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Abstract (English) 

Predicting enantioselectivity remains a fundamental challenge in asymmetric organocatalysis. 

While Machine Learning (ML) offers data-driven pathways for catalyst optimization, its 

application is hindered by data scarcity and publication bias. This work investigates the integration 

of experimental data into predictive ML models within the small-data regime, using the Corey-

Bakshi-Shibata (CBS) reduction and the asymmetric variant of the Dakin-West reaction as model 

reactions. The primary objective was the development of robust predictive models from limited, 

unbiased datasets, and to delineate the operational limits of current molecular representations as 

well as ML algorithms. Initial investigations of the CBS reduction of ketones yielded a graph-

based ML model that predicts stereochemical outcomes and identifies promising catalyst 

precursors. However, the synthesis and investigation of additional precursors, enabled by a newly 

developed synthetic route, revealed deviations from previous predictions. This demonstrates that 

the reliability of small-data ML models depends on high-quality datasets and robust analytics to 

avoid the compensation for empirical artifacts. Further investigations of CBS catalysts into 

ketimine substrates revealed that an unselective background reaction consistently outpaces the 

catalyzed pathway. This inherent lack of stereocontrol renders ketimines unsuitable for modeling, 

making the suppression of the background pathway an essential prerequisite for future work. For 

the asymmetric Dakin-West reaction, the research strategy prioritized empirical data generation 

over premature modeling. Through systematic parameter optimization, a comprehensive data set 

was established, which maps complex structure-activity relationships and provides a solid, high-

quality foundation for future ML applications. Ultimately, this work demonstrates that advancing 
ML-powered catalyst design within the small-data regime depends on the synergy of high-

precision experimental data and rigorous analytical validation. By focusing on data quality in 

addition to increasing data quantity, the operational boundaries of predictive modeling can be 

pushed to address complex synthetic challenges. 
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Abstract (Deutsch) 

Die Vorhersage der Enantioselektivität stellt nach wie vor eine grundlegende Herausforderung in 

der asymmetrischen Organokatalyse dar. Zwar bietet maschinelles Lernen (ML) datengestützte 

Ansätze zur Katalysatoroptimierung, doch wird dessen Anwendung durch Datenknappheit und 

Publikationsverzerrungen behindert. Diese Arbeit untersucht die Integration experimenteller 

Daten in prädiktive ML-Modelle im Small-Data-Bereich, wobei die Corey-Bakshi-Shibata-

Reduktion (CBS) und die asymmetrische Variante der Dakin-West-Reaktion als Modellreaktionen 

dienen. Das primäre Ziel war die Entwicklung robuster Vorhersagemodelle aus begrenzten, 

unverzerrten Datensätzen sowie die Abgrenzung der operativen Grenzen aktueller molekularer 

Darstellungen und ML-Algorithmen. Erste Untersuchungen der CBS-Reduktion von Ketonen 

führten zu einem graphbasierten ML-Modell, das stereochemische Ergebnisse vorhersagt und 

vielversprechende Katalysatorvorläufer identifiziert. Die Synthese und Untersuchung weiterer 

Vorläufer, die durch einen neu entwickelten Syntheseweg ermöglicht wurde, zeigte jedoch 

Abweichungen von früheren Vorhersagen. Dies verdeutlicht, dass die Zuverlässigkeit von ML-

Modellen im Small-Data-Bereich von hochwertigen Datensätzen und robusten Analysen abhängt, 

um eine Kompensation empirischer Artefakte zu vermeiden. Weitere Untersuchungen von CBS-

Katalysatoren an Ketimin-Substraten zeigten, dass eine unselektive Hintergrundreaktion den 

katalysierten Reaktionsweg durchweg übertrifft. Dieser inhärente Mangel an Stereokontrolle 

macht Ketimine für die Modellierung ungeeignet, weshalb die Unterdrückung des 

Hintergrundreaktionswegs eine wesentliche Voraussetzung für zukünftige Arbeiten darstellt. Für 

die asymmetrische Dakin-West-Reaktion wurde bei der Forschungsstrategie der Erhebung 

empirischer Daten Vorrang vor einer verfrühten Modellierung eingeräumt. Durch systematische 

Parameteroptimierung wurde ein umfassender Datensatz erstellt, der komplexe Struktur-

Wirkungs-Beziehungen abbildet und eine solide, qualitativ hochwertige Grundlage für zukünftige 

ML-Anwendungen bildet. Letztendlich zeigt diese Arbeit, dass die Weiterentwicklung des ML-

gestützten Katalysatordesigns im Bereich geringer Datenmengen von der Synergie zwischen 

hochpräzisen experimentellen Daten und einer strengen analytischen Validierung abhängt. Indem 

neben der Steigerung der Datenmenge auch der Fokus auf die Datenqualität gelegt wird, lassen 

sich die operativen Grenzen der prädiktiven Modellierung erweitern, um komplexe synthetische 

Herausforderungen zu bewältigen. 
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1 Introduction 

The synthesis of chiral molecules is no longer a technical challenge but a requirement in modern 

chemical research. In biological environments where interactions are governed by inherently chiral 

macromolecules such as enzymes, proteins and nucleic acids, the spatial arrangement of a small 

molecule determines its physiological destiny and activity.[1] The significance is reflected in the 

requirements of modern drug discovery and natural product synthesis where the control of absolute 

configuration has become a standard for safety and efficacy.[2–4] Therefore, the development of 

robust methods for enantioselective synthesis remains important in organic chemistry.	

Among the strategies developed to address this, transition-metal catalysis and biocatalysis have 

set high standards. Meanwhile, asymmetric organocatalysis, a concept originally pioneered as 

“organische Katalyse” (organic catalysis) by Langenbeck in 1927,[5] has emerged as an alternative, 

characterized by its operational and sometimes structural simplicity, its stability, and the absence 

of metal contaminants.[6–8] Yet, despite decades of methodical expansion, the field remains reliant 

on empirical optimization due to the chemical complexity of each catalytic system. 

Enantioselectivity is dictated by subtle differences in the free energy of competing diastereomeric 

transition states (ΔΔG‡).[9,10] These energetic margins are frequently the result of an interplay of 

weak non-covalent interactions and are notoriously difficult to capture, making the rational 

prediction of stereochemical outcomes a challenge.[11,12]	To overcome these limitations, the focus 

has increasingly shifted towards data-driven approaches in the last decade.[13–16] Machine learning 

(ML) enables the identification of patterns within high-dimensional data that often go unseen by 

human intuition and knowledge. By translating molecular structures into suitable machine readable 

descriptors, it becomes possible to identify hidden patterns that determine stereoselectivity.[17]	

This thesis follows this new direction of augmented chemistry by trying to combine experimental 

data from the Corey-Bakshi-Shibata (CBS) reduction and the Dakin-West reaction with ML 

models.[18,19] The aim of this work is to explore the use of ML for the prediction of 

enantioselectivity in asymmetric organocatalysis, by validating the model performance and 

identifying its limitations. Ultimately, this approach seeks to improve the understanding of the 

factors governing stereoselectivity, moving toward a more rational and predictive framework for 

catalyst design. 
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1.1 Importance of Chirality in Organic Chemistry  

Chirality, a phenomenon first discovered by Pasteur in 1848[20] and formally named by Lord Kelvin 

in 1894,[20,21] is a structural attribute of molecular systems, defined primarily by the absence of an 

internal mirror plane or an inversion center.[22] A molecule is considered chiral if it cannot be 

superimposed with its mirror image. This principle is most frequently illustrated by human hands. 

While they exist as mirror images of one another, no degree of rotation or translation can bring 

them into perfect congruence. In a chemical context, this dictates that a molecule and its mirror 

image are two distinct units, termed enantiomers, which possess the potential for different behavior 

in chiral environments.[23] 

In both biological systems and synthetic chemistry, chirality is found in a variety of different 

structural motifs, as illustrated in Figure 1.[24–26] While point chirality usually originates from a 

tetrahedral sp3-hybridized central atom such as carbon or specific heteroatoms with four unique 

substituents, axial chirality arises from restricted rotation about a chiral axis, e.g., in BINOL or 

BINAP. [26–28] This is further complemented by helical chirality in twisted frameworks like the 

DNA double helix or helicenes,[29,30] as well as other more complex motifs such as spiro or planar 

chirality.[31,32] Among these, however, point chirality remains the most prevalent and synthetically 

significant form through the construction of a rigid three-dimensional scaffold. The construction 

and control of these stereogenic centers is the central objective of most enantioselective 

transformations,[22] including the ones investigated throughout this study.  

 

Figure 1: Simplified examples for chiral motifs. 
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Enantiomers must be distinguished from diastereomers, which are stereoisomers not related as 

mirror images.[33] Because diastereomers possess different internal spatial relationships between 

their atoms, they exhibit distinct physical and chemical properties, including varying melting 

points, solubilities, and chromatographic retention times.[33,34] While the stereochemistry of 

biomolecules is traditionally described using the relative D/L-system from Fischer,[35,36] the 

absolute configuration of a molecule is defined by the R/S nomenclature based on the Cahn-Ingold-

Prelog (CIP) priority rules.[37] The practical implications of these configurations are exemplified 

by the stereoisomers of 2-(methylamino)-1-phenylpropan-1-ol (1a-d) in Figure 2. 

 

Figure 2: Stereoisomers of 2-(methylamino)-1-phenylpropan-1-ol (1a-d) (ephedrine/pseudoephedrine). 

In an achiral environment, enantiomers (such as 1c and 1d) are physically indistinguishable, as 

they possess identical boiling points, solubilities, and thermodynamic stabilities.[38] Their only 

physical difference is the rotation of plane-polarized light, which occurs in equal magnitude but 

opposite directions. However, this changes in a	chiral environment, due to the different spatial 

interactions with the surrounding chiral medium. When enantiomers interact with other chiral 

species such as a chiral catalyst or a biological receptor, they form transient diastereomeric 

complexes. Because these complexes possess different free energies, a thermodynamic 

differentiation between the two spatial arrangements occurs.[39] 

This stereospecific recognition is a decisive factor in biological systems,[1,26] where the human 

body functions as a highly selective environment.[26,40] The physiological fate of a drug molecule 

and natural products is directly linked to its absolute configuration, as its spatial orientation 

determines the nature of its interaction with chiral targets, leading to potentially divergent 

pharmacological outcomes.[26] These effects are particularly relevant in natural products and 
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pharmaceutical compounds, where chirality can play a central role in determining biological 

activity. 

1.1.1 Role of Chirality in Natural Products and Pharmaceuticals 

The importance of chirality in biological systems is related to the inherent asymmetry of nearly all 

biomacromolecules, such as enzymes, receptors, and proteins.[1] This structural framework is a 

consequence of the homochirality of nature, where amino acids predominantly exist as 

L‑enantiomers and sugars as D-enantiomers.[41] Consequently, biological environments function as 

highly stereospecific chiral media that discriminate between enantiomers based on their spatial 

orientation.[4] 

This discrimination is governed by molecular recognition, where the chiral binding pockets of 

biological targets provide a specific environment for ligand interaction.[26] Early conceptual 

models by Fischer (Figure 3) initially described this through the lock-and-key principle, where 

only a specific chiral isomer fits into the active site of a target.[42] A more refined physical 

description was provided by Easson and Stedman (Figure 3) with the three-point interaction model, 

which proposes that a minimum of three simultaneous interactions between a chiral molecule and 

its environment are necessary to distinguish between enantiomers.[43] Modern understanding, 

however, views molecular recognition as a dynamic process in which both the chiral molecule and 

the target can undergo conformational changes, which affects binding affinity and biological 

activity.[44] These dynamic interactions are based on an interplay of non-covalent forces such as 

hydrogen bonding, electrostatic and dispersion interactions as well as functional covalent bond 

formation.[45] 

 

Figure 3: Simplified illustration of Fischer’s lock-and-key principle (left). Easson’s and Stedman’s three-point interaction model 
(right).   
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In pharmaceutical applications, stereoselectivity is critical because enantiomers frequently exhibit 

distinct pharmacokinetic and pharmacodynamic profiles. While one enantiomer provides the 

desired therapeutic effect, the other can be less active or even inactive. In some cases, the 

unintended enantiomer is associated with severe toxic side effects.[4] Nevertheless, these 

differences must be carefully evaluated during drug development to ensure safety and 

effectiveness. Examples of chiral drugs are summarized in Figure 4. Cases like thalidomide (2) 

and ethambutol (3) illustrate the risks associated with a lack of enantiomeric purity in 

pharmaceutical agents.[4,46,47] In these examples, the wrong enantiomers lead to outcomes such as 

teratogenic effects or optic nerve damage. In contrast, drugs like levodopa (5) and ibuprofen (4) 

show that one enantiomer often exhibits therapeutic activity.[48,49] The other enantiomer is either 

less active or is converted into the active form within the body. These examples demonstrate that 

controlling chirality is important for clinical success regardless of the specific biological outcome. 

 

Figure 4: Overview of a small collection of existing pharmaceutical drugs and natural products. 

This specificity is evident in natural products which are also shown in Figure 4. Even in simpler 

molecules, stereochemical differences dictate how we perceive our environment. The human sense 

of smell distinguishes between the enantiomers of limonene (9) as the separate scents of orange 

and lemon.[50] Similarly, specific forms of menthol (7) are responsible for the characteristic cooling 

sensation on the skin and mucous membranes.[51] In more complex natural products, this 

significance becomes even more pronounced. Compounds such as cholesterol (6) or morphine (8) 

possess multiple stereogenic centers, which theoretically allow for a vast number of 
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stereoisomers.[52,53] As the number of stereogenic centers (n) increases, the maximum number of 

potential stereoisomers grows exponentially according to the 2n rule.[54,55] For a molecule like 6 

which contains eight stereogenic centers, this geometric progression results in 256 possible 

configurations. Yet, nature selectively produces only a single stereoisomer to ensure precise 

biological functionality. 

The metabolic fate of these substances is also influenced by chirality, as enantiomers often follow 

distinct enzymatic pathways.[56] Such differences in metabolism can significantly alter the overall 

biological profile and safety of a drug. This metabolic and sensory discrimination, coupled with 

the requirements of regulatory authorities like the Food and Drug Administration,[57] emphasizes 

that enantiomeric purity is no longer exclusive but a clinical and biological necessity. However, 

the transition from recognizing this necessity to its practical realization in the laboratory remains 

one of the most significant hurdles.  

1.1.2 Strategies and Challenges for Accessing Enantiopure Compounds 

Chemical reactions typically yield racemic mixtures, in which both enantiomers form in equal 

proportions. When only a single enantiomer is desired, chemists must apply specific strategies to 

obtain it in pure form. One commonly used approach is the resolution of racemates,[34] where the 

mixture is separated into its individual enantiomers. Although widely applied, this method is 

inefficient from an economic point of view, as it often involves discarding up to half of the 

synthesized material.[51] This leads to increased production costs and significant chemical waste. 

To avoid the problem, chemists often utilize the chiral pool strategy,[58] introduced by Seebach.[59] 

This method employs enantiopure molecules provided by nature, such as L-amino acids or D-

sugars, as starting materials. The primary advantage is that the required stereogenic centers do not 

need to be constructed from scratch, as they are directly incorporated from the biological precursor. 

In this work, this strategy is exemplified by the preparation of the catalysts used for the CBS 

reduction and the Dakin-West reaction. However, the chiral pool is restricted by the limited 

structural diversity of available natural products. 

Another established technique is the use of chiral auxiliaries,[60] pioneered by chemists such as 

E. J. Corey[61] and D. A. Evans.[62] In this approach an enantiopure directing group is temporarily 

covalently attached to an achiral substrate to control the stereochemical outcome of the subsequent 
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reaction. Although this method provides excellent stereoselectivity it requires additional synthetic 

steps for the attachment and cleavage of the auxiliary and relies on stoichiometric amounts of the 

chiral directing group. 

The limitations of both resolution and the chiral pool and chiral auxiliaries become even more 

apparent when dealing with complex natural products or highly functionalized compounds. As 

seen with molecules like cholesterol, the number of potential stereoisomers grows exponentially 

with each additional stereogenic center. In such cases, neither late-stage separation nor simple 

starting materials are sufficient to achieve the required stereochemical precision. 

These constraints can be bypassed by asymmetric catalysis, which offers a more direct route to 

enantiopurity. Using small amounts of a chiral molecule to guide the direction of a reaction enables 

chemists to achieve levels of stereochemical precision that were previously only seen in biological 

systems. This strategic shift towards catalytic induction provides the necessary framework to 

overcome the most challenging stereochemical problems in modern molecular design. 

1.2 Principles of Asymmetric Organocatalysis  

Asymmetric catalysis enables chemists to achieve levels of efficiency and selectivity that are 

comparable to those of natural systems. The field can generally be divided into several major 

classes such as transition metal catalysis, biocatalysis, photocatalysis, and organocatalysis.[63–66]  

Among the various classes,	organocatalysis utilizes the structural and electronic properties of small 

metal-free molecules to activate substrates and enforce stereochemical control. The immense 

impact of this field was continuously driven by the creation of diverse catalysts by chemists such 

as Jacobsen, Schreiner, and Akiyama.[67–70] However the major public breakthrough was achieved 

when the Nobel Prize in Chemistry in 2021[71] was awarded to B. List and D. W. C. MacMillan for 

the “development of asymmetric organocatalysis”.[72,73] A major advantage of this approach is the 

avoidance of often toxic transition metals. This makes organocatalysis particularly attractive for 

pharmaceutical synthesis, where the removal of toxic trace impurities from final products is a 

major and costly challenge.[74,75] Beyond safety, these small molecules offer exceptional practical 

utility as they are generally highly economically viable, typically stable towards air and moisture, 

and can often be recovered from the reaction mixture.[65,75]  
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Figure 5: Representative catalysts for asymmetric organocatalysis. The natural amino acid L-proline (10) for bifunctional enamine 
activation used by List (left). First-generation imidazolidinone catalyst 11 for iminium activation pioneered by MacMillan (middle). 
The achiral thiourea derivative T1 (12) introduced by Schreiner representing explicit hydrogen bonding catalysis (right). 

Although early organocatalytic systems required high catalyst loadings due to lower reactivity 

compared to established transition metal catalysts, modern developments have largely overcome 

this barrier.[76] Nevertheless, successfully applying these systems requires careful optimization. 

Both reactivity and stereocontrol remain highly sensitive to diverse reaction parameters such as 

temperature, solvents and subtle structural changes in the substrate.[77,78] 

To understand how these small molecules exert stereochemical control under such conditions, it is 

first necessary to consider the energetic parameters that fundamentally govern enantioselectivity. 

1.2.1 The Energetic Basis of Enantioselectivity 

Enantioselective catalysis relies on the kinetic differentiation between competing stereochemical 

pathways. Without a catalyst, the competing pathways to each enantiomer exhibit the same 

activation energy as seen in Figure 6.[79] However, a selective chiral catalyst can primarily lower 

one of the activation barriers. Within the framework of transition state theory,[80,81] the ratio of the 

formed enantiomers is thus determined directly by the difference in Gibbs energy (ΔΔG‡) between 

the corresponding diastereomeric transition states, with the absolute magnitude of ΔΔG‡	dictating 

the degree of selectivity.[82] 
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Figure 6: Schematic energy profile of enantioselective catalysis. The final product distribution is determined by the absolute Gibbs 
energy difference (ΔΔG‡) between the competing diastereomeric transition states. 

The enantiomeric ratio (er) is determined by the ratio of the rate constants of the two competing 

pathways. By applying the Eyring equation[80] to each pathway, the pre-exponential factors cancel 

out, yielding an exponential relationship between the er and the energetic difference, which is 

expressed in its logarithmic form [1]: 

ln(𝑒𝑟) = 	!!"
⧧

#$
											[1] 

In this expression, R represents the universal gas constant and T the absolute temperature. This 

equation provides a direct mathematical connection between the macroscopic, experimentally 

measurable product distribution and the microscopic free energy disparity between the two 

competing transition states. Consequently, the energetic margins required for high selectivity are 

remarkably narrow. For example, at 294 K, a ΔΔG‡	of approximately 3.1 kcal mol−1 is sufficient 

to achieve an er of 99.5:0.5, which corresponds to an enantiomeric excess (ee), defined as the 

absolute difference between the mole fractions of the two enantiomers, of 99%.[9] To put this into 

perspective, this energy gap is often smaller than the stabilization provided by a single hydrogen 

bond or typical London dispersion (LD) forces.[12] 

Furthermore, it is crucial to consider that ΔΔG‡ is a composite of enthalpic (ΔΔH‡) and entropic 

(ΔΔS‡) contributions,[83] as expressed by the Gibbs-Helmholtz relation [2]: 

ΔΔ𝐺⧧ = ΔΔ𝐻⧧ − 𝑇ΔΔ𝑆⧧							[2] 
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While ΔΔH‡	 typically reflects differential steric repulsion or electronic stabilization, such as 

π‑stacking or electrostatic interactions, the ΔΔS‡	term accounts for changes in molecular degrees 

of freedom and solvent organization in the transition state. This explains the significant 

temperature dependence often observed in asymmetric catalysis and highlights that even subtle 

variations in the molecular environment or reaction conditions can shift the energetic landscape, 

thereby altering the final stereochemical outcome.[10] 

1.2.2 Catalyst Activation and Non-Covalent Interactions 

To achieve these energy differences organocatalysts use activation modes to control both the 

electronic properties and the precise geometry of the transition state. Based on the nature of 

substrate binding the field of organocatalysis is broadly divided into covalent and non-covalent 

processes.[77] Non-covalent approaches activate the substrate through weak intermolecular forces 

such as hydrogen bonding exemplified by the work of Takemoto on bifunctional thioureas and 

Schreiner on hydrogen bond donors.[68,84] Covalent catalysis on the other hand relies on the 

formation of transient chemical bonds a principle also shared by the enamine and iminium 

activation of List and MacMillan (Figure 5).[72,73]	

This thesis investigates two distinct covalent activation modes to achieve precise stereochemical 

control. The first, the CBS reduction,[85] utilizes a cooperative Lewis acid and base interaction to 

activate the substrate. The second, the Dakin-West reaction,[86] employs and initial nucleophilic 

acyl transfer to generate reactive intermediates but relies on a chiral Brønsted base to dictate the 

stereoselectivity in the catalytic cycle. Both mechanisms are described in more detail in the later 

chapters.  

While these electronic interactions establish the fundamental reactivity, the actual stereochemical 

differentiation is governed by a complex network of secondary non-covalent interactions (NCIs) 

within the transition state. Recent studies demonstrate that spatial arrangement is controlled by a 

delicate balance of repulsive interactions, directional hydrogen bonding, and attractive LD 

forces.[12,87,88] 
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Figure 7: NCI plot of the transition state structure for the CBS reduction, optimized at B3LYP-D3(BJ)/6-311G(d,p). The NCI 
surfaces are colored according to the sign of the second eigenvalue (λ2) multiplied by the electron density (ρ). Blue indicates strong 
attractive interactions (e.g., hydrogen bonds), green represents weak non-covalent interactions (such as LD interactions), and red 
highlights repulsive interactions. 

However, organic frameworks inherently possess significant conformational freedom which 

results in highly dynamic and flexible transition states. The predictability of the catalytic outcome 

is severely hindered by this conformational breadth, the competitive influence of the solvent media 

and the often nonadditive nature of substituent effects. Because of this multivariable complexity 

structural modifications intended to enthalpically favor one specific pathway are frequently 

counteracted by unpredictable entropic penalties. Consequently, predicting a precise 

stereochemical outcome based on physical organic intuition often reaches its limits.[89] To address 

these challenges, modern ML techniques have emerged as a tool to navigate this high-dimensional 

chemical space.[14,15] Before exploring these statistical strategies, the following sections will first 

introduce both mentioned catalytic systems used in this work.  
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1.3 The Corey-Bakshi-Shibata-Reduction 

The CBS reduction is widely recognized for achieving high levels of enantioselectivity in the 

reduction of prochiral ketones,[90–93] while also being used for other enantioselective reactions such 

as Diels-Alder reactions or [2+2]-cycloadditions.[94–96] A primary strength of this system lies in the 

modularity and accessibility of the catalyst. The catalyst is typically synthesized through the 

combination of prolinol precursor and a borane source, such as BH3•THF or BH3•SMe2. This 

results in a five-membered heterocycle containing oxygen, nitrogen, and boron, a so-called 

oxazaborolidine 15 (see Figure 8). 

 

Figure 8: Origin and structural features of the CBS catalyst (15). The core scaffold is derived from L- or D-proline with positions 
for structural derivatization highlighted in red. 

The structure of catalyst 15 can be modified in several ways to optimize its reactivity in given 

reactions (Figure 8). The aryl groups for example, can be varied during the synthesis of the proline 

precursor. Additionally, the use of different borane species allows for the introduction of various 

substituents directly on the boron atom.  

While the catalyst is defined as a chiral Lewis acid for the reduction of ketones, it possesses a 

Lewis basic nitrogen atom which is essential for the reaction. This bifunctional nature is important 

to its efficiency as it enables the simultaneous coordination and activation of both the substrate 

and the borane reagent.[85] Combined with its mild nature and robust performance, the CBS catalyst 

provides a reliable method for enantioselective reductions, as evidenced by the extensive research 

conducted over the last decades.[85] 
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1.3.1 Origin and Development of the CBS Catalysis 

The foundational principles of oxazaborolidine catalysis were established in 1968 when Fiaud and 

Kagan reported the first asymmetric ketone reduction using a chiral amine borane complex.[97,98] 

Although yielding only marginal enantioselectivities of 3.6 to 5.0% ee this pioneering work 

inspired subsequent investigations into amine borane reducing agents. A major breakthrough 

occurred in 1981 when Itsuno and coworkers reported the asymmetric reduction of aromatic 

ketones (13a-d) using stoichiometric amounts of amino borane complexes (16-19) achieving 

enantioselectivities of 60% ee.[98] Over the next three years the same group systematically refined 

this approach developing a enantiopure L-valine derived reagent (20) that delivered optical yields 

of up to >99% ee.[99] This optimized reagent became widely recognized within the scientific 

community as the Itsuno reagent (20) serving as the direct precursor to modern oxazaborolidine 

catalysis (Figure 9). 

 

Figure 9: Itsuno's initial studies that led to the development of Itsuno reagent (20). 

While the Itsuno reagent (20) was highly effective, its stoichiometric requirement and limited 

scope regarding non-aromatic substrates prompted further innovation. In 1987 and 1988, Corey, 

Bakshi and Shibata solved these limitations by introducing the universally recognized CBS 

catalyst precursor (22a) as seen in Figure 10.[91,92] 
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Figure 10: Corey's demonstration of high ee achieved in the reduction of the ketones using catalytic amounts of the catalyst 
precursor (22a) and BH3•THF. 

They demonstrated that this new system could achieve high ee ranging from 81 to 97% ee for a 

diverse array of ketones using only catalytic amounts of oxazaborolidine and proposed a 

comprehensive mechanistic model (Figure 11).[85,90]  

 

Figure 11: CBS-mechanism proposed by Corey and coworkers for the reduction of ketones. 

In their proposed mechanism, the cycle is initiated by the coordination of the Lewis acidic borane 

to the Lewis basic nitrogen atom of oxazaborolidine 15. This step enhances the Lewis acidity of 

the boron center while simultaneously activating BH3 (24) to become a more potent hydride 

donor.[85] Subsequently, the carbonyl oxygen atom of ketone 25 coordinates to the activated boron 
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atom that enables the stereo-defining hydride transfer to yield 29 through transition state 26 and 

27 (Figure 11). 

The stereochemical outcome of this hydride transfer was originally rationalized through a purely 

steric approach. In this model the spatial arrangement of the substrate is dictated by the relative 

sizes of its large (RL) and small (RS) substituents. To minimize steric strain with the catalysts 

substituents the substrate aligns in a boat-like transition state (26). Within this framework repulsion 

between the catalysts boron substituent and the large ketone substituent is considered the decisive 

factor for enantiocontrol.[85] Following the hydride transfer the cycle proceeds to form a stable 

alkoxyborane (29) intermediate while regenerating the catalyst. This intermediate remains 

unreactive until the final aqueous work-up releases the enantiomerically enriched alcohol (30). 

Over the next decade extensive optimizations established the CBS reduction as a highly robust 

synthetic method.[85] The synthetic utility of these chiral oxazaborolidines was further expanded 

in the early 2000s when Corey applied the structural motifs to asymmetric Diels-Alder and 

enantioselective [2+2]-cycloaddition reactions.[96,100] 

While further studies were conducted in the 21st century, no fundamental shifts in the 

understanding of the system were established. This changed in 2021 when Schreiner and 

coworkers proposed a different mechanistic perspective based on computational and experimental 

evidence.[87]  

 

Figure 12: Comparison of the Corey (26) and Schreiner (31) transition state models for the enantioselective reduction of ketones 
catalyzed by the CBS catalyst. 

They suggested that the reaction eventually proceeds via a chair-like transition state (31) in which 

the aryl substituents of the catalyst play a fundamentally different role (Figure 12). Schreiner 

demonstrated that attractive non-covalent interactions, specifically LD interactions, are essential 
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for stabilizing this transition state. In this framework, the large aryl groups of the catalyst act as 

dispersion energy donors (DEDs) that actively engage in attractive interactions with the substituent 

of the substrate, thereby competing with traditional steric repulsion. 

1.3.2 Development of Imine or Ketimine Reduction 

In contrast to the reaction with ketones, the history of asymmetric imine reductions within this 

period followed a more complex and narrower path. Two years after Corey’s initial reports, Cho 

and Chun were the first to evaluate both the Itsuno and CBS systems for the reduction of 

imines.[101] However, their studies revealed that the CBS catalyst (24) was less effective than the 

Itsuno-reagent (33) for the substrates (32a-g) shown in Figure 13. Furthermore, stoichiometric 

amounts of the reagent were required to suppress background reactions. It was also noted that 

cyclic imines (37) could not be reduced by any of the reagents shown, and that N-substituted alkyl 

ketimines, such as 35 and 36, performed poorly (9 or 14% ee) even when utilizing the Itsuno 

reagent (33). 

 

Figure 13: The Itsuno reagent (33) outperforms the CBS catalyst (24) in the reduction of imines. Additional evaluated substrates 
are depicted while cyclic derivatives proved unreactive. 

In a follow up study from 1992 (Figure 14),[102] Cho and Chun demonstrated that the CBS catalyst 

could, in fact, be used in catalytic amounts (10 mol%) to reduce imines to the corresponding amine 

34b (92% yield, 70% ee), even surpassing the performance of the Itsuno reagent under catalytic 
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conditions (95% yield, 66% ee). However, they did not capitalize on this finding and instead 

suggested the continued use of the Itsuno reagent in stoichiometric amounts. This was due to the 

fact that the stoichiometric Itsuno reagent still provided better ee. 

 

Figure 14: Demonstration that both the Itsuno reagent (33) and the CBS catalyst (24) can be employed in catalytic amounts for the 
reduction of imines. Under these conditions the CBS catalyst (24) exhibits better performance compared to the Itsuno reagent (33). 

In the following years, only a few groups independently explored the potential of a catalytic imine 

reduction using the CBS catalyst. In 1996, Uneyama reported the reduction of α-imino esters with 

a moderate enantioselectivity of 63% ee.[103] This was followed by a 2004 study which 

demonstrated that the choice of reducing agent could influence the stereochemical configuration 

of the products.[104] Specifically, while the use of BH3•THF yielded the (R)‑enantiomer, the use of 

catecholborane resulted in the (S)-enantiomer, which the authors explained through a conceptual 

transition state model.  

Notably, in 2003, research temporarily returned to the use of stoichiometric amounts of the chiral 

reagent, highlighting some unexplained challenges within the system but also showing that cyclic 

imines could after all be reduced as well.[105] It was not until 2011, that the catalyst could be utilized 

in catalytic amounts for the enantioselective reduction of sultams.[106] Apart from a computational 

study in 2020 describing a possible transition state for the imine reduction,[107] further 

developments remained limited. When compared to the rapid evolution of ketone reductions, the 

progress in imine systems appears significantly less developed and remains largely unexplored. 

1.3.3 Comparing Ketones and Imines 

The different behavior of imines during asymmetric reduction originates from their altered bond 

polarization compared to ketones. According to the principles of bond polarity, ketones are 

characterized by a strongly polarized C=O bond due to the high electronegativity of oxygen 
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(χ = 3.44).[108] This facilitates a rigid and predictable coordination to Lewis acidic centers, which 

is essential for the organized transition states established in CBS-type reductions.[87,90] In contrast, 

the C=N bond in imines is less polarized because nitrogen is less electronegative (χ = 3.04).[108] 

This implies that the nitrogen atom holds its lone pare less tightly, making it a stronger Lewis base, 

which facilitates non-catalyzed background reactions.[109] This uncatalyzed pathway often 

proceeds via direct coordination of the imine nitrogen to the achiral reducing agent, producing 

racemic mixtures and thereby inevitably lowering the ee of the catalytic process. Furthermore, 

nitrogen introduces an additional substituent (N-R), leading to the existence of E/Z isomers.[109] 

This creates multiple, competing possible coordination modes that can destabilize the complex 

required for high stereocontrol. 

The synthetic motivation for overcoming these challenges lies in the nature of the resulting 

products. While ketone reduction yields secondary alcohols, the asymmetric reduction of imines 

provides direct access to chiral secondary amines. These amines serve as indispensable building 

blocks in the synthesis of complex molecular architectures, particularly in pharmaceutical and 

bioactive compounds.[110] To achieve high enantioselectivity despite the high reactivity of the 

imine substrate the catalytic system must be optimized to suppress background pathways while 

maintain the selectivity of the CBS catalytic cycle. 
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1.4 Dakin-West reaction 

The Dakin-West reaction which is thermodynamically driven by the release of carbon dioxide, is 

an organic transformation that converts α-amino acids (rac-38) into their corresponding 

α‑acetamidoketones (rac-40). Originally reported in 1928 by H. D. Dakin and R. West,[86] this 

method relies in principle on the reaction of an amino acid with an anhydride (39) in the presence 

of a nucleophilic base, as illustrated in Figure 15. 

 

Figure 15: The Dakin-West reaction. The functional group undergoing transformation is highlighted in blue. 

Over the decades this method has evolved into a versatile strategy for generating synthetic building 

blocks as it provides direct access to bifunctional motifs.[111] This versatility stems from several 

practical advantages, most notably its efficiency as a one-pot procedure running under relatively 

mild conditions. Furthermore, the scope of the reaction is remarkably broad, as it is not strictly 

limited to primary α-amino acids but can also be applied to secondary amino acids and simple 

carboxylic acids.[86,111] A notable historical application is Woodward's synthesis of Strychnine in 

1954,[112] which successfully utilized this method to construct a key intermediate towards this 

bioactive natural product. 

Despite its recognition as a robust technique for assembling specific structural motifs, a major 

historical limitation was the lack of a stereoselective version. This limitation was overcome in 

2016 by the Schreiner group.[113] Through the use of peptide catalyst bearing a π‑methylhistidine 

as catalytically active moiety they established absolute stereocontrol bringing this classic reaction 

firmly into the era of asymmetric synthesis. 

1.4.1 The Classic Mechanism and Racemization Challenge  

Understanding the inherent stereochemical challenges of this method requires a detailed 

examination of its mechanism (Figure 16).  
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Figure 16: Proposed mechanism for the Dakin-West reaction.  

The reaction proceeds through a well-defined but complex sequence of acylation events that 

release acetic acid in every single step, resulting in the formation of an azlactone intermediate	
(rac‑43), also known as an oxazolone.[19] The reaction begins with the initial nitrogen acylation of 

the amino group	(rac-38), followed by activation of the carboxyl group through formation of a 

mixed anhydride	(rac-42). Subsequent cyclization yields the azlactone intermediate (rac-43). The 

existence of these highly reactive species including the mixed anhydride (rac-42) and the azlactone 

(rac-43), was experimentally validated through advanced mass spectrometric investigations.[114] In 

the presence of a base, rac-43 is then deprotonated to form a resonance-stabilized enolate (44), 

which then undergoes further acetylation by the anhydride. The typical product arises from carbon 

acetylation a process heavily favored by the Steglich rearrangement.[115] This crucial O- to C-acyl 

transfer is driven by nucleophilic catalysts such as DMAP, which efficiently convert any oxygen 

acetylated species (45) into the required thermodynamically favored carbon acetylated 

intermediate (46). Subsequent ring opening by acetic acid yields a β-keto acid derivative (48) after 
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transacylation, which undergoes rapid decarboxylation through an enolate intermediate	 (49)	 to 

form the final product (40). 

The issue regarding stereocontrol is that the original stereochemical information of the starting 

amino acid is completely lost during the reaction sequence. For this reason, racemic starting 

materials can be employed. The initial loss of stereochemical information occurs upon the 

deprotonation of the azlactone. Furthermore, following the final decarboxylation, the system forms 

a second, highly reactive enolate species in which the final protonation is unselective, resulting in 

a racemic product mixture.[19] 

1.4.2 Asymmetric Catalysis and Peptide Architecture 

The use of synthetic oligopeptides for asymmetric acyl transfer reactions has been significantly 

advanced by the studies of Miller and coworkers.[116] While these peptide-based catalysts are well 

established for various transformations, the Schreiner group	demonstrated that standard motifs, 

such as the established D-Pro-Aib-turn fail to induce high stereoselectivity under the Dakin‑West 

conditions.[113] To solve this problem, they designed a tripeptide catalyst 50 (Figure 17) that 

achieves an ee ranging from 11 – 58 % across different substrates.[113] 

 

Figure 17: The catalyst 50 employed by Schreiner et al. for the enantioselective Dakin-West reaction.[113] 

Catalyst 50 contains a C-terminal π-methylhistidine residue and an adamantane-derived amino 

acid as structural motifs. While the bulky adamantyl group serves as a structural turn to define the 

steric boundaries of the catalytic pocket, the π-methylhistidine (pmh) fulfills a dual role as the 

catalytically active moiety (Figure 18). Initially pmh acts as a nucleophilic Lewis base to facilitate 

the acetyl transfer. Later in the catalytic cycle, pmh functions as a Brønsted base by accepting a 

proton and temporarily storing it during the decarboxylation step. This proton is subsequently 
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delivered back to the enolate intermediate in an enantioselective reprotonation step which 

simultaneously regenerates the catalyst for the next catalytic cycle.[113] 

 

Figure 18: Proposed mechanism by Schreiner et al. for the tripeptide catalyst (50) in the Dakin-West reaction.[113] 

The combination of both motifs ensures the formation of a specific pocket. The ultimate facial 

selectivity is dictated by a delicate interplay of specific interactions: As depicted by the proposed 

transition state model by Schreiner and coworkers in Figure 19, the hydrogen bonding anchors the 

reactive enolate intermediate into a defined position. Within this locked geometry, a 

cyclohexylalanine residue acts as a key DED.[113] Attractive LD forces between the cyclohexyl 

moiety of the catalyst and the substrate side chain then govern the facial approach. Confined in 

this geometric arrangement, protonated pmh delivers its proton exclusively to one face of the 

enolate, resulting in the observed enantioselectivity. 

 

Figure 19: Proposed transition state model by Schreiner et al. illustrating the interactions between substrate and catalyst that 
govern asymmetric induction.[113] 
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1.5 Machine Learning 

As established in the previous chapters the stereochemical outcome of asymmetric transformations 

such as the CBS reduction and the Dakin-West reaction relies on an intricate interplay of non-

covalent interactions.[87,113,117] Because the balance of these interactions creates a multidimensional 

problem achieving the desired experimental outcome it is often highly challenging and difficult to 

predict. While mechanistic considerations and computational tools are valuable for understanding 

these patterns, they remain either limited in scope or are time consuming and difficult to apply 

across diverse reaction spaces.[118] Consequently, data driven approaches like ML have become an 

efficient alternative to evaluate these parameters and accelerate molecule development.[119] 

As a subfield of artificial intelligence ML offers the algorithmic foundation for recognizing 

complex patterns within a dataset.[120] Unlike traditional programming with rigid rules, these 

algorithms autonomously extract mathematical relationships from the provided data.[119] To 

leverage these capabilities, however, chemical structures must be translated into machine readable 

formats.[121,122]  

1.5.1 Molecular Representation and Featurization 

Molecular representations can generally be classified according to their dimensional complexity 

as seen in Figure 20. One-dimensional text-based approaches like SMILES encode molecules as 

linear strings.[123] While computationally highly efficient due to their simplicity, they are 

insufficient for asymmetric catalysis because they completely neglect spatial geometry. Two-

dimensional representations such as molecular fingerprints offer a more structural perspective by 

converting atomic neighborhoods into numerical bit vectors.[124,125] However, this mathematical 

compression frequently loses critical stereochemical information.[126] To capture the true spatial 

environment three-dimensional quantum chemical descriptors derived from density functional 

theory are often utilized.[15] Although these parameters accurately map the intricate electronic 

environment, calculating them across large datasets demands excessive computational resources 

and is therefore time consuming. 
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Figure 20: Evolution of molecular representations across different dimensional complexities. The depicted approaches include one-
dimensional SMILES strings, two-dimensional topological graphs, and molecular fingerprints, as well as three-dimensional 
quantum chemical descriptors. 

To avoid these limitations topological molecular graphs have emerged as a prominent alternative 

representation.[127] Within this framework atoms act as nodes containing essential chemical 

features while bonds act as edges specifying the interaction type. However, modeling a catalytic 

reaction usually involves separating the substrate and catalyst into separate graphs. Because this 

separation obscures the crucial non-covalent interactions that dictate stereoselectivity accurately 

representing the active catalytic complex remains a significant challenge.[128] 

1.5.2 Machine Learning Workflows and Model Evaluation 

To capture the relationship between molecular structure and chemical reactivity, modern models 

are categorized learning into unsupervised, semisupervised, and supervised learning.[129] While 

unsupervised algorithms aim to identify hidden clusters within unlabeled data and semisupervised 

approaches combine small amounts of known data with vast uncharacterized datasets, the 

prediction of catalytic performance hitherto relies entirely on supervised learning. In this approach 

the algorithm maps featurized inputs such as molecular graphs directly to precise experimental 

outputs like the ee or differences of Gibbs energies of activation (ΔΔG‡). By continuously 

minimizing the prediction error during the training process, the model extracts complex 

connections and correlations within the data with the goal of accurately evaluating the performance 

of untested catalysts. 
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Figure 21: Schematic representation of a simplified ML workflow for predicting transition state energy differences (ΔΔG⧧). 

The architecture of the predictive model dictates how this chemical information is processed. 

Traditional ML algorithms including random forests support vector regression and gradient 

boosting machines typically evaluate molecules as flat numerical arrays.[130] While effective for 

recognizing general trends this linear approach often struggles to differentiate minute spatial 

variations. In contrast graph neural networks natively process the intricate topology of chemical 

structures.[131] Through a mathematical mechanism known as message passing, each atom 

iteratively exchanges information with its direct neighbors.[127] This process allows the network to 

autonomously build a comprehensive representation of the chemical environment surrounding a 

reaction center. 

Training highly complex algorithms inevitably introduces the risk of overfitting, where a model 

memorizes training examples rather than learning generalized principles.[132] To prevent predictive 

failure on novel molecules, datasets are conventionally divided into independent training and test 

subsets.[133] While a simple random split is often sufficient for large datasets, it can become 

statistically unreliable when dealing with limited data.[134] In such cases, general cross-validation 

techniques are implemented. These methods iteratively partition the data into different training and 

testing sets, ensuring that the model is evaluated on multiple different subsets to provide a robust 

assessment of its overall generalizability.[133] 

Recent landmark studies in asymmetric catalysis have demonstrated the practical value of these 

optimized workflows. For instance, the research group of Denmark successfully employed data-

driven models to predict the stereochemical outcome of chiral phosphoric acid-catalyzed 

reactions.[13] By analyzing extensive virtual libraries, their algorithms successfully identified 

highly selective catalyst candidates that were subsequently validated through experimental 
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synthesis. Similarly, Sigman and co-workers pioneered the use of three-dimensional molecular 

descriptors combined with ML to accurately predict enantioselectivity across diverse transition 

metal-catalyzed transformations.[15] Furthermore, foundational work by Doyle and collaborators 

showcased that sophisticated algorithms can reliably evaluate multidimensional reaction 

parameters to predict general catalytic performance across broad chemical spaces.[135]  Such works 

confirm that when correctly implemented, ML advances from a theoretical framework to a 

powerful predictive tool in modern synthetic chemistry. 

1.5.3 Data Quality and the Challenge of Publication Bias 

The predictive performance still remains strictly constrained by the quality of the training data. 

Unlike computer vision models that are trained on millions of data points, asymmetric catalysis is 

short on data. Generating experimental data requires time consuming synthesis and precise 

analytical quantification which limits typical high-quality datasets.[119] As a result, the primary 

bottleneck in chemical ML is no longer algorithmic complexity but the lack of robust standardized 

experimental data. 

This underlying challenge is further amplified by publication bias within the scientific literature. 

Since publications historically favor successful outcomes, the available literature is saturated with 

highly enantioselective systems while negative results are rarely reported.[136] For a predictive 

model however, these failed reactions are also valuable. An algorithm cannot map the true 

stereochemical boundaries if it is exclusively trained on optimal configurations: It must learn from 

poorly performing reactions to identify the specific properties that cause a selective pathway to 

fail. Relying solely on published literature therefore creates an artificially shifted database leading 

to models that cannot generalize to novel substrates.[136] 

To overcome these constraints constructing custom standardized datasets is essential. The 

predictive success ultimately scales with data quality and uniform distribution rather than pure 

quantity. Conducting targeted reactions under identical conditions including those expected to 

perform poorly ensures that the dataset provides an accurate representation of the chemical 

space.[16,135] The synergy of high-quality unbiased data generation and advanced algorithmic 

processing ultimately provide the framework to systematically address complex challenges in 

asymmetric catalysis. 
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2 Motivation 

Modern synthetic methods now enable the synthesis of more compounds in a single year than in 

nearly two centuries of previous chemical history.[137,138] However, the development of new 

asymmetric catalysts remains difficult because predicting the general catalyst performance and the 

subtle network of interactions within the diastereomeric transition states of substrate and catalyst 

is highly complex.[12,117,139] Since large-scale computations are often time-consuming for regular 

use,[118] complex reaction patterns remain difficult to grasp using human intuition alone. Therefore, 

new strategies for catalyst optimization are required. 

Data-driven approaches like ML offer a way to recognize these intricate patterns within 

experimental datasets.[129] Yet, applying these tools to synthetic chemistry faces the fundamental 

challenge of data insufficiency.[140,141] Unlike other fields of artificial intelligence that use millions 

of data points,[142,143] experimental catalysis operates within a small data regime because 

generating high-quality stereochemical data is resource-intensive and time-consuming.[15,129,141] 

Furthermore, the reliance on existing literature is hindered by a publication bias, which favors 

successful outcomes and leaves out low‑selectivity results necessary for a ML model to learn the 

boundaries of catalytic control.[136,144,145] An objective of this work is therefore to demonstrate how 

robust predictive models can be developed from limited and unbiased datasets. By shifting the 

focus from data quantity to data quality, this research aims to establish data-efficient workflows 

that are directly applicable to practical synthetic challenges. 

To evaluate the scope of this approach, two chemical systems with different levels of complexity 

are investigated. The study begins with the CBS reduction of ketones,[90] which provides a 

structurally rigid and well-characterized framework to start the initial ML workflows in a 

controlled environment. Given the extensive knowledge of this reaction,[85] its integration into ML 

models is expected to be more straightforward than with less well characterized systems. The focus 

is then further placed on transferring these models to imines. Although the stereoselective 

reduction of imines is far less explored and presents greater experimental challenges,[101] it is 

expected to operate within a similar modality. This underlying mechanistic relationship provides 

a rational basis for adapting the predictive models.	 

To establish the opposite end of this complexity, the asymmetric Dakin-West reaction is 

subsequently investigated.[111] While the structurally rigid and mechanistically well-defined CBS 
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reduction serves as a highly controlled baseline for the initial model, the Dakin-West reaction acts 

as a stress test for the ML model. This transformation utilizes flexible peptide catalysts capable of 

adopting a vast number of conformations.[113,146] Given that research into this reaction is still not 

fully developed,[113] this immense structural complexity creates a significant challenge for 

molecular representation and requires the algorithm to navigate a highly dynamic conformational 

space. Capturing the underlying patterns of such a dynamic system evaluates the robustness of the 

methodology against structural noise. Investigating this challenge aims to reveal whether the 

framework can be effectively extended to highly flexible catalysts, or if such dynamic systems 

fundamentally exceed the limits of current representations. 

 

Figure 22: The three research domains in this thesis. The central aim focuses on identifying the operational limits of ML in 
asymmetric catalysis (CBS and Dakin-West reaction) within restricted data environments. 

By contrasting these two reactions, this thesis aims to outline the operational limits of current ML 

representations in asymmetric catalysis with small data sets. Establishing these boundaries 

provides the necessary context for the discussion of why models succeed or struggle and evaluates 

the generalizability of data-driven approaches for synthetic chemistry. 
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3 Results and Discussion  

To ensure a clear overview the discussion of these findings is divided into four main sections. 

Section 3.1 introduces a graph-based ML model to solve the ‘butanone case’ in the CBS reduction. 

It highlights the workflow, starting with the synthesis of the precursor library, followed by the 

generation of a predictive model and concluding with the validation of the predictive framework. 

(The results in this section have been published: O. Pereira,+ M. Ruth,+ D. Gerbig, R. C. Wende, 

P. R. Schreiner,	J. Am. Chem. Soc. 2024, 146, 14576–14586. (+ These authors contributed equally 

to this work)) 

Section 3.2 describes the development of a novel synthetic strategy for accessing bulky CBS 

precursors and the results obtained that led to the reevaluation of the predictive model introduced 

in Section 3.1, thereby exploring the intricate relationship between experimental data and 

algorithmic reliability. 

Section 3.3	outlines the attempted expansion of the CBS reduction toward ketimines. It details the 

combined experimental and computational investigations that uncovered severe kinetic limitations 

within this substrate class demonstrating why it cannot yet be integrated into the ML frameworks.	

Finally, Section 3.4 explores the asymmetric Dakin-West reaction. This section details the 

experimental efforts undertaken to establish a comprehensive empirical database for this 

transformation focusing on the systematic optimization of the catalytic parameters and the precise 

evaluation of the underlying structure-activity relationships. 
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3.1 Driven Differentiation of Subtle Features 

The initial phase of this work was dedicated to the investigation of the CBS reduction, targeting 

catalyst 15 to differentiate sterically similar substituents. As seen in Figure 23, 51 represents a 

difficult case for asymmetric induction due to the minimal difference between its methyl and ethyl 

groups. We hypothesized that a data-driven approach could reveal structural correlations that are 

often overlooked in traditional catalyst design. 

 

Figure 23: Simplified process of utilizing small data and ML for developing new catalysts.  

However, the reliability of any predictive model is tied to the consistency of the underlying 

experimental data. To avoid the inherent variance of literature-reported values, we aimed to 

generate an internal dataset under controlled conditions. This required the preparation of a diverse 

library of catalyst precursors and substrates to probe the influence of different of diverse structural 

features. Therefore, our investigation started with the synthesis of various precursors. 

3.1.1 Synthesis of Catalyst Precursors 

For the preparation of the catalyst precursors (22), we relied on a four-step protocol starting from 

L‑proline (10), following a synthetic procedure established within our research group 

(Figure 24).[87] This synthetic route allows for late-stage structural diversification by the 

introduction of various substituents at the carbinol center during the Grignard reaction from 52 to 

53, thereby modifying the steric and electronic properties of the catalyst and building a diverse 

library. While most of these steps proceed without complications, some steps required optimization 

to ensure reproducibility and acceptable yields. 
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Figure 24: General synthetic protocol for the preparation of various catalyst precursors 22. The reaction conditions were adapted 
from Eschmann et al.,[87] based on known procedures for the respective derivatives.[147–151]  

Upon obtaining the crude product 52, we observed that immediate purification via column 

chromatography after the removal of the solvent is essential. If stored for more than 24 h prior to 

purification, 52 starts to form a viscous oil that retains on the silica gel, leading to reduced yields 

of isolated product. Furthermore, the purified product 52 is noticeably hygroscopic. When stored 

under ambient conditions, moisture is accumulated which causes problems for the subsequent 

Grignard reaction as it quenches the Grignard reagent and decreases the yields. Consequently, it is 

necessary to either dry 52 under reduced pressure overnight prior to use or store it under argon.  

A more significant challenge was encountered during the reductive cleavage of the benzyl 

protecting group to obtain catalyst precursors 22b-g. Initial attempts utilizing the previously 

reported conditions	yielded only three out of six desired precursors in low yields (Figure 25).  

 

Figure 25: Benzyl deprotection from 53b-g to 22b-g using previously reported conditions on a 1.0 mmol scale. While specific 
derivatives remained inaccessible the isolated compounds are reported with their respective yields. 

Extending the reaction times and increasing the temperature, changing the amount of Pd/C used 

and	evaluating various Pd/C sources, such as wet or dry catalysts at different loadings as seen in 

Table 1,	gave similar results as shown in Figure 25. This lack of reactivity can be attributed to 

catalyst poisoning, as the free lone pair of the tertiary amine of 53 and 22 coordinate to the active 
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palladium surface,[152] thereby preventing the chemisorption and homolytic cleavage of hydrogen 

gas. A general approach to circumvent this issue is the addition of Brønsted acids to protonate the 

amine,[152] yielding a tertiary ammonium species that no longer coordinates to the metal and that 

allows the palladium surface to activate hydrogen. However, identifying the appropriate acid 

proved challenging first. 

Table 1: Screening of the benzyl deprotection step from 53b to 22b. 

Entry (a) Pd/C [equiv.] Time [h] Temperature [°C] 22a [%] (d) 

1 0.1 (b) 24 r.t. 9 

2 0.1 (b) 72 r.t. 11 

3 0.1 (b) 24 50 0 

4 0.2 (b) 24 r.t. 10 

5 0.5 (b) 24 r.t. 12 

6 0.1 (c) 24 r.t. 10 

7 0.1 (c) 72 r.t. 11 

8 0.5 (c) 24 r.t. 12 
(a) All reactions were performed in MeOH using 53b on a 1.0 mmol scale. (b) Dry Pd/C was used. (c) Wet Pd/C was used. (d)  Yields 
of 22a. 

The use of a weak acid such as acetic acid proved ineffective, resulting in the recovery of starting 

material. On the contrary, applying a strong acid like concentrated aqueous hydrochloric acid 

initiated the deprotection but also induced side reaction, yielding the elimination product 54b-c as 

shown in Figure 26, an outcome that could not be improved by varying the stoichiometric 

equivalents of the acid. 

 

Figure 26: Attempted deprotection of the Benzyl group of 53b-c using acids as additives. The reaction was performed on a 1.0 mmol 
scale. 
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To circumvent this, an acid of intermediate strength was evaluated. The application of TFA 

mediated the deprotection affording all depicted precursors in good yields (Figure 27). However,	
given the mentioned elimination to 54 induced by HCl, it was necessary to verify the 

stereochemical integrity of the resulting amino alcohols 22. This was crucial as TFA could 

potentially also trigger a reversible elimination and subsequent water addition, ultimately leading 

to racemization. We therefore conducted polarimetric measurements on some selected products 

(22b-c, 22e-f), which matched established literature values of optical rotation,[148,149,153] and 

performed additional chiral HPLC analyses, confirming the absence of the other enantiomer. 

Through these analyses, we demonstrated that the TFA-mediated hydrogenation facilitates the 

benzyl cleavage without compromising the enantiomeric purity of the catalysts, thereby 

establishing a robust protocol for the preparation of various catalysts 22. We then turned our 

attention to the optimization of the catalytic reduction conditions. 

 

Figure 27: Benzyl deprotection from 53b-g to 22b-g. Reaction were performed on a 1.0 mmol scale. The isolated compounds are 
reported with their respective yields. 

3.1.2 Optimization of the Catalytic CBS Reduction 

The optimization of the catalytic reaction was driven by two primary objectives, namely 

reproducing the results established by previous work in the group[73] and exploring conditions to 

further enhance the overall reaction. For the initial screening, the combination of acetophenone 

(13a) and catalyst precursor 22d was selected as the model system for optimization. Although 22d 

already achieved 91% ee with acetophenone (13a),[87] it still left a margin for improvement to 

monitor the effects of varying reaction conditions.  



 37 

To determine the optimal reaction parameters, we first evaluated the stoichiometry and the type of 

reductant to use for this reduction. This screening confirmed that a combination of 10 mol% of the 

catalyst and 1.1 equivalents of the reductant ensure the best outcome, thereby also validating the 

conditions established in previous work of our group.[87] Furthermore, comparative tests between 

different borane sources, specifically BH3•THF and BH3•SMe2, showed no noticeable change in 

the catalytic efficiency, prompting the selection of BH3•SMe2 as the reductant for all subsequent 

reductions. 

 

Figure 28: Conditions for the catalytic reduction of ketones (exemplified by 13a) utilizing a CBS catalyst (exemplified by 15d). 

Our focus then shifted to the optimization of the reaction conditions. As illustrated in Figure 28, 

the reaction can be divided into two distinct steps. The reaction begins with the in situ formation 

of the oxazaborolidine 15 by combining catalyst precursor 22 with the borane source and is 

followed by the addition of the ketone substrate. Analyzing these two reaction steps separately 

allowed us to independently optimize the parameters for the initial catalyst activation and the 

subsequent enantioselective reduction. 	
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Figure 29: Influence of temperature and injection speed on the ee during the CBS-reduction. 

Investigating the temperature dependencies revealed distinct trends for each step. While varying 

the temperature during oxazaborolidine (15) formation had no significant impact, the temperature 

during the second reaction step proved to be a critical parameter. As illustrated in Figure 29, 

conducting the reaction at 50 °C yielded the best selectivity. This observation is attributed to the 

inherent tendency of the catalyst to form inactive dimers at lower temperatures.[90,148] At higher 

temperatures the dimers dissociate and releases the monomeric active catalytic species. Alongside 

optimizing the temperature, we standardized the injection speed of 13a. While established 

literature protocols often achieve high ee using dropwise addition,[85,87,90,91] we utilized a syringe 

pump to ensure the strict reproducibility required for our ML dataset. Maintaining slow addition 

is crucial to suppress background reduction.[85,154,155] Given that the reaction mixture contains an 

excess of the borane, rapid addition of 13a would saturate the active catalyst, thereby forcing the 

remaining ketone to react with borane. By continuously dispensing 13a via the syringe pump at an 

injection speed of < 0.03 mL min−1, the effective concentration remains sufficiently low, which 

preserves the catalyzed pathway. Having concluded the optimization by reaching an ee of 93% for 

14a we proceeded to generate the ML dataset by applying these established conditions across our 

diverse library of catalyst precursors and substrates. 
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3.1.3 Catalyst and Substrate Scope 

The diversity of the catalyst library was governed by the synthetic feasibility of the Grignard 

reaction. Installing novel groups at the carbinol center was the primary limiting factor, dictating 

both the number and the structural variations of precursors 22. Notably, the final precursor library 

included one specific precursor (55) that is not classified as a CBS catalyst. This precursor was 

included to serve as an "out-of-sample" reference, providing the model with a structurally unique 

data point that shares identical chemical reactivity while possessing a framework outside the 

traditional CBS catalyst architecture. 

 

Figure 30: The precursor and substrate scope for the ML model. 

Regarding the substrate scope, the selection of ketones was driven by a balance of accessibility 

and structural variance. We compiled a set of ketones that exhibit distinct differences in both their 

substitution patterns and electronic behavior. This selection was made to provide the ML model 

with a broad spectrum of catalysts, ensuring that it learns from multiple structure rather than 
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memorizing a single substrate class. The complete scope of the catalyst precursors and the 

respective ketones is depicted in Figure 30. 

Generating a meaningful dataset, however, requires a high degree of confidence in the analytical 

data. While the ee of some alcohols could be determined directly via chiral GC, several derivatives 

required an additional derivatization step either with BzCl or Ac2O to ensure baseline separation. 

Furthermore, to ensure reproducibility and statistical confidence for the algorithm training, all 

catalytic reactions were performed in triplicate. 

Following the execution of the catalytic reactions, a comprehensive data matrix was compiled and 

is visualized as a heatmap (Figure 31). Analyzing the ee confirmed that the obtained values are in 

agreement with previously established in-house results, thereby further validating the robustness 

of the established reduction reaction. 

 

Figure 31: Heatmap illustrating the screening results for the reduction of several ketones utilizing various precursors. Darker blue 
shades correspond to higher ee values while lighter shades indicate lower enantioselectivities. 
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Evaluating the substrate scope revealed clear structural correlations driven by noncovalent 

interactions. Ketones featuring bulky DED groups such as 13a and 21a consistently achieved high 

ee across all catalysts. Decreasing the polarizability and the steric bulk, as seen for 56 and 21b, 

diminishes this stabilizing LD interaction, thus reduces the selectivity slightly to values between 

70% and 88% ee. The examination of substrates with purely aliphatic chains generally resulted in 

lower ee. This overall decrease is attributed to the high conformational flexibility of linear alkyl 

chains, which prevents the formation of a well-defined transitions state stabilized by strong, 

directional LD interactions. While methyl ketones like 57 and 59 maintained selectivities around 

50% to 70% ee, 60 exhibited a drop of ee below 10%. This selectivity loss arises because the ethyl 

group minimizes the structural contrast between the chains making it difficult for the catalyst to 

distinguish between the two substituents. Electronic properties also profoundly dictate the reaction 

outcome. Substrate 58 bearing an electronegative chlorine atom showed poor ee for all 

combinations of catalysts. This occurs because the depleted electron density at the carbonyl oxygen 

weakens its essential coordination to the Lewis acidic boron thereby favoring the unselective 

background reaction. Finally, the established protocol proved highly chemoselective. The 

reduction of the bifunctional substrate 61 yielded the secondary alcohol leaving the ester 

functionality entirely intact. By mapping these diverse structural electronic and chemoselective 

nuances the obtained experimental dataset provided the necessary variance to train the subsequent 

ML model. 

3.1.4 Predictions of the Graph-Based Model  

To capture the underlying interactions governing enantioselectivity, we chose not to use ee as the 

target variable in our model, but rather the difference in free activation energy (ΔΔG⧧).[9] While ee 

is the standard experimental metric, it is not an additive property. Subtle noncovalent interactions 

and steric repulsions present in the transition state impact the activation energy in a linear fashion 

whereas the resulting percentage values follow a nonlinear relationship. This discrepancy is 

particularly problematic near the mathematical limit of 100% ee where large changes in energy, 

result in only marginal differences in the observed selectivity. Therefore, all experimentally 

determined ee values were converted into their corresponding ΔΔG⧧ values via the 

Eyring equation [1] (vide supra).[80]  
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Figure 32: Translation of individual chemical structures into molecular graphs and their subsequent combination into a single key 
intermediate graph. 

The next step was to translate the chemical structures of the catalysts and substrates into a machine-

readable format. Traditional computational approaches, such as DFT, rely on three-dimensional 

spatial coordinates.[127] However, these representations are heavily conformation-dependent and 

computationally expensive, making them impractical for the efficient evaluation of large datasets. 

Instead, a two-dimensional graph-based representation was chosen to avoid the challenges of 

conformational sampling. As seen in Figure 32, molecules are treated as mathematical graphs 

where atoms act as nodes and chemical bonds as edges.[156] To provide the ML algorithm with 

sufficient chemical context, each node is embedded with specific atomic features, including the 

element symbol, formal charge, hybridization state, aromaticity, and absolute configuration. 

Simultaneously, the connecting edges are futurized with bond type information specifying whether 

a connection is conjugated part of a ring or constitutes a coordinative bond. However, rather than 

processing the catalyst and substrate as isolated entities, a "key intermediate graph" was 

implemented,	 conceptually building upon the established principles of Condensed Graphs of 

Reaction[157] and Imaginary Transition Structures.[158] By digitally assembling the catalyst and the 

ketone into a single, unified graph that mimics the stereodetermining pre-transition state, the model 

perceives the connectivity and spatial proximity between the catalyst and the ketone. This specific 
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descriptor generation effectively bridges the gap between computationally inexpensive two-

dimensional topology and the complex three-dimensional reality of the reaction, providing a set of 

structural descriptors. 

 

Figure 33: Parity plot comparing the experimentally determined and model predicted difference in free activation energy ΔΔG⧧. 
The performance on the training set is depicted in blue yielding an R2 of 0.95 and a mean absolute error of 0.16 kcal mol-1. The 
validation set is shown in red demonstrating high accuracy with an R2 of 0.99 and a mean absolute error of 0.02 kcal mol-1. The 
dashed diagonal line represents perfect correlation between experiment and prediction. 

These assembled graph representations, coupled with their corresponding ΔΔG⧧ values, were 

subsequently fed into a Graph Neural Network architecture utilizing a graph attention layer.[159,160] 

Through global pooling operations, molecular embeddings were generated and subsequently 

processed by a feed-forward neural network to predict the continuous thermodynamic targets.[161] 

Given the relatively small size of the curated dataset, mitigating the risk of overfitting was a 

primary concern. To prevent this and ensure the generalizability of the algorithm, a cross-
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validation strategy was implemented. By iteratively partitioning the dataset into training and 

validation sets, it was ensured that the model was evaluated on reaction combinations it had not 

encountered during the training phase. 

The predictive capability of the optimized graph-based model was then evaluated by comparing 

the computationally predicted ΔΔG⧧	values against the experimentally determined targets. As 

illustrated by the parity plot in Figure 33, the model demonstrated a strong correlation between 

prediction and experiment and differentiated between high-performing catalytic systems and 

challenging cases. Achieving an R² of 0.95 and a low mean absolute error of 0.16 kcal mol−¹ 

confirmed that the key intermediate graph approach correlates the structural representation with 

the stereochemical outcomes of the CBS reduction. Having established the performance, the focus 

shifted towards evaluating the predictive power of the model on unseen catalysts in the laboratory 

especially for substrate 51. 

3.1.5 Virtual Screening and Experimental Validation 

We commenced by generating a virtual target library of oxazaborolidine derivatives to serve as 

input data for predicting the ee of 51. To ensure practical relevance, we aimed to generate only 

synthetically feasible catalysts. Since the overall structural diversity of the catalyst substituents is 

dictated by the Grignard reaction, we confined our candidates based on the availability of the 

corresponding aryl bromides. Evaluating this virtual library provided a list of predicted ΔΔG⧧ 

values which were translated back into the corresponding ee values here to facilitate an intuitive 

comparison. From this list, we selected the four specific structures shown in Figure 34. While their 

high predicted selectivities were the primary selection criterion, we deliberately favored candidates 

featuring extended and highly polarizable π-systems. We hypothesized that these motifs would act 

as strong DED. Including these specific extremes provided an excellent opportunity to test whether 

the algorithm accurately captures the impact of pronounced LD interactions on the overall catalytic 

performance. 
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Figure 34: List of catalyst precursor 22 that were chosen to validate the predictions given by the model. The prediction by the model 
is highlighted in blue. 

While the corresponding aryl halides for 22j and 22i were commercially available, the precursors 

for 22h and 22k were synthesized. However, during the timeframe of this ML study, efforts to 

prepare these two targets encountered several synthetic problems. As a result, their completion 

could not be achieved at that time and prevented us from evaluating these systems. Alternative 

strategies developed at a later stage allowed the preparation of both structures and the evaluation 

of the systems but these are discussed in later sections of this work. 

 

Figure 35: Grignard reaction from 52 to 53j using Mg. 

Next, we attempted the synthesis of catalyst 22j (Figure 34). To assemble this, we first had to 

prepare the corresponding precursor 53j via a Grignard reaction (Figure 35). Extensive screening 

of the reaction conditions, which included variation in Grignard reagent, reagent stoichiometry, 

and the use of different solvents such as THF, CPME, and Et2O, failed to yield 53j. In all attempts, 

the ester remained unreacted, and aqueous workup merely led to the hydrolysis of the Grignard 

reagent. The addition of CeCl3 to promote a more nucleophilic Imamoto-type reaction proved 

equally unsuccessful.[162] Suspecting that the standard Grignard reagent lacked sufficient reactivity 

for this sterically demanding system, a Turbo Grignard reagent developed by Knochel was 
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employed.[163] Although this reactive Grignard reagent indicated a reaction, it only resulted in the 

formation of side products 62j and 63j, which were detected via mass spectrometry (Figure 36). 

The formation of 62j demonstrated that increasing reactivity enabled the initial addition of an aryl 

moiety. Nevertheless, the emergence of 63j also revealed that the steric environment surrounding 

the substrate was simply too congested to allow the attachment of the second aryl group. Further 

optimization of the reaction conditions proved entirely ineffective to overcome this problem and 

resulted in the same results as shown before. 

 

Figure 36: Grignard reaction from 52 to 53j using iPrMgCl •LiCl. 62j and 63j were observed as major products. 

We therefore questioned whether the intrinsic steric bulk of the molecular framework or the 

substitution pattern of the aryl group was responsible for inhibiting the secondary addition. To 

evaluate this, the specific aryl bromides 64, 65, and 66 shown in Figure 37 were tested in the 

Grignard reaction. 

 

Figure 37: Aryl bromides used for the evaluation of the Grignard reaction with iPrMgCl •LiCl. 

Using substrate 64 in the Grignard reaction reproduced the aforementioned results shown in 

Figure 38, where only the monosubstituted intermediate and the side product were formed. This 
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confirmed that the structural framework was already causing significant steric issues on its own. 

Because all previously synthesized precursors exclusively utilized meta- or para-substituted aryl 

bromides and never caused those problems, we suspected that ortho-substituents might be the 

reason for this outcome. To investigate this, we tested substrates 65 and 66 under various 

conditions. The reactions with substrate 65 showed no signs of conversion, yielding exclusively 

unreacted starting material. In contrast, subjecting substrate 66 to the reaction conditions resulted 

in the formation of the monosubstituted intermediate without any trace of the desired product. This 

outcome clearly indicates that extremely bulky ortho-substituents prevent even the initial Grignard 

reaction while smaller ortho-groups permit the first addition but effectively block the second step. 

Considering these findings, we discontinued all efforts targeting ortho-substituted catalyst motifs 

and focused on solely para- or meta-substituted products.  

 

Figure 38: Catalytic reduction using catalyst 15i to selectively reduce substrate 51 to product 67. 

Despite the synthetic limitations encountered with the previous substrates, the preparation of the 

final remaining precursor 22i shown in Figure 34 was achieved. Following the optimization of the 

reaction parameters detailed in the experimental section, 22i was isolated in good yield and high 

purity. With the target structure in hand the focus shifted toward the experimental validation of the 

ML model. To evaluate the predictive accuracy of the algorithm, five consecutive catalytic 

reactions were conducted using the established standard conditions as depicted in Figure 38.  
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Figure 39: Comparison of the ML predicted ee and the initial experimental results obtained from five independent catalytic runs 
yielding an average ee of 80% for the reduction of 51 to 67 via 15i. 

The outcomes of these catalytic runs are summarized in Figure 39, demonstrating how the initial 

experimental measurements aligned with the predictions of our computational model. By 

determining the mean across all consecutive catalytic reactions, we calculated an average ee of 

80%. Compared to the previously most selective precursor catalyst 22f developed in our group, 

which achieved 72% ee, this represented an absolute increase of 8%. Translated into 

thermodynamic parameters this improvement corresponds to a relative ΔΔG⧧ increase of 

0.27 kcal mol−1. While these evaluations culminated in the publication of this methodology in 

JACS,[164] we remained eager to further interrogate the overall robustness of our analytical system. 

We therefore actively sought to expand the scope of the investigated catalysts by exploring novel 

synthetic pathways as reported in the following sections. 
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3.2 New Synthesis Strategy and Boundaries of the Model 

The initial part of this work highlighted the potential of data driven methods for identifying 

structural correlations in the CBS reduction. However, the practical generation and further 

expansion of the required experimental dataset was severely hindered by synthetic limitations 

particularly concerning the preparation of the aryl halides and their corresponding catalyst 

precursors. 

 

Figure 40: Schematic illustration of the iterative data driven catalyst optimization cycle 

As we aimed to further utilize the computational model, expand the catalyst library, and validate 

the model predictions, we conceptualized a novel synthetic pathway for the synthesis of CBS 

precursors. This new approach enabled the synthesis of the previously mentioned precursors and 

allowed for another validation of the computational model. However, these investigations yielded 

unexpected results that necessitated a fundamental reassessment of the entire framework. To 

comprehensively discuss these findings and expose the analytical boundaries of our approach the 

following sections will trace this development back to its initial starting point. 

3.2.1 Synthesis of Aryl Halide Derivates 

The preparation of specific aryl halides such as 68 and 69 was investigated (Figure 41). While the 

preparation of 68 was previously conducted by Michael Fuhrmann[165] the present work focused 

on the development of the xanthene derivative (69). 
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Figure 41: The desired aryl halides 68 and 69 for the synthesis of the corresponding precursor 22. 

Initial attempts to prepare 69 followed literature protocols by Behbahani et al.[166] and Cao et al.[167] 

utilizing Lewis acids such as CuSO4 • H2O or FeCl3 to catalyze the reaction of 2-naphthol (71) and 

4-bromobenzaldehyde (70) under neat conditions. However, these reported procedures could not 

be reproduced as they led to thermal degradation and oxidation of the starting material. 

Consequently, the reaction parameters, such as the solvent (CHCl3 and EtOH) and temperature 

(r.t. to 90 °C), were systematically modified. Chloroform was initially investigated to enable 

controlled reflux conditions at lower temperatures to prevent thermal decomposition. However, 

this adjustment did not lead to the formation of 69, and only starting materials 70 and 71 were 

recovered, indicating a lack of reactivity. Ethanol was subsequently employed to evaluate the 

impact of a polar protic solvent. Under these conditions, we observed the formation of the 

corresponding acetal as a major side product, which effectively consumed the starting aldehyde. 

Among all evaluated conditions, solely the reaction utilizing FeCl3 in ethanol at 80 °C yielded faint 

traces of 69 detectable by mass spectrometry. Nevertheless, the overall conversion remained 

negligible, and the target compound could not be isolated (Figure 42).	

 

Figure 42: Condensation reaction of 70 and 71 to 69 using Lewis acids. 
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Due to these results, the synthetic strategy was shifted towards using Brønsted acid as catalysts 

instead. This approach was chosen because it relies on a similar mechanistic pathway (Figure 43) 

to those of Lewis acids and it is also shown to work by literature reports for analogous 

reactions.[169] 

 

Figure 43: Proposed reaction mechanism for the preparation of 69 using 70 and 71 using Brønsted acids. 

The proposed mechanism for this Brønsted acid catalyzed reaction starts with the protonation of 

70 which enhances the electrophilicity and enables the nucleophilic attack by 71 to form 72. The 

subsequent elimination of H2O then yields an ortho quinone intermediate (73) which is 

nucleophilically attacked by 71 at the conjugated system to form a binaphthyl ketol (74). This is 

followed by an intramolecular cyclization to form a cyclic hemiacetal (75) and ends in another 

condensation step to restore the aromaticity of the system to yield 69. 

The results obtained using Brønsted acidic conditions are summarized in Table 2. The use of HCl 

in dioxane (Entry 1) yielded traces of the target compound 69. Switching to aqueous HCl 

(Entries 2‑4) achieved the first isolation of 69 in low yields but led to the formation of 76 as a side 

product. This observation implies that proton donors are necessary for the reaction, yet an 

unidentified factor hinders the final cyclization. Investigation of alternative proton donors revealed 

that weak Brønsted acids, such as citric acid (Entry 5), are completely insufficient to drive this 

reaction. Conversely, employing another strong acid like H2SO4 (Entry 6) resulted in a reactivity 

profile similar to that of HCl, indicating that simply changing the specific strong acid does not 

facilitate the final cyclization.	
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Table 2: Screening of the reaction of 70 and 71 to 69 using Brønsted acids. 

 
Entry (a) Solvent Additives (b) Temperature [°C] 69 [%] (c) 76 [%] (c) 

1 EtOH HCl (d) r.t. - (e) 0 

2 EtOH HCl  r.t. 3 63 

3 (f) EtOH HCl  r.t. 4 68 

4 (g) EtOH HCl  r.t. 4 70 

5 EtOH citric acid r.t. - (e) 0 

6 EtOH H2SO4 r.t. 4 60 

7 Me-C6H5 H2SO4 r.t. 44 0 

8 Me-C6H5 pTsOH r.t. 49 0 

9 Me-C6H5 pTsOH 115 55 0 

10 1,2-DCA pTsOH 90 92 0 
(a) All reactions were conducted on a 2.0 mmol scale for 24 h. (b) 0.1 equiv. (c) Yield. (d) HCl dissolved in dioxane. (e) Traces 
detected via mass spectrometry. (f) With Soxhlet extractor. (g) With molecular sieves (beads 4 Å). 

We therefore hypothesized that the solvent must be key to the reaction outcome. EtOH can 

potentially interfere by stabilizing the intermediates through hydrogen bonding, or, as previously 

observed, by forming acetals with the starting material, thereby preventing the last condensation 

and cyclization. The solvent was changed to toluene as a nonpolar solvent (Entry 7), which 

provided 69 in moderate yields, while the formation of 76 was effectively suppressed. Subsequent 

experiments (Entry 8) using pTsOH showed no significant improvement until the reaction 

temperature was elevated (Entry 9), leading to a slight increase in yield. The solvent was then 

changed to 1,2‑dichloroethane (1,2-DCA) to provide better solubility and to allow the reaction to 

be conducted at elevated temperatures. This resulted in 92% yield (Entry 10), demonstrating that 

the combination of a strong Brønsted acid and a suitable solvent is the key for obtaining good 



 55 

yields. With 68 and 69 finally obtained, our next step was to synthesize the catalyst precursor 22h 

and 22k. 

3.2.2 Synthesis of the Precursor: The Problem 

While the synthesis of precursor 22h was successfully conducted by Michael Fuhrmann following 

the optimized general procedure (Figure 24) and proceeded without any complications,[165] the 

preparation of 22k, proved to be more complicated than initially anticipated. The starting point 

was again the Grignard reaction with Mg turnings under standard conditions to form 53k 

(Figure 44). However, these conditions failed to yield 53k in any reaction aside from the CeCl3 

mediated attempt, in which the product was detected via mass spectrometry but could not be 

isolated.  

Modifying other parameters, such as the stoichiometry or the solvent, did not alter the outcome 

either, resulting merely in the recovery of the starting material alongside the dehalogenated arene 

formed via hydrolysis of the unreacted Grignard reagent upon aqueous workup. This observation 

alone confirmed that the Grignard reagent was indeed formed, but simply lacked the activity 

required to attack 52. We therefore concluded that it was necessary to increase the overall reactivity 

and subsequently shifted our strategy to utilize Turbo-Grignard as a reagent. 

 

Figure 44: Grignard reaction from 52 to 53k using Mg and 69. 

However, the implementation of the Turbo-Grignard did not lead to expected results, directly 

mirroring the complications encountered during our earlier syntheses attempts of ortho-substituted 

precursors. As summarized in Table 3, the reaction outcome was dependent on temperature. 

Conducting the reaction at lower temperatures (Entry 1 - 3) yielded no conversion and resulted in 

the recovery of the starting materials. Elevating the temperature (Entry 4) afforded the desired 
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product once, but led to the formation of side product 63k. Furthermore, the isolated material 

lacked analytical purity, contaminated with traces of 63k that resisted all purification efforts, 

including standard column chromatography, preparative HPLC, and crystallization. Even the 

addition of CeCl3 at higher temperatures (Entry 5), intended to increase the electrophilicity of 52 

and suppress side reactions, resulted in the formation of side product 63k, without any detectable 

traces of the desired compound 53k. 

Table 3: Screening of Turbo-Grignard conditions for the synthesis of 53k. 

 
Entry (a) Temperature [°C] Additives 53k [%] 

1 0 - 0 

2 r.t. - 0 

3 r.t. CeCl3 0 

4 70 - 7 (b), (c) 

5 70 CeCl3 0 
(a) All reactions were conducted on a 0.5 mmol scale in THF. (b) Yield, but the product contained inseparable traces of 63k. (c) The 
initial result could not be reproduced in subsequent trials.  

At this stage, rather than continuing the optimization of an inefficient Grignard reaction, we 

decided to prioritize a proof of concept for the subsequent step. The objective was to determine 

whether 53k would be accessible at all, assuming the coupling of 69 onto 52 could be achieved. 

Therefore, despite the presence of impurities, 53k (from Entry 4) was used to evaluate the general 

viability of the deprotection process. 
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Figure 45: Deprotecting conditions for 53k to 22k. 

Applying general hydrogenation conditions (Figure 45) resulted in the recovery of the starting 

material (53k). Even when the reaction was repeated at elevated temperatures, the same results 

were obtained. We attributed this lack of reactivity to the pronounced insolubility of the precursor 

in methanol, which likely hindered the required interactions for the heterogeneous catalytic 

process. 

Given the complications associated with the Grignard reaction and the solubility problems 

observed during the deprotection attempts, it became evident that this synthetic route would not 

provide a viable path for 22k. Consequently, we concluded that a new strategy was required, which 

will be discussed in detail in the following section. 

3.2.3 Synthesis of the Precursor: The Idea 

The first aspect of our revised strategy focused on the replacement of the problematic Grignard 

reaction by metal-halogen exchange (Figure 46). Since our previous experiments clearly indicated 

that the Mg lacked the necessary reactivity to reliably attack the electrophile, we shifted our focus 

to more reactive organolithium reagents.  
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Figure 46: Alternative synthetic pathway for 22k via metal halogen exchange with a modified protecting group. The general 
approach is illustrated in grey and the new alternative strategy in black. 

Parallel to this modification, we opted to replace the benzyl protecting group with a more versatile 

alternative (Figure 46). Our primary requirement was chemical stability during the organolithium 

reaction, which precluded the use of nucleophile-sensitive moieties. We also sought a protecting 

group that provides diverse deprotection pathways beyond catalytic hydrogenation to ensure 

flexibility in cleaving the group. We selected the para-methoxybenzyl (PMB) (80) group as it 

remains inert towards organolithium reagents and allows oxidative or acidic cleavage,[170–172] while 

its methoxy group simultaneously improves the solubility of the precursor. Consequently, we 

proposed the synthetic route (Figure 47) and the results of this approach are explained in detail in 

the following section  

3.2.4 Synthesis of the Precursor: The Solution  

Analogous to the beginning of the general syntheses, L-proline 10 was initially converted into the 

corresponding methyl ester hydrochloride (79). The PMB-protecting group was then incorporated 

utilizing 1.1 equivalents of 80. Although the overall synthesis proceeded without any 

complications the reaction of 77 only achieved moderate 54 % yield (Figure 47).  
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Figure 47: Synthesis of 77 using PMBCl (80) after the conversion of 10 to 79. 

Our focus then shifted toward the critical nucleophilic addition step utilizing n-BuLi. As a primary 

assessment, the formation of the organolithium intermediate was investigated because generating 

this reactive species was an essential requirement for the subsequent nucleophilic attack. 

 

Figure 48: Preliminary experiments to establish the optimal conditions for the lithium halogen exchange. 

To verify this,	n-BuLi was slowly added to a solution of	69 in THF and stirred for 30 min prior to 

being quenched with H2O (Figure 48). This confirmed the formation of	81, demonstrating that the 

organolithium intermediate was generated efficiently. With the viability of the exchange 

established, we proceeded with the actual reaction, utilizing this intermediate for the nucleophilic 

addition to	77 to yield	78k	(Table 4). 
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Table 4: Screening conditions for the organolithium mediated synthesis of 78k from 77 and 69. 

 
Entry (a) Time [min] n-Buli [equiv.] 69 [equiv.] 78k [%] 

1 30 2.5  2.5  - (b) 

2 30 2.0  3.0  - (b) 

3 30 2.3  2.5 - (b) 

4 20 2.3  2.5 32 

5 10 2.3  2.5 66 
(a) All reactions were conducted on a 1.2 mmol scale. (b) Yield not determined due to formation of 83k. 

The initial reaction resulted in the formation of 78k as confirmed by mass spectrometry. However, 

the exact yield could not be determined because side product 83k formed and their separation was 

infeasible. Consequently, our primary goal shifted toward optimizing the reaction conditions to 

completely suppress the formation of 83k. We realized that the side product predominantly formed 

when the reaction time for organolithium intermediate formation was prolonged and the 

stoichiometric ratio of n-BuLi to 69 was 1:1. By reducing the preparation time to 20 min and 

carefully adjusting the stoichiometric amount of n‑BuLi (Entry 4), we obtained 78 without any 

side products in 32% yield. Further testing (Entry 5) then revealed that even higher yields could 

be achieved by minimizing the initial reaction time resulting in a final yield of 66%.  
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Figure 49: Screening conditions for the PMB deprotection. The reported yields are not absolute due to the constant presence of 
trapped solvent molecules. 

Our focus then shifted toward the removal of the protecting group to form 22k (Figure 49). Initial 

deprotection attempts utilizing Pd/C with H2 in TFA failed to induce any cleavage resulting in the 

recovery of 78k. Similarly, subjecting the compound to purely acidic conditions employing 

5 equivalents of TFA resulted in no conversion. The deprotection was then achieved via oxidative 

cleavage utilizing 1.2 equivalents of DDQ. However, this reaction was not quantitative and 

consistently afforded low yields of the crude product. 	

 

Figure 50: Observation of 84k during the HPLC purification process using an acetone MeOH and NEt3 mobile phase mixture. 

Classical purification methods such as conventional column chromatography and recrystallization 

proved completely ineffective necessitating the use of preparative HPLC. During initial 

purification runs utilizing a mobile phase mixture containing acetone, MeOH, and NEt3 the 

formation of side product 84k was detected via mass spectrometry (Figure 50). 
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To circumvent this issue the mobile phase was changed to a mixture of MeOH, TBME and NEt3 

which prevented formation of 84k and yielded 22k. 

 

Figure 51: ①	Crude NMR spectra before HPLC of 22k. ②	After HPLC using MeOH, TBME, NEt3 as mobile phase. ③ HPLC 
product after co-evaporation with CH2Cl2. ④ HPLC product after co-evaporation with toluene. ⑤	HPLC product after co-
evaporation with DMSO. 

Although the chromatographic separation was ultimately successful a major challenge arose during 

the subsequent solvent removal process, because the purified compound 22k exhibited a tendency 

to trap solvent molecules as a solid as shown in the NMR spectra (Figure 51).  

Prolonged evaporation attempts of the HPLC fraction failed to remove the residual TBME 

(Figure 51,	②). Consequently, co‑evaporation strategies using various alternative solvents were 

investigated. The use of CH2Cl2 as a co-evaporator unfortunately led to the decomposition of the 
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product as indicated by the appearance of new unidentified signals in both NMR (Figure 51,	③) 

and mass spectra. Switching to toluene displaced TBME but resulted in toluene remaining trapped 

within the sample (Figure 51,	④). Following a final approach, the sample was treated with DMSO 

and subjected to lyophilization. While this method removed the previous solvent, it led to a final 

product contaminated with DMSO, highlighting the solvent trapping properties of 22k 

(Figure 51,	⑤). We hypothesize that this persistent retention of diverse solvent molecules might 

be indicative of the compound acting as an exceptionally strong DED. The extended, highly 

polarizable structural motifs likely engage in substantial LD interactions with the solvent 

molecules,[12] preventing their complete removal. 

Although a completely solvent free solid could not be isolated, the structure of 22k was confirmed.	
We therefore decided to proceed with the batch containing toluene. Since toluene is a simple 

nonpolar solvent, we assumed it would not interfere with the CBS reduction.  

3.2.5 Experimental Evaluation and Model Boundaries 

The enantioselective performance of 22h and 22k for the reduction of 51 was evaluated employing 

the standardized reduction protocol (Figure 52). However, the results not only revealed significant 

deviations from the ML predictions, but also proved highly inconsistent during repeated trials as 

the ee values fluctuated between individual runs. Because precise and reproducible experimental 

data is an absolute requirement for our model, these problems prompted a systematic investigation 

into the analytical robustness of the reduction of 51 itself. 

 

Figure 52: First evaluation of the precursors 22h and 22k for the reduction of 51. 
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During this process we identified a flaw in the standard workup procedure. To quench the reaction 

and release the final product, an excess of aqueous acid or water must be added to hydrolyze the 

formed alkoxy borane. While this aqueous quenching works for most substrates, 67 is highly 

soluble in water (approximately 290 mg mL−1 at 25 °C),[173] which was overlooked in our previous 

published studies.[164] 

A simple estimation of our experimental scale highlights the magnitude of this issue. In a catalytic 

reduction reaction utilizing 0.4 mmol of 51, the theoretical quantitative yield of 67 is 

approximately 31 mg. Quenching this mixture with 5 mL of water, as dictated by the standard 

protocol,[87,164] introduces a large aqueous volume. Due to the high-water solubility of 67, the 

partition equilibrium between the two phases is highly unfavorable for the organic layer. The 

alcohol partially dissolved in the aqueous phase, leaving only low concentrations of the product in 

the organic solvent for further derivatization and analysis. When these organic samples are then 

analyzed by GC-FID, the resulting signals are weak, which can lead to a low signal to noise ratio 

and complicates reliable peak integration. To resolve these issues, we pursued a dual analytical 

approach by developing a completely new HPLC strategy and optimizing the existing GC protocol 

for 67. 

 

Figure 53: Derivatives screened to achieve perfect baseline separation on the HPLC. 85c was ultimately selected because it provided 
the optimal resolution during HPLC analysis. 

The HPLC method was specifically employed to overcome these sensitivity limitations by 

capitalizing on a different mode of detection. In our GC-FID setup, the signal intensity is dictated 
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not only by the analyte's absolute concentration but also by its specific response factor (i.e., the 

number of oxidizable carbon atoms). Since	67	lacks a suitable chromophore, it inherently exhibits 

poor UV absorbance. However, by derivatizing the molecule with a strong chromophore, the molar 

extinction coefficient is increased, enabling highly sensitive detection even at low analyte 

concentrations. We screened several potential derivatizing agents, including	 85a	 and	 85b, but 

ultimately identified	85c	as the best derivative for achieving optimal baseline separation during 

HPLC analysis (Figure 53). 

In parallel, the gas chromatography protocol was optimized to provide a robust independent 

verification of these results. To mitigate the loss of the product, we reduced the water content for 

quenching to 3.0 equivalents which corresponds to merely 21 µL. By minimizing the aqueous 

volume to such an extent, the partition equilibrium is fundamentally shifted, ensuring that the vast 

majority of the target compound is retained in the organic phase. Experimental implementation of 

this refined quenching procedure confirmed our hypothesis. By retaining a high concentration of 

the product in the organic layer, the subsequent GC measurements exhibited intense signals, 

eliminating the previous noise interference and enabling precise peak integration. 

 

Figure 54: Optimized conditions that enabled the accurate evaluation of the reduction of 51. 

After implementation of both the HPLC method and the optimized GC method (Figure 55), we 

re‑evaluated the aforementioned precursors. Both independent techniques yielded identical and 
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low ee, thereby confirming that the ML model had indeed not accurately predicted the performance 

of these specific catalysts in the first place. 

 

Figure 55: Second evaluation demonstrating consistent results obtained through independent HPLC and GC measurements. 

Based on these results and the fact that we had to optimize our analytical strategies, we 

re‑evaluated the majority of the precursors from our previous work with 51. Applying this to our 

previously analyzed precursors revealed systematic deviation as in Figure 56. While precursor 

catalysts 22e and 22f exhibit merely marginal deviations between the old GC protocol and our 

optimized methods, the corrected ee for 22i shows a major discrepancy that definitively exposes 

the unreliability of the former approach.  
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Figure 56: Corrected evaluation of precursors 22e, 22f, and 22i for the reduction of 51. The figure highlights the fundamental 
systematic deviation within the previous dataset. 

The re-evaluation demonstrates that the predictive capabilities of the current ML model are 

fundamentally restricted by analytical data integrity and a currently limited understanding of 

exceptionally bulky catalyst structures. The identification of a systematic error regarding the 

unquantified loss of the highly water-soluble product during aqueous workup revealed a definitive 

analytical bias in the initial test data. This flaw highlights that models operating on small datasets 

are highly susceptible to data quality and cannot mathematically correct for experimental artifacts, 

making robust analytical protocols the absolute prerequisite for any data driven approach. Beyond 

these analytical limitations, the complex physical behavior of highly sterically hindered systems 

requires further investigation. The pronounced difficulty in removing solvent residues from 

precursor 22k underscores the true nature of these structures as highly potent DEDs. This intense 

propensity suggests that these catalysts might undergo unwanted intermolecular dimerization 

alongside. Since it remains unclear to what extent such aggregation phenomena disrupt the 

catalytic cycle, subsequent experimental studies must address this uncertainty. Future research 

should therefore evaluate these specific reactions under adapted conditions, such as elevated 

temperatures or different solvents, to actively suppress potential dimer formation and conclusively 

determine the intrinsic catalytic activity of these structures. 
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Part III  
CBS Reduction of Imines 
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3.3 Extending the Concept of CBS Reduction to Imines 

The conceptual framework for this investigation was established following the results of 

Section 3.1 and prior to uncovering the analytical insights detailed in Section 3.2. Our primary 

ambition was to further explore the scope of the CBS reduction by applying the predictive model 

to a novel yet structurally related substrate class. We selected imines as the next logical step since 

they are nitrogen analogs to the previously investigated ketones. This substrate class provides 

direct access to chiral amines which constitute valuable building blocks in chemical 

synthesis.[110,174] Furthermore, their distinct electronic properties and the additional N‑substituent 

introduce new chemical features providing an ideal opportunity to test the robustness of our 

predictive model. 

 

Figure 57: Conceptual framework illustrating the transition from the ketone-based CBS model to the integration of imine substrates. 

Although this similarity makes imines an intuitive target, a thorough evaluation of the existing 

literature revealed a scarcity of experimental data. Our primary ambition was therefore to construct 

a comprehensive internal database for these reductions and integrate it into our predictive model 

to establish a unified computational framework. However, during the data collection process, we 

encountered unexpected challenges and made critical observations regarding the reactivity of this 

system.  
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3.3.1 CBS-Reduction of Cyclic Imines 

The investigation of imines started with cyclic systems. We chose 86 and 87 (Figure 58) to evaluate 

the influence of ring size and steric bulk on the reduction.	Compound 86 provides an accessible 

imine bond due to its simple pyrroline ring. In contrast, compound 87 features a larger framework, 

that acts as a substantial steric obstacle directly next to the reactive center. While 86 was 

commercially available, 87 was synthesized in two steps from 88 (Figure 59). 

 

Figure 58: Structures of the investigated cyclic imines 86 and 87. 

The synthesis of 87 started with the acetylation of primary amine (88), yielding 89 in 83%. 

Subsequently, a Bischler-Napieralski cyclization[175] was employed to convert 89 to the cyclic 

imine (87). However, 87 was only isolated in 53% yield as the elevated temperatures caused 

thermal degradation of 87, resulting in product loss. 

 

Figure 59: Reaction scheme for the two-step preparation of 87 from 88. 

Our focus then shifted toward evaluating the performance of 86 and 87 under standard CBS 

reduction conditions. However, attempts to perform the catalytic reductions using precursor 22a 

proved unsuccessful, as the formation of the desired products 90 or 91 could not be observed 

(Figure 60).	
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Figure 60: CBS reduction of	86	to	90	and	87	to	91 using precursor	22a	under the standard conditions. 

 

Figure 61: 1H-NMR spectra monitoring the reduction of cyclic imine 86. The spectral windows are truncated for clarity, as no 
significant signals were observed below 1.0 ppm and above 5.5 ppm. All spectra were recorded in CDCl3. ① Reference spectrum 
of the reducing agent BH3•SMe2. ② Reaction mixture of 86 and the reducing agent after stirring for 10 min at room temperature. 
③ Reference spectrum of 86. ④ Reaction mixture of 86 and the reducing agent after prolonged stirring at 50 °C. ⑤ CBS reduction 
of 86 with 22a under standard conditions. ⑥ Reference spectrum of product rac-90. 
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Figure 62: 1H-NMR spectra monitoring the reduction of cyclic imine 87. All spectra were recorded in CDCl3. The spectral windows 
are truncated for clarity, as no significant signals were observed below 1.0 ppm and above 5.5 ppm. ① Reference spectrum of the 
reducing agent BH3•SMe2. ② Reaction mixture of 87 and the reducing agent after prolonged stirring at 50 °C. ③ Reference 
spectrum of 87. ④ Reference spectrum of product rac-91. ⑤ CBS reduction of 87 with 22a under standard conditions. 

To elucidate the problem, an investigation of the reaction was conducted using NMR spectroscopy. 

The resulting spectra revealed that no reaction had occured in any of the attempts, yielding only 

unreacted starting material 86 or 87 (Figure 61 and 62, ⑤). However, the respective signals of 86 

and 87 exhibited a downfield shift in comparison to the reference spectra (Figure 61 and 62, ③). 

Further experiments confirmed this trend for both cyclic imines whenever BH3•SMe2 is present in 

the solution and indicating a strong Lewis acid/base coordination between the cyclic imine and the 

borane species which might deactivate the reducing agent. 

We then employed alternative borane sources like BH3•THF and catecholborane to evaluate their 

influence on the reaction outcome. Given the higher reactivity, we anticipated that BH3•THF would 
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undergo a similar deactivation process to that of BH3•SMe2. On the contrary, we expected 

catecholborane to overcome this limitation due to its steric properties. However, both reducing 

agents led to the recovery of 86 and 87, demonstrating that this transformation is infeasible under 

the investigated conditions. These experimental findings align with early observations by 

Cho et al.[101] who likewise documented the same results using cyclic imines. Although subsequent 

reports by other groups have suggested that these reductions could be achieved,[105] they remained 

entirely unsuccessful for us. 

3.3.2 CBS Reduction of Non-Cyclic Imines  

Following the limitations encountered with cyclic imines the focus shifted toward the exploration 

of non-cyclic imines using 92 as the model substrate. This strategic choice was motivated by the 

close structural resemblance to acetophenone (13a), synthetic accessibility via condensation of 

simple and readily available substrates (Figure 63) and the good documentation of structurally 

related molecules in the literature.[101,102] 

 

Figure 63: Synthesis of 92 using a condensation reaction of 13a and aniline with powdered molecular sieves (4 Å). 

The initial analysis following the condensation reaction of 13a and aniline appeared to confirm the 

isolation of 92. Operating under this assumption, we prepared what we believed to be the 

corresponding racemic standard (93) for the reduction experiments. Upon initiating the catalytic 

experiments (Figure 64), we observed promising selectivities that correlated well with reported 

literature data.[101,102] 
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Figure 64: First CBS reduction of 92 using 22a and achieving comparable results to the literature. 

However, this correlation turned out to be a deceptive analytical coincidence. As it was later 

discovered, the sample predominantly contained the hydrolyzed starting material acetophenone 

(13a), rather than the imine 92. As a result, the reduction steps generated phenylethanol (14a) 

rather than the desired amine (93). Because the HPLC retention times and the observed ee of 14a 

coincidentally mirrored the expected literature values,[101,102] this critical error remained 

completely undetected at this early stage. 

 

Figure 65: Results of the initial optimization phase using the precursors 22a-g in the CBS reduction, operating under the assumption 
that substrate 92 was employed. 
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Operating under the illusion that we were optimizing the reduction of	92, we evaluated diverse 

precursors	22a-g	to determine their influence on the catalytic outcome. As depicted in Figure 65, 

these investigations revealed a distinct structural trend where the implementation of larger DED 

groups consistently improved the overall ee, effectively mirroring the observations previously 

made for analogous ketone reductions.[87] Encouraged by these results, we proceeded to further 

expand the overall substrate scope. 

To facilitate this expansion a targeted library of specific derivatives was designed (Figure 66). For 

instance, 96, 97, and 98 were chosen to investigate the influence of electron withdrawing and 

electron donating substituents on the substrate. Furthermore, 94 was envisioned to evaluate the 

impact of altered steric demands and to determine the general importance of this nitrogen 

substituent for the overall reaction. Additionally, 95 and 32b were tested to assess the effect of 

incorporating a methylene spacer into the molecular framework when compared to 92. Given the 

minimal structural deviation and established status as a literature benchmark the catalytic outcome 

for 32b was expected to closely parallel that of 92.[101,102] In contrast, the more pronounced steric 

and electronic modifications present in derivatives 94, 95, 96, 97, and 98 were anticipated to dictate 

their overall reactivity.	

 

Figure 66: Overview of the synthesized imine substrates utilized for further catalytic investigations. 

During the attempt to synthesize these targets utilizing the established condensation shown in 

Figure 63, we encountered severe experimental inconsistencies. While specific derivatives such as 

94, 95, 96, and 97 were isolated in low yields, the synthesis of the other analogues proved 

unsuccessful. We then discovered that replacing the powdered molecular sieves with beads 
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circumvented this problem and allowed for the reliable isolation of all targeted imines and the 

subsequent preparation of their corresponding racemic mixtures for HPLC. 

However, upon subjecting the substrates to the catalytic conditions, the results diverged 

significantly and completely contradicted our structural hypotheses, as all observed selectivities 

were exceptionally poor, yielding mostly racemic products. Substrate 32b for example, which was 

expected to yield comparable results to 92 due to the strucural similarity and previous literature 

reports,[101] resulted in a racemic mixture. The same observation was made for 96, and 97, all of 

which ultimately yielded only racemic products. The only derivatives that exhibited any 

measurable ee were 94 and 95, as depicted in Figure 67. While a decrease in ee compared to 92 

was expected for 94 and 95, as preliminary computations conducted by Caio Porto suggested that 

the phenyl moiety on the nitrogen of the substrate engages π-π-stacking interactions with the 

catalyst framework, the magnitude of this difference could not be explained solely by this effect. 

 

Figure 67: CBS reduction of 94 and 95 using precursors 22a, 22b, 22d, 22e, and 22f. 

Control experiments to rule out contaminated reagents or inconsistent reaction conditions provided 

no explanation for this lack of selectivity. Consequently, we systematically investigated alternative 

sources of error, starting with a rigorous re-characterization of our original model system	92. 
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Prompted by the synthetic discrepancies associated with the powdered molecular sieves, we 

critically re-evaluated the identity of our initial substrate batches. It was at this point we finally 

confirmed the critical analytical misidentification foreshadowed earlier. 

The synthesis of	92 was repeated using molecular sieve beads, affording the true imine in 98% 

yield. After synthesizing the verified racemic standard	93, the actual substrate	92	was subjected to 

the catalytic CBS conditions. Evaluation of the results revealed that, even after extensive 

optimization of parameters such as temperature, solvents, borane species, and stoichiometries, the 

reaction consistently yielded a racemic mixture. This outcome perfectly mirrored the results 

previously observed with the other verified substrates. The only method to achieve any measurable 

stereoselectivity was to employ the chiral promoter in stoichiometric amounts, which afforded 

37%	ee. Since catalytic enantioselective turnovers could not be realized under these conditions, 

we shifted our focus toward a critical re-evaluation and reproduction of the established literature 

procedures.  

3.3.3 Evaluation of Previously Documented Results 

As a primary starting point, we selected the foundational works of Cho and Chun.[101,102] Since 

their original reports explicitly utilized the Itsuno reagent (20) as a crucial benchmark, we 

consequently synthesized this reagent to ensure a direct analytical comparison towards the CBS-

catalyst. By utilizing L-valine (99), the synthesis proceeded without the necessity of amine 

protection to 20 in moderate yield of 46% (Figure 68).	

 

Figure 68: Reaction scheme for the two-step preparation of 20 from 99. 

To ensure the best comparability, we strictly followed the experimental procedures documented 

previously, employing 32b as the test substrate, alongside 1.0 equivalents of the BH3•THF as the 

reducing agent. Since the original protocol lacked a precise description regarding the exact 

substrate addition, we decided to conduct the reactions utilizing two distinct experimental setups. 

The first approach involved the immediate addition of the entire amount of substrate to the reaction 
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mixture, while the second setup followed our previously established method utilizing a syringe 

pump for a controlled slow addition. Following the reported 24 h stirring period after the addition 

of 32b to the mixture of BH3•THF and the precursors, the overall catalytic outcomes were 

evaluated utilizing our established analytical methods. 

The evaluations revealed that the direct addition of the substate in all cases yielded (Entry 1 and 3) 

racemic mixtures, thereby conclusively indicating that a controlled addition is a requirement for 

any stereochemical induction (Table 5). However, even with slow addition (Entry 2 and 4), the 

results still deviated from literature data. When employing a catalytic loading of 10 mol% of 20, 

we observed an ee of merely 10%, which is in stark contrast to the reported value of 66%. Upon 

utilizing stoichiometric amounts of 20, the ee increased to 40%, which was still considerably lower 

compared to literature data (87%).[101,102]  

Table 5: Screening of catalytic conditions for the CBS reduction of 32b to 34b using catalyst precursor 20. 

 
Entry (a) 20 [equiv.] 34bLit [% ee] (b) 34b [% ee] 

1 (c) 0.1  66 rac 

2 (d) 0.1 66 10 

3 (c) 1.0  86 2 

4 (d) 1.0  87 40 
(a) Reactions were conducted on a 0.05 mmol scale. (b) Literature values. (c) Fast addition of 32b to 101. (d) Dropwise addition 
of 32b to 101. 
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Table 6: Screening of catalytic conditions for the CBS reduction of 32b into 34b using precursor 22a. 

 
entry (a) 22a [equiv.] 34bLit [% ee] (b) 34b [% ee] 

1 (c) 0.1  70 rac  

2 (d) 0.1 70 rac 

3 (c) 1.0  78 3 

4 (d) 1.0  78 37 
(a) Reactions were conducted on a 0.05 mmol scale. (b) Literature values. (c) Fast addition of 32b to 15a. (d) Dropwise addition 
of 32b to 15a. 

The parallel investigations utilizing 22a yielded the same results (Table 6). The application of 

10 mol% of 22a resulted in a racemic mixture, whereas the literature reported an ee of 70% 

(Entry 2). Elevating the loading of 22a to 1.0 equivalents provided 37% ee (Entry 4), thereby 

deviating from the reported 78%. To understand these discrepancies, we hypothesized that 

differences in ambient labaratory conditions, specifically varying levels of humidity between our 

facilities and the originating authors location, might exert a decisive influence on the catalytic 

outcome. To verify both environmental extremes we conducted two control experiments: By 

deliberately introducing trace amounts of water to the reaction mixture, we attempted to simulate 

a highly humid environment. However, instead of yielding 34b, this addition induced hydrolysis 

of 32b. Conversely, we executed the entire reduction protocol under strictly anhydrous conditions 

in a glovebox. This approach yielded the exact same selectivities as observed in our previous trials 

(Table 5 and 6). Since neither condition provided any measurable improvement, we ruled out 

moisture as the underlying source.  
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To rule out the reducing agent as a potential source of error and inspired by the application of 

catecholborane in the report of Kirton et al.,[104] we evaluated various alternative borane sources 

and batches. Similarly to previous results, these methodical variations provided no measurable 

improvement and the experimental outcomes remained entirely consistent with our previous 

unselective results. In a search for alternative mechanistic rationales, we considered the findings 

of Gschwind et al.[176]	Their studies on the catalyzed hydrogenation of imines demonstrated that 

the Z-isomer is the reactive species, which is generated via photochemical irradiation at 365 nm. 

Although their catalytic system utilizes chiral Brønsted acids and differs in mechanism, we 

hypothesized that a similar isomeric dependency might be the underlying cause for our lack of 

selectivity, as imines predominantly exist as the thermodynamically more stable E‑isomers in 

solution.[177] To investigate whether this specific phenomenon also applies to our reaction we 

attempted to induce an E- to Z-photoisomerization utilizing the corresponding 365 nm light source. 

We evaluated various experimental setups, including a 24 h preliminary irradiation of the sample 

prior to the reduction, alongside continuous irradiation during the actual catalytic event. The 

original study by Gschwind highlights that the thermal backreaction of the generated Z-imine is 

exceptionally fast at ambient conditions, requiring low-temperature NMR measurements at 180 K 

to prevent this relaxation and allow for characterization. Due to this rapid thermal back-

isomerization at the operating temperatures of our catalytic setup, we were unable to analytically 

quantify the exact extent of the conversion. Nevertheless, even under continuous irradiation, these 

photochemical approaches did not yield any measurable improvement in selectivity. As variations 

of reaction parameters, substrate geometry, and environmental conditions failed to induce any 

stereoselectivity, we redirected our investigation from these external factors toward the intrinsic 

kinetic profile of the reduction. 

3.3.4 The Background Reaction  

To evaluate the extent of the uncatalyzed reaction we monitored the reduction progress of 13a and 

92 across various temperatures via GC-MS. Aliquots were systematically extracted from the 

reaction mixture every 3 min over 2 h to determine the exact time required for complete 

consumption of the starting material.  
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Table 7: Monitoring of the uncatalyzed background reduction of ketone 13a at varying temperatures via GC-MS. 

 
Entry (a) Temperature [°C] Time [min] 

1 50 105 

2 r.t. - (b) 

3 0 - (b) 
(a) Reactions were conducted on a 0.5 mmol scale. (b) The exact time for full conversion could not be determined as the analysis 
was stopped after 2 h.  

The analytical results revealed a kinetic difference between the two substrate classes. While 

elevated temperatures of 50 °C led to rapid conversion of 92 within nine minutes (Table 8), 13a 

exhibited substantially lower reactivity reaching full conversion only after 105 min (Table 7). At 

lower temperatures, full conversion for 13a could not be determined, as the reactions remained 

incomplete within the monitored timeframe (Table 8).  

Table 8: Monitoring of the uncatalyzed background reduction of imine 94 at varying temperatures via GC-MS. 

 
Entry (a) Temperature [°C] Time [min]  

1 50 9 

2 r.t. 12 

3 0 18 

4 −78 30 
(a) Reactions were conducted on a 0.5 mmol scale.  

Since the primary objective of this experiment was the direct kinetic comparison with 92, the 

monitoring window was tailored to 2 h and prolonged tracking of 13a was not evaluated further. 

Substrate 92 achieved full conversion very rapidly at all tested temperatures (Table 7). While 
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literature demonstrates that an active background reduction does not universally preclude high 

stereochemical induction,[178] our system evidently lacks this necessary kinetic differentiation. 

Ultimately, this rapid, uncatalyzed background pathway offers a highly plausible explanation for 

the observed lack of selectivity. 

 

Figure 69: Computed thermodynamic energy profiles for the background reduction. The energetic pathway for the ketone is 
depicted in red whereas the corresponding imine reduction is highlighted in blue. Both reaction coordinates demonstrate a highly 
competitive unselective process proceeding via a single BH3 molecule. 
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To support these experimental findings, computational studies were carried out by Caio Porto to 

investigate the thermodynamic energy profiles of both the catalyzed (Figure 70) and the 

uncatalyzed pathways (Figure 69). The computations revealed a critical mechanistic detail by 

demonstrating that the uncatalyzed background reaction proceeds through a transition state 

involving only a single BH3 molecule, which contrasts with previously proposed mechanisms.[179] 

For the ketone reduction, the computed effective activation barrier for the catalyzed pathway is 

0.1 kcal mol−1(Figure 70, I)). This value is comparable to the effective barrier height of 

0.9 kcal mol−1 (Figure 69, III’) computed for the uncatalyzed background reaction. Because these 

energetic requirements are within a similar range, the catalyzed pathway remains competitive 

which allows for the achievement of high ee depending on the specific catalyst and substrate. 

 

Figure 70: Computed thermodynamic energy profiles for the CBS reduction. The competitive energy profile for the ketone 
reduction is shown in red while imine pathway is represented in blue illustrating the kinetic disadvantage of the catalyzed imine 
reduction. 
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However, the thermodynamic profile for the imine reduction presents a different situation. The 

computed barrier for the catalyzed imine reduction is 5.9 kcal mol−1 (Figure 70, I). While this 

barrier might seem accessible, it has to compete directly with the uncatalyzed background reaction. 

The computations established that this background reaction features a significantly lower 

activation barrier of 1.9 kcal mol-1 (Figure 69, III’) which is similar in magnitude to the ketone 

background process. Since the catalyzed pathway requires substantially more energy than the 

unselective background reaction, it becomes highly uncompetitive and the imine is predominantly 

reduced by the direct uncatalyzed pathway. Therfore, the low selectivity observed in previous 

experiments and the lack if success in increasing them can be attributed to the fast unselective 

background reaction that competes with the catalzyed route.  

Taking both the experimental and computational data into account, the conclusion is that, under 

the tested and reported conditions, the direct reduction of the imine is too competitive to be 

supressed without modifiying and specializing the substrate, which defeats the purpose of showing 

the broad applicability of the CBS catalyst to imines. For this reason, we discontinued the 

optimztation of this reaction and did not further pursue this topic.  
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Part IV  
The Enantioselective 

Dakin-West Reaction 
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The Dakin-West Reaction Data Collection and Empirical Evaluation 

From the very outset of this work, our conceptual design aimed to investigate two different 

catalytic systems and develop independent predictive models for both. While the previous chapters 

detailed the CBS reduction, the enantioselective Dakin-West reaction was selected as the second 

major target to achieve a generalizable model applicable across various substrate classes.	
Pioneered by our research group, the asymmetric variant of this reaction provides direct access to 

chiral α-acetamido ketones 40 utilizing rationally designed peptide catalysts. However, as our 

earlier investigations demonstrated that ML models rely heavily on highly precise and structurally 

diverse data, especially when working with small datasets, we decided to adapt our approach. 

 

Figure 71: Conceptual shift based on past learnings: Establishing a systematic empirical data collection in the present to ensure 
robust ML applications in the future. 

Rather than training an algorithm on sparse data and risking inaccurate predictions, we focused 

entirely on generating an experimental dataset for future model applicability. Consequently, this 

chapter presents the establishment of a defined data collection for this reaction and focuses on the 

catalytic parameters as well as the analytical evaluation, which will be examined in detail in the 

upcoming chapters. 

3.3.5 Substrate Scope and Synthesis of Reference Racemate 

As a preliminary substrate scope, four N-acetyl amino acid derivatives (rac-41a-d) were chosen 

for investigation. To enable the determination of the ee the corresponding racemic products 
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(rac‑40a‑d) were synthesized using the conditions shown in Figure 72. Subsequently, chiral GC- 

and HPLC-methods were developed for the separation of the enantiomers. 	

 

Figure 72: Synthesizing racemic mixtures rac-40a-d. 

While the synthesis of rac-40a proceeded without any complications and afforded the desired 

product in 73% yield, the other three derivatives resulted in lower yields. For instance, rac-40b 

was obtained in 19% yield, which was caused by the volatile nature of the product that led to 

evaporation during solvent removal. For the remaining two substrates (rac-40c-d), the exact 

reasons for the diminished yields remain unclear as of yet. 

With the racemic references compounds in hand, the focus shifted toward the optimization of the 

reaction parameters and the catalyst screening. The phenylalanine derivative (41a) was chosen as 

the model substrate for experimental optimization. This system was utilized to refine the reaction 

conditions and systematically evaluate the catalytic parameters, as detailed in the following 

section. 

3.3.6 Parameter Optimization and Experimental Setup 

To initiate this optimization phase, the chiral tripeptide	50	was selected as the catalyst. While this	
pmh-based catalyst was originally developed in our group for the kinetic resolution of diols,[180] it 

was subsequently adapted for the enantioselective Dakin-West reaction.[113] The mechanistic 

complexity of the asymmetric Dakin-West reaction requires a carefully balanced set of reaction 

conditions to efficiently separate the initial acetylation from the subsequent decarboxylation step. 
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Since this balance regarding solvents and stoichiometries was already established,[113] a 

comprehensive rescreening of these variables was not conducted. Instead, the focus was first 

directed toward refining the practical parameters using rac-41a together with 50 (Figure 73). The 

previously reported 37 % ee for this combination provided a reliable foundation for the subsequent 

optimization. 

 

Figure 73: The enantioselective Dakin-West reaction using peptide catalyst 50. 

To evaluate the exact reaction time the progress was monitored via GC-MS in the two distinct 

stages. The first stage was tracked prior to the addition of acetic acid to ensure the complete 

formation of the intermediate azlactone rac-43a. The second stage then monitored the conversion 

to the final product 40a. This confirmed an optimal reaction time of 24 h for the initial step and a 

minimum of 48 h following the acid addition. Notably, prolonged reaction times proved entirely 

unproblematic as no further side reactions or product degradation were observed. Consequently, 

an extended stirring period of 72 h was selected as the standard protocol to guarantee complete 

conversion to 40a. 

Following the optimization of reaction time, we evaluated the conventional activating agents DIC 

and DCC. The use of DIC generates a soluble urea byproduct, which complicates product isolation 

and interferes with analytical measurements. The application of DCC affords an insoluble urea 

derivative, enabling a straightforward purification via a short filter column, although the resulting 

continuous precipitation and carbon dioxide release form a dense suspension that disrupts stirring 

and causes inconsistent	ee	values. We resolved this physical limitation by performing the reactions 
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in small GC vials, where the compact dimensions ensured excellent mixing. This practical 

adjustment allowed us to maintain the purification benefits of the reagent, establishing DCC as the 

standard coupling reagent for all further investigations. 

Furthermore, precise temperature control proved to be an absolute necessity. Initially, the GC vials 

were placed in a metal block for stability. Prolonged continuous stirring induced unintended heat 

transfer from the stirrer to the metal block, thus warming the reaction mixture over time. Analysis 

of these samples revealed that this elevated temperature induced thermal degradation and 

generated numerous unidentified byproducts which obscured the HPLC chromatograms, making 

accurate analysis of the ee difficult. To resolve this issue, the metal block was replaced with a 

non‑heat-conducting holder ensuring a controlled thermal environment and securing clean 

analytical data. 

 

Figure 74: Influence of different acids on the stereoselective decarboxylation/reprotonation steps of the Dakin-West reaction. 

Having established the optimized reaction parameters, the role of acidic additives in the second 

stage was investigated as summarized in Figure 74. Since the decarboxylation is an intrinsic step 

of the cascade sequence, the addition of the acid primarily governs the subsequent quenching and 

the stereoselective protonation of the reactive intermediate. The experimental data revealed a 

defined tolerance threshold regarding acid strength. Strong acids, such as trifluoroacetic acid 

(TFA) and phosphoric acid (H3PO4) suppressed the desired reaction and led to degradation. 

Conversely, moderately acidic additives, such as benzoic acid (BzOH), acetic acid (AcOH), and 
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propionic acid (PA) provided consistent stereochemical outcomes ranging from 32% to 37% ee. 

The application of water afforded a comparable 33% ee. Both propionic acid and acetic acid 

emerged as the most effective proton sources. Since acetic acid is already an integral component 

of the primary reaction mixture, it was selected as the standard additive. Furthermore, the use of 

acetic acid eliminates the risk of cross reactivity and the formation of undesired mixed anhydrides 

that would arise from introducing additional acids.  

3.3.7 The Catalyst Library and Selection Method 

The peptide catalyst library evaluated in this study was synthesized and provided by Jan Metzler. 

Instead of depicting every single molecule, which would exceed the scope of this chapter, the 

following section outlines the design concepts and structural modifications exemplified by catalyst 

50 (Figure 75). These structural motifs were varied and combined in a modular fashion to explore 

a highly diverse chemical space. A complete library detailing all individual structures is provided 

in the experimental section of this work. 

A defining characteristic shared across the majority of these catalysts is the incorporation of a rigid 

adamantyl backbone. This sterically demanding motif is utilized to enforce a dynamic binding 

pocket [181] and preorganize the flexible peptide chain originating from this conserved foundation 

targeted modifications were made to probe the structural requirements of the catalytic 

environment.  

These variations included the alteration of the peptide chain length as shown by 106 to investigate 

the spatial boundaries of the chiral pocket. Furthermore, the optimal topological arrangement was 

evaluated by shifting the position of specific amino acids within the sequence as demonstrated by 

103. To determine the importance of the exact spatial orientation, stereochemical alterations were 

applied by substituting distinct L-amino acids with their corresponding D-enantiomers (105). 

Additionally, both the steric environment and the electronic properties of the catalytic unit itself 

were modified by utilizing alternative protecting groups on the active histidine moiety (104). 

Finally, the overall structural influence of the terminal protecting group was assessed by replacing 

the standard Boc moiety (107). With this library established, the respective peptide catalysts were 

subjected to further screening. 
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Figure 75: Overview of the structural variations within the peptide catalyst library. The respective modifications are highlighted in 
red. 
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3.3.8 Evaluation of Catalytic Performance and Structure Relationships 

For the screening, the previously optimized reaction conditions utilizing substrate rac-41a were 

applied to the peptide catalysts (Figure 76). To maintain clarity, this discussion focuses on the 

essentail aspects of modifications and the catalytic results, while all remaining data points are 

provided in the appendix. 

 

Figure 76: The asymmetric Dakin-West reaction converting rac-41a to 40a. 

As illustrated in Figure 77, the role of the catalytically active π-methyl histidine moiety was 

evaluated through both stereochemical (105) and steric modifications (104). Inverting the 

stereogenic center to the corresponding D-enantiomer (105) resulted in a drop of 19% ee compared 

to 50. This indicates that the D-configuration of the π-methyl histidine is important in this specific 

sequence. The inversion presumably creates a stereochemical mismatch within the catalytic 

framework, disrupting the optimal spatial alignment of the substrate during the stereodetermining 

transition state. Furthermore, the steric demand of the imidazole moiety itself proved equally 

decisive and introducing a trityl-group (104) entirely suppressed stereocontrol, yielding a racemic 

product.  
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Figure 77: Overview of the catalytic performance of the evaluated peptide library in the asymmetric Dakin-West reaction utilizing 
substrate rac-41a. The respective structural modifications are highlighted in red. 
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The N-terminal protecting group also played an essential role. Replacing the Boc-group with a 

thiourea moiety (107) yielded a racemic product mixture. Substituting the tert-butyl-carbamate 

(50) with a less bulky trifluoroacetyl group (109) decreased the ee to 20%. These results indicate 

that the stereoselectivity strongly depends on both the steric and electronic properties of the 

N‑terminus.  

Variations of the adjacent amino acid side chains revealed a highly sensitive structural network. 

Replacing the cyclohexyl group with an aliphatic leucine side chain (102) maintained an ee 

comparable to 50, whereas incorporating a modified threonine (108) reduced the selectivity to 

11%. Consistent with previous findings within the group,[113] this highlights the critical role of LD 

interactions. The polarizable cyclohexyl moiety stabilizes the stereodetermining transition state 

via LD forces. Utilizing smaller or less polarizable residues, such as an iso-propyl-group eliminates 

this stabilization thereby explaining the observed drop in selectivity. 

The overall length of the peptide sequence dictated the structural integrity of the catalyst. 

Truncating the scaffold to the dipeptide 110 led to a complete loss of ee, as the absence of the 

amino acid prevents the formation of secondary structure. In contrast, extending the sequence to a 

tetrapeptide (106) via the addition of a phenylalanine residue improved the selectivity to 41% ee. 

This enhancement can likely be attributed to an increased steric shielding or a potential 

reinforcement of the catalyst's secondary structure, which provides a more rigid and defined 

environment for the stereoselective step. 
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Figure 78: Overview of the catalytic performance of the evaluated peptide library for rac-41a in the asymmetric Dakin-West 
reaction derived from 103. The respective structural modifications are highlighted in red. 

An analysis of the topological arrangement (Figure 78) further aligned with this established 

previous results.[113] Interchanging the positions of the catalytically active residue and the 

cyclohexyl moiety (103) diminished the ee to 26%. The sensitivity of this rearranged framework 
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was demonstrated by the inversion of the cyclohexyl stereocenter (112), which yielded a nearly 

racemic mixture. Exploring the N-terminal protecting group also revealed dependencies. 

Replacing the Boc-group with a sterically demanding naphthyl-group (111) likewise decreased the 

ee. Additionally, N-methylation at the nitrogen of AGly (114) suppressed stereocontrol, indicating 

that this center is essential for establishing an intramolecular hydrogen bond. Finally extending 

this specific peptide chain with a phenylalanine residue (113) again elevated the ee to 32%, which 

suggests that the expanded scaffold provides additional interaction sites that enable a different 

binding mode for the enol intermediate.  

Building upon 113 (Figure 79), minor structural variations elucidated further electronic and steric 

requirements. Introducing electron donating groups at the terminal phenylalanine (117) led to 33% 

ee, whereas electron withdrawing groups (115) decreased the ee to 26%, suggesting that increased 

electron density on the aromatic system strengthens beneficial noncovalent interactions. 

Modifying the C-terminus to a benzyl ester (116) did not alter the stereochemical outcome, 

indicating that this peripheral position points away from the active site. Reevaluating the 

cyclohexyl moiety confirmed its indispensable structural role: Replacing this unit with smaller 

amino acids (118) caused a drop in selectivity, while an adamantyl-moiety (120) maintained a 

comparable ee to that of 113. Although the adamantane framework possesses higher polarizability 

and greater potential for LD interactions, the chiral pocket appears already optimal with a 

cyclohexyl residue. Additionally, elongating the peptide sequence at the C-terminus (119) by 

attaching an additional phenylalanine residue resulted in an inversion of the ee. This shift suggests 

that extending the scaffold beyond the tetrapeptide stage induces a complete conformational 

reorganization. Finally, the rigid adamantyl backbone dictates the overall structural integrity of the 

113 framework. Replacing adamantyl with a flexible linear alkyl chain (121) led to a complete loss 

of stereocontrol. Conversely, substituting the adamantyl backbone with a cyclohexyl moiety (122) 

restored the ee. Catalytic selectivity thus relies on a synergistic interplay between the absolute 

configuration of the individual stereogenic centers and the general rigidity of the central peptide 

backbone. 
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Figure 79: Overview of the catalytic performance of the evaluated peptide library for rac-41a in the asymmetric Dakin West reaction 
derived from 113. The respective structural modifications are highlighted in red. 
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Figure 80: Catalytic performance of the peptide library in the asymmetric Dakin-West reaction converting rac-41c to 40c. 

To evaluate substrate specificity and generate a diverse dataset for subsequent ML applications, 

the screening was extended to substrate rac-41c (Figure 80). A comparison of the experimental 

data revealed a general trend across the majority of the evaluated catalyst library (Figure 81). The 

application of 41c resulted in an increase in ee compared to rac-41a, corroborating previous 

findings.[113] For instance, 50 increased the ee from 37% for rac-41a to 57% for rac-41c, and 113 

showed a comparable enhancement. This pronounced trend is likely driven by the varying capacity 

of the respective amino acid side chains to engage in stabilizing non-covalent interactions. 

Specifically, the aliphatic iso-butyl group of rac-41c is presumed to establish highly effective LD 

interactions with the peptide catalyst. In contrast, the benzyl group of rac-41a appears less capable 

of this specific dispersion forces within the chiral pocket.  

However, distinct outliers deviated from this linear shift. Most prominently, 125 exhibited a 

complete collapse in selectivity with the aromatic rac-41a, yielding a racemic mixture. Yet, when 

applied to rac-41c, an ee of 35% was observed (Figure 81). This deviation proves that 125 has not 

lost its catalytic activity but is highly substrate-specific.  
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Figure 81: Comparison of the ee achieved in the asymmetric Dakin-West reaction of substrates rac-41a and rac-41c. The data 
corresponding to rac-41a are highlighted in red, whereas those for rac-41c are depicted in blue. 

Regarding the broader objective of this thesis, this generated data collection serves as the 

foundational dataset for the subsequent development of predictive ML models. In contrast to the 

previously evaluated CBS reduction, where data generation was severely restricted by synthetic 
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bottlenecks, the asymmetric Dakin-West reaction offers a decisive advantage through the sheer 

volume of accessible peptide catalysts. This dense information matrix, enriched by distinct outliers 

such as	 125, provides the necessary boundary conditions to prevent statistical models from 

oversimplifying complex three-dimensional stereoelectronic interactions. To fully exploit this 

potential and establish a robust framework characterized by maximum chemical diversity, 

extending this screening process to the remaining substrates remains a critical next step. Whether 

this systematically expanded library ultimately suffices to construct a broadly applicable predictive 

model remains to be evaluated in the ensuing investigations. 
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4 Summary  

The research presented in this thesis evaluates the development of an	empirical modeling approach	
for organocatalytic reactions and outlines the process required to establish predictive reliability	
when working with limited experimental datasets. The following summary presents the key 

findings across the four main chapters, following the evolution from statistical approaches to the 

empirical validation required for ML modeling. 

4.1 Graph Based Modeling in the CBS Reduction of Butanone 

The enantioselective CBS reduction of butanone (51) served as the initial system to establish a 

workflow for small data driven modeling. By synthesizing a defined precursor library and training 

a graph-based ML model, this phase demonstrated the technical implementation of the data driven 

workflow. Within this initial dataset, the algorithm reproduced the existing experimental values 

and predicted precursor 22i to be a highly selective catalyst for the targeted reduction. To verify 

this computational prediction, 22i was synthesized and evaluated experimentally, thereby 

achieving an average ee of 80%, which matched the algorithmic prediction and outperformed the 

previously reported catalyst precursor 22f.[87] Due to the prevailing synthetic limitations, further 

expansion of the precursor library was restricted. Consequently, this represented the optimal 

achievable outcome and served as the basis for a peer reviewed publication. This first phase 

therefore provided a computational setup that seemingly depicted the known chemical space 

without noticeable discrepancies. 

4.2 Novel Synthetic Strategy and Re-Evaluation of the Predictive Framework 

To rigorously probe the predictive boundaries of the initial model, a novel synthetic pathway for 

sterically demanding precursors was approached. Through this, the synthesis of 69 was 

accomplished, which was essential for the synthesis of 22k	 via a new synthetic route. This 

precursor was then evaluated together with 22h	against	51. These experiments revealed significant 

inconsistencies that contradicted initial ML predictions and triggered a systematic investigation 

into the analytical methods. This process identified an analytical bias caused by the workup 

protocol which revealed that the initial algorithmic predictions were based on inaccurate empirical 

inputs. To restore analytical integrity, a refined method was established. Applying this to 22h, 22k, 

and 22i provided highly precise ee values that accurately reflect the true chemical reactivity. While 
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these values were lower than initially predicted, this outcome provided a crucial insight for data 

driven catalysis and proves that the predictive power of algorithms in the small data regime 

depends entirely on the quality of the underlying empirical data. These findings highlight that 

establishing robust analytical workflows is the key for building reliable and generalizable 

predictive models. 

4.3 Expansion of the CBS Reduction to Ketimines and Kinetic Evaluation 

The expansion of the CBS reduction toward ketimines aimed to evaluate the structural adaptability 

of the predictive modeling framework to nitrogen containing substrate classes. Experimental 

investigations revealed distinctly divergent reactivity profiles, where cyclic imines proved 

incompatible with standard reduction conditions due to a strong Lewis acid/base complex 

formation. The asymmetric reduction of non-cyclic analogues consistently afforded racemic 

products, which directly contradicted the high ee claimed by previous research groups. Kinetic and 

computational analyses established that a highly competitive unselective background reduction 

completely outpaces the catalyzed pathway, bypassing any stereochemical induction and rendering 

the enantioselective CBS reduction of simple ketimines infeasible. This inherent lack of 

stereocontrol eliminated this specific substrate class from current data driven modeling efforts and 

led to the conclusion that alternative catalytic strategies, which effectively suppress the 

uncatalyzed background reduction, are required for future predictive frameworks. 

4.4 Data Generation for the Asymmetric Dakin-West Reaction 

Following the constraints identified in the CBS systems, a strategic reorientation was implemented 

for the asymmetric Dakin-West reaction, prioritizing the rigorous generation of experimental data 

over premature computational modeling. Through the screening of a structurally diverse peptide 

catalyst library, a comprehensive data matrix was established that maps complex structure-activity 

relationships. The experimental evaluation confirmed that enantioselectivity relies on a synergistic 

interplay between the precise spatial arrangement of the stereogenic centers, the overall 

conformational rigidity of the catalyst backbone, and stabilizing non-covalent interactions. While 

comparative substrate screenings corroborated previously established general reactivity trends,[113] 

the evaluation also highlighted distinct structural outliers, such as 125. Such catalysts demonstrate 

a profound substrate specificity dictated by stereochemical mismatches and altered pocket 

geometries. By capturing both these general trends and subtle structural deviations, this dataset 



 106 

establishes a robust and comprehensive experimental foundation for future theoretical and 

computational investigations. 
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5 Outlook 

The findings reported in this thesis open up several scientific avenues for subsequent investigations 

to expand both the chemical and the computational frameworks. To establish a clear path for the 

next generation of researchers, the requirements and reaction strategies are outlined along the two 

main reaction systems investigated. 

5.1 Corey-Bakshi-Shibata Reduction 
Regarding the enantioselective CBS reduction of ketones, the established ML architecture remains 

a highly valuable predictive framework. The existing model should be retrained with the new 

analytically verified dataset, ensuring that the systemic variance introduced is completely 

eliminated. Once refined, this updated model can be utilized to again perform in silico screenings 

for novel catalyst structures. The most promising candidates, especially those featuring extreme 

steric hindrance, can be synthesized via the novel synthetic route established in the second part of 

this work. Through the experimental validation of these novel catalyst, we will be able to establish 

whether the initial mispredictions were exclusively a consequence of the inaccurate dataset or 

whether algorithmic limitations persist when operating within a small data regime. 

The limitations observed in the reduction of ketimines require a targeted optimization of the 

reaction conditions. The unselective background reaction, driven by the high basicity of the imine 

nitrogen during the coordination of the free borane,[18,182] currently prevents the establishment of 

a reliable catalytic reaction. To overcome this obstacle, two pathways are proposed as future 

solutions. The first proposal (Figure 82) focuses on substrate modification through the introduction 

of strong electron-withdrawing groups, such as tosyl- (127), diphenylphosphinoyl- (128), or acyl 

(126) moieties at the nitrogen atom to decrease its basicity. 

 

Figure 82: Proposed structural modifications designed to suppress the unselective background reaction and facilitate the catalyzed 
CBS reduction of imines. 
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While this approach offers a viable chemical route to suppress the direct reduction, it shifts the 

analytical focus of this work. The core objective of the ML workflow is to map and optimize the 

peptide catalyst library itself. If the algorithm is trained primarily on functionalized derivatives, it 

will pivot toward substrate optimization. The resulting model would excel at identifying optimal 

substrate features rather than isolating the subtle structural effects of the catalysts. 

 

Figure 83: Structures of commercially available amine borane adducts proposed for future experimental validation to determine 
whether their controlled reactivity can effectively suppress the uncatalyzed background reduction. 

Alternatively, a second proposal (Figure 83) for future work involves the optimization of the 

reducing agent by implementing and testing various alternative borane sources to evaluate their 

potential on this catalytic reduction. The principle of suppressing uncatalyzed pathways via 

thermodynamically stable "transfer boranes" has been  established for ketones using reagents like 

N,N-diethylaniline-borane (DEANB) (129).[183] It would therfore be interesting to implement 

DEANB alongside thermodynamically more stable amine-borane adducts such as tert-butylamine-

borane (130).[184] A more controlled and slow release of the reactive borane species for imines 

could result in higher selectivites. Successfully exploring these specific reagents to establish a 

reliable basis would provide the experimental data required to either adapt the currently established 

predictive framework or develop a ML model dedicated to the unique reactivity of these nitrogen 

containing substrates. 
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5.2 Asymmetric Dakin-West Reaction 

For the asymmetric Dakin-West reaction, the currently generated peptide library provides an 

essential experimental foundation. To increase the structural diversity and establish a more 

comprehensive and robust dataset, future work should initially focus on gradually expanding this 

dataset with a targeted selection of additional substrates 41 and peptide variations under the 

established optimized conditions. 

 

Figure 84: Future steps for the Dakin-West reaction.  

Once this expanded library is established, the subsequent phase would involve applying 

MLalgorithms to extract predictive patterns. In this context, two methods could potentially offer 

promising predictive capabilities. First, the integration of physics-informed ML strategies might 

be explored. This involves translating the highly flexible peptide catalysts into computationally 

derived three-dimensional conformational descriptors, an approach successfully demonstrated for 

predicting enantioselectivity in complex catalytic systems.[15] Using these descriptors, algorithms 

such as Support Vector Machines[185] or Random Forests[186] could potentially map the non-linear 

interactions of steric constraints, electronic properties, and non-covalent interactions (such as LD 

forces) within the chiral pocket without requiring vast amounts of data. 

Second, it could be beneficial to evaluate peptide-specific descriptor systems, such as amino acid 

z-scales, which mathematically encode the lipophilic, steric, and electronic properties of the 
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sequence.[187] Combining these physicochemical representations with probabilisitic algorithms 

like Gaussian Process Regression (GPR)[188] could not only aid in predicting stereochemical 

outcomes but also provide valuable uncertainty quantification for each prediction. The successful 

application of these tailored, small-data ML approaches to the expanded empirical matrix could 

reveal whether a highly interpretable predictive framework can be established to guide future 

catalyst design. 
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6 Experimental Part 

6.1 General Information  

Unless otherwise stated, all starting materials, reagents and catalysts were obtained from 

commercial suppliers (Acros Organics, BLDPharm, TCI, Alfa Aesar, Merck, Fluka) in the highest 

available purity and used without further purification. Solvents (n-Hex, PhMe, THF, CH2Cl2, 

MeOH, EtOH, Et2O, EtOAc, DMF) were distilled prior to use. Column chromatography was 

carried out using Macherey-Nagel silica gel 60 (particle size 0.040 – 0.063 mm). All the CBS 

reduction, as well as the Grignard and lithium–halogen exchange reactions, were performed in 

oven-dried glassware under an argon atmosphere 

6.2 Instrumentations and Methods 

TLC: Conducted on silica-coated plates (Macherey-Nagel, silica gel 60 F254) and analyzed using 

UV light detection at 254 nm. When necessary, the plate was stained with a PMA or Hanessian 

stain, followed by careful heating of the plate. For the PMA staining solution phosphomolybdic 

acid (20 g) was dissolved in Ethanol (200 mL). The Hannessian stain was prepared from cerium 

sulfate tetrahydrate (1 g), ammonium molybdate (25 g), and concentrated sulfuric acid (25 mL) 

dissolved in water (250 mL).  

NMR: Were acquired at ambient temperature on a Bruker AV 200, AV 400, AV 400HD or 

AV 600 spectrometers, with 1H-NMR spectra calibrated to the residual proton signal of CDCl3 

(δ = 7.26 ppm) and 13C-NMR spectra referenced to the central triplet of CDCl3 (δ = 77.16 ppm). 

Signal multiplicities were described using the following abbreviations: m (multiplet), s (singlet), 

bs (broad singlet), d (doublet), t (triplet), q (quartet), quint (quintet), sext (sextett), sept (septet), dd 

(doublet of doublets), dt (doublet of triplets), and qd (quartet of doublets), td (triplet of doublets), 

ddd (doublet of doublet of doublets), dq (doublet of quartets), tt (triplet of triplets), tq (triplet of 

quartets), dquint (doublet of quintets), dtt (doublet of triplet of triplets), dddt (doublet of doublet 

of doublet of triplets). 

MS and HRMS: Mass spectra were recorded on a Bruker Daltonics micrOTOF or an 

Impact II QTOF mass spectrometer using electrospray ionization (ESI) or atmospheric pressure 
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chemical ionization (APCI). Samples were prepared as methanol solutions of the corresponding 

compounds.  

Chiral GC: Was carried out on HP-GC 5890 Series II instrument. Chromatograms were evaluated 

using ChemStation software. The columns used are described in the experimental section.	

HPLC:  Analytical HPLC measurements were performed on a system equipped with a Dionex 

P680 pump and a Dionex UVD170U UV detector. Additional detection was carried out using a 

Shodex RI-101 refractive index detector and an SEDEX 85 LT ELSD. Preparative HPLC 

separations were performed on a Knauer Azura system equipped with a P6.1L pump, a DAD 2.1L 

diode array detector, and an ASM 2.2L assistant module. The columns used are described in the 

experimental section.	

IR spectroscopy: Recorded on a Bruker Alpha FTIR spectrometer equipped with a diamond ATR 

unit.  

GC-MS: Were performed on an Agilent 8860 GC system coupled to an Agilent 5988B mass 

selective detector from Agilent Technologies.  

EA: Was performed using a Thermo Flash EA 1112 analyzer, with the substances weighed on a 

Mettler Toledo UMX-2 microbalance prior to analysis. 

6.3 Part I  

6.3.1 Synthesis and Analysis of Racemates  

GP1: Synthesis of racemic alcohols  

The corresponding ketone (1.0 equiv.) was dissolved in MeOH. At 0 °C, NaBH4 

(1.1 equiv. – 1.3 equiv.) was added, and the mixture was allowed to warm to room 

temperature and stirred for the appropriate time. The reaction mixture was quenched by addition 

of HCl (1M), and the aqueous layer was extracted three times with EtOAc. The combined organic 

layers were washed with brine, dried over Na2SO4, and the solvent was removed under reduced 
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pressure. The crude product was purified by column chromatography (n-Hex/EtOAc) to afford the 

corresponding alcohol.  

GP2: Derivatization with BzCl or Ac2O  

For some alcohols whose enantiomers could not be separated by chiral 

GC, a derivatization approach was employed. The corresponding 

alcohol was dissolved in THF and Ac2O (1.1 equiv.) or BzCl 

(1.1 equiv.) together with DMAP (0.1 equiv.) and NEt3 (1.1 equiv.) was added to the solution and 

stirred for the appropriate time. The reaction mixture was then quenched and purified as described 

above and purified by column chromatography. 

1-Phenylethanol (rac-14a): 

Using GP1, NaBH4 (157 mg, 4.16 mmol, 1.0 equiv.) was added slowly at 0 °C to a 

solution of acetophenone (13a) (500 mg, 4.16 mmol, 1.0 equiv.) in 3 mL MeOH. 

The reaction was then stirred at room temperature for 10 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 3/1), rac-14a (477 mg, 

3.90 mmol, 94%) was obtained as a colorless liquid.  

Rf: 0.42 (n-Hex/EtOAc = 3/1). 

Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.30 – 7.23 (m, 4 H), 7.23 – 7.16 (m, 1 H), 4.72 (q, J = 

6.5 Hz, 1 H), 3.20 (s, 1 H), 1.37 (d, J = 6.5 Hz, 3 H). 

Column:  β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 100 °C 

Retention time: (R) = 12.51 min 

 (S) = 13.23 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 140 2.0 
20.0 240 3.0 
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13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 145.87 (C), 128.31 (CH), 127.21 (CH), 125.39 (CH), 

70.01 (CH), 25.05 (CH3). 

HRMS (ESI): calcd for C8H10O [M+H]+: 123.0804; found: 123.0806. 

The NMR data are in accordance with those reported in the literature.[189]  

Methyl-2-hydroxy-2-phenylacetate (rac-131): 

Using GP1, NaBH4 (161 mg, 4.26 mmol, 1.0 equiv.) was added slowly at 0 °C 

to a solution of methyl-benzoylformate (62) (700 mg, 4.26 mmol, 1.0 equiv.) 

in 5 mL MeOH. The reaction was then stirred at room temperature for 14 h. 

After work up and purification via column chromatography (n-Hex/EtOAc 

= 3/1), rac-131 (425 mg, 2.56 mmol, 60%) was obtained as a colorless solid.  

Rf: 0.31 (n-Hex/EtOAc = 3/1) 

Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.45 – 7.30 (m, 5 H), 5.18 (s, 1 H), 3.75 (s, 3 H), 3.51 (bs, 

1 H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 174.2 (C), 138.3 (C), 128.7 (CH), 126.7 (CH), 

73.0 (CH), 53.1 (CH3) 

HRMS (ESI): calcd for C9H10O3 [M+H]+: 167.0703; found: 167.0707. 

The NMR data are in accordance with those reported in the literature.[190] 

Column:  β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 120 °C 

Retention time: (R) = 13.49 min 

 (S) = 15.40 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 160 0.0 
20.0 240 3.0 
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3,3-Dimethylbutan-2-ol (rac-23a): 

Using GP1, NaBH4 (207 mg, 5.49 mmol, 1.1 equiv.) was added slowly at 0 °C to a 

solution of pinacolone (21a) (500 mg, 4.99 mmol, 1.0 equiv.) in 3 mL MeOH. The 

reaction was then stirred at room temperature for 10 h. After work up and purification 

via column chromatography (n-Hex/EtOAc = 3/1), rac-23a (465 mg, 4.55 mmol, 91%) was 

obtained as a colorless liquid.  

Rf: 0.64 (n-Hex/EtOAc = 3/1) [Hanessian Stain]. 

Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.45 (q, J = 6.4 Hz, 1 H), 1.63 (bs, 1 H), 1.09 (d, J = 6.4 Hz, 

3 H), 0.87 (s, 9 H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 75.76 (CH), 35.01 (C), 25.52 (CH3), 17.98 (CH3). 

HRMS (ESI): calcd for C6H14O [M+Na]+: 125.0937; found: 125.0941. 

The NMR data are in accordance with those reported in the literature.[191] 

Butan-2-ol (rac-67): 

Using GP1, NaBH4 (577 mg, 15.2 mmol, 1.0 equiv.) was added slowly at 0 °C to a 

solution of butan-2-one (51) (1.00 g, 13.8 mmol, 1.0 equiv.) in 5 mL MeOH. The 

reaction was then stirred at room temperature for 12 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 3/1), rac-67 (703 mg, 9.48 mmol, 68%) 

was obtained as a colorless liquid.  

Column:  β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 60 °C 

Retention time: (R) = 9.89 min 

 (S) = 10.92 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 60 10.0 
20.0 240 3.0 
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Rf: 0.15 (n-Hex/EtOAc = 3/1) [Hanessian Stain]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.67 (sext, J = 6.2 Hz, 1H), 1.95 (bs, 1H), 1.51-1.32 (m, 

2H), 1.13 (d, J = 6.2, 3 H), 0.89 (t, J = 7.6, 3 H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 69.5 (CH), 32.1 (CH2), 22.9 (CH3), 10.0 (CH3). 

HRMS (ESI): calcd for C4H10O [M+Na]+: 97.0623; found: 97.0630. 

The NMR data are in accordance with those reported in the literature.[192] 

Sec-butyl benzoate (rac-85d): 

Using GP2, butan-2-ol (rac-67) (703 mg, 9.48 mmol, 1.0 equiv.) was dissolved 

together with DMAP (115 mg, 948 µmol, 0.1 equiv.), NEt3 (1.06 g, 10.4 mmol, 

1.1 equiv). and BzCl (1.47 g, 10.4 mmol, 1.1 equiv.) in 3 mL THF. The reaction 

was then stirred at room temperature for 12 h. After work up and purification via 

column chromatography (n-Hex/EtOAc = 3/1), rac-85d (1.00 g, 5.61 mmol, 59%) was obtained 

as a colorless liquid.  

Rf: 0.80 (n-Hex/EtOAc = 3/1). 

Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.07 – 8.02 (m, 2H), 7.58 – 7.50 (m, 1H), 7.46 – 7.40 (m, 

2H) 4.81 (sext, J = 6.3 Hz, 1H), 1.82 – 1.61 (m, 2H), 1.34 (d, J = 6.3 Hz, 3H), 0.94 (t, J = 7.4 Hz, 

3H). 

Column:  β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 60 °C 

Retention time: (R) = 35.47 min 

 (S) = 35.95 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 140 0.0 
20.0 240 3.0 
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13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 162.5 (C), 134.7 (CH), 130.7 (CH), 129.0 (CH), 128.4 

(CH2), 73.0 (CH), 29.1 (CH2), 19.7 (CH3), 9.9 (CH3). 

HRMS (ESI): calcd for C11H14O2 [M+H]+: 179.1066; found: 179.1070. 

The NMR data are in accordance with those reported in the literature.[193] 

Hexan-3-ol (rac-132): 

Using GP1, NaBH4 (491 mg, 12.9 mmol, 1.0 equiv.) was added slowly at 0 °C 

to a solution of hexan-3-one (61) (1.00 g, 9.98 mmol, 1.0 equiv.) in 5 mL 

MeOH. The reaction was then stirred at room temperature for 12 h. After work 

up and purification via column chromatography (n-Hex/EtOAc = 3/1), rac-132 (834 mg, 

8.16 mmol, 82%) was obtained as a colorless liquid. 

Rf: 0.34 (n-Hex/EtOAc = 3/1) [Hanessian Stain]. 

Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.51 – 3.42 (m, 1H), 1.50 – 1.22 (m, 6H), 0.92 – 0.81 (m, 

6H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 73.2 (CH), 39.3 (CH2), 30.3 (CH2), 19.0 (CH2), 14.2 

(CH3), 10.0 (CH3). 

HRMS (ESI): calcd for C6H14O [M+Na]+: 125.0936; found: 125.0941. 

The NMR data are in accordance with those reported in the literature.[192] 

Column:  β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 60 °C 

Retention time: (R) = 10.16 min 

 (S) = 10.69 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 140 0.0 
20.0 240 3.0 
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Pentan-2-ol (rac-133): 

Using GP1, NaBH4 (571 mg, 15.0 mmol, 1.0 equiv.) was added slowly at 0 °C 

to a solution of pentan-2-one (57) (1.00 g, 11.6 mmol, 1.0 equiv.) in 5 mL 

MeOH. The reaction was then stirred at room temperature for 14 h. After work 

up and purification via column chromatography (n-Hex/EtOAc = 3/1), rac-133 (345 mg, 

3.91 mmol, 33%) was obtained as a colorless liquid.  

Rf: 0.20(n-Hex/EtOAc = 3/1) [Hanessian Stain]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.78 – 3.68 (m, 1H), 2.08 (bs, 1H), 1.46 – 1.25 (m, 4H), 

1.13 – 1.09 (m, 3H), 0.87 (t, J = 7.0 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 67.8 (CH), 41.6 (CH2), 23.4 (CH3), 19.0 (CH2), 14.1 

(CH3). 

HRMS (ESI): calcd for C5H12O [M+Na]+: 111.0780; found: 111.0783. 

The NMR data are in accordance with those reported in the literature.[192] 

Pentan-2-yl benzoate (rac-134): 

Using GP2, pentan-2-ol (rac-133) (345 mg, 3.91 mmol, 1.0 equiv.) was 

dissolved together with DMAP (47.8 mg, 391 µmol, 0.1 equiv.), NEt3 (435 mg, 

4.31 mmol, 1.1 equiv.) and BzCl (605 mg, 4.31 mmol, 1.1 equiv.) in 2 mL THF. 

The reaction was then stirred at room temperature for 12 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 3/1), rac-134 (735 mg, 3.82 mmol, 97%) 

was obtained as a colorless liquid.  

Rf: 0.53 (n-Hex/EtOAc = 3/1). 
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Chiral GC:  

 

 

 

 

 

 

 
1H NMR (400 MHz, CDCl3): δ/ppm = 8.08 – 8.01 (m, 2H), 7.57 – 7.51 (m, 1H), 7.47 – 7.39 (m, 

2H), 5.18 (sext, J = 6.2 Hz, 1H), 1.80 – 1.67 (m, 1H), 1.64 – 1.53 (m, 1H), 1.51 – 1.36 (m, 2H), 

1.34 (d, J = 6.2 Hz, 3H), 0.95 (t, J = 7.3 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 166.3 (C), 132.8 (C), 132.8 (C), 131.1 (C), 129.6 (C), 

128.4 (C), 71.6 (CH), 38.3 (CH2), 20.2 (CH2), 18.8 (CH3), 14.1 (CH3). 

HRMS (ESI): calcd for C12H16O2 [M+H]+: 193.1223; found: 193.1223. 

The NMR data are in accordance with those reported in the literature.[194] 

Heptan-2-ol (rac-135): 

Using GP1, NaBH4 (397 mg, 10.5 mmol, 1.2 equiv.) was added slowly at 0 

°C to a solution of heptan-2-ol (60) (1.00 g, 8.76 mmol, 1.0 equiv.) in 3 mL 

MeOH. The reaction was then stirred at room temperature for 12 h. After 

work up and purification via column chromatography (n-Hex/EtOAc = 3/1), rac-135 (851 mg, 

7.32 mmol, 83%) was obtained as a colorless liquid. 

Rf: 0.35 (n-Hex/EtOAc = 3/1) [Hanessian Stain]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.81 – 3.72 (m, 1H), 1.55 (bs, 1H), 1.48 – 1.21 (m, 8H), 

1.17 (d, J = 6.1 Hz, 3H), 0.88 (t, J = 6.7 Hz, 3H). 

Column: β-6-TBDM 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 80 °C 

Retention time: (R) = 61.53 min 

 (S) = 62.16 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

0.0 80 10.0 
0.5 120 0.0 
20.0 250 3.0 
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13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 68.3 (CH), 39.5 (CH2), 32.0 (CH2), 32.0 (CH2), 25.6 

(CH2), 23.6 (CH3), 22.8 (CH2), 14.1 (CH3). 

HRMS (ESI): calcd for C7H16O [M+Na]+: 139.1093; found: 139.1097. 

The NMR data are in accordance with those reported in the literature.[195] 

Heptan-2-yl acetate (rac-136): 

Using GP2, heptan-2-ol (rac-135) (851 mg, 7.32 mmol, 1.0 equiv.) was 

dissolved together with DMAP (89.4 mg, 732 µmol, 0.1 equiv.), NEt3 

(815 mg, 8.06 mmol, 1.1 equiv.) and Ac2O (822 mg, 8.06 mmol, 

1.1 equiv.) in 3 mL THF. The reaction was then stirred at room 

temperature for 12 h. After work up and purification via column chromatography (n‑Hex/EtOAc 

= 3/1), rac-136 (659 mg, 4.16 mmol, 57%) was obtained as a colorless liquid.  

Rf: 0.72 (n-Hex/EtOAc = 3:1) [Hanessian Stain]. 

Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 4.81 (quint, J = 6.3 Hz, 1H), 1.95 (s, 3H), 1.62 – 1.34 (m, 

2H), 1.31 – 1.17 (m, 6H), 1.13 (d, J = 6.3 Hz, 3H), 0.87 – 0.75 (m, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 170.9 (C), 71.2 (CH), 36.0 (CH2), 31.6 (CH2), 25.2 

(CH2), 22.7 (CH2), 21.5 (CH2), 20.1 (CH3), 14.1 (CH3). 

HRMS (ESI): calcd for C9H18O2 [M+H]+: 159.1379; found: 159.1381. 

Column: β-6-TBDM 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 100 °C 

Retention time: (R) = 4.05 min 

 (S) = 4.23 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 120 0.0 
20.0 250 3.0 
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The NMR data are in accordance with those reported in the literature.[196] 

1-Cyclohexlethanol (rac-23b): 

Using GP1, NaBH4 (329 mg, 8.72 mmol, 1.1 equiv.) was added slowly at 0 °C to 

a solution of 1-cyclohexylethanone (21b) (1.00 g, 7.92 mmol, 1.0 equiv.) in 4 mL 

MeOH. The reaction was then stirred at room temperature for 14 h. After work up 

and purification via column chromatography (n-Hex/EtOAc = 2/1), rac-23b 

(789 mg, 6.15 mmol, 77%) was obtained as a yellow liquid. 

Rf: 0.52 (n-Hex/EtOAc = 2/1) [Hanessian Stain]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.54 (quint, J = 6.3 Hz, 1H), 1.90 – 1.60 (m, 6H), 1.41 (bs, 

1H), 1.31 – 1.16 (m, 4H), 1.15 (d, J = 6.3 Hz, 3H) 1.03 – 0.84 (m, 2H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 72.4 (CH), 45.3 (CH2), 28.9 (CH2), 28.5 (CH2), 26.7 

(CH2), 26.4 (CH2), 26.3 (CH2), 20.5 (CH3). 

HRMS (ESI): calcd for C8H16O [M+H]+: 129.1274; found: 129.1279. 

The NMR data are in accordance with those reported in the literature.[197]  

1-Cyclohexylethyl acetate (rac-137): 

Using GP2, 1-cyclohexlethanol (rac-23b) (789 mg, 6.15 mmol, 1.0 equiv.) was 

dissolved together with DMAP (75.1 mg, 615 µmol, 0.1 equiv.), NEt3 (684 mg, 

684 mmol, 1.1 equiv.) and Ac2O (691 mg, 6.77 mmol, 1.1 equiv.) in 2 mL THF. 

The reaction was then stirred at room temperature for 11 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 3/1), rac-137 

(910 mg, 5.35 mmol, 87%) was obtained as a colorless liquid.  

Rf: 0.70 (n-Hex/EtOAc = 3/1) [Hanessian Stain]. 
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Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 4.70 (quint, J = 6.3 Hz, 1H), 2.01 (s, 3H), 1.78 – 1.59 (m, 

6H), 1.46 – 1.35 (m, 1H), 1.31 – 1.16 (m, 3H) 1.14 (d, J = 6.3 Hz, 3H), 1.04 – 0.91 (m, 2H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 171.0 (C), 74.8 (CH2), 42.7 (CH), 26.5 (CH2), 26.2 

(CH2), 26.1 (CH2), 21.4 (CH3), 17.2 (CH3). 

HRMS (ESI): calcd for C10H18O2 [M+H]+: 171.1379; found: 171.1382. 

The NMR data are in accordance with those reported in the literature.[198] 

3-Methylbutan-2-ol (rac-138): 

Using GP1, NaBH4 (483 mg, 12.7 mmol, 1.1 equiv.) was added slowly at 0 °C to a 

solution of 3-methylbutan-2-one (56) (1.00 g, 11.6 mmol, 1.0 equiv.) in 4 mL MeOH. 

The reaction was then stirred at room temperature for 13 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 3/1), rac-138 (874 mg, 9.92 mmol, 85%) 

was obtained as a colorless liquid. 

Rf: 0.08 (n-Hex/EtOAc = 3/1) [Hanessian Stain]. 

 

 

 

 

Column: β-6-TBDM 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 80 °C 

Retention time: (R) = 23.75 min 

 (S) = 25.46 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

0.0 80 20.0 
2.0 120 0.0 
20.0 250 3.0 
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Chiral GC: 

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 3.56 (quint, J = 6.2 Hz, 1H), 1.67 – 1.54 (m, 1H), 1.42 (bs, 

1H) 1.14 (d, J = 6.2 Hz, 3H), 0.90 (dd, J = 9.0, 6.7 Hz, 6H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 73.0 (CH), 35.1 (CH), 20.2 (CH3), 18.3 (CH3), 17.9 

(CH3). 

HRMS (ESI): calcd for C5H12O [M+Na]+: 111.0780; found: 111.0783. 

The NMR data are in accordance with those reported in the literature.[193] 

1-Chloropropan-2-ol (rac-139): 

Using GP1, NaBH4 (449 mg, 11.89 mmol, 1.1 equiv.) was added slowly at 0 °C to 

a solution of 1-chloropropan-2-one (58) (1.00 g, 10.8 mmol, 1.0 equiv.) in 3 mL 

MeOH. The reaction was then stirred at room temperature for 14 h. After work up 

and purification via column chromatography (n-Hex/EtOAc = 2/1), rac-139 (644 mg, 6.81 mmol, 

63%) was obtained as a yellow liquid. 

Rf: 0.11 (n-Hex/EtOAc = 3/1) [Hanessian Stain]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 4.05 – 3.94 (m, 1H), 3.60 (dd, J = 11.0, 3.5 Hz, 1H), 3.45 

(dd, J = 11.0, 7.2 Hz, 1H), 1.27 (d, J = 6.4 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 67.8 (CH), 51.7 (CH2), 20.3 (CH3). 

HRMS (ESI): calcd for C3H7ClO [M+Na]+: 117.0077; found: 117.0082. 

Column: β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 60 °C 

Retention time: (R) = 8.05 min 

 (S) = 8.38 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 100 0.0 
20.0 240 3.0 
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The NMR data are in accordance with those reported in the literature.[200]  

1-Chloropropan-2-yl acetate (rac-140): 

Using GP2, 1-Chloropropan-2-ol (rac-139) (644 mg, 7.31mmol, 1.0 equiv.) was 

dissolved together with DMAP (89.2 mg, 730 µmol, 0.1 equiv.), NEt3 (813 mg, 

8.04 mmol, 1.1 equiv.) and Ac2O (820 mg, 8.04 mmol, 1.1 equiv.) in 2 mL THF. 

The reaction was then stirred at room temperature for 12 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 3/1), rac-140 (1.11 g, 6.52 mmol, 89%) 

was obtained as a colorless liquid.  

Rf: 0.48 (n-Hex/EtOAc = 3:1) [Hanessian Stain]. 

Chiral GC:  

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 5.07 – 4.96 (m, 1H), 3.50 (dd, J = 5.2, 3.0 Hz, 2H), 2.00 

(s, 3H), 1.26 (d, J = 6.4 Hz, 3H).  

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 170.4 (C), 69.7 (CH), 46.9 (CH2), 21.2 (CH3), 17.7 

(CH3). 

HRMS (ESI): calcd for C5H9ClO2 [M+H]+: 137.0363; found: 137.0367. 

 

 

Column: β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 100 °C 

Retention time: (R) = 4.12 min 

 (S) = 6.41 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

1.0 120 2.0 
20.0 240 3.0 
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6.3.2 Synthesis of Brominated Aryl Compounds 

4-Bromo2,6-di-isopropylbenzenamine (141): 

Bromine (3.00 mL, 58.6 mmol, 1.04 equiv.) dissolved in 50 mL CH2Cl2/MeOH 

(1:1) was added dropwise to a stirring solution of 2,6‑diisopropylaniline 

(10.6 mL, 56.4 mmol, 1.00 equiv.) in 200 mL CH2Cl2 (1:1) at room temperature 

over 2 h. The solution was stirred for 24 h. The solvents were evaporated, the 

resulting solid was briefly washed with boiling PE 35-70 and the residue was 

dissolved in 100 mL CH2Cl2. The organic phase was washed with 2M NaOH (2 x 100 mL) and 

with brine (1 x 100 mL).  The organic phase was dried over Na2SO4, filtered and the solvent was 

removed under reduced pressure to give 141 (11.5 g, 44.8 mmol, 79%) as a brown liquid. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.12 (s, 2H), 4.19 (s, 1H), 2.92 (sept, J = 6.7 Hz, 2H), 

1.26 (d, J = 6.8 Hz, 12H). 

The NMR data are in accordance with those reported in the literature.[201]  

1-Bromo-3,5-diisopropylbenzene (142): 

Sodium nitrite (7.70 g, 112 mmol, 2.50 equiv.) was added in portions to a 

suspension of 4‑bromo-2,6-di-iso-propylbenzenamine (141) (11.5 g, 44.8 mmol, 

1.00 equiv.) in 90 mL 2M HCl at −5 °C and stirred for 10 min. Subsequently, 

50 % H3PO2 (49.1 mL, 448 mmol, 10.0 equiv.) was added dropwise to the 

solution. The reaction mixture was slowly warmed to 3 °C and stirred for 24 h. 

After that the solution was warmed to room temperature and stirred for another 24 h. The aqueous 

layer was extracted with CH2Cl2 (3 x 100 mL). The combined organic phases were dried over 

Na2SO4, filtered and the solvent was removed under reduced pressure to obtain 142 (10.8 g, 

37.3 mmol, 83%) as an orange oil.  

Rf: 0.37 (n-Hex/EtOAc = 3/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.18 (d, J = 1.6 Hz, 2H), 7.00 – 6.96 (m, 1H), 2.85 (sept, 

J = 7.0 Hz, 2H), 1.24 (d, J = 6.9 Hz, 12H). 
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13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 151.2 (C), 127.0 (CH), 123.9 (CH), 122.5 (C), 34.2 

(CH), 24.03 (CH3). 

HRMS (ESI): calcd for C12H17Br [M+H]+: 241.0586; found: 241.0582. 

The NMR data are in accordance with those reported in the literature.[202]  

6.3.3 Synthesis of Catalyst Precursors 

GP3: Grignard Addition (1) to Benzylproline esters (52)  

To a suspension of magnesium (2.5 equiv.) in anhydrous THF under argon a crystal of iodine was 

added and stirred at room temperature for 30 min. Then 5% of the solution of aryl bromide 

(2.5 equiv.) in THF was added and the reaction mixture was warmed to 50 °C. As soon as the 

reaction started, the remaining solution of aryl bromide was added dropwise to the solution. The 

reaction mixture was refluxed for 1 h and then cooled to 0 °C. To the aryl magnesium bromide 

suspension, a solution of (S)-methyl-1-benzylpyrrolidin-2-carboxylate (52) (1.0 equiv.) in THF 

was added dropwise. The reaction mixture was stirred for appropriate amount of time, monitored 

by TLC analysis. At 0 °C, saturated NH4Cl solution was added to quench the reaction. Afterwards 

the mixture was extracted three times with EtOAc. The combined organic layers were washed with 

brine and dried over NaSO4. After removing the solvent, the crude product was purified by column 

chromatography. 

GP4: Grignard Addition (2) to Benzylproline esters (52) 

To a suspension of magnesium (5.2 equiv.) in anhydrous THF under Argon a crystal of iodine was 

added and stirred at room temperature for 30 min. Then 5% of the solution of aryl bromide (3.8 

equiv.) in THF was added and the reaction mixture was warmed to 50 °C. As soon as the reaction 

started, the remaining solution of aryl bromide was added dropwise to the solution.  The reaction 

mixture was refluxed for 2 h. To the aryl magnesium bromide suspension, a solution of (S)-methyl-

1-benylpyrrolidin-2-carboxylate (52) (1.0 equiv.) in THF was added dropwise. The reaction 

mixture was once again refluxed for 20 h and at 0 °C, saturated NH4Cl was added to quench the 

reaction. Afterwards the mixture was extracted three times with EtOAc. The combined organic 

layers were washed with brine and dried over Na2SO4. After removing the solvent, the crude 

product was purified by column chromatography.   
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GP5: Hydrogenolysis of Benzyl Group  

The benzyl-protected prolinol (53) (1.0 equiv.) was dissolved in MeOH and Pd/C (0.2 equiv., 

10‑20 wt%) as well as TFA (1.0 equiv.) were added. The reaction flask was purged with H2 and 

afterwards stirred at room temperature for 48 - 72 h. The mixture was filtered through a pad of 

Celite and washed with small portions of MeOH. The solvent was removed under reduced 

pressure, and the residue was dissolved in EtOAc, washed with 2M NaOH and brine and dried 

over NaSO4. After that the solvent was removed and the crude product was either directly purified 

by RP-HPLC or recrystallized. 

Additional Note 

(S)-Diphenyl)(pyrrolidin-2-yl)methanol (22a) was purchased via TCI, (1S,2R)-(+)-cis-1-amino-2-

indanol and (1S,2R)-(–)-cis-1-amino-2-indanol (55) were purchased from Sigma-Aldrich. Both 

were recrystallized from n-Hex before use. 

(S)-Methyl-1-benzylpyrrolidine-2-carboxylate (52): 

Esterification and Benzylation: L-proline (10) (10.0 g, 88.9 mmol, 1.0 equiv.) was 

dissolved in 80 mL MeOH and at 0 °C SOCl2 (25.8 g, 217 mmol, 2.0 equiv.) was 

added dropwise and stirred at room temperature for 24 h. The solvent was removed 

under reduced pressure and toluene was added and removed under reduced 

pressure two more times. The crude material was used without further purification for the next 

step. The crude material was dissolved in 80 mL CH2Cl2 and NEt3 (19.6 g, 193 mmol, 2.5 equiv.) 

was added. After 15 min the formed precipitate was filtered and washed with CH2Cl2. The solvent 

was removed under reduced pressure and the residue was suspended in 100 mL Et2O, cooled to 

0 °C and BnBr (14.5 g, 85.1 mmol, 1.1 equiv.) was slowly added dropwise. After stirring for 24 h 

at room temperature the reaction mixture was filtered, washed with small portions of Et2O, and 

the solvent was removed under reduced pressure. After column chromatography (n-Hex/EtOAc = 

3/1) 52 (13.6 g, 62.2 mmol, 71%) was obtained as a yellow oil, which changed to an orange oil 

upon standing.  

Rf: 0.43 (n-Hex/EtOAc = 3/1) [CAM]. 
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1H NMR (400 MHz, CDCl3): δ/ppm = 7.28 – 7.21  (m, 4H), 7.20 – 7.15 (m, 1H), 3.82 (d, J = 

12.8 Hz, 1H), 3.59 (s, 3H), 3.51 (d, J = 12.8, 1H), 3.21 – 3.17 (m, 1H), 3.00 – 2.98 (m, 1H), 2.36 

– 2.32 (m, 1H), 2.08 –2.05 (m, 1H), 1.92 – 1.70 (m, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 174.6 (C), 138.3 (C), 129.3 (CH), 128.2 (CH), 127.1 

(CH), 65.3 (CH), 58.8 (CH2), 53.3 (CH2), 51.7 (CH3), 29.4 (CH2), 23.0 (CH2). 

HRMS (ESI): calcd for C13H17NO2 [M+Na]+: 242.1151; found: 242.1153. 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-dimethylphenyl)methanol (53b): 

Using GP3, (S)-methyl-1-benzylpyrrolidine-2-carboxylate 

(52) (2.00 g, 9.12 mmol, 1.00 equiv.) was converted with 

1‑bromo-3,5-dimethylbenzene (4.22 g, 22.8 mmol, 

2.50 equiv.) and magnesium (554 mg, 22.8 mmol, 

2.50 equiv.) at room temperature for 20 h. After column 

chromatography (n-Hex/EtOAc = 9/1), (53b) (2.44 g, 6.11 mmol, 67%) was obtained as a colorless 

foam. 

Rf: 0.34 (n-Hex/EtOAc = 9/1) [CAM].  

1H NMR (400 MHz, CDCl3): δ/ppm = 7.30 – 7.27  (m, 2H), 7.25 – 7.16 (m, 5H), 7.06 – 7.02 (m, 

2H), 6.80 (s, 1H),  6.71 (s, 1H), 4.77 (s, 1H), 3.89 (dd, J = 9.5, 4.5 Hz, 1H), 3.19 – 3.10 (m, 1H), 

3.04 – 3.96 (m, 1H), 2.94 – 2.86 (m, 1H), 2.30 (s, 6H), 2.24 (s, 6H) 2.03 – 1.90 (m, 1H), 1.81 – 

1.71 (m, 1H), 1.69 – 1.57 (m, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 148.0 (C), 146.6 (C), 140.1 (C), 137.5 (C), 137.4 (C), 

128.8 (CH), 128.2 (CH), 128.1 (CH), 128.0 (CH), 126.9 (CH), 123.7 (CH), 123.6 (CH), 78.2 

(COH), 71.0 (CH), 60.8 (CH2), 55.8 (CH2), 30.0 (CH2), 24.4 (CH2), 21.8 (CH3), 21.7 (CH3). 

HRMS (ESI): calcd for C28H33NO [M+H]+: 400.2635; found: 400.2634. 

The NMR data are in accordance with those reported in the literature.[87] 

 

 



 129 

(S)-Bis(3,5-dimethylphenyl)(pyrrolidin-2-yl)methanol (22b): 

Using GP5, (S)-(1-benzylpyrrolidin-2-yl)bis(3,5-

dimethylphenyl)methanol (53b) (500 mg, 1.25 mmol, 

1.00 equiv.) was converted with Pd/C (266 mg, 10 wt%, 

250 μmol, 0.20 equiv.) and TFA (142 mg, 1.25 mmol, 

1.00  equiv.) under H2 atmosphere for 48 h. After work up 

and recrystallization (n-Hex) (22b) (370 mg, 1.20 mmol, 96 %) was obtained as a colorless solid.  

Rf: 0.17 (n-Hex/EtOAc = 9/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.12 (s, 2H), 7.02 (s, 2H), 6.80 (s, 2H), 4.68 (t, J = 8.2 Hz, 

1H), 2.88 – 2.79 (m, 1H), 2.76 – 2.66 (m, 1H), 2.25 (s, 6H), 2.21 (s, 6H), 2.07 – 197 (m, 1H), 1.97 

– 1.87 (m, 1H), 1.86 – 1.75 (m, 1H), 1.70 – 1.62 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 144.0 (C), 143.7 (C), 138.6 (C), 138.0 (C), 129.4 (C), 

129.0 (C), 123.4 (CH), 122.9 (CH), 77.4 (COH), 65.9 (CH), 46.6 (CH2), 26.5 (CH2), 25.0 (CH2), 

21.6 (CH3), 21.4 (CH3). 

HRMS (ESI): calcd for C21H27NO [M+H]+: 310.2166; found: 310.2167. 

EA (%):                               C H N 

 calculated 81.51 8.79 4.53 

 determined 81.44 8.70 4.33 

 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-diisopropylphenyl)methanol (53c): 

 Using GP3, (S)-methyl-1-benzylpyrrolidine-2-carboxylate 

(52) (1.00 g, 4.56 mmol, 1.00 equiv.) was converted with 

1‑bromo-3,5-diisopropylbenzene (142) (2.75 g, 11.4 mmol, 

2.50 equiv.) and magnesium (277 mg, 11.4 mmol, 

2.50 equiv.) at room temperature for 20 h. After column 
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chromatography (n-Hex/EtOAc = 10/1), 53c (312 mg, 609 μmol, 14%) was obtained as a yellow 

oil.  

Rf: 0.30 (n-Hex/EtOAc = 10/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.59 (d, J = 1.7 Hz, 2H), 7.42 (d, J = 1.7 Hz, 2H), 7.29 – 

7.15 (m, 3H), 7.14 – 7.06 (m, 2H), 6.96 (s, 1H), 6.89 (s, 1H), 4.96 (s, 1H), 4.09 (dd, J = 9.3, 4.8 Hz, 

1H), 3.22 (dd, J = 92.3, 12.7 Hz, 2H), 3.05 – 2.86 (m, 5H), 2.49 – 2.37 (m, 1H), 2.06 – 1.90 (m, 

1H), 1.87 – 1.61 (m, 3H), 1.34 (d, J = 6.9 Hz, 12H), 1.29 (d, J = 6.9 Hz, 12H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 148.3 (C), 148.2 (C), 148.1 (C), 146.7 (C), 140.2 

(C), 128.7 (CH), 128.1 (CH), 126.8 (C), 123.8 (C), 122.8 (C), 122.3 (C),  121.5 (CH), 121.2 (CH), 

78.2 (COH), 71.6 (CH), 60.6 (CH2), 55.8 (CH2), 34.4 (CH), 34.4 (CH), 34.3, 29.8 (CH2), 24.4 

(CH3), 24.3 (CH3), 24.2 (CH3), 24.1 (CH3). 

HRMS (ESI): calcd for C36H49NO [M+H]+: 512.3887; found: 512.3885. 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-Bis(3,5-diisopropylphenyl)(pyrrolidin-2-yl)methanol (22c): 

 Using GP5, (S)-(1-benzylpyrrolidin-2-yl)bis(3,5-

diisopropylphenyl)methanol (53c) (320 mg, 625 μmol, 

1.00 equiv.) was converted with Pd/C (133 mg, 10 wt%, 

125 μmol, 0.20 equiv.) and TFA (71.3 mg, 1.00 mmol, 

1.00 equiv.) under H2 atmosphere for 48 h. After work up 

and recrystallization (n-Hex) 22c (203 mg, 481 μmol, 77 %) was obtained as a colorless solid.  

Rf: 0.17 (n-Hex/EtOAc = 3/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.28 (d, J = 1.6 Hz, 2H), 7.15 (d, J = 1.7 Hz, 2H), 6.87 (dt, 

J = 11.6, 1.6, 2H), 7.73 (t, J = 8.3 Hz, 1H), 2.90 – 2.75 (m, 4H), 2.71 – 2.49 (m, 2H), 1.83 – 1.51 

(m, 4H), 1.31 – 1.23 (m, 1H), 1.23 – 1.14 (m, 24H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 149.0 (C), 148.5 (C), 144.3 (C), 123.1 (CH), 121.9 

(CH), 120.9. (CH), 121.3 (CH), 77.8 (COH), 66.1 (CH), 46.5 (CH2), 34.4 (CH), 26.6 (CH2), 25.1 

(CH2), 24.5 (CH3), 24.3 (CH3), 24.0 (CH3), 23.6 (CH3). 
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HRMS (ESI): calcd for C29H43NO [M+H]+: 422.3417; found: 422.3419. 

EA (%):                               C H N 

 calculated 82.60 10.28 3.32 

 determined 82.36 10.15 3.08 

 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-di-tbuylphenyl)methanol (53d): 

Using GP3, (S)-methyl-1-benzylpyrrolidine-2-carboxylate 

(52) (2.00 g, 9.12 mmol, 1.00 equiv.) was converted with 

1‑bromo-3,5-di-tert-butylbenzene (6.14 g, 22.8 mmol, 

2.50 equiv.) and magnesium (554 mg, 22.8 mmol, 

2.50 equiv.) at room temperature for 20 h. After column 

chromatography (n-Hex/EtOAc = 20/1), 53d (3.60 g, 6.34 mmol, 69%) was obtained as a colorless 

foam.  

Rf: 0.34 (n-Hex/EtOAc = 20/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.66 (d, J = 1.8 H, 2H), 7.47 (d, J = 1.8 Hz, 2H), 7.21 – 

7.14 (m, 4H), 7.14 – 7.11 (m, 1H), 7.00 – 6.96 (m, 2H), 4.90 (s, 1H), 3.99 (dd, J = 9.3, 4.7 Hz, 

1H), 3.17 (d, J = 12.7 Hz, 1H), 2.98 (d, J = 12.7, 1H), 2.94 – 2.87 (m, 1H), 2.40 – 2.29 (m, 1H), 

1.92 – 1.80 (m, 1H), 1.72 – 1.57 (m, 3H), 1.31 (s, 18H), 1.26 (s,18H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 150.1 (C), 149.9 (C), 147.6 (C), 146.1 (C), 140.4 (C), 

128.7 (CH), 128.1 (CH), 126.8 (CH), 120.3 (CH), 119.9 (CH), 119.9 (CH), 119.8 (CH), 78.4 

(COH), 71.9 (CH), 60.5 (CH2), 55.8 (CH2), 35.1 (C), 35.0 (C), 31.7 (CH3), 31.7 (CH3), 29.8 (CH3), 

24.3 (CH2). 

HRMS (ESI): calcd for C40H57NO [M+H]+: 568.4513; found: 568.4517. 

The NMR data are in accordance with those reported in the literature.[87] 
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(S)-Bis(3,5-di-tbutylphenyl)(pyrrolidin-2-yl)methanol (22d): 

Using GP5, (S)-(1-benzylpyrrolidin-2-yl)bis(3,5-di-
tbuylphenyl)methanol (53d) (500 mg, 880 μmol, 

1.00 equiv.) was converted with Pd/C (187 mg, 10 wt%, 

176 μmol, 0.20 equiv.) and TFA (100 mg, 880 μmol, 1.00 

equiv.) under H2 atmosphere for 48 h. After work up and 

recrystallization (n-Hex) 22d (390 mg, 816 μmol, 93 %) was obtained as a colorless solid.  

Rf: 0.12 (n-Hex/EtOAc = 3/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.46 (d, J = 1.8 Hz, 2H), 7.37 (d, J = 1.8 Hz, 2H), 7.20 (t, 

J = 1.8 Hz, 1H), 7.19 (t, J = 1.8 Hz, 1H), 4.24 (t, J = 7.7 Hz, 1H), 3.06 – 2.87 (m, 2H), 1.77 – 1.51 

(m, 6H), 1.29 (s, 18H), 1.29 (s, 18H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 150.1 (C), 149.8 (C), 144.7 (C), 120.2 (CH), 120.1 

(CH), 120.0 (CH), 120.0 (CH), 77.7 (COH), 46.9 (CH2), 35.1 (C) , 35.0 (C), 31.7 (CH3), 31.7 

(CH3), 26.5 (CH2), 25.6 (CH2). 

HRMS (ESI): calcd for C33H51NO [M+H]+: 478.4044; found: 478.4049. 

EA (%):                               C H N 

 calculated 82.96 10.76 2.93 

 determined 82.53 10.20 2.73 

 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-dimethyl-4-methoxyphenyl)methanol (53e): 

Using GP3, (S)-methyl-1-benzylpyrrolidine-2-carboxylate 

(52) (2.00 g, 9.12 mmol, 1.00 equiv.) was converted with 

1‑bromo-3,5-dimethyl-4-methoxybenzene (4.90 g, 

22.8 mmol, 2.50 equiv.) and magnesium (554 mg, 

22.8 mmol, 2.50 equiv.) at room temperature for 20 h. After 

column chromatography (n-Hex/EtOAc = 10/1), 53e (1.65 g, 3.59 mmol, 39%) was obtained as a 

colorless foam.  
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Rf: 0.20 (n-Hex/EtOAc = 9/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.27 (s, 2H), 7.25 – 7.15 (m, 5H), 7.04 – 7.00 (m, 2H), 4.71 

(s, 1H), 3.83 (dd, J = 9.5, 4.5 Hz, 1H), 3.67 (s, 3H), 3.58 (s, 3H), 3.15 (d, J = 12.8 Hz, 1H), 3.03 

(d, J = 12.8 Hz, 1H), 2.96 – 2.89 (m, 1H), 2.39 – 2.30 (m, 2H), 2.27 (s, 6H), 2.21 (s, 6H), 1.98 – 

1.87 (m, 1H), 1.78 – 1.68 (m, 1H), 1.68 – 1.59 (m, 2H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 155.5 (C), 155.4 (C), 143.2 (C), 141.9 (C), 140.1 (C), 

130.2 (CH), 130.2 (CH), 128.7 (CH), 128.2 (CH), 126.9 (CH), 126.3 (CH), 126.2 (CH), 77.7 

(COH), 71.1 (CH), 60.8 (CH2), 59.8 (CH3), 59.7 (CH3), 55.9 (CH2), 30.0 (CH2), 24.5 (CH2), 16.6 

(CH3), 16.5 (CH3).  

HRMS (ESI): calcd for C30H37NO3 [M+H]+: 460.2846; found: 460.2849. 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-Bis(3,5-dimethyl-4-methoxyphenyl)(pyrrolidin-2-yl)methanol (22e): 

Using GP5, (S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-dimethyl-

4-methoxy-phenyl)methanol (53e) (500 mg, 1.09 mmol, 

1.00 equiv.) was converted with Pd/C (231 mg, 10 wt%, 

217 μmol, 0.20 equiv.) and TFA (124 mg, 1.09 mmol, 

1.00 equiv.) under H2 atmosphere in 24 h. After column 

chromatography (CH2Cl2/MeOH = 9/1), 22e (354 mg, 958 μmol, 88 %) was obtained as a solid.  

Rf: 0.20 (CH2Cl2/MeOH = 9/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.18 (s, 2H), 7.04 (s, 2H), 4.51 (t, J = 8.1 Hz, 1H), 3.64 (d, 

J = 1.7 Hz, 6H), 2.81 – 2.73 (m, 1H), 2.67 – 2.57 (m, 1H), 2.21 (s, 12H), 1.98 – 1.87 (m, 1H), 1.86 

– 1.65 (m, 2H), 1.61 – 1.51 (m, 1H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 156.2 (C), 155.8 (C), 140.4 (C), 139.8 (C), 130.8 

(C), 130.5 (C), 126.5 (CH), 125.7 (CH), 76.8 (COH), 65.7 (CH), 59.7 (CH3), 59.6 (CH3), 46.4 

(CH2), 26.6 (CH2), 25.1 (CH2), 16.5 (CH3), 16.3 (CH3). 

HRMS (ESI): calcd for C23H31NO3 [M+H]+: 370.2376; found: 370.2381. 
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EA (%):                               C H N 

 calculated 74.76 8.46 3.79 

 determined 74.30 8.14 3.62 

 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-Bis(3,5-di-tbutyl-4-methoxyphenyl)(pyrrolidin-2-yl)methanol (53f): 

 Using GP3, (S)-methyl-1-benzylpyrrolidine-2-carboxylate 

(52) (2.00 g, 9.12 mmol, 1.00 equiv.) was converted with 

1‑Bromo-3,5-di-tert-butyl-4-methoxybenzene (6.82 g, 

22.8 mmol, 2.50 equiv.) and magnesium (554 mg, 

22.8 mmol, 2.50 equiv.) for 20 h at room temperature. After 

column chromatography (n-Hex/EtOAc = 9/1), 53f (4.21 g, 6.70 mmol, 74%) was obtained as a 

colorless foam.  

Rf: 0.57 (n-Hex/EtOAc = 9/1) [CAM].  

1H NMR (400 MHz, CDCl3): δ/ppm = 7.40 (s, 2H), 7.07 – 6.93 (m, 4H), 6.81 – 6.75 (m, 3H), 4.45 

(s, 1H), 3.68 (dd, J = 9.3, 4.6 Hz, 1H), 3.43 (s, 3H), 3.29 (s, 3H), 2.92 (d, J = 12.9 Hz, 1H), 2.84 

(d, J = 12.9 Hz, 1H), 2.77 – 2.71 (m, 1H), 1.72 – 1.60 (m, 1H), 3.54 – 1.38 (m, 3H), 1.23 (s, 18H), 

1.18 (s, 18H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 157.9 (C), 157.6 (C), 142.6 (C), 142.5 (C), 142.0 (C), 

140.6 (C), 140.3 (C), 128.5 (CH), 128.1 (CH), 126.8 (CH), 126.6 (CH), 124.3 (CH), 124.0 (CH), 

78.2 (COH), 72.0 (CH), 64.3 (CH3), 64.2 (CH3), 60.5 (CH2), 55.8 (CH2), 36.0 (CH3), 36.0 (CH2), 

32.4 (CH2), 32.3 (CH3), 32.0 (CH3), 29.7 (CH2), 24.5 (CH2). 

HRMS (ESI): calcd for C42H61NO3 [M+H]+: 628.4724; found: 628.4724. 

The NMR data are in accordance with those reported in the literature.[87] 
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(S)-Bis(3,5-di-tbutyl-4-methoxyphenyl)(pyrrolidin-2-yl)methanol (22f): 

Using GP5, (S)-bis(3,5-di-tbutyl-4-methoxy-

phenyl)(pyrrolidin-2-yl)methanol (53f) (500 mg, 796 μmol, 

1.00 equiv.) was converted with Pd/C (169 mg, 10 wt%, 

159 μmol, 0.20 equiv.) and TFA (90.7 mg, 796 μmol, 

1.00 equiv.) under H2 atmosphere for 24 h. After work up 

and column chromatography (CH2Cl2/MeOH = 9/1) 22f (336 mg, 624 μmol, 78 %) was obtained 

as a colorless solid 

Rf: 0.51 (CH2Cl2/MeOH= 9/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.47 (s, 2H), 7.31 (s, 2H), 4.63 (t, J = 8.2 Hz, 1H), 3.56 (d, 

J = 2.1 Hz, 6H), 2.76 – 2.54 (m, 2H), 1.84 – 1.52 (m, 4H), 1.40 (s, 18H), 1.35 (s, 18H), 1.26 – 1.17 

(m, 1H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 159.0 (C), 158.2 (C), 143.6 (C), 143.1 (C), 138.0 (C), 

137.7 (C),  124.3 (CH), 123.6 (CH), 77.8 (COH), 72.0 (CH), 66.2 (CH), 64.2 (CH3), 64.1 (CH3), 

46.5 (CH2), 36.1 (CH3), 36.0 (CH3), 32.3 (CH3), 32.2 (CH3), 26.8 (CH2), 24.9 (CH2). 

HRMS (ESI): calcd for C35H55NO3 [M+H]+: 538.4255; found: 538.4251. 

EA (%):                               C H N 

 calculated 78.16 10.31 2.60 

 determined 77.99 10.01 2.32 

 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-(1-Benzylpyrrolidin-2-yl)dinaphthylmethanol (53g): 

Using GP3, (S)-methyl-1-benzylpyrrolidine-2-carboxylate 

(52) (2.00 g, 9.12 mmol, 1.00 equiv.) was converted with 

2‑bromonaphthalene (4.72 g, 22.8 mmol, 2.50 equiv.) and 

magnesium (554 mg, 22.8 mmol, 2.50 equiv.) at room 

temperature in 20 h. After column chromatography 

(n‑Hex/EtOAc = 40/1), 53g (2.20 g, 4.96 mmol, 54%) was obtained as a colorless foam.  
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Rf: 0.23 (n-Hex/EtOAc = 40/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.37 – 8.34 (m, 1H), 8.14 – 8.10 (m, 1H), 7.90 – 7.64 (m, 

8H), 7.49 – 7.29 (m, 4H), 7.22 – 7.08 (m, 3H), 7.03 – 6.97 (m, 2H), 4.25 (dd, J = 9.4, 4.8 Hz, 1H), 

3.20 (dd, J = 91.3, 12.6 Hz, 2H), 3.01 – 2.94 (m, 1H), 2.48 – 2.38 (m, 1H), 2.13 – 2.01 (m, 1H), 

1.94 – 1.84 (m, 1H), 1.78 – 1.63 (m, 2H).   

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 145.4 (C), 144.0 (C), 139.6 (C), 133.4 (C), 133.3 (C), 

132.2 (C),128.7 (CH), 128.4 (CH), 128.3 (CH), 128.2 (CH), 128.0 (CH), 127.9 (CH), 127.9 (CH), 

127.6 (CH), 127.6 (CH), 127.0 (CH), 126.2 (CH), 126.0 (CH), 125.8 (CH), 125.8 (CH), 124.6 

(CH), 124.5 (CH), 124.3 (CH), 124.1 (CH), 78.5 (COH), 70.2 (CH), 60.7 (CH2), 60.6 (CH2), 55.7 

(CH2), 30.1 (CH2), 24.3 (CH2). 

HRMS (ESI): calcd for C32H29NO [M+H]+: 444.2322 ; found: 444.2321. 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-Dinaphthalenyl-2-pyrrolidinemethanol (22g): 

Using GP5, (S)-(1-benzylpyrrolidin-2-

yl)dinaphthylmethanol (53g) (500 mg, 1.13 mmol, 

1.00 equiv.) was converted with Pd/C (239 mg, 10 wt%, 

225μmol, 0.20 equiv.) and TFA (128 mg, 1.13 mmol, 1.00 

equiv.) under H2 atmosphere for 48 h. After work up and 

recrystallization (n-Hex) 22g (340 mg, 961 μmol, 85 %) was obtained as a colorless solid. 

Rf: 0.21 (n-Hex/EtOAc = 1/1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.10 – 8.08 (m, 2H), 7.87 – 7.83 (m, 2H), 7.77 – 7.66 (m, 

5H), 7.58 (dd, J = 8.7, 1.8 Hz, 1H), 7.48 – 7.38 (m, 4H), 4.52 (t, J = 7.5 Hz, 1H), 3.10 – 3.05 (m, 

1H), 3.04 – 2.99 (m, 1H), 1.82 – 1.71 (m, 3H), 1.66- 1.60 (m, 1H). 

13C{1H} NMR (101MHz, CDCl3): δ/ppm = 145.5 (C), 142.8 (C), 133.3 (C), 133.2 (C), 132.4 (C), 

132.3 (C), 128.4 (CH), 128.3 (CH), 128.2 (CH), 127.8 (CH), 127.6 (CH), 126.2 (CH), 126.0 (CH), 

125.9 (CH), 125.8 (CH), 125.4 (CH), 124.5 (CH), 124.1 (CH), 123.9 (CH), 77.7 (COH), 64.1 

(CH), 47.0 (CH2), 26.6 (CH2), 25.7 (CH2). 
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HRMS (ESI): calcd for C25H23NO [M+H]+: 354.1852; found: 354.1855. 

EA (%):                               C H N 

 calculated 84.95 6.56 3.96 

 determined 84.77 6.24 3.82 

 

The NMR data are in accordance with those reported in the literature.[87] 

(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-diphenyl)methanol (53i) 

 Using GP4, (S)-methyl-1-benzylpyrrolidine-2-carboxylate 

(52) (2.00 g, 9.12 mmol, 1.00 equiv.) was converted with 

1‑bromo-3,5-diphenylbenzene (7.05 g, 22.8 mmol, 

2.50 equiv.) and magnesium (554 mg, 22.8 mmol, 

2.50 equiv.) refluxed for 24 h. After column 

chromatography (PE35-70/EtOAc = 9/1), 53i (2.50 g, 3.86 mmol, 42 %) was obtained as a 

colorless foam.  

Rf: 0.20 (PE35-70/EtOAc = 10:1) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.03 (d, J = 1.7 Hz, 2H), 7.89 (d, J = 1.7 Hz, 2H), 7.68 – 

7.56 (m, 10H), 7.48 – 7.41 (m, 8H), 7.39 – 7.32 (m, 4H), 7.20 – 7.13 (m, 3H), 7.07 – 7.02 (m, 2H), 

5.12 (s, 1H), 4.21 (dd, J = 9.3, 4.8 Hz, 1H), 3.46 (d, J = 12.7 Hz, 1H), 3.17 (d, J = 12.7 Hz, 1H), 

3.05 – 2.98 (m, 1H), 2.49 – 2.40 (m, 1H), 2.14 – 2.02 (m, 1H), 1.98 – 1.88 (m, 1H), 1.79 – 1.64 

(m, 2H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 149.2 (C), 147.7 (C), 141.9 (C), 141.7 (C), 141.6 (C), 

141.6 (C), 139.7 (C), 128.9 (CH), 128.9 (CH), 128.9 (CH), 128.7 (CH), 128.3 (CH), 127.6 (CH), 

127.6 (CH), 127.5 (CH), 127.5 (CH), 127.0 (CH), 124.8 (CH), 124.5 (CH), 124.0 (CH), 123.9 

(CH), 78.4 (COH), 71.2 (CH2), 60.9 (CH3), 55.9 (CH3), 30.2 (CH3), 24.4 (CH3). 

HRMS (ESI): calcd for C48H41NO [M+H]+: 648.3261; found: 648.3266. 

The NMR data are in accordance with those reported in the literature.[203]  
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(S)-Bis(3,5- diphenyl)(pyrrolidin-2-yl)methanol (22i): 

Using GP5, (S)-(1-benzylpyrrolidin-2-yl)bis(3,5-

diphenyl)methanol (53i) (500 mg, 771 μmol, 1.00 equiv.) 

was converted with Pd/C (164 mg, 10 wt%, 154 μmol, 

0.20 equiv.) and TFA (88.0 mg, 711 μmol, 1.00 equiv.) under 

H2 atmosphere for 48 h. After RP-HPLC (Eurospher II 

C18H, 1.0 mL min-1, 95% MeOH, 5% H2O, 0.05 M acetic acid, retention time = 6.65 min) 22i 

(410 mg, 735 μmol, 95%) was obtained as a colorless solid. 

Rf: 0.23 (EtOAc) [CAM]. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.90 (d, J = 1.7 Hz, 2 H), 7.82 (d, J = 1.7 Hz, 2H), 7.69 – 

7.59 (m, 10H), 7.50 – 7.42 (m, 8H), 7.40 – 7.33 (m, 4H), 4.52 (t, J = 6.7 Hz, 1H), 3.08 – 2.88 (m, 

2H), 1.88 – 1.65 (m, 4H).  

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 146.3 (C), 142.0 (C), 141.9 (C), 141.7 (C), 141.5 (C), 

141.4 (C), 128.9 (CH), 128.9 (CH), 127.6 (CH), 127.5 (CH), 127.5 (CH), 127.5 (CH), 127.4 (CH), 

124.9 (CH), 124.7 (CH), 124.0 (CH), 123.6 (CH), 77.6 (COH), 64.9 (CH2), 47.0 (CH3), 26.8 (CH3), 

25.6 (CH3). 

HRMS (ESI): calcd for C41H35NO [M+H]+: 558.2791; found: 558.2796. 

EA (%):                               C H N 

 calculated 88.29 6.33 2.51 

 determined 88.14 6.22 2.41 

 

The NMR data are in accordance with those reported in the literature.[203]  
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6.3.4 Reduction Reaction Procedure 

GP6: Catalytic Reduction of Ketones (Previous Version for All Ketones) 

The amino alcohol (0.04 mmol, 0.1 equiv.) was placed in a Schlenk tube. Anhydrous 

THF (1 mL) and BH3•SMe2 (0.44 mmol, 1.1 equiv.) were added, and the mixture was 

stirred at 50 °C for 1 h. A solution of the ketone (0.40 mmol, 1.0 equiv. in 0.5 mL THF) was then 

slowly added via a syringe pump over a period of 30 min, after which the reaction mixture was 

stirred for an additional 120 min at 50 °C. To quench the reaction, 0.5 M citric acid (6.0 mL) was 

added, and the mixture was extracted with EtOAc (3 × 5 mL). The combined organic layers were 

washed with brine and dried over Na2SO4. After filtration, the solvent was removed under reduced 

pressure. Using GP2 some alcohols were further derivatized and the crude product was analyzed. 

This reduction procedure was repeated three to five times. 
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6.4 Part II  

6.4.1 Synthesis and Analysis of Racemates 

Sec-butyl 4-nitrobenzoate (rac-85a): 

Butan-2-ol (rac-67) (500 mg, 6.75 mmol, 1.0 equiv.) was dissolved in CH2Cl2 

(3 mL) and 4-nitrobenzoyl chloride (1.38 g, 7.42 mmol, 1.1 equiv.) together with 

DMAP (82.4 mg, 674 µmol, 0.1 equiv.) and NEt3 (1.02 g, 10.1 mmol, 1.5 equiv.) 

was added to the solution and stirred at room temperature for 12 h. The reaction 

was quenched with 1M HCl (4 mL), extracted with CH2Cl2 (3 x 4 mL), washed 

with brine (5 mL) and dried over Na2SO4. The crude was then purified by column 

chromatography (n-Hex/EtOAc = 3/1) to obtain rac-85a (755 mg, 3.38 mmol, 50%) as a yellow 

solid.  

Rf: 0.65 (n-Hex/EtOAc = 3/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.30 – 7.24 (m, 2H), 8.22 – 8.17 (m, 2H), 6.51 (sext, J = 

6.3 Hz, 1H) 4.84 (sext, J = 6.3 Hz, 1H), 1.85 – 1.58 (m, 2H), 1.36 (d, J = 6.3 Hz, 3H), 0.98 (t, J = 

7.4 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 164.4 (C), 150.5 (C), 136.4 (C), 130.7 (CH), 123.6 

(CH), 74.3 (CH), 29.0 (CH2), 19.6 (CH3), 9.8 (CH3). 

HRMS (ESI): calcd for C11H13NO4 [M+H]+: 224.0917; found: 224.0922. 

The NMR data are in accordance with those reported in the literature.[204]  

Sec-butyl 3,5-dinitrobenzoate (rac-85b): 

Butan-2-ol (rac-67) (500 mg, 6.75 mmol, 1.0 equiv.) was dissolved in CH2Cl2 

(4 mL) and 3,5‑nitrobenzoyl chloride (1.71 g, 7.42 mmol, 1.1 equiv.) together 

with DMAP (82.4 mg, 674 µmol, 0.1 equiv.) and NEt3 (1.02 g, 10.1 mmol, 

1.5. equiv.) was added to the solution and stirred at room temperature for 

12 h. The reaction was quenched with 1M HCl (4 mL), extracted with CH2Cl2 

(3 x 4 mL), washed with brine (5 mL) and dried over Na2SO4. The crude was then purified by 
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column chromatography (n-Hex/EtOAc = 3/1) to obtain rac-85b (698 mg, 2.60 mmol, 38%) as a 

yellow solid.  

Rf: 0.66 (n-Hex/EtOAc = 3/1)  

1H NMR (400 MHz, CDCl3): δ/ppm = 9.22 (t, J = 2.1 Hz, 1H), 9.15 (d, J = 2.2 Hz, 2H), 5.21 

(sext, J = 6.3 Hz, 1H) 4.84 (sext, J = 6.3 Hz, 1H), 1.87 – 1.67 (m, 2H), 1.41 (d, J = 6.3 Hz, 3H), 

1.00 (t, J = 7.4 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 162.3 (C), 148.6 (C), 134.7 (C), 129.5 (C), 122.3 

(CH), 75.9 (CH), 26.9 (CH2), 19.6 (CH3), 9.9 (CH3). 

HRMS (ESI): calcd for C11H12N2O6 [M+H]+: 269.0768; found: 269.0771. 

Sec-butyl p-tolylcarbamate (rac-85c): 

Butan-2-ol (rac-67) (500 mg, 6.75 mmol, 1.0 equiv.) was dissolved in CH2Cl2 

(4 mL) and 1-isocyanato-4-methylbenzene (2.69 g, 20.2 mmol, 3.0 equiv.) 

together with DMAP (82.4 mg, 674 µmol, 0.1 equiv.) were added to the 

solution and stirred at room temperature for 12 h. The reaction was quenched 

with 1M HCl (4 mL), extracted with CH2Cl2 (3 x 4 mL), washed with brine 

(5 mL) and dried over Na2SO4. The crude was then purified by column chromatography 

(n‑Hex/EtOAc = 3/1) to obtain rac-85c (897 mg, 4.33 mmol, 64%) as a colorless liquid.  

Rf: 0.62 (n-Hex/EtOAc = 3/1)  

Chiral HPLC: 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.31 – 7.22 (m, 2H), 7.13 – 7.05 (m, 2H), 6.51 (bs, 1H) 

4.84 (sext, J = 6.3 Hz, 1H), 2.30 (s, 3H), 1.71– 1.49 (m, 2H), 1.26 (d, J = 6.3 Hz, 3H), 0.94 (t, J = 

7.4 Hz, 3H). 

Column:  Chiralpak IB 

Flow Rate: 1.3 mL min-1 
Run Time: 20 min 
Mobile Phase: 80% n-Hex. 10% IPA, 

10% IPA, 10% TBME 

Wavelength: 270 nm 

Retention time: (R) = 3.74 min 

 (S) = 4.38 min 
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13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 153.7 (C), 135.7 (C), 132.9 (C), 129.6 (CH), 118.8 

(CH), 73.3 (CH), 29.2 (CH2), 20.9 (CH3), 19.6 (CH3), 9.8 (CH3). 

HRMS (ESI): calcd for C12H17NO2 [M+H]+: 208.1332; found: 208.1333. 

6.4.2 Synthesis of the Titration Reagent for n-BuLi 

N-Benzylbenzamide (143): 

BzCl (6.56 g, 46.6 mmol, 1.0 equiv.) was added at room temperature to a 

solution of benzylamine (5.00 g, 46.6 mmol, 1.0 equiv.) and NEt3 (7.08 g, 

69.9 mmol, 1.5 equiv.) in 100 mL CH2Cl2. The reaction mixture was 

stirred for 2 h and then washed with 1M HCl (2 x 25 mL) and brine 

(25 mL). The organic layer was dried over Na2SO4 and the solvent was removed under reduced 

pressure. The residue was recrystallized from 40 mL n‑Hex/EtOAc (1:1) to afford 143 (7.49 g, 

35.4 mmol, 75%) as a colorless powder. 

Rf: 0.13 (n-Hex/EtOAc = 3/1) 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.76 – 7.70 (m, 2 H), 7.45 – 7.39 (m, 1 H), 7.36 – 7.29 (m, 

2 H), 7.28 – 7.18 (m, 5 H), 4.53 (d, J = 5.8 Hz, 2 H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 167.7 (C), 138.3 (C), 134.4 (C), 131.5 (CH), 128.7 

(CH), 128.6 (CH), 127.9 (CH), 127.5 (CH), 127.1 (CH), 44.1 (CH2). 

HRMS (ESI): calcd for C14H13NO [M+H]+: 212.1069; found: 212.1075 

The NMR data are in accordance with those reported in the literature.[205]  
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6.4.3 Synthesis of Brominated Aryl Compounds 

14-(4-Bromophenyl)-14H-dibenzo[a,j]xanthene (69): 

A mixture of 2-naphthol (71) (2.00 g, 13.8 mmol, 2.0 equiv.), 

4‑bromobenzaldehyde (70) (1.28 g, 6.94 mmol, 1.0 equiv.), and p-TsOH 

(132 mg, 0.06 mmol, 0.1 equiv.) in 1,2-dichlorethane was stirred at 100 °C 

for 12 h. The solvent was removed under reduced pressure, and the residue 

was washed with a 3:1 mixture of H2O/EtOH. The resulting solid was then 

refluxed in EtOH, filtered and dried to afford 69 (2.80 g, 6.40 mmol, 92%) 

as a light purple powder. 

Rf: 0.55 (n-Hex/EtOAc = 3/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.30 (d, J = 8.5 Hz 2 H), 7.87 – 7.75 (m, 4 H), 7.61 – 7.53 

(m, 2 H), 7.47 (d, J = 8.9 Hz, 1 H), 7.44 – 7.36 (m, 4 H) 7.27 – 7.22 (m, 2 H), 6.45 (s, 1H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 148.8 (C), 144.1 (C), 131.7 (CH), 131.4 (CH), 131.2 

(CH), 130.0 (CH), 129.2 (CH), 129.0 (CH), 127.1 (CH), 124.5 (CH), 122.5 (CH), 120.3 (CH), 

118.1 (CH), 116.8 (CH), 37.6 (C). 

HRMS (ESI): calcd for C27H17BrO [M+H]+: 437.0536; found: 437.0539. 

IR (ATR, cm -1): 3066 (w), 1620, (m), 1589 (m), 1512 (m), 1480 (m), 1235 (s, C-O-C), 824 (s), 

738 (s). 

1,1’-((4-Bromophenyl)methylene)bis(naphthalen-2-ol) (76): 

2-Naphthol (71) (3.00 g, 20.8 mmol, 2.0 equiv.) and 

4‑bromobenzaldehyde (70) (1.92 g, 10.4 mmol, 1.0 equiv.) were dissolved 

in a (1:1) mixture of conc. HCl and EtOH (10 mL) and stirred at room 

temperature for 48 h. Subsequently, saturated NaHCO3 solution (10 mL) 

was added, and the mixture was extracted with EtOAc (3 x 10 mL). The 

combined organic phases were washed with brine (10 mL) and dried over 

Na2SO4. The solvent was removed under reduced pressure, and the residue was recrystallized from 

n-Hex to afford 76 (1.47 g, 3.23 mmol, 31%) as a solid. 
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Rf: 0.26 (n-Hex/EtOAc = 3/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.91 – 7.85 (m, 2H), 7.84 – 7.78 (m, 2H), 7.74 (d, J = 

8.8 Hz, 2H), 7.45 – 7.31 (m, 6H), 7.15 – 7.06 (m, 2H), 7.07 – 6.99 (m, 3H), 6.04 (bs, 2H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 152.7 (C), 140.1 (C), 133.6 (C), 132.5 (CH), 130.3 

(C), 130.1 (CH), 130.0 (CH), 129.2 (CH), 127.6 (CH), 123.7 (CH), 122.5 (CH), 121.2 (CH), 119.8 

(CH), 118.3 (CH). 

HRMS (ESI): calcd for C27H19BrO2 [M+Na]+: 477.0460; found: 477.0466. 

IR (ATR, cm -1): 3218 (br), 1597 (m), 1582, (m), 1514 (m), 1482 (m), 1436 (m), 1234 (s), 1173 

(s), 812 (s), 745 (s). 

6.4.4 Synthesis of Catalyst Precursor 

GP7: Halogen-Lithium Exchange and Nucleophilic Addition to Carbonyl 

Aryl bromide (2.5 equiv.) was dissolved in anhydrous THF under argon at –78 °C. Then n-BuLi 

(2.3 equiv.) was added and the reaction mixture was stirred for 10 min at –78 °C. A solution of 

methyl-1-(4-methoxybenzyl)pyrrolidine-2-carboxylate 77 (1.0 equiv) in THF was added dropwise 

at –78 °C and stirred at room temperature for the appropriate amount of time monitored by mass 

spectrometry. At 0 °C, sat. NH4Cl solution was added to quench the reaction. Afterwards the 

mixture was extracted three times with EtOAc. The combined organic layers were washed with 

brine and dried over NaSO4. After removing the solvent, the crude product was purified by 

preparative HPLC.  

GP8: Cleavage of the PMB Protecting Group (1) 

The PMB-protected prolinol (79) (1.0 equiv.) was dissolved in a mixture of MeOH/ EtOAc (1:1) 

and moist Pd/C (0.2 equiv., 10-20 wt%) as well as TFA (1.0 equiv.) were added. The reaction flask 

was purged with H2 and afterwards the reaction ws stirred at room temperature for 72 h. The 

mixture was filtered through a pad of Celite and washed with small portions of MeOH. The solvent 

was removed under reduced pressure, and the residue was dissolved in EtOAc, washed with 

2M NaOH and brine and dried over NaSO4.  
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GP9: Cleavage of the PMB Protecting Group (2) 

The PMB-protected prolinol (79) (1.0 equiv.) was dissolved in CH2Cl2 and TFA (5.0 equiv.) was 

added. The reaction flask was then stirred at room temperature for 24 h. The reaction was quenched 

with sat. NaHCO3 solution and extracted three times with CH2Cl2. The organic phase was then 

washed with brine and dried over Na2SO4.  

GP10: Cleavage of the PMB Protecting Group (3) 

The PMB-protected prolinol (79) (1.0 equiv.) was dissolved in CH2Cl2 and DDQ (2.0 equiv.) was 

added. The reaction flask was then stirred at room temperature for the appropriate time. The 

reaction was quenched with sat. NaHCO3 solution and extracted three times with CH2Cl2. After 

washing the organic phase with brine and drying over Na2SO4 the solvent was removed and the 

crude was purified via preparative HPLC. 

(S)-Methyl-1-(4-methoxybenzyl)pyrrolidine-2-carboxylate (77): 

Esterification and PMB protection: L-proline (10) (2.00 g, 17.3 mmol, 

1.0 equiv.) was dissolved in 50 mL MeOH and at 0 °C SOCl2 (5.17 g, 

43.4 mmol, 2.5 equiv.) was added dropwise and stirred at room temperature 

for 24 h. The solvent was removed under reduced pressure and toluene was 

added and removed under reduced pressure two more times. The crude 

material was used without further purification for the next step. The crude 

material was dissolved in 40 mL CH2Cl2 and NEt3 (4.40 g, 43.4 mmol, 2.5 equiv.) was added. After 

15 min 4-mehoxybenzyl chloride (81) (6.20 g, 43.4 mmol, 2.5 equiv.) was slowly added dropwise 

at 0 °C. The solution was stirred at room temperature for 12 h and H2O (20 mL) was added. The 

aqueous phase was extracted with EtOAc (3 x 25 mL) and the organic phase was washed with 

brine (25 mL) and dried over Na2SO4. The solvent was removed and after column chromatography 

(n-Hex/EtOAc = 5/1) 77 (2.38 g, 9.55 mmol, 54%) was obtained as a yellow oil. 

Rf: 0.17 (n-Hex/EtOAc = 5/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.22 – 7.14 (m, 2H), 6.83 – 6.74 (m, 2H), 3.76 (d, J = 

12.7 Hz, 1H), 3.59 (s, 3H), 3.48 (d, J = 12.7 Hz, 3H), 3.17 (dd, J = 8.9, 6.3 Hz, 1H), 2.99 (ddd, J = 
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9.6, 7.7, 3.0 Hz, 1H), 2.32 (td, J = 8.8, 7.8 Hz, 1H), 2.15 – 2.00 (m, 1H), 1.97 – 1.79 (m, 2H), 1.77 

– 1.67 (m, 1H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 174.4 (C), 158.6 (C), 130.3 (CH) 130.2 (C), 113.4 

(CH), 65.0 (CH2), 57.9 (CH2), 55.1 (CH3), 53.0 (CH2), 51.6 (CH3), 29.2 (CH2), 22.8 (CH2). 

HRMS (ESI): calcd for C14H19NO3 [M+H]+: 250.1438; found: 250.1439. 

The NMR data are in accordance with those reported in the literature.[206]  

(S)-Bis(4-(14H-dibenzo[a,j]xanthen-14-yl)phenyl)(1-(4-methoxybenzyl)pyrrolidin-2-

yl)methanol (78k): 

Using GP7, 14-(4-bromophenyl)-14H-

dibenzo[a,j] xanthene 69 (1.00 g, 2.21 mmol, 

2.5 equiv.) was dissolved in 16 mL of dry 

THF, and at −78 °C n-BuLi (130 mg, 

2.03 mmol, 2.3 equiv.) was slowly added to 

the solution. After stirring for 10 min at 

−78 °C, methyl 1-(4-methoxybenzyl)pyrrolidine-2-carboxylate (77) (220 mg, 882 µmol, 1.0 

equiv.) was added via syringe pump over 30 min. The reaction mixture was allowed to warm to 

room temperature and stirred for 18 h. After work up and purification via RP-HPLC (Eurospher II 

C18H, 1mL min-1, 85% MeOH, 15% TBME, 0.5% NH4Ac, retention time = 8.16 min) 78k 

(548 mg, 586 µmol, 66%) was afforded as a colorless solid.  

Rf: 0.70 (CH2Cl2/MeOH = 9/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.36 – 8.18 (m, 3H), 8.06 (d, J = 8.5 Hz, 1H), 7.84 – 7.62 

(m, 8H), 7.55 – 7.32 (m, 10H), 7.31 – 7.11 (m, 10H), 7.05 (ddd, J = 8.3, 6.8, 1.3 Hz, 1H), 6.54 – 

6.45 (m, 2H), 6.43 – 6.35 (m, 2H), 6.31 (s, 1H), 3.80 (s, 3H), 3.38 (dd, J = 9.5, 3.3 Hz, 1H), 2.75 

– 2.65 (m, 1H), 2.44 (d, J = 12.8 Hz, 1H), 2.26 (d, J = 12.8 Hz, 1H), 2.11  – 2.00 (m, 1H), 1.64 – 

1.48 (m, 1H), 1.41 – 1.23 (m, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 158.1 (C), 149.1 (C), 149.1 (C), 148.7 (C), 148.6 (C), 

145.5 (C), 143.7 (C), 143.0 (C), 142.6 (C), 131.6 (C), 131.0 (C), 131.0 (C), 131.0 (C), 130.9 (C), 

130.9 (C), 129.3 (CH), 128.9 (CH), 128.8 (CH), 128.8 (CH), 128.7 (CH), 128.5 (CH), 128.0 (CH), 
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127.8 (CH), 126.8 (CH), 126.7 (CH), 126.6 (CH), 126.0 (CH), 126.0 (CH), 124.2 (CH), 124.1 

(CH), 122.8 (CH), 122.8 (CH), 122.6 (CH), 122.5 (CH), 118.0 (CH), 117.8 (CH), 117.8 (CH), 

117.6 (CH), 117.6 (CH), 117.1 (CH), 117.0 (CH), 113.2 (CH), 77.9 (C), 71.1 (CH), 59.6 (CH2), 

55.6 (CH2), 55.3 (CH3), 37.5 (CH), 37.3 (CH), 29.7 (CH2), 24.3 (CH2). 

HRMS (ESI): calcd for C67H51NO4 [M+H]+: 934.3890; found: 934.3893. 

(S)-Bis(4-(14H-dibenzo9[a,j]xanthen-14-yl)phenyl)8pyrrolidin-2-yl)methanol (22k): 

 Using GP10, (S)-bis(4-(14H-dibenzo[a,j]xanthen-14-

yl)phenyl)(1-(4-methoxybenzyl)pyrrolidin-2-

yl)methanol (22k) (500 mg, 535 µmol, 1.0 equiv.) was 

dissolved in CH2Cl2 and DDQ (243 mg, 1.07 mmol, 

2.0 equiv.) was added. The reaction mixture was 

stirred for 40 h. After workup and purification via 

RP‑HPLC (Eurospher II C18H, 1 mL min⁻¹, 90% MeOH, 10% TBME, 0.1% TEA, retention time 

= 14.32 min), 22k was obtained. The product was further co-evaporated with toluene in an attempt 

to remove residual solvents. However, complete solvent removal could not be achieved and 22k 

(103 mg, approx. 126 µmol, 23%) was obtained as a colorless powder. 

Rf: 0.20 (CH2Cl2/MeOH = 9/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.34 (d, J = 8.6 Hz, 4H), 7.91 – 7.72 (m, 8H), 7.62 – 7.53 

(m, 4H), 7.53 – 7.40 (m, 8H), 7.38 – 7.31 (m, 4H), 7.22 – 7.10 (m, 4H), 6.44 (s, 2H), 3.74 (t, J = 

7.8 Hz, 1H), 2.85 – 2.73 (m, 1H), 2.72 – 2.64 (m, 1H), 1.54 – 1.41 (m, 2H), 1.36 – 1.26 (m, 1H), 

1.23 – 1.12 (m, 1H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 149.0 (C), 149.0 (C), 145.6 (C), 142.7 (C), 142.6 (C), 

131.5 (CH), 131.5 (CH), 131.5 (CH), 131.0 (CH), 128.7 (CH), 128.7 (CH), 128.7 (CH), 127.8 

(CH), 127.6 (CH), 126.8 (CH), 126.8 (CH), 126.7 (CH), 126.1 (CH), 125.8 (CH), 124.2 (CH), 

124.2 (CH), 122.8 (CH), 122.7 (CH), 122.7 (CH), 118.0 (CH), 118.0 (CH), 117.6 (C), 117.5 (CH), 

76.6 (C), 64.7 (CH), 46.3 (CH2), 37.3 (CH), 37.2 (CH), 26.2 (CH2), 25.1 (CH2). 

HRMS (ESI): calcd for C59H43NO3 [M+H]+: 814.3315; found: 814.3317. 
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IR (ATR, cm -1): 3314 (w), 3059 (w), 2968 (w), 2871 (w), 1633 (m), 1621 (m), 1592 (m), 1515 

(m), 1457 (m), 1432 (m), 1240 (s), 1080 (m), 1018 (m), 804 (s), 741 (s). 

6.4.5 Updated Reduction Reaction Procedure 

GP11: Updated Version for the Reduction Reaction of Butan-2-one 

The amino alcohol (0.04 mmol, 0.1 equiv.) was placed in a Schlenk tube. Anhydrous THF (1 mL) 

and BH3•SMe2 (0.44 mmol, 1.1 equiv.) were added, and the mixture was stirred at 50 °C for 1 h. 

A solution of butan-2-one (67) (0.40 mmol, 1.0 equiv., in 0.5 mL THF) was then slowly added via 

syringe pump over a period of 30 min, after which the reaction mixture was stirred for an additional 

90 min at 50 °C. The reaction was quenched with water (1.21 mmol, 3.0 equiv.) and subsequently 

derivatized for HPLC and chiral GC.  

For HPLC analysis, p-tolylisocyanate (2.02 mmol, 

5.0 equiv.) and DMAP (0.08 mmol, 0.2 equiv.) were 

added and stirred at room temperature for 12 h. For 

chiral GC analysis, BzCl (2.02 mmol, 5.0 equiv.), 

NEt3 (0.80 mmol, 2.0 equiv.), and DMAP (0.08 

mmol, 0.2 equiv.) were added instead and stirred at 

room temperature for 12 h. The solvent was removed under reduced pressure, and after column 

chromatography (n-Hex/EtOAc) the corresponding derivatized, alcohol was obtained and 

analyzed by either HPLC or GC as described in the corresponding procedures above.  
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6.5 Part III  

6.5.1 Synthesis of Non-Cyclic and Cyclic Imines 

GP12: Synthesis of Non-Cyclic and Cyclic Imines (1) 

Molecular sieves (4 Å, beads, 1 g per 1 mmol of ketone) were heated in a two-neck 

round-bottom flask. The corresponding ketone (1.0 equiv.) and amine (1.0 - 1.1 equiv.) 

were dissolved in toluene and added to the flask. The reaction mixture was stirred at 

room temperature for the appropriate time. The reaction was then quenched by addition of sat. 

NaHCO3, and the aqueous layer was extracted three times with EtOAc. The combined organic 

layers were washed with brine, dried over Na2SO4, and the solvent was removed under reduced 

pressure. The crude product was further purified either by column chromatography (n-Hex/EtOAc 

with NEt3) or by fractional distillation to afford the corresponding imine. 

GP13: Synthesis of Non-Cyclic and Cyclic Imines (2) 

Molecular sieves (4 Å, beads, 1 g per 1 mmol of ketone) were heated in a two-neck 

round-bottom flask. The corresponding ketone (1.0 equiv.) and amine (1.1 – 1.5 equiv.) 

were dissolved in toluene and added to the flask. The reaction mixture was refluxed for 

the appropriate time. After cooling to room temperature, the reaction was quenched by addition of 

saturated NaHCO3, and the aqueous layer was extracted three times with EtOAc. The combined 

organic layers were washed with brine, dried over Na2SO4, and the solvent was removed under 

reduced pressure. The crude product was further purified either by column chromatography 

(n‑Hex/EtOAc with NEt3) or by fractional distillation to afford the corresponding imine. 

6.5.1.1 Synthesis of Cyclic Imines  

N-Phenethylacetamide (89): 

2-Phenylethanamine (88) (9.70 g, 80.0 mmol, 1 equiv.) was dissolved in 

pyridine (8 mL), and Ac2O (9.81 g, 96.0 mmol, 1.2 equiv.) was added at 

0 °C. The reaction mixture was stirred for 3 h at 90 °C and then poured into 

ice-cold water (10 mL). Subsequently, 1M HCl (3 mL) was added, and the aqueous phase was 

extracted with EtOAc (3 × 5 mL). The combined organic phases were washed with 8% NaHCO₃ 
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solution (5 mL), sat. CuSO₄ solution (5 mL), and brine (5 mL), then dried over Na₂SO₄. The 

solvent was removed and the 89 (10.1 g, 61.9 mmol, 77 %) was obtained as a viscous, colorless 

liquid. 

Rf: 0.10 (n-Hex/EtOAc = 5/1). 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.40 – 7.33 (m, 2H), 7.31 – 7.22 (m, 3H), 6.26 (bs, 1H) 

3.55 (q, J = 6.7 Hz, 2H), 2.87 (t, J = 7.12Hz, 1H), 2.00 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 170.9 (C), 138.8 (C), 128.7 (CH), 128.5 (CH), 126.4 

(CH), 40.8 (CH2), 35.4 (CH2), 23.0 (CH3). 

HRMS (ESI): calcd for C10H13NO [M+H]+: 164.1069; found: 164.1073. 

The NMR data are in accordance with those reported in the literature.[207] 

1-Methyl-3,4-dihydroisoquinoline (87): 

N-Phenethylacetamide (89) (5.00 g, 30.6 mmol, 1.0 equiv.) was stirred with 

polyphosphoric acid (45 g) for 30 min at 130 °C and subsequently for 4 h at 200 °C. 

The reaction mixture was treated with 2 M NaOH (500 mL) and extracted with 

CH2Cl2 (3 × 200 mL). The combined organic phases were washed with brine 

(300 mL) and dried over Na₂SO₄. The solvent was removed to obtain 87 (2.12 g, 14.6 mmol, 48%) 

as a brown liquid. 

Rf: 0.44 (n-Hex/EtOAc = 3/1 with NEt3). 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.48 (dd, J = 7.4, 1.4 Hz, 1H), 7.36 (td, J = 7.4, 1.5 Hz, 

1H), 7.30 (td, J = 7.5, 1.4 Hz, 1H), 7.21 – 7.15 (m, 1H), 3.67 (ddd, J = 9.0, 5.8, 1.5 Hz, 2H), 2.73 

– 2.68 (m, 2H), 2.40 (t, J = 1.5 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 164.7 (C), 137.5 (C), 130.9 (C), 129.6 (CH) 127.6 

(CH), 127.1 (CH), 125.5 (CH), 46.9 (CH2), 26.1 (CH2), 23.3 (CH3). 

HRMS (ESI): calcd for C10H11N [M+Na]+: 168.0783; found: 168.0786. 

The NMR data are in accordance with those reported in the literature.[208] 
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Additional 

5-Methyl-3,4-dihydro-2H-pyrrole (86) was not synthesized but was commercially available from 

Merck. 

6.5.1.2 Synthesis of Non-Cyclic Imines  

(E)-N-(1-Phenylethylidene)methanamine (94): 

Using GP12, acetophenone (13a) (2.00 g, 16.6 mmol, 1.0 equiv.) and methylamine 

(9.40 g, 33wt% in ethanol, 12.4 mmol, 6.0 equiv.) were dissolved in 6 mL toluene 

and stirred at room temperature for 48 h. After work up and purification via column 

chromatography (n-Hex/EtOAc = 10/1 with NEt3) 94 (980 mg, 8.22 mmol, 49%) 

was obtained as a colorless liquid. 

Rf: 0.59 (n-Hex/EtOAc = 5/1 with NEt3).  

E/Z ratio: 12.5 / 1. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.69 – 7.62 (m, 2H), 7.29 – 7.25 (m, 3H), 3.25 (s, 3H) 2.13 

(s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 167.1 (C), 141.3 (C), 129.4 (CH), 128.2 (CH), 126.5 

(CH), 39.5 (CH3), 15.1 (CH3). 

HRMS (ESI): calcd for C9H11N [M+H]+: 134.0964; found: 134.0945. 

The NMR data are in accordance with those reported in the literature.[209]  

(E)-N-(1-Phenylethylidene)aniline (92): 

Using GP12, acetophenone (13a) (3.00 g, 24.9 mmol, 1.0 equiv.) and aniline 

(2.30 g, 24.9 mmol, 1.0 equiv.) were dissolved in 10 mL toluene and stirred at 

room temperature for 40 h. After work up and purification via fractional 

distillation, 92 (3.40 g, 17.4 mmol, 69%) was obtained as a yellow solid. 

 

Rf: 0.69 (n-Hex/EtOAc = 20/1 with NEt3). 
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E/Z ratio: 12.5 / 1. 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.02 – 7.96 (m, 2H), 7.52 – 7.41 (m, 3H), 7.38 – 7.32 (m, 

2H), 7.13 – 7.07 (m, 1H), 6.85 – 6.78 (m, 2H), 2.25 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 165.9 (C), 151.5 (C), 139.5 (C), 130.7 (CH), 129.1 

(CH), 128.5 (CH), 127.4 (CH), 123.5 (CH), 119.6 (CH) 17.6 (CH3). 

HRMS (ESI): calculated for C14H13N [M+H]+: 196.1120; found: 196.1125. 

The NMR data are in accordance with those reported in the literature.[210]  

(E)-N-(1-4-Chlorophenyl)ethylidene)aniline (96): 

Using GP12, 4’-chloroacetophenone (2.00 g, 12.9 mmol, 1.0 equiv.) and 

aniline (1.20 g, 12.9 mmol, 1.0 equiv.) were dissolved in 16 mL toluene and 

stirred at room temperature for 24 h. After work up and purification via 

column chromatography (n-Hex/EtOAc = 10/1 with NEt3), 96 (1.43 g, 

6.23 mmol, 48%) was obtained as a yellow solid. 

Rf: 0.63 (n-Hex/EtOAc = 10/1 with NEt3). 

E/Z ratio: 5.5 / 1. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.95 – 7.90 (m, 2H), 7.44 – 7.39 (m, 2H), 7.38– 7.32 (m, 

2H), 7.12 – 7.06 (m, 1H), 6.81 – 6.77 (m, 2H), 2.21 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 164.5 (C), 151.4 (C), 138.0 (C), 136.8 (C), 129.1 

(CH), 128.7 (CH), 128.7 (CH), 123.6 (CH), 119.5 (CH), 17.4 (CH3). 

HRMS (ESI): calcd for C14H12ClN [M+H]+: 230.0731; found: 232.0732. 

The NMR data are in accordance with those reported in the literature.[211]  
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(E)-4-Methoxy-N-(1-phenylethylidene)aniline (97): 

Using GP13, acetophenone (13a) (2.00 g, 16.6 mmol, 1.0 equiv.) and 

4‑anisidine (2.46 g, 19.9 mmol, 1.2 equiv.) were dissolved in 10 mL 

toluene and stirred at 130 °C for 48 h. After work up and purification via 

column chromatography (n-Hex/EtOAc = 10/1 with NEt3), 97 (2.45 g, 

10.8 mmol, 65%) was obtained as a yellow solid. 

Rf: 0.48 (n-Hex/EtOAc = 10/1 with NEt3). 

E/Z ratio: 4.5 / 1. 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.00 – 7.94 (m, 2H), 7.50 – 7.40 (m, 3H), 6.94 – 6.89 (m, 

2H), 6.80 – 6.73 (m, 2H), 3.82 (s, 3H), 2.26 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 166.1 (C), 156.1 (C), 144.7 (C), 139.8 (C), 130.5 

(CH), 128.5 (CH), 127.3 (CH), 121.0 (CH), 114.4 (CH), 55.6 (CH3), 17.5 (CH3). 

HRMS (ESI): calculated for C15H15NO [M+H]+: 226.1226; found: 226.1229. 

The NMR data are in accordance with those reported in the literature.[211]  

(E)-3-Methoxy-N-(1-phenylethylidene)aniline (98): 

Using GP13, acetophenone (13a) (2.40 g, 19.9 mmol, 1.0 equiv.) and 

3‑anisidine (2.93 g, 23.9 mmol, 1.2 equiv.) were dissolved in 13 mL 

toluene and stirred at 130 °C for 48 h. After work up and purification via 

column chromatography (n-Hex/EtOAc = 10/1 with NEt3), 98 (2.12 g, 

9.33 mmol, 46%) was obtained as a yellow liquid. 

Rf: 0.48 (n-Hex/EtOAc = 10/1 with NEt3). 

E/Z ratio: 5 / 1. 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.00 – 7.94 (m, 2H), 7.49 – 7.42 (m, 3H), 7.26 (s, J = 

8.0 Hz, 1H), 6.66 (ddd, J = 8.3, 2.3, 1.1 Hz, 1H), 6.41 – 6.36 (m, 2H), 3.81 (s, 3H), 2.25 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 165.7 (C), 160.4 (C), 153.2 (C), 139.5 (C), 130.6 (C), 

129.9 (CH), 128.5 (CH), 127.3 (CH), 111.8 (CH), 109.0 (CH), 105.1 (CH), 55.3 (CH3), 17.5 (CH3). 
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HRMS (ESI): calcd for C15H15NO [M+H]+: 226.1226; found: 226.1228. 

The NMR data are in accordance with those reported in the literature.[212]  

(E)-N-(1-Phenylpropylidene)aniline (32b): 

Using GP13, propiophenone (3.00 g, 22.3 mmol, 1.0 equiv.) and aniline (3.09 g, 

33.5 mmol, 1.5 equiv.) were dissolved in 20 mL toluene and stirred at 120 °C 

for 30 h. After work up and purification via column chromatography 

(n‑Hex/EtOAc = 3/1 with NEt3), 32b (4.68 g, 14.1 mmol, 63%) was obtained 

as a orange solid. 

Rf: 0.30 (n-Hex/EtOAc = 3/1 with NEt3).  

E/Z ratio: 6.3 / 1. 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.94 (ddd, J = 7.9, 3.8, 1.8 Hz, 2H), 7.46 (dt, J = 5.6, 

1.5 Hz, 3H), 7.35 (tdd, J = 7.4, 2.9, 1.5 Hz, 2H), 7.08 (tdd, J = 6.3, 2.6, 1.3 Hz, 1H), 6.81 (dt, J = 

8.4, 1.7 Hz, 1H), 2.68 (q, J = 7.7 Hz, 2H), 1.10 (t, J = 7.7 Hz, 3H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 151.7 (C), 138.1 (C), 133.0 (C), 130.4 (CH), 129.0 

(CH), 128.6 (CH), 127.7 (CH), 123.1 (CH), 119.2 (CH), 23.6 (CH2), 13.0 (CH3). 

HRMS (ESI): calcd for C15H15N [M+H]+: 210.1277; found: 210.1278. 

The NMR data are in accordance with those reported in the literature.[213]  

(E)-1-Phenyl-N-(1-phenylethylidene)methanamine (95): 

Using GP12, propiophenone (2.00 g, 16.6 mmol, 1.0 equiv.) and benzylamine 

(1.78 g, 16.6 mmol, 1.0 equiv.) were dissolved in 20 mL toluene and stirred 

at room temperature for 24 h. After work up and purification via column 

chromatography (n-Hex/EtOAc = 10/1 with NEt3), 95 (2.46 g, 11.7 mmol, 

70%) was obtained as a yellow liquid. 

Rf: 0.63 (n-Hex/EtOAc = 5/1 with NEt3).  

E/Z ratio: 12.5 / 1. 
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1H NMR (400 MHz, CDCl3): δ/ppm = 7.82 – 7.76 (m, 2H), 7.38 – 7.34 (m, 6H), 7.33 – 7.29 (m, 

3H), 7.29 – 7.25 (m, 2H), 7.21 – 7.14 (m, 2H), 4.66 (s, 2H), 2.25 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 166.1 (C), 141.2 (C), 140.6 (C), 129.7 (CH), 128.5 

(CH), 128.3 (CH), 127.8 (CH), 126.8 (CH), 126.6 (CH), 55.8 (CH) 15.9 (CH3). 

HRMS (ESI): calcd for C15H15N [M+H]+: 210.1277; found: 210.1278. 

The NMR data are in accordance with those reported in the literature.[214] 

(E)-Acetophenone oxime (144): 

Hydroxylamine hydrochloride (1.85 g, 26.6 mmol, 1.6 equiv.), sodium acetate 

(2.73 g, 33.2 mmol, 2.0 equiv.) and acetophenone (13a) (2.00 g, 16.6 mmol, 

1.0 equiv.) were dissolved in 80% ethanol and first stirred at room temperature for 

30 min and then refluxed for 4 h. The solvent was removed and the crude dissolved 

in EtOAc (10mL), washed with brine (5 mL) and dried over Na2SO4. After removing the solvent 

144 (2.00 g, 14.8 mmol, 88%) was obtained as a colorless solid.  

Rf: 0.56 (n-Hex/EtOAc = 5/1 with NEt3).  

1H NMR (400 MHz, CDCl3): δ/ppm = 7.68 – 7.61 (m, 2H), 7.43 – 7.37 (m, 3H), 2.33 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 156.1 (C), 136.6 (C), 129.4 (CH), 128.7 (CH), 126.2 

(CH), 12.5 (CH3). 

HRMS (ESI): calcd for C8H9NO [M+H]+: 136.0756; found: 136.0760. 

The NMR data are in accordance with those reported in the literature.[215]  

6.5.1.3 Synthesis of Racemic Non-Cyclic and Cyclic Amines  

GP14: Synthesis of Racemic Non-Cyclic and Cyclic amines   

The corresponding imine (1.0 equiv) was dissolved in MeOH. At 0 °C, NaBH4 

(1.2 equiv. – 1.5 equiv.) was added, and the mixture was allowed to warm to room 

temperature and stirred for the appropriate time. The reaction mixture was quenched by 

addition of 1M HCl, and the aqueous layer was extracted three times with EtOAc. The combined 
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organic layers were washed with brine, dried over Na2SO4, and the solvent was removed under 

reduced pressure. The crude product was purified by column chromatography (n-Hex/EtOAc with 

NEt3) to afford the corresponding amine.  

1-Methyl-1,2,3,4-tetrahydroisoquinoline (rac-91): 

Using GP14, 87 (150 mg, 1.03 mmol, 1.0 equiv.) was dissolved in 3 mL MeOH 

and NaBH4 (54.7 mg, 1.45 mmol, 1.4 equiv.) was added at 0 °C. The solution was 

stirred at room temperature for 23 h. After work up and purification via column 

chromatography (n-Hex/EtOAc = 5/1 with NEt3), rac-91 (133 mg, 903 µmol, 87%) 

was obtained as a yellow liquid. 

Rf: 0.25 (n-Hex/EtOAc = 3/1 with NEt3).  

Chiral HPLC: 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.07 – 6.95 (m, 4H), 4.02 (q, J = 6.9 Hz, 1H), 3.21 – 3.12 

(m, 1H), 2.93 (ddd, J = 12.5, 8.7, 4.7 Hz, 1H), 2.78 (dddt, J = 16.4, 8.6, 5.4, 1.1 Hz, 1H), 2.64 (dtt, 

J = 16.3, 4.7, 0.9 Hz, 1H), 1.95 (bs, 1H), 1.37 (d, J = 6.6 Hz, 3H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 140.5 (C), 134.8 (C), 129.2 (CH), 128.6. (CH) 126.0 

(CH), 125.9 (CH), 51.6 (CH), 41.8 (CH2), 30.0.3 (CH2), 22.7 (CH3). 

HRMS (ESI): calcd for C10H11N [M+Na]+: 170.0940; found: 170.0943. 

The NMR data are in accordance with those reported in the literature. [216] 
 

 

 

Column:  Chiralpak IC 

Flow Rate: 1.0 mL min-1 
Run Time: 20 min 
Mobile Phase: 95% n-Hex. 5% EtOAc, 

0.25% NEt3 

Wavelength: 270 nm 

Retention time: (R) = 11.17 min 

 (S) = 12.28 min 
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2-Methylpyrrolidine (rac-90): 

Using GP14, 86 (100 mg, 1.20 mmol, 1.0 equiv.) was dissolved in 3 mL MeOH and 

NaBH4 (63.7 mg, 1.68 mmol, 1.4 equiv.) was added at 0 °C. The solution was stirred at 

room temperature for 23 h. After work up and purification via column chromatography 

(n-Hex/EtOAc = 5/1 with NEt3), rac-90 (880 mg, 10.3 µmol, 87%) was obtained as a colorless 

liquid. 

Rf: 0.54 (n-Hex/EtOAc = 5/1 with NEt3).  

1H NMR (400 MHz, CDCl3): δ/ppm = 3.57 (dquint, J = 8.9, 6.5 Hz, 1H), 3.34 (dt, J = 11.3, 7.5 Hz, 

1H), 3.21, (ddd, J = 11.4, 8.7, 5.5 Hz, 1H), 2.14 – 1.96 (m, 2H), 1.96 – 1.85 (m, 1H), 1.62 (dt, J = 

12.7, 8.5 Hz, 1H), 1.46 (d, J = 6.6 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 55.9 (CH), 44.7 (CH2), 32.3 (CH2), 23.8 (CH2) 18.0 

(CH3). 

HRMS (ESI): calcd for C10H11N [M+Na]+: 108.0783; found: 108.0788. 

The NMR data are in accordance with those reported in the literature.[217] 

N-Methyl-1-phenylethanamine (rac-145): 

Using GP14, 94 (1.00 g, 7.51 mmol, 1.0 equiv.) was dissolved in 9 mL MeOH and 

NaBH4 (426 mg, 11.26 mmol, 1.5 equiv.) was added at 0 °C. The solution was 

stirred at room temperature for 24 h. After work up and purification via column 

chromatography (n-Hex/EtOAc = 20/1 with NEt3), rac-145 (890 mg, 6.58 mmol, 

87%) was obtained as a colorless liquid. 

Rf: 0.29 (n-Hex/EtOAc = 20/1 with NEt3) [Hanessian Stain]. 
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Chiral-HPLC: 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.31 – 7.24 (m, 4H), 7.23 – 7.15 (m, 1H), 3.62 (q, J = 

6.6 Hz, 1H), 2.25 (s, 3H), 1.34 (d, J = 6.6 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 144.3 (C), 128.4 (CH), 127.11 (CH), 126.6 (CH), 60.1 

(CH), 34.06 (CH3), 23.4 (CH3). 

HRMS (ESI): calcd for C9H13N [M+Na]+: 158.0940; found: 158.0940. 

The NMR data are in accordance with those reported in the literature.[218]  

N-(1-Phenylethyl)aniline (rac-93): 

Using GP14, 92 (200 mg, 1.02 mmol, 1.0 equiv.) was dissolved in 2 mL MeOH 

and NaBH4 (50.3 mg, 1.33 mmol, 1.3 equiv.) was added at 0 °C. The solution 

was stirred at room temperature for 20 h. After work up and purification via 

column chromatography (n-Hex/EtOAc = 20/1 with NEt3), rac-93 (199 mg, 

1.01 mmol, 98%) was obtained as a yellow liquid. 

Rf: 0.62 (n-Hex/EtOAc = 20/1 with NEt3). 

Chiral-HPLC: 

 

 

 

 

Column:  Chiralpak IA 

Flow Rate: 1.2 mL min-1 
Run Time: 20 min 
Mobile Phase: 85% n-Hex. 15% TBME  

Wavelength: 250 nm 

Retention time: (R) = 5.12 min 

 (S) = 5.69 min 

Column:  Chiralpak IB 

Flow Rate: 1.2 mL min-1 
Run Time: 20 min 
Mobile Phase: 88% n-Hex. 20% TBME, 

2% IPA, 0.1% NEt3 

Wavelength: 285 nm 

Retention time: (R) = 4.08 min 

 (S) = 4.61 min 
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1H NMR (400 MHz, CDCl3): δ/ppm = 7.35 – 7.29 (m, 2H), 7.26 (ddd, J = 7.7, 7.0, 1.3 Hz, 2H), 

7.20 – 7.14 (m, 1H), 7.07 – 7.00 (m, 2H), 6.62 – 6.55 (m, 1H), 6.48 – 6.42 (m, 2H), 4.43 (dt, J = 

11.5, 6.7 Hz, 1H), 3.95 (bs, 1H), 1.45 (d, J = 6.7 Hz, 3H) 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 147.4 (C), 145.3 (C), 129.2 (CH), 128.8 (CH), 127.0 

(CH), 126.0 (CH), 117.3 (CH), 113.4 (CH), 53.6 (CH) 25.1 (CH3). 

HRMS (ESI): calcd for C14H15N [M+H]+: 198.1277; found: 198.1277. 

The NMR data are in accordance with those reported in the literature. [219] 

N-(1-(4-Chlorophenyl)ethyl)aniline (rac-146): 

Using GP14, 96 (600 mg, 2.61 mmol, 1.0 equiv.) was dissolved in 5 mL 

MeOH and NaBH4 (108 mg, 2.87 mmol, 1.1 equiv.) was added at 0 °C. The 

solution was stirred at room temperature for 48 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 10/1 with NEt3), 

rac-146 (458 mg, 1.98 mmol, 75%) was obtained as a yellow liquid. 

Rf: 0.42 (n-Hex/EtOAc = 10/1 with NEt3). 

Chiral-HPLC: 

 

 

 

 
1H NMR (400 MHz, CDCl3): δ/ppm = 7.30 – 7.23 (m, 4H), 7.08 (ddd, J = 8.4, 7.3, 1.2 Hz, 2H), 

6.65 (td, J = 7.3, 1.2 Hz, 1H), 6.46 (dt, J = 8.6, 1.2 Hz, 2H), 4.42 (q, J = 6.7 Hz, 1H), 3.92 (bs, 

1H), 1.46 (d, J = 6.7 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 147.1 (C), 143.9 (C), 132.5 (C), 129.2 (CH), 128.9 

(CH), 127.3 (CH), 53.1 (CH2), 25.1 (CH3). 

HRMS (ESI): calcd for C14H14ClN [M+H]+: 232.0887; found: 232.0890. 

Column:  Chiralpak IA 

Flow Rate: 1.2 mL min-1 
Run Time: 20 min 
Mobile Phase: 85% n-Hex. 15% TBME  

Wavelength: 260 nm 

Retention time: (R) = 5.02 min 

 (S) = 5.52 min 
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The NMR data are in accordance with those reported in the literature.[220] 

4-Methoxy-N-(1-phenylethyl)aniline (rac-147): 

Using GP14, 97 (500 mg, 2.22 mmol, 1.0 equiv.) was dissolved in 6 mL 

MeOH and NaBH4 (125 mg, 3.33 mmol, 1.5 equiv.) was added at 0 °C. 

The solution was stirred at room temperature for 24 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 10/1 with 

NEt3), rac-147 (367 mg, 1.61 mmol, 72%) was obtained as a colorless 

liquid. 

Rf: 0.37 (n-Hex/EtOAc = 10/1 with NEt3). 

Chiral-HPLC: 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.43 – 7.38 (m, 2H), 7.35 (dd, J = 8.5, 6.7 Hz, 2H), 7.29 – 

7.23 (m, 1H), 6.75 – 6.70 (m, 2H), 6.53 – 6.49 (m, 2H), 4.45 (q, J = 6.7 Hz, 1H) 3.73 (s, 3H), 1.54 

(d, J = 6.7 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 152.0 (C), 145.6 (C), 141.7 (C), 128.7 (CH), 126.9 

(CH), 126.0 (CH), 114.9 (CH), 114.7 (CH), 55.9 (CH2), 54.4 (CH3), 25.2 (CH3). 

HRMS (ESI): calcd for C15H17NO [M+H]+: 228.1382; found: 228.1384. 

The NMR data are in accordance with those reported in the literature. [219] 

 

 

 

Column:  Chiralpak IA 

Flow Rate: 1.0 mL min-1 
Run Time: 20 min 
Mobile Phase: 95% n-Hex. 5% EtOAc, 

0.1% NEt3 

Wavelength: 270 nm 

Retention time: (R) = 6.30 min 

 (S) = 6.95 min 
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N-(1-Phenylpropyl)aniline (rac-34b): 

Using GP14, 32b (500 mg, 2.39 mmol, 1.0 equiv.) was dissolved in 6 mL 

MeOH and NaBH4 (135 mg, 3.33 mmol, 1.5 equiv.) was added at 0 °C. The 

solution was stirred at room temperature for 20 h. After work up and purification 

via column chromatography (n-Hex/EtOAc = 3/1 with NEt3), rac-34b (477 mg, 

2.26 mmol, 94%) was obtained as a colorless liquid. 

Rf: 0.21 (n-Hex/EtOAc = 3/1 with NEt3). 

Chiral-HPLC: 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.31 – 7.26 (m, 4H), 7.24 – 7.18 (m, 1H), 7.07 (tq, J = 7.2, 

1.2 Hz, 2H), 6.62 (tt, J = 7.3, 1.2 Hz, 1H), 6.54 – 6.48 (m, 2H), 4.22 (t, J = 6.7 Hz, 1H), 1.82 (dq, 

J = 13.2, 6.7 Hz, 2H), 0.95 (t, J = 7.4 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 147.6 (C), 144.0 (C), 129.2 (CH), 128.6 (CH), 127.0 

(CH), 126.6 (CH), 117.2 (CH), 113.4 (CH), 59.9 (CH), 31.7 (CH2) 10.97 (CH3). 

HRMS (ESI): calcd for C15H17N [M+H]+: 212.1433; found: 212.1435. 

The NMR data are in accordance with those reported in the literature.[221] 

N-Benzyl-1-phenylethanamine (rac-148): 

Using GP14, 95 (600mg, 2.87 mmol, 1.0 equiv.) was dissolved in 8 mL 

MeOH and NaBH4 (162 mg, 4.30 mmol, 1.5 equiv.) was added at 0 °C. The 

solution was stirred at room temperature for 24 h. After work up and 

purification via column chromatography (n-Hex/EtOAc = 9/1 with NEt3), 

rac-148 (493 mg, 2.33 mmol, 81%) was obtained as a colorless liquid. 

Column:  Chiralpak IB 

Flow Rate: 1.2 mL min-1 
Run Time: 20 min 
Mobile Phase: 88% n-Hex. 10% TBME, 

2% IPA, 0.1% NEt3 

Wavelength: 270 nm 

Retention time: (R) = 3.71 min 

 (S) = 4.04 min 
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Rf: 0.51 (n-Hex/EtOAc = 5/1 with NEt3).  

Chiral-HPLC: 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.37 – 7.20 (m, 10H), 3.81 (q, J = 11.5, 6.6 Hz, 1H), 3.66 

(d, J = 13.2 Hz, 1H), 3.59 (d, J = 13.2 Hz, 1H), 1.36 (d, J = 6.6 Hz, 3H) 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 145.7 (C), 140.8 (C), 128.6 (CH), 128.5 (CH), 128.3 

(CH), 127.1(CH), 127.0 (CH), 126.8 (CH), 57.6 (CH), 51.8 (CH2) 25.1 (CH3). 

HRMS (ESI): calcd for C15H17N [M+H]+: 212.1433; found: 212.1425. 

The NMR data are in accordance with those reported in the literature.[222] 

6.5.2 Synthesis of Catalyst Precursors 

(S)-2-Amino-3-methyl-1,1-diphenylbutan-1-ol (20): 

Esterification: L-Valine (99) (10.0 g, 85.3 mmol, 1.0 equiv.) was dissolved in 100 

mL MeOH and at 0 °C SOCl2 (25.3 g, 213 mmol, 2.5 equiv.) was added dropwise 

and stirred at room temperature for 24 h. The solvent was removed under reduced 

pressure and the crude was subsequently used in the following procedure without 

doing any further analytics. Grignard Reaction: To a suspension of magnesium (1.30 g, 53.6 mmol, 

3.0 equiv.) in anhydrous THF under Argon a crystal of iodine was added and stirred at room 

temperature for 30 min. Then 5% of the solution of benzylbromide (8.43 g, 53.6 mmol, 3.0 equiv.) 

in THF was added and the reaction mixture was warmed to 50 °C. As soon as the reaction started, 

the remaining solution of benzylbromide was added dropwise to the solution.  The reaction mixture 

was refluxed for 2 h. To the aryl magnesium bromide suspension, a solution of the crude product 

of the esterification (3.00 g, 17.9 mmol, 1.0 equiv.) in THF was added dropwise. The reaction 

mixture was once again refluxed for 1 h then stirred at room temperature for 12 h. At 0 °C, sat. 

NH4Cl was added to quench the reaction and the mixture was extracted three times with Et2O. The 

Column:  Chiralpak IB 

Flow Rate: 1.2 mL min-1 
Run Time: 20 min 
Mobile Phase: 98% n-Hex. 2% IPA, 

0.1% NEt3 

Wavelength: 270 nm 

Retention time: (R) = 3.53 min 

 (S) = 3.68 min 
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combined organic layers were washed with brine and dried over Na2SO4. After removing the 

solvent, the crude product was purified by column chromatography (n‑Hex/EtOAc = 7/3) and 20 

(2.56 g, 10.0 mmol, 56%) was obtained as a colorless powder. 

Rf: 0.32 (n-Hex/EtOAc = 7/3) 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.69 – 7.58 (m, 2H), 7.52 – 7.48 (m, 2H), 7.30 (dt, J = 13.7, 

7.5 Hz 4H) 7.23 – 7.11 (m, 2H), 3.85 (d, J = 2.2 Hz, 1H), 1.81 – 1.69 (m, 1H), 0.91 (dd, J = 16.5, 

6.9 Hz, 6H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 148.1 (C), 145.0 (C), 128.5 (CH), 128.1 (CH), 126.7 

(CH), 126.4 (CH), 126.0 (CH), 125.6 (CH), 79.8 (C), 60.3 (CH), 28.0 (CH), 23.1 (CH3), 16.2 

(CH3). 

HRMS (ESI): calcd for C5H12O [M+Na]+: 256.1695; found: 256.1699. 

The NMR data are in accordance with those reported in the literature.[223]  

6.5.3 Catalytical Reduction Reaction Procedure  

GP15: Catalytic Reduction of imines to amines (Non-Cyclic and Cyclic) 

The amino alcohol (0.04 mmol, 0.1 equiv.) was placed in a Schlenk tube. Anhydrous 

THF (1 mL) and BH3•SMe2 (0.44 mmol, 1.1 equiv.) were added, and the mixture was 

stirred at 50 °C for 1 h. A solution of the corresponding imine (0.40 mmol, 1.0 equiv. in 

0.5 mL THF) was then slowly added at room temperature via a syringe pump over a period of 30 

min, after which the reaction mixture was stirred for an additional 120 min at room temperature. 

To quench the reaction, 0.5 M citric acid (6 mL) was added, and the mixture was extracted three 

times with EtOAc (5 mL). The combined organic layers were washed with brine and dried over 

Na2SO4. After filtration, the solvent was removed under reduced pressure and the crude product 

was analyzed by chiral HPLC analysis. 
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6.6 Part IV 

6.6.1 Synthesis of Starting Materials  

DL-Phenylalanine (rac-38a) and DL-alanine (rac-38b), as well as N-acetyl-DL-valine (rac-41c) and 

N-acetyl-DL-tryptophan (rac-41d), were obtained from commercial suppliers and were used as 

received. 

GP16 Synthesis of Acetylated Starting Material 

The corresponding amino acid (1.0 equiv.) was suspended in methanol, and 

Ac₂O (2.6 equiv.) was added. The reaction mixture was refluxed for the 

appropriate time. After cooling to room temperature, the solvent was removed 

under reduced pressure, and the residue was triturated with EtOAc. 

N-Acetyl-DL-phenylalanine (rac-41a): 

Using GP16, DL-phenylalanine (rac-38a) (3.00 g, 18.1 mmol, 1.0 equiv.), 

methanol (9 mL), and Ac2O (4.82 g, 47.2 mmol, 2.6 equiv.) were heated under 

reflux for 5 h. After workup rac-41a (2.46 g, 11.8 mmol, 65%) was obtained 

as a colorless solid. 	

1H NMR (400 MHz, DMSO-d6): δ/ppm = 12.68 (bs, 1H), 8.19 (d, J = 8.1 Hz, 1H), 7.50 – 6.97 

(m, 5H), 4.41 (ddd, J = 9.6, 8.0, 4.9 Hz, 1H), 3.04 (dd, J = 13.8, 5.0 Hz, 1H), 2.83 (dd, J = 13.8, 

9.6 Hz, 1H), 1.78 (s, 3H). 

13C{1H} NMR (101 MHz, DMSO-d6): δ/ppm = 173.2 (C), 169.2 (C), 137.7 (CH), 129.0 (CH), 

128.2 (CH), 126.4 (CH), 53.5 (CH), 36.8 (CH), 22.3 CH3). 

HRMS (ESI): calcd for C11H13NO3 [M+H]+: 208.0968; found: 208.0972. 

The NMR data are in accordance with those reported in the literature.[113]  

N-Acetyl-DL-alanine (rac-41b): 

Using GP16, DL-alanine (rac-38b) (3.00 g, 33.6 mmol, 1.0 equiv.), methanol 

(12 mL), and Ac2O (8.94 g, 87.5 mmol, 2.6 equiv.) were heated under reflux 

for 6 h. After workup rac-41b (2.70 g, 20.9 mmol, 62%) was obtained as a 

colorless solid. 
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1H NMR (400 MHz, D2O): δ/ppm = 4.31 (q, J = 7.3 Hz, 1H), 1.99 (s, 3H), 1.39 (d, J = 7.4 Hz, 

3H). 

13C{1H} NMR (101 MHz, D2O): δ/ppm = 176.7 (C), 173.9 (C), 48.6 (CH), 21.4 (CH3), 16.0 (CH3). 

HRMS (ESI): calcd for C5H9NO3 [M+H]+: 132.0655; found: 132.0659. 

The NMR data are in accordance with those reported in the literature.[113]  

6.6.2 Synthesis of Racemic Products 

GP17: Synthesis of Racemic Amino Acid Products 

A mixture of the acetylated amino acid (rac-41) (1.0 equiv.), DMAP (5 mol%), 

NEt3 (1.45 equiv.), and Ac2O (2.1 equiv.) was stirred at room temperature for 

the appropriate time. Subsequently, glacial acetic acid (3 mL) was added and 

the reaction mixture was stirred for an additional time. The solvent was then removed and the 

residue was dissolved in saturated aqueous NaHCO3 (5 mL) and extracted with CHCl3 (3 x 10 mL). 

The combined organic phases were washed with 1 M HCl (3 x 10 mL) and brine (10 mL) and dried 

over Na2SO4. Removal of the solvent afforded the crude product, which was purified either by 

recrystallization 

N-(3-Oxo-1-phenylbutan-2-yl)acetamide (rac-40a): 

Using GP17, rac-41a (1.00 g, 4.83 mmol, 1.00 equiv.) was treated with 

DMAP (29.4 mg, 241 µmol, 5 mol%), NEt3 (708 mg, 7.00 mmol, 1.45 equiv.), 

and Ac2O (985 mg, 9.65 mmol, 2.0 equiv.) and stirred at room temperature 

for 40 min. Subsequently, glacial acetic acid was added, and the reaction 

mixture was stirred for an additional 30 min. After workup, the crude product 

was purified by recrystallization (n-Hex/EtOAc = 4:1) to afford rac-40a (726 mg, 3.54 mmol, 

73%) as a colorless solid. 

Rf: 0.35 (EtOAc). 

 

 



 166 

Chiral-HPLC: 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 7.33 – 7.22 (m, 3H), 7.15 – 7.10 (m, 1H), 6.19 (bs, 1H), 

4.87 (td, J = 7.1, 5.8 Hz, 1H), 3.14 (dd, J = 14.0, 6.8 Hz, 1H), 3.04 (dd, J = 14.0, 5.8 Hz, 1H), 2.15 

(s, 1H), 1.98 (s, 1H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 206.4 (C), 169.7 (C), 135.9 (CH), 129.2 (CH), 128.7 

(CH), 127.2 (CH), 59.6 (CH), 37.2 (CH2), 28.2 (CH3), 23.1 (CH3). 

HRMS (ESI): calcd for C12H15NO2 [M+H]+: 206.1175; found: 206.1180. 

The NMR data are in accordance with those reported in the literature.[113]  

N-(3-Oxobutan-2-yl)acetamide (rac-40b): 

Using GP17, rac-41b (1.00 g, 7.63 mmol, 1.00 equiv.) was treated with DMAP 

(46.5 mg, 381 µmol, 5 mol%), NEt3 (1.12 g, 11.0 mmol, 1.45 equiv.), and 

Ac2O (1.56 g, 15.2 mmol, 2.0 equiv.) and stirred at room temperature for 

30 min. Subsequently, glacial acetic acid was added, and the reaction mixture 

was stirred for an additional 45 min. After workup, the crude product was purified by column 

chromatographie (EtOAc) to afford rac-40b (269 mg, 1.47 mmol, 19%) as a colorless oil. 

Rf: 0.15 (EtOAc). 

 

 

 

 

 

Column:  Chiralpak IC 

Flow Rate: 1.0 mL min-1 
Run Time: 25 min 
Mobile Phase: 85% n-Hex. 15% IPA 

Wavelength: 245 nm 

Retention time: (R) = 17.16 min 

 (S) = 21.22 min 
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Chiral-GC: 

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 76.53 (bs, 1H), 4.53 (quint, J = 7.1 Hz, 1H), 2.16 (s, 3H), 

1.96 (s, 3H), 1.31 (d, J = 7.2 Hz, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 207.1 (C), 169.7 (C), 54.6 (CH), 26.5 (CH3), 23.10 

(CH3), 17.42 (CH3). 

HRMS (ESI): calcd for C6H12NO2 [M+H]+: 130.0862; found: 130.0867. 

The NMR data are in accordance with those reported in the literature.[113]  

N-(5-Methyl-2-oxohexan-3-yl)acetamide (rac-40c): 

Using GP17, rac-41c (1.00 g, 5.77 mmol, 1.00 equiv.) was treated with DMAP 

(35.2 mg, 288 µmol, 5 mol%), NEt3 (841 mg, 8.37 mmol,1.45 equiv.), and 

Ac2O (1.18 g, 11.5 mmol, 2.0 equiv.) and stirred at room temperature for 

30 min. Subsequently, glacial acetic acid was added, and the reaction mixture 

was stirred for an additional 30 min. After workup, the crude product was purified by fractional 

distillation under reduced pressure to afford rac-40c (358 mg, 1.95 mmol, 33%) as a colorless oil. 

Rf:  0.30 (EtOAc). 

 

 

 

Column:  β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 100 °C 

Retention time: (R) = 27.03 min 

 (S) = 28.21 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 180 0.0 
20.0 240 3.0 
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Chiral-GC: 

 

 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 6.53 (d, J = 8.0, 1H), 4.55 (ddd, J = 9.7, 7.8, 4.0 Hz, 1H), 

2.13 (s, 3H), 1.94 (s, 3H), 1.67 – 1.56 (m, 1H), 1.56 – 1.47 (m,1H), 1.32 (ddd, J = 14.0, 9.7, 4.5 Hz, 

1H), 0.87 (dd, J = 13.1 Hz, 6.45 Hz, 6H). 

13C {1H} NMR (101 MHz, CDCl3): δ/ppm = 207.8 (C), 170.3 (C), 57.3 (CH), 40.1 (CH2), 27.2 

(CH), 24.9 (CH), 23.2 (CH3), 22.9 (CH3), 21.7 (CH3). 

HRMS (ESI): calcd for C9H17NO2 [M+H]+: 172.1332; found: 172.1334 

The NMR data are in accordance with those reported in the literature.[113]  

N-(1-(1H-Indol-3-yl)-3-oxobutan-2-yl)acetamide (rac-40d): 

Using GP17, rac-41d (1.00 g, 4.06 mmol, 1.0 equiv.) was treated with 

DMAP (24.8 mg, 203 µmol, 5 mol%), NEt3 (595 mg, 5.89 mmol, 

1.45 equiv.), and Ac2O (829 mg, 8.12 mmol, 2.0 equiv.) and stirred at room 

temperature for 30 min. Subsequently, glacial acetic acid was added, and the 

reaction mixture was stirred for an additional 30 min. After workup, the 

crude product was purified by column chromatography (EtOAc) to afford 

rac-40d (391 mg, 1.60 mmol, 39%) as a colorless oil. 

Rf: 0.48 (EtOAc). 

 

 

Column:  β-TBDAc 

T (Injection + Detector): 250 °C 
Flow Rate: 80 mL min-1 
Precolumn pressure: 0.8 bar 

Initial temperature: 100 °C 

Retention time: (R) = 23.04 min 

 (S) = 24.33 min 

Rate 
[°C min-1] 

Temperature 
[°C] 

Time 
[min] 

2.0 180 0.0 
20.0 240 3.0 
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Chiral-HPLC: 

 

 

 

 

1H NMR (400 MHz, CDCl3): δ/ppm = 8.35 (bs, 1H), 7.59 (dt, J = 7.8, 1.0 Hz, 1H), 7.36 (dt, J = 

8.1, 0.9 Hz, 1H), 7.20 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 7.13 (ddd, J = 8.0, 7.0, 1.0 Hz, 1H), 6.32 (d, 

J = 6.32 Hz, 1H), 4.95 (td, J = 6.7, 5.41 Hz, 1H), 3.37 – 3.19 (m, 2H), 2.14 (s, 3H), 1.95 (s, 3H). 

13C{1H} NMR (101 MHz, CDCl3): δ/ppm = 206.9 (C), 170.3 (C), 170.2 (CH), 136.3 (C), 127.7 

(C), 122.7 (CH), 122.5 (CH), 119.9 (CH), 118.7 (CH), 115.5 (CH), 110.1 (C), 59.4 (CH), 28.1 

(CH2), 27.1 (CH3), 23.2 (CH3). 

HRMS (ESI): calcd for C14H16N2O2 [M+H]+: 245.1284; found: 245.1287. 

The NMR data are in accordance with those reported in the literature.[113]  

6.6.3 List of Peptide Catalysts 

Notification 

The catalysts were synthesized by Jan Metzler using a multi-step peptide coupling in solution of 

unmodified and modified amino acids. NMR spectra are not provided. However, all compounds 

except 178 were employed in the highest available purity. 

 

 

 

Boc-Pmh-AGly-Cha-Phe-OMe 113 

Column:  Chiralpak IC 

Flow Rate: 1.2 mL min-1 
Run Time: 20 min 
Mobile Phase: 80% n-Hex. 20% IPA, 

0.15% NEt3 

Wavelength: 280 nm 

Retention time: (R) = 9.77 min 

 (S) = 11.03 min 
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Boc-Pmh-D-AGly-Cha-Phe-OMe 

 

123 

 

 

Boc-Pmh-AGly-Cha-OMe 

 

103 

 

 

Boc-Pmh-AGly-Cha-(p-I)Phe-OMe 

 

149 

 

 

Boc-Pmh-AGly-Cha-(p-F)Phe-OMe  115 



 171 

 

 

Boc-Pmh-AGly-Cha-(p-Me)Phe-OMe  

 

150 

 

 

Boc-Pmh-AGly-Cha-(p-OMe)Phe-OMe  

 

117 

 

 

Boc-Pmh-AGly-(F5)Phe-Phe-OMe 

 

124 

 

 

Boc-Pmh-AGly-Cha-Phe-OPg 151 



 172 

 

 

Boc-Pmh-AGly-Cha-Phe-OBn 

 

116 

 

 

Boc-tBnHis-AGly-Phe-OMe 

 

152 

 

 

Boc-Pmh-AGly-Ala-Phe-OMe 

 

153 

 

 

Boc-Pmh-AGly-Ile-Phe-OMe 154 
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Box-Pmh-AGly-AdAla-Phe-OMe 

 

120 

 

 

Boc-Pmh-AGly-Trp-Phe-OMe 

 

155 

 

 

Boc-Pmh-AGly-Gly-Phe-OMe 

 

118 

 

 

Boc-Pmh-AGly-Val-Phe-OMe 156 
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Boc-D-Pmh-AGly-OMe 

 

157 

 

 

Boc-D-Pmh-AGly-Val-OMe 

 

158 

 

 

Boc-D-Pmh-AGly-Val-Phe-OMe 

 

159 

 

 

Boc-Pmh-AGly-Val-OMe 160 



 175 

 

 

Boc-Pmh-AGly-Cha-Phe-Phe-MeO 

 

119 

 

 

Boc-Leu-AGly-Pmh-OMe 

 

102 

 

 

Boc-D-Phe-Cha-AGly-Pmh-OMe 

 

161 

 

 

Boc-Phe-Cha-AGly-Pmh-OMe 106 
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Boc-(mPh)-Pmh-OMe 

 

162 

 

 

Boc-Pmh-AGly-Cha-Phe-OH 

 

163 

 

 

2-Naph-Pmh-AGly-Cha-OMe 

 

111 

 

 

2-Naph-Pmh-AGly-Cha-Phe-OMe 164 



 177 

 

 

Boc-Cha-AGly-Pmh-OMe 

 

50 

 

 

Boc-Cha-AGly-D-Pmh-OMe 

 

105 

 

 

Boc-Cha-AGly-tauTrtHis-OMe 

 

104 

 

 

Boc-D-Pmh-AGly-Thr-OMe 165 



 178 

 

 

Thiourea-Cha-AGly-Pmh-Ome 

 

107 

 

 

Boc-Pmh-AGly-D-Cha-OMe 

 

125 

 

 

Boc-Pmh-AGly-Thr-OMe 

 

166 

 

 

Boc-Pmh-AGly-Asp(OMe)-Phe-OMe 167 



 179 

 

 

Boc-Pmh-AGly-Pro-OMe 

 

168 

 

 

Boc-Pmh-OMe 

 

169 

 

 

Boc-Pmh-AGly-OMe 

 

170 

 

 

Boc-Pmh-Cha-OMe 171 



 180 

 

 

Boc-Pmh-AGly-2-propanol-2-Me-1-amino 

 

172 

 

 

Boc-AGly-Pmh-OMe 

 

110 

 

 

Boc-Thiazol-AGly-Cha-Phe-OMe 

 

173 

 

 

Boc-Pmh-AGly-Thr(OMe)-OMe 174 



 181 

 

 

Boc-Pmh-AGly-Cha-N(Me)-OMe 

 

114 

 

 

Boc-Pmh-Gab-Cha-Phe-OMe 

 

121 

 

 

Boc-Pmh-A6C6-Cha-Phe-OMe 

 

122 

 

 

Boc-Pmh-AGly-Thr-Phe-OMe 175 



 182 

 

 

Boc-Tic-AGly-Pmh-Ome 

 

176 

 

 

Boc-Thr(OMe)-AGly-Pmh-OMe 

 

108 

 

 

Boc-Tle-AGly-Pmh-OMe 

 

177 

 

 

CF3Ac-Cha-AGly-Pmh-OMe 109 



 183 

 

 

 

Tf-Cha-AGly-Pmh-OMe 178 

 

6.6.4 Remaining Dakin-West reactions 

Heatmap illustrating the complete experimental dataset of the asymmetric Dakin-West reaction, 

mapping the ee across the entire peptide catalyst library. 
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7 Analytical Data 

1-Phenylethanol (rac-14a): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Methyl-2-hydroxy-2-phenylacetate (rac-131): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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3,3-Dimethylbutan-2-ol (rac-23a): 
1H-NMR (400 MHz, CDCl3): 

 

 

13C-NMR (101 MHz, CDCl3): 
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Butan-2-ol (rac-67): 
1H-NMR (400 MHz, CDCl3): 

 

 

13C-NMR (101 MHz, CDCl3): 
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Sec-butyl benzoate (rac-85d): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Hexan-3-ol (rac-132): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Pentan-2-ol (rac-133): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Pentan-2-yl benzoate (rac-134): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 

 

0.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
δ / ppm

3.
07

3.
08

2.
25

1.
06

1.
15

1.
00

1.
98

0.
99

1.
95

102030405060708090100110120130140150160170180
δ / ppm

14
.1

18
.8

20
.2

38
.3

71
.6

12
8.

4
12

9.
6

13
1.

1
13

2.
8

16
6.

3



 192 

Heptan-2-ol (rac-135): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Heptan-2-yl acetate (rac-136): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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1-Cyclohexlethanol (rac-23b): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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1-Cyclohexylethyl acetate (rac-137): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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3-Methylbutan-2-ol (rac-138): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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1-Chloropropan-2-ol (rac-139): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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1-Chloropropan-2-yl acetate (rac-140): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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4-Bromo2,6-di-isopropylbenzenamine (141): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): none 
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1-Bromo-3,5-diisopropylbenzene (142): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Methyl-1-benzylpyrrolidine-2-carboxylate (52): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-dimethylphenyl)methanol (53b): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(3,5-dimethylphenyl)(pyrrolidin-2-yl)methanol (22b): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-diisopropylphenyl)methanol (53c): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(3,5-diisopropylphenyl)(pyrrolidin-2-yl)methanol (22c): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-di-tbuylphenyl)methanol (53d): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(3,5-di-tbutylphenyl)(pyrrolidin-2-yl)methanol (22d): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-dimethyl-4-methoxyphenyl)methanol (53e): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(3,5-dimethyl-4-methoxyphenyl)(pyrrolidin-2-yl)methanol (22e): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(3,5-di-tbutyl-4-methoxyphenyl)(pyrrolidin-2-yl)methanol (53f): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(3,5-di-tbutyl-4-methoxyphenyl)(pyrrolidin-2-yl)methanol (22f): 
1H-NMR (400 MHz, CDCl3):  

 

13C-NMR (101 MHz, CDCl3) 
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(S)-(1-Benzylpyrrolidin-2-yl)dinaphthylmethanol (53g): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Dinaphthalenyl-2-pyrrolidinemethanol (22g): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-(1-Benzylpyrrolidin-2-yl)bis(3,5-diphenyl)methanol (53i): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(3,5- diphenyl)(pyrrolidin-2-yl)methanol (22i): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Sec-butyl 4-nitrobenzoate (rac-85a): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Sec-butyl 3,5-dinitrobenzoate (rac-85b): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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Sec-butyl p-tolylcarbamate (rac-85c): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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N-Benzylbenzamide (143): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 

 

 

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.012.513.0
δ / ppm

2.
06

4.
77

1.
99

0.
96

1.
96

0102030405060708090100110120130140150160170180190200210
δ / ppm

44
.1

12
7.

1
12

7.
5

12
7.

9
12

8.
6

12
8.

7
13

1.
6

13
4.

4
13

8.
3

16
7.

7



 220 

14-(4-Bromophenyl)-14H-dibenzo[a,j]xanthene (69): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 

 

COSY: 
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HSQC: 

 

 

HMBC: 
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1,1’-((4-Bromophenyl)methylene)bis(naphthalen-2-ol) (76): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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COSY: 

 

HSQC: 
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HMBC: 

 

 

6.66.76.86.97.07.17.27.37.47.57.67.77.87.98.08.18.28.3
δ / ppm

80

90

100

110

120

130

140

150

160

170

f1
 (

pp
m

)



 226 

(S)-Methyl-1-(4-methoxybenzyl)pyrrolidine-2-carboxylate (77): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(S)-Bis(4-(14H-dibenzo[a,j]xanthen-14-yl)phenyl)(1-(4-methoxybenzyl)pyrrolidin-2-

yl)methanol (78k): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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COSY: 

 

HSQC: 
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HMBC: 
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(S)-Bis(4-(14H-dibenzo9[a,j]xanthen-14-yl)phenyl)8pyrrolidin-2-yl)methanol (22k) 
1H-NMR (400 MHz, CDCl3):  

 

13C-NMR (101 MHz, CDCl3): 
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N-Phenethylacetamide (89): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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1-Methyl-3,4-dihydroisoquinoline (87): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-N-(1-Phenylethylidene)methanamine (94): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-N-(1-Phenylethylidene)aniline (92):  
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-N-(1-4-Chlorophenyl)ethylidene)aniline (96): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-4-Methoxy-N-(1-phenylethylidene)aniline (97): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-3-Methoxy-N-(1-phenylethylidene)aniline (98): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-N-(1-Phenylpropylidene)aniline (32b): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-1-Phenyl-N-(1-phenylethylidene)methanamine (95): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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(E)-Acetophenone oxime (144): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3): 
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1-Methyl-1,2,3,4-tetrahydroisoquinoline (rac-91): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  
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2-Methylpyrrolidine (rac-90): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  
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N-Methyl-1-phenylethanamine (rac-145): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  
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N-(1-Phenylethyl)aniline (rac-93): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  

 

 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.011.512.0
δ / ppm

3.
00

0.
92

0.
98

1.
92

0.
96

1.
92

0.
98

3.
90

-100102030405060708090100110120130140150160170180190200
δ / ppm

25
.1

53
.6

11
3.

4

11
7.

3

12
6.

0
12

7.
0

12
8.

8
12

9.
2

14
5.

3
14

7.
4



 245 

N-(1-(4-Chlorophenyl)ethyl)aniline (rac-146) 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  
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4-Methoxy-N-(1-phenylethyl)aniline (rac-147): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  
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N-(1-Phenylpropyl)aniline (rac-34b): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  
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N-Benzyl-1-phenylethanamine (rac-148): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  
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(S)-2-Amino-3-methyl-1,1-diphenylbutan-1-ol (20): 
1H-NMR (400 MHz, CDCl3): 

 

13C-NMR (101 MHz, CDCl3):  

 

 

-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.010.511.0
δ / ppm

6.
00

1.
11

0.
93

2.
04

3.
93

1.
80

2.
15

0102030405060708090100110120130140150160170180
δ / ppm

16
.2

23
.1

28
.0

60
.3

79
.8

12
5.

6
12

6.
0

12
6.

4
12

6.
7

12
8.

1
12

8.
5

14
5.

0

14
8.

1



 250 

N-Acetyl-DL-phenylalanine (rac-41a): 
1H-NMR (400 MHz, DMSO-d6):  

 

13C-NMR (101 MHz, DMSO-d6): 
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N-Acetyl-DL-alanine (rac-41b): 
1H-NMR (400 MHz, D2O):  

 

13C-NMR (101 MHz, D2O):  
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N-(3-Oxo-1-phenylbutan-2-yl)acetamide (rac-40a): 
1H-NMR (400 MHz, CDCl3):  

 

13C-NMR (101 MHz, CDCl3):  
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N-(3-Oxobutan-2-yl)acetamide (rac-40b): 
1H-NMR (400 MHz, CDCl3):  

 

13C-NMR (101 MHz, CDCl3):  
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N-(5-Methyl-2-oxohexan-3-yl)acetamide (rac-40c): 
1H-NMR (400 MHz, CDCl3):  

 

13C-NMR (101 MHz, CDCl3):  
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N-(1-(1H-Indol-3-yl)-3-oxobutan-2-yl)acetamide (rac-40d): 
1H-NMR (400 MHz, CDCl3):  

 

13C-NMR (101 MHz, CDCl3): 
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