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Abstract 

In light of the growing awareness for economic and sustainable chemical transformations, the field of 

catalysis is of special interest. Given the high demand for enantiomerically pure products for 

pharmaceutical and agricultural applications, catalytic reactions involving chiral catalysts became 

particularly attractive in the last decades.  

This thesis is dedicated to the synthesis and application of new chiral catalysts for asymmetric 

transformations. In total, four different sub-projects were carried out. 

(1) The first part of this work concentrates on the application of ion-tagged chiral ligands for 

ruthenium-catalyzed asymmetric transfer hydrogenations in aqueous media. The fine tuning 

of the ligand structure together with the choice of anion resulted in water-soluble chiral 

ligands, which showed high catalytic activity and high enantioselectivity under environmentally 

benign, aqueous conditions. 

(2) The second part focuses on the development of a novel strategy for organocatalytic 

asymmetric transfer hydrogenations. The concept of counterion enhanced catalysis relies on 

the ion-pairing of natural L-amino acids as source of chirality with racemic, atropisomeric 

phosphoric acids. These chiral frameworks, in combination with Hanztsch esters as biomimetic 

hydrogen source were found to be a powerful tool for the asymmetric transfer hydrogenation 

of cyclic enones while providing a simpler alternative to current state-of-art catalyst systems. 

(3) The third project concentrates on the synthesis and application of Trost Modular Ligands with 

P,O-binding motif. A small set of easily prepared carbamate-monophosphate ligands was 

applied for asymmetric allylic alkylations using activated allylic electrophiles. High catalytic 

activity and good to excellent enantioselectivity was observed both for the allylation of 

carbonucleophiles and amines. 

(4) The last project focuses on the direct α-allylation of α-branched aldehydes with allylic alcohols. 

The three-component catalyst system comprising of a chiral amine, an atropisomeric 

phosphoric acid and a palladium source enabled the smooth quaternization of aldehydes with 

poorly electrophilic allylic alcohols via Pd/enamine dual activation, yielding high isolated yields 

and excellent enantioselectivity.       
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Kurzfassung 

Angesichts des wachsenden Bewusstseins für wirtschaftliche und nachhaltige chemische 

Umwandlungen ist das Gebiet der Katalyse von besonderem Interesse. Mit der hohen Nachfrage nach 

enantiomerenreinen Produkten für pharmazeutische und landwirtschaftliche Anwendungen wurden 

katalytische Reaktionen mit chiralen Katalysatoren in den letzten Jahrzehnten besonders attraktiv. 

Diese Arbeit befasst sich mit der Synthese und Anwendung neuer chiraler Katalysatoren für 

asymmetrische Transformationen. Insgesamt wurden vier verschiedene Teilprojekte durchgeführt. 

(1)  Der erste Teil dieser Arbeit konzentriert sich auf die Anwendung von ionisch modifizierten 

chiralen Liganden für Ruthenium-katalysierte asymmetrische Transferhydrierungen in 

wässrigen Medien. Die Feinabstimmung der Ligandenstruktur zusammen mit der Wahl des 

Anions führte zu wasserlöslichen chiralen Liganden, die unter umweltfreundlichen, wässrigen 

Bedingungen eine hohe katalytische Aktivität und eine hohe Enantioselektivität zeigten. 

(2)  Der zweite Teil befasst sich mit der Entwicklung einer neuen Strategie für organokatalytische 

asymmetrische Transferhydrierungen. Das Konzept der gegenionenverstärkten Katalyse 

beruht auf der Ionenpaarung natürlicher L-Aminosäuren als Quelle der Chiralität mit 

racemischen atropisomeren Phosphorsäuren. Diese chiralen Gerüste erwiesen sich in 

Kombination mit Hanztschestern als biomimetische Wasserstoffquelle als leistungsstarkes 

Werkzeug für die asymmetrische Transferhydrierung cyclischer Enone und bieten gleichzeitig 

eine einfachere Alternative zu aktuellen Katalysatorsystemen. 

(3)  Das dritte Projekt konzentriert sich auf die Synthese und Anwendung von modularen Trost- 

Liganden mit P,O-Bindungsmotiv. Ein kleines Set einfach hergestellter Carbamat-

Monophosphat-Liganden wurde für asymmetrische allylische Alkylierung unter Verwendung 

aktivierter Allylelektrophilen angewendet. Eine hohe katalytische Aktivität und eine gute bis 

ausgezeichnete Enantioselektivität wurden sowohl für die Allylierung von Carbonucleophilen 

als auch von Aminen beobachtet. 

(4)  Das letzte Projekt konzentriert sich auf die direkte α-Allylierung von α-verzweigten Aldehyden 

mit Allylalkoholen. Das katalytische Drei-Komponenten-System bestehend aus einem chiralen 

Amin, einer atropisomeren Phosphorsäure und einer Palladiumquelle ermöglichte die 

reibungslose Quaternisierung von Aldehyden mit schwach elektrophilen Allylalkoholen über 

Pd/Enamin-Doppelaktivierung, was zu hohen isolierten Ausbeuten und ausgezeichneter 

Enantioselektivität führte. 
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1. Introduction 

1.1 Chirality and its importance in our life 

Chirality plays an overwhelming role in nature. At the molecular level our life is highly asymmetric as 

all living organisms are composed of chiral biomolecules like proteins, nucleic acids and 

polysaccharides.  

Driven by the pharmaceutical and agricultural industries, the demand for chiral compounds has sharply 

increased in the last decades. Despite the highly increasing number of chiral pharmaceuticals, the 

importance of single enantiomeric products was recognized only in the late 1950s, as the incautious  

usage of Thalidomide resulted in devastating effects.1 Since then scientists are aware that living 

organisms can show drastically different biological response to enantiomers of chiral drugs. With more 

than 80% of the pharmaceutical drugs being chiral and more than 50% of these being sold in 

enantiomerically pure form, chirality is still one of the major concerns in modern pharmaceutical 

chemistry.2 

The introduction of chirality into a molecule can be achieved by three main methodologies: (I) by using 

a chiral staring material, (II) by the resolution of racemic products and (III) by asymmetric synthesis. A 

general overview of the different pathways is depicted in Figure 1.  

 

Figure 1. Different methods to introduce chirality.  

Among all these methods, the field of asymmetric catalysis (Figure 1, green pathway) is of particular 

interest. As each molecule of the chiral catalyst can yield many molecules of chiral product by means 
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of continuous regeneration, this strategy is the most atom-efficient and therefore it is the most 

suitable to agree with the Green Chemistry Principles.3       

1.2 Asymmetric catalysis 

Covalent or non-covalent interaction(s) between a chiral catalyst and an achiral (or chiral racemic) 

substrate leads to the formation of substrate-catalyst complexes (Scheme 1).  

 

Scheme 1. Covalent and non-covalent activation of different substrates on the example of different organocatalysts. 

Since such complexes as well as their transition states are in diastereomeric relation; they differ in 

activation energy, which results in asymmetric induction. The relationship between the competing 

diastereomeric transition states and the enantioselectivity can be therefore described by normal 

Boltzmann-distributions as depicted on Figure 2.  

 

 

 

 

 

 

Figure 2. Relationship between reaction kinetics and enantioselectivity by using a chiral catalyst. ΔG‡ represents the energy 

difference of the diastereomeric transition states.4 

𝑒𝑒 (%) =   1 − 𝑒 −𝛥𝐺‡𝑅𝑇1 + 𝑒 −𝛥𝐺‡𝑅𝑇 ∙ 100 
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1.3 Transition-metal-catalyzed asymmetric hydrogenations 

The hydrogenation of unsaturated compounds is one of the most fundamental transformations in 

organic chemistry.  

As a pioneer on this field, in 1966 Sir Geoffrey Wilkinson reported that [RhCl(PPh3)3] can be successfully 

used for the hydrogenation of unhindered primary alkenes under relatively mild conditions.5 The 

initially rather limited substate scope was extended to tri-and tetrasubstituted alkenes by the 

subsequent work of Crabtree in 1979 (Figure 3).6 

 

Figure 3. Wilkinson-hydrogenation of unhindered olefins with [RhCl(PPh3)3] (left) and its extension by the Ir-based 

Crabtree’s catalyst (right). 

By replacing the PPh3 units of the Wilkinson catalyst with P-chiral monodentate ligands, Knowles 

discovered the ligand (S,S)-DIPAMP, which was proven to be very efficient for the hydrogenation of 

enamides, and later resulted in the first synthetic route for the asymmetric synthesis of L-DOPA, an 

anti-Parkinson drug (Scheme 2).7    

 

Scheme 2. The first highly asymmetric synthesis of L-DOPA. 
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The discovery of chiral ruthenium-based catalysts could significantly expand the scope of asymmetric 

hydrogenations. Noyori and co-workers reported that [Ru(OAc)2(S-BINAP)] can be successfully used for 

the asymmetric hydrogenation of acrylic acids. This method could be later used for the 

enantioselective synthesis of the anti-inflammatory drug (S)-Naproxen (Scheme 3).8   

 

Scheme 3. Enantioselective synthesis of Naproxen. 

While the aforementioned catalyst system was limited to the reduction of olefins, the use of [RuX2((S)-

BINAP)] provided a powerful alternative for the asymmetric hydrogenation of various β-keto ester 

derivatives.9 Later on, this method could be used for the stereoselective total synthesis of different 

carbapenem antibiotics (Scheme 4).10  

 

Scheme 4. Enantioselective hydrogenation of β-keto esters (top) and its use for the synthesis of Carbapenems (bottom). 

As another milestone in the field of asymmetric hydrogenation, the discovery of diamine-containing 

catalysts allowed to further expand the reaction scope to unfunctionalized ketone substates as well. 

By using either BINAP-ethylenediamine or BINAP-DPEN ligands, a wide range of aromatic and aliphatic 

ketones could be reduced with excellent enantioselectivity (Scheme 5).11 

 

 

 

 

Scheme 5. Asymmetric hydrogenation of unfunctionalized ketones with diamine-containing ligands.  
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1.4 Transition-metal-catalyzed asymmetric transfer hydrogenations 

Even though gaseous hydrogen is a cheap and easily accessible reagent, its handling is accompanied 

with major drawbacks: it is explosive and its use requires pressurized reaction conditions. 

Transfer hydrogenation (TH) can be defined as the reduction of multiple bonds with the aid of a 

hydrogen source other than H2 in the presence of a catalyst.12 Given the above-mentioned issues 

associated with the use of molecular hydrogen, transfer hydrogenation provides an attractive 

alternative: the use of inexpensive and non-hazardous molecules as hydrogen source results in 

operational simplicity and safety. Moreover, such reactions are generally carried out at ambient 

temperatures and atmospheric pressure, so no special equipment is required.  

Based on the type of hydrogen-transfer, two mechanisms were proposed, as depicted on Scheme 6.  

(a) Direct transfer of hydrogen via a concerted pathway trough a six-membered cyclic transition 

state. This mechanism is very similar to the one proposed for the Meerwein-Ponndorf-Verley 

reduction in 1925 (Scheme 6, a).13   

(b) Reduction via hydridic route: A stepwise procedure, in which at first the metal catalyst I reacts 

with the hydrogen source resulting in the catalytically active metal-hydride II, which is followed 

by the hydride transfer between II and the hydrogen acceptor (Scheme 6, b). Most of the 

transition-metal-catalyzed TH reactions follow this pathway.  

 

 

Scheme 6. Mechanism of a transfer hydrogenation. a) Transition state for the reduction via direct hydrogen transfer. b) 

Reduction via hydridic route.  

In 1980, the first asymmetric transfer hydrogenation was reported by Menchi et al., as they achieved 

very moderate enantioselectivity (<10% ee) by using H4Ru4(CO)8[(-)-DIOP]2.14 With the breakthrough 

from the Noyori group from 199515, the field of asymmetric transfer hydrogenation (ATH) got 

tremendous attention.16 Apart from the first established transition-metal-catalyzed ATH, several 

advances were reported for organo−and biocatalytic ATH reactions as well.  
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Complexes of late transition-metal elements like Ru, Rh and Ir with ligands featuring nitrogen, oxygen, 

phosphorous and sulphur heteroatoms are extensively used for ATH reactions. In this chapter, the 

effect of ligands, hydrogen donors, and reaction media will be discussed.  

1.4.1 Ligand types 

For the purpose of asymmetric transfer hydrogenation, various bidentate ligands like diphosphines (I-

III),17,18 bipyridines (IV),19 oxazolines (V-VI),20,21 β-amino alcohols (VII-VIII),22,23 diamines (IX-X),24,25 but 

also tri-and tetradentate ligand systems (XI-XII) were developed (Figure 4).26,27 

 

Figure 4. Different ligands for asymmetric transfer hydrogenation and their selectivity in the ATH of acetophenone.  

Among all of those ligands, the Noyori-Ikariya catalyst (Figure 5) and its various modifications 

employing diamines like X became particularly popular. Because of their wide-range pH-stability, they 

are compatible not just with isopropanol, but also with formic acid-triethylamine hydrogen source, 

which made them suitable for both the ATH of ketones and imines. The unique enantioselectivity of 

such ligands originated from several factors. The attractive interactions 

between the spectator ligand and the π-cloud of the substrate, the SO2-π 

repulsive forces between the substrate and the tosyl group, and the 

activation of the substrate via N-H···O hydrogen bonding (NH-effect) play 

a synergistic role, resulting in exceptional enantioselectivity.  

 

Figure 5. The Noyori-type  
TsDPEN ligand. 
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1.4.2 Hydrogen sources 

Secondary alcohols, especially isopropanol in the presence of an additional inorganic base, are 

frequently used as hydrogen source for ATH reactions. Even though it provides a cheap and 

straightforward method, its reactivity is hampered by the isopropanol/acetone equilibrium, as the 

oxidation of the hydrogen donor results in the formation of acetone, which might act as competitive 

substrate for the reduction.  

In order to overcome this problem, the mixture of formic acid and triethylamine (generally as a 5/2 

azeotrope) can be used. As the dehydrogenation of the reagent result in the formation of CO2, this is 

an irreversible process. However, the stability of the ligand should be taken into account because of 

the acidic environment. 

Apart from these alternatives, salts of formic acid like sodium formate became also quite popular as 

cheap, non-toxic and easily accessible H2-sources. Just like the mixture of formic acid and 

triethylamine, it also renders the ATH reaction irreversible. As it provides slightly basic conditions, its 

use can also solve the previously mentioned ligand-stability issues. Moreover, sodium formate as a 

water-soluble hydrogen source makes aqueous ATH reactions easily feasible.  

1.4.3 Alternative solvents for asymmetric transfer hydrogenations – Towards ATH in 

aqueous media 

Asymmetric transfer hydrogenations are generally carried out either in classical organic solvents or in 

the excess of reagent as reaction media (in subtantia reaction), which results in additional waste 

formation. The possible reduction of waste-generation and the use of innocuous solvents are amongst 

the main goals of green and sustainable chemistry. The use of water has clear environmental and 

economic benefits as it is a cheap, non-toxic and easily accessible solvent.  

Apart from the above-mentioned advantages, water also enables the use of sodium formate as benign 

hydrogen source. As the majority of substrates and products are water-insoluble, its use leads to a 

liquid-liquid biphasic catalytic system facilitating product separation, catalyst immobilization and 

catalyst recycling (Figure 6).  

Eventually, water can also lead to a dramatic reaction rate increase for ATH reactions: because its high 

polarity and tendency for hydrogen-bond formation it can stabilize both ionic intermediates and 

transition states and facilitate the formation of the active catalyst, resulting in higher catalytic 

activities.28 Furthermore, the strong hydrogen-bond network can further increase the energy 

difference between the respective diastereomeric transition states, which leads to a higher 

enantioselectivity.29      
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Figure 6. Concept of liquid-liquid biphasic catalysis for asymmetric transfer hydrogenation. 

Over the last two decades, several different approaches have been established aiming to enhance the 

water-solubility of the TsDPEN ligand, thus making it suitable for aqueous ATH reactions. One common 

way to achieve this is by anchoring the ligand with polyethylene glycol units which results in improved 

water-solubility, albeit requires significant synthetic efforts.30 The formation of sulphonate salts via 

aromatic sulphonation also leads to better solubility behavior; however, regioselectivity issues upon 

ligand synthesis should be taken into account.31 The polarity of the ligand can be also increased by the 

introduction of cationic groups. Such methods implementing alkylammonium or imidazolium units 

generally require less synthetic effort, meanwhile allowing a careful fine-tuning of the catalytic 

properties by the choice of cation, counterion or chain-length.32,33 Eventually, the introduction of 

cationic groups with long alkyl chains can also lead to the formation of metallomicelles, providing a 

good alternative for the ATH reaction of more challenging aliphatic substrates.34 Alternatively, a better 

water-solubility can be rationalized by the addition of external surfactants or by using inherently 

water-soluble chiral ligands such as Ru-CsDPEN or Ir-CsDPEN.35,36 A brief overview of the different 

hydrophilic modifications is shown in Figure 7.     

  

 

cat. 

Organic phase 

Aq. phase 
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Figure 7. Hydrophilic modification of DPEN-ligands for aqueous ATH reactions. 

1.5 Organocatalysis  

Parallel to transition-metal catalysis, organocatalysis became particularly popular in the last twenty 

years. The term itself was first coined by MacMillan in 2000. Organocatalysis refers to a catalytic 

reaction, in which the rate of reaction is accelerated by using small organic molecules composing of 

carbon, hydrogen, oxygen, nitrogen, sulphur, phosphorous and other non-metallic elements. As no 

expensive and/or toxic metals are required and such catalysts generally do not show air or moisture 

sensitivity, organocatalysis is certainly superior over transition-metal catalysis in several aspects; 

however, its disadvantages like the significantly higher catalyst loadings and the more limited substrate 

scope should be also taken into account. 

Many different activation modes exist for the interplay of the organocatalyst and the substrate. In 

general, we can distinguish two main sub-groups. In case of covalent activation, the catalyst binds 

covalently on the substrate for activation and asymmetric induction, while the non-covalent activation 

PEG-supported water-soluble 
ligands  

Sulphonated hydrophilic 
ligands 

Alkylammonium-modified ligands 
(micellar catalysis with long alkyl chain) 

 

 Imidazolium-based ligands 

Inherently water-soluble ligands 
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results in only secondary bonding between the substrate and the chiral catalyst. An overview of the 

activation modes is depicted on Figure 8. 

 

Figure 8. Different activation modes in organocatalysis.  

1.5.1 Iminium and enamine catalysis 

Iminium catalysis is widely used for the activation of α,β-unsaturated carbonyl compounds. The 

reversible condensation of a chiral amine and the substrate results in the formation of iminium ions. 

Similar to Lewis-acid activation the energy of the Lowest Unoccupied Molecular Orbital (LUMO) is 

significantly lowered, resulting in an enhanced electrophilicity which means that the iminium can be 

readily quenched by nucleophiles (Figure 9).  

 

 

 

 

 

 

 

 

 

Figure 9. Iminium-catalyzed conjugate addition with a malonate nucleophile. 
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Generally, along with the aminocatalyst, an equimolar amount of acid co-catalyst is also required. This 

facilitates both the iminium formation and the hydrolysis; therefore, it is crucial for high catalytic 

activity.  

The activation of aldehydes or ketones as enamines results in an increased Highest Occupied Molecular 

Orbital (HOMO) compared to that for the substrate, thus it can easily react with the LUMO of an 

electrophile (Figure 10).  

  

 

 

 

 

 

 

 

 

 

 

Figure 10. Enamine-catalyzed amination of ketones with DEAD. 

The stereochemistry of an iminium or enamine-catalyzed reaction can be achieved either via directing 

or blocking groups on the amine. “Type A” amines featuring internal hydrogen donors orient the attack 

of the nucleophile or electrophile via hydrogen-bonding. On the other hand, “type B” amines with non-

protic bulky group can efficiently block one side of the enamine or iminium, resulting in increased 

stereocontrol. Representative examples for both types and their mechanism of action are shown in 

Figure 11 and Figure 12, respectively.     

 

 

 

 

Figure 11. “Type A” and “Type B” aminocatalysts for iminium and enamine catalysis. 
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Figure 12. Controlling enantioselectivity with “Type A” and “Type B” amines (only enamine catalysis depicted). 

Typical iminium catalyzed reactions are conjugate additions with malonates, cycloadditions, Friedel-

Crafts reactions and transfer hydrogenations, while enamine catalysis was found to be a crucial tool 

for Aldol-condensations, α-functionalizations, Mannich-reactions and conjugate addition of 

nitroalkanes. A range of transformations enabled via iminium and enamine catalysis is shown in Figure 

13.  

 

Figure 13. Typical transformations involving iminium (left) and enamine (right) catalysis. 
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1.5.2 Organocatalytic asymmetric transfer hydrogenation 

Inspired by natural oxidoreductases like NADH, the introduction of 1,4-dihydropyridines (Hantzsch 

esters, HEs) as biomimetic hydrogen sources opened the era of organocatalytic asymmetric transfer 

hydrogenations. As neither gaseous H2, nor expensive and/or toxic metal sources are required, such 

asymmetric transformations show great air and moisture tolerance which results in operetional safety 

and simplicity. In these transformations, the aromatization of such dihydropyridines as driving force 

facilitate the hydride donation, as depicted in Scheme 7.  

 

 Scheme 7. The aromatization of Hantzsch ester as driving force for hydride-donation.  

Apart from acting as hydrogen source, structural modification of the Hantzsch esters also allows a fine 

tuning of the overall catalytic activity and selectivity. 

1.5.2.1 Iminium-catalyzed organocatalytic ATH reactions 

In 2005, the groups of MacMillan and List independently reported the use of chiral imidazolidinones – 

later also known as the MacMillan catalysts – for the asymmetric transfer hydrogenation of enals. 

While both methods provided the optically active aldehyde product with >90% ee, the method of 

MacMillan (B) has the additional benefit of simpler catalyst preparation (Scheme 8).37,38 

  

Scheme 8. ATH of enals by List (A) and MacMillan (B). 
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The aforementioned MacMillan-type catalysts; however, were unable to catalyze the ATH of ketones. 

After careful catalyst optimization, a second-generation imidazolidinone bearing a furyl substituent 

was found to be suitable to expand the reaction scope towards ketones when using a rather high 

catalyst loading. A modified Hantzsch ester featuring tert-butylester units was also necessary to 

achieve high yields and enantioselectivity (Scheme 9).39    

 

Scheme 9. ATH of cyclic enones with a second-generation MacMillan catalyst. 

1.5.2.2 Chiral thioureas for ATH reactions 

Chiral thioureas are widely used for the activation of nitroolefins in asymmetric catalysis. Among 

others, the Jacobsen-type thioureas in the presence of Hantzsch esters were proven to be efficient for 

the ATH reaction of various nitroolefin substrates, providing a good alternative for the synthesis of 

optically active nitroalkanes and β-amino acid-derivatives (Scheme 10).40,41 

 

Scheme 10. Asymmetric transfer hydrogenation of nitroolefins via chiral thiourea catalysis. 
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1.5.2.3 Chiral phosphoric acids as Brønsted-acids for ATH reactions 

The class of BINOL-derived chiral phosphoric acids (CPA) became one of the most promising tools in 

the field of organocatalysis. Among others, chiral phosphoric acids (CPAs) were found to be suitable 

for various ATH reactions via simple Brønsted-acid catalysis. A series of different chiral phosphoric 

acids have been successfully used for the asymmetric reduction of imines and related compounds by 

using Hantzsch ester as biomimetic hydrogen source. A selection of CPAs and asymmetric transfer 

hydrogenations can be found in Table 1.  

 

Entry Type of substrate Substate Product Reference 

1 acyclic imines 
  

Rueping,42 List43 

2 quinolines 
  

Rueping44 

3 α-iminoesters 
  

Antilla45 

4 enamines 

  
Antilla46 

5 O-hydroxyaryl imines 

  

Wang47 

6 
N,O-acetals 

(as imine precursor) 
  

Zhou48 

7 
aromatic ketones 

(reductive amination)   

MacMillan49 

     

Table 1. A selection of chiral phosphoric acids and their application in organocatalytic ATH reactions as Brønsted-acid. 
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Mechanistic studies proved that the phosphoric acid acts as bifunctional catalyst in such reactions: it 

is simultaneously responsible for the activation of the substrates via simple protonation (LUMO-

lowering for increased electrophilicity) and for the activation of the Hantzsch ester (Figure 14, left). 

However, this general mechanism can be overruled when using substrates bearing protic hydrogen-

containing substituents (Figure 14, middle and right).47        

Figure 14. Bifunctional mechanism for the ATH of imines in general (left) and in the presence of a substrate featuring 

substituents with protic hydrogen (middle and right).40 

1.5.2.4 Chiral phosphoric acids as counteranions – Asymmetric counteranion-directed 

catalysis for ATH reactions 

The concept of Asymmetric Counteranion-Directed Catalysis (ACDC) was coined by the group of List in 

2006. It refers to the induction of enantioselectivity in a reaction proceeding through a cationic 

intermediate by means of tight ion-pairing with an enantiomerically pure counteranion. The ion-

pairing between ammonium cations and chiral phosphate counterions is particularly prominent.50   

The ion-pairing of simple achiral secondary amines like morpholine with the bulky phosphoric acid (R)-

TRIP provided a highly active and enantioselective catalyst for the organocatalytic ATH of aromatic and 

a few aliphatic enals (Scheme 11).51  

 

Scheme 11. Asymmetric transfer hydrogenation of enals via ACDC. 
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As a considerable advantage of ACDC over simple iminium catalysis, the scope could be successfully 

extended toward ketone substrates, as (R)-TRIP together with L-valine tert-butyl ester provided a 

powerful catalyst for the ATH of cyclic enones (Scheme 12).52 

 

Scheme 12. Asymmetric transfer hydrogenation of cyclic enones via ACDC. 

1.5.2.5 Organocatalytic ATH reactions with alternative hydrogen sources 

While Hantzsch dihydropyridines are indeed the most frequently used hydrogen sources for 

organocatalytic ATH reactions, a few alternative methods employing other type of hydrogen donors 

have been developed as well. The group of Akiyama first achieved a CPA-catalyzed asymmetric transfer 

hydrogenation of ketoimines by using benzothiazolines as hydride donors.53 Similarly to Hantzsch 

esters, the aromatization of the reductant as driving force facilitates the hydride donation. As the 

synthesis of the benzothiazolines requires similar reaction conditions to the subsequent ATH reaction, 

it was also possible to prepare the reductant in situ from the corresponding aldehyde and α-

aminothiophenol (Scheme 13).53   

 

Scheme 13. ATH of ketoimines with benzothiazolines. 
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Eventually, frustrated Lewis pairs (FLPs) were also successfully applied for metal-free ATH reactions. In 

such special Lewis acid-base pairs, the large steric hindrance precludes the formation of traditional 

donor-acceptor complexes (Scheme 14, top).54 In 2006 Welch et al. reported a zwitterionic FLP salt, 

featuring a sterically demanding phosphine and borane unit. As it contains both a protic and a hydridic 

hydrogen, it could heterolytically cleave H2, forming phosphino-boranes. Because of the steric 

hindrance, these remains in monomeric form, and can readily take H2 to reform the zwitterionic salt. 

Based on this pioneering work, Stephan and co-workers first achieved the transfer hydrogenation of 

imines relying on the aforementioned zwitterionic FLP system (Scheme 15, bottom).55,56 

 

Scheme 15. H-donation and uptake of FLPs (top) and their first application for transfer hydrogenations (bottom). 

In 2010, the first highly stereoselective FLP-based asymmetric hydrogenation was published by 

Klankermayer; however, a H2-pressure of 25 bar was required to reform the FLP catalyst.57 The 

introduction of chiral phosphoric acids into FLP chemistry also allowed to carry out real transfer 

hydrogenations. For instance, β-enamino esters and ketimines can be efficiently reduced in the 

presence of a CPA-based chiral ammonia borane (Scheme 16). The phosphoric acid acts as a simple 

Brønsted acid to form the reactive species, and it is continuously regenerated with the assistance of 

water and excess of ammonia borane, allowing to lower the CPA loading below 1 mol%.58 

 

Scheme 16. Chiral phosphoric acid-catalyzed, ammonia borane mediated ATH of ketimines and β-enamino esters. 
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1.6 Asymmetric allylic alkylation 

In 1965, J. Tsuji mentioned the first palladium-catalyzed allylic substitution by using stoichiometric 

amount of [Pd(allyl)Cl]2. In 1973, Trost et al. reported first a stoichiometric, and later a catalytic variant 

of such a reaction.59,60 Since then, palladium-catalyzed asymmetric allylic alkylation (AAA) became one 

of the most important tools for the synthesis of optically active allylic compounds, and also plays a key 

role in the synthesis of biologically active allylic molecules.61,62,63 As it requires mild reaction conditions 

– reactions are generally carried out at room temperature and atmospheric pressure – and provides 

operational simplicity, no special equipment is necessary; moreover, AAA shows remarkable functional 

group tolerance and can be performed with various allylic electrophiles and nucleophiles.  

1.6.1 Catalytic cycle 

The generally accepted mechanism of a palladium-catalyzed asymmetric substitution is depicted in 

Figure 15. Coordination (A) of the allylic substrate with the Pd(0) species leads to the formation of a 

η2-complex, which is then followed by oxidative addition/ionization (B) to generate the active η3-π-

allylpalladium intermediate. This soft electrophilic complex can be then attacked by either a soft or a 

hard nucleophile (C). Finally, decomplexation of the previously formed η2-complex leads to the 

substituted allylic product (D).       

 

Figure 15. General mechanism of allylic substitution. 

1.6.2 Nature of the leaving group 

The most frequently applied leaving groups are acetates, carbonates, carbamates and halides, but also 

carboxylates, phosphates and sulfonates were successfully used in allylic substitutions. Given the 

relative stability of the η3-π-allylpalladium species and the reversibility of the oxidative addition, the 
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counteranion (X−) may also act as nucleophile, preventing the formation of the desired product. To 

overcome this problem, the poor nucleophilicity of the leaving group should be taken into account. 

Allylic carbonate substrates can render the oxidative addition irreversible by means of 

decarboxylation, while the alkoxide formed can also help in the deprotonation of the nucleophile 

(Scheme 17).64   

 

Scheme 17. Formation of π-allypalladium alkoxides using allylic carbonate substrates. 

As the introduction of these good leaving groups requires pre-functionalization(s) and results in 

additional waste formation, significant synthetic efforts have been done towards the use of non-

activated allylic substrates. This will be discussed in more details in the chapter 1.6.7.   

1.6.3 Nature of the nucleophile 

The exact mode of attack of nucleophile on the η3-π-allylpalladium intermediate, thus the overall 

stereochemical outcome of an allylic substitution largely depends on the nature of the nucleophile. 

Stabilized or “soft” nucleophiles derived from conjugate acids whose pKa<25 attack directly on the π-

allyl motif via SN2 mechanism. Together with the inversion upon oxidative addition this leads to an 

overall retention in configuration. On the other hand, “hard” or unstabilized nucleophiles as Grignard 

and organozinc reagents attack first on the metal center via transmetallation, followed by reductive 

elimination, resulting in a net configurational inversion (Scheme 18).  

 

Scheme 18. Influence of the nucleophile on the stereochemistry.  

“Soft” nucleophiles like malonates, amines, phthalimides, phenols and sulfonamides were found to be 

particularly well suitable for allylic substitutions, resulting in various C–C, C–N, C–O and C–S bond 

formations.61,65,66 
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1.6.4 Regioselectivity considerations 

Steric effect of substrates 

In order to minimize the steric repulsion between the nucleophile and the η3-π-allylpalladium species, 

the attack of a “soft” nucleophile takes place preferentially on the less substituted side of the allylic 

motif. However – as it was mentioned before – “hard” nucleophiles result in initial transmetallation 

and consequently also lead to the sterically more hindered regioisomer (Scheme 19).67 

 

Scheme 19. Influence of the substrate on the regioselectivity using “soft” and “hard” nucleophiles.  

Electronic effect of substrates 

It was also reported that EWGs generally promote the nucleophilic attack on the distal position in 

relation to the EWG itself, while EDG groups give rise to the substitution on the proximal position 

(Scheme 20).68,69 

 

Scheme 20. Influence of extra functionalities on the regioselectivity. 

1.6.5 Enantioselectivity considerations 

For the majority of asymmetric reactions, enantioselectivity can be realized through the differentiation 

of the enantiotopic π faces of an unsaturated system. Contrarily, several different mechanisms can be 

described for AAA reactions, as each catalytic step – except of the decomplexation – provides an 

opportunity for asymmetric induction.     
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Preferential ionization via enantioselective olefin complexation 

When using a non-symmetrically substituted olefin, the transition-metal complex should differentiate 

between its prochiral faces upon complexation. When one complex leads to a much faster ionization 

than the other and the subsequent nucleophilic attack is faster than the π-σ-π isomerization 

equilibrium, the enantiotopic olefin face complexation is the enantiodiscriminating step (Scheme 21).70   

 

Scheme 21. Metal-olefin complexation as enantiodiscreminating step. 

Enantiotopic ionization of prochiral leaving groups 

In case of the asymmetric allylation of meso or achiral geminal disubstituted allylic substrates, the 

catalyst differentiates between the enantiotopic leaving groups upon ionization. In order to reach high 

enantioselectivity, it is again crucial that the nucleophilic attack takes place much faster than the 

equilibrium between the diastereomeric η3-π-allylpalladium intermediates (Scheme 22).71,72  

 

Scheme 22. Enantiotopic ionization of a meso diester and a geminal diacetate.  

Attack at enantiotopic termini of the allyl complex  

When a chiral allylic substrate generates meso-π-allyl intermediates upon ionization, the two allylic 

termini are enantiotopic and the regioselective addition of the nucleophile is the enantiodiscriminating 

step. A typical example is the AAA reaction of (±)-diphenylallyl-acetate with malonate nucleophiles 

(Scheme 23): nucleophilic attack from either side of the allylic intermediate (depicted with dashed 

arrows) results in the formation of enantiomers.   
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Scheme 23. Enantiotopic differentiation on the allylic termini as source of asymmetric induction. 

Enantioface exchange in the η3-π-allylpalladium complex 

In case the interconversion between the π-allylpalladium intermediates is faster than the nucleophilic 

attack or the initial coordination of the olefin is reversible, the enantioselectivity cannot be determined 

neither by the olefin face coordination, nor by enantiotopic ionization.  

For example, the ionization of the allylic carbonate depicted in Scheme 24 results in two 

diastereomeric complexes which can interconvert via π-σ-π isomerization on the terminal carbon, and 

the reactivity difference between those will determine the degree of asymmetric induction.  

 

Scheme 24. Asymmetric induction via differentiation of the π-allyl intermediates. 

Differentiation of prochiral nucleophile faces 

Enantioselectivity can be realized as well as the π-allyl system differentiates between the prochiral 

faces of the nucleophile. Such way for asymmetric induction is particularly challenging as the 

nucleophile approaches the complex opposite to the chiral ligand. Therefore, it is crucial that the chiral 

ligand must influence the approach of the nucleophile in its chiral environment. Typically, AAA 

reactions involving ketone enolate nucleophiles proceed via this mechanism (Scheme 25).73 

 

Scheme 25. Enantioselective AAA reaction with tetralone nucleophiles. 
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1.6.6 Chiral ligands for asymmetric allylic alkylations 

Because of the strong binding nature of nitrogen and phosphines to palladium, a wide range of ligands 

featuring diamines (I),74 diphosphines (II, VII),75 phosphoramidites (VIII),76,77 bisoxazolines (IV-V)78 and 

unsymmetric oxazolines (VI)79 have been successfully applied in AAA reactions. A brief selection of 

chiral ligands is depicted in Figure 16. 

 

Figure 16. Some privileged ligands for AAA reactions. 

The class of C2-symmetric diamine-based diphosphines are undoubtedly the most successful chiral 

ligands for asymmetric allylic alkylations (Figure 17). Since their development in 1992, the Trost 

Modular Ligands (TMLs), specially the DPPBA-based (DPPBA = 2-(diphenylphosphino)benzoic acid) 

ones are extensively used in this field, as they can be readily synthesized and provide excellent 

enantioselectivity.80   

Figure 17. Typical DPPBA-based chiral ligands. 

The first mechanistic interpretations with such DPPBA-based ligands used the so-called empirical 

cartoon-model. To minimize the steric repulsion upon forming the π-allylpalladium complex, the 

phenyl rings have a propeller-like arrangement. Two phenyl “walls” are perpendicular to the allylic 

plane, while two “flaps” are parallel to it. This generates a defined chiral pocket with two of the 

quadrants being blocked and results in asymmetric induction. For instance, as the leaving group is 

ionized to form the π-allylpalladium complex, it will preferentially depart from “right front quadrant” 
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(pathway B) to minimize steric repulsions. As a consequence, the nucleophile will also attack on the 

same place, determining the enantioselectivity of the reaction. (Figure 18).65    

Figure 18. Simple cartoon-model of DPPBA-based ligands (top right) and a representative way for enantiodiscrimination 

(bottom).65 

Even though this model is widely used to rationalize the way of asymmetric induction in AAA reactions, 

the assumption that only time-averaged monomeric species are present in the reaction mixture is not 

realistic as multiple chelation modes are accessible and the monomeric π-allylpalladium species are in 

equilibrium with oligomeric complexes.81   

1.6.7 Allylic alcohols as electrophiles for allylic alkylations 

The traditional Tsuji-Trost reaction requires an allylic electrophile with a good leaving group. In order 

for the reaction to take place the hydroxyl group of the allylic alcohol is generally converted into an 

ester, carbonate or halide to increase its leaving-group ability. This pre-functionalization; however, 

means an additional reaction step and it also generates extra waste and therefore increasing the 

overall environmental impact of the reaction. In light of the growing importance of economic and 

sustainable processes, the implementation of non-functionalized allylic substrates in allylic alkylations 

is of special interest.      

In order to increase the leaving-group ability of the hydroxyl group without pre-functionalization, it 

should be activated in situ.  

Protic solvents as activators 

Protic solvents, especially water can play a crucial role in the activation of allylic alcohol electrophiles. 

The group of Oshima reported that the extensive hydrogen-bonding between water and the substrates 

plays a significant role in decreasing the activation barrier. Furthermore, excessive hydration of the 

OH-group can trigger the hydroxide elimination, while it also helps to stabilize the hydroxide anion.82 
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Using a water-soluble catalyst a series of 1,3-diketones, β-keto esters and amines could be allylated 

with simple allylic alcohols in a liquid-liquid biphasic system (Scheme 26). 

 

Scheme 26. Water-soluble Pd-complex for allylation of C- and N-nucleophiles with allyl alcohol.  

The same concept was used by Yokoyama et al. for the allylation of α-haloanilines. After the aqueous 

allylation, the intermediate was cyclizes via intramolecular Heck-coupling, providing a straightforward 

synthesis to indoles (Scheme 27).83      

 

Scheme 27. Allylation of anilines with allyl alcohols for the one-pot synthesis of indoles.   

Brønsted-acid activation 

In 2003, Kobayashi reported a procedure for carboxylic acid-assisted direct alkylation of various carbon 

nucleophiles in aqueous media. Even though the reaction was working via simple protic solvent 

activation, they observed dramatic reaction rate acceleration in the presence of carboxylic acids as co-

catalysts (Scheme 28).84  

 

Scheme 28. Carboxylic acid-assisted allylations with allylic alcohols.  
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Recently, Jiang and Xia disclosed a simple, benzoic acid-accelerated AAA reaction of azlactones. The 

reaction provided a rapid excess to all-carbon quaternary allylic amino acids (Scheme 29).85 

 

Scheme 29. carboxylic acid-assisted allylation of azlactones. 

Gong and co-workers used BINOL-derived chiral phosphoramidite ligands together with BINOL-derived 

chiral phosphoric acids for the asymmetric allylic alkylation of pyrazol-5-ones. The chiral phosphoric 

acid plays a dual role in the reaction: it activates the allylic alcohol (A) and it also controls the 

stereochemistry of the intermediate C by means of hydrogen-bonding (Scheme 30).86 

 

Scheme 30. Carboxylic acid-assisted asymmetric allylation of azlactones. 

Lewis-acid activation 

Lewis acid activation, like the use of boron reagents provides another way to activate an allylic alcohol. 

However, because of the strong interactions with the alcohol OH, these reactions initially required 

stoichiometric amount of Lewis acid, which could be only decreased by increasing the amount of 

triphenylphosphine loading. The Tamaru group reported the Et3B-mediated allylation of 

carbonucleophiles. The boron presumably coordinates with the OH oxygen facilitating the oxidative 

addition (Scheme 31).87,88 
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Scheme 31. Et3B-promoted allylic alkylation (top) and its plausible mechanism (bottom). 

The addition of titanium-based Lewis-acids was also found to be a powerful strategy for the in situ 

activation of allylic alcohols, as several studies showed its useful application for the allylation of C- and 

N-nucleophiles by using either stoichiometric or catalytic amount of Ti(OiPr)4, as depicted in Scheme 

32.89, 90  

 

Scheme 32. Ti-mediated allylation of aniline derivatives with allyl alcohol. 

1.6.8 Pd/enamine catalysis 

The idea of merging enamine or iminium activation and transition-metal catalysis led to a new era in 

chemistry, as it could achieve chemical transformations that are not accessible by individual catalysis.  

The combination of an aminocatalyst and a transition-metal catalyst was first achieved by the group 

of Córdova in 2006 as they investigated the direct α-allylation of ketones with activated electrophiles 

via the synergistic use of [Pd(PPh3)4] and pyrrolidine (Scheme 33, top).91 The authors proposed that 

the reaction mechanism comprises two catalytic cycles. The carbonyl compound is activated in situ via 

enamine formation providing a soft nucleophilic species, meanwhile the soft electrophilic 

allylpalladium-π complex is generated in the second catalytic cycle (Scheme 33, bottom).  
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Scheme 33. Pd/enamine catalyzed direct allylation of carbonyls with activated electrophiles. 

Using a similar approach, Saicic et al. reported the enantioselective cyclization of aldehydes via 

intramolecular α-allylation (Scheme 34, top). Importantly, the chirality should be introduced in the Pd-

cycle, as the use of traditional chiral aminocatalysts (e.g. MacMillan catalyst) resulted in either catalyst 

deactivation or in the formation of a racemic product.92 They also demonstrated the synthetic utility 

of such cyclic aldehydes for the stereoselective synthesis of (+)-allokainic acid (Scheme 34, bottom).93    

 

Scheme 34. Cyclization of aldehydes via enantioselective α-allylation (top) and its use for natural product synthesis (bottom). 

While the aforementioned protocols could indeed provide a useful tool for the direct allylation of 

ketones and aldehydes, they necessarily involve a good leaving group. As mentioned before, the use 

of non-functionalized allylic alcohols has both economic and environmental benefits.  

In 2009, the group of Breit first achieved the direct allylation of carbonyl compounds by using simple 

allylic alcohol reagents via Pd/proline dual activation (Scheme 35). For high catalytic activity, a 

phosphine ligand with a large bite angle – Xantphos – was required. The authors claimed that proline 
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acts as a dual activator: it forms the reactive enamine species, meanwhile its carboxyl groups might 

facilitate the leaving of the allylic alcohol hydroxyl and the formation of a tighter ion pair intermediate, 

resulting in higher reaction rates. Even though the authors screened chiral aminocatalysts as well, only 

racemic products could be obtained.94 

  

Scheme 35. Pd/proline dual activation for the direct allylation of ketones with allylic alcohols. 

Addressing the same problem, Huo et al. reported a slightly different approach. Instead of using DL-

proline as additive, they carried out the reactions via Pd/pyrrolidine catalysis in protic solvents 

(Scheme 36). The authors reported that the cleavage of the C-O bond of the allylic alcohols can be 

readily achieved in methanol through the strong hydrogen-bonding with the solvent molecules.95  

 
Scheme 36. Pd/pyrrolidine dual activation in protic solvents. 

The first example for the asymmetric direct allylation of carbonyl compounds with non-activated allylic 

reagents was done by the List group in 2011. High catalytic activity and selectivity was achieved 

through the synergistic action of [Pd(PPh3)4], benzhydryl amine and (S)-TRIP. The high 

enantioselectivity could be rationalized through the formation of a key intermediate involving all three 
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catalyst components. Even though the procedure was excellent for aromatic α-branched aldehydes, 

inferior results were obtained for the quaternization of aliphatic analogues (Scheme 37).96     

 

Scheme 37. List’s strategy for the direct allylation of α-branched aldehydes (top) and the key intermediate of the reaction 

(bottom). 

Recently, the Shibasaki group reported a procedure for the direct α-allylation of ketones with allylic 

alcohols. The chiral bifunctional, phosphine-substituted proline catalyst could enable such 

transformations for the first time; however, only moderate enantioselectivity could be achieved 

(Scheme 38).97 

 

Scheme 38. Direct allylation of ketones with allylic alcohols (top) and its key intermediate (bottom). 
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2. Transition metal-catalyzed asymmetric transfer hydrogenations in 

alternative reaction media 

The asymmetric reduction of prochiral ketones and imines represents a well-established method for 

the synthesis of optically active secondary alcohols and amines. Thanks to its operational simplicity 

and safety, the concept of asymmetric transfer hydrogenation (ATH) represents an attractive tool in 

this field.16 Since the pioneering work of R. Noyori in 1995, ruthenium-complexes featuring 1,2-diamine 

or β-amino alcohol ligands are particularly often used for such transformations.15 While numerous 

elegant methods were reported for highly active and enantioselective ATH reactions; because of the 

poor water-solubility of the ligands, the use of an organic solvent as reaction media was frequently 

required. Apart from being a cheap, abundant and environmentally friendly solvent, water as reaction 

medium can also result in a dramatic increase in reactivity and enantioselectivity for ATH reactions.28,29 

Furthermore; as a practical aspect, it can “immobilize” the complex in the aqueous layer, facilitating 

the product separation and the catalyst reuse. However; in order to make the transition metal complex 

water-soluble and thus suitable for aqueous ATH, an alternative ligand design featuring very polar 

and/or ionic groups is required.  

In this particular chapter, the use of ion-tagged chiral ligands for ruthenium-catalyzed asymmetric 

transfer hydrogenations (ATH) in aqueous media and in thermomorphic microemulsions will be 

presented, respectively. 

1.) The main objective of the first sub-project was the design and the synthesis of a small set of 

DPEN-based chiral ionic ligands by tuning its steric and electronic properties. Eventually, their 

application for the ATH of ketones and imines in aqueous media should be investigated 

(Scheme 39). 

 

Scheme 39. Ion-tagged chiral ligands for aqueous ATH reactions.  
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2.) The goal of the second sub-project was the use of hydrophilic, sulphonated DPEN-ligands for 

the ATH of ketones and imines in thermomorphic ionic liquid-based microemulsions, which 

could potentially offer another alternative for catalyst immobilization (Scheme 40).  

 
Scheme 40. Ionic liquid-based microemulsions for ATH reactions. 
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the adaption of solubility via choice of the anion gave a set of chiral and
water-soluble ligands for use in ruthenium-catalyzed asymmetric transfer
hydrogenations in aqueous medium. Eventually, a pool of aliphatic and
aromatic ketones as well as two imine substrates were reduced with excellent
isolated yields up to 95% and enantioselectivities >90% ee under
environmentally benign conditions in the absence of additional surfactants.

KEYWORDS: Chiral ligands, Transfer hydrogenation, Asymmetric synthesis, Water, Ruthenium

■ INTRODUCTION

Optically active secondary alcohols and amines are important
building blocks and key intermediates for the production of
numerous active compounds for the agricultural and pharma-
ceutical industries.1 The catalytic asymmetric reduction of
prochiral ketones and imines is a versatile and well-established
tool for their preparation, and a variety of catalytic systems have
been investigated to balance conversion, selectivity and atom
efficiency of the reaction.2

In light of the growing awareness for safe and sustainable
strategies, the concept of transfer hydrogenation has received
tremendous attention.3−5 Because of the use of small and
nonhazardous organic molecules as hydrogen donor and the
operational simplicity, asymmetric transfer hydrogenations have
emerged as a particularly powerful methodology and as an
alternative to conventional hydrogenations relying on hydrogen
gas. Apart from well-established hydrogen sources such as
isopropyl alcohol and formic acid-Et3N mixtures, sodium
formate has become a popular hydrogen donor as it is cheap,
nontoxic and easy to handle. Moreover, the evolution of CO2 as
byproduct formed from sodium formate or formic acid-Et3N
mixtures renders the reaction irreversible. As an additional
bonus, sodium formate as water-soluble hydrogen source opens
the possibility to perform the reaction in aqueous medium.6

The use of water instead of conventional organic solvents as
reaction medium is certainly advantageous in terms of a greener
and more sustainable methodology, as it can be considered safe,
economical, nontoxic and benign compared to typical organic
solvents.7−11 It has been already shown that the ATH reaction of

ketones in water proceeds with significantly increased reaction
rates compared with the conventional isopropanol-based
systems.12 This might be attributed to the high inherent
hydrogen bonding ability of water, which stabilizes the transition
state and facilitates the hydride delivery compared to other
solvents. Additionally, water may also lower the activation
energy of the decarboxylation step, thereby increasing the
reaction rates in the catalytic cycle.12 However, it also causes
several challenges, as many transition metal catalysts including
the state-of-the-art Ru(II) catalysts for asymmetric transfer
hydrogenation relying on the 1,2-diphenylethylene diamine
(DPEN) or N-(p-toluenesulfonyl)-1,2-diphenylethylene dia-
mine (TsDPEN) motif have very low solubility in water.13

Hence, synthetic efforts in recent years have been aiming at
modifying well-established ligands and catalysts toward water-
soluble analogues to improve catalyst solubility and facilitate
product separation. One common approach to overcome the
limited water solubility of many ligands relies on the
introduction of hydrophilic groups such as polyethylene glycol
chains, although considerable synthetic effort is often required
to obtain these modified ligands.14,15 Alternatively, sulfonation
of typical arene ligands is employed to form water-soluble
sodium sulfonate salts, a strategy which has been applied in
several industrially relevant processes such as the Rhône-
Poulenc Ruhrchemie process for hydroformylation in aqueous
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biphasic medium.16,17 This strategy was also used to improve
water solubility of TsDPEN-based ligands, although harsh
reagents were required for sulfonation resulting in mixtures of
ortho, meta or para-sulfonated ligands that must be separated in
tedious chromatographic procedures before use.18

The implementation of cationic groups inspired by ionic
liquids based on ammonium, imidazolium or pyridinium cations
has the advantage of facile ligand modification. The variation of
alkyl chain length or counterion allows to fine-tune properties to
the given reaction conditions while simultaneously solubilizing
the ligand in polar reaction media such as water or ionic
liquids.19−21 Several studies reported increased water solubility
of the TsDPEN structural motif after functionalization with
cationic groups, including modification with heterocyclic or
trialkylammonium cations.22,23 This approach, featuring cati-
onic surfactant-type catalysts, becomes especially attractive
concerning the enantioselective transfer hydrogenation of
aliphatic ketones, which has been challenging, with only few
successful examples in the literature.24 Inspired by these works
and based on the results previously obtained with amino alcohol
based chiral ionic ligand structures in our group, we herein
report the extension of this modular ligand design to diamine
based scaffolds (Figure 1).25

Because of their coordinating nature, chiral ionic liquids with
N,O substructure as shown in Figure 1 (bottom) were
successfully applied in the asymmetric alkylation of aldehydes
in biphasic conditions.26 Moreover, as a result of their tunable
structure and adaptable solubility, the hydrophilic bromide was
applied in Ruthenium-catalyzed asymmetric transfer hydro-
genations of aromatic ketones under aqueous conditions.25,26

However, the observed enantioselectivities were limited to
<70% ee, indicating that the amino alcohol backbone is
inefficient and that further optimization is required for a truly
enantioselective transfer hydrogenation with a broader substrate
scope.

Herein, we expand our concept toward the design of chiral
ion-tagged ligands with carbamate substructure and variable
alkyl chain length. Through the careful optimization of
electronic and steric properties of the cationic core structure
in combination with tunable solubility resulting from the choice
of a suitable counterion, these novel ligands could be
successfully applied for highly asymmetric transfer hydro-
genations of ketones and imines under aqueous conditions.

■ RESULTS AND DISCUSSION

In our previous work on the design of chiral ionic liquids, we
developed a straightforward synthesis for coordinating chiral

Figure 1. Lead structure of coordinating chiral ionic liquids as key motif for ion-tagged carbamate ligands and their use in asymmetric transfer
hydrogenations in water.

Scheme 1. Route for the Synthesis of Ion-Tagged Chiral Carbamate Ligands on the Example of Pyridinium Bromide 3
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ionic liquids with N,O structural motif based on commercially
available and chiral-pool derived amino alcohols (Figure 1). A
key step in the synthesis is the formation and selective alkylation
of a N,N,O-tridentate ligand, resulting in the formation of chiral
ionic liquids with pyridinium headgroup and amino alcohol core
structure.27 This protocol was adapted toward the design of ion-
tagged carbamate ligands with (R,R)-diphenylethylenediamine
(R,R-DPEN), a common structural element in many ATH
ligands, as core structure (Scheme 1).

After monoprotection of (R,R)-diphenylethylenediamine
with (Boc)2O, the intermediate carbamate was reacted with
pyridine-2-carbaldehyde in the presence of activated molecular
sieve, and it was subsequently reduced with sodium borohydride
to obtain tridentate ligand 2. As already established in previous
papers, careful alkylation with 4-bromobutane at 50 °C resulted
in the selective alkylation of the pyridine headgroup and
provided the desired hydrophilic ion-tagged chiral ligand 3 in
three steps with good overall yield (Scheme 1).

In the case of the tert-butyloxycarbonyl (Boc)-substituted
ligand 3, the n-butyl chain was optionally replaced with a n-
dodecyl group (4), as previous studies have shown considerable
impact of amphiphilic structures on asymmetric transfer
hydrogenations in water. For a further exploitation of the
substitution patterns, the carbamate group was varied to include
different substituents that are routinely used as amine protecting
groups, including iso-butyloxycarbonyl-, 2,2,2-trichloroethoxy-
carbonyl (Troc)- or benzyloxycarbonyl (Cbz)-substituted
ligands (5−7). For reasons of comparison, the corresponding
diamine-based ligands 8−9 with a primary or tertiary amine
substituent instead of the carbamate group were also
synthesized. Eventually, a small set of water-soluble chiral
ligands 3−9 was obtained for the further evaluation in
asymmetric transfer hydrogenation (Figure 2).

In order to characterize the influence of the ion tag on the
N,N-backbone for compounds 1−3DFT computational studies
in Gaussian 09 on the B3LYP/6-311++G(2d,2p) level of theory
including solvation in water via a polarizable continuum model
(PCM) were performed.28−30 The obtained minimum
structures in Figure 3 show a significant distance of the pyridine
moiety to the chiral backbone. Hence little interference of the

ion tag with the coordination of the N,N-substructure in the
carbamate ligand and no strong intramolecular interaction
between these groups is expected. The molecular electrostatic
potential (MEP) of ion-tagged ligand 3 reveals that the positive
charge remains located on the pyridinium ring (blue area in
Figure 3). The negative MEP of the Boc group is increased
slightly in the full ligand compared to the neutral form. However,
partial charges of the respective oxygens of the Boc group change
only marginally from −0.679 e to −0.663 e using the Merz−
Singh−Kollman scheme and even less using the CHELPG

Figure 2. (R,R)-Diphenylethylenediamine-based ion-tagged chiral ligands 3−9 used in this study.

Figure 3. Molecular electrostatic potential of Boc-modified chiral
carbamate ligand without pyridinium moiety (1, top), with pyridine
moiety (2, middle) and ion-tagged ligand after alkylation (3, bottom)
mapped to the electron density surface at 0.003 e/Å3.
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scheme for charge assignment, indicating only a small influence
of the cationic moiety on the electronic properties of the chiral
N,N-backbone.31,32 However, additional computations consid-
ering the full complex are required to verify our findings and will
be the topic of future studies.

With this set of novel chiral ligands in hand, we initially
investigated the asymmetric transfer hydrogenation of aceto-
phenone (10) as benchmark reaction in water with sodium
formate as hydrogen donor (Scheme 2).

Reactions were initially studied for 24 h at 25 °C using [Ru(p-
cymene)Cl2]2 as precatalyst. Due to the ionic nature of the
ligands 3-9, the preformed chiral Ru-complex was readily soluble
in water. Considerable differences were observed in the
reactivity, emphasizing the importance of careful substituent
choice for obtaining a highly active and selective catalyst (Table
1).

As immediately visible from the screening of ligands, the
presence of an electron-withdrawing, bulky substituent as the
Boc group on the diamine ligand is mandatory for the
application in asymmetric transfer hydrogenation of aromatic
ketones (Table 1). Even for a reaction time of 48 h, conversions
and enantioselectivities remained low for ligands without
carbamate substituent (Table 1, entries 6−9). This is
particularly pronounced in case of the dimethylated diamine
derivative 9 (Table 1, entries 8−9), which lacks the ability for
attractive N−H···O hydrogen bonding to coordinate and
activate the substrate for subsequent hydrogen transfer from
the metal center to the carbonyl C atom. Without this
precoordination, the otherwise enantiodiscriminating C−H···π
interaction between the arene ligand and the aromatic ring of the
substrate is also rendered ineffective. Moreover, the dimethy-

lation in ligand 9 compared to 8 seems to distort the catalyst
geometry in a way that the opposite diastereomer becomes
favored, resulting in the preferred formation of the (S)-
enantiomer. This inversion of enantioselectivity due to full
alkylation has already been reported in the literature by Dub and
Gordon.33

The superior performance of carbamate ligands 3−7 can be
explained by a similar effect as reported in the literature for the
TsDPEN ligand, whose improved performance compared to
chiral amino alcohols stems from the interaction of oxygen lone
pairs in the SO2 group with the π cloud of the approaching
aromatic ketone.34 A comparable situation may be present with
carbamate ligands 3-7, resulting in a higher energy difference
between favored and disfavored diasteromeric transition states,
and consequently, a higher enantiomeric excess. Among all
carbamate ligands, the Boc derivatives 3 and 4 were the most
suitable, since the highest selectivities of >90% ee were obtained
(Table 1, entries 1 and 2). However, the amphiphilic character
resulting from the dodecyl chain in ligand 4 is not beneficial, as a
lower conversion for the aromatic ketone acetophenone was
observed in this case. The superior performance of ligands 3 and
4 in terms of enantioselectivity might be explained by the
considerable steric demand of the t-butyl group.

Further optimization of the reaction conditions with the
carbamate-derived ligands 3 and 5−7 revealed that the catalytic
system was able to retain its high selectivity and activity over a
wide temperature range (Figure 4). While the conversion was
typically increasing hardly any losses in enantioselectivity were
observed, particularly for ligand Boc-modified ligand 3. With
this chiral ligand full conversion was observed within only 60
min at 60 °C while maintaining a high enantioselectivity of 89%
ee. Encouraged by these results on enantioselectivity, we further
investigated the effect of the temperature on the selectivity
(Figure 4, right). Even at 80 °C an acceptable enantioselectivity
of 85% was found; however, a drop occurred when increasing
the temperature to 100 °C. This extraordinary thermal stability
of asymmetric transfer hydrogenations in water is not
unprecedented: A similar behavior was reported by Aupoix et
al., whose work on N-heterocyclic carbene-derived ligands
resulted in almost stable enantioselectivities up to 80 °C,
although significantly lower conversion was obtained.35

The impact and extraordinary performance of water as
reaction medium should be highlighted with regard to the high
activity and selectivity obtainedwith chiral ligand3. Comparative
runs were done with different solvents and various hydrogen
donors that are typically used for this reaction (Table 2). Apart
from potential environmental benefits and advantages in
reaction processing, water as in combination with sodium
formate as hydrogen donor outshines all other conditions. Low
conversion and moderate selectivity was observed with
isopropanol as solvent, either in pure form, or with an azeotropic
mixture of formic acid and Et3N in a 5/2 molar ratio or sodium
formate as additional hydrogen donor (Table 2, entries 1−3).
While methanol was more suitable and gave quite similar results
with both hydrogen donors, the addition of water improved both
conversion and enantioselectivity (Table 2, entries 4−7).
Eventually, the best result was obtained using pure water and
sodium formate, which might be caused by the outstanding
hydrogen bond network of water that can stabilize the transition
state and lower the activation barrier for the rate limiting hydride
transfer. At the same time, the rigid network may lock the
substrate in its position, which results in the significantly
improved selectivity obtained in water with chiral ligand 3.

Scheme 2. Asymmetric Transfer Hydrogenation of
Acetophenone in Water

Table 1. Ligand Screening in the Asymmetric Transfer
Hydrogenation of Acetophenone in Water

entrya
chiral
ligand

time
[h]

temperature
[°C]

conversionb,c

[%]
eed,e

[%]

1 3 24 25 >99 (92) 91 (R)
2 4 24 25 63 (58) 91 (R)
3 5 24 25 92 (90) 80 (R)
4 6 24 25 74 (70) 71 (R)
5 7 24 25 78 (76) 67 (R)
6 8 24 25 20 46 (R)
7 8 48 25 30 31 (R)
8 9 24 25 19 8 (S)
9 9 48 25 21 <5 (S)

aPerformed with 2 mmol acetophenone using 0.021 mmol (1.05 mol
%) chiral ligand, 0.01 mmol (0.5 mol %) Ru[(p-cymene)Cl2]2 and 10
mmol HCOONa in 4 mL H2O at 25 °C. bDetermined by 1H NMR of
the crude product. cIsolated yields in parentheses. dDetermined by
chiral HPLC using a DAICEL Chiralcel IB column. eAbsolute
configuration determined by comparison of the optical rotation with
literature data.

ACS Sustainable Chemistry & Engineering Research Article

DOI: 10.1021/acssuschemeng.8b05613
ACS Sustainable Chem. Eng. 2019, 7, 3414−3423

3417

44

http://dx.doi.org/10.1021/acssuschemeng.8b05613


With the optimized conditions in hand, the substrate scope
was further investigated with a number of aromatic and aliphatic
ketones employing chiral ligand 3 and 4. Because of the lack of
C−H···π interactions between the active catalyst and the
substrate, the asymmetric transfer hydrogenation of aliphatic
ketones is challenging with just a few literature examples, which
typically suffer from low yields and enantioselectivities.36,37 The
suitability of chiral ligands 3 and 4 strongly depends on the
substrates (Table 3). In the case of aromatic substrates
comparable enantioselectivities were found with both ligands,
while yields were significantly higher with N-butylpyridinium
salt 3 compared to the N-dodecylpyridinium analogue 4. It
seems that micellation, and ultimately incooperation of the
aromatic substrate in the core of the aggregate reduces catalytic
activity. However, a different behavior is observed in the case of
aliphatic ketones (Table 3, entries 17−26). With increasing

aliphatic character of the substrates, the importance of the
amphiphilic character of ligand 4 becomes eminent as we have
previously observed with long-chain chiral pyrrolidinium salts in
asymmetric Aldol reactions.38 This effect is particularly
pronounced for 2-octanone (Table 3, entries 17 and 18),
where the enantioselectivity could be drastically improved from
25% ee to 92% ee, together with an increase in yield from 69% to
86% when changing from chiral ligand 3 to 4. Overall, the results
shown in Table 3 highlight the benefit of an increased alkyl chain
length for the stereoselective reduction of aliphatic ketones,
indicating that hydrophobic interactions between the alkyl
chains of the ligand and the ketone play a dominant role in the
absence of π-interactions between substrate and catalyst. A
similar effect was reported by Deng et al., whose elegant work on
chiral surfactant derived metallomicelles with TsDPEN core
enabled excellent conversions and remarkable stereoselectivities
for a number of aliphatic ketones and keto esters.24,39

Eventually, we expanded the scope toward the considerably
more challenging asymmetric transfer hydrogenation of imines.
For this purpose, two representing substrates, 1-methyl-3,4-
dihydroisoquinoline (12) and N,N-diphenylphosphinoketoi-
mine 13 were chosen (Figure 5).

While there are still open questions regarding the mechanism
of imine reduction, literature data suggests an ionic mechanism
rather than a concerted one for the asymmetric transfer
hydrogenation after acidic activation.40−42 Moreover, Shende
et al. reported a strong pH-dependency for the asymmetric
transfer hydrogenation of imines in aqueous media.43 Among all
potential hydrogen sources, the azeotropic mixture of formic
acid and Et3N in a 5/2 molar ratio is most frequently used in the
transfer hydrogenation of imine substrates, offering a wide
substrate range and a irreversible reaction due to the formation
of CO2.

44

At first, the previously optimized reaction conditions were
modified to accommodate the reduction of imines. While the
reaction is extremely slowwithHCOONa as only 3% conversion
was observed after 24 h, a change to formic acid-Et3N as
hydrogen donor drastically improved the reactivity. Moreover,
better results were observed in methanol/water mixtures as
solvent, and results with formic acid-Et3N in a 1.1/1 molar ratio
were superior compared to the use of the azeotropic mixture
(Table 4, entries 3 vs 4 and 5). Subsequently, screening of

Figure 4. Impact of temperature on conversion (left) and enantioselectivity (middle) with carbamate-based ligands 3 and 5−7 as well as thermal
stability with ligand 3 (right) in the asymmetric transfer hydrogenation of acetophenone.

Table 2. Screening of Solvents and Hydrogen Donors in the
Asymmetric TransferHydrogenation of AcetophenoneUsing
Chiral Ligand 3

entrya solvent hydrogen donor
conversionb

[%]
eec,d

[%]

1e isopropyl alcohol − 36 72 (R)
2 isopropyl alcohol HCOOH-Et3N

(5/2)
45 75 (R)

3f isopropyl alcohol HCOONa 38 71 (R)
4 MeOH HCOOH-Et3N

(5/2)
80 80 (R)

5f MeOH HCOONa 82 79 (R)
6 MeOH/H2O

1/1
HCOOH-Et3N
(5/2)

92 83 (R)

7 MeOH/H2O
1/1

HCOONa >99 89 (R)

8 H2O HCOOH-Et3N
(5/2)

>99 87 (R)

9 H2O HCOONa >99 91 (R)
aPerformed with 2 mmol acetophenone using 0.021 mmol (1.05 mol
%) chiral ligand 3, 0.01 mmol (0.5 mol %) Ru[(p-cymene)Cl2]2 and
10 mmol HCOONa or 1 mL HCOOH-Et3N (molar ratio 5/2) in a
total volume of 4 mL at 25 °C. bDetermined by 1H NMR of the crude
product. cDetermined by chiral HPLC using a DAICEL Chiralcel IB
column. dAbsolute configuration determined by comparison of the
optical rotation with literature data. ePerformed with 0.04 mmol KOH
at 40 °C. f5% (v/v) H2O was added to solubilize sodium formate.
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carbamate ligands 3−7 revealed that they were equally suitable
for the asymmetric reduction of imines 12 and 13. Among all

ligands, the Boc-substituted ion-tagged carbamate ligand 3 was
the most successful, and the desired amine (1-methyl-1,2,3,4-

Table 3. Substrate Scope: Asymmetric Transfer Hydrogenation of Various Aromatic and Aliphatic Ketones in Water

aPerformed with ketone (2 mmol) using 0.021 mmol (1.05 mol %) chiral ligand, 0.01 mmol (0.5 mol %) Ru[(p-cymene)Cl2]2 and 10 mmol
HCOONa in 4 mL H2O at 25 °C for 24 h. bIsolated yield after purification via column chromatography. cDetermined by HPLC analysis using a
DAICEL Chiralcel IB or AS-H columns. dAbsolute configuration determined by measurement of optical rotation data and comparison with
literature values. eDetermined by 19F{1H} NMR after derivatization with (S)-Mosher’s acid chloride. fDetermined by GC analysis as acetate
derivative. Only the E-isomer could be detected after the reactions.
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tetrahydroisoquinoline) could be isolated with 95% yield and
87% ee (Table 4, entry 4). Comparable selectivities were found
for the reduction of N,N-diphenylphosphinoketoimine 13
(Table 4, entries 9−13). However, because of solubility issues
a methanol/water ratio of 1:2 was more suitable as the solvent
system.

For further investigations on the robustness and recyclability
of the novel catalytic system, a cumulative recycling study was
carried out. The reaction was performed using acetophenone (2
mmol) as substrate and chiral ligand 3 under the previously
optimized reaction conditions. After 60 min reaction time, a
sample was taken to determine the conversion and enantiose-
lectivity; meanwhile, another batch of acetophenone and fresh
sodium formate was added. As can be seen in Figure 6, excellent
catalytic activity with conversions ≥90% was maintained for 7
runs, and only a marginal decrease of enantioselectivity was
observed.

Further studies on the hydrolytic stability confirmed the
robustness of the Boc-modified chiral ligand 3 for the
application in aqueous medium. For this purpose, the ligand
was heated in deuterium oxide at 25, 60 and 100 °C,
respectively, while samples were taken at intervals to check the
structural integrity via NMR spectroscopy. No changes were
observed at 25 or 60 °C after 48 h, indicating excellent hydrolytic
stability under the operating conditions asymmetric transfer
hydrogenations in aqueous medium. Even at 100 °C only a
minor change in purity was observed after 48 h, which results
most likely from the migration of the n-butyl chain from the
pyridine nitrogen to the benzylic nitrogen. The detailed
procedure of the stability tests and the NMR spectra can be

found in the Supporting Information (ESI pages S53 and S54,
Figures S57−S59).

■ CONCLUSION
Herein, we reported the design and synthesis of novel ion-tagged
chiral ligands for the asymmetric transfer hydrogenation of
ketones and imines in aqueous medium. Based on the lead
structure of previously established coordinating chiral ionic
liquids as key motif, novel carbamate ligands with a pyridinium
headgroup were synthesized in only three steps starting from
commercially available chiral diamines. Because of the ionic
nature of the ligands, the preformed chiral ruthenium-complex
was readily soluble in water, allowing the asymmetric transfer
hydrogenation of ketones to be performed in water as the sole
solvent. The best performance was obtained with tert-
butyloxycarbonyl (Boc)-substituted ligands 3 and 4 for a
broad range of aromatic and aliphatic ketones under optimized

Figure 5. Selected imines substrates for the asymmetric transfer
hydrogenation.

Table 4. Ligand Screening in the Asymmetric Transfer Hydrogenation of Imines 12 and 13

entrya chiral ligand substrate hydrogen donor solvent conversionb,c [%] eed,e [%]

1 3 12 HCOONa H2O 3 n.d.
2 3 12 HCOOH-Et3N (1.1/1) H2O 72 86 (R)
3 3 12 HCOOH-Et3N (5/2) H2O/MeOH (V/V 1:1) 60 62 (R)
4 3 12 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:1) >99 (95) 87 (R)
5 4 12 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:1) 99 (96) 86 (R)
6 5 12 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:1) 99 (90) 50 (R)
7 6 12 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:1) 58 (55) 30 (R)
8 7 12 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:1) 88 (82) 42 (R)
9 3 13 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:2) 65 (60) 86 (R)f

10 4 13 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:2) 54 (51) 86 (R)f

11 5 13 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:2) 61 (57) 73 (R)f

12 6 13 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:2) 55 (53) 64 (R)f

13 7 13 HCOOH-Et3N (1.1/1) H2O/MeOH (V/V 1:2) 38 (34) 55 (R)e

aPerformed with 1 mmol imine using 0.0105 mmol (1.05 mol %) chiral ligand, 0.00525 mmol (0.5 mol %) Ru[(p-cymene)Cl2]2 and 0.5 mL
HCOOH-Et3N (n/n 1.1/1) in 1.5 mL solvent at 40 °C for 24 h. bDetermined by 1H NMR from the crude product. cIsolated yields in parentheses.
dDetermined by 19F{1H} NMR after derivatization with (S)-Mosher’s acid chloride. eAbsolute configuration determined by comparison of the
optical rotation with literature data. fDetermined by chiral HPLC using a DAICEL Chiralcel AS-H column.

Figure 6. Cumulative recycling experiment. The reaction was
performed using 2.0 mmol acetophenone, 0.021 mmol (1.05 mol %)
chiral ligand 3, 0.01 mmol (0.5 mol %) Ru[(p-cymene)Cl2]2 and 10.0
mmol sodium formate for 60 min at 60 °C. After every run, additional
2.0 mmol acetophenone, and 2.0 mmol sodium formate were added.
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conditions, resulting in isolated yields up to 95% and
enantioselectivities >90% ee. While best results for aromatic
ketones were obtained with the N-butylpyridinium salt 3, an
increase in alkyl chain length to the N-dodecyl salt 4 resulted in
drastically improved results for challenging aliphatic ketones.
Moreover, a change of reaction conditions and hydrogen donor
also enabled the asymmetric reduction of two different imine
substrates using the same catalysts. Eventually, studies on
recyclability showed that the catalytic system could be reused for
at least seven runs with hardly any loss in performance, thereby
demonstrating the robustness of the novel ligands for
asymmetric transfer hydrogenations. Based on the promising
results obtained in asymmetric transfer hydrogenation, we are
currently expanding the application range of the novel ion-
tagged chiral ligands toward a broad implementation in
asymmetric catalysis in aqueous medium.

■ MATERIALS AND METHODS
All reagents were purchased from commercial suppliers and used
without further purification, unless noted otherwise. Dichloromethane
and methanol anhydrous solvents were predistilled and desiccated on
Al2O3 columns (PURESOLV, Innovative Technology). Anhydrous
acetonitrile was purchased from Acros Organics (extra dry solvent,
AcroSeal technology).

Chromatography solvents were distilled prior to use. Column
chromatographic purifications were performed on standard glass
columns, using silica gel (40−63 μm, Merck) with the eluates stated.
Preparative HPLC was performed on a Reveleris Prep Purification
System using a Maisch ReproSil 100 C18 column (250 mm × 4.6 mm
ID, 5 μm) and H2O/acetonitrile as eluent at a flow rate of 15 mL/min.
Determination of enantiomeric excess via HPLC measurements was
performed on a Thermo Scientific/Dionex Ultimate 3000 instrument
using a Chiralpack Chiracel Daicel IB column (250mm× 4.6 mm ID, 5
μm) or AS-H column (250 mm × 4.6 mm ID, 5 μm).

1H, 13C, 19F and 31PNMR spectra were recorded in CDCl3 orMeOD
solutions on a Bruker Advance UltraShield 400 (400 MHz)
spectrometer. Chemical shifts (δ) are reported in ppm using
tetramethylsilane (TMS) as internal standard. Coupling constants (J)
are reported in Hertz (Hz). In order to explain the multiplicities, the
following abbreviations were used: s = singlet, d = doublet, t = triplet, q
= quartet, quin. = quintet, sex = sextet, m = multiplet, brs = broad
singlet.

Infrared spectra were recorded on a PerkinElmer Spectrum 65 FT IR
spectrometer equipped with a specac MK II Golden Gate Single
Reflection ATR unit. HR-MS analysis was carried out in methanol
solutions (c = 10 ppm) by using an HTCPAL system auto sampler
(CTCAnalytics AG), an Agilent 1100/1200HPLCwith binary pumps,
degasser and column thermostat (Agilent Technologies) and Agilent
6230 AJS ESI−TOFmass spectrometer. Optical rotation was measured
on an Anton Paar MCP500 polarimeter at the specified conditions and
the concentrations are stated in g/100 mL.

Synthesis of Chiral Ligands on the Example of Boc-
Substituted Ligand 3. tert-Butyl ((1R,2R)-2-amino-1,2-
diphenylethyl)carbamate (1). (1R,2R)-1,2-Diphenylethylenediamine
(R,R-DPEN, 9.1 mmol, 1.93 g) was dissolved in 20 mL anhydrous
MeOH, and it was cooled to 0 °C. A 1 M solution of HCl in MeOH
(10.8 mmol, 10.5 mL) was added dropwise, and the mixture was
subsequently stirred at room temperature for 15 min. The formed
precipitate was redissolved by the addition of 1 mL H2O. Di-tert-butyl
dicarbonate (13.5 mmol, 2.93 g) in 5 mL anhydrous MeOH was added
dropwise and subsequently stirred at room temperature for 4 h. After
completion, the reaction mixture was diluted with 10 mL H2O, and the
organic solvent was removed under reduced pressure. The obtained
suspension was washed with Et2O, and the organic layer was extracted
with H2O. The aqueous layers were basified with 2 M NaOH solution
and extracted with CH2Cl2. The combined organic phases were dried
over Na2SO4 and the solvent removed under reduced pressure. The
crude product was redissolved in ethyl-acetate, and the solid residue

removed over a patch of silica. The solvent was removed in vacuo,
obtaining Boc-protected diphenylethyl diamine 1 as a pale white solid
(1.71 g, 77%). The product was used for the next step without further
purification.

M.p.: 103−105 °C. HRMS (ESI-TOF)m/z [M + H]+ calculated for
C19H25N2O2: 313.1911. Found: 313.1912. [α]D

20: +8.7 (c 1.0, CHCl3).
IR (ATR, cm−1): 3378 (NH ν), 2977 (CH ν), 1684 (CO ν),
1514 (NH, δ), 1455 (CH, δ), 756 (CH arom, δ), 696 (CH
arom, δ). 1H NMR (200 MHz, CDCl3) δ: 7.26−7.25 (m, 10H, H-
arom), 5.81 (d, J = 8.51 Hz, 1H, CHNHCO), 4.77 (brs, 1H, NH),
4.25 (d, J = 3.79 Hz, 1H, CHNH2), 1.38 (s, 2H, NH2), 1.23 (s, 9H,
C(CH3)3).

13C NMR (100 MHz, CDCl3) δ: 155.70 (s, 1C, NH
CO), 142.28 (s, 1C,C-arom), 141.05 (s, 1C,C-arom), 128.51 (s, 1C,C-
arom), 128.35 (d, 2C, C-arom), 127.42 (s, 2C, C-arom), 127.21 (s, 1C,
C-arom), 126.83 (d, 2C,C-arom), 126.47 (s, 2C,C-arom), 79.26 (s, 1C,
C(CH3)3), 60.03 (s, 1C, CHNHCO), 59.93 (s, 1C, CHNH2),
28.33 (s, 3C, C(CH3)3).
tert-Butyl ((1R,2R)-1,2-diphenyl-2-((pyridin-3-ylmethyl)amino)-

ethyl)carbamate (2). Boc-protected diphenylethyl amine 1 (3.2
mmol, 1.0 g) was dissolved in 30 mL anhydrous MeOH. Freshly
activated molecular sieve 4 Å (2.0 g), and freshly distilled pyridine-3-
carbaldehyde (3.2mmol, 300 μL, 343mg) were added, and the reaction
mixture was refluxed until complete conversion. The reaction mixture
was cooled to room temperature, NaBH4 (4.8 mmol, 182 mg) was
added, and the reaction was stirred until complete conversion. The
mixture was filtered over a batch of silica and subsequently hydrolyzed
with H2O. Methanol was removed under reduced pressure, and the
remaining aqueous phase was extracted with CH2Cl2. The combined
organic phases were dried over Na2SO4 and the solvent removed under
reduced pressure. The crude product was purified by column
chromatography (light petrol:ethyl acetate 1:1 + Et3N) to obtain
pure product 2 as a colorless solid (843 mg, 65%).

M.p.: 90−91 °C. HRMS (ESI-TOF) m/z [M + H]+ calculated for
C25H30N3O2: 404.2333. Found: 404.2333. [α]D

20: +10.3 (c 1.0,
CHCl3). IR (ATR, cm−1): 3378 (NHν), 2976 (CH ν), 1683
(COν), 1510 (NH δ), 1463 (CH δ), 756 (CH aromδ), 698
(CH aromδ). 1H NMR (400 MHz, CDCl3) δ: 8.39 (d, J = 4.05 Hz,
1H,H-pyridine), 8.28 (s, 1H,H-pyridine), 7.36 (d, J = 6.88 Hz, 1H,H-
pyridine), 7.27−7.04 (m, 11H, H-pyridine, H-arom), 5.51 (d, J = 7.69
Hz, 1H, CHNHCO), 4.78 (brs, 1H, NHCO), 3.86 (s, 1H, CH
NH), 3.57 (d, J = 13.48 Hz, 1H, NHCH2), 3.34 (d, J = 13.48 Hz, 1H,
NHCH2), 1.75 (brs, 1H, NHCH2), 1.27 (s, 9H, C(CH3)3).

13C
NMR (100 MHz, CDCl3) δ: 155.60 (s, 1C, NHCO), 149.57 (s, 1C,
C-pyridine), 148.51 (s, 1C,C-pyridine), 140.21 (s, 1C,C-arom), 139.62
(s, 1C,C-arom), 135.61 (s, 1C,C-pyridine), 135.29 (s, 1C,C-pyridine),
128.46 (d, 2C, C-arom), 127.85 (d, 2C, C-arom), 127.66 (d, 2C, C-
arom), 127.34 (d, 2C, C-arom), 126.58 (d, 2C, C-arom), 123.35 (s, 1C,
C-pyridine), 79.58 (s, 1C,C(CH3)3), 66.65 (s, 1C,CHNH), 59.85
(s, 1C, CHNHCO), 48.49 (s, 1C, NHCH2), 28.32 (s, 3C,
C(CH3)3).
1-Butyl-3-((((1R,2R)-2-((tert-butoxycarbonyl)amino)-1,2-

diphenylethyl)amino)methyl)pyridin-1-ium Bromide (3). Finely
powdered 2 (1.8 mmol, 753 mg) was mixed with n-butyl bromide
(2.2 mmol, 307 mg), and the solution was stirred at 80 °C for 20 h.
Remaining volatile materials were removed under reduced pressure to
obtain product 3 as a yellow foam (1.0 mg, >99%). The obtained chiral
ligand 3 was used for catalysis as received, while an analytical sample
was purified via preparative HPLC. HRMS (ESI-TOF) m/z [M]+

calculated for C29H38N3O2: 460.2959. Found: 460.2974. [α]D
20: +12.2

(c 1.0, CHCl3). IR (ATR, cm−1): 3245 (NH ν), 2965 (CH ν),
1691 (CO ν), 1498 (NH ν), 1463 (CH δ), 756 (CH arom
δ), 699 (CH arom δ). 1H NMR (400 MHz, MeOD) δ: 8.76 (d, J =
5.87Hz, 1H,H-pyridine), 8.71 (s, 1H,H-pyridine), 8.31 (d, J = 7.94Hz,
1H, H-pyridine), 7.89 (t, J = 6.91 Hz, 1H, H-pyridine), 7.20−7.12 (m,
10H,H-arom), 4.51 (t, J = 7.25 Hz, 2H, NCH2), 3.92 (d, J = 7.94 Hz,
1H, CHNH), 3.89−3.80 (m, 2H, NHCH2), 2.01−1.89 (m, 2H,
NCH2CH2), 1.44−1.36 (m, 11H, N(CH2)2CH2 ,
C(CH3)3), 1.03 (t, J = 7.25 Hz, 3H, N(CH2)3CH3).

13C
NMR (100 MHz, MeOD) δ: 157.91 (s, 1C, NHCO), 148.70 (s, 1C,
C-pyridine), 145.88 (s, 1C, C-pyridine), 144.78 (s, 1C, C-pyridine),
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143.71 (s, 1C, C-pyridine), 142.16 (s, 1C, C-arom), 141.30 (s, 1C, C-
arom), 129.41 (d, 2C,C-arom), 129.28 (d, 2C,C-arom), 129.04 (d, 2C,
C-arom), 128.55 (d, 2C, C-arom), 128.39 (d, 2C, C-arom), 128.04 (s,
1C, C-pyridine), 80.44 (s, 1C, C(CH3)3), 68.68 (s, 1C, CHNH),
62.64 (s, 1C, NCH2), 61.91 (s, 1C, CHNHCO), 48.78 (s, 1C,
NHCH2), 34.36 (s, 1C, NCH2CH2), 28.73 (s, 3C,
C(CH3)3), 20.38 (s, 1C, N(CH2)2CH2), 13.79 (s, 1C,
N(CH2)3CH3).

Representative Procedures for Asymmetric Transfer Hydro-
genations. Asymmetric transfer hydrogenations were carried out in
flame-dried flasks using standard Schlenk techniques. Before the
reactions, a 20 mg/mL stock solution of Ru[(p-cymene)2Cl2]2 in
anhydrous acetonitrile was freshly prepared in a glovebox. All liquids
involved in the reactions were freshly degassed by using the freeze−
dry−thaw method.
Asymmetric Transfer Hydrogenation of Ketones on the Example

of Acetophenone (10). An aliquot of a freshly prepared stock solution
of Ru[(p-cymene)2Cl2]2 (0.01 mmol, 306 μL) was transferred into a
Schlenk-flask, and the solvent was removed under vacuum. Chiral
ligand 3 (0.021 mmol, 11.35 mg) was dissolved in 4 mL of H2O. This
solution was added to the catalyst precursor and stirred at 40 °C for 30
min to form the active catalyst. Sodium formate (10.0 mmol, 680 mg)
was added, followed by the addition of acetophenone (2.0 mmol, 240
mg, 233 μL). The reaction mixture was stirred at 25 °C for 24 h. The
aqueous phase was extracted with diethyl ether. The combined organic
phases were dried over Na2SO4, and concentrated in vacuo. The
product was isolated via column chromatography (light petrol:ethyl
acetate 10:1). Remaining solvents were removed under vacuum to yield
1-phenylethanol (11) as colorless liquid (224 mg, 92%). 1HNMR (200
MHz, CDCl3) δ: 7.29−7.18 (m, 5H,H-arom), 4.81 (q, J = 6.42 Hz, 1H,
CHOH), 1.82 (s, 1H, CHOH), 1.42 (d, J = 6.45 Hz, 3H, CH
CH3).

Determination of enantiomeric excess: DAICEL Chiracel IB
column, hexane: iPrOH 98.5:1.5 V/V, 1.0 mL/min, 25 °C, UV 254
nm: tR (R) = 13.0 min, tR (S) = 15.0 min.
Asymmetric Transfer Hydrogenation of Imines on the Example of

1-Methyl-3,4-dihydroisoquinoline (12). An aliquot of a freshly
prepared stock solution of Ru[(p-cymene)2Cl2]2 (0.005 mmol, 153
μL) was transferred into a Schlenk-flask, and the solvent was removed
under vacuum. Chiral ligand 3 (0.0105mmol, 5.86mg) was dissolved in
1.5 mL H2O/MeOH (V/V = 1/1). This solution was added to the
catalyst precursor and stirred at 40 °C for 30 min to form the active
catalyst. Formic acid/Et3N mixture (n/n = 1.1/1, 0.5 mL) was added,
followed by the addition 1-methyl-3,4-dihydroisoquinoline 12 (1.0
mmol, 145 mg, 141 μL). The reaction mixture was stirred at 40 °C for
24 h. Methanol was removed under reduced pressure, and the aqueous
phase was basified with 0.5 MNa2CO3 solution. The aqueous layer was
extracted with CH2Cl2. The combined organic phases were dried over
Na2SO4 and concentrated in vacuo. The product was isolated via
column chromatography (CH2Cl2: MeOH 10:1 + Et3N) to afford 1-
methyl-1,2,3,4-tetrahydroisoquinoline as a pale yellow oil (138 mg,
94%).

1H NMR (200 MHz, CDCl3) δ: 7.08−7.02 (m, 4H, H-arom), 4.03
(q, J = 6.60 Hz, 1H, CHNH), 3.17−3.16 (m, 1H, CH2aNH),
2.98−2.70 (m, 3H, CH2bNH, CH2-arom), 1.67 (br s, 1H, CH
NH), 1.39 (d, J = 6.60 Hz, 3H, CHCH3).

Determination of enantiomeric excess: The crude amine (0.1 mmol,
29 mg) was dissolved in anhydrous CH2Cl2 (1 mL) in a flame-dried
Schlenk-flask. Et3N (0.15 mmol, 21 μL) and (S)-Mosher’s acid chloride
(22 μL, 0.12 mmol) were added and the reaction mixture was stirred at
25 °C. After completion, 5 mL of CH2Cl2 was added, and the organic
phase was successively washed with 0.5 M Na2CO3 and water, dried
over Na2SO4, and concentrated in vacuo. 19F NMR (100 MHz, CDCl3)
δ: −69.74, (minor diastereomer), −71.30 (major diastereomer).
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ABSTRACT: A thermomorphic ionic-liquid-based microemulsion system was successfully applied for the Ru-catalyzed
asymmetric transfer hydrogenation of ketones. On the basis of the temperature-dependent multiphase behavior of the targeted
microemulsion, simple product separation as well as catalyst recycling could be realized. The use of water-soluble ligands
improved the immobilization of the catalyst in the microemulsion phase and significantly decreased the catalyst leaching into
the organic layer upon extraction of the product. Eventually, the optimized microemulsion system could be applied to a wide
range of aromatic ketones that were reduced with good isolated yields (up to 98%) and enantioselectivities (up to 97%), while
aliphatic ketones were less successful.

KEYWORDS: microemulsion, ionic liquid, asymmetric transfer hydrogenation, multiphase catalysis

■ INTRODUCTION

Chiral secondary alcohols are important and invaluable
intermediates for the preparation of pharmaceuticals and fine
chemicals. One of the most versatile and powerful methods for
their synthesis is the asymmetric reduction of ketones.1 Among
the wide field of asymmetric reduction methods, asymmetric
transfer hydrogenation has emerged as a particularly powerful
and practical tool because of its operational simplicity
combined with high reaction rates and enantioselectivity.2

The use of a simple organic compound as a hydrogen donor in
transfer hydrogenation has several advantages over the use of
molecular hydrogen since it avoids not only the risks and
constraints associated with hydrogen gas but also the necessity
for pressurized vessels and other specialized equipment.3 A
number of different donor molecules can be employed as
hydrogen source in transfer hydrogenations, including organic
molecules such as formic acid and its salts, as well as primary
and secondary alcohols.4−6

Apart from the hydrogen donor, the appropriate choice of
transition-metal catalyst and reaction conditions are crucial for
achieving the desired chemo- or stereoselectivity under mild
conditions in asymmetric transfer hydrogenations.3 Over the
last three decades, considerable attention has been dedicated
to the use of ruthenium-based complexes developed by Noyori
and co-workers.4,7,8 Reported already in 1995, the highly active
and selective (pre-)catalyst, a TsDPEN-coordinated (TsDPEN
= N-(p-toluenesulfonyl)-1,2-diphenylethylenediamine) Ru(II)
complex (Ru-TsDPEN) can be considered as a benchmark
system for the asymmetric transfer hydrogenation of aromatic
ketones (Scheme 1). This breakthrough has inspired intense
research in the area of asymmetric transfer hydrogenations,
which is growing steadily in the past years.2,7

Recently, considerable effort has been dedicated to
asymmetric transfer hydrogenations in aqueous reaction
media. With the rising awareness for sustainable chemistry,
water as solvents is often considered as safe, economical,
nontoxic, and benign reaction medium compared with typical

organic solvents.1,2,9 The classical drawbacks of homogeneous
catalysis, such as the difficult separation of product and catalyst
or the tricky recycling of the catalyst can be overcome in an
elegant liquid−liquid biphasic approach, relying on water as
catalyst-carrying phase that can be easily separated from the
insoluble products.10 Moreover, water is a particularly
attractive and valuable solvent for transfer hydrogenations,
since it enables the use of sodium formate as the most easily
available, inexpensive, and nonreversible hydrogen source.9−12

However, the use of water as reaction medium in asymmetric
transition-metal catalysis is still challenging, as many metal
catalysts are unstable toward hydrolysis.1 Moreover, the low
solubility of many transition-metal catalysts in water is a
limiting factor. To solve this issue, a number of water-soluble
ligands and catalysts have been developed for asymmetric
transfer hydrogenations of ketones in aqueous media,
providing the desired secondary alcohols in high yield and
enantioselectivity.1,2,7 Several strategies have been pursued to
improve not only the water-solubility of the TsDPEN
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Scheme 1. Structure of N-(p-Toluenesulfonyl)-1,2-
diphenylethylenediamine (TsDPEN) and Water-Soluble
Ligands (R,R-1) and (R,R-2) Used in This Work
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structural motive, including the modification with anionic
groups in case of aryl sulfonated systems (e.g.: (R,R)-1, (R,R)-
2) and the functionalization with cationic groups such as
trialkylammonium moieties, but also the development of
polyethylene glycol-supported TsDPEN systems.13−17 Re-
cently, we reported the synthesis of ion-tagged chiral ligands
for asymmetric synthesis in water or ionic liquids, including the
use for highly selective and efficient asymmetric transfer
hydrogenation of aliphatic or aromatic ketones and imines in
aqueous medium.18−20

While ligand modifications with ionic groups or polymers
can overcome the limited solubility of conventional transition-
metal catalysts, the solubility of hydrophobic reactants such as
higher ketones in water remains an issue in liquid−liquid
biphasic catalysis.21 Microemulsions provide an attractive
solution to overcome this problem, as they can simultaneously
dissolve hydrophobic and hydrophilic reactants. In general,
microemulsions are defined as thermodynamically stable,
isotropic, and optically transparent solutions composed of
two intrinsically immiscible solvents in the presence of one or
more amphiphiles.22−24 The simultaneous dissolution of
hydrophobic and hydrophilic solutes is a key advantage of
microemulsions and resulted in a wide application range for
catalytic reactions and processes.24,25 Moreover, the phase
behavior and separation can be precisely tuned by temperature
variation, which provides a particularly attractive tool for
multiphase catalysis. A thermomorphic microemulsion (ME)
system, as depicted in Figure 1, can overcome potential mass

transfer limitations, since catalysis occurs in one homogeneous
liquid phase, while simultaneously enabling an effective
separation of catalyst and products due to temperature-
induced phase separation.26,27

So far, only few examples on transfer hydrogenation in
microemulsions were reported.22,28 Batarseh et al. investigated
the transfer hydrogenation of various unsaturated substrates by
cyclohexene and similar water-insoluble hydrogen donors in
aqueous microemulsion at 100−140 °C, relying mostly on fatty
alcohol polyethylene glycol ethers as nonionic surfactants.28

The influence of surfactant was also a key aspect in a study by
Schwarze et al. in 2015, addressing the transfer hydrogenation
of 4-acetylbiphenyl with 2-propanol as the hydrogen donor,
Rh/TPPTS as catalyst, and K2CO3 as base.22 A strong
influence of the surfactant on the catalytic activity was
observed, as TX-100 showed about 10% higher conversions
compared to fatty alcohol polyethylene glycol ethers in a three-
phase n-heptane/water/surfactant/2-propanol microemulsion
system, although higher concentrations of TX-100 led to a
decrease in activity. As a consequence, the authors emphasized

that the initial selection of an appropriate surfactant that
primarily supports the catalytic reaction and, in addition, gives
the best performance in the separation step is of crucial
importance. Considering that substrate, product, and their
variable concentrations significantly influence the phase
behavior and shift the phase boundaries to other temperatures,
it is obvious that the selection and application of a reliable
surfactant system in microemulsions is not an easy task.

Recently, we addressed the role of surface-active ionic
liquids composed of both surface-active cations and anions for
the formation of stable microemulsions with n-heptane and
water, allowing for tunable surfactant structure with precise
control over its composition.24 Ionic liquids with long alkyl
chains of typically eight carbon atoms or more show
amphiphilic behavior, which renders them ideally suited for
the development of microemulsions with potential advantages
of conventional surfactants that are often sold as mixtures with
variable composition. In our previous work, we reported the
design of surface-active ionic liquids ([C12mim][(iC8)2PO2]
(3) and [C12dmim][(iC8)2PO2]) (4) (Scheme 2) that are able

to form stable microemulsions with n-heptane and water as
novel reaction media for thermomorphic palladium-catalyzed
cross-coupling reactions. High reactivity was observed even at
low catalyst loadings, while the temperature-dependent phase
behavior allowed simple product separation and successful
catalyst recycling through thermomorphic catalysis.24

Herein, we expand our research toward ruthenium-catalyzed
asymmetric transfer hydrogenation of ketones, aiming to
overcome solubility issues of hydrophobic substrates and
hydrophilic hydrogen donors in a targeted microemulsion
system, while simultaneously facilitating product separation
and catalyst recovery.

■ RESULTS AND DISCUSSION
Studies on Phase Behavior for the Reduction of

Acetophenone. The reduction of acetophenone (5) to 1-
phenylethanol (6) was selected as the model reaction to
evaluate the application of ionic-liquid-based microemulsion
systems as reaction media for asymmetric transfer hydro-
genation (Scheme 3).

Figure 1. Thermomorphic asymmetric transfer hydrogenation in
microemulsion.

Scheme 2. Surface Active Ionic Liquids Used for the
Formation of Microemulsions

Scheme 3. Asymmetric Transfer Hydrogenation of
Acetophenone (5) in Ionic-Liquid-Based Microemulsion
Systems
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As already stated by Schwarze et al. in 2015, the composition
of the microemulsion system is of crucial importance for
thermomorphic catalysis with microemulsion systems.22 De-
tailed investigations on the phase behavior of water/n-
heptane/[C12mim][(iC8)2PO2] (3) mixtures at 25 °C were
reported in our previous paper, showing that all four types of
Winsor microemulsion systems are present.24 Specifically,
Winsor type I systems are formed at small concentrations of
surfactant as biphasic system (2Φ) of a oil-in-water (o/w)
microemulsions with excess oil. Alternatively, the surfactant-
rich water-in-oil (w/o) microemulsion may coexist with the
surfactant-poor aqueous phase (2Φ, Winsor type II). Type III
corresponds to a three-phase system (3Φ) where the ionic
liquid-rich middle-phase coexists with both excess water and
oil, while Winsor type IV is a single-phase (1Φ) isotropic
solution which forms upon addition of higher surfactant
concentrations.29 However, the presence of additives and a
variable substrate/product ratio inevitably affects the phase
behavior, which is of particular importance for the chosen
transfer hydrogenation, as the formed alcohol might act as a
cosurfactant in the microemulsion. In order to identify a
suitable composition of the ionic liquid-based microemulsion
system that would allow separating the product in a three-
phase system, phase diagrams were studied at different
substrate/product ratios (see Figure 2 and SI Figures S1−

S7). Consequently, the phase behavior of n-heptane/water
mixtures at equal mass fraction (α = 0.5) in the presence of
HCOONa, acetophenone and 1-phenylethanol with variable
ionic liquid [C12mim][(iC8)2PO2] (3) content was studied at
different temperatures. The composition of these micro-
emulsions is typically characterized by parameters α and γ:

m
m m( )

oil

oil water
α =

+
m

m m m( )
IL

oil water IL
γ =

+ +

The isotropic phase was determined by titration of the n-
heptane/water mixture with α = 0.5 and variable surfactant
content γ for [C12mim][(iC8)2PO2] (3) at different temper-
atures, according to the studies on phase behavior by
Nowothnick et al.25 After a defined amount of ionic liquid
was added, the mixture was stirred and equilibrated at the
indicated temperatures for an appropriate time until clear
phases were observed. Figure 2 depicts the temperature-
dependent phase diagram with acetophenone/1-phenylethanol
in a ratio 1:1, corresponding to 50% conversion and with pure
1-phenylethanol to simulate complete conversion. In general,
at lower temperatures and higher amount of ionic liquid a
triphasic area (3Φ) with a surfactant-rich middle-phase
(Winsor III) is observed, while at higher temperatures and
lower amount of ionic liquid, two phases (2Φ) are formed
where the microemulsion system coexists with excess water
(Winsor II).24 As expected, the increasing amount of 1-
phenylethanol is affecting the phase behavior, resulting in a
considerably smaller triphasic area. As can be seen from Figure
2, at least 0.3 g of ionic liquid 3 (corresponding to γ = 0.15)
are required for the existence of a triphasic system at room
temperature and hence for the isolation of the product via
simple phase separation.

Optimization of the Asymmetric Transfer Hydro-
genation of Acetophenone (5). After initially studying the
phase behavior, the reduction of acetophenone (5) to 1-
phenylethanol (6) was further evaluated at variable water/n-
heptane/ionic liquid ratio and variable temperatures to
optimize the reaction conditions (Table 1). In the attempt
to minimize the volume of the organic solvent n-heptane as
much as possible, we initially studied the effect of n-heptane on
the asymmetric transfer hydrogenation, keeping the ionic
liquid ratio fixed at 0.3 g as initially established in the phase-
behavior studies. As can be seen from Table 1, a reduction of
the n-heptane ratio from α = 0.56 to α = 0 was beneficial and
yields increased from 47% to 98%, while the excellent
enantioselectivity was maintained (entries 1−6). Main similar
results are reported by Li et. al, who demonstrated that the
presence of the organic solvents resulted in a much slower
reaction.30 However, keeping the consecutive workup in mind,
we chose a n-heptane/water ratio of 0.5 g/2 g (corresponding
to α = 0.2) as optimum amount of organic solvent. A reduction
of the ionic liquid ratio was not beneficial: apart from problems
that would be occurring during phase separation, a decrease in
ionic liquid reduced the yield to 86% (entries 5, 7−9).

Further studies on the effect of temperature showed that a
lower yield can be compensated with increasing temperature
(entries 10−14).28,29 The excellent enantioselectivity was
maintained even at a temperature of 70 °C, which is in
accordance with our previous observations.20 The results for
entries 15−18 suggest that the addition of an appropriate
amount of water (i.e., decreasing γ while keeping the ionic
liquid amount constant at 0.3 g) is beneficial to increase the
yield of the reaction. A similar effect of water is reported by
Wang et al.31 Eventually, at optimum reaction conditions
(ionic liquid 3/n-heptane/water 0.3/0.5/2 g, 0.5 mmol
acetophenone, 2 mmol HCOONa, 0.005 mmol (0.5 mol %)
[RuCl(p-cymene)((R,R)-TsDPEN)], 20 h at 60 °C), excellent
yield and enantiomeric excess ≥95% were obtained. It is
interesting to note that the asymmetric transfer hydrogenation
proceeds also quite well without the presence of ionic liquid.
Even in a biphasic system composed of water and n-heptane (2
g/0.5 g), high yields and enantioselectivity were obtained

Figure 2. Phase diagram of (●) HCOONa (2 mmol), acetophenone
(0.25 mmol), 1-phenylethanol (0.25 mmol), at equal mass fraction of
water (2 g) and heptane (2 g) (α = 0.5). (red ■) HCOONa (2
mmol), 1-phenylethanol (0.5 mmol), at an equal mass fraction of
water and heptane (α = 0.5).

Organic Process Research & Development Article

DOI: 10.1021/acs.oprd.9b00150
Org. Process Res. Dev. 2019, 23, 1841−1851

1843

53

http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.9b00150/suppl_file/op9b00150_si_001.pdf
http://dx.doi.org/10.1021/acs.oprd.9b00150


(Table 1, entry 19). However, kinetic studies of the
asymmetric transfer hydrogenation of acetophenone show
that the reaction rate in the microemulsion formed upon
addition of ionic liquid 3 is higher than in the conventional
biphasic system (SI Figure S7), and a turnover frequency of
370 h−1 could be achieved under optimized conditions. The
nanometer-sized oil or water droplets in microemulsions
provide highly dynamic nanoreactors, with the interface
disintegrating and reforming on a time scale of milliseconds,
which can promote favorable reaction kinetics.32

While the variation of parameters could optimize yield and
selectivity, several problems existed for workup and potential
recycling of catalyst. After running the reaction at optimized
conditions, the product was separated from the three-phase
system formed. While the direct separation of product was
possible, for convenience of handling on small scale, a mixture
of n-heptane/diethyl ether (1:1, 2 mL) was added to facilitate
phase separation and product extraction in the three-phase
system. However, extensive leaching of the catalyst into the
organic phase was observed by using [RuCl(p-cymene)((R,R)-
TsDPEN)], which could be visually detected from the
colorization of the organic phase (Figure 3, left).

To overcome the problems of catalyst leaching, which would
inevitably result in product contamination and limited
recyclability, we replaced the TsDPEN ligand with its water-
soluble derivative (R,R)-2 (Scheme 1). The chiral water-
soluble sulfonated product (R,R)-1 was prepared via treatment
of commercially available (R,R)-DPEN with oleum according
to the published methods, resulting in a mixture of different

isomers.9,33 After purification of the crude sample by
preparative HPLC, the major product, the bis-meta-sulfonated
ligand, was isolated in 76% yield. The desired mono-N-
tosylated derivative (R,R)-2 was obtained by subsequent
tosylation in 62% yield.9 The water-soluble ruthenium catalyst
[RuCl(p-cymene)((R,R)-2)] was prepared by reacting
[RuCl2(p-cymene)]2 with (R,R)-2 at 40 °C for 1 h in aqueous
media. As can be seen in Figure 3 (right), after running the
reaction under similar conditions with [RuCl(p-cymene)-
((R,R)-2)], the organic phase remained colorless, suggesting
that the ion-tagged ruthenium catalyst is efficiently immobi-
lized in the surfactant-rich middle layer through additional
interactions with the charged ionic liquid species and that there
is no significant catalyst leaching into the organic layer.

In order to quantify the effect of the ligand structure on the
ruthenium leaching, ICP-OES measurements have been
carried out from the corresponding n-heptane phases after
the reaction. While 30 ppm of ruthenium were detected in
the n-heptane phase in case of the unmodified [RuCl(p-
cymene)((R,R)-TsDPEN)], only 2 ppm of ruthenium could be
detected by switching to the ion-tagged and more hydrophilic
[RuCl(p-cymene)((R,R)-2)], resulting in a significant im-
provement in the immobilization of the catalyst and confirming
the previous qualitative results. Regarding the catalytic activity
of the [RuCl(p-cymene)((R,R)-2)], as shown in Table 2, the
obtained results were similar to those with the [RuCl(p-

Table 1. Optimization of the Asymmetric Transfer
Hydrogenation of Acetophenone (5) Catalyzed by [RuCl(p-
cymene)((R,R)-TsDPEN)], Performed with
[C12mim][(iC8)2PO2] (3)

entrya
weight ratio

IL/n-heptane/H2O α γ
temp
[°C]

yieldb

[%]
eec,d

[%]

1 0.3/2.5/2 0.56 0.06 40 47 92 (R)
2 0.3/2/2 0.50 0.07 40 66 94 (R)
3 0.3/1.5/2 0.43 0.08 40 72 94 (R)
4 0.3/1/2 0.33 0.09 40 89 91 (R)
5 0.3/0.5/2 0.20 0.11 40 95 92 (R)
6 0.3/0/2 0 0.13 40 98 92 (R)
7 0.25/0.5/2 0.20 0.09 40 91 93 (R)
8 0.2/0.5/2 0.20 0.07 40 86 94 (R)
9 0.15/0.5/2 0.20 0.06 40 86 94 (R)
10 0.3/1.5/2 0.43 0.08 30 58 94 (R)
11 0.3/1.5/2 0.43 0.08 40 74 95 (R)
12 0.3/1.5/2 0.43 0.08 50 84 93 (R)
13 0.3/1.5/2 0.43 0.08 60 97 93 (R)
14 0.3/1.5/2 0.43 0.08 70 91 93 (R)
15 0.3/0.5/0.5 0.50 0.23 60 83 94 (R)
16 0.3/0.5/1 0.33 0.17 60 94 94 (R)
17 0.3/0.5/1.5 0.25 0.13 60 98 93 (R)
18 0.3/0.5/2 0.20 0.11 60 99e 95 (R)
19 0.0/0.5/2 0.20 0.00 60 96 90 (R)

aPerformed with 0.5 mmol acetophenone, 2 mmol HCOONa, and
0.005 mmol (0.5 mol %) [RuCl(p-cymene)((R,R)-TsDPEN)] for 20
h, unless otherwise indicated. bYield determined via HPLC using
phenol as internal standard. cThe enantiomeric excess was determined
via HPLC using a DAICEL Chiracel IB column. dAbsolute
configuration was determined via measurement of optical rotation
values and comparison with literature data. eTurnover frequency was
370 h−1.

Figure 3. Phase distribution and leaching of catalyst into the oil phase
in case of using (a) [RuCl(p-cymene)((R,R)-TsDPEN)], (b)
[RuCl(p-cymene)((R,R)-2)]. Lower phase: aqueous layer, middle
phase: catalyst containing surfactant-rich middle layer, upper phase:
organic layer with product.

Table 2. ATH of Acetophenone (5) in Different
Microemulsion Systems

entrya
ionic
liquid catalyst

con./yieldb,c

[%]
eed,e

[%]

1 3 [RuCl(p-cymene)((R,R)-
TsDPEN)]

99 (99) 95 (R)

2 3 [RuCl(p-cymene)((R,R)-2)] 99 (98) 94 (R)
3 4 [RuCl(p-cymene)((R,R)-

TsDPEN)]
99 (99) 93 (R)

4 4 [RuCl(p-cymene)((R,R)-2)] 98 (96) 94 (R)

aPerformed with ionic liquid/n-heptane/water 0.3/0.5/2 g, 0.5 mmol
acetophenone, 2 mmol HCOONa, 0.005 mmol (0.5 mol %) catalyst
at 60 °C for 24 h. bConversion determined via HPLC using phenol as
internal standard. cIsolated yields after flash column chromatograph
given in brackets. dThe enantiomeric excess was determined via
HPLC using a DAICEL Chiracel IB column. eAbsolute configuration
was determined via measurement of optical rotation values and
comparison with literature data.
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cymene)((R,R)-TsDPEN)] under optimized conditions. How-
ever, a slightly longer reaction time of 24 h was required when
using the hydrophilic ligand (R,R)-2 eventually giving the

product in excellent isolated yield and enantioselectivity.
Almost identical behavior was found when using the ionic
liquid [C12dmim][(iC8)2PO2] (4) instead of [C12mim]-

Table 3. Scope and Limitations of ATH with a Variety of Ketones and Imines, Using Ionic-Liquid-Based Microemulsions

aPerformed with IL 3/n-heptane/water 0.6/1/4 g, 1 mmol substrate, 4 mmol HCOONa, 0.01 mmol (0.5 mol %) [RuCl(p-cymene)((R,R)-2)] for
20 h at 60 °C. bIsolated yield after flash column chromatography. cYield determined by GC analysis. dThe enantiomeric excess was determined by
chiral HPLC analysis. eAbsolute configuration was determined via measurement of optical rotation values and comparison with literature data.
fDetermined by 19F{1H} NMR after derivatization with (S)-Mosher’s acid chloride.
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[(iC8)2PO2] (3), indicating that the acidic proton in position 2
of the imidazolium is not involved in the process.

We subsequently investigated the substrate scope for a wider
range of ketones and imines under the previously optimized
conditions. While the ATH of 4′-methylacetophenone (Table
3, entry 2), gave similarly high ee of 97% compared to the
reduction of acetophenone, other substituted aromatic ketones
(Table 3, entries 1, 3−5) gave lower enantioselectivities (84−
88% ee). High enantioselectivity was also observed for the
ATH of a β-ketoester, whereas lower yield and selectivity was
found for the corresponding α-analogue compound (Table 3,
entries 6 and 7). This difference between the two types of
ketoesters might be explained with the strong functional group
chelation of the β-ester carbonyl with the chiral ligand, further
stabilizing the diastereomeric transition states and thus leading
to an overall higher enantiocontrol and higher reaction rate. In
the case of (E)-chalcone, a double reduction was observed,
resulting in 1,3-diphenylpropan-1-ol as the major product
(Table 3, entry 8). These results are in good agreement with
the previous reports.10

As expected from literature data, the reduction of aliphatic
ketones is considerably more difficult and resulted in poor
yield and enantioselectivity or no conversion at all (Table 3,
entries 9 and 10).34−37 This can be based on the lack of π-CH
interaction that plays a key role in the enantiocontrol when
using ruthenium- or rhodium-arene catalysts for the reduction
of aromatic ketones.37

Apart from the reduction of ketones, Noyori-type complexes
can be equally effective in the ATH of imines.38,39 Unlike the
ATH reactions of ketones, this kind of transfer hydrogenation
proceed via an ionic mechanism in which acidic activation of
the imine starting materials is required.40,41 Therefore, the
azeotropic mixture of formic acid and triethylamine (5:2 molar
ratio) rather than sodium formate is used as a powerful and
nonreversible hydrogen source.40,42 The microemulsion system
shown here was also suitable for the reduction of imines
(Table 3, entries 11−14). However, since the applied
conditions were optimized for the reduction of ketones rather
than imines, it is not surprising that yields remain low for all
imines evaluated in the current work.

The recovery of the catalytic system was also tested by
carrying out consecutive cycles with the water-soluble catalyst
[RuCl(p-cymene)((R,R)-2)] in the optimized microemulsion
system. After complete conversion of acetophenone, the
product was carefully extracted from the microemulsion,
while the catalyst remained immobilized in the intermediate
phase. The vial was loaded with fresh acetophenone and 2.0
equiv of HCOOH to regenerate HCOONa. In general,
catalytic activity with high enantioselectivity could be
maintained for three cycles, although a decrease in conversion
was observed in each recycling cycle (Table 4). The water-
soluble ligand (R,R)-2 was more suitable for recycling with
([C12mim][(iC8)2PO2] (3) and[C12dmim][(iC8)2PO2]) (4),
as higher conversions were observed compared with the result
obtained from the TsDPEN-ligand reactions (e.g., Table 4,
entries 1−3 vs 4−6). This can be associated with the
prevention of leaching when the sulfonated ligand (R,R)-2
was used.

As we observed during the recycling experiments, the color
of the solution changes from orange to dark brown, which
indicates decomposition of the catalyst (Figure 3). In fact,
recent studies by Hall et al. on the ruthenium-catalyzed
transfer hydrogenation of acetophenone with isopropanol/

KOH identified different pathways for the deactivation of the
active hydride species, identifying the loss of the arene ligand
as key step in the formation of ruthenium nanoparticles as
ultimate degradation product.43 Comparable results were also
reported by several other research groups, indicating that the
stability of the catalytic system rather than the immobilization
of the complex is the limiting factor in these recycling
experiments.12,44,45

■ CONCLUSIONS
Herein, we showed that microemulsions based on the surface-
active ionic liquids ([C12mim][( iC8)2PO2] (3) and
[C12dmim][(iC8)2PO2]) (4) can be successfully applied for
Ru-catalyzed asymmetric transfer hydrogenation of acetophe-
none. High yields and enantioselectivities were observed under
optimized conditions in the case of aromatic ketones.
Moreover, the temperature-dependent phase behavior of the
microemulsion allowed for high reactivity in combination with
facile product separation. The optimized microemulsion
system could be applied to a wide range of aromatic ketones
that were reduced with good isolated yields and selectivities,
while aliphatic ketones were less successful.

Furthermore, it was shown that the use of a water-soluble
ligand ((R,R)-2) can improve immobilization of the catalyst in
the intermediate phase and decrease the leaching in the
organic phase, meanwhile the excellent conversion and
enantioselectivity was also maintained in the case of reduction
of acetophenone. However, only moderate results were
obtained when studying recycling and reuse of the catalyst
due to decomposition, indicating that there are still limitations
when applying ionic-liquid-based microemulsion systems
for asymmetric transfer hydrogenations.

■ EXPERIMENTAL SECTION
Materials and Methods. All reagents were purchased

from commercial suppliers and used without further
purification unless otherwise noted. Ionic liquids [C12mim]-

Table 4. Catalyst Recycling in the ATH of Acetophenone in
the Presence of Ionic Liquids [C12mim][(iC8)2PO2] (3) and
[C12dmim][(iC8)2PO2] (4)

entrya
ionic
liquid catalyst run

con.b

[%]
eec,d

[%]

1 3 [RuCl(p-cymene)((R,R)-
TsDPEN)]

1 99 95 (R)
2 2 62 92 (R)
3 3 40 91 (R)
4 3 [RuCl(p-cymene)((R,R)-2)] 1 99 94 (R)
5 2 67 93 (R)
6 3 46 92 (R)
7 4 [RuCl(p-cymene)((R,R)-

TsDPEN)]
1 99 94 (R)

8 2 48 86 (R)
9 3 16 59 (R)
10 4 [RuCl(p-cymene)((R,R)-2)] 1 98 94 (R)
11 2 62 88 (R)
12 3 39 66 (R)

aPerformed with IL/n-heptane/water 0.6/1/4 g, 1 mmol acetophe-
none, 4 mmol HCOONa, 0.01 mmol (0.5 mol %) catalyst for 20 h at
60 °C. bConversion determined via HPLC using phenol as internal
standard. cThe enantiomeric excess values were determined via chiral
HPLC using a DAICEL Chiracel IB column. dAbsolute configuration
was determined via measurement of optical rotation values and
comparison with literature data.
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[(iC8)2PO2] (3) and [C12dmim][(iC8)2PO2] (4) were
prepared according to previously reported procedures and
dried for at least 24−48 h at room temperature or 50 °C and
0.01 mbar before use.46,24 Melting points were measured on an
automated melting point system OPTI MELT of Stanford
Research Systems. 1H NMR, 13C NMR, and 19F NMR spectra
were recorded on a Bruker Advance UltraShield 400 (400
MHz) spectrometer and chemical shifts (δ) are reported in
ppm, using tetramethylsilane as internal standard. Coupling
constants (J) are reported in Hertz (Hz). The following
abbreviations were used to explain the multiplicities: s =
singlet, d = doublet, t = triplet, q = quartet, quin. = quintett,
sex. = sextet, m = multiplet, brs = broad singlet. HPLC analysis
for determination of yield and conversion were performed on a
Jasco HPLC unit equipped with a PDA detector and a C18
column (Maisch ReproSil 100, 250 × 4.6 mm, 5 μm) at 30 °C,
using acetonitrile and water (ACN: H2O 30:70 + 0.1%
trifluoroethanoic acid) as the mobile phase at a flow rate of 0.8
mL min−1. The detection wavelength was at 210 nm. Phenol
was used as internal standard, and calibration curves were
prepared in the range from 2.0 to 0.01 mg mL−1 for starting
material and product. The enantiomeric excess values were
determined via HPLC analysis on a DAIONEX UPLC that was
equipped with a photodiode array (PDA) plus detector (190−
360 nm), using a DAICEL IB or AS-H column (250 × 4.60
mm, 5 μm), mixtures of n-heptane/i-PrOH or n-hexane/EtOH
as solvent, and flow rate of 0.7−1 mL min−1. Reversed-phase
flash chromatography was performed on a Grace Reveleris X2
preparative system using Phenomenex Luna C18 column (250
× 21.2 mm, 10 μm) at a flow rate of 15 mL min−1. Optical
rotation was measured on an Anton Paar MCP500 polarimeter
at the specified conditions, and the concentrations are stated in
g/100 mL. ICP-OES measurements were carried out on a
radial ICP-OES spectrometer (Thermo iCAP 6500, Thermo
Scientific, U.S.A.) by using a V-groove nebulizer (Thermo
Scientific, U.S.A.) at 1400 W and argon as plasma gas. The
flow of the nebulizer gas, cooling gas, and auxiliary gas were
0.5, 12, and 0.8 L min−1, respectively. A solution of 5% n-
octanol in conostan was used for the sample dilution. Signal
intensities measured at the wavelength of 267.876 nm were
used for the quantification of ruthenium, while emission lines
240.272 and 266.161 were used for monitoring and quality
control during the measurements. Calibration curves for the
quantification of ruthenium were prepared from a stock
solution of Noyori catalyst [RuCl(p-cymene)((R,R)-
TsDPEN)] in 1-octanol in a range of 0.5−3.5 ppm. To
correct for potential instrument drifts as well as nonspectral
interferences, indium has been added to all standard and
sample solutions; for quantification, the obtained ruthenium
signals were normalized using the indium response measured
at the wavelength of 230.606 nm.

Phase Diagrams. The phase behavior of water/n-heptane/
[C12mim][(iC8)2PO2] (3) in the presence of HCOONa,
acetophenone (5), and 1-phenylethanol (6) at different
temperatures was determined by visual inspection titration of
the mixture with [C12mim][(iC8)2PO2] (3) at different
temperatures. After adding a certain amount of ionic liquid,
the mixture was stirred magnetically and left to equilibrate in a
thermostated heating block. After visual assessment of phase
behavior, new ionic liquid was added, and the procedure was
repeated until clear phases were obtained.

Synthesis of (R,R)-2.9,33 A round-bottomed flask charged
with 10 mL of oleum (65%) was cooled to 0 °C using an ice

bath. (R,R)-DPEN (1 g, 4.7 mmol) was added batchwise. The
mixture was stirred for 24 h at 0 °C to room temperature. The
viscous mixture was poured onto 100 g of crushed ice with
vigorous stirring. After the pH value of the solution was
adjusted to 9 with solid NaOH, the aqueous phase was washed
with DCM. After removal of the water under reduced pressure,
a yellow solid was obtained. The crude product was redissolved
in 50 mL of CH3OH, and the insoluble compound was
removed by filtration. The product was purified by RP
chromatography and 1.6 g (yield: 76%) of white solid (R,R)-1
was obtained. mp > 280 °C (decomposition); [α]D

20 +36.13 (c
= 1.1, H2O); 1H NMR (400 MHz; D2O) δ: 5.15 (2H, s, 2 ×
CHNH2), 7.27 (2H, d, J = 7.84 Hz, H-arom), 7.39 (2H, t, J =
7.86 Hz, H-arom), 7.66 (2H, s, H-arom), 7.71 (2H, d, J = 7.81
Hz, H-arom).

Compound (R,R)-1 (1.5 g, 3.3 mmol) and Na2CO3 (1.4 g,
13.2 mmol) were dissolved in 20 mL of H2O, then a THF
solution (20 mL) of TsCl (759 mg, 3.9 mmol) was added to
the aqueous solution dropwise with vigorously stirring at 0 °C.
Once the addition was completed, the resulting mixture was
warmed up to 40 °C and stirred for 24 h. This was followed by
washing the aqueous layer with Et2O and removal of the water
under reduced pressure. The residue was redissolved in 50 mL
of CH3OH, followed by the removal of the insoluble
compound by filtration. After concentration under reduced
pressure, the resulting solid was purified by RP chromatog-
raphy, and 1.2 g (yield: 62%) of colorless solid product (R,R-2)
was obtained. mp 240−249 °C; [α]D

20 +320.23 (c = 1.01,
H2O); 1H NMR (400 MHz; D2O) δ: 1.95 (3H, s, CH3), 4.57
(1H, d, J = 8.9 Hz, CHNH2), 4.64 (1H, d, J = 9.1 Hz, CHNH),
6.58 (1H, d, J = 7.8 Hz, H-arom), 6.68 (1H, d, J = 7.1 Hz, H-
arom) 6.75 (2H, d, J = 8.3 Hz, H-arom), 7.12−7.20 (6H, m,
H-arom), 7.44−7.46 (1H, m, H-arom), 7.56 (1H, s, H-arom).
13C NMR (100 MHz; CDCl3) δ: 20.4 (CH3), 58.3 (CHNH2),
60.6 (CHNH), 123.8 (C-arom), 124.2 (C-arom), 125.0 (C-
arom), 126.1 (C-arom), 126.5 (C-arom), 126.6 (C-arom),
128.4 (C-arom), 129.0 (C-arom), 129.5 (C-arom), 129.8 (C-
arom), 130.5 (C-arom), 131.1 (C-arom), 133.1 (C-arom),
134.4 (C-arom), 134.6 (C-arom), 142.7 (C-arom), 143.3 (C-
arom), 144.8 (C-arom).

Synthesis of 1-Methyl-3,4-dihydroisoquinoline (Table
3, Entry 11).47 Freshly distilled 2-phenylethylamine (1.49 g,
12.3 mmol) was dissolved in anhydrous pyridine (1.1 mL, 12.5
mmol), and acetic anhydride (1.22 mL, 12.8 mmol) was slowly
added with a syringe. The reaction mixture was stirred at 90 °C
for 2 h and subsequently allowed to cool to room temperature.
Then the mixture was poured onto 25 g of ice and stirred for 5
min before 11 mL of HCl was added. The aqueous phase was
extracted with EtOAc (3 × 20 mL). The combined organic
phases were subsequently washed with saturated NaHCO3
solution, dried over Na2SO4, and the solvent was removed
under reduced pressure. N-Phenethylacetamide was obtained
as a light yellow solid (1.51 g, 75%) and could be used without
further purification. In a round-bottom flask, P2O5 (2.90 g,
10.2 mmol) and POCl3 (2.86 mL, 30.6 mmol) were mixed in
50 mL of o-xylene. N-Phenethylacetamide (1.33 g, 8.1 mmol)
was added, and the mixture was refluxed for 20 h. After it was
cooled to room temperature, the mixture was neutralized with
2 M NaOH. The phases were separated, and the aqueous
phase was extracted with Et2O. The combined organic phases
were dried over Na2SO4, and the solvent was removed under
reduced pressure. The crude product was purified via
Kugelrohr distillation (0.4 mbar, 75 to 100 °C). 1-Methyl-
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3,4-dihydroisoquinoline was obtained as a colorless liquid (948
mg, 54%). 1H NMR (400 MHz; CDCl3) δ: 2.33 (3H, s, CH3),
2.62 (2H, t, J = 7.1 Hz, CCH), 3.60 (2H, t, J = 6.1 Hz, NCH2),
7.08−7.24 (4H, m, H-arom).

Synthesis of 1-Phenyl-3,4-dihydroisoquinoline (Table
3, Entry 12).48 1-Phenyl-1,2,3,4-tetrahydroisoquinoline (628
mg, 3 mmol) was dissolved in 12.5 mL of DMF and stirred at
100 °C. After the reaction was completed, the solvent was
removed from the crude reaction mixture under reduced
pressure. The crude product was purified via column
chromatography, and 1-phenyl-3,4-dihydroisoquinoline was
obtained as colorless solid (94%). 1H NMR (400 MHz;
CDCl3) δ: 2.80 (2H, t, J = 7.1 Hz, CCH), 3.85 (2H, t, J = 7.4
Hz, NCH2), 7.28−7.63 (9H, m, H-arom).

General Procedure for the Preparation of N-
Diphenylphosphinoyl Ketoimines (Table 3, Entries
13,14).49 N-Diphenylphosphinoyl ketoimines were prepared
according to the published method: To a stirred solution of
NH2OH·HCl (1.81 g, 26 mmol) and NaOAc (2.13 g, 26
mmol) in EtOH/H2O (1/1, 16 mL), ketone (18 mmol) was
added and heated to reflux. After complete conversion, the
mixture was cooled to −10 °C and left to crystallize for 24 h.
The solid was filtered and washed with water. The product was
dried and used directly for the next step. To a stirred solution
of the corresponding oxime (9.6 mmol) and triethylamine (9.6
mmol) in petroleum ether/CH2Cl2 (1/1, 30 mL), a solution of
chlorodiphenylphosphine (10 mmol) in CH2Cl2 (5 mL) was
added over 30 min at −45 °C. The mixture was stirred for 1 h
at room temperature before the solvent was evaporated. The
residue was dissolved in CH2Cl2, washed with sat. NaHCO3,
brine, dried over Na2SO4, and concentrated. The residue was
purified by flash column chromatography using EtOAc/
petroleum ether (1/1) as eluent. The product was further
purified by recrystallization from CH2Cl2/n-hexane.
P,P-Diphenyl-N-[(1E)-1-phenylethylidene]phosphinic

Amide. 1H NMR (400 MHz; CDCl3) δ. 2.37 (3H, s, CH3),
7.18−7.47 (11H, m, H-arom), 7.51−7.87 (4H, m, H-arom).
N-Diphenylphosphoryl-1-naphthalen-2-ylethanimine. 1H

NMR (400 MHz; CDCl3) δ. 3.03 (3H, s, CH3), 7.26−7.51
(10H, m, H-arom), 7.53−7.98 (7H, m, H-arom).

General Procedure for Parameter Optimization. A
mixture of [RuCl(p-cymene)((R,R)-TsDPEN)] (3.18 mg,
0.005 mmol), [C12mim][(iC8)2PO2] (0.3 g), sodium formate
(136 mg, 2 mmol), degassed water (2 g), n-heptane (0.5 g),
and acetophenone (60.08 mg, 0.5 mmol) was stirred in an oil
bath at 60 °C under argon atmosphere for 20 h. The reaction
mixture was diluted with MeOH to a total volume of 50 mL to
obtain a homogeneous solution. A sample (200 μL) was taken,
diluted with MeOH (800 μL), and an internal standard (200
μL of phenol in MeOH stock solution) was added. The sample
was thoroughly mixed, filtered over a syringe filter (0.2 μm)
and analyzed by Jasco HPLC. The enantiomeric excess values
were determined via chiral HPLC. This strategy was also
assessed to study kinetic behavior.

General Procedure for Product Isolation. A mixture of
[Ru(p-cymene)Cl2]2 (1.53 mg, 0.0025 mmol), (R,R)-2 (3.62
mg, 0.006 mmol), and degassed water (2 g) was stirred at 40
°C under argon atmosphere for 1 h. After it was cooled to
room temperature, ionic liquid ([C12mim][(iC8)2PO2] (3) or
[C12dmim][(iC8)2PO2]) (4) (0.3 g), sodium formate (136 mg,
2 mmol), n-heptane (0.5 g) and ketone (0.5 mmol) were
subsequently added, and the reaction mixture was reacted at 60
°C for 24 h. After it was cooled to room temperature, the

three-phase reaction mixture was extracted with degassed n-
heptane/diethyl ether (1/1, 2 mL) four times. The combined
extracts were concentrated in vacuum to afford the desired
products that were further purified via flash column
chromatography over silica.

Recycling Strategy for the Asymmetric Transfer
Hydrogenation of Acetophenone. After the extraction of
product, the residual microemulsion and aqueous phases
containing the catalyst, ligand and ionic liquid were reused by
adding formic acid (2 equiv) to regenerate sodium formate.
Fresh acetophenone was added into the aqueous solution, and
the next cycle of the reaction was started under the same
conditions.
(R)-2-Phenylethanol:50 1H NMR (400 MHz; CDCl3) δ.

1.38 (3H, d, J = 6.5 Hz, CH3), 2.89 (1H, s, OH), 4.73 (1H, q, J
= 6.4 Hz, CH3CH), 7.19−7.28 (5H, m, H-arom). Determi-
nation of enantiomeric excess: DAICEL Chiracel IB column, n-
hexane/i-PrOH, 98.5/1.5 V/V, 1.0 mL min−1, 25 °C, UV 254
nm: tR (R) = 14.8 min, tR (S) = 16.7 min (95% ee).
(R)-1-(4-Chlorophenyl)ethanol:50 1H NMR (400 MHz;

CDCl3) δ. 1.41 (3H, d, CH3, J = 6.3 Hz), 3.16 (1H, s, OH),
4.77 (1H, q, J = 6.4 Hz CH3CH), 7.25 (4H, quin., H-arom).
Determination of enantiomeric excess: DAICEL Chiracel IB
column, n-hexane/i-PrOH, 98.5/1.5 V/V, 1.0 mL min−1, 25
°C, UV 254 nm: tR (R) = 15.5 min, tR (S) = 14.8 min (87%
ee).
(R)-1-(p-Tolyl)ethanol:50 1H NMR (400 MHz; CDCl3) δ.

1.50 (3H, d, J = 6.4 Hz, CH3), 2.39 (3H, s, CCH3), 2.66 (1H,
s, OH), 4.83 (1H, q, J = 6.4 Hz, CH3CH), 7.17−7.30 (4H, m,
H-arom). Determination of enantiomeric excess: DAICEL
Chiracel IB column, n-hexane/i-PrOH, 98.5/1.5 V/V, 1.0 mL
min−1, 25 °C, UV 254 nm: tR (R) = 18.4 min, tR (S) = 16.3
min (97% ee).
(R)-1-(1′-Naphtyl)ethanol:51 1H NMR (400 MHz; CDCl3)

δ. 1.50 (3H, d, J = 6.7 Hz, CH3), 2.23 (1H, s, OH), 5.45 (1H,
q, J = 6.4 Hz, CH3CH), 7.18−7.96 (7H, m, H-arom).
Determination of enantiomeric excess: DAICEL Chiracel IB
column, n-heptane/i-PrOH, 93/7 V/V, 1.0 mL min−1, 25 °C,
UV 254 nm: tR (R) = 12.1 min, tR (S) = 9.3 min (86% ee).
(R)-1-(4-Methoxyphenyl)ethanol:50 1H NMR (400 MHz;

CDCl3) δ. 1.33 (3H, d, J = 6.3 Hz, CH3), 2.53 (1H, s, OH),
3.67 (3H, s, CH3), 4.67 (1H, q, J = 6.5 Hz, CH3CH), 6.74
(2H, d, J = 8.7 Hz, H-arom), 7.15 (2H, d, H-arom, J = 8.6 Hz).
Determination of enantiomeric excess: DAICEL Chiracel IB
column, n-hexane/i-PrOH, 98.5/1.5 V/V, 1.0 mL min−1, 25
°C, UV 254 nm: tR (R) = 21.6 min, tR (S) = 23.3 min (88%
ee).
(R)-1-Phenylpropan-1-ol:50 1H NMR (400 MHz; CDCl3)

δ. 0.85 (3H, d, J = 7.3 Hz, CH3), 1.67−1.77 (3H, m, OH,
CH3CH2), 4.52 (1H, t, J = 6.2 Hz, CH2CHC), 7.18−7.29 (5H,
m, H-arom). Determination of enantiomeric excess: DAICEL
Chiracel IB column, n-hexane/i-PrOH, 98.5/1.5 V/V, 1.0 mL
min−1, 25 °C, UV 254 nm: tR (R) = 11.6 min, tR (S) = 12.8
min (84% ee).
(R)-Methyl 3-hydroxy-3-phenylpropanoate:52 1H NMR

(400 MHz; CDCl3) δ. 1.25 (3H, t, J = 7.1 Hz, CH3,), 2.71
(2H, q, J = 8.0 Hz, CH3CH2), 3.41 (1H, s, OH), 4.15 (2H, q, J
= 14.0 Hz, CHCH2), 5.11 (1H, q, J = 5.2 Hz, CH), 7.30−7.37
(5H, m, H-arom). Determination of enantiomeric excess: AS-
H column, n-heptane/i-PrOH 98/2 V/V, of 0.7 mL min−1, 25
°C, UV 254 nm: tR (R) = 17.8 min, tR (S) = 19.1 min (94%
ee).
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(S)-Ethyl 2-hydroxy-2-phenylacetate:53 1H NMR (400
MHz; CDCl3) δ: 1.14 (3H, t, J = 7.1 Hz, CH3), 3.40 (1H, s,
OH), 4.09−4.17 (2H, m, CH3CH2), 5.07 (1H, s, CH), 7.24−
7.33 (5H, m, H-arom). Determination of enantiomeric excess:
AS-H column, n-heptane/i-PrOH 98/2 V/V, of 0.7 mL min−1,
25 °C, UV 254 nm: tR (R) = 11.0 min, tR (S) = 9.2 min (64%
ee).
(R)-1,3-Diphenylpropan-1-ol:54 1H NMR (400 MHz;

CDCl3) δ. 1.94−2.07 (3H, m, OH, CHCH2), 2.59−2.71
(2H, m, CH2CH2C), 4.59 (1H, q, J = 4.0 Hz, CH2CHC),
7.14−7.27 (10H, m, H-arom). Determination of enantiomeric
excess: DAICEL Chiracel IB column, n-heptane/i-PrOH, 93/7
V/V, 1.0 mL min−1, 25 °C, UV 254 nm: tR (R) = 14.3 min, tR
(S) = 11.8 min (58% ee).
(S)-Octan-2-ol:55 1H NMR (400 MHz; CDCl3) δ. 0.86

(3H, t, J = 7.04 Hz, CH3), 1.15 (3H, d, J = 6.2 Hz, CHCH3),
1.26−1.44 (10H, m, CH2), 2.15 (1H, s, OH), 3.73−3.77 (1H,
m, CH). Determination of Enantiomeric Excess. 2-Octanol
(0.1 mmol) was dissolved in anhydrous dichloromethane (1
mL). Triethylamine (21 μL, 0.15 mmol) and (S)-Mosher’s
acid chloride (22 μL, 0.12 mmol) were added, and the reaction
mixture was stirred at 25 °C. After completion, 5 mL of
dichloromethane was added, and the organic phase was
successively washed with 0.5 M Na2CO3 and water, dried over
Na2SO4, and concentrated in vacuo. The enantiomeric
composition was analyzed by 19F{1H} NMR measurement.
19F{1H} NMR (100 MHz; CDCl3) δ: - 70.02, (minor
diastereomer), - 71.69 (major diastereomer) (38% ee).
1-Phenyl-1,2,3,4-tetrahydroisoquinoline:56 1H NMR (400

MHz; CDCl3) δ. 2.00 (1H, brs, NH), 2.73−2.78 (1H, m,
CH2a-NH), 2.94−3.06 (2H, m, CH2-CH2−NH), 3.19−3.23
(1H, m, CH2b-NH), 5.04 (1H, s, CH-NH), 6.68 (1H, d, J = 7.6
Hz, H-arom), 6.94−6.98 (1H, m, H-arom), 7.07−7.08 (2H, m,
H-arom), 7.19−7.26 (5H, m, H-arom). Determination of
enantiomeric excess: DAICEL Chiracel IB column, n-hexane/
EtOH, 85/15 V/V, 1.0 mL min−1, 25 °C, UV 254 nm: tR (R) =
4.9 min, tR (S) = 5.5 min (26% ee).
(R)-P,P-Diphenyl-N-(1-phenylethylidene)phosphinic

amide:57 1H NMR (400 MHz; CDCl3) δ. 1.48 (3H, d, J =
6.74, CH3), 3.32 (1H, brs, NH), 4.31 (1H, q, J = 6.74,
CH3CH), 7.19−7.38 (11H, m, H-arom), 7.70−7.87 (4H, m,
H-arom). Determination of enantiomeric excess: DAICEL
Chiracel IB column, n-hexane/EtOH, 90/10 V/V, 1.0
mL min−1, 25 °C, UV 254 nm: tR (R) = 7.0 min, tR (S) =
10.3 min (15% ee).
(R)-N-(1-(Naphthalen-1-yl)ethyl)-P,P-diphenylphosphinic

amide:57 1H NMR (400 MHz; CDCl3) δ. 1.62 (3H, d, J =
6.67, CH3), 3.26 (1H, brs, NH), 5.15 (1H, quin., J = 6.70,
CH3CH), 7.27−7.83 (17H, m, H-arom). Determination of
enantiomeric excess: DAICEL Chiracel IB column, n-hexane/
EtOH, 90/10 V/V, 1.0 mL min−1, 25 °C, UV 254 nm: tR (R) =
21.5 min, tR (S) = 19 min (42% ee).
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Kaya, E. Ç.; Zazybin, A.; Temel, H.; Kayan, C.; Meric,̧ N.; Aydemir,
M. Transfer hydrogenation reaction using novel ionic liquid based
Rh(I) and Ir(III)-phosphinite complexes as catalyst. J. Organomet.
Chem. 2016, 824, 25−32.
(4) Fujii, A.; Hashiguchi, S.; Uematsu, N.; Ikariya, T.; Noyori, R.

Ruthenium(II)-Catalyzed Asymmetric Transfer Hydrogenation of
Ketones Using a Formic Acid−Triethylamine Mixture. J. Am. Chem.
Soc. 1996, 118, 2521−2522.
(5) Nishibayashi, Y.; Singh, J. D.; Arikawa, Y.; Uemura, S.; Hidai, M.

Rhodium(I)-, iridium(I)-, and ruthenium(II)-catalyzed asymmetric
transfer hydrogenation of ketones using diferrocenyl dichalcogenides
as chiral ligands. J. Organomet. Chem. 1997, 531, 13−18.
(6) Noyori, R.; Takaya, H. BINAP: an efficient chiral element for

asymmetric catalysis. Acc. Chem. Res. 1990, 23, 345−350.
(7) Hashiguchi, S.; Fujii, A.; Takehara, J.; Ikariya, T.; Noyori, R.

Asymmetric Transfer Hydrogenation of Aromatic Ketones Catalyzed
by Chiral Ruthenium(II) Complexes. J. Am. Chem. Soc. 1995, 117,
7562−7563.
(8) Bubert, C.; Blacker, J.; Brown, S. M.; Crosby, J.; Fitzjohn, S.;

Muxworthy, J. P.; Thorpe, T.; Williams, J. M. Synthesis of water-
soluble aminosulfonamide ligands and their application in
enantioselective transfer hydrogenation. Tetrahedron Lett. 2001, 42,
4037−4039.
(9) Li, J.; Li, X.; Ma, Y.; Wu, J.; Wang, F.; Xiang, J.; Zhu, J.; Wang,

Q.; Deng, J. Surfactant-accelerated asymmetric transfer hydrogenation
with recyclable water-soluble catalyst in aqueous media. RSC Adv.
2013, 3, 1825−1834.
(10) Liu, X.; Chen, C.; Xiu, Y.; Chen, A.; Guo, L.; Zhang, R.; Chen,

J.; Hou, Z. Asymmetric transfer hydrogenation of ketones catalyzed
by thermoregulated ionic liquid-regulating ruthenium complexes.
Catal. Commun. 2015, 67, 90−94.
(11) Rhyoo, H. Y.; Park, H.-E.; Chung, Y. K. The first Ru(II)-

catalysed asymmetric hydrogen transfer reduction of aromatic ketones
in aqueous media. Chem. Commun. 2001, 2064−2065.
(12) Rhyoo, H. Y.; Park, H.-J.; Suh, W. H.; Chung, Y. K. Use of

surfactants in water-soluble ruthenium(II) complex-catalyzed asym-
metric hydrogen-transfer reduction of aromatic ketones. Tetrahedron
Lett. 2002, 43, 269−272.
(13) Cortez, N. A.; Aguirre, G.; Parra-Hake, M.; Somanathan, R.

Water-soluble chiral monosulfonamide-cyclohexane-1,2-diamine-
RhCp* complex and its application in the asymmetric transfer

Organic Process Research & Development Article

DOI: 10.1021/acs.oprd.9b00150
Org. Process Res. Dev. 2019, 23, 1841−1851

1849

59

http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.oprd.9b00150
http://pubs.acs.org/doi/suppl/10.1021/acs.oprd.9b00150/suppl_file/op9b00150_si_001.pdf
mailto:katharina.schroeder@tuwien.ac.at
http://orcid.org/0000-0002-2515-9873
http://dx.doi.org/10.1021/acs.oprd.9b00150


hydrogenation (ATH) of ketones. Tetrahedron Lett. 2007, 48, 4335−
4338.
(14) Zhou, Z.; Ma, Q.; Sun, Y.; Zhang, A.; Li, L. Ruthenium(II)-

catalyzed asymmetric transfer hydrogenation of aromatic ketones in
water using novel water-soluble chiral monosulfonamide ligands.
Heteroat. Chem. 2010, 21, 505−514.
(15) Vasiloiu, M.; Gaertner, P.; Zirbs, R.; Bica, K. Coordinating

Chiral Ionic Liquids: Design, Synthesis, and Application in
Asymmetric Transfer Hydrogenation under Aqueous Conditions.
Eur. J. Org. Chem. 2015, 2015, 2374−2381.
(16) Kalsin, A. M.; Peganova, T. y. A.; Novikov, V. V.; Zhamoytina,

A. I.; Gonsalvi, L.; Peruzzini, M. Transfer Hydrogenation of Ketones
Catalyzed by Surface-Active Ruthenium and Rhodium Complexes in
Water. Chem. - Eur. J. 2014, 20, 846−854.
(17) Li, X.; Chen, W.; Hems, W.; King, F.; Xiao, J. Asymmetric

transfer hydrogenation of ketones with a polymer-supported chiral
diamine. Tetrahedron Lett. 2004, 45, 951−953.
(18) Vasiloiu, M.; Rainer, D.; Gaertner, P.; Reichel, C.; Schroeder,

C.; Bica, K. Basic chiral ionic liquids: A novel strategy for acid-free
organocatalysis. Catal. Today 2013, 200, 80−86.
(19) Vasiloiu, M.; Leder, S.; Gaertner, P.; Mereiter, K.; Bica, K.

Coordinating chiral ionic liquids. Org. Biomol. Chem. 2013, 11, 8092−
8102.
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3. Counterion-enhanced organocatalysis: A novel approach for the 

asymmetric transfer hydrogenation of enones 

The regio– and stereoselective reduction of 3-substituted carbonyl compounds is particularly 

challenging via transition metal catalysis because of the possible reduction of the carbonyl center. The 

introduction of biomimetic hydrogen sources like Hantzsch esters and benzothiazolines provides a 

metal-free, purely organocatalytic alternative for the ATH of enals and enones. As neither gaseous 

hydrogen, nor transition metals are required, such reactions can provide a safer and simpler 

alternative to traditional hydrogenations; moreover, they feature high air and moisture tolerance. To 

date, two main methodologies emerged as particularly applicable for the ATH of α,β-unsaturated 

ketones. Chiral imidazolidinones are in general very powerful catalysts for the ATH of enals; however, 

they show inferior performance for enone substrates and also high catalyst loadings are required 

(Scheme 41, left).39 Expanding their previously described concept of “Asymmetric Counteranion-

Directed Catalysis (ACDC)”, the List group developed a very efficient method for the ATH of enones, 

relying on the non-natural BINOL-based phosphoric acid TRIP (Scheme 41, right).52 Even though this is 

certainly an elegant and powerful alternative for ATH reactions, its major drawback arises from the 

use of TRIP: its synthesis requires a multi-step strategy including tedious purifications, which results in 

a particularly expensive catalyst. In order to overcome these issues; a significantly simpler, cheaper 

and natural-derived catalyst framework of L-amino acid esters and natural-derived achiral/racemic 

phosphoric acids should be developed (Scheme 41, middle). After fine-tuning the catalyst properties 

and reaction parameters, the optimized catalyst system should then be used for the ATH of various 3-

substituted cyclic enones.  

 

Scheme 41. Different catalytic concepts for the ATH of cyclic enones: MacMillan’s imidazolidinone (left), List’s TRIP 

phosphate via ACDC catalysis (right) and our novel concept of counterion enhanced catalysis (middle). 
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In parallel with the experimental work, the influence of chiral and achiral cations on the 

enantiomerization of different biphenyl anions, as well as a possible chirality transfer between the ions 

was investigated via polarizable MD simulations.  

The following manuscripts will be presented in this chapter:  

1.) Scharinger, F.; Pálvölgyi, Á. M.; Zeindlhofer, V.; Schnürch, M.; Schröder, C.; Bica-Schröder, K. 

Counterion Enhanced Organocatalysis: A Novel Approach for the Asymmetric Transfer 

Hydrogenation of Enones. ChemCatChem 2020, 12 (14), 3776–3782.   

As a main author with equal contribution, I planned the experiments and performed them together 

with Fabian Scharinger. Furthermore, I also had a major contribution to the manuscript preparation.  

2.) Zeindlhofer, V.; Hudson, P.; Pálvölgyi, Á. M.; Welsch, M.; Almarashi, M.; Woodcock, H. L.; 

Brooks, B.; Bica-Schröder, K.; Schröder, C. Enantiomerization of Axially Chiral Biphenyls: 

Polarizable MD Simulations in Water and Butylmethylether. Int. J. Mol. Sci. 2020, 21, 6222–

6240.   

As a co-author, I participated in the conceptualization and contributed in the manuscript preparation.  
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Counterion Enhanced Organocatalysis: A Novel Approach
for the Asymmetric Transfer Hydrogenation of Enones
Fabian Scharinger+,[a] Ádám Márk Pálvölgyi+,[a] Veronika Zeindlhofer,[b] Michael Schnürch,[a]

Christian Schröder,[b] and Katharina Bica-Schröder*[a]

Dedicated to Prof. Johannes Fröhlich on the occasion of his 60th birthday

We present a novel strategy for organocatalytic transfer hydro-
genations relying on an ion-paired catalyst of natural l-amino
acids as main source of chirality in combination with racemic,
atropisomeric phosphoric acids as counteranion. The combina-
tion of a chiral cation with a structurally flexible anion resulted
in a novel chiral framework for asymmetric transfer hydro-
genations with enhanced selectivity through synergistic effects.
The optimized catalytic system, in combination with a Hantzsch

ester as hydrogen source for biomimetic transfer hydrogena-
tion, enabled high enantioselectivity and excellent yields for a
series of α,β-unsaturated cyclohexenones under mild condi-
tions. Moreover, owing to the use of readily available and chiral
pool-derived building blocks, it could be prepared in a
straightforward and significantly cheaper way compared to the
current state of the art.

Introduction

Asymmetric transfer hydrogenation has emerged as a powerful
and convenient tool for the reduction of prochiral carbonyl
compounds.[1] The selective reduction of enones is a particularly
challenging task due to the inherent question of regio- and
stereoselectivity.[2] Among many catalytic protocols that have
been described for this particular reaction, the flourishing area
of organocatalysis offers attractive solutions, and iminium-
based asymmetric transfer hydrogenations provide an efficient
and metal-free alternative for the selective reduction of enones
via 1,4-addition.[3–5]

Over the past years, two types of catalysts have emerged as
particularly well suited for organocatalytic transfer hydrogena-
tions of enals and enones. In 2004, the group of MacMillan
reported a series of imidazolidinone derivatives as powerful
benchmark catalysts for highly asymmetric conjugate hydro-
genations of α,β-unsaturated aldehydes and ketones (Figure 1,
left).[5,6] In parallel, List and co-workers described a novel

method for the non-asymmetric transfer hydrogenation of
cinnamaldehyde derivatives using secondary ammonium salts
as catalysts.[7] Two years later, a new methodology in asym-
metric transfer hydrogenation was reported by Mayer and List
as they observed high catalytic activity and enantioselectivity in
the reaction of enals and enones catalyzed by ammonium salts
composed of an achiral or chiral cation and an enantiopure
sterically demanding phosphate anion, TRIP (Figure 1, right).[8,9]

Based on the early success of List’s catalytic system, a new
general concept emerged in the field of organocatalysis, known
as Asymmetric Counteranion-Directed Catalysis (ACDC), which
refers to any catalytic reaction, in which the enantiodiscrimina-
tion is induced through the tight ion-pairing of a cationic
intermediate with an enantiomerically pure anion.[10] The ion-
bound nature of this attractive approach for chiral induction
offers considerable flexibility for fine-tuning of the electronic
and steric properties compared to conventional covalent ligand
systems.[11] Since the discovery of ACDC, or in general, of
asymmetric ion-pairing catalysis, several other highly enantiose-
lective reactions proceeding through cationic intermediates
have been reported.[12–15] While different asymmetric induction
modes can be realized in asymmetric ion-pairing catalysis, the
formation of ion pairs between ammonium cations and bulky
chiral phosphate anions is particularly prominent.[16–21]

While these elegant strategies are certainly among the most
important discoveries in the field of organocatalysis for the last
decades, they still do have some limitations. MacMillan’s
imidazolidinones are excellent catalysts for the asymmetric
transfer hydrogenation of enals; however, the reactivity for
enones is inferior thus requiring higher catalyst loadings.[6] In
contrast, List et al. could successfully reach high reactivity and
selectivity for the asymmetric transfer hydrogenation of enals
and enones even with low catalyst loading based on the chiral
TRIP counteranion. However, this approach requires a rather
expensive catalyst, prepared in a five-step synthesis with rather
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low overall yields. Moreover, a careful structural optimization is
required for the bulky phosphate anion of the catalyst: while
the TRIP counteranion provides indeed high selectivity in the
ATH of ketones and aldehydes, a significant decrease in the
enantiodiscrimination could be observed just with a slight
modification of the phosphate unit, resulting in moderate
selectivity or even close-to-racemic products. Given these
limitations; a straightforward, cheaper and chiral-pool derived
catalytic system that combines high catalytic activity with
excellent enantioselectivity would be highly desirable.

In here, we propose a novel concept of asymmetric ion-
paired organocatalysis with a fixed element of chirality based
on ion aggregation between a chiral amino acid cation and C2-
symmetric atropisomeric phosphate anion. This concept of an
ion-paired catalyst framework offers novel opportunities for
ligand design with unprecedented flexibility compared to
conventional ligand design relying on covalently constructed
ligands. Eventually, this unique approach results in an easily
accessible, cheap and chiral pool-derived a catalytic system that
is yet able to reduce a set of α,β-unsaturated ketones with high
yields and selectivity.

Results and Discussion

To prove the concept of counterion enhanced asymmetric
transfer hydrogenations, we initially focused on the reduction
of 3-methyl-2-cyclohexenone. The reaction was performed with
the common Hantzsch ethyl ester as mild reductant using
standard conditions that have been previously established by
List et al (Scheme 1).[5]

For a first evaluation of the concept, different salts of (l)-
valine t-butyl ester, including the non-chiral trifluoroacetate
salt, but also salts with tropoisomeric biphenyl phosphate as
well as enantiopure or racemic binaphthyl phosphate anions
were used as catalysts (Table 1). While no reaction was

observed with the biphenolate anion 3 due to the lower acidity
of 2,2’-biphenol (Table 1, entry 1), the reaction proceeded with
moderate yield in the presence of biphenyl phosphate 4
(Table 1, entries 4 and 5). Most importantly, an increase of
enantioselectivity to 64%ee – an increase by 10%ee compared
to the trifluoroacetate salt - could be observed, indicating that
the tropoisomeric and C2-symmetric biphenyl phosphate anion
plays a role in enantiodiscrimination (Table 1, entries 2 vs. 4). It
is worthwhile noticing that this is not the case with different
binaphthyl phosphate anions, as the observed enantioselectiv-
ity with racemic or enantiopure binaphthyl phosphate was
identical to the values obtained for trifluoroacetate (Table 1,
entries 2 vs. 6–8). This clearly shows that matched/mismatched
effects between the chiral amino acid and the counteranion do
not influence the enantioselectivity of the product.

Further studies showed that this effect is even more
pronounced in MTBE as a solvent, where an enantioselectivity
of 74%ee compared to 51%ee obtained with the trifluoroace-
tate anion was found (Table 1, entries 3 vs. 5). In fact, when
studying the impact of different solvents in this reaction, we
found that the best selectivity is observed in solvents with low
dielectric constants such as MTBE (ɛ=4.5) or toluene (ɛ=2.4),
whereas lower enantioselectivity was found in more polar
solvents such as water (ɛ=80.1), see ESI Table S2, page S24 for
details.

Figure 1. Iminium-based organocatalytic reduction of enones and different catalytic systems, including MacMillan’s imidazolidinone catalyst (left), List’s TRIP
phosphate (right) as well as the novel counterion enhanced approach reported in here (middle).

Scheme 1. Proof of concept: asymmetric transfer hydrogenation of 3-methyl-
2-cyclohexenone (1a) by using different salts of l-valine t-butyl ester.
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This increase in the enantioselectivity can be attributed to
the solvent’s polarity, resulting in the formation of contact ion
pairs in apolar solvents and hence a stronger interaction
between cation and anion in the catalyst. In contrast to
conventional salts that are defined by a strictly charge-ordered
structure of atomic ions without dipole moment, organic salts,
e.g. ionic liquids, possess a complex network with remarkable
structural heterogeneity of the composing molecular ions.[22] On
a supramolecular length scale, ion pairs, or more precisely ion
aggregates exist for a lifetime of a few picoseconds; however,
ion pair destabilization occurs as pairs readily dissociate into
individual ions in pure salt melts. This situation changes
drastically when organic salts are dissolved in molecular
solvents: A number of experimental techniques, including NMR
measurements or cyclic voltammetry proved the existence of
long-lived ion pairs, suggesting that the ion pair formation is
insignificant in neat salts but dominant in electrolyte solutions.
Although a key feature of organic salts in solution, ion
aggregation has been scarcely exploited for interionic chirality
transfer. An outstanding example in this regard was published
by Leitner and co-workers in their work on asymmetric hydro-
genations featuring a proline-based chiral ionic liquid as solvent

or additive in combination with atropisomeric phosphine
ligands.[23] Impressive enantioselectivity was obtained through a
complex of [{(R)-binap}Rh{(S)-MeProl}]+, accompanied by N-bis-
(trifluoromethane)sulfonimide anion.

We reasoned that the catalytic system could be improved
by tuning the steric demand and rotation barrier of the
atropisomeric phosphate anion. For this purpose, a set of
biphenyl phosphoric acids were prepared via microwave-
assisted oxidative coupling of phenols with t-butyl peroxide.
This straightforward coupling step, followed by reaction with
POCl3 and successive hydrolysis gave access to the phosphoric
acids (4–7) with variable substituent pattern in acceptable
overall yield, starting from cheap and readily available phenols
(see ESI S10–S13 for details). With this set of phosphoric acids in
hand, the selectivity in asymmetric transfer hydrogenation
could be considerably improved and varied between 74 and
80%ee. Best results were obtained with the isopropyl sub-
stituted phosphoric acid 6 as anion source, providing up to
80%ee with nearly quantitative yield (Figure 2, also see ESI
Table S3, page S25 for details). Furthermore, other acids tradi-
tionally used in organocatalysis have been investigated. The ee
values were below 60% for all cases under the same reaction
conditions, further highlighting the benefits of the atropiso-
meric phosphoric acids 4–7 (see ESI Table S4, page S26 for
details).

Successively, we performed an extensive screening of the
amino acid as cation source for further optimization of the
catalytic system. Little difference in enantioselectivity (between
72–80%ee) were found between (l)-valine, (l)-leucine, (l)-
isoleucine and (l)-t-leucine t-butyl esters, whereas aromatic
species such as (l)-phenylalanine t-butyl ester where less
efficient. (l)-Proline t-butyl ester with a secondary ammonium
cation gave also significantly lower selectivity (see ESI Table S5,
page S27 for details). Finally, modifications on the ester moiety

Table 1. Proof of concept in the counterion enhanced asymmetric transfer
hydrogenation of 3-methyl-2-cyclohexenone (1a) using (l)-valine t-butyl
ester as cation source.

Entry[a] Anion Conv.[c][%] Yield[c] [%] ee[c] [%] Δee[d]

1 3 <1 <1 n.d. n.d.

2 78 49 54 -

3[b] 92 88 51 -

4 4 40 27 64 10

5[b] 4 75 72 74 23

6 8 13 13 54 0

7 8 22 13 54 0

8 8 20 15 54 0

[a] Performed with 0.18 mmol 3-methyl-2-cyclohexenone (1a), 20 mol%
catalyst and 0.22 mmol Hantzsch ethyl ester in 0.55 mL 1,4-dioxane for
48 hours at 60 °C, [b] MTBE used as solvent, [c] Determined by GC analysis
on BGB5 column using n-dodecane as internal standard and chiral GC
analysis using a BGB175 chiral capillary column, [d] Δee defined as the
difference between the reaction with phosphate anion 4 and trifluor-
acetate anion in 1,4-dioxane and MTBE, respectively.

Figure 2. Impact of different phosphate anions vs. TFA anion on the
enantioselectivity. All reactions were carried out in MTBE at 60 °C using l-
valine t-butyl ester as cation source.
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of (l)-valine revealed that sterically demanding aliphatic groups
such as t-butyl, 4-t-butyl cyclohexyl or menthyl are indeed
required for reaching high selectivity, as can be easily seen
when comparing the results with those obtained for methyl or
benzyl esters. Eventually, the best results were obtained when
matching (l)-valine with the (+)-(1S,2R,5S) menthol, as the
resulting ester in combination with phosphoric acid 6 resulted
in an excellent yield of 98% and an enantioselectivity of 93%
ee. This is in contrast to the mismatched ester-system obtained
with ( )-(1R,2S,5R) menthol, which gave only 82%ee
(Scheme 2).

With the ideal cationic and anionic moiety identified, it was
also possible to reduce the catalyst loading to lower amounts:
When studying different catalyst loadings at 25 °C, the high
selectivity was maintained even at 5 mol% catalyst, although

losses in yield had to be taken into account. Eventually, a
reaction temperature of 50 °C provided an ideal compromise
between yield and selectivity, providing the desired product 2a
in 98% yield and 95%ee (Table 2, entry 9).

For further studies on scope and limitation of the newly
established catalytic system, the substrate pool was widened to
investigate the asymmetric transfer hydrogenation of different
3-substituted cyclohexenones under the previously optimized
reaction conditions (Table 3). Enantioselectivity exceeded 90%
frequently, thereby demonstrating the versatility and broad
application range of the newly established system.

In general, atropisomerism is a type of axial chirality that
may arise in systems where free rotation about a single covalent

Scheme 2. Optimization of the (l)-valine ester moiety as cations source for.
All reactions were carried out in MTBE at 60 °C using phosphate anion 6.

Table 2. Optimization of conditions and parameters for the asymmetric
transfer hydrogenation of 3-methyl-2-cyclohexenone (1a) using (l)-valine
(+)-(1R,3R,4S) menthyl ester and the isopropyl substituted phosphoric acid
6 as anion source.

Entry[a] T
[°C] Catalyst

[mol%]
Hantzsch
ester

Yield[b]/% ee[c]

[%]

1 60 20 ethyl 98 93
2 50 20 ethyl 98 95
3 40 20 ethyl 96 95
4 25 20 ethyl 59 96
5 25 10 ethyl 43 96
6 25 5 ethyl 29 96
7 25 1 ethyl 11 96
8 50 10 ethyl 99 94
9 50 5 ethyl 98 95
10 50 1 ethyl 68 93
11[d] 25 20 methyl 14 83
12[d] 25 20 ethyl 17 88
13[d] 25 20 i-propyl 58 69
14[d] 25 20 t-butyl 58 67

[a] Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.009-
0.036 mmol catalyst and 0.22 mmol Hantzsch ester in 0.55 mL MTBE at
the given temperature for 48 hours, [b] Determined by GC analysis on a
BGB5 column using n-dodecane as internal standard, [c] Determined by
chiral GC analysis using a BGB175 chiral capillary column, [d] Performed
with (l)-valine t-butyl ester instead of (l)-valine (+)-(1R,3R,4S) menthyl
ester.

Table 3. Substrate scope for the counterion enhanced transfer hydro-
genation of enones.

Entry[a] Substrate Yield [d] [%] ee[e] [%]

1 1a 98 (72)[f] 95 (S)

2 1b 85 (76)[f] 92 (S)

3 1c 70 (55)[f] 91 (S)

4 1d 91 (87) 93 (S)

5 1e 85 (60)[f] 86 (S)

6 1f 75 (68)[f] 88 (S)

7[b] 1g 66 (60) 92 (S)

8[c] 1h 94 (80)[f] 89 (S)

9 1 i 86 (84) 82 (S)

10 1 j 94 (91) 90 (S)

11 1k 65 (62) 94 (S)

12 1 l 89 (86) 70 (S)

[a] Performed with 1.8 mmol ketone, 5 mol% catalyst and 2.2 mmol
Hantzsch ethyl ester in 5.5 mL MTBE at 50 °C for 48 hours, [b] 20 mol%
catalyst, [c] 10 mol% catalyst, [d] Determined by GC or GC MS analysis.
Isolated yields after flash column chromatography are given in parenthesis,
[e] Determined by chiral GC analysis using a BGB175 or BGB173 chiral
capillary column, or by chiral HPLC analysis using a Diacel Chiralcel AS H
column. Absolute configurations have been determined by measuring the
optical rotation and comparing with literature data, [f] Lower isolated yield
because of high volatility of the product.
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bond is hindered.[24] The isomerization pathways of biphenyls
with bulky ortho-substituents were studied in detail by Masson,
showing that conformers with isomerization barriers >23 kcal/
mol can be separated at room temperature.[25] Less information
is available for biphenols or biphenyl phosphoric acids. For
more insight on the behavior of the atropisomeric phosphoric

acids, we calculated isomerization barriers for compounds 4–8
(Table 4). The pure electrostatic barriers were corrected by
frequency contributions to result in the Gibbs free energy
barrier (ΔG) at a temperature of 333.15 K. Optimizations, energy
evaluations and frequency calculations were performed on the
B3LYP-D3/def2TZVP[26–28] level of theory with the program
package ORCA.[29] Correlation in the uniform electron gas was
modeled according to the Vosko-Wilk-Nusair VWN5
formalism.[30] A detailed description of the computational
methodology can be found in the ESI (S32–S33).

In general, comparison of the isomerization barriers be-
tween biphenols and biphenyl phosphoric acids is not
straightforward. In case of biphenol, at least five ground state
isomers can be identified, resulting in multiple isomerization
pathways.[31] Sahnoun et al. estimate a value of 11.5 kcal/mol for
the lowest possible pathway.[31]

Due to the additional O P O bridge, the phosphoric acids
are restricted in the rotation of the aryl-aryl bond, hence
allowing only one pathway. The phosphoric acids 4 and 5 have
similar rotational barriers of 10 and 12 kcal/mol, indicating that
substituents in 3,3’-position have only a minor impact on the
rotation barrier. As visible from Figure 3 (top), their transition
states for the isomerization are both planar. However, barriers
for the acids 6 and 7 increase to 41.2 and 48.2 kcal/mol,
respectively, which can be attributed to the methyl groups in
6,6’-position. Apart from the steric hindrance of the rotation,
this substitution pattern also forces an out-of-plane transition
state (Figure 3, bottom).

Moreover, the optimal dihedral angle of 2,2’-biphenol and
biphenyl phosphoric acid differs significantly due to the
constraints of the phosphate bridge on the rotation of the two
phenyl rings (Table 4). In case of 2,2’-biphenol two hydroxyl
hydrogens are able to form hydrogen bonds to the opposite
oxygen.

The rotational barrier itself cannot explain the different
enantioselectivity observed in the ATH reaction. For example,

Table 4. Barrier energies for the phosphoric acids on the B3LYP-D3/
def2TZVP level of theory.

Entry Biphenol/
Phosphoric acid

Isomerization
barrier ΔG

Dihedral angle around the
aryl-aryl bound

[kcal/mol] Ground
state

Transition
state

1 11.5[31] 110° 0°

2 4 10.0 43° 0°

3 5 12.0 49° 0°

4 6 41.2 56° 21°

5 7 48.2 61° 29°

6 42.7[25] 75° 26°

Figure 3. Optimized geometry of the transition states of compounds 4–7.
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anions arising from phosphoric acid 5 and 7 gave similar
enantioselectivity, despite a considerable difference in their
rotational barriers (Figure 2,). Additionally, the rotational barrier
of the binaphthyl phosphate 8 is considerably higher compared
to biphenyl phosphate 4. However, the latter resulted in
considerably higher yield and enantioselectivity (see Table 1,
entries 4 vs. 6–8), indicating that a complex interplay of the
steric demand, anion geometry and rotation barrier is respon-
sible for the different performance in the ATH reaction.

The most promising catalyst system was investigated
further via non-polarizable molecular dynamics simulations. To
model the ion pair prior to the enantioselective reaction step,
we further investigated the iminium cation formed
(+)-(1S,2R,5S) menthyl-l-valinate and 3-methyl-2-cyclohexe-
none, in combination with phosphate anion 6. Simulations
were performed for one intermediate ion pair at 60 °C in methyl

butyl ether, a solvent with a comparable dielectric constant to
MTBE (see ESI S34-S37 for details). To explore any structural
difference in the ion pairs, the (E) and (Z) form of the cation and
both enantiomers of the anion were considered in four different
simulations. The ion pairs incorporating the (R)-enantiomer of
the anion are shown in Figure 4.

From the average interionic distance calculated respective
to center of mass, it can be seen that the ions form stable pairs
throughout the simulation. In all systems, the hydrogen bond
between cation and anion (see Figure 4 and Table 5) is present
for more than 85% of the simulation time. This hydrogen bond
promotes a certain orientation of the ion pair, with the
phosphate group of the anion oriented towards the nitrogen of
the cation. This also affects the average distance between the
prochiral C3-atom of the cation and the P-atom of the anion. In
the unfavored (Z)-form, the methyl group bound to the
prochiral C3 points on the opposite side of the nitrogen-bound
hydrogen, resulting in an interionic distance of approx. 6.5 Å
away. In contrast, the C3-P distance is shorter by about 1 Å in
the favored (E)-form, providing a closer ion pair and thus might
be ideal for chiral induction.

Conclusion

In here, we reported a novel concept of counterion catalysis for
organocatalytic asymmetric transfer hydrogenations. The ion-
paired catalysts, based on cheap amino acid-derived cations
and flexible phosphate anions could be readily synthetized
from natural compounds, providing a significantly cheaper
alternative to the current start-of-art ACDC methodology. After
careful parameter optimization, a series of different enones
could be reduced with high yields and enantioselectivity under
mild conditions even with low catalyst loadings.

From the simulation data, we can conclude that interionic
interactions are strong enough to form a stable ion pair in
apolar solvents such as MTBE, and that the hydrogen bond
both favors a certain arrangement of the ion pair, with the C3
atom relatively close to the anion. The exact interplay between
the ions, and the mechanism of a possible chirality transfer
remains unclear, and it will be further evaluated in future
studies addressing the influence of aggregate formation rather
than a single ion pair.

Current investigations focus on the exploration of the
reaction scope for counterion enhanced organocatalysis with
chiral amino acid derived cations and atropisomeric phosphate
anions. Overall, we expect that the concept of counterion
enhanced catalysis relying on chiral cations and atropisomeric
anions will find broad utility in organocatalysis, but also in
transition metal catalyzed process.

Figure 4. Snapshots of the (Z)-cation/(R)-anion (top) and (E)-cation/(R)-anion
(bottom) pairs from the simulations. All solvent molecules as well as all
hydrogens except the nitrogen-bound hydrogen were omitted for clarity.

Table 5. Average number of hydrogen bonds and interionic distances
obtained from molecular dynamics simulations.

Ion pair Average number
of hydrogen bonds

Average interionic
distance
(center of mass) [Å]

Average
distance
C3-P [Å]

Z-cat/R-an 0.90 0.04 7.2 0.8 6.7 0.5
Z-cat/S-an 0.85 0.07 6.9 0.9 6.6 0.6
E-cat/R-an 0.90 0.05 7.1 0.9 5.5 0.4
E-cat/S-an 0.87 0.03 6.8 0.9 5.2 0.4
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Experimental Section

Representative procedure for the asymmetric transfer
hydrogenation

A glass vial equipped with a magnetic stir bar was charged with
ketone (1.8 mmol, 1.0 equiv.) in MTBE (5.5 mL, 0.33 M), followed by
the addition of the catalyst (55.4 mg, 0.09 mmol, 5 mol%) and
Hantzsch ester (552 mg, 2.2 mmol, 1.2 equiv.). The reaction mixture
was stirred at 50 °C for 48 h. After cooling to room temperature,
diethyl ether (5 mL) and 4 M HCl (10 mL) was added and the
mixture was stirred until the phases were transparent (30 min). The
phases were separated and the organic phase was washed with
4 M HCl (3×20 mL). The organic phase was dried over Na2SO4 and
concentrated under reduced pressure. Purification by column
chromatography (15% Et2O: PE, vanillin staining agent or UV
visualization) gave the 3-substituted cyclohexanones.
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Abstract: In this study, we investigate the influence of chiral and achiral cations on the
enantiomerization of biphenylic anions in n-butylmethylether and water. In addition to the impact
of the cations and solvent molecules on the free energy profile of rotation, we also explore if
chirality transfer between a chiral cation and the biphenylic anion is possible, i.e., if pairing with
a chiral cation can energetically favour one conformer of the anion via diastereomeric complex
formation. The quantum-mechanical calculations are accompanied by polarizable MD simulations
using umbrella sampling to study the impact of solvents of different polarity in more detail.
We also discuss how accurate polarizable force fields for biphenylic anions can be constructed
from quantum-mechanical reference data.

Keywords: chiral ionic liquids; biphenyl; chirality transfer; molecular dynamics simulations

1. Introduction

Over the last 20 years, chiral ionic liquids (CILs) have been in the focus of a rapidly growing field
of research [1–4]. Although the first synthesis of a CIL was reported in 1997 [5], it took seven more
years until the first successful chirality transfer by a CIL in an asymmetric Baylis–Hillman reaction
was realized by Pégot et al. in 2004 [6]. However, since then the reports on successful applications
of CILs in analytics [7–10] and asymmetric synthesis have been increasing steadily. In asymmetric
synthesis, CILs can be used either as reaction solvent [11–13] or incorporated into the catalytic system,
for example, as chiral ligand [3,14–16] or chiral organocatalyst [17,18].

Although chirality transfer via ion pairing in asymmetric synthesis (counterion directed catalysis)
has been successfully realized in many high-impact studies [19–23], few examples that utilize ion
aggregation in CILs for asymmetric synthesis exist. High selectivities of an aza-Baylis-Hillman
reaction with a CIL as reaction medium were reported by Leitner and coworkers, while Wasserscheid
and coworkers demonstrated chirality transfer in a CIL with prochiral cations and chiral anions in
asymmetric hydrogenation reactions [2,11,13]. A better understanding of ion aggregation and chirality
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transfer in CILs is necessary to enable the rational design of new catalytically active ionic liquids (ILs).
Computer simulations can be a valuable tool in this respect since they offer a molecular view on ion
aggregation in solution.

Many examples of successful chirality transfer experiments employ axially chiral
compounds [20,21], which renders them promising for the design of new CILs. The rotational barrier
of axially chiral tropos compounds is below 22.3 kcal/mol, meaning they can racemize at room
temperature. The term racemization describes the irreversible conversion of an optically active
compound (due to surplus of one enantiomer) into an optically inactive compound, where equal
amounts of enantiomers are present [24]. If the rotational barrier of axially chiral compounds is greater
than 22.3 kcal/mol, enantiomers are stable for more than 15 min at room temperature [25,26] and
are called atropisomers [27], stemming from the ancient Greek word for “atropos” = “immutable,
inflexible” [28]. Ligand and receptor chirality have a significant impact on biomolecular interactions,
which is particularly essential for drug design, since two different enantiomers of a drug can differ
significantly in their biological activity [29]. LaPlante et al. [25] discriminated between three classes
of axial chirality based on the height of the rotational barrier: Class I molecules possess a barrier of
less than 20 kcal/mol, which corresponds to a racemic mixture at room temperature in experiment.
Class II molecules have a torsional barrier between 20 kcal/mol and 30 kcal/mol, which makes them
problematic for drug design as the racemization can take place from within several minutes up to a
month. This also hampers experimental analysis since the conversion between enantiomers can occur
during measurements. However, class I and II molecules could be potentially interesting for chirality
transfer as the switch from Ra to Sa or vice versa induced by the counter-ion may happen on a time
scale of reactions. Class III molecules with rotational barriers higher than 30 kcal/mol are optimal for
drug design as the racemization would take several years. In other words, the Ra and the Sa enantiomer
can be synthesized separately. Class I molecules are tropos, while Class II and Class III molecules
are atropisomers. Apart from being important for drug development, the use of atropisomeric,
simple 1,1’-Bi-2-naphthol (BINOL)-derived chiral compounds already found a tremendously broad
range of application in the field of asymmetric synthesis. In 1979 Noyori and co-workers published
the use of a BINOL-based chiral reagent (BINAL-H) for asymmetric hydrogenations [30]. Since then,
the classical BINOL-derived Class III compounds were proven to be extremely efficient for a large
number of reactions as asymmetric catalysis as well [31]. Recently, another hot topic emerged in
the field of asymmetric catalysis using atropisomeric and enantiomerically pure phosphoric acids.
Starting from the first years of the 21st century, this field is constantly growing, providing a good
alternative for a wide range of asymmetric transformations [32–34].

In this study, we are interested in the interconversion between enantiomers (enantiomerization [24]) of
anionic biphenyls 1 and 2 (see Figure 1) in gasphase, n-butylmethylether (BuOMe) and water.

Anionic biphenyl 1 was chosen because experimental studies suggest chirality induction between
its neutral form and a chiral diamine [35,36]. The phosphate bridged anion 2 was successfully used
for selectivity enhancement in asymmetric transfer hydrogenation of enones [37]. In addition to
the influence of the solvent, we want to investigate the effect of achiral and chiral cations on the
enantiomerization barrier of the biphenyl anions 1 and 2. We want to test if diastereomeric complex
formation with a chiral cation can induce preference of one anion conformer, which would result in two
diastereomerization barriers instead of a single enantiomerization barrier [38]. Figure 2 schematically
illustrates the free energy profile of the enantiomerization process, and how chiral induction would be
reflected as an asymmetry in the profile.

Despite their differing rotational barriers (see Results Section), both chiral anions 1 and 2 belong
to Class I and are thus ideal candidates for the analysis of chirality transfer as the barrier may be
overcome at room temperature. The amino-functionalized cations 3 and 4 are achiral and differ in
their capability of hydrogen bonding to the anion. As already mentioned before, the neutral analog of
cation 5 has been successfully applied in chirality transfer experiments [36].
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Although the analysis of the rotational barriers of the biphenyls can be performed on a
quantum-mechanical level, the enantiomerization process in various solvents is out of reach with
this level of theory. Since we want to investigate the effect of hydrogen bonding between the distinct
hydrogen bonding sites of the anion to both cation and solvent, explicit treatment of the solvent is
preferable over dielectric continuum models. Hence, we augment our quantum-mechanical analysis of
the rotational barrier with polarizable molecular dynamics simulations using umbrella sampling [39]
to study the influence of the cations and the solvent on the interconversion.

1 2

3 4

5

Figure 1. Axially chiral biphenyl-based anions (1, 2) and achiral (3, 4) and chiral cations (5) investigated
in this study.
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Figure 2. Schematic free energy profile of the enantiomerization in axially chiral biphenyl
anions. The interconversion barrier ΔG determines the enantiomerization rate. If one conformer
becomes energetically more favourable, e.g., due to formation of a diastereomeric complex with
a chiral counterpart, the profile is rendered asymmetric (dashed line), resulting in two different
diastereomerization barriers.

2. Results

This study is organized in two parts: First, we present the generation of quantum-mechanical
(QM) target data and construction of force fields from the target data for ortho-substituted biphenyl
anions. Second, we apply these force fields in molecular dynamics (MD) simulation to study ion
pairing and chirality induction of single ion pairs in solution.

2.1. Enantiomerization Barriers of Ortho-Substituted Biphenyls

Since for axially chiral biphenyl derivatives the transition between enantiomers proceeds via
rotation around the aryl-aryl bond, it is crucial that the corresponding torsional energy profile is
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represented correctly in the force field, which is not the case for many standard force fields of
unsubstituted biphenyl [40,41]. Our force fields are based on the CHARMM Drude force field [42],
in which the general approach for fitting flexible degrees of freedom is to target QM scans on the
MP2/6-31G(d) (6-31+G(d,p) for ions) level of theory. In the case of biphenyl-based anions 1 and 2,
care must be taken when generating QM target data in that way for several reasons: First and
foremost, the QM treatment of biphenyl-based structures is not straightforward. Computing rotation
barriers for simple unsubstituted biphenyl has been a particular challenge addressed in several
studies [43–47], and has only been resolved in 2008 by Johansson and Olsen [41,48] by using a
high-level coupled-cluster approach combined with several extrapolation schemes. The situation
seems less challenging for substituted biphenyls, since good results have been obtained with standard
DFT and ab initio approaches [49–51] in some cases. However, most of these studies investigate only
small sets of specific biphenyls, and do not allow to make conclusions about the general applicability
of specific QM methods for substituted biphenyls. To the best of our knowledge, the most systematic
computational study on rotational barriers in substituted biphenyls so far was published by Masson in
2013 [52]. In this study, barrier energies of 13 substituted biphenyls computed with different density
functional theory (DFT) methods are compared against the experiment. The author found that the
B3LYP and B97 functionals augmented by an empirical dispersion correction [53,54] and a large
triple-zeta basis set (def2-TZVPP [55]) gave the best agreement with experiment.

Another crucial prerequisite for precise barrier energies is the accuracy of transition state
geometries. In ortho-substituted biphenyls, steric repulsion between the substituents can influence the
transition state. When ortho-substituents have rotational degrees of freedom, different transition states
depending on the rotational conformation of the ortho-substituent are possible (see Figure 3), which is
the case for anion 1. The rotational position of the hydroxy-hydrogen influences the energy of the
transition states and, consequently, a simple one-dimensional dihedral scan does not suffice to describe
the enantiomerization pathway and a two-dimensional scan exploring both the aryl-aryl dihedral
as well as the rotation of the hydrogen, respectively, is necessary. However, in case of 1, this 2D
potential energy surface exhibits significant energy jumps because additional degrees of freedom
change abruptly for particular conformations. For example, the strong intramolecular hydrogen bond
causes significant changes in the O-H bond length and distortions in the geometry when the bond
is broken during rotation. For 2, the rotation cannot be described with one degree of freedom either,
since the O-P-O-C and C-C-O-P dihedrals all change during the rotation. Consequently, we constructed
the potential energy surface from QM ground and transition state optimizations without constraints
(transition state 1b was omitted from the fit for 1 due to the high barrier). This gives fewer but
more reliable points on the potential energy surface associated with the enantiomeric transition.
The geometries of all ground and transition states optimized on the RI-MP2/6-31+G(d) level of theory
are depicted in Figure 3. Although interconversion will likely proceed via the lowest-lying path and
will not include all structures depicted in Figure 3, optimizing all possible ground and transition states
is necessary in order to identify the most favorable pathway.

To probe the performance of different functionals and basis sets, we have optimized the structures
in gas phase using two different levels of theory (RI-MP2/6-31+G(d) and B3LYP-D3/def2-TZVPP) and
subsequently performed single point calculations on both structure sets using four different methods
(listed in Figure 3). RI-MP2/6-31+G(d) and RI-MP2/cc-pVQZ were chosen as these methods are parts
of the CHARMM Drude force field parametrization philosophy, and B3LYP-D3/def2-TZVPP was
successfully applied by Masson in his work [52]. The DLPNO-CSSD(T)/def2-TZVP [56] level of theory
is employed as a reference since we have used this level of theory successfully in a previous study [37].
The results are listed in Figure 3. It is of particular importance that the energy difference between
ground state 1c and transition state 1a* is correctly reproduced since it is the lowest barrier through
which interconversion can occur. Based on the data in Figure 3, it is clear that the RI-MP2/6-31+G(d)
level is not sufficient to represent the barrier properly since it is about 40% higher compared to
the DLPNO-CCSD(T)/def2-TZVP reference energy in the case of the RI-MP2 optimized geometries,
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and even 60% higher in case of the B3LYP-optimized geometries. The B3LYP-D3/def2-TZVPP barrier
is lower by 1 kcal/mol, while barriers on the RI-MP2/cc-pVQZ and DLPNO-CCSD(T)/def2-TZVP
level of theory coincide, justifying the use of RI-MP2/cc-pVQZ energies as target values for the force
field fitting. Furthermore, the obtained geometries show a dependence on the optimization method
with energies differing by approximately 0.5 kcal/mol. Since we aim at consistency with the existing
CHARMM Drude force field, we will use the geometries optimized on the RI-MP2/6-31+G(d) level of
theory. It is visible from the data that the lowest-energy pathway for the full rotation proceeds with
the hydroxy-hydrogen pointed towards the second ring.

The enantiomerization pathway for anion 2 is comparably simple, with the bridged phosphate
group allowing only one possible transition state (Figure 4). The same QM analysis as for
anion 1 has been performed for anion 2, with the resulting energies being shown in Figure 4.
In contrast to compound 1, the level of theory used for the optimization is not as significant as
for 1, with the most substantial difference being 0.3 kcal/mol between barriers. However, it is
also clear that RI-MP2/6-31+G(d) gives insufficient energies that are about 40% higher than
the DLPNO-CCSD(T)/def2-TZVP results. The B3LYP-D3/def2-TZVPP energies are closer to the
DLPNO-CCSD(T)/def2-TZVP barriers than for 1, and again the RI-MP2/cc-pVQZ level of theory
gives satisfying results that can be used in the force field fit.

Both anions definitely belong to class I of axially chiral molecules concerning the rotational barrier
at 0◦. The lowest barriers are less than 10 kcal/mol and thus more or less frequently crossed during
polarizable MD simulations.

 

1a* (6°) 1b* (6°) 1c (42°) 1d* (90°) 1e* (93°)

1f (137°) 1g (124°) 1h* (180°) 1i* (168°)

Level of Theory Eel [kcal/mol]

Optimization Energy Evaluation 1a* 1b* 1c 1d* 1e* 1f 1g 1h* 1i*

RI-MP2/6-31+G(d)
RI-MP2/6-31+G(d) 8.5 41.8 0.0 23.4 12.6 21.5 11.8 26.2 26.2
RI-MP2/cc-pVQZ 6.2 41.0 0.0 25.5 15.0 22.3 13.4 25.4 25.2
B3LYP-D3/def2-TZVPP 5.2 39.3 0.0 24.9 14.4 21.4 13.0 23.8 23.7
DLPNO-CCSD(T)/def2-TZVP 6.2 40.8 0.0 24.6 14.1 21.9 12.9 25.2 24.9

B3LYP-D3/def2-TZVPP
RI-MP2/6-31+G(d) 9.0 42.5 0.0 23.2 12.4 21.4 11.7 26.4 26.8
RI-MP2/cc-pVQZ 5.7 40.7 0.0 25.9 15.3 22.6 13.6 25.1 24.7
B3LYP-D3/def2-TZVPP 4.8 38.7 0.0 25.1 14.6 21.5 13.1 23.5 23.0
DLPNO-CCSD(T)/def2-TZVP 5.7 40.2 0.0 24.7 14.1 22.0 13.1 25.0 25.0

Figure 3. Ground and transition state geometries and their relative energies of anion 1 for the rotation
around the aryl-aryl bond. The value in brackets is the corresponding dihedral angle. Transition states
are marked with an asterisk (*). Only one enantiomer is shown for every state.
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2a (43°) 2b* (0°)

Level of theory Eel [kcal/mol]

Optimization Energy evaluation 2a 2b*

RI-MP2/6-31+G(d)
RI-MP2/6-31+G(d) 0.0 11.5
RI-MP2/cc-pVQZ 0.0 8.5
B3LYP-D3/def2-TZVPP 0.0 7.9
DLPNO-CCSD(T)/def2-TZVP 0.0 8.3

B3LYP-D3/def2-TZVPP
RI-MP2/6-31+G(d) 0.0 11.6
RI-MP2/cc-pVQZ 0.0 8.2
B3LYP-D3/def2-TZVPP 0.0 7.6
DLPNO-CCSD(T)/def2-TZVP 0.0 8.1

Figure 4. Ground and transition state geometries and their relative energies of anion 2 for the rotation
around the aryl-aryl bond. The value in brackets is the corresponding dihedral angle. The transition
state is marked with an asterisk (*). Only one enantiomer is shown for every state.

2.2. Construction of the Polarizable Force Field

Using the generated QM data on the RI-MP2/cc-pVQZ//RI-MP2/6-31+G(d) level of theory as
target data, dihedral potentials associated with the rotation around the aryl-aryl-bond were fitted.
To generate molecular mechanics (MM) energies, the aryl-aryl dihedral in both anions, as well as
the dihedral associated with rotation of the ortho-substituent in 1 were held fixed at values obtained
from the QM geometry optimizations and all other remaining degrees of freedom were minimized.
Improper dihedrals were added to prevent unwanted out-of-plane-bending, which allowed exploring
the enantiomerization pathway along this one degree of freedom. For 1, the aryl-aryl dihedral
parameters as well as the H-O-C-C dihedral parameters were fitted. For 2, the aryl-aryl dihedral
parameters and the C-O-P-O and C-C-O-P dihedral parameters were fitted to reproduce the torsional
profile. The parameter values can be found in Supplementary Material 8.

Before discussing the fit results, it is necessary to analyze the effect of the intramolecular hydrogen
bond in anion 1. Via this hydrogen bond, charge can be transferred from the negatively charged
oxygen, resulting in different charge distributions in the most favorable syn and anti ground states
(1c and 1g in Figure 3) as depicted in Figure 5. Since the syn ground state (containing the hydrogen
bond) is preferred by about 13 kcal/mol, it is unlikely that the anti conformation is visited in simple
equilibrium simulations. However, since we want to explore the full rotation around the aryl-aryl
bond and cannot exclude competitive hydrogen bonding of other ions, we need to consider that the
charge distribution will change once the hydrogen bond is broken. To investigate the effect of the two
different charge distributions, we have constructed two different force fields for compound 1 -one uses
partial charges computed on the geometry of 1c, the other one charges computed on the geometry
of 1g. The two different partial charge distributions will be labelled as anti (distribution corresponding
to geometry 1g) and syn (distribution of geometry 1c) throughout the text. As the hydroxy-proton is
partially shared by both oxygens in the syn configuration, the negative partial charges of the oxygens
are more similar compared to the anti configuration. Here, the oxygen without the attached hydrogen
is far more negatively charged. Consequently, a stronger intramolecular hydrogen bond is expected
for the anti partial charge distribution (see left Figure 5).
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2.7V

-8.1V

–0.7382e

–0.3300e

0.2840e

–0.4356e

0.4520e

–0.6068e

anti charge distribution syn charge distribution

1g 1c

Figure 5. Molecular electrostatic potential for geometries 1g (left) and 1c (right), computed on the
RI-MP2/Sadlej-TZ level of theory and mapped to the electron density surface at 0.002 e/Å3. Please note
that the shown partial charges are the charges used in the force field, which differ from the QM partial
charges since polarizable force fields with Drude particles require refitting of the QM charges.

The results of the torsional fit for both charge distributions are depicted in Figure 6. While the
lower energy differences are well captured by the fitted parameters, higher-energy parameters are
not reproduced as well but play a minor role in enantiomerization due to their much higher energy
compared to the 0◦ barrier. As rotation is most likely to proceed via the lowest-energy pathway,
the resulting fit is satisfying. Consequently, in the simulations the torsional potential will only be
computed from −160◦ to 160◦ for anion 1. In case of the bridged anion, the scan is restricted from
−60◦ to 60◦.
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Figure 6. QM and MM torsional profile of compounds 1 and 2, constructed from the structures shown
in Figures 3 and 4. For 1, results for both the syn and anti charge set are depicted. The dihedral plotted
on the x axis is marked in green in the insets. Points represent the conformations shown in Figures 3
and 4 and are labelled accordingly. Again, transition states are marked with an asterisk (*). Since the
profiles are symmetric, only one half is shown.
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2.3. Effect of the Solvent

To investigate the influence of the solvent and counterion on the enantiomeric stability of the
anion, we have conducted umbrella sampling simulations to compute the free energy profile of
rotation around the aryl-aryl bond (10◦ increments, additional windows at −15, −5, 5 and 15◦ for
anion 2, see Figures S1 and S2 for a more detailed discussion). To investigate the effect of the solvent,
we will investigate systems of a single ion pair of cation 3 and one anion (either 1 or 2) in water and
n-butylmethylether (BuOMe). In Figure 7, the free energy torsional profile of the rotation around
the aryl-aryl-bond of the anion is shown for a single ion pair of cation 3 together with anion 1 and 2,
respectively (gasphase profile is single anion only). The shaded areas depict the standard deviation of
the respective energy profile.
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Figure 7. Free energy torsional profile of the aryl-aryl bond rotation in 1 (a,b, top panel)
and 2 (c, bottom panel), for a single molecule in gasphase (grey) and a single ion pair with cation 3 in
water (blue) and BuOMe (orange). For 1, profiles obtained with both charge distributions (anti in a,
syn in b) are shown.

It is clearly visible that the solvent strongly influences the profile. The 0◦ barrier, which is the
lowest and hence the most important one, is increased in water compared to the less polar BuOMe
and gasphase. Contrary, the barriers at 90◦ are lowered by approximately 2.5 kcal/mol compared to
BuOMe, which is likely caused by hydrogen bonding with water molecules. The influence of solvent
on rotational barrier energies has been reported in literature [57,58]. Demir-Ordu et al. observed an
increase in barrier energies of an axially chiral compound by hydrogen bonding to the solvent [59].
QM studies on ortho-substituted biphenyls by Masson [52] suggest that solvent effects are even more
pronounced when the biphenyl compound bears charged substituents in the ortho-positions, such as
the biphenyls used in this study. The effect of water on the torsional barrier is stronger for the syn
partial charge distribution (see Figure 7a,b). Furthermore, the minima of the torsional potential are
slightly shifted in water for the syn configuration by 15◦ to higher absolute angles (see Figure 7b).
Thus, the interaction of the syn partial charge distribution with water seems stronger.

Interestingly, the torsional barrier at 0◦ of the phosphoric acid bridged anion 2 in water is
only 1 kcal/mol higher than the corresponding barrier of the biphenolat 1. Apparently, the ring
tension is not significantly higher compared to the intramolecular hydrogen bond of compound 1.
Additionally, the rotational barrier of 2 exhibits a small plateau which is broader compared to 1.
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Hydrogen bonds are most probably the strongest interaction between the anions 1 and 2 and
the solvent. In Figure 8 the average number of hydrogen bonds is depicted for the oxygens and the
hydroxy-proton of 1. Hydrogen bonds to the solvent (blue for water, orange for BuOMe) are displayed
as solid lines, whereas the intramolecular hydrogen bond is shown as a dashed line. As expected from
the energy profiles in Figure 7a,b, the number of hydrogen bonds between the syn compound and
water shows a stronger dependence on the dihedral angle and consequently, the rotational barrier
changes. However, the average number of hydrogen bonds to the oxygens is roughly the same for anti
and syn. The intramolecular hydrogen bond between −60◦ and 60◦ seems to be neither a function
of the dihedral angle nor of the solvent as visualized by the dashed lines in the middle of Figure 8.
Butylmethylether can only accept hydrogen bonds. The only hydrogen which may act as hydrogen
donor of 1 is the hydroxy proton. The hydrogen is a much stronger donor in the syn charge distribution,
as it carries a higher partial charge (0.4520e compared to 0.2840e). This difference in hydrogen bonding
likely causes the discrepancy between the syn and anti profiles for water in Figure 7, also because the
position of the hydrogen influences the rotational barrier as shown in Figure 3.

In anion 2, hydrogen bonds to the solvent are only possible with water, and there is no dependence
on the dihedral angle. The oxygens adjacent to the rings form on average 0.6 hydrogen bonds with
water, while the terminal oxygens form 2.4 on average (data shown in Figure S6).

'

'

'

Figure 8. Hydrogen bonding to all hydrogen bonding sites of the anion (single ion pair
of 1 and 3 in solvent).

2.4. Effect of the Counterion

The initial idea behind using cation 5 was to explore a possible chirality transfer between cation
and anion, since experimental studies on successful chirality transfer between the neutral analogs of
chiral cation 5 and anion 1 exist [36]. In these studies, the authors suggest formation of a complex
where the neutral form of 5 acts as a “bidentate“ ligand that accepts hydrogen bonds from the
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hydroxy groups of the neutral form of 1. Although anion 1 can donate only one hydrogen bond and
intramolecular bonding is stronger in the ionic form, we nevertheless want to explore the possibility
of chiral induction, since charged compounds drastically increase the chance of complex formation.
Furthermore, the cation acts as a stronger hydrogen bond donor due to its free protic hydrogens. If a
diastereomeric complex between the chiral cation 5 and anion in which either Ra or Sa is preferred is
formed, this should be visible in the free energy profile.

As water is a polar solvent with a dielectric constant of roughly 80, the probability of ion pairing is
low as each ion is surrounded by its own hydration shell. Consequently, we expect only weak chirality
transfer. As shown in Figure 9a,c the dihedral potential of the anion 1 is symmetric in water and does
not depend on the cation, since simulations containing the achiral cations 3 and 4 result in the same
free energy profile as the simulation using the chiral cation 5. The picture does not change in the apolar
BuOMe, which has a dielectric constant of 4.5 and consequently a much higher probability for ion
pairing. For the anti charge distribution, the free energy profile is still not a function of the cation
as shown in Figure 9b,d. For the syn charge distribution, there is a slight cation dependence of the
profile in the regions around −100◦ and 100◦, but the profile in between is similar for all three cations.
The profiles are still symmetric, indicating no preference of either enantiomer. These results suggest
that hydrogen bonding of the anion to the cation plays a negligible role, as the achiral cation 4 cannot
form hydrogen bonds in contrast to 3. For anion 2, no notable influence of the cation on the profiles
can be detected in Figure 9e,f either, and as for compound 1, the profiles indicate no preference for
one enantiomer.
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Figure 9. Dependence of the free energy torsional profile of anions 1 (anti (a,b, top) and syn
(c,d, middle) charge distribution) and 2 (e,f, bottom) on the counterion, for a single ion pair in water
(a,c,e, left) and BuOMe (b,d,f, right).

The hydrogen bonding of both charge distributions of anion 1 to the cations is shown in Figure 10
for the BuOMe solution. As already discussed, 4 cannot form hydrogen bonds and consequently only
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the intramolecular hydrogen bond of biphenyl 1 is depicted. The intramolecular hydrogen bond (violet
dashed and solid lines) is similar for both charge distributions, and is hardly affected by cation choice.
The intermolecular hydrogen bond between the anion and cations 3 and 5 is still not a function of
the cation, but there are some differences between the syn (dashed lines) and anti charge distribution
(solid lines).

'

Figure 10. Hydrogen bonding of anion 1 for the syn (lighter dashed lines) and anti charge distribution
(darker solid lines) for the different counterions in BuOMe.

As the partial charges of the oxygens for the syn charge distribution differ less compared to
the anti (see Figure 5), the overall U-shaped hydrogen bonding profile of the syn oxygens as a function
of the dihedral angle resembles each other. Only the minimum for the hydroxy-oxygen is lower
as no hydrogen bonding occurs around 0◦. In case of the anionic oxygen, the minimal number of
hydrogen bonds is still 0.4 at 0◦. The situation drastically changes for the anti charge distribution.
Here, the hydroxy-oxygen has zero hydrogen bonds to the cations irrespective of the dihedral angle.
The anionic oxygen with the much more negative partial charge (−0.7382e) forms 0.8 hydrogen bonds
on average to the cations which is also not a function of the dihedral angle. The strongest change in

81



Int. J. Mol. Sci. 2020, 21, 6222 12 of 19

the hydrogen bonding as a function of the dihedral angle can be found at −100 and + 100◦ for the syn
charge distribution. At the same angles, the deviations in the free energy profiles in Figure 9d occur
indicating that the hydroxy oxygen plays a major role.

Only the terminal oxygens of the anion 2 form hydrogen bonds to the cations 3 and 5. The number
of hydrogen bonds is not a function of the dihedral angle and on average, 0.45 and 0.5 hydrogen bonds
exist, respectively (data shown in Figure S7).

3. Concluding Discussion

For the analysis of the enantiomerization of axially chiral biphenyls in solution, a dual method
approach is preferable. If multiple degrees of freedom are necessary to describe the aryl-aryl torsion
in a QM scan, ground and transition state opimizations without restraints can be used to construct
the potential energy surface. To obtain accurate barrier energies for substituted biphenyls, high-level
methods such as the RI-MP2/cc-pVQZ level used in this study are necessary. Since the influence of
the solvent and cation are out of reach for high-level quantum-mechanical methods, we used the QM
data to parametrize a polarizable force field. In molecular dynamics simulations the free energy ΔG
of the aryl-aryl torsion as a function of the cations and solvent is accessible. In this work, we have
shown that the solvents n-butylmethylether and water affect the free energy profile of the torsion.
In water, the lowest energy barrier at a dihedral of 0◦ is increased compared to n-butylmethylether.
However, the nature of the cations has only a marginal impact on ΔG(φ), and symmetric profiles are
obtained in all cases. We therefore conclude that for the systems investigated in this work, no chirality
transfer has taken place although the cations form hydrogen bonds to the anion. We have observed no
preference for Ra or Sa in the simulations.

Another important factor in the force field development for biphenyl-based compounds is the
influence of the configuration on the partial charge distribution, which is especially important for
anion 1 due to the intramolecular hydrogen bond. In this study we have shown that the syn and
anti configuration of 1 result in different partial charge distributions which influence the hydrogen
bonding behavior. Although dihedral parameters were adapted independently to reproduce the
target QM energies as closely as possible, different hydrogen bonding with the solvent results in
different profiles, which is especially problematic when the simulation aims at exploring conformations
that differ from the one used for generation of partial charges. As classical molecular dynamics
simulations operate with fixed partial charges, a switch between syn and anti partial charge distribution
would be desirable. However, since this is not viable in long-term molecular dynamics simulations,
at least polarizable simulations are preferable as the induced dipoles may model the change of the
electrostatic potential as a function of the aryl-aryl dihedral angle to some extent. Although the
anions investigated in this work belong to class I of axially chiral molecules with rotational barriers of
less than 20 kcal/mol, the computation of the free energy ΔG requires exceptionally long molecular
dynamics simulations, as even simulations of more than 100 ns did not yield adequate statistics.
Consequently, enhanced sampling techniques such as the umbrella sampling used in this study are
strongly recommended.

4. Materials and Methods

4.1. Quantum-Mechanical Calculations

All QM calculations were performed with the quantum-chemistry package ORCA [60].
Ground and transition state geometry optimizations were performed on the the RI-MP2/6-31+G(d)
(auxiliary basis for RI-MP2: def2-TZVP) and B3LYP-D3/def2-TZVP level of theory. In all calculations
employing the B3LYP functional, correlation of the uniform electron gas was modeled according
to the Vosko-Wilk-Nusair VWN5 formalism [61]. Transition state geometries were optimized in a
two-step procedure: In the first step, a constraint minimization with a restraint on the aryl-aryl-dihedral
(0◦, 90◦ or 180◦ for the respective transition states) was performed, and the resulting structure used
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as input for unrestrained transition state optimization. Transition states were verified by subsequent
frequency calculations. On the obtained geometries, single point calculations with a set of different
methods and basis sets were performed with ORCA (see Figure 3 for an overview of the employed
methods). For the RI-MP2/cc-pVQZ calculations, a cc-pVQZ auxiliary basis was used. The molecular
electrostatic potentials shown in Figure 5 were computed with ORCA on the RI-MP2/Sadlej-TZ level
of theory and mapped to the electron density surface at 0.002 e/Å3.

4.2. Force Field Parametrization

In all simulations, electronic polarizability was included via Drude oscillators. Parameters were
based on the existing CHARMM Drude force field (see reference [42] and references therein) which is
available from http://mackerell.umaryland.edu/charmm_drude _ff.shtml. Ions 3 and 4 as well as the
solvents (n-butylmethylether BuOMe and the SWM4 water model) were readily available from this
force field, ions 1, 2 and 5 required additional parametrization.

The optimization targeted quantum-mechanically calculated reference data. All QM calculations
were performed with ORCA [60] and PSI4 [62]. Parametrization proceeded in two main steps: In the
first, electrostatic parameters (partial charges, atomic polarizabilities, Thole screening factors) were
optimized, followed by optimization of bonded parameters. Lennard-Jones parameters were not
optimized, but taken from the CHARMM Drude force field. Atomic polarizabilities and charges in gas
phase were computed according to protocols described in detail in references [63–65] using geometries
optimized at the RI-MP2/6-31+G(d) level of theory: Atomic polarizabilities were obtained on the
RI-MP2/Sadlej-TZ level of theory using the methodology described in references [63–65]. According to
suggestions in reference [42], polarizabilities were subsequently scaled by empirical factors, 0.85 for
the cation, 0.724 for anion 1 and 0.6 for anion 2. Initial Thole screening factors were taken from
similar structures already included in the CHARMM Drude force field and subsequently modified to
reproduce the components of the molecular polarizability.

Initial atomic charges were obtained via restrained electrostatic potential (RESP) fitting [66,67] on
the RI-MP2/Sadlej-TZ [68] level of theory. Charges were then modified to reproduce the components
of the molecular dipole moment as well as interaction energies of hydrogen bonding sites with water,
all computed with single point RI-MP2/cc-pVQZ energy evaluations on structures optimized at
RI-MP2/6-31+G(d) [69]. Compound 1 can form a relatively stable intramolecular hydrogen bond,
which influences the charge distribution—to investigate this, two charge distributions were computed
for 1—one with and one without the hydrogen bond (syn and anti, see Figure 5 and Figure S5). A more
thorough discussion of this issue can be found in the Results section.

In a second step, bonded parameters were optimized. To ensure compatibility with the existing
CHARMM Drude force field, only parameters not already included in the force field were optimized.
To alleviate the cost of parametrization, we assigned parameters by similarity as often as possible
and explicitly fitted only those that have no resembling parameters and/or are crucial to the
overall conformation of the molecule. Fitted parameters are marked explicitly in the force field
(see Supplementary Material 8). For the parameters that were explicitly fitted, QM relaxed scans of the
relevant degree of freedom on the RI-MP2/6-31+G(d) level of theory were conducted. Parameters were
then fitted to target these scans using the lsfitpar program [70] as well as manual fitting in some
cases. The aryl-aryl bond torsion of compounds 1 and 2 was fitted as described in the results
section - the potential energy surface was constructed from ground and transition state optimizations
without geometry restraints. The specific dihedrals fitted to reproduce the aryl-aryl torsion are
marked in the force fields (see Supplementary Material 8). Optimizations were performed on the
RI-MP2/6-31+G(d) level of theory, followed by energy evaluations on the RI-MP2/cc-pVQZ level of
theory. Furthemore, improper dihedrals were added to prevent unwanted out-of-plane bending for
the biphenyl-based compounds.
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5. Umbrella Sampling

All simulations were performed with a GPU-capable version of the program package
CHARMM [71,72]. In all simulations, the Velocity-Verlet integrator [73] with a timestep of 0.5 fs
was employed. All simulations made use of a dual thermostat, using the Andersen-Hoover equations
at constant pressure and the Nosé-Hoover equations at constant volume. The SHAKE algorithm was
applied to fix lengths of bonds to hydrogen atoms [74]. Drude masses were set to 0.4 amu.

5.1. Gasphase Simulations

For simulations of a single ion in gas phase at T=300K, an infinite cut-off was applied and
electrostatic interactions were calculated explicitly. For the Umbrella sampling [39], a harmonic
restraint with a force constant of 100 kcal mol−1 rad−2 (CONS DIHE command in CHARMM) was
placed on the torsion angles depicted in Figure 11.

1 2

Figure 11. During production runs, the dihedral angles marked in green were held fixed at a certain
value by a harmonic restraint.

Separate simulations at 10◦ intervals were used to generate umbrella sampling data, with a range
of −160◦ to 160◦ for anion 1 and a range of −60 to 60◦ for anion 2. For anion 2, additional windows at
−15, −5, 5, and 15◦ were added (see Figure S1 for further discussion). After applying the restraint,
each simulation was equilibrated for 250 ps, followed by a production phase of 5 ns (see Figure S3
for further discussion). Data was written to disk every 500 ps. The free energy profile was obtained
in a post-processing step with the vFEP (variational free energy profile) program [75]. By splitting
the data into five blocks and computing individual profiles for each block, the standard deviation
was estimated.

5.2. Simulations in Solution

Simulations were performed at T=300 K and atmospheric pressure. In all simulations,
periodic boundary conditions were applied. A non-bonded cut-off of 12 Å and a smooth switching
function between 10 and 12 Å were used. Electrostatic interactions were calculated with the Particle
Mesh Ewald Method, employing a grid of approximately 1 Å, cubic splines of order 6 and κ = 0.41 Å−1.
For each system, five replica simulations were performed. Data for each replica was generated as
follows: Initial configurations of a single ion pair in solution were generated with PACKMOL [76]
and equilibrated in the NpT ensemble for 0.5 ns. Subsequently, the dihedral restraint was applied
according to the protocol used in the gas phase. After applying the restraint, the system was allowed
to equilibrate for 0.25 ns in the NVT ensemble, followed by a production phase of 1 ns in the NVT
ensemble. Data was written to disk every 0.5 ps, resulting in 2000 data points per replica. 5 replica
per window were generated this way, resulting in an overall simulation times of 5 ns (10,000 data
points) per window, see Figure S4. An overview of the simulations can be fund in Supplementary
Material 6. Dihedral values were extracted with CHARMM in a post-processing step. The free energy
profiles were again computed with the vFEP program. Hydrogen bonds for every replica simulation
were analyzed with CHARMM, using distance and angle cut-offs of 2.4 Å and 135 ◦, respectively.
Standard deviations for free energy profiles and hydrogen bonding were computed from the five
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replica simulations. Figures were created using VMD [77] and the ggplot2 package within the R
program suite [78,79].

Supplementary Materials: The following are available at http://www.mdpi.com/1422-0067/21/17/6222/s1.
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4. Asymmetric allylic alkylations 

Since the pioneering work of J. Tsuji and B. M. Trost, asymmetric allylic alkylation (AAA) plays a crucial 

role for the synthesis of optically active compounds. Such reactions require mild reaction conditions 

and provide operational simplicity; moreover, AAA shows a remarkable functional group tolerance 

which makes it compatible with a broad range of nucleophiles and allylic electrophiles.    

In this particular chapter, palladium-catalyzed asymmetric allylic alkylations using activated and non-

activated allylic electrophiles will be discussed. 

1.) As a possible P,O-chelating alternative to the classical Trost Modular Ligands (TMLs), a small 

set of chiral diamine-based carbamate-monophosphine ligands was synthetized and their 

catalytic efficiency was evaluated in the asymmetric allylic alkylation of activated allylic 

electrophiles (Scheme 42).  

 

Scheme 42. Classical Tsuji-Trost reaction with activated allylic electrophiles.  

2.) By merging the fields of transition metal-catalysis and organocatalysis, poorly nucleophilic 

substrates like aldehydes or ketones can be readily allylated via Pd/enamine dual activation.91 

When using an additional acidic activator, such reactions can be performed with simple allylic 

alcohol reagents, which is both environmentally and economically highly desired.84,85,86 Relying 

on a Pd-precursor, a simple chiral amine and an achiral or racemic phosphoric acid, a three-

component catalyst system was developed for the direct α-allylation of α-branched aldehydes. 

Apart from the optimization of such “counterion-enhanced” catalytic system, the effect of 

different aldehydes and allylic alcohols was investigated as well (Scheme 43).  

 

Scheme 43. Counterion-enhanced direct α-allylation of α-branched aldehydes with allylic alcohols.  
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The following manuscripts will be presented in this chapter:  

1.) Pálvölgyi, Á. M.; Schnürch, M.; Bica-Schröder K. Carbamate-base P,O-ligands for asymmetric 

allylic alkylations. Tetrahedron 2020, 76, 131246. 

As a first author I planned and performed the experimental work. Furthermore, I also wrote the 

manuscript. 

2.) Pálvölgyi, Á. M.; Smith, J.; Schnürch, M.; Bica-Schröder Counterion Enhanced Pd/Enamine-

Catalysis: A Simple Methodology for the Direct Asymmetric α-Allylation of Aldehydes with 

Allylic Alcohols. J. Org. Chem. 2020, 86, 850-860. 

As a first author I planned and performed the major part of the experimental work and I wrote the 

manuscript.  
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a b s t r a c t

Herein we report the design and successful catalytic application of modified Trost-ligands in asymmetric
allylic alkylation (AAA) reactions. A small set of carbamate-monophosphine P,O-ligands has been pre-
pared in a straightforward two-step synthetic procedure. After optimization of the reaction conditions,
high catalytic activities and excellent enantioselectivity up to >99% have been attained.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Highly functionalized and optically active allylic intermediates
are invaluable building blocks for the total synthesis of numerous
biologically active compounds [1e4]. In this field, palladium-
catalyzed asymmetric allylic alkylation (AAA) provides a useful
synthetic tool and thanks to its indisputable advantages, such as
mild reaction conditions and operational simplicity, it is still one of
the most relevant strategies for the synthesis of substituted allylic
compounds [5]. The class of C2-symmetric diamine-based chiral
diphosphines, such as 1 and 2 have been already proven to be really
efficient ligands for asymmetric allylic alkylation, resulting in high
catalytic activities and excellent stereocontrol (Fig. 1) [6].

Despite the wide variety of other available chiral ligands
including (bis)oxazolines [7,8], amino acid-derived ligands [9,10],
or diphosphines featuring axial and planar chirality [11e14], the
Trost-type chiral diamine-based P,P-ligands still remain one of the
most important tools in the field of asymmetric allylic alkylation.
While such ligands have been already quite well studied, the chiral
diamine-based monophosphine-analogues did not gain too much
of attention. In 1994, Trost reported the first application of chiral
diamine-based analogues bearing only one phosphine unit for
asymmetric allylations, however low reactivities (20e50% yield)
and poor enantioselectivity (<20% ee) were observed [15]. Since
then, only a few examples in the area of chiral diamine-based
monophoshine ligands have been reported, but the

enantioselectivity could not be improved significantly in any case.
In 2000, Kim et al. reported the synthesis of novel P,N-mono-
phosphine ligands based on an (R,R)-1,2-diaminocyclohexane (R,R-
DACH) core and in the absence of the second phosphine unit, they
observed strong P,N- and P,O-chelation [16]. In contrast with the
previous results, they could reach significantly higher enantio-
selectivity (up to 75% ee), indicating that there is still potential in
such diamine-based P,N and P,O-ligands for asymmetric allylic
allylations.

Inspired by these results and based on our previous success with
carbamate-based ligands in asymmetric transfer hydrogenations
[17], herein we report the synthesis and application of chiral
diamine-based, carbamate-derived monophosphine ligands for
asymmetric allylic allylations.

2. Results and discussion

Starting from the cheap and easily accessible chiral pool of di-
amines 3e4, a small library of carbamate-monophosphine ligands
(11e16) has been prepared according to a straightforward two-step
procedure (Scheme 1). At first, the chiral diamines have been

Fig. 1. Typical Trost-type bidentate P,P-ligands for AAA reactions.
* Corresponding author.
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reacted with the corresponding anhydride or chloroformate by
using a temporary masking on one of the amino groups by means of
HCl salt, resulting in the corresponding mono carbamate-protected
intermediates as major products. These intermediates (5e10) have
then been coupled with 2-(diphenylphosphino)-benzoic acid via
simple DCC/DMAP coupling procedure, affording the chiral ligand
11e16 in good overall yields (Scheme 1).

In order to investigate whether the carbamate carbonyl group
plays an important role in the complexation, the unprotected an-
alogues of ligand 11 and 14 have also been synthesized (Scheme 2).

After the successful synthesis and characterization of the li-
gands, we investigated the asymmetric allylic alkylation of racemic
(E)-1,3-diphenylallyl acetate (19) with dimethyl malonate as a
benchmark reaction (Table 1). The initial screening aiming to find

the most suitable solvent and base has been carried out by using
1.0 mol% of Pd-precursor and 2.2 mol% chiral ligand (11) at room
temperature for 24 h. As it can be seen from Table 1, ether-type
solvents like THF and MTBE afforded the desired product 20a
with higher enantioselectivity than dichloromethane, without
significantly effecting the catalytic activity (Table 1, entries 1 vs.
4e5.). To our delight, the product 20a could be obtained in 93%
isolated yield and excellent enantioselectivity (>99% ee) by using
diethyl ether as solvent in the presence of the chiral ligand 11 at
room temperature (Table 1, entry 6.). Moreover, the reaction time
could be also reduced to 6 h without any loss in catalytic activity
(Table 1, entries 6 vs. 7.). Similarly, high enantioselectivity was
observed in toluene albeit the catalytic activity was significantly
decreased compared to those reactions in other solvents (Table 1,
entries 6e7 vs. 8).

After determining the optimal reaction conditions, the catalytic
efficiency of the chiral ligands was also evaluated (Fig. 2).

The catalyst screening revealed that the (R,R)-1,2-
diaminocyclohexane based ligands are in general superior over
the (R,R)-1,2-diphenylethylenediamine analogues yielding the
desired product 20a with slightly higher yields and significantly
higher enantiomeric excess (ligand 11e13 vs.14e16). Moreover, the
presence of the bulky Boc-group was also found to be beneficial.
Importantly, the compound 17 and 18 e the corresponding amino-
monophosphine analogues of ligand 11 and 14 e gave basically no
product under identical conditions, indicating that the presence of
the carbamate unit is indeed crucial for the complex formation.

Encouraged by these results, a series of different nucleophiles
have been successfully applied for the asymmetric allylic alkylation
of racemic (E)-1,3-diphenylallyl acetate (19) under the previously
optimized reaction conditions. As it can be seen from Scheme 3, the
corresponding products could be obtained with high isolated yields
(87e98%) and excellent stereocontrol (84 - >99%). While the C-
allylated products have been formed mainly in (R)-configuration,
interestingly the reaction with diethyl-acetamidomalonate resul-
ted in the formation of the (S)-20d as a major product, indicating
that the -NHAc group might alter the chelation mode during the
reaction. The high catalytic activity and selectivity were eventually
retained by using N-nucleophiles as well, affording the amines 20g-
i in high yields and 84e92% ee. For all amine products, the (S)-

Scheme 1. Design of carbamate-based P,O-ligands. Reagents and conditions: (a) HCl,
anhydride or chloroformate, anhydrous MeOH or EtOH, 0e25 C (b) 2-PPh2-PhCOOH,
DCC/DMAP, anhydrous CH2Cl2, 0e25 C.

Scheme 2. Deprotection of carbamate ligands 11 and 14.

Table 1
Parameter optimization for the AAA reaction of the allylic acetate 19.

Entrya Solvent Conversion (%)b Yield (%)b ee (%)c

1 CH2Cl2 98 95 49 (R)
2d CH2Cl2 75 70 48 (R)
3 EtOAc 85 55 70 (R)
4 THF 91 89 73 (R)
5 MTBE 96 93 75 (R)
6 Et2O 95 94 (93) >99 (R)
7e Et2O 95 94 (93) >99 (R)
8 Toluene 60 57 >99 (R)

a Performed with 0.50 mmol rac-(E)-1,3-diphenylallyl acetate (19) using 
0.011 mmol (2.2 mol%) chiral ligand 11, 0.005 mmol (1.0 mol%) [Pd(C3H5)Cl]2, 
0.60 mmol (1.2 equiv.) dimethyl malonate, 1.0 mmol (2.0 equiv.) BSA and 2 mg 
(2 mol%) KOAc in 1 mL solvent at 25 C for 24 h.

b Determined by GC analysis. Isolated yield in parenthesis.
c Determined by chiral HPLC analysis using Diacel Chiralcel IB column. 
d Cs2CO3 instead of BSA/KOAc.
e Reaction time was 6 h.

Fig. 2. Catalyst screening for the AAA reaction of allylic acetate 19. The reaction con-
ditions and monitoring were identical to those used in Table 1, entry 7.
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enantiomer has been predominantly formed.
Eventually, we further expanded our reaction scope with the

asymmetric allylic alkylation of racemic 3-acetoxy-1-cyclohexene
(21). By using diphenyl malonate as nucleophile, the product 22c
could be isolated in high yield and excellent enantiopurity (>99%
ee), while the other products could be also obtained in good yields
and moderate to good enantioselectivity (Scheme 4).

In order to get more insight into the chelation mode, 31P{1H}
NMR analysis of the in-situ formed (p-allyl)Pd complex 11* was
carried out by using 1.0 equivalent of [Pd(C3H5)Cl]2 and 2.0 equiv-
alents of chiral ligand 11 (Pd/L* ¼ 1). As shown in Fig. 3, only one
doublet of the complex at d ¼ 25.6 ppm with a coupling constant of
2J(P,O) ¼ 37.1 Hz was formed. This indicates, that basically only one
type of chelation takes place and there is no competition between
the different complexation modes which can be sometimes

observed with the P,P-bidentate Trost ligands [18]. Based on the
literature, the major complex should have a P,O-chelation motif in
which the carboxamide oxygen acts as an O-ligand. While there is
no direct proof for the carbamate unit participating in the chelation
mode; based on the results, its presence is certainly crucial in order
to reach high enantioselectivity.

3. Conclusion

Herein, we have reported the synthesis and application of
carbamate-based P,O-ligands for palladium-catalyzed asymmetric
allylic alkylation. After optimization of the catalyst structure and
reaction conditions, the chiral ligand 11 bearing a bulky Boc-
protecting group could be successfully applied for the AAA reac-
tion of an aromatic and an aliphatic model substrate by using a
series of different C- and N-nucleophiles. High isolated yields and
excellent stereocontrol could be attained for all products of racemic
(E)-1,3-diphenylallyl acetate (19), while moderate to excellent
enantioselectivity was obtained in the AAA reaction of racemic 3-
acetoxy-1-cylohexene (21).

4. Experimental section

4.1. General remarks

All reagents were purchased from commercial suppliers and
used without further purification unless noted otherwise. Solvents
intended for anhydrous reactions were pre-distilled and desiccated
on Al2O3 columns (PURESOLV, Innovative Technology). Chroma-
tography solvents were distilled prior to use. Column chromatog-
raphy was performed on standard manual glass columns using
silica gel from Merck (40e63 mm). TLC-analysis was carried out
using precoated and aluminum-backed plates purchased from
Merck (silica gel 60 F254). UV active compounds were detected at
254 nm, while non-UV active compounds were detected by using
potassium permanganate solution as staining agent. 1H, 13C and 31P
NMR spectra were recorded from CDCl3 and MeOD solutions on a
Bruker AC 200 (200 MHz) or Bruker Advance UltraShield 400
(400 MHz) spectrometer and chemical shifts (d) are reported in
ppm, using tetramethylsilane as internal standard. Coupling con-
stants (J) are reported in Hertz (Hz). The following abbrevia-tions
were used to explain the multiplicities: s ¼ singlet, d ¼ doublet,
t¼ triplet, q ¼ quartet, qvin. ¼ qvintett, sex ¼ sextet, m¼ multiplet,
brs ¼ broad singlet. Melting points above room temperature were

Scheme 3. Screening of different nucleophiles for the AAA reaction of allylic acetate 19
by using 0.50 mmol substrate, 0.011 mmol (2.2 mol%) chiral ligand 11, 0.005 mmol
(1.0 mol%) [Pd(C3H5)Cl]2, 0.60 mmol (1.2 equiv.) nucleophile, 1.0 mmol (2.0 equiv.) BSA
and 2 mg (2 mol%) KOAc in 1 mL Et2O at 25 C for 6 h. Yields refer to the pure products
after preparative TLC/column chromatography. Enantiomeric excess values have been
determined by chiral HPLC analysis. Absolute configuration was determined by com-
parison of the optical rotation with literature data. a Without BSA/KOAc.

Scheme 4. Screening of different nucleophiles for the AAA reaction of allylic acetate 21
by using 0.50 mmol substrate, 0.011 mmol (2.2 mol%) chiral ligand 11, 0.005 mmol
(1.0 mol%) [Pd(C3H5)Cl]2, 0.60 mmol (1.2 equiv.) nucleophile, 1.0 mmol (2 equiv.) BSA
and 2 mg (2 mol%) KOAc in 1 mL Et2O at 25 C for 24 h. Yields refer to the pure
products after column chromatography. Enantiomeric excess values have been deter-
mined by chiral HPLC analysis. Absolute configuration was determined by comparison
of the optical rotation with literature data. a Without BSA/KOAc.

Fig. 3. 31P {1H} NMR spectra of the pure chiral ligand 11 (top, green), and the in-situ
formed (p-allyl)Pd complex 11* (bottom, red) showing only one major chelation mode.
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measured on an automated melting point system OPTI MELT of
Stanford Research Systems and are uncorrected. Infrared spectra
were recorded on a PerkinElmer Spectrum 65 FT IR spectrometer
equipped with a specac MK II Golden Gate Single Reflection ATR
unit. HR-MS analysis was carried out from methanol solutions (c ¼
10 ppm) by using an HTCPAL system auto sampler (CTC Analytics
AG), an Agilent 1100/1200 HPLC with binary pumps, a degasser and
a column thermostat (Agilent Technologies) and an Agilent 6230
AJS ESI-TOF mass spectrometer. Chiral HPLC analysis were carried
out on a DIONEX UPLC, equipped with a PDA plus detector
(190e360 nm) using Chiralcel Diacel IB, AS-H, OJ and OD columns
(250 4.60 mm) as stationary phases. GC measurements have been
performed on a Thermo Scientific Focus instrument, equipped with
an FID detector using a BGB5 column. Optical rotation was
measured on an Anton Paar MCP500 polarimeter at the specific
conditions and the results have been compared to literature values.
Concentrations are given in g/100 mL.

4.2. Synthesis of mono-protected carbamates (5e10)

4.2.1. tert-Butyl ((1R,2R)-2-aminocyclohexyl)carbamate (5)
Prepared according to the modified literature procedure [19].

(1R,2R)-DACH (780 mg, 6.83 mmol, 1.0 equiv.) was dissolved in
anhydrous MeOH (15 mL) and cooled via ice bath. 37% HCl (600 mL,
7.18 mmol, 1.05 equiv.) was diluted with 5 mL anhydrous MeOH,
and it was added to the reaction mixture dropwise at 0 C. The
mixture was allowed to warm up, and it was stirred for 30 min.
Then, di-tert-butyl dicarbonate (2.22 g, 10.25 mmol, 1.50 equiv.) in
anhydrous MeOH (10 mL) was added dropwise at 0 C. The mixture
was stirred at room temperature for 4 h. After evaporation of the
MeOH, water was added, and the insoluble byproduct was filtered
off. The aqueous layer was basified with 2 M NaOH, extracted with
CH2Cl2 (4 ), dried over Na2SO4 and concentrated in vacuo, afford-
ing compound 5 as a white solid, which was found to be pure
without further purification (1.29 g, 88% yield). 1H NMR (400 MHz,
CDCl3)d: 4.43 (brs, 1H, NHCOO), 3.13 (brs,1H, CHeNHCOO), 2.32 (td,
J ¼ 10.2 Hz, 1H, CHeNH2), 1.98 (t, J ¼ 6.0 Hz, 2H, CH2eCH), 1.70 (d,
J ¼ 6.02 Hz, 2H, CH2eCH), 1.45e1.40 (m, 11H, C-(CH3)3, CHeNH2),
1.28e1.07 (m, 4H, CH2eCH2); 13C NMR (100 MHz, CDCl3)d: 156.3
(NHCOO), 79.4 (C-(CH3)3), 57.9 (CHeNHCOO), 55.8 (CHeNH2), 35.4
(CH2eCH), 33.0 (CH2eCH), 28.5 (C-(CH3)3), 25.3 (CH2eCH2), 25.2
(CH2eCH2).

4.2.2. Isobutyl ((1R,2R)-2-aminocyclohexyl)carbamate (6)
Prepared according to the procedure for the synthesis of com-

pound 5 by using (1R,2R)-DACH (456 mg, 4.0 mmol, 1.0 equiv.), 37%
HCl (351 mL, 4.2 mmol, 1.05 equiv.), isobutyl chloroformate (778 mL,
6.0 mmol, 1.50 equiv.) and anhydrous MeOH (10 þ 5 þ 10 mL) to
afford product 6 as a light brown solid, which was found to be pure
without further purification (705 mg, 82% yield). M.p.: 100e101 C;
HRMS (ESI-TOF) m/z: [MþH]þ calculated for C11H23N2O2 215.1760,
found 215.1762; a20

D : þ10.5 (c 1.0, CHCl3); IR (nmax/cm¡1): 3358
(NeH n), 2904 (CeH n), 16,852 (C]O n), 1607 (CeC n), 1511 (NeH d),
1437 (CH2 d); 1242 (CeO n); 1H NMR (400 MHz, CDCl3)d: 4.65 (brs,
1H, NHCOO), 3.82 (d, J ¼ 8.0 Hz, 2H, CH2eCH(CH3)2), 3.15 (brs, 1H,
CHeNHCOO), 2.33 (td, J ¼ 10.2 Hz, 1H, CHeNH2), 2.00e1.92 (m, 3H,
CH2eCH, CH2eCH(CH3)2), 1.71e1.68 (m, 2H, CH2eCH), 1.24e1.02
(m, 6H, CH2eCH2, CHeNH2), 0.85 (d, J¼ 4.0 Hz, 6H, CH2eCH(CH3)2);
13C NMR (100 MHz, CDCl3)d: 157.0 (NHCOO), 71.0 (CH2eCH(CH3)2),
57.9 (CHeNHCOO), 55.4 (CHeNH2), 35.2 (CH2eCH), 32.9 (CH2eCH),
28.0 (CH2eCH(CH3)2), 25.2 (CH2eCH2), 19.1 (CH2eCH(CH3)2).

4.2.3. Benzyl ((1R,2R)-2-aminocyclohexyl)carbamate (7)
Prepared according to the literature procedure [20]. (1R,2R)-

DACH (456 mg, 4.0 mmol, 1.0 equiv.) was dissolved in 10 mL
anhydrous EtOH, and the solution of benzyl-phenyl-carbonate
(790 mL, 4.0 mmol, 1.0 equiv.) in anhydrous EtOH (10 mL) was
added dropwise at room temperature. The reaction mixture was
stirred for 24 h and the EtOH was removed in vacuo. 10 M HCl
(960 mL) was added, the formed precipitate was filtered off and it
was successively washed with diethyl ether (2 ) and H2O (2 ).
Then, it was treated with a solution of NaOH (355 mg) in H2O
(2.40 mL). In a few minutes, the precipitate was filtered off, and it
was washed with H2O (3 10 mL), affording compound 7 as an off-
white solid, which was found to be pure without further purifica-
tions (655 mg, 66% yield). 1H NMR (200 MHz, CDCl3)d: 7.26e7.18
(m, 5H, H-arom), 4.99 (brs, 3H, arom-CH2, CHeNHCOO), 3.11e3.01
(m, 1H, NHCOO), 2.28 (td, J ¼ 10.2 Hz, 1H, CHeNH2), 1.91e1.78 (m,
2H, CH2eCH), 1.60e1.57 (m, 2H, CH2eCH), 1.26e0.95 (m, 6H,
CH2eCH2, CHeNH2);13C NMR (100 MHz, CDCl3)d: 156.7 (NHCOO),
136.6 (C-arom), 128.5 (C-arom), 128.1 (C-arom), 66.7 (arom-CH2),
58.2 (CHeNHCOO), 55.4 (CHeNH2), 35.3 (CH2eCH), 32.8 (CH2eCH),
25.1 (CH2eCH2), 25.0 (CH2eCH2).

4.2.4. tert-Butyl ((1R,2R)-2-amino-1,2-diphenylethyl)carbamate
(8)

Prepared according to the procedure for the synthesis of com-
pound 5 by using (1R,2R)-DPEN (1.93 g, 9.1 mmol, 1.0 equiv.), 37%
HCl (900 mL, 10.8 mmol, 1.05 equiv.), di-tert-butyl dicarbonate
(2.93 g, 13.5 mmol, 1.50 equiv.) and anhydrous MeOH
(30 þ 15 þ 15 mL). After the work-up, the obtained crude product
was dissolved in ethyl acetate and the solid residue was removed
over a patch of silica. The solvent was removed under reduced
pressure to yield 8 as a white solid (2.18 g, 77% yield). 1H NMR
(400 MHz, CDCl3)d: 7.28e7.14 (m,10H,H-arom), 5.80 (d, J¼ 8.51 Hz,
1H, CHeNHCOO), 4.77 (brs, 1H, NHCOO), 4.24 (s, 1H, CHeNH2), 1.37
(s, 2H, CHeNH2), 1.22 (s, 9H, C-(CH3)3); 13C NMR (100 MHz, CDCl3)
d: 155.9 (NHCOO), 142.4 (C-arom), 141.2 (C-arom), 128.7 (C-arom),
128.5 (C-arom), 127.6 (C-arom), 127.4 (C-arom), 127.0 (C-arom),
126.6 (C-arom), 79.4 (C-(CH3)3), 60.0 (CHeNHCOO, CHeNH2), 28.5
(C-(CH3)3).

4.2.5. Isobutyl ((1R,2R)-2-amino-1,2-diphenylethyl)carbamate (9)
Prepared according to the procedure for the synthesis of com-

pound 5 by using (1R,2R)-DPEN (2.36 mmol, 500 mg), 37% HCl
(207 mL 2.48 mmol, 1.05 equiv.) and isobutyl chloroformate (460 mL,
3.54 mmol,1.50 equiv.) and anhydrous MeOH (10 þ 5 þ 5 mL). After
the work-up, the obtained crude product was purified by column
chromatography (15 g silica, light petrol: ethyl acetate 1:1 þ1 V/V %
Et3N), affording 9 as a white powder (479 mg, 65% yield). 1H NMR
(400 MHz, CDCl3)d: 7.31e7.18 (m,10H, H-arom), 5.91 (d, J¼ 7.84 Hz,
1H, CHeNHCOO), 4.80 (brs, 1H, NHCOO), 4.29 (s, 1H, CHeNH2), 3.64
(s, 2H, CH2eCH(CH3)2), 1.74 (s, 1H, CH2eCH(CH3)2), 1.46 (brs, 2H,
CHeNH2), 0.78 (s, 5H, CH2eCH(CH3)2), 0.52 (s, 1H, CH2eCH(CH3)2);
13C NMR (100 MHz, CDCl3)d: 156.7 (NHCOO), 142.3 (C-arom), 141.1
(C-arom), 128.8 (C-arom), 128.7 (C-arom), 127.8 (C-arom), 127.6 (C-
arom), 127.0 (C-arom), 126.6 (C-arom), 71.2 (CH2eCH(CH3)2), 60.4
(CHeNHCOO), 60.0 (CHeNH2), 28.2 (CH2eCH(CH3)2), 19.2
(CH2eCH(CH3)2).

4.2.6. Benzyl ((1R,2R)-2-amino-1,2-diphenylethyl)carbamate (10)
Prepared according to the synthesis of compound 7 by using

(1R,2R)-DPEN (2.36 mmol, 500 mg), 10 mL anhydrous EtOH, and
benzyl-phenyl-carbonate (2.36 mmol, 540 mg, 1.0 equiv.), affording
the product 10 as an off-white solid (570 mg, 70% yield). 1H NMR
(400 MHz, CDCl3)d: 7.29e7.20 (m, 15H, H-arom), 6.05 (d,
J ¼ 7.24 Hz, 1H, CHeNHCOO), 4.91 (s, 2H, CH2-arom), 4.83 (brs, 1H,
NHCOO), 4.29 (s, 1H, CHeNH2), 1.32 (brs, 2H, CHeNH2); 13C NMR
(100 MHz, CDCl3)d: 156.3 (NHCOO), 142.3 (C-arom), 141.0 (C-arom),
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136.9 (C-arom), 128.8 (C-arom),128.7 (C-arom) 128.2 (C-arom),
127.8 (C-arom), 127.6 (C-arom), 126.9 (C-arom), 126.6 (C-arom),
66.8 (CH2-arom), 60.6 (CHeNHCOO), 60.0 (CHeNH2).

4.3. General procedure for the ligand synthesis (11e16)

Compound 11e16 have been prepared according to the litera-
ture procedure [16]. To the solution of 2-(diphenylphosphino)
benzoic acid (1.05 equiv.) in anhydrous CH2Cl2 at 0 C, DCC
(2.0 mmol, 1.05 equiv.) was added and the mixture was stirred at
0 C for 15 min. To this, the solution of monoprotected carbamate
5e10 (1.0 equiv.) and DMAP (0.1 equiv.) in anhydrous CH2Cl2 was
slowly added at 0 C. The mixture was allowed to warm up to room
temperature and it was stirred overnight. The reaction mixture was
cooled at 5 C for 1 h, filtered and washed with cold CH2Cl2 to
remove the majority of the dicyclohexyl urea. The filtrate was
successively washed with 0.5 M HCl (3 ), sat. NaHCO3 (3 ) and
water (2 ). After evaporation of the solvent, the crude products
were purified by column chromatography.

4.3.1. tert-Butyl ((1R,2R)-2-(2-(diphenylphosphaneyl)benzamido)
-cyclohexyl)carbamate (11)

Prepared from compound 5 following the general procedure on
a 1.9 mmol scale. Flash column chromatography (silica gel, light
petrol:ethyl-acetate 4:1) afforded 11 as a white solid (870 mg, 91%
yield). 1H NMR (400 MHz, CDCl3)d: 7.51 (brs, 1H, NHCO), 7.25e7.20
(m, 12H, H-arom), 6.86 (brs, 1H, H-arom), 6.38 (brs, 1H, H-arom),
4.74 (d, J ¼ 8.0 Hz, 1H, NHCOO), 3.61e3.58 (m, 1H, CHeNHCO),
3.29e3.26 (m, 1H, CHeNHCOO), 1.93 (d, J ¼ 8.0 Hz, 1H, CH2a-CH),
1.82 (d, J ¼ 8.0 Hz, 1H, CH2b-CH), 1.63 (brs, 1H, CH2a-CH), 1.55 (brs
1H, CH2b-CH), 1.31 (s, 9H, C-(CH3)3), 1.20e1.12 (m, 3H, CH2eCH2a),
0.92e0.88 (m, 1H, CH2e CH2b); 31P NMR (167 MHz, CDCl3)d: 9.15;
13C NMR (100 MHz, CDCl3)d: 169.2 (NHCO), 156.9 (NHCOO), 141.1
(C-arom), 140.9 (C-arom), 137.8 (C-arom), 134.5 (C-arom), 134.2 (C-
arom), 130.3 (C-arom), 128.7 (C-arom), 127.6 (C-arom), 79.7 (C-
(CH3)3), 55.1 (CHeNHCO), 54.3 (CHeNHCOO), 33.0 (CH2eCH), 32.4
(CH2eCH), 28.6 (C-(CH3)3), 25.2 (CH2eCH2), 24.7 (CH2eCH2).

4.3.2. Isobutyl ((1R,2R)-2-(2-(diphenylphosphaneyl)benzamido)-
cyclohexyl)carbamate (12)

Prepared from compound 6 following the general procedure on
a 1.4 mmol scale. Flash column chromatography (silica gel, light
petrol: ethyl-acetate 4:1) afforded 12 as a white solid (610 mg, 87%
yield). M.p.: 90e92 C; HRMS (ESI-TOF) m/z: [MþH]þ Calculated
for C30H36N2O3P 503.2464, found 503.2463; a20

D : þ35.5 (c 1.0,
CHCl3); IR (nmax/cm¡1): 3332 (NeH n), 2930 (CeH n), 1680 (C]O n),
1635 (C]O n), 1526 (NeH d), 1452 (C]C n), 1432 (CH2 d); 1240 (CeO
n), 1150 (CeN n), 743 (CeH arom d), 695 (CeH arom d); 1H NMR
(400 MHz, CDCl3)d: 7.48 (brs, 1H, NHCO), 7.25e7.20 (m, 12H, H-
arom), 6.88 (brs, 1H, H-arom), 6.16 (brs, 1H, H-arom), 5.01 (d,
J ¼ 8.0 Hz, 1H, NHCOO), 3.73e3.63 (m, 3H, CHeNHCO,
CH2eCH(CH3)2), 3.34e3.32 (m, 1H, CHeNHCOO), 1.87e1.85 (m, 1H,
CH2eCH(CH3)2), 1.82e1.80 (m, 2H, CH2eCH), 1.65e1.50 (m, 2H,
CH2eCH), 1.26e1.11 (m, 4H, CH2eCH2), 0.81 (d, J ¼ 8.0 Hz, 6H,
CH2eCH(CH3)2); 31P NMR (167 MHz, CDCl3)d: 9.78; 13C NMR
(100 MHz, CDCl3)d: 169.2 (NHCO), 157.3 (NHCOO), 141.2 (C-arom),
140.9 (C-arom), 137.6 (C-arom), 137.3 (C-arom), 136.4 (C-arom),
136.2 (C-arom), 133.7 (C-arom), 130.2 (C-arom), 128.4 (C-arom),
127.3 (C-arom), 71.0 (CH2eCH(CH3)2), 55.0 (CHeNHCO), 54.0
(CHeNHCOO), 32.7 (CH2eCH), 32.0 (CH2eCH), 27.9
(CH2eCH(CH3)2), 24.7 (CH2eCH2), 24.5 (CH2eCH2), 19.0
(CH2eCH(CH3)2).

4.3.3. Benzyl ((1R,2R)-2-(2-(diphenylphosphaneyl)benzamido)-
cyclohexyl)carbamate (13)

Prepared from compound 7 following the general procedure on
a 1.27 mmol scale. Flash column chromatography (silica gel, light
petrol: ethyl-acetate 4:1) afforded 13 as a white solid (540 mg, 83%
yield). M.p.: 101e103 C; HRMS (ESI-TOF) m/z: [MþH]þ calculated
for C33H34N2O3P 537.2307, found 537.2310; a20

D : þ30.1 (c 1.0,
CHCl3); IR (nmax/cm¡1): 3301 (NeH n), 2923 (CeH n), 1691 (C]O n),
1637 (C]O n), 1529 (NeH d), 1450 (C]C n), 1436 (CH2 d); 1250 (CeO
n), 1158 (CeN n), 743 (CeH arom d), 694 (CeH arom d); 1H NMR
(400 MHz, CDCl3)d: 7.45 (brs, 1H, NHCO), 7.31e7.21 (m, 17H, H-
arom), 6.94e6.92 (m, 1H, H-arom), 6.27 (d, J ¼ 8.0 Hz, 1H, H-arom),
5.33 (d, J ¼ 8.0 Hz, 1H, NHCOO), 5.05 (s, 2H, arom-CH2) 3.79e3.68
(m, 1H, CHeNHCO), 3.38e3.36 (m, 1H, CHeNHCOO), 2.05 (m, 1H,
CH2a-CH), 1.88e1.86 (m, 1H, CH2b-CH), 1.71e1.69 (m, 2H, CH2eCH),
1.25e1.22 (m, 3H, CH2eCH2a), 0.96e0.89 (m, 1H, CH2eCH2b); 31P
NMR (167 MHz, CDCl3)d: 9.34; 13C NMR (100 MHz, CDCl3)d: 169.5
(NHCO), 157.1 (NHCOO), 141.5 (C-arom), 141.0 (C-arom), 137.9 (C-
arom), 136.7 (C-arom), 134.4 (C-arom), 134.2 (C-arom), 133.9 (C-
arom), 133.8 (C-arom), 130.3 (C-arom), 128.8 (C-arom), 128.1 (C-
arom), 127.5 (C-arom), 66.7 (arom-CH2), 55.6 (CHeNHCO), 54.0
(CHeNHCOO), 32.9 (CH2eCH), 32.2 (CH2eCH), 24.9 (CH2eCH2),
24.8 (CH2eCH2).

4.3.4. tert-Butyl((1R,2R)-2-(2-(diphenylphosphaneyl)benzamido)-
1,2-diphenylethyl)carbamate (14)

Prepared from compound 8 following the general procedure on
a 1.0 mmol scale. Flash column chromatography (silica gel, light
petrol: ethyl-acetate 4:1) afforded 14 as a white solid (540 mg, 83%
yield). M.p.: 110e112 C; HRMS (ESI-TOF) m/z: [MþH]þ calculated
for C38H38N2O3P 601.2620, found 601.2615; a20

D : þ44.7 (c 1.0,
CHCl3); IR (nmax/cm¡1): 3318 (NeH n), 2933 (CeH n), 1682 (C]O n),
1639 (C]O n), 1526 (NeH d), 1450 (C]C n), 1241 (CeO n), 1170 (CeN
n), 742 (CeH arom d), 695 (CeH arom d); 1H NMR (400 MHz, CDCl3)
d: 7.67 (brs, 1H, NHCO), 7.34e6.90 (m, 25H, H-arom), 5.75 (d,
J¼ 8.0 Hz, 1H, CHeNHCO), 5.26 (t, J¼ 8.0 Hz, 1H, CHeNHCOO), 4.92
(t, J ¼ 12.0 Hz, 1H, NHCOO), 1.36 (s, 9H, C-(CH3)3); 31P NMR
(167 MHz, CDCl3)d: 11.15; 13C NMR (100 MHz, CDCl3)d: 169.2
(NHCO), 156.4 (NHCOO), 141.1 (C-arom) 139.4 (C-arom), 138.4 (C-
arom), 134.3 (C-arom), 134.2 (C-arom), 133.8 (C-arom), 133.5 (C-
arom), 130.3 (C-arom), 128.7 (C-arom), 128.5 (C-arom), 128.4 (C-
arom), 128.1 (C-arom), 127.6 (C-arom), 127.5 (C-arom), 79.8 (C-
(CH3)3), 60.8 (CHeNHCO), 59.6 (CHeNHCOO), 28.4 (C-(CH3)3).

4.3.5. Isobutyl ((1R,2R)-2-(2-(diphenylphosphaneyl)benzamido)-
1,2-diphenylethyl)carbamate (15)

Prepared from compound 9 following the general procedure on
a 1.0 mmol scale. Flash column chromatography (silica gel, light
petrol: ethyl-acetate 4:1) afforded 15 as a white solid (505 mg, 78%
yield). M.p.: 106e108 C HRMS (ESI-TOF) m/z: [MþH]þ calculated
for C38H38N2O3P 601.2620, found 601.2619 a20

D : þ43.4 (c 1.0,
CHCl3); IR (nmax/cm¡1): 3321 (NeH n), 2930 (CeH n), 1680 (C]O n),
1641 (C]O n), 1530 (NeH d), 1451 (C]C n), 1243 (CeO n), 1173 (CeN
n), 740 (CeH arom d), 696 (CeH arom d); 1H NMR (400 MHz, CDCl3)
d: 7.74 (brs, 1H, NHCO), 7.49e7.33 (m, 20H, H-arom), 7.12e7.08 (m,
1H, H-arom), 7.08e6.89 (m, 3H, H-arom), 6.25 (d, J ¼ 8.0 Hz, 1H,
CHeNHCO), 5.45 (t, J¼ 8.0 Hz, 1H, CHeNHCOO), 5.09 (t, J¼ 12.0 Hz,
1H, NHCOO), 3.91 (d, J ¼ 6.0 Hz, 2H, CH2eCH(CH3)2), 1.93 (brs, 1H,
CH2eCH(CH3)2), 1.38e1.34 (m, 1H, CH2eCH(CH3)2), 0.99e0.96 (m,
5H, CH2eCH(CH3)2); 31P NMR (167 MHz, CDCl3)d: 11.22; 13C NMR
(100 MHz, CDCl3) d: 169.9 (NHCO), 157.3 (NHCOO), 141.4 (C-arom)
139.7 (C-arom), 138.2 (C-arom), 134.5 (C-arom), 134.1 (C-arom),
134.0 (C-arom), 133.8 (C-arom), 130.6 (C-arom), 128.9 (C-arom),
128.5 (C-arom), 127.8 (C-arom), 127.6 (C-arom) 71.5
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(CH2eCH(CH3)2), 61.7 (CHeNHCO), 59.4 (CHeNHCOO), 28.2
(CH2eCH(CH3)2), 19.3 (CH2eCH(CH3)2).

4.3.6. Benzyl ((1R,2R)-2-(2-(diphenylphosphaneyl)benzamido)-1,2-
diphenylethyl)carbamate (16)

Prepared from compound 10 following the general procedure on
a 1.0 mmol scale. Flash column chromatography (silica gel, light
petrol: ethyl-acetate 4:1) afforded 16 as a white solid (505 mg, 75%
yield). M.p.: 100e104 C; HRMS (ESI-TOF) m/z: [MþH]þ calculated
for C41H36N2O3P 635.2464, found 635.2466; a20

D : þ47.8 (c 1.0,
CHCl3); IR (nmax/cm¡1): 3311 (NeH n), 3010 (CeH n), 1695 (C]O n),
1630 (CeC n), 1525 (NeH d), 1450 (C]C n), 1170 (CeN n), 742 (CeH
arom d), 696 (CeH arom d); 1H NMR (400 MHz, CDCl3)d: 7.44 (brs,
1H, NHCO), 7.21e7.03 (m, 26H, H-arom), 6.86 (brs, 1H, H-arom),
6.71 (d, J ¼ 8.0 Hz, 2H, H-arom), 6.28 (d, J ¼ 8.0 Hz, 1H, CHeNHCO),
5.24 (t, J¼ 8.0 Hz,1H, CHeNHCOO), 4.99e4.85 (m, 3H, NHCOO, CH2-
arom); 31P NMR (167 MHz, CDCl3)d: 11.16; 13C NMR (100 MHz,
CDCl3) d: 169.8 (NHCO), 156.7 (NHCOO), 141.4 (C-arom) 139.4 (C-
arom), 137.3 (C-arom), 136.8 (C-arom), 136.5 (C-arom), 134.3 (C-
arom), 134.0 (C-arom), 133.8 (C-arom), 133.5 (C-arom), 130.4 (C-
arom), 128.8 (C-arom), 128.6 (C-arom), 128.5 (C-arom), 128.3 (C-
arom), 127.9 (C-arom), 127.8 (C-arom), 127.6 (C-arom), 127.5 (C-
arom), 66.7 (CH2-arom), 61.8 (CHeNHCO), 59.2 (CHeNHCOO).

4.4. General procedure for ligand deprotection (17e18)

Prepared according to the literature procedure [16]. To a solu-
tion of 17 or 18 (0.5 mmol, 1.0 equiv.) in anhydrous CH2Cl2 (1.5 mL),
trifluoroacetic acid (765 mL, 10.0 mmol, 20.0 equiv.) was added, and
the reaction mixture was stirred at room temperature for 4 h. Then,
the mixture was poured onto saturated NaHCO3 solution, and it was
extracted with CH2Cl2 (4 ). The crude product was purified by flash
column chromatography. All data were in accordance with the
literature [16,21].

4.4.1. N-((1R,2R)-2-aminocyclohexyl)-2-(diphenylphosphaneyl)-
benzamide (17)

The crude product was purified by column chromatography
(silica gel, CH2Cl2: MeOH 30:1) affording 17 as a white solid
(197 mg, 98% yield). 1H NMR (400 MHz, CDCl3)d: 7.32 (brs, 1H,
NHCO), 7.28e7.21 (m, 13H, H-arom), 6.92 (m, 1H, H-arom) 5.76 (d,
J¼ 8.0 Hz, 1H, CHeNHCO), 3.59 (m,1H, CHeNH2), 2.19e2.14 (m,1H,
CH2a-CH), 1.90e1.86 (m, 2H, CH2eCH), 1.69e1.63 (m, 3H, CH2b-CH,
CHeNH2), 1.26e1.21 (m, 3H, CH2a-CH2), 0.89e0.86 (m, 1H, CH2b-
CH2).

4.4.2. N-((1R,2R)-2-amino-1,2-diphenylethyl)-2-(diphenyl-
phosphaneyl)benzamide (18)

The crude product was purified by column chromatography
(silica gel, CH2Cl2: MeOH 30:1) affording 18 as a white solid
(240 mg, 96% yield). 1H NMR (400 MHz, CDCl3)d: 7.45 (brs, 1H,
NHCO), 7.31e7.18 (m, 21H,H-arom), 7.05 (d, J¼ 8.0 Hz, 2H, H-arom),
6.96 (brs, 1H, H-arom), 5.25 (dd, J ¼ 8.0 Hz, 4.0 Hz, 1H, CHeNHCO),
4.28 (d, J ¼ 4.0 Hz, 1H, CHeNH2), 1.69 (brs, 2H, CHeNH2).

4.5. Synthesis of the allylic acetates

4.5.1. (±)-(E)-1,3-diphenylallyl acetate (19)
Prepared according to the literature procedure [22]. (±)-(E)-1,3-

Diphenylallyl alcohol (28.6 mmol, 6.0 g, 1.0 equiv.) was dissolved in
anhydrous CH2Cl2 (70 mL) and Et3N (34.8 mmol, 4.83 mL, 1.22
equiv.) was added. The mixture was cooled to 0 C via ice bath, and
a solution of acetyl chloride (34.3 mmol, 2.46 mL, 1.20 equiv.) in
anhydrous CH2Cl2 was slowly added. Then, the solution was

allowed to warm up to room temperature and it was stirred for 4 h.
The reaction mixture was washed with 2 M NaOH (3 ), water (2 )
and brine (2 ) successively, dried over Na2SO4, filtered and evap-
orated. The crude product was purified by Kugelrohr distillation
(0.35 mBar, 150e170 C) to obtain the product 19 as a light-yellow
oil (6.84 g, 95% yield). 1H NMR (400 MHz, CDCl3)d: 7.37e7.21 (m,
10H, H-arom), 6.56 (d, J ¼ 16.0 Hz, 1H, arom-CH]CH), 6.37 (d,
J ¼ 8.0 Hz, 1H, arom-CH]CH), 6.27 (dd, J ¼ 16.0 Hz, 4.0 Hz, 1H,
arom-CH), 2.09 (s, 3H, CH3eCO); 13C NMR (100 MHz, CDCl3)d: 170.3
(CH3eCO), 139.5 (C-arom), 136.4 (arom-CH), 132.8 (arom-CH]CH),
128.9 (C-arom), 128.8 (C-arom), 128.4 (C-arom), 128.3 (C-arom),
127.7 (C-arom), 127.3 (arom-CH]CH), 126.9 (C-arom), 76.4 (arom-
CH), 21.6 (CH3eCO).

4.5.2. (±)-3-acetoxy-1-cyclohexene (21)
Prepared according to literature procedure [23]. Freshly distilled

3-bromo-1-cyclohexene (30.3 mmol, 3.5 mL, 1.0 equiv.) was dis-
solved in acetone (60 mL). Glacial acetic acid (0.3 mol, 17.5 mL, 10.0
equiv.) was added, followed by the dropwise addition of Et3N
(0.31 mol, 43 mL, 10.2 equiv.) at 0 C. The mixture was allowed to
warm up and it was subsequently stirred at room temperature
overnight. The solvent was removed in vacuo and the residue was
dissolved in diethyl ether. The organic layer was washed with 0.5 M
HCl (3 ), saturated NaHCO3-solution (3 ), brine (1 ) and water
(1 ) successively, dried over Na2SO4 and concentrated in vacuo.
Vacuum distillation (20 mBar, 85 C) afforded product 21 as a col-
ourless liquid (3.56 g, 84% yield). 1H NMR (400 MHz, CDCl3)d:
5.96e5.93 (m, 1H, CHeCH]CH), 5.71e5.67 (m, 1H, CHeCH]CH),
5.26e5.23 (m, 1H, CHeCH]CH), 2.12e2.09 (m, 1H, CH2eCH2a-CH),
2.04 (s, 3H, CH3eCO), 2.01e1.98 (m, 1H, CH2eCH2b-CH), 1.89e1.83
(m, 1H, CH2a-CH2-CH), 1.77e1.68 (m, 1H, CH2eCH]CH), 1.66e1.60
(m, 1H, CH2b-CH2-CH); 13C NMR (100 MHz, CDCl3)d: 170.9
(CH3eCO), 132.8 (CHeCH]CH), 125.8 (CHeCH]CH), 68.2
(CHeCH]CH), 28.4 (CHeCH2eCH2), 25.0 (CH2eCH]CH), 21.5
(CH3eCO), 19.0 (CHeCH2eCH2).

4.6. General procedure for the asymmetric allylic alkylation

A mixture of [Pd(C3H5)Cl)]2 (1.83 mg, 0.005 mmol, 1.0 mol%) and
the chiral ligand (0.011 mmol, 2.2 mol%) in 0.5 mL solvent was
stirred for 30 min under argon atmosphere to form the active
catalyst species. The allylic acetate (0.5 mmol, 1.0 equiv.) was dis-
solved in 0.5 mL solvent, and it was added to the reaction mixture.
After an additional 10 min of stirring, the corresponding malonate
or amine (0.60 mmol, 1.2 equiv.), and optionally BSA (250 mL,
1.0 mmol, 2.0 equiv.) and KOAc (2 mg, 2.0 mol%) were added. The
mixture was stirred at room temperature. After completion, 5 mL
diethyl ether was added. In case of C-allylation reactions the
organic layer was washed with saturated NH4Cl solution and water,
dried over Na2SO4 and concentrated under reduced pressure. For
the N-allylations, the reaction mixtures were simply concentrated
in vacuo. The crude products were purified by column chroma-
tography or preparative TLC.

4.6.1. Dimethyl-(R,E)-2-(1,3-diphenylallyl)malonate (20a) [24]
Purification by preparative TLC (light petrol: ethyl acetate 10:1,

UV visualization) afforded the pure product as a colorless liquid
(151 mg, 93% yield; >99% ee). a20

D : þ12.4 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3)d: 7.29e7.17 (m,10H,H-arom), 6.45 (d, J¼ 16.0 Hz,
1H, arom-CH]CH), 6.30 (dd, J¼ 16.0 Hz, 8.0 Hz,1H, arom-CH]CH),
4.24 (dd, J ¼ 12.0 Hz, 8.0 Hz, 1H, arom-CH), 3.91 (d, J ¼ 12.0 Hz, 1H,
CH(COOCH3)), 3.66 (s, 3H, COOCH3), 3.47 (s, 3H, COOCH3); Chiral
HPLC analysis: (chiralcel IB column, nhexane: EtOH 99:1 V/V,
1.0 mL/min, 25 C, UV 254 nm) tR ¼ 7.71 min (R).
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4.6.2. Diethyl-(R,E)-2-(1,3-diphenylallyl)malonate (20b) [24]
Purification by preparative TLC (light petrol: ethyl acetate 10:1,

UV visualization) afforded the pure product as a colorless oil
(166 mg, 94% yield; 99% ee).a20

D : þ17.0 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3)d: 7.23e7.16 (m,10H,H-arom), 6.44 (d, J¼ 16.0 Hz,
1H, arom-CH]CH), 6.28 (dd, J¼ 16.0 Hz, 8.0 Hz,1H, arom-CH]CH),
4.28e4.08 (m, 3H, arom-CH, COOCH2CH3), 3.91e3.85 (m, 3H,
COOCH2CH3, CH(COOCH2CH3)), 1.20 (t, J ¼ 8.0 Hz, 3H, COOCH2CH3),
0.97 (t, J ¼ 8.0 Hz, 3H, COOCH2CH3); Chiral HPLC analysis: (chir-
alcel IA column, nhexane: 2-propanol 90:10 V/V, 0.5 mL/min, 25 C,
UV 254 nm) tR ¼ 11.3 min (R), tR ¼ 13.5 min (S).

4.6.3. Dibenzyl-(R,E)-2-(1,3-diphenylallyl)malonate (20c) [24]
Purification by preparative TLC (light petrol: ethyl acetate 10:1,

UV visualization) afforded the pure product as a colorless oil
(233 mg, 98% yield; >99% ee). a20

D : þ7.0 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3)d: 7.27e7.22 (m, 18H, H-arom), 7.05 (d, J ¼ 8.0 Hz,
2H, H-arom), 6.42 (d, J ¼ 16.0 Hz, 1H, arom-CH]CH), 6.31 (dd,
J¼ 16.0 Hz, 8.0 Hz, 1H, arom-CH]CH), 5.11 (dd, J¼ 16.0 Hz, 12.0 Hz,
CH2-arom), 4.94 (dd, J ¼ 16.0 Hz, 12.0 Hz, CH2-arom), 4.30 (dd,
J ¼ 12.0 Hz, 8.0 Hz, 1H, arom-CH), 4.05 (d, J ¼ 12.0 Hz, 1H,
CH(COOCH2Ph); Chiral HPLC analysis: (chiralcel IA column, nhex-
ane: 2-propanol 90:10 V/V, 0.5 mL/min, 25 C, UV 254 nm)
tR ¼ 21.0 min (R).

4.6.4. Diethyl-(S,E)-2-acetamido-2-(1,3-diphenylallyl)malonate
(20d) [25]

Purification by preparative TLC (light petrol: ethyl acetate 10:1,
UV visualization) afforded the pure product as a white solid
(200 mg, 98% yield; 92% ee). a20

D : þ44.0 (c 1.0, EtOH); 1H NMR
(400 MHz, CDCl3)d: 7.29e7.21 (m, 9H,H-arom), 7.16e7.12 (m,1H,H-
arom), 6.74 (dd, J ¼ 16.0 Hz, 8.0 Hz, 1H, arom-CH]CH), 6.56 (brs,
1H, NH), 6.27 (d, J¼ 16.0 Hz,1H, arom-CH]CH), 4.75 (d, J¼ 12.0 Hz,
1H, arom-CH), 4.29e4.20 (m, 2H, COOCH2CH3), 4.13e3.99 (m, 2H,
COOCH2CH3), 1.94 (s, 3H, CH3eCO), 1.23 (t, J ¼ 8.0 Hz, 1H,
COOCH2CH3), 1.14 (t, J ¼ 8.0 Hz, 3H, COOCH2CH3); Chiral HPLC
analysis: (chiralcel IA column, nhexane: 2-propanol 90:10 V/V,
0.5 mL/min, 25 C, UV 254 nm) tR ¼ 12.9 min (S), tR ¼ 15.1 min (R).

4.6.5. (R,E)-3-(1,3-Diphenylallyl)pentane-2,4-dione (20e) [26]
Purification by preparative TLC (light petrol: ethyl acetate 10:1,

UV visualization) afforded the pure product as a white solid
(130 mg, 95% yield; 92% ee). a20

D : 11.0 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3)d: 7.32e7.18 (m,10H,H-arom), 6.41 (d, J¼ 16.0 Hz,
1H, arom-CH]CH), 6.19e6.15 (m, 1H, arom-CH]CH), 4.33e4.31
(m, 2H, arom-CH, CH(COCH3)), 2.23 (s, 3H, COCH3), 1.91 (s, 3H,
COCH3); Chiral HPLC analysis: (chiralcel OJ column, nhexane: 2-
propanol 98:2 V/V, 0.5 mL/min, 25 C, UV 254 nm) tR
(major) ¼ 37.3 min (R), tR (minor) ¼ 47.5 min (S).

4.6.6. Dimethyl (R,E)-2-(1,3-diphenylallyl)-2-(prop-2-yn-1-yl)
malonate (20f)

Purification by preparative TLC (light petrol: ethyl acetate 10:1,
UV visualization) afforded the pure product as a light-yellow oil
(165 mg, 94% yield; 99% ee). a20

D : þ15.2 (c 1.0, CHCl3); 1H NMR
(400 MHz, CDCl3)d: 7.34e7.19 (m, 10H, H-arom), 6.76 (dd,
J ¼ 16.0 Hz. 8.0 Hz, 1H, arom-CH]CH), 6.43 (d, J ¼ 16.0 Hz, 1H,
arom-CH]CH), 4.42 (d, J ¼ 12.0 Hz, 1H, arom-CH), 3.76 (s, 3H,
COOCH3), 3.69 (s, 3H, COOCH3), 2.80 (d, J ¼ 20.0 Hz, 1H, CHCCH2a),
2.62 (d, J ¼ 20.0 Hz, 1H, CHCCH2b), 2.11e2.09 (m, 1H, CHCCH2);
Chiral HPLC analysis: (chiralcel IA column, nhexane: 2-propanol
99:1 V/V, 0.5 mL/min, 25 C, UV 254 nm) tR ¼ 20.1 min (R).

4.6.7. (S,E)-1-(1,3-diphenylallyl)pyrrolidine (20g) [27]
Purification by preparative TLC (light petrol: ethyl acetate 7:1,

UV visualization) afforded the pure product as a yellow oil (129 mg,
98% yield; 92% ee). a20

D : þ4.1 (c 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3)d: 7.35e7.12 (m,10H, H-arom), 6.49 (d, J¼ 16.0 Hz, 1H, arom-
CH]CH), 6.34 (dd, J ¼ 16.0 Hz, 8.0 Hz, arom-CH]CH), 3.69 (d,
J ¼ 8.0 Hz, 1H, arom-CH), 2.50e2.49 (m, 2H, NeCH2), 2.37e2.35 (m,
2H, NeCH2), 1.73e1.69 (m, 2H, NeCH2eCH2), 1.51 (brs, 2H,
NeCH2eCH2); Chiral HPLC analysis: (chirlacel OD column, nhex-
ane: 2-propanol 99.5:0.5 V/V, 0.5 mL/min, 25 C, UV 254 nm)
tR ¼ 10.1 min (R), tR ¼ 10.9 min (S).

4.6.8. (S,E)-1-(1,3-diphenylallyl)piperidine (20h) [27]
Purification by preparative TLC (light petrol: ethyl acetate 7:1,

UV visualization) afforded the pure product as a yellow oil (133 mg,
98% yield; 84% ee).a20

D : þ5.2 (c 1.0, CHCl3); 1H NMR (400 MHz,
CDCl3)d: 7.33e7.12 (m,10H, H-arom), 6.45 (d, J¼ 16.0 Hz, 1H, arom-
CH]CH), 6.26 (dd, J ¼ 16.0 Hz, 8.0 Hz, arom-CH]CH), 3.74 (d,
J ¼ 8.0 Hz, 1H, arom-CH), 2.43e2.38 (m, 2H, NeCH2), 2.30e2.25 (m,
2H, NeCH2), 1.51e1.47 (m, 4H, NeCH2eCH2), 1.39e1.35 (m, 2H, N-
(CH2)2-CH2); Chiral HPLC analysis: (chiralcel OD column, nhexane:
2-propanol 99.5:0.5 V/V, 0.5 mL/min, 25 C, UV 254 nm)
tR ¼ 9.6 min (R), tR ¼ 10.5 min (S).

4.6.9. (S,E)-N-benzyl-1,3-diphenylprop-2-en-1-amine (20i) [27]
Purification by preparative TLC (light petrol: ethyl acetate 7:1,

UV visualization) afforded the pure product as a light-yellow oil
(131 mg, 87% yield; 92% ee). a20

D : þ29.5 (c 1.5, CHCl3); 1H NMR
(400 MHz, CDCl3)d: 7.36 (d, J ¼ 8.0 Hz, 2H, H-arom), 7.29e7.10 (m,
13H, H-arom), 6.50 (d, J ¼ 16.0 Hz, 1H, arom-CH]CH), 6.24 (dd,
J¼ 16.0 Hz, 8.0 Hz,1H, arom-CH]CH), 4.32 (d, J¼ 8.0 Hz,1H, arom-
CH), 3.71 (dd, J¼ 16.0 Hz,12.0 Hz, 2H, arom-CH2), 1.63 (brs,1H, NH);
Chiral HPLC analysis: (chirlacel OD column, nhexane: 2-propanol
99.5:0.5 V/V, 0.5 mL/min, 25 C, UV 254 nm) tR ¼ 24.66 min (R),
tR ¼ 27.4 min (S).

4.6.10. Dimethyl 2-(cyclohex-2-en-1-yl)malonate (22a) [28]
Purification by column chromatography (light petrol: diethyl

ether 10:1, visualization by potassium permanganate stain) affor-
ded the pure product as a colorless oil (91 mg, 86% yield; 86% ee).
a20
D : þ35.2 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3)d: 5.80e5.76

(m, 1H, CHeCH]CH), 5.51 (d, J ¼ 12.0 Hz, 1H CHeCH]CH), 3.73 (s,
6H, 2 x COOCH3), 3.29 (d, J ¼ 8.0 Hz, 1H, CHeCH]CH), 2.93e2.87
(m, 1H, CH(COOCH3)2), 2.00e1.97 (m, 2H, CH2eCH), 1.79e1.73 (m,
2H, CH2eCH2eCH), 1.60e1.54 (m, 1H, CH2a-(CH2)2eCH), 1.40e1.33
(m, 1H, CH2b-(CH2)2eCH); Chiral HPLC analysis: (chiralcel AS-H
column, nhexane: 2-propanol 95:5 V/V, 1.0 mL/min, 25 C, UV
220 nm) tR ¼ 6.6 min (R), tR ¼ 7.7 min (S).

4.6.11. Diethyl 2-(cyclohex-2-en-1-yl)malonate (22b) [28]
Purification by column chromatography (light petrol: diethyl

ether 10:1, visualization by potassium permanganate stain) affor-
ded the pure product as a colorless oil (106 mg, 88% yield; 83% ee).
a20
D : þ23.2 (c 1.0, CHCl3); 1H NMR (400 MHz, CDCl3)d: 5.73e5.65

(m,1H, CHeCH]CH), 5.48 (d, J¼ 12.0 Hz, 1H, CHeCH]CH), 4.13 (q,
4H, 2 x COOCH2H3), 3.17 (d, J ¼ 8.0 Hz, 1H, CHeCH]CH),2.87e2.77
(m, 1H, CH(COOCH2CH3)2), 1.95e1.91 (m, 2H, CH2eCH), 1.75e1.35
(m, 4H, CH2eCH2eCH, CH2a-(CH2)2eCH, CH2b-(CH2)2eCH), 1.20 (t,
J ¼ 12.0 Hz, 2 x COOCH2CH3)2); Chiral HPLC analysis: (chiralcel OJ
column, nhexane: 2-propanol 98:2 V/V, 0.5 mL/min, 25 C, UV
220 nm) tR ¼ 10.5 min (R), tR ¼ 10.9 min (S).

4.6.12. Dibenzyl 2-(cyclohex-2-en-1-yl)malonate (22c)
Purification by column chromatography (light petrol: diethyl
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ether 10:1, visualization by potassium permanganate stain) affor-
ded the pure product (90% yield; 99% ee). a20

D : þ17.8 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3)d: 7.34e7.29 (m, 10H, H-arom),
5.77e5.72 (m, 1H, CHeCH]CH), 5.53 (d, J ¼ 12.0 Hz, 1H, CHeCH]

CH), 5.15 (dd, J ¼ 16.0 Hz, 8.0 Hz, 4H, 2 x CH2-arom), 3.39 (d,
J ¼ 8.0 Hz, 1H, CHeCH]CH), 2.99e2.91 (m, 1H, CH(COOCH2Ph)2),
1.98e1.94 (m, 2H, CH2eCH), 1.77e1.66 (m, 2H, CH2eCH2eCH),
1.51e1.47 (m, 1H, CH2a-(CH2)2eCH), 1.39e1.34 (m, 1H, CH2b-
(CH2)2eCH); Chiral HPLC analysis: (chiralcel IA column, nhexane:
2-propanol 90:10 V/V, 0.5 mL/min, 25 C, UV 254 nm) tR ¼ 10.8 min
(R).

4.6.13. (S)eN-Benzylcyclohex-2-en-1-amine (22d)
Purification by column chromatography (light petrol: diethyl

ether 5:1, visualization by potassium permanganate stain) afforded
the pure product as a light-yellow oil (84 mg, 89% yield; 60% ee).
a20
D : þ1.8 (c 0.5, CHCl3); 1H NMR (400 MHz, CDCl3)d: 7.25e7.17 (m,

5H, H-arom) 5.73e5.65 (m, 2H, CHeCH]CH, CHeCH]CH), 3.78
(dd, J ¼ 16.0 Hz J ¼ 8.0 Hz, 2H, CH2-arom), 3.17e3.14 (m, 1H,
CHeNH), 1.94e1.92 (m, 2H, CH2eCH), 1.84e1.72 (m, 2H,
CH2eCH2eCH), 1.70e1.65 (m, 1H, CH2a-(CH2)2eCH), 1.52e1.40 (m,
1H, CH2b-(CH2)2eCH); Chiral HPLC analysis: (chiralcel OD column,
nhexane: 2-propanol 99.5:0.5 V/V, 1.0 mL/min, 25 C, UV 220 nm)
tR ¼ 19.1 min (S), tR ¼ 21.1 min (R).
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ABSTRACT: We report a straightforward and efficient Pd/enamine catalytic procedure for the direct asymmetric α-allylation of
branched aldehydes. The use of simple chiral amines and easily prepared achiral or racemic phosphoric acids, together with a suitable
Pd-source resulted in a highly active and enantioselective catalyst system for the allylation of various α-branched aldehydes with
different allylic alcohols. The reported procedure could provide an easy access to both product antipodes. Furthermore, two possible
orthogonal derivatizations of the enantioenriched aldehydes were performed without any decrease in enantioselectivity.

■ INTRODUCTION

Carbon−carbon bond-forming reactions were always in the
focus of organic chemistry. The synthesis of asymmetric all-
carbon quaternary centers is particularly challenging, and
despite the growing numbers of advances in this field, it is still
a difficult task because of the substantial steric repulsion
between the reactants.1,2

Optically active molecules bearing an allylic motif are
invaluable intermediates for the total synthesis of biologically
active compounds.3,4 Based on the pioneering work of Jiro̅
Tsuji and Barry M. Trost, the palladium-catalyzed asymmetric
allylation involving an in situ-generated allylpalladium−π
complex is of special interest in this field. Thanks to the
indisputable advantages such as mild reaction conditions and
operational simplicity, it is still a crucial tool for the synthesis
of allylic compounds.5

While the traditional Tsuji−Trost allylation requires both a
good nucleophile and an allylic compound with a suitable
leaving group, several advances have been published to
overcome this problem by merging organo− and transition−-
metal catalyses. In 2003, Krische and coworkers achieved
enone cycloallylations via dual activation of latent nucleophilic
and electrophilic partners.6 Three years later, Co ́rdova
reported the first Pd/enamine dual catalyst system relying on
Pd(PPh3)4 and pyrrolidine in the direct α-allylation of
nonbranched aldehydes and ketones with activated allylic

electrophiles.7 Since then, enamine catalysis has played an
important role in the field of asymmetric allylation.8−11 A few
elegant procedures have also been found for the asymmetric α-
allylation of branched aldehydes including the synergistic use
of a Pd-source with modified primary amino acids (Yoshida,
Scheme 1a) or iridium catalysis with double stereocontrol
(Carreira).12−16 By expanding the use of their previously
established concept of asymmetric counteranion-directed
catalysis to asymmetric allylations, the List group developed
a three-component-catalyst system composed of a Pd-complex,
an amine, and a chiral Brønsted acid known as TRIP (Scheme
1b).17−20 Even though the synthesis of TRIP requires a
multistep procedure and results in a rather pricy catalyst, they
achieved impressive catalytic activities together with a high
degree of enantioselectivity (Scheme 1b).20

Herein, we propose a concept of counterion-enhanced
catalysis for the enantioselective α-allylation of α-branched
aldehydes with allylic alcohols (Scheme 1c). The combination
of simple chiral amines together with readily prepared achiral
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or racemic phosphoric acids and Pd(PPh3)4 resulted in high
catalytic activities and excellent stereocontrol. As no extensive
catalyst preparation is required, this methodology could
provide a good alternative to current state-of-the-art methods.

■ RESULTS AND DISCUSSION

To establish the new concept, we were initially interested in
the asymmetric α-allylation of 2-phenylpropanal (1a). Based
on our previous observations for asymmetric counterion-
enhanced catalysis, L-valine tert-butyl ester (A1) was chosen as

the amine source, together with the phosphoric acid P1
(Scheme 2).21 MTBE as an apolar aprotic solvent was used as
its low dielectric constant might facilitate the formation of
stronger contact ion pairs. In accordance with the relevant
literature, high amine loadings were used.20 After the initial
screening for proper concentrations and desiccant, the product
2a could be obtained in good yield, albeit with moderate
enantioselectivity (Table 1, entry 1). Gratifyingly, the ee could
be dramatically increased to 78% by simply changing the amine
source to the C2-symmetric diamine (R,R)-A2, also increasing

Scheme 1. Concepts for the α-Allylation of Branched Aldehydes

Scheme 2. Asymmetric α-Allylation of 2-Phenylpropanal
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the yield (Table 1, entry 2). As can be seen, all three catalyst
components are essential for achieving high catalytic activity
and selectivity. In the absence of Pd(PPh3)4, the formation of
2a could not be observed (Table 1, entry 3). Without the
amine source, the reaction presumably follows a pure enol
pathway catalyzed by the phosphoric acid P1, consequently
resulting in a racemic product (Table 1, entry 5). Nevertheless,

the use of the phosphoric acid was also found to be crucial, as
both the reactivity and the selectivity drastically decrease in the
absence of compound P1 (Table 1, entry 4).

To further tune our catalytic system, a series of different
achiral or racemic phosphoric acids have been synthesized
following a straightforward one- or two-step reaction
procedure using cheap and easily accessible phenols and
bisphenols as starting materials. The use of P1−P7 yielded the
allylation product 2a in high to excellent yields and
enantioselectivity (Figure 1). The best result was obtained
with the thymol-derived analogue P5, resulting in 98% yield
and 94% ee. To investigate whether the stereochemistry of the
racemic phosphoric acids plays a role in the reaction, the
BINOL-derived acid P8 was tested in the enantiopure form
(both isomers) and also as a racemic mixture. In all three cases,
product 2a was obtained with basically the same enantiose-
lectivity (73%), suggesting that match/mismatch scenarios
between the chiral amine and the racemic phosphoric acid do
not affect the degree of asymmetric induction. This is in good
agreement with our previous observations for organocatalytic
asymmetric transfer hydrogenations.21 Furthermore, diphenyl
phosphate as well as other Brønsted and Lewis acids
traditionally used for organocatalysis were also tested. Only

Table 1. Initial Screening and Proof of Concept

entrya amine comment yield (%)b ee (%)c

1 (S)-A1 82 31 (S)
2 87 78 (R)
3 (R,R)-A2 0 mol % [Pd(PPh3)4] 0 n.d.
4 0 mol % P1 37 35 (R)
5 0 mol % (R,R)-A2 81 0

aPerformed on a 0.375 mmol scale by using 4.0 mol % Pd(PPh3)4, 50
mol % amine, 6.25 mol % P1, 190 mg 5 Å molecular sieves, and 0.75
mmol allyl alcohol in 0.75 mL MTBE at 60 °C for 16 h. bDetermined
by gas chromatography (GC) analysis. cDetermined by chiral high-
performance liquid chromatography (HPLC) analysis using a Diacel
Chiralcel AS-H column. Absolute configurations were determined by
measuring the optical rotations and comparing with the literature
data.

Figure 1. Effect of different acidic cocatalysts in the asymmetric α-allylation of 1a. The reaction conditions were identical to those used in Table 1,
entry 2.
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trifluoroacetic acid led to a comparable result of 75% ee; all
others resulted in significantly inferior results, highlighting the
particular advantages associated with the use of achiral or
racemic phosphoric acids P1−P7 (Figure 1, also see
Supporting Information Tables S2 and S3, pages S4−S6).

Next, a small set of chiral amines (A1−A6) was screened.
While the product 2a was formed in high yields in all cases, the
enantioselectivity was moderate when using an amine other
than (R,R)-A2 (Table 2). Presumably, the high rigidity of
amine (R,R)-A2 results in a significantly increased energy
difference between the diastereomorphic transition states,
therefore results in higher enantioselectivity.

Furthermore, by simply changing the amine source from
(R,R)-A2 to (S,S)-A2, the product (S)-2a could be obtained
with the same excellent enantioselectivity of 94% ee (Table 2,
entries 2−3). However, given the economic considerations, the
(R,R)-A2 analogue was used for further optimizations, as well
as for investigating the scope and limitations.

With the suitable amine [(R,R)-A2] and phosphoric acid
(P5) in hand, we sought to optimize the ratio of these two
components. Eventually, we found that the selectivity of the
product 2a highly depends on the amine-to-acid ratio. As the
allylic aldehyde 2a was obtained in rather high yield even in the
absence of the amine source (Table 1, entry 5), it is likely that
the level of asymmetric induction is determined by competing
enamine- and enol-mediated pathways (see the plausible key
intermediates in Figure 2). Decreasing the amine-to-acid ratio
leads to an increase in the enol-mediated product,
consequently resulting in lower ee values (Figure 2, left side,
see also Supporting Information Table S5, page S8). By
increasing the amine-to-acid ratio, the level of asymmetric
induction increases rapidly. Because of the higher nucleophil-
icity of the enamine, it can suppress the formation of the enol
intermediate and, therefore, lead to an optically active product;
howeverin accordance with the observations of Lista
rather high amine loading was necessary to achieve this. Based
on the results, it seems that the initially used amine-to-acid
ratio of 8:1 gives the best results (Figure 2, middle), while a
further increase in the amine loading could possibly increase
the free amine-to-enamine ratio to an undesired level: this
would lead to the phosphoric acid reacting with the free amine
rather than the enamine, thus hampering the selectivity (Figure
2, right side).

Finally, the effect of the solvent was also investigated. Only
slight differences in the catalytic activity and selectivity were
observed (see Supporting Information Table S6, page S9) as
the allylic aldehyde 2a could be obtained in rather high yield
and enantioselectivity even in green, bio-derived solvents like
2-MeTHF. Most importantly, the solvent screening showed
that the use of toluene allowed both the reaction temperature
and the catalyst loadings to be decreased successfully.
Howeversimilar to previous reportsa relatively high
absolute amine loading was necessary to retain a high level
of asymmetric induction.

Table 2. Different Amines for the Asymmetric α-Allylation of 1a

entrya amine yield (%)b ee (%)c

1 A1 89 31 (S)
2 (R,R)-A2 98 94 (R)
3 (S,S)-A2 97 94 (S)
4 A3 89 37 (R)
5 A4 89 21 (R)
6 A5 90 60 (R)
7 A6 97 44 (R)

aPerformed on a 0.375 mmol scale by using 4.0 mol % Pd(PPh3)4, 50 mol % amine, 6.25 mol % P5, 190 mg 5 Å molecular sieves, and 0.75 mmol
allyl alcohol in 0.75 mL MTBE at 60 °C for 16 h. bDetermined by GC analysis. cDetermined by chiral HPLC analysis using a Diacel Chiralcel AS-
H column. Absolute configurations were determined by measuring the optical rotations and comparing with the literature data.

Figure 2. Effect of different amine-to-phosphoric acid ratios in the
asymmetric α-allylation of 1a using amine (R,R)-A2 and phosphoric
acid P5 (bottom), and the plausibly competing key intermediates for
the enol and enamine pathways (top).
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Having optimized and established the catalytic system, we
explored the scope and limitations of the reaction by testing
different α-branched aldehydes (Scheme 3). Electron-with-
drawing and -donating groups in the meta and the para
positions of the aryl group were well tolerated, resulting in high
yields and enantioselectivity up to >99% ee for the allylic
aldehydes 2c−j under the previously optimized reaction
conditions; however, no reaction was observed when using
the ortho-substituted aldehyde 1b. Eventually, we also tried to
expand the scope to aliphatic aldehydes. Gratifyingly, both a
linear and a cyclic aliphatic substrate could be allylated by
simply increasing the temperature to 90 °C, yielding the
corresponding products (2k−l) with moderate to high yield
and enantioselectivity; even though still no reaction was
observed for short-chained aliphatic aldehydes (2m−n).

Furthermore, our catalyst system was found to well tolerate
different substituted allylic alcohols as well (Scheme 3).
Aliphatic and aromatic primary allylic alcohols readily
furnished the corresponding products (2o, 2r−2t) in good
to excellent yield and in excellent enantiopurity. Moreover,
acyclic and cyclic secondary allylic alcohols were also found to
be suitable reagents for the synthesis of 2p−q and 2u, with the
first two resulting in the rearranged, linear allylic aldehydes 2p
and 2q as major products (Scheme 3). Our procedure could
also give an easy access to both product enantiomers: when
using (S,S)-A2 for the allylation of 1a with allyl alcohol and
cinnamyl alcohol, the (S)-product antipodes [(S)-2a and (S)-
2o] could be obtained with the same excellent 94 and 95% ee,
respectively (Scheme 3).

The proposed reaction mechanism comprises three catalytic
cycles (Figure 3). In the enamine cycle (marked with red), the
substrate 1a reacts with the free amine (R,R)-A2 to form the
enamine I. The allylpalladium−π complex II is generated in
the second catalytic cycle (green) via acidic activation of the
allylic alcohol and subsequent oxidative addition to the Pd0

species. The enamine intermediate I is then allylated with
complex II through the key intermediate III involving all three
catalyst components. This is then dissociated, resulting in the
formation of the imine IV, meanwhile the phosphoric acid and
the Pd0 are regenerated (green and orange cycles). Finally,
hydrolysis of imine IV yields the product 2a. Alternatively, the
free amine (R,R)-A2 could also be allylated directly to give VI;
howevergiven the high catalytic efficiencythis must
dissociate as the reaction proceeds. Based on our observations
and in accordance with the literature, a rather high amine
loading is necessary.20 We suspect that the hydrolysis of the
imine IV is rather slow, therefore a relatively high amine
loading is necessary to speed it up and thus ensure that the
enamine pathway outperforms the competing enol-mediated
reaction (see Figure 3). Our plausible mechanism is supported
by analytical studies, as the mass of the enamine I, the imine
IV, the allylpalladium−π complex II, and the activated allylic
alcohol V intermediates could all be detected via electron spin
ionization-mass spectrometry (ESI-MS) analysis (see Support-
ing Information page S67 for details). A similar study was
carried out by using the amine A1 via GC−MS analysis,
resulting in the same type of proposed catalytic cycle (see
Supporting Information pages S67−S70 for details).

Furthermore, the enantioenriched allylic aldehyde 2a could
be smoothly and orthogonally converted into the correspond-
ing formate 3 and into the dicarbonyl compound 4 via
Baeyer−Villiger oxidation and Wacker-oxidation, respectively,
retaining the excellent enantioselectivity of 2a (Scheme 4).

Scheme 3. Scope and Limitations in the Asymmetric α-
Allylation of α-Branched Aldehydesa

aReactions were performed on a 0.75 mmol scale by using 1.5 mol %
Pd(PPh3)4, 40 mol % amine(R,R)-A2, 5.0 mol % P5, 190 mg 5 Å
molecular sieves, and 1.50 mmol (substituted) allylic alcohol in 1.50
mL toluene at 40 °C for 16 h. Yields refer to pure products after
isolation by flash column chromatography. The enantioselectivity was
determined by chiral HPLC and chiral GC analysis. Absolute
configurations were determined by measuring the optical rotations
and comparing with the literature data. a(S,S)-A2, as the amine
source, resulting in the formation of (S)-2a. bA higher catalyst loading
of 4.0 mol % Pd(PPh3)4, 50 mol % (R,R)-A2, and 6.25 mol % P5 were
used. cReaction performed at 90 °C.
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■ CONCLUSIONS
Herein, we reported a concept of counterion enhanced Pd/
enamine catalysis for the asymmetric α-allylation of α-
branched aldehydes. Our multicomponent catalyst system

relying on a commercially available chiral amine, a readily
synthesized phosphoric acid, and Pd(PPh3)4 resulted in a
simple and rather cheap chiral framework. The catalyst system
was found to be quite versatile, tolerating different aromatic

Figure 3. Plausible reaction mechanism for the direct α-allylation of α-branched aldehyde 1a by using (R,R)-A2, phosphoric acid P5 and
Pd(PPh3)4. The product enantiomer generated in excess [(R)-2a] is illustrated in the cycle for clarity.

Scheme 4. Utilization of 2a for the Synthesis of the α-Branched Quaternary Allylic Formate 3 and Dicarbonyl Compound 4a

a(a) Performed on a 2.0 mmol scale by using 40 mol % amine (R,R)-A2, 5.0 mol % P5, 1.5 mol % Pd(PPh3)4, 190 mg 5 Å molecular sieves, and 4.0
mmol allyl alcohol in 4.0 mL toluene at 40 °C for 16 h. Yield refers to pure 2a after flash column chromatography. (b) Performed on a 1.0 mmol
scale by using 2.1 mmol mCPBA, 1.5 mmol NaHCO3, and 1.2 mmol Na2CO3 in anhydrous CH2Cl2 at 25 °C for 24 h. Purified by flash column
chromatography. (c) Performed on a 0.9 mmol scale by using 0.09 mmol PdCl2 and 0.09 mmol CuCl2 in a mixture of DME and water (v/v 9/1).
Purified by flash column chromatography.
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and aliphatic aldehydes, as well as substituted primary and
secondary allylic alcohols. Furthermore, the possible orthog-
onal derivatization of the enantioenriched aldehydes was
demonstrated through the synthesis of the α-branched
quaternary allylic formate 3 and the dicarbonyl compounds 4.

■ EXPERIMENTAL SECTION
General Experimental Information. All purchased chemicals

from commercial suppliers were used without further purification. Dry
solvents were predistilled and desiccated on aluminum oxide columns
(PureSolv, Innovative Technology). Column chromatography was
performed on standard manual glass columns using Merck (40−60
μm) silica gel with predistilled solvents (EtOAc: ethyl acetate, Et2O:
diethyl ether). For TLC analysis, precoated aluminum-backed plates
were purchased from Merck (silica gel 60 F254). UV-active
compounds were detected at 254 nm. Non UV-active compounds
were detected using Hanessian’s stain solution (cerium molybdate
stain). 1H, 13C, and 31P nuclear magnetic resonance (NMR) spectra
were recorded on a Bruker Advance UltraShield 200 or 400 MHz
spectrometer, and chemical shifts are reported in ppm using TMS
(tetramethylsilane) as the internal standard. Coupling constants (J)
are given in Hz. The following abbreviations are used to explain
multiplicities: s (singlet), d (doublet), t (triplet), q (quartet), m
(multiplet), brs (broad singlet), dd (doublet of doublets), ddd
(doublets of doublet of doublets), and td (triplet of doublets). GC
measurements were performed on a Thermo Scientific Focus
instrument, by using the BGB5 column and a flame ionization
detector. Chiral HPLC measurements were carried out on a DIONEX
ultraperformance liquid chromatograph equipped with a PDA plus
detector (190−360 nm), using Diacel Chiralcel AS-H, OJ, or IB
columns (250 × 4.60 mm, 5 μm). Chiral GC measurements were
carried out on a Thermo Scientific Focus instrument, by using a
BGB173 column and a flame ionization detector. To determine the
absolute configuration, optical rotation was measured on an Anton
Paar MCP500 polarimeter under the specific conditions and the
results were compared to literature values. Concentrations are given in
g/100 mL. High-resolution MS analysis was performed using a HTC
PAL system autosampler, an Agilent 1100/1200 high-performance
liquid chromatograph, and an Agilent 6230 AJS ESI-time-of-flight
mass spectrometer. Microwave reactions were performed in a Biotage
Initiator Classic microwave reactor in sealed, 20 ml pressure tight
glass vials. Infrared (IR) spectra were recorded on a PerkinElmer
Spectrum 65 Fourier transform IR spectrometer equipped with a
specac MK II Golden Gate Single Reflection ATR unit.

Amine(S)-A1, (R,R)-A5, and (R,R)-A6 were prepared according to
literature procedures.22−24

General Procedures for the Phosphoric Acid Synthesis.
Phosphoric acids P1, P7, and P8 were prepared by direct
phosphorylation of the corresponding diols.25 Phosphoric acids
P2−P6 were prepared in a two-step fashion via oxidative coupling
of the corresponding phenols (method A or B) followed by
subsequent phosphorylation.26−28

4,8-Di-tert-butyl-6-hydroxy-2,10-dimethyldibenzo[d,f ]-[1,3,2]-
dioxaphosphepine 6-oxide (P2) (Method A). In a pressure-tight
MW-vial, 2-(tert-butyl)-4-methylphenol (1.5 g, 12.0 mmol, 1.0 equiv)
was dissolved in chlorobenzene (7.2 mL, 1.66 M solution) and di-tert-
butyl peroxide (2.3 mL, 12.6 mmol, 1.05 equiv) was added. The vial
was sealed, and it was stirred for 15 min at room temperature. The
vial was then placed in a microwave reactor and the reaction mixture
was stirred for 15 min (160 °C, high absorption setting and 10 bar
pressure limit to avoid safety issues). The reaction mixture was
allowed to cool down, and volatiles were removed in vacuo. Column
chromatography (silica gel, 1.5% EtOAc in light petrol) afforded 3,3′-
di-tert-butyl-5,5′-dimethyl-[1,1′-biphenyl]-2,2′-diol as a pale yellow
solid (845 mg, 56% yield). To the solution of this diol (800 mg, 2.45
mmol, 1.0 equiv) in pyridine (7 mL), POCl3 (0.51 mL, 5.4 mmol, 2.2
equiv) was slowly added via a syringe at 0 °C. The reaction mixture
was stirred for 24 h at 95 °C (heating mantle, IKA). After being
cooled down to room temperature, distilled H2O (4 mL) was added,

and the resulting clear solution was stirred for another 18 h at 95 °C
(heating mantle, IKA). After cooling down to room temperature, 4 N
HCl (25 mL) was slowly added. The precipitate was filtered off, and it
was washed with 4 N HCl. The product was further washed and
hydrolyzed by redissolving it in CH2Cl2 and washing several times
with 4 N HCl. After being dried over Na2SO4, removal of the solvent
yielded the phosphoric acid P2 as a lightly grayish solid (630 mg, 66%
yield). 1H NMR (400 MHz, CDCl3): δ (ppm) 7.48 (br s, 1H,
POOH), 7.26 (s, 2H, H-arom), 7.02 (s, 2H, H-arom), 2.36 (s, 6H, 2×
CH3), 1.50 (s, 18H, 6× CH3−C); 31P NMR (162 MHz, CDCl3): δ
(ppm) 0.48. Analytical data were in accordance with the literature.
2,4,8,10-Tetra-tert-butyl-6-hydroxydibenzo[d,f ][1,3,2]-

dioxaphosphepine 6-oxide (P3) (Method B). A solution of 3-tert-
butyl-4-hydroxyanisole (2.47 g, 12.0 mmol, 1.0 equiv) in methanol
(75 mL) was prepared and a solution of KOH (2.77 g, 49.0 mmol, 4.1
equiv) and K3Fe(CN)6 (4.58 g, 14.0 mmol, 1.17 equiv) in water (75
mL) was added dropwise over 1 h at room temperature. The mixture
was stirred for 2 h before the addition of 50 mL of water. The
suspension was extracted with ethyl acetate (3 × 50 mL) and the
combined organic phases were washed with brine. After being dried
over Na2SO4, removal of the solvents under reduced pressure afforded
a light brown solid. After washing with n-hexane, 3,3′,5,5′-tetra-tert-
butyl-[1,1′-biphenyl]-2,2′-diol was obtained as an off-white powder
(1.80 g, 73% yield). The subsequent phosphorylation was carried out
according to the synthesis of P2 on a 4.4 mmol scale, yielding
phosphoric acid P3 as an off-white solid (1.97 g, 95% yield). HRMS
[(ESI-time-of-flight (TOF)] m/z: [M + Na]+ calcd for C28H41O4PNa,
495.2640; found, 495.2640; IR ATR (νmax/cm

−1): 2955 (O−H),
2867 (C−H), 1615 (CC), 1302 (C−O), 1025 (C−H), 899 (C−H
arom), 701 (C−H arom); 1H NMR (400 MHz, CDCl3): δ (ppm)
10.57 (br s, 1H), 7.42 (br s, 2H), 7.12 (d, J = 2.0 Hz, 2H), 1.45 (s,
18H), 1.27 (s, 18H); 31P NMR (162 MHz, CDCl3): δ (ppm) 0.40;
13C{1H} NMR (100 MHz, CDCl3): δ 147.9, 144.3, 144.1, 140.2,
140.1, 130.1, 126.5, 125.3, 35.5, 34.7, 31.5, 31.3.
4,8-Di-tert-butyl-6-hydroxy-1,11-dimethyldibenzo[d,f ]-[1,3,2]-

dioxaphosphepine 6-oxide (P4). 3,3′-Di-tert-butyl-6,6′-dimethyl-
[1,1′-biphenyl]-2,2′-diol was prepared via method A on a 12.0
mmol scale. Column chromatography (silica gel, 1.5% EtOAc in light
petrol) afforded the diol as a white solid (910 mg, 45% yield). The
subsequent phosphorylation was carried out according to the
synthesis of P2 on a 3.4 mmol scale, yielding phosphoric acid P4
as a white solid (900 mg, 69% yield). HRMS (ESI-TOF) m/z: [M +
Na]+ calcd for C22H29O4PNa, 411.1701; found, 411.1732; IR ATR
(νmax/cm

−1): 2961 (O−H), 2872 (C−H), 1610 (CC), 1308 (C−
O), 1023 (C−H), 901 (C−H arom), 700 (C−H arom); 1H NMR
(400 MHz, CDCl3): δ (ppm) 7.38 (dd, J = 8.0, 1.5 Hz, 2H), 7.11 (dd,
J = 11.8, 8.2 Hz, 2H), 2.01 (d, J = 27.3 Hz, 6H), 1.48 (d, J = 12.4 Hz,
18H); 31P NMR (162 MHz, CDCl3): δ (ppm) 3.99; 13C{1H} NMR
(100 MHz, CDCl3): δ (ppm) 144.5, 144.3, 140.8, 140.7, 134.8, 130.1,
129.9, 128.9, 35.2, 31.3, 21.1.
6-Hydroxy-4,8-diisopropyl-1,11-dimethyldibenzo[d,f ][1,3,2]-di-

oxaphosphepine-6-oxide (P5). 3,3′-Diisopropyl-6,6′-dimethyl-[1,1′-
biphenyl]-2,2′-diol was prepared via method A on a 20.0 mmol scale.
Column chromatography (silica gel, 2.0% EtOAc in light petrol)
afforded the diol as a pale yellow liquid (2.03 g, 68% yield). The
subsequent phosphorylation was carried out according to the
synthesis of P2 on a 6.7 mmol scale, yielding phosphoric acid P5
as an amorphous brown solid (2.0 g, 83% yield). HRMS (ESI-TOF)
m/z: [M + Na]+ calcd for C20H25O4PNa, 383.1388; found, 383.1389;
IR ATR (νmax/cm

−1): 2963 (O−H), 2872 (C−H), 1610 (CC),
1204 (C−O), 967 (C−H), 818 (C−H arom), 696 (C−H arom); 1H
NMR (400 MHz, CDCl3): δ (ppm) 8.24 (br s, 1H), 7.27 (d, J = 8.0
Hz, 2H), 7.15 (d, J = 8.0 Hz, 2H), 3.49−3.45 (m, 2H), 2.14 (s, 6H),
1.27 (dd, J = 25.5, 6.9 Hz, 12H); 31P NMR (162 MHz, CDCl3): δ
(ppm) 2.40; 13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 145.4,
137.7, 136.1, 128.0, 127.1, 126.3, 26.6, 24.1, 22.8, 19.7.
4,8-Di-tert-butyl-6-hydroxy-2,10-dimethoxydibenzo[d,f ]-[1,3,2]-

dioxaphosphepine-6-oxide (P6). 3,3′-Di-tert-butyl-5,5′-dimethoxy-
[1,1′-biphenyl]-2,2′-diol was prepared according to literature
procedure (method B) on a 4.0 mmol scale. The subsequent
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phosphorylation was carried out according to the synthesis of P2 on a
0.8 mmol scale, yielding phosphoric acid P6 as a light brown solid
(300 mg, 89% yield). HRMS (ESI-TOF) m/z: [M + Na]+ calcd for
C22H29O6PNa, 443.1599; found, 443.1595; IR ATR (νmax/cm

−1):
2971 (O−H), 2870 (C−H), 1613 (CC), 1210 (C−O), 1002 (C−
H), 822 (C−H arom), 703 (C−H arom); 1H NMR (400 MHz,
CDCl3): δ (ppm) 10.88 (br s, 1H), 6.96 (d, J = 2.0 Hz, 2H), 6.66 (d,
J = 2.0 Hz, 2H), 3.74 (s, 6H) 1.42 (s, 18H); 31P NMR (162 MHz,
CDCl3): δ (ppm) 1.64; 13C{1H} NMR (100 MHz, CDCl3): δ (ppm)
156.4, 142.7, 142.6, 140.4, 140.2, 131.0, 115.1, 113.0, 55.7, 35.5, 31.1.

General Procedure for Parameter Optimization. All reactions
were carried out in flame-dried Schlenk tubes (25 mL, VWR) by using
the standard Schlenk technique. A flame-dried Schlenk tube was
charged with finely ground and freshly activated 5 Å molecular sieves
(190 mg), Pd(PPh3)4 (17.3 mg, 0.015 mmol, 4.0 mol %), amine or
amino-acid ester (50 mol %), phosphoric acid (6.25 mol %), and
solvent (0.75 mL). Allyl alcohol (50 μL, 0.75 mmol, 2.0 equiv) and 2-
phenylpropanal (50 μL, 0.375 mmol, 1.0 equiv) were added and the
reaction mixture was stirred at the specific temperature for 16 h (in a
preheated and stirred oil bath). Upon completion, Et2O (3 mL) and 2
N HCl (5 mL) were added, and the reaction mixture was vigorously
stirred for 30 min. A sample for GC and chiral HPLC analysis was
taken to determine the yield and the enantioselectivity.

General Procedure for Scope and Limitation. A flame-dried
Schlenk tube (25 mL, VWR) was charged with finely ground and
freshly activated 5 Å molecular sieves (190 mg), Pd(PPh3)4 (13.0 mg,
0.01125 mmol, 1.5 mol %), (1R,2R)-diaminocyclohexane [(R,R)-A2,
34.2 mg, 0.30 mmol, 40 mol %], phosphoric acid P5 (13.50 mg,
0.0375 mmol, 5.0 mol %), and toluene (1.5 mL). The corresponding
allylic alcohol (1.5 mmol, 2.0 equiv) and aldehyde (0.75 mmol, 1.0
equiv) were added, and the reaction mixture was stirred at 40 °C for
16 h (in a preheated and stirred oil bath). Upon completion, Et2O (6
mL) and 2 N HCl (10 mL) were added, and the mixture was
vigorously stirred for 30 min. The reaction mixture was filtered
through a short pad of Celite, and it was washed with Et2O several
times. The phases of the filtrate were separated, and the aqueous layer
was extracted with Et2O (2×). The combined organic phases were
washed with water, dried over Na2SO4, and concentrated in vacuo.
Purification by flash column chromatography (light petrol/Et2O 15:1
or 9:1, UV and Henessian’s stain visualization) afforded the pure
products. The enantioselectivity was determined by chiral HPLC
analysis.
2-Phenyl-2-methylpent-4-enal (2a).19 Column chromatography

(silica gel, light petrol/Et2O 10:1) afforded 2a as a colorless oil [(R)-
enantiomer: 122 mg, 93% yield, 94% ee], [(S)-enantiomer: 124 mg,
94% yield, 94% ee]. [α]D

20 −69.0 (c 1.0, CHCl3), [(R)-enantiomer]
and +68.2 (c 1.0, CHCl3), [(S)-enantiomer]; 1H NMR (200 MHz,
CDCl3): δ (ppm) 9.40 (s, 1H), 7.23−7.11 (m, 5H), 5.55−5.34 (m,
1H), 4.98−4.89 (m, 2H), 2.58−2.52 (m, 2H), 1.33 (s, 3H); 13C{1H}
NMR (100 MHz, CDCl3): δ (ppm) 201.9, 139.5, 133.2, 128.9, 127.2,
118.6, 53.6, 40.6, 18.5; chiral HPLC analysis: (Diacel Chiralcel AS-H
column, n-heptane/2-propanol 99.8/0.2 v/v %, 1 mL/min, λ = 210
nm) tR (R) = 21.2 min, tR (S) = 26.0 min.
(R)-2-(3-Methylphenyl)-2-methylpent-4-enal (2c).19 Column

chromatography (silica gel, light petrol/Et2O 10:1) afforded 2c as a
colorless oil (130 mg, 92% yield, 90% ee). [α]D

20 −75.1 (c 1.0,
CHCl3);

1H NMR (200 MHz, CDCl3): δ (ppm): 9.41 (s, 1H), 7.18−
7.14 (m, 1H), 6.99−6.96 (m, 3H), 5.58−5.37 (m, 1H), 5.01−4.92
(m, 2H), 2.59−2.51 (m, 2H), 2.33 (s, 3H), 1.33 (s, 3H); 13C{1H}
NMR (100 MHz, CDCl3): δ (ppm) 202.0, 139.4, 138.5, 133.3, 128.7,
128.1, 124.2, 118.5, 53.5, 40.6, 21.6, 18.8; chiral HPLC analysis:
(Diacel Chiralcel AS-H column, n-hexane/2-propanol 99.8/0.2 v/v %,
1 mL/min, λ = 210 nm) tR (R) = 8.1 min, tR (S) = 9.6 min.
(R)-2-(4-Methylphenyl)-2-methylpent-4-enal (2d).19 Column

chromatography (silica gel, light petrol/Et2O 12:1) afforded 2d as a
colorless oil (126 mg, 90% yield, >99% ee). [α]D

20 −61.3 (c 1.0,
CHCl3);

1H NMR (200 MHz, CDCl3): δ (ppm) 9.40 (s, 1H), 7.13−
7.03 (m, 4H), 5.58−5.37 (m, 1H), 5.00−4.91 (m, 2H), 2.66−2.46
(m, 2H), 2.25 (s, 3H), 1.34 (s, 3H); 13C{1H} NMR (100 MHz,
CDCl3): δ (ppm) 201.9, 140.1, 138.0, 133.7, 128.5, 128.3, 128.0,

124.2, 118.2, 52.8, 41.2, 22.3, 18.2; chiral HPLC analysis: (Diacel
Chiralcel AS-H column, n-hexane/2-propanol 99.8/0.2 v/v %, 0.4
mL/min, λ = 210 nm) tR (R) = 18.0 min, no minor enantiomer was
detected.
(R)-2-(3-Chlorophenyl)-2-methylpent-4-enal (2e).12 Column

chromatography (silica gel, light petrol/Et2O 10:1) afforded 2e as a
colorless oil (145 mg, 93% yield, 91% ee). [α]D

20 −65.5 (c 1.0,
CHCl3);

1H NMR (200 MHz, CDCl3): δ (ppm), 9.43 (s, 1H), 7.24−
7.21 (m, 3H), 7.07−7.03 (m, 1H), 5.56−5.35 (m, 1H), 5.03−4.94
(m, 2H), 2.57−2.54 (m, 2H), 1.36 (s, 3H); 13C{1H} NMR (100
MHz, CDCl3): δ (ppm) 201.1, 141.7, 134.9, 132.6, 130.0, 127.6,
125.5, 119.1, 53.6, 40.6, 18.8; chiral HPLC analysis: (Diacel Chiralcel
AS-H column, n-hexane/2-propanol 99.8/0.2 v/v %, 0.5 mL/min, λ =
210 nm) tR (S) = 21.8 min, tR (R) = 23.0 min.
(R)-2-(4-Chlorophenyl)-2-methylpent-4-enal (2f).19 Column

chromatography (silica gel, light petrol/Et2O 10:1) afforded 2f as a
colorless oil (140 mg, 90% yield, 95% ee). [α]D

20 −72.1 (c 1.0,
CHCl3);

1H NMR (200 MHz, CDCl3): δ (ppm) 9.40 (s, 1H), 7.25
(d, J = 8.0 Hz, 2H), 7.11−7.07 (d, J = 8.0 Hz, 2H), 5.53−5.33 (m,
1H), 4.99−4.91 (m, 2H), 2.56−2.51 (m, 2H), 1.34 (s, 3H); 13C{1H}
NMR (100 MHz, CDCl3): δ (ppm) 201.3, 138.0, 133.4, 132.7, 129.0,
128.6, 119.0, 53.2, 40.6, 18.9; chiral HPLC analysis: (Diacel Chiralcel
OJ column, n-heptane/2-propanol 99.8/0.2 v/v %, 0.7 mL/min, λ =
235 nm) tR (R) = 20.1 min, tR (S) = 22.2 min.
(R)-2-Methyl-2-(4-methoxyphenyl)pent-4-enal (2g).18 Column

chromatography (silica gel, light petrol/Et2O 8:1) afforded 2g as a
colorless oil (136 mg, 89% yield, 93% ee). [α]D

20 −58.1 (c 1.0,
CHCl3);

1H NMR (200 MHz, CDCl3): δ (ppm) 9.38 (s, 1H), 7.09
(d, J = 10.0 Hz, 2H), 6.83 (d, J = 10.0 Hz, 2H), 5.58−5.41 (m, 1H),
5.01−4.93 (m, 2H), 3.72 (s, 3H), 2.58−2.56 (m, 2H), 1.34 (s, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 210.9, 158.8, 133.3,
131.2, 128.3, 118.5, 114.2, 55.2, 52.9, 40.5, 18.9; chiral HPLC
analysis: (Diacel Chiralcel AS-H column, n-hexane/2-propanol 99.5/
0.5 v/v %, 1.0 mL/min, λ = 235 nm) tR (major) = 10.9 min, tR
(minor) = 11.8 min.
(R)-2-(4-Isobutylphenyl)-2-methylpent-4-enal (2h).19 Column

chromatography (silica gel, light petrol/Et2O 13:1) afforded 2h as a
colorless oil (158 mg, 92% yield, 91% ee). [α]D

20 −70.3 (c 1.0,
CHCl3);

1H NMR (200 MHz, CDCl3): δ (ppm) 9.42 (s, 1H), 7.07
(s, 4H), 5.58−5.38 (m, 1H), 5.01−4.92 (m, 2H), 2.59−2.54 (m, 2H),
2.38 (d, J = 8.0 Hz, 2H), 1.78 (sept., J = 8.0 Hz, 1H) 1.35 (s, 3H),
0.82 (d, J = 8.0 Hz, 6H); 13C{1H} NMR (100 MHz, CDCl3): δ
(ppm) 202.0, 140.8, 136.6, 133.4, 129.6, 126.9, 118.4, 53.3, 44.9, 40.6,
30,1, 18.9; chiral HPLC analysis: (Diacel Chiralcel AS-H column, n-
hexane/2-propanol 99.8/0.2 v/v %, 0.5 mL/min, λ = 235 nm) tR (R)
= 13.0 min, tR (S) = 14.4 min.
(R)-2-(Naphtalen-2-yl)-2-methylpent-4-enal (2i).19 Column chro-

matography (silica gel, light petrol/Et2O 9:1) afforded 2i as a
colorless oil (151 mg, 90% yield, 88% ee). [α]D

20 −109.2 (c 1.0,
CHCl3);

1H NMR (200 MHz, CDCl3): δ (ppm) 9.45 (s, 1H), 7.73−
7.58 (m, 4H), 7.37−7.21 (m, 3H), 5.55−5.34 (m, 1H), 4.99−4.88
(m, 2H), 2.75−2.52 (m, 2H), 1.42 (s, 3H); 13C{1H} NMR (100
MHz, CDCl3): δ (ppm) 201.9, 136.9, 133.5, 133.2, 132.5, 128.6,
128.1, 127.6, 126.4, 126.3, 125.0, 118.7, 53.8, 40.6, 19.0; chiral HPLC
analysis: (Diacel Chiralcel AS-H column, n-hexane/2-propanol 99.8/
0.2 v/v %, 1 mL/min, λ = 235 nm) tR (R) = 15.9 min, tR (S) = 18.4
min.
(R)-2-(4-(tert-Butyl)benzyl)-2-methylpent-4-enal (2j). Column

chromatography (silica gel, light petrol/Et2O 12:1) afforded 2j as a
colorless oil (160 mg, 87% yield, 80% ee). [α]D

20 −67.6 (c 1.0,
CHCl3); HRMS (ESI-TOF) m/z: [M + H]+ calcd for C17H25O,
245.1905; found, 245.1902; IR ATR (νmax/cm

−1): 3035 (C−H), 2965
(C−H arom), 2935 (C−H), 2160 (CC alkene), 1718 (CO),
1600 (CC arom), 1495 (C−H), 1446 (C−H), 840 (C−H arom),
764 (C−H arom), 700 (C−H arom); 1H NMR (200 MHz, CDCl3):
δ (ppm) 9.52 (s, 1H), 7.19 (d, J = 4.0 Hz, 2H), 6.95 (d, J = 4.0 Hz,
2H), 5.77−5.56 (m, 1H), 5.05−4.97 (m, 2H), 2.70 (d, J = 12.0 Hz,
2H), 2.33−2.04 (m, 2H), 1.21 (s, 9H), 0.94 (s, 3H); 13C{1H} NMR
(100 MHz, CDCl3): δ (ppm) 206.1, 149.4, 133.5, 133.1, 129.9, 125.1,
118.8, 50.1, 41.4, 39.9, 34.4, 31.4, 18.6; chiral HPLC analysis: (Diacel
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Chiralcel OJ column, n-heptane/2-propanol 99.8/0.2 v/v %, 0.7 mL/
min, λ = 235 nm) tR (major) = 11.4 min, tR (minor) = 12.0 min.
(−)-2-Allyl-2-methylundecanal (2k). Column chromatography

(silica gel, light petrol/Et2O 50:1) afforded 2k as a colorless oil
(138 mg, 82% yield, 85% ee). [α]D

20 −10.2 (c 1.0, CHCl3); HRMS
(ESI-TOF) m/z: [M + H]+ calcd for C15H29O, 225.2218; found,
225.2210; IR ATR (νmax/cm

−1): 2923 (C−H arom), 2854 (C−H),
1727 (CO), 1456 (C−H), 1191 (C−H), 840 (C−H arom); 1H
NMR (400 MHz, CDCl3): δ (ppm) 9.39 (s, 1H), 5.69−5.59 (m, 1H),
5.03−4.96 (m, 2H), 2.22−2.05 (m, 2H), 1.39−1.38 (m, 2H), 1.26−
1.10 (m, 14H) 0.95 (s, 3H), 0.81 (t, J = 6.0 Hz, 3H); 13C{1H} NMR
(100 MHz, CDCl3): δ (ppm) 206.4, 133.2, 118.3, 72.15, 49.0, 39.6,
35.3, 31.9, 30.2, 29.5, 29.3, 23.9, 22.7, 18.4, 14.1; chiral GC analysis
(BGB 173 column, 160 °C isothermal 70 min, 30 °C/min to 220 °C)
tR (major) = 70.3 min, tR (minor) = 71.6 min.
(−)-1-Allylcyclohex-3-ene-1-carbaldehyde (2l).29 Column chro-

matography (silica gel, light petrol/Et2O 20:1) afforded 2l as a
colorless oil (62 mg, 55% yield, 59% ee). [α]D

20 −5.6 (c 1.0, CHCl3);
1H NMR (400 MHz, CDCl3): δ (ppm) 9.42 (s, 1H), 5.68−5.60 (m,
3H), 5.02−4.97 (m, 2H), 2.28−2.14 (m, 3H), 2.00−1.94 (m, 2H),
1.88−1.80 (m, 2H), 1.54−1.47 (m, 1H); 13C{1H} NMR (100 MHz,
CDCl3): δ (ppm) 205.8, 132.7, 126.8, 124.4, 118.6, 47.9, 39.8, 29.5,
27.0, 22.0; chiral HPLC analysis: (Diacel Chiralcel OJ column, n-
hexane/2-propanol 99.5/0.5 v/v %, 0.3 mL/min, λ = 235 nm) tR
(minor) = 14.4 min, tR (major) = 15.3 min.
(E)-2,5-Diphenylpent-2-methyl-4-enal (2o).19 Column chroma-

tography (silica gel, light petrol/Et2O 10:1) afforded 2o as a colorless
oil [(R)-enantiomer: 170 mg, 91% yield, 93% ee], [(S)-enantiomer:
167 mg, 89% yield, 95% ee]. [α]D

20 −100.2 (c 1.0, CHCl3), [(R)-
enantiomer] and +101.0 (c 1.0, CHCl3), [(S)-enantiomer]; 1H NMR
(200 MHz, CDCl3): δ (ppm) 9.46 (s, 1H), 7.34−7.09 (m, 10H), 6.30
(d, J = 16.0 Hz, 1H), 5.92−5.76 (m, 1H), 2.73−2.66 (m, 2H), 1.39
(s, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 202.0, 139.5,
137.2, 133.6, 129.0, 128.5, 127.5, 127.3, 127.2, 126.2, 123.4, 54.1,
39.9, 19.0; chiral HPLC analysis: (Chiralcel AS-H column, n-hexane/
2-propanol 99/1 v/v %, 1 mL/min, λ = 210 nm) tR (R) = 9.8 min, tR
(S) = 12.0 min.
(R,E)-2-Methyl-2-phenyl-5-(thiophen-2-yl)pent-4-enal (2p).16

Column chromatography (silica gel, light petrol/Et2O 15:1) afforded
2p as a light yellow oil. (162 mg, 84% yield, 74% ee), 1H NMR (400
MHz, CDCl3): δ (ppm) 9.46 (s, 1H), 7.33−7.30 (m, 2H), 7.24−7.17
(m, 3H), 6.99 (d, J = 8.0 Hz, 1H), 6.83−6.81 (m, 1H), 6.74 (d, J =
8.0 Hz, 1H), 6.42 (d, J = 16.0 Hz, 1H), 5.73−5.65 (m, 1H), 2.69−
2.66 (m, 2H), 1.40 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ
(ppm) 201.8, 142.3, 139.3, 130.0, 129.0 127.5, 127.2, 126.7, 124.9,
123.7, 54.1, 39.9, 18.9; chiral HPLC analysis: (Chiralcel AS-H
column, n-heptane/2-propanol 93/7 v/v %, 1 mL/min, λ = 254 nm)
tR (R) = 6.6 min, tR (S) = 7.6 min.
(R,E)-5-Cyclohexyl-2-methyl-2-phenylpent-4-enal (2q).16 Col-

umn chromatography (silica gel, light petrol/Et2O 15:1) afforded
2q as a colorless oil (148 mg, 77% yield, >99% ee). 1H NMR (400
MHz, CDCl3): δ (ppm) 9.45 (s, 1H), 7.32−7.05 (m, 5H), 5.34−5.28
(m, 1H) 5.07−5.04 (m, 1H), 2.52−2.50 (m, 2H), 1.78−1.50 (m,
6H), 1.33 (s, 3H), 1.11−1.07 (m, 4H), 0.93−0.90 (m, 1H); 13C{1H}
NMR (100 MHz, CDCl3): δ (ppm) 202.4, 141.0, 140.0, 128.8, 127.2,
121.6, 54.0, 40.8, 39.4, 33.1, 26.1, 19.0; chiral HPLC analysis:
(Chiralcel AS-H column, n-heptane/2-propanol 99.8/0.2 v/v %, 1
mL/min, λ = 210 nm) tR (major) = 17.5 min, no minor enantiomer
was detected.
(R)-2-Methyl-2,4-diphenylpent-4-enal (2r).29 Column chromatog-

raphy (silica gel, light petrol/Et2O 10:1) afforded 2r as a colorless oil
(173 mg, 92% yield, 93% ee). [α]D

20 −93.6 (c 1.0, CHCl3);
1H NMR

(400 MHz, CDCl3): δ (ppm) 9.34 (s, 1H), 7.20−7.09 (m, 10H), 5.10
(s, 1H), 4.80 (s, 1H) 3.19 (d, J = 12.0 Hz, 1H) 4.80 (d, J = 12.0 Hz,
1H), 1.24 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ (ppm)
201.4, 145.0 142.3, 139.5, 128.6, 128.2, 127.4, 127.2, 126.6, 117.7,
54.4, 41.7, 18.9; chiral HPLC analysis (Chiralcel IB column, n-
hexane/2-propanol 99.5/0.5 v/v %, 1 mL/min, λ = 235 nm) tR (S) =
7.0 min, tR (R) = 7.8 min.

(R)-2-Phenylpent-2,4-dimethyl-4-enal (2s).30 Column chromatog-
raphy (silica gel, light petrol/Et2O 15:1) afforded 2s as a colorless oil
(116 mg, 82% yield, 91% ee). [α]D

20 −51.8 (c 1.0, CHCl3);
1H NMR

(200 MHz, CDCl3): δ (ppm) 9.47 (s, 1H), 7.33−7.19 (m, 5H), 4.73
(s, 1H), 4.54 (s, 1H) 2.61 (dd, J = 20 Hz, 14 Hz, 2H), 1.39 (s, 3H),
1.33 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 202.3,
139.9 129.2, 128.8, 127.2, 125.4, 53.9, 39.3, 19.1, 17.9; chiral HPLC
analysis: (Chiralcel AS-H column, n-hexane/2-propanol 99.8/0.2 v/v
%, 0.5 mL/min, λ = 210 nm) tR (R) = 18.1 min, tR (S) = 23.6 min.
2-Phenylhex-2-methyl-4-enal (2t).19 Column chromatography

(silica gel, light petrol/Et2O 15:1) afforded 2t as a colorless oil
(120 mg, 85% yield, dr.: 4/1, 34% ee/91% ee). 1H NMR (200 MHz,
CDCl3, major diast.): δ (ppm) 9.42 (s, 1H, CHO), 7.28−7.13 (m,
5H, H-arom), 5.45−5.37 (m, 1H), 5.14−5.02 (m, 1H), 2.53−2.49
(m, 2H), 1.50 (d, J = 8.0 Hz, 3H), 1.32 (s, 3H); 13C{1H} NMR (100
MHz, CDCl3, major diast.): δ (ppm) 202.3, 139.9, 129.2, 128.8,
127.2, 125.4, 53.9, 39.3, 19.1, 17.9; chiral HPLC analysis: (Chiralcel
AS-H column, n-hexane/2-propanol 99.8/0.2 v/v %, 0.5 mL/min, λ =
210 nm) tR (minor diast.) = 13.9 min, 14.4 min, tR (major diast.) =
16.2 min, 18.1 min.
2-Phenyl-2-(cyclohex-2-en-1-yl)propanal (2u).29 Column chro-

matography (silica gel, light petrol/Et2O 20:1) afforded 2u as a
colorless oil (108 mg, 67% yield, dr.: 9/1, 43% ee/99% ee). 1H NMR
(200 MHz, CDCl3, major diast.): δ (ppm) 9.49 (s, 1H), 7.28−7.16
(m, 5H), 5.72−5.46 (m, 1H), 5.40−5.05 (m, 1H), 3.06−3.01 (m,
1H), 1.86 (br s, 2H), 1.71−1.01 (m, 7H); 13C NMR (100 MHz,
CDCl3, major diast.): δ (ppm) 202.7, 139.2, 130.0, 128.8, 127.7,
127.2, 126.7, 56.8, 41.0, 40.5, 24.9, 24.4, 14.9, 14.3; chiral HPLC
analysis: (Chiralcel AS-H column, n-hexane/2-propanol 99.8/0.2 v/v
%, 0.5 mL/min, λ = 210 nm) tR (minor diast.) = 19.3 min, 23.3 min,
tR (major diast.) = 20.7 min, 29.1 min.
(R)-2-Cinnamyl-2-methylundecanal (2v). Column chromatogra-

phy (silica gel, light petrol/Et2O 50:1) afforded 2v as a colorless oil
(164 mg, 73% yield, 66% ee). [α]D

20 −19.0 (c 1.0, CHCl3); HRMS
(ESI-TOF) m/z: [M + H]+ calcd for C21H33O, 301.2531; found,
301.2535; IR ATR (νmax/cm

−1): 2923 (C−H arom), 2853 (C−H),
1702 (CO), 1184 (C−H), 700 (C−H arom); 1H NMR (400 MHz,
CDCl3): δ (ppm) 9.45 (s, 1H), 7.27−7.14 (m, 5H), 6.35 (d, J = 16.0
Hz, 1H), 6.05−5.97 (m, 1H), 2.37−2.25 (m, 2H), 1.48−1.41 (m,
2H), 1.26−1.12 (m, 14H) 1.00 (s, 3H), 0.81 (t, J = 6.0 Hz, 3H);
13C{1H} NMR (100 MHz, CDCl3): δ (ppm) 206.4, 137.2, 133.4,
128.5, 127.3, 126.1, 124.9, 49.6, 38.8, 35.5, 31.9, 30.2, 29.5, 29.3, 24.0,
22.7, 18.7, 14.1; chiral HPLC analysis: (Chiralcel OJ column, n-
hexane/2-propanol 98/2 v/v %, 1 mL/min, λ = 254 nm) tR (R) = 6.2
min, tR (S) = 8.3 min.

Derivatization of the Enantioenriched Product 2a. Synthesis
of 2-Phenyl-2-methylpent-4-enal (2a) on 2.0 mmol Scale. The
synthesis was carried out in accordance with the general procedure for
scope and limitation in a 50 mL VWR Schlenk tube (in a preheated
and stirred oil bath). The reaction mixture was stirred at 40 °C for 16
h. The standard work-up procedure and the subsequent column
chromatographic purification yielded the product 2a as a colorless oil
(332 mg, 95% yield), which was used quantitively for the synthesis of
3 and 4, respectively.
(R)-2-Phenylpent-4-en-2-yl Formate (3). Prepared according to

the literature procedure.31 To a solution of the enantioenriched allylic
aldehyde 2a (174.5 mg, 1.0 mmol) in anhydrous CH2Cl2 (15 mL),
mCPBA (70% assay, 394 mg, 2.10 mmol, 2.10 equiv), NaHCO3 (138
mg, 1.50 mmol, 1.50 equiv), and Na2CO3 (138 mg, 1.20 mmol, 1.20
equiv) were added, and the resulting suspension was stirred for 24 h
at room temperature. The reaction mixture was diluted with 10%
NaHCO3 and CH2Cl2 and the phases were separated. The aqueous
layer was extracted with CH2Cl2 (3×), and the combined organic
layers were washed with brine, dried over Na2SO4, filtered, and
concentrated in vacuo. Flash column chromatography (light petrol/
Et2O 95:5) afforded the product 3 as a colorless liquid (152 mg, 80%
yield, 93% ee). [α]D

20 −55.2 (c 1.0, CHCl3);
1H NMR (200 MHz,

CDCl3): δ (ppm) 7.98 (s, 1H), 7.29−7.17 (m, 5H), 5.61−5.44 (m,
1H), 5.03−4.85 (m, 2H), 2.83−2.63 (m, 2H), 1.78 (s, 3H); 13C{1H}
NMR (100 MHz, CDCl3): δ (ppm) 160.2, 143.6, 132.3, 128.4, 127.4,
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124.9, 119.1, 84.2, 46.8, 25.1; chiral HPLC analysis: (Chiralcel IB
column, n-hexane/2-propanol 99.8/0.2 v/v %, 1 mL/min, λ = 210
nm) tR (R) = 8.8 min, tR (S) = 9.3 min.
(R)-2-Methyl-4-oxo-2-phenylpenatal (4). Prepared according to

the literature procedure.32 To a solution of the enantioenriched allylic
aldehyde 2a (157.0 mg, 0.9 mmol, 1.0 equiv) in a mixture of H2O and
dimethoxyethane (4.5 mL, 1/9 v/v) was added PdCl2 (15.9 mg, 0.09
mmol, 0.1 equiv) and CuCl2 (12.1 mg, 0.09 mmol, 0.1 equiv) and the
resulting suspension was stirred overnight. The solvent was
evaporated in vacuo and the crude product was purified by flash
column chromatography (light petrol/EtOAc 5:1) affording the
product 4 as a light yellow oil (124 mg, 72% yield, 94% ee). [α]D

20

−66.0 (c 1.0, CHCl3);
1H NMR (200 MHz, CDCl3): δ (ppm) 9.49

(s, 1H), 7.31−7.16 (m, 5H), 3.04 (dd, J = 26.0 Hz, 18.0 Hz, 2H),
2.00 (s, 3H), 1.54 (s, 3H); 13C{1H} NMR (100 MHz, CDCl3): δ
(ppm) 206.0, 201.0, 139.2, 129.0, 127.5, 126.8, 51.8, 50.4, 30.9, 19.9;
chiral HPLC analysis: (Chiralcel IB column, n-hexane/2-propanol 95/
5 v/v %, 1 mL/min, λ = 220 nm) tR (S) = 10.3 min, tR (R) = 11.8
min.
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Ádám Ma ́rk Pa ́lvölgyi − Institute of Applied Synthetic

Chemistry, TU Wien, A-1060 Vienna, Austria
Jakob Smith − Institute of Applied Synthetic Chemistry, TU

Wien, A-1060 Vienna, Austria
Michael Schnürch − Institute of Applied Synthetic Chemistry,

TU Wien, A-1060 Vienna, Austria; orcid.org/0000-
0003-2946-9294

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.joc.0c02385

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial support by the Austrian Science Fund (project
P29146-N34) is gratefully acknowledged. The authors thank F.
Scharinger for kindly providing phosphoric acids P6−P7.

■ REFERENCES
(1) For selected reviews, see: (a) Martin, S. F. Methodology for the

Construction of Quaternary Carbon Centers. Tetrahedron 1980, 36,
419−460. (b) Fuji, K. Asymmetric Creation of Quaternary Carbon
Centers. Chem. Rev. 1993, 93, 2037−2066. (c) Douglas, C. J.;
Overman, L. E. Catalytic Asymmetric Synthesis of All-Carbon
Quaternary Stereocenters. Proc. Natl. Acad. Sci. U.S.A. 2004, 101,
5363−5367. (d) Quasdorf, K. W.; Overman, L. E. Catalytic
Enantioselective Synthesis of Quaternary Carbon Stereocenters.
Nature 2014, 516, 181−191. (e) Corey, E. J.; Guzman-Perez, A.
The Catalytic Enantioselective Construction of Molecules with
Quaternary Carbon Stereocenters. Angew. Chem., Int. Ed. 1998, 37,

388−401. (f) Trost, B. M.; Jiang, C. Catalytic Enantioselective
Contruction of All-Carbon Quaternary Stereocenters. Synthesis 2006,
369−396. (g) Feng, J.; Holmes, M.; Krische, M. J. Acyclic Quaternary
Carbon Stereocenters via Enantioselective Transition Metal Catalysis.
Chem. Rev. 2017, 117, 12564−12580.
(2) For selected advances, see: (a) Mikami, K.; Motoyama, Y.;

Terada, M. Asymmetric Catalysis of Diels-Alder Cycloadditions by an
MS-free Binaphtol-Titanium Complex: Dramatic Effect of MS, Linear
vs Positive Nonlinear Relationship, and Synthetic Application. J. Am.
Chem. Soc. 1994, 116, 2812−2820. (b) Sasai, H.; Emori, E.; Arai, T.;
Shibasaki, M. Catalytic Asymmetric Michael Reactions Promoted by
the La-Na-BINOL Complex (LSB). Enantioface Selection on Michael
Donors. Tetrahedron Lett. 1996, 37, 5561−5564. (c) Ooi, T.; Miki,
T.; Taniguchi, M.; Shiraishi, M.; Takeuchi, M.; Maruoka, K. Highly
enantioselective construction of quaternary stereocenters on beta-keto
esters by phase-transfer catalytic asymmetric alkylation and Michael
reaction. Angew. Chem., Int. Ed. 2003, 42, 3796−3798. (d) Wu, J.;
Mampreian, D. M.; Hoveyda, A. H. Enantioselective Synthesis of
Nitroalkanes Bearing All-Carbon Quaternary Stereogenic Centers
through Cu-Catalyzed Asymmetric Conjugate Additions. J. Am. Chem.
Soc. 2005, 127, 4584−4585. (e) Zhao, W.; Wang, Z.; Chu, B.; Sun, J.
Enantioselective Formation of All-Carbon Quaternary Stereocenters
from Indoles and Tertiary Alcohols Bearing A Directing Group.
Angew. Chem., Int. Ed. 2014, 54, 1910−1913. (f) Murphy, J. J.;
Bastida, D.; Paria, S.; Fagnoni, M.; Melchiorre, P. Asymmetric
catalytic formation of quaternary carbons by iminium ion trapping of
radicals. Nature 2016, 532, 218−222.
(3) Trost, B. M.; Chisholm, J. D.; Wrobleski, S. T.; Jung, M.

Ruthenium-Catalyzed Alkene-Alkyne Coupling: Synthesis of the
Proposed Structure of Amphidinolide A. J. Am. Chem. Soc. 2002,
124, 12420−12421.
(4) Trost, B. M.; Crawley, M. L. Asymmetric Transition-Metal-

Catalyzed Allylic Alkylations: Applications in Total Synthesis. Chem.
Rev. 2003, 103, 2921−2944.
(5) For selected reviews, see: (a) Trost, B. M. Metal Catalyzed

Allylic Alkylation: Its Development in the Trost Laboratories.
Tetrahedron 2015, 71, 5708−5733. (b) Trost, B. M.; Van Vranken,
D. L. Asymmetric Transition Metal-Catalyzed Allylic Alkylations.
Chem. Rev. 1996, 96, 395−422. (c) Dieǵuez, M.; Oscar, P. Biaryl
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5. Conclusions 

In the first part of the thesis, novel methods for the transition-metal-catalyzed ATH of ketones and 

imines were investigated in alternative reaction media.  

In the first sub-project, a set of chiral-pool derived, ion-tagged chiral ligands was developed in a simple 

three-step synthetic pathway starting from commercially available (1R,2R)-diphenylethylenediamine. 

After the successful synthesis and characterization, these ligands were used for ruthenium-catalyzed 

ATH reactions in aqueous media. The ligand screening revealed that the ion-tags bearing bulky Boc 

protecting groups were particularly suitable for ATH reactions. Adjusting the alkyl chain-length of such 

ligands, both aromatic and aliphatic ketones could be reduced to the corresponding optically active 

secondary alcohols with excellent enantioselectivity. Moreover, a simple change in the hydrogen 

source allowed also the highly enantioselective ATH of imine substrates. This concept provides a simple 

and surfactant-free alternative for asymmetric transfer hydrogenation in environmentally friendly 

reaction media (Scheme 44).  

 

Scheme 44. Ion-tagged chiral ligands for aqueous ATH reactions.  

In the second sub-project, ruthenium-catalyzed ATH reactions in ionic liquid-based microemulsions 

were investigated (Scheme 45). It has been shown, that microemulsions based on surface active ionic 

liquids can be applied for the ATH of ketones. As a result of the temperature-dependent multiphase 

behavior of the microemulsion, a rather simple product separation could be achieved. Using a 

sulfonated TsDPEN ligand possessing enhanced hydrophilicity; it was also possible to immobilize the 

catalyst in the intermediate layer and prevent its leaching into the organic phase. A series of aromatic 

ketones could be reduced with excellent yield and ee, while the ATH of aliphatic ketones and imines 

gave inferior results. 
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Scheme 45. Ionic liquid-based microemulsions for ATH reactions.  

In the second part of the thesis, a novel concept of counterion enhanced catalysis was applied for 

the organocatalytic ATH reaction of cyclic enones (Scheme 46). The ion-paired catalyst of simple, 

natural-derived L-amino acid esters with achiral or racemic phosphoric acids could be prepared in a 

two-step, parallel reaction pathway. After optimizing the reaction conditions including solvent, amino 

acid, amino acid ester and phosphoric acid screenings, it was found that the ion-paired catalyst of L-

valine-D-menthyl ester in combination with a thymol-derived phosphoric acid provided excellent 

reactivity and high enantioselectivity for the ATH of 3-methylcyclohexenone even when using a 

moderate catalyst loading of 5 mol%. This catalyst system could be then applied for the ATH of various 

3-substituted cyclic enones resulting in good yields and excellent stereocontrol. The ion-paired catalyst 

system could be synthetized in a straightforward fashion starting from cheap and natural compounds; 

therefore, it could provide a promising alternative to current state-of-art methodologies. 

 

Scheme 46. Counterion enhanced ATH of cyclohexenones.  
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In the third part of this thesis, methods for asymmetric allylic alkylations with activated and non-

activated allylic electrophiles have been developed, respectively.  

In the first sub-project, a small set of C2-symmetric diamine-derived carbamate-monophosphine 

ligands was prepared. After finding the most suitable reaction parameters and ligand, a series of C- 

and N-nucleophiles could be successfully reacted with allylic acetates in good to excellent yields and 

enantioselectivity (Scheme 47). 

  

Scheme 47. Classical Tsuji-Trost allylation with activated allylic electrophiles.  

In the second sub-project, the direct asymmetric α-allylation of α-branched aldehydes was 

investigated. A three-component catalyst system was developed, allowing the direct reaction of 

aldehydes with allylic alcohols without pre-functionalization via Pd/enamine catalysis (Scheme 48). 

The rather simple catalyst composing of (R,R)-diaminocyclohexane, a thymol-derived racemic 

phosphoric acid and [Pd(PPh3)4] could provide high catalytic activities and excellent stereoinduction 

for a range of aromatic and also a few aliphatic substrates. The catalyst system could well tolerate 

different allylic alcohols as well resulting in a rather broad reaction scope; furthermore, two possible 

orthogonal derivatizations of the allylic aldehyde products were also demonstrated. As a quite simple 

still rather versatile catalyst, our system could offer a valuable alternative to the current state-of-art.  

 

  Scheme 48. Direct α-allylation of aldehydes with allylic alcohols.  
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In this thesis, novel and highly efficient asymmetric catalytic methodologies were developed both for 

the field of transition-metal– and organocatalysis.  
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Appendix A 

 

Supporting information: 

Ion-tagged chiral ligands for the asymmetric transfer hydrogenation in aqueous 

medium 
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I. General Remarks 

All reagents were purchased from commercial suppliers and used without further purification unless 
noted otherwise. Dichloromethane, methanol and toluene intended for anhydrous reactions were pre-
distilled and desiccated on Al2O3 columns (PURESOLV, Innovative Technology).  

Chromatography solvents were distilled prior to use. Column chromatography was performed on 
standard manual glass columns using silica gel from Merck (40-63 μm) with the eluates stated.  

Preparative HPLC was performed on a Reveleris® Prep Purification System using a Maisch ReproSil 100 
C18 column (250 mm x 4.6 mm ID, 5 µm) and H2O/acetonitrile as eluent at a flowrate of 15 mL/min.  

TLC-analysis was carried out using precoated aluminum-backed plates purchased from Merck (silica 
gel 60 F254). UV active compounds were detected at 254 nm. Non UV active compounds were detected 
using p-Anisaldehyde (1) or Ceric Sulfate (2) as staining solution. 

Staining Solution 1 Staining Solution 2 
3.7 mL p-anisaldehyde 0.1 g Ce(IV)(SO4)2 
1.5 mL AcOH (99%) 4.5 g Phosphormolybdic acid 
5 mL H2SO4 (98%) 100 mL H2SO4 (10%) 
135 mL EtOH anhydr.   

 

1H,13C and 19F NMR spectra were recorded from CDCl3, MeOD or D2O solutions on a Bruker AC 200 (200 
MHz) or Bruker Advance UltraShield 400 (400 MHz) spectrometer and chemical shifts (δ) are reported 
in ppm, using tetramethylsilane as internal standard. Coupling constants (J) are reported in Hertz (Hz). 
The following abbreviations were used to explain the multiplicities: s = singlet, d = doublet, t = triplet, 
q = quartet, sex = sextet, m = multiplet, brs = broad singlet. 

Melting points above room temperature were measured on an automated melting point system OPTI 
MELT of Stanford ResearchSystems and are uncorrected.  

Infrared spectra were recorded on a Perkin-Elmer Spectrum 65 FT IR spectrometer equipped with a 
specac MK II Golden Gate Single Reflection ATR unit.  

HR-MS analysis was carried out from methanol solutions (c10 ppm) by using an HTCPAL system auto 
sampler (CTC Analytics AG), an Agilent 1100/1200 HPLC with binary pumps, degasser and column 
thermostat (Agilent Technologies)and Agilent 6230 AJS ESI-TOF mass spectrometer. 

ChiralHPLC analysis were carried out on a DAIONEX UPLC, equipped with a PDA plus detector (190-360 
nm) using CHIRACEL DAICEL IB or AS-H columns (250x 4.60 mm) as stationary phases. 

Chiral GC analysis were done on a, equipped with a FID detector, using chiral BGB 173 column (30 m × 
0.25 mm × 0.25 µm).  
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II. Ligand Synthesis 

II.1. tert-Butyl((1R,2R)-2-amino-1,2-diphenylethyl)carbamate (1) 

Compound 1 was prepared following the literature procedure.i 

(1R,2R)-1,2-Diphenyl-1,2-ethanediamine (9.1 mmol, 1.93 g) was dissolved in 15 mL 
anhydrous MeOH and cooled via ice bath. A 1M solution of HCl in MeOH (10.8 
mmol, 10.5 mL) was slowly added and the mixture was subsequently stirred at r.t. 
for 15 min. The formed precipitate was again dissolved by the addition of 1 mL H2O. 

Di-tert-butyl dicarbonate (13.5 mmol, 2.93 g) was dissolved in 5 mL anhydrous MeOH and slowly added 
to the reaction mixture, which was subsequently stirred at room temperature for 4 h. After 
completion, 10 mL H2O was added to the mixture and MeOH was removed under reduced pressure. 
The obtained suspension was washed with Et2O, basified with 2 M NaOH solution and extracted with 
CH2Cl2. The combined organic phases were dried over Na2SO4 and concentrated in vacuo. The obtained 
crude product was dissolved in EtOAc and the solid residue was removed over a patch of silica. The 
solvent was removed under reduced pressure to yield 1 as an off-white solid (2.18 g, 77%).M.p.:103-
105 °C; HRMS (ESI-TOF) m/z: [M + H]+Calculated for C19H25N2O2 313.1911, Found 313.1912; αD

20: +34.4 
(c 1.0, MeOH); IR (νmax/cm-1):3378 (N-H ν), 2978 (C-H ν), 1684 (C=O ν), 1605 (C-C ν), 1514 (N-H δ), 1454 
(C=C ν), 1160 (C-N ν), 696 (C-H arom δ); 1H NMR (400 MHz, CDCl3)δ: 7.32 – 7.09 (m, 10H, H-arom), 5.81 
(d, J = 8.51 Hz, 1H, CH-NHCO), 4.77 (brs, 1H, NH-CO), 4.25 (d, J = 3.79 Hz, 1H, CH-NH), 1.38 (s, 2H, NH2), 
1.22 (s, 9H, C-(CH3)3); 13C NMR (100 MHz, CDCl3) δ:155.6 (s, 1C, NH-CO), 142.2 (s, 1C, C-arom), 141.0 
(s, 1C, C-arom), 128.5 (d, 2C, C-arom), 128.3 (d, 2C, C-arom), 127.4 (d, 2C, C-arom), 127.2 (d, 2C, C-
arom), 126.8 (d, 2C, C-arom), 79.3 (s, 1C, C-(CH3)3), 60.0 (d, 1C, CH-NHCO), 59.9 (d, 1C, CH-NH2), 28.3 
(q, 3C, C-(CH3)3). 

II.2. tert-Butyl((1R,2R)-1,2-diphenyl-2-((pyridin-3-ylmethyl)amino)ethyl)-

carbamate (2) 

Procedure adapted from literature.ii 

Amine 1 (1.0 g, 3.2 mmol) was dissolved in 30 mL anhydrous MeOH. Freshly 
activated molecular sieve 4 Å (2.0 g), and freshly distilled pyridine-3-
carboxaldehyde (300 µL, 343 mg, 3.2 mmol) were added, and the reaction mixture 
was refluxed until total conversion. The reaction mixture was cooled to room 
temperature, NaBH4 (182 mg, 4.8 mmol) was added, and the reaction was stirred 
again until total conversion. The mixture was filtered over a batch of silica and 

subsequently hydrolyzed with H2O. Methanol was removed under reduced pressure, and the 
remaining aqueous phase was extracted with CH2Cl2. The combined organic phases were dried over 
Na2SO4 and the solvent removed under reduced pressure. The crude product was purified by column 
chromatography (light petrol: ethyl acetate 1:1 + Et3N) to obtain pure product 2 as a colorless solid 
(843 mg, 65%). M.p.: 90-91 °C; HRMS (ESI-TOF) m/z: [M + H]+Calculated for C25H30N3O2 404.2333, 
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Found 404.2333; αD
20 : +2.2 (c 1.25, MeOH); IR (νmax/cm-1):3379 (N-H ν), 2977 (C-H ν), 1684 (C=O ν), 

1595 (C-C ν), 1510 (N-H δ), 1454 (C=C ν), 1164 (C-N ν), 754 (C-H pyridine δ),696 (C-H arom δ);  
1H NMR (400 MHz, CDCl3) δ: 8.39 (d, J = 4.05 Hz, 1H, H-pyridine), 8.28 (s, 1H, H-pyridine), 7.36 (d, J = 
6.88 Hz, 1H, H-pyridine), 7.27 – 7.04 (m, 11H, H-pyridine, H-arom), 5.51 (d, J = 7.69 Hz, 1H, CH-NHCO), 
4.78 (brs, 1H, NH-CO), 3.86 (s, 1H, CH-NH), 3.57 (d, J = 13.48 Hz, 1H, NH-CH2), 3.34 (d, J = 13.48 Hz, 1H, 
NH-CH2), 1.75 (brs, 1H, NH-CH2), 1.27 (s, 9H, C-(CH3)3); 13C NMR (100 MHz, CDCl3) δ: 155.5 (s, 1C, NH-
CO), 149.5 (d, 1C, C-pyridine), 148.5 (d, 1C, C-pyridine), 140.2 (s, 1C, C-pyridine), 139.6 (s, 1C, C-arom), 
135.6 (d, 1C, C-pyridine), 135.2 (s, 1C, C-arom), 128.4 (d, 2C, C-arom), 127.8 (d, 2C, C-arom), 127.6 (d, 
2C, C-arom), 127.3 (d, 2C, C-arom), 126.5 (d, 2C, C-arom), 123.3 (d, 1C, C-pyridine), 79.5 (s, 1C, C-(CH3)3), 
66.6 (d, 1C, CH-NH), 59.8 (d, 1C, CH-NHCO), 48.4 (t, 1C, NH-CH2), 28.3 (q, 3C, C-(CH3)3).  

II.3. 1-Butyl-3-((((1R,2R)-2-((tert-butoxycarbonyl)amino)-1,2-

diphenylethyl)amino) methyl)pyridin-1-ium bromide (3) 

Finely powdered 2 (1.8 mmol, 753 mg) was mixed with n-butyl bromide (2.2 mmol, 
307 mg), sealed and heated to 80 °C for 20 h. Excess ofn-butyl bromide was 
removed under reduced pressure to yield 3 as a yellow foam (1.0 g, >99%), which 
was used without further purification. For analytical purpose the product was 
purified via preparative HPLC.HRMS (ESI-TOF) m/z: [M]+Calculated for C29H38N3O2 
460.2959, Found 460.2974; αD

20 : +20.1 (c 1.0, MeOH); IR (νmax/cm-1):3242 (N-H ν), 
2963 (C-H ν), 1692 (C=O ν), 1632 (C-C ν), 1496 (N-H δ), 1459 (C=C ν), 1161 (C-N ν), 
757 (C-H pyridine δ),699 (C-H arom δ); 1H NMR (400 MHz, MeOD) δ: 8.83 (d, J = 

5.87 Hz, 1H, H-pyridine), 8.78 (s, 1H, H-pyridine), 8.31 (d, J = 7.94 Hz, 1H, H-pyridine), 7.90 (t, J = 6.91 
Hz, 1H, H-pyridine), 7.27 – 7.10 (m, 10H, H-arom), 4.81 (brs, 1H, CH-NHCO), 4.55 (t, J = 7.25 Hz, 2H, N-
CH2), 4.03 (d, J = 7.94 Hz, 1H, CH-NH), 3.94 – 3.80 (m, 2H, NH-CH2), 2.01 – 1.89 (m, 2H, N-CH2-CH2), 1.53 
– 1.21 (m, 11H, N-(CH2)2-CH2, C-(CH3)3), 1.02 (t, J = 7.25 Hz, 3H, N-(CH2)3-CH3); 13C NMR (100 MHz, 
MeOD) δ: 156.5 (s, 1C, NH-CO), 144.6 (d, 1C, C-pyridine), 143.5 (d, 1C, C-pyridine), 142.9 (s, 1C, C-
pyridine), 142.4 (d, 1C, C-pyridine), 140.8 (s, 1C, C-arom), 139.9 (s, 1C, C-arom), 128.1 (d, 2C, C-arom), 
128.0 (d, 2C, C-arom), 127.7 (d, 2C, C-arom), 127.2 (d, 2C, C-arom), 127.1 (d, 2C, C-arom), 126.7 (d, 1C, 
C-pyridine), 79.0 (s, 1C, C-(CH3)3), 67.2 (d, 1C, CH-NH), 61.3 (t, 1C, N-CH2), 60.6 (d, 1C, CH-NHCO), 47.4 
(t, 1C, NH-CH2), 33.0 (t, 1C, N-CH2-CH2), 27.5 (q, 3C,C-(CH3)3), 19.1 (t, 1C, N-(CH2)2-CH2), 12.6 (q, 1C, 
N-(CH2)3-CH3).  
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II.4. 1-Dodecyl-3-((((1R,2R)-2-((tert-butoxycarbonyl)amino)-1,2-

diphenylethyl)amino) methyl)pyridin-1-ium bromide (4) 

Finely powdered 2 (1.2 mmol, 500 mg) was mixed with n-
dodecyl bromide (1.4 mmol, 370 mg), sealed and heated to 
80 °C for 20 h. Excess n-dodecyl bromide was removed by 
refluxing the crude product with n-hexane. Remaining 
volatile compounds were removed under reduced pressure 
to yield 4 as an orange foam (800 mg, 99%). The product 
was used without further purification. For analytical 

purpose the product was purified via preparative HPLC.HRMS (ESI-TOF) m/z: [M]+Calculated for 
C37H54N3O2 572.4211, Found 572.4215; αD

20: +13.4 (c 1.05, MeOH); IR (νmax/cm-1): 3245 (N-H ν), 2924 
(C-H ν), 1697 (C=O ν), 1633 (C-C ν), 1497 (N-H δ), 1454 (C=C ν), 1166 (C-N ν), 758 (C-H pyridine δ), 700 
(C-H arom δ); 1H NMR (400 MHz, MeOD) δ: 8.86 – 8.80 (m 2H, H-pyridine), 8.36 (d, J = 7.56 Hz, 1H, H-
pyridine), 7.92 (t, J = 7.07 Hz, 1H, H-pyridine), 7.27 – 7.12 (m, 10H, H-arom), 4.88 (brs, 1H, CH-NHCO), 
4.56 (t, J = 7.47 Hz, 2H, N-CH2), 4.14 (brs, 1H, CH-NH), 4.01 – 3.87 (m, 2H, NH-CH2), 2.03 – 1.93 (m, 2H, 
N-CH2-CH2), 1.47 – 1.25 (m, 27H, C-(CH3)3, N-(CH2)2-(CH2)9), 0.91 (t, J = 6.80 Hz, 3H, N-(CH2)11-CH3); 13C 
NMR (100 MHz, MeOD) δ: 157.8 (s, 1C, NH-CO), 146.2 (d, 1C, C-pyridine), 145.2 (d, 1C, C-pyridine), 
144.0 (d, 1C, C-pyridine), 141.7 (s, 1C, C-pyridine), 137.9 (s, 1C, C-arom), 129.6 (d, 1C, C-arom), 129.4 
(d, 2C, C-arom), 129.0 (d, 2C, C-arom), 128.9 (d, 2C, C-arom), 128.6 (d, 2C, C-arom), 128.4 (d, 2C, C-
arom), 128.1 (d, 1C, C-pyridine), 80.5 (s, 1C, C-(CH3)3), 68.4 (d, 1C, CH-NH), 62.9 (t, 1C, N-CH2), 61.6 (d, 
1C, CH-NHCO), 47.4 (t, 1C, NH-CH2) 33.0 (t, 1C, N-CH2-CH2), 32.4 (t, 1C, N-(CH2)2-CH2), 30.6 (t, 1C, N-
(CH2)3-CH2), 30.6 (t, 1C, N-(CH2)4-CH2), 30.4 (t, 1C, N-(CH2)5-CH2), 30.4 (t, 1C, N-(CH2)6-CH2), 30.1 (t, 1C, 
N-(CH2)7-CH2), 28.7 (q, 3C, C-(CH3)3), 27.1 (t,1C, N-(CH2)8-CH2), 23.6 (t, 1C, N-(CH2)9-CH2), 14.4 (q, 1C, 
N-(CH2)11-CH3).  

II.5. 1-Butyl-3-((((1R,2R)-2-Amino-1,2-diphenylethyl)amino)methyl)pyridin-1-ium 

bromide (8) 

Reaction protocol adapted from literature.iii 

Compound 3 (1.0 mmol, 540 mg) was dissolved in 20 mL CH2Cl2 and cooled via ice 
bath. Hydrogen bromide (33% in AcOH, 10 mmol, 1.75 mL) was slowly added under 
argon atmosphere. The reaction mixture was allowed to warm to room 
temperature and stirred for 4 h. After neutralization with saturated Na2CO3 
solution, the phases were separated and the aqueous phase was extracted with 

CH2Cl2. The combined organic phases were dried over Na2SO4 and the solvent removed under reduced 
pressure. The crude product was purified via column chromatography (60 g silica, MeOH/H2O/AcOH 
5:4:1), to yield 8 as orange foam (148 mg, 34%). HRMS (ESI-TOF) m/z: [M]+Calculated for C24H30N3 
360.2434, Found 360.2435; αD

20: +76.8 (c 0.95, MeOH); IR (νmax/cm-1): 3386 (N-H ν), 2945 (C-H ν), 1637 
(C-C ν), 1569 (N-H δ), 1499 (C=C ν), 1155 (C-N ν), 758 (C-H pyridine δ), 699 (C-H arom δ); 1H NMR (400 
MHz, MeOD) δ:8.93 (s, 1H, H-pyridine), 8.83 (d, J = 6.20 Hz, 1H, H-pyridine), 8.46 (d, J = 7.97 Hz, 1H, H-
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pyridine),8.00 – 7.94 (m, 1H, H-pyridine), 7.18 – 7.09 (m, 10H, H-arom), 4.60 (t, J = 7.63 Hz, 2H, N-CH2), 
4.11 (d, J = 8.84 Hz, 1H, CH-NH2), 3.91 (d, J = 15.46 Hz, 1H, NH-CH2), 3.84 (d, J = 15.46 Hz, 1H, NH-CH2), 
3.80 (d, J = 8.84 Hz, 1H, CH-NH), 2.03 – 1.95 (m, 2H, N-CH2-CH2), 1.48 – 1.39 (m, 2H, N-(CH2)2-CH2), 1.04 
(t, J = 7.43 Hz, 3H, N-(CH2)3-CH3); 13C NMR (100 MHz, MeOD) δ:146.1 (d, 1C, C-pyridine), 145.4 (d, 1C, 
C-pyridine), 143.9 (d, 1C, C-pyridine), 143.7 (s, 1C, C-pyridine), 139.6 (s, 1C, C-arom), 136.0 (s, 1C, C-
arom), 130.0 (d, 2C, C-arom), 129.8 (d, 2C, C-arom), 129.6 (d, 2C, C-arom), 129.3 (d, 2C, C-arom), 129.0 
(d, 2C, C-arom), 128.6 (d, 1C, C-pyridine), 67.5 (d, 1C, CH-NH), 62.8 (t, 1C, N-CH2), 61.4 (d, 1C, CH-NH2), 
48.8 (t, 1C, NH-CH2), 34.5 (t, 1C, N-CH2-CH2), 20.5 (t, 1C, N-(CH2)2-CH2), 13.8 (q, 1C, N-(CH2)3-CH3).  

II.6. Isobutyl ((1R,2R)-2-amino-1,2-diphenylethyl)carbamate (14) 

(1R,2R)-1,2-Diphenylethylenediamine (2.36 mmol,500 mg) was dissolved in 10 
mL anhydrous acetonitrile, and it was cooled to 0ºC via ice bath. 1M solution of 
HCl in acetonitrile (2.83 mmol, 2.77 mL) was dropwisely added, and the mixture 
was subsequently stirred at room temperature for 15 minutes. The formed 
precipitate was re-dissolved by the addition of 0.5 mL H2O. Isobutyl 

chloroformate (3.54 mmol, 460 µL) was diluted with 5 mL anhydrous acetonitrile, then it was dropwise 
added to the reaction mixture, which was subsequently stirred at room temperature for 10 hours. The 
reaction monitoring and the subsequent work-up were in accordance with those used for the synthesis 
of compound 1. The crude product was then purified by column chromatography (15 g silica, light 
petrol: ethyl acetate 1:1 + Et3N), afforded 14 as a white powder (460 mg, 63 %). M.p.: 112-113 °C; 
HRMS (ESI-TOF) m/z : [M + H]+ calculated for C19H25N2O2 313.1911, Found 313.1919; [α]D

20 : + 8.4 (c 
1.0, CHCl3); IR (ATR, cm-1) : 3364 (N-H ν), 2960 (C−H ν), 1683 (C=O ν), 1518 (N-H δ), 1454 (C−H δ), 699 
(C−H arom δ); 1H NMR (400 MHz, MeOD) δ : 7.31 - 7.17 (m, 10H, H-arom), 5.92 (d, J = 7.84 Hz, 1H, CH-
NHCO), 4.81 (brs, 1H, NH), 4.30 (s, 1H, CH-NH2), 3.64 (s, 2H, CH2-CH(CH3)2), 1.74 (s, 1H, CH2-CH(CH3)2), 
1.46 (brs, 2H, NH2), 0.79 (s, 5H, CH2-CH(CH3)2), 0.52 (s, 1H, CH2-CH(CH3)2); 13C NMR (100 MHz, MeOD) 
δ : 157.51 (s, 1C, NH-CO), 141.31 (s, 1C, C-arom), 140.57 (s, 1C, C-arom), 127.84 (d, 2C, C-arom), 127.80 
(d, 2C, C-arom), 127.08 (d, 2C, C-arom), 126.99 (d, 1C, C-arom), 126.85 (d, 1C, C-arom), 126.78 (d, 2C, 
C-arom), 70.74 (t, 1C, CH2-CH(CH3)2), 62.02 (d, 1C, CH-NHCO), 60.19 (d, 1C, CH-NH2), 27.89 (d, 1C, CH2-
CH(CH3)2), 17.93 (q, 2C, CH2-CH(CH3)2).  
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II.7. Isobutyl((1R,2R)-1,2-diphenyl-2-((pyridin-3-ylmethyl)amino)ethyl)carbamate 

(15) 

Procedure adapted from literature: 2 

According to the synthesis of compound 2: substrate (14, 0.96 mmol, 300 mg), 
pyridine-3-carboxaldehyde (0.96 mmol, 90 µL), molecular sieve 4 Å (1.0 g) in 10 mL 
anhydrous MeOH, and then reduction with NaBH4 (1.92 mmol, 55 mg). The work-up 
was done according with those for compound 2. Column chromatographic 
purification (30 g silica, light petrol: ethyl acetate 1:1 + Et3N) afforded product 15 as 

white crystals (275 mg, 71 %). M.p.: 95-96 °C; HRMS (ESI-TOF) m/z : [M + H]+Calculated for C25H30N3O2 
404.2333, Found 404.2336; [α]D

20 : + 9.7 (c 1.0, CHCl3); IR (ATR, cm-1) : 3354 (N−H ν), 2962 (C−H ν), 
1691 (C=O ν), 1494 (N-H δ), 1453 (C−H δ), 755 (C−H arom δ), 699 (C−H arom δ); 1H NMR (400 MHz, 
CDCl3)δ : 8.41 (d, J = 3.60 Hz, 1H, H-pyridine), 8.28 (s, 1H, H-pyridine), 7.39 (d, J = 7.62 Hz, 1H, H-
pyridine), 7.24 – 7.09 (m, 11H, H-pyridine, H-arom), 5.72 (d, s, 1H, CH-NHCO), 4.82 (brs, 1H, NH-CO), 
3.91 (s, 1H, CH-NH), 3.66 – 3.58 (m, 3H, CH2-CH(CH3)2,NH-CH2), 3.37 (d, J = 13.78 Hz, 1H, NH-CH2), 1.77 
(brs, 2H, CH2-CH(CH3)2, NH-CH2), 0.81 (s, 6H, CH2-CH(CH3)2); 13C NMR (100 MHz, MeOD) δ : 157.50 (s, 
1C, NH-CO), 148.54 (d, 1C, C-pyridine), 147.11 (d, 1C, C-pyridine), 140.55 (s, 1C, C-pyridine), 139.86 (s, 
1C, C-arom), 136.82 (d, 1C, C-pyridine), 136.47 (s, 1C, C-arom), 128.31 (d, 2C, C-arom), 128.02 (d, 1C, 
C-arom), 127.89 (d, 1C, C-arom), 127.69 (d, 1C, C-arom), 127.45 (d, 1C, C-arom), 127.23 (d, 1C, C-arom), 
127.13 (d, 1C, C-arom), 126.92 (d, 1C, C-arom), 126.72 (d, 1C, C-arom), 123.66 (d, 1C, C-pyridine), 70.75 
(t, 1C, CH2-CH(CH3)2), 66.83 (d, 1C, CH-NH), 61.04 (d, 1C, CH-NHCO), 47.95 (t, 1C, NH-CH2) 27.88 (d, 1C, 
CH2-CH(CH3)2), 17.92 (q, 2C, CH2-CH(CH3)2).  

II.8. 3-((((1R,2R)-2-((Isobutoxycarbonyl)amino)-1,2-diphenylethyl)amino)methyl)-

1-butylpyridin-1-ium bromide (5) 

In accordance with the synthesis of compound 3: substrate 15 (0.37 mmol, 150 mg), 
nBuBr (0.44 mmol, 47.5 µL). The mixture was stirred at 80ºC for 20 hours. After 
concentration in vacuo, product 5 was obtained as an orange foam (198 mg, 99 %). 
The analytical sample was purified by preparative HPLC. HRMS (ESI-TOF) m/z : [M]+ 

Calculated for C29H38N3O2 460.2959, Found 460.2979; [α]D
20 : + 11.0 (c 1.0, CHCl3); 

IR (ATR, cm-1) : 3252 (N−H ν), 2968 (C−H ν), 1693 (C=O ν), 1496 (N-H ν), 1453 (C−H 
δ), 755 (C−H arom δ),700 (C−H arom δ); 1H NMR (400 MHz, MeOD) δ : 8.66 (t, J = 8.40 Hz, 2H, H-
pyridine), 8.22 (d, J = 7.96 Hz, 1H, H-pyridine), 7.80 (t, J = 8.10 Hz, 1H, H-pyridine), 7.10 – 7.00 (m, 10H, 
H-arom), 4.43 (t, J = 7.58 Hz, 2H, N-CH2), 3.89 (s, 1H, CH-NH), 3.77 – 3.75 (m, 2H, NH-CH2), 3.68 (brs, 
2H, CH2 -CH(CH3)2), 1.90 – 1.77 (m, 3H, CH2-CH(CH3)2, N-CH2-CH2), 1.30 (sex., J = 8.44 Hz, 2H, N-CH2-
CH2), 0.92 (t, J = 7.72 Hz, 3H, N-(CH2)2-CH3), 0.82 (s, 6H, CH2-CH(CH3)2); 13C NMR (100 MHz, MeOD) δ : 
158.86 (s, 1C, NH-CO), 146.06 (d, 1C, C-pyridine), 145.00 (d, 1C, C-pyridine), 144.30 (s, 1C, C-pyridine), 
143.86 (d, 1C, C-pyridine), 142.07 (s, 1C, C-arom), 141.18 (s, 1C, C-arom), 129.57 (d, 2C, C-arom), 129.41 
(d, 2C, C-arom), 129.17 (d, 2C, C-arom), 128.66 (d, 2C, C-arom), 128.57 (d, 2C, C-arom), 128.21 (d, 1C, 
C-pyridine), 72.22 (t, 1C, CH2-CH(CH3)2), 68.61 (d, 1C, CH-NH), 62.75 (t, 1C, N-CH2), 62.74 (d, 1C, CH-
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NHCO), 48.86 (t, 1C, NH-CH2), 34.45 (t, 1C, N-CH2-CH2), 29.29 (d, 1C, CH2-CH(CH3)2), 20.48 (t, 1C, N-
(CH2)2-CH2), 19.46 (q, 2C, CH2-CH(CH3)2), 13.93 (q, 1C, N-(CH2)3-CH3). 

II.9. 2,2,2-Trichloroethyl ((1R,2R)-2-amino-1,2-diphenylethyl)carbamate (16) 

Similarly to the synthesis of amine 14: (R,R)-DPEN (2.36 mmol, 500 mg), 1M 
solution of HCl in acetonitrile (2.83 mmol, 2.77 mL), 0.5 mL H2O, 2,2,2-
trichloroethyl chloroformate (3.54 mmol, 486 µL), 10mL anhydrous 
acetonitrile. The reaction mixture was stirred for 4 hours at room temperature. 
The work-up and the isolation were the same, that those for compound 14, 

affording product 16 as a pale white solid (520 mg, 57 %). M.p.: 83-84°C; HRMS (ESI-TOF) m/z: [M + 
H]+ calculated for C17H18Cl3N2O2 387.0434, Found 387.0439; [α]D

20: + 7.2 (c  1.0, CHCl3); IR (ATR, cm-1): 
3360 (N-H), 2955 (C−H ν), 1690 (C=O ν), 1517 (N-H δ), 1452 (C−H δ), 760 (C−Cl ν), 696 (C−H arom δ); 1H 
NMR (200 MHz, CDCl3) δ : 7.35 - 7.19 (m, 10H, H-arom), 6.34 (d, J = 7.80 Hz, 1H, CH-NHCO), 4.84 (s, 
1H, NH), 4.53 (s, 2H, Cl3CCH2), 4.36 (s, 1H, CH-NH2), 1.35 (brs, 2H, NH2); 13C NMR (100 MHz, MeOD) δ: 
155.20 (s, 1C, NH-CO), 141.32 (s, 1C, C-arom), 140.17 (s, 1C, C-arom), 127.87 (d, 2C, C-arom), 127.83 
(d, 2C, C-arom), 127.09 (d, 2C, C-arom), 126.99 (d, 2C, C-arom), 126.90 (d, 2C, C-arom), 95.76 (s, 1C, 
Cl3CCH2), 74.10 (t, 1C, Cl3CCH2), 62.58 (d, 1C, CH-NHCO), 60.12 (d, 1C, CH-NH2). 

II.10. 2,2,2-Trichloroethyl((1R,2R)-1,2-diphenyl-2-((pyridin-3-ylmethyl)amino)ethyl) 

carbamate (17) 

Procedure adapted from literature: 2 

Similarly to the synthesis of compound 2: Compound 16 (0.77 mmol, 300 mg), 
pyridine-3-carboxaldehyde (0.77 mmol, 72 µL), molecular sieve 4 Å (1.0 g) in 10 mL 
anhydrous MeOH. The subsequent reduction was performed with NABH4 (1.54 
mmol, 44 mg). The work-up and purification were in accordance with those for 
compound 2. After column chromatography (30 g silica, light petrol: ethyl acetate 

1:1 + Et3N), product 17 was obtained as a white solid (196 mg, 53 %). M.p.: 72-74 °C; HRMS (ESI-TOF) 
m/z: [M + H]+Calculated for C23H23Cl3N3O2 478.0856, Found 478.0859; [α]D

20: + 9.4 (c 1.0, CHCl3); IR 
(ATR, cm-1) : 3202 (N−H ν), 3030 (C−H ν), 1725 (C=O ν), 1542 (N-H δ), 1494 (C−H δ), 762 (C−Cl ν), 752 
(C−H arom δ), 697 (C−H arom δ); 1H NMR (400 MHz, CDCl3)δ : 8.40 (d, J = 4.56 Hz, 1H, H-pyridine), 8.27 
(s, 1H, H-pyridine), 7.36 (d, J = 7.08 Hz, 1H, H-pyridine), 7.24 – 7.12 (m, 11H, H-pyridine, H-arom), 6.06 
(d, J = 6.88 Hz, 1H, CH-NHCO), 4.84 (brs, 1H, NH), 4.57 (dd, J = 15.36 Hz, 12.00 Hz, 2H, Cl3CCH2), 3.95 (s, 
1H, CH-NH2), 3.59 (d, J = 13.76 Hz, 1H, NH-CH2), 3.36 (d, J = 13.72 Hz, 1H, NH-CH2), 1.75 (brs, 1H, NH-
CH2); 13C NMR (100 MHz, MeOD) δ : 155.20 (s, 1C, NH-CO), 148.54 (d, 1C, C-pyridine), 147.12 (d, 1C, C-
pyridine), 140.03 (s, 1C, C-pyridine), 139.74 (s, 1C, C-arom), 136.83 (d, 1C, C-pyridine), 136.49 (s, 1C, C-
arom), 128.04 (d, 2C, C-arom), 127.93 (d, 2C, C-arom), 127.71 (d, 2C, C-arom), 127.16 (d, 1C, C-arom), 
127.01 (d, 2C, C-arom), 126.84 (d, 1C, C-arom), 123.66 (d, 1C, C-pyridine), 95.79 (s, 1C, Cl3CCH2), 74.08 
(t, 1C, Cl3CCH2), 66.58 (d, 1C, CH-NH2), 61.49 (d, 1C, CH-NHCO), 47.99 (t, 1C, NH-CH2).  
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II.11. 1-Butyl-3-((((1R,2R)-1,2-diphenyl-2-(((2,2,2-trichloroethoxy)carbonyl)amino) 

ethyl)amino) methyl)pyridin-1-ium bromide (6) 

In accordance with the synthesis of chiral ligand 3: compound 17 (0.37 mmol, 150 
mg) and nBuBr (0.44 mmol, 47.5 µL). The mixture was stirred at 80ºC for 20 hours. 
After concentration in vacuo, product 6 was obtained as an orange foam (181 mg, 
95 %). The analytical sample was purified by preparative HPLC. HRMS (ESI-TOF) 
m/z: [M]+ Calculated for C27H31Cl3N3O2 535.1560, Found 534.1551; [α]D

20 : + 11.0 (c 
1.0, CHCl3); IR (ATR, cm-1) : 3252 (N−H ν), 2968 (C−H ν), 1693 (C=O ν), 1496 (N-H ν), 
1453 (C−H δ), 764 (C−Cl ν), 750 (C−H arom δ),700 (C−H arom δ); 1H NMR (400 MHz, 

MeOD) δ : 8.67-8.62 (m, 2H, H-pyridine), 8.24 (d, J = 7.84 Hz, 1H, H-pyridine), 7.80 (t, J = 6.92 Hz, 1H, 
H-pyridine), 7.09 - 7.03 (m, 10H, H-arom), 4.64 (dd, J = 21.0 Hz, 12.52 Hz, 2H, Cl3CCH2), 4.42 (t, J = 7.60 
Hz, 2H, N-CH2), 3.90 (d, J = 8.64 Hz, 1H, CH-NH), 3.80 - 3.71 (m, 2H, NH-CH2), 1.83 (sex., J = 7.52 Hz, 2H, 
N-CH2-CH2), 1.30 (q, J = 7.52 Hz, 2H, N-(CH2)2-CH2), 0.92 (t, J = 7.36 Hz, 3H, N-(CH2)3-CH3); 13C NMR (100 
MHz, MeOD) δ : 155.22 (s, 1C, NH-CO), 144.61 (d, 1C, C-pyridine), 143.49 (d, 1C, C-pyridine), 143.23 (s, 
1C, C-pyridine), 142.40 (d, 1C, C-pyridine), 140.11 (s, 1C, C-arom), 139.77 (s, 1C, C-arom), 128.08 (d, 2C, 
C-arom), 128.00 (d, 2C, C-arom), 127.78 (d, 2C, C-arom), 127.25 (d, 2C, C-arom), 127.17 (d, 2C, C-arom), 
126.91 (d, 1C, C-pyridine), 95.79 (s, 1C, Cl3CCH2), 74.13 (t, 1C, Cl3CCH2), 67.12 (d, 1C, CH-NH2), 61.47 (d, 
1C, CH-NHCO), 61.37 (t, 1C, N-CH2), 47.81 (t, 1C, NH-CH2), 33.05 (t, 1C, N-CH2-CH2), 19.08 (t, 1C, N-
(CH2)2-CH2), 12.46 (q, 1C, N-(CH2)3-CH3). 

II.12. Benzyl ((1R,2R)-2-amino-1,2-diphenylethyl)carbamate (18) 

Compound 18 was prepared following literature procedure.iv 

(R,R)-DPEN (2.36 mmol, 500 mg) was dissolved 10 mL anhydrous EtOH, and 
benzyl-phenyl-carbonate (2.36 mmol, 540 mg) was added. The reaction 
mixture was stirred at room temperature for 24 hours and the EtOH was 

removed in vacuo. 10 M HCl (567 µL) was added, the formed precipitate was filtered off, and 
successively washed with diethyl-ether and H2O. Then, it was treated with a solution of NaOH (210 mg) 
in H2O (1.42 mL). In a few minutes, the precipitate was filtered off, and it was washed with H2O (3 x 10 
mL) to yield 18 as a pale white solid (530 mg, 65 %). The compound is known in literature.4 M.p.: 93-
94 °C; [α]D

20 : + 3.4 (c 1.0, CHCl3); IR (ATR, cm-1) : 3356 (N-H ν), 3026 (C−H ν), 1688 (C=O ν), 1498 (N-H 
δ), 1448 (C−H δ), 699 (C−H arom δ); 1H NMR (400 MHz, CDCl3) δ : 7.31 - 7.17 (m, 15H, H-arom), 6.04 
(d, J = 7.24 Hz, 1H, CH-NHCO), 4.92 (s, 2H, CH2-arom), 4.83 (brs, 1H, NH), 4.30 (s, 1H, CH-NH2), 1.33 
(brs, 2H, NH2); 13C NMR (100 MHz, CDCl3) δ : 157.1 (s, 1C, NH-CO), 141.4 (s, 1C, C-arom), 140.5 (s, 1C, 
C-arom), 136.9 (s, 1C, C-arom), 128.0 (d, 1C, C-arom), 127.8 (d, 2C, C-arom), 127.6 (d, 1C, C-arom), 
127.4 (d, 1C, C-arom), 127.1 (d, 2C, C-arom), 127.1 (d, 2C, C-arom), 127.0 (d, 2C, C-arom), 126.9 (d, 2C, 
C-arom), 126.8 (d, 2C, C-arom), 66.2 (t, 1C, CH2-arom), 62.2 (d, 1C, CH-NHCO), 60.2 (d, 1C, CH-NH2).  
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II.13. Benzyl((1R,2R)-1,2-diphenyl-2-((pyridin-3-ylmethyl)amino)ethyl)carbamate 

(19) 

In according to the synthesis of compound 2: substrate (18, 0.87 mmol, 300 mg), 
molecular sieve 4 Å (1.0 g), pyridine-3-carboxaldehyde (0.87 mmol, 81 µL), then 
reduction with NABH4 (1.31 mmol, 50 mg). Work up and isolation were according 
to the synthesis of compound 2, obtaining the pure 19 as a white solid (223 mg, 59 
%). M.p.: 85-86 °C; HRMS (ESI-TOF) m/z: [M + H]+Calculated for C28H28N3O2 
438.2182, Found 438.2184; [α]D

20: + 4.5 (c 1.0, CHCl3); IR (ATR, cm-1) : 3262 (N−H ν), 
3030 (C−H ν), 1722 (C=O ν), 1495 (N-H δ), 1445 (C−H δ), 752 (C−H arom δ), 697 (C−H arom δ); 1H NMR 
(400 MHz, CDCl3) δ: 8.40 (d, J = 4.72 Hz, 1.90 Hz 1H, H-pyridine), 8.26 (s, 1H, H-pyridine), 7.36 (d, J = 
7.24 Hz, 1H, H-pyridine), 7.23 - 7.08 (m, 16H, H-pyridine, H-arom), 5.77 (d, J = 7.76 Hz, 1H, CH-NHCO), 
4.94 (s, 2H, CH2-arom), 4.83 (brs, 1H, NH-CO), 3.89 (d, J = 3.72 2Hz, 1H, CH-NH), 3.58 (d, J = 13.72 Hz, 
1H, NH-CH2), 3.34 (d, J = 13.76 Hz, 1H, NH-CH2), 1.61 (brs, 1H, NH-CH2); 13C NMR (100 MHz, CDCl3) δ : 
156.03 (s, 1C, NH-CO), 149.55 (d, 1C, C-pyridine), 148.57 (d, 1C, C-pyridine), 139.34 (s, 1C, C-pyridine), 
135.59 (d, 1C, C-pyridine), 135.11 (s, 3C, C-arom), 128.57 (d, 4C, C-arom), 127.82 (d, 2C, C-arom), 
127.78 (d, 4C, C-arom), 127.54 (d, 1C, C-arom), 126.51 (d, 4C, C-arom), 123.37 (d, 1C, C-pyridine), 66.78 
(t, 1C, CH2-arom), 66.43 (d, 1C, CH-NH2), 60.35 (d, 1C, CH-NHCO), 48.47 (t, 1C, NH-CH2).  

II.14. 3-((((1R,2R)-2-(((Benzyloxy)carbonyl)amino)-1,2-

diphenylethyl)amino)methyl)-1-butylpyridin-1-ium (7) 

In accordance with the synthesis of chiral ligand 3: compound 19(0.34 mmol, 150 
mg) and nBuBr (0.41 mmol, 44.0µL). The mixture was stirred at 80ºC for 20 hours. 
After concentration in vacuo, product 7 could be obtained as an orange foam (193 
mg, 99 %). HRMS (ESI-TOF) m/z : [M]+ Calculated for C32H36N3O2 494.2806, Found 
494.2830; [α]D

20: + 8.4 (c 1.0, CHCl3); IR (ATR, cm-1) : 3230 (N−H ν), 3030 (C−H ν), 
1701 (C=O ν), 1497 (N-H ν), 1453 (C−H δ), 750 (C−H arom δ), 699 (C−H arom δ); 1H 

NMR (400 MHz, CDCl3) δ : 9.15 (s, 1H, H-pyridine) 8.06 (d, J = 7.62 Hz, 1H, H-pyridine), 7.71 (t, J = 6.76 
Hz, 1H, H-pyridine), 7.18 - 7.07 (m, 16H, H-arom), 4.92 (brs, 3H, CH-NHCO, CH2-arom), 4.66 (m, 2H, N-
CH2), 4.11 (d, J = 7.96, 1H, CH-NH), 3.76 (dd, J = 27.52 Hz, 15.0 Hz, 2H, NH-CH2), 1.82 (qvin. J = 7.28 Hz, 
2H, N-CH2-CH2), 1.26 (sex., J = 7.28 Hz, 2H, N-(CH2)2-CH2), 0.86 (t, J = 7.26 Hz, 3H, N-(CH2)3-CH3); 13C 
NMR (100 MHz, MeOD) δ : 158.52 (s, 1C, NH-CO), 146.00 (d, 1C, C-pyridine), 144.95 (d, 1C, C-pyridine), 
144.33 (s, 1C, C-pyridine), 141.84 (d, 1C, C-pyridine), 141.08 (s, 3C, C-arom), 129.52 (d, 4C, C-arom), 
129.40 (d, 2C, C-arom), 129.18 (d, 2C, C-arom), 128.99 (d, 2C, C-arom), 128.70 (d, 1C, C-arom), 128.58 
(d, 4C, C-arom), 128.25 (d, 1C, C-pyridine), 68.65 (d, 1C, CH-NH), 67.61 (t, 1C, CH2-arom), 62.74 (d, 1C, 
N-CH2), 62.58 (d, 1C, CH-NHCO), 48.78 (t, 1C, NH-CH2), 34.39 (t, 1C, N-CH2-CH2), 20.45 (t, 1C, N-(CH2)2-
CH2), 13.85 (q, 1C, N-(CH2)3-CH3).    
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II.15. 2-[(1R,2R)-2-Amino-1,2-diphenylethyl]- 1H-isoindole-1,3(2H)-dione (20) 

Compound 20 was prepared according to the literature procedure.v 

In a round bottom flask p-TsOH· H2O (4.7 mmol, 891 mg) was dissolved in anhydrous 
toluene. Activated molecular sieve 4 Å (3.00 g), phthalic anhydride (5.2 mmol, 760 
mg) and (1R,2R)-1,2-diphenyl-1,2-ethanediamine (4.7 mmol, 1.0 g) were added and 
the reaction mixture was refluxed overnight. The mixture was filtered over Celite, 

washed with CH2Cl2 and stirred with saturated Na2CO3 solution. The phases were separated and the 
organic phase was dried over Na2SO4. The solvent was removed under reduced pressure to yield 20 as 
pale yellow solid (1.17 g, 73%), which was used without further purification.1H NMR (200 MHz, CDCl3) 
δ: 8.02 – 8.00 (m, 1H, H-arom), 7.85 – 7.82 (m, 1H, H-arom), 7.71 – 7.66 (m, 2H, H-arom), 7.40 – 7.29 
(m, 7H, H-arom), 7.28– 7.15 (m, 3H, H-arom), 5.56 (d, J = 5.63 Hz, 1H, CH-NHCO), 5.02 (d, J = 5.63 Hz, 
1H, CH-NH2). 

II.16. 2-[(1R,2R)-2-(Dimethylamino)-1,2-diphenylethyl]-1H-isoindole-1,3(2H)-dione 

(21) 

Compound 21 was prepared according to the literature procedure.5 

Amine 20 (2.9 mmol, 990 mg) was dissolved in concentrated formic acid (98%, 
14mL) and stirred for 30 minutes. Formaldehyde (37% in H2O, 12 mL) was added 
and the mixture refluxed until TLC indicated complete conversion. Remaining 
formaldehyde was removed under reduced pressure and the reaction mixture was 

neutralized with 4M NaOH. After extraction with CH2Cl2 and drying over Na2SO4 the solvent was 
removed under reduced pressure to yield 21 as yellow solid (1.01 g, 94%). 1H NMR (200 MHz, CDCl3) 
δ: 7.80 – 7.69 (m, 2H, H-arom), 7.65 – 7.54 (m, 2H, H-arom), 7.49 – 7.40 (m, 2H, H-arom), 7.23 – 6.93 
(m, 8H, H-arom), 5.90 (d, J = 12.46 Hz, 1H, CH-NHCO), 5.14 (d, J = 12.46 Hz, 1H, CH-N(CH3)2), 2.02 (s, 
6H, 2 x CH3). 

II.17. (1R,2R)-N1,N1-Dimethyl-1,2-diphenyl-1,2-ethanediamine (22) 

Procedure adapted from literature.5 

Hydrazine hydrate (27.0 mmol, 1.68 mL 50% solution in H2O) was added to a 
dispersion of 21 (2.7 mmol, 990 mg) in 35 mL EtOH and the reaction mixture was 
refluxed for 2 hours. After cooling to room temperature, the mixture was diluted 
with Et2O and the formed precipitate was removed via filtration. The organic phase 

was dried over Na2SO4 and the solvent removed under reduced pressure to yield 22 as yellow, viscous 
liquid (630 mg, 97%). 1H NMR (200 MHz, CDCl3) δ: 7.13 – 6.86 (m, 10H, H-arom), 4.31 (d, J = 10.50 Hz, 
1H, CH-NH2), 3.55 (d, J = 10.50 Hz, 1H, CH-N(CH3)2), 2.29 (brs, 2H, NH2), 2.10 (s, 6H, 2 x (CH3)2). 
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II.18. (1R,2R)-N1,N1-Dimethyl-1,2-diphenyl-N2-(pyridin-3-ylmethyl)ethane-1,2-

diamine (23) 

Procedure adapted from literature.2 

Similarly to the synthesis of compound 2: Substrate22 (2.2 mmol, 535 mg), 
molecular sieve 4 Å (2.0 g), pyridine-3-carboxaldehyde (2.2 mmol, 0.2 mL) in 
anhydrous MeOH (20 mL), then, NaBH4 (3.3 mmol, 126 mg) for the reduction. The 
work-up was in accordance with those for compound 2. After purification via 
chromatography (45 g silica, CH2Cl2 : MeOH 40:1 + Et3N) product 23 could be 
obtained as yellow solid (648 mg, 88%). M.p:85-88 °C; HRMS (ESI-TOF) m/z: [M + 

H]+ Calculated for C22H25N3 332.2121; Found 332.2129; αD
20: −12.4 (c 1.05, MeOH);  IR (νmax/cm-1): 3379 

(N-H ν), 2935 (C-H ν), 1574 (C-C ν), 1491 (N-H δ), 1451 (C=C ν), 1133 (C-N ν), 755 (C-H pyridine δ), 696 
(C-H arom δ) ; 1H NMR (400 MHz, CDCl3) δ: 8.44 (d, J = 1.98, 1H, H-pyridine), 8.42 (dd, J1 = 1.61 Hz, J2 = 
4.65 Hz, 1H, H-pyridine), 7.56 – 7.52 (m, 1H, H-pyridine), 7.18 – 7.13 (m, 3H, H-pyridine, H-arom), 7.08 
– 6.93 (m, 6H, H-arom), 6.88 – 6.84 (m, 2H, H-arom), 3.96 (d, J = 10.74 Hz, 1H, CH-NH), 3.67 – 3.60 (m, 
2H, CH-N(CH3)2, NH-CH2), 3.46 (d, J = 13.64 Hz, 1H, NH-CH2), 3.28 (brs, 1H, NH), 2.01 (s, 6H, N-(CH3)2); 
13C NMR (100 MHz, CDCl3) δ: 149.9 (d, 1C, C-pyridine), 148.3 (d, 1C, C-pyridine), 141.1 (s, 1C, C-
pyridine), 136.2 (s, 1C, C-arom), 136.0 (d, 1C, C-pyridine), 132.9 (s, 1C, C-arom), 129.9 (d, 2C, C-arom), 
128.9 (d, 2C, C-arom), 127.9 (d, 2C, C-arom), 127.3 (d, 2C, C-arom), 127.0 (d, 2C, C-arom), 123.3 (d, 1C, 
C-pyridine), 74.3 (d, 1C, CH-N(CH3)2), 61.6 (d, 1C, CH-NH), 48.5 (t, 1C, NH-CH2), 40.6 (q, 2C, N-(CH3)2). 

II.19. 1-Butyl-3-((((1R,2R)-2-(dimethylamino)-1,2-

diphenylethyl)amino)methyl)pyridin-1-ium bromide (9) 

According to the synthesis of chiral ligand 2: Compound 23 (0.9 mmol, 300 mg),n-
butylbromide (1.1 mmol, 0.11 mL).The mixture was stirred at 80 °C for 20 h. After 
concentration in vacuo, product 9 was obtained as an orange foam (373 mg, 88%), 
which was used without further purification. For analytical purpose the product 
was purified via preparative HPLC.HRMS (ESI-TOF) m/z: [M]+ Calculated for 
C26H34N3 388.2747, Found 388.2750; αD

20: +24.9 (c 0.95, MeOH); );  IR (νmax/cm-1): 
3406 (N-H ν), 2944 (C-H ν), 1633 (C-C ν), 1498 (N-H δ), 1454 (C=C ν), 1156 (C-N ν), 

765 (C-H pyridine δ), 703 (C-H arom δ); 1H NMR (400 MHz, CDCl3) δ: 9.66 (s, 1H, H-pyridine), 8.84 (d, J 
= 5.60 Hz, 1H, H-pyridine), 8.35 (d, J = 7.83 Hz, 1H, H-pyridine), 7.95 – 7.85 (m, 1H, H-pyridine), 7.48 
(m, 4H, H-arom), 7.25 – 7.16 (m, 3H, H-arom), 7.10 – 6.95 (m, 3H, H-arom), 5.09 (d, J = 11.64 Hz, 1H, 
CH-NH), 4.99 (d, J = 11.64 Hz, 1H, CH-(CH3)2), 4.78 (t, J = 7.16 Hz, 2H, N-CH2), 4.27 (d, J = 15.44 Hz, 1H, 
NH-CH2), 3.88 (d, J = 15.44 Hz, 1H, NH-CH2), 2.90 (s, 6H, N-(CH3)2), 2.05 – 1.96 (m, 2H, N-CH2-CH2), 1.41 
– 1.28 (m, 2H, N-(CH2)2-CH2), 0.89 (t, J = 7.21 Hz, 3H, N-(CH2)3-CH3); 13C NMR (100 MHz, CDCl3) δ: 144.7 
(d, 1C, C-pyridine), 144.4 (d, 1C, C-pyridine), 142.3 (d, 1C, C-pyridine), 141.7 (s, 1C, C-pyridine), 138.0 
(s, 1C, C-arom), 131.7 (d, 1C, C-arom), 130.2 (d, 1C, C-arom), 128.9 (d, 2C, C-arom), 128.7 (d, 2C, C-
arom), 128.3 (d, 2C, C-arom), 127.9 (d, 1C, C-arom), 127.5 (d, 2C, C-arom), 127.5 (s, 1C, C-pyridine), 
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72.7 (d, 1C, CH-NH), 61.6 (t, 1C, N-CH2), 60.8 (d, 1C, CH-N(CH3)2), 47.7 (t, 1C, NH-CH2), 33.5 (t, 1C, N-
CH2-CH2), 19.4 (t, 1C, N-(CH2)2-CH2), 13.6 (q, 1C, N-(CH2)3-CH3). 
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III. Synthesis of imine substrates for ATH reactions 

III.1. 1-Methyl-3,4-dihydroisoquinoline (12) 

Reaction protocol adapted from literature.vi 

Phenylethylamine (24.80 mmol, 3.0 g) was dissolved in anhydrous DCM (80 mL) and Et3N (30.0 mmol, 
4.19 mL) was added in one portion. The reaction mixture was cooled to 0ºC, and acetyl-chloride (29.51 
mmol, 2.10 mL) was added dropwisely. The temperature of the reaction mixture was gradually 
increased to 40ºC, and the mixture was stirred for 15 minutes. The organic phase was separated, and 
it was washed with 5% aqueous Na2CO3-solution, 5% aqueous HCl-solution, again with 5% aqueous 
Na2CO3-solution and finally with H2O. The organic layer was dried on Na2SO4, and the solvent was 
removed in vacuo. N-phenethylacetamide was obtained in quantitative yield (4.05 g), and it was used 
without further purifications. 
N-phenethylacetamide (24.80 mmol,4.05 g), P2O5 (31.00 mmol, 4.40 g) and POCl3 (93.0 mmol, 8.72 mL) 
were mixed together in ortho-xylene (100 mL), and the reaction mixture was refluxed for 14 hours. 
The cooled mixture was slowly hydrolyzed with warm H2O, and the phases were separated. 5.4 mL 
concentrated HCl was added to the aqueous phase, and it was washed with toluene. The combined 
organic phases were extracted with 3.6 w% HCl-solution. The aqueous phases were combined, cooled 
in ice bath, and basified with c.c. NaOH-solution (87 mL) under vigorous stirring. After cooling down, it 
was extracted with toluene, dried on Na2SO4, and concentrated in vacuo. The crude product was 
purified by Kugelrohr-distillation (0.4 mBar, 50ºC to 100ºC) to obtain imine 12 as a colorless liquid (2.25 
g, 62 %). 1H NMR (400 MHz, CDCl3) δ : 7.39 (d, J = 7.28 Hz, 1H, H-arom), 7.28-7.20 (m, 2H, H-arom), 
7.10 (d, J = 6.92 Hz, 1H, H-arom), 3.58 (t, J = 7.28 Hz, 2H, N-CH2), 2.61 (t, J = 7.64 Hz, 2H, CH2-arom), 
2.31 (s, 3H, CCH3); 13C NMR (100 MHz, CDCl3) δ : 164.2 (s, 1C, CCH3), 137.4 (s, 1C, C-arom), 130.6 (s, 1C, 
C-arom), 129.6 (d, 1C, C-arom), 127.4 (d, 1C, C-arom), 126.9 (d, 1C, C-arom), 125.3 (d, 1C, C-arom), 47.0 
(t, 1C, N-CH2), 26.0 (t, 1C, CH2-arom), 23.3 (q, 1C, CCH3). 

III.2. N-(1-(Naphthalen-1-yl)ethylidene)-P,P-diphenylphosphinic amide (13) 

Imine 13 was prepared according to literature procedure. vii 

To a stirred solution of NH2OH*HCl (15.1 mmol, 1.05 g) and NaOAc (15.1 mmol, 1.24 g) in EtOH/H2O 
mixture (V/V = 1/1, 10 mL) 1-acetylnaphtalene (10.5 mmol, 1.57 mL) was added, and the mixture was 
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refluxed until total conversion. The mixture was cooled down to room temperature, and allowed to 
lay in the fridge for 24 hours. The precipitate formed was filtered off and washed with H2O. The oxime 
intermediate was obtained in a quantitative yield (1.94 g), and it was used without further 
purification.The oxime (10.5 mmol,1.94 g) was dissolved in a light petrol/CH2Cl2mixture (V/V = 1/1, 33 
mL) and triethylamine (10.5 mmol, 1.46 mL) was added. The mixture was cooled to -45ºC, and 
chlorodiphenylphospine (11.0 mmol, 1.97 mL) in CH2Cl2 (10 mL) was dropwisely added. After total 
conversion, the cooling bath was removed, and the mixture was allowed to warm up to room 
temperature. The solvent was evaporated, the residue was dissolved in CH2Cl2, and it was washed with 
saturated NaHCO3-solution and brine. The organic phase was dried on Na2SO4, and the solvent was 
removed under reduced pressure. The crude product was purified by column chromatography (200 g 
silica, light petrol: ethyl acetate 1:3 + Et3N), yielding imine 13 as a light yellow solid (2.49 g, 65 %). 1H 
NMR (400 MHz, CDCl3) δ : 8.05 (d, J = 8.02 Hz, 1H, H-arom), 7.90-7.80 (m, 5H, H-arom), 7.51 (d, J = 6.80 
Hz, 1H, H-arom), 7.43 – 7.31 (m, 10H, H-arom), 2.94 (d, J = 1.80 Hz, 3H, CCH3); 31P NMR (100 MHz, 
CDCl3) δ : 18.8; 13C NMR (100 MHz, CDCl3) δ : 135.4 (s, 1C, CCH3), 133.8 (s, 1C, C-arom), 132.9 (s, 1C, C-
arom), 131.7 (d, 4C, C-arom), 131.5 (d, 4C, C-arom), 130.6 (d, 1C, C-arom), 128.5 (d, 4C, C-arom), 128.3 
(d, 4C, C-arom), 126.8 (d, 1C, C-arom), 126.2 (d, 1C, C-arom), 124.8 (d, 1C, C-arom), 28.7 (q, 1C, CCH3). 
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IV. General procedure for the asymmetric transfer 
hydrogenation 

General remarks 

Asymmetric transfer hydrogenations were carried out in flame-dried flasks using standard Schlenk 
techniques. Before the reactions, a 20 mg/mL stock solution of Ru[(p-cymene)2Cl2]2 in anhydrous 
acetonitrile was freshly prepared in a glovebox. All liquids involved in the reactions were freshly 
degassed by using the freeze-dry-thaw method, and they were subsequently purged with argon for 30 
minutes prior to use.  

Asymmetric transfer hydrogenation of ketones  

An aliquot of a freshly prepared stock solution of Ru[(p-cymene)2Cl2]2 (0.01 mmol, 306 µL) was 
transferred into a Schlenk-flask, and the solvent was removed under vacuum. Chiral ligand 3-9 (0.021 
mmol) was dissolved in 4 mL H2O. This solution was added to the catalyst precursor in the Schlenk-
flask under argon atmosphere and stirred at 40 °C for 30 min to form the active catalyst. Sodium 
formate (10.0 mmol , 680 mg,) was added, followed by the addition of ketone (2.0 mmol) The reaction 
mixture was stirred at given temperature for 24 h. Then, the aqueous phase was extracted with diethyl 
ether and the combined organic phases were dried over Na2SO4, and concentrated in vacuo. The 
product was isolated via column chromatography (light petrol: ethyl acetate 10:1). Remaining solvents 
were removed under vacuum to yield the pure secondary alcohols.   

Asymmetric transfer hydrogenation of imines 

An aliquot of a freshly prepared stock solution of Ru[(p-cymene)2Cl2]2 (0.005 mmol, 153 µL) was 
transferred into a Schlenk-flask, and the solvent was removed under vacuum. Chiral ligand 3-9 (0.0105 
mmol) was dissolved in 1.5 mL H2O/MeOH mixture (V/V = 1/1 or 1/2). This solution was added to the 
catalyst precursor in the Schlenk-flask under argon atmosphere, and stirred at 40 °C for 30 min to form 
the active catalyst. Formic acid/triethylamine mixture (n/n = 1.1/1, 0.5 mL) was added, followed by the 
imine (1.0 mmol). The reaction mixture was stirred at 40 °C for 24 h. Then, the methanol was removed 
under reduced pressure, and the aqueous phase was basified with 0.5 M Na2CO3 solution. The aqueous 
layer was extracted with dichloromethane. The combined organic phases were dried on Na2SO4 and 
concentrated in vacuo. The product was isolated via column chromatography to afford the pure 
secondary amine products.  
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General procedure for the chiral derivatization 

In a flame-dried Schlenk-flask, the alcohol/amine (0.1 mmol) was dissolved in anhydrous 
dichloromethane (1 mL). Triethylamine (21 µL, 0.15 mmol) and (S)-Mosher’s acid chloride (22 µL, 0.12 
mmol) were added and the reaction mixture was stirred at 25°C. After completion, 5 mL of 
dichloromethane was added, and the organic phase was successively washed with 0.5 M Na2CO3 and 
water, dried over Na2SO4, and concentrated in vacuo. The enantiomeric composition was analysed by 
19F NMR measurement.  

Reusability experiment 

An aliquot of a freshly prepared stock solution of Ru[(p-cymene)2Cl2]2 (306 µL, 0.01 mmol) was 
transferred into a Schlenk-flask, and the solvent was removed under vacuum. Chiral ligand 3 (0.021 
mmol) was dissolved in 4 mL H2O. This solution was added to the catalyst precursor in the Schlenk-
flask under argon atmosphere and stirred at 40 °C for 30 min to form the active catalyst. Sodium 
formate (680 mg, 10.0 mmol) was added, followed by the addition of acetophenon (2 mmol) The 
reaction mixture was stirred at 60 °C. In every hour,a sample was taken, and another batch of 
acetophenone (233 µL, 2.0 mmol) and sodium formate (136 mg, 2.0 mmol) were added. The 
conversion was measured every time via 1H NMR measurement, while chiral HPLC was used to 
determine the enantiomeric excess. 
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V. Analytical data of ATH products  

V.1. 1-Phenylethan-1-ol (11a)viii 

By using chiral ligand 3: column chromatography (light petrol: ethyl acetate 10:1); 
92 % yield; 91 % ee; αD

20:+ 51.1 (c 1.1, CHCl3); 1H NMR (200 MHz, CDCl3) δ: 7.34 – 7.13 (m, 
5H, H-arom), 4.81 (q, J = 6.42 Hz, 1H, CH-OH), 1.82 (s, 1H, CH-OH), 1.42 (d, J = 6.45 Hz, 3H, 
CH-CH3);Chiral HPLC analysis: (chiracel diacel IB column, nhexane : 2-propanol 98.5:1.5 V/V, 

1.0 mL/min, 25ºC, UV 254 nm): tR (major) = 13.4 min (R-enantiomer), tR (minor) = 15.5 min (S-
enantiomer).  

V.2. 1-Phenylpropan-1-ol (11b)ix 

By using chiral ligand 3: column chromatography (light petrol: ethyl acetate 10:1); 
68 % yield; 82 % ee;αD

20: + 36.2 (c 1.2, CHCl3); 1H NMR (200 MHz, CDCl3) δ: 7.24 – 7.07 
(m, 5H, H-arom), 4.37 (t, J = 6.67 Hz, 1H, CH-OH), 2.61 (brs, 1H, CH-OH), 1.75 – 1.46 (m, 
2H, CH2-CH3), 0.76 (t, J = 7.41 Hz, 3H, CH2-CH3); Chiral HPLC analysis: (chiracel diacel IB 

column, nhexane : 2-propanol 98.5:1.5 V/V, 1.0 mL/min, 25ºC, UV 254 nm): tR (major) = 11.6 min (R-
enantiomer), tR (major) = 12.7 min (S-enantiomer).  

V.3 1-(4-Methylphenyl)ethanol (11c)x 

By using chiral ligand 3: column chromatography (light petrol: ethyl acetate 10:1); 
82 % yield; 97 % ee; αD

20: + 43.1 (c 1.05, CHCl3);1H NMR (200 MHz, CDCl3) δ: 7.24 – 7.15 
(m, 2H, H-arom), 7.12 – 7.04 (m, 2H, H-arom), 4.79 (q, J =  6.39 Hz, 1H, CH-OH), 2.27 (s, 
3H, CH3-arom), 1.73 (brs, 1H, CH-OH), 1.41 (d, J = 6.42 Hz, 3H, CH-CH3); Chiral HPLC analysis: 

(chiracel diacel AS-H column, nheptane : 2-propanol 98.0:2.0 V/V, 0.7 mL/min, 25ºC, UV 254 nm): tR 
(minor) = 16.3 min (S-enantiomer), tR (major) = 18.4 min (R-enantiomer). 

V.4. 1-(4-Methoxyphenyl)ethanol (11d)10 

By using chiral ligand 3: column chromatography (light petrol: ethyl acetate 10:1); 74 
% yield; 83 % ee; αD

20: + 20.0 (c 1.05, CHCl3);1H NMR (200 MHz, CDCl3) δ: 7.26 – 7.17 
(m, 2H, H-arom), 6.85 – 6.75 (m, 2H, H-arom), 4.78 (q, J = 6.54 Hz, 1H, CH-OH), 3.72 (s, 
3H, OCH3), 1.73 (brs, 1H, CH-OH), 1.40 (t, J = 6.63 Hz, 3H, CH-CH3).Chiral HPLC analysis: 

(chiracel diacel IB column, nhexane : 2-propanol 98.5:1.5 V/V, 1.0 mL/min, 25ºC, UV 254 nm): tR (major) 
= 21.0 min (R-enantiomer), tR (minor) = 22.6 min (S-enantiomer). 
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V.5. 1-(4-Chlorphenyl)ethanol (11e)8 

By using chiral ligand 3: column chromatography (light petrol: ethyl acetate 10:1); 
76 % yield; 81 % ee; αD

20: + 40.9 (c 1.0, CHCl3);1H NMR (200 MHz, CDCl3) δ: 7.26 – 7.15 
(m, 4H, H-arom), 4.76 (q, J = 6.44 Hz, 1H, CH-OH), 2.13 (brs, 1H, CH-OH), 1.36 (d, J = 6.40 
Hz, 3H, CH-CH3).Chiral HPLC analysis:(chiracel diacel IB column, nhexane : 2-propanol 

98.5:1.5 V/V, 1.0 mL/min, 25ºC, UV 254 nm) tR (minor) = 14.3 min (S-enantiomer), tR (major) = 15.0 min 
(R-enantiomer). 

V.6. 1-(1-Naphtyl)ethanol (11f)xi 

By using chiral ligand 3: column chromatography (light petrol: ethyl acetate 10:1); 73 % 
yield; 93 % ee; αD

20: + 54.7 (c 1.0, CHCl3);1H NMR (200 MHz, CDCl3) δ: 8.14 – 7.41 (m, 7H, 
H-arom), 5.56 (q, J = 6.44 Hz, 1H, CH-OH), 3.35 (brs, 1H, CH-OH), 1.66 (d, J = 6.71 Hz, 3H, 
CH-CH3).Chiral HPLC analysis: (chiracel diacel IB column, nheptane : 2-propanol 93.0:7.0 V/V, 
1.0 mL/min, 25ºC, UV 254 nm): tR (minor) = 9.3 min (S-enantiomer), tR (major) = 12.1 min 

(R-enantiomer). 

V.7. 4-Phenyl-2-butanol (11g)xii 

By using chiral ligand 4: column chromatography (light petrol: ethyl acetate 10:1); 
86 % yield; 17 % ee; αD

20: + 0.7 (c 1.03, CHCl3);1H NMR (200 MHz, CDCl3) δ: 7.25 – 7.15 
(m, 2H, H-arom), 7.14 – 7.08 (m, 3H, H-arom), 3.75 (sex, J = 6.35 Hz, 1H, CH-OH), 2.73 – 
2.55 (m, 2H, arom-CH2), 1.77 – 1.63 (m, 2H, CH2-CH), 1.38 (brs, 1H, CH-OH), 1.15 (d, J = 

6.07 Hz, 3H, CH-CH3); Chiral HPLC analysis: (chiracel diacel IB column, nhexane : 2-propanol 99.3:0.7 V/V, 
1.0 mL/min, 25ºC, UV 254 nm): tR (major) = 26.3 min (S-enantiomer), tR (minor) = 39.3 min (R-
enantiomer). 

V.8. 1-Phenylpropan-2-ol (11h)xiii 

By using chiral ligand 3: column chromatography (light petrol: ethyl acetate 10:1); 
86 % yield; 26 % ee; αD

20: + 5.8 (c 1.08, CHCl3);1H NMR (200 MHz, CDCl3) δ: 7.27 – 7.08 
(m, 5H, H-arom), 3.89 (q, J = 5.51 Hz, 1H, CH-OH), 2.66 (dd, J = 13,46 Hz, 5.85 Hz, 1H, CH2a-
CH), 2.59 (dd, J = 13.46 Hz, 5.85 Hz, 1H, CH2b-CH), 1.82 (brs, 1H, CH-OH), 1.13 (d, J = 6.05 

Hz, 3H, CH-CH3); Chiral HPLC analysis: (chiracel diacel IB column, nhexane : 2-propanol 99.3:0.7 V/V, 1.0 
mL/min, 25ºC, UV 254 nm): tR (major) = 15.6 min (S-enantiomer), tR (minor) = 16.8 min (R-enantiomer). 
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V.9. 2-Octanol (11i)xiv 

By using chiral ligand 4: column chromatography (light petrol: ethyl acetate 10:1) 86 % 
yield; 92 % ee; αD

20: - 0.5 (c 1.09, CHCl3);1H NMR (200 MHz, CDCl3) δ: 3.75 (sex, J = 5.92 Hz, 
1H, CH-OH), 2.13 (brs, 1H, CH-OH), 1.50 – 1.23 (m, 10H, 5 x CH2), 1.15 (d, J = 6.26 Hz, 3H, 
CH-CH3), 0.86 (t, J = 6.70 Hz, 3H, CH3-CH2);. 

19F NMR for determining the ee (100 MHz, 
CDCl3) δ : - 69.9, (minor diastereomer), - 71.5 (major diastereomer). 

V.10. 2-Decanol (11j)14 

By using chiral ligand 4: column chromatography (light petrol: ethyl acetate 10:1); 37 
% yield; 90 % ee; αD

20: - 2.5 (c 0.75, EtOH);1H NMR (200 MHz, CDCl3) δ: 3.77 (sex, J = 
5.72 Hz, 1H, CH-OH), 1.66 (brs, 1H, CH-OH), 1.50-1.20 (m, 14H, 7 x CH2), 1.17 (d, J = 

6.28 Hz, 3H, CH-CH3), 0.87 (t, J = 5.85 Hz, 3H, CH3-CH2); . 
19F NMR for determining the ee (100 MHz, 

CDCl3) δ :- 70.9, (major diastereomer), - 71.7 (minor diastereomer). 

V.11. 2-Dodecanol (11k)xv 

By using chiral ligand 4: column chromatography (light petrol: ethyl acetate 10:1); 44 
% yield; 78 % ee; αD

20: - 1.2 (c 0.5, CHCl3);1H NMR (200 MHz, CDCl3) δ:3.79 (sex, J = 
5.42 Hz, 1H, CH-OH), 1.56 – 1.22 (m, 19H, 9 x CH2, CH-OH),1.18 (d, J = 6.17 Hz, 3H, CH-
CH3), 0.88 (t, J = 5.87 Hz, 3H, CH3-CH2); . 

19F NMR for determining the ee (100 MHz, 
CDCl3) δ : - 70.9, (minor diastereomer), - 71.9 (major diastereomer). 

V.12. 6-Methyl-5-hepten-2-ol (11l)14 

By using chiral ligand 4: column chromatography (light petrol: ethyl acetate 10:1); 67 
% yield; 78 % ee; αD

20: + 0.8 (c 1.03, CHCl3);1H NMR (200 MHz, CDCl3) δ: 5.16 – 5.08 (m, 
1H, CH-C(CH3)2), 3.80 (sex, J = 6.24 Hz, 1H, CH-OH), 2.14 – 1.98 (m, 2H, CH2-CH-C(CH3)2), 

1.65 (d, J = 13.26 Hz, 6H, CH-C(CH3)2), 1.55 – 1.41 (m, 2H, CH2-CH-OH), 1.24 (brs, 1H, CH-OH), 1.18 (d, J 
= 6.25 Hz, 3H, CH-CH3);Chiral GC analysis (90ºC to 150 ºC, 1.5 ºC/min.): tR (major) = 5.65 min (S-
enantiomer), tR (minor) = 5.96 min (R-enantiomer). 

V.13. 6,10-Dimethyl-5,9-undecadien-2-ol (11m)xvi 

By using chiral ligand 4: column chromatography (light petrol: ethyl acetate 10:1); 
28 % yield; 24 % ee; αD

20: + 1.1 (c 5.0, CHCl3);1H NMR (200 MHz, CDCl3) δ:5.14 – 4.95 
(m, 2H, 2 x CH-C(CH3)2), 3.74 (sex, J = 6.20 Hz, 1H, CH-OH), 2.10 – 1.87 (m, 6H, CH2-
CH-C(CH3)2 ,CH2-CH2-CH-C(CH3)2, CH2-CH2-CH-OH), 1.61 (s, 3H, CH3-C), 1.57 – 1.49 (d, 

J = 13.26 Hz, 6H, CH-C(CH3)2), 1.48 – 1.34 (m, 3H, CH2-CH-OH, OH), 1.12 (d, J = 6.29 Hz, 3H, CH-CH3); 
Chiral GC analysis (90ºC to 150 ºC, 1.5 ºC/min.):tR (minor) = 6.19 min (R-enantiomer), tR (major) = 6.58 
min (S-enantiomer). 
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V.14. 1-Methyl-1,2,3,4-tetrahydroisoquinoline (24)xvii 

By using the chiral ligand 3: column chromatography (DCM: MeOH 10:1 + Et3N); 94% 
yield, 87 % ee;[α]D

20 : + 59.9 (c 1.0, CHCl3); 1H NMR (200 MHz, CDCl3) δ : 7.05 – 6.97 
(m, 4H, H-arom), 4.78 (q, J = 6.60 Hz, 1H, CH-NH), 3.17 – 3.16 (m, 1H, CH2a-NH), 2.77-
2.70 (m, 3H, CH2b-NH, CH2-arom) 1.71 (br s, 1H, CH-NH), 1.37 (d, J = 6.60 Hz, 3H, CH-

CH3.); 19F NMR for determining the ee (100 MHz, CDCl3) δ : = - 69.74, (minor diastereomer), - 71.30 
(major diastereomer).  

V.15. N-(1-(Naphthalen-1-yl)ethyl)-P,P-diphenylphosphinic amide (25) xviii 

By using the chiral ligand 3: column chromatography (light petrol: ethyl acetate:1:3 
+ Et3N);60% yield, 86 % ee;[α]D

20 : - 53.1 (c 1.0, CHCl3); 1H NMR (200 MHz, CDCl3) δ 
: 7.90 – 7.63 (m, 7H, H-arom), 7.56 (d, J = 8.20 Hz, 1H, H-arom), 7.49 – 7.14 (m, 9H, 
H-arom), 5.16 (qvin., J = 6.74 Hz, 1H, CH-NH), 3.35-3.28 (m, 1H, NH), 1.62 (d, J = 6.32 
Hz, 3H, CH-CH3);31P NMR (100 MHz, CDCl3) δ : 23.11; Chiral HPLC analysis (chiracel 
diacel AS-H column, nheptane : EtOH 95:5 V/V, 1.0 mL/min, 25ºC, UV 254 nm): tR 

(minor) = 29.7 min, tR (major) = 32.9 min.  
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Asymmetric transfer hydrogenation in thermomorphic microemulsions based 
on ionic liquids 
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I. Phase diagrams 
 

 

Figure S1: Phase diagram of HCOONa (2 mmol), acetophenone (0.25 mmol), 1-phenylethanol (0.25 mmol), at mass 

fraction of water/n-heptane 2/1 (g), (α =0.33). 
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Figure S2: Phase diagram of HCOONa (2 mmol), acetophenone (0.25 mmol), 1-phenylethanol (0.25 mmol), at equal mass 

fraction of water/n-heptane 2/2 (g), (α =0.5). 
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Figure S3: Phase diagram of HCOONa (2 mmol), acetophenone (0.25 mmol), 1-phenylethanol (0.25 mmol), at mass 

fraction of water/n-heptane 2/3 (g), (α =0.6). 
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Figure S4: Phase diagram of HCOONa (2 mmol), 1-phenylethanol (0.5 mmol), at mass fraction of water/n-heptane 2/1 (g), 

(α =0.33). 
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Figure S5: Phase diagram of HCOONa (2 mmol), 1-phenylethanol (0.5 mmol), at equal mass fraction of water/n-heptane 

2/2 (g), (α =0.5). 

IL (g)

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

te
m

pe
ra

tu
re

 (°
C

)

10

20

30

40

50

60

70

80

90

100

3

2

 

Figure S6: Phase diagram of HCOONa (2 mmol), 1-phenylethanol (0.5 mmol), at mass fraction of water/n-heptane 2:3 (g), 

(α =0.6). 
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II. Kinetic studies 
 

Figure S7: Kinetic studies for the ATH of acetophenone at different systems by using ionic liquid 3/n-heptane/water 

0.3/0.5/2 g, 0.5 mmol acetophenone, 2 mmol HCOONa, 0.005 mmol (0.5 mol%) catalyst, 60 °C. 

 



147 
 

Appendix C 

 

Supporting information: 

Counterion enhanced organocatalysis: A novel approach for the asymmetric 

transfer hydrogenation of enones  
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1. General remarks 

All purchased chemicals from commercial suppliers were used without further purification. Dry 

solvents were pre-distilled and desiccated on aluminium oxide columns (PURESOLV, Innovative 

Technology).  

Column chromatography was performed on standard manual glass columns using Merck (40-60 µm) 

silica gel with pre-distilled solvents (PE : petrolether, EtOAc : ethyl acetate, Et2O : diethyl ether). For 

TLC analysis, precoated aluminium-backed plates were purchased from Merck (silica gel 60 F254). UV 

active compounds were detected at 254 nm. Non-UV active compounds have been detected using 

vanillin staining solution (5% vanillin in EtOH + H2SO4). 

1H, 13C, and 31P NMR spectra were recorded on a Bruker Advance UltraShield 200 MHz or 400 MHz 

spectrometer and chemical shifts are reported in ppm using TMS (tetramethylsilane) as internal 

standard. Coupling constants (J) are given in Hz. For NMR purpose, the following abbreviations are 

used: s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), brs (broad singlet), dd (doublet of 

doublets), ddd (doublets of doublet of doublets), td (triplet of doublets), dt (doublet of triplets).  

GC analysis have been performed on a Thermo Scientific Focus on BGB5 column by using FID detector. 

Chiral GC measurements were performed on chiral BGB columns (BGB173 or BGB175) by using FID 

detector.  

Chiral HPLC measurements were carried out on a DIONEX UPLC equipped with a photodiode array 

(PDA) plus detector (190–360 nm), using a Diacel Chiralcel AS-H column (250×4.60 mm, 5 µm). 

Optical rotation was measured on an Anton Paar MCP500 polarimeter at the specific conditions and 

the results have been compared to literature values. Concentrations are given in g / 100 ml.  

HR-MS analysis was performed using HTC PAL system auto sampler, an Agilent 1100/1200 HPLC and 

Agilent 6230 AJS ESI-TOF mass spectrometer.  

Microwave reactions were performed on a Biotage Initiator Classic in 20 ml pressure tight glass vials. 

Melting points above room temperature were measured on an automated melting point system OPTI 

MELT of Stanford Research Systems and are uncorrected.  

Infrared spectra were recorded on a Perkin-Elmer Spectrum 65 FT IR spectrometer equipped with a 

specac MK II Golden Gate Single Reflection ATR unit.  
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2. Synthesis of L-amino acid derivatives 

2.1 General procedure for the synthesis of L-amino acid tert-butyl esters 

Compound have been prepared by the following literature procedure: 2 

 

 

 

 

 

To a solution of the corresponding L-amino acid (1.0 equiv.) in tert-butyl acetate (18.0 equiv.), HClO4 

(60 % aqueous solution, 1.5 equiv.) was added dropwise at 0°C. The reaction mixture was stirred 18 h 

at room temperature. Distilled H2O was added, and the reaction mixture was extracted with distilled 

H2O (2×) and 1 N HCl (3×). The combined aqueous phases were then adjusted to pH 10 with a saturated 

Na2CO3 solution. The resulting solution was then extracted with CH2Cl2. The combined organic phases 

were dried over anhydrous Na2SO4 and concentrated under reduced pressure to give the L-amino acid 

tert-butyl esters, which were find to be pure without further purifications.  

tert-Butyl L-valinate 2 

Light yellow oil (67% yield). 1H NMR (400 MHz, CDCl3) δ 3.17 (d, J = 4.8 Hz, 1H, CH-

NH2), 2.03 – 1.97 (m, 1H, CH-(CH3)2), 1.57 (s, 2H, NH2), 1.46 (s, 9H, 3 × CH3-C), 0.97 

(d, J = 6.9 Hz, 3H, CH3-CH), 0.89 (d, J = 6.9 Hz, 3H, CH3-CH).  

tert-Butyl L-leucinate 2 

Light yellow oil (69% yield). 1H NMR (400 MHz, CDCl3) δ 3.26 (t, J = 8.0 Hz, 1H, CH-

NH2), 1.74 – 1.67 (m, 1H, CH-(CH3)2), 1.48 – 1.37 (m, 12H, CH2a-CH-NH2, NH2, 3 × 

CH3-C), 1.33 – 1.27 (m, 1H,  CH2b-CH-NH2), 0.86 (t, J = 9.0 Hz, 6H, 2 × CH3-CH). 

tert-Butyl L-isoleucinate 3 

Light yellow oil (36% yield). 1H NMR (400 MHz, CDCl3) δ 3.22 (d, J = 4.8 Hz, 1H, CH-

NH2), 1.73 – 1.67 (m, 1H, CH-CH3), 1.48 (s, 2H, NH2),  1.46 (s, 9H, 3 × CH3-C), 1.12 – 

1.23 (m, 2H, CH2-CH3), 1.12 – 0.70 (m, 6H, 2 x CH3). 
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tert-Butyl-(S)-2-amino-2-phenylacetate 3 

 

Light yellow solid (61% yield). 1H NMR (400 MHz, CDCl3) δ 7.30 – 7.16 (m, 5H, H-

arom), 4.39 (s, 1H, CH-NH2), 1.99 (s, 2H, NH2), 1.30 (s, 9H, 3 × CH3-C). 

tert-Butyl L-phenylalaninate 3 

Light yellow oil (65% yield). 1H NMR (400 MHz, CDCl3) δ 7.23 – 7.14 (m, 5H, H-arom), 

3.54 (t, J = 7.8 Hz, 1H, CH-NH2), 2.97 (dd, J = 16.0 Hz, 8.0 Hz, 1H, CH2a-CH-NH2), 2.77 

(dd, J = 16.0 Hz, 8.0 Hz, 1H, CH2b-CH-NH2), 1.40 (s, 2H, NH2),  1.35 (s, 9H, 3 × CH3-C). 

tert-Butyl (S)-2-amino-3,3-dimethylbutanoate 2 

Light yellow oil (72% yield). 1H NMR (400 MHz, CDCl3) δ 2.95 (s, 1H, CH-NH2), 1.41 

(s, 11H, NH2, 3 × CH3-C), 0.90 (s, 9H, 3 × CH3-C). 
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2.2 General procedure for the synthesis of L-amino acid esters via DCC/DMAP coupling 

L-Valine mentyl esters (all three diastereomers), L-valine cyclohexyl ester and L-valine 4-(tert-

butyl)cyclohexyl ester have been prepared by the following two step general procedure: 4 

 

 

 

 

 

A solution of L-valine (5.0 g, 43 mmol, 1.0 equiv.) in 2 N NaOH (43 mL) was cooled to 0°C and Boc2O 

(11.3 g, 51.6 mmol, 1.2 equiv.) was added slowly via syringe. The ice bath was removed and the 

reaction mixture stirred for 18 h at room temperature. The mixture was acidified (pH = 2) by using a 4 

N HCl and extracted with EtOAc (3 × 50 mL). The combined organic phases were dried over anhydrous 

Na2SO4 and concentrated to give (tert-butoxycarbonyl)-L-valine as a colorless oil (8.3 g, 90%). 

To a solution of (tert-butoxycarbonyl)- L-valine (1.0 equiv.) in dry CH2Cl2, DCC (1.1 equiv.) was added at 

room temperature. The suspension was cooled to 0°C followed by the addition of the corresponding 

alcohol (1.0 equiv.) and DMAP (0.1 equiv.). The reaction mixture was stirred for 18 h at room 

temperature followed by the addition of EtOAc. After 10 min of stirring, the dicyclohexyl urea was 

filtered off, rinsed with EtOAc and the filtrate was successively washed with 1 N HCl solution, saturated 

NaHCO3 solution, dried over anhydrous Na2SO4 and concentrated under reduced pressure. 4 N HCl in 

dioxane was added and the resulting mixture was stirred for 3 h at room temperature. The solvent was 

removed, Et2O was added and stirred for 10 min. The amino acid HCl salt was filtered off, washed with 

Et2O (3×) and dried in vacuo. The salt was suspended in CH2Cl2, saturated NaHCO3 was added and 

stirred for 2 h at room temperature. The organic phase was separated, washed with saturated NaHCO3 

(3×) and concentrated under reduced pressure to yield the corresponding esters.  

Menthyl valinates (all diastereomers)  

Colorless oil (DL: 58% yield, D: 55% yield, L: 58% yield). 1H NMR (400 MHz, CDCl3) δ 

4.73 (td, J = 10.9, 4.4 Hz, 1H, CH-O), 3.29 (d, J = 4.8 Hz, 1H, CH-NH2), 2.15 – 2.01 (m, 

1H, CH-(CH3)2), 2.00 – 1.01 (m, 10H, NH2, H-menthol), 0.99 (d, J = 6.9 Hz, 3H, CH3-

CH), 0.90 (m, 9H, 2 × CH3-CH, CH3-CH-menthol), 0.76 (d, J = 7.0 Hz, 3H, CH3-

menthol); 13C NMR (100 MHz, CDCl3) δ 175.30, 74.88, 60.40, 47.08, 41.01, 34.37, 

31.90, 31.53, 26.11, 23.09, 22.15, 21.01, 19.79, 16.65, 15.89.  
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4-(tert-Butyl)cyclohexyl-L-valinate  

Colorless oil (18% yield). 1H NMR (400 MHz, CDCl3) δ 4.73 – 4.66 (m, 1H, CH-O), 3.30 

(d, J = 4.8 Hz, 1H, CH-NH2), 2.25 (s, 2H, NH2), 2.12 – 1.94 (m, 3H, CH-(CH3)2, CH2-CH-

O), 1.85 – 1.75 (m, 2H, CH2-CH-O), 1.41 – 1.22 (m, 2H, CH2-CH-C-tbu), 1.18 – 1.00 

(m, 2H, CH2-CH-C-tbu), 0.99 (d, J = 6.9 Hz, 3H, CH3-CH), 0.92 (d, J = 6.9 Hz, 3H, CH3-

CH), 0.85 (s, 9H, 3 × CH3-C). 

Cyclohexyl L-valinate 5  

Colorless oil (49% yield). 1H NMR (400 MHz, CDCl3) δ 4.93 – 4.64 (m, 1H, CH-O), 3.24 

(d, J = 4.9 Hz, 1H, CH-NH2), 2.05 – 1.97 (m, 1H, CH-(CH3)2), 1.81 (bs, 2H, NH2), 1.74 – 

1.00 (m, 10H, CH-cyclohexyl), 0.96 (d, J = 6.9 Hz, 3H, CH3-CH), 0.88 (d, J = 6.9 Hz, 3H, 

CH3-CH). 
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2.3 Synthesis of other L-amino acid esters 

Methyl L-valinate 6  

 

 

 

To a slurry of L-valine methyl-ester hydrochloride (1.27 g, 7.6 mmol, 1.0 equiv.) in dry MeOH (1 mL), 

Et3N (1.6 mL, 12 mmol, 1.6 equiv.) was added. After 10 min of stirring, dry Et2O (30 mL) was added, the 

solution was cooled to 0°C and it was stirred for another 30 min. The triethylamine hydrochloride salt 

was filtered off and the filtrate was concentrated to yield the product as a colorless oil (800 mg, 81%).  
1H NMR (400 MHz, CDCl3) δ 3.70 (s, 3H, CH3-O), 3.28 (d, J = 5.1 Hz, 1H, CH-NH2), 2.11 – 1.93 (m, 1H, 

CH-(CH3)2), 1.45 (s, 2H, NH2), 0.95 (d, J = 6.9 Hz, 3H, CH3-CH), 0.88 (d, J = 6.9 Hz, 3H, CH3-CH). 

Isopropyl L-valinate 7  

 

 

 

To a solution of L-valine (1.0 g, 8.5 mmol, 1.0 equiv.) in isopropanol (26 mL, 341 mmol, 40 equiv.) was 

added thionyl chloride (3.1 mL, 43 mmol, 5.0 equiv.) at 0°C. The reaction mixture was then refluxed 

for 18 h. After cooling to room temperature, the solvent was evaporated, Et2O (50 mL) was added and 

the amino acid hydrochloride salt was filtered off. CH2Cl2 (50 mL) was added, followed by the addition 

of sat. NaHCO3 (50 mL) and the two phases were stirred for 30 min. The organic phase was washed 

several times with sat. NaHCO3 (3 × 25 mL), dried over anhydrous Na2SO4 and concentrated to give the 

product as a colorless liquid (380 mg, 23%). 1H NMR (400 MHz, CDCl3) δ 5.09 – 5.02 (m, 1H, CH-O), 3.26 

(d, J = 4.9 Hz, 1H, CH-NH2), 2.07 – 1.99 (m, 1H, CH-(CH3)2), 1.82 (s, 2H, NH2), 1.42 – 1.16 (m, 6H, 2 x CH3-

CH-O), 0.98 (d, J = 6.9 Hz, 3H, CH3-CH), 0.91 (d, J = 6.9 Hz, 3H, CH3-CH). 

Benzyl L-valinate 8 

 

 

 

To a solution of L-valine (1.0 g, 8.5 mmol, 1.0 equiv.) in benzyl alcohol (26 mL, 341 mmol, 40 equiv.) 

was added thionyl chloride (3.1 mL, 43 mmol, 5.0 equiv.) at 0°C. The reaction mixture was then stirred 

for 18 hours at room temperature. Et2O (50 mL) was added and the amino acid hydrochloride salt was 
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filtered off. CH2Cl2 (50 mL) was added, followed by the addition of sat. NaHCO3 (50 mL) and the two 

phases were stirred for 30 min. The organic phase was washed several times with sat. NaHCO3 (3 × 25 

mL), dried over anhydrous Na2SO4 and concentrated under reduced pressure to give the product as a 

colorless liquid (1.12 g, 62%). 1H NMR (400 MHz, CDCl3) δ 7.37 – 7.32 (m, 5H, H-arom), 5.15 (dd,  J = 

12.0 Hz, 16.0 Hz, 1H, CH2-arom), 3.34 (d, J = 4.0 Hz, 1H, CH-NH2), 2.08 – 2.01 (m, 1H, CH-(CH3)2), 1.68 

(s, 2H, NH2), 0.96 (d, J = 6.9 Hz, 3H, CH3-CH), 0.88 (d, J = 6.9 Hz, 3H, CH3-CH). 
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3. General synthesis of the phosphoric acids 

The phosphoric acids have been prepared following either a one or a two-step reaction pathway: 

 

1.) One step procedure: 9 

 

 

 

 

To a solution of the corresponding diol (1.0 equiv.) in dry Et2O or THF pyridine (2.0 equiv.) was added. 

The reaction mixture was cooled to 0°C and POCl3 (1.4 equiv.) was added slowly via syringe. The 

resulting reaction mixture was stirred for 18 h at room temperature. The pyridinium hydrochloride was 

filtered off and it was rinsed several times with Et2O. The filtrate was concentrated and recrystallized 

from n-heptane. The white solid was filtered off, washed with n-heptane (3×) and hydrolyzed with 6 N 

HCl for 3 h at reflux temperature. Filtration gave the products as a white solid. 

6-Hydroxydibenzo[d,f][1,3,2]dioxaphosphepine 6-oxide 9 

White solid (81% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.63 (dd, J = 7.6, 1.7 Hz, 

2H, H-arom), 7.50 (td, J = 7.8, 1.7 Hz, 2H, H-arom), 7.39 (tt, J = 7.5, 1.3 Hz, 2H, H-

arom), 7.32 – 7.21 (m, 2H, H-arom); 31P NMR (162 MHz, DMSO-d6) 1.72. Analytical 

data were in accordance with the literature.8 

 

4-Hydroxydinaphtho[2,1-d:1',2'-f][1,3,2]dioxaphosphepine 4-oxide  

White solid ((S,R): 89% yield, (R): 93% yield, (S): 94% yield). 1H NMR (400 MHz, 

DMSO-d6) δ 8.18 (d, J = 8.9 Hz, 2H, H-arom), 8.08 (d, J = 1.3 Hz, 2H, H-arom), 7.57 

(dd, J = 8.8, 0.9 Hz, 2H, H-arom), 7.52 (ddd, J = 8.1, 6.7, 1.2 Hz, 2H, H-arom), 7.37 

(ddd, J = 8.3, 6.8, 1.4 Hz, 2H, H-arom), 7.23 (dd, J = 8.5, 1.1 Hz, 2H, H-arom);  
31P NMR (162 MHz, DMSO-d6) 2.66. Analytical data were in accordance with the 

literature.8  
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2.) Two step procedure: 10, 11 

 

 

 

In a 20 mL microwave vial equipped with a stir bar, the corresponding phenol (1.0 equiv.) was dissolved 

in chlorobenzene (1.66 M). Di-tert-butyl peroxide (1.05 equiv.) was then added via syringe. The vial 

was capped and the reaction mixture was stirred for 15 min at room temperature. The vial was then 

placed in the microwave reactor and heated to 160°C (high absorption setting) and stirred for 15 min. 

The reaction mixture was allowed to cool down and volatiles have been removed under reduced 

pressure. The resulting crude mixture was purified by column chromatography (EtOAc: PE, UV 

visualization) to afford the desired 2,2’-diols (Step A). 

To a solution of the corresponding 2,2’-diol (1.0 equiv.) in pyridine, POCl3 (2.0 equiv.) was added slowly 

via syringe at 0°C. After stirring the reaction mixture for 24 h at 95°C, it was cooled to room 

temperature and distilled H2O was added slowly. The resulting clear solution was stirred for another 

18 h at 95 °C. After cooling down to room temperature, 4 N HCl was added slowly. The precipitate of 

the product was filtered off and washed with 4 N HCl. The solid product was further hydrolyzed by re-

dissolving it in CH2Cl2 and washing several times with 4 N HCl (3-4×) After being dried over anhydrous 

Na2SO4, removal of the solvent gave the phosphoric acids (Step B).  

3,3’-Di-tert-butyl-5,5’-dimethyl-[1,1’-biphenyl]-2,2’-diol (STEP A) 12 

Column chromatography (1.5% EtOAc in light petrol) afforded the product as pale 

yellow solid (53% yield). 1H NMR (400 MHz, CDCl3) δ 7.20 (d, J = 2.1 Hz, 2H, H-arom), 

6.94 (d, J = 2.1 Hz, 2H, H-arom), 5.24 (s, 2H, 2 × OH), 2,36 (s, 6H, 2 × CH3), 1.48 (s, 

18H, 6 × CH3-C). 
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3,3’-Diisopropyl-6,6’-dimethyl-[1,1’-biphenyl]-2,2’-diol (STEP A) 13 

Column chromatography (2% EtOAc in light petrol) afforded the product as light  

yellow oil (58% yield). 1H NMR (400 MHz, CDCl3) δ 7.19 (d, J = 7.7 Hz, 2H, H-arom), 

6.89 (d, J = 7.8 Hz, 2H, H-arom), 4.76 (s, 2H, 2 × OH), 3.32 – 3.25 (m,  2H, 2 × CH-

(CH3)2), 1.96 (s, 6H, 2 × CH3), 1.26 (dd, J = 6.9, 2.7 Hz, 12H, 4 × CH3-CH); 13C NMR 

(100 MHz, CDCl3) δ 150.99, 135.67, 132.57, 126.75, 122.22, 119.38, 27.17, 22.64, 

22.50, 19.26. 

3,3’-Di-tert-butyl-6,6’-dimethyl-[1,1’-biphenyl]-2,2’-diol (STEP A) 14 

Column chromatography (1.5% EtOAc in light petrol) afforded the product as white 

solid (45% yield). 1H NMR (400 MHz, CDCl3) δ 7.27 (d, J = 8.0 Hz, 2H, H-arom), 6.87 

(d, J = 8.0 Hz, 2H, H-arom), 5.01 (s, 2H, 2 × OH), 1.94 (s, 6H, 2 × CH3), 1.42 (s, 18H, 6 

× CH3-C); 13C NMR (100 MHz, CDCl3) δ 152.35, 134.08, 127.50, 121.97, 120.26, 

34.79, 29.64, 19.28.  

4,8-Di-tert-butyl-6-hydroxy-2,10-dimethyldibenzo[d,f][1,3,2]dioxaphosphepine 6-oxide (STEP B) 15 

 

Grey solid (63% yield). 1H NMR (400 MHz, CDCl3) δ 7.26 (s, 2H, H-arom), 7.02 (s, 2H, 

H-arom), 2.36 (s, 6H, 2 × CH3), 1.50 (s, 18H, 6 × CH3-C); 31P NMR (162 MHz, CDCl3) δ 

0.48. Analytical data were in accordance with the literature.16 

 

 

6-Hydroxy-4,8-diisopropyl-1,11-dimethyldibenzo[d,f][1,3,2]dioxaphosphepine-6-oxide (STEP B) 

Brown solid (85% yield). 1H NMR (400 MHz, CDCl3) δ 7.27 (d, J = 8.0 Hz, 2H, H-arom), 

7.15 (d, J = 8.0 Hz, 2H, H-arom), 3.49 – 3.45 (m, 2H, 2 × CH-(CH3)2), 2.14 (s, 6H, 2 × 

CH3), 1.27 (dd, J = 25.5, 6.9 Hz, 12H, 4 × CH3-CH); 31P NMR (162 MHz, CDCl3) δ 2.40; 
13C NMR (100 MHz, CDCl3) δ 145.40, 137.74, 136.08, 128.02, 127.11, 126.31, 26.60, 

24.10, 22.75, 19.67; IR ATR (νmax/cm-1) 2963 (O-H), 2872 (C-H), 1610 (C=C), 1204 (C-

O), 967 (C-H), 818 (C-H arom); HRMS (ESI-TOF) [M + Na]+ calc. 383.1388, found 

383.1389. 
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4,8-Di-tert-butyl-6-hydroxy-1,11-dimethyldibenzo[d,f][1,3,2]dioxaphosphepine 6-oxide (STEP B) 

White solid (66% yield). 1H NMR (400 MHz, CDCl3) δ 7.38 (dd, J = 8.0, 1.5 Hz, 2H, H-

arom), 7.11 (dd, J = 11.8, 8.2 Hz, 2H, H-arom), 2.01 (d, J = 27.3 Hz, 6H, 2 × CH3), 1.48 

(d, J = 12.4 Hz, 18H, 6 × CH3-C); 31P NMR (162 MHz, CDCl3) δ 3.99; 13C NMR (100 

MHz, CDCl3) δ 144.48, 144.31, 140.81, 140.72, 134.81, 130.10, 129.91, 128.89, 

35.18, 31.26, 21.10; IR ATR (νmax/cm-1) 2961 (O-H), 2872 (C-H), 1610 (C=C), 1308 (C-

O), 1023 (C-H), 901 (C-H arom); HRMS (ESI-TOF) [M + Na]+ calc. 411.1701, found 

411.1732. 
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4. Synthesis of the Hantzsch ester 

Diethyl 2,6-dimethyl-1,4-dihydropyridine-3,5-dicarboxylate 17 

 

 

 

 

Compound was prepared by the following modified literature procedure.  

A mixture of formaldehyde (37% aqueous solution, 4.0 g, 49 mmol, 1.0 equiv.), NH4OAc (7.6 g, 99 

mmol, 2.0 equiv.), ethyl acetoacetate (26 g, 0.2 mol, 4.0 equiv.) and distilled H2O (100 mL) was refluxed 

at 90°C for 18 h. After cooling the reaction mixture to room temperature, cold distilled H2O (100 mL) 

was added, the crude product was filtered off, washed with cold distilled H2O (100 mL) and dried in 

vacuo. Recrystallization from MeOH gave the product as a yellow solid (7.5 g, 60%). 1H NMR (400 MHz, 

CDCl3) δ 5.19 (s, 1H, NH), 4.16 (q, J = 7.1 Hz, 4H, 2 × CH2-O), 3.26 (s, 2H, CH2), 2.19 (s, 6H, 2 × CH3), 1.28 

(t, J = 7.1 Hz, 6H, 2 × CH3-CH2-O). 
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5. Synthesis of ATH substrates 

3-Methyl-2-cyclohexenone, 3-methyl-cyclopentenone and isophorone have been purchased from 

commercial supplier (Sigma Aldrich). 

The remaining 3-alkylcyclohexenones and 3-arylcyclohexanones have been prepared by the following 

procedure, starting from 3-ethoxycyclohexenone (Acros Organics): 18 

 

 

 

 

 

A 3 M solution of the Grignard reagent was prepared freshly from freshly ground Mg (1.0 equiv.), 

alkyl/aryl bromide (1.0 equiv.) in dry THF, and it was refluxed for 1 h. After being cooled to 0°C, 3-

ethoxycyclohexenone (1.0 equiv.) was added slowly and the reaction mixture was stirred for 18 h at 

room temperature. The reaction was quenched with 1 N HCl solution (50 mL) at 0°C. Et2O was added 

and the organic phase was washed with 1 N HCl solution (3 × 25 mL), sat. NaHCO3 (3 × 25 mL), dried 

over anhydrous Na2SO4 and concentrated under reduced pressure. The crude products were purified 

by column chromatography (Et2O: PE, UV TLC visualization) to provide the pure products. 

3-Ethyl-2-cyclohexenone 19 

Column chromatography (25% Et2O in PE) afforded the product as a yellow oil (67% 

yield). 1H NMR (400 MHz, CDCl3) δ 5.87 (s, 1H, CH), 2.45 – 2.11 (m, 6H, CH2-CO, CH2-

CH2-CO, CH2-C-ethyl), 2.07 – 1.81 (m, 2H, CH2-CH3), 1.09 (t, J = 7.4 Hz, 3H, CH3). 

 

3-Propyl-2-cyclohexenone 20 

 

Column chromatography (25% Et2O in PE) afforded the product as a yellow oil (60% 

yield). 1H NMR (400 MHz, CDCl3) δ 5.87 (s, 1H, CH), 2.53 – 2.07 (m, 6H, CH2-CO, CH2-

CH2-CO, CH2-C-propyl), 2.07 – 1.73 (m, 2H, CH2-CH2-CH3), 1.68 – 1.36 (m, 2H, CH2-

CH3), 0.93 (t, J = 7.4 Hz, 3H, CH3). 
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3-Butyl-2-cyclohexenone 21 

Column chromatography (30% Et2O in PE) afforded the product as a yellow oil (74% 

yield). 1H NMR (400 MHz, CDCl3) δ 5.86 (s, 1H, CH), 2.48 – 2.09 (m, 6H, CH2-CO, CH2-

CH2-CO, CH2-C-butyl), 2.06 – 1.79 (m, 2H, CH2-CH2-CH2-CH3), 1.61 – 1.15 (m, 4H, CH2-

CH2-CH3), 0.91 (t, J = 7.0 Hz, 3H, CH3). 

3-Isobutyl-2-cyclohexenone 22 

Column chromatography (25% Et2O in PE) afforded the product as a yellow oil (69% 

yield). 1H NMR (400 MHz, CDCl3) δ 5.84 (s, 1H, CH), 2.54 – 2.17 (m, 4H, CH2-CO, CH2-

CH2-CO), 2.18 – 1.56 (m, 5H, CH2-C-isobutyl, CH2-CH(CH3)2, CH2-CH(CH3)2), 0.90 (d,  

J = 6.5 Hz, 6H, 2 × CH3-CH).  

3-Isopropyl-2-cyclohexenone 23 

Column chromatography (25% Et2O in PE) afforded the product as a yellow oil (10% 

yield). 1H NMR (400 MHz, CDCl3) δ 5.88 (s, 1H, CH), 2.61 – 2.17 (m, 5H, CH2-CO, CH2-

CH2-CO, CH-(CH3)2), 2.13 – 1.81 (m, 2H, CH2-C-isopropyl), 1.10 (d, J = 6.9 Hz, 6H, 2 ×  

CH3-CH). 

3-Phenyl-2-cyclohexenone 24 

Column chromatography (30% Et2O in PE) afforded the product as a white solid 

(88% yield). 1H NMR (400 MHz, CDCl3) δ 7.53 – 7.41 (m, 5H, H-arom), 6.42 (s, 1H, 

CH), 2.85 – 2.78 (m, 2H, CH2-CO), 2.62 – 2.49 (m, 2H, CH2-CH2-CO), 2.18 – 2.14 (m, 

2H, CH2-C-phenyl). 

3-Phenethyl-2-cyclohexenone 25  

The formation of the grignard-reagent and the reaction have been carried out at 

40°C. Column chromatography (30% Et2O in PE) afforded the product as a light 

yellow oil (91% yield). 1H NMR (200 MHz, CDCl3) δ 7.34 – 7.15 (m, 5H, H-arom), 5.90 

(s, 1H, CH), 2.89 – 2.76 (m, 2H, CH2-CO), 2.58 – 2.47 (m, 2H, CH2-CH2-CO), 2.40 – 

2.26 (m, 4H, phenyl-CH2-CH2) 2.05 – 1.92 (m, 2H, CH2-C-phenyl). 
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3-(Naphtalen-1-yl)-2-cyclohexenone 26 

Column chromatography (30% - 50% Et2O in PE) afforded the product as a yellow 

oil (94% yield). 1H NMR (200 MHz, CDCl3) δ 7.92 – 7.82 (m, 3H, H-arom), 7.54 – 7.45 

(m, 3H, H-arom), 7.35 – 7.28 (m, 1H, H-arom), 6.21 (s, 1H, CH), 2.82 – 2.74 (m, 2H, 

CH2-CO), 2.64 – 2.56 (m, 2H, CH2-CH2-CO), 2.33 – 2.19 (m, 2H, CH2-C-arom). 

3-Piperonyl-2-cyclohexenone 27 

Column chromatography (30% Et2O in PE) afforded the product as a yellow foam 

(90% yield). 1H NMR (200 MHz, CDCl3) δ 7.06 (ddd, J = 8.0 Hz, 4.0 Hz, 2.0 Hz, 2H, H-

arom), 6.83 (d, J = 8.0 Hz, 1H, H-arom), 6.33 (s, 1H, CH), 6.01 (s, 2H, OCH2),  2.76 – 

2.67 (t, J = 6.0 Hz, 2H, CH2-CO), 2.50 – 2.41 (t, J = 6.0 Hz, 2H, CH2-CH2-CO), 2.19 – 

2.06 (m, 2H, CH2-C-arom). 
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6. General procedure and optimization of the ATH reactions 

6.1 General procedures 

General procedure for parameter optimization 

 

 

 

 

 

 

 

 

An 8 mL screw cap vial equipped with a magnetic stir bar was charged with 3-methylcyclohexenone 

(0.18 mmol, 1.0 equiv.) in the appropriate solvent (0.55 mL, 0.33 M), followed by the addition of the 

catalyst (0.009 – 0.036 mmol, 5 mol% – 20 mol%) and the appropriate Hantzsch ester (0.22 mmol, 1.2 

equiv.). The reaction mixture was stirred at the given temperature for 48 h. The conversion and yield 

have been determined by GC measurement by using n-dodecane as internal standard, while chiral GC 

have been used to determine the enantiomeric excess. 

 

General procedure for scope and limitations 

 

 

 
 

 

 

 

 

 

A 20 mL microwave vial equipped with a magnetic stir bar was charged with ketone (1.8 mmol, 1.0 

equiv.) in MTBE (5.5 mL, 0.33 M), followed by the addition of the catalyst (55.4 mg, 0.09 mmol, 5 mol%) 

and Hantzsch ester (552 mg, 2.2 mmol, 1.2 equiv.). The reaction mixture was stirred at 50°C for 48 h. 

After cooling to room temperature, Et2O (5 mL) and 4 M HCl (10 mL) was added and the mixture was 

stirred until the phases were transparent (30 min). The phases were separated and the organic phase 
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was washed with 4 M HCl (3 × 20 mL). The organic phase was dried over Na2SO4 and concentrated 

under reduced pressure. Purification by column chromatography (Et2O: PE, vanillin staining agent or 

UV visualization) gave the 3-substituted cyclohexanones.  

6.2 Analytical data of ATH products  

(S)-3-Methylcyclohexanone  

Column chromatography (25% Et2O in PE) afforded the product as a colorless oil. 

GC yield: 98%, isolated yield: 72% due to high volatility, 95% ee. [𝛂]𝐃𝟐𝟎: −11.1  

(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.41 – 2.21 (m, 3H), 2.09 – 1.82 (m, 4H), 

1.76 – 1.57 (m, 1H), 1.42 – 1.24 (m, 1H), 1.02 (d, J = 6.4 Hz, 3H). Determination of 

the enantiomeric excess BGB175 column (85°C isotherm 20 min, 30°C/min to 

220°C): tR (S) = 9.0 min, tR (R) = 9.6 min.  

(S)-3-Ethylcyclohexanone  

Column chromatography (25% Et2O in light petrol) afforded the product as a 

colorless oil. GC yield: 85%, isolated yield: 76% due to high volatility, 92% ee. [𝛂]𝐃𝟐𝟎: 

−15.6 (c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.45 – 2.23 (m, 3H), 2.09 – 1.87 

(m, 3H), 1.76 – 1.63 (m, 2H), 1.41 – 1.28 (m, 3H), 0.91 (t, J = 7.5 Hz, 3H). 

Determination of the enantiomeric excess BGB173 column (52°C isotherm 110 

min, 30°C/min to 220°C): tR (R) = 51.0 min, tR (S) = 54.9 min.  

(S)-3-Propylcyclohexanone  

Column chromatography (25% Et2O in PE) afforded the product as a colorless oil. 

GC yield: 70%, isolated yield: 55% due to high volatility, 91% ee. [𝛂]𝐃𝟐𝟎: −14.7  

(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.42 – 2.22 (m, 3H), 2.06 – 1.86 (m, 3H), 

1.80  – 1.74 (m, 1H), 1.67 – 1.59 (m, 1H), 1.35 – 1.26 (m, 5H), 0.92 – 0.86 (m, 3H). 

Determination of the enantiomeric excess BGB175 column (70°C isotherm 60 min,  

1°C/min to 150 °C, 5 min at 150°C, 30°C /min to 220°C): tR (S) = 50.6 min, tR (R) = 

53.1 min.   

  



167 
 

(S)-3-Butylcyclohexanone  

Column chromatography (25% Et2O in PE) afforded the product as a colorless oil. 

GC yield: 91%, isolated yield: 87%, 93% ee. [𝛂]𝐃𝟐𝟎: −15.0 (c = 1.0, CHCl3); 1H NMR 

(400 MHz, CDCl3) δ 2.44 – 1.56 (m, 7H), 1.40 – 1.09 (m, 7H), 0.91 – 0.82 (m, 4H). 

Determination of the enantiomeric excess BGB175 column (70 °C isotherm 60 min,  

1°C/min to 150°C, 5 min at 150°C, 30 °C /min to 220°C): tR (S) = 76.9 min, tR (R) = 

78.1 min.   

(S)-3-Isobutylcyclohexanone  

Column chromatography (25% Et2O in PE) afforded the product as a colorless oil. 

GC yield: 85%, isolated yield: 60% due to high volatility, 86% ee. [𝛂]𝐃𝟐𝟎: −11.3  

(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.42 – 2.21 (m, 2H), 2.03 – 1.61 (m, 4H), 

1.66 – 1.41 (m, 2H), 1.33 – 1.10 (m, 3H), 0.89 – 0.84 (m, 6H). Determination of the 

enantiomeric excess BGB175 column (70 °C isotherm 5 min, 0.5 °C/min to 110°C, 5 

min at 110°C, 30°C /min to 220°C): tR (R) = 39.2 min, tR (S) = 40.7 min.   

(S)-3-Isopropylcyclohexanone  

Column chromatography (25% Et2O in PE) afforded the product as a colorless oil. 

GC yield: 75%, isolated yield: 68% due to high volatility, 88% ee. [𝛂]𝐃𝟐𝟎: −12.4  

(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.44 – 1.23 (m, 10H), 0.92 (d, J = 6.0 Hz, 

3H), 0.90 (d, J = 6.0 Hz, 3H). Determination of the enantiomeric excess BGB175 

column (85°C isotherm 20 min, 30°C/min to 220°C): tR (R) = 20.75 min, tR (S) = 20.96 

min.   

(S)-3,5,5-Trimethylcyclohexanone  

Column chromatography (25% Et2O in PE) afforded the product as a colorless oil. 

GC yield: 66%, isolated yield: 60% due to high volatility, 92% ee. [𝛂]𝐃𝟐𝟎: −11.9  

(c = 1.0, CHCl3); 1H NMR (400 MHz, CDCl3) δ 2.33 – 2.14 (m, 2H), 1.92 – 1.83 (m, 3H), 

1.60 – 1.56 (m, 1H), 1.38 – 1.25 (m, 2H), 1.05 – 1.01 (m, 5H), 0.88 (s, 3H). 

Determination of the enantiomeric excess BGB175 column (85°C isotherm 20 min, 

30°C/min to 220°C): tR (S) = 13.4 min, tR (R) = 17.9 min.   
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(S)-3-Methylcyclopentanone  

Column chromatography (25% Et2O in PE) afforded the product as a colorless oil. 

GC yield: 94%, isolated yield: 80% due to high volatility, 89% ee. [𝛂]𝐃𝟐𝟎: −13.2  

(c = 1.0, CHCl3); 1H NMR (200 MHz, CDCl3) δ 3.22 – 2.70 (m, 1H), 2.51 – 1.81 (m, 5H), 

1.32 – 1.29 (m, 1H), 1.11 – 1.02 (m, 3H). Determination of enantiomeric excess 

BGB175 column (85°C isotherm 20 min, 30°C/min to 220°C): tR (S) = 8.1 min, tR (R) 

= 8.5 min.   

(S)-3-Phenylcyclohexanone  

Column chromatography (25% Et2O in light petrol) afforded the product as a 

colorless oil. GC yield: 86%, isolated yield: 84%, 82% ee. [𝛂]𝐃𝟐𝟎: −17.2 (c = 1.0, CHCl3); 
1H NMR (200 MHz, CDCl3) δ 7.39 – 7.37 (m, 2H), 7.32 – 7.27 (m, 3H), 3.11 – 3.00 (m, 

1H), 2.68 – 2.44 (m, 4H), 2.23 – 2.15 (m, 2H), 1.93 – 1.81 (m, 2H). Determination of 

the enantiomeric excess BGB175 column (120°C isotherm 55 min, 30°C /min to 

220°C): tR (R) = 48.8 min, tR (S) = 49.5 min.   

(S)-3-Phenethylcyclohexanone  

Column chromatography (25% Et2O in light petrol) afforded the product as a 

colorless oil. GC yield: 94%, isolated yield: 91%, 90% ee. 1H NMR (200 MHz, CDCl3) 

δ 7.37 – 7.22 (m, 5H), 2.75 – 2.33 (m, 5H), 2.14 – 1.70 (m, 7H), 1.49 – 1.38 (m, 1H). 

Determination of the enantiomeric excess Chiralcel Diacel AS-H column (n-

heptane/i-PrOH 97/3 V/V%, 1 mL/min, 25˚C, λ = 220 nm): tR (R) = 15.6 min, tR (S) = 

16.6 min.   

(S)-3-(Naphtalen-1-yl)cyclohexanone  

Column chromatography (25% Et2O in light petrol) afforded the product as a 

colorless oil. GC yield: 65%, isolated yield: 62%, 94% ee. [𝛂]𝐃𝟐𝟎: −49.2 (c = 1.0, CHCl3); 
1H NMR (200 MHz, CDCl3) δ 8.05 – 7.75 (m, 3H), 7.54 – 7.38 (m, 4H), 3.92 – 3.82 (m, 

1H), 2.75 – 1.94 (m, 8H).  Determination of the enantiomeric excess Chiracel Diacel 

AS-H column (n-heptane/i-PrOH 95/5 V/V%, 1mL/min, 25˚C, λ = 220 nm): tR (R) = 

13.8 min, tR (S) = 22.7 min.   
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(S)-3-Piperonycyclohexanone  

Column chromatography (25% Et2O in light petrol) afforded the product as a 

colorless oil. GC yield: 65%, isolated yield: 62%, 94% ee. [𝛂]𝐃𝟐𝟎: -15.3 (c = 1, CHCl3); 
1H NMR (200 MHz, CDCl3) δ 6.74 – 6.63 (m, 3H), 5.93 (s, 2H), 2.98 – 2.87 (m, 2H), 

2.54 – 2.39 (m, 4H), 2.17 – 2.02 (m, 2H), 1.83 – 1.73 (m, 2H). Determination of 

enantiomeric excess Chiralcel Diacel AS-H column (n-heptane/i-PrOH 85/15 V/V%, 

1 mL/min, 25˚C, λ = 220 nm): tR (S) = 23.5 min, tR (R) = 28.0 min.   
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6.3 Optimization of reaction conditions 

 

Table S1.: Proof of concept in 1,4-dioxane 

 

 

  

Entrya Counteranion Yieldb [%] eec [%] Δeed [%] 

1 

 
49 54 (S) - 

2 
 

49 54 (S) - 

3 

 

27 64 (S) + 10 

4e 

 

72 74 (S) + 23 

5 

 

13  54 (S) 0 

6 

 

13  54 (S) 0 

7 

 

15  54 (S) 0 

a Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.036 mmol catalyst, 0.22 mmol Hantzsch ethyl 
ester in 0.55 mL 1,4-dioxane at 60°C for 48 hours. b Determined by GC analysis using n-dodecane as internal 
standard. c Determined by chiral GC analysis using a BGB175 chiral capillary column. Absolute 
configurations have been determined by measuring the optical rotation and comparing with literature data. 
d ee difference compare to the reaction with TFA counteranion. e MTBE was used as solvent. 
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Table S2.: Solvent screening 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Entrya Solvent Yieldb [%] eec [%] 

1 EtOAc 48 67 (S) 

2 BuOAc 41 62 (S) 

3 THF 60 68 (S) 

4 1,4-Dioxane 27 64 (S) 

5 MTBE 72 74 (S) 

6 Bu2O 16 62 (S) 

7 Toluene 17 75 (S) 

8 CHCl3 23 53 (S) 

9 H2O 9 42 (S) 

10 MeOH 10 30 (S) 

11 EtOH 20 50 (S) 

12 iPrOH 26 57 (S) 

13 tBuOH 30 60 (S) 

14 Acetonitrile 17 37 (S) 
a Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.036 mmol catalyst, 0.22 
mmol Hantzsch ethyl ester in 0.55 mL solvent at 60°C for 48 hours. b Determined 
by GC analysis using n-dodecane as internal standard. c Determined by chiral GC 
analysis using a BGB175 chiral capillary column. Absolute configurations have been 
determined by measuring the optical rotation and comparing with literature data. 
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Table S3.: Phosphoric acid screening 

 

 

 

 

 

 

 

 

 

 

 

  

Entrya Phosphoric acid Yieldb [%] eec [%] 

1 

 

72 74 (S) 

2 

 

70 77 (S) 

3 

 

94  80 (S) 

4 

 

43  76 (S) 

a Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.036 mmol catalyst, 0.22 
mmol Hantzsch ethyl ester in 0.55 mL MTBE at 60°C for 48 hours. b Determined by 
GC analysis using n-dodecane as internal standard. c Determined by chiral GC 
analysis using a BGB175 chiral capillary column. Absolute configurations have been 
determined by measuring the optical rotation and comparing with literature data. 
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Table S4.: Comparison of selectivity by screening other acids  

 

 

 

 

 

 

 

 

  

Entrya Acid Yieldb [%] eec [%] 

1 

 
34 58 (S) 

2 

 
91 37 (S) 

3 
 

93  45 (S) 

4  45 55 (S) 

5 
 

40 52 (S) 

6 
 

88  51 (S) 

7 

 

94  80 (S) 

a Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.036 mmol catalyst, 0.22 
mmol Hantzsch ethyl ester in 0.55 mL MTBE at 60°C for 48 hours. b Determined by 
GC analysis using n-dodecane as internal standard. c Determined by chiral GC 
analysis using a BGB175 chiral capillary column. Absolute configurations have been 
determined by measuring the optical rotation and comparing with literature data. 
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Table S5:  L-Amino acid screening 

 

 

 

 

 

 

 

 

  Entrya L-amino acid Yieldb [%] eec [%] 

1 

 
94 80 (S) 

2 

 
52 77 (S) 

3 

 
73  72 (S) 

4 

 
55  9 (S) 

5 
 

83  60 (S) 

6 
 

91  76 (S) 

7 
 

73 33 (S) 

a Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.036 mmol catalyst, 0.22 
mmol Hantzsch ethyl ester in 0.55 mL MTBE at 60°C for 48 hours. b Determined by 
GC analysis using n-dodecane as internal standard. c Determined by chiral GC 
analysis using a BGB175 chiral capillary column.  Absolute configurations have been 
determined by measuring the optical rotation and comparing with literature data. 
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Table S6:  Ester screening 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Entrya L-valine ester Yieldb [%] eec [%] 

1 

 
94 80 (S) 

2 

 
90 76 (S) 

3 

 
70  57 (S) 

4 

 
95  50 (S) 

5 
 

92  74 (S) 

6 

 

94  73 (S) 

7 

 

98  85 (S) 

8 

 

98  93 (S) 

9 

 

98  82 (S) 

a Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.036 mmol catalyst, 0.22 
mmol Hantzsch ethyl ester in 0.55 mL MTBE at 60°C for 48 hours. b Determined by 
GC analysis using n-dodecane as internal standard. c Determined by chiral GC using 
a BGB175 chiral capillary column.  Absolute configurations have been determined 
by measuring the optical rotation and comparing with literature data. 
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Table S7: Screening of catalyst loading and temperature 

 

Entrya Temperature Catalyst 
loading [mol%] 

Hantzsch 
ester Yieldb [%] eec [%] 

1 60 20 ethyl 98 93 (S) 

2 50 20 ethyl 98 95 (S) 

3 40 20 ethyl 96 95 (S) 

4 25 20 ethyl 59 96 (S) 

5 25 10 ethyl 43 96 (S) 

6 25 5 ethyl 29 96 (S) 

7 25 1 ethyl 11 96 (S) 

8 50 10 ethyl 99 94 (S) 

9 50 5 ethyl 98 95 (S) 

10 50 1 ethyl 68 93 (S) 

11d 25 20 methyl 14 83 (S) 

12d 25 20 ethyl 17 88 (S) 

13d 25 20 i-propyl 58 69 (S) 

14d 25 20 t-butyl 58 67 (S) 
a Performed with 0.18 mmol 3-methyl-2-cyclohexenone, 0.009-0.036 mmol catalyst, 0.22 mmol Hantzsch ester 
in 0.55 mL MTBE at the given temperature for 48 hours. b Determined by GC analysis using n-dodecane as 
internal standard. c Determined by chiral GC analysis using a BGB175 chiral capillary column. Absolute 
configurations have been determined by measuring the optical rotation and comparing with literature data.  
d Performed with (L)-valine t-butyl ester instead of (L)-valine (+)-(1R,3R,4S) menthyl ester.   
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6.4 Reaction scope and limitations 

 

 

 

 

 

 

Entrya Substrate Yieldd [%] eee [%] 

1 

              

98 (72)f 95 (S) 

2 

              

85 (76)f 92 (S) 

3 

              

70 (55)f  91 (S) 

4 

              

91 (87)  93 (S) 

5 

              

85 (60)f  86 (S) 

6 

              

75 (68)f 88 (S) 

7b 

          

66 (60) 92 (S) 

8c 

              

94 (80)f 89 (S) 

9 

              

86 (84) 82 (S) 



178 
 

  

10 

           

94 (91) 90 (S) 

11 

           

65 (62) 94 (S) 

12 

           

89 (86) 70 (S) 

a Performed with 1.8 mmol ketone, 5 mol% catalyst and 2.2 mmol Hantzsch ethyl 
ester in 5.5 mL MTBE at 50°C for 48 h. b 20 mol% catalyst. c 10 mol% catalyst. 
d Determined by GC or GC-MS analysis. Isolated yields after flash column 
chromatography are given in parenthesis.  e Determined by chiral GC analysis using 
a BGB175 or BGB173 chiral capillary column, or by chiral HPLC analysis using a  
Diacel Chiralcel AS-H column. Absolute configurations have been determined by 
measuring the optical rotation and comparing with literature data.  f Lower isolated 
yield because of high volatility of the product. 
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7. Computational studies 

 
7.1 Quantummechanical calculation of rotational barriers 
 
 
7.1.1  Choice of method and basis set 
 
Although several studies on the calculation of rotational barriers in substituted biphenyls have been 

published28,29,30, the only systematic protocol so far has been established by Masson.31 A key finding of 

Masson’s study is that for accurate barrier energies, inclusion of vibrational corrections is crucial. Since 

frequency computations as well as transition state optimizations for molecules as large as the 

substituted phosphoric acids can become quite expensive, a compromise between accuracy and 

efficiency is necessary in terms of the method. 

The popular as well as efficient B3LYP functional32 has been shown to perform well for the estimation 

of rotational barriers for unsubstituted and substituted biphenyls29,30,33.However, as also noted by 

Masson, empirical dispersion correction terms such as Grimme’s DFT-D or DFT-D334,35 are necessary to 

obtain accurate energies with B3LYP, so we chose B3LYP-D3 as a functional. The correlation of the 

uniform electron gas in the B3LYP functional was modeled according to the Vosko-Wilk-Nusair VWN5 

formalism.36 

Since Masson achieved good results with DFT/def2-TZVPP37, we tested both the single-polarized def2-

TZVP and double-polarized def2-TZVPP set for compound 4. Since energies on the B3LYP-D3 level of 

theory differed only by 0.07 kcal/mol between both basis sets, we chose the computationally cheaper 

def2-TZVP basis set. Summarizing, all geometry optimizations, energy evaluations and frequency 

calculations (at 333.15K) were performed on the B3LYP-D3/def2-TZVP level of theory. All computations 

were performed with ORCA.38 For further validation of the method, we compared the B3LYP-D3/def2-

TZVP electronic barrier energies of phosphoric acid 4 against single point electronic energies on the 

same geometry computed on the benchmark DLPNO-CCSD(T)/def2-QZVP36,39 level of theory. Only a 

small energy difference of 0.28 kcal/mol could be observed. 

Masson also addresses the role of solvent when computing rotational barriers. In all studies on the 

computation of biphenyl racemization barriers published so far, good agreement with experiment is 

achieved without the consideration of solvent effects. Possible justification can be found in a study by 

Graybill and Leffler40, who found a compensation of enthalpy and entropy in different solvents. For a 

more detailed discussion, see References 30 and 39. 

However, Masson emphasizes that solvent effects cannot be confidently neglected for negatively 

charged biphenyls. Since solvent effects and likely specific interactions with both solvent and cation 
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need to be considered when computing rotational barriers of the anionic forms of phosphoric acids 4-

7, the barrier of the corresponding anions will be the topic of more detailed future work. 

    

7.1.2  Optimization of transition states 
 
 
The systematic search for rotational transition states is not straightforward. Usually, fixing the torsional 

dihedral angle around the aryl-aryl bond to 0 degrees and optimizing this constrained structure yields 

good guesses for rotational transition states of substituted biphenyl.30 The situation is trickier when 

the planar transition state is hindered by bulky ortho-substituents such as the isopropyl and tert-butyl 

groups in phosphoric acids 6 and 7. For all phosphoric acids, we optimized the structure while fixing 

one of the dihedral angles to 0° and used the result as guesses for the transition state optimizations. In 

addition, for phosphoric acid 6 we performed a systematic transition state search with the nudged 

elastic band (NEB) method implemented in ORCA.41,42 We also used the result of this NEB calculation 

to construct another transition state guess for phosphoric acid 7. The imaginary frequencies of all 

transition states corresponded to an out-of-plane torsion of the phenyl rings. 

For phosphoric acids 4 and 5, fully planar transition states as depicted in Figure S1 are obtained when 

using the constrained structures as transition state guesses.   

 
 

As already mentioned, compounds 6 and 7 have methyl groups in the 6,6’-position, which hinder the 

planar transition state. Instead, they adopt a conformation in which the aryl-aryl-bond is out-of-plane 

and the two rings roughly coplanar. This peculiar transition state geometry for ortho-substituted 

biphenyls has been anticipated by Baddeley as early as 1946.43  Ling and Harris proposed the associated 

mechanism in 1964.44 They suggested an asynchronous nature of the racemization, with 6,6’-groups 

passing over each other subsequently instead of synchronously, minimizing the barrier energy. The out-

of-plane transition states as well as the asynchronous nature of the racemization has been confirmed 

by Masson’s calculation.30 The asynchronous mechanism is also visible in the case of both phosphoric 

acids 6 and 7. By constraining different dihedral angles during pre-optimization, two different transition 

states can be obtained. The first transition state corresponds to passing of the methyl groups prior to 

Figure S1: Rotational transition states for phosphoric acids 4 and 5. 
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reaching the transition state, in the second transition state the ester oxygens of the phosphate groups 

have passed instead (Figure S2 and S3, left and right). No pathway is favored over the other, the 

electronic barriers of the two transition states for both phosphoric acid 6 and 7 only differ by 0.01 

kcal/mol. 

 
Figure S2: Asynchronous transition states for phosphoric acid 6. 

 

7.2  Molecular Dynamics Simulations 
 
7.2.1 Simulation setup 
 
Force fields for the anionic form of anion 6 and the iminium intermediate evolving from the L-valine 

(+)-(1S,2R,5S)-menthyl-cation were obtained from PARAMCHEM45,46 without further modification. 

Since no force field for MTBE was available, we chose n-methylbutylether as a solvent. The solvent 

parameters were taken from the CGenFF force field47. Simulation boxes contained a single ion pair and 

216 molecules of n-methylbutylether. To consider all possible isomers and stereisomers, both the (E)- 

and (Z)-form of the cation as well as both anion enantiomers were considered, yielding four different 

systems (see Table S8.). 10 replica simulations of every system were conducted under the following 

conditions: All simulations were performed with the program package CHARMM.48 Initial 

configurations were created with PACKMOL.49  All simulations were conducted in the NpT ensemble 

Figure S3: Asynchronous transition states for phosphoric acid 7. 
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and employed the CHARMM CPT algorithm, the leapfrog integrator and the Hoover thermostat. A 

temperature of 330 K, a pressure of 1 atm and a non-bonded cutoff of 11 Å were used. Electrostatics 

were treated using the Particle Mesh Ewald method, with a grid size of approximately 1 Å, cubic splines 

of order 6 and a Κ of 0.41 Å-1. The SHAKE algorithm was employed to fix the length of bonds to 

hydrogens. 

Boxes were first equilibrated for 2 ns using a timestep of 1 fs, followed by production simulations of at 

least 38 ns (see Table S8 for system details) under the same conditions. Coordinates were written to 

disk every 250 steps.  

 
Table S8: Overview over all four simulated systems. 

System 
number 

Cation-
Isomer 

Anion-
Isomer 

Average 
boxsize 

[A] 

Number of replica Simulation time per 
replica 

[ns] 

1 Z R 36.1 10 38 

2 Z S 36.1 10 58 

3 E R 36.1 10 38 

4 E S 36.1 10 78 
 
 
For trajectory analysis, the MDAnalysis library50 as well as self-written python code was used. Plots 

were created with R (ggplot).51 Hydrogen bonds were analyzed using CHARMM and a cutoff distance 

of 2.4 Å and a cutoff angle of 135°. Every 10th step of the trajectory was considered in the analysis. 

 
7.2.2  Statistical considerations 
 
To ensure statistical convergence of the simulations, several measures were taken. For both cation 

isomers (E and Z) 10 different conformers opimized for RMSD diversity were generated using a genetic 

algorithm implemented in OpenBabel. 52 Sampling of anion conformations was not done due to the 

structural rigidity of the anion. For each of the 10 replica/systems, a different cation conformer was 

used to create an initial configuration. Since we were especially interested in ion-ion-interactions, we 

monitored the distribution of several atom-atom interionic distances to assess sampling. Every system 

was simulated until the distributions reached convergence, the respective times for every system are 

listed in Table S8. These converged distributions are depicted in Figure S4 and show that especially the 

N23-O48 and N23-O49 distance distributions show full overlap.  

 

To illustrate the distribution prior to convergence, the distributions of the E/S system after 38 ns and 

the full simulation time of 78 ns are depicted in Figure S5. It can be clearly seen that the N23-O48 and 
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N23-O49 distance distributions are different at 38 ns, but after a simulation time of 78 ns the 

distributions have equalized. 

 
 
 
 

 
 
 
 

Figure S4. Interionic distances illustrated for the E-cation/S-anion pair (top) and the distributions after the full simulation 
time (bottom). Simulation times for the different systems are listed in Table S8. 
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Figure S5. Distribution of interionic distances for the E-cation/S-anion pair after 38 ns (left) and 78 ns (right) simulation time. It is 
clearly visible that 78 ns are necessary to converge the distributions. 
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Appendix D 

 

Supporting information: 

Counterion-Enhanced Pd/Enamine Catalysis: Direct Asymmetric α-Allylation of 

Aldehydes with Allylic Alcohols by Chiral Amines and Achiral or Racemic 

Phosphoric Acids. 
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1. Optimization of the reaction conditions 

1.1  Representative procedure for the parameter optimization  

All reactions were carried out in flame-dried Schlenk tubes (25 mL, VWR) by using standard Schlenk 

technique. A flame-dried Schlenk tube was charged with finely ground and freshly activated 5Å 

molecular sieves (190 mg), [Pd(PPh3)4] (17.3 mg, 0.015 mmol, 4.0 mol%), amine or amino-acid ester 

(50 mol%), phosphoric acid (6.25 mol%), and solvent (0.75 mL). Allyl alcohol (50 µL, 0.75 mmol, 2.0 

equiv.) and 2-phenylpropanal (50 µL, 0.375 mmol, 1.0 equiv.) were added and the reaction mixture was 

stirred at the specific temperature for 16 hours. Upon completion, Et2O (3mL) and 2N HCl (5 mL) were 

added, and the reaction mixture was vigorously stirred 30 minutes. A sample for GC and chiral HPLC 

analysis was taken to determine the yield and the enantioselectivity.  

Table S1: Initial results and proof of concept 

 

 

 

 

 

 

 

Entrya [Pd(PPh3)4] 

(mol%) 
Amine 
(mol%) 

Phosphoric acid 
(mol%) Yieldb (%) eec (%) 

1d 4.0  50 6.25 82 31 (S) 

2 4.0 50 6.25 87  78 (R) 

3 0 50 6.25 <1  n.d. 

4 4.0 50 0 37  35 (R) 

5 4.0 0 6.25 81 1 (R) 

a Performed with 0.375 mmol 2-phenylpropanal using 0 or 4.0 mol% [Pd(PPh3)4], 0 or 50 mol% (1R,2R)-
diaminocyclohexane ((R,R)-A2), 0 or 6.25 mol% phosphoric acid P1, 190 mg 5Å molecular sieve, and 0.75 
mmol allyl alcohol in 0.75 mL MTBE at 60˚C for 16 hours. b Determined by GC analysis. c Determined by 
chiral HPLC analysis using a DIACEL Chiralcel AS-H column. Absolute configurations were determined by 
measuring the optical rotation and comparing with literature data. d L-valine tert-butyl ester (A1) instead of 
(R,R)-A2.  
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Table S2: Screening of different phosphoric acids 

 

Entrya Phosphoric acid Yieldb (%) eec,d (%) 

1 

 

87 78 (R) 

2 

 

87 84 (R) 

3 

 

93 85 (R) 

4 

 

92  85 (R) 

5 

 

98  94 (R) 
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6 

 

90  82 (R) 

7 

 

91  85 (R) 

8 

 

88  73 (R) 

9 

 

90 72 (R) 

10 

 

90 72 (R) 

11 

 

84 70 (R) 

a Performed with 0.375 mmol 2-phenylpropanal using 4.0 mol% [Pd(PPh3)4],  
50 mol% amine (R,R)-A2, 6.25 mol% phosphoric acid P1-P8 or diphenyl 
phosphate, 190 mg 5Å molecular sieves and 0.75 mmol allyl alcohol in 0.75 mL 
MTBE at 60˚C for 16 hours. b Determined by GC analysis. c Determined by chiral 
HPLC analysis using a DIACEL Chiralcel AS-H column. Absolute configurations 
were determined by measuring the optical rotation and comparing with literature 
data.   
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Table S3: Screening of other acids 

 

 

 

  

Entrya Acid Yieldb (%) eec,d (%) 

1 

 
92 14 (R) 

2 

 
90 7 (R) 

3 
 

83  55 (R) 

4 CF3COOH 92  75 (R) 

5 FeCl3 25 40 (R) 

6 TiCl4 27 65 (R) 

7 Al(OiPr)3 n.r. n.d. 

a Performed with 0.375 mmol 2-phenylpropanal using 4.0 mol% [Pd(PPh3)4],  
50 mol% amine (R,R)-A2, 6.25 mol% acid, 190 mg 5Å molecular sieves and 0.75 
mmol allyl alcohol in 0.75 mL MTBE at 60˚C for 16 hours. b Determined by GC 
analysis. c Determined by chiral HPLC analysis using a DIACEL Chiralcel AS-H 
column. Absolute configurations were determined by measuring the optical rotation 
and comparing with literature data.   
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Table S4: Screening of amine sources 

 

  

Entrya Amine source Yieldb (%) eec (%) 

1 

 

89 31 (S) 

2 

 

98 (R) 

97 (S)d 

94 (R) 

94 (S)d 

3 

 

89  37 (R) 

4 

 

89  21 (S) 

5 

 

90 60 (R) 

6 

 

97 44 (R) 

a Performed with 0.375 mmol 2-phenylpropanal using 4.0 mol% [Pd(PPh3)4],  
50 mol% chiral amine or amino acid ester (A1-A6), 6.25 mol% phosphoric acid P5, 
190 mg 5Å molecular sieves and 0.75 mmol allyl alcohol in 0.75 mL MTBE at 60˚C 
for 16 hours. b Determined by GC analysis. c Determined by chiral HPLC analysis 
using a DIACEL Chiralcel AS-H column. Absolute configurations were determined 
by measuring the optical rotation and comparing with literature data. d (S,S)-A2 
instead of the (R,R)-A2 was used. 
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Table S5: Screening of different amine-to-phosphoric acid ratios 

 

  

Entrya Amine/acid  
ratio Yieldb (%) eec (%) 

1 0/1  83 1 (R) 

2 1/1 76 4 (R) 

3 2/1 80  10 (R) 

4 4/1 84 40 (R) 

5 6/1 90 75 (R) 

6 8/1 98  94 (R) 

7 10/1 97 85 (R) 

8 12/1 95 80 (R) 

a Performed with 0.375 mmol 2-phenylpropanal using 4.0 mol% 
[Pd(PPh3)4], 0-75.0 mol% amine (R,R)-A2, 6.25 mol% phosphoric acid 
P5, 190 mg 5Å molecular sieves and 0.75 mmol allyl alcohol in 0.75 
mL MTBE at 60˚C for 16 hours. b Determined by GC analysis.c Deter-
mined by chiral HPLC analysis using a DIACEL Chiralcel AS-H 
column. Absolute configurations were determined by measuring the 
optical rotation and comparing with literature data. 
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Table S6: Solvent and temperature screening 

 

 

 

  

Entrya Solvent Yieldb (%) eec (%) 

1 CHCl3 25 50 (R) 

2 2-Me-THF 97 87 (R) 

3 iPr2O 97  94 (R) 

4 nBu2O 96 92 (R) 

6 2-MeTHF 97 87 (R) 

9 tBuOAc 94  90 (R) 

10 Isoamyl acetate 90 80 (R) 

11 MTBE  98 94 (R) 

12d MTBE 97 89 (R) 

13 Toluene  97 94 (R) 

15d Toluene 96  94 (R) 

16e Toluene 83 85 (R) 

a Performed with 0.375 mmol 2-phenylpropanal using 4.0 mol% 
[Pd(PPh3)4], 50 mol% amine (R,R)-A2, 6.25 mol% phosphoric acid P5, 
190 mg 5Å molecular sieve and 0.75 mmol allyl alcohol in 0.75 mL 
solvent at 60˚C for 16 hours. b Determined by GC analysis. c Deter-
mined by chiral HPLC analysis using a DIACEL Chiralcel AS-H 
column. Absolute configurations were determined by measuring the 
optical rotation and comparing with literature data. d Reaction was 
performed at 40˚C. e Reaction was performed at 25˚C. 
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Table S7: Optimization of catalyst loading 

 

 

 

 

 

 

 

  

Entrya [Pd(PPh3)4] 

(mol%) 
Amine 
(mol%) 

Phosphoric acid 
(mol%) Yieldb (%) eec (%) 

1 4.0  50 6.25 96 94 (R) 

2 4.0 40 5.0 96  94 (R) 

3 1.5 40 5.0 95 94 (R) 

4 1.5 30 3.75 86 83 (R) 

5 1.5 20 2.5 67 72 (R) 

a Performed with 0.375 mmol 2-phenylpropanal using 1.5 or 4.0 mol% [Pd(PPh3)4], 20-50 mol% amine (R,R)-
A2, 2.5-6.25 mol% phosphoric acid P5, 190 mg 5Å molecular sieves and 0.75 mmol allyl alcohol in 0.75 mL 
toluene at 40˚C for 16 hours. b Determined by GC analysis. c Determined by chiral HPLC analysis using a 
DIACEL Chiralcel AS-H column. Absolute configurations were determined by measuring the optical rotation 
and comparing with literature data.   
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2. Analysis of intermediates for the plausible reaction mechanism 
The plausible reaction mechanism was investigated by analytical studies, using L-valine tert-butyl ester 

(A1) and (R,R)-diaminocyclohexane (R,R-A2) as amine source, respectively.  

Plausible catalytic cycle with (R,R)-diaminocyclohexane (R,R-A2) as amine source: 

The reaction mechanism by using (R,R)-diaminocyclohexane (R,R-A2) was investigated via ESI-MS 

analysis (Shimadzu). In the ESI-MS spectra, the corresponding enamine (I, m/z: 229), imine (IV, m/z: 

270), the product ((R)-2a, m/z: 174), the activated allylic alcohol (V, m/z: 418), the phosphoric acid (P5, 

m/z: 359 and 361) and the allylpalladium-π complex (m/z: 671) could be all detected after 5 minutes 

reaction time in toluene at 40 ˚C (Figure S1). 

 

 

Figure S1. ESI-MS and the plausible reaction mechanism by using amine (R,R)-A2, phosphoric acid 

P5 and Pd(PPh3)4. The reaction procedure is in accordance to Table S7, entry 3 (page S10). The reaction 

time was 5 minutes. The product enantiomer generated in excess [((R)-2a)] is illustrated in the cycle for 

clarity.  
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Plausible catalytic cycle by using L-valine tert-butyl ester (A1) as amine source: 

The corresponding enamine (I*), the imine (IV*), the product ((S)-2a) and the N-allylated amino-acid 

ester (VI*) could be detected by GC-MS (Thermo Scientific DSQ II, quadrupole, BGB5 column), after 

5 minutes reaction time in toluene at 40 ˚C, as depicted on the next pages (189-190). Based on these 

proofs, the catalytic cycle is as follows:  

 

 

Figure S2. ESI-MS and the plausible reaction mechanism by using amine A1, phosphoric acid P5 and 

Pd(PPh3)4. The reaction procedure is in accordance to Table S7, entry 3 (page S10). The reaction time 

was 5 minutes. The product enantiomer generated in excess ((S)-2a) is illustrated in the cycle for clarity. 
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Figure S3. MS spectra of the enamine (I*) 

  

 

  

 

 

 

 

 

 

 

 

 

 

 

Figure S4. MS spectra of the imine (IV*) 

 

[M] enamine 

[M] imine 

[M] product 
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Figure S5. MS spectra of the N-allylated L-valine tert-butyl ester (VI*)   

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. MS spectra of the product (S)-2a 

  

[M-H]- N-allylated co-catalyst 

[M] product 
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3. NMR studies to investigate the atropisomerism of the phosphoric acids 
 

In order to investigate whether the phosphoric acids P1-P8 might form stable atropisomers at room 

temperature, NMR studies on the ion-aggregation of L-valine-tert-butyl ester with the phosphoric acids 

were carried out. Compounds P3 and P5 were chosen as representative examples for biphenyl-

phosphoric acid derivatives without and with methyl groups in the ortho positions.  

In case of the salt of P5 with L-valine-tert-butyl ester, the 31P NMR spectra showed the complete 

disappearance of the phosphoric acid peak and 2 new peaks with same integrals corresponding to the 

(R,S) and the (S,S)-diastereomeric salts appeared. Together with our previous MD-simulations for the 

rotation barrier of acid P5 being ca. 172 kJ/mol, (Scharinger, F.; Pálvölgyi, Á. M.; Zeindlhofer, V.; 

Schnürch, M.; Schröder, C.; Bica-Schröder, K. Counterion Enhanced Organocatalysis: A Novel 

Approach for the Asymmetric Transfer Hydrogenation of Enones. ChemCatChem 2020. 12, 3776-

3782.) compounds having 6,6’-methyl substituents like P4 and P5 should exist as stable atropisomers 

at room temperature. On the other hand, no such phenomenon was observed in case of the salt of P3, as 

the 31P NMR spectrum showed only one single peak after derivatization with L-valine-tert-butyl ester. 

As the rotation barriers for such biphenyl derivatives without substituents in the 6,6’-positions are in the 

range of 42-50 kJ/mol, the phosphoric acids P1-P3 and P6-P7 should be simple achiral compounds.  

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. 1H NMR spectrum of P5-A1 salt (400 MHz, THF-d8) 

THF-d8 
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Figure S8. 31P NMR spectrum of P5-A1 salt (162 MHz, THF-d8) 

Figure S9. 1H NMR spectrum of P3-A1 salt (400 MHz, THF-d8)  

THF-d8 



204 
 

Figure S10. 31P NMR spectrum of P3-A1 salt (162 MHz, THF-d8) 
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