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«L’Assistente mi guardava con occhio divertito e vagamente ironico: meglio non fare che fare, 

meglio meditare che agire, meglio la sua astrofisica, soglia dell’Inconoscibile, che la mia chimica 

impastata di puzze, scoppi e piccoli misteri futili. Io pensavo ad un’altra morale, più terrena e 

concreta, e credo che ogni chimico militante la potrà confermare: che occorre diffidare del quasi-

uguale (il sodio è quasi uguale al potassio: ma col sodio non sarebbe successo nulla), del 

praticamente identico, del pressappoco, dell’oppure, di tutti i surrogati e di tutti i rappezzi. Le 

differenze possono essere piccole, ma portare a conseguenze radicalmente diverse, come gli aghi 

degli scambi; il mestiere del chimico consiste in buona parte nel guardarsi da queste differenze, nel 

conoscerle da vicino, nel prevederne gli effetti. Non solo il mestiere del chimico.» 

(Primo Levi, Potassio, in Il sistema periodico) 
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Abstract 
Oligo-1,2-naphthylenes 

A well-defined spatial orientation of substituents in a molecular framework is an essential 

requirement for the synthesis of molecular systems with unique properties and applications. Due to 

their configurational stability, oligo-1,2-naphthylenes are particularly suitable to organize groups in 

space, and a method that controls the configuration of each stereogenic axis is thus highly desirable. 

The thesis outlines our approach for the stereodivergent synthesis of atropisomeric multiaxis systems, 

based on the sequential addition of a building block to aromatic aldehyde precursors, followed by an 

in situ double oxidation and stereoselective arene-forming aldol condensation (Figure I). In order to 

overcome the substrate bias and divert atropodiastereoselectivity, efficient amine and ion-pairing 

catalysts were identified and four stereogenic axes could be individually controlled.  

 

 

Figure I: Stereodivergent synthesis of oligo-1,2-naphthylenes. 
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of the corresponding atropisomeric multiaxis naphthaldehydes, three donor-acceptor Ru(II) 

complexes have been synthesized and their distance-dependent PET properties have been evaluated 

(Figure II). 

 

  

Figure II: Donor-acceptor oligomeric Ru(II) complexes with variable number of naphthylene units. 

 

JoyaPhos 

During the past years, monophosphines have seen an increased importance in homogenous catalysis, 

due to their characteristics that differentiate them from their bidentate counterparts. The crescent need 

of monodentate ligands with unique structural features, prompted us to design and synthesize 

JoyaPhos, an atropisomeric teraryl monophosphine ligand (Figure III). The synthesis takes 

advantage of the stereoselective aldol condensation and of the direct ester-to-arene transformation 

developed in our group, for the de novo construction of the phenyl-naphthalenyl skeleton and the 

installation of the side anthracenyl group. Three JoyaPhos ligands with diverse stereoelectronic 

properties on the phosphine moiety have been synthesized and their activity and selectivity were 

essayed on different Au(I) and Pd(0)-catalyzed transformations. 

 

 

Figure III: JoyaPhos ligand. 
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Atroposelective Synthesis of N-Arylindoles 

Despite the plethora of methodologies for the synthesis of atropisomers with C-C stereogenic axes, 

the atroposelective construction of the C-N bond is not as straightforward, and novel catalytic 

methods able to address this challenge are still needed. In particular, the catalytic atroposelective 

synthesis of indoles featuring a C-N stereogenic axis is limited to few examples. For this reason, we 

investigated five different methodologies to access N-arylindoles atroposelectively under mild 

catalytic conditions via C-C (Figure IV, blue), or C-N (Figure IV, red) bond formation, one of which 

showing a preliminary and promising e.r. of 68:32. 

 

 

Figure IV: Atroposelective synthesis of N-arylindoles via C-C (blue) and C-N (red) bond 

formation. 
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1. Introduction 

1.1.  Atropisomerism 

1.1.1. Definition and Natural Occurrence 

Atropisomers are stereoisomers arising from the restricted rotation about a 𝜎 bond, where the energy 

barrier is sufficiently high to allow the isolation of the single conformers.[1,2] Under typical laboratory 

conditions for organic synthesis, two conformers can be arbitrarily defined atropisomers if they show 

a half-life of 1000 seconds at a given temperature, which corresponds to an energy barrier of  

93 kJmol–1 at 300 K (27 °C).[3] In order to fulfill this requirement, it is necessary the presence of 

substituents which provide enough steric bulk and confer a sufficiently high rotational barrier. 

Atropisomers can arise from biaryl and non-biaryl systems alike.[4–6] As shown in Figure 1.1, when 

the hydrogen atoms in the 2,2’ and 6,6’ position (ortho position) of 1,1’-biphenyl are replaced by 

various functional groups, the rotational barrier about the aryl C-C bond increases. 

  

 

Figure 1.1: Biaryl compounds, typically with three or four different ortho-substituents, can give 

rise to atropisomers. 
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In presence of three ortho-substituents (R1 ≠ R2), if enough steric hindrance is provided, the biaryl 

can now be configurationally stable and the enantiomers can be isolated. The introduction of a fourth 

ortho-substituent (R1 ≠ R2 and R3 ≠ R4) increases the energy barrier even further, and it is the most 

encountered case in natural products and artificial systems. However, it is important to keep in mind 

that other atropisomerization processes – other than purely thermal interconversions – might take 

place and that, in some cases, steric interactions alone might not be sufficient to grant configurational 

stability.[2]  

The ubiquity of atropisomers is highlighted by their occurrence in many natural and synthetic 

products that find a range of applications in different areas, in particular in medicinal chemistry.[7–10] 

Naturally occurring atropisomers include gossypol, a polyphenolic aldehyde extracted from cotton 

plants of the genus Gossypium. The molecule features the presence of one stereogenic axis and has 

been long known for its antimalarial properties, as well as for its putative male contraceptive 

properties (Figure 1.2).[11,12] Michellamines A, B and C are a group of atropisomeric 

naphthylisoquinoline alkaloids isolated from the leaves of the African species Ancistrocladus 

korupensis. Their structure can be regarded as two covalently bound monomers of korupensamine, 

which give rise to a biaxial atropisomer with four additional stereocenters. Remarkably, whereas 

michellamines show anti-HIV activity in vitro across most HIV strains, the monomeric counterparts 

do not show any effect (Figure 1.2).[13–15] The structure of natural atropisomers can also be incredibly 

complex, as exemplified by vancomycin, a glycopeptide antibiotic isolated for the first time in 1953 

from a soil sample containing Amycolatopsis orientalis bacteria and listed by the WHO as essential 

medicine.[16,17] It is used as last resort for the treatment of life-threatening infections caused by Gram-

positive bacteria, where other antibiotics proved to be ineffective.[18] The structure is characterized 

by the presence of one stereogenic axis, two stereogenic planes and 15 stereogenic centers, which 

showcases the beautiful complexity of Nature (Figure 1.2). 

 

 



 5 

 

Figure 1.2: (–)-Gossypol, michellamine A and vancomycin. 
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in space in a well-defined manner, giving rise to structures with unique topological properties that 
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importance, such as in the core structure of ligands for enantioselective catalysis. 
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ligands in homogeneous catalysis, both in industry and academia.[19–21] Due to the cost-efficient 

synthesis of 1,1′-bi-2-naphthol (BINOL), which can be obtained in bulk amounts from the oxidative 
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applications, the binaphthyl skeleton can be a limitation when more structural variability is 

required.[7] Higher structural complexity is often achieved at the cost of tedious functional group 

transformations of the parent BINOL, in particular to access monophosphines with a binaphthyl core 

structure. Many tunable ligands like phosphoramidites, which rely on the manipulation of the -OH 

groups of BINOL for the modular installation of different functionalities, are however still limited to 

the core motif of the binaphthyl skeleton. Monodentate phosphorous ligands have been considered of 

less practical utility compared to their bidentate counterparts and not as much effort has been put for 

their development. Just recently, their superiority for a rising number of reactions has emerged. One 

of the most remarkable advantages is their ability to generate an active metal catalyst with a vacant 

coordination site, which would not be possible with bidentate ligands.[24–27] It is thus clear that de 

novo synthetic methods to address the challenges involved in the construction of atropisomeric 

monophosphines of increasing structural complexity are highly desirable. 

A de novo ring construction approach was exploited by Tanaka in an atroposelective [2+2+2] 

cycloaddition of alkynyl phosphine oxides and symmetrical 1,6-diynes (Scheme 1.1).[28] The reaction 

is catalyzed by a rhodium(I)/H8−BINAP complex and proceeds under mild conditions, affording the 

target QUINAP-type aryldiphenylphosphine oxides in up to 90% yield and up to 95% ee. Subsequent 

reduction of the P=O bond with HSiCl3 of one of the phosphine oxides obtained, delivers the free 

isoquinoline-phosphine ligand in 75% yield and with retention of enantiomeric purity (95% ee). 

 

 

Scheme 1.1: Tanaka’s synthesis of a QUINAP-type ligand via [2+2+2] cycloaddition. 
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Gu and coworkers capitalized on the reactivity of palladium carbenes and illustrated an elegant 

procedure for the enantioselective synthesis of atropisomeric vinylarylphosphine oxides.[29] The 

ability of tosylhydrazones to form diazo compounds in situ under basic conditions was exploited to 

generate palladium carbenes in presence of Pd(OAc)2, LiO-tBu and a chiral phosphoramidite ligand 

(Scheme 1.2). Under these conditions, the oxidative addition complex generated from 1-bromo-2-

naphthylphosphine oxides forms a palladium carbene with tetralone-derived tosylhydrazones, which 

undergoes migration and subsequent β-hydride elimination to deliver the target atropisomeric 

phosphine oxides in high yields and enantiomeric excess. To demonstrate the utility of the obtained 

compounds, a vinylarylphosphine oxide was treated with oxalyl chloride, generating a 

chlorotriarylphosphonium intermediate that was reduced with LiAlH4 to the corresponding phosphine 

in 95% yield and with retention of enantiomeric excess (99% ee). The newly synthesized ligand, 

which due to the olefin functionality can be regarded as a pseudo-bidentate ligand, was employed in 

the palladium-catalyzed asymmetric allylic amination between 1,3-diphenylallyl acetate and an 

indole-derived substrate. The resulting N-allylated indole was obtained in 88% yield with 83% ee, 

confirming the utility of this new class of atropisomeric P,olefin ligands. 

 

 

Scheme 1.2: Gu’s approach to vinylarylphosphines via palladium carbenes and reduction, with 

applications in the asymmetric allylic amination. 
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As discussed in Section 1.1.1, the energy barrier of atropisomers is highly dependent on the number 

and nature of the ortho-substituents. In particular, di-ortho-substituted biaryls are typically more 

susceptible to configurational instability, due to their lower rotational barrier as compared to their tri-

ortho-substituted congeners. Yang and coworkers took advantage of this apparent drawback and 

performed an atropodynamic kinetic resolution of mostly di-ortho-substituted 

diphenylbiarylphosphine oxides (Scheme 1.3).[30] The reaction proceeds in presence of Pd(OAc)2 via 

C-H activation of the unsubstituted ortho position, which exploits the directing ability of the P=O 

bond. The appropriate ligand environment for enantioselectivity is granted by Boc-protected valine, 

using AgOAc as the terminal oxidant. Installation of the (E)-olefin leads to the formation of 

configurationally stable tetra-ortho substituted biaryl phosphine oxides in up to 99% yield and 96% 

ee, which can be potential precursors of atropisomeric P,olefin ligands. 

 

 

Scheme 1.3: Yang’s approach to P,olefin ligands via dynamic kinetic resolution. 
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Scheme 1.4: Suginome’s PQXphos with helical chirality in the atroposelective Suzuki reaction and 

solvent-assisted inversion of helicity. 

 

Fascinated by the biosynthesis of aromatic polyketides, our group developed a stereoselective arene-

forming aldol condensation of ketoaldehydes, employing a proline-derived catalyst (Scheme 1.5).[32] 

The reaction proceeds under mild conditions, delivering atropisomeric biarylaldehydes in high yields 

and selectivity. The versatility of the aldehyde group and the configurational stability of the biaryl 

systems obtained were further exploited for the synthesis of JoyaPhos, a monophosphine ligand that 

is described in detail in Chapter 4. 

 

 

Scheme 1.5: Stereoselective arene-forming aldol condensation developed in our group. 
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1.1.3. Atropisomers with C-N Stereogenic Axes 

Atropisomerism is not exclusive to molecules with rotationally restricted C-C bonds. Natural and 

synthetic atropisomers with C-N stereogenic axes play a major role in numerous areas, such as in 

medicinal chemistry and crop protection. Examples of natural products include marinopyrrole A, 

isolated from marine streptomycetes (Figure 1.3). Its polyhalogenated pyrrole skeleton with a C-N 

stereogenic axis showed significant antimicrobial activity against methicillin-resistant 

Staphylococcus aureus, and promising anticancer activity in Mcl-1-dependent cancer cells, as well 

as ABT-737-sensitized cancer cells.[33,34] Murrastifoline F, a natural atropisomer isolated for the first 

time in the early 1990s from the two plant species Murraya euchrestifolia and M. koenigii, is 

characterized instead by two carbazole cores covalently bound through a C-N stereogenic axis 

(Figure 1.3).[35,36] 

Synthetic atropisomeric C-N compounds include the quinazolinone-based hypnotic and sedative drug 

methaqualone, which increases the activity of GABA receptors in an analogous manner as 

benzodiazepines and barbiturates[37], and metolachlor[38,39], an atropisomeric amide and active 

ingredient of an herbicide produced by Syngenta in 10.000 tons per year (Figure 1.3).  

These examples give a major insight into the importance and commercial value of atropisomeric  

C-N compounds in our day-to-day life. 

 

 

Figure 1.3: Natural and synthetic atropisomeric C-N compounds. 

 

However, due to the different nature and reactivity of the functional groups involved in the 

atroposelective construction of the C-N bond, the advancements in the field are scarce in comparison 

to their C-C counterpart. The development of novel catalytic methods for the atroposelective 

construction of the C-N bond can therefore have profound consequences in the production of 

molecules of economic value.[40–44]  
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By taking advantage of the ability of the Paal-Knorr reaction to convert amines into pyrroles with 

1,4-diketones through a dehydrative annulation, Tan and coworkers were able to synthesize C-N 

atropisomeric arylpyrroles in high yields and selectivities (Scheme 1.6).[45] Enantioinduction was 

granted by the use of a sterically hindered spirocyclic phosphoric acid, which could deliver the 

products with moderate selectivity. A further improvement could be achieved with a combined-acid 

catalytic system, in accordance with Yamamoto’s and Luo’s principles, and it was found that 

activation of the phosphoric acid with 10 mol% of Fe(OTf)3 significantly enhanced the selectivity 

(up to 98% ee).[46,47] Notably, by switching the solvent system from CCl4/cyclohexane to CCl4/EtOH, 

the selectivity could be inverted, although the exact mechanism is not clear. 

 

 

Scheme 1.6: Tan’s organocatalytic atroposelective Paal-Knorr reaction. 

 

A different approach that relies on a Pd(II)-catalyzed 5-endo-hydroaminocyclization of ortho-

alkynylanilines was reported by Kitagawa and coworkers, for the atroposelective synthesis of ortho-

t-butyl-substituted N-arylindoles (Scheme 1.7).[48] The reaction proceeds in presence of PdCl2 and 

(Ra)-SEGPHOS in EtOH at 80 °C, delivering the corresponding atropisomeric indoles in good to 

excellent yields (71-99%) and moderate to good selectivity (60-83% ee). 
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Scheme 1.7: Atroposelective N-arylindole synthesis as reported by Kitagawa. 

 

Notably, the nature of the aryl substituent in the internal alkyne has a profound effect on the selectivity 

of the reaction: when an ortho-substituted arene is employed (e.g. Ar = 2-i-Pr-C6H4, 2-NO2-C6H4,  

2-Br-C6H4), the enantioselectivity observed is higher (80-83% ee) than the unsubstituted phenyl 

counterpart (Ar = Ph, 60% ee). The result can be rationalized with a rotation about the Calkynyl-Caryl 

and the C-N bond, which places the ortho-substituents as far away as possible from each other, in 

order to minimize repulsive interactions (Figure 1.4). 

 

 

Figure 1.4: Steric interactions might explain the selectivity observed in the reaction shown in 

Scheme 1.7. 

 

Recently, Wencel-Delord reported a direct atroposelective Ullmann coupling of indolines with 

hypervalent iodine reagents bearing an amide functionality in the ortho position (Scheme 1.8).[49] 

The reaction proceeds at 25 °C in presence of Cu(I) and a BOX ligand. Further optimizations showed 

Et3N to be the optimal base and that the addition of a Lewis acid such as BF3-Et2O improved the 

overall yield up to 76%, delivering the atropisomeric N-arylindolines in up to 99% ee. It is important 

to note the need of two ortho-substituents on the iodine reagent to grant the configurational stability 

of the product, one of which is represented by a primary amide, acting as a directing group in the 

oxidative addition step. 
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Scheme 1.8: Atroposelective Ullmann coupling of indolines with hypervalent iodine reagents as 

reported by Wencel-Delord. 

 

The examples shown above exemplify that, despite the difficulties involved in the atroposelective 

construction of the C-N bond, there are a plethora of strategies to follow.  

 

1.2.  Catalyst-Controlled Stereodivergent Synthesis of Atropisomers 
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The shown reactions exemplified the catalyst-controlled formation of a single stereogenic axis, whose 

configuration is determined by the configuration of the catalyst. For systems with multiple 

stereogenic axes, it would be required to address the configuration of each axis individually. 

However, the configuration of a new stereogenic element, introduced with a reaction on a chiral 

substrate, is controlled to a certain degree by the configuration of the substrate (Figure 1.5). The 
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inefficient process, as requires to introduce the chiral auxiliary, perform the reaction and remove the 

auxiliary. On the contrary, in presence of a chiral catalyst, all diastereomers are potentially accessible 

and the reaction can proceed without the need of tedious functionalizations, converting the substrate 

directly to the product with the desired configuration.  

 

I
R1

R2

CONH2

BF4Mes

N
H

R4
R5

R3

N

O

N

O
Me Me

Bn Bn
(20 mol%)

Cu(MeCN)4BF4 (10 mol%)
Et3N, BF3-Et2O, CH2Cl2/DMSO (4:1)

25 °C, 18 h

N

R4
R5

R3

R1

R2

CONH2

Up to 76% yield
Up to 99% ee



 14 

 

Figure 1.5: Under catalyst control, all diastereomers become potentially accessible. 

 

1.2.2. Catalytic Stereodivergent Methods on Molecules with Stereogenic Centers 

Considering molecules having stereocenters instead of stereogenic axes, a rich literature describing a 

variety of stereodivergent methods can be accessed.[50,51] In 2001, Yokomatsu and coworkers showed 

the diastereodivergent hydrophosphinylation of benzylated 𝛼-aminoaldehydes with ethyl phosphinate 

in presence of aluminum lithium bis-(binaphthoxide) (ALB) as the catalyst (Scheme 1.9).[52] When 

(Sa)-ALB was employed, the anti- diastereomers where selectively obtained, whereas (Ra)-ALB 

afforded the syn- products diastereoselectively. The compounds synthesized could suitably serve as 

precursors of 𝛽-amino-𝛼-hydroxyphosphinic acids, which are key intermediates for the synthesis of 

potent human renin and HIV protease inhibitors.[53,54] 

 

 

Scheme 1.9: Diastereodivergent hydrophosphinylation of 𝛼-aminoaldehydes as reported by 

Yokomatsu. 
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In 2014, Carreira and coworkers showed an elegant dual-catalytic 𝛼-allylation of linear aldehydes via 

an iridium-catalyzed substitution of racemic allylic alcohols (Scheme 1.10).[55] The reaction proceeds 

at room temperature in presence of a chiral Ir(P,Olefin) complex, to generate in situ the electrophile 

from the allylic alcohol, whereas a chiral proline-derived catalyst ensures the formation of the 

enamine nucleophile from the linear aldehyde. The right combination of catalysts grants the access 

to all the diastereomers of the product, and the employment of 75 mol% of (MeO)2P(O)OH as the 

promoter, increases the overall diastereomeric ratio (up to >20:1) and ee (>99%). The utility of the 

reaction was demonstrated with the synthesis of (–)-paroxetine, a serotonin reuptake inhibitor 

commonly utilized for the treatment of depression and other pathologies. 

 

 

Scheme 1.10: Carreira’s dual-catalytic stereodivergent allylation of linear aldehydes. 

 

The substitution of hydrogen with fluorine atoms is of extreme importance in medicinal chemistry, 

due to the significant alteration of the pharmacokinetic profile of a compound.[56] The pyrrolidine 

scaffold is a frequently encountered heterocycle in drugs and the introduction of fluorine can have 

important effects on its pKa and bioactivity.[57–59] Moreover, the control of the relative configuration 

in position 3 and 4 enables the preparation of pharmaceutical compounds with very different 

biological properties. In 2016, Juhl and coworkers developed a diastereodivergent approach to access 

𝛽-fluoropyrrolidines from pyrrolidinyl carbaldehydes, by enhancing or overcoming substrate 

diastereocontrol (Scheme 1.11).[60] In presence of an imidazolidinone catalyst, the selectivity of the 

substrate is enhanced and fluorination occurs from the si face (substrate-catalyst match), delivering 

the 𝛽-fluorinated product in up to 73% yield and up to >99:1 d.r. On the other hand, substrate control 

could be successfully overcome with a proline-derived catalyst, which delivered the fluorinated 

product under catalyst-control in up to >99% yield and >99:1 d.r. 

H R1
O

R2

OH [Ir(cod)Cl]2 (3 mol%)
(Ra)-L or (Sa)-L (12 mol%)

(S)-A or (R)-A (10 mol%)
(MeO)2P(O)OH (75 mol%)

DCE, 25 °C

H

O

R1

R2

[all diastereomers accessible]
up to 90% yield
up to >20:1 d.r.

 >99% ee

N
H

Ar

OTMS
Ar

(S)-A

O
O P N

(Ra)-L

Ar = 3,5-(CF3)2-Ph



 16 

 

Scheme 1.11: Stereodivergent fluorination of pyrrolidinyl carbaldehydes. 

 

Stereodivergent methods are not only important to address the configuration of a stereocenter, but 

also of an olefin functionality. Recently, Chu and coworkers demonstrated that allyl carbonates can 

undergo a stereodivergent visible-light-induced reductive coupling with vinyl triflates and a 

redox/nickel dual catalytic system (Scheme 1.12).[61] Both (E)- and (Z)-configured dienes can be 

directly accessed by choosing a photocatalyst with an appropriate triplet state energy under mild 

reaction conditions, in presence of Ni(II), 2,2’-bpy as the ligand and Hantzsch ester (HE) as a 

stoichiometric reductant. Thus, Ru(II) affords (E) olefins with yields up to 89% and up to 99:1 d.r., 

whereas the higher triplet energy Ir(III) affords (Z) olefins with yields up to 80% and up to 95:5 d.r., 

providing a practical route to stereodivergent alkene synthesis. 

 

 

Scheme 1.12: Chu’s stereodivergent alkene synthesis by photoredox/nickel dual catalysis. 
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1.2.3. Selective Synthesis of Molecules with Multiple Stereogenic Axes 

With respect to atropisomers, the work described in Chapter 3 outlines – to the best of our 

knowledge – the first atropodivergent method reported in literature. 

In 2006 Shibata showed an Ir(I)-catalyzed atroposelective intramolecular [2+2+2] cycloaddition of 

oxygen- and nitrogen-bridged triynes bearing ortho-disubstituted aryl groups, to deliver ortho-

diarylbenzenes in high yields and ee (Scheme 1.13).[62] Nevertheless, the two stereogenic axes are 

created simultaneously, without the possibility to address their individual configuration. 

 

 

Scheme 1.13: Atroposelective intramolecular [2+2+2] cycloaddition for the synthesis of ortho-

diarylbenzenes as reported by Shibata. 

 

Similarly, Hsung took advantage of a [2+2+2] cycloaddition of achiral ynamides to synthesize biaryl 

systems with the simultaneous formation of a C-C and a C-N stereogenic axis in very good yields, 

with ee up to 99% and d.r. up to 1:6 (Scheme 1.14).[63] 

 

 

Scheme 1.14: [2+2+2] Cycloaddition of ynamides as reported by Hsung. 
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Colobert and coworkers in 2018 reported the atroposelective synthesis of ortho-terphenyl systems 

via C-H activation of atropodynamic chiral biaryl sulfoxides and subsequent coupling with  

ortho-substituted aryl iodides (Scheme 1.15).[64] The reaction proceeds under mild conditions, in 

presence of catalytic amounts of Pd(TFA)2, IPr·HCl as the ligand and Ag(I) as the terminal oxidant. 

The stereogenic sulfoxide functionality serves as directing group for the C-H activation step and, 

together with the bulky IPr ligand, is essential to grant stereocontrol of the atropodynamic aryl C-C 

bond. On the contrary, the configuration of the second stereogenic axis is determined by the oxidative 

addition of the aryl iodide, which occurs on the less hindered face of the pre-oriented metallacycle. 

The consequence is that the configuration of each stereogenic axis is strongly dependent on the initial 

configuration of the substrate and cannot be individually controlled. 

 

 

Scheme 1.15: Atroposelective C-H activation of chiral sulfoxides as reported by Colobert. 

 

Preliminary work in our group showed that the naphthylene units of quaternaphthylenes can be 

constructed de novo by sequential addition of a metalated building block to 2-naphthaldehyde, 

followed by an in situ double oxidation with IBX and an arene-forming aldol condensation with  

L-proline (Scheme 1.16).[65] After a second building block addition and in situ oxidation with IBX, 

the configuration of the first stereogenic axis was ensured by the employment of L-isoleucine, 

yielding the corresponding ternaphthylene in 95:5 e.r. The sequence was repeated a third time and, 

after treatment of the ketoaldehyde with LDA, the corresponding quaternaphthylene was obtained 

under substrate stereocontrol with a d.r. of 3.8:1. 
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Scheme 1.16: Synthesis of configurationally stable oligo-1,2-naphthylenes via the stereoselective 

arene-forming aldol condensation developed in our group. 

 

The lack of methodologies to access multiaxis systems in a stereodivergent fashion, might be 

explained by the intrinsic challenges that accompany the synthesis of atropisomers, and that are not 

encountered during the formation of stereogenic sp3 carbons. Moreover, the well-defined topology 

arising from their configurational stability, might increase the level of substrate control on the 

configuration of the new stereogenic axis. To address this challenge, it is crucial to develop novel 

sequential approaches that take advantage of catalytic methods, which are able to synergically 

cooperate with the chiral substrate or overcome its bias (Figure 1.6). 
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Figure 1.6: The conversion of the starting material (SM) to the favored diastereomer (PA) can be 

enhanced by lowering the activation energy even further (substrate-catalyst match). More 

challenging is the formation of the unfavored diastereomer (PB), which can be accessed only with 

an appropriate catalyst, capable of selectively lowering its activation energy (substrate-catalyst 

mismatch). 
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2. Objective 

2.1.  Oligo-1,2-naphthylenes 

The need of stereodivergent methods to access multiaxis systems, prompted us to expand the scope 

of the stereoselective arene-forming aldol condensation developed in our group for the synthesis of 

oligo-1,2-naphtylenes.[65] We envisaged that the choice of appropriate catalysts in the aldol addition 

step would grant stereodivergency, enabling the selective formation of non-helical and  

helically-shaped oligomers (Figure 2.1). 

 

 

Figure 2.1: Stereodivergent synthesis of oligo-1,2-naphthylenes. 
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group, we thus aimed to investigate the distance-dependent electron transfer properties of three helical 

Ru(II)-bpy complexes, obtained after functionalization of the oligomers (Figure 2.2). 

 

 

Figure 2.2: Ru(II) complexes with one (W1), two (W2) and three (W3) naphthylene units. 

 

2.3.  JoyaPhos 

For the modular synthesis of JoyaPhos, we sought to take advantage of the sequential de novo 

construction of the naphthalene core with the stereoselective aldol condensation,[32] followed by the 

installation of the side anthracenyl substituent as a chain termination reaction with our ester-to-arene 

transformation.[66] Finally, different phosphine moieties with distinct stereoelectronic properties 

could potentially be installed in a divergent fashion (Figure 2.3a). We envisaged that this synthetic 

approach could permit the preparation of an anthracenyl-naphthyl-phenyl monophosphine ligand. Its 

unique structure would differentiate JoyaPhos from other atropisomeric binaphthyl phosphines 

commonly prepared from BINOL, where oxygen- or nitrogen-containing functionalities instead 

typically contribute to confer to the ligands their electronic and steric properties (Figure 2.3b). 
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Figure 2.3: (a) The concept of JoyaPhos takes advantage of the stereoselective aldol condensation 

for the de novo synthesis of the naphthyl backbone and the direct ester-to-arene transformation as a 

chain termination reaction.  (b) Oxygen- or nitrogen-containing functionalities at the 2’-naphthyl 

position are often encountered in atropisomeric binaphthyl monophosphines. 
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modifications on the activity and selectivity of the ligand.  
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3. Oligo-1,2-Naphthylenes  

In this chapter, the methodology developed to access oligo-1,2-naphthylenes in a stereodivergent 

fashion is described,[67] as well as the practical application of the captivating structures obtained.[68] 

3.1.  Sequential Stereodivergent Synthesis 

To evaluate the feasibility of the stereodivergent synthesis of atropisomeric oligo-1,2-naphtylenes, 

we first prepared a substrate with a single stereogenic axis (4),1 which would serve as precursor for 

the modular installation of further naphthylene units, following the well-established procedure 

developed in our group (Scheme 3.1). Thus, addition of metalated building block BB to  

1-bromo-2-naphthaldehyde 1 delivered the corresponding diol in 66% yield, which was readily 

oxidized by IBX to ketoaldehyde 2. 

 

 

Scheme 3.1: Synthesis of diol substrate 4. 
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The latter serves as a starting material for the stereoselective aldol addition, which occurs in presence 

of proline-derived tetrazole catalyst (S)-Tet, followed by aromatization of the addition product with 

Amberlite IRA-96, to deliver the crude atropisomeric aldehyde 3 in 99:1 e.r. After a second building 

block addition, the atropisomeric diol 4 is obtained in 55% yield over 4 steps. 

To understand the degree of control exerted by a single stereogenic element over the formation of a 

second stereogenic axis, we oxidized diol 4 to the corresponding ketoaldehyde and subjected the latter 

to an aldol condensation in presence of aqueous KOH, without the addition of any catalyst (Scheme 

3.2).2 It was observed that, under substrate-control, the favored diastereomer (Ra,Sa)-5 was obtained 

in 65% yield over two steps and a d.r. of 4:1. 

 

 

Scheme 3.2: Stereodivergent synthesis of a two-axis system. 
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and (R)-Tet yielded the substrate-catalyst match product with a six-fold increase in selectivity (24:1 

d.r.). 

The results give rise to the question of which degree of control have two stereogenic elements on the 

introduction of a third stereogenic axis. We therefore performed a third building block addition on 

aldehyde (Sa,Sa)-6 and oxidized diol 7 with IBX, to obtain the corresponding ketoaldehyde for the 

aldol condensation (Scheme 3.3).3 The substrate-controlled condensation product (Ra,Sa,Sa)-8 was 

isolated in 55% yield in two steps and with an increased d.r. of 7:1. The higher level of substrate-

control of the two-axis system resulted in a more challenging catalyst-controlled formation of the 

unfavored (Sa,Sa,Sa)-9 diastereomer and tetrazole catalyst (S)-Tet proved to be ineffective. However, 

by switching the catalytic system from enamine to ion pair catalysis, the N-benzylated cinchona-

derived catalyst Cat. A (1.0 mol%) in a biphasic mixture of KOH, provided the (Sa,Sa,Sa)-9 

diastereomer in 56% yield and 8:1 d.r., effectively overcoming substrate bias. 

 

Scheme 3.3: Atropodivergent synthesis of a stereotriad. 

 
3 The reactions shown in Scheme 3.3 were performed by Dominik Lotter. 

Br

CHO

*
*

*

(Sa,Sa)-6

(Sa,Sa,Sa)-9

(Ra,Sa,Sa)-8

Br

*
*

*
OHC

Br

OHC
*

*

2) IBX, MeCN
60 °C, 4 h

3) KOH (aq), CHCl3
25 °C, 16 h

55% over 2 steps
d.r. 7:1

substrate-control

(1.0 mol%)
KOH (aq.), CHCl3

25 °C, 16 h
56% over 2 steps

d.r. 8:1

catalyst-control
(substrate-catalyst mismatch)

N+

OH
N

Bn
Cl –

3) Cat. A =

Br

*

*

HO

OH

1) BB
THF, 25 °C, 20 min

75%

7



 27 

The aromatic nature of these scaffolds indicated that in addition to steric interactions, intramolecular 

aromatic interactions could play a major role in the selectivities observed. We thus anticipated that 

any constructive aromatic interaction would be diminished by replacing the Br atom with an electron-

rich PMP-substituted aniline, which dramatically affects the selectivity. Thus, the de novo 

construction of the naphthalene unit proceeded via the usual iterative approach from aminoaldehyde 

10, delivering naphthyl aldehyde 12 in 71% yield over 3 steps from diol 11 (Scheme 3.4). Finally, 

the procedure was repeated to ensure the introduction of a stereogenic axis with (S)-Tet, delivering 

the electron-rich atropisomeric aldehyde (Sa)-14 in 50% yield over three steps from diol 13. 

 

 

Scheme 3.4: Synthesis of PMP-substituted aldehyde (Sa)-14. 

 

A third building-block addition to aldehyde (Sa)-14 delivered the corresponding diol 15 in 75% yield 

(Scheme 3.5). Finally, an IBX oxidation allowed the formation of the ketoaldehyde, which in absence 

of any catalyst yielded the non-helical diastereomer upon treatment with aq. KOH. Compound 

(Ra,Sa)-16 was obtained in 43% yield in two steps, with a d.r. of 19:1, almost a three-fold increase 

compared to the non-helical diastereomer (Ra,Sa,Sa)-8, derived from the electron poor analogue 7. In 

contrast, with an increased substrate bias, the selective formation of the helical diastereomer  

(Sa,Sa)-17 proved to be more challenging. By employing a higher catalyst loading (10 mol%) of the 

same benzylated ion-pair cinchona-derived catalyst Cat. A in presence of aqueous KOH and CHCl3, 
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the substrate bias could not be completely overcome, and diastereomer (Sa,Sa)-17 was obtained in 

46% yield over two steps and a d.r. of 1:1.9 in the substrate-catalyst mismatch scenario. 

 

 

Scheme 3.5: Effect of an electron-rich substituent on the selectivity. 

 

The results suggest that the presence of an electron-rich substituent seems indeed to disfavor non-

covalent π-interactions, which can be present between the newly formed naphthylene unit and the 

aromatic substituents on the helical diastereomers (Figure 3.1). Being steric interactions fundamental 

to determine the preference towards the non-helical diastereomers, any further destabilizing  

π-interaction adds up to the overall high level of substrate control in absence of catalyst and makes 

any catalyst-mismatch scenario even more challenging. 
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Figure 3.1: Stabilizing aromatic interactions in (Sa,Sa,Sa)-9 (green) and destabilizing interactions in 

electron-rich (Sa,Sa)-17 (red). 

 

With three stereogenic axes within the framework, it is consequential to ask how the configuration of 

a fourth stereogenic element is affected and whether the substrate bias can be addressed any further. 

We thus performed a fourth building block addition to the helical aldehyde (Sa,Sa,Sa)-9, obtaining the 

diol in 81% yield, which was readily oxidized by IBX to the corresponding ketoaldehyde (Scheme 

3.6).4 The influence of the three stereogenic axes on the formation of a fourth stereogenic axis under 

substrate control, was evaluated by submitting the ketoaldehyde to aqueous KOH in a biphasic 

mixture, analogously to what we have done for the systems previously described. The non-helical 

aldol condensation diastereomer (Ra,Sa,Sa,Sa)-18 was obtained in 39% yield and with a d.r. of 32:1, 

which is 4.6 times higher than the d.r. observed for the same substrate-controlled reaction performed 

on 7 and shown in Scheme 3.3. Despite the extremely high substrate bias, the selectivity could be 

successfully inverted by replacing the benzylated cinchona-derived catalyst Cat. A with Cat. B, 

which bears a sterically more hindered anthracenyl substituent, and by replacing aqueous KOH with 

NaH in anhydrous conditions. The corresponding helical (Sa,Sa,Sa,Sa)-19 was thus obtained in 41% 

yield over two steps and 3.3:1 d.r. 

 
4 The reactions shown in Scheme 3.6 were performed by Dominik Lotter. 
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Scheme 3.6: Stereodivergent synthesis of a stereotetrad , with X-ray structure of (Ra,Sa,Sa,Sa)-18 

and chemical shifts of (Sa,Sa,Sa,Sa)-19. 

 

The proportional increase in the substrate bias suggests that the system becomes more compact as we 

add more naphthylene units and that stereoelectronic interactions become more decisive in 

determining the selectivity, which translates into a more challenging catalyst-controlled 

stereodivergence. The high degree of packing in the solid state is supported by X-ray crystallography 

(Scheme 3.6), where it is possible to observe a 𝜋-stacking between the naphthylene units. The 

compact behavior is also preserved in solution as confirmed by NMR studies,5 which show that the 

ring current of the naphthylene units can shift the aromatic protons of (Sa,Sa,Sa,Sa)-19 as low as 5.61 

ppm in the helical shape. Similarly, the aldehyde functionality of non-helical (Ra,Sa,Sa,Sa)-18 shows 

a chemical shift of 8.86 ppm, considerably upfield than what is commonly observed for aldehydes.  

As anticipated before, these highly packed and well-defined scaffolds are the ideal system for studies 

on photoinduced electron transfer reactions (PET), where low conformational freedom is essential 

for a better understanding of the mechanisms involved in the electron transfer processes. We will thus 

explore the application of oligo-1,2-naphthylene on PET in detail in the next section. 

 
5 The NMR studies were performed by Dominik Lotter. 
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X-ray of (Ra,Sa,Sa,Sa)-15 (CCDC 1584600) 

The crystal was measured on a Stoe StadiVari diffractometer at 
123K using graded multilayer mirror-monochromated Ga Kα-
radiation with λ = 1.34143 Å, Θmax = 59.457°. Minimal/maximal 
transmission 0.79/0.82, µ = 3.330 mm-1. The STOE X-AREA suite 
has been used for datacollection and integration. From a total of 
55626 reflections, 9450 were independent (merging r = 0.030). 
From these, 8792 were considered as observed (I>2.0σ(I)) and 
were used to refine 551 parameters. The structure was solved by 
Other methods using the program Superflip. Least-squares 
refinement against F was carried out on all non-hydrogen atoms 
using the program CRYSTALS. R = 0.0360 (observed data), wR = 
0.0425 (all data), GOF = 1.0558. Minimal/maximal residual 
electron density = –0.66/1.11 e Å-3. Chebychev polynomial 
weights were used to complete the refinement.  

 

Chemical formula C51H31BrO ! 2 CHCl3 
Formula weight 978.47 
Z 4 
Dcalc. 1.501 Mg · m-3 
F(000) 1984 
Crystal description colourless needle 
Crystal size 0.060 · 0.070 · 0.180 mm3 
Absorption coefficient 3.330 mm-1 
min/max transmission 0.79 / 0.82 
Temperature 123K 
Radiation (wavelength) Ga Kα (λ = 1.34143 Å) 
Crystal system orthorhombic 
Space group P 21 21 2 
Unit cell dimensions a = 21.3901(3) Å 
 b = 20.8054(3) Å 
 c = 9.73190(10) Å 
 α = 90° 
 β = 90° 
 γ =90° 
Volume 4330.98(10) Å3 
min/max Θ 2.578° / 59.457° 
Number of collected reflections 55626 
Number of independent refections 9450 (merging r = 0.030) 
Number of observed reflections 8792 (I>2.0σ(I)) 
Number of refined parameters 551 
R 0.0360 
wR 0.0425 
Goodness of fit 1.0558 
Flack –0.005(12) 
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3.2.  Electron Transfer Reactions on Oligo-1,2-Naphthylenes 

3.2.1. PET on Helical and Non-Helical Systems 

Studies on photoinduced electron transfer reactions generally involve as model systems linear and 

rigid molecules, due to the reduced conformational freedom that limits non-covalent short contacts, 

displaying at the same time a well-defined donor-acceptor distance (Figure 3.2a).[69–73] On the other 

hand, in systems with a higher conformational flexibility such as helical oligo-o-phenylenes, multiple 

electron transfer pathways start to compete with each other.[74] While PET through the covalent 

backbone of the helical structure is still possible (Figure 3.2b), the dynamicity of the system can in 

fact give rise to competitive non-covalent PET shortcuts (Figure 3.2d). Moreover, the degrees of 

freedom of the structure can complicate the evaluation of covalent versus non-covalent pathways, as 

it often results in a combination of the two (Figure 3.2c). Due to these difficulties, previous studies 

on stereodynamic oligo-o-phenylenes were unable to provide a complete understanding of the exact 

electron transfer pathways involved.[74] 

 

 

Figure 3.2: (a) PET on linear systems. (b) PET in helical structures through covalent bonds. (c) 

Mixed PET pathways on flexible systems. (d) PET through non-covalent interactions in helical 

systems. D: donor. A: acceptor. 

 

The configurational stability and the reduced degrees of freedom of the oligo-1,2-naphthylenes 

previously described, should circumvent the drawbacks observed in stereodynamic  

oligo-o-phenylenes and avoid mixed PET pathways of the type illustrated in Figure 3.2c. We should 

therefore be able to have a better understanding of the covalent and non-covalent electron transfer 
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modes illustrated in Figure 3.2b/d, which are often encountered in fields such as solar-energy 

conversion, lighting or molecular electronics.[75–78] 

3.2.2. Synthesis of W1, W2 and W3 

To better understand the different electron transfer pathways, we synthesized three donor-acceptor 

dyads with variable number of naphthylene units (n = 1, 2, 3), so that we could perform distance-

dependence studies on the electron transfer rates (Figure 3.3a). The system is comprised of an 

electron-donor triarylamine (TAA) moiety and electron-acceptor [Ru(bpy)3]2+ unit, which provide 

suitable properties for time-resolved laser spectroscopy. As we have discussed in Section 3.1 and as 

highlighted by the space-filling model6 for dyad W3 (n = 3) in Figure 3.3b, the resulting oligomers 

are highly packed. As a consequence, non-covalent pathways between the TAA and [Ru(bpy)3]2+ 

units might contribute to electron transfer, resembling what occurs in the tertiary structures of proteins 

and which is scarcely investigated in artificial systems for the challenges previously discussed in 

Section 3.2.1.[79–81] 

 

 

Figure 3.3: (a) Donor-acceptor oligo-1,2-naphthylene dyads. (b) Space-filling model of dyad W3  

(n = 3). 

 

The previously described PMP-substituted naphthaldehyde 12 served as precursor for the synthesis 

of the shortest dyad W1. Thus, conversion of the carbonyl functionality of 12 to terminal alkyne 

(ALK 1) with the Ohira-Bestmann reagent, followed by the installation of the bpy moiety via 

Sonogashira cross-coupling, afforded the free ligand BPY 1. Finally, complexation with 

 
6 The space-filling model was made by Patrick Herr from the group of Prof. Oliver Wenger. 
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[Ru(bpy)2Cl2] delivered dyad W1 (n = 1), with a covalent distance of 17.5 Å between the N atom and 

the metal center, and a considerably shorter spatial separation of 7.0 Å (Scheme 3.7).  

 

 

Scheme 3.7: Synthesis of W1 (n = 1). 

 

With a focus on having a better understanding of the different electron transfer pathways, we further 

elongated the system by synthesizing W2 (n = 2), displaying a larger donor-acceptor distance 

(Scheme 3.8). We thus converted aldehyde (Sa)-14 to the corresponding terminal alkyne (ALK 2) 

under the analogous conditions employed for W1. The following Sonogashira reaction afforded an 

undesired product in quantitative amounts, probably arising from competitive Cu(I)-promoted 

oxidative pathways. The free bipyridine ligand (BPY 2) could be accessed with a modified procedure 

that obviates the use of Cu(I), followed by complexation with [Ru(bpy)2Cl2] to afford W2 as a 1:1 

mixture of (Sa)-Δ and (Sa)-Λ diastereomers. Compared with W1, the homologous dyad W2 displays 

a configurationally stable stereogenic axis and an increased covalent distance of 21.7 Å, which is 

about twice the spatial length between the donor N atom and the metal center (10.3 Å).  
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Scheme 3.8: Dyad W2 (n = 2) could be accessed with a copper-free Sonogashira reaction.  

 

The ability of the stereodivergent arene-forming aldol condensation to access helically shaped  

oligo-1,2-naphthylenes, motivated us to prepare a longer dyad with two stereogenic axes, following 

the same procedure encountered for W2. Thus, the helical aldehyde (Sa,Sa)-17 could be converted to 

the corresponding alkyne (ALK 3), followed by copper-free Sonogashira cross-coupling to get the 

free bpy ligand (BPY 3). Complexation with Ru(II) delivered W3 as a 1:1 mixture of (Sa,Sa)-Δ and  

(Sa,Sa)-Λ diastereomers (Scheme 3.9). The helical shape of the dyad ensures a maximal covalent 

distance of 26.2 Å and a through-space distance of 15.7 Å, about 5 Å longer than the through-space 

distance of W2.  

 

 

Scheme 3.9: Synthesis of W3 (n = 3) proceeds analogously as W2. 
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3.2.3. Terminology 

To better comprehend the photochemical properties of the dyads described in this chapter, it is 

beneficial to introduce some concepts and the relative terminology. For simplicity, we will just 

consider the Oh symmetry of a d6 metal with strong-field ligands (e.g. bpy), like in our dyads. A free 

d6 metal ion (e.g. Ru2+) is characterized by the presence of a set of five degenerate d orbitals. 

However, with a strong-field ligand, the five d orbitals split into a set of three low-energy t2g orbitals 

(HOMO) and a set of two eg orbitals of higher energy (LUMO). For transition metals of the second 

and third row (4d6 and 5d6), the more diffuse nature of the orbitals, compared to 3d6 metals, results 

in a higher interaction with the ligand. This translates in a situation where the metal-localized HOMO 

is further stabilized, whereas the eg orbitals get further destabilized and the LUMO is now the 

antibonding 𝜋* orbital of the bpy ligand (Figure 3.4).[82]  

 

 

Figure 3.4: Molecular orbital diagram of MLCT state of a 4/5d6 metal in a octahedral field. 

(Adapted from ref.[82]). 

 

Upon photoirradiation at the appropriate wavelength, one electron from the metal-localized HOMO 

is promoted to the ligand-localized LUMO, in a metal-to-ligand charge transfer (MLCT) process. The 
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resulting excited state is usually long lived (>100 ns) and has dramatic effects on the redox potentials 

of the species involved. The high energy electron in the 𝜋* orbital can be transferred to an external 

species, making the complex a strong reductant. On the other hand, the missing electron in the 

stabilized t2g orbital can be replaced from an external species, making the complex a good oxidant. 

As illustrated by the energy level diagram (Figure 3.5), we can see that after irradiation, the MLCT 

excited state can evolve through an electron transfer process into a charge-separation state with an 

oxidized donor and a reduced acceptor. In the case of our dyads, which are intramolecular donor-

acceptor systems, the donor is represented by the TAA moiety and the acceptor by the [Ru(bpy)3]2+ 

moiety, which is also the photosensitizer. The charge-separation state has a limited lifetime and can 

return to the ground state through a thermal charge recombination process. Since the charge-

separation state allows to perform reactions that would be thermodynamically unfavored in the 

ground state, it is important to maintain this state as long lived as possible. 

 

 

Figure 3.5: Energy level diagram showing charge separation and recombination of a photoexcited 

system. (Adapted from ref.[82]). 

 

The rate of electron transfer (kET) can be described by the Marcus theory and depends on three 

parameters:[83] 
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where HDA is the electronic donor-acceptor coupling, ∆GET is the Gibbs free energy change for the 

electron transfer reaction, 𝜆	 the reorganization energy of the charge transfer, kB the Boltzmann 

constant and T the temperature. It is thus possible to see that at a given temperature T, the rate kET 

maximizes when –∆GET = 𝜆. This is the so called “activationless regime”, which is the ideal scenario 

where the rate of charge separation can overcome the rate of the unproductive thermal charge-

recombination pathway. The electron donor-acceptor coupling HDA also brings important 
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contributions to the rates and describes fundamentally the orbital overlap between the donor and the 

acceptor. However, since our dyads can be considered as long-range, bridge-mediated donor-acceptor 

systems, “superexchange coupling” better describes the observed electron transfer properties and 

decays exponentially with the distance. The charge transfer reactions that follow a superexchange 

mechanism are described as electron-tunneling or hole-tunneling processes. 

3.2.4. Electron Transfer Properties 

PET measurements7 are summarized in Table 3.1. The electronic coupling (HDA) is almost unaffected 

by bridge elongation, with values ranging from 1.5 cm–1 for the shortest dyad to 2.1 cm–1 for W3  

(n = 3). The results are in contrast to the expected variation of the HDA value encountered in linear 

systems, where it is common to observe a 1.2–3.0-fold decrease per additional unit of rDA. Being the 

reorganization energy (𝜆) values in line with already known systems and being the free energy  

of electron transfer (–∆GET°) constant, the hypothesis is that the unusually weak distance-dependence 

of kET is mainly due to an uncommon mode of electronic coupling between the donor and the acceptor.  

 

Table 3.1: PET parameters of dyads W1, W2 and W3. rDA,cov = donor-acceptor covalent distance, 

rDA,ts = donor-acceptor through-space distance. 

Dyad rDA,cov (Å) rDA,ts (Å) kET  
(s–1 ´ 106) –∆GET° (eV) ∆GET* 

(meV) 
𝜆  

(eV) 
HDA  

(cm–1) 

n = 1 17.5 7.0 8.2 ± 0.4 1.81 ± 0.05 110 ± 10 1.12 ± 0.04 1.5 ± 0.1 

n = 2 21.7 10.3 6.3 ± 0.3 1.79 ± 0.05 120 ± 10 1.07 ± 0.04 1.7 ± 0.19 

n = 3 26.2 15.7 5.2 ± 0.3 1.82 ± 0.05 140 ± 10 1.06 ± 0.05 2.1 ± 0.1 

 

In an attempt to rationalize the results observed, it could be that the oligo-1,2-naphthylene scaffold 

can orient the substituents into what can be described as a tube-like object (Figure 3.6a/c). By doing 

so, electrons can deviate from the expected circular path through the covalent bonds of the helical 

structure and follow shorter non-covalent paths along the naphthylene units. On the other hand, for 

the linear systems previously investigated, their behavior can be reduced to a simple unidirectional 

molecular wire (Figure 3.6b/d).  

 

 
7 Performed by Patrick Herr from the group of Prof. Oliver Wenger. 
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Figure 3.6: (a) Tube-like nature of oligo-1,2-naphthylenes. (b) Wire-like nature of traditional 

systems. (c) Space-filling model of an oligo-1,2-naphthylene with 9 units, highlighting the tube-like 

nature. (d) Space-filling model of a p-phenylene tetramer, highlighting the wire-like nature.8 

 

Being oligo-1,2-naphthylenes well-defined and configurationally stable, open structures like their 

linear counterparts are not possible. However, conformers arising from librational motions between 

the naphthylene units or from rotation of the photosensitizer about the triple bond are still possible, 

contributing to the challenge in determining the exact pathway of electron transfer, as shown by the 

ground-state geometry-optimized structures for W1 (Figure 3.7a) and W3 (Figure 3.7b). 9 

Nevertheless, we could have unique insights on the distance-dependence of electron transfer, that 

would not have been otherwise feasible with stereodynamic oligo-o-phenylenes, and we are unaware 

of any other study that reported a similar behavior for other types of systems. 

 

 

 
8 Space-filling models made by Patrick Herr from the group of Prof. Oliver Wenger. 
9 Structures calculated by Dr. Xingwei Guo from the group of Prof. Oliver Wenger. 
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Figure 3.7: Possible shortcuts for dyads W1 (a) and W3 (b). 
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4. JoyaPhos 

In the previous chapter, the catalyst-controlled stereodivergent synthesis of atropisomers with 

multiple stereogenic axes is described, and we exploited their configurational stability to perform 

studies on PET. We next focused our attention on teraryl systems with one stereogenic axis and took 

advantage of their unique topology for the synthesis of three monophosphine ligands (JoyaPhos), 

with applications in enantioselective catalysis. 

4.1.  Ligand Synthesis 

The synthesis of JoyaPhos commences with the addition of metalated building block BB to  

2-bromobenzaldehyde 20, following an analogous sequential methodology encountered in the 

atroposelective synthesis of oligo-1,2-naphthylenes, through a stereoselective aldol condensation 

(Scheme 4.1).[32,65] The corresponding diol 21 was thus obtained in 69% yield and oxidized with IBX 

to the ketoaldehyde intermediate, which is the suitable starting material for the stereoselective aldol 

addition that occurs in presence of tetrazole-derived catalyst (S)-Tet, affording the crude aldol 

addition product. Aromatization is readily achieved via dehydration by treating the crude addition 

product with Amberlite IRA-96, yielding the crude atropisomeric naphthaldehyde, followed by the 

conversion to carboxylic acid via Lindgren-Kraus oxidation. Subsequent esterification delivers the 

corresponding methyl ester 22 in 80% yield over 5 steps and 99:1 e.r. The reactive ester group on the 

naphthalene moiety served as an anchor point for the ester-to-arene conversion using the 

methodology developed in our group.[66] The anthracenyl functionality was introduced with the 

corresponding bifunctional organomagnesium reagent 23, delivering the brominated intermediate 24 

in 69% yield and with retention of enantiomeric purity.10 

 

 
10 Intermediate 24 was synthesized by optimizing a synthetic route initially devised by Fabian Bissegger. 
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Scheme 4.1: Synthesis of the ligand scaffold via atroposelective aldol addition and ester-to-arene 

transformation. 

 

The obtained teraryl bromide 24 serves as precursor for atropisomeric monodentate diarylteraryl- and 

dialkylterarylphosphines with diverse stereoelectronic properties. Bromine-lithium exchange of the 

halogenated substrate, followed by treatment of the organolithium species with the corresponding 

chlorophosphine, delivers the teraryl phosphines 25, 26 and 27 in satisfactory yields (Scheme 4.2). 

 

 

Scheme 4.2: Divergent installation of different phosphines from brominated intermediate 24 via 

halogen-metal exchange. 

 

As highlighted by the X-ray structures of 25 and 26, the configurational stability of JoyaPhos results 

in a well-defined scaffold (Figure 4.1). The P atom is surrounded by a chiral pocket, where ligation 
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with the corresponding metal can occur. Moreover, the structure exerts a shielding effect on the 

phosphine moiety from molecular oxygen. The direct consequence is that the common tendency of 

phosphines to easily undergo oxidation by atmospheric oxygen is prevented, and the ligand can be 

handled and stored on the bench without the need of inert conditions.  

 

 

Figure 4.1: X-ray structures of (Sa)-Cy2JoyaPhos 25 (left) and (Sa)-Ph2JoyaPhos 26 (right) 

displaying the P atom orienting its lone pair in the pocket. 

 

4.2.  Gold(I) Catalysis 

4.2.1. [2+2] Cycloaddition and Enyne Cycloisomerization 

The topological features of JoyaPhos, motivated us to investigate its application in enantioselective 

gold(I)-catalyzed reactions, as the well-defined scaffold of the ligand could be ideally suited to create 

the appropriate chiral environment for this linear coordinating metal. Thus, after treatment of  

(Sa)-Ph2JoyaPhos and (Sa)-Cy2JoyaPhos with Me2SAuCl in CH2Cl2 at 25 °C for 30 minutes, the 

corresponding Au(I) complexes were obtained in quantitative yields (Scheme 4.3, top). X-ray 

analysis of (Sa)-Ph2JoyaPhosAuCl 29 confirms our initial hypothesis of the ligand accommodating 

the metal inside the pocket,11 with a P-Au bond length of 2.24 Å and a low distance between the 

naphthyl face and the edge of the anthracenyl group (Scheme 4.3, bottom left).[84] As also highlighted 

by the steric map[85] (Scheme 4.3, bottom right), the substituents on the phosphorous provide 

hindrance on the upper part of the scaffold, whereas the naphthyl and anthracenyl moiety shield the 

back and lateral part, respectively. The overall effect is a sterically demanding ligand, with a buried 

 
11 Suitable crystals of 29 were obtained by Fabian Bissegger. 
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volume of 52.1% for (Sa)-Ph2JoyaPhosAuCl 29, which is considerably higher than the buried volume 

commonly observed for gold(I) complexes of other biphenylarylphosphines.[86]  

 

  

Scheme 4.3: Synthesis of (Sa)-Cy2JoyaPhosAuCl 28 and (Sa)-Ph2JoyaPhosAuCl 29 (top). X-Ray 

structure of (Sa)-Ph2JoyaPhosAuCl 29 and steric profile (bottom). 

 

The activity and selectivity of the newly formed gold complexes were tested in two different reactions 

under standard conditions. In particular, we investigated the [2+2] cycloaddition of phenylacetylene 

30 with methylstyrene 31 (Scheme 4.4a) and the cycloisomerization of enyne 33 (Scheme 4.4b). 

After generation of the active cationic Au(I) catalyst with AgSbF6, the reactants were allowed to stir 

for 18 hours at room temperature. (Sa)-Cy2JoyaPhosAuCl 28 gave the corresponding cyclobutene 32 

in 51% yield and 56:44 e.r., whereas (Sa)-Ph2JoyaPhosAuCl 29 delivered the cycloaddition product 

in sensibly higher yield and selectivity (63% yield, 60:40 e.r.). Similarly, enyne 33 was treated with 

(Sa)-JoyaPhosAuCl in presence of AgBF4 at –20 °C for 4 h. (Sa)-Ph2JoyaPhos 29 this time 

outperformed the alkylated counterpart, delivering the cycloisomerization product 34 in 90% yield 

and 66:34 e.r., whereas (Sa)-Cy2JoyaPhos 28 gave only 12% of the desired product with an e.r. of 

51:49. The selectivity trends observed suggest that the lower steric bulk of the phenyl groups of (Sa)-

Ph2JoyaPhos 29, compared with the more demanding cyclohexyl substituents of  

(Sa)-Cy2JoyaPhos 28, might reduce both the front and back strain, affecting deeply the bonding 

properties with the metal.[87] Namely, the steric bulk of the cyclohexyl substituents might elongate 

the P-Au bond of what is already a linear complex, placing the reactants farther away from the chiral 

PR2
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environment. Due to the large distance between the reactants, the naphthyl skeleton might not be 

extended enough to grant efficient stereoselectivity.  

 

Scheme 4.4: (a) Gold(I)-catalyzed [2+2] cycloaddition of phenylacetylene 30 with methylstyrene 

31. (b) Gold(I)-catalyzed cycloisomerization of enyne 33. 

 

Further functionalizations of the backbone might be needed to extend the framework and improve 

the stereoselectivity for gold(I)-catalyzed reactions, synergically with a suitable choice of substituents 

on the phosphine moiety that could establish shorter P-Au bond lengths.[88,89] 

 

4.3.  Palladium(0) Catalysis 

4.3.1. Atroposelective Synthesis of N-Arylndolines via Pd(0)-Catalyzed C-N  

Cross-Coupling 

The modest selectivity observed with the challenging linear coordination of gold(I), prompted us to 

investigate the activity and selectivity of the ligand on Pd(0), which adopts a square planar geometry 

during the catalytic cycle. Electron rich dialkylbiaryl and dialkylteraryl monophosphines are routinely 

employed to catalyze a variety of transformations for the construction of C-O, C-B, C-C, C-F and in 

particular of C-N bonds.[90–93] The structural resemblance of JoyaPhos with Buchwald ligands 

(Figure 4.2) and the importance of C-N atropisomeric compounds in many fields (see Section 1.1.3), 

motivated us to explore a unique atroposelective C-N cross-coupling for the synthesis of indolines 

bearing a stereogenic C-N axis. We envisioned that the inherent steric bulk of the ligand would favor 

the formation of catalytically active monoligated LPd(0) species, disfavoring the formation of 
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catalytically inactive bisligated L2Pd(0), which are often observed when employing sterically non-

demanding ligands.[94] Moreover, the naphthyl backbone and the side anthracenyl group would 

prevent cyclometalative pathways that often result in a decreased catalytic activity.[95] 

 

 

Figure 4.2: JoyaPhos can be considered an atropisomeric Buchwald-type ligand. 

 

Thus, N-alkylaniline 35 was subjected to an intramolecular Buchwald amination reaction in presence 

of Pd2(dba)3, (Sa)-Cy2JoyaPhos 25 and NaOt-Bu in THF at 85 °C, affording the atropisomeric 

indoline 36 with a conversion of 40% after 16 h and an enantiomeric ratio of 56:44 (Table 4.1, Entry 

1). The activity and selectivity of (Sa)-Cy2JoyaPhos 25 were compared with Josiphos SL-J003-1 

(Entry 2) and SL-J009-1 (Entry 3). Whereas SL-J003-1 displayed a comparable conversion of 40%, 

SL-J009-1 converted only 10% of the substrate. Both Josiphos ligands were less selective than  

(Sa)-Cy2JoyaPhos 25, with an e.r. of 47:53 for SL-J003-1 and an e.r. of 50:50 for SL-J009-1. The 

monodentate binaphthyl phosphine (Ra)-MOP performed worse than JoyaPhos, converting just 10% 

of the substrate, with an e.r. of 52:48 (Entry 4). On the other hand, with (Sa)-SEGPHOS no conversion 

could be observed (Entry 5). After optimization of the reaction conditions, (Sa)-Cy2JoyaPhos 25 

delivered the atropisomeric indoline in 82% isolated yield, with an enhanced e.r of 65:35 (Entry 6). 

An increase in the catalyst loading was required to improve the overall stability of the catalytic 

system. Notably, the use of different bases (LHMDS, Cs2CO3, K3PO4) or solvents (dioxane, toluene) 

did not affect the enantiomeric ratio observed. Likewise, employing the sterically less hindered and 

more electron-poor (Sa)-Ph2JoyaPhos 26 did not afford any variation in the selectivity (Entry 7). 

Interestingly, the fluorinated and the most electron-poor (Sa)-(3,5-CF3Ph)2JoyaPhos 27 yielded 

instead the opposite enantiomer (Entry 8), suggesting that steric or electronic effects of substituents 

in the meta position can affect the outcome of the reaction to a major extent. In order to exclude the 

possibility of racemization during the course of the reaction, an enantiomerically pure sample of 36 
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was heated in THF for 16 h at 100 °C. No racemization was observed, indicating that the N-

arylindoline 36 is configurationally stable under the reaction conditions. 

 

Table 4.1: Atroposelective synthesis of N-arylindolines via Pd-catalyzed C-N cross-coupling. 

 

Entry Pd2(dba)3 
(mol%) Ligand T (°C) Conversion %  e.r.[a] 

1 1 25 
(3.0 mol%) 85 40 56:44 

2 1 
Josiphos  

SL-J003-1 
(3.0 mol%) 

85 40 47:53 

3 1 
Josiphos  

SL-J009-1 
(3.0 mol%) 

85 10 50:50 

4 1 (Ra)-MOP 
(3.0 mol%) 85 10 52:48 

5 1 (Sa)-SEGPHOS 
(3.0 mol%) 85 <1 - 

6 2.5 25 
(12 mol%) 45 82[b] 65:35 

7 2.5 26 
(12 mol%) 45 99 65:35 

8 2.5 27 
(12 mol%) 45 99 35:65 

[a] The enantiomeric ratios were determined using a Chiralcel OJ-H column (1.0 mLmin–1, 

n-heptane:i-PrOH = 90:10). tR1 = 7.0 min and tR2 = 12.0 min. [b] Isolated yield. 

 

In an attempt to understand the low selectivity for the atroposelective synthesis of N-arylindoline 36, 

we synthesized the corresponding (Sa)-Ph2JoyaPhos-Pd-G3 precatalyst 38 (Scheme 4.5), which 

resembles the oxidative addition complex of the reaction found in Table 4.1.[96] Secondary Pd-arene 

interactions with the lower ring, which would orient the metal in the chiral pocket, were not 

observed.[96–98] Instead, the ligand no longer accommodates the reactants within the chiral 

environment defined in the pocket, but a rotation about the C-P bond places the coupling partners on 

the outer sphere of the ligand, with a resulting buried volume of 37.4% for a P-Pd bond length of  

2.27 Å. The intrinsic rigidity of the oxidative addition complex might reflect a low conformational 

Pd2(dba)3 (x mol%)
Ligand (y mol%)
NaOt-Bu (1.2 eq) N

MeNH
Me

Br

THF, T (°C), 16 h
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dynamism of the system, hindering structural reorganizations that favor attractive non-covalent 

interactions and disfavor repulsive forces for optimal enantioinduction.[99,100] 

 

 

 
 

Scheme 4.5: Synthesis of precatalyst 38, with X-ray structure and steric map with a corresponding 

buried volume of 37.4%. 

 

We thus decided to exploit the activity of JoyaPhos towards the Buchwald amination beyond the 

synthesis of indolines and proceeded to investigate the desymmetrization of achiral aryl 

(pseudo)halides with a C-prostereogenic center. 

4.3.2. Desymmetrization of C-Prostereogenic Aryl (Pseudo)halides via Pd(0)-

Catalyzed C-N Cross-Coupling 

Despite the large number of enantioselective Pd-catalyzed reactions reported in literature for the 

formation of C-C and C-O bonds, asymmetric variants of the Buchwald amination, in particular as a 

strategy for desymmetrization are still limited to few examples.[41,101–103] For this study, we employed 

brominated biphenylmethanol 39, anticipating that an oxygen atom in proximity to the halide would 

coordinate with Pd(II) in the oxidative addition complex and increase the enantioinduction. The chiral 
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amination products obtained could then potentially find applications as precursors of  

4,1-benzoxazepine derivatives, acting as squalene synthase inhibitors and employed for the treatment 

of hypercholesteremia or as fungicides.[104–106] However, after submitting substrate 39 to the standard 

conditions employed for aryl halides bearing protic groups, in presence of (Sa)-Cy2JoyaPhos 25 no 

conversion to 40 could be observed. The transformation was also benchmarked against  

BrettPhos – a very active ligand for the coupling of primary anilines[90,107] – but the desired product 

could not be detected. The secondary alcohol 39 was then protected in presence of methyl iodide in 

acetonitrile, affording the corresponding ether 41 in quantitative yield. Treatment of the latter with 2-

phenylaniline in presence of Pd2(dba)3 (1.0 mol%), (Sa)-Cy2JoyaPhos 25 (2.0 mol%) and NaOt-Bu in 

toluene at 100 °C, afforded the cross-coupling product 42 in 20% conversion and with an e.r. of 64:35 

(Scheme 4.6).  

 

 

Scheme 4.6: Desymmetrization of compound 41 via Pd(0)-catalyzed C-N cross-coupling. 

 

Analogously to what was observed in the atroposelective synthesis of N-arylindolines, employing 

different bases (Cs2CO3, KHMDS) or different solvents (THF, dioxane) did not have any effect on 

the selectivity. Moreover, despite the structural differences, the separation of the product for its 

characterization from the unconverted starting material was surprisingly challenging and 

unsuccessful. 

In an attempt to understand the influence of other substituents in the prostereogenic center on the 

selectivity, we tested the effect of a carbonyl group. Thus, alcohol 39 was acetylated with Ac2O, in 

presence of Et3N and DMAP, affording the carbonyl compound 43 in 85% yield (Scheme 4.7). Due 

Br BrOH
NaH, then MeI

CH3CN, 25 °C, 30 min
99%

Br BrOMe

Pd2(dba)3 (0.5 mol%)
25 or BrettPhos (2.0 mol%)
Aniline 
LHMDS 
THF, 85 °C, 16 h

NH BrOH

Pd2(dba)3 (1.0 mol%)
25 (2.0 mol%)
2-Phenylaniline
NaOt-Bu
Toluene, 100 °C, 16 h

NH BrOMe

20% conversion, e.r.  64 : 36

Ph Ph

39

40

41

42



 49 

to the labile ester functionality, the base employed for the Buchwald amination was replaced with the 

non-nucleophilic Cs2CO3. However, with both BrettPhos and (Sa)-Cy2JoyaPhos 25, no conversion to 

44 could be detected. The reaction was repeated with BrettPhos-Pd-G3 precatalyst (2.0 mol%) – 

described to be one of the most active catalytic systems for the amination of aryl halides[96] – and by 

replacing toluene with THF, with the aim to increase the solubility of the base and enhance the 

reactivity. Despite the employment of what is usually an extremely active catalytic system, no 

conversion could be observed, suggesting that substrate 43 could be particularly challenging. 

 

 

Scheme 4.7: Attempted desymmetrization of acetylated compound 43. 

 

The acetyl group was next replaced by a pyridyl substituent, anticipating to observe increased 

coordinating properties. Thus, after subjecting the free alcohol 39 to a nucleophilic aromatic 

substitution in presence of 2-fluoropyridine and 18-crown-6 (5.0 mol%) in basic conditions, the 

corresponding pyridyl ether 45 was obtained in almost quantitative yields. With the new substrate 

available, we benchmarked its reactivity directly against BrettPhos-Pd-G3, but unfortunately no 

conversion to amination product 46 could be detected and the starting material was recovered 

quantitatively (Scheme 4.8). 
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Scheme 4.8: The reactivity of pyridyl ether 45 was first essayed with BrettPhos-Pd-G3.   

 

After the unsuccessful attempts to desymmetrize biphenylmethanol-derived bromides, we diverted 

our efforts to the corresponding isopropanol homologue 47. We expected that the longer distance 

between the O and the Br atoms would prevent any congested transition state that could disfavor the 

coupling of the halide with the amine. Acetylation of 47 proceeded under the previously described 

conditions, yielding the corresponding ester 48, which was submitted to C-N cross-coupling in 

presence of (Sa)-Cy2JoyaPhos 25. Unfortunately, no reaction with 2-phenylaniline to 49 could be 

observed, neither by using the less hindered nucleophile 4-methylaniline to access 50. The starting 

material 48 could be recovered quantitatively, suggesting that the desymmetrization of such 

homologues is also a very challenging task (Scheme 4.9). 

 

 

Scheme 4.9: Attempted desymmetrization of homologue 48.  

 

After the challenges encountered during the desymmetrization of aryl bromides, our attention was 

diverted to aryl triflates. We expected that the poorly coordinating nature of the triflate anion could 

increase the reactivity of the oxidative addition complex, due to its enhanced cationic character.[108] 

Moreover, we anticipated that by replacing the coordinating group with a tertiary amine, we could 
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easily obtain a library of substrates via Petasis reaction and triflation of the corresponding bisphenols 

(Scheme 4.10). 

 

 

Scheme 4.10: Aryl triflates could be obtained via Petasis reaction, followed by triflation. 

 

Salicylaldehyde 51 was thus stirred in presence of 2-hydroxyboronic acid 53 and pyrrolidine 52 in 

methanol at 25 °C overnight (Scheme 4.11). Opposite to what was expected, the Petasis product 

could not be isolated. Instead, aminoborate ester 54 was recovered in 60% yield after simple filtration, 

presumably formed via esterification of the Petasis product with the boronic acid released during the 

course of the reaction and the solvent. Hydrolysis of ester 54 in presence of 1 molL–1 aq. HCl yielded 

the corresponding bisphenol 55 as a hydrochloride salt in 85% yield, which was quantitatively 

triflated with Tf2O and an excess of pyridine to the bistriflate 56. 

 

 

Scheme 4.11: Synthesis of bistriflate 56 via Petasis reaction and hydrolysis. 

 

With the new substrate 56 available, we subjected the bistriflate to Buchwald amination conditions 

with 2-phenylaniline and 4-methylaniline in presence of (Sa)-Cy2JoyaPhos 25 in a first attempt and 
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BrettPhos in a second attempt (Scheme 4.12). Unfortunately, no conversion to either 57 or 58 was 

observed and just unreacted starting material 56 was recovered.  

 

 

Scheme 4.12: Attempted desymmetrization of amine-containing bistriflate 56. 

 

A last attempt was performed to desymmetrize bistriflates with a prostereogenic axis. Deprotection 

of dimethyl ether 59 with BBr3 yielded the free bisphenol 60 in quantitative amounts, which was 

readily triflated with Tf2O and pyridine to yield 61 (Scheme 4.13).  

 

 

Scheme 4.13: Synthesis of bistriflate 61 and attempted desymmetrization with 25 and (Sa)-BINAP. 

 

The bistriflate was subjected do desymmetrization in presence of (Sa)-Cy2JoyaPhos 25 and  

4-methylaniline under the previously described conditions. After 16 h, no conversion to the desired 

product 62 was observed and the reaction mixture mainly showed unreacted starting triflate 61 and 

trace amounts of bisphenol 60, arising from a commonly observed side reaction of triflates under 
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these conditions.[109–111] To have an insight into the reactivity of the substrate, we next utilized a 

combination of BINAP and Pd(OAc)2, which is widely employed to circumvent the cleavage of 

triflates. Unfortunately, no conversion to the desired product was observed, as the reaction resulted 

again in a mixture of starting material 61 and bisphenol 60. 

4.3.3. Pd(0)-Catalyzed Asymmetric Allylic Alkylation and Amination 

The results suggest that the Buchwald amination as a mean to desymmetrize prochiral substrates with 

JoyaPhos is indeed a challenging task and that the structural features of the ligand might be more 

suitable for other enantioselective reactions. We thus chose to evaluate the performance of JoyaPhos 

on the asymmetric allylic alkylation of (E)-1,3-diphenylallyl acetate 63 with dimethyl malonate under 

standard conditions (Scheme 4.14). (Sa)-Ph2JoyaPhos 26 provided the alkylation product 64 after 4 h 

at room temperature in quantitative yield and 93:7 e.r. On the other hand, the more sterically hindered 

and electron richer (Sa)-Cy2JoyaPhos 25 proved to be more active, delivering the product after 1 h at 

room temperature in quantitative yield and with a comparable enantiomeric ratio of 95:5. As opposed 

with what was observed with gold(I) and similarly to the atroposelective synthesis of N-arylindolines, 

the results highlight that the phenyl and the cyclohexyl substituents on the phosphine moiety do not 

seem to have a strong influence on the selectivity, which is mainly granted by the backbone of the 

ligand. 

 

 

Scheme 4.14: Asymmetric allylic alkylation of 63 with dimethyl malonate. 

 

Encouraged by the outcome of the allylic alkylation, we decided to explore the activity and selectivity 

of JoyaPhos in an atroposelective allylic amination. Despite enantioselective allylic aminations 

creating stereogenic centers have been extensively investigated,[112,113] to the best of our knowledge 

there are no reported cases of atroposelective variants. We thus expected that the intramolecular 

allylic amination of N-aryl allylic acetates would give rise to rotationally restricted amines. Following 

this strategy, we anticipated that atropisomeric tetrahydroquinoline 71 could be obtained by 
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hydrogenation of dihydroquinoline intermediate 70, which in turn is the product of an intramolecular 

atroposelective allylic amination of allyl acetate 69 (Scheme 4.15). 

 

 

Scheme 4.15: Retrosynthesis of atropisomeric N-aryltetrahydroquinoline 71. 

 

The synthesis of our target aniline 69 commenced from the commercially available carboxylic acid 

65, which was readily converted to its methyl ester 66 via Fischer esterification in quantitative yield 

(Scheme 4.16). Buchwald amination with 1-amino-2-methylnaphthalene delivered the coupled ester 

67 in 81% yield, which was reduced with DIBAL-H to the corresponding allylic alcohol 68 in 92% 

yield. Finally, acetylation with Ac2O afforded the target allyl acetate 69 in quantitative yield. 

 

 

Scheme 4.16: Synthesis of substrate 69 for atroposelective allylic amination. 

 

Allylic acetate 69 was subjected to a Pd(0)-catalyzed allylic amination in presence of Pd(PPh3)4 and 

KHMDS in THF at 25 °C (Scheme 4.17). After 16 h, the substrate was partially converted to the 

unsaturated intermediate 70, which unfortunately proved to be unstable under air and difficult to 
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purify. However, hydrogenation of the crude intermediate 70 in presence of Pd/C, afforded the more 

stable saturated atropisomeric N-aryltetrahydroquinoline 71 in 37% yield. 

 

 

Scheme 4.17: Pd(0)-catalyzed allylic amination of 69. 

 

HPLC chromatography of racemic 71 on a chiral stationary phase, confirmed the presence of two 

distinct enantiomers, originating from the restricted rotation about the C-N bond. The enantiomeric 

pair set the basis for the atroposelective synthesis with (Sa)-Cy2JoyaPhos 25 (2.0 mol%) and Pd2(dba)3 

(1.0 mol%) which, under the same conditions as in Scheme 4.17, delivered the unsaturated 

tetrahydroquinoline 71 in 40% yield and 45:55 e.r. The enantioinduction observed, although modest, 

serves as a proof of concept for further optimization of the reaction conditions that could grant a 

higher level of enantiocontrol. 

 

4.4.  Modification of the Ligand Structure 

In light of what has been evidenced by the benchmarking reactions, it is expected that modifications 

of the ligand might have a substantial influence on the outcome of the transformations. There are two 

main components that one could try to tune on the ligand: the phosphine moiety and the ligand 

scaffold. 

4.4.1. Variation of the Phosphine Moiety 

To expand our ligand library and to have an understanding on the influence of the substituents on the 

P atom, we planned to exploit the versatility of teraryl bromide 24 to install phosphines with diverse 

electronic and steric properties (Scheme 4.18). We initially set out to explore the effect of electron-

poor arylphosphines on the reactivity and selectivity by installing the corresponding pentafluorinated 

diarylphosphine.  
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Scheme 4.18: Attempted modification of the phosphine moiety. 

 

Being an extremely electron-poor (and thus electrophilic) chlorophosphine, we expected that 

treatment of 24 with (C6F5)2PCl 72 would smoothly deliver the corresponding 

bis(pentafluoroaryl)phosphine. To our surprise, no conversion could be observed and the 

dehalogenated starting material was recovered almost quantitatively. We performed a second attempt 

with the monofluorinated (4-F-Ph)P2Cl 73, relying on the assumption that a substituent in para 

position would not have a detrimental effect on the success of the reaction. However, despite being 

able to previously install the non-fluorinated counterpart and get (Sa)-Ph2JoyaPhos 26, no conversion 

to the desired product could be detected. An analogous outcome was observed for the ortho 

substituted (o-tolyl)2PCl 74 and the electron richer phosphine chloride 75 and 76. Being able to 

previously synthesize (Sa)-(3,5-CF3Ph)2JoyaPhos 27, we sought to synthesize the non-fluorinated 

analogue, with the aim to understand whether the inversion of selectivity observed during the 

synthesis of N-arylindolines could be attributed to steric or electronic effects of the -CF3 groups. 

However, after treatment of the organolithium with the corresponding chlorophosphine 77, the 

expected product could not be observed. A last attempt was performed with chlorophosphine 78, 

aiming to obtain an atropisomeric ligand with a coexistent P-stereogenic center, however the 

dehalogenated starting material was instead recovered in quantitative amounts. The results indicate 

that the synthetic strategy which successfully permitted the installation of the phosphine moieties of 

ligands 25, 26 and 27 is not universally applicable and that alternative methods need to be explored. 
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In view of the challenges encountered during the modification of the phosphine moiety, we focused 

our attention on alterations of the scaffold. 

4.4.2. Modification of the Scaffold: Introduction of a MeO- Substituent  

It is reported that the presence of a methoxy group ortho to the phosphorous atom of biaryl phosphines 

can have important effects on the activity of the catalyst, among all affecting the rate of reductive 

elimination, fixing the conformation of the oxidative addition complex and at the same time 

preventing alternative cyclometalative deactivating pathways.[90,114–117] Based on this information, we 

sought to modify the core structure of the phenyl substituent, by performing the analogous reaction 

sequence found on Scheme 4.1 starting from 2-bromo-6-methoxybenzaldehyde 79 (Scheme 4.19).  

 

 

Scheme 4.19: Synthesis of brominated intermediate 83 with a MeO- substituent. 

 

The obtained methoxyphenyl-naphthyl-anthracenyl bromide 83 was then treated with n-BuLi at  

–78 °C for 1 h, followed by addition of the same chlorophosphines that have been successfully 

utilized before (Table 4.2, Entries 1-3). To our surprise, no conversion to the desired product could 

be detected. The reaction resulted in a mixture of quenched organolithium species, together with the 

butylated substrate, presumably arising from nucleophilic substitution with the aryllithium on the n-

BuBr generated after halogen-metal exchange. The results indicate that the presence of a MeO- group 

reduces the reactivity of the lithiated species, either by stabilization of the negative charge or by 
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inducing further steric hindrance to an already bulky system. In an attempt to increase the reactivity 

of the nucleophile, the halogen-metal exchange with was followed by immediate addition of CuCl to 

ensure the generation via transmetalation of a more stable organocuprate, which could be heated up 

to 70 °C. Despite the procedure being routinely used for the synthesis of sterically demanding 

biarylphosphines, the desired product could not be observed (Entry 4).[118] Analogously, replacement 

of n-BuLi with t-BuLi at –78 °C, followed by addition of Ph2PCl did not afford any conversion  

(Entry 5). A last attempt (Entry 6) was made in an analogous manner as in Entry 4, but n-BuLi was 

replaced by the more reactive t-BuLi. After stirring the organocopper at 70 °C for 16 h, the 

dehalogenated starting material recovered in quantitative amounts. 

 

Table 4.2: Attempted divergent installation of different phosphine moieties on 83.  

 

Entry Exchange 
reagent Additive Chlorophosphine T (°C) 

1 n-BuLi none Cy2PCl –78 to 25 

2 n-BuLi none Ph2PCl –78 to 25 

3 n-BuLi none  (3,5-CF3Ph)2PCl –78 to 25 

4 n-BuLi CuCl Ph2PCl –78 to 70  

5 t-BuLi none Ph2PCl –78 to 25 

6 t-BuLi CuCl Ph2PCl –78 to 70 

 

The difficulties encountered during the installation of the phosphine moiety on the MeO-substituted 

scaffold made us temporarily discard this route and we thus decided to shift our attention on possible 

modifications of the side anthracenyl substituent. 

4.4.3. Modification of the Scaffold: Varying the Side Substituent 

The X-ray structures displayed in Scheme 4.1, Scheme 4.2 and Scheme 4.5, underline how the 

anthracenyl substituent plays a major role in defining the chiral environment of the ligand. It is thus 
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expected that modifications of the lateral shielding group might influence stereoinduction to a major 

extent, in particular when steric elements are introduced within the chiral pocket. Thus, a first attempt 

to install an anthracenyl group with a methyl substituent in position 2 was performed (Scheme 4.20). 

After treatment of the methyl ester 22 with the corresponding organomagnesium reagent 84 under 

the conditions employed previously, no conversion could be observed. Raising the temperature to  

60 °C did not show any improvement, being the starting ester 22 recovered in quantitative amounts. 

Similarly, treatment of 22 with the corresponding organomagnesium 86 for the generation of the 

larger benzo[m]tetraphenyl teraryl bromide 87 did not show any conversion, presumably due to the 

important steric interactions involved. The results underline that apparently simple structural 

modifications of the scaffold might require further synthetic efforts, and that suitable strategies for 

the introduction of new elements in this class of bulky ligands are yet to be devised. 

 

 

Scheme 4.20: Attempted installation of different shielding groups.  
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5. Atroposelective Synthesis of  

N-Arylindoles  

The atropisomeric systems described in the previous chapters are characterized by the restricted 

rotation about C-C bonds, and we had a minor encounter with the atroposelective synthesis of C-N 

atropisomeric N-arylindolines and N-aryltetrahydroquinolines. We next explored in detail the 

atroposelective synthesis of N-arylindoles with restricted rotation about the C-N bond. 

5.1.  Retrosynthesis 

The synthetic strategies that we adopted for the atroposelective synthesis of N-arylindoles are 

summarized in Scheme 5.1 and can be classified by the bond where the disconnection is performed. 

In total, we explored five different methods comprised of two C-C bond forming reactions (A-B, in 

blue) and three different C-N bond forming reactions (C-E, in red). Approach A relies on the 

disconnection between the C3 and C9 atoms on the target indole and can be ascribed to a Pomeranz-

Fritsch type reaction.[119,120] The second approach B is a variant of A, where the acetal group has been 

hydrolyzed and the free aldehyde group is now present in the substrate. A different method, based on 

the disconnection between the N1 and C2 atoms, is represented by C, which relies on the presence of 

a labile ketal for the intramolecular amination by the secondary aniline. Route D takes advantage of 

the reactivity and versatility of enol ethers towards activation by different catalytic systems. 

Analogously, enolethyltrimethylsylane E displays analogous reactivity of D and offers further 

activation modes. Despite the plethora of synthetic methods to access indoles,[121–123] to the best of 

our knowledge, strategies D and E described herein are unprecedented and enable to access indoles 

under mild conditions and in high yields. 
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Scheme 5.1: Retrosynthesis of N-arylindoles via C-C (blue) and C-N (red) bond forming reactions. 

 

5.2.  Indole Via Route A (Pomeranz-Fritsch Type Reaction) 

Route A takes advantage of a Pomeranz-Fritsch type reaction, which it is expected to proceed with 

an initial activation of the acetal 91, followed by formation of an electrophilic oxonium species 91 A 

(Scheme 5.2). The adjacent activated aromatic ring, with its electron-donating nitrogen, poises for an 

electrophilic aromatic substitution in the ortho-position for the formation of the five-membered ring 

intermediates 91 B and 91 C. Protonation of the ethoxy group, followed by release of EtOH and 

regeneration of the catalyst, delivers the N-arylated indole 92. We thus hypothesized that the 

employment of an appropriate Lewis or Brønsted acid could create the suitable chiral environment, 

and deliver the corresponding indole atroposelectively. 
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Scheme 5.2: Expected mechanism for the Pomerantz-Fritsch type indole synthesis. 

 

Given the configurational stability of N-(2-metylnaphthalen-1-yl) indoline 36 described in Section 

4.3.1, we sought to maintain the same substituent on the N atom for our test substrate. Moreover, we 

expected that the added saturation on the five-membered ring of the indole moiety, compared to the 

indoline previously described, would result in lower conformational freedom and hence even higher 

configurational stability. The synthesis of the substrate commences with a Buchwald amination of  

1-bromo-2-methylnaphthalene 88, to deliver the corresponding secondary aniline 89 in 90% yield. 

The latter is subjected to a SN2 reaction with bromoacetal 90 in presence of catalytic amounts of 

TBAI, to smoothly deliver the target aromatic acetal 91.  

 

 

Scheme 5.3: Substrate synthesis for the Pomerantz-Fritsch reaction. 

 

With the substrate available, we proceeded to explore different conditions that could ensure 

enantioinduction, according to the mechanism previously described. Being the reaction catalyzed by 

acids, a first attempt was performed by employing 10 mol% of the chiral phosphoric acid (Ra)-TRIP 

(Table 5.1, Entry 1). After 16 h at 80 °C in CDCl3 no target compound 92 could be detected. The 

N
Me

Ph

OEtEtO

N
Me

OEt

H+ N
Me

OEt

H

H

N
Me

OEt

H

H+

H+

-EtOH
N

Me

91 A91 91 B

91 C 92

Br
Me

Aniline 
    Pd2(dba)3 (2.5 mol%)
t-Bu3P (5.0 mol%)

    NaOt-Bu

Toluene, 100 °C, 5 h, 90%

NH
Me TBAI (10 mol%)

DMF, 100 °C, 3 h, 66%

Br
OEt

OEt

N
Me

EtO OEt

, NaH

88 89 91

90



 63 

starting material 91 was recovered together with trace amounts of the free aldehyde 93, probably 

arising from hydrolytic pathways due to trace amounts of water present in the reaction mixture. 

 

Table 5.1: Screening of conditions for atroposelective Pomerantz-Fritsch. 

 

Entry Lewis acid, 
mol% 

Organocatalyst, 
mol%[a] Solvent T 

(°C) t (h) 91 
(%)[b] 

92 
(%)[b] 

93 
(%)[b] e.r.[c] 

1 none (Ra)-TRIP, 10 CDCl3 80 16 93 <1 7 n.d. 

2 Cu(OTf)2, 400 none CDCl3 25 48 <1 >99 <1 50:50 

3 Cu(OTf)2, 10 (R)-i-PrPyBOX, 
11 CDCl3 80 16 64 17 17 50:50 

4 Cu(OTf)2, 10 (R)-i-PrBOX, 11 CDCl3 80 16 37 43 20 50:50 

5 SnCl2, 10 (Ra)-BINOL, 10 CDCl3 60 4 53 47 <1 50:50 

6 AlCl3, 10 (Ra)-BINOL, 10 CDCl3 60 4 72 28 <1 50:50 

7 Cu(OTf)2, 10 (Ra)-BINOL, 10 CDCl3 60 4 54 30 16 50:50 

8 FeCl3, 10 (Ra)-BINOL, 10 CDCl3 60 4 30 70 <1 50:50 

9 Ti(Oi-Pr)4, 10 (Ra)-BINOL, 10 CDCl3 60 4 >99 <1 <1 n.d. 

10 SnCl2, 10 (Ra)-TRIP, 10 CDCl3 60 16 <1 >99 <1 50:50 

11 SnCl2, 10 (Ra)-VAPOL, 10 CDCl3 60 16 14 86 <1 50:50 

12 SnCl4, 100 (Ra)-BINOL, 110 CH2Cl2 60 16 <1 >99 <1 50:50 

[a] Structures shown in Appendix. [b] Conversion determined by NMR. [c] The enantiomeric ratios were 

determined using a Chiralcel OD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 100:0). tR1 = 17.0 min and  

tR2 = 21.6 min. 

 

To verify the ability of transition metals to act as Lewis acids and promote the reaction, an excess of 

Cu(OTf)2 in CDCl3 was employed (Entry 2). After 48 h at 25 °C, >99% of the starting material was 

converted to the product. The crude indole 92 was analyzed by HPLC on a chiral stationary phase to 

confirm the presence of two enantiomers, which could be detected and isolated.  
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A sample of pure enantiomer was heated at 40 °C, 60 °C, 80 °C, 100 °C, 120 °C and 140 °C for  

1 hour in a 8:2 mixture of heptane:isopropanol. No racemization was observed, indicating that the 

rotational barrier is high enough for the product to stable under the reaction conditions.  

Having evidence of the configurational stability of the product and that Lewis acids can promote the 

reaction, we decided to verify whether Lewis acids could be used catalytically. Thus, the amount of 

Cu(OTf)2 was reduced to 10 mol%. The metal was ligated with (R)-i-PrPyBOX (11 mol%, Entry 3) 

and (R)-i-PrBOX (11 mol%, Entry 4) to create the chiral environment for enantioinduction. 

However, after 16 hours at 80 °C, both ligands delivered the product in racemic form, together with 

important amounts of the free aldehyde. As we mentioned in Section 1.1.2, it is well described in 

literature the ability of Lewis acids to cooperate with Brønsted acids (and vice versa) and originate 

catalytic systems that are more active and more selective than the single components.[46,47] Following 

this principle, we decided to essay different Lewis acids in the presence of (Ra)-BINOL, which would 

function as a ligand or as a chiral source of protons (Entries 5-9). After 4 h at 60 °C, SnCl2 (Entry 5) 

and AlCl3 (Entry 6) delivered the product 92 in 47% and 28% conversion respectively, and no 

formation of aldehyde 93 could be detected. On the other hand, (CuOTf)2 converted 30% of the 

starting material to the indole and 16% to the aldehyde (Entry 7). Notably, FeCl3 converted 70% of 

the starting material to the desired indole and the aldehyde could not be detected (Entry 8). Finally, 

with Ti(Oi-Pr)4 the starting material was completely recovered (Entry 9). Unfortunately, all the 

reactions in entries 5-8 delivered the indole 92 as a racemic mixture. Despite the low catalytic activity 

of (Ra)-TRIP (Entry 1), addition of SnCl2 (10 mol%, Entry 10) granted the conversion of the substrate 

to the target compound in quantitative amounts, however without enantioinduction. Similarly, a 

combination of SnCl2 and (Ra)-VAPOL resulted in the formation of the racemic indole in 86% 

conversion (Entry 11). Finally, stoichiometric amounts of SnCl4 and (Ra)-BINOL proved to be 

ineffective as well to induce selectivity, delivering the target compound quantitatively in 50:50 e.r 

(Entry 12).  

The results suggest that the mechanism of the Pomeranz-Fritsch reaction might not be ideal to grant 

enantioinduction under the reaction conditions tested and we thus focused our attention on another 

strategy. 

 

 

 



 65 

5.3.  Indole Via Route B 

The failed attempts described for route A to promote enantioinduction with the acetal functionality, 

motivated us to seek an alternative route which could take advantage of the plethora of activation 

modes offered by the carbonyl group. We thus replaced the acetal functionality of substrate 91 with 

a free aldehyde by deprotection in aqueous HCl (Scheme 5.4). 

 

 

Scheme 5.4: Hydrolysis of acetal 91. 

 

The deprotection of acetal 91 was not as straightforward as expected. During the course of the 

reaction, the target aldehyde 93 can readily enolize to the corresponding 2-aminoenol 93 A. The latter 

can release the free secondary aniline 89 and 2-hydroxyacetaldehyde 94 upon hydrolysis of the 

iminium intermediate 93 B, in what can be described as a retro-Amadori rearrangement  

(Scheme 5.5). For this reason, the reaction had to be stopped when the majority of the starting acetal 

91 underwent hydrolysis to aldehyde 93, preventing complete rearrangement to the secondary aniline 

89 and delivering the target compound 93 in 45% yield. 

 

 

Scheme 5.5: Retro-Amadori rearrangement of aldehyde 93. 
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Free aldehyde 93 was then submitted to different conditions to evaluate whether it could be a better 

candidate than the protected counterpart 91. We initially decided to essay whether a system comprised 

of a BINOL-metal complex could promote the conversion in an atroposelective fashion. After 1 h at 

25 °C in presence of (Ra)-BINOL and Et2Zn, 87% of the starting material could be converted to the 

target product in 41:59 e.r. (Table 5.2, Entry 1), whereas Et2AlCl (Entry 2) and Ti(Oi-Pr)4 (Entry 3) 

converted the aldehyde quantitatively to the corresponding racemic indole. To check the effectiveness 

of other catalytic systems that could be easier to handle (Et2Zn is pyrophoric!), or that could tolerate 

more operationally simpler conditions, we focused our attention on organocatalysts. (R,R)-Thiourea 

1 and (Ra)-Thiourea 2 (Entries 4-5) failed to deliver any product. (S)-Imidazolidinone 1 (Entry 6) 

converted 33% of the substrate to the indole in 50:50 e.r. and to a mixture of unidentified side 

products, probably arising from a retro-Amadori rearrangement of the iminium intermediate. The 

employment of Cu(OTf)2 with (R)-i-PrBOX converted the substrate quantitatively, but proved to be 

ineffective in inducing selectivity (Entry 7). Given the effectiveness of the Et2Zn-BINOL system in 

promoting the reaction and inducing selectivity, we replaced (Ra)-BINOL with (Ra)-VAPOL  

(Entry 8-9), (Ra)-TADDOL (Entry 10) and (Ra)-BINOL 1 (Entry 11) to see if the dramatic structural 

change could affect enantioinduction. To our surprise, with (Ra)-VAPOL the product was obtained in 

50:50 e.r. (Entry 8), even when stoichiometric amounts of catalyst where employed (Entry 9). Finally,  

(Ra)-TADDOL resulted in complete decomposition of the starting material (Entry 10), whereas 

stoichiometric amounts (Ra)-BINOL-1 delivered the product in 41:59 e.r. (Entry 11), the same 

selectivity observed for unsubstituted BINOL (Entry 1).  

The low selectivities observed might be rationalized by the large distance between the C-N 

stereogenic axis and the chiral environment, where the formation of the C-C bond takes place. Hence, 

we focused our attention on a different strategy, which relies on the formation of the C-N bond 

proximal to the stereogenic axis.  
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Table 5.2: Atroposelective synthesis of N-aryl indole from aldehyde 93. 

 

Entry Lewis acid, 
mol% 

Organocatalyst, 
mol%[a] Solvent T 

(°C) t (h) 93 
(%)[b] 

92 
(%)[b] e.r.[c] 

1 Et2Zn, 100 (Ra)-BINOL, 120 CH2Cl2 25 16 13 87 41:59 

2 Et2AlCl, 100 (Ra)-BINOL, 120 CH2Cl2 25 1 <1 >99 50:50 

3 Ti(Oi-Pr)4, 100 (Ra)-BINOL, 120 CH2Cl2 25 1 <1 >99 48:52 

4 none (R,R)-Thiourea 
1, 10 CDCl3 60 16 >99 <1 n.d. 

5 none (Ra)-Thiourea 2, 
10 CDCl3 60 16 >99 <1 n.d. 

6 none Imidazolidinone 
1, 10 CDCl3 60 16 18 33 50:50 

7 Cu(OTf)2, 10 (R)-i-PrBOX, 12 CDCl3 80 16 <1 >99 50:50 

8 Et2Zn, 10 (Ra)-VAPOL, 12 CDCl3 60 48 80 20 50:50 

9 Et2Zn, 100 (Ra)-VAPOL, 
120 CDCl3 25 16 <1 >99 50:50 

10 Et2Zn, 100 (S,S)-TADDOL, 
120 CDCl3 25 16 <1 <1 n.d. 

11 Et2Zn, 100 (Ra)-BINOL 1, 
120 CDCl3 25 16 <1 >99 41:59 

[a] Structures shown in Appendix. [b] Conversion determined by NMR. [c] The enantiomeric ratios were 

determined using a Chiralcel OD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 100:0). tR1 = 17.0 min and  

tR2 = 21.6 min. 

 

5.4.  Indole Via Route C 

With the synthetic strategy represented by disconnection C shown in Scheme 5.1, we anticipated that 

the reaction would proceed with an initial protonation of the ketal 97, followed by intramolecular 

amination of the highly electrophilic oxonium ion 97 A. Elimination of MeOH from 97 B, precedes 

aromatization and regeneration of the catalyst from 97 C, to finally deliver the target indole 98 

(Scheme 5.6). 
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Scheme 5.6: Expected mechanism for the atroposelective formation of indole 98 via amination of 

ketal 97. 

 

The synthesis of ketal substrate 97 commences with the protection of the carbonyl group of ketone 

95 to the corresponding dimethyl acetal 96 in quantitative yield (Scheme 5.7). The latter is then 

readily converted to the corresponding aniline via a Buchwald amination, delivering the target 

compound 97 in 88% yield. 

 

 

Scheme 5.7: Synthesis of ketal substrate 97. 
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have a detrimental effect on enantioinduction. We thus proceeded to investigate route D, where 
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Table 5.3: Attempted atroposelective synthesis of indole 98. 

 

Entry Lewis acid, 
mol% 

Organocatalyst, 
mol%[a] Solvent T 

(°C) t (h) 97 
(%)[b] 

98 
(%)[b] e.r.[c] 

1 none (Ra)-TRIP, 10 CDCl3 25 16 20 80 50:50 

2 none (Ra)-VAPOL 
CPA, 10 CDCl3 25 16 <1 >99 50:50 

3 none (Ra)-Sulfonimide 
1, 10 CDCl3 25 16 <1 >99 50:50 

[a] Structures shown in Appendix. [b] Conversion determined by NMR. [c] The enantiomeric ratios were 

determined using Chiralcel AD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 99:1). tR1 = 8.0 min and tR2 = 8.7 min. 

 

5.5.  Indole Via Route D 

For the atroposelective synthesis of N-arylindole 92 via route D, we devised an initial protonation of 

enol ether 101 by the catalyst, which precedes the formation of an oxonium ion intermediate 101 A. 

The latter readily reacts with the free aniline to 101 B, which then releases MeOH upon protonation 

of the methoxy group. Finally, rearomatization from 101 C delivers the target indole 92, while 

regenerating the catalyst (Scheme 5.8). 

 

Scheme 5.8: Mechanism for formation of indole 92 from enol ether 101. 
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The synthesis of enol ether 101 starts with a Buchwald amination of acetal 99 with  

2-methyl-1-aminonaphthalene, followed by hydrolysis in situ, to obtain aldehyde 100 in 73% yield 

(Scheme 5.9). A subsequent Wittig reaction installs the enol ether functionality, delivering the 

product 101 in 88% yield as a mixture of cis and trans diastereomers. Given the initial protonation 

that we anticipated in the proposed mechanism, where the stereochemical information of the double 

bond is lost, we decided to keep 101 as a diastereomeric mixture for practical reasons. 

 

 

Scheme 5.9: Synthesis of enol ether 101. 

 

The substrate was then submitted to different conditions aimed to obtain 92 atroposelectively  

(Table 5.4). Chiral phosphoric acid (Ra)-TRIP (10 mol%) in CDCl3 at 25 °C converted 14% of the 

substrate to the product after 16 h at 25 °C with an e.r. of 47:53 (Entry 1). On the other hand, with 

Cu(OTf)2 in presence of (R)-i-PrPyBOX (Entry 2) and (R)-i-PrBOX (Entry 3), no product could be 

detected. We then decided to test combined catalytic systems composed of (Ra)-BINOL and different 

Lewis acids. Even if some of them showed an excellent conversion, no enantioinduction could be 

observed (Entries 4-7). To understand the effect of substituents of phosphoric acids on the selectivity 

of the reaction, we screened nine different chiral phosphoric acids with diverse structures  

(Entries 8-17). It was found that the substituents on the 3 and 3’ position of the binaphthyl skeleton 

do not seem to have an influence on the selectivity. In fact, all BINOL-derived phosphoric acids tried 

(Entries 10-17) failed to bring enantioinduction. Surprisingly, even with the spirocyclic phosphoric 

acid CPA 1, the product was racemic (Entry 8). Of the chiral phosphoric acids tested, only  

(Ra)-VAPOL CPA could deliver quantitative amount of non-racemic product, with an e.r. of 57:43 

(Entry 9). We thus proceeded to evaluate the influence of the solvent on the selectivity with the same 

catalyst (Entries 18-26). Ethereal solvents like THF (Entry 18) and MTBE (Entry 19) showed a 

comparable e.r. of 67:33 and 68:32 respectively, whereas isopropanol delivered the product in  

50:50 e.r. (Entry 20).  
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With purely hydrocarbon solvents like toluene (Entry 21) and cyclohexane (Entry 22), the selectivity 

did not improve any further, and the product was obtained in 58:42 and 63:37 e.r. respectively. 

Fluorinated solvents like CF3-C6H5 (Entry 23) or HFIP (Entry 24) showed an e.r. of 47:53 and 54:45. 

Analogously, lower selectivities were observed with chlorinated solvents like CCl4 (Entry 25) and 

CDCl3 (Entry 26), which yielded the product in 58:42 and 60:40 e.r. The results suggest that the best 

performing solvent are ethereal solvents like MTBE and THF (Entries 18-19). However, because of 

the highest rate of conversion in MTBE, we decided to use this solvent for further optimization. 

Entries 29-35 thus rely on the use of (Ra)-VAPOL CPA in MTBE at 25 °C, together with different 

metal salts that take part to a combined catalytic system. Nevertheless, despite conversion being 

excellent in most cases, indole 92 was obtained either as racemic or with very low e.r. It is noticeable 

however how the use of Sc(OTf)3 results in the inversion of selectivity (Entry 30), which is probably 

due to the formation of chiral Sc(III) complexes. 

 

Table 5.4: Screening of conditions for atroposelective synthesis of 92 from enol ether 101. 

 

Entry Lewis acid, 
mol% 

Organocatalyst, 
mol%[a] Solvent T 

(°C) t (h) 101 
(%)[b] 

92 
(%)[b] e.r.[c] 

1 none (Ra)-TRIP, 10 CDCl3 25 16 86 14 47:53 

2 Cu(OTf)2, 10 (R)-i-PrPyBOX, 
11 CDCl3 25 16 50 <1 n.d. 

3 Cu(OTf)2, 10 (R)-i-PrBOX, 11 CDCl3 25 16 100 <1 n.d. 

4 SnCl4, 10 (Ra)-BINOL, 12 CDCl3 60 16 <1 >99 47:53 

5 Sc(OTf)3, 10 (Ra)-BINOL, 12 CDCl3 60 16 <1 >99 50:50 

6 Yb(OTf)3, 10 (Ra)-BINOL, 12 CDCl3 60 16 73 27 50:50 

7 Y(OTf)3, 10 (Ra)-BINOL, 12 CDCl3 60 16 95 5 50:50 

8 none (S)-CPA 1, 10 CDCl3 60 16 80 20 50:50 

9 none (Ra)-VAPOL 
CPA, 10 CDCl3 60 16 <1 >99 57:43 
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10 none (Ra)-CPA 2, 10 CDCl3 60 16 <1 >99 50:50 

11 none (Ra)-CPA 3, 10 CDCl3 60 16 <1 >99 50:50 

12 none (Ra)-CPA 4, 10 CDCl3 60 16 <1 >99 50:50 

13 none (Ra)-CPA 5, 10 CDCl3 60 16 <1 >99 50:50 

14 none (Ra)-CPA 6, 10 CDCl3 60 16 <1 >99 50:50 

15 none (Ra)-CPA 7, 10 CDCl3 60 16 <1 >99 50:50 

16 none (Ra)-CPA 8, 10 CDCl3 60 16 <1 >99 50:50 

17 none (Ra)-CPA 9, 10 CDCl3 60 16 23 77 50:50 

18 none (Ra)-VAPOL 
CPA, 10 THF 25 48 86 14 67:33 

19 none (Ra)-VAPOL 
CPA, 10 MTBE 25 48 60 40 68:32 

20 none (Ra)-VAPOL 
CPA, 10 i-PrOH 25 48 62 38 50:50 

21 none (Ra)-VAPOL 
CPA, 10 Toluene 25 48 31 69 58:42 

22 none (Ra)-VAPOL 
CPA, 10 CyH 25 48 46 54 63:37 

23 none (Ra)-VAPOL 
CPA, 10 

CF3-
C6H5 

25 48 31 69 47:53 

24 none (Ra)-VAPOL 
CPA, 10 HFIP 25 48 <1 >99 54:45 

25 none (Ra)-VAPOL 
CPA, 10 CCl4 25 48 <1 >99 58:42 

26 none (Ra)-VAPOL 
CPA, 10 CDCl3 25 16 22 78 60:40 

29 FeCl3, 10 (Ra)-VAPOL 
CPA, 10 MTBE 25 16 54 46 53:47 

30 Sc(OTf)3, 10 (Ra)-VAPOL 
CPA, 10 MTBE 25 16 <1 >99 45:55 

31 Al(OTf)3, 10 (Ra)-VAPOL 
CPA, 10 MTBE 25 16 <1 >99 50:50 

32 Y(OTf)3, 10 (Ra)-VAPOL 
CPA, 10 MTBE 25 16 <1 >99 50:50 

33 Cu(OTf)2, 10 (Ra)-VAPOL 
CPA, 10 MTBE 25 16 <1 >99 50:50 

34 Zn(OTf)2, 10 (Ra)-VAPOL 
CPA, 10 MTBE 25 16 <1 >99 50:50 

35 Er(OTf)3, 10 (Ra)-VAPOL 
CPA, 10 MTBE 25 16 <1 >99 50:50 

36[d] I2, 10  (Ra)-BINAP(S), 
12 CDCl3 25 - <1 >99 50:50 

[a] Structures shown in Appendix. [b] Conversion determined by NMR. [c] The enantiomeric ratios were 

determined using a Chiralcel OD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 100:0). tR1 = 17.0 min and  

tR2 = 21.6 min. [d] The reaction was finished in seconds. 
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Lastly, we exploited the successful application of molecular iodine as 𝜋-acid for the iodocyclization 

of unsaturated compounds,[124–127] and took advantage of the ability of phosphine sulfides to generate 

charge-transfer complexes with I2 (Entry 36).[128] We anticipated that the reaction would proceed 

through initial activation of the enol ether 101 by a chiral (Ra)-BINAP(S)-I2 species via 101 D, 

followed by iodocylization to 101 E. Subsequent loss of MeOH, followed by 

deiodination/aromatization and regeneration of the catalyst from 101 F, would deliver the target  

N-arylindole 92 (Scheme 5.10). 

 

 

Scheme 5.10: Proposed mechanism of iodine-catalyzed N-arylindole formation via iodocyclization 

and deiodination. 

 

Thus, upon generation of the charge-transfer complex with I2 (10 mol%) and (Ra)-BINAP(S)  

(12 mol%), the enol ether was converted to the target indole at 25 °C in quantitative yield within 

seconds (Scheme 5.11). Despite the e.r. of 50:50, to the best of our knowledge this reaction represents 

to date one of the few methods that allow the use of catalytic amounts of molecular iodine, without 

the need of an external oxidant, and further optimizations with other organocatalysts might enable to 

exploit the efficiency of this system for the atroposelective construction of the C-N bond. 
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Scheme 5.11: N-Arylindole formation catalyzed by molecular iodine. 

 

The observed e.r. of 68:32 (Table 5.4, Entry 19) served as an unequivocal proof of concept for the 

catalytic atroposelective formation of N-arylindoles, which failed to occur by following the synthetic 

strategies previously described. The versatility of enol ether 101 motivated us to evaluate another 

enol ether, which could offer further activation modes in addition to the use of Lewis or Brønsted 

acids. 

 

5.6.  Indole via Route E 

With the introduction of an additional carbon atom and a TMS group in the enol ether 102, we awaited 

that the activation could proceed in the presence of a fluoride source via release of ethylene and 

formation of an enolate, which then tautomerizes to the free aldehyde 103 and finally condenses to 

the desired product 92 (Scheme 5.12). 

 

 

Scheme 5.12: Expected mechanism in the presence of a fluoride source for the formation of 92. 
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After preparing enol ether 102 from aldehyde 100 in an analogous manner as 101 via Wittig reaction 

(Scheme 5.13), it was readily essayed under different conditions (Table 5.5). 

 

 

Scheme 5.13: Synthesis of 102 via Wittig reaction. 

 

Treatment of 102 with TBAF in MTBE at 60 °C (Table 5.5, Entry 1) converted 65% of the enol ether 

to the product 92 with trace amounts of aldehyde 103 visible, which suggests that the mechanism is 

likely to occur through initial deprotection of the TMS group and formation of the aldehyde 

intermediate that we anticipated before. Addition of catalytic amounts of (Ra)-VAPOL CPA 

drastically inhibited the conversion and failed to induce selectivity (Entry 2). As opposite, in absence 

of TBAF, (Ra)-VAPOL CPA converts the substrate to the indole quantitatively and with an e.r. of 

59:41 (Entry 3). The fluoride source was next changed to KF in presence of the cinchona catalyst 

Cat. A encountered in Chapter 3 (Entry 4), anticipating that the formation of a chiral amide salt 

would precede an intramolecular amination with the free aldehyde group. However, despite the 

satisfactory conversion, no enantioinduction could be observed. Similarly, reaction of the substrate 

with TBAF and (S)-Imidazolidinone 1 (Entry 5), allegedly proceeding through the formation of a 

chiral iminium intermediate, failed to deliver the product atroposelectively. 

Despite the lack of selectivity under the conditions screened, this approach enables the formation of 

indoles in presence of fluoride anions, and could be suitable for those substrates which are particularly 

sensitive to acids or strong bases. 
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Table 5.5: Screening of condition for the conversion of substrate 102 

 

Entry Fluoride 
source, eq 

Organocatalyst, 
mol%[a] Solvent T 

(°C) t (h) 102 
(%)[b] 

92 
(%)[b] e.r.[c] 

1 TBAF, 1 none MTBE 60 16 20 65 50:50 

2 TBAF, 1 (Ra)-VAPOL 
CPA, 10 MTBE 60 16 93 7 50:50 

3 none (Ra)-VAPOL 
CPA, 10 MTBE 60 16 <1 >99 59:41 

4 KF, 2 Cat. A, 10 
MTBE/

H2O 
(1:1) 

60 16 21 48 50:50 

5 TBAF, 1 Imidazolidinone 
1, 10 MTBE 60 16 19 81 50:50 

[a] Structures shown in Appendix. [b] Conversion determined by NMR. [c] The enantiomeric ratios were 

determined using a Chiralcel OD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 100:0). tR1 = 17.0 min and  

tR2 = 21.6 min. 
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6. Summary and Outlook 

In this thesis, we investigated the stereodivergent synthesis of atropisomeric oligo-1,2-naphthylenes 

under catalyst-controlled conditions. It was found that, with the use of an appropriate catalyst, 

substrate bias could be successfully overcome, and up to four stereogenic axes could be individually 

addressed. Moreover, it was shown that the electronic effects of the substituents have a significant 

impact on the selectivity of the reaction. Electron rich PMP-substituted anilines can weaken 

intramolecular aromatic interactions, with a major influence on the diastereomeric ratio. The compact 

nature of the oligomers, which becomes more evident with increased number of naphthylene units, 

was confirmed by X-ray and NMR studies. In the solid state, it is possible to observe a stacking of 

the monomers. Likewise, NMR spectra highlight that the aromatic protons and the aldehyde group 

are shifted upfield, with deviation up to 1.5 ppm due to ring current effects. Thanks to their 

configurational stability, the oligomers have been derivatized to synthesize three donor-acceptor 

Ru(II)-bpy dyads for photoinduced electron transfer studies. Surprisingly, it was found that the rate 

of electron transfer is independent on the length of the dyad and that the process can involve non-

covalent shortcuts. Future studies could involve the modification of the scaffolds to further increase 

their topological definition and favor covalent electron transfer over non-covalent contacts. 

Moreover, the well-defined topology of oligo-1,2-naphthylenes would make them suitable candidates 

for other applications, and future efforts could be put in the employment of these captivating 

structures as supporting ligands in enantioselective catalysis. 

We then shifted our attention on the synthesis of a family of topologically well-defined atropisomeric 

teraryl ligands with different stereoelectronic properties (JoyaPhos). Their activity and selectivity 

were first evaluated in the gold(I)-catalyzed enyne cycloisomerization and [2+2] cycloaddition of a 

terminal alkyne with methylstyrene. The chirality of the ligands and their structural resemblance with 

electron-rich biaryl and teraryl monophosphines were also exploited in an attempt to perform an 

atroposelective Pd-catalyzed C-N cross-coupling for the formation of N-arylindolines. We took 

advantage of the activity towards the C-N cross-coupling reaction to perform a desymmetrization of 

C-prostereogenic aryl bromides via Buchwald amination, which however proved to be problematic 

even for extremely active catalytic systems which are already known. Finally, the positive results 

obtained in the asymmetric allylic alkylation of (E)-1,3-diphenylallyl acetate set the ground for an 

atroposelective allylic amination, which yielded the corresponding N-aryltetrahydroquinoline in  
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12% ee and serves as a proof of concept for further optimizations. Whereas the steric and electronic 

nature of the substituents of JoyaPhos have an effect on the selectivity with Au(I), comparable 

selectivities were instead obtained with Pd(0) on both asymmetric allylic alkylation and 

intramolecular C-N cross-coupling, with exception of (Sa)-(3,5-CF3Ph)2JoyaPhos 10. We thus 

proceeded to modify the nature of the phosphine to gain an insight into the steric and electronic 

effects, but the installation of other phosphine groups proved to be challenging. Similarly, any attempt 

to modify the scaffold of the ligand by introducing a MeO- group ortho to the phosphorous atom and 

any variation of the side substituent proved to be difficult. As outlook, further modifications of the 

ligand scaffold should be performed by employing different synthetic strategies that take full 

advantage of more reactive species, and evaluate the effect of such modifications on the performance 

of the catalytic system. 

Finally, the lack of methodologies for the atroposelective synthesis of N-arylindoles, motivated us to 

explore different retrosynthetic pathways offered by the indole scaffold, in an attempt to develop an 

atroposelective synthesis of N-arylindoles with restricted rotation about the C-N bond. Five different 

synthetic strategies have been investigated: two involving the formation of a C-C bond and three 

involving the direct formation of the C-N bond. It was found that a VAPOL-derived chiral phosphoric 

acid could deliver the target N-arylindole in quantitative yield and nearly 40% ee, presumably via 

formation of an oxonium intermediate from the enol ether substarte and subsequent amination. 

Moreover, we found that racemic N-arylindoles could be synthesized within seconds by employing a 

BINAP(S)-I2 catalytic system, without the need of an external oxidant. The encouraging results pave 

the way to the development of an efficient methodology for the catalyst-controlled atroposelective 

synthesis of N-arylindoles under mild conditions. 
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7. Experimental 

7.1.  Experimental Procedures 

7.1.1. General Information 

All chemicals were reagent grade and used as supplied unless stated otherwise. All reactions were 

carried out in oven dried glassware and under an argon atmosphere. DMF used was peptide synthesis 

grade. All other solvents used were ACS grade. Extracts were dried over technical grade Na2SO4. 

Analytical and preparative thin layer chromatography (TLC) were performed on pre-coated Merck 

silica gel 60 F254 plates (0.25 mm) and visualized by UV (254 nm). Column chromatography was 

carried out using Silicycle SiliaFlash P60 (230–400 mesh). Concentration in vacuo was performed 

by rotary evaporation to ~10 mbar at 40 °C. Final products were dried at ~10–2 mbar and 25 °C. 1H 

NMR and 13C NMR spectra were recorded on a Bruker Avance III (500 MHz) and Bruker Avance 

(400 MHz) at 298 K in CDCl3, acetone-d6 or CD2Cl2 supplied by Cambridge Isotope Laboratories. 

Chemical shifts (δ) are reported in ppm relative to CDCl3 (7.26 ppm/77.16 ppm), CD2Cl2 

(5.32ppm/53.84 ppm) or acetone-d6 (2.05 ppm/ 206.26 ppm). The multiplicities are reported in Hz 

as: s = singlet, bs = broad singlet, d = doublet, dd = doublet of doublet, td = triplet of doublet and m 

= multiplet. Melting points were measured on a Büchi B-545 melting point apparatus and are 

uncorrected. Infrared (IR) spectra were measured on an ATR Varian Scimitar 800 FT-IR spectrometer 

and are reported in cm–1. Optical rotations were obtained at 25 °C on a JASCO P-2000 polarimeter 

using a 1.00 mL cell with a length of 100 mm; the concentrations are reported in g/100mL. High-

resolution ESI mass spectrometry (HR-ESI) was performed by Sylvie Mittelheisser and Dr. Michael 

Pfeffer of the University of Basel on a Bruker maXis 4G QTOF ESI mass spectrometer. X-ray 

analyses were performed by Dr. M. Neuburger and Dr. A. Prescimone of the University of Basel. 

When stated, further purification of compounds by prep HPLC was performed on a Dionex UltiMate 

3000 UPLC. 
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7.1.2. Oligo-1,2-Naphthylenes 

(Z)-4-(2-((4-(Bis(4-methoxyphenyl)amino)phenyl)(hydroxy)methyl)phenyl)but-3-en-1-ol (11) 

 

 

 

To a solution of (Z)-4-(2-bromophenyl)but-3-en-1-ol[65] (2.04 g, 9.00 mmol, 1.5 eq) in THF (30 mL) 

at 0 °C was added n-Bu2Mg (8.51 mL, 4.68 mmol, 0.78 eq) and the mixture was stirred at 0 °C for 

20 min. n-BuLi (6.20 mL, 9.36 mmol, 1.56 eq) was added dropwise and, after stirring for 1 h at 0 °C, 

a solution of 4-(bis(4-methoxyphenyl)amino)benzaldehyde 10 (2.00 g, 6.00 mmol, 1.0 eq) in THF 

(12 mL) was added. The mixture was stirred for 1 h while reaching 25 °C and added with aq. sat. 

NH4Cl (100 mL) and Et2O (120 mL). The aqueous layer was separated and extracted with Et2O  

(3 x 40 mL), the combined organic extracts were washed with brine (50 mL), dried over Na2SO4, 

filtered and the solvent was removed in vacuo. Purification by column chromatography  

(n-pentane:Et2O = 1:1 to 0:1) yielded the target diol 11 as a slightly yellow solid (2.23 g, 77%).  

TLC: Rf = 0.51 (n-pentane:Et2O = 1:3). 

Melting point: 51–55 °C. 

IR (neat, cm-1): 3352w, 3001w, 2356w, 2055w, 1605w, 1501s, 1236s, 1175w, 1106w, 1031m, 826m 

762w. 

1H NMR (500 MHz, C6D6, 298 K): δ = 7.66 (1H, d, 3J 7.7, C9H), 7.24 (2H, d, 3J 8.4, C13H), 7.13 

(1H, d, 3J 7.0, C6H), 7.11–7.05 (8H, m, C7H, C8H, C14H, C17H), 6.72 (4H, d, 3J 8.6, C18H), 6.62 

(1H, d, 3J 11.5, C4H), 5.91 (1H, s, C11H), 5.52 (1H, ddd, 3J 11.3, 7.5, 7.5, C3H), 3.30 (6H, s, C20H), 

3.19 (2H, dd, 3J 6.4, 6.2, C1H), 2.17–2.08 (6H, m, C2H), 2.05–1.96 (1H, m, C2H). 

13C NMR (126 MHz, C6D6, 298 K): δ = 156.4 (C19), 148.5 (C15), 143.1 (C10), 141.7 (C16), 136.3 

(C12), 136.0 (C5), 130.6 (C4), 130.4 (C3), 129.9 (C6), 128.3 (C13), 127.6 (C7/C8), 127.3 (C9), 127.1 

(C7/C8), 126.9 (C17), 121.1 (C14), 115.2 (C18), 73.0 (C11), 62.0 (C1), 55.0 (C20), 32.0 (C2). 

N

OMe

MeO
OH

HO

20

19

16

15

12 10

5

1



 81 

HRMS (ESI): m/z [C31H31NO4] = calc.: 504.2145 [M + Na]+, meas.: 504.2146 [M + Na]+. 

 

 

1-(4-(Bis(4-methoxyphenyl)amino)phenyl)-2-naphthaldehyde (12) 

 

 

 

Diol intermediate 11 (1.30 g, 2.70 mmol, 1.0 eq) was dissolved in CH3CN (130 mL). IBX (2.27 g, 

8.10 mmol, 3.0 eq) was added and the suspension was vigorously stirred at 50 °C for 3 h. The mixture 

was cooled to 25 °C, filtered through a plug of cotton and the solvent was evaporated in vacuo. The 

solid residue was suspended in CHCl3 (135 mL) and filtered again over cotton. To the clear filtrate 

was added DMF (43 mL), H2O (135 mL), rac-5-(2-pyrrolidinyl)-1H-tetrazole rac-Tet (150 mg, 1.08 

mmol, 40 mol%) and the biphasic mixture was stirred vigorously at 25 °C for 16 h. The layers were 

separated and the aqueous layer extracted with CH2Cl2 (2 x 75 mL). The solvent of the combined 

organic extracts was removed in vacuo and the liquid residue dissolved in Et2O (150 mL). The 

solution was washed with H2O (4 x 150 mL) and brine (150 mL). The solvent was dried over Na2SO4, 

filtered and removed in vacuo. The residue was dissolved in CHCl3 (135 mL) and Amberlite IRA-96 

was added (6.30 g, washed 2 x 10 mL with MeOH and 3 x 10 mL with CHCl3). The suspension was 

stirred at 25 °C for 2 h, filtered and the solvent was removed in vacuo, affording the crude aldehyde 

as a dark brown oil. Purification by column chromatography (n-pentane:Et2O = 1:1) yielded the target 

aldehyde 12 as a yellow solid (890 mg, 72% over two steps). 

TLC: Rf = 0.76 (n-pentane:Et2O = 2:1). 

Melting point: 73 °C (decomposition). 
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IR (neat, cm-1): 2835w, 1685m, 1602m, 1501s, 1461m, 1382w, 1284m, 1236s, 1179m, 1107w, 

1032m, 908w, 821s, 749m. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 10.01 (1H, d, 3J 0.7, C1H), 8.04 (1H, d, 3J 8.6, C3H),  

7.92–7.88 (2H, m, C6H, C9H), 7.87 (1H, d, 3J 8.4, C4H), 7.62 (1H, ddd, 3J 8.2, 6.9, 4J 1.3, C7H), 

7.50 (1H, ddd, 3J 8.3, 7.1, 4J 1.4, C8H), 7.20–7.16 (6H, m, C13H, C17H), 7.06–7.02 (2H, m, C14H), 

6.92–6.88 (4H, m, C18H), 3.82 (6H, s, C20H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 149.1 (C15), 147.1 (C11), 140.6 (C16), 136.3 (C5), 132.9 

(C10), 132.0 (C13), 131.6 (C2), 128.8 (C7), 128.4 (C6), 128.1 (C4), 128.0 (C9), 127.3 (C17), 126.8 

(C8), 126.0 (C12), 122.4 (C3), 119.0 (C14), 115.0 (C18), 55.6 (C20). 

HRMS (ESI): m/z [C31H25NO3] = calc.: 459.1829 [M]•+, meas.: 459.1827 [M]•+. 

 

 

(Z)-4-(2-((1-(4-(Bis(4-methoxyphenyl)amino)phenyl)naphthalen-2-yl)(hydroxy)methyl)phenyl) 

but-3-en-1-ol (13) 

 

 

 

To a solution of (Z)-4-(2-bromophenyl)but-3-en-1-ol[65] (627 mg, 2.76 mmol, 1.5 eq) in THF  

(7.0 mL) at 0 °C was added n-Bu2Mg (2.61 mL, 1.44 mmol, 0.78 eq) and the mixture was stirred at 

0 °C for 20 min. n-BuLi (1.91 mL, 2.87 mmol, 1.56 eq) was added dropwise and, after stirring for  

1 h at 0 °C, a solution of aldehyde 12 (846 mg, 1.84 mmol, 1.0 eq) in THF (2 mL) was added. The 

mixture was stirred for 1 h while reaching 25 °C and added with aq. sat. NH4Cl (40 mL) and Et2O 

(40 mL). The aqueous layer was separated and extracted with Et2O (3 x 40 mL), the combined organic 

extracts were washed with brine (40 mL), dried over Na2SO4, filtered and the solvent was removed 
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in vacuo. Purification by column chromatography (n-pentane:Et2O = 1:1 to 0:1) yielded the target 

diol 13 as a slightly yellow solid (846 mg, 76%).  

TLC: Rf = 0.70 (n-pentane:Et2O = 1:3). 

Melting point: 87–91 °C. 

IR (neat, cm-1): 3349w, 2949w, 2358w, 1604w, 1501s, 1462w, 1385w, 1236s, 1177w, 1106w, 823m, 

756w. 

1H NMR (500 MHz, C6D6, 298 K): δ = 8.19 (1H, d, 3J 8.6, C13H), 7.81–7.77 (2H, m, C14H, C19H), 

7.71 (1H, dd, 3J 8.0, 4J 1.0, C16H), 7.48–7.44 (1H, m, C9H), 7.26 (1H, ddd, 3J 8.1, 6.8, 4J 1.3, C17H), 

7.23–7.19 (5H, m, C18H, C27H), 7.16 (1H, dd, 3J 8.3, 4J 2.5, C24H/C24’H), 7.09 (1H, dd, 3J 8.4, 4J 

2.1, C23H/C23’H), 7.06–7.01 (3H, m, C6H, C7H, C8H), 6.93 (1H, dd, 3J 8.4, 4J 2.4, C24H, C24’H), 

6.81–6.77 (4H, m, C28H), 6.61 (1H, dd, 3J 8.4, 4J 2.0, C23H/C23’H), 6.30 (1H, d, 3J 11.5, C4H), 

6.28 (1H, s, C11H), 5.54–5.47 (1H, m, C3H), 3.98 (1H, s, OH), 3.33 (6H, s, C30H), 3.21–3.10 (2H, 

m, C1H), 2.29–2.19 (1H, m, C2H), 2.00 (1H, s, OH), 1.83–1.74 (1H, m, C2H). 

13C NMR (126 MHz, C6D6, 298 K): δ = 156.6 (C29), 148.4 (C25), 143.6 (C10), 141.6 (C26), 139.4 

(C12), 138.2 (C21), 137.0 (C5), 134.0 (C20), 133.6 (C15), 132.0 (C23), 131.2 (C4), 131.0 (C23’), 

130.9 (C3), 129.6 (C6/C7/C8), 128.6 (C22), 128.4 (C9), 128.3 (C16), 127.8 (C6/C7/C8), 127.5 (C14), 

127.2 (C19), 127.2 (C6/C7/C8), 127.0 (C27), 126.1 (C18), 125.8 (C17), 125.3 (C13), 121.0 (C24’), 

120.7 (C24), 115.3 (C28), 70.7 (C11), 61.6 (C1), 55.1 (C30), 31.6 (C2). 

HRMS (ESI): m/z [C41H37NO4] = calc.: 630.2615 [M + Na]+, meas.: 630.2614 [M + Na]+. 
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(Sa)-14 

 

 

 

Diol intermediate 13 (835 mg, 1.37 mmol, 1.0 eq) was dissolved in CH3CN (68 mL). IBX (1.15 g, 

4.11 mmol, 3.0 eq) was added and the suspension was vigorously stirred at 50 °C for 3 h. The mixture 

was cooled to 25 °C, filtered through a plug of cotton and the solvent was evaporated in vacuo. The 

solid residue was suspended in CHCl3 (68 mL) and filtered again over cotton. To the clear filtrate 

was added DMF (22 mL), citrate buffer (pH = 5, 68 mL), (S)-5-(2-pyrrolidinyl)-1H-tetrazole (S)-Tet 

(76.3 mg, 548 µmol, 40 mol%) and the biphasic mixture was stirred vigorously at 25 °C for 16 h. The 

layers were separated and the aqueous layer extracted with CH2Cl2 (2 x 150 mL). The solvent of the 

combined organic extracts was removed in vacuo and the liquid residue dissolved in Et2O (150 mL). 

The solution was washed with H2O (4 x 150 mL) and brine (150 mL). The solvent was dried over 

Na2SO4, filtered and removed in vacuo. The residue was dissolved in CHCl3 (68 mL) and Amberlite 

IRA-96 was added (8.35 g, washed 2 x 10 mL with MeOH and 3 x 10 mL with CHCl3). The 

suspension was stirred at 25 °C for 6 h, filtered and the solvent was removed in vacuo, affording the 

crude aldehyde as a dark brown oil. Purification by column chromatography (n-pentane:Et2O = 1:1) 

yielded the target aldehyde (Sa)-14 as a yellow solid (516 mg, 64% over two steps). 

TLC: Rf = 0.62 (n-pentane:Et2O = 2:1). 

[⍺]D = –279 (c 0.5, CHCl3). 

Melting point: 103–106 °C. 

IR (neat, cm-1): 2952w, 2836w, 1692m, 1606w, 1504s, 1241s, 1037w, 826m, 754m. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 9.87 (1H, d, 4J 0.8, C1H), 8.01 (1H, d, 3J 8.2, C16H), 7.99 

(1H, d, 3J 8.3, C14H), 7.92 (1H, d, 3J 8.5, C3H), 7.89–7.85 (2H, m, C6H, C19H), 7.83 (1H, d, 3J 8.6, 

C4H), 7.64–7.58 (2H, m, C9H, C17H), 7.56 (1H ddd, 3J 8.2, 6.9, 4J 1.3, C7H), 7.54–7.50 (2H, m, 
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C13H, C18H), 7.39 (1H, ddd, 3J 8.3, 7.0, 4J 1.4, C8H), 6.94 (1H, dd, 3J 8.5, 4J 2.1, C23H), 6.87–6.83 

(4H, m, C27H), 6.78–6.72 (5H, m, C24H, C28H), 6.55 (1H, dd, 3J 8.6, 4J 2.3, C23’H), 6.42 (1H, dd, 
3J 8.4, 4J 2.4, C24’H), 3.77 (6H, s, C30H). 

13C NMR (126 MHz, C6H6, 298 K): δ = 192.5 (C1), 155.8 (C29), 147.6 (C25), 146.7 (C11), 140.9 

(C26), 140.7 (C21), 136.0 (C5), 133.8 (C15), 133.1 (C10), 132.8 (C20), 132.0 (C12), 131.0 (C23), 

130.9 (C2), 130.3 (C23’), 130.1 (C22), 128.7 (C13), 128.7 (C7), 128.3 (C16), 128.3 (C6), 128.2 (C9), 

128.1 (C4), 127.2 (C14), 127.1 (C19), 126.9 (C18), 126.8 (C8), 126.6 (C17), 126.4 (C27), 121.9 (C3), 

120.1 (C24’), 120.0 (C24), 114.7 (C28), 55.6 (C30). 

HRMS (ESI): m/z [C41H31NO3] = calc.: 585.2298 [M]•+, meas.: 585.2301 [M]•+. 

HPLC: a >99:1 ratio of the (Sa) enantiomer was determined using a Chiralcel AD-H column  

(1.0 mLmin–1, n-heptane:i-PrOH = 90:10). (Sa) tR = 10.1 min and (Ra) tR = 11.5 min. 

 

 

(Z,Sa)-4-(2-((1'-(4-(Bis(4-methoxyphenyl)amino)phenyl)-[1,2'-binaphthalen]-2-yl)(hydroxy) 

methyl)phenyl)but-3-en-1-ol (15) 

 

 

 

(Z)-4-(2-bromophenyl)but-3-en-1-ol[65] (270 mg, 1.19 mmol, 1.5 eq) was dissolved in THF (3.0 mL) 

and cooled to 0 °C. n-Bu2Mg (1.12 mL, 618 µmol, 0.78 eq) was added and the mixture was stirred at 

0 °C for 20 min. n-BuLi (824 µL, 1.24 mmol, 1.56 eq) was added dropwise and after stirring for 1 h 

at 0 °C, to the reaction mixture was added a solution of aldehyde (Sa)-14 (464 mg, 792 µmol, 1.0 eq) 

in THF (800 µL) and it was stirred for 1 h while reaching 25 °C. To the solution was added aq. sat. 

NH4Cl (25 mL) and Et2O (25 mL). The aqueous layer was separated and extracted with Et2O (3 x 25 

mL), the combined organic extracts were washed with brine (25 mL), dried over Na2SO4, filtered and 
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the solvent was removed in vacuo. Purification by column chromatography (n-pentane:Et2O = 1:1 to 

0:1) yielded the target diol 15 as a slightly yellow solid (480 mg, 83%).  

TLC: Rf = 0.62 (Cy:AcOEt = 1:1). 

[⍺]D = –165 (c 1.0, CHCl3). 

Melting point: 111–113 °C. 

IR (neat, cm-1): 3389br, 3054w, 2949w, 1604w, 1502s, 1462m, 1378w, 1318m, 1281m, 1237s, 

1177m, 1107w, 1033s, 823s, 750m 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.18 (1H, d, 3J 8.1, C29H), 8.05 (1H, d, 3J 8.6, C13H), 7.71 

(1H, d, 3J 7.9, C26H), 7.67 (1H, d, 3J 8.6, C14H), 7.64–7.59 (2H, m, C9H, C16H), 7.54 (1H, dd, 3J 

8.4, 4J 2.2, C33H), 7.50–7.45 (2H, m, C19H, C24H), 7.34–7.27 (2H, m, C27H, C28H), 7.22 (1H, 

ddd, 3J 8.1, 6.9, 4J 1.3, C17H), 7.13 (1H, ddd, 3J 8.2, 6.9, 4J 1.4, C18H), 7.10–7.03 (3H, m, C7H, 

C8H, C34H), 7.02–6.98 (2H, m, C6H, C23H), 6.94–6.85 (5H, m, C33’H, C37H), 6.66–6.62 (4H, m, 

C38H), 6.56 (1H, dd, 3J 8.6, 4J 2.5, C34’H), 6.20 (1H, s, C11H), 5.96 (1H, d, 3J 11.5, C4H), 5.20 

(1H, ddd, 3J 11.3, 9.2, 4J 5.8, C3H), 3.28 (6H, s, C40H), 2.99–2.86 (2H, m, C1H), 2.07–1.98 (1H, m, 

C2H), 1.63–1.54 (1H, m, C2H) 

13C NMR (126 MHz, C6D6, 298 K): δ = 156.5 (C39), 148.4 (C35), 143.0 (C10), 141.2 (C36), 139.1 

(C31), 139.0 (C12), 137.3 (C21), 137.0 (C5), 135.5 (C22) 134.0 (C20), 134.0 (C25), 133.6 (C30), 

133.3 (C15), 131.6 (C33), 131.4 (C33’), 130.9 (C4), 130.5 (C32), 130.4 (C3), 130.1 (C23), 129.6 

(C6), 128.5 (C26), 128.4 (C16), 128.3 (C9), 128.1 (C14), 127.5 (C29), 127.4 (C19), 127.4 (C8), 127.1 

(C7), 127.1 (C24), 127.0 (C37), 126.5 (C28), 126.2 (C18), 126.2 (C27), 125.7 (C17), 125.6 (C13), 

120.2 (C34’), 119.8 (C34), 115.1 (C38), 70.7 (C11), 61.7 (C1), 55.0 (C40), 31.5 (C2). 

HRMS (ESI): m/z [C51H43NO4] = calc.: 756.3084 [M + Na]+, meas.: 756.3075 [M + Na]+. 
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(Z,Ra,Sa)-1''-(4-(Bis(4-methoxyphenyl)amino)phenyl)-[1:2']-ternaphthalene-2-carbaldehyde 

(Ra,Sa)-16 

 

 

 

Diol intermediate 15 (50.0 mg, 68.1 µmol, 1.0 eq) was dissolved in CH3CN (340 µL). IBX (57.2 mg, 

204 µmol, 3.0 eq) was added and the suspension was vigorously stirred at 50 °C for 2 h. The mixture 

was cooled to 25 °C, filtered through a plug of cotton and the solvent was evaporated in vacuo. The 

solid residue was suspended in CHCl3 (340 µL) and filtered again over cotton. To the keto-aldehyde 

solution, aq. KOH (1.0 molL–1, 340 µL) was added. The mixture was stirred for 2 h at 25 °C, aq. sat. 

NH4Cl (5.0 mL) and H2O (5.0 mL) were added, the layers were separated and the aq. layer was 

extracted with CH2Cl2 (2 x 10 mL). The combined organic layers were dried over Na2SO4, filtered 

and concentrated in vacuo. Purification by column chromatography (n-pentane:Et2O = 5:1) yielded 

the aldol condensation product (Ra,Sa)-16 as a yellow solid (21.0 mg, 43% over two steps,  

d.r. = 95:5). 

TLC: Rf = 0.44 (Cy:AcOEt = 4:1). 

[⍺]D = –84.7 (c 1.0, CHCl3). 

Melting point: 160–162 °C. 

IR (neat, cm-1): 3054w, 2952w, 2835w, 1688m, 1603m, 1503s, 1374w, 1286m, 1239s, 1179w, 

1107w, 1035m, 909m, 823s, 731s, 647w. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.57 (1H, d, 4J 0.7, C1H), 8.00 (1H, d, 3J 8.3, C16H), 7.93 

(1H, d, 3J 8.5, C14H), 7.78 (1H, d, 3J 8.6, C3H), 7.70–7.60 (5H, m, C4H, C6H, C9H, C26H, C29H), 

7.58 (1H, ddd, 3J 8.1, 6.8, 4J 1.2, C17H), 7.55–7.52 (2H, m, C19H, C24H), 7.49 (1H, d, 3J 8.5, C23H), 
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7.45 (1H, ddd, 3J 8.3, 6.8, 4J 1.4, C18H), 7.40 (1H, ddd, 3J 8.1, 6.9, 4J 1.2, C7H), 7.38–7.31 (2H, m, 

C8H, C27H), 7.29 (1H, d, 3J 8.4, C13H), 7.28–7.24 (1H, m, C28H), 7.24–7.16 (4H, m br, 

C37H/C38H), 6.89–6.84 (4H, m br, C37H/C38H), 6.79–6.73 (1H, m br, C33H/C34H), 6.54–6.48 

(1H, m br, C33H/C34H), 6.40–6.31 (1H, m br, C33H/C34H), 3.80 (6H, s, C40H). Observed line-

broadening due to triarylamine rotation. 

13C NMR (126 MHz, CDCl3, 298 K): δ = 192.5 (C1), 156.3 (C39), 148.1 (C35), 145.1 (C11), 140.7 

(C36), 139.6 (C21), 138.8 (C31), 135.4 (C5), 134.7 (C20), 134.0 (C22), 133.3 (C15, C25), 132.9 (C2, 

C30), 132.6 (C32/C33/C33’), 132.0 (C12), 131.3 (C10), 130.6 (C23), 130.5 (C32/C33/C33’), 130.0 

(C13), 128.5 (C9), 128.4 (C16), 128.3 (C4), 128.2 (C7), 128.0 (C6), 127.9 (C26), 127.8 

(C32/C33/C33’), 127.5 (C14), 127.4 (C19), 127.1 (C18), 126.9 (C29), 126.5 (C17), 126.0 (C24), 

125.9 (C8), 125.8 (C28), 125.8 (C37), 125.7 (C27), 122.0 (C3), 118.2 (C34/C34’), 118.0 (C34/C34’), 

114.8 (C38), 55.6 (C40). Observed line-broadening due to triarylamine rotation. 

HRMS (ESI): m/z [C51H37NO3] = calc.: 734.2666 [M + Na]+, meas.: 734.2669 [M + Na]+. 

 

 

(Z,Ra,Sa)-1''-(4-(Bis(4-methoxyphenyl)amino)phenyl)-[1:2']-ternaphthalene-2-carbaldehyde 

(Sa,Sa)-17 

 

 

 

Diol intermediate 15 (147 mg, 200 µmol, 1.0 eq) was dissolved in CH3CN (10 mL). IBX (168 mg, 

600 µmol, 3.0 eq) was added and the suspension was vigorously stirred at 50 °C for 2 h. The mixture 

was cooled to 25 °C, filtered through a plug of cotton and the solvent was evaporated in vacuo. The 

solid residue was suspended in CHCl3 (10 mL) and filtered again over cotton. To the keto-aldehyde 
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solution N-benzylcinchonium chloride Cat. A (8.42 mg, 20.0 µmol, 10 mol%) and aq. KOH  

(1.0 molL–1, 570 µL) were added. The mixture was stirred for 16 h at 25 °C, H2O (10 mL) was added, 

the layers were separated and the aq. layer was extracted with CH2Cl2 (2 x 10 mL). The combined 

organic layers were dried over Na2SO4, filtered and concentrated in vacuo. Purification by preparative 

TLC (n-pentane:Et2O = 2:1) yielded a mixture of (Ra,Sa)-16 and (Sa,Sa)-17 (21.0 mg, 43% over two 

steps, d.r. = 35:65). Diastereomerically pure material was obtained by preparative TLC  

(Cy:EtOAc = 4:1). 

TLC: Rf = 0.40 (Cy:AcOEt = 4:1). 

[⍺]D = –272.1 (c 0.2, CHCl3). 

IR (neat, cm-1): 3054w, 2928w, 2849w, 1678m, 1604m, 1503s, 1462w, 1379w, 1239s, 1180w, 

1104w, 1034m, 909m, 824s, 731s. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 9.93 (1H, d, 4J 0.9, C1H), 8.01 (1H, dd, 3J 8.5, 4J 1.1, 

C16H), 7.97 (1H, d, 3J 8.3, C14H), 7.81 (1H, d, 3J 8.1, C26H), 7.79 (1H, d, 3J 8.5, C24H), 7.71–7.67 

(2H, m, C3H, C6H), 7.64 (1H, d, 3J 8.8, C4H), 7.61–7.56 (2H, m, C17H, C19H), 7.48–7.43 (2H, m, 

C13H, C18H), 7.42–7.36 (4H, m, C7H, C23H, C27H, C29H), 7.25–7.21 (2H, m, C8H, C28H),  

7.07–7.02 (4H, m, C37H), 6.92 (1H, d, 3J 8.6, C9H), 6.86–6.81 (4H, m, C38H), 6.51 (dd, 3J 8.4, 4J 

1.9, C33H), 6.41 (1H, dd, 3J 8.4, 4J 2.4, C34H) 5.80 (1H, dd, 3J 8.4, 4J 2.3, C34’H) 5.44 (1H, dd, 3J 

8.4, 4J 1.9, C33’H), 3.80 (6H, s, C40H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 192.4 (C1), 156.2 (C39), 147.1 (C35), 145.7 (C11), 141.1 

(C21), 140.6 (C36), 138.9 (C31), 136.1 (C5), 134.6 (C20), 133.9 (C22), 133.4 (C25), 133.4 (C15), 

133.1 (C30), 132.9 (C10), 131.8 (C33’), 131.7 (C12), 130.5 (C2), 130.2 (C23), 129.9 (C33), 129.4 

(C13), 128.6 (C32), 128.3 (C16), 128.2 (C26), 128.1 (C4), 128.1 (C7), 127.9 (C6, C9), 127.8 (C19), 

127.3 (C37), 127.0 (C14), 126.9 (C18, C24, C29), 126.7 (C8), 126.6 (C17), 125.9 (C28), 125.8 (C27), 

121.9 (C3), 117.5 (C34), 117.4 (C34’), 114.8 (C38), 55.6 (C40).  

HRMS (ESI): m/z [C51H37NO3] = calc.: 734.2666 [M + Na]+, meas.: 734.2669 [M + Na]+. 
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4-(2-([2,2'-Bipyridin]-5-ylethynyl)naphthalen-1-yl)-N,N-bis(4-methoxyphenyl)aniline (BPY 1) 

 

 

 

To a mixture of aldehyde 12 (92.0 mg, 200 µmol, 1.0 eq) and K2CO3 (82.9 mg, 600 µmol, 3.0 eq) in 

dry THF/MeOH (1:1, 3.0 mL) was added the Bestmann-Ohira reagent (60 µL, 76.8 mg, 400 µmol, 

2.0 eq). The reaction was stirred at room temperature for 3 h (monitored via TLC n-pentane/Et2O 2:1) 

and diethyl ether was added. The mixture was washed with sat. aq. NaHCO3 and dried over Na2SO4. 

Filtration and removal of the organic layer in vacuo afforded compound ALK 1 as a pale white foam 

(89.0 mg, 98% yield), which was used in the next step without further purification.  

Under an atmosphere of argon, Pd(PPh3)4 (6.76 mg, 5.85 µmol, 3 mol%) and CuI (1.11 mg, 5.85 

µmol, 3 mol%) were added to a mixture of 5-bromo-2,2'-bipyridine (55.0 mg, 234 µmol, 1.2 eq) and 

alkyne ALK 1 (89.0 mg, 195 µmol, 1 eq) in diisopropylamine (300 µl) and dry toluene (700 µl). The 

reaction mixture was stirred at 65 °C for 14 h. The mixture was cooled to room temperature, Et2O 

was added and the organic phase was washed twice with 1 molL–1 HCl. The organic layer was dried 

over Na2SO4, filtered and removed in vacuo. The residue was purified by column chromatography 

(Toluene:AcOEt = 20:1 + 2% Et3N), yielding compound BPY 1 as a yellow solid (47 mg, 38% over 

2 steps). 

TLC: Rf = 0.12 (Toluene:AcOEt = 20:1 + 2% Et3N) 

Melting point: 148–151 °C. 

IR (neat, cm-1): 3051w, 2944w, 2830w, 2358w, 1590w,1500s, 1455m, 1377w, 1236s, 1172m, 

1110w, 1038m, 920w, 819s, 739s. 

1H NMR (500 MHz, C6D6, 298 K): δ = 8.82 (1H, dd, 3J 2.1, 4J 0.82), 8.68 (1H, td, 3J 8.0, 4J 1.0), 

8.66 (1H, dd, 3J 8.0, 4J 0.80), 8.48 (1H, ddd, 3J 4.8, 4J 0.88, 0.87), 8.04 (1H, d, 3J 8.1), 7.69 (1H, d, 
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3J 8.4), 7.60 (1H, d, 3J 8.0), 7.52 (1H, d, 3J 8.5), 7.51 (1H, dd, 3J 8.3, 4J 2.1), 7.35 (2H, d, 3J 8.6), 

7.26–7.16 (9H, m), 6.84 (4H, d, 3J 8.9), 6.66 (1H, ddd, 3J 7.2, 4.6, 4J 1.2), 3.35 (6H, s). 

13C NMR (101 MHz, C6D6, 298 K): δ = 156.5, 156.0, 155.0, 152.0, 149.2, 149.0, 144.3, 141.5, 138.8, 

136.5, 133.9, 133.0, 131.9, 131.0, 128.3, 127.6, 127.3, 127.0, 126.7, 123.6, 121.2, 121.1, 120.7, 120.4, 

120.2, 115.2, 95.2, 90.8, 54.9 

HRMS (ESI): m/z [C42H31N3O2] = calc.: 610.2489 [M + H]+, meas.: 610.2483 [M + H]+. 

 

 

Ru(bpy)32+-(1,2-naphthylene)-triarylamine (W1) 

 

 

 

Bipyridine compound BPY 1 (20.0 mg, 32.8 µmol, 1.0 eq) and [Ru(bpy)2Cl2] • 2H2O (51.2 mg, 98.4 

µmol, 3.0 eq) were dissolved in (CH2OH)2 (4.0 mL) and 1,2-dichloroethane (1.0 mL), and were 

stirred for 16 h at 80 °C. Water and conc. aq. KPF6 solution were added and the mixture was extracted 

three times with CH2Cl2. The combined organic layers were dried over Na2SO4, filtered and 

evaporated in vacuo. The residue was purified by column chromatography (eluting with acetone first, 

followed by acetone:H2O = 20:1 and acetone:H2O:KNO3 = 100:10:1). The organic solvent of the 

combined orange fractions was removed in vacuo and a saturated aqueous solution of KPF6 was 

added (the complex precipitates). The suspension was extracted three times with CH2Cl2, dried over 

Na2SO4, filtered and evaporated. The residue was washed with pentane three times, affording the 

pure target compound W1 as a dark orange solid (10 mg, 23%). 
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IR (neat, cm-1): 2924w, 2360w, 2222w, 1699w, 1603m, 1464w, 1503m, 1239m, 1166w, 1030w, 

834s, 762m. 

1H NMR (600 MHz, acetone-d6, 298 K): δ = 8.88–8.81 (4H, m), 8.78 (2H, t, 3J 7.4), 8.27–8.16 (6H, 

m), 8.09–8.03 (4H, m), 8.01 (1H, d, 3J 5.4), 7.98 (1H, d, 3J 8.2), 7.91 (1H, d, 3J 8.5), 7.89 (1H, dd, 3J 

8.4, 4J 1.8), 7.78 (1H, d, 3J 8.6), 7.63–7.57 (5H, m), 7.56–7.49 (2H, m), 7.47 (1H, d, 3J 8.6), 7.29–

7.23 (2H, m), 7.17 (4H, d, 3J 9.0), 7.02–6.98 (2H, m), 6.96 (4H, d, 3J 9.0), 3.81 (6H, s). 

13C NMR (151 MHz, acetone-d6, 298 K): δ = 158.3, 158.2, 157.7, 157.6, 157.1, 153.8, 153.2, 153.0, 

152.8, 152.7, 149.7, 145.1, 141.5, 140.4, 139.2, 139.1, 135.0, 133.1, 132.2, 130.3, 129.2, 129.0, 128.9, 

128.8, 128.6, 128.4, 128.1, 127.9, 127.6, 125.9, 125.6, 125.5, 125.1, 124.9, 119.9, 118.9, 115.9, 98.8, 

88.3, 55.9. 

HRMS (ESI): m/z [C62H47N7O2Ru]2+ = calc.: 511.6420 [M]2+, meas.: 511.6414 [M]2+. 

 

 

(Sa)-4-(2-([2,3'-Bipyridin]-6'-ylethynyl)-[1,2'-binaphthalen]-1'-yl)-N,N-bis(4-

methoxyphenyl)aniline (BPY 2) 

 

 

 

To a mixture of aldehyde (Sa)-14 (129.0 mg, 220 µmol, 1.0 eq) and K2CO3 (91.2 mg, 660 µmol,  

3.0 eq) in dry THF/MeOH (1:1, 3.0 mL) was added the Bestmann-Ohira reagent (66 µL, 84.5 mg, 

440 µmol, 2.0 eq). The reaction was stirred at room temperature for 3 h (monitored via TLC  

n-pentane:Et2O = 2:1) and diethyl ether was added. The mixture was washed with sat. aq. 

NaHCO3 and dried over Na2SO4. Filtration and removal of the organic layer in vacuo afforded 

compound ALK 2 as a pale white foam, which was used in the next step without further purification. 

N

N

N

OMe
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Following a literature procedure,[129] a mixture of piperidine (43.1 µL, 37.1 mg, 436 µmol, 2.0 eq), 

PdCl2 (1.93 mg, 10.9 µmol, 5 mol%), PPh3 (5.72 mg, 21.8 µmol, 10 mol%), distilled H2O (1.0 mL), 

and acetone (1.28 mL) was stirred for 5 min under argon. Under the same argon atmosphere, 5-

bromo-2,2'-bipyridine (61.5 mg, 262 µmol, 1.2 eq) and the terminal alkyne ALK 2 (127 mg,  

218 µmol, 1.0 eq) were introduced, and the mixture was heated to 60 °C for 36 h. The reaction 

solution was cooled to room temperature and extracted with Et2O. The organic extracts were washed 

three times with 1 molL–1 HCl and once with sat. aq. NaHCO3. Upon drying of the organic layer over 

Na2SO4, filtration and evaporation in vacuo, the residue was purified via column chromatography 

over silica (n-pentane:AcOEt = 2:1 + 2% Et3N), affording compound BPY 2 as a yellow solid  

(45 mg, 28% over 2 steps). 

TLC: Rf = 0.28 (n-pentane:AcOEt = 2:1 + 2% Et3N). 

Melting point: 128–130 °C. 

[⍺]D = +2002 (c 0.1, CHCl3). 

IR (neat, cm-1): 3049w, 2926w, 2338w, 1604w, 1502s, 1457m, 1376w, 1238s, 1178w, 1105w, 

1034m, 821s, 746s. 

1H NMR (600 MHz, C6D6, 298 K): δ = 8.49 (1H, dd, 3J 2.1, 4J 0.78), 8.46 (1H, d, 3J 7.9), 8.41 (1H, 

ddd, 3J 4.7, 3J 1.7, 4J 0.9), 8.36 (1H, d, 3J 8.2), 8.14 (1H, d, 3J 8.5), 7.77 (1H, d, 3J 8.1), 7.74 (1H, d, 
3J 8.3), 7.57–7.52 (2H, m), 7.51–7.46 (3H, m), 7.40 (1H, d, 3J 8.3), 7.32 (1H, ddd, 3J 8.4, 3J 7.6, 4J 

1.1), 7.26 (1H, ddd, 3J 8.4, 3J 7.6, 4J 1.4), 7.16–7.12 (2H, m, solvent overlap), 7.11–7.06 (3H, m), 

7.00 (1H, dd, 3J 8.5, 4J 2.1), 6.83 (1H, dd, 3J 8.5, 4J 2.5), 6.81 (4H, d, 3J 9.1), 6.68 (1H, dd, 3J 8.4, 4J 

2.5), 6.59 (4H, d, 3J 9.0), 3.24 (6H, s). 

13C NMR (151 MHz, C6D6, 298 K): δ = 156.0, 155.6, 154.7, 151.3, 148.9, 147.7, 144.5, 140.9, 139.8, 

138.6, 136.1, 135.8, 133.8, 133.3, 133.1, 132.5, 131.4, 130.8, 130.7, 128.8, 128.1, 127.8, 127.7, 127.5, 

127.4, 127.2, 127.1, 126.5, 126.4, 126.3, 126.0, 123.3, 121.0, 120.8, 120.3, 120.1, 119.6, 119.3, 114.6, 

94.7, 91.3, 54.6. 

HRMS (ESI): m/z [C52H37N3O2] = calc.: 736.2959 [M + H]+, meas.: 736.2952 [M + H]+. 
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(Sa)-Ru(bpy)32+-(1,2-naphthylene)2-triarylamine (W2) 

 

 

 

Bipyridine compound BPY 2 (45.0 mg, 61.2 µmol, 1.0 eq) and [Ru(bpy)2Cl2] · 2H2O (95.5 mg,  

184 µmol, 3.0 eq) were dissolved in (CH2OH)2 (3.0 mL) and 1,2-dichloroethane (1.0 mL), and stirred 

for 16 h at 80 °C. Water and conc. aq. KPF6 solution were added and the mixture was extracted three 

times with CH2Cl2. The combined organic layers were dried over Na2SO4, filtered and evaporated in 

vacuo. The residue was purified by column chromatography (eluting with acetone first, followed by 

acetone:H2O = 20:1 and acetone:H2O:KNO3 = 100:10:1). The organic solvent of the combined orange 

fractions was removed in vacuo and a saturated aqueous solution of KPF6 was added (the complex 

precipitates). The suspension was extracted three times with CH2Cl2, dried over Na2SO4, filtered and 

evaporated. The residue was washed with pentane three times, affording the target compound W2 as 

a dark orange solid as a 1:1 mixture of (Sa)-Λ and (Sa)-Δ diastereomers (65 mg, 74%). 

IR (neat, cm-1): 3056w, 2210w, 1706w, 1603w, 1503m, 1464w, 1374w, 1238m, 1175w, 1121w, 

1031w, 829s, 759m. 

 1H NMR (600 MHz, acetone-d6, 298 K): δ = 8.82–8.76 (4H, m), 8.75–8.70 (2H, m), 8.68 (1H, d, 3J 

8.2), 8.65–8.59 (3H, m), 8.54 (1H, d, 3J 8.2), 8.49 (1H, d, 3J 8.2), 8.23–8.11 (11H, m), 8.10–8.03 (5H, 

m), 8.02–7.92 (10H, m), 7.89 (2H, d, 3J 8.4), 7.85 (1H, d, 3J 8.4), 7.82 (1H, d, 3J 8.2), 7.77–7.60 (8H, 

m), 7.58–7.38 (20H, m), 6.89 (1H, dd, 3J 8.2, 4J 2.1), 6.86–6.78 (18H, m), 6.76 (1H, dd, 3J 8.3, 4J 

1.8), 6.48–6.40 (4H, m), 3.77 (6H, s), 3.76 (6H, s). 

13C NMR (151 MHz, acetone-d6, 298 K): δ = 157.2, 157.1, 157.0, 156.9, 156.6, 156.1, 152.3, 152.2, 

152.1, 151.9, 151.8, 151.7, 147.7, 144.5, 144.3, 140.7, 139.6, 139.5, 139.3, 138.2, 138.1, 138.0, 135.2, 

135.1, 133.6, 133.5, 133.4, 132.7, 132.1, 132.0, 130.8, 130.7, 130.5, 130.2, 128.3, 128.2, 128.2, 128.0, 
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127.9, 127.8, 127.7, 127.4, 127.3, 127.2, 127.1, 126.9, 126.8, 126.6, 126.5, 126.4, 126.2, 124.8, 124.4, 

124.3, 124.2, 123.9, 123.8, 119.4, 119.3, 119.2, 118.9, 114.6, 97.7, 97.5, 87.7, 87.6, 54.9. 

HRMS (ESI): m/z [C72H53N7O2Ru]2+ = calc.: 574.6656 [M]2+, meas.: 574.6661 [M]2+. 

 

 

(Sa,Sa)-4-(2-Ethynyl-[1,2':1',2''-ternaphthalen]-1''-yl)-N,N-bis(4-methoxyphenyl)aniline  

(ALK 3) 

 

 

 

To a mixture of aldehyde (Sa,Sa)-17 (98.0 mg, 138 µmol, 1.0 eq) and K2CO3 (57.2 mg, 414 µmol,  

3.0 eq) in dry THF/MeOH (1:1, 3.0 mL) was added the Bestmann-Ohira reagent (41.4 µL, 53.0 mg, 

276 µmol, 2.0 eq). The reaction was stirred at room temperature for 3 h (monitored via TLC  

n-pentane:Et2O = 2:1) and diethyl ether was added. The mixture was washed with sat. aq. 

NaHCO3 and dried over Na2SO4. Filtration and removal of the organic layer in vacuo delivered a 

residue, which was purified via column chromatography (neutral Alox, n-pentane:toluene = 2:1), 

affording the pure compound ALK 3 as a white foam (92 mg, 94%). 

TLC: Rf = 0.39 (n-pentane:Et2O = 2:1). 

Melting point: 148–152 °C. 

IR (neat, cm-1): 3283w, 3052w, 2950w, 1604w, 1501s, 1376w, 1237s, 1178w, 1105w, 1033m, 959w, 

819s, 747m, 628w. 

1H NMR (600 MHz, C6D6, 298 K): δ = 8.25 (1H, d, 3J 8.5), 7.79 (1H, d, 3J 8.5), 7.73, (1H, d, 3J 8.5), 

7.72 (1H, d, 3J 8.3), 7.66 (1H, d, 3J 8.0), 7.64–7.60 (2H, m), 7.35–7.25 (5H, m), 7.24–7.19 (2H m), 
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(Sa)

N
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7.18–7.11 (2H, m, solvent overlap), 7.10–6.97 (8H, m), 6.66 (4H, d, 3J 8.9), 6.44 (1H, dd, 3J 8.4, 4J 

2.5), 6.14 (1H, dd, 3J 8.4, 4J 2.0), 3.29 (6H, s), 2.59 (1H, s). 

13C NMR (151 MHz, C6D6, 298 K): δ = 157.0, 148.0, 144.3, 141.5, 140.4, 139.3, 138.2, 136.2, 135.8, 

135.6, 134.4, 134.0, 133.8, 133.8, 133.5, 133.3, 132.0, 131.0, 130.2, 129.7, 128.9, 128.8, 128.7, 128.1, 

128.0, 127.8, 127.7, 127.2, 127.1, 126.8, 126.6, 126.6, 126.4, 126.2, 126.2, 126.0, 120.8, 119.0, 118.7, 

115.5, 115.3, 85.7, 82.6, 55.3. 

HRMS (ESI): m/z [C52H37NO2] = calc.: 707.2819 [M]·+, meas.: 707.2805 [M]·+. 

 

 

(Sa,Sa)-Ru(bpy)32+-(1,2-naphthylene)3-triarylamine (W3)  

 

 

 

Following a literature procedure,[129] a mixture of piperidine (19.8 µL, 17.0 mg, 200 µmol, 2.0 eq), 

PdCl2 (887 µg, 5.00 µmol, 5 mol%), PPh3 (2.62 mg, 10.0 µmol, 10 mol%), distilled H2O (920 µL), 

and acetone (1.13 mL) was stirred for 5 min under argon. Under the same argon atmosphere,  

5-bromo-2,2'-bipyridine (28.2 mg, 120 µmol, 1.2 eq) and the terminal alkyne ALK 3 (71.0 mg, 

100 µmol, 1.0 eq) were introduced, and the mixture was heated to 60 °C for 72 h. The reaction 

solution was cooled to room temperature and extracted with Et2O. The organic extracts were washed 

three times with 1 molL–1 HCl and once with sat. aq. NaHCO3. Upon drying of the organic layer over 

Na2SO4, filtration and evaporation in vacuo, the crude compound BPY 3 was dissolved in 

(CH2OH)2 (3.0 mL) and 1,2-dichloroethane (1.0 mL). [Ru(bpy)2Cl2] • 2H2O (36.2 mg, 69.6 µmol, 

3.0 eq) was added and the mixture was stirred for 48 h at 80 °C. Water and a saturated KPF6 solution 

were added and the mixture was extracted three times with CH2Cl2. The combined organic layers 

were dried over Na2SO4, filtered and evaporated in vacuo. The residue was purified by column 
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(eluting with acetone first, followed by acetone:H2O = 20:1 and acetone:H2O:KNO3 = 100:10:1). The 

organic solvent of the combined orange fractions was removed in vacuo and a saturated aqueous 

solution of KPF6 was added (the complex precipitates). The suspension was extracted three times 

with CH2Cl2, dried over Na2SO4, filtered and evaporated. The residue was washed with pentane three 

times, affording the target compound W3 as a 1:1 dark orange solid mixture of (Sa,Sa)-Λ and (Sa,Sa)-

Δ diastereomers (37 mg, 24% in 2 steps). For electron transfer studies, the obtained solid was further 

purified by prep HPLC, yielding a 1:1 light orange mixture of diastereomers as a TfO– salt. 

IR (neat, cm-1): 3052w, 2920w, 2343w, 1603w, 1503w, 1463w, 1239w, 1164w, 1030w, 834s, 760m. 

1H NMR (400 MHz, acetone-d6, 298 K): δ = 8.87–8.72 (9H, m), 8.70 (1H, d, 3J 8.5), 8.59 (1H, d,  
3J 8.3), 8.37 (1H, d, 3J 8.0), 8.32–8.00 (16H, m), 7.97 (1H, d, 3J 5.6), 7.92–7.87 (3H, m), 7.84–7.76 

(5H, m), 7.75–7.18 (42H, m), 7.11 (9H, m), 6.93 (8H, dd, 3J 9.0, 4J 1.0), 6.80 (1H, d, 3J 8.6), 6.74 

(1H, d, 3J 8.5), 6.57 (1H, dd, 3J 8.3, 4J 2.0), 6.53 (1H, dd, 3J 8.5, 4J 2.0), 6.37–6.30 (2H, m), 5.96 (1H, 

dd, 3J 8.5, 4J 2.5), 5.79 (1H, dd, 3J 8.4, 4J 2.4), 5.62 (1H, dd, 3J 8.2, 4J 1.8), 5.51 (1H, dd, 3J 8.5, 4J 

2.0), 3.80 (12H, s). 

HRMS (ESI): m/z [C82H59N7O2Ru]2+ = calc.: 637.6892 [M]2+, meas.: 637.6904 [M]2+. 

 

 

7.1.3. JoyaPhos 

(Z)-4-(2-((2-Bromophenyl)(hydroxy)methyl)phenyl)but-3-en-1-ol (21) 

 

 

 

(Z)-4-(2-bromophenyl)but-3-en-1-ol[65] (1.84 g, 8.10 mmol, 1.5 eq) was dissolved in THF (125 mL) 

and cooled to 0 °C. n-Bu2Mg (8.10 mL, 4.21 mmol, 0.78 eq) was added and the mixture was stirred 

at 0 °C for 20 min. n-BuLi (6.24 mL, 8.42 mmol, 1.56 eq) was added dropwise and after stirring for 

1 h at 0 °C, the reaction mixture was added to a solution of 2-bromobenzaldehyde 20 (1.0 g, 5.40 
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mmol, 1.0 eq) in THF (40 mL) at 25 °C and stirred for 30 min. To the mixture was added aq. sat. 

NH4Cl (100 mL) and Et2O (120 mL). The aqueous layer was extracted with Et2O (3 x 40 mL), the 

combined organic extracts were washed with brine (50 mL), dried over Na2SO4, filtered and the 

solvent was removed in vacuo. Purification by column chromatography (n-pentane:Et2O = 2:1) 

yielded the target diol 21 as a slightly yellow oil (1.24 g, 69%).  

TLC: Rf = 0.10 (n-pentane:Et2O = 2:1). 

IR (neat, cm-1): 3324m, 2930w, 2879w, 1568w, 1178w,1015s, 859w, 750s. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.60 (1H, dd, 3J 7.8, 4J 1.8, C6H), 7.52 (1H, dd, 3J 7.9, 4J 

1.2, C1H), 7.35 (1H, td, 3J 7.5, 4J 1.1, C4), 7.28–7.24 (1H, m, C11H), 7.20 (1H, td, 3J 7.5, 4J 1.6, 

C10H), 7.18–7.14 (2H, m, C3H, C12H), 7.08 (1H, dd, 3J 7.7, 4J 1.4, C9H), 6.87 (1H, d, 3J 11.1, 

C14H), 6.22 (1H, s, C7H), 5.84–5.77 (1H, m, C15H), 3.65–3.58 (2H, m, C17H), 2.48–2.39 (1H, m, 

C16H), 2.24–2.16 (1H, m, C16H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 141.9 (C6), 140.5 (C8), 136.6 (C13), 132.7 (C2), 130.7 

(C14, C15), 129.7 (C12), 128.9 (C3), 128.6 (C5), 127.5 (C10, C11), 127.4 (C4), 126.7 (C9), 123.0 

(C1), 71.9 (C7), 62.0 (C17), 31.4 (C16). 

HRMS (ESI): m/z [C17H17BrO2] = calc.: 355.0304 [M + Na]+, meas.: 335.0304 [M + Na]+. 

 

 

(Sa)-1-(2-Bromophenyl)-2-naphthoate methyl ester (22) 

 

 

 

Diol intermediate 21 (3.00 g, 9.00 mmol, 1.0 eq) was dissolved in CH3CN (450 mL). IBX (7.56 g, 

27.0 mmol, 3.0 eq) was added and the suspension was vigorously stirred at 50 °C for 16 h. The 

mixture was cooled to 25 °C, filtered through a plug of cotton and the solvent was evaporated in 

vacuo. The solid residue was suspended in CHCl3 (400 mL) and filtered again over cotton. To the 

clear filtrate was added DMF (135 mL), H2O (400 mL), (S)-(–)-5-(2-Pyrrolidinyl)-1H-tetrazole (S)-

Br
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Tet (501 mg, 3.60 mmol, 40 mol%) and the biphasic mixture was stirred vigorously at 25 °C for 24 

h. The layers were separated and the aqueous layer extracted with CH2Cl2 (2 x 200 mL). The solvent 

of the combined organic extracts was removed in vacuo and the liquid residue dissolved in Et2O (250 

mL). The solution was washed with H2O (3 x 250 mL) and brine (250 mL). The solvent was dried 

over Na2SO4, filtered and removed in vacuo. The residue was dissolved in CHCl3 (400 mL) and 

Amberlite IRA-96 was added (19 g, washed 2 x 10 mL with MeOH and 3 x 10 mL with CHCl3). The 

suspension was stirred at 25 °C for 3 h, filtered and the solvent was removed in vacuo, affording the 

aldehyde as a dark brown oil. 

The aldehyde was dissolved in THF/t-BuOH (1:1, 430 mL) together with 2-methyl-2-butene  

(7.65 mL, 72.0 mmol, 8.0 eq) and added dropwise to a solution of NaClO2 (1.63 g, 18.0 mmol, 2.0 

eq) and NaH2PO4･H2O (5.07 g, 36.0 mmol, 4.0 eq) in H2O (90 mL) over 10 minutes at 0 °C. The 

mixture was allowed to slowly reach 25 °C and it was stirred for 16 h. To reaction was added aq. HCl  

(1 molL–1, 400 mL) and the aqueous phase was extracted with Et2O (2 x 270 mL). The combined 

organic layers were extracted with aq. NaOH (1 molL–1, 3 x 200 mL). The aqueous extracts were 

combined, acidified with aq. 37% HCl until pH < 1, extracted with CH2Cl2 (3 x 200 mL) and washed 

with brine. The organic phases were dried over Na2SO4, filtered and the solvent was removed in 

vacuo to give the corresponding carboxylic acid as a dark brown oil. 

The carboxylic acid was dissolved in dry MeOH (670 mL) and added with H2SO4 (4.8 mL,  

90.0 mmol, 10.0 eq), before the solution was stirred at 80 °C for 16 h. The solvent was evaporated in 

vacuo, the residue was dissolved in AcOEt (200 mL) and washed with aq. sat. NaHCO3 (3 x 150 mL). 

The combined organic extracts were dried over Na2SO4, filtered and the solvent was removed in 

vacuo. The ester was purified via column chromatography (Cy:AcOEt = 95:5), yielding the target 

ester 22 as a colorless oil (2.47 g, 80% over 5 steps). 

TLC: Rf = 0.55 (Cy:AcOEt = 95:5). 

[⍺]D = +4 (c 0.100, CHCl3). 

IR (neat, cm-1): 3059w, 2996w, 2950w, 2852w, 1723s, 1620w, 1595w, 1561w, 1506w, 1476w, 

1458w, 1432m, 1374w, 1333w, 1281m, 1241s, 1189w, 1153w, 1132w, 1112s, 1048m, 1024w, 999w, 

985w, 962w, 902w, 869w, 830w, 798w, 787w, 753s, 729w, 709w, 660w, 625w, 610w, 576w, 558w, 

526w, 468w, 437w. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.07 (1H, d, 3J 8.7, C4H), 7.96 (1H, d, 3J 8.6, C5H), 7.93 

(1H, d, 3J 8.3, C7H), 7.73 (1H, dd, 3J 8.0, 4J 1.2, C17H), 7.60–7.55 (1H, m, C8H), 7.46–7.42 (2H, m, 
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C9H, C15H), 7.41–7.37 (1H, m, C10H), 7.36–7.31 (1H, m, C16H), 7.27–7.22 (1H, m, C14H), 3.69 

(3H, s, C1H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 167.4 (C2), 141.1 (C12), 140.2 (C13), 135.0 (C6) 132.4 

(C17), 132.0 (C11), 130.9 (C14), 129.0 (C16), 128.3 (C5), 128.0 (C7), 127.8 (C8), 127.3 (C10), 127.1 

(C3), 127.0 (C15) 126.9 (C9), 125.8 (C4), 124.0 (C18), 52.1 (C1). 

HRMS (ESI): m/z [C18H13BrO2] = calc.: 362.9991 [M + Na]+, meas.: 362.9988 [M + Na]+. 

 

 

(Sa)-9-(1-(2-Bromophenyl)naphthalen-2-yl)anthracene (24) 

 

 

 

An oven dried flask was charged with magnesium turnings (1.41 g, 57.9 mmol, 8.0 eq), evacuated, 

filled with argon 3 times and THF (10 mL) was added. Bis(2-bromophenyl)methane[1b] (4.72 g, 14.5 

mmol, 2.0 eq) in THF (18 mL) was added dropwise and the mixture was gently heated until a change 

in color was observed. The suspension was stirred for 16 h at 25 °C, added to a solution of ester 22 

(2.47 g, 7.24 mmol, 1.0 eq) in THF (120 mL), stirred at 25 °C for 4 h and treated with aq. HCl (1 

molL–1, 24 mL) and stirred at 25 °C for 5 min, before aq. 37% HCl (4.8 mL) was added. The mixture 

was stirred for additional 1 h at 25 °C, diluted with H2O (24 mL) and extracted with CH2Cl2 (5 x 23 

mL). The combined organic extracts were dried over Na2SO4, filtered and the solvent was removed 

in vacuo. The residual oil was dissolved in n-hexane (20 mL) and stirred at 80 °C until a precipitate 

was formed. The mixture was filtered, and the solid was washed with hot n-hexane (2 x 10 mL) and 

dried in vacuo, yielding the target anthracenyl-naphthyl-phenyl bromide 24 as an off-white solid (2.30 

g, 69%). 

TLC: Rf = 0.50 (Cy:AcOEt = 95:5). 

[⍺]D = +728 (c 0.100, CHCl3). 
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Melting point: 95–100 °C. 

IR (neat, cm-1): 3048w, 3026w, 3001w, 2920w, 1441w, 1428w, 1410w, 1048w, 1025w, 1013w, 

955w, 886w, 844w, 815w, 792w, 750w, 733s, 709w, 687w, 655w, 641w, 612w, 583w, 552w, 528w, 

461w, 137w, 415w. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.31 (1H, s, C24H), 8.08 (1H, d, 3J 8.3, C3H), 8.05 (1H, d,  
3J 8.2, C5H), 7.96 (1H, d, 3J 8.5, C22H/C22’H), 7.90 (1H, dd, 3J 8.7, 4J 1.0, C22H/C22’H) 7.87 (1H, 

d, 3J 8.5, C19H), 7.62–7.57 (2H, m, C6H, C19’H), 7.55 (1H, d, 3J 8.3, C2H), 7.53–7.44 (2H, m, C7H, 

C8H), 7.43–7.39 (1H, m, C21’H), 7.38–7.32 (2H, m, C20H, C20’H), 7.29–7.25 (2H, m, C13H, 

C21H), 6.91 (1H, dd, 3J 7.6, 4J 1.7, C16H), 6.75 (1H, td, 3J 7.7, 4J 1.7, C14H), 6.64 (1H, td, 3J 7.5, 
4J 1.2, C15H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 138.7 (C11), 138.7 (C10), 135.8 (C17), 135.7 (C1), 133.0 

(C4), 132.4 (C13), 132.2 (C9), 131.4 (C16), 131.0 (C18/C18’), 130.9 (C23/C23’), 130.0 

(C23/C23’),129.5 (C2), 128.5 (C22/C22’), 128.4 (C14), 128.2 (C3, C5, C22), 127.8 (C19), 127.1, 

126.8 (C8), 126.6 (C7), 126.5 (C6/C24), 126.1 (C15), 125.2 (C20, C20’), 124.9 (C21/C21’), 124.7 

(C21/C21’), 124.6 (C12). 

HRMS (ESI): m/z [C30H19Br] = calc.: 458.0665 [M + Na]+, meas.: 458.0661 [M + Na]+. 

HPLC: a >99:1 ratio of the (Sa) enantiomer was determined using a Chiralcel AD-H column  

(1.0 mLmin–1, n-heptane:i-PrOH = 99:1). (Ra) tR = 7.0 min and (Sa) tR = 13.1 min. 

 

 

(Sa)-Cy2JoyaPhos (25) 

 

 

 

An oven dried flask was charged with anthracenyl-naphthyl-phenyl bromide 24 (100 mg, 218 µmol, 

1.0 eq). The flask vas evacuated and filled with argon 3 times, before dry THF (2.0 mL) was added. 
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The solution was cooled to –78 °C, followed by dropwise addition of n-BuLi (164 µL, 262 µmol, 1.2 

eq) and the mixture was stirred at –78 °C for 1 h. Dicyclohexylchlorophosphine (76.1 mg, 327 µmol, 

1.5 eq) was subsequently introduced dropwise at –78 °C and the resulting mixture was allowed to 

reach 25 °C in 16 h. The mixture was added with ether (20 mL), the organic phase was washed with 

water (2 x 20 mL) and dried over Na2SO4. The solvent was evaporated in vacuo and to the crude oil 

was added MeOH (1.0 mL) in an ultrasonic bath, whereupon a white solid precipitated. Filtration and 

further washing with cold MeOH (2 x 1.0 mL) afforded (Sa)-Cy2JoyaPhos 25 as a white solid (67 mg, 

53%). 

[⍺]D = +663 (c 0.100, CHCl3). 

Melting point: 194–198 °C. 

IR (neat, cm-1): 3044w, 2924w, 2848w, 1445w, 891w, 848w, 816w, 770w, 737s, 687w, 640w. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.29–8.24 (2H, m, C19H/C19’H, C24H), 8.04 (1H, d, 3J 

8.4, C3H), 8.00 (1H, d, 3J 8.1, C5H), 7.92 (1H, d, 3J 8.4, C22H/C22’H), 7.84 (1H, d, 3J 8.4, 

C22H/C22’H), 7.69 (1H, d, 3J 8.7, C19H/C19’H), 7.61 (1H, d, 3J 8.3, C2H), 7.53 (1H, td, 3J 7.4, 4J 

1.2, C6H), 7.49–7.45 (1H, m, C16H), 7.44–7.34 (3H, m, C7H, C20H/C20’H, C21H/C21’H),  

7.33–7.28 (2H, m, C8H, C21H/C21’H), 7.24–7.20 (1H, m, C20H/C20’H), 7.09–7.05 (1H, m, C14H), 

6.98–6.94 (2H, m, C13H, C15H), 1.63–1.33 (10H, m, C25H-C28H), 1.25–1.10 (2H, m, C25H-C28H) 

1.07–0.65 (11H, m, C25H-C28H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 145.5 (C12), 140.8 (C10, C11), 137.6, 137.4, 136.8 (C17), 

134.9 (C1), 134.1 (C9), 133.0 (C4), 132.5 (C14), 132.4, 132.2, 132.1 (C16), 132.0 (C23/C23’), 131.0 

(C23/C23’), 130.8 (C19/C19’), 130.7, 130.4 (C2, C18/C18’), 129.8 (C18/C18’), 128.2 (C19/C19’), 

128.0 (C8, C22/C22’), 127.9 (C5), 127.8 (C22/C22’), 127.1 (C3), 126.6, 126.2 (C13/C15/C24), 

126.0, 125.6 (C6), 125.3, 125.0 (C7), 124.7 (C21/C21’), 124.4, 124.1 (C20/C20’), 36.8 (d, C-PJ 17.6, 

C25), 32.4, 32.3, 31.3, 31.2, 30.0, 29.8, 29.4, 29.3, 27.8, 27.8, 27.7, 27.0, 27.0, 26.9, 26.9, 26.6, 26.5, 

26.3, 25.9. Observed complexity due to C-P coupling. 

31P NMR (202 MHz, CDCl3, 298 K): δ = –13.0. 

HRMS (ESI): m/z [C42H42P] = calc.: 577.3019 [M + H]+, meas.: 577.3019 [M + H]+. 

X-Ray: suitable crystals for X-ray analysis were obtained by recrystallization of a racemic sample 

from MeOH/AcOEt at 80 °C. 
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(Sa)-Ph2JoyaPhos (26) 

 

 

An oven dried flask was charged with anthracenyl-naphthyl-phenyl bromide 24 (200 mg, 435 µmol, 

1.0 eq). The flask vas evacuated and filled with argon 3 times, before dry THF (2.0 mL) was added. 

The solution was cooled to –78 °C, followed by dropwise addition of n-BuLi (326 µL, 522 µmol, 1.2 

eq) and the mixture was stirred at –78 °C for 1 h. Chlorodiphenylphosphine (144 mg, 653 µmol, 1.5 

eq) was subsequently introduced dropwise at –78 °C and the resulting mixture was allowed to reach 

25 °C in 16 h. The mixture was added with ether (20 mL), the organic phase was washed with water 

(2 x 20 mL) and dried over Na2SO4. The solvent was evaporated in vacuo and to the crude oil was 

added MeOH (1.0 mL) in an ultrasonic bath, whereupon a white solid precipitated. Filtration and 

further washing with cold MeOH (2 x 1.0 mL) afforded (Sa)-Ph2JoyaPhos 26 as a white solid (132 

mg, 54%). 

[⍺]D = –447 (c 0.100, CHCl3). 

Melting point: 143–147 °C. 

IR (neat, cm-1): 3047w, 2918w, 2326w, 2031w, 1939w, 1812w, 1730w, 1585w, 1477w, 1433w, 

1357w, 1312w, 1279w, 1182w, 1114w, 1069w, 1026w, 954w, 885w, 845w, 814w, 736s, 694s, 643w, 

615w. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.34 (1H, s, C24H), 8.17 (1H, d, 3J 8.7, C19H/C19’H), 8.09 

(1H, d, 3J 8.3, C3H), 8.00 (1H, d, 3J 8.1, C5H), 7.95 (1H, d, 3J 8.5, C22H/C22’H), 7.89 (1H, d, 3J 

8.5, C22H/C22’H), 7.68 (1H, d, 3J 8.8, 4J 0.9, C19H/C19’H), 7.60 (1H, d, 3J 8.3, C2H), 7.45–7.39 

(2H, m, C6H, C21H/C21’H), 7.35–7.30 (1H, m, C20H/C20’H), 7.29–7.14 (5H, m, C15H, 

C21H/C21’H), 7.10–7.02 (4H, m, C14H/C27H), 6.95–6.86 (5H, m, 

C26H/C13H/C7H/C20H/C20’H), 6.85–6.80 (2H, m, C8H/C16H), 6.22–6.17 (2H, m, C28H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 145.2 (C12), 140.2 (C10, C11), 139.5, 139.4, 137.7, 137.6, 

137.4, 136.5 (C17), 135.2 (C1), 134.9, 134.8, 134.7, 133.7 (C9), 133.6, 132.6 (C4), 132.0 (C28), 

131.8, 131.3 (C23/C23’), 130.9 (C23/C23’), 130.7 (C18), 130.3 (C18/C18’), 130.1, 129.4 (C2), 

129.0, 128.2 (C22/C22’), 128.1 (C19/C19’), 128.0, 127.9, 127.7 (C5/C8/C19/C19’), 127.6 
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(C3/C22/C22’), 127.5, 127.4 (C26), 127.1, 126.6, 126.3 (C24), 125.6, 125.4 (C7/C20/C20’), 125.3 

(C6), 125.2 (C21/C21’), 124.8 (C21/C21’), 124.6 (C20/C20’). Observed complexity due to C-P 

coupling. 

31P NMR (202 MHz, CDCl3, 298 K): δ = –15.8. 

HRMS (ESI): m/z (%) [C42H30P] = calc.: 565.2080 [M + H]+, meas.: 565.2090 [M + H]+.  

X-Ray: suitable crystals for X-ray analysis were obtained by recrystallization from MeOH/AcOEt at  

80 °C. 

 

 

(Sa)-(3,5-CF3Ph)2-JoyaPhos (27) 

 

 

 

An oven dried flask was charged with anthracenyl-naphthyl-phenyl bromide 24 (68.0 mg, 148 µmol, 

1.0 eq). The flask was evacuated and filled with argon 3 times, before dry THF (700 µL) was added. 

The solution was cooled to –78 °C, followed by dropwise addition of n-BuLi (111 µL, 163 µmol, 1.2 

eq) and the mixture was stirred at –78 °C for 1 h. Bis(3,5-di(trifluoromethyl)phenyl)chlorophosphine 

(94.8 mg, 192 µmol, 1.3 eq) was subsequently introduced dropwise at –78 °C and the resulting 

mixture was allowed to reach 25 °C in 16 h. The mixture was added with ether (20 mL), the organic 

phase was washed with water (2 x 20 mL) and dried over Na2SO4. The solvent was evaporated in 

vacuo and to the crude oil was added MeOH (1.0 mL) in an ultrasonic bath, whereupon a white solid 

precipitated. Filtration and further washing with cold MeOH (2 x 1.0 mL) afforded (Sa)-(3,5-

CF3Ph)2JoyaPhos 27 as a white solid (42.8 mg, 53%). 

[⍺]D = +648 (c 0.100, CHCl3). 

Melting point: 156–180 °C. 
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IR (neat, cm-1): 3055w, 1818w, 1617w, 1443w, 1352m, 1275s, 1177m, 1129s, 956w, 901w, 844w, 

822w, 736w, 704w, 682m, 610w. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.30 (1H, s, C24H), 8.16 (1H, d, 3J 8.4, C3H), 8.07 (1H, d,  
3J 8.3, C5H), 8.00 (1H, d, 3J 8.7, C19H/C19’H), 7.94 (1H, d, 3J 8.4, C22H), 7.79–7.75 (2H, m, C6H, 

C22H/C22’H) 7.70 (1H, d, 3J 8.7, C19H/C19’H), 7.66 (1H, d, 3J 8.4, C2H), 7.63 (1H, bs, 

C26H/C26’H), 7.54–7.50 (1H, m, C6H), 7.43–7.39 (2H, m, C15H, C21H/C21’H), 7.38–7.32 (3H, m, 

C14H, C20H/C20’H, C26H/C26’H), 7.10–7.01 (4H, m, C7H, C13H, C21H/C21’H), 6.87–6.80 (2H, 

m, C16H, C20H/C20’H), 6.75 (1H, d, 3J 8.4, C8H), 6.55 (2H, d, 4J 5.3, C28H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 146.4 (C12), 146.1, 141.0, 140.9, 140.8, 140.7, 139.1 (C10, 

C11), 135.6 (C1), 135.6, 135.4 (C17), 133.9, 133.9, 133.7 (C29/C29’), 133.6 (C29/C29’), 133.5, 

133.5 (C9), 132.9 (C4), 132.2, 132.2, 131.9, 131.9, 131.7, 131.6, 131.6, 131.5, 131.4, 131.4, 131.2, 

131.2, 131.1 (C23/C23’/C28), 131.0 (C23/C23’), 130.9, 130.4 (C18/C18’), 129.7 (C2), 129.6 

(C18/C18’), 128.4 (C22/C22’), 128.3 (C3, C5), 128.2 (C22/C22’), 127.5 (C19/C19’), 127.4, 127.0 

(C24), 126.5 (C8), 126.2 (C7), 126.1 (C6), 125.0 (C20/C21/C26/C26’), 124.8, 124.8 (C20/C20’), 

124.0, 124.0, 123.2 (C28), 121.8, 121.8, 121.7 (C26/C26’). Observed complexity due to C-P and C-

F coupling. 

31P NMR (202 MHz, CDCl3, 298 K): δ = –14.8. 

19F NMR (470 MHz, CDCl3, 298 K): δ = –63.0, –62.9. 

HRMS (ESI): m/z [C46H26F12P] = calc.: 837.1575 [M + H]+, meas.: 837.1560 [M + H]+. 

 

 

(Sa)-Cy2JoyaPhosAuCl (28) 

 

 

 

To a solution of (Sa)-Cy2JoyaPhos 25 (28.8 mg, 50.0 µmol, 1.0 eq) in CH2Cl2 (1.0 mL) was added 

Me2SAuCl (14.7 mg, 50.0 µmol, 1.0 eq) and the mixture was stirred at 25 °C for 1 h. The solvent was 

PCy2AuCl
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removed in vacuo and the residue was suspended in Et2O (500 µL). The solid was filtered and dried 

in vacuo, affording (Sa)-Cy2JoyaPhosAuCl 28 as a white powder (40.0 mg, 99%). 

IR (neat, cm-1): 3044w, 2928w, 2850w, 2363w, 2226w, 1443w, 1344w, 1268w, 115w, 1014w, 888w, 

851w, 812m, 743s, 685m. 

1H NMR (500 MHz, CD2Cl2, 298 K): δ = 8.78 (1H, d, 3J 8.4), 8.33 (1H, s), 8.26 (1H, d, 3J 8.4), 8.10 

(1H, d, 3J 8.4), 7.96 (1H, d, 3J 8.4), 7.89 (1H, d, 3J 8.4), 7.65–7.54 (4H, m), 7.48–7.36 (4H, m), 7.33–

7.28 (1H, m), 7.22–7.17 (1H, m), 7.16–7.02 (3H, m), 2.05–1.94 (1H, m), 1.93–1.85 (1H, m), 1.79–

1.68 (2H, m), 1.67–1.39 (6H, m), 1.36–1.04 (7H, m), 0.96–0.81 (2H, m), 0.80–0.68 (1H, m), 0.66–

0.55 (1H, m), –0.03–(–0.17) (1H, m). 

13C NMR (126 MHz, CD2Cl2, 298 K): 145.2, 145.0, 139.3, 139.2, 136.1, 134.8, 134.8, 134.7, 134.0, 

132.8, 131.9, 131.4, 130.9, 130.8, 130.2, 129.8, 129.7, 129.4, 129.3, 129.0, 128.8, 128.6, 128.5, 128.4, 

128.4, 127.6, 127.5, 127.4, 127.0, 126.5, 126.4, 126.3, 125.8, 125.4, 124.9, 39.6, 39.4, 37.4, 37.2, 

31.5, 31.5, 31.4, 31.0, 30.9, 29.2, 27.2, 27.1, 27.0, 26.9, 26.9, 26.7, 25.9, 25.9, 25.6, 25.5. Observed 

complexity due to C-P coupling. 

31P NMR (202 MHz, CD2Cl2, 298 K): δ = 36.4. 

HRMS (ESI): m/z [C42H41AuClP] = calc.: 773.2606 [M – Cl]+, meas.: 773.2599 [M – Cl]+. 

 

 

(Sa)-Ph2JoyaPhosAuCl (29) 

 

 

 

To a solution of (Sa)-Ph2JoyaPhos 26 (45.0 mg, 79.7 µmol, 1.0 eq) in CH2Cl2 (1.0 mL) was added 

Me2SAuCl (23.5 mg, 79.7 µmol, 1.0 eq) and the mixture was stirred at 25 °C for 1 h. The solvent was 

removed in vacuo and the residue was suspended in Et2O (500 µL). The solid was filtered and dried 

in vacuo, affording (Sa)-Ph2JoyaPhosAuCl 29 as a white powder (63.0 mg, 99%). 

PPh2AuCl
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IR (neat, cm-1): 2921w, 2850w, 1667w, 1480w, 1435w, 1332w, 1261w, 1243w, 1203w, 1184w, 

1096m, 1071w, 1037w, 998w, 903w, 826w, 801w, 765m, 743w, 691m, 666w, 547s, 511w, 497s, 

451w, 426w. 

1H NMR (500 MHz, CD2Cl2, 298 K): δ = 8.58 (1H, d, 3J 8.6), 8.38 (1H, s), 8.32 (1H, d, 3J 8.5), 8.18 

(1H, d, 3J 8.2), 8.01 (1H, d, 3J 8.7), 7.86 (1H, d, 3J 8.7), 7.68–7.59 (3H, m), 7.54–7.33 (10H, m), 7.26 

(1H, t, 3J 7.8), 7.19–7.03 (5H, m), 7.02–6.97 (1H, m), 6.85–6.80 (1H, m), 6.71–6.63 (2H, m). 

31P NMR (202 MHz, CD2Cl2, 298 K): δ = 21.0. 

HRMS (ESI): m/z [C42H29AuClP] = calc.: 761.1667 [M – Cl]+, meas.: 761.1656 [M – Cl]+,  

calc.: 603.1848 [M – AuCl + Na]+, meas.: 603.1844 [M – AuCl + Na]+, calc.: 581.2029 [M – AuCl 

+ H]+, meas.: 581.2024 [M – AuCl + H]+. 

X-Ray: suitable crystals for X-ray analysis were obtained by slow diffusion of n-hexane into a conc. 

solution of the complex in CHCl3. 

 

 

(3-Methylcyclobut-1-ene-1,3-diyl)dibenzene (32) 

 

 

 

Following a modified literature procedure,[130] a solution of phenylacetylene 30 (53.0 μL, 480 µmol, 

3.0 eq) and ⍺-methylstirene 31 (21.0 μL, 160 µmol, 1.0 eq) in dry CH2Cl2 (300 µL) was added to a 

solution of (Sa)-Cy2JoyaPhosAuCl 28 (3.88mg, 4.8 µmol, 3 mol%) or (Sa)-Ph2JoyaPhosAuCl 29 (3.83 

mg, 4.8 µmol, 3 mol%) and AgSbF6 (1.65 mg, 4.8 µmol, 3 mol%) in dry CH2Cl2 (80 mmolL–1). The 

reaction was stirred at room temperature for 16 h. Et3N (50 µL) was added, and the solvent was 

evaporated. The residue was purified by column chromatography (pentane) giving the cyclobutene 

32 as a colorless oil.  

With (Sa)-Cy2JoyaPhosAuCl 28: 

Me
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18.1 mg, 51%, 56:44 e.r. 

With (Sa)-Ph2JoyaPhosAuCl 29: 

22.3 mg, 63%, 60:40 e.r. 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.42–7.18 (10H, m), 6.74 (1H, s), 2.96 (2H, q, 3J 12.5), 1.64 

(3H, s). 

The analytical data of the compound match the ones reported in literature.[131] 

 

 

6,7-Diphenyl-3-oxabicyclo[4.1.0]hept-4-ene (34) 

 

 

 

To a solution of (Sa)-Cy2JoyaPhosAuCl 28 (3.58 mg, 4.4 µmol, 5.5 mol%) or (Sa)-Ph2JoyaPhosAuCl 

29 (3.53 mg, 4.4 µmol, 5.5 mol%) in dry CH2Cl2 (1.0 mL) was added AgBF4 (784 µg, 4.0 µmol, 5 

mol%), and the mixture was stirred for 10 min at 25 °C and 5 min at –20 °C. The suspension was 

transferred to a solution of enyne 33[132]  (20.0 mg, 80.5 µmol, 1.0 eq) in CH2Cl2 (1.0 mL) at –20 °C 

via filter syringe to retain the precipitate and the resulting solution was stirred at –20 °C for 1 h. Et3N 

(3 drops) was added to quench the reaction, the solvent was evaporated in vacuo and the residue was 

purified via column chromatography (Cy:AcOEt = 95:5), affording the target compound 34 as a 

colorless oil. 

With (Sa)-Cy2JoyaPhosAuCl 28: 

2.4 mg, 12%, 51:49 e.r. 

With (Sa)-Ph2JoyaPhosAuCl 29: 

17.9 mg, 90%, e.r. 66:34. 
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1H NMR (400 MHz, CDCl3, 298 K): δ = 7.21–6.98 (8H, m), 6.79–6.73 (2H, m), 6.26 (1H, d, 3J 6.0), 

5.35 (1H, dd, 3J 6.0, 4J 0.8), 4.41 (1H, dd, 3J 10.6, 4J 1.1), 4.1 (1H, dd, 3J 10.5, 4J 2.0), 2.78 (1H, d, 
3J 5.8), 2.45 (1H, d, 3J 5.5). 

The analytical data of the compound match the ones reported in literature.[133] 

 

 

N-(2-Bromophenethyl)-2-methylnaphthalen-1-amine (35) 

 

 

 

To a solution of 2-(2-bromophenyl)acetaldehyde[134] (199 mg, 1.00 mmol, 1.0 eq) and  

2-methylnaphthalen-1-amine (157 mg, 1.00 mmol, 1.0 eq) in 1,2-dichloroethane (5.0 mL), 

Na(AcO)3BH (297 mg, 1.40 mmol, 1.4 eq) was added portionwise and the mixture was stirred at 25 

°C for 30 min. NaOH (1 molL–1, 5.0 mL) was added, the organic layer was separated, dried over 

Na2SO4 and evaporated in vacuo. The residue was purified by column chromatography (Cy:AcOEt 

= 95:5), affording the target compound 35 as a colorless oil (45.0 mg, 13%). 

IR (neat, cm-1): 3371w, 3052w, 2930w, 2858w, 2341w, 1672w, 1571m, 1511m, 1469m, 1376m, 

1238w, 1181w, 1097m, 1026m, 921w, 862w, 805s, 747s, 633s. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.98 (1H, d, 3J 8.2), 7.77 (1H, d, 3J 7.8), 7.56 (1H, d, 3J 

8.0), 7.48–7.36 (3H, m), 7.30–7.21 (3H, m), 7.12–7.07 (1H, m), 3.42 (2H, t, 3J 7.8), 3.12 (2H, t, 3J 

7.1), 2.37 (3H, s). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 142.1, 138.8, 133.5, 133.0, 130.9, 129.3, 128.8, 128.3, 

128.1, 127.5, 125.7, 125.4, 124.8, 124.7, 122.8, 122.7, 49.7, 37.6, 18.1. 

HRMS (ESI): m/z [C19H18BrN] = calc.: 340.0695 [M + H]+, meas.: 340.0699 [M + H]+. 
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1-(2-Methylnaphthalen-1-yl)indoline (36) 

 

 

An oven-dried screw cap test tube was charged with a magnetic stir bar, Pd2(dba)3 (2.29 mg, 2.5 

µmol, 2.5 mol%), (Sa)-Cy2JoyaPhos 25 (6.92 mg, 12.0 µmol, 12 mol%) and NaOt-Bu (11.5 mg, 120 

µmol, 1.2 eq). The tube was evacuated and refilled with argon three times. Under a counterflow of 

argon, amine 35 (34.0 mg, 100 µmol, 1.0 eq) in THF (1.0 mL) was added by syringe and the reaction 

mixture was stirred vigorously for 16 h at 45 °C under argon. The solvent was removed in vacuo and 

the residue was purified via column chromatography (cyclohexane), giving the N-arylindoline 36 as 

a colorless oil (21.1 mg, 82%). 

IR (neat, cm-1): 3055w, 2919w, 2360w, 1605m, 1494m, 1403m, 1274m, 1116w, 1037w, 816m, 736s. 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.91 (1H, d, 3J 8.2, C7H), 7.88 (1H, d, 3J 7.8, C8H), 7.76 

(1H, d, 3J 8.5, C10H), 7.48–7.38 (3H, m, C4H, C5H, C9H), 7.20 (1H, d, 3J 7.4, C15H), 6.90 (1H, t, 
3J 7.4, C17H), 6.63 (1H, t, 3J 7.4, C16H), 5.86 (1H, d, 3J 7.8, C18H), 4.07–3.99 (1H, m, C12H), 3.94–

3.86 (1H, m, C12H), 3.45–3.29 (2H, m, C13H), 2.36 (3H, s, C3H). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 151.4 (C19), 136.2 (C1), 135.3 (C11), 133.7 (C6), 132.0, 

129.5 (C4), 128.3 (C8), 128.0 (C14), 127.5 (C17), 127.2 (C10), 126.2, 125.2, 124.6 (C15), 123.6 

(C17), 116.4 (C16), 106.0 (C18), 52.8 (C12), 28.9 (C13), 18.5 (C3). 

HRMS (ESI): m/z [C19H17N] = calc.: 260.1434 [M + H]+, meas.: 260.1431 [M + H]+. 

HPLC: a 65:35 ratio was determined using a Chiralcel OJ-H column (1.0 mLmin–1,  

n-heptane:i-PrOH = 90:10). tR1 = 7.0 min and tR2 = 12.0 min. 
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(Sa)-Ph2JoyaPhos-Pd-G3 (38) 

 

 

Following a modified literature procedure,[96] to a solution of μ-OMs dimer 37 (6.54 mg, 8.9 µmol, 

0.50 eq) in CH2Cl2 (400 µL) under an atmosphere of argon was added (Sa)-Ph2JoyaPhos 26 (10.0 mg, 

17.7 µmol, 1.0 eq), and the mixture was stirred for 1 h at 25 °C. The solvent was removed in vacuo 

until ~10% remained and the residue was triturated with pentane (1.0 mL). The resulting solid was 

filtered and further dried in vacuo, to afford (Sa)-Ph2JoyaPhos-Pd-G3 38 as a white powder (16.3 mg, 

17.0 µmol, 99%). 

IR (neat, cm-1): 3223w, 3125w, 3050w, 1595w, 1496w, 1434w, 1243m, 1148m, 1084w, 1018s, 

956w, 863w, 754s, 701m. 

31P NMR (202 MHz, CD2Cl2, 298 K): δ = 44.7. 

X-Ray: suitable crystals for X-ray analysis were obtained by slow diffusion of n-hexane into a conc. 

solution of the complex in CHCl3. 

 

 

Bis(2-bromophenyl)methyl acetate (43) 

 

 

 

To a solution of bis(2-bromophenyl)methanol 39[66] (171 mg, 500 µmol, 1.0 eq) in CH2Cl2 (2.0 mL) 

at 0 °C were added Et3N (141 µL, 1.00 mmol, 2.0 eq), acetic anhydride (94 µL, 1.00 mmol, 2.0 eq) 

and DMAP (3.05 mg, 25 µmol, 5 mol%). The reaction mixture was stirred while reaching 25 °C over 
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30 min. Water (10 mL) and CH2Cl2 (10 mL) were added, and the organic layer was separated. The 

aqueous layer was extracted with CH2Cl2 (2 x 10 mL). The organic extracts were washed with aq. 

sat. NaHCO3 solution (2 x 10 mL), dried over over Na2SO4, filtered and evaporated in vacuo, yielding 

the product 43 as a white solid (163 mg, 85% yield). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.61 (2H, dd, 3J 7.9, 4J 1.2), 7.32 (1H, s), 7.30 (2H, td, 3J 

7.6, 4J 1.2), 7.21 (2H, td, 3J 7.7, 4J 1.7), 7.15 (2H, dd, 3J 7.8, 4J 1.7), 2.18 (3H, s). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 169.3, 137.6, 133.3, 129.8, 128.8, 127.5, 124.2, 75.7, 20.8. 

 

 

2-(Bis(2-bromophenyl)methoxy)pyridine (45) 

 

 

 

To a solution of bis(2-bromophenyl)methanol 39[66] (171 mg, 500 µmol, 1.0 eq) in toluene (1.0 mL) 

at 25 °C were added 2-fluoropyridine (47 µL, 550 µmol, 1.1 eq), KOH (92.6 mg, 1.65 mmol, 3.3 eq) 

and 18-Crown-6 (6.61 mg, 5 mol%) . The reaction mixture was heated to 120 °C and stirred for 2 h. 

After cooling to room temperature, water (20 mL) and CH2Cl2 (20 mL) were added. The organic 

layer was separated and the aqueous layer was extracted with CH2Cl2 (2 x 20 mL). The combined 

organic extracts were dried over Na2SO4, filtered and evaporated in vacuo, yielding a colorless oil. 

To the oil was added pentane (10 mL) and the mixture was sonicated for 1 minute. The precipitated 

solid was filtered and washed twice pentane (2 x 10 mL), affording the target pyridyl ether 45 as a 

white solid (200 mg, 95%). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.10 (1H, m), 7.65 (1H, s), 7.61 (2H, dd, 3J 8.0, 4J 1.1), 7.58 

(1H, m), 7.28–7.16 (6H, m), 6.87–6.82 (2H, m). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 162.5, 147.2, 139.0, 138.7, 133.1, 129.4, 129.3, 127.3, 

124.5, 117.2, 110.8, 76.7. 
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1,3-Bis(2-bromophenyl)propan-2-ol (47) 

 

 

 

To a solution of 1,3-bis(2-bromophenyl)propan-2-one[135] (368 mg, 1.00 mmol, 1.0 eq) in EtOH  

(4.0 mL) and CH2Cl2 (2.0 mL) at 0 °C was added NaBH4 (56.7 mg, 1.50 mmol, 1.5 eq) portionwise 

and the mixture was stirred while slowly reaching 25 °C over 2 hours. Water (20 mL) was added, 

followed by Et2O (20 mL). The aqueous layer was separated and the organic layer was washed with 

water (20 mL) and brine (2 x 20 mL). The organic extract was dried over Na2SO4, filtered and 

evaporated in vacuo, yielding the target alcohol 47 as a white solid (310 mg, 84%). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.55 (2H, dd, 3J 8.0, 4J 1.1), 7.34–7.29 (2H, m), 7.28–7.23 

(2H, m), 7.10 (2H, td, 3J 7.7, 4J 1.8), 4.33–4.25 (1H, m), 3.13 (1H, d, 3J 4.1), 3.10 (1H, d, 3J 4.1), 

2.92 (1H, d, 3J 8.6), 2.90 (1H, d, 3J 8.7), 1.59 (1H, d, 3J 3.8). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 138.0, 133.0, 131.9, 128.3, 127.4, 124.9, 70.7, 43.6. 

 

 

1,3-Bis(2-bromophenyl)propan-2-yl acetate (48) 

 

 

 

To a solution of 47 (111 mg, 300 µmol, 1.0 eq) in CH2Cl2 (2 mL) at 0 °C were added Et3N (84 µL, 

600 µmol, 2.0 eq), acetic anhydride (56 µL, 600 µmol, 2.0 eq) and DMAP (1.83 mg, 15 µmol,  

5 mol%). The reaction mixture was stirred while reaching 25 °C over 30 min. Water (10 mL) and 

CH2Cl2 (10 mL) were added, and the organic layer was separated. The aqueous layer was extracted 

with CH2Cl2 (2 x 10 mL). The organic extracts were washed with aq. sat. NaHCO3 solution  

Br Br
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(2 x 10 mL), dried over over Na2SO4, filtered and evaporated in vacuo, yielding the product ester 48 

as a white solid (93.0 mg, 75%). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.53 (2H, dd, 3J 8.0, 4J 1.1), 7.27–7.19 (4H, m), 7.10–7.05 

(2H, m), 5.53–5.46 (1H, m), 4.33–4.25 (1H, m), 3.16 (1H, d, 3J 4.8), 3.13 (1H, d, 3J 4.1), 3.05 (1H, 

d, 3J 8.5), 3.02 (1H, d, 3J 8.4), 1.86 (3H, s). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 170.0, 137.0, 132.9, 131.5, 128.3, 127.2, 125.0, 72.9, 40.3, 

20.9. 

 

 

(Pyrrolidin-1-ylmethylene)bis(2,1-phenylene) bis(trifluoromethanesulfonate) (56) 

 

 

 

To a solution of salicylaldehyde 51 (2.55 mL, 24.0 mmol, 1.0 eq) in MeOH (60 mL) were added in 

sequence pyrrolidine 52 (1.97 mL, 12.0 mmol, 1.0 eq) and 2-hydroxyphenylboronic acid 53 (3.31 g, 

12.0 mmol, 1.0 eq), and the mixture was stirred at 25 °C for 16 h. The suspension was filtered, the 

filtrate was washed with MeOH (3 x 20 mL) and dried in vacuo for 16 h. The solid 54 was dissolved 

in a mixture of THF (30 mL) and H2O (5 mL). Aqueous 37% HCl (3 mL) was added and the mixture 

was stirred at 80 °C for 16 hours. The reaction was cooled to 25 °C and sat aq. NaHCO3 (40 mL) was 

added. The organic phase was separated and the aqueous layer was extracted with CH2Cl2 (3 x 40 

mL). The combined organic extracts were dried over Na2SO4, filtered and evaporated in vacuo. The 

crude oil was dissolved in Et2O (50 mL) and a 2 molL–1 solution of HCl in Et2O was added (7.0 mL). 

The precipitated 55 was filtered, washed with Et2O (2 x 20 mL), dried in vacuo for 1 hour and 

dissolved in dry CH2Cl2 (80 mL) in an atmosphere of argon. The suspension was cooled to 0 °C and 

were added dropwise in sequence pyridine (4.44 mL, 55.0 mmol, 2.3 eq) and Tf2O (5.48 mL,  

33.0 mmol, 1.4 eq). The reaction mixture was warmed up to 25 °C and stirred for 16 h. Sat. aq. 

NaHCO3 was added (50 mL), the layers were separated and the aqueous phase was extracted with 

NOTf OTf
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CH2Cl2 (3 x 40 mL). The combined organic fractions were dried over Na2SO4, filtered and evaporated 

in vacuo, yielding the product 56 as a dark oil (5.69 g, 44% yield). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.84 (2H, d, 3J 7.2), 7.36 (2H, t, 3J 7.5), 7.30 (2H, t, 3J 8.0), 

7.23 (2H, dd, 3J 8.2, 4J 1.0), 5.0 (1H, bs), 2.52 (2H, bs), 1.81 (2H, bs). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 147.6, 134.2, 130.9, 129.1, 128.2, 121.1, 62.2, 52.9, 23.5. 

19F NMR (470 MHz, CDCl3, 298 K): δ = –74.0. 

 

 

 

2-(2-Methylnaphthalen-1-yl)-1,3-phenylene bis(trifluoromethanesulfonate) (61) 

 

 

 

To a solution of 1-(2,6-dimethoxyphenyl)-2-methylnaphthalene 59[136] (696 mg, 2.50 mmol, 1.0 eq) 

in dry CH2Cl2 (14 mL) at −78 °C under an atmosphere of argon, a 1 molL–1 CH2Cl2 solution of BBr3 

(5.25 mL, 5.25 mmol, 2.1 eq) was added dropwise via a syringe and the mixture was allowed to warm 

slowly to 25 °C over 16 h. After re-cooling to 0 °C, MeOH (10 mL) was added dropwise to quench 

any remaining BBr3, and the solvents were removed in vacuo. Water (30 mL) and CH2Cl2 (30 mL) 

were added to the residue and the aqueous layer was extracted with CH2Cl2. (2 x 30 mL). The 

combined organic extracts were washed with brine (2 x 30 mL), dried over Na2SO4 and evaporated 

in vacuo to afford crude 60 as a green foam, which was dissolved in CH2Cl2 (20 mL) and cooled to 

0 °C under an atmosphere of argon. Pyridine (605 µL, 7.5 mmol, 3 eq) and Tf2O (1.05 mL,  

6.25 mmol, 2.5 eq) were sequentially added dropwise at 0 °C and the solution was stirred while 

reaching 25 °C over 16 h. Sat. aq. NaHCO3 was added (30 mL), the layers were separated and the 

aqueous phase was extracted with CH2Cl2 (3 x 30 mL). The combined organic fractions were dried 

over Na2SO4, filtered and evaporated in vacuo. The residue was purified via column chromatography 

(Cy:AcOEt = 95:5), affording the product 61 as a white solid (953 mg, 74%). 
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1H NMR (500 MHz, CDCl3, 298 K): δ = 7.90 (1H, d, 3J 8.4), 7.86 (1H, d, 3J 8.3), 7.70–7.66 (1H, m), 

7.57–7.54 (2H, m), 7.47–7.42 (2H, m), 7.41–7.37 (1H, m), 7.19 (1H, d, 3J 8.3), 2.27 (3H, s). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 148.3, 136.4, 131.9, 131.8, 130.4, 130.1, 128.5, 128.2, 

128.1, 126.7, 125.3, 124.6, 123.7, 122.0, 119.3, 116.7, 20.2. 

19F NMR (470 MHz, CDCl3, 298 K): δ = –74.4. 

 

 

Dimethyl (R,E)-2-(1,3-diphenylallyl)malonate (64) 

 

 

 

Following a modified literature procedure,[137] [Pd(allyl)Cl]2 (1.45 mg, 4.0 µmol, 1.0 mol%) and  

(Sa)-Cy2JoyaPhos 25 (6.85 mg, 11.9 µmol, 3 mol%) or (Sa)-Ph2JoyaPhos 26 (6.71 mg, 11.9 µmol, 3.0 

mol%) were dissolved in CH2Cl2 (300 µL) and stirred at 25 °C for 10 min under an atmosphere of 

argon. A solution of rac-(E)-diphenylallyl acetate 63 (100 mg, 39.6 µmol, 1.0 eq) in CH2Cl2 (400 

µL) was added, and the mixture was stirred for 10 min. A solution of dimethyl malonate (94 µL, 792 

µmol, 2.0 eq) in CH2Cl2 (600 µL) was added, followed by addition of N,O-

bis(trimethylsilyl)acetamide (196 µL, 792 µmol, 2.0 eq) and AcOK (1.36 mg, 13.9 µmol, 3.5 mol%), 

and the reaction mixture was stirred at 25 °C for 1 h (4 h with (Sa)-Ph2JoyaPhos 25). The reaction 

mixture was quenched by adding a solution of sat. NH4Cl (3.0 mL), and the product was extracted 

with AcOEt (3 x 3.0 mL). The combined extracts were dried with Na2SO4, and the solvent was 

evaporated in vacuo. The residue was purified by column chromatography (Cy:AcOEt 9:1), affording 

the alkylation product 64 as a colorless oil. 

With (Sa)-Cy2JoyaPhos 25: 

127.1 mg, 99%, 95:5 e.r. 

With (Sa)-Ph2JoyaPhos 26: 

126.6 mg, 99%, 93:7 e.r. 
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1H NMR (400 MHz, CDCl3, 298 K): δ = 7.36–7.17 (10H, m), 6.48 (1H, d, 3J 16.0), 6.37–6.28 (1H, 

m), 4.30–4.23 (1H, m), 3.95 (1H, d, 3J 10.9), 3.71 (3H, s), 3.52 (3H, s). 

The analytical data of the compound match the ones reported in literature.[137] 

 

 

Methyl (E)-3-(2-((2-methylnaphthalen-1-yl)amino)phenyl)acrylate (67) 

 

 

 

To a solution of methyl (E)-3-(2-bromophenyl)acrylate[138] 66 (3.62 g, 15.0 mmol, 1.0 eq) and  

2-methylnaphthalen-1-amine (2.83 g, 18.0 mmol, 1.2 eq) in toluene (30 mL), under an atmosphere of 

argon were added in sequence RuPhos (350.0 mg, 750 µmol, 5 mol%), Pd2(dba)3 (343.0 mg,  

375 µmol, 2.5 mol%) and Cs2CO3 (7.33 g, 22.5 mmol, 1.5 eq). The mixture was stirred under argon 

at 100 °C for 16 h. The suspension was cooled to room temperature and diluted with AcOEt. (100 

mL). The organic layer was washed with 1 molL–1 aq. solution of HCl (2 x 40 mL), dried over 

Na2SO4, filtered and evaporated in vacuo. The solid was collected with MeOH (20 ml) and filtered. 

The filtrate was washed with MeOH (2 x 20 mL), affording the amination product 67 as a yellow 

solid (3.86 g, 81% yield). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.18 (1H, d, 3J 15.8), 7.88–7.83 (2H, m), 7.73 (1H, d, 3J 

8.4), 7.50 (1H, dd, 3J 7.9, 4J 1.5), 7.46–7.38 (3H, m), 7.02 (1H, t, 3J 7.7), 6.78 (1H, t, 3J 7.5), 6.54 

(1H, d, 3J 15.7), 6.13 (1H, d, 3J 8.3), 5.76 (1H, bs), 3.83 (3H, s), 2.36 (3H, s). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 167.7, 145.7, 140.3, 133.8, 133.4, 132.6, 131.4, 131.2, 

129.2, 128.3, 128.2, 126.5, 126.4, 125.4, 122.9, 120.4, 118.8, 118.4, 114.4, 51.7, 18.4. 
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(E)-3-(2-((2-Methylnaphthalen-1-yl)amino)phenyl)prop-2-en-1-ol (68) 

 

 

 

To a solution of ester 67 (3.81 g, 12.0 mmol, 1.0 eq) in CH2Cl2 (24 mL) under an atmosphere of argon 

at −78 °C was added dropwise a 1.2 molL–1 toluene solution of DiBAl-H (22.0 mL, 26.4 mmol,  

2.2 eq) over 15 min. The mixture was stirred at –78 °C for 90 min, at which point water (2.0 mL) was 

added. The suspension was allowed to warm to 25 °C and an aq. 1.0 molL–1 NaOH solution (2.0 mL) 

was added, followed by water (6.0 mL). The mixture was stirred vigorously for 1 h, it was diluted 

with Et2O (60 mL) and Na2SO4 was added. The suspension was stirred vigorously for an additional 

5 min, the solids were filtered on a cotton plug and washed thoroughly with Et2O (100 mL). The 

solvents were removed under vacuum and the crude allylic alcohol was suspended in hexane (30 mL) 

and filtered, yielding the target allylic alcohol 68 as a yellow solid (3.20 g, 92% yield). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.91–7.87 (1H, m), 7.86–7.82 (1H, m), 7.70 (1H, d, 3J 8.4),  

7.45–7.34 (4H, m), 7.01 (1H, d, 3J 15.7), 6.95–6.91 (1H, m), 6.79–6.74 (1H, m), 6.45–6.38 (1H, m), 

6.10 (1H, dd, 3J 8.2, 4J 0.9), 5.59 (1H, bs), 4.42 (2H, td, 3J 5.7, 4J 1.6), 2.35 (3H, s), 1.59 (1H, t, 3J 

5.8). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 144.1, 134.6, 133.3, 132.3, 131.3, 131.0, 129.2, 128.7, 

128.2, 127.6, 126.7, 126.3, 125.9, 125.3, 123.5, 123.1, 118.7, 113.7, 64.0, 18.4. 

 

 

(E)-3-(2-((2-Methylnaphthalen-1-yl)amino)phenyl)allyl acetate (69) 
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To a solution of allylic alcohol 69 (3.18 g, 11.0 mmol, 1.0 eq) in CH2Cl2 (33 mL) at 0 °C were added 

Et3N (3.09 mL, 22.0 mmol, 2.0 eq), acetic anhydride (2.06 mL, 22.0 mol, 2.0 eq) and DMAP (67.2 

mg, 550 µmol, 5.0 mol%). The reaction mixture was stirred while reaching 25 °C over 30 min. Water 

(60 mL) and CH2Cl2 (30 mL) were added, and the organic layer was separated. The aqueous layer 

was extracted with CH2Cl2 (2 x 30 mL). The organic extracts were washed with aq. sat. NaHCO3 

solution (2 x 30 mL), dried over over Na2SO4, filtered and evaporated in vacuo, yielding the 

acetylated product 69 as a yellow solid (3.61 g, 99% yield). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.90–7.86 (1H, m), 7.86–7.82 (1H, m), 7.71 (1H, d, 3J 8.3),  

7.45–7.35 (4H, m), 7.05 (1H, d, 3J 15.8), 6.97–6.91 (1H, m), 6.76 (1H, t, 3J 7.6), 6.37–6.30 (1H, m), 

6.11 (1H, d, 3J 8.0), 5.56 (1H, bs), 4.82 (2H, dd, 3J 6.5, 4J 1.2), 2.36 (3H, s), 2.12 (3H, s). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 170.9, 144.1, 134.5, 133.3, 132.2, 131.2, 130.0, 129.2, 

129.1, 128.2, 127.7, 126.3, 126.0, 125.7, 125.3, 123.0, 123.0, 118.8, 113.8, 65.4, 21.1, 18.4. 

 

 

1-(2-Methylnaphthalen-1-yl)-1,2,3,4-tetrahydroquinoline (71) 

 

 

 

A solution of (Sa)-Cy2JoyaPhos 25 (2.31 mg, 4 µmol, 2.0 mol%) and Pd2(dba)3 (1.83 mg, 2 µmol,  

1.0 mol%) in THF (2.0 mL) was stirred under an atmosphere of argon for 30 min. The allylic substrate 

69 (66.3 mg, 200 µmol, 1.0 eq) and KHMDS (47.9 mg, 240 µmol, 1.2 eq) were added and the mixture 

was stirred for 16 hours at 25 °C. The reaction was quenched with 2 drops of water, it was filtered 

with a syringe through a teflon filter and the solvent was quickly evaporated. The residue 70 was 

dissolved in MeOH (1.0 mL), Pd/C 10% (14 mg) was added and the suspension was stirred under H2 

for 16 h. Upon consumption of the starting material, the mixture was added with Na2SO4, filtered 

through Celite and the cake was washed with AcOEt (3 x 20 mL). The solvent was evaporated and 

the residue was purified via column chromatography (Cy:Tol = 9:1), affording cyclic amine 71 as a 

white solid (22.0 mg, 40%). 

N
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1H NMR (500 MHz, CDCl3, 298 K): δ = 7.91–7.86 (1H, m), 7.86–7.82 (1H, m), 7.77 (1H, d, 3J 8.2), 

7.48–7.40 (3H, m), 7.08 (1H, d, 3J 7.3), 6.78 (1H, t, 3J 7.6), 6.57 (1H, td, 3J 7.4, 4J 1.1), 5.82, (1H, 

dd, 3J 8.2, 4J 1.0), 3.67–3.61 (1H, m), 3.59–3.53 (1H, m), 3.07–2.96 (2H, m), 2.34 (3H, s), 2.31–2.15 

(2H, m). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 144.9, 139.7, 135.0, 134.0, 131.7, 129.6, 129.1, 128.4, 

127.2, 127.0, 126.6, 125.3, 123.5, 120.6, 115.8, 111.8, 49.5, 28.3, 22.3, 18.2. 

HPLC: a 45:55 ratio was determined using a Chiralcel OJ-H column (1.0 mLmin–1,  

n-heptane:i-PrOH = 90:10). tR1 = 5.8 min and tR2 = 10.2 min. 

 

 

(Z)-4-(2-((2-Bromo-6-methoxyphenyl)(hydroxy)methyl)phenyl)but-3-en-1-ol (80) 

 

 

 

Diol 80 was prepared following the same procedure used for diol 21, using  

(Z)-4-(2-bromophenyl)but-3-en-1-ol (681 mg, 3.00 mmol, 1.5 eq), n-Bu2Mg (2.84 mL, 1.56 mmol, 

0.78 eq), n-BuLi (2.01 mL, 3.12 mmol, 1.56 eq) and 2-bromo-6-methoxybenzaldehyde 79[139] (430 

mg, 2.0 mmol, 1.0 eq). Purification by column chromatography (n-pentane:Et2O = 1:1) yielded the 

target diol 80 as a white solid (448 mg, 62%).  

TLC: Rf = 0.18 (n-pentane:Et2O = 1:1). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 7.30 (1H, t, 3J 8.0), 7.25–7.13 (4H, m), 7.03 (1H, d, 3J 7.6), 

6.89 (1H, d, 3J 11.4), 6.85 (1H, d, 3J 8.0, 4J 1.3), 6.23 (1H, s), 5.82–5.74 (1H, m), 3.88 (3H, s), 3.63–

3.53 (2H, m), 2.48–2.37 (1H, m), 2.23–2.14 (1H, m). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 155.8, 143.7, 140.4, 136.7, 130.7, 130.7, 129.6, 127.8, 

127.4, 127.4, 126.6, 120.6, 112.3, 110.8, 72.0, 61.9, 56.3, 31.3. 
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Methyl (Sa)-1-(2-bromo-3-methoxyphenyl)-2-naphthoate (81) 

 

 

 

Compound 81 was prepared following the same procedure used for 22, starting from diol intermediate 

80 (364 mg, 1.00 mmol, 1.0 eq) and using IBX (840 mg, 3.00 mmol, 3.0 eq),  

(S)-(–)-5-(2-Pyrrolidinyl)-1H-tetrazole (S)-Tet (55.7 mg, 400 µmol, 40 mol%), Amberlite IRA-96 

(3.2 g, washed 2 x 10 mL with MeOH and 3 x 10 mL with CHCl3), 2-methyl-2-butene (850 µL,  

8.00 mmol, 8.0 eq), NaClO2 (181 mg, 2.00 mmol, 2.0 eq), NaH2PO4･H2O (563 mg, 4.00 mmol,  

4.0 eq) and H2SO4 (533 µL, 10.0 mmol, 10.0 eq). The crude ester 81 was obtained as a yellow solid 

and was used in the next step without further purification (320 mg, 86% over 5 steps). 

1H NMR (400 MHz, CDCl3, 298 K): δ = 8.06 (1H, d, 3J 8.6), 7.95 (1H, d, 3J 8.7), 7.92 (1H, d, 3J 

8.3), 7.59–7.54 (1H, m), 7.44–7.37 (3H, m), 7.00 (1H, dd, 3J 8.2, 4J 1.3), 6.86 (1H, dd, 3J 7.5, 4J 1.3), 

3.99 (3H, s), 3.70 (3H, s). 

 

 

(Sa)-9-(1-(2-Bromo-3-methoxyphenyl)naphthalen-2-yl)anthracene (83) 

 

 

 

Bromo intermediate 83 was prepared following the same procedure used for 24, with magnesium 

turnings (168 mg, 6.90 mmol, 8.0 eq), bis(2-bromophenyl)methane[66] (562 mg, 1.72 mmol, 2.0 eq) 

Br

MeO2C

MeO

Br
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and ester 81 (320 mg, 862 µmol, 1.0 eq), yielding the target compound 83 as an off-white solid (320 

mg, 76%). 

1H NMR (500 MHz, CDCl3, 298 K): δ = 8.32 (1H, s), 8.07 (1H, d, 3J 8.3), 8.05 (1H, d, 3J 8.3), 7.96 

(1H, d, 3J 8.4), 7.91 (1H, dd, 3J 8.9, 4J 1.0), 7.87 (1H, d, 3J 8.5), 7.61–7.57 (2H, m), 7.52 (1H, d, 3J 

8.3), 7.50–7.44 (2H, m), 7.43–7.39 (1H, m), 7.36–7.31 (2H, m), 7.27–7.23 (1H, m), 6.64–6.60 (1H, 

m), 6.56 (1H, dd, 3J 7.7, 4J 1.4), 6.45 (1H, dd, 3J 8.1, 4J 1.5), 3.68 (3H, s). 

13C NMR (126 MHz, CDCl3, 298 K): δ = 155.4, 140.5, 138.7, 136.0, 135.5, 132.9, 132.2, 131.0, 

130.9, 130.0, 129.6, 128.4, 128.3, 128.2, 128.0, 127.7, 127.2, 126.8, 126.8, 126.6, 126.4, 126.1, 125.2, 

125.1, 124.9, 124.7, 123.7, 114.4, 110.3, 56.1. 

 

 

7.1.4. Atroposelective Synthesis of N-Arylindoles 

N-(2,2-diethoxyethyl)-2-methyl-N-phenylnaphthalen-1-amine (91) 

 

 

 

To a solution of secondary aniline 89[140] (2.03 g, 8.70 mmol, 1.0 eq) in DMF (35 mL), was added 

NaH (696 mg, 17.4 mmol, 2.0 eq), TBAI (321 mg, 870 µmol, 10 mol%) and bromoacetaldehyde 

diethyl acetal 90 (3.43 g, 2.68 mL, 17.4 mmol, 2.0 eq). The mixture was stirred at 100 °C for 3 h, and 

it was carefully quenched with water (100 mL) and extracted with Et2O (100 mL). The organic phase 

was washed with water (4 x 100 mL) and dried with Na2SO4. Evaporation of the solvent in vacuo 

afforded the crude product, which was purified via column chromatography (n-pentane:toluene = 2:1 

first, then toluene), yielding the target acetal 91 as a yellow oil (2.01 g, 66%). 

TLC: Rf = 0.21 (toluene). 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.87–7.82 (1H, m), 7.77–7.71 (2H, m), 7.44–7.34 (3H, m), 

7.16–7.09 (2H, m), 6.69 (1H, t, 3J 7.2), 6.55 (2H, d, 3J 8.0), 4.78 (1H, t, 3J 5.0), 3.96–3.88 (1H, m), 

N
Me
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3.85–3.77 (1H, m), 3.61–3.50 (2H, m), 3.49–3.36 (2H, m), 2.30 (3H, s), 1.14 (3H, t, 3J 7.2), 1.03 (3H, 

t, 3J 7.2). 

 

 

2-((2-Methylnaphthalen-1-yl)(phenyl)amino)acetaldehyde (93) 

 

 

 

To a solution of acetal 91 (280 mg, 800 µmol, 1.0 eq) in THF (3.0 mL) was added dropwise an 

aqueous 1 molL–1 solution of HCl (1.0 mL), and the mixture was stirred at 70 °C for 4 hours. The 

reaction was quenched with sat. aq. NaHCO3 (5.0 mL), and ether (5.0 mL) was added. The organic 

phase was washed with brine (10 mL), dried over Na2SO4 and the solvent was evaporated in vacuo. 

The crude aldehyde was unstable on silica and was purified over neutral Alox (Cy:AcOEt = 95:5 first, 

then Cy:AcOEt = 80:20), affording the target aldehyde 93 as a yellow oil (100 mg, 45%). 

TLC: Rf = 0.12 (Cy:AcOEt = 95:5). 

1H NMR (400 MHz, CDCl3, 298 K): δ = 10.02 (1H, t, 3J 1.6), 7.91–7.83 (2H, m), 7.90 (1H, d, 3J 

8.3), 7.49–7.41 (3H, m), 7.19–7.14 (2H, m), 6.80–6.75 (1H, m), 6.40 (2H, d, 3J 8.0), 4.36–4.34 (2H, 

m), 2.37 (3H, s). 

 

 

1-Bromo-2-(2,2-dimethoxy-2-phenylethyl)benzene (96) 

 

 

N
Me

Ph

O

Br

MeO OMe



 124 

To a solution of ketone 95[141] (238 mg, 865 µmol, 1.0 eq) in MeOH (4.0 mL) were added PTSA 

(16.5 mg, 86.5 µmol, 10 mol%) and methyl orthoformate (473 µL, 4.33 mmol, 5.0 eq) and the mixture 

was stirred for 16 h at 25 °C. To the mixture was added 1 molL–1 NaOH (25 mL) and Et2O (25 mL). 

The layers were separated and the organic phase was washed with water (2 x 25 mL). Drying over 

Na2SO4 and evaporation of the solvent in vacuo, afforded the crude ketal 96, which was used in the 

next step without further purification (277 mg, >99%). 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.33 (1H, dd, 3J 8.0, 4J 1.2), 7.26–7.17 (6H, m), 7.09 (1H, 

td, 3J 7.4, 4J 1.2), 6.94 (1H, td, 3J 7.5, 4J 1.6), 3.42 (2H, s), 3.28 (6H, s). 

 

 

2-(2,2-Dimethoxy-2-phenylethyl)-N-(2-ethoxyphenyl)aniline (97) 

 

 

 

A flask was charged with ketal 96 (321 mg, 1.00 mmol, 1.0 eq), 2-ethoxyaniline (151 mg, 1.10 mmol, 

1.1 eq), Pd2(dba)3 (9.16 mg, 10 µmol, 1.0 mol%), BrettPhos (16.1 mg, 30 µmol, 3.0 mol%) and NaO-

tBu (144 mg, 1.50 mmol, 1.5 eq). After 3 cycles of vacuum and argon, toluene was added (3.0 mL) 

and the mixture was stirred at 110 °C for 16 h. The solution was cooled to 25 °C and Et2O (25 mL) 

was added. The organic layer was washed with aq. 1 molL–1 HCl (2 x 25 mL), brine (25 mL), dried 

over anhydrous Na2SO4, filtered and evaporated in vacuo. The residue was purified via column 

chromatography on silica (Cy:AcOEt 95:5), to give the amination product 97 as a yellow oil (333 

mg, 88%). 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.50 (1H, bs), 7.39 (1H, dd, 3J 8.0, 4J 1.0), 7.23–7.17 (3H, 

m), 7.14–7.03 (4H, m), 6.88 (1H, dd, 3J 7.6, 4J 1.8), 6.82–6.71 (2H, m), 6.63 (1H, td, 3J 7.4, 4J 1.2), 

6.26 (1H, dd, 3J 7.6, 4J 1.4), 4.18 (2H, q, 3J 7.1), 3.38 (6H, s),  3.16 (2H, s), 1.53 (3H, t, 3J 7.0). 
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1-(2-Ethoxyphenyl)-2-phenyl-1H-indole (Route C) (98) 

 

 

 

To a solution of ketal substrate 97 (9.44 mg, 25 µmol, 1.0 eq) in CDCl3 (500 µL) was added the 

corresponding organocatalyst shown in Table 5.3 (10 mol%) and the mixture was stirred at 25 °C for 

16 h. The solvent was evaporated in vacuo and the target indole was obtained as a dark oil. 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.70–7.64 (1H, m), 7.36–7.28 (4H, m), 7.24–7.18 (3H, m), 

7.17–7.07 (3H, m), 7.01 (1H, td, 3J 7.6, 4J 1.2), 6.92 (1H, d, 3J 8.0), 6.79 (1H, d, 3J 0.6), 3.89–3.78 

(1H, m), 3.66–3.57 (1H, m), 1.00 (3H, t, 3J 7.0). 

HPLC: A suitable racemic sample for HPLC reference was obtained by treating ketal 97 with  

aq. 1 molL–1 HCl (250 µL) in THF (250 µL) at 25 °C for 16 h, followed by purification with 

preparative TLC (Cy:AcOEt = 95:5), to afford the target compound as a colorless solid. The 

enantiomers were separated on a Chiralcel AD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 99:1). 

tR1 = 8.0 min and tR2 = 8.7 min. 

 

 

N-(2-(2-methoxyvinyl)phenyl)-2-methylnaphthalen-1-amine (101) 

 

 

 

To a suspension of MeOCH2PPh3Cl (2.06 g, 6.00 mmol, 3.0 eq) in dry THF (6.0 mL) was added in 

one portion t-BuOK (673 mg, 6.00 mmol, 3.0 eq) at 0 °C and the reaction mixture was stirred at the 
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same temperature for 1 h under an atmosphere of argon. To this solution was added aminoaldehyde 

100[142] (523 mg, 2.00 mmol, 1.0 eq) in one portion. The mixture was stirred at 0 °C for 1 hour, before 

it was quenched with water (25 mL) and extracted with ethyl acetate (25 mL). The extracts were 

washed with brine (25 mL), dried over anhydrous Na2SO4, and evaporated in vacuo. The residue was 

purified by elution through a short plug of silica (Cy:AcOEt = 95:5), to afford an inseparable 1:1 

mixture of (E) and (Z) diastereomers of the target enol ether 101 as a dark orange oil (507 mg, 88%). 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.97–7.92 (1H, m), 7.91–7.87 (1H, m), 7.86–7.81 (2H, m), 

7.68 (2H, t, 3J 8.4), 7.49–7.35 (7H, m), 7.22 (1H, dd, 3J 7.6, 4J 1.4), 7.00 (1H, d, 3J 12.7), 6.92–6.84 

(2H, m), 6.77–6.71 (2H, m), 6.29 (1H, d, 3J 7.0), 6.12–6.03 (4H, m), 5.55 (1H, d, 3J 7.0), 5.53 (1H, 

bs), 3.82 (3H, s), 3.77 (3H, s), 2.36 (3H, s), 2.35 (3H, s). 

 

 

2-Methyl-N-(2-(2-(2-(trimethylsilyl)ethoxy)vinyl)phenyl)naphthalen-1-amine (102) 

 

 

 

TMS enol ether 102 was prepared following the same procedure used for compound 101, using 

aminoaldehyde 100[142] (523 mg, 2.00 mmol, 1.0 eq), TMS-(CH2)2OCH2PPh3Cl (1.72 g, 4.00 mmol, 

2.0 eq) and t-BuOK (673 mg, 6.00 mmol, 3.0 eq), to afford an inseparable 1:1 mixture of (E) and (Z) 

diastereomers of the target enol ether as a pale yellow oil (627 mg, 84%). 

A suitable sample of (Z) diastereomer for NMR characterization could be isolated via preparative 

TLC (Cy:AcOEt = 95:5) as a colorless oil. 

1H NMR (400 MHz, CDCl3, 298 K, (Z) diastereomer): δ = 7.97 (1H, d, 3J 8.0), 7.83 (1H, d, 3J 8.0), 

7.67 (1H, d, 3J 8.1), 7.51 (1H, dd, 3J 7.6, 4J 1.4), 7.44–7.34 (3H, m), 6.90–6.83 (1H, m), 6.73 (1H, td, 
3J 7.5, 4J 1.2), 6.34 (1H, d, 3J 7.2), 6.12 (1H, bs), 6.10 (1H, dd, 3J 8.1, 4J 1.1), 5.53 (1H, d, 3J 7.0), 

4.10–4.01 (2H, m), 2.34 (3H, s), 1.18–1.11 (2H, m), 0.03 (9H, s). 
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1-(2-Methylnaphthalen-1-yl)-1H-indole (92) 

 

  

 

Route A: The indicated amounts of Lewis acid and organocatalyst displayed in Table 5.1 were 

premixed in the indicated solvent (1.0 mL) and stirred at 25 °C for 30 minutes. The acetal substrate 

91 (34.9 mg, 100 µmol, 1.0 eq) was added and the mixture was stirred at the indicated temperature 

and time. The solvent was evaporated in vacuo and the target indole was obtained as a dark oil without 

further purification. 

Route B: The indicated amounts of Lewis acid and organocatalyst displayed in Table 5.2 were 

premixed in the indicated solvent (500 µL) and stirred at 25 °C for 30 minutes. The aldehyde substrate 

93 (13.8 mg, 50 µmol, 1.0 eq) was added and the mixture was stirred at the indicated temperature and 

time. The solvent was evaporated in vacuo and the target indole was obtained as a dark oil without 

further purification. 

Route D: The indicated amounts of Lewis acid and organocatalyst displayed in Table 5.4 were 

premixed in the indicated solvent (500 µL) and stirred at 25 °C for 30 minutes. The enol ether 

substrate 101 (14.5 mg, 50 µmol, 1.0 eq) was added and the mixture was stirred at the indicated 

temperature and time. The solvent was evaporated in vacuo and the target indole was obtained as a 

dark oil without further purification. 

Route E: The indicated amounts organocatalyst, followed by the fluoride source displayed in  

Table 5.5 were added to a solution of TMS-enol ether 102 (9.39 mg, 25 µmol, 1.0 eq) in the indicated 

solvent (500 µL) and stirred at 60 °C for 16 hours. The solvent was evaporated in vacuo and the target 

indole was obtained as a dark oil without further purification. 

1H NMR (400 MHz, CDCl3, 298 K): δ = 7.91 (2H, d, 3J 8.5), 7.77 (1H, d, 3J 7.6), 7.49 (1H, d, 3J 

8.4), 7.45 (1H, t, 3J 7.5), 7.36–7.30 (1H, m), 7.21 (1H, d, 3J 3.1), 7.19–7.14 (1H, m), 7.13–7.05 (2H, 

m), 6.82–6.78 (2H, m), 2.13 (3H, s). 

HPLC: A suitable racemic sample for HPLC reference was obtained by treating acetal 91 with 

Cu(OTf)2 (3.62 mg, 10 µmol, 10 mol%) in CDCl3 (1.0 mL) at 80 °C for 16 h, followed by purification 

N
Me
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with preparative TLC (n-pentane:toluene = 2:1), to afford the target compound as a colorless solid. 

The enantiomers were separated on a Chiralcel OD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 

100:0). tR1 = 17.0 min and tR2 = 21.6 min. 
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7.2.  NMR Data 

 (Z)-4-(2-((4-(Bis(4-methoxyphenyl)amino)phenyl)(hydroxy)methyl)phenyl)but-3-en-1-ol (11)  
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1-(4-(bis(4-methoxyphenyl)amino)phenyl)-2-naphthaldehyde (12)  
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(Ra,Sa)-16
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4-(2-([2,2'-Bipyridin]-5-ylethynyl)naphthalen-1-yl)-N,N-bis(4-methoxyphenyl)aniline (BPY 1) 
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Ru(bpy)32+-(1,2-naphthylene)-triarylamine (W1) 
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(Sa)-Ru(bpy)32+-(1,2-naphthylene)2-triarylamine (W2) 
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(Sa,Sa)-Ru(bpy)32+-(1,2-naphthylene)3-triarylamine (W3) 
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(Z)-4-(2-((2-Bromophenyl)(hydroxy)methyl)phenyl)but-3-en-1-ol (21) 
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(Sa)-1-(2-Bromophenyl)-2-naphthoate methyl ester (22) 
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(Sa)-9-(1-(2-Bromophenyl)naphthalen-2-yl)anthracene (24) 
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(Sa)-Cy2JoyaPhos (25) 
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 (Sa)-Ph2JoyaPhos (26)
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(Sa)-(3,5-CF3Ph)2-JoyaPhos (27) 
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(Sa)-Cy2JoyaPhosAuCl (28) 
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(Sa)-Ph2JoyaPhosAuCl (29) 
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N-(2-Bromophenethyl)-2-methylnaphthalen-1-amine (35)
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1-(2-Methylnaphthalen-1-yl)indoline (36)
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Bis(2-bromophenyl)methyl acetate (43) 
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2-(Bis(2-bromophenyl)methoxy)pyridine (45) 
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1,3-Bis(2-bromophenyl)propan-2-ol (47) 
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1,3-Bis(2-bromophenyl)propan-2-yl acetate (48) 
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(Pyrrolidin-1-ylmethylene)bis(2,1-phenylene) bis(trifluoromethanesulfonate) (56) 
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2-(2-Methylnaphthalen-1-yl)-1,3-phenylene bis(trifluoromethanesulfonate) (61)  
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Methyl (E)-3-(2-((2-methylnaphthalen-1-yl)amino)phenyl)acrylate (67) 
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(E)-3-(2-((2-Methylnaphthalen-1-yl)amino)phenyl)prop-2-en-1-ol (68) 
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(E)-3-(2-((2-Methylnaphthalen-1-yl)amino)phenyl)allyl acetate (69) 
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 187 

1-(2-Methylnaphthalen-1-yl)-1,2,3,4-tetrahydroquinoline (71) 
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(Z)-4-(2-((2-Bromo-6-methoxyphenyl)(hydroxy)methyl)phenyl)but-3-en-1-ol (80) 
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 192 

Methyl (Sa)-1-(2-bromo-3-methoxyphenyl)-2-naphthoate (81) 
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(Sa)-9-(1-(2-Bromo-3-methoxyphenyl)naphthalen-2-yl)anthracene (83)  
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N-(2,2-diethoxyethyl)-2-methyl-N-phenylnaphthalen-1-amine (91) 
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2-((2-Methylnaphthalen-1-yl)(phenyl)amino)acetaldehyde (93)  
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1-Bromo-2-(2,2-dimethoxy-2-phenylethyl)benzene (96) 
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2-(2,2-Dimethoxy-2-phenylethyl)-N-(2-ethoxyphenyl)aniline (97) 
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1-(2-Ethoxyphenyl)-2-phenyl-1H-indole (Route C) (98) 

 

N

EtO
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N-(2-(2-methoxyvinyl)phenyl)-2-methylnaphthalen-1-amine (101) 

 

NH
Me

OMe



 202 

2-Methyl-N-(2-(2-(2-(trimethylsilyl)ethoxy)vinyl)phenyl)naphthalen-1-amine (102) 

 

NH
Me

OTMS (Z)
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1-(2-Methylnaphthalen-1-yl)-1H-indole (92) 

  

N
Me
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7.3.  HPLC Data 

7.3.1. (Sa)-9-(1-(2-Bromophenyl)naphthalen-2-yl)anthracene (24) 

Chiralcel AD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 99:1). 

 

No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   6.98       8.102  2.096  0.70     BMB* 

2   13.08       712.829  296.701  99.30     BMB* 

Total:   720.931  298.797  100.00       
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No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   6.77       1913.683  486.174  49.30     BMB* 

2   12.23       1483.376  499.910  50.70     BMB* 

Total:   3397.059  986.084  100.00       
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0

500

1'000
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2'000

2'500
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7.3.2. 1-(2-Methylnaphthalen-1-yl)indoline (36) 

Chiralcel OJ-H column (1.0 mLmin–1, n-heptane:i-PrOH = 90:10).  

 

No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   6.98       676.004  167.699  65.26     BMB* 

2   12.00       169.232  89.270  34.74     BMB* 

Total:   845.236  256.969  100.00       

 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 15.0
0

200
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No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   7.45       2103.070  732.800  48.68     BMB* 

2   13.60       904.945  772.676  51.32     BMB* 

Total:   3008.015  1505.476  100.00       
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7.3.3. 1-(2-Methylnaphthalen-1-yl)-1,2,3,4-tetrahydroquinoline (71) 

Chiralcel OJ-H column (1.0 mLmin–1, n-heptane:i-PrOH = 90:10).  

 

No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   5.88       2412.292  984.912  44.92     BMB* 

2   10.25       1307.129  1207.671  55.08     BMB* 

Total:   3719.420  2192.584  100.00       
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No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   5.63       745.294  236.800  50.01     BMB* 

2   9.85       281.637  236.696  49.99     BMB* 

Total:   1026.931  473.497  100.00       
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7.3.4. 1-(2-Ethoxyphenyl)-2-phenyl-1H-indole (98) 

Chiralcel AD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 99:1).  

 

No.  Ret.Time  Height  Area  Rel.Area  Type  
 

min mAU mAU*min % 
 

1   8.03       437.597  89.652  50.01     BM * 

2   8.70       405.935  89.618  49.99      MB* 

Total: 
 

843.532  179.270  100.00     
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7.3.5. 1-(2-Methylnaphthalen-1-yl)-1H-indole (92) 

Chiralcel OD-H column (1.0 mLmin–1, n-heptane:i-PrOH = 100:0).  

 

No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   17.20       23.242  15.914  68.35     BMB* 

2   24.03       8.470  7.368  31.65     BMB* 

Total:   31.712  23.282  100.00       
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No.  Ret.Time  Height  Area  Rel.Area  Type  

  min mAU mAU*min %   

1   17.02       517.739  392.667  50.01     BMB* 

2   21.58       481.327  392.463  49.99     BMB* 

Total:   999.066  785.131  100.00       
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7.4.  X-Ray Data 

7.4.1. rac-Cy2JoyaPhos 

 

Crystal data  

Chemical formula C42H41P 

Mr 576.72 

Crystal system, space group Triclinic, P¯1 

Temperature (K) 130 

a, b, c (Å) 9.6981 (8), 10.4085 (9), 16.4317 (14) 

a, b, g (°) 99.398 (2), 98.411 (2), 101.555 (3) 

V (Å3) 1575.5 (2) 

Z 2 
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Radiation type Cu Ka 

m (mm-1) 0.98 

Crystal size (mm) 0.26 × 0.18 × 0.13 

  

Data collection  

Diffractometer Bruker APEX-II CCD 

Absorption correction 

Multi-scan   SADABS2012/1 

(Bruker,2012) was used for absorption 

correction. wR2(int) was 0.0703 before 

and 0.0493 after correction. The Ratio of 

minimum to maximum transmission is 

0.9099. The l/2 correction factor is 0.0015. 

 Tmin, Tmax 0.685, 0.753 

No. of measured, independent and   

observed [I > 2s(I)] reflections 
17836, 5677, 5605   

Rint 0.032 

(sin q/l)max (Å-1) 0.610 

  

Refinement  

R[F2 > 2s(F2)], wR(F2), S 0.076,  0.202,  1.19 

No. of reflections 5677 

No. of parameters 388 

H-atom treatment H-atom parameters constrained 

D�max, D�min (e Å-3) 0.94, -0.44 
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7.4.2. (Sa)-Ph2JoyaPhos (26) 

 

Crystal data  

Chemical formula C42H29P 

Mr 564.67 

Crystal system, space group Triclinic, P1 

Temperature (K) 123 

a, b, c (Å) 8.0476 (3), 9.4572 (3), 10.3493 (3) 

a, b, g (°) 98.845 (3), 90.215 (3), 106.069 (3) 

V (Å3) 747.00 (4) 

Z 1 

Radiation type Ga Ka, l = 1.34143 Å 
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m (mm-1) 0.67 

Crystal size (mm) 0.16 × 0.09 × 0.04 

  

Data collection  

Diffractometer Stoe StadiVari 

Absorption correction 
Multi-scan   DENZO/SCALEPACK 

(Otwinowski & Minor, 1997) 

 Tmin, Tmax 0.97, 0.97 

No. of measured, independent and   

observed [I > 2.0s(I)] reflections 
12495, 4229, 4124   

Rint 0.012 

(sin q/l)max (Å-1) 0.625 

  

Refinement  

R[F2 > 2s(F2)], wR(F2), S 0.023,  0.026,  1.11 

No. of reflections 4084 

No. of parameters 389 

No. of restraints 3 

H-atom treatment H-atom parameters constrained 

D�max, D�min (e Å-3) 0.14, -0.11 

Absolute structure Flack (1983), 1249 Friedel-pairs 

Absolute structure parameter -0.004 (15) 
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7.4.3. (Sa)-Ph2JoyaPhosAuCl (29) 

 

Crystal data  

Chemical formula C42H29AuClP 

Mr 797.09 

Crystal system, space group Trigonal, P32 

Temperature (K) 123 

a, c (Å) 10.0885 (8),  26.7009 (15) 

V (Å3) 2353.5 (4) 

Z 3 

Radiation type Ga Ka, l = 1.34143 Å 

m (mm-1) 7.03 
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Crystal size (mm) 0.22 × 0.06 × 0.02 

  

Data collection  

Diffractometer Stoe StadiVari 

Absorption correction 
Multi-scan   DENZO/SCALEPACK 

(Otwinowski & Minor, 1997) 

 Tmin, Tmax 0.66, 0.87 

No. of measured, independent and   

observed [I > 2.0s(I)] reflections 
19243, 6150, 5962   

Rint 0.046 

(sin q/l)max (Å-1) 0.626 

  

Refinement  

R[F2 > 2s(F2)], wR(F2), S 0.063,  0.078,  1.11 

No. of reflections 5859 

No. of parameters 407 

No. of restraints 1 

H-atom treatment H-atom parameters constrained 

D�max, D�min (e Å-3) 1.28, -1.14 

Absolute structure Flack (1983), 2952 Friedel-pairs 

Absolute structure parameter 0.015 (17) 
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7.4.4. (Sa)-Ph2JoyaPhos-Pd-G3 (38) 

 

Crystal data  

Chemical formula C55H42NO3PPdS 

Mr 934.38 

Crystal system, space group Monoclinic, P21 

Temperature (K) 123 

a, b, c (Å) 13.1753 (5), 12.2621 (5), 13.3170 (5) 

b (°) 91.058 (2) 

V (Å3) 2151.09 (14) 

Z 2 

Radiation type Cu Ka 



 220 

m (mm-1) 4.66 

Crystal size (mm) 0.12 × 0.07 × 0.02 

  

Data collection  

Diffractometer Bruker Kappa Apex2 

Absorption correction Multi-scan  SADABS (Siemens, 1996) 

 Tmin, Tmax 0.72, 0.91 

No. of measured, independent and   

observed [I > 2.0s(I)] reflections 
29185, 7829, 7411   

Rint 0.038 

(sin q/l)max (Å-1) 0.606 

  

Refinement  

R[F2 > 2s(F2)], wR(F2), S 0.024,  0.026,  1.10 

No. of reflections 7201 

No. of parameters 568 

No. of restraints 10 

H-atom treatment 
H atoms treated by a mixture of 

independent and constrained refinement 

D�max, D�min (e Å-3) 0.49, -0.32 

Absolute structure Flack (1983), 3687 Friedel-pairs 

Absolute structure parameter -0.003 (4) 
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9. Appendix 

9.1.  Catalysts in Tables 5.1–5.5 of Chapter 5 with Custom Names 

 

 

(Ra)-BINOL 1

CF3

F3C
H
N

S

H
N

NMe2

(R,R)-Thiourea 1

N
H

S

N
H

CF3

CF3

H
N

S

H
N

CF3

CF3

(Ra)-Thiourea 2

HN

N
Me

Me

Me

O

PhHCl

(S)-Imidazolidinone 1

OH
OH

Ar

Ar

CF3

CF3

Ar =

S
NH

S

O

O

O

O

CF3

CF3

CF3

CF3

(Ra)-Sulfonimide 1

O

N

Me Me
O

N
i-Pr i-Pr

(R)-i-PrBOX

NO

N N

O

i-Pr i-Pr

(R)-i-PrPyBOX

Ph
Ph

O

O
P

O

OH

(Ra)-VAPOL CPA

O

O
P

O

OH

t-Bu

t-Bu

(S)-CPA 1

OH
OH

Ar

Ar

Ar =

(3,5-CF3)Ph (Ra)-CPA 2
SiPh3 (Ra)-CPA 3
C6F5 (Ra)-CPA 4
Mes (Ra)-CPA 5
9-phenanthrene (Ra)-CPA 6
4-t-BuPh (Ra)-CPA 7
4-MeOPh (Ra)-CPA 8
4-NO2Ph (Ra)-CPA 8


