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General Introduction 

 

This Ph.D. research program in Molecular Design and Characterization for the Promotion of 

Health and Well-being: From Drug to Food (XXXVII Cycle) at the Department of Chemistry and 

Drug Technologies at the University of Roma "Sapienza", under the supervision of Prof. Alessia 

Ciogli, aimed different topics whose the common unit is chirality. We studied the preparation of 

Symmetric Chiral Organocatalysts and their applications in the synthesis of enantioriched 

molecules together with the investigation of the Stereochemical Stability of Atropoisomeric 

Hydrazides by dynamic-HPLC and Off-Column HPLC experiments. The Ph.D. research and 

obtained results were collected in three distinct chapters.  

Part-A has been focused on the asymmetric synthesis of warfarin and analogues catalyzed by C2-

symmetric amido and C3-symmetric amino-organocatalysts. The use of small chiral organic 

molecules as catalysts for stereoselective reactions has captured great attention and shown 

impressive advancement for the past two decades to attain enantiopure molecules mainly 

intermediates of pharmaceutical products with green chemistry principles and without purification. 

Today, organocatalysts are established as the third fundamental pillar in asymmetric catalysis, next 

to enzymes and metal-based catalysts. As concern the topic of my thesis, despite the advances of 

organocatalysts, applications in the synthesis of enantioenriched warfarin and its analogues still a 

significant synthetic challenge remained. We developed, in high yield, C2-symmetric amido and 

C3-symmetric amino-organocatalysts with easy synthetic procedures. The asymmetric Michael 

addition of 4-hydroxycoumarin to α, β-unsaturated ketones promoted by C2-symmetric amido-

organocatalysts have shown good performance in yield and enantioselectivity than C3-symmetric 

amide prepared by installation of 1,3,5-benzenetricarbonyl trichloride onto a (2-Amino-1,2-

diphenyl-ethyl)-carbamic acid tert-butyl ester. 

For C3-symmetric amino-organocatalysts, we have evaluated the chiral 1,2-

diphenylethylendiamine (DPEDA) as scaffold where the core was the 1,3,5-

benzoltricarbonyltrichloride. A small library of 4-hydroxycoumarin and 4-hydroxyquinoline 

derivatives was provided through a Michael addition. In addition, this novel C3-symmetric amino 

catalyst was used in gram-scale synthesis and transformation of product was well deserved. 



2 
 

The second chapter (Part B) shows the results concerning the stereo stability studies of the 

atropoisomeric hydrazides by dynamic HPLC and off-column-HPLC experiments. The synthesis 

and analysis of the energy barrier needed for the racemization process of the studied molecules 

using a computational approach were done by collaborating with Prof. Giorgio Bencivenni at the 

University of Bologna. In this section, our aim focuses on the experimental determination of 

energy barriers through chromatographic approaches. Compounds that can exhibit optical 

properties due to the presence of axial chirality are widely studied and well-developed, while 

hydrazides represent a new class of atropisomers to be investigated. The knowledge of the 

rotational stability of such molecules is crucial for designing and developing newly important 

pharmaceutical drugs as well as gives the highest contribution in the separation of desired active 

enantiomer. Mainly, we focused on dynamic-HPLC and off-column HPLC experimental studies 

of these chiral molecules capable of interconverting their enantiomers upon rotation of the σ bonds. 

Experimental data were then used to extract the kinetic parameters and the free energy barrier of 

hindered rotation. Specifically for the dynamic-HPLC experiments, kinetic data were obtained by 

using the simulation software, Auto-D-HPLC-Y2K. 

The study of the symmetric amido-thiourea organocatalysts for the synthesis of α-aminonitriles 

(Part-C) was carried out at the Institute of Organic Chemistry in the research group of Prof. Olga 

Garcia, University of Munster (Germany). In this part, our goal is to develop C2-symmetric 

thiourea-organocatalysts using a spacer containing pyridine structure where hydrogen-bonding 

catalysis, anion-binding and Lewis-base have become the prime focus. The performance of the 

prepared catalysts was evaluated in the enantioselective Strecker reaction. Unfortunately, despite 

the very high product yields, the catalysts are not able of inducing stereoselection. To understand 

this trend, the analysis of anion binding abilities of dual hydrogen bond donor symmetric amido-

thiourea (for the selected Cat-2) has been performed by titration experiments.  

Finally, these 3-years gave me a well-rounded view of different working environment and groups 

that prepare me for the next endeavors. 
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1.1 Introduction 

1.1. 1 Overview of Organocatalysis 

Racemic resolution, chiral synthesis based on substrate induction, and chiral catalytic synthesis 

are three common methods to obtain enantioenriched molecules. In modern organic synthesis, the 

most interesting area is to design and prepare chiral molecules with structural diversity using 

effective reaction approaches. Sustainable chiral catalysts in organic reactions are used to boost 

the yield, enantioselectivity, purity of the product, and safety of the environment. The use of 

organic molecules as catalysts to facilitate the reaction has become the most advanced in the 

enantioselective synthesis of the desired enantiomer. The discovery of proline as a catalyst in the 

year 2000 was taken as an impressive season that resulted in the development of multiple 

organocatalysts for different asymmetric reactions.1 Over decades, the state-of-the-art in 

asymmetric synthesis largely relies on organo-catalysts due to the inherent nonmetal feature, broad 

functional group tolerance, and mild reaction conditions. Today, organocatalysis is a fast-growing 

research field in synthetic chemistry, which has been shown as a powerful catalysis approach in 

the construction of enantiopure molecules. To date, a large number of organo-catalysts was 

synthesized and applied successfully in a great number of asymmetric reactions which results in 

the construction of various enantiopure molecules with structural diversity. 

1.1.2 Asymmetric Organocatalysis 

 

Investigation of efficient strategies for the construction of enantiopure molecules that active 

pharmaceutical ingredients are a continuing challenge in synthetic chemistry. Depending on the 

general point of view of organic synthesis, there are different criteria for one method to be efficient 

during the synthesis of enantioenriched molecules. In a synthesis of desired enantiopure 

compounds in high yield and environmentally friendly, the use of sustainable catalysts in reaction 
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protocol is recognized as superior quality. To encounter these problems, researchers in the area of 

organic synthesis have been officially struggling for a long period. It is known that the design of 

an efficient reaction strategy that provides pure enantiomer needs the assistance of safe catalysis 

with a well-matched activation mode. 

Over the years, the field of asymmetric synthesis has been dominated by transition metal catalyst1.  

The activation of organic reactions by this catalysis approach still constitutes as one of the useful 

tools in organic synthesis, however, the continued use of metal catalysis has not matched with the 

main object of sustainable catalysis. To encounter this problem, organic chemists have working 

continuously for a long time. The use of organic molecules instead of metal catalysts in asymmetric 

synthesis has been around for more than half a century.  The application of organocatalytic in 

Hajos–Parrish–Eder–Sauer–Wiechert reaction was reported in the early 1970s2,3, however, the use 

of this catalysis approach remained unexplored for several decades. The year 2000 became a 

sensational period for the official start of the organocatalysis concept. In this season, proline was 

recognized as a very simple enzyme-like catalyst for asymmetric aldol reactions by List, Lerner, 

and Barbas.4 Following this remarkable example of simple amine-mimicking enzyme, several 

organocatalysts for various enantioselective catalytic transformations have been developed. 
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Scheme 1.1 Proline Catalyzed Asymmetric Aldol Reaction of Acetone with 4-
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Scheme 1.2. The general mechanism for acid-promoted condensation of the carbonyl with the 

amine. 

To date, organocatalysis has become a major catalytic approach along metal5,6,7 and enzymatic 

reportcatalysis8,9,10, have attracted extensive attention because it provides multiple advantages like 

the low cost, tolerant of water and air, robustness, environmental friendly, easy structural 

modification of their scaffolds and their nontoxic nature.11 

 

1.1.3 Amine Catalysis (via enamine/iminium catalysis) 

 

The development of novel and efficient catalysis has allowed for the discovery of novel 

transformations of asymmetric reaction and improvement of the stereocontrol, minimizing waste, 

minimizing contamination, and increase efficiency of the product. Use of amino-organocatalysts 

in asymmetric synthesis of chiral molecule is among these novel and efficient catalysis for 
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different reaction approach in which primary or secondary of these molecules are able to activate 

carbonyl carbon/α,β-unsaturated carbonyl compound12 like Michael reactions. Mainly, the concept 

of enamine/iminium catalysis has already demonstrated its invaluable importance and will 

continue to be widely applied in the enantioselective construction of bioactive molecule and active 

pharmaceutically ingredient. Due to steric and electronic similarity of the two carbonyl groups in 

iminium ion activation of unsaturated ketones (Michael addition reaction), asymmetric catalysis 

with metal is challenging task. 13,14. This is one reason for the rise of concept about iminium ion 

activation approach. 
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Scheme1. 3: Steric effect in iminium ion activation approach. 

 

E. Knoevenagel, reported the first amine-promoted (primary) reaction in which condensation was 

facilitated by the formation of the iminium intermediate between the amine catalyst and the 

carbonyl substrate.15 Almost, all the Knoevenagel work was carried out with tertiary amines, 

secondary amines, primary amines, and ammonium salts known as nitrogen-based catalysts. This 

research approach opened new research opportunities for organic synthesis communities and offer 

concept using e-factor in quantitative analysis in of green chemistry.16 
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Scheme 1.4 Knoevenagel condensation reaction: a) formaldehyde and diethyl malonate under 

alkaline conditions yielding the bis adduct, b) benzaldehyde with diethyl malonate producing the 

bis adduct at 298 K, and the unsaturated compound at 373 K.  

In 1950, Stork and co-workers’ introduction of stoichiometric enamine became a milestone in the 

field of amino catalysis, and the general utility of enamines as nucleophiles was amply 

demonstrated in their elegant studies.17,18. The Hajos–Parrish–Eder–Sauer–Wiechert reactions 

were reported in the 1970s, in which proline-catalyzed intramolecular aldol reactions via the 

enamine intermediates accounted for the observed high enantioselectivity.19,20 

Takemoto and Rawal developed various Lewis or Brønsted base- or acid-bifunctional tertiary 

amine-based organocatalysts that attract considerable attention due to their versatility and high 

level of stereocontrol21,22,23,24. These catalysts activate carbonyl-free reagents and properly locate 

them in a transition state via stereoselective formation of hydrogen bonds rather than covalent 

enamine or iminium intermediates. The mechanism of enamine and iminium catalysis has been 

established by Barbas, Lerner, List, and MacMillan in the years 2000.25,26,27 In this trend, the first 

highly enantioselective reaction promoted by a chiral iminium intermediate was reported by 

MacMillan and co-workers.28 Chiral secondary and primary amines have been used to catalyze 

several important enantioselective such Michael reaction28,29, aldol reaction28,29,30, Mannich 

reaction,29,30, α-aminations29,30 and α-aminoxylation reactions.  Domino reactions and one-pot 

operations have been easily catalyzed by amino-organocatalytic because it is tolerant of several 

subsequent reactions.32,33,34,35. It is an excellent approach to the synthesis of bioactive natural 
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products at both laboratory and industrial scale. At this time, the use of chiral amines especially 

primary amine in iminium ion activation of -unsaturated ketones become well-known. 
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Scheme 1.5 Proline derivatives catalyzed Michael addition of a functionalized malonate and n-

butanal 33. 

The mechanistic study during enamine and iminium catalysis is used to understand the change in 

energy of nucleophiles and electrophiles which implies types of activation modes. 

The first work on iminium catalysis was applied on cycloadditions,36 and Michael additions 37 

respectively. Currently, it accepted as a general approach for the asymmetric conjugate addition 

of nucleophiles to -unsaturated carbonyl molecule. According to this, the transformation of a 

carbonyl group into an enamine intermediate increases the HOMO of the nucleophile which is 

used to facilitate its reaction with an electrophile while the iminium activation lowers the LUMO 

of the electrophile, increasing its susceptibility towards nucleophilic attack. Examples of iminium 

and enamine activations are shown in Scheme 1.6 
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Scheme 1.6 Primary amines in iminium and enamine catalysis. 

 

Imine activation describes the reactions promoted by an in situ-generated imine intermediate while  

enamine activation describes the reactions promoted by an in situ generated enamine, which is a 

nucleophilic enolate equivalent (Figure 1.6)36,37. These intermediates resulted from the reaction 

between a carbonyl compound and an amine, which activates an α,β-unsaturated carbonyl 

compound towards a nucleophilic attack. In enamine activation, cleavage of an α-proton converts 

an iminium into an enamine, which enhances the nucleophilicity of the original carbonyl 

compound. Despite the advanced progress witnessed over the past two decades, activation of 

carbonyl carbon in an excellent enantioselective manner remains a challenging issue. 

 

1.1.4   C2- and C3-symmetric Organocatalysts for Asymmetric Synthesis 

 

The C2- and C3-symmetric catalysts have become the center of interest in different research due to 

their importance in asymmetric synthesis. This type of catalyst has the advantage of reducing the 

number of possible interaction pathways compared to catalysts lacking rotational symmetry.36 In 

addition, symmetry used to facilitate structure elucidations, mechanistic interpretations, and for 

studies of dynamic molecular processes.35 Molecules with rotational symmetry have been used as 
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ligands, catalysts, molecular receptors, gelators, and metal-organic materials.39,40,41,42,43,44 In 

asymmetric synthesis, chiral organocatalysts with the 2-fold or 3-fold symmetry axis usually afford 

considerable advantages over its nonsymmetric counterpart because the presence of rotational 

symmetry enhances the chances for activation of the substrate which enhances the reaction rates 

and improve the selectivities.44,45 The performance of these organocatalysts has been evaluated in 

different types of organic reactions like asymmetric Michael addition reactions47; asymmetric aldol 

reactions,46 asymmetric Mannich reactions, and others. 

C2-symmetry molecules have been widely used in catalysis48, and many of the so-called privileged 

ligands have two-fold symmetry.49 The chance to activate substrate with this class of catalyst 

becomes greater, which results in increasing reaction rates and improving selectivity.46 This 

condition might be particularly appropriate in amino-organocatalyzed reactions due to the long 

reaction times. There were different new classes of chiral C2-symmetric amine/amide developed 

that performed better in most common organic reactions like Michael addition reactions45; 

asymmetric aldol reactions,44 and asymmetric Mannich reactions.  
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Figure 1.1   Sample of C2-Symmetric amine/amide-organocatalysts in asymmetric catalysis 
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For instance, in 2012, C2-symmetric organocatalysts composed of two diprolinamide units joined 

by a symmetric alkyl bridging group provide the best reaction outcomes in asymmetric aldol 

reaction at low catalyst loading (1 mol%) in terms of conversion (up to >99%) and enantiomeric 

excess (up to 97% ee).50 C2-symmetric bifunctional tertiary amine-squaramide has been tested for 

asymmetric Michael reactions and it proved the product with enantioselectivity up to 99% ee in 

the presence of 1 mol % .51  Newly designed C2-symmetric chiral bifunctional triamines has been 

studied in the aldol reaction of cyclic ketones with isatin,  provides enantioenriched compounds 

up to 98% yield with 93 %ee.46 

Organocatalysts containing three equal catalytic units might have shown good to excellent 

performance on enantioselectivity for more powerful reaction approaches in organic synthesis like 

asymmetric Michael addition 49,52 and Friedel–Crafts Reactions.53  For instance, the use of C3-

symmetric chiral tris-imidazoline for enantioselective control in the conjugate addition of α-

substituted β-ketoesters to nitroolefins was achieved in 2010 by Hiromichi Fujioka and 

coworkers54 This work briefly shown advantage of using of C3-symmetric chiral tris-imidazoline 

when compared with C2-symmetric chiral bis-imidazoline. These results indicated that at least two 

imidazolines on the benzene ring were essential for this reaction and the structure of tris-

imidazoline 22 was much more effective than that of bis-imidazoline. This study revealed that C3-

symmetric chiral tris-imidazoline organocatalysts had better enantioselectivity (up 89% ee) than 

bis-imidazoline where a moderate selectivity was obtained (61% ee).  
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Figure 1.2 Sample of C3-symmetric amino catalyst for enantioselective reactions. 
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Four structurally different C3-symmetric cinchona organocatalysts were prepared, in which the 

catalytic units are covalently anchored to a trifunctional central core. These catalysts were 

compared with the parent hydroquinone and results were promising.53 Very recently, in 2024, 

attractive work on a novel C3-symmetric multi–amino catalyst that has shown great performance 

in the synthesis of warfarin and analogues has been reported from Alessia Ciogli’s group (23 in 

Figure 1.2).47  

 

1.1.5 Asymmetric Michael Reactions for the synthesis of warfarin and its analogues. 

 

As mentioned previously, asymmetric organocatalytics have captured great attention and shown 

dramatic advancement for the past two decades to attain chiral molecules and essential 

intermediates of pharmaceutical products with green chemistry principles and without purification 

of the intermediates.55-60  In asymmetric synthesis, we have to develop an appropriate catalytic 

activation mode to get a valid and effective platform for designing new enantioselective reactions 

which help us to synthesize enantioenriched molecule.61 A valid solution for the synthesis of the 

enantiopure compounds, mainly biologically active, is represented by the use of asymmetric 

Michael reactions catalyzed by chiral aminocatalyst. 62,63, 64 In this contest, my PhD project aimed 

the synthesis of symmetric chiral organocatalyst to apply in the production of warfarin and 

analogues.  

Warfarin65,66, chemically known as 4-hydroxy-3-(3-oxo1-phenyl butyl)-2H-chromen-2-one is an 

efficient chiral anticoagulant drug for preventing thrombosis and embolism 69,70; prescribed as a 

racemate but the (R)-enantiomer and (S)-enantiomer demonstrated different activity and 

metabolism.71 Warfarin is known for its excellent potency and good pharmacokinetic profile. 

According to the report released by the Royal Flying Doctoral Service from State of Queensland 

health sector in 2024, warfarin remains the treatment of choice for more health problems like 

kidney impairment, heart valve replacements, left ventricular thrombus, or antiphospholipid 

syndrome, valvular atrial fibrillation and a high risk of stroke or systemic embolism.72 

Isolation or synthesis of optically pure R or S enantiomer of warfarin would be of great importance 

because (S)-warfarin had higher anticoagulant activity than the R enantiomer.73,74 Michael addition 
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of 4-hydroxycoumarin with benzal acetone in presence of catalysts is a well-known reaction 

approach to synthesis this clinically active molecule.75 The applicability of chiral amine catalysts 

for asymmetric synthesis of warfarin with higher activation ability and excellent levels of 

efficiency have been demonstrated by many researchers (Figure 1.3).46,75,76 For the first time, 

organocatalytic asymmetric Michael addition was used in warfarin synthesis in the presence of 

chiral imidazolidine catalysts.76 In this work, Jørgensen and coworkers obtained enantioenriched 

warfarin by a single recrystallization. Next, a proline-based chiral amide catalyst was used by Feng 

and coworkers.75 In Michael additions of coumarins to benzalacetone, primary amine- 

organocatalysts were recognized well.78,79 In 2018, Mlynarski and Zlotin showed the synthesis of 

warfarin in water using (S, S)-diphenyl ethylenediamine.80,82 In 2018, Sergei G. Zlotin and 

coworkers showed the performance of C2-symmetric trans-1,2-diamines 12, which provides the 

desired warfarin with good enantioselectivity (90 % ee).82 
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Figure 1.3: Example of amino-organocatalysts used in asymmetric warfarin synthesis. 
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In our group, Michael reaction between 4-hydroxycoumarin with benzylideneacetone catalyzed 

by 1,2-trans-diamino cyclohexane (DACH) based C3-symmetric primary amine was chosen to be 

model reactions for warfarin synthesis in THF, and this C3-symmetric catalyst furnished good 

results. For the same model reactions, Sergei G. Zlotin and coworkers found that 10 mol% of C2-

Symmetric-1,2-diamines 12 was the most useful catalyst.82 
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Scheme 1.7 Warfarin synthesis with C2-symmetric-1,2-diamines 35. 

The C3-symmetric primary amine-mediated imine mechanism was illustrated by our group in a 

previously reported paper by ESI-MS offline experiment and DFT calculation.47 The 

benzylideneacetone reacts with the C3-symmetric amine, affording an imine, which consequently 

adds to the 4-hydroxycoumarin to obtain the enantiomerically enriched product. The ESI-MS 

investigation demonstrated that two aminic sites of catalyst work separately and a bis-imine 

intermediate was generated.  In addition, the computational outcomes confirmed that the primary 

amine function of the catalyst can express a much more effective nucleophilic attack to the 

carbonyl of the benzylideneacetone compared to the secondary amine moiety. Calculations also 

suggested that once the carbinolamine is synthesized (generated as an intermediate species before 

it evolved into the expected imine structure), it can be easily involved (with a very low activation 

barrier, estimated to be about 12 kcal) in the formation of the C-C bond with coumarin, in 

concerted way with the breaking of the carbinolamine N-C bond, so resulting in the release of a 

warfarin tautomer and the regeneration of catalyst.  

Despite the advances of organocatalysts, application in synthesis of enantioenriched warfarin and 

its analogues still a significant synthetic challenge remained. We know that the synthesis of new 

and efficient catalysts needs more time which consumed during applying trial-and-error protocols. 

Therefore, it is still necessary to develop environmentally and economically advantageous 

organocatalysts to synthesize this anticoagulant in high yield and enantiopure. In this PhD project, 

we developed symmetric amido (C-1, C-2, C-3, C-4) and C3-symmetric amino-organocatalysts (C-
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5 ) (figure 1.4) to synthesize warfarin and its analogues. To the best of our knowledge, the 

application of C3-symmetric amino-organocatalysts in the asymmetric synthesis of warfarin and 

its analogues has been studied less than the use of C2-symmetric catalysts. In this project, we have 

evaluated the 1,2-diphenyl ethylenediamine (DPEDA) as a scaffold for the novel C3-symmetric 

catalyst, where the core was the 1,3,5-benzenetricarbonyl trichloride. The resulting structures have 

a combination of i) primary and secondary amines or ii) primary amine and amide. In addition, we 

synthesized three different C2-symmetric organocatalysts introducing the pyridine-2,6-dicarbonyl 

dichloride as the connector of DPEDA or 1,2-diamino cyclohexane and amino phenyl 

diethylamine. All C2-symmetric structures possess amine and amide moieties. Once prepared, the 

five organocatalysts were tested in the formation of warfarin and in a small library of analogues 

using 4-hydroxycoumarin and 4-hydroxyquinoline. The following sections show the obtained 

results and conclusions; at the end, the reader can find all experimental details and data. 

 

C-1 (all S)

N
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O
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NH2 H2N

N
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C-2 (all R)

N
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NH2
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H
N

O
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O
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H
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C-3 (all R)

C-4 (all S )- or (all R) C-5 (all R)  

Figure-1.4 Developed Chiral symmetric organocatalysts for synthesis of enantioenriched 

warfarin and its analogues 
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C2-symmetric amide-catalyzed Michael addition reaction of α,β-unsaturated ketone with 4-

hydroxycoumarin at room temperature using only 5 mol % and 10 mol %, resulting in the 

formation of warfarin in moderate to good yields with moderate enantioselectivity (table 2).While 

the C3-symmetric amide formed by installation of 1,3,5-benzenetricarbonyl trichloride onto a (2-

Amino-1,2-diphenyl-ethyl)-carbamic acid tert-butyl ester performed less both by yield and 

enantioselectivity than the pyridine based C2-symmetric amide (table 3).  Installation of a spacer 

contain a more basic nature in C2-symmetric amido-organocatalysis was employed as a new 

valuable player to this imine catalysis.  Our next hypothesis was that the reduction of pyridine-

based C2-symmetric amide to amine increased its catalytic performance to the same this type of 

reaction, however, with this concept, we didn’t succeed due to the unfit reduction protocol with 

this pyridine-based C2-Symetric amide.  

As we have observed in our previous work, C3-symmetric amide showed low performance in 

enantioselectivity than C3-symmetric amine. One possible reason may be the weak basicity nature 

of the amides when we compare with amine. We hypothesized that by introducing spacer 

containing hetero atom like nitrogen may increase the catalyzing performance of amide by 

increasing the basicity nature of the catalysts. we expected that increasing the basicity nature of 

our catalyst to positively influence the yield and enantioselectivity of warfarin and warfarin 

analogues. 
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1.2. Results and discussion 

 

1.2.1. Synthesis of C2-Symmetric amide Organocatalysts Pyridine-2,6-dicarboxylic acid 

bis-[(2-amino-cyclohexyl)-amide] C-1(all S), Pyridine-2,6-dicarboxylic acid bis-[(2-

amino-1-phenyl-ethyl)-amide]C-2(all R) and Pyridine-2,6-dicarboxylic acid bis-[(2-

amino-1,2-diphenyl-ethyl)-amide] C-3 (all R) 

 

C2-symmetric chiral amido-catalysts C-1, C-2, and C-3 were synthesized in quantitative yield 

by reaction of commercially available chiral diamine 39,44,48 with spacer 40 respectively.  

During the preparation of C2-symmetric chiral amido-catalysts, reactions were carried out in 

dry dichloromethane in the presence of Et3N and completed after 18 hours by stirring at room 

temperature (Scheme 1.8,1.9,1.10). In well-dried flask equipped with a stir bar, compound 

(1S,2S)-N-Boc-1,2-cyclohexanediamine (39) was stirred with one equivalence of spacer 

pyridine-2,6-dicarbonyl dichloride (40) in presence of triethyl amine in dry DCM provided 

90% yield; followed by its deprotection by TFA in DCM afford 99% yield.  Deprotection of 

compound 41 was carried out by stirring it at 0 °C for 5 hours with TFA in DCM to get non-

neutral compound (42).  The solution of 42 in methanol was passed through activated ambersep 

900-OH that provided catalysts C-1. After evaporating on the vacuum and dried well on high 

vacuum ,99% of the product was recovered. C2-symmetric chiral amido-catalysts (C-2 and C-

3) were prepared following the same procedures of C-1 provide 98% and 96% yield 

respectively. The reduction of these chiral amido-catalysts (C-1, C-2, and C-2) with BH3·SMe2 

in dry THF failed to give the corresponding amine (43,47 and 51). Fortunately, this reduction 

couldn’t be carried out with the use of Lithium aluminum hydride in dry THF followed with 

the addition of an NaOH solution. This was surprising, given that C3-symmetric amido-

organocatalytic was reduced to a corresponding amine with BH3·SMe2 in dry THF under 

similar reaction conditions. 
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Scheme-1.9 Synthesis of C-2 catalyst. 
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Scheme-1.10 Synthesis of C-3 catalyst. 

 

1.2.2. Synthesis of C3-Symetric Organocatalysts benzene-1,3,5-tricarboxylic acid tris-[(2-

amino-1,2-diphenyl-ethyl)-amide] C-4 (all R)/(all S) and N-{3,5-bis-[(2-amino-1,2-diphenyl-

ethylamino)-methyl]-benzyl}-1,2-diphenyl-ethane-1,2-diamine C-5 (all R) 

To synthesize C3-symmetric organocatalysts (C-4 and C-5), we used di-tert-butyl dicarbonate as 

protecting group64. In 2012, Alexander S. Kucherenko and his coworkers used benzyl 

chloroformate as Cbz-C-l to protect the amine functional group of this diamine, however, the 

corresponding product (54) obtained in moderate yield (61%); but in 2018, when, Sergei G. Zlotin 

and co-workers used N-Boc, the yield was dramatically increased to 86% 68. By following the 

second protocol, anhydrous solutions of hydrochloric acid were formed in alcohol with 

trimethylsilyl chloride resulted in mild synthesis of protected compound 68.  The construction 

proceeded with the formation of a minor side product known as (2-tert-Butoxycarbonylamino-1,2-

diphenyl-ethyl)-carbamic acid tert-butyl ester. Intending to improve the yield, we decided to 

extend the time for dropwise Boc2O solution at constant concentration (see table-1.1). The mono-

protected diamine 54 could be obtained in excellent yield when the time of drop of Boc2O solution 

was performed at prolonged minutes. As the time of the dropwise of Boc2O solution increased, the 

yield of this competent product (side product) was decreased, in an opposite way, the yield of 

product 54 was increased from 65% (10min) to 87% (30min). The pale-yellow mono-protected 

diamine 54 was successfully separated from the untargeted product by column chromatography on 

silica gel and afforded a reasonable yield (87%) (see supportive material). The structure of the 

product 54 and the undesired product were characterized by both NMR and mass spectra. The 

optical rotation was recorded for product 54 in chloroform at wavelength 589 nm and reported as: 

[α]D
27.90=+29.15 (c=0.5, CHCl3) where temperature =27.90 °C. 
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Scheme-1.11 Synthesis of C-4 (all R)/(all S) and  C-5 (all R) catalysts. 
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Table:1.1 Optimization of the time for addition of Boc2O solution 

Entry[a] Time 
(Min)[b] 

Yield 
(%) [c]    

1 10 65 

2 15 77 

3 30 87 

[a] the reactions were performed with TMSCl (1 equivalent), 52-diamine (1 equivalent) and Boc2O 

(1 equivalent), MeOH, rt [b] time needed for the dropwise of Boc2O solution.  [c] Yield of the mono-

protected chiral 1,2-diamines 54 isolated after silica gel column chromatography. 

 With a protocol for addition reaction in our hand from our previous reported work [27], we 

proceeded addition of (2-amino-1,2-diphenyl-ethyl)-carbamic acid tert-butyl ester 3 with 1,3,5-

benzenetricarbonyl trichloride in presence of N-ethyldiisopropylamine afforded 82 % of product 

56.  The installation of compound 54 with the spacer 55 was accomplished in smooth way without 

any side product. The deprotection reaction using TFA in DCM resulted in the preparation of C3-

symmetric C4-(all S) in excellent yield (98%) after passing through basic resin (Ambersep 900-

OH) (see experimental section). The C-4 (all S) or (all R) was reduced with BH3·SMe2 in dry THF, 

and then in methanol in the presence of 1M HCl. To get amino-catalyst C-5 (all R), the 

concentrated crude was passed through resin (ambersep900-OH) and dried for 20h at 80 °C that 

afforded overall yield of 67%. 

 

1.2.3 Synthesis of warfarin 

 

In the preliminary evaluation of efficacy of catalysts, we checked all catalysts in the synthesis of 

warfarin with standard conditions of 36 (0.2mmol), 37(0.24mmol), catalysts (mol %), THF (2mL) 

for 48hrs at room temperature. 
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Table 1.2 Optimization of solvent and C2-symmetric catalysts loading  

O

OH

O
+

O
(mol %)

Solvent
rt,48h

O

OH

O

O

36 37 38

Cat.

 

Entry  Solvent     Catalyst Mol% Yield (%) e.r (%) 

1       THF C-1 5 61 31/69 

2      THF C-2 5 58 64/36 

3       THF C-3 5 65 70/30 

4       THF C-1 10 68  31/69 

5      THF C-2 10 62   69/31 

6       THF C-3 10 74 47/53 

7 Toluene C-1 5 58 44/56 

8 Toluene C-2 5 52 63/37 

9 Toluene C-3 5 49 74/26 

Table 1.3 Optimization of C3-symmetric catalysts loading  

O

OH

O
+ R

O
(mol %)

Solvent
rt,48h O

OH

O

O

36
37

38

Cat.
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Entry [a] R Solvent Cat. (Mol %) Yield (%)[b] e.r(%) [c] 

1 C6H5- THF C-5(all R) 2 62 74/26 

2 4-ClC6H4- THF C-5(all R) 2 70 70/30 

3 C6H5- THF C-4(all R) 2 30 61/39 

4 C6H5- THF C-4(all S) 2 33 40/60 

5 4-ClC6H4- THF C-4(all R) 2 43 64/36 

6 4-ClC6H4- THF C-4(all S) 2 40 37/63 

7 C6H5- THF C-5(all R) 5 87 78/22 

8 C6H5- THF C-5(all R) 5 95 76/24 

 

[a]The reactions were performed with 36 (0.2mmol), 37(0.24mmol), catalysts (2 mol %), THF 

(2mL) at room temperature, time (48hrs) [b] Yield of the isolated product after silica gel column 

chromatography [c] Determined by chiral HPLC analysis. 

Initially, we have started to investigate catalyst activity with 2 mol % of catalyst. For this purpose, 

we examined the reaction between 4-hydroxy-chromen-2-one 36 with Michael acceptors 37. This 

preliminary examination was carried out in THF at room temperature in the presence of 1 equiv of 

Michael acceptors 37 (Table 1.3).  With this loading, amino-organocatalyst C-5(all R) could 

catalyze the reaction that afforded the desired product 38 (table 1.3, entry1) with a moderate yield 

62% and good enantiomeric ratio (74/26), The activity of catalyst C-5 (all R) was further 

investigated at the same loading for the synthesis of warfarin analog 38 (table 1.3, entry 2) provided 

70% yield with 70/30 enantiomeric ratio. In our attempt with the same substrate, catalysts C-4(all 

S) provided the product 38 in 40% yield with the moderate enantiomeric ratio of 37/63 (table 3, 

entry 6). This result may indicate the leading role of C-4(all R)/(all S) in both yield and 

stereocontrol would be a structural factor. In chiral C3-symmetric amide, -N-H---O bonds 

formation may determine the partial deactivation of the catalyst (figure 1.5).  This initial 
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investigation revealed that amino catalyst C-5 showed good performance that furnished product 

38 within 48h reaction time. To decide the loading for the scope of the reaction, we increased 

catalysts C-5(all R) from 2 mol % to 5 mol %. With these reaction conditions, the desired Michael 

product 38 was increased to 87 % yield with 78/22 e.r (table 1.3, entry 7). The last attempt for this 

round was performed between 4-hydroxy-chromen-2-one 36 and 4-(4-chloro-phenyl)-but-3-en-2-

one 37c with 5mol % of C-5 (all R) that provided 95 % of yield with good enantiomeric ratio 

(76/24). By keeping the reaction time and temperature constant, an increase of catalyst loading 

from 2 mol % to 5 mol % resulted in an enhanced yield and superior enantiomeric ratio. We found 

that high yield and good enantioselectivity could be achieved by C-5(all-R) (5%) for the synthesis 

of warfarin analogs. 

O
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HN
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H
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Figure 1.5. Plausible N-H-O bonds formation which determine the partial deactivation of catalyst 

C-4  

 

1.2.4 Scope of the reactions 

 

The scope of the warfarin analogs synthesis was investigated by C-5(all R)(5% mol) in THF or 

DMSO at room temperature. Different α,β-unsaturated ketones 59 were employed with two 

different cyclic Michael donors (nucleophiles) 58 to synthesis the expected Michael products 60.  

Based on our previously reported work 45, DMSO was used as a solvent for the reactions performed 

with 4-hydroxy-1H-quinolin-2-one. Confirmed that the reaction of nucleophile 58 with 

electrophile 59 does proceed well in the presence of C-5(all R)(5% mol). The corresponding 

products 60a-i were obtained from low to excellent yields with good enantioselectivities. 
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Consistently high yield and good enantioselectivity were achieved with 4-hydroxy-chromen-2-one 

58a (table 1.4) except for product 60i.  When using 4-hydroxy-1H-quinolin-2-one 8b instead of 4-

hydroxy-chromen-2-one 58a, the reaction also worked to give the product from good to low yields. 

This revealed that the type of heteroatom (oxygen/ nitrogen) in the Michael donors 58 has 

influenced the yield of each warfarin analoguess. The C3-symmetric amino-catalyst C-5(all R) 

performed well for most of the tested substrates, however, the reaction between 58b and 59i did 

not afford the product. The reason for the lack of performance of catalysis for this reaction (58b 

with 59i) is under investigation. The R1 and R2 phenyl substituted Michael acceptor 59 provided 

the lowest yield and enantioselectivity when reacting with Michael donor 58b, compared to the 

reaction with 58a (table 1.4, entries 7-8). This compound has been synthesized and 

enantiomerically separated by this work for the first time. In addition, the newly synthesized 25i 

having cyanide substituent was the second lowest yield, however, the HPLC conditions are not 

optimized for enantiomeric separation.  In this scope of reactions, the highest yield (95%) (table 

1.3, entry 3) and best enantiomeric ratio (80/20) (table 1.3, entry 5) was attained in THF in the 

presence of 5mol % of the multifunctional C-5(all R).  

 

Table 1.4 C-5(all R) Catalyzed reactions between 4-hydroxycoumarin/4-hydroxy-1H-quinolin-2-

one and α, β-unsaturated ketone 

 

X

OH
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[a]The reactions were performed with 58(0.2mmol), 59 (0.24mmol), catalysts (5 mol %), and 

solvent (2mL), at room temperature, time(48hrs) [b] Yield of the isolated product after silica gel 

column Chromatography [c] Determined by HPLC 
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Ent [a] R1 R2 X Solvent Yield (%) [b] e.r(%) [c] 

1 C6H5- CH3 O THF 87 78/22 

2 C6H5- -CH3 N DMSO 52 77/23 

3 4-ClC6H4 CH3 O THF 95 78/22 

4 4-ClC6H4 - CH3 N DMSO 56 76/24 

5 -CH3 CH3 O THF 54 80/20 

6 -CH3 CH3 N DMSO 25 68/32 

7 C6H5- C6H5- O THF 19 75/25 

8 C6H5- C6H5- N DMSO 8 55/45 

9 CNC6H4- C4H9 O THF 21 ---- 
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Figure 1.6- Structures of obtained compounds from scope of reactions 

In summary, this work revealed that the yield has been influenced by the type of heteroatoms 

(oxygen and nitrogen) of Michael donors 58, the structure of Michael acceptors 59, and catalyst 

loading.  

 

1.2.5 Scale-up of synthesis of the active compound 60c 

To verify our procedure, we performed scale-up synthesis using 4-hydroxy-chromen-2-one 58a 

(1g, 6.20mmol) and 4-(4-Chloro-phenyl)-but-3-en-2-one 59c (1.34g, 7.44 mmol) under the same 

standard reaction conditions. To our delight, product 60c, a rodenticide, was generated in high 

yield with a good enantiomeric ratio (80/20) (Scheme 1.12). 
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Scheme 1.12 Scale-up synthesis of product 60c 
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1.2.5 ESI-MS offline reaction monitoring: identification of active 

intermediates 

 

Finally, to confirm the catalytic activity of multiple amine units for C-5(all R), we performed off-

column ESI-MS studies. By flow-injection of the reaction mixture, we identify the more relevant 

intermediates. The reaction consists formation of a covalent bond between Michael acceptor and 

multifunctional aminocatalyst C-5(all R), followed by nucleophile addition of 58 via imine 

activation. As we observed, the three expected imine intermediates of the catalytic cycle are 

observed in reasonable abundance (Figure 1.7).  

Here the high-resolution ESI-MS spectra acquired between the catalyst and ketone (Figure 1.7). 

m/z 913.4737 for C61H62Cl1N6, m/z1075.4979 for C71H69Cl2N5 and m/z 1237.5222 for 

C81H76Cl3N6 are the mono- bis- and tris-imine intermediates respectively.  As indicated from the 

mass spectrum of the reaction mixture after 22h (figure 1.8), the signal corresponding to the mono-

imine species was observable and exhibited the highest intensity while the signal corresponding to 

the tris-imine species exhibited the lowest intensity. The high-resolution mass spectra attest to the 

agreement with the proposed reaction mechanism. 
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Figure: 1.7 Mono- bis- and tris-imine intermediate 
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Figure 1.8 HR-MS spectrum of reaction mixture after 22h using catalyst C-5 (all-R): zooms in the 

region od active species. (see experimental section for additional information) 
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1.3 Conclusion Remarks 

Novel chiral C3-symmetric N-{3,5-bis-[(2-amino-1,2-diphenyl-ethylamino)-methyl]-benzyl}-1,2-

diphenyl-ethane-1,2-diamine (C-5) with 1,3,5-benzoltricarbonyltrichlorid spacer group has been 

synthesized from readily available chiral 1,2diamines. This amino catalyst has been applied in the 

asymmetric synthesis of warfarin and analogues under room temperature and metal-free 

conditions, shown superior performance which provided the corresponding warfarin and 

analogues products in high yield (up to 95%) and enantioselectivities up to 80:20 e. r.  

The mechanism of C-5(all-R)-catalyzed reaction between α-β-unsaturated ketones and coumarin 

were studied using ESI-MS and it was demonstrated as an effective technique for the off-line 

analysis of reaction intermediates. 

 

1.4 Experimental section 

1.4.1 General experimental conditions  

All reactions were conducted under the atmosphere unless otherwise noted.  All commercial 

reagents, solvents used for analysis, and HPLC solvent were purchased from Sigma Aldrich or 

Fluorochem. Column chromatography used 60 Å (230-400 mesh) silica gel purchased from Sigma 

Aldrich. All reactions were monitored by thin layer chromatography using Merck TLC Silica gel 

60 F254 aluminum sheets(20X20cm), and then UV light (254 nm) was used for visualization.  

NMR spectra were recorded at 298 K by Bruker AM 400 in CDCl3, MeOD and DMSO–d6 except 

spectra of one sample were recorded by Bruker AM 300.  Coupling constants were reported in Hz. 

For multiplicity (s (singlet), m (multiplet), d (doublet), t (triplet), q (quatriplet), dd (doublet of 

doublets), ddd (double doublet of doublets), dt (doublet of triplets), ddt (double doublet of triplets), 

dq (doublet of quatriplets). The exact mass of catalysts was obtained on ESI-MS.  Optical rotation 

[α] was measured at a specific temperature.  Isolation of enantiomers was performed by HPLC 

equipped with UV detection at 254nm or 280nm with ChiralPak columns.  All the reported product 

yields were calculated based on pure material isolated after column purification. The analysis of 

the catalytic cycle was performed by ESI-MS. 
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1.4.2 Synthesis of C2-symmetric organocatalysts 

Synthesis of molecule 41 

 

In well dried flask equipped with a stir bar, commercially available chiral amine-39 (500 mg, 2.334 

mmol) was dissolved in dry CH2Cl2 (6 mL) under argon gas.  Triethylamine Et3N (325.34 µL, 

0.9333 mmol) was added to the solution at 0 0C. Then, the solution of 2,6-pyridinedicarbonyl 

dichloride-40 (238.10g, 1.167 mmol) in dry CH2Cl2 (4 mL) was added dropwise. The mixture was 

stirred overnight at room temperature.  The progress of the reaction was monitored via TLC. After 

completion, the crude product was concentrated and purified by column chromatography on silica 

gel (Hex/EA)50/50). 90% of the white product was recovered. The obtained product was 

characterized by NMR and mass spectroscopy. 90% of the white product.  

1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.5 Hz, 2H), 7.54 (d, J = 7.7 Hz, 2H), 7.26 (t, J = 7.7 

Hz, 1H), 3.90 (d, J = 9.0 Hz, 2H), 3.19 – 2.91 (m, 4H), 1.39 (dd, J = 28.4, 12.6 Hz, 4H), 1.09 (s, 

4H), 0.99 – 0.85 (m, 2H), 0.79 – 0.54 (m, 7H), 0.45 (s, 18H). 560.3445 m/z calculated for 

C29H46N5O6 [M+H]+ found: 560.34, [M +Na]+ 582.32615 m/z, C29H45N5O6Na1 [M +Na]+ 582.3261 

m/z. 

 

Synthesis of Catalyst-1(C-1) 

 

Compound 41 (196g;0.3680mmol) was dissolved in DCM (10ml) and kept at 0°C. TFA 

(170.10µL,2.21mmol) was added to the solution.  Then reaction was stirred at 0°C for 2hrs and 

temperature of the reaction was increased to room temperature for another 5h. The progress of 

reaction was controlled by TLC (Pentane/EOAc:50/50). After completion of reaction, solvent was 

removed in rotavapor. Catalyst-1(C-1) was obtained after passing through Ambersep 900-OH. To 

obtain neutral compound(C-1) from 42, Ambersep 900-OH resin was activated with 2N NaOH.  

Then, water and MeOH were passed consecutively. At the end, compound-42 was dissolved in 

methanol and loaded to column. The solution was collected and evaporated.  Finally,99% of 

desired product-C-1 was obtained.   
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1H NMR (400 MHz, CDCl3) δ 7.92 (d, J = 7.8 Hz, 2H), 7.58 (dd, J = 18.1, 10.2 Hz, 1H), 7.49 (d, 

J = 8.3 Hz, 2H), 3.26 (qd, J = 11.1, 3.7 Hz, 2H), 2.19 (td, J = 10.3, 3.8 Hz, 2H), 1.74 (dd, J = 7.2, 

4.2 Hz, 2H), 1.66 – 1.54 (m, 2H), 1.37 (dd, J = 23.0, 20.2 Hz, 4H), 0.92 (tt, J = 22.0, 11.2 Hz, 

10H).    360.23928 m/z calculated for C19H29N5O2 found: 360.24 [M +H] +, C19H29N5O2Na [M 

+Na]+ 382.22116, [2M +H]+ 719.47191. 

 

Synthesis of molecule-45 

 

To the solution of 44 (400mg, 1.70mmol) in dry CH2Cl2 (7mL), triethylamine Et3N (237mL, 

1.70mmol) was added under argon gas. Then, the solution of 2,6-pyridinedicarbonyl dichloride 

(173.41mg, 1.70mmol) in CH2Cl2 (4mL) was added dropwise. The mixture was stirred in room 

temperature overnight.  The crude product was concentrated and purified by column 

chromatography on silica gel (Hex/EA)50/50). 93% yield 

1H NMR (400 MHz, CDCl3) δ 9.00 (d, J = 4.5 Hz, 2H), 8.20 (d, J = 7.7 Hz, 2H), 7.91 (t, J = 7.8 

Hz, 1H), 7.27 (ddd, J = 29.9, 24.4, 7.0 Hz, 10H), 5.27 (d, J = 91.5 Hz, 4H), 3.84 – 3.32 (m, 4H), 

2.04 (d, J = 49.6 Hz, 2H), 1.21 (s, J = 21.2, 13.9 Hz, 18H). 626.29486 m/z calculated for 

C33H41N5O6Na [M +Na] +  found: 625.30,  [2M +Na] + 1229.60120. 

 

Synthesis of  Catalysts-2(C-2) 

 

Compound 45(306mg;0.51mmol) was dissolved in DCM (14ml) and kept in ice(0°C). TFA 

(391µL,5.10mmol) was added to the reaction solution at 0°C and stirred at rt for 5h.  Reaction was 

stopped and solvent was removed in rotavapor. The ambersep 900-OH resin was run with 2N 

NaOH, followed by water, then MeOH. Sample was dissolved in methanol and loaded to the 

column by pipette. The solution was collected, evaporated, weighted, characterized by NMR and 

ESI-MS. 98% yield. 1H NMR (400 MHz, MeOD) δ 8.21 – 8.13 (m, 2H), 8.08 – 7.97 (m, 1H), 7.39 

– 7.16 (m, 12H), 5.13 (dd, J = 7.9, 5.7 Hz, 2H), 3.15 – 2.98 (m, 4H), 1.80 (s, 4H).  426.19010 m/z 

calculated for C23H25N5O2Na[M +Na]+  found: 426.19 ,[2M +Na] +829.3909 
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Synthesis of molecule 49 

 

To the solution of 48 (400mg, 1.280 mmol) in dry CH2Cl2 (7 mL), triethylamine Et3N (237mL, 

1.70 mmol) was added. The solution of 2,6-pyridinedicarbonyl dichloride (173.41mg, 1.70 

mmol) in CH2Cl2 (4 mL) was added dropwise. The mixture was stirred at room temperature 

overnight.  The crude product was concentrated and purified by column chromatography on 

silica gel (Hex/EA)50/50). 94% yield.  1H NMR (400 MHz, CDCl3) δ 9.21 (s, J = 8.4 Hz, 2H), 

8.24 (d, J = 7.8 Hz, 2H), 7.93 (t, J = 7.8 Hz, 1H), 7.40 – 7.08 (m, 21H), 5.79 (d, J = 8.9 Hz, 2H), 

5.35 (t, J = 8.9 Hz, 4H), 1.02 (s, 18H). 754.3603 m/z calculated for C45H48N5O6[M +H] +   found: 

754.36 m/z for 45H48N5O6Na[M +Na] + 778.3566, [2M +Na] + 1534.7272 

 

Synthesis of catalyst-3(C-3) 

 

Compound 49(950 gm;2.19 mmol) was dissolved in DCM (7 mL) and kept in ice(0°C). TFA (169 

µL,2.19mmol) was added to the reaction solution at 0°C and stirred at rt for 5 h.  Reaction was 

stopped and the solvent was removed in rotavapor. Ambersep 900-OH in the column was activated 

with 2N NaOH, followed by water, then MeOH. The sample was dissolved in methanol and 

transferred to the column by pipette. The solution was collected, evaporated, weighted, 

characterized by NMR and ESI-MS. 96% yield. 1H NMR (400 MHz, MeOD) δ 8.22 (d, J = 7.7 

Hz, 2H), 8.08 (dd, J = 8.3, 7.2 Hz, 1H), 7.60 – 7.02 (m, 22H), 5.41 (d, J = 6.6 Hz, 2H), 4.61 (d, J 

= 6.6 Hz, 2H), 3.32 (m, J = 1.6 Hz, 2H).  554.2556 m/z calculated for C35H32N5O2 found, [M +H] 

+ found 554.66, 578.25147, [2M +Na] + 1133.5143 
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Synthesis of (2-Amino-1,2-diphenyl-ethyl)-carbamic acid tert-butyl ester-54 

Round bottom flask containing methanol(3ml) was charged with TMSCl (1.415 mmol,178.50 µL) 

at 0 °C. After 10min stirring, 1,2-diphenyl ethylenediamine (DPEDA) (1.415 mmol, 300 mg) was 

added. The solution was continued to be stirred at room temperature for 15 min. The solution of 

di-tert-butyl dicarbonate (Boc)2O (1.41 mol, 308.47mg) in MeOH (2 mL) was added dropwise for 

30 min. The resulting solution was stirred for 2h at room temperature. The mixture was 

concentrated in a vacuo. The residue was washed with diethyl ether (3×4mL) and the pale-yellow 

solid was treated with the 3N NaOH solution (1.2mL) and water (3 × 1.5mL).  The product was 

dried in a vacuo at low pressure.  87% of white product 54 was isolated by column chromatography 

with Hex/EA (50/50) +1%TEA and characterized by 1H-NMR,13C NMR, and ESI spectra. 

Confirmation was done by comparing its 1H-NMR spectrum with previously reported literature. 

1H NMR (400 MHz, CDCl3) δ 7.47 – 7.24 (m, 10H), 5.88 (1, J = 8.1 Hz, 1H), 4.89 (s, 1H), 4.37 

(s, 1H), 1.44 (s, J = 27.6 Hz, 2H), 1.36 (s, 9H). 313.17 m/z calculated for C19H24N2O2 found: 

313.18 and [M +Na] +:335.17 

 

Synthesis of Molecule-56 

 

Compound-54(380 mg, 1.22 mmol) was dissolved in 8 mL of dry CHCl3. Then, 167.7µLof DIPEA 

was added to the reaction mixture. Then, the solution of 1,3,5-benzenetricarbonyl trichloride 

17(107.80 mg,0.41mmol) in 4 mL of dry CHCl3 was added to the reaction mixture dropwise.  The 

solution was stirred under nitrogen atmosphere at 40 °C.  After 5hours stirring, the temperature of 

the reaction was decreased to 25°C for 14hr. The reaction progress was controlled with TLC 

(Hex/EA)50/50) +1%MeOH, Rfspot1 =0.037, Rfspot2 =0.278, Rfspot3 =0.667). Then, 2ml of 

MeOH was added slowly. The crude of reaction was concentrated in vacuo. The residue was 

purified by column chromatography on silica gel with Hex/EA)50/50) +1%MeOH. Based on the 

third spot,85% yield was obtained. The structure was confirmed by both NMR and mass 

spectroscopy,1H NMR (400 MHz, DMSO) δ 9.02 (d, J = 9.1 Hz, 3H), 8.23 (s, 3H), 7.69 (d, J = 

9.7 Hz, 3H), 7.35 (m, J = 13.2, 7.5 Hz, 11H), 7.28–7.11 (m, 10H), 5.52 (dd, J = 8.9, 6.4 Hz, 3H), 
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5.13 (dd, J = 9.4, 6.3 Hz, 3H), 1.23 (d, J = 9.9 Hz, 27H). 569.33 m/z found for C66H72N6O9  [M 

+H] 2+ found and 1115.58 m/z [M +Na] +  

Synthesis of Catalyst-4(C4-(R, R) and C4(S, S) 

 

Compound-56 (233mg, 0.2134 mmol) was dissolved in DCM(7ml) and kept in ice(0°C). Next, 

TFA (165µl) was added and reaction was stirred at room temperature for 5hrs. After the progress 

of reaction was controlled by TLC (hex/EA (50/50) +1% methanol), the crude of reaction was 

concentrated in vacuo.  Then the concentrated crude product was dissolved in methanol and passed 

through Ambersep 900 OH. Before load the sample, the resin was activated with 2N water and 

methanol consecutively. Finally, the dissolved crude product was loaded. After collection, the 

solvent was evaporated in vacuo and 98% of product was recovered. Finally, the product was 

characterized by 1HNMR and mass spectroscopy (ESI).  1H NMR (400 MHz, MeOD) δ 8.41 (s, 

1H), 7.29 – 7.15 (m, 12H), 7.12 (t, J = 6.7 Hz, 1H), 5.30 (dd, J = 20.6, 6.1 Hz, 1H), 4.34 (d, J = 

8.2 Hz, 1H). 815.3800 m/z found for C51H48N6O3Na[M +Na]+ 

 

Synthesis of N-{3,5-Bis-[(2-amino-1,2-diphenyl-ethylamino)-methyl]-benzyl}-1,2-diphenyl-

ethane-1,2-diamine (C5) 

 

In well dried round bottom flask, (185mg; 0.233mmol) of catalysts C-4 was dissolved in 10Ml of 

anhydrous THF.  Next, (296µL; 3.12mmol) of B (Borane dimethyl sulfide) was added at 0 °C. The 

solution was heated to reflux under N2 atmosphere for 6h. The temperature was dropped to 25°C 

for another 14hours. Then reaction was quenched by adding 4mL of MeOH at 0°C and then, the 

crude of the reaction was dried in vacuo. Then, 250mg of concentrated material was dissolved in 

10mL of MeOH. Followed by 1M HCl (10mL) was added to the solution and continued to reflux 

for 8hr. washed with MeOH. Then the concentrated material   was passed through resin Ambers 

per 900. The product was dried in rotavapor and lead to vacuum pump at 80°Ç for 24hr. Yield 

:95% with overall yield 67%. 1H NMR (400 MHz, MeOD) δ 7.12 (d, 30H), 6.97 (s, 3H), 3.94 (d, 
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J = 9.0 Hz, 3H), 3.74 (s, 3H), 3.57 (dd, J = 12.0, 5.3 Hz, 3H), 3.49 –3.38 (m, 3H).  773.44 m/z 

found for C51H54N6 [M +Na]+ 

 

General procedure for the synthesis of Michael Reactions 

 

Compounds (60a-60j) were synthesized by mixing 4-hydroxy-2H-chromen-2-one(58a) (0.2mmol) 

or Hydroxy-1H-quinolin-2-one(58b) (0.2mmol), α, β-unsaturated ketone (59) (0.24mmol) and 

catalyst(5%mol) in THF(BHT)(2ml) or DMSO(2ml). The solution was stirred at room temperature 

for 48hours. The reactions were controlled by TLC. After 48h, the solution was concentrated in 

vacuo. Crude residue was purified via column chromatography on silica.  The eluent conditions 

were Hex/EA (70/30) for coumarin based reaction or Hex/EA(60/40) for Hydroxy-1H-quinolin-2-

one based reaction.  The purified compounds were stored at 5°C until analyzed. Separation of 

enantiomers were performed using chiral HPLC (Daicel Chiralpak IA or IB. 

In these asymmetric Michael addition reactions, warfarin and warfarin analogs(60a-60i) were 

synthesized by mixing 4-hydroxy-2H-chromen-2-one(58a) (0.2mmol) or Hydroxy-1H-quinolin-

2-one(58b) (0.2mmol), α, β-unsaturated ketone (59) (0.24mmol) and catalyst(5mol%) in 

THF(2ml)(X=O) or DMSO(2ml)(X=N) respectively. The solution was stirred at room temperature 

for 48hours.The progress of the reaction was controlled by TLC analysis. After completion of time, 

the solution concentrated in vacuo and the crude residue was purified via column chromatography 

on silica with Hex/EA (70/30) for coumarin based substrates and Hex/EA(60/40) for Hydroxy-

1H-quinolin-2-one based michael product.  The purified compounds were stored at 5°C until 

analyzed. Separation of enantiomers were performed using chiral HPLC (Daicel Chiralpak IA and 

IB (0.46 cm x 250cm). 

 

Synthesis of 4-Hydroxy-3-(3-oxo-1-phenylbutyl) coumarin(60a) 

 

White solid, yield (87%), 1H NMR (400 MHz, DMSO) δ 7.84 (d, J = 7.6 Hz, 1H), 7.63 (t, 1H), 

7.38 (d, J = 8.4 Hz, 3H), 7.28 – 7.13 (m, 5H), 4.01 (dt, J = 13.2, 6.9 Hz, 1H), 2.40 – 2.26 (m, 1H), 
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1.90 (t, J = 12.4 Hz, 1H), 1.61 (d, J = 25.9 Hz, 3H). Enantiomeric ratio :77/23 where major peak 

at tr = 5.57 and minor peak is at tr =11.11. 

 

0 6 12 18

min

 

Synthesis of 4-Hydroxy-3-(3-oxo-1-phenyl-butyl)-1H-quinolin-2-one(60b) 

 

1H NMR (400 MHz, DMSO) δ 11.28 (d, J = 42.9 Hz, 1H), 7.81 (s, 1H), 7.54 – 7.44 (m, 1H), 7.36 

– 7.08 (m, 8H), 4.02 (d, J = 5.9 Hz, 1H), 2.36 – 2.28 (m, 1H), 2.21 – 2.06 (m, 1H), 1.89 – 1.71 (m, 

1H), 1.56 (d, J = 15.1 Hz, 3H). Enantiomeric ratio :78/22 where major peak at Rt = 12.37 and minor 

peak is at Rt =19.39. 
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4 6 8 10 12 14 16 18 20 22

min

 

 

Synthesis of 3-[1-(4-Chloro-phenyl)-3-oxo-butyl]-4-hydroxy-chromen-2-one(60c) 

 

1H NMR (400 MHz, MeOD) δ 7.92 (d, J = 6.3 Hz, 1H), 7.59 (t, J = 16.8, 9.8 Hz, 1H), 7.40 –7.11 

(m, 6H), 4.09 (t, J = 17.4, 6.5 Hz, 1H), 2.38 (m, J = 13.4, 6.6 Hz, 1H), 2.06 –1.88 (m, 1H), 1.69 

(d, J = 29.3 Hz, 3H).Enantiomeric ratio :81/19 where major peak at tr = 11.60 and minor peak is at 

tr =35.87. 
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Synthesis of 3-[1-(4-Chloro-phenyl)-3-oxo-butyl]-4-hydroxy-1H-quinolin-2-one(60d) 

 

1H NMR (400 MHz, DMSO) δ 11.24 (d, J = 32.4 Hz, 1H), 7.81 (d, J = 7.5 Hz, 1H), 7.47 (s, 1H), 

7.29 – 7.08 (m, 8H), 4.01 (s, 1H), 2.37 – 2.20 (m, 1H), 1.83 (s, 1H), 1.54 (d, J = 11.6 Hz, 3H). 

Enantiomeric ratio :76/24 where major peak at Rt = 11.11 and minor peak is at Rt =21.39. 
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Synthesis of 4-Hydroxy-3-(1-methyl-3-oxo-butyl)-chromen-2-one(60e) 

 

1H NMR (400 MHz, MeOD) δ 7.86 – 7.79 (m, 1H), 7.58 – 7.51 (m, 1H), 7.33 – 7.26 (m, 2H), 2.99 

– 2.83 (m, 1H), 2.31 – 2.19 (m, 1H), 2.10 – 1.98 (m, 1H), 1.69 (d, 4H), 1.41 (dd, 3H). 

Enantiomeric ratio :80/20where major peak at Rt = 6.85 and minor peak is at Rt =8.24. 
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min

 

Synthesis of 4-Hydroxy-3-(1-methyl-3-oxo-butyl)-1H-quinolin-2-one(60f) 

 

1H NMR (400 MHz, DMSO) δ 11.26 (d, J = 19.2 Hz, 1H), 7.73 (t, J = 8.8 Hz, 1H), 7.47 – 7.36 

(m, 1H), 7.29 – 7.21 (m, 1H), 7.13 (dd, J = 14.3, 7.1 Hz, 1H), 2.83 (m, J = 20.2, 10.3, 6.8 Hz, 1H), 

1.96 – 1.87 (m, 1H), 1.79 (d, J = 7.3 Hz, 1H), 1.59 (d, J = 17.0 Hz, 3H), 1.41 – 1.28 (m, 3H). 

Enantiomeric ratio :68/32 where major peak at Rt = 14.80min and minor peak is at Rt = 27.70min 

HRMS (ESI): m/z calculated for C14H15NO3 [M +Na]+ , found:  
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4-Hydroxy-3-(3-oxo-1,3-diphenyl-propyl)-chromen-2-one(60g) 

 

1H NMR (400 MHz, DMSO) δ 8.08 – 7.86 (m, 3H), 7.72 – 7.11 (m, 12H), 5.21 (d, J = 87.4 Hz, 

1H), 3.98 (tdd, J = 14.7, 11.9, 7.2 Hz, 2H). 

0 5 10 15 20 25 30

Min

 

0 5 10 15 20 25 30 35

Minutes 0 5 10 15 2 0 25 30 3 5

m in u te
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Enantiomeric ratio :75/25 where major peak at Rt = 15.27and minor peak is at Rt =20.39. 

HRMS (ESI):m/z calculated for C24H18O4[M +Na]+ 370.12 , found: 393.1103 

 

4-Hydroxy-3-(3-oxo-1,3-diphenyl-propyl)-1H-quinolin-2-one (60h) 

 

1H NMR (400 MHz, CDCl3) δ 9.72 (s, 1H), 8.15 – 7.95 (m, 3H), 7.84 (d, J = 15.7 Hz, 1H), 7.54 

(dddd, J = 37.3, 29.8, 9.3, 7.0 Hz, 8H), 7.23 (d, J = 7.3 Hz, 2H), 5.09 (d, J = 8.6 Hz, 1H), 4.59 (dd, 

J = 18.7, 10.1 Hz, 1H), 3.86 (d, J = 18.3 Hz, 1H). Enantiomeric ratio: 55/45 where major peak at 

Rt =11.68min and minor peak is at Rt = 28.99min HRMS (ESI): m/z calculated for C14H15NO3 [M 

+Na]+ , found:  

4 6 8 10 12 14 16 18 20 22

min
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4-[1-(4-Hydroxy-2-oxo-2H-chromen-3-yl)-4,4-dimethyl-3-oxo-pentyl]-benzonitrile (60i) 

 

1H NMR (400 MHz, CDCl3) δ 7.81 (d, J = 7.5 Hz, 1H), 7.61 – 7.47 (m, 3H), 7.43 – 7.21 (m, 5H), 

4.36 – 4.04 (m, 1H), 2.43 (dd, J = 20.5, 12.5 Hz, 1H), 2.15 – 1.69 (m, 1H), 1.33 – 1.05 (m, 13H). 

376.1543m/z calculated for C23H22N1O4[M +H] +   found to be 375.15 m/z, 773.2839 m/z for 

C23H22N1O4Na [2M +Na] +    
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Figure 1.9 Zooms in the region od active species from HR-MS spectrum of reaction mixture after 

22h with catalyst C-5 (all-R) 
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2.1 Introduction 

2.1.1 Overview of Chirality 

Chirality is the geometric property of an object that cannot superimpose with its mirror image1 

This historic concept returned back to 19th century, in particular, unconventional work by Louis 

Pasteur on the omnipresence and significance of chirality in 1848 1 and he recognized the existence 

of chiral object as pair of enantiomorphous mirror images. He became the father of molecular 

chirality because of his exceptionally famous discovery of the resolution of tartrates.2 

According to the IUPAC, ‘’The geometric property of a rigid object (or spatial arrangement of 

points or atoms) of being non-superposable on its mirror image; such an object has no symmetry 

elements of the second kind (a mirror plane, o = S1, a center of inversion, i = S2, a rotation-

reflection axis, S2).’’ This work opened the door for chemists to generate rules and theories to 

describe chiral compound and their properties. 

Studies on chirality have been one of the most essential research areas in pharmaceutical science 

because it is a basic step in the investigation of biologically chiral active molecules.3,4 Chiral 

molecules have stereogenic carbon, which is ubiquitous, their enantiomers are not mutually 

convertible without bond dissociation and recombination5. The other class of chiral molecules are 

capable of interconverting their enantiomers upon rotation of the σ bonds without bond 

dissociation and recombination. Different types of configurations of atoms in molecules cause the 

chirality is classified as the chiral center, chiral plane, chiral axis, and helical chirality.5,6,7,8 The 

existence of one of these types of configurations in a molecule makes it non-superimposable with 

its mirror image. Plane of chirality is a property of chiral systems in which a planar unit is 

connected to an adjacent part of the structure by a bond which results in restricted torsion so that 

the plane cannot lie in a symmetry plane.7 Helical chirality rises when the molecule has a helical 

structure. Helicity is a structural property that can be described by a curve in three-dimensional 

space which can be defined as an entity with an axis yet not superimposable on its mirror image. 

Here are some representatives of molecules contain a chiral center, chiral plane, chiral axis, and 

helical chirality are indicated below (Figure 2.1). 
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Figure 2.1 Types of Chirality based on configurations of atoms 

2.1.2 Classification of chiral molecules 

 

Chirality has a central role in drug design and development which commands a great deal of 

importance in modern organic chemistry because most of the interested pharmaceutical molecules 

are chiral. The existence of this property is directly connected with the biological activity of 

molecules. As we tried to indicate in the overview part, chirality can be classified as the chiral 

center, chiral plane, chiral axis, and helical chirality.5 Here, we have introduced the description of 

this chirality for bioactive molecules using the concept of stereoisomerism with selected examples. 

The majority of molecules in the organic world show this type of isomerism. These two 

enantiomers interact differently with another chiral organic compound. This is noticeable in 

interactions between drugs and the human body since all receptors are chiral. 

The absolute configuration of organic molecules indicates the spatial arrangement of the atoms 

with stereochemical descriptors that command properties and functions of a chiral molecule. 

Mefloquine, as an example, is one of the pharmaceutical molecules used to prevent and treat 

malaria that contains two chiral centers.9,10 This molecule was discovered in the 1970s during 

malaria research being done by the U.S. military in response to high cases of malaria in American 

soldiers during the Vietnam War.10 This molecule is the biologically active compound that 

becomes pharmaceutically important because of the presence of stereogenic carbons. 
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Figure 2.2: Example of molecule contains chiral center 

Axially chirality is a well-known structural character of several organic compounds that lack 

asymmetric centers where some of them are widely studied and well-developed, while others may 

get very limited consideration. Most important molecules are classified as stereoisomers that can 

be interconverted by rotation about single bonds with a high enough rotational barrier to avoid 

interconversion at room temperature.11 These molecules can exhibit optical properties due to the 

presence of axial chirality, as well as their enantiomers, can exhibit different chemical and physical 

properties. The finding of axial chirality has led chemists to design new atropisomeric molecule 

used as pharmaceutical drugs. During drug development from axially chiral molecules, 

understanding the rotational stability of the axis is a crucial precondition. This type of stereoisomer 

differs from other chirality in that racemization can occur spontaneously via bond rotation, rather 

than the process of bond breaking and bond making.1 Here are representatives of atropisomerism 

that is likely present in many common scaffolds in drug design and development (Figure 3). 12,13  

For instance, due to their relevant biological properties, chiral ligands, and catalysts, BINOL biaryl 

scaffolds have attracted the interest of the scientific community (Figure 2.3A).  There are also 

more scaffolds used in the synthesis of important axially chiral molecules. (Figure 2.3C). In 

general, this type of molecule can exist as either stable isolable enantiomers or rapidly 

interconverting racemizing mixtures. 
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Figure 2. 3 Atropisomerism present in common scaffolds in drug development  

2.1.3 Classification of atropisomers stereochemical stabilities 

 

Energy barriers and rotation rates are the two main features that researcher relay on for the 

classification of atropisomer into groups. Steric hindrance and stereoelectronic effects are the two 

common electronic effect that control the rate of interconversion of enantiomers 

In 1983, Oki has proposed a border rule between atropisomers and conformers defined that 

atropisomers are conformers which interconvert with a minimum threshold of a 1000 second half-

life at +25 °C, correlate with a racemization barrier of 21.8 kcal/mol.14 

Furthermore, atropisomers were classified by LaPlante et al. into three groups based upon tendency 

to interconvert as evaluated by their barrier to rotation and half-life.15,16 This classification was 

supported by computational approach based on the amount of energy needed for the chiral axis to 

racemize via rotation. For this purpose, he has collected several industrial screening decks for 

potentially atropisomeric compounds. 

Class 1 Compound possess fast axial rotation rates which rapidly convert on the order of seconds 

and the energy barriers involved are generally lower than 19 kcal/mol. Molecules in this group 
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display no axial chirality and are developed as single molecule. This class of atropisomers 

comprise all scaffolds wherein the isomers cannot be isolated due to their fast interconversion 

properties, and cannot display atropisomeric character and thus should be developed as single 

compounds. 

Class 2 These compounds have intermediate stability in which the rotational barriers are between 

20 kcal/mol and 30 kcal/mol and the half-life time (t1/2) spans from few minutes to years. Within 

this class of compounds, challenges may arise from moderate interconversion rates. There may 

high probability to form racemization during biological analysis, analytical characterization and 

through shelf-life storage leading to challenges during drug design and development. It is possible 

to get a more appropriate analogue by modifying the structure for designing of related compounds 

that have slower or faster axial rotation rates. This class further grouped into two subclasses were 

rotational energy barrier ranged within 20 kcal/mol ≤ ΔErot ≤ 23 kcal/mol or 23 kcal/mol < ΔErot < 

30 kcal/mol. 

 Class 3 Atropisomers are stable, t1/2 on the order of years. These are chiral stable compounds with 

a ΔErot ≥ 30 kcal/mol and the single enantiomers can be considered kinetically stable. Therefore, 

little to no axial rotation is expected to occur at +25 °C. 

 

2.1.4 Atropisomerism in drug discovery 

 

Chirality plays crucial role in modern pharmaceutical industry where the studies of atropisomerism 

have received considerable attention following the increased its prevalence in modern drug 

discovery.17 The discovery of new atropisomeric compounds has used to guide us to develop new 

pharmaceutical drugs which have differ biological activity towards to target and pharmacokinetic 

properties like others chiral-centered stereoisomers.18 These molecules can exist as either stable 

isolable enantiomers or rapidly interconverting racemizing form. As we have seen at classification 

of atropisomers at stereochemical stabilities section, drug discovery and development processes 

become more complex for atropisomerism than chiral-centered molecules because the 

interconversion take place via bond rotation which subject to time and temperature-dependent. 19 
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Each possible atropisomeric conformation of a molecule can possess different drug properties and 

target profiles. 

A significant role for atropisomers in drug discovery and development has been established via 

substantial studies on the characteristics of molecules exhibiting this form of chirality. 

Atropisomerism plays a significant role in altering pharmacodynamic and pharmacokinetic 

properties and thereby the success of any proposed drug candidate. It is advised that all vital 

pharmacological attributes related to the safety and efficacy of both the isomers are studied and 

evaluated. The activity toward the choice target of stable atropisomers (class 3) take the majority 

in drug discovery while others provide minor contributions.  Here are examples of significant small 

molecule atropisomeric FDA-approved drugs: telenzepine (12), colchicine (13), and lesinurad (14) 

(Figure 2.4).  The antimuscarinic telenzepine is an atropisomeric FDA-approved drug that 

discussed many times in the literature possesses a t(1/2) to racemization at 20 ◦C of approximately 

1000 years, and a 500-fold difference in potency between atropisomers 20,21 (Ra,7S)-colchicine is 

another FDA-approved atropisomeric natural product which inhibits microtubule polymerization 

is (∼40-fold) less cytotoxic.22,23 Lesinurad is an oral selective inhibitor of the URAT1 and OAT4 

uric acid (UA) transporters of the kidney, exist as a mixture of stable atropisomers after initially 

approved for the treatment of gout, with the (Sa)-atropisomer proving to be a three times  more 

potent hURAT1 inhibitor 24. 
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Figure 2.4 US FDA-approved small-molecule drugs that are atropoisomerically stable. 
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Figure:2.5 Representative of atropisomeric stable compounds from the medicinal chemical 

literature. 

As briefly described in the literature, class 1 atropisomers have become frequently used in drug 

discovery. About 30 % of FDA-approved small molecule drugs since 2011 possess at least one 

interconverting axis of chirality.25,26 Generally, atropisomer scaffolds that are prevalent throughout 

drug discovery are biaryls, heterobiaryls, and diaryl amines. 

 

2.1.5 N–N atropisomers and Atropisomeric Hydrazides  

 

Axially chiral compounds that possess N−N axes are widespread in natural products, bioactive 

compounds, and ligands, and their study holds promise for discoveries of important molecules, 

especially in pharmaceutical drug design and development.  For example, in atropisomers 

featuring an aza axis that contains restricted rotations in N−N single bonds was shown by Adamas 

and Chang in 1931.27 N-N biaryl atropisomers have drawn increasing interest due to their unique 

structure and relatively stable axes. The successful separation of N−N biaryl atropisomers via the 

resolution of 2,2′,5,5′-tetramethyl-1,1′-bipyrrole-3,3′-dicarboxylic acid with brucine was one of 

interesting work that push this research area one step forward. 27 In 2014, Pierini and coworkers 

obtained the N−N biaryl atropisomers that made a feature of N−N bibenzimidazoles scaffold by 

means of chiral high-performance liquid chromatography (HPLC).28 Seven year later, 

Higashibayashi and coworkers characterized the racemization of the obtained N−N bicarbazole 

atropisomer using HPLC, that revealed a stable chiral axis that could withstand higher 

temperatures than its decomposition temperature.29 When racemic tetra-orthoportograph-

substituted substrates were utilized, a typical kinetic resolution procedure was conducted to 

provide the N−N atropisomers with excellent enantioselectivity and up to 173 selectivity factors.30 
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Figure 2. 6 Sample of axially chiral compounds that possess N−N axes 

 

Hydrazides are a family of organic molecules that have a common functional group distinguished 

by a nitrogen-to-nitrogen covalent bond(R−NR1−NR2R3), and non-basic due to the inductive 

influence of the acyl, sulfonyl, or phosphoryl substituent. They have attracted considerable 

attention for their properties as bioactive compounds and great efforts have been developed for the 

progress of new approaches in synthesis and studies of their stabilities 31,32,33,34  
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Figure 2.7 Some selected atropisomeric hydrazides 

 

Di-, tri- and tetra-substituted hydrazine show higher barriers to rotation around the N-N bond 

compared to other single bonds.35 This is probably because of the repulsion between the lone pairs 

on the nitrogen when the molecule is close to a planar conformation. 36,37 Is may be this trend being 

true for hydrazides? 
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2.1.6 Dynamic and kinetic studies for Stereochemistry analysis 

 

Design, synthesis, and analysis of the stereochemical stability of chiral molecules have been most 

fundamental works in discovery of new pharmaceutical drugs. In this part, we focus on the analysis 

of the stereochemical stability of chiral molecules, which are represented by axial chiral molecules. 

The desired enantiomer used as active pharmaceutical molecule should separate from its 

enantiomer which may have significant differences in the activity. Dynamic HPLC, variable 

temperature NMR, and kinetic analysis by off-column are the three most widely used experimental 

approaches to study stereochemical stabilities of an enantioenriched sample. From these 

approaches, we focused on the dynamic and off-column HPLC studies of chiral molecules capable 

of interconverting their enantiomers upon rotation of the σ bonds without bond dissociation and 

recombination like atropisomeric hydrazides. This approach provides us with important 

parameters to investigate the energy barrier to the rotation, commonly activation parameters 

(activation Gibbs energy, ΔGrac
⧧; activation enthalpy, ΔHrac

⧧; and activation entropy, ΔSrac⧧) 

which are used to obtain Eyring plots of several kinetic constant values of racemization (krac) at 

different temperatures and time. 

Before going to study dynamic-HPLC and kinetic analysis, it is fundamental to do screening of 

suitable enantioselective chromatographic conditions for samples under study. Checking the purity 

of the racemic compound on the achiral column is the primary work. Next, it is necessary to 

conduct the following activities investigate appropriate CSP for best separation of enantiomers, 

mobile phase composition, flow rate, wavelength (nm) of both UV and CD, and temperature of 

the column. This screening work helps us to group samples either as off-column or on-column 

studies.19,38,39 

 

2.1.6.1 Off-column HPLC approach 

 

After optimized HPLC analytical conditions, optically pure enantiomers can be collected on the 

chiral column.  Then, the purity of enantiomer under investigation should be controlled by 
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injecting on the same chiral column with the same analytical conditions. Racemization experiment 

can be performed by incubating the optically pure enantiomers in selected solvent at a chosen 

temperature and variable reaction time. Then, enantiomerization rate constants and ΔG of 

racemization(ΔGrac
⧧) can be obtained using unified equation. The linear correlation between the 

free energy of activation and the temperature of the reaction derived using Eyring equation (1/T 

vs ΔG/T). 

A
K1

K-1

B

 

Figure 2. 8 Interconversion between atropisomers based on the rotational energy barrier 

 

The decay of the enantiomer has been monitored over time and calculated by integration of the 

peaks in the elution profile. The kinetic rate constants of the racemization process can be obtained 

as the slope of the line resulting from the correlation between the reaction time and logarithm of 

the enantiomeric excess.  The value extracted from –(ΔH‡/R) indicates the slope of the line while 

ΔS‡/R + ln(kB/h) represents the intercept. where R, kB, and h are the gas, the Boltzmann, and the 

Plank constant respectively.  

2.1.6.2 Dynamic-HPLC: On-column Enantiomerization 

 

Dynamic HPLC is a well-known experimental approach for investigating enantiomerization 

barriers of stereolabile molecules during reversible conformational and configurational changes 

that operate on enantioselective stationary phases mediated by the eluent. It is one of the best 

available methods that provide an important role in chemistry and pharmaceutical science to 

understand the stereo dynamics of time and temperature-dependent enantioenriched molecules as 

well as help to obtain enantio-pure compounds. This experimental approach provides important 

parameters used to investigate the energy barrier to the rotation with the help of the simulation of 

a chromatogram performed in a software program that employs both stochastic and theoretical 

plate models.  The chromatographic and kinetic parameters of the two interconverting enantiomers 

need to be optimized by simplex algorithm and equations. This helps to modulate peak tailing until 
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the simulated dynamic chromatogram is as much as possible superimposable with the experimental 

profile.  Retention times of solutes, the theoretical plate number of each analyte, and the column 

hold-up time are crucial parameters to simulate peak profiles. 

During stereomutation on-column approaches, the chiral stationary phase forms reversible non-

covalent diastereoisomeric interactions with a chiral analyte in which the two diastereomeric 

complexes have different energies that translate in high selectivity. The relationship between 

chromatographic selectivity (α) and energy difference of the transient diastereoisomers combined 

in a single mathematical equation as follows 

ΔΔG°2,1 =ΔG°2 –ΔG°1 = – RT ln (k’2 /k’1) = –RT ln α-----------------------(1) 

ΔΔG°2,1 is the difference between the Gibbs free energies of interaction of the two enantiomers 

with the selector, R is the gas constant, T is the absolute temperature and α is the ratio of the 

retention factors k’2 and k’1 of the two enantiomers. 
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Scheme:2.1 Enantiomers A and B equilibria happening in chromatographic column. 

Where, the kinetic rate constant of the A/B interconversion in the mobile phase (km1 = km-1), the 

kinetic rate constant of the B to A conversion in the stationary phase(ks1), the kinetic rate constant 

of the A to B conversion in the stationary phase(ks-1), apparent kinetic rate constant for B to A 

conversion(ka1), apparent kinetic rate constant for B to A conversion(ka-1). For temperature-

dependent interconversion, the rapid interconversion of the enantiomers can produce a plateau 
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composed of racemized molecule between the two peaks, coalescence or decoalescence of peaks 

can be seen as the isomerization becomes faster or slower than the elution process. Apparent rate 

constants extracted from the simulation for the on-column interconversion and energetic barrier of 

isomerization (ΔG‡) from enthalpic and entropic are:  

Ln (k/T) = -ΔH‡/R*1/T + ln κkb/h + ΔS‡/R ___________________________________ (2) 

 k = (κkbT/h) e-ΔG‡//RT ___________________________________________________ (3) 

where, ∆G‡ = free energy activation and ∆G‡ = ∆H‡ -T∆S‡, k = Rate constants, kb = the Boltzmann's 

constant (1.381 x 10 J/K), h= Planck's constant (6.626 x 10 Js).  

Plotting ln(k/T) vs l/T, the slope of the straight line is -∆H‡/R and hence ∆H‡ = -(slope)R. From 

the same plot, the intercept is:    

intercept=ln (kB/h) + ∆S‡/R 

∆S‡ = R (intercept – ln(kB/h)  

2.2 Aim of the work and research strategies 

 

The target of this project was to study the stereochemical stability or instability of N-N 

atropisomeric hydrazides (DB-01 to DB-08) by chromatographic approaches and optimize 

resolution methods for enantiomers. Particular efforts have been made to obtain optimized 

conditions to separate stable atropisomeric molecules and investigate activation parameters. The 

HPLC-CD coupling system was employed and chiral HPLC was provided. SP achiral column was 

used to control the purity of each racemic molecule. The studied atropisomeric hydrazides are 

shown in the figure below. 
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Figure 2.9. Structures of investigated hydrazides 

 

2.3 Synthesis of the investigated hydrazides  

 

Atropisomeric hydrazides (DB-01 to DB-08) have been synthesized as racemic with methodology 

indicated in reported literature.19,36. Di-tert-butyl hydrazine-1,2-dicarboxylate and the 

corresponding bromide derivates or anhydrides were utilized to give the desired compounds.19,37. 
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Scheme.2.2 Synthetic procedures for investigated atropisomeric hydrazides. 

 

2.4  Results and Discussion 

 

The atropisomeric N-N interconversion of samples DB-01 to DB-08 (figure 2.9) was investigated 

by liquid chromatography. All the six atropisomeric are chiral and the hindered rotation around N-

N single bond generates enantiomers. Two approaches were used: i) the off-column racemization 

process monitored by enantioselective HPLC and ii) the online enantiomerization process on chiral 

stationary phase at variable temperature. After initial screening aiming for the optimization of 

analytical conditions for each racemate, racemization and/or enantiomerization experiments were 

achieved.  The purity of the racemic compound was checked on SP a chiral column as reported on 

figure 2.12. As reported in table 2.1, samples 5 and 6 were baseline separated at low temperatures 

(10°C and 0°C respectively) attesting to a fast-interconverting speed of each atropisomeric pair. 

When analyzed at room temperature, they showed a typical plateau between two peaks. 

Chromatographic profiles using UV and CD detectors were reported in figures 2.10 and figure 

2.11 respectively. As expected, all CD traces have confirmed the enantiomeric nature of samples 

(opposite signals) being present only a stereogenic element. The elution conditions of each sample 

were listed in the experimental section. 
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Table 2.1. Chromatographic parameters of samples 1-6 after baseline optimized separation. 

Sample k1 k2 α T °C 

1 6.65 8.21 1.23 25 

2 0.43 1.93 4.49 25 

3 2.75 3.35 1.22 25 

4 0.80 0.99 1.12 25 

5 2.95 4.13 1.40 10 

6 1.06 1.73 1.63 0 
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Figure 2.10. UV Chromatographic profiles of samples 1-6 (for analytical conditions see 

experimental section) 

 

 

Figure 2.11. CD Chromatographic profiles of samples 1-6 (for analytical conditions see 

experimental section) 
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Figure 2.12 SP achiral test (for analytical conditions see experimental section) 

 

Energy values of enantiomerization processes, temperature and speed constants were listed in table 

2.2. Notably, by using the two off-column and on-column approaches, two different energy values 

were obtained: the ΔG of racemization from the off-column experiment and the ΔG of 

enantiomerization from the on-column one. The relationship between two values is: k racemization 

= 2k enantiomerization. To make easier the comparison of experimental data, all racemization free 

energies were converted into the corresponding enantiomerization values.  

For samples 1-4, off-column approach was employed at 70 °C and values of free activation spanned 

between 24.3 Kcal/mol and 26.01 Kcal/mol. Specifically for sample 4, the value of 24.3 Kcal/mol 

is an estimated value due to the fast racemization (complete in less than 30 min) and to the low 

column performance in terms of enantioselectivity (α = 1.12). A more flexible N-N bond is the 

one in sample DB-07. The plateau is visible at 40°C (see chromatogram in figure 2.13). The 

experimental profiles have been used to calculate the values of the energetic barriers and by Auto 

DHPLC y2k, simulated chromatogram furnished a ΔGenant of 23.10 Kcal/mol. Unfortunately, it 

was not possible to acquire chromatograms at higher temperatures to preserve the integrity of 

polysaccharide-based stationary phase.  

 

Table 2.2 Values of krac (min-1) and kenantio (min-1) and the corresponding calculated ΔG‡
enantion 

(kcal/mol). 
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Sample T 

(°C) 

krac 

(min-1) 

kenant 

(min-1) 

ΔGenant
# 

(Kcal/mol) 

t1/2 

1 70 0.0111 

(R2=0.9974) 

- 25.57 31 min 

2 71 0.0064 

(R2=0.9989) 

- 26.01 54 min 

3 71 0.0250 

(R2=0.9991) 

- 

 

25.09 14 min 

4 70 0.0645 - ≈ 24.3a 5.4 min 

5 40 - 0.0296 23.10 b 12 min 

6 25 

70 

- 0.3560 b 

- 

20.61 b 

21.18 c 

2 min 

 

 

a estimated value: the racemization is completed in 30 min. b averaged value between free energy 

of direct (ΔG1-2
# ) and reversed (ΔG2-1

# ) enantiomerization process. c extrapolated by Eyring 

equation. 

 

Figure 2.13. Auto DHPLC y2k simulated chromatogram based on the stochastic model: 

Simulated (red) and experimental (black) chromatographic profile of DB-07 at 40°C. 

 

0 5 10 15 20
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2.4.1 Energy barrier values at different temperatures for samples 3 and 6 

 

Exploring the dependence of free energy versus temperature, two Eyring plots were built from 

sample 3 and sample 6(Figure 2.16).  Data were obtained by off-column racemization experiments 

for sample 3 and by on-column enantiomerization experiments for sample 6.  

 

Table 2.3 Energy barrier values at different temperatures for samples 3 and 6 

Sample T (°C) ΔGenant
# (Kcal/mol) Chromatographic approach 

 

3 

 

50 

57 

62 

71 

80 

24.49 a 

24.68 

24.73 

25.09 

25.31 

 

Off-column 

 

6 

 

5 

10 

25 

20.36 b 

20.37 b 

20.61 b 

 

On-column 

 

a A value of 24.05 Kcal/mol was found when sample was dissolved in decalin.  b Averaged value 

between free energy of direct (ΔG1-2
# ) and reversed (ΔG2-1

# ) enantiomerization process. 

Complete separation has been achieved for sample DB-04 in presence of the (R, R) Whelk-

01(4.6x250 mm) at room temperature (Figure 2.10 and 2.11) with complete racemization caused 

by interconversion started from 1st eluted enantiomer in decahydronaphthalene at 50 °C in 180min 

(Figure 2.14) 
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Figure 2.14 Thermal racemization of DB-04 (R,R) Whelk-01(4.6x250 mm), 1 mL/min, Hex/2-

propanol (98/2), UV 254nm in decahydronaphthalene at 50 °C; started from 1st eluted enantiomer   

 

 

The two enantiomers of DB-08 were separated on CSP IB 5µm (4.6x250 mm) in order of 

selectivity with a mobile phase composed of hexane/2-propanol (98/2) at 0 °C with the formation 

of plateaus caused by rapid interconversion at temperatures between 5 °C and 25 °C. The elution 

profiles of both UV and CD have been shown as figure 2.10 and figure 2.11 respectively.  Variable 

temperature HPLC experiments (figure 2.15) have been performed to slow down the 

enantiomerization process and to reach a decoalescence of peaks at 25 °C. 
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The determined experimental data from the elution profiles are summarized in table 2.4. From 

these data, the energy barrier of benzoyl-substituted DB-08 was lower than that of the 2-methyl-

naphthalene substituted DB-04. 

This lower energy value (ΔGenant) of sample DB-08 of 20.60 Kcal/mol at 25°C has been calculated 

by simulation of the corresponding dynamic chromatogram (Table 2.4). The dynamic 

chromatographic profiles obtained at column temperatures of 0°C, 5°C, 10°C and 25°C were 

simulated using a stochastic model to obtain the kinetic parameters of the interconversion between 

1 and 2 stereoisomers (table 2.4). A plateau between the peaks is observed starting from a 

temperature of the column at 10°C.  

 

Figure 2.15. Dynamic-HPLC elution profiles(enantiomerization) of DB 08: Chiralplak IB (250 

x 4.6 mm, L x ID) in hexane/2-propanol 98/2, flow rate 1.0 ml/min, UV 254. All temperatures are 

considered ± 0.1°C. 
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Figure 2.16 - Auto DHPLC y2k simulated chromatogram simulated (red) and experimental 

(black) chromatograms of DB-08. 

 

2.4.2 Energy Barrier Values versus Temperatures: Eyring Plots 
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Exploring the dependence of free energy versus temperature, two Eyring plots were built from 

samples DB-04 and DB-08 (Table 2.4, Figure 2.17). Data were obtained by off-column 

racemization experiments for sample DB-04 and by on-column enantiomerization experiments for 

sample DB-08. In both cases, a slight increment of ΔG was recorded as temperature increased. In 

addition, good linearity was observed plotting 1/T vs ΔG/T (R2 = 0.994 and R2 = 0.998 for sample 

3 and sample 6 respectively) and the corresponding equations have shown a not negligible entropic 

effect in the N-N interconversion process. The ΔH values are 15.45 Kcal/mol and 17.39 Kcal/mol 

while the ΔS values are -27.9 u.e. and -10.6 u.e. for sample DB-04 and sample DB-08 

Table 2.4 Energetic barrier of the on-column enantiomerization of molecule DB-04. Column 

temperatures are intended ±0,1 °C. Errors in ΔG ±0,02 kcal/mol. 

 

Temperature(°C) ΔG 1/T(k) ΔG/t 

50 24,49 0,0031 0,0758 

57 24,68 0,0030 0,0748 

62 24,73 0,0030 0,0738 

71 25,09 0,0029 0,0720 

80 25,31 0,0028 0,0717 

 

Table 2.5 Energetic barrier of the on-column enantiomerization of molecule DB-08. Column 

temperatures are intended ±0,1 °C. Errors in ΔG ±0,02 kcal/mol. 

 

Temperature(°C) ΔG 1/T(k) ΔG/t 

25 20,59 0,00335 0,06905 

10 20,37 0,00353 0,07193 

5 20,36 0,00360 0,07320 
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Figure 2.17. Eyring plot of atropisomeric hydrazides DB-04 and DB-08 
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2.4.3 Comparison: experimental and computational data 

 

At the end, the investigated the energy barrier values by experimental have been compared with 

computational data (See Table 2.6, Figure 2.18). The advantage to compare these two types of data 

not only help to validate the obtained energy barrier but also to confirm their role in the design and 

development of novel atropisomeric scaffolds. The agreement of energy barrier values obtained 

by the on-column and off-column experimental methods with computational work, makes them a 

correct approach for the prediction of the rotational energy barrier of atropisomeric molecules. 

The integration of these works revealed the impact of electronic and steric effects in the analyzed 

atropisomers hydrazides compounds (DB-01 to DB-08). The higher p-orbital character of the 

nitrogen atoms dominates, becoming the main reason for the barrier observed during the 

racemization process. 

Table 2.6: Computed energy barrier values compared with the experimental ones 

Samples ∆G exp [kcal/mol] T exp [°C] ∆G comp [kcal/mol] Deviation from experimental 

value [%] 

DB01 25.57 70 24.81 -2.96 

DB03 26.01 71 36.23 39.29 

DB04 25.09 71 26.31 4.87 

DB05 <24.3 70 29.23 20.29 

DB07 23.10 40 28.46 23.20 

DB08 20.61 25 22.57 9.52 

 



85 
 

 

Figure 2.18 Correlation between experimental ΔG and NN distortion energy (F6 and E5 

represent DB-07 and DB-08 respectively) 

 

2.5  Conclusion 

 

As the preliminary as well as the backbone of this work, the chiral resolution of the racemic 

mixtures of atropisomeric hydrazides by UV and CD on CSP HPLC has been successfully reached. 

Based on the stability of enantiomers, the rates of interconversion and the energetic barriers have 

been investigated with off-column and on-column experiments. By these two experimental 

approaches, the relationship between energy values of enantiomerization, temperature, and rate 

constants has been revealed. Generally, the combination of computational insight with thermal 

racemization and dynamic chromatography, the studies of the stereochemical stability of the six 

compounds has been achieved in a precise way. 
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2.6 Experimental section 

Methods and Materials 

Materials 

 

All solvents were LC grade and were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Solutions of samples were prepared in mobile phases. Analytical HPLC columns were employed: 

Chiralplak IB (250*4.6 mm ID) and Chiralpak IG-3 (250*4.6 mm ID) from Daicel Corporation 

(Osaka, Japan), Lux-cellulose 5micron (150*4.6 mm ID) from Phenomenex (Torrance, CA, USA), 

(R, R)-Whelk-O1 (250*4.6 mm ID) and (R, R)-Whelk-O1 (150*4.6 mm ID) from Regis 

Technologies (Morton Grove, IL, USA). To control the purity of enantiomers, Luna 5u Silica (250 

* 4.6mm) was used on a JASCO HPLC instrument equipped with two UV detections. The analyzed 

atropisomeric hydrazides samples were provided by Professor Bencivenni’s research group, at 

Bologna University, Italy. 

 

Instrumentation 

A Jasco LC (Jasco Europe, LC, Italy) equipped with dual gradient pumps was employed and 

connected with UV975 and UV‐CD 955 detectors and with a column module. The heating was set 

by using an in-house sheath with a 30°-80°C temperature range. Column temperature was 

maintained within ± 0.5 °C by means of an electronic controller. For lower temperatures, an 

ice/water-filled Dewar was employed. The uncertainty in temperature measurements can be 

estimated as ± 0.5 °C.  

 

Analytical conditions 

Sample 1: (R,R) Whelk-O1 CSP (150 x 4.6 mm, L x ID), eluent hexane/2-propanol 90/10, flow 

rate 1.0 ml/min, UV 254 (weak CD signal at 265 nm: 1st eluted (-), 2nd eluted (+)). 

Sample 2: Chiralplak IG-3 CSP (250 x 4.6 mm, L x ID), eluent hexane/ethanol 100/5, flow rate 

1.0 ml/min, UV 254 (CD signal at 265 nm: 1st eluted (-), 2nd eluted (+)). 
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Sample 3: (R,R) Whelk-O1 CSP (250 x 4.6 mm, L x ID), eluent hexane/2-propanol 98/2, flow rate 

1.0 ml/min, UV 254 (CD signal at 230 nm: 1st eluted (-), 2nd eluted (+)). 

Sample 4: Lux 5 µm Cellulose-1 (150 x 4.6 mm, L x ID), eluent hexane/ethanol 100/1, flow rate 

1.0 ml/min, UV 280 (CD signal at 254 nm: 1st eluted (+), 2nd eluted (-)). 

Sample 5: Chiralplak IG-3 CSP (250 x 4.6 mm, L x ID), eluent hexane/2-propanol 100/1, flow rate 

1.0 ml/min, UV 254 (CD signal at 265 nm: 1st eluted (-), 2nd eluted (+)). 

Sample 6: Chiralplak IB (250 x 4.6 mm, L x ID), eluent hexane/2-propanol 98/2, flow rate 1.0 

ml/min, UV 254 (CD signal at 254 nm: 1st eluted (+), 2nd eluted (-)). 

 

Analytical conditions of SP achiral test 

 

DB-03: Luna 5u Silica (250 x 4.6mm),1 mL/min, hex/DCM (60/40) +0.05% ethanol, UV254 nm 

DB-04: Luna 5u Silica (250 x 4.6mm), Eluent: hex/2-propanol (80/20), UV254 nm 

DB-07: Luna 5u Silica (250 * 4.6mm),1 mL/min, hex/IPA (98/2) ,5 °C, UV254nm 

DB-08:  Luna 5u Silica (250 * 4.6mm),1 mL/min, hex/DCM (60/40) +0.05% ethanol, UV254nm 

 

Racemization studies 

The racemization experiments were made by the off-column approach. Previously HPLC 

separated enantiomer of each racemate was dissolved in a closed vial and it was heated at a fixed 

temperature. Samples were withdrawn at fixed time intervals and analyzed by enantioselective 

HPLC under the analytical conditions reported in the previous section. The solvent used to dissolve 

samples was 2-propanol in all cases. In addition, only for sample 3, some experiments were done 

in decalin. 

Enantiomerization studies 
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Variable temperature chromatography was performed by placing the chiral HPLC column in the 

specific temperature control module and chromatograms were acquired (n.3 replicate injection for 

each temperature). Simulations of variable-temperature experimental chromatograms were 

performed by Auto DHPLC y2k ((a) J. Am. Chem. Soc. 2000, 122, 4776– 4780; (b) J. Sep. Sci. 

2001, 24, 941– 952; J. of Chromatogr. A, 1647 (2021) 46214) based on the stochastic model. 

 

Simulation of dynamic chromatograms 

 

The simulation of variable temperature experimental chromatograms was done by employing a 

stochastic model in Auto-D-HPLC-Y2 K software. Chromatographic and kinetic parameters were 

optimized by utilizing the simplex algorithm until the agreement between experimental and 

simulated dynamic chromatograms. The value of error in determining the activation-free energies 

was estimated to be ±0.2 kcal/mol. 
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Research period abroad 

This research work was carried out at the Institute of Organic Chemistry, University of Munster 

(Germany) in the research group of Prof. Olga Garcia Mancheño for 6 months (27/11/2023- 

31/05/2024). During my stay, I have been involved in the ‘Synthesis of Symmetric amido-thiourea 

Organocatalysts for the Synthesis of α-aminonitriles 

 

3.1 Aim of the Research Work 

 

Since, N, N-dimethylformamide (12), novel chiral amide-organocatalyst 16, and symmetric chiral 

amide 19 proved to be effective catalysts for the Strecker reaction, we become more interested in 

the rational design and synthesis of new symmetric chiral amido-thiourea aiming at developing a 

more powerful and effective three-component Strecker reaction. Different thiourea-

organocatalysts displayed hydrogen bonding catalysis for the synthesis of α-aminonitriles. 

However, symmetric thiourea-organocatalysts containing pyridines as spacer have never been 

investigated for the three-component Strecker reaction of an aldehyde, amine, and cyanide source. 

With this research strategy, we aimed to develop new catalysts that may avail an additional 

activation approach with H‐bonding catalysis. To develop novel thiourea-catalytic based pyridine 

spacer that may act as hydrogen-bonding catalysis and Lewis-base has become the focus of 

attention. It was postulated that the presence of lone pair of electrons in the spacer would allow for 

greater reactivity and selectivity. We have considered that the presence of this lone pair on the 

pyridine molecule may avail new influence of catalysis that allow the activation of both 

nucleophilic and electrophilic reactants and lead to chemical transformation towards to excellent 

catalytic activity and stereochemical control.  

Generally, our target is to develop symmetric thiourea-organocatalysts using spacer containing 

pyridine structure where hydrogen-bonding catalysis, anion-binding and Lewis-base has become 

the focus of attention. 
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3.2 Introduction  

3.2.1 H-bond donor catalysis: Focus of thiourea organocatalysts 

Covalent and non-covalent catalysis are the two common approaches to activate substrates and 

reactants through organocatalysis.1,2 In the first approach, the catalyst covalently binds the 

substrate, whereas in the latter case, activation of the substrate towards the asymmetric 

transformation is accomplished through non-covalent contacts with the substrates such as 

hydrogen bonds, van der Waals or ionic interactions, etc.3,4 Organocatalysts exhibit insensitivity 

to air and moisture, as well as display a lower environmental problem than metal-containing 

materials. From this point of view, the catalysis involving hydrogen bonding interactions between 

a catalyst and substrates has gotten great attention for more than one decade.5,6,7 

Thiourea-organocatalysis is a powerful tool in the synthesis of optically active molecules used in 

different medicinal and industrial fields. Thioureas have a crucial role in asymmetric catalysis as 

they can form strong hydrogen bonds that activate the substrates.8,9,10 This class of organocatalysts 

can act as Brønsted bases (though the S-atom) 11 and Brønsted acids 12,13 by hydrogen bonding 

(through the NH-groups). Thiourea-organocatalysis became an acceptable protocol in different 

chemical reactions due to the excellent catalytic activity and stereochemically control. 

To boost dissymmetric reactions and enhance the rates with the addition of a variety of structural 

motifs, the structure of thiourea catalysts can easily be modified. The introduction of electron-

withdrawing groups at the nitrogen, which pulls electron density away from the nitrogen atoms, is 

widely used in thiourea organocatalysts, since it makes them stronger hydrogen donors and allows 

them to donate in multiple hydrogen bonding interactions.14,15 In this regard, the 3,5-

bis(trifluoromethyl)phenyl group was introduced as a key structural motif in thiourea catalysts in 

2003 (Figure 3.1) 19, and used to increase catalyst polarity, polarizability, acidity, and π–π 

interactions through the highly polarized aryl groups.16.17,18 
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N N
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CF3

F3C CF3

CF3

H-bond donor1  

Figure 3.1. Symmetrical H-bond donor Schreiner’s thiourea 19 

As mentioned above, organic molecules capable of activating substrates via noncovalent 

hydrogen-bond interactions have turned up as an important approach in organocatalysis. It is a 

type of catalysis that activates substrates through inter- or intramolecular H-bond formation or 

attractive interaction between a hydrogen atom of the compound or a fragment X–H, where X is 

more electronegative than H.21 The Jacobsen’s and Schreiner’s thioureas shown in Figure 3.2 are 

exemplary for this class of organocatalysts.22,23 
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Figure 3.2. H-bonding organocatalysts activating a carbonyl 

 

The development of bifunctional H-bond donor organocatalysts had a remarkable influence on the 

advance of noncovalent catalysis since they allow the simultaneous activation and coordination of 

both nucleophilic and electrophilic reactants.24,25,26 For instance, an H-bond donor bifunctional 

organocatalyst derived from a chiral 1,2-diamine scaffold such as quinuclidine or cyclohexane-

1,2-diamine, that contains a tertiary amine functionality and a hydrogen bonding donor moiety in 

the form of thiourea or (thio)squaramide has been often applied 27 (Figure 3.3). 
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Figure 3.3 H-bond donor and Brønsted acid/bases bifunctional thiourea 20 

 

3.2.3 Hydrogen bond catalyzed synthesis of α-aminonitriles  

 

The asymmetric Strecker reaction represents one of the well-known reactions via hydrocyanation 

of imines to afford α-amino nitriles, which can be synthesized from the three components of an 

aldehyde or ketone, amine, and a cyanide source 28,29 (Scheme 3.1). 

OR1

R2

+ NH2

R2
+ Cyanide source Cat

Solvent,temp
R1 N

H

R3
R2

CN

R2 =H or other group  

Scheme 3.1. General reaction scheme in synthesis of three-component Strecker reaction 

Different metal-free catalysts have been developed by employing chiral guanidines, ureas and 

thioureas, bis(N-oxides), Brønsted acids, and ammonium salts. In 2007, Xiaoming Feng and 
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coworkers developed C2-symmetric chiral bisformamides that have shown excellent performance 

in asymmetric one-pot, three-component Strecker reaction, which produced the R-amino nitriles 

in excellent yields (up to 99%) with good enantioselectivities (up to 86% ee) 29 (Scheme 3.2).  

H

O

+
H2N

Ph

Ph

+ TMSCN

2.0 eq

12(20 mol%)

DCM, 20h,0 °C CN

HN Ph

Ph

Br
Br

up to 99 % yield 
86 % ee

8 9 10
11

NH HN

Ph Ph

O O

N N

H H

O O

12  

Scheme 3.2. Performance of C2-symmetric chiral bis-formamides in asymmetric Strecker 

reaction 

In 2013, a novel chiral amide-based organocatalyst 16 was developed for the asymmetric Strecker 

reaction, where excellent enantioselectivities and good yields were achieved 30 (Scheme 3).  



100 
 

N + NC O

O

N
H

CN

N
H

O
H
N

O

13 14 15

16

16(10mol%),i-PrOH
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up to 99 % yield 
88 % ee

 

Scheme 3.3.   Evaluation of novel chiral amide-based organocatalyst 16 asymmetric Strecker 

reaction 

Furthermore, in 2012, C2-symmetric chiral amide-based organocatalyst 19 was developed for the 

enantioselective Strecker reaction (Scheme 3.4). It displayed remarkable substrate scope in the 

reaction of various aromatic and aliphatic N-benzhydryl imines with ethyl cyanoformate as cyanide 

source at −10 °C, providing the α-aminonitriles in high yield (95%) and with excellent chiral 

induction (up to 99% ee) 31. 
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N

NO2
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O
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19(10mol%),i-PrOH

-10 °C ,toluene
N
H

NO2 CN

18

NH HN

O O

NH HN

S SO
O O

O

19  

Scheme 3.4. The efficiency of C2-symmetric recyclable organocatalyst 19 in asymmetric 

Strecker reaction 

As most organocatalysts, thioureas can be synthesized simply from primary amine, and easy to 

handle since no inert gas atmosphere is required. These catalysts have been shown effective 

catalysis in several organic reactions and provide high atom economy, and a high chance to insert 

additional functional groups through the choice of the corresponding precursors. 

α-Aminonitriles are important and widely used molecules because they are used as starting 

materials for the synthesis of different products like α-amino acids, amides, α-amino alcohols, α-

amino carbonyls, thiadiazoles, or imidazoles.32,33 Different cyanide sources are thus employed in 

the enantioselective α-aminonitrile synthesis through nucleophilic addition to imines. The 

availability of -CN and -NH2 functional groups makes α-aminonitriles a crucial, versatile building 

block in agrochemicals, pharmaceuticals, and heterocyclic chemistry.34,35 Various synthetic 

methods have been developed for the synthesis of this building block over a century.37 Despite the 

rapid advances in using thiourea-containing molecules as privileged catalysts for organocatalysis, 

the synthesis of chiral α-aminonitriles by symmetric thiourea-organocatalysis is still limited. 

Sigman and Jacobsen described that urea and thiourea derivatives 22 catalyze enantioselective 
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hydrocyanation reactions of imines derived from both aromatic and aliphatic aldehydes (Scheme 

5)38. NMR based mechanistic analysis, structure-activity, kinetic and theoretical studies disclosed 

that the thiourea functionality was responsible for the catalytic activity and that the imine substrate 

interacts with the catalyst via a dual H-bond interaction to the urea protons.39 

R
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+ HCN

1. 22 (2 mol %)

toluene,-70°C

2.TFAA
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N
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N
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N
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N

H
 

Scheme 3.5. First-generation catalyst for the thiourea-catalyzed Strecker reaction 

The second generation of catalysts uses simple hydrogen bonding thiourea 26 to catalyze the 

Strecker reaction, where solid KCN was used as a cyanide source, in a biphasic toluene/water 

solution (Scheme 3.6). This reaction could be run on the multi-gram scale. While the ee’s range 

from 73-98%, the products can be recrystallized up to 99% ee for a broad range of aliphatic and 

aryl imine substrates.40 
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Scheme 3.6. Second-generation catalyst for the thiourea-catalyzed Strecker reaction 

 



103 
 

Through a flow-based methodology, Margherita Brindisi and coworkers designed cinchona-based 

thiourea as chiral catalysts 27 (Figure 3.4) for enantioselective Strecker by employing ethyl 

cyanoformate as a relatively safe cyanide source and methanol as additive. The corresponding α-

amino nitriles were then obtained in good yields (up to 96%) and enantioselectivities (up to 90% 

ee).41 
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Figure 3.4. Cinchona-based thiourea catalyst as chiral catalysts for enantioselective 

Strecker 
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3.3 Results and Discussion 

3.3.1 Synthesis of symmetric amido-thiourea (Cat-1 to Cat-5) 

 

The symmetric chiral amido thiourea catalysts Cat-1 to Cat-5 (Figure 3.5) were prepared in 

quantitative yield by reaction of a commercially available chiral diamine 28, 35, or 40 with the 

corresponding spacers 31 and 36.   
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Figure 3.5. Symmetric amido-thiourea organocatalysts 

C3-Symmetric amido thiourea (Cat-1) was smoothly synthesized in good yield via six steps 

starting from the diamine (31) using equimolar amounts of di-tert-butyl dicarbonate to protect one 

N-group in the presence of trimethylsilyl chloride (Scheme 3.7).  
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Scheme 3.7. Synthesis of (1S,2S)-DPEDA based C3-amido-thiourea (Cat-1) 

 

Next, we shifted our attention to the design and synthesis of C2-symmetric chiral amido thiourea 

catalysts based on the pyridine spacer to increase the Lewis’s basicity and ion-binding properties 

of our catalysts in addition to their hydrogen bonding catalysis.  

The synthesis of C2-symmetric chiral amido thiourea catalysts: Cat-2, Cat-3, Cat-4, and Cat-5 

was accomplished with spacer 36 and in dry DCM. In a dried flask equipped with a stir bar, 

compound (1S,2S)-N-Boc-1,2-cyclohexanediamine (35) was stirred with one equivalent of spacer 

pyridine-2,6-dicarbonyl dichloride (36) in presence of triethyl amine in dry DCM, providing the 

product 37 in 90% yield. The deprotection was carried out with TFA in DCM, affording the 

diamine 39 in 99% yield. The preparation of catalysts Cat-2 was carried out by passing a solution 

of 39 in methanol through ambersep 900-OH. The resin was activated with 2N NaOH and the 

solution of compound 39 was loaded. The collected solution was evaporated on a vacuum and 

dried on high vacuum to provide the bisamine intermediate in 99% yield. Finally, Cat-2 was 
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synthesized in 85% yield by reacting 39 with bis(trifuoromethyl)phenyl isothiocyanate (24) in 

DCM at 0 °C (Scheme 8). 
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Scheme 3.8. Synthesis of (1S,2S)-diaminocyclohexane derived C2-amido-thiourea (Cat-2) 

Following the same procedure of catalyst Cat-2, chiral amido thiourea catalysts Cat-3 was 

prepared using a different chiral amine in 98% yield. At the end, Cat-4 and Cat-5 have been 

synthesized successfully with 1,2,3,4,5-pentafluoro-6-isothiocyanato-benzene 34 in 92% and 78% 

yield, respectively. 
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Scheme 3.9. Synthesis of (R)-(2-amino-2-phenyl-ethyl)-carbamic acid tert-butyl ester based 

C2-amido-thiourea (Cat-3) 
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Scheme 3.10. Synthesis of (1S,2S)-diaminocyclohexane derived C2-amido-thiourea (Cat-4) 
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Scheme 3.11. Synthesis of (R)-(2-amino-2-phenyl-ethyl)-carbamic acid tert-butyl ester based 

C2-amido-thiourea (Cat-5) 

 

3.3.2 Enantioselective Strecker reaction 

After the successful preparation of catalysts Cat-1 to Cat-5, their activity, and stereoinduction in 

the enantioselective Strecker reaction was investigated (Table 3.1). Initially, the C3-symmetric 

chiral amido thiourea catalysts Cat-1 was applied it in the three components Strecker reaction of 

an aldehyde, amine, and TMSCN as cyanide source (Table 3.1, entries 2-4). Surprisingly, 97% 

yield of α-amino nitrile 47 was obtained employing 2 mol% of this catalyst (Cat-1) in dry DCM 

at -20 °C, however, it provided almost a racemic product (57:43 e.r.) (Table 3.1, entry 4).  

Next, we have continued to examine the efficiency of catalysts Cat-1 to Cat-5 for the Strecker 

reaction (Table 3.1, entries 5-10. To study the effectivity of each catalyst, the aldehyde, and the 

amine were combined in a dried Schlenk flask containing dry solvent and activated molecular 

sieve 5Å (150 mg), and the mixture was stirred at room temperature for 2h under an argon 

atmosphere. After a while, the catalyst was added to the mixture and stirred for 10 min. The 

TMSCN was finally added and the mixture was stirred overnight. Catalyst (1S,2S)-Cat-2 showed 

superior performance over the other tested catalysts in terms of both yield (up to 99%) and 

enantioselectivity, achieving a moderate 65:35 e.r. in DCM at -40 °C (Table 1, entry 7). Finally, 



109 
 

we have used the available symmetric chiral amido bis-thiourea catalyst Cat-6 (Table 3.1, entry 

11). However, the result obtained with this catalyst is the same line with the newly synthesized 

catalysts (95% yield and low 58:42 e.r). 

Table 1. Catalyst, solvent and temperature screening in the three-component Strecker 

reaction using TMSCN as cyanide source 

 

+

Solvent,temp
N
H

CN

H

O NH2

+ Si CN
Cat

44 45 46 47  

 

 

Further optimization work with this catalyst was carried out by increasing the loading from 2 mol 

% to 5 mol %, as well as the use of additives (Table 3.2). However, the increased catalyst loading 

didn’t make change in enantioselectivity (table 3.2). This may be rise from due to a solubility 

problem of the catalyst within the same volume of solvent. According to our research strategy and 

Entry Cat. Mol% Solvent (dry) Temp. (°C) Time (h) Yield (%) e.r 

1 - - DCM -40 18 48 50:50 

2 Cat-1 2 Toluene rt 24 97 55:45 

3 Cat-1 2 Toluene -20 24 90 55:45 

4 Cat-1 2 DCM -20 24 98 57:43 

5 Cat-2 2 DCM rt 18 99 62:38 

6 Cat-3 2 DCM rt 18 97 39:61 

7 Cat-2 2 DCM -40 18 83 65:35 

8 Cat-3 2 DCM -40 18 77 41:59 

9 Cat-4 2 DCM -40  18 99 58:42 

10 Cat-5 2 DCM -40  18 98 57:43 

11 Cat-6 2 DCM -40  18 95 58:42 
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plan, we aimed to enhance the yield and enantioselectivity of the α-amino nitrile product with the 

developed symmetric chiral amido thiourea catalysts Cat-1 to Cat-5. This protocol didn’t display 

a broad substrate scope for reactants in enantioselectivity. In this case, we have achieved highest 

yield, but, the performance of catalyst in enantioselectivity remained moderate. 

Table 3.1   Screening of catalysts 

 

Table 3.2 The additives, solvent and catalyst loading effect in the reaction catalyzed by Cat-

2 

 

+
(2mol%)

DCM,-40°C. over night
N
H

CN

H

O NH2

+ Si CN
(1S,2S)-Cat-2

44 45 46 47  

 

 
 

Entry Mol% Additive Solvent Temp. Time (h) Yield (%) e.r 

1 2 - Toluene -40 °C 18 88 51/49 

2 2 - Et2O -40 °C 18 72 56/44 

3 2 - CH3CN -40 °C 18 62 57/43 

4 5 - DCM -40 °C 18 99 59/41 

5 2 - DCM 40 °C 18 100 57/48 

6 2 - DCM -70 °C 18 62 63/37 

7 1 - DCM -40 °C 18 72 50/50 

8 5 - DCM -40 °C 18 99 58/42 

9 2 H2O DCM -40 °C 18 63 55/45 

10 2 IPA DCM -40 °C 18 99 55/45 

11 2 IPA Toluene -40 °C 18 89 55/45 
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To improve the enantioselectivity, the reaction using pyruvnitrile as a cyanide source was explored 

under the same best reaction conditions obtained with Cat-2 and TMSCN. With these optimal 

conditions (Table 3.1, entry 7), the effect of the catalyst loading and temperature was investigated 

and the results are summarized in Table 3.3. Higher yields were generally obtained (up to 99%), 

however, dismissed enantioselectivities were observed and the products were almost racemic (up 

to 56:44) (Table 3.3, entry 6). 

 
 
Table 3.3. Optimization for Solvent, catalysts loading and temperature Effect  

 

+

Cat(mol%)

solvent,temp,time
N

CN

H

O NH2

+ CN

O

O  

 

Entry Cat. Mol% Solvent Temp. time Yield (%) e.r 

1 Rac-4 5 DCM rt 18 85 49:51 

2 (S,S)-1 2 DCM -40 °C 18 95 55:45 

3 (S,S)-1 2 DCM rt 18 98 54:46 

4 (R,R)-1 2 DCM rt 18 93 49:50 

5 (S,S)-1 2 Toluene -40 °C 18 80 53:47 

6 (S,S)-1 2 Et2O -40 °C 18 59 56:44 

7 (S,S)-1 2 CH3CN -40 °C 18 68 52:48 

8 (S,S)-1 5 DCM -40 °C 18 99 52:48 

9 (S,S)-1 2 DCM 40 18 100 49:51 

10 (S,S)-1 2 DCM -70 18 57 49:51 
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Survey of scope of reactions with Cat-2 for the three-component Strecker reaction 

+R
(2mol%)

DCM,-40°C. over night
R N

H

R2

CN

H
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NH2

+ Si CN
(1S,2S)-Cat-2
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NH

CN
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N
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CN
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N
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CN
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54a 54b
54c

 

 

3.3 Anion-binding studies of the catalyst Cat-2 

 

 Determining binding constants is the most intuitive method for the evaluation of the binding force 

of anions. 1H NMR titration is one of the most used and effective method for determining the 

binding constant.  

The anion binding ability of dual hydrogen bond donor symmetric amido-thiourea (Cat-2) has 

been investigated by the addition of four anions as the tetrabutylammonium (TBA+) salts to 

solutions of the catalysts in in THF-d8 (Table 3.4). This helps us to identify the performance of 

Cat-2 in enantioselective Strecker reaction from the correlations between catalyst and anion. 

The analysis of anion binding abilities of the Cat-2 was performed by the addition of (0−10 equiv) 

of a range of monovalent anions (Cl−, CN−), bidentate benzoate and tridentate OTf− as the 

tetrabutylammonium (TBA+) salts to solutions in THF-d8 

Based on the obtained results, weak binding to bidentate benzoate and tridentate OTf anions, but 

not observable binding to monodentate Cl or CN anions in THF-d8 could be determined. Maybe 

this explain why low enantioselectivities in the Strecker reaction were observed, since the binding 
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to the CN-anion or carbonyl substrate might also be weak and may lead to a low control of 

enantioselectivity. 

As we can see from table 3.4 and 3.5, a 1:2 host-guest complex could be identified for the 

multidentate anions. Thus, the benzoate binding affinity for the 1:1 complex is k1:1: 4.74x1013 M⁻¹ 

and k1:2: 0.24 M⁻¹ for the 1:2 complex; while the tridentate OTf anion binding constants were 

determined to be k1:1: -0.009  3.M⁻¹ and k1:2: -0.97 M⁻¹). By comparing to the two binding constant, 

the binding affinity to the benzoate anion is significant stronger than to the OtF anion 

 

 

Figure 3.6. Participating protons of Cat-2 to the binding to different anions 

 

Binding to benzoate anion: 

 

a 
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Figure:3.7. a) Stack plots of 1H NMR spectra of addition of TBA-Benzoate (0−10 equiv) in 

THF-d8 at rt. b) Corresponding chemical shift changes of thio-1 and thio-2 during titration. 

 

Table 3.4 Anion-binding constant (M-1) of Cat-2 to bidentate benzoate anion 

Parameter (bounds) Optimised Error(M-1) 

k1:1 4.74x1013 M⁻¹ ± 1.39x109 

k1:2 0.24 M⁻¹ ± 0.16 
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Binding to OTf anion: 
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Figure: 3.8 a) Stack plots of 1H NMR spectra of addition of TBA-OTf (0−10 equiv) in THF-

d8 at rt b) Corresponding chemical shift changes of thio-1 and thio-2 during titration 

 

Table 3.5 Anion-binding constant (M-1) of Cat-2 to tridentate OTf anion 

Parameter (bounds) Optimised Error(M-1) 

k1:1 -0.093 M⁻¹ ± -0.21 

k1:2 -0.97 M⁻¹ ± -0.09 

 

 

 

3.4  Conclusion 

 

Surprisingly, symmetric amido-thiourea (Cat-1-Cat-5), which contains pyridine as a core has been 

developed in good to excellent yield. To investigate the performance of each catalyst, we have 

applied them for three components of Strecker reactions in the presence of different cyanide 

sources, solvents, and additives. From good to excellent yield of α-aminonitriles obtained 

illustrated how the effectiveness of symmetric amido-thiourea (Cat-1-Cat-5) for three components 

of Strecker reactions. However, these catalysts provide low enantioselective of α-aminonitriles 

Furthermore, we have tried to investigate the reason for the low performance of enantioselectivity 

of α-aminonitriles in the presence of symmetric chiral amido thiourea catalysts. We have 

investigated the anion binding ability of dual hydrogen bond donor (Cat-2) in the presence of four 

anions as the tetrabutylammonium (TBA+) salts to solutions of the catalysts in THF-d8 (Table 

3.4).  From the results of NMR titrations of cat-2 by cyanide, the shift of proton of -N-H happened 

which may become a reason for the low enantioselectivities in the Strecker since the binding to 
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the CN-anion or carbonyl substrate might also be weak and may lead to a low control of 

enantioselectivity. 

 

3.5 Experimental Section 

Synthesis of Symmetric amido-thiourea (Cat-1 to Cat-5) 

 

Synthesis of Cat-1 

Synthesis of (2-amino-1,2-diphenyl-ethyl)-carbamic acid tert-butyl ester (1S,2S)-30 

 

NH2

H2N
1  Boc2O(1eq)

HN

H2N

Boc
rt,   2 hr

MeOH NH3

H2N

Cl1eq

(1S,2S)-28

TMSCl(1.0 eq)

0 0c,10min

rr,15min

29 (1S,2S)-30
 

A round bottom flask contain methanol (3 ml) was charged with TMSCl (1.415 mmol, 178.5 µL) 

at 0 °C. After 10 min stirring, 1,2-diphenylethylenediamine (28) (1.415 mmol, 300.0 mg) was 

added. The solution was continued to stirred at room temperature for 15 min. The solution of di-

tert-butyl dicarbonate (Boc)2O (1.4151 mol, 308.5 mg) in MeOH (2 mL) was added dropwise for 

30 min. The resulting solution was stirred for 2h at room temperature. The mixture was 

concentrated in vacuo. The residue was washed with diethyl ether (3×4 mL) and pale-yellow solid 

was treated with the 3N NaOH solution (1.2 mL) and water (3×1.5mL).  The product was dried in 

vacuo at low pressure. The product 3 was isolated by column chromatography (Hex/EA 50/50 

+1%TEA) as a white solid (87%). H NMR (400 MHz, CDCl3) δ 7.47 – 7.24 (m, 10H), 5.88 (1, J 

= 8.1 Hz, 1H), 4.89 (s, 1H), 4.37 (s, 1H), 1.44 (s, J = 27.6 Hz, 2H), 1.36 (s, 9H). MS (ESI) m/z for 

C19H24N2O2 [M +H] +: 313.17 and [M +Na]+: 335.17. The analytic data is in concordance with the 

one previously reported in the literature 42. 
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Synthesis of {2-[3,5-bis-(2-tert-butoxycarbonylamino-1,2-diphenyl-ethylcarbamoyl)-

benzoylamino]-1,2-diphenyl-ethyl}-carbamic acid tert-butyl ester (Molecule-32) 

Cl Cl

ClO

O O

DIPEA

31

HN

H2N

Boc

40°C(5hr) to 25°C(14hr)

Boc
N
H

HN O

H
N

O
HN

Boc

NH

O
NH

Boc

dry CHCl3

(1S,2S)-30

32  

Compound-30 (380 mg, 1.22 mmol) was dissolved in 8 ml of dry CHCl3. Next,DIPEA(167.7 µl ) 

was added to the reaction mixture. Then, the solution of 1,3,5-Benzenetricarbonyl trichloride 31 

(107.8 mg, 0.41 mmol) in 4 ml of dry CHCl3 was added to the reaction mixture dropwise. The 

solution was stirred under nitrogen atmosphere at 40 °C. After 5h stirring, the temperature of the 

reaction was decreased to 25 °C for 14h. The reaction progress was controlled with TLC (Hex/EA 

50/50 +1%MeOH, Rfspot1 =0.037, Rfspot2 =0.278, Rfspot3 =0.667). Then, 2 ml of MeOH was 

added slowly. The crude of reaction was concentrated in vacuo. The residue was purified by 

column chromatography on silica gel, obtaining the product in 85% yield. The structure was 

confirmed by both NMR and mass spectroscopy. 1H NMR (400 MHz, DMSO) δ 9.02 (d, J = 9.1 

Hz, 3H), 8.23 (s, 3H), 7.69 (d, J = 9.7 Hz, 3H), 7.35 (m, J = 13.2, 7.5 Hz, 11H), 7.28 – 7.11 (m, 

10H), 5.52 (dd, J = 8.9, 6.4 Hz, 3H), 5.13 (dd, J = 9.4, 6.3 Hz, 3H), 1.23 (d, J = 9.9 Hz, 27H). MS 

(ESI) m/z for C66H72N6O9 [M +H] 2+: 569.33 and [M +Na] +: 1115.58. 

Synthesis of benzene-1,3,5-tricarboxylic acid tris-[(2-amino-1,2-diphenyl-ethyl)-amide] 

(1S,2S)-34 
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TFA (165 µl) was added to a solution of compound-32 (1 g, 1.00 mmol) in DCM (7 ml) at 0 °C. 

The reaction was stirred at room temperature for 6h. The progress of deprotection was controlled 

by TLC (Hex/EA 50/50 +1% methanol), then after completion, the crude of reaction was 

concentrated in vacuo. After activation of resin(ambersep-900-OH) with 2N NaOH, water and 

methanol, the solution of product 33 (C51H51N6O3]
 +3) in methanol was loaded and collected. The 

solvent was evaporated in vacuo and 98% of product was obtained. Finally, the product was 

characterized by 1HNMR and mass spectroscopy. 1H NMR (400 MHz,  MeOD) δ 8.40 (s, 3H), 

7.28 – 7.07 (m, 33H), 5.28 (d, J = 8.6 Hz, 3H), 4.32 (d, J = 13.3, 8.6 Hz, 3H). MS (ESI) m/z 

C51H48N6O3 [M +H] 2+: 397.13, [M +H] +: 793 and [M +Na] +: 815.41. 

Synthesis of (1S,2S)-Cat-1 
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24

 

The first catalyst (Cat-1) was synthesized by addition of 1-isothiocyanato-3,5-bis-trifluoromethyl-

benzene (0.265 mmol, 50.0 µL) to a solution of compound-34 (0.075 mmol, 120.0 mg) in 3 ml of 
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dry DCM at 0 °C under N2 gas. The reaction was performed for 7 h at room temperature. The 

crude of reaction was extracted with DCM/NaCl solution(brine) three times. The collected organic 

phase was filtered two times to minimize the amount of water. The solution was dried over Na2SO4. 

and the purified by column chromatography, providing the product as a white solid in 96% yield. 

1H NMR (400 MHz, CDCl3) δ 10.63 (d, J = 4.8 Hz, 3H), 9.58 (d, J = 7.1 Hz, 3H), 9.42 (s, 3H), 

7.57 – 6.84 (m, 42H), 5.77 – 5.65 (m, 3H), 5.59 (dd, J = 10.9, 5.2 Hz, 3H). HRMS (ESI): m/z for 

C78H57F18N9O3 [M +Na]2+: 815, found: [M +Na]+: 1629. 

 

Synthesis of Cat-2 

Synthesis of compound-37 

NH2 H
N

Boc

Et3N

Dry DCM , 18h

90% yield
(1S,2S)-35

36

37

N
O

HN

O

NH

NH HN

OO O O

N
O

Cl

O

Cl

 

     

In a dried Schlenk flask containing dry DCM (6 mL), commercially available chiral amine-35 

(500.0 mg, 2.334 mmol) was added under argon gas. Et3N (325.3 µL, 0.9333 mmol) was added to 

the solution at 0 °C. Then, the solution of 2,6-pyridinedicarbonyl dichloride 36 (238.1 g, 1.167 

mmol) in dry CH2Cl2 (4 mL) was added dropwise. The mixture was stirred overnight at room 

temperature.  The progress of the reaction was monitored via TLC. After completion, the crude 

product was concentrated and purified by column chromatography on silica gel (Hex/EA 50/50) 

leading to product 37 in 90% yield. 1H NMR (400 MHz, CDCl3) δ 8.01 (d, J = 8.5 Hz, 2H), 7.54 

(d, J = 7.7 Hz, 2H), 7.26 (t, J = 7.7 Hz, 1H), 3.90 (d, J = 9.0 Hz, 2H), 3.19 – 2.91 (m, 4H), 1.39 

(dd, J = 28.4, 12.6 Hz, 4H), 1.09 (s, 4H), 0.99 – 0.85 (m, 2H), 0.79 – 0.54 (m, 7H), 0.45 (s, 18H). 

HRMS (ESI): m/z for C29H49N5O4 [M +H]+ 560.3446, found [M +Na]+ 582.3262, [2M +Na]+ 

1141.6646. 
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Synthesis of Pyridine-2,6-dicarboxylic acid bis-[(2-amino-cyclohexyl)-amide]-39 
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To the solution of 37 (19mg 0.3680 mmol) in DCM (10 ml), TFA (170.1 µL, 2.21 mmol) was 

added at 0 °C. Then, the reaction was stirred at 0 °C for 2h and the temperature of the reaction was 

increased to room temperature for another 5h. The progress of the reaction was controlled by TLC 

(Pentane/EOAc 50/50). After completion of the reaction, the solvent was removed in a rotavapor. 

Then, product 39 was obtained after passing through Ambersep 900-OH. Half of the column was 

filled with resin and activated with 2N NaOH.  Then, water and MeOH were passed consecutively. 

At the end, the solution of compound 38 in methanol was loaded to column. The solution was 

collected and evaporated, providing the desired product 39 in 99% yield. 1H NMR (400 MHz, 

CDCl3) δ 7.92 (d, J = 7.8 Hz, 2H), 7.58 (dd, J = 18.1, 10.2 Hz, 1H), 7.49 (d, J = 8.3 Hz, 2H), 3.26 

(qd, J = 11.1, 3.7 Hz, 2H), 2.19 (td, J = 10.3, 3.8 Hz, 2H), 1.74 (dd, J = 7.2, 4.2 Hz, 2H), 1.66 – 

1.54 (m, 2H), 1.37 (dd, J = 23.0, 20.2 Hz, 4H), 0.92 (tt, J = 22.0, 11.2 Hz, 10H). HRMS (ESI): 

m/z calculated for C19H29N5O2 found: [M +H]+ 360.2393,  [M +Na]+ 382.2212, [2M +H]+ 

719.4719. 

 

 

 

Synthesis of (1S,2S)-Cat-2 
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all (S,S)-39

N
O

HN

O

NH

NH2 H2N

    

S C N

DCM,rt,18h

all (1S,2S)-Cat-2

N
O

HN

HN

HN

O

NH

NH

CF3

S
F3C

CF3

F3C

CF3

F3C

CF3

S24

 

 

3,5-Bis(trifuoromethyl)phenyl isothiocyanate 24 (904.2µL) was added to a solution of chiral 

amine 39 (387.0 mg, 1.10 mmol) in dry CH2Cl2 (30mL) at 0 oC and stirred at overnight at rt. The 

reaction was monitored by TLC (Pentane/EA 50/50). After completion, the crude was extracted 

with brine, dried over Na2SO4, and the solvent was removed under reduced pressure. Then, the 

purification was carried out on column chromatography, leading to the desired (1S,2S)-Cat-2 in 

96% yield. H NMR (400 MHz, DMSO) δ 9.91 (s, 2H), 8.77 (s, 2H), 8.28 (d, J = 8.7 Hz, 2H), 8.19 

– 8.10 (m, 3H), 7.95 (s, 4H), 7.62 (s, 2H), 4.68 (s, 2H), 3.93 (d, J = 11.7 Hz, 2H), 1.91 – 1.22 (m, 

16H). HRMS (ESI): m/z calculated for C37H35F12N7O2S2, found: [M +Na] + 924.1995. 

 

Synthesis of (2-{[6-(2-tert-Butoxycarbonylamino-1-phenyl-ethylcarbamoyl)-pyridine-2-

carbonyl]-amino}-2-phenyl-ethyl)-carbamic acid tert-butyl ester (compound-41) 

 

N
H

O

O
(R)

NH2

Et3N

Dry DCM

N

NH HN

OO

(R) (R)

NHHN

O OO O

98%40 41

36

N
O

Cl

O

Cl

 

 

To the solution of chiral amine 40 (400.0 mg, 1.70 mmol) in dry CH2Cl2 (7 mL), Et3N (237 μL, 

1.70 mmol) was added. The solution of 2,6-pyridinedicarbonyl dichloride (173.4 mg, 1.70 mmol) 
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in CH2Cl2 (4 mL) was added dropwise. The mixture was stirred at room temperature overnight.  

The crude was concentrated and purified by column chromatography on silica gel (Hex/EA 50/50), 

providing a 98% yield. 1H NMR (400 MHz, CDCl3) δ 9.00 (d, J = 4.5 Hz, 2H), 8.20 (d, J = 7.7 

Hz, 2H), 7.91 (t, J = 7.8 Hz, 1H), 7.27 (ddd, J = 29.9, 24.4, 7.0 Hz, 10H), 5.27 (d, J = 91.5 Hz, 

4H), 3.84 – 3.32 (m, 4H), 2.04 (d, J = 49.6 Hz, 2H), 1.21 (s, J = 21.2, 13.9 Hz, 18H). HRMS (ESI): 

m/z calculated for C33H41N5O6, found: [M+Na]+ 626.2949, [2M +Na] + 1229.6012. 

 

Synthesis of Cpd-43 

N

NH HN

OO

(R) (R)

NHHN

O OO O DCM, 0 °(2h)
rt(,5h)

OH

O

F

F

F

N

NH HN

OO

(R) (R)

NH2H2N

98% 98%

Ambersep 900(OH)

2N NaOH;H2O;MeOH

41

N

NH HN

OO

(R) (R)

NH3H3N

2(CF§COO-)

42 43

 

 

To the solution of product, 41 (306.0 mg, 0.51 mmol) in DCM (14 ml) was added TFA (391µL, 

5.10 mmol) at 0 °C and stirred at rt for 5h. After removing the solvent under reduced pressure, the 

resin was activated by 2N NaOH. Product 42 in methanol was loaded into the column, the solution 

was collected, concentrated, and dried, providing the product with a 98% yield. 1H NMR (400 

MHz, MeOD) δ 8.21 – 8.13 (m, 2H), 8.08 – 7.97 (m, 1H), 7.39 – 7.16 (m, 12H), 5.13 (dd, J = 7.9, 

5.7 Hz, 2H), 3.15 – 2.98 (m, 4H), 1.80 (s, 4H). HRMS (ESI): m/z calculated for C23H25N5O2, 

found, [M+Na]+ 426.1901, [2M +Na]+ 829.3909. 

 

 

 

Synthesis of all (R)-cat-3 
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N

NH HN

OO

(R) (R)

NH2H2N

S C N

CF3
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Dry DCM, rt ,18hr
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N

NH HN

OO

(R) (R)
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H H
S

N

S

N

HHF3C

CF3

CF3

CF3

98%

75%

all (R)-cat-3
43

 

To a solution of chiral amide, 43 (393.8 mg, 0.98 mmol) in CH2Cl2 (25 mL) was added 3,5- 

bis(trifluoromethyl)phenyl isothiocyanate (766 µL) at 0 oC. Then, the reaction was stirred at rt for 

18h. After being monitored by TLC, the crude reaction was extracted with DCM/NaCl 

solution(brine) three times. The collected organic phase was filtered two times to minimize the 

amount of water. The solution was dried over Na2SO4 and purified by column chromatography, 

providing the product as a white solid with a 75% yield. 1H NMR (400 MHz, DMSO) δ 9.47 (d, J 

= 8.5 Hz, 2H), 8.42 (d, J = 5.4 Hz, 2H), 8.30 – 8.10 (m, 8H), 7.70 (s, 2H), 7.52 (d, J = 7.2 Hz, 4H), 

7.33 (dd, J = 8.3, 6.9 Hz, 3H), 7.27 – 7.12 (m, 2H), 5.48 (dd, J = 9.0, 5.2 Hz, 2H), 4.15 (dt, J = 

15.7, 4.9 Hz, 4H), 3.47 (s, 2H). HRMS (ESI): m/z calculated for C41H31F12N7O2S2, found, 

[M+Na]+ 968.1688, [M+Na]2+ 492.5704. 

 

Synthesis of Cat-4  
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To a solution of chiral amide, 13 (0.42mmol,150mg) in CH2Cl2 (6mL) was added 

pentafluorphenyl-Isothiocyanat (0.88 mmol, 270.5 µL) at 0 °C. Then the reaction was stirred 

overnight at rt. The progress of the reaction was monitored by TLC (pentane/EA 50/50), After 

18h, the crude of the reaction was concentrated and extracted with DCM/NaCl solution(brine) 

three times. The organic phase was filtered two times to minimize the amount of water and the 
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solution was filtered again. The solution was dried over Na2SO4. and the solvent evaporated under 

reduced pressure, providing the product with a 92% yield. 1H NMR (400 MHz, CDCl3) δ 7.99 – 

7.76 (m, 2H), 7.74 – 7.52 (m, 2H), 7.26 (s, 6H), 4.32 – 3.90 (m, 2H), 3.43 – 3.21 (m, 2H), 1.34 – 

0.66 (m, 16H). HRMS (ESI): m/z calculated for C33H29F10N7O2S2, found [M +H] + 808.1560, [2M 

+H]+ 1617.3229.4 

Synthesis of Cat-5 

S C N
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F

Dry DCM, rt ,18hr
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N
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43

 

To a solution of chiral amide, 43 (100.0 mg, 0.248 mmol) in CH2Cl2 (7 mL) was added 1,2,3,4,5-

pentafluoro-6-isothiocyanatobenzene (162 µL, 0.52mmol) at 0 oC and the reaction was stirred 

overnight at rt. After completion of the reaction (monitored by TLC: pentane/EAOc 50/50), then 

the crude solution was washed with a brine solution (three times). After dried, directed to column 

(pentane/ 78%: 1H NMR (400 MHz, MeOD) δ 8.35 – 8.26 (m, 1H), 7.57 – 7.47 (m, 7H), 7.36 – 

7.24 (m, 11H), 5.48 (dt, J = 12.7, 5.1 Hz, 2H), 3.95 – 3.80 (m, 4H). HRMS (ESI): m/z calculated 

for C37H25F10N7O2S2 found, [M +Na]+ 876.1243,  [2M +Na] + 1729.2597. 

 

 

 

 

 

 

Procedure for the synthesis of Streacker Reactions 
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+
(2mol%)

DCM,-40°C. over night
N
H

CN

H

O NH2

+ Si CN
(1S,2S)-Cat-2

44 45 46 47  

 

In a dried Schlenk flask containing dry CH2Cl2 (1.5 ml) and activated molecular sieve 5Å (150 

mg), aldehyde 44(0.3 mmol) and aniline 45 (0.3 mmol) were added, and the mixture was stirred 

for 2 h at rt. Then, Cat-2 (3.1 mg, 2 mol%) was added to the mixture and stirred for 10 min.  

TMSCN 53 (0.75 mmol, 2 equiv.) was added and the mixture was stirred overnight. The crude of 

reaction was concentrated and subjected to silica gel column chromatography to give pure product. 

1H NMR (400 MHz, CDCl3) δ 8.13 – 7.98 (m, 1H), 7.98 – 7.85 (m, 1H), 7.79 – 7.66 (m, 1H), 7.38 

(tt, J = 7.4, 1.0 Hz, 1H), 7.29 – 7.19 (m, 1H), 5.89 (s, 0H), 4.56 – 4.46 (m, 0H). 

 

+

DCM,-40 °C over night

N

CN

H

O

+

CN

O

NH2

O

18 22 23 24

(1S,2S)-Cat-2(2mol %)

 

In a dried Schlenk flask containing dry CH2Cl2 (1.5 ml) and activated molecular sieve 5Å (150 

mg), aldehyde 18 (0.5 mmol) and amine 22 (0.5 mmol) were added. After 2 h stirring at rt, catalyst 

Cat-2 (2 mol%) was added, and the mixture will be stirred for 10 min. Acylcyanide (0.75 mmol, 

1.5 equiv.) was added and the mixture was stirred -40 °C. The concentrated crude was subjected 

to silica gel column chromatography to give pure product. 1H NMR (400 MHz, CDCl3) δ 7.34 (t, 

J = 6.6 Hz, 1H), 7.28 (dd, J = 6.6, 3.6 Hz, 2H), 7.23 – 7.14 (m, 2H), 7.05 – 6.94 (m, 1H), 4.52 – 

4.31 (m, 1H), 2.14 – 1.93 (m, 2H). 

 

 

 

Biphenyl-2-ylamino)-phenyl-acetonitrile (26b)  
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1H NMR (400 MHz, CDCl3) δ 7.85 (dd, J = 7.1, 1.8 Hz, 2H), 7.78 – 7.68 (m, 4H), 7.52 (s, 1H), 

7.46 (dd, J = 10.2, 5.9 Hz, 1H), 7.33 (dd, J = 17.7, 9.7 Hz, 4H), 7.13 (dt, J = 13.1, 6.6 Hz, 1H), 

7.03 (dd, J = 7.0, 5.1 Hz, 1H), 5.67 (d, J = 8.0 Hz, 1H), 4.38 (d, J = 7.7 Hz, 1H). 

 

(Naphthalen-2-ylamino)-phenyl-acetonitrile(26c) 

1H NMR (400 MHz, CDCl3) δ 7.85 – 7.66 (m, 7H), 7.61 – 7.48 (m, 2H), 7.44 – 7.34 (m, 2H), 7.16 

(d, J = 1.9 Hz, 2H), 5.37 (s, 1H), 4.30 (s, J = 6.9 Hz, 1H). 

 

HPLC chromatogram of enantioenriched /Strecker products 

N
H

CN

 

 

Peak Time(Min) Area(%) 

1 14.765 65 

2 16.186 35 

 

 

 

 

N

CN

O  
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Peak Time(Min) Area(%) 

1 15.29 56 

2 20.18 44 
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