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Abstract 
 

Aromatic scaffolds are crucial structural elements in all fields of chemical synthesis. The 

selective functionalization of simple arenes is therefore of vital importance for the preparation 

of more complex aromatic structures. The Friedel–Crafts reaction has proven to be a 

particularly powerful tool for this transformation, its dependence on electron-rich arenes, 

however, limits its scope significantly. The work reported herein describes the development of 

novel methods for the asymmetric catalytic Friedel–Crafts reaction of unactivated arenes using 

strong and confined Brønsted acid organocatalysts. To that end, simple alkylbenzene 

hydrocarbons but also more reactive alkoxybenzenes and heterocyclic arenes could be 

transformed with N,O-acetals to yield corresponding arylglycine esters with generally excellent 

regio- and enantiomeric ratios and high yields. Building up on the abovementioned studies and 

stimulated by the relevance of 3-arylpropanals for fragrance applications, the addition of 

unactivated arenes to simple enal derivates was studied subsequently. To this end, either 

preformed acylals or enals in combination with anhydrides as activating agents were used to 

deliver enantioenriched enol esters via asymmetric Brønsted acid-catalysis. 
 

Kurzzusammenfassung 
 

Aromatische Gerüste sind essenzielle Strukturelemente in allen Bereichen der chemischen 

Synthese. Die selektive Funktionalisierung einfacher Aromaten ist daher von entscheidender 

Bedeutung für die Herstellung komplexerer aromatischer Verbindungen. Die Friedel–Crafts-

Reaktion hat sich als ein besonders leistungsfähiges Werkzeug für diese Umwandlung erwiesen, 

die Abhängigkeit von elektronenreichen Aromaten schränkt ihren Anwendungsbereich jedoch 

ein. Die hier vorgestellte Arbeit beschreibt die Entwicklung neuer Methoden für die 

asymmetrisch-katalytische Friedel–Crafts-Reaktion unreaktiver Aromaten unter Verwendung 

starker und sterisch eingeschränkter Brønsted-Säure-Organokatalysatoren. Hierzu konnten 

Alkylbenzole, aber auch Alkoxybenzole und heterocyclische Aromaten mit N,O-Acetalen 

umgesetzt werden um Arylglycine mit exzellenten Regio- und Enantiomerenverhältnissen und 

hohen Ausbeuten zu erhalten. Aufbauend auf den oben dargelegten Studien und stimuliert durch 

die Relevanz von 3-Aryl-Propanalen für Duftstoffanwendungen wurde anschließend die 

Addition von Aromaten an Enal-Derivate untersucht. Dazu wurden entweder Acylale oder 

Enale mit Anhydriden als Aktivierungsreagenzien verwendet, um enantiomerenangereicherte 

Enolester unter asymmetrischer Brønsted-Säure-Katalyse zu erhalten.
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1. Introduction 
 

The concept of aromaticity is so tightly interwoven with the field of synthetic organic chemistry 

that it often seems like it represents one of its centerpieces. Not only is it one of the first things 

students learn about in organic chemistry classes, but it is also visibly represented on a multitude 

of logos of chemical institutes and companies to emphasize their roots in synthetic chemistry.1 

The elucidation of the scientific background that gives aromatic molecules their extraordinary 

properties has driven researchers for decades and their findings shaped the way we see and 

understand the molecular sciences today. The importance of aromatic molecules however 

significantly exceeds the interest of the academic spheres: aromatic structures are crucial 

scaffolds in basically all fields of the chemical industry, ranging from petrochemical feedstocks 

to small molecule drugs for life science-applications. This demand has consequently led to 

extensive research on the synthesis and the transformation of aromatic structures which resulted 

in the development of a plethora of creative synthetic tools. Though often different in their 

mode of action, almost all of these reactions have one thing in common: their dependency on a 

catalyst. 

 

Catalysis is undoubtedly among the most significant technologies that humanity has developed 

and its relevance is demonstrated impressively by its massive contribution to the global gross 

domestic product.2 Since the term catalysis was coined by Berzelius in 1835 and defined as "the 

acceleration of a slow chemical process by the presence of a foreign material" by Ostwald in 

1894, more than a century has passed in which scientists pushed the limits of chemical synthesis 

with the tools provided by catalysis.3 Countless breakthrough processes have been discovered 

since then to advance the progress of mankind, many of those have been awarded a Nobel prize. 

Catalysis however not only holds the power to accelerate a chemical transformation, it can also 

direct a reaction to selectively yield only a selected product out of a group of multiple possible 

ones. This trait was impressively demonstrated by Noyori, Knowles and Sharpless who were 

awarded the Nobel Prize in chemistry for their seminal work on "chirally catalysed reactions" 

in 2001.  

 

The word "chiral" originates from the Greek word "cheir" and means "hand". The analogy to 

our hands perfectly describes the concept of chirality, which is the relation between two mirror-

image objects which cannot be superimposed which each other. While chirality is an important 
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property for many branches of the natural sciences, it is of special interest within the life 

sciences as chiral molecules are omnipresent in biological systems. Induced by the chiral 

environment within these systems, interactions with pharmaceutically active molecules are 

often dependent on their exact spatial orientation, which creates the demand for methods that 

allow the selective synthesis of a single out of two possible mirror image isomers 

(enantiomers).4 To this end, chiral enantiopure molecules, available from natural sources (the 

chiral pool), can serve as basic framework or chiral auxiliary for further synthetic steps toward 

the target structure. Alternatively, chiral racemic compounds can be subjected to the separation 

of the isomers. However, both approaches often suffer from significant drawbacks such as the 

limited availability of chiral pool materials or the reduced yields resulting from resolution 

processes. A way to overcome these problems and to provide efficient access to chiral 

enantioenriched molecules can be found in the field of asymmetric catalysis.  

 

Asymmetric catalysis describes processes in which a catalytic amount of a chiral enantiopure 

material is used to prepare a chiral enantioenriched product in higher quantity.4 As demonstrated 

by Noyori, Knowles and Sharpless, organometallic catalysts, in addition to biocatalysts, have 

proven to be powerful tools for this quest. Since seminal discoveries by List and MacMillan in 

the early 2000s however, a third class of asymmetric catalysts emerged: organocatalysts.



2. Background 

 3 

2. Background 
 

2.1 The Origin of Aromaticity 
 

When benzene (1), the archetypical arene, was discovered in 1825 by Michael Faradey, little 

was known about the concept of aromaticity.5 Before these early findings, aromaticity was 

solely associated with a certain aromatic smell and a surprisingly high chemical stability, 

considering the compound’s high degree of unsaturation. A plethora of proposals were made 

for the constitution of this iconic molecule, many of them being of exotic nature. Much known 

is a structure proposed by Dewar (2), that was eventually synthesized a century after it was first 

mentioned (figure 2.1).6,7 It was not until 1865 however, that August Kekulé proposed a 

structure for benzene which should finally prevail: a highly symmetric hexagonal structure of 

tetravalent carbon atoms with one hydrogen atom bound to each carbon. If the structure was 

truly revealed to him in two daydreams of a snake devouring its own tail remains unclear.8 

However, since then, each generation of chemists shaped and developed the term aromaticity 

and further explored the properties of aromatic compounds. In 1866, Erlenmeyer discovered 

that aromatic compounds tend to undergo electrophilic aromatic substitution reactions rather 

than addition reactions, as opposed to non-aromatic unsaturated compounds.9  

 

 
Figure 2.1: Historical development of the term aromaticity over the years. 

 

Even though the structure of benzene was elucidated as early as 1865, it was to take more than 

60 years before the quantum chemical theory for its unusual stability was revealed in more 

detail. In 1922 and 1925, respectively, Crocker, Armit and Robinson proposed an "aromatic 
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sextet" of electrons as cause for the extraordinary stability of aromatic annulenes; a concept that 

could even be applied to heteroaromatic systems.10–12 Fueled by the proceeding of the field of 

quantum mechanics in the early 20th century, Hückel extended the theories proposed by 

Crocker, Armit and Robinson by introducing a groundbreaking concept that should later be 

known as the "Hückel-rule". According to Hückel, a molecule requires a cyclic, planar structure 

of conjugated atoms (a connected system of p-orbitals) and a sum of 4n + 2 π-electrons (where 

n is a non-negative integer) to display aromatic properties.13,14 Today, the Hückel-rule still is a 

powerful tool for the assessment and identification of aromaticity in synthetic organic 

chemistry. However, plentiful examples for the existence of aromaticity outside of Hückel's rule 

have been found which led to many more specialized theoretical observations and rules.15 

Especially the criterion of planarity can be widened without the loss of the aromatic character: 

besides spherical16 or tubular17,18 aromaticity, a range of bended or curved aromatic 

molecules19–21 could be synthesized (figure 2.2).  

 

 
Figure 2.2: Examples for spheric, hyperbolic and cylindrical aromaticity. 

 

In fact, the structural diversity within the family of aromatic compounds has increased so much 

over the past decades – from simple benzenoids to complex structures bearing multidimensional 

systems of highly delocalized electrons – that finding a unifying definition of aromaticity has 

become more and more challenging. The IUPAC (International Union of Pure and Applied 

Chemistry) provides a definition that bases on the cyclic electron delocalization within aromatic 

structures which leads to increased thermodynamic stability.22 Besides that, however, structural 

and magnetic criteria as well as the nature of the valence shell of the molecule should be 

considered to evaluate its aromatic character. Existing rules and definitions have become 

increasingly complex and exceptions to the traditional boundaries of aromaticity are more than 

just occasional anomalies. An interdisciplinary paradigm shift of our classification and 

understanding of aromaticity might consequently be due to enable a more precise scientific 

exchange.23 

buckminsterfullerene [7]helicene [9]cycloparaphenylene

spheric aromaticity hyperbolic aromaticity cylindrical aromaticity
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2.1.1 Arenes as Crucial Feedstocks for the Chemical Industry 

 

Classical Hückel arenes are of tremendous relevance in essentially all areas of synthetic 

chemistry, ranging from the synthesis of small molecule drugs to the multi-ton production of 

agrochemicals and materials. The importance of simple aromatic feedstocks is impressively 

underlined by their production volumes: in 2013, the most relevant aromatic commodity 

chemicals, benzene, toluene (3) and the xylenes, reached a combined global production volume 

of 103 million metric tons and the market has been growing by an expected 3% per year since 

then.24,25 The so called "BTX-stream" (benzene, toluene, xylenes) represents one of the core 

production streams of the petrochemical industries and lays the foundation for a plethora of 

downstream transformations. The major share of these valuable feedstocks is obtained via 

catalytic reforming of naphtha and used for the production of polymer materials.26 Benzene is 

usually converted to ethylbenzene (4) or cumene (5) to enable the subsequent production of 

phenol or styrene while toluene is either transformed into toluenediisocyanate (TDI) or 

disproportionated into benzene and xylenes. The mixture of the xylenes is mostly subjected to 

isomerization toward the most relevant para-isomer 6 which is then oxidized to give rise to 

terephthalic acid (7), a key building block for the production of polyethylene terephthalate 

(PET, figure 2.3).24  

 

 
Figure 2.3: The BTX-stream in the petrochemical industries.24 

 

The relevance of aromatic scaffolds however goes far beyond their application in the material- 

and polymer sciences, since especially fine and medicinal chemistry applications rely heavily 
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on aromatic scaffolds.27 This great demand for highly functionalized aromatic structures has 

consequently led to intense research to develop a broad set of methods for the efficient and 

selective transformation of aromatic molecules. The most powerful tool in the synthetic 

chemist's toolbox to achieve this goal is catalysis.  

 

2.2 Catalysis as Central Science for Chemical Synthesis 

2.2.1 Fundamental Principles of Catalysis 
 

Catalysis is undoubtedly one of the most significant technologies available to mankind. The 

synthetic power of catalysts often is astonishing: reactions that would take years to reach 

completion can be carried out in minutes and the proceeding of unwanted side reactions can 

efficiently be suppressed.28 An impressive 80% of all chemical products and the major part of 

liquid fuels are obtained with the help of catalysis, which contributes to more than 35% of the 

global gross domestic product (GDP).2 From a strictly economic point of view, catalysis adds 

value to crude feedstocks through chemical refinement: the goods accessed with the help of 

catalysts in the petrochemical industry increase the net value of the input raw materials by a 

factor of 200 to up to 300.29 In fact, just a few of the most relevant catalytic reactions, such as 

the Haber-Bosch process for the fixation of nitrogen, have enabled the growth of the human 

species in the last century as we know it today.30  

The conscious origin of the science of catalysis dates back to 1835 when Berzelius first 

introduced the term "catalysis", even though catalytic processes have unconsciously been used 

by humanity for significantly longer. It was not until 1894 though that Ostwald defined the term 

catalysis as "the acceleration of a slow chemical process by a foreign material which is not 

consumed and leaves the equilibrium of the reaction unchanged". In a more modern 

understanding, catalysts are identified as "substances that increase the rate of a reaction without 

modifying the overall standard Gibbs energy change in the reaction".31 Consequently, catalysis 

is a kinetic phenomenon, in which the energetic ground states of the reactants stay constant but 

an energetically lower-lying pathway from the reactants to the products can be mediated by a 

catalyst. In this process, the catalyst interferes with one or more reactants but is not consumed 

in the overall process. It is consequently both reactant as well as product of the reaction 

(figure 2.4).31  
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Figure 2.4: Schematic depiction of a catalytic process. 

 

While catalysts are crucial tools for the acceleration of chemical reactions, they can furthermore 

influence the course of a reaction in a targeted and detailed manner to selectively yield only one 

out of multiple possible products or even open up paths that lead to completely new reactivity.32  

This can influence different observable parameters like the chemo- or regioselectivity of a 

reaction. Of particular interest to the chemical community, however, is the art of 

enantioselective (or asymmetric) catalysis (figure 2.5).  

 

 
Figure 2.5: Nobel prizes awarded for asymmetric catalysis. 
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possible mirror image products is impressively underscored by three Nobel prizes awarded in 

the last 23 years for work closely related to asymmetric catalysis.33 

 

2.2.2 Asymmetric Organocatalysis 

 

Despite the relatively young age of the field of asymmetric catalysis, multiple different branches 

of the science quickly formed and evolved over the years. All of them however face the same 

challenge: the selective formation of one out of multiple possible stereoisomers with the aid of 

a chiral enantiopure catalyst.34,35 In most cases, asymmetric catalysis refers to the 

transformation of a non-chiral starting material to a chiral enantioenriched product by means of 

an enantiopure catalyst that distinguishes between two possible diastereomeric reaction 

pathways. The difference in activation energy between the two pathways corresponds to the 

quality of enantioinduction (figure 2.6).35 Furthermore, the racemic mixture of a chiral starting 

material can be subjected to a reaction with a chiral enantioenriched catalyst, in which one 

isomer is transformed at a significantly higher reaction rate than the other. The converted 

product and/or the remaining starting material is consequently obtained in enantioenriched 

form. Such kinetic resolution processes suffer from the intrinsic disadvantage of a maximum 

theoretical yield of 50%, unless a rapid equilibration of the two starting material isomers is 

achieved.  

 
Figure 2.6: Energy diagrams for enantioselective reactions and kinetic resolution processes. 
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purely organic small-molecule catalysts have long been overlooked and the existing examples 

have been regarded as anomalies or curiosities rather than part of a much larger area of the 

catalytic space.36 This observation is especially peculiar given the fact that there have been 

sporadic yet powerful examples for the application of small organic molecules in asymmetric 

catalysis along with a set of intrinsic benefits these catalysts offer compared to traditional 

transition metal complexes. Among others, organocatalysts are usually cheap compared to 

many costly transition metals. They are also generally insensitive toward air or moisture and 

non-toxic, which makes them predestined catalysts for the synthesis of pharmaceutically active 

ingredients.37  

While the application of organic catalysts in achiral synthesis has been known for much 

longer,38–40 the first report of a small organic catalyst in asymmetric catalysis dates back to 

1912, when Bredig and Fiske investigated the addition of HCN to benzaldehyde in the presence 

of cinchona alkaloids.41 Only low enantioenrichment was observed in the corresponding 

cyanohydrin products, but the usage of cinchona alkaloids in asymmetric transformations was 

followed up by Pracejus in 1960, who investigated the addition of methanol to ketene 8. Using 

similar cinchona alkaloid 9, the synthesis of the corresponding methyl ester 10 could be 

achieved with enantiomeric ratios of up to 87:13 (scheme 2.1).42 

 

 
Scheme 2.1: Early reports of asymmetric organocatalytic processes. 
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work on antibodies, List investigated the catalytic potential of the elementary building blocks 

of the parent macromolecular catalyst in similar asymmetric transformations.47 Using L-proline 

as catalyst for the asymmetric aldol reaction of acetone (12) with aromatic- or aliphatic 

aldehydes 13, good to excellent enantiomeric ratios and excellent chemoselectivities were 

observed.45 Later in that year, MacMillan used the phenylalanine-derived imidazolidinone 14 

for asymmetric Diels–Alder reactions to yield enantioenriched bicylco[2.2.2]octanes 15.46  

 

 
Scheme 2.2: Seminal work by List and MacMillan. 
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Brønsted acid catalysis describes a catalytic process in which the acidic proton is still covalently 

bound to the catalyst backbone and activation takes place exclusively via hydrogen bonding, 

specific Brønsted acid catalysis involves protonation of the electrophilic reagent, which 

consequently requires more acidic catalysts.  

Given the rich diversity of Lewis acidic metal ions along with an ever-increasing choice of 

chiral ligands, it is to no surprise that the field of asymmetric Lewis acid catalysis has been and 

continues to be one of the most prominent areas for the application of chiral metal complexes. 

In contrast, the field of asymmetric Brønsted acid catalysis is largely dominated by metal-free 

catalysts and a broad variety of organocatalysts, covering a wide range of acidity, has been 

investigated.51 Among them, the group of chiral phosphoric acids (CPA) quickly gained 

popularity after seminal reports by Akiyama and Terada in 2004.52,53 Closely associated to the 

field of chiral phosphoric acid catalysis is its most commonly used chiral backbone, the axially 

chiral 1,1'-bi-2-naphtol (BINOL). The BINOL-structure stands out for its low cost along with 

an easy functionalization thereof which grants straightforward access to a broad scope of 

possible catalysts.54 Inspired by Noyori's breakthrough studies with binaphthyl-based ligands 

for asymmetric hydrogenation reactions, BINOL-based CPAs were found to possess unique 

properties. The seven membered ring, created by the phosphorous atom and the BINOL 

backbone, prevents free rotation and creates a rigid chiral environment (figure 2.7).55 The 

presence of an acidic and a basic site on the phosphoric acid furthermore creates a bifunctional 

active site which can easily be adjusted via installation of suitable substituents on the BINOL 

backbone. 

 

 
Figure 2.7: Spatial orientation of BINOL-based chiral phosphoric acids. 

 

While BINOL-based chiral phosphoric acids have been known for more than half a century, 
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As beautifully illustrated by chiral phosphoric acid organocatalysis, specific Brønsted acid 

catalysis can be considered extremely general and versatile as the only prerequisite for the 

activation of a substrate is the presence of electron density – a requirement that all organic 

molecules fulfill by definition. But this consideration also points toward the limitation of the 

concept, which is the necessity for the protonation of the substrate. The success of this process 

depends on two factors, namely the acidity of the catalyst and the basicity of the substrate.57 

While basic substrates like imines can easily be protonated even with moderately acidic 

catalysts, significantly less reactive substrates such as simple olefins represent a serious 

challenge as highly acidic catalysts are required to enable proton transfer. This acidity/reactivity 

correlation has stimulated scientists to design ever more acidic catalysts to selectively 

functionalize unreactive chemical feedstocks and to pioneer into the realm of more and more 

inert substrates.56,58  

 

2.2.4 Toward Strong and Confined Brønsted Acid Catalysis 

 

While chiral phosphoric acid catalysts (pKa = ca. 13.0 in MeCN)59 find broad application in 

organic synthesis, it was quickly found that their use was strictly limited to basic substrates. 

The unavailability of less basic substrates for asymmetric Brønsted acid catalysis motivated 

chemists to design more acidic catalyst motifs which led to the synthesis of novel, highly 

reactive catalysts (figure 2.8). 

 
Figure 2.8: Acidity range of chiral Brønsted acid catalysts, given as approximate values. 
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The exchange of the phosphate moiety of CPAs to a disulfonic acid, a disulfonimide (DSI, 

pKa = ca. 9.0 in MeCN)60 or a sulfate unit (1,1-binaphthyl-2,2-bis(sulfuryl)imide, JINGLE, 

pKa = ca. 5.0 in MeCN)59 in all cases significantly increased the catalyst's acidity. While the use 

of these catalysts allowed for the activation of less basic substrates such as ketones or aldehydes, 

it is worth mentioning that achieving highly enantioselective transformations using disulfonic 

acid- or JINGLE-based catalysts has proven to be particularly challenging. It has therefore been 

argued that a too significantly increased acidity on the used acid catalyst, while crucial for the 

activation of less basic substrates, is detrimental for enantioselectivity.60 This correlation 

inevitably raises the question of whether it is even possible to convert very unreactive substrates 

with high selectivity. With regard to biocatalysis, it is rather obvious that – at least in the realm 

of enzymatic transformations – this is the case: unactivated C–H bonds can selectively be 

functionalized using the tools provided by nature.61,62 A key structural feature of enzymes is 

their highly confined microenvironment which precisely controls the orientation of a substrate 

in the active site.63 Compared to these systems, the active site of the BINOL-based Brønsted 

acids described above appears rather loose, which complicates the selective transformation of 

small substrates. When List investigated the asymmetric spiroacetalization of small 

hydroxyenol ethers, only moderate enantioselectivity was achieved using non-confined 

catalysts.64 Inspired by the structure of enzymes, a highly confined system based on two BINOL 

subunits connected by a bridging imidodiphosphate (IDP) linker was therefore designed to 

yield the spirocyclic products with increased enantioenrichment.  

While the imidodiphosphate system developed by List provides a highly confined 

microenvironment, it lacks the acidity that is required for the activation of less basic substrates 

(pKa of IDPs = ca. 11 in MeCN).57 As demonstrated in studies reported by Yagupolskii, a 

significant acidifying effect can be achieved via replacement of O atoms by NTf groups.65 When 

this concept was applied to the IDP scaffold, the resulting imidodiphosphorimidates (IDPi, 

pKa 4.5 to ≤ 2.0 in MeCN) were found to combine both high confinement and superior acidity 

in a single catalyst.57,66 The discovery of this groundbreaking motif enabled the asymmetric 

transformation of previously inaccessible building blocks such as simple olefins. Even now, 

almost a decade after its initial discovery, the existing frontiers of asymmetric Lewis and 

Brønsted acid catalysis continue to be extended using the privileged IDPi system.67–69  
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2.2.5 Asymmetric Counteranion-Directed Catalysis  

 

One mechanistic feature IDPi catalysts share with most Lewis- or Brønsted acid catalysts is the 

generation of positively (or partially positively) charged intermediates or transition states within 

the course of a catalytic transformation. The presence of these key cationic species allows to 

pair them with ions of the opposite, anionic charge. If this anion is of enantiopure nature and 

furthermore present in a subsequent enantiodetermining step, the transfer of chirality from the 

anionic to the cationic species becomes possible. This concept has been coined asymmetric 

counteranion-directed catalysis (ACDC).70 By definition, the interplay within ion pairs is not 

limited to Coulomb interactions but also includes further stabilizing interactions such as 

hydrogen bonds.70 The distinction between ACDC and the traditional use of chiral anionic 

ligands in asymmetric transition metal catalysis arises from their role in the selectivity-

determining step. If the anion convoys the cationic intermediate in a selectivity determining 

step, it is referred to as ACDC while anions which are solely bound to a transition metal atom 

to form a neutral or cationic complex belong to the category of chiral ligands.70  

The concept of ACDC was illustrated by List, who used catalytical amounts of the salts of a 

chiral phosphoric acid and an achiral secondary amine for the asymmetric transfer 

hydrogenation of enals 16 (scheme 2.3).71 The strong ion pairing between thus formed iminium 

ions and BINOL-based phosphate counteranions provides a chiral environment that enables the 

subsequent asymmetric reduction and therefore differentiates itself from previously reported 

systems based on the use of chiral secondary amine catalysts.72  

 
Scheme 2.3: Asymmetric transfer hydrogenation via ACDC reported by List. 
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field of ACDC not only a powerful tool for the efficient synthesis of enantioenriched products, 

but also an extremely general and versatile concept that has found broad application in chemical 

R

O

H

N
H

MeO2C CO2Me

+ N

O

H H
(R)-TRIP

R

O

H

HH

Ar

O
P

O OH
O

Ar

List 2005

Ar = 2,4,6-(i-Pr)3C6H2

90%
e.r. = 99:1

(R)-TRIP

16



2. Background 

 15 

synthesis. One discipline for which ACDC has become invaluable is the field of electrophilic 

aromatic substitution reactions towards the functionalization of aromatic structures. 

 

2.3 The Selective Functionalization of Arenes 
 

Aromatic scaffolds are among the most crucial building blocks in synthetic chemistry. 

Therefore, it is not surprising that the structure and reactivity of arenes are among the first things 

students embark upon in their organic chemistry classes. The selective functionalization of 

aromatic structures has occupied scientists for decades and it still is an intensely investigated 

research area which has led to great innovation.73 While the origins of the art of the structural 

modification of arenes date back to electrophilic and nucleophilic aromatic substitution 

reactions and early metalation approaches in the late 19th century, the field now encompasses a 

broad variety of methods such as transition metal-catalyzed cross couplings or C–H activation 

reactions (scheme 2.4).74 

Nucleophilic aromatic substitution (SNAr) reactions describe processes in which an anionic or 

neutral nucleophile displaces a leaving group on an aromatic substrate. They can therefore be 

considered orthogonal to the field of electrophilic aromatic substitions.75 The success of an 

SNAr reaction depends mainly on three factors: the nucleophilicity of the nucleophile, the 

leaving group quality of the leaving group and the electronic nature of the aromatic system. 

 
Scheme 2.4: Important methods for the functionalization of arenes. 
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formation of anionic, dearomatized intermediates I (also referred to as Meisenheimer complex) 

(scheme 2.5).76  

 

 
Scheme 2.5: Mechanistic considerations for the nucleophilic aromatic substitution. 

 

Given the high-energy nature of the formed intermediates along with the intrinsic repulsion of 

an approaching nucleophile with the π-system of the aromatic substrate, it is not surprising that 
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withdrawing substituents is often crucial for the course of the reaction. Despite this limitation, 

SNAr reactions have proven to be invaluable tools for the functionalization of electron deficient 

heterocyclic arenes, which are of particular interest in the field of medicinal chemistry.  

A concept that has truly revolutionized arene functionalization chemistry is the field of 

transition-metal catalyzed cross-coupling reactions. The roots of the field go back to the 19th 

century when initial homocoupling reactions of organocopper species were reported by Glaser 
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catalytic amounts of copper, nickel or cobalt salts.81–84 However, the cross coupling, a highly 

sought-after transformation in synthetic chemistry, remained a challenge even after the report 

of these seminal methods. A breakthrough in the world of cross coupling reactions was achieved 

when the transformative power of palladium was recognized (scheme 2.6).  
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Scheme 2.6: Transition metal catalyzed cross-coupling reactions of arenes. 
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The degree of prefunctionalization can be reduced if the direct activation of ubiquitously 

present C–H bonds becomes feasible. This has been one of the main motivators for the 

development of transition metal catalyzed C–H bond functionalization reactions. But while the 

modification of non-activated C–H bonds enables transformations with higher step and atom 

efficiencies, their abundance in organic molecules also poses the challenge of achieving 

selectivity in the bond formation (scheme 2.7).99 If a C–H bond can be selectively targeted, a 

concise modification can occur without preceding transformations which allows a 

"topologically obvious assembly" where the target has a high similarity to the starting 

material.99 This predestines C–H activation methodologies for late stage functionalization 

reactions which is of particular interest for the field of drug discovery.100  

 

 
Scheme 2.7: The concept of transition metal catalyzed C–H activation reactions.101,102 
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in most cases, has to be installed and removed which significantly reduces the step, time and 

atom efficiency of the method.  

C–H activation methods enable efficient and elegant transformations in certain cases, but the 

scope of the concept remains limited and selective versions are mostly dependent on 

synthetically disadvantageous directing groups.106 Although modern approaches continue to 

offer creative alternatives, one of the most efficient and versatile methods for the direct 

functionalization of aromatic substrates is also one of the oldest: the electrophilic aromatic 

substitution reaction (SEAr).  

 

2.3.1 Electrophilic Aromatic Substitution Reactions 

 

One of the most straightforward approaches for the functionalization of many arenes lies in the 

exploitation of their inherent nucleophilicity, which enables the direct installation of 

substituents from electrophilic reagents. The electrophilic aromatic substitution (SEAr), the 

formal exchange of an aromatic hydrogen atom with a substituent originating from an 

electrophilic reagent, is consequently among the most crucial tools for the functionalization of 

arenes. The sheer breadth of possible electrophiles that can be introduced to simple arenes has 

made the SEAr particularly suitable for the early-stage functionalization of aromatic molecules: 

nitration, sulfonation or halogenation are just a few out of many examples for the incorporation 

of heteroatoms into simple aromatic feedstocks.107  

Of special relevance is the introduction of organic substituents into aromatic molecules for the 

construction of more complex scaffolds and the direct diversification of petrochemically 

available arenes. Among these methods, the electrophilic aromatic alkylation has a particularly 

rich history, which dates back to two of the most prominent pioneers of the field of SEAr, 

Charles Friedel and James M. Crafts. In 1877, Friedel and Crafts treated a solution of amyl 

chloride (17) in benzene with aluminum stripes and shortly after observed the formation of 

amylbenzenes (18) (scheme 2.8).108 Soon, in situ formed AlCl3 was identified as catalytically 

active species in the bond-forming event that should later become known as Friedel–Crafts 

alkylation. Not only did Friedel and Crafts lay the foundation for the field of the electrophilic 

catalytic alkylation of arenes, their discovery also represents one of the first reports of the usage 

of a Lewis acid catalyst in organic synthesis.109  
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Scheme 2.8: The Friedel–Crafts reaction: origin and reaction scope. 

 

In the more than 140 years since Friedel's and Crafts' groundbreaking discovery, countless 

scientists have shaped and developed what is known today as the Friedel–Crafts reaction. 

Simultaneously, the understanding of the chemical community regarding the exact definition 

of the reaction evolved.  

In 1963, Olah and Dear defined Friedel–Crafts reactions as "any isomerization, elimination, 

cracking, polymerization, or addition reaction taking place under the catalytic effect of Lewis 

acid type [...] or protic acids", which also includes carbon-heteroatom bond formation.109,110 A 

more modern understanding of the reaction however provides a less general definition which 

limits the scope of the Friedel–Crafts alkylation reaction to the "specific functionalization of 

arenes with various alkylating agents in the presence of catalytic amounts of a Lewis acid", 

excluding non-aromatic substrates from the scope of the definition.111,112 Another aspect that 

requires further classification is the range of electrophilic alkylating agents which, by definition, 

fall into the category of the Friedel–Crafts reaction. The traditional Friedel–Crafts reaction 

involves a substitution reaction on a sp3-hybridized electrophilic reagent during the reaction. 

This stands in contrast to a more modern understanding which includes addition reactions to 

sp2- or sp-based reagents to the scope of the Friedel–Crafts reaction. If acyl chlorides or 
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anhydrides are used under similar conditions, the acylation of arenes can be achieved in what 

is referred to as Friedel–Crafts acylation.  

In addition to the broad diversity of substrates and electrophiles applicable in the Friedel–Crafts 

reaction, there is a similarly wide range of Lewis and Brønsted acid catalysts that can be applied 

in the reaction. This enables a plethora of selective transformations which is even further 

enhanced by the possibility to apply co-catalysts in the reaction. While Friedel and Crafts state 

that their early studies were performed under anhydrous conditions, their access to a truly 

anhydrous reaction setup at that time was very limited and it was later found that traces of water, 

yielding HCl as co-catalyst, promote the reaction. Subsequent studies could even show that 

completely anhydrous AlCl3 is inactive in many Friedel–Crafts reactions.113  

Closely linked to the emergence of the Friedel–Crafts reactions is the curiosity of researchers 

to unravel the mechanistic details of the transformation. In the last century, enormous progress 

has been made in understanding the mechanism of the reaction, which not only helped to design 

new electrophilic aromatic substitution reactions but also provided comprehensive insights into 

the workings of Lewis acid catalysis, the chemistry of carbocationic intermediates and the 

physical background of aromaticity itself. Today, it is widely acknowledged that the Friedel–

Crafts reaction is initiated by the activation of the electrophilic reagent by the Lewis acid 

catalyst to form an activated complex (II) or an ionic species (scheme 2.8). The activated 

electrophile then undergoes nucleophilic attack by the aromatic substrate to yield a 

dearomatized, cationic 𝜎-complex (III, also referred to as Wheland complex) from which 

aromaticity is restored upon deprotonation, releasing the Lewis acid catalyst.112 

Cationic structures were soon identified as crucial intermediates in the reaction and especially 

the potential relevance of	𝜎- and π-complexes was intensely researched (figure 2.9). While the 

whole aromatic sextet acts as electron donor for the activated electrophile in π-complexes, a 𝜎-

bond is formed between the aromatic substrate and the alkylating agent in a 𝜎-complex, leaving 

a dearomatized conjugated pentadienyl cation.114 

 

 
Figure 2.9: 𝜎- and π-complexes as intermediates for electrophilic aromatic substitutions.115 
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Over	the	years,	many	𝜎-complexes could be isolated and analyzed spectroscopically, leaving 

little doubt about their presence as well as crucial importance in Friedel–Crafts reactions.115–117 

It could also be found that 𝜎-complex-formation follows the general directing patterns of SEAr 

and their selective formation is therefore essential for regioselective substitution.118  

π-Complexes are sensitive species that generally are not considered to be intermediates in 

Friedel–Crafts reactions, the transition states of some reactions however are expected to be of 

π-complex character.119–121  

While widely recognized for their efficiency, Friedel–Crafts reactions are often criticized for 

the harsh reaction conditions that result from the endergonic formation of dearomatized 

Wheland-type intermediates.122 In conjunction with this, a number of challenges for the 

selective functionalization arise. 

 

2.4 The Friedel–Crafts Reaction – Challenges and Potential 

2.4.1 Regioselectivity 
 

When multiple aromatic C–H bonds are present in a substrate, distinguishing between them 

becomes a challenge. Complex mixtures of regioisomeric products can then result from SEAr 

which significantly complicates isolation processes. Understanding the guiding principles 

which favor the achievement of regioselectivity is therefore crucial for the development of 

systems that allow the selective substitution of a chosen out of a number of possible C–H bonds. 

The regioselectivity of Friedel–Crafts reactions is mainly determined by the stabilization of the 

formed Wheland intermediates, which in turn depends on the electronic structure of the 

aromatic substrate (scheme 2.9). Electron-donating substituents (EDG) on monosubstituted 

benzenes have been found to stabilize positive charge in each position of the aromatic ring via 

conjugation- or hyperconjugation effects, which generally supports the proceeding of the SEAr. 

The most significant stabilization however is observed in the 2- and the 4-positions which leads 

to a para- and ortho-directing effect of EDGs.123  
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Scheme 2.9: The regioselectivity of the Friedel–Crafts reaction.  

 

Electron-withdrawing substituents (EWG) on the other side destabilize Wheland complexes 

and therefore disfavor the proceeding of the reaction. Since destabilization is minimized when 

substitution takes place in the 3-position, EWGs can be found to have a meta-directing effect.  

Intriguingly, very high ratios for the formation of the meta isomer can still be observed under 
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an electrophilic agent.125 In accordance with later studies by Olah, it was found that the 

reactivity of an electrophile is directly proportional to the rate of formation of the meta isomer 

in the corresponding SEAr reaction (scheme 2.9).125,126 The authors rationalize this finding with 

the increased electron density that the aromatic substrate must provide to activate less reactive 

electrophiles. This consequently leads to the formation of late, product-like transition states in 

which the influence of the directing group is increased and higher ortho- and para-selectivities 

are observed.  

The degree of directing strength is illustrated impressively in the bromination of toluene in 

acetic acid: the relative reaction rate of ortho-substitution is more than one hundred times higher 

than that of meta-substitution, which is even surpassed by the rate for para-substitution which 

corresponds to more than a four hundred times higher rate (scheme 2.10).127  

 

 
Scheme 2.10: Substituent-directing strength in the bromination of toluene.127 

 

Controlling the regioselectivity of the Friedel–Crafts reaction is crucial to ensure selective bond 

formation and yet, despite decades of research, scientists still have to submit to the intrinsic 

regioselectivity of arenes that is dictated by directing effects. The development of catalytic 

systems that allow to intimately guide the regiochemistry of the SEAr in order to overcome 

inherent selectivities is therefore a highly desirable and as yet unachieved synthetic goal. 

 

2.4.2 Overalkylation 

 

The potential for undesired overalkylation is another inherent challenge of the Friedel–Crafts 

reaction. While the phenomenon of overalkylation has long been associated with the electronic 

activation of alkylated substrates relative to the original starting material, Francis was able to 

show that the electronic activation of an additional alkyl residue is of limited significance and 

that a lack of homogeneity in the reaction system could have a stronger influence 

(scheme 2.11).128  
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Scheme 2.11: Overalkylation as omnipresent challenge in Friedel–Crafts alkylations.128  

 

According to Francis, reactions usually take place in a heterogeneous state of the catalyst-

containing layer, which, after initial alkylation, favors polyalkylation over monoalkylation 

because the alkylated products are statistically more likely to interact with the catalyst. This 

applies not only to heterogeneous catalysis, but also to initially homogeneous conditions. Harsh 

reaction conditions can then lead to a fast Friedel–Crafts reaction which creates a local 

enrichment of alkylated products around the catalyst.128 

While this problem can potentially be avoided by more efficient stirring methods, the increased 

steric bulk after the initial alkylation can also be taken advantage of to prevent multiple 

alkylation by usage of a sterically confined catalyst. Historically, Friedel–Crafts acylation-

reduction sequences have often been used as less step- and time-efficient alternative to 

circumvent the undesired formation of overalkylated side products in Friedel–Crafts alkylation 

procedures.112 

 

2.4.3 Rearrangements and Reversibility 

 

The influence of strong Lewis or Brønsted acids on electrophilic alkylating agents not always 

leaves them unaffected. Most strikingly, reagents can undergo acid-catalyzed rearrangements 
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reaction of benzene with 1-propylchloride (21) and AlCl3 for example, [1,2]-H shift of in situ-

formed 1-propyl cation intermediates to the 2-propyl species VII leads to the formation of the 
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Scheme 2.12: Intra- and intermolecular alkyl-transfer reactions of alkylbenzenes.  

 

Apart from these rearrangements, further skeletal isomerization can take place in the reaction 

of or toward alkylbenzenes under harsh conditions. In the presence of strong acids, activation 

of the alkylbenzene scaffold can occur to form 𝜎-complexes that serve as platforms for various 

further isomerization reactions. Positional shifts of alkyl substituents can then occur to yield 

products of different regiochemistry and alkyl substituents can even scramble intermolecularly 

between multiple arene species. If a solution of hexamethylbenzene (23) and AlCl3 in benzene 

is subjected to higher temperatures, a complex mixture of hydrocarbon arenes with zero to six 

methyl groups is obtained (along with thus formed regioisomers), which gives evidence for the 

reversible nature of the Friedel–Crafts reaction.110 This can serve to equilibrate a mixture of 

alkylbenzenes in order to enrich a desired isomer, but it can also lead to a more complex mixture 

of product isomers. 

 

2.4.4 Substrate Limitations 

 

Many Friedel–Crafts reactions depend on harsh reaction conditions, including strongly acidic 

catalysts, elevated temperatures or highly reactive alkylating agents.129 Because of these 

conditions, they are often incompatible with substrates that carry sensitive functional groups. 

Even more restricting is that the Friedel–Crafts reaction (as all SEAr reactions) is highly 

dependent on the electronic nature of the aromatic substrate. While electron-rich arenes are well 

tolerated in many Friedel–Crafts reactions, unactivated arenes require harsh reaction 

conditions. The activation of arenes bearing electron-withdrawing substituents is particularly 

challenging and strongly deactivating groups can shut down the SEAr entirely. Decreased 

electron density on the aromatic substrate in turn requires harsher reaction conditions to 

compensate, which generally reduces the selectivity of the reaction. This can be observed for 
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the regioselectivity of the reaction, but it is particularly apparent for enantioselective versions 

of the reactions.  

 

2.4.5 Asymmetric Catalytic Friedel–Crafts Reactions  

 

Benzylic stereocenters are ubiquitous motifs in medicinal chemistry, the asymmetric 

construction of benzylic stereocenters is consequently of great synthetic importance.130 After 

Casiraghi reported the first asymmetric Friedel–Crafts alkylation in 1985, Erker contributed the 

first asymmetric catalytic version of the reaction using a chiral zirconium-based catalyst 

(scheme 2.13).131,132 In the following years, the scientific community gradually discovered the 

synthetic advantage of the Friedel–Crafts reaction for the selective construction of benzylic 

stereocenters. Over the following decades, a multitude of highly selective methods has been 

reported.133–138 Analysis of the reported procedures however reveals a trend throughout the 

different approaches: while strongly nucleophilic heteroarenes such as indole (24, Mayr 

nucleophilicity N = 5.55)139 or pyrrole (25, N = 4.63)140 are frequently used, less nucleophilic 

aromatic substrates such as anisole (26, N = –1.18)141 find less application and purely 

hydrocarbon arenes like toluene (N = –4.36)142 have previously been excluded from asymmetric 

catalytic Friedel–Crafts reactions (scheme 2.13).  

 

 
Scheme 2.13: Precedents of the asymmetric catalytic Friedel–Crafts reaction.139–142  

 

ZrCl3

Asymmetric Friedel–Crafts Reactions

● ● ●● ●Ar

R1 R2

Ar
H

A

NH

OH OMe
H
N

indole (24) pyrrole (25) naphthol anisole (26) toluene
5.55 4.63 –1.18 –4.36

number of literature precedents
unprecedented

● ● ●● ●
not reported

N

Casiraghi, 1985 Erker, 1990

O
Al

Et

Cl
OH

H

O

CCl3

+

OH

CCl3

OH

96%
e.r. = 67:33

PhMe, 15 °C, 4 h

1.0 equiv.

first asymmetric Friedel–Crafts reaction first asymmetric catalytic Friedel–Crafts reaction

OH

O

CO2Et

+

H2O/CH2Cl2, –10 °C
24 h

OH CO2Et

OH1 mol%

56%
e.r. = 92:8

E

E = electrophile

3



2. Background 

 28 

While the development of an asymmetric catalytic Friedel–Crafts reaction of simple 

hydrocarbon arenes has been recognized to be a particularly difficult challenge,133 it would also 

hold the reward of a streamlined synthesis starting from one of the cheapest available aromatic 

building blocks, namely alkylbenzenes.  

 

2.5 Friedel–Crafts Alkylation: An Outlook 
 

In three years' time, the year 2027 will mark the 150th anniversary of the groundbreaking 

discovery made by Friedel and Crafts. Their findings had a lasting impact on the field of 

synthetic chemistry and in the nearly 15 decades that followed, scientists pushed the limits of 

the pioneering work to make the Friedel–Crafts reaction a cornerstone in the transformation of 

arenes. However, as described above, the reaction still faces the same problems as decades ago, 

which limits it significantly. These limitations have spurred on scientists to explore alternative 

approaches as a way to overcome the many shortcomings of the Friedel–Crafts reaction – the 

lack of regioselectivity, the intolerance to functional groups or the poor reactivity of electron-

deficient arenes, only to name a few.129 The synthetic disconnections offered by Friedel–Crafts 

reactions often are, at least theoretically, unmatched in efficiency by alternative approaches and 

only avoided due to practical limitations. The investigation of different methods might 

consequently be one way to overcome these challenges. Further improvement of the time-tested 

Friedel–Crafts alkylation however undoubtedly holds the potential to not only expand the scope 

of the iconic reaction, but it might also provide access to previously uncharted chemical space 

in the constant quest for ever more efficient chemical synthesis. The development of regio- and 

stereoselective Friedel–Crafts processes of electronically unactivated arenes using strong and 

confined Brønsted acid catalysts has been investigated in the context of this doctoral thesis and 

will be described in further detail in chapter 4. 
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3. Objectives 
 

Friedel-Crafts reactions have been studied extensively to improve the access to modified 

aromatic structures. However, they are still severely limited by the nucleophilicity of the 

aromatic substrate which is particularly evident when selective transformations require milder 

reaction conditions. While nucleophilic heterocyclic arenes have been investigated extensively 

in the context of enantioselective Friedel–Crafts reactions, the harsher reaction conditions 

necessary for the activation of unreactive hydrocarbon arenes have so far prevented their use in 

asymmetric SEAr reactions.133 This restricts the accessible chemical space by excluding a group 

of readily available aromatic feedstocks from the scope of the asymmetric catalytic Friedel–

Crafts reaction. 

To functionalize unreactive hydrocarbon arenes in Friedel–Crafts pathways, extremely acidic 

Lewis- or Brønsted acid catalysts and highly reactive electrophilic reagents are required to 

enable bond formation. Conversely, high regio- and enantioselectivities typically necessitate 

mild reaction conditions. We consequently envisioned that, if a strong acid catalyst is matched 

with a suitable confined environment around the catalytic site, the selective Friedel–Crafts 

reaction of unactivated alkylbenzenes 27 might become possible (scheme 3.1). To this end, the 

acid catalyst should be specifically tailored to control the regioselectivity, the stereoselectivity 

and the degree of alkylation and thus enable the C–C bond formation to proceed with a high 

general selectivity. 

 

 
Scheme 3.1: Selective Friedel–Crafts reaction of alkylbenzenes. 
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energy barriers for the unfavorable formation of Wheland intermediates toward the SEAr of 
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intermediates or reagents of exceptional electrophilicity should be used or generated to allow 
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cationic species in the regio- and stereoselective Brønsted acid-catalyzed Friedel–Crafts 

reaction of alkylbenzenes 27 toward arylglycine products 28 (scheme 3.2).143,144  

 

 
Scheme 3.2: Usage of iminium ions VIII and enals 29 in asymmetric Friedel–Crafts reactions.  

 

The selective Friedel–Crafts reaction of unactivated alkylbenzenes 27 is of special interest for 

the field of fragrance applications as many lily of the valley aroma molecules can potentially 

be obtained through the reaction of alkylbenzene arenes with simple butenal-derivates 29. We 

therefore envisioned the Brønsted acid-catalyzed addition of unactivated hydrocarbon arenes to 

enal systems toward the synthesis of enantioenriched arylpropanals 30 from inexpensive and 

readily available feedstocks. 
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4. Results and Discussion 
 

The research carried out within the scope of this doctoral thesis will be demonstrated in two 

separate sections. The first part will cover our efforts on the acid-catalyzed transformation of 

N-acyliminium ions, generated from N,O-acetals, in the regio- and stereoselective Friedel–

Crafts reaction of unactivated arenes toward non-canonical arylglycine esters. The reaction 

development and the investigation of the scope of the reaction is then followed by mechanistic 

studies. The second part will cover the development of methods for the chiral Brønsted acid-

catalyzed conjugate addition of aromatic substrates to activated enal derivatives toward the 

synthesis of enantioenriched 3-arylpropanals, important structures for fragrance applications. 

 

4.1 Asymmetric Friedel–Crafts Reaction Toward Arylglycines 

4.1.1 Arylglycines as Building Blocks for the Life Sciences 

 

Non-ribosomal peptides (NRPs) are a class of peptides synthesized independently from 

messenger RNA by nonribosomal peptide synthetases in bacteria and fungi. They are of special 

interest for medicinal chemistry as their diverse entirety has shown to include a range of 

molecules with intriguing antibiotic properties.145,146 Especially, the ever-growing number of 

multi-resistant germs has consequently spurred on scientists to unravel the secrets that lie 

beyond the structure of NRPs. One class of amino acid building blocks was found to appear 

surprisingly often in the peptide structure of NRPs: the class of arylglycines. In nature, 

arylglycines are usually diversely functionalized representatives of three parent structures: 

phenylglycine (31), 4-hydroxyphenylglycine (32) and 3,5-dihydroxyphenylglycine (33) 

(scheme 4.1). Many prominent biologically active compounds contain arylglycine scaffolds as 

central structural units: vancomycin (34) and teicoplanin, the arylomycins as well as the 

aminopenicillins 35 are just a few examples out of a vast realm of essential NRPs in the fight 

against bacterial infections. Arylglycines are also a recurring motif in synthetic medicinal 

chemistry as recently demonstrated by Neyts and coworkers at Janssen Pharmaceutica who 

reported the development of arylglycine-derived Dengue-virus inhibitor JNJ-A07 (36).147  

The α-aryl-structure of arylglycines gives these amino acids their unique properties, it however 

also complicates synthetic transformations as the amino acids are particularly vulnerable toward 

racemization.146 Driven by these challenges along with the importance of the arylglycine 
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Scheme 4.1: Relevance and synthesis of arylglycines.  

 

motif, many approaches have been developed and constantly improved to enable the efficient 

synthesis and functionalization of arylglycine structures for total synthesis and medicinal 

chemistry.146,148 Stimulated by the relevance of enantioenriched building blocks, asymmetric 

methods have increasingly been investigated. While Sharpless-aminohydroxylation-oxidation 

sequences of styrenes have been in the focus of earlier studies by Boger,149–151 asymmetric 
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Strecker- or Petasis-Mannich-reactions soon revealed great potential in the selective synthesis 

of arylglycine motifs as shown by Jacobsen152 and Manolikakes (scheme 4.1).153 The reported 

methods however often require toxic reagents or rare metal catalysts and, moreover, rely on 

prefunctionalized aromatic building blocks.  

The direct transformation of readily available arenes would allow a more straightforward 

approach to potentially enable a faster and more economic synthesis. Friedel–Crafts processes 

toward arylglycines have therefore been investigated over the last decades. Especially 

contributions by Enders stand out as they provide efficient access to enantioenriched 

arylglycines.154 The reported methods however usually suffer from various problems: 

synthetically disadvantageous protecting groups are required and the scope of applicable arenes 

is usually limited to substrates of high nucleophilicity. To overcome existing challenges and to 

contribute an efficient and directly applicable method, we decided to investigate the Friedel–

Crafts reaction of unactivated alkylbenzenes to yield enantioenriched arylglycines. 

 

4.1.2 Reaction Design and Initial Studies 
 

Inspired by early work by Ben-Ishai on the Brønsted acid-mediated synthesis of arylglycine 

derivatives via Friedel–Crafts reaction of hydroxy glycines, we focused our initial 

investigations on the use of similar hemiaminal reagents (scheme 4.2).155,156  

 

 
Scheme 4.2: Preceding studies by Ben-Ishai and hemiaminal synthesis. 

 

The required hemiaminal reagents were prepared by condensation of glyoxylic acid 

monohydrate (37) and benzamide (38) or the addition thereof to ethyl glyoxylate (39). Both 

reagents 40 and 41 thus acquired were then subjected to the Friedel–Crafts reaction with strong 

Brønsted acid catalysts (table 4.1). For a better evaluation of the reactivity of the present system, 

two aromatic substrates of different nucleophilicity were used as benchmark substrates, namely 

toluene (3) and 1,3,5-trimethoxybenzene (42). The general reactivity was evaluated using 

bis(trifluoromethane)sulfonimide (HNTf2,) and strong and confined imidodisphosphorimidate 
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organocatalysts in CH2Cl2. Since glyoxylic acid derived hemiaminal 40 was found to be 

insoluble in most organic solvents, our initial focus was on the transformation of the 

corresponding ethyl ester 41.  

Using the strong achiral acid HNTf2 together with 42 as highly nucleophilic aromatic substrate, 

the formation of the desired amino acid ester was observed with an isolated yield of 70% 

(entry 2). Using strong and confined imidodiphosphorimidate IDPi-01-a as chiral Brønsted 

acid catalyst, the analogous reaction was found to occur, but only with slightly reduced yield 

and over a significantly prolonged reaction time (entry 3). Transition to the desired class of less  

 

Table 4.1: Initial hemiaminal screening. [a] = crude NMR yield. [b] = isolated yield after flash 

column chromatography. 

 
 

nucleophilic alkylbenzene arenes proved to be more challenging: usage of toluene as substrate 

and solvent in the reaction with HNTf2 under otherwise analogous reaction conditions yielded 

significantly reduced amounts of the corresponding product and application of IDPi-01-a only 

gave traces of the target amino acid (entries 5-7). The previously proven addition of N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA, 43) as silylating agent in both cases did not lead 

to any improvement of the reaction outcome.157 
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Given the insufficient reactivity of benzamide-derived glycine precursors 40 and 41 with 

toluene as model substrate for hydrocarbon alkylbenzenes, we focused our attention on different 

electrophiles and thus chose to investigate the reactivity of carbamate-derived reagents. Not 

only do the corresponding electrophiles provide different electronic properties, the carbamate 

protecting group at the amino terminus of thus obtained amino acid products also enables 

straightforward protecting group manipulations.158 In preceding studies, Luo disclosed the 

synthesis of the carbamate-derived hemiaminals via addition of benzyl carbamate (44) to ethyl 

glyoxylate (39).159 To enhance the reactivity of the electrophilic reagents, the hemiaminal 45 

was additionally acetylated to yield the corresponding N,O-acetal 46 (table 4.2).  

 

Table 4.2: Synthesis and application of benzylcarbamate derived electrophiles. [a] = crude 

NMR yield. [b] = isolated yield after flash column chromatography. 
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The reactivity of the hemiaminal 45 was initially investigated in the Brønsted acid-catalyzed 

Friedel–Crafts reaction. In the HNTf2-catalyzed reaction of 45 with TMB as aromatic substrate, 

the double addition of the arene to the hemiaminal was observed, substituting both the hydroxy 

group as well as the aminocarbamate group. The addition of BSTFA, analogously to previous 

studies, completely shut down the reaction. While the usage of IDPi-01-a in the reaction with 

TMB gave the desired arylglycine product with good yields, both HNTf2 and IDPi-01-a were 

found to be inactive in the Friedel–Crafts reaction of hemiaminal 45 and toluene (entries 5-6).  

As expected, the acylation of hemiaminal 45 significantly increased the reactivity of the 

reagent. The reaction of N,O-acetal 46 with toluene and HNTf2 as catalyst afforded the desired 

toluylglycine in moderate yield with a preference for the para isomer. Application of 5 mol% 

of IDPi-01-a was furthermore found to yield the Friedel–Crafts adduct with an improved yield 

of 50%, a para/ortho ratio of 20:1 and a promising enantiomeric ratio of 82:18. The use of allyl- 

(48) or methallyl trimethylsilane (49) as a catalyst-silylating agent yielded the Hosomi-Sakurai 

products 50 and 51, exclusively.  

We noticed that in the IDPi-catalyzed reaction of N,O-acetal 46 with toluene (see table 4.2, 

entry 10), the reaction slows down significantly as the reaction time progresses. TLC-MS 

analysis of the reaction mixture revealed that multiple catalyst species had formed during the 

reaction: not only the parent IDPi-01-a was detected, also iIDP-01-a as well as IDP-01 were 

found to be present in the reaction mixture (scheme 4.3). We consequently hypothesized that, 

induced by the highly electrophilic nature of in situ formed N-acyliminium ions, stepwise 

hydrolysis of the catalyst might take place, cleaving the sulfonamide groups and thus yielding 

Brønsted acid catalysts of reduced, potentially insufficient acidity.67 Preventing inner core 

hydrolysis of the used catalyst might therefore be of high relevance to improve the yield of the 

reaction. More detailed catalyst stability studies are reported later in this thesis (section 4.1.6). 

 

 
Scheme 4.3: Observed catalyst decomposition and the potential cleavage pathway. 
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Building up on the initial success of N,O-acetal 46 in the investigated Friedel–Crafts reaction, 

we chose to test similar reagents bearing differing substituents on both the N- as well as the C-

terminus. The synthesis of the required reagents was performed analogously using different 

carbamates and/or alkyl glyoxylates (table 4.3). The tert-butyloxycarbonyl (Boc) protected 

N,O-acetal 52 was found to be completely unreactive under the aforementioned reaction 

conditions (presumably due to cleavage of the acid-labile protecting group and subsequent 

quenching of the catalyst). Installation of a fluorenylmethyloxycarbonyl (Fmoc) protecting 

group however restored the reactivity and afforded the corresponding arylglycine ester with an 

improved enantiomeric ratio of 90:10 (entry 2). Modification of the ester on the other hand did 

not result in a comparable improvement of the selectivity: Et-, Me- and i-Pr-substituted N,O-

acetals 53-55 could be transformed with similar regio- and stereoselectivities as well as yields. 

Therefore, we chose the ethyl-substituted N,O-acetal 54 for further studies, since the building 

blocks for its synthesis are commercially available and superior selectivities were obtained with 

the Fmoc residue. Furthermore, the Fmoc group is among the most practicable protecting 

groups in peptide synthesis due to easy and mild installation and deprotection strategies, which 

additionally supports its application in our studies.158 

 

Table 4.3: Initial screening of N,O-acetal electrophiles with IDPi catalysts. [a] = crude NMR 

yield. [b] = isolated yield after flash column chromatography. 
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As described above, stepwise hydrolysis of the imidodiphosphorimidate-core was observed in 

the reaction of IDPi-01-a with N,O-acetal 46 in toluene. To prevent the undesired hydrolytic 

inner-core cleavage, especially anhydrous reaction conditions were expected to support the 

proceeding of the reaction. As unchanged results were obtained under Schlenk-conditions, we 

investigated the effect of separately added drying agents to the reaction mixture. The addition 

of 4 Å molecular sieves resulted in a complete shutdown of the reaction, addition of 5 Å 

molecular sieves however led to the clean formation of the desired product and while the 

reaction rate was found to be visibly reduced, slightly increased enantiomeric ratios of the 

product were observed. Similarly, addition of Na2SO4 as drying agent resulted in a significantly 

reduced reaction rate along with a slight improvement of the enantiomeric ratio. To maintain 

higher levels of reactivity, we therefore refrained from the addition of drying agents in our 

subsequent studies. 

The catalyst stability, which is expected to correlate to the yield of the reaction, should depend 

on the nature of the used catalyst. We therefore engaged in a broad catalyst screening to evaluate 

the most suitable catalyst class (table 4.4). We quickly identified less acidic catalysts of the 

general CPA-, DSI-, IDP- and iIDP-structure to be completely inactive in the Friedel–Crafts 

reaction of Fmoc-substituted N,O-acetal 54 and toluene. Also at elevated temperatures of up to 

90 °C, no significant formation of the desired arylglycine ester 56 was observed (entries 1-6).  

Even switching back to one of the most acidic catalyst structures frequently applied in strong 

and confined Brønsted acid-catalysis, IDPis, initially gave similar results. While IDPi-01-a 

yielded the desired product with moderate yield, only traces of 56 were detected using  

IDPi-02-a bearing a phenyl-residue in the 3,3'-positions of the BINOL. The substituents 03-05, 

possessing similar electronic properties, followed this initial trend and application of the 

corresponding IDPi-catalysts did not afford 56 in detectable amounts. Installation of a  

4-(pentafluorosulfanyl)-phenyl motif however restored the reactivity to give low amounts of 

56. Usage of IDPi-06-a bearing a 3,5-dinitrophenyl group in the 3,3'-positions of the BINOL 

yielded 56 with significantly improved yield of 53% along with a drastically reduced 

enantiomeric ratio. Analogously, replacing the CF3-group of the triflyl-core residue in  

IDPi-01-a with a less electron deficient C6F5-moiety (IDPi-01-b) led to a significantly reduced 

reactivity and the desired arylglycine 56 was only detected in trace amounts. 

While no improvement in the outcome of the reaction could be achieved in this early catalyst 

screening, the obtained data revealed a general trend which links the approximate acidity of the 

catalyst with the detected reactivity of the system (figure 4.1). Altogether, these results indicate  
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Table 4.4: Initial catalyst screening in the Friedel–Crafts reaction toward arylglycine 56. 

[a] = crude NMR yield. 

 
 

that highly acidic IDPi-catalysts are required to allow the Friedel–Crafts reaction to proceed 

while a complete shutdown of the reaction is observed with less acidic specimen of the IDPi 

family.  

We therefore continued our investigations with a diverse scope of highly acidic IDPi-catalysts 

bearing differing motifs in the 3,3'-positions of the BINOL and in the imidodiphosphorimidate 

core (table 4.5). Fueled by the early success using IDPi-01-a, we subsequently investigated 

IDPi-catalysts bearing extended perfluoroalkyl chains in the imidodiphosphorimidate core. 

Usage of catalysts IDPi-01-c, -e and -f revealed that elongation of the perfluoroalkyl-chain in 

the core of the catalyst has a profound influence on yield and selectivity, giving a maximum of 

both for pentafluoroethyl-substituted IDPi-01-c (entries 2-4).  
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Figure 4.1: Privileged catalyst motifs for the asymmetric Friedel–Crafts reaction.  

 

We then went on to investigate the effect of the installation of different electron withdrawing 

groups in the 3,5-positions of the aryl residue in the 3,3'-positions of the BINOL. While the  

 

Table 4.5: Screening of highly acidic IDPi-catalysts. [a] = crude NMR yield. [b] = performed 

at 50 °C. [c] = 86 h reaction time. [d] = 5 d reaction time, performed at 10 °C. 
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initially installed trifluoromethyl groups provided moderate reactivity and good 

enantioselectivity, elongation of the perfluoroalkyl chains to heptafluoropropyl substituents led 

to reduced reactivity along with a visibly increased enantiomeric ratio on 56. Exchange of the 

core substituent to a C2F5- or a C6F13-chain additionally increased the observed 

enantioselectivity while the yield was found to be reduced (entry 7) or left unchanged (entry 8). 

Intriguingly, installation of a perfluoroisopropyl substituent as core motif along with the 

perfluoropropyl-substituted motif in the 3,3'-positions of the BINOL gave high yields on 56 

along with a high enantiomeric ratio (entry 10). Further elongation of the perfluoroalkyl chain 

did not result in any further improvement of yield or enantioselectivity, as illustrated by the 

usage of catalysts IDPi-11-a and -c, substituted with a perfluorobutyl chain (entries 11 and 12). 

As demonstrated in the abovementioned screening entries, elongation of the perfluoroalkyl 

chains in both the imidodiphosphorimidate core and on the aryl groups in the 3,3'-positions of 

the BINOL was found to have a profound influence on the enantioselectivity of the reaction, 

the yield however remained at a low level for the investigated modifications.  

We were therefore spurred on to identify electron-withdrawing motifs that could further 

enhance the acidity of the catalysts without concomitant loss of enantioselectivity. We 

consequently became interested in the implementation of pentafluorosulfanyl groups, 

privileged structural motifs within catalysis and chemical synthesis. The SF5-group is 

characterized by its unique octahedral structure combined with strong electron withdrawing 

properties which makes it a predestined motif to enhance acidity and confinement of the acid 

catalyst.160 Installation of a single SF5-group in the meta-position of the 3,3'-phenyl substituent 

of the parent BINOL scaffold already afforded visible amounts of the desired arylglycine 56 in 

the reaction of the corresponding IDPi-07-a. Usage of the 3,5-bis(pentafluorosulfanyl)phenyl 

motif along with a C2F5-core modification in IDPi-13-c finally led to a significant enhancement 

effect of the yield of the reaction to give 56 with 70% isolated yield and a high enantiomeric 

ratio of 93:7. Installation of an elongated core modification did not result in any improvement 

of the reaction, reduction of the reaction temperature to 15 °C however gave the desired product 

with good yield of 55% along with an excellent enantiomeric ratio of 96:4 (entry 16). 

 

4.1.3 Scope of Unactivated Hydrocarbon Arenes  

 

Having identified IDPi-13-c as the optimal catalyst, we were curious about the potential scope 

of hydrocarbon arenes in the reaction. We therefore tested a range of purely hydrocarbon arenes 

under neat reaction conditions at 30 °C over a reaction time of 5 days (scheme 4.4). To our 
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delight, elongation of the alkyl chain on the alkylbenzene substrate was found to be well 

tolerated and a maximum on yield and enantiomeric ratio was obtained for ethylbenzene (4). 

Further elongation to a propyl- or a butyl chain led to reduced yields and enantiomeric ratios 

for the arenes 57 and 58. The installation of branched alkyl chains led to slightly improved 

enantiomeric ratios, the yield of the corresponding arylglycines however was found to be visibly 

reduced. This was particularly evident for the Friedel–Crafts reaction of  

 

 
Scheme 4.4: Scope of hydrocarbon arenes in the Friedel–Crafts reaction. [a] = performed at 

15 °C. [b] = performed at 20 °C using IDPi-10-c. [c] = performed at 0 °C. 

 

tert-butylbenzene (59) which only gave 35% yield of the product with a lowered regioisomeric 

ratio, indicating that the increased steric bulk of the aromatic substrate might exceed the 

available space in the active site of the catalyst and therefore lead to undesired interactions. 

Usage of cyclopropylbenzene (60) under analogues reaction conditions gave high yield and 

excellent enantiomeric ratio of the desired product while the cyclopropyl moiety was found to 

remain intact under the strongly acidic conditions. The reaction of o-Xylene (61) gave the 

corresponding arylglycine with high yield but with slightly lower enantioenrichment, even at 

decreased temperatures. 1,2-Diethylbenzene (62) however could be converted with both, high 

yield and excellent enantioselectivity.  
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To determine the limitations of the reaction with respect to the nucleophilicity of the aromatic 

substrate, we subjected benzene (1) to the Friedel–Crafts reaction toward phenylglycine 63. The 

significantly reduced reactivity of the unsubstituted arene compared to the previously 

investigated alkylbenzene derivates required both an increased catalyst loading of 10 mol% and 

higher reaction temperatures of 60 °C to afford 63 with moderate yield and a reduced 

enantiomeric ratio of 81:19.  

Motivated by the results observed for the reaction of benzene, we set out to investigate the 

reaction of even less reactive arenes and of arenes with alternative substitution patterns 

(scheme 4.5). Using meta- (64) or para-xylene (6) as substrates, significantly reduced 

enantiomeric ratios were observed in the formed products. While the yield was found to be 

additionally reduced using para-xylene, the 1,3-dialkyl pattern on meta-xylene activates the 

substrate and thus leads to high yields on the corresponding arylglycine. Similarly, the usage of 

mesitylene (65) gave high yields and even lower enantiomeric ratios. Compared to ortho-

xylene, which could be converted with excellent enantioselectivity, the presence of a methyl 

group in adjacency to the reactive center is present in all, meta- and para-xylene as well as in 

mesitylene. It therefore seems likely that the substituent adjacent to the reactive center in the 

arene interferes with desired intermediates or transition states and thus leads to reduced 

selectivity. The usage of fluorobenzene (66) did not result in any visible product formation. We 

expect that the installation of an additional electron withdrawing fluorine substituent decreased 

the nucleophilicity to an extent that no bond formation was found to be possible.  

 

 
Scheme 4.5: Substrate limitations in the Friedel–Crafts reaction of unactivated arenes.  

 

Having investigated the described reaction scope, we turned our attention to a more specific 

application of our method. Given its peculiar properties, we were interested in the Friedel–

Crafts reaction of azulene (67). Azulene, a structural isomer of naphthalene, features 
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extraordinary properties for a small, purely hydrocarbon arene.161 The name of the compound 

is ultimately derived from the Lapis lazuli, a blue rock valued for its intense color. As its name 

suggests, the compound is deep-blue in color and furthermore possesses fluorescence properties 

which make it an ideal tool for bioimaging- and photoswitch applications.162 Azulene exhibits 

a significant dipole moment of 1.08 D, generated by the electron-rich five-membered ring and 

the annulated, electron-deficient seven-membered ring. Correspondingly, it shows increased 

basicity and nucleophilicity in the smaller ring which is expected to be beneficial for SEAr 

reactions. As azulene could already be integrated in non-canonical amino acids for bioimaging 

purposes by the Arnold group,162 we were interested in the implementation of this intriguing 

hydrocarbon arene in our Friedel–Crafts reaction (scheme 4.6). Using IDPi-01-a in the  

 

 
Scheme 4.6: Friedel–Crafts reaction using azulene as aromatic substrate.  

 

reaction of 67 with N,O-acetal 54 in CyMe, the formation of the desired deep-blue arylglycine 

68 was detected with high yield as a racemic mixture of both enantiomers. Given the 

discrepancy with the enantiomeric ratios obtained for the reaction of previously studied 

alkylbenzene arenes, racemization was expected to occur, contributing to the decreased 

enantiomeric ratio. 

To confirm our hypothesis, we subjected the obtained racemic mixture of arylglycine 68 to the 

preparative separation of the enantiomers via HPLC. The enantiomerically enriched samples 

thus obtained were then subjected to various conditions. However, no racemization was 

observed in solution, under the initial reaction conditions in the presence of IDPi-01-a or on 

silica gel and under irradiation with visible light. We therefore expect racemic formation of the 

arylglycine 68, resulting from the highly reactive nature of 67, to take place. Further 

investigations are currently ongoing in our laboratory.   
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4.1.4 Scope of Alkoxybenzenes and Heterocyclic Arenes 

 

After our initial investigation with unactivated, purely hydrocarbon arenes, we turned our 

attention to a more divers scope of heteroatom-substituted aromatic substrates and heterocyclic 

arenes. Especially the relevance of alkoxybenzene-derived arylglycine scaffolds in natural 

products and biologically active compounds motivated us to investigate them further.163 

A significant difference between this class of aromatic substrates and the previously 

investigated alkylbenzene arenes consists of their differing nucleophilicity, caused by strongly 

electron donating alkoxy substituents or electron-rich heterocyclic rings. This increased 

reactivity consequently opens up a myriad of reaction conditions and catalysts that could 

potentially be applied to the transformation. To determine optimal reaction conditions for these 

more reactive aromatic substrates, we engaged in an initial screening using anisole (26) as 

representative substrate (table 4.6).  

 

Table 4.6: Reaction optimization for anisole (26) as model substrate. [a] = crude NMR yield. 
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Initial investigations using IDPi-02-a bearing a phenyl residue in the 3,3'-positions of the 

BINOL showed that, analogous to our previous investigations with toluene, only low amounts 

of the desired product 69 were formed after prolonged reaction time. Installation of a 3,5- 

bis(trifluoromethyl)phenyl-residue in the 3,3'-positions of the BINOL led to a significant 

increase in the yield of the reaction, providing the anisole-derived arylglycine 69 with high 

yield along with an enantiomeric ratio of 84:16. Switching to chlorinated solvents (entries 3 

and 4) visibly reduced the enantiomeric ratio of 69. However, usage of non-aromatic 

hydrocarbon solvents led to the inverse effect and the reaction in CyMe finally gave 

arylglycine 69 with good yield and increased enantioenrichment.  

The installation of elongated perfluoroalkyl chains on the used IDPi were found to significantly 

enhance the performance of the catalyst in the previously investigated reaction of unactivated 

arenes. Similar catalysts were therefore expected to have promising features for the reaction of 

anisole (26). And indeed, when IDPi-10-d was used in the reaction, the desired Friedel–Crafts 

product 69 was obtained with excellent yield and enantioselectivity. Finally, further 

optimization revealed n-pentane as optimal solvent and using catalyst IDPi-10-c, bearing a 

C2F5-modification in the imidodiphosphorimidate core, even further improved yield and 

enantioenrichment on 69 was obtained (entry 9).  

With these optimized conditions for the conversion of more activated arenes in hand, we went 

on to investigate the scope of applicable substrates in the reaction (scheme 4.7). To our delight, 

anisole-d3 (70) and thioanisole (71) could both be converted to the corresponding arylglycines 

with excellent enantiomeric ratios and high yields. Installation of a second substituent in the 

ortho-position of the alkoxy residue was found to be well tolerated: usage of ortho-methyl (72) 

or ortho-iodo anisole (73) gave the corresponding products with high yields and excellent 

enantiomeric ratios. Similarly, the dialkoxylated substrate 1,3-benzodioxole (74) could be 

converted with comparable results. The reaction of ortho-trimethylsilyl anisole (75) was 

performed in CyMe as solvent to yield the corresponding arylglycine ester with excellent yield 

and enantioenrichment. Intriguingly, usage of HNTf2 as strong but non-confined Brønsted acid 

catalyst led to complete protodesilylation of the aromatic ring as indicated by the exclusive 

formation of anisole-derived arylglycine 69. The occurrence of this undesired side reaction 

might indicate the importance of a confined environment along with the carefully optimized 

acidity of the used catalyst to allow a chemoselective proceeding of the reaction. Furthermore, 

alkylbromide-substituents (substrate 76) as well as alkylazide-substituents (substrate 77) were 

found to be well tolerated. When allylphenylether (78) and propargylphenylether (79) were 

subjected to analogous reaction conditions, the corresponding products were formed with 
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excellent yields and enantiomeric ratios. Notably, no Claisen rearrangement or deallylation 

side-reactions were observed using IDPi-10-c, again demonstrating the general 

chemoselectivity provided by IDPi catalysts in the Friedel–Crafts reaction toward arylglycines. 

 

 
Scheme 4.7: Scope of more activated alkoxybenzenes and heterocyclic arenes. [a] = CyMe was 

used as solvent, c = 0.1 M. [b] = n-hexane was used as solvent, c = 0.1 M. 

 

We then turned our attention to the electrophilic functionalization of small heterocyclic arenes. 

The reaction of thiophene (80), a notoriously challenging substrate for asymmetric Friedel–

Crafts reactions, gave excellent yield of the corresponding arylglycine along with high 

enantiomeric excess.164 However, the regioisomeric ratio of the formed product mixture was 

found to be significantly reduced – a trend that was to be continued in the reaction of 

benzothiophene (81) and benzofuran (82). Both substrates were converted with high yields and 

excellent enantiomeric ratios along with reduced regioselectivity.  

The scalability of the reaction was investigated for 75 and 82 as representative substrates. The 

respective reactions were performed on 1 g scales corresponding to N,O-acetal 54 using 1 mol% 

of IDPi-10-c as catalyst. While the reaction of 75 gave similar results compared to the 
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previously performed reaction on a smaller scale, a visibly reduced enantiomeric ratio was 

observed for the reaction of 82 on larger scale. We speculate that the reaction of 82 as reactive 

aromatic substrate might lead to temperature inhomogeneity within the reaction vessel at larger 

scale, decreasing the observed selectivity. Crystallization of the thus obtained arylglycine 

improved the enantiomeric ratio to 98:2 and the regioisomeric ratio to 90.5:9.5. 

A wide range of more activated arenes have been found to be compatible with the developed 

Friedel–Crafts reaction toward arylglycine esters, but we have encountered some limitations. 

While thiophene (80) could be converted to the corresponding arylglycine with high yields and 

enantiomeric ratio, the reaction of furan (83) was found to be significantly less selective and a 

plethora of ongoing oligomerization side-reactions additionally diminished the yield of the 

transformation (scheme 4.8).  

 

 
Scheme 4.8: Limitations for the Friedel–Crafts reaction of more activated arenes.  

 

As the heteroatom-bound products were obtained for the reaction of the substrates 84 and 85, 

we expect those substrates to exhibit insufficient nucleophilicity in the aromatic ring in 

competition to the respective X–H bond for the Friedel–Crafts reaction to occur. When 

vinylphenylether (86) was used in the reaction, no formation of the desired product but a 

complex mixture of side products was observed. Surprisingly, the reaction of indole (24), a 

highly nucleophilic and consequently extensively investigated substrate, did not occur under 

our reaction conditions.165 The low conversion of N,O-acetal 54 suggests deactivation of the 

catalyst through the aromatic substrate 24, potentially via deprotonation.  
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4.1.5 Toward the Arylglycine Fragments of Vancomycin 

 

Having investigated the scope of applicable substrates, both of unactivated as well as more 

activated arenes, we were eager to test the reaction in a more applied challenge. A suitable target 

to evaluate the synthetic utility of our method was found in the assembly of the arylglycine 

units of the antibiotic agent vancomycin (34) (scheme 4.9).166–168 

 

 
Scheme 4.9: Synthesis of the vancomycin aglycon by Boger and the IDPi-based approach. 

 

As reported in total syntheses by Boger, two of the arylglycine fragments of the parent 

vancomycin structure 34 can be assembled in multiple steps starting from  

4-hydroxyphenylglycine (32) as commercially available building block. The central arylglycine 

linker 88 is obtained starting with a dichlorination in both ortho-positions of the phenol moiety 

of 32. Subsequent carbamate-protection and methylation enables the final Miyaura borylation-

oxidation sequence to yield the desired bishydroxylated structure 88. The eastern fragment 90 

is obtained in four steps from 32, starting with the Boc-protection of the amino group. ortho-

Bromination and methylation of the hydroxy group then gives rise to intermediate 89 which is 

finally methylated to yield the methyl ester building block 90.  
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While the routes reported by Boger provide efficient access to the required chiral building 

blocks 88 and 90, they suffer from a reduced step efficiency and depend on the usage of costly 

metal catalysts. Therefore, we envisioned the application of our newly developed method in the 

synthesis of the relevant arylglycine building blocks toward the synthesis of the vancomycin 

aglycon starting from N,O-acetal 54 as a synthetic platform.  

While ortho-brominated building block 89 was used by Boger, we were already able to obtain 

the ortho-iodinated arylglycine starting from 2-iodoanisole (73) with high yield and excellent 

enantio- as well as regioselectivity. We are therefore convinced that our method provides an 

efficient alternative to the ortho-halogenated building block 90 in a straightforward approach. 

We consequently focused our attention on the synthesis of the central arylglycine fragment 92 

of the vancomycin aglycon 34.  

The challenge in the selective formation of the building block 92 following our synthetic 

approach lies in the regioselective electrophilic functionalization of the preinstalled 1,2,3-

trihydroxybenzene (or 1,2,3-trialkoxybenzene) structure which generally directs the 

electrophilic aromatic substitution in the undesired 4-position instead of the desired 5-position 

of the aromatic ring (scheme 4.10). We therefore set out to investigate methods to override the  

 

 
Scheme 4.10: Substrate synthesis toward the vancomycin building block 92. Reaction 

conditions: [a] = Ac2O, p-TsOH. [b] = PivCl, DMAP, pyridine. [c] = TIPSCl, imidazole. 
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innate directing effects and to enable selective C–C bond formation in the 5-position of the 

arene. We identified two general concepts to potentially overcome the formation of the 

undesired regioisomers in the Friedel–Crafts reaction. Firstly, the two outer phenolic hydroxy 

groups could be substituted with deactivating groups to reduce their directing effect toward the 

undesired 4-position. Simultaneously, the central hydroxy group, whose directing effect is 

desired to promote C–C bond formation in the 5-position, should be left unsubstituted to 

maintain the strong +M-effect of the free phenol. Alternatively, the outer hydroxy groups of the 

substrate could be decorated with sterically demanding groups. The adjacent positions are 

consequently expected to be shielded by the bulky substituents. Especially in cooperation with 

a confined catalyst, we hypothesized substitution to then occur preferably in the desired, 

sterically most accessible 5-position of the ring. 

To investigate these approaches, we engaged in the synthesis of the required substrates. For our 

"electronics-driven" approach, deactivating acetate- or pivalate-groups were installed at the 

outer positions while the central hydroxy group was substituted with an alkyl group. 

Additionally, 1,3-benzodioxole 94 bearing an acetoxy group in a neighboring position was 

prepared. For the "sterics-driven" approach, bulky triisopropylsilyl-groups were installed at the 

outer hydroxy groups of the parent substrate. Finally, both approaches were combined in 

substrate 93 bearing outer triisopropylsilyl groups and a free phenol unit in the central position 

between the two silyloxy residues. The enol-character of the free phenol was expected to have 

a significant electronic directing effect to the desired position, supported further by the bulky 

groups that shield neighboring positions to prevent electrophilic functionalization in their 

adjacency.  

We initiated our investigations using commercial ortho-bishalogenated phenols and anisoles as 

aromatic substrates in the reaction with N,O-acetal 54 under the previously proven reaction 

conditions (scheme 4.11). While usage of the phenols 95-97 led to a complex mixture of side 

reactions, the application of the corresponding anisoles 98 and 99 did not result in the Friedel–

Crafts reaction, even at elevated temperatures. Similarly, when the pyrogallol-derived 2-

methoxy-1,3-phenylene diacetate (100) or its corresponding pivalate 101 was used in the 

reaction, the Friedel–Crafts product could not be detected in visible amounts. We expect that 

the combined deactivating effect of both acyloxy groups reduce the nucleophilicity of the arene 

so drastically that the SEAr could not take place. In contrast, the more nucleophilic 1,3-

benzodioxole derived substrate 94 was found to yield the Friedel–Crafts adduct with low yield 

as a mixture of all possible regioisomers with the desired regioisomer being the minor product 

of the reaction. The lack of selectivity in the reaction to only yield one single regioisomer 
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Scheme 4.11: Investigations toward the arylglycin building blocks of vancomycin (34). 

 

indicates that the installation of specifically tailored substituents can generally lead to the 

formation of unexpected regioisomers for the 1,2,3-trioxygenated scaffold present in 

arylglycine 92. Encouraged by this result, we turned our attention to the application of 

substrates with bulky substituents in both adjacent positions. Surprisingly, usage of 

methoxybenzene 102 bearing two (tris)isopropylsilyloxy-residues in the 1- and 3-positions 

resulted in the exclusive formation of the undesired regioisomer. This finding indicates that 

electronic properties are of superior directing strength compared to steric effects, even using 

highly confined IDPi-catalysts. We therefore went on to test dealkylated phenol 93 under 

analogues conditions. Our hypothesis that the strongly para-directing phenol together with the 

shielding silyloxy-residues in both adjacent positions might allow to form the desired C–C bond 

could not be confirmed as the undesired regioisomer was found to be formed exclusively. 

Intriguingly, partial scrambling of the silyl-group to the inner position was observed in the 

course of the reaction to yield a mixture of both isomers.  

As disclosed above, our efforts to override the regiochemical outcome in the Friedel–Crafts 

reaction of differently substituted 1,2,3-trihydroxybenzene-derivates have not yet been 

successful. Further studies are currently ongoing in our laboratory.  
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4.1.6 Mechanistic Investigations  

 

In the course of the abovementioned studies, we quickly became interested in the mechanistic 

details to further understand the elementary steps of the transformation. Especially, the 

observation that only a small group of highly acidic catalysts was able to promote the Friedel–

Crafts reactions with N,O-acetal 54 while slightly less acidic species failed to do so motivated 

us to develop experimental tools to allow a more detailed investigation of the reaction.  

 

Leaving Group Scrambling Studies 

The following studies were performed in collaboration with Dr. Markus Leutzsch. 

 

Based on preceding studies, the formation of highly reactive N-acyliminium ion intermediates 

from N,O-acetal 54 seems likely to proceed in the course of the reaction (scheme 4.12).143 The 

inactivity of many IDPi-catalysts in the reaction can however not be explained trivially 

following this approach since the high reactivity of the formed N-acyliminium ions IX should 

readily enable the subsequent nucleophilic attack of the aromatic substrate. 

 

 
Scheme 4.12: Expected N-acyliminium ion intermediate IX in the Friedel–Crafts reaction. 

 

To more specifically evaluate the reactivity of previously unreactive catalyst IDPi-02-a, it was 

subjected to the reaction of N,O-acetal 54 with a variety of benchmark arenes of differing 

nucleophilicity (scheme 4.13). As shown earlier, less reactive arenes such as toluene, meta-

xylene or anisole were completely unreactive under the described reaction conditions. 

Surprisingly however, also 3-methylanisole (103) was found to be completely unreactive and 

only low amounts of the desired Friedel–Crafts adduct were observed using significantly more 

reactive 1,3-dimethoxybenzene (104). Only using highly nucleophilic 1,3,5-trimethoxybenzene 

(42), good yields of the corresponding arylglycine ester were observed. The described study in 

combination with our earlier investigations indicate that the proceeding of the reaction is 
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Scheme 4.13: Reactivity assessment of IDPi-02-a with various benchmark arenes. 

 

mainly dependent on two factors, namely the acidity of the catalyst and the nucleophilicity of 

the arene. The successful transformation of unreactive arenes such as toluene consequently 

requires the application of highly reactive (acidic) catalysts.  

The exact reason for the lack of reactivity using catalysts of the type of IDPi-02-a could 

potentially be found in one (or more) elementary steps toward product formation:  

 

1. iminium ion-formation 

2. nucleophilic attack of the aromatic substrate (insufficient activation of the iminium ion) 

3. rearomatization of the Wheland intermediate 

 

To investigate the relevance of the putative iminium ion formation, we were curious to develop 

methods that allow the observation and – potentially – quantification of the rate of its formation 

from N,O-acetal 54 with different Brønsted acid catalysts. As we expected iminium ion-

formation to be a reversible process, we envisioned a test reaction of sufficient rate so that 

detection via NMR-spectroscopy might be feasible. The test system should additionally 

resemble the original reaction conditions as much as possible so direct conclusions regarding 

the actual reaction process could be drawn.  

Against this background, we designed a test system consisting of the N,O-acetal 54, a tested 

IDPi catalyst and an additional equivalent of deuterium-labeled acetic acid-d4 in deuterated 

toluene to allow direct tracking via NMR-spectroscopy (scheme 4.14). Assuming the reversible 

formation of corresponding iminium ion intermediates IX and the presence of deuterated acetic 

acid, the enrichment of N,O-acetal 54 bearing deuterated acetate markers is expected to be  
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Scheme 4.14: Setup and outcome of the leaving group scrambling experiments. 

 

observable spectroscopically, depending on the capability of the catalyst to form ion pair X. We 

focused our investigations on two simple benchmark catalysts: IDP-02-a, inactive in the 

Friedel–Crafts reaction, and IDPi-01-a, active in the Friedel–Crafts reaction. As to be seen in 

the above diagrams, only very slow exchange of acetate-h3 with acetate-d3 (and consequent 

release of acetic acid-h3) was observed using catalytically inactive catalyst IDPi-02-a. Usage 

of catalytically active IDPi-01-a however led to full equilibration within one hour. Application 

of HNTf2 as Brønsted acid catalyst led to an even clearer result: full equilibration was reached 
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before the first spectroscopic measurement was recorded (full equilibration in less than three 

minutes) and even further consumption of the N,O-acetal starting material 54 towards the 

Friedel–Crafts product with toluene-d8 can rapidly be observed on the investigated timescale. 

In the absence of a Brønsted acid catalyst, no sign of equilibration can be observed.  

The abovementioned results are in agreement with the observed activity (or inactivity) of the 

respective catalyst in the Friedel–Crafts reaction. The lack of leaving group exchange using 

catalyst IDPi-02-a indicates that it is unable to activate N,O-acetal 54 toward further 

transformations. More specifically, we hypothesize that the catalyst is not acidic (reactive) 

enough to form or sufficiently stabilize the in situ-generated, highly reactive iminium ion 

intermediates IX which seems to be at least partially limiting for its applicability in the reaction. 

Rapid exchange of the leaving groups is observed using IDPi-01-a, iminium ion-formation 

therefore seems to be a rapid and highly dynamic process. We were furthermore unable to detect 

iminium ion pair X spectroscopically. We consequently conclude that the equilibrium of its 

formation lies heavily on the side of the N,O-acetal 54 starting material and that the catalyst-

depended lifetime of this elusive species might influence the overall reaction rate. 

 

The Effect of Additional Acetic Acid on the Reaction Rate 

The following studies were performed in collaboration with Dr. Markus Leutzsch. 

 

The proposed formation of iminium ion intermediates IX toward the Friedel–Crafts reaction 

consequently indicates that the state of the equilibrium determines the concentration of the ion 

pair X which, finally, limits or enables the proceeding of the reaction. Shifting this equilibrium 

to either side should therefore increase or decrease the concentration of ion pair X which should 

then lead to an increase or a decrease of the rate of product formation. According to Le 

Chatelier's principle, there should be multiple options to investigate this hypothesis.169 Among 

the easiest methods to test its validity is the addition of the side product of iminium ion IX 

formation, acetic acid. Increased concentration of the released leaving group should favor the 

reaction of the ion pair X back to N,O-acetal 54 under restoration of the catalyst, reducing the 

active concentration of ion pair X and consequently reducing the rate of product formation.  

The hypothesis was tested in the reaction of anisole (26) with N,O-acetal 54 in the presence of 

IDPi-01-a and an optional equivalent of acetic acid. The reaction was tracked via 1H-NMR 

spectroscopy to follow the rate of product formation and starting material consumption. The 

corresponding graphic is displayed below (scheme 4.15).  
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Indeed, addition of external acetic acid has a visible effect on the reaction rate and significantly 

slower product formation can be observed. This observation supports our previously suggested 

hypothesis of the formation of iminium ion pair X to be a key step toward product formation. 

Alternative SN2-type substitution of the acetate group of N,O-acetal 54 would be expected 

 

 
Scheme 4.15: Influence of additional acetic acid to the reaction rates. 

 

to be independent on the concentration of acetic acid. To rule out a potential preceding kinetic 

resolution process of N,O-acetal 54 with in situ formed or initially added acetic acid, leading to 
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toluene (3) and anisole (26) to determine a potential influence on the enantioselectivity of the 

reaction (table 4.7). While the yield of the reaction with toluene (3) was found to be significantly 

lower than the yield in the reaction of anisole (26) (as to be traced back to the higher 

nucleophilicity of 26), the enantiomeric ratios of formed products were found to be almost 
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toward the formation of iminium ion-intermediates IX as crucial and potentially rate 

determining species, kinetic resolution processes however do not seem to be relevant and 

enantiodetermination is consequently expected to occur exclusively on the stage of ion pair X 

via asymmetric counteranion directed catalysis.  

 

Table 4.7: Investigations on potential preceding kinetic resolution processes. [a] = crude NMR 

yield. 

  
 

As disclosed above, progressive formation of acetic acid, released from N,O-acetal 54 in the 

course of the reaction, is expected to slow the Friedel–Crafts reaction or even limit the yield at 

higher levels of conversion which should be especially visible for less reactive aromatic 

substrates. According to Le Chatelier's principle, removal of in situ-formed acetic acid should 

consequently shift the underlying equilibrium to increase the active concentration of ion pair X 

and to therefore enable higher levels of conversion and overall reaction rates. Investigations in 

this regard are part of the ongoing research in our laboratory. 

 

Kinetic Isotope Effect Studies 

The following studies were performed in collaboration with Dr. Markus Leutzsch. 
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their concentration approximately constant. Via spectroscopic analysis of the obtained product 

mixture, a KIE of 1.55 ± 0.04 could be determined.  

The maximum theoretical value for a secondary KIE is expected at around 1.4 and typical 

values range at around 1.1–1.2. The value observed in this study consequently resembles more 

the one of a small primary KIE.170 While secondary KIEs usually indicate a change in 

hybridization during the rate determining step for the bond that has been labeled isotopically, 

measurement of primary KIEs indicates that the isotope replacement occurred in a bond that is 

broken in the rate determining step.170 In the literature of Friedel–Crafts acylation reactions, 

primary KIEs are reported frequently as exemplified by Olah and Effenberger in 1964 and 2001, 

respectively.171,172 The large KIEs are usually explained to originate from the formation of 

comparatively stable Wheland complexes that are formed in a reversible manner which makes 

their deprotonation towards the aromatic product at least partially rate determining.  

In Friedel–Crafts alkylation or nitration reactions on the other hand, secondary or inverse KIEs 

are usually observed as illustrated by Olah in 1961 and Nakane in 1971.173,174 These lower or 

even inverse KIE-values are usually traced back to Wheland complex formation and not to the  

 

 
Scheme 4.16: Kinetic isotope effect studies and comparison with literature precedents.171–174 
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rearomatization process to be rate determining. The KIE of 1.55 measured in the context of this 

work therefore exceeds the theoretical maximum of a secondary KIE. The experiment 

consequently points toward rearomatization, the breaking of the isotope-labeled bond, to be at 

least partially rate limiting. With reference to the abovementioned literature precedents, this 

suggests a comparatively high stability of the thus formed Wheland complex. We hypothesize 

that the electron-rich carbamate moiety of the Fmoc-protecting group could have a stabilizing 

influence on the Wheland intermediate, potentially even via formation of a cyclic, six-

membered intermediate of type XI (see scheme 4.17 for reference). In a direct comparison of 

the iminium ion derived from N,O-acetal 54 with the acylation agents reported by Olah and 

Effenberger as well as typical alkylhalide-alkylating agents as described by Nakane, a 

significant degree of similarity regarding structural features and hybridization can be found for 

the acylating agents. It is therefore not surprising that similar yet slightly smaller KIE values 

are observed in the investigated reaction. 
 

13C-Kinetic Isotope Effect Studies at a Natural Abundance 

The studies described in the following were performed in collaboration with Samuel Steinfeld, 

Dr. Matthew Vetticatt and Dr. Markus Leutzsch. 

 

The determination of kinetic isotope effects can be a helpful tool for the identification of rate 

determining processes. KIEs are furthermore powerful methods to investigate which bonds 

undergo rehybridization or even cleavage during critical steps of the reaction mechanism.170 As 

the structure of potential Wheland intermediates is generally of outstanding importance for the 

understanding and the improvement of Friedel–Crafts processes, we were interested in the 

elucidation of possible 𝜎-complex intermediates. Other techniques which provide in-depth 

information on the change of bonding and hybridization and, consequently, the nature of 

fleeting intermediates, are 13C-kinetic isotope effect studies. To avoid challenging and tedious 

isotope-labeling processes, Singleton reported the measurement of 13C-KIEs at the natural 

abundance of the isotope to allow the straightforward analysis of suitable reactions.175,176 To 

further investigate the structure of possible Wheland intermediates, especially with respect to 

potential stabilizing interactions with the carbamate backbone, we envisioned 13C-KIE studies 

at a natural abundance for the herewith investigated system.  

We chose 1,3-benzodioxole (74) as substrate for the planned studies as it possesses a symmetric 

plane which undergoes desymmetrization in the course of the reaction. In that way, the direct 

comparison of the 13C-values of each position in the aromatic ring becomes possible. 
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Additionally, high yields were observed in the reaction of N,O-acetal 54 with 74. As larger 

amounts of the analytical substance are usually required to obtain representative results for  
13C-KIE studies at a natural abundance, high reaction yields are desirable to obtain sufficient 

material for the precise spectroscopic analysis.176  
13C-KIEs at a natural abundance are usually small values, especially compared to many H/D-

KIEs. The samples therefore have to fulfill requirements which allow the precise spectroscopic 

analysis. In the herewith investigated reaction however, the carbamate moiety of the Fmoc-

protecting group leads to the formation of multiple rotameric species which significantly 

complicates the analytical process and demands for follow-up manipulations. We therefore 

chose to prepare arylglycine 105 on larger scale and to then remove the carbamate protecting 

group (scheme 4.17).  

 

 
Scheme 4.17: Toward the determination of 13C-KIEs at a natural abundance.  
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observed spectroscopically for 105. The cleavage of the Fmoc-group was therefore performed 

subsequently to yield the free amino acid ester 106. While the thus obtained amine 107 shows 

promising properties for direct spectroscopic analysis, slow oligomerization processes were 

detected which prevents precise measurements. We therefore set out to transform amino acid 

ester 106 further to obtain a stable compound without the presence of groups that diminish the 

quality of the spectroscopic analysis. Further efforts to transforming amine 106 to either its 

corresponding tosylate 107 or amino alcohol 108 have thus far been unsuccessful and 

decomposition of amine 106 was observed exclusively. Further studies to transforming 

arylglycine 105 into a stable analyte are ongoing in our laboratory. 

 

Catalyst Stability Studies 

The following studies were performed in collaboration with Dr. Markus Leutzsch. 

 

As described in section 4.1.2, the stepwise inner-core cleavage of IDPi-based catalysts to 

initially form the corresponding iIDP- and finally the IDP-species was observed in the course 

of the Friedel–Crafts reaction of N,O-acetals with unactivated aromatic substrates 

(scheme 4.18). With reference to earlier investigations using para-formaldehyde as 

electrophilic reagent, we expect the highly reactive nature of the N,O-acetal-derived iminium 

ions IX to promote a stepwise hydrolysis with finally leads to the degradation of the used 

catalyst.67,177 Preceding studies with iIDP- and IDP-derived catalysts could already show that 

these catalyst classes are completely unreactive in the investigated Friedel–Crafts reaction (see 

table 4.4). The stepwise inner-core cleavage, which equates to the reduction of the effective 

catalyst loading of the only catalytically active species, consequently corresponds to a reduction 

of the reaction rate and, finally, of the obtained yield on the arylglycine product.  

To prevent the hydrolytic catalyst degradation, the usage of drying agents has been investigated. 

While, qualitatively, reduced rates of catalyst degradation could be observed in their presence, 

the lower rate of catalyst hydrolysis was accompanied by a significant loss of reactivity (see 

table 4.3). As described in preceding studies, inner-core cleavage is envisioned to proceed via 

the formation of covalent intermediates, formed between the core structures of iIDP- or IDPi-

catalysts and highly electrophilic reagents. The covalent structures then subsequently or in the 

course of the reaction promote hydrolytic P–N bond cleavage.177 The tendency of the respective 

catalysts to form covalent intermediates and thus undergo hydrolytic cleavage should therefore 

depend on the electronic and steric nature of the respective IDPi which consequently allows for 

the development of more robust catalysts.  
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Scheme 4.18: Catalyst stability studies via 31P-NMR spectroscopy.  

 

Installation of more electron-withdrawing substituents on the Brønsted acid should not only 

increase the rate of the reaction via enhancement of the acidity of the catalyst but also via 

reduction of the nucleophilicity of the corresponding counteranion. The formation of covalent 

intermediates might consequently be suppressed to prevent catalyst degradation. 

In our catalyst development studies for the Friedel–Crafts reaction between N,O-acetal 54 and 

toluene (3) we could already identify significant trends in the reaction yield upon modification 

of the substituents (see table 4.4). Transitioning from catalyst IDPi-01-a to IDPi-13-c led to an 

increase in the yield from 42% to 70%. To investigate if this improvement corresponds to a 
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decreased rate of catalyst degradation, we analyzed each respective reaction mixture via  
31P-NMR spectroscopy to detect and quantify the rate of catalyst decomposition (scheme 4.18).  

As shown in scheme 4.18, IDPi-01-a undergoes significant inner-core cleavage during the 

Friedel–Crafts reaction of N,O-acetal 54 with toluene (3). Analysis of the reaction mixture of 

the optimized catalyst IDPi-13-c however indicates that only traces of the corresponding iIDP 

and the IDP, the products of hydrolytic core-cleavage, can be detected spectroscopically. The 

experiments are therefore in line with the reactivities observed for the respective Friedel–Crafts 

reactions. It remains unclear whether the increased yield can solely be attributed to improved 

catalyst stability or if the enhanced acidity plays a major role in a higher reaction rate. However, 

it seems plausible to expect both factors to contribute to the high reactivity of IDPi-13-c and 

that its increased acidity positively affects both catalyst stability as well as the general reaction 

rate. 

 

Computational Investigation of Reaction Intermediates 

The following studies were performed in collaboration with Benjamin Mitschke. 

 

To further examine the nature of ion pair X, which is expected to be of paramount importance 

for the proceeding of the reaction, we engaged in computational studies to investigate its 

structure and the existing interactions between the IDPi-catalyst and electrophile 54. Therefore, 

the DFT structure of the lowest energy conformer of the iminium ion pair X resulting from 

reaction of N,O-acetal 54 with IDPi-13-c was calculated. The resulting structures are shown 

below (figure 4.2).  

The most prominent interaction between iminium ion IX and the chiral IDPi-derived 

counteranion is a tight hydrogen bond of the iminium N–H to the pentafluoroethylsulfonyl core 

of the catalyst (1.54 Å bond distance). Intriguingly, a second hydrogen bond can be identified 

between the bis-benzylic proton of the fluorenyl portion of the iminium ion and the 

imidodiphosphorimidate core of the catalyst which supports in locking and controlling the 

conformational arrangement of ion pair X (2.36 Å). Additional π-π-stacking effects between the 

fluorenyl moiety with the 3,5-(SF5)2-C6H3-groups contribute to the stability of X. The improved 

capability of the Fmoc group to form stabilizing π-π-interactions is consistent with the observed 

improvement of enantioselectivity upon replacement of the Cbz-group with an Fmoc-protecting 

group on the N,O-acetal (table 4.3). Another noteworthy detail is the protrusion of the alkyl 

chain of the ester group of iminium ion IX from the active pocket of the catalyst. This structural 

feature of ion pair X is in good agreement with the experimentally found independence of the 
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enantiomeric ratio from the shape and the size of the alkyl residue of the ester group (see table 

4.3 for reference).  

 

 
Figure 4.2: DFT-structures, calculated for ion pair X (resulting from 54 and IDPi-13-c). 

 

To furthermore visualize the charge distribution on iminium ion pair X we engaged in the 

determination of the isosurface of the electron density, which is illustrated in figure 4.2 as 

electrostatic potential. As indicated in preceding experiments, the major electron deficiency is 

located around the carbon atom of the iminium ion IX which underlines its extraordinary 

electrophilicity. This highly electrophilic nature is expected to be a crucial feature to allow the 

nucleophilic attack of unreactive aromatic substrates in the investigated Friedel–Crafts reaction.  
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4.1.7 Proposed Catalytic Cycle of the Friedel–Crafts Reaction  

 

Based on the preceding mechanistic studies described in the chapters 4.1.6, we propose the 

following catalytic cycle to be operating in the IDPi-catalyzed Friedel–Crafts reaction between 

N,O-acetals and (unactivated) aromatic substrates (scheme 4.19):  

 

 
Scheme 4.19: Proposed catalytic cycle.178  

 

Based on the abovementioned leaving group scrambling experiments, we envisioned the 

reaction of N,O-acetal 54 with the IDPi-catalyst to form the ion pair X via the concomitant 

release of acetic acid. As a rapid exchange of the leaving groups was observed in the scrambling 

studies, we expect the formation of ion pair X to proceed in a dynamic equilibrium with 54 and 

the IDPi-catalyst. The highly electrophilic iminium ion pair X is then expected to undergo 

nucleophilic attack by the aromatic substrate to form Wheland complex XII as key 

intermediate. We furthermore propose an interaction of the electron-rich carbamate-moiety of 

the Fmoc-protecting group of N,O-acetal 54 to have an additional stabilizing effect on Wheland-

type intermediate XII via formation of a cyclic iminium ion. Subsequent deprotonation of XII 

finally releases the arylglycine-product, restores the IDPi catalyst and closes the catalytic cycle.  
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4.2 The Asymmetric Catalytic Scriabine Reaction 

4.2.1 Scriabine Reaction: Origin and Perspective 

 

The iconic scent of the lily of the valley has inspired perfumers for decades in their creative 

journey to create ever-more pleasing fragrances.179 Ironically, however, it has not yet been 

possible to extract an essential oil from the actual flower that possesses its original olfactory 

properties. Consequently, chemists have tried to mimic the smell of the flower with the tools 

provided by synthetic organic chemistry. Over the decades, a number of small molecules with 

a lily of the valley-(also called muguet-) like scent have been discovered and used in a myriad 

of products, ranging from soaps and detergents to body care products and fine perfumery.180 

Blockbuster fragrance molecules such as Lilial (109), Cyclamen aldehyde (110), 

Burgeonal (111), Hivernal® or Nympheal™ (112) are just a few out of a wide range of lily of the 

valley-inspired scent molecules of enormous economic significance (scheme 4.20). Upon 

comparison of the molecular structure of the muguet-type aroma molecules, a common 

structural feature can quickly be identified: the parent dihydrocinnamaldehyde scaffold. The 

presence of this scaffold consequently gives rise to a potential synthetic platform for the 

synthesis of a broad variety of structurally related scent molecules via conjugate addition of 

aromatic substrates to enals.  

Stimulated by the high demand for the muguet scent molecules, Igor Scriabine, a chemist 

working at Rhône-Poulenc (A former French chemical and pharmaceutical company) 

investigated this approach in the 1960s. In this context, Scriabine studied the Lewis acid-

catalyzed addition of hydrocarbon arenes to enals to enable the synthesis of Cyclamen 

aldehyde (110). While Scriabine observed low yields in the Friedel–Crafts addition of 

cumene (5) to methacrolein (113), a significant improvement in yield was observed upon 

exchange of 113 with the corresponding acylal 114 to yield enol acetate 115, which can easily 

be hydrolyzed to give cyclamen aldehyde.181–183 The necessity of superstoichiometric amounts 

of TiCl4 along with catalytic amounts of BF3⋅OEt2 indicates that both acetate groups need to 

be activated independently to allow the reaction to proceed.184  

Despite the intriguing findings reported by Scriabine, more than four decades passed until 

catalytic versions of the reaction were investigated at Firmenich and at the UBE cooperation, 

both individually tailored for the synthesis of fragrance molecules.185,186 However, the reported 

methods were found to be significantly limited in their scope of applicable aromatic substrates 

as well as electrophilic acceptor reagents. The first general catalytic Scriabine reaction was 
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reported only in 2018 by Gandon who used gallium-based Lewis acid catalysts to promote the 

desired bond formation (scheme 4.20).184  

 

 
Scheme 4.20: Relevance and concept of the Scriabine reaction. 
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Scriabine reactions are still unknown until this day.187 This finding is especially peculiar given 
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active molecules. Against this background, we decided to investigate a general method for the 

asymmetric catalytic Scriabine reaction using strong and confined Brønsted acid catalysts. 

 

4.2.2 Reaction Design and Initial Studies 

The following studies were performed in collaboration with Samuel Steinfeld and Luc Debie. 

 

We commenced our studies analogously to the early work carried out by Scriabine more than 

60 years ago. To study and evaluate the reactivity of simple hydrocarbon arenes in the chiral 

Brønsted acid-catalyzed addition to enal acceptor molecules, we investigated their behavior in 

the presence of strong and confined acid catalysts (table 4.8).  

 

Table 4.8: Screening of the Brønsted acid-catalyzed addition of arenes to enals. [a] = crude 

NMR yield. 

 
 

As described above, usage of the strong Brønsted acid catalysts HNTf2 as well as IDPi-01-a in 

the Friedel–Crafts type addition of toluene (3) to (E)-crotonaldehyde did not result in the 

formation of the desired dihydrocinnamaldehyde product in detectable amounts. Even transition 

to the significantly more nucleophilic TMB as aromatic substrate proved to be unsuccessful in 
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the desired transformation while partial decomposition of the enal was observed. Inspired by 

the studies carried out by Scriabine, we decided to investigate the IDPi-catalyzed addition of 

cumene and ortho-xylene to methacrolein as model system under higher concentrations (entries 

5-6). Nonetheless, no product formation was observed in detectable amounts. Similarly, the 

reaction of (E)-2-pentenal under analogous conditions was found to be unsuccessful  

(entries 7-8).  

As reported earlier, stoichiometric amounts of strong Lewis acids are necessary to promote the 

addition of simple hydrocarbon arenes to enals and despite these harsh reaction conditions, only 

low yields of the desired products are obtained. We therefore speculate that the catalysts used 

in our abovementioned studies do not possess the required acidity to form the desired products. 

Since our studies on the direct addition of simple aromatic substrates to enal-based acceptor 

molecules did not lead to the proceeding of the desired Friedel–Crafts reaction, we reconsidered 

this initial approach. As described by Scriabine, a significant increase in reactivity can be 

observed via transition from enals as acceptor molecules to their corresponding acylals. The 

higher reactivity of the corresponding acylals can partially be traced back to the increased Lewis 

basicity of the diacyl-structure which allows for close interactions with Lewis acid catalysts to 

achieve a strong activating effect of the C–C double bond.184 Intrigued by these studies, we 

envisioned a potential way to increase the reactivity of our system while simultaneously provide 

an efficient platform for the construction of benzylic stereocenters via asymmetric counteranion 

directed catalysis.  

To test the ability of strong and confined acids to catalyze asymmetric Scriabine reactions, we 

initially engaged in the synthesis of a number of structurally diverse acylal reagents from enals 

(scheme 4.21). Following a protocol reported earlier by Trost, anhydrous FeCl3 was used as 

Lewis acid catalyst under neat reaction conditions.187 However, we quickly noticed that under 

these harsh reaction conditions significant amounts of isomerization side products were formed 

which proved to be particularly hard to remove chromatographically. To enable a more selective 

acylal synthesis we tested a range of Lewis acid catalysts in the synthesis of the (E)-2-pentenal 

(116) derived diacetate. Testing the Lewis acids FeCl3, Zn(BF4)2, Bi(OTf)3, Ga(OTf)3, and 

InCl3, we found the most selective reaction profile for Zn(BF4)2. Zn(BF4)2 was however found 

to lack generality in the synthesis of acylals as the usage of isobutyric anhydride as reagent did 

not yield the desired product with the Zn(II)-based catalyst. For further studies, we therefore 

chose to use FeCl3 as relatively selective and highly general catalyst for the synthesis of acylals. 

Following reported procedures, a range of linear or cyclic aliphatic enals or cinnamaldehyde-  
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Scheme 4.21: Synthesis of enal-derived acylals. 

 

derived acceptors were transformed with a number of aliphatic anhydrides to yield the 

corresponding acylals with generally high yields.187 Having synthesized the required acylal 

reagents, we were eager to test their reactivity in the chiral Brønsted acid-catalyzed Scriabine 

reaction. We started our studies using acrolein diacetate in the Scriabine reaction of toluene 

using HNTf2 and IDPi-01-a as acid catalysts (table 4.9, entries 1-2). Under neat reaction 

conditions, we observed the formation of corresponding enol acetates with promising yields. 

Surprisingly, however, transition to the (E)-crotonaldehyde derived diacetate 117 under 

otherwise analogous reaction conditions led to a complete shutdown of the reactivity both using 

HNTf2 as well as IDPi-01-a as acid catalysts. Only upon usage of anisole (26) as significantly 

more reactive aromatic substrate, the reactivity could be restored and the corresponding enol 
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acetate was obtained with moderate to high yields, a moderate E/Z-ratio and, for the usage of  

IDPi-01-a, a promising enantiomeric ratio of 65:35 (entry 7).  

 

Table 4.9: Initial screening toward the asymmetric Scriabine reaction. [a] = crude NMR yield. 

 
 

The initially observed correlation between the reactivity and the substitution pattern of the 

geminal diacetate was found to be even more pronounced for (E)-2-pentenal diacetate 118 as 
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method. As we however observed promising reactivity with (E)-crotonaldehyde-derived acylal 

117 in the IDPi-catalyzed Scriabine reaction with 26, we chose to further investigate and 

improve the reaction system to optimize yield and selectivity of the reaction. We therefore 

engaged in a broad screening of reaction conditions and catalyst motifs prior to the evaluation 

of potential scope entries (table 4.10).  

 

Table 4.10: Catalyst screening for the asymmetric Scriabine reaction. [a] = crude NMR yield. 
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of the desired enol acetate 127. Furthermore, usage of IDPi-04-a, bearing a biphenyl substituent 

or of IDPi-01-b, featuring a C6F5-core modification proved to be unsuccessful in the desired 

transformation. Only upon installation of both, a 3,5-bis(trifluoromethyl)phenyl substituent in 

the 3,3'-positions of the BINOL as well as a triflyl substituent in the active 

imidodiphosphorimidate core, the formation of enol acetate 127 was observed with good yields, 

a high E/Z ratio and a promising enantiomeric ratio of 75:25. Unlike to the trend observed in 

the synthesis of arylglycines, elongation of the perfluoroalkyl chain in the 

imidodiphosphorimidate core did not lead to an improvement of the reaction outcome and a 

visibly reduced enantiomeric ratio was obtained. Contrarily, elongation of the CF3-groups in 

the 3,5-positions of the 3,3'-aryl substituents of the BINOL to perfluoro-n-propyl- or -butyl 

substituents was found to improve the enantiomeric ratio of the product 127 to 80:20 (entry 10). 

As transition from toluene as solvent to its hexahydrogenated equivalent methylcyclohexane 

led to a visible improvement of the enantiomeric ratio on enol acetate 127, we were intrigued 

if the observed selectivity could be improved even further via choice of different aliphatic 

solvents. We therefore performed a broader screening of hydrocarbon solvents (table 4.11).  

 

Table 4.11: Solvent screening studies for the asymmetric Scriabine reaction. [a] = crude NMR 

yield. 
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4.2.3 Scope and Limitations for the Asymmetric Scriabine Reaction of Acylals 

The following studies were performed in collaboration with Samuel Steinfeld and Luc Debie. 

 

With these improved reaction conditions, we set out to investigate the generality of the reaction 

and to determine potential limitations of the preliminary reaction system. We therefore tested a 

range of acylal acceptor molecules along with anisole (26) and benzofuran (82) as aromatic 

substrates (scheme 4.22).  

 

 
Scheme 4.22: Preliminary substrate scope and leaving group modification studies.  
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Crotonaldehyde- as well as tiglinaldehyde-derived diacetate 117 and 125 smoothly underwent 

Scriabine reaction with anisole to give the corresponding enol acetates 127 and 128 with 

excellent yields and good enantioselectivities. However, the (E)-2-pentenal-derived acylal 118 

just like the cinnamaldehyde-derived acylal 119 were found to be entirely unreactive under the 

previously optimized reaction conditions. When cyclohex-1-ene-1-carbaldehyde-derived 

diacetate 120 was reacted with anisole under analogous reaction conditions, elimination toward 

dienol acetate 134 was observed as only reaction. To furthermore identify the potential scope 

of aromatic substrates, we went on to test benzofuran (82) in the system described above. In the 

reaction with crotonaldehyde-derived acylal 117, excellent yield and high enantiomeric ratio on 

enol acetate 132 was obtained. The reaction profile was furthermore found to be especially 

clean with only traces of the Z-configured byproduct. Intriguingly, upon reaction with cyclic 

acylal 120, the cyclic enol acetate 133 was formed in a 1:1 ratio with the undesired elimination 

side product 134. We consequently speculate that the increased nucleophilicity of benzofuran 

82 compared to anisole enables the competitive C–C bond formation to take place.  

Enantioenriched 2-alkylated benzofuran derivates are relevant building blocks for total 

synthesis as exemplified in the synthesis of (+)-Frondosin B (135), a potent interleukin-8 

receptor inhibitor, reported by MacMillan in 2010.188 Inspired by the importance of benzofuran-

derived scaffolds along with the increased selectivity observed for the reaction of 82, we chose 

to further optimize the asymmetric Scriabine reaction of 82 with crotonaldehyde-derived 

acylals (scheme 4.22).  

To our delight, transition from the acetic anhydride derived acylal 117 to the corresponding 

isobutyric anhydride-derived reagent and, finally, to the pivalic anhydride derived acylal led to 

a successive improvement of the observed enantiomeric ratio from an initial 85.5:14.5 for 132 

over 93.5:6.5 for 136 to finally reach the excellent level of 94.5:5.5 for 137 while 

simultaneously delivering the corresponding product with nearly quantitative yield. Despite the 

described improvement in the selectivity of the reaction, achieved through variation of the alkyl 

substituent of the leaving group, the investigated reaction was still suffering from significant 

scope limitations, especially regarding modification of the substituent in the  

β-position of the acylal. To overcome these limitations, we envisioned that installation of 

electron withdrawing substituents on the acyl groups might lead to improved leaving group 

properties and consequently increase the electrophilicity of the reagent (scheme 4.23). We 

therefore engaged in the synthesis of trifluoroacetic anhydride- (TFAA) and trichloroacetic 

anhydride- (TCAA) derived acylals 138 and 139 based on the parent (E)-crotonaldehyde (140) 

structure. The obtained acylal reagents were found to be of unstable nature and prone to thermal 
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rearrangements, especially in the presence of Lewis acids. This behavior led to significant side 

reactions in the acid-catalyzed Scriabine reaction. When cinnamaldehyde (141) was 

transformed with TCAA, the corresponding acylal 142 was obtained as stable crystalline solid. 

Upon reaction of 142 with IDPi-01-a under the previously optimized conditions for the 

asymmetric Scriabine reaction, no sign of conversion toward the desired product 143 was 

observed for aromatic substrates of varying nucleophilicity. Based on preceding studies 

reported by Gandon, we speculate that the reduced electron density around the trichloro- or 

trifluoroacetate groups leads to reduced interactions thereof with the used acid catalysts and 

consequently decreases the degree of acylal activation.184 

 

 
Scheme 4.23: Reactivity enhancement studies via installation of trihalogenated leaving groups.  
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groups is essential to enable coordination of the Lewis- or Brønsted acid catalyst and to 

therefore allow the reaction to proceed. 
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4.2.4 in situ Scriabine Reaction toward Increased Efficiency and Reactivity 

The following studies were performed in collaboration with Samuel Steinfeld and Manuel 

Scharf. 

 

As described above, installation of electron withdrawing substituents on the leaving groups of 

the acylal did not lead to the initially expected reactivity enhancement-effect and a broad 

substrate scope could not yet be established. Furthermore, an additional step for the synthesis 

of the acylal reagents reduces the overall step, time and atom efficiency for the functionalization 

of the enal substrates. The reaction is even complicated further by isomerization side reactions 

that occur during the formation of the acylal reagents (scheme 4.24).  

Based on these limitations along with the general capability of Lewis and Brønsted acid 

catalysts to promote acylal formation, we envisioned the previously unprecedented, direct 

activation of enal substrates with anhydrides using strong and confined Brønsted acid catalysts. 

Via activation of anhydrides, the acyl group is expected to be transferred to the enal substrate 

to form the corresponding O-acyloxocarbenium ions XIII which can then undergo the direct 

 

 
Scheme 4.24: Design and proof-of-concept studies for the in situ Scriabine reaction.  
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asymmetric Scriabine reaction via asymmetric counteranion directed attack of the aromatic 

substrate. Following this approach, the formation and activation of acylal reagents just like the 

challenges associated therewith might be circumvented completely to enable a more general as 

well as time and atom efficient reaction. To investigate the general feasibility of the IDPi-

catalyzed anhydride transfer, we observed the reaction of (E)-2-pentenal (116) with acetic 

anhydride in the presence of IDPi-01-a via 1H-NMR-spectroscopy. To our delight, almost full 

conversion of the parent enal 116 to its corresponding acylal 118 was observed within 2 hours. 

This experiment consequently serves as proof-of-concept that IDPi catalysts can indeed 

catalyze the synthesis of acylal reagents. We furthermore speculate that the formation of the 

geminal diacetate proceeds via stepwise acyl transfer to form the highly electrophilic ion 

pair XIII which is then attacked by the previously released acetic acid. If the ion pair XIII is 

of sufficient lifetime, the described approach might provide increased reactivity compared to 

the activation of preformed acylals and thus help to overcome the previously observed 

limitations of the reaction.  

To investigate the potential of an in situ Scriabine reaction, we engaged in an initial screening 

of catalysts and conditions to evaluate the overall reactivity (scheme 4.25). We could find that 

the direct activation of enals with anhydrides is generally feasible and the reaction of  

(E)-crotonaldehyde 140 with benzofuran 82 was found to give corresponding enol esters with 

high yields in the presence of simple alkyl-substituted anhydrides. As already observed in 

preceding studies (see scheme 4.23), usage of trifluoroacetic anhydride proved to be 

unsuccessful in the reaction. The significantly reduced Lewis-basicity of TFAA is expected to 

hinder activation thereof via the used acid catalyst, which prevents a potential acyl transfer 

toward the formation of the desired product.  

We quickly found that previously challenging substrates or generally problematic substitution 

patterns in the activation of acylals were now tolerated following the in situ Scriabine-approach. 

Not only could (E)-2-pentenal (116) be converted efficiently, also intrinsically more challenging 

substrates like dienal 144 or enones 145 and 146 were found to undergo the in situ Scriabine 

reaction with benzofuran in a regioselective fashion. Intriguingly, cinnamaldehyde (141) was 

still found to be reluctant toward arene addition and no sign of product formation was observed. 

The scope of applicable arenes was found to be less broad: while the heterocyclic arenes 

benzofuran (82), benzothiophene (81) and thiophene (80) smoothly underwent reaction toward 

corresponding enol acetates in the reaction with (E)-crotonaldehyde (140), phenol (84) just like 

the hydrocarbon arenes toluene (3), o-xylene (61), mesitylene (65) and 1,2-diethylbenzene (62) 

were unreactive under the described reaction conditions.  
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Scheme 4.25: Reactivity assessment for the in situ Scriabine reaction. [a] = determined via 

crude 1H-NMR. 

 

While the reactivity of the in situ Scriabine reaction is enhanced compared to the transformation 

of preformed acylals, we were curious to then compare the enantioselectivity of the novel 

system to our previous results. We therefore chose to investigate the addition of benzofuran 

(82) to (E)-crotonaldehyde (140) as benchmark reaction under the newly investigated reaction 

conditions. To evaluate the general reactivity and the potential breadth of applicable IDPi-

catalysts, we initially engaged in a broader catalyst screening (table 4.12). Similarly to our 

preceding studies (see table 4.4), a complete shutdown of the reaction was observed upon 

installation of perfluorophenyl residues in the imidodiphosphorimidate core. Also catalysts 

bearing unfunctionalized aryl substituents in the 3,3'-positions of the BINOL backbone proved 

to be unsuccessful in the investigated transformation (entries 1-4). Usage of IDPi-10-a, the 

optimal catalyst for the activation of acylals, bearing a 3,5-bis(perfluoro-n-propyl)phenyl 

Me O

O

Me

O

R

O

O

O

R

+
O

IDPi-01-a (5 mol%)

PhMe, 30 °C, 16 h

O R

O

O

n-Pr O

O

n-Pr

O

i-Bu O

O

i-Bu

O

t-Bu O

O

t-Bu

O

81% 81% 84% 80%

5.0 equiv.

OO
O

O OPh

O

144
41%

95% 145
20%

116
52%

141
<5%

146
35%

O S

S

HO

Et
Et

* *

**

* neat in ArH

82 
81%

81
67%

80
70% (1:1.6 r.r.)

84
<5%

3
<5%

61
<5%

65
<5%

62
<5%

O

2.0 equiv.

Test Reaction for the in situ Scriabine Reaction

General Acceptor and Arene Screening[a]

Ar

H

O
R2

R1 +
IDPi-01-a (5 mol%)

PhMe, 30 °C, 16 hR3

Me

O

O

O

Me

5.0 equiv.

O

Ar

R1

R2

O

Me

R3

Acceptors Arenes

Acceptor =

O

aromatic substrate =

O

F3C O

O

CF3

O

<5%

140
82

140
82



4. Results and Discussion 

 81 

substituent and a triflyl modification in the imidodiphosphorimidate core, restored the reactivity 

but the enantiomeric ratio of enol pivalate 147 was found to be significantly reduced.  

 

Table 4.12: Catalyst screening for the in situ Scriabine reaction. [a] = crude NMR yield. 
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Intriguingly, installation of a 2-benzofuran substituent in the 3,3'-positions of the BINOL and 

of a perfluorophenyl group in the catalyst core afforded the desired enol pivalate 147 with high 

yield and increased enantioenrichment (entry 6).  

This datapoint stands out even more considering that IDPi-09-b is unreactive in the initially 

investigated activation of acylal 117 (see table 4.10). Motivated by this result, we engaged in a 

more detailed screening of benzofuran-substituted IDPi-catalysts, prepared earlier in our 

laboratory for investigations on asymmetric Pictet-Spengler reactions.144 We quickly found that 

perfluoroaryl core substituents lead to an improvement on the observed enantiomeric ratio while 

installation of perfluoroalkyl residues reduce both yield and the enantiomeric ratio on enol 

pivalate 147. Installation of a methyl group in different positions of the benzofuran backbone 

led to an intriguing finding: while introduction in the 5- (IDPi-14-b) or the 7-position (IDPi-

16-b) resulted in both decreased yield and enantioselectivity, introduction of the methyl group 

in the 6-position increased the enantiomeric ratio to 89:11. Introduction of bulkier groups in the 

6-position of the benzofuran substituent was found to be detrimental to the selectivity of the 

reaction (entries 20-21). While installation of a methyl group in the 6-position of the benzofury-

substituent of the used catalyst decreased yield and selectivity on 147, usage of IDPi-18-b or 

IDPi-19-b, bearing a trifluoromethyl- or a pentafluorophenyl group in the 6-position, gave 

slightly increased enantiomeric ratio and visibly increased yield. Furthermore, when a 

structurally related 5-phenyl furan substituent was installed on the 3,3'-positions of the BINOL, 

no formation of the product was detected using the corresponding IDPi (entry 20). 

 

4.2.5 Benzofuran-Derived IDPi-Catalysts for in situ Scriabine Reactions 

The following studies were performed in collaboration with Samuel Steinfeld, Manuel Scharf, 

Wencke Leinung, Benjamin Mitschke and Lennard Brücher. 

 

Based on the abovementioned studies as well as preceding work in our research group, we could 

identify the 2-benzofuran motif in the 3,3'-positions of the BINOL along with a 

pentafluorophenyl core motif to be a privileged catalyst structure for the investigated reaction 

(scheme 4.26).144 Additionally, introduction of a methyl group as a substituent of moderate size 

in the 6-position of the benzofuran was found to lead to further improvement of the 

enantiomeric ratio. While installation of a methyl group in the 5-position of the benzofuran led 

to decreased yield and selectivity, transition to a trifluoromethyl group increased both yield and 

enantiomeric ratio visibly. 
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Scheme 4.26: Expected structure of improved IDPi-catalysts. 

 

We consequently envisioned that installation of a perfluoroalkyl group in the 6-position of the 

benzofuran might lead to a superior catalyst motif through the combination of both, the benefits 

of the careful introduction of steric bias and a concomitant finetuning of the electronic 

properties of the IDPi. Consequently, both superior yield and enantiomeric ratio on enol pivalate 

products might be achievable. In order to gain access to the required benzofuran-substituted 

IDPis, the synthesis of the catalysts was achieved as described below (Scheme 4.27).  

 

 
Scheme 4.27: Synthesis of perfluoroalkyl-substituted benzofuran-containing IDPi-catalysts. 
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Following preceding studies performed in our laboratories, the 6-trifluoromethylated building 

block was obtained starting from 3-trifluoromethylphenole (148), which was transformed to 

dibromide 149 and finally, in two further steps, to 2-bromo-6-(trifluoromethyl)benzofuran 

(150). To obtain the perfluoropropylated equivalent 151, 4-bromosalicylaldehyde (152) was 

transformed to 2-hydroxy-4-(perfluoropropyl)benzaldehyde (153) in three steps via Ullmann-

coupling sequence. Aldehyde 153 was then transformed to dibromoolefin 154 which could 

subsequently be cyclized to afford 2-bromobenzofuran 151. The obtained perfluoroalkylated 

building blocks 150 and 151 were then introduced into the BINOL backbone via Suzuki-

Miyaura coupling to yield the 3,3'-substituted BINOLs. Finally, dimerization of the respective 

BINOL-building blocks in the presence of HMDS and the pentafluorophenyl-substituted 

phosphazene reagent 155 gave rise to the desired IDPi-catalysts after acidification over an ion 

exchange resin. To test the IDPi-catalysts thus prepared, they were subjected to the reaction of 

(E)-crotonaldehyde (140) with benzofurane (82) (scheme 4.27). As shown below, both catalysts 

provided high reactivity, the enantiomeric ratio of enol pivalate 147 was however reduced 

compared to the results obtained with the previous benchmark catalysts IDPi-15-b and  

IDPi-18-b. We therefore chose to use IDPi-15-b for the following studies. To further increase 

the enantioselectivity in the in situ Scriabine reaction, we chose to reevaluate the used solvent 

and to additionally investigate the performance of previously overlooked catalyst motifs.  

When chlorinated solvents were used in the in situ Scriabine reaction of 140 with 82 as 

described below, significantly reduced yields on enol pivalate 147 were observed (table 4.13).  

 

Table 4.13: Solvent screening for the in situ Scriabine reaction. [a] = crude NMR yield. 
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However, when less polar solvents were used, a concomitant increase in yield and 

enantioselectivity of 147 was obtained (entries 3-5). When various aliphatic hydrocarbon 

solvents were investigated, n-heptane was finally identified as optimal solvent for the reaction. 

As discussed in our preceding studies on the Scriabine reaction of preformed acylals (see 

scheme 4.22), we found that the structure of the acylal moiety is of crucial importance for the 

enantioselectivity of the reaction. To perform analogous studies on the in situ Scriabine reaction, 

we therefore investigated the influence of the different anhydrides as activating agents under 

our newly developed reaction conditions (table 4.14).  

 

Table 4.14: Screening of different anhydride activating agents. [a] = crude NMR yield. 
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increased. We therefore conclude that the addition of 5 equivalents of pivalic anhydride 

represents the optimal amount of the activating agent.  

With these optimized conditions at hand, we then reinvestigated a broader scope of benzofuran- 

and benzothiophene-substituted IDPi-catalysts with polyaromatic ring systems to further 

improve the observed selectivity (table 4.15).  

 

Table 4.15: Further screening of furan- and thiophene-based catalysts. [a] = crude NMR yield. 

 
 

To test a broader scope of catalyst structures, the influence of additionally installed 

perfluoroisopropyl-groups on the 6,6'-positions of the BINOL backbone was studied. Transition 

from a benzofuran- to a benzothiophene motif was found to only have a minor effect and 

slightly reduced yield and enantiomeric ratio on the corresponding product 147 was obtained. 

Usage of IDPi-28-b bearing a monochlorinated benzofurane wing led to a significant increase 

in yield and simultaneously provided the highest enantiomeric ratio on 147 observed thus far 

in situ Scriabine Reaction: Further Catalysts

tBu

O

O

O

tBu

+
O

IDPi (5 mol%)

n-heptane (0.1 M), 30 °C, 16 h

O tBu

O

O

5.0 equiv.

O

2.0 equiv.

entry catalyst

1

2

3

4

5

IDPi-27-b

IDPi-28-b

IDPi-29-b

IDPi-30-b

IDPi-31-b

yield[a]

50%

82%

68%

39%

21%

e.r.

83.5:16.5

91:9

90:10

79:21

92.5:7.5

entry catalyst yield[a] e.r.

10 IDPi-35-bF 81% 77:23

11 IDPi-36-bF 75% 81:19

7 IDPi-33-b 85% 86:14

9 IDPi-34-b <5% n.d.

8 IDPi-33-bF >95% 80:20

IDPi

F
F

F

F
F

O
P
O

O

O
P

H
N

N N
O2S SO2

S

b

S

S S S S S

S

S OO

O

Cl

H
CF3

CF3
FO

S S

CF3
O

CF3

CF3

6 IDPi-32-b 50% 90:10 12 IDPi-37-bF 74% 84:16

30

27

28

36

33

34

3529

31

32 37

F

140 82
147

if not 
indicated:



4. Results and Discussion 

 87 

(entry 2). The naphthofuran-system present in IDPi-29-b additionally proved to be a highly 

selective motive as a similarly high enantioenrichment for enol pivalate 147 could be 

determined (entry 3). While the introduction of another aryl substituent on the naphthofuran-

structure, as demonstrated for IDPi-30-b, did not lead to any further improvement (entry 4), the 

use of the 5-methylated analogue gave a slight increase in the enantiomeric ratio at the expanse 

of the yield of the reaction along with the general chemoselectivity. As a third privileged catalyst 

structure, thienothiophene-based catalyst IDPi-32-b could be identified to be of suitable nature 

for the investigated reaction as a similarly high enantiomeric ratio was observed for 147 which 

was obtained with slightly decreased yield (entry 6). Further modification toward a more 

diverse scope of thiophene-derived 3,3'-substituents was unsuccessful as installation of 

phenanthrothiophene- (IDPi-34-b) or benzodithiophene-substituents (IDPi-36-bF and  

IDPi-37-bF) all led to reduced enantiomeric ratios on the corresponding enol pivalate 147.  

Introduction of perfluoroisopropyl substituents in the BINOL's 6,6'-positions was generally 

found to be detrimental to the enantioselectivity of the reaction while, corresponding to the 

increased acidity of the catalyst, affording 147 with increased yield. Because of their impact on 

the reaction, we chose to refrain from the installation of electron withdrawing substituents on 

the BINOL-backbone of IDPi catalysts for further investigations.  

As described above, three privileged catalyst motifs could be identified in the preceding 

screening which all provided 147 with high yield and enantiomeric excess: the 5-chloro-6-

methylbenzofuran structure -28, the naphthofuran scaffold -29 as well as the thienothiophene-

based motif -32. As the 5-chloro-6-methylbenzofuran-bearing catalyst delivered enol 

pivalate 147 with both the highest yield as well as enantiomeric ratio observed thus far, the 

performance of the catalyst was now tested at reduced temperatures of 0 °C and –20 °C for 

further improvement of the enantiomeric ratio of the reaction (scheme 4.28). While a significant 

improvement of the yield and the enantiomeric ratio was observed upon lowering of the 

temperature to 0 °C, the inverse effect was found at a further decreased temperature of –20 °C. 

We therefore conclude that 0 °C is the optimal temperature for the reaction to proceed. 

 

 



4. Results and Discussion 

 88 

 
Scheme 4.28: Investigations with IDPi-28-b at reduced temperatures. 

 

As shown, we were able to improve the conditions for the asymmetric in situ Scriabine reaction 

of benzofuran (82) with (E)-crotonaldehyde (140) to yield the corresponding product 147 with 

high yield and enantiomeric ratio. To test the generality of the transformation, we chose to apply 

the optimized conditions to the reaction of benzothiophene (81) and anisole (26) with 140 as 

additional benchmark substrates (scheme 4.29).  

 

 
Scheme 4.29: Reactions of alternative arenes. 

 

While the usage of benzothiophene (81) gave good yield along with slightly reduced 

enantiomeric enrichment on the corresponding enol pivalate, the application of anisole (26) led 

to both significantly reduced yield and enantioselectivity on the corresponding Scriabine adduct 

under analogous conditions.  

While good results were already obtained for some O- and S-containing heterocyclic arenes, 

further reaction and catalyst optimization is required to enable the general in situ Scriabine 
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reaction of simple alkoxybenzenes or even alkylbenzenes with high selectivity. Investigations 

on further improvement of the catalytic system are currently ongoing in our laboratory. 
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5. Summary 
 

The nucleophilicity of aromatic substrates has always been a limiting factor for electrophilic 

aromatic substitution reactions and unactivated hydrocarbon arenes have required especially 

harsh reaction conditions to enable their SEAr reactions. High temperatures and strongly Lewis 

acidic catalysts have simultaneously complicated the development of asymmetric catalytic 

Friedel–Crafts reactions of simple alkylbenzenes. In this work, we present the usage of highly 

acidic and confined IDPi-catalysts to enable the unprecedented asymmetric Friedel–Crafts 

reaction of only-hydrocarbon alkylbenzenes toward arylglycine esters (scheme 5.1). 

 

 
Scheme 5.1: Asymmetric Friedel–Crafts reaction of unactivated arenes toward Arylglycines. 
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A thorough catalyst screening was performed to identify IDPi-catalysts with sufficient 

reactivity and durability to allow the proceeding of the reaction under mild reaction conditions. 

Besides high regio- and stereoselectivities, the discovered reactivity extended to the 

chemoselective transformation of acid-labile substrates such as cyclopropylbenzene (60), 

which remained intact over the course of the reaction. Slight modifications of the reaction 

conditions allowed the enantioselective transformation of more functionalized alkoxybenzenes 

and heteroaromatic substrates.  

Intrigued by the high reactivity provided by IDPi catalysts with electron-withdrawing 

substituents on the 3,3'-positions of the BINOL, we then engaged in the development of 

experimental tools for the elucidation of the reaction mechanism. Leaving group scrambling 

experiments were initially performed with isotope labeled reagents to reveal that the reversible 

formation of iminium ions is significantly decelerated using less acidic IDPi catalysts. This 

indicates that the insufficient activation of N,O-acetals toward corresponding ion pairs limits 

the scope of applicable catalysts to highly acidic species. 

 

The addition of benzenoids to enals enables the synthesis of 3-arylpropanes, a recurring motif 

in aroma- and fragrance molecules. However, the direct addition of unreactive arenes to enals 

toward this highly demanded class of compounds requires exceptionally harsh reaction 

conditions. Studies by Scriabine already showed that the preceding transformation of enals to 

corresponding acylals leads to a significant reactivity enhancement effect of the acceptor 

molecule. The Scriabine reaction has since proven to be a useful tool, but asymmetric versions 

thereof remained elusive. To contribute an asymmetric organocatalytic Scriabine reaction, we 

studied the potential activation of acylal reagents with highly acidic IDPi catalysts. Even though 

a number of aromatic substrates engaged in the asymmetric Scriabine reaction with excellent 

yield and enantio as well as regioselectivity, the reaction was generally limited to a narrow 

choice of acylal reagents (scheme 5.2).  
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Scheme 5.2: Asymmetric Organocatalytic Scriabine reaction. 

 

Spurred on by this apparent limitation and to avoid the cumbersome transformation of enal 

reagents to the more activated acylals, we envisioned the direct activation of enals via in situ 
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therefore allow the addition of aromatic substrates. The resulting, unprecedented in situ 

Scriabine reaction allowed for the direct addition of a wider range of arenes to a variety of enals 

and enones in the presence of alkyl anhydrides as activating agents. While the increase in 

reactivity and generality observed for the in situ approach came at the expanse of 

enantioselectivity, we found a broader scope of IDPi-catalysts to be applicable in the reaction 

which opened up more possibilities for reaction optimization. Especially 2-benzofuran 

substituted catalysts, unreactive in the activation of acylal reagents, were now found to give the 
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with high yield and enantiomeric ratios. 
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6. Outlook 
6.1 Asymmetric Friedel–Crafts Reaction Toward Arylglycine Esters 
 

Our work on the addition of unactivated arenes to N-acyliminium ions has enabled the synthesis 

of arylglycines with high enantio- and regioselectivities. Despite the predisposition for one of 

the possible C–H bonds of the aromatic substrate, the regioselectivity of the reaction usually 

follows substrate-inherent directing effects and overriding the regiochemical outcome of 

Friedel–Crafts reactions has proven to be a particularly challenging task (scheme 6.1).189  

 

 
Scheme 6.1: Catalyst controlled regioselective Friedel–Crafts reaction. 

 

As demonstrated by our studies on the synthesis of the arylglycine building blocks of 
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tailor-made catalysts might be used to mimic an enzyme-like microenvironment. Driven by 

steric bias, this could allow to selectively address intrinsically less activated positions on the 

aromatic ring. Alternatively, the installation of hydrogen bond donors on the BINOL backbone 

of the IDPi catalyst might allow to lock the triphenol substrate in a position that supports its 

regiocontrolled addition to the imidodiphosphorimidate-bound iminium ion.  
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6.2 Asymmetric Scriabine Reaction 

 

The activation of enals and enones via acyl transfer toward the putative formation of  

O-acyloxocarbenium ions allows the selective functionalization of simple acceptor molecules 

using cheap and non-toxic alkyl anhydrides. Thus far, however, the proposed  

O-acyloxocarbenium ions have not yet been identified analytically which obscures the actual 

mode of action as well as the individual mechanistic steps. To elucidate the ongoing reaction 

mechanism for potential further improvement of the reaction system, spectroscopic experiments 

might be carried out. Among others, KIE experiments might be valuable tools for further 

mechanistic studies.  

 

The activation of enals and enones via Brønsted acid-catalyzed acyl transfer has enabled the 

addition of otherwise unreactive arenes. Against this background, the addition of other 

nucleophiles might be possible to enable the synthesis of a diverse scope of functionalized enol 

esters, versatile and stable aldehyde- and ketone surrogates.190 Olefins or heteroatom-based 

nucleophiles might consequently be used as reaction partners with in situ generated  

O-acyloxocarbenium ions toward β-functionalized products (scheme 6.2). 

 

 
Scheme 6.2: Different nucleophiles for the proposed addition to O-acyloxocarbenium ions. 

 

The structure of α,β-unsaturated acylals might also allow the asymmetric transformation thereof 

in the absence of an external nucleophile via acid-catalyzed rearrangement toward the acyloxy 

enol ester. The same reactivity might consequently be achieved via asymmetric addition of alkyl 

anhydrides to enals or enones to yield the disproportionated product which releases the  

β-hydroxyaldehydes upon hydrolysis (scheme 6.3). Following this approach, an alternative 

method to reported oxa-Michael procedures could be developed that proceeds under mild 

reaction conditions and provides high chemoselectivity. The absence of the toxic reagents or 

stoichiometric oxidants usually required in previously reported methods for the asymmetric β-

hydroxylation of enals represents a further benefit of the proposed transformation.191,192 
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Scheme 6.3: Proposed transformation of acylals and enals to β-hydroxyaldehydes.
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7. Experimental Section 
Materials and Methods 
 

Chemicals: Unless otherwise indicated, starting materials were obtained from Sigma-

Aldrich, ABCR-GmbH, TCI, Acros Co. Ltd., Fluorochem or Deutero GmbH. Commercially 

available substances were used without further purification.  

 

Solvents: Solvents (Et2O, THF, 1,4-Dioxane, Cyclohexane, CH2Cl2, CHCl3, PhH and 

PhMe) were dried by distillation from appropriate drying agents in the technical department of 

the Max-Planck-Institut für Kohlenforschung and obtained in Schlenk flasks under argon 

atmosphere. Further solvents (CyMe, o-xylene, n-hexanes) were obtained from commercial 

suppliers and stored under an atmosphere of argon in a Schlenk tube. 

 

Inert Gas: Anhydrous argon was purchased from Air Liquide with >99.5% purity. 

 

Thin Layer Chromatography: Thin layer chromatography (TLC) was performed using 

silica gel pre-coated plastic sheets (Polygram SIL G/UV254, 0.2 mm, with fluorescent 

indicator; Macherey-Nagel) which was visualized with a UV lamp (254 nm) and/or 

phosphomolybdic acid (PMA), and/or Cerium Ammonium Molybdate (CAM), and/or 

ninhydrin. PMA stain: PMA (20 g) in EtOH (200 mL). CAM stain: Ammonium molybdate 

tetrahydrate (2.5 g), Cerium ammonium sulfate dihydrate (1 g) and Sulfuric acid (10 mL) in 

Water (90 mL). Ninhydrin stain: ninhydrin (1.5 g) in EtOH (200 mL) with AcOH (3 mL). 

 

Column Chromatography: Column chromatography was carried out using Merck silica 

gel (60 Å, 230−400 mesh, particle size 0.040−0.063 mm) using technical grade solvents. 

Elution was accelerated using compressed air. All reported yields, unless otherwise specified, 

refer to spectroscopically and chromatographically pure compounds. 

 

Nomenclature: Nomenclature follows the suggestions proposed by the computer program 

ChemBioDraw (12.0.3.1216) of CBD/Cambridgesoft. 

 

Nuclear Magnetic Resonance Spectroscopy: 1H, 13C, 19F, 31P Nuclear magnetic resonance 

(NMR) spectra for compound characterization were recorded on a Bruker Avance III 500 or a 
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Bruker Avance Neo 600 MHz NMR spectrometer in a suitable deuterated solvent unless 

specified otherwise. The solvent employed and the respective measuring frequency are 

indicated for each experiment. Chemical shifts are reported with tetramethylsilane (TMS) 

serving as a universal reference of all nuclides. The resonance multiplicity is described as s 

(singlet), d (doublet), t (triplet), q (quadruplet), p (pentet), h (heptet), m (multiplet), and 

br (broad). All spectra were recorded at 298 K unless specified differently, processed with 

MestReNova 14.1.2 suits of program, and coupling constants are reported as observed. The 

residual deuterated solvent signal relative to tetramethylsilane was used as the internal reference 

in 1H NMR spectra (e.g. CDCl3 = 7.26 ppm, CD2Cl2 = 5.32 ppm). Signals are reported as 

follows: chemical shift δ in ppm (multiplicity, coupling constant J in Hz, number of protons). 

All X-nuclei spectra were acquired proton decoupled unless otherwise noted. 13C{1H, 19F} 

NMR spectra were acquired with a Bruker TBO probe (1H, 19F, BB) with inverse gated 

decoupling. For 1H waltz16 was used for decoupling. For 19F the decoupling scheme 

bi_p5m4sp_4sp.2 with adiabatic chirp pulses with an offset at -105 ppm was used to ensure the 

broadband decoupling on 19F. 

 

Mass Spectrometry: Electrospray ionization (ESI) mass spectrometry was conducted on a 

Bruker ESQ 3000 spectrometer. High resolution mass spectrometry (HRMS) was performed on 

a Finnigan MAT 95 (EI) or Bruker APEX III FTMS (7 T magnet, ESI). The ionization method 

and mode of detection employed is indicated for the respective experiment and all masses are 

reported in atomic units per elementary charge (m/z) with an intensity normalized to the most 

intense peak. 

 

Specific Rotations: Specific rotations (α!" ) were measured with a Rudolph RA Autopol IV 

automatic polarimeter at the indicated temperature with a sodium lamp (sodium D line, 

λ = 589 nm). Measurements were performed in an acid resistant 1 mL cell (50 mm length) with 

concentrations (g/(100 mL)) reported in the corresponding solvent. 

 

High Performance Liquid Chromatography: High performance liquid chromatography 

(HPLC) was performed on a Shimadzu LC-20AD liquid chromatograph SIL-20AC auto 

sampler, CMB-20A using Daicel/Merck columns with a chiral stationary phase. All solvents 

used were HPLC-grade solvents purchased from Sigma-Aldrich. The column employed and the 

respective solvent mixture are indicated for each experiment. 
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7.1 Asymmetric Catalytic Synthesis of Arylglycine Esters 

7.1.1 Synthesis of Substrates and Reagents 

 

Synthesis of N,O-Acetals 

 

General Procedure A (GP A): Synthesis of Hemiaminals  

 
Following a procedure reported by Jacobsen193, in an oven-dried 500 mL two-neck flask 

equipped with a reflux condenser, the respective carbamate (14.2 mmol, 1.0 equiv.) was 

suspended in EtOAc (200 mL) and the alkyl glyoxylate (20.1 mmol, 1.4 equiv., added pure or 

as solution in PhMe) was added. AcOH (14.2 mmol, 0.8 mL, 1.0 equiv.) was added dropwise 

under vigorous stirring and the mixture was heated to reflux for 24 to 48 h. When complete 

conversion of the carbamate was observed via TLC and/or NMR analysis, the mixture was 

cooled to room temperature and concentrated under reduced pressure. The obtained white 

residue was dissolved in a minimal amount of warm CH2Cl2 (approximately 100 to 200 mL, 

warmed to 30 °C) and an equal volume of i-hexanes was added slowly under swirling of the 

flask. The solution was kept at room temperature for two hours whereupon precipitation 

initiates. The mixture was then cooled to –20 °C overnight and the formed solids were filtered 

off, washed with i-hexanes and dried under vacuum to yield the desired hemiaminals as white 

solids. 
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General Procedure B (GP B): Synthesis of N,O-Acetals  

 
Following a modified procedure reported by Luo194, the hemiaminal substrate (10 mmol, 

1.0 equiv.) was given to a flame dried Schlenk tube followed by acetic anhydride (30 mL) and 

pyridine (1.3 mmol, 0.10 mL, 0.13 equiv.). The heterogenous mixture was stirred for 20 h under 

an atmosphere of argon whereupon complete dissolution of the solids was observed. The 

solution was then concentrated under reduced pressure at 70 °C and the residue was purified 

via flash column chromatography on silica gel (eluent: i-hexanes/EtOAc mixtures) or via 

recrystallization from CH2Cl2/i-hexanes to yield the N,O-acetals as colorless oils or white 

solids. 

 

methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-hydroxyacetate (167) 

 
methylglyoxylate (166): Following modified procedure reported by Yus,195 dimethyl (2R,3R)-

2,3-dihydroxysuccinate (165, 1.9 g, 10.7 mmol, 1.0 equiv.) was given to a 50 mL round bottom 

flask and dissolved in Et2O (20 mL). H5IO6 (2.67 g, 11.7 mmol, 1.1 equiv.) was added slowly, 

the flask was sealed and the mixture was stirred at 25 °C for 2 h. The solids were filtered off, 

washed with EtOAc (3 x 40 mL) and the filtrate was dried over MgSO4. The drying agent was 

filtered off and the solvent was removed under reduced pressure to yield the crude glyoxylate 

S2-a as colorless oil. The spectral data are in agreement with the reported literature196. The 

compound was directly used in the subsequent step.  

 

methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-hydroxyacetate (167): 

Following GP A, in an oven-dried 250 mL two-neck flask, (9H-fluoren-9-yl)methyl carbamate 

(168, 1.81 g, 7.57 mmol, 1.0 equiv.) was suspended in EtOAc (125 mL) and freshly prepared 

methylglyoxylate (166, 1.00 g, 11.4 mmol, 1.5 equiv.) was added. AcOH (0.43 mL, 7.57 mmol, 

1.0 equiv.) was added dropwise under vigorous stirring and the mixture was heated to reflux 
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1H-NMR: (501 MHz, CDCl3): δ = 9.41 (s, 1H), 3.94 (s, 3H). 
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for 48 h. The mixture was cooled to room temperature and concentrated under reduced pressure. 

The obtained white residue was dissolved in warm CH2Cl2 (100 mL, warmed in a 30 °C water 

bath) and an equal volume of i-hexanes was added slowly under swirling of the flask. The 

solution was kept at room temperature for two hours whereupon initial precipitation was 

observed. The mixture was then cooled to –20 °C overnight, the formed solids were filtered off, 

washed with i-hexanes and dried under vacuum to yield the desired hemiaminal 167 (1.51 g, 

8.78 mmol, 53% over two steps) as white solid. 

 

 

isopropyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-hydroxyacetate (169) 

 
isopropyl 2-oxoacetate (170): Following a modified procedure reported by Xu and Loh,197 

diisopropyl (2R,3R)-2,3-dihydroxysuccinate (171, 2.5 g, 10.7 mmol, 1.0 equiv.) was given to a 

50 mL round bottom flask, dissolved in Et2O (5 mL) and the solution was cooled to 0°C. A 

solution of NaIO4 (2.97 g, 13.9 mmol, 1.3 equiv.) in H2O (20 mL) was added dropwise over 

20 min, the flask was sealed and the mixture was stirred at 0 °C for 2 h. The mixture was then 

warmed to 25 °C and EtOAc (20 mL) was added. The layers were separated and the aqueous 

layer was extracted with EtOAc (5 x 30 mL). The combined organic extracts were dried over 

Na2SO4, the solids were filtered off and the filtrate was concentrated under reduced pressure to 

yield the crude glyoxylate 170 as colorless oil. The crude product was directly used in the next 

step without further purification. The spectral data are in agreement with the reported 

literature.198 
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TLC: RF (i-hexanes/EtOAc 2:1) = 0.36. 
1H-NMR: (501 MHz, CDCl3): δ = 7.77 (d, J = 7.5 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 

7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 6.06 (s, br, 1H), 5.50 (s, 

br, 1H), 4.46–4.40 (m,  2H), 4.22 (t, J = 6.9 Hz, 1H), 4.08 (s, br, 1H), 

3.83 (s, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 169.82, 155.76, 143.69, 143.64, 141.45, 127.96, 

127.26, 125.12, 120.19, 73.70, 67.58, 53.46, 47.09. 

ESI-HRMS: calculated for C18H17NNaO5 ([M+Na]+): 350.10044, found: 350.09972. 

1H-NMR: (501 MHz, CDCl3): δ = 9.38 (s, 1H), 5.12 (sept, J = 6.4 Hz, 1H), 1.30 (d, 

J = 6.3 Hz, 6 H). 
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methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-hydroxyacetate (169): 

Following GP A, in an oven-dried 250 mL two-neck flask, (9H-fluoren-9-yl)methyl carbamate 

(168, 1.81 g, 7.57 mmol, 1.0 equiv.) was suspended in EtOAc (125 mL) and freshly prepared 

isopropyl 2-oxoacetate (170, 1.32 g, 11.4 mmol, 1.5 equiv.) was added. AcOH (0.43 mL, 

7.57 mmol, 1.0 equiv.) was added dropwise under vigorous stirring and the mixture was heated 

to reflux for 48 h. The mixture was then cooled to room temperature and concentrated under 

reduced pressure. The obtained white residue was dissolved in warm CH2Cl2 (200 mL, warmed 

in a 30 °C water bath) and an equal volume of i-hexanes was added slowly under swirling of 

the flask. The solution was kept at room temperature for two hours whereupon the initiation of 

crystallization was observed. The mixture was then cooled to –20 °C overnight and the formed 

solids were filtered off, washed with i-hexanes and dried under vacuum to yield 169 (2.10 g, 

5.90 mmol, 78% over two steps) as white solid. 
  

1H-NMR: (501 MHz, CD2Cl2): δ = 7.79 (d, J = 7.6 Hz, 2H), 7.61 (d, J = 7.5 Hz, 

2H), 7.42 (t, J = 7.6, 2H), 7.33 (t, J = 7.4, 2H), 5.95 (s, br, 1H), 5.33 (s, 

br, 1H), 5.09 (p, J = 6.3 Hz, 1H), 4.46–4.37 (m, 2H), 4.25 (t, J = 6.9 Hz, 

1H), 3.68 (s, br, 1H), 1.29 (d, J = 6.3 Hz, 3H) 1.27 (d, J = 6.3 Hz, 3H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 169.30, 144.17, 141.71, 128.17, 127.50, 125.41, 

120.39, 74.12, 71.17, 67.59, 47.45, 21.75 (carbamate carbon not 

detected).  

ESI-HRMS: calculated for C20H21NNaO5 ([M+Na]+): 378.13174, found: 378.13146. 
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ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-hydroxyacetate (172) 

Following GP A, in an oven-dried 250 mL two-neck flask equipped with 

a reflux condenser, (9H-fluoren- 9-yl)methyl carbamate (168, 2.1 g, 

8.78 mmol, 1.0 equiv.) was suspended in EtOAc (125 mL) and 

commercial ethyl 2-oxoacetate (39, 50% solution in PhMe, 2.7 mL, 

13.2 mmol, 1.5 equiv.) was added. AcOH (0.5 mL, 8.78 mmol, 1.0 equiv.) was added dropwise 

under vigorous stirring and the mixture was heated to reflux for 48 h. The mixture was cooled 

to room temperature and concentrated under reduced pressure. The obtained white residue was 

dissolved in warm CH2Cl2 (120 mL, warmed in a 30 °C water bath) and an equal volume of  

i-hexanes was added slowly under swirling of the flask. The solution was kept at room 

temperature for two hours whereupon initiation of the crystallization was observed. The mixture 

was then cooled to –20 °C overnight and the formed solids were filtered off, washed with  

i-hexanes and dried under vacuum to yield the desired hemiaminal 172 (2.26 g, 6.62 mmol, 

75%) as white solid.  

 

ethyl 2-(((benzyloxy)carbonyl)amino)-2-hydroxyacetate (45)  

Following GP A, benzyl carbamate (44, 3.00 g, 20.0 mmol, 1.0 equiv.) 

was given to an oven-dried 50 mL pressure vial, suspended in anhydrous 

EtOAc (20 mL) and ethyl 2-oxoacetate (39, 50% solution in PhMe, 

4.86 mL, 23.8 mmol, 1.2 equiv.) was added. The mixture was stirred 

vigorously and AcOH (0.1 mL, 2.0 mmol, 0.10 equiv.) was added dropwise. The vial was sealed 

and heated to 75 °C for 48 h. The solution was then cooled to room temperature, concentrated 

under reduced pressure and the obtained white residue was dissolved in warm CH2Cl2 (200 mL, 

warmed in a 30 °C water bath). An equal volume of i-hexanes was added under swirling of the 

flask and the flask was left at room temperature for 2 h whereupon initiation of the 

crystallization was observed. The mixture was then cooled to –20 °C overnight and the formed 

TLC: RF (i-hexanes/EtOAc 2:1) = 0.26. 
1H-NMR: (501 MHz, CDCl3): δ = 7.77 (d, J = 7.6 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 

7.41 (t, J = 7.5 Hz, 2H), 7.32 (t, J = 7.4 Hz, 2 H), 5.99 (s, br, 1H), 5.46 

(s, br, 1H), 4.48–4.40 (m, 2H), 4.30 (q, J = 7.0 Hz, 2H), 4.24 (t, J = 7.0 

Hz, 1H), 3.85 (s, br, 1H), 1.33 (t, J = 7.2 Hz, 3H). 
13C-NMR: (126 MHz, MeCN-d3): δ = 170.50, 156.49, 145.02, 145.00, 142.17, 

128.77, 128.16, 126.15, 121.03, 74.44, 67.53, 62.79, 47.90, 14.38. 

ESI-HRMS: calculated for C19H19NNaO5 ([M+Na]+): 364.11609, found: 364.11558. 
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solids were filtered off, washed with i-hexanes and dried under vacuum to yield the desired 

hemiaminal 45 (2.26 g, 8.94 mmol, 45%) as white solid. 

 

ethyl 2-benzamido-2-hydroxyacetate (41) 

Following a procedure reported by Ciufolini, benzamide (38, 3.0 g, 

24.7 mmol, 1.0 equiv.) was given to a flame dried Schlenk tube and 

dissolved in anhydrous THF (100 mL).199 Ethyl glyoxylate (39, 50% solution 

in PhMe, 5.14 mL, 25.3 mmol, 1.02 equiv.) was added under stirring. The mixture was heated 

to 80 °C with an attached reflux condenser for 20 h and then cooled to room temperature. The 

solution was concentrated under reduced pressure, adsorbed on celite and purified via flash 

column chromatography on silica gel (eluent: i-hexanes/EtOAc 3:1 ⟶ 1:1) to yield hemiaminal 

41 (4.37 g, 19.6 mmol, 79%) as white solid. The measured analytical data is in accordance with 

the reported literature.199 

 

 

methyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-acetoxyacetate (53)  

Following GP B, methyl 2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-2-hydroxyacetate (167, 1.0 g, 3.06 mmol, 

1.0 equiv.) was given to a flame dried 25 mL Schlenk tube followed by 

acetic anhydride (9 mL) and anhydrous pyridine (30 µL, 0.40 mmol, 

0.13 equiv.). The heterogenous mixture was stirred at 25 °C for 20 h under an atmosphere of 

argon whereupon a clear homogenous solution was obtained. The mixture was then 

concentrated under reduced pressure at 70 °C and the residue was purified via flash column 

TLC: RF (i-hexanes/EtOAc 2:1) = 0.54. 
1H-NMR: (501 MHz, CDCl3): δ = 7.40 – 7.30 (m, 5H), 6.04 (s, br, 1H), 5.47 (d, J = 

8.0 Hz, 1H), 5.14 (s, 2H), 4.27 (q, J = 7.2 Hz, 2H), 4.09 (s, br, 1H), 1.30 

(t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 169.40, 155.74, 135.84, 128.72, 128.52, 128.35, 

73.78, 67.56, 62.81, 14.13. 

ESI-HRMS: calculated for C12H15NNaO5 ([M+Na]+): 276.08479, found: 276.08424. 

1H-NMR: (501 MHz, CDCl3): δ = 7.83–7.80 (m, 2H), 7.57–7.51 (m, 1H), 7.50–

7.41 (m, 3H), 5.80 (d, J = 7.3 Hz, 1H), 4.47 (s, br, 1H), 4.33 (q, J = 7.1 

Hz, 2H), 1.34 (t, J = 7.1 Hz, 3H). 
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chromatography on silica gel (eluent: i-hexanes/EtOAc 4:1 ⟶ 3:1) to yield the desired N,O-

acetal 53 (761 mg, 2.06 mmol, 67%) as white solid. 

 

ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-acetoxyacetate (54)  

Following GP B, ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-

hydroxyacetate (172, 860 mg,  2.52 mmol, 1.0 equiv.) was given to a flame 

dried 25 mL Schlenk tube followed by acetic anhydride (7.5 mL) and 

anhydrous pyridine (27 µL, 0.33 mmol, 0.13 equiv.). The heterogenous 

mixture was stirred at 25 °C for 20 h under an atmosphere of argon 

whereupon a clear homogenous solution was obtained. The mixture was then concentrated 

under reduced pressure at 70 °C and the residue was purified via flash column chromatography 

on silica gel (eluent: i-hexanes/EtOAc 4:1 ⟶ 3:1) to yield the desired acetate 54 (819 mg, 

2.14 mmol, 96%) as white solid. 

  

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.27. 
1H-NMR: (501 MHz, CDCl3): δ = 7.77 (d, J = 7.6, 2H), 7.59 (d, 7.8 Hz, 2H), 7.41 

(t, J = 7.5, 2H), 7.32 (td, J = 7.5, 1.2 Hz, 2H) 6.29 (d, J = 9.4 Hz, 1H), 

6.20 (s, br, 1H), 4.49–4.41 (m, 2H), 4.24 (t, J = 7.0 Hz, 1H), 3.83 (s, 3H), 

2.13 (s, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.37, 166.96, 155.00, 143.65, 143.58, 141.46, 

127.98, 127.26, 125.16, 125.14, 120.21, 74.50, 67.90, 53.52, 47.07, 

20.83. 

ESI-HRMS: calculated for C20H19NNaO6 ([M+Na]+): 392.11101, found: 392.11066. 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.46. 
1H-NMR: (501 MHz, CDCl3): δ = 7.77 (d, J = 7.6, 2H), 7.59 (d, J = 7.7 Hz, 2H), 

7.41 (t, J = 7.5, 2H), 7.32 (td, J = 7.4, 1.1 Hz, 2H), 6.26 (d, J = 9.4 Hz, 

1H), 6.22–6.17 (m, 1H), 4.49–4.42 (m, 2H), 4.29 (q, J = 7.2 Hz, 2H), 

4.24 (t, J = 7.1 Hz, 1H), 2.13 (s, 3H), 1.31 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.34, 166.44, 155.05, 143.66, 143.60, 141.44, 

127.97, 127.25, 125.17, 125.15, 120.20, 74.67, 67.86, 62.87, 47.06, 

20.82, 14.11. 

ESI-HRMS: calculated for C21H21NNaO6 ([M+Na]+): 406.12666, found: 406.12630. 
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isopropyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-acetoxyacetate (55)  

Following GP B, isopropyl 2-((((9H-fluoren-9-

yl)methoxy)carbonyl)amino)-2-hydroxyacetate (169, 1.0 g, 2.81 mmol, 

1.0 equiv.) was  given to a flame dried 25 mL Schlenk tube followed by 

acetic anhydride (8 mL) and anhydrous pyridine (30 µL, 0.37 mmol, 

0.13 equiv.). The heterogenous mixture was stirred at 25 °C for 20 h under 

an atmosphere of argon whereupon a clear homogenous solution was obtained. The mixture 

was then concentrated under reduced pressure at 70 °C and the residue was purified via flash 

column chromatography on silica gel (eluent: i-hexanes/EtOAc 4:1 ⟶ 3:1) to yield the desired 

acetate 55 (660 mg, 1.66 mmol, 59%) as white solid. 

 

ethyl 2-acetoxy-2-(((benzyloxy)carbonyl)amino)acetate (46)  

Following GP B, ethyl 2-(((benzyloxy)carbonyl)amino)-2-hydroxyacetate 

(45, 1.0 g, 3.95 mmol, 1.0  equiv.) was given to a flame dried 25 mL Schlenk 

tube followed by acetic anhydride (12 mL) and anhydrous pyridine (42 µL, 

0.51 mmol, 0.13 equiv.). The homogeneous mixture was stirred at 25 °C for 

20 h under an atmosphere of argon and subsequently concentrated under 

reduced pressure at 70 °C. The residue was purified via flash column chromatography on silica 

gel (eluent: i-hexanes/EtOAc 4:1 ⟶ 3:1) to yield the desired acetate 46 (1.0 g, 3.39 mmol, 

86%) as colorless oil. 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.48. 
1H-NMR: (501 MHz, CDCl3): δ = 7.77 (d, J = 7.6, 2H), 7.59 (d, J = 7.5 Hz, 2H), 

7.41 (t, J = 7.5, 2H), 7.32 (td, J = 7.5, 1.2 Hz, 2H), 6.22–6.16 (m, 2H), 

5.11 (hept, J = 6.2 Hz, 1H), 4.50–4.39 (m, 2H), 4.25 (t, J = 7.1 Hz, 1H), 

2.12 (s, 3H), 1.30 (d, J = 6.3 Hz, 3H), 1.28 (d, J = 6.2 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.36, 165.93, 155.07, 143.68, 143.63, 141.45, 

127.97, 127.25, 125.19, 125.17, 120.20, 74.89, 70.97, 67.85, 47.07, 

21.72, 21.64, 20.81. 

ESI-HRMS: calculated for C22H23NNaO6 ([M+Na]+): 420.14231, found: 420.14156. 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.28. 
1H-NMR: (501 MHz, CDCl3): δ = 7.41–7.29 (m, 5H), 6.25 (d, J = 9.4 Hz, 1H), 6.22 

(s, br, 1H), 5.18–5.13 (m, 2H), 4.25 (q, J = 7.1 Hz, 2H), 2.10 (s, 3H), 

1.28 (t, J = 7.2 Hz, 3H). 
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 ethyl 2-acetoxy-2-((tert-butoxycarbonyl)amino)acetate (52) 

 
Following GP A, tert-butylcarbamate (173, 351 mg, 3.0 mmol, 1.0 equiv.) was given to a 

100 mL two-neck flask equipped with a reflux condenser. Anhydrous EtOAc (30 mL) was 

added followed by commercial ethyl glyoxylate (50% in PhMe, 0.80 mL, 3.90 mmol, 

1.3 equiv.). The mixture was stirred vigorously, AcOH (20.0 µL, 0.30 mmol, 0.10 equiv.) was 

added dropwise and the mixture was then heated to reflux for 24 h. The mixture was cooled to 

room temperature and concentrated under reduced pressure. The crude material was directly 

used for the subsequent acetylation step. 

Following GP B, crude ethyl 2-((tert-butoxycarbonyl)amino)-2-hydroxyacetate (174) was 

given to a flame dried 10 mL Schlenk tube followed by acetic anhydride (3.5 mL) and 

anhydrous pyridine (12 µL, 0.15 mmol, 0.13 equiv.). The homogeneous mixture was stirred at 

25 °C for 20 h under an atmosphere of argon and subsequently concentrated under reduced 

pressure at 70 °C. The residue was purified via flash column chromatography on silica gel 

(eluent: i-hexanes/EtOAc 7:1 ⟶ 3:1) to yield acetate 52 (208 mg, 0.80 mmol, 27% over two 

steps) as colorless oil. 
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13C-NMR: (126 MHz, CDCl3): δ = 170.31, 166.39, 155.01, 135.68, 128.71, 128.56, 

128.42, 74.67, 67.81, 62.80, 20.77, 14.07. 

ESI-HRMS: calculated for C14H17NNaO6 ([M+Na]+): 318.09536, found: 318.09473. 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.52 
1H-NMR: (501 MHz, CDCl3): δ = 6.18 (d, J = 9.4 Hz, 1H), 5.91 (s, br, 1H), 4.25 

(q, J = 7.1 Hz, 2H), 2.11 (s, 3H), 1.46 (s, 9H), 1.29 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.45, 166.75, 154.12, 81.44, 74.65, 62.67, 

28.30, 20.87, 14.12. 

ESI-HRMS: calculated for C11H19NNaO6 ([M+Na]+): 284.11101, found: 284.11055. 
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Synthesis of Arene Substrates 

 

(2-methoxyphenyl)trimethylsilane (75) 

Following a modified procedure reported by Schoenebeck,200 2-bromoanisole 

(175, 1.4 mL, 11.2 mmol, 1.0 equiv.) was given to a flame dried Schlenk tube 

under an atmosphere of argon, dissolved in anhydrous THF (23 mL) and cooled 

to –78 °C. A solution of n-BuLi (2.5 M in hexanes, 5.0 mL, 12.4 mmol, 1.1 equiv.) 

was added dropwise and the mixture was stirred for 1 h at –78 °C. TMSCl (1.71 mL, 13.5 mmol, 

1.2 equiv.) was added dropwise, the mixture was slowly warmed to room temperature and 

stirred for 18 h at room temperature. The mixture was poured onto Et2O (100 mL), washed with 

H2O (3x 20 mL) and brine (20 mL), dried over anhydrous Na2SO4, filtered and concentrated 

under reduced pressure to yield anisole 75 (2.0 g, 11.1 mmol, 98%) as colorless oil. The spectral 

data are in agreement with the reported literature.200 

 

(2-azidoethoxy)benzene (76)  

Following a modified procedure reported by Elmali,201 (2-bromoethoxy)benzene 

(176, 2.0 g, 9.95 mmol, 1.0 equiv.) and NaN3 (1.29 g, 19.9 mmol, 2.0 equiv.) were 

given to a 250 mL round bottom flask with an attached pressure compensation 

bubbler and dissolved in anhydrous DMF (100 mL). The mixture was heated to 100 °C for 16 h, 

then cooled to room temperature and poured onto water (100 mL). The mixture was extracted 

with CH2Cl2 (3x 25 mL) and concentrated under reduced pressure. The residue was filtered 

over a short plug of silica gel (eluent: i-hexanes) and concentrated under reduced pressure to 

yield anisole 76 (1.50 g, 9.21 mmol, 93%) as colorless oil. The compound was stored in an 

aluminum foil coated vial at 4 °C. The spectral data are in agreement with the reported 

literature.201 

  

1H-NMR: (501 MHz, CDCl3): δ = 7.38 (dd, J = 7.1, 1.8 Hz, 1H), 7.35 (ddd, J = 8.1, 7.3, 

1.8 Hz, 1H), 6.95 (td, J = 7.2, 0.9 Hz, 1H), 6.83 (d, J = 8.1 Hz, 1H), 3.81 (s, 

3H), 0.27 (s, 9H). 

1H-NMR: (501 MHz, CDCl3): δ = 7.35 – 7.27 (m, 2H), 6.99 (tt, J = 7.4, 1.1 Hz, 
1H), 6.96–6.92 (m, 2H), 4.16 (t, J = 5.1 Hz, 2H), 3.60 (t, J = 5.0 Hz, 2H). 
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2-methoxy-1,3-phenylene diacetate (100) 

2-methoxybenzene-1,3-diol (177, 280 mg, 2.0 mmol, 1.0 equiv.) was given 

to a flame dried 10 mL microwave vial under an atmosphere of Ar followed 

by acetic anhydride (1.0 mL, 10.4 mmol, 5.2 equiv.) and one drop of 

concentrated sulfuric acid. The vial was sealed and the mixture was heated to 80 °C for 16 h. 

The vial was then cooled to room temperature and the mixture was poured onto ice water. 

EtOAc (50 mL) were added, the layers were separated and the aqueous layer was extracted with 

EtOAc (3x50 mL). The combined organic layers were washed with brine, dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified via flash 

column chromatography on silica gel (eluent: i-hexanes/EtOAc 10:1 ⟶ 8:1) to yield diacetate 

100 (318 mg, 1.42 mmol, 71%) as colorless oil. 

 

 

2-methoxy-1,3-phenylene bis(2,2-dimethylpropanoate) (101) 

To a flame dried round bottom flask under an atmosphere of Ar was added 

2-methoxybenzene-1,3-diol (177, 280 mg, 2.0 mmol, 1.0 equiv.) followed 

by 4-(dimethylamino)-pyridine (122 mg, 1.0 mmol, 0.5 equiv.) and CH2Cl2 

(20 mL). To the stirred solution was then added pyridine (0.4 mL, 5.0 mmol, 2.5 equiv.) and 

pivalic acid anhydride (1.62 mL, 8 mmol, 4 equiv.). The mixture was stirred at 30 °C for 16 h, 

then poured onto a concentrated solution of NaHCO3 (20 mL) and CH2Cl2 (20 mL) was added. 

The layers were separated, the aqueous layer was extracted with CH2Cl2 (3x20 mL) and the 

combined organic layers were washed with brine, dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified via flash column 

chromatography on silica gel (eluent: i-hexanes/EtOAc 30:1 ⟶ 20:1) to yield the desired 

pivalate 101 (419 mg, 1.36 mmol, 68%) as colorless solid. 

TLC: Rf (i-hexanes/EtOAc 10:1) = 0.25. 
1H-NMR: (501 MHz, CDCl3): δ = 7.08 (dd, J = 8.8, 7.5 Hz, 1H), 6.98 – 6.95 (m, 

2H), 3.81 (s, 3H), 2.33 (s, 6H). 
13C-NMR: (126 MHz, CDCl3): δ = 168.89, 144.60, 144.26, 123.50, 121.07, 61.15, 

20.88. 

GC-EI: calculated for C11H12O5 ([M]+): 224.06793, found: 224.06774. 
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((2-methoxy-1,3-phenylene)bis(oxy))bis(triisopropylsilane) (102) 

To a flame dried 25 mL round bottom flask under an Ar atmosphere was 

added 2-methoxybenzene-1,3-diol (177, 280 mg, 2.0 mmol, 1.0 equiv.) 

followed by anhydrous DMF (3.3 mL). Imidazole (1.36 g, 20 mmol, 

10 equiv.) was added followed by triisopropylsilylchloride (2.14 mL, 10 mmol, 5 equiv.) and 

the mixture was stirred at 30 °C for 20 h. Et2O (20 mL) was added and the mixture was washed 

with water (3x20 mL) and brine (2x20 mL) and then dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified via flash column 

chromatography on silica gel (i-hexanes/EtOAc 100:1 ⟶ 50:1) to yield the desired silyl ether 

102 (706 mg, 1.56 mmol, 78%) as colorless oil. 

	

 

2-(benzyloxy)benzene-1,3-diol (178) 

Following a procedure reported by Suzuki, a flame dried 250 mL flask under 

an atmosphere of Ar was added pyrogallol (179, 2.54 g, 20.2 mmol, 

1.0 equiv.) followed by anhydrous acetone (100 mL).202 The mixture was 

cooled to 0 °C and K2CO3 (2.78 g, 20.2 mmol, 1.0 equiv.) was added followed by the dropwise 

addition of benzylbromide (2.4 mL, 20.2 mol, 1.0 equiv.). The mixture was allowed to warm to 

30 °C and stirred for 20 h. Et2NH (0.2 mL) was added and the mixture was filtered over a plug 

of celite. The filtrate was concentrated and the crude product was purified via flash column 

chromatography on silica gel (eluent: i-hexanes/EtOAc 10:1 ⟶ 5:1) to yield the desired 

phenole 178 (1.60 g, 7.4 mmol, 37%) as a yellow oil.	

 

1H-NMR: (501 MHz, CDCl3): δ = 7.07 (t, J = 8.2 Hz, 1H), 6.92 (d, J = 8.1 Hz, 2H), 

3.76 (s, 3H), 1.38 (s, 18H). 
13C-NMR: (126 MHz, CDCl3): δ = 176.61, 145.22, 144.40, 123.57, 120.85, 61.44, 

39.27, 27.32. 

1H-NMR: (501 MHz, CD2Cl2): δ = 6.77 – 6.72 (m, 1H), 6.50 (d, J = 8.2 Hz, 2H), 

3.76 (s, 3H), 1.31 – 1.22 (m, 6H), 1.10 (d, J = 7.4 Hz, 36H). 

ESI-HRMS: calculated for C25H48NaO3Si2 ([M+Na]+): 475.30342, found: 475.30392. 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.55. 
1H-NMR: (501 MHz, CDCl3): δ = 7.49 – 7.35 (m, 5H), 6.87 (t, J = 8.2 Hz, 1H), 

6.49 (d, J = 8.2 Hz, 2H), 5.20 (s, 2H), 5.02 (s, 2H). 

GC-EI: calculated for C13H12O3 ([M]+): 216.07810, found: 216.07794. 
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The spectroscopic data is in agreement with the reported literature.202 

 

((2-(benzyloxy)-1,3-phenylene)bis(oxy))bis(triisopropylsilane) (180) 

To a flame dried 25 mL round bottom flask under an atmosphere of argon 

was added 2-(benzyloxy)benzene-1,3-diol (178, 530 mg, 2.45 mmol, 

1.0 equiv.) followed by anhydrous DMF (4.2 mL). Imidazole (1.67 g, 

24.5 mmol, 10 equiv.) were added followed by triisopropylsilylchloride (2.63 mL, 12.3 mmol, 

5.0 equiv.). The flask was sealed and stirred for 16 h at 30 °C, then Et2O (15 mL) was added 

and the mixture was washed with water (3x15 mL) and brine (2x15 mL) and then dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was purified 

via flash column chromatography on silica gel (i-hexanes/EtOAc 50:1 ⟶ 20:1) to yield the 

desired silyl ether 180 (725 mg, 1.37 mmol, 56%) as colorless oil. 

 

2,6-bis((triisopropylsilyl)oxy)phenol (93) 

To a 250 mL round bottom flask under an atmosphere of Ar was added 

Pd on charcoal (10%, 266 mg) followed by anhydrous MeOH (100 mL). 

((2-(benzyloxy)-1,3-phenylene)bis(oxy))bis(triisopropylsilane) (180, 

1.22 g, 2.30 mmol, 1.0 equiv.) was transferred to the mixture and the flask was charged with H2 

(via attached H2-balloon, 1 atm). The mixture was then stirred at 30 °C for 2h, whereupon full 

conversion of the benzyl ether was observed. The mixture was filtered over a plug of celite, 

rinsed with acetone (50 mL) and the filtrate was concentrated under reduced pressure. The Pd-

containing waste was discarded as aqueous suspension. The crude product was then purified 

via flash column chromatography on silica gel (eluent: i-hexanes/CH2Cl2 20:1 ⟶ 10:1) to yield 

the desired phenol 93 (817 mg, 1.86 mmol, 81%) as colorless oil. 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.55. 
1H-NMR: (501 MHz, CDCl3): δ = 7.46 – 7.42 (m, 2H), 7.35 – 7.29 (m, 2H), 7.28 

– 7.22 (m, 1H), 6.75 (t, J = 8.2 Hz, 1H), 6.51 (d, J = 8.2 Hz, 2H), 5.03 (s, 

2H), 1.31 – 1.18 (m, 6H), 1.08 – 1.04 (m, 36H). 
13C-NMR: (126 MHz, CDCl3): δ = 150.85, 138.72, 128.02, 127.55, 127.26, 122.95, 

113.46, 74.13, 18.08, 17.85, 13.07. 

1H-NMR: (501 MHz, CDCl3): δ = 6.58 – 6.47 (m, 3H), 5.40 (s, 1H), 1.30 (tt, J = 

8.5, 6.9 Hz, 6H), 1.11 (d, J = 7.5 Hz, 36H). 
13C-NMR: (126 MHz, CDCl3): δ = 167.54, 162.48, 141.89, 136.26, 41.40, 36.54. 
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7.1.2 Synthesis of IDPi Catalysts 

 

(S,S)-IDPi catalysts 4a, 4b, 4c, 4d, 4e and 4g were prepared according to reported literature 

procedures.66,68,203 Phosphazene reagents S9-a68 and S9-b203 were prepared following reported 

literature procedures.  

 

General Remark on the Synthesis of (S,S)-IDPi Catalysts: Our group recently reported an 

alternative synthesis for the preparation of IDPi catalysts based on the usage of 

hexachlorobisphosphazonium salts.204 While this route has proven its versatility in the modular 

synthesis of broad IDPi libraries, we chose to follow the previously established phosphazene-

route as a variety of phosphazene reagents are regularly prepared on large scales in our 

laboratory which consequentially facilitates the reaction setup. 

 

Synthesis of substituted (S)-BINOLs 

 
 (S)-3,3'-bis(3,5-bis(perfluoropropyl)phenyl)-[1,1'-binaphthalene]-2,2'-diol (181) 

A Schlenk tube was charged with (S)-3,3'-diiodo-2,2'-bis(methoxymethoxy)-1,1'-binaphthalene 

(182, 1.35 g, 2.16 mmol, 1.0 equiv.), 2-(3,5-bis(perfluoropropyl)phenyl)-4,4,5,5-tetramethyl-

1,3,2-dioxaborolane (183, 3.5 g, 6.48 mmol, 3.0 equiv.) and K2CO3 (1.79 g, 13.0 mmol, 6.0 

equiv.). A 4:1 (v:v) mixture of H2O and 1,4-dioxane (28 mL) was added and the mixture was 

degassed in a constant stream of Ar bubbling through the mixture under stirring for 20 min. 

Pd(PPh3)4 (250 mg, 0.22 mmol, 10 mol%) was added, the tube was sealed and heated to 110 °C 

for 16 h. The mixture was then cooled to room temperature, diluted with CH2Cl2 (100 mL) and 

OH
OH

181

O
O

I

I
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OMe
OMe

CF3
F
F F

F

CF3

FF

F F

FF

F

F
CF3

F
FF

F
F3C

B
O

O

Pd(PPh3)4 (10 mol%)
K2CO3 (6.0 equiv.)

100 °C, 1,4-Dioxan/THF
then

100 °C, THF/MeOH
HCl (6 M)

n-C3F7

n-C3F7183

GC-EI: calculated for C11H12O5 ([M]+): 437.29127, found: 437.29143. 
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water (100 mL) was added. The layers were separated, the aqueous layer was extracted with 

CH2Cl2 (3 x 70 mL) and the combined organic extracts were concentrated under reduced 

pressure.  

The obtained residue was dissolved in a 6:1 (v:v) mixture of THF and MeOH (42 mL) and then 

treated with HCl (6.0 M, 13 mL). The mixture was transferred to two separate microwave 

reaction vials and heated to 100 °C for 1 h in a microwave reactor, respectively. The vials were 

cooled to 25 °C, combined and diluted with H2O (100 mL) and CH2Cl2 (100 mL) and the layers 

were separated. The aq. layers were extracted with CH2Cl2 (3 x 70 mL), the combined organic 

extracts were washed with brine (100 mL) and dried over anhydrous Na2SO4. The solids were 

filtered off, the filtrate was adsorbed on celite® and the solvent was removed under reduced 

pressure. The crude mixture was purified via flash column chromatography on silica gel (eluent: 

i-hexanes/CH2Cl2 98:2 ⟶ 95:5) to yield (S)-BINOL 181 (1.99 g, 1.79 mmol, 83%) as white 

solid. The analytical data are in agreement with the reported literature.68 

 

 

  

TLC: Rf (i-hexanes/CH2Cl2 10:1) = 0.32. 
1H-NMR: (501 MHz, CDCl3): δ = 8.25 (s, 4H), 8.13 (s, 2H), 8.02 (d, J = 8.1 Hz, 

2H), 7.84 (s, 2H), 7.50 (ddd, J = 8.0, 6.8, 1.3 Hz, 2H), 7.44 (ddd, J = 8.3, 

6.9, 1.4 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 5.40 (s, 2H). 
13C-NMR: (126 MHz, CDCl3): δ = 150.08, 139.47, 133.52, 132.63, 131.79, 131.75, 

131.69, 130.18, 129.99, 129.79, 129.66, 129.10, 128.89, 127.76, 125.40, 

124.39, 124.19, 121.51, 119.50, 119.23, 118.96, 117.21, 116.95, 116.70, 

115.17, 114.92, 114.67, 113.13, 112.89, 112.64, 111.97, 111.36, 111.06, 

110.75, 110.45, 109.26, 108.96, 108.65, 108.35, 107.16, 106.86, 106.55, 

106.25, 77.41, 77.37, 77.16, 76.91. 
19F-NMR: (471 MHz, CDCl3) δ = –79.94 (t, J = 9.8 Hz), –111.90 (q, J = 10.0 Hz), 

–126.16. 

ES-HRMS: calculated for C44H17F28O2 [(M-H)–]: 1109.07869, found: 1109.07881. 
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(S)-3,3'-bis(3,5-bis(pentafluoro-λ6-sulfaneyl)phenyl)-[1,1'-binaphthalene]-2,2'-diol (184) 

 
A Schlenk tube was charged with (S)-2,2'-(2,2'-bis(methoxymethoxy)-[1,1'-binaphthalene]-

3,3'-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (185, 250 mg, 0.40 mmol, 1.0 equiv.), 

(5-bromo-1,3-phenylene)bis(pentafluoro-λ6-sulfane) (186, 375 mg, 0.92 mmol, 2.3 equiv.) and 

K2CO3 (331 mg, 2.4 mmol, 6.0 equiv.). A 6:1 (v:v) mixture of H2O and 1,4-dioxane (6 mL) was 

added and the mixture was degassed in a constant stream of Ar bubbling through the mixture 

under stirring for 20 min. Pd(PPh3)4 (46 mg, 0.04 mmol, 10 mol%) was added, the tube was 

sealed and heated to 110 °C for 16 h. The mixture was then cooled to room temperature, diluted 

with CH2Cl2 (10 mL) and water (10 mL) was added. The layers were separated, the aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL) and the combined organic extracts were 

concentrated under reduced pressure.  

The obtained residue was dissolved in a 6:1 (v:v) mixture of THF and MeOH (8.5 mL) and then 

treated with HCl (6.0 M, 1.2 mL). The mixture was transferred to a microwave reaction vial 

and heated to 100 °C for 1 h in a microwave reactor. The vial was cooled to room temperature, 

diluted with H2O (10 mL) and CH2Cl2 (10 mL) and the layers were separated. The aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL), the combined organic extracts were washed with 

brine (10 mL) and dried over anhydrous Na2SO4. The solids were filtered off, the filtrate was 

adsorbed on celite® and the solvent was removed under reduced pressure. The crude mixture 

was purified via flash column chromatography on silica gel (eluent: i-hexanes/CH2Cl2 3:1 ⟶ 

2:1) to yield (S)-BINOL 184 (239 mg, 0.25 mmol, 64%) as white solid. The analytical data are 

in agreement with the reported literature.68 
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TLC: Rf (i-hexanes/EtOAc 20:1) = 0.58. 
1H-NMR: (501 MHz, CDCl3): δ = 8.33 (d, J = 2.1 Hz, 4H), 8.16 (t, J = 2.1 Hz, 2H), 

8.08 (s, 2H), 8.00 (d, J = 8.0 Hz, 2H), 7.47 (ddd, J = 8.6, 7.6, 0.97 Hz, 



7. Experimental Section 

 114 

 

Synthesis of (S,S)-IDPi Catalysts from 3,3’-disubstituted BINOLs 

 

(S,S)-IDPi catalysts were prepared following a modified procedure reported by our group: 

 
General Procedure C (GP C): Synthesis of (S,S)-IDPi Catalysts 

Following a modified procedure reported by List, the respective 3,3’-disubstituted (S)-BINOL 

(2.1 equiv.) was given to a flame dried Schlenk tube under an atmosphere of argon and dissolved 

in anhydrous PhMe.203 Phosphazene reagent (2.1 equiv.) was added followed by NEt3 

(16 equiv.) and the mixture was stirred at room temperature for 30 min. Hexamethyldisilazane 

(1.0 equiv.) was added, the mixture was stirred for another 20 min at room temperature and 

subsequently heated to 130 °C for 3 days. The tube was then cooled to room temperature, 

diluted with CH2Cl2 and quenched via the addition of HCl (10%). The layers were separated 

and the aqueous layer was extracted with CH2Cl2, the combined organic extracts dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude residue was purified 

via flash column chromatography on silica gel to yield the salts of the (S,S)-IDPis which were 

acidified via filtration over a short plug of DOWEX 50WX8 (H-form, eluted with CH2Cl2) to 

yield (S,S)-IDPis as white or off-white solids.  

OH
OH

(2.1 equiv.)

HN(TMS)2 (1 equiv.)
NEt3 (16 equiv.)

PhMe, 130 °C

(2.1 equiv.)

P
N
S O
O

Cl
Cl
Cl

+

O
P
O

O

O
P

H
N

N N
O2S SO2

2H), 7.41 (ddd, J = 8.9, 8.0, 1.0 Hz, 2H), 7.21 (d, J = 8.3 Hz, 2H), 5.84 

(s, 2H). 
13C-NMR: (126 MHz, CDCl3): δ = 153.55 (p, J = 19.0 Hz), 149.95, 139.77, 133.71, 

132.42, 130.41, 129.44, 129.03, 128.95, 127.31, 125.40, 124.18, 123.03, 

112.37. 
19F-NMR (471 MHz, CDCl3):  δ = 81.98 (p, J = 150.6 Hz), 63.08 (d, J = 150.6 Hz). 

ES-HRMS: calculated for C32H17F20O2S4 [(M-H)–]: 940.97975, found: 940.97990. 
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(S,S)-(3,5-bis-perfluoropropylphenyl)-C2F5 IDPi (IDPi-10-c) 

Prepared according to GP C: (S)-3,3'-bis(3,5-

bis(perfluoropropyl)-phenyl)-[1,1'-binaphthalene]-2,2'-diol 

(181, 671 mg, 0.60 mmol, 2.1 equiv.) was given to a flame 

dried Schlenk tube under an atmosphere of argon and 

dissolved in anhydrous PhMe (6.5 mL). 

((perfluoroethyl)sulfonyl)phosphorimidoyl trichloride (187, 

202 mg, 0.60 mmol, 2.1 equiv.) was added followed by 

triethylamine (0.64 mL, 4.60 mmol, 16 equiv.) and the mixture was stirred at room temperature 

for 30 min. Hexamethyldisilazane (60 µL, 0.29 mmol, 1.0 equiv.) was added, the mixture was 

stirred for another 20 min at room temperature and subsequently heated to 130 °C for 3 days. 

The tube was then cooled to room temperature, diluted with CH2Cl2 (30 mL) and quenched via 

the addition of HCl (10%, 30 mL). The layers were separated, and the aqueous layer was 

extracted with CH2Cl2 (3 x 30 mL), the combined organic extracts were dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude residue was purified via flash 

column chromatography on silica gel (eluent: i-hexanes/CH2Cl2 1:1 ⟶ CH2Cl2/EtOAc 99:1) 

and the isolated salt was acidified via filtration over a short plug of DOWEX 50WX8 (H-form, 

eluted with CH2Cl2) to yield (S,S)-IDPi-10-c (570 mg, 0.21 mmol, 74%) as off-white solid. 

TLC: RF (i-hexanes/EtOAc 3:1) = 0.72. 
1H-NMR: (501 MHz, CDCl3): δ = 8.10 (s, 2H), 8.09 (d, J = 8. Hz, 2H), 7.90 (d, J = 

3.9 Hz, 4H), 7.74 (s, 4H) 7.72 (d, J = 8.9 Hz, 2H), 7.69–7.65 (m, 6H), 

7.62 (t, J = 7.5 Hz 2H), 7.38 (ddd, J = 8.4, 6.8, 1.2 Hz, 2H), 7.32 (s, 4H), 

7.10 (d, J = 8.6 Hz, 2H), 6.57 (s, 2H), 5.99 (s, br, 1H). 
13C{1H, 19F}-

NMR: 

(126 MHz, CDCl3): δ = 143.86 (t, J = 5.4 Hz), 141.75 (t, J = 5.1 Hz), 

138.14, 137.96, 133.94, 132.22, 131.97 (d, J = 8.3 Hz), 131.96, 131.50, 

131.13, 130.86, 130.73, 130.18, 130.14, 129.86, 129.24, 128.64, 128.00, 

127.23, 127.08, 126.74, 125.35 (d, J = 12.5 Hz), 123.67, 121.47, 118.02, 

117.79, 117.05, 114.42 (d, J = 10.7 Hz), 111.29, 108.70, 108.39. 
19F-NMR: (471 MHz, CDCl3): δ = –79.00 (s), –79.98 (t, J = 9.5 Hz), –80.14 (t, J = 

9.6 Hz), –112.06 (s), –112.65 (s), –113.92 (d, J = 277.8 Hz), –116.50 (s), 

–126-04 (s), –126.55 (d, J = 291.3 Hz). 
31P-NMR: (202 MHz, CDCl3) δ = –14.27. 

ESI-HRMS: calculated for C92H32F66N3O8P2S2 ([M-H]–): 2686.00522, found: 

2686.00395. 
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 (S,S)-(3,5-bis-(pentafluoro-λ6-sulfaneyl)phenyl)-C6F13 IDPi-13-f 

Prepared according to GP C: (S)-3,3'-bis(3,5-bis(pentafluoro-

λ6-sulfaneyl)phenyl)-[1,1'-binaphthalene]-2,2'-diol (184, 

64 mg, 68 µmol, 2.1 equiv.) was given to a flame dried 

Schlenk tube under an atmosphere of argon and dissolved in 

anhydrous PhMe (1.2 mL). 

((perfluorohexyl)sulfonyl)phosphorimidoyl trichloride (188, 

36 mg, 68 µmol, 2.1 equiv.) was added followed by 

triethylamine (72 µL, 0.52 mmol, 16 equiv.) and the mixture was stirred at room temperature 

for 30 min. Hexamethyldisilazane (6.7 µL, 32 µmol, 1.0 equiv.) was added, the mixture was 

stirred for another 20 min at room temperature and subsequently heated to 130 °C for 3 days. 

The tube was then cooled to room temperature, diluted with CH2Cl2 (10 mL) and quenched via 

the addition of HCl (10%, 10 mL). The layers were separated, and the aqueous layer was 

extracted with CH2Cl2 (3 x 10 mL), the combined organic extracts dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude residue was purified via flash 

column chromatography on silica gel (eluent: CH2Cl2/EtOAc 99.75:0.25 ⟶ 99:1) and the 

isolated salt was acidified via filtration over a short plug of DOWEX 50WX8 (H-form, eluted 

with CH2Cl2) to yield (S,S)-IDPi-13-f (57 mg, 21 µmol, 64%) as off-white solid. 

[∝]𝑫𝟐𝟓: 184.3 (c = 0.13, CHCl3). 

TLC: RF (CH2Cl2/EtOAc 99:1) = 0.63.  
1H-NMR: (501 MHz, CDCl3): δ = 8.18 (s, 2H), 8.14 (d, H = 1.6 Hz, 2H), 8.13 (d, 

J = 4.5 Hz, 2H), 8.09 (t, J = 1.9 Hz, 2H), 7.96–7.87 (m, 4H), 7.82 (s, 4H), 

7.81–7.76 (m, 2H), 7.73 (ddd, J = 8.3, 6.2, 1.7 Hz, 2H), 7.65 (t, J = 7.5 

Hz, 2H), 7.47–7.37 (m, 6H), 7.07 (d, J = 8.6 Hz, 2H), 6.55 (s, 2H). 
13C{1H, 19F}-

NMR: 

(126 MHz, CDCl3): δ = 153.71 (q, J = 19.1 Hz), 143.50 (t, J = 5.4 Hz), 

141.29 (t, J = 5.1 Hz), 138.25, 137.29, 133.89, 132.58, 132.29, 132.08, 

131.00, 130.36, 130.18, 129.85, 129.52, 129.14, 128.49, 127.53, 127.47, 

127.18, 126.69, 124.31, 124.01, 123.93, 121.60, 117.23, 113.15, 110.60, 

110.44, 110.17, 108.38, 100.12. 
19F-NMR: (471 MHz, CDCl3): δ = 80.97 (p, J = 149.6 Hz), 63.29 (d, J = 149.7 Hz), 

62.35 (d, J = 150.0 Hz), -81.01 (t, J = 9.9 Hz), -111.97 (d, J = 258.8 Hz), 
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SF5
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= CF3

F F
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F F

F F

F F

IDPi-13-f



7. Experimental Section 

 117 

 

7.1.3 Reaction Development 

 

Reaction conditions for the conversion of hydrocarbon arenes were optimized as described 

below using toluene (3) as representative substrate: An oven dried 1 mL screwcap vial equipped 

with a magnetic stirring bar was charged with the respective catalyst (5 mol%) and N,O-

acetal 54 (1.0 equiv., 0.025 mmol). The vial was evacuated and placed under an atmosphere of 

argon. Anhydrous PhMe (3, 0.25 mL) was added via syringe, the vial was sealed and the 

mixture was stirred at 30 °C for 16 h if not indicated otherwise. The reaction was then quenched 

via addition of triethylamine (0.3 M solution in PhMe, 50 µL), dimethylsulfone (2.0 M solution 

in MeCN, 12.5 µL, 1.0 equiv.) was added as internal standard and the mixture was diluted with 

CH2Cl2 (0.2 mL). An aliquot of the reaction was diluted with CDCl3 (0.6 mL) and analyzed via 
1H-NMR for the determination of the reaction’s yield. The remaining solution was purified via 

preparative thin layer chromatography (PTLC) and analyzed via HPLC for the determination 

of the regioisomeric ratio as well as the enantiomeric ratio.  

 

Asymmetric Friedel–Crafts Reactions toward Arylglycines 

 
General Procedure D (GP D): Friedel–Crafts Reaction of Only Hydrocarbon Arenes 

A flame-dried 5 mL finger Schlenk tube under an atmosphere of argon equipped with a 

magnetic stirring bar was charged with N,O-acetal 54 (38.3 mg, 0.1 mmol, 1.0 equiv.) and an 

(S,S)-IDPi catalyst (5 µmol, 5 mol%). The respective hydrocarbon arene (1.0 mL) was then 

added via syringe. If the reaction was performed at temperatures below 30 °C, the tube was 

cooled on dry ice during the addition of the respective arene substrate. The tube was sealed and 

N
H

Fmoc

O

OEtN
H

Fmoc

O

OEt
OAc

IDPi (5 mol%)

neat (0.1 M), 
5 d, T54

Ar

Ar

-113.35 (d, J = 258.7 Hz), -119.93 (dt, J = 34.3, 15.8 Hz), -122.03 (d, J = 

82.4 Hz), -123.08 (d, J = 86.3 Hz), -126.36 (dt, J = 28.9, 14.6 Hz). 
31P-NMR: (203 MHz, CDCl3) δ = –14.34. 

ESI-HRMS: calculated for C76H32F66N3O8P2S10 ([M-H]–): 2749.78178, found: 

2749.78287. 

[∝]𝑫𝟐𝟓: 267.2 (c = 0.13, CHCl3). 
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the reaction was stirred at the indicated temperature for the indicated reaction time. The mixture 

was then quenched with triethylamine (0.3 M solution in PhMe, 200 µL) and applied directly 

on a silica gel column equilibrated with i-hexanes. The mixture was flushed with i-hexanes 

(100 mL) and then purified via flash column chromatography on silica gel (i-hexanes/MTBE 

eluents) to yield the arylglycines as white solids. Regioisomeric ratios were determined either 

via 1H-NMR- or HPLC analysis. Deviations from the general protocol are indicated at the 

respective entry. 

 

General Procedure E (GP E): Friedel–Crafts Reaction of Anisoles and Heteroarenes 

A flame-dried 5 mL finger Schlenk tube under an atmosphere of argon and equipped with a 

magnetic stir bar was charged with N,O-acetal 54 (38.3 mg, 0.1 mmol, 1.0 equiv.) and an (S,S)-

IDPi catalyst (5 µmol, 5 mol%). n-pentane (1.0 mL) or CyMe (1.0 mL) was added via syringe 

followed by the respective arene substrate (0.2 mmol, 2.0 equiv.). If the reaction was performed 

at temperatures below 30 °C, the tube was cooled on dry ice during the addition of the arene. 

The tube was sealed and the reaction was stirred at the respective temperature for the indicated 

reaction time. The mixture was then quenched with NEt3 (0.3 M solution in PhMe, 200 µL) and 

applied directly on a silica gel column equilibrated with i-hexanes. The mixture was flushed 

with i-hexanes (100 mL) and then purified via flash column chromatography on silica gel  

(i-hexanes/MTBE eluents) to yield the arylglycines as white solids. Regioisomeric ratios were 

determined either via 1H-NMR- or HPLC analysis. Deviations from the general protocol are 

indicated at the respective entry. 

Preparation of Racemic Reference Samples 

Racemic reference samples for the determination of the enantiomeric ratios of the arylglycine 

derivates were prepared using bistriflimide (HNTf2, added as stock solution in CH2Cl2: 0.2 M, 

50 µL, 10 µmol, 10 mol%) instead of (S,S)-IDPi catalysts under the reaction conditions 

described in General Procedures D and E. Deviations from the general protocol are indicated 

at the respective entry.  

N
H

Fmoc

O

OEtN
H

Fmoc

O

OEt
OAc

IDPi (5 mol%)

n-pentane (0.1 M), 
24 h, T54

Ar

Ar

2.0 equiv.



7. Experimental Section 

 119 

7.1.4 Friedel–Crafts Reaction of Only-Hydrocarbon Arenes 

 

ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(p-tolyl)acetate (56)  

Prepared following General Procedure D, from N,O-acetal 54 

(38.4  mg, 0.1 mmol, 1.0 equiv.) and toluene (3, 1.0 mL) using 

IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 5 d reaction time 

at 15 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 56 as 

white solid (23 mg, 55 µmol, 55%).   

TLC: Rf (i-hexanes/MTBE 2:1) = 0.71. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.20. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.34–

7.23 (m, 4H), 7.18 (d, J = 6.9 Hz, 2H), 5.82 (d, J = 6.8 Hz, 1Hmaj), 5.70 (s, 

1Hmin), 5.33 (d, J = 6.9 Hz, 1Hmaj), 5.12 (s, 1Hmin), 4.44–4.32 (m, 2H), 4.30–

4.10 (m, 3H), 2.35 (s, 3H), 1.22 (t, J = 6.7 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.15, 155.51, 144.03, 143.93, 141.43, 138.55, 

133.91, 129.78, 127.83, 127.20, 125.24, 120.12, 67.26, 62.06, 57.88, 47.30, 

21.31, 14.16. 

ESI-HRMS: calculated for C26H25NNaO4 ([M+Na]+): 438.16813, found: 438.16767. 

HPLC: (Chiralpak IG-3, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (major) = 32.0 

min, tR (minor) = 36.1 min, e.r. = 96:4 (92% e.e.). 

[∝]𝑫𝟐𝟓: –76.9 (c = 0.14, CHCl3). 

r.r.: >20:1 (favoring the para isomer), determined via HPLC analysis.  

N
H

CO2Et

56

O

O



7. Experimental Section 

 120 

ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-ethylphenyl)acetate (189)  

Prepared following General Procedure D, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and ethylbenzene (4, 1.0 mL) 

using IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 5 d reaction 

time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 189 as 

white solid (30 mg, 70 µmol, 70%). 

 

 

ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-propylphenyl)acetate 

(190)  

Prepared following General Procedure D, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and n-propylbenzene (57, 

1.0 mL) using IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 5 d 

reaction time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 190 as white 

solid (21 mg, 47 µmol, 47%). 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.62. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.18. δ = 7.77 

(d, J = 7.6 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.35–

7.26 (m, 4H), 7.21 (d, J = 7.6 Hz, 2H), 5.85 (d, J = 7.5 Hz, 1Hmaj), 5.73 (s, 

1Hmin), 5.36 (d, J = 7.5 Hz, 1Hmaj), 5.16 (s, 1Hmin), 4.43–4.36 (m, 2H), 4.31–

4.11 (m, 3H), 2.66 (q, J = 7.6 Hz, 2H), 1.25 (t, J = 7.6 Hz, 3 H), 1.24 (t, J = 

7.0 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.15, 155.52, 144.78, 144.01, 143.90, 141.41, 

134.03, 128.57, 127.81, 127.23, 127.18, 125.22, 120.09, 67.23, 62.01, 57.88, 

47.28, 28.65, 15.50, 14.15. 

ESI-HRMS: calculated for C27H27NNaO4 ([M+Na]+): 452.18378, found: 452.18319. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 11.1 min, tR (major) = 14.7 min, e.r. = 97.5:2.5 (95% e.e.). 

[∝]𝑫𝟐𝟓: –64.4 (c = 0.17, CHCl3). 

r.r.: >20:1 (favoring the para isomer), determined via 1H-NMR analysis.  

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.68. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-butylphenyl)acetate (191)  

Prepared following General Procedure D, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and n-butylbenzene (3d, 1.0 mL) 

using IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 5 d reaction 

time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 191 as 

white solid (22 mg, 48 µmol, 48%). 

1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.19. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.33–

7.20 (m, 4H), 7.18 (d, J = 7.7 Hz, 3H), 5.80 (d, J = 7.5 Hz, 1Hmaj), 5.67 (s, 

1Hmin), 5.34 (d, J = 7.5 Hz, 1Hmaj), 5.14 (s, 1Hmin), 4.39 (qd, J = 10.7, 7.2 Hz, 

2H), 4.29–4.10 (m, 3H), 2.58 (t, J = 7.7 Hz, 2H), 1.64 (h, J = 7.4 Hz, 2H), 

1.23 (t, J = 7.1 Hz, 3H), 0.94 (t, J = 7.3 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.18, 155.55, 144.03, 143.92, 143.32, 141.43, 

134.02, 129.19, 127.84, 127.21, 127.15, 125.24, 120.12, 67.26, 62.03, 57.90, 

47.30, 37.86, 24.56, 14.18, 14.00. 

ESI-HRMS: calculated for C28H29NNaO4 ([M+Na]+): 466.19943, found: 466.19925. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 96:4, 298 K, 254 nm): tR (minor) 

= 12.4 min, tR (major) = 17.1 min, e.r. = 95:5 (90% e.e.). 

[∝]𝑫𝟐𝟓: –56.0 (c = 0.10, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via 1H-NMR analysis. 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.83. 
1H-NMR: (501 MHz, CDCl3):  mixture of two rotamers with a ratio of 1:0.19. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.34–

7.26 (m, 4H), 7.18 (d, J = 7.7 Hz, 2H), 5.81 (d, J = 7.5 Hz, 1Hmaj), 5.68 (s, 

1Hmin), 5.35 (d, J = 7.5 Hz, 1Hmaj), 5.14 (s, 1Hmin), 4.39 (qd, J = 10.7, 7.2 Hz, 

2H), 4.31–4.11 (m, 3H), 2.61 (t, J = 7.8 Hz, 2H), 1.60 (p, J = 7.6 Hz, 2H), 

1.36 (h, J = 7.4 Hz, 2H), 1.23 (t, J = 7.1 Hz, 3H), 0.93 (t, J = 7.3 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.18, 155.54, 144.03, 143.91, 143.53, 141.43, 

133.98, 129.13, 127.83, 127.20, 127.16, 125.24, 120.11, 67.26, 62.02, 57.90, 

47.30, 35.47, 33.61, 22.52, 14.17, 14.08. 

ESI-HRMS: calculated for C29H31NNaO4 ([M+Na]+): 480.21508, found: 480.21486. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-isopropylphenyl)acetate 

(192) 

Prepared following General Procedure D with deviation, from 

N,O-acetal 54 (38.4 mg, 0.1 mmol, 1.0 equiv.) and cumene (5, 

1.0 mL) using IDPi-13-c (13.4 mg, 5 µmol, 5 mol%) over 3 d 

reaction time in a 4 mL screwcap vial under an atmosphere of 

argon. Purification by silica gel flash column chromatography 

(eluent: i-hexanes/MTBE 4:1) gave 192 as white solid (25 mg, 

56 µmol, 56%).  

 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 10.4 min, tR (major) = 13.9 min, e.r. = 96:4 (92% e.e.). 

[∝]𝑫𝟐𝟓: –63.9 (c = 0.12, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via 1H-NMR analysis. 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.69. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1.0:0.21. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.34–7.24 

(m, 4H), 7.23 (d, J = 7.9 Hz, 2H), 5.80 (d, J = 7.4 Hz, 1Hmaj), 5.67 (s, 1Hmin), 

5.35 (d, J = 7.5 Hz, 1Hmaj), 5.15 (s, 1Hmin), 4.39 (qd, J = 10.7, 7.2 Hz, 2H), 4.31–

4.08 (m, 3H), 2.91 (hept, J = 7.0 Hz, 1H), 1.31 – 1.20 (m, 9H). 
13C-

NMR: 

(126 MHz, CDCl3): δ = 171.18, 155.55, 149.40, 144.03, 143.91, 141.43, 134.08, 

127.83, 127.21, 127.18, 125.24, 120.11, 67.26, 62.03, 57.89, 47.30, 33.96, 

24.03, 14.18. 

ESI-

HRMS: 

calculated for C28H29NNaO4 ([M+Na]+): 466.19888, found: 466.19887. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) = 

10.7 min, tR (major) = 15.4 min, e.r. = 97:3 (94% e.e.). 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-(tert-butyl)phenyl)acetate 

(193)  

Prepared following General Procedure D, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and t-butylbenzene (59, 1.0 mL) 

using IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 5 d reaction 

time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 193 as 

white solid (16 mg, 35 µmol, 35%). 

 

  

TLC: Rf (i-hexanes/MTBE 2:1) = 0.78. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1.0:0.20. δ = 

7.76 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.42–7.36 (m, 4H), 7.34–

7.28 (m, 4H), 5.80 (d, J = 7.6 Hz, 1Hmaj), 5.66 (s, 1Hmin), 5.36 (d, J = 7.5 Hz, 

1Hmaj), 5.16 (s, 1Hmin), 4.39 (qd, J = 10.7, 7.2 Hz, 2H), 4.32–4.11 (m, 3H), 

1.32 (s, 9H), 1.24 (t, J = 7.1 Hz, 3H).  

13C-NMR: (126 MHz, CDCl3): δ = 171.17, 155.57, 151.67, 144.03, 143.91, 141.43, 

133.68, 127.83, 127.21, 126.94, 126.06, 125.24, 120.11, 67.26, 62.03, 57.80, 

47.30, 34.74, 31.43, 14.19. 

ESI-HRMS: calculated for C29H31NNaO4 ([M+Na]+): 480.21508, found: 480.21474. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 96:4, 298 K, 254 nm): tR (minor) 

= 11.4 min, tR (major) = 17.3 min, e.r. = 97:3 (94% e.e.). 

[∝]𝑫𝟐𝟓: –71.2 (c = 0.12, CHCl3). 

r.r. 93.5:6.5 (favoring the para isomer), determined via HPLC analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-cyclopropylphenyl)acetate 

(194)  

Prepared following General Procedure D, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and cyclopropylbenzene (60, 

1.0 mL) using IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 6 d 

reaction time at 20 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 194 as white 

solid (34 mg, 77 µmol, 77%). 

 

  

TLC: Rf (i-hexanes/MTBE 2:1) = 0.63. 
1H-NMR: (501 MHz, CDCl3): mixture of two regioisomers with a ratio of 1.0:0.05 and two 

rotamers of the main regioisomer with a ratio of 1.0:0.21. δ = 7.76 (d, J = 7.6 Hz, 

2H), 7.58 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.34–7.15 (m, 4H), 7.06 

(d, J = 7.8 Hz, 2H), 5.87 (d, J = 9.7 Hz, 1Hmin), 5.81 (d, J = 7.4 Hz, 1Hmaj), 5.70 (s, 

1Hmin), 5.40 (d, J = 9.7 Hz, 1Hmin), 5.32 (d, J = 7.4 Hz, 1Hmaj), 5.12 (s, 1Hmin), 4.49 

(s, 1Hmin), 4.38 (qd, J = 10.8, 7.2 Hz, 2Hmaj), 4.30–4.10 (m, 3Hmaj), 3.68 (s, 1Hmin), 

1.89 (tt, J = 8.6, 4.9 Hz, 1H), 1.33 (t, J = 7.4 Hz, 3Hmin), 1.23 (t, J = 7.2 Hz, 3Hmaj), 

1.01–0.94 (m, 2H), 0.73–0.66 (m, 2H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.13, 155.50, 144.72, 144.01, 143.91, 141.41, 133.78, 

127.93 (Cmin), 127.82 (Cmaj), 127.20, 126.31, 125.23, 120.10, 67.24, 62.29 (Cmin), 

62.03 (Cmaj), 57.84, 47.29, 15.30, 14.16, 9.54. 

ESI-HRMS: calculated for C28H27NNaO4 ([M+Na]+): 464.18322, found: 464.18325. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) = 

14.4 min, tR (major) = 17.8 min, e.r. = 96:4 (92% e.e.). 

[∝]𝑫𝟐𝟓: –82.0 (c = 0.18, CHCl3). 

r.r. 95:5 (favoring the para isomer), determined via 1H-NMR analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(3,4-dimethylphenyl)acetate 

(195) 

Prepared following General Procedure D, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and o-xylene (61, 1.0 mL) using 

IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 6 d reaction time at 0 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 4:1) gave 195 as white solid (34 mg, 77 µmol, 

77%). 

 

ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(3,4-diethylphenyl)acetate 

(196) 

Prepared following General Procedure D, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and 1,2-diethylbenzene (62, 

1.0 mL) using IDPi-13-c (11.7 mg, 5 µmol, 5 mol%) over 6 d 

reaction time at 0 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 196 as white 

solid (38 mg, 79 µmol, 79%). 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.64. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.20. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.4 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.34–

7.23 (m, 2H), 7.18–7.02 (m, 3H), 5.80 (d, J = 7.5 Hz, 1Hmaj), 5.67 (s, 1Hmin), 

5.30 (d, J = 7.4 Hz, 1Hmaj), 5.12 (s, 1Hmin), 4.44–4.32 (m, 2H), 4.30–4.09 (m, 

3H), 2.27 (s, 3H), 2.25 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.25, 155.52, 144.03, 143.94, 141.41, 137.43, 

137.24, 134.22, 130.31, 128.51, 127.82, 127.19, 125.24, 124.66, 120.10, 

67.26, 62.01, 57.92, 47.28, 19.97, 19.64, 14.18. 

ESI-HRMS: calculated for C27H27NNaO4 ([M+Na]+):  452.18323, found:  452.18340. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 96:4, 298 K, 254 nm): tR (minor) 

= 13.3 min, tR (major) = 18.1 min, e.r. = 94.5:4.5 (89% e.e.). 

[∝]𝑫𝟐𝟓: –81.0 (c = 0.11, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via HPLC analysis and 1H-

NMR analysis. 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.74. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-phenylacetate (63) 

Prepared following General Procedure D with some deviations, 

from N,O-acetal 54 (9.6 mg, 0.025 mmol, 1.0 equiv.) and 

benzene (1, 0.25 mL) using IDPi-13-f (6.9 mg, 2.5 µmol, 

10 mol%) over 5 d reaction time at 60 °C in a 1 mL pressure 

vial. Purification by preparative TLC (eluent: i-hexanes/EtOAc 

3:1) gave 63 as white solid (5.3 mg, 13 µmol, 53%). 

1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.21. δ = 7.76 

(d, J = 7.7 Hz, 2H), 7.60 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.34–

7.28 (m, 2H), 7.23–7.09 (m, 3H), 5.79 (d, J = 7.5 Hz, 1Hmaj), 5.66 (s, 1Hmin), 

5.34 (d, J = 7.6 Hz, 1Hmaj), 5.18 (s, 1Hmin), 4.39 (dt, J = 18.2, 9.1 Hz, 2H), 

4.31–4.12 (m, 3H), 2.70–2.61 (m, 4H), 1.29–1.19 (m, 9H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.28, 155.57, 144.03, 143.93, 142.60, 142.32, 

141.41, 134.10, 128.96, 127.81, 127.19, 125.27, 125.24, 124.71, 120.10, 

67.27, 61.95, 57.98, 47.28, 25.65, 25.31, 15.29, 15.19, 14.18. 

ESI-HRMS: calculated for C29H31NNaO4 ([M+Na]+): 480.21453, found: 480.21494. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 9.7 min, tR (major) = 12.7 min, e.r. = 96.5:3.5 (93% e.e.). 

[∝]𝑫𝟐𝟓: –74.8 (c = 0.11, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via HPLC analysis and 1H-

NMR analysis. 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.63. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.19. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.44–7.28 (m, 9H), 5.86 (d, J = 

7.4 Hz, 1Hmaj), 5.75 (s, 1Hmin), 5.38 (d, J = 7.5 Hz, 1Hmaj), 5.15 (s, 1Hmin), 

4.40 (tt, J = 8.1, 7.4 Hz, 2H), 4.31–4.09 (m, 3H), 1.23 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.98, 155.51, 144.00, 143.88, 141.43, 136.87, 

129.09, 128.67, 127.84, 127.26, 127.21, 125.22, 120.12, 67.27, 62.12, 58.13, 

47.30, 14.14. 

ESI-HRMS: calculated for C25H23NNaO4 ([M+Na]+): 424.15193, found: 424.15206. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 13.3 min, tR (major) = 19.3 min, e.r. = 81:19 (62% e.e.). 
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ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(2,4-dimethylphenyl)acetate 

(197) 

Prepared following General Procedure D with some 

deviations, from N,O-acetal 54 (76.7 mg, 0.2 mmol, 1.0 equiv.) 

and m-xylene (64, 2.0 mL, 0.1 M) using IDPi-01-a (17.9 mg, 

10 µmol, 5 mol%) over 16 h reaction time at 30 °C in a flame 

dried Schlenk tube. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 197 as 

white solid (68.7 mg, 0.16, 80%). 

 

  

[∝]𝑫𝟐𝟓: –79.4 (c = 0.19, CHCl3). 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.60. 
1H-NMR: (600 MHz, MeCN-d3): δ = 7.82 (dt, J = 7.7, 1.0 Hz, 2H), 7.65 (dt, J = 7.5, 

0.9 Hz, 2H), 7.42 – 7.38 (m, 2H), 7.31 (dtd, J = 13.4, 7.5, 1.1 Hz, 2H), 7.07 

– 6.99 (m, 3H), 6.54 (d, J = 7.6 Hz, 1H), 5.39 (d, J = 7.6 Hz, 1H), 4.34 – 4.24 

(m, 2H), 4.21 (t, J = 7.2 Hz, 1H), 4.11 (ddq, J = 38.1, 10.8, 7.1 Hz, 2H), 2.33 

(s, 3H), 2.27 (s, 3H), 1.13 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.98, 156.25, 144.65, 144.44, 141.61, 141.60, 

138.94, 137.22, 132.59, 131.94, 128.32, 128.31, 127.71, 127.69, 127.53, 

127.47, 125.84, 125.80, 120.62, 66.91, 62.03, 55.08, 47.31, 20.68, 19.04, 

13.94. 

ESI-HRMS: calculated for C27H27N1NaO4 ([M+Na]+): 452.18323, found: 452.18285. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 13.3 min, tR (major) = 19.3 min, e.r. = 60:40 (20% e.e.). 
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ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-mesitylacetate (198) 

Prepared following General Procedure D with some deviations, 

from N,O-acetal 54 (9.6 mg, 0.025 mmol, 1.0 equiv.) and m-xylene 

(65, 0.25 mL, 0.1 M) using IDPi-01-a (2.23 mg, 1.25 µmol, 

5 mol%) over 16 h reaction time at 30 °C in an oven dried screwcap 

vial. Purification by preparative thin layer chromatography (eluent: 

i-hexanes/MTBE 2:1) gave 198 as white solid (9.2 mg, 21 µmol, 

83%). 

 

 

ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(2,5-dimethylphenyl)acetate 

(199) 

Prepared following General Procedure D with some 

deviations, from N,O-acetal 54 (9.6 mg, 0.025 mmol, 

1.0 equiv.) and p-xylene (6, 0.25 mL, 0.1 M) using IDPi-01-a 

(2.23 mg, 1.25 µmol, 5 mol%) over 16 h reaction time at 30 °C 

in an oven dried screwcap vial. Purification by preparative thin 

layer chromatography (eluent: i-hexanes/MTBE 2:1) gave 199 as white solid (2.7 mg, 6.2 µmol, 

25%). 

1H-NMR: (600 MHz, MeCN-d3): δ = 7.82 (d, J = 7.6 Hz, 2H), 7.68 – 7.63 (m, 2H), 7.44 

– 7.37 (m, 2H), 7.34 – 7.24 (m, 2H), 6.87 (s, 2H), 6.30 (s, 1H), 5.70 (d, J = 

7.2 Hz, 1H), 4.33 (t, J = 7.8 Hz, 2H), 4.22 (t, J = 6.9 Hz, 1H), 4.15 (dd, J = 

29.0, 7.4 Hz, 2H), 2.29 (s, 6H), 2.24 (s, 3H), 1.15 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.63, 155.62, 143.79, 141.29, 137.74, 136.85, 

131.01, 130.01, 127.67, 127.05, 126.91, 125.11, 119.97, 67.14, 61.97, 53.61, 

47.18, 21.21, 20.89, 20.22, 14.10. 

ESI-HRMS: calculated for C28H29N1NaO4 ([M+Na]+): 466.19888, found: 466.19886. 

HPLC: (Chiralpak OD-3 column, n-heptane/i-PrOH 90:10, 298 K, 254 nm): tR 

(minor) = 27.4 min, tR (major) = 9.3 min, e.r. = 55:45 (10% e.e.). 

1H-NMR: (600 MHz, MeCN-d3): δ = 7.76 (d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 

7.39 (t, J = 7.5 Hz, 2H), 7.30 (td, J = 7.4, 4.4 Hz, 2H), 7.14 – 7.02 (m, 3H), 

5.72 (d, J = 7.5 Hz, 1H), 5.56 (d, J = 7.5 Hz, 1H), 4.44 – 4.32 (m, 2H), 4.29 
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ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(azulen-1-yl)acetate (68) 

Prepared following General Procedure D with some deviations, 

from N,O-acetal 54 (9.6 mg, 0.025 mmol, 1.0 equiv.) and 

azulene (67, 0.25 mL, 0.1 M) using IDPi-01-a (2.23 mg, 

1.25 µmol, 5 mol%) in CyMe (0.25 mL, 0.1 M) over 24 h 

reaction time at 30 °C in an oven dried screwcap vial. 

Purification by preparative thin layer chromatography (eluent: 

i-hexanes/MTBE 2:1) gave 68 as blue solid (10.7 mg, 23.8 µmol, 95%). 

  

– 4.20 (m, 1H), 4.19 – 4.10 (m, 1H), 2.44 (s, 3H), 2.31 (d, J = 1.9 Hz, 5H), 

1.22 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.66, 155.65, 143.90, 141.43, 136.22, 135.06, 

133.74, 131.01, 129.40, 127.83, 127.20, 127.06, 125.26, 120.11, 67.28, 

61.97, 54.76, 47.29, 31.06, 29.85, 19.08. 

ESI-HRMS: calculated for C27H27N1NaO4 ([M+Na]+): 452.18323, found: 452.18357. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 10.3 min, tR (major) = 13.9 min, e.r. = 60:40 (20% e.e.). 

1H-NMR: (600 MHz, MeCN-d3): δ = 8.41 (t, J = 10.2 Hz, 2H), 8.35 – 8.32 (m, 1H), 

8.32 – 8.29 (m, 2H), 8.29 – 8.26 (m, 2H), 7.87 (d, J = 3.9 Hz, 1H), 7.76 

(d, J = 3.9 Hz, 1H), 7.57 (tdq, J = 9.8, 1.8, 0.9 Hz, 3H), 7.54 – 7.48 (m, 1H), 

7.31 (d, J = 3.9 Hz, 1H), 7.27 (d, J = 4.0 Hz, 1H), 7.16 – 7.08 (m, 5H), 7.04 

(dt, J = 13.2, 10.0 Hz, 2H), 6.28 (d, J= 8.2 Hz, 2H), 4.19 (qd, J = 7.1, 4.8 Hz, 

3H), 4.13 (qd, J = 7.1, 1.0 Hz, 2H), 1.10 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 172.97, 172.94, 141.19, 137.88, 137.84, 137.81, 

137.69, 137.65, 137.48, 136.90, 136.88, 136.49, 136.42, 135.33, 133.51, 

133.41, 133.18, 126.97, 126.95, 125.75, 125.67, 122.93, 122.91, 122.58, 

122.38, 117.04, 61.14, 43.76, 43.68, 14.21, 14.07. 

ESI-HRMS: calculated for C29H25N1NaO4 ([M+Na]+): 474.16758, found: 474.16752. 

HPLC: (Chiralpak IA-3 column, n-heptane/i-PrOH 80:20, 298 K, 254 nm): tR (1) = 

7.4 min, tR (major) = 9.7 min, e.r. = 50:50 (0% e.e.). 
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7.1.5 Friedel–Crafts Reaction of Alkoxybenzenes and Heteroarenes 

 
ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-methoxyphenyl)acetate 

(69) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and anisole (26, 22 µL, 

0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) using catalyst IDPi-

10-c (13.4 mg,  5 µmol, 5 mol%) over 20 h reaction time at 

30 °C. Purification by silica gel flash column chromatography 

(eluent: i-hexanes/EtOAc 10:1 ⟶ 3:1) gave 69 as white solid 

(40 mg, 92 µmol, 92%). 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.55. 
1H-NMR: (501 MHz, CD2Cl2): mixture of two regioisomers with a ratio of 1:0.02 and 

two rotamers of the main regioisomer with a ratio of 1:0.17. δ = 7.78 (d, J = 

7.6 Hz, 2H), 7.61 (d, J = 7.5 Hz, 2H), 7.41 (t, J = 7.5 Hz, 2H), 7.35–7.17 (m, 

4H), 6.90 (d, J = 8.3 Hz, 2H), 5.95 (d, J = 8.6 Hz, 1Hmin), 5.86 (d, J = 7.3 

Hz, 1Hmaj), 5.64 (s, 1Hmin), 5.46 (d, J = 8.6 Hz, 1Hmin), 5.26 (d, J = 7.2 Hz, 

1Hmaj), 5.06 (s, 1Hmin), 4.44–4.33 (m, 2H), 4.26–4.09 (m, 3H), 3.84 (s, 

3Hmin), 3.80 (s, 3Hmaj), 1.21 (t, J = 7.2 Hz, 3H). 

Exemplary experiment at decreased temperature for detailed analysis of 

rotamers: 

(600 MHz, CD2Cl2, 233 K): mixture of two regioisomers with a ratio of 

1.0:0.02 and two rotamers of the main regioisomer with a ratio of 1.0:0.13. 

δ = 7.78 (dt, J = 7.6, 1.0 Hz, 2Hmaj), 7.75 (dt, J = 7.6, 0.9 Hz, 2Hmin) 7.59 

(ddq, J = 7.4, 1.9, 0.9 Hz, 2H), 7.40 (t, J = 7.4 Hz, 2Hmaj), 7.37 (t, J = 7.5 Hz, 

2Hmin), 7.30 (tdd, J = 7.3, 4.5, 1.0 Hz, 2Hmaj), 7.29–7.26 (m, 2Hmaj), 7.25–

7.21 (m, 2Hmin), 7.20–7.16 (m, 2Hmin), 6.95 (td, J = 7.4, 1.0 Hz, 2Hmin) 6.91–

6.83 (m, 2Hmaj), 6.02 (d, J = 7.0 Hz, 1Hmaj), 5.87 (d, J = 6.6 Hz, 1Hmin), 5.37 

(d, J = 8.7 Hz, 1Hmin), 5.21 (d, J = 6.9 Hz, 1Hmaj), 5.09 (d, J = 7.5 Hz, 1Hmin), 

5.06 (d, J = 6.6 Hz, 1Hmin), 4.39–4.34 (m, 1H), 4.33–4.28 (m, 1H), 4.22 – 

4.12 (m, 2H), 4.06 (dq, J = 10.8, 7.1 Hz, 1H), 3.78 (s, 3Hmin), 3.76 (s, 3Hmaj), 

1.16 (t, J = 7.2 Hz, 3Hmaj), 1.15 (t, J = 7.1 Hz, 3Hmin). 
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13C-NMR: (126 MHz, CD2Cl2): δ = 171.30, 160.20, 155.64, 144.41, 144.33, 141.68, 

129.36, 128.77, 128.06, 127.44, 125.45, 120.33, 114.59, 67.27, 62.27, 57.88, 

55.69, 47.60, 14.22. 

Exemplary experiment at decreased temperature for detailed analysis of 

rotamers: 

(151 MHz, CD2Cl2, 233 K): δ = 170.93 (Cmaj), 170.64 (Cmin), 159.41 (Cmaj), 

159.37 (Cmin), 155.06 (Cmaj), 154.70 (Cmin), 143.75 (d, J = 19.0 Hz, Cmaj), 

143.70 (d, J = 19.1 Hz, Cmin), 141.06 (d, J = 2.6 Hz, Cmaj), 140.99 (d, J = 14.4 

Hz, Cmin), 129.02 (Cmin), 128.60 (Cmin), 128.42 (Cmaj), 128.25 (Cmin), 127.65 

(Cmaj), 127.60 (d, J = 5.5 Hz, Cmin), 127.02 (d, J = 2.3 Hz, Cmaj), 126.97 (Cmin), 

125.05 (d, J = 2.9 Hz, Cmaj), 124.94 (d, J = 11.0 Hz, Cmin), 119.98 (Cmaj), 

119.96 (Cmin), 119.88 (Cmin), 113.93 (Cmin), 113.91 (Cmaj), 67.19 (Cmin), 

66.61 (Cmaj), 62.22 (Cmin), 62.09 (Cmaj), 57.52 (Cmin), 57.15 (Cmaj), 55.30, 

46.77 (Cmaj), 46.67 (Cmin), 13.83 (Cmaj), 13.82 (Cmin). 

ESI-HRMS: calculated for C26H25NNaO5 ([M+Na]+): 454.16249, found: 454.16295. 

2D-LC: (1. dimension: 100 mm Zorbax RX-SIL, n-heptane/i-PrOH 99:1, 308 K, 220 

nm): tR (major regioisomer) = 3.2 min, tR (minor regioisomer) = 3.8 min. 

(2. dimension: Chiralpak IC-3, n-heptane/i-PrOH 70:30, 298 K, 220 nm): tR 

(minor enantiomer) = 8.0 min, tR (major enantiomer) = 12.6 min, e.r. = 

97.5:2.5 (95% e.e.). 

[∝]𝑫𝟐𝟓: –86.6 (c = 0.13, CHCl3). 

r.r. 72:1 (favoring the para isomer), determined via HPLC analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-(methoxy-

d3)phenyl)acetate (200) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and (methoxy-d3)benzene (70, 

22 µL, 0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) using 

catalyst IDPi-10-c (13.4 mg,  5 µmol, 5 mol%) over 20 h 

reaction time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/EtOAc 10:1 ⟶ 3:1) gave 

200 as white solid (41 mg, 95 µmol, 95%). 

  

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.55. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.18. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.35–

7.17 (m, 4H), 6.89 (d, J = 8.3 Hz, 2H), 5.81 (d, J = 7.2 Hz, 1Hmaj), 5.68 (s, 

1Hmin), 5.31 (d, J = 7.3 Hz, 1Hmaj), 5.08 (s, 1Hmin), 4.45–4.34 (m, 2H), 4.30–

4.10 (m, 3H), 1.23 (t, J = 7.2 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ 171.22, 159.86, 155.50, 144.02, 143.91, 141.43, 

128.94, 128.53, 127.83, 127.20, 125.23, 120.11, 114.46, 67.23, 62.03, 57.57, 

47.30, 14.17. 

ESI-HRMS: calculated for C26H22D3NNaO5 ([M+Na]+): 457.18187, found: 457.18131. 

2D-LC: (1. dimension: 100 mm Zorbax RX-SIL, n-heptane/i-PrOH 99:1, 308 K, 220 

nm): tR (major regioisomer) = 3.2 min, tR (minor regioisomer) = 3.8 min. 

(2. dimension: Chiralpak IC-3, n-heptane/i-PrOH 65:35, 298 K, 220 nm): tR 

(minor enantiomer) = 7.1 min, tR (major enantiomer) = 11.0 min, e.r. = 

97.5:2.5 (95% e.e.). 

[∝]𝑫𝟐𝟓: –85.3 (c = 0.12, CHCl3). 

r.r. 68:1 (favoring the para isomer), determined via HPLC analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-

(methylthio)phenyl)acetate (201) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and methyl(phenyl)sulfane 

(71, 24 µL, 0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) using 

IDPi-10-c (13.4 mg,  5 µmol, 5 mol%) over 36 h reaction time 

at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/EtOAc 10:1 ⟶ 3:1) gave 

201 as white solid (33 mg, 74 µmol, 74%). 

  

TLC: Rf (i-hexanes/MTBE 2:1) = 0.58. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.22. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.58 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.34–

7.27 (m, 4H), 7.26–7.16 (m, 4H), 5.87 (d, J = 7.3 Hz, 1Hmaj), 5.76 (s, 1Hmin), 

5.33 (d, J = 7.3 Hz, 1Hmaj), 5.07 (s, 1Hmin), 4.48–4.33 (m, 2H), 4.29–4.10 (m, 

3H), 2.48 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.86, 155.45, 143.96, 143.86, 141.42, 139.32, 

133.59, 127.84, 127.69, 127.19, 126.88, 125.19, 120.12, 67.24, 62.17, 57.67, 

47.28, 15.73, 14.14. 

ESI-HRMS: calculated for C26H25NNaO4S ([M+Na]+): 470.13965, found: 470.13952. 

2D-LC: (1. dimension: 250 mm PVA-SIL, n-heptane/i-PrOH 99:1, 308 K, 220 nm): 

tR (major regioisomer) = 16.3 min, tR (minor regioisomer) = 17.5 min. 

(2. dimension: Chiralpak IC-3, n-heptane/i-PrOH 65:35, 298 K, 220 nm): tR 

(minor enantiomer) = 7.1 min, tR (major enantiomer) = 9.2 min, e.r. = 97:3 

(94% e.e.). 

[∝]𝑫𝟐𝟓: –99.0 (c = 0.10, CHCl3). 

r.r. 42:1 (favoring the para isomer), determined via HPLC analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-methoxy-3-

methylphenyl)acetate (202) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and 1-methoxy-2-

methylbenzene  (72, 25 µL, 0.2 mmol, 2.0 equiv.) in n-pentane 

(1.0 mL) IDPi-10-c (13.4 mg,  5 µmol, 5 mol%) over 16 h 

reaction time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/EtOAc 10:1 ⟶ 3:1) gave 202 

as white solid (42 mg, 94 µmol, 94%). 

  

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.55. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.20. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.39 (t, J = 7.5 Hz, 2H), 7.34–

7.27 (m, 2H), 7.23–7.07 (m, 2H), 6.80 (d, J = 8.4 Hz, 1H), 5.77 (d, J = 7.3 

Hz, 1Hmaj), 5.65 (s, 1Hmin), 5.27 (d, J = 7.4 Hz, 1Hmaj), 5.09 (s, 1Hmin), 4.46–

4.33 (m, 2H), 4.31–4.09 (m, 3H), 3.83 (s, 3H), 2.22 (s, 3H), 1.23 (t, J = 7.1 

Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.38, 158.08, 155.52, 144.05, 143.95, 141.43, 

129.52, 128.39, 127.83, 127.50, 127.20, 125.91, 125.24, 120.11, 110.22, 

67.24, 61.98, 57.66, 55.51, 47.30, 16.45, 14.19. 

ESI-HRMS: calculated for C27H27NNaO5 ([M+Na]+): 468.17814, found: 468.17859. 

HPLC: (Chiralpak AD-3 column, n-heptane/i-PrOH 94:6, 298 K, 254 nm): tR 

(minor) = 19.1 min, tR (major) = 20.5 min, e.r. = 95.5:4.5 (91% e.e.). 

[∝]𝑫𝟐𝟓: –90.8 (c = 0.13, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via 1H-NMR analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(benzo[d][1,3]dioxol-5-

yl)acetate (203) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and benzo[d][1,3]dioxole (74, 

23 µL, 0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) using IDPi-

10-c (13.4 mg,  5 µmol, 5 mol%) over 36 h reaction time at 

30 °C. Purification by silica gel flash column chromatography 

(eluent: i-hexanes/EtOAc 10:1 ⟶ 3:1) gave 203 as white solid 

(42 mg, 94 µmol, 94%). 

  

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.53. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.20. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.31 (t, 

J = 7.5 Hz, 2H), 6.90–6.69 (m, 3H), 5.97 (s, 2H), 5.83 (d, J = 7.2 Hz, 1Hmaj), 

5.67 (s, 1Hmin), 5.26 (d, J = 7.2 Hz, 1Hmaj), 4.99 (s, 1Hmin), 4.51–4.33 (m, 

2H), 4.29–4.08 (m, 3H), 1.24 (t, J = 7.2 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.96, 155.44, 148.21, 147.95, 143.98, 143.87, 

141.43, 130.66, 127.84, 127.20, 125.21, 120.96, 120.12, 108.70, 107.65, 

101.45, 67.25, 62.16, 57.81, 47.28, 14.16. 

ESI-HRMS: calculated for C26H23NNaO6 ([M+Na]+): 468.14175, found: 468.14216. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 20.6 min, tR (major) = 24.1 min, e.r. = 96:4 (92% e.e.). 

[∝]𝑫𝟐𝟓: –70.5 (c = 0.11, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via 1H-NMR analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(3-iodo-4-

methoxyphenyl)acetate (204) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and 1-iodo-2-methoxybenzene 

(73, 26 µL, 0.2 mmol, 2.0 equiv.) in CyMe (1.0 mL) using IDPi-

10-c (13.4 mg,  5 µmol, 5 mol%) over 6 d reaction time at 30 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 4:1 ⟶ 2:1) gave 204 as white solid (42 mg, 

75 µmol, 75%). 

  

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.52. 
1H-NMR: (501 MHz, CDCl3): mixture of two regioisomers with a ratio of 1:0.02 and 

two rotamers of the main regioisomer with a ratio of 1:0.17. δ = 7.84–7.70 

(m, 3H), 7.59 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.36–7.15 (m, 1H), 

7.32 (q, J = 7.8 Hz, 2H), 6.79 (d, J = 8.4 Hz, 1H), 5.95 (d, J = 7.4 Hz, 1Hmin), 

5.87 (d, J = 7.2 Hz, 1Hmaj), 5.71 (s, 1Hmin), 5.44 (d, J = 7.2 Hz, 1Hmin), 5.27 

(d, J = 7.2 Hz, 1Hmaj), 4.99 (s, 1Hmin), 4.53–4.33 (m, 2H), 4.32–4.09 (m, 3H), 

3.88 (s, 3H), 1.23 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.70, 158.40, 155.40, 143.93, 143.84, 141.42, 

138.06, 131.06, 128.70, 127.85, 127.23, 125.20, 120.12, 111.03, 86.47, 

67.30, 62.28, 56.84, 56.57, 47.26, 14.16. 

ESI-HRMS: calculated for C26H24NNaO5I ([M+Na]+): 580.05914, found: 580.05978. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 97:3, 298 K, 254 nm): tR (minor) 

= 36.1 min, tR (major) = 40.1 min, e.r. = 95.5:4.5 (91% e.e.). 

[∝]𝑫𝟐𝟓: –66.7 (c = 0.11, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via 1H-NMR analysis. 

N
H

204
O

O
O

OEt

OMe
I



7. Experimental Section 

 137 

ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-methoxy3 (trimethylsilyl)-

phenyl)acetate (205) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and (2-

methoxyphenyl)trimethylsilane (75, 38 µL, 0.2 mmol, 

2.0 equiv.) in CyMe (1.0 mL) using IDPi-10-c 

(13.4 mg,  5 µmol, 5 mol%) over 20 h reaction time at 30 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 3:1) gave 205 as white solid (42 mg, 83 µmol, 83%). Since usage of 

bistriflimide as catalyst for the synthesis of a racemic sample exclusively gave the 

protodesilylated product 69, HOTf was used as achiral acid catalyst. 

  

TLC: Rf (i-hexanes/MTBE 2:1) = 0.55. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.19. δ = 7.77 

(d, J =  7.6 Hz, 2H), 7.60 (dd, J = 7.5, 2.7 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 

7.37–7.28 (m, 4H), 6.81 (d, J = 9 Hz, 1H), 5.77 (d, J = 7.5 Hz, 1Hmaj), 5.64 

(s, 1Hmin), 5.34 (d, J = 7.5 Hz, 1Hmaj), 5.19 (s, 1Hmin), 4.40 (qd, J = 10.7, 7.2 

Hz, 2H), 4.30–4.13 (m, 3H), 3.81 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H), 0.28 (s, 

9H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.37, 164.61, 155.56, 144.03, 143.93, 141.41, 

133.99, 129.65, 129.05, 128.32, 127.82, 127.19, 125.26, 125.23, 120.10, 

109.84, 67.26, 61.92, 57.72, 55.29, 47.28, 14.19, –0.91. 

ESI-HRMS: calculated for C29H33NNaO5Si ([M+Na]+): 526.20202, found: 526.20223. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 9.7 min, tR (major) = 11.9 min, e.r. = 96:4 (92% e.e.). 

[∝]𝑫𝟐𝟓: –71.3 (c = 0.12, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via 1H-NMR analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-(2-

bromoethoxy)phenyl)acetate (206) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and (2-bromoethoxy)benzene (76, 

40 mg, 0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) using IDPi-10-

c (13.4 mg,  5 µmol, 5 mol%) over 3 d reaction time at 30 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 3:1 ⟶ 2:1) gave 206 as white solid (50 mg, 

95 µmol, 95%). 

  

TLC: Rf (i-hexanes/EtOAc 2:1) = 0.68. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.23. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.35–

7.17 (m, 4H), 6.90 (d, J = 8.4 Hz, 2H), 5.83 (d, J = 7.3 Hz, 1Hmaj), 5.70 (s, 

1Hmin), 5.31 (d, J = 7.2 Hz, 1Hmaj), 5.06 (s, 1Hmin), 4.45–4.34 (m, 2H), 4.29 

(t, J = 6.2 Hz, 2H), 4.27–4.10 (m, 3H), 3.63 (t, J = 6.2 Hz, 2H), 1.22 (t, J = 

7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.09, 158.36, 155.47, 143.99, 143.89, 141.43, 

129.84, 128.64, 127.84, 127.20, 125.21, 120.12, 115.25, 68.03, 67.24, 62.10, 

57.51, 47.29, 29.10, 14.16. 

ESI-HRMS: calculated for C27H26BrNNaO5 ([M+Na]+): 546.08866, found: 546.08899. 

HPLC: (Chiralpak AD-3 column, n-heptane/i-PrOH 92:8, 298 K, 254 nm): tR 

(minor) = 40.0 min, tR (major) = 44.7 min, e.r. = 98:2 (96% e.e.). 

[∝]𝑫𝟐𝟓: –61.2 (c = 0.24, CHCl3). 

r.r. >20:1(favoring the para isomer), determined via 1H-NMR analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-(2-

azidoethoxy)phenyl)acetate (207) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and (2-azidoethoxy)benzene 

(77, 32.6 mg, 0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) 

using IDPi-10-c (13.4 mg,  5 µmol, 5 mol%) over 3 d reaction 

time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 3:1) gave 207 as 

white solid (42 mg, 86 µmol, 86%). 

 

  

TLC: Rf (i-hexanes/EtOAc 2:1) = 0.53. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.28. δ = 7.76 

(d, J = 7.7 Hz, 2H), 7.58 (d, J = 7.6 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.36–

7.17 (m, 4H), 6.91 (d, J = 8.4 Hz, 2Hmaj), 6.16 (s, 2Hmin), 5.83 (d, J = 7.3 Hz, 

1Hmaj), 5.69 (s, 1Hmin), 5.31 (d, J = 7.3 Hz, 1Hmaj), 5.07 (s, 1Hmin), 4.48–4.34 

(m, 2H), 4.31–4.17 (m, 3H), 4.15 (t, J = 5.0 Hz, 2H), 3.60 (t, J = 4.9 Hz, 2H), 

1.33 (t, J = 7.2 Hz, 3Hmin), 1.22 (t, J = 7.1 Hz, 3Hmaj). 
13C-NMR: (126 MHz, CDCl3): δ = 171.12, 158.51, 155.49, 144.00, 143.90, 141.44, 

129.79, 128.63, 127.85, 127.21, 125.22, 120.13, 115.13, 67.25, 67.19, 62.10, 

57.53, 50.26, 47.30, 14.17. 

ESI-HRMS: calculated for C27H26N4NaO5 ([M+Na]+): 509.17954, found: 509.17994. 

HPLC: achiral HPLC (for the determination of the regioisomeric ratio): 

(Eclipse Plus C18, MeOH/H2O – gradient: 60:40 – 5’ – 90:10, 308 K, 220 

nm): tR (minor) = 4.60 min, tR (major) = 4.7 min, r.r. = 98.5:1.5. 

chiral HPLC (for the determination of the enantiomeric ratio): 

(Chiralpak OJ-3 column, MeOH 100%, 298 K, 2204 nm): tR (major) = 

6.9 min, tR (minor) = 10.4 min, e.r. = 98:2 (96% e.e.). 

[∝]𝑫𝟐𝟓: –81.1 (c = 0.11, CHCl3). 

r.r. 98.1:1.5 (favoring the para isomer), determined via HPLC analysis. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-(allyloxy)phenyl)acetate 

(208) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and (allyloxy)benzene (78, 

27 µL, 0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) using IDPi-

10-c (13.4 mg,  5 µmol, 5 mol%) over 16 h reaction time at 30 

°C. Purification by silica gel flash column chromatography 

(eluent: i-hexanes/MTBE 5:1 ⟶ 3:1) gave 208 as white solid 

(42 mg, 92 µmol, 92%). 

  

TLC: Rf (i-hexanes/MTBE 2:1) = 0.67. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.21. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.59 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.34–

7.16 (m, 4H), 6.91 (d, J = 8.3 Hz, 2H), 6.05 (ddt, J = 16.2, 10.5, 5.3 Hz, 1H), 

5.80 (d, J = 7.3 Hz, 1Hmaj), 5.67 (s, 1Hmin), 5.41 (d, J = 17.3 Hz, 1H), 5.35–

5.26 (m, 2H), 5.08 (s, 1Hmin), 4.54 (dt, J = 5.3, 1.6 Hz, 2H), 4.47–4.34 (m, 

2H), 4.32–4.07 (m, 3H), 1.22 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.21, 158.91, 155.51, 144.02, 143.91, 141.43, 

133.21, 129.10, 128.51, 127.83, 127.21, 125.23, 120.12, 117.97, 115.26, 

69.00, 67.23, 62.03, 57.55, 47.30, 14.17. 

ESI-HRMS: calculated for C28H27N1NaO5 ([M+Na]+): 480.17814, found: 480.17845. 

HPLC: (Chiralpak AD-3 column, n-heptane/i-PrOH 92:8, 298 K, 254 nm): tR 

(minor) = 21.4 min, tR (major) = 23.2 min, e.r. = 96.5:3.5 (93% e.e.). 

[∝]𝑫𝟐𝟓: –80.0 (c = 0.14, CHCl3). 

r.r. >20.1 (favoring the para isomer), determined via 1H-NMR analysis. 

N
H

208

O

O
O

OEt

O



7. Experimental Section 

 141 

ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-(prop-2-yn-1-

yloxy)phenyl)acetate (209) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and (prop-2-yn-1-

yloxy)benzene)benzene (79, 25.7 µL, 0.2 mmol, 2.0 equiv.) in 

n-pentane (1.0 mL) using IDPi-10-c (13.4 mg,  5 µmol, 

5 mol%) over 3 d reaction time at 30 °C. Purification by silica 

gel flash column chromatography (eluent: i-hexanes/MTBE 3:1) 

gave 209 as white solid (45 mg, 98 µmol, 98%). 

  

TLC: Rf (i-hexanes/EtOAc 2:1) = 0.65. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.20. δ = 7.76 

(d, J = 7.6 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.36–7.17 (m, 

4H), 6.97 (d, J = 8.3 Hz, 2H), 5.82 (d, J = 7.3 Hz, 1Hmaj), 5.69 (s, 1Hmin), 5.32 (d, J = 

7.3 Hz, 1Hmaj), 5.08 (s, 1Hmin), 4.69 (d, J = 2.4 Hz, 2H), 4.50–4.33 (m, 2H), 4.31–

4.07 (m, 3H), 2.53 (t, J = 2.4 Hz, 1H), 1.23 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.10, 157.83, 155.49, 144.00, 143.88, 141.43, 129.92, 

128.55, 127.84, 127.21, 125.22, 120.12, 115.40, 78.49, 75.86, 67.23, 62.09, 57.52, 

55.97, 47.30, 14.16. 

ESI-HRMS: calculated for C28H25N1NaO5 ([M+Na]+): 478.16249, found: 478.16271. 

HPLC: (Chiralpak AD-3 column, n-heptane/i-PrOH 92:8, 298 K, 254 nm): tR (minor) = 

35.0 min, tR (major) = 41.2 min, e.r. = 98:2 (96% e.e.). 

[∝]𝑫𝟐𝟓: –78.6 (c = 0.20, CHCl3). 

r.r. >20:1 (favoring the para isomer), determined via HPLC analysis. 
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ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(3-hydroxy-2,4-

bis((triisopropylsilyl)oxy)phenyl)acetate (210) 

Prepared following General Procedure E, from N,O-acetal 

54 (38.4 mg, 0.1 mmol, 1.0 equiv.) and 2,6-

bis((triisopropylsilyl)oxy)phenol (93, 87.8.0 mg, 0.2 mmol, 

2.0 equiv.) in CyMe (1.0 mL) using IDPi-01-a 

(8.9 mg,  5 µmol, 5 mol%) over 20 h reaction time at 30 °C. 

Purification by silica gel flash column chromatography 

(eluent: i-hexanes/MTBE 3:1) gave a mixture of the regioisomers 210-a and 210-b as white 

solid (46 mg, 0.061 mmol, 61%). 

 
Formed regioisomers 210-a and 210-b. 
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1H-NMR: (600 MHz, CDCl3): mixture of two regioisomers 210-a and 210-b in a ratio of 10:1 

and additional rotamers for each regioisomer. δ = 7.79 – 7.74 (m, 4H), 7.78 – 7.75 

(m, 2H), 7.62 (dq, J = 7.6, 1.0 Hz, 1H), 7.59 (dq, J = 7.6, 0.9 Hz, 1H), 7.42 – 7.38 

(m, 3H), 7.30 (tt, J = 7.5, 1.3 Hz, 2H), 6.69 (d, J = 8.6 Hz, 0H), 6.61 (d, J = 8.5 Hz, 

1H), 6.45 (d, J = 8.4 Hz, 1H), 6.40 (d, J = 8.5 Hz, 0H), 6.11 (d, J = 8.6 Hz, 0H), 5.61 

(s, 2H), 5.50 (s, 1H), 5.42 (d, J = 8.5 Hz, 0H), 5.39 (d, J = 6.6 Hz, 0H), 4.39 (dd, J = 

10.5, 7.4 Hz, 0H), 4.36 (d, J = 0.9 Hz, 1H), 4.35 (s, 1H), 4.33 – 4.26 (m, 0H), 4.23 

(t, J = 7.7 Hz, 1H), 4.23 (t, J = 7.5 Hz, 1H), 4.20 (d, J = 10.6 Hz, 0H), 4.20 (dd, J = 

10.7, 7.1 Hz, 1H), 4.11 (d, J = 10.7 Hz, 0H), 4.11 (dd, J = 10.8, 7.2 Hz, 1H), 3.48 

(q, J = 7.0 Hz, 2H), 1.39 (p, J= 7.5 Hz, 2H), 1.35 – 1.29 (m, 0H), 1.31 (dt, J = 14.9, 

7.5 Hz, 3H), 1.21 (t, J = 7.0 Hz, 3H), 1.17 (t, J = 7.1 Hz, 1H), 1.17 (t, J = 7.1 Hz, 

3H), 1.10 (d, J = 7.6 Hz, 10H), 1.09 (dt, J = 7.5, 1.0 Hz, 32H). 
13C-NMR: (151 MHz, CDCl3): δ =  171.91, 171.49, 156.17, 155.69, 147.52, 146.60, 143.92, 

143.85, 143.83, 143.81, 143.78, 141.94, 141.20, 141.15, 141.12, 137.35, 134.84, 

127.75, 127.69, 127.13, 127.09, 125.37, 125.34, 125.29, 125.28, 121.25, 120.51, 

120.05, 120.01, 117.88, 116.04, 111.50, 110.00, 77.37, 77.16, 76.95, 67.28, 67.05, 

66.13, 61.77, 61.65, 54.65, 52.89, 46.94, 46.92, 18.20, 18.20, 17.97, 17.97, 15.46, 

14.27, 14.26, 14.10, 14.08, 13.59, 12.69. 

O N
H

O
O

O

210
OTIPS

OH
OTIPS



7. Experimental Section 

 143 

 

ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-acetoxybenzo[d][1,3]dioxol-5-

yl)acetate (211) 

Prepared following General Procedure E, from N,O-acetal 

54 (38.4 mg, 0.1 mmol, 1.0 equiv.) and 

benzo[d][1,3]dioxol-4-yl acetate (94, 36 mg, 0.2 mmol, 

2.0 equiv.) in CyMe (1.0 mL) using IDPi-01-a 

(8.9 mg,  5 µmol, 5 mol%) over 4 d reaction time at 30 °C. 

Purification by silica gel flash column chromatography 

(eluent: i-hexanes/EtOAc 10:1 ⟶ 3:1) gave 211 as white solid (25 mg, 49 µmol, 49%). 

 

  

ESI-HRMS: calculated for C43H62N1O7Si2 ([M]–): 760.40703, found: 760.40755. 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.55. 
1H-NMR: (501 MHz, CDCl3): mixture of three regioisomers in a ratio of 3:2:1. δ = 7.78 

(dd, J = 7.6, 1.0 Hz, 2H), 7.60 (d, J = 7.4 Hz, 2H), 7.40 (tq, J = 7.5, 1.0 Hz, 

2H), 7.35 – 7.27 (m, 2H), 6.86 (d, J = 8.1 Hz, 1H), 6.78 (s, 2Hmin), 6.74 (d, J = 

8.1 Hz, 1H), 6.68 (s, 2H), 6.64 (d, J = 8.6 Hz, 1H), 6.04 (d, J = 7.7 Hz, 1H), 

6.01 (q, J = 1.3 Hz, 2H), 5.92 (dd, J = 21.1, 7.5 Hz, 1H), 5.84 (d, J = 7.8 Hz, 

1H), 5.43 (d, J = 7.8 Hz, 1H), 5.22 (d, J = 7.2 Hz, 0H), 4.37 (ddd, J = 17.1, 

7.7, 4.0 Hz, 2H), 4.21 (q, J= 9.3 Hz, 2H), 4.08 (q, J = 7.1 Hz, 2H), 2.28 (d, J = 

2.6 Hz, 3H), 2.01 (s, 3H), 2.01 (s, 2H), 1.23 (t, J = 7.1 Hz, 3H). 

ESI-HRMS: calculated for C28H25N1NaO8 ([M+Na]+): 526.14724, found: 526.14759. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(thipohen-2-yl)acetate (212) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and thiophene (80, 16 µL, 

0.2 mmol, 2.0 equiv.) in CyMe (1.0 mL) using IDPi-10-c 

(13.4 mg,  5 µmol, 5 mol%) over 5 d reaction time at 30 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 4:1) gave 212 as white solid (39 mg, 96 µmol, 96%). 

TLC: Rf (i-hexanes/EtOAc 2:1) = 0.74. 
1H-NMR: (600 MHz, CDCl3, 253 K): mixture of two regioisomers with a ratio of 1:0.15 

and two rotamers of the main regioisomer with a ratio of 1:0.19. δ = 7.78 

(d, J = 7.6 Hz, 2H), 7.62–7.57 (m, 2H), 7.42 (t, J = 7.5 Hz, 2H), 7.33 

(dddd, J = 8.5, 7.5, 2.0, 1.2 Hz, 2H), 7.29 (dd, J = 5.2, 1.2 Hz, 1H), 7.07 

(dt, J = 3.6, 1.1 Hz, 1H), 6.99 (dd, J = 5.1, 3.6 Hz, 1H), 5.92 (d, J = 7.7 Hz, 

1Hmaj), 5.82 (d, J =7.7 Hz, 1Hmin), 5.80 (d, J = 7.2 Hz, 1Hmin), 5.74 (d, J = 

7.2 Hz, 1Hmin), 5.65 (dd, J = 7.7, 0.9 Hz, 1Hmaj), 5.49 (d, J = 7.0 Hz, 1Hmin), 

5.48 (d, J = 7.7 Hz, 1Hmin), 5.28 (d, J = 7.1 Hz, 1Hmin), 4.48–4.34 (m, 2H), 

4.32–4.15 (m, 3H), 1.28 (t, J = 7.1 Hz, 3Hmaj), 1.26 (t, J = 7.3 Hz, 3Hmin). 
13C-NMR: (126 MHz, CDCl3 at 253 K): δ = 170.65 (Cmin), 170.05, 169.45 (Cmin), 155.45 

(Cmin), 155.33, 154.69 (Cmin), 143.75 (Cmin), 143.67, 143.60, 143.59 (Cmin), 

143.54 (Cmin), 141.27 (Cmin), 141.25, 141.24, 141.22 (Cmin), 139.51 (Cmin), 

138.82, 136.63 (Cmin), 127.83, 127.79 (Cmin), 127.77 (Cmin), 127.31 (Cmin), 

127.28, 127.17, 126.99 (Cmin), 126.26, 126.20 (Cmin), 126.06, 126.04 (Cmin), 

125.98 (Cmin), 125.22, 125.19, 125.17 (Cmin), 125.15 (Cmin), 125.06 (Cmin), 

125.03 (Cmin), 123.26 (Cmin), 120.13, 120.08 (Cmin), 67.72 (Cmin), 67.23, 

67.02 (Cmin), 62.73 (Cmin), 62.60, 62.31 (Cmin), 54.12 (Cmin), 53.72 (Cmin), 

53.46, 46.97 (Cmin), 46.91, 46.83 (Cmin), 14.18 (Cmin), 14.15. 

ESI-HRMS: calculated for C23H21N1NaO4S ([M+Na]+): 430.10835, found: 430.10874. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 14.1 min, tR (major) = 19.2 min, e.r. = 94.5:5.5 (89% e.e.). 

[∝]𝑫𝟐𝟓: –51.9 (c = 0.13, CHCl3). 

r.r. 86.5:13.5 (favoring the 2-position), determined via HPLC analysis. The 

connectivity of the thiophene ring of the major regioisomer to the glycine 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(benzo[b]thiophen-2-

yl)acetate (213) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and benzo[b]thiophen (81, 

23 µL, 0.2 mmol, 2.0 equiv.) in n-pentane (1.0 mL) using IDPi-

10-c (13.4 mg,  5 µmol, 5 mol%) over 4 d reaction time at 30 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 4:1) gave 213 as white solid (45 mg, 98 µmol, 

98%). 

 

scaffold was determined based on the coupling of the signals of the thiophene 

ring in the 1H-NMR (signals at 7.29, 7.07 and 6.99 ppm). 

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.58. 
1H-NMR: (600 MHz, CDCl3, 233 K): mixture of two regioisomers with a ratio of 1:0.12 

and two rotamers of the main regioisomer with a ratio of 1:0.16. δ = 7.92 

(ddd, J = 7.9, 1.4, 0.7 Hz, 1H), 7.90 (ddd, J = 7.7, 1.3, 0.6 Hz, 1H), 7.77 

(dd, J = 7.6, 0.9 Hz, 2H), 7.72 (t, J = 7.8 Hz, 1Hmin), 7.61 (td, J = 7.7, 0.9 Hz, 

1Hmin), 7.58 (ddd, J = 7.5, 1.9, 1.0 Hz, 2H), 7.47–7.43 (m, 2Hmin), 7.42 (d, J = 

0.7 Hz, 1H), 7.39–7.33 (m, 2Hmin), 7.30 (dtd, J = 10.8, 7.5, 1.1 Hz, 2H), 7.22–

7.20 (m, 1Hmin), 7.11–7.07 (m, 1 Hmin), 6.92 (td, J = 7.5, 1.1 Hz, 1Hmin), 6.80 

(td, J = 7.5, 1.1 Hz, 1Hmin), 6.10 (d, J = 7.5 Hz, 1Hmin), 6.04 (d, J = 6.5 Hz, 

1Hmin), 5.92 (d, J = 6.8 Hz, 1Hmin), 5.89 (d, J = 7.7 Hz, 1Hmaj), 5.79 (dd, J = 

7.7, 0.7 Hz, 1H, 

maj), 5.73 (dd, 7.5, 0.9 Hz, 1Hmin), 5.53 (dd, J = 6.5, 1.0 Hz, 1Hmin), 5.45 (dd, 

J = 6.7, 0.8 Hz, 1Hmin), 4.51–4.43 (m, 2Hmin), 4.43–4.35 (m, 2H), 4.29 

(dd, J = 10.8, 7.2 Hz, 1H), 4.23–4.20 (m, 1H), 4.16 (dd, J = 10.8, 7.1 Hz, 

1H), 4.06 (dq, J = 10.8, 7.1 Hz, 1Hmin), 1.29 (t, J = 7.2 Hz, 3Hmin), 1.22 (t, J = 

7.1 Hz, 3H, 27) 1.16 (t, J = 7.1 Hz, 3Hmin). 
13C-NMR: (151 MHz, CDCl3 at 233 K): δ = 170.70, 169.76 (Cmin), 169.61 (Cmin), 

155.51, 155.26 (Cmin), 154.84 (Cmin), 143.62, 143.51 (Cmin), 143.50 (Cmin), 

143.42, 143.39 (Cmin), 143.38 (Cmin), 141.15, 141.13, 141.09 (Cmin), 141.05 

(Cmin), 140.58 (Cmin), 140.36, 139.62 (Cmin), 139.38 (Cmin), 139.04 (Cmin), 
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136.73, 136.37 (Cmin), 131.01 (Cmin), 130.53, 127.79, 127.78, 127.70 (Cmin), 

127.67 (Cmin), 127.13, 127.11, 127.03 (Cmin), 125.74, 125.66 (Cmin), 125.16, 

125.21 (Cmin), 125.16, 124.95, 124.85 (Cmin), 124.82 (Cmin), 124.77 (Cmin), 

124.73 (Cmin), 124.68, 124.62 (Cmin), 124.55 (Cmin), 123.90 (Cmin), 123.08 

(Cmin), 123.05, 123.01 (Cmin), 122.44 (Cmin), 122.14 (Cmin), 122.00, 120.11, 

120.14 (Cmin), 120.09, 120.06 (Cmin), 67.16 (Cmin), 67.12 (Cmin), 67.09, 62.91 

(Cmin), 62.68 (Cmin), 62.50, 54.05 (Cmin), 53.28 (Cmin), 52.48, 46.75, 46.69 

(Cmin), 14.13, 14.07 (Cmin). 

ESI-HRMS: calculated for C27H23N1NaO4S ([M+Na]+): 480.12400, found: 480.12392. 

2D-LC (1. dimension: 250 mm PVA-SIL, n-heptane/i-PrOH 95:5, 308 K, 220 nm): 

tR (minor regioisomer) = 7.2 min, tR (major regioisomer) = 7.7 min. 

(2. dimension: Chiralpak IB-3, n-heptane/i-PrOH 80:20, 298 K, 220 nm): tR 

(minor enantiomer) = 7.3 min, tR (major enantiomer) = 8.4 min, e.r. = 

96.5:3.5 (93% e.e.). 

[∝]𝑫𝟐𝟓: –84.1 (c = 0.18, CHCl3). 

r.r. 85.5:15.5 (favoring the 3-position), determined via 1H-NMR analysis and 

HPLC analysis. The connectivity of the benzothiophene ring of the major 

regioisomer to the glycine scaffold was determined based on the following 

characteristic cross peaks: HMBC (C19 to H16); NOESY (H16 to H20), see 

section 11 for further details. 
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ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(benzofuran-2-yl)acetate 

(214) 

Prepared following General Procedure E, from N,O-acetal 54 

(38.4 mg, 0.1 mmol, 1.0 equiv.) and benzofuran (82, 22 µL, 

0.2 mmol, 2.0 equiv.) in CyMe (1.0 mL) using IDPi-10-c 

(13.4 mg,  5 µmol, 5 mol%) over 3 d reaction time at 30 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 4:1) gave 214 as off-white solid (42 mg, 

95 µmol, 95%). 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.44. 
1H-NMR: (600 MHz, CDCl3, 233 K): mixture of two regioisomers with a ratio of 1:0.13 

and two rotamers of the main regioisomer with a ratio of 1:0.09. δ 7.78 

(dd, J = 7.6, 0.9 Hz, 2H), 7.62 – 7.58 (m, 3H), 7.57–7.52 (m, 2Hmin), 7.52–

7.45 (m, 1H), 7.43–7.39 (m, 2H), 7.39–7.36 (m, 1Hmin), 7.35–7.29 (m, 3H), 

7.29–7.24 (m, 1Hmin), 7.17 (td, J = 7.5, 1.1 Hz, 1Hmin), 7.09 (td, J = 7.5, 1.1 

Hz, 1Hmin), 6.81 (s, 1H), 6.24 (s, 1Hmin), 6.08 (d, J = 8.0 Hz, 1H), 5.94 (d, J = 

7.4 Hz, 1Hmin), 5.88 (d, J = 7.1 Hz, 1Hmin), 5.65 (d, J= 7.9 Hz, 1H), 5.62 

(dd, J = 7.4, 0.7 Hz, 1Hmin), 5.25 (d, J = 7.1 Hz, 1Hmin), 4.53–4.46 (m, 2Hmin), 

4.43–4.36 (m, 2H), 4.34–4.29 (m, 1H), 4.23 (t, J = 6.7 Hz, 1H), 4.21–4.17 

(m, 1H), 1.25 (t, J = 7.2 Hz, 3H). 
13C-NMR: (151 MHz, CDCl3 at 233 K): δ = 170.35 (Cmin), 168.54, 167.89 (Cmin), 155.43 

(Cmin), 155.39, 155.29 (Cmin), 154.67, 154.64 (Cmin), 154.60 (Cmin), 151.31 

(Cmin), 150.88, 143.58 (Cmin), 143.54, 143.52 (Cmin), 143.45, 143.43 (Cmin), 

143.40 (Cmin), 143.38 (Cmin), 141.19 (Cmin), 141.15, 141.14, 141.07 (Cmin), 

127.80, 127.75 (Cmin), 127.73 (Cmin), 127.63, 127.13, 127.09 (Cmin), 125.19, 

125.16, 125.11 (Cmin), 125.04 (Cmin), 124.92, 124.86 (Cmin), 124.73 (Cmin), 

123.18, 123.15 (Cmin), 121.53, 120.17 (Cmin), 120.12, 120.10, 116.13 (Cmin), 

111.93 (Cmin), 111.57 (Cmin), 111.52, 105.94, 105.38 (Cmin), 67.23, 67.19 

(Cmin), 67.03 (Cmin), 63.12 (Cmin), 62.96, 62.62 (Cmin), 52.58 (Cmin), 52.16, 

49.67 (Cmin), 46.76 (Cmin), 46.71, 46.62 (Cmin). 

ESI-HRMS: calculated for C27H23N1NaO5 ([M+Na]+): 464.14684, found: 464.14681. 
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ethyl 2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(furan-2-yl)acetate (215) 

Prepared following General Procedure E, from N,O-acetal 

54 (38.4 mg, 0.1 mmol, 1.0 equiv.) and furan (83, 16 µL, 

0.2 mmol, 2.0 equiv.) in CyMe (1.0 mL) using IDPi-10-c 

(13.4 mg,  5 µmol, 5 mol%) over 5 d reaction time at 30 °C. 

Purification by silica gel flash column chromatography 

(eluent: i-hexanes/MTBE 4:1) gave 215 as white solid (20 mg, 40 µmol, 40%). 

 

  

2D-LC: (1. dimension: 100 mm Zorbax RX-Sil, n-heptane/i-PrOH 99.5:0.5, 308 K, 

220 nm): tR (major regioisomer) = 3.1 min, tR (minor regioisomer) = 3.3 min, 

r.r. = 82:18. 

(2. dimension: Chiralpak IB-3, n-heptane/i-PrOH 80:20, 298 K, 220 nm): tR 

(minor enantiomer) = 5.9 min, tR (major enantiomer) = 6.9 min, e.r. = 

97.5:2.5 (95% e.e.). 

[∝]𝑫𝟐𝟓: –95.8 (c = 0.12, CHCl3). 

r.r. 82:18 (favoring the 2-position), determined via 1H-NMR analysis and HPLC 

analysis.  The connectivity of the benzofurane ring of the major regioisomer 

to the glycine scaffold was determined based on the following characteristic 

cross peak: HMBC (C20 to H18), see section 11 for further details. 

1H-NMR: (501 MHz, CDCl3): δ =  7.84 (dd, J = 7.5, 1.0 Hz, 2H), 7.67 (d, J = 7.5 Hz, 

2H), 7.48 (s, 1H), 7.42 (tt, J = 7.5, 0.9 Hz, 2H), 7.34 (tdd, J = 7.5, 2.1, 1.1 

Hz, 2H), 6.49 (d, J = 8.0 Hz, 1H), 6.40 (d, J = 13.0 Hz, 2H), 5.40 (d, J = 8.0 

Hz, 1H), 4.36 (p, J = 10.1 Hz, 2H), 4.24 (t, J = 6.9 Hz, 1H), 4.21 – 4.15 (m, 

2H), 1.20 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 169.70, 145.04, 144.06, 142.13, 128.71, 128.10, 

126.17, 120.97, 111.68, 109.54, 67.59, 62.84, 55.28, 53.24, 47.93, 30.85, 

14.33. 

ESI-HRMS: calculated for C23H21N1NaO5 ([M+Na]+): 414.13119, found: 414.13156. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) 

= 7.0 min, tR (major) = 11.1 min, e.r. = 80:20 (60% e.e.). 
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7.1.6 Friedel–Crafts Reaction with Differing N,O-acetals 

 
ethyl (R)-2-(((benzyloxy)carbonyl)amino)-2-(p-tolyl)acetate (216) 

Prepared following General Procedure D, from N,O-acetal 46 

(29.5 mg, 0.1 mmol, 1.0 equiv.) and toluene (3, 1.0 mL) using IDPi-

01-a (8.9 mg, 5 µmol, 5 mol%) over 24 h reaction time at 30 °C. 

Purification by silica gel flash column chromatography (eluent: 

i-hexanes/MTBE 4:1) gave 216 as colorless oil (15.7 mg, 

48.0 µmol, 48%). 

  

TLC: Rf (i-hexanes/EtOAc 3:1) = 0.65. 
1H-NMR: (501 MHz, CDCl3):  mixture of two regioisomers with a ratio of 1:0.05 and 

two rotamers of the main regioisomer with a ratio of 1:0.27. δ 7.39 – 7.28 (m, 

5H), 7.25 (d, J = 7.5 Hz, 2H), 7.16 (d, J = 7.7 Hz, 2H), 5.79 (d, J = 7.4 Hz, 

1Hmaj), 5.60 (s, 1Hmin), 5.32 (d, J = 7.4 Hz, 1Hmaj), 5.18 (s, 1Hmin), 5.09 (q, J = 

12.3 Hz, 2H), 4.30–4.05 (m, 2H), 2.49 (s, 3Hmin), 2.34 (s, 3Hmaj), 1.21 (t, J = 

7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.08, 155.47, 138.50, 136.35, 133.96, 129.74, 

128.67, 128.33, 128.31, 127.15, 67.20, 62.01, 57.88, 21.29, 14.14. 

ES-HRMS: calculated for C19H21N1NaO4 ([M+Na]+): 350.13627, found: 350.13632. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 96:4, 1 mL/min, 25 °C, 206 nm): 

tR (minor) = 7.9 min, tR (major) = 8.7 min, e.r. = 83.5:16:5 (67% e.e.). 

[∝]𝑫𝟐𝟓= –66.7 (c = 0.11, CHCl3). 

r.r. 20:1 (favoring the para isomer), determined via 1H-NMR analysis. 
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ethyl 2-(((benzyloxy)carbonyl)amino)-2-(2,4,6-trimethoxyphenyl)acetate (217) 

 Prepared following General Procedure E with deviations, from 

hemiaminal 46 (12.7 mg, 0.05 mmol, 1.0 equiv.) and 1,3,5-

trimethoxybenzene (42, 42 mg, 0.25 mmol, 5 equiv.) using IDPi-

01-a (0.9 mg, 0.5 µmol, 1 mol%) in CH2Cl2 (0.1 M) over 36 h 

reaction time at 30 °C. Purification by preparative thin layer 

chromatography (eluent: i-hexanes/EtOAc 2:1) afforded 217 as 

white solid (12 mg, 0.030 mmol, 60%). 

 

ethyl 2,2-bis(2,4,6-trimethoxyphenyl)acetate (47) 

Obtained following General Procedure E with deviations, from 

hemiaminal 46 (50.7 mg, 0.2 mmol, 1.0 equiv.) and 1,3,5-

trimethoxybenzene (42, 168 mg, 1.0 mmol, 5 equiv.) using HNTf2 

(0.2 M stock solution in CH2Cl2, 0.1 mL, 20 µmol, 10 mol%) in 

CH2Cl2 (0.1 M) over 36 h reaction time at 30 °C. Purification by 

silica gel flash column chromatography (eluent: i-hexanes/MTBE 

9:1 ⟶	1:1) afforded 47 as white crystalline solid (63 mg, 0.16 mmol, 78%). 

 

  

TLC: Rf (i-hexanes/EtOAc 2:1) = 0.45. 
1H-NMR: (501 MHz, CDCl3): mixture of two rotamers with a ratio of 1:0.2. δ 7.41 – 

7.28 (m, 5H), 6.11 (s, 2Hmaj), 6.09 (s, 2Hmin), 6.03 (d, J = 9.8 Hz, 1Hmaj), 5.94 

(d, J = 9.9 Hz, 1Hmin), 5.85 (d, J = 9.8 Hz, 1Hmaj), 5.66 (d, J = 9.4 Hz, 1Hmin), 

5.12 (q, J = 12.3 Hz, 2H), 4.21 – 4.07 (m, 2H), 3.81 (s, 3H), 3.80 (s, 6H), 1.16 

(t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 172.07, 161.45, 158.78, 156.31, 136.67, 128.61, 

128.33, 128.18, 107.44, 90.96, 67.01, 61.36, 56.04, 55.50, 48.30, 14.32. 

ES-HRMS: calculated for C21H25N1NaO7 ([M+Na]+): 426.15232, found: 426.15218. 

TLC: Rf (i-hexanes/EtOAc 2:1) = 0.30. 
1H-NMR: (501 MHz, CDCl3): δ = 6.09 (s, 4H), 5.63 (s, 1H), 4.16 (q, J = 7.1 Hz, 2H), 

3.77 (s, 6H), 3.68 (s, 12H), 1.21 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ =  173.80, 159.73, 159.37, 110.03, 91.39, 60.37, 56.18, 

55.30, 37.12, 14.48. 

ES-HRMS: calculated for C22H28NaO8 ([M+Na]+): 443.16764, found: 443.16776. 
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methyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(p-tolyl)acetate (218) 

Prepared following General Procedure D with deviations, from 

N,O-acetal 53 (36.9 mg, 0.1 mmol, 1.0 equiv.) and toluene (3, 

1.0 mL) using IDPi-01-a (8.9 mg, 5 µmol, 5 mol%) over 24 h 

reaction time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) gave 218 as 

white solid (15.1 mg, 37.6 µmol, 38%). 

 

isopropyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(p-tolyl)acetate (219) 

Prepared following General Procedure D with deviations, from 

N,O-acetal 55 (39.7 mg, 0.1 mmol, 1.0 equiv.) and toluene (3, 

1.0 mL) using IDPi-01-a (8.9 mg, 5 µmol, 5 mol%) over 24 h 

reaction time at 30 °C. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 4:1) afforded 219 as 

white solid (16.8 mg, 39.1 µmol, 39%). 

 

TLC: Rf (i-hexanes/MTBE 2:1) = 0.62. 
1H-NMR: (501 MHz, CDCl3): mixture of two regioisomers with a ratio of 1:0.07 and 

two rotamers of the main regioisomer with a ratio of 1:0.18. δ 7.76 (d, J = 

7.6 Hz, 2H), 7.58 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.5 Hz, 2H), 7.35–7.21 (m, 

4H), 7.19 (d, J = 8.0 Hz, 2H), 5.81 (d, J = 7.4 Hz, 1Hmaj), 5.74 (d, J = 7.3 Hz, 

1Hmin), 5.68 (s, 1Hmin), 5.62 (d, J = 7.5 Hz, 1Hmin), 5.35 (d, J = 7.3 Hz, 1Hmaj), 

5.11 (s, 1Hmin), 4.47–4.32 (m, 2H), 4.22 (t, J = 7.2 Hz, 1Hmaj), 4.15 (s, 1Hmin), 

3.74 (s, 3Hmaj), 3.70 (s, 3Hmin), 2.49 (s, 1Hmin), 2.35 (s, 3Hmaj). 
13C-NMR: (126 MHz, CDCl3): δ = 171.65, 155.51, 144.00 (Cmin), 143.90 (Cmaj), 141.43, 

138.70, 133.73, 129.85, 127.84, 127.24, 127.21, 125.22, 120.12, 67.28, 

57.83, 52.96, 47.29, 21.31. 

ESI-HRMS: calculated for C25H23N1NaO4 ([M+Na]+): 424.15192, found: 424.15216. 

HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 96:4, 1 mL/min, 25 °C, 254 nm): 

tR (minor) = 15.6 min, tR (major) = 33.4 min, e.r. = 90:10 (80% e.e.). 

[∝]𝑫𝟐𝟓= –67.9 (c = 0.11, CHCl3). 

r.r. 93.5:6.5 (favoring the para isomer), determined via 1H-NMR analysis. 
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isopropyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(p-tolyl)acetate (220) 

Prepared following General Procedure E with deviations, from 

hemiaminal 41 (44.7 mg, 0.2 mmol, 1.0 equiv.) and 1,3,5-

trimethoxybenzene (42, 168 mg, 1 mmol, 5 equiv.) using HNTf2 

(0.2 M stock solution in CH2Cl2, 0.1 mL, 20 µmol, 10 mol%) in 

CH2Cl2 (0.1 M) over 14 h reaction time at 30 °C. Purification by 

silica gel flash column chromatography (eluent: i-hexanes/EtOAc 

10:1 ⟶	1:1) afforded 220 as white solid (52 mg, 1.4 mmol, 70%). 

 

  

TLC: Rf (i-hexanes/MTBE 2:1) = 0.75. 
1H-NMR: (501 MHz, CDCl3): mixture of two regioisomers with a ratio of 1.0:0.03 and two 

rotamers of the main regioisomer with a ratio of 1.0:0.23. δ 7.76 (d, J = 7.6 Hz, 2H), 

7.59 (d, J = 7.5 Hz, 2H), 7.40 (t, J = 7.6 Hz, 2H), 7.35–7.19 (m, 4H), 7.17 (d, J = 

7.7 Hz, 2H), 5.83 (d, J = 7.4 Hz, 1Hmaj), 5.73 (s, 1Hmin), 5.57 (d, J = 7.5 Hz, 1Hmin), 

5.30 (d, J = 7.4 Hz, 1Hmaj), 5.12 (d, J = 5.4 Hz, 1Hmin), 5.06 (p, J = 6.2 Hz, 1H), 4.38 

(qd, J = 10.7, 7.3 Hz, 2H), 4.22 (t, J = 7.2 Hz, 1H), 4.15 (s, 1Hmin), 2.50 (s, 3Hmin), 

2.35 (s, 3Hmaj), 1.28 (d, J = 6.2 Hz, 3H), 1.12 (d, J = 6.2 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 170.64, 155.51, 144.04, 143.94, 141.42, 138.38, 134.04, 

129.70, 127.82, 127.19, 127.10, 125.25, 120.10, 69.80, 67.23, 57.95, 47.30, 21.86, 

21.50, 21.30. 

ESI-HRMS: calculated for C27H27N1NaO4 ([M+Na]+): 452.18322, found: 452.18347. 

HPLC: (Chiralpak IC-3 column, n-heptane/i-PrOH 90:10, 1 mL/min, 25 °C, 254 nm): 

tR (minor) = 10.9 min, tR (major) = 19.9 min, e.r. = 89.5:10.5 (79% e.e.). 

[∝]𝑫𝟐𝟓= –55.2 (c = 0.14, CHCl3). 

r.r. 97:3 (favoring the para isomer), determined via 1H-NMR analysis. 

1H-NMR: (501 MHz, CDCl3): 7.83 – 7.77 (m, 2H), 7.51 – 7.44 (m, 1H), 7.44 – 7.38 

(m, 2H), 7.23 (d, J = 9.1 Hz, 1H), 6.51 (d, J = 9.1 Hz, 1H), 6.15 (s, 2H), 4.23 

– 4.10 (m, 3H), 3.86 (s, 6H), 3.82 (s, 3H), 1.18 (t, J = 7.1 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 171.91, 166.79, 161.47, 159.07, 134.87, 131.46, 

128.56, 127.33, 91.23, 61.44, 56.22, 55.53, 46.89, 14.34. 

ESI-HRMS: calculated for C20H23N1NaO6 ([M+Na]+): 396.14176, found: 396.14210. 
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Gram-Scale Synthesis of Arylglycine Derivates 

Figure 7.1: Gram-scale synthesis of arylglycine derivates. 

 

Gram-Scale Synthesis of: ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-(4-

methoxy-3-(trimethylsilyl)phenyl)acetate (205) 

N,O-acetal 54 (1.0 g, 2.60 mmol, 1.0 equiv.) was given to a 

flame-dried 100 mL Schlenk tube under an atmosphere of 

argon followed by IDPi-10-c (70 mg, 26.1 µmol, 1 mol%). 

The tube was cooled to –78 °C and n-hexane (27 mL) was 

added followed by the dropwise addition of (2-

methoxyphenl)trimethylsilane (75, 0.98 mL, 5.22 mmol, 

2.0 equiv.). The heterogeneous mixture was allowed to warm to room temperature and then 

stirred at 30 °C for 60 h whereupon complete conversion of N,O-acetal 54 was observed. The 

reaction was quenched with triethylamine (30 µL), adsorbed on celite® and purified via flash 

column chromatography on silica gel (eluent: i-hexanes/MTBE 5:1 ⟶ 2:1) to yield the desired 

arylglycine 205 (1.0 g, 1.99 mmol, 77%) as white solid. 
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For the analytical data of 205 isolated herein, see the corresponding entry at section 5.2 of this 

supporting information. 

To reisolate IDPi-10-c, the silica gel column was flushed (eluent: CH2Cl2/EtOAc 99:1) after 

complete elution of arylglycine 205. The obtained solution was concentrated and the residue 

was purified via flash column chromatography on silica gel (eluent: i-hexanes/CH2Cl2 1:1 ⟶ 

CH2Cl2/EtOAc 99.5:0.5) to yield IDPi-10-c as salt. After acidification over DOWEX 50WX8 

(H-form, eluted with CH2Cl2), the reisolated catalyst IDPi-10-c (46 mg, 17.1 µmol, 66%) was 

obtained spectroscopically pure as off-white solid.  

 

Gram-Scale Synthesis of ethyl (R)-2-((((9H-fluoren-9-yl)methoxy)carbonyl)amino)-2-

(benzofuran-2-yl)acetate (214) 

N,O-acetal 54 (1.0 g, 2.60 mmol, 1.0 equiv.) was given to a 

flame-dried 100 mL Schlenk tube under an atmosphere of argon 

followed by IDPi-10-c (70 mg, 26.1 µmol, 1 mol%). The tube 

was cooled to –78 °C and CyMe (27 mL) was added followed 

by the dropwise addition of benzofuran (82, 0.57 mL, 

5.22 mmol, 2.0 equiv.). The heterogeneous mixture was allowed 

to warm to room temperature and then stirred at 30 °C for 5 d whereupon complete conversion 

of the N,O-acetal 54 was observed. The reaction was quenched with triethylamine (30 µL), 

adsorbed on celite® and purified via flash column chromatography on silica gel (eluent: 

i-hexanes/MTBE 5:1 to 3:1) to yield the desired arylglycine 214 (1.06 g, 2.40 mmol, 92%) as 

white solid with an enantiomeric ratio of 94.5:5.5 and a regioisomeric ratio of 86:14. The 

compound 214 can be recrystallized from i-hexanes and CH2Cl2 to yield arylglycine 214 (0.98 

g, 2.22 mmol, 85%) as white solid with an increased enantiomeric ratio of 98:2 and a 

regioisomeric ratio of 91:9 after a single recrystallization. 

For the analytical data of 214 isolated herein, see the corresponding entry at section 5.2 of this 

supporting information. LC-data of the recrystallized compound as to be found below: 

 

To reisolate IDPi-10-c, the silica gel column was flushed (eluent: CH2Cl2/EtOAc 99:1) after 

complete elution of arylglycine 214. The obtained solution was concentrated and the residue 

2D-LC: (1. dimension: 100 mm Zorbax RX-Sil, n-heptane/i-PrOH 99.5:0.5, 308 K, 220 nm): 

tR (major regioisomer) = 3.1 min, tR (minor regioisomer) = 3.3 min, r.r. = 91:9. 

(2. dimension: Chiralpak IB-3, n-heptane/i-PrOH 80:20, 298 K, 220 nm): tR (minor 

enantiomer) = 5.9 min, tR (major enantiomer) = 6.9 min, e.r. = 97.5:2.5 (95% e.e.). 
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was purified via flash column chromatography on silica gel (eluent: i-hexanes/CH2Cl2 1:1 ⟶ 

CH2Cl2/EtOAc 99.5:0.5) to yield IDPi-10-c as salt. After acidification over DOWEX 50WX8 

(H-form, eluted with CH2Cl2), the reisolated catalyst IDPi-10-c (31 mg, 11.5 µmol, 44%) was 

obtained spectroscopically pure as off-white solid.  

 

7.1.7 Determination of the Absolute Configuration  
 

The absolute configuration of the produced arylglycine products was determined via 

comparison with an enantiopure sample as described below: commercially available 

enantiopure D-(–)-phenylglycin-ethylester hydrochloride (221, purchased from 

https://www.sigmaaldrich.com/DE/de, CAS registry number = 17609-48-2) was transformed to 

the N-Fmoc protected amino acid ester 63 (scheme 7.2). HPLC-analysis and subsequent 

comparison with arylglycine 63 prepared following General Procedure D using IDPi-13-f (see 

scheme 4.4) shows formation of the (R)-arylglycine 63 as predominant enantiomer.  

 

 

 

 

 

Scheme 7.2: Synthesis of phenylglycine 63 from commercial enantiopure amino acid 221. 

 

ethyl (R)-2-((((9H-fluoren-9-yl)oxy)carbonyl)amino)-2-phenylacetate (63) 

Following a procedure reported by Hulme, ethyl (R)-2-amino-

2-phenylacetate hydrochloride (221, e.r. > 99:1, 500 mg, 

2.31 mmol, 1.0 equiv.) was given to a round bottom flask, 

dissolved in dioxane (7 mL) and a 15% aqueous solution of 

Na2CO3 (7 mL) was added. The mixture was cooled to 0 °C and 

stirred for 10 min, then 9-fluorenylmethoxycarbonylchlorid (600 mg, 2.31 mmol, 1.0 equiv.) 

was added in one portion, the mixture was allowed to warm to room temperature and stirred for 

18 h. Water (20 mL) and CH2Cl2 (20 mL) was added, the layers were separated and the organic 

layer was washed with water (3 x 20 mL) and brine (20 mL) and then dried (Na2SO4). The 

solution was concentrated under reduced pressure to yield the desired carbamate 63 (915 mg, 

2.30 mmol, 98%) as white solid which was used as reference without further purification. 
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HPLC: (Chiralpak IB-3 column, n-heptane/i-PrOH 95:5, 298 K, 254 nm): tR (minor) = 

13.3 min, tR (major) = 19.2 min, e.r. > 99.5:0.5 (>99% e.e.). 
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Figure 7.1: HPLC-traces of racemic 63, obtained using HNTf2 as achiral catalyst. 

 

 

 

 

 

 

 

 

 

 

Figure 7.2: HPLC-traces of enantioenriched (R)-63, obtained from enantiopure 221. 

 

 

 

 

 

 

 

 

 

 

Figure 7.3: HPLC-traces of enantioenriched 63, obtained using IDPi-13-f as chiral catalyst. 
  

Peak Ret. Time 

(min) 

Area (%) 

1 13.26 50.24 

2 19.36 49.76 

Peak Ret. Time 

(min) 

Area (%) 

1 13.25 0.13 

2 19.18 99.87 

Peak Ret. Time 

(min) 

Area (%) 

1 13.27 18.75 

2 19.26 81.25 
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7.1.8 Mechanistic Investigations 

 

Reactivity Assessment via Acetate Scrambling Experiments 
 

During initial reaction optimization studies, we noticed that only a small choice of highly acidic 

(S,S)-IDPi catalysts are able to promote C–C bond formation in the Friedel–Crafts reaction 

between N,O-acetals 54 and toluene (3). To gain insights in the limiting factors that prevent 

product formation using less acidic catalysts, we were interested in the development of tools 

that enable the monitoring of the interaction between the used N,O-acetals 54 and (S,S)-IDPis. 

Based on earlier studies, we expected iminium ion formation upon reaction of 54 with the IDPi-

catalyst followed by ion pair X formation with the corresponding anion of the IDPi be a possible 

reaction pathway.205 To investigate the latter, we designed an “acetate scrambling” experiment 

(exchange of acetate-h3 and acetate-d3 on N,O-acetal 54 as described in scheme 7.3) promoted 

by Brønsted acid catalysts adding deuterated acetic acid as mechanistic probe: 

 

 

 

 

 

Scheme 7.3: Design and mechanistic concept of the acetate scrambling experiments. 

 

 
Figure 7.4: Quantification of the acetate scrambling experiment via 1H-NMR analysis 

(exemplified spectroscopic data collected for the reaction with IDPi-01-a). 
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The respective catalyst (2.5 µmol, 5 mol%) and N,O-acetal 54 (19.2 mg, 50 µmol, 1.0 equiv.) 

were given to an oven dried NMR tube, the tube was placed under an atmosphere of argon and 

a solution of acetic acid-d4 in PhMe-d8 (0.071 M solution, 0.7 mL, 50 µmol acetic acid-d4, 1.0 

equiv.) was added. The tube was shaken and the homogeneous mixture was directly monitored 

via 1H-NMR analysis. The equilibration between 54-h3 and 54-d3 was observed through the 

formation of free acetic acid-h3 (signal at ca 1.58 ppm) and the decrease of the signal 

corresponding to the acetate group of 54-h3 (signal at ca 1.65 ppm) using the signal of the 

methyl group of the ethyl ester terminus as relatively constant reference (signal at ca 0.9 ppm, 

sum of 54-h3 and 54-d3).  

General Remark for the Evaluation of Kinetic NMR Experiments: Kinetic 1H-NMR 

experiments were generally acquired with single scans (30° pulses) until an appropriate 

conversion was reached. The data was then imported with the Reaction Monitoring Plugin into 

MNOVA 14.3.2 and processed therein (phase correction, baseline correction, integration). 

Unless noted otherwise, the first NMR spectrum of each kinetic series was used as absolute 

concentration reference using total CH3COOX integral (AcOH + AcOX) as reference signal (= 

100 mol%). This integral was found to be constant for all reactions performed. For the reaction 

with additional AcOH, the acetate signal of the starting material was used as reference signal 

(= 100 mol%). As this point no significant conversion was observed. 

The observed rates are shown in the diagrams below: 

 
Figure 7.5: Observed rates of equilibration in the acetate scrambling experiments. 
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Without the presence of an acid catalyst, no acetate scrambling can be observed in the chosen 

timescale (left diagram upper row). Similarly, using IDPi-02-a (inactive in the Friedel–Crafts 

reaction towards 56), only extremely slow exchange of acetate-h3 with acetate-d3 in 54 can be 

found (middle diagram upper row). When catalyst IDPi-01-a (active in the Friedel–Crafts 

reaction towards 56) however is used, complete equilibration between 54-h3 and 54-d3 is 

observed within 40 minutes (right diagram upper row). This significant difference in the rate of 

equilibration observed for IDPi-01-a in comparison with IDPi-02-a is in agreement with the 

respective catalyst’s activity (or inactivity) in the Friedel–Crafts reaction between 54 and the 

arenes 3 investigated herein.  

Based on these experiments as well as previous investigations using reactive iminium ion 

intermediates, we propose the formation of ion pair X from 54 and IDPi-01-a as crucial 

intermediate for the subsequent Friedel–Crafts reaction.205 The less acidic catalyst IDPi-02-a 

however is not able to sufficiently activate N,O-acetal 54 towards the formation of ion pair X 

(or to sufficiently stabilize ion pair X and to therefore prolonging its lifetime so that the 

subsequent nucleophilic attack of arene substrates 3 is possible).  

Intriguingly, using HNTf2 as catalyst, complete equilibration between 54-h3 and 54-d3 can be 

observed before the first NMR measurement was performed (left diagram bottom row). 

Furthermore, consumption of 54 towards arylglycin 56 can be observed in the investigated 

timescale, leading to additional release of AcOD-h3 (see middle and right diagram bottom row). 
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Investigation of Inhibitory Effects of Acetic Acid 
 

As described in section 7.1 of this experimental section, we propose the formation of ion pair 

X from N,O-acetal 54 and (S,S)-IDPi catalysts in an equilibrium state to be a crucial 

intermediate towards the subsequent Friedel–Crafts type formation of arylglycine products. 

Consequentially, the concentration of free acetic acid in the system, released from the leaving 

group of converted N,O-acetal 54, should increase with the proceeding of the reaction, shifting 

the equilibrium away from ion pair X and therefore slowing down the reaction or even 

inhibiting it completely at higher levels of conversion (scheme 7.4).  

 
Scheme 7.4: Ion pair X formation towards the formation of arylglycine 56. 

To further investigate the inhibitory effects of acetic acid in the Friedel–Crafts reaction reported 

herein, the rates of reaction of 54 with anisole (26) as mechanistic probe towards arylglycine 

56 using IDPi-10-c were measured with an optional addition of acetic acid:  

 
Figure 7.6: Concept and measured rates for the acetic acid inhibition experiment. 

 

IDPi-10-c (6.7 mg, 2.5 µmol, 5 mol%) and N,O-acetal 2c (19.2 mg, 50 µmol, 1.0 equiv.) were 

given to an oven dried NMR tube, the tube was placed under an atmosphere of argon and a 

stock solution of anisole (26) in C6D6 (0.143 M solution, 0.7 mL, 0.1 mmol of 26, 2.0 equiv.) 

or a stock solution of anisole (26) and acetic acid (0.143 M solution regarding 26, 0.0712 M 

regarding acetic acid, 0.7 mL, 0.1 mmol of 26, 2.0 equiv. of 26; 0.05 mmol of acetic acid, 

1.0 equiv. of acetic acid) was added. The tube was shaken and the homogeneous mixture was 

directly monitored via 1H-NMR analysis. The conversion of starting material 54 was monitored 
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through the decrease of 54’s acetate signals (signals at 1.56 ppm) and the formation of the 

Friedel–Crafts product 56 was monitored via the product 56’s Ar–O–CH3 signal (figure 7.7).  

 

 
Figure 7.7: Determination of reaction rates via 1H-NMR (exemplified in the reaction without 

AcOH). 
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with additional AcOH, the acetate signal of the starting material was used as reference signal 

(= 100 mol%). As this point no significant conversion was observed. 

As displayed above (figure 7.7), a significantly slower rate of product 56 formation can be 

observed upon addition of 1.0 equivalent of acetic acid compared to the reference reaction 

without additional acetic acid. This observation supports the suggested inhibitory properties of 

acetic acid for the formation of product 56 under the described reaction conditions.  

To investigate the effect of additional acetic acid on the enantioselectivities of the products, the 

following experiments have been carried out: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 7.8: Effect of additional AcOH on the enantiomeric ratios of the products. 

 

An oven dried 1 mL screwcap vial equipped with a magnetic stirring bar was charged with the 

catalyst (5 mol%) and N,O-acetal 54 (9.6 mg, 1.0 equiv., 0.025 mmol). The vial was evacuated 

under high vacuum and subsequently placed under an atmosphere of argon. Solvent (0.3 mL) 

was added quickly followed by 26 (optional for entries 3 and 4, 5.4 µL, 2.0 equiv., 0.05 mmol), 

the vial was sealed and the mixture was stirred at 30 °C for 24 h. The reaction was then quenched 

via addition of triethylamine (0.3 M solution in PhMe, 50 µL), dimethylsulfone (2.0 M solution 

in MeCN, 12.5 µL, 1.0 equiv.) was added as internal standard and the mixture was diluted with 

CHCl3 (0.2 mL). An aliquot of the reaction was diluted with CDCl3 (0.6 mL) and analyzed via 
1H-NMR to determine the reaction yield. The remaining mixture was purified via preparative 
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thin layer chromatography (PTLC) for the subsequent HPLC analysis for the determination of 

the enantiomeric ratio.  

For toluene (3), addition of AcOH significantly slows down the reaction which leads to visibly 

lower yields for product 56 (entries 1 and 2). The enantiomeric ratio of the formed product 1a 

however was found to be identical for both reactions. 

For the reaction of anisole (26), the yield on product 69 is very similar for both reactions (entries 

3 and 4, with or without additional AcOH), which is most likely due to the increased 

nucleophilicity of 26. The enantiomeric ratio was found to be very similar for both reactions 

with a slightly increased enantiomeric ratio for the reaction with additional AcOH.  

As described above, the influence of additional AcOH on the observed enantiomeric ratio is 

only minimal. On the basis of these experiments we therefore conclude that a potential kinetic 

resolution of starting material 54 does not play a relevant role in the process investigated herein.  
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Kinetic Isotope Effect Studies 

 

As a mechanistic probe towards the determination of the rate limiting step of the Friedel–Crafts 

reaction between N,O-acetal 54 and toluene (3), direct competition kinetic isotope effect (KIE) 

studies were performed as described below (scheme 7.9): 

 

 

 

 

 

 

Scheme 7.9: Direct competition KIE studies with a 1:1 mixture of toluene-h8 and toluene-d8. 

 

IDPi-01-a (8.9 mg, 5 µmol, 5 mol%) was given to a flame dried Schlenk tube under an 

atmosphere of argon followed by N,O-acetal 54 (38.3 mg, 0.1 mmol, 1.0 equiv.). 1 mL of a 1:1 

(v/v) mixture of toluene-h8 and toluene-d8 (premixed, equals 4.694 mmol toluene-h8 and 4.706 

mmol toluene-d8, ratio PhMe-h8/PhMe-d8 = 0.998:1) was added and the mixture was stirred at 

30 °C for 48 h. The reaction was then stopped via the addition of NEt3 (stock solution, 0.3 M 

in CH2Cl2, 200 µL) and applied directly on a silica gel column equilibrated with i-hexanes. The 

mixture was flushed with i-hexanes (100 mL) and then purified via flash column 

chromatography on silica gel (i-hexanes/MTBE 4:1) to yield the mixture of arylglycine 56-h7 

and 1a-d7. The experiment was performed twice, and the average of both experiments was used 

for the determination of the KIE. The KIE was determined via NMR analysis (ratio of 56-h3 to 

56-d3) of the isolated product 56 as described below:  

With regards to the high excess of toluene in the system (3-h8 as well as 3-d8), changes in 

concentration of arene 3 were neglected for the determination of the KIE at hand. The average 

of three different signal sets was used, taking into account both rotameric species if present:  

 

1.) Ratio of H at C6 (56-h7 + 56-d7, 5.25 ppm and 

5.10 ppm) to CH3 at C5 (56-h7 only, 2.31 ppm and 

2.35 ppm), determined via 1H-NMR. 

2.) Ratio of C6 (C𝜶) in 56-h7 (57.5 ppm and 57.9 ppm) 

to C6 (C𝜶) in 56-d7 (57.4 ppm and 57.8 ppm) via 

13C-NMR (integration of the two separate peaks). 
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3.) Ratio of C1 in 56-h7 (Cipso, 170.82 ppm) to C1 in 56-d7 (Cipso, 170.85 ppm) via 13C-

NMR (integration of the two separate peaks). 

 

The corresponding spectra are shown below (figures 7.8-7.11). 

 

 
Figure 7.8: Experiment 1 for the determination of the KIE. 
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Figure 7.9: Experiment 2 for the determination of the KIE. 

 
Figure 7.10: Full 1H-NMR spectrum (exemplarily for experiment 1) for the determination of 

the KIE. 
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Figure 7.11: Full 13C-NMR spectrum (exemplarily for experiment 1) for the determination of 

the KIE. 

 

Based on the above measurements (figure 7.8 and 7.9), the KIE was determined as average of 

both experiments: 

KIE =
(KIE& + KIE')

2 = 1.545 

The corresponding standard deviation was determined as follows: 

𝜎()* =	C
𝜎&'

2' +
𝜎''

2' =
C0.07

'

2' +
0.04'

2' = 0.040 

On the basis of the above calculations, a resulting KIE of 1.545 ± 0.040 could be determined.  
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Catalyst Stability Studies 

 

Initial studies on the Friedel–Crafts reaction of N,O-acetal 54 with toluene (3) quickly revealed 

that the highly reactive nature of the electrophile (or rather its corresponding iminium ion) leads 

to visible hydrolysis of the (S,S)-IDPi’s phosphoramide core which results in a stepwise 

degradation of the catalyst to the corresponding iminoimidodiphosphate (iIDP) and finally to 

the corresponding imidodiphosphate (IDP) (figure 7.12).  

 

Figure 7.12: Stepwise degradation IDPi-catalysts. 

 

As iIDP’s as well as IDP’s proved to be inactive in the Friedel–Crafts reaction investigated 

herein (see table 4.4), hydrolysis of the catalytically active IDPi catalysts represents a problem 

that hinders successful C–C bond formation. To avoid this problem, we therefore optimized our 

catalysts to not only yield the desired arylglycine products with increased enantiomeric- and 

regioisomeric ratios, but also to be more resistant towards hydrolytic degradation which, 

consequentially, correlates with increased yields.  

Finally, optimized catalysts IDPi-10-c and IDPi-13-c, used for the reaction scope (see scheme 

4.4 and 4.7) were found to be significantly more resilient towards hydrolytic degradation 

compared to benchmark IDPi-01-a as determined via 31P-NMR studies (figure 7.13) described 

as follows: 

Evaluation of the stability of catalyst IDPi-13-c compared to benchmark catalyst IDPi-01-a: 

The respective catalyst (1.25 µmol, 5 mol%) and N,O-acetal 54 (9.6 mg, 25 µmol, 1.0 equiv.) 

were given to an oven dried screwcap vial. The vial was placed under an atmosphere of argon 

and PhMe (0.3 mL) was added. The mixture was stirred at 30 °C for 20 h and then quenched 
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and analyzed via 31P-NMR to determine the relative amount of catalyst degradation (see figure 

7.13). 

Evaluation of the stability of catalyst IDPi-13-c compared to benchmark catalyst IDP-01-a: 

The respective catalyst (1.25 µmol, 5 mol%) and N,O-acetal 54 (9.6 mg, 25 µmol, 1.0 equiv.) 

were given to an oven dried screwcap vial. The vial was placed under an atmosphere of argon 

and n-pentane (0.3 mL) was added quickly followed by anisole (26, 5.4 µL, 50 µmol, 2.0 

equiv.). The mixture was stirred at 30 °C for 20 h and then quenched via with NEt3 (0.3 M 

solution in PhMe, 50 µL). The solution was transferred to an NMR tube and analyzed via 31P-

NMR to determine the relative amount of catalyst degradation towards and (figure 7.13).  
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Figure 7.13: 31P-NMR spectra to evaluate the stability of IDPi-13-c and IDPi-10-c.
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 Computational Methods 

 

Preliminary structures were generated at the GFN0-xTB206 level using the xtb program version 

6.6.0, followed by exploration of the conformational landscape at the same level of theory using 

Grimme’s Conformer–Rotamer Ensemble Sampling Tool (CREST)207, version 2.12. All 

resulting conformers were subsequently optimized at the GFN2-xTB level and, eventually, 

subjected to DFT geometry optimizations.208  

All DFT calculations were conducted using ORCA version 5.0.3.209 GFN2-xTB conformers 

were subjected to DFT-level geometry optimizations using the PBE exchange-correlation 

functional210 and Grimme’s DFT-D3 scheme211 with Becke–Johnson damping212 along with the 

def2-SVP basis set213 (VeryTightSCF convergence criterion) in Cartesian coordinates (COPT 

keyword). The Resolution of Identity (RI) approximation214 in the Split-RI-J variant215 using a 

corresponding auxiliary basis set216 was used. True ground-state structures were verified by 

subsequent vibrational frequency calculation at the same level of theory via absence of 

imaginary frequencies. 

Refined electronic energies were obtained using the M06-2X exchange-correlation 

functional217 in conjunction with the def2-TZVP basis set.  

Gibbs free energies were calculated using the M06-2X/def2-TZVP energies in combination 

with thermochemical corrections from the vibrational frequency calculations acquired by using 

Duarte’s otherm.py  in a 1 M solution standard state at 303 K.218,219 

 

Following this protocol, at total number of 41 ion pair conformers were evaluated at the M06-

2X/def2-TZVP | PBE-D3/def2-SVP level of theory. The conformer with the lowest Gibbs free 

energy was used for discussion. 
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Calculated Structure of Iminium Ion Pair X 

Figure 7.14: Calculated structure of iminium ion pair X (white = hydrogen; grey = carbon; 
red = oxygen; blue = nitrogen; yellow = sulfur; green = fluorine; orange = phosphorus). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.15: Calculated H–Bond interactions within ion pair X. 
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Figure 7.16: Calculated H–Bond interactions within ion pair X, interactions with the 

fluorenyl backbone of electrophile 54. 

 

 Molecular Electrostatic Potential  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.17: Isosurface of the electron density (𝝆 = 0.015) colored by electrostatic potential.  
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XYZ Structures 

 

Electronic energy (a. u.) | M06-2X/def2-TZVP    –14123.9575606678 

Thermochemical Corrections (a. u.) | PBE-D3(BJ)/def2-SVP  1.149237608 

Imaginary Frequencies       Zero 

Gibbs Free Energy (a. u.)       –14122.808323060 
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  C      -0.906655     -3.954359      1.360497 
  C      -2.339987     -6.221676      0.487907 
  C      -0.951913     -6.090862      0.237299 
  C      -0.204581     -4.990971      0.659172 
  O      -0.196048     -2.844007      1.778140 
  H      -0.451679     -6.891133     -0.324918 
  C      -4.399802     -5.384739      1.538031 
  C      -5.089304     -6.485035      1.051844 
  C      -4.428617     -7.473422      0.275882 
  C      -3.078350     -7.340028     -0.002867 
  H      -4.991417     -8.337188     -0.108110 
  H      -2.549849     -8.097153     -0.603163 
  H      -4.935992     -4.611419      2.100992 
  H      -6.167469     -6.576680      1.249816 
  P      -0.532931     -1.309445      1.242440 
  N       0.031395     -0.248493      2.285618 
  N       0.029722     -1.190224     -0.240984 
  O       2.007961     -0.330537     -1.648393 
  C       2.586421     -0.527625     -2.891564 
  C       2.212417     -1.613305     -3.691265 
  C       1.120195     -2.544260     -3.288518 
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  C      -0.143559     -2.023208     -3.011325 
  O      -0.256409     -0.648971     -2.813610 
  C      -1.314834     -2.822540     -2.853022 
  C      -1.151462     -4.204365     -2.860895 
  H      -2.033994     -4.854733     -2.760233 
  C       0.133901     -4.803262     -2.984073 
  C       0.301108     -6.216213     -2.879717 
  H      -0.597434     -6.841096     -2.762402 
  C       1.563881     -6.786862     -2.887110 
  H       1.688027     -7.871454     -2.755114 
  C       2.710953     -5.962766     -3.036864 
  H       3.711779     -6.417005     -2.992315 
  C       2.579304     -4.593838     -3.220582 
  H       3.471922     -3.965294     -3.332409 
  C       1.295307     -3.972798     -3.196061 
  C       2.891207     -1.807803     -4.949981 
  C       2.489842     -2.793314     -5.900649 
  H       1.615854     -3.422076     -5.685428 
  C       3.177939     -2.958422     -7.094160 
  H       2.843147     -3.722025     -7.812268 
  C       4.301750     -2.147659     -7.402557 
  H       4.840471     -2.291187     -8.351056 
  C       4.704750     -1.165158     -6.512906 
  H       5.561914     -0.514463     -6.745540 
  C       4.012520     -0.964167     -5.282307 
  C       4.397212      0.065507     -4.382631 
  H       5.260083      0.700152     -4.637151 
  C       3.691184      0.318639     -3.212301 
  P       0.400457     -0.153256     -1.370609 
  N       0.162545      1.440334     -1.228737 
  S      -0.138781     -0.192808      3.902157 
  C       1.566553     -0.687205      4.599614 
  S      -1.273099      2.119097     -1.381384 
  C      -1.063166      3.170580     -2.960427 
  O      -1.056074     -1.201681      4.479566 
  O      -0.280819      1.223429      4.314658 
  O      -1.466571      3.187925     -0.344158 
  O      -2.410860      1.208013     -1.608041 
  C       2.095688     -2.094310      4.202901 
  C      -0.507224      2.470811     -4.234297 
  F       1.401968     -0.662962      5.941829 
  F       2.485061      0.230010      4.248699 
  F       3.202536     -2.370270      4.919929 
  F       1.183726     -3.045160      4.446226 
  F       2.423739     -2.121535      2.898942 
  F      -0.542168      3.346407     -5.251679 
  F      -1.245703      1.404509     -4.557753 
  F       0.770240      2.081911     -4.055375 
  F      -0.233027      4.195743     -2.654422 
  F      -2.281725      3.674170     -3.257233 
  C      -3.750554      0.668739      2.374621 
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  C      -4.463519      0.903342      1.180887 
  C      -3.258695      1.756681      3.123682 
  C      -4.696460      2.219241      0.776882 
  C      -4.226256      3.319928      1.499311 
  C      -3.519968      3.054366      2.673707 
  H      -2.664514      1.574155      4.029399 
  H      -4.866239      0.055856      0.614740 
  H      -4.415294      4.343787      1.165220 
  C       1.274947     -5.034226      0.503915 
  C       2.097809     -3.911435      0.250458 
  H       1.645976     -2.927058      0.081212 
  C       3.488855     -4.080690      0.206296 
  C       4.107539     -5.328534      0.337753 
  H       5.194013     -5.443194      0.292152 
  C       3.269750     -6.429454      0.516769 
  C       1.889503     -6.300147      0.634802 
  H       1.278379     -7.183503      0.850650 
  C      -2.662448     -2.203398     -2.781447 
  C      -3.629757     -2.681809     -1.877457 
  C      -4.930291     -2.173064     -1.953177 
  C      -5.317823     -1.209348     -2.884660 
  H      -6.345312     -0.838534     -2.919404 
  C      -4.329051     -0.713042     -3.741023 
  C      -3.015527     -1.184368     -3.695077 
  H      -2.259574     -0.795308     -4.382721 
  C       4.153273      1.408180     -2.307922 
  C       5.472027      1.360046     -1.812301 
  H       6.097156      0.484697     -2.023855 
  C       5.960668      2.417657     -1.041298 
  C       5.189706      3.543826     -0.744574 
  H       5.587304      4.365650     -0.140358 
  C       3.887890      3.566411     -1.251713 
  C       3.344170      2.521266     -2.003695 
  H      -3.359166     -3.435923     -1.127228 
  H       2.314957      2.573772     -2.374979 
  S      -6.189305     -2.768538     -0.770780 
  S      -4.807701      0.572200     -4.969047 
  F      -5.682536     -0.521309     -5.818547 
  F      -3.502815      0.258071     -5.911930 
  F      -3.967367      1.731780     -4.177675 
  F      -6.153265      0.993934     -4.134231 
  F      -5.232666      1.701495     -6.073454 
  F      -6.732647     -1.245051     -0.467184 
  F      -7.322753     -2.930385     -1.939364 
  F      -5.132404     -2.621183      0.490189 
  F      -5.729575     -4.326009     -1.001333 
  F      -7.288883     -3.317006      0.305480 
  S      -2.978778      4.476887      3.689594 
  S      -5.700265      2.538644     -0.719371 
  F      -2.538887      5.346594      2.336016 
  F      -2.481868      5.765238      4.569381 
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  F      -3.385999      3.737287      5.084382 
  F      -1.456663      3.891775      3.805580 
  F      -4.459998      5.172073      3.615880 
  F      -6.984547      1.732979     -0.109570 
  F      -6.590223      2.863482     -2.054943 
  F      -5.196087      1.175149     -1.456134 
  F      -4.468542      3.380352     -1.414664 
  F      -6.298109      3.946175     -0.088695 
  H       0.800616      3.321817      4.196383 
  H       1.108709      2.286032      1.441724 
  H       0.633794      5.802492      3.865508 
  H       1.445251      5.474542      6.283672 
  H      -0.983726      4.608030     -0.013422 
  O       0.433151      4.937527      1.983896 
  C       1.685147      3.883234      3.825734 
  C       1.249096      5.190095      3.177107 
  C       2.135802      2.239245      1.826325 
  C       2.435494      5.037994      6.078296 
  N      -0.819664      5.653998      0.230215 
  C       2.524863      2.978293      2.945166 
  C       2.648191      4.241364      4.949796 
  C      -0.008182      6.026509      1.405106 
  H       2.786982      0.773799      0.367305 
  H       3.354415      5.887762      7.857127 
  C       3.078765      1.385401      1.229191 
  C       3.507736      5.266596      6.961841 
  H       2.122728      5.786607      2.848386 
  C      -1.346723      6.615623     -0.447156 
  C       3.840996      2.870888      3.466753 
  C       3.923306      3.670800      4.694877 
  O      -3.335927      6.019151     -1.584975 
  C      -2.106829      6.478356     -1.731046 
  O       0.146424      7.184563      1.708370 
  C       4.387659      1.283307      1.734550 
  C       4.772737      4.704567      6.710121 
  C       4.783748      2.031591      2.853448 
  C       4.990302      3.902039      5.578334 
  H       5.101474      0.596342      1.261273 
  H       5.600598      4.894446      7.410262 
  O      -1.540816      6.871558     -2.733947 
  H       5.980714      3.462054      5.385966 
  H       5.806953      1.942891      3.248114 
  C      -4.211618      6.010545     -2.770062 
  C      -5.588154      6.470731     -2.349952 
  H      -4.218544      4.965916     -3.129876 
  H      -3.744606      6.655941     -3.539131 
  H      -6.016556      5.794771     -1.587138 
  H      -6.255870      6.452424     -3.234278 
  H      -5.570250      7.505373     -1.954359 
  H      -1.100047      7.638500     -0.096644 
  S       4.589158     -2.628717     -0.025970 
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  S       4.008771     -8.100613      0.559433 
  F       3.465978     -1.587959      0.534032 
  F       5.577038     -1.325806     -0.239941 
  F       5.812109     -3.537577     -0.638820 
  F       5.210308     -2.791378      1.472736 
  F       4.046573     -2.388391     -1.560301 
  F       2.834467     -8.698548     -0.429927 
  F       5.226930     -7.609370      1.536160 
  F       4.934906     -7.773806     -0.760486 
  F       4.664012     -9.593206      0.580056 
  F       3.120257     -8.528820      1.867266 
  S       2.878777      5.059985     -0.956472 
  F       4.123101      6.063853     -1.295032 
  F       2.401347      5.126094     -2.520968 
  F       1.952790      6.406133     -0.693936 
  F       1.545053      4.169855     -0.590941 
  F       3.277620      5.114893      0.636711 
  S       7.677221      2.339884     -0.406596 
  F       8.225575      1.732430     -1.828730 
  F       7.463116      0.816748      0.161492 
  F       9.210135      2.273842      0.145121 
  F       7.990102      3.859607     -0.938572 
  F       7.236248      2.946246      1.051753 
 

 

 



 

 180 
 

7.1.9 Crystallographic Data 

Figure 7.18: X-Ray structure of compound 69 (H atoms omitted). 
Table 7.1: Crystal data and structure refinement. 

 
Identification code  14764 
Empirical formula  C26 H25 N O5 
Color  colorless 
Formula weight  431.47 g · mol-1  
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  ORTHORHOMBIC 
Space group  P212121, (no. 19)  
Unit cell dimensions a = 4.9650(2) Å α= 90°. 
 b = 15.3800(5) Å β= 90°. 
 c = 28.5256(9) Å γ= 90°. 
Volume 2178.26(13) Å3 
Z 4 
Density (calculated) 1.316 Mg · m-3 
Absorption coefficient 0.743 mm-1 
F(000) 912 e 
Crystal size 0.107 x 0.096 x 0.031 mm3 
� range for data collection 3.098 to 72.230°. 
Index ranges -6 ≤ h ≤ 5, -17 ≤ k ≤ 18, -35 ≤ 1 ≤ 35 
Reflections collected 78403 
Independent reflections 4200 [Rint = 0.0876] 

C5

C4

C6

C3

C7

C2

O2

C8

C9

C14

C1

C15

C13

C10

O1

C25

C16

C12

C24

C11

N1
C19

O4

C20

C17

C18

C23

O3

C21

O5

C22

C26



 

 181 

Reflections with I>2σ(I) 3509 
Completeness to � = 67.679° 99.3 %  
Absorption correction Gaussian 
Max. and min. transmission 0.98 and 0.94 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4200 / 0 / 299 
Goodness-of-fit on F2 1.087 
Final R indices [I>2 σ (I)] R1 = 0.0379 wR2 = 0.0923 

R indices (all data) R1 = 0.0560 wR2 = 0.0992 
Absolute structure parameter 0.23(14) 
Largest diff. peak and hole 0.4 and -0.3 e · Å-3 
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Table 7.2: Bond lengths [Å] and angles [°]. 
O(1)-C(14) 1.454(3)  O(1)-C(15) 1.347(3)  
O(2)-C(15) 1.220(3)  O(3)-C(17) 1.207(3)  
O(4)-C(17) 1.330(3)  O(4)-C(18) 1.454(3)  
O(5)-C(23) 1.371(3)  O(5)-C(26) 1.432(3)  
N(1)-C(15) 1.347(3)  N(1)-C(16) 1.452(3)  
N(1)-H(1) 0.92(4) C(1)-C(2) 1.520(4)  
C(1)-C(13) 1.521(4)  C(1)-C(14) 1.521(4)  
C(2)-C(3) 1.381(4)  C(2)-C(7) 1.402(4) 
C(3)-C(4) 1.388(4) C(4)-C(5) 1.392(4) 
C(5)-C(6) 1.391(4) C(6)-C(7) 1.390(4)  
C(7)-C(8) 1.465(4)  C(8)-C(9) 1.391(4)  
C(8)-C(13) 1.400(4)  C(9)-C(10) 1.396(4)  
C(10)-C(11) 1.391(4)  C(11)-C(12) 1.392(4)  
C(12)-C(13) 1.380(4) C(16)-C(17) 1.528(4)  
C(16)-C(20) 1.522(4)  C(16)-H(16) 0.97(3)  
C(18)-C(19) 1.504(4)  C(20)-C(21) 1.388(4)  
C(20)-C(25) 1.398(4) C(21)-C(22) 1.394(4) 
C(22)-C(23) 1.389(4)  C(23)-C(24) 1.398(4)  
C(24)-C(25) 1.376(4)    
    
    
C(15)-O(1)-C(14) 113.3(2)  C(17)-O(4)-C(18) 116.3(2)  
C(23)-O(5)-C(26) 117.2(2)  C(15)-N(1)-C(16) 118.6(2)  
C(15)-N(1)-H(1) 120(2)  C(16)-N(1)-H(1) 119(2)  
C(2)-C(1)-C(13) 102.1(2)  C(2)-C(1)-C(14) 110.3(2)  
C(14)-C(1)-C(13) 115.5(2)  C(3)-C(2)-C(1) 129.1(2)  
C(3)-C(2)-C(7) 120.8(2)  C(7)-C(2)-C(1) 110.1(2) 
C(2)-C(3)-C(4) 118.8(3)  C(3)-C(4)-C(5) 120.8(3) 
C(6)-C(5)-C(4) 120.6(3)  C(7)-C(6)-C(5) 118.7(2)  
C(2)-C(7)-C(8) 108.7(2)  C(6)-C(7)-C(2) 120.3(3)  
C(6)-C(7)-C(8) 131.0(2)  C(9)-C(8)-C(7) 130.4(2) 
C(9)-C(8)-C(13) 120.8(3)  C(13)-C(8)-C(7) 108.8(2) 
C(8)-C(9)-C(10) 118.4(3)  C(11)-C(10)-C(9) 120.8(3) 
C(10)-C(11)-C(12) 120.3(3)  C(13)-C(12)-C(11) 119.4(3)  
C(8)-C(13)-C(1) 110.1(2)  C(12)-C(13)-C(1) 129.5(2)  
C(12)-C(13)-C(8) 120.3(3)  O(1)-C(14)-C(1) 107.9(2) 
O(1)-C(15)-N(1) 111.5(2)  O(2)-C(15)-O(1) 123.2(2)  
O(2)-C(15)-N(1) 125.3(2)  N(1)-C(16)-C(17) 108.8(2)  
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N(1)-C(16)-C(20) 113.8(2)  N(1)-C(16)-H(16) 108.8(16)  
C(17)-C(16)-H(16) 106.5(16)  C(20)-C(16)-C(17) 109.4(2)  
C(20)-C(16)-H(16) 109.2(16)  O(3)-C(17)-O(4) 125.2(2)  
O(3)-C(17)-C(16) 124.9(2)  O(4)-C(17)-C(16) 109.9(2) 
O(4)-C(18)-C(19) 106.8(2) C(21)-C(20)-C(16) 121.8(2)  
C(21)-C(20)-C(25) 118.5(2)  C(25)-C(20)-C(16) 119.8(2) 
C(20)-C(21)-C(22) 121.2(2)  C(23)-C(22)-C(21) 119.5(2)  
O(5)-C(23)-C(22) 124.7(2)  O(5)-C(23)-C(24) 115.5(2)  
C(22)-C(23)-C(24) 119.8(2)  C(25)-C(24)-C(23) 120.1(2) 
C(24)-C(25)-C(20) 121.0(2)   
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Figure 7.19: X-Ray structure of compound 203 (H atoms omitted). 
Table 7.3: Crystal data and structure refinement. 

 
Identification code  15002 
Empirical formula  C26 H23 N O6 
Color  colorless 
Formula weight  445.45 g·mol-1  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  MONOCLINIC 
Space group  P21, (no. 4)  
Unit cell dimensions a = 11.8304(5) Å α= 90°. 
 b = 5.3051 (2) Å β= 92.125(2)°. 
 c = 16.9907(7) Å γ = 90°. 
Volume 1065.63(7) Å3 
Z 2 
Density (calculated) 1.388 Mg · m-3 
Absorption coefficient 0.099 mm-1 
F(000) 468 e 
Crystal size 0.220 x 0.114 x 0.050 mm3 
� range for data collection 2.062 to 31.055°. 
Index ranges -17 ≤ h ≤ 17, -7 ≤ k ≤ 7, -24 ≤ 1 ≤ 24 
Reflections collected 241683 
Independent reflections 6831 [Rint = 0.0441] 
Reflections with I>2 σ (I) 6614 
Completeness to � = 25.242° 99.8 %  
Absorption correction Semi-empirical from equivalents 
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Max. and min. transmission 1.00 and 0.97 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6831 / 1 / 311 
Goodness-of-fit on F2 1.079 
Final R indices [I>2 σ (I)] R1 = 0.0305 wR2 = 0.0829 

R indices (all data) R1 = 0.0317 wR2 = 0.0842 
Absolute structure parameter 0.14(11) 
Largest diff. peak and hole 0.3 and -0.2 e · Å-3 
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Table 7.4: Bond lengths [Å] and angles [°]. 
O(1)-C(2) 1.4568(13)  O(1)-C(3) 1.3270(13)  
O(2)-C(3) 1.2115(14)  O(3)-C(5) 1.2169(14)  
O(4)-C(5) 1.3507(14)  O(4)-C(6) 1.4418(13)  
O(5)-C(9) 1.3747(14)  O(5)-C(10) 1.4365(15)  
O(6)-C(10) 1.4398(18)  O(6)-C(11) 1.3759(14)  
N(1)-H(1) 0.842(19)  N(1)-C(4) 1.4497(14)  
N(1)-C(5) 1.3570(13) C(1)-C(2) 1.5062(18) 
C(3)-C(4) 1.5334(15)  C(4)-H(4) 0.94(2)  
C(4)-C(7) 1.5227(15) C(6)-C(14) 1.5348(17)  
C(7)-C(8) 1.4084(15)  C(7)-C(13) 1.3915(15) 
C(8)-C(9) 1.3758(15)  C(9)-C(11) 1.3877(16) 
C(11)-C(12) 1.3751(17) C(12)-C(13) 1.4076(15) 
C(14)-H(14) 1.01(3)  C(14)-C(15) 1.5162(16) 
C(14)-C(26) 1.5127(18)  C(15)-C(16) 1.3871(18)  
C(15)-C(20) 1.4037(18) C(16)-C(17) 1.3991(18) 
C(17)-C(18) 1.395(3) C(18)-C(19) 1.391(3) 
C(19)-C(20) 1.3946(18)  C(20)-C(21) 1.470(2) 
C(21)-C(22) 1.391(2)  C(21)-C(26) 1.4045(18)  
C(22)-C(23) 1.399(3)  C(23)-C(24) 1.392(3)  
C(24)-C(25) 1.396(2)  C(25)-C(26) 1.3939(18) 
    
    
C(3)-O(1)-C(2) 117.65(9)  C(5)-O(4)-C(6) 115.87(9)  
C(9)-O(5)-C(10) 104.62(10)  C(11)-O(6)-C(10) 104.62(9)  
C(4)-N(1)-H(1) 116.6(13)  C(5)-N(1)-H(1) 119.5(13)  
C(5)-N(1)-C(4) 120.49(9)  O(1)-C(2)-C(1) 106.19(10)  
O(1)-C(3)-C(4) 111.23(9)  O(2)-C(3)-O(1) 125.10(10)  
O(2)-C(3)-C(4) 123.56(10)  N(1)-C(4)-C(3) 112.12(9)  
N(1)-C(4)-H(4) 108.2(12)  N(1)-C(4)-C(7) 112.48(9)  
C(3)-C(4)-H(4) 106.6(12)  C(7)-C(4)-C(3) 105.98(8)  
C(7)-C(4)-H(4) 111.3(12)  O(3)-C(5)-O(4) 125.18(10)  
O(3)-C(5)-N(1) 125.77(11)  O(4)-C(5)-N(1) 109.02(10)  
O(4)-C(6)-C(14) 111.07(9)  C(8)-C(7)-C(4) 119.28(9)  
C(13)-C(7)-C(4) 119.53(10)  C(13)-C(7)-C(8) 121.07(10)  
C(9)-C(8)-C(7) 116.57(10)  O(5)-C(9)-C(8) 127.92(11)  
O(5)-C(9)-C(11) 109.71(10)  C(8)-C(9)-C(11) 122.29(11)  
O(5)-C(10)-O(6) 107.16(10) O(6)-C(11)-C(9) 109.67(10)  
C(12)-C(11)-O(6) 128.20(11)  C(12)-C(11)-C(9) 122.07(10) 
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C(11)-C(12)-C(13) 116.54(10) C(7)-C(13)-C(12) 121.45(11)  
C(6)-C(14)-H(14) 109.9(13)  C(15)-C(14)-C(6) 108.37(10)  
C(15)-C(14)-H(14) 113.9(13)  C(26)-C(14)-C(6) 112.23(10)  
C(26)-C(14)-H(14) 110.1(13)  C(26)-C(14)-C(15) 102.24(10)  
C(16)-C(15)-C(14) 128.72(12)  C(16)-C(15)-C(20) 121.13(12)  
C(20)-C(15)-C(14) 110.11(11)  C(15)-C(16)-C(17) 118.35(14) 
C(18)-C(17)-C(16) 120.49(14)  C(19)-C(18)-C(17) 121.28(13) 
C(18)-C(19)-C(20) 118.35(15) C(15)-C(20)-C(21) 108.54(11)  
C(19)-C(20)-C(15) 120.39(13)  C(19)-C(20)-C(21) 131.03(14)  
C(22)-C(21)-C(20) 130.81(13)  C(22)-C(21)-C(26) 120.80(14)  
C(26)-C(21)-C(20) 108.32(11)  C(21)-C(22)-C(23) 118.50(15) 
C(24)-C(23)-C(22) 120.75(15)  C(23)-C(24)-C(25) 120.83(15) 
C(26)-C(25)-C(24) 118.65(14) C(21)-C(26)-C(14) 110.35(11) 
C(25)-C(26)-C(14) 129.21(12)  C(25)-C(26)-C(21) 120.44(12) 

 

Note: the absolute structure of compounds 69 and 203 was not determined unambiguously via 

X-ray analysis (see respective absolute structure parameter). For the determination of the 

absolute structure of arylglycine products prepared in this work please see section 7.1.5. 
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7.2 Asymmetric Organocatalytic Scriabine Reaction 

 

7.2.1 Synthesis of Substrates and Reagents 

 

General Procedure F (GP F): Synthesis of Acylals  

 
Following a procedure reported by Gandon,184 to a flame dried Schlenk tube was added the 

used enal (222, 1.0 equiv.) followed by the used anhydride (223, 3.0 equiv.). The mixture was 

cooled to 0 °C in an ice bath and anhydrous FeCl3 (5 mol%) was added in one portion. The 

mixture was stirred for 30 min at 0 °C and then poured into a separating funnel containing 

EtOAc (20 mL) and a saturated solution of NaHCO3 (20 mL). The layers were separated and 

the aqueous layer was extracted with EtOAc (3x20 mL). The combined organic layers were 

dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was 

purified via flash column chromatography on silica gel (eluent: n-pentane/EtOAc mixtures) to 

yield the desired acylals 224 as colorless oils. The products were stored under an Ar atmosphere 

at 4 °C. 

  

+
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(E)-but-2-ene-1,1-diyl diacetate (117) 

Prepared following General Procedure F, from E-crotonaldehyde (140, 

1.0 mL, 12.1 mmol, 1.0 equiv.) and acetic anhydride (225, 3.42 mL, 

36.3 mmol, 3.0 equiv.) using FeCl3 (98.0 mg,  0.60 mmol, 5 mol%) as catalyst 

at 0 °C for 30 min. Purification by silica gel flash column chromatography (eluent: 

i-hexanes/EtOAc 20:1) gave 117 as colorless oil (775 mg, 4.50 mmol, 38%). 

 

The spectroscopic data is in agreement with the reported literature.184 

 

(E)-pent-2-ene-1,1-diyl diacetate (118) 

Prepared following General Procedure F, from trans-2-pentenale (116, 

0.15 mL, 1.5 mmol, 1.0 equiv.) and acetic anhydride (225, 0.43 mL, 

4.5 mmol, 3.0 equiv.) using FeCl3 (12.2 mg,  75 µmol, 5 mol%) as catalyst 

at 0 °C for 30 min. Purification by silica gel flash column chromatography (eluent: 

i-hexanes/EtOAc 20:1) gave 118 as colorless oil (213 mg, 1.15 mmol, 77%). 

 

The spectroscopic data is in agreement with the reported literature.184  

1H-NMR: (501 MHz, CD2Cl2): δ = 7.04 (dt, J = 6.3, 0.8 Hz, 1H), 6.02 (dqd, J = 

15.6, 6.6, 0.9 Hz, 1H), 5.55 (ddq, J = 15.5, 6.4, 1.7 Hz, 1H), 2.05 (s, 6H), 

1.78 – 1.71 (m, 3H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 168.64, 132.83, 124.67, 89.37, 20.64, 17.29. 

EI-HRMS: calculated for C8H16O4N1 ([M+NH4]+): 190.10738, found: 190.10737. 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.06 (dd, J = 6.3, 0.9 Hz, 1H), 6.05 (dtd, J = 

15.6, 6.2, 0.9 Hz, 1H), 5.52 (ddt, J = 15.6, 6.3, 1.7 Hz, 1H), 2.10 (td, J = 

6.8, 1.7 Hz, 2H), 2.05 (s, 6H), 1.01 (t, J = 7.4 Hz, 3H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 168.64, 139.26, 122.40, 89.48, 24.94, 20.66, 

12.43. 

EI-HRMS: calculated for C9H18O4N1 ([M+NH4]+): 204.12303, found: 204.12306. 

O

O

O

O

117
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O
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(E)-3-phenylprop-2-ene-1,1-diyl diacetate (119) 

Prepared following General Procedure F, from cinnamaldehyde (141, 

198 mg, 1.5 mmol, 1.0 equiv.) and acetic anhydride (225, 0.43 mL, 

4.5 mmol, 3.0 equiv.) using FeCl3 (12.2 mg,  75 µmol, 5 mol%) as 

catalyst at 0 °C for 30 min. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/EtOAc 20:1) gave 119 as white crystalline solid (193 mg, 

0.825 mmol, 55%). 

 

cyclohex-1-en-1-ylmethylene diacetate (120) 

Prepared following General Procedure F, from cyclohex-1-ene-1-

carbaldehyde (226, 0.35 mL, 3.10 mmol, 1.0 equiv.) and acetic anhydride 

(225, 1.16 mL, 12.3 mmol, 4.0 equiv.) using FeCl3 (5.0 mg,  31 µmol, 

1 mol%) as catalyst at 0 °C for 30 min. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/MTBE 10:1) gave 120 as yellow oil (292 mg, 1.38 mmol, 

44%). 

  

1H-NMR: (501 MHz, CD2Cl2): δ = 7.44 (dt, J = 8.1, 1.4 Hz, 2H), 7.39 – 7.34 (m, 

2H), 7.33 – 7.25 (m, 2H), 6.85 (dd, J = 16.1, 1.7 Hz, 1H), 6.23 (ddd, J = 

16.0, 6.2, 1.8 Hz, 1H), 2.10 (d, J = 1.0 Hz, 6H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 168.66, 135.26, 135.08, 128.78, 128.68, 126.93, 

121.99, 89.35, 20.67. 

ESI-HRMS: calculated for C13H14O4Na1 ([M+Na]+): 257.07843, found: 257.07823. 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.02 (s, 1H), 6.02 – 5.96 (m, 1H), 2.08 (s, 6H), 

2.07 – 2.02 (m, 4H), 1.69 – 1.56 (m, 4H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 168.98, 132.23, 128.88, 91.83, 24.86, 22.62, 

22.11, 21.03. 
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cyclopent-1-en-1-ylmethylene diacetate (121) 

Prepared following General Procedure F, from cyclopent-1-ene-1-

carbaldehyde (227, 0.5 mL, 4.94 mmol, 1.0 equiv.) and acetic anhydride (225, 

1.40 mL, 14.8 mmol, 3.0 equiv.) using FeCl3 (40.1 mg, 0.25 mmol, 5 mol%) 

as catalyst at 0 °C for 30 min. Purification by silica gel flash column 

chromatography (eluent: i-hexanes/Et2O 8:1) gave 121 as yellow oil (695 mg, 4.94 mmol, 

71%). 

 

(E)-but-2-ene-1,1-diyl bis(2-methylpropanoate) (122) 

Prepared following General Procedure F with deviations, from E-

crotonaldehyde (140, 0.75 mL, 9.0 mmol, 3.0 equiv.) and isobutyric acid 

anhydride (228, 0.5 mL, 3.0 mmol, 1.0 equiv.) using FeCl3 (5 mg, 

30 µmol, 1 mol%) as catalyst at 0 °C for 30 min. Purification by silica gel 

flash column chromatography (eluent: i-hexanes/EtOAc 20:1) gave 122 as colorless oil 

(493 mg, 2.16 mmol, 72%). 

 

(E)-but-2-ene-1,1-diyl bis(3-methylbutanoate) (123) 

Prepared following General Procedure F with deviations, from E-

crotonaldehyde (140, 1.0 mL, 12.1 mmol, 1.0 equiv.) and isovaleric 

acid anhydride (157, 7.2 mL, 36.3 mmol, 3.0 equiv.) using FeCl3 

(98 mg, 0.61 mmol, 5 mol%) as catalyst at 0 °C for 30 min. Purification by silica gel flash 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.31 (s, 1H), 5.93 (d, J = 2.1 Hz, 1H), 2.43 – 

2.36 (m, 4H), 2.09 (s, 6H), 1.94 (p, J = 7.6 Hz, 2H). 
13C-NMR: (126 MHz, CDCl3): δ = 168.87, 138.13, 131.77, 87.67, 32.41, 30.48, 

23.03, 20.90. 

EI-HRMS: calculated for C10H18O4N1 ([M+NH4]+): 216.12303, found: 216.12292. 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.08 (d, J = 6.3 Hz, 1H), 6.02 (dqd, J = 15.4, 

6.6, 0.9 Hz, 1H), 5.57 (ddq, J = 15.5, 6.4, 1.8 Hz, 1H), 2.56 (dq, J = 14.0, 

7.1 Hz, 2H), 1.76 (dd, J = 6.6, 1.7 Hz, 3H), 1.17 (dd, J = 7.0, 1.9 Hz, 

12H). 
13C-NMR: (126 MHz, CDCl3): δ = 174.95, 132.79, 124.95, 89.66, 34.01, 18.88, 

18.70, 17.74. 

EI-HRMS: calculated for C12H24O4N1 ([M+NH4]+): 246.16998, found: 246.16996. 
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column chromatography (eluent: i-hexanes/Et2O 20:1) gave 123 as colorless oil (1.10 g, 

4.30 mmol, 36%). 

 

(E)-but-2-ene-1,1-diyl bis(2,2-dimethylpropanoate) (124) 

Prepared following General Procedure F with deviations, from E-

crotonaldehyde (140, 0.41 mL, 5.0 mmol, 1.0 equiv.) and pivalic acid 

anhydride (160, 3.04 mL, 15 mmol, 3.0 equiv.) using FeCl3 (8.1 mg, 

0.05 mmol, 5 mol%) as catalyst at 0 °C for 30 min. Purification by 

kugelrohr distillation (0.08 mBar, 50 °C ⟶ 70 °C) gave 124 as colorless oil (679 mg, 

2.65 mmol, 53%). 

 

but-2-yne-1,1-diyl diacetate (126) 

Prepared following General Procedure F with deviations, from but-2-ynal 

(229, 681 mg, 10 mmol, 1.0 equiv.) and acetic anhydride (225, 2.80 mL, 

30 mmol, 3.0 equiv.) using FeCl3 (81 mg, 0. 5 mmol, 5 mol%) as catalyst at 

0 °C for 30 min. Purification by kugelrohr distillation (10 mBar, 65 °C ⟶ 

70 °C) gave 126 as colorless oil (679 mg, 2.65 mmol, 53%). 

1H-NMR: (501 MHz, CDCl3): δ = 7.12 (d, J = 6.4 Hz, 1H), 6.03 (dqd, J = 15.6, 6.6, 

0.9 Hz, 1H), 5.56 (ddq, J = 15.5, 6.5, 1.7 Hz, 1H), 2.20 (dd, J = 7.1, 4.0 

Hz, 4H), 2.11 (dq, J = 13.6, 6.7 Hz, 2H), 1.75 (dd, J = 6.6, 1.7 Hz, 3H), 

0.95 (d, J = 6.6 Hz, 12H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 170.87, 132.95, 124.97, 89.50, 43.29, 25.69, 

22.41, 22.37, 17.71. 

EI-HRMS: calculated for C14H28O4N1 ([M]+): 274.20128, found: 274.20142. 

1H-NMR: (501 MHz, CDCl3): δ = 7.05 (d, J = 6.1 Hz, 1H), 6.00 (dqd, J = 15.6, 6.6, 

1.0 Hz, 1H), 5.57 (ddq, J = 15.5, 6.1, 1.7 Hz, 1H), 1.75 (dd, J = 6.7, 1.7 

Hz, 3H), 1.19 (s, 18H). 
13C-NMR: (126 MHz, CDCl3): δ = 176.37, 132.41, 125.00, 89.69, 38.85, 26.99, 

17.78. 

EI-HRMS: calculated for C14H28O4N1 ([M+NH4]+): 274.20128, found: 274.20132. 

1H-NMR: (501 MHz, CDCl3): δ = 7.20 (q, J = 1.9 Hz, 1H), 2.11 (s, 6H), 1.90 (d, J 

= 1.9 Hz, 3H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 168.35, 84.54, 79.99, 72.54, 20.81, 3.77. 
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(E)-3-phenylprop-2-ene-1,1-diyl bis(2,2,2-trichloroacetate) (142) 

Prepared following General 

Procedure F with deviations, from 

cinnamaldehyd (141, 792 mg, 

6.0 mmol, 1.0 equiv.) and 

trichloroacetic anhydride (230, 3.30 mL, 18 mmol, 3.0 equiv.) using FeCl3 (49 mg, 0.30 mmol, 

5 mol%) as catalyst at 0 °C for 30 min. Purification by silica gel flash column chromatography 

(eluent: n-pentanes/Et2O 30:1) gave 142 as colorless crystalline solid (679 mg, 2.65 mmol, 

53%). For further purification, the compound 142 can be recrystallized from n-pentanes or i-

hexanes to yield crystals of high purity. 

 

  

1H-NMR: (501 MHz, CDCl3): δ = 7.55 – 7.47 (m, 2H), 7.45 – 7.34 (m, 4H), 7.11 

(d, J = 16.0 Hz, 1H), 6.40 (dd, J = 16.0, 6.7 Hz, 1H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 159.79, 139.44, 134.19, 130.00, 129.05, 127.62, 

117.75, 96.20, 88.98. 

EI-HRMS: Decomposition during measurement toward cinnamaldehyde, mass 

could not be found. 

X-Ray: See section 7.2.4 for crystallographic data. 
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7.2.2 Catalyst Synthesis 

 

Synthesis of Benzofurylbromides 
 

2-((tert-butyldimethylsilyl)oxy)-4-(trifluoromethyl)benzaldehyde (230) 

Following a procedure reported by List, 2-hydroxy-4-

(trifluoromethyl)benzaldehyde (148, 553 mg, 2.9 mmol, 1.0 equiv.) was 

given to a flame dried Schlenk tube equipped with a magnetic stirring bar 

under an atmosphere of argon followed by anhydrous CH2Cl2 (6 mL) and 

pyridine (0.71 mL, 8.7 mmol, 3.0 equiv.).144 The flask was cooled to 0 °C 

and TBSOTf (1.0 mL, 4.4 mmol, 1.5 equiv.) was added dropwise. The mixture was allowed to 

warm to room temperature and stirred for 16 h. A saturated solution of NaHCO3 (20 mL) was 

added followed by CH2Cl2 (10 mL) and the layers were separated. The aqueous layer was 

extracted with CH2Cl2 (3 x 20 mL) and dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude product was purified via flash column chromatography on silica 

gel (eluent: i-hexanes/MTBE 40:1) to yield the desired product 230 (469 mg, 1.54 mmol, 53%) 

as colorless oil.  

 

tert-butyl(2-(2,2-dibromovinyl)-5-(trifluoromethyl)phenoxy)dimethylsilane (231) 

Following a procedure reported by List, 2-((tert-butyldimethylsilyl)oxy)-

4-(trifluoromethyl)benzaldehyde (230, 469 mg, 1.54 mmol, 1.0 equiv.) 

was given to a flame dried Schlenk tube equipped with a magnetic stirring 

bar under an atmosphere of argon followed by anhydrous CH2Cl2 

(7.5 mL).144 The tube was cooled to 0 °C and CBr4 (766 mg, 2.3 mmol, 

1.5 equiv.) and PPh3 (1.21 g, 4.63 mmol, 3.0 equiv.). The mixture was allowed to warm to room 

temperature and stirred for 16 h. The mixture was then poured onto a saturated solution of 

Na2SO3 and the layers were separated. The aqueous layer was extracted with CH2Cl2 (3x20 mL) 

1H-NMR: (501 MHz,  CDCl3): δ = 10.48 (d, J = 0.8 Hz, 1H), 7.91 (dd, J = 8.2, 1.0 

Hz, 1H), 7.29 (ddd, J = 8.6, 1.5, 0.7 Hz, 1H), 7.14 – 7.10 (m, 1H), 1.04 

(s, 9H), 0.31 (s, 6H). 
13C-NMR: (126 MHz,  CDCl3): δ = 189.26, 158.84, 136.9 (q, J = 33.2 Hz), 129.60, 

129.41, 124.40, 118.2 (q, J = 3.7 Hz), 117.5 (q, J = 3.9 Hz), 25.73, 18.50, 

-4.20. 
19F-NMR: (471 MHz, CDCl3): δ = –63.6 (s). 
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and the combined organic layers were washed with brine and dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified via flash column 

chromatography on silica gel (eluent: i-hexane/EtOAc 99:1) to yield the desired product 231 

(570 mg, 1.24 mmol, 80%) as yellow oil. 

 

2-(2,2-dibromovinyl)-5-(trifluoromethyl)phenol (232) 

Following a procedure reported by List, tert-butyl (2-(2,2-

dibromovinyl)-5-(trifluoromethyl)phenoxy)dimethylsilane (231, 

570 mg, 1.24 mmol, 1.0 equiv.) was given to a flame dried Schlenk tube 

equipped with a magnetic stirring bar under an atmosphere of argon followed by anhydrous 

THF (6.0 mL). The tube was cooled to 0 °C and TBAF (1.0 M solution in THF, 1.6 mL, 

1.60 mmol, 1.28 equiv.) was added dropwise. The mixture was allowed to warm to room 

temperature and stirred for 16 h. Water (20 mL) was added and the layers were separated. The 

aqueous layer was extracted with MTBE (3x20 mL) and the combined organic layers were 

washed with brine and dried over anhydrous Na2SO4 and concentrated under reduced pressure. 

The crude product was purified via flash column chromatography on silica gel (eluent:  

i-hexane/EtOAc 20:1) to yield the desired product 232 (340 mg, 0.98 mmol, 79%) as yellow 

oil. 

 

2-bromo-6-(trifluoromethyl)benzofuran (150) 

Following a procedure reported by List, CuI (8.3 mg, 43 µmol, 5 mol%) 

and K3PO4 (368 mg, 1.73 mmol, 2.0 equiv.) were given to a flame dried 

Schlenk tube equipped with a magnetic stirring bar under an atmosphere 

1H-NMR: (501 MHz, CDCl3): δ = 7.73 (d, J = 8.1 Hz, 1H), 7.54 (s, 1H), 7.25 – 

7.21 (m, 1H), 7.04 – 7.00 (m, 1H), 1.03 (s, 9H), 0.23 (s, 6H). 
13C-NMR: (126 MHz,  CDCl3): δ = 153.17, 132.96, 131.70, 131.44, 130.84, 129.85, 

117.8 (q, J = 3.6 Hz), 116.3 (q, J = 3.9 Hz), 92.02, 25.60, 18.21, -4.43. 
19F-NMR: (471 MHz, CDCl3): δ = –62.9 (s). 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.67 (d, J = 8.1 Hz, 1H), 7.58 (s, 1H), 7.22 (dd, 

J = 8.1, 1.7 Hz, 1H), 7.11 (d, J = 1.7 Hz, 1H), 5.78 (s, 1H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 153.39, 131.95, 130.35, 126.89, 125.22, 123.06, 

117.60 (q, J = 3.8 Hz), 113.11 (q, J = 3.9 Hz), 94.11. 
19F-NMR: (471 MHz, CD2Cl2): δ = –63.29 (s). 
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of argon followed by a solution of 2-(2,2-dibromovinyl)-5-(trifluoromethyl)phenol (232, 

300 mg, 0.87 mmol, 1.0 equiv.) in anhydrous THF (4.0 mL). The tube was sealed and heated to 

80 °C for 16 h. The mixture was then cooled to room temperature, diluted with MTBE (15 mL) 

and filtered through a plug of celite. The filtrate was concentrated under reduced pressure and 

purified via flash column chromatography on silica gel (eluent: i-hexanes) to yield the desired 

bromide 150 (193 mg, 0.87 mmol, 84%) as colorless oil. 

 

5-bromo-2-(1,3-dioxolan-2-yl)phenol (233) 

4-bromo-2-hydroxybenzaldehyde (152, 5.0 g, 24.9 mmol, 1.0 equiv.) was 

given to a 100 mL round bottom flask followed by anhydrous PhMe 

(50 mL). Ethylene glycol (2.1 mL, 37.4 mmol, 2.0 equiv.) was added 

followed by p-TsOH・H2O (95 mg, 0.5 mmol, 2 mol%) and a Dean-Stark apparatus attached 

with a reflux condenser was attached to the flask. The mixture was heated to reflux for 2 d, then 

cooled to room temperature and a saturated solution off NaHCO3 (30 mL) was added. The 

layers were separated and the aqueous layer was extracted with MTBE (3x20 mL). The 

combined organic layers were washed with brine and dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified via flash column 

chromatography on silica gel (eluent: i-hexane/MTBE 20:1 ⟶ 1:1) to yield the desired product 

233 (5.60 g, 22.8 mmol, 92%) as yellow oil. 

  

1H-NMR: (501 MHz, CD2Cl2): δ = 7.75 (dq, J = 1.6, 0.8 Hz, 1H), 7.66 (dt, J = 8.2, 

0.8 Hz, 1H), 7.55 – 7.49 (m, 1H), 6.86 (d, J = 1.0 Hz, 1H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 121.10, 120.82 (q, J = 3.7 Hz), 108.98, 108.80 

(q, J = 4.3 Hz). 
19F-NMR: (471 MHz, CD2Cl2): δ = –61.55 (s). 

1H-NMR: (501 MHz, CDCl3): δ = 7.89 (s, 1H), 7.10 – 7.06 (m, 2H), 7.02 (dd, J = 

8.1, 1.9 Hz, 1H), 5.89 (s, 1H), 4.18 – 4.02 (m, 4H). 
13C-NMR: (126 MHz, CDCl3): δ = 156.38, 129.52, 124.13, 123.23, 120.60, 120.03, 

104.00, 64.96. 
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2-(1,3-dioxolan-2-yl)-5-(perfluoropropyl)phenol (234) 

Following a procedure reported by List, copper (1.0 g, 16.3 mmol, 

4.0 equiv.) was added to a flame dried microwave vial followed by 

anhydrous DMF (6.5 mL) and then 5-bromo-2-(1,3-dioxolan-2-

yl)phenol (233, 1.0 g, 4.1 mmol, 1.0 equiv.). The mixture was 

degassed via bubbling constant stream of argon for 10 min through the solution, then 

perfluoropropyl-1-iodide (1.0 mL, 6.9 mmol, 1.7 equiv.) was added in one portion, the vial was 

sealed and then heated to 90 °C for 16 h. The mixture was then cooled to room temperature, 

diluted with H2O (10 mL) and MTBE (10 mL) and filtered through a plug of celite. The filtrate 

was concentrated under reduced pressure and purified via flash column chromatography on 

silica gel (eluent: n-pentane/Et2O 2:1) to yield the desired compound (234, 1.08 g, 3.20 mmol, 

79%) as colorless oil. 

 

2-hydroxy-4-(perfluoropropyl)benzaldehyde (153) 

2-(1,3-dioxolan-2-yl)-5-(perfluoropropyl)phenol (234, 1.0 g, 3.0 mmol, 

1.0 equiv.) was given to a 50 mL round bottom flask and dissolved in 

THF (15 mL). An aqueous solution of HCl (10%, 10 mL) was added at 

0 °C and the mixture was then allowed to warm to room temperature. 

The solution was stirred for 16 h, then H2O (10 mL) was added and the layers were separated. 

The aqueous layer was extracted with Et2O (3x20 mL) and the combined organic layers were 

washed with a concentrated aqueous solution of NaHCO3 (20 mL), dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product (153, 850 mg, 2.9 mmol, 

98%) was used in the subsequent step without further purification. 

1H-NMR: (501 MHz, CDCl3): δ = 8.03 (s, 1H), 7.38 (d, J = 7.9 Hz, 1H), 7.11 (d, 

J = 8.9 Hz, 2H), 6.00 (s, 1H), 4.20 – 4.06 (m, 4H). 
13C-NMR: (126 MHz, CDCl3): δ =  155.65, 128.61, 124.89, 118.18 (t, J = 6.6 Hz), 

116.10 (t, J = 6.6 Hz), 103.54, 66.01, 65.11. 
19F-NMR: (471 MHz, CDCl3): δ = –80.05 (t, J = 10.0 Hz), –111.85 (q, J = 10.1 Hz), 

–126.42 (s). 

EI-HRMS: calculated for C12H9O3F7 ([M]+): 334.04344, found: 334.04368. 

1H-NMR: (501 MHz, CDCl3): δ = 11.06 (s, 1H), 10.00 (s, 1H), 7.73 (dt, J = 8.5, 

0.8 Hz, 1H), 7.24 (d, J = 7.0 Hz, 2H). 
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2-((tert-butyldiphenylsilyl)oxy)-4-(perfluoropropyl)benzaldehyde (235) 

To a flame dried 250 mL 2-neck flask was added imidazole 

(613 mg, 9.0 mmol, 3.0 equiv.) followed by anhydrous CH2Cl2 

(100 mL) and 2-hydroxy-4-(perfluoropropyl)benzaldehyde 

(153, 870 mg, 3.0 mmol, 1.0 equiv.). The flask was cooled to 

0 °C and TBDPSCl (1.2 mL, 4.5 mmol, 1.5 equiv.) was added 

dropwise. The mixture was allowed to warm to room 

temperature and stirred for 24 h. H2O (100 ml) was added and the layers were separated. The 

aqueous layer was extracted with CH2Cl2 (3x50 mL), washed with brine, dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified via flash 

column chromatography on silica gel (eluent: i-hexanes/MTBE 40:1 ⟶ 30:1) to yield the 

desired compound 235 (950 mg, 1.8 mmol, 60%) as yellow oil.  

 

tert-butyl(2-(2,2-dibromovinyl)-5-(perfluoropropyl)phenoxy)diphenylsilane (154) 

A flame dried Schlenk tube was charged with 2-((tert-

butyldiphenylsilyl)oxy)-4-(perfluoropropyl)benzaldehyde (235, 

3.21 g, 6.1 mmol, 1.0 equiv.) followed by anhydrous CH2Cl2 (30 

mL). The tube was cooled to 0 °C and CBr4 (3.0 g, 9.1 mmol, 1.5 

equiv.) and PPh3 (4.78 g, 18.2 mmol, 3 equiv.) were added. The 

tube was sealed and allowed to slowly warm to room 

temperature. The mixture was stirred for 16 h, then a saturated 

solution of Na2S2O3 (50 mL) was added and the layers were separated. The aqueous layer was 

extracted with CH2Cl2 (3x50 mL) and the combined organic layers were dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified via flash 

19F-NMR: (471 MHz, CDCl3): δ = –80.00 (t, J = 9.7 Hz), –112.64 (q, J = 9.9 Hz), 

–126.24 (s). 

1H-NMR: (501 MHz, CDCl3): δ = 10.79 (d, J = 0.8 Hz, 1H), 7.92 (d, J = 8.1 Hz, 

1H), 7.74 – 7.65 (m, 4H), 7.50 – 7.44 (m, 2H), 7.43 – 7.38 (m, 4H), 7.14 

(d, J = 8.2 Hz, 1H), 6.70 (d, J = 1.6 Hz, 1H), 1.16 (s, 9H). 
13C-NMR: (126 MHz, CDCl3): δ = 189.19, 158.48, 135.46, 131.02, 130.79, 129.09, 

128.88, 128.36, 119.38 (t, J = 7.0 Hz), 26.69, 19.89. 
19F-NMR: (471 MHz, CDCl3): δ = –80.23 (t, J = 9.5 Hz), –112.90 (d, J = 9.5 Hz), 

–126.89 (s). 
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column chromatography on silica gel (eluent: i-hexane/PhMe 99:1) to yield the desired product 

154 (2.84 g, 4.15 mmol, 68%) as colorless oil. 

 

2-(2,2-dibromovinyl)-5-(perfluoropropyl)phenol (236) 

Following a procedure reported by List, tert-butyl(2-(2,2-

dibromovinyl)-5-(perfluoropropyl)phenoxy)diphenylsilane (154, 

2.84 g, 4.15 mmol, 1.0 equiv.) was given to a flame dried Schlenk 

tube equipped with a magnetic stirring bar under an atmosphere of 

argon followed by anhydrous THF (21 mL).144 The tube was cooled to 0 °C and TBAF (1.0 M 

solution in THF, 6.3 mL, 6.3 mmol, 1.5 equiv.) was added dropwise. The mixture was allowed 

to warm to room temperature and stirred for 16 h. Water (50 mL) was added and the layers 

were separated. The aqueous layer was extracted with MTBE (3x50 mL) and the combined 

organic layers were washed with brine and dried over anhydrous Na2SO4 and concentrated 

under reduced pressure. The crude product was purified via flash column chromatography on 

silica gel (eluent: i-hexane/CH2Cl2 10:1) to yield the desired product 236 (1.41 g, 3.16 mmol, 

76%) as yellow oil. 

  

1H-NMR: (501 MHz, CDCl3): δ = 7.78 (s, 1H), 7.73 (d, J = 8.2 Hz, 1H), 7.69 – 

7.62 (m, 4H), 7.48 – 7.41 (m, 2H), 7.40 – 7.33 (m, 4H), 7.08 (dd, J = 8.2, 

1.7 Hz, 1H), 6.63 (d, J = 1.7 Hz, 1H), 1.15 (s, 9H). 
13C-NMR: (126 MHz, CDCl3): δ = 153.02, 135.54, 132.97, 131.68, 130.50, 129.54, 

128.17, 119.07 (t, J = 6.6 Hz), 117.81 (t, J = 7.3 Hz), 92.47, 26.73, 19.77. 
19F-NMR: (471 MHz, CDCl3): δ = –80.23 (t, J = 9.5 Hz), –112.24 (d, J = 9.6 Hz), 

–126.93 (s). 

1H-NMR: (501 MHz, CDCl3): δ = 7.67 (d, J = 8.1 Hz, 1H), 7.56 (s, 1H), 7.18 (dd, 

J = 8.2, 1.7 Hz, 1H), 7.08 – 7.04 (m, 1H), 5.19 (s, 1H). 
19F-NMR: (471 MHz, CDCl3): δ = –80.01 (t, J = 10.0 Hz), –111.85 (d, J = 9.8 Hz), 

–126.35 (s). 
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2-bromo-6-(perfluoropropyl)benzofuran (151) 

Following a procedure reported by List, CuI (10 mg, 51 µmol, 

5 mol%) and K3PO4 (436 mg, 2.05 mmol, 2.0 equiv.) were given to a 

flame dried Schlenk tube equipped with a magnetic stirring bar under 

an atmosphere of argon followed by a solution of 2-(2,2-

dibromovinyl)-5-(perfluoropropyl)phenol (236, 458 mg, 1.02 mmol, 1.0 equiv.) in anhydrous 

THF (4.5 mL). The tube was sealed and heated to 80 °C for 16 h. The mixture was then cooled 

to room temperature, diluted with MTBE (20 mL) and filtered through a plug of celite. The 

filtrate was concentrated under reduced pressure and purified via flash column chromatography 

on silica gel (eluent: i-hexanes) to yield the desired bromide 151 (354 mg, 0.97 mmol, 95%) as 

colorless oil. 

 

2-((tert-butyldiphenylsilyl)oxy)-5-chloro-4-methylbenzaldehyde (237) 

To a flame dried 250 mL 2-neck flask was added imidazole (2.40 g, 

35.2 mmol, 3.0 equiv.) followed by anhydrous CH2Cl2 (140 mL) and 

5-chloro-2-hydroxy-4-methylbenzaldehyde (238, 2.0 g, 11.7 mmol, 

1.0 equiv.). The flask was cooled to 0 °C and TBDPSCl (4.6 mL, 

17.6 mmol, 1.5 equiv.) was added dropwise. The mixture was allowed to warm to room 

temperature and stirred for 24. H2O (150 ml) was added and the layers were separated. The 

aqueous layer was extracted with CH2Cl2 (3x60 mL), washed with brine, dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified via flash 

column chromatography on silica gel (eluent: i-hexanes/MTBE 30:1) to yield the desired 

compound 237 (3.35 g, 8.2 mmol, 70%) as yellow oil.  

 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.72 (s, 1H), 7.68 (d, J = 8.1 Hz, 1H), 7.48 (dd, 

J = 8.4, 1.5 Hz, 1H), 6.87 (d, J = 0.9 Hz, 1H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 154.94, 132.10, 131.63, 121.70 (t, J = 6.6 Hz), 

120.51, 109.85 (t, J = 7.4 Hz), 108.54. 
19F-NMR: (471 MHz, CD2Cl2): δ = –80.38 (t, J = 10.0 Hz), –110.33 (d, J = 10.3 

Hz), –126.48 (s). 

1H-NMR: (501 MHz, CDCl3): δ = 10.65 (s, 1H), 7.73 (dt, J = 6.9, 1.4 Hz, 4H), 7.52 

– 7.45 (m, 2H), 7.42 (dd, J = 8.0, 6.6 Hz, 4H), 6.37 (s, 1H), 2.02 (s, 3H), 

1.14 (s, 9H). 

O
Br

F
F

F
FF

F

F

151

O 237

Cl

O
Si



 

 201 

tert-butyl(4-chloro-2-(2,2-dibromovinyl)-5-methylphenoxy)diphenylsilane (239) 

A flame dried Schlenk tube was charged with 2-((tert-

butyldiphenylsilyl)oxy)-5-chloro-4-methylbenzaldehyde (237, 

2.45 g, 6.0 mmol, 1.0 equiv.) followed by anhydrous CH2Cl2 

(7.5 mL). The tube was cooled to 0 °C and CBr4 (2.99 g, 9.0 mmol, 

1.5 equiv.) and PPh3 (4.72 g, 18. mmol, 3 equiv.) were added. The 

tube was sealed and allowed to slowly warm to room temperature. The mixture was stirred for 

16 h, then a saturated solution of Na2S2O3 (50 mL) was added and the layers were separated. 

The aqueous layer was extracted with CH2Cl2 (3x50 mL) and the combined organic layers were 

dried over anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was 

purified via flash column chromatography on silica gel (eluent: i-hexane/EtOAc 100:1 ⟶ 40:1) 

to yield the desired product 239 (2.88 g, 5.1 mmol, 85%) as pale yellow oil. 

 

4-chloro-2-(2,2-dibromovinyl)-5-methylphenol (240) 

Following a procedure reported by List, tert-butyl(4-chloro-2-(2,2-

dibromovinyl)-5-methylphenoxy)diphenylsilane (239, 2.88 g, 5.10 mmol, 

1.0 equiv.) was given to a flame dried Schlenk tube equipped with a magnetic 

stirring bar under an atmosphere of argon followed by anhydrous THF 

(25 mL).144 The tube was cooled to 0 °C and TBAF (1.0 M solution in THF, 

7.65 mL, 7.65 mmol, 1.5 equiv.) was added dropwise. The mixture was allowed to warm to 

room temperature and stirred for 16 h. Water (60 mL) was added and the layers were separated. 

The aqueous layer was extracted with MTBE (3x50 mL) and the combined organic layers were 

washed with brine and dried over anhydrous Na2SO4 and concentrated under reduced pressure. 

The crude product was purified via flash column chromatography on silica gel (eluent:  

i-hexane/EtOAc 20:1 ⟶ 10:1) to yield the desired product 240 (1.23 g, 3.76 mmol, 74%) as 

yellow oil. 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.75 – 7.66 (m, 5H), 7.50 – 7.43 (m, 2H), 7.43 

– 7.36 (m, 5H), 6.34 (d, J = 0.8 Hz, 1H), 1.98 (s, 3H), 1.11 (s, 9H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 151.79, 137.72, 135.87, 133.19, 132.49, 130.61, 

129.17, 128.35, 126.32, 126.12, 121.80, 91.10, 26.71, 20.19, 19.82. 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.56 (s, 1H), 7.50 (s, 1H), 6.73 (d, J = 0.9 Hz, 

1H), 5.53 (s, 1H), 2.30 (s, 3H). 
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2-bromo-5-chloro-6-methylbenzofuran (241) 

Following a procedure reported by List, CuI (28 mg, 0.15 mmol, 

5 mol%) and K3PO4 (1.26 g, 5.87 mmol, 2.0 equiv.) were given to a 

flame dried Schlenk tube equipped with a magnetic stirring bar under an 

atmosphere of argon followed by a solution of 4-chloro-2-(2,2-dibromovinyl)-5-methylphenol 

(240, 958 mg, 2.93 mmol, 1.0 equiv.) in anhydrous THF (15 mL). The tube was sealed and 

heated to 80 °C for 16 h. The mixture was then cooled to room temperature, diluted with MTBE 

(40 mL) and filtered through a plug of celite. The filtrate was concentrated under reduced 

pressure and purified via flash column chromatography on silica gel (eluent: i-hexanes) to yield 

the desired bromide 241 (522 mg, 2.12 mmol, 73%) as colorless crystalline solid. 

 

4-methylnaphthalen-2-ol (242) 

Following a procedure reported by Toste, AlCl3 (4.0 g, 30 mmol, 1.5 equiv.) 

were given to a flame dried Schlenk tube under an atmosphere of argon 

followed by CH2Cl2 (20 mL).220 The tube was cooled to 0 °C and 

phenylacetic acid chloride (243, 2.65 mL, 20 mmol, 1.0 equiv.) was added dropwise. After 

complete addition, the tube was purged with propyne (gas bubbled through the reaction mixture 

via balloon). The mixture was stirred at 0 °C for 5 min and then warmed to room temperature. 

The reaction was stirred at room temperature for 3 h, then H2O (20 mL) was added slowly and 

the layers were separated. The aqueous layer was extracted with CH2Cl2 (3x20 mL) and the 

combined organic layers were washed with brine, dried over anhydrous Na2SO4 and 

concentrated under reduced pressure. The crude product was purified via flash column 

chromatography on silica gel (eluent: i-hexanes/MTBE 10:1 ⟶ 6:1) to yield the product 242 

(2.97 g, 19.0 mmol, 95%) as red oil. 

13C-NMR: (126 MHz, CDCl3): δ = 151.17, 138.12, 135.30, 130.39, 129.06, 128.04, 

118.16, 92.62, 20.27. 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.50 (s, 1H), 7.34 (s, 1H), 6.68 (d, J = 0.9 Hz, 

1H), 2.46 – 2.43 (m, 3H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 154.92, 132.82, 130.06, 129.11, 128.17, 120.20, 

112.92, 108.16, 20.88. 

EI-HRMS: calculated for C9H6O1Cl1Br1 ([M]+): 243.92852, found: 243.92889. 
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The spectroscopic data is in agreement with the reported literature.220 

 

2-hydroxy-4-methyl-1-naphthaldehyde (244) 

 Following a procedure reported by Walzer, 4-methylnaphthalen-2-ol (242, 

2.66 g, 16.7 mmol, 1.0 equiv.) was given to a flame dried Schlenk tube 

followed by 100 mL CH2Cl2.221 The solution was cooled to 0 °C and SnCl4 

(2.65 mL, 22.6 mmol, 1.35 equiv.) was added dropwise. The mixture was 

stirred at 0 °C for 1 h and then 1,1-dichlor-dimethylether (2.1 mL, 22.6 mmol, 1.35 equiv.) was 

added dropwise. The mixture was stirred for 1h at 0 °C and then allowed to warm to room 

temperature. The mixture was stirred at room temperature for 1 h and then quenched via 

addition of ice water (50 mL). The layers were separated, the aqueous layer was extracted with 

CH2Cl2 (3x20 mL) and the combined organic layers were washed with brine, dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude product was purified 

via flash column chromatography on silica gel (eluent: i-hexanes/MTBE 30:1 ⟶ 15:1) to yield 

the product 244 (2.25 g, 12.1 mmol, 72%) as light red solid. 

 

  

1H-NMR: (501 MHz, CDCl3): δ = 7.91 (dd, J = 8.4, 1.2 Hz, 1H), 7.68 (dd, J = 8.2, 

1.3 Hz, 1H), 7.43 (ddd, J = 8.2, 6.8, 1.4 Hz, 1H), 7.36 (ddd, J = 8.2, 6.8, 

1.4 Hz, 1H), 7.04 – 6.94 (m, 2H), 4.97 (s, 1H), 2.66 (s, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 152.89, 136.83, 134.89, 128.25, 127.01, 126.30, 

124.10, 123.44, 118.50, 107.66, 19.32. 

1H-NMR: (501 MHz, CDCl3): δ = 13.23 (s, 1H), 10.75 (s, 1H), 7.97 (dd, J = 8.3, 

1.3 Hz, 1H), 7.61 (ddd, J = 8.4, 6.9, 1.3 Hz, 1H), 7.46 (ddd, J = 8.2, 7.0, 

1.2 Hz, 1H), 7.01 (s, 1H), 2.69 (d, J = 1.0 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 192.88, 164.89, 147.66, 133.13, 128.88, 127.55, 

125.50, 124.48, 119.89, 119.22, 110.49, 20.67. 
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2-((tert-butyldimethylsilyl)oxy)-4-methyl-1-naphthaldehyde (245) 

To a flame dried 500 mL 2-neck flask was added imidazole (2.52 g, 

37.1 mmol, 3.0 equiv.) followed by anhydrous CH2Cl2 (150 mL) and 2-

hydroxy-4-methyl-1-naphthaldehyde (244, 2.3 g, 12.4 mmol, 1.0 equiv.). 

The flask was cooled to 0 °C and TBSCl (2.3 mL, 18.5 mmol, 1.5 equiv.) 

was added dropwise. The mixture was allowed to warm to room temperature and stirred for 24. 

H2O (150 ml) was added and the layers were separated. The aqueous layer was extracted with 

EtOAc (3x60 mL), washed with brine, dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude product was purified via flash column chromatography on silica 

gel (eluent: i-hexanes/EtOAc 30:1) to yield the desired compound 245 (1.85 g, 6.2 mmol, 66%) 

as yellow solid.  

 

tert-butyl((1-(2,2-dibromovinyl)-4-methylnaphthalen-2-yl)oxy)dimethylsilane (246) 

A flame dried Schlenk tube was charged with 2-((tert-

butyldimethylsilyl)oxy)-4-methyl-1-naphthaldehyde (245, 1.85 g, 

6.2 mmol, 1.0 equiv.) followed by anhydrous CH2Cl2 (28 mL). The tube 

was cooled to 0 °C and CBr4 (3.07 g, 9.3 mmol, 1.5 equiv.) and PPh3 

(4.85 g, 18.5 mmol, 3 equiv.) were added. The tube was sealed and 

allowed to slowly warm to room temperature. The mixture was stirred for 16 h, then a saturated 

solution of Na2S2O3 (50 mL) was added and the layers were separated. The aqueous layer was 

extracted with CH2Cl2 (3x50 mL) and the combined organic layers were dried over anhydrous 

Na2SO4 and concentrated under reduced pressure. The crude product was purified via flash 

column chromatography on silica gel (eluent: i-hexane/MTBE 30:1) to yield the desired product 

246 (2.60 g, 5.70 mmol, 93%) as yellow oil. 

1H-NMR: (501 MHz, CD2Cl2): δ = 10.81 (s, 1H), 9.31 (ddd, J = 8.7, 1.3, 0.7 Hz, 

1H), 7.97 (ddd, J = 8.4, 1.5, 0.7 Hz, 1H), 7.60 (ddd, J = 8.5, 6.8, 1.4 Hz, 

1H), 7.47 (ddd, J = 8.2, 6.9, 1.3 Hz, 1H), 6.96 (q, J = 1.0 Hz, 1H), 2.71 

(d, J = 1.0 Hz, 3H), 1.06 (s, 9H), 0.34 (s, 6H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 191.99, 161.80, 145.61, 132.36, 129.47, 128.88, 

125.68, 125.13, 124.57, 122.11, 118.11, 25.90, 20.63, 18.77, -3.90. 
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1-(2,2-dibromovinyl)-4-methylnaphthalen-2-ol (247) 

Following a procedure reported by List, tert-butyl((1-(2,2-dibromovinyl)-

4-methylnaphthalen-2-yl)oxy)dimethylsilane (246, 2.60 g, 5.70 mmol, 

1.0 equiv.) was given to a flame dried Schlenk tube equipped with a 

magnetic stirring bar under an atmosphere of argon followed by anhydrous 

THF (25 mL).144 The tube was cooled to 0 °C and TBAF (1.0 M solution 

in THF, 8.6 mL, 8.6 mmol, 1.5 equiv.) was added dropwise. The mixture was allowed to warm 

to room temperature and stirred for 16 h. Water (100 mL) was added and the layers were 

separated. The aqueous layer was extracted with MTBE (3x50 mL) and the combined organic 

layers were washed with brine and dried over anhydrous Na2SO4 and concentrated under 

reduced pressure. The crude product was purified via flash column chromatography on silica 

gel (eluent: i-hexane/EtOAc 20:1) to yield the desired product 247 (1.34 g, 3.93 mmol, 69%) 

as yellow solid. 

 

 

2-bromo-5-methylnaphtho[2,1-b]furan (248) 

Following a procedure reported by List, CuI (30 mg, 0.16 mmol, 5 mol%) 

and K3PO4 (1.33 g, 6.24 mmol, 2.0 equiv.) were given to a flame dried 

Schlenk tube equipped with a magnetic stirring bar under an atmosphere of 

argon followed by a solution of 1-(2,2-dibromovinyl)-4-methylnaphthalen-2-

1H-NMR: (501 MHz, CD2Cl2): δ = 7.98 – 7.91 (m, 1H), 7.79 (dd, J = 8.2, 1.2 Hz, 

1H), 7.60 (s, 1H), 7.51 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 7.42 (ddd, J = 8.2, 

6.8, 1.3 Hz, 1H), 6.96 – 6.92 (m, 1H), 2.66 (t, J = 0.8 Hz, 3H), 1.07 (s, 

9H), 0.25 (s, 6H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 150.00, 137.01, 134.35, 131.85, 128.60, 126.62, 

125.18, 124.61, 123.98, 121.98, 120.11, 94.46, 27.14, 25.88, 19.81,            

–3.90. 

1H-NMR: (501 MHz, CDCl3): δ = 7.98 – 7.92 (m, 1H), 7.69 (dt, J = 8.5, 0.9 Hz, 

1H), 7.65 (s, 1H), 7.52 (ddd, J = 8.2, 6.8, 1.3 Hz, 1H), 7.05 (d, J = 1.1 Hz, 

1H), 5.18 (s, 1H), 2.67 (s, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 149.37, 137.92, 132.45, 131.70, 128.20, 126.90, 

124.61, 124.11, 123.80, 118.54, 113.65, 96.73, 19.51. 

EI-HRMS: calculated for C13H10O1Br2 ([M]+): 339.90931, found: 339.90946. 
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ol (247, 1.07 g, 3.20 mmol, 1.0 equiv.) in anhydrous THF (15 mL). The tube was sealed and 

heated to 80 °C for 16 h. The mixture was then cooled to room temperature, diluted with MTBE 

(40 mL) and filtered through a plug of celite. The filtrate was concentrated under reduced 

pressure and purified via flash column chromatography on silica gel (eluent: i-hexanes) to yield 

the desired bromide 248 (725 mg, 2.78 mmol, 89%) as colorless crystalline solid. 

 

Synthesis of 3,3'-BINOLs 

 

 (S)-3,3'-bis(6-(trifluoromethyl)benzofuran-2-yl)-[1,1'-binaphthalene]-2,2'-diol (249) 

A Schlenk tube was charged with (S)-2,2'-(2,2'-

bis(methoxymethoxy)-[1,1'-binaphthalene]-3,3'-diyl)bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane) (185, 142 mg, 0.23 mmol, 

1.0 equiv.), 2-bromo-6-(trifluoromethyl)benzofuran (150, 

180 mg, 0.70 mmol, 3.0 equiv.) and K2CO3 (187 mg, 1.36 mmol, 

6.0 equiv.). A 4:1 (v:v) mixture of H2O and 1,4-dioxane (1.2 mL, 

0.1 M) was added and the mixture was degassed in a constant 

stream of Ar bubbling through the mixture under stirring for 20 min. Pd(PPh3)4 (26 mg, 

23 µmol, 10 mol%) was added, the tube was sealed and heated to 110 °C for 16 h. The mixture 

was then cooled to room temperature, diluted with CH2Cl2 (100 mL) and water (100 mL) was 

added. The layers were separated, the aqueous layer was extracted with CH2Cl2 (3 x 70 mL) 

and the combined organic extracts were concentrated under reduced pressure.  

The obtained residue was dissolved in THF (2 mL) and HCl (4.0 M solution in 1,4-dioxane, 

1.0 mL) and the mixture was stirred for 16 h at room temperature. HCl (aqueous, 10%, 10 mL) 

was then added and the layers were separated. The aqueous layers was extracted with EtOAc 

(3 x 70 mL), the combined organic extracts were washed with brine (100 mL) and dried over 

anhydrous Na2SO4. The solids were filtered off, the filtrate was adsorbed on celite® and the 

solvent was removed under reduced pressure. The crude mixture was purified via 

recrystallization: the crude mixture was dissolved in a minimal amount of warm CH2Cl2 and i-

1H-NMR: (501 MHz, CD2Cl2): δ = 8.12 – 8.04 (m, 2H), 7.61 (ddd, J = 8.0, 6.9, 

1.4 Hz, 1H), 7.55 (ddd, J = 8.3, 6.9, 1.5 Hz, 1H), 7.47 (s, 1H), 7.18 (d, 

J = 1.0 Hz, 1H), 2.74 (d, J = 1.1 Hz, 3H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 153.74, 132.61, 130.16, 127.13, 126.78, 125.56, 

125.48, 125.24, 124.19, 122.98, 112.50, 107.79, 20.18. 

EI-HRMS: calculated for C13H9O1Br1 ([M]+): 259.98314, found: 259.98344. 
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hexanes was added slowly. The mixture was left at room temperature for 2 h and then cooled 

to –20 °C for 16 h whereupon colorless crystalline solids formed to yield the desired product 

249 (95 mg, 0.15 mmol, 64%). 
 

 

(S)-3,3'-bis(6-(perfluoropropyl)benzofuran-2-yl)-[1,1'-binaphthalene]-2,2'-diol (250) 

A Schlenk tube was charged with (S)-2,2'-(2,2'-

bis(methoxymethoxy)-[1,1'-binaphthalene]-3,3'-

diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) 

(185, 220 mg, 0.35 mmol, 1.0 equiv.), 2-bromo-6-

(perfluoropropyl)benzofuran (151, 354 mg, 0.97 mmol, 

3.0 equiv.) and K2CO3 (268 mg, 1.94 mmol, 6.0 equiv.). A 

4:1 (v:v) mixture of H2O and 1,4-dioxane (4.4 mL) was 

added and the mixture was degassed in a constant stream of 

Ar bubbling through the mixture under stirring for 20 min. Pd(PPh3)4 (37 mg, 32 µmol, 

10 mol%) was added, the tube was sealed and heated to 110 °C for 16 h. The mixture was then 

cooled to room temperature, diluted with CH2Cl2 (100 mL) and water (100 mL) was added. The 

layers were separated, the aqueous layer was extracted with CH2Cl2 (3 x 70 mL) and the 

combined organic extracts were concentrated under reduced pressure.  

The obtained residue was dissolved in THF (2.5 mL) and HCl (4.0 M solution in 1,4-dioxane, 

1.6 mL) and the mixture was stirred for 16 h at room temperature. HCl (aqueous, 10%, 20 mL) 

was then added and the layers were separated. The aqueous layers was extracted with EtOAc 

(3 x 50 mL), the combined organic extracts were washed with brine (30 mL) and dried over 

anhydrous Na2SO4. The solids were filtered off, the filtrate was adsorbed on celite® and the 

solvent was removed under reduced pressure. The crude mixture was purified via flash column 

1H-NMR: (501 MHz, CD2Cl2): δ = 8.83 (s, 2H), 8.08 (d, J = 8.2 Hz, 2H), 7.91 (s, 

2H), 7.72 (d, J = 8.1 Hz, 2H), 7.57 – 7.50 (m, 4H), 7.46 (ddd, J = 8.1, 

6.8, 1.2 Hz, 2H), 7.35 (ddd, J = 8.3, 6.7, 1.3 Hz, 2H), 7.18 – 7.13 (m, 

2H), 6.06 (s, 2H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 154.89, 153.75, 150.49, 133.80, 133.20, 129.72, 

129.69, 129.49, 128.89, 126.98 (q, J = 32.3 Hz), 126.24, 125.43, 124.38, 

124.08, 122.27, 120.35 (q, = 3.7 Hz), 119.23, 112.39, 108.81 (q, J = 4.1 

Hz), 107.69. 
19F-NMR: (471 MHz, CDCl3): δ = –61.29 (s). 

ESI-HRMS: calculated for C38H19F6O4 ([M-H]–): 653.11930, found: 653.11946. 
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chromatography on silica gel (eluent: i-hexanes/EtOAc 30:1) to yield the (S)-BINOL 250 

(250 mg, 0.29 mmol, 83%) as off-white solid. 
 

 

(S)-3,3'-bis(5-chloro-6-methylbenzofuran-2-yl)-[1,1'-binaphthalene]-2,2'-diol (251) 

A Schlenk tube was charged with (S)-2,2'-(2,2'-

bis(methoxymethoxy)-[1,1'-binaphthalene]-3,3'-diyl)bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolane) (185, 500 mg, 0.80 mmol, 

1.0 equiv.), 2-bromo-5-chloro-6-methylbenzofuran (241, 460 mg, 

1.87 mmol, 2.4 equiv.) and K2CO3 (662 mg, 4.80 mmol, 

6.0 equiv.). A 4:1 (v:v) mixture of H2O and 1,4-dioxane (11.2 mL) 

was added and the mixture was degassed in a constant stream of 

Ar bubbling through the mixture under stirring for 20 min. 

Pd(PPh3)4 (69 mg, 60 µmol, 7.5 mol%) was added, the tube was 

sealed and heated to 110 °C for 16 h. The mixture was then cooled to room temperature, diluted 

with CH2Cl2 (50 mL) and water (50 mL) was added. The layers were separated, the aqueous 

layer was extracted with CH2Cl2 (3 x 30 mL) and the combined organic extracts were 

concentrated under reduced pressure.  

The obtained residue was dissolved in THF (6.0 mL) and HCl (4.0 M solution in 1,4-dioxane, 

3.6 mL) and the mixture was stirred for 16 h at room temperature. HCl (aqueous, 10%, 30 mL) 

was then added and the layers were separated. The aqueous layers was extracted with EtOAc 

(3 x 50 mL), the combined organic extracts were washed with brine (30 mL) and dried over 

anhydrous Na2SO4. The solids were filtered off, the filtrate was adsorbed on celite® and the 

solvent was removed under reduced pressure. The crude mixture was purified via flash column 

1H-NMR: (501 MHz, CD2Cl2): δ = 8.86 (s, 2H), 8.10 (d, J = 8.1 Hz, 2H), 7.88 (s, 

2H), 7.77 (d, J = 8.2 Hz, 2H), 7.61 (d, J = 0.9 Hz, 2H), 7.48 (ddd, J = 8.1, 

6.7, 1.3 Hz, 4H), 7.38 (ddd, J = 8.2, 6.9, 1.3 Hz, 2H), 7.17 (dd, J = 8.4, 

1.0 Hz, 2H), 5.94 (s, 2H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 154.95, 153.89, 150.48, 133.77, 133.48, 129.73, 

129.72, 129.61, 128.99, 125.49, 124.96, 124.36, 122.13, 121.68, 119.15, 

112.28, 110.31, 107.69. 
19F-NMR: (471 MHz, CDCl3): δ = –80.31 (t, J = 9.9 Hz), –110.05 (q, J = 10.0 Hz), 

–126.40 (s). 

ESI-HRMS: calculated for C42H19F14O4 ([M-H]–): 853.10653, found: 853.10636. 
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chromatography on silica gel (eluent: i-hexanes/EtOAc 20:1 ⟶ 10:1) to yield the (S)-BINOL 

251 (324 mg, 0.53 mmol, 66%) as off-white solid. 
 

 

(S)-3,3'-bis(5-methylnaphtho[2,1-b]furan-2-yl)-[1,1'-binaphthalene]-2,2'-diol (252) 

Prepared following GP X. A Schlenk tube was charged with (S)-

2,2'-(2,2'-bis(methoxymethoxy)-[1,1'-binaphthalene]-3,3'-

diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (185, 500 mg, 

0.80 mmol, 1.0 equiv.), 2-bromo-5-methylnaphtho[2,1-b]furan 

(248, 512 mg, 2.0 mmol, 2.5 equiv.) and K2CO3 (662 mg, 

4.80 mmol, 6.0 equiv.). A 4:1 (v:v) mixture of H2O and 1,4-

dioxane (11.2 mL) was added and the mixture was degassed in a 

constant stream of Ar bubbling through the mixture under stirring 

for 20 min. Pd(PPh3)4 (69 mg, 60 µmol, 7.5 mol%) was added, 

the tube was sealed and heated to 110 °C for 16 h. The mixture 

was then cooled to room temperature, diluted with CH2Cl2 (50 mL) and water (50 mL) was 

added. The layers were separated, the aqueous layer was extracted with CH2Cl2 (3 x 30 mL) 

and the combined organic extracts were concentrated under reduced pressure.  

The obtained residue was dissolved in THF (6.0 mL) and HCl (4.0 M solution in 1,4-dioxane, 

3.6 mL) and the mixture was stirred for 16 h at room temperature. HCl (aqueous, 10%, 30 mL) 

was then added and the layers were separated. The aqueous layers was extracted with EtOAc 

(3 x 50 mL), the combined organic extracts were washed with brine (30 mL) and dried over 

anhydrous Na2SO4. The solids were filtered off, the filtrate was adsorbed on celite® and the 

solvent was removed under reduced pressure. The crude mixture was purified via flash column 

chromatography on silica gel (eluent: i-hexanes/CH2Cl2 10:1 ⟶ 2:1) to yield the (S)-BINOL 

252 (400 mg, 0.62 mmol, 78%) as off-white solid. 

1H-NMR: (501 MHz, acetone-d6): δ = 8.71 (s, 2H), 8.64 (s, 2H), 8.10 (d, J = 8.1 

Hz, 2H), 7.70 (s, 2H), 7.64 (s, 2H), 7.59 (d, J = 1.1 Hz, 2H), 7.41 (ddd, 

J = 8.1, 6.7, 1.2 Hz, 2H), 7.07 (dd, J = 8.3, 1.2 Hz, 2H), 2.52 (s, 6H). 
13C-NMR: (126 MHz, acetone-d6): δ = 154.32, 153.86, 152.38, 135.06, 133.11, 

130.09, 129.81, 129.71, 129.54, 128.37, 128.34, 124.99, 124.90, 121.86, 

120.77, 114.47, 113.51, 107.76, 20.81. 

ESI-HRMS: calculated for C38H23Cl2O4 ([M-H]–): 613.09789, found: 613.09806. 
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Synthesis of Benzofuryl-IDPis 

 

 (S,S)-(6-(trifluoromethyl)benzofuranyl)-C6F5 IDPi (IDPi-25-b) 

Prepared according to GP C: (S)-3,3'-bis(6-

(trifluoromethyl)benzofuran-2-yl)-[1,1'-binaphthalene]-2,2'-

diol (249, 78 mg, 0.12 mmol, 2.1 equiv.) was given to a flame 

dried Schlenk tube under an atmosphere of argon and 

dissolved in anhydrous PhMe (1.7 mL). 

((perfluorophenyl)sulfonyl)phosphorimidoyl trichloride 

(155, 46 mg, 0.12 mmol, 2.1 equiv.) was added followed by 

triethylamine (0.13 mL, 0.92 mmol, 16 equiv.) and the 

mixture was stirred at room temperature for 30 min. Hexamethyldisilazane (12 µL, 57 µmol, 

1.0 equiv.) was added, the mixture was stirred for another 20 min at room temperature and 

subsequently heated to 130 °C for 4 days. The tube was then cooled to room temperature, 

diluted with CH2Cl2 (5 mL) and quenched via the addition of HCl (10%, 5 mL). The layers 

were separated, and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL), the combined 

organic extracts were dried over anhydrous Na2SO4 and concentrated under reduced pressure. 

The crude residue was purified via flash column chromatography on silica gel (eluent: EtOAc/i-

hexanes 3:1 ⟶ EtOAc/acetone 98:2) and the isolated salt was acidified via filtration over a 

short plug of DOWEX 50WX8 (H-form, eluted with CH2Cl2) to yield (S,S)-IDPi-25-b (75 mg, 

40 µmol, 70%) as off-white solid. 

1H-NMR: (501 MHz, acetone-d6): δ = 8.77 (s, 2H), 8.66 (s, 2H), 8.26 (dd, J = 8.1, 

1.5 Hz, 2H), 8.17 (d, J = 1.0 Hz, 2H), 8.16 – 8.13 (m, 2H), 8.11 (d, 

J = 8.1 Hz, 2H), 7.77 (s, 2H), 7.61 (ddd, J = 8.2, 6.8, 1.3 Hz, 2H), 7.56 

(ddd, J = 8.2, 6.8, 1.4 Hz, 2H), 7.41 (ddd, J = 8.1, 6.7, 1.2 Hz, 2H), 7.30 

(ddd, J = 8.2, 6.7, 1.3 Hz, 2H), 7.12 (d, J = 8.4 Hz, 2H), 2.84 (d, J = 1.0 

Hz, 6H). 
13C-NMR: (126 MHz, acetone-d6): δ = 152.47, 152.40, 152.24, 134.80, 133.35, 

130.75, 130.04, 129.58, 128.93, 127.99, 127.66, 127.19, 126.02, 125.48, 

125.11, 124.83, 124.28, 121.47, 114.59, 113.41, 107.49, 20.22. 

ESI-HRMS: calculated for C46H29O4 ([M-H]–): 645.20713, found: 645.20738. 

TLC: RF (CH2Cl2/EtOAc 9:1) = 0.34. 
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 (S,S)-(6-(perfluoropropyl)benzofuranyl)-C6F5 IDPi (IDPi-26-b) 

Prepared according to GP C: (S)-3,3'-bis(6-

(perfluoropropyl)benzofuran-2-yl)-[1,1'-

binaphthalene]-2,2'-diol (250, 215 mg, 0.25 mmol, 

2.1 equiv.) was given to a flame dried Schlenk tube 

under an atmosphere of argon and dissolved in 

anhydrous PhMe (1.7 mL). 

((perfluorophenyl)sulfonyl)phosphorimidoyl trichloride 

(155, 96 mg, 0.25 mmol, 2.1 equiv.) was added followed 

by triethylamine (0.27 mL, 1.9 mmol, 16 equiv.) and the mixture was stirred at room 

temperature for 30 min. Hexamethyldisilazane (25 µL, 0.12 mmol, 1.0 equiv.) was added, the 

mixture was stirred for another 20 min at room temperature and subsequently heated to 130 °C 

for 4 days. The tube was then cooled to room temperature, diluted with CH2Cl2 (5 mL) and 

quenched via the addition of HCl (10%, 10 mL). The layers were separated, and the aqueous 

layer was extracted with CH2Cl2 (3 x 10 mL), the combined organic extracts were dried over 

anhydrous Na2SO4 and concentrated under reduced pressure. The crude residue was purified 

via flash column chromatography on silica gel (eluent: EtOAc/i-hexanes 3:1 ⟶ EtOAc 100% 

⟶	EtOAc/acetone 97:3) and the isolated salt was acidified via filtration over a short plug of 

1H-NMR: (501 MHz, CD2Cl2): δ = 8.63 (s, 2H), 8.12 (dd, J = 8.4, 3.4 Hz, 4H), 7.93 

(s, 2H), 7.86 (dd, J = 11.5, 7.7 Hz, 4H), 7.72 – 7.51 (m, 8H), 7.42 – 7.35 

(m, 2H), 7.28 (s, 2H), 7.19 (dd, J = 11.6, 8.1 Hz, 8H), 6.95 (s, 2H), 6.81 

(d, J = 8.0 Hz, 2H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 153.64, 153.28, 152.68, 152.18, 142.27, 141.84, 

132.70, 132.43, 132.14, 132.02, 132.00, 131.68, 130.07, 129.57, 129.53, 

129.05, 128.75, 128.58, 127.82, 127.65, 127.46, 127.26, 126.93, 126.59, 

126.34, 126.14, 125.70, 123.99, 123.54, 123.19, 122.86, 122.40, 122.08, 

121.60, 120.86, 120.61, 119.66, 108.82, 108.79, 108.34, 108.27, 107.91. 
19F-NMR: (471 MHz, CD2Cl2): δ =–61.44 (s), –61.63 (s), –136.68 (d, J = 21.6 Hz), 

–145.61 (s), –159.59 (s). 
31P-NMR: (202 MHz, CD2Cl2) δ = –14.06. 

ESI-HRMS: calculated for C88H36F22N3O12P2S2 ([M-H]–): 1870.08698, found: 

1870.08923. 
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DOWEX 50WX8 (H-form, eluted with CH2Cl2) to yield (S,S)-IDPi-26-b (78 mg, 34 µmol, 

29%) as off-white solid. 

 

 (S,S)-(5-chloro-2,6-dimethylbenzofuranyl)-C6F5 IDPi (IDPi-28-b) 

Prepared according to GP C: (S)-3,3'-bis(5-chloro-6-

methylbenzofuran-2-yl)-[1,1'-binaphthalene]-2,2'-diol (251, 

217 mg, 0.35 mmol, 2.1 equiv.) was given to a flame dried 

Schlenk tube under an atmosphere of argon and dissolved in 

anhydrous PhMe (2.5 mL). 

((perfluorophenyl)sulfonyl)phosphorimidoyl trichloride (155, 

134 mg, 0.35 mmol, 2.1 equiv.) was added followed by 

triethylamine (0.37 mL, 2.7 mmol, 16 equiv.) and the mixture 

was stirred at room temperature for 30 min. Hexamethyldisilazane (35 µL, 0.17 mmol, 

1.0 equiv.) was added, the mixture was stirred for another 20 min at room temperature and 

subsequently heated to 130 °C for 4 days. The tube was then cooled to room temperature, 

diluted with CH2Cl2 (10 mL) and quenched via the addition of HCl (10%, 10 mL). The layers 

were separated, and the aqueous layer was extracted with CH2Cl2 (3 x 10 mL), the combined 

organic extracts were dried over anhydrous Na2SO4 and concentrated under reduced pressure. 

The crude residue was purified via flash column chromatography on silica gel (eluent: 

PhMe/EtOAc 50:1 ⟶ 20:2) and the isolated salt was acidified via filtration over a short plug 

1H-NMR: (501 MHz, CD2Cl2): δ = 8.63 (s, 2H), 8.18 (d, J = 8.2 Hz, 2H), 8.13 (d, 

J = 8.4 Hz, 2H), 7.98 – 7.90 (m, 6H), 7.72 – 7.64 (m, 4H), 7.62 (s, 2H), 

7.60 – 7.54 (m, 2H), 7.45 – 7.39 (m, 4H), 7.26 (dt, J = 8.6, 4.5 Hz, 8H), 

7.03 (s, 2H), 6.80 (dd, J = 8.2, 1.5 Hz, 2H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 153.33, 152.90, 152.30, 151.74, 141.75, 132.55, 

132.36, 131.81, 131.58, 131.24, 129.62, 129.05, 128.69, 128.20 (d, J = 

11.7 Hz), 127.35 (d, J = 6.4 Hz), 126.90, 126.42, 122.81, 122.19, 121.83, 

121.62, 121.07, 120.55, 120.19, 117.03, 109.90, 109.39, 107.88, 107.52. 
19F-NMR: (471 MHz, CD2Cl2): δ = –80.35 (t, J = 9.9 Hz), –80.50 (t, J = 10.0 Hz), 

–110.16 (q, J = 9.9 Hz), –110.50 (p, J = 10.9 Hz), –126.34 - –126.64 (m), 

–136.35 - –136.91 (m), –145.63 (s), –159.60 (s). 
31P-NMR: (202 MHz, CD2Cl2) δ = –14.30. 

ESI-HRMS: calculated for C96H36F38N3O12P2S2 ([M-H]–): 2270.06143, found: 

2270.06258. 
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of DOWEX 50WX8 (H-form, eluted with CH2Cl2) to yield (S,S)-IDPi-28-b (145 mg, 81 µmol, 

48%) as off-white solid. 

 

 (S,S)-(2,5-dimethylnaphtho[2,1-b]furanyl)-C6F5 IDPi (IDPi-29-b) 

Prepared according to GP C: (S)-3,3'-bis(5-methylnaphtho[2,1-

b]furan-2-yl)-[1,1'-binaphthalene]-2,2'-diol (252, 293 mg, 

0.45 mmol, 2.1 equiv.) was given to a flame dried Schlenk tube 

under an atmosphere of argon and dissolved in anhydrous PhMe 

(2.5 mL). ((perfluorophenyl)sulfonyl)phosphorimidoyl 

trichloride (155, 173 mg, 0.45 mmol, 2.1 equiv.) was added 

followed by triethylamine (0.48 mL, 3.5 mmol, 16 equiv.) and 

the mixture was stirred at room temperature for 30 min. 

Hexamethyldisilazane (45 µL, 0.21 mmol, 1.0 equiv.) was added, the mixture was stirred for 

another 20 min at room temperature and subsequently heated to 130 °C for 4 days. The tube 

was then cooled to room temperature, diluted with CH2Cl2 (10 mL) and quenched via the 

addition of HCl (10%, 10 mL). The layers were separated, and the aqueous layer was extracted 

with CH2Cl2 (3 x 10 mL), the combined organic extracts were dried over anhydrous Na2SO4 

and concentrated under reduced pressure. The crude residue was purified via flash column 

chromatography on silica gel (eluent: PhMe/EtOAc 40:1 ⟶ 20:1) and the isolated salt was 

acidified via filtration over a short plug of DOWEX 50WX8 (H-form, eluted with CH2Cl2) to 

yield (S,S)-IDPi-29-b (160 mg, 86 µmol, 40%) as off-white solid. 

1H-NMR: (501 MHz, CD2Cl2): δ = 8.59 (s, 2H), 8.10 (d, J = 8.3 Hz, 2H), 8.01 (d, 

J = 8.2 Hz, 2H), 7.81 (s, 2H), 7.66 (s, 2H), 7.61 (t, J = 7.6 Hz, 2H), 7.52 

(s, 2H), 7.35 (t, J = 7.6 Hz, 2H), 7.24 (t, J = 7.5 Hz, 2H), 7.00 (s, 2H), 

6.60 (s, 2H), 2.55 (s, 6H). 
13C-NMR: (126 MHz, CD2Cl2): δ = 153.47, 153.25, 150.86, 145.24, 143.17, 142.49, 

138.38, 136.63, 133.87, 132.64, 132.02, 131.92, 131.84, 131.72, 129.94, 

129.79, 129.38, 129.33, 129.10, 128.90, 128.57, 128.50, 128.01, 127.75, 

127.48, 127.20, 127.06, 125.65, 123.12, 122.48, 122.12, 121.79, 121.28, 

112.97, 112.43, 107.94, 107.38, 21.13. 
19F-NMR: (471 MHz, CD2Cl2): δ = –136.73 (s), –146.10 (s), –159.70 (s). 
31P-NMR: (202 MHz, CD2Cl2) δ = –16.19. 

ESI-HRMS: calculated for C88H44F10Cl4N3O12P2S2 ([M-H]–): 1790.04417, found: 

1790.04475. 
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1H-NMR: (501 MHz, CDCl3): δ = 8.49 (s, 2H), 8.13 (d, J = 8.4 Hz, 2H), 8.08 (d, J = 

8.1 Hz, 2H), 8.03 – 7.98 (m, 4H), 7.90 (q, J = 4.8 Hz, 2H), 7.77 – 7.67 

(m, 8H), 7.64 (t, J= 7.5 Hz, 2H), 7.49 (dt, J = 24.9, 7.3 Hz, 4H), 7.42 (s, 

2H), 7.37 (dd, J = 19.0, 7.7 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 7.08 (s, 

2H), 6.71 (d, J = 19.3 Hz, 4H), 6.40 (t, J = 7.7 Hz, 2H), 6.20 (t, J = 7.4 

Hz, 2H), 4.96 (s, 2H), 2.85 (s, 6H), 2.24 (s, 6H). 
19F-NMR: (471 MHz, CD2Cl2): δ = –134.42 (s), –146.84 (s), –160.36 (s). 
31P-NMR: (202 MHz, CD2Cl2) δ = –18.04. 

ESI-HRMS: calculated for C104H56F10N3O12P2S2 ([M-H]–): 1854.26266, found: 

1854.26347. 
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7.2.3 Asymmetric Catalytic Scriabine Reaction 

 

General Procedure G (GP G): Scriabine Reaction of Acylals - Screening 

 
A flame-dried 5 mL finger Schlenk tube under an atmosphere of argon equipped with a 

magnetic stirring bar was charged with the used organocatalyst (5 mol%) and the used solvent 

was added (1.0 mL) followed by the arene substrate (0.2 mmol, 2.0 equiv.) and then the acylal 

reagent (0.1 mmol, 1.0 equiv.). The tube was sealed and stirred at the respective temperature 

for the indicated reaction time. The mixture was then quenched with triethylamine (0.3 M 

solution in PhMe, 200 µL) and applied directly on a silica gel column equilibrated with  

i-hexanes. The mixture was flushed with i-hexanes (100 mL) and then purified via flash column 

chromatography on silica gel (i-hexanes/MTBE eluents) to yield the desired enol esters usually 

as colorless oils. Deviations from the general protocol are indicated at the respective entry. 

On lower scales, the reactions were performed in oven-dried 1 mL screwcap vials under an 

atmosphere of argon. The reactions were quenched analogously and purified via preparative 

thin layer chromatography (i-hexanes/MTBE eluents) to yield the desired enol esters usually as 

colorless oils. 

Racemic samples as reference for chromatographic analysis were obtained via usage of HNTf2 

as acid catalyst. 

 

General Procedure G (GP G): in situ Scriabine Reaction - Screening 

 
A flame-dried 5 mL finger Schlenk tube under an atmosphere of argon equipped with a 

magnetic stirring bar was charged with the used organocatalyst (5 mol%) and the used solvent 

was added (1.0 mL) followed by the arene substrate (0.2 mmol, 2.0 equiv.) and then the 

catalyst (5 mol%)

solvent, 
temperature R1 O

R2

R3

O
R1 O

O
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Ar+
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H
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enal/enone (0.1 mmol, 1.0 equiv.). The anhydride activating agent (0.5 mmol, 5 equiv.) was 

added and the tube was sealed and stirred at the respective temperature for the indicated reaction 

time. The mixture was then quenched with triethylamine (0.3 M solution in PhMe, 200 µL) and 

applied directly on a silica gel column equilibrated with i-hexanes. The mixture was flushed 

with i-hexanes (100 mL) and then purified via flash column chromatography on silica gel  

(i-hexanes/MTBE eluents) to yield the desired enol esters usually as colorless oils. Deviations 

from the general protocol are indicated at the respective entry. 

On lower scales, the reactions were performed in oven-dried 1 mL screwcap vials under an 

atmosphere of argon. The reactions were quenched analogously and purified via preparative 

thin layer chromatography (i-hexanes/MTBE eluents) to yield the desired enol esters usually as 

colorless oils. 

Racemic samples as reference for chromatographic analysis were obtained via usage of HNTf2 

as acid catalyst. 

 

(E)-3-(p-tolyl)prop-1-en-1-yl acetate (254) 

 Prepared following General Procedure G with deviations, from prop-2-ene-

1,1-diyl diacetate (256, 7.9 mg, 50 µmol, 1.0 equiv.) in PhMe (3, 0.5 mL, 

30 mmol, 3.0 equiv.) using HNTf2 (0.2 M stock solution in CH2Cl2, 4 drops, ca 

5 mol%) as catalyst at 30 °C for 1 h. Purification of the reaction mixture via 

preparative thin layer chromatography (eluent: i-hexane/EtOAc 10:1) gave 254 as colorless oil 

(4.0 mg, 21 µmol, 42%). 

 

(E)-3-(4-methoxyphenyl)but-1-en-1-yl acetate (127) 

Prepared following General Procedure G, from (E)-but-2-ene-1,1-diyl diacetate 

(117, 7.9 mg, 50 µmol, 1.0 equiv.) and anisole (26, 11 µL, 0.1 mmol, 2.0 equiv.) 

in PhMe (0.5 mL, 0.1 M) using IDPi-01-a (4.5 mg, 2.5 µmol, 5 mol%) as 

catalyst at 30 °C for 16 h. Purification of the reaction mixture via preparative 

thin layer chromatography (eluent: i-hexane/MTBE 10:1) gave 127 as colorless oil (3.0 mg, 

13.6 µmol, 27%). 

1H-NMR: (501 MHz, CD2Cl2): δ = 7.17 – 7.04 (m, 5H), 6.79 (dt, J = 24.2, 5.5 Hz, 

1H), 2.73 – 2.62 (m, 2H), 2.31 – 2.29 (m, 3H), 2.04 (s, 3H), 2.00 (s, 5H). 

TLC: Rf (i-hexanes/EtOAc 9:1) = 0.45. 

OAc

254

OMe

OAc

127
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The analytical data is in agreement with previously reported data.184 

 

(E)-3-(4-methoxyphenyl)-2-methylbut-1-en-1-yl acetate (128) 

Prepared following General Procedure G, from ((E)-2-methylbut-2-ene-1,1-

diyl diacetate (125, 4.7 mg, 25 µmol, 1.0 equiv.) and anisole (26, 5.4 µL, 

0.05 mmol, 2.0 equiv.) in n-pentane (0.25 mL, 0.1 M) using IDPi-01-a (1.6 mg, 

0.6 µmol, 2.5 mol%) as catalyst at 30 °C for 16 h. Purification of the reaction 

mixture via preparative thin layer chromatography (eluent: i-hexane/MTBE 10:1) gave 128 as 

colorless oil (5.6 mg, 24 µmol, 95%). 

 

(E)-3-(benzofuran-2-yl)but-1-en-1-yl acetate (132) 

Prepared following General Procedure G, from ((E)-2-methylbut-2-ene-1,1-

diyl diacetate (117, 4.7 mg, 25 µmol, 1.0 equiv.) and benzofurane (82, 5.5 µL, 

0.05 mmol, 2.0 equiv.) in n-pentane (0.25 mL, 0.1 M) using IDPi-01-a (1.6 mg, 

0.6 µmol, 2.5 mol%) as catalyst at 30 °C for 16 h. Purification of the reaction 

mixture via preparative thin layer chromatography (eluent: i-hexane/MTBE 10:1) gave 132 as 

colorless oil (5.6 mg, 24 µmol, 95%). 

1H-NMR: (501 MHz, CDCl3): δ = 7.14 (d, J = 8.7 Hz, 2H), 7.10 (dd, J = 12.5, 1.3 Hz, 

1H), 6.87 – 6.80 (m, 2H), 5.58 (dd, J = 12.5, 7.7 Hz, 1H), 3.77 (s, 3H), 3.45 

(p, J = 6.8 Hz, 1H), 2.08 (s, 3H), 1.35 (d, J = 7.0 Hz, 3H).  

ESI-HRMS: calculated for C13H16O3 ([M]+): 220.10940, found: 220.10939. 

HPLC: (Chiralpak IA-3, MeOH/H2O 80:20, 298 K, 220 nm): tR (major) = 37.2 min, 

tR (minor) = 44.1 min, e.r. = 65:35 (30% e.e.). 

E/Z: 5:1, as determined via HPLC- and 1H-NMR analysis.  

1H-NMR: (501 MHz, CDCl3): δ = 7.15 – 7.09 (m, 2H), 6.83 (d, J = 8.7 Hz, 2H), 3.79 (s, 

3H), 3.38 (q, J = 7.1 Hz, 1H), 2.15 (s, 3H), 1.51 (d, J = 1.5 Hz, 3H), 1.37 (d, J 

= 7.1 Hz, 3H). 

EI-HRMS: calculated for C14H18O3 ([M]+): 234.12504, found: 234.12506. 

HPLC: (Chiralpak IA-3, MeCN/H2O 50:50, 298 K, 220 nm): tR (min) = 8.0 min, tR 

(major) = 9.6 min, e.r. = 84.5:15.5 (69% e.e.). 

E/Z: 6:1, as determined via 1H-NMR analysis.  

OMe

OAc

128

OAc

132O
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(E)-(2-(benzofuran-2-yl)cyclohexylidene)methyl acetate (133) 

Prepared following General Procedure G, from cyclohex-1-en-1-

ylmethylene diacetate (120, 5.3 mg, 25 µmol, 1.0 equiv.) and benzofurane 

(82, 5.5 µL, 0.05 mmol, 2.0 equiv.) in n-pentane (0.25 mL, 0.1 M) using 

IDPi-01-a (1.6 mg, 0.6 µmol, 2.5 mol%) as catalyst at 0 °C for 16 h. 

Purification of the reaction mixture via preparative thin layer 

chromatography (eluent: i-hexane/EtOAc 20:1) gave 133 as colorless oil (2.9 mg, 11 µmol, 

43%). Elimination toward dienol acetate 134 was observed as significant side reaction. 

 

(E)-3-(benzofuran-2-yl)but-1-en-1-yl isobutyrate (136) 

Prepared following General Procedure G, from (E)-but-2-ene-1,1-diyl 

bis(2-methylpropanoate) (122, 5.7 mg, 25 µmol, 1.0 equiv.) and 

benzofurane (82, 5.5 µL, 0.05 mmol, 2.0 equiv.) in n-pentane (0.25 mL, 

0.1 M) using IDPi-01-a (1.6 mg, 0.6 µmol, 2.5 mol%) as catalyst at 0 °C 

for 16 h. Purification of the reaction mixture via preparative thin layer 

1H-NMR: (501 MHz, CDCl3): δ = 7.51 – 7.47 (m, 1H), 7.44 – 7.40 (m, 1H), 7.29 (dd, 

J = 12.5, 1.1 Hz, 1H), 7.20 (dtd, J = 20.5, 7.4, 1.3 Hz, 2H), 6.42 (t, J = 1.0 

Hz, 1H), 5.63 (dd, J = 12.5, 8.3 Hz, 1H), (p,  J = 8.0 Hz, 1H), 2.13 (s, 3H), 

1.48 (d, J = 7.0 Hz, 3H). 
13C-NMR: (126 MHz, CDCl3): δ = 167.72, 136.43, 128.61, 123.50, 122.53, 120.51, 

116.20, 110.92, 101.28, 32.55, 20.70, 19.14. 

ESI-HRMS: calculated for C14H14O3Na ([M+Na]+): 253.08351, found: 253.08334. 

HPLC: (Chiralpak IA-3, MeCN/H2O 55:45, 298 K, 220 nm): tR (min) = 6.7 min, tR 

(major) = 8.0 min, e.r. = 91.5:8.5 (83% e.e.). 

E/Z: 6:1, as determined via 1H-NMR analysis.  

1H-NMR: (501 MHz, CDCl3): δ = 7.51 – 7.48 (m, 1H), 7.45 – 7.41 (m, 1H), 7.24 – 7.15 

(m, 2H), 6.87 (q, J = 1.2 Hz, 1H), 6.47 (t, J = 1.1 Hz, 1H), 3.61 (t, J = 5.6 Hz, 

1H), 2.43 – 2.34 (m, 2H), 2.25 – 2.16 (m, 1H), 2.13 (s, 3H), 1.91 (ddt, J = 12.9, 

8.3, 4.0 Hz, 1H), 1.72 (td, J = 9.1, 3.6 Hz, 1H), 1.66 – 1.54 (m, 3H). 

EI-HRMS: calculated for C17H18O3 ([M]+): 270.12504, found: 270.12519. 

E/Z: >20:1, as determined via 1H-NMR analysis.  
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chromatography (eluent: i-hexane/MTBE 20:1) gave 136 as colorless oil (4.0 mg, 15 µmol, 

61%).  

 

(E)-3-(benzofuran-2-yl)but-1-en-1-yl pivalate (147) 

Prepared following General Procedure G, from (E)-but-2-ene-1,1-diyl 

bis(2,2-dimethylpropanoate) (124, 5.7 mg, 25 µmol, 1.0 equiv.) and 

benzofurane (82, 5.5 µL, 0.05 mmol, 2.0 equiv.) in n-pentane (0.25 mL, 

0.1 M) using IDPi-01-a (1.6 mg, 0.6 µmol, 2.5 mol%) as catalyst at 0 

°C for 16 h. Purification of the reaction mixture via preparative thin layer 

chromatography (eluent: i-hexane/MTBE 20:1) gave 147 as colorless oil (6.5 mg, 24 µmol, 

95%).  

 

 

1H-NMR: (501 MHz, CDCl3): δ = 7.51 – 7.47 (m, 1H), 7.42 (dd, J = 8.1, 1.0 Hz, 1H), 

7.30 (dd, J = 12.5, 1.1 Hz, 1H), 7.25 – 7.15 (m, 2H), 6.42 (d, J = 1.0 Hz, 1H), 

5.64 (dd, J = 12.5, 8.3 Hz, 1H), 3.72 – 3.65 (m, 1H), 2.62 (hept, J = 7.0 Hz, 

1H), 1.49 (d, J = 7.0 Hz, 3H), 1.21 (dd, J = 7.0, 1.2 Hz, 6H). 
13C-NMR: (126 MHz, CDCl3): δ = 174.48, 161.84, 155.16, 137.04, 129.11, 123.87, 

122.93, 120.91, 116.38, 111.13, 101.56, 34.19, 33.01, 19.41, 18.89. 

EI-HRMS: calculated for C16H18O3 ([M]+): 258.12504, found: 258.12528. 

2D-HPLC: 1st dimension: (Eclipse Plus C18, MeCN/H2O 60:40, 298 K, 220 nm): tR = 2.2 

min. 

2nd dimension: (Chiralpak IA-3, MeOH/H2O - Gradient = 60% - 10' - 85% 

MeOH, 298 K, 220 nm): tR (minor) = 14.2 min, tR (major) = 16.2 min, e.r. = 

93.5:6.5 (87% e.e.). 

E/Z: >20:1, as determined via 1H-NMR analysis.  

TLC: Rf (i-hexanes/EtOAc 20:1) = 0.55. 
1H-NMR: (501 MHz, CD2Cl2): δ = 7.52 – 7.50 (m, 1H), 7.44 – 7.41 (m, 1H), 7.31 – 7.30 

(m, 1H), 7.27 – 7.17 (m, 2H), 6.46 (t, J = 1.0 Hz, 1H), 5.65. (dd, J = 12.5 Hz, 

8.3 Hz, 1H), 3.76 – 3.64 (m, 1H), 1.49 (d, J = 7 Hz, 3H), 1.24 (s, 9H). 
13C-NMR: (126 MHz, CDCl3): δ = 175.89, 174.44, 161.87, 137.23, 129.12, 123.88, 

122.94, 120.92, 116.37, 111.13, 101.55, 38.98, 33.02, 27.10, 19.42. 

EI-HRMS: calculated for C17H20O3 ([M]+): 272.14069, found: 272.14118. 

O

147O
O
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HPLC: (Chiralpak OJ-3R, MeCN/H2O 55:45, 298 K, 220 nm): tR (major) = 19.3 min, 

tR (minor) = 22.7 min, e.r. = 93:7 (86% e.e.). 

E/Z: >20:1, as determined via 1H-NMR analysis.  
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7.2.4 Crystallographic Data 

 
Figure 7.20: X-Ray structure of compound 142 (H-atoms omitted). 

Table 7.5: Crystal data and structure refinement. 
Identification code  15127 
Empirical formula  C13 H8 Cl6 O4 
Color  colorless 
Formula weight  440.89 g · mol-1  
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  TRICLINIC 
Space group  P1̄,  (no. 2) 
Unit cell dimensions a = 8.4578(5) Å a= 109.413(2)°. 
 b = 9.8610(6) Å b= 99.269(2)°. 
 c = 11.8448(7) Å g = 107.130(2)°. 
Volume 852.84(9) Å3 
Z 2 
Density (calculated) 1.717  Mg · m-3 
Absorption coefficient 1.021 mm-1 
F(000) 440 e 
Crystal size 0.36 x 0.229 x 0.106 mm3 
q range for data collection 1.903 to 33.579°. 
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Index ranges -13 £ h £ 12, -15£ k £ 15, -18 £ l £ 18 
Reflections collected 31934 
Independent reflections 6682 [Rint = 0.0207] 
Reflections with I>2s(I) 6366 
Completeness to q = 25.242° 100.0 %  
Absorption correction Gaussian 
Max. and min. transmission 0.91 and 0.78 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 6682 / 0 / 240 
Goodness-of-fit on F2 1.043 
Final R indices [I>2s(I)] R1 = 0.0191 wR2 = 0.0516 
R indices (all data) R1 = 0.0202 wR2 = 0.0522 
Largest diff. peak and hole 0.52 and -0.34 e · Å-3 
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Table 7.6: Bond lengths [Å] and angles [°]. 
 

Cl(1)-C(11) 1.7504(7)  Cl(2)-C(11) 1.7653(7) 
Cl(3)-C(11) 1.7711(7)  Cl(4)-C(13) 1.7709(7)  
Cl(5)-C(13) 1.7577(8)  Cl(6)-C(13) 1.7581(7)  
O(1)-C(1) 1.4541(8)  O(1)-C(10) 1.3358(8)  
O(2)-C(10) 1.1936(9)  O(3)-C(1) 1.4296(9)  
O(3)-C(12) 1.3396(8)  O(4)-C(12) 1.1954(9)  
C(1)-H(1) 0.956(11)  C(1)-C(2) 1.4814(10)  
C(2)-H(2) 0.955(13)  C(2)-C(3) 1.3329(10)  
C(3)-H(3) 0.949(13)  C(3)-C(4) 1.4670(10)  
C(4)-C(5) 1.3998(11)  C(4)-C(9) 1.3954(11)  
C(5)-H(5) 0.976(13)  C(5)-C(6) 1.3866(11)  
C(6)-H(6) 0.940(14)  C(6)-C(7) 1.3909(12)  
C(7)-H(7) 0.944(15)  C(7)-C(8) 1.3871(12)  
C(8)-H(8) 0.961(14)  C(8)-C(9) 1.3919(11)  
C(9)-H(9) 0.958(14)  C(10)-C(11) 1.5476(10)  
C(12)-C(13) 1.5449(10)    

C(10)-O(1)-C(1) 115.69(5)  C(12)-O(3)-C(1) 115.31(5)  
O(1)-C(1)-H(1) 109.0(7)  O(1)-C(1)-C(2) 109.26(5)  
O(3)-C(1)-O(1) 105.98(5)  O(3)-C(1)-H(1) 111.2(7)  
O(3)-C(1)-C(2) 108.09(6)  C(2)-C(1)-H(1) 113.1(7)  
C(1)-C(2)-H(2) 116.3(8)  C(3)-C(2)-C(1) 120.98(7)  
C(3)-C(2)-H(2) 122.6(8)  C(2)-C(3)-H(3) 118.9(8)  
C(2)-C(3)-C(4) 125.50(7)  C(4)-C(3)-H(3) 115.6(8)  
C(5)-C(4)-C(3) 122.26(7)  C(9)-C(4)-C(3) 118.83(7)  
C(9)-C(4)-C(5) 118.90(7)  C(4)-C(5)-H(5) 121.1(8)  
C(6)-C(5)-C(4) 120.40(7)  C(6)-C(5)-H(5) 118.5(8)  
C(5)-C(6)-H(6) 119.9(9)  C(5)-C(6)-C(7) 120.19(8)  
C(7)-C(6)-H(6) 119.8(9)  C(6)-C(7)-H(7) 119.4(9)  
C(8)-C(7)-C(6) 119.97(7)  C(8)-C(7)-H(7) 120.6(9)  
C(7)-C(8)-H(8) 120.4(9)  C(7)-C(8)-C(9) 119.90(8)  
C(9)-C(8)-H(8) 119.7(9)  C(4)-C(9)-H(9) 118.7(9)  
C(8)-C(9)-C(4) 120.62(8)  C(8)-C(9)-H(9) 120.7(9)  
O(1)-C(10)-C(11) 110.51(6)  O(2)-C(10)-O(1) 127.08(6)  
O(2)-C(10)-C(11) 122.37(6)  Cl(1)-C(11)-Cl(2) 110.45(4)  
Cl(1)-C(11)-Cl(3) 109.53(4)  Cl(2)-C(11)-Cl(3) 109.54(4)  
C(10)-C(11)-Cl(1) 109.32(5)  C(10)-C(11)-Cl(2) 111.74(5)  
C(10)-C(11)-Cl(3) 106.16(5)  O(3)-C(12)-C(13) 110.08(6)  
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O(4)-C(12)-O(3) 125.99(7)  O(4)-C(12)-C(13) 123.87(6)  
Cl(5)-C(13)-Cl(4) 109.74(4)  Cl(5)-C(13)-Cl(6) 109.77(4)  
Cl(6)-C(13)-Cl(4) 110.24(4)  C(12)-C(13)-Cl(4) 105.96(5)  
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9. Appendix 
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