopy studies and 

DFT (density functional theory) calculations suggest a two-point hydrogen bonding interaction 

between substrate 40 and PACPA 1, leading to a preferred EnT in the chiral environment of the 

catalyst, followed by a Si face attack of the respective alkene. The authors also used carboxylic 
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acid 44 in the scope study with different alkenes leading to a total of six examples with 

enantioselectivities of 45-85% ee.  

The unique reactivity of PACPA 1 was shortly after used in another synthetic study by our 

group, involving the reaction between the N,O-acetal 45 and 2,3-dimethylbuta-1,3-diene (46) 

to form the cyclobutane carbaldehyde 47 (19 examples, 54-96% yield, 84-98% ee).[58] The 

reaction proceeds via the in equilibrium formed imine 45’, which associates with PACPA 1 to 

form hydrogen bonding-assisted iminium ion pair PACPA 1 ∙ 45’ (Scheme 9).  

 

Scheme 9. Enantioselective [2+2] photocycloaddition between N,O-acetal 45 and 2,3-dimethylbuta-1,3-diene 

(46) facilitated by PACPA 1. 

Upon irradiation, exergonic EnT from the sensitizing thioxanthone units of PACPA 1 towards 

the bound iminium ion takes place, and after addition of the alkene from the Si face the product 

is formed. 

The remarkable flexibility of PACPAs regarding the tolerance of different binding motifs was 

demonstrated by Takagi et al.. Following up on initial studies in which they used stochiometric 

amounts of a CPA as chiral complexing agent,[59] they showed how the C1-symmetric 

H8-BINOL (5,5’,6,6’,7,7’,8,8’-octahydro-1,1’-bi-2-naphthol) -based PACPA 2 can catalyze the 

[2+2] photocycloaddition of quinolone 48 to the cyclobutane 49 (9 examples, 24-95% yield, 

73-98% ee).[60] Decisive for the stereoselective reaction outcome were the formation of a 

two-point hydrogen bond between the lactam moiety of 48 and the PACPA 2, as well as a π-π 

interaction between the aromatic substrate and the thioxanthone group of the catalyst 

(Scheme 10).  
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Scheme 10. [2+2] photocycloaddition of 48 mediated by PACPA 2. 

b) Photoredox-mediated Reactions  

Shortly after the initial report of a PACPA by our group, the Masson group used a similar 

catalyst (PACPA 3) for the enantioselective photoredox mediated amination of enecarbamate 

50 with azodicarboxylate 51 to form diamine 52 with excellent enantioselectivity (15 examples, 

30-95% yield, 91-99% ee, Scheme 11).[61,62] 

 
Scheme 11. Enantioselective amination of enecarbamate 50 mediated by PACPA 3 under irradiation with visible 

light.  

Mechanistically, the authors propose the thermal formation of α-carbamoylsulfide 53 followed 

by a subsequent photocatalytic oxidation mediated by PACPA 3 to form the imine 54. Similar 

to traditional CPA-catalyzed reactions, pyrazole (55) subsequently adds in a thermal reaction to 

the imine, generating product 52.  

A few years later, the König and the Toste group showed in a proof-of-principle study how the 

cyanoarene-based PACPA 4 can act as a photoredox catalyst as well as a catalyst for EnT.[63] 

To test their catalyst they used it in the already known[64] Minisci reaction between 5-

arylpyrimidine 56 and amino acid derived redox-active ester 57 to afford Minisci product 58 
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(33% yield, 21% ee, Scheme 12) with a notable although lower enantioselectivity as previously 

reported (64% yield, >99% ee).  

 

Scheme 12. Enantioselective Minisci reaction mediated by the bifunctional cyanoarene-based PACPA 4. 

As a proof-of-concept for a reaction mediated by EnT, they repeated Yoon’s [2+2] 

photocycloaddition [Scheme 2 a)] with PACPA 4 (5 mol% catalyst, 63% yield, 54% ee, with a 

slightly modified PACPA they obtained 80% yield and 65% ee).   

Another study centering around the synthesis of bicyclo[2.1.1]hexanes was presented by the 

Jiang group in 2024.[65] They used 2-vinylpyridine (59) in the [2π + 2σ] photocycloaddition 

with BCB 60 employing the photoredox active PACPA 5, leading to the bicyclic product 61 

with high enantioselectivity (52 examples, 46-99% yield, 83-99% ee, Scheme 13). 

 

Scheme 13. Synthesis of bicyclo[2.2.1]hexane 61 through enantioselective [2π + 2σ] photocycloaddition mediated 

by PACPA 5. 2-Naph = 2-naphthyl.  
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Mechanistically, the authors propose excitation of the polycyclic aromatic moiety of PACPA 5, 

which undergoes PCET towards the ketone moiety of BCB 60. Subsequent ring opening and 

electron back-transfer to the catalysts lead to the triplet intermediate 62, and upon addition of 

alkene 59 in the vicinity of the chiral catalyst, the product is formed.  

Considering the wide range of photochemical reactions unattained in an enantioselective 

fashion, as well as the considerable interest of our group in reactions mediated by EnT, we were 

deeply interested in further exploring the synthetic abilities of PACPAs in subsequent synthetic 

studies.  
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4. Expanding the Reaction Scope of Photochemically Active Chiral Phosphoric Acids 

Inspired by work from our group[57,58] and others[60] we envisioned that by careful design of the 

respective PACPA catalyst also EnT mediated enantioselective reactions other than the 

photochemical [2+2] cycloaddition should become feasible.  

On a structural level, modifications of different key features of the PACPA are proposed to lead 

to an improved performance in the desired enantioselective photochemical transformations 

(Figure 3).  

 

Figure 3. Possible sites of structural modification of PACPA 1, a) Chiral Backbone, b) Linker, c) Photocatalyst, 

d) Coordinating Group. Tf = trifluoromethanesulfonyl, R = rest.  

Chiral Backbone a) as well as the Linker b) and the Photocatalyst c) influence the exact nature 

of the chiral pocket of the PACPA, which is decisive for a high degree of enantiodifferentiation. 

The Linker also strongly influences the distance between the chromophore of the catalyst and 

the substrate chromophore, which has been reported to be decisive especially in deracemization 

reactions.[23,66] The Photocatalyst (or photocatalytically active group) is highly tunable 

regarding steric demand, and most importantly, its triplet energy. The nature of the Coordinating 

Group d) decides over the binding mode of the respective substrate (hydrogen-bonding vs. ionic 

interaction), which is strongly dependent on its acidity.  

Regarding possible reactions to test our new catalysts, seminal work by Corey[67] and Eaton[68] 

caught our attention. They had shown that cyclohept-2-en-1-one (cis-63) isomerizes upon 

excitation with light to the respective trans-isomer (trans-63). The highly reactive species can 
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be trapped by a suitable diene in a thermal Diels-Alder reaction. Along these lines our group 

investigated the racemic reaction,[69] with the idea in mind to develop an enantioselective 

version, intrigued by the inherent planar chirality of trans-63. We envisioned that a PACPA 

could coordinate a suitable cycloheptenone derivative and facilitate the isomerization by EnT 

in an enantioselective fashion. Stereospecific trapping of the enantiomerically enriched highly 

strained alkene in a thermal Diels-Alder reaction should lead to the enantiomerically enriched 

cycloaddition products [Scheme 14 a)]. 

 

Scheme 14. a) Left: Seminal work on the isomerization of cyclohept-2-en-1-one, Right: PACPA catalyzed 

enantioselective isomerization b) Left: Photochemical deracemization of primary allene amides by our group, 

Right: Envisioned PACPA catalyzed deracemization of allene carboxylic acids. Sens. = sensitizer. 

Recently, photochemical deracemization reactions gained a lot of attention,[23,24,70] and our 

group reported the photochemical deracemization of primary allene amide rac-64 by a chiral 

lactam catalyst.[66] Inspired by this reaction, we anticipated a similar deracemization reaction, 

using the respective axially chiral allene carboxylic acid rac-65a in combination with a PACPA 

[Scheme 14 b)]. 

By the synthesis of structurally optimized PACPA catalysts, we aimed to unlock exciting new 

reaction modes to expand the synthetic utility of bifunctional photochemically active chiral 

phosphoric acids.  
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5. Enantioselective Photochemical Generation of a Short-Lived, Twisted Cycloheptenone 

Isomer: Catalytic Formation, Detection and Consecutive Chemistry 

 

Title: “Enantioselective Photochemical Generation of a Short-Lived, Twisted 

Cycloheptenone Isomer: Catalytic Formation, Detection and Consecutive 

Chemistry” 

Status: Research Article, published online April 21, 2025 

Journal: Angew. Chem. Int. Ed. 2025, 64, e202501433 

Publisher: John Wiley and Sons 

DOI: doi.org/10.1002/anie.202501433 

Authors: Max Stierle, Constantin Jaschke, Daniel J. Grenda, Martin T. Peschel, Thomas 

Pickl, Niklas Gessner, Patrick Nuernberger, Benjamin P. Fingerhut, Christian 

Ochsenfeld, Regina de Vivie-Riedle, Thorsten Bach 

Content: Cyclohept-2-enone-3-carboxylic acid was found to undergo a photochemical 

isomerization to its strained trans-form either under direct irradiation or under sensitizing 

conditions. The isomerized trans-form was detected by step-scan FTIR and a lifetime of 130 μs 

(r.t. CH2Cl2) was measured. Trapping of the strained alkene in a thermal Diels-Alder reaction 

led to trans-fused cycloaddition products (14 examples, 24-98% yield). When a bifunctional 

chiral phosphoric acid with a sensitizing group was used for the reaction, enantioselectivity was 

induced in the isomerization to the planar chiral trans-form of the substrate. The subsequent 

Diels-Alder reaction and benzylation sequence led to chiral products (seven examples, up to 

38% ee). Extensive computational studies suggest that the observed enantioselectivity is indeed 

the product of an enantioselective isomerization reaction, although the phosphoric acid 

catalyzes the ground state Diels-Alder reaction preferentially to the opposite enantiomer, 

leading to an erosion of the overall observed enantioselectivity.  

M. Stierle and T. Bach developed the project. M. Stierle planned and executed all synthetic 

experiments. C. Jaschke and M. T. Peschel performed all computational work. D. J. Grenda and 

N. Gessner were responsible for step-scan FTIR measurements. Thomas Pickl performed X-ray 

crystallographic analyses. P. Nuernberger, B. P. Fingerhut, C. Ochsenfeld, R. de Vivie-Riedle 

and T. Bach supervised the research and acquired funding. The manuscript was written with 

contributions from all authors.  
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6. Photochemical Deracemization of 2,3-Allenoic Acids Mediated by a Sensitizing Chiral 

Phosphoric Acid Catalyst 

 

Title: “Photochemical deracemization of 2,3-allenoic acids mediated by a sensitizing 

chiral phosphoric acid catalyst” 

Status: Edge Article, published online September 22, 2025 

Journal: Chem. Sci. 2025, DOI: 10.1039/d5sc05356k 

Publisher: Royal Society of Chemistry 

DOI: doi.org/10.1039/d5sc05356k 

Authors: Max Stierle, Daniel Bitterlich, Julia Westermayr, Thorsten Bach 

Content: Seven photochemically active chiral phosphoric acids bearing a thioxanthone 

chromophore were synthesized and evaluated as catalysts in the photochemical deracemization 

of 2,4-disubstituted 2,3-allenoic acids. For the best performing catalyst 2-benzyl-4-tert-butyl-

2,3-allenoic acids were obtained in 58-97% yield and with enantiomeric ratios between 71/29 

and 85/15. The products were determined to be (R)-configured, and a mechanistic picture for 

the observed reaction outcome was developed based on quantum-chemical and experimental 

studies. The synthetic utility of the obtained axially chiral acids was demonstrated by 

consecutive reactions leading to products with point chirality.   

M. Stierle and T. Bach developed the project. M. Stierle planned and executed all synthetic 

experiments. D. Bitterlich performed all computational work. T. Bach and J. Westermayr 

supervised the research and acquired funding. The manuscript was written with contributions 

from all authors. 

 

 

 

 

 

 

 

https://onlinelibrary.wiley.com/authored-by/Stierle/Max
https://onlinelibrary.wiley.com/authored-by/Bach/Thorsten


 

35 
 

 

 

 

 



 

36 
 

 

 

 

 



 

37 
 

 

 

 

 



 

38 
 

 

 

 

 



 

39 
 

 

 

 

 



 

40 
 

 

 

 

 



 

41 
 

 

 

 

 



 

42 
 

 

 

 

 



 

43 
 

 

 

 

  



 

44 
 

7. Summary  

Based on previous reports by our group[57,58] and others[60,62], a new generation of structurally 

diverse PACPAs was synthesized in this thesis. Two novel enantioselective reaction modes were 

thereby unlocked. Figure 4 aims to give a chronological overview of some of the prepared 

PACPAs and the reactions they were employed for.  

 

Figure 4. Chronological selection of some in this work prepared PACPAs 6-12 and the reactions they were used 

for. aPrepared by Pecho and Zou, year of publication is stated. bYear of first synthesis is stated.  

We identified carboxylic acid 66 from a selection of possible compounds as the most suitable 

model substrate for an enantioselective cis-trans isomerization (Scheme 15).[71] Because the 

photochemically generated, chiral cis-alkene (rac)-67 is too reactive to be isolated, we studied 

racemic trapping reactions under direct irradiation conditions (14 diene examples, up to 98% 

yield). Finally, we were able to show how the utilization of PACPA 7 as catalyst, under visible-

light irradiation, lead to Diels-Alder products 68 with a notable degree of enantiodifferentiation.   
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Scheme 15. Enantioselective, visible-light mediated cis-trans isomerization of acid 66 towards the highly strained 

alkene 67. Thermal Diels-Alder reaction with a suitable diene and benzylation lead to the isolated products 68. 

A detailed computational analysis by our collaboration partners suggests EnT from the 

thioxanthene-9-one units of the chiral catalysts towards the coordinated substrate. The 

calculations propose that the overall observed enantioselectivity is induced in the isomerization 

step.  

In a second synthetic study, we were able to show how tuning the exact nature of the PACPA 

catalyst leads to an improved deracemization reaction (Scheme 16).[72] 

 

Scheme 16. Photochemical deracemization of allenoic acids rac-65 mediated by PACPA 12 under irradiation with 

visible-light.   

By employing PACPA 12 we were able to deracemize the 2,4-disubstituted 2,3-allenoic acids 

rac-65 under irradiation with visible light, leading to the enantioenriched allene carboxylic 

acids 65. Computational input by our collaboration partners, as well as mechanistic experiments 

suggest different sensitization rates for the two enantiomers of rac-65 in the two different 

diastereomeric complexes formed by coordination to the phosphoric acid catalyst. Thereby, 

ent-65 is processed faster by the catalyst to form achiral diradical intermediate 69, leading to 

enantiomeric enrichment of 65 in the reaction solution.  

In summary, this work contains the first example of the enantioselective cis-trans isomerization 

of an enone ever reported, although the obtained enantioselectivities stayed on a proof-of-

principle level (up to 38% ee). Furthermore, a pioneering contribution to the still relatively 

young field of photochemical deracemization was made by efficient catalyst design (up to 71% 

ee). Thereby, previous limitations were surpassed and the reaction scope of photochemically 

active chiral phosphoric acids was expanded.   
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8. Licenses 

The research articles reprinted in this thesis were originally published under CC BY 4.0 and 

CC BY 3.0 licenses and were therefore legally reprinted. The following links provide access 

to the respective manuscripts and supporting materials: 
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