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“Oh no, not again. Many people have speculated that if we knew exactly why the 
bowl of petunias had thought that we would know a lot more about the nature of 
the Universe than we do now.” 

― Douglas Adams, The Hitchhiker's Guide to the Galaxy 

 

 

“Also auch Du bist so müde, so chemiemüde. Es ist mir dies ein ordentlicher Trost. 
Du glaubst nicht, wie müde ich bin, wie satt ich die Chemie habe, wie namentlich 
gewisse Theile mich ordentlich anekeln, mir wenigstens so langweilig sind, daß 
ich gähnen muß, wenn ich daran denke. Sind wir denn schon so alt oder was ist 
es? Diese nervenschwächende Wirkung muß wirklich der Chemie eigenthümlich 
sein. Ich glaube, die materiellen Influenzen, die Dämpfe, Gerüche und all die 
Teufelstinkereien haben großen Antheil daran. Besonders ist es das Prakticum, 
was Einen so herunterbringt.” 

― Friedrich Wöhler, Aus einem Brief an Justus von Liebig (22.07.1847)1 

 

 

“The great tragedy of science―the slaying of a beautiful hypothesis by an ugly 
fact.” 

― Thomas Huxley 1870 

 

  

 
1 The contents of this quote do not represent the present authors personal views and is only meant to show this interesting 
historical correspondence between Friedrich Wöhler and Justus von Liebig. 
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1 Abstract 
Biaryls are important structural motifs for both pharmaceutically relevant compounds as well 

as ligands, and catalysts in chemical transformations. With the aim of contributing to the ever-

expanding methodology towards biaryls, different synthesis strategies were devised and 

implemented to obtain synthetically relevant biaryls. Moreover, stereoselective palladium 

catalyzed transformations were investigated for the synthesis of bicyclic compounds. 

8,8′′-Biflavones, a class of biaryl-based natural products, were investigated for their bioactivity 

against various human pathogens. A synthesis route for the construction of highly 

functionalized racemic biaryl building blocks in three steps was established in a scalable fashion. 

Enabled by this method, the first extensive library of 8,8′′-biflavone analogues was synthesized. 

This dedicated library was then evaluated regarding its pharmaceutical potential in cooperation 

with M.Sc. Lena Berning and M.Sc. Flaminia Mazzone (Heinrich Heine University Düsseldorf). 

In addition to promising results for these biflavones, bichalcones obtained as key intermediates 

were identified as novel drug scaffolds. Based on these first hits, further amino-8,8′′-biflavones 

including the first non-C2-symmetrical 8,8′′-biflavone were synthesized. In cooperation with 

M.Sc. Céline David (Heinrich Heine University Düsseldorf) the structure activity relationship 

was probed, and bioactivities obtained. Next a strategy involving cyclic diaryliodonium salts 

towards an enantiopure building block was implemented. Extensive investigations were 

undertaken, and ultimately a scalable protocol successfully established. These prochiral 

building blocks were then applied to construct enantiopure dimeric flavonoids and thus the 

usefulness of the established methodology shown. 

In addition to these investigations, palladium-catalyzed methods were investigated to overcome 

advanced synthetic challenges. For one, the Catellani reaction was used to obtain biaryls 

inaccessible by state-of-the-art methods. Factors critical for this transformation were identified, 

and a protocol for the synthesis of tri-ortho-substituted biaryls established. Moreover, first 

investigations into stereodynamic biaryl-based palladacycles were conducted. The proposed 

stereodynamics of these palladium complexes were supported by preliminary computational 

calculations (DFT).  

Finally, in collaboration with the working group of Prof. Mark Lautens (University of Toronto), 

the use of chiral oxabicycles as acetylene analogues was thoroughly investigated. A mechanism 

to explain the observed stereoselectivity of the reaction was proposed and supported by 

experimental findings. Finally, DFT calculations were conducted to rationalize the observed 

selectivities.  
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2 Zusammenfassung 
Biaryle sind wichtige Strukturmotive für sowohl Pharmazeutika als auch Liganden und 

Katalysatoren in chemischen Transformationen. Verschiedene Synthesestrategien wurden 

untersucht und implementiert, mit dem Ziel, zu dem Repertoire der Biarylsynthesen beizutragen. 

Weiterhin wurden stereoselektive, palladiumkatalysierte Transformationen zur Synthese von 

bicyclischen Systemen mit Hilfe von chiralen Auxiliaren untersucht. 

Die Bioaktivtäten von 8,8′′-Biflavonen wurden gegen verschiedene Humanpathogene 

untersucht. Eine skalierbare Syntheseroute zur Konstruktion hochfunktionalisierter 

racemischer Biaryl-Bausteine über drei Schritte konnte etabliert werden. So konnte die erste 

umfassende 8,8′′-Biflavon-Bibliothek synthetisiert werden. Das pharmakologische Potenzial 

dieser Bibliothek wurde durch die Kooperationspartnerinnen M.Sc. Lena Berning und M.Sc. 

Flaminia Mazzone (HHU Düsseldorf) evaluiert. Zusätzlich zu Biflavonen wurden bioaktive 

Bichalkone als neuartige Leitstrukturen für weitere biologische Untersuchungen identifiziert. 

Basierend auf diesen ersten Untersuchungen wurden weitere Amino-8,8′′-biflavone, inklusive 

des ersten nicht-C2-symmetrischen 8,8′′-Biflavons, synthetisiert. In Kooperation mit M.Sc. 

Céline David (HHU Düsseldorf) wurde die Struktur-Aktivitätsbeziehung dieser Verbindungen 

untersucht. Daraufhin wurde eine Synthesestrategie implementiert, bei der prochirale cyclische 

Diaryliodonium-Salze verwendet wurden, um enantiomerenreine Bausteine zu synthetisieren. 

Schlussendlich konnte ein skalierbares Syntheseprotokoll etabliert wurde. Basierend auf diesen 

Ergebnissen konnten enatiomerenreine, dimere Flavonoide hergestellt werden. 

Zusätzlich zu diesen Untersuchungen wurden palladiumkatalysierte Strategien angewandt, um 

moderne synthetische Problemstellungen zu adressieren. So wurde die Catellani-Reaktion zur 

Synthese von ansonsten unzugänglichen Biarylen untersucht. Für diese Reaktion kritische 

Faktoren wurden identifiziert und ein Protokoll für die Synthese von tri-ortho-substituierten 

Biarylen etabliert. Weiterhin wurden Untersuchungen zu stereodynamischen biarylischen 

Palladacyclen unternommen und Ergebnisse durch in silico Studien (DFT) unterstützt.  

Schlussendlich konnte die erhaltene Expertise genutzt werden um in einer Kollaboration mit 

der Arbeitsgruppe von Prof. Mark Lautens (University of Toronto), eine neuartige, 

palladiumkatalysierte Methode zu etablieren. Ein Reaktionsmechanismus, der die 

Stereoselektivität erklären kann, wurde vorgeschlagen und mit experimentellen Funden belegt. 

Ferner wurden DFT-Berechnungen durchgeführt, um die beobachteten Selektivitäten zu 

erklären. 



Introduction and Objectives 

3 

3 Introduction and Objectives 

3.1 Flavonoids and Biaryls 
Humanity has unknowingly benefited from the ingestion of flavonoid containing plants 

throughout its history. Be it as the drink Xocolātl2[1] or cocoa[2] in Mesoamerica and the Aztec 

empire for hundreds of years,[3] or as traditional herbal medicinal plants such as Ginkgo biloba 

since at least the Yuan dynasty (1280–1368 C.E.)[4]. Flavonoids are the most abundant group 

of polyphenols found in the human diet[5] and have been associated with a plethora of beneficial 

biological effects[6] including anti-cancer, cardiovascular modulating, and even 

neuromodulating effects.[7] The mode of action is often attributed to anti-oxidant properties or 

by modulating signalling pathways[8] though results need to carefully be considered to not 

overestimate the potential of this ubiquitous compound class.[9] The biosynthesis and metabolic 

function of flavonoids has been evaluated thoroughly.[10] In particular, biflavones, naturally 

occurring flavone dimers found among various gymnosperms,[11] have emerged as a valuable 

subclass with relevant biological activities.[12] Research into the reduction of disease-related 

mortality benefits greatly from the accessibility of such diverse compound classes. Infectious 

disease and cancer are among the most prevalent causes of death globally.[13] In recent years 

new challenges have arisen that amplify the urgent need for suitable treatments. In particular, 

drug resistance continues to be the primary limiting factor in overcoming cancer and microbial 

diseases,[14] and has even been named the most pressing issue for human health[15] with 

“[…] significant global economic and security implications”.[13] To combat this global crisis, 

the identification of new drug scaffolds is of ever greater importance.[16] This relentless demand 

for therapeutical agents highlights the need for scalable and diversifiable chemical methods to 

identify and obtain novel drug candidates. Natural product inspired drugs are of particular 

interest.[17] Biaryl based secondary metabolites may constitute one such high-potential class of 

compounds.[18] In 2018, 15% of FDA approved small molecules contained at least one 

atropisomeric axis, which makes this compound class of particular interest for medicinal 

chemists.[19] The conformational stability of such drug candidates is of great importance.[20] For 

these reasons, biaryl-based natural product inspired drugs may help overcome challenges of 

drug-resistance. Phytochemicals have been shown to address cis-platin resistance[21] including 

recent examples of biflavone ginkgetin (1) (Figure 1).[22] Additional biaryl based natural 

products such as phomoxanthone A (2),[23] gonytolide A (3),[24] rugulotrosin A (4),[25] and 

viriditoxin (5)[26] just to name a few have proven to be of great pharmaceutical interest (Figure 

1). Methodologies towards such biaryl-based compounds are well established, yet there are still 

2 The word chocolate is derived from this. Classical Nahuatl: A combination of xocolia (“to make sour”) + ātl (“water”) 

https://en.wiktionary.org/wiki/xocolia#Classical_Nahuatl
https://en.wiktionary.org/wiki/atl#Classical_Nahuatl
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challenging synthetic hurdles that need to be overcome.[18, 27] The establishment of new methods 

providing access to an ever-greater variety of natural product inspired compounds must be 

addressed for years to come. Particularly enantiopurity of such axially chiral natural products 

needs to be achieved.[28] 

Figure 1: Biaryl based natural products. 
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3.2 Thesis objective 
As outlined in the previous section, there is an urgent need to establish reliable methodologies 

to obtain novel drug candidates. As part of this work, new synthetic strategies towards the 

construction of biaryl key intermediates shall be investigated. The scalability of these synthetic 

methods is of great importance to synthesize adequate amounts of potentially bioactive 

molecules for in vitro trials. Particularly, the stereoselective synthesis and resolution of biaryls 

will be investigated. After establishing such protocols, racemic 8,8′′-biflavones as an 

underexplored category of the broader class of flavonoids shall be synthesized and their 

biological activity against microbes and human cancer cell lines evaluated (Chapter 5.1.1). This 

biological profiling is to be done in cooperation with the research training group 2158 

(GRK 2158) ‘Natural products and natural product analogues against therapy-resistant 

tumors and microorganisms: new lead structures and modes of action’. Initial biological hits 

that are obtained by this study will subsequently be synthesized in an enantioenriched fashion 

to identify eutomer and distomer (Chapter 5.2). The transformative power of palladium 

catalysis is to be leveraged to establish new methods towards the desired biaryl motif. In 

particular, the Catellani-reaction will be used to shorten established synthetic routes 

(Chapter 5.3). Moreover, the synthetic value of palladacyclic biaryl intermediates towards 

enantioenrichment of synthetically useful biaryls will be assessed (Chapter 5.4). The 

methodological knowledge gathered from these investigations shall be applied to the 

stereoselective multicomponent synthesis of indenes (Chapter 5.5). 

Chapter 5.1.1 Chapter 5.2 

  
Racemic biflavonoids Synthesis of enantiopure biflavonoids 

Chapter 5.3 Chapter 5.4 Chapter 5.5 

   

Catellani reaction Palladacycles Oxabicycles as chiral acetylene 
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4 State of Knowledge 
Biaryl-based structural motifs are found throughout nature. While the biosynthesis of such 

natural products involves specialized oxidases and laccases to achieve C–C bond formation,[29] 

for the most part synthetic chemists have had to make due with transition metal catalysis.[30] 

Only recently new methods making use of enzymes have been explored,[31] and few general 

enzymatic approaches reported to date.[32] Nevertheless, chemists have been interested in 

obtaining these biarylic structures since at least the 1890s.[33] Of particular interest is the 

phenomenon of axial chirality observed for sterically hindered biaryls. In 1922 the first optically 

active biaryl was reported and the mode of chirality proposed.[34] Axially chiral compounds are 

commonly referred to as atropisomers (historically: atropoisomers). Atropisomers are defined 

as containing distinct rotational isomers with a somewhat arbitrary half-life of 1000 seconds 

which corresponds to an energetic barrier ΔGe‡ of 90 – 100 kJ·mol-1 (22 – 24 kcal·mol-1).[35] 

IUPAC recommends the use of Sa and Ra as the stereodescriptors to assign the absolute 

configuration[36] though P (plus) and M (minus) can still commonly be found in literature 

(Scheme 1).[27, 37] Biaryls, containing such rotationally stable isomers are often tri-ortho- or 

even tetra-ortho-substituted (ortho relative to the biaryl bond). Such enantioenriched biaryls are 

ubiquitous structures found in nature.[18] Organisms exist that are capable of producing axially 

chiral natural products with both (Ra) or (Sa) configuration selectively[38] often relying on 

dirigent proteins to achieve stereoselectivity.[39] Enzyme catalyzed approaches for the 

resolution and desymmetrization of biaryls have been compiled in a recent review.[40] The 

atropisomers of such chiral biaryl based natural products can possess selectivity towards 

enzyme and receptor targets[41] making the resolution of such compounds of great importance 

in addition to best-practices and regulations in drug development.[28] 

 

Scheme 1: Stereodescriptors for axially chiral biaryls. Based on Bringmann et al.[27] 
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4.1 Biaryl construction 
Generally, the construction of biaryls can be classified into the following categories: oxidative 

couplings (Scheme 2A), homo/cross-couplings (Scheme 2B) and de-novo synthesis (Scheme 

2C). These coupling strategies have historically been employed to obtain both racemic mixtures 

as well as enantioenriched products.[42] Complementary to these biaryl construction strategies, 

forming the biaryl in a racemic or achiral fashion can also be leveraged to then subsequently 

resolve this mixture by various methods (Scheme 2D). In addition to classic aryl-aryl 

atropisomers, C–N atropisomers in form of amides and polycyclic system have gathered 

considerable interest in literature but will not be discussed in detail as part of this dissertation.[43] 

Over the following section, a brief rundown of definitions and contemporary reviews on the 

topic will be given for each of these various strategies. 

 

Scheme 2: Illustrative examples of various biaryl construction strategies. 

Oxidative couplings (Scheme 2A) rely on the C–H activation of the monomeric units and have 

been named ‘the most widespread pathway in the biosynthesis of biaryl natural products’[44] 

attested by many literature known examples.[45] The repertoire of this biomimetic approach[46] 

has since been expanded by contemporary methods. Most notably the groups of Kozlowski,[47] 

and Pappo[48] in addition to others have worked on establishing and applying new methods 

using Fe-[48a, 48c, 48d, 49], Cu-[50] and V-[51]catalysts just to name a few. The ultimate goal of these 

methods is to achieve selective and efficient C–C bond formation.[52] Especially the field of 

oxidative coupling to form heterodimers enabled by chemo- and regioselectivities[48a, 49c] has 

been explored in recent years.[47a, 47b, 48c, 48d, 53] Though attempts have been made to explain 

observed selectivities,[47b] the mechanisms of such radical based reactions are still under 

scrutiny. Substrates employed often contain hydroxy groups as mechanisms often proceed via 

phenoxy radicals.[47a, 47b, 48c, 48d, 53] Generally, oxidative couplings tend to suffer from low 
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selectivities. While naphthol is known to form well-localized radicals under oxidative 

conditions in ortho position to the hydroxy group,[54] phenol derived phenoxy radicals are less 

localized. To avoid rampant side product formation or polymerization, artificial substrates 

that⸺as of date⸺serve little use in natural product synthesis are often used. The Müller group 

exploited such low regioselectivity to achieve diversity oriented total synthesis of various 

racemic biaryl based natural products.[49b] Most recently oxygen-mediated catalyst-free 

dimerization and trimerization of flavones have been investigated highlighting the advance in 

transition metal free couplings.[55] 

Homocoupling and cross-coupling reactions (Scheme 2B) are an essential class of various C-C 

bond forming methods. Historically, homocouplings such as the Ullmann-coupling first 

reported in 1901, have played a major role in biaryl synthesis.[33b] Even though the applicability 

of such methods for unsymmetrical biaryls is inherently low due to the nature of symmetrically 

functionalized substrates, contemporary synthesis strategies are still able to make use of this 

robust method employing stochiometric amounts of relatively inexpensive copper.[56] Since the 

late 1970s various cross coupling methods have been developed to mitigate the drawbacks 

associated with homocouplings in addition to the use of sub-stoichiometric amounts of metal 

catalyst.[57] Palladium-catalyzed reactions to obtain biaryls involve the use of an aryl 

(pseudo)halide (X = Cl, Br, I, OTf) in combination with various nucleophiles such as aryl 

boronates (Y = B(OH)2) (Suzuki-Miyaura coupling) (Scheme 2B).[58] Other 

palladium-catalyzed cross-coupling reactions such as Stille-, Kumada-, Negishi-, 

Heck-couplings,[59] and⸺more recently⸺Buchwald-Hartwig-aminations[60] have also found 

widespread application in synthesis of pharmaceutically relevant molecules.[61] Since the advent 

of these methods in the 1980s and 1990s, nickel has gathered considerable attention as a 

replacement for palladium in cross-coupling protocols[62] but has yet failed to replace the ‘Jack 

of all Trades’ palladium. The 2010 Nobel Prize in chemistry was awarded to Prof. Akira Suzuki 

as a co-recipient for his efforts in the field of palladium-catalyzed cross-coupling reactions.[63] 

In drug discovery and medicinal chemistry, biaryls and the Suzuki-Miyaura-coupling in 

particular are over-proportionally represented among drug candidates again emphasizing the 

importance of this class of aryl-aryl bond formation.[61b]  

In relation to these first two strategies, de-novo syntheses (Scheme 2C) have as of date been 

less explored but have still gained considerable attention most notably among these 

atroposelective de-novo syntheses.[64] 
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4.2 Enantiomeric enrichment of biaryls 
The enantioselective construction of biaryls is synthetically challenging.[18, 27] A narrow 

substrate scope or tailor made solutions are often the concessions made to accommodate 

complex target structures.[25, 65] Diastereoselective couplings by the utilization of chiral 

auxiliaries are some of the earliest examples of stereoselective biaryl formation but still find 

application in modern syntheses.[66] Moreover, the use of chiral ligands has been applied to 

many coupling strategies, in particular Suzuki-Miyaura-couplings.[67] As mentioned in the 

previous section, in addition to the stereoselective construction of the biaryl bond, various 

methods of enantioenrichment of racemic, stereodynamic or prochiral biaryls exist (Scheme 2D, 

Scheme 3). These atroposelective transformation of biaryls have recently been compiled in an 

illustrative overview article by the Lassaletta group and will only be concisely summarized 

here.[68] In addition to more modern approaches, chiral auxiliaries as resolving agents played a 

historically important role especially in natural product synthesis.[49b, 56a, 56b, 69] As a ‘spiritual 

successor’ to this approach, kinetic resolution (KR) (Scheme 3A) is a classic method wherein 

both atropisomers are separated by the selective transformation of one of the enantiomers.[70] 

Similar to resolutions using auxiliaries, the maximum obtainable yield for each enantiomer is 

capped at 50%. Dynamic kinetic resolution (DKR) (Scheme 3B) is a more contemporary 

method that involves racemization of the starting material and subsequent selective 

transformation of one enantiomer in the same fashion as KR.[71] The theoretical maximum 

possible yield of enantiopure (>99%ee) product in this and all following methods is >99%. 

Examples of kinetic dynamic resolutions include selective ring opening of stereodynamic 

lactones or cyclic diaryliodonium salts.[72] Dynamic kinetic asymmetric transformation 

(DYKAT) (Scheme 3C) exploits prochiral intermediates. The definition of a DYKAT is 

discussed in extraordinary detail in literature.[73] Desymmetrization (Scheme 3D) transforms 

enantiotopic substituents of achiral starting materials that contain an already rotationally 

hindered biaryl bond. Finally, deracemization has gained renewed interest over the last decade 

(Scheme 3E). This method proceeds by selectively transforming one enantiomer into the other, 

making it the most straightforward of these processes.[74] 
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Scheme 3: Illustrative examples of various strategies employed to resolve and/or enantioenrich achiral/prochiral 
or racemic starting materials with maximum possible yield and enantiomeric excess. 

4.2.1 Resolution of stereodynamic cyclic diaryliodonium salts 
As outlined in the previous section, one of the strategies to obtain enantioenriched biaryls, is to 

leverage stereodynamic key-intermediates or starting materials (Chapter 4.2, Scheme 3B). For 

the context of this thesis, this method will be elucidated in more detail. In the following section, 

some of the newest trends in this field of research will be presented. 

Cyclic diaryliodonium salts 6 have emerged as a useful class of stereodynamic prochiral 

compounds. The conformers of this compound class readily interconvert and thus no stable 

atropisomers (ΔG < 22 kcal·mol-1) exist at room temperature.[75] In recent years many 

applications for iodonium salts have been reported. Heinen et al. used cyclic diaryliodonium 

salts 6 as halogen-bonding organocatalysts in the amination of benzyl chlorides.[76] 

Applications of iodonium salts⸺synthetically useful building blocks⸺were compiled in a 

review on the topic in 2017,[72c] but have since greatly been expanded resulting from the 

inception of stereoselective catalytic ring opening reactions to form axially chiral biaryls 7, first 

reported by Zhao et al. in 2018.[75] A variety of nucleophiles have thus far been reported for 
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this stereoselective ring opening reaction. Among these are primary amines,[75] thioesters,[77] 

O-alkyl hydroxylamines,[78] carboxylates,[79] triazoles,[80] halides,[81] and bulky anilines (using 

chiral cobalt cations).[82] These advances were compiled in a recent review on the topic.[83] This 

stereoselective ring opening, akin to a dynamic kinetic resolution (DKR), is able to produce 

enantiopure (>99%ee) product often with yields >90% (Scheme 4B). Tetra-ortho-substituted 

biaryls are thus constructed very cleanly, circumventing the issues otherwise associated with 

sterically congested biaryls.[18, 27] The synthesis of cyclic diaryliodonium salts generally 

proceeds via oxidation of 2-iodobiaryls 8 synthesized from nitro- 9 or amino arenes 10 (Scheme 

4A). A limitation of this otherwise ubiquitous compound class is the incompatibility of electron-

rich substrates with the oxidative cyclization conditions.[84] It could be shown that while the 

oxidation of the aryl iodide proceeds smoothly, the subsequent triflic acid (TfOH) induced 

electrophilic aromatic substitution (SEAr) results in side reactions.[85] 

 

Scheme 4: (A) Synthesis and (B) application of cyclic diaryliodonium salts. 

In addition to iodonium salts, cyclic diaryl λ3-bromane (‘cyclic diarylbromonium salts’) 11 are 

also literature known but exhibit different reactivities and selectivities.[86] The synthesis 

proceeds via denitrogenative cyclization of 2-amino-2′-bromo biaryls 12 (Scheme 5A). Ring 

opening using carboxylic acids or amines generates different possible regioisomeric products 

(13 and 14) depending on the substitution pattern as was shown by Lanzi et al. (Scheme 5B).[87] 

Compared to cyclic diaryliodonium salts 6, the mechanism is believed to proceed via an aryne 

9 

10 

8 6 

6 7 
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intermediate 15 explaining this reactivity (Scheme 5C). In addition to this application in the 

generation of biaryl scaffolds, cyclic diaryl λ3-bromane 11 can also be employed as chiral 

organocatalysts as was shown by Yoshida et al.[88] Lanzi et al. also recently expanded the 

collection of cyclic hypervalent halogen containing compounds by synthesizing and utilizing 

the first cyclic diaryl-λ3-chloranes.[89] No efforts have been undertaken into making use of the 

stereodynamic properties of such system. 

 

Scheme 5: (A) Synthesis, (B) regioselective ring opening and (C) proposed mechanism of the ring opening of 
cyclic diaryl λ3-bromanes. In accordance with Lanzi et al.[87] 

  

12 11 

11 13 14 

11 15 
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4.3 Biaryl based natural product synthesis 
As stated in the introduction, biaryl-based compounds have emerged as exciting drug scaffolds. 

Bioactive biaryl-based natural products as an inspiration for new pharmaceutically relevant 

compounds have therefore thoroughly been investigated. Bringmann et al.[18, 37, 44, 90] and 

Kozlowski et al.[91] compiled exceptionally important review articles on the topic of axially 

chiral biaryl-based natural product synthesis with the most recent being published in 2019 in 

addition to further important overviews by other groups on the topic.[27, 68, 92] In the following 

section an illustrative overview of various biaryl based natural products, their bioactivity, and 

the total synthesis strategies will be discussed. Strategies employed since the early 2010s will 

be highlighted. In particular, C2-symmetrical biaryls will be conferred to highlight historical 

and contemporary strategies towards enantioenriched products. 

4.3.1 Polyketides 
Oxidative coupling strategies are common among polyketide based natural product synthesis. 

In particular, vanadium-based catalysts originally developed by Hwang et al.,[51a] have found 

application in natural product synthesis[65a] as well as oxidative hetero-couplings both compiled 

in a recent review.[53] Modern vanadium coupling methodology involve the use of chiral mono-

metallic complexes most recently expanded by the Kozlowski group.[93] In 2011 Park et al. 

highlighted the vanadium catalyzed oxidative coupling of a semiviriditoxin analogue 16 to 

construct the biaryl axis in an atropodiastereoselective manner (Scheme 6A).[26] The substrate-

dependent diastereomeric ratio (d.r.) could be improved from 76:24 to 89:11 by utilizing a 

bimetallic vanadium catalyst originally developed by Guo et al ((Sa,R)-cat) (17)[51b] 

Subsequently, the anti-bacterial agent viriditoxin (5) was obtained over five steps starting from 

their highly functionalized coupling product 18 and in an overall yield of 4% over 12 steps 

(Scheme 6B). 
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Scheme 6: Total synthesis of Viriditoxin. In accordance with Park et al.[26] 

Purely substrate-dependent atropodiasteroselective couplings have been used to a lesser degree 

in the total synthesis of a variety of natural products. Qin et al. obtained rugulotrosin A (4) from 

intermediate 19 in addition to the atropodiastereomers of either enantiomer with opposite 

selectivity to the desired enantiomer (d.r. 1:3) (Scheme 7A) and subsequently showed the 

antibacterial activity of these compounds.[25] The biaryl bond was forged using a Suzuki-

Miyaura-type one-pot synthesis to couple the monomeric precursor 20. Xiao et al. obtained 

ascherxanthone A (21), an antimalarial agent,[94] as the major isomer (d.r. 2.2:1) using the 

previously mentioned coupling strategy by Qin et al. via the highly functionalized monomer 22 

(Scheme 7B).[95] Wu et al. synthesized gonytolide A (3),[65a] an immunostimulant,[24] by 

oxidative coupling utilizing a halide blocking group crucial for the regioselectivity of the 

coupling. The diastereoselectivity of this reaction could be tuned (d.r. 1:2.9 to 1:1.2) by the 

variation of the employed halide blocking group of the monomer 23 (Scheme 7C). It is 

important to note that the number of expected diastereomers was incorrectly assessed, as the 

C2-symmetry lowers the number of expected diastereomers. The foremost and the latter of these 

investigations were conducted by the Porco Jr. group. 

16 18 

18 5 

17 



State of Knowledge 

15 

 

Scheme 7: Various atropodiastereoselective coupling strategies. (A) Total synthesis of rugulotrosin A in 
accordance with Xiao et al.[95] (B) Total synthesis of ascherxanthone A in accordance with Qin et al.[25] (C) Total 
synthesis of gonytolide A in accordance with Wu et al.[65a] 

The group of Porco Jr. has utilized additional strategies to access naturally occurring dimeric 

polyketides. In their total synthesis of aurofusarin (24), Qi et al. used oxidative 

palladium-catalyzed couplings of monomeric key intermediate 25 in combination with 

20 

19 

22 (21) 

(4) 

(3) 23 
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deracemization of the racemic coupling product 26.[96] The deracemization strategy was based 

on earlier investigations of 2,2′-bi-1-naphthol (VANOL) deracemization,[97] which were based 

on even earlier 1,1′-bi-2-naphthol (BINOL) deracemizations[98] and asymmetric couplings by 

Smrcina et al.[99] Qi et al. were able to show that the oxidation of the enantiopure intermediate 

26 to obtain aurofusarin (24) only gave a racemic mixture. Using density functional theory 

(DFT)[100] calculations they showed that these tetra-ortho congested bichinones 24 were 

configurationally unstable possessing a rotational barrier of 22 kcal·mol-1, barely scratching the 

atropisomerism threshold.[35] 

 

Scheme 8: Total synthesis of aurofusarin with deracemization of axially chiral intermediate. In accordance with 
Qi et al.[96] 

 

25 26 

rac-26 (Ra)-26 

26 (24) 
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More recently the Pietruszka group has developed several strategies for the synthesis of axially 

chiral biaryls and shown their application in the synthesis of natural products. In particular a 

common building block biphenol (BIPOL) 27 was used to show the wide application of these 

approaches. In 2023 Greb et al. synthesized the MOM-protected biphenol (MOM2-BIPOL) 28 

starting from the brominated monomer 29[96] by the use of copper mediated coupling originally 

developed by the Lipshutz group[101] and improved the use of biquinone (DBQ) (30) (Scheme 

9A). The resolution was performed using a deracemization approach with yields of up to 30% 

over the nine-step sequence with an enantiomeric excess of >99%ee (Scheme 9B).[96] In the end 

di-epi-gonytolide A (31) could be obtained via this approach in a diastereoselective manner 

(Scheme 9C).[102] 

 

Scheme 9: Synthesis if di-epi-gonytolide A (31) (stereogenic centers which are inverted compared to gonytolide A 
(3) are highlighted). In accordance with Greb et al.[102] 

 

29 28 

27 

(30) 

(Sa)-27 

(Sa)-27 (31) 
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Also in 2023 Ganardi et al. reported the synthesis of isokotanin A (32), an antifeedant agent 

against fungivorous beetles, utilizing the same biphenol building block 27.[103] The construction 

of MOM-biphenol 28 was performed by Suzuki-Miyaura coupling akin to conditions by Qin 

et al. (Scheme 10A),[25] using the same previously synthesized brominated building block 

29.[102] Kinetic resolution of diester 33 was conducted by the use of a lipase (Candida rugosa 

lipase) to obtain the enantiopure building blocks 34 and 27 in yields of 20 - 21% over ten steps 

(Scheme 10B). Finally, isokotanin A (32) was synthesized to accentuate the usefulness of 

building block 27 and the method overall (Scheme 10C). 

 

Scheme 10: Total synthesis of isokotanin A. In accordance with Ganardi et al.[103] 
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4.3.2 Biflavones 
As outlined in the introduction, flavones are naturally occurring phenylpropanoids. Biflavones 

are a more elusive subclass of dimers found among various gymnosperms.[11] Often, these 

dimers are derived from the flavone monomer apigenin (35) (Figure 2). Few naturally occurring 

structural modifications besides glycosylations have been reported.[104] As the dimerization of 

the monomeric units is proposed to proceed via oxidative phenolic coupling,[40] a wide variety 

of connectivities are observed in nature. Ether-linked biflavones such as hinikoflavone (36) and 

delicaflavone (37) support the proposed phenoxy-radical based coupling (Figure 2A). These 

compounds display various anti-cancer related activities.[105] Another biologically relevant 

subclass are non-C2-symmetrical C–C linked biflavones such as 3′,8′′-biflavones 

amentoflavone (38) and ginkgetin (1) (Figure 2B),[12] the former exerting activity against 

kinetoplastid parasites among others.[12g] Overall, the structure-activity relationship of these 

compounds has hardly been investigated.[106] C2-symmetrical biflavones include 

6,6′′-biflavones 39 and 8,8′′-biflavone cupressuflavone (CUF) (40) first isolated from 

Cupressus torulosa (Figure 2C).[11a] These structures have hardly been evaluated for their 

pharmacological potential,[106-107] and few reports on non-natural analogues exist.[108] 

Representatives of all classes of biflavones, namely amentoflavone (38), CUF (40), and 

hinokiflavones (36) appear in some, but not all Cupressus species.[109] Very few examples of 

enantioenriched biflavones have been reported to date. Enantiopure CUF (Figure 2C) was first 

isolated in 1968 by Ilyas et al.[110] Non-C2-symmetrical 6,8′′-biflavone agathisflavone (41) 

(Figure 2B) was first isolated in 2016 from the angiosperm, Schinus terebinthifolius (Brazilian 

peppertree) by Covington et al. and the absolute configuration assigned.[111] In comparison with 

polyketide-based natural products, biflavones are comparably simple structures only containing 

a single stereogenic element, a feature exploited by Kikuchi et al. in the synthesis of simplified 

gonytolide A (3) analogues.[108a] This strategy leveraged the ease of synthesis of a single 

stereogenic axis in combination with the retention of bioactivity.[112]  
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Figure 2: Various connectivites of naturally occurring biflavones as bioactive natural products. Axially chiral 
occurring biflavones are indicated. 
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4.3.2.1 8,8′′-biflavones 
In the context of this dissertation, 8,8′′-biflavones will be discussed in detail. In the following, 

an overview of the history of CUF (40) isolation, synthesis, and assessment of bioactivity will 

be given. CUF (40) was first isolated in 1966 from Cupressus torulosa where its name is derived 

from,[11a] with various total synthesis strategies of rac-CUF established in the early 1970s.[113] 

The absolute stereochemistry remained unresolved for over 20 years until the absolute 

configuration of a natural analogue of 4',4'",7,7"-tetra-O-methyl-cupressuflavone (tetramethyl-

CUF) (42) was first assigned in 1992 by Harada et al using theoretical CD spectra.[114] 

Subsequently several protocols were developed in the 1990s to synthesize enantiopure 

biflavones. These synthetic routes mostly relied on the use of chiral auxiliaries to enantioenrich 

the final product by resolution or enantioselectively construct the biaryl bond.  

The bioactivity of CUF has been assessed to some degree. CUF has been shown to exert little 

to no cyctotoxicity while possessing significant anti-inflammatory, antinociceptive and 

analgestic properties.[107a] Moreover, while antiviral activity was observed, no direct inhibition 

of Herpes Simplex Virus type 1 (HSV-1) could be detected.[107b] A correlation between degree 

of methylation and Aβ aggregation inhibitory activity, relevant in the development of 

Alzheimer’s disease, was also reported.[106] While dimethylether derivatives showed significant 

activity, tri- and tetramethyl ethers of CUF were inactive. Another study by Takahashi et al. 

found non-methoxylated CUF to be a poor β-secretase (BACE-1) inhibitor, a protein relevant 

in the Aβ aggregation process.[115] Additionally, only moderate cytoprotective effects regarding 

amyloid-β peptide Aβ42 were observed resulting in a low cell viability.[107e] In contrast to other 

biflavones, CUF showed no significant activity towards Dengue virus NS5 RNA-dependent 

RNA polymerase.[116] Beneficial properties towards oxidative stress suppression were 

discovered by a study investigating CCl4 induced toxicity in mice. While untreated mice 

displayed a significant increase in alanine aminotransferase, aspartate aminotransferase and 

alkaline phosphatase expression, mice pre-treated with CUF showed a decrease throughout, 

confirming a hepatoprotective function.[107d] CUF was also found to not only inhibit bone loss 

caused by osteoporosis, but also stimulate bone formation.[107c] CUF showed no activity 

towards leishmaniasis, a protozoal disease.[117] 

In 1995 Zhang et al. were able to confirm the previously assigned (Ra)-configuration by 

synthesis of both enantiomers of hexamethyl-CUF (43). This synthesis strategy uses 

Ullmann-coupling of halogenated flavone monomer 44 to form the biaryl bond in a yield of 55% 

(Scheme 11A).[56a] While diastereoselective Ullman-type couplings using chiral auxiliaries 
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were first reported in 1993 by Nelson et al.,[118] the authors opted for the use of chiral auxiliaries 

as resolving agents (Scheme 11B). The resulting diastereomers 45 and 46 were separated by 

recrystallization. In 1997 a synthesis strategy based on this original protocol was established 

for the synthesis of the first enantioenriched non-natural 8,8′′-biflavone 43b (Ar = Ph).[56b] 

Overall a yield of 13% over 7 steps was reported (Scheme 11C). The limitation of this protocol 

by using highly functionalized monomers is apparent. 

 

Scheme 11: Enantiomeric excess inferred from diastereomeric ratios. In accordance with Zhang et al.[56a, 56b] Yields 
reported for Ar = Ph. 

 

43 45 or 46 

rac-42 

44 rac-43 

45 46 
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Li et al. of the Harada group, who originally assigned the absolute configuration by 

CD-spectroscopy, independently also published the total synthesis of tetramethyl-CUF (42) in 

1997.[69] The biaryl bond was constructed via an iron-mediated oxidative coupling of 

acetophenone 47 (Scheme 12A). Oxidative couplings using FeCl3 were developed as early as 

the 1870s to obtain BINOL.[119] This early protocol was then improved by the utilization of 

immobilization of the iron and subsequent solid phase synthesis.[54] The substrate scope was 

expanded by Jempty et al. using phenols instead of naphthols.[120] Since then a variety of natural 

products were successfully synthesized using this method.[49a, 49b, 65c, 108a] During the coupling, 

Li et al. observed a chlorinated side product 48 that was able to be suppressed after screening 

and performing the reaction over 6 days.[69] The resolution of both enantiomers of the racemic 

coupling product 49 was conducted by the use of a chiral auxiliary. The forming diastereomers 

50 and 51 were separated by preparative HPLC (Scheme 12B). In their protocol, partial 

racemization occurred during the auxiliary cleavage step of (Ra)-atropodiastereomer 51 (d.r. 

99:1 to e.r. 89:11). The enantiopure product 42 was obtained in a yield of 5% over seven total 

steps with 78%ee (Scheme 12C). The enantiomeric excess was able to be increased to >99%ee 

by recrystallization. 
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Scheme 12: Synthesis of enantiopure tetramethyl-CUF (42). In accordance with Li et al.[69] 
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rac-49 50 51 
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In the same year (1997) an alternative coupling strategy was independently reported by 

Lin et al.[121] In their synthesis, the biaryl bond was forged in a diastereoselective manner by 

the use of Lipshutz-type cuprates with a chiral linker connecting the monomeric units 52 

(Scheme 13A).[101] Enantiomeric excess was not reported by Lin et al. though implied to 

be >99%ee in accordance with optical rotation, obtained by enantiopure samples and inferred 

from the diastereomeric purity of the coupling product 53. The final product tetramethyl-CUF 

(42) was obtained in a yield of 6% over 15 steps (Scheme 13B). 

 

Scheme 13: Total synthesis of tetramethyl-CUF (42). Unknown scales. Enantiomeric excess inferred from 
comparison. In accordance with Lin et al.[121] 
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Since these investigations in the late 1990s only singular attempts at the synthesis of 

8,8′′-biflavones have been undertaken, such as the synthesis of the racemic non-natural 

derivative Me,Me′-tetramethyl-CUF (56) by Kikuchi et al. in 2016 (Scheme 14B).[108a] The 

oxidative coupling of the benzoate monomer 54 proceeded with relatively low yields of 32% in 

providing the coupling product 55 (Scheme 14A). Hitherto, these investigations are the only 

efforts into synthesizing A-ring analogues of 8,8′′-biflavones. 

 

Scheme 14: Racemic synthesis of Me,Me′-tetramethyl-CUF (56). In accordance with Kikuchi et al.[108a] 
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4.4 Biaryl based ligands 
In addition to being a useful scaffold in natural product inspired synthesis and drug discovery, 

biaryls have generated considerable interest in catalysis. One of the first examples of the use of 

axially chiral ligands in asymmetric transition metal catalysis constitutes the investigations by 

the Noyori group.[122] In 1980, BINAP (57) was successfully synthesized in an enantioenriched 

fashion by Miyashita et al. based on resolution of the enantiomers by formation of 

diastereomeric palladium complexes (Scheme 15A).[123] This bidentate ligand could 

subsequently be used in the rhodium-catalyzed asymmetric hydrogenation of alkenes 58 to 

obtain chiral amino acids 59 (Scheme 15B).[124] This achievement was recognized by awarding 

the Nobel Prize in chemistry to Prof. Ryoji Noyori as a co-recipient in 2001.[125]  

 

Scheme 15: Synthesis of enantioenriched BINAP (57) and subsequent use in the asymmetric rhodium-catalyzed 
hydrogenation of olefins. In accordance with Miyashita et al.[124] 

After this first investigation, the use of axially chiral ligands became more widespread. Since 

the first report of an asymmetric Suzuki-Miyaura coupling using axially chiral phosphine 

ligands in 2000 by Yin et al. (Buchwald group),[126] many such asymmetric couplings towards 

axially chiral biaryls involve the use of axially chiral ligands.[42b, 67] A comprehensive overview 

of various types of axially chiral ligands has been compiled by Lassaletta et al.[92c] A brief 

overview of these ligands will be presented (Figure 3). BINAP (57) based axially chiral 

phosphine ligands received considerable attention in the late 1990s.[127] Nishida et al. reported 

the two-fold-de-novo synthesis of C2-symmetrical heterobiaryls using axially chiral phosphine 

ligands with excellent enantiomeric excess.[64b] Since then, achiral biaryl monophosphines 60 

(57) (57) 

58 59 
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(MOP) (commonly referred to as Buchwald-type ligands) emerged as a class of useful ligands 

in Suzuki-Miyaura type couplings,[128] as well as Buchwald-Hartwig type aminations (Figure 

3A).[129] BIDIME (61) is an example of a ‘next-generation’ monophosphine ligand that was 

originally developed by Tang et al. as a rigid ligand for Suzuki-Miyaura couplings.[130] As a P-

chiral analogue, it expands the range of available chiral biaryl monophosphine ligands since 

2010.[131] Chiral phosphoramidite ligands 62 have been used in various transition metal 

catalyzed reactions and have been attributed “a meteoric rise”[132] since their inception in 1996 

by the Feringa group with the first BINOL based example.[133] Non-phosphorous ligands 

include BINAM-type ligands (63). Another important class of ligands are multi-donor-atom 

biaryls (Figure 3B). These include P,N-ligands like QUINAP (64), bearing a phosphorous atom 

and a nitrogen atom that can individually be modified regarding steric and electronic 

properties[134] or N,O-type ligand NOBIN (65). Axially chiral phosphoric acid esters 66 have 

successfully been employed as organocatalysts for various transformations including, but not 

limited to, atroposelective arylations and kinetic resolutions (Figure 3C).[135] The application 

and synthesis of these and other strong axially chiral Brønsted acid catalysts such as BINSA (67) 

is covered in a review by Akiyama et al.[136] 

 

Figure 3: Selection of biaryl-based chiral ligands. 
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4.5 Palladium catalysis 
As mentioned in the introduction of this chapter, palladium catalysis has been detrimental in 

the synthesis of complex molecules. Be it the Suzuki-Miyaura cross coupling developed in 

1981,[58a] or the Buchwald-Hartwig amination reported in 1994.[137] Attempts at overcoming 

palladium by organocatalysis[138] have thus far been debunked and attributed to palladium 

impurities.[139] Nickel promises to exert similar reactivity though this metal is still less explored 

and appears less universally applicable.[62] As of date, palladium-catalyzed reactions remain 

some of the most important tools for C–C bond formation. In the following sections an overview 

of relevant resources will be given to gain in-depth knowledge on palladium catalysis. 

Additionally, advances in the field, especially towards the synthesis of biaryl scaffolds and 

functionalization of such biaryl-based structures will be discussed. 

4.5.1 General considerations 
Palladium-catalyzed reactions generally follow the same elementary steps found in most 

transition metal-catalyzed reactions.[140] The Catellani reaction⸺a multicomponent 

reaction⸺[141] marvelously displays a plethora of the most important elementary steps 

commonly found in many palladium-catalyzed reactions. To truly rationalize observed 

reactivities, the mechanism and catalytic cycle of a reaction must be thoroughly understood. A 

short overview of these steps will be given in this section (Scheme 16). A more detailed account 

on the catalytic cycle of Catellani type reactions was compiled by Wang et al.[140b] The common 

starting point for most palladium catalyzed reactions is a mono- or di-ligated Pd0-species (I). 

This species can undergo oxidative addition (a) of an electrophilic organic compound such as 

aryl iodides 68 to form the oxidative addition (ox. add.) complex (II). Next, a coordination (not 

depicted) and migratory insertion (b) of norbornene (69) (transient directing group) takes place 

to form both a new C–C and a Pd–C bond (III). Vicinal C–H activation (c) forms a palladacycle 

(Pd-cycle) (IV) via the (formal) extrusion of hydrogen iodide. A second oxidative addition step 

(d) of an electrophile EX proceeds due to the electron-rich nature of the double-carbide-ligated 

palladacycle to form a PdIV-cycle (V). Reductive elimination (e) in the Catellani reaction 

generally proceeds chemoselectively to provide palladium complex VI. Steric bulk of the 

system favors norbornene extrusion (f) (β-carbide elimination) to form the less bulky palladium 

complex VII. Transmetallation (or more broadly X-type ligand exchange) (g) with a 

nucleophile NucY forms complex VIII, followed by a final reductive elimination (h). This 

regenerates the initial Pd0-species (I) under extrusion of the desired product 70. Steps such as 

ligand coordination and decoordination and competing mechanisms may alter the details and 

order of steps in the catalytic cycle but are not depicted for the sake of clarity. 
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Scheme 16: Simplified proposed catalytic cycle of a palladium catalyzed Catellani-type reaction. Cis-trans 
isomerization and ligand exchanges omitted for clarity. Based on Wang et al.[140b] 

The first consideration in establishing a new palladium-catalyzed reaction is the palladium 

source. Even though experimental screening is required to actually deduce optimal conditions, 

general considerations should be made. One should be aware of common side reactions and 

causes of catalyst inhibition. Palladium catalysts are generally employed as either Pd0- or 

PdII-sources (Figure 4). Readily available and common Pd0-sources include the ubiquitous 

tetrakis triphenylphosphine (Pd(PPh3)4) palladium-ligand system as well as the Fu-catalyst 

(Pd(t-Bu3P)2)[142]. These preformed palladium complexes suffer from the presence of defined 

ligands and thus are not universally applicable. In addition, handling of electron-rich (t-Bu)3P 

68 

69 

70 
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can be especially troublesome. The [(t-Bu)3PH]BF4 acid-phosphine adduct is typically used 

instead.[143] The sterically bulky Fu-catalyst was historically used for applications such as the 

solvent-tuned orthogonal transformation of aryl chlorides and triflates.[144] Additional common 

Pd0-sources include Pd(dba)2 and Pd2(dba)3. Reactions involving these catalysts can suffer from 

the presence of liberated dibenzylideneacetone (dba) as a competing ligand. Pd2(dba)3 has also 

been shown to consist of up to 40% palladium nanoparticles[145] according to DOSY-NMR[146] 

analysis. The aforementioned PdII-catalysts are useful in Pd0/PdII-catalyst systems as well as 

PdII/PdIV catalysis.[147] The most common PdII precursor is Pd(OAc)2. Even though universally 

applicable under many reaction conditions, reaction rates and conversion heavily depend on the 

purity of the Pd(OAc)2 attributed to nitrite-impurities (Pd3(OAc)6-n(NO2)n) and polymeric 

palladium lattices.[148] The mode of Pd(OAc)2 reduction to Pd0 has also been under scrutiny. 

Using 31P-NMR studies it was deduced that phosphine oxidation is pivotal for the reduction.[149] 

Additionally, coupling reagents may act as the reductant depending on the reaction 

conditions.[150] To overcome these issues of palladium activation, modern catalysts are designed 

to include a ligand that serves the sole function of reducing the PdII in-situ. This group of pre-

catalysts includes the (η3‑allyl)Pd(L)(Cl) type complexes[151] as well as the Pd GX pre-catalysts 

developed by the Buchwald-group.[152] One of the latest generations of the latter (G4) was 

developed in 2014[153] and has since found widespread application in literature.[154] 

 

Figure 4: palladium precatalysts commonly found in synthesis. 

 

In addition to ensuring proper Pd-activation, all other parameters need to be chosen to fit the 

reaction and cannot be generalized. The choice of supporting ligand is extensively discussed in 

literature.[128, 154-155] Stereoelectronic effects have to be taken into consideration and a proper 
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screening must be conducted to identify the right choice of ligand. Even the choice of halide 

starting material can have a detrimental effect on the reactivity of a system.[156] Kinetic 

investigations of elementary steps in Pd-catalyzed reaction mechanisms are crucial in 

understanding the relevant factors during optimizations.[157] 
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4.5.2 C–H-activation 
C–H activation is a common reaction type encountered in palladium catalysis.[158] Especially 

the Catellani group[141a, 159] and Lautens group[156, 160] among many others have investigated 

such reactions and elucidated their modes of action.[161] Modern transition metal catalyzed 

reactions are slowly but surely encroaching on biomimetic levels of transformative power.[162] 

Highly chemoselective palladium-catalyzed distal aliphatic C–H activations of alkyl side chains 

71 highlight the usefulness of such transformations to synthesize otherwise unobtainable 

products 73 (Scheme 17).[163] The applications of C–H activations are manifold and often 

proceed via palladacyclic intermediates 72. Many such reactions also contain a 

PdIV-intermediate.[147] 

 

Scheme 17: Pd-catalyzed selective γ-functionalization. In accordance with Ge at al.[163a] 

Carboxylates and carbonates have been shown to play a crucial role in the C–H activation 

step.[164] In particular, the Fagnou group has elucidated many aspects like the mechanistic 

proceeding via a concerted metalation-deprotonation (CMD) mechanism,[165] which was 

substantiated by DFT calculations.[166] Carboxylates were shown to be crucial in this inner 

sphere mechanism. It could experimentally be shown that the addition of substoichiometric 

amounts of pivalic acid (t-BuCO2H) in combination with a carbonate base accelerates the C-H 

activation in the coupling reaction of arenes 74 with aryl halides 75 to form biaryls 76 (Figure 

16A).[167] In their protocol Lafrance et al. successfully employed the MOP-type ligand 

DavePhos (77),[167] which was later shown to be inconsequential for this reaction.[168] Solvents 

may serve as ligands in these types of transformations.[169] DFT calculations of the carboxylate 

coordination complex supported a lower transition barrier between ground state GS-1 and 

transition state TS-1 compared to carbonate coordination (Figure 16B).[167] Comprehensive 

reviews exist on the topics of carboxylate assisted C–H activation in palladium complexes[170] 

or general transition metals[171] using DFT calculations. In addition to the aforementioned 

71 72 73 
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importance of carboxylate mediated C–H activation, it is important to mention the so called 

‘cesium-effect’, meaning the observed effect of cesium cations being a privileged counterion 

in these reactions.[172] The right choice of base in these transformations is thus imperative.[173] 

 

Scheme 18: (A) Carboxylate mediated C–H activation to form biaryls. (B) DFT calculations to rationalize observed 
effect. In accordance with Lefrance et al.[167] 
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4.5.3 Biaryl Palladacycle 
As mentioned in the previous section, palladacycles (Pd-cycles) are crucial in many palladium-

catalyzed reactions. Using achiral or racemic biaryls, these cyclic complexes have been 

leveraged in many transformations to form stereodynamic intermediates. These can then further 

be functionalized and transformed into useful biaryl products. In the following section, a 

concise summary of efforts in this field of research will be presented including PdII- and 

PdIV-based palladacycles. 

The Lassaletta group has investigated various methods towards the generation of axially chiral 

heterobiaryls via DYKAT using palladium catalysis (Chapter 4.2, Scheme 3D).[68, 92c, 174] The 

enantioselective synthesis of heterobiarylic structures 78 was first reported in 2013 by 

Mosquera et al using aryl iodide 79 and tri-organoindium reagent 80 in combination with chiral 

ligand 81 (Scheme 19A).[175] Stereoselectivity of this coupling strategy was low (20%ee). In 

the same year, Ros et al. reported the synthesis of enantioenriched heterobiaryls 82 via 

stereodynamic palladacyclic intermediates using racemic triflates 83 (Scheme 19B).[174a] 

Phosphoramidite ligand 84 was employed and enantioselectivities of up to 93%ee achieved. In 

the same year Bhat et al. reported the use of DKR to also access QUINAP (64) via palladium 

catalysis, starting from the corresponding racemic triflate 85 (Scheme 19C).[176] 

Ferrocene-based (R,SFc)-Josiphos (86) was used to achieve a stereoselectivity of up to 90%ee 

(>99%ee after recrystallization) using this strategy. It is worth noting that in their approach, a 

step is involved that is akin to the classification of a DYKAT.[68]  
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Scheme 19: (A) Investigations towards the enantioselective construction of heterobiaryls. In accordance with 
Mosquera et al.[175] (B) DYKAT of racemic heterobiaryls via PdII-cyclic intermediate. In accordance with Ros et 
al.[174a] (C) DYKAT/DKR of racemic heterobiaryl 85 to obtain QUINAP (). In accordance with Bhat et al.[176] 

The scope of QUINAP-type structural motifs 87 accessible by this method using triflates 88 

was expanded in 2016 (Scheme 20A).[174b] DFT calculations showed, that the starting material 

85 is configurationally stable (ΔG‡
e = 29.3 kcal·mol-1) and the oxidative addition product forms 

a palladacyclic intermediate 89 that interconverts readily at 40 °C on the time scale of seconds 

(ΔG‡
e = 18.7 kcal·mol-1) (Scheme 20B). This supports the proposed DYKAT mechanism. 

80 79 
(+)-78 

81 

84 

82 rac-83 

rac-85 (64) 
(86) 
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Scheme 20: (A) Synthesis of QUINAP analogues via DYKAT. (B) Mechanistic rational of stereodynamization 
through palladacycle formation. In accordance with Ramirez-Lopez et al.[174b] 

In addition to these PdII-cycles with intramolecular nitrogen-coordination, PdIV-cycles have 

found applications in the synthesis of non-hetero-biaryls 90 (Scheme 21). In 2001 Retbøll et al. 

were the first to describe these 5-membered palladacycles 91, supported by an obtained x-ray 

structure.[177] The selective functionalization of 2-halobiaryl 92 involving palladacyclic 

intermediates 91 is literature known and often involve proceeding via a C–H activation step. In 

particular, the Zhang group has investigated many such systems.[178] 

 

Scheme 21: Palladacyclic intermediates in the synthesis of ortho-functionalized biaryls. 
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Lu et al. described the palladium-catalyzed double silylation of 2-iodo biaryls 92 in polar 

solvents (Scheme 22A).[179] To probe the mechanism, an isolated palladacycle was subjected to 

the reaction conditions. The desired product 93 was obtained, supporting the proposed 

mechanism of the dibenzometallacyclopentadiene (metal 2,2 ′ -biphenyl complex) 91[180] 

intermediate being a plausible productive species in the catalytic cycle. In 2021 the 

diastereoselective amination via palladacycles using chiral amino acids 94 was reported by 

Cheng et al. (Scheme 22B).[181] The obtained tetraphenylene-analogous products 95 were 

obtained in a diastereopure fashion. This constitutes the first—and so far only—stereoselective 

synthesis involving such palladacycles. The inversion barrier of this saddle-shaped 

aza-analogue of tetraphenylene 96 was shown to be configurational stabile (ΔG‡
e = 31.5 

kcal∙mol-1).[182] The scope has since been expanded by Luo et al. (Scheme 22C).[182] 

 

Scheme 22: (A) palladium catalyzed silylation of 2-iodo biaryls via C–H activation and formation of a 
palladacyclic intermediate. In accordance with Lu et al.[179] (B) Diastereoselective formation of saddle-shaped 
N-heterocycle analogous to tetraphenylene. In accordance with Cheng et al.[181] (C) DFT calculation for the 
inversion barrier saddle shaped 8-membered heterocycles. In accordance with Luo et al.[182] 
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Such palladacyclic intermediates have found applications in various further transformations 

including but not limited to formation of large ring systems,[183] or Catellani-type one pot 

reactions.[184] Formation of C–H activation products (fluorenes) 97 using biarylic starting 

materials 98 with vicinal sp3-centers should be mentioned as a potential competing reaction 

pathway. Such protocols involving the formation of the relevant 6-membered-palladcycle 99 

have been described in literature (Scheme 23B).[185] Moreover, scrambling of the Pd-nucleus 

relevant for non-C2-symmetrical starting materials 100 and thus formation of regioisomeric 

Pd-complexes 101 and 102 are literature known (Scheme 23A).[186] Though the electron-rich 

nature of these double carbide-ligated PdII complex may be the reason for the second oxidative 

addition, C–H activation of PdIV-biaryl complexes via acetate ions was investigated in detail by 

Maleckis et al. and may present and alternative pathway.[187] 

 

Scheme 23: (A) Formation of regioisomeric products via PdII-cycle in accordance with Karig et al.[186] (B) 
Formation of fluorene products via vicinal sp3 C–H activation in accordance with Hsiao et al.[185] 
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4.5.4 The Catellani reaction 
Domino reactions are defined by the stepwise formation of multiple bonds over multiple steps. 

The formation of a first functionality successively enables the formation of subsequent bonds, 

proceeding in this fashion until the final product is formed. This definition was coined in 1996 

by Lutz Tietze.[188] Fewer steps, less waste, less labor and lower costs are the advantages of such 

an approach. One such method is the Catellani reaction developed in the 1990s3, which utilizes 

norbornene (69), a strained bicycle, as a privileged transient directing group.[141a, 159a] The 

reaction is typically defined as an ortho C–H activation of aryl iodides 103 and—to a lesser 

extend—aryl bromides[189] and aryl triflates.[190] Functionalization of an intermediate 

palladacycle 104 with a second electrophile (EX) and finally termination with a nucleophile 

(NucY) generates the desired product 70 (Scheme 24). The mechanism of this reaction was 

discussed in a previous section (Chapter 4.5.1). Additionally, termination via C-H activation 

or further functionalization via a cascade instead of a nucleophile has also been reported.[160d] 

Since the first reports, a plethora of publications have focused on elucidating the mechanism of 

the reaction.[156, 159a, 160c, 191] In 2019 Wang et al. published a review covering all relevant 

nucleophile-electrophile combinations up until that point.[140b] It also gives a descriptive 

overview on the mechanism and possible pitfalls of this reaction. The Catellani reaction 

continues to be explored for the synthesis of ever-more complex molecules.[160d, 192] 

 

Scheme 24: General Catellani-type reaction using norbornene (69) as a directing group via ortho-C–H activation 
complex 104. 

  

 
3 By the namesake, the Catellani group 
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The Catellani reaction is able to demonstrate that complex biaryls can be synthesized in a 

straightforward manner. Contemporary developments in the field of palladium catalysis, such 

as Pd-source and ligand design, have also successfully been applied to the Catellani reaction. 

Buchwald-type precatalysts (Pd G4)[193] and biaryl-monophosphine ligands[192, 194] have 

successfully been employed in various transformations. Even sterically bulky 

tri-ortho-substituted biarylic systems have successfully been synthesized, as was demonstrated 

by Motti et al. in the synthesis of terphenyls.[159b] Electron-rich aryl halides as well as electron-

rich aryl boronic acid ester are also accepted in the construction of biaryls.[195]  

Ortho-selective amination reactions using electrophilic O-benzoylhydroxylamines (BHA) 105 

were first demonstrated by Dong et al. in 2013 (Scheme 25A).[196] The use of BHA 105 allowed 

for the synthesis of meta-aminated arenes 106—electronically inverse compared to a classic 

Buchwald-Hartwig aminations.[137] An overview on the applications of these aminating 

reagents was published in 2017 by Dong et al.[197] Aryl iodides 103 were universally accepted 

while aryl bromides were accepted with the addition of Ag2CO3.[196] Using BHA 105, the 

desired proto-depalladation product 106 could be observed even in the absence of a hydride 

source (29% even without any i-PrOH).[196] This was thought to occur due to elimination of 

benzoic acid from BHAs which is known to occur under basic conditions. Deuterium labelling 

studies by Lautens et al. demonstrated that the ipso hydrogenation can result from the ortho-

abstracted hydrogen atom.[160a] Expanding this methodology of ortho-selective aminations, di-

ortho-substituted 2-aminobiaryls 107, relevant in the synthesis of iodonium salts 

(Chapter 4.2.1), were synthesized by Ye et al. in 2014, using boronic acid esters 108 as the 

terminating agent (Scheme 25B).[195] BzONBn2 as a BHA ammonia surrogate was incompatible 

with the reaction conditions attributed to steric bulk.[195] The first use of a true ammonia 

surrogate BHA 109 was demonstrated by Shi et al. in 2015 (Scheme 25C).[194] Aryl iodide 110 

was selectively transformed using B2pin2 as the terminating nucleophile. The authors were able 

to demonstrate, that HBpin was the cause for ipso-hydrogenation and not caused by BzOH 

present in the reaction mixture.[194] Deprotection of the amine protected coupling product 111 

was performed to obtain amine 112·HCl via double retro-aza-1,4-Michael-addition based on a 

protocol by Renaud et al.,[198] later improved upon by Aschwanden et al.[199] 
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Scheme 25: Ortho-selective aminations using palladium-catalyzed Catellani reactions. (A) Synthesis of 
1,3-subsituted-anilines 106. In accordance with Dong et al.[196] (B) Synthesis of di-ortho 2-amino biaryls 103. In 
accordance with Ye et al.[195] (C) Synthesis and deprotection of aniline 112. In accordance with Shi et al.[194] 

Enantioselective Catellani reactions for the construction of axially chiral biaryls have also been 

reported. Ding et al. demonstrated the use of axially chiral ligand 113 to obtain enantioenriched 

biaryl benzaldehydes 114, starting from 2-naphthyliodides 115 (Scheme 26A).[200] The 

BINAM (63)-based chiral ligand contains both a stereogenic axis as well as a P-chiral 

stereogenic center (Scheme 26B). The second electrophile consisted of alkyl chloride 116 and 

the terminating nucleophile of aryl boronic acids 117. Moreover, Catellani-type reactions have 

also been conducted using further bicycles other than norbornene and norbornadiene[201]. The 
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Scheme 26: (A) Stereoselective synthesis of axially chiral biaryls 114 using chiral ligand 113. (B) Synthesis pf 
chiral ligand 113 employed, in accordance with Ding et al.[200] (C) Stereoselective synthesis of axially chiral biaryls 
using structurally modified norbornene 118, in accordance with Liu et al.[203] 

115 117 116 114 

(63) 113 

118 

119 120 
121 
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use of structurally modified norbornene analogues (smNBEs) are discussed in a 2020 review 

by Li et al.[202] Building on these developments, various strategies towards the synthesis of 

axially chiral biaryls using smNBE in a point-to-axial chirality transfer have been demonstrated 

in recent years. In 2020 Liu et al. were able to demonstrate the use of chiral norbornene mono-

ester 118 in combination with various terminating nucleophiles starting from 2-

naphthyliodide 119 with electrophile 120 to obtain products 121 in an enantiomeric excess of 

mostly >96%ee (Scheme 26C).[203] Based on this protocol further enantioselective Catellani-

reactions have since been investigated using the same smNBE 118,[204] as well as a scope of 

analogous smNBEs for the synthesis of axially chiral biaryl monophospine ligands.[205] 
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5 Results and Discussion 
The contents of the following chapters explore various methods towards biaryls both racemic 

as well as enantioselective (Chapters 5.1.1, 5.2). Additionally, exciting new reactions were 

explored leveraging palladium catalysis (Chapters 5.3, 5.4, 5.5). The bioactivity of the relatively 

underexplored class of 8,8′′-biflavones was investigated. To accomplish this, a robust method 

had to be established to easily diversify the desired library. Bichalcones and 8,8′′-biflavones 

were synthesized racemically, making use of key intermediate biaryls (5.1.1). Next, a new 

method for the synthesis of enantiopure biphenols was established. This method utilizing cyclic 

diaryliodonium salts was benchmarked against established synthesis routes. To emphasize the 

usefulness of the biphenol building block both enantiomers of the most bioactive biflavone and 

bichalcone were synthesized (Chapter 5.2). Moreover, new methods towards otherwise 

inaccessible biaryls via palladium catalysis were investigated. The Catellani reaction was 

applied for the synthesis of sterically hindered 2-aminobiaryls (Chapter 5.3). Furthermore, the 

application of stereodynamic palladacycles as linchpins in the enantioselective synthesis of 

biaryls was investigated (Chapter 5.4). Finally, the use of oxabicycles as chiral acetylene 

analogues in multicomponent palladium-catalyzed reactions was examined. Stereochemical 

implications of intermediates identified in this reaction were explored. The mechanism of the 

reaction was elucidated, and data supported by DFT calculations (Chapter 5.5). 

Chapter 5.1.1 Chapter 5.2 
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5.1.1 Racemic biflavones and bichalcones 
The following chapter is a revised version of results published in Klischan et al. ACS Omega 2023,[108b] 

and contains results published in Greb et al. Chem. Eur. J. 2023,[102] and generated by Daniel 

Grudzinski as part of a bachelor thesis.[206] 

In this chapter the scalable and modular synthesis of a library of 65 monomeric and racemic 

dimeric flavonoids including twenty-two 8,8′′-biflavones is discussed. Generally, the biflavone 

library included common A-ring scaffolds. Permuting the B-ring would allow for easy 

diversification of the library. After careful consideration of alternative synthesis strategies 

(Chapter 5.1.2) the sterically demanding tetra-ortho-substituted axis was constructed 

racemically by regioselective iron-mediated oxidative coupling (Chapter 5.1.3). The robustness 

of this step was validated, and the usefulness of this transformation shown by the library of 

synthesized bioflavonoids. The biological activities of this compound library were evaluated 

by Flaminia Mazzone (Institute of Medical Microbiology and Hospital Hygiene, Heinrich 

Heine University Düsseldorf, Pfeffer group), Lena Berning (Institute of Molecular Medicine I, 

Heinrich Heine University Düsseldorf, Stork group), Céline David (Institute of Molecular 

Medicine I, Heinrich Heine University Düsseldorf, Stork group) and in collaboration with Mona 

Haase (Institute of Bioorganic Chemistry, Heinrich Heine University Düsseldorf, Pietruszka 

group) but will not be discussed in detail as part of this thesis.4 Additionally, the bioactivity of 

the biflavones was compared to the corresponding monomeric flavones. Both, similar 

activities,[107f] as well as vastly different activities,[106] and often much higher activities of 

natural product dimers have been reported in literature.[23a, 24, 207] Such effect would thus be 

accounted for. Finally, based on a biflavone from this initial library with high bioactivity, a 

subset of amino 8,8′′-biflavones was synthesized (Chapter 5.1.4). 

 

Scheme 27: Synthesis towards 8,8′′-biflavones starting from a common scaffold starting material. 

  

 
4 Biological activities will be discussed in their respective theses in addition to the corresponding journal article. 
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5.1.2 Synthesis of rac-BIPOL 
Parts of the following chapter were published in Greb et al. Chem. Eur. J. 2023.[102] 

The rational of synthesizing 8,8′′-biflavones was to close the literature gap on non-natural 

analogues of this compound family (Chapter 4.3.2.1). A well-known overview by Newman et 

al. highlights the general trend of focused compound libraries in natural product inspired drug 

discovery.[17] With a diversity-oriented synthesis strategy, it should be possible to determine 

the potential of this compound class beyond literature known bioactivities of the naturally 

occurring cupressuflavone (40) (Chapter 4.3.2). The following synthesis route was 

conceptualized by Julian Greb.[102] Contributions and modifications of the established route are 

described herein. 

The initial plan towards a library of racemic 8,8′′-biflavones involved the use of biphenol 27 

(BIPOL) as a key-building block via a synthetic route established by Greb et al. (Scheme 

28).[102] Following literature known procedures, the sequence towards BIPOL (27) was 

conducted on decagram scale.[102] The application of this building block has been shown in the 

syntheses of di-epi-gonytolide A (31) by Greb et al.[102] and isokotanine A (32) by Ganardi et 

al.[103] The substitution pattern enabled by this route mirrors the non-natural and highly 

bioactive 8,8′′-biflavone derivative identified by Kikuchi et al.[108a] 

 

Scheme 28: Retrosynthetic considerations towards 8,8′′-biflavones with biphenol 27 as a key-intermediate. 

Commencement of the synthesis route proceeded smoothly and according to literature 

protocols.[102] Methyl protection of commercially available orcinol (122) was performed in a 

scale of 75 mmol (Scheme 29). Subsequent methyl mono-deprotection of arene 123 gave the 

desired product 124 in a selective and straightforward manner. Acetylation—crucial for the 

regioselectivity of the following bromination—also proceeded smoothly with an overall yield 

of 84% for arene 125 over three steps. 

122 

(27) 
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Scheme 29: Synthesis sequence towards acetylated arene 125. 

With ample acetylated arene 125 at hand, the bromination was investigated (Scheme 30). 

Following the previously established protocol by Greb et al. brominated product was obtained 

as a mixture of regioisomers (86:14, 126:127).[102] Subsequent acetyl deprotection to obtain the 

phenol proceeded smoothly. Separation of the regioisomers at the present scales was possible 

by recrystallization yet tedious and low yielding. Therefore, alternative separation strategies 

were investigated. A comparison of literature values revealed that ortho-halogenated 

phenol 128 has a lower melting point (lit.: 73 °C) compared to the para-substituted regioisomer 

129 (lit.: 122 °C).[208] To exploit this property, separation by Kugelrohr® distillation was 

attempted. Indeed, isolation of the desired regioisomer 128 was successful at 100 °C in vacuo 

in a yield of 73% with phenol 129 being obtained with minor impurities of 128 in a yield of 20% 

over two steps respectively. Thus, scalability of this step could be assured. 

122 123 

124 125 
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Scheme 30: Selective bromination of arene 125 resulting in a mixture of regioisomers able to be separated by 
Kugelrohr® distillation. [a] Obtained as a 94:6 mixture of 129:128. 

With isolation and scalable synthesis of the brominated phenols at hand, MOM protection of 

128 (99% yield) and oxidative coupling of the resulting product 29 following conditions by 

Greb et al. was conducted (Scheme 31).[102] The product (MOM)2-BIPOL (28) was obtained in 

a yield of 86% in accordance with literature (83%[102]). The use of stochiometric amounts of 

readily oxidizable tetra-tert-butyl diquinone (DBQ) (30)—a quinoid type oxidant—prompted 

the investigation into its reusability. Fortunately, by exploiting the low solubility of DBQ (30) 

in methanol, removal of bulk amounts was enabled by simple filtration. Recycling the thus 

obtained oxidant was facile. Oxidation of the reduced form DBQ-H2 proceeded quantitatively 

over night by leaving the filter cake at ambient conditions.5 Thus, not only could the workup 

be improved by easy removal of the strongly staining DBQ (30) but scalability by recycling of 

the same oxidant was enabled. With ample starting material at hand, the deprotection of 

(MOM)2-BIPOL (28), progressed without issue to obtain BIPOL (27) in a yield of 52% over 

the entire sequence of eight steps. 

 
5 The oxidant was suspected to be the O2 in the air. 

126 125 127 
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Scheme 31: Synthesis of BIPOL (27) by oxidative coupling developed by Lipshutz et al.[101] and improved by 
Greb et al.[102] 

Overall, the synthesis route towards rac-BIPOL (27) via this large scale and high yielding 

process could successfully be improved. Separation of the brominated regioisomers 128 and 

129 was enabled by Kugelrohr® distillation. Additionally, recycling of DBQ (30) was 

successful, improving the scalability of this approach. The brominated arene regioisomers 128 

and the MOM protected 29 were used as common starting materials in subsequent chapters 

(Chapter 5.2.1). 

128 29 

28 

(27) 

(30) 
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5.1.3 Biflavonoid library 
The following chapter is a revised version of Klischan et al. ACS Omega 2023.[108b] 

Even though the approach described in the previous section (Chapter 5.1.2) is valuable for the 

synthesis of polyketide-based natural products and biflavone analogues (Chapter 4.3), an 

alternative method towards the synthesis of biflavones was investigated. To account for the 

substitution pattern found in naturally occurring cupressuflavone (CUF) (40) (Chapter 4.3.2), a 

strategy towards both flavones with methyl- and methoxy-groups at C7 and C7′ was required. 

Literature known selective iron-mediated oxidative couplings of electron-deficient phenols 

were considered.[69, 108a] This strategy would allow access to biacetophenone key-intermediates 

in three steps without requiring column chromatographic purification to access the racemic 

biflavones (compared to eight steps as described in Chapter 5.1.2 with column chromatographic 

isolation). Following this strategy, biflavones would be obtained as racemic mixtures. This 

relied on the hypothesis, that the eutomer (meaning bioactive enantiomer)[209] would be active 

while the distomer (complementary enantiomer) would be inactive rather than antagonistic 

towards the same bioactivity.[210] It is acknowledged that pharmacokinetics and -dynamics also 

depend on whether a racemic mixture or enantiopure compounds are used.[211] Thus, a more 

general insight into feasibility of the synthesis method and potential of this compound class 

would be asserted using the racemic mixtures. The cost-benefit of establishing an enantiopure 

synthesis method would therefore rely on the bioactivities of the racemic library. Potential drug 

candidates for in vivo trials[212] would subsequently be synthesized in an enantiopure fashion 

based on the obtained best hits (Chapter 5.2). 

 

Scheme 32: Cupressuflavone (CUF) (40), the naturally occurring 8,8′′-biflavone. 

The starting point of this iron-mediated synthesis strategy was a protocol developed by 

Li et al.[69] Scalability was of great concern for the viability of this approach.[213] Commercially 

available phenols 122 and 130 were transformed via acetophenones 131 and 132 to methyl 

protected acetophenones 133 and 47 by literature known methods (Scheme 33).[69, 214] These 

served as common starting materials to access all monomeric as well as dimeric flavonoids. 

(40) 
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The synthesis of biacetophenones 134 and 49 would be conducted by oxidative coupling. With 

these valuable building blocks (three steps, gram-scale without column chromatographic 

isolation) in hand, Claisen-Schmidt condensation using aldehydes to obtain chalcones 

135 - 148 and bichalcones 165 - 178 was conducted. These served as useful intermediates as 

they could be investigated as simplified analogues compared to the corresponding flavones and 

biflavones, effectively doubling the pool of potentially bioactive compounds. Flavones 

150 - 163 and biflavones 179 - 192 would then be accessed by subsequent oxidative 

cyclization. The permutation of the B-ring (R2) was chosen to reflect a variety of electronic and 

steric effects. Among these, various CUF methyl ethers were synthesized. 

 

Scheme 33: Retrosynthesis of flavones and biflavones starting from commercially available phenols 122 and 130. 
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5.1.3.1 Flavones 
First, a robust synthesis of the acetophenone key-intermediates 133 and 47 was required. 

Literature known protocols for a Friedel-Crafts acetylation followed by a methyl protection 

proceeded smoothly.[215] The desired products were synthesized over two steps on 

deca-gram-scale in yields of 74% (133) and 70% (47) respectively (Scheme 34). 

 

Scheme 34: Synthesis sequence towards methyl protected acetophenones 133 and 47. 

Starting from these acetophenones, the monomeric chalcones and flavones were synthesized 

next. Before settling on a two-step process, a literature known one-pot strategy towards the 

desired flavone scaffold was investigated (Scheme 35).[216] Using commercially available 

acetophenone 193 an aldol condensation with benzaldehyde followed by an oxidative 

cyclization with catalytical amounts of iodine was conducted. Flavone 194 was isolated in low 

yields (8%). Due to this unselective product formation, this approach was thus not further 

investigated.  

 

Scheme 35: Synthesis of flavone 194 starting from acetophenone 193. 

Even though one more step was required to synthesize biflavones via bichalcones, the latter 

could serve as potentially bioactive natural product intermediates. Acetophenones 133 and 47 

were transformed to the corresponding chalcones monomers 135 – 148 by Claisen-Schmidt 

condensation (Scheme 36). For some reactions, incomplete conversions were observed. These 

were addressed by addition of further 0.6 equivalents of the corresponding aldehyde after 6 h 

which then gave full conversion overnight. In addition to these arene-based chalcones, the 

synthesis of heteroarene (2-pyridyl) chalcone 149 was conducted. Unfortunately, conversion to 
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product was very low (36%) with suspected flavanone being the main observed side product. 

This issue would only amplify with the synthesis of the corresponding bichalcones due to twice 

the amount of potential cyclizations. Generally speaking, the monomeric chalcones obtained 

exhibited low solubility in common organic solvents, thus purification by column 

chromatography was avoided. Recrystallization from methanol removed most flavanone and 

aldehyde impurities. 

 

Scheme 36: Synthesis of chalcones starting from acetophenones 133 and 47. Isolated yields. [a] 1.8 equiv aldehyde 
instead. [b] 90 °C. 

To probe the observed formation of flavanones, acetophenone 131 was subjected to comparable 

reaction conditions to form chalcone 195 (Scheme 37A). The main product observed by 
1H-NMR was suspected to be flavanone 196 indicated by characteristic geminal peak sets 

(Scheme 37B). This implied, that the ring closure of the Michael-system and thus formation of 

flavanone vs chalcone occurred preferentially with a vicinal phenol hydroxy group. In case of 

methyl protected chalcones, the hydroxy group is trapped by the vicinal carbonyl leaving the 

Michael-system with a methoxy group unable to cyclize (compare Chapter 5.2.3.2). 

133 
47 

136 

143 

137 138 

139 140 141 149 

144 145 

146 147 148 

135 

142 



Results and Discussion 

54 

 

Scheme 37: (A) Chalcone synthesis using acetophenone 131 with the formation of major amounts of flavanone 
side product. (B) 1H-NMR signals observed, corresponding to flavanone. 

With a protocol for the synthesis of chalcones 135 – 148 established, the oxidative cyclization 

towards flavones 150 – 163 following literature known procedures was investigated next.[217] 

This method involved the use of catalytic amounts of I2 in DMSO with the latter serving a dual 

role as both solvent and oxidant for the regeneration of I2.[218] All desired flavones except for 

one could be obtained in yields of 36 – 93%. In case of the cyclization of 2-pyridyl 

chalcone 149 to flavone 164 mostly signals akin to flavanone side product 197 were observed 

(Scheme 37B). Thus, for the subsequent biflavone library, heteroarene substituents were not 

included. Overall, the desired flavones could be isolated in four steps from commercially 

available bulk starting materials requiring only one final column chromatographic purification 

over this sequence. 
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Scheme 38: Oxidative cyclization of chalcones to flavanones. [a] Only flavanone side product observed according 
to 1H-NMR. 
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5.1.3.2 Biflavones 
To obtain the analogous bichalcones and by extension biflavones, the next task was the 

synthesis of biacetophenones 134 and 49. After extensive screening conducted by Julian Greb 

regarding a variety of recent catalytic methods for the synthesis of 134[108b] the oxidative 

coupling using stochiometric amounts of FeCl3 proved the most promising for this 

transformation. The method was originally established by Li et al. using silica bound FeCl3 via 

solid phase synthesis.[69] This method has since been applied to the synthesis of a variety of 

natural products.[49a, 49b, 65c, 108a] It is important to mention, that trace amounts of paramagnetic 

FeIII impeded evaluation of crude reaction products. Thus, a washing step using Na2EDTA, able 

to coordinate trivalent cations, was required.[219] Initial results using this strategy showed low 

selectivities. Using acetophenone 133 as the starting material, product 134 formation was 

miniscule (Table 1, entry 1). Instead, a major side product was observed that was identified as 

chlorinated acetophenone 198. This highly regioselective chlorination was in line with a side 

product observed by Li et al.[69] To increase conversion to product, the conditions of the 

FeCl3/SiO2 preparation were investigated. Generally, FeCl3 was first dissolved in the mentioned 

solvent or solvent mixture, then a defined amount of silica was added, the mixture sonicated 

for 15 minutes and solvents then removed under vacuum at elevated temperatures using a 

rotational evaporator until a dry powder remained (1 mbar). The initial preparation conditions 

used Et2O as the solvent at 40 °C. The use of a solvent mixture of Et2O:MeOH as described in 

the original protocol[69] did not result in a significant increase in selectivity (Table 1, entry 2). 

An increase in temperature during FeCl3/SiO2 preparation as well as freshly purchased 

FeCl3·6 H2O helped in achieving a higher selectivity but again resulted in significant formation 

of side product 198 (Table 1, entry 10). Delightfully, using anhydrous FeCl3 instead of 

FeCl3·6 H2O in combination with anhydrous solvents resulted in a marked increase in 

selectivity (Table 1, entry 8). These optimal conditions were scaled up to 8 g-scale. High 

selectivity and conversion were retained during scale up, and a fair yield of 58% for 

biacetophenone 134 with a reaction time of 2.5 h was achieved. Interestingly, the synthesis of 

biacetophenone 49 did not suffer from the same issues of side product formation in line with 

the original protocol,[69] resulting in a yield of biacetophenone 49 of 52%. Significantly, the 

reaction time of the original protocol was decreased from 6 days to 6.5 h. The constitution of 

biacetophenone 134 was confirmed by x-ray analysis provided by Julian Greb[102, 108b] as well 

as by 2D-NMR data. 
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Table 1: Oxidative coupling of acetophenones under different conditions. Entries for different conditions of 
acetophenone coupling.  

 

# [Fe] 
Scale 

[g] 

reaction 

time [h] 

FeCl3 

[equiv] 

FeCl3/SiO2 

preparation 

ArH 

[%] 

ArCl 

[%] 

ArAr[e] 

[%] 

R1 = Me 

1 FeCl3·6 H2O[a] 1 6.0 4.6 I 34 45 21 

2 FeCl3·6 H2O[a] 1 5.0 4.6 II 0 94 6 

3 FeCl3·6 H2O[a] 1 3.2 2.8 II 18 71 11 

4 FeCl3·6 H2O[a] 0.5 4.0 4.6 II 11 66 23 

5 FeCl3·6 H2O[b] 0.5 3.0 4.6 II 58 20 22 

6 FeCl3·6 H2O 4 16 4.6 II 37 56 7 

7 FeCl3·6 H2O 2 5.0 2.8 II 62 24 13 

8 FeCl3 0.5 4.5 4.8 III 6 16 78 (36) 

9 FeCl3 1.4 4.5 4.8 III 16 19 65 (30) 

10 FeCl3·6 H2O[c] 4 5.5 4.8 IV 6 43 51 

11[f] FeCl3 4 5.5 4.8 III 38 12 49 

12 FeCl3 4 3.5 4.8 III 6 18 76 (39) 

13 FeCl3 4 8.5 4.8 IV 43 7 50 (23) 

14 FeCl3
[d] 8 2.5 4.8 III 3 9 88 (58) 

R1 = OMe 

15 FeCl3·6 H2O 8 6.5 4.6 I 15 4 81 (52) 
Reactions were stopped if no more conversion to product was observed after taking aliquots as reaction controls; 
[a] significant amount of additional side products, complex NMR; [b] Dissolved FeCl3/SiO2 thrice in Et2O and 
MeOH removing the solvent in between each dissolution step; [c] newly purchased; [d] workup with aq. HCl (1 
M) instead of H2O. [e] Conversion of starting material 3a according to 1H-NMR; Isolated yield in parentheses. [f] 
37.5 % w/w FeCl3/SiO2. Conditions: I: FeCl3/SiO2 prepared at 40 °C in Et2O; II: FeCl3/SiO2 prepared at 40 °C in 
Et2O:MeOH (9:1); III: FeCl3/SiO2 prepared at 40 °C then 60 °C in anhydr. Et2O:MeOH (9:1); IV: FeCl3/SiO2 
prepared at 40 °C then 60 °C in (non-anhydr.) Et2O:MeOH (9:1).  

To unambiguously assign the correct connectivity of the forming side product, chlorination of 

the acetophenone starting material was conducted. Both regioisomers 198 and 199 could be 

isolated in addition to the double chlorinated product 201 (Scheme 39). 
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Scheme 39: Chlorination of acetophenone 133 to obtain references for the oxidative coupling. 

With these chlorinated acetophenones in hand, the oxidative coupling under the same 

conditions as the optimized protocol was investigated (Scheme 40). This was done to determine 

if chlorinated acetophenone dimers 202 and 203 could be obtained this way. This, in turn, would 

enable access to additional biaryl structural motifs as halides have been shown to serve as useful 

protecting groups.[65a, 220] Particularly, the coupling of ortho-OH obstructed main side 

product 198, would give insights into side product formation during the oxidative coupling. 

Under the previously optimized conditions, no conversion to product was observed. Instead, 

only low conversion to the double chlorination product 201 was observed by 1H-NMR with 

mostly unreacted acetophenone starting materials. This may be the results of unfavorable 

stereo-electronic modification by the chlorine substituent. 

 

Scheme 40: Oxidative coupling attempt of chlorinated acetophenones 198 and 199. 
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With a protocol for the synthesis of biacetophenones 134 and 49 established, the synthesis of 

bichalcones was addressed. Applying the conditions of the chalcone monomer protocol gave 

most bichalcones 165 – 176 in acceptable yields (23 – 94%) and purity (Scheme 41). Isolation 

of these highly insoluble compounds was achieved by scale up and recrystallization using 

methanol. Only 177 and 178 were not obtained in sufficient purity. Flavanone side products 

and insufficient conversion of starting material were attributed to the low solubility of these 

chalcone dimers. A complex mixture of isomers, side products and unconverted 

biacetophenone 49 resulted in complex crude 1H-NMRs. Flavanone type side products were 

particularly problematic due to the axially chiral biaryl bond resulting in a range of 

diastereomeric side products (Chapter 5.2.3.1). Overall, 14 bichalcones could be obtained in a 

yield of up to 94% (183) on a 200 mg scale. Singular examples could be scaled up to 1.5 g (4.0 

mmol) scale using this protocol. 

 

Scheme 41: Synthesis of bichalcones starting from biacetophenones 49 and 134. Isolated yields. [a] 3.6 equiv 
aldehyde. [b] at 90 °C. [c] 4.0 mmol scale. [d] presumed mixture of chalcone and flavanones and mono addition 
product. [e] 1 h reaction time  
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To account for the low solubility of the bichalcones, an alternative protocol using an ionic liquid 

as dual solvent-catalyst-system was investigated. Pyrrolidine was chosen to fit this role of 

organocatalyst[216] as well as forming a liquid with acetic acid. Bichalcone 181 could be 

obtained in yields comparable with the previously discussed method (47% vs 50%). The 

approach appeared less generally applicable as other bichalcones (168 and 169) could not be 

isolated (Table 2). Additionally, isolation by precipitation, filtration, and subsequent methanol 

wash was complicated due to the high solubility in and low volatility of these ionic liquids. 

Table 2: Synthesis of chalcone dimers using ionic liquids with various (but equimolar) equivalents of pyrrolidine 
and AcOH. 

 

# AcOH [equiv] pyrrolidine [equiv] Product Isolated Yield [%] 

1 1.0 1.0 167 47 

2 5.0 5.0 167 41 

3 50.0 50.0 167 –[a] 

4 5.0 5.0 168 –[a] 

5 5.0 5.0 169 –[a] 
[a] complex mixture according to 1H NMR. 

In addition to the aforementioned flavanone side products, additional peak sets could be 

observed in the 1H-NMR spectra of crude bichalcones. The peaks observed did not correspond 

to flavanone peak sets bearing vastly different signals in 1H-NMR. Flavanone side products 

were additionally not detectable by HPLC (purity >99% according to normal phase HPLC and 

96% according to reversed phase HPLC). Full interconversion of this additional peak set in 

CDCl3 at ambient temperature over 72 h to the major peak set associated with product 166 was 

observed by 1H-NMR (Figure 5A). The regression followed a linear trend with R2 > 0.99, 

though more data points are necessary to reinforce this observation (Figure 5C). Purification by 

washing in hot methanol also resulted in full conversion. Thus, an in solution configurationally 

unstable conformer is a likely explanation for this additional peak set. 
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Figure 5: (A) 1H-NMR spectra of the same mixture over time measured at indicated times since preparation of 
NMR sample with minor peak set vanishing over time. Quantification by integration over same area at different 
times. (B) Aromatic protons integrated in A indicated in bold font (C) Linear Regression of suspected bichalcone 
166 isomer interconversion over time.  

With these assessments of bichalcone side products in place and a suitable protocol for the 

synthesis of bichalcones established, the library of corresponding biflavones was synthesized 

next. Conditions of the flavone monomer synthesis were modified and successfully applied to 

the dimers (Scheme 42). The reaction was scaled up to 0.93 mmol scale for biflavone 181 and 

1.9 mmol scale for 183. All biflavones lest meta-Br-biflavone 191 could be obtained under 

these conditions. The low purity of bichalcone starting material 177 and its low solubility even 

in DMSO were thought to be responsible. In total, thirteen 8,8′′-biflavones were obtained. 

Yields up to 39% (183) over five steps were achieved highlighting the synthetic usefulness of 
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this route. A very select number of biflavones were synthesized and provided by 

Max Schlamkow. 

 

Scheme 42: Oxidative cyclization of bichalcones to biflavones. Isolated yields. [a] 1.9 mmol scale. [b] Complex 
1H-NMR. 
The obtained flavones, biflavones, chalcones and bichalcones were evaluated regarding their 

bioactivity. The cytotoxicity (IC50, inhibitory concentration6) against malignant human cell 

lines (HeLa cells) and against protozoal parasite Toxoplasma gondii (T. gondii)[221] were 

assessed.7 The latter is an especially abundant and successful human parasite[222] with a dire 

need for new therapeutic agents.[223] Biflavones have been shown to exert anti-microbial 

activity in literature.[12g] Overall, biflavones generally exhibited higher bioactivity (lower IC50) 

than the corresponding flavone monomer counterpart (Figure 6).[108b] Additionally, selectivity 

indices (SI) were calculated for T. gondii by dividing the cytotoxicity against the fibroblast host 

cells IC50 Hs27 by the cytotoxicity against T. gondii IC50 T. gondii. A large SI implies a high 

inhibition of parasite proliferation but low cytotoxicity against the healthy human host cells. 

 
6 IC50 represents the concentration of substrate at which 50% of the cells are viable. 
7 By Lena Berning and Flaminia Mazzone 
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Figure 6: (A) Bioactivity of flavone 152 and biflavone 183 (B) IC50 HeLa with visual cue (C) IC50 T. gondii.. (D) IC50 Hs27 
(also referred to as cytotoxicity concentration CC50). 
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In summary the highly bioactive bichalcone 166[224] and biflavone 181[108b] were identified. 

While both structures exhibited bioactivity against T. gondii proliferation, biflavone 181 

showed high activity against malignant human HeLa cells. These compounds would serve as 

lead structures for following investigations (Chapter 5.1.4 and Chapter 5.2.3) (Figure 7). 

Especially bichalcone 166 (IC50 T. gondii 0.114 µM, SI > 1750) showed an overall activity and 

selectivity index greater than pyrimethamine (lit.: IC50 T. gondii 0.4 µM, SI > 202)[225], the current 

gold-standard treatment for toxoplasmosis.[226] 

 

Figure 7: Most overall active racemic compounds bichalcone 166[224] and biflavone 181.[108b] 

Further modification of biflavone 181 by methoxy deprotection (204) resulted in full loss of 

biological activity (Scheme 43). The cause of this loss of activity could be related to the 

carbonyl-hydroxy H-bridge suspected to be present between these functional groups. A change 

in pharmacokinetics or -dynamics may strongly influence the activity of this compound. 

Additionally, the yet unidentified molecular target may exert stronger binding due to the 

lipophilic nature of a methoxy group. A further probing of the structure activity relationship 

would be required to identify the narrowness of the target. 

 

Scheme 43: Selective deprotection of the methoxy groups of biflavone 181 for the synthesis of biflavone 204. 
Yield of isolated product. 
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In addition to activity against various cell lines, the antioxidant capacity of the flavones was 

assessed in chemico relative to ascorbic acid using a literature known ABTS (2,2′-azino-bis(3-

ethylbenzothiazoline-6-sulfonicacid) protocol.[227] An ABTS•+ radical cation is reduced in the 

presence of the screened compounds resulting in the disappearance of the absorption maximum 

of ABTS•+ at 734 nm. A better reductant will result in faster reduction and thus a higher 

antioxidant capacity. All measurements were performed as triplicates. The calibration curve 

exhibited good linearity (Figure 8). Overall, electron-rich flavones and biflavones exhibited a 

high ascorbic acid equivalent antioxidant capacity (AEAC) (Table 3). 
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Figure 8: Calibration curve of ascorbic acid at the concentration range of 0 – 400 µM with linear fit. 
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Table 3: Ascorbic acid equivalents antioxidant capacity (AEAC) of flavones and biflavones and corresponding 
standard deviation (SD). 

R1 Ar flavone 
AEAC 

[mmol mmol-1] 
SD biflavone 

AEAC 

[mmol mmol-1] 
SD 

Me 4-OMe 150 0.084 0.007 179 0.237 0.001 

OMe 4-OMe 157 0.075 0.008 186 0.129 0.007 

Me H 151 0.013 0.007 180 0.048 0.001 

OMe H 158 0.014 0.006 187 0.070 0.005 

Me 4-NMe2 152 0.110 0.002 181 0.197 0.003 

OMe 4-NMe2 159 0.081 0.001 188 0.215 0.000 

Me 4-CF3 153 0.055 0.007 182 0.098 0.001 

OMe 4-CF3 160 0.048 0.006 189 0.050 0.005 

Me 4-Br 154 0.036 0.000 183 0.026 0.007 

OMe 4-Br 161 0.018 0.006 190 0.037 0.005 

Me 3-Br 155 0.032 0.008 184 0.028 0.002 

OMe 3-Br 162 0.056 0.001 191 – – 

Me 2-Br 156 0.017 0.006 185 0.025 0.007 

OMe 2-Br 163 0.020 0.004 192 0.069 0.008 

Me[a] 4-NMe2    204 0.037 0.009 
[a].Methyl deprotected biflavone 204. 

In summary, various methods were explored to obtain a library of flavonoids. In particular, a 

sequence towards biphenol 27 was optimized and chalcone and flavone synthesis conditions 

were successfully established. Moreover, oxidative iron-mediated coupling was successfully 

transferred to a new acetophenone substrate. Side products obtained over this sequence were 

identified and suppression of such side product successfully enabled. In the end, bioactivities 

were obtained so that lead structures for further investigations could be identified. First, 

non-natural biflavone 181 showed promising selective activity against protozoal parasite 

T. gondii and malignant human cell lines while exhibiting little cytotoxicity against healthy 

human cell lines (fibroblasts) in addition to antioxidant properties. Additionally, bichalcones 

(particularly 166) could be identified as a novel scaffold for further evaluations. These types of 

bichalcones as non-natural analogues not found in the natural biosynthesis are of particular 

interest due to the unexploredness of this high-potential compound class. 
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5.1.4 Amino 8,8′′-biflavones 
The following chapter contains results obtained by Daniel Grudzinski as part of a bachelor’s thesis[206] 

and is a revised version of Klischan et al. Org. Lett. 2024.[228] 

As discussed in the previous section, the biflavone exerting the highest bioactivity was 

identified as 181. Bearing two dimethyl amino functionalities, a strategy was devised that 

allowed for diversification of this substitution pattern. By probing if variation of the amine 

substituent modulates the activity against malignant human cell lines, the structure activity 

relationship would be investigated. This would be done by the synthesis of a focused library of 

amino biflavones. First the low yields obtained for amino biflavone 181 via the previously 

established synthesis route (11% over two steps starting from biacetophenone 134) needed to 

be addressed. A strategy capitalizing on readily available brominated biflavone 183 (88% over 

two steps starting from 134) as a platform for diversification was conceived (Figure 9). 

Palladium-catalyzed Buchwald-Hartwig amination using various readily available amines 

would give access to a scope of racemic amino-biflavones in a single step. 

 

Figure 9: Synthesis strategy of amino biflavones starting from brominated biflavone 183. 

Investigations were initiated by choosing promising starting conditions. To ensure adequate 

palladium-activation, a Buchwald-type precatalyst was chosen as the Pd-source 

(Chapter 4.5.1).[153] The palladium precatalyst (Pd G4)2 (205) was obtained following a 

literature known procedure over two steps starting from 2-aminobiphenyl (206) via methyl 

protected 207 (Scheme 44A).[153] Base mediated activation of (Pd G4)2 (205) to obtain a 

catalytically active Pd0 species results in the formation of carbazole 208 as a side product 

(Scheme 44B). 

183 181 
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Scheme 44: (A) Synthesis of (Pd G4)2 (205). (B) Base mediated carbazole formation. 

First, the Buchwald-Hartwig amination was performed using flavone monomer 154 as a test 

substrate. Incomplete conversion of C2-symmetrical biflavone 183 would result in a mixture of 

mono-amination and double-amination products hardly distinguishable by 1H-NMR. Thus, 

determining the optimal reaction conditions by NMR would be cumbersome. Cs2CO3 was 

chosen as the base to allow for more sensitive functional group tolerance in addition to (Pd G4)2 

(205) as the Pd-source. Reactions were set up in 2 dram (2 dr.)8 vials (see Chapter 7.1, Figure 

29). After a short optimization by Daniel Grudzinski,[206] a protocol could be established for 

secondary (2°) amines. The low initial conversions were attributed to substantial evaporation 

of the amine during the setup of the reaction (Table 4, entry 1 – 2). An increase in amine 

equivalents did result in higher conversion to product. Yet, it was of even greater importance 

for full conversion to not purge the amine with an argon balloon (Table 4, entry 3 vs. 4). This 

was again attributed to the volatility of the amine. A subsequent investigation of purging 

morpholine with argon for 1 h in triplicates revealed full evaporation (0±0% according to 
1H-NMR in triplicates with 1,3,5-trimethoxylbenzene as internal standard). Additionally, the 

equivalents of RuPhos (209)—a typical MOP-type ligand for Buchwald-Hartwig couplings of 

secondary amines[152, 229]—greatly influenced the conversion to product due to suspected 

competitive binding of the amine (Table 4, entry 5 – 6).[230] The desired product 210 could be 

 
8 dram: unit of measure, 1 dram roughly equivalent to 3.7 mL 

205 

205 

206 207 

208 
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obtained in a yield of 89% with an effective Pd-loading of 5 mol% (2.5 mol% (Pd G4)2, 

dinuclear Pd-precatalyst) (Table 4, entry 6). 

Table 4: Palladium catalyzed Buchwald-Hartwig amination screening using 154. 

 

# Variation 
Conversion of 154 

[%] 

Product 

[%][a] 

1 None 0 0 

2 BINAP (10 mol%) 5 0 

3 Morpholine (2.2 equiv) 42±2 6±1 

4 No amine purging, Morpholine (2.2 equiv) 72 59 

5 
No amine purging, Morpholine (2.2 equiv), 

RuPhos (20 mol%) 
100 89±5 

6 
No amine purging, Morpholine (2.2 equiv), 

RuPhos (40 mol%) 
100 94±1 (89)[b] 

Reactions were performed on a 0.10 mmol scale. Entries with standard deviation performed as duplicates. [a] 
Conversion to product according to 1H-NMR in parentheses using 1,3,5-trimethoxybenzene as an internal standard. 
[b] Isolated yield. 

In addition to the use of morpholine, the use of benzylamine as a primary (1°) amine was 

investigated. Full conversion of starting material 154 was observed yet lower conversion to 

product 211 (56%) detected (Scheme 45). This was attributed to RuPhos being particularly 

suited for secondary amines,[152, 229] making multi-additions and oligomer formation more likely. 

210 154 

(209) 
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Scheme 45: Palladium-catalyzed synthesis of amino flavone monomer 211. Reaction performed as duplicate. 

With the monomer synthesis established and notably full conversions of starting material 

achieved, the conditions were translated to the dimer synthesis. The scope of biflavones was 

chosen to test the influence of amines with increasing steric bulk. Acyclic 2° amines (181, 212), 

cyclic 2° amines (213, 214, 215, 216) as well as acyclic 1° amines (217, 218) were chosen to 

obtain a diverse scope of substitution patterns (Figure 10). 

 

Figure 10: Scope of target amino 8,8′′-biflavones with amines with various degrees of bulkiness. 

  

154 
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Translating the reaction conditions established for the monomers to the biflavones, the 

dedicated library could be obtained. Even a catalyst-loading of 2.5 mol% gave full conversion 

to product for select substrates (Scheme 46). In other cases, increasing the 5 mol% to match the 

flavone monomer amination was required to achieve full conversion. In addition to the use of 

commercially available cyclic and acyclic amines, the hydrochloride salts of dimethylamine 

and methylamine were employed. When doing so, additional base was added to compensate for 

the ammonium deprotonation (1.0 equivalents base per equivalent amine). Yields ranged from 

75 – 94% for the six examples of secondary amines 181 – 216 (Scheme 46). Biflavone 181 was 

included in the scope so that the influence of potentially biologically relevant palladium could 

be investigated and compared to the results using the previous method.[231] Benzylamine-

derived product 218 could also be obtained in a yield of 34%. When using the hydrochloride of 

methylamine, no formation of product 217 was observed. Instead, the use of BrettPhos as the 

ligand gave some yet still low conversion of starting material to the desired product 217 (8% 

yield). Additionally, a non-C2-symmetrical biflavone could be isolated that turned out to bear a 

methoxy/methylamine substitution pattern (219) in a yield of 7%. Overall, a library of nine 

8,8′′-biflavones was obtained with reaction conditions especially suited for the synthesis of 

secondary amines including hydrochlorides. A number of these biflavones were synthesized 

and provided by Daniel Grudzinski.[206]  
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Scheme 46: Synthesis of a library of 8,8′′-amino biflavones by palladium-catalyzed Buchwald-Hartwig amination. 
Reactions were performed on a 0.10 mmol scale. Isolated yields. [a] HCl salt of amine used, HCl Cs2CO3 
(9.4 equiv). [b] (Pd G4)2 (2.5 mol%). [c] (Pd G4)2 (5.0 mol%). [d] (Pd G4)2 (5.0 mol%), BrettPhos (20 mol%). [e] 
non-C2-symmetrical methylamine/methoxy biflavone side product using NH3MeCl. Conversion to product 
according to 1H-NMR with 1,3,5-trimethoxybenzene as internal standard in parentheses. 

The activity of these compounds against HeLa cells (IC50 HeLa) was assessed by Céline 

David.[228] The IC50 values clearly indicated that the Pd-catalyzed synthesis route did not 

influence the bioactivity of the compounds (Figure 11). While the biflavones with 

pyrrolidine 216 and dimethylamine 214 substituents were active, similarly small azetidine 219 

and slightly bulkier diethylamine 215 were entirely inactive (IC50 HeLa > 50 μM) (Figure 11). 

Interestingly, non-C2-symmetrical biflavone 219 was more active than the corresponding 

methyl amine derived biflavone 217. These results may imply that the biological target prefers 

small substituents. The discrepancy in size between biflavone with azetidine 219 versus 

pyrrolidine 216 substituent may be the result of unfavorable bond angles, again supporting a 
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218 217 
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rather tight binding affinity. Non-C2-symmetrical biflavone 219 may support this hypothesis by 

showing that a sterically small substituent on one side of the biflavone may be favored. Further 

investigations at identifying a target by proteome analysis should elucidate these findings. 

 

Figure 11: IC50 HeLa of 8,8′′-amino biflavones.[228] Values of MTT assay and value in brackets via Alamar Blue 
assay from compounds used in previous study[108b] [a] non-C2-symmetrical methylamine/methoxy biflavone. 

Thus, a reliable method for the amination of flavones was established. A dedicated library of 

nine amino biflavones could be obtained. While the protocol was suited for secondary amines, 

primary amines were still accepted as well as the hydrochlorides of either. The most active 

biflavone was identified as the previously synthesized dimethyl amine derived 181. The 

first-ever reported non-C2-symmetrical 8,8′′-biflavone was synthesized. A correlation between 

steric bulk of the substituents and activity could be observed. Moreover, it could be shown that 

palladium content did not influence the observed bioactivity.  
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5.2 Cyclic diaryliodonium salts towards enantiopure BIPOL 
The following chapter contains results obtained by Daniel Grudzinski as part of a bachelor’s thesis,[206] 

additionally containing results published in Klischan et al. Org. Lett. 2024[228] as well as in Mazzone et 

al. Front. Chem. 2024.[224] 

As was discussed in a previous chapter (5.1.2) and was shown in literature,[102-103] biphenol 27 

(BIPOL) can be used as a building block for various polyketide based natural products. A 

strategy towards enantiopure BIPOL 27 was conceived involving the use of cyclic 

diaryliodonium salts as stereodynamic key intermediates (Scheme 47). This strategy would bear 

the advantage of being able to introduce nucleophiles other than oxygen to generate a more 

diverse range of valuable intermediates than the previously used methods (Chapter 4.3).[102] 

This would constitute the first use of cyclic diaryliodonium salts in natural product synthesis. 

To show the usefulness of the method, both enantiomers of the most bioactive bichalcones and 

biflavones identified by the previous investigations on racemic biflavones (5.1.1) were to be 

synthesized. 

 

Scheme 47: Strategy towards biphenol 27 involving cyclic diaryliodonium salts. 
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5.2.1 Electron-rich cyclic diaryliodonium salts 
To obtain the substitution pattern found in polyketide based natural products (Chapter 4.3.1), 

electron-rich cyclic diaryliodonium salt 220 would need to be constructed. Starting from the 

previously synthesized⸺and readily available⸺brominated arene 128 (Chapter 5.1.2) would 

eliminate the requirement for optimization of starting material synthesis. The 2-iodobiaryl 221 

required for the subsequent oxidative cyclization to the cyclic diaryliodonium salt 220 would 

be synthesized over five steps (Scheme 48). To provide adequate amounts of starting material 

over the six-step sequence, scalability was of great importance. 

 

Scheme 48: Cyclic diaryliodonium salt 220 as a key intermediate towards the synthesis of enantiopure BIPOL 27. 

5.2.1.1 Borylation 
The first step involved the scalable synthesis of boronic acid ester 222. Biaryl monophospohine 

ligands have successfully been employed in borylations.[232] The influence of borylating agent 

equivalents as well as the palladium-loading were investigated to establish the most 

economically viable protocol for an adequate scale up. After screening for various conditions 

(Table 5, entries 1 – 12), palladium-catalyzed borylation using HBpin, commonly referred to 

as Masuda-borylation (A),[233] provided a robust method to provide ortho-borylated arenes. 

Similar conditions using B2pin2, referred to as Miyaura-borylation (B), also gave acceptable 

yields though with a lower selectivity (compare Table 5, entries 13 and 14).[234] Additionally, 

1,4-dioxane was able to be replaced with THF (Table 5, entry 17). Thus, anhydrous solvent 

provided by the solvent purification system available at the institute could be leveraged. This 

would remove the need for costly commercially available anhydrous 1,4-dioxane or 

labor-intensive drying procedures. The main impurities in the crude product consisted of 

pinacol, phosphine ligands and carbazole 208, a side product during the activation of 

Pd G4-type precatalysts (Scheme 44) and proto-dehalogenated side product 223. A protocol for 

the isolation of boronic acid ester 222 by Kugelrohr®-distillation and following base-wash was 

established. Thus, a convenient protocol for the synthesis of large quantities of boronic acid 

220 

128 

221 



Results and Discussion 

76 

esters is presented, avoiding column chromatographic purification. The reaction could be scaled 

up to 29 mmol scale and the product isolated in a yield of 85% using 1 mol% Pd. 

Table 5: Screening conditions for the synthesis of aryl boronic acid ester 222. 

 

# Method Variations Product [%][a] Yield [%][b] 

1 B None 53 44 

2 B B2pin2 (1.2 equiv) 72 – 

3 B [Pd]/L (1 mol%) 73 – 

4 B B2pin2 (2.0 equiv) 83 – 

5 B 
B2pin2 (2.0 equiv)  

[Pd]/L (1 mol%) 
73 

– 

6 B B2pin2 (3.0 equiv) 75 – 

7 B 80 °C 96 – 

8 B B2pin2 (3.0 equiv), 80 °C 93 – 

9 B 18 h 96 – 

10 A 2 h 90 78 

11 A 22 °C 74[c] – 

12 A Pd (1 mol%) 83[c] – 

13 B 2.0 mmol, [Pd]/L (1 mol%) 77 64 

14 A 2.0 mmol, [Pd]/L (1 mol%) 84 80 

15 A 7.2 mmol, [Pd]/L (1 mol%) 92 78 

16 A 14 mmol, [Pd]/L (1 mol%) 94 84 

17 A 
29 mmol, [Pd]/L (1 mol%) 

THF, 65 °C 
93 85 

Reactions on a 0.5 mmol scale. [a] Borylated product 222 against total integrals (proto dehalogenated side product 
223 + borylated product 222) according to 1H-NMR. [b] isolated yield. [c] incomplete conversion. 
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5.2.1.2 Suzuki-Miyaura cross-coupling 
With a scalable method for the synthesis of aryl boronic acid ester 222 in hand, the 

Suzuki-Miyaura cross-coupling was investigated next. The initial conditions were based on 

literature known conditions by Ganardi et al. employing SPhos (224) as the supporting ligand 

(Table 6).[103] The construction of the biaryl bond in tetra-ortho substituted systems⸺as found 

in axially chiral natural products⸺is sterically demanding, often requiring tailor-made 

solutions.[25, 65] The present synthesis strategy would only be concerned with the less sterically 

demanding tri-ortho substitution pattern. After a short screening, the amount of palladium 

catalyst used could be decreased significantly from 2.5 mol% to 0.5 mol% to form biaryl 225 

in a yield of 94% using MOM-protected 29 (Chapter 5.1.2). Using boronic acid ester 226 and 

aryl bromide 227 resulted in lower yields (Figure 12). This was done to probe the steric effect 

of the palladium complex and indicated, that the transmetalation step was inherently more 

sterically hindered. Overall, though a useful protocol, a direct coupling of unprotected 

phenol 128 to the biaryl 228 would remove both a protection and a deprotection step in the total 

synthesis of diaryliodonium salt 220. Decreasing the temperature to 22 °C still gave the product 

in lower yet acceptable yield (Table 6, entry 8). In the end, biaryl phenol 228 could be obtained 

in a yield of 81% on a 3.9 mmol scale using 1 mol% palladium (Table 6, entry 10). The Suzuki 

reaction without MOM-protecting group gave larger amounts of proto-dehalogenation side 

product. Decreasing the equivalents of boronic acid ester resulted in a lower yield due to an 

increase in proto dehalogenation side product 124 and oxidative coupling product 229 (Table 

6, entry 11). 
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Table 6: Screening conditions for the synthesis of biaryl 225 and biaryl 228 via Suzuki cross-coupling. 

 

# Variations Yield[a] [%] 

 R = MOM  

1 None 87 

2 22 °C, 18 h –[b] 

3 ArBr 227 and ArBpin 226[c] 79 

4 0.76 mmol, [Pd]/L (1 mol%) 94 

5 0.76 mmol, [Pd]/L (0.5 mol%) 94 

 R = H  

6 None 89 

7 22 °C, 4.5 h 96[d] 

8 22 °C, 18 h, [Pd]/L (1 mol%) 67 

9 22 °C, 18 h, 0.72 mmol, [Pd]/L (1 mol%) 83 

10 22 °C, 18 h, 3.9 mmol, ArBpin (1.3 equiv), [Pd]/L (1 mol%) 81 

11 22 °C, 18 h, 18 mmol, ArBpin (1.1 equiv), [Pd]/L (1 mol%) 56[e] 
[a] isolated yields. [b] incomplete conversion.[c] instead of aryl bromide 29 and aryl boronic acid ester 222, aryl 
bromide 227 and arylboronic acid ester 226 were employed (the latter provided by Julian Greb[103]). [d] inseparable 
phenol impurity, according to quantitative 1H-NMR. [e] significant amounts of proto-dehalogenation side product. 
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Figure 12: Aryl boronic acid ester 226 provided by Julian Greb[103] and aryl bromide 227. 

MOM-deprotection of biaryl 225 proceeded smoothly in a yield of 99% to obtain biaryl 

phenol 228.[102] 

 

Scheme 49: MOM-deprotection of biaryl 225. 

Overall, a borylation-Suzuki cross-coupling sequence involving 2 mol% palladium over two 

steps starting from phenol 128 could be established. Alternatively, a sequence using 

MOM-protected arene 29 using 1.5 mol% palladium over three steps was also viable. The 

former reaction was scaled up to 18 mmol scale. 

5.2.1.3 Triflation and amination experiments 
With the construction of the tri-ortho-substituted axis of biaryl 228 established, transformation 

of the phenol to an aryl iodide was performed. Unfortunately, no such direct functional group 

interconversion exists.[235] Instead, introducing an amine as a linchpin for a Sandmeyer type 

reaction was chosen as the most direct route (Scheme 50). The necessary steps involved the 

synthesis of triflate 230 (Scheme 50 a) with subsequent palladium-catalyzed amination using 

an ammonia surrogate to obtain 2-aminobiaryl 221 (Scheme 50 b) and finally, a Sandmeyer 

reaction to access 2-iodobiaryl 231 (Scheme 50 c). 
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Scheme 50: Functional group interconversion sequence to obtain aryl iodide 231. [a] Triflation. [b] Amination 
(potentially with an additional step for the deprotection of the ammonia surrogate). [c] Sandmeyer-reaction. 

To conduct initial investigations, the triflation amination sequence was investigated with 

readily available phenol 124 (Chapter 5.1.1). Following a literature known procedure by 

Lee at al.,[236] the desired triflation product 232 was obtained in a yield of 92% by Kugelrohr® 

distillation (Scheme 51). 

 

Scheme 51: Triflation of phenol 124. 

Next, the transformation to the aryl amine by Buchwald-Hartwig reaction was explored. Freshly 

distilled benzophenone imine was chosen as a literature known ammonia surrogates to generate 

primary (1°) aryl amines[60] (other contenders included (NH4)2SO4 known for aryl bromides or 

chlorides[237] and Zn(HMDS)2
[236]). Starting conditions were based on a similar, literature know 

transformation by Xin et al.[238] Unfortunately, initial reactions were sluggish and conversions 

incomplete (Table 7, entries 1 – 5). Activation of the palladium catalyst was suspected to be 

inadequate (Table 7, entries 5 – 6). In Buchwald-Hartwig type aminations, the amine may 

coordinate competitively and may thus be responsible for Pd0 deactivation.[230] Additionally, 

activation of the PdII species by means of oxidation of the phosphine ligand as reported in 

literature[149] is not trivial and relies heavily on regents employed.[148, 150] Efforts towards the 

generation of an active Pd0-species by pre-activation of the PdII-source were unsuccessful 

(Table 7, entries 5-6). The use of a Pd G4 precatalyst[153] was key in the conversion of starting 

material indicating that Pd0-activation was indeed responsible. Activation of the Pd G4 catalyst 

before the addition of benzophenone imine was crucial in complete conversion of starting 

228 230 221 231 
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material again underscoring the competitive amine/imine coordination. The coupling 

product 233 could be obtained in a yield of 88%. 

Table 7: Buchwald-Hartwig amination of model substrate 232 using benzophenone imine. 

 

# Pd-source 
Pd 

[mol%] 
Ligand solvent 

T 

[°C] 

Ar-OH 

[%] 

Product 

[%][a] 

1 Pd(OAc)2 6.7 BINAP THF 70 24 0 

2[b] Pd(OAc)2 2 BINAP glyme 85 100 0 

3[b] Pd(OAc)2 2 BINAP PhMe 100 4 46 

4 Pd(OAc)2 2 BINAP 
1,4-

dioxane 
100 82 18 

5 Pd(OAc)2
[c] 5 BINAP PhMe 100 2 5 

6 Pd(OAc)2
[c] 10 BINAP PhMe 100 3 13 

7 Pd(OAc)2
[c] 20 BINAP PhMe 100 0 100 (46) 

8 SPhos Pd G4 2.5 - PhMe 110 3 3 

9 SPhos Pd G4 2.5 SPhos PhMe 110 0 20 

10 
BINAP 

PdG4[d] 
5 BINAP 

PhMe 

[0.2 M] 
22 0 0 

11 
BINAP Pd 

G4[d] 
5 BINAP 

PhMe 

[0.2 M] 
80 0 100 

12 
BINAP Pd 

G4[d] 
5 BINAP 

PhMe 

[0.2 M] 
110 0 100 (88) 

[a] relative conversion of aryl triflate 232 according to 1H-NMR. Isolated yield in parentheses. [b] After 2 days. 
[c] preactivation by stirring Pd and ligand with PhB(OH)2 for 20 min at rt. [d] prepared by stirring BINAP and (Pd 
G4)2 (205) in PhMe for 5 min and then adding Cs2CO3 and stirring for a further 30 min at 22 °C.  

With an understanding of the handling of Buchwald-Hartwig aminations of electron-rich 

triflates established, the sequence towards 2-iodobiaryl 231 was continued. First the triflation 

of biaryl 228 was conducted following the same protocol as before. Unfortunately, incomplete 

conversion (<10%) was observed. Insufficient stirring and therefore background-hydrolysis of 

the triflic anhydride was suspected to be the cause of this. Thus, a different protocol[239] was 
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employed avoiding the use of an aqueous solution of base. Indeed, triflate 230 could be obtained 

by this method in a yield of 87% (Scheme 52). 

 

Scheme 52: Triflation of biaryl phenol 228. 

With adequate quantities of triflate 230 in hand, the Buchwald-Hartwig amination of the biaryl 

could be conducted using the previously established conditions (Scheme 53A). In parallel, 

freshly distilled benzylamine was used as an alternative ammonia surrogate. Using 

benzophenone imine conversions of starting material and to product 234 were incomplete, 

while the use of benzylamine resulted in clean and full conversion to the desired product 

(Scheme 53B). After a scale up to 3.6 mmol, product 235 was isolated in a yield of 95%. 

 

Scheme 53: Palladium-catalyzed Buchwald-Hartwig amination of triflate 230 [a] relative ratio according to 
1H-NMR. 
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Deprotection was conducted by hydrogenation and delivered 2-aminobiaryl 221 in a yield of 

93% (Scheme 54) in a straightforward manner. 

 

Scheme 54: Palladium-catalyzed hydrogenation to remove the benzyl protecting group to obtain 2-aminobiaryl 
221. 

Therefore, a Buchwald-Hartwig amination protocol using primary benzylamine with a 

subsequent deprotection was established.  

5.2.1.4 Sandmeyer reaction 
Next, transformation of the amine to the iodide was investigated. Initial reaction conditions 

were based on a protocol by Zhao et al.[75] Acetone was able to dissolve the starting material 

amine and thus chosen as the solvent. Initially, large amounts of proto dehalogenated side 

product 229 were observed (Table 8, entry 2). A high selectivity towards product was especially 

necessary due to poor separability of product 231 from side product 229 (Rf = 0.51 vs. 0.48 

petroleum ether:PhMe 7:3 v/v). Even though 1H-NMR of the red-colored crude product showed 

no major side products and implied yields >90%, filtration over silica resulted in yields of 

70 – 80%. The discrepancy in yield is explained by high-molecular and colorful impurities not 

detectable by NMR and removed during column chromatographic isolation. In the end, the 

desired product could be obtained in a yield of 75%. 
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Table 8: Sandmeyer reaction to transform 2-aminobiaryl 221 to 2-iodobiaryl 231 

  

# Variations Solvent [H+] 
Product 

[%][a] 

(ArH)2 

[%][a] 

1 None Et2O H2SO4 76 24 

2 0.1 mmol, no acetone Et2O H2SO4 58 42 

3 None[b] Et2O H2SO4 80 20 

4 None[b] EtOAc H2SO4 81 18 

5 NaNO2 (1.0 equiv)[b] EtOAc H2SO4 84 16 

6 EtOAc[b] EtOAc HCl 92 8 

7 NaNO2 (1.3 equiv)[b] EtOAc HCl 93 7 

8 NaNO2 (1.5 equiv)[b] EtOAc HCl 93 7 

9 
NaNO2 (1.5 equiv)[b] 

0.8 mmol 
EtOAc HCl 88 (75) 12 

[a] relative conversion of aryl triflate 232 according to 1H-NMR. Isolated yield in parentheses. [b] Slow addition: 
aqueous solutions of NaNO2 (0.5 mL/h) and KI (0.2 mL/h) were added via syringe pump. 

With 2-iodobiaryl 231 in hand, the synthesis of electron-rich cyclic iodonium salts could be 

investigated. Unfortunately, transformation of 2-iodobiaryl 231 under literature known 

conditions was unsuccessful (Scheme 55A).[240] Reaction controls were performed 5 mins after 

the addition of acid. Only complex 1H-NMR spectra were obtained. Even conditions developed 

for electron-rich diaryliodonium salts using toluene sulfonic acid (TsOH) were incompatible 

with the employed biarylic system (Scheme 55A).[84, 241] A brown tar with unidentifiable signals 

and complex 1H-NMR spectra was obtained. The synthesis strategy had to be reevaluated after 

this setback. 
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Scheme 55: Oxidative acid catalyzed cyclization of 2-iodobiaryl 231 to form the desired cyclic diaryliodonium 
triflate salt 220. [a] complex 1H-NMR. 

Overall, protocols for the Masuda (and Miyaura) borylation, Suzuki-Miyaura cross-coupling, 

Buchwald-Hartwig amination and Sandmeyer reaction could successfully be established. These 

procedures will serve as the basis for future investigations in following chapters. Additionally, 

knowledge gathered from these optimizations would play a pivotal role in following studies. 
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5.2.2 Non-electron-rich cyclic diaryliodonium salt 
The following chapter contains results obtained by Daniel Grudzinski as part of a bachelor’s thesis,[206] 

additionally containing results published in Klischan et al. Org. Lett. 2024[228] as well as in Mazzone et 

al. Front. Chem. 2024.[224]  

The synthesis strategy was reevaluated so that an alternative approach would benefit from a lot 

of the knowledge and protocols obtained thus far. This strategy revolved around the synthesis 

of less electron-rich 2-iodobiaryl 236 to then form literature known cyclic diaryliodonium 

salt 237. Enantiopure 2,2′-diiodobiaryl 238 would be obtained via enantioselective ring opening 

(akin to a dynamic kinetic resolution) (Figure 9). Introduction of the methoxy groups would 

proceed by Ir-catalyzed meta-selective borylations to access the 1,3,5 substitution pattern (239). 

Critically, this synthesis strategy allows for the use of the boronic acid esters as synthetic 

handles for further functionalization. Overall, both enantiomers of biphenol 27 could be 

obtained via this strategy in eight steps, a step-count unmatched by the previous synthetic 

strategy (5.2.1). 

 

Scheme 56: Synthesis strategy avoiding electron-rich cyclic diaryliodonium salts via cyclic diaryliodonium salt 
237. 
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5.2.2.1 Synthesis of Starting material 
First, cyclic diaryliodonium salt 237 was to be synthesized on decagram scale. Starting from 

commercially available 240, quantitative conversion to product was observed following the 

conditions of the previously established Suzuki cross-coupling protocol (Chapter 5.2.1.2). 

Addition of HCl to the crude mixture precipitated the 2-aminobiaryl 241·HCl which was 

isolated in a yield of 91%. The subsequent Sandmeyer reaction again proceeded smoothly 

providing the corresponding 2-iodobiaryl 236 in a yield of 81% (Scheme 57A). Finally, via the 

literature known oxidative ring closure,[77] iodonium salt 237 was obtained in a yield of 78% 

(Scheme 57B). No column chromatographic isolation was required over this three-step 

sequence, simple filtration over silica or Celite® was sufficient which greatly highlights the 

scalability of this approach. 

 

Scheme 57: Synthesis route towards cyclic diaryliodonium salt 237. 

5.2.2.2 Cyclic diaryliodonium enantioselective ring opening 
To carry out enantioselective ring opening of cyclic diaryliodonium salt 237, bisoxazoline 

(BOX) ligand L1 was synthesized following literature known procedures using dinitrile 242 

and aminoindanol 243.[242] The product was isolated in a yield of 23% (lit.: 100%[242a], 71%[242b]) 

with the mono addition product 244 as a major side product (27%) (Scheme 58). In general, 

literature known conditions contained major discrepancies regarding equivalents Zn(OTf)2 used 

in the reaction (reported 1.0 equivalents to be optimal, mass of experimental procedure 

240 
241·HCl 236 

236 237 
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corresponds to 0.1 equivalents).[242] Ultimately, affordable and commercially available BOX 

ligand L2 was purchased to avoid lengthy optimizations of said conditions.9[243] 

 

Scheme 58: Synthesis of BOX ligand L1. 

Next, the ring opening using iodide sources was investigated in collaboration with Daniel 

Grudzinski. The enantioselective ring opening of iodonium salts using halides is literature 

known with protocols by Zhu et al.[81b] (cond. A, Table 9) and Ke et al.[81a] (cond. B, Table 9). 

The viability of their approaches was investigated and showed similar enantiomeric excess only 

differing in conversion to product (Table 9, entries 6 and 7). Ultimately, the protocol by 

Zhu et al.[81b] was chosen to avoid the use of HFIP due to concerns regarding polyfluorinated 

compounds even though conversions to product were higher.[244] From this point onward 

anhydrous CH2Cl2 in combination with dried NaI were used to improve yields as hydrolysis of 

237 was reported as the major side product in this reaction.[81b] Ring opening in the absence of 

both ligand (entry 1) and Cu with ligand (entry 2) were investigated. This would effectively 

constitute the racemic background ring opening. Indeed, a conversion to product of 5% by 
1H-NMR was observed. This is in agreement with the experimentally observed e.r. of 97:3 

(94%ee). Enantiomeric excess was difficult to assess for the (Sa)-238 enantiomer due to the 

poor baseline separation and thus is reported with 91%ee (Table 9, entry 11) even though 

indirect assessment of the following steps indicated 94%ee, the same enantiomeric excess as 

(Ra)-238 (Table 9, entry 12). After successful scale up to 18.0 mmol, both enantiomers of 

2,2′-iodo biaryl 238 were obtained in yields of 82 – 94% by filtration. Synthesized BOX ligands 

L1 and commercially purchased L2 gave comparable ee values (Table 9, entry 4 and 6).  

 
9 (S,S)-L2 89€/g, (R,R)-L2 107€/g, 11/11/2023 BLDPharm 

L1 244 

242 

243 
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Table 9: Optimization of the enantioselective ring opening of cyclic biaryl iodonium salt 237. 

 

# 
Cu 

[mol%] 

Scale 

[mmol] 
Conditions 

Ligand 

[mol%] 

Product 

[%][a] 

ee 

[%][c] 

1 5 0.05 A – (5) – 

2 – 0.05 A – (5) – 

3 5 1.50 
TBAI (1.0 equiv), 

CH2Cl2 
– 93 rac 

4 5 0.33 A (S,S)-L1 90 88 

5 5 1.32 A (S,S)-L1 88 88 

6 5 0.10 A (S,S)-L2 (100) 92 

7 5 0.10 B (S,S)-L2 (73) 88 

8 5 1.50 A (S,S)-L2 96 94 

9[b] 5 1.50 B (S,S)-L2 82 84 

10[b] 5 12.0 B (S,S)-L2 94 91 

11 5 18.0 B (S,S)-L2 86 91 

12 5 18.0 B (R,R)-L2 82 −94 
Condition A: L2 10 mol%, TBAI (1.0 equiv), HFIP. Condition B: L2 7.5 mol%, NaI (1.2 equiv), CH2Cl2. [a] 
Isolated yield; conversion to product according to 1H-NMR in parentheses using 1,3,5-trimethoxybenzene as an 
internal standard. [b] L2 10 mol%. [c] enantiomers not base line separated by HPLC, thus ee reported may vary. 
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5.2.2.3 Borylation 
With key-intermediate 238 in hand introduction of the methoxy groups in meta-position was 

tackled to obtain biaryl 239. Ir-catalyzed borylations have been established since the early 

2000s by Ishiyama et al. of the Miyaura group.[245] The selectivity of these C–H activation 

reactions is sterically controlled. In particular the Hartwig-group has investigated the 

mechanism of this reaction.[246] Plenty of review articles highlight the wide application and 

usefulness of this transformation.[247] Additionally, biarylic systems have been subjected to 

similar transformations albeit only achiral phosphines.[248] As outlined in the introduction to 

this chapter, the boronic acid ester moieties introduced in this step would serve as linchpins for 

further functionalization, such as the oxidation to the desired phenol. Initial conditions using 

6 mol% iridium (3 mol% dinuclear Ir-source) gave a selective turnover to product. Separation 

of the mono-borylated side product 245 proved not possible by column chromatography in 

addition to low solubility of the borylated product 239. Thus, full conversion of starting material 

and intermediate products was of major importance for full characterization. First, the catalyst 

loading was investigated. Lowering the catalyst loading on this scale below 1.5 mol% 

[Ir(COD)OMe]2 only gave trace amounts product 239 (Table 10, entries 1 – 4). A scale up in 

the same reaction vessel (2 dram vials, see Chapter 7) with 1.5 mol% [Ir(COD)OMe]2 instead 

gave conversion to product analogous to 3 mol% (Table 10, entries 9 and 10). Reactions were 

continued to be carried out with 3 mol% [Ir(COD)OMe]2 for any scale ups for the sake of 

robustness. A reaction time of 1 h gave high conversion to product yet incomplete conversion 

of intermediate 245 (Table 10, entry 5). A reaction at 22 °C gave incomplete conversion mostly 

to intermediate product 245 (Table 10, entry 6). The use of 2.2 equivalents B2pin2 were required 

to achieve near-quantitative yields (Table 10, entry 8). In the end, a catalyst loading of 3 mol% 

[Ir(COD)OMe]2 gave excellent yields of 98% on 10 mmol scale (Table 10, entry 11 and 12). 

Purification by filtration over a plug of silica in combination with a subsequent base wash 

resulted in full removal of trace impurities of catalyst and pinacol. Thus, a very high yielding 

protocol could be established. Enantiomeric excess remained high over this sequence. 
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Table 10: Optimization of the double meta-selective borylation. 

 

# Variations Product [%][a] Intermediate [%] 

1 None (89±3) 5±1 

2 [Ir(COD)OMe]2 (0.38 mol%) (1±1) (1±1) 
3 [Ir(COD)OMe]2 (0.75 mol%) (0±0) (2±1) 

4 [Ir(COD)OMe]2 (1.5 mol%) (7) (43) 
5 1 h reaction time (78±0) (28±5)[b] 

6 22 °C (33±5) (50±4)[b] 
7 Anhydr B2pin2 (90) traces 
8 B2pin2 (2.2 equiv) (99) traces 

9 0.5 mmol scale, B2pin2 (2.2 equiv) 96[b] traces 

10 
0.5 mmol scale, 

[Ir(COD)OMe]2 (1.5 mol%),  
B2pin2 (2.2 equiv) 

93[b] traces 

11 (Sa), 10.0 mmol scale, 
B2pin2 (2.2 equiv) 98[b] traces 

12 (Ra), 10.0 mmol scale, 
B2pin2 (2.2 equiv) 98[b] traces 

Reactions were performed on 0.10 mmol scale. Entries with standard deviation performed as duplicates. [a] 
Conversion to product according to 1H-NMR in parentheses using 1,3,5-trimethoxybenzene as an internal standard. 
[b] Isolated yield. 

An x-ray structure was obtained (Dr. Wolfgang Frey, University of Stuttgart) for the 

(Sa)-enantiomer that confirmed the absolute configuration (Figure 13). 

245 
238 239 
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 (Sa)-239 
Figure 13: Left: X-ray structure of 239. ORTEP at 50% probability. Right: Lewis structure interpretation. 
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5.2.2.4 Oxidation boronic acid ester and methylation 
With the borylation established, the functional group interconversion to the phenol was tackled. 

There are a variety of methods for the oxidation of boronic acids to phenols using different 

oxidizing agents. Oxone®, a mixture of potassium persulfate and potassium sulfate is a cheap, 

non-toxic and comparably benign option.[249] Initial conditions were based on a protocol by 

Maleczka et al.[250] After a short screening, a reaction time of 24 h in combination with 

4.0 equivalents Oxone® (effectively 2.0 equivalents potassium peroxomonosulfate) gave the 

desired product 246 in yields of 82 – 85% with little observed intermediate 247 (Table 11). The 

remaining mass-balance could be explained by over-oxidation of the aryl-iodide as is reported 

in literature.[251] 

Table 11: Optimization of the double oxidation of aryl boronic acid esters. 

 

# Variations (ArBpin)2 
[%][a] 

(ArOH)2 
[%][a] 

ArBpin-
ArOH 
[%][a] 

1 None 3 68 24 
2 Acetone 73 22 0 

3 24 h 4 75 15 
4 24 h, Oxone® (4.0 equiv) 0 77 5 

5 24 h, Oxone® (4.0 equiv), 
0.40 mmol scale – 85[b] – 

6 (Sa), 24 h, Oxone® (4.0 equiv), 
4.00 mmol scale – 85[b] – 

7 (Ra), 24 h, Oxone® (4.0 equiv), 
4.00 mmol scale – 82[b] – 

Reactions performed on a 0.05 mmol scale. [a] Conversion to product according to 1H-NMR using 1,3,5-
trimethoxybenzene as an internal standard. [b] isolated yield. 

Subsequent methyl protection proceeded smoothly to provide 2,2′-diiodobiaryl 249 yields of 
89% – 95%. Enantiomeric excess was retained over the oxidation-methylation sequence. 

239 246 247 
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Scheme 59: Methylation of biphenol 246. 

Thus, a reliable and high yielding sequence towards meta-methoxylated biaryls could be 

established with yields of 74% (Sa) and 76% (Ra) over three steps. Furthermore, the absolute 

configuration and proposed structure of key-intermediate 239 were supported by an x-ray 

structure (measured by Dr. Wolfgang Frey). 

5.2.2.5 Dehalo-Oxygenation 
The final step towards biphenol 27 involved the transformation of the aryl iodide into a phenol. 

Initial investigations for this transformation were based on the literature known protocol by Ke 

et al.[81a] The reaction follows a metal-halogen exchange with subsequent addition of freshly 

distilled nitro benzene (lit.: 63% yield for 253). The efficacy of this first step was probed by 

deuteration experiments (Table 12). Deuterium incorporation was high for both 249 and 238 

(Table 12, entries 1 and 5, Figure 14, Figure 15). Curiously, when using THF as the solvent, 

quantitative conversion to mono-butylation side product 251 with deuteration >95% was 

observed (Table 12, entry 2). The formation of this product was investigated in more detail to 

also identify potential sources of protonation. First, the reaction was stirred at 22 °C for 1 h in 

THF before quenching with D2O (Table 12, entry 3). Little double protonation/deuteration 

product 238 was observed. Instead, previously observed mono-butylation product 251 as well 

as suspected double-butylation product 252 were detected. Deuteration of 238 <10% indicated 

that protonation occurs at ambient temperatures under these conditions. The use of 

4.4 equivalents of n-BuLi was investigated (Table 12, entry 4). The additional equivalents of 

base would eliminate excess n-BuI. Indeed, little butylation was observed supporting the notion 

of n-BuI serving as the butyl source via nucleophilic substitution. The n-BuI could also be the 

proton source by elimination of HI. While little butylation was observed when using 4.4 

equivalents of n-BuLi, little deuteration was also observed indicating that background 

protonation at 22 °C still occurs. Still, the use of 4.4 equivalents n-BuLi additionally served the 

246 249 
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purpose of eliminating excess n-BuI that could also lower yields of the phenol products by 

forming butyl ether side products. 

Table 12: Optimization of the deuteration experiments to show the efficacy of the metal-halogen exchange. 

 

# Variations Products[a] 

 R = H (ArH/D)2 
[%] 

Deuteration 
[%] 

ArH/D-
ArBu 
[%] 

Deuteration 
[%] 

(ArBu)2 
[%] 

1 None 95 94 0 – – 

2 THF 5 – 90 96 – 

3[b] 
THF, stir at 22 °C for 

1 h before D2O 
addition 

4 – 59 <10 41 

4 

THF, n-BuLi 
(4.4 equiv), stir at 

22 °C for 1 h before 
D2O addition 

45 <10 9 - 0 

 R = OMe      
5 n-BuLi (4.4 equiv) 88 89 – – – 

Reactions were performed on a 0.10 mmol scale. [a] Conversion to product according to 1H-NMR using 
1,3,5-trimethoxybenzene as an internal standard. [b] suspected 41% conversion to (ArBu)2 product, sum of 
products >100%. 

 

27 R = H 

253 R= OMe 

R = H 

R= OMe 

 

249 

238 

229 

270 251 252 
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Figure 14: Halogen-metal exchange and subsequent quenching of 2,2′-diiodobiaryl 238 to form proto-halogenation 
product 270. (A) Metal-Halogen exchange terminated with D2O. (B) Metal-Halogen exchange terminated with 
H2O. 

 

Figure 15: Halogen-metal exchange and subsequent quenching of 2,2′-diiodobiaryl 249 to form proto-halogenation 
product 229. (A) Metal-Halogen exchange terminated with D2O. (B) Metal-Halogen exchange terminated with 
H2O. 

A 

B 

A 
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With the metal halogen exchange step confirmed to proceed with high efficacy the next step of 

this reaction was probed. Different ‘electrophilic’ oxygen sources were investigated (Table 13, 

entries 1 - 10). Overall, molecular oxygen dried by various methods generally gave unselective 

conversions with large quantities of protonation side products. Either drying of the oxygen was 

insufficient, or another means of protonation was present as indicated by the deuteration 

experiments before. This protonation source could not be identified. Thus, nitrobenzene was 

further investigated as the oxygenating agent. In addition to the desired product 27, the 

investigations were initiated with the synthesis of 253. The use of t-BuLi instead of n-BuLi as 

a stronger base to better avoid protonation via the forming alkyl iodide did not result in a more 

selective product formation (Table 13, entry 11 vs 12). In addition to these metal halogen 

exchange reactions, transition metal catalysis using Cu[252] and Pd[253] by established protocols 

was investigated but resulted in no conversion to product (ee of the reisolated 

starting material 249 was retained) (Table 13, entries 13 and 14). In the end, biphenol 27 could 

be obtained in yields of 55 – 62% on up to 3.5 mmol scale following a protocol by Ke et al.[81a]. 

Recrystallization enriched the enantiomeric excess (>99%ee) with overall yields of 47% (Sa) 

and 47% (Ra) for the whole transformation. 

Overall, a new method could be established that uses cyclic diaryliodonium salts to obtain both 

enantiomers of BIPOL (27) with >99%ee. A yield of 30% over five steps starting from cyclic 

iodonium salt 237 and 17% over eight steps, starting from commercially available starting 

materials was achieved. The reaction could be scaled up to 3.5 mmol scale. Valuable 

intermediate 239 was obtained that can serve as the starting point for various transformations 

(Chapter 6.2). 

Table 13: Optimization of the dehalo-oxygenation via metal halogen exchange. 
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# Variations Products[a] 

R = H n-BuLi (2.2 equiv) (ArOH)2 
[%] 

(ArH)2 

[%] 

ArH-
ArOH 
[%] 

(ArI)2 
[%] 

1 None 44 29 24 0 

2 [O] = Oxygen flask dried over acetone/dry ice 
trap 11 27 24 7 

3 [O] = Oxygen balloon dried over Sicapent® 20 33 27 0 

4 [O] = Oxygen balloon dried over Sicapent® 
Equip balloon, stir for 16 h at −78 °C 17 23 31 0 

5 [O] = Oxygen balloon dried over Sicapent® 
Equip balloon, stir for 1 h at 22 °C 17 22 30 0 

6 [O] = Oxygen balloon dried over Sicapent® 
Equip balloon, stir for 16 h at 22 °C 15 23 30 0 

7 [O] = Oxygen balloon dried over CaCl2 22 15 33 0 

8 [O] = Oxygen balloon dried over Sicapent® 
Quench with D2O after 1 h O2 at 22 °C 16 30[c] 28 0 

9 n-BuLi (4.4 equiv), [O] = Oxygen balloon 
dried over Sicapent® 28 15 35 0 

10 t-BuLi (4.4 equiv), [O] = Oxygen balloon dried 
over Sicapent® 16 14 23 17 

11 n-BuLi (4.4 equiv) 54 (44)[b] 27 11 0 

12 t-BuLi (4.4 equiv) 26 45 0 0 

13 
Conditions: CuI (20 mol%), dibenzoylmethane 

(1.0 equiv), KOH (6.0 equiv), DMSO:H2O 
(1:1) [0.25 M][252] 

2 0 0 95 

R = OMe n-BuLi (4.4 equiv)  

14 
Conditions: Pd(dba)2 (5 mol%), t-BuBrettPhos 
(20 mol%), KOH (6.0 equiv), H2O (40 equiv), 

dioxane [0.25 M][253][d] 
0 0 6 81 

15 n-BuLi (2.2 equiv) 21 16 26 27 

16 None 56±1 
(54)[b] 16±1 16±1 0 

17 PhNO2 solution in Et2O at -78 °C 52 14 23 0 

18 PhNO2 solution in Et2O at 22 °C 22 16 26 0 

19 −95 °C[e] 59 8 18 0 

20 0.40 mmol scale 52 7 15 0 

21 1.97 mmol scale (55)[b] – – – 

22 3.49 mmol scale (62)[b] – – – 
Reactions were performed on 0.10 mmol scale. Entries with standard deviation performed as duplicates. [a] 
Conversion to product according to 1H-NMR using 1,3,5-trimethoxybenzene as an internal standard. [b] isolated 
yield. [c] 25% deuterated according to 1H-NMR. [d] positive control using 4-iodo anisol gave conversion to 
product [e] methanol:liquid N2 bath, temperature according to thermometer 
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5.2.3 Synthesis of enantioenriched biflavones and bichalcones 
The results of the following chapter were published in Klischan et al. Org. Lett. 2024[228] as well as in 

Mazzone et al. Front. Chem. 2024.[224] 

With a scalable and reliable synthesis of biphenol 27 established, the application of this method 

was to be shown by the synthesis of enantiopure biflavones and bichalcones. As discussed 

before, racemic bichalcone 166 (Chapter 5.1.3) and racemic biflavone 181 (Chapter 5.1.4) were 

of particular interest for further investigations due to high bioactivities against microbes and/or 

malignant human cell lines with low cytotoxicity towards healthy human cell lines. Following 

a literature known protocol by Greb et al.,[102] the Friedel-Crafts acetylation was conducted. 

Both enantiomers of acetophenone dimer 134 were isolated in yields of 75 - 78% (Scheme 60). 

 

Scheme 60: Synthesis of both enantiomers and racemic mixture of 8,8′′-biphenol 183 starting from enantiopure 
biphenol 27 and racemic acetophenone 134. 

5.2.3.1 Synthesis of enantiopure bichalcones 
First, enantiopure bichalcone 166 was synthesized. The Claisen-Schmidt condensation 

proceeded smoothly albeit with lower yields compared to the racemic mixture (88%, 

Chapter 5.1.3). to provide both enantiomers of bichalcones 166 in yields of 54 – 61%. The 

increased solubility of enantiopure bichalcone 166 in comparison to the racemic mixture was 

crucial in successful column chromatographic isolation yet may have also contributed to the 

formation of more flavanone side products. Assessment of the bioactivity performed by 

Flaminia Mazzone revealed that the (Ra)-enantiomer exhibited higher activity against T. gondii 

than then (Sa)-enantiomer while overall only being slightly more active than the racemic 

mixture (Scheme 61). The overall activity and selectivity indices of 166 exceeded those of 

pyrimethamine (lit.: IC50 T. gondii 0.4 µM, SI > 202)[225] as the benchmark treatment for 

toxoplasmosis.[226]  

27 134 
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Scheme 61: Claisen-Schmidt condensation of enantiopure biacetophenone 134 to synthesize both enantiomers of 
bichalcone 166. 

Stability experiments revealed that while stable in DMSO at -20 °C for several months, 

particularly at elevated temperatures in MeOH with KOH emulating reaction conditions, a 

deterioration could be observed (Table 14). This is in line with lower yields observed for the 

enantiopure compounds. 

Table 14: Stability experiments using bichalcone 166 under various conditions. 

# Variations Time Purity [%] 

1 22 °C, DMSO 24 h 76 

2 40 °C, DMSO 24 h 77 

3 −20 °C, DMSO 6 months 96 

3 40 °C, MeOH, KOH 24 h 36 

4 40 °C, MeOH 24 h 90 

 

To identify these side products, a reaction at 70 °C was performed on the same scale. Indeed, a 

complex mixture was observed by 1H-NMR (Scheme 62A). This mixture was subjected to 

HRMS analysis using Bruker® timsTOF Pro (PASEF®) to identify the number of isomers 

present. In total, six isomeric peaks could be extracted (Scheme 62C), which is in line with the 

expected total number of isomers for bichalcone 166 (1x), flavanone-chalcones 254 (2x) and 

biflavanones 255 (3x) (Scheme 62B). 

 

134 166 
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Scheme 62: (A) Bichalcone synthesis at 70 °C for 18 h, complex mixture according to 1H-NMR. (B) Possible 
flavanone-chalcone and flavanone-flavanone diastereomers (C) Extracted mobilogram for [M+H+] of 535.2115 
theoretical m/z 535.2115 of the crude product separated by trapped ion mobility using collisional cross section 
(CCS) analysis.  
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5.2.3.2 Synthesis of Enantiopure Biflavones 
With both enantiomers of biphenol 27 in hand, brominated biflavone 183 was synthesized 

(Scheme 63A). Claisen-Schmidt condensation gave both enantiomers in somewhat lower yields 

compared to the racemic compound (37% (Sa), 50% (Ra), 97% rac see Chapter 5.1.3). This is 

attributed to column chromatographic isolation to obtain the bichalcones in adequate purity 

(m.p., optical rotation, HPLC). The main impurities removed during the column 

chromatographic isolation were flavanone type side product (Chapter 5.2.3.1). Thus, yields 

should be able to be improved for this synthesis. An x-ray structure (measured by 

Dr. Wolfgang Frey) of bichalcone (Ra)-169 was obtained, supporting the assignment of the 

absolute configuration (Figure 16). 

 

Figure 16: (A) X-ray structure, ORTEP at 50% probability. (B) Lewis structure interpretation. 

Oxidative cyclization gave both enantiomers of brominated biflavone 183 in yields of 77 - 92%. 

The high enantiomeric excess >99%ee was retained over this sequence. Finally, the synthesis 

of amino biflavone 181⸺identified as the most active biflavone (Chapter 5.1.4)⸺was 

conducted via palladium catalysis (Scheme 63B). Both enantiomers were obtained in yields of 

79% (Sa) and 90% (Ra). The bioactivity was assessed by Céline David.[228] The IC50 value of 

the enantiopure biflavones was somewhat lower than of the racemic mixture (5.7 μM (Sa), 

4.2 μM (Sa), 3.7 μM (rac)). Thus, the bioactivity could not be improved compared to the 

previous best hit regarding the activity against HeLa cells. The vastly different solubility of the 

racemic mixture compared to the enantiopure biflavones may influence the pharmacokinetics. 

A 

B 
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Scheme 63: Synthesis of both enantiomers and racemic mixture of 8,8′′-biphenol 183 starting from enantiopure 
biphenol 27 and racemic acetophenone 134. (B) Synthesis and bioactivity of biflavones (Sa)-181 and (Ra)-181. 
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5.3 Catellani Reaction 
The following chapter contains results obtained by Max Schlamkow as part of a bachelor’s thesis.[254] 

2-Aminobiaryls can be accessed by several methods (Chapter 5.2). A one-pot approach could 

shorten synthetic routes and enable access to novel tri-ortho substituted 2-aminobiaryls limited 

by the availability of commercial starting material (compare 240, 5.2.2.1) (Figure 17). In 

particular, methoxylated 2-aminobiaryls, a substitution pattern common in polyketide- and 

terpenoid-based natural products,[27, 90, 102, 255] (Chapter 4.3) are not easily accessible via 

established methods. The following protocols were based on combining investigations towards 

di-ortho 2-morpholino biaryls[195] with an ammonia surrogate[194]. These 2-aminobiaryls serve 

a purpose in being starting materials for the synthesis of cyclic diaryliodonium salts (Chapter 

5.2), as intermediates towards transition metal catalyzed transformations[201] and common 

structural motif in ligand and natural product synthesis. 

 

Figure 17: (A) Commercially available and selection of unavailable anilines. The corresponding nitro benzenes 
were unavailable as well.[243] (B) Strategy to access 2-aminobiaryls using norbornene. 
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5.3.1 Boronic acid esters 
For the transformation described herein as well as a subsequent chapter (5.4), a range of boronic 

acid esters were required. These were synthesized following the previously established Masuda 

borylation (Chapter 5.2.1.1). Iodides as well as bromides were accepted and readily transformed 

into the corresponding aryl boronic acid esters (Scheme 64). The Masuda borylation gave good 

to acceptable yields for most aryl halides. For the sterically demanding and electron-deficient 

CF3-substituted product 257, significant proto-dehalogenation was observed resulting in lower 

yields. Overall, a diverse variety of aryl boronic acid esters was obtained on up to 50 mmol 

scale. Boronic acid ester 260 was synthesized by Max Schlamkow as part of a bachelor’s 

thesis.[254] 

 

Scheme 64: Scope of the palladium-catalyzed Masuda borylation including previously discussed examples. 
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5.3.2 Initial protocol 
In the bachelor’s thesis of Max Schlamkow, the Catellani reaction (Chapter 4.5.4) to obtain tri-

ortho substituted 2-aminobiaryls was investigated (Scheme 65).[254] In this initial protocol, 

microwave vials capped with a natural rubber septum were used. After a comprehensive ligand 

screening (2-furyl)3P was identified as the most suitable ligand though conversions were 

incomplete unless high catalyst loadings were employed (10 mol% (Pd G4)2 (205)). The 

optimal conditions in this approach effectively used 20 mol% Pd and thus a multifold of the 

reported catalyst loading.[195] A small scope of 2-amino biaryls was synthesized (263 – 265) 

using O-benzoyl hydroxylamine 262 with yields of 23 – 48%. 

 

Scheme 65: Conditions and scope towards tri-ortho substituted 2-aminobiaryls for the initial palladium-catalyzed 
Catellani reaction.[254] 

Additionally, the use of more bulky substrates such as very bulky aryl iodide 110 and aryl 

boronic acid ester 257 gave no conversion to product 266 (Scheme 66). Instead, a norbornene 

addition product 267 could be isolated as a single diastereomer. Thus, the limitations of this 

initial protocol were apparent with bulky and electron-rich substrates resulting in little 

conversion to product. 

262 

263 264 265 
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Scheme 66: Multi component palladium-catalyzed Catellani reaction and synthesis of 267. 

In the following optimization the coupling of aryl iodide 68, aryl boronic acid ester 256, and 

O-hydroxyl benzoyl amine 262 was investigated. The synthesis of O-benzoyl 

hydroxylamine 262 proceeded smoothly starting from amine 271 and provided the desired 

product in a yield of 72%. 

 

Scheme 67: Oxidation of 4,4-ethylenedioxy-piperidine using dibenzoyl peroxide. 

The choice of the base is in many cases crucial for the selectivity of reactions and can vary 

dramatically even between different metal cations.[256] This influence was probed on a small 

scale (Table 15). Based on the ‘cesium effect’[172] (Chapter 4.5.2) observed in transition metal 

catalyzed C–H activations, only Cs2CO3 gave any conversion of starting material while K2CO3 

or KOAc did not. This highlights the importance of Cs2CO3 commonly observed in palladium-

catalyzed transformations.[173] Crushing the Cs2CO3 to increase surface area and thus the solid-

liquid interface gave an unsignificant change of product distribution (Table 15 entries 1 and 4). 

Large quantities of water were suspected to be introduced by this crushing process.  

262 257 110 266 

267 

262 271 
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Over the course of these reactions in addition to the desired product 265, several side products 

could be observed under these conditions that will be discussed in the following optimization 

tables. The main observed side products in this reaction are ortho functionalization with 

subsequent proto dehalogenation (268) (m-ArNR2) the result of benzoyl hydroxylamine 

elimination,[257] electronically inverse Buchwald-Hartwig coupling (269) (o-ArNR2)[258] and 

Suzuki-cross coupling (270) ((ArH)2).  

Table 15: Base screening for the synthesis of 2-aminobiaryl 265. Common side products observed in the reaction 
mixture. 

 

# Base 
Conversion[a] 

[%] 

Product  

265 [%] 

m-ArNR2 

268 [%] 

o-ArNR2 

269 [%] 

1 Cs2CO3 72 30 36 31 

2 K2CO3 0 0 0 0 

3 KOAc 0 0 0 0 

4 Cs2CO3
[b] 69 26 36 32 

Relative conversions to products according to 1H-NMR. [a] Conversion of aryl iodide 68. [b] Crushed using mortar 
and pestle (significant amounts of water suspected). 

  

265 262 68 256 

268 

269 
270 
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5.3.3 Improved protocol 
As stated before, the initial protocol suffered from high catalyst loading and a narrow substrate 

scope. Additionally, reproducibility issues were encountered attributed to insufficient stirring 

caused by the reaction vessel. Before investigating a substrate scope, these issues had to be 

resolved. To mitigate this and potentially increase yields, the reaction setup was changed to a 

system common in transition metal catalyzed transformations.[160d, 259] By using a 2 dram (2 dr.) 

vial setup (8 mL volume cylindrical shape, short stir bar) sealed with PTFE tape, capped with 

a rubber lined PTFE cap under an argon atmosphere and by stirring the reaction in an oil bath, 

reliable results were obtained (see Chapter 7.1, Figure 29). Additionally, a 2 dr. vial also 

allowed for a higher stirring speed of 900 rpm.  

The volatility of norbornene required careful handling of the reagents as excessive purging with 

inert gas could result in quick evaporation. With this new set-up, it was investigated if the 

palladium loading could be decreased. Moreover, the palladium source was reevaluated. Pd-

catalyst (Pd G4)2 (205) gave the highest conversion to product and a higher relative ratio of 

desired product to side products (Table 16, entries 1 and 3) compared to Pd(OAc)2. The 

Pd-loading could be lowered from 10 mol% to 2.5 mol% without substantially lowering 

conversion to the desired product (32% vs 31%). Pd(dba)2 (freshly purchased, efficacy 

benchmarked)[145] gave lower overall conversions. Interestingly using this Pd0-source as the 

catalyst generated only traces of the Suzuki-side product 270, indicating that activation of the 

PdII-sources may partially be caused by reduction of the boronic acid ester. A temperature 

screening revealed 90 °C as the optimum of this reaction (Table 16, entries 3 and 5 – 7). Overall, 

side product 269 (o-ArNR2) was not observed under any of these conditions in contrast to the 

previous protocol. 
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Table 16: Temperature and Pd-source screening conditions of the Catellani reaction for the synthesis of tri-ortho-
substituted 2-aminobiaryls. 

 

# 
T 

[°C] 

Pd-

source[a] 

[Pd] 

[mol%] 

Conversion[b] 

[%] 

Product 

265 

[%] 

m-ArNR2 

268 

[%] 

o-ArNR2 

269 

[%] 

(ArH)2 

270 

[%] 

1 80 Pd(OAc)2 5 61 24 16 0 3 

2 80 (Pd G4)2 10 100 32 19 0 5 

3 80 (Pd G4)2 2.5 86 31 13 0 3 

4 90 Pd(dba)2 5 49 27 9 0 0 

5 90 (Pd G4)2 2.5 68 42 14 0 2 

6 100 (Pd G4)2 2.5 67 20 13 0 2 

7 110 (Pd G4)2 2.5 100 4 5 0 61 

Reactions carried out on a 0.2 mmol scale. [a] Ligand to Pd ratio 4:1 based on absolute amount of Pd provided 
(2.5 mol% (Pd G4)2 (205) would provide 5 mol% Pd. [b] Conversion of starting material 68 and to products 
according to 1H-NMR with 1,3,5-trimethoxybenzene as internal standard. 

To investigate if Pd G4 activation was taking place, the formation of carbazole 208 was 

quantified (Table 17). Additionally, it was investigated if the benzoate liberated during the 

catalytic cycle inhibits catalyst activity. Over the course of the reaction up to 1.5 equivalents of 

benzoic acid would be released. Addition of benzoic acid (1.0 equivalent), with additional 

Cs2CO3 to account for the deprotonation, suffered from low reproducibility (Table 17, entry 1). 

The addition of benzoic acid (1.0 equivalent) without base compensation gave no conversion 

to product yet comparable activation of the Pd G4 source (Table 17, entry 2). Similar 

experiments have been conducted by Shi et al. to rationalize ipso-hydrogenation.[194] These 

268 

269 
270 

265 262 68 256 
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results implied that a higher ratio of benzoic acid to base does indeed inhibit reaction rates. An 

increase in base equivalents however did not increase conversions to product (Table 17, entry 3). 

The carbazole formed rarely exceeded 50 %. This may indicate that G4 activation is incomplete. 

Other means of palladium activation such as reduction by boronic acid esters may still constitute 

the remaining PdII reduction. 

Table 17: Investigation of base promoted formation of carbazole 208 in the presence of benzoic acid. 

  

# 
BzOH 

[equiv] 
Cs2CO3 [equiv] Conversion[a] [%] 

Product 

265 

[%] 

m-ArNR2  

268 

[%] 

Carbazole  

208 

[%] 

1[b] 1.0 4.0 78±32 17±18 11±1 23±24 

2 2.0 4.0 50 0 4 41 

3 - 4.0 77 36 16 44 

Reactions carried out on a 0.2 mmol scale. [a] Conversion of starting material 68 according to 1H-NMR with 1,3,5-
trimethoxy benzene as internal standard. [b] Reaction performed as duplicates. 

With these assessments in place, the influence of the ligand was investigated (Table 18). 

Generally, phosphines containing sp3-C–P bonds are more electron rich than those with 

sp2-hybridized substituents.[260] The employed ligand tris(2-trifuryl) phosphine is classified as 

an electron-deficient phosphine ligand and poor σ–donor due to the high s-character of the lone 

pair and electron withdrawing heteroaryl substituents.[260] This is in line with the previous 

observation of electron-rich substrates giving lower conversions to product (Scheme 65). Thus, 

electron-deficient ligands should facilitate the reductive elimination step which in turn should 

decrease the amount of side product 268. Several ligands were screened including the 

tetrafluoroborate salt of electron-rich tricyclohexyl phosphine which gave Suzuki-coupling 

product 270 as the main product supporting the hypothesis (Table 18, entry 1). Electron-

265 262 68 256 

205 
208 
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deficient polyfluorinated triaryl phosphines gave varying results. While 

tris(pentafluorophenyl)phosphine gave side product 269 as the main product⸺otherwise not 

observed under these conditions⸺bulky (3,5-(CF3)2C6H3)3P and (4-CF3C6H3)3P gave 

unselective conversions (Table 18, entries 2 – 4). Lowering the mol% of ligand relative to Pd 

gave overall less conversion of starting material and to product (Table 18, entry 5). As such, 

other ligands than tris(2-trifuryl) phosphine appeared too unwieldy for this transformation. 

Table 18: Ligand screening conditions of the Catellani reaction for the synthesis of tri-ortho-substituted 
2-aminobiaryls. 

 

# Ligand L 
NBE 

[equiv] 

Conversion[a] 

[%] 

Product 

265 

[%] 

m-ArNR2 

268 

[%] 

o-ArNR2 

269 

[%] 

(ArH)2 

270 

[%] 

1[b] Cy3P·HBF4 0.5 89 15 19 0 36 

2 (4-CF3C6H4)3P 0.5 68 17 13 0 8 

3 (PhF)3P 0.5 38 0 4 16 2 

4 
(3,5-

(CF3)2C6H3)3P 
0.5 62 5 8 0 4 

5 
(2-furyl)3P 

(10 mol%) 
1.0 51 14 12 0 0 

[a] Conversion of starting material 68 and to products according to 1H-NMR with 1,3,5-trimethoxybenzene as 
internal standard. [b] 3.2 equiv Cs2CO3. 

Next, the influence of norbornene and water were investigated (Table 19). Increasing the 

equivalents of norbornene⸺which in theory would suffice in catalytic amounts⸺gave greater 

268 

269 
270 

265 262 68 256 
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conversion of starting material and to product 265 (1.0 equiv). On the other hand, 

2.0 equivalents of norbornene gave lower conversion to product. Excess of norbornene could 

push the equilibrium of the reaction towards incorporating norbornene into the final product as 

was observed before (Scheme 66). The addition of molecular sieve as a drying agent is literature 

known for similar reactions,[261] yet resulted in less product formation under these conditions 

(Table 19, entry 3). The addition of water drastically increased the formation of side 

product 268 (m-ArNR2), resulting from the proto-depalladation (Table 19, entry 3). 

Table 19: Norbornene and additive screening conditions of the Catellani reaction for the synthesis of tri-ortho-
substituted 2′-aminobiaryls. 

 

# 
norbornene 

[equiv] 
additive 

Conversion[a] 

[%] 

Product 

265 

[%] 

m-ArNR2 

268 

[%] 

o-ArNR2 

269 

[%] 

(ArH)2 

270 

[%] 

1 1.0 None 79 47 12 0 2 

2 2.0 None 81 40 10 0 2 

3 1.0 

4 Å MS  

(2 weight 

equiv) 

63 30 10 0 1 

4[b] 0.5 50 μL H2O 64 26 31 0 1 

Reactions carried out on a 0.2 mmol scale. [a] Conversion of starting material 68 according to 1H-NMR with 1,3,5-
trimethoxy benzene as internal standard. [b] The reaction mixture was a solution rather than a suspension as was 
the case when using flame dried Cs2CO3. 

 

268 

269 
270 
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Overall, the previously established protocol[254] could be improved by lowering the Pd-loading 

from effectively 20 mol% Pd to 5 mol% Pd and increasing selectivity towards product 

formation. Efforts towards understanding the incomplete conversion of aryl iodide starting 

material were undertaken. Benzoic acid was identified as a potential inhibitor.  
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5.4 Palladacycles as stereodynamic intermediates 
In this chapter, the use of 2-iodobiaryls as precursors for palladacycles is discussed. The 

stereodynamics of these palladium complex intermediates would be investigated. After 

determining if the system is indeed stereodynamic, efforts towards asymmetric catalysis using 

chiral ligands would be undertaken. 

Cyclic diaryliodonium salts are useful stereodynamic intermediates in the synthesis of 

enantioenriched biaryls (Chapter 5.2). These useful key-intermediates suffer from poor 

functional group tolerance as especially electron-rich substrates are not well accepted 

(Chapter 5.2.1). These electron-rich substrates are particularly important for the construction of 

dimeric polyketides. Stereodynamic palladium complexes have seen use in literature for the 

construction of axially chiral products (Chapter 4.5.3) but are generally tailor-made solutions 

and not applicable for structural motifs in polyketide-based natural product synthesis.[174] 

Various experimental methods exist to determine the rate of racemization for atropisomers 

compiled in a recent review.[262] Additionally, computational chemistry and DFT calculations 

in particular are powerful tools to calculate theoretical rotational barriers.[102, 263] Such methods 

are benchmarked for biaryls.[264] With methods towards 2-iodobiaryls established 

(Chapter 5.2.1), these readily available starting materials could be employed to experimentally 

verify the stereodynamic nature of the system. In combination with chiral ligands, 

enantioselective synthesis could be conducted. Additionally, efforts towards isolating the 

catalytically relevant palladacycles would be undertaken to determine the rotational barrier of 

the system. Lu et al. published the synthesis of 2,2′-disilylbiphenyls 272 starting from 2-

iodobiaryls 273 via the formation of a palladacycle intermediate.[179] The mechanism proceeds 

via a PdIV intermediate (IV) (Scheme 68). The reductive elimination d) to form the first Si-C 

bond (V) in the final product would be the stereodetermining step. Thus, a chiral ligand 

coordinating the PdII species (III) and PdIV species (IV) would result in stereoselectivity via 

diastereomeric transition states. 
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Scheme 68: Proposed catalytic cycle of the stereoselective silylation of 2-iodobiaryls. 

Adding on to this, the use of di-ortho substituted biaryls would give enantioenriched 

2,2′-disilylbiaryls 274 via desymmetrization of the achiral starting material 275 (Scheme 69A). 

Using tri-ortho substituted biaryls 273 the mechanism would instead proceed via dynamic 

kinetic asymmetric transformation (DYKAT) towards tetra-ortho-substituted products 272 

(Scheme 69B). 

273 272 
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Scheme 69: Enantioselective synthesis of 2,2'-disilylbiaryls starting from (A) achiral di-ortho substituted biaryls 
via desymmetrization or (B) racemic tri-ortho substituted biaryls via DYKAT. 

5.4.1 Starting material synthesis 
To access a variety of 2-iodobiaryls the previously obtained Masuda borylation products were 

used to synthesize a small library of boronic acid esters (Chapter 5.2.1.1). The 

palladium-catalyzed Suzuki cross coupling following the previously established conditions was 

conducted (Chapter 5.2.1.2). Commercially available 240 was crucial in the investigation of 

this synthesis route (compare Chapters 5.2.3.2 and 5.3). Generally, 1 mol% palladium catalyst 

sufficed for scaled up reactions (Scheme 70). Key was the use of anhydrous K3PO4 by thorough 

drying and degassing of both THF and H2O. The drying of K3PO4 served a dual purpose of 

degassing and defining the exact amount of H2O present in the reaction. As such, a small library 

of 2-aminobiaryls was synthesized. 

273 272 

275 274 
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Scheme 70: Scope of 2-aminobiaryls. [a] Isolated as hydrochloride salt. [b] Relative to boronic acid ester 259, 
using 1.5 equiv aryl iodide. [c] Boronic acid instead of boronic acid ester as starting material. 

  

240 

241/241·HCl 276 277 

278 279 280 
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The Sandmeyer reaction following the previously established conditions again proceeded 

smoothly in providing 2-iodobiaryls for further investigations in yields of 77 – 94% (Scheme 

71). 

 

Scheme 71: Scope of Sandmeyer reaction towards 2-iodobiaryls. [a] Starting from 241·HCl with aq. HCl 
(1.7 equiv). 

  

236 281 282 

283 275 92 



Results and Discussion 

120 

5.4.2 Palladacycle synthesis attempts 
The synthesis of palladacycles was attempted to investigate if the rotational barrier of the biaryl-

axis could be determined experimentally and if such systems are stereodynamic in the first place. 

Additionally, the formation of the 5-membered palladacycle bearing two substituents ortho to 

the biaryl C–C axis was probed as the steric bulk may influence reactivities. In accordance with 

a protocol by Yang et al. the synthesis of palladacycle 284 using 2-iodobiaryl 283 was 

conducted (Scheme 72).[184] No palladacycle product could be observed. Instead, the 1H-NMR 

data suggested the presence of the oxidative addition complex 285. The palladacycle complex 

could be distinguished from the oxidative addition complex by 1H-NMR through the signals of 

the C2-symmetrical 4-methoxy-benzene moiety of complex 285. 

 

Scheme 72: Oxidative addition of 2-iodobiaryl 283 to form palladium(II) complex 285. [a] Major CH2Cl2 impurity. 

Further substrates were investigated to probe steric or electronic effects but again instead of 

286 and 287 only gave the oxidative addition complexes 288 and 289(Scheme 73A). The 

presence of Cs2CO3 did not influence the selectivity of the transformation. On a sidenote, a 

multiplet with a coupling constant of 416 Hz for palladium complex 285 in 31P-NMR could be 

observed for ox. add. complex 289 (Scheme 73B). This can be rationalized as a trans-2JP-P 

coupling[265] with diastereotopic phosphorous atoms resulting from the axial chirality of the 

biaryl. Thus, both the retention of chirality of the aryl-aryl bond in this oxidative addition 

complex is supported as well as the trans-configuration. 

 

283 285 284 
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Scheme 73: (A) Oxidative addition of 2-iodobiaryls to form PdII complexes [a] minor CH2Cl2 impurity. (B) Top: 
31P NMR spectrum of 288. Bottom: 31P NMR spectrum of 289 exerting 31P-31P coupling. 

Efforts were next directed at investigating if an increase in temperature would result in 

cyclization. Still, no conversion to product and only formation of triphenyl phosphine oxide 

(OPPh3) could be observed at 110 °C (Scheme 74). Over the course of the reaction, free PPh3 

was also observed implying an equilibrium of coordination and decoordination. The addition 

92 288 286 

236 289 287 

A 

B 
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of 2.0 equivalents of PPh3 to account for this again resulted in full oxidation of the ligands and 

thus deterioration of the complex. 

 

Scheme 74: Base mediated cyclization of palladium complex 288. 
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5.4.3 DFT calculations 
Because no palladacycle could be isolated, efforts were instead directed towards theoretical 

calculations of the rotational barrier. All calculations were performed at 298.15 K. First, the 

transition state of the palladacycle was investigated to probe if stereodynamics along the aryl-

aryl bond could be observed. The geometries of relevant ground states were calculated using 

various DFT[100]-methods (density functional theory) benchmarked for transition metal 

complexes (Table 20)[266] using the Orca (5.0.1)[267] quantum chemistry software packages. The 

functionals used included TPSS[268] with the D4 dispersion correction[269] and def2-SVP[270] 

basis set, M06L[271] with def2-SVP and the B97-3c composite method[272]. Thus, obtained 

ground states were confirmed by the absence of imaginary frequences after an analytical 

frequency calculation (AnFreq). Electronic energies were then calculated based on these 

geometries using ωB97M-V[273] with the def2-TZVPP basis set benchmarked for palladium 

complexes[266]. Transition states were identified by relaxed surface scan (RSS) starting from the 

ground states and confirmed to be first order saddle points by the presence of exactly one 

imaginary frequency. The temperature dependency of ΔG‡
e is recognized though DFT as well 

as rotational barrier calculations were conducted for 298.15 K.[262] The derivation of the 

following equation is discussed in a publication by Rickhaus et al.[274] The equation, required 

to quantify the half-time of racemization, is derived from the equation for a 1st order kinetic 

process (1). The Eyring-Polanyi equation provides the enantiomerization rate constant (2). 

Combining these equations, equation (3) can be formed.  

𝒕𝟏/𝟐
𝒓𝒂𝒄 =

𝒍𝒏(𝟐)

𝟐𝒌𝒆
  (1) 

𝒌𝒆 = (
𝒌𝑩𝑻

𝒉
) 𝒆

−𝜟𝑮𝒆
‡

𝑹𝑻  (2) 

𝒕𝟏/𝟐
𝒓𝒂𝒄 =

𝐥𝐧(𝟐)

𝟐 (
𝒌𝑩𝑻

𝒉
)

𝒆
𝜟𝑮𝒆

‡

𝑹𝑻  (3) 

R: gas constant (8.314 J K−1), T: temperature [K], kB: Boltzmann constant (1.381 × 10−23 J K-1), h: Planck constant 
(6.626 × 10−34 J s). 

Though ΔG‡
e varied depending on the method employed, overall energies implied racemization 

occurring on time scales of milliseconds to nanoseconds (10−3 to 10−9 s) at 25 °C (Table 20). 

These initial results support the hypothesis that 5-membered dibenzo palladacycles should be 

stereodynamic. More thorough calculations to determine a more accurate rotational barrier 

would be postponed until confirmation by experimental data was in place. 
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Table 20: ΔG‡
e calculated by different methods [a] free energies were calculated at the ωB97M-V/def2-

TZVPP//M06L/def2-SVP, ωB97M-V/def2-TZVPP//TPSS-D4/def2-SVP and ωB97M-V/def2-TZVPP//B97-3c 
levels of theory. 

 

DFT Method ΔG‡e [kcal mol-1] t1/2 [s] 

B97-3c 6.060 1.5·10−9 

M06L 13.03 1.9·10−4 

TPSS D4 5.625 7.4·10−10 
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5.4.4 Silylation 
With DFT calculations supporting the stereodynamic property of the palladacycle, the 

enantioselective transformation of such complexes was attempted. A silylation protocol 

involving a PdIV-palladacycle was chosen for these investigations. Initial reproduction attempts 

of the original protocol were inconsistent with literature.[179] Conversions of starting material 

varied drastically (Scheme 75A). Additionally, a side product could be observed when using 2-

iodobiaryl 236 (Scheme 75B). This sp3-C–H activation side product 291 was detected by 
1H-NMR and APCI-MS but could not be isolated. The presence of this side product and absence 

of the desired product hinted towards an insufficient oxidative addition of (SiMe3)2 to the 

PdII-complex. 

 

Scheme 75: Initial experiment towards 2,2′-silyl biaryls (A) Strong variation in conversion to product 93. (B) 
observed cyclized side product 291 

It was observed that the addition of silane reagent to the reaction vessel as the last step was 

crucial in the reproducibility of the reaction due to high volatility of said silane. In their original 

publication Lu et al.[179] reported a degassing step freezing the reaction mixture with subsequent 

evacuation and refilling with N2, possibly to avoid palladium mediated oxidation of silanes.[275] 

This observation in combination with the previously observed side product hinted towards 

insufficient amounts of silane present in solution. To accurately determine if the freeze-

degassing step is crucial for full conversion, reactions were performed in duplicates (Table 21). 

92 93 

290 291 236 
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Including a freezing step as described in the original protocol actually decreased conversion of 

starting material and conversion to product. Thus, this freezing step was omitted for any 

subsequent investigations. 

Table 21: Investigation on the necessity of degassing the reaction mixture via freeze-pump-thaw of the palladium 
catalyzed silylation. 

 

# Freezing step Conversion[a] [%] Product [%] 

1 no 98±0 69±2 

2 yes 59±8 34±3 
Reactions performed on a 0.1 mmol scale as duplicates. Conversions by 1H NMR using 1,3,5-trimethoxybenzene 
as internal standard. [a] Conversion of starting material 283. 

With the reproducibility issues resolved, next the use of chiral ligands was investigated. Typical 

chiral ligands in palladium chemistry include axially chiral bidentate phosphine ligands 

(BINAP (57)), amino acid-based ligands (L-Leucine (59))[96, 155d, 276] or P-chiral monodentate 

ligands (BIDIME (61)) (Figure 18). It was originally believed that phosphine ligands cannot 

stabilized PdIV-complexes but this has shown to be false via the isolation of various such 

complexes.[147] 

  
 

 
(Sa)-BINAP (57) L1 L-Leucine (59) (R)-BIDIME (61) 

Figure 18: Chiral ligands. 

BINAP (57) and L-Leucine (59) as ligands gave low conversion of starting material 283 (Table 

22, entries 1 – 2). This implies strong binding of the ligand to the palladium complex, inhibiting 

turnover. On the other hand, L1 and BIDIME (61) gave conversions to product but no 

stereoselectivity implying weak coordination of the ligand or decoordination prior to the 

relevant transition state (Table 22, entries 3 – 4). 

283 292 
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Table 22: Enantioselective silylations using various ligands. 

 
# Ligand Conversion[a] [%] Conversion to product[a] [%] ee [%] 

1 (Sa)-BINAP 12 0 – 

2 L-Leucine 3 0 – 

3 L1 57 48 0 

4 (R)-BIDIME 100 81 0 
Reactions performed on a 0.1 mmol scale. [a] According to 1H-NMR with 1,3,5-trimethoxybenzene as internal 
standard. 

Solvents are known to coordinate to palladium complexes.[277] To probe if DMF coordinates 

the palladium and thus competes with the chiral ligand in these reactions inhibiting product 

formation, solvent mixtures with PhMe were investigated. A 1:1 solvent mixture toluene:DMF 

gave incomplete conversion to product while any less DMF even in the presence of ligands 

gave no conversion to product (Table 23). Such solvent mixtures have successfully been applied 

in literature.[167] 

Table 23: Solvent screening of the palladium-catalyzed silylation. 

 
# Ligand Solvent (DMF:PhMe) Conversion[a] [%] Product[a] [%] 

1 - 5:5 63 36 

2 - 1:9 0 0 

3 PPh3 PhMe 6 0 

4 L-Leucine PhMe 0 0 

5 Boc-L-Valine PhMe 1 0 
Reactions performed on a 0.1 mmol scale. [a] according to 1H-NMR with 1,3,5-trimethoxybenzene as internal 
standard. 
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In summary, the importance of silane volatility could be shown. Moreover, preliminary 

calculations implied the palladacyclic intermediate to be stereodynamic. Next steps should 

further investigate if chiral ligands can be used in reactions involving palladacycles to leverage 

these stereodynamic intermediates. 
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5.5 Chiral Acetylene 
A manuscript containing the following chapter and results is currently in preparation.[278] 

The use of oxabicycles as acetylene analogues[279] and as a chiral transient auxiliary[259a] has 

been shown in recent literature. The following chapter focusses on investigating the 

mechanisms taking place in the stereoselective synthesis of indenes (Scheme 76). Indenes are 

pharmaceutically relevant scaffolds present in a variety of medicinally relevant drugs.[280] 

Therefore new methods should be explored to widen the accessible range of substitution 

patterns as well as to enantioenrich the desired products. Results obtained from the initial study 

by Abel-Snape et al. using a chiral enantioenriched oxabicycle with a chiral amide sidechain 

needed to be verified first.[259a] Furthermore, studies using racemic oxabicycles were conducted 

to investigate key-intermediates to probe the surprising implications on diastereo-, regio- and 

stereoselectivities (Chapters 5.5.4). Efforts were directed towards identifying the absolute 

configuration of the pre-retro-Diels-Alder intermediates (prDA) and final products. Finally, 

DFT calculations were conducted to rationalize observed ratios. 

 

Scheme 76: Stereoselective synthesis of indenes via pre-retro-Diels-Alder intermediates. 
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5.5.1 Reaction Mechanism 
Abel-Snape et al. proposed a catalytic cycle for the synthesis of indenes (Scheme 77).[259a] As 

of the writing of this thesis, Han et al. in a recent publication discusses the viability of the 

proposed mechanism.[281] Their findings support the ‘alkene-first’-mechanism described 

hereafter. The catalytic cycle is comprised of several key steps that may influence the 

stereoselectivity. Starting from palladium complex I, oxidative addition a) of aryl iodide 293 

generates palladium complex II. Next coordination b) of the oxabicycle forms palladium 

complex III followed by migratory insertion c) to form palladium complex IV. This migratory 

insertion step is thought to selectively proceed exo. Then a 5-exo-trig cyclization[282] d) 

generates palladium complex V. Ligand coordination (VI) followed by transmetalation e) 

generates the final palladium complex VII. Reductive elimination regenerates I by extruding a 

pre-retro-Diels-Alder (prDA) intermediate. The relative stereochemistry of these 

prDA intermediates is determined by the various steps in the catalytic cycle. It is important to 

note that certain simplifications have been made for this catalytic cycle. Moreover, the 

transmetalation step e) may occur earlier in the catalytic cycle and then influence subsequent 

steps. The formation of the indene final product proceeds via an off-cycle, thermically induced 

retro-Diels-Alder reaction of the prDA intermediate.  
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Scheme 77: Proposed catalytic cycle of the synthesis of indenes using oxabicycles. In accordance with Abel-Snape 
et al.[259a] 

Expanding on this mechanism, a rational for the observed stereoselectivity of the reaction 

reported by Abel-Snape et al. can be formulated. The stereoselective implications of these steps 

become apparent by looking at the migratory insertion c) as well as the cyclization d). In case 

of the oxabicycle being Cs-symmetrical (R1 = R2) (e.g. 296) (Scheme 78), IVa and IVb are 

enantiomers of one another. The ratio should be 1:1 unless chiral ligands are used. The 

subsequent ratio of Vaa and Vab corresponds to a diastereomeric ratio (d.r.). The ratio of the 

enantiocomplementary Vba and Vbb should mirror this ratio. Under Curtin-Hammet control 

this diastereomeric ratio will depend on the ΔG of the relevant transition state. The resulting 

indene should be generated based on these ratios. In case of a Cs-symmetrical oxabicycle the 

enantiomeric ratio will be 1:1 after the retro-Diels-Alder. 

In case of the use of a chiral oxabicycle (R1 ≠ R2), the insertion does not result in two 

enantiomers but in two constitutional isomers IVa and IVb (Scheme 78). This constitutes a 

293 
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regioisomeric ratio (r.r.). The cyclization of IVa again results in different diastereomers Vaa 

and Vab. The diastereomeric ratio of these does not necessarily mirror the diastereomic ratio 

of Vba and Vbb. Unless the d.r. of this step is 1:1 for both pairs, or the r.r. is 1:1, the resulting 

indenes will be enantioenriched. The enantiomeric excess will correspond to the ratios (both 

regioisomeric- and diastereomeric-) of the prDA intermediates observed (r.r. IVa vs IVb; d.r. 

Vaa vs Vab and d.r. Vba and Vbb). These ratios will be the same even if the chiral oxabicycle 

is employed as a racemic mixture. 

 

Scheme 78: Visualization of the exo-insertion of an oxabicycles and subsequent 5-exo-trig cyclization forming the 
relevant isomers. Ratios observed are indicative for enantiomeric ratio. 

The prDA intermediate ratios will be discussed following optimization efforts using 

enantiopure oxabicycles to synthesize enantioenriched indenes. The observed prDA 

intermediate isomer ratios will be compared with the enantiomeric excess of the 

enantioselective reaction to probe the validity of this hypothesis.  

293 

(S)-314 
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5.5.2 Substrate syntheses 
To investigate the synthesis of enantiopure indenes, starting materials needed to be synthesized 

first. The substrate 293 for the catalytic reaction was synthesized via a literature known 

procedure over two steps.[259a] Starting from commercially available acetophenone 294, the 

Sandmeyer reaction to form 295 and subsequent Wittig-olefination proceeded smoothly to 

provide the substrate in a yield of 70% over two separate steps on a 10 mmol scale (1.1 g 

product 293) (Scheme 79A), or in a yield of 78% over two steps on a 20 mmol scale (3.8 g 

product 293) (Scheme 79B). Using KOt-Bu as an anhydrous solution in THF ensured proper 

and quantitative activation of the ylide in the second step. 

 

Scheme 79: Sandmeyer reaction for the synthesis of substrate 293 for catalytic reactions. 

Next, oxabicycle 296 was synthesized by a literature known Diels-Alder [4+2]-cycloaddition 

of alkyne 297 with furan (298) (Scheme 80A).[279a] The product could be isolated in a yield of 

70%. Overall, the product decomposed over time, gradually turning from a pale yellow to a 

dark orange and eventually a dark brown color, even when stored under argon at −20 °C. 

Additionally, dimethyl oxabicycle 299 was synthesized using furan 300 to be used in further 

investigations (Scheme 80B). No decomposition of 299 synthesized under the given conditions 

was observed over time. The lack of allylic hydrogens may play a role in the stability of this 

compound class. 

 

294 295 293 

294 295 293 
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Scheme 80: Synthesis of oxabicycles via Diels-Alder [4+2]-cycloaddition. 

Next, the synthesis of chiral oxabicycles was conducted. As outlined in the abstract, the aim of 

the initial investigations was to determine if the chirality of the amine in the oxabicycle amide 

played a role in the stereoselectivity determining step. In order to do this, starting material 301 

for the amide coupling had to be synthesized first. Desymmetrization of Cs-symmetrical 

oxabicycle 296 was conducted by hydrolysis via a literature known protocol[259a] to provide the 

racemic chiral oxabicycle 301 in a yield of 61%. After implementing an improved workup 

protocol making use of a base wash, the yield could be increased to 78% (Scheme 81).  

 

Scheme 81: Hydrolysis of Cs-symmetrical oxabicycle 301. 

Moving forward, the synthesis of oxabicycle amides 302 and 303 was performed according to 

a literature known procedure.[259a] Amide couplings using oxabicycle 301 have been reported 

in literature yet suffer from low yields.[283] To avoid wasting precious enantiopure 

oxabicycle 301 provided by Greg Hughes, reactions were performed using the racemic material 

first. Indeed, conversion to the desired products using coupling reagent DMTMM (304) and 

α-methylbenzylamine (305) was undesirably low (57%) (Table 24). 

 

297 298 296 
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Table 24: DMTMM coupling towards oxabicycles 302 and 303. 

 

Entry Amine [%ee] yield [%] d.r. (302:303) ee [%][c] 

1 98 (S) 57 1.16:1[a] 98/98 

2 0 (rac) 53 1.29:1[b] 0/0 
HPLC conditions: 0.5 mL/min, hexanes:iPrOH/9:1, IA-CHIRALPAK®, 22 °C. Isolated yields. [a] according to 
HPLC after column purification, [b] according to 1H NMR after column purification. [c] enantiomeric excess by 
HPLC for 302/303 

To investigate if coupling agents other than DMTMM (304) would also provide the desired 

oxabicycle amides, a small range of typical, literature known amide coupling reagents were 

used (Scheme 82). In all cases a combination of a racemic mixture of mono acid oxabicycle 301 

and (S)-α-methylbenzylamine ((S)-305) was employed. No product formation was observed 

using these alternative coupling strategies. 

 

Scheme 82: Various amide coupling strategies. 
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After column chromatographic isolation of multiple batches of oxabicycle amide 302, 1H-NMR 

analysis not only showed the expected signals (Figure 19A), but also in multiple cases a further 

set of shifted peaks (Figure 19B). A mass analysis of this mixture revealed virtually identical 

mass chromatograms with the same m/z (300.3 [M+H]+ and 353.3) as for a sample without 

impurities according to 1H-NMR. Thus, the observed ‘impurity’ might have the same m/z. An 

isomerization experiment stirring the mixture of 302 and unknown impurity in toluene at 80 °C 

resulted in these impurity peaks (6.62 and 6.28 ppm) disappearing. At the same time new peak 

sets appeared (Figure 19B to C). The ratio of product:impurity pre stirring in PhMe at 80 °C 

was 7:3 while after stirring the ratio of product:new impurities was 8:2. 

 

Figure 19: (A) Isolated 302 without additional peak set. (B) product 302 after a column chromatographic isolation 
attempt showing additional peaks. (C) Same product as B after stirring in toluene for 1.5 h at 80 °C, peak sets 
observed for A are no longer present, additional peaks are now visible. 
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5.5.2.1 Optimization of racemic amide coupling 
To improve yields and address the seemingly inconsistent formation of side products, reaction 

conditions were screened using benzhydrylamine (306) to avoid formation of diastereomeric 

mixtures (Table 25). Experiments were set up in triplicates. Lower temperature (0 °C) was 

found to be crucial in increasing conversion to the desired product rac-307. Furthermore, using 

DMF as the solvent increased yields, yet poor removal of trace amounts of DMF made the use 

of THF more facile. Pre-stirring the DMTMM and acid was done to assure sequential formation 

of the activated carboxylate with subsequent substitution by the amine. Additional equivalents 

of amine were added to investigate if activation of the DMTMM was dependent on the presence 

of excess amine. No major side product formation (compare Figure 19) was observed using 

these conditions. 

Table 25: Optimization of the amide coupling using DMTMM. 

 

# Pre-stir with DMTMM[a] Solvent Amine [equiv] T [°C] Product [%] 
1 No THF 1.13 22 31±1 

2 No THF 1.13 22 32±2 

3 No THF 1.13 0 46±3 

4 No THF 2.00 0 38±0 

5 Yes THF 2.00 0 43±6 

6 No THF [0.25 M] 1.13 0 43 

7 No DMF 1.13 0 53 

8 Yes DMF 2.00 0 16 
All reactions were performed on a 0.1 mmol scale. Conversion of starting material 68 and to products according 
to 1H-NMR with 1,3,5-trimethoxybenzene as internal standard. Reactions with standard deviation performed as 
triplicates. [a] Pre-stirring refers to the addition of DMTMM and oxabicycle mono acid 301 and stirring at 0 °C 
for 10 min before the addition of amine 306. 

As outlined in the introduction, the influence of amine side chain was to be probed in the 

catalytical transformation. Therefore, a racemic dedicated library was synthesized. The use of 

benzylamine as the primary (1°) amine only gave the desired product 308 in trace amounts. The 

low steric bulk of the 1° amine may result in side product formation not observed for 2° amines. 

rac-301 rac-307 

306 
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The crude 1H NMR revealed the presence of additional peaks akin to the ones previously 

observed for 303 and 302. The use of isopropylamine (309), adamantylamine (310), or 

benzylhydrylamine (306) gave the corresponding products 311, 312, and 307 in acceptable 

yields (47 – 60%). The sterically bulky adamantyl group gave the highest yield, in line with the 

proposed importance of sterically bulky amines. The crude 1H NMR contained little side 

products. 

 

Scheme 83: Scope of oxabicycle amides synthesized. [a] major impurity persists after column chromatographic 
isolation. 
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5.5.3 Indene synthesis 

5.5.3.1 Investigations on the Pd-source 
Before commencing with the enantioselective synthesis of indenes, first, the influence of scale 

regarding yield was assessed as the original protocol was conducted on 0.2 mmol scale using 

oxabicycle 296. Due to limited quantities of enantiopure oxabicycle mono acid 301 being 

readily available, a 0.1 mmol scale would conserve starting material. Additionally, the use of 

(Pd G4)2 (205) in addition to the originally employed Pd(dba)2 as the Pd-source was 

investigated. The reaction using boronic acid ester 313 gave rac-314 in lower yields on 

0.1 mmol scale (71%) compared to 0.2 mmol scale (80%) (lit.: 85%)[259a] (Table 26, 

entries 1 – 2). Using (Pd G4)2 (205) as the Pd-source gave comparable yields of 80–83% (Table 

26, entries 3 – 4) to the reported yield using Pd(dba)2 (lit.: 85%).[259a] An additional 

0.1 equivalents of K3PO4 were added when using (PdG4)2 (205) to account for 

Pd G4-precatalyst deprotonation in addition to 0.2 equivalents accounting for the liberation of 

phosphine HBF4 adduct. Degassing the PhMe by sparging did not significantly affect the yields. 

Table 26: Synthesis of indene 314 using oxabicycle 296. 

 

# Pd source K3PO4 [equiv] scale [mmol] Product [%] 

1 Pd(dba)2 2.2 0.2 80 

2 Pd(dba)2 2.2 0.1 71 

3 (PdG4)2 2.3 0.2 83 

4[a] (PdG4)2 2.3 0.2 80 
[a] degassed PhMe by sparging for 30 min.  
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In addition to the Suzuki termination, alternative terminating agents were considered as these 

could have an influence on the enantioselectivity via the early transmetalation mechanism 

(Chapter 5.5.1). The decarboxylative Sonogashira termination using phenyl propiolic acid (315) 

towards indene rac-316 was first tested in a racemic fashion to see if the yield of this reaction 

could be increased using (Pd G4)2 (205) (Table 27). The resulting yield (72%) was lower than 

the reported yield using (Pd G4)2 (205) (lit.: 79%).[259a] Degassing the toluene by sparging again 

did not affect the yield (72%). 

Table 27: Synthesis of indene 316 via decarboxylative Sonogashira termination. 

 

# Variations Product [%] 

1 None 72 

2 Degassed PhMe[a] 72 
Reactions performed on a 0.2 mmol scale. [a] degassed PhMe by sparging for 30 min. As a dinuclear 
palladium-complex (Pd G4)2 contributes twice as much palladium as Pd(dba)2. Therefore, 5 mol% (Pd G4)2 
correspond to 10 mol% palladium nuclei. 
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5.5.3.2 Enantioselective synthesis of indenes with chiral oxabicycles 
With assessments towards racemic oxabicycles and indenes in place, the synthesis of 

enantioenriched oxabicycles was investigated next. Using enantiopure oxabicycle 

mono acid 296 (99%ee) in combination with enantiomerically enriched α-methyl-benzylamine 

(305) (99%ee (R) or (S)) the enantio- and diastereoenriched amide oxabicycles (S)-302 and (R)-

303 were synthesized (Scheme 84). 

 

Scheme 84: Synthesis of enantio- and diastereoenriched oxabicycle amides (S)-302 and (R)-303. Diastereomeric 
ratio determined by 1H-NMR, enantiomeric excess determined by chiral HPLC. 

Additionally, chiral phosphoramidite ligand (S,S)-L3 was synthesized according to literature 

known protocols (Scheme 85) as it was found to function as a chiral ligand with mediocre 

induction of stereoselectivity (lit.: 37%ee of product) in the indene synthesis.[259a] This was 

done to investigate if the use of chiral oxabicycles in combination with this chiral ligand would 

have a synergistic effect. The synthesis proceeded smoothly starting from tartaric acid ester 317 

via acetal protected 318 to TADDOL 319 in a yield of 46% over two steps. The ligand (S,S)-L3 

was then obtained in a yield of 53% by precipitation. 

296 
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305 
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Scheme 85: Synthesis of ligand L3. [a] Relative to meso-317 or (S,R)-L3 respectively according to 1H-NMR. [b] 
Inferred from starting material. 

With starting materials and ligand in hand, the enantioselective synthesis of indenes was 

investigated. It was first explored if the reported 31%ee, when using chiral oxabicycle amide 

(S)-302 (4.3:1 d.r.) in combination with an achiral ligand (Cy3P·HBF4), could be improved 

(Table 28, entry 1).[259a] Indeed, a marked increase to 52%ee could be observed when using 

(S)-302 (>20:1 d.r.) (Table 28, entry 2). The use of oxabicycle amide (S)-302 with the 

aforementioned additional irremovable impurity according to 1H-NMR-analysis was also 

investigated. While yields were lower (36% vs 46%, Table 28, entries 2 and 3), the enantiomeric 

excess was not significantly affected. Next, the combination of chiral ligand with chiral 

oxabicycle was probed. While (S,S)-L3 in combination with oxabicycle 296 resulted in an 

enantiomeric excess of 42%ee (lit.: 37%ee[259a]), a combination of ligand (S,S)-L3 with chiral 

oxabicycle (R)-303 (>20:1 d.r.) only gave 27%ee. This showed a clear mismatch between ligand 

and chiral oxabicycle.10[284] The cause for this may be the different electronic properties of 

phosphoramidite ligand L3 (electron-deficient, π-acceptor) compared to a trialkyl ligand like 

Cy3P (electron-rich, σ-donor).[285] To probe if the ligand has a large influence on the selectivity 

of the reaction, achiral PPh3 was employed as a less electron-rich σ-donor. Indeed, using this 

 
10 The combination of (R,R)-L3 with (S)-302 (4.3:1 d.r.) was conducted by Xavier Abel-Snape and also gave lower 
enantioselectivity than either effect alone. 
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oxabicycle-ligand combination 30 – 45%ee of the opposite enantiomer was obtained (Table 

28, entry 9). 

Table 28: Enantioselective synthesis of indene 314 

 

# Oxabicycle 
d.r. oxabicycle 

302:303 
Ligand Product[d] [%] ee [%] 

1 (S)-302 4.3:1 Cy3P·HBF4 – (50) 32[259a] 

2 (S)-302 >20:1 Cy3P·HBF4 50 (46) 52 

3[a] (S)-302 >20:1 Cy3P·HBF4 32 (36) 50 

4[a] (R)-303 1:>20 Cy3P·HBF4 41 (42) 48 

5 296 – (R,R)-L3 – (41) −37[259a] 

6 296 – (S,S)-L3 28 (27) 42 

7[a] (R)-303 1:>20 (S,S)-L3 26 (25) 27 

8[b] (S)-302 >20:1 Cy3P·HBF4 23 (26) 52 

9[c][e] (S)-302 >20:1 PPh3 – (18) −(30 – 45)[e] 
Absolute configuration known by x-ray crystal structures. d.r. determined by 1H-NMR. Enantiomeric excess of 
chiral oxabicycles >99%ee according to chiral HPLC [a] oxabicycle contained major impurities according to 
1H-NMR (iminoic acid); [b] at 90 °C instead of 100 °C; [c] 2.0 equiv K3PO4; [d] Conversion of starting material 
293 and to product 314 according to 1H-NMR with 1,3,5-trimethoxybenzene as internal standard isolated yield in 
brackets. [e] Impurity present, ee approximated. 

Under the assumption that the two diastereomers, of the 4.3:1 d.r mixture reported in literature, 

would give the opposite enantiomer with the same selectivity, the ee should correspond to the 

theoretical ratio obtained when using a 4.3:1 mixture of diastereopure (>20:1 d.r) oxabicycles 

(S)-302:(S)-303. If the ee of the resulting product does not correspond to the theoretically 

calculated ee, then non-linear effects such as oxabicycle Pd-coordination should play a role in 

the catalytic cycle. 

293 (−)-314 

313 
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In the following section calculation and comparison of the theoretical enantiomeric excess 

according to observed enantioselectivites with batches of oxabicycle with various d.r. will be 

conducted. 

The relative amount of major enantiomer formed e14.3:1 (enantioselectivity using a 4.3:1 d.r. 

mixture of oxabicycle, equation 5) is formed with a selectivity e1>20:1 (enantioselectivity using 

a >20:1 d.r. mixture of oxabicycle) proportional to the major diastereomer (S)-302 (d1; in this 

case 0.81 11 ) in addition to the same but opposite selectivity (1 – e1>20:1) of the minor 

diastereomer (S)-303 (1 − d1; in this case 0.19) (equation 5).  

𝑒𝑒 =
𝑒1 − 𝑒2

𝑒1 + 𝑒2
 (4) 

𝑒14.3:1 = 𝑑1 ∗ 𝑒1>20:1 + (1 − 𝑑1) ∗ (1 − 𝑒1>20:1) (5) 

𝑒1>20:1 =
𝑒14.3:1 − 1 + 𝑑1

(2 ∗ 𝑑1 − 1)
 

(6) 

𝑒1>20:1 =
0.655 − 1 + 0.81

(2 ∗ 0.81 − 1)
= 0.75 (50%𝑒𝑒) 

(7) 

e14.3:1 = 0.655 is the observed relative peak area according to HPLC of the major enantiomer using d.r. 4.3:1 
(0.81:0.19) ((S)-302:(S)-303). d1 is the relative amount of the major diastereomer (S)-302 (0.81). e1>20:1 is the 
relative peak area of the major enantiomer using >20:1 d.r. ((S)-302:(S)-303). 

By reforming the equation solving for the selectivity of enantiomer formation e1>20:1 (6) and 

inserting the values (7) for the given literature known data (4.3:1, 31%ee),[259a] the obtained 

selectivity is e1>20:1 = 0.75 (7). The expected enantiomeric excess is therefore 50%ee. This is 

in good agreement with the experimentally observed value using (S)-302 (Table 28, entry 2, 

52%ee). A reaction using (R)-303 should therefore exhibit an enantioselectivity of 50%ee, 

which correlated well with the observed selectivity of 48%ee (Table 28, entry 2). Thus, the 

hypothesis of the stereogenic information of the amine not significantly influencing the 

enantioselectivity could be supported by the experimental data. Additionally, this implied that 

the oxabicycle does not serve as a ligand during the transformation which would result in 

non-linear effects. 

  

 
11 4.3/5.3 = 0.81 



Results and Discussion 

145 

To see if the terminating agent had an influence on the enantioselectivity of the reaction, the 

decarboxylative Sonogashira reaction was investigated in combination with chiral ligand 

(S,S)-L3 (Scheme 86). Unfortunately, separation of the enantiomers was not possible by HPLC. 

 

Scheme 86: Decarboxylative Sonogashira termination with chiral ligand (S,S)-L3. 

In summary, it could be shown that the choice of ligand in this reaction had a significant effect 

on the stereoselectivity. A switch from trialkyl phosphine to triaryl phosphine ligand inverted 

the stereoselectivity of the reaction. Additionally, the use of phosphoramidite ligand (S,S)-L3 

showed a mismatch when using chiral oxabicycle (S)-302. The stereogenic center on the amide 

side chain did not significantly affect the ee of the reaction. This highlighted, that only the 

stereogenic information of the bicycle itself played a role in the stereoselectivity of the reaction. 

Non-linear effects could also be ruled out. 
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5.5.3.3 Oxabicycle Scope 
With these promising results in place, alternative non-C2 symmetrical oxabicycles in addition 

to the amide/ester oxabicycle system were investigated. These oxabicycles would serve as new 

potential chiral oxabicycles in the palladium-catalyzed indene synthesis. Modification of the 

electron withdrawing groups should result in a more selective insertion of the oxabicycle into 

the palladium complex. The reasoning for this was, that the enantioselectivity depends on the 

electronic effects of the carbonyls. A more pronounced electronic discrimination of these 

groups could result in a greater stereoselectivity. First, the racemic ester acid 301 was employed. 

In deprotonated form this carboxylate would serve as a readily available and relatively electron-

rich oxabicycle. No conversion to product was observed for both the Suzuki termination 

(Scheme 87A) and for the decarboxylative Sonogashira termination (Scheme 87B) even in the 

presence of additional base to account for the carboxylic acid proton abstraction. Strong 

coordination of the carboxylate to the palladium complex was thought to be responsible for the 

lack of conversion to product. 

 

Scheme 87: (A) Indene synthesis with Suzuki termination using oxabicycle mono acid 296. (B) Indene synthesis 
with decarboxylative Sonogashira termination using oxabicycle mono acid 296. 

Instead, efforts were directed at synthesizing other oxabicycles. The two strategies to obtain 

modified oxabicycles were to either modify existing oxabicycle mono acid 301 (Scheme 88A), 

rac-301 293 314 

313 
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or to synthesize the oxabicycle via de-novo strategy akin to the synthesis of 296 (Scheme 88B). 

The former would bear the advantage of leveraging the already established separation of the 

enantiomers while the latter would make use of readily accessible propiolates 320.  

 

Scheme 88: Synthesis strategies for chiral oxabicycles. (A) modification of oxabicycle 301. (B) synthesis of 
oxabicycle via modified alkynes via Diels-Alder [4+2]-cycloaddition. 

Next, transformation of oxabicycle mono acid 301 into keto ester 321 via an acyl chloride 

intermediate 322 was investigated (Scheme 89). Only a complex mixture was obtained in this 

procedure according to 1H NMR yet full conversion of 301 was observed. A reaction control to 

investigate the formation of 322 also showed a complex mixture. The m/z of the desired product 

could not be observed in the crude product after the addition of MeMgBr. Alternatively, the use 

of dimethyl malonate as the methylating agent followed by decarboxylation was investigated 

(Scheme 89). Again, reaction control of the acyl chloride revealed a complex 1H NMR 

indicating the formation of the acyl chloride to be difficult under the employed conditions. 

Neither the desired product 321, nor intermediate 323, nor keto acid 324 could be detected by 

APCI-MS. 
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Scheme 89: Attempted synthesis of chiral oxabicycle 321 via formation of acid chloride 322 starting from 
oxabicycle 301 and subsequent methylation. 

As modification of the mono acid 301 appeared difficult, de-novo synthesis of oxabicycles was 

investigated next. Acetylation of methyl propiolate (320) and subsequent Diels-Alder 

[4+2]-cycloaddition would provide the aforementioned desired product 321. The reaction, 

based on literature known conditions,[286] gave an inseparable mixture of desired product 325 

and acetylation side product 326 in a ratio of 2:1 according to 1H NMR (Scheme 90A). A repeat 

experiment drying the CH2Cl2, i-Pr2EtN and methyl propiolate (320) using 3 Å molecular sieve 

and adding AcCl at 22 °C gave a 1:1 mixture (325:326) in a lower total yield (7%). A Diels-

Alder [4+2]-cycloaddition of the 2:1 mixture gave product 321 in a yield of 23% (Scheme 90B). 

A one pot approach using the crude mixture gave the desired product 321 in a yield of 13% 

over two steps (Scheme 90C). 
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Scheme 90: (A) Synthesis of 325 via acetylation of methyl propiolate (320). (B) [4+2] cyclization to form a 
racemic mixture of chiral oxabicycle 321. [a] Not isolated 2:1 mixture of 325:326, theoretical amount of 325 
calculated by ratio in 1H-NMR. (C) One pot approach. 

The driving force of the retro-Diels-Alder reaction in the end is proposed to be the extrusion of 

an electronically deficient furan.[279a] To probe if this retro-Diels-Alder reaction still occurs with 

less electronically withdrawing substituents, the synthesis of oxabicycle 327 via bromination 

of methyl propiolate,, subsequent Diels-Alder cyclization, and finally Suzuki-Miyaura cross-

coupling was attempted. Brominated alkyne 328 was highly volatile, thus, direct transformation 

over two steps was conducted (Scheme 91A). The resulting product 329 could not be isolated 

and was only obtained as a mixture with alkyne 328. The palladium-catalyzed transformation 

using this mixture was conducted nevertheless to see if any product formation could be 

observed (Scheme 91B). Unfortunately, the desired product could not be detected but instead 

several main side products could be observed. The analytical data implied the formation of 

furan 330 as a side product and implied the presence of a pre-retro-Diels-Alder intermediate. A 

mass corresponding to a compound akin to 331 (m/z [M+H]+ 383.2) and also the presence of 

the aforementioned furan 330 (m/z [M+H]+ 203.1) and trace amounts of stilbene (m/z [M+H]+ 

180.1) could be detected by APCI-MS. The 1H-NMR data of furan 330 was also in accordance 

321 325 

320 325 326 

320 325 321 

298 

298 
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with literature.[287] Even though no product could be obtained, these results implied that the 

retro-Diels-Alder of these oxabicycles with less electron withdrawing substituents proceeds at 

temperatures of 80 °C and thus, broadens the scope of oxabicycles of potential interest. The 

literature known extrusion of furan via retro-Diels-Alder is known to proceed at 

100 – 120 °C.[259a] 

 

Scheme 91: (A) Bromination of methyl propiolate (320) and subsequent Diels-Alder cyclization of brominated 
product 328 and furan to synthesize oxabicycle 329. (B) Suzuki coupling of oxabicycle 329 for the synthesis of 
aryl oxabicycles with detected sideproducts. [a] obtained as a 1:1 mixture of 328:329. 

In summary, a new oxabicycle 321 could be synthesized. Oxabicycle acid 301 could not be 

employed as a viable chiral auxiliary for the palladium-catalyzed transformation. Moreover, 

modification of oxabicycle acid 301 appeared difficult as did the late-stage modification of 

brominated oxabicycle 329. 
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5.5.4 Mechanistic investigations 
With experimental data on the stereoselectivity of the reaction at hand, the proposed mechanism 

of the enantioenrichment was probed. The two relevant steps, namely the regioselective 

insertion and diastereoselective cyclization were to be investigated separately. As stated in the 

introduction of this chapter (Chapter 5.5.1), the use of racemic oxabicycles should give a probe 

into the enantioselectivity of the reaction by isolating the pre-retro-Diels-Alder (prDA) products. 

5.5.4.1 Diastereoselectivity 
First, the diastereoselectivity using oxabicycle 296 was investigated (Scheme 92A). This way, 

the influence of ligands, time, and temperature on the 5-exo-trig migratory insertion to generate 

the quaternary carbon could be probed. If no diastereoselectivity is observed, then no 

enantioenrichment of the final product should be observed either. From data obtained by Xavier 

Abel-Snape in the previous study,[259a] the ratio of diastereomers as a function of time (Scheme 

92B) and temperature (Scheme 92C) could be extracted. A strong relationship was found in 

both cases with the ratio of major to minor diastereomer increasing over time and decreasing at 

higher temperatures. The change in ratio implies that either interconversion of the minor 

diastereomer to the major one occurs over time, or that the retro-Diels-Alder reaction to form 

the indene may proceed at a faster rate than the minor diastereomer. 
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Scheme 92: Results obtained from unpublished data provided by Xavier Abel-Snape.[284] (A) Synthesis of pre-retro-
Diels-Alder intermediate 332 using oxabicycle 296. (B) Relative amount of the major diastereomer over time at 
120 °C according to 1H-NMR data over time. (C) Relative amount of diastereomers at different temperatures after 
30 min according to 1H-NMR data.  

Going back to the results reported in Table 28, using PPh3 as the ligand inverted the 

enantioselectivity of the reaction. Additionally, the use of ligand L3 in combination with chiral 

oxabicycle (R)-303 gave enantioselectivities lower (27%ee) than either case on its own (48%ee 

and 42%ee respectively). The hypothesis was, that the stereoelectronic effects of the ligand 

influence regioselectivities, diastereoselectivities, or both. To probe the extend of this influence, 

the diastereomeric ratio of the oxabicycle 296 derived pre-retro-Diels-Alder product 332 was 

investigated (Table 29). It was observed, that while the use of Cy3P HBF4 and i-Pr3P·HBF4 gave 

similar results (Table 29, entries 1 and 2), Me3P·HBF4 and t-Bu3P·HBF4 as ligands gave 

inversion of diastereoselectivity in addition to low conversion to product according to 1H NMR 

(Table 29, entries 3 and 4). PPh3 gave inversion of the diastereoselectivity and a d.r. of 1.0:4.0 

yet incomplete conversion. A reaction using trialkyl phosphines therefore predominantly 

formed one diastereomer while triaryl phosphines resulted in an excess of the complementary 

diastereomer. Various substituted aryl phosphines were investigated (Table 29, entries 6 – 10). 

The use of (4-CF3C6H4)3P gave a ratio of 1.0:4.9 with full conversion of aryl iodide and 50% 

conversion to products. The use of sterically bulkier or more electron-rich aryl phosphines gave 

low conversions to product. Finally, TADDOL based ligand (S,S)-L3 gave a d.r. of 1.7:1.0 

293 296 332 

C B 
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(Table 29, entry 11) while (2-furyl)3P implied a high diastereoselectivity of 1.0:10 but very low 

conversion to product (Table 29, entry 12). It is important to note that, in addition to the 

diastereoselectivity, the enantioselectivity of prDA intermediate formation using (S,S)-L3 

ultimately determines the ee of the product (compare mechanism discussed in chapter 5.5.1). 

These results highlight that an inversion of diastereoselectivity can take place when using a 

different class of ligands (PAr3 vs PAlkyl3). Only small amounts of indene formation were 

observed under these conditions (<5% relative to the prDA intermediates). 

Table 29: Diastereoselectivity of the 5-exo trig cyclization generating pre-retro-Diels-Alder intermediate 332. 

# L Conversion [%] Products[b] [%] d.r.

1 Cy3P·HBF4 100 96 4.5:1.0 

2 i-Pr3P·HBF4 100 78 3.5:1.0 

3[a] t-Bu3P·HBF4 100 14 1.0:3.3 

4 Me3P·HBF4 100 37 1.0:1.2 

5 PPh3 25 18 1.0:4.0 

6 (4-OMeC6H4)3P 27 >5 – 

7 (4-CF3C6H4)3P 100 42 1.0:4.5 

8 (2-CF3C6H4)3P 29 12 1.0:2.5 

9 (4-MeC6H4)3P 16 >5 – 

10 (3,5-(CF3)2C6H4)3P 75 6 1.0:6.1 

11 L3 100 63 1.7:1.0 

12 (2-furyl)3P 93 12 1.0:10 
1H NMR conversions of starting material 293 and to products according to 1H-NMR with 1,3,5-trimethoxybenzene 
as internal standard. [a] major side product formation. [b] Sum of both diastereomers and indene. 

293 296 332 
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Next, it was investigated if the choice of terminating agent had an influence on the 

diastereoselectivity by using various boronic acids (Table 30). This would probe if the 

competing catalytic cycle as proposed by Han et al. played a role in the catalytic cycle of this 

mechanism.[281] Varying the electronic and steric properties of the arene should influence the 

relevant transition states. No strong relationship between the diastereoselectivity and aryl 

boronic acid could be observed for the d.r. of the prDA intermediates 333 – 336, therefore 

indicating transmetalation either not taking place or not influencing the diastereoselectivity of 

the 5-exo-trig cyclization. Separation of the diastereomers was only possible for the major 

diastereomer of 334. Again, only low formation of indene was observed (<5% relative to the 

prDA intermediates). Low isolated yields can be attributed to cumbersome isolation efforts. 

Table 30: Diastereoselectivity of the 5-exo trig cyclization generating pre-retro-Diels-Alder intermediates 
depending on the terminating aryl boronic acid. 

Entry Ar prDA products Conversion [%] 
Products[b] 

[%] 
d.r.

1 (4-OMeC6H4)- 333 100 54 (11) 4.3:1.0 

2 (4-CF3C6H4)- 334 48 48 (22) 4.8:1.0 

3 (2-OMeC6H4)- 335 78 52 4.8:1.0 

4 (2-MeC6H4)- 336 88 65 (67) 4.7:1.0 
1H NMR Conversions of starting material 293 and to products according to 1H-NMR with 1,3,5-
trimethoxybenzene as internal standard. [a] major side product formation. [b] Sum of both diastereomers and 
indene (isolated yield of mixture of diastereomers in brackets). 

Thus, the influence of ligand and boronic acid on the diastereoselectivity of the 5-exo-trig 

cyclization step were successfully shown. An inversion of diastereoselectivity was observed 

when employing triaryl phosphines compared to 2° trialkyl phosphines implying that this step 

might be of relevance for the previously observed switch in enantioselectivity when using the 

same ligands. 

293 296 
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5.5.4.2 Regioselectivity 
With data for the diastereoselectivity in hand the regioselectivity was investigated next. As 

discussed in the introduction (Chapter 5.5.4), in comparison to the use of oxabicycle 296, a 

chiral oxabicycle should result in a prDA product with four isomers, comprised of two 

regioisomeric sets of diastereomers (Scheme 93). 

Scheme 93: Synthesis of pre-retro-Diels-Alder intermediates using racemic oxabicycles. The ratio of the four 
isomers (339a – d) formed should correspond to the observed ratio of enantiomers when using enantiopure 
oxabicycle (Chapter 5.5.3.2). Isomers 339a and 339c should correspond to one enantiomer while 339b and 339d 
should correspond to the other enantiomer. [a] x-ray structure obtained. 

rac-339a – d 
(four isomers) 

293 rac-307 

rac-339a[a] rac-339b 

rac-339c rac-339d 

314 314 
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The validity of this hypothesis was tested with various oxabicycles to identify if a switch in 

regioselectivity takes place. As proposed, four isomeric peak sets could be identified by 
1H-NMR (Figure 20). The absolute and relative configuration of these isomers could be 

assigned using NMR and x-ray structures (Chapter 5.5.4.3). Isomers a and c were identified as 

comprising the same absolute configuration on the quaternary carbon center when using 

enantiopure oxabicycles. The same holds true for isomers b and d. Even when using racemic 

oxabicycles in combination with achiral ligands, the ratio of these isomers should correspond 

to the e.r. observed for the enantioselective reaction. 

 

Figure 20: 1H-NMR spectrum of pre-retro-Diels-Alder product 339 after one column chromatographic purification 
showing all relevant isomeric signals. 

Overall, fewer overlapping peaks were observed in the 1H-NMR when using boronic acid 337 

compared to boronic acid 313 making determination of ratios more reliable. First, amide 

oxabicycles 311 and 307 were investigated. An isomeric ratio of 75:25 of the prDA 

intermediates (a+c:b+d) (compare Scheme 93) was observed in both cases (338 and 339) (Table 

31, entries 1 – 2). This ratio corresponds immaculately to the experimentally observed 48 – 

52%ee (e.r. 75:25) when using oxabicycle amides (S)-302 and (R)-303 (Table 28, entries 2 – 

4). This result supports the assignment of the isomer pairs as well as the proposed mechanism 

of the regio- and diastereoselectivity determining the enantiomeric excess. Next, the use of PPh3 

was investigated. Indeed, a prDA isomeric ratio of 38:62 (Table 31, entry 3) (a+c:b+d) implied 

a a 

b b 

c c d d 
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the formation of the opposite enantiomer, though lower than the experimentally observed 

−(35 – 45)%ee (33:67 – 28:72) (Table 28, entry 9). This could be attributed to the low 

conversion of starting material 293 and thus inaccurate integers according to 1H-NMR. The r.r. 

(a+b:c+d) of Ar3P versus Alkyl3P revealed, that the same regioisomer should be preferred by 

both ligand classes. Only the d.r. a:b was inverted under these conditions, the same as observed 

in the previous section. Interestingly, when using ligand (S,S)-L3, an expected e.r. of 52:48 was 

obtained not in line with the experimentally observed 27%ee (Table 28, entry 7). The 

enantioselectivity of the reaction using ligand L3 cannot solely be explained by the ratio of 

isomers (Table 31, entries 4) as additional peaks not part of the original four isomers (a – d) 

were observed in 1H-NMR, indicative of additional isomer formation. This could be the result 

of endo-selective oxabicycle insertion. Additionally, using racemic oxabicycle does not reveal 

if one enantiomer of those racemic prDA products is preferentially formed. Thus, in this case, 

the ratio of prDA intermediates using racemic oxabicycles does not necessarily reflect the ratio 

of enantiopure oxabicycles. The previously synthesized keto-ester oxabicycle 321 gave an 

isomeric ratio of 1.8:1.0 though not all peaks could clearly be identified. Isolation was not 

possible, and no identification of the relative configuration of prDA products 340 could be made. 

Nevertheless, a ratio of major peaks was observed indicating either diastereoselectivity or 

regioselectivity.  



Results and Discussion 

158 

Table 31: Synthesis of pre-retro-Diels-Alder intermediates to determine ratio of regioisomers. 

 

# Variations Oxabicycle:prDA 
Ratio isomers 

(a:b:c:d)[a] 
e.r.[b] 

Products 

[%] 

 R3 = 337  a b c d   

1 None 311:338 10.04 2.50 1.00 1.25 75:25 51[d] 

2 None 307:339  20.30 6.54 1.94 1 75:25 58 

3 PPh3 as L 307:339 1.00 3.97 2.49 1.77 38:62 11 

4[c] 
(S,S)-L3 as 

L 
307:339 3.54 4.18 2.03 1.00 52:48 32 

5[c] R3 = 313 321:340 1.79 1.00 – – – 33 
1H NMR Conversions of starting material 293 and to products (isomers a – d) according to 1H-NMR with 
1,3,5-trimethoxybenzene as internal standard. [a] relative ratio according to 1H NMR integers. [b] theoretical e.r. 
derived from the ratio of isomers. [c] major additional peaks in 1H NMR. [d] isolated yield, mixture of isomers. 

Overall, the use of racemic oxabicycles as a probe into the enantioselectivity of the reaction 

was successfully shown. As outlined in the introductory statement (Chapter 5.5.1), the 

correlation of prDA intermediate isomeric ratio to the observed enantiomeric ratios could be 

shown. Therefore, racemic starting materials can indeed be used to predict enantiomeric excess. 

As such, racemic oxabicycles like 321, obtained by de-novo synthesis strategy, (Chapter 5.5.3.3) 

can easily be investigated without the need for lengthy method establishment to separate the 

293 

rac-311 rac-307 rac-321 

337 313 



Results and Discussion 

159 

isomers, without knowing the cost-benefit ratio first. Additionally, it could be observed that the 

regioselectivity of the trialkyl phosphine ligand can be attributed to the high r.r. (Table 31, 

entries 1 and 2, a+b:c+d is 9:1) while the use of a triaryl phosphine ligand heavily depended on 

a favorable d.r. to achieve high enenatiomeric excess. 
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5.5.4.3 Determination of relative and absolute configuration 
The constitution of the major isomer 338a was resolved using an x-ray structure measured by 

Dr. Alan Lough (Figure 21).  

Figure 21: (A) X-ray structure of pre-retro-Diels-Alder product rac 339a. ORTEP with a probability of 50%. (B) 
Lewis structure interpretation. The 1H-NMR of the single crystal was in accordance with the major isomer 339a. 

To assure the assigned relative configuration corresponded to the major observed isomer, 

2D-NMR studies were conducted. In particular, the 1H-NMR spectra of the isomeric peak 

pattern (a – d) of 338 and 339 strongly resembled one another. Thus, it was deduced that the 

relative configurations should be in agreements with one another. Weak NOESY coupling 

suggested that the methyl ester moiety is closer to the 1-H hydrogen (Figure 23A and B). This 

would be in accordance with either 338a or b Figure 22A. Coupling between 1-Me and 3-H 

was observed (Figure 23C) while coupling between the methyl moiety of the quaternary carbon 

and 1-H was completely absent (Figure 23C) corresponding to the constitution and relative 

configuration of the major isomer 338a (Figure 22B). The relative configuration of the 

remaining isomer b – d could subsequently be assigned by NOESY and by HMBC following 

the same reasoning by Xavier Abel-Snape.[284] 
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Figure 22: Determination of the structural isomer and relative configuration of the major pre-retro-Diels-Alder 
product 338 by (A) NOESY coupling of the bridgehead proton 1-H to the methoxy ester and (B) NOESY coupling 
of the methyl group with 3-H. 
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B 
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338b 338a 
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Figure 23: (A) 1D-NOESY of the weak excitation of the methoxy ester of the oxabicycle scaffold of pre-retro-
Diels-Alder intermediate 338a. (B) Excerpt of 1H NMR of pre-retro-Diels-Alder intermediate 338a. Weak coupling 
between the methoxy group and 1-H observed. (C) 2D-NOESY spectrum of pre-retro-Diels-Alder product 338a 
showing coupling between Me and 3-H. (D) Absence of NOESY coupling between either 2-H or 1-H and the 
quaternary methyl group. 

Before obtaining a crystal structure, the strength of the NOESY coupling was to be improved 

to unambiguously assign the isomers a – d. Oxabicycle 299 was chosen due to the potential 

closeness of the methyl groups to the methoxy group. In literature oxabicycle 299 was unfit for 

the palladium-catalyzed cyclization.[279a] A reaction under standard conditions (Chapter 5.5.3.1) 

was set up to investigate if this was either due to unreported insufficient retro-Diels-Alder 

reaction or due to actual low formation of the pre-retro-Diels-Alder product 341. Full 

conversion of aryl iodide 293 was observed yet only 3% conversion to indene 314 according to 
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C D 3-H 

Me 

1-H 2-H 

Me 
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1H-NMR was detected (Scheme 94). No significant amounts of pre-retro-Diels-Alder product 

could be detected either. Thus, it was concluded that synthesis and isolation of the 

corresponding pre-retro-Diels-Alder intermediate 341 would be very difficult at such low 

conversions to products. 

 

Scheme 94: Synthesis of indene 293 using oxabicycle 299. [a] Conversions to product according to 1H NMR with 
1,3,5-trimethoxybenzene as internal standard. 

Courtesy of the obtained x-ray structure of 338a in addition to an x-ray structure of 307 obtained 

by Xavier Abel-Snape,[284] the absolute configuration of (−)-indene could be assigned as (R) 

(Scheme 95). As indenes generally were isolated as oils, crystallization of these compounds 

and thus direct determination of the configuration was not possible. 

293 299 314 

313 

341 
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Scheme 95: Determination of absolute configuration of indene 314 via pre-retro-Diels-Alder products. 
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5.5.5 DFT Calculations 
To rationalize the observed regioselectivities, DFT calculations were conducted. To accurately 

investigate the mechanism both trans- and cis-complexes were calculated (Figure 24A). Both 

regioisomers of the oxabicycle coordination and migratory insertion (Chapter 5.5.4) were 

computed to then determine the ΔG between the relevant transition states (Figure 24B). The 

α-complex refers to the regioisomers c and d while the β-complex refers to a and b. 

Independently in a very recent publication by Han et al. the underlying mechanism using 

oxabicycle (OBC) 296 was probed by investigating the relevant transition states of the involved 

complexes.[281] In addition to the alkene-insertion-first mechanism, they investigated the 

boronic acid transmetalation-first mechanism, where the iodide is substituted with a phenyl 

moiety. Both the PPh3-complex as well as the i-Pr3P complex were calculated to probe both a 

triarylphosphine ligand as well as a trialkylphosphine ligand. i-Pr3P was chosen over Cy3P to 

limit the amount of possible ligand conformers. 

 

Figure 24: (A) Constitution of ligand and iodide for palladium complexes relevant for DFT calculations. The 
descriptors trans and cis refer to the relative position of the iodide and aryl substituents. (B) Regioisomeric 
complexes formed during the coordination of oxabicycle 311. 

DFT[100]-calculations were carried out using the Orca (5.0.4)[267] quantum chemistry software 

packages. All calculations were performed at 298.15 K. Energies were calculated by first pre-

optimizing the crudely generated structure, using the GFN2-xTB[288] method and obtaining a 

conformer ensemble, using the conformer rotamer ensemble sampling tool (CREST)[289] and 



Results and Discussion 

166 

subsequently condensed, using the censo[290] extension to a smaller subset of conformers. Such 

measures are taken to reduce the ambiguity of the system but are still subject to error. The 

energetically most favored ground state may not correspond to the energetically lowest 

transition state, as has been shown in literature.[291] Cis- and trans-conformers were extracted 

from the CREST ensembles. Next, geometries were calculated for the lowest energy conformer 

using the TPSS[268] functional with the D4 dispersion correction[269] with def2-SVP[270] basis 

set. Thus obtained ground states were confirmed by the absence of imaginary frequences after 

an analytical frequency calculation (AnFreq). Electronic energies were calculated using 

ωB97M-V,[273] using the def2-TZVPP basis set benchmarked for palladium complexes[266]. 

Transition states were identified by relaxed surface scan (RSS) of the same lowest energy 

conformers and confirmed to be first order saddle points by the presence of exactly one 

imaginary frequency. Hirshfeld charges[292] and condensed Fukui functions[293] (CFF) were 

considered for amide oxabicycle (S)-302 to cheaply quantify regioselectivities and calculated 

using Multiwfn (3.8)[294] but gave inconclusive results. The following relevant palladium 

complexes were calculated: The oxabicycle-uncoordinated complex Pd-1, the resulting 

coordinated π-complex Pd-2 of loose oxabicycle coordination, the σ-complex Pd-3 after 

migratory insertion and C–C bond formation and the transition state TS1 between σ- and 

π-complex (Scheme 96). The free energy of oxabicycle (OBC) 311 was also calculated via the 

same method. 
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Scheme 96: (A) Schematic energy profile for the migratory insertion of oxabicycle 311 to the cis-oxidative addition 
complex Pd-1 to form the π-complex (Pd-2) and then the σ-complex (Pd-3) via transition state (TS1). Same energy 
profile is applicable to the trans-complexes. (B) Exemplary structures of the energy profile using 3D-depictions 
of the optimized calculated structures. 

 

311 
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The energies calculated followed comparable energetic pathways to the literature reported 

values (Table 32).[281] The formation of the π-complex starting from the mono-phosphine 

ligated complex Pd-1 is energetically disfavored. The subsequent σ-complex (Pd-3) is 

energetically favored, though much more so for the cis-complex compared to the trans-complex 

(ΔGtrans-cis 3.9 kcal·mol-1 up to 13.5 kcal·mol-1). If the reaction proceeds under kinetic control, 

the relative energies of transition state TS-1 should be proportional to the regioisomeric ratios 

observed. The calculated relevant free energies as well as geometries of the aforementioned 

palladium-complex transition state TS-1 closely resembled the energies and geometries of Pd-2. 

A comparison of the free energies revealed that the α-complex of TS-1 is energetically more 

favored compared to the β-regioisomer. Therefore, a selectivity for the α-complex would be 

expected in all cases. This is in contradiction with the experimentally observed selectivity of 

the insertion. This discrepancy could be explained by various means. For one, the identified 

transition state TS-1 is not the selectivity determining step. Additionally, the energetically 

lowest ground state conformer, the transition state geometries were based on, may not represent 

the energetically lowest conformer in the transition state. In addition, the alkene-first 

mechanism investigated by these calculations may not be the rate-determining pathway, instead 

coordination of an arene via transmetalation, as was shown to be plausible by Han et al. may 

yield energetically lower and thus the actually relevant transition states.[281] 

Table 32: Lowest energy conformers of σ- and π-complexes were first identified by CREST and subsequent 
CENSO optimization. Free energies were calculated at the ωB97M-V/def2-TZVPP//TPSS-D4/def2-SVP levels of 
theory. Both cis and trans complexes were calculated. All energies relative to trans-Pd-complexes Pd-1 + OBC 
311. 

Pd-complex 
L = i-Pr3P L = PPh3 

α β ΔGα-β α β ΔGα-β 

cis kcal·mol-1 kcal·mol-1 

Pd-1 + OBC 6.9 – 4.8 – 

Pd-2 (π) 11.9 13.7 −1.80 8.9 10.0 −1.14 

TS-1 (π-σ) 12.8 14.3 −1.52 12.4 13.6 −1.24 

Pd-3 (σ) -24.6 -22.4 −2.24 -21.8 -20.7 −1.04 

trans       

Pd-1 + OBC 0.0 – 0.0 – 

Pd-2 (π) 7.0 6.6 0.410 3.8 7.5 −3.69 

TS-1 (π-σ) 12.1 12.5 −0.390 11.9 12.7 −0.878 

Pd-3 (σ) -11.1 -12.6 1.57 -13.1 -16.8 3.67 
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Interestingly even though π- and σ-complexes varied strongly between cis- and 

trans-complexes, the free energy of the transition state TS-1 of all calculated complexes using 

the same ligand were comparable. Under Curtin-Hammet conditions, the ratio of regioisomers 

formed would thus depend on the regioisomeric ratios of both the cis- and the trans-complex 

TS-1. 

To account for lower energy conformers in the transition states,[291] the geometries of the 

obtained transition states TS-1 (Table 32) were subjected to constrained conformer ensemble 

calculations (using CREST[289]). This was done by constraining the movement of all atoms 

except for those of the ligand (L) and the alkene sidechain of the aryl moiety (Table 33, blue). 

The resulting conformer ensemble geometries were energetically ranked by calculating single 

point energies at the TPSS-D4/def2-SVP level of theory. The lowest energy conformer of this 

ensemble was then subjected to a constrained geometry optimization by fixing the C–C bond 

(Table 33, red). This constrained geometry was used as the basis for a subsequent transition 

state geometry optimization. The transition state was again confirmed by the presence of a 

single imaginary frequency. The thus obtained energies (Table 33) were overall lower than the 

previously obtained energies starting from the lowest energy conformer ground states (Table 

32). The hypothesis of the energetically lowest ground state conformer not necessarily 

corresponding to the energetically lowest transition state could therefore be supported. Only the 

cis-α-i-Pr3P-complex was higher in energy than the previously obtained corresponding 

transition state complex (13.3 kcal mol-1 vs. 12.8 kcal mol-1). The relative free energies 

obtained via this method implied, that the opposite—meaning β instead of α—regioisomer 

should be favored. This is in drastic contrast to the previously calculated relative free energies 

which implied the experimentally minor regioisomers (Table 31, Scheme 91 c+d, 

corresponding to α) would be favored. This clearly highlights the importance of obtaining 

accurate conformer profiles to determine exact ratios.  
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Table 33: Lowest energy conformers of σ-π-transition state. Based on geometries obtained from previous 
calculations (Table 32Table 33) using CREST.[289] Moieties subjected to conformer sampling (blue). Fixed C–C 
bond during constrained optimization (red). Free energies were calculated at the ωB97M-V/def2-TZVPP//TPSS-
D4/def2-SVP levels of theory. Both trans- and cis-complexes were calculated. All energies relative to trans-Pd-
complexes Pd-1 + OBC 311 (Table 32). 

Pd-

complex 

L = i-Pr3P L = PPh3 

α β ΔGα-β α β ΔGα-β 

cis kcal·mol-1 kcal·mol-1 

TS-1 (π-σ) 13.3 14.0 −0.690 12.4 12.1 0.275 

trans 

TS-1 (π-σ) 11.8 9.9 1.95 11.5 11.5 0.0445 

With these optimized transition state energies calculated, the expected ratios of α and β 

conformers were determined via the Boltzmann distribution (8) of these energetically lowest 

transition states. For both ligand systems, a distribution was calculated at 298.15 K and 

373.15 K. This was done because energy calculations were conducted at the former temperature 

while reactions were performed at the latter. The implications of the obtained energies (and thus 

Boltzmann distributions) were, that the trans-pathway is energetically favored. Still, the 

cis-pathway contributes significantly to the observed ratios, in particular when considering the 

Ph3P ligated complexes. 

𝑁𝑥 =
𝑒

−(
Grel(𝑥) 

𝑘𝐵∗𝑇
)

∑ 𝑒
−(

Grel (𝑖)
𝑘𝐵∗𝑇

)
𝑛

𝑖

(8) 

Nx: relative Boltzmann population of transition state x, Grel(x): relative energy of transition state x, sum over all 
transition states, trans and cis of the α and β isomers. 
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Table 34: Relative Boltzmann population distribution (Nx) of the transition states TS-1 (π-σ) at different 
temperatures.  

Pd-complex 
L = i-Pr3P L = PPh3 

α β α β 

298.15 K 

cis 

TS-1 (π-σ) 0.7% 0% 8.7% 14% 

trans 

TS-1 (π-σ) 3.6% 96% 37% 40% 

Σ 4.3% 96% 46% 54% 

373.15 K 

cis 

TS-1 (π-σ) 1.8% 0% 11% 16% 

trans 

TS-1 (π-σ) 6.6% 91% 35% 38% 

Σ 8.4% 92% 46% 54% 

The experimentally obtained ratios of regioisomers (a+b:c+d) (Table 31, entries 1 and 2) were 

then compared to the obtained theoretical ratios (Table 34). These ratios match very closely for 

both ligand systems with the alkyl phosphine ligand preferring the β-regioisomer (9:1) and the 

triaryl phosphine ligand giving an almost 1:1 mixture (Table 35). The validity of the 

calculations and implication of kinetic control taking place could thus be supported. 

Table 35: Comparison of experimentally observed regioisomeric ratios at 373.15 K (Table 31, entries 1 and 2) and 
computationally calculated regioisomeric ratios at 373.15 K (Table 34, last entry). [a] Cy3P for experimental data, 
i-Pr3P for computational calculations. [b] Using oxabicycle 307 instead of 311.

Ligand Experimental (a+b:c+d) Computational (β:α) 

Alkyl3P[a] 85:15 (90:10)[b] 92:8 

PPh3 54:46[b] 54:46 

In conclusion, the ratios of the calculations could be shown to be in accordance with the 

experimental data. Moreover, it could be shown that while the trans-pathway dominates the 

mechanism, the cis-pathway still significantly contributes to the observed ratios. Additionally, 

the necessity of investigating energetically higher lying conformers as the catalytically active 

species[291] could be shown. 
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5.5.6 Scope expansion 
A brief investigation into additional uses of oxabicycles beyond indene synthesis was conducted. 

Spiroindenes can be synthesized using norbornadiene in a Catellani-type reaction with O-

benzoyl hydroxylamine 342.[201] The reaction proceeds via intramolecular termination and 

formation of a quinoid moiety. The applicability of oxabicycle 296 as a substitute was tested 

(Table 36). 1H-NMR-revealed little conversion to the expected product following the conditions 

by Fan et al. (Figure 25).[201] MS data supported the presence of spiroindene 343 in the crude 

reaction mixture (m/z 294 APCI) and the presence of furan 344 (m/z. GC-MS EI 184.1) with 

incomplete conversion of 2-iodobiaryl 345. Under conditions more akin to the synthesis of 

indenes (Table 36) no product formation was observed. Formation of furan 344 was again 

observed (16%). No 1H-NMR signals corresponding to pre-retro-Diels-Alder product 346 were 

observed in either case with corresponding masses not being detectable by APCI-MS or EI-MS 

analyses. 

Table 36: Palladium-catalyzed Domino reaction for the synthesis of spiroindenes using oxabicycle 296. 

 

# Ligand solvent 
ArI 

[%] 

Product 

[%] 

Furan 

[%] 

BzONR2 

[%] 

1 (4-OMe-C6H4)3P DME 26 2[a] 8 0 

2 Cy3P·HBF4
[b] PhMe 3 0 16 29 

Conversions to products according to 1H NMR with 1,3,5-trimethoxybenzene as internal standard. [a] suspected 
product. [b] Cs2CO3 (3.2 equiv) 

 

345 
rac-296 

346 

344 343 

342 
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Figure 25: (A) Indene signals of 344. (B) Suspected indene signals of 343 According to 1H-NMR. 

  

A 

B 
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6 Outlook 

6.1 Flavonoids 
Over the course of the biological evaluation of biflavones, the first non-C2-symmetrical 

8,8′′-biflavone 219 (B,B′-unsymmetrical) was synthesized. This compound exerts higher 

bioactivity than the corresponding C2-symmetrical biflavone 217 (6.3 μM vs. 15.9 μM) (Figure 

26A). Investigations on a scope of B,B′-C2-unsymmetrical biflavones would therefore give 

insight into the structure activity relationship (Figure 26B). Additionally, the mode of action 

should further be probed. By identifying the biological target of the employed amino biflavones, 

more rational drug design could be employed. Furthermore, utilizing the meta-selective 

borylation, other A,A′-C2-unsymmetrical biflavones 367 could be accessible and thus libraries 

expanded with existing methodology. Furthermore, the best hits obtained thus far should be 

screened against further human cell lines such as cis-platinum resistant human cancer cell lines 

to evaluate the usefulness of these drug candidates against therapy resistant pathogens. 

 

Figure 26: (A) Bioactive synthesized 8,8′′-biflavones. (B) Non C2-symmetrical biflavones as a scope of novel 
natural product inspired lead structures. 
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In addition to these investigations, the newly identified bichalcone 166 could be used as a lead 

structure for further investigations. Isomerization in vivo to a mixture of various flavanone type 

side products could play a role in the activity of this compound. Stereoselective synthesis of 

flavanones has been investigated thoroughly in literature.[295] Thus, starting from chalcones 

(136) via organocatalysts could provide the flavanones (368) in an enantioselective manner 

(Scheme 97A).[296] These conditions could then be transferred to the bichalcones (Scheme 97B) 

to provide the corresponding chalcone-flavanone (254) and biflavanones (255). The 

diastereoselectivity of this reaction should be investigated even in the absence of chiral 

organocatalyst. First experiments at identifying these side products have been conducted 

(Chapter 5.2.3.1) but diastereo- and chemoselectivities have barely been investigated. 

 

Scheme 97: (A) Cyclization of chalcones to flavanones using chiral catalysts. (B) Cyclization of bichalcones to 
flavanone type products. 
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6.2 Scope of biaryls 
Overall, the synthesis sequence of the biphenol 27 synthesis was able to provide both 

enantiomers of the desired product in a yield of 17% over 8 steps. The yield of several steps in 

this sequence should be able to be improved. Multiple bottlenecks were identified. First the 

formation of the iodonium salt resulted in less than quantitative isolation of the desired product. 

It was suspected that the remainder of the product remained in solution due to the excess of 

benzoic acid. Column chromatographic isolation did not result in product isolation but isolation 

of small amounts of the benzoate salt 369 (Scheme 98). A base wash with subsequent NaOTf 

could be attempted to increase the yield of this step. 

 

Scheme 98: (A) Synthesis of iodonium salt with isolated side product 369. (B) 1H-NMR spectrum of benzoate salt 
369. 
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Next the Oxone® mediated oxidation could be tweaked to improve the obtained yields (Scheme 

99). Milder conditions could be attempted to avoid overoxidation of the aryl iodide. 

Additionally, isolation of the desired product by base-wash could be attempted to remove the 

need for column chromatographic isolation. 

 

Scheme 99: Boronic acid ester oxidation. 

Lastly, the halogen-oxygen exchange to generate the desired biphenol 27 only proceeded with 

acceptable yields of 45% after recrystallization (Chapter 5.2.2.5). To mitigate this, a change in 

strategy could be attempted. Literature known ring opening using benzoates to obtain 

non-C2-symmetrical 370 (Scheme 100A) should be considered.[79] Subsequent halogen-oxygen 

exchange of biaryl 371 would elongate the synthesis route but improve yields (Scheme 

100B).[79] Conveniently, the same chiral ligands are used in this transformation as the ones used 

for the halide ring opening (Chapter 5.2.2.2).[81] 

 

Scheme 100: Alternative route using a benzoate for the stereoselective ring opening. 
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With a high yielding protocol for the synthesis of borylated biaryls established (Chapter 5.2.2), 

several additional applications can be imagined. Hydrolysis of the esters to obtain the analogous 

boronic acids 372[297] could make these structures intriguing candidates for novel axially chiral 

copolymers[298] or covalent organic frameworks (COF) 373 (Scheme 101).[299] In particular 

linear axially chiral conjugated polymers 374 have recently been investigated and would benefit 

greatly from the established methodology[300] and be accessible by simple literature known 

bromine substitution (375) of the boronic acid esters.[194] 

 

Scheme 101: Application of diborylated biaryls in the construction of axially chiral polymers. 

In addition to the investigated C2-symmetrical building blocks, non-C2-symmetrical cyclic 

diaryliodonium salts 376 should be considered in combination with the borylation methodology 

to obtain a scope of electronically modified non-C2-symmetrical dihalobiaryls 377. These 

analogues could find applications in the synthesis of P-chiral dibenzophospholes 378, a class 

of fairly unflexible arylphoshpine ligands in transition metal-catalyzed reactions (Scheme 

102).[155b] The axial-to-point chirality transfer and the stereoelectronic implications of the arene 

substitution are currently under investigation by M.Sc. Dominic Baderman (Institute of 

Bioorganic Chemistry, Heinrich-Heine University). 

239 372 

375 374 

373 
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Scheme 102: Application of the meta-selective borylation for non-C2-symmetrical substrates and their use in the 
construction of P-chiral dibenzophospholes. 
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6.3 Catellani 
Low conversions of starting material and small amounts of ipso hydrogenation side product 

formation were observed over the course of the reaction using the improved protocol 

(Chapter 5.3.3). Inactivation of the palladium catalyst was thought to be responsible for the low 

conversion of starting material. Benzoyl hydroxylamine derivates such as 4-methoxyphenyl- 

(379), perfluorophenyl- (380), and 4-trifluoromethylphenylcarboxylates (381) have been 

reported in literature and could thus be used as alternative reagents (Figure 27A).[261, 301] The 

substituent were shown to have a clear effect on the reactivity in transition metal catalyzed 

reactions.[302] Thus electronically modifying the hydroxyl amino benzoate may result in less 

palladium inhibition and therefore higher conversions to product. To investigate the ipso-

hydrogenation, the mode of action of this side product formation would need to be identified. 

Deuterium labeling studies suggest the incorporation of the ortho-hydrogen.[160a] Kinetic 

studies could be conducted to see if side product formation is linear or increases over time. 

Additionally, the influence of water should further be investigated. A relevant influence could 

be observed indicating a setup in a glovebox-type environment may be required for higher 

conversions to product. Finally, a scope should be synthesized to further probe the applicability 

of this protocol especially for sterically more congested systems (Figure 27B). 

 

Figure 27: (A) Variously substituted benzoyl hydroxylamines to investigate product formation. (B) Scope of 
2-aminobiaryls by increasing steric bulk of the ortho substituents. 
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6.4 Silylation 
In the context of these investigations, the stereodynamics of the system at room temperature 

was supported by computational studies. Further DFT calculations are required to verify these 

results. A preliminary ligand screening revealed tight binding of bidentate L-L and L-X type 

ligands. Modifications of the reaction conditions beyond solvent screening should be conducted 

to attest the viability of this approach. Various amide ligands employed in literature contain 

protected carboxylates to mitigate tight binding which should also be explored.[276, 303] 

Additionally, a deracemization strategy could be investigated based on reversible C-I bond 

cleavage developed by the Lautens group (Scheme 103).[304] 

 

Scheme 103: Pd-catalyzed deracemization by reversible C-I bond cleavage using a chiral ligand. 

6.5 Chiral Acetylene 
In investigating the enantioselective synthesis of indenes, racemic mixtures of chiral 

oxabicycles as acetylene analogues could be used to probe the stereoselectivity of the reaction 

(Chapter 5.5). Therefore, without the need for enantioenriched oxabicycles, de-novo synthesis 

of such electronically modified analogues should be viable (Figure 28A). The synthesis of 

ketone/ester oxabicycle 321 should be improved to evaluate other electron-deficient systems 

such as keto-amide 382. Additional oxabicycles obtained from substituted alkynes like methyl 

phenylpropiolate 383 or methyl propiolate 384 could be of interest. These assessments are 

currently undergoing further investigations.[278] Moreover, to exclude other species from being 

catalytically relevant and further validate the results, variously substituted Pd-complexes should 

be investigated. Further candidates for investigation include various substitutions of the 

palladium besides iodide (Figure 28B). The transition state between uncoordinated complex 

and both regioisomeric π-complexes TS-2 could also be relevant in determining the 

regioselectivity under the Curtin-Hammett paradigm (Figure 28C).[305] As such, the mechanism 

238 

238 
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is still under scrutiny and must be probed further. In the end, the optimized oxabicycle system 

should be tested using the same methods to verify the applicability of the model. 

 

Figure 28: (A) Scope of oxabicycles to consider for the synthesis of prDA intermediates to assess the regio- and 
diastereoselectivities. (B) Alternative substituents X-type ligands on the relevant palladium complexes to assert 
the catalytically relevant transition states. (C) Alternative transition state to consider for the observed 
regioselectivity. 
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7 Experimental 

7.1 General information 
All chemicals not synthesized or present in the group were purchased from Sigma-Aldrich Co., 

Alfa Aesar GmbH & Co. KG, Merck KGaA or Fluorochem Ltd. All reactants were used without 

any further purification unless stated otherwise. Methanol was dried using activated molecular 

sieve (3 Å). DMSO was degassed via freeze-pump-thaw. Anhyd. diethylether and 

dichloromethane were taken from the solvent purifier MB SPS-800 by MBraun. Silica gel 60 

(0.040 – 0.063 mm, 230 – 400 mesh) by Machery Nagel used for synthesis was dried in an oven 

at 110 °C over night. Anhyd. solid reagents were stored in a desiccator under an atmosphere of 

N2. 

Working under inert conditions 

All glassware and stirring bars used for reactions under anhyd. or inert conditions were put in 

an oven at 110 °C for at least 12 h. When removing glassware from the oven it was sealed 

airtight using septa and stopcocks. It was then attached to a Schlenk-line and left to cool under 

nitrogen-gas, which was itself dried over SICAPENT®, for several minutes. Glassware was 

then dried using Schlenk-technique by heating the glassware under vacuum for several minutes 

and then letting it cool to room temperature under N2-flow. This process was repeated three 

times. Septa were only opened briefly during the addition of reactants under N2-countercurrent. 

Liquid reactants, solvents and solutions of reactants were transferred using syringes flushed 

three times with N2.  

Laboratory devices 

Solvents were removed using rotary evaporators at a bath temperature of 40 °C under reduced 

pressure. Analytic balance AE 163 by Mettler Toledo was used to determine and weigh yields 

and reactants. Sonication of reactions was conducted using ultrasonic cleaning bath T310 by 

Elma Schmidbauer GmbH. Distillations of liquid aldehydes were conducted using 

Kugelrohrofen Glass Oven B-580 and Glass Oven B-585 by Büchi under reduced pressure. 

Chromatography 

For thin layer chromatography (TLC) silica gel plates (Polygram® SIL G/UV 254) by Machery-

Nagel with fluorescent indicator. Spots were made visible under UV light, using aqueous 

potassium permanganate solution, cerium ammonium molybdate stain (CAM), anisaldehyde. 

Column chromatographic purification was conducted using the appropriate solvent mixture and 
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silica gel 60 (0.040 – 0.063 mm, 230 – 400 mesh) by Machery Nagel in cylindric glass columns 

by applying pressure with compressed air. 

Analytical devices 

1H-, 13C-, DEPT-135-, COSY-, HSQC-, HMBC-NMR spectra were measured on the 

spectrometer Bruker Avance/DRX 600 at a frequency of 600 MHz (1H) and 151 MHz (13C). 
19F-, 11B- and select 1H- and 13C-NMR spectra were measured on the spectrometer Bruker 

Avance/DRX 300 at a frequency of 282 MHz (19F), 96 MHz (11B), 300 MHz (1H) and 75 MHz 

(13C). Additional select 1H-, 13C and 31P- spectra (most spectra related to chapter 5.5) were 

measured on Bruker Avance III NMR Spectrometer (400 MHz 1H), Varian MercuryPlus NMR 

Spectrometer (400 MHz 1H) and Agilent DD2 NMR Spectrometer (500 MHz 1H). Deuterated 

chloroform with or without 0.03 vol% TMS (CDCl3) or deuterated d6-DMSO were used as 

solvent. The 1H- and 13C-spectra were referenced to the solvent peak (CDCl3 δ = 7.26 ppm (1H), 

δ = 77.16 ppm (13C)). Data was evaluated using the software MNova (MestReNova) version 

14.1.2 by Mestrelab Research. Coupling constants J were given in Hz and chemical shifts δ in 

ppm (parts per million). Multiplicities are abbreviated as the following: singlet (s), broad singlet 

(brs), doublet (d), triplet (t), quartet (q), multiplet (m). 

High resolution mass spectrometry (HRMS) was measured at the Heinrich Heine University 

Düsseldorf (Applied Biosystems/ MDS SCIEXQ Model Trap 4000) with electron spray 

ionization (ESI). Low resolution mass spectrometry was conducted using the expression CMS 

system by Advion, Inc. in combination with an atmospheric pressure chemical ionization (APCI) 

or electron spray ionization (ESI). Gas chromatographic mass spectrometry (GC-MS) was 

conducted using the Thermo Scientific TRACE 1310 gas chromatograph (ISQ QD Single 

Quadrupole Mass Spectrometer, Helium). Elemental analyses were measured at the Heinrich 

Heine University Düsseldorf (Elementar, Vario Micro Cube). Furthermore, melting points 

(Stuart Scientific, Melting Point Apparatus SMP3), HPLC chromatograms (Thermo Scientific, 

Dionex UltiMate 3000 Column Comportment) and optical rotation (A.Krüss, P8000-TF) were 

measured with the appropriate devices. IR spectra were recorded using a SpectrumTwo FT-IR 

by PerkinElmer with attenuated total reflection (ATR). The absorption bands were given in 

units of wave numbers (cm-1). 
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X-ray

X-ray crystallographic data for compounds 166, 169 and 239 were measured by Wolfgang Frey

at the Department for Single Crystal Diffractometry of the Institute of Organic Chemistry at the 

University of Stuttgart. Data was collected using a Bruker Kappa APEXII Duo diffractometer. 

X-ray crystallographic data for compound 339 was measured by Alan Lough at the X-ray

Crystallography Lab of the Dept. of Chemistry, University of Toronto, Canada. Data was 

collected using a Bruker Kappa APEX-DUO CMOS PHOTON II diffractometer.  

The indicated deposition numbers (CCDC #) contain the supplementary crystallographic data 

for this paper. These data are provided free of charge by the joint Cambridge Crystallographic 

Data Centre and Fachinformationszentrum Karlsruhe Access Structures service. 

Structures were visualized using the CCDC software Mercury (2023.2.0). 

Chemicals 

n-BuLi in hexanes was titrated using diphenyl acetic acid as the indicator in triplicates.

Commercial nitrobenzene was washed with aq. NaOH solution (2 M), dist. water, HCl (1 M), 

dist. water and sat. aq. NaCl solution and dried over MgSO4. Then vacuum distillation was 

performed at 90 °C, 8·10-1mbar (head temperature 67 °C). After a stable head temperature was 

reached the liquid was collected into a round bottom flask charged with CaH2. The nitrobenzene 

distilled this way was stored under argon and sealed airtight. DMSO was degassed by freeze 

pump thaw method (3x freezing under N2, thawing under vacuum, typically 2·10-1
 – 2·10-2 mbar. 

Morpholine was distilled prior to use at 50 °C and 1.9·10-1 mbar. Benzylamine was distilled 

prior to use at 170 °C and 2.3·10-1 mbar. TMSCF3 was distilled using a Kugelrohrofen® prior 

to use (22 °C, 1.3·10-1 mbar). Benzophenone imine was distilled using a Kugelrohrofen® prior 

to use (160 °C, 7·10-2 mbar). 

Working with transition metal catalyst 

Stir bars used in transition metal catalyzed reactions were cleaned of trace metal impurities by 

stirring in a bath of conc. aqua regia (HNO3:HCl, 1:3). Reactions were performed in 2 dram 

(2 dr.) vial (ThermoScientific National B7999-3) equipped with a PTFE lined cap 

(ThermoScientific National B7995-15) and a stir bar (Fisher cat no. 14-513-57, 12 x 4.5 mm). 

Hot vials equipped with stir bars (110 °C for 24 h) were taken out of the oven and immediately 

capped with a rubber stopper (Saint-Gobain Natural Rubber Folding Skirt Stoppers cat. no. 

407010-50) and equipped with Argon filled balloons with an additional needle as an outlet. An 

https://www.ccdc.cam.ac.uk/structures
https://www.ccdc.cam.ac.uk/structures
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oil bath equipped with a stir bar was used as the heating source for such reactions. Solid reagents 

were weighed without gloves to avoid electrostatic discharging while using the analytical 

balances. After adding all non-volatile reagents, the outlet needle was removed. After adding 

all remaining reagents, the screw thread of the vial was lined with PTFE tape (in the same 

direction as the threading). The reactions were then sealed by removing the septum still 

equipped with the balloon swiftly and screwing on the PTFE lined cap, screwing on the lid 

tightly. The vial was the sealed with PTFE tape.  

 

Figure 29: Setup using 2 dram vials. Top left: vial capped with argon balloon. Top right: Zoom in to show stirring 
bar. Bottom left: threading lined with PTFE-tape (clockwise). Bottom right: septum removed and replaced with 
PTFE-lined rubber cap, sealed with PTFE-tape (clockwise). 

Working with internal standard 

If conversions to product(s) according to 1H-NMR are reported, the following general 

procedure was conducted. Reaction mixtures were worked up (extraction or filtration where 

applicable). Then a defined amount of internal standard (1,3,5-trimethoxy benzene) (around 6 
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– 20 mg) was weighed into a glass vial avoiding electrostatic discharge on the analytical balance. 

Then the internal standard was transferred to the crude product by dissolving in EtOAc und 

transferring by Pasteur pipette, making sure to rinse all glass ware thoroughly. Then solvents 

of the crude product were removed in vacuo, making sure not to heat the heating bath above 

45 °C and not to set the vacuum below 100 mbar. 

1H-NMR experiments for the quantification of conversions to product were conducted at a d1-

delay of 10 seconds. Variation of this delay of a complex mixture and integration over a fixed 

interval relative to 1,3,5-trimethoxy benzene as an internal standard are displayed in Table 37. 

The relative integers are in good agreement with one another except for a d1-time of 1 second. 

Therefore, quantifications using 1,3,5-trimethoxybenzene should be accurate. 

Table 37: d1-time-dependant relative integer using 1,3,5-trimethoxy benzene as internal standard.  

Entry d1-time [s] Integer (6.5 – 8.2 ppm) 

1 1 9.01 

2 5 8.82 

3 10 8.85 

4 20 8.76 

5 90 8.83 

 

DMF extraction 

The extraction efficiency of the aq. workup was investigated. A solution of 1,3-

dimethoxybenzene (0.10±0.02 mmol) in DMF (0.5 mL), was extracted with EtOAc (3 mL) and 

an aq. wash (1x H2O, 3x sat. aq. NaCl solution) in a vial using a pipette performed and the 

organic phase dried over MgSO4. Most DMF could be removed. The procedure gave an 

extraction efficiency of 99±7% in triplicates (1,3,5-trimethoxybenzene (0.10±0.03 mmol) 

according to 1H-NMR). Any compound less polar than 1,3,5-trimethoxybenzene should be 

extracted similarly well under these conditions. 

Computational software and details 

DFT[100]-calculations were carried out using the Orca (5.0.4 or 5.0.1)[267] quantum chemistry 

software packages. The conformer rotamer ensemble sampling tool (CREST)[289] based on the 

xTB[288] package was used to identify conformers. The censo[290] extension was used to identify 

the lowest lying conformers. Obtained ground states were confirmed by the absence of 

imaginary frequences after an analytical frequency calculation (AnFreq). Transition states were 
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identified by relaxed surface scan (RSS) of the same lowest energy conformers and confirmed 

to be first order saddle points by the presence of exactly one imaginary frequency. Hirshfeld 

charges[292] and condensed Fukui functions[293] (CFF) were calculated using Multiwfn (3.8).[294] 

Methods and base sets used for energy calculations and geometry optimizations are mentioned 

where applicable. Structures were visualized using the software Avogadro (1.2.0) or UCSF 

ChimeraX (1.2.5). All energies were calculated at 298.15 K and in gas phase unless specified 

otherwise. 
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7.2 Experimental Procedures 

7.2.1 Lipshutz Synthesis 

7.2.1.1 1,3-Dimethoxy-5-methylbenzene (123) 
A 500 mL round bottom flask equipped with stir bar was charged with 5-methylbenzene-1,3-

diol (10.0 g, 1.00 equiv, 80.6 mmol), acetone (180 mL, 0.44 M), K2CO3 (31.8 g, 2.86 equiv, 

230 mmol). The reaction mixture was cooled to 0 °C under stirring and Me2SO4 (16.8 mL, 

2.20 equiv, 177 mmol) added. The reaction mixture was then stirred at 65 °C for 4.5 h. Aq. sat. 

Na2SO3-solution (100 mL) was added, and the mixture stirred vigorously at 40 °C for 30 min. 

The aq. phase extracted with EtOAc (3x). The combined organic phases were washed with sat. 

aq. NaCl solution, dried over MgSO4 and solvents removed in vacuo. The crude product was 

then dissolved in CH2Cl2, washed with aq. NaOH solution (2x, 1 M) and the combined aq. 

phases dried over MgSO4. The product was isolated as an amber oil in a yield of 11.4 g 

(74.9 mmol, 93%). The analytical data were in accordance with literature.[102]  

1H NMR (600 MHz, CDCl3): δ 2.32 (s, 3H, Me), 3.79 (s, 6H, OMe), 6.31 (d, 4J2-4 = 2.3 Hz, 

1H, 2-H), 6.36 (d, 4J2-4 = 2.4 Hz, 2H, 4+6-H). 13C NMR (151 MHz, CDCl3): δ 21.91 (Me), 

55.31 (OMe), 97.64 (C-2), 107.20 (C-4+6), 140.31 (C-5), 160.84 (C-1+3). IR (ATR film) [cm-

1]: 2940, 2836, 1597, 1461, 1318, 1203, 1147, 1056, 1067, 917, 825, 682. TLC (petroleum 

ether:EtOAc 7:3 v/v): Rf = 0.67 APCI-MS: m/z: ([M + H+]): found: 153.0  

 
123 

 

7.2.1.2 3-Methoxy-5-methylphenol (124) 
A 500 mL Schlenk round bottom flask equipped with stir bar was charged with 1,3-dimethoxy-

5-methylbenzene (123) (11.3 g, 1.0 equiv, 74.3 mmol), DMF (120 mL, 0.53 M) and NaH 

suspension in petroleum oil (60 weight%) (6.53 g, 2.2 equiv, 163 mmol) The reaction mixture 

was cooled to 0 °C and a solution of n-propanethiol (13.5 mL, 2.0 equiv, 149 mmol) in DMF 

(20.0 mL, 7.4 M) was slowly. A reflux condenser was equipped, a gas wash bottle filled with 

dilute bleach (4 weight% NaOCl) solution equipped to the top of the condenser via tubing and 

the reaction mixture stirred at 170 °C for 3 h. After letting the reaction cool to ambient 

temperature, H2O (100 mL) was added, and the mixture extracted with petroleum ether (3x). 
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Then aq. HCl solution (4 M) was added until pH 1. The aq. phase was then extracted with Et2O 

(3x), the combined organic phases washed with sat. aq. NaCl-solution and dried over MgSO4 

and solvents removed in vacuo. The product was isolated by Kugelrohr® distillation and 

subsequent washing with cold H2O (3x) in EtOAc as a yellow oil in a yield of 9.27 g (67.1 mmol, 

90%). The analytical data were in accordance with literature.[102]  

1H NMR (600 MHz, CDCl3): δ 2.27 (s, 3H, Me), 3.76 (s, 3H, OMe), 6.30 (d, 4J2-4,2-6 = 2.3 Hz, 

1H, 2-H), 6.33 (d, 4J4-6,2-6 = 2.2 Hz, 1H, 6-H), 6.36 (d, 4J2-4,4-6 = 2.4 Hz, 1H, 4-H). 
13C NMR (151 MHz, CDCl3): δ 21.55 (Me), 55.28 (OMe), 98.77 (C-2), 107.42 (C-4), 109.03 

(C-6), 140.72 (C-5), 156.61 (C-1), 160.61 (C-3). IR (ATR film) [cm-1]: 3353, 1591, 1507, 

1472, 1336, 1154, 1064, 926, 829, 684, 613, 499. TLC (petroleum ether:EtOAc 7:3 v/v): Rf = 

0.42 APCI-MS: m/z: ([M + H+]): found: 139.1 Melting point: 61 – 63 °C Boiling point: 

91 – 93 °C (2·10−2 mbar)  
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7.2.1.3 3-Methoxy-5-methylphenyl acetate (125) 
A dry 250 mL round bottom flask equipped with stir bar was charged with NaH (suspension in 

mineral oil 60 weight%) (1.73 g, 1.00 equiv, 43.4 mmol) and anhydr. CH2Cl2 (80 mL, 0.54 M) 

was added at 0 °C. Then phenol 124 (6.00 g, 1.00 equiv, 43.4 mmol) was added at 0 °C and the 

reaction mixture stirred at 22 °C for 30 min. The solution was cooled to 0 °C and AcCl 

(3.25 mL, 1.05 equiv, 45.6 mmol) slowly added. The reaction mixture was stirred at 22 °C for 

1 h. H2O (100 mL) was added, the aq. phase extracted with EtOAc (3x), the combined organic 

phases washed with sat. aq. NaCl solution, dried over MgSO4 and the solvents removed in 

vacuo. The product was isolated as a yellow oil in a yield of 7.85 g (43.6 mmol, 100%). The 

analytical data were in accordance with literature.[102]  

1H NMR (600 MHz, CDCl3): δ 2.28 (s, 3H, OCOMe), 2.32 (s, 3H, Me), 3.77 (s, 3H, OMe), 

6.45 (d, 4J2-4,2-6 = 2.3 Hz, 1H, 2-H), 6.51 (t, 4J4-6,2-6 = 1.8 Hz, 1H, 6-H), 6.60 (dd, 4J4-6,2-4 = 2.6, 

1.4 Hz, 1H, 4-H). 13C NMR (151 MHz, CDCl3): δ 21.26 (OCOMe), 21.68 (Me), 55.47 (OMe), 

104.73 (C-2), 112.67 (C-4), 114.71 (C-6), 140.44 (C-1), 151.54 (C-5), 160.40 (C-3), 169.68 
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(OCOMe). IR (ATR film) [cm-1]: 2924, 1767, 1606, 1468, 1369, 1204, 1127, 1063, 1025, 826, 

677, 583. APCI-MS: m/z: ([M + H+]): found: 181.0; 139.0 (M - OAc- +H2O)  
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7.2.1.4 2-Bromo-5-methoxy-3-methylphenyl acetate (126) 
A 1000 mL round bottom flask equipped with stir bar was charged with arene 125 (7.00 g, 

1.00 equiv, 38.9 mmol) and acetonitrile (53 mL, 0.73 M). The reaction mixture was cooled to -

40 °C and NBS (7.12 g, 1.03 equiv, 40.0 mmol) added. The reaction mixture left to warm up to 

ambient temperature over night. After 18 h, sat. aq. Na2SO3 solution was added, and the aq. 

phase extracted with CH2Cl2 (3x). The combined organic phases were washed with sat. aq. 

NaCl solution, dried over MgSO4 and solvents removed in vacuo. The product was obtained as 

a mixture of regioisomers (86:14) as an orange oil in a yield of 10.1 g (38.9 mmol) and used in 

the next step without further purification. NMR data reported for the major regioisomer. The 

analytical data were in accordance with literature.[102]  

1H NMR (600 MHz, CDCl3): δ 2.89 (s, 3H, Me), 2.95 (s, 3H, OAc), 4.30 (s, 3H, OMe), 7.09 

(d, 4J4-6 = 3.0 Hz, 1H, 4/6-H), 7.26 (d, 4J4-6 = 3.0 Hz, 1H, 4/6-H). 13C NMR (151 MHz, CDCl3) 

δ 20.86, 23.40, 55.55, 106.90, 109.36, 114.29, 140.20, 148.93, 158.92, 168.66. APCI-MS: m/z: 

([M + H+]): found: 258.  
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7.2.1.5 2-Bromo-5-methoxy-3-methylphenol (128) 
A 500 mL round bottom flask equipped with stir bar was charged with arene 126 (mixture of 

regioisomers 86:14) (10.1 g, 1.0 equiv, 39.0 mmol), Na2CO3 (4.96 g, 1.2 equiv, 46.8 mmol) 

and MeOH (120 mL, 0.33 M). The reaction mixture was stirred at 85 °C for 40 mins and then 

at 22 °C for 21.5 h. Aq. HCl-solution (1 M, 100 mL) was added and the aq. phase extracted with 
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Et2O (3x). The combined organic phases were washed with sat. aq. NaCl solution, dried over 

MgSO4 and solvent removed in vacuo. The product was isolated by Kugelrohr® distillation (at 

no more than 110 °C) as white solids in a yield of 6.14 g (28.3 mmol, 73%) over two steps. The 

analytical data were in accordance with literature.[102] 1H NMR (600 MHz, CDCl3): δ 2.36 (s, 

3H, Me), 3.76 (d, 5J = 1.3 Hz, 3H, OMe), 5.63 (s, 1H, OH), 6.42 (d, 4J4-6 = 2.9 Hz, 1H, H-4), 

6.46 (d, 4J6-4 = 2.9 Hz, 1H, H-6). 13C NMR (151 MHz, CDCl3): δ 23.33 (Me), 55.56 (OMe), 

98.95 (C-6), 104.11 (C-2), 109.30 (C-4), 139.01 (C-3), 153.14 (C-1), 159.74(C-5). IR (ATR 

film) [cm-1]: 3339, 2959, 1582, 1481, 1341, 1305, 1254, 1194, 1162, 1018, 836, 809, 624, 550. 

TLC (petroleum ether:EtOAc 7:3 v/v): Rf = 0.56 APCI-MS: m/z: ([M + H+]): found: 216.9 

Melting Point: 73 – 75 °C Boiling point: 100°C (2.5·10-2 mbar)  
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As a side product of the distillation the regioisomer 129 was obtained as a 94:6 mixture 

(129:128) in a yield of 1.67 g (7.70 mmol, 20%). The analytical data were in accordance with 

literature.[102]  

1H NMR (600 MHz, CDCl3): δ 2.35 (s, 3H, Me), 3.85 (d, J = 3.6 Hz, 3H, OMe), 4.88 (s, 1H, 

OH), 6.31 (d, 4J4-6 = 2.7 Hz, 1H, 6-H), 6.36 (d, 4J4-6 = 2.7 Hz, 1H, 2-H). 
13C NMR (151 MHz, CDCl3): δ 23.30 (Me), 56.31 (OMe), 97.77 (C-6), 104.93 (C-4), 109.60 

(C-2), 140.14 (C-3), 155.24 (C-1), 156.84 (C-5). TLC (petroleum ether:EtOAc 7:3 v/v): Rf = 

0.42 APCI-MS: m/z: ([M + H+]): found: 216.9 Melting Point: 122 – 124 °C  
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7.2.1.6 2-Bromo-5-methoxy-1-(methoxymethoxy)-3-methylbenzene (29) 
A dry 250 mL round bottom flask equipped with stir bar was charged with phenol 128 (7.00 g, 

1.0 equiv, 32.3 mmol) and DMF (100 mL, 0.33 M). The solution was cooled to 0 °C and NaH 

(suspension in mineral oil 60 weight%) (1.68 g, 1.3 equiv, 41.9 mmol) was slowly added under 
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stirring and the mixture stirred at 22 °C for 1.15 h. Then chlormethyl-methylether (2.94 mL, 

1.2 equiv, 38.7 mmol) was added at 0 °C and the reaction stirred at 22 °C for 50 min. H2O 

(100 mL) was added, the aq. phase extracted with Et2O (3x), the combined organic phases 

washed with sat. aq. NaCl-solution, dried over MgSO4 and solvents removed in vacuo. The 

product was isolated by Kugelrohr® distillation as a colorless oil in a yield of 8.43 g (32.3 mmol, 

99%). The analytical data were in accordance with literature.[102]  

1H NMR (600 MHz, CDCl3): δ 2.38 (s, 3H, Me), 3.51 (s, 3H, CH2OMe), 3.75 (s, 3H, OMe), 

5.21 (s, 2H, CH2OMe), 6.48 (d, 4J4-6 = 2.8 Hz, 1H, H-4), 6.59 (d, 4J4-6 = 2.8 Hz, 1H, H-6). 
13C NMR (151 MHz, CDCl3): δ 23.57 (Me), 55.38 (OMe), 56.28 (CH2OMe), 95.18 (CH2OMe), 

100.50 (C-6), 106.23 (C-2), 109.28 (C-4), 139.77 (C-3), 154.46 (C-1), 159.14 (C-5). IR (ATR 

film) [cm-1]: 2947, 1581, 1468, 1322, 1156, 1048, 1025, 996, 929, 826, 604. TLC (petroleum 

ether:EtOAc 7:3 v/v): Rf = 0.56 APCI-MS: m/z: ([M + H+]): found: 261.0 Boiling point: 

120°C (8·10-2 mbar)  
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7.2.1.7 4,4'-Dimethoxy-2,2'-bis(methoxymethoxy)-6,6'-dimethyl-1,1'-biphenyl (28) 
A dry 250 mL Schlenk round bottom flask equipped with stir bar was charged brominated arene 

29 (2.00 mL, 1.00 equiv, 10.8 mmol) and the vessel evacuated and backfilled with N2 (3x). 

Degassed (sparging) anhydrous THF (40 mL, 0.27 M) was added, and the mixture cooled to -

78 °C. A solution of t-BuLi in pentanes (1.7 M, 11.1 mL, 1.75 equiv, 18.9 mmol) was added 

dropwise under stirring continuing to stir at that temperature for 15 mins. Then a solution of 

CuCN·2 LiCl (1.0 M, 5.40 mL, 5.40 mmol) was added dropwise and the reaction stirred for a 

further 15 mins at -78 °C. A separate dry 100 mL round bottom flask was charged with 

bichinone 30 (4.85 g, 1.1 equiv, 11.9 mmol) and the vessel evacuated and backfilled with N2 

(3x) and degassed anhydrous THF (80 mL, 0.15 M) was added and the resulting solution 

transferred via a cannulation to the reaction vessel at -78 °C. The resulting mixture was stirred 

for 30 mins at -78 °C, then at 22 °C for 30 mins. MeOH (5 mL) was added, solvents removed 

in vacuo and the resulting solids filtered over a pad of Celite® washing with MeOH. The solid 

residues were left to stand over night and then collected and submitted to recycling by 
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recrystallization from i-PrOH to provide bichinone 30. To the filtrate was added aq. KPi-buffer 

(1 M, pH 7) and the aq. phase extracted with CH2Cl2 (3x), the combined org. phases washed 

with aq. NaCl solution and dried over MgSO4. The product was isolated by column 

chromatography (petroleum ether:EtOAc 8:2 v/v) as a colorless oil in a yield of 1.68 g 

(4.64 mmol, 86%). The analytical data were in accordance with literature.[102]  

1H NMR (600 MHz, CDCl3): δ 1.95 (s, 3H, Me), 3.30 (d, 4JOMe-CH2 = 1.3 Hz, 3H, CH2OMe), 

3.82 (d, 4JOMe-CH2 = 1.3 Hz, 3H, OMe), 4.97 (d, 2JCH2-CH2 = 6.8 Hz, 1H, CH2OMe-Ha), 5.02 (d, 
2JCH2-CH2 = 6.7 Hz, 1H, CH2OMe-Hb), 6.52 (d, 4J3-5 = 2.4 Hz, 1H, 5-H), 6.64 (d, 4J3-5 = 2.4 Hz, 

1H, 3-H). 13C NMR (151 MHz, CDCl3): δ 20.26 (Me), 55.32 (OMe), 55.85 (CH2OMe), 94.95 

(CH2OMe), 99.66 (C-3), 108.54 (C-5), 119.87 (C-1), 139.51 (C-6), 155.98 (C-2), 159.48 (C-4). 

IR (ATR film) [cm-1]: 2949, 1600, 1460, 1306, 1215, 1151, 1035, 987, 927, 827, 627, 522. 

TLC (petroleum ether:EtOAc 8:2 v/v): Rf = 0.29 APCI-MS: m/z: ([M + Na+]): found: 385.2 

Boiling point: >115°C (8·10-2 mbar)  
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7.2.1.8 3,3',5,5'-Tetra-tert-butyl-[1,1'-bi(cyclohexylidene)]-2,2',5,5'-tetraene-4,4'-
dione (30) 

A 500 mL round bottom flask equipped with stir bar was charged with 2,6-di-tert-butylphenol 

(18.3 g, 1.0 equiv, 88.6 mmol), i-PrOH (180 mL, 0.49 M), and aq. KOH solution (30 mL, 

11.9 M, 4.0 equiv, 356 mmol). A rubber stopper with an outlet was equipped and a stream of 

O2 using a balloon was bubbled through solution at 22 °C under stirring for 24 h. H2O (100 mL) 

and CH2Cl2 (100 mL) were added and the organic phase separated and solvents removed in 

vacuo. The resulting solids were recrystallized from i-PrOH (110 mL). Solids were collected 

and the pure product isolated in a yield of 7.09 g (17.6 mmol, 39%). The analytical data were 

in accordance with literature.[102]  

1H NMR (600 MHz, CDCl3): δ 1.36 (s, 36H), 7.70 (s, 4H, C(CH3)3). 
13C NMR (151 MHz, CDCl3): δ 29.74 C(CH3)3), 36.17 (C(CH3)3), 126.16 (C-2), 136.28 (C-1), 
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150.59 (C-3), 186.62 (C-4). IR (ATR film) [cm-1]: 2953, 1603, 1566, 1451, 1355, 1258, 1097, 

1035, 897, 885, 836, 817, 742, 518. APCI-MS: m/z: ([M + H+]): found: 409.3 Melting point: 

245 – 246 °C  

 
30 
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7.2.2 Chalcones and Flavones 
The following chapter is a revised version of results published in Klischan et al. ACS Omega 2023,[108b] 

7.2.2.1.1 2-Phenyl-4H-chromen-4-one (194) 
A round bottom flask equipped with stir bar was charged with I2 (93.2 mg, 5 mol%, 

0.367 mmol), DMSO (75 mL, 0.1 M), 2’-hydroxyacetophenone (193) (1.00 g, 1.00 equiv, 

7.34 mmol) and pyrrolidine (0.303 mL, 0.5 equiv, 3.67 mmol). The reaction mixture was stirred 

at 150 °C for 23 h. H2O and a solution of aq. Na2S2O3 (10 % w/w) were added, the aq. phase 

extracted with EtOAc (3x) and solvents removed in vacuo. The product was obtained by column 

chromatography (petroleum ether:EtOAc 80:20 v/v) as orange needles (256 mg) with trace 

impurities. Recrystallization (petroleum ether:EtOAc) gave the final product as pink needles in 

a yield of 140 mg (0.630 mmol, 9%). The analytical data were in accordance with literature.[306]  

1H NMR (600 MHz, CDCl3): δ 6.85 (s, 1H, 3-H), 7.39 – 7.46 (m, 1H, 6-H), 7.51 – 7.56 (m, 

3H, 4’+3’-H), 7.58 (d, 3J7-8 = 8.4 Hz, 1H, 8-H), 7.71 (ddd, 3J7-8 = 8.6 Hz, 3J7-6 = 7.1 Hz, 
4J7-5 = 1.7 Hz, 1H, 7-H), 7.94 (dd, 3J2’-3’ = 7.7 Hz, 4J3’-4’ = 2.0 Hz, 2H, 2’-H), 8.24 (dd, J = 8.0, 

1.7 Hz, 1H, 5-H). 13C NMR (151 MHz, CDCl3): δ 107.71 (C-3), 118.25 (C-8), 124.05 (C-4a), 

125.43 (C-6), 125.88 (C-5), 126.49 (C-2’), 129.22 (C-3’), 131.81 (C-4’), 131.92 (C-1’), 133.99 

(C-7), 156.44 (C-8a), 163.68 (C-2), 178.64 (C-4). IR (ATR film) [cm-1]: 3517, 3065, 1646, 

1569, 1462, 1378, 1217, 1125, 902, 764, 680. TLC (petroleum ether:EtOAc, 8:2 v/v): Rf = 0.16 

ESI-MS: m/z [M + H+]: found: 223.1.  
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7.2.2.2 Synthesis of Starting Materials 

7.2.2.2.1 1-(2,6-Dihydroxy-4-methylphenyl)ethan-1-one (131) 
A 500 mL round bottom flask fitted with a Schlenk-stopcock equipped with stir bar was charged 

with 5-methylbenzen-1,3-diol (122) (20.0 g, 161 mmol, 1.0 equiv), AlCl3 (64.5 g, 3.0 equiv, 

483 mmol) and anhydr. chlorobenzene. A gas washing bottle was equipped and filled with aq. 

KOH-solution (300 mL, 1 M). Acetyl chloride (16.1 mL, 1.4 equiv, 226 mmol) was carefully 

added at 0 °C. After complete addition the reaction mixture was heated at 70 °C for 17 h. After 
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full conversion a gas washing bottle was equipped and filled with aq. KOH-solution (300 mL, 

1 M) to quench excess HCl-gas. The reaction mixture was cooled to 0 °C Water (300 mL) was 

carefully added to the reaction mixture. The aq. phase was extracted with CH2Cl2 (4x 140 mL) 

and the combined organic phase washed with sat. NaCl-solution and dried over MgSO4. Solids 

were filtered off and the solvent removed in vacuo. The product was isolated by 

recrystallization from PhMe (40 mL) as amorphous yellow solids in a yield (23.5 g, 141 mmol, 

88 %). The analytical data were in accordance with literature.[215a]  

1H NMR (600 MHz, CDCl3): δ 2.23 (s, 3H, Me), 2.74 (s, 3H, COMe), 6.24 (s, 2H, 3-H), 9.88-

10.40 (brs, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 21.98 (Me), 33.25 (COMe), 108.36 (C-

1), 109.24 (C-3), 148.18 (C-4), 161.39 (C-2), 204.79 (COMe).IR (ATR film) [cm-1]: 3324, 

3155, 2260, 1739, 1633, 1577, 1514, 1422, 1373, 1207, 1084, 1077, 957, 922, 816, 721, 527. 

TLC (petroleum ether:EtOAc, 95:5 v/v): Rf = 0.42 ESI-MS: m/z [M + H+]: found: 167.1. 

Melting point: 143 – 148 °C (144 – 146 °C)[215a]  
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7.2.2.2.2 1-(2,4,6-Trihydroxyphenyl)ethan-1-one (132) 
A 500 mL round bottom flask equipped with stir bar was charged with 1,3,5-trihydroxybenzene 

(130) (30.0 g, 1.0 equiv, 238 mmol) and EtOAc (240 mL, 1 M). Then Ac2O (27.0 mL, 1.2 equiv, 

285 mmol) was added. BF3·Et2O (33.2 mL, 1.1 equiv, 262 mmol) was carefully added at 22 °C. 

A reflux condenser was equipped, and the resulting mixture was stirred for 5 h at 65 °C. After 

full conversion an aq. solution of NaOH (1 M) was added until pH 3. H2O (100 mL) was added, 

and the aq. phase was extracted with EtOAc (4x 140 mL) and the combined organic phase 

washed with sat. NaCl-solution and dried over MgSO4 and solvents removed in vacuo. The 

product was obtained by recrystallization from H2O (130 mL) amorphous orange solids in a 

yield of 37.5 g (222 mmol, 94 %). The analytical data were in accordance with literature.[215b] 
1H NMR (600 MHz, DMSO-d6): δ 3.36 (s, 3H, COMe), 5.79 (s, 2H, 3-H), 10.37 (s, 1H, 4-OH), 

12.23 (s, 2H, 2-OH).13C NMR (151 MHz, DMSO-d6): δ 32.27 (COMe), 94.48 (C-3), 103.99 

(C-1), 164.22 (C-2/4), 164.70 (C-2/4), 202.37 (COMe). IR (ATR film) [cm-1]: 3535, 3459, 

3105, 3042, 2901, 2781, 2605, 1622, 1529, 1453, 1409, 1361, 1278, 1242, 1205, 1165, 1087, 
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1064, 1021, 962, 811, 757, 657, 612, 571, 524. TLC (petroleum ether:EtOAc, 95:5 v/v): Rf = 

0.42 ESI-MS: m/z [M + H+]: found: 169.1. Melting point: 215 – 217 °C (216 – 217 °C)[307]  
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7.2.2.2.3 1-(2-Hydroxy-6-methoxy-4-methylphenyl)ethan-1-one (133) 
A 500 mL round bottom flask equipped with stir bar was charged with acetophenone 131 

(19.0 g, 1.0 equiv, 115 mmol) and K2CO3 (17.4 g, 1.1 equiv, 126 mmol) and acetone (800 mL, 

0.14 M). Me2SO4 (11.9 mL, 1.1 equiv, 126 mmol) was slowly added at 22 °C. After full 

addition a reflux condenser was equipped, and the reaction mixture stirred at 60 °C for 2 h. 

After full conversion, a solution of aq. Na2SO3 (100 mL, 10 %) was added and the reaction 

mixture left to stir for an additional 2 h at 40 °C. After letting the mixture cool to 22 °C, a 

solution of aq. HCl (100 mL, 1 M) was carefully added until no more gas evolution was 

observed. The aq. Phase was then extracted using EtOAc (3x 150 mL). The combined organic 

phases were washed with sat. aq. NaCl-solution (100 mL) and dried over MgSO4. Solids were 

filtered off and the solvents removed in vacuo. The product was obtained as off-white solids in 

a yield of 17.4 g (96.6 mmol, 84 %). The analytical data were in accordance with literature.[215c]  

1H NMR (600 MHz, CDCl3): δ 2.29 (s, 3H, Me), 2.63 (s, 3H, COMe), 3.86 (s, 3H, OMe), 6.17-

6.19 (m, 1H, 3/5-H), 6.37 (dd, 4J3-5 = 1.6 Hz, 1H, 3/5-H), 13.36 (s, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 22.46 (Me), 33.45 (COMe), 55.61 (OMe), 102.51, 109.32, 

111.10, 147.83 (C-4), 161.50 (C-2), 164.85 (C-6), 204.50 (COMe). IR (ATR film) [cm-1]: 3014, 

2972, 2944, 2852, 2612, 2394, 1618, 1595, 1466, 1452, 1419, 1370, 1311, 1288, 1261, 1220, 

1188, 1112, 1028, 1014, 968, 939, 854, 826, 749, 657, 606, 592, 547, 529. TLC (petroleum 

ether:EtOAc, 95:5 v/v): Rf = 0.42 ESI-MS: m/z [M + H+]: found: 181.1. Melting point: 78 – 

82 °C (79 °C)[215c]  
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7.2.2.2.4 1-(2-Hydroxy-4,6-dimethoxyphenyl)ethan-1-one (47) 
A 500 mL round bottom flask equipped with stir bar was charged with acetophenone 132 

(37.5 g, 1.0 equiv, 223 mmol) and K2CO3 (64.7 g, 2.1 equiv, 468 mmol) and (500 mL). 

Me2SO4 (44.4 mL, 2.1 equiv, 468 mmol) was slowly added at 22 °C. After full addition a reflux 

condenser was equipped, and the reaction mixture stirred at 65 °C for 4 h. After full conversion, 

a solution of aq. Na2SO3 (150 mL, 10 %) was added and the reaction mixture left to stir for an 

additional 2 h at 40 °C. After letting the mixture cool to 22 °C, a solution of aq. HCl (150 mL, 

1 M) was carefully added until no more gas evolution was observed. The aq. Phase was then 

extracted using EtOAc (3x 200 mL). The combined organic phases were washed with sat. aq. 

NaCl-solution (100 mL) and dried over MgSO4. Solids were filtered off and the solvent 

removed in vacuo. The crude product was recrystallized from MeOH (55 mL). The product was 

obtained as amorphous off-white solids in a yield of (32.2 g, 164 mmol, 74 %). The analytical 

data is in accordance with literature.[215d]  

1H NMR (600 MHz, CDCl3): δ 2.59 (s, 3H, COMe), 3.80 (s, 3H, OMe), 3.84 (s, 3H, OMe), 

5.90 (d, 3J3-5 = 2.4 Hz, 1H, 3/5-H), 6.04 (d, 3J3-5 = 2.4 Hz, 1H, 3/5-H), 14.03 (s, 1H, OH) 
13C NMR (151 MHz, CDCl3): δ 32.96 (COMe), 55.63 (OMe), 90.85, 93.67, 106.16, 163.05 (C-

2), 166.23 (C-4/6), 167.71 (C-4/6), 203.22 (COMe). IR (ATR film) [cm-1]: 3098, 3007, 2936, 

2845, 2598, 1582, 1457, 1439, 1422, 1439, 1365, 1324, 1264, 1206, 1156, 1114, 1082, 1044, 

1029, 961, 940, 893, 833, 812, 744, 713, 690, 658, 597, 557, 533. TLC (petroleum ether:EtOAc, 

6:4 v/v): Rf = 0.59 ESI-MS: m/z [M + H+]: found: 197.1. Melting point: 78 – 80 °C 

(78 – 80 °C)[308]  
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7.2.2.2.5 rac-1-(2-Hydroxy-6-methoxy-4-methylphenyl)ethan-1-one (134) 
Preparation of FeCl3 on SiO2 (FeCl3/SiO2) 50% w/w: A 1000 mL round bottom flask was 

charged with anhyd. FeCl3 (17.3 g, 4.8 equiv), 107 mmol) anhyd. MeOH (45 mL), anhyd. Et2O 
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(500 mL) and anhyd. SiO2 (17.26 g). The resulting brown suspension was sonicated for 15 min. 

The solvent was removed in vacuo at 40 °C until a brown slurry remained. The remaining 

solvent was slowly removed in vacuo at 60 °C over 3 h. The resulting fine, orange powder was 

stored under N2 and used for synthesis the following day. Oxidative coupling: A 1000 mL round 

bottom flask was charged with acetophenone 133 (8.00 g, 1.0 equiv, 44.4 mmol) and anhyd. 

CH2Cl2 (900 mL, 0.05 M). FeCl3/SiO2 (50% w/w, 69.1 g, 4.8 equiv) was added at once and the 

resulting black suspension sonicated for 15 min. Solvent was then removed at 43 °C in vacuo 

on a rotary evaporator. Reaction controls were performed by TLC and 1H-NMR by taking an 

aliquot and conducting a mini workup as described below. After 3.45 h to the black powder 

were added aq. HCl-solution (1 M, 50 mL) and CH2Cl2 (50 mL). The mixture was filtered over 

a pad of Celite® and the filter cake washed with CH2Cl2 (700 mL). The filter cake was kept for 

further washing once most of the water was evaporated. The aq. layer was separated and washed 

with CH2Cl2 (4 x 100 mL). The combined organic layers were washed with aq. Na2EDTA-sol. 

(50 mM, 200 mL) and sat. NaCl-solution (100 mL) and dried over MgSO4. Solids were filtered 

off and solvent removed in vacuo. The crude product was isolated by washing with acetone 

(15 mL) and subsequent removal of the acetone. The solids were collected. The acetone 

washing-solution was removed in vacuo and the process repeated with the then obtained 

residual crude product twice over. The product was isolated as pale yellow solids in a yield of 

4.58 g (12.8 mmol 58%). The analytical data is in accordance with literature.[102]  

In a further experiment following a literature known procedure[102] a 50 mL Schlenk-vial 

equipped with stir bar was charged with biaryl 27 (343 mg, 1.0 equiv, 1.25 mmol, >99%ee Sa) 

and anhydr. chlorobenzene (12.5 mL, 0.1 M). The solution was stirred at 0 °C (600 rpm), acetyl 

chloride (200 μL, 2.2 equiv, 2.75 mmol) added dropwise and then the mixture stirred at room 

temperature for 30 minutes. Then TiCl4 (820 μL, 6.0 equiv, 7.50 mmol) was added dropwise 

and the reaction mixture stirred at 70 °C for 4 h. Then the dark brown mixture was slowly 

transferred into a 250 mL Erlenmeyer beaker equipped with stir bar with K2HPO4/KH2PO4-

buffer (KPi-buffer, 1 M, 100 mL, pH 7) at 0 °C. The pH was then adjusted to pH 4 by the 

addition of 1 M HCl-solution. The resulting white suspension was then stirred for 15 min, 

sonicated for 15 min, and then stirred for 30 min. The mixture was filtered over a pad of celite 

using a wide Buchner-type funnel. The filter cake was washed with CH2Cl2 (100 mL), H2O 

(100 mL), then again with CH2Cl2 (800 mL). The filter cake was then transferred into an 

Erlenmeyer flask and stirred with CH2Cl2 (250 mL) overnight. The suspension was then again 

filtered over celite. The filtrates were combined, and the aqueous phase extracted with CH2Cl2 

(4x 250 mL). The combined aqueous phases were washed with sat. aq. NaCl solution, dried 
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over MgSO4 and solvents removed in vacuo. The product was isolated by washing the crude 

product with acetone (10 mL). The remaining product in the wash fraction was isolated by 

column chromatography (CH2Cl2:PhMe 9:1 v/v to CH2Cl2:MeOH 99:1 v/v). The thus 

combined isolated product was obtained as yellow solids (332 mg [washed] + 20 mg [column], 

0.98 mmol, 78%, >99%ee Sa).  

A further experiment using biaryl 27 (233 mg, 1.0 equiv, 0.85 mmol, >99%ee Ra) gave the 

product as yellow solids (181 mg [washed] + 48 mg [column], 0.64 mmol, 75%, >99%ee Ra).  

1H NMR (600 MHz, CDCl3): δ 2.06 (s, 3H, Me), 2.67 (s, 3H, COMe), 3.93 (s, 3H, OMe), 6.38 

(s, 1H, 5-H), 13.68 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 20.97 (Me), 33.66 (COMe), 

55.58 (OMe), 102.97 (C-5), 109.41 (C-3), 117.38 (C-1), 147.54 (C-6), 160.79 (C-4), 162.40 

(C-2), 204.77 (COMe). IR (ATR film) [cm-1]: 1599, 1360, 1283, 1202, 1119, 9693, 865, 834, 

655, 573, 534. TLC (petroleum ether:EtOAc, 7:3 v/v): Rf = 0.32 TLC (CH2Cl2:PhMe, 9:1 v/v): 

Rf = 0.25 HR-MS (ESI): m/z calculated for [C20H23O6]+ ([M + H+]): 359.1489, found: 

359.1492.  

Melting point:  233 – 235 °C (rac) (233 – 236 °C)[102] 

231 – 235 °C (Sa, >99%ee HPLC) (209 – 210)[102]  

231 – 234 °C (Ra, >99%ee HPLC)  

HPLC: Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 274 nm, 

n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 7.5 min, tR(Ra) = 10.4 min 

Optical rotation: [α]25
D = +49.0 (±0.4, triplicate) (c = 0.96, CHCl3, Sa, >99%ee by chiral HPLC) 

+43.1[102]  

X-ray: 27 mg of 134 were dissolved in 1.5 mL CH2Cl2, filtered over a syringe filter into a vial 

with a loose cap and the solvent left to evaporate over time. CCDC 2269309  

 

134 
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7.2.2.2.6 rac-1-(2-Hydroxy-4,6-dimethoxyphenyl)ethan-1-one (49) 
Preparation of FeCl3·6H2O on SiO2 (FeCl3/SiO2) 50% w/w: A 2000 mL round bottom flask 

was charged with FeCl3·6H2O (50.0 g, 186 mmol, 4.6 equiv), Et2O (1000 mL) and anhyd. SiO2 

(50.0 g). The resulting brown suspension was sonicated for 15 min. The solvent was removed 

in vacuo at 40 °C until a fine bright yellow powder remained. The product was stored under N2 

and used for synthesis the following day. Oxidative coupling: A 2000 mL round bottom flask 

was charged with acetophenone 47 (8.00 g, 40.8 mmol, 1.0 equiv) and CH2Cl2 (750 mL). 

FeCl3/SiO2 (50% w/w, 100.0 g, 4.6 equiv) was added at once and the resulting black suspension 

sonicated for 15 min. Solvent was then removed at 42 °C in vacuo on a rotary evaporator. 

Reaction controls were performed by TLC and 1H-NMR by taking an aliquot and conducting a 

mini workup as described below. After 6.5 h to the black powder were added H2O (50 mL) and 

EtOAc (50 mL) at 0 °C. The resulting mixture was sonicated at 0 °C for 15 min. The mixture 

was filtered over a pad of Celite® and the filter cake washed with EtOAc (800 mL). The filter 

cake was kept for further washing once most of the water was evaporated. The aq. layer was 

separated and washed with EtOAc (5 x 300 mL). The combined organic layers were washed 

with Na2EDTA-sol. (50 mM, 300 mL) and sat. NaCl-solution (200 mL) and dried over MgSO4. 

Solids were filtered off and solvent removed in vacuo. The product was isolated by 

recrystallization from acetone (40 mL) as tan solids in a yield of 4.10 g (10.5 mmol, 52%). The 

analytical data is in accordance with literature.[69]  

1H NMR (600 MHz, CDCl3): δ 2.63 (s, 3H, COMe), 3.82 (s, 3H, OMe), 3.95 (s, 3H, OMe), 

6.08 (s, 1H, 5-H), 13.98 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 33.31 (COMe), 55.57 

(OMe), 56.03 (OMe), 86.53 (C-1), 102.68 (C-5), 106.33 (C-3), 163.43 (C-2), 164.08 (C-4/6), 

164.17 (C-4/6), 203.47 (COMe). IR (ATR film) [cm-1]: 3003, 2946, 2889, 2846, 1613, 1590, 

1468, 1404, 1374, 1276, 1214, 1125, 956, 800, 591, 529. TLC (petroleum ether:EtOAc, 6:4 

v/v): Rf = 0.24 APCI-MS: found: [M+H+] 391.3 Melting point: 239 °C (brown discoloration) 

252.8 – 254.0 °C (211 – 212 °C)[69]  
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7.2.2.3 General Procedure 1 (GP1): Chalcone Monomer 

 

A vial equipped with stir bar was charged with acetophenone (250 mg, 1.0 equiv), ethanol 

(0.56 M) and aq. KOH solution (3 M, 6.0 equiv). The mixture was stirred for 5 min until all 

solids were dissolved. Aldehyde (1.2 equiv) was added at once. The reaction was stirred at room 

temperature unless stated otherwise. If stated, after 6 h another portion of aldehyde was added 

(0.6 equiv). The reaction mixture was left to stir over night unless stated otherwise. Reaction 

control was performed by TLC and 1H-NMR. After the completion of the reaction aq. HCl (1 M, 

10 mL) was added unless stated otherwise. Solids precipitate, which were collected by filtration 

over a pad of Celite® washing the solids with methanol (1 mL). The solids were then dissolved 

in CH2Cl2, MeOH (10% v/v) was added, and the solvent removed in vacuo. The product was 

isolated by washing with MeOH (4 mL) at 70 °C and discarding the wash solution. 

7.2.2.3.1 (E)-1-(2-Hydroxy-6-methoxy-4-methylphenyl)-3-(4-
methoxyphenyl)prop-2-en-1-one (135) 

The title compound was synthesized in accordance with GP1 with acetophenone 133 (200 mg, 

1.0 equiv, 1.11 mmol) and 4-methoxybenzaldehyde (0.242 mL, 1.2 equiv+ 0.6 equiv, 

2.00 mmol). The product was isolated as orange solids in a yield of 228 mg (0.762 mmol, 69%).  

1H NMR (600 MHz, CDCl3): δ 2.33 (s, 3H, Me), 3.86 (s, 3H, OMe), 3.94 (s, 3H, OMe), 6.24 

(d, 4J3-5 = 1.5 Hz, 1H, 5-H), 6.44 (dd, 4J3-5 = 1.5, 0.8 Hz, 1H, 3-H), 6.94 (d, 3J2’-3’ = 8.8 Hz, 2H, 

3’-H), 7.58 (d, 3J2’-3’ = 8.8 Hz, 2H, 2’-H), 7.80 (s, 2H, 5’+6’-H), 13.49 (s, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 22.53 (Me), 55.56 (4’-OMe), 56.01 (6-OMe), 103.00 (C-5), 

110.01 (C-1), 111.52 (C-3), 114.56 (C-3’), 125.51 (C-6’), 128.43 (C-1’), 130.34 (C-2’), 142.87 

(C-5’), 147.51 (C-4), 161.02 (C-6), 161.64 (C-4’), 165.33 (C-2), 193.94 (CO). IR (ATR film) 

[cm-1]: 3003, 2838, 1627, 1605, 1561, 1511, 1483, 1457, 1422, 1410, 1305, 1289, 1255, 1223, 

1207, 1172, 1113, 1035, 982, 828, 814, 768, 742, 722, 662, 557, 539. HR-MS (ESI): m/z 
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calculated for [C18H19O4]+ ([M + H+]): 299.1278, found: 299.1284. Melting point: 

113 – 114 °C  

 

135 

 

7.2.2.3.2 (E)-1-(2-Hydroxy-6-methoxy-4-methylphenyl)-3-phenylprop-2-en-1-one 
(136) 

The title compound was synthesized in accordance with GP1 with acetophenone 133 (270 mg, 

1.0 equiv, 1.50 mmol) and benzaldehyde (0.184 mL, 1.2 equiv, 1.80 mmol). The product was 

isolated as orange solids in a yield of 261 mg (0.974 mmol, 65%).  

1H NMR (600 MHz, CDCl3): δ 2.33 (s, 3H, Me), 3.94 (s, 3H, OMe), 6.24 (s, 1H, 5-H), 6.45 (s, 

1H, 3-H), 7.36 – 7.46 (m, 3H, 3’+4’-H), 7.56 – 7.66 (m, 2H, 2’-H), 7.80 (d, 3J5’-6’ = 15.6 Hz, 

1H, 5’-H), 7.89 (d, 3J5’-6’ = 15.6 Hz, 1H, 6’-H), 13.37 (s, 1H, OH) 13C NMR (151 MHz, CDCl3): 

δ 22.59 (Me), 56.01 (OMe), 102.97 (C-5), 109.89 (C-1), 111.46 (C-3), 127.83 (C-6’), 128.56 

(C-2’), 129.04 (C-3’), 130.31 (C-4’), 135.61 (C-1’), 142.72 (C-5’), 147.89 (C-4), 161.04 (C-6), 

165.31 (C-2), 194.02 (CO). IR (ATR film) [cm-1]: 3091, 3036, 2980, 2951, 1641, 1576, 1495, 

1459, 1418, 1378, 1344, 1284, 1232, 1216, 1168, 1124, 1082, 985, 954, 878, 853, 824. HR-

MS (ESI): m/z calculated for [C17H17O3]+ ([M + H+]): 269.1172, found: 269.1173. Melting 

point: 169 – 171 °C  

 

136 

 

7.2.2.3.3 (E)-3-(4-(Dimethylamino)phenyl)-1-(2-hydroxy-6-methoxy-4-
methylphenyl)prop-2-en-1-one (137)  

The title compound was synthesized in accordance with GP1 with acetophenone 133 (250 mg, 

1.0 equiv, 1.39 mmol) and 4-(dimethylamino)benzaldehyde (373 mg, 1.2 equiv + 0.6 equiv, 
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2.50 mmol) at 90 °C. The product was isolated as red solids in a yield of 264 mg (0.848 mmol, 

61%).  

1H NMR (600 MHz, CDCl3): δ 2.31 (s, 3H, Me), 3.04 (s, 6H, NMe2), 3.93 (s, 3H, OMe), 6.22 

(d, 4J3-5 = 1.6 Hz, 1H, 5-H), 6.43 (d, 4J3-5 = 1.6 Hz, 1H, 3-H), 6.70 (d, 3J2’-3’ = 8.6 Hz, 2H, 3’-

H), 7.50 – 7.55 (m, 2H, 2’-H), 7.74 (d, 3J5’-6’ = 15.4 Hz, 1H, 5’-H), 7.84 (d, 3J5’-6’ = 15.4 Hz, 

1H, 6’-H), 13.72 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 22.47 (Me), 40.28 (NMe2), 

55.93 (OMe), 102.90 (C-5), 110.06 (C-1), 111.40 (C-3), 112.00 (C-3’), 122.40 (C-6’), 123.41 

(C-1’), 130.59 (C-2’), 144.39 (C-5’), 146.89 (C-4), 152.02 (C-4’), 160.88 (C-6), 165.24 (C-2), 

193.67 (CO). IR (ATR film) [cm-1]: 3121, 3009, 2968, 2808, 2645, 2169, 2052, 1628, 1593, 

1525, 1476, 1462, 1435, 1413, 1375, 1336, 1296, 1257, 1223, 1198, 1168, 1113, 1069, 1031, 

984, 948, 883, 838, 819, 807, 768, 732, 711, 680, 665, 638, 600, 546, 529, 514, 501, 470 HR-

MS (ESI): m/z calculated for [C19H22O3N]+ ([M + H+]): 312.1594, found: 312.1596. Melting 

point: 182 – 183 °C  

 

137 

 

7.2.2.3.4 (E)-1-(2-Hydroxy-6-methoxy-4-methylphenyl)-3-(4-
(trifluoromethyl)phenyl)prop-2-en-1-one (138)  

The title compound was synthesized in accordance with GP1 with acetophenone 133 (250 mg, 

1.0 equiv, 1.39 mmol) and 4-(trifluoromethyl)benzaldehyde (0.34 mL, 1.2 equiv + 0.6 equiv, 

2.50 mmol). The product was isolated as orange solids in a yield of 299 mg (0.890 mmol, 64%).  

1H NMR (600 MHz, CDCl3): δ 2.36 (s, 3H, Me), 3.97 (s, 3H, OMe), 6.27 (s, 1H, 5-H), 6.48 (s, 

1H, 3-H), 7.69 (d, 3J2’-3’ = 8.1 Hz, 2H, 3’-H), 7.72 (d, 3J2’-3’ = 8.1 Hz, 2H, 2’-H), 7.78 (d, 3J5’-6’ 

= 15.7 Hz, 1H, 5’-H), 7.94 (d, 3J5’-6’ = 15.7 Hz, 1H, 6’-H), 13.26 (d, J = 2.3 Hz, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 22.63 (Me), 56.05 (OMe), 103.00 (C-5), 109.77 (C-1), 111.53 

(C-3), 124.05 (q, 1JF-C = 272.1 Hz, CF3), 125.98 (q, 3JF-C = 3.8 Hz, C-3’), 128.53 (C-2’), 130.21 

(C-6’), 131.62 (q, 2JF-C = 32.6 Hz, C-4’), 139.06 (C-1’), 140.37 (C-5’), 148.42 (C-4), 161.03 

(C-6), 165.40 (C-2), 193.63 (CO). 19F NMR (282 MHz, CDCl3): δ -62.77. IR (ATR film) [cm-

1]: 3746, 3123, 3051, 2974, 1635, 1614, 1565, 1487, 1456, 1410, 1368, 1317, 1287, 1266, 1223, 

1169, 1066, 1031, 1015, 983, 909, 843, 813, 768, 747, 732, 683, 666, 626, 593, 558, 530, 506, 
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492 HR-MS (ESI): m/z calculated for [C18H16O3F3]+ ([M + H+]): 337.1046, found: 337.1050. 

Melting point: 124 – 126 °C  
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7.2.2.3.5 (E)-3-(4-Bromophenyl)-1-(2-hydroxy-6-methoxy-4-methylphenyl)prop-
2-en-1-one (139) 

The title compound was synthesized in accordance with GP1 with acetophenone 133 (250 mg, 

1.0 equiv, 1.39 mmol) and 4-bromobenzaldehyde (309 mg, 1.2 equiv, 1.66 mmol). The product 

was isolated as yellow solids in a yield of 261 mg (0.754 mmol, 54%).  

1H NMR (600 MHz, CDCl3): δ 2.33 (s, 3H, Me), 3.93 (s, 3H, OMe), 6.23 (d, 4J = 1.6 Hz, 1H, 

5-H), 6.45 (s, 1H, 3-H), 7.46 (d, 3J2’-3’ = 8.4 Hz, 2H, 2’-H), 7.54 (d, 3J2’-3’ = 8.4 Hz, 2H, 3’-H), 

7.70 (d, 3J5’-6’ = 15.6 Hz, 1H, 5’-H), 7.85 (d, 3J5’-6’ = 15.6 Hz, 1H, 6’-H), 13.30 (s, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 22.60 (Me), 56.04 (OMe), 102.98 (C-5), 109.82 (C-1), 111.51 

(C-3), 124.48 (C-4’), 128.43 (C-6’), 129.88 (C-2’), 132.28 (C-3’), 134.56 (C-1’), 141.20 (C-

5’), 148.13 (C-4), 161.00 (C-6), 165.36 (C-2), 193.74 (CO). IR (ATR film) [cm-1]: 2970, 2850, 

1632, 1571, 1486, 1454, 1402, 1369, 1331, 1270, 1222, 1206, 1159, 1114, 1072, 1031, 1009, 

979, 945, 874, 820, 790, 764, 712, 595, 572, 557, 529 HR-MS (ESI): m/z calculated for 

[C17H16O3Br]+ ([M + H+]): 347.0277, found: 347.0279. Melting point: 122 – 124 °C  

 

139 
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7.2.2.3.6 (E)-3-(3-Bromophenyl)-1-(2-hydroxy-6-methoxy-4-methylphenyl)prop-
2-en-1-one (140)  

The title compound was synthesized in accordance with GP1 with acetophenone 133 (250 mg, 

1.0 equiv, 1.39 mmol) and 3-bromobenzaldehyde (0.200 mL, 1.2 equiv, 1.66 mmol). The 

product was isolated as yellow solids in a yield of 279 mg (0.806 mmol, 58%).  

1H NMR (600 MHz, CDCl3): δ 2.33 (s, 3H, Me), 3.94 (s, 3H, OMe), 6.24 (d, 4J3-5 = 1.5 Hz, 

1H, 5-H), 6.43 – 6.46 (m, 1H, 3-H), 7.28 (t, 3J4’-5’,5’-6’ = 7.8 Hz, 1H, 5’-H), 7.51 (dd, 3J4’-5’ = 7.9 

Hz, 4J3’-4’ = 1.8 Hz, 2H, 6’+4’-H), 7.67 (d, 3J7’-8’ = 15.6 Hz, 1H, 7’-H), 7.74 (t, 4J2’-4’,2’-6’ = 1.8 

Hz, 1H, 2’-H), 7.84 (d, 3J7’-8’ = 15.6 Hz, 1H, 8’-H), 13.27 (s, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 22.61 (Me), 56.09 (OMe), 102.99 (C-5), 109.79 (C-1), 111.49 

(C-3), 123.15 (C-3’), 127.21 (C-8’), 129.18 (C-6’), 130.53 (C-5’), 131.03 (C-2’), 132.97 (C-

4’), 137.80 (C-1’), 140.70 (C-7’), 148.23 (C-4), 161.03 (C-6), 165.35 (C-2), 193.65 (CO). IR 

(ATR film) [cm-1]: 2918, 2850, 1633, 1571, 1454, 1410, 1368, 1329, 1307, 1276, 1222, 1204, 

1159, 1114, 1072, 1031, 978, 945, 898, 863, 815, 787, 760, 699, 667, 626, 606, 583, 557, 529, 

485. HR-MS (ESI): m/z calculated for [C17H16O3Br]+ ([M + H+]): 347.0277, found: 347.0278. 

Melting point: 123 – 124 °C  
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7.2.2.3.7 (E)-3-(2-Bromophenyl)-1-(2-hydroxy-6-methoxy-4-methylphenyl)prop-
2-en-1-one (141) 

The title compound was synthesized in accordance with GP1 with acetophenone 133 (250 mg, 

1.0 equiv, 1.39 mmol) and 2-bromobenzaldehyde (0.191 mL, 1.2 equiv, 1.66 mmol). The 

product was isolated as yellow solids in a yield of 347 mg (1.00 mmol, 72%).  

1H NMR (600 MHz, CDCl3): δ 2.33 (s, 3H, Me), 3.92 (s, 3H, OMe), 6.23 (s, 1H, 5-H), 6.45 (s, 

1H, 3-H), 7.23 (td, 3J3’-4’,4’-5’ = 7.6 Hz, 4J4’-6’ = 1.6 Hz, 1H, 4’-H), 7.35 (t, 3J4’-5’,5’-6’ = 7.5 Hz, 

1H, 5’-H), 7.63 (dd, 3J3’-4’ = 8.0 Hz, 4J3’-5’ = 1.2 Hz, 1H, 3’-H), 7.69 (dd, 3J5’-6’ = 7.9 Hz, 4J4’-6’ 

= 1.6 Hz, 1H, 6’-H), 7.80 (d, 3J7’-8’ = 15.4 Hz, 1H, 7’-H), 8.11 (d, 3J7’-8’ = 15.5 Hz, 1H, 8’-H), 

13.29 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 22.61 (Me), 56.03 (OMe), 102.95 (C-5), 

109.80 (C-1), 111.50 (C-3), 126.07 (C-2’), 127.77 (C-5’), 128.03 (C-6’), 130.45 (C-8’), 131.10 
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(C-4’), 133.69 (C-3’), 135.66 (C-1’), 140.78 (C-7’), 148.17 (C-4), 161.02 (C-6), 165.38 (C-2), 

193.65 (CO). IR (ATR film) [cm-1]: 3065, 1629, 1577, 1487, 1466, 1451, 1438, 1367, 1334, 

1278, 1225, 1208, 1191, 1159, 1113, 1049, 1025, 996, 966, 944, 893, 858, 839, 813, 768, 745, 

713, 656, 625, 606, 561, 530, 511, 489. HR-MS (ESI): m/z calculated for [C17H16O3Br]+ ([M 

+ H+]): 347.0277, found: 347.0281. Melting point: 162 – 164 °C  
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7.2.2.3.8 (E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-methoxyphenyl)prop-2-en-
1-one or Flavokavain A (142) 

The title compound was synthesized in accordance with GP1 with acetophenone 47 (250 mg, 

1.0 equiv, 1.27 mmol) and 4-methoxybenzaldehyde (0.280 mL, 1.2 equiv + 0.6 equiv, 

2.29 mmol) The product was isolated as yellow solids in a yield of 292 mg (0.927 mmol, 73%). 

The analytical data were in accordance with literature.[309]  

1H NMR (600 MHz, CDCl3): δ 3.84 (s, 3H, OMe), 3.86 (s, 3H, OMe), 3.92 (s, 3H, OMe), 5.97 

(dd, 4J3-5 = 5.1, 2.4 Hz, 1H, 5-H), 6.11 (d, 4J3-5 = 2.3 Hz, 1H, 3-H), 6.93 (d, 3J2’-3’ = 8.8 Hz, 2H, 

3’-H), 7.57 (d, 3J2’-3’ = 8.7 Hz, 2H, 2’-H), 7.80 (m, 2H, 5’+6’-H), 14.43 (s, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 55.39 (OMe), 55.56 (OMe), 55.84 (OMe), 91.26 (C-5), 93.86 

(C-3), 106.41 (C-1), 114.38 (C-3’), 125.19 (C-6’), 128.37 (C-1’), 130.10 (C-2’), 142.45 (C-5’), 

161.38 (C-4/6/4’), 162.48 (C-4/6/4’), 166.03 (C-4/6/4’), 168.38 (C-2), 192.61 (CO). IR (ATR 

film) [cm-1]: 3005, 2838, 1622, 1580, 1559, 1511, 1488, 1455, 1440, 1421, 1391, 1344, 1304, 

1289, 1255, 1216, 1172, 1158, 1112, 984, 939, 870, 828, 766, 721, 697, 674, 615, 559, 539, 

520 HR-MS (ESI): m/z calculated for [C18H19O5]+ ([M + H+]): 315.1227, found: 315.1230. 

Melting point: 113 – 114 °C (110 °C)[310]  

 

142 
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7.2.2.3.9 (E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-phenylprop-2-en-1-one (143) 
The title compound was synthesized in accordance with GP1 with acetophenone 47 (250 mg, 

1.0 equiv, 1.27 mmol) and benzaldehyde (0.233 mL, 1.2 equiv + 0.6 equiv, 2.29 mmol) at 

50 °C. The product was isolated as yellow solids in a yield of 130 mg (0.458 mmol, 36%). The 

analytical data were in accordance with literature.[309]  

1H NMR (600 MHz, CDCl3): δ 3.84 (s, 3H, OMe), 3.92 (s, 3H, OMe), 5.97 (d, 4J3-5 = 2.4 Hz, 

1H, 5-H), 6.11 (d, 4J3-5 = 2.4 Hz, 1H, 3-H), 7.36 – 7.44 (m, 3H, 3’+4’-H), 7.58 – 7.63 (m, 2H, 

2’-H), 7.79 (d, 3J5’-6’ = 15.6 Hz, 1H, 5’-H), 7.91 (d, 3J5’-6’ = 15.6 Hz, 1H, 6’-H), 14.31 (s, 1H, 

OH). 13C NMR (151 MHz, CDCl3): δ 55.59 (OMe), 55.87 (OMe), 91.31 (C-5), 93.86 (C-3), 

106.41 (C-1), 127.60 (C-6’), 128.36 (C-2’), 128.88 (C-3’), 130.04 (C-4’), 135.64 (C-1’), 142.32 

(C-5’), 162.55 (C-4/6), 166.27 (C-4/6), 168.43 (C-2), 192.67 (CO). IR (ATR film) [cm-1]: 3082, 

3059, 3025, 3004, 2969, 2940, 2849, 1615, 1558, 1494, 1415, 1340, 1284, 1211, 1155, 1112, 

1072, 1055, 1033, 984, 939, 888, 869, 818, 788, 742, 691, 673, 647, 623, 577, 562, 534, 495, 

459 HR-MS (ESI): m/z calculated for [C17H17O4]+ ([M + H+]): 285.1121, found: 285.1122. 

Melting point: 83 – 84 °C (85 – 86 °C)[309]  
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7.2.2.3.10 (E)-3-(4-(Dimethylamino)phenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (144) 

The title compound was synthesized in accordance with GP1 with acetophenone 47 (250 mg, 

1.0 equiv, 1.27 mmol) and 4-(dimethylamino)benzaldehyde (228 mg, 1.2 equiv, 1.53 mmol) at 

90 °C. The product was isolated as red solids in a yield of 296 mg (0.906 mmol, 71%). The 

analytical data were in accordance with literature.[311] 

1H NMR (600 MHz, CDCl3): δ 3.03 (s, 6H, NMe2), 3.82 (s, 3H, OMe), 3.91 (s, 3H, OMe), 5.95 

(d, 4J3-5 = 2.4 Hz, 1H, 5-H), 6.10 (d, 4J3-5 = 2.4 Hz, 1H, 3-H), 6.69 (d, 3J2’-3’ = 8.5 Hz, 2H, 3’-

H), 7.52 (d, 3J2’-3’ = 8.7 Hz, 2H, 2’-H), 7.75 (d, 3J5’-6’ = 15.3 Hz, 1H, 5’-H), 7.83 (d, 3J5’-6’ = 

15.4 Hz, 1H, 6’-H), 14.66 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 40.16 (NMe2), 55.52 
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(OMe), 55.78 (OMe), 91.12 (C-5), 93.83 (C-3), 106.45 (C-1), 111.90 (C-3’), 122.09 (C-6’), 

123.40 (C-1’), 130.37 (C-2’), 143.99 (C-5’), 151.84 (C-4’), 162.39 (C-4/6), 165.63 (C-4/6), 

168.31 (C-2), 192.47 (CO). IR (ATR film) [cm-1]: 3004, 2962, 2850, 1621, 1587, 1528, 1481, 

1436, 1415, 1379, 1346, 1296, 1209, 1172, 1154, 1111, 1031, 1001, 986, 941, 920, 864, 810, 

765, 711, 677, 638, 616, 547, 516, 503, 461. HR-MS (ESI): m/z calculated for [C19H22O4]+ 

([M + H+]): 328.1543, found: 328.1546. Melting point: 203 – 204 °C (153 °C)[310]  
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7.2.2.3.11 (E)-1-(2-Hydroxy-4,6-dimethoxyphenyl)-3-(4-
(trifluoromethyl)phenyl)prop-2-en-1-one (145) 

The title compound was synthesized in accordance with GP1 with acetophenone 47 (250 mg, 

1.0 equiv, 1.27 mmol) and 4-(trifluoromethyl)benzaldehyde (0.309 mL, 1.2 equiv + 0.6 equiv, 

2.29 mmol). The product was isolated as yellow solids in a yield of 293 mg (0.831 mmol, 65%). 
1H NMR (600 MHz, CDCl3): δ 3.84 (s, 3H, OMe), 3.92 (s, 3H, OMe), 5.97 (d, 4J3-5 = 2.4 Hz, 

1H, 5-H), 6.11 (d, 4J3-5 = 2.4 Hz, 1H, 3-H), 7.65 (d, 3J2’-3’ = 8.3 Hz, 2H, 3’-H), 7.68 (d, 3J2’-3’ = 

8.3 Hz, 2H, 2’-H), 7.74 (d, 3J5’-6’ = 15.6 Hz, 1H, H-5’), 7.93 (d, 3J5’-6’ = 15.6 Hz, 1H, 6’-H), 

14.14 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 55.78 (OMe), 56.05 (OMe), 91.53 (C-5), 

94.00 (C-3), 106.43 (C-1), 124.07 (q, 1JF-C = 272.1 Hz, CF3), 125.96 (q, 3JF-C = 3.8 Hz, C-3’), 

128.47 (C-2’), 130.12 (C-6’), 131.51 (q, 2JF-C = 32.6 Hz, C-4’), 139.19 (C-1’), 140.13 (C-5’), 

162.65 (C-4/6), 166.72 (C-4/6), 168.66 (C-2), 192.32 (CO). 19F NMR (282 MHz, CDCl3): δ -

62.76. IR (ATR film) [cm-1]: 3022, 2980, 2948, 1633, 1613, 1579, 1488, 1456, 1438, 1414, 

1342, 1324, 1287, 1216, 1101, 1067, 1030, 1016, 955, 936, 906, 872, 838, 827, 815, 768, 750, 

732, 693, 676, 605, 590, 535, 504, 461 HR-MS (ESI): m/z calculated for [C18H16O4F3]+ ([M + 

H+]): 353.0995, found: 353.0997. Melting point: 148 – 149 °C  
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7.2.2.3.12 (E)-3-(4-Bromophenyl)-1-(2-hydroxy-4,6-dimethoxyphenyl)prop-2-
en-1-one (146) 

The title compound was synthesized in accordance with GP1 with acetophenone 47 (250 mg, 

1.0 equiv, 1.27 mmol) and 4-bromobenzaldehyde (423 mg, 1.2 equiv + 0.6 equiv, 2.29 mmol) 

The product was isolated as a yellow solid in a yield of 356 mg (0.983 mmol, 77%). The 

analytical data were in accordance with literature.[309]  

1H NMR (600 MHz, CDCl3): δ 3.82 (s, 3H, OMe), 3.90 (s, 3H, OMe), 5.94 (d, 4J3-5 = 2.4 Hz, 

1H, 5-H), 6.09 (d, 4J3-5 = 2.4 Hz, 1H, 3-H), 7.44 (d, 3J2’-3’ = 8.2 Hz, 2H, 3’-H), 7.52 (d, 3J2’-3’ = 

8.2 Hz, 2H, 2’-H), 7.67 (d, 3J5’-6’ = 15.6 Hz, 1H, 5’-H), 7.85 (d, 3J5’-6’ = 15.6 Hz, 1H, 6’-H), 

14.23 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 55.72 (OMe), 55.99 (OMe), 91.42 (C-5), 

93.95 (C-3), 106.39 (C-1), 124.30 (C-4’), 128.26 (C-6’), 129.78 (C-2’), 132.20 (C-3’), 134.63 

(C-1’), 140.88 (C-5’), 162.58 (C-4/6), 166.49 (C-4/6), 168.57 (C-2), 192.40 (CO). IR (ATR 

film) [cm-1]: 3016, 2996, 2978, 1627, 1586, 1564, 1484, 1440, 1420, 1336, 1303, 1289, 1272, 

1215, 1158, 1114, 1069, 1029, 1007, 986, 973, 936, 891, 818, 792, 758, 709, 666, 604, 564, 

534, 505, 483, 460. HR-MS (ESI): m/z calculated for [C17H16O4Br]+ ([M + H+]): 363.0226, 

found: 363.0231. Melting point: 169 – 170 °C (166 °C)[312] (150-151 °C)[309]  
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7.2.2.3.13 (E)-3-(3-Bromophenyl)-1-(2-hydroxy-4,6-dimethoxyphenyl)prop-2-
en-1-one (147) 

The title compound was synthesized in accordance with GP1 with acetophenone 47 (250 mg, 

1.0 equiv, 1.27 mmol) and 3-bromobenzaldehyde (0.269 mL, 1.2 equiv + 0.6 equiv, 

2.29 mmol). The product was isolated as a yellow solid in a yield of 310 mg (0.856 mmol, 67%). 

The analytical data were in accordance with literature.[313]  

1H NMR (600 MHz, CDCl3): δ 3.83 (s, 3H, OMe), 3.92 (s, 3H, OMe), 5.96 (d, 4J3-5 = 2.4 Hz, 

1H, 5-H), 6.10 (d, 4J3-5 = 2.4 Hz, 1H, 3-H), 7.27 (t, 3J4’-5’,5’-6’ = 7.9 Hz, 1H, 5’-H), 7.49 (dd, 3J 
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= 7.9 Hz, 4J = 1.8 Hz, 2H, 4’+6’-H), 7.66 (d, 3J7’-8’ = 15.6 Hz, 1H, 7’-H), 7.72 (t, 4J2’-4’,2’-6’ = 

1.8 Hz, 1H, 2’-H), 7.85 (d, 3J7’-8’ = 15.6 Hz, 1H, 8’-H), 14.18 (s, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 55.75 (OMe), 56.07 (OMe), 91.47 (C-5), 93.96 (C-3), 106.42 

(C-1), 123.12 (C-3’), 127.12 (C-8’), 129.05 (C-6’), 130.49 (C-5’), 130.99 (C-2’), 132.84 (C-

4’), 137.90 (C-1’), 140.43 (C-7’), 162.63 (C-4/6), 166.59 (C-4/6), 168.59 (C-2), 192.35 (CO). 

IR (ATR film) [cm-1]: 2942, 2852, 1619, 1578, 1469, 1454, 1440, 1416, 1392, 1340, 1319, 

1303, 1262, 1216, 1158, 1114, 1072, 1055, 1030, 983, 939, 911, 863, 819, 787, 758, 688, 670, 

647, 624, 582, 564, 533, 492 HR-MS (ESI): m/z calculated for [C17H16O4Br]+ ([M + H+]): 

363.0226, found: 363.0230. Melting point: 115 – 116 °C  
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7.2.2.3.14 (E)-3-(2-Bromophenyl)-1-(2-hydroxy-4,6-dimethoxyphenyl)prop-2-
en-1-one (148) 

The title compound was synthesized in accordance with GP1 with acetophenone 47 (250 mg, 

1.0 equiv, 1.27 mmol) and 2-bromobenzaldehyde (0.181 mL, 1.2 equiv, 1.53 mmol). The 

product was isolated as yellow solids in a yield of 385 mg (1.06 mmol, 83%). The analytical 

data were in accordance with literature.[314]  

1H NMR (600 MHz, CDCl3): δ 3.83 (s, 3H, OMe), 3.89 (s, 3H, OMe), 5.95 (d, 4J3-5 = 2.4 Hz, 

1H, 5-H), 6.10 (d, 4J3-5 = 2.4 Hz, 1H, 3-H), 7.21 (td, 3J3’-4’,4’-5’ = 7.6 Hz, 4J4’-6’ = 1.6 Hz, 1H, 4’-

H), 7.34 (td, 3J4’-5’,5’-6’ = 7.6 Hz, 4J3’-5’ = 1.3 Hz, 1H, 5’-H), 7.62 (dd, 3J3’-4’ = 8.1 Hz, 4J3’-5’ = 

1.2 Hz, 1H, 3’-H), 7.67 (dd, 3J5’-6’ = 7.8 Hz, 4J4’-6’ = 1.7 Hz, 1H, 6’-H), 7.81 (d, 3J7’-8’ = 15.5 

Hz, 1H, 7’-H), 8.09 (d, 3J7’-8’ = 15.5 Hz, 1H, 8’-H), 14.21 (s, 1H, OH). 
13C NMR (151 MHz, CDCl3): δ 55.73 (OMe), 56.01 (OMe), 91.41 (C-5), 93.96 (C-3), 106.41 

(C-1), 125.96 (C-2’), 127.75 (C-5’), 127.99 (C-6’), 130.32 (C-8’), 130.98 (C-4’), 133.62 (C-

3’), 135.73 (C-1’), 140.51 (C-7’), 162.62 (C-4/6), 166.55 (C-4/6), 168.60 (C-2), 192.34 (CO). 

IR (ATR film) [cm-1]: 3005, 2976, 1627, 1579, 1565, 1490, 1464, 1437, 1416, 1343, 1321, 

1307, 1269, 1216, 1160, 1113, 1048, 1027, 971, 939, 874, 814, 797, 770, 744, 695, 663, 646, 

622, 586, 535, 507. HR-MS (ESI): m/z calculated for [C17H16O4Br]+ ([M + H+]): 363.0226, 

found: 363.0233. Melting point: 147 – 148 °C (146 -147 °C)[314]  
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7.2.2.3.15 (E)-1-(2-Hydroxy-6-methoxy-4-methylphenyl)-3-(pyridin-2-yl)prop-
2-en-1-one (149) 

A 25 mL round bottom flask was charged with acetophenone 47 (270 mg, 1.0 equiv, 

1.50 mmol), MeOH (5 mL, 0.3 M), pyridine-2-carbaldehyde (0.143 mL, 1.0 equiv, 1.50 mmol) 

and an aq. solution of NaOMe (6.25 M, 1.00 mL, 4.2 equiv, 6.25 mmol). The reaction mixture 

was stirred for 24 h. Aq. KPi buffer (1 M, K2HPO4/KH2PO4 pH 7) was added, the aq. Phase 

extracted with CH2Cl2 (3x), the combined org phases washed with sat. aq. NaCl solution, dried 

over MgSO4, solids filtered off and solvents removed in vacuo. The product was isolated by 

column chromatography (petroleum ether:EtOAc 65:35 v/v) as orange solids in a yield of 

147 mg (0.540 mmol, 36%).  

1H NMR (600 MHz, CDCl3): δ 2.33 (s, 3H, Me), 3.94 (s, 3H, OMe), 6.23 (s, 1H, H-3), 6.44 (s, 

1H, H-5), 7.27 – 7.30 (m, 1H, H-5’’), 7.48 (d, 3J3’’-4’’ = 7.8 Hz, 1H, H-3’’), 7.72 (m, 1H, H-4’’), 

7.73 (d, J = 15.4 Hz, 1H, H-2’), 8.31 (d, J = 15.3 Hz, 1H, H-3’), 8.68 (d, 3J5’’-6’’ = 4.4 Hz, 1H, 

H-6’’), 13.29 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 22.63 (Me), 56.10 (OMe), 102.96 

(C-3), 109.97 (C-1), 111.31 (C-5), 124.11 (C-5’’), 124.93 (C-3’’), 131.82 (C-3’), 136.87 (C-

2’), 140.81 (C-4’’), 148.29 (C-4), 150.29 (C-6’’), 154.05 (C-2’’), 161.29 (C-2), 165.31 (C-6), 

194.32 (C-1’). IR (ATR film) [cm-1]: 2953, 1633, 1573, 1466, 1429, 1322, 1216, 1188, 981, 

814, 753. TLC (petroleum ether:EtOAc, 5:5 v/v): Rf = 0.45  
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7.2.2.3.15.1 5-Methoxy-7-methyl-2-(pyridin-2-yl)chroman-4-one (197) 

As a side product 197 was obtained in analytical quantities. 
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1H NMR (600 MHz, CDCl3): δ 2.37 (s, 3H, Me), 3.07 (dd, 2J3a-3b = 15.2 Hz, 3J2-3 = 9.7 Hz, 1H, 

H-3a), 3.54 (dd, 2J3a-3b = 15.1 Hz, 3J2-3 = 3.4 Hz, 1H, H-3b), 3.94 (s, 3H, OMe), 5.11 (dd, J = 9.7, 

3.4 Hz, 1H, H-2), 6.27 (s, 1H), 6.44 – 6.47 (m, 1H), 7.16 (dd, J = 7.5, 4.9 Hz, 1H), 7.25 (d, J = 

8.0 Hz, 2H), 7.62 (td, J = 7.6, 1.8 Hz, 1H), 8.57 (d, J = 5.0 Hz, 1H). TLC (CH2Cl2:MeOH, 98:2 

v/v): Rf = 0.16  

 

197 
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7.2.2.4 General Procedure 2 (GP2): Flavone Monomer 

 

A 10 mL microwave vial equipped with stir bar was charged with chalcone (100 mg, 1.00 equiv) 

and capped with a septum. Degassed DMSO (1.70 mL) and a solution of I2 in degassed DMSO 

(78.8 mM, 4 mol%) were added. The reaction solution was then heated to 150 °C and stirred for 

3 h. After complete conversion sat. aq. Na2SO3 solution (4 mL) was added. The aq. phase was 

extracted with ethyl acetate (3x 20 mL). The combined org. layers were washed with cold water 

(3x 20 mL) and sat. NaCl solution (2x 20 mL) and the solvent removed in vacuo. The product 

was isolated by filtration over a plug of silica (CH2Cl2:MeOH, 9:1 v/v).  

7.2.2.4.1 5-Methoxy-2-(4-methoxyphenyl)-7-methyl-4H-chromen-4-one (150) 
The title compound was synthesized in accordance with GP2 with chalcone 135 (100 mg, 

1.0 equiv, 0.335 mmol) and I2 (78.8 mM, 173 μL, 4 mol%, 0.0134 mmol). The product was 

isolated as white solids in a yield of 81.0 mg (0.274 mmol, 81%).  

1H NMR (600 MHz, CDCl3): δ 2.46 (s, 3H, Me), 3.88 (s, 3H, OMe), 3.98 (s, 3H, OMe), 6.62 

(s, 1H, 6-H), 6.63 (s, 1H, 3-H), 6.94 (dd, 4J6-8 = 1.6, 0.8 Hz, 1H, 8-H), 7.00 (d, 3J2’-3’ = 8.9 Hz, 

2H, 3’-H), 7.83 (d, 3J2’-3’ = 8.9 Hz, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 22.42 (Me), 

55.63 (OMe), 56.59 (OMe), 107.88 (C-3+6), 110.39 (C-8), 112.60 (C-4a), 114.54 (C-3’), 

124.13 (C-1’), 127.86 (C-2’), 145.01 (C-7), 158.44 (C-8a), 159.67 (C-5), 161.04 (C-2), 162.28 

(C-5), 178.34 (CO). IR (ATR film) [cm-1]: 2840, 1639, 1606, 1575, 1512, 1483, 1423, 1377, 

1340, 1300, 1220, 1180, 1115, 1050, 955, 903, 833, 611, 586. HR-MS (ESI): m/z calculated 

for [C18H17O4]+ ([M + H+]): 297.1121, found: 297.1126. Melting point: 173 – 174 °C  
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7.2.2.4.2 5-Methoxy-7-methyl-2-phenyl-4H-chromen-4-one (151) 
The title compound was synthesized in accordance with GP1 with chalcone 136 (100 mg, 

1.0 equiv, 0.373 mmol) and I2 (78.8 mM, 192 μL, 4 mol%, 0.0149 mmol). The product was 

isolated as white solids in a yield of 90.3 mg (0.339 mmol, 90%).  

1H NMR (600 MHz, CDCl3): δ 2.45 (s, 3H, Me), 3.98 (s, 3H, OMe), 6.62 (s, 1H, 6-H), 6.70 (s, 

1H, 3-H), 6.95 (s, 1H, 8-H), 7.49 (m, 3H, 3’+4’-H), 7.87 (dd, J = 7.5, 2.3 Hz, 2H, 2’-H). 
13C NMR (151 MHz, CDCl3): δ 22.40 (Me), 56.55 (OMe), 107.93 (C-3), 109.17 (C-6), 110.39 

(C-8), 112.62 (C-4a), 126.14 (C-2’/3’), 129.05 (C-2’/3’), 131.34 (C-4’), 131.77 (C-1’), 145.26 

(C-7), 158.45 (C-8a), 159.65 (C-5), 160.97 (C-2), 178.28 (CO). IR (ATR film) [cm-1]: 3068, 

2914, 2851, 2236, 1637, 1610, 1577, 1566, 1482, 1463, 1449, 1410, 1375, 1337, 1298, 1263, 

1219, 1188, 1163, 1118, 1079, 1049, 1014, 1001, 973, 956, 919, 901, 848, 825, 769, 729, 691, 

676, 610, 566, 545, 528, 488. HR-MS (ESI): m/z calculated for [C17H15O3]+ ([M + H+]): 

267.1016, found: 267.1020. Melting point: 162 – 163 °C  
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7.2.2.4.3 2-(4-(Dimethylamino)phenyl)-5-methoxy-7-methyl-4H-chromen-4-one 
(152) 

The title compound was synthesized in accordance with GP2 with chalcone 137 (100 mg, 

1.0 equiv, 0.321 mmol) and I2 (78.8 mM, 162 μL, 4 mol%, 0.0128 mmol). The product was 

isolated as orange solids in a yield of 50.0 mg (0.162 mmol, 50%).  

1H NMR (600 MHz, CDCl3): δ 2.44 (s, 3H, Me), 3.05 (s, 6H, NMe2), 3.97 (s, 3H, OMe), 6.57 

(s, 1H, 3-H), 6.60 (s, 1H, 6-H), 6.73 (d, 3J2’-3’ = 8.9 Hz, 2H, 3’-H), 6.92 (s, 1H, 8-H), 7.76 (d, 
3J = 8.9 Hz, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 22.38 (Me), 40.24 (NMe2), 56.54 

(OMe), 106.13 (C-3), 107.60 (C-6), 110.36 (C-8), 111.76 (C-3’), 112.55 (C-4a), 118.36 (C-1’), 

127.49 (C-2’), 144.54 (C-7), 152.37 (C-4’), 158.38 (C-8a), 159.53 (C-5), 161.89 (C-2), 178.42 

(CO). IR (ATR film) [cm-1]: 2924, 2853, 2235, 1629, 1597, 1523, 1481, 1463, 1445, 1412, 

1366, 1339, 1300, 1253, 1223, 1197, 1170, 1118, 1092, 1049, 1015, 972, 947, 914, 776, 758, 
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728, 677, 643, 611, 577, 541, 528, 510, 480 HR-MS (ESI): m/z calculated for [C19H20NO3]+ 

([M + H+]): 310.1438, found: 310.1441. Melting point: 198 °C (decomposition)  
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7.2.2.4.4 5-Methoxy-7-methyl-2-(4-(trifluoromethyl)phenyl)-4H-chromen-4-one 
(153) 

The title compound was synthesized in accordance with GP2 with chalcone 138 (100 mg, 

1.0 equiv, 0.297 mmol) and I2 (78.8 mM, 152 μL, 4 mol%, 0.0119 mmol). The product was 

isolated as white solids in a yield of 65.7 mg (0.196 mmol, 66%).  

1H NMR (600 MHz, CDCl3): δ 2.46 (s, 3H, Me), 3.98 (s, 3H, OMe), 6.64 (s, 1H, 6-H), 6.74 (s, 

1H, 3-H), 6.96 (s, 1H, 8-H), 7.75 (d, 3J2’-3’ = 8.2 Hz, 2H, 3’-H), 7.98 (d, 3J2’-3’ = 8.1 Hz, 2H, 2’-

H). 13C NMR (151 MHz, CDCl3): δ 22.44 (Me), 56.59 (OMe), 108.19 (C-6), 110.34 (C-3+8), 

112.63 (C-4a), 122.91 (q, 1JF-C = 271.2 Hz, CF3), 126.07 (q, 3JF-C = 3.8 Hz, C-3’), 126.48 (C-

2’), 132.97 (q, 2JF-C = 32.8 Hz, C-4’), 135.23 (C-1’), 145.73 (C-7), 158.35 (C-8a), 159.23 (C-

2), 159.73 (C-5), 177.89 (CO). 19F NMR (282 MHz, CDCl3): δ -62.95. IR (ATR film) [cm-1]: 

3074, 2920, 1645, 1612, 1567, 1518, 1486, 1466, 1417, 1379, 1319, 1295, 1257, 1219, 1202, 

1159, 1114, 1071, 1049, 1016, 958, 902, 889, 849, 823, 776, 731, 702, 677, 649, 635, 612, 585, 

566, 551, 530, 497. HR-MS (ESI): m/z calculated for [C18H14O3F3]+ ([M + H+]): 335.0890, 

found: 335.0895. Melting point: 226 – 228 °C  

 

153 
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7.2.2.4.5 2-(4-Bromophenyl)-5-methoxy-7-methyl-4H-chromen-4-one (154) 
The title compound was synthesized in accordance with GP2 with chalcone 139 (100 mg, 

1.0 equiv, 0.288 mmol) and I2 (78.8 mM, 147 μL, 4 mol%, 0.0115 mmol). The product was 

isolated as white solids in a yield of 90.5 mg (0.262 mmol, 91%).  

1H NMR (600 MHz, CDCl3): δ 2.46 (s, 3H, Me), 3.98 (s, 3H, OMe), 6.64 (s, 1H, 6-H), 6.69 (s, 

1H, 3-H), 6.94 (s, 1H, 8-H), 7.63 (d, 3J2’-3’ = 8.6 Hz, 2H, 3’-H), 7.74 (d, 3J2’-3’ = 8.6 Hz, 2H, 2’-

H). 13C NMR (151 MHz, CDCl3): δ 22.48 (Me), 56.60 (OMe), 108.05 (C-3), 109.29 (C-6), 

110.35 (C-8), 112.54 (C-4a), 126.02 (C-4’), 127.61 (C-2’), 130.71 (C-1’), 132.39 (C-3’), 145.53 

(C-7), 158.34 (C-8a), 159.67 (C-2), 159.95 (C-5), 178.13 (CO). IR (ATR film) [cm-1]: 3072, 

2236, 1612, 1588, 1567, 1483, 1463, 1404, 1375, 1334, 1300, 1265, 1218, 1188, 1164, 1120, 

1074, 1048, 1008, 956, 828, 776, 731, 677, 644, 566, 550, 529, 495, 475. HR-MS (ESI): m/z 

calculated for [C17H14O3Br]+ ([M + H+]): 345.0121, found: 345.0121. Melting point: 

203 – 206 °C  
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7.2.2.4.6 2-(3-Bromophenyl)-5-methoxy-7-methyl-4H-chromen-4-one (155) 
The title compound was synthesized in accordance with GP2 with chalcone 140 (100 mg, 

1.0 equiv, 0.288 mmol) and I2 (78.8 mM, 147 μL, 4 mol%, 0.0115 mmol). The product was 

isolated as white solids in a yield of 92.1 mg (0.266 mmol, 92%).  

1H NMR (600 MHz, CDCl3): δ 2.39 (s, 3H, Me), 3.91 (s, 3H, OMe), 6.56 (s, 1H, 6-H), 6.57 (s, 

1H, 3-H), 6.86 (t, 4J6-8 = 1.1 Hz, 1H, 8-H), 7.29 (t, 3J4’-5’,5’-6 = 7.9 Hz, 1H, 5’-H), 7.54 (ddd, 3J 

= 8.0 Hz, 4J = 2.0 Hz, J = 1.0 Hz, 1H, 4’-H), 7.68 (dt, 3J = 7.9 Hz, 4J = 1.4 Hz, 1H, 6’-H), 7.92 

(t, 4J2’-4’,2’-6’ = 1.9 Hz, 1H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 22.28 (Me), 56.37 (OMe), 

107.88 (C-3), 109.44 (C-6), 110.17 (C-8), 112.29 (C-4a), 123.08 (C-2’), 124.44 (C-6’), 128.84 

(C-3’), 130.40 (C-5’), 133.49 (C-1’), 133.99 (C-4’), 145.44 (C-7), 158.03 (C-8a), 158.97 (C-2), 

159.40 (C-5), 177.71 (CO). IR (ATR film) [cm-1]: 2921, 1644, 1613, 1560, 1483, 1465, 1417, 

1375, 1301, 1266, 1217, 1165, 1121, 1098, 1077, 1050, 998, 977, 956, 846, 825, 791, 744, 721, 
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693, 612, 566, 529, 487. HR-MS (ESI): m/z calculated for [C17H14O3Br]+ ([M + H+]): 345.0121, 

found: 345.0125. Melting point: 165 – 166 °C  
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7.2.2.4.7 2-(2-Bromophenyl)-5-methoxy-7-methyl-4H-chromen-4-one (156) 
The title compound was synthesized in accordance with GP2 with chalcone 141 (100 mg, 

1.0 equiv, 0.288 mmol) and I2 (78.8 mM, 147 μL, 4 mol%, 0.0115 mmol). The product was 

isolated as white solids in a yield of 76.4 mg (0.221 mmol, 76%).  

1H NMR (600 MHz, CDCl3): δ 2.45 (s, 3H, Me), 3.99 (s, 3H, OMe), 6.45 (s, 1H, 3-H), 6.64 (s, 

1H, 6-H), 6.88 (s, 1H, 8-H), 7.35 (td, 3J3’-4’,4’-5’ = 7.7 Hz, 4J4’-6’ = 1.7 Hz, 1H, 4’-H), 7.43 (td, 
3J4’-5’,5’-6’ = 7.5 Hz, 4J3’-5’ = 1.2 Hz, 1H, 5’-H), 7.55 (dd, 3J5’-6’ = 7.7 Hz, 4J4’-6’ = 1.7 Hz, 1H, 6’-

H), 7.70 (dd, 3J3’-4’ = 8.0 Hz, 4J3’-5’ = 1.1 Hz, 1H, 3’-H). 13C NMR (151 MHz, CDCl3): δ 22.43 

(Me), 56.58 (OMe), 108.06 (C-3), 110.45 (C-6), 112.62 (C-8), 114.33 (C-4a), 122.05 (C-2’), 

127.70 (C-5’), 130.98 (C-6’), 131.81 (C-4’), 134.02 (C-1’), 134.05 (C-3’), 145.50 (C-7), 158.71 

(C-8a), 159.75 (C-2), 161.65 (C-5), 177.90 (CO). IR (ATR film) [cm-1]: 2931, 1650, 1616, 

1483, 1466, 1436, 1411, 1332, 1298, 1267, 1217, 1164, 1117, 1061, 1040, 1026, 854, 764, 727, 

683, 567, 545, 500. HR-MS (ESI): m/z calculated for [C17H14O3Br]+ ([M + H+]): 345.0121, 

found 345.0125. Melting point: 146 – 148 °C  

 

156 
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7.2.2.4.8 5,7-Dimethoxy-2-(4-methoxyphenyl)-4H-chromen-4-one or apigenin 
trimethyl ether (157) 

The title compound was synthesized in accordance with GP2 with chalcone 142 (100 mg, 

1.0 equiv, 0.318 mmol) and I2 (78.8 mM, 162 μL, 4 mol%, 0.0127 mmol). The product was 

isolated as white solids in a yield of 35.7 mg (0.114 mmol, 36%). The analytical data were in 

accordance with literature.[315]  

1H NMR (600 MHz, CDCl3): δ 3.88 (s, 3H, OMe), 3.91 (s, 3H, OMe), 3.96 (s, 3H, OMe), 6.37 

(d, 4J6-8 = 2.3 Hz, 1H, 6-H), 6.56 (d, 4J6-8 = 2.3 Hz, 1H, 8-H), 6.60 (s, 1H, 3-H), 7.00 (d, 3J2’-3’ 

= 8.9 Hz, 2H, 3’-H), 7.82 (d, 3J2’-3’ = 8.9 Hz, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 55.62 

(OMe), 55.87 (OMe), 56.59 (OMe), 93.02 (C-8), 96.25 (C-6), 107.92 (C-3), 109.46 (C-4a), 

114.53 (C-3’), 124.09 (C-1’), 127.76 (C-2’), 160.03 (C-8a), 160.83 (C-5), 161.12 (C-2), 162.22 

(C-4’), 164.07 (C-7), 177.75 (CO). IR (ATR film) [cm-1]: 2941, 1640, 1605, 1513, 1491, 1460, 

1422, 1347, 1301, 1259, 1218, 1202, 1180, 1161, 1114, 1057, 1032, 908, 833, 773, 620, 599, 

559. HR-MS (ESI): m/z calculated for [C18H17O5]+ ([M + H+]): 313.1071, found: 313.1075. 

Melting point: 155 – 157°C (155 – 157 °C)[315]  
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7.2.2.4.9 5,7-Dimethoxy-2-phenyl-4H-chromen-4-one or Dimethyl-chrysin (158) 
The title compound was synthesized in accordance with GP2 with chalcone 143 (100 mg, 

1.0 equiv, 0.352 mmol) and I2 (78.8 mM, 178 μL, 4 mol%, 0.0141 mmol). The product was 

isolated as white solids in a yield of 80.1 mg (0.284 mmol, 80%). The analytical data were in 

accordance with literature.[316]  

1H NMR (600 MHz, CDCl3): δ 3.91 (s, 3H, OMe), 3.95 (s, 3H, OMe), 6.37 (d, 4J6-8 = 2.3 Hz, 

1H, 6-H), 6.57 (d, 4J6-8 = 2.3 Hz, 1H, 8-H), 6.68 (s, 1H, 3-H), 7.47 – 7.52 (m, 3H, 3’+4’-H), 

7.84 – 7.90 (m, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 55.89 (OMe), 56.57 (OMe), 93.02 

(C-8), 96.35 (C-6), 109.26 (C-4a), 109.52 (C-3), 126.09 (C2’/3’), 129.06 (C-2’/3’), 131.29 (C-

4’), 131.75 (C-1’), 160.08 (C-8a), 160.78 (C-5), 161.12 (C-2), 164.22 (C-7), 177.69 (CO). IR 

(ATR film) [cm-1]: 3017, 2948, 2922, 2844, 2326, 2226, 2015, 1646, 1605, 1491, 1465, 1451, 
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1422, 1392, 1348, 1302, 1268, 1215, 1204, 1189, 1161, 1120, 1104, 1079, 1058, 1035, 1022, 

1000, 962, 949, 915, 851, 819, 803, 766, 723, 689, 642, 614, 556, 530, 483. HR-MS (ESI): 

m/z calculated for [C17H15O4]+ ([M + H+]): 283.0965, found: 283.0969. Melting point: 80 °C 

(brown discoloration), 141 – 142.1 °C (145 – 146 °C)[316]  
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7.2.2.4.10 2-(4-(dimethylamino)phenyl)-5,7-dimethoxy-4H-chromen-4-one 
(159) 

The title compound was synthesized in accordance with GP2 with chalcone 144 (100 mg, 

1.0 equiv, 0.306 mmol) and I2 (78.8 mM, 157 μL, 4 mol%, 0.0122 mmol). The product was 

isolated as orange solids in a yield of 37.1 mg (0.114 mmol, 37%).  

1H NMR (600 MHz, CDCl3): δ 3.06 (s, 6H, NMe2), 3.91 (s, 3H, OMe), 3.95 (s, 3H, OMe), 6.36 

(d, 4J6-8 = 2.3 Hz, 1H, 6-H), 6.55 (s, 2H, 3+8-H), 6.74 (d, 3J2’-3’ = 9.0 Hz, 2H, 3’-H), 7.75 (d, 
3J2’-3’ = 9.0 Hz, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 40.25 (NMe2), 55.83 (OMe), 56.57 

(OMe), 93.03 (C-8), 96.03 (C-6), 106.23 (C-3), 111.83 (C-3’), 112.16 (C-4a), 118.48 (C-1’), 

127.44 (C-2’), 152.39 (C-4’), 160.00 (C-8a), 161.04 (C-5), 161.72 (C-2), 163.79 (C-7), 177.87 

(CO). IR (ATR film) [cm-1]: 2943, 1635, 1601, 1525, 1489, 1458, 1369, 1347, 1303, 1253, 

1217, 1200, 1161, 1117, 1057, 1029, 1002, 908, 819, 729, 674, 642, 618, 592, 511, 467. HR-

MS (ESI): m/z calculated for [C19H20NO4]+ ([M + H+]): 326.1387, found: 326.1388. Melting 

point: 211 – 214 °C  
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7.2.2.4.11 5,7-Dimethoxy-2-(4-(trifluoromethyl)phenyl)-4H-chromen-4-one 
(160) 

The title compound was synthesized in accordance with GP2 with chalcone 145 (100 mg, 

1.0 equiv, 0.284 mmol) and I2 (78.8 mM, 147 μL, 4 mol%, 0.0114 mmol). The product was 

isolated as white solids in a yield of 26.8 mg (0.0765 mmol, 27%). The analytical data were in 

accordance with literature.[317]  

1H NMR (600 MHz, CDCl3): δ 3.91 (s, 3H, OMe), 3.95 (s, 3H, OMe), 6.38 (d, 4J6-8 = 2.3 Hz, 

1H, 6-H), 6.57 (d, 4J6-8 = 2.3 Hz, 1H, 8-H), 6.70 (s, 1H, 3-H), 7.74 (d, 3J2’-3’ = 8.1 Hz, 2H, 3’-

H), 7.97 (d, 3J2’-3’ = 8.1 Hz, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 55.80 (OMe), 56.45 

(OMe), 92.88 (C-8), 96.41 (C-6), 109.36 (C-4a), 110.30 (C-3), 123.68 (q, J = 272.2 Hz, CF3), 

125.91 (q, J = 3.8 Hz, C-3’), 126.26 (C-2’), 132.77 (q, J = 32.8 Hz, C-4’), 135.02 (C-1’), 158.87 

(C-8a), 159.84 (C-5), 161.04 (C-2), 164.34 (C-7), 177.11 (CO). 19F NMR (282 MHz, CDCl3): 

δ -62.93. IR (ATR film) [cm-1]: 2945, 2240, 1645, 1574, 1491, 1459, 1416, 1386, 1322, 1295, 

1264, 1218, 1203, 1161, 1070, 1057, 1027, 1016, 908, 841, 807, 731, 675, 635, 616, 586, 564, 

528, 514, 493, 468. HR-MS (ESI): m/z calculated for [C18H14F3O4]+ ([M + H+]): 351.0839, 

found: 351.0843. Melting point: 185 – 186 °C  
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7.2.2.4.12 2-(4-Bromophenyl)-5,7-dimethoxy-4H-chromen-4-one (161) 
The title compound was synthesized in accordance with GP2 with chalcone 146 (100 mg, 

1.0 equiv, 0.275 mmol) and I2 (78.8 mM, 142 μL, 4 mol%, 0.0110 mmol). The product was 

isolated as white solids in a yield of 92.6 mg (0.257 mmol, 93%). The analytical data were in 

accordance with literature.[318]  

1H NMR (600 MHz, CDCl3): δ 3.90 (s, 3H, OMe), 3.94 (s, 3H, OMe), 6.36 (d, 4J6-8 = 2.3 Hz, 

1H, 6-H), 6.54 (d, 4J6-8 = 2.3 Hz, 1H, 8-H), 6.63 (s, 1H, 3-H), 7.61 (d, 3J2’-3’ = 8.6 Hz, 2H, 3’-

H), 7.71 (d, 3J2’-3’ = 8.6 Hz, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 55.91 (OMe), 56.57 

(OMe), 92.93 (C-8), 96.40 (C-6), 109.33 (C-3), 109.38 (C-4a), 125.88 (C-4’), 127.47 (C-2’), 

130.60 (C-1’), 132.33 (C-3’), 159.64 (C-8a), 159.91 (C-5), 161.06 (C-2), 164.28 (C-7), 177.44 



Experimental 

224 

(CO). IR (ATR film) [cm-1]: 2842, 1644, 1607, 1572, 1488, 1459, 1422, 1404, 1380, 1341, 

1277, 1217, 1202, 1161, 1118, 1105, 1073, 1057, 1008, 905, 827, 773, 738, 718, 674, 635, 616, 

529, 491, 475. HR-MS (ESI): m/z calculated for [C17H14O4Br]+ ([M + H+]): 361.0070, found: 

361.0073. Melting point: 194 – 195 °C (197 – 198 °C)[318]  

 

161 

 

7.2.2.4.13 2-(3-Bromophenyl)-5,7-dimethoxy-4H-chromen-4-one (162) 
The title compound was synthesized in accordance with GP2 with chalcone 147 (100 mg, 

1.0 equiv, 0.275 mmol) and I2 (78.8 mM, 142 μL, 4 mol%, 0.0110 mmol). The product was 

isolated as white solids in a yield of 84.9 mg (0.235 mmol, 85%). The analytical data were in 

accordance with literature.[319]  

1H NMR (600 MHz, CDCl3): δ 3.92 (s, 3H, OMe), 3.96 (s, 3H, OMe), 6.39 (d, 4J6-8 = 2.3 Hz, 

1H, 6-H), 6.58 (d, 4J6-8 = 2.3 Hz, 1H, 8-H), 6.65 (s, 1H, 3-H), 7.37 (t, 3J4’-5’,5’-6’ = 7.9 Hz, 1H, 

5’-H), 7.63 (dd, 3J4’,5’ = 8.0 Hz, 4J2’-4’ = 1.5 Hz, 1H, 4’-H), 7.77 (dt, 3J6’-5’ = 7.9 Hz, 4J2’-6’ = 1.4 

Hz, 1H, 6’-H), 8.03 (d, 4J2’-4’,2’-6’ = 1.9 Hz, 1H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 55.82 

(OMe), 56.46 (OMe), 92.85 (C-8), 96.41 (C-6), 109.35 (C-4a), 109.75 (C-3), 123.16 (C-2’), 

124.50 (C-6’), 128.93 (C-2’), 130.45 (C-5’), 133.66 (C-1’), 134.00 (C-4’), 158.95 (C-8a), 

159.84 (C-5), 161.00 (C-2), 164.26 (C-7), 177.21 (CO). IR (ATR film) [cm-1]: 2949, 1649, 

1609, 1571, 1489, 1421, 1384, 1268, 1201, 1160, 1115, 1099, 1063, 1024, 910, 854, 825, 764, 

728, 636, 611, 566, 554, 531, 504, 480. HR-MS (ESI): m/z calculated for [C17H14O4Br]+ ([M 

+ H+]): 361.0070, found: 361.0077. Melting point: 134 – 136 °C (278 – 280 °C)[320] The 

melting point diverged strongly from the literature reported value.  
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7.2.2.4.14 2-(2-Bromophenyl)-5,7-dimethoxy-4H-chromen-4-one (163) 
The title compound was synthesized in accordance with GP2 with chalcone 148 (100 mg, 

1.0 equiv, 0.275 mmol) and I2 (78.8 mM, 142 μL, 4 mol%, 0.0110 mmol). The product was 

isolated as white solids in a yield of 292.3 mg (0.255 mmol, 92%).  

1H NMR (600 MHz, CDCl3): δ 3.88 (s, 3H, OMe), 3.96 (s, 3H, OMe), 6.39 (d, 4J6-8 = 2.3 Hz, 

1H, 6-H), 6.43 (s, 1H, 3-H), 6.50 (d, 4J6-8 = 2.3 Hz, 1H, 8-H), 7.35 (td, 3J3’-4’,4’-5’ = 7.7 Hz, 4J4’-

6’ = 1.7 Hz, 1H, 4’-H), 7.43 (td, 3J4’-5’,5’-6’ = 7.5 Hz, 4J3’-5’ = 1.2 Hz, 1H, 5’-H), 7.54 (dd, 3J5’-6’ 

= 7.6 Hz, 4J4’-6’ = 1.7 Hz, 1H, 6’-H), 7.70 (dd, 3J3’-4’ = 8.1 Hz, 4J3’-5’ = 1.2 Hz, 1H, 3’-H). 
13C NMR (151 MHz, CDCl3): δ 55.89 (OMe), 56.59 (OMe), 92.99 (C-8), 96.51 (C-6), 109.48 

(C-3), 114.41 (C-4a), 122.05 (C-2’), 127.71 (C-5’), 130.98 (C-6’), 131.80 (C-4’), 133.97 (C-

1’), 134.02 (C-3’), 160.35 (C-7), 161.20 (C-8a), 161.34 (C-2), 164.35 (C-5), 177.28 (CO). IR 

(ATR film) [cm-1]: 2843, 1644, 1607, 1489, 1459, 1421, 1383, 1334, 1306, 1269, 1217, 1202, 

1161, 1119, 1101, 1079, 1057, 1028, 997, 965, 953, 916, 876, 846, 824, 790, 772, 754, 726, 

692, 674, 643, 616, 566, 529, 483 HR-MS (ESI): m/z calculated for [C17H14O4Br]+ ([M + H+]): 

361.0070, found: 361.0074. Melting point: 162 – 163 °C  

 

163 
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7.2.2.5 General Procedure 3 (GP3): Bichalcones 

 

A vial equipped with stir bar was charged with acetophenone dimer (200 mg, 1.0 equiv), 

ethanol (0.22 M) and aq. KOH solution (3 M, 12.0 equiv). The mixture was stirred for 5 min 

until all solids were dissolved. Aldehyde (2.4 equiv) was added at once. The reaction was stirred 

at room temperature unless stated otherwise. If stated, after 6 h another portion of aldehyde was 

added (1.2 equiv). The reaction mixture was left to stir over night unless stated otherwise. 

Reaction control was performed by TLC and 1H-NMR. After the completion of the reaction aq. 

HCl (1 M, 10 mL) was added unless stated otherwise. Solids precipitate, which were collected 

by filtration over a pad of Celite® washing the solids with methanol (1 mL). The solids were 

then dissolved in CH2Cl2, MeOH (10% v/v) was added, and the solvent removed in vacuo. The 

product was isolated by washing with MeOH (10 mL) at 22 °C and discarding the wash solution. 

7.2.2.5.1 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-methoxyphenyl)prop-2-en-1-one) (165) 

The title compound was synthesized in accordance with GP3 with acetophenone 134 (200 mg, 

1.0 equiv, 0.558 mmol) and 4-methoxybenzaldehyde (0.244 mL, 2.4 equiv + 1.2 equiv, 

2.01 mmol). The product was isolated as orange solids in a yield of 278 mg (0.467 mmol, 83%).  

1H NMR (600 MHz, CDCl3): δ 2.11 (s, 6H, Me), 3.86 (s, 6H, OMe), 3.99 (s, 6H, OMe), 6.43 

(s, 2H, 5-H), 6.94 (d, 3J2’-3’ = 8.7 Hz, 4H, 3’-H), 7.58 (d, 3J2’-3’ = 8.7 Hz, 4H, 2’-H), 7.79 (d, 
3J5’-6’ = 15.6 Hz, 2H, 5’-H), 7.84 (d, 3J5’-6’ = 15.6 Hz, 2H, 6’-H), 13.80 (s, 2H, OH). 
13C NMR (151 MHz, CDCl3): δ 20.87 (Me), 55.40 (OMe), 55.77 (OMe), 103.30 (C-5), 109.96 

(C-1), 114.38 (C-3’), 117.73 (C-3), 125.66 (C-6’), 128.37 (C-1’), 130.16 (C-2’), 142.50 (C-5’), 

147.05 (C-6), 160.12 (C-4), 161.41 (C-4’/2), 162.70 (C-2/4’), 194.03 (CO). IR (ATR film) 

[cm-1]: 2970, 2839, 1623, 1603, 1558, 1510, 1464, 1422, 1363, 1327, 1304, 1291, 1256, 1216, 

1170, 1114, 1037, 908, 871, 828, 770, 647, 619, 559, 536, 521, 487. HR-MS (ESI): m/z 
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calculated for [C36H35O8]+ ([M + H+]): 595.2327, found: 595.2335. Melting point: 

212 – 214 °C  
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7.2.2.5.2 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one) (166) 

The title compound was synthesized in accordance with GP3 with biacetophenone 134 (200 mg, 

1.0 equiv, 0.558 mmol) and benzaldehyde (0.205 mL, 2.4 equiv + 1.2 equiv, 2.01 mmol). The 

product was isolated as orange solids in a yield of 263 mg (0.492 mmol, 88%).  

A vial equipped with a stir bar was charged with biacetophenone 134 (100 mg, 0.279 mmol, 

1.0 equiv, >99%ee Sa) and ethanol (1.0 mL, 0.28 M) and an aqueous solution of KOH (1.12 mL, 

3.35 mmol, 12.0 equiv). Once fully dissolved, benzaldehyde (67.7 μL, 0.670 mmol, 2.4 equiv) 

were added at once. The mixture was stirred for 4 h at 22 °C after which aq. HCl-solution (1 M, 

4 mL) was added. The forming solids were filtered off and washed with MeOH:H2O (8:2, 

10 mL). The solids were then dissolved into a round bottom flask using CH2Cl2 and solvents 

removed in vacuo. The product was isolated by column chromatography (100% CH2Cl2). The 

isolated product was suspended in n-pentane (2 × 5 mL) and sonicated to remove traces of 

CH2Cl2. The solvent was then removed in vacuo. The product was isolated as orange amorphous 

solids in a yield of 81.0 mg (0.152 mmol, 54%, >99%ee Sa). 

In a repeat experiment starting from (100 mg, 0.279 mmol, 1.0 equiv, >99%ee Ra) the product 

was isolated as orange amorphous solids in a yield of 91.1 mg (0.170 mmol, 61%, >99%ee Ra). 

 

1H NMR (600 MHz, CDCl3): δ 2.12 (s, 6H, Me), 4.00 (s, 6H, OMe), 6.44 (s, 2H, 5-H), 7.37 – 

7.45 (m, 6H, 3’+4’-H), 7.59 – 7.65 (m, 4H, 2’-H), 7.80 (d, 3J5’-6’ = 15.6 Hz, 2H, 5’-H), 7.94 (d, 
3J5’-6’ = 15.6 Hz, 2H, 6’-H), 13.71 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 21.06 (Me), 
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55.96 (OMe), 103.50 (C-5), 110.07 (C-3), 117.82 (C-1), 128.16 (C-6’), 128.56 (C-2’), 129.04 

(C-3’), 130.24 (C-4’), 135.76 (C-1’), 142.55 (C-5’), 147.57 (C-6), 160.38 (C-4), 162.89 (C-2), 

194.30 (CO). IR (ATR film) [cm-1]: 3104, 3026, 2970, 2942, 2250, 1628, 1609, 1564, 1448, 

1388, 1361, 1329, 1272, 1214, 1179, 1115, 1073, 1038, 976, 948, 907, 869, 817, 789, 758, 725, 

688, 647, 565, 534, 494. TLC (100% CH2Cl2): Rf = 0.36 (yellow spot) HR-MS (ESI): m/z 

calculated for [C34H31O6]+ ([M + H+]): 535.2115, found: 535.2122.  

Melting point:  213 – 215 °C (rac) 

   190 – 192 °C (Sa) 

   191 – 192 °C (Ra) 

Elemental analysis (calcd., found for C34H30O6): C (76.39, 76.31), H (5.66, 5.59). (rac) 

Elemental analysis (calcd., found for C34H30O6): C (76.39, 76.13), H (5.66, 5.62). (Sa) 

Elemental analysis (calcd., found for C34H30O6): C (76.39, 75.91), H (5.66, 5.72). (Ra) 

Chiral HPLC: >99% ee (Sa) 

   >99% ee (Ra) 

Purity:  >99% (normal phase HPLC), >99% (reversed phase HPLC) (Sa)  

   >99% (normal phase HPLC), >99% (reversed phase HPLC) (Ra) 

   96% (reversed phase HPLC), (elemental Analysis) (rac) 

Optical rotation: [α]20
D = +128.7 (±0.1, duplicate) (c = 0.964, CHCl3, Sa, >99%ee) 

HPLC: Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL min−1, 331 nm, 

n-heptane:i-propanol 50:50 (v/v): tR(Sa) = 14.7 min, tR(Ra) = 24.2 min. 

X-ray: 166 was dissolved in a glass vial in EtOH, layered  with n-pentane and solvent left to 
mix at 22 °C over time sealed with a plastic cap. CCDC 2342256 
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166 

CCDC 2342256 

Figure 30: rac-bichalcone 166. Top: Lewis structure interpretation Bottom: Crystal structure shown as Oak Ridge 
Thermal Ellipsoid Plot (ORTEP) of the racemic mixture, ellipsoids are shown at 50% probability. Detailed 
information can be found in cif-format under the given CCDC deposition number. 

 

7.2.2.5.3 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-(dimethylamino)phenyl)prop-2-en-1-one) 
(167) 

The title compound was synthesized in accordance with GP3 with acetophenone 134 (200 mg, 

1.0 equiv, 0.558 mmol) and 4-(dimethylamino)benzaldehyde (200 mg, 1.34 mmol, 2.4 equiv) 

at 90 °C. The product was isolated as red solids in a yield of 175 mg (0.282 mmol, 50%).  

Scale up: A 50 mL round bottom flask was charged with acetophenone 134 (1.00 g, 1.0 equiv, 

2.79 mmol), 4-(dimethylamino)benzaldehyde (1.00 g, 2.4 equiv, 6.69 mmol) and EtOH 

(10 mL). Aq. KOH-solution was added (3 M, 11.0 mL, 12.0 equiv, 33.5 mmol). The reaction 

mixture was stirred at 90 °C. After 24 h, 4-(dimethylamino)benzaldehyde (500 mg, 1.2 equiv, 

3.35 mmol) was added. After an additional 24 h heating was stopped, KPi-buffer (1 M, pH 7, 

20 mL) was added. The organic phases were extracted using CH2Cl2 (3x 100 mL). The 

combined organic phases were washed with sat. aq. NaCl-solution (50 mL) and dried over 

MgSO4. The solvent was removed in vacuo. The mixture was then resuspended in MeOH (10 

mL). Aq. KOH-solution was added (3 M, 11.0 mL, 12.0 equiv, 33.5 mmol). Then 4-

(dimethylamino)benzaldehyde (500 mg, 1.2 equiv, 3.35 mmol) was added and the mixture 

stirred at 90 °C for 16 h. the reaction was stopped, KPi-buffer (1 M, pH 7, 20 mL) was added. 

The organic phases were extracted using CH2Cl2 (3x 100 mL). The combined organic phases 
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were washed with sat. aq. NaCl-solution (50 mL) and dried over MgSO4. MeOH (15 mL) was 

added to the solution and the solvent was carefully removed in vacuo. The resulting mixture 

was macerated with MeOH (15 mL). The solids were filtered off and washed with copious 

amounts of MeOH. The product was obtained as red solids in a yield of 607 mg (0.978 mmol, 

35%).  

1H NMR (600 MHz, CDCl3): δ 2.10 (s, 6H, Me), 3.04 (s, 12H, NMe2), 3.98 (s, 6H, OMe), 6.41 

(s, 2H, 5-H), 6.70 (d, 3J2’-3’ = 8.6 Hz, 4H, 3’-H), 7.53 (d, 3J2’-3’ = 8.5 Hz, 4H, 2’-H), 7.78 (d, 
3J5’-6’ = 15.4 Hz, 2H, 5’-H), 7.84 (d, 3J5’-6’ = 15.5 Hz, 2H, 6’-H), 13.96 (s, 2H, OH). 
13C NMR (151 MHz, CDCl3): δ 20.98 (Me), 40.30 (NMe2), 55.87 (OMe), 103.40 (C-5), 110.29 

(C-3), 112.07 (C-3’), 118.01 (C-1), 122.95 (C-6’), 123.69 (C-1’), 130.54 (C-2’), 144.05 (C-5’), 

146.58 (C-4), 152.03 (C-4’), 160.15 (C-6), 162.83 (C-2), 193.97 (CO). IR (ATR film) [cm-1]: 

1602, 1543, 1525, 1472, 1445, 1414, 1364, 1316, 1298, 1228, 1211, 1167, 1113, 1067, 979, 

947, 866, 815, 732, 703, 651, 613, 569, 541, 469. HR-MS (ESI): m/z calculated for 

[C38H41N2O6]+ ([M + H+]): 621.2959, found: 621.2962. Melting point: 265 °C (decomposition) 

167 

7.2.2.5.4 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one) 
(168) 

The title compound was synthesized in accordance with GP3 with acetophenone 134 (200 mg, 

1.0 equiv, 0.558 mmol) and 4-(trifluoromethyl)benzaldehyde (0.274 mL, 2.4 equiv + 1.2 equiv, 

2.01 mmol). The product was isolated as orange solids in a yield of 232 mg (0.346 mmol, 62%). 

1H NMR (600 MHz, CDCl3): δ 2.12 (s, 6H, Me), 4.00 (s, 6H, OMe), 6.45 (s, 2H, 5-H), 7.67 (d, 
3J2’-3’ = 8.2 Hz, 4H, 3’-H), 7.71 (d, 3J2’-3’ = 8.1 Hz, 4H, 3’-H), 7.76 (d, 3J5’-6’ = 15.6 Hz, 2H, 5’-

H), 7.97 (d, 3J5’-6’ = 15.7 Hz, 2H, 6’-H), 13.59 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 

21.10 (Me), 56.03 (OMe), 103.55 (C-5), 109.97 (C-3), 117.77 (C-1), 124.09 (q, 1JF-C = 271.5, 
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CF3), 126.00 (q, 3JF-C = 3.8 Hz, C-3’), 128.54 (C-2’), 130.49 (C-6’), 131.65 (q, 2JF-C = 33.4 Hz, 

C-2’), 139.17 (C-1’), 140.30 (C-5’), 148.08 (C-4), 160.41 (C-6), 162.94 (C-2), 193.93 (CO). 
19F NMR (282 MHz, CDCl3): δ -62.76. IR (ATR film) [cm-1]: 2946, 2852, 1609, 1570, 1481, 

1452, 1414, 1389, 1362, 1321, 1288, 1273, 1216, 1180, 1116, 1068, 1034, 1017, 979, 954, 834, 

734, 716, 673, 652, 593, 571, 535. HR-MS (ESI): m/z calculated for [C36H29F6O6]+ ([M + H+]): 

671.1863, found: 671.1866. Melting point: 208 – 209 °C  

 

168 

 

7.2.2.5.5 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-bromophenyl)prop-2-en-1-one) (169) 

The title compound was synthesized in accordance with GP3 with acetophenone 134 (200 mg, 

1.0 equiv, 0.558 mmol) and 4-bromobenzaldehyde (248 mg, 2.4 equiv, 1.34 mmol). The 

product was isolated as orange solids in a yield of 364 mg (0.527 mmol, 94%).  

A further experiment using biaryl 134 (1.43 g, 1.0 equiv, 4.00 mmol, rac) gave the product as 

orange crystalline solids (2.67 g, 3.88 mmol, 97%, rac). After the addition of HCl-solution, the 

solids were filtered off, washed with water and then MeOH (10 mL). The solids were then 

dissolved using CH2Cl2, washed with sat. aq. NaCl solution and dried over MgSO4. MeOH was 

added (10 mL) and the solvents carefully removed in vacuo. The analytical data were in 

accordance with literature.[108b] 

1H NMR (600 MHz, CDCl3): δ 2.11 (s, 6H, Me), 3.99 (s, 6H, OMe), 6.43 (s, 2H, 5-H), 7.47 (d, 
3J2’-3’ = 8.5 Hz, 4H, 2’-H), 7.54 (d, 3J2’-3’ = 8.4 Hz, 3H, 3’-H), 7.71 (d, 3J5’-6’ = 15.6 Hz, 2H, 5’-

H), 7.90 (d, 3J5’-6’ = 15.6 Hz, 2H, 6’-H), 13.65 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 

21.06 (Me), 56.00 (OMe), 103.51 (C-5), 110.00 (C-3), 117.80 (C-1), 124.43 (C-4’), 128.73 (C-

6’), 129.88 (C-2’), 132.29 (C-3’), 134.68 (C-1’), 141.07 (C-5’), 147.79 (C-6), 160.35 (C-4), 

162.90 (C-2), 194.02 (CO). IR (ATR film) [cm-1]: 2970, 2941, 2848, 2251, 1627, 1605, 1559, 

1485, 1389, 1359, 1323, 1213, 1178, 1141, 1114, 1072, 1035, 1009, 979, 946, 908, 875, 819, 
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801, 786, 731, 648, 632, 604, 571, 535, 507, 491. HR-MS (ESI): m/z calculated for 

[C34H29O6Br2]+ ([M + H+]): 691.0325, found: 691.0324. 

Melting point:  230 – 236 °C (rac)  

233 – 237 °C (decomposition) (Sa, >99%ee HPLC)  

227 – 230 °C (decomposition) (Ra, >99%ee HPLC)  

HPLC: CHIRALPAK® IA (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 335 nm, 

n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 25.5 min, tR(Ra) = 40.9 min 

Optical rotation: [α]25
D = +69.4 (±0.6, duplicate) (c = 1.01, CHCl3, Sa, >99%ee by chiral 

HPLC)  

X-ray: (R)-169 was dissolved in CDCl3, filtered over a syringe filter into a vial and the solvent 
left to evaporate over time. CCDC 2342250 

 

169 

 

(R)-169 isomer 1 



Experimental 

233 

 

(R)-169 isomer 2 

CCDC 2342250 

Figure S1: Bichalcone 239. Top Lewis structure interpretation Middle and bottom: Crystal structure (two 
conformers) shown as Oak Ridge Thermal Ellipsoid Plot (ORTEP) of the (R)-enantiomer, ellipsoids are shown at 
50% probability. Detailed information can be found in cif-format under the given CCDC deposition number. 

 

7.2.2.5.6 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(3-bromophenyl)prop-2-en-1-one) (170) 

The title compound was synthesized in accordance with GP3 with acetophenone 134 (200 mg, 

1.0 equiv, 0.558 mmol) and 3-bromobenzaldehyde (0.156 mL, 2.4 equiv, 1.34 mmol). The 

product was isolated as orange solids in a yield of 335 mg (0.484 mmol, 86%). 

1H NMR (600 MHz, CDCl3): δ 2.11 (s, 6H, Me), 4.00 (s, 6H, OMe), 6.44 (s, 2H, 5-H), 7.29 (t, 
3J4’-5’,5’-6’ = 7.8 Hz, 2H, 5’-H), 7.51 (dt, J = 8.1, 1.5 Hz, 4H, 4’+6’-H), 7.68 (d, 3J7’-8’ = 15.6 Hz, 

2H, 7’-H), 7.74 (t, 4J2’-4’,2’-6’ = 1.8 Hz, 2H, 2’-H), 7.89 (d, 3J7’-8’ = 15.6 Hz, 2H, 8’-H), 13.63 (s, 

2H, OH). 13C NMR (151 MHz, CDCl3): δ 21.09 (Me), 56.04 (OMe), 103.51 (C-5), 109.92 (C-

3), 117.71 (C-1), 123.15 (C-3’), 127.20 (C-8’), 129.43 (C-6’), 130.53 (C-5’), 131.06 (C-2’), 

132.94 (C-4’), 137.88 (C-1’), 140.62 (C-7’), 147.92 (C-6), 160.37 (C-4), 162.90 (C-2), 193.93 

(CO). IR (ATR film) [cm-1]: 2922, 1630, 1469, 1389, 1323, 1274, 1180, 1116, 1035, 907, 864, 

795, 778, 730, 648. HR-MS (ESI): m/z calculated for [C34H29O6Br2]+ ([M + H+]): 691.0325, 

found: 691.0324. Melting point: 110 °C (decomposition)  
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7.2.2.5.7 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(2-bromophenyl)prop-2-en-1-one) (171) 

The title compound was synthesized in accordance with GP3 with acetophenone 134 (200 mg, 

1.0 equiv, 0.558 mmol) and 2-bromobenzaldehyde (0.156 mL, 2.4 equiv, 1.34 mmol). The 

product was isolated as orange solids in a yield of 253 mg (0.365 mmol, 65%).  

1H NMR (600 MHz, CDCl3): δ 2.11 (s, 6H, Me), 3.98 (s, 6H, OMe), 6.43 (s, 2H, 5-H), 7.24 

(td, 3J3’-4’,4’-5’ = 7.7 Hz, 4J4’-6’ = 1.6 Hz, 2H, 4’-H), 7.36 (td, 3J4’-5’,5’-6’ = 7.4 Hz, 4J3’-5’ = 1.0 Hz, 

2H, 5’-H), 7.64 (dd, 3J3’-4’ = 8.0 Hz, 4J3’-5’ = 1.3 Hz, 2H, 3’-H), 7.70 (dd, 3J5’-6’ = 7.8 Hz, 4J4’-6’ 

= 1.6 Hz, 2H, 6’-H), 7.85 (d, 3J7’-8’ = 15.5 Hz, 2H, 7’-H), 8.11 (d, 3J7’-8’ = 15.6 Hz, 2H, 8’-H), 

13.61 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 20.93 (Me), 55.83 (OMe), 103.33 (C-5), 

109.85 (C-3), 117.63 (C-1), 125.88 (C-2’), 127.62 (C-5’), 127.96 (C-6’), 130.69 (C-8’), 130.86 

(C-4’), 133.54 (C-3’), 135.70 (C-1’), 140.43 (C-7’), 147.70 (C-6), 160.21 (C-4), 162.79 (C-2), 

193.76 (CO). IR (ATR film) [cm-1]: 2851, 1610, 1573, 1465, 1361, 1214, 1180, 1117, 1027, 

907, 730, 535. HR-MS (ESI): m/z calculated for [C34H29O6Br2]+ ([M + H+]): 691.0325, found: 

691.0323. TLC (petroleum ether:EtOAc, 6:4 v/v): Rf = 0.44 Melting point: 220 – 221 °C  

 

171 
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7.2.2.5.8 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-biphenyl]-
3,3'-diyl)bis(3-(4-methoxyphenyl)prop-2-en-1-one) (172) 

The title compound was synthesized in accordance with GP3 with acetophenone 49 (200 mg, 

1.0 equiv, 0.512 mmol) and 4-methoxybenzaldehyde (0.149 mL, 2.4 equiv, 1.23 mmol). The 

product was isolated as yellow solids in a yield of 145 mg (0.231 mmol, 45%). The analytical 

data is in accordance with literature.[113b]  

1H NMR (600 MHz, CDCl3): δ 3.86 (s, 12H, OMe), 4.01 (s, 6H, OMe), 6.14 (s, 2H, 5-H), 6.93 

(d, 3J2’-3’ = 8.6 Hz, 4H, 3’-H), 7.56 (d, 3J2’-3’ = 8.5 Hz, 4H, 2’-H), 7.76 (d, 3J5’-6’ = 15.5 Hz, 2H, 

5’-H), 7.82 (d, 3J5’-6’ = 15.6 Hz, 2H, 6’-H), 14.20 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 

55.55 (OMe), 55.98 (OMe), 56.08 (OMe), 87.20 (C-5), 103.27 (C-1), 106.93 (C-3), 114.50 (C-

3’), 125.90 (C-6’), 128.69 (C-1’), 130.18 (C-2’), 142.07 (C-5’), 161.40 (C-4/6/4’), 162.93 (C-

4/6/4’), 164.02 (C-4/6/4’), 164.78 (C-2), 193.18 (CO). IR (ATR film) [cm-1]: 1739, 1622, 1604, 

1510, 1466, 1407, 1371, 1290, 1255, 1215, 1171, 1122, 829, 801, 776, 603, 559, 539, 520. HR-

MS (ESI): m/z calculated for [C36H35O10]+ ([M + H+]): 627.2225, found: 627.2227. Melting 

point: 284 – 285 °C (282 – 285 °C)[113b]  

 

172 

 

7.2.2.5.9 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-biphenyl]-
3,3'-diyl)bis(3-phenylprop-2-en-1-one) (173) 

The title compound was synthesized in accordance with GP3 with acetophenone 49 (200 mg, 

1.0 equiv, 0.512 mmol) and benzaldehyde (0.188 mL, 2.4 equiv + 1.2 equiv, 1.84 mmol). The 

product was isolated as yellow solids in a yield of 65.8 mg (0.116 mmol, 23%).  

1H NMR (600 MHz, CDCl3): δ 3.86 (s, 6H, OMe), 4.02 (s, 6H, NMe2), 6.15 (s, 2H, 5-H), 7.37 

– 7.44 (m, 6H, 3’+4’-H), 7.61 (d, 3J2’-3’ = 7.1 Hz, 4H, 2’-H), 7.77 (d, 3J5’-6’ = 15.6 Hz, 2H, 5’-

H), 7.91 (d, 3J5’-6’ = 15.6 Hz, 2H, 6’-H), 14.11 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 

56.00 (OMe), 56.10 (OMe), 87.20 (C-5), 103.20 (C-1), 106.90 (C-3), 128.25 (C-6’), 128.47 (C-
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2’), 129.00 (C-3’), 130.04 (C-4’), 135.94 (C-1’), 141.97 (C-5’), 163.06 (C-4/6), 164.25 (C-4/6), 

164.80 (C-2), 193.25 (CO). IR (ATR film) [cm-1]: 2918, 2850, 1737, 1617, 1560, 1470, 1450, 

1435, 1373, 1331, 1287, 1217, 1179, 1155, 1122, 1037, 870, 804, 762, 726, 703, 685, 662, 633, 

576, 532, 477. HR-MS (ESI): m/z calculated for [C34H31O8]+ ([M + H+]): 567.2013, found: 

567.2020. Melting point: 272 °C (decomposition)  
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7.2.2.5.10 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-(dimethylamino)phenyl)prop-2-en-1-one) 
(174) 

The title compound was synthesized in accordance with GP3 with acetophenone 49 (200 mg, 

1.0 equiv, 0.512 mmol) and 4-(dimethylamino)benzaldehyde (183 mg, 2.4 equiv, 1.23 mmol) 

at 90 °C. The product was isolated as red solids in a yield of 80.2 mg (0.123 mmol, 24%). (Due 

to poor solubility in CDCl3, and d6-DMSO only a 1H NMR spectrum could be obtained.)  

1H NMR (600 MHz, CDCl3): δ 3.04 (s, 12H, OMe), 3.84 (s, 6H, OMe), 4.00 (s, 6H), 6.13 (s, 

2H), 6.70 (d, 3J = 8.6 Hz, 4H), 7.52 (d, 3J = 8.5 Hz, 4H), 7.76 (d, 3JE-alkene = 15.4 Hz, 2H), 7.81 

(d, 3JE-alkene = 15.4 Hz, 2H), 14.37 (s, 2H, OH). IR (ATR film) [cm-1]: 2850, 1598, 1542, 1527, 

1467, 1434, 1411, 1370, 1334, 1295, 1214, 1168, 1114, 1038, 996, 982, 970, 863, 818, 776, 

722, 702, 662, 605, 543. HR-MS (ESI): m/z calculated for [C38H41N2O8]+ ([M + H+]): 

653.2857, found: 653.2851. Melting point: 303 °C (decomposition)  
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7.2.2.5.11 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one) 
(175) 

The title compound was synthesized in accordance with GP3 with acetophenone 49 (200 mg, 

1.0 equiv, 0.512 mmol) and 4-(trifluoromethyl)benzaldehyde (0.168 mL, 2.4 equiv, 

1.23 mmol). The product was isolated as yellow solids in a yield of 95.0 mg (0.135 mmol, 27%).  

1H NMR (600 MHz, CDCl3): δ 3.87 (s, 6H, OMe), 4.02 (s, 6H, OMe), 6.15 (s, 2H, 5-H), 7.66 

(d, 3J2’-3’ = 8.2 Hz, 4H, 3’-H), 7.69 (d, 3J2’-3’ = 8.2 Hz, 4H, 2’-H), 7.73 (d, 3J5’-6’ = 15.7 Hz, 2H, 

5’-H), 7.94 (d, 3J5’-6’ = 15.7 Hz, 2H, 6’-H), 13.99 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 

56.05 (OMe), 56.12 (OMe), 87.21 (C-5), 103.14 (C-1), 106.80 (C-3), 124.12 (q, 1JF-C = 271.3 

Hz, CF3), 125.96 (q, 3JF-C = 3.8 Hz, C-3’), 128.45 (C-2’), 130.61 (C-6’), 131.46 (q, 2JF-C = 32.7 

Hz, C-4’), 139.36 (C-1’), 139.75 (C-5’), 163.13 (C-4/6), 164.57 (C-4/6), 164.83 (C-2), 192.79 

(CO). 19F NMR (282 MHz, CDCl3): δ -62.74. IR (ATR film) [cm-1]: 2921, 2852, 1731, 1611, 

1566, 1467, 1405, 1321, 1286, 1215, 1122, 1067, 1032, 1016, 954, 907, 834, 775, 732, 649, 

597, 531. HR-MS (ESI): m/z calculated for [C36H29F6O8]+ ([M + H+]): 703.1761, found: 

703.1767. Melting point: 251 °C (decomposition)  
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7.2.2.5.12 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-bromophenyl)prop-2-en-1-one) (176) 

The title compound was synthesized in accordance with GP3 with acetophenone 49 (200 mg, 

1.0 equiv, 0.512 mmol) and 4-bromobenzaldehyde (227 mg, 2.4 equiv, 1.23 mmol). The 

product was isolated as yellow solids in a yield of 203 mg (0.280 mmol, 55%).  

1H NMR (600 MHz, CDCl3): δ 3.86 (s, 6H, OMe), 4.01 (s, 6H, OMe), 6.14 (s, 2H, 5-H), 7.45 

(d, 3J2’-3’ = 8.4 Hz, 4H, 3’-H), 7.53 (d, 3J2’-3’ = 8.3 Hz, 4H, 2’-H), 7.67 (d, 3J5’-6’ = 15.6 Hz, 2H, 

5’-H), 7.88 (d, 3J5’-6’ = 15.6 Hz, 2H, 6’-H), 14.05 (s, 2H, OH). 13C NMR (151 MHz, CDCl3): δ 

56.03 (OMe), 56.10 (OMe), 87.20 (C-5), 103.17 (C-1), 106.83 (C-3), 124.19 (C-4’), 128.83 (C-

6’), 129.79 (C-2’), 132.24 (C-3’), 134.86 (C-1’), 140.51 (C-5’), 163.05 (C-4/6), 164.38 (C-4/6), 

164.80 (C-2), 192.92 (CO). IR (ATR film) [cm-1]: 2918, 2850, 1738, 1628, 1556, 1486, 1471, 

1436, 1399, 1372, 1328, 1291, 1214, 1180, 1154, 1090, 1073, 1033, 1009, 974, 820, 648, 631. 

HR-MS (ESI): m/z calculated for [C34H29Br2O8]+ ([M + H+]): 723.0220, found: 723.0224. 

Melting point: 274 °C (decomposition)  

 

176 

 

7.2.2.5.13 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(3-bromophenyl)prop-2-en-1-one) (177) 

The title compound was synthesized in accordance with GP3 with acetophenone 49 (200 mg, 

1.0 equiv, 0.512 mmol) and 3-bromobenzaldehyde (0.143 mL, 2.4 equiv, 1.23 mmol). The 

product was obtained as yellow solids (124 mg). 3:1 Mix of Chalcone:Flavanone with mono-

addition product present (according to 1H-NMR). 

1H NMR (600 MHz, CDCl3): δ 3.86 (s, 6H, OMe), 4.03 (s, 6H, OMe), 6.15 (s, 2H), 7.29 (t, J 

= 7.9 Hz, 2H), 7.50 (d, J = 7.8 Hz, 4H), 7.65 (d, 3JE-alkene = 15.5 Hz, 2H), 7.73 (s, 2H), 7.87 (d, 
3JE-alkene = 15.6 Hz, 2H), 14.03 (s, 2H, OH). HR-MS (ESI): m/z calculated for [C34H29Br2O8]+ 

([M + H+]): 723.0221, found: 723.0224.  
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7.2.2.5.14 rac-(2E,2'E)-1,1'-(2,2'-Dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(2-bromophenyl)prop-2-en-1-one) (178) 

The title compound was synthesized in accordance with GP3 with acetophenone 49 (200 mg, 

1.0 equiv, 0.512 mmol) and 2-bromobenzaldehyde (0.143 mL, 2.4 equiv, 1.23 mmol), 1.5 h 

reaction time. The product was obtained as yellow solids (84.7 mg). 5:1 Mix of 

Chalcone:Flavanone with mono-addition product present (according to 1H-NMR). 

1H NMR (600 MHz, CDCl3): δ 3.86 (s, 6H, OMe), 4.00 (s, 6H, OMe), 6.13 (s, 2H), 7.22 (t, J 

= 7.7 Hz, 2H), 7.35 (t, J = 7.8 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 7.69 (d, J = 7.6 Hz, 3H), 7.82 

(d, 3JE-alkene = 15.6 Hz, 2H), 8.07 (d, 3JE-alkene = 15.6 Hz, 2H), 13.96 (s, 2H, OH). HR-MS (ESI): 

m/z calculated for [C34H29Br2O8]+ ([M + H+]): 723.0216, found: 723.0224.  
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7.2.2.6 General Procedure 4 (GP4): Biflavones 

 

A 10 mL microwave vial with stir bar was charged with bichalcone (30 mg, 1.00 equiv) and 

capped with a septum. Degassed DMSO (0.24 mL) and a solution of I2 in degassed DMSO 

(78.8 mM, 10 mol%) were added. The reaction solution was then heated to 150 °C and stirred 

for 3 h unless stated otherwise. After complete conversion sat. aq. Na2SO3 solution (4 mL) was 

added. The aq. phase was extracted with ethyl acetate (3x 20 mL). The combined org. layers 

were washed with cold water (3x 20 mL) and sat. NaCl solution (2x 20 mL) and the solvent 

removed in vacuo. The product was isolated by column chromatography unless otherwise stated. 

7.2.2.6.1 rac-5,5'-Dimethoxy-2,2'-bis(4-methoxyphenyl)-7,7'-dimethyl-4H,4'H-
[8,8'-bichromene]-4,4'-dione (179) 

The title compound was synthesized in accordance with GP4 with bichalcone 165 (30.0 mg, 

1.00 equiv, 50.7 μmol) and I2 (78.8 mM, 64.3 μL, 10 mol%, 5.07 μmol) in 1 h. The product was 

isolated by column chromatography (EtOAc:MeOH, 95:5 v/v) as white solids in a yield of 

15.8 mg (26.8 μmol, 53%). The analytical data were in accordance with literature.[108a]  

1H NMR (600 MHz, CDCl3): δ 2.18 (s, 6H, Me), 3.79 (s, 6H, OMe), 4.11 (s, 6H, OMe), 6.64 

(s, 2H, 3-H), 6.78 (d, 3J2’-3’ = 8.9 Hz, 4H, 3’-H), 6.88 (s, 2H, 6-H), 7.23 (d, 3J2’-3’ = 8.9 Hz, 4H, 

2’-H). 13C NMR (151 MHz, CDCl3): δ 20.76 (Me), 55.63 (OMe), 56.72 (OMe), 107.23 (C-3), 

108.34 (C-6), 112.96 (C-4a), 114.66 (C-3’), 116.56 (C-8), 123.48 (C-1’), 127.32 (C-2’), 144.67 

(C-7), 155.77 (C-8a), 159.28 (C-5), 160.94 (C-2), 162.32 (C-5), 178.62 (CO). IR (ATR film) 

[cm-1]: 2844, 2238, 1605, 1576, 1512, 1496, 1478, 1464, 1442, 1423, 1371, 1335, 1301, 1207, 

1116, 1062, 1031, 976, 956, 909, 730, 644, 590. TLC (EtOAc:MeOH, 95:5 v/v): Rf = 0.26 HR-

MS (ESI): m/z calculated for [C36H31O8]+ ([M + H+]): 591.2013, found: 591.2020. Melting 

point: 295 – 296 °C  
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7.2.2.6.2 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-diphenyl-4H,4'H-[8,8'-
bichromene]-4,4'-dione (180) 

The title compound was synthesized in accordance with GP4 with bichalcone 166 (30.0 mg, 

1.00 equiv, 56.5 μmol) and I2 (78.8 mM, 71.7 μL, 10 mol%, 5.65 μmol). The product was 

isolated by column chromatography (EtOAc:MeOH, 98:2 v/v) as white solids in a yield of 

6.2 mg (12 μmol, 21%).  

1H NMR (600 MHz, CDCl3): δ 2.19 (s, 6H, Me), 4.11 (s, 6H, OMe), 6.73 (s, 2H, 3-H), 6.89 (s, 

2H, 6-H), 7.26 – 7.33 (m, 8H, 2’+3’-H), 7.34 – 7.40 (m, 2H, 4’-H). 
13C NMR (151 MHz, CDCl3): δ 20.65 (Me), 56.57 (OMe), 108.28 (C-3), 108.50 (C-6), 112.92 

(C-4a), 116.35 (C-8), 125.44 (C-2’/3’), 129.01 (C-2’/3’), 131.09 (C-4’), 131.29 (C-1’), 144.81 

(C-7), 155.66 (C-8a), 159.20 (C-5), 160.64 (C-2), 178.44 (CO). IR (ATR film) [cm-1]: 3005, 

2848, 1640, 1597, 1578, 1495, 1479, 1464, 1450, 1370, 1333, 1307, 1281, 1258, 1207, 1189, 

1122, 1062, 976, 955, 908, 850, 771, 730, 689, 665, 645, 612, 551, 531. TLC (EtOAc:MeOH, 

98:2 v/v): Rf = 0.28 HR-MS (ESI): m/z calculated for [C34H27O6]+ ([M + H+]): 531.1802, found: 

531.1805. Melting point: 296 °C  
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7.2.2.6.3 rac-2,2'-Bis(4-(dimethylamino)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-
4H,4'H-[8,8'-bichromene]-4,4'-dione (181) 

The title compound was synthesized in accordance with GP4 with bichalcone 167 (30.0 mg, 

1.00 equiv, 48.6 μmol) and I2 (78.8 mM, 61.7 μL, 10 mol%, 4.86 μmol). The product was 

isolated by column chromatography (EtOAc:CH2Cl2:MeOH, 7:2.5:0.5 v/v) as orange solids in 

a yield of 6.3 mg (10 μmol, 21%).  

In a further experiment the reaction was scaled up with bichalcone 167 (575 mg, 1.00 equiv, 

0.927 mmol) and I2 (78.8 mM, 1.18 mL, 10 mol%, 92.7 μmol). The product was isolated as 

orange solids in a yield of 123 mg (0.199 mmol, 21 %). 

1H NMR (600 MHz, CDCl3): δ 2.17 (s, 6H, Me), 2.97 (s, 12H, NMe2), 4.10 (s, 6H, OMe), 6.51 

(d, 3J2’-3’ = 9.1 Hz, 4H, 3’-H), 6.58 (s, 2H, 3-H), 6.86 (s, 2H, 6-H), 7.16 (d, 3J2’-3’ = 9.0 Hz, 4H, 

2’-H). 13C NMR (151 MHz, CDCl3): δ 20.71 (Me), 40.17 (NMe2), 56.64 (OMe), 105.38 (C-3), 

108.02 (C-6), 111.79 (C-3’), 112.83 (C-4a), 116.66 (C-8), 117.70 (C-1’), 127.05 (C-2’), 144.20 

(C-7), 152.28 (C-4’), 155.70 (C-8a), 159.00 (C-5), 161.92 (C-2), 178.80 (C-4). IR (ATR film) 

[cm-1]: 2923, 2237, 1731, 1604, 1591, 1524, 1495, 1364, 1335, 1302, 1284, 1251, 1197, 1171, 

1120, 1063, 908, 819, 761, 728, 662, 642, 582, 570, 544, 531, 512. TLC 

(EtOAc:CH2Cl2:MeOH, 7:2.5:0.5 v/v): Rf = 0.16 HR-MS (ESI): m/z calculated for 

[C38H37N2O6]+ ([M + H+]): 617.2646, found: 617.2653. Melting point: 196 – 197 °C  
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7.2.2.6.4 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-(trifluoromethyl)phenyl)-
4H,4'H-[8,8'-bichromene]-4,4'-dione (182) 

The title compound was synthesized in accordance with GP4 with bichalcone 168 (30.0 mg, 

1.00 equiv, 45.0 μmol) and I2 (78.8 mM, 57.1 μL, 10 mol%, 4.50 μmol) for 2 h. The product 

was isolated by column chromatography (petroleum ether:EtOAc:isopropanol, 6:3:1 v/v) as a 

white viscous semi-solid in a yield of 8.5 mg (13 μmol, 28%). 
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1H NMR (600 MHz, CDCl3): δ 2.21 (s, 6H, Me), 4.12 (s, 6H, OMe), 6.78 (s, 2H, 3-H), 6.93 (s, 

2H, 6-H), 7.40 (d, 3J2’-3’ = 8.2 Hz, 4H, 3’-H), 7.56 (d, 3J2’-3’ = 8.3 Hz, 4H, 2’-H). 
13C NMR (151 MHz, CDCl3): δ 20.83 (Me), 56.78 (OMe), 108.68 (C-6), 109.89 (C-3), 113.06 

(C-4a), 116.21 (C-8), 123.61 (q, 1JF-C = 272.1 Hz, CF3), 125.84 (C-2’), 126.22 (q, 3JF-C = 3.7 

Hz, C-3’), 133.12 (q, 2JF-C = 33.1 Hz, C-4’), 134.59 (C-1’), 145.37 (C-7), 155.68 (C-8a), 159.03 

(C-2), 159.52 (C-5), 178.08 (CO). 19F NMR (282 MHz, CDCl3): δ -63.13. IR (ATR film) [cm-

1]: 2854, 1817, 1646, 1600, 1579, 1497, 1480, 1466, 1445, 1417, 1323, 1295, 1207, 1125, 1063, 

1015, 977, 957, 909, 844, 777, 731, 625, 557, 532, 518. TLC (petroleum 

ether:EtOAc:isopropanol, 6:3:1 v/v): Rf = 0.21 HR-MS (ESI): m/z calculated for 

[C36H25F6O6]+ ([M + H+]): 667.1555, found: 667.1550. Melting point: 263 – 265 °C  
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7.2.2.6.5 rac-2,2'-Bis(4-bromophenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-
bichromene]-4,4'-dione (183) 

The title compound was synthesized in accordance with GP4 with bichalcone 169 (30.0 mg, 

1.00 equiv, 43.6 μmol) and I2 (78.8 mM, 55.3 μL, 10 mol%, 4.36 μmol). The product was 

obtained as white solids in a yield of 27.7mg (40.1 μmol, 92%). 

A further experiment following GP4 using bichalcone 169 (1.29 g, 1.0 equiv, 1.86 mmol, rac) 

gave the product as off-white solids (1.22 g, 1.77 mmol, 95%, rac).  

In a further experiment, a 2-dr. vial equipped with stir bar was charged with bichalcone 169 

(96.9 mg, 1.0 equiv, 140 μmol, >99% ee Sa) and a solution of iodine in degassed DMSO (0.08 M, 

175 μL, 0.1 equiv, 14.0 μmol). The reaction was stirred at 150 °C for 2 h. Sat. aq. Na2SO3 

(1 mL) solution was added and the aq. phase extracted with CH2Cl2 (3x 15 mL). The combined 

org. phases were washed with sat. aq. NaCl solution, water (3x) sat. aq. NaCl solution again, 

dried over MgSO4 and solvents removed in vacuo. The product was obtained as off-white solids 

in a yield of 89.0 mg (129 μmol, 92%, >99%ee Sa).  
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A further experiment using bichalcone 169 (83.1 mg, 1.0 equiv, 120 μmol, >99% ee Ra) gave 

the product as off-white solids in a yield of 63.2 mg (91.8 μmol, 77%, >99%ee Ra).  

A further experiment using bichalcone 169 (1.29 g, 1.0 equiv, 1.86 mmol, rac) gave the product 

as off-white solids in a yield of 1.22 g (1.77 mmol, 95%, rac). The analytical data were in 

accordance with literature.[108b] 

1H NMR (600 MHz, CDCl3): δ 2.18 (s, 6H, Me), 4.10 (s, 6H, OMe), 6.69 (s, 2H, 3-H), 6.89 (s, 

2H, 6-H), 7.14 (d, 3J2’-3’ = 8.7 Hz, 4H, 2′-H), 7.42 (d, 3J2’-3’ = 8.7 Hz, 4H, 3′-H). 
13C NMR (151 MHz, CDCl3): δ 20.82 (Me), 56.74 (OMe), 108.49 (C-6), 108.77 (C-3), 112.94 

(C-4a), 116.23 (C-8), 126.19 (C-4′), 126.93 (C-3′), 130.08 (C-1′), 132.49 (C-2′), 145.14 (C-7), 

155.62 (C-8a), 159.37 (C-5), 159.72 (C-2), 178.26 (C=O). IR (ATR film) [cm-1]: 3005, 2931, 

2851, 2240, 1773, 1638, 1597, 1562, 1479, 1464, 1403, 1368, 1329, 1303, 1275, 1260, 1207, 

1187, 1167, 1122, 1061, 1030, 1008, 977, 955, 907, 830, 794, 681, 645, 626, 573, 557, 532, 

499, 478. TLC (CH2Cl2:MeOH, 98:2 v/v): Rf = 0.15 HR-MS (ESI): m/z calculated for 

[C34H25O4Br2]+ ([M + H+]): 687.0012, found: 687.0017.  

Melting point:  245 °C (decomposition) (rac)  

270 °C (decomposition) (Sa, >99%ee HPLC)  

   270 °C (decomposition) (Ra, >99%ee HPLC)  

HPLC: Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 331 nm, 

n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 18.0 min, tR(Ra) = 24.3 min 

Optical rotation: [α]25
D = +25.7 (±0.1, duplicate) (c = 1.08, CHCl3, Sa, >99%ee by chiral 

HPLC)  
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7.2.2.6.6 rac-2,2'-Bis(3-bromophenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-
bichromene]-4,4'-dione (184) 

The title compound was synthesized in accordance with GP4 with bichalcone 170 (30.0 mg, 

1.00 equiv, 43.6 μmol) and I2 (78.8 mM, 55.3 μL, 10 mol%, 4.36 μmol) for 1 h. The product 

was isolated by column chromatography (EtOAc 100%) as white solids 25.4 mg (36.9 μmol, 

86%).  

1H NMR (600 MHz, CDCl3): δ 2.24 (s, 6H, Me), 4.11 (s, 6H, OMe), 6.70 (s, 2H, 3-H), 6.94 (s, 

2H, 6-H), 7.18 (t, 3J4’-5’,5’-6’ = 7.9 Hz, 2H, 5’-H), 7.31 (dt, 3J5’-6’ = 8.0 Hz, 4J2’-6’,4’-6’ = 1.4 Hz, 

2H, 6’-H), 7.34 (t, 4J2’-4’,2’-6’ = 1.9 Hz, 2H, 2’-H), 7.49 (ddd, 3J4’-5’ = 8.0 Hz, 4J2’-4’,4’-6’ = 2.0, 1.0 

Hz, 2H, 4’-H). 13C NMR (151 MHz, CDCl3): δ 20.84 (Me), 56.73 (OMe), 108.62 (C-6), 109.16 

(C-3), 113.03 (C-4a), 116.16 (C-8), 123.38 (C-2’), 123.91 (C-6’), 128.77 (C-3’), 130.58 (C-5’), 

133.21 (C-1’), 134.18 (C-4’), 145.20 (C-7), 155.49 (C-8a), 158.77 (C-2), 159.50 (C-5), 178.11 

(CO). IR (ATR film) [cm-1]: 2851, 2241, 1642, 1598, 1561, 1496, 1478, 1442, 1417, 1367, 

1299, 1266, 1206, 1124, 1062, 998, 956, 917, 847, 790, 730, 692, 646, 619, 571, 551, 532. TLC 

(EtOAc 100%): Rf = 0.26 HR-MS (ESI): m/z calculated for [C34H25O4Br2]+ ([M + H+]): 

687.0012, found: 687.0005. Melting point: 276 – 278 °C  
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7.2.2.6.7 rac-2,2'-Bis(2-bromophenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-
bichromene]-4,4'-dione (185) 

The title compound was synthesized in accordance with GP4 with bichalcone 171 (30.0 mg, 

1.00 equiv, 43.6 μmol) and I2 (78.8 mM, 55.3 μL, 10 mol%, 4.36 μmol) for 2 h. The product 

was obtained as white solids in a yield of 16.5 mg (24.0 μmol, 55%).  

1H NMR (600 MHz, CDCl3): δ 2.12 (s, 6H, Me), 4.02 (s, 6H, OMe), 6.46 (s, 2H, 3-H), 6.78 (s, 

2H, 6-H), 7.20 (td, 3J3’-4’,4’-5’ = 7.4, 6.9 Hz, 4J4’-6’ = 2.0 Hz, 2H, 4’-H), 7.21 – 7.29 (m, 4H, 5’+6’-

H), 7.51 (dd, 3J3’-4’ = 7.8 Hz, 4J3’-5’ = 1.5 Hz, 2H, 3’-H). 13C NMR (151 MHz, CDCl3): δ 20.93 
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(Me), 56.54 (OMe), 108.54 (C-3), 113.00 (C-8), 114.33 (C-4a), 116.56 (C-1), 121.57 (C-2’), 

127.67 (C-5’), 130.73 (C-6’), 131.78 (C-4’), 133.49 (C-1’), 134.22 (C-3’), 144.91 (C-7), 156.39 

(C-8a), 159.23 (C-2), 161.62 (C-5), 178.19 (CO). IR (ATR film) [cm-1]: 3300, 2924, 2869, 

2852, 1733, 1653, 1600, 1562, 1496, 1464, 1437, 1370, 1327, 1279, 1263, 1206, 1115, 1065, 

976, 954, 912, 855, 763, 733, 703, 680, 645, 612. HR-MS (ESI): m/z calculated for 

[C34H25O4Br2]+ ([M + H+]): 687.0012, found: 687.0011. Melting point: 250 °C (decomposition)  
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7.2.2.6.8 rac-5,5',7,7'-Tetramethoxy-2,2'-bis(4-methoxyphenyl)-4H,4'H-[8,8'-
bichromene]-4,4'-dione or Hexa-O-methylcupressuflavone (186) 

The title compound was synthesized in accordance with GP4 with bichalcone 172 (30.0 mg, 

1.00 equiv, 48.2 μmol) and I2 (78.8 mM, 61.2 μL, 10 mol%, 4.82 μmol). The product was 

isolated by column chromatography (EtOAc:MeOH, 9:1 v/v) as white solids in a yield of 

23.1 mg (37.1 μmol, 77%). The analytical data were in accordance with literature.[113b]  

1H NMR (600 MHz, CDCl3): δ 3.77 (s, 6H, OMe), 3.86 (s, 6H, OMe), 4.12 (s, 6H, OMe), 6.58 

(s, 2H, 6-H), 6.59 (s, 2H, 3-H), 6.77 (d, 3J2’-3’ = 8.9 Hz, 4H, 3’-H), 7.29 (d, 3J2’-3’ = 8.9 Hz, 4H, 

2’-H). 13C NMR (151 MHz, CDCl3): δ 55.47 (OMe), 56.13 (OMe), 56.60 (OMe), 91.78 (C-6), 

102.13 (C-8), 106.80 (C-3), 109.05 (C-4a), 114.39 (C-3’), 123.54 (C-1’), 127.15 (C-2’), 156.57 

(C-8a), 160.66 (C-2/5/7/4’), 161.29 (C-2/5/7/4’), 161.74 (C-2/5/7/4’), 162.03 (C-2/5/7/4’), 

178.14 (CO). IR (ATR film) [cm-1]: 1637, 1593, 1465, 1424, 1388, 1338, 1304, 1180, 1111, 

1033, 919, 834, 588, 567. TLC (EtOAc:MeOH, 9:1 v/v): Rf = 0.22 HR-MS (ESI): m/z 

calculated for [C36H31O10]+ ([M + H+]): 623.1912, found: 623.1912. Melting point: 240 °C 

(brown discoloration) 285 – 286 °C. (294 – 295 °C)[113b]  
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7.2.2.6.9 rac-5,5',7,7'-Tetramethoxy-2,2'-diphenyl-4H,4'H-[8,8'-bichromene]-4,4'-
dione (187) 

Synt The title compound was synthesized in accordance with GP4 with bichalcone 173 

(30.0 mg, 1.00 equiv, 53.3 μmol) and I2 (78.8 mM, 67.6 μL, 10 mol%, 5.33 μmol) for 2 h. The 

product was isolated by column chromatography (EtOAc:MeOH, 98:2 v/v) as white solids in a 

yield of 17.6 mg (31.3 μmol, 59%). The analytical data were in a accordance with literature.[56b] 

1H NMR (600 MHz, CDCl3): δ 3.85 (s, 6H, OMe), 4.12 (s, 6H, OMe), 6.59 (s, 2H, 6-H), 6.68 

(s, 2H, 3-H), 7.28 (d, 3J2’-3’ = 7.4 Hz, 4H, 3’-H), 7.33 – 7.40 (m, 6H, 2’+4’-H). 
13C NMR (151 MHz, CDCl3): δ 56.25 (OMe), 56.72 (OMe), 91.92 (C-6), 102.19 (C-8), 108.36 

(C-4a), 109.29 (C-3), 125.56 (C-2’/3’), 129.01 (C-2’/3’), 131.23 (C-4’), 131.42 (C-1’), 156.77 

(C-8a), 160.62 (C-5), 161.51 (C-2), 161.99 (C -7), 178.19 (CO). IR (ATR film) [cm-1]: 3067, 

2844, 2238, 1635, 1590, 1508, 1491, 1465, 1450, 1435, 1388, 1333, 1299, 1265, 1214, 1190, 

1172, 1125, 1109, 1087, 1036, 1022, 957, 917, 849, 812, 771, 728, 689, 672, 644, 618, 570, 

546, 514. TLC (EtOAc:MeOH, 98:2 v/v): Rf = 0.12 HR-MS (ESI): m/z calculated for 

[C34H27O8]+ ([M + H+]): 563.1700, found: 563.1707. Melting point: 312 – 313 °C (318 – 

319 °C)[56b]  

 

187 
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7.2.2.6.10 rac-2,2'-Bis(4-(dimethylamino)phenyl)-5,5',7,7'-tetramethoxy-
4H,4'H-[8,8'-bichromene]-4,4'-dione (188) 

The title compound was synthesized in accordance with GP4 with bichalcone 174 (30.0 mg, 

1.00 equiv, 46.3 μmol) and I2 (78.8 mM, 58.8 μL, 10 mol%, 4.63 μmol). The product was 

isolated by column chromatography (CH2Cl2:EtOAc:MeOH, 5:4.5:0.5 v/v) as orange solids in 

a yield of 7.7 mg (12 μmol, 26%).  

1H NMR (600 MHz, CDCl3): δ 2.95 (s, 12H, Me), 3.86 (s, 6H, OMe), 4.11 (s, 6H, OMe), 6.50 

(d, 3J2’-3’ = 8.9 Hz, 4H, 3’-H), 6.53 (s, 2H, 6-H), 6.56 (s, 2H, 3-H), 7.21 (d, 3J2’-3’ = 9.0 Hz, 4H, 

2’-H). 13C NMR (151 MHz, CDCl3): δ 40.19 (NMe2), 56.24 (OMe), 56.71 (OMe), 91.82 (C-

6), 102.44 (C-8), 105.21 (C-3), 109.21 (C-3’), 111.78 (C-4a), 118.11 (C-1’), 127.09 (C-2’), 

152.25 (C-4’), 156.70 (C-8a), 161.21 (C-5), 161.61 (C-2), 161.82 (C-7), 178.44 (CO). IR (ATR 

film) [cm-1]: 2942, 2234, 1630, 1601, 1586, 1524, 1487, 1465, 1434, 1387, 1366, 1336, 1305, 

1253, 1214, 1198, 1171, 1124, 1064, 1030, 1001, 947, 917, 840, 819, 783, 766, 729, 664, 643, 

582, 563, 513, 486. TLC (CH2Cl2:EtOAc:MeOH, 5:4.5:0.5 v/v): Rf = 0.14 HR-MS (ESI): m/z 

calculated for [C38H37N2O8]+ ([M + H+]): 649.2544, found: 649.2546.  

 

188 

 

7.2.2.6.11 rac-5,5',7,7'-Tetramethoxy-2,2'-bis(4-(trifluoromethyl)phenyl)-
4H,4'H-[8,8'-bichromene]-4,4'-dione (189) 

The title compound was synthesized in accordance with GP4 with bichalcone 175 (30.0 mg, 

1.00 equiv, 42.9 μmol) and I2 (78.8 mM, 54.4 μL, 10 mol%, 4.29 μmol) for 2 h. The product 

was isolated by column chromatography (petroleum ether:EtOAc:iPrOH, 2:7:1 v/v) as white 

solids in a yield of 17.7 mg (25.3 μmol, 59%). 

1H NMR (600 MHz, CDCl3): δ 3.89 (s, 6H, OMe), 4.15 (s, 6H, OMe), 6.62 (s, 2H, 6-H), 6.73 

(s, 2H, 3-H), 7.46 (d, 3J2’-3’ = 8.2 Hz, 4H, 3’-H), 7.56 (d, 3J2’-3’ = 8.3 Hz, 4H, 2’-H). 
13C NMR (151 MHz, CDCl3): δ 56.32 (OMe), 56.77 (OMe), 92.04 (C-6), 101.94 (C-8), 109.24 
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(C-4a), 109.63 (C-3), 123.64 (q, 1JF-C = 271.8 Hz, CF3), 125.80 (C-2’), 126.09 (q, 3JF-C = 3.6 

Hz, C-3’), 132.92 (q, 2JF-C = 32.9 Hz, C-4’), 134.79 (C-1’), 156.67 (C-8a), 158.84 (C-5), 161.72 

(C-2), 162.24 (C-7), 177.67 (CO). 19F NMR (282 MHz, CDCl3): δ -63.08. IR (ATR film) [cm-

1]: 1622, 1594, 1416, 1388, 1324, 1216, 1170, 1128, 1070, 1027, 958, 919, 843, 812. TLC 

(petroleum ether:EtOAc:iPrOH, 2:7:1 v/v): Rf = 0.35 HR-MS (ESI): m/z calculated for 

[C36H25N2O8]+ ([M + H+]): 699.1448, found: 699.1450. Melting point: 261 – 262 °C  

 

189 

7.2.2.6.12 rac-2,2'-Bis(4-bromophenyl)-5,5',7,7'-tetramethoxy-4H,4'H-[8,8'-
bichromene]-4,4'-dione (190) 

The title compound was synthesized in accordance with GP4 with bichalcone 176 (30.0 mg, 

1.00 equiv, 41.6 μmol) and I2 (78.8 mM, 52.8 μL, 10 mol%, 4.16 μmol) for 2 h. The product 

was isolated by column chromatography (petroleum ether:EtOAc:iPrOH, 2:7:1 v/v) as white 

solids in a yield of 20.9 mg (29.0 μmol, 70%).  

1H NMR (600 MHz, CDCl3): δ 3.86 (s, 6H, OMe), 4.12 (s, 6H, OMe), 6.58 (s, 2H, 6-H), 6.64 

(s, 2H, 3-H), 7.20 (d, 3J2’-3’ = 8.4 Hz, 4H, 3’-H), 7.42 (d, 3J2’-3’ = 8.5 Hz, 4H, 2’-H). 
13C NMR (151 MHz, CDCl3): δ 56.28 (OMe), 56.74 (OMe), 91.93 (C-6), 101.96 (C-8), 108.51 

(C-3), 109.17 (C-4a), 125.95 (C-4’), 126.92 (C-2’), 130.30 (C-1’), 132.35 (C-3’), 156.60 (C-5), 

159.53 (C-2), 161.60 (C-2), 162.07 (C-7), 177.85 (CO). IR (ATR film) [cm-1]: 2885, 2239, 

1638, 1590, 1508, 1487, 1465, 1435, 1403, 1388, 1331, 1302, 1274, 1215, 1190, 1171, 1127, 

1107, 1073, 1027, 1009, 958, 828, 782, 730, 687, 644, 626, 572, 545, 517, 477. TLC (petroleum 

ether:EtOAc:iPrOH, 2:7:1 v/v): Rf = 0.21 HR-MS (ESI): m/z calculated for [C34H25O8Br2]+ 

([M + H+]): 718.9911, found: 718.9915. Melting point: 251 – 255 °C  
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7.2.2.6.13 rac-2,2'-Bis(2-bromophenyl)-5,5',7,7'-tetramethoxy-4H,4'H-[8,8'-
bichromene]-4,4'-dione (192) 

The title compound was synthesized in accordance with GP4 with bichalcone 178 (30.0 mg, 

1.00 equiv, 41.6 μmol) and I2 (78.8 mM, 52.8 μL, 10 mol%, 4.16 μmol) for 1 h. The product 

was isolated by column chromatography (EtOAc:MeOH, 9:1 v/v) as white solids in a yield of 

16.7 mg (23.2 μmol, 56%).  

1H NMR (600 MHz, CDCl3): δ 3.84 (s, 6H, OMe), 4.06 (s, 6H, OMe), 6.47 (s, 2H, 6-H), 6.50 

(s, 2H, 3-H), 7.23 (ddd, J = 7.8, 4.0, 2.4 Hz, 4H), 7.27 – 7.29 (m, 2H), 7.53 – 7.57 (m, 2H). 
13C NMR (151 MHz, CDCl3): δ 56.20 (OMe), 56.58 (OMe), 91.98 (C-6), 102.18 (C-8), 109.12 

(C-3), 114.04 (C-4a), 121.57 (C-2’), 127.62, 130.63, 131.65, 133.50 (C-1’), 134.24, 157.33 (C-

7), 161.14 (C-8a), 161.41 (C-2), 162.13 (C-5), 177.82 (CO). IR (ATR film) [cm-1]: 2923, 1649, 

1588, 1520, 1482, 1360, 1246, 1201, 1163, 1110, 1034, 814. TLC (EtOAc:MeOH, 9:1 v/v): Rf 

= 0.32 HR-MS (ESI): m/z calculated for [C34H25O8Br2]+ ([M + H+]): 718.9911, found: 

718.9916. Melting point: 260 °C (decomposition)  

 

192 
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7.2.2.7 Miscellaneous Syntheses 

7.2.2.7.1 1-(3-Chloro-2-hydroxy-6-methoxy-4-methylphenyl)ethan-1-one (199) 
and 1-(3-chloro-6-hydroxy-2-methoxy-4-methylphenyl)ethan-1-one (198) 

A microwave vial with fitted stir bar was charged with acetophenone 133 (200 mg, 1.00 equiv, 

1.11 mmol), CH2Cl2 (8 mL, 0.14 M), N-chlorosuccinimide (156 mg, 1.05 equiv, 1.17 mmol) 

and FeCl3 (18.0 mg, 0.10 equiv, 0.111 mmol). The reaction was stirred at 22 °C for 20 h. After 

full conversion a solution of Na2SO3 (10 mL, 10%, aq.) was added. The resulting mixture was 

extracted with CH2Cl2 (2x 20 mL). The combined organic phase was washed with sat. aq. NaCl-

solution and dried over MgSO4. Solids were filtered off and the solvent was removed in vacuo. 

The product was isolated by column chromatography (petroleum ether:EtOAc, 8:2 v/v) as 

yellow-green crystals in a yield of 107 mg (49.9 μmol, 45 %).  

1H NMR (600 MHz, CDCl3): δ 2.41 (s, 3H, Me), 2.67 (d, J = 0.8 Hz, 3H, COMe), 3.90 (s, 3H, 

OMe), 6.31 (s, 1H, 5-H), 14.10 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 21.54 (Me), 33.55 

(COMe), 55.82 (OMe), 103.35 (C-5), 109.97 (C-1), 114.64 (C-3), 145.23 (C-4), 159.44 (C-6), 

160.18 (C-2), 204.61 (COMe). IR (ATR film) [cm-1]: 3014, 2990, 2955, 2929, 2854, 2685, 

1624, 1595, 1561, 1404, 1372, 1286, 1264, 1215, 1124, 877, 825, 634. TLC (petroleum 

ether:EtOAc, 95:5 v/v): Rf = 0.19 HR-MS (ESI): m/z calculated for [C10H12ClO3]+ ([M + H+]): 

215.0469 found: 215.0473 Melting point: 118 – 120 °C  

 

199 

Additionally, product 198 was isolated as a yellow oil that solidified after a while in a yield of 

112 mg (52.2 μmol, 47 %).  

1H NMR (600 MHz, CDCl3): δ 2.37 (s, 3H, Me), 2.73 (s, 3H, COMe), 3.90 (s, 3H, OMe), 6.69 

(s, 1H, 5-H), 12.70 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 21.31 (Me), 31.95 (COMe), 

61.62 (OMe), 114.23 (C-1), 116.15 (C-5), 119.01 (C-3), 146.25 (C-4), 157.75 (C-2), 161.74 

(C-6)), 204.33 (COMe). IR (ATR film) [cm-1]: 2987, 2945, 2858, 1634, 1609, 1557, 1456, 

1392, 1366, 1287, 1232, 1195, 1098, 1076, 1011, 961, 827, 783, 669, 611, 544. TLC (petroleum 

ether:EtOAc, 95:5 v/v): Rf = 0.42 HR-MS (ESI): m/z calculated for [C10H12ClO3]+ ([M + H+]): 

215.0469 found: 215.0469 Melting point: 44 – 45 °C  
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7.2.2.7.2 1-(3-Chloro-2-hydroxy-4,6-dimethoxyphenyl)ethan-1-one (200) and 1-(3-
chloro-6-hydroxy-2,4-dimethoxyphenyl)ethan-1-one (48) 

A microwave vial equipped with stir bar was charged with acetophenone 47 (50.0 mg, 1.00 

equiv, 0.250 mmol), CH2Cl2 (2 mL, 0.125 M), N-chlorosuccinimide (35.6 mg, 1.05 equiv, 

0.263 mmol) and FeCl3 (4.1 mg, 0.10 equiv, 25 μmol). The reaction was stirred at 22 °C for 

20 h. After full conversion a solution of Na2SO3 (10 mL, 10%, aq.) was added. The resulting 

mixture was extracted with CH2Cl2 (2x 20 mL). The combined organic phase was washed with 

sat. aq. NaCl-solution and dried over MgSO4. Solids were filtered off and the solvent was 

removed in vacuo. The product was isolated by column chromatography (petroleum 

ether:EtOAc, 7:3 v/v) as a yellow solid in a yield of 20.8 mg (9.02 μmol, 36 %). The analytical 

data were in accordance with literature.[217]  

1H NMR (600 MHz, CDCl3): δ 2.65 (s, 3H, COMe), 3.95 (s, 3H, 4-OMe), 3.99 (s, 3H, 6-OMe), 

6.03 (s, 1H, 5-H), 14.46 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 33.14 (COMe), 55.73 

(C-4-OMe), 56.23 (C-6-OMe), 86.53 (C-5), 102.03 (C-3), 106.34 (C-1), 160.97 (C-4), 161.65 

(C-2), 161.78 (C-6), 203.44 (COMe). IR (ATR film) [cm-1]: 2989, 2950, 1742, 1629, 1585, 

1563, 1466, 1422, 1362, 1287, 1265, 1217, 1135, 1105, 902, 786. TLC (petroleum ether:EtOAc, 

7:3 v/v): Rf = 0.24 APCI-MS: found: [M+H+] 231.1 Melting point: 190 – 192 °C  

 

200 

 

Additionally, product 48 was obtained as a yellow solid in a yield of 10.7 mg (4.64 μmol, 19 %). 

The analytical data were in accordance with literature.[217] 
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1H NMR (600 MHz, CDCl3): δ 2.70 (s, 3H, COMe), 3.92 (s, 3H, OMe), 3.92 (s, 3H, OMe), 

6.32 (s, 1H, 5-H), 13.49 (s, 1H, OH). 13C NMR (151 MHz, CDCl3): δ 31.54 (COMe), 56.70 

(OMe), 61.55 (OMe), 97.25 (C-5), 108.14 (C-3), 109.88 (C-1), 159.32 (C-2), 161.58 (C-4), 

164.68 (C-6), 203.27 (COMe). IR (ATR film) [cm-1]: 3006, 2978, 2947, 2851, 1618, 1589, 

1438, 1397, 1363, 1251, 1210, 1106, 1076, 820. TLC (petroleum ether:EtOAc, 9:1 v/v): Rf = 

0.42 APCI-MS: found: [M+H+] 231.1 Melting point: 85 – 86 °C  

 

48 

 

7.2.2.7.3 1-(3,5-Dichloro-2-hydroxy-6-methoxy-4-methylphenyl)ethan-1-one (201) 
To a microwave vial with fitted stirrer were added acetophenone 133 (90.1 mg, 1.0 equiv, 

0.500 mmol), N-chlorosuccinimide (333.8 mg, 5.0 equiv, 2.50 mmol) and FeCl3 (8.1 mg, 

0.1 equiv, 50 μmol) and dissolved in CH2Cl2 (4 mL). The reaction was stirred at 22 °C for 48 h. 

After full conversion a solution of Na2SO3 (10 mL, 10%, aq.) was added. The resulting mixture 

was extracted with CH2Cl2 (2x 20 mL). The combined organic phase was washed with sat. aq. 

NaCl-solution and dried over MgSO4. Solids were filtered off and the solvent was removed in 

vacuo. The product was isolated by column chromatography (petroleum ether:EtOAc 85:15, 

v/v) as yellow solids in a yield of 43.3 mg (0.174 mmol 35 %). 

1H NMR (600 MHz, CDCl3): δ 2.45 (s, 3H, Me), 2.54 (s, 3H, COMe), 3.96 (s, 3H, OMe). 
13C NMR (151 MHz, CDCl3): δ 18.03 (Me), 33.05 (COMe), 62.45 (OMe), 80.41 (C-3/5), 

116.96 (C-1), 129.59 (C-3/5), 146.07 (C-4), 163.85 (C-6), 176.17 (C-2), 199.30 (COMe). IR 

(ATR film) [cm-1]: 3007, 2953, 2854, 1707, 1655, 1604, 1445, 1326, 1280, 1248, 1176, 1032, 

925, 801, 767, 740, 663, 568. TLC (petroleum ether:EtOAc, 8:2 v/v): Rf = 0.28 HR-MS (ESI): 

m/z calculated for [C10H11Cl2O3]+ ([M + H+]): 249.0080 found: 249.0082 Melting point: 108 

– 111 °C  
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7.2.2.7.4 5-Hydroxy-7-methyl-2-phenylchroman-4-one (196) 
A 50 mL round bottom flask equipped with stir bar was charged with MeOH (5 mL) and sodium 

(201 mg, 2.92 equiv, 4.38 mmol). After full dissolution of the sodium, acetophenone 131 

(249 mg, 1.00 equiv, 1.50 mmol) was added followed by benzaldehyde (152 μL, 1.00 equiv, 

1.50 mmol). The mixture was stirred for 62 h at 22 °C. Then aq. HCl-solution (1 M) was added 

and the precipitating solids filtered off. The product was isolated by column chromatography 

(petroleum ether:EtOAc 7:3 v/v to 100% EtOAc to 100% CH2Cl2) as an orange viscous oil in 

a yield of 170 mg (0.669 mmol, 45%). 

1H NMR (600 MHz, CDCl3): 2.32 (s, 3H, Me), 2.86 (dd, 2J3a-3b = 17.2 Hz, 3J2-3 = 3.1 Hz, 1H, 

H-3a), 3.10 (dd, 2J3a-3b = 17.1 Hz, 3J2-3 = 13.1 Hz, 1H, H-3b), 5.42 (dd, 3J2-3 = 13.2, 3.0 Hz, 1H, 

H-2), 6.37 (d, J = 1.6 Hz, 1H, H-6/8), 6.41 (d, J = 1.6 Hz, 1H, H-8/6), 11.75 (s, 1H, OH). TLC 

(petroleum ether:EtOAc, 7:3 v/v): Rf = 0.78 

 

196 

 

7.2.2.7.5 rac-2,2'-Bis(4-(dimethylamino)phenyl)-5,5'-dihydroxy-7,7'-dimethyl-
4H,4'H-[8,8'-bichromene]-4,4'-dione (204) 

A flame dried 25 mL Schlenk round bottom flask equipped with stir bar was charged with 

biflavone 181 (40.0 mg, 1.0 equiv, 64.9 μmmol) and anhydr. CH2Cl2 (2.5 mL, 0.026 M). The 

solution was cooled to -78 °C and a solution of BCl3 in CH2Cl2 (1 M, 0.143 mL, 2.2 equiv, 

0.143 mmol) added dropwise. The reaction mixture in the cooling bath was left to warm to 

22 °C while stirring for 16 h. KPi-buffer (K2HPO4/KH2PO4, 1 M, pH 7, 10 mL) was added, the 

aqueous phase extracted with CH2Cl2 (3x 10 mL), the combined organic phases washed with 

sat. aq. NaCl-solution (20 mL), dried over MgSO4 and solvents removed in vacuo. The crude 

product was isolated by column chromatography (EtOAc:MeOH, 9:1 v/v) as orange crystals in 

a yield of 16.9 mg (28.7 μmol 44 %). 
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1H NMR (600 MHz, CDCl3): δ 2.15 (s, 6H, Me), 3.01 (s, 12H, NMe2), 6.56 (s, 2H), 6.58 (d, 3J 

= 9.0 Hz, 4H), 6.87 (s, 2H), 7.28 (d, 3J = 9.0 Hz, 4H), 12.99 (s, 2H). 
13C NMR (151 MHz, CDCl3): δ 20.78, 40.17, 102.04, 109.12, 111.85, 112.58, 113.33, 117.29, 

127.63, 146.42, 152.81, 153.79, 160.16, 165.32, 183.41. IR (ATR film) [cm-1]: 2923, 1649, 

1588, 1520, 1482, 1360, 1246, 1201, 1163, 1110, 1034, 814. TLC (petroleum ether:EtOAc, 

55:45 v/v): Rf = 0.3 HR-MS (ESI): m/z calculated for [C36H33N2O6]+ ([M + H+]): 589.2333, 

found: 589.2340 Melting point: 280 – 283 °C  

 

204 
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7.2.2.8 General Procedure 5 (GP5): Buchwald Hartwig Amination  
The following chapter contains results obtained by Daniel Grudzinski as part of a bachelor’s thesis.[206] 

Parts of the following chapter will be published in a peer-reviewed journal, a manuscript is currently 

in preparation.[228] 

 

Hydrochloride amine (GP5a) 

A 2-dr. vial equipped with stir bar which were dried at 110 °C over night was left to cool under 

Argon-atmosphere. The vial was then charged with Cs2CO3 (306 mg, 9.40 equiv, 0.940 mmol), 

biflavone 183 (68.8 mg, 1.00 equiv, 0.100 mmol), ligand (10 – 20mol%), (Pd G4)2 (205) 

(3.8 mg, 5 mol%, 10.0 μmol) and hydrochloride amine (4.4 equiv) in that order. Then PhMe 

(1 mL, 0.1 M) was added, the reaction vessel capped and sealed using PTFE tape and then 

stirred at 80 °C for 16 h (900 rpm). After letting the reaction cool, the reaction was filtered over 

a pad of silica into a vial containing a defined amount of 1,3,5-trimethoxybenzene 

(0.4 – 0.8 equiv), washing with CH2Cl2:MeOH (9:1 v/v). The solvent was removed and 

conversion to product determined by 1H-NMR. The product was isolated by column 

chromatography (CH2Cl2:EtOAc 1:9 v/v to CH2Cl2:MeOH 96:4 v/v). 

Amine (GP5b) 

A 2-dr. vial equipped with stir bar which were dried at 110 °C over night was left to cool under 

Argon-atmosphere. The vial was then charged with Cs2CO3 (306 mg, 9.40 equiv, 0.940 mmol), 

biflavone 183 (68.8 mg, 1.00 equiv, 0.100 mmol), ligand (10 – 20mol%), (Pd G4)2 (205) 

(3.8 mg, 5 mol%, 10.0 μmol). Then a solution of amine in PhMe (1 mL, 4.4 equiv, 0.440 mmol) 

prepared in a separate dry vial was added (making sure not to purge the vial with an argon 

balloon so volatile amines wouldn’t evaporate), the reaction vessel capped and sealed using 

PTFE tape and then stirred at 80 °C for 16 h. After letting the reaction cool, the reaction was 

filtered over a pad of silica into a vial containing a defined amount of 1,3,5-trimethoxybenzene 

(0.4 – 0.8 equiv), washing with CH2Cl2:MeOH (9:1 v/v). The solvent was removed and 

conversion to product determined by 1H-NMR. The product was isolated by column 

chromatography (CH2Cl2:EtOAc 1:9 v/v to CH2Cl2:MeOH 96:4 v/v). 
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7.2.2.8.1 2,2'-Bis(4-(dimethylamino)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-
[8,8'-bichromene]-4,4'-dione (181) 

The title compound was synthesized according to GP5a using biflavone 183 (68.8 mg, 

1.0 equiv, 100 μmol, rac), RuPhos (9.3 mg, 20 mol%, 20 μmol), (Pd G4)2 (205) (1.9 mg, 

2.5 mol%,2.5 μmol) and dimethylamine hydrochloride (35.9 mg, 4.40 equiv, 0.440 mmol). The 

product was isolated as yellow solids in a yield of 51.3 mg (83.5 μmol, 83%, rac).  

Enantiopure 

A further experiment following GP5a using biflavone 183 (34.4 mg, 1.0 equiv, 

50.0 μmol, >99%ee Sa), RuPhos (4.7 mg, 20 mol%, 10 μmol), (Pd G4)2 (205) (1.9 mg, 

5 mol%,2.5 μmol) and dimethylamine hydrochloride (17.9 mg, 2.20 equiv, 0.220 mmol) gave 

the product as pale-yellow solids in a yield of 24.2 mg (39.4 μmol, 79%, >99%ee Sa). (81% 

conversion to product according to 1H-NMR) (isolation by column chromatography 

CH2Cl2:EtOAc 9:1 v/v to CH2Cl2:MeOH 97:3)  

A further experiment following GP5a using biflavone 183 (34.4 mg, 1.0 equiv, 

50.0 μmol, >99%ee Ra), RuPhos (4.7 mg, 20 mol%, 10 μmol), (Pd G4)2 (205) (1.9 mg, 

5 mol%,2.5 μmol) and dimethylamine hydrochloride (17.9 mg, 2.20 equiv, 0.220 mmol) gave 

the product as pale-yellow solids in a yield of 27.8 mg (45.2 μmol, 90%, >99%ee Ra). (89% 

conversion to product according to 1H-NMR) (isolation by column chromatography 

CH2Cl2:EtOAc 9:1 v/v to CH2Cl2:MeOH 97:3) The analytical data were in accordance with 

literature (7.2.2.6.3).[108b] 

TLC (EtOAc:CH2Cl2:MeOH, 7:2.5:0.5 v/v): Rf = 0.16  

TLC (EtOAc:CH2Cl2:MeOH, 96:4 v/v): Rf = 0.29  

Melting point: 196 - 199 °C (rac)  

HPLC: Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 331 nm, 

n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 9.53 min, tR(Ra) = 12.8 min.  

Optical rotation: [α]25
D = +44.0 (±1.1, duplicate) (c = 0.250, CH2Cl2, Sa, >99%ee by chiral 

HPLC) 
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7.2.2.8.2 rac-2,2'-Bis(4-(diethylamino)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-
4H,4'H-[8,8'-bichromene]-4,4'-dione (212) 

The title compound was synthesized according to GP5b using RuPhos (9.3 mg, 20 mol%, 

20 μmol), (Pd G4)2 (205) (3.8 mg, 5 mol%, 5.0 μmol) and diethylamine (32.2 mg, 4.40 equiv, 

0.440 mmol). The product was isolated as yellow solids in a yield of 50.0 mg (74.5 μmol, 75%).  

1H NMR (600 MHz, CDCl3): δ 1.07 – 1.16 (m, 12H, CH2CH3), 2.13 (d, J = 1.7 Hz, 6H, Me), 

3.31 (q, 3JCH2-CH3 = 7.2 Hz, 8H, CH2CH3), 4.08 (s, 6H, OMe), 6.46 (d, 3J2’-3’ = 8.6 Hz, 4H, 3’-

H), 6.55 (d, J = 2.0 Hz, 2H, 3-H), 6.83 (s, 2H, 6-H), 7.10 – 7.15 (m, 4H, 2’-H). 
13C NMR (151 MHz, CDCl3): δ 12.56 (CH2CH3), 20.63 (Me), 44.44 (CH2CH3), 56.55 (OMe), 

104.91 (C-3), 108.00 (C-6), 111.19 (C-3’), 112.76 (C-4a), 116.60 (C-8), 116.67 (C-1’), 127.32 

(C-2’), 144.11 (C-7), 149.89 (C-4’), 155.62 (C-8a), 158.91 (C-5), 162.02 (C-2), 178.80 (C-4). 

IR (ATR film) [cm-1]: 3474, 2969, 2924, 2851, 1635, 1602, 1590, 1374, 1333, 1200, 1119, 

1061, 817 TLC (CH2Cl2:MeOH, 95:5 v/v): Rf = 0.57 HR-MS (ESI): m/z calculated for 

[C42H45N2O6]+ ([M + H+]): 673.3272, found: 673.3274 (-0.3 ppm). Melting point: 173 – 

176 °C  

 

212 
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7.2.2.8.3 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-(pyrrolidin-1-yl)phenyl)-
4H,4'H-[8,8'-bichromene]-4,4'-dione (213) 

The title compound was synthesized according to GP5b using RuPhos (9.3 mg, 20 mol%, 

20 μmol), (Pd G4)2 (205) (1.9 mg, 2.5 mol%,2.5 μmol) and pyrrolidine (31.3 mg, 4.40 equiv, 

0.440 mmol). The product was isolated as yellow solids in a yield of 56.2 mg (84.3 μmol, 84%). 

1H NMR (600 MHz, CDCl3): δ 1.95 – 2.01 (m, 8H, 2’’-H), 2.16 (s, 6H, Me), 3.27 (d, 3J1’’-2’’ = 

6.5 Hz, 8H, 1’’-H), 4.09 (s, 6H, OMe), 6.36 (d, 3J2’-3’ = 8.6 Hz, 4H, 3’-H), 6.56 (s, 2H, 3-H), 

6.84 (s, 2H, 6-H), 7.15 (d, 3J2’-3’ = 8.5 Hz, 4H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 20.71 

(Me), 25.55 (C-2’’), 47.64 (C-1’’), 56.65 (OMe), 105.04 (C-3), 108.01 (C-6), 111.75 (C-3’), 

112.85 (C-4a), 116.71 (C-8), 117.02 (C-1’), 127.20 (C-3’), 144.14 (C-7), 149.88 (C-4’), 155.72 

(C-8a), 159.00 (C-5), 162.19 (C-2), 178.82 (C-4). IR (ATR film) [cm-1]: 3507, 2968, 2847, 

1632, 1603, 1589, 15221, 1371, 1336, 1194, 1118, 1062, 815. TLC (CH2Cl2:MeOH, 95:5 v/v): 

Rf = 0.65 HR-MS (ESI): m/z calculated for [C42H41N2O8]+ ([M + H+]): 669.2959, found: 

669.2956 (0.5 ppm). Melting point: 281 – 285 °C (brown discoloration)  

213 

7.2.2.8.4 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-morpholinophenyl)-4H,4'H-
[8,8'-bichromene]-4,4'-dione (214) 

The title compound was synthesized according to GP5b using RuPhos (9.3 mg, 20 mol%, 

20 μmol), (Pd G4)2 (205) (1.9 mg, 2.5 mol%, 2.5 μmol) and morpholine (39.3 mg, 4.40 equiv, 

0.440 mmol). The product was isolated as yellow solids in a yield of 65.6 mg (93.9 μmol, 94%) 

1H NMR (600 MHz, CDCl3): δ 2.17 (s, 6H, Me), 3.19 (t, 3J1’’-2’’ = 4.8 Hz, 8H, 1’’-H), 3.81 (t, 

J1’’-2’’ = 4.9 Hz, 8H, 2’’-H), 4.09 (s, 6H, OMe), 6.60 (s, 2H, 3-H), 6.66 – 6.74 (m, 4H, 3’-H), 

6.85 (s, 2H, 6-H), 7.17 (d, 3J2’-3’ = 8.7 Hz, 4H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 20.72 

(Me), 47.84 (C-1’), 56.64 (OMe), 66.65 (C-2’’), 106.35 (C-3), 108.19 (C-6), 112.83 (C-4a), 

114.49 (C-3’), 116.56 (C-8), 121.03 (C-1’), 127.00 (C-2’), 144.50 (C-7), 153.10 (C-4’), 155.72 
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(C-8a), 159.09 (C-5), 161.27 (C-2), 178.74 (C-4). IR (ATR film) [cm-1]: 3492, 2957, 2924, 

2852, 1633, 1602, 1517, 1378, 1332, 1232, 1202, 1119, 1064, 928, 825 TLC (CH2Cl2:MeOH, 

95:5 v/v): Rf = 0.62 HR-MS (ESI): m/z calculated for [C42H41N2O8]+ ([M + H+]): 701.2857, 

found: 701.2869 (-1.6 ppm). Melting point: 233 – 258 °C (brown discoloration)  

 

214 

 

7.2.2.8.5 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-(piperidin-1-yl)phenyl)-
4H,4'H-[8,8'-bichromene]-4,4'-dione (215) 

The title compound was synthesized according to GP5b using BrettPhos (9.3 mg, 20 mol%, 

20 μmol), (Pd G4)2 (205) (3.8 mg, 5 mol%, 5.0 μmol) and piperidine (37.5 mg, 4.40 equiv, 

0.440 mmol). The product was isolated as yellow solids in a yield of 56.5 mg (81.3 μmol, 81%).  

1H NMR (600 MHz, CDCl3): δ 1.61 (m, 12H, 2’’+3’’-H), 2.17 (s, 6H, Me), 3.25 (t, 3J1’’-2’’ = 

5.0 Hz, 8H, 1’’-H), 4.09 (s, 6H, OMe), 6.58 (s, 2H, 3-H), 6.70 (d, 3J2’-3’ = 8.7 Hz, 4H, 3’-H), 

6.84 (s, 2H, 6-H), 7.14 (d, 3J2’-3’ = 8.6 Hz, 4H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 20.72 

(Me), 24.42 (C-3’’), 25.37 (C-2’’), 48.94 (C-1’’), 56.64 (OMe), 105.87 (C-3), 108.11 (C-6), 

112.85 (C-4a), 114.57 (C-3’), 116.63 (C-8), 119.29 (C-1’), 127.07 (C-2’), 144.33 (C-7), 153.24 

(C-4’), 155.72 (C-8a), 159.05 (C-5), 161.56 (C-2), 178.77 (C-4). IR (ATR film) [cm-1]: 3477, 

2930, 2847, 1633, 1603, 1516, 1383, 1336, 1234, 1199, 1061, 1024, 828. TLC (CH2Cl2:MeOH, 

95:5 v/v): Rf = 0.61 HR-MS (ESI): m/z calculated for [C44H45N2O6]+ ([M + H+]): 697.3272, 

found: 697.3281 (-1.3 ppm). Melting point: 195 – 208 °C (brown discoloration)  

 



Experimental 

261 

215 

 

7.2.2.8.6 rac-2,2'-Bis(4-(azetidin-1-yl)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-
4H,4'H-[8,8'-bichromene]-4,4'-dione (216) 

The title compound was synthesized according to GP5b using RuPhos (9.3 mg, 20 mol%, 

20 μmol), (Pd G4)2 (205) (3.8 mg, 5 mol%, 10.0 μmol) and azetidine (25.1 mg, 4.40 equiv, 

0.440 mmol). The product was isolated as yellow solids in a yield of 50.0 mg (78.2 μmol, 78%).  

1H NMR (600 MHz, CDCl3): δ 2.16 (s, 6H, Me), 2.36 (p, 3J1’’-2’’ = 7.3 Hz, 4H, 2’’-H), 3.87 – 

3.93 (m, 8H, 1’’-H), 4.09 (s, 6H, OMe), 6.18 – 6.25 (m, 4H, 3’-H), 6.56 (s, 2H, 3-H), 6.84 (s, 

2H, 6-H), 7.06 – 7.15 (m, 4H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 16.71 (C-2’’), 20.72 (Me), 

51.86 (C-1’’), 56.64 (OMe), 105.46 (C-3), 108.04 (C-6), 110.80 (C-3’), 112.77 (C-4a), 116.62 

(C-8), 118.52 (C-1’), 126.93 (C-2’), 144.27 (C-7), 153.46 (C-4’), 155.68 (C-8a), 159.00 (C-5), 

161.94 (C-2), 178.81 (C-4). IR (ATR film) [cm-1]: 3469, 2930, 2855, 2233, 1634, 1604, 1518, 

1477, 1365, 1335, 1298, 1246, 1183, 1119, 1060, 907, 825, 724, 646. TLC (CH2Cl2:MeOH, 

96:4 v/v): Rf = 0.38 HR-MS (ESI): m/z calculated for [C40H37N2O6]+ ([M + H+]): 641.2646, 

found: 641.2652 (-1.0 ppm). Melting point: 275 °C (decomposition) (rac)  

 

216 

 

7.2.2.8.7 rac-2,2'-Bis(4-(benzylamino)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-
4H,4'H-[8,8'-bichromene]-4,4'-dione (218) 

The title compound was synthesized according to GP5b using RuPhos (9.3 mg, 20 mol%, 

20 μmol), (Pd G4)2 (205) (3.8 mg, 5 mol%, 5.0 μmol) and morpholine (47.1 mg, 4.40 equiv, 

0.440 mmol). The product was isolated as yellow solids in a yield of 24.9 mg (33.7 μmol, 34%).  

1H NMR (600 MHz, CDCl3): δ 2.15 (s, 6H, Me), 4.07 (s, 6H, OMe), 4.33 (s, 4H, CH2), 6.47 

(d, 3J2’-3’ = 8.5 Hz, 4H, 3’-H), 6.56 (s, 2H, 3-H), 6.83 (s, 2H, 6-H), 7.11 (d, 3J2’-3’ = 8.6 Hz, 4H. 
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2’-H), 7.27 – 7.37 (m, 10H, Ph). 13C NMR (151 MHz, CDCl3): δ 20.74 (Me), 47.77 (CH2), 

56.66 (OMe), 105.66 (C-3), 108.13 (C-6), 112.73 (C-3’), 112.84 (C-4a), 116.60 (C-8), 119.51 

(C-1’), 127.40 (C-2’), 127.51, 127.67 (C-4’’), 128.93, 138.39, 144.37 (C-7), 150.65 (C-4’), 

155.69 (C-8a), 159.09 (C-5), 161.74 (C-2), 178.75 (C-4). IR (ATR film) [cm-1]: 3321, 2929, 

2847, 1632, 1603, 1591, 1525, 1370, 1332, 1251, 1183, 1120, 1060, 826, 733, 699. TLC 

(CH2Cl2:MeOH, 95:5 v/v): Rf = 0.64 HR-MS (ESI): m/z calculated for [C48H41N2O6]+ ([M + 

H+]): 741.2959, found: 741.2965 (-0.8 ppm). Melting point: 286 – 290 °C (brown 

discoloration)  

 

218 

 

7.2.2.8.8 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-(methylamino)phenyl)-
4H,4'H-[8,8'-bichromene]-4,4'-dione (217) 

The title compound was synthesized according to GP5a using BrettPhos (10.7 mg, 20 mol%, 

20.0 μmol), (Pd G4)2 (205) (3.8 mg, 5 mol%, 5.0 μmol) and methylamine hydrochloride 

(25.1 mg, 4.40 equiv, 0.440 mmol). The product was isolated as yellow solids in a yield of 

4.6 mg (7.81 μmol, 8%). 

1H NMR (600 MHz, CDCl3): δ 2.17 (s, 6H, Me), 2.82 (s, 6H, NHMe), 4.09 (s, 6H, OMe), 6.38 

– 6.48 (m, 4H, 3’-H), 6.56 (s, 2H, 3-H), 6.84 (s, 2H, 6-H), 7.05 – 7.18 (m, 4H, 2’-H). 
13C NMR (151 MHz, CDCl3): δ 20.73 (Me), 30.31 (NHMe), 56.63 (OMe), 105.47 (C-3), 

108.05 (C-6), 112.16 (C-3’), 112.80 (C-4a), 116.61 (C-8), 118.92 (C-1’), 127.30 (C-2’), 144.32 

(C-7), 151.81 (C-4’), 155.68 (C-8a), 159.03 (C-5), 161.86 (C-2), 178.84 (C-4). IR (ATR film) 

[cm-1]: 3340, 2930, 2233, 1633, 1588, 1535, 1330, 1246, 1193, 1125, 1064, 829, 731. TLC 

(CH2Cl2:MeOH, 96:4 v/v): Rf = 0.19 HR-MS (ESI): m/z calculated for [C36H33N2O6]+ ([M + 

H+]): 589.2333, found: 589.2339 (-1.0 ppm).  
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7.2.2.8.8.1 rac-2-(4-Bromophenyl)-5,5'-dimethoxy-7,7'-dimethyl-2'-(4-
(methylamino)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (219) 

The title compound was isolated as a sideproduct during the synthesis of 217 as orange solids 

in a yield of 4.4 mg (7.46 μmol, 7%) 

1H NMR (600 MHz, CDCl3): δ 2.17 (s, 3H, Me/Me’), 2.18 (s, 3H, Me/Me’), 2.83 (s, 3H, 

NHMe), 3.78 (s, 3H, OMe’’), 4.09 (s, 3H, OMe/OMe’), 4.10 (s, 3H, OMe/OMe’), 6.46 (d, 3J2’’’-

3’’’ = 8.5 Hz, 2H, 3’’’-H), 6.58 (s, 1H, 3’-H), 6.63 (s, 1H, 3-H), 6.78 (d, 3J2’’-3’’ = 8.9 Hz, 2H, 

3’’-H), 6.86 (s, 1H, 6’-H), 6.87 (s, 1H, 6-H), 7.13 (d, 3J2’’’-3’’’ = 8.8 Hz, 2H, 2’’’-H), 7.23 (d, 
3J2’’-3’’ = 8.9 Hz, 1H, 2’’-H). 13C NMR (151 MHz, CDCl3): δ 20.74, 20.79, 30.44 (NHMe), 

55.62 (OMe’’), 56.67, 56.68, 105.54, 107.10, 108.09, 108.26, 112.36, 112.81, 114.61, 116.41, 

116.66, 123.41, 127.30, 127.33, 144.32, 144.79, 151.62, 151.65, 155.73, 159.11, 159.13, 

161.00, 161.81, 162.25, 178.75 (C-4), 178.79. IR (ATR film) [cm-1]: 3340, 2938, 2249, 1740, 

1633, 1595, 1368, 1330, 1254, 1186, 1118, 1057, 829, 731. TLC (CH2Cl2:MeOH, 96:4 v/v): 

Rf = 0.25 HR-MS (ESI): m/z calculated for [C36H32NO7]+ ([M + H+]): 590.2173, found: 

590.2169 (0.7 ppm).  

 

219 
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7.2.2.8.9 5-Methoxy-7-methyl-2-(4-morpholinophenyl)-4H-chromen-4-one (210) 
A 2 d.r. vial was charged with readily available flavone[108b] 154 (34.5 mg, 1.00 equiv, 

0.100 mmol), RuPhos (18.6 mg, 40 mol%, 40.0 μmol), (Pd G4)2 (205) (1.9 mg, 2.5 mol%, 

2.5 μmol). A separate dry vial was charged with morpholine (38.4 mg, 4.40 equiv, 0.440 mmol) 

(making sure not to purge the vial with an argon balloon so the volatile amine wouldn’t 

evaporate) and PhMe (2 mL). Then that solution of amine in PhMe (1 mL, 2.20 equiv, 

0.220 mmol) was added, the reaction vessel capped and sealed using PTFE tape and then stirred 

at 80 °C for 16 h. After letting the reaction cool, the reaction was filtered over a pad of silica 

into a vial containing a defined amount of 1,3,5-trimethoxybenzene (0.4 – 0.8 equiv), washing 

with CH2Cl2:MeOH (7:3 v/v). The solvent was removed and conversion to product determined 

by 1H-NMR. The product was isolated by column chromatography (CH2Cl2:MeOH 97:3 v/v to 

CH2Cl2:EtOAc 7:3 v/v) as brown solids in a yield of 31.4 mg (89.4 μmol, 89%)  

1H NMR (600 MHz, CDCl3): δ 2.44 (s, 3H, Me), 3.28 (t, 3J1’’-2’’ = 4.8 Hz, 4H, 1’’-H), 3.87 (t, 
3J1’’-2’’ = 4.8 Hz, 4H, 2’’-H), 3.97 (s, 3H, OMe), 6.60 (s, 2H, 3-H + 6-H), 6.93 (s, 1H, 8-H), 6.95 

(d, 3J2’-3’ = 8.4 Hz, 2H, 3’-H), 7.78 (d, 3J2’-3’ = 8.4 Hz, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): 

δ 22.39 (Me), 48.05 (C-1’’), 56.53 (OMe), 66.74 (C-2’’), 107.08 (C-3), 107.74 (C-6), 110.35 

(C-8), 112.52 (C-4a), 114.59 (C-3’), 121.84 (C-1’), 127.48 (C-2’), 144.87 (C-7), 153.20 (C-4’), 

158.37 (C-8a), 159.56 (C-5), 161.27 (C-2), 178.40 (C-4). IR (ATR film) [cm-1]: 3466, 2920, 

2847, 1633, 1603, 1517, 1481, 1377, 1335, 1233 1203, 1118, 1049, 926, 826 TLC 

(CH2Cl2:MeOH, 95:5 v/v): Rf = 0.46 HR-MS (ESI): m/z calculated for [C21H22NO4]+ ([M + 

H+]): 352.1543, found: 352.1549 (-1.5 ppm). Melting point: 218 – 221 °C (brown 

discoloration) 

 

214 

 

7.2.2.8.10 2-(4-(Benzylamino)phenyl)-5-methoxy-7-methyl-4H-chromen-4-one 
(211) 

A 2 d.r. vial was charged with readily available flavone[108b] 154 (34.5 mg, 1.00 equiv, 

0.100 mmol), RuPhos (4.7 mg, 10 mol%, 10 μmol), (Pd G4)2 (205) (1.9 mg, 2.5 mol%, 
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2.5 μmol). A separate dry vial was charged with benzylamine (47.1 mg, 4.40 equiv, 

0.440 mmol) (making sure not to purge the vial with an argon balloon so the volatile amine 

wouldn’t evaporate) and PhMe (2 mL). Then that solution of amine in PhMe (1 mL, 2.20 equiv, 

0.220 mmol) was added, the reaction vessel capped and sealed using PTFE tape and then stirred 

at 80 °C for 16 h. After letting the reaction cool, the reaction was filtered over a pad of silica 

into a vial containing a defined amount of 1,3,5-trimethoxybenzene (0.4 – 0.8 equiv), washing 

with CH2Cl2:MeOH (7:3 v/v). The solvent was removed and conversion to product determined 

by 1H-NMR. The product was isolated by column chromatography (CH2Cl2:MeOH 97:3 v/v to 

CH2Cl2:EtOAc 7:3 v/v) as orange solids in analytical quantities. (54% conversion to product 

according to 1H-NMR).  

1H NMR (600 MHz, CDCl3): δ 2.44 (s, 3H, Me), 3.97 (s, 3H, OMe), 4.41 (s, 2H, CH2), 6.57 

(s, 1H, 3-H), 6.60 (s, 1H, 6-H), 6.64 – 6.72 (m, 2H, 3’-H), 6.91 (s, 1H, 8-H), 7.30 (m, 1H, 4’’-

H), 7.36 (m, 4H, 2’’-H +3’’-H), 7.66 – 7.75 (m, 2H, 2’-H). 13C NMR (151 MHz, CDCl3): δ 

22.39 (Me), 47.92 (CH2), 56.55 (OMe), 106.36 (C-3), 107.68 (C-6), 110.34 (C-8), 112.52 (C-

4a), 112.71 (C-3’), 120.09 (C-1’), 127.54 (C-2’’/3’’), 127.71 (C-4’’), 127.81 (C-2’), 128.96 (C-

2’’/3’’), 138.53 (C-1’’), 144.68 (C-7), 150.69 (C-4’), 158.37 (C-8a), 159.56 (C-5), 161.74 (C-

2), 178.43 (C-4). IR (ATR film) [cm-1]: 3307, 2921, 2848, 1638, 1599, 1526, 1479, 1348, 1253, 

1192, 1122, 1050, 837, 817, 698 TLC (CH2Cl2:MeOH, 96:4 v/v): Rf = 0.35 HR-MS (ESI): m/z 

calculated for [C21H22NO4]+ ([M + H+]): 372.1595, found: 352.1594 (-0.2 ppm). Melting point: 

250 – 251 °C  

 

211 
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7.2.3 General Procedure 6 (GP6): Masuda Borylation 

 

An appropriately sized Schlenk round bottom flask equipped with a stir bar was charged with 

aryl halide (1.000 equiv), SPhos Pd G4 (1 mol%) and SPhos (1 mol%) (or (Pd G4)2 (205) 

(0.5 mol%) and SPhos (2.0 mol%) respectively) and capped with a rubber septum. The mixture 

was evacuated and backfilled with N2 (3x). Anhydr. degassed (by sparging for 20 min) THF 

was added. The reaction was heated to 65 °C. After 5 mins HBpin (1.500 equiv) and NEt3 

(3.000 equiv) were added. The yellow-orange reaction mixture turns black and turbid after a 

short while and was stirred overnight. After full conversion (grey suspension) the reaction 

mixture was cooled to room temperature. Methanol was added and the crude mixture filtered 

over a pad of Celite® washing with EtOAc and solvents removed in vacuo. The product was 

isolated as stated either by distillation, an additional aq. washing step or column 

chromatography. 

7.2.3.1 2-(4-Methoxy-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(222) 

The title compound was synthesized in accordance with GP6 with 1-bromo-4-methoxy-2-

methylbenzene (4.00 mL, 28.91 mmol, 1.000 equiv), (Pd G4)2 (205) (110.9 mg, 0.14 mmol, 

0.5 mol%), SPhos (237 mg, 0.58 mmol, 2.0 mol%), HBpin (6.29 mL, 43.36 mmol, 

1.500 equiv), NEt3 (12.09 mL, 86.72 mmol, 3.000 equiv) in THF (70 mL). The product was 

isolated by Kugelrohr distillation (2·10-1 mbar, 110 °C). The white solids in the collection bulb 

were removed and the remaining liquid subjected to the same procedure twice over until no 

more white solid crystallizes in the collection bulb. Then the product was isolated from the 

remaining mixture by Kugelrohr® distillation (2·10-1 mbar, 160 °C) as a colorless liquid in a 

yield of 6.13 g (24.7 mmol, 85%). The analytical data were in accordance with literature.[321]  

1H NMR (600 MHz, CDCl3): δ 1.34 (s, 12H, B(OCMe2)2), 2.55 (s, 3H, Me), 3.81 (s, 3H, OMe), 

6.70 – 6.74 (m, 2H, 3-H + 5-H), 7.74 (d, 3J6-5 = 9.0 Hz, 1H, 6-H). 13C NMR (151 MHz, CDCl3): 

δ 22.54 (Me), 25.00 (B(OCMe2)2), 55.09 (OMe), 83.23 (B(OCMe2)2), 110.24 (C-5), 115.63 (C-

3), 120.33 (C-1), 137.97 (C-6), 147.35 (C-2), 161.82 (C-4). 11B NMR (96 MHz, CDCl3): δ 

30.52. IR (ATR film) [cm-1]: 2980, 2932, 2828, 1602, 1347, 1314, 1290, 1273, 1233, 1146, 
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1128, 1041, 860, 660. TLC (petroleum ether:EtOAc 98:2 v/v): Rf = 0.3 APCI-MS: m/z: ([M 

+ H+]): found: 249.3 Boiling point: 160 °C (2·10-1 mbar) Density: 1.13 g/cm3  

 
222 

 

7.2.3.2 4,4,5,5-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (261)  
The title compound was synthesized in accordance with GP6 with bromobenzene (3.00 g, 

19.11 mmol, 1.000 equiv), (Pd G4)2 (205) (73.3 mg, 0.096 mmol, 0.5 mol%), SPhos (78.4 mg, 

0.191 mmol, 2.0 mol%), HBpin (4.16 mL, 28.66 mmol, 1.500 equiv), NEt3 (8.00 mL, 

4.01 mmol, 3.000 equiv) in THF (40 mL). The product was isolated by column chromatography 

(petroleum ether: EtOAc, 97.5:2.5 v/v) as a colorless liquid in a yield of 2.20 g (10.8 mmol, 

56%). The analytical data were in accordance with literature.[322]  

1H NMR (600 MHz, CDCl3): δ 1.36 (s, 12H, B(OCMe2)2), 7.38 (t, 3J3-4;3-2 = 7.6 Hz, 2H, 3-H), 

7.47 (t, 3J4-3 = 7.4 Hz, 1H, 4-H), 7.82 (d, 3J2-3 = 7.9 Hz, 2H, 2-H). 13C NMR (151 MHz, CDCl3): 

δ 25.01 (B(OCMe2)2), 83.90 (B(OCMe2)2), 127.84 (C-3), 131.38 (C-4), 134.88 (C-2). 
11B NMR (96 MHz, CDCl3): δ 31.00. IR (ATR film) [cm-1]: 3054, 3022, 2952, 2922, 1552, 

1456, 1441, 1174, 1127, 1010, 826, 764, 736, 700, 637, 524. APCI-MS: m/z: ([M + H+]): found: 

205.2  

 
261 

 

7.2.3.3 4,4,5,5-Tetramethyl-2-(o-tolyl)-1,3,2-dioxaborolane (256) 
The title compound was synthesized in accordance with GP6 with 1-bromo-2-

methylbenzene (10.00 g, 45.86 mmol, 1.00 equiv), SPhos Pd G4 (364.3 mg, 0.46 mmol, 
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1 mol%), SPhos (188.3 mg, 0.46 mmol, 1 mol%), HBpin (9.98 mL, 68.80 mmol, 1.50 equiv), 

NEt3 (19.18 mL, 137.59 mmol, 3.00 equiv) in THF (120 mL). The product was isolated via 

Kugelrohr distillation (9.5·10-2 mbar, 62 °C). The white solids in the collection bulb were 

removed and the remaining liquid subjected to the same procedure twice over until no more 

white solid crystallizes in the collection bulb. Then the product was isolated from the remaining 

mixture by Kugelrohr® distillation (8·10-2 mbar, 85 °C) as a colorless liquid in a yield of 9.29 g 

(42.6 mmol, 93%). 

In a different batch the title compound was synthesized in accordance with GP1 with 1-bromo-

2-methylbenzene (6.4 mL, 50.0 mmol, 1.00 equiv), Sphos Pd G4 (397.1 mg, 0.5 mmol, 

1 mol%), SPhos (205.3 mg, 0.5 mmol, 1 mol%), HBpin (10.9 mL, 75.0 mmol, 1.50 equiv), 

NEt3 (20.9 mL, 50.0 mmol, 3.00 equiv) in THF (100 mL, 0.5 M). The crude product was 

suspended in n-pentane and filtered over a plug of silica to remove pinacol. The product was 

isolated as a colorless liquid in a yield of 9.96 g (45.5 mmol, 91%). The analytical data were in 

accordance with literature.[323]  

1H NMR (600 MHz, CDCl3): δ 1.35 (s, 12H, B(OCMe2)2), 2.54 (s, 3H, Me), 7.13 – 7.19 (m, 

2H, H-2, 4-H), 7.32 (td, 3J3-4 = 7.5, 4J3-5 = 1.6 Hz, 1H, 3-H), 7.76 (dd, 3J5-4 = 7.7, 4J5-3 = 1.6 Hz, 

1H, 5-H). 13C NMR (151 MHz, CDCl3): δ 22.36 (Me), 25.04 (B(OCMe2)2), 83.54 

(B(OCMe2)2), 124.84 (C-4), 129.91 (C-2), 130.92 (C-3), 135.99 (C-5), 144.97 (C-1). 
11B NMR (96 MHz, CDCl3): δ 31.11. IR (ATR film) [cm-1]: 2978, 2929, 1601, 1439, 1380, 

1344, 1311, 1265, 1144, 1072, 1043, 963, 861, 729, 659. TLC (petroleum ether:EtOAc 98:2 

v/v): Rf = 0.47 APCI-MS: m/z: ([M + H+]): found: 219.1 Boiling point: 85 °C (8·10-2 mbar)  

 
256 

 

7.2.3.4 2-(2-Methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (259) 
The title compound was synthesized in accordance with GP6 with 2-bromoanisole (1.00 g, 

4.27 mmol, 1.000 equiv), (Pd G4)2 (205) (16.4 mg, 0.02 mmol, 0.5 mol%), SPhos (17.5 mg, 

0.02 mmol, 2.0 mol%), HBpin (930 µL, 6.41 mmol, 1.500 equiv), NEt3 (1.79 mL, 12.82 mmol, 

3.000 equiv) in THF (10 mL). The product was isolated via Kugelrohr distillation (5.5·10-
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2 mbar, 102 °C). The product was collected from the collection bulbs and redissolved in pentane 

and washed with sat. aq. Na2CO3-solution (2x 50 mL). The solvent was removed in vacuo. The 

product was isolated as white solids in a yield of 902 mg (3.84 mmol, 90%). The analytical data 

were in accordance with literature.[324]  

1H NMR (600 MHz, CDCl3): δ 1.35 (d, J = 1.2 Hz, 12H, B(OCMe2)2), 3.83 (d, J = 1.1 Hz, 3H, 

OMe), 6.86 (d, 3J3-4 = 8.3 Hz, 1H, 3-H), 6.94 (t, 3J5-4;5-6 = 7.3 Hz, 1H, 5-H), 7.35 – 7.43 (m, 1H, 

4-H), 7.67 (d, 3J5-6 = 7.6 Hz, 1H, 6-H). 13C NMR (151 MHz, CDCl3): δ 24.97 (B(OCMe2)2), 

55.96 (Me), 83.58 (B(OCMe2)2), 110.60 (C-3), 120.33 (C-5), 132.58 (C-4), 136.84 (C-6), 

164.31 (C-2). 11B NMR (96 MHz, CDCl3): δ 30.71. IR (ATR film) [cm-1]: 2978, 2931, 2834, 

1601, 1577, 1489, 1433, 1354, 1249, 1145, 1074, 861, 762, 659. HR-MS (ESI): m/z calculated 

for [C13H20BO3]+ ([M + H+]): 235.1500, found: 235.1508.  

 
259 

 

7.2.3.5 2-(4-Methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (260) 
The title compound was synthesized in accordance with GP6 with 4-bromoanisole (167 µL, 

1.30 mmol, 1.00 equiv), SPhos Pd G4 (11 mg, 0.013 mmol, 1.0 mol%), SPhos (5.5 mg, 

0.013 mmol, 1.0 mol%), HBpin (291 µL, 2.00 mmol, 1.50 equiv), NEt3 (559 µL, 4.01 mmol, 

3.00 equiv) in THF (2.50 mL). The product was isolated by column chromatography 

(petroleum ether: EtOAc, 95:5 v/v) as a colorless liquid in a yield of 255 mg (1.09 mmol, 84%). 

The analytical data were in accordance with literature.[321]  

1H NMR (600 MHz, CDCl3): δ 1.33 (s, 12H, B(OCMe2)2), 3.83 (s, 3H, OMe), 6.90 (d, 3J2-3 = 

8.6 Hz, 2H, 3-H), 7.75 (d, 3J2-3 = 8.5 Hz, 2H, 2-H). 13C NMR (151 MHz, CDCl3): δ 24.88 

(B(OCMe2)2), 55.09 (OMe), 83.55 (B(OCMe2)2), 113.32 (C-3),120.63 (C-1), 136.53 (C-2), 

162.17 (C-4). 11B NMR (96 MHz, CDCl3): δ 30.38. IR (ATR film) [cm-1]: 2978, 2936, 2839, 

1605, 1397, 1361, 1318, 1278, 1248, 1144, 1092, 1031, 656. APCI-MS: m/z: ([M + H+]): found: 

235.2 
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260 

 

7.2.3.6 2-(2-Fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (258) 
The title compound was synthesized in accordance with GP6 with 1-bromo-2-

fluorobenzene (1.00 g, 4.50 mmol, 1.00 equiv), SPhos Pd G4 (35.8 mg, 0.05 mmol, 1 mol%), 

SPhos (18.5 mg, 0.05 mmol, 1 mol%), HBpin (980 µL, 6.76 mmol, 1.50 equiv), NEt3 (1.88 mL, 

13.51 mmol, 3.00 equiv) in THF (9 mL). The product was isolated by column chromatography 

(petroleum ether: CH2Cl2, 8:2 v/v) as a colorless liquid (m.p. lit 53°C [325]) in a yield of 757 mg 

(3.41 mmol, 76%). The analytical data were in accordance with literature.[326]  

1H NMR (600 MHz, CDCl3): δ 1.36 (s, 12H, B(OCMe2)2), 7.02 (t, 3JH-3,F-2;H-3,H-4 = 8.9 Hz, 1H, 

3-H), 7.13 (t, 3JH-5,H-4;H-5,H-6 = 7.3 Hz, 1H, 5-H), 7.43 (tdd, J = 7.7, 5.5, 1.9 Hz, 1H, 4-H), 7.74 

(ddd, J = 7.8, 6.0, 1.9 Hz, 1H, 6-H). 13C NMR (151 MHz, CDCl3): δ 24.96 (B(OCMe2)2), 84.03 

(B(OCMe2)2), 115.38 (d, 2JC-F = 23.9 Hz, C-3), 123.72 (d, 4J5-F = 3.2 Hz, C-5), 133.40 (d, 3J4-F 

= 8.7 Hz, C-4), 136.95 (d, 3J6-F = 8.0 Hz, C-6), 167.33 (d, 1J2-F = 250.7 Hz, C-2). 
11B NMR (96 MHz, CDCl3): δ 30.14 (brs). 19F NMR (282 MHz, CDCl3): δ -102.64 (dt, 3JC-2,C-

3 = 9.3 Hz, 4JC-2,C-4 = 5.9 Hz). IR (ATR film) [cm-1]: 2981, 2934, 1616, 1489, 1447, 1356, 1214, 

1145, 1112, 767, 657. TLC (petroleum ether:CH2Cl2 8:2 v/v): Rf = 0.1 APCI-MS: m/z: ([M + 

H+]): found: 223.2 

 
258 
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7.2.3.7 2-(2-(Trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(257) 

The title compound was synthesized in accordance with GP6 with 1-bromo-2-

(trifluoromethyl)benzene (1.00 g, 3.68 mmol, 1.00 equiv), (Pd G4)2 (205) (28.4 mg, 0.04 mmol, 

1 mol%), SPhos (30.2 mg, 0.07 mmol, 4 mol%), HBpin (800 µL, 6.41 mmol, 1.50 equiv), NEt3 

(1.54 mL, 12.82 mmol, 3.00 equiv) in THF (9 mL). The product was isolated via Kugelrohr 

distillation (5.5·10-2 mbar, 102 °C). The product was isolated by column chromatography 

(petroleum ether: EtOAc, 97:3 v/v) as a colorless liquid in a yield of 396 mg (1.46 mmol, 40%). 

The analytical data were in accordance with literature.[327]  

1H NMR (600 MHz, CDCl3): δ 1.40 (d, J = 1.7 Hz, 12H, B(OCMe2)2), 7.53 (m, 2H, 4-H + 5-

H), 7.69 (d, 3J3-4 = 6.3 Hz, 1H, 3-H), 7.75 (d, 3J6-5 = 6.1 Hz, 1H, 6-H). 
13C NMR (151 MHz, CDCl3): δ 24.61 (B(OCMe2)2), 84.49 (B(OCMe2)2), 124.42 (q, 1JC-F = 

273.4 Hz, CF3), 125.25 (q, 3J3-F = 5.0 Hz, C-3), 129.96 (C-5), 130.71 (C-4), 133.82 (q, 2J2-F = 

31.4 Hz, C-2), 134.71 (C-6). 11B NMR (96 MHz, CDCl3): δ 31.20 19F NMR (282 MHz, 

CDCl3): δ -59.67 IR (ATR film) [cm-1]: 2982, 2932, 1499, 1352, 1315, 1138, 1098, 1046, 962, 

857, 774, 663. TLC (petroleum ether:Et2O 96:4 v/v): Rf = 0.38 APCI-MS: m/z: ([M + H+]): 

found: 273.2 

 
257 
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7.2.4 General Procedure 7 (GP7): Suzuki-Miyaura cross coupling 

 

An appropriately sized dry Schlenk round-bottom flask equipped with stir bar was charged with 

aryl halide (1.00 equiv) aryl boronic acid ester (1.20 equiv), SPhos Pd G4 (1 mol% or 2.5 mol%) 

and SPhos (1 mol% or 2.5 mol%) and capped with a rubber septum. Anhydr. THF (0.21 M, 

degassed by sparging for 20 min) was added. In a separate vial K3PO4 (3.00 equiv) was dried 

at 80 °C overnight in vacuo and then dissolved in degassed water (2.5 M, degassed by sparging 

for 20 min) and then added at once. The reaction was then heated to 65 °C and stirred over night. 

After completion, the reaction mixture was filtered over a pad of Celite® and the solvent 

removed in vacuo. The product was isolated via column chromatography unless stated 

otherwise. 

7.2.4.1 4'-Methoxy-2',6-dimethyl-[1,1'-biphenyl]-2-amine (278) 
The title compound was synthesized according to GP7 starting from 2-bromo-3-methylaniline 

(33.6 μL, 1.00 equiv, 270 μmol) and boronic acid ester 222 (97.8 μL, 1.50 equiv, 400 μmol) 

and SPhos Pd G4 (5.3 mg, 6.8 μmol, 2.5 mol%). The product was isolated by column 

chromatography (petroleum ether:EtOAc 95:5 v/v) as an amber oil in a yield of 50.1 mg 

(220 μmol, 82%).  

1H NMR (600 MHz, CDCl3): δ 1.92 (s, 3H, Me), 2.04 (s, 3H, Me′), 3.36 (s, 2H, NH2), 3.84 (s, 

3H, OMe′), 6.62 (d, 3J3-4 = 7.8 Hz, 1H, 3-H), 6.69 (d, 3J = 7.2 Hz, 1H, 5-H), 6.83 (dd, 3J5’-6’ = 

8.3 Hz, 4J5’-3’ = 2.7 Hz, 1H, 5′-H), 6.88 (d, 4J3’-5’ = 2.7 Hz, 1H, 3′-H), 7.02 (d, 3J5’-6’ = 8.3 Hz, 

1H, 6′-H), 7.05 (t, 3J4-5;4-3 = 7.8 Hz, 1H, 4-H). 13C NMR (151 MHz, CDCl3): δ 19.72 (Me′), 

20.38 (Me), 55.34 (OMe′), 112.00 (C-5′), 112.57 (C-3), 116.04 (C-3′), 119.91 (C-5), 126.86 

(C-1), 127.91 (C-4), 129.81 (C-1′), 130.99 (C-6′), 137.55 (C-6), 138.68 (C-2′), 144.38 (C-2), 

159.12 (C-4′). IR (ATR film) [cm-1]: 3469, 3376, 3022, 2952, 2918, 2835, 1608, 1507, 1465, 

1291, 1236, 1159, 1051, 1003, 778, 748. TLC (petroleum ether:EtOAc 95:5 v/v): Rf = 0.23 

HR-MS (ESI): m/z calculated for [C15H18NO]+ ([M + H+]): 228.1383, found: 228.1387.  



Experimental 

273 

 
278 

 

7.2.4.2 2',6-Dimethyl-[1,1'-biphenyl]-2-amine (241) 
The title compound was synthesized according to GP7 starting from 2-bromo-3-methylaniline 

(625 μL, 1.00 equiv, 5.00 mmol) and boronic acid ester 256 (1.80 g, 1.20 equiv, 7.50 mmol) 

and SPhos Pd G4 (99.3 mg, 125 μmol, 2.5 mol%). The product was isolated by column 

chromatography (petroleum ether:EtOAc 95:5 v/v) as an amber oil in a yield of 933 mg 

(4.73 mmol, 95%). The analytical data were in accordance with literature. [75] 

1H NMR (600 MHz, CDCl3): δ 1.92 (s, 3H, Me), 2.08 (s, 3H, Me′), 3.34 (s, 2H, NH2), 6.63 (d, 
3J3-4 = 7.9 Hz, 1H, 3-H), 6.70 (d, 3J5-4 = 7.5 Hz, 1H, 5-H), 7.07 (dd, 3J4-3,4-5 = 7.7 Hz, 1H, 4-H), 

7.10 – 7.15 (m, 1H, 6′-H), 7.25 – 7.31 (m, 2H, 4′-H + 5′-H), 7.30 – 7.35 (m, 1H, 3′-H). 
13C NMR (151 MHz, CDCl3): δ 19.40 (Me′), 20.32 (Me), 112.67 (C-3), 119.97 (C-5), 126.73 

(C-5′), 127.21 (C-1), 127.80 (C-4′), 127.99 (C-4), 130.01 (C-6′), 130.58 (C-3′), 136.97 (C-6), 

137.23 (C-2′), 137.61 (C-1′), 143.87 (C-2). IR (ATR film) [cm-1]: 3468, 3378, 3060, 2921, 

1668, 1610, 1464, 1303, 1004, 765. TLC (petroleum ether:EtOAc 95:5 v/v): Rf = 0.23 

(penH:EtOAc 8:2 Rf = 0.37) HR-MS (ESI): m/z calculated for [C14H16N]+ ([M + H+]): 

198.1277, found: 198.1280.  

 
241 

 

7.2.4.3 2',6-Dimethyl-[1,1'-biphenyl]-2-amine hydrochloride (241·HCl) 
The title compound was synthesized according to GP7 starting from 2-bromo-3-methylaniline 

(2.46 mL, 1.00 equiv, 20.0 mmol) and boronic acid ester 256 (1.08 g, 1.20 equiv, 5.28 mmol) 

and SPhos Pd G4 (159 mg, 0.20 mmol, 1 mol%). The crude product was dissolved in pentane. 
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Aq. HCl-solution (1 M), was added and the two phase mixture stirred vigorously forming off-

white solids immediately. The solids were filtered off, washed with copious n-pentane, and 

dried in a desiccator over night. The product was isolated as an off-white solid in a yield of 

4.43 g (19.0 mmol, 95%).  

In an additional reaction the title compound was synthesized according to GP2 starting from 2-

bromo-3-methylaniline (6.16 mL, 1.00 equiv, 50.0 mmol) and o-tolylboronic acid (8.16 g, 

1.20 equiv, 60.0 mmol) and SPhos Pd G4 (397 mg, 0.500 mmol, 1 mol%). The product was 

isolated as off-white solids in a yield of 10.2 g (43.8 mmol, 91%).  

1H NMR (600 MHz, CDCl3): δ 1.99 (s, 3H, CH3), 2.02 (s, 3H, CH3), 7.08 – 7.15 (m, 3H, Ar-

H), 7.26 (dd, J = 7.6, 1.9 Hz, 1H, Ar-H), 7.30 (d, J = 1.6 Hz, 1H, Ar-H), 7.43 (dd, J = 5.5, 3.7 

Hz, 1H, Ar-H), 9.60 (s, 3H, NH3
+). 13C NMR (151 MHz, CDCl3): δ 19.94 (CH3), 20.00 (CH3), 

121.96, 126.58, 128.28, 128.77, 128.79, 130.05, 130.34, 130.91, 133.88, 136.06, 137.09, 

138.41. IR (ATR film) [cm-1]: 2850, 2596, 1584, 1528, 1463, 778, 763, 743, 730. HR-MS 

(ESI): m/z calculated for [C14H16N]+ ([M - Cl-]): 198.1277, found: 198.1280. Melting point: 

173 – 180 °C  

 
241·HCl 

 

7.2.4.4 6-Methyl-[1,1'-biphenyl]-2-amine (280) 
The title compound was synthesized according to GP7 starting from 2-bromo-3-methylaniline 

(542 μL, 1.00 equiv, 4.40 mmol) and boronic acid ester 261 (1.08 g, 1.20 equiv, 5.28 mmol) 

and SPhos Pd G4 (34.9 mg, 44.0 μmol, 1 mol%). The product was isolated by column 

chromatography (petroleum ether:EtOAc 95:5 v/v) as an amber oil in a yield of 628 mg 

(3.43 mmol, 78%). The analytical data were in accordance with literature.[328] 

1H NMR (600 MHz, CDCl3): δ 2.00 (s, 3H, Me), 3.44 (s, 2H, NH2), 6.64 (d, 3J = 8.0 Hz, 1H, 

3-H), 6.70 (d, 3J4-5 = 7.5 Hz, 1H, 5-H), 7.06 (dd, 3J4-5 = 7.7 Hz, 1H, 4-H), 7.24 – 7.27 (m, 2H, 

2′-H), 7.36 (td, 3J3’-4’,4’-5’ = 7.4 Hz, 4J4’-2’,4’-6’ = 1.4 Hz, 1H, 4′-H), 7.47 (td, 3J2’-3’,3’-4’ = 7.6 Hz, 
4J3’-5’ = 1.4 Hz, 2H, 3′-H). 13C NMR (151 MHz, CDCl3): δ 20.74 (Me), 112.92 (C-3), 120.16 

(C-5), 127.40 (C-4′), 127.97 (C-1), 128.12 (C-4), 129.25 (C-3′), 130.03 (C-2′), 137.10 (C-6), 
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138.43 (C-1′), 144.18 (C-2). IR (ATR film) [cm-1]: 3469, 3376, 3059, 3022, 2921, 1609, 1583, 

1465, 1301, 776, 739, 704, 565. TLC (petroleum ether:EtOAc 98:2 v/v): Rf = 0.3 HR-MS 

(ESI): m/z calculated for [C13H14N]+ ([M + H+]): 184.1121, found: 184.1125.  

 
280 

 

7.2.4.5 2'-Methoxy-6-methyl-[1,1'-biphenyl]-2-amine (277) 
The title compound was synthesized according to GP7 starting from 2-bromo-3-methylaniline 

(560 μL, 1.25 equiv, 4.54 mmol) and boronic acid ester 259 (843 mg, 1.00 equiv, 3.60 mmol) 

and SPhos Pd G4 (23.8 mg, 0.30 mmol, 0.8 mol%). The product was isolated by column 

chromatography (petroleum ether:EtOAc 9:1 to 8:2 v/v) as an amber oil in a yield of 715 mg 

(3.35 mmol, 93% relative to boronic acid ester 259). 

1H NMR (600 MHz, CDCl3): δ 1.99 (s, 3H, Me), 3.43 (s, 2H, NH2), 3.77 (s, 3H, OMe), 6.64 

(d, 3J3-4 = 8.0 Hz, 1H, 3-H), 6.72 (d, 3J4-5 = 7.5 Hz, 1H, 5-H), 7.03 (d, 3J3’-4’ = 8.3 Hz, 1H, 3′-

H), 7.03 – 7.07 (m, 2H, 5′-H), 7.08 (d, 3J4-3,4-5 = 8.0 Hz, 1H, 4-H), 7.16 (dd, 3J6’-5’ = 7.3 Hz, 4J6’-

4’ = 1.8 Hz, 1H, 6′-H), 7.37 (td, 3J4’-3’,4’-5’ = 7.9 Hz, 4J4’-6’ = 1.8 Hz, 1H, 4′-H). 
13C NMR (151 MHz, CDCl3): δ 20.40 (Me), 55.76 (OMe), 111.57 (C-3′), 112.91 (C-1), 119.98 

(C-5), 121.36 (C-5′), 124.38 (C-1), 126.63 (C-3′), 128.13 (C-4), 129.18 (C-4′), 131.65 (C-6′), 

137.81 (C-6), 144.32 (C-2), 157.28 (C-2′). IR (ATR film) [cm-1]: 3468, 3373, 3063, 3022, 

2951, 2834, 1610, 1498, 1464, 1433, 1294, 1257, 1232, 1120, 1051, 1025, 1002, 776, 765, 545. 

TLC (petroleum ether:EtOAc 9:1 v/v): Rf = 0.18 HR-MS (ESI): m/z calculated for 

[C14H16NO]+ ([M + H+]): 214.1226, found: 214.1233.  

 
277 
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7.2.4.6 2'-Fluoro-6-methyl-[1,1'-biphenyl]-2-amine (276) 
The title compound was synthesized according to GP7 starting from 2-bromo-3-methylaniline 

(185 μL, 1.00 equiv, 1.50 mmol), boronic acid ester 258 (401 mg, 1.20 equiv, 1.81 mmol), 

SPhos Pd G4 (29.9 mg, 37.5 μmol, 2.5 mol%) and SPhos (15.4 mg, 37.5 mmol, 2.5 mol%). The 

product was isolated by column chromatography (petroleum ether:EtOAc 95:5 v/v) as an amber 

oil in a yield of 279 mg (1.39 mmol, 92%). 

1H NMR (600 MHz, CDCl3): δ 2.02 (s, 3H, Me), 3.44 (s, 2H, NH2), 6.64 (d, 3J3-4 = 8.0 Hz, 1H, 

3-H), 6.72 (d, 3J4-5 = 7.5 Hz, 1H, 5-H), 7.09 (t, 3J4-3,4-5 = 7.8 Hz, 1H, 4-H), 7.19 (t, 3J3’-4’,3’-2’F = 

8.8 Hz, 1H, 3′-H), 7.22 – 7.29 (m, 2H, 5′-H +6′-H), 7.35 – 7.40 (m, 1H, 4′-H). 
13C NMR (151 MHz, CDCl3): δ 20.27 (Me), 112.91 (C-3), 116.25 (d, 2J3’-F = 22.2 Hz, C-3′), 

120.00 (C-5), 121.08 (C-1), 124.75 (d, J = 3.8 Hz, C-5′), 125.18 (d, 2J1’-F = 17.5 Hz, C-1′), 

128.73 (C-4′), 129.62 (d, 3J4’-F = 8.1 Hz, C-4′), 132.12 (d, 3J6’-F = 3.8 Hz, C-6′), 137.75 (C-6), 

144.30 (C-2), 160.07 (d, 1J2’-F = 246.0 Hz, C-2′). 19F NMR (282 MHz, CDCl3): δ -102.65 IR 

(ATR film) [cm-1]: 3470, 3378, 3065, 2924, 1614, 1582, 1467, 1446, 1305, 1210, 1107, 824, 

760. TLC (petroleum ether:EtOAc 8:2 v/v): Rf = 0.44 HR-MS (ESI): m/z calculated for 

[C13H12FN]+ ([M + H+]): 202.1027, found: 202.1030.  
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7.2.4.7 4'-Methoxy-6-methyl-[1,1'-biphenyl]-2-amine (279) 
The title compound was synthesized according to GP7 starting from 2-bromo-3-methylaniline 

(625 μL, 1.00 equiv, 5.00 mmol) (4-methoxyphenyl)boronic acid (912 mg, 1.20 equiv, 

6.00 mmol), SPhos Pd G4 (87.3 mg, 125 μmol, 2.5 mol%) and SPhos (51.3 mg, 125 mmol, 

2.5 mol%). The product was isolated by column chromatography (n-pentane:EtOAc 95:5 to 8:2 

v/v) as an amber oil in a yield of 1.03 g (4.84 mmol, 97%). The analytical data were in 

accordance with literature.[201] 

1H NMR (600 MHz, CDCl3): δ 2.02 (s, 3H, Me), 3.52 (s, 2H, NH2), 3.86 (s, 3H, OMe), 6.64 

(d, 3J3-4 = 7.9 Hz, 1H, 3-H), 6.70 (dt, 3J4-5 = 7.5 Hz, 4J3-5 = 1.0 Hz, 1H, 5-H), 7.01 (d, 3J2’-3’ = 

8.6 Hz, 2H, 2′-H), 7.05 (t, 3J4-3,4-5 = 7.7 Hz, 1H, 4-H), 7.18 (d, 3J2’-3’ = 8.7 Hz, 2H, 3′-H). 
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13C NMR (151 MHz, CDCl3): δ 20.81 (Me), 55.40 (OMe), 112.87 (C-3), 114.66 (C-2′), 120.17 

(C-5), 127.64 (C-1), 127.97 (C-4), 130.34 (C-1′), 131.08 (C-3′), 137.54 (C-6), 144.41 (C-2), 

158.87 (C-4′).IR (ATR film) [cm-1]: 3461, 3370, 2953, 1611, 1520, 1486, 1239, 1171, 1084, 

829. TLC (pentanes:EtOAc 8:2 v/v): Rf = 0.19 HR-MS (ESI): m/z calculated for [C14H16NO]+ 

([M + H+]): 214.1226, found: 214.1227. Melting point: 76 – 78 °C  

 
279 
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7.2.5 General Procedure 8 (GP8): Sandmeyer reaction 

 

An appropriately sized vessel equipped with stir bar was charged with 2-aminobiaryl (1.0 equiv) 

and dissolved in acetone (1.00 M). A solution of aq. HCl (1.70 M, 2.7 equiv) was added and the 

reaction mixture stirred at 0 °C for 5 min. Aq. NaNO2 (0.86 M, 1.5 equiv) solution was added. 

The reaction was stirred at 0 °C for 30 min. EtOAc (1.00 M regarding the amine) was added 

and a solution of aq. KI (3.00 M, 3.0 equiv) was added dropwise via syringe pump over 1 h at 

0 °C. The reaction was stirred at 22 °C for an additional 1 h. Then aq. sat. Na2SO3 was added 

and the mixture extracted with EtOAc (3x), washed with aq. sat. NaCl-solution and dried over 

MgSO4. Solvents were removed in vacuo and the crude product then suspended in pentane and 

filtered over a plug of silica washing with pentane (check with TLC for any remaining product 

stuck to silica). Solvents were removed in vacuo and the product isolated without further 

purification.  

7.2.5.1 2-Iodo-1,1'-biphenyl (92) 
The title compound was synthesized according to GP8 starting from 2-amino-1,1'-biphenyl 

(500 mg, 1.0 equiv, 2.95 mmol). The product was isolated as a colorless oil in a yield of 635 mg 

(2.27 mmol, 77%). The analytical data were in accordance with literature.[329] 

1H NMR (600 MHz, CDCl3): δ 7.07 (td, 3J4-3,4-5 = 7.6 Hz, 4J4-6 = 1.7 Hz, 1H, 4-H), 7.35 (dd, J 

= 7.6, 1.8 Hz, 1H), 7.37 – 7.41 (m, 2H), 7.40 – 7.46 (m, 1H, 5-H), 7.44 – 7.49 (m, 3H), 8.00 

(dd, 3J3-4 = 7.9 Hz, 4J3-4 = 1.3 Hz, 1H, 3-H). 13C NMR (151 MHz, CDCl3): δ 98.75 (C-2), 

127.77, 128.08, 128.24 (C-5), 128.90 (C-4), 129.40, 130.21, 139.62 (C-3), 144.34, 146.77. IR 

(ATR film) [cm-1]: 3052, 1960, 1459, 1413, 1017, 1005, 743, 698, 649, 614, 550. TLC 

(petroleum ether:EtOAc 9:1 v/v): Rf = 0.75 APCI-MS: m/z: ([M - I-]): found: 153.1 GC-

MS(EI-MS): m/z: ([M+]): 280.1 (100).  
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7.2.5.2 2-Iodo-2',6-dimethyl-1,1'-biphenyl (236) 
The title compound was synthesized according to GP8 starting from 2-aminobiaryl 241 

(762 mg, 1.0 equiv, 3.86 mmol). The product was isolated as a red oil in a yield of 1.12 g 

(3.65 mmol, 94%).  

The title compound was also synthesized according to GP8 starting from 2-aminobiaryl 

241·HCl (16.36 g, 1.0 equiv, 70.00 mmol) with aq. HCl (1.7 M, 70.0 mL, 1.7 equiv, 119 mmol). 

The product was isolated as a colorless oil in a yield of 17.71 g (57.47 mmol, 82%).  

1H NMR (600 MHz, CDCl3): δ 2.01 (s, 3H, Me′), 2.03 (s, 3H, Me), 6.96 (t, 3J = 7.8 Hz, 1H, 4-

H), 6.99 (dd, 3J5’-6’ = 7.4, 1.4 Hz, 1H, 6′-H), 7.25 (d, 3J4-5 = 7.6 Hz, 1H, 5-H), 7.26 – 7.34 (m, 

3H, 3′-H, 4′-H, 5′-H), 7.79 (d, 3J3-4 = 8.0 Hz, 1H, 3-H). 13C NMR (151 MHz, CDCl3): δ 19.63 

(Me′), 21.91 (Me), 101.18 (C-2), 126.23 (C-5′), 127.96 (C-4), 128.89 (C-4′), 129.00 (C-6′), 

129.84 (C-5), 130.22 (C-3′), 135.52 (C-2′), 136.57 (C-3), 137.81 (C-6), 144.06 (C-1′), 145.91 

(C-1). IR (ATR film) [cm-1]: 3050, 3016, 2971, 2947, 2919, 2858, 1555, 1454, 1439, 1173, 

1115, 1008, 828, 758, 741, 727, 638, 461. TLC (petroleum ether:EtOAc 95:5 v/v): Rf = 0.63 

APCI-MS: m/z: ([M+]): found: 308.1. ([M - I-]): found: 181.2  

 
236 

 

Via 2',6-dimethyl-[1,1'-biphenyl]-2-diazonium salt. 

1H NMR (600 MHz, CDCl3): δ 2.10 (s, 3H), 2.20 (s, 3H), 7.24 (d, J = 7.6 Hz, 1H), 7.26 (s, 2H), 

7.41 (dd, J = 17.2, 8.0 Hz, 2H), 7.49 (t, J = 7.6 Hz, 1H), 7.80 (t, J = 8.1 Hz, 1H), 8.02 (d, J = 

7.8 Hz, 1H), 9.13 (d, J = 8.3 Hz, 1H).  
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236-N2+ 

 

7.2.5.3 2-Iodo-4,4'-dimethoxy-2',6-dimethyl-1,1'-biphenyl (231) 
The title compound was synthesized according to GP8 starting from 2-aminobiaryl 221 

(207 mg, 1.0 equiv, 0.80 mmol). The product was isolated as a colorless oil that slowly 

solidified over time in a yield of 215 mg (0.58 mmol, 73%).  

1H NMR (600 MHz, CDCl3): δ 1.97 (s, 3H, Me′), 1.99 (s, 3H, Me), 3.81 (s, 3H, OMe), 3.84 (s, 

3H, OMe′), 6.78 – 6.82 (m, 2H, 5-H + 5′-H), 6.82 (d, 4J3’-5’ = 2.7 Hz, 1H, 3′-H), 6.88 (d, 3J5’-6’ 

= 8.3 Hz, 1H, 6′-H), 7.31 (d, 4J3-5 = 2.6 Hz, 1H, 3-H). 13C NMR (151 MHz, CDCl3): δ 20.03 

(Me′), 22.39 (Me), 55.26 (OMe′), 55.55 (OMe), 102.18 (C-2), 111.31 (C-5′), 115.45 (C-3′), 

116.13 (C-5), 121.30 (C-3), 130.55 (C-6′), 136.45 (C-1′), 137.58 (C-2′), 138.25 (C-1), 138.75 

(C-6), 158.87 (C-4), 159.11 (C-4′). IR (ATR film) [cm-1]: 2997, 2953, 2834, 1594, 1548, 1465, 

1436, 1291, 1258, 1237, 1213, 1161, 1131, 1059, 847, 790. TLC (petroleum ether:EtOAc 8:2 

v/v): Rf = 0.71 TLC (petroleum ether:PhMe 7:3 v/v): Rf = 0.51 HR-MS (ESI): m/z calculated 

for [C16H18IO2]+ ([M + H+]): 369.0346, found: 369.0340. Melting point: 81 – 83 °C  

 
231 

4,4'-Dimethoxy-2,2'-dimethyl-1,1'-biphenyl (229) 

As a side product 229 could be isolated in analytical quantities. The analytical data were in 

accordance with literature.[330] 

1H NMR (600 MHz, CDCl3): δ 2.03 (s, 6H, Me), 3.83 (s, 6H, OMe), 6.76 (dd, 3J5-6 = 8.4 Hz, 
4J5-3 = 2.6 Hz, 2H, 5-H), 6.81 (d, 4J3-5 = 2.7 Hz, 2H, 3-H), 7.00 (d, 3J5-6 = 8.3 Hz, 2H, 6-H). 
13C NMR (151 MHz, CDCl3): δ 20.33 (Me), 55.34 (OMe), 110.88 (C-5), 115.30 (C-3), 130.86 
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(C-6), 133.95 (C-1), 137.82 (C-2), 158.67 (C-4). IR (ATR film) [cm-1]: 2997, 2937, 2834, 

1605, 1572, 1488, 1465, 1290, 1239, 1161, 1127, 1056, 810, 570. TLC (petroleum ether:PhMe 

7:3 v/v): Rf = 0.48 APCI-MS: m/z: ([M + H+]): found: 243.2 Melting point: 76 – 81 °C  
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7.2.5.4 2-Iodo-6-methyl-1,1'-biphenyl (275) 
The title compound was synthesized according to GP8 starting from 2-aminobiaryl 275 

(300 mg, 1.0 equiv, 1.64 mmol). The product was isolated as a colorless oil in a yield of 392 mg 

(1.33 mmol, 81%).  

1H NMR (600 MHz, CDCl3): δ 2.10 (s, 3H, Me), 6.95 (td, J = 7.8, 1.5 Hz, 1H), 7.13 (d, J = 8.1 

Hz, 2H), 7.24 (d, J = 7.6 Hz, 1H), 7.37 – 7.42 (m, 1H), 7.42 – 7.51 (m, 2H), 7.79 (d, J = 7.9 Hz, 

1H). 13C NMR (151 MHz, CDCl3): δ 22.35, 101.01, 127.59, 128.53, 129.10, 129.86, 136.62, 

137.78, 144.57, 146.41. IR (ATR film) [cm-1]: 3054, 3022, 2922, 1552, 1441, 1174, 1127, 

1010, 826, 764, 700, 637. APCI-MS: m/z: ([M+]): found: 294.1. ([M - I-]): found: 167.1  
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7.2.5.5 2-Iodo-2'-methoxy-6-methyl-1,1'-biphenyl (282) 
The title compound was synthesized according to GP8 starting from 2-aminobiaryl 277 

(700 mg, 1.0 equiv, 3.28 mmol). The product was isolated as a colorless oil in a yield of 825 mg 

(2.54 mmol, 78%).  

1H NMR (600 MHz, CDCl3): δ 2.08 (s, 3H, Me), 3.77 (s, 3H, OMe), 6.95 (t, 3J4-3,4-5 = 7.8 Hz, 

1H, 4-H), 7.00 (t, 3J = 7.9 Hz, 2H, 3′-H +6′-H), 7.03 – 7.07 (m, 1H, 5′-H), 7.23 (d, 3J5-4 = 7.6 
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Hz, 1H, 5-H), 7.37 – 7.42 (m, 1H, 4′-H), 7.77 (d, 3J3-4 = 7.9 Hz, 1H, 3-H). 
13C NMR (151 MHz, CDCl3): δ 21.91 (Me), 55.81 (OMe), 101.81 (C-2), 111.33 (C-6′), 120.83 

(C-5′), 129.02 (C-4), 129.37 (C-4′), 129.61 (C-5), 130.71 (C-3′), 133.29 (C-1′), 136.43 (C-3), 

138.50 (C-6), 143.41 (C-1), 156.32 (C-2′). IR (ATR film) [cm-1]: 3050, 3002, 2955, 2833, 

1599, 1582, 1497, 1460, 1434, 1295, 1263, 1242, 1229, 1178, 1116, 1026, 829, 798, 753, 634, 

565. HR-MS (ESI): m/z calculated for [C14H14IO2]+ ([M + H+]): 342.0349, found: 342.0351.  
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7.2.5.6 2'-Fluoro-2-iodo-6-methyl-1,1'-biphenyl (281) 
The title compound was synthesized according to GP8 starting from 2-aminobiaryl 276 

(200 mg, 1.0 equiv, 0.99 mmol). The product was isolated as a colorless oil in a yield of 291 mg 

(0.93 mmol, 94%).  

1H NMR (600 MHz, CDCl3): δ 2.12 (s, 3H, Me), 6.99 (t, 3J4-3,4-5 = 7.8 Hz, 1H, 4-H), 7.13 (td, 
3J6’-5’ = 7.4 Hz, 1.8 Hz, 1H, 6′-H), 7.17 (ddd, 3J2’F-3’ = 9.4 Hz, 3J3’-4’ 8.2 Hz, 4J3’-5’ = 1.1 Hz, 1H, 

3′-H), 7.23 (dd, 3J5’-4’,5’-6’ = 7.5 Hz, 4J5’-3’ = 1.2 Hz, 1H, 5′-H), 7.25 – 7.27 (m, 2H, 5-H), 7.41 

(dddd, 3J4’-3’ = 8.6 Hz, 3J4’-5’ = 7.2 Hz, 4J4’-2’F = 5.2 Hz, 1.8 Hz, 1H, 4′-H), 7.77 – 7.81 (m, 1H, 

3-H). 13C NMR (151 MHz, CDCl3): δ 21.88 (Me), 101.01 (C-2), 115.96 (d, 2J3’-2’F = 21.7 Hz, 

C-3′), 124.34 (d, 4J5’-2’F = 3.7 Hz, C-5′), 129.75 (C-4), 129.81 (C-5), 129.97 (d, 3J4’-2’F = 8.2 Hz, 

C-4′), 131.46 (d, 3J6’-2’F = 3.5 Hz, C-6′), 131.70 (d, 2J1’-2’F = 17.0 Hz, C-1′), 136.69 (C-3), 138.61 

(C-6), 140.62 (C-1), 159.22 (d, 1J2’-2’F = 245.7 Hz, C-2′). IR (ATR film) [cm-1]: 3055, 2924, 

1554, 1497, 1451, 1441, 1255, 1209, 1107, 819, 756. APCI-MS: m/z: ([M + H+]): found: 311.9.  

 
281 
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7.2.5.7 4'-Methoxy-2-iodo-6-methyl-1,1'-biphenyl (283) 
The title compound was synthesized according to GP8 starting from 2-aminobiaryl 276 

(853 mg, 1.0 equiv, 4.00 mmol). The product was isolated as orange solids in a yield of 1.195 g 

(3.69 mmol, 92%). The analytical data were in accordance with literature.[201] 

1H NMR (600 MHz, CDCl3): δ 2.10 (s, 3H, Me), 3.87 (s, 3H, OMe), 6.93 (t, 3J4-3,4-5 = 7.7 Hz, 

1H, 4-H), 6.96 – 7.01 (m, 2H, 3′-H), 7.02 – 7.08 (m, 2H, 2′-H), 7.22 (dt, 3J5-4 = 7.6 Hz, 4J5-3 = 

1.0 Hz, 1H, 5-H), 7.74 – 7.81 (m, 1H, 3-H). 13C NMR (151 MHz, CDCl3): δ 22.46 (Me), 55.35 

(OMe), 102.03 (C-2), 113.85 (C-2′), 128.99 (C-6), 129.84 (C-5), 130.24 (C-3′), 136.59 (C-3), 

137.09 (C-1′), 138.23 (C-6), 146.12 (C-1), 158.96 (C-4′). IR (ATR film) [cm-1]: 2953, 2832, 

1611, 1512, 1444, 1292, 1246, 1171, 1034, 822, 769. TLC (pentanes:EtOAc 95:5 v/v): Rf = 

0.62 HR-MS (ESI): m/z calculated for [C14H13NaO]+ ([M + Na+]): 346.9903, found: 346.9897. 

Melting point: 66 – 68 °C  

 
283 
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7.2.6 Electron-rich Cyclic Diaryl Iodonium Salt Synthesis 

7.2.6.1 4,4'-Dimethoxy-2-(methoxymethoxy)-2',6-dimethyl-1,1'-biphenyl (225) 
A dry microwave vial equipped with stir bar was charged with K3PO4 (489 mg, 3.00 equiv, 

2.28 mmol), SPhos Pd G4 (3.0 mg, 0.5 mol%, 3.8 μmol) and SPhos (1.6 mg, 0.5 mol%, 

3.8 μmol). The vial was sealed, evacuated, and backfilled with N2 (3x). A separate dry flask 

was charged with aryl bromide 29 (141 μL, 1.00 mmol, 0.76 mmol) and aryl boronic acid ester 

222 (277 μL, 1.50 equiv, 1.14 mmol). The flask was briefly evacuated and backfilled with N2 

(3x). The contents of the second vessel were transferred into the microwave vial by dissolving 

in degassed THF (3.2 mL, 0.24 M). Then H2O (0.8 mL, 4:1 v/v regarding THF:H2O) was added 

to the microwave vial and the reaction stirred at 65 °C for 17 h. The reaction was filtered 

through a plug of silica washing with EtOAc and solvents removed in vacuo. The product was 

isolated by column chromatography (petroleum ether:EtOAc 95:5 v/v) as a colorless oil in a 

yield of 216 mg (0.73 mmol, 94%).  

1H NMR (600 MHz, CDCl3): δ 1.95 (s, 3H, Me), 2.02 (s, 3H, Me′), 3.30 (s, 3H, OCH2OMe), 

3.82 (s, 3H, OMe), 3.83 (s, 3H, OMe′), 5.00 (s, 2H, OCH2OMe), 6.51 (d, 4J5-3 = 2.4 Hz, 1H, 5-

H), 6.63 (d, 4J3-5 = 2.5 Hz, 1H, 3-H), 6.77 (dd, 3J5’-6’ = 8.3 Hz, 4J5’-3’ = 2.7 Hz, 1H, 5′-H), 6.82 

(d, 4J3’-5’ = 2.7 Hz, 1H, 3′-H), 6.96 (d, 3J6’-5’ = 8.3 Hz, 1H, 6′-H). 13C NMR (151 MHz, CDCl3): 

δ 20.10 (Me′), 20.64 (Me), 55.22 (OMe′), 55.41 (OMe), 55.96 (OCH2OMe), 94.82 (OCH2OMe), 

99.50 (C-3), 108.49 (C-5), 110.96 (C-5′), 115.23 (C-3′), 123.81 (C-1), 129.84 (C-1′), 131.27 

(C-6′), 138.57 (C-2′), 139.04 (C-6), 155.76 (C-2), 158.63 (C-4′), 159.41 (C-4). IR (ATR film) 

[cm-1]: 2996, 2952, 2834, 1604, 1576, 1465, 1303, 1236, 1146, 1042, 997, 924, 841, 600. TLC 

(petroleum ether:EtOAc 9:1 v/v): Rf = 0.27 HR-MS (ESI): m/z calculated for [C18H23O4]+ ([M 

+ H+]): 303.1591, found: 303.1599. Boiling point: 90 °C (5·10-2 mbar)  

 
225 
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7.2.6.2 4,4'-Dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-ol (228) 
A dry Schlenk vial equipped with stir bar was charged with K3PO4 (1.44 mg, 3.00 equiv, 

11.5 mmol), SPhos Pd G4 (30.4 mg, 1 mol%, 38.2 μmol) and SPhos (15.7 mg, 1 mol%, 

38.2 μmol). The vial was sealed, evacuated, and backfilled with N2 (3x). A separate dry flask 

was charged with aryl bromide 228 (830 mg, 1.00 mmol, 3.82 mmol) and aryl boronic acid 

ester 222 (1.21 mL, 1.30 equiv, 4.97 mmol). The flask was briefly evacuated and backfilled 

with N2 (3x). The contents of the second vessel were transferred into the microwave vial by 

dissolving in degassed THF (16 mL, 0.24 M). Then H2O (4 mL, 4:1 v/v regarding THF:H2O) 

was added to the microwave vial and the reaction stirred at 65 °C for 17 h. The reaction was 

filtered through a plug of silica washing with EtOAc and solvents removed in vacuo. The 

product was isolated by column chromatography (petroleum ether:EtOAc 9:1 v/v) as white 

solids in a yield of 800 mg (3.10 mmol, 81%).  

The title compound was alternatively synthesized by charging a 50 mL round-bottom flask 

equipped with stir bar with biaryl 225 (523 mg, 1.0 equiv, 1.73 mmol), MeOH (10 mL, 0.17 M) 

and aq. HCl-solution (519 μL, 1.0 M, 0.3 equiv, 0.52 mmol). The reaction mixture was stirred 

for 3 h at 70 °C. The aq. phase was then extracted using CH2Cl2 (3x), the combined organic 

phases were washed with sat. aq. NaCl-solution, dried over MgSO4 and solvents removed in 

vacuo. The product was isolated as a colorless oil in a yield of 448 mg (1.73 mmol, 99%).  

1H NMR (600 MHz, CDCl3): δ 1.95 (s, 3H, Me), 2.05 (s, 3H, Me′), 3.81 (s, 3H, OMe), 3.84 (s, 

3H, OMe′), 4.66 (s, 1H, OH), 6.43 (d, 4J3-5 = 2.5 Hz, 1H, 3-H), 6.44 (d, 4J5-3 = 2.5 Hz, 1H, 5-

H), 6.84 (dd, 3J5’-6’ = 8.3 Hz, 4J = 2.7 Hz, 1H, 5′-H), 6.90 (d, 4J3’-5’ = 2.7 Hz, 1H, 3′-H), 7.07 (d, 
3J6’-5’ = 8.3 Hz, 1H, 6′-H). 13C NMR (151 MHz, CDCl3): δ 19.86 (Me′), 20.33 (Me), 55.31 

(OMe), 55.33 (OMe′), 97.92 (H-3), 108.02 (H-5), 112.21 (H-5′), 116.32 (H-3′), 119.65 (H-1), 

126.17 (H-1′), 132.34 (H-6′), 138.62 (H-6), 140.07 (H-2′), 154.06 (H-2), 159.78 (H-4′), 159.88 

(H-4). IR (ATR film) [cm-1]: 3528 (broad signal), 2999, 2955, 2836, 1607, 1581, 1487, 1236, 

1147, 1067, 838. TLC (petroleum ether:EtOAc 8:2 v/v): Rf = 0.23 HR-MS (ESI): m/z 

calculated for [C16H19O3]+ ([M + H+]): 259.1329, found: 259.1333. Melting point: 76 –81 °C 

Boiling point: 150 °C (2·10-1 mbar)  
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7.2.6.3 3-Methoxy-5-methylphenyl trifluoromethanesulfonate (232) 
A 250 mL round bottom flask equipped with stir bar was charged with phenol 124 (1.07 g, 

1.0 equiv, 7.75 mmol), toluene (12 mL, 0.65 M) and an aq. solution of K3PO4 (12 mL, 1.93 M, 

3.0 equiv, 23.2 mmol). The mixture was cooled to 0 °C and Tf2O (1.56 mL, 1.2 equiv, 

9.30 mmol) added dropwise under vigorous stirring. The cooling bath was removed, and the 

reaction stirred at 22 °C for 1 h. The reaction mixture was diluted with H2O (20 mL), and the 

aq. phase extracted with EtOAc (3x), the combined org. phases washed with H2O (3x), sat. aq. 

NaCl-solution, dried over MgSO4 and solvents removed in vacuo. The product was isolated by 

Kugelrohr® distillation as a colorless liquid in a yield of 1.92 g (7.11 mmol, 92%). The 

analytical data were in accordance with literature.[331]  

1H NMR (600 MHz, CDCl3): δ 2.36 (s, 3H, Me), 3.80 (s, 3H, OMe), 6.61 (t, 4J2-4,2-6 = 2.4 Hz, 

1H, 2-H), 6.68 (d, 4J2-4,2-6 = 2.2 Hz, 1H, 6-H), 6.71 – 6.74 (m, 1H, 4-H). 
13C NMR (151 MHz, CDCl3): δ 21.73 (Me), 55.77 (OMe), 104.62 (C-2), 114.11 (C-6), 114.99 

(C-4), 118.87 (q, 1JF-C = 320.4 Hz, CF3), 141.54 (C-5), 150.19 (C-1), 160.72 (C-3). 
19F NMR (282 MHz, CDCl3): δ -27.96. IR (ATR film) [cm-1]: 2946, 2842, 1618, 1421, 1245, 

1208, 1141, 1106, 1062, 963, 932, 849, 822, 612. TLC (petroleum ether:EtOAc 7:3 v/v): Rf = 

0.72 APCI-MS: m/z: ([M + H+]): 271.1 HR-MS (ESI): m/z calculated for [C8H11O2]+ ([M – 

OTf- + H2O+]): 139.0754, found: 139.0733. elemental analysis (calcd., found for C9H9F3O4S): 

C (40.00, 39.32), H (3.36, 3.34), S (11.86, 11.64).Boiling point: 68°C (2.5·10-2 mbar).  

 
232 
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7.2.6.4 N-(3-Methoxy-5-methylphenyl)-1,1-diphenylmethanimine (233) 
A dry microwave vial was charged with triflate 232 (35.4 μL, 1.00 equiv, 0.200 mmol) and 

benzophenone imine (36.9 μL, 1.10 equiv, 0.220 mmol) and briefly evacuated and backfilled 

with N2 (3x). Anhydrous, degassed toluene (0.4 mL, 0.5 M) was added. A separate dry 

microwave vial equipped with stir bar was charged with rac-BINAP (6.2 mg, 5 mol%, 

10.0 μmol), BINAP Pd G4 205 (10.1 mg, 5 mol%, 10.0 μmol) and Cs2CO3 (163 mg, 2.50 equiv, 

0.500 mmol). The reaction vial was evacuated and backfilled with N2. Toluene (0.6 mL) was 

added and the mixture stirred for 15 min at 80 °C. Then the mixture from the first vial was 

added and reaction vial stirred at 110 C for 40 min. Solvents were removed in vacuo. The 

product was isolated by column chromatography (petroleum ether:CH2Cl2 3:7 v/v) in a yield of 

53.0 mg (0.176 mmol, 88%).  

1H NMR (600 MHz, CDCl3): δ 2.16 (s, 3H, Me), 3.62 (d, J = 1.2 Hz, 3H, OMe), 6.10 (s, 1H), 

6.17 (s, 1H), 6.31 (s, 1H), 7.11 – 7.20 (m, 2H), 7.26 – 7.30 (m, 2H), 7.40 (t, J = 7.5 Hz, 2H), 

7.70 – 7.77 (m, 2H). TLC (petroleum ether:CH2Cl2 3:7 v/v): Rf = 0.23 APCI-MS: m/z: ([M + 

H+]): 302.1 HR-MS (ESI): m/z calculated for [C21H20NO]+ ([M + H+]): 302.1539, found: 

302.1542.  

 
233 

 

7.2.6.5 4,4'-Dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl 
trifluoromethanesulfonate (230) 

A dry 250 mL round bottom flask equipped with stir bar was charged with phenol 228 (2.01 g, 

1.0 equiv, 7.79 mmol), CH2Cl2 (45 mL, 0.17 M) and NEt3 (1.30 mL, 1.2 equiv, 9.34 mmol). 

The reaction mixture was cooled to 0 °C and Tf2O (1.57 mL, 1.2 equiv, 9.34 mmol) was added 

dropwise under vigorous stirring. The cooling bath was removed, and the reaction mixture 

stirred at 22 °C for 2.5 h. The mixture was cooled to 0 °C, aq. KPi-solution (1 M, pH 7, 30 mL) 

added. The aq. phase was extracted with EtOAc (3x), the combined org. phases washed with 

sat. aq. NaCl-solution, dried over MgSO4 and solvents removed in vacuo. The product was 

isolated by column chromatography (petroleum ether:EtOAc 95:5 v/v) as a colorless oil in a 

yield of 2.63 g (6.74 mmol, 87%).  
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1H NMR (600 MHz, CDCl3): δ 2.01 (s, 3H, Me′), 2.05 (s, 3H, Me), 3.83 (s, 3H, OMe′), 3.84 

(s, 3H, OMe), 6.73 (d, 4J3-5 = 2.5 Hz, 1H, 3-H), 6.80 (dd, 3J5’-6’ = 8.3 Hz, 2J = 2.7 Hz, 1H, 5′-

H), 6.84 (d, 4J3’-5’ = 2.7 Hz, 1H, 3′-H), 6.86 (d, 4J5-3 = 2.5 Hz, 1H, 5-H), 7.01 (d, 3J6’-5’ = 8.4 Hz, 

1H, 6′-H). 13C NMR (151 MHz, CDCl3): δ 19.90 (Me′), 20.65 (Me), 55.28 (OMe′), 55.73 

(OMe), 104.70 (C-3), 111.27 (C-5′), 115.51 (Ar-C), 115.55 (Ar-C), 118.46 (q, 1JC-F = 320.2 Hz, 

CF3), 126.08 (C-1′), 127.01 (C-1), 131.73 (C-6′), 138.57 (C-2′), 140.98 (C-6), 148.08 (C-2), 

159.27 (C-4), 159.60 (C-4′). 19F NMR (282 MHz, CDCl3): δ -74.51. IR (ATR film) [cm-1]: 

3006, 2942, 2839, 1738, 1611, 1568, 1483, 1420, 1242, 1208, 1141, 1062, 968, 823, 602. TLC 

(petroleum ether:EtOAc 8:2 v/v): Rf = 0.74 HR-MS (ESI): m/z calculated for [C17H17F3O5S]+ 

([M + H+]): 391.0822, found: 391.0824. Boiling point: 180 °C (1.2·10-1 mbar)  

 
230 

 

7.2.6.6 N-Benzyl-4,4'-dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-amine (235) 
A dry 25 mL round bottom flask was charged with triflate 230 (1.40 g, 1.00 equiv, 3.59 mmol) 

and benzylamine (431 μL, 1.10 equiv, 3.94 mmol) and briefly evacuated and backfilled with 

N2 (3x). Anhydrous, degassed toluene (9 mL, 0.4 M) was added. A separate dry Schlenk round 

bottom flask equipped with stir bar was charged with rac-BINAP (44.7 mg, 2 mol%, 

71.7 μmol), BINAP Pd G4 205 (72.2 mg, 2 mol%, 71.7 μmol) and Cs2CO3 (2.92 g, 2.50 equiv, 

8.97 mmol). The reaction vial was evacuated and backfilled with N2. Toluene (31 mL) was 

added and the mixture stirred for 15 min at 80 °C. Then the mixture from the first vial was 

added and reaction vial stirred at 110 C for 19 h. Solvents were removed in vacuo. The product 

was isolated by column chromatography (petroleum ether:CH2Cl2 95:5 v/v) in a yield of 1.18 g 

(3.41 mmol, 95%).  

1H NMR (600 MHz, CDCl3): δ 1.90 (s, 3H, Me), 2.06 (s, 3H, Me′), 3.75 (s, 3H, OMe), 3.84 (s, 

3H, OMe′), 3.86 (s, 1H, NH), 4.27 (s, 2H, CH2Ph), 6.10 (d, 4J3-5 = 2.5 Hz, 1H, 3-H), 6.22 (d, 
4J5-3 = 2.4 Hz, 1H, 5-H), 6.82 (dd, 3J5’-6’ = 8.3 Hz, 4J5’-3’ = 2.7 Hz, 1H, 5′-H), 6.88 (d, 4J3’-5’ = 

2.7 Hz, 1H, 3′-H), 7.03 (d, 3J6’-5’ = 8.3 Hz, 1H, 6′-H), 7.19 – 7.24 (m, 3H, Ph), 7.28 (t, J = 7.5 
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Hz, 2H, Ph). 13C NMR (151 MHz, CDCl3): δ 19.85 (Me′), 20.71 (Me), 48.20 (CH2Ph), 55.08 

(OMe), 55.29 (OMe′), 95.12 (C-3), 103.29 (C-5), 112.07 (C-5′), 116.07 (C-3′), 119.62 (C-1), 

127.07, 127.10, 128.65, 129.27 (C-1′), 131.96 (C-6′), 137.96 (C-6), 139.56 (C-2′), 139.70, 

146.72, 159.12 (C-4′), 159.77 (C-4). IR (ATR film) [cm-1]: 3423, 2925, 2852, 1739, 1602, 

1583, 1494, 1451, 1362, 1362, 1237, 1292, 1167, 1069, 822, 734, 699. TLC (petroleum 

ether:EtOAc 95:5 v/v): Rf = 0.17 HR-MS (ESI): m/z calculated for [C23H26NO2]+ ([M + H+]): 

348.1958, found: 348.1972.  

 
235 

 

7.2.6.7 4'-Methoxy-6-methyl-[1,1'-biphenyl]-2-amine (221) 
A 250 mL Schlenk tube equipped with stir bar was charged with 2-aminobiaryl 235 (1.18 g, 

1.00 equiv, 3.41 mmol) and degassed (sparging) EtOAc (100 mL, 0.03 M) and Pd(OH)2/C 

(15 weight%) (160 mg, 5 mol%, 0.171 mmol). An atmosphere exchange was performed by 

equipping a H2-balloon with a closed stopcock fitting. The flask was evacuated until the EtOAc 

started boiling. Then the vacuum valve was closed and the H2 valve opened. The H2-balloon 

stopcock was closed again, and the process repeated twice over. Then the reaction mixture was 

stirred for 2.20 h at 22 °C. The reaction mixture was then filtered over a pad of Celite® washing 

with EtOAc (300 mL) and solvents removed in vacuo. The product was isolated as an amber 

oil in a yield of 821 mg (3.19 mmol, 93%).  

1H NMR (600 MHz, CDCl3): δ 1.91 (s, 3H, Me), 2.05 (s, 3H, Me′), 3.79 (s, 3H, OMe), 3.82 (s, 

3H, OMe′), 6.24 (d, 4J3-5 = 2.5 Hz, 1H, 3-H), 6.31 (d, 4J5-3 = 2.5 Hz, 1H, 5-H), 6.80 (dd, 3J5’-6’ 

= 8.3 Hz, 4J5’-3’ = 2.7 Hz, 1H, 5′-H), 6.86 (d, 4J3’-5’ = 2.7 Hz, 1H, 3′-H), 7.02 (d, 3J6’-5’ = 8.3 Hz, 

1H, 6′-H). 13C NMR (151 MHz, CDCl3): δ 19.81 (Me′), 20.63 (Me), 55.18 (OMe), 55.29 

(OMe′), 98.53 (C-3), 106.02 (C-5), 111.86 (C-5′), 115.98 (C-3′), 120.23 (C-1), 129.41 (C-1′), 

131.64 (C-6′), 138.68 (C-6), 139.24 (C-2′), 144.66 (C-2), 159.10 (C-4′), 159.46 (C-4). IR (ATR 

film) [cm-1]: 3468, 3375, 2998, 2952, 2917, 2837, 1738, 1604, 1581, 1486, 1446, 1339, 1292, 

1235, 1198, 1160, 1066, 825. TLC (petroleum ether:EtOAc 8:2 v/v): Rf = 0.38 HR-MS (ESI): 
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m/z calculated for [C16H20NO2]+ ([M + H+]): 258.1489, found: 258.1494 Melting point: 81 – 

82 °C  

 
221 
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7.2.7 Non-Electron-rich Cyclic Diaryl Iodonium Salt Synthesis 
The following chapter contains results obtained by Daniel Grudzinski as part of a bachelor’s thesis.[206] 

Parts of the following chapter will be published in a peer-reviewed journal, two manuscript containing 

these results are in preparation.[228] 

7.2.7.1 Synthesis of Box-ligand 

7.2.7.1.1 (3aS,3a'S,8aR,8a'R)-2,2'-(Propane-2,2-diyl)bis(3a,8a-dihydro-8H-
indeno[1,2-d]oxazole) ((S,S)-L1) 

A 250 mL two-necked round bottom flask was charged with Zn(OTf)2 (579 mg, 1.0 equiv, 

1.59 mmol) and dried under vacuum at 125 °C for 2 h. Dimethylmalonitrile (150 mg, 1.0 equiv, 

1.59 mmol) and anhydr. toluene (10 mL) and (1S,2R)-2-aminoindanol (476 mg, 2.0 equiv, 

3.19 mmol) were added in that order. The sides of the reaction flask were flushed with 

additional anhydr. toluene (10 mL, 0.16 M). A reflux condenser was equipped, and the mixture 

stirred at 120 °C for 24 h. EtOAc (100 mL) was added, and the organic mixture extracted with 

sat. aq. NaCl-solution (3x) and sat. aq. NaHCO3-solution (3x) and dried over MgSO4. Solvent 

was removed in vacuo. The product was isolated by column chromatography (petroleum 

ether:EtOAc 7:3 v/v to 100% MeOH) and subsequent tituration from acetone by the addition 

of petroleum ether. The product could be obtained as white solids in a yield of 130 mg 

(0.227 mmol, 23 %). The analytical data were in accordance with literature.[242a, 332] 

1H NMR (600 MHz, CDCl3): δ 1.42 (s, 6H, Me), 2.95 (d, 2J8-8 = 17.8 Hz, 2H, Ha-8), 3.30 (dd, 
2J8-8 = 17.9 Hz, 3J8-8a = 7.1 Hz, 2H, 8-Hb), 5.19 – 5.34 (m, 2H, 8a-H), 5.52 (d, 3J3a-8a = 7.9 Hz, 

2H, 3a-H), 7.23 (d, J = 7.4 Hz, 3H, H-Ar), 7.47 – 7.53 (m, 2H, 7-H). 
13C NMR (151 MHz, CDCl3): δ 24.04 (CMe2), 38.61 (CMe2), 39.80 (C-8), 76.63 (C-3a), 83.35 

(C-8a), 125.22, 125.81 (C-7), 127.49, 128.48 (C-5), 139.89 (C-3b), 141.99 (C-7a), 169.27 (C-

2). IR (ATR film) [cm-1]: 2983, 2938, 2922, 1741, 1646, 1483, 1456, 1350, 1236, 1148, 1117, 

998, 857, 751, 734, 606. TLC (CH2Cl2:MeOH 98:2 v/v): Rf = 0.23 APCI-MS: m/z: ([M + H+]): 

found: 359.2. Melting point: 77 – 79 °C  

 
L1 
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7.2.7.1.1.1 2-((3aS,8aR)-3a,8a-Dihydro-8H-indeno[1,2-d]oxazol-2-yl)-2-
methylpropanenitrile (244) 

The mono-addition product was obtained as off-white solids in a yield of 96.3 mg (0.268 mmol, 

27 %).  

1H NMR (600 MHz, CDCl3): δ 1.60 (s, 3H, Me), 1.64 (s, 3H, Me), 3.29 (d, 2J8-8 = 18.1 Hz, 1H, 

8’-H), 3.48 (dd, 2J8-8 = 18.1, 7.0 Hz, 1H, 8-Ha), 5.43 – 5.54 (m, 1H, 8-Hb), 5.62 (d, J3a-8a = 7.9 

Hz, 1H, 3a-H), 7.30 (dq, J = 8.4, 5.1 Hz, 3H, 5-H + 6-H + 7-H), 7.47 – 7.56 (m, 1H, 4-H). 
13C NMR (151 MHz, CDCl3): δ 25.38 (Me), 25.42 (Me), 33.42 (CMe2), 39.71 (C-8), 76.86 (C-

3a), 84.62 (C-8a), 121.28 (CN), 125.46, 125.76 (C-4), 127.68, 128.89 (C-6), 139.56 (C-7a), 

141.10 (C-3b), 165.63 (C-2). IR (ATR film) [cm-1]: 2992, 2941, 2925, 2244, 1659, 1460, 1345, 

1291, 1240, 1130, 997, 856, 749, 620. TLC (CH2Cl2:MeOH 98:2 v/v): Rf = 0.64 (petroleum 

ether:EtOAc 7:3 v/v): Rf = 0.25 APCI-MS: m/z: ([M + H+]): found: 227.1  

 
244 

 

7.2.7.2 Biphenol Synthesis 

7.2.7.2.1 1,9-Dimethyldibenzo[b,d]iodol-5-ium (237) 
A 1000 mL round bottom flask was charged with biaryl 236 (10.5 g, 1.0 equiv, 33.9 mmol), 

CH2Cl2 (226 mL, 0.15 M). To the stirred solution was added m-CPBA (15.6 g, 2.0 equiv, 

67.8 mmol). After full dissolution of the m-CPBA, the solution was cooled to 0 °C and TfOH 

(9.00 mL, 3.0 equiv, 102 mmol) added dropwise via a dropping funnel. The resulting 

suspension was stirred at room temperature for 1 h. The solvent was removed in vacuo and the 

resulting crude product suspended in Et2O. The resulting mixture was stirred for 20 min and 

the solids collected by filtration and washed with additional Et2O. The product was obtained as 

off-white solids in a yield of 12.0 g (26.4 mmol, 78%). The analytical data were in accordance 

with literature.[81a] 

1H NMR (600 MHz, CDCl3): δ 2.57 (s, 6H, Me), 7.53 (t, 3J3-2,3-4 = 7.8 Hz, 2H, 3-H), 7.58 (d, 
3J2-3 = 7.6 Hz, 2H, 2-H), 8.25 (d, 3J4-3 = 8.0 Hz, 2H, 4-H). 13C NMR (151 MHz, CDCl3): δ 

24.11 (Me), 120.11 (C-5), 128.92 (C-4), 130.34 (C-3), 133.97 (C-2), 140.52 (C-1), 141.92 (C-

6). 19F NMR (282 MHz, CDCl3): δ -78.02. IR (ATR film) [cm-1]: 3485 (broad), 3103, 3081, 
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1442, 1287, 1239, 1224, 1163, 1025, 777, 696, 636, 574, 516. TLC (petroleum ether:EtOAc 

2:8 v/v): Rf = 0.21 HR-MS (ESI): m/z calculated for [C14H12I]+ ([M - OTf-]): 306.9979, found: 

306.9978. Melting point: 170 – 171 °C 

 
237 

7.2.7.2.1.1 1,9-Dimethyldibenzo[b,d]iodol-5-ium 3-chlorobenzoate (369) 

The benzoate salt was obtained column chromatographic isolation (petroleum ether:EtOAc 2:8 

v/v) of the Et2O wash fraction in a yield of 547 mg (1.18 mmol, 3%) 

1H NMR (600 MHz, CDCl3): δ 2.56 (s, 6H, Me), 7.40 (t, J = 7.9 Hz, 1H, 2’-H), 7.47 – 7.60 (m, 

6H, 1-H + 2-H + 1’/3’-H), 8.00 (d, J = 7.7 Hz, 1H, 1’/3’-H), 8.05 – 8.15 (m, 1H, 4’-H), 8.29 (d, 

J = 7.9 Hz, 2H, 3-H).  

 
369 

 

7.2.7.2.2 2,2'-Diiodo-6,6'-dimethyl-1,1'-biphenyl (238) 
A dry 500 mL round bottom flask was charged with CuI (171 mg, 5 mol%, 0.900 mmol) and 

bisoxazoline ligand (S,S)-L2 (452 mg, 7.5 mol%, 1.35 mmol). Anhydr. CH2Cl2 (180 mL, 0.1 M) 

was added and the mixture stirred for 10 min. Iodonium salt 237 (8.21 g, 1.0 equiv, 18.0 mmol) 

was added and once fully dissolved flame dried NaI (3.24 g, 1.2 equiv, 21.6 mmol) was added 

at once. A septum and Argon balloon were equipped, and the reaction stirred for 24 h at room 

temperature. The reaction mixture was washed with saturated aqueous Na2SO3 solution, washed 

with sat. aq. NaCl solution and dried over MgSO4. Solvent was removed in vacuo and the crude 

product suspended in n-pentane. The crude product was then filtered over a plug of silica 
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washing with copious amounts of n-pentane until no more product elution could be detected by 

TLC. The product was obtained as white crystalline solids in a yield of 6.70 g (15.4 mmol, 86%, 

91%ee Sa).  

A further experiment on the same scale with ligand (R,R)-L2 gave the enantiocomplementary 

product as white crystalline solids in a yield of 6.30 g (14.8 mmol, 82%, 94%ee Ra).  

A further experiment with CuI (14.3 mg, 5 mol%, 7.50 μmol), anhydr. CH2Cl2 (15 mL, 0.1 M), 

iodonium salt 237 (684 mg, 1.0 equiv, 1.50 mmol) and TBAI (554 mg, 1.0 equiv, 1.50 mmol) 

without ligand gave the racemic product as white solids in a yield of 608 mg (1.40 mmol, 93%, 

rac). The analytical data were in accordance with literature.[81a] 

1H NMR (600 MHz, CDCl3): δ 2.01 (s, 3H, Me), 7.00 (t, 3J4-3,4-5 = 7.8 Hz, 1H, 4-H), 7.28 (d, 
3J5-4 = 7.6 Hz, 1H, 5-H), 7.81 (d, 3J3-4 = 7.9 Hz, 1H, 3-H). 13C NMR (151 MHz, CDCl3): δ 

21.55 (Me), 100.80 (C-2), 129.55 (C-4), 130.20 (C-5), 136.93 (C-3), 137.72 (C-6), 147.61 (C-

1). IR (ATR film) [cm-1]: 2978, 2934, 2835, 1600, 1575, 1490, 1457, 1432, 1387, 1353, 1315, 

1272, 1247, 1145, 1125, 1073, 1046, 1026, 963, 862, 829, 760, 659. TLC (petroleum 

ether:EtOAc 9:1 v/v): Rf = 0.68 APCI-MS: m/z: ([M + H+]): found: 433.8.  

Melting point:  94 – 96 °C (rac)  

92 – 93 °C (Sa, 92%ee HPLC) (93 – 95 °C)[333]  

HPLC: Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 225 nm, n-heptane:i-PrOH 

99.9:0.1 (v/v) tR(Sa) = 10.0 min, tR(Ra) = 11.1 min 

Optical rotation: [α]25
D = +35.0 (±0.1, duplicate) (c = 0.970, CHCl3, Sa, 92%ee by chiral HPLC)  

[α]27.5
D = +26.8 (c = 0.970, CHCl3, Sa, 92%ee by chiral HPLC) −21.0 (Ra)[81a]  

[α]20
D = +28.2 (c = 0.970, CHCl3, Sa, 92%ee by chiral HPLC) 

 
238 
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7.2.7.2.3 2,2'-(2,2'-Diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4,4'-diyl)bis(4,4,5,5-
tetramethyl-1,3,2-dioxaborolane) (239) 

A dry 250 mL Schlenk-vial equipped with a stir bar was charged with biaryl 238 (4.34 g, 

1.00 equiv, 10.0 mmol, 91%ee Sa) and B2pin2 (5.33 g, 2.10 equiv, 21.0 mmol). A separate dry 

Schlenk-flask equipped with a stir bar was charged with (Ir(COD)OMe)2 (199 mg, 3 mol%, 

0.30 mmol), dtbpy (161 mg, 6 mol%, 0.60 mmol), and THF (50 mL). The catalyst mixture was 

stirred for 5 min and then added to the reaction mixture. The flask was sealed with PTFE band 

and the reaction mixture stirred at 700 rpm at 75 °C for 16 h. MeOH (20 mL) was added to 

quench HBpin. The crude mixture was filtered over a plug of silica washing with petroleum 

ether:EtOAc (9:1, 5000 mL) until no more product was detectable by TLC (product elutes 

poorly on silica). Solvent was removed in vacuo until 500 mL remained. The organic phase was 

then washed with sat. aq. NaHCO3 (3x 100 mL) to remove pinacol, the org. phase dried over 

MgSO4 and solvent removed in vacuo. The isolated product was obtained as white solids in a 

yield of 6.74 g (9.83 mmol, 98%, 95%ee Sa).  

A further experiment using biaryl 238 (4.34 g, 1.00 equiv, 10.0 mmol, 94%ee Ra) gave the 

enantiocomplementary product as white solids in a yield of 6.75 g (9.84 mmol, 98%, 95%ee 

Ra).  

1H NMR (600 MHz, CDCl3): δ 1.36 (s, 12H, B(OCMe2)2), 1.98 (s, 3H, Me), 7.68 (s, 1H, 5-H), 

8.23 (s, 1H, 3-H). 13C NMR (151 MHz, CDCl3): δ 21.20 (Me), 25.05 (B(OCMe2)2), 25.07 

(B(OCMe2)2), 84.29 (B(OCMe2)2), 100.39 (C-2), 130.87 (brs, C-4), 136.31 (C-5), 136.90 (C-

6), 142.98 (C-3), 150.21 (C-1). 11B NMR (96 MHz, CDCl3): δ 31.52. IR (ATR film) [cm-1]: 

2978, 2928, 1595, 1527, 1423, 1371, 1339, 1314, 1270, 1237, 1213, 1141, 1124, 1006, 966, 

909, 888, 852, 801, 732, 697, 684, 648, 579. TLC (petroleum ether:EtOAc 95:5 v/v): Rf = 0.35 

HR-MS (ESI): m/z calculated for [C26H38B2NI2O4]+ ([M + NH4
+]): 704.1071, found: 704.1078.  

Melting point:  262 – 268 °C (rac)  

267 – 270 °C (Sa, 98%ee HPLC)  

HPLC: Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 10 °C, 0.5 mL min-1, 222 nm, 

n-heptane:i-PrOH 99:1 (v/v) tR(Sa) = 6.5 min, tR(Ra) = 6.8 min  

Optical rotation: [α]25
D = +20.3 (±0.4, duplicate) (c = 1.00, CHCl3, Sa, 98%ee by chiral HPLC)  

X-ray: 239 was dissolved in a glass vial in little Et2O, layered with n-pentane and solvent left 
to mix at 22 °C over time sealed with a plastic cap. CCDC 2342278 
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239 
(S)-239 

CCDC 2342278 
Figure S2: 2,2′-diiodobiaryl 239. Left: Lewis structure interpretation Right: Crystal structure shown as Oak Ridge 
Thermal Ellipsoid Plot (ORTEP) of the (S)-enantiomer, ellipsoids are shown at 50% probability. Detailed 
information can be found in cif-format under the given CCDC deposition number. 

7.2.7.2.4 2,2'-Diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4,4'-diol (246) 
A 250 mL round bottom flask equipped with stir bar was charged with biaryl 239 (2.74 g, 

1.0 equiv, 4.00 mmol, 95%ee Sa) and THF (50 mL, 0.08 M). A solution of Oxone® (2.45 g, 4.0 

equiv, 8.00 mmol) in water (48.0 mL) was added and the suspension stirred at 600 rpm at room 

temperature for 24 h. Aqueous 10% Na2SO3 solution (100 mL) was added, and the suspension 

stirred for 5 min. The aq. phase was extracted using CH2Cl2 (3x 150 mL) and the combined 

organic phases washed with sat. aq. NaCl solution and dried over MgSO4. The solvent was 

removed in vacuo. The product was isolated by column chromatography (petroleum 

ether:EtOAc 7:3 v/v). and obtained as white solids in a yield of 1.58 g (3.39 mmol, 85%, 92%ee 

Sa).  

A further experiment using biaryl 239 (2.74 g, 1.00 equiv, 4.00 mmol, 95%ee Ra) gave the 

enantiocomplementary product as white solids in a yield of 1.52 g (3.26 mmol, 82%, 94%ee 

Ra).  

1H NMR (600 MHz, CDCl3): δ 1.96 (s, 6H, Me), 4.80 (s, 2H, OH), 6.78 (d, 4J5-3 = 2.5 Hz, 2H, 

5-H), 7.30 (d, 4J3-5 = 2.5 Hz, 2H, 3-H).  

13C NMR (151 MHz, CDCl3): δ 21.85 (Me), 101.87 (C-1), 117.36 (C-5), 123.52 (C-3), 139.13 

(C-6), 140.14 (C-1), 155.31 (C-4).  

IR (ATR film) [cm-1]: 3342 (broad), 1595, 1566, 1441, 1415, 1328, 1270, 1198, 1131, 1112, 

1007, 972, 909, 854, 795, 733, 614.  
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TLC (petroleum ether:EtOAc 6:4 v/v): Rf = 0.52 

APCI-MS: m/z: ([M + H+]): found: 467.0  

Elemental analysis (calcd., found for C14H12I2O2): C (36.08, 36.37), H (2.60, 2.87)  

Melting point:  171 – 173 °C (rac)  

162 – 167 °C (Sa, 97%ee HPLC)  

HPLC: Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 205 nm, 

n-heptane:i-PrOH 80:20 (v/v) tR(Sa) = 12.4 min, tR(Ra) = 11.3 min 

Optical rotation: [α]25
D = +26.2 (±0.2, duplicate) (c = 0.30, CHCl3, Sa, 97%ee by chiral HPLC)  

 
246 

 

2,2'-Diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4-ol (248) was obtained as a sideproduct in analytical 

quantities. 

1H NMR (600 MHz, CDCl3): δ 1.95 (s, 3H, Me), 2.02 (s, 3H, Me′), 5.00 (s, 1H, OH), 6.79 (d, 
4J5-3 = 2.5 Hz, 1H, 5-H), 6.98 (t, 3J4’-3’,4’-5’ = 7.7 Hz, 1H, 4′-H), 7.26 (d, 3J5’-4’ = 7.5 Hz, 1H, 5′-

H), 7.32 (d, 4J3-5 = 2.5 Hz, 1H, 3-H), 7.79 (d, 3J3’-4’ = 7.9 Hz, 1H, 3′-H). 
13C NMR (151 MHz, CDCl3): δ 21.65 (Me), 21.74 (Me), 100.63 (C-2), 102.07 (C-2′), 117.45 

(C-5), 123.61 (C-3), 129.52 (C-4′), 130.12 (C-5′), 136.83 (C-3′), 138.35, 138.54, 140.63 (C-1), 

147.19 (C-1′), 155.34 (C-4). IR (ATR film) [cm-1]: 3389 (broad), 3038, 2924, 2847, 1603, 

1565, 1448, 1442, 1420, 1275, 1206, 1122, 1000, 847, 804, 763, 732. TLC (petroleum 

ether:EtOAc 6:4 v/v): Rf = 0.69 APCI-MS: m/z: ([M + H+]): found: 451.0 Elemental analysis 

(calcd., found for C14H12I2O): C (37.36, 37.13), H (2.69, 2.85)  
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7.2.7.2.5 2,2'-Diiodo-4,4'-dimethoxy-6,6'-dimethyl-1,1'-biphenyl (249) 
A 100 mL round bottom flask equipped with stir bar was charged with biaryl 246 (1.86 g, 

1.0 equiv, 4.00 mmol, 92%ee Sa) and acetone (20 mL, 0.2 M). K2CO3 (1.66 g, 3.0 equiv, 

12.0 mmol) was added and stirred at 700 rpm. The reaction was cooled to 0 °C and Me2SO4 

(0.84 mL, 2.2 equiv, 8.80 mmol) was added dropwise. A reflux condenser was equipped, and 

the reaction mixture stirred at 65 °C for 2 h. Saturated aqueous Na2SO3 (10 mL) solution was 

added and the reaction stirred at 40 °C for 20 min to quench excess Me2SO4. The aq. phase was 

then extracted using EtOAc (3x 50 mL), the combined organic phases were washed with sat. 

aq. NaCl solution, dried over MgSO4 and solvents removed in vacuo. The product was obtained 

as a white solids in a yield of 1.76 g (3.56 mmol, 89%, 92%ee Sa).  

A further experiment using biaryl 246 (1.32 g, 1.00 equiv, 2.83 mmol, 94%ee Ra) gave the 

product as a white solid in a yield of 1.32 g (2.68 mmol, 95%, 95%ee Ra).  

1H NMR (600 MHz, CDCl3): δ 1.98 (s, 6H, Me), 3.82 (s, 6H, OMe), 6.83 (d, 4J5-3 = 2.6 Hz, 

2H, 5-H), 7.33 (d, 4J3-5 = 2.5 Hz, 2H, 3-H). 13C NMR (151 MHz, CDCl3): δ 22.04 (Me), 55.51 

(OMe), 102.03 (C-2), 116.36 (C-5), 121.56 (C-3), 138.77 (C-1), 140.16 (C-6), 159.23 (C-4). 

IR (ATR film) [cm-1]: 2925, 2834, 1593, 1540, 1464, 1426, 1283, 1252, 1214, 1131, 1056, 

987, 851, 775, 730, 586, 495. TLC (petroleum ether:EtOAc 7:3 v/v): Rf = 0.65 HR-MS (ESI): 

m/z calculated for [C16H17I2O2]+ ([M + H+]): 494.9313, found: 494.9310.  

Melting point:  96 – 98 °C (rac)  

109 – 113 °C (Sa, 98%ee HPLC)  

HPLC: Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 208 nm, n-heptane:i-PrOH 

99.9:0.1 (v/v) tR(Sa) = 8.9 min, tR(Ra) = 8.5 min  

Optical rotation: [α]25
D = +31.9 (±0.1, duplicate) (c = 0.99, CHCl3, Sa, 98%ee by chiral HPLC)  
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7.2.7.2.6 4,4'-Dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-2,2'-diol (27) 
A dry 250 mL Schlenk-vial equipped with stir bar was charged with biaryl 249 (1.72 g, 

1.0 equiv, 3.49 mmol, 94%ee Sa) and anhydrous Et2O (70 mL, 0.05 M). To the stirred (700 rpm) 

solution at -78 °C was added a solution of n-BuLi in hexanes (2.5 M, 6.15 mL, 4.4 equiv, 

15.6 mmol). The mixture was stirred at -78 °C for 1 h. Then freshly distilled nitrobenzene 

(3.58 mL, 10.0 equiv, 34.9 mmol) was added at once at -78 °C. The mixture was then stirred at 

-78 °C for 1 h. The reaction was left to warm to room temperature and stirred for 30 min. Then 

MeOH (20 mL) was added and the reaction was stirred for 10 min. K2HPO4/KH2PO4-buffer 

(KPi-buffer, 1 M, pH 7, 40 mL) was added and the aq. phase extracted with EtOAc (3x 100 mL). 

The combined organic phases were washed with sat. aq. NaCl solution, dried over MgSO4 and 

solvents removed in vacuo. The product was isolated by column chromatography (petroleum 

ether:EtOAc 75:25 v/v) and obtained as off-white solids in a yield of 645 mg (2.35 mmol, 67%, 

94%ee Sa). The product was recrystallized (petroleum ether:EtOAc 4:6 v/v, 5.2 mL) to provide 

the product as off-white solids in a yield of 463 mg (1.69 mmol, 48%, >99%ee Sa).  

A further experiment using biaryl 249 (974 mg, 1.0 equiv, 1.97 mmol, 94%ee Ra) gave the 

product as white solids in a yield of 311 mg (1.14 mmol, 58%, 94%ee Ra). After 

recrystallization the product was obtained as off-white solids in a yield of 254 mg (0.93 mmol, 

47%, >99%ee Ra). The analytical data were in accordance with literature.[102] 

1H NMR (600 MHz, CDCl3): δ 1.97 (s, 6H, Me), 3.81 (s, 6H, OMe), 4.84 (s, 2H, OH), 6.47 (d, 
4J3-5 = 2.5 Hz, 2H, 3-H), 6.49 (d, 4J5-3 = 2.5 Hz, 2H, 5-H). 13C NMR (151 MHz, CDCl3): δ 

19.78 (Me), 55.28 (OMe), 98.44 (C-3), 108.95 (C-5), 111.27 (C-1), 140.46 (C-6), 155.44 (C-

2), 161.13 (C-4). IR (ATR film) [cm-1]: 3446 (broad), 2946, 2839, 1615, 1576, 1480, 1441, 

1330, 1300, 1195, 1148, 1070, 1040, 836. TLC (petroleum ether:EtOAc, 7:3 v/v): Rf = 0.26 

APCI-MS: m/z: ([M + H+]): found: 275.  

Melting point:  148 – 150 °C (rac) (148 – 150 °C)[102]  
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170 – 172 °C (Sa, >99%ee HPLC) (172 – 174°C)[102] 

169 – 171 °C (Ra, >99%ee HPLC)  

HPLC: Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 205 nm, 

n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 14.5 min, tR(Ra) = 53.1 min 

Optical rotation: [α]25
D = −31.1 (±0.7, duplicate) (c = 0.98, CHCl3, Sa, >99%ee by chiral HPLC) 

−31.9[102]  

 

27 

 

7.2.7.3 Miscellaneous Syntheses 

7.2.7.3.1 6,6'-Dimethyl-[1,1'-biphenyl]-2,2'-diol (253) 
A microwave vial equipped with stir bar was charged with 2,2′-diiodo biaryl 238 (43.3 mg, 

1.0 equiv, 0.100 mmol) and anhydr. Et2O (2.0 mL, 0.05 M). To the stirred (700 rpm) solution 

at -78 °C was added a solution of n-BuLi in pentanes (2.5 M, 88.0 μL, 2.2 equiv, 0.220 mmol). 

The mixture was stirred at -78 °C for 1 h. Then, freshly distilled nitrobenzene (103 μL, 

10.0 equiv, 1.00 mmol) was added at once at -78 °C. The mixture was then stirred at -78 °C for 

1 h. The reaction was left to warm to room temperature and stirred for 30 min. Then MeOH 

(2.0 mL) was added, and the reaction was stirred for 10 min H2O (10 mL) was added, the aq. 

phase extracted with CH2Cl2 (3x) and the combined org. phases discarded. Then HCl-solution 

(1 M, 2.0 mL) was added and the aq. phase extracted with CH2Cl2 (3x 20 mL). The combined 

organic phases were washed with sat. aq. NaCl solution, dried over MgSO4 and solvents 

removed in vacuo. The product was obtained as off-white solids in a yield of 11.2 mg 

(52.3 μmol, 52%). The analytical data were in accordance with literature.[81a, 334] 

1H NMR (600 MHz, CDCl3): δ 2.01 (s, 6H, Me), 4.72 (s, 2H, OH), 6.90 (d, 3J3-4 = 8.2 Hz, 2H, 

3-H), 6.93 (d, 3J5-4 = 7.5 Hz, 2H, 5-H), 7.17 – 7.35 (m, 2H, 4-H). 13C NMR (151 MHz, CDCl3): 

δ 19.60 (Me), 113.30 (C-3), 119.68 (C-1), 122.73 (C-5), 130.25 (C-4), 139.07 (C-6), 153.96 
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(C-2). IR (ATR film) [cm-1]: 3484 (broad signal), 2930, 1580, 1466, 1338, 1277, 1262, 1178, 

776, 746. Melting point: °C (163 – 164 °C) (rac) (159 – 160 °C)[335] APCI-MS: m/z: ([M + 

H+]): found: 215.2  

 
253 

 

7.2.7.3.2 2-Butyl-2',6-dimethyl-1,1'-biphenyl-6'-d (251) 
A microwave vial equipped with stir bar was charged with 2,2′-diiodo biaryl 238 (43.4 mg, 

1.0 equiv, 0.100 mmol) and anhydr. Et2O (2.0 mL, 0.05 M). To the stirred (700 rpm) solution 

at -78 °C was added a solution of n-BuLi in hexanes (2.5 M, 88.0 μL, 4.4 equiv, 0.220 mmol). 

The mixture was stirred at -78 °C for 1 h. Then D2O (100 μL, 45.0 equiv, 4.50 mmol) was 

added at once at -78 °C. The mixture was left to warm to room temperature and stirred for 

30 min. Then MeOH (2.0 mL) was added and the reaction was stirred for 10 min. 

K2HPO4/KH2PO4-buffer (KPi-buffer, 1 M, pH 7, 5.0 mL) was added and the aq. phase extracted 

with EtOAc (3x 20 mL). The combined organic phases were washed with sat. aq. NaCl solution, 

dried over MgSO4 and solvents removed in vacuo. 1,3,5-trimethoxybenzene (12.5 mg) was 

added to determine the conversion to product according to 1H NMR (90%). The product was 

isolated by filtration over silica washing with n-pentane and solvents removed in vacuo. The 

title compound was isolated as a colorless oil in analytical quantaties.  

1H NMR (600 MHz, CDCl3): δ 0.75 (t, 3J4’’-3’’ = 7.4 Hz, 3H, 4’’-H), 1.16 (qd, 3J3’’-4’’,3’’-2’’ = 7.2 

Hz, 4J3’’-1’’ = 3.4 Hz, 2H, 3’’-H), 1.38 (dqd, 3J2’’-1’’ = 8.8 Hz, 3J2’’-3’’ = 7.4 Hz, 4J2’’-4’’ = 1.7 Hz, 

2H, 2’’-H), 1.93 (s, 3H, Me), 1.96 (s, 3H, Me’), 2.17 (ddd, 2J1a-1b = 13.7 Hz, 3J1’’-2’’ = 8.8 Hz, J 

= 7.0 Hz, 1H, 1a’’-H), 2.24 – 2.32 (m, 1H, 1b’’-H), 7.03 (d, 3J6’-5’ = 7.3 Hz, 0H, 6’-D), 7.10 (d, 
3J3’-4’ = 7.5 Hz, 1H, 3’-H), 7.13 (d, 3J5’-4’,5’-6’ = 7.6 Hz, 1H, 5’-H), 7.20 (t, J = 7.6 Hz, 1H, ArH), 

7.22 (dd, J = 7.1, 2.3 Hz, 1H, ArH), 7.24 – 7.31 (m, 3H, ArH). 13C NMR (151 MHz, CDCl3): 

δ 13.95 (C-4’’), 19.74 (Me’), 20.60 (Me), 22.68 (C-3’’), 33.11 (C-2’’), 33.19 (C-1’’), 125.73, 

126.47 (C-3), 127.08, 127.10, 127.27 (C-3’), 129.96, 136.00, 136.12, 136.94, 140.23, 140.73, 

140.76. IR (ATR film) [cm-1]: 2953, 2923, 2862, 1740, 1459, 1383, 1011, 799, 761, 655. TLC 

(100% petroleum ether): Rf = 0.56 GC-MS(EI-MS): m/z: ([M+]): found: 239.3  



Experimental 

302 

 
251 

 

  



Experimental 

303 

7.2.8 Catellani Reaction 

7.2.8.1 1,4-Dioxa-8-azaspiro[4.5]decan-8-yl benzoate (262) 
A 50 mL round bottom flask equipped with stir bar was charged with dibenzoyl peroxide (75 

weight%, 1.13 g, 1.0 equiv, 3.50 mmol), K2HPO4 (914 mg, 1.5 equiv, 5.25 mmol), and DMF 

(7 mL, 0.5 M). The suspension was stirred at 0 °C and 4,4-ethylenedioxy-piperidine (449 mg, 

1.0 equiv, 3.50 mmol) added. The reaction mixture was stirred at 22 °C for 4 h. H2O (20 mL) 

was added and the aq. phase extracted using EtOAc (3x). The combined organic phases were 

washed with sat. Aq. NaCl solution, dried over MgSO4 and solvents removed in vacuo. The 

product was isolated by column chromatography (petroleum ether:EtOAc 6:4 v/v) as a colorless 

oil in a yield of 665 mg (2.53 mmol, 72%). The analytical data is in accordance with 

literature.[336] (Though the product is reported as a solid instead of an oil)  

1H NMR (600 MHz, CDCl3): δ 1.97 (t, 4H, 2′-H), 3.26 (s, 2H, 1′a-H), 3.45 (s, 2H, 1′b-H), 3.99 

(d, 4H, 3′-H), 7.44 (t, 2H, 3-H), 7.56 (t, 1H, 4-H), 8.01 (d, 2H, 2-H). 
13C NMR (151 MHz, CDCl3): δ 32.60 (C-2′), 51.00 (C-1′), 64.38 (C-3′/ CR2O2), 64.54 (C-

3′/CR2O2), 106.05 (C-1), 128.43 (C-3), 129.45 (C-2), 133.08 (C-4), 164.77 (CO2). IR (ATR 

film) [cm-1]: 2964, 2880, 1736, 1451, 1246, 1153, 1118, 1084, 1064, 1037, 1025, 969, 947, 

919, 709, 679. TLC (n-pentane:EtOAc 4:6 v/v): Rf = 0.41 APCI-MS: m/z: ([M + H+]): found: 

264.1  

 

262 

 

7.2.8.2 Morpholino benzoate (342) 
A 50 mL round bottom flask equipped with stir bar was charged with dibenzoyl peroxide (75 

weight%, 5.00 g, 1.0 equiv, 20.64 mmol), K2HPO4 (5.40 g, 1.5 equiv, 31.0 mmol), and DMF 

(50 mL, 0.5 M). The suspension was stirred at 0 °C and morpholine (2.2 mL, 1.0 equiv, 

24.7 mmol) added. The reaction mixture was stirred at 22 °C for 4 h. H2O (20 mL) was added 

and the aq. phase extracted using EtOAc (3x). The combined organic phases were washed with 

sat. Aq. NaCl solution, dried over MgSO4 and solvents removed in vacuo. The product was 
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isolated by column chromatography (petroleum ether:EtOAc 6:4 v/v) as white solids in a yield 

of 716 mg (3.5 mmol, 17%). The analytical data is in accordance with literature.[337]  

1H NMR (600 MHz, CDCl3): δ 3.05 (m, 2H, 1’-H), 3.46 (m, 2H, 1’-H), 3.87 (m, 2H, 2’-H), 

3.99 (m, 2H, 2’-H), 7.45 (m, 2H, 3-H), 7.58 (m, 1H, 4-H), 8.02 (m, 2H, 2-H). 
13C NMR (151 MHz, CDCl3): δ 52.00 (C-1’), 65.86 (C-2’), 128.46 (C-3), 129.16 (C-1), 129.46 

(C-2), 133.21 (C-4), 164.60 (CO2). IR (ATR film) [cm-1]: 1738, 1452, 1248, 1102, 1085, 1066, 

1049, 1035, 1009, 858, 709 TLC (petroleum ether:EtOAc 6:4 v/v): Rf = 0.38 APCI-MS: m/z: 

([M-C4H8NO2]): found: 105.0 [M-C7H5O2]+ found: 86.0 Melting point: 83 °C 

 

342 

 

7.2.8.3  (±)-8-(2',6-Dimethyl-[1,1'-biphenyl]-2-yl)-1,4-dioxa-8-azaspiro[4.5]decan 
(265) 

A dry microwave vial equipped with stir bar and N2 balloon was charged with 1-iodo-2-

methylbenzene (26.0 μL, 1.0 equiv, 0.208 mmol), Cs2CO3 (202 mg, 3.0 equiv, 0.624 mmol), 

(2-furyl)3P (38.0 mg, 80.0 mol%, 0.168 mmol) and (Pd G4)2 (205) (16 mg, 10 mol%, 

20.8 μmol). The vial was evacuated and backfilled with N2 (3x). Solutions of boronic acid ester 

222 (0.500 mL, 75.0 μL, 1.5 equiv, 0.312 mmol), amine benzoate 262 (0.500 mL, 80.0 μL, 

1.5 equiv, 0.312 mmol) and norbornene (0.500 mL, 9.70 mg, 0.5 equiv, 0.105 mmol) taken 

from stock solutions each prepared in separate dry microwave vials in anhydrous degassed 

toluene beforehand (4x amount each) were added to the reaction vessel. Then anhydrous 

degassed toluene (0.250 mL) was added to the reaction vessel. The balloon was removed, the 

vial sealed with Parafilm® and the reaction mixture stirred at 500 rpm at 80 °C in a sand bath 

for 24 h. The resulting mixture was then filtered over a pad of Celite® and solvents removed in 

vacuo. The product was isolated by column chromatography (petroleum ether:EtOAc 95:5 v/v) 

as a colorless oil in a yield of 31.9 mg (0.100 mmol, 48%).  

1H NMR (600 MHz, CDCl3): δ 1.36 (m, 2H, 8a-H), 1.44 (m, 2H, 8b-H), 1.98 (s, 3H, Me), 2.02 

(s, 3H, Me′), 2.76 (m, 2H, 7a-H), 2.96 (m, 2H, 7b-H), 3.89 (s, 4H, 10-H), 6.91 (d, 3J3-4 = 7.9 Hz, 
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1H, 3-H), 6.98 (d, 3J4-5 = 7.6 Hz, 1H, 5-H), 7.08 (m, 1H, 5′-H), 7.19 (m, 3H, 4/4′/6′-H), 7.24 (m, 

1H, 3′-H). 13C NMR (151 MHz, CDCl3): δ 19.63 (Me′), 20.70 (Me), 35.32 (C-8), 50.06 (C-7), 

64.10 (C-10), 107.16 (C-9), 117.10 (C-3), 124.78 (C-5), 125.30 (C-4), 126.65 (C-6′), 127.64 

(C-4′), 129.92 (C-3′), 130.48 (C-5′), 136.38 (C-1), 136.71 (C-1′), 137.15 (C-6), 139.20 (C-2′), 

151.43 (C-2). IR (ATR film) [cm-1]: 2954, 1459, 1362, 1340, 1232, 1141, 1115, 1059, 1038, 

910, 763, 748. TLC (petroleum ether:EtOAc 95:5 v/v): Rf = 0.29 HR-MS (ESI): m/z calculated 

for [C21H26NO2]+ ([M + H+]): 324.1958, found: 324.1965 APCI-MS: m/z: ([M + H+]): found: 

324.1  

 
265 

 

7.2.8.3.1 8-(m-Tolyl)-1,4-dioxa-8-azaspiro[4.5]decane (268) 
Side product 268 was isolated in analytical quantities. 

1H NMR (600 MHz, CDCl3): δ 1.85 (dd, 3J8-7 = 6.7, 4.4 Hz, 4H, 8-H), 2.32 (d, J = 2.3 Hz, 3H, 

Me), 3.32 (dd, 3J7-8 = 6.9, 4.2 Hz, 4H, 7-H), 4.00 (d, 3J10a-10b = 1.9 Hz, 4H, 10-H), 6.67 (d, 3J4-3/5 

= 7.5 Hz, 1H, 5/3-H), 6.77 (d, 3J4-3/5 = 7.5 Hz, 1H, 3/5-H), 6.79 (s, 1H, 1-H), 7.15 (td, 3J4-3,4-5 = 

7.7, J = 2.0 Hz, 1H, 4-H). IR (ATR film) [cm-1]: 2955, 2926, 2879, 2829, 1601, 1581, 1494, 

1465, 1364, 1340, 1240, 1411, 1101, 1036, 945, 911, 771, 695. TLC (petroleum ether:EtOAc 

95:5 v/v): Rf = 0.12 HR-MS (ESI): m/z calculated for [C14H20NO2]+ ([M + H+]): 234.1489, 

found: 234.1491  

 
268 
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7.2.8.4 (±)-8-(4,4'-Dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl)-1,4-dioxa-8-
azaspiro[4.5]decan (263) 

A dry microwave vial equipped with stir bar and N2 balloon was charged with aryl iodide 354 

(180 mg, 1.0 equiv, 0.726 mmol), Cs2CO3 (709 mg, 3.0 equiv, 2.18 mmol), (2-furyl)3P 

(135 mg, 80.0 mol%, 0.581 mmol) and (Pd G4)2 (205) (56.0 mg, 10 mol%, 72.5 μmol). The 

vial was evacuated and backfilled with N2 (3x). Solutions of boronic acid ester 222 (2.00 mL, 

264 μL, 1.5 equiv, 1.09 mmol), amine benzoate 262 (2.00 mL, 282 μL, 1.5 equiv, 0.312 mmol) 

and norbornene (2.00 mL, 34.0 mg, 0.5 equiv, 0.363 mmol) taken from stock solutions each 

prepared in separate dry microwave vials in anhydrous degassed toluene beforehand (4x amount 

each) were added to the reaction vessel. Then anhydrous degassed toluene (1.00 mL) was added 

to the reaction vessel. The balloon was removed, the vial sealed with Parafilm® and the reaction 

mixture stirred at 500 rpm at 80 °C in a sand bath for 24 h. The resulting mixture was then 

filtered over a pad of Celite® and solvents removed in vacuo. The product was isolated by 

column chromatography (petroleum ether:EtOAc 9:1 v/v) as brown solids in a yield of 64.9 mg 

(0.169 mmol, 23%).  

1H NMR (600 MHz, CDCl3): δ 1.40 (m, 2H, 8a-H), 1.46 (m, 2H, 8b-H), 1.96 (s, 3H, Me), 2.00 

(s, 3H, Me’), 2.77 (m, 2H, 7a-H), 2.95 (m, 2H, 7b-H), 3.81 (s, 3H, OMe/OMe’), 3.82 (s, 3H, 

OMe/OMe’), 3.89 (s, 4H, 10-H), 6.50 (d, 4J3-5 = 2.5 Hz, 1H, 3-H), 6.52 (d, 4J3-5 = 2.5 Hz, 1H, 

5-H), 6.75 (dd, 3J5’-6’ = 8.4 Hz, 4J5’-3’ = 2.7 Hz, 1H, 5’-H), 6.79 (d, 4J3’-5’ = 2.7 Hz, 1H, 3’-H), 

6.98 (d, 3J6’-5’ = 8.4 Hz, 1H, 6’-H). 13C NMR (151 MHz, CDCl3): δ 20.00 (Me’), 21.10 (Me), 

35.33 (C-8), 49.86 (C-7), 55.10 (OMe+OMe’), 64.12 (C-10), 103.60 (C-3), 107.18 (C-9), 

108.93 (C-5), 110.84 (C-5’), 115.13 (C-3’), 128.74 (C-1), 131.38 (C-1’), 131.92 (C-6’), 138.26 

(C-2’), 138.49 (C-6), 153.00 (C-2), 158.13 (C-4’), 158.88 (C-4). IR (ATR film) [cm-1]: 2954, 

1598, 1578, 1465, 1440, 1292, 1237, 1165, 1141, 1117, 1076 TLC (petroleum ether:EtOAc 9:1 

v/v): Rf = 0.23 HR-MS (ESI): m/z calculated for [C23H30NO4]+ ([M + H+]): 384.2175, found: 

384.2176 Melting point: 127 °C – 128 °C.  
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7.2.8.4.1 8-(3-Methoxy-5-methylphenyl)-1,4-dioxa-8-azaspiro[4.5]decane (347) 
Side product 347 was isolated in analytical quantities.  

1H NMR (600 MHz, CDCl3): δ 1.82 (m, 4H, 8-H), 2.28 (s, 3H, Me), 3.31 (m, 4H, 7-H), 3.77 

(s, 3H, OMe), 3.98 (s, 4H, 10-H), 6.23 (s, 1H, 5-H), 6.30 (s, 1H, 3-H), 6.39 (s, 1H, 1-H). 
13C NMR (151 MHz, CDCl3): 22.03 (Me), 31.55 (C-8), 47.71 (C-7), 55.13 (OMe), 64.33 (C-

10), 100.13 (C-3), 105.36 (C-5), 107.26 (C-9), 110.31 (C-1), 139.76 (C-6), 152.16 (C-2), 160.53 

(C-4). IR (ATR film) [cm-1]: 2955, 2931, 1590, 1466, 1363, 1198, 1162, 1104, 1072, 1038, 

946, 827 TLC (petroleum ether:EtOAc 9:1 v/v): Rf = 0.17 HR-MS (ESI): m/z calculated for 

[C14H20NO2]+ ([M + H+]): 264.1594, found: 264.1598  
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7.2.8.4.2 8-(4-Methoxy-2-methylphenyl)-1,4-dioxa-8-azaspiro[4.5]decane (348) 
Side product 348 was isolated in analytical quantities.  

1H NMR (600 MHz, CDCl3): δ 1.86 (m, 4H, 2’-H), 2.30 (s, 3H, Me), 2.91 (m, 4H, 1’-H), 3.76 

(s, 3H, OMe), 4.00 (s, 4H, 4’-H), 6.69 (dd, 3J3-2 = 8.6 Hz, 4J3-5 = 3.0 Hz, 1H, 3-H), 6.75 (d, 4J3-5 

= 3.0 Hz, 1H, 5-H), 7.00 (d, 3J2-3 = 8.6 Hz, 1H, 2-H). 13C NMR (151 MHz, CDCl3): 17.77 (Me), 

35.73 (C-2’), 50.71 (C-1’), 55.37 (OMe), 61.28 (C-4’), 107.22 (C-3’), 111.03 (C-3), 116.49 (C-

5), 120.32 (C-2), 134.49 (C-6), 145.34 (C-1), 155.52 (C-4). IR (ATR film) [cm-1]: 2954, 2926, 

1501, 1467, 1209, 1140, 1102, 1047, 916, 804. TLC (petroleum ether:EtOAc 9:1 v/v): Rf = 

0.27 HR-MS (ESI): m/z calculated for [C14H20NO2]+ ([M + H+]): 264.1594, found: 264.1598  
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7.2.8.5 (±)-8-(4'-Methoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl)-1,4-dioxa-8-
azaspiro[4.5]decan (264) 

A dry microwave vial equipped with stir bar and N2 balloon was charged with 1-iodo-2-

methylbenzene (26.0 μL, 1.0 equiv, 0.208 mmol), Cs2CO3 (202 mg, 3.0 equiv, 0.624 mmol), 

(2-furyl)3P (38.0 mg, 80.0 mol%, 0.168 mmol) and (Pd G4)2 (205) (16 mg, 10 mol%, 

20.8 μmol). The vial was evacuated and backfilled with N2 (3x). Solutions of boronic acid ester 

222 (0.500 mL, 80.0 μL, 1.5 equiv, 0.312 mmol), amine benzoate 262 (0.500 mL, 80.0 μL, 

1.5 equiv, 0.312 mmol) and norbornene (0.500 mL, 9.70 mg, 0.5 equiv, 0.105 mmol) taken 

from stock solutions each prepared in separate dry microwave vials in anhydrous degassed 

toluene beforehand (4x amount each) were added to the reaction vessel. Then anhydrous 

degassed toluene (0.250 mL) was added to the reaction vessel. The balloon was removed, the 

vial sealed with Parafilm® and the reaction mixture stirred at 500 rpm at 80 °C in a sand bath 

for 24 h. The resulting mixture was then filtered over a pad of Celite® and solvents removed in 

vacuo. The product was isolated by column chromatography (petroleum ether:EtOAc 95:5 v/v) 

as a colorless oil in a yield of 24.6 mg (69.6 μmol, 34%). 

1H NMR (600 MHz, CDCl3): δ 1.41 (m, 2H, 8a-H), 1.47 (m, 2H, 8b-H), 1.98 (s, 3H, Me), 2.00 

(s, 3H, Me’), 2.77 (m, 2H, 7a-H), 2.96 (m, 2H, 7b-H), 3.83 (s, 3H, OMe’), 3.90 (s, 4H, 10-H), 

6.76 (dd, 3J5’-6’ = 8.3 Hz, 4J5’-3’ = 2.7 Hz, 1H, 5’-H), 6.80 (d, 4J3’-5’ = 2.7 Hz, 1H, 3’-H), 6.93 (d, 
3J3-4 = 8.0 Hz, 1H, 3-H), 6.97 (d, 3J5-4 = 7.5 Hz, 1H, 5-H), 6.99 (d, 3J6’-5’ = 8.3 Hz, 1H, 6’-H), 

7.19 (dd, 3J4-3 = 8.0 Hz, 3J4-5 = 7.5 Hz, 1H, 4-H). 13C NMR (151 MHz, CDCl3): δ 19.95 (Me’), 

20.76 (Me), 35.39 (C-8), 49.99 (C-7), 55.10 (OMe’), 64.12 (C-10), 107.20 (C-9), 110.85 (C-

5’), 115.16 (C-3’), 116.96 (C-3), 124.68 (C-5), 127.51 (C-4), 131.37 (C-6’), 131.55 (C-1’), 

136.30 (C-1), 137.67 (C-6), 137.77 (C-2’), 151.78 (C-2), 158.21 (C-4’). IR (ATR film) [cm-1]: 

2953, 1607, 1505, 1459, 1234, 1140, 1114, 1058, 911, 756 TLC (petroleum ether:EtOAc 9:1 

v/v): Rf = 0.32 HR-MS (ESI): m/z calculated for [C22H28NO3]+ ([M + H+]): 354.2064, found: 

354.2072  
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7.2.8.6 (±)-8-(3-(Trifluoromethyl)-2-(3-(2-
(trifluoromethyl)phenyl)bicyclo[2.2.1]heptan-2-yl)phenyl)-1,4-dioxa-8-
azaspiro[4.5]decane (267) 

A dry microwave vial equipped with stir bar and N2 balloon was charged with 1-iodo-2-

(trifluoro)methylbenzene (180 mg, 1.0 equiv, 0.662 mmol), Cs2CO3 (647 mg, 3.0 equiv, 

1.99 mmol), (2-furyl)3P (123 mg, 80.0 mol%, 0.529 mmol) and (Pd G4)2 (205) (50.8 mg, 

10 mol%, 66.2 μmol). The vial was evacuated and backfilled with N2 (3x). Solutions of boronic 

acid ester 257 (2.00 mL, 270 mg, 1.5 equiv, 0.993 mmol), amine benzoate 262 (2.00 mL, 

261 mg, 1.5 equiv, 0.993 mmol) and norbornene (2.00 mL, 31.2 mg, 0.5 equiv, 0.331 mmol) 

taken from stock solutions each prepared in separate dry microwave vials in anhydrous 

degassed toluene beforehand (4x amount each) were added to the reaction vessel. Then 

anhydrous degassed toluene (0.400 mL) was added to the reaction vessel. The balloon was 

removed, the vial sealed with Parafilm® and the reaction mixture stirred at 500 rpm at 80 °C in 

a sand bath for 24 h. The resulting mixture was then filtered over a pad of Celite® and solvents 

removed in vacuo. The product was isolated by column chromatography (petroleum 

ether:EtOAc 9:1 v/v) as a colorless oil as a single diastereomer in a yield of 24.5 mg (46.6 μmol, 

7%).  

1H NMR (600 MHz, CDCl3): δ 1.43 (dd, J = 10.7, 4.9 Hz, 2H, 6a-H + 7a-H), 1.62 (q, J = 11.5, 

9.2 Hz, 2H, 5a-H), 1.74 (d, J = 9.3 Hz, 3H, 5b-H + 6b-H + 2a’’’-H), 1.85 (dd, J = 13.0, 2.9 Hz, 

1H, 2b’’’-H), 2.11 (td, J = 12.9, 4.5 Hz, 2H, 2c’’’-H + 2d’’’-H), 2.15 – 2.19 (m, 1H, 4-H), 2.68 

(d, J = 10.1 Hz, 1H, 7b-H), 2.79 (td, J = 12.7, 2.5 Hz, 1H, 1a’’’-H), 2.94 – 3.01 (m, 1H, 1b’’’-

H), 3.03 – 3.05 (m, 1H, 1-H), 3.05 – 3.10 (m, 1H, 1c’’’’-H), 3.31 – 3.40 (m, 1H, 1d’’’’-H), 3.82 

(s, 2H, 2-H + 3-H), 3.98 – 4.09 (m, J = 4.5 Hz, 4H, 4’’’-H), 6.98 (p, J = 7.8, 7.3 Hz, 2H, 5’-H 

+ 6’-H), 7.04 (t, J = 7.5 Hz, 1H, 4’-H), 7.16 (t, J = 7.9 Hz, 1H, 5’’-H), 7.31 (d, J = 7.8 Hz, 1H, 

4’’-H), 7.49 (d, J = 7.8 Hz, 1H, 3’-H), 7.54 (d, J = 8.0 Hz, 1H, 6’’-H). 
13C NMR (151 MHz, CDCl3): δ 30.77 (C-5), 32.71 (C-21), 34.78 (C-2a’’’), 35.74 (C-2b’’’), 

38.49 (C-7), 41.65 (C-1), 46.23 (C-4), 51.04 (C-1a’’’), 51.38 (C-3), 53.91 (C-2), 56.94 (C-

1b’’’), 64.51 (C-4’’’), 106.98 (C-3’’’), 123.62 (q, 1JC-F ~ 270 Hz, CF3’), 124.77 (q, J = 7.1 Hz, 

C-4’’), 125.11 (C-4’), 125.44 (d, 1JC-F ~ 270 Hz, CF3’’), 126.23 (q, J = 6.3 Hz, C-6’), 127.17 

(C-5’’), 127.95 (C-6’’), 128.49 (d, J = 26.8 Hz), 128.91 (q, J = 29.1, 28.6 Hz, C-2’), 129.28 (C-

5’/C-6’), 129.72 (C-5’/C-6’), 131.65 (q, J = 27.7 Hz, C-3’’), 138.54 (C-2’’), 142.49 (C-1’), 

155.16 (C-1’’). 19F NMR (282 MHz, CDCl3): δ -58.52 (q, J = 8.1 Hz), -57.71 (q, J = 8.1 Hz). 



Experimental 

310 

IR (ATR film) [cm-1]: 2958, 2931, 2876, 1457, 1434, 1364, 1307, 1228, 1158, 1114, 1104, 

1036, 944, 909, 817, 770, 756, 736, 676, 654, 547. TLC (petroleum ether:EtOAc 9:1 v/v): Rf 

= 0.18 HR-MS (ESI): m/z calculated for [C28H30F6NO2]+ ([M + H+]): 526.2175, found: 

526.2173  

 
267 

 

7.2.9 Palladium complexes 

7.2.9.1 N-Methyl-[1,1'-biphenyl]-2-amine (207) 
A dry 250 mL Schlenk round bottom flask equipped with stir bar was charged with 2-amino 

biphenyl (2.00 g, 1.00 equiv, 11.8 mmol) and anhydrous THF (40 mL, 0.30 M). The mixture 

was cooled to 0 °C, n-BuLi in hexanes(2.3 M, 5.40 mL, 1.05 equiv, 12.4 mmol) was added 

dropwise and the reaction mixture stirred at 0 °C for 1 h. Iodomethane (740 μL, 1.01 equiv, 

11.9 mmol) was added dropwise and the reaction stirred for a further 30 mins at 22 °C. Sat. aq. 

NaHCO3 solution (25 mL) and H2O (25 mL)were added and the aq. phase extracted with Et2O 

(3x), the combined org. phases dried over MgSO4 and solvents removed in vacuo. The product 

was obtained as a 95:5 mixture of mono and dimethylated products according to 1H NMR and 

used in the next step without further isolation in a yield of 2.15 g. The 1H-NMR data was in 

accordance with literature.[153] 

1H NMR (600 MHz, CDCl3): δ 2.76 – 2.83 (m, 3H, NHMe), 3.96 (s, 1H, NHMe), 6.68 – 6.72 

(m, 1H), 6.78 (td, J = 7.4, 1.1 Hz, 1H), 7.09 (dd, J = 7.4, 1.7 Hz, 1H), 7.28 (dd, J = 7.8, 1.7 Hz, 

1H), 7.35 (tt, J = 6.6, 1.8 Hz, 1H), 7.40 – 7.48 (m, 4H).  
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7.2.9.2 Bis-((2'-(methylamino)-[1,1'-biphenyl]-2-
yl)((methylsulfonyl)oxy)palladium(II)) (Pd G4)2 (205) 

A 100 mL round bottom flask equipped with stir bar was charged with 2-aminobiaryl 207 

(2.15 g, 1.0 equiv, 11.7 mmol) and THF (30 mL). Methanesulfonic acid (720 μL, 0.95 equiv, 

11.1 mmol) was added dropwise and the reaction mixture stirred at 22 °C for 15 mins. 

Pd(OAc)2 (2.48 g, 0.95 equiv, 11.1 mmol) was added in one portion, the walls of the vessel 

rinsed off using THF (15 mL). The flask was capped with a rubber septum and the mixture 

stirred at 50 °C for 1 h. Solvents were removed in vacuo, Et2O (40 mL) was added and the 

mixture sonicated for 1 h. The precipitating tan solids were filtered off washing with additional 

Et2O and dried in vacuo. The product was obtained without any additional isolation step as tan 

solids in a yield of 4.23 g (5.52 mmol, 94%). The analytical data were in accordance with 

literature.[153]  

1H NMR (600 MHz, CDCl3): δ 2.61 (s, 6H), 2.80 (s, 7H), 6.98 (t, J = 7.5 Hz, 2H), 7.08 (t, J = 

7.3 Hz, 2H), 7.11 – 7.18 (m, 3H), 7.22 (t, J = 7.5 Hz, 3H), 7.34 (d, J = 7.6 Hz, 2H), 7.53 (d, J 

= 7.7 Hz, 2H). 13C NMR (151 MHz, CDCl3): δ 39.50, 44.57, 120.69, 124.83, 125.91, 126.59, 

127.44, 128.00, 128.82, 134.36 (d, J = 74.1 Hz), 139.03 (d, J = 53.6 Hz), 140.84. ESI-MS: m/z: 

([M - MeSO3
- + 2 MeCN]): found: 370.1 (100), 372.1 (84), 369.1 (78) (MeCN:H2O 8:2 v/v + 

0.1% HCO2H)  
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7.2.9.3 trans-Bis(triphenylphosphine)-([1,1’-biphenyl]-2-yl)palladium(II) iodide 
(286) 

A microwave vial equipped with stir bar was charged with Pd(PPh3)4 (202 mg, 1.0 equiv, 

0.178 mmol) and 2’-iodo biphenyl (92) (50.0 mg, 1.0 equiv, 0.178 mmol) and dissolved in 

anhydr. degassed toluene (1.75 mL, 0.1 M). The vessel was sealed and stirred at 22 °C for 14 h. 

The solvent was removed in vacuo and a mixture n-pentane:Et2O (5:1) was added. The mixture 

was sonicated for 5 min and the resulting precipitate filtered off and washed with the n-
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pentane:Et2O mixture. The product was obtained as tan solids with irremovable CH2Cl2 

impurity in a yield of 131 mg. 

1H NMR (300 MHz, CDCl3): δ 6.31 (t, J = 7.2 Hz, 1H), 6.58 (dt, J = 14.6, 7.5 Hz, 2H), 6.96 – 

7.06 (m, 1H), 7.13 – 7.35 (m, 41H), 7.35 – 7.43 (m, 3H). 31P NMR (122 MHz, CDCl3) δ 20.84 

(s). ESI-MS: m/z: ([M - I-]): found: 783.1, 784.1, 785.1 (low temperature, low fragmentation, 

MeCN:H2O 8:2 v/v + 0.1% HCO2H)  
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7.2.9.4 trans-Bis(triphenylphosphine)-(4’-methoxy-6-methyl-[1,1’-biphenyl]-2-
yl)palladium(II) iodide (284) 

A 2-dr. vial equipped with stir bar was charged with Cs2CO3 (12.2 mg, 1.5 equiv, 37.5 μmol) 

and flame dried. Pd(PPh3)4 (28.9 mg, 1.0 equiv, 25.0 μmol) and 2’-iodo biaryl 236 (8.10 mg, 

1.0 equiv, 25.0 μmol) and dissolved in anhydr. degassed toluene (0.2 mL, 0.125 M). The vessel 

was sealed and stirred at 80 °C for 9 h. The solvent was removed in vacuo and a mixture 

pentanes:Et2O (5:1) was added. The mixture was sonicated for 5 min and the resulting 

precipitate filtered off and washed with the pentanes:Et2O mixture. The solids were then 

dissolved in CH2Cl2, flushed into a round bottom flask and solvents removed in vacuo. The title 

complex was obtained with a major impurity of CH2Cl2, washing with pentanes did not result 

in a dry product (26.1 mg). 

1H NMR (400 MHz, CDCl3): δ 1.71 (s, 3H, Me), 3.93 (s, 3H, Me), 6.25 (t, J = 7.5 Hz, 1H), 

6.49 (d, J = 7.4 Hz, 1H), 6.58 (d, J = 8.6 Hz, 2H), 6.74 (d, J = 8.6 Hz, 2H), 6.80 (d, J = 7.7 Hz, 

1H), 7.21 (t, J = 7.5 Hz, 15H), 7.33 (t, J = 7.2 Hz, 8H). 31P NMR (162 MHz, CDCl3) δ 20.20 

(s).  

 
284 
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7.2.9.5 trans-Bis(triphenylphosphine)-(2’-6-dimethyl-[1,1’-biphenyl]-2-
yl)palladium(II) iodide (287) 

A microwave vial equipped with stir bar was charged with Pd(PPh3)4 (183 mg, 1.0 equiv, 

0.162 mmol) and 2’-iodo biaryl 236 (50.0 mg, 1.0 equiv, 0.162 mmol) and dissolved in anhydr. 

degassed toluene (1.75 mL, 0.09 M). The vessel was sealed and stirred at 80 °C for 4 h. The 

solvent was removed in vacuo and a mixture n-pentane:Et2O (5:1) was added. The mixture was 

sonicated for 5 min and the resulting precipitate filtered off and washed with the n-pentane:Et2O 

mixture. The product was isolated as tan solids in a yield of 94.9 mg (0.101 mmol, 63%).  

1H NMR (300 MHz, CDCl3) δ 1.07 (s, 3H, Me), 1.75 (s, 3H, Me), 6.21 (t, J = 7.5 Hz, 1H), 6.46 

(d, J = 7.3 Hz, 1H), 6.83 (d, J = 7.6 Hz, 1H), 7.09 (dt, J = 23.5, 8.1 Hz, 13H), 7.30 (dq, J = 19.6, 

6.3 Hz, 18H), 7.54 (t, J = 8.2 Hz, 6H), 7.69 (d, J = 7.1 Hz, 1H), 7.89 (d, J = 7.4 Hz, 1H). 
13C NMR (76 MHz, CDCl3): δ 18.18 (Me), 20.42 (Me), 124.61, 125.14, 126.34, 126.79, 127.72 

(dd, J = 8.6, 1.7 Hz), 127.96 (dd, J = 8.2, 1.6 Hz), 129.79 (dd, J = 12.7, 2.0 Hz), 130.64, 132.48 

(d, J = 8.5 Hz), 132.96 (dd, J = 8.7, 3.7 Hz), 133.48 (d, J = 8.9 Hz), 134.84 – 135.61 (m), 136.38, 

137.08, 142.80, 142.97, 155.79. 31P NMR (122 MHz, CDCl3) δ 15.96 (d, 2JP-P = 414.1 Hz), 

20.65 (d, 2JP-P = 416.1 Hz). ESI-MS: m/z: ([M - I- -2 PPh3 + MeCN]): found: 590.2 (100), 592.2 

(85), 589.2 (80) and ([M - I- -2 PPh3]): found: 549.2 (100), 551.2 (85), 548.2 (80) (MeCN:H2O 

8:2 v/v + 0.1% HCO2H)  
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7.2.10 Silylation 

7.2.10.1 2,2'-Bis(trimethylsilyl)-1,1'-biphenyl (93) 
A microwave vial equipped with stir bar was charged with Pd(OAc)2 (1.60 mg, 5 mol%, 

7.14 μmol), 2-iodo biphenyl (92) (25.0 μL, 1.00 equiv, 143 μmol), K2CO3 (50.0 mg, 2.50 equiv, 

360 μmol), PivOH (7.29 mg, 0.50 equiv, 70.0 μmol) (TMS)2 (30.9 μL, 1.05 equiv, 151 μmol) 

and anhydr. degassed DMF (0.6 mL, 0.24 M). The mixture was frozen in liquid N2, evacuated, 

and backfilled with N2 (10x). The reaction mixture was stirred at 120 °C for 1 h. After cooling 

to 22 °C the reaction was filtered over a pad of Celite® EtOAc (4 mL) added and organic phase 

washed with H2O (3x). The combined organic phases were dried over MgSO4, and solvents 

removed in vacuo. The product was obtained in analytical quantities. The analytical data were 



Experimental 

314 

in accordance with literature.[338] MS-data could not be obtained by EI, ESI or APCI ionization 

methods. 

1H NMR (600 MHz, CDCl3): δ -0.07 (s, 18H, SiMe3), 7.13 – 7.18 (m, 2H, Ar-H), 7.30 – 7.36 

(m, 4H, Ar-H), 7.56 – 7.61 (m, 2H, Ar-H). 13C NMR (151 MHz, CDCl3): δ 0.49 (SiMe3), 

126.55, 127.86, 130.05, 134.46, 139.01 (C-2), 150.07 (C-1). IR (ATR film) [cm-1]: 3051, 2953, 

1421, 1247, 1122, 835, 772, 756, 728, 690, 621.  
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7.2.10.2 (6-Methyl-[1,1'-biphenyl]-2,2'-diyl)bis(trimethylsilane) (274) 
A microwave vial equipped with stir bar was charged with Pd(OAc)2 (1.60 mg, 5 mol%, 

7.14 μmol), 2-iodo biphenyl (92) (25.0 μL, 1.00 equiv, 143 μmol), K2CO3 (50.0 mg, 2.50 equiv, 

360 μmol), L-Leucine (1.70 mg, 0.10 equiv, 7.00 μmol) (TMS)2 (30.9 μL, 1.05 equiv, 

151 μmol) and anhydr. degassed DMF (0.6 mL, 0.24 M). The mixture was frozen in liquid N2, 

evacuated, and backfilled with N2 (10x). The reaction mixture was stirred at 120 °C for 1 h. 

After cooling to 22 °C the reaction was filtered over a pad of Celite® EtOAc (4 mL) added and 

organic phase washed with H2O (3x). The combined organic phases were dried over MgSO4, 

and solvents removed in vacuo. The product was isolated by column chromatography (100% 

n-pentane) as a colorless oil in a yield of 16.3 mg (52.1 μmol, 37%). The analytical data were 

in accordance with literature.[179] MS-data could not be obtained by EI, ESI or APCI ionisation 

methods.  

1H NMR (600 MHz, CDCl3): δ -0.11 (s, 9H, SiMe3′), -0.10 (s, 9H, SiMe3), 1.95 (s, 3H, Me), 

7.07 (dd, 3J6’-5’ = 6.6 Hz, 4J6’-4’ = 1.8 Hz, 1H, 6′-H), 7.21 (d, 3J5-4 = 7.5 Hz, 1H, 5-H), 7.26 (t, 
3J4-3,4-5 = 7.5 Hz, 1H, 4-H), 7.33 (dd, 3J4’-3’ = 7.2 Hz, 3J4’-5’ = 5.6 Hz, 1H, 4′-H), 7.36 (dd, 3J5’-6’ 

= 7.1, 3J5’-4’ = 5.6 Hz, 1H, 5′-H), 7.43 (d, 3J3-4 = 7.3 Hz, 1H, 3-H), 7.59 (dd, 3J4’-3’ = 7.3 Hz, 4J3’-

5’ = 1.7 Hz, 1H, 3′-H). 13C NMR (151 MHz, CDCl3): δ 0.32 (SiMe3′), 0.63 (SiMe3), 21.22 (Me), 

126.41 (C-4′), 126.84 (C-4), 128.41 (C-5′), 129.81 (C-6′), 130.37 (C-5), 131.83 (C-3), 134.85 

(C-3′), 135.89 (C-6), 139.29 (C-2), 139.44 (C-2′), 148.44 (C-1′), 149.17 (C-1). IR (ATR film) 

[cm-1]: 3050, 2954, 2895, 1405, 1248, 1121, 836, 759, 731, 690. TLC (100% petroleum ether): 
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Rf = 0.52. HPLC: CHIRALCEL® OD-H 250 ° 4.6 mm, 10 °C, 0.5 mL min-1, 254 nm, 

n-heptane:i-PrOH 95:5 (v/v) tR(1) = 21 min, tR(2) = 23 min 
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7.2.10.3 (4-Methoxy-6'-methyl-[1,1'-biphenyl]-2,2'-diyl)bis(trimethylsilane) 
(292) 

A microwave vial equipped with stir bar was charged with Pd(OAc)2 (1.12 mg, 5 mol%, 

5.00 μmol), 2-iodo biphenyl (92) (32.4 mg, 1.00 equiv, 100 μmol), K2CO3 (27.6 mg, 2.50 equiv, 

200 μmol), (R)-BIDIME (3.30 mg, 10 mol%, 10.0 μmol) and a solution of (TMS)2 in anhydr. 

degassed DMF (500 μL, 0.21 M, 1.05 equiv, 105 μmol). The vial was sealed with Parafilm® 

reaction mixture was stirred at 120 °C (900 rpm) for 16 h. After cooling to 22 °C the reaction 

was filtered over a pad of silica with EtOAc, the organic phase washed with H2O (1x) and sat. 

aq. NaCl solution (3x), dried over MgSO4 and solvents removed in vacuo. The product was 

isolated by column chromatography (n-pentane:EtOAc 95:5 v/v) as a colorless oil in a yield of 

23.2 mg (67.7 μmol, 68%).  

1H NMR (600 MHz, CDCl3): δ -0.10 (s, 9H, SiMe3), -0.09 (s, 9H, SiMe3), 1.95 (s, 3H, Me), 

3.87 (s, 3H, OMe), 6.89 (dd, 3J5-6 = 8.3 Hz, 4J5-3 = 2.8 Hz, 1H, 5-H), 6.99 (d, 3J6-5 = 8.3 Hz, 1H, 

6-H), 7.13 (d, 4J3-5 = 2.8 Hz, 1H, 3-H), 7.20 (ddd, 3J5’-4’ = 7.5 Hz, 4J5’-3’ = 1.5 Hz, J = 0.8 Hz, 

1H, 5′-H), 7.24 (t, 3J4’-3’,4’-5’ = 7.4 Hz, 1H, 4′-H), 7.37 – 7.45 (m, 1H, 3′-H). 
13C NMR (151 MHz, CDCl3): δ 0.25 (SiMe3), 0.73 (SiMe3), 21.25 (Me), 55.27 (OMe), 112.86 

(C-5), 120.75 (C-3), 126.78 (C-4′), 130.34 (C-5′), 130.92 (C-6), 131.82 (C-3′), 136.49 (C-6′), 

139.83 (C-2′), 140.88 (C-1), 141.06 (C-2), 148.90 (C-1′), 157.92 (C-4). IR (ATR film) [cm-1]: 

2953, 1603, 1459, 1254, 1140, 1049, 875, 822, 761, 693. TLC (petroleum ether:EtOAc 95:5 

v/v): Rf = 0.6 APCI-MS: m/z: ([M + H+]): found: 343.2.  
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7.2.11 Chiral Acetylene 
Parts of the following chapter will be published in a peer-reviewed journal, a manuscript is currently 

in preparation.[278] 

7.2.12 Substrate Synthesis 

7.2.12.1.1 1-(2-Iodophenyl)ethan-1-one (295) 
A 250 mL round-bottom flask equipped with stir bar was charged with 2′-aminoacetophenone 

(1.35 g, 1.0 equiv, 10.0 mmol), TsOH·H2O (5.71 g, 3.0 equiv, 30.0 mmol) and MeCN (20 mL, 

0.5 M) and cooled to 0 °C. A solution of NaNO2 (1.38 g, 2.0 equiv, 20.0 mmol) in H2O (3 mL, 

6.67 M) was added dropwise followed by the dropwise addition of a solution of KI (4.15 g, 

2.5 equiv, 50.0 mmol) in H2O (9 mL, 5.56 M). The reaction mixture was stirred at 0 °C for 

10 min, then left to warm up to rt for an additional 30 min. Water (30 mL) was added and sat. 

aq. NaHCO3 solution was added until pH ~9-10. Sat. aq. Na2S2O3 solution (10 mL) was added 

and the mixture extracted with EtOAc (3x 60 mL). The combined organic phases were dried 

over MgSO4 and solvent was removed in vacuo. The title compound was isolated via column 

chromatography (9:1 petroleum ether:EtOAc) as an amber oil in a yield of 2.00 g (8.13 mmol, 

81%). The analytical data were in accordance with literature.[339] 

1H NMR (600 MHz, CDCl3): δ 2.61 (s, 3H, Me), 7.12 (ddd, 3J4-3 = 7.9 Hz, 3J4-5 = 7.3 Hz, 4J4-6 

= 1.7 Hz, 1H, 4-H), 7.41 (td, 3J5-4,5-6 = 7.5 Hz, 4J5-3 = 1.1 Hz, 1H, 5-H), 7.46 (dd, 3J6-5 = 7.7 Hz, 
4J6-4 = 1.7 Hz, 1H, 6-H), 7.93 (dd, 3J3-4 = 8.0 Hz, 4J3-5 = 1.1 Hz, 1H, 3-H). 
13C NMR (151 MHz, CDCl3): δ 29.63 (Me), 91.08 (C-2), 128.20 (C-5), 128.45 (C-6), 131.94 

(C-4), 141.01 (C-3), 144.17 (C-1), 201.92 (COMe). IR (ATR film) [cm-1]: 3378, 3067, 2999, 

1686, 1673, 1421, 1353, 1239, 1087, 1019, 753, 594. TLC (n-pentane:EtOAc, 95:5 v/v): Rf = 

0.24 APCI-MS: m/z: ([M + H+]): found: 246.9.  

 
295 

7.2.12.1.2 1-Iodo-2-(prop-1-en-2-yl)benzene (293) 
A 250 mL round-bottom flask equipped with stir bar was charged with 2′-aminoacetophenone 

(2.70 g, 1.0 equiv, 20 mmol), TsOH·H2O (11.41 g, 3.0 equiv, 60 mmol) and MeCN (80 mL. 

0.25 M) and cooled to 0 °C. A solution of NaNO2 (2.76 g, 2.0 equiv, 40 mmol) in H2O (6 mL, 

6.67 M) was added dropwise followed by the dropwise addition of a solution of KI (8.30 g, 

2.5 equiv, 50 mmol) in H2O (9 mL, 5.56 M). The reaction mixture was stirred at 0 °C for 10 min, 
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then left to warm up to rt for an additional 30 min. Water (30 mL) was added and sat. aq. 

NaHCO3 solution was added until pH ~9-10. Sat. aq. Na2S2O3 solution (10 mL) was added, and 

the mixture extracted with EtOAc (3x 60 mL). The combined organic phases were dried over 

MgSO4 and solvent was removed in vacuo. The crude product was filtered through a silica plug 

and used without further isolation in the next step. (A)  

A dry 250 mL round-bottom flask equipped with stir bar was charged with MePPh3I (12.12 g, 

1.5 equiv, 30 mmol) was dissolved in anhydr. THF (100 mL) and cooled to 0 °C. KOt-Bu 

(3.37 g, 1.5 equiv, 30 mmol) was slowly added (reaction turns bright yellow). The reaction was 

left to warm to 22 °C and then stirred for 30 min. The reaction mixture was again cooled to 

0 °C and a solution of crude 2′-iodoacetophenone 295 (A) (4.921 g, 1.0 equiv, 20 mmol) in 

THF (20 mL) was added dropwise. The reaction was left to stir at 22 °C for 12 h. The reaction 

mixture was diluted with pentanes (100 mL) and filtered through a silica pad washing with a 

80:20/pentanes:EtOAc solvent mixture (300 mL). The solvent was removed and the product 

isolated via column chromatography (100% pentanes). The product was obtained as a colorless 

oil in a yield of 3.80 g (15.6 mmol, 78%) over two steps.  

In a repeat experiment the title compound was synthesized starting from isolated 295.  

A dry 250 mL round-bottom flask equipped with stir bar was charged with MePPh3Br (2.92 g, 

1.5 equiv, 8.17 mmol) and THF (100 mL) and cooled to 0 °C. A solution of KOtBu in THF 

(8.18 mL, 1 M, 1.5 equiv, 8.17 mmol) was slowly added (reaction turns bright yellow). The 

reaction was stirred at 0 °C for 30 min. A solution of 2’-Iodoacetophenone (1.34 g, 1.0 equiv, 

5.45 mmol) in THF (22 mL, 0.25 M) was added dropwise. The reaction was left to stir at 22 °C 

for 12 h. The reaction mixture was diluted with pentanes (50 mL) and filtered through a silica 

pad washing with a 80:20/pentanes:EtOAc solvent mixture (250 mL). The solvent was removed 

and the product isolated via column chromatography (100% pentanes). The product was 

obtained as a colorless oil in a yield of 1.14 g (7.03 mmol, 86%). The analytical data were in 

accordance with literature.[340] 

1H NMR (600 MHz, CDCl3): δ 2.07 (t, 4JMe,CH2 = 1.3 Hz, 3H, Me), 4.90 (dd, 2JCH2-CH2 = 1.9, 
4JMe,CH2 = 1.0 Hz, 1H, Ha-C=CH2), 5.23 (p, 4JMe,CH2 = 1.6 Hz, 1H, Hb-C=CH2), 6.94 (td, 3J5-4,5-6 

= 7.6, 4J5-3 = 1.7 Hz, 1H, 5-H), 7.18 (dd, 3J3-4 = 7.6 Hz, 4J3-5 = 1.7 Hz, 1H, 3-H), 7.30 (td, 3J4-

3,4-5 = 7.5 Hz, 4J4-6 = 1.2 Hz, 1H, 4-H), 7.84 (dd, 3J6-5 = 7.9 Hz, 4J6-4 1.2 Hz, 1H, 6-H). 
13C NMR (151 MHz, CDCl3): δ 24.02 (Me), 97.05 (C-1), 116.17 (C=CH2), 128.17 (C-4), 

128.51 (C-5), 128.64 (C-3), 139.33 (C-6), 148.54 (C=CH2), 148.98 (C-2). IR (ATR film) [cm-
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1]: 3075, 2968, 2908, 1640, 1468, 1428, 1374, 1010, 905, 758, 726, 646, 548. TLC (n-

pentane:EtOAc, 95:5 v/v): Rf = 0.70 APCI-MS: m/z: ([M – I-]): found: 117.1.  
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7.2.12.1.3 Dimethyl 7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (296) 
A 250 mL round-bottom flask equipped with stir bar was charged with dimethyl acetylene 

dicarboxylate (3.69 mL, 1.0 equiv, 30.0 mmol), furan (3.27 mL, 1.5 equiv, 45.0 mmol) and 

toluene (45 mL, 0.67 M). A relux condenser was equipped and the reaction left to stir at 80 °C 

for 16 h. The solvent was removed and the product isolated by column chromatography 

(pentanes:EtOAc 90:10 to 80:20 v/v) as a pale-yellow oil in a yield of 4.40 g (20.9 mmol, 70%). 

The analytical data were in accordance with literature.[279a] [341]  

1H NMR (600 MHz, CDCl3): δ 3.84 (s, 6H, CO2Me), 5.70 (t, 3J2-3 = 1.0 Hz, 2H, 2-H), 7.24 (t, 
3J3-2 = 1.1 Hz, 2H, 3-H). 13C NMR (151 MHz, CDCl3): δ 52.51 (CO2Me), 85.22 (C-2), 143.40 

(C-3), 153.16 (C-1), 163.39 (CO2Me). IR (ATR film) [cm-1]: 3461, 2961, 1724, 1633, 1436, 

1269, 1216, 1118, 1034, 882, 708. TLC (pentanes:EtOAc, 70:30 v/v): Rf = 0.69. APCI-MS: 

m/z: ([M – CO2Me-]): found: 151.  
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7.2.12.1.4 cis-3-(Methoxycarbonyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylic acid (301) 

A 100 mL round-bottom flask equipped with stir bar was charged with oxabicycle 296 (424 mg, 

1.0 equiv, 2.00 mmol) and THF (13 mL, 0.15 M) and cooled to 0 °C. A solution of aq. NaOH 

(0.25 M, 8 mL, 1.0 equiv, 2.00 mmol) was added dropwise. The reaction was stirred at 22 °C 

for 30 min. A solution of aq. HCl (1 M, 1.0 equiv, 2.00 mmol) was added and the reaction 

mixture extracted with EtOAc (3x 50 mL) and dried over MgSO4. The product was isolated via 

column chromatography (pentanes:EtOAc 90:10 to 80:20 v/v to CH2Cl2:EtOAc:AcOH 85:10:5 

v/v). The product was isolated as tan solids in a yield of 238 mg (1.21 mmol, 61%).  
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In a different batch a 100 mL round-bottom flask equipped with stir bar was charged with 

oxabicycle 296 (1.00 g, 1.0 equiv, 4.72 mmol) and THF (55 mL, 0.15 M) and cooled to 0 °C. A 

solution of aq. NaOH (0.25 M, 18.9 mL, 1.0 equiv, 4.72 mmol) was added dropwise. After 

stirring the reaction mixture at 22 °C for 30 min, the reaction mixture was extracted with 

pentanes (3x), then EtOAc (2x) and the combined organic phases discarded. The aq. phase was 

then acidified with aq. HCl-solution (1 M, 4.72 mL, 1.0 equiv, 4.72 mmol). The aq. phase was 

extracted with EtOAc (3x), the combined organic phases were washed with sat. aq. NaCl-

solution dried over MgSO4 and the solvent removed in vacuo. The crude product was 

resuspended in CH2Cl2 filtered over a plug of silica washing with a mixture of pentanes:EtOAc 

(6:4). The product was obtained as tan solids in a yield of 624 mg (3.18 mmol, 67%).  

1H NMR (400 MHz, CDCl3): δ 3.99 (s, 3H), 5.79 (t, J = 1.8 Hz, 1H), 5.84 (t, J = 1.8 Hz, 1H), 

7.19 (dd, J = 5.3, 1.9 Hz, 1H), 7.28 (dd, J = 5.3, 2.0 Hz, 1H). IR (ATR film) [cm-1]: 3446 

(broad signal), 2984, 2635, 1717, 1611, 1444, 1269, 1231, 877, 847, 760, 698. TLC 

(CH2Cl2:EtOAc:AcOH, 85:10:5 v/v): Rf = 0.30 APCI-MS: m/z: ([M – MeO- + H2O]): 183.1 

Melting point: 137 °C – 140 °C (rac).  
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7.2.12.1.5 Dimethyl-1,4-dimethyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-
dicarboxylate (299) 

A 250 mL round-bottom flask equipped with stir bar was charged with DMAD (0.615 mL, 

1.0 equiv, 5.00 mmol), furan (0.810 mL, 1.5 equiv, 7.50 mmol) and 1,4-dioxane (1 mL, 5 M). 

A relux condenser was equipped and the reaction left to stir at 100 °C for 15 h. The solvent was 

removed and the product isolated by column chromatography (90:10 to 80:20/pentanes:EtOAc). 

The title compound was isolated as a pale-yellow oil in a yield of 968 mg (4.06 mmol, 81%). 

The analytical data were in accordance with literature.[341] 

1H NMR (300 MHz, CDCl3): δ 1.79 (s, 6H, Me), 3.80 (s, 6H, CO2Me), 6.95 (s, 2H, H-3). TLC 

(pentanes:EtOAc, 70:30 v/v): Rf = 0.52  
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7.2.12.1.6 Methyl 4-oxopent-2-ynoate (325) 
A flame dried 50 mL round bottom flaks equipped with stir bar was charged with CuI (429 mg, 

0.45 equiv, 2.25 mmol), methyl propiolate (445 μL, 1.00 equiv, 5.00 mmol) and CH2Cl2 

(15 mL, 0.33 M). The deep yellow slurry was stirred at 0 °C. A solution of AcCl (357 μL, 

1.00 equiv, 5.00 mmol) in CH2Cl2 (3 mL, 1.67 M) was added dropwise and the reaction mixture 

stirred for 1 h. The mixture was filtered over a pad of silica washing with copious EtOAc. The 

solvent was removed and isolation by column chromatograph (pentanes:EtOAc 8:2 v/v) was 

attempted. The product was obtained as a 2:1 mixture with side product 326 in a yield of 278 mg 

(calculating the theoretical amount of substance gives 1.32 mmol, 26%), sideproduct 326 

(0.66 mmol).  

1H NMR (300 MHz, CDCl3): 2.42 (d, J = 0.4 Hz, 3H), 3.85 (d, J = 0.4 Hz, 3H). APCI-MS: 

m/z: ([M + H+]): 126.9 TLC (pentanes:EtOAc, 80:20 v/v): Rf = 0.31  
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Methyl 4-acetoxypent-4-en-2-ynoate (326) 

The title compound was isolated by column chromatography (pentanes:EtOAc 8:2 v/v) in 

analytical quantities.  

1H NMR (400 MHz, CDCl3) δ 2.15 (s, 3H, COMe), 3.77 (s, 3H, CO2Me), 5.47 (d, 2JCH2-CH2 = 

2.0 Hz, 1H, H-4 CH2-Ha), 5.56 (d, 2JCH2-CH2 = 2.0 Hz, 1H, H-4 CH2-Hb). 13C NMR (126 MHz, 

CDCl3) δ 20.65 (COMe), 53.03 (CO2Me), 79.26 (C-1/2), 80.13 (C-1/2), 117.50 (C-4), 134.29 

(C-3), 153.47 (COMe), 167.95 (CO2Me). APCI-MS: m/z: ([M + H+]): 168.8 TLC 

(pentanes:EtOAc, 80:20 v/v): Rf = 0.31  
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7.2.12.1.7 rac-Methyl (1S,4R)-3-acetyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate (321) 

A flame dried 50 mL round bottom flaks equipped with stir bar was charged with CuI (428.5 mg, 

0.45 equiv, 2.25 mmol). CH2Cl2 (15 mL) then methyl propiolate (445 μL, 1.00 equiv, 

5.00 mmol) were added. The deep yellow slurry was stirred at 0 °C. A solution of AcCl (357 μL, 

1.00 equiv, 5.00 mmol) in CH2Cl2 (3 mL) was added dropwise and the reaction mixture stirred 

for 1 h. The mixture was filtered over a pad of silica washing with copious EtOAc. The solvent 

was removed and the crude product (325) used in the next step without further isolation.  

A 50 mL round bottom flask equipped with stir bar was charged with alkyne 325, furan (546 μL, 

1.5 equiv, 5.00 mmol) and dissolved in toluene (7.5 mL, 0.67 M). A reflux condenser was 

equipped, and the mixture stirred at 80 °C for 16 h. The solvent was removed in vacuo and the 

crude product isolated by flash chromatography (95:5 to 85:15/pentanes:EtOAc). The title 

compound was isolated as a colorless oil in a yield of 122 mg (0.628 mmol, 13%) over two 

steps.  

1H NMR (500 MHz, CDCl3): δ 2.55 (s, 3H, COMe), 3.83 (s, 3H, CO2Me), 5.59 – 5.63 (m, 1H, 

1-H/4-H), 5.73 (t, 3J4-5/1-6 = 1.8 Hz, 1H, 1-H/4-H), 7.15 (dd, 3J5-6 = 5.3 Hz, 3J4-5/1-6 = 1.9 Hz, 1H, 

5-H/6-H), 7.20 (dd, 3J5-6 = 5.3 Hz, 3J4-5/1-6 = 2.0 Hz, 1H, 5-H/6-H). 
13C NMR (151 MHz, CDCl3): δ 30.56 (COMe), 52.49 (CO2Me), 85.50 (C-1/C-4), 85.65 (C-

1/C-4), 142.66 (C-5/C-6), 143.26 (C-5/C-6), 149.85, 161.04, 163.18 (CO2Me), 196.99 (COMe). 

APCI-MS: m/z: ([M + H+]): 195.0 TLC (pentanes:EtOAc, 80:20 v/v): Rf = 0.20  
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7.2.12.1.8 Methyl (1S,4R)-3-bromo-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate (329) 

A 100 mL round bottom flask was charged with methyl propiolate (320) (0.841 g, 1.00 equiv, 

10.0 mmol), acetone (30 mL, 0.33 M), N-bromosuccinimide (2.05 g, 1.15 equiv, 11.5 mmol) 

and silver nitrate (0.170 g, 0.1 equiv, 1.00 mmol) in this order. The solution was stirred at 22 °C 

for 16 h. The solvent was removed in vacuo, the grey solids resuspended in n-pentane, filtered 

over a pad of Celite®, and the solvent carefully removed in vacuo (product is volatile). The 

obtained product (328) was used in the next step without further isolation. 

A 50 mL round bottom flask was charged with 3-bromopropiolate (328) (1.63 g, 1.0 equiv, 

10.0 mmol), furan (3.40 g, 5.0 equiv, 50.0 mmol) and toluene (20 mL, 0.5 M) and stirred at 

80 °C for 16 h. Solvents were removed in vacuo and the crude product isolated via column 

chromatography (n-pentane:EtOAc 80:20 v/v). The product was obtained as a mixture (328:329 

1:1 according to 1H-NMR) as a yellow oil in a yield of 499 mg over two steps.  

1H NMR (600 MHz, CDCl3): δ 3.79 (s, 3H, CO2Me), 5.32 (t, J = 1.7 Hz, 1H), 5.70 (t, J = 1.7 

Hz, 1H), 7.19 (dd, J = 5.3, 1.9 Hz, 1H), 7.23 (dd, J = 5.3, 1.8 Hz, 1H). TLC (n-penH:EtOAc, 

7:3 v/v): Rf = 0.5 
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Intermediate product 328 could only be identified by 1H-NMR due to being unstable. 

1H NMR (600 MHz, CDCl3): δ 3.79 (s, 3H). TLC (penH:EtOAc, 9:1 v/v): Rf = 0.4  
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7.2.12.2 General procedure 9 (GP9): Synthesis of oxabicycle-amides 
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An appropriately sized reaction vessel equipped with stir bar was charged with oxabicycle 301 

(1.00 equiv) and THF (0.08 M). The solution was cooled to 0 °C, 1° amine (1.13 equiv) added, 

and the mixture stirred for 5 min. DMTMM (1.13 equiv) was added at once. The mixture was 

left to stir for 16 h at 0 °C at 500 rpm. The crude reaction mixture was filtered through a plug 

of silica. The product was isolated by column chromatography (pentanes:EtOAc 90:10 to 80:20 

v/v).  

7.2.12.2.1 Methyl (1R,4S)-3-(((S)-1-phenylethyl)carbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (302) 

The title compound was synthesized according to GP9. Starting from oxabicycle 301 (98.1 mg, 

1.00 equiv, 0.500 mmol, 98%ee) and (S)-(−)-α-Methylbenzylamine (73.0 μL, 1.13 equiv, 

0.565 mmol, 98%ee). The product was obtained as a mixture of isomers (d.r. >20:1 302:303 

according to 1H-NMR) with a minor unidentified impurity as a pale-yellow oil in a yield of 

72.7 mg (0.243 mmol, 49%). In a repeat experiment, the product was isolated as white solids 

in a yield of 49.9 mg (0.167 mmol, 33%). In a repeat experiment, the product was obtained as 

beige solids in a yield of 67.0 mg (0.224 mmol, 45%). The analytical data were in accordance 

with literature.[259a] 

1H NMR (400 MHz, CDCl3) δ 1.55 (d, 3JCH-CH3 = 6.9 Hz, 3H, Me), 3.84 (s, 3H, CO2Me), 5.13 

(p, 3JCH-CH3 = 7.0 Hz, 1H, CHR3), 5.73 (t, 3J4-5/1-6 = 1.8 Hz, 1H, 1/4-H), 5.86 (t, 3J4-5/1-6 = 1.9 

Hz, 1H, 1/4-H), 7.13 (dd, 3J5-6 = 5.3 Hz, 3J4-5/1-6 = 1.9 Hz, 1H, 5/6-H), 7.20 (dd, 3J5-6 = 5.2 Hz, 
3J4-5/1-6 = 2.0 Hz, 1H, 5/6-H), 7.29 – 7.35 (m, 5H, ArH), 9.28 (s, 1H, NHR2). HR-MS (DART): 

m/z calculated for [C17H18NO4]+ ([M + H+]): 300.1230, found: 300.1221. TLC 

(pentanes:EtOAc, 7:3 v/v): Rf = 0.59  
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7.2.12.2.2 Methyl (1R,4S)-3-(((R)-1-phenylethyl)carbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (303) 

The title compound was synthesized according to GP9. Starting from oxabicycle 301 (98.1 mg, 

1.00 equiv, 0.500 mmol, 98% ee) and (R)-(−)-α-Methylbenzylamine (73.0 μL, 1.13 equiv, 

0.565 mmol, 98% ee). The product was obtained as a mixture of isomers (d.r. 11:1 303:302 
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according to NMR) with a minor unidentified impurity presumed to be some type of tautomer 

as a pale-yellow oil in a yield of 63.6 mg (0.212 mmol, 43%). In a repeat experiment the product 

(d.r. >20:1 303:302 according to 1H-NMR) was obtained with a major unidentified impurity 

presumed to be the same tautomer as a pale-yellow oil in a yield of 80.7 mg (0.270 mmol, 54%).  

1H NMR (400 MHz, CDCl3) δ 1.51 (d, 3JCH-CH3 = 6.9 Hz, 3H, Me), 3.88 (s, 3H, CO2Me), 5.12 

(p, 3JCH-CH3 = 7.0 Hz, 1H, CHR3), 5.74 (t, 3J4-5/1-6 = 1.8 Hz, 1H, 1/4-H), 5.82 (t, 3J4-5/1-6 = 1.8 

Hz, 1H, 1/4-H), 7.17 (dd, 3J5-6 = 5.3 Hz, 3J4-5/1-6 = 1.9 Hz, 1H, 5/6-H), 7.23 – 7.30 (m, 1H, 5/6-

H), 7.34 – 7.39 (m, 5H, ArH), 9.27 (d, 3JNH-CH = 7.5 Hz, 1H, NHR2). TLC (pentanes:EtOAc, 

7:3 v/v): Rf = 0.58  
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7.2.12.2.3 Mixtures of 302 and 303 
In another reaction according to GP9. Starting from oxabicycle 301 (45.0 mg, 1.00 equiv, 

0.229 mmol, unknown ee) and (S)-(−)-α-methylbenzylamine (33.5 μL, 1.13 equiv, 0.259 mmol, 

98% ee). The product was obtained as a mixture of diastereomers (d.r. 1.2:1 303:302) as a pale-

yellow oil in a yield of 37.7 mg (0.126 mmol, 59%).  

In a repeat experiment using oxabicycle 301 (98.1 mg, 1.00 equiv, 0.500 mmol, rac) and (S)-

(−)-α-methylbenzylamine (73.0 μL, 1.13 equiv, 0.565 mmol, 98% ee) the product was obtained 

as a mixture of diastereomers (d.r. 1.2:1 (S)-303:(S)-302 according to 1H-NMR) as a pale-

yellow oil in a yield of 85.6 mg (0.286 mmol, 57%).  

 
 

In another reaction according to GP9. Starting from oxabicycle 301 (39.2 mg, 1.00 equiv, 

0.200 mmol, rac) and (±)-α-methylbenzylamine (29.1 μL, 1.13 equiv, 0.226 mmol, rac). The 

product was obtained as a mixture of racemic diastereomers (d.r. 1:1.3 rac-303:rac-302 

according to 1H-NMR) as a pale-yellow oil in a yield of 32.3 mg (0.108 mmol, 54 %).  
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7.2.12.2.4 Methyl (1R,4S)-3-(benzylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-
diene-2-carboxylate (308) 

The title compound was synthesized according to GP9. Starting from oxabicycle 301 (39.2 mg, 

1.00 equiv, 0.200 mmol, rac) and benzylamine (25.8 μL, 1.13 equiv, 0.226 mmol). The product 

was obtained as a pale-yellow oil in a yield of 3.9 mg with a major inseparable impurity 

according to 1H-NMR. 1H-NMR spectrum reported for suspected product.  

1H NMR (400 MHz, CDCl3) δ 3.82 (s, 3H, CO2Me), 4.49 (dd, J = 15.0, 5.7 Hz, 1H, CH2-a), 

4.57 (dd, J = 15.0, 5.9 Hz, 1H, CH2-b), 5.74 (t, J = 1.8 Hz, 1H, 1/4-H), 5.89 (t, J = 1.8 Hz, 1H, 

1/4-H), 7.17 (dd, J = 5.3, 1.9 Hz, 1H, 5/6-H), 7.24 – 7.38 (m, 9H, ArH), 9.23 (s, 1H, NHR2).  

 
308 

 

 

7.2.12.2.5 Methyl (1R,4S)-3-(isopropylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-
2,5-diene-2-carboxylate (311) 

The title compound was synthesized according to GP9. Starting from oxabicycle 301 (392 mg, 

1.00 equiv, 2.00 mmol, rac) and isopropylamine (194 μL, 1.13 equiv, 2.26 mmol). The product 

was obtained as a pale-yellow solid in a yield of 227 mg (0.956 mmol, 48%).  

1H NMR (400 MHz, CDCl3) δ 1.15 (d, 3JCH3-CH = 6.6 Hz, 3H, CHCH3-a), 1.18 (d, 3JCH3-CH = 

6.5 Hz, 3H, CHCH3-b), 3.81 (d, J = 0.5 Hz, 3H, CO2Me), 4.00 – 4.10 (m, 1H, CHCH3), 5.66 – 

5.70 (m, 1H, 1/4-H), 5.77 – 5.82 (m, 1H, 1/4-H), 7.12 (ddd, 3J5-6 = 5.3 Hz, 4J5-4/6-1 = 1.9, 0.5 

Hz, 1H, 5/6-H), 7.21 (ddd, 3J5-6 = 5.3 Hz, 4J5-4/6-1 = 2.1, 0.6 Hz, 1H, 5/6-H), 8.68 (s, 1H, NHR2). 
13C NMR (126 MHz, CDCl3) δ 22.44 (CHCH3-a), 22.50 (CHCH3-b), 41.71 (CHCH3), 52.72 

(CO2Me), 84.91 (C-1/4), 85.75 (C-1/4), 142.85 (C-5/6), 143.44 (C-5/6), 145.98 (C-2/3), 160.55 
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(C-2/3), 162.75 (CONHR), 164.92 (CO2Me). HR-MS (DART): m/z calculated for 

[C12H16NO4]+ ([M + H+]): 238.1074, found: 238.1074. IR (ATR film) [cm-1]: 3300, 2982, 2959, 

2932, 1703, 1544, 1258, 1216, 886, 696. Melting point: 62 – 67 °C  

 
311 

 

7.2.12.2.6 Methyl (1R,4S)-3-(benzhydrylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-
2,5-diene-2-carboxylate (307) 

The title compound was synthesized according to GP9. Starting from oxabicycle 301 (392 mg, 

1.00 equiv, 2.00 mmol, rac) and benzhydrylamine (390 μL, 1.13 equiv, 2.26 mmol). The 

product was obtained as a white solid in a yield of 338 mg (0.934 mmol, 47%).  

1H NMR (500 MHz, CDCl3) δ 3.84 (s, 3H, CO2Me), 5.75 (t, 3J4-5/1-6 = 1.8 Hz, 1H, 1/4-H), 5.88 

(t, 3J4-5/1-6 = 1.8 Hz, 1H, 1/4-H), 6.30 (d, 3JNH-CH = 8.4 Hz, 1H, CHPh2), 7.16 (dd, 3J5-6 = 5.3 Hz, 
3J4-5/1-6 = 1.9 Hz, 1H, 5/6-H), 7.24 (dd, 3J5-6 = 5.3, 3J4-5/1-6 = 2.1 Hz, 1H, 5/6-H), 7.23 – 7.37 (m, 

10H, CHPh2), 9.79 (d, 3JNH-CH = 8.4 Hz, 1H, NHR2). 13C NMR (126 MHz, CDCl3) δ 53.04 

(CO2Me), 57.51 (CHPh2), 85.13 (C-1/4), 85.96 (C-1/4), 127.37, 127.49, 127.54, 128.80, 128.83, 

141.64, 141.68, 142.94 (C-5/6), 143.65 (C-5/6), 146.99 (C-2/3), 160.67 (C-2/3), 162.37 

(CONHR), 165.04 (CO2Me). IR (ATR film) [cm-1]: 3273, 2951, 1691, 1652, 1616, 1538, 1269, 

1222, 881, 698. TLC (petroleum ether:EtOAc 7:3 v/v): Rf = 0.38 HR-MS (DART): m/z 

calculated for [C12H16NO4]+ ([M + H+]): 362.1387, found: 362.1392. Melting point: 135 – 

138 °C  

 
307 
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7.2.12.2.7 Methyl (1R,4S)-3-(((adamantan-1-yl)carbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (312) 

The title compound was synthesized according to GP9. Starting from oxabicycle 301 (196 mg, 

1.00 equiv, 1.00 mmol, rac) and 1-adamantylamine (170 mg, 1.13 equiv, 1.13 mmol). The 

product was isolated as a pale-yellow solid in a yield of 197 mg (0.598 mmol, 60%).  

1H NMR (500 MHz, CDCl3) δ 1.69 (d, 3J2’-3’ = 3.1 Hz, 6H, 2′-H), 2.06 (d, 3J4’-3’ = 2.6 Hz, 6H, 

4′-H), 2.08 (d, 3J3’-2’,3’-4’ = 3.3 Hz, 3H, 3′-H), 3.84 (d, J = 0.6 Hz, 3H, CO2Me), 5.71 (t, 3J1-6/4-5 

= 1.8 Hz, 1H, 1/4-H), 5.79 (t, 3J1-6/4-5 = 2.2 Hz, 1H, 1/4-H), 7.14 (dd, 3J5-6 = 5.3 Hz, 3J1-6/4-5 = 

1.9 Hz, 1H, 5/6-H), 7.24 (ddd, 3J5-6 = 5.3 Hz, 3J1-6/4-5 = 2.1 Hz, J = 0.7 Hz, 1H, 5/6-H), 8.56 (s, 

1H, NHR2). 13C NMR (126 MHz, CDCl3) δ 29.50 (C-3′), 36.49 (C-2′), 41.37 (C-4′), 52.49 

(CO2Me), 52.77 (C-1′), 85.05 (C-1/4), 85.94 (C-1/4), 142.86 (C-5/6), 143.50 (C-5/6), 145.20 

(C-2/3), 160.56 (C-2/3), 163.88 (CONHR), 165.11 (CO2Me). TLC (pentanes:EtOAc, 7:3 v/v): 

Rf = 0.52  

 
312 

 

7.2.12.3 Indene Syntheses 

7.2.12.3.1 General procedure 10 (GP10): Synthesis of pre-retro-Diels-Alder 
products starting from Cs-symmetrical oxabicycle 

 

A 2-dr. vial equipped with stir bar which were dried at 110 °C over night was left to cool under 

Argon-atmosphere. The vial was then charged with aryl iodide (48.8 mg, 1.0 equiv, 

0.200 mmol), flame dried K3PO4 (93.4 mg, 2.2 equiv 0.440 mmol), aryl boronic acid (1.2 equiv, 

0.240 mmol), ligand (20 mol%, 0.040 mmol) and Pd(dba)2 (11.5 mg, 10 mol%, 0.020 mmol) 
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in that order. A separate flame dried vial was charged with oxabicycle 296 (1.5 equiv, 

0.300 mmol) and anhydr. PhMe (2 mL, 0.15 M). This solution was transferred into the reaction 

vessel, H2O (50 μL, 0.00375 M) was added, the reaction vessel capped and sealed using PTFE 

tape and then stirred at 120 °C for 30 min (900 rpm). After letting the reaction cool, the reaction 

was filtered over a pad of silica into a vial containing a defined amount of 1,3,5-

trimethoxybenzene (0.4 – 0.8 equiv), washing with EtOAc. The solvent was removed and 

conversion to product determined by 1H-NMR. The product was isolated by column 

chromatography.  

7.2.12.3.1.1 Dimethyl (1S,4R,4aS,9R,9aR)-9-methyl-9-(4-(trifluoromethyl)benzyl)-
4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (334) 

The title compound was synthesized according to GP10 using 

4-(trifluoromethyl)phenylboronic acid (45.6 mg, 1.2 equiv, 0.240 mmol) and Cy3P·HBF4 

(14.8 mg, 20 mol%, 0.040 mmol) and isolated by column chromatography (n-pentane:EtOAc, 

9:1 v/v) as a colorless oil in a yield of 21.0 mg (0.044 mmol, 22%). 

1H NMR (600 MHz, CDCl3): δ 1.29 (s, 3H, Me), 2.64 (d, 3J9a-4a = 7.2 Hz, 1H, 9a-H), 3.22 (d, 
2JCH2-CH2 = 14.4 Hz, 1H, CH2-Ha), 3.28 (d, 2JCH2-CH2 = 14.5 Hz, 1H, CH2-Hb), 3.76 (d, 3J4a-9a = 

7.2 Hz, 1H, 4a-H), 3.87 (s, 3H, CO2Mea), 3.90 (s, 3H, CO2Meb), 5.19 (d, 4J4-1 = 1.1 Hz, 1H, 4-

H), 5.50 (d, 4J1-4 = 1.1 Hz, 1H, 1-H), 6.69 (d, 3J8-7 = 7.7 Hz, 1H, 8-H), 7.15 (t, 3J7-6,7-8 = 7.5 Hz, 

1H, 7-H), 7.24 (td, 3J6-5,6-7 = 7.4 Hz, 4J6-8 = 1.1 Hz, 1H, 6-H), 7.36 (d, 3J5-6 = 7.1 Hz, 1H, 5-H), 

7.46 (d, 3J2’-3’ = 8.0 Hz, 2H, 2’-H), 7.61 (d, 3J3’-2’ = 8.0 Hz, 2H, 3’-H). 
13C NMR (151 MHz, CDCl3): δ 31.69 (Me), 42.65 (CH2), 47.17 (C-9), 51.76 (H-4a), 52.57 

(CO2Mea), 52.63 (CO2Meb), 55.43 (C-9a), 83.25 (C-1), 85.78 (C-4), 124.08 (C-8), 124.30 (C-

5), 124.49 (q, 1JC-F = 271.8 Hz, CF3), 125.03 (q, 3J3’-CF3 = 3.8 Hz, C-3’), 127.51 (C-6), 127.65 

(C-7), 128.80 (q, 2J4’-CF3 = 32.5 Hz, C-4’), 131.27 (C-2’), 139.64 (C-4b), 142.89 (C-1’), 144.50 

(C-2), 145.30 (C-3), 152.72 (C-8a), 162.97 (CO2Mea/b), 163.14 (CO2Mea/b). 
19F NMR (282 MHz, CDCl3) δ -62.25. IR (ATR film) [cm-1]: 2954, 1725, 1633, 1485, 1320, 

1267, 1213, 1114, 1061, 931. TLC (n-pentane:EtOAc, 8:2 v/v): Rf = 0.5 HR-MS (ESI): m/z 

calculated for [C26H24F3O5]+ ([M + H+]): 473.1570, found: 473.1573.  
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7.2.12.3.1.2 Dimethyl (1S,4R,4aS,9R,9aR)-9-(4-methoxybenzyl)-9-methyl-4,4a,9,9a-
tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (333) 

The title compound was synthesized according to GP10 using 4-methoxyphenylboronic acid 

(36.5 mg, 1.2 equiv, 0.240 mmol) and Cy3P·HBF4 (14.8 mg, 20 mol%, 0.040 mmol) and 

isolated by column chromatography (n-pentane:CH2Cl2:EtOAc, 5:4.5:0.5 v/v) as a mixture of 

isomers as an amber oil in a yield of 9.9 mg (11%, 5:1 d.r.). (NMR spectra reported for the 

major isomer) 

1H NMR (600 MHz, CDCl3): δ 1.28 (s, 3H, Me), 2.59 (dd, 3J9a-4a = 7.1, 1.5 Hz, 1H, 9a-H), 3.10 

(d, 2JCH2-CH2 = 14.4 Hz, 1H, CH2-Ha), 3.16 (d, 2JCH2-CH2 = 14.4 Hz, 1H, CH2-Hb), 3.73 (d, 3J4a-

8a = 7.1 Hz, 1H, 4a-H), 3.84 (s, 3H, OMe), 3.87 (s, 3H, CO2Mea), 3.89 (s, 3H, CO2Meb), 5.18 

(d, 4J4-1 = 1.0 Hz, 1H, 4-H), 5.55 (d, 4J1-4 = 1.1 Hz, 1H, 1-H), 6.73 (d, 3J8-7 = 7.7 Hz, 1H, 8-H), 

6.87 – 6.91 (m, 2H, 3’-H), 7.10 – 7.15 (m, 1H, 7-H), 7.20 – 7.23 (m, 1H, 6-H), 7.23 – 7.26 (m, 

2H, 2’-H), 7.34 (d, 3J5-6 = 7.3 Hz, 1H, 5-H). 13C NMR (151 MHz, CDCl3): δ 31.88 (Me), 41.86 

(CH2), 47.30 (C-9), 51.59 (C-4a), 52.52 (CO2Meb), 52.58 (CO2Mea), 55.41 (OMe), 55.43 (C-

9a), 83.25 (C-1), 85.70 (C-4), 113.52 (C-3’), 124.11 (C-8), 124.40 (C-5), 127.23 (C-6), 127.50 

(C-7), 130.54 (C-1’), 131.97 (C-2’), 139.70 (C-4b), 144.92 (C-2), 145.14 (C-3), 153.31 (C-8a), 

158.27 (C-4’), 163.04 (CO2Mea/b), 163.20 (CO2Mea/b). TLC (n-pentane:CH2Cl2:EtOAc, 

5:4.5:0.5 v/v): Rf = 0.25 HR-MS (ESI): m/z calculated for [C26H26O6]+ ([M + H+]): 435.1802, 

found: 435.1809.  

 
333 
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7.2.12.3.1.3 Dimethyl (1S,4R,4aS,9R,9aR)-9-methyl-9-(2-methylbenzyl)-4,4a,9,9a-
tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (336) 

The title compound was synthesized according to GP10 using o-tolylboronic acid (32.6 mg, 

1.2 equiv, 0.240 mmol) and Cy3P·HBF4 (14.8 mg, 20 mol%, 0.040 mmol) and isolated by 

column chromatography (n-pentane:EtOAc, 9:1 v/v) as a mixture of isomers as a yellow oil in 

a yield of 55.8 mg (67%, 5:1 d.r.). (NMR spectra reported for the major isomer)  

1H NMR (600 MHz, CDCl3): δ 1.32 (s, 3H, Me), 1.98 (s, 3H, Me’), 2.67 (d, 3J9a-4a = 7.2 Hz, 

1H, 9a-H), 2.88 (d, 2JCH2-CH2 = 15.3 Hz, 1H, CH2-Ha), 3.25 (d, 2JCH2-CH2 = 15.3 Hz, 1H, CH2-

Hb), 3.67 (d, 3J4a-9a = 7.2 Hz, 1H, 4a-H), 3.78 (s, 3H, CO2Me), 3.80 (s, 3H, CO2Me), 5.10 (d, 
4J4-1 = 1.1 Hz, 1H, 4-H), 5.33 (d, 4J1-4 = 1.1 Hz, 1H, 1-H), 6.57 (d, 3J8-7 = 7.7 Hz, 1H, 8-H), 7.02 

(td, 3J7-6,7-8 = 7.4 Hz, 4J7-5 = 0.9 Hz, 1H, 7-H), 7.09 (dd, J = 8.8, 1.8 Hz, 2H, ArH (3’-H)), 7.11 

– 7.16 (m, 3H, ArH (6-H)), 7.25 (d, 3J5-6 = 7.5 Hz, 1H, 5-H), 7.36 (d, 3J6’-5’ = 7.5 Hz, 1H, 6’-

H). 13C NMR (151 MHz, CDCl3): δ 20.35 (Me’), 31.33 (Me), 39.05 (CH2), 47.10 (C-9), 52.01 

(C-4a), 52.40 (CO2Me), 52.49 (CO2Me), 55.14 (C-9a), 83.49 (C-1), 85.60 (C-4), 123.89 (C-8), 

124.01 (C-5), 125.45, 126.24, 127.21 (C-6), 127.54 (C-7), 130.13, 130.44 (C-3’), 136.89, 

138.30 (C-1’), 139.38 (C-4b), 144.93 (C-2), 145.14 (C-3), 148.89 (C-2’), 153.54 (C-8a), 163.00 

(CO2Me), 163.06 (CO2Me). TLC (n-pentane:EtOAc, 8:2 v/v): Rf = 0.41 HR-MS (ESI): m/z 

calculated for [C26H27O5]+ ([M + H+]): 419.1853, found: 419.1854.  
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7.2.12.3.2 General procedure 11 (GP11): Synthesis of pre-retro-Diels-Alder 
products starting from chiral oxabicycles 

 

A 2-dr. vial which was dried at 110 °C over night was equipped with stir bar and left to cool 

under Argon-atmosphere. A 2-dr. vial equipped with stir bar which were dried at 110 °C over 

night was left to cool under Argon-atmosphere. The vial was then charged with aryl iodide 293 

(1.0 equiv), flame dried K3PO4 (2.2 equiv), aryl boronic acid (1.2 equiv), ligand (20 mol%) and 

Pd(dba)2 (10 mol%) in that order. A separate flame dried vial was charged with oxabicycle 

(1.5 equiv) and toluene (0.15 M). This solution was transferred into the reaction vessel, H2O 

(0.00375 M) was added, the reaction vessel capped and sealed using PTFE tape and then stirred 

at 100 °C for 1 h (900 rpm). After letting the reaction cool, the reaction was filtered over a pad 

of silica into a vial containing a defined amount of 1,3,5-trimethoxybenzene (0.4 – 0.8 equiv), 

washing with EtOAc. The solvent was removed and conversion to product determined by 1H-

NMR. The product was isolated by column chromatography. 

7.2.12.3.2.1 Methyl (1S,4R,4aS,9R,9aR)-9-(dibenzo[b,d]furan-4-ylmethyl)-3-
(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-
2-carboxylate (338) 

The title compound was synthesized according to GP11 using aryl iodide 293 (73.2 mg, 

1.00 equiv, 0.300 mmol), K3PO4 (140 mg, 2.2 equiv, 0.660 mmol), 4-(dibenzofuranyl)boronic 

acid (337) (76.3 mg, 1.2 equiv, 0.360 mmol), Cy3P·HBF4 (22.1 mg, 20 mol%, 0.060 mmol) and 

Pd(dba)2 (17.3 mg, 10 mol%, 0.030 mmol), oxabicycle 311 (107 mg, 1.5 equiv, 0.450 mmol), 

toluene (3 mL, 0.15 M) and H2O (75.0 μL, 0.00375 M). The title compound was isolated by 

column chromatography (first: pentanes:EtOAc 9:1 to 8:2 v/v then pentanes:CH2Cl2:EtOAc 

50:45:5 v/v) as a mixture of isomers as white solids in a yield of 26.4 mg (0.051 mmol, 51%).  

1H NMR (500 MHz, CDCl3) δ 1.26 (d, 3JCH3-CH = 2.5 Hz, 3H, CHMeMe), 1.27 (d, 3JCH3-CH = 

2.4 Hz, 3H, CHMeMe), 1.37 (s, 3H, Me), 2.61 (d, 3J9a-4a = 7.1 Hz, 1H, 9a-H), 3.55 (d, 2JCH2-CH2 

= 15.2 Hz, 1H, CH2-Ha), 3.71 (d, 2JCH2-CH2 = 15.3 Hz, 1H, CH2-Hb), 3.78 (s, 3H, CO2Me), 3.81 

(d, 3J4a-9a = 7.0 Hz, 1H, 4a-H), 4.11 – 4.21 (m, 1H, CHMeMe), 5.43 (d, 4J4-1 = 1.2 Hz, 1H, H-
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4), 5.75 (s, 1H, 1-H), 7.07 (dt, 3J8-7 = 7.7 Hz, 4J8-6 = 0.8 Hz, 1H, 8-H), 7.19 – 7.23 (m, 1H, 7-

H), 7.28 (td, 3J6-5,6-7 = 7.4 Hz, 4J6-8 = 1.2 Hz, 1H, 6-H), 7.35 (t, 3J2’-1’,2’-3’ = 7.6 Hz, 1H, 2’-H), 

7.37 (td, J = 7.4, 1.0 Hz, 1H, ArH), 7.45 – 7.50 (m, 1H, 5-H), 7.55 (dd, 3J3’-2’ = 7.5 Hz, 4J3’-1’ = 

1.2 Hz, 1H, 3’-H), 7.61 (dt, J = 8.2, 0.8 Hz, 1H, ArH), 7.91 (dd, 3J1’-2’ = 7.7 Hz, 4J1’-3’ = 1.2 Hz, 

1H, 1’-H), 7.99 (ddd, J = 7.7, 1.3, 0.6 Hz, 1H, ArH), 8.82 (d, 3JNH-CH = 7.5 Hz, 1H, NHR2). 
13C NMR (126 MHz, CDCl3) δ 22.54 (CHMeMe), 22.64 (CHMeMe), 32.09 (Me), 35.24 (CH2), 

41.76 (CHMeMe), 47.94 (C-9), 51.33 (C-4a), 52.76 (CO2Me), 55.27 (C-9a), 83.69 (C-1), 86.81 

(C-4), 111.87, 118.77, 120.77, 122.31, 122.84 (C-2’), 123.32 (C-8), 123.46, 124.08, 124.48, 

124.67 (possibly C-5), 127.24 (possibly C-5), 127.47 (C-6), 127.66 (C-7), 129.28 (C-3’), 

138.43, 140.03 (C-4b), 153.56 (C-8a), 154.24, 155.75 (C-4a’), 156.01, 160.48 (CONR2), 

165.01 (CO2Me). TLC (pentanes:EtOAc, 7:3 v/v): Rf = 0.58 TLC (pentanes:EtOAc, 

pentanes:CH2Cl2:EtOAc 5:4.5:0.5 v/v): Rf = 0.29  
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7.2.12.3.2.2 Methyl (1S,4R,4aS,9R,9aR)-3-(benzhydrylcarbamoyl)-9-
(dibenzo[b,d]furan-4-ylmethyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-
epoxyfluorene-2-carboxylate (339) 

The title compound was synthesized according to GP11 using aryl iodide 293 (48.8 mg, 

1.00 equiv, 0.200 mmol), K3PO4 (93.4 mg, 2.2 equiv, 0.440 mmol), 4-(dibenzofuranyl)boronic 

acid (337) (50.9 mg, 1.2 equiv, 0.240 mmol), Cy3P·HBF4 (14.7 mg, 20 mol%, 0.040 mmol) and 

Pd(dba)2 (11.5 mg, 10 mol%, 0.020 mmol), oxabicycle 311 (108 mg, 1.5 equiv, 0.300 mmol), 

toluene (2 mL, 0.15 M) and H2O (50.0 μL, 0.00375 M). The title compound was obtained as a 

mixture (3.7:1) of isomers by column chromatography (first: pentanes:EtOAc 9:1 to 8:2 v/v 

then pentanes:CH2Cl2:EtOAc 50:49:1 to 50:47.5:2.5 v/v) as white solids in a yield of 69.3 mg 

(0.107 mmol, 54%). (NMR spectra reported for the major isomer)  
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1H NMR (300 MHz, CDCl3) δ 1.35 (s, 3H, Me), 2.58 (d, J = 7.1 Hz, 1H, 9a-H), 3.54 (d, J = 

15.1 Hz, 1H, CH2-Ha), 3.70 (d, J = 15.3 Hz, 1H, CH2-Hb), 3.74 (s, 3H, OMe), 5.43 (d, J = 1.2 

Hz, 1H, 1/4-H), 5.77 (d, J = 1.3 Hz, 1H, 1/4-H), 6.33 (d, J = 8.2 Hz, 1H, 4a-H), 7.05 (d, J = 7.3 

Hz, 1H, ArH), 7.13 – 7.50 (m, 25H, ArH), 7.54 (d, J = 7.6 Hz, 1H, ArH), 7.55 – 7.64 (m, 1H, 

ArH), 7.90 (dd, J = 7.6, 1.2 Hz, 1H, ArH), 7.94 – 8.03 (m, 1H, ArH), 9.86 (d, J = 8.3 Hz, 1H, 

CONHPh2). TLC (pentanes:EtOAc, 7:3 v/v): Rf = 0.42 HR-MS (ESI): m/z calculated for 

[C43H36O5N]+ ([M + H+]) (ppm -2.5): 646.2572, found: 646.2588.  
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7.2.12.3.3 General procedure 12 (GP12): Catalytic reactions Suzuki 
termination 

 

A 2-dr. vial equipped with stir bar which were dried at 110 °C over night was left to cool under 

Argon-atmosphere. The vial was then charged with aryl iodide 293 (24.4 mg, 1.0 equiv, 

0.100 mmol), flame dried K3PO4 (46.7 mg, 2.2 equiv 0.220 mmol), aryl boronic acid (1.2 equiv, 

0.120 mmol), ligand (20 mol%, 0.020 mmol) and palladium source (10 mol%, 0.010 mmol) in 

that order. A separate flame dried vial was charged with oxabicycle (1.5 equiv, 0.150 mmol) 

and anhydr. PhMe (1 mL, 0.15 M). This solution was transferred into the reaction vessel, H2O 
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(25.0 μL, 0.00375 M) was added, the reaction vessel capped and sealed using PTFE tape and 

then stirred at 100 °C for 16 h. The vessel was then stirred at 120 °C for 3 h (900 rpm). After 

letting the reaction cool, the reaction was filtered over a pad of silica into a vial containing a 

defined amount of 1,3,5-trimethoxybenzene (0.4 – 0.8 equiv), flushing with additional EtOAc. 

The solvent was removed and conversion to product determined by 1H-NMR. The product was 

isolated by column chromatography (pentanes:EtOAc 95:5 to 75:25 v/v).  

7.2.12.3.3.1 1-(4-Methoxybenzyl)-1-methyl-1H-indene (314) 

The title compound was synthesized in accordance with GP12 using 4-methoxy boronic acid 

(18.4 mg, 1.2 equiv, 0.120 mmol), Pd(dba)2 (5.8 mg, 10 mol%, 0.010 mmol), Cy3P·HBF4 

(7.4 mg, 20 mol%, 0.020 mmol) and oxabicycle 302 (44.9 mg, 1.5 equiv, 0.150 mmol, 99%ee, 

d.r. >20:1). The product was isolated as a colorless oil in a yield of 11.8 mg (0.047 mmol, 47%, 

50%ee). The analytical data were in accordance with literature.[259a] 

1H NMR (300 MHz, CDCl3) δ 1.29 (s, 3H, Me), 2.80 (d, J = 13.2 Hz, 1H, CH2-Ha), 2.94 (d, J 

= 13.2 Hz, 1H, CH2-Hb), 3.76 (s, 3H, OMe), 6.33 (d, J = 5.5 Hz, 1H, 2/3-H), 6.59 (dd, J = 5.5, 

0.6 Hz, 1H, 2/3-H), 6.68 – 6.85 (m, 2H, 2’/3’-H), 6.88 – 6.99 (m, 2H, 2’/3’-H), 7.15 – 7.25 (m, 

3H), 7.26 – 7.31 (m, 1H). HPLC: Chiralpak® AS-H 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 254 nm, 

hexanes 100% tR(R) = 16 min, tR(S) = 25 min TLC (pentanes:EtOAc, 8:2 v/v): Rf = 0.29  

 
314 
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7.2.12.3.4 General procedure 13 (GP13): Catalytic reactions decarboxylative 
Sonogashira termination 

 

A 2-dr. vial equipped with stir bar which were dried at 110 °C over night was left to cool under 

Argon-atmosphere. The vial was then charged with aryl iodide 293 (48.8 mg, 1.0 equiv, 

0.200 mmol), Cs2CO3 (143 mg, 2.2 equiv, 0.440 mmol), aryl propiolic acid (1.2 equiv, 

0.240 mmol), ligand (20 mol%, 0.020 mmol) and Pd-source (10 mol%, 0.020 mmol) in that 

order. A separate flame dried vial was charged with oxabicycle (1.5 equiv, 0.30 mmol) and 

anhydr. PhMe (2 mL, 0.15 M). This solution was transferred into the reaction vessel, the 

reaction vessel capped and sealed using PTFE tape and then stirred at 120 °C for 16 h (900 rpm). 

After letting the reaction cool, the reaction was filtered over a pad of silica into a vial containing 

a defined amount of 1,3,5-trimethoxybenzene (0.4 – 0.8 equiv), washing with EtOAc. The 

solvent was removed and conversion to product determined by 1H-NMR. The product was 

isolated by column chromatography (pentanes:CH2Cl2 95:5 v/v). 

 

7.2.12.3.4.1 1-(3-Phenylprop-2-yn-1-yl)-1-methyl-1H-indene (316) 

The title compound was synthesized according to GP13 using phenylpropiolic acid (35.1 mg, 

1.2 equiv, 0.240 mmol), Pd(dba)2 (11.5 mg, 10 mol%, 0.020 mmol) and ligand (S),(S)-L3 

(23.2 mg, 20 mol%, 0.040 mmol). The product was isolated as a colorless oil in a yield of 

20.8 mg (0.085 mmol, 43%). Separation of the enantiomers by HPLC was impossible. The 

analytical data were in accordance with literature.[259a] 

1H NMR (300 MHz, CDCl3): δ 1.50 (s, 3H, Me), 2.57 (d, J = 16.6 Hz, 1H, CH2-Ha), 2.72 (d, J 

= 16.6 Hz, 1H, CH2-Ha), 6.53 (d, J = 5.5 Hz, 1H, 2/3-H), 6.73 (d, J = 5.5 Hz, 1H, 2/3-H), 7.17 

– 7.24 (m, 1H), 7.28 – 7.32 (m, 4H), 7.38 – 7.43 (m, 2H), 7.44 – 7.53 (m, 2H). TLC 

(pentanes:EtOAc, 95:5 v/v): Rf = 0.37  
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316 

 

7.2.12.4 Miscellaneous Syntheses 

7.2.12.4.1 (1S,4R)-3-(Benzhydrylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-
diene-2-carboxylic acid (351) 

A scintillation vial equipped with stir bar was charged with oxabicycle 307 (72.3 mg, 1.0 equiv, 

0.200 mmol) was dissolved in THF (20 mL, 0.15 M) and cooled to 0 °C. A solution of aq. NaOH 

(0.25 M, 0.800 mL, 1.0 equiv, 0.200 mmol) was added dropwise. After stirring the reaction 

mixture at 22 °C for 30 min, the reaction mixture was extracted with EtOAc (3x) and the 

collected organic phases discarded. The aq. phase was then neutralized adding KPi-buffer (1 M, 

0.200 mL, 1.0 equiv, 0.200 mmol) and then acidified with aq. HCl-solution (1 M, 0.600 mL, 

1.0 equiv, 0.600 mmol). The aq. phase was extracted with EtOAc (3x), the combined organic 

phases were washed with sat. aq. NaCl-solution, dried over MgSO4 and the solvent removed in 

vacuo. The product was obtained as white solids in a yield of 48.3 mg (0.139 mmol, 70%).  

1H NMR (500 MHz, CDCl3) δ 5.75 (t, 3J1-6/4-5 = 1.8 Hz, 1H, 1/4-H), 5.81 (t, 3J1-6/4-5 = 1.8 Hz, 

1H, 1/4-H), 6.30 (d, 3JCH-NH = 8.0 Hz, 1H; CHPh2), 7.18 (dd, 3J5-6 = 5.3 Hz, 3J5-6/6-1 = 1.9 Hz, 

1H, 5/6-H), 7.22 (dd, 3J5-6 = 5.3 Hz, 3J5-4/6-1 = 1.9 Hz, 1H, 5/6-H), 7.22 – 7.35 (m, 10H, CHPh2), 

8.53 (s, 1H, NHR2). 13C NMR (126 MHz, CDCl3) δ 57.89 (CHPh2), 84.81 (C-1/4), 85.31 (C-

1/4), 127.30, 127.40, 127.90, 128.87, 140.18, 140.23, 142.55 (C-5/6), 143.69 (C-5/6), 161.79 

(CONHR), 164.82 (CO2H).  

 
351 
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7.2.12.4.2 (1S,4R,4aS,9R,9aR)-9-(Dibenzo[b,d]furan-4-ylmethyl)-3-
(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-
epoxyfluorene-2-carboxylic acid (353) 

A scintillation vial equipped with stir bar was charged with pre-retro-Diels-Alder product 338 

(mixture of regioisomers 4:1) (72.3 mg, 1.0 equiv, 0.200 mmol) was dissolved in THF (0.15 M, 

1.33 mL) and cooled to 0 °C. A solution of aq. NaOH (0.25 M, 0.800 mL, 1.0 equiv, 

0.200 mmol) was added dropwise. After stirring the reaction mixture at 22 °C for 30 min, the 

reaction mixture was extracted with EtOAc (3x). The organic phases were dried over MgSO4 

and the solvent removed in vacuo. The aq. phase was then neutralized adding KPi-buffer (1 M, 

0.200 mL, 1.0 equiv, 0.200 mmol) and then acidified with aq. HCl-solution (1 M, 0.200 mL, 

1.0 equiv, 0.200 mmol). The aq. phase was extracted with EtOAc (3x), the combined organic 

phases were washed with sat. aq. NaCl-solution, dried over MgSO4 and the solvent removed in 

vacuo. The two organic extracts were combined and subjected to column chromatography 

(9:1/CH2Cl2:EtOAc to 8.8:1:0.2/CH2Cl2:EtOAc:AcOH) to obtain the desired product as a 

mixture of regioisomers (5:1) as off-white solids in a yield of 58.1 mg (0.114 mmol, 57%, 59% 

based on recovered starting material).  

1H NMR (500 MHz, CDCl3) δ 1.32 (d, 3JCH-CH3 = 2.0 Hz, 3H, CHMeMe), 1.33 (d, 3JCH-CH3 = 

2.0 Hz, 3H, CHMeMe), 2.12 (s, 3H, Me), 2.70 (d, 3J9a-4a = 7.2 Hz, 1H, 4a/9a-H), 3.52 (d, 2JCH2-

CH2 = 14.6 Hz, 1H, CH2-Ha), 3.67 (d, 2J CH2-CH2 = 14.6 Hz, 1H, CH2-Hb), 3.74 (d, 3J4a-9a = 7.1 

Hz, 1H, 4a/9a-H), 4.26 (dp, 3JCH-CH3 = 7.7, 6.5 Hz, 1H, CHMeMe), 5.24 (d, 4J1-4 = 1.0 Hz, 1H, 

1/4-H), 5.83 (d, 4J1-4 = 1.1 Hz, 1H, 1/4-H), 6.92 – 6.96 (m, 1H, ArH), 7.15 (tdd, J = 7.3, 1.3, 

0.7 Hz, 1H, ArH), 7.24 (td, J = 7.4, 1.1 Hz, 1H, ArH), 7.33 – 7.39 (m, 3H, ArH), 7.45 (ddd, J 

= 8.4, 7.3, 1.4 Hz, 1H, ArH), 7.56 (dd, J = 7.5, 1.2 Hz, 1H, ArH), 7.56 – 7.60 (m, 1H, ArH), 

7.88 (dd, J = 7.6, 1.2 Hz, 1H, ArH), 7.97 (ddd, J = 7.6, 1.3, 0.6 Hz, 1H, ArH). 
13C NMR (126 MHz, CDCl3) δ 22.48, 22.49, 31.76, 35.72, 43.05, 47.91, 49.09, 51.96, 55.20, 

84.15, 85.26, 111.88, 118.96, 120.81, 122.71, 122.74, 122.82, 123.94, 124.00, 124.47, 124.81, 

127.11, 127.35, 127.88, 129.87, 139.08, 139.44, 153.77, 155.87, 156.08.  
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7.2.12.5 Ligand Syntheses 

7.2.12.5.1 Tris(3,5-bis(trifluoromethyl)phenyl)phosphane (352) 
Under inert atmosphere a 250 mL Schlenk round-bottom flask equipped with stir bar was 

charged with Mg turnings (705 mg, 3.0 equiv, 29.0 mmol) and an I2 crystal. The round-bottom 

flask was heated with a heat gun until a violet gas started to form. Then the round-bottom flask 

was cooled to 0 °C. Bromobenzene (5.00 mL, 3.0 equiv, 29.0 mmol) in Et2O (14.5 mL, 2 M) 

was added dropwise. After complete addition a reflux condenser was equipped and the mixture 

was stirred at 60 °C for 1 h until all Mg was consumed. Then the reaction mixture was cooled 

to 0 °C and a solution of PCl3 (845 μL, 1.0 equiv, 9.65 mmol) in Et2O (14.5 mL) was added 

dropwise at a rate that kept the solution reluxing. Then the reaction mixture was stirred at 22 °C 

for 1 h. H2O (20 mL) was added, the aq. phase was extracted with Et2O (3x), the combined 

organic phases washed with sat. aq. NaCl solution, dried over MgSO4 and solvents removed in 

vacuo. The product was isolated by recrystallization from MeOH as off-white solids in a yield 

of 1.34 g (2.51 mmol, 9%).  

1H NMR (600 MHz, CDCl3): δ 7.75 (dd, 3J2-P = 6.9 Hz, 4J2-4 = 1.6 Hz, 2H, 2-H), 7.99 (s, 1H, 

4-H). 13C NMR (151 MHz, CDCl3): δ 122.85 (q, 1JC-F = 273.3 Hz, CF3), 124.57 (p, 3J4-CF3 = 

3.7 Hz, C-4), 133.11 (dd, 2J3-CF3 = 33.8, 6.9 Hz, C-3), 133.27 – 133.56 (m, C-2), 137.52 (d, 1JC-

P = 17.6 Hz, C-1). 19F NMR (282 MHz, CDCl3): δ -63.14. 31P NMR (122 MHz, CDCl3) δ -

4.21 (p, 1J1-P = 7.1 Hz). IR (ATR film) [cm-1]: 1353, 1284, 1133, 746, 685. APCI-MS: m/z: 

([M + H+]): found: 670.9. Melting point: 100 – 101 °C  
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7.2.12.5.2 Dimethyl (4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (318) 
A round-bottom flask was charged with (−)-Dimethyl D-tartrate (1.78 g, 10.0 mmol, 1.0 equiv), 

CH2Cl2 (20 mL, 0.5 M) pTsOH·H2O (0.951 g, 5 mmol, 0.5 equiv) and 2,2-Dimethoxypropane 

(8.14 mL, 66.4 mmol, 6.64 equiv). The mixture was stirred at 60 °C for 4 h. The solvent was 

removed in vacuo, H2O was added and the suspension extracted with EtOAc (3x), washed with 

sat. aq. NaCl-solution, dried over MgSO4 and the solvent removed in vacuo. The product was 

obtained as a brown oil in a yield of 2.15 g (9.84 mmol, 98%). The analytical data were in 

accordance with literature.[342] 

1H NMR (400 MHz, CDCl3) δ 1.48 (d, J = 1.6 Hz, 6H, CMe2), 3.81 (d, J = 1.5 Hz, 6H, CO2Me), 

4.80 (s, 2H, CHR2).  

 
318 

 

7.2.12.5.3 ((4S,5S)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol) 
(319) 

Under inert atmosphere a round-bottom flask equipped with stir bar was charged with Mg 

turnings (445 mg, 18.3 mmol, 4.67 equiv) and an I2 crystal. The round-bottom flask was heated 

with a heat gun until a violet gas started to form. Then the round-bottom flask was cooled to 

0 °C. Bromobenzene (1.82 mL, 17.4 mmol, 4.44 equiv) in THF (12.2 mL, 1.43 M) was added 

dropwise. After complete addition the mixture was stirred at 60 °C for 1 h until all Mg was 

consumed. Then the reaction mixture was cooled to 0 °C and diester 318 (0.855 mL, 

3.91 mmol, 1.0 equiv) in THF (8.7 mL, 0.45 M) was added dropwise. The reaction was then 

stirred at 80 °C for 1.5 h. The reaction mixture was then cooled to 0 °C and sat. aq. NH4Cl-



Experimental 

341 

solution was slowly added. The suspension was extracted with EtOAc (3x), washed with sat. 

aq. NaCl-solution, dried over MgSO4 and the solvent removed in vacuo. The crude product 

was dissolved in EtOAc (3 mL), pentanes (200 mL) were added and then i-PrOH (1 mL) was 

added and the mixture cooled to -20 °C. The solvent was then removed, pentanes (80 mL) were 

added, the solids sonicated and the solvent removed via pipette. Pentanes were added again 

(10 mL) and the solvent removed via pipette. The remaining solids were collected as the product 

as pale yellow solids in a yield of 885 mg (1.90 mmol, 49%). The analytical data were in 

accordance with literature.[342] 

1H NMR (400 MHz, CDCl3) δ 1.04 (s, 6H, CMe2), 3.86 (s, 2H, OH), 4.61 (s, 2H, CHR2), 7.20 

– 7.37 (m, 16H, ArH), 7.50 – 7.55 (m, 4H, ArH).  

 
319 

 

7.2.12.5.4 1-((3aS,8aS)-2,2-Dimethyl-4,4,8,8-tetraphenyltetrahydro-
[1,3]dioxolo[4,5-e][1,3,2]dioxaphosphepin-6-yl)piperidine (L3) 

A scintillation vial equipped with stir bar was charged with diole 319 (339 mg, 0.725 mmol, 

1.00 equiv) was dissolved in anhydr. THF (2.9 mL, 0.25 M) and cooled to 0 °C. Et3N (341 μL, 

2.45 mmol, 3.37 equiv) was added then PCl3 (73.0 μL, 0.835 mmol, 1.15 equiv) was added and 

the reaction stirred at 22 °C for 30 min. The yellow suspension is then cooled to 0 °C, piperidine 

(355 μL, 3.59 mmol, 4.95 equiv) was added and the reaction mixture stirred for 16 h at 22 °C. 

The reaction mixture is diluted with Et2O (10 mL), filtered over a pad of Celite® washing with 

Et2O. The solvent is removed and the product isolated via column chromatography 

(pentanes:Et2O:Et3N 99:0:1 to 96:3:1 v/v). The product was obtained as white solids in a yield 

of 221 mg (0.381 mmol, 53%). The analytical data were in accordance with literature.[259a] 

1H NMR (300 MHz, CDCl3) δ 0.27 (s, 3H, Mea), 0.86 (d, J = 15.2 Hz, 2H, CH2), 1.30 (s, 3H, 

Meb), 1.56 – 1.65 (m, 4H, CH2), 3.08 – 3.34 (m, 4H, CH2), 4.75 (d, J = 8.5 Hz, 1H, CHR2-Ha), 

5.15 (dd, 3JCHR2a-CHR2b = 8.5 Hz, JP-CHR2b = 3.4 Hz, 1H, CHR2-Hb), 7.17 – 7.25 (m, 5H, ArH), 

7.27 – 7.35 (m, 7H, ArH), 7.39 – 7.43 (m, 2H, ArH), 7.44 – 7.51 (m, 2H, ArH), 7.62 (dd, J = 

7.2, 1.5 Hz, 2H, ArH), 7.72 – 7.78 (m, 2H, ArH).  
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7.2.13 Miscellaneous Syntheses 

7.2.13.1 2'-Iodo-6'-methyl-[1,1'-biphenyl]-4-ol (345) 
In accordance with a literature procedure[201] a Schlenk-flask was charged with 2-iodobiaryl 

283 (162 mg, 1.0 equiv, 500 μmol) and CH2Cl2 (0.125 M, 4 mL) and stirred at 0 °C. A solution 

of BBr3 in hexanes (1 M, 1.00 mL, 2.0 equiv, 1.00 mmol) was added dropwise. The reaction 

mixture was stirred at 22 °C for 3 h. Water (10 mL) was added at 0 °C and the aq. phase 

extracted with CH2Cl2 (3x), washed with sat. NaCl-solution and dried over MgSO4. Most of the 

solvent was removed in vacuo and the crude product filtered over a plug of silica flushing with 

additional CH2Cl2. The product was obtained as off-white solids in a yield of 149 mg (480 μmol, 

96%). The analytical data were in accordance with literature.[201] 

1H NMR (600 MHz, CDCl3): δ 2.10 (s, 3H, Me), 4.94 (s, 1H, OH), 6.92 (d, 3J3-2 = 8.5 Hz, 2H, 

3-H), 6.93 (t, 3J4’-3’,4’-5’ = 7.5 Hz, 1H, 4′-H), 7.00 (d, 3J2-3 = 8.5 Hz, 2H, 2-H), 7.22 (d, 3J5’-4’ = 

7.6 Hz, 1H, 5′-H), 7.78 (d, 3J3’-4’ = 7.9 Hz, 1H, 3′-H). 13C NMR (151 MHz, CDCl3): δ 22.43 

(Me), 101.96 (C-2′), 115.43 (C-3), 129.03 (C-4′), 129.86 (C-6′), 130.48 (C-2), 136.60 (C-3′), 

137.33 (C-1), 138.19 (C-1′), 145.99 (C-6′), 154.91 (C-4). IR (ATR film) [cm-1]: 3336 (broad), 

1610, 1511, 1435, 1229, 1168, 1129, 809, 771, 565. TLC (petroleum ether:EtOAc 7:3 v/v): Rf 

= 0.5 APCI-MS: m/z: ([M+]): found: 310.1. ([M - I-]): found: 183.2 Melting point: 106 °C – 

111 °C.  

 
345 

 

7.2.13.2 1-Iodo-4-methoxy-2-methylbenzene (354) 
A round bottom flask equipped with stir bar was charged with FeCl3 (33 mg, 5 mol%, 

0.20 mmol) and NIS (1.01 g, 1.10 equiv, 4.50 mmol) CH2Cl2 (2 mL, 2 M). The mixture was 

cooled to -78°C and 1-methoxy-3-methylbenzene (515 μL, 1.00 equiv, 4.09 mmol) was added. 

The mixture was stirred for 2 h. Then n-pentane (5 mL) and H2O (5 mL) were added. The aq. 

phase was extracted with petroleum ether (3x) and the combined organic phases dried over 

MgSO4. The product was obtained by recrystallization from n-pentane (0.2 mL g-1) as white 
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solids in a yield of 894 mg (3.60 mmol, 88%). The analytical data were in accordance with 

literature.[343] 

1H NMR (600 MHz, CDCl3): δ 2.40 (s, 3H, Me), 3.77 (s, 3H, OMe), 6.48 (dd, 3J5-6 = 8.7 Hz, 
4J5-3 = 3.0 Hz, 1H, 5-H), 6.82 (d, 4J3-5 = 3.0 Hz, 1H, 3-H), 7.66 (d, 3J6-5 = 8.6 Hz, 1H, 6-H). 
13C NMR (151 MHz, CDCl3): δ 28.37 (Me), 55.45 (OMe), 89.79 (C-1), 113.51 (C-5), 116.01 

(C-3), 139.47 (C-6), 142.51 (C-2), 160.04 (C-4). IR (ATR film) [cm-1]: 2999, 2954, 1589, 

1568, 1471, 1290, 1238, 1163, 1056, 1012, 844, 798, 590. TLC (petroleum ether:EtOAc 8:2 

v/v): Rf = 0.63 APCI-MS: m/z: ([M + H+]): found: 248.0 Melting point: 43 – 45 °C. (43 – 

45 °C)[344] Boiling point: 105 °C (2·10-1 mbar) (129 – 130 °C (16 mbar))[345] 
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7.2.13.3 5,5'-Dibromo-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-2,2'-diol 
(355) 

A vial equipped with stir bar was charged with biphenol 27 (50.0 mg, 1.00 equiv, 0.182 mmol), 

CH2Cl2 (600 μL, 0.33 M) and dissolved by sonication. Then NBS (66.2 mg, 2.04 equiv, 

0.365 mmol) was added at 0 °C and the reaction stirred at 22 °C for 8 h. Sat. aq. Na2SO3 

solution was added. The aq. phase was extracted with CH2Cl2 (3x), and the combined organic 

phases washed with sat. aq. NaCl solution, dried over MgSO4 and solvents removed in vacuo. 

The product was isolated as white solids in a yield of 35.4 mg (81.9 μmol, 46%).  

1H NMR (600 MHz, CDCl3): δ 2.10 (s, 6H, Me), 3.92 (s, 6H, OMe), 4.79 (s, 2H, OH), 6.56 (s, 

2H, 3-H). 13C NMR (151 MHz, CDCl3): δ 20.61 (Me), 31.08, 56.51 (OMe), 97.87 (C-3), 

106.35 (C-5), 112.49 (C-1), 140.10 (C-6), 154.45 (C-2), 157.74 (C-4). IR (ATR film) [cm-1]: 

3475, 3012, 2941, 2842, 1602, 1565, 1444, 1414, 1339, 1220, 1157, 1099, 1035, 937, 827, 724, 

624, 523. TLC (petroleum ether:EtOAc 7:3 v/v): Rf = 0.31 HR-MS (ESI): m/z calculated for 

[C16H17Br2O4]+ ([M + H+]): 430.9488, found: 430.9488. Melting point: 205 °C (decomposition, 

starts turning grey).  
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Unsuccessful syntheses 

7.2.13.4 Synthesis of methyl 3-(((S)-1-phenylethyl)carbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (302) 

A vial equipped with stir bar was charged with oxabicycle 301 (39.2 mg, 1.0 equiv, 0.200 mmol, 

rac), (S)-(−)-α-methylbenzylamine (28.4 μL, 1.1 equiv, 0.220 mmol, 99%ee) and anhydr. DMF 

(1.82 mL, 0.11 M). DMAP (61.1 mg, 2.5 equiv, 0.500 mmol) and N-(3-Dimethylaminopropyl)-

N′-ethylcarbodiimide (EDC) (76.6 mg, 2.0 equiv, 0.400 mmol) were added in this order and the 

reaction stirred at 22 °C for 14 h. Reaction control was performed by TLC 

(70:30/pentanes:EtOAc). Water (5 mL) and CH2Cl2 (15 mL) were added. The organic phase 

was separated, washed with cold water (2x 10 mL), sat. aq. NaCl-solution and dried over 

MgSO4. No product formation could be observed by 1H NMR and TLC.  

A vial equipped with stir bar was charged with CDI (32.4 mg, 1.0 equiv, 0.200 mmol) and 

anhydr. THF (0.25 mL, 0.8 M). Oxabicycle 301 (39.2 mg, 1.0 equiv, 0.200 mmol, rac) was 

added and the reaction mixture stirred for 90 min. Then a solution of (S)-(−)-α-

methylbenzylamine (28.4 μL, 1.1 equiv, 0.220 mmol, 99%ee) in anhydr. THF (0.83 mL, 0.27 M) 

was added dropwise. The reaction was stirred at 22 °C for 14 h. Reaction control was performed 

by TLC (70:30/pentanes:EtOAc). H2O (5 mL) and CH2Cl2 (15 mL) were added. The organic 

phase was separated, washed with sat. aq. NaCl-solution and dried over MgSO4. No product 

formation could be observed by 1H NMR and TLC.  

A vial equipped with stir bar was charged with oxabicycle 301 (39.2 mg, 1.0 equiv, 0.200 mmol, 

rac), (S)-(−)-α-methylbenzylamine (28.4 μL, 1.1 equiv, 0.220 mmol, 99%ee) and anhydr. THF 

(8.7 mL, 0.023 M). The mixture was cooled to 0 °C, DCC (41.3 mg, 4.0 equiv, 0.800 mmol) 

was added and the reaction stirred at 22 °C for 14 h. Reaction control was performed by TLC 

(70:30/pentanes:EtOAc). Water (5 mL) and CH2Cl2 (15 mL) were added. The organic phase 

was separated, washed with cold water (2x 10 mL), sat. aq. NaCl-solution and dried over 

MgSO4. No product formation could be observed by 1H NMR and TLC.  

 
302  
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7.2.13.5 Synthesis of methyl 4-hydroxy-4-phenylbut-2-ynoate (364) 
A flame dried 50 mL round bottom flask was charged with LiHMDS in THF (1 M, 5.50 mL, 

1.1 equiv, 5.50 mmol) and cooled to -78 °C. Methyl propiolate (444 μL, 1.0 equiv, 5.00 mmol) 

was added dropwise and the reaction stirred for 1 h. Benzaldehyde (561 μL, 5.5 equiv, 

5.50 mmol) was added dropwise and the reaction stirred for 2 h. The solvent was removed in 

vacuo. No product formation could be observed by 1H NMR and TLC.  

 
364 

 

7.2.13.6 Synthesis of (1R,4S)-N2-benzhydryl-N3,N3-dimethyl-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxamide (356) 

A solution of dimethylamine in THF was prepared by dissolving dimethylamine hydrochloride 

(23.2 mg, 2.26 equiv, 0.284 mmol) in THF (2.84 mL, 0.1 M). K2CO3 (23.2 mg, 4.52 equiv, 

0.568 mmol) was added and the resulting mixture stirred for 5 min. Solids were filtered off over 

a cotton plug. 

A 2-dr. vial was charged with oxabicycle 351 (43.7 mg, 1.0 equiv, 0.126 mmol) and THF 

(0.08 M, 1.5 mL). The solution was cooled to 0 °C, dimethyl amine in THF (1.42 mL, 0.1 M, 

1.13 equiv, 0.142 mmol) added and the mixture stirred for 5 min. DMTMM (23.1 mg, 

1.13 equiv, 0.142 mmol) was added at once. The mixture was left to stir for 16 h at 0 °C and 

left to warm to 22 °C. Full consumption of starting material was observed yet no product 

formation could be observed by 1H NMR and APCI MS.  

 
356 
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7.2.13.7 Synthesis of methyl (1S,4R)-3-phenyl-7-oxabicyclo[2.2.1]hepta-2,5-
diene-2-carboxylate (327) 

A 2 d.r. vial was charged with an aq. solution of sodium carbonate (2 M, 788 μL, 2.00 equiv, 

1.58 mmol), phenyl boronic acid (144 mg, 1.50 equiv, 1.18 mmol), triphenylphosphine 

(41.3 mg, 20 mol%, 0.158 mmol) and Pd(OAc)2 (8.9 mg, 5 mol%, 39.4 μmol). A separate vial 

was charged with oxabicycle 329 (182 mg, 1.00 equiv, 0.788 mmol) and toluene (3.94 mL, 

0.20 M) and that solution added to vial 1. Ethanol (56 μL, 1.54 equiv, 1.21 mmol) was added, 

the vial sealed, and the reaction mixture stirred at 80 °C for 16 h (900 rpm). No product 

formation could be observed by 1H NMR, APCI MS and TLC. A major side product was 

observed.  

 
327 

 

7.2.13.8 Synthesis of methyl (1S,4R)-3-(trifluoromethyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (357) 

A dry 2 dr. vial equipped with stir bar was charged with oxabicycle 301 (19.6 mg, 1.0 equiv, 

0.100 mmol), PPh3 (36.7 mg, 1.4 equiv, 0.140 mmol) and anhydrous THF (0.5 mL, 0.2 M). The 

reaction mixture was cooled to 0 °C and NBS (26.7 mg, 1.5 equiv, 0.150 mmol) was added in 

one portion. The reaction mixture was stirred at 22 °C for 15 mins. A separate dry vial equipped 

with stir bar was charged with CuI (38.1 mg, 2.0 equiv, 0.200 mmol), flame dried CsF (22.8 mg, 

1.5 equiv, 0.150 mmol) and THF (0.5 mL). Freshly distilled TMSCF3 (37.0 μL, 2.5 equiv, 

0.250 mmol) was added and the mixture stirred at 22 °C for 10 mins (500 rpm). The contents 

of vial 1 were transferred to vial 2. The reaction mixture was stirred at 22 °C for 1 h. The 

mixture was diluted with n-pentane (2 mL). The crude mixture was filtered over a pad of Celite® 

flushing with EtOAc. The solvent was removed in vacuo. No product formation could be 

observed by 1H NMR, 19F NMR, APCI MS and TLC.  

 
357 
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7.2.13.9 Resolution attempt of 3-(methoxycarbonyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (301) 

A scintillation vial was charged with oxabicycle 301 (130 mg, 1.0 equiv, 0.660 mmol) and THF 

(10 mL). Then (S)-(-)--methylbenzylamine (85.0 L, 1.0 equiv, 0.660 mmol) was added and 

stirred for 1 min. The forming solids were filtered off and washed with THF (20 mL). The solids 

were then dissolved in CH2Cl2 (20 mL). Dilute aq. HCl was added and the mixture stirred until 

all solids were dissolved. The org. phase was washed with dilute aq. HCl (2 x 10 mL), sat. aq. 

NaCl-solution and the organic phase dried over MgSO4. Solvents were removed in vacuo and 

the product obtained as an off-white solid in a yield of 50.6 mg. (No RP column available, all 

normal phase columns available incompatible with carboxylic acids, thus only indirect 

determination of ee possible).  

To determine the ee, the product was subjected to amide coupling according to GP9 with (S)-

(-)-a-methylbenzylamine to provide a mixture of diastereomers. The product was obtained as a 

mixture of tautomers as a pale-yellow oil in a yield of 37.7 mg (63%) with a d.r. of 1:1. Thus 

little to no resolution was achieved (compare ratio to 7.2.12.2.3 Mixtures of 302 and 303). 

 

 

7.2.13.9.1.1 Synthesis of 7'-methyl-4'-morpholinospiro[cyclohexane-1,1'-indene]-2,5-
dien-4-one 

Following the reagent order outlined in GP12 a reaction was set up with Cs2CO3 (104 mg, 

3.2 equiv, 0.320 mmol), aryl iodide 345 (31.0 mg, 1.00 equiv, 0.100 mmol), O-benzoyl 

hydroxylamine 342 (41.4 mg, 2.0 equiv, 0.200 mmol), oxabicycle 296 (31.5 mg, 1.5 equiv, 

0.150 mmol), Pd(OAc)2 (2.3 mg, 10 mol%, 0.010 mmol), Cy3P·HBF4 (7.4 mg, 20 mol%, 

0.020 mmol) and PhMe (1.00 mL, 0.10 M). No product was obtained. 

Following the reagent order outlined in GP12 a reaction was set up with Cs2CO3 (97.7 mg, 

3.0 equiv, 0.300 mmol), aryl iodide 345 (31.0 mg, 1.00 equiv, 0.100 mmol), O-benzoyl 

hydroxylamine 342 (41.4 mg, 2.0 equiv, 0.200 mmol), oxabicycle 296 (31.5 mg, 1.5 equiv, 

0.150 mmol), Pd(OAc)2 (2.3 mg, 10 mol%, 0.010 mmol), (4-OMeC6H4)3P·HBF4 (8.8 mg, 

25 mol%, 0.025 mmol) and 1,2-dimethoxyethane (glyme) (1.00 mL, 0.10 M). No product was 

obtained. 
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7.2.13.9.1.2 Synthesis of methyl 4-hydroxy-4-phenylbut-2-ynoate 

A dry 25 mL round bottom flask was charged with methyl propiolate (320) (444 μL, 1.0 equiv, 

5.54 mmol). The round bottom flask was cooled to -78 °C and a solution of LiHMDS in THF 

(1 M, 5.5 mL, 1.0 equiv, 5.5 mmol) was added dropwise. The mixture was stirred for 1 h. Then 

benzaldehyde (561 μL, 1.1 equiv, 6.05 mmol) was added and the reaction mixture stirred for 

2 h at -78 °C. The reaction mixture was then left to warm to room temperature. Aq. dilute HCl-

solution was added, and the aq. phase extracted with EtOAc. No product could be obtained. 

 
343 
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7.3 HPLC Chromatograms 

7.3.1 Silylation 

Figure 31: HPLC Chromatogram of biaryl 292 (rac) CHIRALCEL® OD-H 250 ° 4.6 mm, 10 °C, 0.5 mL min-1, 
254 nm, n-heptane:i-PrOH 95:5 (v/v). 

Figure 32: HPLC Chromatogram of synthesis of biaryl 292 using (S)-BIDIME. CHIRALCEL® OD-H 250 ° 
4.6 mm, 10 °C, 0.5 mL min-1, 254 nm, n-heptane:i-PrOH 95:5 (v/v). 



Experimental 

352 

7.3.2 Chiral flavonoids via cyclic diaryl iodonium salt 

 

Figure 33: HPLC Chromatogram of biaryl 246 92%ee (Sa). Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL 
min-1, 225 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 10.0 min, tR(Ra) = 11.1 min. 

 

Figure 34: HPLC Chromatogram of biaryl 246 91%ee (Sa) Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL 
min-1, 225 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 10.0 min, tR(Ra) = 11.1 min. 
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Figure 35: HPLC Chromatogram of biaryl 246 94%ee (Ra). Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL 
min-1, 225 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 10.0 min, tR(Ra) = 11.1 min. 

 

Figure 36: HPLC Chromatogram of biaryl rac-238. Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 
225 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 10.0 min, tR(Ra) = 11.1 min. 
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Figure 37: HPLC Chromatogram of biaryl 239 98%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 10 °C, 
0.5 mL min-1, 222 nm, n-heptane:i-PrOH 99:1 (v/v) tR(Sa) = 6.5 min, tR(Ra) = 6.8 min. 

 

Figure 38: HPLC Chromatogram of biaryl 239 95%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 10 °C, 
0.5 mL min-1, 222 nm, n-heptane:i-PrOH 99:1 (v/v) tR(Sa) = 6.5 min, tR(Ra) = 6.8 min. 
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Figure 39: HPLC Chromatogram of biaryl 239 95%ee (Ra). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 10 °C, 
0.5 mL min-1, 222 nm, n-heptane:i-PrOH 99:1 (v/v) tR(Sa) = 6.5 min, tR(Ra) = 6.8 min. 

 

Figure 40: HPLC Chromatogram of biaryl rac-239. Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 10 °C, 
0.5 mL min-1, 222 nm, n-heptane:i-PrOH 99:1 (v/v) tR(Sa) = 6.5 min, tR(Ra) = 6.8 min. 
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Figure 41: HPLC Chromatogram of biaryl 246 92%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 
25 °C, 0.5 mL min-1, 205 nm, n-heptane:i-PrOH 80:20 (v/v) tR(Sa) = 12.4 min, tR(Ra) = 11.3 min. 

  

Figure 42: HPLC Chromatogram of biaryl 246 97%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 205 nm, n-heptane:i-PrOH 80:20 (v/v) tR(Sa) = 12.4 min, tR(Ra) = 11.3 min. 
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Figure 43: HPLC Chromatogram of biaryl 246 94%ee (Ra). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 205 nm, n-heptane:i-PrOH 80:20 (v/v) tR(Sa) = 12.4 min, tR(Ra) = 11.3 min. 

  

Figure 44: HPLC Chromatogram of biaryl rac-246. Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 205 nm, n-heptane:i-PrOH 80:20 (v/v) tR(Sa) = 12.4 min, tR(Ra) = 11.3 min. 
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Figure 45: HPLC Chromatogram of biaryl 249 92%ee (Sa). Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 208 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 8.9 min, tR(Ra) = 8.5 min. 

  

Figure 46: HPLC Chromatogram of biaryl 249 98%ee (Sa). Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 208 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 8.9 min, tR(Ra) = 8.5 min. 
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Figure 47: HPLC Chromatogram of biaryl 249 95%ee (Ra). Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 208 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 8.9 min, tR(Ra) = 8.5 min. 

 

Figure 48: HPLC Chromatogram of biaryl rac-249. Chiralpak® IC (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 
208 nm, n-heptane:i-PrOH 99.9:0.1 (v/v) tR(Sa) = 8.9 min, tR(Ra) = 8.5 min. 



Experimental 

360 

  

Figure 49: HPLC Chromatogram of biaryl 27 94%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 205 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 14.5 min, tR(Ra) = 53.1 min. 

 

Figure 50: HPLC Chromatogram of biaryl 27 >99%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 205 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 14.5 min, tR(Ra) = 53.1 min 
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Figure 51: HPLC Chromatogram of biaryl 27 94%ee (Ra). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 205 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 14.5 min, tR(Ra) = 53.1 min. 

  

Figure 52: HPLC Chromatogram of biaryl 27 >99%ee (Ra). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 205 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 14.5 min, tR(Ra) = 53.1 min. 
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Figure 53: HPLC Chromatogram of biaryl rac-27. Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL 
min-1, 205 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 14.5 min, tR(Ra) = 53.1 min. 

 

Figure 54: HPLC Chromatogram of biaryl 134 >99%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 274 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 7.5 min, tR(Ra) = 10.4 min 
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Figure 55: HPLC Chromatogram of biaryl 134 >99%ee (Ra). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 274 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 7.5 min, tR(Ra) = 10.4 min. 

Figure 56: HPLC Chromatogram of biaryl rac-134. Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 0.5 mL 
min-1, 274 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 7.5 min, tR(Ra) = 10.4 min. 
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Figure 57: HPLC Chromatogram of biaryl 169 >99%ee (Sa). CHIRALPAK® IA (Daciel) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 335 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 25.5 min, tR(Ra) = 40.9 min. 

 

Figure 58: HPLC Chromatogram of biaryl 169 >99%ee (Ra). CHIRALPAK® IA (Daciel) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 335 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 25.5 min, tR(Ra) = 40.9 min. 
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Figure 59: HPLC Chromatogram of biaryl rac-169. HPLC Chromatogram of biaryl 169 >99%ee (Ra). 
CHIRALPAK® IA (Daciel) 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 335 nm, n heptane:i PrOH 50:50 (v/v) tR(Sa) = 
25.5 min, tR(Ra) = 40.9 min. 

  

Figure 60: HPLC Chromatogram of biaryl 183 >99%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 331 nm, n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 18.0 min, tR(Ra) = 24.3 min. 
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Figure 61: HPLC Chromatogram of biaryl 183 >99%ee (Ra). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 331 nm, n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 18.0 min, tR(Ra) = 24.3 min. 

  

Figure 62: HPLC Chromatogram of biaryl rac-183. Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 331 nm, n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 18.0 min, tR(Ra) = 24.3 min. 
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Figure 63: HPLC Chromatogram of biaryl 181 >99%ee (Sa). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 331 nm, n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 9.53 min, tR(Ra) = 12.8 min. 

 

Figure 64: HPLC Chromatogram of biaryl 181 >99%ee (Ra). Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 331 nm, n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 9.53 min, tR(Ra) = 12.8 min. 
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Figure 65: HPLC Chromatogram of biaryl rac-181. Lux® Amylose-1 (Phenomenex) 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 331 nm, n-heptane:i-PrOH 50:50 (v/v) tR(Sa) = 9.53 min, tR(Ra) = 12.8 min. 

 

Figure 66: HPLC Chromatogram of bichalcone 166 >99%ee (Ra). Lux® Amylose-1 (Phenomenex) 2504.6 mm, 
25 °C, 0.5 mL min−1, 331 nm, n-heptane:i-propanol 50:50 (v/v): tR(Sa) = 14.7 min, tR(Ra) = 24.2 min. 
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Figure 67: HPLC Chromatogram of bichalcone 166 >99%ee (Sa). Lux® Amylose-1 (Phenomenex) 2504.6 mm, 
25 °C, 0.5 mL min−1, 331 nm, n-heptane:i-propanol 50:50 (v/v): tR(Sa) = 14.7 min, tR(Ra) = 24.2 min. 

 

Figure 68: HPLC Chromatogram of bichalcone rac-166. Lux® Amylose-1 (Phenomenex) 2504.6 mm, 25 °C, 
0.5 mL min−1, 331 nm, n-heptane:i-propanol 50:50 (v/v): tR(Sa) = 14.7 min, tR(Ra) = 24.2 min. 
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7.3.3 Indenes 

 

Figure 69: HPLC chromatogram of the enantiomeric excess of (−)-indene 314 using >20:1 d.r. chiral oxabicycle 
(S)-302 (no additional peaks in 1H NMR, oxabicycle is white crystalline solids). Chiralpak® AS-H 250 ° 4.6 mm, 
25 °C, 0.5 mL min-1, 254 nm, hexanes 100% tR(R) = 16 min, tR(S) = 25 min. Racemic standard in literature.[259a] 

 

Figure 70: HPLC chromatogram of the enantiomeric excess of (−)-indene 314 using >20:1 d.r. chiral oxabicycle 
(S)-302 (additional peaks in 1H NMR, oxabicycle is slightly yellow oil). Chiralpak® AS-H 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 254 nm, hexanes 100% tR(R) = 16 min, tR(S) = 25 min.  
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Figure 71: HPLC chromatogram of the enantiomeric excess of (−)-indene 314 using >20:1 d.r. chiral oxabicycle 
(R)-303 (additional peaks in 1H NMR, oxabicycle is slightly yellow oil). Chiralpak® AS-H 250 ° 4.6 mm, 25 °C, 
0.5 mL min-1, 254 nm, hexanes 100% tR(R) = 16 min, tR(S) = 25 min. 

 

Figure 72: HPLC chromatogram of the enantiomeric excess of (−)-indene 314 using TADDOL Ligand L3. 
Chiralpak® AS-H 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 254 nm, hexanes 100% tR(R) = 16 min, tR(S) = 25 min. 
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Figure 73: HPLC chromatogram of the enantiomeric excess of (−)-indene 314 using TADDOL L3 and chiral 
oxabicycle (S)-302. Chiralpak® AS-H 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 254 nm, hexanes 100% tR(R) = 16 min, 
tR(S) = 25 min. 

 

Figure 74: HPLC chromatogram of the enantiomeric excess of (+)-indene 314 using oxabicycle (S)-302 and PPh3 
(impurity at 18.9 min retention time). Chiralpak® AS-H 250 ° 4.6 mm, 25 °C, 0.5 mL min-1, 254 nm, hexanes 100% 
tR(R) = 16 min, tR(S) = 25 min. 
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7.3.4 Oxabicycles 
Enantioenriched oxabicycle mono acid (S,R) (a,b) could be obtained through a cooperation with 

Dr. Greg Hughes. To obtain a chiral standard for the HPLC to determine ee and d.r. of the 

resulting product, a combination of racemic mono acid and racemic α-methylbenzylamine was 

coupled. The reasoning was, that even if a diastereoselectivity for the coupling takes place, the 

integers of the d.r. should be 1:1. Thus the enantiomeric ratio of the acid can be determined. A 

partial separation using the AD-H column and IA column were observed.  

Table 38: Retention times of chiral oxabicycles 302 and 303. HPLC conditions: 0.5 mL/min, hexanes:iPrOH (9:1 
v/v), IA-CHIRALPAK®, 22 °C. 

Entry Oxabicycle a, b, c Retention time [min] 

1 (S)-302 (S) (R) (S) 17.6 

2 (R)-303 (S) (R) (R) 16.5 

3 (S)-303 (R) (S) (S) 24.4 

4 (R)-302 (R) (S) (R) 17.6 

Figure 75: rac-302:rac-303, d.r. 1.3:1 

Figure 76: (S)-302:(S)-303, d.r. 1.14:1. Minor impurities. 



Experimental 

374 

Figure 77: (S)-302:(S)-303 (d.r. 1:>20), major impurity at 18.1 min. 

Figure 78: (S)-302:(S)-303 (d.r. >20:1). Major impurities. 
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9 Appendix 

9.1 NMR-Spectra 

 

Figure 79: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1,3-dimethoxy-5-methylbenzene (123). 
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Figure 80: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 3-methoxy-5-methylphenol (124). 
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Figure 81: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-bromo-5-methoxy-3-methylphenol (128). 
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Figure 82: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-bromo-5-methoxy-1-(methoxymethoxy)-3-
methylbenzene (29). 
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Figure 83 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4'-dimethoxy-2,2'-bis(methoxymethoxy)-6,6'-
dimethyl-1,1'-biphenyl (28). 
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Figure 84: 1H- and 13C-NMR spectrum (600 / 151 MHz, CDCl3) of 3-methoxy-5-methylphenyl acetate (125). 
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Figure 85: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-bromo-5-methoxy-3-methylphenyl acetate 
(126). 
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Figure 86: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4-bromo-3-methoxy-5-methylphenol (129). 
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Figure 87: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 3,3',5,5'-tetra-tert-butyl-[1,1'-
bi(cyclohexylidene)]-2,2',5,5'-tetraene-4,4'-dione (30). 
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Figure 88: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-phenyl-4H-chromen-4-one (194) 

 

194 



Appendix 

409 

 

Figure 89: 1H-NMR spectrum (600 MHz, CDCl3) of 5-methoxy-7-methyl-2-(pyridin-2-yl)chroman-4-one (197). 

 

Figure 90: 1H-NMR spectrum (600 MHz, CDCl3) of 5-hydroxy-7-methyl-2-phenylchroman-4-one (196) 
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Figure 91: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(2,6-dihydroxy-4-methylphenyl)ethan-1-one 
(131) 
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Figure 92: 1H- and 13C-NMR spectra (600 / 151 MHz, DMSO-d6) of 1-(2,4,6-trihydroxyphenyl)ethan-1-one (132) 
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Figure 93: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(2-hydroxy-6-methoxy-4-methylphenyl)ethan-
1-one (133) 
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Figure 94: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(2-hydroxy-4,6-dimethoxyphenyl)ethan-1-one 
(47) 
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Figure 95: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-1-(2-hydroxy-6-methoxy-4-
methylphenyl)ethan-1-one (134) 
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Figure 96: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(2-hydroxy-4,6-dimethoxyphenyl)ethan-1-one 
(49) 
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Figure 97: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-1-(2-hydroxy-6-methoxy-4-methylphenyl)-
3-(4-methoxyphenyl)prop-2-en-1-one (135) 
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Figure 98: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-1-(2-hydroxy-6-methoxy-4-methylphenyl)-
3-phenylprop-2-en-1-one (136) 
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Figure 99: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(4-(dimethylamino)phenyl)-1-(2-hydroxy-
6-methoxy-4-methylphenyl)prop-2-en-1-one (137) 
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Figure 100: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-1-(2-hydroxy-6-methoxy-4-methylphenyl)-3-
(4-(trifluoromethyl)phenyl)prop-2-en-1-one (138) 
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Figure 101: 19F-NMR spectrum (282 MHz, CDCl3) of (E)-1-(2-hydroxy-6-methoxy-4-methylphenyl)-3-(4-
(trifluoromethyl)phenyl)prop-2-en-1-one (138) 
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Figure 102: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(4-bromophenyl)-1-(2-hydroxy-6-
methoxy-4-methylphenyl)prop-2-en-1-one (139) 
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Figure 103: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(3-bromophenyl)-1-(2-hydroxy-6-
methoxy-4-methylphenyl)prop-2-en-1-one (140) 
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Figure 104: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(2-bromophenyl)-1-(2-hydroxy-6-
methoxy-4-methylphenyl)prop-2-en-1-one (141) 
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Figure 105: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(4-
methoxyphenyl)prop-2-en-1-one (142) 
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Figure 106: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-
phenylprop-2-en-1-one (143) 
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Figure 107: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(4-(dimethylamino)phenyl)-1-(2-hydroxy-
4,6-dimethoxyphenyl)prop-2-en-1-one (144) 
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Figure 108: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(4-
(trifluoromethyl)phenyl)prop-2-en-1-one (145) 
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Figure 109: 19F-NMR spectrum (282 MHz, CDCl3) of (E)-1-(2-hydroxy-4,6-dimethoxyphenyl)-3-(4-
(trifluoromethyl)phenyl)prop-2-en-1-one (145) 
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Figure 110: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(4-bromophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (146) 
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Figure 111: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(3-bromophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (147) 
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Figure 112: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-3-(2-bromophenyl)-1-(2-hydroxy-4,6-
dimethoxyphenyl)prop-2-en-1-one (148) 
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Figure 113: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (E)-1-(2-hydroxy-6-methoxy-4-methylphenyl)-
3-(pyridin-2-yl)prop-2-en-1-one (149) 
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Figure 114: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 5-methoxy-2-(4-methoxyphenyl)-7-methyl-4H-
chromen-4-one (150) 
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Figure 115: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 5-methoxy-7-methyl-2-phenyl-4H-chromen-4-
one (151) 
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Figure 116: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(4-(dimethylamino)phenyl)-5-methoxy-7-
methyl-4H-chromen-4-one (152) 
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Figure 117: 1H-, 13C-spectra (600 / 151 MHz, CDCl3) of 5-methoxy-7-methyl-2-(4-(trifluoromethyl)phenyl)-4H-
chromen-4-one (153) 
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Figure 118: 19F-NMR spectrum (282 MHz, CDCl3) of 5-methoxy-7-methyl-2-(4-(trifluoromethyl)phenyl)-4H-
chromen-4-one (153) 
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Figure 119: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(4-bromophenyl)-5-methoxy-7-methyl-4H-
chromen-4-one (154) 
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Figure 120: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(3-bromophenyl)-5-methoxy-7-methyl-4H-
chromen-4-one (155) 
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Figure 121: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(2-bromophenyl)-5-methoxy-7-methyl-4H-
chromen-4-one (156) 
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Figure 122: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 5,7-dimethoxy-2-(4-methoxyphenyl)-4H-
chromen-4-one (157) 
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Figure 123: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 5,7-dimethoxy-2-phenyl-4H-chromen-4-one 
(158) 
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Figure 124: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(4-(dimethylamino)phenyl)-5,7-dimethoxy-
4H-chromen-4-one (159) 
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Figure 125: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 5,7-dimethoxy-2-(4-(trifluoromethyl)phenyl)-4H-
chromen-4-one (160) 
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Figure 126: 19F-NMR spectrum (282 MHz, CDCl3) of 5,7-dimethoxy-2-(4-(trifluoromethyl)phenyl)-4H-chromen-
4-one (160) 
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Figure 127: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(4-bromophenyl)-5,7-dimethoxy-4H-
chromen-4-one (161) 
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Figure 128: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(3-bromophenyl)-5,7-dimethoxy-4H-
chromen-4-one (162) 
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Figure 129: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(2-bromophenyl)-5,7-dimethoxy-4H-
chromen-4-one (163) 
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Figure 130: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-
dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-methoxyphenyl)prop-2-en-1-one) (165) 
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Figure 131: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-
dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one) (166) 
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Figure 132: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-
dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-(dimethylamino)phenyl)prop-2-en-1-one) (167) 
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Figure 133: 1H-, 13C-spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-6,6'-
dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one) (168) 
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Figure 134: 19F-NMR spectra (282 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-dimethoxy-6,6'-
dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one) (168) 
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Figure 135: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-
dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-bromophenyl)prop-2-en-1-one) (169) 
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Figure 136: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-
dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-(3-bromophenyl)prop-2-en-1-one) (170) 
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Figure 137: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4'-
dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-3,3'-diyl)bis(3-(2-bromophenyl)prop-2-en-1-one) (171) 
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Figure 138: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-
tetramethoxy-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-methoxyphenyl)prop-2-en-1-one) (172) 
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Figure 139: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-
tetramethoxy-[1,1'-biphenyl]-3,3'-diyl)bis(3-phenylprop-2-en-1-one) (173) 
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Figure 140: 1H- spectrum (600 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(4-(dimethylamino)phenyl)prop-2-en-1-one) (174) 
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Figure 141: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-
tetramethoxy-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one) (175) 
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Figure 142: 19F-NMR spectrum (282 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-tetramethoxy-
[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-(trifluoromethyl)phenyl)prop-2-en-1-one) (175) 
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Figure 143: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-
tetramethoxy-[1,1'-biphenyl]-3,3'-diyl)bis(3-(4-bromophenyl)prop-2-en-1-one) (176) 
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Figure 144: 1H-NMR spectrum (600 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-tetramethoxy-
[1,1'-biphenyl]-3,3'-diyl)bis(3-(3-bromophenyl)prop-2-en-1-one) (177) 

 

Figure 145: 1H-spectrum (600 MHz, CDCl3) of rac-(2E,2'E)-1,1'-(2,2'-dihydroxy-4,4',6,6'-tetramethoxy-[1,1'-
biphenyl]-3,3'-diyl)bis(3-(2-bromophenyl)prop-2-en-1-one) (178) 
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Figure 146: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-2,2'-bis(4-methoxyphenyl)-
7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (179) 
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Figure 147: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-7,7'-dimethyl-2,2'-diphenyl-
4H,4'H-[8,8'-bichromene]-4,4'-dione (180) 
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Figure 148: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-(dimethylamino)phenyl)-5,5'-
dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (181) 
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Figure 149: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-7,7'-dimethyl-2,2'-bis(4-
(trifluoromethyl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (182) 
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Figure 150: 19F-NMR spectrum (282 MHz, CDCl3) of rac-5,5'-dimethoxy-7,7'-dimethyl-2,2'-bis(4-
(trifluoromethyl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (182) 
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Figure 151: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-bromophenyl)-5,5'-dimethoxy-
7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (183) 
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Figure 152: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(3-bromophenyl)-5,5'-dimethoxy-
7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (184) 
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Figure 153: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(2-bromophenyl)-5,5'-dimethoxy-
7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (185) 
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Figure 154: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5',7,7'-tetramethoxy-2,2'-bis(4-
methoxyphenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (186) 
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Figure 155: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5',7,7'-tetramethoxy-2,2'-diphenyl-
4H,4'H-[8,8'-bichromene]-4,4'-dione (187) 
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Figure 156: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-(dimethylamino)phenyl)-5,5',7,7'-
tetramethoxy-4H,4'H-[8,8'-bichromene]-4,4'-dione (188) 
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Figure 157: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5',7,7'-tetramethoxy-2,2'-bis(4-
(trifluoromethyl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (189) 
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Figure 158: 19F-NMR spectrum (282 MHz, CDCl3) of rac-5,5',7,7'-tetramethoxy-2,2'-bis(4-
(trifluoromethyl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (189) 
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Figure 159: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-bromophenyl)-5,5',7,7'-
tetramethoxy-4H,4'H-[8,8'-bichromene]-4,4'-dione (190) 
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Figure 160: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(2-bromophenyl)-5,5',7,7'-
tetramethoxy-4H,4'H-[8,8'-bichromene]-4,4'-dione (192) 
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Figure 161: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(3-chloro-2-hydroxy-6-methoxy-4-
methylphenyl)ethan-1-one (199) 
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Figure 162: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(3-chloro-6-hydroxy-2-methoxy-4-
methylphenyl)ethan-1-one (198) 
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Figure 163: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(3-chloro-2-hydroxy-4,6-
dimethoxyphenyl)ethan-1-one (200) 
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Figure 164: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(3-chloro-6-hydroxy-2,4-
dimethoxyphenyl)ethan-1-one (48) 
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Figure 165: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(3,5-dichloro-2-hydroxy-6-methoxy-4-
methylphenyl)ethan-1-one (201) 
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Figure 166: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-(dimethylamino)phenyl)-5,5'-
dihydroxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (204) 
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Figure 167: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 5-methoxy-7-methyl-2-(4-
morpholinophenyl)-4H-chromen-4-one (210). 
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Figure 168: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(4-(benzylamino)phenyl)-5-methoxy-7-
methyl-4H-chromen-4-one (211) 
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Figure 169: 1H- and 13C-NMR spectrum (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-(dimethylamino)phenyl)-5,5'-
dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (181) 
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Figure 170: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-(diethylamino)phenyl)-5,5'-
dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (212). 
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Figure 171: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-7,7'-dimethyl-2,2'-bis(4-
(pyrrolidin-1-yl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (213). 
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Figure 172: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-7,7'-dimethyl-2,2'-bis(4-
morpholinophenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (214). 
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Figure 173: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-7,7'-dimethyl-2,2'-bis(4-
(piperidin-1-yl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (215). 
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Figure 174: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-(azetidin-1-yl)phenyl)-5,5'-
dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (216). 
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Figure 175: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-7,7'-dimethyl-2,2'-bis(4-
(methylamino)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (217). 
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Figure 176: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-2,2'-bis(4-(benzylamino)phenyl)-5,5'-
dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (218). 
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Figure 177: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of rac-5,5'-dimethoxy-2-(4-methoxyphenyl)-
7,7'-dimethyl-2'-(4-(methylamino)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (219). 
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Figure 178: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(4-methoxy-2-methylphenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (222). 
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Figure 179: 11B-NMR spectra (96 MHz, CDCl3) of 2-(4-methoxy-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (222). 
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Figure 180: 1H-, 13C-NMR spectra (600 / 151 / 96 / 282 MHz, CDCl3) of 4,4,5,5-tetramethyl-2-(2-
(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (257). 
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Figure 181: 11B and 19F-NMR spectra (96 / 282 MHz, CDCl3) of 4,4,5,5-tetramethyl-2-(2-
(trifluoromethyl)phenyl)-1,3,2-dioxaborolane (257). 
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Figure 182: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4,5,5-tetramethyl-2-(o-tolyl)-1,3,2-dioxaborolane 
(256). 
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Figure 183: 11B-NMR spectra (96 MHz, CDCl3) of 4,4,5,5-tetramethyl-2-(o-tolyl)-1,3,2-dioxaborolane (256). 
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Figure 184: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (258). 
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Figure 185: 11B and 19F-NMR spectra (96 / 282 MHz, CDCl3) of 2-(2-fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (258). 
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Figure 186: 1H-, 13C- and 11B-NMR spectra (600 / 151 MHz, CDCl3) of 2-(2-methoxyphenyl)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane (259). 
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Figure 187: 11B-NMR spectra (96 MHz, CDCl3) of 2-(2-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 
(259). 
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Figure 188: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (260). 
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Figure 189: 11B-NMR spectrum (96 MHz, CDCl3) of 2-(4-methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (260). 
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Figure 190: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane 
(261). 
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Figure 191: 11B-NMR spectra (96 MHz, CDCl3) of 4,4,5,5-tetramethyl-2-phenyl-1,3,2-dioxaborolane (261). 
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Figure 192: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4'-dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-
2-amine (235). 
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Figure 193: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2',6-dimethyl-[1,1'-biphenyl]-2-amine (241). 

241 
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Figure 194: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2',6-dimethyl-[1,1'-biphenyl]-2-aminium 
chloride (241·HCl). 
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Figure 195: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2'-fluoro-6-methyl-[1,1'-biphenyl]-2-amine (276). 
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Figure 196: 19F-NMR spectra (282 MHz, CDCl3) of 2'-fluoro-6-methyl-[1,1'-biphenyl]-2-amine (276). 
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Figure 197: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2'-methoxy-6-methyl-[1,1'-biphenyl]-2-amine 
(277). 
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Figure 198: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4'-methoxy-2',6-dimethyl-[1,1'-biphenyl]-2-
amine (278). 
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Figure 199: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4'-methoxy-6-methyl-[1,1'-biphenyl]-2-amine 
(279). 
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Figure 200: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 6-methyl-[1,1'-biphenyl]-2-amine (280). 
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Figure 201: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 6-methyl-[1,1'-biphenyl]-2-amine (280). 
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Figure 202: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4'-dimethoxy-2,2'-dimethyl-1,1'-biphenyl 
(229). 
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Figure 203: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-iodo-4,4'-dimethoxy-2',6-dimethyl-1,1'-
biphenyl (231). 
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Figure 204: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-iodo-2',6-dimethyl-1,1'-biphenyl (236). 
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Figure 205: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2',6-dimethyl-[1,1'-biphenyl]-2-diazonium salt 
(236-N2+) 
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Figure 206: 1H-, 13C-spectra (600 / 151 MHz, CDCl3) of 2'-fluoro-2-iodo-6-methyl-1,1'-biphenyl (281). 
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Figure 207: 19F-NMR spectra (282 MHz, CDCl3) of 2'-fluoro-2-iodo-6-methyl-1,1'-biphenyl (281). 
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Figure 208: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-iodo-2'-methoxy-6-methyl-1,1'-biphenyl (282). 
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Figure 209: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-iodo-4'-methoxy-6-methyl-1,1'-biphenyl (283). 
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Figure 210: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4'-dimethoxy-2-(methoxymethoxy)-2',6-
dimethyl-1,1'-biphenyl (225). 
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Figure 211: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4'-dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-
2-ol (228). 
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Figure 212: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of 3-methoxy-5-methylphenyl 
trifluoromethanesulfonate (232). 
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Figure 213: 19F-NMR spectra (282 MHz, CDCl3) of 3-methoxy-5-methylphenyl trifluoromethanesulfonate (232). 

Figure 214: 1H-NMR spectrum (600 MHz, CDCl3) of N-(3-methoxy-5-methylphenyl)-1,1-diphenylmethanimine 
(233). 

232 

233 



Appendix 

532 

 

Figure 215: 1H-, 13C-spectra (600 / 151 MHz, CDCl3) of 4,4'-dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl 
trifluoromethanesulfonate (230). 
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Figure 216: 19F-NMR spectrum (282 MHz, CDCl3) of 4,4'-dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl 
trifluoromethanesulfonate (230). 
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Figure 217: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of N-benzyl-4,4'-dimethoxy-2',6-dimethyl-[1,1'-
biphenyl]-2-amine (235). 
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Figure 218: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of of (3aS,3a'S,8aR,8a'R)-2,2'-(propane-2,2-
diyl)bis(3a,8a-dihydro-8H-indeno[1,2-d]oxazole) ((S,S)-L1). 

(S,S)-L1 



Appendix 

536 

 

Figure 219: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-((3aS,8aR)-3a,8a-dihydro-8H-indeno[1,2-
d]oxazol-2-yl)-2-methylpropanenitrile (244). 
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Figure 220: 1H-, 13C-spectra (600 / 151 MHz, CDCl3) of 1,9-dimethyldibenzo[b,d]iodol-5-ium 

trifluoromethanesulfonate (237). 
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Figure 221: 19F-NMR spectrum (282 MHz, CDCl3) of 1,9-dimethyldibenzo[b,d]iodol-5-ium 

trifluoromethanesulfonate (237). 

Figure 222: 1H-NMR spectrum (600 MHz, CDCl3) of 1,9-dimethyldibenzo[b,d]iodol-5-ium 3-chlorobenzoate 
(369). 
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Figure 223: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2,2'-diiodo-6,6'-dimethyl-1,1'-biphenyl (238). 
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Figure 224: 1H-, 13C- and 11B-NMR spectra (600 / 151 / 96 MHz, CDCl3) of 2,2'-(2,2'-diiodo-6,6'-dimethyl-[1,1'-
biphenyl]-4,4'-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (239). 
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Figure 225: 11B-NMR spectra (96 MHz, CDCl3) of 2,2'-(2,2'-diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4,4'-
diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (239). 
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Figure 226: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2,2'-diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4,4'-
diol (246). 
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Figure 227: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2,2'-diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4-ol 
(248). 
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Figure 228: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2,2'-diiodo-4,4'-dimethoxy-6,6'-dimethyl-1,1'-
biphenyl (249). 
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Figure 229: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 4,4'-dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-
2,2'-diol (27). 
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Figure 230: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2-butyl-2',6-dimethyl-1,1'-biphenyl-6'-d (251). 
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Figure 231: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 6,6'-dimethyl-[1,1'-biphenyl]-2,2'-diol (253). 
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Figure 232: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1,4-dioxa-8-azaspiro[4.5]decan-8-yl benzoate 
(262). 
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Figure 233: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (±)-8-(4,4'-Dimethoxy-2',6-dimethyl-[1,1'-
biphenyl]-2-yl)-1,4-dioxa-8-azaspiro[4.5]decan (263). 

 

263 



Appendix 

550 

Figure 234: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 8-(3-methoxy-5-methylphenyl)-1,4-dioxa-8-
azaspiro[4.5]decane (347). 
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Figure 235: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 8-(4-methoxy-2-methylphenyl)-1,4-dioxa-8-
azaspiro[4.5]decane (348). 
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Figure 236: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (±)-8-(4'-Methoxy-2',6-dimethyl-[1,1'-
biphenyl]-2-yl)-1,4-dioxa-8-azaspiro[4.5]decan (264). 
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Figure 237: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 8-(2',6-dimethyl-[1,1'-biphenyl]-2-yl)-1,4-
dioxa-8-azaspiro[4.5]decane (265). 
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Figure 238: 1H-NMR spectrum (600 MHz, CDCl3) of 8-(m-tolyl)-1,4-dioxa-8-azaspiro[4.5]decane (268). 

 

268 



Appendix 

555 

Figure 239: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of (±)-8-(3-(trifluoromethyl)-2-(3-(2-
(trifluoromethyl)phenyl)bicyclo[2.2.1]heptan-2-yl)phenyl)-1,4-dioxa-8-azaspiro[4.5]decane (267). 
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Figure 240: 19F-NMR spectra (282 MHz, CDCl3) of (±)-8-(3-(trifluoromethyl)-2-(3-(2-
(trifluoromethyl)phenyl)bicyclo[2.2.1]heptan-2-yl)phenyl)-1,4-dioxa-8-azaspiro[4.5]decane (267). 
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Figure 241: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of Pd complex 205. 
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Figure 242: 1H-NMR spectrum (400 MHz, CDCl3) of N-methyl-[1,1'-biphenyl]-2-amine (207). 
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Figure 243: 1H- and 31P-NMR spectra (300 / 122 MHz, CDCl3) of Pd complex 284. 
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Figure 244: 1H- and 31P-NMR spectra (300 / 122 MHz, CDCl3) of Pd complex 286. 
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Figure 245: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of Pd complex 287. 
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Figure 246: 31P-NMR spectra (121 MHz, CDCl3) of Pd complex 287. 
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Figure 247: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2,2'-bis(trimethylsilyl)-1,1'-biphenyl (93). 
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Figure 248: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (4-methoxy-6'-methyl-[1,1'-biphenyl]-2,2'-
diyl)bis(trimethylsilane) (292). 
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Figure 249: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (6-methyl-[1,1'-biphenyl]-2,2'-
diyl)bis(trimethylsilane) (274). 
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Figure 250: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-(2-iodophenyl)ethan-1-one (295). 
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Figure 251: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-iodo-2-(prop-1-en-2-yl)benzene (293). 
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Figure 252: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of dimethyl (1R,4S)-7-oxabicyclo[2.2.1]hepta-
2,5-diene-2,3-dicarboxylate (296). 
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Figure 253: 1H-NMR spectrum (300 MHz, CDCl3) of dimethyl (1R,4S)-1,4-dimethyl-7-oxabicyclo[2.2.1]hepta-
2,5-diene-2,3-dicarboxylate (299). 

 

Figure 254: 1H-NMR spectrum (400 MHz, CDCl3) of (1S,4R)-3-(methoxycarbonyl)-7-oxabicyclo[2.2.1]hepta-
2,5-diene-2-carboxylic acid (301). 
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Figure 255: 1H-NMR spectrum (300 MHz, CDCl3) of methyl 4-oxopent-2-ynoate (325) (2:1 mixture with side 
product 326). 
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Figure 256 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of methyl 4-acetoxypent-4-en-2-ynoate (326). 
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Figure 257: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of methyl (1S,4R)-3-acetyl-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (321). 
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Figure 258: 1H-NMR spectrum (600 MHz, CDCl3) of methyl (1S,4R)-3-bromo-7-oxabicyclo[2.2.1]hepta-2,5-
diene-2-carboxylate (329). 
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Figure 259: 1H-NMR spectrum (400 MHz, CDCl3) of methyl (1S,4R)-3-(((S)-1-phenylethyl)carbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (302). 

Figure 260: 1H-NMR spectrum (400 MHz, CDCl3) of methyl (1S,4R)-3-(((R)-1-phenylethyl)carbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (303). 
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Figure 261: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of methyl (1R,4S)-3-(benzhydrylcarbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (307). 
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Figure 262: 1H-NMR spectrum (400 MHz, CDCl3) of methyl (1R,4S)-3-(benzylcarbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (308). 
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Figure 263: 1H-NMR spectrum (400 MHz, CDCl3) of methyl (1R,4S)-3-(benzylcarbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (311). 
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Figure 264: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of methyl (1R,4S)-3-(((3R,5R,7R)-adamantan-1-
yl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (312). 
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Figure 265: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (1S,4R)-3-(benzhydrylcarbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (351). 
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Figure 266: 1H-NMR spectrum (300 MHz, CDCl3) of 1-(4-methoxybenzyl)-1-methyl-1H-indene (314). 

Figure 267: 1H-NMR spectrum (300 MHz, CDCl3) of 1-methyl-1-(3-phenylprop-2-yn-1-yl)-1H-indene (316). 
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Figure 268: 1H-NMR spectrum (400 MHz, CDCl3) of dimethyl (4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-
dicarboxylate (318). 

Figure 269: 1H-NMR spectrum (400 MHz, CDCl3) of ((4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-
diyl)bis(diphenylmethanol) (319). 
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Figure 270: 1H- and 31P-NMR spectra (300 / 121 MHz, CDCl3) of 1-((3aS,8aS)-2,2-dimethyl-4,4,8,8-
tetraphenyltetrahydro-[1,3]dioxolo[4,5-e][1,3,2]dioxaphosphepin-6-yl)piperidine L3. 
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Figure 271: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of dimethyl (1S,4R,4aS,9R,9aR)-9-(4-
methoxybenzyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate 333. 
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Figure 272: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of dimethyl (1S,4R,4aS,9R,9aR)-9-methyl-9-(4-
(trifluoromethyl)benzyl)-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (334). 
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Figure 273: 19F-NMR spectrum (282 MHz, CDCl3) of dimethyl (1S,4R,4aS,9R,9aR)-9-methyl-9-(4-
(trifluoromethyl)benzyl)-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (334). 
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Figure 274: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of dimethyl (1S,4R,4aS,9R,9aR)-9-methyl-9-(2-
methylbenzyl)-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (336). 
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Figure 275: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of methyl (1S,4R,4aS,9R,9aR)-9-
(dibenzo[b,d]furan-4-ylmethyl)-3-(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-
carboxylate (338). 
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Figure 276: 2D-COSY -NMR spectrum (600 MHz) of methyl (1S,4R,4aS,9R,9aR)-9-(dibenzo[b,d]furan-4-
ylmethyl)-3-(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylate (338). 

Figure 277: 2D-HSQC-NMR spectrum (600 /151 MHz) of methyl (1S,4R,4aS,9R,9aR)-9-(dibenzo[b,d]furan-4-
ylmethyl)-3-(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylate (338). 
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Figure 278: 2D-HMBC-NMR spectrum (600 /151 MHz) of methyl (1S,4R,4aS,9R,9aR)-9-(dibenzo[b,d]furan-4-
ylmethyl)-3-(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylate (338). 

Figure 279: 1H-NMR spectrum (300 MHz, CDCl3) of methyl (1S,4R,4aS,9R,9aR)-3-(benzhydrylcarbamoyl)-9-
(dibenzo[b,d]furan-4-ylmethyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylate (339). 
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Figure 280: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of (1S,4R,4aS,9R,9aR)-9-(dibenzo[b,d]furan-4-
ylmethyl)-3-(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylic acid (353). 
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Figure 281: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 2'-iodo-6'-methyl-[1,1'-biphenyl]-4-ol (345). 
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Figure 282: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 1-iodo-4-methoxy-2-methylbenzene (354). 
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Figure 283: 1H-, 13C-NMR spectra (600 / 151 MHz, CDCl3) of tris(3,5-bis(trifluoromethyl)phenyl)phosphane 
(352). 
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Figure 284: 19F- and 31P-NMR spectra (282 / 122 MHz, CDCl3) of tris(3,5-bis(trifluoromethyl)phenyl)phosphane 
(352). 
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Figure 285: 1H- and 13C-NMR spectra (600 / 151 MHz, CDCl3) of 5,5'-dibromo-4,4'-dimethoxy-6,6'-dimethyl-
[1,1'-biphenyl]-2,2'-diol (355). 
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9.2 DFT Geometries and energies 
Gibbs* is sum of Final single point energy and G-E(el) 

9.2.1 Pd-cycle 
(TPSS-D4) 

TPSS D4 wB97M-V Imaginary 
fequency 

Pd-complex-iPr3P def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

GS -2739.63086 0.68532569 -2740.31618 -2740.44895 -2741.13427

TS -2739.62556 0.68603763 -2740.31159 -2740.43998 -2741.12602 69.10i 

Atoms 

95 GS TS 

C -0.00810905 -4.42268145 3.60607866 1.58964441 -3.80119314 3.97628548 

C -0.3414634 -3.00326981 4.01904359 0.76170174 -2.53130394 4.02126617 

C 0.03465657 -2.58387868 5.31252485 0.85616522 -1.85045331 5.2558514 

C -0.07576328 -1.24992187 5.71687036 0.16748698 -0.67052185 5.53043553 

C -0.54880001 -0.28271444 4.81427517 -0.70817873 -0.17631432 4.56014328 

C -0.95079635 -0.67282329 3.53468031 -0.85610067 -0.83701369 3.33535625 

C -0.90214519 -2.03617756 3.14363706 -0.07582118 -1.9916637 2.99012264 

C -1.33148548 -2.21300478 1.74387954 -0.32303448 -2.3737226 1.55553341 

C -1.98341539 -3.34089589 1.18286619 0.13008152 -3.45910751 0.73594865 

C -2.59671351 -4.44660196 2.0196328 1.1461782 -4.52749707 1.09013655 

C -2.19862153 -3.372823 -0.21276058 -0.38354713 -3.59227217 -0.57357256 

C -1.83352751 -2.29826261 -1.02314191 -1.31313642 -2.71026137 -1.12121087 

C -1.35281045 -1.11206068 -0.43399994 -1.70746405 -1.60874757 -0.35732381 

C -1.14595024 -1.02941211 0.94953385 -1.20392858 -1.42404925 0.93537964 

Pd -1.56690859 0.61627268 2.10429721 -2.01155517 0.08370422 1.98105393 

H 0.95103865 -4.7279234 4.06010043 2.02153904 -3.98393186 4.97364891 

H 0.08588749 -4.51462962 2.5123522 2.42918553 -3.74050085 3.26676304 

H -0.76727558 -5.15422453 3.93875049 0.98866152 -4.68436578 3.71436405 

H 0.46046395 -3.32399641 6.00148591 1.50964141 -2.27825902 6.02494972 

H 0.22850291 -0.95857396 6.7286673 0.28670161 -0.16473429 6.49539021 

H -0.62116484 0.76544247 5.12858205 -1.28973651 0.72749062 4.76985208 

H -2.65248537 -4.16820125 3.08343093 0.79511357 -5.20899136 1.88042042 

H -2.04145138 -5.39933243 1.94721533 2.10656652 -4.10042445 1.41415603 

H -3.62473788 -4.64496181 1.66588621 1.34706093 -5.14298808 0.19821136 

H -2.68083721 -4.25379268 -0.65483416 -0.02816676 -4.43563626 -1.17681807 

H -1.97221593 -2.35412067 -2.10972438 -1.69755036 -2.86253913 -2.1362012 

H -1.15836268 -0.25190453 -1.07987638 -2.40565782 -0.88098243 -0.78308669 

P -1.73652509 2.17683594 0.38774572 -2.22139875 1.69441425 0.24812689 

P -3.52694256 1.00038642 3.3394641 -3.72483964 0.86808171 3.42588971 

C -4.85744815 0.13956766 2.39669836 -5.29039747 0.74026851 2.4685825 

C -3.63468226 0.0737766 4.92584221 -4.08138086 -0.26703755 4.83756942 

C -4.14657487 2.68273415 3.72723073 -3.71230557 2.53783569 4.1787421 
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C -0.41182218 2.10772009 -0.88940769 -0.87107011 1.61311435 -1.00908179 

C -1.47363336 3.83023284 1.13512334 -1.86793031 3.32383092 1.02663307 

C -3.32281408 2.20591497 -0.5140313 -3.74846084 1.91298311 -0.74055406 

C -4.57854175 -0.43540422 1.1450853 -5.28616398 -0.1315522 1.36219355 

C -6.12718072 -0.05871999 2.97952145 -6.48411213 1.38749399 2.83523811 

C -7.11062888 -0.78407951 2.29701424 -7.65070474 1.18067949 2.08739475 

H -6.33433059 0.32896747 3.98271498 -6.5030655 2.05181371 3.70556459 

C -6.82880268 -1.34117219 1.03912387 -7.63840474 0.31307844 0.9847905 

H -8.09353952 -0.9339716 2.75698444 -8.57658247 1.69176077 2.37287278 

C -3.50120778 1.44735014 -1.68844905 -3.96139819 1.10450717 -1.87760666 

C -4.45355789 2.75341324 0.12570046 -4.81142723 2.71127285 -0.27321006 

C -5.73370183 2.55281026 -0.40167416 -6.04722359 2.71294284 -0.92892701 

C -4.78592388 1.24417883 -2.20864411 -5.19998655 1.10502679 -2.53091902 

C -5.90515295 1.79224434 -1.56673589 -6.24721526 1.90915477 -2.0598614 

H -4.91121084 0.6436647 -3.1161272 -5.34427202 0.47362023 -3.41430254 

H -6.90876219 1.61870149 -1.96859424 -7.21650308 1.90562507 -2.56920114 

H -2.63923292 0.99605896 -2.18804508 -3.1500874 0.47695251 -2.26076613 

H -4.33418693 3.31456748 1.05673276 -4.66973029 3.33570408 0.61212363 

H -6.60209279 2.97563292 0.11399684 -6.86010828 3.33839146 -0.54668028 

C -0.51178649 2.76924726 -2.12783428 -0.95517999 2.26404944 -2.25483561 

C 0.74887365 1.37155475 -0.58448186 0.31370505 0.93850824 -0.66014223 

C 1.78956321 1.27944684 -1.51654451 1.39247517 0.89869399 -1.55204293 

C 0.52822008 2.66685858 -3.06140851 0.12360754 2.2158707 -3.14770818 

C 1.6771155 1.9195692 -2.75869574 1.29713967 1.53019691 -2.79980806 

H 2.68007892 0.68793734 -1.27853313 2.3047218 0.36087261 -1.27310092 

H 2.48308701 1.83215669 -3.49546288 2.13674256 1.48915567 -3.50233019 

H 0.79948599 0.83333361 0.36987562 0.37417879 0.42926115 0.30744235 

H -1.40871157 3.34989257 -2.36864422 -1.86628353 2.80398713 -2.5328947 

H 0.44050403 3.16806252 -4.03131013 0.04747505 2.71649821 -4.11910366 

C -0.53134204 3.85981883 2.18316343 -1.14120678 3.30299146 2.23312678 

C -2.09874126 5.0199695 0.72928205 -2.19838631 4.55833149 0.43931741 

C -1.79527093 6.22372222 1.38115026 -1.82749917 5.7543363 1.06801641 

C -0.21246805 5.06570773 2.81492093 -0.75729434 4.49821552 2.84995844 

C -0.85184861 6.25000782 2.4182628 -1.10721844 5.72601069 2.271709 

H -2.82509727 5.00643557 -0.08963165 -2.74280871 4.58593638 -0.51044716 

H -0.05638622 2.92072141 2.49987449 -0.87816273 2.33553124 2.68165469 

H 0.5273825 5.07884768 3.62251884 -0.19566884 4.46799458 3.7887758 

H -0.61325983 7.194753 2.9180466 -0.81691106 6.66344917 2.75802108 

H -2.29351111 7.14811664 1.07091017 -2.09248991 6.71340117 0.60981733 

C -3.63949211 -1.33511567 4.83474299 -3.64957171 -1.60240186 4.73348349 

C -3.55646367 0.68304213 6.18756745 -4.82917208 0.13214521 5.96195998 

C -3.47215077 -0.10758172 7.34481726 -5.1144119 -0.78751465 6.97993044 

C -3.45848745 -1.50460175 7.24816116 -4.66844313 -2.11370937 6.87747744 

C -3.54853915 -2.11686593 5.9883134 -3.94276823 -2.52045599 5.74925804 

H -3.69311 -1.81723158 3.85395182 -3.06602697 -1.90933832 3.85931348 

H -3.37883232 -2.11830825 8.15194968 -4.88776315 -2.82913658 7.67759888 

H -3.53476867 -3.20847083 5.90213518 -3.59115596 -3.55384141 5.66154388 
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H -3.5550533 1.77462159 6.27215041 -5.18409978 1.16437103 6.04828429 

H -3.41219595 0.37423595 8.32676621 -5.68844648 -0.46688264 7.85610972 

C -5.44041156 3.15540563 3.43963582 -4.20018141 3.6555912 3.47309041 

C -3.19095559 3.5736261 4.25706586 -3.01544847 2.75364124 5.38665163 

C -3.52553938 4.90699274 4.51489735 -2.82420497 4.0515731 5.87647565 

C -5.76815869 4.49641745 3.68200901 -4.01123827 4.95120753 3.96551742 

C -4.81534919 5.37279334 4.22135483 -3.32197463 5.15476791 5.16912133 

H -6.77515532 4.85818278 3.44736314 -4.39701081 5.80538484 3.40011193 

H -5.07516854 6.42043161 4.40533372 -3.16942606 6.16906462 5.5524258 

H -6.18489082 2.48050908 3.00757823 -4.73354324 3.50880955 2.53098039 

H -2.17241443 3.21711069 4.44549066 -2.62804357 1.90086223 5.95368537 

H -2.77050446 5.58631497 4.92256231 -2.28457595 4.19851047 6.81831349 

C -5.56022849 -1.17329212 0.47007543 -6.45601126 -0.34888618 0.62699751 

H -7.59549117 -1.92210036 0.51440212 -8.55306167 0.15320032 0.40384885 

H -3.58105872 -0.33106554 0.70980416 -4.35048532 -0.63414765 1.08182354 

H -5.31848973 -1.62385679 -0.49738965 -6.43824214 -1.02475945 -0.23353567 

(B97-3c) 

B97-3c wB97M-V Imaginary frequency 

Pd-complex-iPr3P def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point 
(electronic) 

GS -2739.86079 0.68096428 -2740.54176 -2740.47023 -2741.1512 

TS -2739.85009 0.68108751 -2740.53117 -2740.46058 -2741.14166 82.64i 

Atoms 

95 GS TS 

C -0.13151997 -4.83586817 1.64597835 1.64784014 -3.80732241 3.90221879 

C -0.54534696 -3.68467019 2.51556348 0.83464265 -2.54438465 3.95833041 

C 0.06175766 -3.56842512 3.77041681 0.98072036 -1.85050268 5.16427732 

C -0.08091672 -2.4330382 4.54362185 0.30740764 -0.68154559 5.44833895 

C -0.82680049 -1.35983834 4.06131192 -0.60053372 -0.20730388 4.5208661 

C -1.47937556 -1.46557791 2.84916453 -0.79418837 -0.87603117 3.32450016 

C -1.39115908 -2.64967206 2.08397597 -0.03967567 -2.02711481 2.96300137 

C -2.06665156 -2.52104917 0.78857858 -0.35203506 -2.43311101 1.55279801 

C -2.71742888 -3.52362054 0.0525395 0.03962619 -3.53402453 0.74212712 

C -3.004248 -4.89129991 0.60127722 1.05383947 -4.59725449 1.05965819 

C -3.25633724 -3.19356539 -1.19483921 -0.53756659 -3.68769859 -0.52296991 

C -3.21853025 -1.90067692 -1.67843833 -1.47054723 -2.81344129 -1.038198 

C -2.71017869 -0.87857212 -0.87957579 -1.80345591 -1.69794646 -0.29354781 

C -2.16559641 -1.17127951 0.35916601 -1.23762163 -1.49423895 0.95333006 

Pd -2.14320624 0.19211658 1.88545743 -1.9771596 0.05002705 1.99717749 

H 0.91395363 -5.08029323 1.82870768 2.13811764 -3.96487272 4.85954158 

H -0.23867686 -4.5985761 0.59129539 2.42958155 -3.77706827 3.15090818 

H -0.70658831 -5.74111503 1.83982935 1.03671438 -4.68350377 3.71449322 

H 0.70966293 -4.3677788 4.11054526 1.6599186 -2.25332989 5.90420891 
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H 0.42392706 -2.35803692 5.49937385 0.46033963 -0.17065167 6.39102178 

H -0.86250208 -0.43976648 4.62817485 -1.16884989 0.68504959 4.74178098 

H -2.91241969 -4.9171134 1.68303081 0.74835468 -5.24825957 1.87249838 

H -2.34753167 -5.6590111 0.19275535 2.02390263 -4.18200994 1.30904348 

H -4.02300227 -5.18310989 0.34620286 1.19745624 -5.23093325 0.18823541 

H -3.74588058 -3.96833353 -1.77361052 -0.23644745 -4.53893849 -1.11943221 

H -3.63663231 -1.67012752 -2.65085939 -1.90166373 -2.97977442 -2.01778867 

H -2.77772074 0.1415525 -1.23077877 -2.50382099 -0.98037624 -0.6966408 

P -1.70363767 2.11964386 0.62137757 -2.19378287 1.67553308 0.25466062 

P -3.60872968 0.84477291 3.63921281 -3.69725414 0.86936737 3.44798076 

C -4.78533789 -0.55415434 3.84691692 -5.27508142 0.74745026 2.51784312 

C -3.11738506 1.16008585 5.38432181 -4.08397124 -0.24078277 4.86225201 

C -4.77123547 2.19861869 3.17973725 -3.68582769 2.53490085 4.20144189 

C -0.05502162 1.99882486 -0.1849912 -0.82547908 1.63715754 -0.97375879 

C -1.45012911 3.59537803 1.67489341 -1.89546048 3.32553952 1.00063205 

C -2.81895956 2.71179865 -0.70224827 -3.68982943 1.86009841 -0.77886494 

C -4.85181839 -1.55670494 2.88591552 -5.31814677 -0.14172224 1.44555011 

C -5.67611457 -0.57900254 4.92066531 -6.4377132 1.41727279 2.89105267 

C -6.60065262 -1.60351594 5.03889929 -7.61481967 1.21936743 2.18554475 

H -5.64497594 0.20497523 5.66438924 -6.42711467 2.0952944 3.73274376 

C -6.65409348 -2.60927496 4.08098919 -7.64806128 0.33544147 1.11520019 

H -7.28140952 -1.61776421 5.8798817 -8.51138339 1.7493079 2.47977869 

C -2.37524422 3.12300845 -1.95649273 -3.81698524 1.12127918 -1.9570695 

C -4.1867783 2.70834176 -0.42825826 -4.79215398 2.5843872 -0.32649285 

C -5.09189967 3.14149547 -1.38219296 -5.97823756 2.59248105 -1.04020095 

C -3.28728646 3.54062379 -2.9159851 -5.0081364 1.12342875 -2.66632823 

C -4.64483021 3.55754136 -2.629846 -6.09249719 1.86140086 -2.2136873 

H -2.93385172 3.85221407 -3.89002731 -5.08493482 0.55049082 -3.58109154 

H -5.35328993 3.88371332 -3.38004472 -7.02084564 1.86304005 -2.76925818 

H -1.31999199 3.10731639 -2.18776808 -2.97559504 0.55705696 -2.33374317 

H -4.54069172 2.35797348 0.52984091 -4.72578804 3.14463175 0.59242784 

H -6.14893073 3.13980659 -1.15271527 -6.81989847 3.16047365 -0.6680252 

C 0.69100573 3.14400219 -0.46814247 -0.86292527 2.41450128 -2.13076684 

C 0.46215209 0.75127112 -0.52264397 0.31729934 0.89730249 -0.68761365 

C 1.69486401 0.65286059 -1.15172623 1.40085658 0.92178218 -1.55383266 

C 1.92306097 3.04140871 -1.09438184 0.21778591 2.43188402 -2.99726173 

C 2.42766498 1.79450939 -1.43960023 1.35261112 1.68319665 -2.71153295 

H 2.08566494 -0.32335445 -1.40608611 2.27987034 0.33457389 -1.32426725 

H 3.39246775 1.71476602 -1.92347974 2.19614996 1.69735938 -3.38945937 

H -0.10079253 -0.137411 -0.27854207 0.34670366 0.29090564 0.20562388 

H 0.3134828 4.1184131 -0.19166962 -1.74028741 3.00278374 -2.36063774 

H 2.49321633 3.93646699 -1.30591905 0.17558702 3.03360432 -3.89571448 

C -0.80521457 3.39933987 2.89662108 -1.13891431 3.36493777 2.17072332 

C -1.88189702 4.87099979 1.3277895 -2.29597543 4.52160797 0.41080324 

C -1.6869805 5.93441933 2.19880217 -1.96273343 5.73432453 0.99496282 

C -0.60678886 4.46263159 3.76148306 -0.79523151 4.57724529 2.7446106 

C -1.05465581 5.73311104 3.41749017 -1.21186964 5.76487572 2.16202378 
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H -2.39333495 5.02785105 0.38855007 -2.8702926 4.50981609 -0.50478703 

H -0.48374745 2.40406058 3.17770134 -0.82318753 2.43660382 2.63075616 

H -0.11759046 4.29606509 4.71162675 -0.21805614 4.59131557 3.65874298 

H -0.90807153 6.562354 4.09688885 -0.95474453 6.71251334 2.61688028 

H -2.03534434 6.92186655 1.92549383 -2.28426748 6.6582361 0.53205274 

C -2.82819397 0.05640471 6.19300557 -3.64503135 -1.56037695 4.81064001 

C -2.91058071 2.43633213 5.90468276 -4.88894313 0.16868562 5.92410809 

C -2.4293923 2.60580149 7.19465159 -5.22957412 -0.7234141 6.92850238 

C -2.13902202 1.50508873 7.98675136 -4.78043071 -2.03660024 6.87678773 

C -2.34454453 0.22973855 7.47937146 -3.99328765 -2.45277867 5.81345387 

H -2.98683911 -0.94279627 5.81726389 -3.01687141 -1.8778078 3.99128607 

H -1.76252477 1.63909292 8.9922219 -5.04599301 -2.73197881 7.66242157 

H -2.12918435 -0.63937173 8.08674891 -3.6369684 -3.47304889 5.76611386 

H -3.1383028 3.31078707 5.31843488 -5.24614614 1.18780103 5.9731855 

H -2.28797247 3.60670895 7.58129033 -5.84973073 -0.39303864 7.7515301 

C -6.0609481 1.89980105 2.73310299 -4.17533643 3.6469397 3.51759357 

C -4.34951568 3.52860567 3.13422958 -3.01426169 2.73984662 5.40876271 

C -5.19949879 4.52997857 2.69398666 -2.85871093 4.01744229 5.92284016 

C -6.90392501 2.90260853 2.27745937 -4.02314435 4.92229225 4.03446837 

C -6.48144875 4.22351472 2.26325906 -3.36539821 5.11417349 5.24034869 

H -7.89756214 2.64506343 1.93495938 -4.40995938 5.76932732 3.4845338 

H -7.14004461 5.00477275 1.90743113 -3.24236921 6.11111131 5.64213298 

H -6.40990946 0.87913352 2.73313839 -4.68264118 3.51832882 2.57478955 

H -3.34250971 3.79107541 3.40618873 -2.62781681 1.89553212 5.96216498 

H -4.84335663 5.55061757 2.66963056 -2.34264731 4.15402287 6.8640789 

C -5.78244791 -2.57974113 3.00327709 -6.49853061 -0.34958765 0.75158281 

H -7.37534625 -3.41060642 4.17635171 -8.56840221 0.18228284 0.5669043 

H -4.16968279 -1.53781848 2.05005278 -4.41603555 -0.66584262 1.15509568 

H -5.81517391 -3.35510267 2.24983832 -6.51333638 -1.03398583 -0.08543809 

(M06-L) 

M06-L wB97M-V Imaginary 
frequency 

Pd-complex-iPr3P def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

GS -2738.81972 0.69423905 -2739.51396 -2740.46074 -2741.15498

TS -2738.80578 0.69457537 -2739.50035 -2740.43998 -2741.13455 78.35i 

Atoms 

95 GS TS 

C 0.0928276 -4.83802737 1.63449087 1.37492053 -4.0397584 4.15841933 

C -0.85701015 -3.9851719 2.42533598 0.66224072 -2.71666341 4.13826458 

C -0.88498823 -4.15977905 3.8185025 0.74203999 -2.02632051 5.36151356 

C -1.58741847 -3.29008463 4.63908771 0.15024189 -0.79204549 5.5800268 

C -2.19654578 -2.1579946 4.08513907 -0.61586528 -0.24380944 4.55821943 
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C -2.17802555 -1.93433634 2.70818605 -0.74980154 -0.91280865 3.34349057 

C -1.60987133 -2.93017495 1.86111519 -0.06166399 -2.12991861 3.05527484 

C -1.80261237 -2.65075586 0.43063414 -0.25303704 -2.50197866 1.61328152 

C -1.95182251 -3.59847447 -0.60905558 0.16649761 -3.62073617 0.83185728 

C -2.11194621 -5.07279807 -0.37444515 1.0139173 -4.78004614 1.27321802 

C -2.10402016 -3.13161628 -1.92520215 -0.22290295 -3.70015461 -0.51715808 

C -2.17890356 -1.77624865 -2.21021089 -1.00232142 -2.73924961 -1.14047751 

C -2.17561733 -0.85007666 -1.16164899 -1.38794653 -1.62615217 -0.4025171 

C -2.01631339 -1.27230817 0.15634132 -1.00956776 -1.49428566 0.93306243 

Pd -2.4667372 -0.09866899 1.78490758 -1.84888105 0.03662343 1.94995378 

H 1.05517909 -4.90950098 2.16314832 1.73605349 -4.24709756 5.17360708 

H 0.29643013 -4.4220002 0.63956282 2.25499934 -4.07197439 3.50567058 

H -0.25689578 -5.87252925 1.49596657 0.72868462 -4.87908805 3.88063116 

H -0.31504778 -4.98494767 4.25759767 1.30945702 -2.49289184 6.1714684 

H -1.61984843 -3.45466299 5.72006251 0.26134489 -0.28157134 6.54051145 

H -2.6753183 -1.45365103 4.77090359 -1.12607748 0.71270191 4.71771027 

H -2.37519432 -5.30142972 0.66626624 0.54209874 -5.3935638 2.04910776 

H -1.21294275 -5.6575316 -0.62275855 1.9968043 -4.47386954 1.64731751 

H -2.91764291 -5.4658504 -1.01176684 1.19862178 -5.446554 0.42140736 

H -2.20770895 -3.86338509 -2.73276143 0.10909335 -4.56904599 -1.09211711 

H -2.29792086 -1.43483147 -3.24267202 -1.28969739 -2.84769109 -2.18978603 

H -2.3314281 0.20430482 -1.40346257 -1.98674271 -0.84711595 -0.88446798 

P -1.87920987 1.98107467 0.63668166 -2.18218583 1.74901951 0.17419106 

P -3.75123438 0.85080287 3.64369567 -3.6700797 0.86818973 3.42727496 

C -4.96945276 -0.40478011 4.22181668 -5.24243957 0.72813806 2.48713321 

C -2.90643701 1.41231465 5.17388043 -4.02113666 -0.25681378 4.84119139 

C -4.87927568 2.24438585 3.23051312 -3.69042901 2.53446548 4.17959383 

C -0.19787654 1.92765161 -0.10955224 -0.88579939 1.75716707 -1.13169035 

C -1.64379094 3.41461921 1.76391346 -1.87562445 3.38283564 0.95881541 

C -2.94598255 2.66127144 -0.6880868 -3.73770578 1.94060853 -0.76840988 

C -5.42015417 -1.3572924 3.29764342 -5.26198245 -0.12100431 1.37134407 

C -5.46774826 -0.43633101 5.52927698 -6.43170663 1.35613836 2.88256631 

C -6.40073037 -1.40206856 5.90468143 -7.60612414 1.16188446 2.15823163 

H -5.11634095 0.28547537 6.2710761 -6.44347487 2.00072788 3.76659342 

C -6.85188114 -2.33975439 4.97684706 -7.61178573 0.32302292 1.04329964 

H -6.77294935 -1.42335914 6.93179554 -8.52561505 1.66154665 2.47334312 

C -2.58624882 2.67263494 -2.04260878 -3.96903503 1.1127757 -1.87941373 

C -4.22896688 3.10254579 -0.32783449 -4.78886538 2.751775 -0.31565327 

C -5.11887477 3.56532442 -1.29276776 -6.02455259 2.74726404 -0.95847009 

C -3.48396625 3.12644788 -3.00899697 -5.20416332 1.11080109 -2.52363863 

C -4.74921673 3.57747393 -2.63831992 -6.23730658 1.92847618 -2.06619592 

H -3.18836678 3.12554164 -4.06085246 -5.35796654 0.46491553 -3.39157298 

H -5.44942469 3.93363651 -3.39757258 -7.20683589 1.92459847 -2.57009358 

H -1.59900785 2.31760826 -2.34995614 -3.16747105 0.46903058 -2.25517134 

H -4.53057025 3.0905194 0.72328773 -4.64118897 3.39833582 0.55273374 

H -6.10981629 3.91168122 -0.98857014 -6.82854184 3.38605634 -0.5843544 

C 0.33417554 3.07122236 -0.72667001 -1.05654683 2.40058294 -2.36548527 
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C 0.60049833 0.78473779 0.00715129 0.3482596 1.16280563 -0.8377032 

C 1.89856907 0.77810564 -0.50568104 1.3894002 1.20510056 -1.76302877 

C 1.62634331 3.05981615 -1.2428892 -0.01551312 2.43566219 -3.29118033 

C 2.41083966 1.90966034 -1.13521621 1.20868652 1.83739171 -2.99216716 

H 2.51007232 -0.12208647 -0.41070984 2.34421241 0.73183866 -1.52298157 

H 3.42646238 1.90111136 -1.53844629 2.02279588 1.86371476 -3.72058084 

H 0.19810495 -0.10453644 0.50042171 0.48293897 0.65143207 0.12129824 

H -0.26941838 3.98167751 -0.80147486 -2.01078422 2.87675446 -2.60938597 

H 2.02609231 3.95484319 -1.72567644 -0.16164396 2.93632669 -4.25149013 

C -0.9749881 3.15187313 2.96761316 -1.15640437 3.40218435 2.16242508 

C -2.05935037 4.72384599 1.49270954 -2.24914351 4.60066839 0.37335962 

C -1.82904905 5.74040509 2.4200343 -1.93704172 5.80745309 0.99633416 

C -0.74716956 4.16586156 3.89437089 -0.83500992 4.60948788 2.77838283 

C -1.18204052 5.46453931 3.62441213 -1.23228214 5.81384266 2.20063606 

H -2.5780192 4.95344589 0.5577379 -2.78885785 4.60863095 -0.57839914 

H -0.63484555 2.13218788 3.17863192 -0.85034983 2.45394961 2.62277509 

H -0.23729248 3.93670368 4.8337553 -0.28247121 4.60577462 3.72103666 

H -1.0108323 6.26250802 4.35091777 -0.99175039 6.76152992 2.68926584 

H -2.16319626 6.75749196 2.19892312 -2.23951955 6.749989 0.5331181 

C -1.59990511 0.95790819 5.40575604 -3.65538182 -1.60406138 4.71887722 

C -3.49961933 2.26753879 6.11446414 -4.7054341 0.1600888 5.99111351 

C -2.80217742 2.65771576 7.25641206 -4.99407438 -0.74849025 7.00816088 

C -1.50601168 2.19273011 7.47925601 -4.6135483 -2.08434422 6.88383733 

C -0.90723799 1.33915344 6.55319535 -3.95063368 -2.51119741 5.73397201 

H -1.12360263 0.29998118 4.67063443 -3.12259318 -1.93789863 3.82281583 

H -0.96160959 2.49804296 8.37617978 -4.83624923 -2.79391794 7.6844349 

H 0.10806025 0.97156383 6.7196813 -3.6509551 -3.5562869 5.62691997 

H -4.51554727 2.63888909 5.95180313 -5.01649467 1.20328318 6.09787504 

H -3.27667752 3.32656953 7.97854642 -5.522599 -0.40917353 7.90245428 

C -6.11059432 1.9741876 2.61163507 -4.24462105 3.63849152 3.51385971 

C -4.50513385 3.58316649 3.41988967 -2.96705348 2.76742615 5.36164591 

C -5.34074621 4.61962705 3.00503627 -2.81708273 4.05819061 5.86435315 

C -6.94286063 3.01181059 2.19776043 -4.09232944 4.92848287 4.01604023 

C -6.56106999 4.33954001 2.39212044 -3.37900742 5.14442577 5.19422052 

H -7.89826402 2.77835162 1.72140638 -4.5314744 5.77155445 3.47676372 

H -7.21475693 5.15372184 2.06975159 -3.25885517 6.15666497 5.5877054 

H -6.42582646 0.93916755 2.45341661 -4.8058666 3.48772888 2.58835496 

H -3.55167061 3.82674026 3.89677156 -2.52720675 1.9260192 5.90584906 

H -5.02799546 5.65493261 3.16394429 -2.25802372 4.21380033 6.79034074 

C -6.3622382 -2.3129322 3.67166452 -6.44005309 -0.32425118 0.65596178 

H -7.5797752 -3.09841623 5.27430545 -8.53375485 0.17309525 0.47567006 

H -5.00357037 -1.36260896 2.28452535 -4.33728609 -0.62231197 1.05720237 

H -6.70126874 -3.0513975 2.94159355 -6.43618072 -0.98229788 -0.21623537 
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9.2.2 Chiral Acetylene 
Oxabicycle 311 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 
Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

 -821.289685 0.212028 -821.501713 -821.732951 -821.944979 

 

Atoms    

32    

O -0.28436248 2.81359998 0.65652591 

C -0.32903709 1.58517035 0.82490366 

N 0.72064241 0.82496753 1.23080557 

C 2.04993505 1.40650806 1.42487657 

C -1.61796944 0.88560887 0.57378535 

C -1.99648443 -0.37836091 0.24533168 

C -1.21225621 -1.60527633 0.13164533 

O -1.91703662 -2.57744087 -0.49729841 

C -1.23194142 -3.83404801 -0.65296681 

O -0.06731686 -1.78998099 0.54371701 

C -3.49849925 -0.23703821 -0.14226716 

H -4.10951074 -1.14444669 -0.06222745 

C -3.53904906 0.55412366 -1.47312687 

C -3.15674468 1.7952442 -1.1396976 

C -2.90271845 1.72911842 0.38397469 

H -2.94396601 2.66503109 0.95324957 

O -3.89748179 0.77419628 0.79395666 

H 0.61297085 -0.20019808 1.18308415 

H -0.96257254 -4.24661369 0.33325016 

H -0.31205856 -3.69771447 -1.24503851 

H -1.93926799 -4.49342556 -1.17397467 

H -3.76744077 0.13076456 -2.45308039 

H -2.97623164 2.67059502 -1.76568376 

C 2.79073883 0.62799855 2.51700777 

H 2.2176956 0.63216072 3.45981419 

H 3.77990078 1.07847664 2.7072131 

H 2.95025156 -0.42330238 2.21341304 

C 2.82722743 1.45469555 0.09767054 

H 1.87317726 2.44505062 1.75609608 

H 2.98131666 0.43606997 -0.30242235 

H 3.81616491 1.92436534 0.24377835 

H 2.26930466 2.04669879 -0.64668642 
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9.2.2.1 i-Pr3P 
Pd-1 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

cis -1470.13126 0.37626763 -1470.50753 -1470.46214 -1470.8384 

trans -1470.13966 0.3768816 -1470.51654 -1470.47318 -1470.85006

Atoms 

51 cis trans 

C -2.19524421 1.60981094 -0.3139234 -1.65168154 -2.07405912 -1.22710422 

C -2.4311021 0.60255073 -1.26100958 -2.04171806 -2.02234279 0.1062287 

C -2.20874979 0.7791587 -2.73989445 -1.67372097 -3.0875017 1.10582258 

C -3.04179342 -0.66312968 -0.76064052 -2.91794747 -0.8819445 0.5049528 

C -4.18781126 -1.34385283 -1.2001662 -4.14389856 -0.94953159 1.18396914 

C -4.54314459 -2.51693553 -0.51892482 -4.85152746 0.24152549 1.39872082 

C -3.74787865 -2.99932618 0.53839189 -4.32072434 1.46233649 0.95188886 

C -2.56451706 -2.34526295 0.92367982 -3.05977474 1.52425889 0.33165796 

C -2.22341037 -1.15493808 0.26778671 -2.33090224 0.34417473 0.11561158 

Pd -0.64402998 0.11477204 0.12541137 -0.46687334 -0.35652635 -0.34150099 

I 0.95135973 -1.76990465 1.08144702 1.72582381 -1.93500758 -0.55946981 

H -1.81855127 2.58290609 -0.6436535 -1.00454905 -2.88127874 -1.58501231 

H -2.71378493 1.58535451 0.65136814 -2.16294474 -1.46180694 -1.97813471 

H -3.19422758 0.80593221 -3.2439726 -1.36130869 -2.6385905 2.06344967 

H -1.65437769 -0.07587604 -3.16128967 -0.86412265 -3.73130437 0.72845468 

H -1.67510345 1.71211578 -2.97769859 -2.56354967 -3.71452668 1.3094651 

H -4.79488291 -0.97073504 -2.03327067 -4.55193098 -1.91120998 1.51557247 

H -5.4462602 -3.06426893 -0.81034386 -5.824684 0.21957936 1.90079397 

H -4.05221509 -3.91305375 1.06255285 -4.89348908 2.38598732 1.09620285 

P 1.30778802 1.54611552 -0.12064261 0.73187706 1.5818751 0.06516514 

C 2.21253059 1.64577103 1.53143012 0.94925912 1.82663977 1.90938101 

C 2.52330933 0.68816325 -1.28336626 2.47539074 1.55869997 -0.62374178 

C 1.24034726 3.32807591 -0.72665731 -0.13295439 3.13653195 -0.52233961 

C 1.21120363 1.80345845 2.69084234 1.81274863 0.69647163 2.49593619 

C 3.36479059 2.65580172 1.63002862 -0.40217637 1.91246384 2.63531455 

H 2.62475957 0.62140572 1.60189188 1.48082064 2.79183056 2.02379385 

H 0.42107877 1.03507439 2.63333198 1.94037302 0.85547675 3.58198532 

H 0.73210056 2.79745891 2.69542935 2.81471555 0.64827774 2.03934366 

H 1.7378403 1.67939438 3.65450364 1.33073299 -0.28393362 2.33768702 

H 4.12937817 2.50693243 0.8507728 -1.03420353 2.73776103 2.26701221 

H 3.86588118 2.54131486 2.60875777 -0.22860829 2.07970644 3.7136312 

H 3.01178392 3.70025446 1.56685906 -0.97137515 0.97495488 2.51494858 

C 0.47890538 4.24484651 0.2464089 -0.73999901 2.95524483 -1.92441849 

H 0.41255065 5.26406772 -0.17664305 0.03997647 2.94583359 -2.70344076 

H 0.98300338 4.32153705 1.22235446 -1.42653162 3.79240855 -2.1463783 
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H -0.54863933 3.88697291 0.4283792 -1.30574584 2.01064797 -1.99363549 

C 0.66561665 3.43269091 -2.14794445 0.67969795 4.43552616 -0.40742842 

H 2.29453377 3.6628923 -0.76008334 -0.96662919 3.20448767 0.19828056 

H 1.23824844 2.83743279 -2.876878 1.47161827 4.48775417 -1.17281626 

H 0.6849399 4.48587318 -2.48298207 1.14845325 4.55481518 0.58415857 

H -0.38137347 3.08961992 -2.18416259 0.00994497 5.30024248 -0.56707417 

C 1.76387781 -0.01568787 -2.42335788 2.46009484 1.5326433 -2.16010978 

H 0.9784539 -0.67512566 -2.0152365 1.75642391 0.77112466 -2.53745348 

H 2.46373788 -0.63564777 -3.01263858 3.46671638 1.27170415 -2.53226296 

H 1.2895963 0.7047246 -3.11313968 2.18968236 2.51543756 -2.58458463 

H 2.92062584 -0.1068585 -0.62359597 2.80824097 0.55685383 -0.29359666 

C 3.68980896 1.53238013 -1.81648551 3.45893058 2.60140187 -0.06744096 

H 4.27832337 2.00208686 -1.01246211 4.48013687 2.32129687 -0.38470974 

H 3.34582107 2.32938701 -2.49908019 3.4595762 2.64104071 1.03467914 

H 4.37582573 0.88508827 -2.39311962 3.26344217 3.61620376 -0.44780185 

H -1.92866683 -2.76276042 1.71046991 -2.68396364 2.50250233 0.02012278 

Pd-2, cis 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2291.42266 0.61584354 -2292.038507 -2292.187117 -2292.80296 

β -2291.41869 0.6157095 -2292.034404 -2292.184251 -2292.79996 

∆G -0.00396881 -0.00286597 

kcal/mol -1.798396219 

Atoms 

83 α β 

C -0.94814617 1.76391766 -2.77267096 1.61501488 -0.11999301 4.12782613 

C -0.73827896 2.95108768 -2.15691531 0.44969214 -0.31697227 3.47037052 

C -0.29586518 4.1411497 -2.98642841 -0.60923931 0.75511676 3.4096587 

C -0.92837633 3.16181977 -0.69729854 0.20221658 -1.61276573 2.77076737 

C -1.06648488 4.48847185 -0.21324714 0.50214851 -2.81524758 3.45428909 

C -1.22636081 4.77827383 1.14338584 0.380651 -4.06331216 2.8381802 

C -1.23212494 3.73345726 2.07726998 -0.03886974 -4.13601171 1.50247033 

C -1.08336871 2.4139487 1.63233658 -0.34601509 -2.95935329 0.80630333 

C -0.95041208 2.11819197 0.26516975 -0.25550407 -1.70712896 1.43694011 

C 1.08738803 -0.50869048 -0.16815788 0.8405808 0.68722311 -0.67045443 

C 1.05918011 0.90354943 -0.21449849 1.26139828 -0.11449714 0.41102148 

Pd -0.9697362 0.04292164 -0.04961136 -0.93419878 -0.16373126 0.18461516 

I -3.6128288 0.56116084 -0.14621047 -3.27003487 -0.95228032 1.27092255 

C 1.75650971 1.32678259 1.10073478 2.0589058 -1.25487971 -0.26219015 

H 1.54647335 2.32739708 1.49120114 2.17850642 -2.19048131 0.29190903 

C 3.23886336 0.9308514 0.88909033 3.34475496 -0.56296959 -0.75545496 
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C 4.30920192 1.85421602 0.51286742 4.55808514 -0.59699138 0.10587301 

O 3.80998728 3.07630225 0.2210549 4.42671444 -0.95987901 1.28409386 

C 4.77510335 4.07026567 -0.17235048 5.73276451 -0.21378614 -0.45925887 

O 5.51161275 1.59821474 0.45979869 2.9407818 0.19815461 -1.81097383 

C 3.23976523 -0.43106161 0.93196518 3.65527947 1.22376712 -2.56771448 

C 4.17180031 -1.50541703 0.49852289 4.87191645 1.37190308 -2.65030038 

N 5.49699158 -1.22132153 0.50219296 2.77867579 2.0421772 -3.20742865 

C 6.48637966 -2.16770782 -0.01855654 1.4189817 -0.05082056 -1.90419 

O 3.68014089 -2.59362404 0.1500056 0.95170584 0.10899521 -2.88175896 

C 1.7741856 -0.80534759 1.18749431 1.34084781 -1.41886937 -1.49616289 

H 1.60050259 -1.77354676 1.66622949 1.80972766 0.81549518 4.66653307 

O 1.33042548 0.2910581 1.99614912 2.41177343 -0.87192145 4.12183917 

H -0.77775176 1.65387789 -3.85010739 -0.79827104 1.04781772 2.35545701 

H -1.32635383 0.88964706 -2.22855187 -0.30480193 1.64913916 3.97911803 

H -1.08321149 4.91632494 -3.03359798 -1.57757691 0.38437237 3.78986069 

H -0.07367117 3.83080262 -4.02022166 0.8308906 -2.74814118 4.49703869 

H 0.60458382 4.62235465 -2.56161111 0.61453541 -4.97534573 3.39764115 

H -1.06263883 5.31715495 -0.92730527 -0.13889524 -5.10507077 1.0007758 

H -1.34224426 5.81745602 1.46923443 -2.17599272 1.21164683 -1.37389862 

H -1.35225683 3.93840175 3.14692139 -3.65089861 2.08905161 -0.61620146 

H 4.19250912 4.97696718 -0.38343465 -1.16333798 2.49200643 -2.33618461 

H 5.32362828 3.73605495 -1.0682506 -2.89980055 0.16809918 -2.76178125 

H 5.49518716 4.24571485 0.64378455 -4.49110257 2.94010241 -1.57854714 

H 5.76371152 -0.23374636 0.64074572 -3.28662288 2.84421395 0.67295518 

P -1.44108165 -2.32869363 -0.0464 -4.25017135 1.21563787 -0.29708676 

C -1.97970682 -2.89794883 1.66300065 -5.43880051 3.21894943 -1.08236156 

C -2.86116745 -2.81262056 -1.17212717 -4.74976435 2.40013187 -2.50561969 

C 0.02164075 -3.4704093 -0.41673806 -3.98002199 3.87877383 -1.85455892 

C -3.35263585 -2.36984844 2.09995963 -2.73013034 3.7743172 0.47291617 

C -0.89761595 -2.52903117 2.69148285 -2.68878407 2.20560147 1.34437368 

H -2.04221861 -3.99973312 1.58821004 -4.21393315 3.1159536 1.20843194 

H -4.15202956 -2.63303548 1.38789057 -4.0522256 -0.74989481 -2.33257824 

H -3.34785423 -1.27304977 2.20559382 -3.71839202 -1.50923901 -1.60754773 

H -3.60912428 -2.81795999 3.07776254 -4.44670005 -1.26482672 -3.22811147 

H 0.06639488 -3.0208191 2.47534038 -4.88367583 -0.19138622 -1.87200155 

H -1.21278861 -2.84995432 3.70060187 -1.77403841 -0.63737687 -3.43156487 

H -0.73203142 -1.43722603 2.71122996 -3.29995514 0.89767997 -3.49033608 

C 0.38852357 -3.4471439 -1.9120984 -1.29484998 -1.31858179 -2.70632232 

H 1.42043431 -3.81850914 -2.04052854 -0.99200267 0.0141066 -3.85885735 

H 0.33674367 -2.43202698 -2.34303336 -2.18579297 -1.24464845 -4.25753936 

H -0.28382398 -4.09341008 -2.50188323 -1.73508741 2.97960578 -3.67854516 

C -0.06937393 -4.91488506 0.1036724 -2.68888514 3.51758436 -3.56095131 

H 0.85830209 -2.99680177 0.12209599 -1.88864987 2.15510632 -4.3936024 

H 0.87632586 -5.43445628 -0.13642116 -1.01400314 3.68065135 -4.13952276 

H -0.89072449 -5.48244391 -0.36172804 -0.23760108 1.93919705 -2.56965021 

H -0.19404521 -4.96096035 1.19801083 -0.77136602 3.68293392 -1.44241246 

C -2.7056062 -2.24686077 -2.59347635 -1.6099596 4.39058064 -1.32927897 
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H -2.4364695 -1.17809079 -2.55960857 0.07092144 4.23267696 -1.90033072 

H -3.67030231 -2.33136862 -3.12500575 -0.46369257 3.36746471 -0.43032871 

H -1.94823958 -2.79002907 -3.18135155 -0.66874052 -3.02015446 -0.23790237 

H -3.68342212 -2.2384026 -0.70577047 1.53556147 0.2431746 1.40739215 

C -3.23372766 -4.30198616 -1.17031598 0.80278353 1.7773772 -0.63415957 

H -4.20299944 -4.4344523 -1.68519861 6.9540295 -0.09060344 0.34065376 

H -3.34213624 -4.70956456 -0.15058373 7.03719457 1.29980194 0.99455919 

H -2.49047562 -4.91376007 -1.71004396 7.06831491 2.09155516 0.22404049 

C 7.77985154 -2.05846509 0.79566182 7.94573416 1.3839812 1.61676071 

H 8.22812475 -1.05273493 0.69411989 6.15878908 1.46858623 1.63964788 

H 8.52070357 -2.79533929 0.44091938 8.17187278 -0.41002162 -0.53214608 

H 7.58687152 -2.24440281 1.86579597 8.0899096 -1.42107394 -0.96587991 

C 6.70930767 -1.94200594 -1.52406644 9.09742798 -0.36034464 0.06652881 

H 6.03681139 -3.16616805 0.12022242 8.26646836 0.31611779 -1.3609899 

H 7.09644793 -0.92435148 -1.71331625 3.37170711 3.1054193 -3.97694007 

H 5.7599341 -2.06453666 -2.07199162 4.0212631 2.69043875 -4.76492336 

H 7.43726741 -2.67012402 -1.92342625 3.97407435 3.75944923 -3.32518623 

H -1.07446985 1.59792752 2.3623414 2.5288897 3.65798162 -4.41441816 

H 1.1407078 1.4962323 -1.12879514 6.8560879 -0.84398563 1.14154941 

H 1.27795139 -1.14191581 -1.03631652 5.68801436 0.24184589 -1.38216663 

 

Pd-2, trans 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2291.42844 0.61685542 -2292.0453 -2292.19491 -2292.81177 

β -2291.42914 0.61716169 -2292.0463 -2292.19556 -2292.81272 

∆G 0.00070214   0.00065299  

kcal/mol    0.40975213  

 

Atoms       

83 α β 

C -0.91413742 -1.12398926 3.42521953 -0.94566586 -0.68100068 3.38148673 

C -0.93396883 -2.40683397 2.99243374 -0.83933732 -2.00245628 3.10737676 

C -0.82360089 -3.51525009 4.02185211 -0.80037591 -2.97794348 4.26733063 

C -1.05840385 -2.80309927 1.56052001 -0.75186565 -2.56224193 1.72847203 

C -1.25742654 -4.17732899 1.26378719 -0.60746833 -3.96786893 1.58473281 

C -1.32815867 -4.6656093 -0.04329513 -0.44807459 -4.58719911 0.3423715 

C -1.15766317 -3.78123601 -1.11535773 -0.41717119 -3.80371737 -0.81682905 

C -0.96423036 -2.4180765 -0.85187639 -0.57841786 -2.41579215 -0.70761567 

C -0.95694383 -1.90374933 0.4589357 -0.76715547 -1.78544703 0.53604676 

C 1.27451988 0.71123221 0.7672178 1.06148717 1.15940121 0.52743961 

C 1.22186373 -0.68193944 0.77821337 1.21601787 -0.18719341 0.83939758 

Pd -0.87869019 0.1539255 0.56684202 -0.97767662 0.25117182 0.32730605 



Appendix 

608 

I -1.00107602 2.88117782 0.75357516 -1.44431973 2.85507255 -0.44519269 

C 1.79649443 -1.08147201 -0.60107541 1.97798952 -0.76456628 -0.37351606 

H 1.53912654 -2.07125129 -0.99171991 1.90699723 -1.84211338 -0.55066105 

C 3.29847937 -0.71622965 -0.55012579 3.39875746 -0.17551608 -0.26813871 

C 4.38167085 -1.68354988 -0.37887934 4.47306574 -1.00071719 0.34784264 

O 3.88967441 -2.90564129 -0.06353093 4.14020118 -2.01749518 0.97602236 

C 4.87304662 -3.94047996 0.12534909 5.75298067 -0.58017505 0.17965496 

O 5.58648336 -1.47114204 -0.50354012 3.24948097 1.13828251 -0.59277836 

C 3.32442443 0.64526333 -0.56953612 4.21624005 2.23635944 -0.55463766 

C 4.36039624 1.68560024 -0.32041956 5.44089882 2.13469008 -0.49164498 

N 5.65115174 1.34763021 -0.57721867 3.58842755 3.43230933 -0.60702176 

C 6.7499911 2.27181307 -0.29036008 1.73322521 1.30198159 -0.86071141 

O 3.98982154 2.79207745 0.09631416 1.40820226 2.1367402 -1.49023402 

C 1.83984237 1.05672925 -0.63005544 1.43700645 0.02344355 -1.44694116 

H 1.60949851 2.04908898 -1.03101961 -0.99960648 -0.32730414 4.41741387 

O 1.29997107 -0.01732762 -1.42693484 -0.99676011 0.07567937 2.58646962 

H -0.80267524 -0.89421985 4.49112763 -0.87458313 -2.43928491 5.22514939 

H -1.01865891 -0.27283192 2.73611689 0.13577544 -3.56565642 4.27588242 

H -0.65838004 -3.09175402 5.02514544 -1.63612765 -3.70067543 4.21606908 

H 0.01041732 -4.20371896 3.79320231 -0.60248255 -4.59643252 2.47879662 

H -1.7449749 -4.12595666 4.06264333 -0.33283982 -5.67465707 0.2865981 

H -1.36166301 -4.88929937 2.08696933 -0.27585126 -4.26234313 -1.80177049 

H -1.49404676 -5.73376307 -0.2190899 -3.30568783 -0.08347712 0.09082125 

H -1.17554488 -4.14234655 -2.14991504 -3.75029891 0.26797936 -1.71204233 

H 5.55744281 -3.6716871 0.94676756 -4.23312138 -1.66646313 0.50710761 

H 5.46047416 -4.08061408 -0.79695744 -4.25372056 1.23535208 1.06133647 

H 4.30299544 -4.8468689 0.36994016 -5.13543228 -0.2085801 -2.17642019 

H 5.85706794 0.35088581 -0.74228618 -2.64571801 -0.21339332 -2.66778532 

C 7.87011679 2.06546621 -1.31556832 -3.72551999 1.37398385 -1.72020877 

H 8.29162894 1.04578599 -1.24026705 -5.20977289 -1.30928722 -2.19548152 

H 8.68986474 2.78326258 -1.14082734 -5.3081464 0.14936198 -3.20783551 

H 7.49307045 2.208692 -2.34246005 -5.95596057 0.18094582 -1.55327085 

C 7.23455419 2.11164825 1.16124913 -2.59407558 -1.31477905 -2.71523945 

H 6.31919603 3.28231713 -0.40023136 -1.65887902 0.17270059 -2.3584054 

H 8.04522848 2.82852331 1.38208372 -2.85574074 0.15817098 -3.68714664 

H 7.61745138 1.08947778 1.33483284 -3.60761872 1.51119963 2.42870371 

H 6.40388839 2.30133061 1.8612548 -4.133609 2.35082605 2.91875561 

H -0.81919046 -1.72976332 -1.68849723 -2.55140446 1.80044286 2.30267047 

H 1.27295829 -1.32065613 1.66249092 -3.65287357 0.64028421 3.10411934 

H 1.39162546 1.3743519 1.62530329 -5.77315769 1.03175834 1.17811753 

H -6.15049898 2.16183922 1.65844969 -4.06736272 2.12731067 0.4350206 

C -5.70431447 1.3094665 1.11401697 -6.21086286 1.92176346 1.66607345 

H -2.6911308 1.29943902 2.91170129 -6.03880308 0.15777744 1.79672323 

H -6.1661158 0.38889166 1.50966387 -6.26538036 0.9226787 0.19861583 

H -5.98848765 1.40954009 0.05245098 -3.83158094 -2.8990527 -0.31855757 

C -3.78452016 1.22114741 2.80021416 -4.63804714 -3.65203689 -0.24721774 

C -4.18216357 1.32436827 1.31962415 -2.90886512 -3.35462262 0.06799907 



Appendix 

609 

H -4.23952583 2.06260113 3.35354545 -3.67734112 -2.67241267 -1.38528221 

H -3.78533987 2.29268713 0.96317152 -5.26629987 -1.38940814 0.22231631 

H -4.13238213 2.82026609 -1.09907117 -4.22324159 -1.997447 2.00701622 

H -4.12550615 0.28406258 3.26735854 -4.65689674 -1.19319015 2.6215113 

C -3.54574221 2.20634416 -1.80209211 -3.20025741 -2.18437699 2.36375952 

H -2.49615658 2.53419207 -1.74161284 -4.82139206 -2.91094853 2.17924326 

P -3.23409075 0.14227019 0.21131251 -0.53975654 -1.80483331 -1.61364832 

H -3.92118195 2.41308442 -2.82161725 1.2566064 -0.63495529 1.83425528 

C -3.68172047 0.70197582 -1.53210425 0.96252325 1.99030369 1.22816173 

H -3.29207878 -2.21990305 -0.10304102 6.87049744 -1.26622534 0.83170075 

H -4.75024927 0.43575303 -1.62878284 7.07962725 -0.7334531 2.26004851 

H -5.15129457 -1.46464409 2.22648129 7.90710741 -1.26919511 2.75830314 

C -4.06228257 -1.55441815 0.3202564 6.16356202 -0.87922045 2.85643498 

C -4.27847248 -1.97567654 1.78396404 7.32377396 0.34422136 2.24239628 

C -2.87585429 -0.10670656 -2.56037038 8.12482274 -1.13737149 -0.03883893 

H -2.9992851 -1.19516419 -2.43167383 8.96781321 -1.68440497 0.41699537 

H -6.15782569 -1.07471897 -0.20711515 8.42563932 -0.07836834 -0.14334185 

C -5.34381159 -1.75444892 -0.50757228 7.94639651 -1.54718885 -1.04749905 

H -1.80074541 0.13076049 -2.4734238 4.44443199 4.58981407 -0.57561152 

H -3.39835553 -1.76592034 2.41077338 5.02386668 4.61053688 0.36219389 

H -4.46928638 -3.0628106 1.82507149 3.77079191 5.45472533 -0.63954687 

H -3.20522048 0.15477361 -3.58229583 5.14379802 4.5689647 -1.42745255 

H -5.17230343 -1.6340922 -1.58968026 6.5664218 -2.32543464 0.90059302 

H -5.70106738 -2.78882513 -0.34941666 5.89288116 0.36729 -0.2045176 

 

TS-1, cis 

Functional TPSS D4 wB97M-V Imaginary frequency 

Basis set def2-SVP def2-TZVPP  

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  

α -2291.42175 0.61656 -2292.03831 -2292.18577 -2292.80233 105.57i 

β -2291.41790 0.61615 -2292.03405 -2292.18335 -2292.79949 102.22i 

∆G -0.00385   -0.00242   

kcal/mol    -1.52028   

 

Atoms       

83 α β 

C -0.83102934 1.69538952 -2.76821884 1.55966326 -0.05444703 4.17718154 

C -0.69564964 2.90504192 -2.17558803 0.43812894 -0.23718496 3.44434118 

C -0.32345814 4.10527172 -3.02461077 -0.57799319 0.86377276 3.27131276 

C -0.90482918 3.13066548 -0.72191864 0.19578647 -1.55029678 2.77734405 

C -1.15618873 4.44878657 -0.26423549 0.37778333 -2.73676568 3.52429175 

C -1.34801717 4.74823454 1.0862488 0.25122351 -4.00001693 2.93986712 

C -1.26261805 3.72598976 2.04143316 -0.04559747 -4.10476165 1.57340536 

C -0.99152854 2.41797318 1.62451673 -0.22768845 -2.9439593 0.81169495 



Appendix 

610 

C -0.84006945 2.10716228 0.26142764 -0.14761145 -1.67510721 1.4113149 

C 1.08269053 -0.46602428 -0.11189624 0.84851065 0.60940673 -0.65789129 

C 1.06123085 0.95911019 -0.14059302 1.28576626 -0.23672159 0.40086304 

Pd -0.9636377 0.01490337 -0.01806737 -0.93977304 -0.17839477 0.13906027 

I -3.59794804 0.5972844 -0.14748879 -3.2555319 -1.02483876 1.25105503 

C 1.78944543 1.35322347 1.16877656 2.09523947 -1.33706451 -0.32565641 

H 1.60185006 2.35235888 1.57394425 2.23652456 -2.28958956 0.19317439 

C 3.26041364 0.94104294 0.92691644 3.36431896 -0.60773926 -0.80370619 

C 4.33434016 1.85555596 0.54143686 4.5823535 -0.64575458 0.05019191 

O 3.84529607 3.08756269 0.27310638 4.46181581 -1.04385187 1.21826235 

C 4.81642179 4.07407267 -0.12411706 5.74819643 -0.22810363 -0.50893325 

O 5.53271349 1.58650424 0.46390685 2.93898674 0.18135879 -1.82993391 

C 3.24466542 -0.42182504 0.95740298 3.63192835 1.24400493 -2.55644638 

C 4.15751592 -1.50227493 0.49748906 4.84526619 1.41403146 -2.64232086 

N 5.4852754 -1.23081245 0.47934837 2.73757028 2.06824549 -3.1626636 

C 6.45741689 -2.18212655 -0.06404946 1.42229461 -0.08477695 -1.91859873 

O 3.64889299 -2.58287228 0.15004029 0.94322658 0.09830277 -2.88632896 

C 1.78061586 -0.78068796 1.23326697 1.36261917 -1.46741828 -1.55358545 

H 1.5997941 -1.75001446 1.70742013 1.75037655 0.89430568 4.69348943 

O 1.35942916 0.31451017 2.05733981 2.3231212 -0.83560848 4.26286182 

H -0.64744546 1.57348831 -3.84217879 -0.68889669 1.1228326 2.19650612 

H -1.16248825 0.81091366 -2.20826983 -0.28393702 1.76973072 3.82725988 

H -1.16111367 4.82379447 -3.09509981 -1.58067253 0.53446059 3.59691683 

H -0.06938138 3.79066008 -4.04968374 0.61517571 -2.64594595 4.58968893 

H 0.53742719 4.6535941 -2.59971274 0.38974607 -4.90033448 3.54780204 

H -1.22133073 5.26050268 -0.99451388 -0.14436977 -5.08689331 1.09788672 

H -1.55678025 5.77902434 1.39160252 -2.18131917 1.18486216 -1.37524362 

H -1.40420665 3.94107619 3.10632514 -3.65493071 2.05134006 -0.60383627 

H 4.24344679 4.99348119 -0.30439055 -1.14784592 2.47508143 -2.29792883 

H 5.33816218 3.74901774 -1.03922456 -2.90347822 0.16971652 -2.78359183 

H 5.55849763 4.22259635 0.67749761 -4.48411217 2.92608375 -1.55459526 

H 5.76405374 -0.24701415 0.62167556 -3.29398424 2.77971963 0.70137717 

P -1.45085522 -2.32310141 -0.02988417 -4.25928731 1.17418857 -0.30455511 

C -2.0006432 -2.90675993 1.66979766 -5.43364318 3.20062756 -1.05964046 

C -2.86294929 -2.79404002 -1.17016418 -4.73895231 2.40664425 -2.49434614 

C 0.02157311 -3.44903059 -0.40293143 -3.96520221 3.86689193 -1.80796413 

C -3.3758664 -2.37544043 2.09603531 -2.72410185 3.70610834 0.52298245 

C -0.92514988 -2.54649332 2.70801941 -2.71153443 2.12128553 1.36666332 

H -2.06495137 -4.00801999 1.58762638 -4.22359798 3.05349344 1.23186359 

H -4.17140955 -2.64845012 1.38325516 -4.06265595 -0.74611339 -2.36751765 

H -3.37307835 -1.27711184 2.18707795 -3.73760703 -1.50498514 -1.6377371 

H -3.63692996 -2.81188705 3.07783668 -4.44882684 -1.26078178 -3.26677243 

H 0.04265724 -3.02976791 2.48970118 -4.89789072 -0.18541967 -1.91654179 

H -1.24354722 -2.88199696 3.71139669 -1.77959096 -0.63351262 -3.45886566 

H -0.7661218 -1.4541284 2.7428769 -3.29555131 0.9117775 -3.50404018 

C 0.40264548 -3.40219388 -1.89400862 -1.306877 -1.32584794 -2.73996073 

H 1.43727223 -3.76743601 -2.01716199 -0.99258632 0.01900354 -3.87536064 



Appendix 

611 

H 0.3510139 -2.38054527 -2.30901107 -2.19159433 -1.22836284 -4.29372443 

H -0.26130972 -4.04233585 -2.49986824 -1.70473247 3.00245095 -3.63092045 

C -0.06600131 -4.90072861 0.09731841 -2.65368512 3.54736813 -3.50546277 

H 0.84943472 -2.97553284 0.14976598 -1.86291132 2.197965 -4.36758801 

H 0.8854508 -5.41168292 -0.13831873 -0.97379079 3.70745637 -4.07007843 

H -0.87866666 -5.46671625 -0.38522962 -0.22826105 1.91423587 -2.53619913 

H -0.20388443 -4.96200735 1.18940982 -0.74557976 3.6357058 -1.37020506 

C -2.69677196 -2.21838183 -2.58625049 -1.57393591 4.35309999 -1.24307848 

H -2.43170588 -1.14908164 -2.54266848 0.10840383 4.18427285 -1.80738656 

H -3.65712789 -2.30206988 -3.12571877 -0.44974115 3.28568077 -0.36614538 

H -1.93328628 -2.75587542 -3.17143487 -0.44809185 -3.02405726 -0.2575106 

H -3.6874064 -2.22168942 -0.70493019 1.61055463 0.12048489 1.38245799 

C -3.23511138 -4.28345826 -1.18266419 0.8648465 1.699368 -0.58005478 

H -4.19882117 -4.41230464 -1.70871807 6.97013359 -0.10412735 0.28990767 

H -3.3540038 -4.69857754 -0.16714225 7.04189957 1.27890472 0.96051545 

H -2.48586855 -4.89075372 -1.71919216 7.06448229 2.08035845 0.19977778 

C 7.75665962 -2.10785232 0.74519998 7.95065691 1.36401348 1.58226294 

H 8.21887886 -1.10690287 0.66028168 6.16311604 1.43226371 1.60898866 

H 8.48491899 -2.84847096 0.3725532 8.1896677 -0.40228589 -0.58814285 

H 7.56622825 -2.3112812 1.81257924 8.11595245 -1.4088146 -1.03365419 

C 6.67679117 -1.93078142 -1.56603387 9.11552083 -0.35156782 0.01004122 

H 5.99309789 -3.17589799 0.05837618 8.27700633 0.33432003 -1.40852275 

H 7.07995403 -0.91622072 -1.7377268 3.30652323 3.16585657 -3.90166943 

H 5.72306614 -2.02632909 -2.11171357 3.97825746 2.78828832 -4.68966189 

H 7.39056604 -2.66292721 -1.98321914 3.88009168 3.82360848 -3.22789838 

H -0.90425988 1.61989319 2.36889992 2.45203884 3.70204206 -4.33697465 

H 1.18678992 1.53831536 -1.05902678 6.87959237 -0.86836284 1.08120398 

H 1.30914773 -1.07312095 -0.99143835 5.69081151 0.25417006 -1.41738119 

 

TS-1, trans 

Functional TPSS D4 wB97M-V Imaginary frequency 

Basis set def2-SVP def2-TZVPP  

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  

α -2291.42288 0.61737 -2292.04025 -2292.18690 -2292.80427 205.77i 

β -2291.42273 0.61677 -2292.03949 -2292.18628 -2292.80305 216.28i 

∆G -0.00015   -0.00062   

kcal/mol    -0.39041   

 

Atoms       

83 α β 

C -0.86917984 -1.27066141 2.83475942 -0.69459068 -0.70415727 3.18470141 

C -0.88787458 -2.5328758 2.34427123 -0.45993292 -2.00667253 2.89723382 

C -0.74073911 -3.70303648 3.29729685 -0.0820283 -2.95909844 4.0134959 

C -1.05894993 -2.84083285 0.90085777 -0.54853435 -2.5563526 1.52034226 



Appendix 

612 

C -1.52926629 -4.1231511 0.52777907 -0.65102502 -3.95851134 1.34829882 

C -1.68240476 -4.50492153 -0.80838383 -0.67002171 -4.55749731 0.08591556 

C -1.31733636 -3.61325824 -1.82851207 -0.57055275 -3.75686267 -1.06188089 

C -0.82234582 -2.35026839 -1.49045456 -0.45599428 -2.37096943 -0.92469521 

C -0.72323847 -1.92514955 -0.14543923 -0.46105862 -1.74877762 0.34539997 

C 1.20598543 0.36815043 0.3036431 0.99420053 0.90311876 0.23731379 

C 1.10010054 -1.06560144 0.22593946 1.16086392 -0.49044375 0.5453835 

Pd -0.86796429 0.18978305 0.01704584 -1.00722381 0.29641321 0.11858483 

I -0.86121663 2.85080747 0.27084995 -1.4217168 2.83874767 -0.67553737 

C 1.87476161 -1.38677374 -1.07897323 2.05705068 -0.98614448 -0.61761668 

H 1.66779957 -2.34824087 -1.56051521 2.06170639 -2.06145727 -0.82204817 

C 3.35070146 -1.06592838 -0.77933382 3.42375131 -0.33083504 -0.3648993 

C 4.36676389 -2.07187547 -0.47739415 4.45356343 -1.09104835 0.39292524 

O 3.79849981 -3.28931681 -0.29197648 4.08925815 -2.10098099 1.01610897 

C 4.71294823 -4.36066849 0.00542441 5.72623022 -0.6194528 0.35979012 

O 5.58137436 -1.89620443 -0.40096699 3.24192441 0.97854533 -0.69440681 

C 3.40667296 0.29552286 -0.72688632 4.14319606 2.12281658 -0.53185262 

C 4.4139068 1.28747343 -0.25553469 5.3601728 2.07921394 -0.35795183 

N 5.72098747 0.91982021 -0.31500151 3.45923894 3.28463173 -0.6083664 

C 6.77583201 1.78999082 0.20903607 1.75463394 1.07769355 -1.09511848 

O 4.00860937 2.38361904 0.1548705 1.44652372 1.90252153 -1.74655048 

C 1.96215143 0.75098066 -0.98637725 1.55900072 -0.20698421 -1.71278945 

H 1.81460416 1.76475286 -1.37316847 -0.58185489 -0.32366133 4.20639859 

O 1.50856025 -0.27223835 -1.90078866 -1.01604139 0.00957598 2.41209519 

H -0.70462865 -1.08325317 3.90220846 0.06753338 -2.40878002 4.9560066 

H -1.03319868 -0.39419108 2.18845822 0.84537414 -3.51106061 3.77687104 

H -0.4743021 -3.34909507 4.30594048 -0.87365905 -3.7114551 4.18940128 

H 0.03459871 -4.41245473 2.95543864 -0.71754942 -4.59890678 2.2321106 

H -1.6844023 -4.2735573 3.38497679 -0.75107106 -5.64599102 0.00022217 

H -1.798729 -4.83854336 1.31009187 -0.57559295 -4.2080205 -2.05998554 

H -2.06767054 -5.50081869 -1.05066693 -3.38606574 -0.03069996 0.07911609 

H -1.40935364 -3.90075312 -2.88163502 -3.95717871 0.29564782 -1.69178365 

H 5.2715951 -4.14157489 0.93031182 -4.28217085 -1.59789791 0.59958519 

H 5.43032944 -4.49122712 -0.82152512 -4.2315873 1.32744821 1.0872924 

H 4.08812542 -5.25580152 0.12746604 -5.39174679 -0.12676065 -2.04451475 

H 5.92804339 -0.07356605 -0.49733988 -2.93696982 -0.26166426 -2.70076923 

C 8.056323 1.59011638 -0.60842763 -3.885032 1.3990765 -1.7376837 

H 8.42778227 0.55280119 -0.51370025 -5.52001926 -1.22263258 -2.0177573 

H 8.85080706 2.26730712 -0.2507962 -5.62396031 0.20477887 -3.07323823 

H 7.87606849 1.79650301 -1.67715137 -6.14462028 0.3219311 -1.37708033 

C 6.98572378 1.54675771 1.71378948 -2.87827731 -1.36345962 -2.66861256 

H 6.400095 2.81953034 0.07593555 -1.93035298 0.14451243 -2.50036834 

H 7.76315797 2.22234337 2.11265504 -3.22866184 0.03296018 -3.72554658 

H 7.30183355 0.50417167 1.9002155 -3.46381116 1.62581016 2.3864576 

H 6.04807786 1.73589729 2.26259192 -3.9295678 2.48655795 2.90046549 

H -0.50733444 -1.66126736 -2.27846119 -2.41620645 1.88936819 2.16434908 

H 1.22861422 -1.68355198 1.1187912 -3.46969619 0.77120627 3.08424385 
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613 

H 1.41034907 0.90709526 1.23297588 -5.73482822 1.14435588 1.3492396 

H -5.97675802 1.4460548 -0.59872994 -4.091431 2.20269889 0.42558529 

C -5.71431062 1.34643189 0.468569 -6.12796483 2.05420134 1.83887805 

H -2.73540875 1.29698127 2.32391974 -5.94217586 0.29616002 2.0242622 

H -6.17490315 2.19631028 1.00516107 -6.31347111 0.99364274 0.42405011 

H -6.18207615 0.42330724 0.85220696 -3.90087648 -2.81640136 -0.25162944 

C -3.82868895 1.2477568 2.19157674 -4.55562039 -3.66681686 0.0141248 

C -4.19655842 1.35462503 0.70271398 -2.86233398 -3.12109144 -0.06383812 

H -4.27119 2.10135585 2.7365443 -4.0130222 -2.63336625 -1.33210425 

H -3.7858191 2.3215857 0.35601655 -5.35113729 -1.36972058 0.42536528 

H -4.12708631 2.84090077 -1.7159666 -4.08406378 -1.90221149 2.09315935 

H -4.20399367 0.3211818 2.65428588 -4.48269714 -1.10632808 2.74194219 

C -3.48337109 2.23533157 -2.37520982 -3.01798221 -2.03439922 2.33319419 

H -2.44166711 2.56134516 -2.22212793 -4.61230063 -2.83875072 2.3508469 

P -3.22488309 0.1697334 -0.38002126 -0.33349905 -1.74683336 -1.81438955 

H -3.77167225 2.45793706 -3.41934824 1.34985093 -0.82977601 1.56709491 

C -3.642033 0.72809838 -2.13041871 1.04203794 1.6887201 0.99796873 

H -3.2292313 -2.18648102 -0.68612085 6.78130337 -1.21569144 1.18200675 

H -4.70785304 0.46759263 -2.26761631 6.80083611 -0.58036751 2.58341914 

H -5.15089212 -1.45382989 1.60166542 7.57969898 -1.04662428 3.21259224 

C -4.02490288 -1.53686884 -0.28286385 5.82527173 -0.7210012 3.07831794 

C -4.26321429 -1.9552902 1.17789555 7.01003968 0.50276959 2.51671222 

C -2.80162469 -0.07570632 -3.13533765 8.12562922 -1.09068943 0.45738836 

H -2.92078329 -1.16507407 -3.00736894 8.92660081 -1.57044617 1.04561243 

H -6.11593151 -1.10546306 -0.84816927 8.39990476 -0.02886137 0.31532083 

C -5.28344593 -1.76897357 -1.13595928 8.08338329 -1.57220506 -0.53429846 

H -1.73097918 0.1677976 -3.01715091 4.24035124 4.48517744 -0.46002985 

H -3.39767115 -1.72936857 1.82000987 4.73891679 4.49672722 0.52320907 

H -4.44001865 -3.04492896 1.2229884 3.52405593 5.31290816 -0.54705023 

H -3.10168943 0.18095361 -4.16772465 5.00663751 4.54008993 -1.25064744 

H -5.0932195 -1.63762752 -2.21377103 6.50654864 -2.27965831 1.28733345 

H -5.6237514 -2.81109678 -0.99044384 5.86719735 0.32404931 -0.03288215 

 

Pd-3, cis 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2291.476441 0.618559 -2292.095000 -2292.245405 -2292.863965 

β -2291.471593 0.618343 -2292.089936 -2292.241837 -2292.860179 

∆G -0.004848   -0.003568  

kcal/mol    -2.239146  

 

Atoms       

83 α β 
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C -0.16757292 1.56719471 -2.77409584 1.68292937 -0.33094955 4.34993775 

C -0.28886872 2.78913069 -2.21568232 0.69139071 -0.23529025 3.44420995 

C 0.08832702 4.05557296 -2.9500617 -0.00599047 1.06396223 3.111519 

C -0.8312289 2.94639282 -0.83395854 0.17293009 -1.44524463 2.7357916 

C -1.9565865 3.75716788 -0.61932128 -0.62640155 -2.36681754 3.42299519 

C -2.53184421 3.89722364 0.65236341 -1.17260413 -3.48731468 2.77445368 

C -1.98929959 3.21629455 1.74250633 -0.94428965 -3.6878474 1.41365177 

C -0.85593978 2.40889944 1.56329902 -0.14428935 -2.78082271 0.69960525 

C -0.23411022 2.28915714 0.28997469 0.45331752 -1.66654587 1.35123909 

C 0.87478176 0.04825153 0.27455314 0.78929287 0.03664502 -0.45485043 

C 1.11317935 1.57121464 0.17348522 1.49769872 -0.81646691 0.62104134 

Pd -1.19795718 0.07192088 0.34842205 -1.1571681 -0.45363503 0.06907588 

I -3.85609067 0.5347972 0.21636681 -3.49003682 -1.10985666 1.28040616 

C 2.06076685 1.80168448 1.40230063 2.46423777 -1.67832757 -0.26842759 

H 2.09955565 2.8224553 1.80288743 2.81240727 -2.61797742 0.17590379 

C 3.37850316 1.1452449 1.00057858 3.52425505 -0.70318081 -0.74525055 

C 4.51456779 1.86494695 0.42981683 4.78907258 -0.58343088 0.03482087 

O 4.19924055 3.16265582 0.19785067 4.84585924 -1.13625237 1.14370618 

C 5.25380976 3.96710991 -0.36103682 5.80448627 0.12198407 -0.52973472 

O 5.63352097 1.412374 0.18457216 2.88975952 0.04338486 -1.70032998 

C 3.13111869 -0.19889338 1.08653329 3.36119856 1.2231963 -2.42554021 

C 3.83350311 -1.42788123 0.62207638 4.52214525 1.61490475 -2.52546661 

N 5.16170112 -1.32726947 0.37169491 2.33804155 1.86797745 -3.04524666 

C 5.93402542 -2.45537073 -0.15048199 1.45765927 -0.50863692 -1.75278966 

O 3.18174311 -2.48141119 0.50069522 0.91758494 -0.39149952 -2.69892618 

C 1.68699744 -0.30049467 1.56118047 1.68242874 -1.892604 -1.45794688 

H 1.41350158 -1.20508148 2.11219632 2.04824347 0.55124581 4.88955899 

O 1.55419724 0.87369589 2.37445929 2.16698915 -1.28948357 4.56664377 

H 0.22035267 1.43993446 -3.79195229 0.05157958 1.27607548 2.02628934 

H -0.47972395 0.667504 -2.22767898 0.42662365 1.91242472 3.66746114 

H -0.76986825 4.74966676 -3.01271464 -1.08395431 0.98448761 3.34452906 

H 0.43498573 3.83908646 -3.9738399 -0.83753875 -2.19123897 4.48242213 

H 0.88950979 4.59504387 -2.41010553 -1.79741022 -4.18736857 3.33797051 

H -2.41888063 4.26086763 -1.4743685 -1.39091598 -4.54046015 0.89379851 

H -3.42354049 4.51924823 0.7776684 -2.12655887 1.01240087 -1.35986756 

H -2.44933593 3.29249009 2.73194806 -3.54018415 1.97912725 -0.5981556 

H 4.82394131 4.97015925 -0.48643396 -0.92612946 2.21767505 -2.16733708 

H 5.57773888 3.55430116 -1.33067045 -2.88138841 0.11198893 -2.82320268 

H 6.11864475 3.99276708 0.32224307 -4.25625152 2.95239468 -1.54608812 

H 5.57929437 -0.3820029 0.37605606 -3.15556072 2.6365541 0.73749784 

P -1.39988024 -2.1789491 0.12005824 -4.22496698 1.1477268 -0.34581684 

C -1.89307251 -2.99157664 1.73681319 -5.19192262 3.2976485 -1.06975195 

C -2.7396011 -2.67102158 -1.09534843 -4.5273761 2.48454794 -2.50804993 

C 0.20430477 -3.03743635 -0.33668219 -3.64632408 3.84840611 -1.75528595 

C -3.33025636 -2.6707302 2.16624826 -2.53464994 3.53601011 0.59571195 

C -0.88293687 -2.61305022 2.83172779 -2.6169942 1.92183138 1.38155123 

H -1.81777821 -4.07830216 1.54143035 -4.07512646 2.94030227 1.2687249 
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H -4.07269464 -3.0110487 1.42553687 -4.09482988 -0.74558325 -2.44051361 

H -3.47352747 -1.58642581 2.30814861 -3.81891461 -1.5224262 -1.70810206 

H -3.54523631 -3.18612272 3.12041222 -4.49093065 -1.23587473 -3.34867894 

H 0.14514219 -2.92072244 2.57459066 -4.90821204 -0.146696 -1.99876649 

H -1.15357792 -3.11054126 3.78043933 -1.79964417 -0.73086477 -3.51811955 

H -0.88873972 -1.52115333 2.99969941 -3.21531034 0.90885427 -3.51454032 

C 0.5943325 -2.78258034 -1.80260348 -1.38966564 -1.4842763 -2.82189088 

H 1.66926599 -3.00108006 -1.92615753 -0.96312384 -0.11356681 -3.8889974 

H 0.42176085 -1.7355673 -2.10583685 -2.23392652 -1.25947875 -4.3856507 

H 0.02946734 -3.43239524 -2.49338401 -1.38183071 2.85349771 -3.4921936 

C 0.32392864 -4.53054314 0.01290269 -2.28833969 3.46749907 -3.3737495 

H 0.95323146 -2.51678044 0.28248984 -1.57466449 2.10162897 -4.2748191 

H 1.35622507 -4.85104747 -0.21399779 -0.58145369 3.51796197 -3.86688385 

H -0.36779108 -5.16249366 -0.56814387 -0.05760966 1.57793231 -2.39441337 

H 0.15560175 -4.72481652 1.08467426 -0.45283448 3.28772373 -1.16886873 

C -2.63532378 -1.92509006 -2.43545058 -1.20876499 4.08100504 -1.04021223 

H -2.52989166 -0.83983613 -2.27066933 0.47266758 3.76052614 -1.54273218 

H -3.5648501 -2.08721237 -3.01026163 -0.23889433 2.85938033 -0.17485336 

H -1.79253332 -2.28230604 -3.04934215 0.10374698 -2.96734158 -0.34900485 

H -3.635103 -2.26919759 -0.58566455 2.06504045 -0.23092038 1.35995221 

C -2.90093609 -4.187281 -1.28175137 0.94075174 1.12024479 -0.33929756 

H -3.82690621 -4.38499218 -1.85220331 7.05997564 0.37060328 0.1784216 

H -2.98136218 -4.72622706 -0.32214352 7.09675304 1.81097768 0.71673734 

H -2.0637148 -4.62231342 -1.85384076 7.03979922 2.54108051 -0.11148905 

C 7.32304845 -2.4734283 0.49799895 8.03259932 1.99509303 1.27354532 

H 7.88832311 -1.55658643 0.24783749 6.24729592 1.9904949 1.39726192 

H 7.90555926 -3.33869052 0.13744899 8.25123418 0.05466927 -0.73555189 

H 7.24164894 -2.53976271 1.59614173 8.20790448 -0.99039925 -1.08591226 

C 5.99904998 -2.40005616 -1.68676006 9.20273696 0.20301166 -0.19569153 

H 5.36954531 -3.35690527 0.14343854 8.25787505 0.71650921 -1.6215951 

H 6.5051193 -1.47702927 -2.02335981 2.72040204 3.02725958 -3.81033918 

H 4.98246251 -2.4175284 -2.11503256 3.46065225 2.74983673 -4.57797341 

H 6.55791449 -3.26578485 -2.0842912 3.16017548 3.79301623 -3.15036109 

H -0.38846607 1.91348856 2.4189992 1.79464699 3.39520196 -4.2722788 

H 1.60248326 1.86854225 -0.76545756 7.05001244 -0.32796734 1.03234547 

H 1.22139784 -0.5175022 -0.60116357 5.59578892 0.64911324 -1.39024266 

 

Pd-3, trans 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2291.456864 0.618435 -2292.075299 -2292.223746 -2292.842180 

β -2291.458393 0.617332 -2292.075725 -2292.226243 -2292.843575 

∆G 0.001529   0.002498  

kcal/mol    1.567408  
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Atoms 

83 α β 

C -0.00709949 -1.44275649 3.09429864 -0.10574806 -1.3808607 3.64096821 

C -0.09301897 -2.67806202 2.55558515 0.3902532 -2.41542124 2.93606577 

C 0.29211275 -3.92099413 3.32565717 1.5696722 -3.24705396 3.38504481 

C -0.60613173 -2.85768391 1.16783604 -0.21676788 -2.78549127 1.6175475 

C -1.6243151 -3.78747784 0.9092459 -1.14641762 -3.82965396 1.53432503 

C -2.18300787 -3.93086001 -0.37340409 -1.71581692 -4.20351397 0.30260668 

C -1.75373919 -3.11023605 -1.41641146 -1.37780465 -3.5149151 -0.86146774 

C -0.70585905 -2.19393997 -1.19997943 -0.42841845 -2.47246584 -0.81418037 

C -0.06598751 -2.10598009 0.07039456 0.19172229 -2.12372265 0.42146303 

C 1.08903829 0.09903284 0.04518715 0.99205842 0.15382565 -0.18882017 

C 1.2983874 -1.41619102 0.16502566 1.39732513 -1.19389684 0.42102115 

Pd -0.99851838 0.08193343 -0.05970539 -1.05942353 -0.12354344 -0.32708441 

I -0.76629792 2.69586427 -0.04627015 -1.07233231 2.32922936 -1.32038878 

C 2.20923145 -1.67551836 -1.09110656 2.51219095 -1.65356256 -0.59629294 

H 2.20752689 -2.69855168 -1.48933132 2.71791655 -2.73010163 -0.6312163 

C 3.55351592 -1.05915812 -0.72308901 3.67496336 -0.72512208 -0.30262156 

C 4.68344076 -1.81863662 -0.19470359 4.6969465 -1.14590862 0.69328017 

O 4.31803316 -3.09860654 0.08061271 4.46884635 -2.15016323 1.39063559 

C 5.36499394 -3.94110949 0.593838 5.82829834 -0.40110144 0.77753218 

O 5.83341174 -1.41972891 -0.01678263 3.29414129 0.47069919 -0.84502177 

C 3.34467349 0.29179885 -0.80077876 3.9014008 1.79860028 -0.70201597 

C 4.10655725 1.49347266 -0.34922448 5.05820191 2.04586396 -0.36260119 

N 5.45490937 1.35520745 -0.2249927 3.00956725 2.76171607 -1.01020495 

C 6.28366749 2.45107855 0.27834918 1.90471477 0.22119176 -1.44366736 

O 3.48988761 2.54458811 -0.1328351 1.57672408 0.86482891 -2.26720335 

C 1.89070025 0.44140568 -1.23890952 2.01414593 -1.1541162 -1.84556346 

H 1.61658115 1.36293756 -1.76317911 0.32339075 -1.09414672 4.60871445 

O 1.70728594 -0.73497674 -2.05168919 -0.94853586 -0.78973387 3.26597517 

H 0.36123726 -1.29015433 4.11568543 1.90162685 -2.95851811 4.39626285 

H -0.31562518 -0.5536527 2.52771469 2.42246073 -3.1226857 2.68993631 

H 0.64156765 -3.66894968 4.33992083 1.30995289 -4.3221657 3.38827729 

H 1.09461543 -4.47172814 2.80017117 -1.43256676 -4.35942468 2.4493434 

H -0.56085074 -4.61820855 3.41951835 -2.43546657 -5.02820723 0.26765769 

H -2.00999061 -4.39808143 1.7316789 -1.81422738 -3.79913151 -1.824351 

H -2.97226084 -4.67159782 -0.54052525 -3.49017069 -0.03733872 -0.15090987 

H -2.19649934 -3.19841447 -2.41296762 -4.20953251 0.44507091 -1.82332311 

H 5.76561548 -3.52727444 1.53404594 -4.62341584 -1.37775225 0.52771505 

H 6.18658169 -4.02075721 -0.13724205 -3.85998713 1.44707525 0.96615512 

H 4.89812987 -4.92085305 0.76514495 -5.73787497 0.53769158 -1.93418293 

H 5.84600008 0.4021436 -0.26377136 -3.58811722 -0.42410086 -2.93229588 

C 7.66525808 2.39244722 -0.3821723 -3.78708616 1.46055214 -1.94552489 

H 8.18970525 1.4546139 -0.11996239 -6.23560573 -0.43341518 -1.76737548 

H 8.29180268 3.23553278 -0.04345169 -6.01099154 0.87334895 -2.95181038 
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H 7.57639879 2.44224247 -1.48078623 -6.16336699 1.2660919 -1.22540092 

C 6.3572053 2.41871028 1.81501091 -3.92910048 -1.47235369 -2.88380397 

H 5.76156241 3.37643586 -0.02157224 -2.48638261 -0.41379695 -2.85876759 

H 6.95787541 3.26415589 2.19549425 -3.87015866 -0.0234794 -3.92310927 

H 6.82137292 1.47793555 2.16338077 -2.83316928 1.54865419 2.10861025 

H 5.34380198 2.49320307 2.24352047 -2.94603999 2.51758904 2.62848469 

H -0.25829317 -1.65726598 -2.04275967 -1.80143255 1.48621275 1.72014935 

H 1.80164224 -1.72417169 1.0931081 -2.97186858 0.74933391 2.85739684 

H 1.37688437 0.70229303 0.91663409 -5.2925323 1.56203928 1.50829807 

H -5.71206147 2.66926583 1.9038879 -3.66424041 2.29096457 0.27759324 

C -5.49767799 1.71596368 1.38621686 -5.40626478 2.5262142 2.03730357 

H -2.18395213 1.33110608 2.47699827 -5.51972678 0.76382336 2.23708435 

H -5.94531471 0.90798768 1.99071791 -6.05689437 1.52692809 0.7156386 

H -6.01457689 1.74382637 0.41167322 -4.79617414 -2.56185919 -0.43476834 

C -3.26823106 1.4896282 2.60426598 -5.39230804 -3.35427297 0.05496929 

C -3.97935081 1.54108926 1.24071707 -3.82530016 -2.99480562 -0.71589278 

H -3.40607807 2.45403629 3.12564663 -5.32365328 -2.27170391 -1.357177 

H -3.56811357 2.42331945 0.71449893 -5.61086912 -0.89603498 0.65727193 

H -4.33028542 2.77617744 -1.31218369 -4.11650124 -1.83349969 1.90609639 

H -3.66900367 0.69556268 3.25512913 -4.15216285 -1.01856139 2.64760679 

C -3.96551766 2.01797594 -2.02488315 -3.07633027 -2.19414572 1.84840157 

H -2.88479345 2.18437477 -2.16702613 -4.74494142 -2.65933636 2.28796319 

P -3.41648014 0.17203599 0.08404789 -0.02580806 -2.05293343 -1.74239694 

H -4.47775903 2.18974584 -2.98970949 1.7976574 -1.10702115 1.43994049 

C -4.25098007 0.58669966 -1.54832755 1.10363741 1.02461249 0.47309965 

H -3.73049663 -2.1681403 -0.00940775 6.83951439 -0.66596455 1.8028252 

H -5.33902564 0.48496519 -1.37581028 6.47939369 0.04617232 3.11837772 

H -4.63334821 -1.15247468 2.74334548 7.22812502 -0.175349 3.89972356 

C -4.27599851 -1.42367883 0.59542794 5.49352995 -0.29471275 3.4766529 

C -3.99734216 -1.75387307 2.07092404 6.44319868 1.14094269 2.97151112 

C -3.81809857 -0.44124019 -2.60651455 8.22041111 -0.26652071 1.27261033 

H -4.05796516 -1.47562446 -2.30626445 9.00082072 -0.49755256 2.01785013 

H -6.39461339 -0.84246123 0.80554662 8.26386652 0.81822245 1.06212696 

C -5.76984443 -1.56957802 0.26206067 8.45530602 -0.80857408 0.34077623 

H -2.72869211 -0.38094992 -2.7777662 3.47087433 4.11911144 -0.89196072 

H -2.94320258 -1.57917058 2.34383435 3.82882426 4.31277053 0.13262079 

H -4.22440269 -2.81795939 2.26501877 2.59942652 4.7436235 -1.12934959 

H -4.33061678 -0.23908129 -3.56471011 4.29536002 4.30402963 -1.60040664 

H -5.9742239 -1.45873006 -0.81573902 6.80401232 -1.75526635 1.97909196 

H -6.10767706 -2.5815259 0.55545731 5.83576525 0.50354937 0.28036504 

 

New-TS-1 cis 

 TPSS D4 wB97M-V Imaginary 
frequency 

Pd-complex-iPr3P def2-SVP def2-TZVPP  

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  
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α -2291.42033 0.61683307 -2292.03716 -2292.18496 -2292.80179 126.16i 

β -2291.41888 0.61565846 -2292.03454 -2292.18386 -2292.79952 110.92i 

∆G -0.00145169 -0.00109996 

kcal/mol -0.6902239 

Atoms 

83 α β 

C -0.8575916 1.52705267 -2.77711967 -0.70145468 2.04188108 -2.70366353 

C -0.66518605 2.76363282 -2.26201495 0.01348351 2.95658502 -2.01153606 

C -0.17265167 3.87827746 -3.16406749 1.11422283 3.7577625 -2.67612321 

C -0.9223856 3.09745674 -0.83705878 -0.2083341 3.20113381 -0.55966041 

C -1.18373707 4.44630684 -0.4884427 -0.12033852 4.5213014 -0.05718445 

C -1.42023163 4.84488151 0.82892673 -0.26355269 4.80592042 1.30248426 

C -1.36891778 3.89596201 1.8597943 -0.46495796 3.7582932 2.2134951 

C -1.08517331 2.56125645 1.55160255 -0.53351469 2.44108743 1.74689093 

C -0.89023163 2.14940125 0.22057912 -0.43734487 2.16018156 0.3719801 

C 1.03059643 -0.43053604 0.11923692 0.85297265 -0.75275646 -0.18534355 

C 1.00236685 0.98555521 -0.06523415 1.13950497 0.64257268 -0.17005046 

Pd -1.01729372 0.03825745 0.10014725 -1.03839809 0.17054917 -0.02228096 

I -3.65065556 0.60119351 -0.13075031 -3.48862151 1.31450636 0.02196889 

C 1.71703659 1.52256059 1.20155952 1.9681346 0.82966692 1.12121172 

H 1.52507924 2.56014596 1.49167739 2.00986438 1.83235916 1.55686764 

C 3.18980002 1.08841085 1.01962325 3.30997551 0.14882896 0.80114815 

C 4.26627405 1.95488325 0.54239945 4.42752009 0.96885694 0.26059388 

O 3.77921307 3.1487583 0.1330956 4.15910092 2.09370133 -0.18801414 

C 4.75525405 4.08672425 -0.35875204 5.669762 0.42004016 0.29098998 

O 5.46546047 1.68091476 0.50658773 3.02971686 -1.18463143 0.81737021 

C 3.1735186 -0.26306705 1.19892929 3.84997926 -2.325528 0.41486504 

C 4.08549612 -1.38480091 0.85092786 5.0743882 -2.3605857 0.32458465 

N 5.41468609 -1.12191821 0.81686455 3.06885231 -3.40435602 0.14612662 

C 6.38519632 -2.11904043 0.35924226 1.51833428 -1.25818034 1.11975617 

O 3.57361291 -2.49046509 0.59953534 1.15112281 -2.182137 1.57900244 

C 1.70748969 -0.59089802 1.50216873 1.35966878 -0.13540602 1.99349594 

H 1.52224106 -1.50023299 2.07955156 -0.49830749 1.85459238 -3.76518413 

O 1.27741085 0.58827704 2.19309696 -1.52599936 1.49248421 -2.2362402 

H -0.6364931 1.31547357 -3.82991695 2.06934017 3.63900256 -2.13080744 

H -1.27550277 0.71352175 -2.17118826 0.88279391 4.8390003 -2.68358962 

H -0.95783242 4.63821964 -3.33493525 1.25645015 3.43870711 -3.72187604 

H 0.12055469 3.47923607 -4.14864697 0.05321615 5.34355817 -0.75891681 

H 0.69372496 4.40425935 -2.72231806 -0.20528183 5.84186993 1.65271522 

H -1.22181594 5.20067468 -1.27995245 -0.5669515 3.96233476 3.2850724 

H -1.63662234 5.8953477 1.05042265 -2.05586635 -1.98738354 -0.14690924 

H -1.54543575 4.1896634 2.90036179 -3.56753062 -2.06114965 -1.25428941 

H 4.18527862 4.98165834 -0.64228736 -0.88085812 -3.38355281 -0.64761783 

H 5.28545615 3.66514389 -1.22852871 -2.672317 -2.55860736 1.53501881 

H 5.48967771 4.32002224 0.42955458 -4.26506116 -3.42608941 -1.3365642 
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H 5.69633898 -0.13014823 0.86860753 -3.32000425 -1.44278888 -2.64007924 

P -1.44063325 -2.30946558 -0.01973284 -4.22682248 -1.35269831 -0.71806986 

C -0.09264606 -3.427401 0.68777759 -3.69201746 -4.14487394 -1.94764599 

C -3.09040053 -2.84135229 0.69259365 -5.25219481 -3.30213262 -1.81842773 

C -1.52722101 -2.83173098 -1.82264921 -4.43524254 -3.87445555 -0.34268674 

C -0.01429603 -4.85618505 0.12304646 -2.80177629 -0.47384688 -2.54972043 

C -0.14558503 -3.4469033 2.22606255 -4.29105494 -1.25711309 -3.13284862 

H 0.84397338 -2.92137529 0.39718493 -2.73154517 -2.10427201 -3.29660833 

H 0.14712254 -4.86790162 -0.96715146 -3.90662806 -1.79791572 2.03987668 

H -0.91639171 -5.44869367 0.34578156 -3.69046408 -0.72702026 2.18432334 

H 0.8486764 -5.37012932 0.58444412 -4.21869804 -2.23044962 3.00842828 

H -0.34034169 -2.44741422 2.65112274 -4.76030297 -1.87553058 1.34650021 

H 0.81910993 -3.81072391 2.62308609 -1.52120552 -2.47586551 2.55093198 

H -0.93419268 -4.12684517 2.59036119 -2.95458537 -3.61941949 1.39797003 

C -0.21638401 -2.47807694 -2.54601239 -1.87618332 -2.78878176 3.54929939 

H -0.24989533 -2.85772975 -3.58318847 -1.14047709 -1.4418868 2.62643199 

H 0.67106125 -2.9183323 -2.05878088 -0.67813526 -3.13498459 2.27990989 

H -0.07999903 -1.38372956 -2.59105632 -1.2749433 -4.81635781 -0.25199242 

C -2.7368747 -2.23243984 -2.5548852 -2.1994751 -5.15045163 -0.74892159 

H -1.63440735 -3.93269703 -1.80845656 -1.40694676 -4.93116468 0.83634637 

H -3.69427186 -2.54409943 -2.10620325 -0.46578513 -5.50670297 -0.55667518 

H -2.72977419 -2.57209479 -3.60696594 0.03440592 -3.13613964 -0.08347073 

H -2.70957099 -1.13004418 -2.54065291 -0.53150917 -3.29969951 -2.1443003 

C -3.44674887 -4.32329605 0.50526002 -0.35995485 -2.26105147 -2.47629594 

H -3.30349031 -4.66578581 -0.53371169 -1.3382298 -3.72153173 -2.76715223 

H -4.51170582 -4.47387279 0.76046936 0.38617543 -3.88110075 -2.34801607 

H -2.85567207 -4.97679214 1.17000395 -0.66898508 1.61819842 2.45591798 

H -3.77014863 -2.22830327 0.07134056 1.37558068 1.21203065 -1.07062188 

C -3.3012545 -2.37206548 2.14283338 0.91948022 -1.34903085 -1.09893329 

H -4.37925843 -2.41203424 2.38031361 6.82049615 1.08842324 -0.32125721 

H -2.97186841 -1.328055 2.27601246 7.02645274 0.5951931 -1.76373598 

H -2.77391485 -3.01244023 2.8681128 7.22552885 -0.49188457 -1.77999395 

C 7.66949778 -2.00869269 1.18833964 7.88250645 1.11112786 -2.23336382 

H 8.14835989 -1.02192497 1.04774141 6.12672252 0.79544135 -2.36946791 

H 8.39368737 -2.78211725 0.87979638 8.06171064 0.88595484 0.55542115 

H 7.45520026 -2.13893555 2.26256826 7.88711019 1.26744982 1.57559074 

C 6.63848044 -1.96886093 -1.15086704 8.92774733 1.41851137 0.12606881 

H 5.90469112 -3.09630921 0.53792232 8.32484721 -0.18580619 0.62627801 

H 7.05396453 -0.97061844 -1.37948873 3.77185763 -4.5934643 -0.26183809 

H 5.69632829 -2.09300017 -1.71091234 4.46840782 -4.91500891 0.52965429 

H 7.35498916 -2.73163044 -1.50346952 4.34341096 -4.40245779 -1.18494464 

H -1.018127 1.8209963 2.35501948 2.9946132 -5.3510985 -0.4321828 

H 1.14687248 1.45837291 -1.04013963 6.55068142 2.15796293 -0.35076159 

H 1.29380123 -1.12387183 -0.68347952 5.73370943 -0.5852737 0.50551747 

 

New-TS-1 trans 
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Functional TPSS D4 wB97M-V Imaginary frequency 

Basis set def2-SVP def2-TZVPP  

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  

α -2291.42335 0.61716955 -2292.04052 -2292.18729 -2292.80446 203.90i 

β -2291.42561 0.61737754 -2292.04299 -2292.1904 -2292.80777 207.11i 

∆G 0.00225808   0.00310335   

kcal/mol    1.94735255   

 

Atoms       

83 α β 

C -0.86917984 -1.27066141 2.83475942 -0.48444954 -1.71373846 2.83063759 

C -0.88787458 -2.5328758 2.34427123 -0.27241425 -2.87147322 2.16087618 

C -0.74073911 -3.70303648 3.29729685 0.17861077 -4.10083377 2.92453322 

C -1.05894993 -2.84083285 0.90085777 -0.46512479 -3.00837076 0.69339679 

C -1.52926629 -4.1231511 0.52777907 -0.67184403 -4.29930711 0.14916553 

C -1.68240476 -4.50492153 -0.80838383 -0.81323951 -4.51872963 -1.22377902 

C -1.31733636 -3.61325824 -1.82851207 -0.69795457 -3.43888767 -2.11181166 

C -0.82234582 -2.35026839 -1.49045456 -0.46806638 -2.15588962 -1.60531392 

C -0.72323847 -1.92514955 -0.14543923 -0.3947569 -1.90968043 -0.21666123 

C 1.20598543 0.36815043 0.3036431 1.10842155 0.65602572 0.51900084 

C 1.10010054 -1.06560144 0.22593946 1.28921917 -0.73812157 0.24663497 

Pd -0.86796429 0.18978305 0.01704584 -0.90326493 0.08638486 0.26266277 

I -0.86121663 2.85080747 0.27084995 -1.3865716 2.65144196 0.90531299 

C 1.87476161 -1.38677374 -1.07897323 2.03046661 -0.72754906 -1.11173086 

H 1.66779957 -2.34824087 -1.56051521 2.00048252 -1.64578527 -1.70684107 

C 3.35070146 -1.06592838 -0.77933382 3.42705841 -0.16461728 -0.80359428 

C 4.36676389 -2.07187547 -0.47739415 4.53796446 -1.11721454 -0.53596686 

O 3.79849981 -3.28931681 -0.29197648 4.24550041 -2.30343398 -0.31626362 

C 4.71294823 -4.36066849 0.00542441 5.80067803 -0.61895459 -0.5388603 

O 5.58137436 -1.89620443 -0.40096699 3.22195531 1.1649772 -0.58942459 

C 3.40667296 0.29552286 -0.72688632 4.15439799 2.20222248 -0.13987986 

C 4.4139068 1.28747343 -0.25553469 5.38290312 2.13615158 -0.14588244 

N 5.72098747 0.91982021 -0.31500151 3.48597278 3.2941959 0.2884627 

C 6.77583201 1.78999082 0.20903607 1.69604759 1.35165684 -0.72947351 

O 4.00860937 2.38361904 0.1548705 1.31766458 2.34967272 -0.97524779 

C 1.96215143 0.75098066 -0.98637725 1.40611674 0.38875886 -1.76173886 

H 1.81460416 1.76475286 -1.37316847 -0.29465595 -1.6428921 3.90799492 

O 1.50856025 -0.27223835 -1.90078866 -0.86875263 -0.81335341 2.32667157 

H -0.70462865 -1.08325317 3.90220846 0.41991913 -3.84047502 3.96741938 

H -1.03319868 -0.39419108 2.18845822 1.06798541 -4.56378457 2.46042695 

H -0.4743021 -3.34909507 4.30594048 -0.61392271 -4.87207011 2.94954881 

H 0.03459871 -4.41245473 2.95543864 -0.73389691 -5.15651929 0.82554087 

H -1.6844023 -4.2735573 3.38497679 -0.98787624 -5.53229677 -1.59916775 

H -1.798729 -4.83854336 1.31009187 -0.77740466 -3.59377394 -3.19343218 

H -2.06767054 -5.50081869 -1.05066693 -3.22707742 -0.34118547 -0.0838768 

H -1.40935364 -3.90075312 -2.88163502 -3.84321196 0.35568808 -1.72125979 
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H 5.2715951 -4.14157489 0.93031182 -3.68052155 -2.16905884 -0.20759394 

H 5.43032944 -4.49122712 -0.82152512 -4.34434048 0.47556088 1.1827164 

H 4.08812542 -5.25580152 0.12746604 -2.9425952 -0.13522793 -2.8659209 

H 5.92804339 -0.07356605 -0.49733988 -3.9686143 1.88564255 -1.75333084 

C 8.056323 1.59011638 -0.60842763 -4.8533234 -0.07540435 -1.85257107 

H 8.42778227 0.55280119 -0.51370025 -2.84952744 -1.23410883 -2.88866698 

H 8.85080706 2.26730712 -0.2507962 -1.92926946 0.29133016 -2.76427688 

H 7.87606849 1.79650301 -1.67715137 -3.3578519 0.19183536 -3.83665902 

C 6.98572378 1.54675771 1.71378948 -2.99278225 2.37387073 -1.59677666 

H 6.400095 2.81953034 0.07593555 -4.66502683 2.27030428 -0.9900358 

H 7.76315797 2.22234337 2.11265504 -4.3576135 2.18958148 -2.74296757 

H 7.30183355 0.50417167 1.9002155 -3.89311981 0.23074301 2.63163978 

H 6.04807786 1.73589729 2.26259192 -4.08011197 -0.80323996 2.96235242 

H -0.50733444 -1.66126736 -2.27846119 -4.45111051 0.90736768 3.30415226 

H 1.22861422 -1.68355198 1.1187912 -2.81986375 0.45416389 2.74788562 

H 1.41034907 0.90709526 1.23297588 -5.84466734 0.21466558 0.98293476 

H -5.97675802 1.4460548 -0.59872994 -4.13562678 1.54147621 0.97257386 

C -5.71431062 1.34643189 0.468569 -6.116489 -0.82501002 1.23481348 

H -2.73540875 1.29698127 2.32391974 -6.17253681 0.41338427 -0.05198931 

H -6.17490315 2.19631028 1.00516107 -6.42650294 0.87793913 1.64923296 

H -6.18207615 0.42330724 0.85220696 -3.75067307 -2.8220089 1.18277802 

C -3.82868895 1.2477568 2.19157674 -2.9068564 -2.52417661 1.82439206 

C -4.19655842 1.35462503 0.70271398 -3.71539941 -3.92061565 1.0714336 

H -4.27119 2.10135585 2.7365443 -4.69127935 -2.56761984 1.70222851 

H -3.7858191 2.3215857 0.35601655 -2.79985606 -2.58848578 -0.72316984 

H -4.12708631 2.84090077 -1.7159666 -4.91778715 -2.52397752 -1.04905595 

H -4.20399367 0.3211818 2.65428588 -5.04212735 -3.6228283 -1.05078114 

C -3.48337109 2.23533157 -2.37520982 -4.81854926 -2.20725647 -2.1002048 

H -2.44166711 2.56134516 -2.22212793 -5.84506727 -2.08700561 -0.64225003 

P -3.22488309 0.1697334 -0.38002126 -0.34650771 -1.31383519 -2.29143729 

H -3.77167225 2.45793706 -3.41934824 1.57130855 -1.44643335 1.02905623 

C -3.642033 0.72809838 -2.13041871 1.23804158 1.09482362 1.51201934 

H -3.2292313 -2.18648102 -0.68612085 6.94609464 -1.44530157 -0.15158206 

H -4.70785304 0.46759263 -2.26761631 7.16367841 -1.39088251 1.3708062 

H -5.15089212 -1.45382989 1.60166542 8.01072377 -2.03472397 1.66720161 

C -4.02490288 -1.53686884 -0.28286385 6.26015833 -1.74321075 1.89603762 

C -4.26321429 -1.9552902 1.17789555 7.38153628 -0.357701 1.69724326 

C -2.80162469 -0.07570632 -3.13533765 8.1836926 -1.00922021 -0.94279987 

H -2.92078329 -1.16507407 -3.00736894 9.04706952 -1.6483733 -0.69011263 

H -6.11593151 -1.10546306 -0.84816927 8.45626444 0.03607469 -0.70611708 

C -5.28344593 -1.76897357 -1.13595928 8.0009257 -1.08119385 -2.02838617 

H -1.73097918 0.1677976 -3.01715091 4.30054034 4.38781136 0.75150041 

H -3.39767115 -1.72936857 1.82000987 4.92933227 4.06371735 1.59693894 

H -4.44001865 -3.04492896 1.2229884 3.59336331 5.16780629 1.06332882 

H -3.10168943 0.18095361 -4.16772465 4.95196886 4.74652062 -0.06235769 

H -5.0932195 -1.63762752 -2.21377103 6.66857487 -2.4781959 -0.42472104 

H -5.6237514 -2.81109678 -0.99044384 5.90068626 0.40789555 -0.55345066 
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9.2.2.2 PPh3 
Pd-1 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

cis -1809.344747 0.364786 -1809.709533 -1809.870560 -1810.235346 

trans -1809.349697 0.364529 -1809.714227 -1809.878259 -1810.242789 

 

54 cis trans 

C 0.41298351 -2.58686917 -1.12760282 1.81285754 -2.44650383 1.7594853 

C 0.5540131 -3.00655251 0.20416019 2.47556954 -2.32658722 0.54411449 

C -0.61095426 -3.47982776 1.03429366 2.46417761 -3.42191663 -0.49057287 

C 1.94652723 -3.07863672 0.73603655 3.23980961 -1.06584461 0.29408237 

C 2.59704133 -4.12709943 1.40565405 4.56636336 -0.93007436 -0.14266218 

C 3.93349463 -3.92768479 1.78127599 5.07954947 0.36481296 -0.30848711 

C 4.57530953 -2.70063675 1.5255357 4.26576973 1.48642894 -0.07167831 

C 3.89496632 -1.63147052 0.91596464 2.91894381 1.34012457 0.30286976 

C 2.57064928 -1.83726061 0.51189071 2.3999945 0.05067961 0.49090348 

Pd 0.94403327 -0.75895796 -0.0414893 0.60729808 -0.89166136 0.63451232 

I 2.07770763 1.52882695 0.59322056 -1.46882532 -2.58940417 0.5426672 

H -0.58442851 -2.56632322 -1.57895767 1.21797806 -3.33821381 1.98150269 

H 1.27045378 -2.62199653 -1.80881437 2.05796615 -1.77916576 2.59337207 

H -0.52877305 -4.57559496 1.17268508 3.44647233 -3.93332883 -0.48733939 

H -1.57675111 -3.26437308 0.55180243 2.31247092 -3.00946897 -1.50194868 

H -0.5936128 -3.02593597 2.03960754 1.67726629 -4.16312842 -0.28087575 

H 2.0898947 -5.07576521 1.61670278 5.19237773 -1.80898487 -0.33537243 

H 4.48478905 -4.73238897 2.28001925 6.11980018 0.50406963 -0.62203922 

H 5.62278406 -2.57210585 1.82321748 4.68372301 2.49221578 -0.19605461 

P -1.13739894 0.35718927 -0.44373182 -0.55241957 0.95742896 -0.02917193 

C -1.6202531 1.51925835 0.89235229 -0.64212989 2.23415064 1.28600304 

C -1.26661487 1.30262374 -2.00946679 0.27978752 1.75517015 -1.45979177 

C -2.5851836 -0.78185221 -0.52698092 -2.29528413 0.81237854 -0.56956876 

C -1.23008127 1.19631551 2.20676464 -1.58075197 3.28399606 1.21159613 

C -2.37323793 2.68189892 0.65644093 0.23392847 2.16180911 2.38484132 

C -2.83247154 -1.50691534 -1.7123028 -3.2727653 0.499033 0.39628586 

C -3.37628654 -1.04123635 0.60843648 -2.6678413 0.97502866 -1.91449348 

C -2.51374551 1.6092104 -2.59327565 0.92429157 0.91571079 -2.38793166 

C -0.08219002 1.74063268 -2.63116478 0.29950671 3.14767856 -1.65020708 

H 4.38593361 -0.66335155 0.77478127 2.29976521 2.23402585 0.43165164 

C -1.61388762 2.01395941 3.27627437 -1.62138085 4.26053475 2.21445847 

C -2.74210473 3.50626739 1.72827531 0.18821344 3.14092286 3.38610268 

C -2.36929501 3.17137441 3.03762964 -0.73534369 4.19219832 3.30040953 

H -0.60432762 0.31418296 2.38280246 -2.28836694 3.32572941 0.3770911 
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H -1.30428185 1.75744921 4.29472512 -2.35284825 5.07321465 2.15194022 

H -2.6593286 2.95481315 -0.36366398 0.94071171 1.32685481 2.44700607 

H -3.31939077 4.41726813 1.53744519 0.87126699 3.07582619 4.2394256 

H -2.6571745 3.81972431 3.87211255 -0.77345467 4.95401829 4.08637979 

C -3.84102099 -2.47754898 -1.75468574 -4.61273361 0.37396166 0.01807808 

C -4.38321414 -2.01566254 0.56303668 -4.01216464 0.83619204 -2.28904545 

C -4.61528124 -2.74018213 -0.61438489 -4.98439599 0.53980117 -1.32514847 

H -2.24180386 -1.29960242 -2.61143163 -2.98259215 0.35126359 1.44104245 

H -3.20599556 -0.47891152 1.53173994 -1.91183123 1.21220828 -2.66903264 

H -4.99171332 -2.20526318 1.45373437 -4.29774669 0.96365381 -3.33857126 

H -5.40245127 -3.50071434 -0.64727845 -6.03383484 0.43326024 -1.6199354 

H -4.02397665 -3.02920759 -2.68303026 -5.3680916 0.13124554 0.77251985 

C -0.14568839 2.48399061 -3.8175492 0.96126521 3.69307082 -2.75911518 

C -2.57063959 2.35092051 -3.77988423 1.57388077 1.46295754 -3.49979939 

C -1.38691611 2.79026498 -4.39236573 1.59670748 2.85327216 -3.68462537 

H 0.88462767 1.50553467 -2.17283635 -0.18279884 3.81016929 -0.92508905 

H 0.78060541 2.82206287 -4.2936061 0.98432448 4.77942332 -2.8961387 

H -3.43935304 1.2589208 -2.12456031 0.93037151 -0.16670129 -2.21666493 

H -3.54209239 2.58550388 -4.22819242 2.07676937 0.80358241 -4.21466358 

H -1.43398951 3.36879443 -5.32127794 2.11708572 3.28327263 -4.54709149 

 

Pd-2, cis 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2630.638310 0.602955 -2631.241265 -2631.597018 -2632.199973 

β -2630.635313 0.603084 -2631.238397 -2631.595208 -2632.198291 

∆G -0.002997   -0.001811  

kcal/mol    -1.136120  

 

Atoms       

86 α β 

C -1.17024541 -1.74463217 3.22188041 -0.37576654 -1.86538341 2.96612574 

C -0.44878385 -2.85220625 2.93306685 0.82094804 -2.42339952 2.67242206 

C 0.43085473 -3.49456292 3.98563922 2.003932 -2.29256312 3.60853018 

C -0.48278488 -3.4865779 1.58748915 1.04976756 -3.16934399 1.40211407 

C -0.36601297 -4.89459882 1.47732679 1.80709015 -4.36571736 1.42350236 

C -0.36527102 -5.53822494 0.23777212 2.08018826 -5.08002372 0.2545002 

C -0.46494336 -4.77739229 -0.93637865 1.61154787 -4.59840544 -0.9765932 

C -0.56750324 -3.38249766 -0.85325429 0.87128088 -3.40924943 -1.02326912 

C -0.58013447 -2.73213199 0.39200129 0.58634845 -2.69612301 0.15223283 

C 1.23187873 0.21195389 0.42963743 0.93022162 0.74316111 -0.25806252 

C 1.37123542 -1.16189716 0.68730385 1.58727902 -0.32118252 0.3799132 

Pd -0.74768681 -0.6516018 0.36492169 -0.47989174 -0.91763831 -0.04896082 
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I -3.28151992 -1.21617301 -0.275027 -2.52403489 -2.57831758 -0.43777523 

C 2.05555127 -1.70699785 -0.58788072 2.62180107 -0.78999165 -0.66924106 

H 1.95542393 -2.77619198 -0.7996915 3.00967743 -1.80930705 -0.58164259 

C 3.48521421 -1.11424596 -0.57361917 3.65178673 0.3536911 -0.71227945 

O 4.35169339 -3.07851835 0.29914365 4.85682777 0.26987195 0.15631336 

O 5.85152392 -1.49360768 -0.30536948 4.83497001 -0.53344194 1.10200612 

C 3.31767841 0.2106312 -0.84676005 5.8974235 1.09003905 -0.13883633 

C 4.17787196 1.42593139 -0.82494063 3.01260983 1.37179446 -1.35392931 

N 5.51897999 1.23128295 -0.87612434 3.43168382 2.75972168 -1.5405228 

O 3.63036792 2.54069665 -0.77441935 4.58277385 3.19005459 -1.49867934 

C 1.79622683 0.37120121 -1.00959521 2.36609522 3.56215045 -1.78163698 

H 1.45306813 1.21753384 -1.61371962 1.59985844 0.80820082 -1.65364116 

O 1.4477558 -0.89002877 -1.59945564 1.03676014 1.25898802 -2.47783395 

H -1.10682657 -1.26983795 4.20848923 1.91224808 -0.56492249 -1.89681796 

H -1.87535708 -1.3208472 2.49721691 -0.51959892 -1.29971769 3.89534129 

H 0.48390138 -2.86862801 4.89161651 -1.24635413 -2.00029585 2.31454668 

H 1.45656471 -3.66154213 3.60601639 2.31504768 -3.27770951 4.00331032 

H 0.04141301 -4.48500159 4.28724715 1.761642 -1.64803767 4.47016094 

H -0.29029311 -5.49562129 2.38982801 2.88291699 -1.87632016 3.08007629 

H -0.28831355 -6.62975658 0.18786993 2.17823156 -4.74426772 2.3820992 

H -0.46718729 -5.26579997 -1.91749968 2.65993366 -6.00804412 0.30354184 

P -1.37433766 1.67150366 0.21745992 1.81952411 -5.14589119 -1.90297205 

C -1.272026 2.22100967 -1.5260167 -1.9916769 0.91713421 -0.24371433 

C -3.06921113 2.07032111 0.80024984 -3.8142074 0.70317138 -0.23968163 

C -0.36977079 2.9317389 1.12495337 -1.82153428 2.14695228 1.11213832 

C -1.23077082 1.24245866 -2.5375632 -1.63850599 1.77221331 -1.8235841 

C -1.22585184 3.5866963 -1.87450484 -4.39393696 0.13550887 0.91264105 

C -0.75774396 3.37743448 2.40452399 -4.63446332 1.10716381 -1.30511378 

C 0.85614721 3.38262308 0.59177216 -1.707222 0.96529375 -2.98087576 

C -3.92162881 2.93557885 0.09679978 -1.19795038 3.10210631 -1.93026383 

C -3.50177382 1.50242559 2.01519058 -2.56762712 3.34292033 1.11509621 

H -0.64114829 -2.7907567 -1.77075707 -1.01642915 1.82815066 2.22150707 

H 1.51749392 -1.60831631 1.67276754 0.51726208 -3.03001861 -1.985886 

H 1.31156136 1.00517146 1.175468 1.77461623 -0.41362259 1.45111868 

C -1.14992013 1.6266234 -3.88239722 0.58337906 1.65496796 0.23414325 

C -1.14759104 3.96436836 -3.22052149 7.06783864 1.18172556 0.73770619 

C -1.10994532 2.98524308 -4.22521584 6.83312383 2.22111911 1.84761711 

H -1.2583806 0.1827166 -2.26198694 5.94973063 1.94456212 2.44734034 

H -1.11425099 0.85900291 -4.66216666 6.66571879 3.22336305 1.41295008 

H -1.23819879 4.35217832 -1.09185288 7.70649592 2.27562114 2.52137275 

H -1.11043762 5.02633806 -3.48555841 8.31341171 1.48348063 -0.1020446 

H -1.04327869 3.283984 -5.27690899 8.46304575 0.71029883 -0.87454965 

C 0.06323162 4.24995431 3.13131577 9.21104569 1.51621566 0.53887065 

C 1.67831308 4.24768778 1.32455576 8.22132115 2.46361895 -0.60580725 

C 1.28417442 4.68531962 2.59668713 2.67350612 4.95424517 -1.97698248 

H -1.7100522 3.05312167 2.83344203 3.1871084 5.36169078 -1.09080478 

H 1.19844315 3.06163885 -0.39457353 1.70635325 5.45106068 -2.13181754 
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H 2.63246458 4.55834497 0.88850341 3.32530347 5.08150927 -2.85701369 

H 1.92523516 5.36330902 3.17051557 7.16091727 0.18711575 1.20721685 

H -0.25780717 4.59147721 4.12131827 5.71523103 1.8494577 -0.81146594 

C -4.76155666 1.82084772 2.53230421 -5.78054681 -0.01472876 0.99827637 

C -5.19100959 3.23824828 0.60997055 -6.02560188 0.94427471 -1.21803582 

C -5.61035699 2.68861014 1.82840529 -6.59948422 0.38571445 -0.06951274 

H -2.85704352 0.79272773 2.54379351 -3.75597833 -0.19387325 1.73930107 

H -5.0897729 1.37242081 3.4757028 -6.22337464 -0.45935146 1.89547354 

H -3.60655916 3.35993328 -0.86064795 -4.1941427 1.54817349 -2.2041015 

H -5.85563838 3.90419074 0.04936719 -6.65981194 1.25829041 -2.05392149 

H -6.60307843 2.92630205 2.22520009 -7.68537628 0.25856251 -0.00494544 

C 4.68350232 -1.86574782 -0.19716861 -1.36268119 1.49581651 -4.22888116 

C 6.46609447 2.34476306 -0.80863536 -0.84588775 3.62473408 -3.18395815 

H 5.86507647 0.26144155 -0.79665135 -0.93004492 2.8278953 -4.33297245 

C 7.59885848 2.12184701 -1.81804085 -2.01365117 -0.08402369 -2.89174495 

H 8.1714656 1.20762697 -1.57502787 -1.11272797 3.72839248 -1.03719927 

H 8.30043332 2.97368684 -1.80404777 -0.50291955 4.66193331 -3.26062168 

H 7.19725144 2.01659849 -2.84003799 -0.65233042 3.23990823 -5.30884105 

C 6.98179868 2.52843449 0.62903019 -1.41906925 0.86357123 -5.12094492 

H 5.88314512 3.23839656 -1.09007802 -0.93217629 2.70987531 3.30836748 

H 7.67737395 3.38428939 0.68643274 -2.47341874 4.22535331 2.19757392 

H 7.51747776 1.62416278 0.97083411 -1.65265751 3.9117747 3.29302672 

H 6.14080942 2.71729252 1.31739258 -0.4778142 0.87250665 2.23721204 

C 5.45441469 -3.91447306 0.6991381 -0.30819116 2.45119981 4.17024312 

H 4.9985185 -4.83487186 1.08769381 -3.23555141 3.57200019 0.27775279 

H 6.05296386 -3.41098211 1.47587787 -3.0522844 5.15511316 2.19413528 

H 6.10096882 -4.13049024 -0.16724902 -1.58723142 4.60106132 4.14166488 

Pd-2, trans 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2630.646769 0.604749 -2631.251518 -2631.605152 -2632.209901 

β -2630.641040 0.603130 -2631.244170 -2631.599276 -2632.202406 

∆G -0.005729 -0.005876 

kcal/mol -3.687246 

Atoms 

86 α β 

C 1.08622454 1.59706556 2.60169839 0.67274413 -3.11596373 2.64950906 

C 1.32466551 2.72536292 1.89043106 -0.54215181 -3.06748737 2.06865503 

C 1.96677576 3.89900332 2.60252371 -1.81486449 -2.8472325 2.84558048 

C 0.99685454 2.8920964 0.44774908 -0.66114664 -3.30274782 0.58968566 

C 1.17450801 4.17064789 -0.13909556 -0.9688057 -4.60020695 0.12949634 
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C 0.92055249 4.42032156 -1.49046978 -1.02321679 -4.89199745 -1.23883775 

C 0.47749467 3.37933938 -2.31319663 -0.73689759 -3.88517191 -2.17054394 

C 0.28620699 2.1041793 -1.75992338 -0.43933097 -2.58567543 -1.72996084 

C 0.53332857 1.847292 -0.40009401 -0.44416603 -2.27919734 -0.36094112 

C -1.84970343 -0.47044164 0.7606645 1.8316453 -0.23481737 1.1848588 

C -1.69631918 0.90271091 0.55940358 1.82928187 -0.72401648 -0.13348664 

Pd 0.24891844 -0.12594941 0.11672227 -0.23671615 -0.44177739 0.49908253 

I 0.29897026 -2.83219632 0.33187373 -0.96514318 0.99776058 2.70339866 

C -2.48207009 1.17267976 -0.74552196 2.1987601 0.51071089 -0.99049081 

H -2.2205903 2.06763481 -1.31930777 1.90606473 0.5056749 -2.04613449 

C -3.97191946 0.98046624 -0.37941025 3.68383815 0.77142231 -0.70029376 

C -4.92044392 2.07383989 -0.17111934 4.69627344 0.28048753 -1.67447537 

O -4.28109501 3.2679663 -0.15370091 4.31815673 -0.48201838 -2.57835979 

C -5.12193493 4.42035452 0.03985057 5.9738752 0.71028457 -1.51431051 

O -6.13939654 1.97827249 -0.03802392 3.70047089 1.25114186 0.57686058 

C -4.10848168 -0.36060159 -0.18327247 4.83118142 1.55758303 1.45425266 

C -5.15269081 -1.23433176 0.41916595 6.00778553 1.6895129 1.11869447 

N -6.43729164 -0.79544197 0.36050324 4.42334051 1.69839914 2.73545469 

C -7.52108024 -1.53019453 1.01628915 2.22080382 1.25627106 1.01926002 

O -4.79467752 -2.30226241 0.93601057 1.92281015 1.94457587 1.81728291 

C -2.70067879 -0.93383969 -0.44417509 1.58267437 1.57479177 -0.23706994 

H -2.63102908 -1.98944512 -0.72635782 0.79338604 -2.96488462 3.72887081 

O -2.23748722 -0.03921627 -1.47645507 1.57798241 -3.30325184 2.06027118 

H 1.36573062 1.53811712 3.66004878 -1.61500632 -2.77294355 3.92658781 

H 0.61504446 0.70833122 2.15804774 -2.52926669 -3.67096821 2.66265607 

H 2.21862844 3.62880489 3.64039156 -2.3060363 -1.91297546 2.52398037 

H 1.29264068 4.77506626 2.63518099 -1.15145566 -5.38784047 0.86972151 

H 2.892737 4.21641592 2.09037677 -1.26153599 -5.90705552 -1.57449203 

H 1.52351304 4.99885064 0.48256093 -0.74116437 -4.10190747 -3.24446958 

H 1.07648388 5.42551881 -1.89638644 -2.33412185 -0.05117637 -0.42154207 

H 0.28241013 3.54848298 -3.378239 -3.64105151 -1.09523405 0.28671902 

H -5.87149919 4.48524663 -0.76595977 -2.88632424 1.69544991 -0.32170025 

H -4.44524785 5.28522316 0.01787873 -2.41093789 -0.23947147 -2.24900967 

H -5.64436585 4.35417633 1.00847001 -3.76382664 -2.43543591 -0.13641031 

H -6.59109161 0.18416837 0.07736701 -4.39399776 -0.63781089 1.3873554 

P 2.49423005 -0.2883989 -0.49487387 -1.35393598 0.34592467 -2.97377932 

C 2.62698291 -0.83091211 -2.23633453 -3.480157 -0.83213125 -2.93967207 

C 3.52193353 1.24028623 -0.45690175 -1.91250161 2.70729673 -0.23847287 

C 3.46650136 -1.45395478 0.53563296 -4.24136347 2.03459434 -0.48892461 

C 3.86156444 -0.79538979 -2.91730316 -0.21455675 -1.81462391 -2.47020948 

C 1.47112754 -1.26272118 -2.91210488 2.05370387 -1.73990422 -0.46196486 

C 4.35235716 -2.39733013 -0.00947843 2.0148856 -0.79975114 2.10021463 

C 3.29878957 -1.38184658 1.93230391 7.05385234 0.22212416 -2.37413547 

C 4.20765833 1.61329024 0.71366964 7.63476475 -1.09396472 -1.82827173 

C 3.5544504 2.09532414 -1.57578263 8.06968984 -0.94163947 -0.82378915 

C -8.81907085 -1.33864072 0.2248387 8.42764416 -1.47566636 -2.49580054 

H -9.12250689 -0.27519527 0.21527343 6.84248252 -1.85778202 -1.75898772 
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H -9.63841148 -1.91908456 0.68254501 8.11403358 1.31717623 -2.53221239 

H -8.69552411 -1.67210879 -0.81954119 8.91699431 0.97990715 -3.20974322 

C -7.65485196 -1.10528583 2.48919903 8.57471401 1.56396257 -1.55768053 

H -7.2156134 -2.59076244 0.9899884 7.66955625 2.23764414 -2.94749885 

H -7.8990816 -0.02994087 2.56453563 5.45784794 2.00378715 3.68950563 

H -6.70899466 -1.2909021 3.0248968 6.21676265 1.20422613 3.69805309 

H -8.45514901 -1.67917764 2.98928273 4.95016813 2.07439849 4.66070913 

H -0.06578585 1.29071792 -2.40362719 5.94609542 2.9572896 3.42911822 

H -1.53865388 1.66423725 1.32683887 6.58135455 0.01074586 -3.34951522 

H -1.83932282 -1.01196325 1.70822502 6.20107559 1.21467419 -0.64285868 

C 4.25533875 3.30436289 -1.52032879 -4.66340319 -3.29173594 0.50905709 

C 4.93401495 3.67404166 -0.35055154 -5.28716998 -1.50449282 2.0299613 

C 4.91269236 2.82302089 0.76274768 -5.42866276 -2.82825095 1.5891138 

H 5.45014373 3.09735781 1.67673662 -3.14780248 -2.81515119 -0.95712423 

H 4.20074382 0.95794727 1.5881882 -4.75273289 -4.33004105 0.17327245 

H 3.02193443 1.82053948 -2.48940257 -4.26071909 0.38485306 1.75244576 

H 4.26448006 3.9629836 -2.39484209 -5.86777698 -1.14402373 2.88542224 

H 5.483081 4.6208757 -0.30885679 -6.12782345 -3.50242518 2.09531063 

C 3.93738267 -1.20674515 -4.25345533 -1.35509625 0.31886674 -4.37190704 

C 2.78263794 -1.64320682 -4.9212111 -3.47480588 -0.86418994 -4.34203163 

C 1.551611 -1.66611328 -4.25168572 -2.41409335 -0.29511481 -5.05937091 

H 0.64706622 -1.99986561 -4.77034488 -0.52730432 0.81772165 -2.42949746 

H 0.51324318 -1.28362089 -2.38040499 -4.31932761 -1.26626415 -2.38849399 

H 4.89941394 -1.1817162 -4.77628093 -4.30845595 -1.33393882 -4.8749765 

H 2.84377826 -1.96088945 -5.96770633 -2.41385817 -0.32402595 -6.15409966 

H 4.7592884 -0.43228684 -2.40624234 -0.52711108 0.77280175 -4.92639837 

C 5.07458892 -3.2492258 0.83776022 -4.62275014 3.38205488 -0.53240289 

C 4.03269231 -2.22372087 2.77385178 -2.299145 4.05139854 -0.30140706 

C 4.92247934 -3.16077821 2.22771272 -3.65305879 4.39073573 -0.43690029 

H 4.46283077 -2.48950221 -1.09331473 -4.99868175 1.2495236 -0.58381612 

H 5.75358252 -3.99159817 0.40500858 -5.68025693 3.64329909 -0.64659405 

H 2.57256766 -0.67957905 2.35463563 -0.85773333 2.43921584 -0.11794493 

H 3.89356451 -2.16235461 3.85824837 -1.53845133 4.83575753 -0.23152062 

H 5.48642444 -3.83067345 2.88544713 -3.95391945 5.44337102 -0.47235209 

 

TS-1, cis 

Functional TPSS D4 wB97M-V Imaginary frequency 

Basis set def2-SVP def2-TZVPP  

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  

α -2630.634005 0.604100 -2631.238105 -2631.591516 -2632.195616 198.11i 

β -2630.629596 0.603990 -2631.233587 -2631.589538 -2632.193529 208.52i 

∆G -0.004409   -0.001977   

kcal/mol    -1.240799   
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Atoms       

86 α β 

C -0.60942812 -1.57810318 3.32856053 -0.01549128 -1.55182107 3.1437704 

C -0.14286174 -2.81111474 3.02296674 1.08830904 -2.25318367 2.8034424 

C 0.58343948 -3.63229447 4.06981311 2.33854112 -2.25383585 3.65706391 

C -0.32102359 -3.42044956 1.67999524 1.14700379 -3.0453263 1.54271075 

C -0.46590241 -4.82408318 1.56661334 1.62728922 -4.37344693 1.57144598 

C -0.62057909 -5.45306641 0.32931188 1.72861275 -5.13943938 0.40737883 

C -0.60686481 -4.68770107 -0.84682026 1.38104203 -4.57514082 -0.83000995 

C -0.43498393 -3.30308457 -0.76721117 0.93264039 -3.25248993 -0.88876232 

C -0.30783548 -2.66009314 0.47968438 0.78925544 -2.49320082 0.28927076 

C 1.21427264 0.0810656 0.38483193 0.97156003 0.60513727 -0.19323409 

C 1.37857582 -1.33502071 0.56069174 1.69360794 -0.55565927 0.25625509 

Pd -0.76745947 -0.58334945 0.39023376 -0.53567083 -0.84816035 0.01779549 

I -3.30579719 -1.38061787 0.01530693 -2.49822931 -2.67241318 0.07671581 

C 2.0798282 -1.76617467 -0.751067 2.66714798 -0.83643184 -0.91570599 

H 2.02123334 -2.82318306 -1.02849556 3.08603308 -1.84433942 -0.98969778 

C 3.48555318 -1.1347608 -0.7011191 3.66411344 0.32858745 -0.86547454 

O 4.39340105 -3.12352837 0.06780268 4.91138463 0.17269864 -0.07057019 

O 5.85858235 -1.46963417 -0.42478822 4.9566172 -0.745456 0.76394312 

C 3.27892415 0.19829397 -0.90600127 5.91511948 1.05706944 -0.30100757 

C 4.11731672 1.42828606 -0.84177427 2.9617543 1.40130226 -1.32798705 

N 5.4619425 1.26020726 -0.87298726 3.3361791 2.81576464 -1.34275265 

O 3.55565362 2.53580612 -0.78143873 4.47704618 3.27263646 -1.31397763 

C 1.7557141 0.32622287 -1.04995171 2.23821166 3.60784716 -1.40098736 

H 1.38084216 1.19024928 -1.60908073 1.54723206 0.84806895 -1.6110886 

O 1.42822101 -0.91356879 -1.7014495 0.9355291 1.38202467 -2.34449267 

H -0.43204154 -1.13417817 4.31538221 1.85869272 -0.48184703 -2.04522076 

H -1.21277481 -1.00120113 2.61321299 -0.04190293 -0.95359132 4.06325847 

H 0.79076221 -3.02778016 4.9678563 -0.92840535 -1.60248016 2.53833235 

H 1.537781 -4.0324035 3.68047422 2.58692871 -3.27503016 4.00078073 

H -0.0205485 -4.50251533 4.3881362 2.21531937 -1.61461606 4.54710578 

H -0.47918802 -5.43168214 2.47703704 3.21081209 -1.89922572 3.0749884 

H -0.75039467 -6.53949077 0.28222995 1.90828534 -4.8152998 2.53357729 

H -0.73280945 -5.16586055 -1.82432349 2.08598746 -6.17309131 0.4631446 

P -1.41732375 1.66144438 0.21922041 1.45892886 -5.1639183 -1.7505102 

C -1.27962013 2.18984039 -1.5282958 -2.03693654 0.90751728 -0.27304009 

C -3.11838063 2.09935204 0.74726576 -3.85510444 0.67060182 -0.34397429 

C -0.40078659 2.88444015 1.15536749 -1.92067537 2.16636962 1.0602968 

C -1.39435068 1.20068997 -2.52467839 -1.63279044 1.75375493 -1.84576217 

C -1.08162629 3.53516631 -1.89855567 -4.48215917 0.14810022 0.8052184 

C -0.83092144 3.36777962 2.40742756 -4.62875713 1.01028207 -1.46593916 

C 0.86597197 3.27401949 0.67405878 -1.64531394 0.94484949 -3.00323259 

C -3.90509984 3.00967489 0.02331638 -1.20654922 3.08908892 -1.93829274 

C -3.61950037 1.53729044 1.93807356 -2.71178311 3.33309122 1.02895469 

H -0.41396504 -2.70202919 -1.68136507 -1.09771019 1.91653445 2.17305757 

H 1.66829944 -1.75862796 1.52513963 0.6803377 -2.80190461 -1.85320117 
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H 1.41932443 0.80109993 1.1831521 2.04129724 -0.64903529 1.28647671 

C -1.31107532 1.55572055 -3.87689932 0.80432387 1.47165249 0.45446174 

C -0.99588208 3.88298807 -3.25273685 7.11889315 1.07611531 0.53409445 

C -1.1103321 2.89466837 -4.24210808 6.8965508 1.94630531 1.78353516 

H -1.54702735 0.15633545 -2.22902303 6.04957045 1.55540082 2.37193231 

H -1.39822254 0.78115499 -4.64573025 6.67571227 2.99041115 1.49616285 

H -0.98530372 4.30667697 -1.12796711 7.79494744 1.94501218 2.42592725 

H -0.83623285 4.92886362 -3.53565356 8.31578191 1.53607294 -0.30457381 

H -1.03825143 3.16958442 -5.29993775 8.45676458 0.87894395 -1.17933407 

C -0.00874888 4.217291 3.15982116 9.23894148 1.51765274 0.29955616 

C 1.68619578 4.12047177 1.43057508 8.16946151 2.57037611 -0.66754005 

C 1.25211948 4.59483063 2.67633449 2.49442394 5.02368041 -1.41404901 

H -1.81532389 3.08950914 2.79457635 3.07128275 5.31760979 -0.5219689 

H 1.2440893 2.92887475 -0.29056035 1.5058244 5.50241054 -1.41567202 

H 2.66791592 4.39047225 1.02957342 3.06558048 5.29989584 -2.31580433 

H 1.89224856 5.25800903 3.26829001 7.266605 0.03192776 0.86006532 

H -0.36099162 4.58801712 4.12849952 5.68331152 1.88893771 -0.86300772 

C -4.88199591 1.90884492 2.41273459 -5.86966059 -0.02026661 0.83038062 

C -5.17788617 3.3641639 0.49273682 -6.01983872 0.82890293 -1.43852687 

C -5.66461457 2.8209609 1.68897686 -6.64086903 0.31518648 -0.29314494 

H -3.0276073 0.79411417 2.48164839 -3.88213027 -0.12790822 1.67769623 

H -5.26473636 1.46627617 3.33813412 -6.34914032 -0.42924481 1.72564316 

H -3.53313908 3.43384014 -0.91394963 -4.15271667 1.41909089 -2.36190585 

H -5.7906701 4.0662334 -0.08265158 -6.61690764 1.09411578 -2.31755977 

H -6.65939318 3.09923319 2.05316667 -7.72677589 0.17352957 -0.27475699 

C 4.69856224 -1.87515504 -0.35468714 -1.25965943 1.47724956 -4.23825355 

C 6.37822643 2.39791536 -0.7756038 -0.8107324 3.61417936 -3.1779991 

H 5.82989632 0.29675373 -0.81217461 -0.83998951 2.81455688 -4.32789179 

C 7.64658022 2.09764812 -1.58134386 -1.93616575 -0.10925452 -2.92435341 

H 8.17974719 1.22333552 -1.16449297 -1.16071086 3.71502809 -1.04239784 

H 8.33482343 2.9594966 -1.55154744 -0.47346704 4.65412178 -3.24253319 

H 7.40091699 1.88296828 -2.63525821 -0.527186 3.22773093 -5.29257303 

C 6.67531527 2.73447978 0.69631584 -1.27102271 0.84253191 -5.13021014 

H 5.83950938 3.25203697 -1.22225069 -1.04067684 2.83635419 3.22980198 

H 7.33231459 3.61942729 0.76733908 -2.64521619 4.25391208 2.08103214 

H 7.17837583 1.88740476 1.19688223 -1.80675594 4.00859386 3.1805827 

H 5.73772682 2.95432005 1.23390318 -0.52232601 0.98432315 2.21539128 

C 5.51457837 -3.95044181 0.43433322 -0.4024571 2.63021979 4.0955006 

H 5.08088962 -4.90625743 0.75737757 -3.39020595 3.50957948 0.18722551 

H 6.08507814 -3.47926064 1.25144357 -3.25929888 5.16031424 2.05059766 

H 6.18116913 -4.09257699 -0.4320567 -1.76373513 4.72738464 4.00590908 

 

TS-1, trans 

Functional TPSS D4 wB97M-V Imaginary frequency 

Basis set def2-SVP def2-TZVPP  
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Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  

α -2630.636974 0.604993 -2631.241967 -2631.592322 -2632.197315 206.03i 

β -2630.632132 0.603535 -2631.235666 -2631.590923 -2632.194457 218.69i 

∆G -0.004842   -0.001400   

kcal/mol    -0.878465   

 

Atoms       

86 α β 

C 0.70253649 1.45941158 2.50055457 1.08854061 -3.92455852 1.57234625 

C 0.83641377 2.63168431 1.83458284 0.10899627 -3.05006698 1.25373975 

C 1.15120544 3.88699794 2.62226142 -0.72061782 -2.35719683 2.30358131 

C 0.72289869 2.75208664 0.3596758 -0.17110868 -2.78776684 -0.19166077 

C 1.1416483 3.95321822 -0.25996858 -0.51132945 -3.87886505 -1.01681815 

C 1.08509004 4.14032996 -1.64314975 -0.68834448 -3.73011343 -2.39848614 

C 0.60307404 3.11261219 -2.46451217 -0.47638022 -2.47740235 -2.98925021 

C 0.13849064 1.9300277 -1.8807265 -0.10501783 -1.38929053 -2.19022146 

C 0.17759171 1.73209418 -0.48196334 -0.00126148 -1.50634102 -0.79185193 

C -1.76901295 -0.37224457 0.44936561 1.69485438 0.37538637 0.93514474 

C -1.59594192 1.04746649 0.21668339 1.77622842 -0.68110252 -0.03462955 

Pd 0.25300494 -0.35801038 -0.06093045 -0.31765833 0.25304435 0.36584213 

I 0.24244526 -3.00305211 0.14297365 -0.78942969 1.97232913 2.35889049 

C -2.52986623 1.2924989 -1.00049334 2.46079634 0.00584384 -1.23815911 

H -2.33864391 2.18628887 -1.6037362 2.333718 -0.45735443 -2.2217989 

C -3.96156835 1.10663685 -0.46757897 3.90955741 0.24196936 -0.78588882 

C -4.86151351 2.20618798 -0.12663757 4.94817442 -0.75233055 -1.17066249 

O -4.20413703 3.39211094 -0.15227475 4.57116471 -1.84017936 -1.63411593 

C -4.99967287 4.54888204 0.16601885 6.24582573 -0.40117989 -0.98279301 

O -6.05892076 2.12549856 0.14260358 3.82681556 1.26014821 0.11576153 

C -4.08564467 -0.23697151 -0.2676252 4.85660094 1.84310736 0.97963241 

C -5.06724488 -1.10384382 0.4436748 6.07433519 1.71630775 0.85915112 

N -6.34466963 -0.64854307 0.53284705 4.29579575 2.58108328 1.96190231 

C -7.35878824 -1.38450659 1.29086151 2.32081855 1.58498881 0.20272894 

O -4.67045848 -2.18274745 0.90523213 2.02843531 2.58468202 0.54168285 

C -2.72333199 -0.81581394 -0.67806095 1.9164478 1.33214868 -1.16054698 

H -2.68846743 -1.86870559 -0.97718442 1.32575697 -4.15528815 2.61811499 

O -2.34680979 0.08326357 -1.74380962 1.68292971 -4.42601344 0.79949264 

H 0.77678145 1.42276689 3.59356479 -0.33556699 -2.55627245 3.31702209 

H 0.5341864 0.50533344 1.97632261 -1.77009356 -2.6961534 2.24677442 

H 1.12687619 3.68060196 3.7040309 -0.74254484 -1.25982007 2.14081962 

H 0.43587933 4.70086505 2.40519164 -0.64598289 -4.85879103 -0.54652937 

H 2.16060365 4.26342401 2.372265 -0.96907911 -4.59310831 -3.01148942 

H 1.54378778 4.75959391 0.35754119 -0.59531228 -2.33902443 -4.06907355 

H 1.43172839 5.08348711 -2.07801304 -2.56349219 0.31015552 -0.36098082 

H 0.57072585 3.23309921 -3.55282569 -3.43290016 -1.09103398 0.41359867 

H -5.83628958 4.64502923 -0.54547316 -3.61595388 1.78630708 -0.05173757 

H -4.31726017 5.40607687 0.0880653 -2.82824643 0.1932562 -2.17783673 
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H -5.40812971 4.46336253 1.18657001 -3.40532304 -2.37113338 -0.17262392 

H -6.51684327 0.33647417 0.28110116 -3.95849051 -0.93230824 1.71322691 

P 2.54434606 -0.39314226 -0.58879772 -1.98041928 0.98083948 -2.98087219 

C 2.82187576 -0.89308988 -2.32868255 -3.87490016 -0.52738144 -2.7775751 

C 3.45746793 1.20089244 -0.44212439 -3.02406365 3.05987572 -0.13454569 

C 3.5327608 -1.52966844 0.46387327 -5.00929463 1.67547532 0.10781031 

C 4.08269011 -0.77814675 -2.95165152 0.09035989 -0.42456821 -2.66345914 

C 1.72910848 -1.3882008 -3.06456003 2.0605832 -1.69557288 0.25195233 

C 4.56834061 -2.3398352 -0.03077945 1.8480591 0.22504186 2.00711613 

C 3.20914496 -1.58162547 1.83407395 7.33271057 -1.35360575 -1.22032407 

C 3.89829141 1.62908436 0.82591501 7.56882399 -2.2312572 0.02141596 

C 3.64322435 2.04626756 -1.55134049 7.86866035 -1.61151468 0.88593906 

C -8.735577 -1.15215738 0.65959937 8.36709404 -2.97019724 -0.1700512 

H -9.01895765 -0.0844135 0.71154298 6.64620508 -2.77701776 0.28015804 

H -9.5070745 -1.73241577 1.19415981 8.5896607 -0.59361833 -1.65635148 

H -8.73831952 -1.45949112 -0.39999759 9.40848389 -1.29952879 -1.87718397 

C -7.31334213 -0.9993192 2.77990156 8.93618549 0.08713172 -0.85680629 

H -7.07815876 -2.44861921 1.20204368 8.39231044 0.0069664 -2.56058197 

H -7.52984371 0.07654786 2.91101931 5.21365667 3.20557449 2.87936416 

H -6.31459452 -1.21337979 3.19534358 5.82073134 2.44073631 3.3910313 

H -8.05922593 -1.57682792 3.3544183 4.58560768 3.75214644 3.59530152 

H -0.28887643 1.1426366 -2.50959835 5.88489643 3.89159696 2.33704226 

H -1.59290391 1.74789121 1.05803069 6.98203373 -2.00475634 -2.04017806 

H -1.88877439 -0.80179272 1.44893319 6.42999476 0.45349643 -0.43446305 

C 4.27574688 3.28665657 -1.39786028 -3.93779459 -3.46952012 0.51580728 

C 4.71459506 3.70558851 -0.13577493 -4.49158838 -2.03345026 2.39303296 

C 4.52030519 2.87352049 0.97702331 -4.48886722 -3.30306972 1.79398593 

H 4.86368396 3.1894477 1.96802709 -2.95728581 -2.51616187 -1.15953878 

H 3.76201123 0.98526838 1.69927862 -3.91119212 -4.4607537 0.05116932 

H 3.28835268 1.74044702 -2.53880037 -3.93069806 0.05016694 2.19602084 

H 4.4156884 3.93177299 -2.27168671 -4.90126152 -1.90113075 3.39988425 

H 5.20800631 4.67634075 -0.01769448 -4.90443233 -4.16339329 2.32928767 

C 4.2456515 -1.16648874 -4.28699716 -2.15961024 1.02493345 -4.36808633 

C 3.15273102 -1.66472971 -5.01312686 -4.04398739 -0.49201325 -4.1686642 

C 1.89612671 -1.77221206 -4.40200869 -3.18562846 0.27794614 -4.96622417 

H 1.03959495 -2.15705601 -4.96505419 -1.17188664 1.55351171 -2.51026456 

H 0.75124773 -1.47737012 -2.57789901 -4.56372504 -1.11335606 -2.16184886 

H 5.22778037 -1.07659384 -4.76349715 -4.85682265 -1.06321433 -4.62997187 

H 3.28251189 -1.96529204 -6.0584577 -3.3216788 0.30328211 -6.05268572 

H 4.93338748 -0.36962253 -2.39629907 -1.49318052 1.63822883 -4.98380228 

C 5.28562912 -3.17261295 0.83919558 -5.79783916 2.82926944 0.20996598 

C 3.93805592 -2.40098558 2.70268741 -3.81776816 4.20990404 -0.04621654 

C 4.97909988 -3.19888236 2.20634486 -5.2036838 4.09712452 0.13415288 

H 4.80435232 -2.34319657 -1.09830729 -5.48170301 0.68883144 0.14985768 

H 6.08357041 -3.80918893 0.44214529 -6.88100907 2.7356541 0.34323588 

H 2.36350342 -0.99798083 2.21238642 -1.94025848 3.14720944 -0.25671014 

H 3.67570106 -2.43474687 3.76524036 -3.34829995 5.19733148 -0.10575574 
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632 

H 5.54011514 -3.8530417 2.88227868 -5.82195559 4.99777801 0.21386594 

 

Pd-3, cis 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2630.683653 0.605892 -2631.289546 -2631.645914 -2632.251806 

β -2630.679600 0.606073 -2631.285673 -2631.644252 -2632.250325 

∆G -0.004053   -0.001662  

kcal/mol    -1.042764  

 

Atoms       

86 α β 

C 0.13404583 -0.93949769 3.16065558 0.87662224 -1.5303731 3.52032563 

C 0.10439377 -2.27901172 3.00707329 1.72810206 -2.27141312 2.78490715 

C 0.54301244 -3.22495794 4.10263963 3.19000611 -2.45838614 3.12067317 

C -0.38361491 -2.90885278 1.74184337 1.22386368 -2.97802096 1.56385698 

C -1.47236727 -3.79234646 1.78565965 0.65038922 -4.25106837 1.66795959 

C -1.97949408 -4.39993868 0.62493284 0.14895406 -4.91769371 0.53738626 

C -1.40082099 -4.12442968 -0.61110323 0.19921108 -4.30662506 -0.71546341 

C -0.29445912 -3.25709677 -0.68916819 0.76382121 -3.02650809 -0.84793735 

C 0.25459389 -2.66518117 0.48045752 1.31677971 -2.35933704 0.2812702 

C 1.14996303 -0.41694929 -0.04569957 1.04635228 0.05396463 -0.30243721 

C 1.54381924 -1.84260395 0.39584265 2.05799629 -1.03528789 0.11120023 

Pd -0.87625003 -0.74057099 -0.37410344 -0.68837385 -1.06203861 -0.00538062 

I -3.40958887 -1.30115774 -1.14158666 -2.70904995 -2.62100727 0.80753536 

C 2.47966182 -2.25557602 -0.78666318 3.04344751 -1.0132484 -1.11515514 

H 2.61373082 -3.33238021 -0.94925734 3.63884712 -1.92060121 -1.27213652 

C 3.7408914 -1.4158929 -0.60896033 3.78504381 0.30087049 -0.9505405 

O 4.77576089 -3.1825393 0.48166686 5.03505306 0.33443217 -0.14455335 

O 6.03251344 -1.33185216 0.1577322 5.31660846 -0.65055948 0.55840286 

C 3.37804494 -0.15590667 -1.00452869 5.80035736 1.45424498 -0.23121083 

C 4.04334429 1.18109596 -1.03670375 2.86608976 1.24903734 -1.3075132 

N 5.35098364 1.22515872 -0.67808812 2.90123759 2.6917293 -1.04791221 

O 3.39356916 2.17370937 -1.40719396 3.90147824 3.40136244 -0.97091252 

C 1.91043525 -0.28272613 -1.40119793 1.64879737 3.17917162 -0.87058618 

H 1.53649783 0.45067478 -2.12456465 1.60422138 0.46598707 -1.69449366 

O 1.85963727 -1.62478822 -1.92001761 0.9254177 0.93290814 -2.4139629 

H 0.48762426 -0.48052745 4.09173599 2.16657958 -0.74227128 -2.21890608 

H -0.20514179 -0.26861876 2.36346662 1.2123071 -1.01031219 4.4265828 

H 0.86056668 -2.67695687 5.00502671 -0.18004622 -1.44335309 3.23910728 

H 1.38197325 -3.85857122 3.75777764 3.41692093 -3.5333497 3.25028055 

H -0.27380092 -3.91540604 4.38349992 3.45997429 -1.92676054 4.04862533 

H -1.95535964 -3.98983649 2.74872928 3.84188313 -2.0933325 2.30383459 
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633 

H -2.84533268 -5.06556017 0.69403337 0.57537182 -4.71742726 2.65540305 

H -1.80566002 -4.56315745 -1.52689124 -0.30658913 -5.90638451 0.6497177 

P -1.38118746 1.44439029 -0.17344579 -0.21521988 -4.80814256 -1.59491384 

C -1.41171726 2.33738384 -1.77062903 -1.92022926 0.77700481 -0.3404746 

C -2.99412084 1.73995403 0.64552752 -3.75350539 0.73310048 -0.27451318 

C -0.23174731 2.4343285 0.86355397 -1.56523216 2.14798948 0.82859503 

C -1.61803659 1.60372707 -2.95374087 -1.55692289 1.38019849 -2.03419605 

C -1.24966204 3.73676243 -1.833957 -4.35923239 0.54519233 0.9840384 

C -0.51707684 2.70650913 2.21625306 -4.5534311 0.88037746 -1.4197656 

C 0.99851247 2.85330167 0.31956941 -1.59384655 0.40708558 -3.05627998 

C -3.8176483 2.81866028 0.28568661 -1.17233794 2.69406383 -2.34499045 

C -3.37084659 0.89203676 1.70515145 -2.23406507 3.38348312 0.70719834 

H 0.19318042 -3.08208758 -1.65182308 -0.68060734 1.94248976 1.90198896 

H 2.0713722 -1.87567426 1.36136779 0.86676197 -2.56089017 -1.83307766 

H 1.36715344 0.37836362 0.68003291 2.58761605 -0.78947636 1.04058854 

C -1.66868841 2.26514299 -4.18748489 1.02208467 0.92131574 0.37050886 

C -1.30125786 4.39113146 -3.07093242 6.96768057 1.64934989 0.63069998 

C -1.51117733 3.65681059 -4.24788844 6.55479614 2.31557433 1.9550498 

H -1.75073164 0.51765535 -2.89439722 5.8159434 1.68796592 2.48132422 

H -1.8295669 1.68791412 -5.10383142 6.10487709 3.30749956 1.76731528 

H -1.07263043 4.3117559 -0.91939811 7.42973773 2.44935576 2.61569653 

H -1.17242515 5.47778962 -3.1156455 8.03721549 2.44554495 -0.12476106 

H -1.5461381 4.17155446 -5.21410566 8.32161784 1.93089782 -1.05812363 

C 0.41384602 3.39321813 3.00724089 8.94041926 2.56595633 0.49785567 

C 1.92314228 3.54243578 1.11401781 7.66839502 3.45530942 -0.38443442 

C 1.63414324 3.81460973 2.45893835 1.55595696 4.57182362 -0.52055931 

H -1.47033733 2.39088555 2.65021739 2.25297132 4.80604239 0.29962471 

H 1.26169866 2.64340129 -0.72057322 0.51548017 4.72894679 -0.20484798 

H 2.87067262 3.85261843 0.6635401 1.80319007 5.2001503 -1.39277118 

H 2.35760846 4.35443483 3.07969657 7.34029812 0.63454143 0.85285603 

H 0.17835106 3.60554744 4.05572432 5.38206554 2.27314111 -0.6954483 

C -4.5527306 1.13858773 2.41166006 -5.75215094 0.5160735 1.09146392 

C -5.01031276 3.04973404 0.98550232 -5.95126963 0.83964589 -1.30643678 

C -5.3759488 2.2163387 2.05088965 -6.55113149 0.65844239 -0.05409192 

H -2.74625863 0.0274102 1.95535127 -3.73833277 0.41402714 1.87548074 

H -4.8423215 0.47419399 3.23242285 -6.21670304 0.36634405 2.07147147 

H -3.54123488 3.46896542 -0.54951982 -4.09163064 1.02926176 -2.40009727 

H -5.65733128 3.8831787 0.69191642 -6.56982716 0.95236991 -2.20315718 

H -6.30917958 2.39882919 2.59444008 -7.64251822 0.62561548 0.03163437 

C 4.95768156 -1.91861049 0.02696841 -1.26052467 0.75181519 -4.37028373 

C 6.11536677 2.47177101 -0.67609941 -0.82263691 3.03166454 -3.66092732 

H 5.80183789 0.35012455 -0.36288921 -0.8672125 2.06529054 -4.67400666 

C 7.45281625 2.26360727 -1.39904478 -1.85634214 -0.62756417 -2.80549528 

H 8.069118 1.50755462 -0.87838746 -1.12148283 3.45101646 -1.55994392 

H 8.02664922 3.20610682 -1.43035651 -0.50725946 4.05489834 -3.89130757 

H 7.28771874 1.92076108 -2.43443606 -0.58749285 2.33081747 -5.69887206 

C 6.29994206 2.98742458 0.76165658 -1.28805543 -0.01050892 -5.15552572 
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H 5.49615539 3.19260075 -1.23655915 -0.42837959 2.97559247 2.81555771 

H 6.8391631 3.95134857 0.7634334 -1.97391733 4.41612401 1.61675184 

H 6.88166232 2.26674071 1.36494473 -1.06305433 4.21629377 2.66655099 

H 5.32125562 3.13396408 1.24917744 -0.20883086 0.9622603 2.02904524 

C 5.91642833 -3.78081242 1.12418153 0.25922574 2.8045994 3.65042737 

H 5.58260058 -4.77540426 1.44963461 -2.9756925 3.52835011 -0.08562464 

H 6.23547233 -3.17051375 1.9850499 -2.49518406 5.3741029 1.51579181 

H 6.7560089 -3.86164929 0.41414122 -0.86607795 5.02280605 3.38094708 

 

Pd-3, trans 

Functional TPSS D4 wB97M-V 

Basis set def2-SVP def2-TZVPP 

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic) 

α -2630.671355 0.607183 -2631.278538 -2631.632130 -2632.239313 

β -2630.675919 0.605993 -2631.281911 -2631.637983 -2632.243975 

∆G 0.004564   0.005853  

kcal/mol    3.672480  

 

Atoms       

86 α β 

C -0.02761766 1.07751968 2.86727083 1.54538546 -4.26065201 1.58492167 

C 0.22019763 2.34313445 2.46914264 0.88413309 -3.10220061 1.39511559 

C 0.2116275 3.50661831 3.43612545 0.71818452 -2.06748868 2.48670775 

C 0.5333294 2.66621863 1.04439618 0.23029824 -2.80944165 0.08427002 

C 1.71284232 3.36264483 0.73362817 -0.83203705 -3.6032459 -0.36305887 

C 2.04837006 3.70270385 -0.58738613 -1.47448212 -3.34983117 -1.59034905 

C 1.21796096 3.31266373 -1.63538746 -1.07507817 -2.27444648 -2.37705499 

C 0.02836236 2.61153086 -1.36498148 0.0118824 -1.46838875 -1.96704101 

C -0.36615245 2.32638072 -0.0235271 0.70119664 -1.74610404 -0.75119801 

C -1.74899936 0.28144152 -0.03782197 1.68761398 0.43155722 -0.09913994 

C -1.77674601 1.79333593 0.25311767 2.01581658 -1.03321053 -0.43908451 

Pd 0.24422251 0.14337235 -0.64178946 -0.37456007 0.41026531 -0.36774922 

I 0.01515265 -2.44551907 -0.29890146 -0.38578653 2.76091424 0.76592125 

C -2.85249244 2.2570349 -0.78737463 2.94138518 -0.83757238 -1.69765321 

H -2.8224587 3.3140145 -1.08264718 3.01990005 -1.69670001 -2.37471777 

C -4.17278207 1.71267666 -0.24931786 4.23412078 -0.27981549 -1.12807394 

C -5.12265902 2.49819927 0.53492273 5.33861738 -1.21693516 -0.78394942 

O -4.60389852 3.71508872 0.84334494 5.10725947 -2.43645455 -0.80210649 

C -5.46485001 4.57619424 1.6097877 6.54396594 -0.67002649 -0.47514794 

O -6.25443117 2.16719043 0.88619192 3.93154594 1.01546359 -0.81387736 

C -4.11871881 0.36763301 -0.49802982 4.7051372 2.00712863 -0.05851384 

C -4.92268514 -0.81681438 -0.07348195 5.91627246 1.98894561 0.15793758 

N -6.19771639 -0.57992636 0.33639938 3.90134667 2.9964515 0.38339957 

C -7.04880485 -1.66689128 0.82240622 2.46206618 1.19578472 -1.20605717 
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O -4.40817717 -1.9412563 -0.13544615 2.1188826 2.20865643 -1.44369357 

C -2.77766118 0.15058713 -1.19194664 2.36333576 0.31326249 -2.33832073 

H -2.68937563 -0.72755855 -1.83999978 2.01872321 -4.49557638 2.54583488 

O -2.61368545 1.39098177 -1.90815321 1.65213209 -4.99494213 0.77895747 

H -0.25417216 0.85019332 3.91604136 1.36005077 -2.29001465 3.35481967 

H 0.00699306 0.23522532 2.16506942 -0.33303974 -2.04426814 2.82959677 

H -0.00710331 3.17193262 4.46335096 0.9447778 -1.05021516 2.12289856 

H -0.5470799 4.25439591 3.13774669 -1.16721875 -4.4339972 0.26495373 

H 1.18486214 4.0316406 3.44169658 -2.29439104 -3.99735498 -1.91389852 

H 2.39481658 3.63914629 1.54476382 -1.57312899 -2.06471459 -3.32819778 

H 2.97716944 4.24390553 -0.79056862 -2.7457449 0.32281627 -0.67050286 

H 1.47843039 3.55543191 -2.66923671 -3.41945302 -1.26891637 -0.05703773 

H -6.3896959 4.79119521 1.04922192 -3.81694917 1.56585101 0.16315148 

H -4.88785504 5.49572364 1.77888991 -3.30579436 0.51297164 -2.40961194 

H -5.73257858 4.09850432 2.56673995 -4.32802176 -2.08390102 -0.75292349 

H -6.48018095 0.39904668 0.49607247 -2.94422638 -1.68416722 1.20310021 

P 2.5819603 -0.18251554 -1.11392903 -2.34037116 0.67628596 -3.41928182 

C 2.96176237 -1.25964064 -2.55201289 -4.67402182 0.58185088 -2.74424187 

C 3.79447735 1.17567599 -1.43292527 -3.79140673 2.88503492 -0.33392625 

C 3.27116815 -1.00783584 0.37281628 -4.6078652 1.2661265 1.28522664 

C 4.29774104 -1.55447061 -2.89449138 0.45045313 -0.73628835 -2.65392981 

C 1.9169096 -1.7384171 -3.36151241 2.55491969 -1.58340866 0.3467707 

C 3.92685839 -2.24962582 0.34893738 1.93265122 0.76355673 0.91849465 

C 3.03627797 -0.37106515 1.60826815 7.6607607 -1.50069424 -0.02339997 

C 4.67760138 1.66880431 -0.45667508 7.60716717 -1.70047593 1.5015824 

C 3.79942473 1.75912739 -2.71666516 7.6868537 -0.73022573 2.02481848 

C -8.51519692 -1.33443318 0.52774711 8.43528273 -2.34801085 1.84093886 

H -8.82991984 -0.42320097 1.06971831 6.6545776 -2.17756363 1.7868769 

H -9.17085952 -2.16188587 0.84898087 8.9822584 -0.88413439 -0.49415248 

H -8.66982245 -1.16469863 -0.55152038 9.83313927 -1.51944833 -0.19351495 

C -6.78812622 -1.9421285 2.31375487 9.13319615 0.11655321 -0.04816129 

H -6.74260969 -2.56167971 0.25214484 8.99591676 -0.77792481 -1.59224655 

H -7.02569338 -1.05075397 2.92272408 4.53366364 4.03136484 1.15696465 

H -5.72860579 -2.20530544 2.46855548 5.04236873 3.59660055 2.03302785 

H -7.41019562 -2.78271962 2.66976393 3.7203372 4.70125204 1.46609311 

H -0.66772608 2.37394053 -2.17449659 5.2754977 4.56709753 0.5416033 

H -2.07628121 2.0429375 1.28206016 7.51063846 -2.48272338 -0.5049418 

H -1.93836143 -0.38984234 0.80929206 6.57988496 0.35099851 -0.33072071 

C 4.66524365 2.81637277 -3.01491098 -4.76156477 -3.29260574 -0.19024768 

C 5.540555 3.30895154 -2.03340547 -3.38844242 -2.88477367 1.76899883 

C 5.54531034 2.7296974 -0.75747769 -4.29687174 -3.69384096 1.07046388 

H 6.23358861 3.09837362 0.01090768 -4.68574122 -1.78711657 -1.7430929 

H 4.69990423 1.21804389 0.53960632 -5.46447584 -3.92580066 -0.7424385 

H 3.12391064 1.37528074 -3.48904262 -2.21334222 -1.05996496 1.72978865 

H 4.66139106 3.25564222 -4.01839819 -3.01352256 -3.19632363 2.74969069 

H 6.22141487 4.13438281 -2.26703642 -4.63890569 -4.63849846 1.50647059 

C 4.57914549 -2.34072351 -4.01781376 -2.73281906 0.86558407 -4.75186834 
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C 3.53108022 -2.82360195 -4.8173216 -5.06426821 0.76185052 -4.07670601 

C 2.20307187 -2.51651223 -4.49213086 -4.0943415 0.89747508 -5.08275738 

H 1.38307307 -2.88582632 -5.11673816 -1.27938396 0.67238002 -3.148384 

H 0.88085772 -1.50641914 -3.09540355 -5.43193284 0.51486452 -1.95638615 

H 5.61860374 -2.57201187 -4.27429033 -6.12866969 0.80905324 -4.33061246 

H 3.75285782 -3.43550757 -5.69842316 -4.402628 1.04484685 -6.12337653 

H 5.11710618 -1.15788839 -2.28525406 -1.97295488 0.99663163 -5.5294097 

C 4.36088279 -2.83502523 1.54648443 -5.3685692 2.27199278 1.89906492 

C 3.48029476 -0.95381285 2.80028404 -4.5584851 3.88252548 0.27647659 

C 4.14465831 -2.18899734 2.77132221 -5.34681606 3.57953551 1.39674968 

H 4.07900731 -2.77279145 -0.59923361 -4.63899475 0.24672991 1.68095729 

H 4.86157445 -3.80878296 1.52077385 -5.98424978 2.02743702 2.77137499 

H 2.48169332 0.57325311 1.63819756 -3.17146612 3.12925941 -1.20222598 

H 3.28826778 -0.45041417 3.75380737 -4.53195956 4.90351438 -0.11863225 

H 4.48076813 -2.65428237 3.70412281 -5.94273469 4.36296753 1.8771295 

 

New-TS-1 cis 

Functional TPSS D4 wB97M-V Imaginary frequency 

Basis set def2-SVP def2-TZVPP  

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  

α -2291.42335 0.61716955 -2292.04052 -2292.18729 -2292.80446 196.38i 

β -2291.42561 0.61737754 -2292.04299 -2292.1904 -2292.80777 190.76i 

∆G 0.00225808     0.00310335    

kcal/mol       1.94735255    

 

Atoms       

86 α β 

C -0.35617927 -1.69112097 3.2092467 -0.0259451 -2.1077113 2.90800322 

C 0.10726861 -2.91606015 2.86788276 0.76597103 -3.08413114 2.40804893 

C 0.89271533 -3.73765103 3.87088927 1.76417025 -3.80041589 3.29380563 

C -0.12839829 -3.5156748 1.52959698 0.70527606 -3.49530081 0.98187481 

C -0.23430314 -4.92219677 1.40671497 0.93210115 -4.84656493 0.62858857 

C -0.43488273 -5.54335288 0.17209909 0.9125775 -5.27403879 -0.70068502 

C -0.50881953 -4.76614531 -0.99391352 0.69264214 -4.34437201 -1.72834836 

C -0.37951945 -3.37735894 -0.90661025 0.49339717 -2.99801432 -1.41007078 

C -0.20692826 -2.74330063 0.33919469 0.478262 -2.57110304 -0.06909629 

C 1.22184749 0.05061932 0.19736466 1.19095937 0.4695464 0.39253947 

C 1.43960737 -1.36205907 0.33928575 1.73014638 -0.85939349 0.28424129 

Pd -0.73374064 -0.68120255 0.30223242 -0.51862355 -0.70635741 0.13450174 

I -3.25943548 -1.55514886 0.03623571 -2.78654079 -2.13321682 -0.24112617 

C 2.07906124 -1.7504781 -1.01649117 2.50293332 -0.81330801 -1.05300169 

H 2.03701158 -2.80427346 -1.30882592 2.70026553 -1.76677183 -1.55203618 

C 3.46592109 -1.07676572 -1.03125892 3.72029099 0.07289499 -0.76421182 

O 4.47363139 -3.04555802 -0.33943227 4.99259936 -0.58558613 -0.35829605 



Appendix 

637 

O 5.8593486 -1.34116177 -0.88716494 4.93684395 -1.77077456 0.00572385 

C 3.20843969 0.25239047 -1.20010888 6.12791233 0.1557912 -0.40468625 

C 4.01067391 1.50679183 -1.15059853 3.2166836 1.33721182 -0.68720012 

N 5.35601013 1.38334164 -1.26371741 3.89784509 2.58366008 -0.33418603 

O 3.41765975 2.59238391 -1.02634157 5.11440203 2.76799252 -0.31504318 

C 1.67620002 0.33513738 -1.26004052 3.01630085 3.56420458 -0.03645733 

H 1.24547494 1.19602758 -1.78283434 1.69456511 1.16382178 -0.89597818 

O 1.351829 -0.90333669 -1.91523071 1.13774721 2.03243019 -1.26576761 

H -0.133972 -1.25544966 4.1906138 1.6795205 0.07119351 -1.83306955 

H -0.9999323 -1.11219382 2.53117503 0.05795712 -1.789003 3.95388512 

H 0.31479005 -4.61814561 4.20852207 -0.80372025 -1.63440805 2.29327122 

H 1.13485381 -3.13893697 4.76406409 2.77518055 -3.78790906 2.84671654 

H 1.83249343 -4.12161113 3.43301668 1.4886208 -4.86243531 3.43248792 

H -0.17811987 -5.53958403 2.30877966 1.80855581 -3.33556018 4.29228853 

H -0.53145562 -6.63296231 0.11915942 1.11073163 -5.57972368 1.42148452 

H -0.67074262 -5.23818125 -1.96908869 1.07630536 -6.33083593 -0.93602281 

P -1.46343394 1.54533732 0.1896401 0.67554835 -4.66496933 -2.77563666 

C -1.42344013 2.09761888 -1.55538316 -1.89487935 1.15832335 0.0132713 

C -3.15347472 1.91552467 0.79919021 -3.19162059 1.38720513 1.29399916 

C -0.449817 2.79307223 1.09605534 -1.1144861 2.83201115 0.08647924 

C -1.553804 1.1157393 -2.55710658 -2.70077082 1.15800425 -1.63169785 

C -1.28332016 3.45215314 -1.91821016 -3.42181273 0.39737313 2.26507568 

C -0.84796012 3.25697415 2.36599039 -3.92205823 2.59332481 1.34357728 

C 0.78505791 3.22520291 0.57014115 -1.89592996 0.78295515 -2.72684213 

C -3.57722607 1.32307381 2.00523838 -4.046995 1.49927122 -1.83696227 

C -4.00765433 2.80017106 0.12142216 -0.60560294 3.27048866 1.32597368 

H -0.42911387 -2.76628819 -1.81300845 -1.03289058 3.68301073 -1.03001802 

H 1.80075005 -1.79018592 1.27736737 0.32705212 -2.26760638 -2.20861439 

H 1.44762576 0.76448349 0.99563503 2.15388955 -1.38404255 1.1425611 

C -1.54433255 1.48713577 -3.9074238 1.16643841 1.02088401 1.3382238 

C -1.27125536 3.81634974 -3.27078858 7.40000341 -0.37189457 0.09530082 

C -1.40168963 2.83542087 -4.26546642 7.51023287 -0.1778185 1.6177884 

H -1.65882411 0.06388943 -2.26728694 6.6771488 -0.69087817 2.12645704 

H -1.64289777 0.71820457 -4.68050243 7.47738177 0.89601669 1.87726948 

H -1.1741242 4.21826657 -1.14399818 8.45895782 -0.59809334 1.99605606 

H -1.15658201 4.86948761 -3.54856651 8.55615642 0.27937789 -0.67020283 

H -1.38716278 3.12358572 -5.32213524 8.45841093 0.10288193 -1.75484715 

C -0.02516483 4.12797205 3.09263984 9.52188552 -0.1350364 -0.33394751 

C 1.60621105 4.09294047 1.3010916 8.57804988 1.3713941 -0.49709285 

C 1.2046018 4.54690077 2.56521992 3.60623722 4.83159827 0.30867191 

H -1.80844944 2.94665405 2.78710343 4.252072 4.7224396 1.19535447 

H 1.13767085 2.89827059 -0.41037996 2.76142021 5.4998265 0.51542125 

H 2.56320163 4.39592572 0.86542445 4.21394219 5.20858396 -0.53019418 

H 1.84557555 5.22660976 3.13717286 7.37299283 -1.45596903 -0.11233766 

H -0.35258388 4.48284536 4.07585372 6.0169643 1.17289647 -0.53532074 

C -5.2712811 3.09793461 0.65134529 -4.38425392 0.60309888 3.26283502 

C -4.83089209 1.63819616 2.5401378 -4.89231144 2.78827337 2.3338913 



Appendix 

638 

C -5.68160965 2.52401127 1.86184033 -5.12523307 1.79214744 3.29436006 

H -3.69530475 3.24742904 -0.82676921 -2.8589429 -0.53934029 2.22442655 

H -5.93717124 3.77982539 0.1118207 -4.55689931 -0.17438247 4.01420688 

H -2.9311847 0.59999525 2.51302405 -3.72255117 3.38575764 0.61448954 

H -5.15313538 1.17188233 3.47682319 -5.46167738 3.72351604 2.36031301 

H -6.66954698 2.75795177 2.27276273 -5.88099518 1.94782451 4.07181841 

C 4.7177774 -1.78339036 -0.76054549 -2.4323674 0.77803522 -4.01924234 

C 6.24264763 2.54509392 -1.17896071 -4.58160738 1.47855497 -3.13262289 

H 5.75569069 0.43082512 -1.24683068 -3.77637136 1.12550064 -4.22408497 

C 7.42609934 2.3566654 -2.13424881 -0.85800513 0.47012565 -2.55914014 

H 8.03055897 1.47631053 -1.84728369 -4.68583364 1.75494555 -0.98700256 

H 8.08527533 3.24130656 -2.11001765 -5.63615276 1.73074417 -3.28689139 

H 7.07476484 2.21148635 -3.16991172 -4.19956887 1.10725812 -5.23411409 

C 6.68380609 2.78525375 0.27540143 -1.80350525 0.48361132 -4.86596602 

H 5.63091494 3.40518262 -1.50217214 -0.46919381 4.96187365 -0.90226518 

H 7.32227583 3.68369807 0.34519839 -0.05106761 4.54799557 1.45177845 

H 7.25729068 1.92138915 0.65764377 0.00875586 5.40134952 0.33839225 

H 5.80216187 2.93454888 0.9211182 -1.42752996 3.35409283 -1.99620174 

C 5.6374398 -3.84107363 -0.0430428 -0.42288479 5.62202823 -1.77501471 

H 5.25108888 -4.81452512 0.28734833 -0.6743209 2.61658943 2.20296231 

H 6.2341175 -3.36272745 0.75087275 0.32448282 4.88421406 2.42428336 

H 6.26272034 -3.95004569 -0.94432093 0.42116198 6.41115195 0.44082716 

 

New-TS-1 trans 

Functional TPSS D4 wB97M-V Imaginary frequency 

Basis set def2-SVP def2-TZVPP  

Hartrees (Eh) Gibbs G-E(el) Electronic Gibbs * Final single point (electronic)  

α -2630.63709 0.60469358 -2631.24178 -2631.59283 -2632.19752 205.11i 

β -2630.63732 0.6047189 -2631.24204 -2631.5929 -2632.19762 213.61i 

∆G 0.00023407   7.084E-05   

kcal/mol    0.04445228   

 

Atoms       

86 α β 

C 0.34327732 1.84805612 2.4227651 -0.04923409 -1.76188869 2.71184924 

C 0.43273158 2.95305058 1.64374929 0.17343366 -2.85916722 1.94916432 

C 0.55021796 4.30820753 2.31084702 0.5739059 -4.15714484 2.62203631 

C 0.44563143 2.90995801 0.16054091 0.02727587 -2.87314191 0.47155677 

C 0.82626523 4.07204174 -0.55149334 -0.19084411 -4.11021443 -0.18017735 

C 0.8794583 4.11007836 -1.94679513 -0.31640534 -4.21107977 -1.56679605 

C 0.54759319 2.96692169 -2.68623703 -0.18669865 -3.06265702 -2.35919834 

C 0.12031045 1.8168672 -2.01538719 0.06567771 -1.83198095 -1.74714417 

C 0.05389457 1.76716085 -0.6044067 0.14896332 -1.70915247 -0.34402339 

C -1.8214108 -0.38485612 0.36913437 1.70495314 0.7329924 0.67463772 
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639 

C -1.71622748 1.02181735 0.04038207 1.85045437 -0.62723064 0.23510682 

Pd 0.23290842 -0.26203204 0.02555918 -0.3044673 0.24928994 0.33326913 

I 0.37948398 -2.86733369 0.50504835 -0.81907652 2.74004864 1.1255995 

C -2.56886112 1.11608503 -1.25524328 2.58343826 -0.47147316 -1.11796943 

H -2.38538296 1.97532912 -1.90883874 2.52516032 -1.3098472 -1.81924643 

C -4.02334641 0.87256425 -0.81612581 3.99603308 0.01503919 -0.76245727 

C -5.01634244 1.92949102 -0.63802563 5.08757483 -0.98868833 -0.64096956 

O -4.43589372 3.15293114 -0.71158948 4.77054663 -2.18622006 -0.56612154 

C -5.32943076 4.27202054 -0.56504213 6.36214097 -0.52157614 -0.61647445 

O -6.22461762 1.78645668 -0.45827022 3.82885006 1.31322091 -0.38548168 

C -4.07950498 -0.45847203 -0.52283439 4.79416048 2.26454768 0.17219169 

C -5.06021145 -1.33670488 0.1753156 6.02020219 2.16902709 0.13910282 

N -6.36670963 -0.96514511 0.12813386 4.16016754 3.31296071 0.73937595 

C -7.39335027 -1.71503338 0.85478991 2.3087415 1.55669542 -0.48488379 

O -4.63661533 -2.34982846 0.74864982 1.95579246 2.58654545 -0.60525079 

C -2.65570212 -0.97198282 -0.78714712 1.98390349 0.7321048 -1.62427942 

H -2.53342511 -2.03905903 -1.00110397 0.10610469 -1.7920355 3.79681227 

O -2.25569001 -0.12908145 -1.88897731 -0.40718281 -0.81005588 2.28631311 

H 0.31630899 1.93307098 3.51528324 0.79108807 -3.9892993 3.68906824 

H 0.31667735 0.83240933 1.9978783 1.46373819 -4.60650983 2.14575453 

H -0.21471751 5.01601649 1.94303584 -0.23914942 -4.9051277 2.56168905 

H 1.53866747 4.76240766 2.11100843 -0.28532317 -5.01772126 0.42165851 

H 0.43963992 4.21153724 3.40258258 -0.50737577 -5.18610025 -2.02641352 

H 1.11140656 4.96813867 0.00451031 -0.27111127 -3.12134869 -3.44973033 

H 1.19309077 5.02856715 -2.45358316 -2.55586204 -0.1657245 -0.28094052 

H 0.6018536 2.97144517 -3.78031858 -2.74696032 0.3322762 -2.03711667 

H -6.10196678 4.24888416 -1.35119566 -3.05951917 -1.9287851 -0.17692545 

H -4.69902668 5.16651619 -0.66012781 -3.96741258 0.74090882 0.48337203 

H -5.82284854 4.24170888 0.42044837 -1.665924 0.94259353 -2.6978361 

H -6.57924194 -0.01485476 -0.2113029 -3.98114469 0.18987904 -2.7034647 

P 2.56791888 -0.16406257 -0.25995539 -4.1379582 2.09524768 0.12599752 

C 3.09246486 -0.83246851 -1.88303467 -4.85189865 0.16026367 1.41000414 

C 3.33990224 1.50808628 -0.20928831 -3.39574142 -2.70999651 -1.29582809 

C 3.51084637 -1.08337175 1.02265484 -3.05190704 -2.52827024 1.10031122 

C 4.40089274 -0.65381949 -2.38034977 0.20615729 -0.94318638 -2.36758963 

C 2.15089422 -1.53963577 -2.65377938 2.12517751 -1.42754468 0.92594973 

C 4.67767045 -1.81530593 0.74615234 1.84638752 1.04730887 1.71252611 

C 3.02142835 -1.03557319 2.34252178 7.49769046 -1.41497617 -0.37945462 

C 3.62828799 2.10007373 1.03640485 7.78904001 -1.53274837 1.1267816 

C 3.56215764 2.2473862 -1.38581461 8.05012125 -0.54656086 1.55194816 

C -8.72184391 -1.62625316 0.0966206 8.63162919 -2.22325077 1.30872717 

H -9.07560273 -0.57987194 0.04114847 6.90251906 -1.92045262 1.65611933 

H -9.49860238 -2.21827607 0.61023705 8.71000317 -0.9291641 -1.18133694 

H -8.61343461 -2.00942442 -0.93231065 9.56213517 -1.6171903 -1.04572472 

C -7.50325809 -1.22252551 2.30847193 9.02986591 0.07516223 -0.8466587 

H -7.03743315 -2.76004651 0.8720112 8.47190043 -0.87513789 -2.25718586 

H -8.25631685 -1.81024872 2.86291375 5.00889446 4.31958618 1.32265668 
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H -7.80118566 -0.15858817 2.33872574 5.6301071 3.87934375 2.1199009 

H -6.53250606 -1.33286135 2.81978613 4.32658344 5.07755572 1.72971603 

H -0.19592402 0.9374049 -2.58521764 5.66837944 4.75324671 0.5529918 

H -1.81386652 1.77920421 0.82477356 7.17412695 -2.40351793 -0.7488672 

H -1.99193293 -0.74812359 1.3873381 6.488011 0.49617663 -0.50319385 

C 4.08383482 3.54526727 -1.31752981 -1.80658897 1.37854366 -4.02309321 

C 4.37187368 4.12752232 -0.0767911 -4.11573233 0.62067494 -4.02823115 

C 4.13839383 3.40172439 1.10081888 -3.02717248 1.21104876 -4.69064274 

H 4.36463943 3.84606308 2.07608923 -0.72084024 1.08928353 -2.1599382 

H 3.46243527 1.53969578 1.96074048 -0.96049398 1.85546744 -4.52866376 

H 3.32591092 1.81104126 -2.35989878 -4.83885075 -0.24351484 -2.17802542 

H 4.2559498 4.10653423 -2.24204847 -5.07548797 0.50595804 -4.54343232 

H 4.77940649 5.14299397 -0.0260348 -3.13764407 1.55190017 -5.72580637 

C 4.76101149 -1.18813722 -3.62351372 -5.17331541 2.84904713 0.68959304 

C 3.81886137 -1.89874706 -4.38324783 -5.88491159 0.92165834 1.97461311 

C 2.5151149 -2.07025689 -3.89874149 -6.04684511 2.26720586 1.61911619 

H 1.77507836 -2.62055176 -4.48892852 -3.464189 2.5575881 -0.60006805 

H 1.13608104 -1.67927232 -2.26521389 -4.75417845 -0.89333201 1.6837846 

H 5.77928354 -1.04677892 -4.00143834 -6.56926438 0.4540667 2.6906773 

H 4.10253149 -2.31465996 -5.35608944 -6.8553087 2.85965262 2.06082498 

H 5.13426576 -0.08275791 -1.8015184 -5.29305802 3.89887378 0.40221172 

C 5.35611766 -2.47319132 1.78133921 -3.4231191 -3.86789609 1.25863352 

C 3.70985875 -1.67955303 3.37648624 -3.75770757 -4.05463709 -1.13466599 

C 4.87977207 -2.40055388 3.09735363 -3.78300691 -4.63365693 0.14032381 

H 5.04964022 -1.89316428 -0.27895843 -2.72921512 -1.95171528 1.97261538 

H 6.25863588 -3.05078306 1.55449368 -3.41639456 -4.31714867 2.25745585 

H 2.08319473 -0.51190587 2.55185561 -3.36706446 -2.27350584 -2.29777669 

H 3.31830857 -1.63696996 4.39820478 -4.01538779 -4.65268715 -2.01527031 

H 5.41142607 -2.91806251 3.90303396 -4.06925347 -5.68386149 0.26187465 
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10 Compound list 

MKL0031 27 MKL0024 28 MKL0023 29 MKL0022 30 

MKL0070 47 
MKL0143

B 
48 MKL0078 49 MKL0057 92 

MKL0125 93 MKL0017 123 MKL0018 124 MKL0019 125 

MKL0020 126 MKL0021 128 
MKL0021

B 
129 MKL0007 131 

MKL0067 132 MKL0008 133 MKL0033 134 

MKL0116 135 MKL0004a 136 



Compound list 
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MKL0010 137 MKL0013 138 

  
MKL0006 139 MKL0065 140 

  
MKL0066 141 MKL0115 142 

  
MKL0077 143 MKL0076 144 

  
MKL0071 145 MKL0072 146 

  
MKL0074 147 MKL0075 148 

 
 

MKL0005 149 MKL0122 150 

  
MKL0004b 151 MKL0011 152 

  
MKL0015 153 MKL0014 154 
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MKL0083 155 MKL0084 156 

MKL0121 157 MKL0110 158 

MKL0109 159 MKL0108 160 

MKL0080 161 MKL0081 162 

MKL0082 163 

MKL0118 165 MKL0037 166 

MKL0039 167 MKL0043 168 
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MKL0044 169 MKL0068 170 

  
MKL0069 171 MKL0117 172 

  
MKL0085 173 MKL0090 174 

  
MKL0089 175 MKL0086 176 

  
MKL0087 177 MKL0088 178 
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MKL0124 179 MKL0107 180 

MKL0073 181 MKL0104 182 

MKL0079 183 MKL0105 184 

MKL0106 185 MKL0123 186 

MKL0103 187 MKL0102 188 
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MKL0100 189 MKL0099 190 

MKL0098 192 MKL0001 194 

MKL0009sp 196 MKL0030sp 164 

MKL0141

B 
198 

MKL0141

A 
199 

MKL0143

A 
200 MKL0150 201 

MKL0154 204 MKL0034 205 

MKL0032 207 MKL111sp CarbazoleG4 208 
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MKL_DGR009 210 MKL_DGR010 211 

MKL_DGR019 212 MKL_DGR017 213 

MKL_DGR013 214 MKL_DGR018 215 

MKL0192 216 MKL0193 217 

MKL_DGR014 218 MKL0193sp 219 

MKL0055 221 MKL0040 222 MKL0046 225 MKL0047 228 



Compound list 
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MKL0047s

p 
229 MKL0050 230 MKL0058 231 MKL0016 232 

MKL0025 233 MKL0054 235 MKL0097 236 MKL0113 237 

MKL0132 238 MKL0135 239 
MKL0097

N2
+ 

236-N2+ MKL0095 241 

MKL0095HCl 241·HCl 

MKL0091Bsp 244 MKL0091B L1 
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MKL0184 246 MKL0184s
p 248 MKL0186 249 MKL0188 252 

MKL187 253 MKL0151 258 MKL0137 259 MSC010 260 

MKL0144 257 MKL0093 256 MKL0131 261 

MKL0146s
p 267 MKL0048 262 MKL0051 263 MKL-

MSC050 264 

MKL0111 265 MKL0111sp1 268 

MKL0111s

p2 
269 

MKL0097s

p 
270 MKL0133 274 MKL0130 275 
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MKL0152 276 MKL0138 277 MKL0094 278 MKL0159 279 

MKL0129 280 MKL0157 281 MKL0139 282 MKL0161 283 

CAN_MKL042sp 285 MKL0114sp 288 

MKL0112sp 289 MKL0164 292 

CAN-

MKL002 

MKL0165 

293 

CAN-

MKL001 

MKL0160 

295 

CAN-

MKL003 

MKL0163 

296 
CAN-

MKL053 
299 

CAN-

MKL010 

MKL0179 

301 
CAN-

MKL014 
302 

CAN-

MKL014A 
303 

CAN-

MKL040 
307 
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CAN-

MKL012 
308 

CAN-

MKL035 
311 

CAN-

MKL048 
312 

CAN-

MKL016 
314 

CAN-

MKL041 
316 

CAN-

MKL017 
318 

CAN-

MKL019 
319 

CAN-MKL023 L3 
CAN-

MKL038 
321 

CAN-

MKL028 
325 

CAN-

MKL028sp 
326 MKL0162 328 MKL0166 329 

CAN-MKL062 MKL0169 333 

MKL0170 334 MKL0177 335 

332 



Compound list 

652 

MKL0178 336 CAN-MKL039 338 

CAN-MKL044 339 
MKL-

MSC019 
342 MKL0173 345 

MKL0051 

MKL-MSC038sp1 
347 

MKL0051 

MKL-

MSC38sp2 

348 
MKL058-

N2
+ 

349 

CAN-

MKL054 
353 

CAN-

MKL055 
351 MKL0168 352 
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CAN-MKL058 MKL0049 354 MKL0155 355 353
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	7.2.2.8.1 2,2'-Bis(4-(dimethylamino)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (181)
	7.2.2.8.2 rac-2,2'-Bis(4-(diethylamino)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (212)
	7.2.2.8.3 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-(pyrrolidin-1-yl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (213)
	7.2.2.8.4 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-morpholinophenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (214)
	7.2.2.8.5 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-(piperidin-1-yl)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (215)
	7.2.2.8.6 rac-2,2'-Bis(4-(azetidin-1-yl)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (216)
	7.2.2.8.7 rac-2,2'-Bis(4-(benzylamino)phenyl)-5,5'-dimethoxy-7,7'-dimethyl-4H,4'H-[8,8'-bichromene]-4,4'-dione (218)
	7.2.2.8.8 rac-5,5'-Dimethoxy-7,7'-dimethyl-2,2'-bis(4-(methylamino)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (217)
	7.2.2.8.8.1 rac-2-(4-Bromophenyl)-5,5'-dimethoxy-7,7'-dimethyl-2'-(4-(methylamino)phenyl)-4H,4'H-[8,8'-bichromene]-4,4'-dione (219)

	7.2.2.8.9 5-Methoxy-7-methyl-2-(4-morpholinophenyl)-4H-chromen-4-one (210)
	7.2.2.8.10 2-(4-(Benzylamino)phenyl)-5-methoxy-7-methyl-4H-chromen-4-one (211)


	7.2.3 General Procedure 6 (GP6): Masuda Borylation
	7.2.3.1 2-(4-Methoxy-2-methylphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (222)
	7.2.3.2 4,4,5,5-Tetramethyl-2-phenyl-1,3,2-dioxaborolane (261)
	7.2.3.3 4,4,5,5-Tetramethyl-2-(o-tolyl)-1,3,2-dioxaborolane (256)
	7.2.3.4 2-(2-Methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (259)
	7.2.3.5 2-(4-Methoxyphenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (260)
	7.2.3.6 2-(2-Fluorophenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (258)
	7.2.3.7 2-(2-(Trifluoromethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (257)

	7.2.4 General Procedure 7 (GP7): Suzuki-Miyaura cross coupling
	7.2.4.1 4'-Methoxy-2',6-dimethyl-[1,1'-biphenyl]-2-amine (278)
	7.2.4.2 2',6-Dimethyl-[1,1'-biphenyl]-2-amine (241)
	7.2.4.3 2',6-Dimethyl-[1,1'-biphenyl]-2-amine hydrochloride (241 HCl)
	7.2.4.4 6-Methyl-[1,1'-biphenyl]-2-amine (280)
	7.2.4.5 2'-Methoxy-6-methyl-[1,1'-biphenyl]-2-amine (277)
	7.2.4.6 2'-Fluoro-6-methyl-[1,1'-biphenyl]-2-amine (276)
	7.2.4.7 4'-Methoxy-6-methyl-[1,1'-biphenyl]-2-amine (279)

	7.2.5 General Procedure 8 (GP8): Sandmeyer reaction
	7.2.5.1 2-Iodo-1,1'-biphenyl (92)
	7.2.5.2 2-Iodo-2',6-dimethyl-1,1'-biphenyl (236)
	7.2.5.3 2-Iodo-4,4'-dimethoxy-2',6-dimethyl-1,1'-biphenyl (231)
	7.2.5.4 2-Iodo-6-methyl-1,1'-biphenyl (275)
	7.2.5.5 2-Iodo-2'-methoxy-6-methyl-1,1'-biphenyl (282)
	7.2.5.6 2'-Fluoro-2-iodo-6-methyl-1,1'-biphenyl (281)
	7.2.5.7 4'-Methoxy-2-iodo-6-methyl-1,1'-biphenyl (283)

	7.2.6 Electron-rich Cyclic Diaryl Iodonium Salt Synthesis
	7.2.6.1 4,4'-Dimethoxy-2-(methoxymethoxy)-2',6-dimethyl-1,1'-biphenyl (225)
	7.2.6.2 4,4'-Dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-ol (228)
	7.2.6.3 3-Methoxy-5-methylphenyl trifluoromethanesulfonate (232)
	7.2.6.4 N-(3-Methoxy-5-methylphenyl)-1,1-diphenylmethanimine (233)
	7.2.6.5 4,4'-Dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl trifluoromethanesulfonate (230)
	7.2.6.6 N-Benzyl-4,4'-dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-amine (235)
	7.2.6.7 4'-Methoxy-6-methyl-[1,1'-biphenyl]-2-amine (221)

	7.2.7 Non-Electron-rich Cyclic Diaryl Iodonium Salt Synthesis
	7.2.7.1 Synthesis of Box-ligand
	7.2.7.1.1 (3aS,3a'S,8aR,8a'R)-2,2'-(Propane-2,2-diyl)bis(3a,8a-dihydro-8H-indeno[1,2-d]oxazole) ((S,S)-L1)
	7.2.7.1.1.1 2-((3aS,8aR)-3a,8a-Dihydro-8H-indeno[1,2-d]oxazol-2-yl)-2-methylpropanenitrile (244)


	7.2.7.2 Biphenol Synthesis
	7.2.7.2.1 1,9-Dimethyldibenzo[b,d]iodol-5-ium (237)
	7.2.7.2.1.1 1,9-Dimethyldibenzo[b,d]iodol-5-ium 3-chlorobenzoate (369)

	7.2.7.2.2 2,2'-Diiodo-6,6'-dimethyl-1,1'-biphenyl (238)
	7.2.7.2.3 2,2'-(2,2'-Diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4,4'-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (239)
	7.2.7.2.4 2,2'-Diiodo-6,6'-dimethyl-[1,1'-biphenyl]-4,4'-diol (246)
	7.2.7.2.5 2,2'-Diiodo-4,4'-dimethoxy-6,6'-dimethyl-1,1'-biphenyl (249)
	7.2.7.2.6 4,4'-Dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-2,2'-diol (27)

	7.2.7.3 Miscellaneous Syntheses
	7.2.7.3.1 6,6'-Dimethyl-[1,1'-biphenyl]-2,2'-diol (253)
	7.2.7.3.2 2-Butyl-2',6-dimethyl-1,1'-biphenyl-6'-d (251)


	7.2.8 Catellani Reaction
	7.2.8.1 1,4-Dioxa-8-azaspiro[4.5]decan-8-yl benzoate (262)
	7.2.8.2 Morpholino benzoate (342)
	7.2.8.3  (±)-8-(2',6-Dimethyl-[1,1'-biphenyl]-2-yl)-1,4-dioxa-8-azaspiro[4.5]decan (265)
	7.2.8.3.1 8-(m-Tolyl)-1,4-dioxa-8-azaspiro[4.5]decane (268)

	7.2.8.4 (±)-8-(4,4'-Dimethoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl)-1,4-dioxa-8-azaspiro[4.5]decan (263)
	7.2.8.4.1 8-(3-Methoxy-5-methylphenyl)-1,4-dioxa-8-azaspiro[4.5]decane (347)
	7.2.8.4.2 8-(4-Methoxy-2-methylphenyl)-1,4-dioxa-8-azaspiro[4.5]decane (348)

	7.2.8.5 (±)-8-(4'-Methoxy-2',6-dimethyl-[1,1'-biphenyl]-2-yl)-1,4-dioxa-8-azaspiro[4.5]decan (264)
	7.2.8.6 (±)-8-(3-(Trifluoromethyl)-2-(3-(2-(trifluoromethyl)phenyl)bicyclo[2.2.1]heptan-2-yl)phenyl)-1,4-dioxa-8-azaspiro[4.5]decane (267)

	7.2.9 Palladium complexes
	7.2.9.1 N-Methyl-[1,1'-biphenyl]-2-amine (207)
	7.2.9.2 Bis-((2'-(methylamino)-[1,1'-biphenyl]-2-yl)((methylsulfonyl)oxy)palladium(II)) (Pd G4)2 (205)
	7.2.9.3 trans-Bis(triphenylphosphine)-([1,1’-biphenyl]-2-yl)palladium(II) iodide (286)
	7.2.9.4 trans-Bis(triphenylphosphine)-(4’-methoxy-6-methyl-[1,1’-biphenyl]-2-yl)palladium(II) iodide (284)
	7.2.9.5 trans-Bis(triphenylphosphine)-(2’-6-dimethyl-[1,1’-biphenyl]-2-yl)palladium(II) iodide (287)

	7.2.10 Silylation
	7.2.10.1 2,2'-Bis(trimethylsilyl)-1,1'-biphenyl (93)
	7.2.10.2 (6-Methyl-[1,1'-biphenyl]-2,2'-diyl)bis(trimethylsilane) (274)
	7.2.10.3 (4-Methoxy-6'-methyl-[1,1'-biphenyl]-2,2'-diyl)bis(trimethylsilane) (292)

	7.2.11 Chiral Acetylene
	7.2.12 Substrate Synthesis
	7.2.12.1.1 1-(2-Iodophenyl)ethan-1-one (295)
	7.2.12.1.2 1-Iodo-2-(prop-1-en-2-yl)benzene (293)
	7.2.12.1.3 Dimethyl 7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (296)
	7.2.12.1.4 cis-3-(Methoxycarbonyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (301)
	7.2.12.1.5 Dimethyl-1,4-dimethyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (299)
	7.2.12.1.6 Methyl 4-oxopent-2-ynoate (325)
	7.2.12.1.7 rac-Methyl (1S,4R)-3-acetyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (321)
	7.2.12.1.8 Methyl (1S,4R)-3-bromo-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (329)

	7.2.12.2 General procedure 9 (GP9): Synthesis of oxabicycle-amides
	7.2.12.2.1 Methyl (1R,4S)-3-(((S)-1-phenylethyl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (302)
	7.2.12.2.2 Methyl (1R,4S)-3-(((R)-1-phenylethyl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (303)
	7.2.12.2.3 Mixtures of 302 and 303
	7.2.12.2.4 Methyl (1R,4S)-3-(benzylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (308)
	7.2.12.2.5 Methyl (1R,4S)-3-(isopropylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (311)
	7.2.12.2.6 Methyl (1R,4S)-3-(benzhydrylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (307)
	7.2.12.2.7 Methyl (1R,4S)-3-(((adamantan-1-yl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (312)

	7.2.12.3 Indene Syntheses
	7.2.12.3.1 General procedure 10 (GP10): Synthesis of pre-retro-Diels-Alder products starting from Cs-symmetrical oxabicycle
	7.2.12.3.1.1 Dimethyl (1S,4R,4aS,9R,9aR)-9-methyl-9-(4-(trifluoromethyl)benzyl)-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (334)
	7.2.12.3.1.2 Dimethyl (1S,4R,4aS,9R,9aR)-9-(4-methoxybenzyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (333)
	7.2.12.3.1.3 Dimethyl (1S,4R,4aS,9R,9aR)-9-methyl-9-(2-methylbenzyl)-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2,3-dicarboxylate (336)

	7.2.12.3.2 General procedure 11 (GP11): Synthesis of pre-retro-Diels-Alder products starting from chiral oxabicycles
	7.2.12.3.2.1 Methyl (1S,4R,4aS,9R,9aR)-9-(dibenzo[b,d]furan-4-ylmethyl)-3-(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylate (338)
	7.2.12.3.2.2 Methyl (1S,4R,4aS,9R,9aR)-3-(benzhydrylcarbamoyl)-9-(dibenzo[b,d]furan-4-ylmethyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylate (339)

	7.2.12.3.3 General procedure 12 (GP12): Catalytic reactions Suzuki termination
	7.2.12.3.3.1 1-(4-Methoxybenzyl)-1-methyl-1H-indene (314)

	7.2.12.3.4 General procedure 13 (GP13): Catalytic reactions decarboxylative Sonogashira termination
	7.2.12.3.4.1 1-(3-Phenylprop-2-yn-1-yl)-1-methyl-1H-indene (316)


	7.2.12.4 Miscellaneous Syntheses
	7.2.12.4.1 (1S,4R)-3-(Benzhydrylcarbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (351)
	7.2.12.4.2 (1S,4R,4aS,9R,9aR)-9-(Dibenzo[b,d]furan-4-ylmethyl)-3-(isopropylcarbamoyl)-9-methyl-4,4a,9,9a-tetrahydro-1H-1,4-epoxyfluorene-2-carboxylic acid (353)

	7.2.12.5 Ligand Syntheses
	7.2.12.5.1 Tris(3,5-bis(trifluoromethyl)phenyl)phosphane (352)
	7.2.12.5.2 Dimethyl (4S,5S)-2,2-dimethyl-1,3-dioxolane-4,5-dicarboxylate (318)
	7.2.12.5.3 ((4S,5S)-2,2-Dimethyl-1,3-dioxolane-4,5-diyl)bis(diphenylmethanol) (319)
	7.2.12.5.4 1-((3aS,8aS)-2,2-Dimethyl-4,4,8,8-tetraphenyltetrahydro-[1,3]dioxolo[4,5-e][1,3,2]dioxaphosphepin-6-yl)piperidine (L3)


	7.2.13 Miscellaneous Syntheses
	7.2.13.1 2'-Iodo-6'-methyl-[1,1'-biphenyl]-4-ol (345)
	7.2.13.2 1-Iodo-4-methoxy-2-methylbenzene (354)
	7.2.13.3 5,5'-Dibromo-4,4'-dimethoxy-6,6'-dimethyl-[1,1'-biphenyl]-2,2'-diol (355)

	Unsuccessful syntheses
	7.2.13.4 Synthesis of methyl 3-(((S)-1-phenylethyl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (302)
	7.2.13.5 Synthesis of methyl 4-hydroxy-4-phenylbut-2-ynoate (364)
	7.2.13.6 Synthesis of (1R,4S)-N2-benzhydryl-N3,N3-dimethyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxamide (356)
	7.2.13.7 Synthesis of methyl (1S,4R)-3-phenyl-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (327)
	7.2.13.8 Synthesis of methyl (1S,4R)-3-(trifluoromethyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (357)
	7.2.13.9 Resolution attempt of 3-(methoxycarbonyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylic acid (301)
	7.2.13.9.1.1 Synthesis of 7'-methyl-4'-morpholinospiro[cyclohexane-1,1'-indene]-2,5-dien-4-one
	7.2.13.9.1.2 Synthesis of methyl 4-hydroxy-4-phenylbut-2-ynoate
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